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Asymmetric Higgs sector and neutrino mass in an SU(2)z model
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The asymmetric Higgs sector of one SU(2); X SU(2)g bidoublet (¢9, ¢ ; b5, ¢9) and one SU(2)x
doublet [but no SU(2); doublet] is considered in a nonsupersymmetric left-right extension of the standard
model of particle interactions. The inverse seesaw mechanism for neutrino mass is naturally implemented
with the addition of fermion singlets, allowing thereby the possibility of breaking SU(2) at the TeV scale.
Flavor-changing neutral Higgs couplings to quarks are studied in two scenarios, where the SU(2)g
charged-current mixing matrix is given either by the Cabibbo-Kobayashi-Maskawa matrixVy = Vcrem
(scenario I) or Vg = 1 (scenario II). We consider the bounds on these scalar particle masses from K — K
and B — B mixing, as well as b — s7y. We find that, whereas in scenario I, they are of order 10 TeV, as in
other left-right models, they may be well below 1 TeV in scenario II, thus allowing them to be within reach

of detection at the forthcoming Large Hadron Collider.
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I. INTRODUCTION

In the nonsupersymmetric SU(3)c X SU(2); X
SU(2)g X U(1)g_, extension of the standard SU(3). X
SU(2); X U(1)y model (SM) of particle interactions, the
Higgs sector must be enlarged from the one SU(2), scalar
doublet of the SM. There are several ways to do this, as
discussed comprehensively in Ref. [1]. In the canonical
approach, a Higgs triplet is used to break SU(2)y at a large
scale, and vy gets a large Majorana mass. A Higgs bidoub-
let is then added to break SU(2),, and all fermions obtain
Dirac masses, with v; getting a small seesaw mass. In this
scenario, the SU(2) breaking scale is presumably beyond
the reach of present accelerators, such as the Large Hadron
Collider (LHC). Even if we try to lower this scale, the
canonical model has severe difficulties with flavor-
changing neutral currents, in contradiction with what is
experimentally observed.

The purpose of this paper is to elaborate on a simple
alternative [1], where the SU(2)g breaking scale may be
lowered to 1 TeV, using the inverse seesaw mechanism for
neutrino mass [2-5]. We choose a Higgs sector which
contains only one SU(2); X SU(2)z bidoublet and one
SU(2)g doublet [but no SU(2); doublet]. Of course,
flavor-changing neutral Higgs couplings are still unavoid-
able. However, as we show in this paper, a scenario exists
where they are sufficiently suppressed. Since the SU(2)g
charged-current mixing matrix is unknown, we consider
two scenarios, where it is given either by the Cabibbo-
Kobayashi-Maskawa matrix Vz = Vg (scenario 1) or
Vr =1 (scenario II). We consider the bounds on the
corresponding scalar particle masses from K — K and B —
B mixing, as well as b — sy. We find that, whereas in
scenario I, they are of order 10 TeV, as in other left-right
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models, they may be well below 1 TeV in scenario II, thus
allowing them to be within reach of detection at the forth-
coming Large Hadron Collider.

II. ASYMMETRIC LEFT-RIGHT MODEL

A. Particle content and neutrino mass

The fermion content of the minimal SU(3)s X
SUQ2); X SUR)g X U(1)p_; gauge model is well known,
1.€.,

o= (" )L ~(1,2,1,-1/2),

e

= (" )R ~(1,1,2,-1/2), v
0.= (1) ~G.211/0, .
0 :<Z> ~(3,1,2,1/6),

R

where the U(1) charge is normalized to (B — L)/2 so that
the electric charge is given by Q = I3, + I3z + (B —
L)/2. Here a neutral fermion singlet

S, ~(1,1,1,0) (3)

is also added per family, which will have important impli-
cations for the neutrino masses, as shown below.

