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Abstract We compute the relevant parameters of the com-
bined Higgs and ¢ scalar effective potential in the littlest
Higgs (LH) model. These parameters are obtained as the
sum of two kinds of contributions. The first one is the one-
loop radiative corrections coming from fermions and gauge
bosons. The second one is obtained at tree level from the
higher-order effective operators needed for the ultraviolet
completion of the model. Finally, we analyze the restric-
tions that the requirement of reproducing the standard elec-
troweak symmetry breaking of the SM set on the LH model
parameters.

1 Introduction

The discovery of a Higgs boson and the elucidation of the
mechanism responsible for electroweak symmetry breaking
are some of the major goals of present and future searches in
particle physics. The quadratically divergent contributions
to the Higgs mass and the electroweak precision observables
imply different scales for physics beyond the standard model
(SM) (1 and 10 TeV respectively). This is the so-called lit-
tle hierarchy problem. As is well known, the mass of the
Higgs boson receives loop corrections that are quadratic in
the loop momenta. The largest contributions come from the
top-quark loop, with smaller corrections coming from loops
of the electroweak gauge bosons and of the Higgs boson
itself. Cancellations between the top sector and other sec-
tors must occur in order to have a Higgs mass smaller than
200 GeV as expected from the electroweak precision test
of the SM, which requires a fine-tuning of one part in 100.
As this situation is quite unnatural, various theories and
models have been designed to solve this problem. For ex-
ample, in supersymmetric models the problem of quadratic
Higgs mass divergences is resolved by the introduction of
an opposite-statistics partner for each particle of the SM.
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The more recent idea of the littlest Higgs model (LH) [1],
inspired by an old suggestion by Georgi and Pais [2, 3],
tries to solve the little hierarchy problem by adding new
particles with masses O(TeV) and symmetries which pro-
tect the Higgs mass from those dangerous quadratically di-
vergent contributions (see [4] and [5] for reviews). These
particles include the Goldstone bosons (GB) corresponding
to a global spontaneous symmetry breaking (SSB) from the
SU(5) to the SO(5) group, a new third-generation vector
quark called T and the gauge boson corresponding to an ad-
ditional gauge group which contains at least a SU(2)g and
eventually a new hypercharge U(1). In this case, cancella-
tion occurs between same-statistics particles. However, LH
models typically leave uncanceled logarithmic mass con-
tributions, which requires additional new contributions at
some high scale to preserve a small Higgs boson mass. All
of these new states could give rise to a very rich phenom-
enology, which could be probed at the CERN Large Hadron
Collider (LHC) [6, 7].

Nevertheless, it is clear that any viable model has to ful-
fill the basic requirement of reproducing the SM model at
low energies. In particular, from the LH model it is, in prin-
ciple, possible to compute the Higgs low-energy effective
potential and then, by comparing with the SM potential,
to obtain their phenomenological consequences including
new restrictions on the parameter space of the LH model
itself. For example, once obtained, with the one-loop correc-
tions to the parameters of the standard Higgs potential, V =
—u?HH" + AM(HH")?, where u? and A denote the well-
known Higgs mass and Higgs self-coupling parameters, re-
strictions over the LH parameters space can be obtained by
imposing the condition 2 = Av2. Here v is the SM vac-
uum expectation value (H = (0, v)/ \/5) with v >~ 245 GeV.
The ,u2 sign and value are well known [1, 7], and effectively
they are the right ones to produce the electroweak symme-
try breaking, giving a Higgs mass m%{ = 2u%. However, the
full expression for the radiative corrections to A has not been
analyzed in detail.
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In principle, both 1> and A receive contributions from
fermion, gauge-boson and scalar loops, besides others that
could come from the ultraviolet completion of the LH
model. We have previously computed the contributions to
the Higgs effective potential in the LH model coming from
the fermion and gauge-boson sectors [8, 9]. On the other
hand, several relations for the threshold corrections to the A
parameter in the presence of a 10 TeV cut-off, depending of
the UV-completion of the theory, has been reported before
(see, for example [10]).

