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Abstract. We study the heavy Higgs sector of the MSSM composed of the H*, H® and A° particles in the
so-called decoupling limit where m 40 > myz. By integrating out these heavy Higgs particles to one-loop,
we compute the effective action for the electroweak gauge bosons and find out that, in the decoupling
limit, all the heavy Higgs effects can be absorbed into redefinitions of the Standard Model electroweak
parameters. This demonstrates explicitely that the decoupling theorem works for the heavy MSSM Higgs
particles. This is also compared with the paradigmatic and different case of the Standard Model heavy
Higgs particle. Finally, this work together with our two previous works, complete the demonstration that
all the non-standard particles in the MSSM, namely, squarks, sleptons, charginos, neutralinos and the
heavy Higgs particles, decouple to one-loop from the low energy electroweak gauge boson physics.

1 Introduction

The absence of any signal from Supersymmetric (SUSY)
particles in the existing data indicates that either SUSY
theories are not the proper ones for low energy physics
beyond the Standard Model (SM) or the SUSY spectrum
is above the available energies at present experiments. In
the simplest SUSY theory, the Minimal Supersymmetric
Standard Model (MSSM), the predicted spectrum is com-
posed of squarks ¢ and sleptons [, v for the three gener-
ations, charginos xi,, neutralinos X1,2,3.4> gluinos g, and
the Higgs sector with five Higgs particles, two CP-even
Higgs bosons h° and H°, a CP-odd or pseudoscalar Higgs
boson A°, and two charged Higgs particles H*. Although
the precise mass bound varies for each particle, it is clear
that, at present time, there is little room for light MSSM
particles, say lighter than the W gauge boson mass myy.
Particularly stringent are the bounds for the strongly in-
teracting particles, the squarks and gluinos with a lower
mass limit already above 200 GeV [1]. Under these circum-
stances it is a reasonable hypothesis to think of a mass gap
between the SM particles and the genuine MSSM parti-
cles. In case this energy separation occurs, its size should
not be larger than about 17eV, if the MSSM is required
to repair the hierarchy problem. We will assume here the
extreme but plausible situation where all the MSSM spec-
trum lay well above the electroweak scale My, . For the
purpose of this paper we just need to assume the exis-
tence of this sizeable gap, but the particular value of the

2 e-mail: dobado@eucmax.sim.ucm.es
b o-mail: herrero@delta.ft.uam.es
¢ e-mail: siannah@delta.ft.uam.es

gap width is not relevant. There is just one exception in
this large SUSY mass assumption, the lightest CP-even h°
particle which stays close to the SM spectrum. It is well
known that when the pseudoscalar mass m 40 is very large,
that is much larger than the Z boson mass ma. > mz,
the heavy CP-even, CP-odd and charged Higgs bosons are
nearly degenerate, mpgo ™~ my+ =~ mgo, while the h° par-
ticle reaches its maximal mass value which, at tree level,
is bounded from above by mz, and when radiative cor-
rections are included, this upper bound is shifted towards
~ 130 GeV [2-14]. In this so-called decoupling limit [15],
the lightest SUSY Higgs boson h° and the SM Higgs boson
Hgys have very similar properties, since both have simi-
lar couplings to fermions and vector bosons and therefore
the task of discriminating between these two particles will
be quite hard. This equality of couplings is exact at tree
level when the decoupling limit is reached asymptotically
and both their production rates and decay branching ra-
tions are identical. However, it is not known with complete
generality if this equality remains beyond tree level. It is
a very interesting subject, since in case it does not hap-
pen it will provide the clue for discriminating between the
SM and MSSM, even in the extreme situation mentioned
above where all the rest of the MSSM spectrum is well
above the electroweak scale and hence not reachable at
present experiments. This topic has been studied by sev-
eral authors [15-31] by looking to particular observables
of interest in phenomenology, as for instance, the param-
eters S, T and U! that measure the radiative corrections
at LEP [15,28,29], the h° production rates at LEP and
LHC and the decay branching rations of h° to v [24]

L or equivalently Ar, Ap, Ak or the €; parameters
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and to ff [20,30,31]. Most of these studies analyzed the
decoupling of SUSY particles numerically. Although the
numerical analysis are complicated since they depend on
many MSSM parameters, there are indications from these
studies that the SUSY particles indeed tend to decouple in
the previous observables when the SUSY masses are taken
numerically very large. In particular, the MSSM h° cou-
plings to vy [24] and to ff [30] seem to approach those
of the Hgjys particle in the decoupling limit and in the
one loop approximation, confirming therefore the enor-
mous challenge that will be discriminating between these
two particles at future high energy colliders as the LHC.

In this paper we study the MSSM Higgs sector in the
decoupling limit at a more formal level. Our object of in-
terest is the effective action for the SM particles and the
contributions to this action from the loops of the MSSM
Higgs sector in the limit where all the Higgs particles,
except h°, are very heavy, namely, when mso > myz.
We want to demonstrate the decoupling of the MSSM
Higgs particles d la Appelquist Carazzone [32], meaning
that the required proof should show that the decoupling
theorem also applies for this particular case. This is the
third work belonging to a program that we initiated in
[33,34] which aims to demonstrate the decoupling of SUSY
particles beyond tree level in each of the MSSM sectors. In
generic words, and by following the Appelquist-Carazzone
approach, the proof of decoupling of SUSY particles at
low energies amounts to first compute the effective ac-
tion I.g[¢] for the SM particles ¢ (¢ = q,1,v, Z,W*, 7,4,
Hgyr) that is generated through functional integration
of all the non-standard particles of the MSSM ¢ (é =
57 l’ Ij? Sé:l:’ )207 g? H:l:’ HO7 AO)

eilerrld] — /[dd)} iMvssm[o,¢] , (1)
with
Tussm|6, ¢] = /dIﬁMSSM(cﬁa ¢);de=dz, (2

and Lyssm is the MSSM Lagrangian.

Secondly, one must perform a large SUSY mass expan-
sion of I'ug[@] to be valid for low energies, say My < M S
and, as a result, one should get finally the following be-

haviour,
My )
()] e

which means that all the effects of the heavy SUSY par-
ticles ¢ can be absorbed into redefinitions of the SM cou-
plings and wave functions of the SM fields ¢, or else they
are suppressed by inverse powers of the heavy masses M 3
and therefore vanish in the asymptotic limit M § — 0. We
believe that only an explicit computation as the one just
outlined can be considered as a formal and general proof of

decoupling of non-standard particles from the low energy
SM physics.

