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Higgs effective potential in the littlest Higgs model at the one-loop level
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In this work we compute the contributions to the Higgs effective potential coming from the fermion and
gauge boson sectors at the one-loop level in the context of the SU(5)/SO(5) littlest Higgs (LH) model
using a cutoff A and including all finite parts. We consider both, the (SU(2) X U(1)); X (SU(2) X U(1)),
and the (SU(2) X U(1)); X (SU(2) X U(1)) gauge group versions of the LH model. We also show that the
Goldstone bosons present in the model do not contribute to the effective potential at the one-loop level.
Finally, by neglecting the contribution of higher dimensional operators, we discuss the restrictions that the
new one-loop contributions set on the parameter space of the LH model and the need to include higher

loop corrections to the Higgs potential.
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I. INTRODUCTION

The quadratically divergent contributions to the Higgs
mass and the electroweak precision observables imply
different scales for physics beyond the standard model
(SM), the first one below 2 TeV, and the second above
10 TeV. This is the so-called little hierarchy problem. An
interesting attempt to solve it, inspired in an old suggestion
by Georgi and Pais [1], is the littlest Higgs model (LH) [2]
which is based on a SU(5)/SO(5) nonsigma linear model
(see [3,4] for recent reviews). Being a Goldstone boson
(GB) associated to this spontaneous symmetry breaking,
the Higgs is massless in principle. However one-loop
corrections produce a logarithmically divergent Higgs
mass that could be compatible with the present experimen-
tal bound of about 200 GeV. The other GBs present in the
model get quadratically divergent masses at the one-loop
level becoming very massive or give masses to the SM and
other additional gauge bosons present in the model through
the Higgs mechanism. All of these new states could give
rise to a very rich phenomenology that could be proved at
the CERN Large Hadron Collider (LHC) [5].

From the LH model it is possible, at least in principle, to
compute the Higgs low-energy effective potential.
Obviously this effective potential should reproduce the
form of the SM potential, i.e.:

Ver(H) = —u?*HHY + M(HH')?, (1)

where H = (H°, H") is the SM Higgs doublet and u? and
A are the well-known Higgs mass and Higgs self-coupling
parameters. Notice that, in order to have spontaneous
symmetry breaking of the electroweak symmetry, u?
must be negative and A must be positive to have a well-
defined energy minimum. In addition these parameters
should reproduce the SM relation m2, = 2Av? = 2u?
where my is the Higgs mass and v is the vacuum expec-
tation value (vev).
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In principle u? and A receive contributions from fer-
mion, gauge boson, and scalar loops, besides others that
could come from the ultraviolet completion of the LH
model [6]. In this work we continue our program consisting
of the computation of the relevant terms of the Higgs low-
energy effective potential and their phenomenological con-
sequences including new restrictions on the parameter
space of the LH model.

In particular we will study the consistency of the elec-
troweak symmetry breaking with the present experimental
data in the case in which, for the sake of simplicity, one
neglects the contribution of higher dimensional operators
coming from the ultraviolet completion of the LH model
that are generically present.

In [7] we obtained the one-loop contribution coming
from the third generation quarks ¢ and b plus the 7" quark
present in the LH model. This contribution is essential
since it provides the right positive sign for w?. Other
contributions lead to a negative sign for u?. Here we
complete the one-loop computation of the Higgs potential
by including also gauge bosons and clarifying the role of
the GB at this level. We also discuss the validity of the one-
loop potential and the necessity of including some impor-
tant higher loop contributions to reproduce the expected
value of the Higgs mass.

The paper is organized as follows: In Sec. II we briefly
review the LH model and set the notation. In Sec. III we
study the LH model as a gauged nonlinear sigma model
(NLSM). In particular we pay attention to the problem of
the quartic divergencies appearing when a cutoff A is used
to regulate the divergences of the model and we show how
they cancel at the one-loop level. We also obtain the gauge
fixing and Faddeev-Popov terms appropriate for the calcu-
lation of the different gauge boson loops appearing later in
our computations. In Sec. IV we compute the effective
potential at the one-loop level. Section V is devoted to a
discussion of our results and the constraints that our com-
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putation establishes on the LH parameters. Finally, in
Sec. VI we present the main conclusions of this paper
and the prospects for future work.