To obtain masses for the quarks and leptons, a Higgs
bidoublet

_ () D7) _
o=(41 %)~0220 @
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is needed. In a nonsupersymmetric model, which is being
considered here, the dual of @, i.e.,

—¢; ¢
must also be used. To break SU(2)z X U(1)g_; to U(1)y,
an SU(2); Higgs doublet

+
v~ (%) ©
o\ ok
is added, which also links 7y with S; to form a Dirac mass
mpg. Since S} is a gauge singlet, it is also allowed to have a

Majorana mass mg; hence the 3 X 3 neutrino mass matrix
spanning (7;, v, S;) is of the form

O mp 0
MV,SZ(mD 0 mR): (7

0 mpe mg

b= 000, — ( ¢ 9 ) ~(1,22,0) (5

where my, is the usual Dirac mass linking 7, to v, through
(¢9) and (h9). A quick look at the above shows clearly that
if mg = 0, then the lepton number is conserved with a
linear combination of v; and §; forming a Dirac fermion
with v, and the orthogonal combination is exactly mass-
less. This means that it is natural for mg to be small,
thereby triggering the inverse seesaw mechanism, resulting
in
- m%,ms

~ . 8
n, il ®)

Note that there is no entry in Eq. (7) linking »; and S;
because the SU(2); Higgs doublet is absent. This is im-
portant for the validity of Eq. (8). Instead of the canonical
seesaw formula m, =~ —m? /mpg, which is small if mp is
large, Eq. (8) lets m,, be small if my is small, even if my is
not too large. Thus the inverse seesaw mechanism is suit-
able for bringing down the scale of SU(2); breaking to
1 TeV, with verifiable phenomenology at the LHC. Note
also that the mixing of v, with S, is of order mp/my
which may now be non-negligible and results in deviations
from unitarity [6] of the neutrino mixing matrix.

B. Higgs sector

The most general Higgs potential consisting of @, @,
and ® is given by

V = mj®Ldp + m*Tr(®1 D) + Lu2Tr(dTd + &)
+ Ip(@EDR)? + 1A [Tr(DT D)
+ I, T (@ PDT D) + LA{[Tr(DT D)
+ [Tr( DT D) P} + L[ Tr(DT D) [ Tr(DT D + DT )]
+ LIOKDTD)Dp + [, (DT D) D, + fDH(@TD
+ OTD)P,, )

PHYSICAL REVIEW D 80, 115003 (2009)

where all parameters have been chosen real for simplicity.
Let (¢%) = vg and (¢{,) = v, ,, then the minimum of V
is given by

Vo = mjvg + m*(vi + v3) + 2uv vy + IAg0
+ %)\l(u% +v3)? + %Az(v‘l‘ +v3) + A3viv3
+ 20 (03 + Vv, + frvivg + fLvdvg
+ 2f3v 0,03, (10)

where vy and v, satisfy

vr(my + Agvg + f1v} + fou3 + 2f30,0,) =0, (11)

vi[m? + fivd + (A + L)v? + (A + A3)v2 + 30,v,0,]
+ vy (u? + fiv% + A4vd) =0, (12)

Uz[n’l2 + fzv%e + (A] + /\z)U% + ()\l + /\3)1}% + 3)\4U1U2]
+ l}l(,l,L2 + f3l}12e + )l4ll%) = 0. (13)

A solution exists where v, <K vy, i.e.,

- —(p? + frvg + Ay,

~ , 14
vaEr Y f2v% + (A + A2 (14)
with
v = Mf1 = M A v = MRS s
Ar(Ap + Ay) — f2 AR

Fine-tuning is of course unavoidable. In the limit v, = 0,
the physical Higgs bosons are ¢5 and Im¢9 with masses
squared

m*(¢5) = (f2 = f)vk

) N ) ) (16)
m*(Im¢3) = (f, — f)vg — (A + A3)vy,

and three linear combinations of Re?, Re%, Re9, with
the mass-squared matrix
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200 + v 2f vgvg

Mz = 2f1U1UR 2ARU12€

2)\411%

C. Gauge bosons

The structure of the scalar sector leads in general to both
W, — Wg and Z — Z' mixing. The former vanishes in the
limit v, — 0 and so will be suppressed for the above
choice of vacuum expectation values. In contrast, the Z —
Z' mixing term is proportional to v, which is unacceptably
large. To cancel this contribution, a simple possibility is to
add a Higgs bidoublet X ~ (1,2, 2, —1) with vacuum ex-
pectation value v;. In that case, the choice v3/v? =1 —
2sin’y, (for g, = gg) will lead to zero mixing at tree
level; details are given in the Appendix. Note that X will
not affect the p parameter (at tree level) in precision
electroweak measurements, nor will it contribute to quark
or lepton masses. In particular, it does not link v; with S,
in Eq. (7), otherwise the inverse seesaw mechanism would
be invalidated. The present experimental limits on Wy and
7' are, respectively, 715 and 860 GeV.

