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Higgs coupling constants as a probe of new physics
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We study new physics effects on the couplings of weak gauge bosons with the lightest CP-even Higgs
boson (h), hZZ, and the trilinear coupling of the lightest Higgs boson, hhh, at the one-loop order, as
predicted by the two Higgs doublet model. Those renormalized coupling constants can deviate from the
standard model (SM) predictions due to two distinct origins: the tree level mixing effect of Higgs
bosons and the quantum effect of additional particles in loop diagrams. The latter can be enhanced in
the renormalized hhh coupling constant when the additional particles show the nondecoupling property.
Therefore, even in the case where the hZZ coupling is close to the SM value, deviation in the hhh
coupling from the SM value can become as large as plus 100%, while that in the 2ZZ coupling is at most
minus 1% level. Such large quantum effect on the Higgs trilinear coupling is distinguishable from the
tree level mixing effect, and is expected to be detectable at a future linear collider.
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L. INTRODUCTION

In the standard picture of elementary particle physics,
the electroweak gauge symmetry is spontaneously broken
by introducing an isodoublet scalar field, the Higgs field.
Its neutral component receives the vacuum expectation
value. Consequently, the gauge bosons and the matter
fields obtain their masses through the couplings with
the Higgs scalar field.

Identification of the Higgs boson is one of the most
important goals of high energy collider experiments. The
fit by LEP Electroweak Working Group favors a relatively
light Higgs boson with its mass below 251 GeV, assuming
the standard model (SM) [1]. The search for the Higgs
bosons is being carried out at Fermilab Tevatron and will
be continued at CERN Large Hadron Collider (LHC).
There the SM Higgs boson is expected to be discovered
as long as its mass is less than 1 TeV. In order to verify the
mechanism of mass generation, the Higgs boson cou-
plings with gauge bosons as well as fermions have to be
determined with sufficient accuracy. Moreover, precise
determination of the self-coupling constant of the Higgs
boson is essential to determine the structure of the Higgs
potential. An electron-positron (e~ e*) linear collider
(LC), such as GLC [2], TESLA [3] or NLC [4] and its
photon-photon (y-y) collider option, can provide an op-
portunity for the precise measurement of the Higgs boson
couplings. At LCs, the Higgs boson (k) is produced
mainly via the Higgsstrahlung process e"e™ — Zh for
relatively low energies and also via the fusion process
ete” — WY*W*vv — hvp for higher energies [5]. In
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both production mechanisms, the Higgs boson is pro-
duced through the coupling with weak gauge bosons.
The cross sections are expected to be measured at a
percent level or better unless the Higgs boson is relatively
heavy. The Higgs boson couplings with heavy quarks
(except the top quark) and the tau lepton can be tested
by measuring the decay branching ratios of the Higgs
boson. Furthermore, the trilinear coupling of the Higgs
boson hhh [6—15] and the top-Yukawa coupling htf can be
determined by measuring the cross section of double
Higgs production processes [16—18] eTe™ — Zhh as
well as efe” = W*W *yp — hhvp and the top-
associated Higgs production process [19] e*e™ — hif,
respectively. The yy option of the LC can also be useful
for the Higgs self-coupling measurement [20].

Studying the Higgs sector is not only useful for the
confirmation of the breaking mechanism of the electro-
weak gauge symmetry, but also provides a sensitive win-
dow for new physics beyond the SM. In fact, in many
models of new physics an extended Higgs sector appears
as the low energy effective theory, which has discrimi-
native phenomenological properties. One popular ex-
ample is known to be the minimal supersymmetric
standard model (MSSM) [21], in which the Higgs sector
is a two Higgs doublet model (THDM). Some models of
the dynamical breaking of the electroweak symmetry
also induce more than one Higgs doublet in their low
energy effective theories [22]. There are other motivations
to introduce extra Higgs fields, such as electroweak bar-
yogenesis [23], top-bottom mass hierarchy [24], and neu-
trino mass problem [25].

A common feature of extended Higgs sectors is the
existence of additional scalar bosons, such as charged
Higgs bosons and CP-odd Higgs boson(s). After the dis-
covery of the lightest Higgs boson, direct search of these
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extra scalar particles would become important to distin-
guish new physics models from the SM. Even if the extra
Higgs bosons are not found, we can still obtain insight by
looking for indirect effects of the extra Higgs boson from
the precise determination of the lightest Higgs boson
properties [26]. For example, the mass, width, production
cross sections, and decay branching ratios of the lightest
Higgs boson should be thoroughly measured to test
whether or not these data are consistent with the SM.
The existence of extra Higgs bosons can affect the ob-
servables associated with the lightest Higgs boson
through both the tree level mixing effect and the quantum
loop effect. In this way, we might find clues to new
physics before finding the extra Higgs bosons from the
direct search experiments.

In this paper, we evaluate the Higgs coupling with the
gauge boson hZZ and the Higgs self-coupling hhh at one-
loop level in the THDM, in order to study the impact of
the extra Higgs bosons on the coupling associated with
the lightest Higgs boson (%). In Refs. [13,14], the one-loop
contributions of additional Higgs bosons and heavy
quarks to the hhh coupling were discussed in the limit
where only # is responsible for the electroweak symmetry
breaking (in the SM-like limit). The calculation had been
done both in the effective potential method and in the
diagrammatic method, but details of the calculation were
not shown. In the present paper, we will show the details
of our calculation, in which the on-shell renormalization
scheme [27,28] is adopted. In addition, new particle ef-
fects on the form factors of the hZZ coupling are also
evaluated. Furthermore, we also extend our discussion in
Refs. [13,14] for the case of the SM-like limit to more
generic cases.

In the THDM, masses of the heavy Higgs bosons can
come from two kinds of contributions: the vacuum ex-
pectation value v (=246 GeV) and the gauge invariant
mass term. When the heavy Higgs boson mass is predomi-
nantly generated by v, contributions in powers of the
mass of the loop particles can appear in the one-loop
effect couplings of hZZ and hhh. They are quadratic for
the hZZ coupling and quartic for the hhh coupling
[13,14]. In this case, relatively large quantum correction
is expected in the hhh vertex, especially when the parti-
cle in the loop is heavy. Although similar nondecoupling
loop effects can also appear in the THDM [29] in the
processes of h— yy [30,31], h— bb [31], ete” —
W*W~ [32] and those with the coupling W=H*V (V =
Z, ) [33], the quartic power contribution of the mass is a
unique feature of the Zhh coupling. These observables can
receive large quantum corrections due to the nondecou-
pling effects. On the contrary, when the heavy Higgs
bosons obtain their masses mainly from the other source,
such powerlike contribution disappears and the one-loop
effects vanish in the large mass limit. The Higgs sector of
the MSSM belongs to this case.
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At the tree level, both the hZZ and hhh coupling
constants of the THDM can largely deviate from the
SM values due to the Higgs mixing effect. The hZZ
coupling is given by the multiplication of the factor
sin(8 — a) to the SM coupling constant, where tang is
the ratio of the vacuum expectation values and « is the
mixing angle between CP-even Higgs bosons. In the limit
of sin(8 — @) = 1, where the hZZ coupling recovers the
SM value, the hhh coupling also approaches to the SM
prediction for a given mass of the Higgs boson h. We
study how this correlation can be changed by the one-
loop corrections.

We evaluate the one-loop effects due to additional
Higgs bosons as well as the top quark under the constraint
from the perturbative unitarity [34—36] and the vacuum
stability [37]. The constraint from the available precision
data such as the p parameter constraint is also taken into
account [38,39].

The one-loop effect on the hZZ coupling can be as
large as minus 1% of the SM coupling in the wide range of
parameter space. This shows that a larger negative devia-
tion can only be realized due to the Higgs mixing effect,
i.e., the effect of the factor sin(8 — a). If the observed
hZZ coupling agrees with the SM prediction within the
1% accuracy, we may not be able to distinguish the
quantum effect from the tree level mixing effect.

The deviation in the hhh coupling can be as large as
plus 100% for the mass of % to be around 120 GeV due to
the nondecoupling quantum effect of the heavy extra
Higgs bosons. This happens even in the SM-like limit,
sin(8 — @) — 1. Such magnitude of the deviation is
larger than the experimental accuracy that is expected
to be 10-20% at LCs [6—8], and can be experimentally
detected. Therefore, the combination of precise measure-
ments of the hZZ and hhh couplings can be useful to
explore the structure of the Higgs sector.

In Sec. II, the form factors of hZZ coupling and hhh
coupling are defined, and the SM contribution to them is
briefly discussed. In Sec. I1I, the general feature of the
THDM is summarized, and the renormalization scheme
of the THDM is defined. The one-loop contributions to
the form factors of the hZZ and hhh couplings are calcu-
lated in Sec. IV. The analytic properties of the loop
corrections are discussed in Sec. V, and the numerical
evaluation is shown in Sec. VI. Section VII contains our
conclusions. For completeness, we also present the details
of our calculation in the appendices.

IL. THE hZZ AND hhh COUPLINGS IN THE SM

Before showing the calculation of the form factors in
the THDM, it is instructive to discuss the top-quark loop
effect on the hZZ and hhh couplings in the SM. One can
find a simple example of the nondecoupling effect in the
top-quark loop contribution. It is also useful as technical
introduction to the -calculation in the THDM. In
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Appendix A, we show details of the top-quark one-loop
contribution to the hZZ and hhh couplings in the SM.

The most general form factors of the hZZ coupling can
be written as

VoM
. PipP2
M, = MIZZ gy 1 ph2z Pllgz + M7Zjenrpo p2 a
myz ’ myz

(D

where my is the mass of the Z boson, p; and p, are the
momenta of incoming Z bosons, and we define gt” =
diag(1, —1, —1, —1) and €°'?> = —1. The trilinear hhh
coupling of the Higgs boson is parametrized by

>

1
L=+ yrhhhhS' (2
In the SM, the lowest order contributions to the form
factors M"%% and T, are given by

M?ZZ(tree) _ 2:}}1%’ MgZZ(trce) — MézZZ(trec) =0 3

3m>
i = == )
where m, is the mass of the Higgs boson.

Let us consider the loop contribution of the top quark
to these form factors. Details of calculation are presented
in Appendix A. From the naive power counting, it is
understood that M/%Z receives the highest power contri-
bution of the top-quark mass among the form factors of
hZZ vertex M"%Z (i = 1 — 3). The leading one-loop con-
tribution of the top quark to the form factor M##Z is
calculated as

S ]

M (p3, p3, p3) =

2my[ 1 5m
[ 167% 2 v?

2 2
oo} o

where m, is the mass of the top quark, p;, i =1 —3)
represent the momenta of the external lines. The leading
top-quark contribution to MW is the same as that to
M"?Z because of the isospin symmetry. Both have the
quadratic power contribution of the top-quark mass. On
the other hand, the leading contribution of the top quark
to the self-coupling constant is calculated [14] as
3m? 1 16m}
Lo (Pt 3 P3) = = Th[l T vz—m%

2 2
X {1 + @(m—gp—zm ©)
m?’ m?

The top-quark contribution is quartic in mass, so that we
expect larger corrections to the hhh coupling than the
correction to hZZ vertices by the enhancement factor of
(32/5)m?/m3 especially when mj;, < m,. Equation (6)

PHYSICAL REVIEW D 70, 115002 (2004)

10  m=178 GeV 1
-~ 5 [ ]
S
g 0+ ]

= 160
<
‘:3 =5t 120
E 0 m,=100GeV |
< , , , L
100 300 500 700 900
Vg’ (GeV)

FIG. 1 (color online). The one-loop contribution of the top
quark to the effective hhh coupling as a function of \/q_z, where
g* is the momentum of the off-shell 4 boson in h* — hh.
ATP(42) is defined by Ty, (g2) — TU¢ in the SM.

shows that the leading contribution of the top-quark
loop deviates the hhh form factor from the tree level
value by about —12% for m, = 178 GeV and m;, =
120 GeV. The quartic dependence of the top-quark
mass is also reproduced easily in the effective potential
method as shown in Appendix A 2.