II. SETTING OF THE LITTLEST HIGGS MODEL

As is well know the low-energy dynamics of the LH
model can be described by a (SU(2) X U(1)); X (SU(2) X
U(1)), gauged nonlinear sigma model based on the coset
K = G/H = SU(5)/SO(5). The Goldstone boson fields
can be disposed in a 5 X 5 matrix 3 given by:

> = Q2l/fy,, )

0 0 1
20 = (O 1 0> 3)
1 00

has the proper SU(5) symmetry breaking structure with 1
being the 2 X 2 unit matrix, and

where

£ J_EiHT ¢’r
M=|5H 0 ZH
d) ﬁHT é‘;T
1
+ —mndiag(1l, 1, —4,1, 1). 4
75" g( ) “4)

Here H = (H°, H") is the SM Higgs doublet, 7 is the real
scalar, and ¢ and ¢ are the real triplet and the complex
triplet, respectively:

150 L§+
= 2 V2
& (%g— _%f()), %)
and
B ¢0 %(bJr
¢ = (%dﬁ ¢++ ) (6)

The gauged nonlinear sigma model Lagrangian describing
the low-energy GB and gauge boson dynamics is given by

f2
Ly= " u[(D,2)(DFI)T]. (7)

The covariant derivative is defined as

2
D, =0d,%— iZg,W;(Q;E +2047)
=

2
— i @B, + 2T, ®)
j=1

where g and g’ are the gauge couplings, i = 0'%/ 2, for
Lj=12, 05, = of?/2 for i, j = 4,5, and zero other-
wise, Y, = diag(—3, —3,2,2,2)/10 and Y, =
diag(—2, —2, —2, 3, 3)/10. Diagonalizing the gauge boson
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mass matrix in this Lagrangian one realizes that the W and
B SM gauge bosons are massless and the W and B’ gauge
bosons have masses:

My = f\Je} +83/2 My = fyJe} + g&/~20. (9)
The gauge bosons mass eigenstates are defined such as

W = c, Wi + 5, W4, W = s, Wi — c, W5, (10)

where
sy = sing = S TR , cy = cosyp = P -
Vet & Vet &
(11)
and

B = CipBl + SZ/IBz, B = Sf//Bl - C:bWZ (12)

with
g 85
s), = singy/ = —L—, cy = cosy’ = —°2
12 + 12 12 + 22
87 T & 81 T &

(13)

A modified version of the LH model, such that the gauge
subgroup of SU(5) is [SU(2) X SU(2) X U(1)y] rather
than [SU(2) X U(1)y]?, has also been introduced [8]. In
this case, the covariant derivative is defined as:

2
D,3=0d,%— izlngf(Q;?E +32047)
=

—ig/B(YS + 3Y7), (14)

where the generators Qf are the same as in the previous
case, and Y = %diag(—l, —1,0, 1, 1). The field content of
the matrix IT in % is the same as in the LH model but there
is no B’ now. We consider in our analysis these two differ-
ent models: the original LH with two U(1) groups
(Model I) and the other one with just one U(1) group
(Model II).

Then, at the tree level, the SU(2); X U(1)y SM gauge
group remains unbroken. The spontaneous symmetry
breaking of this group is expected to be produced in
principle radiatively, mainly due to the effect of the virtual
quark fields from the third generation, which give rise to an
appropriate effective potential for the SM Higgs doublet.
These quarks will initially be denoted by u and » and the
additional vectorlike quark will be denoted by U. The
interactions between these fermions and the Goldstone
bosons are given by the Yukawa Lagrangian:

)\ _ _
Ly = — jlfuREmnEijkEimEanLk — A fURU, + He,
(15)

where m,n =4,5,i,j=1, 2, 3, and
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UR = CER + STR, UR = _STR + CTR, (16)

with
A A
c=c050=72, s=sin0=7l,
JAT + A3 A+ A
(17)
and

u t
XL:<;,> :<b>. as)
U/ T/,

Here b, t, and T are the mass eigenvectors coming from the
mass matrix included in the Yukawa Lagrangian with

eigenvalues m, = m;, = 0 and my; = f/A7 + A3. Notice
that, contrary to the quark 7 which is massive already at
this level, the ¢ quark is massless and acquires mass only

when the electroweak symmetry is broken.
Then, the Yukawa Lagrangian can be written as

Lyu = Xrl3ax. + He, (19)

t
)(R:<b>
T/g

and /5,5 the Higgs-quark interaction matrix is given by

with

_\/Z/\ICH()@ —\/§A1CH+® )llCHTHT@,
I= 0 0 0 ,
~V2MsHO  —2AsHTO  AsH e

(20)

where ©® and O’ are functions on HH' /f? whose expan-
sion starts as

HH?t 2HH?
J(HHT HH?
f 3f

Thus the complete Lagrangian for the quarks is:
L,=Ly+ Ly = ¥g(if =M + Dy, +He. (22

with M = diag(0, 0, my).
Since we are interested in the computation of the con-
tribution to the SM Higgs H effective potential, we can set

