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Electroweak precision data has been extensively used to constrain models containing physics beyond
that of the standard model. When the model contains Higgs scalars in representations other than SU(2)
singlets or doublets, and hence p # 1 at tree level, a correct renormalization scheme requires more inputs
than the three needed for the standard model. We discuss the connection between the renormalization of
models with Higgs triplets and the decoupling properties of the models as the mass scale for the scalar
triplet field becomes much larger than the electroweak scale. The requirements of perturbativity of the
couplings and agreement with electroweak data place strong restrictions on models with Higgs triplets.
Our results have important implications for Little Higgs type models and other models with p # 1 at tree

level.
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I. INTRODUCTION

The standard model (SM) of electroweak physics is
remarkably successful at explaining experimental data.
From a theoretical standpoint, however, the theory has
many failings. Attempts to address these perceived inad-
equacies have led to the construction of models which
reduce to the standard nodel at energy scales below about
1 TeV, but which differ at higher energies. Models with
physics beyond that of the standard model, however, are
severely constrained by precision electroweak data [1,2]. If
the mass scale of the new physics is near the TeV scale, it is
often possible to learn about the parameters of the model
by performing global fits to precision measurements. The
simplest example is the prediction of the W boson mass,
My, In thestandard model, My, can be predicted in terms
of other parameters of the theory and requiring agreement
with the measured W mass therefore restricts the possibil-
ities for new TeV scale physics.

In this paper, we introduce a Higgs triplet at the elec-
troweak scale and consider the effect on My, [3—6]. We are
motivated by Little Higgs models, which include a scalar
triplet as a necessary ingredient, although our results are
very general [7-14]. In a model with Higgs particles in
representations other than SU(2) doublets and singlets,
there are more parameters in the gauge/Higgs sector than
in the standard model. The SM tree-level relation, p =
M3,/ (M%c%) = 1, no longer holds and when the theory is
renormalized an extra input parameter is required [3—6,14—
18]. We discuss two possible renormalization schemes for
the triplet model: one where the extra parameter is chosen
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to be a low-energy observable [3-5], and one where the
extra parameter is taken to be the running vacuum expec-
tation value (VEV) of the triplet scalar [19,20]. Models
with p = M3,/(M%c3) # 1 can be consistent with experi-
mental data with the inclusion of certain types of new
physics [21,22], of which a Higgs triplet is a specific
example.

In Sec. II we describe a model which contains a real
Higgs triplet in addition to the Higgs doublet of the stan-
dard model. This example is a simplified version of the
Higgs sector in Little Higgs models and is the simplest
example of a model with p # 1 at tree level. In Sec. 111, we
discuss the restrictions on models with scalar triplets at the
electroweak scale from requiring perturbativity of the pa-
rameters of the scalar potential. We turn in Sec. IV to a
discussion of the renormalization prescription and the role
of the triplet vacuum expectation value. The role of the
scalar particles is emphasized in obtaining predictions for
My, in the triplet model [23]. Whereas in the SM, the Higgs
scalar contributes logarithmically to the prediction for My,
in the triplet model there are contributions which grow
with the scalar masses-squared [24-27]. We close in Sec. V
with a discussion of the decoupling of Higgs triplet effects
for large mass scales or alternatively in the limit that the
triplet VEV goes to zero and we draw some general con-
clusions about the renormalization scheme dependence in
models with p # 1 at tree limit.

II. THE MODEL

We consider a model with a real Higgs doublet, H, and a
real isospin Y = O triplet, ®. We assume that the scalar
potential is such that the neutral components of both the
doublet and the triplet receive VEVs, breaking the electro-
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weak symmetry. The scalars are conventionally written as
¢ (-
= — !
-n
The kinetic part of the Lagrangian is
1

where,

DMH=<8 +l§ “W"+13YB )H

(3)
D, ®=(d, +igt,W)P,
o (a =1, 2, 3) are the Pauli matrices, and
010 0 —i O
t1=i101, t2=ii0—z,
2 010 V2 0 i O
1 0 O
=10 0 0 | 4)
0 0 -1

Spontaneous symmetry breaking generates masses for the
W and Z bosons,

My =500 b a0 M=

INLCR

2
8 22,

(5)
43"

where ¢y = cosf = g/+/(g')> + (g)> and sinf = 5,. At
tree level, all definitions of c, are equivalent and the
VEVs are related to the SM VEV by v3,, = (246 GeV)* =
v? + 4v2.

The model violates custodial symmetry at tree level,

M3, v'?
=W 44 6
p MEC 2 (6)

Since experimentally p ~ 1, v’ will be restricted to be
small. Neglecting scalar loops, Refs. [1,2] found v’ <
12 GeV.

