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Abstract. Renormalized triple gauge vertices (TGV) are examined within the two-Higgs-doublet model of
the electroweak interactions. Deviations of the TGV from their standard-model values are calculated at the
one-loop level, in the on-shell renormalization scheme. As a consistency check, UV divergence cancellations
anticipated on symmetry grounds are verified explicitly. The dependence of the TGV finite parts on the
masses of possible heavy Higgs scalars is discussed briefly.

1 Introduction

The two-Higgs-doublet model (THDM) has been on stage
in particle physics since the early days of spontaneously
broken gauge theories (to the best of our knowledge, it has
emerged first in [1], in connection with the problem of T-
violation). THDM represents one of the simplest and most
natural extensions of the electroweak standard model (SM):
its Higgs sector contains an extra complex scalar doublet,
in addition to the usual SM one. This means, among other
things, that there are five physical scalar particles in the
THDM spectrum, instead of the single SM Higgs boson.
On the other hand, the doublet structure of the Higgs
sector automatically guarantees the validity of the tree-
level relation p = 1 for the familiar electroweak parameter
p = m/(m% cos® Oy ), in complete analogy with the SM.

Despite its conceptual simplicity, THDM can incorpo-
rate various kinds of “new physics” beyond SM and thus
it has always been of considerable phenomenological inter-
est; a concise overview of its possible applications can be
found e.g. in [2]. It remains quite popular at the present
time, as the Higgs physics (or, more generally, the physics
of electroweak symmetry breaking) represents the central
issue of the high-energy experiments planned for the near-
est future. Note that a part of the current popularity of
the THDM is due to the fact that its Higgs sector essen-
tially coincides with that of the minimal supersymmetric
SM (MSSM), but is obviously less constrained. For some
recent work on the THDM phenomenology, see e.g. [3-6]
and references therein; a recent review of the subject can
be found in [7].

One of the interesting technical aspects of the general
THDM is that it admits “non-decoupling effects” in the
Higgs sector: the heavy Higgs scalars (i.e. muiggs > mw)
cannot be simply integrated out in the low-energy domain
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(s ~ m%,) and may give non-negligible contributions to
some scattering amplitudes. Note that this is not the case
in the MSSM, where the heavy Higgs bosons decouple in ac-
cordance with the Appelquist—Carazzone theorem [8] (for
the corresponding MSSM analysis see [9]). The non-decou-
pling effects in THDM have been studied previously for the
process ete™ — WTW ™ [10] within an approximation cor-
responding to the equivalence theorem (ET) [11] for longi-
tudinal vector bosons. Here and in a forthcoming paper [12]
we pursue this theme further by performing more detailed
calculations that enable one to go beyond the framework
of the ET approximation. In the present paper we calcu-
late, at the one-loop level, the THDM contributions to the
triple gauge vertices (TGV). These vertex corrections play
the most important role in the possible non-decoupling ef-
fects; some applications of the results presented here will
be discussed in detail in [12]. Some preliminary results in
this direction have already appeared in [13].

This paper is organized as follows. In Sect.2 a brief
review of the THDM structure is given. Section 3 is de-
voted to kinematics, notation and some other technical
prerequisites. In Sect.4 we specify the quantities of our
main interest and sketch the method of their calculation.
We display all relevant Feynman diagrams together with
the corresponding analytic expressions. The proper can-
cellation of UV-divergences is demonstrated in Sect.4.6.
In Sect.5 we present a brief discussion of the results, in
particular the mass dependence of the finite parts of renor-
malized TGV. Most of the technical details (structure of
the Higgs—vector-boson interactions, coupling constants,
useful integrals) are deferred to appendices.

2 Basic structure of THDM

In this paper we adopt the “classic” notation of [14]. We do
not restrict ourselves to any particular realization of the
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THDM Higgs potential unless stated otherwise. As we shall
see, although the relevant one-loop on-shell counterterms
can in principle involve contributions descending from the
Higgs self-couplings dictated by the particular realization of
the model, they cancel out in the counterterm prescription.

2.1 The Higgs potential and spectrum

The most general THDM Higgs potential can be written as
V(®1,Bo) = m3 BBy + m3,Bido — (m3,P Py + hec.)

M A2
2 2
+ X3(B]B1)(P12) + \a(B]B,) (€1 21)

+ S (018))? + 22 (DLd,)?

A
+ {25(451952)2 +[Ae(@]@1) + Ar(@]2)| (@]02) + h.c.} .
It is convenient to parametrize the doublets by means of
eight real scalar fields:

@1:1(¢1+1¢2) o, — L <¢5+1¢6>_
V2 \¢3 +ids/’ V2 \¢7 +igs

The asymmetric vacuum is chosen so that

<¢1> =1, <¢7> = V2, <¢Z> =0 for 1 # 1777

where v and vy are real constants. It is useful to introduce
the angle § through tan 8 = ve/v1.

