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We study the Higgs boson mass spectrum of a classical scale invariant realization of the two
Higgs doublet model (SI-2HDM). The classical scale symmetry of the theory is explicitly broken by
quantum loop effects due to gauge interactions, Higgs self-couplings and top quark Yukawa couplings.
We determine the allowed parameter space compatible with perturbative unitarity and electroweak
precision data. Taking into account the LEP and the recent LHC exclusion limits on a standard-
model-like Higgs boson HSM, we obtain rather strict constraints on the mass spectrum of the heavy
Higgs sector of the SI-2HDM. In particular, if MHSM 125 GeV, the SI-2HDM strongly favors
scenarios in which at least one of the nonstandard neutral Higgs bosons has a mass close to
400 GeV and is generically degenerate with the charged Higgs boson, whilst the third neutral Higgs

scalar is lighter than 500 GeV.

DOI: 10.1103/PhysRevD.86.035004

I. INTRODUCTION

Classical scale symmetries provide a minimal and
calculable approach to potentially solving the infamous
gauge hierarchy problem. In the standard model
(SM), the absence of the mass parameter m? from the
Higgs potential renders the classical action of the theory
scale invariant (SI). However, as originally discussed by
Coleman and Weinberg [1] and later by Gildener and
Weinberg [2], quantum loops generate logarithmic terms
which anomalously break the scale invariance of the the-
ory, giving rise to electroweak symmetry breaking. Given
the LEP2 mass limit on the SM Higgs boson My >
114.4 GeV [3] and the experimental value of the top quark
mass m, = 173 GeV, a perturbative SI version of the SM is
not both theoretically and phenomenologically viable. In
particular, the large top quark Yukawa coupling gives rise
to an effective potential which is no longer bounded from
below, at least at the perturbative level. This difficulty may
be circumvented, if additional massive bosonic fields such
as real and complex singlet scalars are present in SI
extensions of the SM [4-10].

In this paper we study a minimal scale invariant two
Higgs doublet model (SI-2HDM) extension of the SM. To
naturally avoid flavor-changing neutral currents (FCNCs),
we assume that the SI-2HDM potential is invariant under a
Z, discrete symmetry [11], under which the two Higgs
doublets @, , transform as @) — +(—)Dy(,). At the tree
level, the spontaneous breaking of the classical scale sym-
metry due to the presence of a nonvanishing flat direction
in the Higgs potential gives rise to a massless CP-even
pseudo-Goldstone boson h. We calculate the radiative
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corrections to the CP-even Higgs boson mass matrix that
result from quantum loops of W= and Z bosons, Higgs
self-interactions and top quark Yukawa couplings. To
determine the allowed parameter space of the SI-2HDM,
we consider the theoretical constraints of convexity and
perturbative unitarity, as well as phenomenological con-
straints from electroweak precision data and direct Higgs
boson searches.

Taking all the aforementioned constraints into account,
the allowed range of masses for the charged Higgs bosons
H™* and the CP-odd scalar A gets significantly restricted.
We find that for a 125-GeV SM-like Higgs boson H;, at
least two Higgs states, charged (H™) or neutral (H,, A), are
generically degenerate and have masses close to 400 GeV,
whereas the third Higgs state has to be lighter than
500 GeV. In particular, there are three favorable scenarios
with the above characteristics. In the first scenario, the
CP-even Higgs boson H, and the CP-odd scalar A are
almost degenerate with My, ~ M, ~ 400 GeV, and the
charged Higgs boson H* weighs between 295 GeV and
420 GeV, after taking into account the b — s7y constraint.
The second favorable scenario contains a CP-odd state A
lighter than 100 GeV, and the Higgs states H* and H,
have approximately equal masses M= ~ My, ~ 400 GeV.
Finally, there is a third possibility, where the heavier
CP-even Higgs boson H, can be lighter than 180 GeV,
while the charged Higgs bosons H* and the CP-odd
scalar A are restricted to be almost degenerate, with
My= ~ M, ~ 400 GeV.

The layout of the paper is as follows. After this brief
introduction, in Sec. I we discuss in detail the Higgs sector
of the SI-2HDM. Specifically, we first determine the flat
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directions of the tree-level SI-2HDM potential and its
scalar mass spectrum. We then calculate the one-loop
effective potential of the SI-2HDM and evaluate the radi-
atively corrected masses of the CP-even Higgs bosons and
their mixing. At the end of this section, we discuss the
importance of the choice of the renormalization group
(RG) scale in our analysis. In Sec. III we impose the
theoretical constraint of perturbative unitarity and require
compatibility of the theory against electroweak precision
data and direct Higgs boson searches. In the light of these
restrictions, we determine the allowed parameter space for
the heavy Higgs sector of the SI-2HDM. Finally, Sec. IV
summarizes our conclusions and discusses possible future
directions.

II. SCALE INVARIANT TWO HIGGS
DOUBLET MODEL

The 2HDM exhibits an exact classical scaling
symmetry, if there are no explicit mass parameters in the
scalar potential. To be specific, under global scale
transformations

e(x) = ¢'(¥') = % p(e”x), (1
where o is a constant, the action of the 2HDM
Lagrangian S[¢(x)] remains invariant; ie., S[e(x)] =
S[¢'(x")], where ¢ represents a generic bosonic (fermi-
onic) field of the 2HDM, and d, = 1 (3/2) is its classical
scaling dimension. Beyond the tree level, the classical
scale invariance of the theory is broken by scalar opera-
tors of dimension n > 4, e.g. ¢* In(¢?/{¢)*) with d,, = 1,
in a SI (or no-scale) regularization scheme, such as the
scheme of dimensional regularization (see also [9], and
references therein). This is the scheme that we consider
here for performing our quantum loop calculations.
Nevertheless, had we chosen a scheme with explicit UV
cutoff dependence, we would have obtained the same
results by demanding that the renormalized Coleman-
Weinberg effective potential V. satisfy the conditions
d"Ve(@)/de™ =0 at ¢ =0, forn =0, 1, 2, 3.

We note that our approach to formulating a classical SI
theory differs from the one studied in [12,13], where the
scale symmetry is imposed at the quantum level. As argued
in [14], however, quantum SI theories face difficulties with
renormalizability at high orders, and they can therefore be
regarded only as effective field theories.

In this Section, after introducing the tree-level SI-2HDM
potential, we determine its flat directions and the resulting
scalar mass spectrum. Then, we calculate the one-loop
effective potential, from which we derive the radiatively
corrected Higgs boson masses. Finally, we comment on the
choice of the RG scale.