The most general SU(2) X U(1) scalar potential with a
Higgs doublet and a real scalar triplet is given by

2112 :““% 2 4, Mz
= WHIHP + E20p + A1 + 2210

A
+ S HPIOP + A H o HO, (7)

We note that the coefficient A, has dimensions of mass,
which implies that its effects may be important even for
large mass scales since the decoupling theorem is not
applicable to interactions which are proportional to mass
[3,28,29].
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After spontaneous symmetry breaking, there are two
physical neutral eigenstates, H°, K°,

(k)= (5, 2)(0) ®

The physical charged eigenstates are H* and the charged
Goldstone bosons which become the longitudinal compo-
nents of the W= bosons are G~,

()=(5 00 o

where tand = 2v'/v.
Minimizing the potential gives the tree-level relations:

A
0=pul+ 202+ 731/2 — A\ (10

2 2
0= w(,@ + A2 + Ay %) - /\4%. (11)

For v/ = 0, the only consistent solution to the minimiza-
tion of the potential has Mg = My+ and A4 = sind =
siny = 0. In this limit the custodial symmetry is restored
and p = 1 at tree level.

We assume that v/ # 0 and y # 0. Utilizing Egs. (10)
and (11), the scalar mass eigenstates are [30]

)\41}

M. = M?, = 2)1,v% + tany (A0

H - /\41})

CsSs
My, = 21,02 — coty(Azvv) — A4v). (12)

We take as our six input parameters in the scalar sector,
My+, Myo, Mo, 7y, 8, v. Inverting Eq. (12),

A = 211) (M2, + 22,)
A = %cotzé[siMzo + My, — csM7, ]
Ay = ” tan5 ——— (M3, — M%,)sin(2y) + M3, sin(26)]
Ay = CsS5 M%ﬁ
wi = —MZIZ'IO< %+%tan5)

—Mj(‘]( 2 -2 1/tan5>-i- it 55

2 2
ns = 76M129+ A (52 + sin(27y) cotd)

MT%(O(CQy — sin(2y) cotd). (13)

III. PERTURBATIVITY OF THE SCALAR
COUPLINGS

A priori, the input parameters, My+, Myo, Mo, v, 6, v,
are arbitrary. The requirement that the tree-level contribu-
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FIG. 1 (color online). Restriction on the mass difference,
Myo — My~ from the requirement that the scalar coupling, A,,
be perturbative, A, < (47)2. For vy = 0, there is no dependence
on Mypo.
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FIG. 2. Restriction on the charged scalar mass from the re-
quirement that the scalar coupling, A4, be perturbative, % =
(4m)>.

tions to the scalar self-interactions be larger than the one-
loop contributions can be loosely interpreted as the restric-
tion Aj,3 < (4m)?, and % < (4m)?* (the scale A is
arbitrary).

From Eq. (13), approximate bounds on the scalar masses
can be derived." The most restrictive bound on M. is
found from A, < (4m)? for ¢, ~ 1,

'Ref. [30] derived the renormalization group improved bounds
on the scalar masses. For our purposes the tree-level bounds are
sufficient.
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Mo < 4.4 TeV. (14)

An interesting limit on the mass difference between the
charged scalar, H*, and the heavier of the neutral scalars,
K°, comes from Eq. (13) and the requirement that A, <
(477)%. This restriction is illustrated in Fig. 1. As the mass
of My+ becomes large, perturbativity requires that the
mass difference between Mo and M}, be small, regardless
of the mixing parameters. Similarly, assuming a scale A ~
v, the perturbativity limits on M+ from A, are shown in
Fig. 2. These results are in agreement with those found in
Refs. [28,30].

IV. RENORMALIZATION
A. Standard model

In this section, we discuss the differences between re-
normalization in the SM and in a model with a scalar
triplet. We begin with a brief overview of standard model
renormalization in order to set the framework [31-34]. The
electroweak sector of the SM has four fundamental pa-
rameters, the SU(2); X U(1)y gauge coupling constants, g
and g', the vacuum expectation value of the neutral com-
ponent of the Higgs doublet, v, and the physical Higgs
boson mass, along with the fermion masses. Once these
parameters are fixed, all other physical quantities in the
gauge sector can be derived. The usual choice of input
parameters is the muon decay constant, G, the Z-boson
mass, M, the fine structure constant, «, and the unknown
Higgs boson mass, M), sy. Experimentally, the measured
values for these input parameters are [35]

G, = 1.16637(1) X 1075 GeV 2 (15)
M, =91.1876(21) GeV (16)
a”! = 137.035999679(94). 17

Tree-level objects are denoted with a subscript 0 and
satisfy the relationship,

Ta
My = =, (18)
\/EGMO‘S%O
and the SM satisfies p, = 1 at tree level,
My
po =W =1. (19)
M350
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The one-loop renormalized quantitites are defined?:

5M2,
My

8G Il
G = GM<1 e “) = G#<1 - —WW(O))

My, = M%/<1 + ) = My(1 + Tyy(M7))

M2
son " (20)
N
0 =331+ %)
5o
Sa sp I1,,(0)
2
where  I1,(0) = (aI1,,(p?)/dp?)] oo ~ *5572. The

box and vertex corrections are small, and we neglect their
finite contributions (although it is necessary to include the
poles in order to achieve a finite result).