III. FLAVOR-CHANGING PROCESSES FROM
NEUTRAL HIGGS COUPLINGS

A. General structure

Since both ® and ® couple to the quarks and leptons,
flavor-changing interactions through the exchange of neu-
tral Higgs scalars are unavoidable. The question is whether
they can be suppressed [7]. Consider the Yukawa terms

(h'fj¢(|) + h?jég)ﬂm”ﬂe + (h?qug + h?j‘i(l))d_iLde' (18)

In the limit v, = 0, both up and down quark masses come
from only v,. Hence

m, 0 O
h?jvleL(O me. 0>U11é,
0 0 m

(19)
my 0 O
hv, =D, 0 m, 0 |D}
0 0 my,
where Uy g and Dy g are unitary matrices, with
UD, = Vexm,  ULDg = Vg, (20)

being the quark mixing matrix for the known left-handed
charged currents and that for their unknown right-handed
counterparts. This means that in the basis of quark mass
eigenstates, the structure of flavor-changing neutral cur-
rents through scalar exchange is determined, i.e.,

2f3v v

PHYSICAL REVIEW D 80, 115003 (2009)

2)\41/%
2f3vvg
(fz - fl)U%e - ()\2 - A3)U%

a7)

of/m, 0 O 70 my 0 O
Re—d’l(o m, o)+v2VCKM(0 m, 0 )V,J{
i\Xo o my,
2D
for the up quarks, and
o [ My 0 0
Re_d’l( 0 m, O )
I N0 0 my vi 0 0 m
(22)

d)g m, 0 0
+2vil 0 om0 ) Ve
t

for the down quarks. Hence Re ¢! behaves as the SM Higgs
boson, and at tree level, all flavor-changing effects come
from ¢g, whereas in one loop, there are also contributions
from (¢35, ¢9). Note that for v? < v, this electroweak
doublet has the common mass of \/f, — f{vg.

In the lepton sector, the analog of Vg is unknown
because the neutrino mass matrix depends on m,, mg, and
myg. In fact, we could choose mj to be diagonal in the
(e, u, 7) basis and still have the freedom to obtain the
observed neutrino mixing matrix from myg and mg. In
that case, ¢) would have no flavor-changing leptonic
interactions.

B. K — K and B — B mixing
We now apply Eq. (22) to K — K and B — B mixing. In
the two scenarios (I and II) considered for the Vj; matrix
mentioned in the Introduction, the ¢9 couplings are of the
form

B d S v,
(I) VR = VCKM: deiLde g mukVukdl_Vuk,dl_ + H.c.
(23)

0
(II) VR =1: ﬁdiLdemu,V;d_ + H.c. (24)
Ul J J“i
We use the formulas presented in Ref. [8]. The mass
difference of a neutral meson and its antiparticle is written
in terms of its SM and other contributions:

AMy = (AM)x sm + (AM)x New (25)

where AMy = AMy, AMy,, AMg , and (AM)y sy de-
notes the SM (one-loop) contribution, and (AM)y ney 1S
everything else. In our case, the latter comes from the
flavor-changing ¢(2) couplings. The resulting expression
for the mass difference is then given by
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GEMyy ¢ 5 BSLL((S s
(AM)X,New = WSX[P%RC%R + PILL(CILL + CIRR)]

(26)

where the constant Sy includes strong-interaction effects,
and the coefficients P include next-to-leading QCD cor-
rections, while the functions C denote the Wilson coeffi-
cients of the operator-product expansion (OPE) expansion
for the relevant hadronic matrix elements.