A. Flat directions of the tree-level potential

At the tree level, the most general SI-2HDM potential
reads
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VO = 4 (@TD))2 + Ay(D] D)2 + Ay (Df D)) (@I D))
/\ *
+ AP R)( D] D) + (D] D)° + 23 (D],
+ A6(@T D) (D D,) + AL (@TD)) (DI D))
+ A(DI D) (D] Dy) + A5(DI D) (@I D). (2

In order to naturally avoid too-large FCNC interactions of
the Higgs bosons to quarks, we impose the Z, discrete
symmetry [11]: @) — + (=)D, (for arecent review see
[15]). In such a minimal scenario, the quartic couplings Ag
and A, vanish, and the CP-odd phase of A5 can be rotated
away; i.e., there is no explicit CP violation at the tree level.
Assuming that only the neutral components of the two
Higgs doublets @, , develop nonvanishing vacuum expecta-
tion values (VEVs), we may parameterize @ , as follows:

h
@ == ’
! (713(1/1+¢1+ia1))

by
b, = .
: <715(v2+¢2+ia2)>

We denote v; = vcosf = veg and v, = vsinB = vsg,
where v = 246 GeV is the VEV of the SM Higgs doublet.
Extremizing the tree-level scalar potential V° leads to the
following tadpole conditions:

Ve 1
T¢] = <r¢)l> = U1<A1U% + §A345U%) = O,

ave 1
T¢2 = <—6¢2> == U2<)\2U% + 5){3451}%) = O,

with A5 = A3 + A4 + A5. The vanishing of the tadpole
parameters Ty , is ensured, provided

2‘\[/\1)l2 = i/\345. (5)

As we will see below, requiring a convex, bounded-
from-below potential and a non-negative scalar mass
spectrum fixes the = sign in front of A345, which turns out
to be minus.

In detail, the tree-level mass spectrum of the charged
and neutral Higgs bosons may be calculated as

0 0 G~
Vr?lass = (G+: H+) 2 _
o M. )\H
1 0 0 G°
+ _(G07 A)
2 o M)\ A

N U_2(¢ ¢ ) 2A1C% A345CﬂSﬂ d)l
2 1» P2 2/\23‘% ¢2 5

(6)

3

“)

A
/\—; = tan* g,

/\345 C,BSB
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()= ) )
()= %)

M3 =—-a0? (8)

where

(7)

and

M. = — %(/\4 + A5,
are the squared masses of the charged and CP-odd Higgs
bosons, H* and A, respectively. In addition, we observe
that the determinant of the 2 X 2 CP-even Higgs boson
mass matrix vanishes identically, as a consequence of the
second tadpole condition in Eq. (5).

The vanishing of the determinant of the CP-even Higgs
boson mass matrix signifies the existence of a massless
pseudo-Goldstone boson #, arising from the spontaneous
breaking of the scaling symmetry along a minimal flat
direction of the SI-2HDM potential. In order to determine
the flat direction, we perform an orthogonal transformation

on the CP-even scalar fields:
ca —Sa \[H
¢\ _ ’ ©
¢2 Sa Cq h

so as to render the CP-even scalar mass matrix diagonal, i.e.

(Ca Sa> 2)\10% AsssCpsp <ca —Sa>
—S4 Cgo Ass5CpSp 2)&2.8% Sq  Cq

M3 /v* 0
(Ml 0) (10)
0 0
In this way, we obtain
M%_I=_/\345U2=2‘\,A1)l21)2, sinz(a—ﬁ)=1. (11)

Observe that positivity of M?% requires that Az < 0.
Moreover, the coupling of the massive state (H) to the
two vector bosons vanishes, while the coupling of the
massless state / is the same as the SM one Hgy:

&2
—ZHWW = cos?’(a — B) =0,
SHyWW

2 (12)
W = sin*(a@ — B) = 1.
SHyWW

The flat direction ¢py,, associated with the massless
CP-even scalar 7 may be expressed in different equivalent
forms as follows:

d)Flat: U+h=‘U—Sa¢1 +Ca¢2
= cp(vy + ¢y) + sg(vy + @),

where we take (¢p,) = vand s, = —cgand ¢, = sg.

(13)
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In summary, gathering the results derived above in
Egs. (5), (8), and (11), we have the following constraining
set of input parameters:

A
1= ‘//\—; My =—(A3+ Ay + As)v? =24/A, A7,
: (14)
M3, = 5t A2, M;=—Asv%
Note that all three tree-level Higgs masses can be deter-
mined entirely by the three couplings A3, A4, and A5 and
the SM VEV v, independently of 7. We may also invert
the relations given in Eq. (14) and determine the five
quartic couplings A; 5345, in terms of v, 74, and the three
Higgs masses:

v M _ My _2M. —Mp
o2 2 2v2t%’ } v? '
15
M2 —202, w2 ()
)\4:72, )\5:_—2
v v

Finally, it is interesting to comment on the convexity
conditions of the Z,-invariant 2HDM potential [16,17].
These are given by

A >0,
2\//\1)\2 + )\3 + min[O, )14 + )15, A4 - /\5] > (.

X >0,
(16)

While the first two conditions are easily satisfied, we
observe that the third expression of the couplings vanishes
identically, since min[0, A4 + As, Ay — As] = A4 + A5, and
Ay + Ay + A5 = —2/A A, [cf. Eq. (59)]. The vanishing
of the third expression signals the existence of a flat direction
in the SI-2HDM potential, which gets lifted by radiative
corrections as we discuss below.

B. One-loop effective potential

As mentioned above, it is important to consider the
quantum effects on the tree-level potential. More explicitly,
the one-loop effective potential [1] may be calculated as

1-loop __ 1 3 M%—I 3 Mi
Veff P — 6477'2 [MA‘I'{(_ 5 + ln?) + Mj‘;(_ 5 + 11’1@)
3. M. 5. M
5, M 7
+ 3M§(— >+ an—22> - 12m;‘(—1 + ln%)],
17)

where Q is the RG scale and the background field-
dependent masses are given by
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M%_] = _2A345(q)ir(l)1 + q)—zrq)z),

M2 = =2)5(D] D, + DI D,),

M. = —Ags(DT D, + DIy,

@ ) (18)
M%V - 7((1)1@1 + (1)2(1)2),

2
M2 = 2%(@}@1 + dldy),

m} = | POf @,
In the above, we have used the shorthand notation A;j) =
A+ A (), with i, j, k = 3,4,5, and labeled with I = 1
or I = 2, according to the Z, symmetry.
Adding the one-loop effective potential to the tree-level

one,ie. V = V0 + V1P the tadpole conditions now read

A% JVioor
() = 7o+ () =0
b b

- (19)
1-1
< 3") - <3Veff°°p> ~0
(o5} .
Iy Iy
More explicitly, we obtain
aVl-loop 22 .
< eit >: UiV A (20)
g, 64

where A7, , are found to be
J

T HZV] loop
— 4’1 off
)\51} B + + < Ba

M =

Asviegsp + < Facia;
The VEVs of the double derivatives are found to be

azvl loop 2 .
< eff >= YA, (25)
da;da;

Employing the one-loop tadpole conditions [Eq. (22)]
along with Eq. (25), we find that the CP-odd mass matrix
retains its tree-level form, i.e.