The W-boson mass is predicted at one-loop,

, . Ta

M et
v \/EG#sz

where Argy; summarizes the radiative corrections,

[1 + ArSM], (21)

3G, oMy oa s}

2 2
G, My, a S

_ Ty sm(0) — Ty sm(Mi)
M3,
I1,zsm(0) 853

So
+2— 5 -
Cy M S5

ArSM = —

+ H;%SM(O)
(22)

We use sy = sinf, ¢y = cosf to denote a generic definition
of the weak mixing angle. At tree level all definitions are
equal and we consider three possible definitions of the
weak mixing angle, which differ only at one-loop and are
useful for comparing with the predictions of the triplet
model in the next section and for understanding the renor-
malization scheme dependence of the triplet model pre-
dictions. For clarity, we review these definitions briefly
[36].

1. On-shell definition of sinfy,
In the on-shell scheme, the weak mixing angle, sy, is not
a free parameter, but is derived from
M3,
Miciy

p= (23)

The counter term for sﬁ, can be derived from Eq. (23):

*Equation (20) implicitely defines our sign conventions for
[Tyxy. We decompose the two-point functions as Iy (k?) =
g*" Iy (k?) + k*k” Byy(k*) and label the SM contributions as

1_IXY,SM'
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Ssiy _ Cy [5M§ B 5M%V]

Bl
_ @[HZZ,SM(M%) B HWW,SM(M%I/)] 24)
syl Mj My 1

2. Effective mixing angle definition of sin®0 ¢
One could take as input parameters, G/u «, and the
effective weak mixing angle, sinf.¢r = s54.¢r. The effective

weak mixing angle is defined in terms of the electron
coupling to the Z:

e

= 7 — ZH 25
2 CO8O,gp SINO ¢ eYulve — acys)e (25

where,
T 1
vV, = — 5 + 2sin Heff a, = — 5 (26)

In this scheme,

Ssg,eff _ (Ca,eff) 1,7 sm(M2)
M

+0Om2). (27

2
S eff S6,eff

This scheme is useful for comparing with the predictions of
the triplet model using the renormalization scheme of
Refs. [4,5].

3. “M” Definition of sinf,
A third scheme for renormalizing the SM takes as inputs
a(My), G, and M, and defines sinf, = s, cosf; = ¢,
in terms of,

sin(20,) = | |[—=——""2, (28)
“\V26,.ME
where
8_5% _ C% (Hyy,SM(M%) + & HyZ,SM(O)
5% 2 —s2 M2 cz M?
B HZZ,SMZ(M%) L HWW,§M(0)>_ (29)
M3 My,

The s scheme is useful for comparing with the predictions
of the triplet model using the renormalization scheme
advocated in Ref. [19].

B. Y = 0 Triplet

In this section, we consider the one-loop renormaliza-
tion of the triplet model. We are particularly interested in
the approach of the triplet model to the SM in different
limits and in the scheme dependence of our results. Since
p # 1 at tree level in the triplet model, four input parame-
ters (along with the Higgs mass) are required for the
electroweak renormalization [1,5,6,14]. We will consider
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two possible renormalization schemes. The first scheme
uses four measured low-energy parameters as inputs, while
the second employs three low-energy parameters plus a
running triplet VEV, v/(u):

(i) Scheme I:Input a, Mz, G, and sin®6eg

(ii) Scheme 2: Input at, Mz, G, and v'(u).
In both schemes, the W boson mass is a predicted quantity.
Below we discuss the dependence of the prediction for the
W mass on the renormalization scheme and focus on the
approach to the SM limit as the triplet VEV becomes small,
v’ — 0, or alternatively as Mo and My+ — .