Let us consider first case (I) of our model, i.e., Vi =
Vekm- Here the Wilson coefficients CLL, CJRR are equal:

167 (ri\er 1 1
art = o = e () e ] @
My NV LMo Mg

and suppressed because the mass difference between Re )
and Im¢} is small compared to their sum, whereas C5% is
of the form

1672 (rkR\2 1 1
o Jom (AL, 1]

2 T 202 2
G+Mi, \ v m m
F=wW 1 Red) Im)

which has no such suppression. In case (I), the various r’s
in each system are also the same: rkR = rkl = rRR = ry,

where

rg = muvudvus + chchcs + mtthVts’ (29)
rBd = muvudvub + mcvcdvcb + mtvtdvtbr (30)

rBS = muVusVub + mcvcsvcb + mtVtthb- (31)

We have also assumed for simplicity that all the Vgy
entries are real.

Obviously there are large contributions coming from
those terms proportional to m, or m.. However, there is
also a natural suppression for the C*L and CR¥ Wilson
coefficients, because their contributions are proportional to
the effective (P99 propagator, i.e., m *(Red)) —
m~2(Im¢9). Whereas Im¢) is a mass eigenstate, Re) is
not, but if f3 and A4 are small in Eq. (17), then it is
approximately so, and their combined contribution for
v? < v?% is naturally suppressed, i.e.,

1
(f2 = fOVE = (A — A3)v?
1
(f2 = fve — (A + A3)vd
- _2A3U%
RTAS Ay 32

This suppression persists even if f3 and A4 are not ne-
glected. We simply replace A5 by

213401 — F3(A + Ay) — AjAg
Ar(Ap + Ay) — f7

Az + (33)
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This feature of our model would allow vy to be at the TeV
scale, without running into conflict with present data on
K — K and B — B mixing as far as C* and CRR are
concerned. Unfortunately, this suppression does not work
for CER, which is proportional to m 2(Re¢)) +
m~2(Im¢Y). However, as we show below in case (II), the
CLR coefficients are further suppressed by light quark
masses in the r’s, which allows gb(z) to be lighter than 1 TeV.

In case (Il), i.e., Vp = 1, the r values are related by
(rkR)? = rELrRR with

LL — RR —
gt =m.Vy, et =m,V,, (34)
LL — RR —

g, = mV.q, g, = m,Vp, (35)
rﬁxL =m,V,, rlgf =m.V. (36)

From the above, it is clear that whereas CLR is not sup-
pressed by Eq. (32), it is much smaller than what it is in
case (I), because of the smallness of LR,

As mentioned in Ref. [8], there are large theoretical
uncertainties associated with these expressions. To make
an estimate, we simply require the absolute value of the
contribution of new physics to be less than the correspond-
ing experimental value. In what follows, we shall obtain
bounds for the combination of parameters: 1/A? =
m2(Reg9) — m2(Im¢Y) and 1/3? = m>(Reg)) +
m~2(Im¢J). Let us define 32 =m3/2 and 1/A%? =
8%/m3, where m, is the approximate mass of Re(¢9) or
Im(¢9), and 5% is a measure of the splitting between their
squared masses.

Using Egs. (27) and (28), we obtain the following gen-
eral expression:

(Y0 L (e
v m% v v m‘z‘

_3
85y

AME?, (37)

For the K — K system, Sy = mFxmn,Bg, with Fy =
160 MeV, my = 498 MeV, 1, = 0.57, and By = 0.85.
At the scale u =2 GeV, PLR=30.6, P{tL = —9.3,
AM® =3.48 X 107!2 MeV. Notice that in case (I),
both PR and CI® dominate over the LL and RR contri-
butions. Therefore the resulting bound is not sensitive to
the parameter &, and the bound on m, is given by

my = 25 TeV. (38)

For the B — B systems, we take the corresponding parame-
ters from the Particle Data Group [9], so that for (B, B;)

my, = 12(11) TeV. (39)

These results are in agreement with [7].