E=¢=n=0.
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III. THE LITTLEST HIGGS MODEL AS A
NONLINEAR SIGMA MODEL
A. Quartic divergences

In order to compute the contributions to the Higgs
potential coming from scalar and gauge boson loops it is
useful to study the LH model as a particular case of gauged
NLSM based on the coset K = G/H = SU(5)/SO(5) (see
[9] for a review on gauged NLSM). To start with we will

turn off the gauge interactions by taking gf.l) = 0. Then the
L, Lagrangian is

f2
Ly = 0 (9, 3)(0#3)1] (23)

This Lagrangian can be written also as a NLSM
Lagrangian
Ly= %gaﬁ(w)auw“a#wﬁ, (24)

where 77 are Gaussian coordinates on K and the K metric
is defined as

2 a3 axt

=1 0= 0= 25
§ap =3 raw“ P 25)

This metric can be split as
8ap = (Saﬁ + AalB(ﬂ-)’ (26)

where

Aab(ﬂ.) tr(TaTBT5T7 + TaTgT'BT),

8
3172
+ T,TsT,Tg)msm, + O(7*)

= — %fzkaﬁgyﬂ'gﬂy + O(7%) 27)
and we have written II as [ = 7*T“ with the T* matrices
normalized so that tr7*T# = §%F. Now we consider the
coupling of the NLSM with any other field ¢ which for
simplicity will be taken to be a real scalar. The correspond-
ing action can be written as S[ar, ¢ = Sp[7] + S'[7, S ].
The effective action for the ¢ field can be obtained by
integrating out the GB fields 7. However this integration is
not trivial at all. Because of the geometrical nature of the
NLSM, not only its action, but also the integration mea-
sure, must be G invariant and covariant in the K coset sense
[10]. Thus the proper ¢ effective action is given by:

19 = [[dm gl (28)
The measure factor ,/g can now be exponentiated to find
oTl6] — [ [dar]eiSlmd1+ATT7) (29

with

083527-3



DOBADO, TABARES-CHELUCI, AND PENARANDA

AT 7] —55(0) f dxlog(1 + A)

. _ 1\k+1
_ _%5(0)22‘;1% f dxtrAf,  (30)

where by using the notation dk = dk/(2m7)” with D
being the space-time dimensionality so that

8(0) = fd/%. 31)
In the dimensional regularization scheme one has
dPk
00)= | —5=0 32

but using an ultraviolet cutoff A to define divergent inte-
grals

4

2wy .

8(0) = f dk =i
which obviously does not vanish. Then, in order to take
into account the invariant measure effects in the NLSM one
needs to add to the classical Lagrangian the term

So— Sy + AT (34)

whenever one is not using dimensional regularization. It is
not difficult to see that this term is formally of the same
order as the one-loop contributions.

On the other hand the GB contribution to the Higgs
effective potential is defined as

Uegel 7] = — fdxveff(ﬁ)) (35)
where 77 is a constant field and
Tl 7] — f [do'JgleiSl+ ] (36)
with
M =0. 37
o =7

At the one-loop level the last equation can be written as

8S0[7T:|
om T=1

~0 (38)

and then the NLSM action can be expanded as

Sol7 + 7] = Syl 7] +% fdxdyw’“(x)

x— 25 By (39)
S —— a .
STWOTP(Y) | s
Therefore we have

T [7] = So[#] + % Trlog(1 + GO) + ...,  (40)
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where the inverse GB propagator is
(G)Ccuyﬂ)_l = _Dx‘sxyaaﬁr 41)

0,y being short for 6(x — y) and

Of:y’B = dxd , A o g(m)IF 7P| s

32
S (x) 8 (y) f
(42)
In order to compute the Higgs effective action we only

need to consider the case 77 = cte which means 9 uT = 0
and then we have

0)0;)'8(77) = _Aa,B(’]_T)Dx(Sxy' (43)
Therefore we get

(_1)k+1

Lol 7] = é Tra2, T(OG)" +... 44

or

; 2 3
Feff[ir] =%5(0)fdxtr<A —A?"'A?'i' ) + ...
(45)

This effective action has exactly the same form as the
measure term discussed above so finally we get

Feff[’ﬁ'] + Ar[ﬁ] = 0. (46)

Therefore we arrive at the important conclusion that the
GB do not contribute to the Higgs potential in any NLSM
at the one-loop level and, in particular, this is the case for
the SU(5)/SO(5) LH model.