1. Triplet model, Scheme 1

The renormalization of the triplet model in Scheme 1
has been discussed in Refs. [3-5]. The input parameters, «,
My, and G, are given in Eq. (17), and [37]

sin 20,5 = .2324 = .0012. (30)

The relation,

: (D

implies that tand = 2v'/v is not a free parameter in this
scheme, but is fixed by the input parameters.
In this scheme, the W mass is given by

T
M}, = ———— (1 + Aryipe(Scheme 1)) (32)
ﬁs%,effG,U«
and?
Iy (0) — TLyy (M)
Artriplet(SChel’ne 1) = ww M2 Ww W + H/y,y(O)
w
Sper 11,2(0) 853,
+ 20"’ 1 ]7;2 = Sf' ft (33)
0, eff 4 0,eff
where
5s%,eff _ Coeff HyZ(M%)' (34)

2 2
Sgett Soett Mz

Analytic formulas for the scalar, gauge boson, and
Goldstone boson contributions to the two-point functions
are given in Appendix A for arbitrary values of the mixing
parameters sind and siny. The contributions from nonzero
values of siny have not appeared elsewhere.

There are three types of contributions to the two-point
functions. There are contributions from the W, Z, and vy
gauge bosons, the electroweak ghosts, the Goldstone bo-
sons and the lightest neutral Higgs boson where the cou-
plings have SM strength. These are labeled as Ilyy gy in

*We neglect the finite contribution from vertex and box dia-
grams, although the pole contributions are included in order to
make our result finite and gauge invariant. The vertex and box
corrections in the triplet model can be found in Ref. [5].
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Appendix A. It is important to remember that these are not
numerically equal to the results in the SM since the rela-
tionship between the W and Z masses is different in the SM
and in the triplet model. The remaining contributions,
which we label Allyy, are of two types. There are con-
tributions from the SM particles with couplings propor-
tional to sind or siny which vanish for &, v — 0, and there
are contributions from the new particles of the triplet
model, K° and H*, which do not necessarily vanish for
6, v—0.

Equation (33) has a form analogous to the SM results
obtained using the sinf.;; scheme, (Argl), except that in
Eq. (33) there are additional contributions to the two-point
functions from K° and H*, and the SM-like gauge boson,
Goldstone boson, and H contributions are weighted by
factors of cosé and cosy. At tree level, the SM and triplet
predictions for My, are the same in this scheme. It is useful
to consider the difference between Eq. (33) and the one-
loop SM prediction,

Aryipie(Scheme 1) = Arff 4+ A, (35)

The function Arfs’fl\f,l has the same functional form as Argl

with the important difference that in calculating Argg\f,[, M,
must be taken as an input in the triplet Scheme 1, while M,
is a prediction in the sinf; scheme of the SM. In the limit

of small mixing (6 ~ 0, y ~ 0),

A @ [Fzz(M%v’ Myo, My+)
rl

Wsinzﬂeff M‘Z)V
_ F22(M%, MH+, MH+)]
M3

(36)

where
F22(k2) my, mz) = BZZ(kzr my, mZ) - BZZ(O: my, mZ)'
(37)

The small mixing limit further simplifies in the limit that
Myo, My+ 3> My, Mz and [M2, — M7, | < M3,

M?>, — M?,.
P { K H}+.... (38)
’ 247rsin” 0 o5 M.

Equation (38) is independent of the light Higgs boson mass
and can be either positive or negative depending on the
sign of Mgo — My-+.

In Fig. 3, we show the approach of the triplet model to
the one-loop SM prediction (in the sin?@¢ renormalization
scheme) as Mp+ becomes large. The SM prediction for
My, is calculated using Egs. (22) and (27), while the triplet
prediction for My, is calculated using Eqs. (33) and (34).
For small mixing, and M g0 = My+, the one-loop predic-
tion for My, in the triplet model differs negligibly from the
SM prediction. As the mass splitting, |[Mgo — My+| is
increased, significant differences from the SM prediction
are seen at small My+. The remainder term, A, ;, never
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Scheme 1
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FIG. 3 (color online). Difference between the one-loop cor-
rected  values My (Triplet, Scheme 1) and My (SM,
sinf.¢ Scheme) as a function of the charged Higgs mass, M+,
for small mixing in the neutral sector, y = 0.1 (which corre-
sponds to v’ ~ 6.8 GeV). The mass difference between the
scalars is AM = My+ — Mgo.

goes exactly to zero, because the triplet model has M as an
input, while the SM computes M, in the sinf.y scheme.
We recall from Sec. II that in the limit Mg = Mg+, the
only consistent solution to the minimization of the poten-
tial is v/ = 0 and ¢; = ¢, = 1. In this limit, p, = 1 and
the only difference between the prediction of triplet model
and the SM arises from the different input values of M.