In case (II), if we take 6 = O (i.e., only the LR contri-
bution), we obtain a much smaller bound for the K system,
i.e., my = 1.1 TeV. However, for the B, and B, systems,
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the same procedure yields the bounds m, = 60(900) GeV,
respectively. Thus for the B, system, it seems more appro-

priate to consider & # 0, in which case the bound becomes
m3/8 = 3.7 TeV.

C.b—sy
To evaluate the contribution of (¢p5, ¢9) to b — sy, we
consider the relevant terms in Eq. (22). For case (1), i.e.,
Ve = Vckwm, the important ones are

m - my _ -
t|th|2(¢ by + ¢35t )bg + U—:stvzb(d’(z)% + ¢, )b

+ v—;VfbV,s(ngb_L + @31 )sg + He. (40)
For case (I), i.e., Vi = 1, they are
: V;Z(¢(2)5L + ¢ 1)bg
V;‘;(qszsL + ¢3¢, )bg + He. (41)

The SM contribution (from the W exchange) is of the form
50 ,,br which is classified [10] as O;. Using the above
interactions, there is only one such contribution coming
from the ¢(2) exchange, i.e., §,bg and bgb,, which is
proportional to V;;m?/v? in both cases (I) and (II), assum-
ing that V,;, = 1, which is of course a very good approxi-
mation. In contrast to the usual two-Higgs-doublet model,
the ¢ contribution is suppressed here because it is pro-
portional to m,,. As for 0%, i.e., 5g0 b, both ng and ¢p;
have contributions proportional to V;;m?/v3, but since the
b — sv rate is proportional to

1G> + 1G> = |Agm + Ago* + 1A] o AP (42)

the latter can be safely ignored. Using Ref. [10], we find

3m;
Asm ~ mn:V [3 Fi(x,) + F2(xt)] (43)

m? 1
Agy ~ ! I:——Fl(xb)] (44)
m(po 3

where x, = m?/m},, x, = m3/m>,, and the functions F, ,

¢0’
are given by

Fi(x) = (x® — 6x% + 3x + 2 + 6x1nx), (45)

12(x — 1)*

1
Fy(x) = —_1)4(2)(3 + 3x%2 — 6x + 1 — 6x% 1Inx).

12(x
(46)
We now require the amplitude ratio |A¢g /Agum| to be less

than 10%, so that it is well within the experimental accu-
racy. This translates to an estimated lower bound for m # of

about 200 GeV, as shown in Fig. 1.

PHYSICAL REVIEW D 80, 115003 (2009)
0.45 ]
0.40 —-
0.35 —-
0.30 —-
0.25 ]

0.20 +

IA(97) / Asm)

0.15 o
0.10 H

0.05 +

00 d—-—4——F—
100 150 200 250 300 350

m(s.) (GeV)

FIG. 1. Plot of |4 /Asyl Vs m .

IV. CONCLUSION

We have studied in this paper a simple nonsupersym-
metric left-right extension of the standard model. The
asymmetric Higgs sector of this model consists of one
SU(2); X SU(2)g bidoublet and one SU(2), doublet [but
no SU(2), doublet]. With the addition of neutral fermion
singlets, the inverse seesaw mechanism for neutrino mass
is naturally implemented, suggesting that the SU(2)g
breaking scale may be lowered to 1 TeV. We then analyzed
the unavoidable problem of flavor-changing couplings of
the neutral Higgs bosons of this model and showed that in
the limit of v, = ($9) = 0, these effects are naturally
suppressed in case (IT) (Vz = 1) [but not in case (I) (Vi =
Vckm), Which has the same constraint as other left-right
models that the SU(2), breaking scale is above 10 TeV.]
From K — K and B — B mixing, we find vz = (¢%) to be
consistent with less than about 1 TeV in case (II). From
b— sy, we find mgy to be above 200 GeV. The new

particles of this model, i.e., W,}:, 7', the heavy pseudo-
Dirac neutral fermion of mass mp from the pairing S; with
vg, and the heavy Higgs particles Re¢% and (5, ¢9), are
all consistent with having masses below 1 TeV in case (II)
and are potentially observable at the LHC.
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APPENDIX