B. Gauge fixing and the Faddeev-Popov terms

In the following we will concentrate on the gauge bosons
in order to be able to compute their contribution to the
Higgs effective potential. Thus we turn on again the gauge
boson fields in the NLSM:

2
Ly = % ul(D,3)(D, )] 47)

The covariant derivative can be written in terms of the mass
eigenstates as

D,3 =9,% —igWi(0{3 + 207"
— iggWH (042 + 204") — ig'B,(YZ + XYT))
—ig"Bl, (Y'Y + 3Y'T)), (48)

where the different couplings and generators are defined as
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8182

Vet 2

818

\181 +g

Q7 =01 + 05, g§=8L=

Y=Y, +Y, g =

810f — 8309 _

8rO% _1722: =—(g1s,//+g2c‘//)
\181 + g3
2 2
_&Yi— &) _

g/lyl = 2 , n = (gllz ZW /22 ZW)

\181 g5

(49)

The first four definitions correspond to the diagonal group
(SU(2) X U(1));4, and the last four to the axial group
(SU(2) X U(1)),_,. Notice that gz and g" are functions
of the mixing angles ¢ (for the SU(2) group) and ¢’ (for
the U(1) group).

Expanding the Lagrangian we obtain the gauge and GB
mixed terms

Lyn = Lgn =0, Lym = My ot W&,
Lpy = Mgo*B),n
where &' = (€7 + ¢7)/V2, € =i(é" - €)/V2, & =
£, and 7 are the GB which will give masses to the heavy
gauge bosons W' and B’. Following the standard Faddeev-

Popov procedure it is not difficult to find the gauge fixing
and the ghost Lagrangian. The first one is given by

(50)

1
LGF = _7(8#W/a + a’M()V{E“V

1
) /3/ 55 "B+ BMpm)? — S (94 W)

——(0#B,)?, 51
5508, (51)
which cancels the unwanted mixing terms (50) and makes

the propagator well defined. For a gauge boson A{, the
Faddeev-Popov Lagrangian is

5f(x)
Lep = [ dye() 5550, (52)
where
FAUAL, 79) = AL + aM 7. (53)

In the general case the effect of the gauge transformations
on the GB and the gauge boson fields Aj, will be

7 = 7% + k% (7)0%(x) (54)
and
Alf = A9 — 9,0+ gC,p 0P A, (55)

where k%(7r) are the Killing vectors corresponding to the
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gauge symmetry on the coset and C,,. are the structure
constants. The covariant derivative is defined as

D, 7" = 9,7 — gk§(mAY, (56)
so that the gauge fixing term is
fUAG, ) = I*AY + gaks T (57)

and the Faddeev-Popov Lagrangian can be written as

ab =

LFP = EaDCa CqCpe

(58)

— 8Cupc 0, cP AP + gakik

Then ghost-GB interaction is given by
AL = gak®k®é,cy. (59)

Therefore if we work in the Landau gauge, that is & = 0,
there are no ghost-GB interactions. This fact will be useful
later for the computation of the gauge boson contribution
to the Higgs effective potential.

In this gauge the quadratic part of the gauge boson
Lagrangian is just

Lo =100+ M3)g,, — 9,0, +2Ig,,)0", (60)
where () stands for any of the gauge bosons
QOH = (W'ra Wha Bk BH), (61)
which are the mass matrix eigenstates with masses
Mo = (My13x3, 033, M1, 0), (62)

and Iy is the interaction matrix between the gauge bo-
sons and the Higgs doublet, given in Appendix A.

IV. THE EFFECTIVE POTENTIAL

In order to obtain the one-loop Higgs effective potential
we consider constant Higgs fields, i.e. 9 ,H = 0. Thus we
have

Sl 1= — [ dxVi (), (63)
Remember that we found that GB do not contribute to this
effective potential at the one-loop level. In addition, by
using the Landau gauge, we do not have to consider any
ghost field at this level. Then the effective action is ob-

tained just by integrating out the b, ¢, and T fermions and
the W, W/, B, and B’ gauge bosons

eiSul] = f [dydg][dQ]esee],  (6d)
with
S[H, x, Q] = fdx(aﬂH(')“H +Ly+Lg) (65

By using standard techniques (see for instance [9]) the one-
loop effective action can be written as
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Sui[H] = f dx(9,Ho*H + S,[H] + S,[H].  (66)

And then, the effective potential can be written as
Veit(H) = V;(H) + V,(H), (67)

where V,(H) and V,(H) are the fermionic and gauge boson
contribution to the Higgs effective potential, respectively.
The general form of the effective potential is

