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Effective Higgs-quark-quark couplings from a heavy supersymmetric spectrum
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In this paper we study the Yukawa Higgs-quark-quark interactions that are generated from radiative correc-
tions of squarks and gluinos, in the minimal supersymmetric standard model. We compute the corrections to
the effective action for Higgs and quark fields that are produced by explicit integration in the path integral
formalism of all the squarks and gluinos at the one-loop level and orderas . In addition, we consider the limit
of nearly degenerate heavy squarks and gluinos, with masses much larger than the electroweak scale, and we
derive the effective Lagrangian containing all the relevant new local Higgs-quark-quark interactions. We show
that these new interactions do remain nonvanishing, even in the case of infinitely heavy supersymmetric
particles and, therefore, we demonstrate explicitly the nondecoupling behavior of squarks and gluinos in Higgs
bosons physics. We present the set of new Yukawa couplings and finally derive the corresponding one-loop,
orderas , corrections to the Higgs bosons partial decay widths into quarks.
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I. INTRODUCTION

The Higgs particle discovery and the subsequent stud
its physical parameters and couplings is probably the m
urgent challenge for particle physics phenomenology in
near future. The major task of this analysis, once one
several Higgs particles have been discovered, will be to
ravel their supersymmetric~SUSY! or nonsupersymmetric
origin. Obviously, the best evidence for the existence of
persymmetry in nature will be the discovery of genui
SUSY particles, but it may well happen that the SUSY sp
trum turns out to be too heavy to be produced directly in
planned experiments. In this case, and in order to prove
existence of SUSY particles, it will be mandatory to sea
for indirect SUSY signals via their contribution to the radi
tive corrections in either couplings, physical parameters
particle masses and/or decay widths, or precision obs
ables, in a similar way as it has been done in the past a
CERN e1e2 collider LEP for indirect searches of the to
quark and the standard model~SM! Higgs particle. In fact,
there is already an extensive work done on these SUSY
diative corrections and their phenomenological implicatio
in the literature@1#.

In this work we study the radiative corrections fro
heavy SUSY particles to the Yukawa Higgs-quark-quark
teractions using a different but powerful approach provid
by the effective action formalism. We concentrate here on
contributions from the SUSY-QCD sector of the minim
supersymmetric standard model~MSSM! but extensions of
this work to the SUSY-electroweak sector of the MSSM a
to other SUSY models can be easily performed. In short,
procedure goes as follows. We start with the tree-le
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MSSM Lagrangian@2,3#, and consider the Higgs sector in
teractions with quarks and the relevant SUSY-QCD sec
interactions. These are the Higgs-squark-squark interact
and the squark-quark-gluino interactions. We perform a st
dard functional integration, to one-loop level, of all th
squarks and gluinos and get the effective action contain
all the exact, non-local, one-loop level interactions of t
MSSM Higgs particles with quarks. We next examine t
limit where the SUSY particles are much heavier than
electroweak scale,mEW;O(246 GeV), and find out the ef
fective local interactions of these Higgs particles with qua
being generated at one-loop level and at low energies f
the heavy SUSY-QCD spectrum. These effective local in
actions come, in our approach, from a large SUSY m
expansion of the one-particle irreducible functions in pow
of (p/MSUSY)

n, with p being any typical external momentum
or mass of the order of the electroweak scale, andMSUSY

being the heavy SUSY masses (MSUSY@mEW). The leading
contribution of zero order,n50, corresponds to the exac
result in the zero external momentum approximation. T
advantage of using an effective action approach is tha
provides not just the first term in the expansion but the wh
series.

The main motivation of this work is to investigate wit
complete generality whether or not there is decoupling
heavy squarks and gluinos in the low energy effective int
actions of the MSSM Higgs sector with the SM quarks.
particular we will concentrate on the effective Yukawa-lik
interactions hobb̄, hot t̄ , Hobb̄, Hot t̄ , Aobb̄, Aot t̄ and
H1 t̄ b that are generated by explicit integration of stop
sbottoms and gluinos to one-loop level and to orderaS . We
have focused on these SUSY-QCD third generation radia
corrections since they are the dominant ones@4–8#.

The decoupling behavior of SUSY particles has be
studied previously with complete generality for the effecti
electroweak gauge bosons self-interactions and within
©2002 The American Physical Society23-1
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same effective action approach in a series of works@9#. It has
been shown, by explicit integration to one-loop level, th
heavy squarks, sleptons, charginos and neutralinos do
couple in the low energyW6, Z andg self-interactions. In
agreement with the Appelquist-Carazzone theorem@10#, this
means that the heavy SUSY particles do not generate
new electroweak bosons interactions that were not alre
present at the SM Lagrangian, and all the terms found in
low energy expansion of the effective action indeed decou
as inverse powers of the heavy SUSY masses. The beha
of decoupling in the present context of Higgs-quark-qu
interactions has been studied partially by several authors
none with complete generality. Some of these couplings w
studied in the context of the zero external approximation
@11–14#. The radiatively generated momentum-depend
Yukawa couplings for the case of neutral Higgs bosons
light quarks withmq!mH , and for external on-shell par
ticles, have been considered in@15#. In addition, there are