52 —cps
B B>B
M = M,a( ’ (26)
- C:BSIB CB
with M, = — Asv?. In similar fashion, we find that radia-

tive effects do not modify the tree-level structure of the

charged Higgs boson mass matrix:
|

21,02

2,1~ loop

271~ loop
+ Ty, + I Verr
veg a¢3

-2 v,1~loop

i)
)\345U2CIBSB + <ﬁg¢z> 2)\21}
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,_ 1 M2 2 M2
v? Yor o2
M, 1 M
+ 45 M (1 - 1nQ—F§) - 6g2M$V(g - 1nQ—V2V)
2 1 M2 2
—3g—2M§(——1 —§)+ 12|y 1*m ( —2In— ;)5”].
Ciy 3 0 0
21
Thus, the one-loop improved tadpole conditions are
given by
T 2A7 T
Too (iAo Loy (VAR )
vcg 64T vsg 641

These conditions can easily be solved for the quartic cou-
plings A; and A,, in terms of the other three couplings A3 4 5.

1. Masses of the CP-odd neutral and charged
Higgs bosons

The one-loop corrected potential term for the CP-odd
scalar mass matrix reads

a
verow =L a, azm%( ) 03

aj

where

2171~ loop
2 9 Verr
> Asvicpsp + < 54, 00,

2y71~loop (24)
R

[
SQB —cpsp \[ b7
L @D
—CpSp ch b:

2. Masses and mixing of the CP-even neutral
Higgs bosons

Vi = M2 (é7, ¢;)<

with M?‘It = _)l45'U2/2.

One-loop quantum effects give rise to nontrivial contri-
butions to the masses of the CP-even neutral Higgs bosons
and their mixing. The one-loop corrected potential term
describing these quantum effects is given by

VEEeven = (¢>1, ¢2)M§< zl ) (28)
2

where M2 is the 2 X 2 one-loop improved CP-even mass
matrix

A 2 + 7Vi|1]“0p
MsV°CBSE T \5g,04,

(29)

1=loop
T¢z + 0 Verr
8¢2
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Here, the VEVs of the double derivatives of the effective
potential with respect to the CP-even scalar fields ¢ , are
calculated to be

2y,1-loop
<a Ver >= L (A2 + 02808, (30)

with
. |MH|2 M2 M2
Amf; = 8A3,51n +8A21n Q/; + 413, lnTH
M3, 4 M
(2 + 31n—) +g—4(2 +3In —Z>
0/ 2 0
- 12|h,|4(1 + 21nQ )6 S (31)

After implementing the one-loop tadpole conditions
[Eq. (22)], the CP-even scalar mass matrix .’M§ sim-
plifies to
(2)\1 2:1]2]> 2B (/\345 + A >C,3SB
M =1? . (32
(Asss + 5t)epss (20 +52)s%

Notice that the top quark contribution in Eq. (31)
breaks the universality of Aﬁa?j.

In contrast to what happens at the tree level, the diago-
nalization of the one-loop effective mass matrix M3 yields
two nonvanishing mass eigenvalues. As a consequence of
the breaking of the scaling symmetry at the quantum level,
the pseudo-Goldstone boson /4 receives a radiative mass,
which could be even larger than the nonzero tree-level
mass My, for specific choices of parameters. To appropri-
ately describe the radiatively corrected masses and mixing
of the CP-even Higgs bosons, we introduce a 2 X 2 or-
thogonal matrix O, through

(o1, ¢2)£ =

which diagonalizes the CP-even mass matrix as 0T M20 =
diag(M7, , M7,,), with the convention My, = Mp,.

In terms of the mixing matrix O, the couplings of the
Higgs bosons to the vector bosons are given by

0,i(H,, Hy)], (33)

1
Ly = gMWZgHVV<H WiW™H + — 23 ~H,Z, 7" )
(34)
Laz = iZgH,-AZZM(Aa/.LHi)’ (35)
ZCW 7

8 A
L ypw = 5 I:ZgH,-H‘W+ W**(H,id ,,H™)
+ WHH(Ai9 ,H) + Hae, ] (36)

on two arbitrary functions f(x)
and g(x) is defined such that f(x)d,g(x) = f(x)X

where the action of 9,
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(0,8(x)) —(9,f(x)g(x). In addition, the reduced cou-
plings that occur in Eqgs. (34)—(36) are given by
guyvv = cg01; T 5509, (37)
8H,AZ = 8HH WY = CBO2i - 5,8011‘,
which satisfy the identity
8%1‘,42 + g%—l,-VV =1 (33)
for each i = 1, 2. The latter implies that gH AZ gHZVV

and gHzAZ ngvv

For illustration, we show in Fig. 1 numerical estimates of
the CP-even Higgs boson masses My, y, (left panel) and
their couplings 8%1,-vv (right panel), as functions of A;. We
have taken tan8 = 1 and fixed the CP-odd and charged
Higgs boson masses to be M, = My- = 400 GeV. The
dependence of the tree-level CP-even Higgs mass
My = \/—Ass5v on Aj is also displayed with a dashed
line. We observe that there is a level-crossing phenomenon
taking place at the critical value A; = A§ =~ 5.06, at which
gH vV gH vy For quartic couplings A3 smaller than Af,
the lighter state H; is mainly SM-like and has the larger
coupling to the Z boson, i.e. g7; yy > g5, vy» Whereas the
heavier boson H, has a smaller coupling to Z, and its mass
is close to the tree-level value, i.e. My, ~ My. If A3 > A5,
the roles of the H, and H, bosons are exchanged, where the
heavier state H, becomes the SM-like Higgs boson, with
g%—IZVV > 8%11vv» and My, ~ My.

Before closing this section, we comment on our choice
of the RG scale:

0 = Agw, (39)

where Agw is the so-called Gildener-Weinberg scale [2]
which may be determined from the expression

W 2
In » B 1 (40)

Here, the parameters A and B are given by

2 2
! [M“ ( i 1n%) +M;{(—§+ 1n%>
2 v? 2 v?

A=
647 vt

3. M. 5. . M3

5 M2 m?
1
= W(M;t, + M} +2M;,. + 6My, +3M7 — 12m}).

(41)

With the choice for the RG scale Q given in Eq. (39), we
have checked that the radiative corrections are minimized
and the predictions for the masses of the CP-even Higgs
bosons exhibit the least sensitivity under small variations of
Q around Agyw. We note that in kinematic regions far from
the critical level-crossing point; e.g., for A; << A, the tree-
level relations My, = My, g7, vy = 0, and g7y, = 1 prove
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FIG. 1 (color online). The CP-even Higgs masses (left panel) and their couplings g%-I,VV (right panel) as functions of A;. We have set
tanB = 1 and My, = Mpy= = 400 GeV, corresponding to Ay = A5 = —2.64. The parameter My = \/— A345v is the tree-level CP-even
Higgs boson mass. The RG scale Q = Agyw is chosen; see the text for more details.

to be an excellent approximation. Moreover, the radiative
mass My, of the pseudo-Goldstone boson H; may well be
approximated by the Gildener-Weinberg mass Mgw:

M%,l =~ My, = 8B, (42)
where the parameter B is given by Eq. (41).