Vog(H) = —u?*HHT + A\HHT? + ...,  (68)

where we keep only the first two terms which are the
relevant ones for the electroweak symmetry breaking
and, in particular, for the computation of the Higgs mass.
Obviously, at the one-loop level the . and the A parame-
ters have separated contributions from the fermionic and
the gauge sector,

w? = /.L% + ,ug,, A= Ap+ A, (69)

A. Fermionic contribution

In this case the one-loop computation is exact since the
action is quadratic in the fermionic fields corresponding to
the ¢, b, and T quarks. Details of the computation of the
fermionic contribution to the effective action and the Higgs
effective potential parameters, ,uj% and Ay, are given in [7]
(see Fig. 1 for the contributing Feynman diagrams). For the
purpose of illustration and the final discussion of this
paper, we summarize here the fermionic contribution at
one-loop level to these Higgs potential parameters:

m2 A2 A2
ph = Nc# 10g<1 + W) (70)

and

FIG. 1. Fermionic one-loop diagrams contributing to the Higgs
potential with y = ¢, b, or T. All possible combinations of these
particles appear in the loops.
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N,
(4m)?
2m? (5
X (— —J’ZT <§ A2+ A%) + AN+ 4(A2 + /\%)2>

1 m? A?
— 422 —y <—2T —2A7 — /\%) — 4} log<ﬁ>}
AT

A? A?
[2()l,2 + /\%)F - 10g<1 + m—%>

(71)

where N, is the number of colors and, A, and Ay are,
respectively, the SM top Yukawa coupling and the heavy
top Yukawa coupling, given by

ALA A2
A = 142 A — 1

B. Gauge boson contributions

(72)

Here we concentrate in the gauge boson contribution at
the one-loop level to the Higgs effective action, S ,[H]. We
use the Landau gauge for the reasons discussed above. The
Higgs effective action can be expanded as

~ i B i © (_1)k+l
S,[H] = 3 Trlog[l + 2GI] = - 2% | ——

5 Tr(2GI),

(73)
where the gauge boson propagators are given by
_ o ik(x—y) M kY
G (xy) = [dk o (—gh
= | kz—Mé< ¢ kZ—M%)ab
(74)

and the interaction operators are

T(x, y) = (L(x) + L(x)8(x — y)8%.  (75)

H Hoo
Q - S
e O SR
H H
Q
H H
- .
Q

FIG. 2. Gauge boson loops contributing to the Higgs effective
potential. Here ) = W/123, W'23 B/ or B and all possible
combinations of these bosons appear in the loops.
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In order to obtain the gauge boson contribution to the w and A parameters we only need to consider the terms k = 1 and
k = 2 in the expansion (73). The generic one-loop diagrams are shown in Fig. 2. Then we have to compute for k = 1:

SOIA] = iTeGU, + L) = —i3, f dx f dk

a

1 kM k”
(- g s g,

~ 33, [ dx(13 + I8 1o(Mg,),

(76)
and for k = 2:
SPH] = —i[GL,GI,]
) - Kk e ikx—y) PoPu\ e PO .
=—i3,, | dxdy dkdp[(g’“’ - )kz (Igb + Iffb)<gw kZ“)—pz e (15 + If"“)i|
= =33, [ dxI§*I5e15(M2, M?) + O(HS). (77)
After some work, these two terms are found to be
SVA] = - 3 ]dx (HA") §gZM2 log( 1+ A 1 g”Mz log( 1 + A
¢ (41)? 4° W M2, a8 M2,
Lt A G eIA e gt ey gy A
16f2 162 42 162 )W 2,
2) 2y LR A2
- ( & 5+ &1 78 fz )Mé, 10g<1 + —zﬂ} (78)
12f 16f M,
and
SA1a] 3 fd (HHT)2[3 ( ! +log(1 S >>+ /4< _ +log<1 LA ))
g = X 728\ T2 8 3
(47)? 16 1+ My Mz Mﬁ,, ¥ Mlzg,
2,12 4 232 1 A2 A2
o_(8iss * 3¢ PR Vo viate (M%V, 10g<1 + = )—Mg,log(l + = ))
16(g1 + gz)(g ) MW/ - MBr MW, MB’
(gl - 82)2 A? (g1 - 8/22 : A?
+ (3g% + g7) L2 <1+ >+(g2+ )—lo<1+—>
8( 1+ ) M%v’ 8(g + gz Mlzg/
3 1 1 A2
+ + —g"* +=g%")log[— ) | 79
(16g TARELE >0g<mz>} (79)
From these effective actions we find, for Model I,
3 A2 A2
Ke= " [382M12)v/ log(l + i, ) + g My, 10g<1 + Mg,ﬂ’ (80)
3 ) A2 1 e + §2 c2)2 2
Ag = — 2[_<§2+ ;gzzz)Az‘i'gzM%v'lOg(l"' 2><4+ 22+2l2( 2 /21///2[// 2f 2>
(167f) cySy  CySi My, €Sy cys wcwsw M M
A%\ /4 1 s + 2 ¢2)? 2
/ZMZ 10g<1 M—2><§+ non T 2¢° ( w /2¢/2¢ Y ! Ve >
B CySy CUSHCySy
A2 s2 — ¢2)? A2 §2 — o2)2
+ f2 10g<1 +— ><3g4 +2(3g% + g’2)g27( . 2‘”) >+ f210g<1 e )(g’4 +2(g% + g’2)g’27( v ¥ )
W C¢S¢ My, Sy
g
+ 1og( 2><3g gt 8%~ E } (81)
([ R
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In the context of Model I, a similar computation gives