several studies of the partial decay widthsG(ho→bb̄) @16#

andG(H1→tb̄) @17# in the limit of heavy SUSY particles
by using a Feynman diagrammatic approach. All these s
ies already indicate a non-decoupling behavior of the he
SUSY particles in the Higgs sector of the MSSM. This
manifested as some non-vanishing contributions in the o
loop radiative corrections of the partial widths from genui
SUSY particles, which are present even in the case of i
nitely heavy SUSY masses.

Here we study the decoupling behavior of SUSY partic
in the effective field theory formalism. Indeed, we dedu
the particular effective theory that remains at low energ
after explicit integration in the path integral of the hea
SUSY modes in the MSSM theory. Our starting point w
regard to the Higgs sector interactions with quarks is the w
known tree-level MSSM Lagrangian, which belongs to t
class of two Higgs doublet models of type II~2HDMII ! @3#
where one of the two doublets couples just to the top-l
quarks and the other one just to the bottom-like quarks.
this level, the absence of other possible Yukawa coupling
indeed a consequence of the underlying supersymm
When integrating out SUSY particles, one could, in pr
ciple, find out different scenarios at low energies. One m
end up either with effective interactions of the same type
or, in the most general case, one could generate new inte
tions belonging to the unrestricted type III models~2HD-
MIII ! @18#, where both doublets couple to both top a
bottom-like quarks. It has been argued on general grou
@16,17# that the most plausible scenario at low energies
2HDMIII, since the supersymmetry is broken by the hea
SUSY masses and, therefore, the restrictions imposed by
symmetry do not apply. However, the final answer can o
be known once these effective low energy interactions h
been explicitly computed. In case one gets a 2HDMII o
should conclude that there is indeed decoupling of the SU
particles, since all their effects can be absorbed into red
nitions of the low energy parameters, couplings and fields
contrast, if one gets a 2HDMIII one should conclude there
no decoupling of the heavy SUSY particles, since their
fects cannot be eliminated by that redefinition. In this lat
07502
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case, the new effective interactions do remain at low en
gies, even in the infinitely heavy SUSY masses limit a
consequently, it may bring some hint of indirect SUSY s
nals.

The final goal of our work is precisely to compute, wi
complete generality, all these new effective Yukawa inter
tions in order to provide, first, a formal proof of SUSY no
decoupling behavior in Higgs physics and, second, the c
plete list with the particular values of the ne
hobb̄, hot t̄ , Hobb̄, Hot t̄ , Aobb̄, Aot t̄ and H1 t̄ b
Yukawa couplings, which in turn have interesting applic
tions for phenomenology@11–17,19–23#.

The paper is organized as follows. In Sec. II the Hig
and SUSY sectors together with the relevant interactions
the present work are briefly reviewed. In Sec. III we integr
out the squarks and gluino fields to one-loop level andO(as)
and we give the expressions for the non-local effective
tion. In Sec. IV we compute the effective local interactio
of Higgs particles with quarks in the limit of heavy squar
and gluinos. Finally, Sec. V is devoted to a complete disc
sion of the results and to the conclusions.

II. HIGGS, SUSY-QCD SECTORS AND RELEVANT
INTERACTIONS IN THE MSSM

In this section we briefly review the relevant MSSM spe
trum and interactions for the present work which are
Higgs sector, the SUSY-QCD sector, the Yukawa Higg
quark-quark interactions, the squark-quark-gluino inter
tions and the Higgs-squark-squark interactions.

In the MSSM Higgs sector there are five physical Hig
particles: twoCP-even neutral scalar particlesho, Ho, one
CP-odd neutral pseudoscalar particleAo and two charged
scalar particlesH6. Due to supersymmetry, the paramete
of the Higgs sector are constrained and, at the tree level,
can be written in terms of just two MSSM parameters. The
are commonly chosen to be the mass of theCP-odd neutral
Higgs boson,mAo, and the ratio of the vacuum expectatio
values of the two Higgs doublets, tanb5v2 /v1. The Higgs
bosons masses and the mixing angle in the neutral secto
given in terms of these two parameters, at the tree level

mH6
2

5mAo
2

1mW
2

mHo,ho
2

5
1

2
@mAo

2
1mZ

2

6A~mAo
2

1mZ
2!224mAo

2 mZ
2 cos2 2b# ~1!

tan 2a5tan 2b
mAo

2
1mZ

2

mAo
2

2mZ
2 .

The case of large pseudoscalar mass,mAo@mEW , deserves
special mention, because in this so-called decoupling li
@24# the ho boson resembles the SM Higgs boson.