2. Triplet model, Scheme 2

In Scheme 2, the input parameters are o, M,, G P and a
running v’(w). This scheme has been advocated in
Ref. [19] as being more natural than Scheme 1, in that it
has three measured input parameters as does the SM, while
v’ is unknown. We will treat v/ as a running MS parameter.
Of particular interest is the v’ — 0 limit and the approach
to the SM as Mgo and My+ — oo.

As usual, the W boson mass is defined by,

Mj, = 1 + Argipe(Scheme 2 39
\/'_s.9 #( tripl t( )) ( )
where*
Iy (0) — My (M3) 11, (M2
Aryipie(Scheme 2) = ww(0) > ww( ) w(z 2)
My, M3
25, I1.,(0) 652
+ ¥ 722( ) A22~ (40)
¢z M3 §%

“Again, we neglect the small finite contributions from the
vertex and box diagrams, although the pole contributions are
included in order to make our result finite and gauge
independent.
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At tree level,
1

Guow=—"=5—"> 41
#o 20k + 4u? 1)
where v, and v|, are the tree-level VEVs. Using
&
M%O v3 (42)

4520020

and Eq. (41), we find the weak mixing angle,

_ Wa()[ 1
V2G

This scheme is similar to the M, scheme for the SM
described in Eq. (28) in the limit vj, — 0. At tree level
Sz 1s defined in terms of the input parameters as

4ira

(' e
§2==(1-4|1 -
U \J \/EM%OGMO

and the one-loop corrected value for the mixing angle is

Ty}
2
M7,

a2 A2
$70€z0 =

—~ 4v62]- (43)

(142G v ) (44)

5"2 o 6‘2 { (0) 2SZ yZ(O) . sz(M%)
52 -5 &, M3 M2
+ — 426G ,v"? ]}
1 — 42076, [ M3, V2 v

(45)

Finally, we need to define the renormalized triplet VEV:

5U/2

v(’)2 = v’2(1 + e ) (46)

There is no compelling physical definition for the v’ coun-
terterm and we simply utilize an MS definition and retain
only the poles necessary to cancel the divergences.

In Fig. 4, we compare the one-loop corrected prediction
for My, in the M, scheme of the SM, with the one-loop
corrected value for My in the triplet model, Scheme 2,
with y = 0 and v/ = 0. For y = 0 and v/ = 0, the only
consistent solution to the minimization of the potential is
My+ = Myo and for these parameters, the contribution of
the triplet model quickly decouples as M+ becomes large
and the SM result is exactly recovered.

The situation is quite different for nonzero v’ as shown
in Figs. 5 and 6. The large effects can be understood from
Eq. (45),

5A2 &2 { ,,(M2%)
g g-nl M
1 Iy (0
+ WVZ( )}. (47)
1 - 4V20G, My,
HZZ<MZ>

Both

and H]”‘V}Z(O) have contributions which grow
Z w

093001-6



HIGGS TRIPLETS, DECOUPLING, AND PRECISION ...

Scheme 2
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FIG. 4. Difference between the one-loop corrected values
My, (Triplet, Scheme 2) and My, (SM, M, Scheme) as a function
of the charged Higgs mass, M+, for zero mixing in the neutral
sector (y = 0) and for v/ = 0.

with M3,. and M7, which cancel in Eq. (47) when v = 0.
The cancellation is spoiled for nonzero v’ leading to the
large effects observed in Figs. 5 and 6. Figures 5 and 6
show a modest sensitivity of our results to nonzero mixing
in the neutral sector (y # 0).

Equation (47) makes it apparent that tadpole diagrams
(shown in Fig. 7) do not cancel for nonzero v’ and make a
contribution,

Scheme 2
MHn =120 GeV, y=0, No Tadpoles
0 L s e e B S S S S S
i _ ]
-0.1 — — Vv =3.0GeV, M. =M -
i — V' =6.8GeV, M. =M, ]
[~ L 4
ﬁ L 4
= -02
=z L
=
=] L
-03 -
oal ey
0 500 1000 1500

M, (GeV)

FIG. 5 (color online). Difference between the one-loop cor-
rected values My (Triplet, Scheme 2) and My, (SM, M, Scheme)
as a function of the charged Higgs mass, M+, for no mixing in
the neutral sector (y = 0.0) and for v/ =3 GeV and v/ =
6.8 GeV. Tadpoles are not included in this plot.
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Scheme 2
M”u =120 GeV, y=0.1, No Tadpoles

— V' =3.0GeV, M. =M
— v =6.8GeV, MH‘ = MK

-0.05

-0.1

-0.2

-0.25

AM, (MeV)
(=1
I

T T B

M, (GeV)

FIG. 6 (color online). Difference between the one-loop cor-
rected values My (Triplet, Scheme 2) and My, (SM, M, Scheme)
as a function of the charged Higgs mass, M+, for small mixing
in the neutral sector (y = 0.1) and for v/ = 3 GeV and v/ =
6.8 GeV. Tadpoles are not included in this plot.