In this work, we continue our program consisting in the
computation of the relevant terms of the Higgs low-energy
effective potential in the LH model and to analyze their phe-
nomenological consequences. As has been mentioned be-
fore, we have started to developed this program in two previ-
ous articles [8, 9]. First, we have computed and analyzed the
fermion contributions to the low-energy Higgs effective po-
tential and we have illustrated the kind of constraints on the
possible values of the LH parameters that can be set by re-
quiring the complete LH Higgs effective potential to repro-
duce exactly the SM potential [8]. Second, the effects of vir-
tual heavy and electroweak gauge bosons present in the LH
model have been included in the analysis [9]. The radiative
corrections to A, at the one-loop level, have not previously
been computed. First results are presented in the above-
mentioned two articles. We want to note that the compu-
tation of A is important for several reasons. First, it must be
positive, for the low-energy effective action to make sense
(otherwise the theory would not have any vacuum). In ad-
dition, from the effective potential above, one gets the sim-
ple formula mIZ{ =202 or, equivalently, 4% = Av?, v being
set by experiment (for instance from the muon lifetime) at
v >~ 245 GeV. Our phenomenological discussions in [8, 9]
have shown that the one-loop effective potential of the LH
model cannot reproduce the SM potential with a low enough
Higgs mass, m%{ = 2002 =2u?, to agree with the standard
expectations. However, there are some indications suggest-
ing that the effects of including interaction terms between
Goldstone bosons (GB) and the other particles, i.e. fermions
and gauge bosons, and/or higher-order GB loops, could re-
duce the Higgs boson mass so that complete compatibility
with the experimental constraints could be obtained.

The main objective of this work is to compute the effec-
tive potential for the doublet Higgs and the triplet ¢, both
being scalar fields of the LH model coming from some of the
GB corresponding to the global SU(S) to SO(5) global sym-
metry breaking of the LH model. Its relevant terms read [6]

Verr(H, ¢) = —u*HH' + 3 (HH')? + 10 f2ue(pg")
+idpyogf(HOTHT — H*¢H'). (1.1

This potential gets contributions from radiative corrections
and from effective operators coming from the ultraviolet
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completion of the LH model. With this potential we shall
study the regions of the LH parameter space giving rise
to SM electroweak symmetry breaking. Although radiative
corrections from fermion and gauge-boson loops are dis-
cussed in [8, 9], the radiative contributions to A¢z and A H2$
have not been computed so far. A new constraints over the
LH parameter space emerge once we impose the new re-
lation between coefficients of the effective Higgs potential,
imposed by the diagonalization of the Higgs mass matrix.

This work is organized as follows: In Sect. 2 we briefly
explain the LH model and set the notation. Section 3 is de-
voted to the computation of the radiative-correction contri-
butions to the effective potential at one-loop level. The next
section is dedicated to the effective operator contribution. In
Sect. 5 we analyze the constraints that our computation es-
tablishes on the LH parameters and, finally, in Sect. 6 we
present our conclusions. The Goldstone boson couplings to
fermions and gauge bosons, needed for our computations,
are listed in the appendix.

2 The littlest Higgs model Lagrangian

The LH model is based on the assumption that there is a
physical system with a global SU(5) symmetry that is spon-
taneously broken to a SO(5) symmetry at a high scale A
through a vacuum-expectation value of order f. Thus, 14
Goldstone bosons (GB) are obtained as a consequence of
this breaking. In this work, we shall consider two differ-
ent versions of the LH model. In the first one the global
SU(5) symmetry is explicitly broken by the gauge group
[SU(2) x U(1)]%. We refer to this version as Model I [8, 9].
In the second one the gauge group is [SU(2)> x U(1)]
(Model II) [8, 9]. In both cases some of the GB become
pseudo-GB and acquire their masses through radiative cor-
rections coming from gauge bosons and 7, b and T fermions
loops.

The LH low-energy dynamics is then described by a non-
linear sigma model Lagrangian plus the appropriate Yukawa
terms. The corresponding Lagrangian is given by [1, 6, 7],

L = Lyin + Lyk
— f?ztr[(D,LZ‘)(D“E)T] - %fﬁRem,,eijkEimEanLk
— M fURUL +he., 2.1
where
=AM/ 5, (2.2)
is the GB matrix field. X is
0 01
=101 0], (2.3)
1 00
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with 1 being the 2 x 2 unit matrix. The /T matrix can be  and
parametrized as
u t

0 ZiHT ¢t x=|b] =|0b (2.9)

o=\ -=H ﬁo —LH* (2.4) Ve ML
|2 , V2 ' ' o
1) ﬁ HT 0 The SU(5) to SO(5) spontaneous breaking gives rise to

Here H = (H°, H") is the SM Higgs doublet and ¢ is the
triplet given by

90 5ot
¢ = <L¢+ f++ ' 25)
V2
The covariant derivative D,, is defined by
Model I
2
- T
DT =0,5—i) gWi(Q4x+ 0%
j=1
2
—iy ¢iB;(Y;Z +xY]),
j=1
Model I
2
D, Z=0,% —izgjwj‘(Qj'.z + 209"
Jj=1
—igB(Yz +xv"), (2.6)

where g and g’ are the gauge couplings, Wj‘? (a=1,2,3)
and B;, B are the SU(2) and U(1) gauge fields, respectively,

‘fij = Ul.‘;./Z fori,j=1,2, Q‘z‘ij :oi‘;.*/Z fori,j=4,5
and zero otherwise. We have Y| = diag(—3, —3,2,2,2)/10,
Y, = diag(—-2, -2, -2,3,3)/10 and Y = diag(—1, —1,0,
1,1)/2.