Once the radiative corrections to the Higgs boson se
are included@25#, the Higgs mass pattern changes sligh
and depends on the other MSSM parameters as well. H
3-2
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EFFECTIVE HIGGS-QUARK-QUARK COUPLINGS FROM . . . PHYSICAL REVIEW D65 075023
ever, irrespective of the particular values of the MSSM p
rameters, there is the important prediction of the light
Higgs boson mass being below about 130 GeV, clea
within the reach of the present and future colliders.

The SUSY-QCD sector in the MSSM consists of squa
and gluinos. We focus here on the third-generation squa
which will be the relevant ones for the dominant radiati
corrections to the Yukawa couplings, and neglect poss
intergenerational mixing. The tree-level stop and sbott
squared-mass matrices are

M t̃
2
5S ML

2 mtXt

mtXt MR
2 D ,

M b̃
2
5S ML8

2 mbXb

mbXb MR8
2 D , ~2!

where

ML
25MQ̃

2
1mt

21cos 2b~1/222/3sW
2 !mZ

2

MR
25MŨ

2
1mt

212/3cos 2bsW
2 mZ

2

Xt5At2m cotb

ML8
25MQ̃

2
1mb

22cos 2b~1/221/3sW
2 !mZ

2

MR8
25MD̃

2
1mb

221/3cos 2bsW
2 mZ

2

Xb5Ab2m tanb. ~3!

Here mt and mb are the top and bottom quark masses,
spectively,mZ andmW are theZ andW gauge boson masse
respectively, andsW[sinuW. The parametersMQ̃ , MD̃ and
MŨ are the soft-SUSY-breaking masses for the thi
generation SU~2! squark doublet (t̃ L ,b̃L) and the singletsb̃R

and t̃ R , respectively.q̃L,R are the superpartners of the chir
projections of quarksqL,R5PL,Rq, respectively, where
PL,R5(17g5)/2. Ab,t are the corresponding soft-SUSY
breaking trilinear couplings andm is the bilinear coupling of
the two Higgs doublets. The squarks mass eigenstates
given by

S q̃1

q̃2
D 5~Rq!21S q̃L

q̃R
D , ~4!

where

Rq5S cq 2sq

sq cq
D , ~5!

and cq5cosuq , sq5sinuq with q5t,b. The stop and sbot
tom mass eigenvalues are given by

M t̃ 1,2

2
5

1

2
@ML

21MR
26A~ML

22MR
2 !214mt

2Xt
2#,
07502
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Mb̃1,2

2
5

1

2
@ML8

21MR8
26A~ML8

22MR8
2!214mb

2Xb
2#.

~6!

And the squark mixing anglesuq (q5t,b) are given by

cos 2u t5
ML

22MR
2

M t̃ 1

2
2M t̃ 2

2 , cos 2ub5
ML8

22MR8
2

Mb̃1

2
2Mb̃2

2 ,

sin 2uq5
2mqXq

Mq̃1

2
2Mq̃2

2 . ~7!

The free Lagrangian for Higgs bosons, quarks, squa
and Majorana gluinos in the physical basis are given, resp
tively, by

L0~H !5
1

2 (
H

~]mH]mH2HmH
2 H !

L0~q!5b̄~ i ]”2mb!b1 t̄ ~ i ]”2mt!t

L0~ q̃!5 (
i 51,2

~]mb̃i* ]mb̃i2Mb̃i

2
b̃i* b̃i !

1 (
i 51,2

~]m t̃ i* ]m t̃ i2M t̃ i

2
t̃ i* t̃ i !

L0~ g̃!5
1

2
gD ~ i ]”2Mg̃!g̃, ~8!

where the sum inH runs along the Higgs fieldsH
5ho,Ho,Ao,H1,H2, and H1,H2 are related to the physica
charged Higgs bosons byH15(H11H2)/A2, H25

2 i (H12H2)/A2 andmH1
2

5mH2
2

5mH6
2 . Mg̃ is the gluino

mass, and we have omitted for brevity the color indices
the gluinos, quarks and squarks fields. Notice that in orde
make more explicit our posterior assumption on the m
spectrum, we have denoted by littlem all the light masses of
the order ofmEW , and by capitalM all the heavy masses o
the order ofMSUSY.

The tree-level Yukawa Higgs-quark-quark interactions
the MSSM are like in a general 2HDMII:

L~H,q!5
gmb sina

2mW cosb
hob̄b2

gmt cosa

2mW sinb
hot̄ t

2
gmb cosa

2mW cosb
Hob̄b2

gmt sina

2mW sinb
Hot̄ t

1
igmb

2mW
tanbAob̄g5b1

igmt

2mW
cotbAot̄g5t

1
gmb

A2mW

tanb~H1 t̄ LbR1H.c.!