At the future collider experiment, the hhh coupling
will be measured via the double Higgs production
processes, where at least one of the three legs of the
hhh vertex is off-shell. Thus the momentum dependence
in the hhh form factor is important. In Fig. 1, the
top-quark loop contribution to the effective hhh coupling
T,n(g?) is shown as a function of the invariant mass

(\/q_z) of the virtual & boson for m;, = 100, 120,
and 160 GeV. Iy, (¢*)[= Tyn(m2, m3, ¢*)] is evaluated

from Eq. (A34) in Appendix A 1. In the small y/¢2 limit

(+/g> — 0), the correction due to the top-quark loop is
negative and approaches to the similar value estimated

from Eq. (6). However, such a value of \/? is lower than
the threshold 2m,, of the subprocess &* — hh, and kine-
matically not allowed. We find that the top-quark loop

effect strongly depends on \/?, because the threshold

enhancement at \/g> = 2m, contributes an opposite sign
to the quartic mass term contribution. The correction

changes the sign when +/¢2 is somewhere between 2m,,
and 2m,. The enhancement due to the top-pair threshold
is maximum at the point just after the threshold of the
top-pair production.

III. THE TWO HIGGS DOUBLET MODEL

In this section, we give a brief review of the THDM to
make our notation clear and to prepare some tree level
formulas, which will be used for the one-loop calculation
in the next section. We consider the model with a (softly-
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broken) discrete symmetry under the transformation
o, — &, and &, —» —D,, where P, are the Higgs iso-
doublets with hypercharge % This discrete symmetry
ensures the natural suppression of flavor changing neutral
current at tree level. Two types of Yukawa interaction are
then possible; i.e., so-called Model I and Model II [21]. In
Model I, only ®, is responsible for generating masses for
all quarks and charged leptons, whereas in Model II, ®,
generates masses of down-type quarks and charged lep-
tons and @, gives masses of up-type quarks. In our
analysis, Model II Yukawa interaction is assumed
throughout this paper. Later, we will comment on the
case that Model I is considered.
The Higgs potential is given by [21]

Vinom = m3 @12 + m3|®,|> — (m3®] @, + h.c.)

A A
+ 71|CI)1|4 + 72|‘I)2|4 + A31 D 12D,

+ A DT D2 + {% (®TD,)? + h.c.}, @)

where m?, m3, and A, to A4 are real, while m3 and As are
generally complex. We here assume that there is no CP
violation in the Higgs sector, so as to neglect the phases of
m3 and As. A nonzero value of m3 indicates that the
discrete symmetry is broken softly. Under the assump-
tion, there are eight real parameters in the potential (7).
The Higgs sector of the MSSM is a special case of Eq. (7)
with Model II Yukawa interaction at tree level.
The Higgs doublets are parametrized as

w; ,
= [ﬁ(vi + h; +iz) i|’ =12, @

where v; (i = 1,2) are vacuum expectation values that

AU} + v = v =246 GeV. We here assume the

case with v;v, # 0. From the vacuum condition (the
stationary condition), we obtain

satisfy

1 1
0= miv, — miv, — E)va - 5()\3 + Ay + As)v v,

()]

1 1
0 = miv, — m3v, — = V3 — 5()\3 + Ay + As)viv,,

2
(10)

and the mass parameters m? and m3 can be eliminated
with their degrees of freedom being replaced by those of
v; and v,. The mass matrices of the Higgs bosons are
diagonalized by introducing the mixing angles 8 and «.
First, we rotate the fields by S as
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() =ro() (3)=ro(3)

wiy wt an
(w?) B R(ﬁ)<H+ >
with R(0) = (‘;’;g _Csis‘;e ) (12)

By setting tan8 = v,/v,, the CP-odd and charged states
are diagonalized. The Nambu-Goldstone bosons z and w™
are massless if the gauge interaction is switched off, and
their degrees of freedom are eaten by the longitudinal
components of Z and W* bosons when the gauge interac-
tion is turned on. The masses of the physical states A (CP-
odd) and H* (charged) are expressed by

1
mi. = M? — E(M + As)v?, (13)

i = M? = A0, (14)

where v is defined by v = ,/v? + v3, and M is defined

from the remaining degree of freedom of the mass pa-
rameter m3 by M> = m3/ sinf3 cos 3. The CP-even states
are not yet diagonalized, and the mass matrix for ¢, is
given by M?;, where

l.]’

M3, = (Ajcos*B + Aysin* B + 2Acos? Bsin? B)v?,  (15)

M2, = (—Ajcos? B + Aysin® B + Acos2B) cosB sinBv?,
(16)

1
M2, = M? + g+ A — 200 - cosdB)v?,  (17)

with A = A3 + Ay + As. The diagonalized CP-even
states (H, h) are obtained from (¢, ¢,) by the rotation
with the angle (o — B) as

(ﬁ;)=R(a—ﬁ)(2’>. (18)

The mixing angle (o — B) and the mass eigenstates are
determined as

2M?
tan2(a — B) = ——2—, (19)
M%l o M%z
and

m?%, = cos’(a — B)M3, + sin2(a — B)M?,
+ sin*(a — B)M3,, (20)

m2 = sin*(a — B)M3, — sin2(a — B)M3,
+ cos?(a — B)M?,, (21)

respectively. The two physical CP-even fields # and H are
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defined so as to satisfy m, < my. Among M7, only M3,
includes the dimensionful parameter M. In the limit of
M? — oo, we have tan2(a — B8) — 0. The angle « is
chosen such that m? — M3, m% — M?, and sin(a —
B) — —1 are satisfied in the limit M? — +00.!

We note that the masses of the heavier Higgs bosons (H,

H= and A) take the form as

m(zb = M? + V2 [+ 0wt/ M?)], (22)
where ® represents H, H* or A and A, is a linear combi-
nation of A;-As. When M? >> A;v?, the mass m3, is de-
termined by the soft-breaking scale of the discrete
symmetry M2, and is independent of A;. In this case,
the effective theory below M is described by one Higgs
doublet, and all the tree level couplings related to the
lightest Higgs boson & approach to the SM value.
Furthermore, the loop effects of @ vanish in the large
mass limit (mq — ) because of the decoupling theorem
[40]. The MSSM Higgs sector corresponds to this case,
because A; is fixed to be O(g?) so that large mass of ® is
possible only by large values of M. On the contrary, when
M? is limited to be at the weak scale (M?> < A;v?) a large
value of mg, is realized by taking A; to be large; i.e., the
strong coupling regime. In this case, the squared mass of
D is effectively proportional to A;, so that the decoupling
theorem does not apply. Then, we expect a powerlike
contribution of mg in the radiative correction. We call
such an effect the nondecoupling effect of ® [29-33].
Similar nondecoupling effect appears in considering the
top-quark loop contributions in the SM. Although we
expect large loop effects in this case, theoretical and
experimental constraints must be considered. For in-
stance, too large A; leads to the breakdown of validity
of perturbation calculation [34-36]. Furthermore, the
low energy precision data also impose important con-
straints on the model parameters [41]. Later, in our evalu-

"Equivalently, we may rotate the CP-even fields from (i, h,)
to (H, h) by the angle « directly. Then we obtain

{M? — (A5 + Ay + A5)v?}sin2B

tan2a = ,
anca (M? — A v?)cos’ B — (M? — Av?)sin® B

and
m% = M?*sin*(a — B) + <Alcos2acosz,3 + A,sin’asin® 8

1
+ 3 Asin2a sin2/3>v2,

m? = M?cos*(a — B) + ()\lsinzacoszﬁ + A,cos?asin? 8
1 . . 2
5 Asin2a sm2,8)v .

One can easily check that the above two expressions for m;, and
my are equivalent.

PHYSICAL REVIEW D 70, 115002 (2004)

ation of the one-loop form factors, we shall take into
account these constraints.

The parameters of the Higgs potential are m}-m3 and
A1-As. They can be rewritten by eight “physical”” parame-
ters; i.e., four Higgs mass parameters my, mg, my, my=,
two mixing angles «, 3, the vacuum expectation value v,
and the soft-breaking scale of the discrete symmetry M.
The quartic coupling constants can be expressed in terms
of these physical parameters as

A = (—sin?BM? + sinam? + cos’am?), (23)

v2cosB
Ay = v%sin’ 3 (—cos’ BM? + cos’amj; + sin*amy), (24)
) M2 . Zmzi N 1 sin2a( ) 2 (25)
=yl HT 4 P (2 — ),
3 V2 v vsin2g o "
Loy o 2
Ay = ?(M +mi = 2my.), (26)
Ao = 1 (M2 — m2) 27
5= m3). (27)

IV. ONE-LOOP CORRECTION TO hZZ AND hhh
IN THE THDM

We here discuss our scheme for calculating the one-
loop corrections to the form factors of hZZ and hhh in the
THDM. As we are interested in the Higgs nondecoupling
effects, we neglect the loop contributions of the gauge
bosons in the calculation. This procedure is justified by
adopting Landau gauge, where the effect of the gauge
bosons and that of the Higgs bosons can be treated sepa-
rately. The renormalization is performed in the on-shell
scheme for physical mass parameters and mixing angles.

First, we renormalize the three SM input parameters
my, mz, and Gp (= ﬁ). The counterterms of gauge

boson masses (8m3,, m%) and the wave function renor-
malization factors (6Zy, 6Z,) are obtained by calculat-
ing the transverse part I1}V(p?) of the two-point
function:

Pulv Pulv
() — (—g,w + %)Hmpa + LAY )
(28)

where VV = WW or ZZ. In the on-shell renormalization
scheme, we obtain

dm?, = ReIl}" "™ (m3), (29)

8Zy = —izReH¥V(1PI)(p2) (30)
ap

2—
pr=my,
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The renormalization for the vacuum expectation value Sv
(v — v + 6v) is defined by
Sv 1 1

IT¥W(0) + (vertex and box corrections).

3D

When neglecting the vertex and box contributions, which
are O(agy), Sv/v can be expressed solely by the oblique
correction IT)%(0).?

Next, let us define the renormalization scheme for the
Higgs sector. In addition to v, the bare parameters of the
Higgs potential are m3, m3, m3, mi,:, a, B, M?, T, Ty,
where T}, and Ty are tadpoles of 4 and H, respectively.
The tadpole parameters are fixed by the stationary con-
dition at each order of perturbation. At the tree level, we
set T, = Ty = 0, while at one-loop level T), and Ty are
chosen to make the renormalized one-point functions for
h and H to be zero. They are expressed in terms of the
Lagrangian parameters as

v Zm%,

Ty = T;cosa + T, sina, T, = —T,sina + T, cosa,

(32)
with

1 1
Ty = mv, — mdv; — = A v} — 5(/\3 + Ay + A5 03,

2
(33)

1 1
Tz = m%vl - m%vz - E/\Q'U% - 5()\3 + /\4 + )ts)l}%ljz.
(34)

The renormalized parameters are defined by shifting the
bare parameters as

Th,H d 0 + 5Th,H1 (35)
m?ﬁ[ — m%ﬁi + Bm%ﬁ[, (36)
a—a+da, 37
B— B+ 6B, (38)
M? — M? + M2, (39)

where ¢, represents H, h, A, and H*. The introduction of
the wave function renormalization factors for the Higgs
bosons is rather complicated because the mixing between
scalar bosons with the same quantum number should be
taken into account. According to the method explained in
Appendix C, we define

21t is straightforward to see the difference from the other
renormalization schemes in which the SM inputs are taken as
(agy, mz, Gp) or (my, mz, agy). The difference is of order
a gy which is neglected in the present calculation.
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1
HY_ [ 14402y Sa+8C, THY 40
h —8a+8C, 1+167, || n

where 67, (6Zy) is the wave function factor of h (H).
Similarly, for the CP-odd scalar bosons and the charged

scalar bosons we define
2] | 1+38Z. 8B+8C, |[z @1
A —0B + 6C, 1+%6ZA Al

and

w* 1+162,-
[Hi } —8B + 8Cy+

respectively, where 6Z,, 6Zy- are the wave function
renormalization factors for the physical CP-odd and
charged Higgs bosons A and H*. In addition, we intro-
duced the “wave function™ factors 6Z, and 6Z,, for the
Nambu-Goldstone bosons z and w=, which are massless
in the Landau gauge. However, 6Z, and 6Z,, will not be
used in our calculation.

There are 16 counterterm parameters (67}, y, Sméi,
0Z4,, da, 03, 6Cp, 6Cy, 6Cy+, and SM?), where ¢; =
H, h,A and H*, and 6C;, §C,4, and 6Cj;+ are defined via
Egs. (40)—(42). The first 15 of them are determined by
imposing the renormalization condition to the one- and
two-point functions. The conditions are shown below in
order.