The mass-squared matrix M7 = (02V/08¢;0¢;) turns
out to be block-diagonal, with each block having dimension
2. The diagonalization is straightforward and gives rise to
the spectrum consisting of
(1) two charged states H* and G* with masses m%. # 0

and méi =0:

G = % (61 + i) cos 3 + (65 -+ i) sin ]
H™ = o [—(61 +i¢a) sin f + (s + id) cos §];

V2

(2) two neutral pseudoscalar states A° and G° with m?, #
0 and mQG0 = 0, which are mixed through the same angle 3:

G° = ¢y cos B+ ¢ggsinf,
AY = — ¢, sin B + ¢g cos f3;

(3) two neutral scalar states H° and h? with m3,, > m2, #
0, mixed through another angle, a:

H® = (¢1 —v1) cosa + (¢p7 — vp) sina,
hY = —(¢1 —v1)sina + (¢7 — v2) cos a.

Then the doublets @; and @5 can be written in terms
of the physical fields as follows:

d, =

1 V2Gt cos B — V2H T sin 8
V2 |H cosa — hPsina + vy +iG° cos f —iA%sin 3]’
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&by =
1 V2GT sin B+ V2H cos 8

V2 |Hsina + hY cos a + vy +iGCsin 8 +1A4° cos 8]

(1)

Note that the G* and G° are the unphysical Goldstone
bosons to be eaten in the Higgs mechanism and h°, HO,
A® and H* represent the physical scalars.

2.2 Interactions of THDM Higgs bosons with
vector bosons

Interactions of the Higgs bosons with intermediate vector
bosons descend from the gauge-invariant kinetic term

Lifihee = (Du®1)1(DFDy) + (D, ®2) T (DF D).

(2)

Here the covariant derivative is defined by

.9 P .
D, 56M+IE(W;T++WMT ) +ieA,Q

I 7.(Ts — Qsin®fw),

+i—=
cosbyw M

where the weak isospin operators T+ = T} +iT5 and T; are
expressed in terms of the Pauli matrices as T; = %TZ‘ and the
charge operator is given by Q = T3+ Yy, with Yy denoting
the weak hypercharge. Inserting now the expansion (1)
into (2) one gets the relevant part of the physical lagrangian;
its detailed form is deferred to Appendix A.

2.3 Interactions with fermions

In general there are several different realizations of THDM
[3,14]. They differ mainly in the structure of the Yukawa
couplings of the THDM Higgs bosons to fermions. As we
shall see, the one-particle irreducible (1PI) one-loop graphs
relevant for our purpose (i.e. those representing the leading-
order corrections to the tree-level structure of TGV in
THDM) do not include such Yukawa vertices. Therefore,
we need not distinguish various THDM types in the sub-
sequent computation.

3 Structure of triple gauge vertices

As in the SM case, there are two triple gauge vertices in
THDM: vWW and ZWW . Let us denote the corresponding
1PI Green functions by

W
= —iey 00"V (a),
Y
W
(3)
W
= —icZFUZMVL/W(qi).
7
W



M. Malinsky, J. Horejsi: Triple gauge vertices at one-loop level in THDM

Here ¢y = ¢, cz = e/ tan by are tree-level triple gauge
couplings, and ¢;, g2 and q3 denote the four-momenta of
the W+, W~ and « (or Z), all of them taken as outgoing.

3.1 Tree-level triple gauge vertices

Taking into account the momentum conservation, the tree-
level TGV has the familiar form (see e.g. [15])

FVWW(LIL Q2) = (4)

ouv

(QI - q2)ag;u/ + (2(12 + ql)ugau - (QQ1 + q2)ugo;u

where V' stands for v or Z. It is convenient to define

Oguy = QIugO'I/'

(5)

C;My = Q1gguu7 COQ-HV = 2q2ugo'lja

In terms of these quantities we can write

FXKW = C;W + Cg/w + C'SW +sym. =T, ,0, (6)
where “4sym.” denotes the interchange q; <> —¢qa, 1 <> v

in the preceding expression.

3.2 Triple gauge vertices at one-loop order

The full one-loop renormalized TGV receive a much more
involved structure. Let us divide the set of all relevant one-
loop diagrams into two subsets, where I' = I'r 4+ I'p rep-
resent the graphs involving one fermionic and one bosonic
loop respectively. As we have already noted, the fermionic
one-loop contributions to TGV in SM and THDM are the
same and therefore there is no need to discuss them.