Leal¢] = Tsm[o] + O
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We have started this program with the computation of
the part of the effective action for the electroweak gauge
bosons, but, of course, a complete proof of decoupling will
require to obtain the total effective action for the other
SM particles as well, namely, the fermions, the gluon and
the SM Higgs particle itself. In particular, the study of the
hObb vertex is one of the most interesting observables in the
Higgs phenomenology [35]. The reason to start with the
electroweak gauge boson sector is, first, for simplicity and,
second, because we were interested in studing the implica-
tions for some of the precision observables at LEP with ex-
ternal gauge bosons as the S, T" and U or related parame-
ters. We have proved that, to one loop level, the functional
integration of the various MSSM sparticle sectors factorize
in the effective action for electroweak bosons and, there-
fore, this integration can be performed sector by sector
separately. In [33,34] we have completed the integration of
squarks, sleptons, charginos and neutralinos in the MSSM
to one loop, and have demonstrated their decoupling in the
large SUSY masses limit. Since the asymptotic behaviour
of the Feynman loop integrals appearing in the compu-
tation depend on the relative sizes of the various sparti-
cle masses in the loop propagators, one must perform the
computation by assuming a particular hypothesis for these
masses. We assumed in [33,34] that the large SUSY masses
limit is taken for each sector such that M2, < M 2 v,

but with \MQ M2 |<< \MQ —I—JW2 |1f17éj That i 1s ;, all

the SUSY masses are large as compared to the electroweak
scale but they are close to each other. This is a plausible
hypothesis in the MSSM but is not the most general one
for all the sectors. In particular for the squarks of the third
generation where, even assuming a common soft-SUSY-
breaking mass, one has (m7, — mg,) ~ my(A, — pcot )
and (mj —my ) ~ my(A, — ptan 8) and, therefore, for
large enough values of A,, A,, p and/or tan 8 the previ-
ous hypothesis may not hold. In consequence, for these
particular cases where |M2 M2 \ o~ (’)|M2 + M2 \ for
1 # j an independent demonstratlon of decouphng bhOlﬂd
be done.

In the present work we complete the computation of
the effective action for electroweak gauge bosons to one
loop by integrating out the heavy MSSM Higgs parti-
cles, namely the charged H*, the pseudoscalar A° and the
heaviest CP-even Higgs boson H°. We then perform the
large mass expansion which in the Higgs sector case corre-
sponds to work in the above mentioned decoupling limit.
Notice that for the Higgs sector the previous assump-
tion for the relative Higgs mass values, |m3; — m%{j| <
Im3;. +m§{j\ if i # j holds trivially, since when m 40 > mz
the four heavy Higgs bosons, H*, A° and H® tend to be
degenerate with a mass close to m go.

The paper is organized as follows. In the second section
we define the effective action for the electroweak gauge
bosons and summarize the relevant part of the MSSM la-
grangian for the purpose of integration of the MSSM Higgs
sector to one loop level. The exact results to one loop of
the contributions to the effective action from the 2, 3, and
4 point electroweak gauge bosons functions are presented
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in Sect. 3. We also analyze in that section the behaviour of
these functions in the decoupling limit, m 40 > myz, and
present the corresponding asymptotic results in terms of
the large Higgs masses my+, mgo, mpgo. In Sect. 4 the pre-
vious asymptotic expressions are rewritten in a form that
will allow us to conclude on the decoupling of the Higgs
sector d la Appelquist Carazzone as announced. In particu-
lar, by using the common language of renormalization, the
required redefinitions of the SM couplings and wave func-
tions for the electroweak bosons are presented in the form
of specific contributions to the SM counterterms. Section 5
is devoted to a comparison with the paradigmatic and dra-
matically different case of the SM with a very heavy Higgs
particle, My < Mpg,,, which is well known not to de-
couple from low energy electroweak physics [36-43]. We
find illustrative to perform this comparison in the lan-
guage of the effective action. This non-decoupling of the
SM Higgs particle has been shown to manifest at one loop
level in several observables, as for instance Ap [38,39,44],
and it is being very relevant in the indirect Higgs searches
at the present colliders. In Sect.5 we reobtain this non-
decoupling behavior by computing the effective action for
electroweak gauge bosons after integration to one loop of
the SM Higgs particle and by studying its large My, ex-
pansion. We will see that the non-decoupling of the Higgs
particle manifests in this context as a violation of the de-
coupling theorem in the four point electroweak gauge func-
tions. Finally, the conclusions of this work are summarized
in Sect. 6.

2 Integration of the MSSM Higgs sector
to one loop

The effective action for the electroweak gauge bosons,
Tg[V] (V = A, Z,W%*) gets contributions to one loop
from all the MSSM sectors, except from gluinos which will
start contributing at and beyond two loops. This effective
action is defined through functional integration of all the
sfermions f (§,1,7), neutralinos ¥° (¥¢_,), charginos Y+
(XfQ), and the Higgs bosons H (H*, H°, A°) by:

o= | ] o

xelstSM[ v, fxt ] (4)

*1ax] )

where the relevant part of the MSSM classical action can
be written as,

FMSSM[V7 fa >2+7>207H]
= / deLyssu(V, .3

/de<0 /dxz: vV, f) /d:cﬁ V. %)

+ / deLy(V, H)
= Lo[V]+ I3V, fl + IV, X) + Tu[V, H]. (5)

°,H)
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Here, £(°)(V) is the free gauge boson lagrangian at tree
level, and £ B Ly and Ly are the lagrangians of sfermions,
inos (i.e. charginos and neutralinos) and Higgs bosons re-
spectively. By looking into the particular form of these
lagrangians it is inmediate to see that the integration of
the various sectors at the one-loop level can be factorized
out, and their contributions to the effective action can be
computed separately sector by sector.

In [33,34] we have performed the complete integration
to one loop of the sfermions and inos sectors. Here we
present the corresponding integration of the heavy Higgs
sector defined as,

el V] — /[dH]eifdm(£(0>(V)+£H(V,H)) 7 (6)

where we have introduced a short hand notation for the
heavy Higgs particles,

Hl
H2
Ho ? (7)

AO

with H' and H? being related to the physical charged
Higgs particles by H* = % (H'+iH?), and Ly (V, H)
is the relevant MSSM Higgs sector lagrangian that is given
by,

Ly(V,H)=LOH)+ Lgyy + Luny + Laavy . (8)

Here £ (H) is the free lagrangian for the heavy Higgs
particles,

LOH) = (0,H"o"H — H'M%H) (9)

[\3“—‘

the squared mass matrix is given in terms of the physical
Higgs boson masses by
M3 = diag(m? Mo, MAo), My+ =My .
(10)
and we have used the superscript T to denote the trans-
pose matrix. The interaction lagrangian pieces can be
written as follows [45],

2
H+’ H+7

Lyvy =B"H,
Ly = I?[T\/(1 “8 H,
Lypvy = HT V@ H, (11)
where
0
B= 0 12
| geas (mWVVjW’k + %Z#Z’Q ’ (12)

0
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and VE v(2) are the 4 x 4 Higgs interaction matrices
with one and two gauge bosons respectively defined by,

VOnr =0 ifi=j,
(VOH]y = VO ifi 5,

\/(1)“ [V(l)u]12 = eAr + %Zﬂ ’ g
[V(l)#]l?) = gSaﬂ WQ’“‘? [V(l)l"]14 = §W{L
Vs = —Z sag W],

(VO]2q = §WE, [VIH]gy = =585 50p 2"

[V = [V Vi, [V = V@5 =0,
VN, = V@
=2 [Lwrwe- 4 LG 7 7
47 p + 8cZ, “H
+S AL+ 2w A, Zn]
VP33 = [VO)]y
2 2
[
[V®is = Spa (=AW
+ s Z, Wik i =12,

v(®2)

Zﬂzu} ,

2cw
. 282 i
Vs = [~ AW ez, wn]
i =1,2.