PHYSICAL REVIEW D 75, 083527 (2007)

AZ
B = = g (36 log(1 + M%W) +a0) (82)
3 P 16 A 1
Ag = — A2+ — g\ + g*M3, 1 4+
= TPl s 8T TS "g(Msv, D! s )
A , (55 — )’ g*
 log(1+ )36+ 2087 4 220 ) ¢ o Jost et s -3 ] @
by 1 ——w
A2

To summarize the fermion and gauge boson contribution to
the Higgs effective potential parameters at the one-loop
level is given by the sum of the results for u? and A in the
fermion sector, Egs. (70) and (71), and the corresponding
results for the gauge boson contributions in Model I,
Egs. (80) and (81), or Model 11, Egs. (82) and (83).

V. NUMERICAL RESULTS AND DISCUSSION

In this section we discuss the previous results and make
some comments on the constraints that they could impose
on the LH parameter space in order to reproduce the SM
Higgs potential. It is well known that this potential has a
minimum when u? = Av?. Furthermore, u is forced by
data to be at most of order 200 GeV. By imposing these
conditions we can obtain the corresponding allowed region
of the parameter space of the LH model. For example, in
[7] we have obtained that the lowest allowed value of u
was of order 500 GeV considering only the third genera-
tion quark sector. Therefore additional contributions are
required. In this work we have computed the complete one-
loop contributions to the Higgs potential in the framework
of the LH model. However we also found that higher-loop
scalar contributions are still needed in order to get a Higgs
mass light enough to be compatible with the experimental
constraints.

If we want to study the allowed region of the parameter
space in these models, we should also take into account
other constraints imposed by requiring the consistency of
the LH models with electroweak precision data. There
exist several studies of the corrections to electroweak
precision observables in the little Higgs models, exploring
whether there are regions of the parameter space in which
the model is consistent with data [3—5,8,11-15]. In Model I
with a 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 last one leads to large electroweak
corrections and some problems with the direct observatio-
nal bounds on Z’ bosons from Tevatron [11,12]. Then, a
very strong bound on the symmetry breaking scale f, f >
4 TeV at 95% C.L., is found [11]. This bound is lowered to
1-2 TeV for some region of the parameter space [12] by
gauging only SU(2) X SU(2) X U(1) (Model II). In the

[

following, we will adopt this model and we consider both
f about 1 TeV and 4 TeV in the numerical analysis.

For Model II the obtained u and A depend on the heavy
top mass my, the heavy gauge-boson mass My, the cou-
pling constant Ay, the symmetry breaking scale f, and the
cutoff A. In addition, one has the mixing angles ¢ (for the
SU(2) group). Since we have only one U(1) group, we
do not have to consider either My or the mixing angle '
and g".