It is clear that the on-shell TGV can only involve ten-
sors at most trilinear in the external momenta (with bilin-
ear terms obviously absent). Thus, we can decompose the
bosonic part into a basis consisting of the linear terms (5)
and trilinear ones:

1
Cop = pooy el L/ VLR Co = o Qo iudays (7)

w w
1 1
6 — 7 —
Copw = - QloG2pu iy, Copp = 420 Q11
w w

and write I in the form

IV = (T + 3 LYY 4 820cyTy) + TEWY.
(8)

The first term in the brackets is the tree-level part (6),
the second one comes from the sum of all relevant bosonic
one-loop 1PI graphs and the third one represents the cor-

responding counterterm. The second term can now be ex-
panded as

7
ZF;Q:VW = Zﬂyww(qf,qg,m?)(}’f,w +sym., (9)
i=1
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and using this we can rewrite the full one-loop renormalized
Green function (8) in the form

3
rywW =" (148Zray + I"W) C:

opy opv
i=1

(10)

7
—&—Zﬂivwwci —l—FIEﬂ/WW—&—sym.

ouv
=4

Concerning the notation, let us add that the symbol 8Z cor-
responds to the usual split of the renormalization constant
Z=1+dZ.

4 Deviations of THDM one-loop triple gauge
vertices from SM

As in the SM case [16] the full one-loop corrected TGV
in THDM are very complicated because of the rich field
contents of the theory. Since the models differ only in the
Higgs sector, we can utilize the previous results in the non-
Higgs sector and compute only the graphs which are not
common to both models. These additional pieces can even
be used separately in many situations. For example, it is
shown in [12] that the leading one-loop correction to the SM
value of the differential cross sections of ete™ — WHTW ™~
in THDM can be written in the form

AMl—loop [AFVWW]
MSM +

tree

da’THDM

doSM

=1+ 2Re

Here the structure of the term AM_o0p is determined
by the differences of the one-loop renormalized Green func-
tions in THDM and SM defined by

VWW _ VWW
Aro;w = [Fo;w

VWw
opy

}THDM o [ ]SM' (11)

Using (10) we can recast the last expression as

3
(ASZTGV + AHYWW) Ct

VWW _
AT = .
i=1

opY

(12)

7
+ Z AHJ/WWC;W + sym.
i=4

(note the cancellation of the fermionic part). Here we
have denoted

AdZrav = (8Zrav)THDM — (0Z7GV)SM, (13)

AW = (YW ) ooy — (7YY s

Our goal is therefore to write down the quantities A8 Zrgv
and AITYWW for i = 1,...,7. Note that there is a non-
trivial consistency check for the resulting expressions: The
divergent parts of the AIIYWW fori =1,2,3and V =, Z
must be equal in order to be successfully “eaten” by the
divergences of AdZrqv. Moreover, the quantities AIT ZV ww
fori =4, ..., 7haveto be finite because the gauge-invariant
lagrangian does not contain corresponding counterterms.
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4.1 Renormalization framework

In this paper we use the set of renormalization constants
introduced in [15] (except that we use the symbol 8Zrqv
instead of 87, of [15] to express the fact that 6Zrqyv is
not the usual counterterm corresponding to the fermion—
gauge-boson vertex). The parameters are fixed so that the
renormalized propagators have poles at the corresponding
physical masses and the residues are normalized to 1. As we
show below, a Ward identity connects the TGV countert-
erm 0Z1qv to the wave-function renormalization constant
8Zw of the W boson propagator.

The only information we need is the structure of the
vector-boson propagator counterterms in the on-shell renor-
malization scheme. The one-loop renormalized inverse
propagator has the general form

ryY (k) = I (k) + (k) + 82y k> Py, — 8mi g

nv

+ gauge dependent term,
where Fég) (k) is the zeroth-order inverse propagator (in

Feynman gauge F,Sg)(k) = (k* —m?)(P}, + PL,)). The
on-shell counterterms are fixed by

82y = — lﬂgv(m%) +m3

— IIr ()], (14
dq? e v (g )] (14)

d
S = —mh S| (@),
q ?=m?