The tadpole condition requires that the renormalized
one-point functions for 2 and H must satisfy

8B+ 6Cy+ }[ wE } @)

1+%62Hi Hi

r,=0, 'y =0, (43)
with Fh,H = TIPI + 6Th,H‘ Thus,

8T, = — TP, 8Ty = —T}F, (44)

where T,F) are the contributions of one-particle-
irreducible (1PI) diagrams. The explicit expressions of
the contributions to 7,% in the THDM are given in
Appendix B.

The relevant renormalized two-point functions for

h, H, A, H can be expressed as

Ty(p?) = IIP(p?) + {<p2 — )1 + 8Z,) — b

‘2 2
4 sin“« &4_ cos 6T2}’ (45)

cosB v sinB v

Tun(p?) = TEL(p?) + {(pz — )1 + 8Zy) — Smy

N cosZa 8T, sinfa %} 46)

cosB v sin8 v
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Toa(p?) = TLEN(p?) + {@2 —m2)(1 + 8Z,) — om}

2
+<sm’8—cos,8+—1 )ﬁ

cosf cosB) 2v
2
+ (C(?S B Ginp + L) %}, @7)
sinf3 sinf3) 2v

e (%) = T () + {0 = w1 + 02,

sin’8 1 \éT

— dm?. + — + —1

M <cos,8 cosp cos,8> 2v
cos’ 1 \ 6T,

+ —sing + — )22 48
(sin,B sinf sinB) 2v} (48)

where H};’(}) (p?) are the 1PI diagram contributions to the
self-energies. Their expressions and those of 67 and 67,
are summarized in Appendix B.

By imposing the on-shell conditions

Re]_‘q}l_d,[(m%ﬁ ) = 0,

i

d
——Rel', 4 (p?)
ap2 ¢I¢A »

(49)
where ¢; represents h,H,A, and H*, we determine 5m%,
dmiy, dm3, dm?., 8Zy, 8Zy, 8Z,, and 8Zy-.

The condition that there is no mixing between CP-even
scalar bosons 4 and H on each mass shell; i.e.,

Lyu(m;) =0, Ty (mg) =0, (50)
determines 6« and 6C),, where
Tyu(p?) = My (p?) + 2p* — m} — m3)8C,
— (m% —m2)da, (51)
with
_ 1 6T
2y — 1IPI(p2) + : _ bl §
IL,5(p*) = I1,;(p*) + cosa sma( cosB v
1 6T,
5 v ) ©2)
Hence, we obtain
1 1 - .
da =+ 3 m{HhH(m%{) + I, y(m3)} (53)
H h
1 1 ~ 5 ~ 5
oC), = 3 m{HhH(mH) — Wyu(mp)}t (54
i} h

The expression of the 1PI diagrams IT,;(p?) can be
obtained from those of II,y, &6T;, and 6T, in
Appendix B.

The parameters 6 8, §C,, and 6Cy+ are determined by
the conditions for the two-point functions of z-A and
w*-H* mixings. For the CP-odd sector, we require

PHYSICAL REVIEW D 70, 115002 (2004)
I'4(0) =0, (55)

L4(m3) =0, (56)
where
L.a(p?) = H_4(p?) + 2p* — m3)8C, + m38B, (57)
with
3 ST ST
I 4 (p?) = TF(p?) — sinf—L + cosB—=.  (58)
v v

Because of the Nambu-Goldstone theorem, IT 40)=0is
ensured, so that we obtain, from Egs. (55) and (56),

8Cy =8B = —ﬁﬁm(mi). (59)
For the charged sector, from the condition
Lyep=(0) =0, (60)
where
Ty=p=(p?) = I, 5= (p?) + (2p* — m2.)6Cy+
+m3. 8, (61)
with
I, = (p?) = M, (p?) — sinﬁ% + cosﬁ?, (62)
we obtain
5Cy+ = 8. (63)

We note that due to the Ward-Takahashi identity, the
condition (56) is equivalent to the following condition on
the mixing between the gauge boson and the Higgs boson:

FZA(mf;) =0, (64)
where the two-point function of ZA is written as
FQLA(Pz) = _iP“FzA(Pz), (65)
and the form factor I',,(p?) is expressed as
Lz4(p?) = (8B + 8Cy)my + T E(p?). (66)

In the above equation, the counterterm parameter (68 +
8C,) comes from the Higgs kinematic terms of the
Lagrangian as the consequence of the shift of the pa-
rameters:

L =my(0,2)Z" — +(6B + 6Cy)my(d,,A)ZF + - - -.
(67)
With the expressions of I'}l(p?) and T')§'(p?) presented in
Appendix B, one can explicitly check the equivalence of

the conditions of Egs. (56) and (64). Similarly, instead of
the condition (56), the alternative condition

Lyep=(mie) =0 (68)
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may be used to determine 6. In this case, 68 (let us
denote it as §8’) is given by
1
n.

8B'(= 8C},. = 6C)) = — II, = = (mirr)‘ (69)
It is easy to check that the difference between 68 and 6 8/
is finite. This finite difference is due to different choice of
renormalization prescription in loop calculations. In this
paper, we adopt 6 8 determined from Egs. (55) and (56).

We have determined all the renormalization parame-
ters but SM? of the Higgs sector by applying the renor-
malization conditions to various one- and two-point
functions. However, the renormalization of M? has to be
discussed in the context of three-point functions. Below,
we consider the renormalization calculation for the three-
point hZZ and hhh vertices.

The tree level hZZ coupling can be read out from the
kinematic term of the Lagrangian:

2
m .
Ly =+ TZ sin(B — a)g,,Z*Z"h

2
+ 22 cos(B — a)g,, ZHZ"H.  (70)
v

In terms of the general form factors of the #ZZ coupling,
cf. Eq. (1), we get

2
“Zin(B — a),
_ MézZZ(Lree) —0.

hZZ(tree) __
1‘41 ree —

MélZZ(tree) (7 1 )

On the other hand, the tree level coupling constants of
hhh and hhH are given from the Higgs potential. By
using the mass relations of Egs. (23)—(27), each coupling
constant can be expressed in terms of Higgs boson masses
and mixing angles:

—1
A = m[{cos@a — B) + 3cos(a + B)tm3

— 4cos*(a — B) cos(a + B)M?], (72)

-1
)‘hhH = m{cos(a - ﬁ) Sln2a(2m% + m%)

— cos(a — B)(3sin2a — sin2B)M?}. (73)
The tree level form factor for the hhh coupling, T is
thus given by
T = 31w (74)

Note that in the SM-like limit (« = 8 — 7/2), the form
factors of hZZ and hhh couplings take the same form as
in the SM:

M?Zz(tree) _ Zm% MgZZ(lree) — M::lZZ(tree) =0, (75)

>

v
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i = -2 76)
v
while the heavier Higgs boson H does not couple to the
gauge bosons and also A,y = 0.

Now, we discuss the renormalized vertices of hZZ and
hhh. From the kinematic term of the Higgs sector, we
obtain the counterterms to the form factors of the hZZ
vertex as follows.

2

Loy = — & sin(a — B)g,, Z"Z"h

2
+ —Z cos(a — B)g,, Z*Z"H

Bmz ov

Z

{sm(a — ,8)< —+ 67,

+ %52;,) 4 cos(a — B)(—8 — 5ch)}
X uvZFZ h + - -+ (77

Thus, we obtain the counterterms for the hZZ form
factors as

o o
M2 = — {sm(a - ,8)< my _ov + 687,
v

+ 58Z;,> + cos(a — B)(—68 — 6Ch)}, (78)

SMI?Z = §MhZZ = (79)

The counterterm for the hhh vertex is obtained from
the shifting of the bare hhh coupling 67, and the wave
function and mixing renormalization of the hhh and hhH
vertices as

A = Apnn + 8 A, (80)

3
hith — {(1 + %BZh)h t o } - (1 + %52,1);13 +
(81)
1 2
hhH — {(1 T 552,1);1 . ]’, (Sa+ 8C)h + )

— (8a + 8C)h> + - --. (82)

Thus, the counterterm for the Iy, is obtained as
3
6thh = 3!{6)thh/1 + E/\hhhézh + /\,mH((Sa + 8Ch)}
(83)
3 o
= 3!/\hhh<§ 8Zh U> + 3')‘hhH5Ch + C15mh
v

+ Cy8a + C388 + C,0M?, (84)
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where

C, = @{cos@a — B) + 3cos(a + B)}, (85)
C, = ﬁ cos(a@ — B) sin2a(m?, — m3),  (86)
C _costa — f) [{4 + cos2(a — B) + 3cos2(a + B)}m;,
3 4usin?28 !

— {5 + cos2(a — B) — cos4
+ 3cos2(a + B)}M?], 87
Ca= vsin2 cos*(a — B)cos(a + B). (88)

Up to now we have not explicitly discussed the renor-
malization condition to determine the counterterm of the
soft-breaking mass, SM?2. We chose to fix this parameter
in the minimal subtraction method. Namely, we require
the condition that the remaining divergent term (propor-
tional to A) in the hhh vertex is canceled by the counter-
term SM?. In the present model, SM?/M? is found to be

SM? 1 2.2 2402 2
ST WFNc(mzcot B + mytan”B) + 4M
7"V
sin2a
LR e B D

where A = 1/€ + Inu? with D = 4 — 2e.
Finally, the renormalized form factors for hZZ and hhh
couplings are calculated by

h. hZZ(1P1
MIZ2(p3, p, q7) = MPA) + MIPHOPD (3, 3, )
+OMIZZ, (i=1-3),  (90)

rhhh(p%’ Pg’ 612) =Dy T F}l%(l’%’ p%, qz) + oL, (O1)

where the momentum ¢* in Eq. (90) is that of the exter-
nal Higgs boson line, and all the counterterms are
completely determined by the renormalization condi-
tions in Egs. (43), (49), (50), (55), (56), (60), and (89).
All the explicit results for the 1PI diagrams which
contribute to the form factors are summarized in
Appendix B.

V. LARGE MASS EXPRESSION IN THE SM-LIKE
REGIME

The renormalized coupling constants hZZ and hhh
are evaluated by the formulas given in Egs. (90) and
(91). The deviation from the SM predictions can occur
due to two sources: the mixing effect which appears
in the tree level, and the quantum correction effect
due to the loop contribution of the extra Higgs bosons.

PHYSICAL REVIEW D 70, 115002 (2004)

If the mixing between the two CP-even Higgs bosons
is large (e.g., sin’(a — B) ~ 0.3 —0.7), the hZZ form
factor M/#Z in the THDM significantly differs from the
SM prediction already at tree level by the factor of
sin(B — a); cf. Eq. (71). In such a case, we may be able
to obtain an indirect but explicit evidence of extended
Higgs sectors at the LHC or at the early stage of the LC
experiments.

On the other hand, the hZZ coupling may be close to
the SM prediction; i.e., in the SM-like regime [42] where
sin(a — B) = 1. Define x=8—a —7/2. As x <1,
the tree level hZZ and hhh couplings can be expressed
as follows:

2
M?ZZ(tree) — 2m_Z {1 — %xz + (9()64)}, 92)
v
(woe) 3m%l 3 4AM? 3
R U G *o

In the limit of x — 0, the mixing effect vanishes and the
hZZ and hhh couplings coincide with the SM formulas.
From Eq. (93), we find that in the SM-like regime the hhh
coupling constant is reduced from the SM value as long
as M?>3m3:/4. Keeping only the leading one-loop
contributions of the heavier Higgs bosons and the top
quark, the expressions for the one-loop corrected hZZ
and hhh couplings are given in the SM-like regime (x <
1) as

2m2 1
M{‘ZZ=—’:Z{1—E x2 + (m,L,-i-mA-i-Zm2 )

64720>

M? 7 M*\2
o) ()
967 v my

96772112 <
m%i {— M? SN, m,
487202 < ) 967 v?
P om
+ @<x4, P m—f)} (94)
v

3m? 3 aMm? m$
Do = ——241 + (1 = 2+ !
hh v { ( 3m§> 1272 m3 v?