III. NUMERICAL ANALYSIS

The SI-2HDM may be parameterized in terms of five
independent kinematic parameters. These parameters could
be either the five quartic couplings (A}, Ay, A3, Ay, As), OF
the set (v, tg, My, My, M ). At the tree level, the two sets
are simply related, by means of Egs. (14) and (15). For our
numerical analysis, we choose to vary the four parameters

t,B’ MHiJ MA) Mgfy (43)
with v = 246 GeV and
M%ff = MHzg%-IIVV + My, gzzvv- (44)

The latter mass parameter was introduced since its value
stays close to that of the tree-level H-boson mass My after
radiative corrections are included. As discussed in the pre-
vious section, the masses of the charged and CP-odd Higgs
bosons are not affected by quantum effects, so the couplings
A4 and A5 are determined by the tree-level relations given in
Eq. (15). Instead, the couplings A, 3 receive significant
quantum corrections beyond the Born approximation.
Explicitly, for given input values of M$' and 75, the cou-
plings A; 53 can be determined iteratively, after taking into
consideration the one-loop tadpole conditions in Eq. (22).
For definiteness, we have assumed the type Il Yukawa sector
for the top quark mass m,, corresponding to/ = 2in Eq. (18).
However, our results do not depend on this choice.

A. Theoretical and phenomenological constraints

We now consider several theoretical and phenomeno-
logical constraints on the SI-2HDM. These include (i) the

perturbative unitarity bounds [18,19], (ii) the indirect con-
straints from the electroweak precision data [20], and
(ii1) the direct constraints from the LEP collider [21] and
the LHC [22].

We first consider the constraints obtained by requiring
validity of perturbative unitarity [18,19]. For the tree-level
unitarity conditions, we closely follow [23]. We observe
that the perturbative unitarity constraint is weakest when
tanB = 1 and becomes stronger as tan3 deviates from this
value. The reason is that the couplings A; « t% and A, «
1/ t% for the present Z,-invariant SI-2HDM. Furthermore,
at the tree level, the perturbative unitarity bounds are sym-
metric under the exchange ¢z — s, since the eigenvalues
of the scattering matrices depend on the combinations of
A; + Ay and (A; — A,)?, while the other couplings A3 4 5 are
independent of tan3. Specifically, one of the most stringent
conditions may come from requiring that the eigenvalue a
of the scattering matrices [23] obey the bound

1
_l’_
1677[3()‘l A2)

a4

OO — A+ 20 + A4)2] = % 45)

In view of the above discussion, we only consider regions of
parameter space, for which tanf = 1.

The electroweak oblique corrections to the so-called S,
T and U parameters [24,25] provide significant constraints
on the quartic couplings of the SI-2HDM. For a vanishing
U parameter (U = 0), the electroweak oblique parameters
are constrained by the following inequality:

(S =802 (T —T,? (S = 8o)(T — T)
) + b} - 2IDST
O'S O'T Ogs0T
= R( - p2y), (46)

with R?Z = 2.30, 4,61, 5.99 and 9.21, for electroweak pre-
cision limits at 68%, 90%, 95% and 99% confidence levels
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FIG. 2 (color online).
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The allowed parameter space in the M, — My+ plane compatible with perturbative unitarity (small black dots)

and electroweak precision limits (solid red circles) at the 90% C.L., for tan8 = 1 (upper left panel), tan8 = 2 (upper right panel),
tanB = 4 (lower left panel) and tan8 = 8 (lower right panel). The region of green squares indicates the allowed area due to the LEP
and LHC limits. The open blue circles in the green area single out the region for which |g szvl > |g H, vv|. The thick horizontal line
gives a lower bound on the charged Higgs mass My+ = 295 GeV, from the b — s data [31], assuming type II Yukawa couplings.

(C.L.s), respectively. The central values and their standard
deviations are given by [20]
(8o, o75) = (0.03,0.09), (T, o7) =(0.07,0.08), (47)
for the value pgr = 0.82 of the correlation parameter. In
our numerical analysis, we apply the 90% C.L. limits.
The SI-2HDM contributions [26] to the S and T parame-
ters may conveniently be expressed as follows:

1 +
So = _E[(l R (M-, M)
= 3 Gz + SYVFN My, M) |
i=1,2
V2Gy
Top = —————1—(1 + 8%)2Fa(My, My-
b= o (4 SYPFA(M, M)
+ Z I:(gH,-AZ + 5gi)2FA(MH,yMA)
i=1,2

— (Quw + 8P FA(My, MH:)]}. (48)

In the evaluation of the new-physics parameters S¢, and T,
in Eq. (48), we have dressed the vertex couplings with
the dominant one-loop corrections @(A%/167%), where A
symbolizes a generic quartic coupling A;,345. These
additional A2-dependent contributions are denoted as
61712: 6?"H2 and Sﬁ}H"HZ, and become rather significant
for quartic couplings |A| > 1. Their explicit analytic forms
are presented in the Appendix A.

On the other hand, the analytic form of the one-loop
functions F,(my, my) and F)(m;, mp) may be found in
[27]. Here we simply quote some of their key properties:
FA(ml’ mZ) = FA(mZ’ ml)» FlA(ml’ mZ) = F/A(mZ’ ml) and
F(m, m) = 0. If the A>-dependent vertex corrections are
ignored, then Sg, and T¢, become independent of tanS and
symmetric under the exchange M, — My, since g%,z Az =

gézH—uﬁ = g%-IIVV = l and 812L1,Az = gl%ilH’W* = g%-IZVV =
0 at the tree level in the SI-2HDM. Finally, it is interesting
to observe that Tq, vanishes identically in the limit M, —
My=, or equivalently when A4 — As. In this limit, the
SI-2HDM realizes an unbroken SO(3) custodial symmetry
in the bilinear scalar field space of SO(5), according to a
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FIG. 3 (color online).

recent classification of the 2HDM potential [28,29]. Since
this symmetry remains unbroken even by the inclusion of
A-dependent vertex corrections, the electroweak parameter
Ty still vanishes.