(13)
Here, as usual, g and e are the electroweak and electromag-
netic couplings respectively, and we have used a shorthand
notation for the sines and cosines of the weak angle Oy
and the (3 angle (tan 8 = %)) given by

Sag =sin(a — ) , cap = cos(a— ),
Cow = oS 20y , Sou = sin 20y,
Ccw = cosBy , sy =sinfy . (14)

Correspondingly, we can define the various contributions
to the classical action by,

FH[V,H]:<BTH)+%<HTAHH>, (15)

where,
Ay = A 4 AW 4 4D
(BTH) = / dk BF Hy,
(HT Ay H) = /d%dﬁH{Ag)kap, i=0,1,2.(16)
with,
d*k
(2m)*”

and we have chosen the representation in momentum
space which is more convenient for functional integration,

dk

(17)

AR = (2m) 6k +p) (K — M),

i) [ aasth+p+a) (b p), VO]

1 —
AHkp =
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Ag;gp (2%)4/d(jdf6(k+p+q+r) [\/(2)] ’

q,r
Bf = (2m)? / dGgdps(k+p+q) By, . (18)

Once the classical action has been written in the proper
form (15), we proceed with the functional integration to
one loop of the heavy Higgs particles H. By using the stan-
dard path integral techniques we get the following result
for the effective action,

i 1 _
Il VI=LV]+ 5Trlog Apg — E<BT A B),  (19)
where,
(BT AL B) = / dkdpBf Ay, By

In (19) we have introduced the functional trace which for
a generic matrix operator C%(k,p) = C, is defined by

[33]:
TC=) / dkCy .

Next, by expanding the logarithm and the inverse operator
in (19), the effective action can be written as,

IV
s %i %Tr (G (4 + 2]
k=1
- g(_l)k <BT (G (49 +42)]" B> . (20)

where G is the heavy Higgs propagator matrix, defined
—1
as Gg = (A(HO)) , and is given in momentum space by,

1

Guip = 2m)*(k+p) (K> — ME) (21)

with
-1 . 1 1
(q2 — Mlzf) = diag ( 5 5

q _mH

’ 2
1 q2_mH2

1 1 >
q2_m%—107q2_m2Ao .
Finally, if we keep just the terms that contribute to
the two, three and four point V' Green functions we get,

1
Il V] =TV] - 3 (B"GuB)
) ) )
+%Tr G A(ﬁ)) — %Tr (GHAEY}))

1 3
Tr (G Al GuAR ) + oo (Gnal)

(
(
(GHA(,§>)2
(
(

=

+
00| = DO = | = D]

=

GHAE,}))4 +O(VY). (22)
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Vi Vi
>H
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H
H Fa
RN v
/ \ \ /
BNy W AT
H

Fig. 1. Generic Feynman diagrams corresponding to the tree-
level and one-loop contributions to the two-, three- and four-
point functions of electroweak gauge bosons

The various contributions can be clearly identified from
this expression. The third and fourth terms give the one-
loop contributions to the two-point functions; the two
next terms to the three-point functions; and the last three
terms correspond to the four-point functions. Notice that
there is just one contribution from the Higgs integration
at the tree level. This is the second term in (22) and con-
tributes just to the four point functions. Note that it is the
unique sector that generates a contribution to the elec-
troweak gauge boson functions at the tree level. As we
have seen in [33,34] the integration of sfermions and inos
in the effective action for electroweak gauge bosons give
only contributions starting from one-loop level. In addi-
tion, notice also that the resulting effective action in (22)
is gauge independent, as expected. This is due to the fact
that we only integrate the physical Higgs particles whose
interactions with the electroweak gauge bosons are gauge
independent.

Finally, and for the purpose of illustration, we have
shown in Fig.1 the Feynman diagrams corresponding to
the different terms appearing in the above (22).

3 The n-point functions
of electroweak gauge bosons

The effective action can be written in terms of the n-point
Green’s functions in momentum space, generically as:

Z / dky ... Ak, (2m)* (27 k:)
CVI Vo Vi

xF"l"z (=F1) V3’ (=F2)
(23)

TepslV

"(kiks..

k) VI
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where Cv,v,.. v, are the proper combinatorial factors ac-
counting for the identical external field, and we have as-
sumed the convention of incoming momenta k; for the
external gauge bosons.

In this section we present the exact results to one-
loop for the various contributions to the effective action
of (22) coming from the 2, 3 and 4 point functions and
write them in terms of the standard one-loop integrals of
't Hooft, Veltman and Passarino [46,47]. We latter ana-
lyze the asymptotic behaviour of the electroweak bosons
Green’s functions in the limit of large Higgs masses. The
analysis of the one-loop integrals in the large masses limit
have been done by means of the m-Theorem [48].

After working out the functional traces in (22) and by
computing the corresponding Feynman integrals in dimen-
sional regularization we get the following contributions,
Fer Vi), from the n = 2, 3 and 4 point functions re-
spectively?,

eVl

— /dﬁd/% 3(p+k) { > [V(z)}

[

p,kA()(ml)

+- Z [v“ﬂ [ 1>”] IZ/V(k,mi,mj)}, (24)

Z;éj
LVl
= fiwz/dﬁdfcdfé(erkJrr)
x{ 3 {vu)u}ji [W)}: ;Til(p, mi,m;)

ij P

1 ij (1) ik (1o ki

&5 e, [0 ]
xTZi@(p,k,mi,mj,mk)} , (25)

iV ][4]
~ i 1 4
=32
~ 17 1=~ v
+7? /dpdk dré(p+k+r) { ; {\/(Z)H} —p,—k
x[\/ TZ

n \/1)#] [vu)} {v@)a}’”
gk —k —r,—t

p+k p—i—k‘ mzam])

X‘]lj k(pa k , My, miamk)

AT b b e

ik, B

2 Notice that in dimensional reduction the results would be
the same, since we are not integrating out gauge bosons. This
also applies to the results of our two previous papers [33,34]
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XJ;J;/]Z-Z,\(pvkara miamjamk7ml)} ) (26)

In the above expressions the indices %, j, k, [ run from 1 to
4 and correspond to the four entries in the heavy Higgs
matrix H of (7). In these formulas and in the follow-
ing, a proper symmetrization over the indices and mo-
menta of the external identical fields, although not ex-
plicitely shown, must be assumed. The one loop integrals
Tt Tk, VST JiiF and J;JVIZZ/\ are defined in terms
of the standard integrals, Ao, Bo, 4, uv, Co, u, pv, pvo and
Do, v, jwo, jwox [46,47] in appendix A of our previous work
[34]. Similarly, the two-point integral I}, is defined by,

L3 (kymg, my) (27)

= (4B, + 2k, B, + 2k, B, + k. k, Bo) (k, m;, m;).