The Yukawa Lagrangian in (2.1), Lyg, describes the in-
teractions between GB and fermions, more exactly, the third
generations of quarks plus the extra 7T quark appearing in
the LH model. The indices in Lyg are defined such that
m,n=4,5,i,j=1,2,3, and

UR =CIR +STR,

Ur = —sir +cTR, 2.7
with
A
c=cosf = —2,
/42 2
AT+ 25
. Al
s =sinf = (2.8)

2, ,2
S22

four massless gauge bosons (the SM gauge bosons) and four
or three massive gauge bosons corresponding to Model I or
Model I1, respectively. In the fermion sector, we obtain one
massive T quark and two massless quarks, namely the top
and the bottom quarks.

In order to compute the gauge-boson loops, the La-
grangian L must be supplemented by the standard terms de-
pending only on the gauge fields. For the sake of simplicity
we shall work in the Landau gauge. Then these terms can
symbolically be written in the mass eigenstate basis

1 -
Lo = Em((m + M) gy — 30y +21 g40) 2%, (2.10)
where §2 stands for any of the gauge bosons:
Model 1 " = (W', whe B" B"),
(2.11)
Model II 2" = (W' wha, BH),
with the mass matrix eigenstates
Modell Mg = (Mw'13x3,03x3, Mp’,0),
(2.12)
Model Il Mg = (My13x3,03x3,0),
with My = f./g? +¢3/2 and Mp = f,/g? + g2/~/20

Finally, [ is the interaction matrix between the gauge bosons
and the H and ¢ scalars as given in the appendix.
For the quarks, the complete Lagrangian is

Ly =¥r(f — M+ DL +he., (2.13)

where

R

M = diag(0, 0, mT) with mt = f,/)»% + k%, and ibeing the
scalar-quark interaction matrix, also given in the appendix.
For more details of the model, including Feynman rules and
also some phenomenological results, see, for example, [6].

3 One-loop effective potential
As is well known, electroweak symmetry breaking in the

LH model is triggered, in principle, by the Higgs potential
generated by one-loop radiative corrections, including both
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fermion and gauge-boson loops. Obviously this potential is
invariant under the electroweak gauge group SU(2) x U(1).
Its relevant terms are given in (1.1), x> and A being the
Higgs mass and the Higgs self-coupling parameters, respec-
tively. Quartic terms involving ¢* and H2¢? are not in-
cluded, since they are not relevant in our present computa-
tion. The coefficients A, A2 and A2, appearing in the po-
tential (1.1) receive contributions from the tree-level higher-
order operators coming from the ultraviolet completion of
the LH model (see Sect. 4) and also from the gauge-boson
and fermion radiative corrections as will be discussed in this
section.

As described in detail in our previous articles [8, 9], we
first focused on the effective potential for the H doublet,
obtaining the first two terms of the potential,

2
Vett(H) = —ug, HH' + Ao (HHT)", 3.0

where /L%g and Agy denote the sum of fermionic and the

gauge-boson contributions to > and A. By imposing that
these parameters should reproduce the SM relation m%{ =
2002 = 242, where my is the Higgs mass and v is the
vacuum-expectation value, we found that with this potential
it is not sufficient to find a light Higgs mass and to satisfy
the relation u,f.g = Uz)\.fg. Notice that v is set by experiment
(for instance from the muon lifetime) to be v >~ 245 GeV,
and p is forced by the data to be at most of order 200 GeV.
However, the inclusion of the Goldstone boson (GB) sec-
tor could channel the situation towards a complete compat-
ibility with the SM and the experimental constraints. In this
way, the next objective is to obtain the effective potential
for the H and ¢ fields, including the radiative contributions
from fermion and gauge-boson loops and the ones coming
from the effective higher-order operators (tree-level contri-
bution) [1, 6, 11]. In this work we concentrate on the compu-
tation of the fermion and gauge-boson contributions to the
remaining coefficients of the complete one-loop effective
potential defined in (1.1), 242 and Ap2,. For this purpose,
we consider constant GB fields, i.e. 9 H = d¢ = 0. This as-
sumption makes the computation easier, since we have

SealH. 61 = [ d'xVea(H. ). (32)
On the other hand, the action is quadratic in the fermionic
fields. Therefore, this one-loop contribution is exactly com-
puted.

We split the calculation in two parts: the first one is dedi-
cated to the fermion sector and the second one to the gauge-
boson sector. Details on how the effective action is com-
puted, by using standard techniques (see for instance [12]),
are given in [8, 9]. In the following we summarize just the
main steps needed for the calculation.