(15)

and IT{%y, (¢) is the coefficient of the transverse projection
operator in the decomposition of the vector-boson self-
energy iH,YVV (k), namely

T (k) = ik Iy (K2 P, + ik Iy (K2) Pl

4.2 Relation A8Ztgv = AdZw

The photon mass counterterm is in our scheme expressed as

&v'\ _
Smg = — bg CngZZH (1 — ’U) (1 — ZWZTéV)Q

(see Appendix C of [15]). Utilizing (15) one obtains

Sv\? _
seimyZn (1-20) (1 Zwzidy
d
s a4 9 T (2 _
o nlllglom dq2 g2=m? V’Y(q ) 0,

which yields Ztqyv = Zw or equivalently 8Zrqyv = 0Zyw
and thus

ASZray = ASZy. (16)

This is the key relation in the following calculation.
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4.3 Computation of AdZy,

Note first that there is no tadpole contribution to the 8Zy,
computed by means of (14). This is gratifying in view of
the complicated structure of the trilinear Higgs couplings.
Defining as usual AII = [T rapm — [ wlsm we
can write

AdZy = — | AILL (M3 + m,

20?2
—7TLW

< Aﬂ%wm%].
dg? q
4.3.1 Relevant diagrams

There are only two relevant topologies contributing
to ASZW

B \%Y%
W /7T W W w
\
Y A . (17)
oL L
AT a B b

The two scalar lines in the first graph correspond to the
configurations {nG*} in SM and {h°G*, H'G*, h°H*,
H°H*, A°H*} in THDM. The internal scalar and vector
lines in the second case are {nW*} in SM and {h°W¥,
HO°W#*} in THDM. All remaining graphs are common to
both models and therefore cancel in the relative quantities.

Using the dimensional regularization with d = 4 — 2¢
the graphs (17a) give

Z —Z> |9WAiB|2 161752

THDM SM

ASZE, = ( (18)

X

1 1 DA:EB 2
-Cyv — 2/ dzz(1 — x)log ”gmw)] ,
3 0 K

while the type (17b) yields

1 ! z(l—x)
AdZyy = ( Z —Z> Jvws / d 2\
THDM  SM 1672 Jo DzP (miy)
(19)

Here we use the abbreviations

DY (¢*) = mx (1 - 2) + myx — ¢*x(1 — x),
1
Cyy = - E + log 4m.

The explicit expressions for the coupling constants gy 4+ g
and gwwp can be found in Appendix A.2.

4.4 Computation of AITYWW

Let us first present the list of all diagrams that are not
common to both models and therefore do not cancel triv-
ially in AIIY"WW . The charged bosons propagating in the
loops are denoted by a generic symbol A* and the neutral
ones by B and C. All topologies are supplemented by the
list of relevant field configurations.



M. Malinsky, J. Horejsi: Triple gauge vertices at one-loop level in THDM

4.4.1 Relevant topologies

The relevant topologies are as follows:

W W
AT ehi
rd

-7
' '
’\M\\ | B

(20)

Note that V' in (1)—(5) corresponds to v and Z — these topol-
ogies are common to both the AIWW and AI4WW func-
tions. The graphs (6) and (7) contribute only to AI'ZWW.

4.4.2 Relevant field configurations

The configurations of the internal lines denoted by A*,
B, and C in the Feynman diagrams above can be read off
from Table 1.

Note that according to the previous definitions the sym-
bols AI'VWW() denote the differences of the contributions
coming from the previous graphs with the overall (tree)
coupling constants thrown away. Thus, if we denote by G*)
the expressions obtained from these graphs just by using
the appropriate Feynman rules, one has

—iey ATVVWO) = g o GU. (21)
The couplings ¢y are defined in (3). With all this at hand
it is already easy to extract the corresponding AITYWW
out of 3, ATYWWG) in accordance with definitions (9)

and (13).

4.5 Evaluation of AITYWW

Let us now summarize the contributions of the graphs (20)
to the TGV differences (21). The coupling constants and
the integrals appearing in the following expressions can be
found in the appendices. The additional numerical factors
are usually due to the symmetry properties of the graphs.

481

Table 1. Field configurations in the triangular graphs (20)

SM and THDM field configurations
(1)  SM: A*B = G*p
THDM: A*B = Gth°, GTH®, HT A°,
H*p° HTH°
(2) SM: B =17
THDM: B = h°, H°
(3) SM: B =7
THDM: B = h°, H°
(4)  SM: A*B = G*p
THDM: A*B = Gth°, GTH®, HT A°,
H*p, g+ g°
(5) SM: A* = nothing
THDM: At = H*
(6) SM: ATBC = GTG%
THDM: A*BC = G*G°K°, G*GH°,
HE AR, H*A°HO
(7) SM: B =7
THDM: B = h°, H®

Case

The diagrams (1)—(5) that contribute to both AI"WW and
AT?WW vield the expressions

Z Z) S9va+a-lgwaspl?