A2 tadpol
Ao (Scheme 2)@dpole = — “z {_ "
triplet 6% _ 5,\% M%
tadpol
L n;;g;“e}
1 —4V207G, My b
(43)

where the tadpole contributions are

T,
dpol H
Htv?,‘f,oe = —gMW{(cacy + 2s55,) 7o
HO
Tx
+ (—css, + 2s50,) =
(—css, + 255¢,) M%(o}
M T, T,
[ridrle — o AZ{cy—gf — s, f} (49)
Cy MHO MKO

The scalar self-couplings are given in Appendix C [20] and
lead to

FIG. 7. Tadpole contribution to the gauge boson two-point
function.
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Scheme 2
M,;- = 120 GeV, y=0, Tadpoles Only
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FIG. 8 (color online). Difference between the tadpole contri-
bution to My in Scheme 2 and the one-loop prediction for
My, (SM, M, Scheme) as a function of the charged Higgs mass,
M+ for zero mixing in the neutral sector (y = 0.0) and for v/ =
5 GeV and v = 9 GeV.
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Scheme 2
M;p= 120 GeV, y=0.1, Tadpoles Only

— V=30GeV,M=M,
--- v'=6.8 GeV, Mp= M,
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FIG. 9 (color online). Difference between the tadpole contri-
bution to My, in Scheme 2 and the one-loop prediction for
My, (SM, M, Scheme) as a function of the charged Higgs mass,
Mpy+ for small mixing in the neutral sector (y = 0.1) and for
v/ =5 GeV and v/ = 9 GeV.

1 0 ~0
Ty = {gHHH Ag(Mpp) + &{%AO(MK") + gH%Ao(Mz) + gucrg-AoMyw) + gpop - Ao(Mpy+)

1672 2

C
— gMy(epey + 2555,)(4 = 200A0(My) — gM, (4 - 2€)A0(Mz)}
0

K= " 16m2| 2

(50)

1
(K 4o () + 55K ag M) + E5CL A0(My) + g6 Aa(Mu) + grom - Ao(My)

)
— gMy(=cys, + 2550,)(4 = 2)A(My) + gM; 2 (4 - 26)A0(MZ)}.
/]

The tadpole diagrams generate terms which grow with
mass-squared, and the contribution of the tadpole diagrams
in Scheme 2 to My, is shown in Figs. 8 and 9. The large size
of the tadpole contributions makes it clear that Sv’ must be
defined in such a manner as to cancel the contributions
from the tadpole diagrams in order to have a sensible
theory. The tadpole contributions grow with v? as ex-
pected and have a large dependence on 7.

V. DECOUPLING AND CONCLUSIONS

We have considered the simplest possible model with
p # 1 attree level: a model with a real scalar SU(2) triplet
in addition to the SM Higgs doublet and have presented
results for the one-loop prediction for the W mass in two
different renormalization schemes. Our results are shown
as differences from the SM predictions. A correct renor-
malization scheme in the triplet model requires four input
parameters, in contrast to the three required in the electro-
weak sector of the SM.

In the first scheme, four low-energy measured parame-
ters are used as inputs and the theory is renormalized as a

low-energy theory. The effects of the scalar loops are
negligible for large triplet scalar masses, when the mass
difference between the scalar masses associated with the
triplets is small (|[Mgo — My+| << Myo). This renormaliza-
tion scheme fixes the triplet v’ in terms of the input
parameters and so the limit v’ — 0 cannot be taken. In
the second scheme, three low-energy parameters and a
running triplet VEV are used as inputs. The nonzero triplet
VEV generates large contributions from tadpole diagrams
which must be cancelled by hand by an appropriate defi-
nition of the triplet VEV renormalization condition. This
fine-tuning implies a lack of predictivity for the model.
Neither renormalization scheme is entirely satisfactory,
although our results clearly demonstrate the importance
of scalar loops in theories with p # 1 at tree level.
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APPENDIX A: 2-POINT CONTRIBUTIONS

In general, we write

Myy(k?) = Mxysm(k?) + Allgy(k?). (A1)

The contributions labeled IIxy g\ have the same functional
form as the SM contributions from gauge and Goldstone
bosons, ghosts, and the lightest neutral Higgs, HO, in the
po = 1 limit. We remind the reader yet again that the
ITxy v terms utilize different relations between M, and
My, in the triplet and SM and hence are not in general
numerically equal. The remainder, AIlyy, contains terms
which vanish in the limit sind, siny — 0, and also the
contributions of K and H", which need not vanish in
the sind = siny = 0 limit. The SM-like contributions
J

PHYSICAL REVIEW D 78, 093001 (2008)

agree with those found in Ref. [34] and the triplet contri-
butions for siny = 0 agree with Ref. [5]. The contributions
for nonzero y are new.