@ Springer

3.1 Fermionic contribution

Following the idea in [8], the fermionic part of the effective
action can be expanded:

SE[H, ] ~ —iTrlog(1 + G )

(3.3)

where we have neglected a constant irrelevant for the com-
putation of the effective action. The fermion propagator,
G (x,y), is given by

G (x, y) = / ke N —mp ) ab=1.b.T,
(3.4

where dk = d*k /(2m)*, and the interaction operators are

I e y) = (U + I + Iy + Ta)8 (x — )8 (3.5

Here the subindex indicates the number of GB interacting
with two fermions.

In order to obtain the fermionic contribution to A4> and
Ap2g we only need consider the terms k =1 and k =2 in
the expansion (3.3), respectively. The generic one-loop dia-
grams are shown in Fig. 1. For k = 1 we get

SVIH, ¢) = —iTe[G* (14" + IE"))- 3.6)

For the case k = 2 one obtains

SOH, ¢) = %Tr[ZG“ fabGhbe 4 Gefab GP b
+2GI8P G I 3.7)

By using well-known methods, and after some work in
which the divergent integrals that emerge are regularized by
using an ultraviolet cutoff A, we obtain the various contri-
butions to the couplings. The fermionic contributions are

8Ne , 5 . ( s s <A2 ))
Apop= ———(Af + A7) | A“ —mtlogl —+1) ), (3.8
¢2f (47‘[f)2( t T) T 108 mgr ( )

x
yan X o
H / )
. / —
X H
¢ ¢

Fig. 1 Fermionic one-loop diagrams contributing to A4 and A g2,
with x =¢, b and T. All possible combinations of these particles ap-
pear in the loops
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and

AE2gt

4N,
== (47Tf)2 |:()\t2 + )‘%)A TmT log(

A2
<))
T
3.9)

where N. is the number of colors, and A; and At are, re-
spectively, the SM top Yukawa coupling and the heavy top
Yukawa coupling, given by

A1A2 A2

M= A= e
2 2
JA3+3

, (3.10)
2 2
NVEEDY:

For the purpose of illustration and the final discussion of
this paper, we also summarize here the fermionic contribu-
tion to the other two parameters of the Higgs potential, 11°
and A, as have been obtained in [8]:

s miad A?
uf = Ne——- log 1+— (3.11)
47 T
and
N A2
A= 2(32 42
G )2[( )T
A2 2m2 (5
—10g(1+—2)< sz( A2+k2)
my f

At Fa(A3 + x%)z)

s <m2
T\ f?
A2

A2
247 — ) — 4 log<m>:|.
(3.12)

Observe that the A parameters, Af, k¢zf and A H2pf> are
quadratically divergent. This is due to the lack of any sym-
metry protecting them, unlike the p parameter, which is pro-
tected by a SU(3) global symmetry. This will be the case for
the gauge sector too, as will be seen in the following.

3.2 Bosonic contribution

Here we concentrate on the gauge-boson contributions at
one-loop level. We use the Landau gauge, so that we do not
have to consider any ghost field at this level. In this case the
effective action can be expanded as

; & )k+l
—Trlog(1~|—GIg) =_ Z

eff[H ¢l= (ZGig)k,

(3.13)

where G is the gauge-boson propagator given by (Landau
gauge)

b e ik(x—y) 1
G (x y) _/ 7<_glw + _k;/,kv> ,
— M2 k2 ab

g
a,b=w" W B B, (3.14)
and the interaction operators are
I8 e, y) = (g + Iy + Isa)8 (x — )8 (3.15)

The generic diagrams for this computation are given in
Fig. 2. In this case, we only need to consider the term k = 1
to obtain the two parameters A 4> and A p2,. We get
SSOTH, ¢1 =iTt[G (g + g3 + Ipa) . (3.16)

As mentioned above, we consider in our analysis two dif-
ferent models: the original LH with two U(1) groups (Model
I), and the other one with just one U(1) group (Model II). As
there is no mixing between the SU(2) and U(1) groups, the
only difference among these two models occurs in the U(1)
sector.