We refer the reader to [34] for these and more details on
the Feynman integrals.

Finally, from the previous expressions in (24) and by
using the definition in (23) we extract, after a rather te-
dious computation, the exact results to one loop for the

two-point, FIX}V% three-point, I“;/,}XQV?’, and four-point,
Fﬁ(‘f/f\vi"v“, Green’s functions with all the possible choices

for the external legs, V; = A, Z, W+ which are collected
in appendix A. We would like to mention that we have
performed all the one-loop computations of this paper by
the standard diagrammatic method as well and we have
got the same results.

In the following, and in order to get the n-point Green’s
functions in the decoupling limit, we use the asymptotic
results for the standard one-loop integrals Ag(m;),
BO,;L,;W(pv miumj)a CO,H,,UJ/, uz/a(pak7mi7mj7mk) and
l)O7 WV, JVO, VO A (pa k) Ty MMy Mg, M, ml) that we have
computed in dimensional regularization and by using the
m-Theorem [48], and were presented in (A.12) of [34].
These expressions are valid if the masses m;_ ; &,; in the
propagators of the integrals are much larger that the exter-
nal momenta p, k, r and if the differences of the squared
masses involved in the same integral are much smaller
than their sums. This last condition is fulfilled in the
present case of the heavy MSSM Higgs sector, even after
radiative corrections are included in the Higgs mass pre-
dictions. In order to illustrate this point we shortly present
in the following the approximate MSSM Higgs mass values
in the decoupling limit that include the leading radiative
corrections. But the conclusions hold even when the full
radiative corrections are employed. To be more precise, in
the MSSM, using m 4. and tan § as input parameters, and
including the leading radiative corrections which can be
parametrized in terms of the quantity,

4 M2
(553GF m; log 1—1-722 ,
V272 sin® 3 m;

the Higgs masses approach the following values, in the
decoupling limit, m 40 > mz [9)],

Mpo — \/m2Z cos? 23 + dsin? 3
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§m?% cos? 3
2m?, (m% cos? 283 + d sin? B)
m? sin® 26 + 6 cos? 8
2m3, ’

x{l—i—

m% sin? 23 + § cos? ﬁ]

o —> o |1
mg ma [ + 2m?40

9 11/2
mW} , (28)

mpg+ — Mao |1+ 5
m,

and the mixing angle in the Higgs sector, «, approaches
to,
s

a%ﬂf2

= SapB — —1.

We see, from the previous expressions that indeed, in the
decoupling limit, mp. always stays below a maximum
value which can grow up to about 130 GeV depending on
the particular value of tan 8 and the common squark mass
MQ3. The other Higgs bosons, H°, H* and A° become
very heavy and approximately degenerate in the decou-
pling limit, where mgo ~ mpy+ ~ myo > my. There-
fore the condition that the squared mass differences for
the heavy Higgs sector of the MSSM are always smaller
than their sums is largely justified in the decoupling limit
both to tree level and in the one loop approximation. No-
tice however that in the present computation of the elec-
troweak Green’s functions to one loop level, we use the
tree level Higgs masses in the internal propagators. The
use of the radiatively corrected Higgs masses would be
effectively a two loop effect.

Finally, by considering s, — —1 and inserting the
asymptotic expressions of the one loop integrals into (24)
and, after some algebra, we get the Green functions in the
decoupling limit that are collected in appendix A. These
asymptotic results can be summarized by the following
generic expressions [34],

Vi V...V,
FMV~~P

ViVa..Vn Vi VoV
+ AL

Opv...p (29)

where the subscript 0 refers to the tree level functions, and
the one-loop contributions to the two, three and four-point

functions behave, in the decoupling limit, respectively as
follows,

\%
e o T20)
k2 Am?2
o L_ ="
+ <2m2’ Em2>

ALYV Vs = F V2 V5L, + 0 (

ArYe =[5 VR g+ R ks

pvo

k2 Am?
Xm?2’ Xm?

A F;Y]u ‘;2)\‘/3 Vi g1VaVaVa ﬂ# .
k2 Am?

+0 ([ =—, am-

Ym?’ Xm?

3 Similar conclusions are found if the more general hypothe-
sis of non-common squark mass parameter is assumed

(30)




A. Dobado et al.: The Higgs sector of the MSSM in the decoupling limit

where,

Py

(0)

k2
o0, 8= s o

Am?
Xm2’ X¥m? =0
(31)

k denotes generically any of the external momenta and
Ym? and Am? refer generically to sums and differences
of Higgs squared masses respectively. The relevant con-
tent are in the functions Z(‘?) Va  pViVaVs apnd GViV2 Vs Va
which contain a A, proportional term, with A, being de-
fined in (A.1), and a finite contribution that is a loga-
rithmic function of the heavy Higgs masses, mpyo, mpg+
and mqo. These functions are precisely the only rem-
nant of the heavy Higgs particles and, therefore, a priori,
they summarize all the potential non-decoupling effects of
these particles in the low energy electroweak gauge bosons
physics. In the next section we will show, however, that
these apparent non-decoupling effects are, indeed, non-
physical since they do not manifest in the electroweak ob-
servables.

4 Decoupling of the MSSM Higgs particles
a la Appelquist Carazzone

In the previous section we have presented the asymp-
totic results of the electroweak gauge boson functions com-
ing from the integration at one loop of the heavy MSSM
Higgs particles. We have shown that all the potential non-
decoupling effects of these heavy Higgs particles manifest
as divergent contributions in D = 4 and some finite con-
tributions logarithmically dependent on the heavy Higgs
masses. Furthermore, as can be seen in (30), these contri-
butions are both proportional to the tree level functions,
so that we expect them to be finally absorbed by some
proper redefinition of the low energy SM parameters.

In this section we are going to complete the demon-
stration of decoupling of the MSSM Higgs particles ¢ la
Appelquist Carazzone by finding a particular set of coun-
terterms for the SM electroweak parameters which pre-
cisely allow to absorb all the mentioned effects. We will
also show that these explicit counterterms coincide with
the expressions of the corresponding on-shell SM coun-
terterms in the decoupling limit. By using the common
language in the renormalization context, it is equivalent
to say that the decoupling at the Green functions (or ef-
fective action) level manifests if (and only if) the on-shell
prescription for the counterterms is fixed. Of course, once
the decoupling is shown at the electroweak gauge boson
functions level, the decoupling in the observables with ex-
ternal electroweak gauge bosons is automatically ensured,
and this latter is obviously independent of the renormal-
ization prescription.