From Fig. 10, the standard model-like contributions in
Feynman gauge are

My s®?) = 7 T6ms7 Ao(Mir0) + Ao(M7) + 240 (My)}
[17zs5m(k?) = M—{AO(MHO + Ao(M2)
+ 2(c9 = 55V A0(My)}
I, su(k) = 5 [AO(MW)]
Iz sm(®) = 47”060 [(s5 = c§)Ao(My)] (A2)

The non-standard model contributions from Fig. 10 are

ATLjyy (k%) = 2{ 353[A0(Mgo) = Ag(M )] + 255[Ag(My) — Ag(My+)] + 4[Ag(M o) + Ag(M )]}
ATLL,(k?) = W{SY[AO(MKO) — Ag(Mpp)] + 253(1 — 4c)[Ag(Mp+) — Ag(My)] + 8cFAg(My+)} (A3)
a
AH] (kZ) = AO(MH ) AH;Z(H) = drsoc {S(Zs[Ao(MH+) _AO(MW)] 2C(;A0(MH+)}
9
From Fig. 11, the SM-like contributions are
e o _ @ My 2 2 2
WW,SM(k ) = 4— g C() Bo(k Mz, Mw) + s Bo(k y O, Mw) + Bo(k y MHO, Mw)]
2 o _ @ M1 4p (12 (A4)
HZZ,SM(k ) - 4— —2 C Bo(k MHO Mz) + 2S6B0(k Mw, Mw)

0

Hgy%SM(kz) = EM%VBO(]‘Z’ My, My,)

The non-standard model contributions from Fig. 11 are

e~~~

FIG. 10. Contributions from Goldstone bosons and H?, K° and
H™ to the gauge boson two-point functions.

a s
I, sm(k?) = ZTM%V éBo(kz, My, My).

FIG. 11. Contribution to the gauge boson two-point function
with one internal scalar and one internal vector boson.
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a M3 [cts2
A2, (K?) = yp s—gw{i—gﬁ [Bo(k*, Mz, My+) — Bo(k*, Mz, My)] + (4s5¢55,¢,, — 52 + 55352)[Bo(k%, Mo, Myy)
C2 _ S2
— By, Mo, My)] + sé[% Bo(k2, My, Myy) — Bo(k2, My, My) + 4By(k2, Mo, Mw)]}
0
2 o @ MG sy 2 2 2 2 2 (AS)
AllLZ, (k%) = in C_z[BU(k , Myo, M) — Bo(k*, My, Mz)] + 253[By(k*, My+, My) — Bo(k*, My, My)]
0

6
53
+ 2gC‘0‘B0(I€2, Mw, Mw)}
2
o N
AH%,y(kz) =0 AH%,Z(kZ) = - Z—M‘Z;V—SB()(ICZ, Mw, Mw)
v S9Co

From Fig. 12, the SM-like contributions are

Iy (k) = — 4;;% {By (K, Myo, My) + By (k*, Mz, M)}
H%Z,SM(kz) = - @{Bzz(kzy My, Mz) + (¢ — s3)*Boy (K, My, My)} (A6)
I su(k®) = _%Bzz(k2, My, My) I3, su(k?) = ZWZY@S(; (c3 — s3)By (K%, My, My,).

From Fig. 12, the non-SM contributions are

ATI3,, (k) = — %Sz{%ycysacawzz(kz, Mo, My ) — Boy (K2, My, My+) + Byy(K2, Mo, Myy) — Boy(K2, Mo, Myy))

+ 453533(322(/(2, M pp, My) — Bzz(kz, M pp, Mpy+)) + Sgysg(Bzz(kz, Mo, Mpy+) — Bzz(kz, Mpp, Mpy-+))
+ 4¢3 53(Byy (k% Mo, My) — By (k?, Mgo, My+)) + s3,¢5(Bay(k%, Mo, Myy) — B (k*, My, M)
+ 53(Byy(k*, Mz, Myy+) — By (k*, My, Myy) + Boo(k?, Mypo, My+) — By (K, Mo, Myy))

+ 4s3(By (K%, Myo, My+) — Boy(k*, Mgo, My+)) + 4B (K, M yo, Mg+ )}

a
ATLY, (k) = — {s3[Baa(k?, Myo, M) — By (K>, My, M) + s3[4c5(Ban(k?, My, Myy) — By (K%, My+, My+))