The total contribution to the electroweak S and T
parameters is given by the sums S = Sqy + S¢ and T =
Tsm + Tg. For the SM contribution, we have employed the
parameterizations [30]

Sen = —0.007x, + 0.091x;, — 0.010x2,
TSM = (0130 - 0.003xh)x, + 0003x,2 - 0079xh

— 0.028x7 + 0.0026x3, (49)
with x, = (m,/GeV —173)/10 and x, =In(My /117 GeV),
where My, = My, ¢4 vy + My, g4, yy- This last expres-
sion approximates the mass of the SM Higgs boson fairly
well over the whole region of the parameter space.

The recent LHC data pertinent to SM Higgs boson
searches provide important constraints on the kinematic
parameters of the SI-2HDM. In our numerical analysis, we
derive conservative limits by taking that either g%lvv =1
or g%,zvv = 1. To this end, we consider the 95% C.L.
exclusion limits on the SM Higgs boson mass My, as
quoted by the CMS and ATLAS collaborations [22]:

100
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My, [ GeV ]

400

900
800
700
600
500
400
300
200
100

tanP=8

M,, [ GeV ]

0
0 100 200 300
M, [ GeV ]

400

The same as in Fig. 2, but in the My, — My, plane.

CMS: 127 GeV-600 GeV,
ATLAS: 112.7GeV-115.5GeV, 131 GeV-453 GeV.
(50)

Combining the above CMS and ATLAS results, the follow-
ing LHC exclusion limits on the Higgs masses may be
deduced:

127 < My, /GeV < 600,
127 < My, /GeV < 600,

when g3,y = 0.99,
when g%@vv = 0.99.

More precise limits may be derived by calculating the
production cross sections for each Higgs search channel,
in conjunction with the limits on the ratio o/ogy. We
leave this issue to our experimental colleagues for more
detailed analyses. Finally, we have included the LEP limits
according to [21].

B. Numerical predictions

We start our numerical analysis by showing in Fig. 2 the
allowed parameter space in the M4, — My=+ plane, which is
compatible with perturbative unitarity (small black dots)
and electroweak precision limits (solid red circles) at the
90% C.L., for four values of tanfB: tanB = 1 (upper left
panel), tan3 = 2 (upper right panel), tan8 = 4 (lower left
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panel) and tanB = 8 (lower right panel). Moreover, the re-
gion of green squares in Fig. 2 indicates the allowed area due
to the LEP and LHC mass limits on a SM-like Higgs boson.
The open blue circles in the green area highlight the region
governed by the coupling hierarchy |g,vv| > |gy vv|. The
thick horizontal line that appears in each panel of Fig. 2
displays the lower bound on the charged Higgs boson mass,
My = 295 GeV, which is derived from the b — sy data
[31], assuming a type II Yukawa coupling model.

From Fig. 2, we observe that the combined constraints get
weaker for low values of tanB, with tanB = 1 giving the
weakest exclusion limits. The allowed parameter space is
dominated by the points for which M= = M, and My=
My, and centered around 400 GeV. This may be understood as
follows. The direct constraints from LEP and the LHC data
restrict the mass of the SM-like Higgs boson to lie in the region
between 114.4 GeV and 127 GeV. This is close to the value
117 GeV, for which Sy and T, almost vanish. On the other
hand, the contributions from the heavier Higgs bosons to the T
parameter are significant, unless their masses stay close to the
custodial symmetric limit, where My~ = M 4. Alternatively,
an accidental suppression of the Ty parameter takes place
when My= =~ My,. If in view of the electroweak precision
constraints we take My= = M, = My, = My, then the re-
lation M7, =~ Mgy, = 8Bv? [cf. Eq. (43)] leads typically to

PHYSICAL REVIEW D 86, 035004 (2012)
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The same as in Fig. 3, but with the restriction My= = M,.

1
My ~ 7 Bm*v? M}y, — 6Mi, = 3MY + 12m).  (51)

Thus, for M H ™ 120 GeV, one obtains an approximate esti-
mate of My ~ 400 GeV.

Let us now look more closely at how each constraint acts
on the parameter space. The requirement of perturbative
unitarity (p.u.) constrains the masses of the charged and
CP-odd Higgs bosons as follows:

MP": < 850 GeV, MR < 700 GeV. (52)

Note that these upper bounds are almost independent of
tan. Instead, the perturbative unitarity limit on My de-
pends crucially on tanS3, which becomes stronger for large
values of tan. This is a direct consequence of the relation
Ay = My15/2v? and the perturbative bound imposed on
A. Therefore, the regions with small M+ and/or M, are
excluded, since M%JI becomes negative. The reason is that
for |y, vvl > lgn,vvl, one has the relation M, = Mgy, =
8Bv?, and the one-loop parameter B given in Eq. (41)
should be positive.

The electroweak (e.w.) oblique parameters offer addi-
tional constraints on the scalar masses and on tang.
Specifically, the mass limits become stronger for larger
values of tang, i.e.
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tanB = 1: Mgli‘ee‘w‘ =< 700 GeV,
tanf = 2: M4 < 700 GeV,
tanf = 4: M4 < 700 GeV,
tanf = 8: MPL®4Y < 700 GeV,

The same as in Fig. 2, but restricting either My, or My, to lie between 123 and 127 GeV.

M5 Y <700 GeV,
ME®EY <700 GeV,
300 GeV < MY"®*Y < 700 GeV,
300 GeV = MY"®*™ < 700 GeV,

(53)

where the superscript p.u. ® e.w indicates the simultaneous implementation of limits due to perturbative unitarity and the

electroweak precision S and T parameters.

As a final constraint, we consider the direct LEP and LHC limits on a SM-like Higgs boson mass. If we combine these
limits with the bound derived on the charged Higgs mass My = 295 GeV from the b — sy data [31], we find that

tanB = 1: 295 GeV < My-
tanB = 2: 295 GeV = My-=
tanB = 4: Mpy=
tanB = 8: My-=

< 680 GeV,
< 600 GeV,
~ M, ~ 380-480 GeV,
~ M, ~ 400 GeV.

M, < 650 GeV,

320 GeV < M, = 580 GeV,
(54)

Finally, it is worth remarking that only the scenarios with |gz,vv| > [gp,vv|, which are highlighted by blue circles in the
plots, are allowed for larger values of tang; e.g., up to tan8 = 8.