_icVAFVWW( ) _ (

ouv
THDM
X I((IL)V(QD _qQ7mB7mA+7mA‘)7 (22)
(2) *
—ic AF(};VXW = ( Z —Z> JvwetdwwBIwGEB
THDM SM
X Iz(yi)u(qla 7q23vamGi7mW)7 (23)
. 3
—1CVAF;CK//W( ) = ( Z Z) QVWWQWWB
THDM
X Io('u)y(qla_qQavamWamW)a (24)
: @) \
716VAF;/;LV;/W = ( Z Z) gvwA+BIw A+ B
THDM SM
X Iguu(qla _q27vamAi)7 (25)

—iey AFVWW(5) 0.

ouv
Note that AF;;V,YW( ) vanishes since it turns out to be
proportional to fo dz(1—2z)log [m? — (1 — x)¢?], which
is obviously zero.

Diagrams (6) and (7) provide an extra contribution to
ADZWW:

ouv

—icy AFZWW(G) <

Z Z) gZBCQWAiBgWA:tC

THDM SM

X I( ) (‘Ih

ouv —Q2,M A+, MC, MB),
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ouv

_icg AFZWWW) (

> - Z) 2922B9WW Z9WW B

THDM SM

X Ié,u)l/(ql, _qumWamZ7mB)~
The summations are taken with respect to the configura-
tions shown in Table 1.

4.6 Cancellation of UV-divergences

Since we compute the one-loop counterterm A8Zrqgy by
means of a specific subset of diagrams we should check
that the sum of the UV-divergences of AIIY"WW “fit” the
divergent part of ASZqv to obtain a UV-finite expression
for (12).

To proceed, we must first extract the divergent parts

of all the AI' ;LVIYW(” Taking into account the prescrip-

tions specified in AppendixB we can see that the only
UV-divergent integral we deal with is 7). In the usual
way we can isolate the divergent part of it in the form

1

——CuvTls..
T ggp2 TUVion

DiVUV |:I§'p,)]/(q17iq27mj)i| =

ww ()
F;/;Lu

Computing now the total UV-divergences of A

and ATZWWO) o get

opy

Divyy |3 argiv?

opy

= Divyy [AT VY]

opy

2 ( Z Z) Gya+a-lgwatpl? 180 QCUVTUW

THDM SM
1 e
= oo g o 20)

In the case of AI'?WW we have two UV-divergent topolo-
gies, namely

DlVUV ZAFZWW

ouv

= Divyy [AFZWW( )} + Divyy [AFZWW(G)}

ouv opv

(%)

X (97A+A7 lgwazs|* + QZBCQWA*BQ‘T’VAiC)

1 €2

= e UV o = = 9672 sin> 0

48 5 CUVTs .
From this we can conclude that

DiVUV [AHE%W] = DiVUV {AHK?}YV}
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1 e?
=——— —CUV
9672 sin? 0 ’
DIVUV [AH4 5,6 7] DIVUV [AH4 5,6 7] = 0 (27)

Next, the divergent part of A8Zrqy can be easily derived
from (18):

DIVUV [ASZW (

5 -3 sl o

THDM
1 e?
~ 96m2 sin? Oy
Comparing (27) with (28) we can conclude that the UV-
divergences in (12) cancel exactly as expected.

Cuy. (28)

5 Computation of AI""WW and AT'?WW

In view of the large number of relevant Feynman graphs
it is not feasible to display all the general results in detail.
This is mainly because of the Passarino—Veltman (PV)
reduction which is traditionally used to “scalarize” the
tensorial structure of the resulting integrals [17,18].

Therefore we will only describe briefly some salient
points, in particular the origin of the possible non-decou-
pling effects of heavy virtual Higgses.

5.1 Finite part of AS8Zrgv

The mass dependence of the counterterms can be read off
from (18) and (19). Assuming the masses of the THDM
Higgs bosons to be well above myy we can estimate the
value of A8ZY, to be less than about 10~ (and falling with
mpy, mp — 00) i.e. small compared to the expected order
of magnitude of non-decoupling effects (1072-1073).

The situation in the case of A8Zf;, is more subtle be-
cause of the presence of the y scale in the logarithm in (18).
However, due to the above-mentioned cancellation of di-
vergences (4.6) the overall one-loop renormalized Green
functions are pu-independent and we can either choose some
particular value of p or combine that term with the cor-
responding p-dependent factor from the AIT? to obtain
p-independent quantities and discuss both these pieces to-
gether.

Note that the behavior of the counterterms is scheme-
dependent. For example in MS or MS the finite parts of
ASZ&}I’ are constant while in the on-shell scheme they
typically grow logarithmically with masses of the Higgs
particles in the loops. However, since they are strongly
suppressed with respect to the finite parts of the AIT;, this
scheme-dependence is practically negligible.