1
gmt

A2mW

cotb~H1 t̄ RbL1H.c.!. ~9!
3-3
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The MSSM gluino-squark-quark interactions terms, in t
chiral basis, are

L~ g̃,q̃,q!52A2gst~gD t̃ L* tL1gD b̃L* bL

2gD t̃ R* tR2gD b̃R* bR!1H.c. ~10!

where tgD q̃* q[t i j
a gD aq̃* iqj , and t i j

a are the standardSU(3)c

generators. We will omit the color indices from now on.
Finally, the Lagrangian terms involving Higgs-squar

squark interactions, in the chiral squarks basis, are

L~H,q̃!5 (
i , j ,Hn

@~aHn

t̃ ! i j Hnt̃ i* t̃ j1~aHn

b̃ ! i j Hnb̃i* b̃ j #

1 (
i , j ,Hc

@~aHc
! i j Hct̃ i* b̃ j1H.c.# ~11!

where thei and j indices run alongL,R; the Higgs fieldsHn
alongHn5ho,Ho,Ao andHc alongHc5H1,H2. The expres-
sions for the couplingsaH are given in Appendix A.

III. INTEGRATION OF SQUARKS AND GLUINOS

In this section we perform the integration to one-lo
level and toO(as) of the squarks and gluinos in the MSS
by using the standard functional techniques. Since we
studying here the effect of the SUSY-QCD sector on
Yukawa Higgs-quark-quark interactions, we take just the
evant terms in the MSSM action, which can be generica
written as

S@H,q,q̃,g̃#5S0@H#1S0@q#1S0@ q̃#1S0@ g̃#1S@H,q#

1S@ g̃,q̃,q#1S@H,q̃#, ~12!

where theS0 andS are given in terms of the free and inte
action Lagrangians, respectively, of Eqs.~8!, ~9!, ~10! and
~11! by

S0@F#5E dxL0~F!, F5H,q,q̃,g̃,

S@H,q#5E dxL~H,q!, ~13!

S@ g̃,q̃,q#5E dxL~ g̃,q̃,q!,

S@H,q̃#5E dxL~H,q̃!, ~14!

anddx is the ordinary space-time integration measure.
In the following we introduce some convenient compa

notation for the functional integration. The chiral qua
fields, their squarks partners and the physical squarks
grouped here as
07502
e
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Q5S tL

tR

bL

bR

D , Q̃ch5S t̃ L

t̃ R

b̃L

b̃R

D , Q̃5S t̃ 1

t̃ 2

b̃1

b̃2

D .

The two squark basis are related via an orthogonal 434
matrix R, given in terms of the matricesRq(q5t,b) of Eq.
~5!, by

Q̃ch5RQ̃, R5S Rt 0

0 Rb
D . ~15!

With regard to the gluinos, which are Majorana spino
we will use a Majorana representation for theg Dirac matri-
ces so that the Majorana fields will be real,g i( i 51,2,3)
imaginary and symmetric,g0 andg5 imaginary and antisym-
metric and the chiral projectors Hermitian.

With this notation, the squark and gluino dependent ter
of the above action can be written in terms of the physi
states as follows. The free squark action is

S0@ q̃#5E dxQ̃†~2h2Mq̃
2
!Q̃[^Q̃†Aq̃

0
Q̃&, ~16!

where Mq̃
2
[diag(M t̃ 1

2 ,M t̃ 2

2 ,Mb̃1

2 ,Mb̃2

2 ) and h[]m]m. The

free action for the Majorana gluino fields is

S0@ g̃#5E dx
1

2
gD ~ i ]”2Mg̃!g̃[

1

2
^gDAg̃

0
g̃&. ~17!

The gluino-squark-quark interactions are written in comp
notation as

S@ g̃,q̃,q#5E dx~2A2gstgD Q̃†RTSQ1H.c.!

[^gD Q̃†OQ&1H.c., ~18!

where we have introduced the matrixS[diag(1,21,1,21)
and the interaction operator is defined as

O[2A2gstR
TS. ~19!

The Higgs-squark-squark interactions are given by1

S@H,q̃#5(
H

E dxHQ̃†BHQ̃[^HQ̃†BHQ̃&, ~20!

1Since we are not going to integrate here the Higgs fields,
work in the unitary gauge and refer always to the physical Hig
basis.
3-4



e

he
th
s

nd

q.

a

th
e

si
,

-
be

tor

op
to
ion

ith

es
ich
rk
es-

EFFECTIVE HIGGS-QUARK-QUARK COUPLINGS FROM . . . PHYSICAL REVIEW D65 075023
where H runs again along H5ho,Ho,Ao,H1,H2, BH
[RTAHR and AH are the 434 coupling matrices that ar
defined in Appendix A.

We next outline the computation of the contribution to t
quarks and Higgs bosons effective action coming from
functional integration of the squark and gluino field
DGe f f@H,q#. This integration can be written as

eiDGe f f[H,q]5E @dQ̃†#@dQ̃#@dg̃#

3ei (S0[ q̃] 1S0[ g̃] 1S[ g̃,q̃,q] 1S[H,q̃]) . ~21!