M>\3 m' M?\3
X(I_T> + 2A2 2(1_72>
my 127" myv my

m

+ H* 1_ M2 3_ NCII’YI,;1
67T2 2 2 2 3 2]’}’1%1}2

mHi T
+ O( 3 pz cI> m<21> pzmt m%)}, (95)

P2’ 0 eme 2
my v my

where mg represents the masses of the heavier Higgs
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bosons H, A, and H*.> As expected, there are quartic
power terms of the heavier Higgs boson masses in
I'ypn. The difference from the top-mass contribution is
the suppression factor of (1 — M?/m3) and the sign.
The large correction occurs in the case of small
M?. The largest corresponds to the limit of M2 — 0.
In this case, a greater positive deviation from the SM
prediction is obtained for a larger mgq. However, since m3
is originated from the electroweak symmetry breaking
and is proportional to A;, a too large value of m3 is
forbidden by the requirement of the perturbative unitarity

PHYSICAL REVIEW D 70, 115002 (2004)

[34]. Furthermore, the direction of the deviation induced
by the heavy Higgs boson (bosonic) loops is opposite to
that by the top-quark (fermionic) loops.

VL. NUMERICAL EVALUATION

In this section, we present results of our numer-
ical evaluation for the effective hZZ and hhh couplings
predicted by the SM and the THDM at the one-loop or-
der. We define the deviation from the SM prediction
by

AGEPN L M 2 ) = M i, )
( SM >(‘1 ) = WZZSM), 2 2 2 ’ (96)
hZZ M; (mh, mz, 4 )

SM
)lhhh

where the SM form factors M"““SM(p2 p2 42) and
M (p3, p3, ¢%) are evaluated by using Egs. (A33) and
(A34), and those of the THDM, M"##THOM) (2 52 2)
and SM (p3, p3, ¢%), are given by Egs. (90) and (91). In the
following numerical analysis, we fix \/? = 2m,, except
for in Fig. 4. We show the momentum dependence of the
deviation in the hhh form factor in Fig. 4. Throughout
this section, the mass of the top quark is set to be
m, = 175 GeV.

A. The SM-like limit

First, we show the results in the SM-like limit
[sin?(a — B) = 1 or x — 0 in Egs. (94) and (95)], where
the tree level expressions coincide with the SM ones; cf.
Egs. (92) and (93). In this case, the contributions to
AgMPM and AATHPM only come from radiative correc-
tions. The form factor M/#Z receives the one-loop effect
of O[m3/(167*v?)] due to the heavy Higgs boson @
(® = H, A, and H*) with the suppression factor (1 —
M?/m3)?. When M = 0, where the nondecoupling loop
effect is maximal, the magnitude of the deviation
AgMDM /o3M becomes typically at most O(1)%. On the
other hand, the loop effect for the hhh coupling is
O[m},/(16*v*m3)] with the suppression factor (1 —
M?/m3)3. The magnitude is larger than that for the
hZZ coupling by the enhancement factor of m3/mj,
[13,14]. In Fig. 2, the one-loop contribution of the heavy

?Although the expression in Eq. (95) does not depend on
tan3, the allowed value of tan is constrained to be O(1) due to
the requirement of the perturbative unitarity when large values
of mg, are taken with M = 0. Hence, the large deviation from
the SM prediction occurs at tan8 = O(1). We note that the
parameter set my = my = mp=, M =0, a = B — 7/2 and
tanB = 1 corresponds to A} = Ay = A3 = (mj + m3,)/v* and
Ay = As = —m%/v? at the tree level.

FSM

hhh (m%l, m%, qz)

Higgs bosons to the ~hh coupling is shown for m;, = 100,
120, and 160 GeV as a function of mg, where mg = my =
my = mpy=, by assuming sin’(a — 8) = 1 and M? = 0.
The deviation increases rapidly for large mq, values due to
the quartic power dependence of mg, and it amounts to 50
(100)% for mg = 300 (400) GeV for m;, = 120 GeV. The
larger deviation is obtained for the smaller value of m,,.
The small “peak’ structure in Fig. 2 originates from the

threshold contribution when mg = m;, for \/? = 2my,

where \/? is the invariant mass of the virtual 4, ie.,
the invariant mass of the two on-shell & Higgs bosons
in the hhh vertex.

For nonzero values of M (0 < M? < mgp), the magni-
tude of the loop correction is suppressed by the factor
(1 — M?/m3)?, and the nondecoupling effect vanishes

300 T . .
M=0 (Max. nondecoupling Case) g
sin’(a—B)=1 m,=100GeV
§ 200 ¢ mt=m,=m, (=m,) |
3 Vg'=am, /0
> 100 | ]
g 00 160
= =
(<\~
<
0 S )
100 200 300 400 500

my, (GeV)

FIG. 2 (color online). (AATHPM/)3M) is shown as a function
of mg(= my = my = my=). The results of the full one-loop
calculation are shown as solid curves, while the quartic mass
(m‘fb) contributions, given in Eq. (95), are plotted as dotted
curves.
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V(w')=450GeV my =hv'+M
150 r 1
Iy m,=120GeV
§§ 100 \/q2=2mh2 T
s £ sinz((xfﬁ):]
<
= L
R
(<§
< 0
0 500 1000 1500 2000
M (GeV)
FIG. 3 (color online). The decoupling behavior of

(AATHDM /)SM ) i5 shown. The mass of the heavy Higgs bosons
me(= my = my = my=) is given by m3 = Av? + M2,

when M = mg,. In Fig. 3, we show the decoupling behav-
ior of the heavier Higgs contribution as a function of M
with fixed vVAv2 = 200-450 GeV, in the case of sin?(a —
B) = 1 and m;, = 120 GeV, where the mass of the heavier
Higgs bosons mg (= my = my = my+) is given by
mj = Av> + M?>. (We note that A corresponds to
Acos? B+ Aysin? B —mi /12 = A3 —mi [v? = Ay =
—As in this case.) As shown, the heavier Higgs boson
contributions reduce rapidly for a larger value of M. For
M = 1000 GeV, the correction can be as large as a few
tens of percent.

In Fig. 4, we show the momentum dependence of the
deviation in the effective hhh coupling, T'),,(q%) (=
Cpnn(m2, m2, g%)), from the SM result as a function of

the invariant mass (y/¢?) of the virtual /4 boson, for
various values of mg (= my =my = my+) with

250 T T T T T T

M=0 (Max. nondecoupling Case)
200 | m=120GeV, sin'(a—p)=1 ]
m,=450GeV
150 400 ]

100 t .

350

50 t 300

A)\'hhhTH]:)]\/l/)\'hhhSI\/[ (%)

300 400 500 600 700 800 900
Vg (GeV)

FIG. 4 (color online). The momentum dependence of
(AATHDM /)SM ) s shown, where 1/¢” is the invariant mass of
h* in h* — hh, for each value of mg (= my = my = my=)
when m;, = 120 GeV, sin(a — 8) = —1, and M = 0.
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T T T T

> 2 o tree
M =m, /4

M2=mA2/2

0.04 0.06 0.08

)

0.02 0.10

FIG. 5 (color online). Deviation of the one-loop renormalized
(solid curves) and tree level (dotted curves) form factor M’fZZ
from the SM value is shown as a function of § = cos*(a — 8)
for various M values. The other parameters are set to be m,;, =
120 GeV, tanB = 2, and my = my= = m, = 300 GeV.

sin? (@ — B) = 1 and m;, = 120 GeV. Again, to show
the maximal nondecoupling effect, we have set M to be
zero. The Higgs boson one-loop contribution is always
positive. Below the peak of the threshold of the heavy
Higgs pair production, T';,,;(¢%) is insensitive to /g%, We
note that the low /g2 (but /g® = 2m,) is the most
important region in the extraction of the hhh coupling
from the data of the double Higgs production mechanism,
because the h* propagator 1/(¢> —m32) in the signal
process becomes larger. On the contrary, as we have
shown in Fig. 1 in Sec. II, the fermionic (top-quark)

loop effect strongly depends on \/? because of the
threshold enhancement at \/? = 2m,.

B. The mixing angle dependence

Here, we study the case in which the condition of x = 0
(or, sin(e — B) = —1) is relaxed. When sin(a — B) is
much different from —1, the renormalized couplings are
significantly different from their SM values because of
the tree level mixing effect [10,11]. Our main interest is
rather the case in which the condition sin(a — 8) = —1
is only slightly relaxed; i.e., sin(fe — 8) = —1 or x < 1.
We refer to such a case as the SM-like regime of the
THDM. In order to study this case, we introduce the
parameter 8 = cos*(a — B) = 1 —sin*(a — B) (=x?)
which directly measures the deviation from the decou-
pling limit. In Figs. 5 and 6, we show (Ag/HPM /g, ) and
(AATHIPM /2,0 as a function of 8, respectively. The value
of mg (= my = my = my=) is set to be 300 GeV. We
consider the case of m;, = 120 GeV and tanB = 2, and
the scale M is taken to be 0, m4/2, m,/~/2, and m,. The
solid curves are the results for the one-loop corrected
couplings, and the dotted ones are for the tree level
couplings.
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0.04 0.06 0.08

)

0.02

0.00 0.10

FIG. 6 (color online). Deviation of the one-loop renormalized
(solid curves) and tree level (dotted curves) hhh form factor
from the SM value is shown as a function of § = cos?*(a — )
for various M values. The other parameters are set to be m,;, =
120 GeV, tanB = 2, and my = my= = m, = 300 GeV.

As shown in Fig. 5, the tree level mixing effect on the
hZZ coupling is proportional to é and the deviation from
the SM value is negative. The nondecoupling effect on the
hZZ coupling is insensitive to d as long as 0 is not large,
and its deviation is less than 1% to the negative direction.
The nondecoupling effect becomes maximal for M = 0,
and minimum for M = mg.

Figure 6 shows that the deviation in the tree level hhh
coupling can vary due to the Higgs mixing effect from
—80to +10% for 6 = 0.1, depending on the value of 0 <
M?/m3, < 1. The deviation of the tree level hhh coupling
vanishes as 6 = 0, which reproduces the SM case. For the
fixed value of &, smaller M? gives larger value (in mag-
nitude) of the tree level Ahh coupling. At one-loop level,
the nondecoupling effect of the heavy Higgs bosons gives
large positive corrections to (AATHPM/A3M ) Because of
the nondecoupling effect, the deviation in the one-loop
hhh coupling can be plus 40% for M = 0, even when 6 =
0. Though the deviation decreases when & increases, such
large positive contribution remains for 6 = 0.1. For M =
mg/2 the magnitude of the nondecoupling effect is
smaller than that for M = 0. However, the deviation can
still be larger than that induced at tree level by the Higgs
mixing effect for 0 < Mz/m(zb <1, especially in the re-
gion of 0 < 6 < 0.06.

In conclusion, the large nondecoupling effect of the
heavier Higgs bosons contributing in loops can be more
important than the tree level Higgs mixing effect, as long
as 6 is not too large.

C. The possible allowed region of the corrections

Finally, we study possible allowed range of the devia-
tion in the 2ZZ and hhh couplings from the SM predic-
tions under the experimental and theoretical constraints.
The free parameters of the Higgs sector in the THDM

PHYSICAL REVIEW D 70, 115002 (2004)

(my,, my, my, my=, a, B, and M) are constrained by
theoretical consideration as well as the available experi-
mental data. These are related to the quartic coupling
constants in Eq. (7) by Egs. (23) to (27). We take into
account the following bounds in order to constrain the
parameters.

(i) The coupling constants A; (i =1 — 5) are con-
strained by the requirement of perturbative uni-
tarity [35], which is described by the condition on
the S-wave amplitudes for the elastic scattering of
longitudinally polarized gauge bosons as well as
the Higgs bosons [34];

la®(eapp — ocep)l <&, (98)

where a®(¢ 05 — @c@p) is the S-wave ampli-
tude for the elastic scattering process ¢ ¢p —
@cep of the longitudinally polarized gauge bo-
sons (and Higgs bosons); cf. Appendix D. The
critical value ¢ is a parameter, and we here take
& = 1/2 in our analysis [21].