5.2 Finite parts of the AII;
Concerning the structure of integrals contributing to the

AIT (Appendix B), one finds that the possible non-decou-
pling effects in the large heavy Higgs mass regime (keeping
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my, and mpo at the weak scale) can descend only from the
divergent factors Cagy, Cap, Bo and By; all the others
(UV-finite) tend to zero. Note that in some situations the
straightforward mpeavy — 00 limit is not meaningful be-
cause in such a case the Higgs self-couplings may blow up,
and the perturbative approach used here is then no longer
valid; see below.

Next, the mass dependence of the B-terms seems to be
much weaker compared to the highly polynomial factors in
Capy- On the other hand, the apparent powerlike behavior
of the PV coefficients in the expansions of the C,g, is
often compensated by the powers of heavy Higgs masses in
the denominators of the PV scalar integrals Cj, and thus
there is no reason to suppress the B-terms relative to the
C-terms.

As an illustration, consider the combination Cyg~(p1,
D2, Mg, M1, M2) + sym. in Igﬁ)v entering the AHKQV,%W on-
shell, i.e. taking p? = p3 = m¥,, (p1 + p2)* = s. First note
that this quantity is dimensionless. Bearing in mind how
the PV reduction works we can expect coefficients of three
basic types (here By denotes the finite part of By, k is
integer, and n =0,1,2,...):

(a)
6)  MEmSma By M, ),

7
2—n k —2k+n—2
(¢) M7~ s my P2,

Mffnskm;v%JF”CO(pQ, M2,
(29)

A typical contribution to AIT Y %W then looks like
f

~ 16n2

with X being an expression from the set (29). Here f is an
O(1) numerical factor; gy 4+ are the couplings. Though
it seems that the leading terms are of the order M?, such
a growth is in fact reduced by factors involving negative
powers of masses, coming from denominators of the Cy
functions in the heavy Higgs mass regime. The suppression
is even stronger once the parameters obey the decoupling
limit behavior; see below. Therefore one has to be very
careful in semiquantitative arguments based on (29).

Unfortunately, due to the enormous complexity of the
results it is almost hopeless to try to get simple general
analytic expressions for the leading terms in the AITYWW
even in the heavy Higgs mass regime. Next, it is worth
focusing in particular to the cases when one cannot expect the
decoupling of the additional Higgs bosons in the Appelquist—
Carazzone manner.

For such setups we have performed at least a simple
numerical analysis with the following results’.
(1) The leading terms in the |AIIYY"W| typically con-
tain logarithms and inverse powers of the heavy Higgs
masses, i.e.

ALY

VWW 2
Ally 5’5 lgwa=pl" x X +...,

1 We have also checked the proper decoupling behavior of
the form factors in the cases that the heavy Higgs sector has
been adjusted towards the decoupling regime; this provides a
simple consistency check of the results.
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MHiges
~ el91gs] |k 1og7:71vgvg5 + ka O(mywmpg, )| + -

This means that the larger the Higgs masses are, the
smoother the AITY"WW behave and their behavior tends
to be purely logarithmic (of course, with k; — 0 in the
decoupling regime).
(2) The overall magnitudes of | AITY "W | usually turn out
to be around 1073 (at MiHiggs ~ Mw ), S0 the possible large
non-decoupling effects in physical amplitudes seem to be
quite unlikely, barring some special enhancements coming
from kinematics and/or geometrical factors [12].

Let us illustrate these features in the case of | A
and | AIIY"WW| within one of the concrete realizations of
the Higgs sector of the model. Although the Higgs self-
couplings do not enter explicitly our analysis, their values
determine the shape of the Higgs spectrum of the model
which must be chosen in a way compatible with these
constraints. In other words, shifting the heavy Higgs masses
and holding at the same time some of the features of the
Higgs potential unchanged causes a shift in the mixing
angles o and 8 which propagates via sin(a— ) and cos(a—
B) to the vector-boson—Higgs couplings.

For simplicity, we take?

1y

)\6 = )\7 = 0, mio = 0, (30)

and especially

)\1:)\25)\, )\3:1 and ﬁ:ﬂ:/Q.

The remaining parameters A, A4, A5 o, m; and mo are then
driven by the choice of my, my, ma, my+ so that the
resulting Higgs potential produces the right mass pattern.

For example, let us display in Figs. 1 and 2 the behavior
of the |AIT;""W | and |AIT7™"| in this model as functions
of the m 4o parameter. The other parameters are fixed as
follows: m,, = 105 GeV, mpo = 125 GeV, mpyo = 145 GeV,
my+ = 180GeV, /s = 250GeV. As was stated above,
these quantities grow logarithmically (in the non-decou-
pling setup (30)) with the mass of the relatively heavy mY
boson in the model.