In Fig. 3, we present the allowed parameter space in the My — My, plane. The allowed parameter space decreases when
tanB deviates from 1. When tan8 = 1, we find there exist three favorable mass regions:

L My, > 127 GeV: Mfi

1p=1

IL My, = 114-127 GeV: My

1L My, <114 GeV: M~ <114 GeV,

~ 127-350 GeV,
= 114-127 GeV,

t5=1

M~ ~ 140-380 GeV,
2

1p=1

My, — ~ 140-550 GeV, (55)

M}~ ~ 120-170 GeV.
2
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In region I, the mixing between the H,; and H, scalars is
significant with My ~ My, . In this case, the LHC exclu-
sion limits on a SM-like Higgs boson may not be straight-
forwardly applicable. For this reason, our obtained limits
should be regarded as conservative in this case. On the
other hand, there is no lower limit on the H; boson lying in
region IIT with g%,] vy << 1, thus allowing for a very light
scalar to have escaped detection at the LEP II collider. For
the larger values of tanf3, scenarios with g7, vy < g7 vy
are becoming more likely. For instance, when tanf = 8§,
we find

13=38 1g=8

My =80 GeV, My, —~~ 118 GeV. 67

Figure 4 shows the allowed parameter space in the
My, — My, plane for the custodial symmetric scenario
with My= = M,. As explained in the previous subsection,
Ty vanishes identically in this scenario, because
Fa(M4, My=) = 0 and 55" = 81‘){,". Therefore, the masses
My, or My, must be close to 120 GeV, in order for the SM
contribution T to remain acceptably small.

Motivated by the 2.3 excess of a positive SM Higgs
signal corresponding to My, ~ 125 GeV [22], we show
in Fig. 5 the allowed regions in the M, — My= plane,
where either the H; boson or the H, boson mass is
restricted to lie in the interval (123,127) GeV. Taking
into account the lower bound on the charged Higgs boson
mass, My= ~ 295 GeV, derived from b — sy data, we
find that all viable scenarios must have |gy vv| > |gu,vyl
and tanB = 2. In this case, we find the following three
possible scenarios:

(i) My, ~ M, ~ 400 GeV with My- < 420 GeV

(i) M, = 100 GeV with My= ~ My, ~ 400 GeV

(iii) My, = 180 GeV with My= ~ M, ~ 400 GeV

In conclusion, if M H, ~ 125 GeV, viable scenarios of the
SI-2HDM generically have at least two heavy Higgs bosons
of ~400 — GeV mass and favor low values of 75 ~ 1.

IV. CONCLUSIONS

We have studied the Higgs sector of a classical scale
invariant realization of the two Higgs doublet model
(SI-2HDM). Such a model may provide a minimal and
calculable solution to the well-known gauge hierarchy
problem. To naturally suppress flavor off-diagonal inter-
actions of the Higgs bosons to quarks, we have imposed
the usual Z, symmetry on the SI-2HDM potential. In
this case, the SI-2HDM scalar potential only depends
on the five quartic couplings A;_s, and hence it becomes
very predictive.

The classical scale symmetry of the SI-2HDM is explic-
itly broken by quantum loop effects due to gauge interac-
tions, Higgs self-couplings and top quark Yukawa
couplings. To take account of these effects, we have calcu-
lated the one-loop effective potential and evaluated the
radiatively corrected masses of the CP-even Higgs bosons

PHYSICAL REVIEW D 86, 035004 (2012)

and their mixing. Unlike the CP-even Higgs sector, we
have found that the CP-odd and charged Higgs mass
matrices retain their tree-level form. In addition to the
CP-even Higgs masses, radiative effects may drastically
modify the Higgs couplings to the Z boson, through an
effective H; — H, mixing. Our analysis has revealed
that a critical value of the coupling A§ exists, for which
|g#,vv| = |gm,vv|. Depending on the value of A5, a level-
crossing phenomenon occurs for both the H; and H,
masses and their couplings to the Z boson. For A; < AS,
the lighter state H; behaves like the SM Higgs boson,
with g%,l vy ~ 1, and its mass is well approximated by the
Gildener-Weinberg mass My, ~ Mgy, while My, ~ My.
Instead, if A3 > A$, the heavier state H, becomes SM-like
with g%-IZVV ~ 1, and its mass is approximately given by
MH2 ~ MGW’ while MHI ~ MH'

In our numerical analysis, we have imposed three basic
theoretical and phenomenological constraints on the
SI-2HDM: (i) the requirement of validity of perturbative
unitarity, (ii) the indirect constraints from the electroweak
precision data and (iii) the direct Higgs search constraints
from the LEP collider and the LHC. At large tang, the
perturbative unitarity bounds and the indirect constraints
become rather strong. In conjunction with the existing LEP
and the current LHC limits on the SM Higgs boson mass,
the electroweak T-parameter constraints reduce the theo-
retically allowed parameter space into two smaller regions,
governed by the approximate restrictions: My= ~ M, or
Mpy= ~ My, . In this context, our analysis has shown that
the Higgs boson masses obey the following upper limits:

My, <350 GeV,
M, < 650 GeV,

My, < 550 GeV,
My- =< 680 GeV.

The above bounds hold for low values of tan8 ~ 1. For
tanB = 4, the masses may be further restricted, with
My= =M, ~ 400-500 GeV. In addition, the heavier
CP-even state H, becomes more SM-like with My, ~
114-170 GeV and My, =< 160 GeV.

Motivated by the 2.30 excess for a Higgs mass around
125 GeV at the LHC, we have extended our analysis by
including the bound on the charged Higgs mass My= =<
295 GeV from the b — sy data. In this case, we have
found that tan8 ~ 1 and the lightest Higgs boson is SM-
like, with My = My =125 GeV. The heavier CP-even
Higgs boson H, can be lighter than 180 GeV when M= ~
M, ~ 400 GeV. On the other hand, the CP-odd scalar A
can be lighter than 100 GeV when M= ~ My, ~ 400 GeV.
Otherwise, the pronounced mass region for H, and A is
mainly around 400 GeV with My < 420 GeV. We may
therefore conclude that, if My, ~ 125 GeV, there are at
least two heavy Higgs bosons with masses close to 400 GeV
and the third one below ~500 GeV in the SI-2HDM.

At the LHC, the heavy neutral Higgs bosons H, and A,
with masses My, » ~ 400 GeV, are expected to be mainly
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produced via gluon-gluon fusion, where the Higgs pair
production channel might be also relevant. In general, the
search strategies for the Higgs bosons H,, A and H* will
depend on the type of the Yukawa sector assumed. Moreover,
the detection of possible light Higgs bosons with masses
below 100 GeV and suppressed couplings to vector bosons
becomes a difficult issue. A detailed investigation of the
possible search strategies may be given elsewhere.

Another problem that needs to be addressed in detail
within the SI-2HDM pertains to the natural implementa-
tion of light neutrino masses. If the theory is extended
with right-handed neutrinos, then light neutrino masses
can only be incorporated in the theory in a SI manner,
via the standard but very small Dirac Yukawa couplings.
However, in the presence of extra singlets or triplets,
further possibilities arise to naturally explain the smallness
of the light neutrino masses, along the lines presented
in [9,32,33]. It would be interesting to investigate the
phenomenological implications of such extensions of the
SI-2HDM in a future communication.

ACKNOWLEDGMENTS

The work of J.S. L. is supported in part by the NSC of
Taiwan under Grant. No. 100-2112-M-007-023-MY3) and
the work of A.P. by the Lancaster-Manchester-Sheffield
Consortium for Fundamental Physics under STFC Grant
No. ST/1000418/1.