4arsic?
+ 53(Bo(k*, Myp+, M+ ) — Boo(k?, My, Myy) + Boy (K, My, Myy) — By (K, M+, Myy))
+ 2(Byy (K, M+, My) — By (k*, My, My))] + 4chBoy (K2, My, M+ )}

a
AT (k) = — ;Bzz(kz, My+, My+)

o
{szb‘[BZZ(kz) MW) MW) - B22(k2: MH+, MH+):| + ZC%BZZ(kZ» MH+) MH+)} (A7)

ATI3 (k) =
yZ(k) 27TC()S9

FIG. 12. Contribution to the gauge boson two-point function FIG. 13. Contribution to gauge boson two-point function from
from Goldstone boson and scalar loops. SM gauge bosons in loop.
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FIG. 14. Contribution to the gauge boson two-point function
from SM gauge bosons in loop.

There are additional contributions which only contribute to
[Ty, which we list for completeness [34]. From Fig. 13,

a
2
dmrsy

I,y sm (k%) = (3 = 2e)[Ag(My) + c5As(M)]

2
T4, o, (K2) = ——2 (3 — 2€)Ay(My)
77,SM Drsl €)Ag\My

o (A8)
s () = 5723 = 26)40(My)
ac
I3, sm(K) = — ﬁ@ — 2€)A¢(My).

From Fig. 14,

o
H?/VW,SM(kZ) = m[sét‘\l (K, 0, My)
0

+ C%Al (k2’ MZ» MW)]

2
ac
H%Z,SM(kz) = 47”02 A (K%, My, My)
]

(A9)
5 o (k2) = 2 A (K2 My, My)
vy,SM 477_ 1 ’ W w
ac
H'S}'Z,SM(k2) = _47T_Sl‘90Al(k2’ MW; MW);
where,
A(K%, my, my) = —Ag(my) — Ag(ms)
— (m? + m? + 4k By(K%, my, m;)
- 10322(1{2, ml, m2)
k2
+ 2<m% + m% - ?> (A10)

PHYSICAL REVIEW D 78, 093001 (2008)

FIG. 15. Contribution to gauge boson two-point function from
ghosts in loop.

From Fig. 15,

a

TG,y sm(k2) = 3 [s3B,(k%, 0, My)

5

+ 3By (k*, Mz, My)]
ack
2ms?

115, su(k?) = By (k?, My, My)

(A11)

o
Hg’y,SM(kz) = EBzz(k{ Mw, MW)

aCy

IS, (k*) = — Boy (K, My, Myy).

27rs,

APPENDIX B: SCALAR INTEGRALS

The scalar integrals in n = 4 — 2€ dimensions are de-
fined as

i d"q 1
A - | =7 __ -
1672 o(m) Qm" g*> — m?
i d"q
B kz) > = A N\
1672 Bolks muma) = [0
1
X 2 2 27"
[q - ml][(q + k) — mz]
(B1)
The tensor integral is,
i
167T2 {gMVBZZ(kZ: ml: m2) + k’ukalz(kz) ml) mz)}
4" Mmoo v
q q7q (B2)

~ ) Qny 2= milg + 00— m2]

APPENDIX C: SCALAR SELF-COUPLINGS
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(1]
(2]
(3]
(4]

(5]

PHYSICAL REVIEW D 78, 093001 (2008)

3 13 CySy / SyCy
SHHH — 6<Ucy)\1 + v Sy/\z + ) (Syll + CyU ))\3 - 3 /\4)
A c
8HHK = 2(—3vsyc§/\1 +3s2c,0'A + i[—vsy(l —3c2) +v'c, (1 —3s2)] — Ey(l - 3s%,)/\4)
A s
SHKK = 2<3v)tlcys%y +3v/ 2035, + f[vcy(l —3s2) + v's, (1 = 3c2)] - %(1 - 3c§))\4)
CyS cys2

gKKK = 6(—/\1vs37 + vl + yzy (—c v+ 5,0)A5 — 72 Y )\4)
gucto- = QuAjc,cy + 20 A5, 55 + A3(vey s + vis,c3) + csAa(2ey 55 + 5,05)) (CD)
Sun - = QuAjc,st + 20 Ays,ch + A3(vey e + v's,s3) — 55042005 — 5,55))
gk~ = (—2uA;s,ch + 20/ N, 53 + A3(—vs,s3 + vie,cd) + esAy(—2s,55 + c\c5))
gxmin- = (205,55 + 20/ Aepch + Ay(—vs, e + Ve, s3) +s5Aq(25,c5 + cyss)

A A
gHe' Gt = (/\lcyv + fv’sy - 767)
A A

8KGOG0 = <—)t1syv + fv’cy + fsy)
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