3.2.1 Model I

The contributions from the gauge-boson sector to the Ay
and A ;24 parameters are given by

A;)Z

3 |: 8% 2 22 A2
— — & My, log| —— +1
2

><((slzp—ci) _4)
22
CySy

9 2 (S2 _ 2)2
8" 2 oo A v~ Sy
oy A My log( 1)

w/sw/ B/ ,‘ljls.‘p/
(3.17)
© © 3
’
\ ) -
\ Q
o b

Fig. 2 One-loop gauge-boson diagrams contributing to A4 and A 2,

where §2 represents the gauge-boson particles, W'l-23, wl.23 p’
and B. All possible combinations of these particles appear in the loops
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Mg cy = cosy = ——S (3.21)
24 52
3 255 =% 2 a2 A V81T 82
S@nf) 8 —55 A" — My log| —— +1
Sy w and
— 2 2
Sy T Sy 2 2 A /ol ’
A°— My log| — +1 . (3.18 .
e (413 °g<Mg/ “1))} e SRV (S
Ve +& V& Tes
Note that this last parameter only receives contributions , (3.22)
from the heavy gauge-boson sector. c:// =cosy' = L,
For the sake of completeness and our phenomenological Vg 12 + g’22
discussion we also list here the results for the gauge-boson
contributions to 44> and A, as obtained in [9]: 3.2.2 Model IT
U EYE VeI H—M Th di Its for this model
Mg =~ 7|38 My g [Ye e corresponding results for this model are
W/
2 2
A? 1 3 8 2 2,2 A
+ QM%h)(1+ )} 3.19) Ay =-————[———A —gJWWh%<———+1
8§ My log W2, G.19) %% = gan2 2 53 M2,
3 g’ g” ) (55, - Cé)z 3g"?
T [_( +87 \a () |+ 2 32
&AL \ejsy s sy (4 f)?

+ g M2 bg<1+—éi)(4+—J——
g My 2 )
MW, CySy

GG
/2 2 M2 = M[Zg/

2
CyS w wsw
)G
2 12412
CySy
(cs

+¢” M3, log(
vy + )2 r? >
2 2 2 /2 2 2
cys chs M M

"
><3g4—k2(3g2%-ga)

+2g

/2
+2g°

2 42
+ flog( 1+ —
M2,

2 2\2

2By —¢y)
X8 22
CySy

+ £ (14—i§i

og 5

M2,

><g/4+2(g2+g/2)
" (S/Z_ /2)2>

8 272
Cysy
A2
+f210g(ﬁ) <3g4+gl4+8g28/2)
4 4
2 8 2 8
—3 - },
11—  [——
A? A?
where

8182 . g1

—c Sy =siny = ———,
Ver+e Ve +e
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8=

2 2
3g2 sy —c A?
11 14 Vi A2 2
)‘H2¢g = 3@sn)y C%l,si (A — My, 10g< —+1))

W/
(3.24)
As expected, the U(1) sector does not have any influence
I
on A, b

In addition, the 3" and Ay parameters are given by [9]

3 A2
2011 2142 12 42
= 3¢°M?2, log| 1 A?), (3.25
and
PR 3 |:_ g A2+ig’2A2
g (167 f)2 Cisi 3
+gzM2 log< A? +1><4+ ! >
w’ 72 2.2
MW, Sy
2 A2 4 2 2
+f‘mg14-M2 3g"+2(3g° +¢")
W/
) (55 —¢3)?
x8 2 2
SyCy
2 5y 2
1 3 8g2¢’
(3.20) + f? %( )(g+g +8g%¢")
g4
37— } (3.26)
L= 5

With these results, the radiative contributions at one-loop
level to the Higgs potential parameters are completed.
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4 Effective operators

As discussed above, the Higgs potential gets gauge-boson
and fermion one-loop contributions in the LH model. In ad-
dition, the potential coefficients also receive contributions
from additional operators coming from the ultraviolet com-
pletion of the LH model. Thus, these operators must be con-
sistent with the symmetry of the theory [1, 6, 11]. At the
lowest order they can be parameterized by two unknown co-
efficients, a and a’ ~ O(1). The form of these effective op-
erators are, for the fermion sector [6],

1 .
0f=—a/Z,\%f“ewxeyze'f"ekm,,):iwzjxE*WE*"Z, 4.1

where i, j, k, m,n run over 1, 2, 3 and w, x, y, z run over 4,
5, and for the gauge sector (Model I)

1 : ;
Ogy = 5af“{g§ZTr[(Qj.z)(Q;‘.):) |
a=1

+ g}zTr[(sz)(sz)*]}, 4.2)

with j = 1,2 and Q? and Y; being the generators of the
SU(2); and U(1); groups, respectively.
In the case of Model 11

1 : )
Ogy = ch“{ngTr[(Q;%z)(Q?z) ]
a=1

+ g/ZTr[<Y2)(Y2)*]}, 4.3)

where j = 1,2, and Y is the generator of the unique U(1)
group.

By expanding the GB field matrix X' in these effective
operators, we obtain their different contributions to the co-
efficients of the effective potential (1.1):

To summarize, the complete result for these parameters is
the sum of the contributions coming from the effective oper-
ators, as given above, and the radiative contributions coming
from the fermion and gauge-boson sector, which were given
in Sect. 3.