With only the bidoublet ®, our model exhibits an un-
avoidable Z — Z' mixing term proportional to v, implying
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thus a very large value of vg. This can be remedied by
enlarging the scalar sector through the addition of another
bidoublet X of (B — L)/2 = —1,

X = < Xioox: ) ~(1,2,2, —1), (A1)

X1 X2

and its corresponding dual X = 0,X*0,. We list in this
Appendix the modifications resulting from its addition.

g%(u% + v2 + v2 + UR)
_ngR(Ul + Uz - U3)
—g'gr(v + 203)

M2=2

—grgr(v? +v3 —v3)
g%(v% + v% + v%)

PHYSICAL REVIEW D 80, 115003 (2009)

Vector-boson masses: Let the neutral components of @,
®p, and X acquire vacuum expectation values

<¢(1),2> = Vi <¢?e> = Up

and denote the neutral gauge bosons associated with
SU(2),g by W}, and the U(1) gauge boson by B, with
gr.r and g’ the gauge couplings for SU(2); r and U(1),
respectively. The resulting mass-squared matrix in the
(W9, W?, B) basis is then given by

<X > = U3, (AZ)

—g'gr(vy + 203)
—2g'g,v3
—g'gr(vy + 4v3)

(A3)
—2g'g,v3

The photon A, the neutral gauge boson Z of the SM, and the new Z’ are then linear combinations, determined according to

w9 A
Wi :R(z); R:e(
B 7'

where ¢y = cosfy, tyy = tanfy and the weak-mixing angle 6y, and the proton charge e are defined by

tanfy =

1/gr tw/8r —1/(g'cw)
1/gr —1/(twgr) 0 ) (A4)
1/g' tw/g' 1/(grew)

i2 _1.1y % (A5)

In terms of these fields, the above 3 X 3 mass-squared matrix is reduced to a 2 X 2 one, spanning only (Z, Z') with entries

2

2 g‘,‘e(v% + v% + vg + v%) + 2g"gx (v + ZU%) + g*(v% + 4v§).

ez (1+ l‘%[,)2 ) e
— + vi + 3 m>

2 tW ( 2 3) VA 2
21+ e

e
2 cytwg'gr

mz

AZ:

where A, is the Z — Z' mixing term. For the charged
vector bosons, the analogous mass terms are

21,2002 4 22 1 3,2)-
my, = 581 (vi + vy + v3);

2 1,20,
miy, = 38 (Wi + v3 +vi + vp):

(AT)
Ay = _§8LgRU1U2-

Note that the p parameter is one at tree level, i.e., m%v =

c2,m2, in the absence of mixing, i.e., Ay = A, = 0. This

can be achieved by taking v, < v, as already discussed in

the text, and requiring

2

2 _ + vz Ui
vz = 2 = )
1+2g’ /ex 1+28"7/¢%
= w231 = 2sin20y)v2. (A8)

Without this cancellation from X, A, would have been

2(v? + v —v3) — 2g"%v3]

’

(chlgR)2

(A6)

[

unacceptably large. Scalar potential: With the addition of
X, more terms occur in the Higgs potential:

Vy=m3yTeXTX + f1|detX |2 + £} Trdt X |2 + 4| Trd T X2
+ FUTr®TX)(Trx T d) + Hoe. ]+ f4(TrX T X)?
+ fL(Tr® T D) (TrX T X) + [ (detd®)(TrX T X) + H.c.]
+ FLl DR (TrX T X) + £ Tr(PTXXT D)
FLlTr( @t XD X) + Hoe ]+ f], [PEOT XD, +H.c.]
+ £ T OTOXTX) + f1, Tr(XTX)2 + 1, L xT X Dy,
(A9)

where &y = = jo, . The full potential is then V — V +
Vx. The minimum value of V, which we denote by V),
occurs when the various neutral fields are set equal to their
corresponding vacuum expectation values:
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Vo = mavk + mz(v% + v%) + 2ulv v, + l/\Rv‘,‘? + l)Ll(v% + v%)2 +