2 N.B. It is well known that the choice (30) provides a setup
in which the heavy Higgs mass limit does not exist at all [5],
i.e. we cannot push the Higgs masses too far beyond the weak
scale. This is caused by the fact that in this setup all the THDM
Higgs masses must be of the same order:

2 2 2 2 2
my, +myg = v, may = —ReAsv7,

1
miys = —5()\4 + Re As)v?,

Then the only way to get large masses of H, A and H consists
in having A, |A4] and Re As well above 1. In other words, it
is exactly one of the physically interesting situations in which
one can expect non-decoupling behavior of the heavy part of
the THDM Higgs spectrum and some (in principle) measurable
deviations from the SM predictions; for further details see for
example [12].

The main advantage of the choice is the simplicity of the re-
lation for cos®(a — ) which is the basic ingredient of any
quantitative analysis.
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|ATITYY | % 103

0.6

m o /My

Fig. 1. Behavior of the |AII;""| as function of the m 4o
parameter

|ATI]"W | % 103
0.5

1 2 3 4 5 6 7
on/mW

Fig. 2. Behavior of |AIT}""| as function of the m 40 parameter

6 Conclusion

We have computed the additional contributions to the one-
loop THDM triple gauge vertices which are not present
within the SM framework. The model is taken to be very
general [14] with no need of any additional constraints to
its structure.

We have adopted the on-shell renormalization scheme,
using the dimensional regularization of UV-divergences.
The finite parts of the on-shell counterterms are computed
with the help of the W-boson propagator renormalization
constants. Cancellation of UV-divergences is checked ex-
plicitly in both the YW W and ZWW case.

The THDM heavy Higgs boson contributions to the
triple gauge vertices can in some situations lead to possible
non-decoupling effects in physical amplitudes. Therefore,
these results can be employed (at least in principle) for
an indirect exploration of the structure of the electroweak
Higgs sector at future collider facilities.
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Education of the Czech Republic.
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A THDM interactions of vector bosons
A.1 Relevant part of THDM lagrangian

The lagrangian (2) can be decomposed into three parts
corresponding to VHH, VVH and VVHH vertices respec-
tively:

’CIIEIiinggs == Lyvy + Lvyg + Lyvvyg + other terms.

Here

Lvvu
= emy cot GWW+“W; [H° cos(a — B) —

emy

RO sin(a — B)]

————7"Z, [H° cos(a — B) — h sin(a — B)]

sin 20w
+ emy (cos Ow A" — sinOw Z") (WG~ + W, GT)
and
Lypgp =ieA"HTO7H™ +ieA"GT o7 G~
+ iecot QHWZ“H+8:7H_ + iecot 29WZ”G+8;?G_

€

sin 20w

x {Z* [cos(a - 5)A08“’h0 —sin(a — ﬂ)GO(?:’hO]

+ Z" [sin(o — B)A°0;” HO + cos(a — B)GY8; H
—cos(a—B) (W nP0 HY + W' H 0,7 h°)
+sin (o — ) (W"RP0 G + WH G077 h°)
—sin (o — B) (W "HOTHY + WH'H™ 9/ H°)
—cos(a— B) (W H 9 G+ WG9 H°)

- (WA HT —
— 1
- (wc%oy Gt -

W H= 07 A°)
WG oGO},

while
2
e
c =———W"W, [H"H +G*G~
YV 9 sin Oy ol * ]
2
e
W+MW— hO 2 HO 2 AO 2 GO 2
. o [(B0)? 4+ (H®)? + (A%)? + (G%)7]
o2
H (v — MU —
2sm6wA [H® cos(a — B) — h? sin(a — )]
x(WrG™+w, G")
o2
Iz _ 0 —
251n9WA [HOsin(a — B) + h° cos(a — B)]
x(WHH™ + W, H"Y) -
2
__C  urgo g\ 30 -
QCOSHWZ [H° cos(a — B) — h”sin(a — )]

x(WrG—+wW, G") -
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2

- QCOBTOWZ“ [H?sin(a — B) + h cos(a — )]
x(WrHH™ + W, H")
- fe” G (cos Oy A" — sin Oy ZH)
sin 20w
< (WG — W, GY)
smi 229W A° (cos By A* — sin Oy ZH)

X (WJH’

A.2 Coupling constants

-W,H").

As before, the charged (pseudo-) scalars are denoted by the
generic symbols A, while the neutral ones are written B
and C. We compile the coupling constants in Tables 2-5.