5 Numerical results and phenomenological discussion

In this section we discuss the constraints on the possible
values of the LH parameters. In our previous works we fo-
cused on the analysis of the constraints on the LH parame-
ters by considering the effective potential only for the LH
doublet (3.1) [8, 9]. Our computation included the effect of
virtual heavy quarks, ¢, b and T, together with the heavy and
electroweak gauge bosons, W/, W, B’ and B, present in the
LH model. By imposing the potential (3.1) to have a min-
imum whenever ,uz = 22 (v = 246 GeV), we found that
the obtained values for the y parameter were too high to be
compatible with the expected Higgs mass, which should not
be larger than about 200 GeV according to the electroweak
precision data.

It is clear that a similar analysis should be done if we
consider the complete effective Higgs potential as given
in (1.1). In this case, by diagonalizing the Higgs mass ma-
trix, the Higgs mass is given to leading order by mlz_I ~
2(A — )\lzqz " /)\4,2)1)2 = 2M2 [6]. Therefore, the LH parame-
ters must satisfy the condition

2
W= *r (5.1)

=23y hg2)

In the following we shall discuss the constraints that the
condition (5.1) imposes on the LH parameters space. In this
way, we should also take into account other constraints im-
posed by requiring the consistency of the LH models with
the electroweak precision data. There exist several stud-
ies of the corrections to electroweak precision observables

parameters Model [ Model 11
2 72 2
a g g 7(y2 2 a g _ay,n 1(12 2
mo () et () 1ot e 2002 0
2 72 2
h2po %<szgc‘2 + S§C,2> +8a’ (A2 + 23) g <S§7> +4ag” +8a' (A} +13)
vey Sy vy
A a 26,75, + 2G5y +4 ’(A2+A2) a V=5 +4 ’(A2+A2)
H2¢EO i\8 22 8 A a \Aq T 18 712 a \A¢ T
vy vy vy
IU“%O 0 afZg/Z
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in the little Higgs models, exploring whether there are re-
gions of the parameter space in which the model is consis-
tent with data [4-7, 13-27]. In Model I with gauge group
SU(2) x SU(2) x U(1) x U(1), one has a multiplet of heavy
SU(2) gauge bosons and a heavy U(1) gauge boson. The
latter leads to large electroweak corrections and some prob-
lems with the direct observational bounds on the Z’ boson
from Tevatron [13, 14]. Then, a very strong bound on the
symmetry-breaking scale f, f > 4 TeV at 95% C.L., is
found [13]. However, it is known that this bound is lowered
to 1-2 TeV for some region of the parameter space [14] by
gauging only SU(2) x SU(2) x U(1) (Model II). Thus, in
the following we focus on the LH version called Model II.

In order to avoid small values of the mass of the W’ and
a very strong coupling constant we shall set My > 0.6 TeV
and gr < 3 in our numerical discussion. We have found that
for very small or very large values of the gauge-group mix-
ing angles, y,%g is not positive and SSB does not occur. How-
ever, due to the dependence of the heavy gauge-coupling
constants on the mixing angles,

1

5 (5.2)

=3 (es) + B,
itis found that ¢y, < 0.1 or ¢y ~ 1 imply a very strong gauge
coupling. Accordingly we shall work with 0.1 < ¢y < 0.9,
and then we shall ensure that 112 has the right sign to gener-
ate SSB. Besides, taking into account the restrictions on the
parameters given in [9], we also set the following ranges:
05<Ar<2,08TeV < f<1TeVand 10 TeV < A <
12 TeV. The condition AtZ 0.5 is established setting the
bounds on the couplings A1, A > m/v or AjAy > 2(mt/v)2
from the top mass [6]. The condition mt< 2.5 TeV is re-
quired in order to avoid a large amount of fine-tuning in
the Higgs potential [1, 7]. Since mT grows linearly with f,
f should be lesser than about 1 TeV [8]. Finally, A is re-
stricted by the standard condition, A ~ 4 f [28-30]. On the
other hand the a and a’ parameters are expected to be O(1)
[1, 6, 11]. Values of the symmetry-breaking scale f around
4 TeV are also allowed by the electroweak precision observ-
ables [13, 14]. However, this value of f implies that mT is
always greater than 5.7 TeV, when At > 0.5. A fine-tuning
of 0.8% is estimated for a Higgs mass of 200 GeV [13]. Be-
sides, one gets My > 2.6 TeV. In addition, we have found
that for f =4 TeV, the allowed region for the LH parameter
space, satisfying the condition imposed by the minimum of
the Higgs potential, is smaller [8, 9]. In fact, values around
1-3 TeV are the preferred ones for our selected choices of
the LH parameters.