(ii)) The condition of vacuum stability is expressed at
the tree level by [37]

/\]>O, )l2>0;

JUA, + Ay + MIN(O, Ay + As, Ay — As) > 0.
99)

(iii) The LEP precision data imposed strong con-
straints on the radiative corrections to the gauge
boson two-point functions, which are parame-
trized by the S, T, and U parameters [41]. In the
THDM, the T parameter [= aj),Ap, where
Ap(~1073) is the deviation of p parameter from
unity] can receive large contributions. The ana-
lytic formula for Ap in the THDM is given, for
example, in Refs. [38,39]. To satisfy this con-
straint, the THDM has to have an approximate
custodial [SU(2)y] symmetry [43]. In the Higgs
sector of the THDM, there are typically two op-
tions for the parameter choice in which SU(2)y
is conserved according to the assignment of the
SU(2)y charge; (1) my= =~ my, and (2) my= =~ my
with sin*(a — B) = 1 or my+ =~ m, with cos’(a —
B) =1 [38,431"

In the present paper, we do not perform a complete scan
analysis for all the parameter space. Instead, we set my =
my = mpy= in order to reduce the number of parameters.
By the degeneracy of heavy Higgs bosons, the constraint
from the p parameters is satisfied. Then, the free parame-
ters are my, tanB, M, as well as 6 (or ).

“In terms of the coupling constants, these conditions are
expressed by (1) Ay = A5, and (2) A, = A, = A3 withm? = m3.
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In Figs. 7 and 8, we show the allowed region of
(AgTDM /oM ) and (AATHPM /ASM ) for M = 0 as a func-
tion of 6 (0 <6 <0.5), respectively. The mass of the
lightest Higgs boson is set to be m;, = 120 GeV. In
Fig. 7, we find that the nondecoupling loop effect on the
hZZ coupling is at most a few percent. Because of the
leading contribution of the additional Higgs bosons, the
correction becomes negative. Most of the deviation from
the SM prediction comes from the tree level mixing effect
of the factor sin’(@ — ). On the other hand, as shown in
Fig. 8, due to the nondecoupling effect of the heavy Higgs
bosons the allowed region of AATHPM /)M becomes
much wider than that for the tree level. The correction
can be as large as a few hundred percent. We note that such
large deviation from the SM prediction cannot be realized
solely by the tree level Higgs mixing effect for
0<6<05.

As the typical case for the nonzero value of M, we show
the result for M = mg /2 in Figs. 9 and 10, where mg =
my = my = my=. All the other parameters are taken to
be the same as those in Figs. 7 and 8. As shown, the
magnitude of the nondecoupling effect becomes smaller
as compared to the case with M = 0, both in the hZZ and
hhh couplings, because of the suppression factor (1 —
M?/m%)"; cf. Eqs. (94) and (95). In the hhh coupling,
the tree level mixing effect becomes significant for larger
values of 8, by which the positive contribution due to the
nondecoupling effect is canceled: cf. Eq. (95). The devia-
tion from the SM prediction can be larger than a few
hundred percent for the small values of 8.

Some comments are in order related to the unitarity
constraint. If we take & = 1 [34] instead of £ = 1/2 [21],

Case M'=0

-25 loop (min)
N
¥ =80 |
_35 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5

FIG. 7. Allowed region of the deviation in the form factor
M??Z under the constraints obtained from perturbative unitar-
ity and vacuum stability as a function of 8[= cos*(a — 8)]. We
set my = my, = my+, and the value of M is fixed to be zero in
order to study the maximal nondecoupling effect. The upper
and lower limits for the one-loop renormalized couplings are
shown as solid curves. The value of the tree level one is shown
as the dotted curve.
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600 T . . .
Case M'=0
400 r loop (max)
S
2. 200t ]
= t
< ree (max)
:
= s 0
f:
loop (min) "
—200 L L L L
0.0 0.1 0.2 0.3 0.4 0.5
1)

FIG. 8. Allowed region of the deviation in the hhh form
factor under the constraints obtained from perturbative uni-
tarity and vacuum stability as a function of 8[= cos?(a — B8)].
We set my = m, = my=, and the value of M is fixed to be zero
in order to study the maximal nondecoupling effect. The upper
and lower limits for the one-loop renormalized couplings are
shown as solid curves. Those for the tree level couplings are
shown as dotted curves.

the constraint from the perturbative unitarity is relaxed
on both the tree level and loop effects. Then larger values
of mg can be taken, so that the possible enhancement due
to the nondecoupling loop effect becomes greater. The
rate of enhancement due to the change from & = 1/2 to
¢ =1 is much larger at one-loop level than that at tree
level.

D. Discussions

Before concluding this section, we give a few com-
ments on our analysis.

T T T T

M'=m,/4 1

loop (max)

loop (min)

1 1 1 1

0.0 0.1 0.2 0.3 0.4
)

0.5

FIG. 9. Allowed region of the deviation in the form factor
M?1?Z under the constraints obtained from perturbative unitar-
ity and vacuum stability as a function of §[= cos?(a — B)]. We
set my = my = my=(= mg), and the value of M is fixed to be
mg/2. The upper and lower limits for the one-loop renormal-
ized couplings are shown as solid curves. The value of the tree
level one is shown as the dotted curve.
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T T T T

Case M’ =m¢2/4 A

loop (max)

S 200 + .
s tree (max) -

3 0
=<

g -200 tree (min)

S

loop (min)
-400 L L L
0.0 0.1 0.2 0.3 04 0.5

)

FIG. 10. Allowed region of the deviation in the hhh form
factor under the constraints obtained from perturbative uni-
tarity and vacuum stability as a function of 8[= cos?(a — B8)].
We set my = my = my=(= mg), and the value of M is fixed to
be mgq /2. The upper and lower limits for the one-loop renor-
malized couplings are shown as solid curves. Those for the tree
level couplings are shown as dotted curves.

The large one-loop radiative correction of O(1) to
the coupling Ay, in the THDM does not imply the
breakdown of the perturbative expansion, because
the large contribution originates from new types of
couplings, e.g., Aypp and A,,eq, that enter in loop
calculations. Needless to say, we do not expect such
kind of large correction to occur beyond the one-loop
order.

We have shown the results by assuming Model II for
the Yukawa interaction. In the case of Model I, our main
results presented thus far are essentially unchanged when
h approximately behaves like the SM Higgs boson. It
is well-known that in Model II, the b — sy data imposed
a strong constraint on the mass of the charged Higgs
boson. We have not explicitly included the constraint
from the b — sy data [44] in our analysis, which can
be easily satisfied by assuming that the mass of the
charged Higgs boson is larger than about 300 GeV. In
Model I, there is no such strong constraint from the b —
sy data.

The measurement of the hZZ and hhh couplings
are important not only to confirm the mechanism of
the electroweak symmetry breaking, but also to indi-
rectly explore the property of new physics beyond
the SM. In particular, when the lightest Higgs boson
h is found to be around 120 GeV at the LHC or LCs,
and if its coupling with the gauge boson (hZZ or hWW)
is SM-like, the measurement of the hhh coupling
becomes important to determine the scale of the new
physics. If the measured hhh coupling turns out to
be much larger than the SM prediction and is not possible
to be explained by the tree level mixing effect in
the THDM, we may consider the strongly-coupled
THDM with a relatively low cutoff scale. Such large

PHYSICAL REVIEW D 70, 115002 (2004)

deviation in the hhh coupling could be the first indirect
signal for the models of dynamical symmetry breaking
[22], or models of electroweak baryogenesis [23,45].
Otherwise, the model with a light 4 should indicate a
weakly-coupled theory [46].

The trilinear coupling of the lightest Higgs boson
can be measured from studying the scattering processes
ete” > Z*— Zh* — Zhh and ete” — pwyWHW * —
pvh* — pvhh in the eTe” collision, and yy — h* —
hh at the yvy option of the LC. In Fig. 4, the momentum
dependence on the self-coupling has been shown in
the SM-like limit. The corrections turned out to be
insensitive for the energy below the threshold of
the pair production of the loop particles [14]. There-
fore, our main conclusion for the form factors of
the hhh coupling shown in this paper can be applied
to the momentum dependent coupling included in
the above production processes as a good approxima-
tion. However, the large positive deviation in the
hhh coupling does not necessarily imply the large devia-
tion in the production cross sections by the same rate,
because the rest of the gauge invariant set of Feynman
diagrams usually do not contain the hhh vertex. There
have been several studies for the correlation between
the change of the hhh coupling and the production
cross sections at the LHC [9] and LCs [7,8,20].
From the conclusions in those studies, we expect that
the large nondecoupling effect in the hhh couplings in
the THDM can be detected at future experiments at the
LCs.

We finally comment on the case of the MSSM. Since
the Higgs sector of the MSSM is a special case of
the Model II THDM with A;v? =~ O(m3,), as required
by supersymmetry, it belongs to the class of models in
which the heavier Higgs bosons decouple. Hence, the
effect of the Higgs boson loops to I'y,,(MSSM) is ex-
pected to be small. A detailed study on this decoupling
behavior of the one-loop corrected hhh coupling in the
MSSM can be found in Refs. [12,13]. We confirmed that
our results for large values of M are consistent with those
in Ref. [12].

VII. CONCLUSION

We have discussed the one-loop contributions of the
heavy additional Higgs bosons to the hZZ and hhh cou-
plings in the THDM. The form factors have been calcu-
lated in the on-shell scheme, and the deviation from the
SM predictions are evaluated.

The renormalized couplings of hZZ and hhh can
deviate from the SM predictions due to two origins:
the tree level mixing effect between the Higgs bosons
and the quantum effect of the additional particles in
the loop. We found that the deviations in the form factors
can be large due to the nondecoupling effect of the heavy
additional Higgs bosons when their masses are predomi-
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nantly generated from the vacuum expectation value of
the electroweak symmetry breaking; i.e., in a strongly-
coupled THDM. In particular, the renormalized hhh cou-
pling can largely deviate from the SM prediction due
to the quartic power term of the masses of the heavy
Higgs bosons, especially when the mass of the lightest
Higgs boson # is relatively small. Even in the case where
approximately only % couples to the weak gauge boson
so that the mixing effect is small, the deviation in the
hhh coupling from the SM value can be as large as a
few hundred percent, while that in the hZZ coupling is
at most a few times of —1% or less. When the tree level
mixing effect of the Higgs bosons is significant,
the deviation in the hZZ coupling becomes significant
by the factor of sin(8 — «), while the large positive
deviation in the hhh coupling due to quantum effect is
smeared by the mixing effect. Such large quantum effect
on the Higgs trilinear coupling is distinguishable from the
Born-level mixing effect, and can be detectable at a
linear collider.

In the weakly-coupled THDM, where the masses of the
heavy Higgs bosons are predominantly generated from
the soft-breaking mass term M, the one-loop effect is
small and decouples in the large mass limit.

We have shown how the nondecoupling effect of the
additional heavy particles in the THDM can differ the
Higgs boson couplings hZZ and hhh from the SM
prediction. We stress that the quartic mass effect on the
effective hhh coupling is a general characteristic in
any new physics model which has the nondecoupling

property.
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APPENDIX A: IN THE STANDARD MODEL

Here, we show the calculation for the one-loop con-
tributions of the top quark to the form factors of hZZ
and hhh vertices in the SM. The formulas for the lead-
ing top-loop contributions in Egs. (5) and (6) are ex-
tracted from the results shown in Appendix A 1.
The appearance of the quartic mass dependence of the
top quark in the hhh coupling in Eq. (6) can also be
shown through the effective potential method in
Appendix A 2. Here, we consider only the third genera-
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tion quarks (the top and bottom quarks) as the matter
fields.

1. Diagrammatic method
The Lagrangian of the SM is given by
Loy = +0.D,v*Qp + 1D, y*ig + bgD ,y* by
—{y,0. Db + y, PO, 1z + h.c.} + |[DHD|?

— Vsm, (AD)

where Q; = (1, b;)", and D, is the covariant derivative.
The Higgs potential is defined by

Vsm = —w?|®F + AlDY, (A2)
with the isodoublet field @ being parametrized as
W+
¢_[%(v+h+iz)} (A3)

where v ( = 246 GeV) is the vacuum expectation value, A
is the Higgs boson, and w* and z are the would-be
Nambu-Goldstone bosons.