APPENDIX: VERTEX CORRECTIONS AND
TRILINEAR HIGGS COUPLINGS

In this appendix we calculate the one-loop quantum
corrections (9()\%,5) to the gauge-invariant, transverse
part of the gauge couplings to neutral and charged Higgs
bosons. These quantum effects get enhanced for large

|

2
A
6W

= 2
167 S

PHYSICAL REVIEW D 86, 035004 (2012)

potential couplings and should be included next to the
tree-level contributions. Our calculation is performed in
the effective potential limit, in which all external momenta
squared are assumed to vanish.

The radiative corrections to the Z— H* — H* and
v — H* — H* couplings are the same. In detail, these
are given by

H* _ SH* _ sH*
oy 0y 677 Al

2
_ Vv 2 2 2 2
-2 j:zl:z)l”f”fm Fo(M2, M3, M2,

Here, fy(m3, m3, m3) is the one-loop vertex function,
which has been calculated to be

1 m% m?
fy(md, m3, m3) = [ !

(m% - m%) 2(m% — m%) 2(m% — m%)
+ 7’%% ln(m%>
Z(m% - m%)2 m%

mi mi
Y e I}
2(m5 — my) m3
with fy(m?, m?, m*) = 1/(6m?). Likewise, the one-loop
corrections to the H; — A — Z couplings are given by

. U2
8y = W[ ~Ama4 Z gHjAZ)‘HjAAfV(M,%’ M3, M%,j_)
j=12

(1,2,2,1),2.2)
+ Z AH,HijgHjAZAHkAAfV(MIZ-[j’M%—lkrM,%):I-
(. l)=(1,1)

(A2)

By analogy, the one-loop corrections tothe A — H= — W+
and H; — H= — W~ couplings are given by

v
[ Z )\HjAA/\HjH*me(pr M%;,., M%,z):l,

2
H: v
oy [_AH,H’H* Z gH,H’W+AHjH’H+fV(M2i»M%]i’M%J,-)

W 1672

(1,2),(2,1),(2,2)

j=1.2

+ Y AH,H H 8 H H W )‘HkH’H*fV(MZJ.’ M, M?F)]-

(R=(L1)

(A3)

Notice that 55" = 81‘;} in the custodial symmetric limit: My = Mp= or Ay = As, since Ayan = Ay p+p--
The Higgs potential terms describing the trilinear Higgs interactions may be written down as follows:

AwHH,

6

AH,H, H, ot
2

H\H,H,

VTrilinear = U( H % +

+ Ay coaH G°A + Ay o, HyGPA +

+v Y Ay HiG G" + Aygrg=H(G H' + G'H™) + Ay yy HH H'],

i=12

2 A 2
THy + THle +

AHI Gl)GO

At H, AH, A4

6

A
oyl + ”2'“ H,AA + H,AA

Py
H\GOG + HZGOGO)

(A4)
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where the trilinear self-couplings of the CP-even Higgs bosons are

Ay, = 60071 Ag, 6,0, T 0110210y 4,6, + 0110314, ,0, + 031 A0,6,0,).

A, = 607,010y 4 4, + 207,00 +201101,051) Ay 4.4, T 2001203, +201102100)A g 4.4, T 603,00Ap 4.4,

At i, = 60110h Ay 46, +2(03,04, +201101200)A g, 4,4, +2(01,03, +201,05,00) Ay .6, + 60210344 4.4,

Ay, = 600 Ag,6,8, T 01,004,410, T 01205 X0,0,0, + 032 40,0,,)- (AS)

In addition, the trilinear couplings involving one CP-even Higgs boson and two CP-odd scalars may be cast into the form:
Axy = Nxy(01;A 4 xy + O2iA g, xy), (A6)

with (XY, Nyy) = (AA, 2), (GYA, 1), (GG, 2).
Finally, the trilinear CP-even Higgs couplings with the charged Higgs bosons H= may be expressed as follows:

Auxy = O1idg xry + O2idg xry, (A7)

with X'Y' = G~ G", G"H* and H™ H". The trilinear couplings in the basis of weak eigenstates are given by

)‘345 /\345
Apigion =Ml Mg, = S8 Apds =5 B Agges, = Aosp
As4 As Ass As
/\¢1AA = /\ICﬂS% + TC% - 7Cﬂ(1 + S%), /\qﬁzAA = /\z.S'ﬂC%; + 75‘% - 753(1 + C'%g),
A8
A¢IGOA = (_2Al + A34)C%Sﬁ - )\5S3B, )l(bZGOA = (2/\2 - )134)5%05 + /\50%; ( )
A A
Ag oge = Ajcy + %cﬁs%, Ag,cog0 = Aasy + %sﬁc%,
/\¢]G—G+ = 2)\16'% + )\345SBC%, /\¢ZG—G+ = 2/\2S% + /\345C’BS%,
)\45 /\45

)lqﬁlGIGi = _ZAIS,BC'%} + ASS,BC% + TSﬁCQ[;, /\qﬁzGIGi = 2)l2CI3S%; - )l3CBS% + TCBCZB’ (A9)
/\¢1H—H+ = ZAIC'BSZB + )l3C% - )\45CBS%, )quzH*H* = 2/\25‘30% + /\3S:23 - /\45SBC%3’

with A345 = A3 + A4 + As and A3y = A3 + A4. Notice that Ay g+~ = 244,44 in the custodial symmetric limit: Ay = As.

[1] S.R. Coleman and E.J. Weinberg, Phys. Rev. D 7, 1888 [10] M. Holthausen, M. Lindner, and M. A. Schmidt, Phys.

(1973). Rev. D 82, 055002 (2010).

[2] E. Gildener and S. Weinberg, Phys. Rev. D 13, 3333 [11] S.L. Glashow and S. Weinberg, Phys. Rev. D 15, 1958
(1976). (1977).

[3] R. Barate et al. (ALEPH Collaboration, DELPHI [12] M. Shaposhnikov and D. Zenhdusern, Phys. Lett. B 671,
Collaboration, L3 Collaboration, OPAL Collaboration, 162 (2009).
and LEP Working Group for Higgs Boson Searches), [13] W.D. Goldberger, B. Grinstein, and W. Skiba, Phys. Rev.
Phys. Lett. B 565, 61 (2003). Lett. 100, 111802 (2008).

[4] R. Hempfling, Phys. Lett. B 379, 153 (1996). [14] M.E. Shaposhnikov and F. V. Tkachov, arXiv:0905.4857.

[5] W.-F. Chang, J.N. Ng, and J. M. S. Wu, Phys. Rev. D 75, [15] G.C. Branco, P. M. Ferreira, L. Lavoura, M. N. Rebelo, M.
115016 (2007). Sher, and J.P. Silva, Phys. Rep. 516, 1 (2012).