After this integration the total effective action for quarks a
Higgs particles will then be obtained by

Ge f f@H,q#5S0@H#1S0@q#1S@H,q#1DGe f f@H,q#.
~22!

In order to perform first the gluino integration we write E
~21! as

eiDGe f f[H,q]5E @dQ̃†#@dQ̃#ei ^Q̃†(A
q̃

0
1HBH)Q̃&

3E @dg̃#ei (1/2)^gDA
g̃

0
g&1 i ~^gD Q̃†OQ&1H.c.). ~23!

A standard Gaussian integration of the real Grassmann v
able g̃ yields

eiDGe f f[H,q]5E @dQ̃†#@dQ̃#ei ^Q̃†(A
q̃

0
1HBH)Q̃&

3e2( i /2)^h̄(A
g̃

0
)21h&, ~24!

where we have omitted a field independent global factor
is irrelevant for the effective action, and we have introduc
the Majorana field

h[Q̃†OQ1Q†O†Q̃. ~25!

Thus, we have

eiDGe f f[H,q]5E @dQ̃†#@dQ̃#

3ei ^Q̃†(A
q̃

0
1HBH2OQg0Dg̃Q†O†)Q̃&

5@det~Aq̃
0
1HBH2OQg0Dg̃Q†O†!#21,

~26!

where we have performed another complex-scalar Gaus
integration andDg̃5(Ag̃

0)21 is the gluino propagator which
in the position representation, can be written as
07502
e
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ri-

at
d

an

Dg̃xy5E dk̃
e2 ik(x2y)

k”2Mg̃

, ~27!

where dk̃[d4k/(2p)4. Therefore, aside from a field inde
pendent term, the contribution to the effective action can
written as

DGe f f@H,q#5 i Tr log@11Dq̃~HBH2OQg0Dg̃Q†O†!#,

~28!

where Tr is the functional trace, and the squark propaga
Dq̃5(Aq̃

0)21 is given, in the position representation, by

Dq̃xy5E dq̃
e2 iq(x2y)

q22Mq̃
2 , ~29!

where

1

q22Mq̃
2 [diagS 1

q22M t̃ 1

2 ,
1

q22M t̃ 2

2 ,
1

q22Mb̃1

2 ,
1

q22Mb̃2

2 D .

Expanding the logarithm in Eq.~28! we get

DGe f f@H,q#5 i (
k51

`
~2 !k11

k

3Tr@Dg̃~HBH2OQg0Dg̃Q†O†!#k

[(
k51

`

DGe f f
(k) . ~30!

In this work we are interested in the possible one-lo
effects of the SUSY-QCD sector on the Higgs couplings
quark pairs and, therefore, only a few terms of this expans
will be taken into account. Fork51 we have

DGe f f
(1)5 i Tr Dq̃~HBH2OQg0Dg̃Q†O†!, ~31!

which in the position representation reads

DGe f f
(1)5 i tr(

H
E dxDq̃xx~HxBH!

2 i trE dxdyDq̃xyOQyg0Dg̃yxQx
†O†, ~32!

where the notation for the fields isHx5H(x), Qy5Q(y),
etc. The first term corresponds to the Higgs tadpoles w
squark loops which are of zero order inas and, hence, will
not be considered in the following. The second term giv
the one-loop contributions to the quark propagators wh
are of orderas and involves both a gluino and a squa
propagator in the loop. By substituting the previous expr
3-5
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sions for the operatorO and for the squark and gluino propa
gators, and after some algebra, this second term can be
ten as

DGe f f
(1)5

2as

3p E dxdy(
abc

Q̄x
c~SR!caPxy

a ~RTS!abQy
b ,

~33!

where

Pxy
a [E dp̃e2 ip(x2y)@p”B11Mg̃B0#~p2,Mg̃

2 ,Mq̃a

2
!

~34!

and the indicesa,b,c run along the four entries correspon
ing to the quarks and the~physical! squarks matrices in Eq
~15!.

The k52 contribution is given by

DGe f f
(2)52

i

2
Tr@Dq̃~HBH2OQg0Dg̃Q†O†!#2

5 i Tr~HBHDq̃OQg0Dg̃Q†O†Dq̃! ~35!

where in the last equality we have omitted those terms
do not contribute to the Higgs-quark-quark couplings. In
position representation this last term can be written as

DGe f f
(2)5 i tr(

H
E dxdydz

3HxBHDq̃xyOQyg0Dg̃yzQz
†O†Dq̃zx . ~36!