Let us start by stating the condition for decoupling in
terms of the renormalized electroweak gauge boson func-
tions. As usual, these functions are obtained as follows,

LAY (cig) = Ty t2 " (cir) + AL Y2V (ci )
+60,32 0V (ciR) (32)
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where, once more, Iy denote the tree level contributions,
AT are the one-loop contributions, and dI" represent the
contributions from the counterterms of the SM parameters
and wave functions. All these contributions must be writ-
ten in terms of the renormalized parameters that we have
denoted here generically by ¢; g. Now, the decoupling of
heavy particles d la Appelquist Carazzone is equivalent to
the statement that the renormalized Green functions are
equal to the corresponding tree level functions, evaluated
at the renormalized parameters, plus corrections that go
as inverse powers of the heavy masses and vanish in the
asymptotic limit. Therefore, it implies the following con-
ditions,

ALYV (cig) + 61,32V (cip) = 05 k* < mi, Vi,
(33)
where, for the present case, m; are the heavy Higgs masses,
k any of the external momenta, and, by =~ 0 we mean quan-
tities vanishing in the decoupling limit which have been
written generically along this paper as being of
O (X Aam?

Xm27 Xm?2 |-

In order to find the wanted explicit SM counterterms
we need to include in (33) the asymptotic results presented
in the previous section for AI', write 61" in terms of the
SM counterterms and finally solve the complete system of
equations with all the two, three and four point functions
included.

By using the standard multiplicative renormalization
procedure [44,49], the bare SM electroweak fields and pa-
rameters, denoted here by a superscript 0, and the renor-
malized ones are related by,

WO =Z21*W, , BO=7Z}*B,, " = (Zs)*®,
&y = Ew(l+6&w) , €% =Ep(1+6ER),
9" =2y (9-09) , 9" =25 (4 - 09),
0 = (Z@)%(U —v) , Z; =1+4+8Z;,i=Azw,Be. (34)

The counterterms for the physical masses and physical
fields are related to the previous ones by,

5g .o
sm?, = m2, <5Z¢ 9% %Y 6ZW>
g v
5 5g v
sm% = m2, (5245 - QCQ;Q —252,%% _ 25 - 6ZZ)
624 = S%V(SZW + C%V(SZB
627 = ci6Zw + 82,075, (35)

where, as usual, s3, = 1 —m2,/m% and e = gsw .

The contributions from the various renormalization
constants to the two, three and four point functions can
be written as [44],

SIot == (st 62w + ¢, 62ZB) k*] g
+ [53‘, <5£W + (1 - 1) 5ZW>
Ew Ew

+c2, (iﬁf + (1 — ;) 6ZB>} Ky ko s
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09" dg
FAZ — Sl 2 g Zd
0 m [CW M < g g >
—swew (02w — 62 ) k2 Guv
+SwCw {(%W + (1 - 1> 0w
Ew Sw
o (1g) )
——= —\1——|d8ZB| k., k.,
{B B Bl e
SI77 = [6my + (my — k?)
X (C€V§ZW + 8‘2,‘/(523)] Guv
1) 1
o (e (1) o)
1 1
+52, <§; + <1 - é“B> 5ZB>] kky,
5FX,‘§W = [5m%v + (myy — k2) 62w Guv
n [‘%Vu (1 1) 524 -
Sw Ew
5F;3};V+W7 =09Sw Lpucr |:5ZW - 5gg:| )
5F5VV:+W_ = g Cw L/,Ll/O' |:5ZW - (Zg:| )
5F;?;4¢TM§\+W7 = _g2 83‘/ B;UJO'/\ 5ZW -2 %g )
(SFF‘:‘Z,Z(XV)\+W7 = —¢% sy Cw Buvor {5ZW -2 699] ,
STEZ =~ & B |62 —22 |

(;FlIL/ILZVK_W"'W_ = g2 Blmy)\ |:5ZW — 229] .
The results for the one-loop contributions to the elec-
troweak gauge boson functions, presented in the previous
section and in appendix A, can be rewritten in a more
simplified form and in terms of just the heavy m 40 mass
as follows,

62

AA _
AF;LI/ ——W’CHVWH7
252, — 1)
AFAZ: €g ( w K uw
T 1602 oy v =
AFWW:—LICWLPH
e 1672 ’
> (25t —1)* 41
A2z - __9 (2sw K, v
v 1672 22, wv=H>
2
Awtw- _ €9
AF,LLZIO' - 1672 ;U/UQIH;
3
zwtw- _ 9
AF;U/U - 16’7’(’2 CWLMVO'WH)
2 2
Aawrtw- _ €9
AF,LLIJO’)\ - _].671'2 B;u/o’x\ WHv
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3

AZWTW 24
AF;U/U)\ :_@CWBMVUAWHa
4
ZZWTW— g
AFMVJA Z—chvﬁwakg’m
4
+tWwowtw— g
AF/Y‘I//UV}\/ W = 1672 B;LO'V/\ WH (37)
where,
1 m?
Uy = 6 (AE — log 30> ,
o
’CHV = kgguu - kp.kl/ (38)

By plugging the previous results of (35) through (38) into
(33) and by solving the system we finally find the following
solution for the SM counterterms?:

024 = 7@4711
miy = —miy 6 Zw = Wm%/l/WH
, ) 9> m% 2 L g
dmy = —my0Zy = 1672 g(l = 25y + 28y )W, (39)
and,

(40)

Notice that, as in our previous formulas, the results for all
the counterterms above have corrections, not explicitely
shown, that vanish in the asymptotic limit of infinitely
heavy m 4o.

To finish this section we find interesting to compare

(36) the previous results for the SM counterterms with the

corresponding counterterms of the on-shell renormaliza-
tion prescription which are defined, as usual, by [51]:

dmiy = —Re I3 (miy),
oxy ™ (k%)
5ZW = Re Thﬁ:m%‘/
om3 = —Re XZZ%(m%),
0X77 (k?)
(SZZ = Re Thﬁ:m%
OXAA(K?)
5ZA = RegT‘k2=O s
by 1 ZiE0)

=_—- =T (41)
g Cwsw Mz

plus the solution for d¢’ that is a consequence of the U(1)y
Ward identity,

(42)

4 Similar results have been found for sfermions, charginos
and neutralinos in [50]
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Notice that, after plugging our asymptotic expressions for
the E¥1 V2 functions of appendix A into (41), the solutions
for the on-shell counterterms coincide with our solutions
of (39) and (40) in the decoupling limit.

In summary, we have shown in this section that the
heavy MSSM Higgs particles decouple from the low energy
electroweak gauge boson physics. We have found as well
that the SM counterterms that are needed to absorb all
the (non-physical) heavy Higgs effects are precisely the
on-shell counterterms, being these consistently evaluated
in the decoupling limit.

5 Comparison with the SM Higgs boson case

We present in this section the paradigmatic case of the SM
heavy Higgs boson and its comparison with the present
case of a MSSM heavy Higgs sector. It is very well known
that the SM Higgs particle does not decouple from the low
energy electroweak physics. The logarithmic dependent
terms on the heavy Higgs mass that appear in various elec-
troweak precision observables to one-loop, as for instance,
Ap, Ar.., are clear remnants of the non-decoupling SM
Higgs effects. Indeed, it is precisely this non-decoupling
phenomenon that is after all being responsible for the
present upper Higgs mass limit, my < 230GeV at 95%
CL, which is imposed by the present data not allowing
easily to accommodate a heavy Higgs.