[6] S. Iso, N. Okada, and Y. Orikasa, Phys. Lett. B 676, 81 [16] N.G. Deshpande and E. Ma, Phys. Rev. D 18, 2574
(2009). (1978).

[7]1 R. Foot, A. Kobakhidze, and R.R. Volkas, Phys. Lett. B [17] A.W. El Kaffas, W. Khater, O. M. Ogreid, and P. Osland,
655, 156 (2007). Nucl. Phys. B775, 45 (2007).

[8] K.A. Meissner and H. Nicolai, Phys. Lett. B 648, 312 [18] B.W. Lee, C. Quigg, and H. B. Thacker, Phys. Rev. Lett.
(2007); 660, 260 (2008). 38, 883 (1977).

[9] L. Alexander-Nunneley and A. Pilaftsis, J. High Energy [19] B.W. Lee, C. Quigg, and H. B. Thacker, Phys. Rev. D 16,
Phys. 09 (2010) 021. 1519 (1977).

035004-13


http://dx.doi.org/10.1103/PhysRevD.7.1888
http://dx.doi.org/10.1103/PhysRevD.7.1888
http://dx.doi.org/10.1103/PhysRevD.13.3333
http://dx.doi.org/10.1103/PhysRevD.13.3333
http://dx.doi.org/10.1016/S0370-2693(03)00614-2
http://dx.doi.org/10.1016/0370-2693(96)00446-7
http://dx.doi.org/10.1103/PhysRevD.75.115016
http://dx.doi.org/10.1103/PhysRevD.75.115016
http://dx.doi.org/10.1016/j.physletb.2009.04.046
http://dx.doi.org/10.1016/j.physletb.2009.04.046
http://dx.doi.org/10.1016/j.physletb.2007.06.084
http://dx.doi.org/10.1016/j.physletb.2007.06.084
http://dx.doi.org/10.1016/j.physletb.2007.03.023
http://dx.doi.org/10.1016/j.physletb.2007.03.023
http://dx.doi.org/10.1016/j.physletb.2007.12.035
http://dx.doi.org/10.1007/JHEP09(2010)021
http://dx.doi.org/10.1007/JHEP09(2010)021
http://dx.doi.org/10.1103/PhysRevD.82.055002
http://dx.doi.org/10.1103/PhysRevD.82.055002
http://dx.doi.org/10.1103/PhysRevD.15.1958
http://dx.doi.org/10.1103/PhysRevD.15.1958
http://dx.doi.org/10.1016/j.physletb.2008.11.041
http://dx.doi.org/10.1016/j.physletb.2008.11.041
http://dx.doi.org/10.1103/PhysRevLett.100.111802
http://dx.doi.org/10.1103/PhysRevLett.100.111802
http://arXiv.org/abs/0905.4857
http://dx.doi.org/10.1016/j.physrep.2012.02.002
http://dx.doi.org/10.1103/PhysRevD.18.2574
http://dx.doi.org/10.1103/PhysRevD.18.2574
http://dx.doi.org/10.1016/j.nuclphysb.2007.03.041
http://dx.doi.org/10.1103/PhysRevLett.38.883
http://dx.doi.org/10.1103/PhysRevLett.38.883
http://dx.doi.org/10.1103/PhysRevD.16.1519
http://dx.doi.org/10.1103/PhysRevD.16.1519

JAE SIK LEE AND APOSTOLOS PILAFTSIS

(20]

(21]

(22]

(23]
[24]

[25]

K. Nakamura et al. (Particle Data Group), J. Phys. G 37,
075021 (2010).

S. Schael et al. (ALEPH Collaboration, DELPHI
Collaboration, L3 Collaboration, and LEP Working
Group for Higgs Boson Searches), Eur. Phys. J. C 47,
547 (20006).

F. Gianotti for the (ATLAS Collaboration), Report
No. ATLAS-CONEF-2011-163, 2011; CMS Collaboration,
Report No. CMS-PAS-HIG-11-032, 2011.

S. Kanemura, T. Kubota, and E. Takasugi, Phys. Lett. B
313, 155 (1993).

M.E. Peskin and T. Takeuchi, Phys. Rev. Lett. 65, 964
(1990).

M. E. Peskin and T. Takeuchi, Phys. Rev. D 46, 381 (1992).

[26]
[27]

(28]
(29]
[30]
(31]
(32]

(33]

035004-14

PHYSICAL REVIEW D 86, 035004 (2012)

D. Toussaint, Phys. Rev. D 18, 1626 (1978).

S. Kanemura, Y. Okada, H. Taniguchi, and K. Tsumura,
Phys. Lett. B 704, 303 (2011).

R. A. Battye, G. D. Brawn, and A. Pilaftsis, J. High Energy
Phys. 08 (2011) 020.

A. Pilaftsis, Phys. Lett. B 706, 465 (2012).

G.-C. Cho and K. Hagiwara, Nucl. Phys. B574, 623 (2000).
M. Misiak, H.M. Asatrian, K. Bieri, M. Czakon, A.
Czarnecki, T. Ewerth, A. Ferroglia, P. Gambino et al.,
Phys. Rev. Lett. 98, 022002 (2007).

R. Foot, A. Kobakhidze, K.L. McDonald, and R.R.
Volkas, Phys. Rev. D 76, 075014 (2007).

K. A. Meissner and H. Nicolai, Eur. Phys. J. C §7, 493
(2008).


http://dx.doi.org/10.1088/0954-3899/37/7A/075021
http://dx.doi.org/10.1088/0954-3899/37/7A/075021
http://dx.doi.org/10.1140/epjc/s2006-02569-7
http://dx.doi.org/10.1140/epjc/s2006-02569-7
http://dx.doi.org/10.1016/0370-2693(93)91205-2
http://dx.doi.org/10.1016/0370-2693(93)91205-2
http://dx.doi.org/10.1103/PhysRevLett.65.964
http://dx.doi.org/10.1103/PhysRevLett.65.964
http://dx.doi.org/10.1103/PhysRevD.46.381
http://dx.doi.org/10.1103/PhysRevD.18.1626
http://dx.doi.org/10.1016/j.physletb.2011.09.035
http://dx.doi.org/10.1007/JHEP08(2011)020
http://dx.doi.org/10.1007/JHEP08(2011)020
http://dx.doi.org/10.1016/j.physletb.2011.11.047
http://dx.doi.org/10.1016/S0550-3213(00)00027-4
http://dx.doi.org/10.1103/PhysRevLett.98.022002
http://dx.doi.org/10.1103/PhysRevD.76.075014
http://dx.doi.org/10.1140/epjc/s10052-008-0760-x
http://dx.doi.org/10.1140/epjc/s10052-008-0760-x