Finally, by substituting the operatorO and the squark and
gluino propagators of Eqs.~19!, ~27! and ~29! in Eq. ~36!,
and after some algebra, this contribution to the effective
tion can be written in terms of the standard one-loop in
grals as

DGe f f
(2)52

2as

3p (
H

E dxdydz

3 (
abcd

Q̄z
d~SR!daHxBH

abVxyz
ab ~RTS!bcQy

c , ~37!

where

Vxyz
ab [E dq̃dp̃e2 iq(x2y)e2 ip(z2y)

3@p”C111q”C121Mg̃C0#

3~p2,q2,r 2,Mg̃
2 ,Mq̃a

2 ,Mq̃b

2
! ~38!

with r[2(p1q). Here again, the indicesa,b,c,d run along
the four entries of the quark and squark matrices andH runs
along the Higgs fieldsH5ho,Ho,Ao,H1,H2. The last paren-
thesis refers to the arguments of the scalar three-point i
07502
rit-

at
e

c-
-
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grals. Our definition of the scalar one-loop integra
B0 ,B1 ,C0 ,C11 and C12 is as in@26# and is given for com-
pleteness in Appendix B.

The corresponding generic Feynman diagrams forDGe f f
(1)

andDGe f f
(2) of Eqs.~33!, ~34! and~37!, ~38!, respectively, are

shown in Fig. 1.

IV. EFFECTIVE HIGGS-QUARK-QUARK INTERACTIONS
FROM HEAVY SQUARKS AND GLUINOS

In this section we compute the effective local interactio
of Higgs particles with quarks to one-loop level andO(as),
in the limit of heavy squarks and gluinos. We derive t
quarks and Higgs bosons effective Lagrangian starting fr
the nonlocal effective action of Eqs.~22!, ~30!, ~33!, ~34!,
~37!, and~38! which includes the contributions coming from
integrating out the squarks and gluino fields. Next we p
form a largeMSUSY expansion that is valid in the limit o
nearly degenerate and very heavy SUSY particles,Mg̃;Mq̃
;MSUSY@mEW , wheremEW stands for any mass or extern
momentum associated with a non-SUSY particle, i.e. qua
gauge bosons and Higgs particles. For that purpose, we
sider all the SUSY mass parameters and them parameter of
the same order~collectively denoted byMSUSY) and much
heavier than the electroweak scale,2 that is, MSUSY;Mg̃
;MQ̃;MŨ;MD̃;m@mEW.

The effective Lagrangian is then defined in the usual w

Ge f f@H,q#[E dxLe f f~H,q!, ~39!

and, correspondingly to Eq.~22!, it can be written as follows:

Le f f~H,q!5L0~H !1L0~q!1L~H,q!

1DLe f f~H,q!. ~40!

In order to computeDLe f f(H,q) to one-loop order,
O(as), and in the limit of heavy squarks and gluinos, w
substitute into Eqs.~33!, ~34!, ~37! and~38! the correspond-

2Notice that our choice of largem is not necessary for a heav
SUSY-QCD spectrum but it will be mandatory to get all the gau
nos heavy in the SUSY-electroweak sector. Although it is n
needed for the present work, we are thinking of the whole SU
spectrum being heavy as compared to the electroweak scale.

FIG. 1. Diagrams corresponding toDGe f f
(1) and DGe f f

(2) of Eqs.
~33!, ~34! and ~37!, ~38!, respectively.
3-6
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ing interaction matricesS, R andBH and the expressions for the large mass expansion of the one-loop integrals and
angles given in Appendix B. After some algebra, we obtain the following result:

DLe f f~H,q!5
as

3p
Db̄~ i ]” !b1

as

3p

Mg̃~Ab2m tanb!

MSUSY
2

mbb̄b1
as

3p
D t̄ ~ i ]” !t1

as

3p

Mg̃~At2m cotb!

MSUSY
2

mt t̄ t

2
as

3p

gmb sina

2mW cosb

Mg̃~Ab1m cota!

MSUSY
2

hob̄b1
as

3p

gmt cosa

2mW sinb

Mg̃~At1m tana!

MSUSY
2

hot̄ t

1
as

3p

gmb cosa

2mW cosb

Mg̃~Ab2m tana!

MSUSY
2

Hob̄b1
as

3p

gmt sina

2mW sinb

Mg̃~At2m cota!

MSUSY
2

Hot̄ t

2
as

3p

igmb

2mW
tanb

Mg̃~Ab1m cotb!

MSUSY
2

Aob̄g5b2
as

3p

igmt

2mW
cotb

Mg̃~At1m tanb!

MSUSY
2

Aot̄g5t

2
as

3p

gmb

A2mW

tanb
Mg̃~Ab1m cotb!

MSUSY
2 ~H1 t̄ LbR1H.c.!2

as

3p

gmt

A2mW

cotb
Mg̃~At1m tanb!