By considering the LH parameters bounded as described
above and imposing the condition (5.1), we analyze the con-
straints on the different LH parameters with the inclusion
of the effects of both contributions, the radiative ones (for
the Model II) and the effective operators. We found that the

@ Springer

minimum g value is u = 0.39 TeV; for f =0.8 TeV, A =
10 TeV, At =0.72, ¢y, = 0.34 and @ = a’ =0, and the max-
imum is u = 0.761 TeV; for f =0.95 TeV, A =11.5 TeV,
Ar=1.8, ¢y =0.71,a =1 and a’ = 0.3. Clearly, the min-
imum value corresponds to the case of considering the ra-
diative corrections alone. In this case, small values of cos Y
are preferred. This is due to the fact that the fermionic con-
tribution to the w parameter is very large for higher ener-
gies, while A does not change strongly with f and A. In
this way, to satisfy the condition (5.1), small values of cos i
are needed in order to reduce . As expected, a large mass
of ¢, My =4.1 TeV, is found for values of the parameters
corresponding to the minimum value of u.

In Fig. 3 we show how the viable region changes with
different values of f, A, a and a’. Deviations from the con-
dition (5.1) are allowed up to 20%. In the top row we have
set the f and A values to 0.8 TeV and 10 TeV, and in the
bottom row to 1 TeV and 12 TeV, respectively. Thus, the
columns represent different @ and a’ values. Starting from
left to right the values are as follows: @ = 0.3 and a’ = 0.2,
a=03and a =07, a =0.9 and 4’ = 0.2, and finally,
a=0.9 and a’ = 0.7. One can see that small a’ values are
preferred in order to satisfy the SSB condition. Since in this
case we are taking into account both radiative corrections
and effective operators, the fermion-sector contributions be-
come even more important than in the cases of considering
some of these contributions alone. Therefore, the strong de-
pendence on a’ caused by the top’s Yukawa couplings gives
large values of the A’s parameters for high a’ values, making
it difficult to satisfy (5.1). However, the case of a is quite
different. From Fig. 3 it is clear that the results do not de-
pend strongly on this parameter since its contribution is sup-
pressed by the gauge couplings g and g’ and by the not so
small values of cy,.

It is interesting to note that, if one would consider only
the contributions to the potential coming from the effective
operators (except for the yu parameter, which still will be
dominated by the radiative corrections), the SSB condition
is not easily satisfied. The reason is very simple; the A pa-
rameters at tree level do not depend on f, nor on A, while
w does. For example, the dependence of i on f appears
through the heavy-particle masses and then w is directly
proportional to f. In this way, u rises very quickly with f
meanwhile the A’s parameters do not. Therefore high val-
ues of the parameters a and a’ are needed in order to sat-
isfy the condition (5.1). We find that only for f = 0.8 TeV,
A =10 TeV, and a > 0.75, a’ > 0.95 the equality (5.1)
is satisfied. A more detailed analysis of the allowed val-
ues of the constants a and «@’, in agreement with the elec-
troweak precision fits, is given in [13]. The lowest value we
found for w is u = 0.49 TeV, corresponding to f = 0.8 TeV,
A=10TeV, ¢y =02 1 =2.59,a=0.75 and a’ = 0.95,
the mass of the ¢ scalar being 2.86 TeV.
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Fig. 3 Contours of the viable regions in the A — ¢y plane with the condition (5.1) for different values of a and @’. In the fop and bottom rows, f
and A are fixed at f =0.8 TeV and A =10 TeV, and f =1 TeV and A = 12 TeV, respectively

From the discussion above we see that in all cases the u
values are higher than 350 GeV. This is far away from the
expected bound of the order of 200 GeV predicted by the
SM precision tests. Therefore, it is clear that the inclusion
of the interactions terms between GB and the other particles
is not enough to reduce the Higgs boson mass so that com-
plete compatibility with the experimental constraints can be
obtained. There are some indications suggesting that con-
tributions coming from the scalar sector must reduce the
absolute value of x? and thus the Higgs mass. Although
the scalar-loop contributions have not been analyzed before
(except for the case of the radiatively generated scalar op-
erators that have been discussed in [31]), the expression for
the leading correction to the Higgs mass parameter, M(’Z), is
presented in several articles. In particular, this correction is
given by [1],

Mz——LMlo 1+A—2 (5.3)
¢= Tren MO T ) '
Let us now estimate the size of the above contribution for the
case in which we have obtained the minimum value for u,
n =0.39 TeV; corresponding to f =0.8 TeV, A =10 TeV,
Ar=0.72, ¢y, =0.34 and a = a’ =0, with My =4.1 TeV.
Thus, by taking A =10 TeV, My = 4.1 TeV and assuming
that A ~ % (at tree level) for having a Higgs mass of order
200 GeV [13] we get gy = —0.14 TeV. This implies that the
wu value is reduced to u = 250 GeV. Note, however, that the
quartic coupling A is fixed to a particular value in the above
analysis. Since small changes in the input parameters of the
model produce large changes in the value of A (and therefore
the value of u could vary), the radiative corrections to this
coupling coming from the scalar sector must also be taken

into account in a full analysis [32].