B Useful integrals

At this place we display all necessary loop integrals in terms
of the Passarino—Veltman functions [16-18] listed below:

Table 2. VVHH type

9ywAEB 9dzwAtB
G*ny %ie2 CSy f%ieQ SCy
+10 1.2 1.2
Gih —5ie“csps,_3  zie”sCyS,_g
0 1.2 1.2
G’iH sie“csgcy_p —5ie“scogch_p
0 1.2 1.2
Hih 516 CSp Cafﬂ —516 SCo Cafﬂ
0 1.2 1.2
HH 5ie“csgs,_g —5ie“scys,_g
G*ra° —%eQ csy %e2 SCy
+ 40 1.2 . 1,2
H-A —5€e csg 5€°8Cy
Table 3. VHH type
BC A*B
9gzBC dwatB
G —eCSyg G*ny %iecse
070 +10 1
G"h €CS99Sq_g G=h —5iecsgs,_g
0 170 +770  1;
G°H —€eCSypCq_g G H slecsgca_p
A°R®  —ecsypc,_ 3 HFRY  Lecsjc, g
AHY  —ecsyy Sa—g H*H° %iecsg Sa—g
G*TGa° —%ecse
H*A"  —lecsy
+ —
ATA gyata—-  9Gzata-
GtG~ e —iectqyg
HYH~- —ie —ieCtog

Table 4. VVH type

B 9zzB gwwn

n iemz csqp iemz ctg

h° —iemz cSygSe—p —iemzctys, g
H  iemy cseg Co—p iemzctyc,_g

gyweat =lemzcy
gzwot = —lemz sy

Table 5. VVV type

gyww = —ie
gzww = —iectg
1) _ [ Bey
1.5, (p1,p2, M0, M1, M2) = X <—>p2>
d?k
2e:3
e / (2n)

—(2k+p1 +p2)a(2k +p1)p(2k +p2)y
(k2 = mg) [(k +p1)? — mi] [(k + p2)? — m3]

1
-~ 16m2
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[8Caﬁ'y + 4(101 +P2) Cﬁ'y + 4]3150047 + 4p27caﬁ

+ 2(p1 + p2)ap1Cy + 2(p1 + P2)ap2,Cs + 2p15P2,Ca

+ (p1 + p2)ap1p2,Co] (p1,p2, Mo, M1, M3)
+ (pl Hp?aﬁ A 7)7

<~
ILQﬁ)’Y(pluPQam07mlam2) = f(—);g)
ddk
2e:
+15 [ e
ga'y(2k+p1)

X

(k? —mg) [(k + p1)? —mi] [(k + p2)* — m3]
1
- 16n29°” [20,6 +P1500} (p1, P2, Mo, M1, M2)
+ (p1 <> p2, B < ),

Ié?;a)y(plapzammml,mz) = (p1 & p2, 8¢ 7)
d4k

2e:3
T / (2n)

gﬁ7(2k+pl+p2)

(31)

gm(Qprlerk)a 9 (2p1—p2+Ek)

(k2 =mg) [(k + p1)? = m3] [(k + p2)* — m3]

1
= W {29,3”/004 - ga'ycﬁ - gaBC'y + [gﬁ“/(pl +p2)a

— Gay(2p2—p1)3—9ap (201 —p2)4] Co} (p1, P2, M0, M1, M2)

+ (p1 <> p2, B < ),
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I((;E)ﬂ/(plvp%m()vml)
d
= M2812/ d k
(2m)?
9oy (2k + p1)s 6<—w>
(k% = mg) [(k + p1)? — m3] 14 P2

i
= —@gav [QBB‘FplgBO] (p1, mo, m1)
+ (pl P2, 6<_>7)7

5
L;gy(p17p277n0,7n177n2)55 <

. d4k
2e:3
N / (2m)

gﬁ’y(pl - k)a + gaw(Qk + pl),B - gaﬂ(Qpl + k)’y
(k% —mg) [(k + p1)? — mi] [(k + p2)* — m3]

597)

P1 <> P2

1
::1655{‘QBWCE‘+2gavcb‘*9aﬁCW

+ [gmp1a+gmp1g —gaﬁ2p17] Co} (p1, p2, mo, ma, ms)
+ (p1 < p2, 8 < 7).
The Passarino—Veltman functions are defined as

i
7307 BQ7 Ba,@(]% mo, ml)

16m2
= 25/ ddk 1aka7ka6
(2m)4 (k2 —mg) [(k + p)? — mi]
i
X WCO,ComCaﬁ;Caﬁv(plap23m07m1am2)
:MQE/ 4%k
B (2m)?

1, ko, kaks, kaksk,

© W2 = m2) [(k+p1)2 — m2] [(k + pa)® — m3]

(calculations are performed in dimension d = 4 — 2¢, prop-

agators are displayed without the “+in” factors).
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