MSUSY
2

3~H1 t̄ RbL1H.c.!1OS mEW

MSUSY
D n

. ~41!
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Some comments are in order. First notice that, as
pected, the SUSY-QCD effects summarized in Eq.~41! in-
clude both the divergent and the finite contributions fro
heavy squarks and gluinos. We have used dimensional r
larization to perform the one-loop integrals withD[2/e
2gE1 log(4p)2log(MSUSY

2 /m0
2), e[42D andm0 is the usual

mass scale of dimensional regularization.3 Second, all these
leading terms are ofO(mEW /MSUSY)

0, apart from the loga-
rithms, in the largeMSUSY expansion. The last contributio
in Eq. ~41!, not shown explicitly, refers to the next to leadin
order terms in the largeMSUSY expansion which are sup
pressed by inverse powers ofMSUSY (n.0) and vanish in
the asymptoticMSUSY→` limit. It is worth mentioning here
that, with this effective action formalism, one can easily g
as well these next to leading order contributions by sim
including the next terms in the expansions of the one-lo
integrals and mixing angles. We will not work out here the
terms but concentrate just on the leading terms which are
only ones that remain in the asymptotic largeMSUSY limit.
For a discussion on the next to leading order terms we r
the reader to@16,17# where they have been obtained for t
hob̄b and H1 t̄ b couplings, using a Feynman diagramma
approach.

In order to study the decoupling behavior of the SUS
QCD sector in the Yukawa Higgs-quark-quark couplings

3Notice that, presumably, the same results would have been
tained by using instead dimensional reduction.
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have to find out if the effects found in Eq.~41! can be ab-
sorbed or not into redefinitions of the tree-level masses, c
plings and wave functions of the light fields, namely,H and
q. We first redefine the quark fields and masses such
their corresponding kinetic and mass terms get the canon
form

b5S 12
as

6p
D Db8

t5S 12
as

6p
D D t8

mb5S 11
as

3p
D1

as

3p

Mg̃~Ab2m tanb!

MSUSY
2 D mb8

mt5S 11
as

3p
D1

as

3p

Mg̃~At2m cotb!

MSUSY
2 D mt8 .

~42!

After this, the remaining contributions inDLe f f are re-
written in terms of these new fieldsq8 and massesmq8 , and
we finally get
b-
3-7
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Le f f~H,q8!5L0~H !1b̄8~ i ]”2mb8!b81 t̄ 8~ i ]”2mt8!t81
gmb8 sina

2mW cosb F12
as

3p

Mg̃m

MSUSY
2 ~ tanb1cota!Ghob̄8b82

gmt8 cosa

2mW sinb

3F12
as

3p

Mg̃m

MSUSY
2 ~cotb1tana!Ghot̄ 8t82

gmb8 cosa

2mW cosb F12
as

3p

Mg̃m

MSUSY
2 ~ tanb2tana!GHob̄8b82

gmt8 sina

2mW sinb

3F12
as

3p

Mg̃m

MSUSY
2 ~cotb2cota!GHot̄ 8t81

igmb8

2mW
tanbF12

as

3p

Mg̃m

MSUSY
2 ~ tanb1cotb!GAob̄8g5b8

1
igmt8

2mW
cotbF12

as

3p

Mg̃m

MSUSY
2 ~ tanb1cotb!GAot̄ 8g5t81

gmb8

A2mW

tanbF12
as

3p

Mg̃m

MSUSY
2 ~ tanb1cotb!G

3~H1 t̄ L8bR81H.c.!1
gmt8

A2mW

cotbF12
as

3p

Mg̃m

MSUSY
2 ~ tanb1cotb!G ~H1 t̄ R8bL81H.c.!. ~43!
ss
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Notice that, as expected, the Higgs fields and Higgs ma
do not get corrections from the SUSY-QCD sector at
one-loop level andO(as), while the quark fields and quar
masses do get corrections from this sector. Notice also
the final result is independent of the trilinear soft-break
parameters,At,b .

The most relevant result is that we have found n
Yukawa interactions which were not present in the tree-le
interaction Lagrangian,L(H,q), and that cannot be absorbe
into redefinitions of the masses, couplings and wave fu
tions of the light fields. In order to illustrate this mor
clearly, we rewriteLe f f in terms of a set of new Yukawa
couplings,Dl,

Le f f~H,q!5L0~H !1L0~q!1L~H,q!

1Dlhob̄bhob̄b1Dlhot̄ thot̄ t

1DlHob̄bHob̄b1DlHot̄ tHot̄ t

1DlAob̄bAob̄b1DlAot̄ tAot̄ t

1DlH1 t̄ LbR~H1 t̄ LbR1H.c.!