The kinematic term for the Higgs doublet field ® yields

m
L2z ==L 8uZ"Z"h, (Ad)
v
where we used the relation m2 = £5£% 32, The tree level
form factors of hZZ vertices are given by

2
2my
)

M7z = MI?Z = MA#2 = 0. (A5)

From the Higgs potential (A2), we have

2

My pa o ...
Wh + >

1 T 2
VSM = _Thh + —(m% - —h)hz + ﬂ]’l:5 +
2 v 2v v

(A6)
where we introduced the parameters T}, and m; by

T, = v(u? — Av?), mi = 2Av?, (A7)
and eliminated p and A. The vacuum condition (the sta-
tionary condition) requires that the one-point function
vanishes at the vacuum. At the tree level, this implies
that 7, = 0, so that the parameter m;, denotes the mass of
h. The Higgs self-coupling interaction is expressed at tree
level by
2
_3my,

2
[tree = ~"h _ 3mh
hhh v’

e M)
v
The Yukawa interaction generates the mass of the quarks,

and m, = y,%. Furthermore, the parameters of the
Lagrangian g, g/, v, A, u, and y, can be replaced by
mgz, my, v, T}, m7, and m,.

The bare parameters of the model can be rewritten in
terms of the renormalized parameters as
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m} — mi + dmi, V=Ww,2 (A9)
v— v+ v, (A10)

T, — T, + 8T, (A1)

m; — m3 + m3, (A12)

and the wave function renormalization factors are intro-
duced with the renormalized fields by

ZF — ZJ27F + CyyA*

1
- (1 507, + -~)Z# +(8Zy, + - AR, (A13)

1
h— Z\h = (1 + 502, + - -)h. (A14)

From the kinematic term, we obtain the counterterm for
the hZZ interaction,
|

PHYSICAL REVIEW D 70, 115002 (2004)

200 omk 8
L7y — 22 (1 + —mzz - —v>gWZ“Z”h<1 + 82,
v mz v
1
+ 302+ )
2 smi 8 1
— @gMVZMZVh<1 + —mzz R VAR azh>.
v ms v 2

(A15)

We here neglect the effect of the Z-y mixing, because it is
of O(agy). Thus, we have the counterterm for the hZZ
form factors as

2

hZZ —
SMhZZ =
myz

2m2 5m% ov
o

57,4~ 5z,,>,
v

SMI?Z = SMUZ = 0, (A16)

The bare Higgs Lagrangian can be rewritten as

1 1 1
Litiges — +§p2(1 + 8Z,)h* + {(,u,2 - Av2)<1 + §5Zh> + (du? — dAv? — 2)\1}51})}(1} + dv)h — E{(,u,2 -310%)

3 !
X (1 +82,) + (52 — 36Av? — 6AvSv)}h2 — ()\v + S + Adu + E)waz,,)m — L+ 80+ 2257,

ST
= Lijiggs + 6T + 5 {(p — m2)8Z, — bmd + —L

2 2
e

2v? v2

where 8T, and 8m? are consistently related to the shift of
the Lagrangian parameters u and A by

8T, = (Su? — 50 — 2Avdv)v = S{v(u? — A?)},
(A18)

dmi =28 v + 4 vdv = S(2Av?). (A19)

The counterterm for the Ahh and hhhh vertices are

38mi n 3_mi<_ Sv
v v

Ol yppn = —

2 2

{35m%’ n 6mi< ov
v v

-y 5zh>} (A21)

Based on Egs. (A16) and (A20), we have to provide the
counterterm parameters dm3, 8Z,, Sv, dSm%, 8Z in order
to calculate the one-loop form factors of hZZ and hhh. In
the following, we determine all these parameters by
imposing proper renormalization conditions.

Sm2 mi( 8
}h2 {m”+mh< —v+35zh)}h

2vu 2v v 2

(A17)

The renormalization is performed in the on-shell
scheme [27]. The counterterms of the gauge boson masses
(6m3,, m%) and wave functions (6Zy, 8Z) are obtained
by calculating the transverse part I1)Y(p?) of the two-
point function

Pulv Pulv
sz(p2)=(—gw+ ) >H¥V(p2)+#HXV(p2),

(A22)

where VV = WW or ZZ. In the on-shell renormalization
scheme, we obtain

Sm? = RellZ"P)(;m2), (A23)

. (A24)
pr=myz

. d ZZ(1P), 2
(SZZ = _a—szeHT (p )

We define dv by
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ov 1 1
“r_- _ReHWW(lPI)(O)
v 2m r

+ (vertex and box corrections),  (A25)

where the ““(vertex and box corrections)” in Eq. (A25) is
O(agy), and is neglected in our calculations.

The other counterterms 67}, 6mﬁ, and 6Z, are deter-
mined in the following way. First, the tadpole must be
zero after renormalization; i.e., at tree level we demand
T, = v(u? — Av?) = 0, and at one-loop level, we impose

IR =Tlee + TIPL+ 8T, =0, (A26)

where I'R is the renormalized tadpole and T}"! is the one-
loop Feynman diagram of the tadpole (cf. Appendix A 3).

This determines the counterterm 67, as
8T, = — TP (A27)

Second, we determine the rest of the counterterms in the
on-mass shell scheme, i.e.,

Rel'® [m2] =0, (A28)
9 Rer® [p?] =1 (A29)
ap’ hh - )

where 'R, [p*] is the renormalized two-point function of
hh:

oT
TR [p?] = (p* — m2)(1 + 6Z,) — dm2 + —L-
v

+ I1P(p?), (A30)
and IT1}P!(p?) is the 1PI Feynman diagram contribution
(cf. Appendix A 3). Therefore, we obtain

1
dmi = +RellP(m?) — —ReT M, (A31)
v

9
62 = =~ Rell 1Py (A32)
p

pr=my

Using the counterterms émy,, 6Z,, év, 6T}, Bm%’, and
6Z;, which are determined above with the 1PI diagrams
listed in Appendix A 3, we obtain the renormalized form
factors of hZZ and hhh. Consequently, the renormalized
form factors are given by

M?ZZ(p%, p%’ qz) _ M?ZZ(HCS) + M::ZZ(IPI) + 6Ml(1zz’
(i=1-23), (A33)

TPl p3, @) =T + TP+ 8T, (A34)

where the momentum ¢* in Eq. (A33) is that of the
external Higgs boson line. The leading contributions of
the top-quark mass in Egs. (5) and (6) can be obtained
from Eqgs. (A33) and (A34) by taking the large m, limit in
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the explicit expressions of each diagram contribution
listed in A 3

2. Effective potential method

The quartic power dependence of the top-quark mass
can be reproduced in the effective potential method. The
effective potential provides the information of vertex
functions with zero external momenta at each loop level.
The one-loop effective potential is given by

1
Verrle] = Viee L] + Wchst(_l)zsfM}[ﬁo]

()

where ¢ = (¢) = v + (h), N,, is the color number, s;
(Ny,) is the spin (degree of freedom) of the field f in the
loop, M ¢] is the field dependent mass of f, and Q is an
arbitrary scale.

The bare parameters x> and A in the SM Higgs poten-
tial Vgule] in Eq. (A2) ( = Ve @]) can be eliminated
after introducing the one-loop corrected vacuum expec-
tation value v and the mass m;, in the following condi-
tions:

(A35)

:0,

o=v

9
— Verele] (A36)

do

2

()—gpz Veff[éo] (A37)

)
= m;,
p=v

Let us consider the top-quark loop effect. Namely, in
Eq. (A35), f =1, N¢, = 3, Ng, = 2, and the field depen-
dent mass of 7 is given by

¢
M[e] =y —=.

7 (A38)

The result (6) of the renormalized coupling constant I?M
is then obtained from

93 m? N. mt
—V =3} - A39
PP eitl#] o v { 372 vzm%} ( )

where m, is the mass of the top quark. Because the top
quark is a fermion, its loop effect on the effective poten-
tial is negative.

Let us examine the origin of this quartic mass contri-
bution. If we write ¢ = vy + h, then the effective poten-
tial is
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©* 1
Veff = - 7(1)0 + h)2 + Z/\(‘UO + h)4

4 2,2(1 + )2
_ N, y—t(vo n h)4 lnyt Uo(l Uo) _g
167 4 207 2

w? 1.
= _7(1)0 + h)2 +Z)l(vo + h)4

N, ¢ Jofh 7 h 13K
- Ty —+ -+ =+ ---), (A40
1672 2 ”°<v0 203 3 0 ) (A40)
where
c_ . N.o 4 y%v% _ 3
A=A 62 vy <1r12Q2 2>. (A41)
The first to third derivatives are calculated as
av, < c
—ahff = —wv + AV) — 5 15, (A42)
0%V N 7 N,
ah;“ =—u’+ 3/\11(2) 5 T6m? y?vg, (A43)
3V, N N,
—ahsz = 6Avy — 13—16772 Y. (A44)

Using Egs. (A36) and (A37), we can eliminate > and
A by introducing the renormalized (at zero momentum)
mass m;. Then, we obtain the renormalized coupling
ASM . as given in Eq. (A39). The logarithmic term in
the effective potential is completely eliminated by
the mass renormalization. On the contrary, the higher
dimensional operator terms in the effective potential
generally survive even after the mass renormalization,
which yield the @(m?) correction to the tree level hhh
coupling.

3. 1PI diagram contributions in the SM

We list the relevant one-particle irreducible (1PI)
n-point functions for n = 1,2,3. The -calculation is
performed in Landau gauge, so that the Nambu-
Goldstone bosons are massless (m,= = m_, = 0). The
SM Higgs boson coupling constants to be used below
are defined as

_ _ _ 2 _ 2
AV = Apg v = EAhw'+w’U = AN v = 2,

2

m

— 2 — _""h
- Ahhw*w’v - 7"

N, m?
GR = 3|~ os A + (-25% + 8m)By(pPimy,mp) |

=’ 6

+ 2(Ap2.)*Bo(p?sm,, m) + 18(Ay)*Bo(p*s my, my) — 12A,,A(my)}.
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A. One- and two-point functions

The one-loop top-bottom contributions and the Higgs
scalar contributions to T1%4(p?) and IT)V(p?) are given
by

N, l6m3[/1
% (p?) = — o2 UZZ[<§I]% —1;Qpsy + Q]ch‘vtx/)

X {(D - 2)322 + p2(31 + BZI)}
+ Uy - Qfs%was%Vm;Bo}(pz, my, my)

1 mj 2 2
16772 7{02‘4/35(]9 s My, mwi)

+ Bs(p*, m, my,)}

(A45)

N. m?}

m
Y (p?) = — 1672 U—ZV{(D — 2)4By, + 4p*(B; + By))}

2

1 m
X (p?;my, my) + T6m2 U—ZV{Bs(PZ; M=, n,)

+ Bs(p*;m,, my)}, (A46)

where we used the Passarino-Veltman functions [47] for
the tensor coefficients of the loop integrals, and we define
Bs(p*my, my) = A(my) + A(my) — 4By (p*smy, my). Iy
and Qy are the isospin quantum number and the electric
charge of the fermion f, respectively. For example, I, =
1/2and Q; = 2/3 for f = t. Also, sy = sinfy,, where 6y
is the weak-mixing angle. The 1PI tadpole contributions
are calculated as

N, 4m?
TP = Z {— = TfA(mf)} 3N pnnAlmy).