We present in the following the results of integrating
out the heavy SM Higgs particle at the one-loop level for
the electroweak gauge boson part of the SM effective ac-
tion. The corresponding results for the so-called effective
Electroweak Chiral Lagrangian and the chiral parameters
were found some years ago in [40,41, 7,42, 52]. We will work
here instead in the different context of the effective SM ac-
tion and the Appelquist Carazzone Theorem that we have
chosen in this paper.

By integrating out the physical Higgs boson particle at
the one-loop level in the SM, and by following the same
procedure as outlined in the previous sections, we have
found the following asymptotic results for the two, three
and four-point electroweak gauge functions, to be valid in
the very large Higgs mass limit, My,,, > Mz, k,

AA AZ
AT =0, AT ~0
2
g 1 2
1672 2¢2, Mt

M2
T

o

z7Z __
ATZ7 =

2 M?
ww _ 9 1. H
AF/W T 1672 2 MHSM <A€ — log ’LLQSM + 1) Guv »

o

ATAWW ~ 0, ATZVW ~ 0

pvo nvo

ATHITW ~ 0, ATAZEV ~ 0

pvo pvo
4 M2
zzww _ Y 1 H
AFMUUA = 1672 2C2W (AE_IOg NESM) Guv Gox
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2
AT = 9" 1 (4, tog Mitsu
1672 2 12
X (guu 9o + gu)\ gua) 5
4 1 M2
Arzzzz _ 9 A —1 Hsum
moX = 165224 &2
X (Guv Gox + Gux Gvo + Guo Gur) » (43)

where ~ 0 here means quantities that go with inverse pow-
ers of the SM Higgs mass and vanish in the asymptotic
limit.

Next, it is inmediate to find out the corresponding SM
counterterms given by,

5m%/V:5mZZ
my  my
2 1 2 M2
_ 9 L1 MHgy A —1 Hswm 1
2 2 e—log—o—+1],
16722 myy, 1
1) og’
ﬁzo’i/ %07
g g

5ZW:55W %0,(523 :(553 ~ 0. (44)
By comparing (44) and (39), (40) we already see some
differences. While in the MSSM all the Higgs mass de-
pendence, in the decoupling limit, is logarithmic, in the
SM case the dominant contribution to the two point func-
tions goes with the square of the Higgs mass. Another
relevant difference is in the four point functions. The re-
sults in (44) show that the one-loop corrections from the
SM Higgs integration are not proportional to the tree level
tensor, 8,5, and, as a consequence, these can not be ab-
sorbed by the SM counterterms. This is a clear indication
of the non-decoupling of the Higgs particle.

Finally, by substituting the previous results of (43) and
(44) into (32) , we see that the resulting renormalized SM
Green functions at low energies, £ < Mpyy,,, are not all
equal to the tree level ones evaluated at the renormalized
parameters, as in the MSSM case, but there are some extra
terms in the four functions given generically by,

L% (cig) — Tyt 23V (cim)
92 92 2
= a5 (2W#WM + ZLC%‘/Z#ZM) s (45)
with,
v? 11 M%
5= ————+ —== | A, —log —22 ) | 46
TS, e ( T ) (46)

Notice that the value of this effective parameter does not
coincide with the so-called electroweak chiral parameter as
computed in [40,41,53]. The reason is because this later
contains the quantum effects of mixed diagrams with both
gauge bosons and the Higgs particle in the loops which are
relevant for the computation of the non-decoupling con-
tributions to observables as for instance Ap. In contrast
the result presented in (46) does not include these mixed
diagrams.
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In summary, the previous (45) shows explicitely that
the decoupling theorem of Appelquist and Carazzone does
not apply in the case of the SM with a very heavy Higgs
particle.

6 Conclusions

We have shown in this work that the heavy Higgs Sec-
tor of the MSSM composed of the H*, H and A° scalar
particles decouple from the electroweak SM gauge boson
physics at the one loop level and under the hypothesis that
the Higgs masses are well above the electroweak gauge bo-
son masses. The demonstration has consisted of the com-
putation of the effective action for the electroweak gauge
bosons that results after the integration to one loop of the
H*, H° and A° Higgs bosons. We have found that, in
the limit of very large m% as compared to the electroweak
scale, all these one-loop effects can be absorbed into re-
definitions of the SM parameters, more specifically by the
counterterms of (39) and (40).

In this decoupling limit the only remnant to low ener-
gies is, therefore, the light MSSM Higgs particle hg with a
mass below approximately 130 GeV. However, it is still an
open question if all the interactions of this light Higgs par-
ticle with all the SM particles, fermions and gauge bosons,
in the decoupling limit and to all orders in perturbation
theory, are exactly the same as the SM Higgs particle in-
teractions. In our opinion, it is an interesting subject that
is worth to investigate.
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Appendix A

We present here the exact results for the 2, 3 and 4-point
Green functions of the electroweak gauge bosons, and their
asymptotic results in the decoupling limit, m . > mz,
and with all the heavy Higgs masses much larger than
any of the external momenta.

In order to present these results for the corresponding
Green functions, we use the notation introduced in (29).
For brevity, we have omitted the arguments of the one-
loop integrals and we use the following compact notation:

L =10 (k,mpy, ,mao), I.) =

Tﬁ4 = T;yl(pa mH17mA°) ’ Tsl = Tgl(kamH")mHl)a

Iiuz(kva"vab)

123 _ 7123
T,00=T,5 (p, k,mg1,mgz, mpo),

uvo uvo
231 _ 231
Tyon = Ton(ksr,mpr2, mpo, mp ), ete.

Let us mention that all the asymptotic expressions be-
low have corrections that are suppressed by inverse powers
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of the heavy masses, which vanish in the asymptotic large
mass limit. They have been evaluated to one loop in di-
mensional regularization, with:

2
Ac==-—7.+log(dn) , e=4—-D, (A1)
€

and p, is the scale of dimensional regularization.

Two-point functions

By following the notation given in (29) for the 2-point
Green functions, I O‘ZI,Y 2 represent the tree level contribu-
tions which are written in a covariant arbitrary gauge Re¢

as,

;) kuk, (V. =2,W),

v

LYY (K) = (m2 — k2)g,, + (1 _

1
FO:j;f‘ = 7]{:29#1/ + <1 - 5) k,uk'l/7

A

TV Ve =0 if V; # Vs,

3%

(A.2)

and A ;Y 1V2 are the one-loop contributions defined in
terms of the transverse and longitudinal parts, XY "2 and

XVive by
k#kl,>
k2

AFX},‘& — E¥1 Vz(k) (g,uu _

kuk,
k2 -
The exact results for the one-loop contributions to the

two-point Green functions of the electroweak gauge bosons
are:

+ X0 V2 (k) (A.3)

62
AL (k) = T 1672 { [Ao(mm,) + Ao(mm,) | guw
1 12 21 A
) (1, +13)] (A.4)
zZZ 92 1 2
AL (k) = — 16 i Cowl[Ao(mm,) + Ao(mm,)] 9w
1
+Ao(muze) + Ao(mao)] g — 5 (283 = 1)’
X [ L+ 15 ] — %siﬁ [ 10 + 1] } (A.5)
ATAZ (k) = =9 L Lo LAo(man) + Ao(ma,)] 9
e 16 12 2 ¢y ! 2/ Iy
1
+5 (255, — 1) [1))+17) ] }
(A.6)
ww g 1
AF[}.D (k) = 7167_[_21 [AO(mHl) +140(WLH2)
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+Ao(mpe) + Ao(mac)] g
Lioia | 24 pa1, ja2 , 2
T4 [IMV + IW + IHV + IHV + sap
x (I + 13+ 1) +122)] } (A7)
where I'J has been defined in (27) and Ay is the scalar

one-loop integral, which is defined in [46,47].