These LH model parameters can be bounded as follows:
From the top mass it is possible to set the bounds on the
couplings Ay, Ay = m,/v or A{A, = 2(m,/v)? [5]. As a
consequence, we get the bound Ay = 0.5 [7]. On the other
hand, in order to avoid a large amount of fine-tuning in the
Higgs potential one has to require my = 2.5 TeV [2,8]. If
my is greater than about 2 TeV, the cancellation of the one-
loop quadratic divergences from the top sector to the Higgs
boson mass requires some tuning to give an answer for my
below 220 GeV. This cancellation depends on the relation
my = f1/A7 + A3. Since my grows linearly with f, then f
should be lesser than about 1 TeV [7]. Finally, A is re-
stricted by the condition A ~ 47f [16]. Taking into ac-
count these restrictions on the parameters A, f, and A, we
set as first the following ranges: 0.5 < Ay <2,0.8 TeV <
f <1 TeV (which implies a heavy top mass of about
2.5 TeV) and accordingly 10 TeV < A <12 TeV. We
have checked that these ranges of the parameters are
compatible with the predictions for corrections to the
best-measured observables, the on-shell mass of the W,
the effective mixing angle in Z° decay asymmetries, and
the leptonic width of the Z°, as given in [8]. In the above
paper the corrections from heavy gauge bosons are in-
cluded but those possible corrections coming from a vev
of the scalar SU(2) triplet are not considered. A more
detailed analysis can be found in [12].

Then, we also include in our numerical analysis a dis-
cussion on the allowed region of the LH parameter space
for the case of f = 4 TeV. Asis established in [11,12], this
value of the symmetry breaking scale f is also allowed by
the precision electroweak observables. Notice that this
value of f implies that my is always greater than
5.7 TeV, when A7 > 0.5. A fine-tuning of 0.8% is estimated
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0.9
f [TeV] 0.95

FIG. 3 (color online).
0.8 TeV < f <1 TeV.

My as a function of cosy and f, with

for a Higgs mass of 200 GeV [11]. Besides, one gets
My > 2.6 TeV.

Let us discuss now briefly how the heavy gauge boson
masses depend on mixing angles . We know that My is
of the order of f ~ TeV (see Eq. (9)) and from these
equations we can obtain restrictions on the mixing angles.
In Fig. 3 we show the dependence of My on cos¢ and the
scale f. We found that 0.5 < cosy < 0.8 implies masses
smaller than 0.6 TeV and then these values for cos¢s can be
ruled out. From this result we get the preferred ranges:
cosy < 0.5 or cosyy > 0.7.

Taking into account the above bounds on the LH model
parameters we now focus on obtaining the corresponding
M values according to our previous one-loop computation
which includes both, the fermionic and gauge boson con-
tributions. We find that, in the case of Model II, the lowest
allowed value for w is u = 0.34 TeV being Ay = 0.7, f =
0.8 TeV, A = 11.95 TeV, and cosiy = 0.2. However, as is

FIG. 4. Values of Ar, A, and cosy, with 0.5 <Ap <2,
10 TeV< A <12 TeV, 0<cosyy <1, My >0.7 TeV, and
f = 0.95 TeV, which satisfy the condition u? = Av?.
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discussed in [7], it is also needed to add in principle the
additional constraint > = Av?. Then in Fig. 4 we show as
an example the allowed regions for Model II. Two different
regions can be found. This is due to the mixing angle
coming from the heavy gauge boson mass. In this case
the lowest value for w is 4 = 0.491 TeV corresponding to
Ar=0.55, f=095TeV, A=10TeV, and cosy =
0.47. Therefore it is clear that the condition u? = Av? is
relevant in order to constrain the possible values of the LH
model parameters.

A similar analysis has been done for f = 4 TeV. The
results are shown in Fig. 5. The allowed region is smaller in
this case. The reason for obtaining just some points of the
parameter space allowed by the condition u? = Av? is that
w? has a logarithmical dependence on the energy scale A
and a linear dependence on f coming from the new heavy
particle masses, while A depends quadratically on
A /(47 f). Therefore, greater values of A lead to a disad-
vantageous region for u? = Av?. In this case the lowest
value for u is w = 0.916 TeV corresponding to Ay =
0.68, f = 4 TeV, A = 50 TeV, and cosyy = 0.086.

From the above results, it is clear that it is difficult to
satisfy the condition u?> = Av? with u about 200 GeV, as
expected by the precision electroweak measurements [17].
We also show in Fig. 6 the contours of the viable regions in
the A;-f plane with the condition u?> = Av?. The values of
the mixing angle ¢ are fixed to the values cosy = 0.1 (top
panel) and cosyy = 0.7 (bottom panel). We check that the
results for cosy close to 1, i.e. cosyy = 0.995, are similar to
the ones for cosyy = 0.1. The condition A < 47 f is im-
posed. One can see that values of f around 1-3 TeV are the
preferred ones for our selected choices of the LH parame-
ters. However the u values are higher than about 350 GeV
for all cases. Therefore, it is clear that it is not enough to
consider the one-loop effective potential of the LH model.

cosy

COO0O000000
omhvwhrnoON®O =

58

55

AlTeV]

FIG. 5 (color online). Values of Ay, A, and cosys, with 0.5 <
Ar <2,0<cosyy <1, and f =4 TeV, which satisfy the con-
dition u? = Av2.