= 6 1672

(A47)

The 1PI diagram contributions to the Higgs boson two-
point function is obtained as

1

+ 1677'2 {+()‘hww)2B0(p2§ m,, mw)

(A48)
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B. The hZZ form factors

The 1PI diagrams of the top-loop contribution to M##%(p?, p3, ¢?) is calculated as

1 32Ncm)2¢m% 1
1672 "l Hz T L Qpsy + QfsW}{zp Cy +2p3Cp + 4p 1 paCos + 2(D — 2)Cyy

+ GBp} + pip2)Ciy + Bpipy + p3)Cia + (P} + p1p2)Co} + (U Qpsh, — SW){P Cy + piCn

M (pi, p3. 4°) = +

+2p1p2Cos + DCoy + (pi + p1p2)Ciy + (p1p2 + P3)Cip + m%Co}}(p%, p3 q*smy, mp, my)

1
+ Tom Z[2COSZ29W/\11W w-Bolgs my,=, my=) + 2A,..Bo(q; m;, m;) + 6 A, Bo(q; my, my,)
- 8008220W/\hw+w'7 C24(p%, p%’ qz; Myy=, My, mwi) - 8)‘hzzc24(p%’ p%’ qz; my, mpy, mz)
- 24Ahth24(P%’ P%y q*;my, m,, my)], (A49)

1 32Ncm%m% Hl

MMZZ(p2 12 22) = —
2 (p]) erq) 1677_2 'U3 2 f

IfoSW + Qfsw}{4C23 + 3C12 + Cll + Co}

+ (1 Qg5 — Q7syHCiy — C12}}(P%, P3 q*smyp, my, my)

1
1672

- SAhzzCl223(p%y p3 q* my, my, m) — 24X0,,,Cians(pt, p3. ¢ my, my, my,)], (A50)

Z[ SCOSZZQW)\/LW W’C1223(P1r pz,q m,=, ny,=, m,, )

where C1223 == C]Z + C23, and

MY2(p3, p3, ¢%) = —

1 32NCmJ2cm4Z 1
62 3 <§I% - IfoS%v>{C12 — Cyy — Co}(pt, p3. q*smy, my, my). (AS1)

C. The 1PI hhh form factor
The 1PI top-loop contribution to the hhh coupling is calculated as

1Cy1 + p3Ca + 2p 1 paCos + DCyy) + (4p} + 2p pa)Cyy

TPt Pl a) ==
=y’

8N m
[1677'

+(2p3 +4pip)Cip + (mf + pi + plpz)Co}}(p%, P3. q*imyp, my, my)

1
* F[+2/\hw+w’ Ahhw*w’{BO(q% my,=, mwi) + BO(p%’ my,=, mwr) + BO(p%’ my,=, mwi)}

=245 .- Co(pl, p3, s myys, mye, mye) + 420 A ABo(g%s my, my) + Bo(pis my, my)
+ Bo(p3sm,, m.)} — 4A;_Co(p3, p3, q*s my, my, my) + T2 A iBo(g?; my, my,)
+ Bo(p}: my, my) + Bo(p3; my, my)} — 108A3,,Co(pi, p3, %5 my, my, my)]. (A52)

APPENDIX B: IN THE TWO HIGGS DOUBLET MODEL

The kinetic and mass terms of the bare Higgs Lagrangian is written in terms of the renormalized quantities and the
counterterm parameters as
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sina 8T, N cos’a 8T,

h? + 2 —m})6Z
cosfB v sinf3 v} {(p miy)8Zn

Lhiiggs = Luiges T Tuh + 6TyH + {(p —m})8Z;, — dm} +

cos’a 8T, N sin*a 8T,

— om} + B v 5B v }Hz {(2p2 —mj — m3)8C), — (m3 — m})da
1 6T 1 6T 1 oT oT 1
+ cosasina — —— L+ —— T2\ Hh + 21p267. + cospEL + sing 2212 + ) (p2 — m3)62,
cosf v sin8 v 2 ‘ v v 2

sin’B 1 \8T, (cos’B 1 \8T
— om3 + - L (L —sing + — ) = 2lA2 + 1(2p? — m3)6C, + mi S
A <cosB cosp + cosﬁ) <sin,8 Sinf sinﬁ) 2vlf {( P* = m3)8C, + midp

6T oT oT oT
- sinBTl + cos,sz}zA + {p282w+ + cos,BT' + sin[g’vz}wJ“w_ + {(p2 —m%.)8Zy> — Sm?.

+<Si“2ﬁ—c g+ >%+<°°Szﬁ ,8+L>5T2}H+H +{(2p — m2,)8Cy- + m?. 5B

osB + -
cosf3 cosf sinf3 sinf3

6T oT
—sinB—* + cosB—z}(w+H_ + H w"), (B1)

v v

where

0T, = cosadTy — sinadT), (B2)
6T, = sinadTy + cosadbT),. (B3)

1. One- and two-point functions

The explicit expressions for the relevant 1PI diagrams are given in terms of the Passarino-Veltman functions[47]
below. The Yukawa couplings are assumed to be of the Model II THDM [21].

N, 16mir/1
%% (p?) = — 62 71}22 [(2 T 1:Qps, + Qfsw>{(D — 2)By + p*(B; + By} + (I — QfS%V)QfS%vmjszo}
1 m3 .
X (p?, my, my) + Tom2 U—ZZ[COSZ(CY = BUBs(p*; my, my) + Bs(p*; my, m,)} + sin*(a — BH{Bs(p*; my,, m,)
+ Bs(p*;my, mp)} + 3y ABs(p*; m,=, m,,=) + Bs(p?; my+, my=+)}] (B4)
WW (2 N, ””W 2 1 %V 2 2
nyY(p*) = - o —{(D — 2)4By, + 4p*(By + By)}(p*; m,, my,) + e [cos*(a — BIUBs(p*; my, my=)
+ Bs(p*; my, m,,=)} + sin®(a — B)Bs(p?; my, m,=) + Bs(p smy, my=)} + Bs(p? m,, m,=)
+ Bs(p*;mg, my+)]. (B3)
N, 4m? cosa N, 4m3 sina
TP = — 62 v[ S ——A(m,) + o v cos,BA(mb) Tom Z{AhH+H A(my=) + ApaaA(my) + 32,,,A(my,)
+ AnAlmg)}, (B6)
N, 4m? sina N. 4mj cosa 1
TII-IPI == 1672 v EA(%) - 672 v cos,BA(mb) - W{)‘HH+H’A(’"H1) + ApaaA(my) + AgppA(my,)
+ 3)\HHHA(mH)}. (B7)
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N. [m? cos’a m2 sin’a
H(p?) = — — {4A(mz) + (=2p? + 8m})By(p*; m, m,)} + é’ {4A(mb)
1672 | v2 s1n v? cos?
1
+ (=2p* + 8m3)Bo(p*; my, mb)}j| 67 ——{+ Ny Bo(p?smy=, my=) + 2(Ap - )2 Bo(p?s my,=, my=)
+ (Apwtw )2 Bo(p2my=, my=) = 2A g+ - Almy=) + (Apan)*Bo(p?; ma, my) + 2(A;,.4)*Bo(p*sm,, my)
+ (Az)*Bo(p?my, my) = 2Xp4aaA(ma) + (Apyn)*Bo(p*s my, my) + 4(Auuy)*Bo(p?;s my, my)
+ 18(Apn)*Bo(p?s my, my) — 122 A(my) — 2AppAlmy)}. (B3)
N. [m? sina cosa m? sina cosa
IP(p?) = ——5 | = — 55— {4A(m,) + (=2p + 8m?)By(p?*; m,, m,)} — b ———1{4A(my,)
1677 | v sin” B
+ (=2p* + 8m3)By(p*; my, mb)}i| = —— A+t Muwr - A - Bo(p*s my=, my+)
+ 20t At - Bo(p2i s, my=) + Ayt Ay Bo(primy,=, my=) — Ny - Almy=)
+ 2MpaaAmanBo(p?my, ma) + Ao AgaBo(p?sm., my) + 205, Ay Bo(p?s my, mp) — AppasA(my)
+ 6Auun AunBo(p?s my, my) + AAyu A Bo(p?s my, my) + 6 Ay Apuu Bo(p?; my, my,)
= 3N Almy) = 3A g Almy)}. (B9)
1PI( 2 Ne [m7 2 mj, 2 2
() = — - 672[ - cotBlAAm) = 20°Bo(p m, m)} = 2 anB{4AGn,) — 207 Bo(p? m, m;)}}

1
+ W{_)\mmH*A(mHt) + 2A A AgaaBo(p?s ma, my) + 2044 ApaaBo(p?s ma, my,) — 34 44aA(my)

+ 2A g AuaBo(p? my, my) + 225, ApaBo(p?s m, my) — AppaA(my) — AppaA(my)}. (B10)

A. The Z-A mixing

The expression of the form factor I';4 of the Z-A mixing is given as

1 m my .
Iza = ZF{_ —= cos(a — B)Apaa(2B; + By)(p*s my, my) — TZ sin(e — B)Ayaa(2By + Bo)(p*s my, my)

+ 2z sm(a — B)Ana(2By + Bo)(p*smy, m,) — " COS(CY B)Ana(2B; + By)(p?; my, m,)

mznty .
+ ZNC-TchquBo(pz,mq, mq)}, (B11)
|
where 1, is the isospin of the quark g, c47; = — =* cotf3, 2. The hZZ vertex
aqd Cabh = — me tanB in the Model II THDM, ansi the The explicit expressions for the 1PI diagrams of the
Higgs self-couplings Ajaa, Apaas Anza, and Ay 4 arelisted  form factors of the hZZ vertex are given in terms of the
in Appendix E. Passarino-Veltman functions [47] by
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M (p, p3. 4°) = +

1 32N.mimy 1, 2 2.4 2 2
62 > Chff[{zlf — 1 Qpsy + QfSW}{2p1C21 +2p3Cy +4p1prCa3 + 2(D = 2)Cyy

+ GBpt + pip2)Cii + Bpipy + p3)Cia + (p1 + p1p2)Cot + (U Qpsy — Q}S@){P%Cﬂ + p3Cyy

+2p1p2Cos + DCy + (pi + p1p2)Cii + (pip2 + P3)Cin + mjzfco}}(l?%’ p3 q*my, my, my)

+ # 11—2%[2005229W/\hH+HBO(q; My, My=) + 208220y At - Bo(q; my,=, m,,+)

+ 2X44aBo(q; ma, my) + 24,,..Bo(q; mo, m.) + 6,4, Bo(q; my, my) + 20,55 Bo(q; my, my)

— 8c0s®20y A+ - Coa(ph, 3, ¢% my=, my=, my=)

— 8c08220 Ay~ Coa(pl, P3, g% myy=, myy=, my,=) — 8sin*(a — B Ay, Cos(pl, p3, 4% m,, my, m,)
+ ManCos(ph, p3, @5 ma, my, mp) + A Cos(pi, P3, 675 My, ma, my)

+ 3 Caa(pl, p3, 4% my, my, my)} — 8cos* (e — BUAuaaCoa (P, P3, g% ma, my, my)

+ Az Cos (Pl 3 %5 mey myg, m2) + Ay Cos(p3, p3, ¢%5 my, m, my)

+ 3 Caa(pt, p3, 4% my, ma, my)} + 4 cos(a — B) sin(a — BHAaCos(p1, p3, g% me, my, my)

+ AnaCos(ph, 3, ¢%5 my, my, m2) = AyaCou(pi, p3, g5 me, my, my)

— MzaCou(pl, p3, g% ma, my, m) + 20,5 Cos(p3t, 3, g% my, my, my)

+ 2)‘hhHC24(p%’ P%: g% my, m, my) — 2/\hhHC24(p%’ P%r q*; my, ma, my)

= 20 Cas(P3, 3, g% my, my, my)}], (B12)

1 32N.m%m5 1
MY #(pi, p3, ¢°) = — ! Chff[{—l,zv — 1;Qysiy + Q%Sév}{4czs +3Cp + Cpy + Gy}

1672 v3 2
+ Q% — Q}S%v){cn - Clz}}(l?%’ p3 a*imy, my, my)

4
+ 161 3 m—zz[_gcoszzew)\hfﬁlr Cioas(pt, p3, q%s my=, my=, my:=)
™ v
— 8c08220y Ajyy - C1203(P7, D3, %5 M=, my, my,=)
= 8sin* (e — B Ay:Croos(p1, P3 475y, mp, my) + AaaCiooa(P1, P3, G5 Mg, My, my)
+ MunCioos(ph P2, 47 my, my, my) + 3,Cro03(p1, p3, 75 my, my, my,)}
— 8cos?(a — B){/\hAACIZZB(P%’ P%r g% mp, my, my) + )‘hzzC1223(p%' P%’ 6122’"1, my, m,)
+ M Cias(pL, p3, @75 my, my, my) + 30, Croo3 (P, P3, 675 My, ma, my)}
+ 4 cos(a — B)sin(a — BHApaCiaos(p1, P35 g5 m, my, my) + AaCrans(p1, p3, g7 ma, my, m.)
- /\thC1223(P%r P%r q2;mz! My, my) — /\thC1223(P%’ P%r g% my, my, m;)
+ 20mnCroo3(P, 3 475 my, my, my) + 2001 Cioos(PY, P35 75 My, m, my)

= 22X Cro3 (P, P3 @7 my, my, my) — 2005 Cios (Pl p3, ¢% my, ma, my)}), (B13)