6 Conclusions

In this work we have computed the Higgs and ¢ bosons ef-
fective potential of the LH model (1.1). We have considered
two kinds of contributions to the parameters of this effective
potential. Firstly, we have concentrated on the fermion and
gauge-boson one-loop radiative corrections. In this case, we
observe that the A parameters are O(A?), since they are not
protected as the Higgs mass is in the LH model. Secondly,
we compute the contributions to the parameters from the ef-
fective operators coming from the ultraviolet completion of
the LH model. Here, the parameters obtained depend exclu-
sively on the two new unknown coefficients a and a’, as well
as the mixing angle ¢y and the 7 Yukawa coupling. This is
an important difference between the results obtained at one
loop, which also depend on the cutoff A.

The resulting potential has the right form to produce
spontaneous symmetry breaking, since u? > 0 for some re-
gions of the LH model parameter space. Thus, if the condi-
tion (5.1) is satisfied, the electroweak symmetry is broken.
By using the obtained effective potential we have analyzed
the constraints imposed on the LH parameters in order to
reproduce the SM electroweak symmetry breaking. We ob-
serve that if one only considers the effective operator con-
tribution, the SSB condition is not easily satisfied. However,
if the radiative corrections or both contributions are taken
into account, the allowed ranges of the parameters are much
wider. The explanation comes from the way in which the co-
efficients of the potential, u and the A, depend on f and A,
as discussed above.

Finally, we numerically analyze the LH parameter space
that can be set by requiring the LH Higgs effective poten-
tial to reproduce exactly the SM potential, and requiring its
compatibility with the present phenomenological constraints
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on the Higgs boson mass. The lowest value found for the
parameter is 390 GeV, which implies a Higgs boson mass of
mpy >~ 550 GeV, which is far from the current bound of about
200 GeV. As a consequence, we conclude that radiative cor-
rections, coming from the Higgs itself and ¢ fields could
also provide relevant contributions to the effective potential
if the LH model is able to reproduce the SM at low energies.
An estimation of the scalar contribution to the u parameter
leads to a value of u =250 GeV, and thus my >~ 350 GeV.
Nevertheless, the full contribution from the triplet, and thus
the triplet mass M, is required to correct the Higgs mass in
improved computations. The value of the Higgs quartic cou-
pling, X, receives several contributions which have a non-
trivial dependence on the various parameters of the model
and have not been computed so far. Work is in progress in or-
der to compute these contributions and to check if the value
of the Higgs mass will get closer to the current bound [32].
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Appendix

The Goldstone bosons couplings to fermions and gauge
bosons, needed for our computations, are listened here.

A.1 Couplings between fermions and Goldstone bosons

a-Three particles
—V2hrHot (1 + y5)T,
—v/2MHot (1 + ys)t,
—V2ArHb(1 + y5)T,
—V2HYD(1 + ys)t.

b-Four particles
— 23 Hy ot (1 + y5)T,
—+ATHG¢Tb(1 +y5)T,
—FATH T E(1 4 y5)T,
—FATH T T b(1 + )T,
—Lu@eHT A +ys)t,
— 25 Hgot (1 + )T,
—+MHGO (L + ys)t,
—FMH I+ ps)t,
—FMH TG b(1 4 ys)t,
—u(pp"HTT.

@ Springer

A.2 Couplings between gauge bosons and Goldstone

bosons

a-Four particles

8 (Gods + 20" + oo IWiL W,

8 (Podt + 267~ + ¢ Wy WL,

28% (g0 + ¢ TP IW3, WY,

(—1 55 uw@eh + 14 g0 ) Wy, Wi,

+
(1 85 uw@eh + 1 g o) W, Wi

(~4 55 uw@eh) + 14 s - 6797
o)) Wh, Wi,

’2tr(¢¢>*)b BH,

(8]
L wggT) B B,

a-Five particles
i(g2—g3) _ N
57— (Ho¢p™ Ho+ HT¢5H
+v2Hyp~ HYW|, W +he.,
818 (Hog=— Ho+ H* g H
— V2Hop~ HHW}, W) +hee.,
22
N8 (Hog~ Ho + HY g5 H*
— V2Hop~ HH)W} Wi +hee.,
M([_] ¢~ H +H+ * g+
¥ 0 0 ¢0
+~/2Hy¢p~ H") B B* +h.c.,
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