083527-9



DOBADO, TABARES-CHELUCI, AND PENARANDA

4 5
fTeV]

FIG. 6 (color online).
panel) and 0.7 (bottom panel).

VI. CONCLUSIONS

In this work we have completed the computation of the
one-loop effective Higgs potential in the context of two
versions (Model I and Model II) of the LH model. In
particular we have obtained the values of the radiatively
generated p and A parameters. Our computation includes
the effect of virtual heavy quarks ¢, b, and 7, together with
the heavy and electroweak gauge bosons present in the LH
model. We have also clarified the role of the GB when a
cutoff is used to regulate the ultraviolet divergencies.
These GB do not contribute to the Higgs effective potential
at the one-loop level but they do at higher orders. The
values of u and A that we get have the right signs and are
compatible in principle with all the phenomenological
constraints set on the LH model parameter space.

However the values found for the p parameter are 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. This problem is even worse if
one takes into account the relation u?> = Av* which must
hold on the w and A parameters of the effective Higgs
potential to reproduce the SM. As a conclusion the low-
energy, one-loop effective potential of the LH model can-
not reproduce the SM potential with a low enough Higgs
mass to agree with the standard expectations. However
there are some indications suggesting that higher order
GB loops could reduce the Higgs boson mass so that
complete compatibility with the experimental constraints
can be obtained. Work is in progress in order to check if
this is really the case [18].
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APPENDIX A

From (7) it is possible to find the gauge boson couplings
to doublet Higgs, needed for our computations, which turn
to be:

(i) Massless gauge bosons-massless gauge bosons:

2 1
%(— 3—f2(HHT)2>W;1WaM, a=123
(A1)
g” ! (HHY)?\B, B* A2
S(apentr)ae @
— lgg'(H™H* + H'H™" )W/}, B, (A3)
i %k *
=3 gg'(H™H" — H'H**)W2BH, (A4)
— 1gg'(H'H™ + HYH™)W; B~ (A5)
(i) Heavy gauge bosons-massless gauge bosons:

gwwHHTWiewar, (A6)
gppHH'B) B*, (A7)
— gwp(H"H* + H'H™" )W, B*, (A8)
—igwp(H"H* — H'H"*)W/?B", (A9)
— gwig(H°H™ — H*H**)W3 B, (A10)
— gpw(H"H* + H'H**)B, W', (All)
—igpw(H"H* — H'H™)B/, W*2,  (A12)
— gpw(H°H"™ — H*H**)B|, W3 (A13)

(iii)) Heavy gauge bosons-heavy gauge bosons:

083527-10
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{gww[3(g] + g3)*(H"H" + H'H**)?
+ 4¢3 (HH] — [ HHIIW W'k, (A14)
{gwwl—3(g] + g2)*(H”H" — H'H**)?
+4gigd(HH)*] — L HHTYW2W"H, (A15)
{gwwl—12(¢} + ¢3)*(H'H"H"H*") + (10833
+3(gt + g))HHT)?] — g HHT W Wik,

(A16)
{gpp[3(gl + g5) + 1082 ¢R1(HHT)?
— 48 HH'}B} B'*, (A17)
gwy(H"H* + HUH™*)W/!B'*, (A18)
igwy(H"H" — HOH™)W2B', (A19)
gwp(H'H” + HYH ™ )W3B'*. (A20)

The different couplings appearing above are given by:

1
g 1! —_—
YV T 4812 (g2 + g2)
g(g? — &%)
Ew'w = ﬁ
4\/81 + g
g(gi— ¢ )
8w'Bp = sel en
4\/81 + 82
_ gt g%g’2
8w'B’ ,
W%+&m
8B'B = 48f2(gl2 + g12 4
g(g? — g5
gpp = #
4\/81 + 82
g(g? — g’f
8w T T ——

4,/g +g
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APPENDIX B
The integrals appearing in our computations are
i
Iy(M?) = jde’

i

L (M?) = | dp YRy,

(M) [ P — w2y
) i

0= | 9 =3y

b@=[@7,

(M3, M) = jdp

Mz)(p

Using an ultraviolet cutoff A these integrals are found to be

o) - - @ o1+,

s o 1 2ioof1 s N
13(Mw Mb) - (4 )2 M2 M2 Ma 0og +M2

AZ
“in)]
"

where m is an infrared cutoff.

- M3)

5,(0) =

- M3 log<1
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