By using the asymptotic results of the one-loop inte-
grals that were presented in our previous work [33,34], we
obtain the following asymptotic results for the one-loop
heavy Higgs contributions to the transverse and longitu-
dinal parts:

° m%i > k2

I m?
(k) = T 1672 3 (Ae —log MBQH) ; (A8)
252, — 1) k?
Z;Z(k)H: €g (SW )7

16 72 2cy 3

2
X <A€ —log ml’?) ,
1

o

(A.9)

° m%li,m%{o,mio > k%5 mY. — mi.| < Im%. +m2.|:

2
g 1
277 (k)g = 1622 402{ h(mipe, m%.)
w
k2

2
2 m
3 {(253‘, -1 <A€ —log ,UI?)

o

2 2
+<A6_logw>} } (A.10)
i

o

° qui,quo,m%o > k2 |m%{o —m%i| < |m%{o +m§{i| ;
Im2%e —m3.| < |mio +m3 .|

2 1
()= {[h (2 20 + b (2 2]

T 16m2 4

s A —log 7m§{+ i
3 ¢ 242

+ (Ae —lo

2 2
gW)] } A
2p3
where h(m?,m3) is a function defined as:

2 2
% +mlog — 2,
mi +mj mi +mj

(A.12)
and whose asymptotic behaviour in the large m; and
ma limit, with [m? — m3| < |m? + m3| is:

h(mi, m3) = mj log

h(mf mg) N m% —m% {(m% —m%)
)

2 (m? 4 m3)

+0 M ’ (A.13)
m?2 + m3 ' '
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The above results can be written, in a generic form, as:

Vy Ve _ Vy Ve Vy Ve 2 VvV Vg Vq Vs
PR 2(k;) = ETl(Of + ET{(I)Q k*, where ZTl(O)Z and ET1(1)2
are k independent functions. The results for the corre-
sponding longitudinal parts can be summarized in short
by:

Vv (k) = S0 Y V.

For example,

21
SYW (k) g = 1g7r2 7 (e mie)

+h (M3, m30)} (A.14)

Three-point functions

Analogously to the previous case, we define the three-point
Green functions by following the notation introduced in
(29), with ingoing momenta assignments V{'(—p), V3’ (—k)

and Vi (—r). The tree level contributions, FOXIU‘(/,Q V2 are
given by,
- -
Lo =ebuo, T, " =gcwbhue, (A15)
with:

Lyuo = [(k - p)aguu + (7' - k)ugua + (p - T)Vg[.to’] )
(A.16)
and the AWTW ™~ and ZW W~ exact one-loop contribu-
tions are:

AWTW
AF[I.VO’ H

eg? 1
8 1672

AR
+(T31 - Tulg) g;ta] + [(Tal4 - T;l) gul/

1
+(T’j11 _ TV14) gua] _ gsig [T231 _ T231 + T321 _ T321

vou ovp opv vuo
1
+T,28 — T3] — 3 (Than — T + Toh2 — T2
iz ] } (A17)
ZWtw—
AF;}, ve H

g° 1 2 2 13 31
= a 16 72 SaBSw [(Ta - Ta )g/“’
+(Tugl - Tuld) guo] + SEV [(T;Zl - T(;u) uv

1 )
HE - T g] - Letp(st, 1) 1220 72

vop ovp
1
o = Tono + Tuve = Tuau] — 5253 — 1) [Tg
1
~Tovn + Tous = Tous + Tuvo — Tuau] + 554

% [T341 _ T341 4 T:LLS(]} _ sz?;}/ 4 T;ﬁi _ T143 4 T134

uvo pov vuo opy

(A.18)

vuo ovp ovp

14 Tzﬂi a3 Tu?’;i - T314} } ’
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where T” and T[ﬂulf,
in [34].

By using the asymptotic results of the above men-
tioned integrals, we have obtained the following expres-
sions for the three-point functions in the decoupling limit:

are the one-loop integrals as defined

_ 1 2 2 20
AF:‘%JFWH _ . eg LMVO' {QAe _ w
1672 12 32
—log 2mH+ +mi,
33 ’
(A.19)
ADZWIW o ! gL QA—E
pro H T 6aa e, mre | WS T
« log myy +mip +mi, _ Cw
3u2 4
2m?,, +m?
H+ Ho
X (log 3.2
2m2,, +m?3,
+log H) } . (A.20)
3u
Four-point functions
Vg V3 V4

Finally, for the 4-point Green functions, F Vi Lo , with
ingoing momenta assignments V/'(—p), V2 (—k), V3"(—7‘)
and V) (—t) we have obtained the results presented below.
The tree level corresponding contributions different from
zero are:

Féf%t\wi = —e* B0,
F64MZVVZJ;W7 = _QQSWCWB;WU)\ )
EA =~ Buon,
oW VI = 2B (A.21)
where 8,5, is defined by,
Buvox =[20pv90x — GuoGur — Gurgvol ,  (A22)

and the exact results for the one-loop contributions of the

heavy Higgs sector, AFX y Zz)\V?’ VI‘fI, are the following:
AAWTW

AFM vo H
e’g’

~ 1672

82

{guuga)\J +k + - 4 (guagu)\Jerr + gl/ag,u)\t]]%ir)

8 31 1 1 1
+% (gILGgVAJpJ,-r + gVﬂgHAJk+r) - igﬂk [Jp,il + ‘]ulul]
2
S

2 G T+ Gop T2 + gau JHE + g 1Y

4
1
_z[gaw]ﬁyl +QUMJ3,1\4 +g>\uJ +g MJ114]

2
J311

1
- 2 Ao 2 l“’J141

J1113 [J1141 T J1141 ]}, (A23)

l//\(T pAov noAv
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ATSZNTW,
2
eg s
= M{Czwguugakjgik - 7W (guagy,\Jp+T
2ﬁ52
[e% w
guagp)\Jk+r) T ( uagu)\Jp+r gvagp)\J]?Jlrr)
Cow gL gl Siﬁsgv J11 J113
5 ox [T + Vu]+T[9V>\ + 9vo i’ |
Sa Caw 113 137, S 114 114
_T[ [L)\Jl/cr +guaJ ]"_T[QV)\J#U +guaJ }
Caw 114 114 SZBCWV 311
- 4 [g:uAJIJO' +gﬂ<’"] ] - 2 ']