M3 (pi, p3 ¢°) = —

1 32N, m2m4z 1
672 Cvgf Chff(ilj% - Ifos%,>{C12 — Cyy — Co}(p1, p3. g my, my, my), (B14)

where ¢;,;; = cosa/ sinf and ¢,,; = — sina/ cosB in the Model Il THDM, and each coupling constant of Higgs bosons
is listed in Appendix E.
3. The 1PI hhh form factor

The explicit expression for the 1PI diagrams of the hAhh form factor is given in terms of the Passarino-Veltman
functions [47] by
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il p3 a) ==
f=ib

4
1 8Ncmf 3
167* 3 Y

PHYSICAL REVIEW D 70, 115002 (2004)

——2 ¢ A3(pICy + piCy + 2p1prCas + DCoy) + (4pt + 2pi py)Cyy

+(2p3 +4p1p)Cip + (m} + pi + plpz)Co}}(p%, Pl q* my, my, mp)

+ W[ZAhH+H’ i - {Bo(q%; my=, my=) + Bo(p3; my=, my=) + Bo(p3; mpy=, my=)}

+ 4)‘hw+H’ Ahhw*H’{BO(qz; m=, er) + BO(p%’ m=, er) + BO(p%’ my=, Mp= )}

+ 2)‘hw wo /\hhw w’{BO(qZ; m,,=, mwi) + BO(p%’ my,=, mwt) + BO(p%v m,,=, mwt)}

- 2/\2H+H* C()(p%; p%: qz’ mg=, myg=+, mHi) - 2AhH+H7 AinrH*{CO(p%y p%; qzs myg+, myg=+, mwi)
+ Co(pt. p3. % my=, my,=, my=) + Co(p3, p3, g% my=, my=, my=)}
= 20t A2y AC(PYL PR @ mp=, my=, my=) + Co(pl, ph g% my=, my=, m,~)

+ Co(p}. p3. ¢*my=, my=, my=)} — 2

2 2 2.
hwtw™ CO(p]; p2) q s mwi’ mwi> mwi)

+ 4Xan AwnaaiBo(g?s ma, my) + Bo(pismy, ma) + Bo(p3sma, ma)} + 2Apa ApeatlBo(q?s my, my)

+ Bo(p3;m,, my) + Bo(p3;my, my)} + 4, ApnoABo(q%; m., m,) + By(p3;m,, m.)

+ Bo(p3smy, my)} — 443 ,,Co(pl, p3, g% ma, my, ma) — 2444 A5 o {Co(PT, D3, g% my, mg, m,)

+ Co(pt, p3, q*sma, mo, my) + Colpy, p3, g7 mg, ma, ma)t = 2245 1{Co(p3, p3, q75my, m, m.)

+ Co(ph p3. 4% my, my, my) + Co(p3, p3, q*smy, my, my)}y — 43 __Co(p3, p3, > m,, m,, m,)

+ 4N Awna{Bo(q*s my, my) + Bo(pts my, my) + Bo(p3; my, my)}

+ 120 At Bo(q?s my, myg) + Bo(pts my, my) + Bo(p3: my, my)} + T2 Apun{Bo(g*: my, my)
+ Bo(pis my, my) + Bo(p3:my, my)} — 10845, Co(pi, p3. ¢*s my, my, my,)

= 24X A2 ACo (PR, P3, @7 my, my, my) + Co(p3, p3, g% my, my, my) + Co(p3, p3, ¢%; my, my, my)}
= 8Auaa A Co(PT, P35, @75 my, my, my) + Co(pi, p3, 4% my, my, my)+

Co(pt, 3, @%smpy, my, my)}t — 4034, Co(pl, p3, 4% my, my, my)),

where ¢),; = cosa/sinB and c;;,; = — sina/ cosB in the
Model II THDM, and each coupling constant of Higgs
bosons is listed in Appendix E.

APPENDIX C: WAVE FUNCTION
RENORMALIZATION

Let us consider the wave functions of # and H. The

bare scalars satisfy
hlB _ CoSa g - Sina’B HB _ HB
|:th:| |: SinaB CoSap :||: hB :| R(CVB)|: hB :|

(ChH
We can write
5] e ] rmmeof 2
- R(—Ba)R(—a)Z[ Z; } — R(—5a)Z[ IZ }
(C2)

where Z is an arbitrary real symmetric matrix, so that

(B15)

_ Z1/2 Z1/2
Z=R(—a&)ZR(a) = { Z’;’/; Z{“’/’2 } (C3)
hH hh

is also arbitrary symmetric (Z,5 = Zg;,). We may expand
these elements by

Zyg =1+ 8Zy+---, (C4)
Zhh =1+ 8Zh + tty, (CS)
ZHh=O+8Ch+"‘. (C6)

In this way, we obtain Eq. (40).

APPENDIX D: PERTURBATIVE UNITARITY

The condition of perturbative unitarity has originally
been discussed for the elastic scattering of the longitudi-
nally polarized gauge bosons and the Higgs boson by Lee,
Quigg, and Thacker [34]. The channels W W, , Z,Z,,
Z h, hh are considered as the initial and final states, and
the condition in Eq. (98) with £ = 1 is imposed to each
eigenvalue of the 4 X 4 § matrix.

The extension to the THDM has been studied by sev-
eral authors [35,36]. The 14 channels,
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wiwp,  WiHS,  HYWj,
Z,Z,,  ZiA, AA, Zih
Ah,  AH,  hh,  hH,  HH,

H"H™,

Z.H, (DI)

have been taken into account, and the equivalence theo-
rem [48,49] has been employed to evaluate the tree level
S-wave amplitudes for each channel in Ref. [35]. The
14 eigenvalues of the S matrix are calculated and their
expressions are given in terms of the Higgs coupling
constants by

1

ds = 16— { (A + 24y = \/49—1 (A = A)* + (225 + /\4)2},

(D2)

1 1
b. = _77{5 (A + ) = \/Z (A — )+ /\421}’ (D3)

16
11 LN L,
ce =d+e = n{i()\l + X)) = Z(Al — )+ /\5},
(D4)
1
e; = —— (A3 + 244 — 3As), (D5)
167
1
€H = E()\S - /\5), (D6)
1
fv =—=(A3 + 24 + 3As), (D7)
167
1
f_ = —()\3 + /\5), (D8)
167
1
fi=fa=——=Q5+ Ay). (DY)
167

The perturbative unitarity condition is then expressed by

lal, D], e, |d.|,
le o], £, |fial <&

The condition in (D10) with the tree level mass formulas
in Egs. (23) to (27) constrains the parameter space of the
Higgs sector. The parameter & is taken to be 1/2 in our
numerical evaluation [21].

(D10)

APPENDIX E: HIGGS COUPLINGS IN THE THDM

Here, we list the Higgs boson self-coupling constants
in the THDM, which are expressed in terms of our input
parameters.

PHYSICAL REVIEW D 70, 115002 (2004)

1. Trilinear Higgs couplings

1
/\hhh = — m[{008(3a’ - B) + 3COS((1 + B)}m,zz
— 4cos*(a — B)cos(a + B)M?], (E1)
_ sinle—B) . ) )
/\hHH = - 2vsin ZB [Sln2a(mh + 2mH)
— (3sin2a + sin2B)M?], (E2)
_cos(a—B), . 5 )
)‘Hhh = - m[sta(th + mH)
— (3sin2a — sin2B)M?], (E3)

1
Agyg = Jvsin2B [{sin(3a — B) — 3sin(a + B)}m3,

+ 4sin*(a — B) sin(a + B)M?], (E4)
1

/\hAA = _m[{cos(a - 3B) + 3COS((X + B)}m%

— 4sin2B sin(a — B)m; — 4 cos(a + B)M?],
(ES)

1

)‘HAA = — m[{sln(a - 33) +3 Sin(a + B)}m%[

+ 4sin2B cos(a@ — B)ym3 — 4sin(a + B)M?],
(E6)

2
Ae = 28 sin(a — B), (E7)
2u
m
Ay = — =2 cos(a — B), (E8)
2v
2 2
Aot = w cos(a — f), (E9)
2 _ 2
Agzp = A" sina ~ ), (E10)
1

Apopg- = — m[{cos(a —3B) + 3cos(a + B)im3

— 4sin2Bsin(a — B)m7,. — 4cos(a + B)M?],

(E11)
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1 . . 2. Quartic couplings
Apg+p- = — m[{sm(a —3B) + 3sin(a + B)tm3 Q pling
B 1
+ 4sin2B cos(a — B)m?. — 4sin(a + B)M?], Auin = = 35 308 [{cos(3a — B)
(E12) + 3cos(a + B)fm3
+ 4sin*2acos*(a — B)m3,
— 4(cos2a + cos2B)>M?], (E17)
m2
Mty = —h sin(a — B), (E13) sin2a cos(a — fB)
i = — 3a -
hhhH 1075?28 [{cos(Ba — B)
+ 3cos(e + B)}m2 + 2sin2a sin(a — B)m%,
— 4cos(a + B)M?], (E18)
2
AHW*W’ == % COS(a - B), (E14) 1
v . . .
)‘hhHH = — m[sm2a{6 sin2a + 3 Sln(4a - 25)
— sin2Btm3 + sin2a{6 sin2a — 3sin(4a — 2)
. — n + sin2B}tm3; — 2(2 — 3 cosda + cos4B)M?],
Myt - = Hf cos(a — B), (E15) (E19)
1
/\zAAA = - m[{3 cos2a + COS(2C¥ - 4B)
. —m + 4 cos2Btmi — {3 cos2a + cos(2a — 4)
Aiwr i = sin(@ — B).  (El6) — 4 cos2Bym?, — 8 cos2fM?], (E20)
1
Appan = — m[& + 3cosda + 6cos(2a — 28) + cos(4a — 4B) + 3cosdB + 10cos(2a + 2B)}tm3
+ 2sin2B{3 sin2a + sin(2a — 48) + 2sin2Btm3, + 16sin?2Bsin’(a — B)m; + 2{6 + cos(2a — 63)
+ 2cos(Qa — 28) + 2cos4B + Scos(Ra + 28)}M?], (E21)
1
Ahhzz = m[& sin2a + sin(4a — 28) — 3sin2Btm; — 4 sin2acos’(a — B)my,
— 8sin2Bcos*(a — B)(mi — M?)], (E22)
COS(a ,8) > ~ ' 2 - ~ 2
Ahhea = iRy [{cos(3a — B) + 3cos(a + B)tmj + 2sin2asin(a — B)my; + 4sin2B sin(a — B)m;
—4cos2p cos(a — B)M?], (E23)
sin(@—p) . . . ;
At = TS ————[2sin2a cos(a — B)m; — {sin(3a — B) — 3sin(a + B)}my — 4sin2B cos(a — B)m;
— 4cos2Bsin(a — B)M?], (E24)
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Y [{9 + 3cosda + 6cosQa — 2B) + cos(4a — 4B) + 3cosd B + 10cos2a + 28)}m3

+ {3 — 3cosda + 2cosQa — 2B) — cos(4a — 4B) + cos4B — 2cos(2a + 2B)}m%,
+ 16sin*(a — B)sin?2Bm?2,. — 2{6 + cos2a — 68) + 2cos(2a — 2B) + 2cos4B + 5cos(2a + 23)1M?],

1
Awntrer= = = 16v%sin
1 . .

/\hhw w- = m[{z sin2a + sm(4a - 26)

— 3sin2B}tm3 — 4sin2acos*(a — B)my

— 8sin2Bcos*(a — B)(m3. — M?)],  (E26)

cos(a — B)

e _m[{COSGa - B)

(6]
(7]
(8]
(9]

[10]

(1]

+ 3cos(a + B)}m? + 2sin2a sin(a — B)m?
+ 4sin2Bsin(a — B)m?.-

— 4cos2B cos(a — B)M?], (E27)

(E25)

AHE H =

1
- m[sinZaB cos2a + cos(Qa — 48)
+ 4 cos2Btm; + sin2a{—3 cos2a — cos(2a
— 4B) + 4cos2Btm?, — 4sin’2Bsin(2a

= 2B)m2. — 4{2sin2acos’2B

+ sin?2Bsin2a + 28)}M?], (E28)

1
Aagia- = ————[{3cos2a + cos(2a — 4B)

 4%sin2B
+ 4 cos2Btm2 — {3 cos2a + cosQa — 4)
— 4 cos2Btm?, — 8 cos2 BM?]. (E29)
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