+ flvl

where vg | 3 satisfy

PHYSICAL REVIEW D 80, 115003 (2009)

! +v3) + Avtvd + 20,07 + vivv,

+ fLU30% + 2f3000% + mxv3 + flvivy + 2f v 0003 + flLv3vd + fL(vE + vd)vs

+f13v3 +f5v3 + 2f”v1v3vR +fl4v3vR +f8v3vR,

0= vl[m2 + flv% + ()ll + )lz)v% + (/\1 + )\3)1}% + 3/\4U1U2] + U2(,LL2 + f3U%? + A4U%

+ us[(f§ + fovivy + fhuavs + f1vk];

0 = vy[m? + frovi + (A + A)v3 + (A + A3)v? + 300 0,] + v (u? + f303 + A4v))

+ us[(f§ + fli)vavs + frv sl

0= UR(mI% + ARU% + f] U% + fo% + 2f3U1U2) + U3[(fé + fi4)URU3 + zfilleR].

0 = vs3[m% + (f5 + fO)v + 2f 010y + (f, + fOV3 + 2(f15 + fov3 + (f1, + fOva] + fivv3

Let us define
1= f1+ufy,
2 = fi1 T ulfy + fla),
23 =[5+ fo +2(fs + fiu?,
2= A+ X + (g £5),
zs = f1o = fo — 2f1s — fOu?,
26 = ufiy + 11

Using this notation, the vacuum expectation values have
the following solution with v, K vy:

—[u? + f3vg + (44 + w? vty

(A12)

U : ’
UM vk A+ Ayl )T
2 _ 2
2 - Mmpzy — Agm , (Al3)
Arza — 21(2y + uzy)
V2 = —myzy + m*(z) + uz)
R Arzy — 21(z) + uzy)

where u = gR/1/g% + 2¢'* was introduced in (A8), and v
is determined by that same equation. In order for (Al1) to
be consistent with (AS8), the parameters in the potential

TABLE 1.

(A10)
(A11)
f
must also satisfy
umilzi(zy + uzp) = z4Ag] = m*[22(z) + uzy) — uz3Ag]

+ mi(uz 23 — 2224)-
(A14)

There are many ways to obtain the desired hierarchy,

Up > v ~ vz > v, (A15)

For example let mg > m, p and |f3], |z;] << 1; then v =
my/Ag, Vi = (21/24) vk, and vy = = (f3/f2)v;.

In the limit v, =0, the (un-normalized) would-be
Goldstone fields associated with the Z, Z', Wy, and W
vector bosons are, respectively,

G =Im(c, @9 + 5. X3);
= Im[@} — spa€(ued? — x1;
Gi = ¢x + eluxiy — ¢7);
G[

(A16)

+ +.
CaP| T SaXss

where

Physical mass eigenstates and their corresponding masses in the model containing

X. We have ignored corrections of order v,/vy and v,/v;; the various parameters are con-
strained by the requirement that all masses squared must be positive.

Field (mass)?
)(1++ *vﬁzﬁ/u
bl —vZ6/u

; U%e(fz -z
(—Saﬁf’r +Coz/\/2+) _QU%Q.f/lI/SZa
Reg 2003
Im¢Y, Redp) vi(fr — z1)
Im(_sa¢? + Cu/\/z)’ Re(_sad)? + CaXZ) _2v%€f1l/s2a

Re(c, @) + sox3)

—20i[(cqzy + 5422)*/Ap — (sh23 + c224)]
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5] .
€=—; 5, = sina; C, = cosa;
UR (A17)
Sy = SiN2a; tana = u.

The physical scalars and their corresponding masses can be
obtained from the potential in a straightforward manner:

PHYSICAL REVIEW D 80, 115003 (2009)

there is a single doubly-charged field, 3 singly charged
fields, and 6 (real) neutral fields. In obtaining the various
expressions we have assumed (A15). The results are pre-
sented in Table I: they indicate that the field Re(c, ¢(1) +
5o X3) has amass O(v;) and plays the role of the SM Higgs
boson; the other physical scalars have masses of order vp.
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