2

c
_ 22W J141+T[g“ J134+9HUJ)\ + g J431

431 aﬁ Caw 1113 1113 1141
+gua<] ] 4 I:Jpl/a')\ + Juu)\a] 4 I:JM)\O'IJ
52
aB
+I) - 22 s + a2 | (A20)
AFZZW*W
pvo H
94 2 1 3
= W{Czwguuga)\J +k + 2guuga)\ [Jerk + Jp+k]

+s (g/,LO'g)\VJerr + g/LAgVaJk+r) + Saﬁs (guagAqu+r

C
+9urgvoJir) = 22W gox[ Tt + T — %ﬁ , I3
1 414 | Sap St Caw 11 113
*5 9uv J B [g/LAJ + gu/\le + g[L(TJ
2
C
g ] T [ T g g
2
1147 Sap 434 343\ _ Gw 141
+gVO'J } 2 (ga)\ Jp,y + 9o JMV ) 9 J
52 82
w
- aé [gu)ﬂ]ﬁgl + gu)\J;}gl + gl/UJ4)\ + g,ua'J431
+gu)\J3§4 + guAJiil + g#JJ1§4 + gqu341]
52 C2
2
PIR [ )+ S [ + ]
Siﬁ 4341 4341 4 3431 3431
+T [Juuak + Juuz\a] +— |:J Vo + JMV}\O’]
s2.c
T [T LA+ J4§}ir Tuxve | } , (A.25)
Wrw-wrw-
AL pvoX H
g' 11 1 a3
= 647_(_2{9/11/90)\ |:Jp+k + §Jp+k =+ Jp+k:| + GovJu

1
[Jk+r Jk+r Jk+r:| 2 [guo‘];%\4 - 9wuj414

S
_g)\o'J +g MJ414] - Lﬁ [gya

(J313
2 HA
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2
Sap

g
2

+9xu (ngl/B + legl)] - [ —Gvody, T+ gl’#‘];\?rl

J1313

e 4 J1313

4
S
+g>\oJ1}ﬁ1 - g/\ujigl} + %ﬁ [nglli'l)\ + HOVA

1414 1414
+ Jual/)\ + JMUAV]

1
FIER) + 1 LA + T

2
s
aB 111413 3141 1314 4131 1314 1314
+ 4 [Jp)\m/ + J/J,)\O’l/ + Jp)\au + J,u)\(n/ - J;Lo')\u — Yuov
1413 1413
7J[L(T)\V — Yuov ] } . (A26)
15 ijk ijkl _ :
Here, Jp+k , Jy5) and JHW)\ are the one-loop integrals
given in [34].

The asymptotic results of the above contributions in
the decoupling limit can be written as:

AAWTW
AFMVUA H
62g2

1
T 1672 { - BWJAEAE +gwgmgl(mH+7mHo7on)

+(giLUQV)\‘i’g,u)\QVcr)92(77LH‘*'7T”H",Tnz‘x")} (A27)

AZWTW ™
AF;LVUA H
3 2
eg 1 c
= - 1672 QCW{ Buuo)\ ?WAG + Guv Go X

><g3(mH+,mHo,on)

+(gﬂagv)\+gu)\gug)g4(mH+7mH°»mA")} (A28)

i —
ALZIAN
4 4
g 1 c
= - 1672 ﬁ { BMVUA?WAe + Guv Go X
w

X g5 (M g+, Mo, Mao)
+(g#crgv)\+g,u)\gu0')96(mH+7mH°7mA°)} (A29)

wrtrw-wtw-
AF[}.DO’)\ H
g' 1

2
~ 16724 {ﬁ‘“’”/\ §A6 + Guo Gux gr(Mp+, Mpe, mao)

+(Guv gox + guAguU)QS(mH+»mH°7mA")} (A.30)

where the g;(mpg+,mpgo,mao) (i = 1...8) functions are
given by,

1 2m?,, +m%4, 1 2m?2, . +m?,
g1 = = log —/—H= A% 5 4 + ~log —HT __H° 5 H
2 3pg 2 3pg
B 31 log 3m§{+ +m2, _ 11 ?)mipr +m2.
3 4p2 3 p3 ’
B PR P S B P
4 243 4 23
N 1 2mi ., +m3, 1 2mi ., 4+ mi,
2 3 2 33

g3

g4

gs

9ge

499

_ llog 3mi. +mhe 1 og 3mi + mip
3 Ap3 3 A ’
__Gw 2mi, + M Cow ) 2m3 ., + mi,
T2 T 2 33
c 3m? . +m%.  « 3m2 . +m,
+ 23W og HZM2 A + 23W1 o H;luz H
_ 110 Qm%w +mi, +mi,
3 %8 42 ’
R mhamh R
2 203 2 23
1 2m?, . +m3., 1
< log 2m% . +mihe  Cow log 3mi . +mie  Cow
33 3 4p 3
3m2, +mi. 1. m%, +mi. +mi,
x log — =A% 4 —]og — £ L
4p? 2 3u3
1 2m%, +my. +mi,
3 %8 42 ’
1. m%, 1. m% 1  2my, +m?
= —log —2 4 “log —4% — ZJog —H __HY
T A A 3p3
~Lioe e + My G log 2migs e G
4 32 4 3u2 4
2mi ., +mi, 1 mi. +2m%. 1
X log 73#,2 — Z og 73/12 — Z
2m2, +m?, 2 3m2, +mi. 2
X log H3lu2 A + 6W g H;rluz H + 6W
3m2+mi. 1. mi, +mi. +2m3,
x log —X + —log —X&
4p? 6 Ap3
N m3. +2my, +mi,
6 ® 42
_ Cw 2m2 +mi, +m?,
3 Ay ’
= i lo 7m%0 iy + i log 77711240 - i — 52
2 202 2 202 w
< log mi . +mi. +mie 5 Cow 1 2m2., +m?,
3pg Y2 3u3
1 g2 Caw 4 2m . +mipo n Cow 3mi + mip
Y2 3 6 4pd
+ cgw lo 3m%—[+ + m%“ _ Caw
6 0T 42 3
<o 2m2, +m3, + m?,
& Ay
N m3,. +mi, + 2m3,
6 ® 4p?
N }log m3. + 2m3, +mi,
6 42 ’



500
2 quo + mfﬁ 2 m1240 + m%ﬁ
gr = —-log ——————"— — - log —————"—
3 2p3 3 243
m?2 1. m%. 1., m?%,
gs = — log ;;r — ilog ,521 — §log /;2‘

2m3, +mi.,

+ log 7?)#2 0 352
2m2, + m?2 2m2.. +m?
1 Ae Ht | H+ Ao
TS T g
2 +m2%. 2 2 +mi,
~ 3o mH;szH —3 7mH+2uzmA (A.31)

Notice that all these g functions behave in the decoupling

limit generically as,
m2., Am?
F)ro(s)
Ho Zm

(A.32)
and the differences Am? vanish in the present case of the
heavy MSSM Higgs sector in the asymptotic limit.

gr(mp+,mpgo,mao) = O <log
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