1DlH1 t̄ RbL~H1 t̄ RbL1H.c.! ~44!

where

Dlhob̄b[
gmb sina

2mW cosb F2
as

3p

Mg̃m

MSUSY
2 ~ tanb1cota!G

Dlhot̄ t[2
gmt cosa

2mW sinb F2
as

3p

Mg̃m

MSUSY
2 ~cotb1tana!G

DlHob̄b[2
gmb cosa

2mW cosb F2
as

3p

Mg̃m

MSUSY
2 ~ tanb2tana!G
07502
es
e
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DlHot̄ t[2
gmt sina

2mW sinb F2
as

3p

Mg̃m

MSUSY
2 ~cotb2cota!G

DlAob̄b[
igmb

2mW
tanbF2

as

3p

Mg̃m

MSUSY
2 ~ tanb1cotb!G

DlAot̄ t[
igmt

2mW
cotbF2

as

3p

Mg̃m

MSUSY
2 ~ tanb1cotb!G

DlH1 t̄ LbR[
gmb

A2mW

tanbF2
as

3p

Mg̃m

MSUSY
2 ~ tanb1cotb!G

DlH1 t̄ RbL[
gmt

A2mW

cotbF2
as

3p

Mg̃m

MSUSY
2 ~ tanb1cotb!G

~45!

and we have omitted the primes in the quark fields a
masses for brevity. The previous result in Eqs.~44!, ~45! is
an explicit demonstration of non-decoupling of hea
squarks and gluinos in the low energy Yukawa Higgs-qua
quark interactions.

V. DISCUSSION AND CONCLUSIONS

The new Yukawa couplings that have been presente
Eqs. ~44!, ~45! summarize all the non-decoupling SUSY
QCD effects, to one-loop andO(as) from nearly degenerate
heavy squarks and gluinos, in the low energy Higgs-qua
quark interactions. This non-decoupling behavior can be s
in that the new low energy effective interactions do rem
even in the extremely heavy SUSY masses limit,Mq̃;Mg̃
;m;MSUSY@mEW . Furthermore, by comparison of our re
sult with the Lagrangian for Higgs-quark-quark interactio
in a general 2HDM we realize that the complete set
Yukawa interactions are exactly those of a 2HDMIII with th
particular values of the Yukawa couplings given by Eqs.~9!,
3-8
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~44! and~45!. Thus, as announced, one starts in the MSSM
tree level with a Higgs sector of type 2HDMII and, aft
integration of squarks and gluinos, one ends up with an
constrained 2HDMIII. The track of SUSY has not been lo
but it is present in the low energy 2HDMIII interactions v
the specific values of the Yukawa couplings, which in tu
depend on the underlying MSSM parameters.

Notice that all the previous results are valid for any va
of the input parameters in the MSSM Higgs sector,mAo and
tanb. There are two particularly interesting situations th
are worth mentioning: the largemAo@mEW limit, defined as
the decoupling limit in@24#, and the large tanb@1 limit. In
the former limit, cota approaches2tanb ~and, correspond-
ingly, tana→2cotb) and, as can be seen in Eq.~45!, the

SUSY-QCD contributions decouple inDlhobb and Dlhott

and, therefore, theho Yukawa couplings to quarks cannot b
distinguished from the Higgs-quark-quark couplings in t
SM. The other new couplings get exactly the same n
decoupling factor, being proportional to (tanb1cotb).
However, this non-decoupling behavior is not expected
leave observable signals since, in this limit, the masse
Ho, Ao and H6 also get very heavy,mHo.mH6.mAo

@mEW and they will probably not be reachable in the fort
coming colliders. The phenomenology of the MSSM Hig
sector will be just as in the SM, withho being undistinguish-
able from the SM Higgs boson.

On the other hand, in the large tanb limit ~with mAo

fixed! there are some correctionsDl/l0 that grow linearly
with tanb and can be numerically large for large values
tanb. As can be seen in Eq.~45!, these corrections, which
are enhanced by tanb factors, are just present i

Dlhob̄b, DlHob̄b, DlAob̄b, DlAot̄ t and DlH1 t̄ b, in agree-
ment with previous partial results@11,15,12–14,16,17#.

The results presented in this work are relevant for th
phenomenological implications in Higgs production and d
cays at present and future colliders. Particularly interes
are the modifications they imply on the predictions for t
Higgs bosons and top quark widths. By simply replaci

the tree-level Yukawa couplings l0
Hq̄q8 (l0

hob̄b

5gmb sina/2mW cosb, etc.! by the corresponding effectiv

couplings, le f f
Hq̄q8[l0

Hq̄q81DlHq̄q8, with DlHq̄q8 given in
Eq. ~45!, we find out the following results for the one-loo
O(as) SUSY-QCD contributions to the partial decay width

G~h0→b̄b!5G0~h0→b̄b!

3F12
2as

3p

Mg̃m

MSUSY
2 ~ tanb1cota!G

G~H0→b̄b!5G0~H0→b̄b!

3F12
2as

3p

Mg̃m

MSUSY
2 ~ tanb2tana!G
07502
t

n-
t

t

-

o
of

f

ir
-
g

G~H0→ t̄ t !5G0~H0→ t̄ t !

3F12
2as

3p

Mg̃m

MSUSY
2 ~cotb2cota!G

G~A0→b̄b!5G0~A0→b̄b!

3F12
2as

3p

Mg̃m

MSUSY
2 ~ tanb1cotb!G

G~A0→ t̄ t !5G0~A0→ t̄ t !

3F12
2as

3p

Mg̃m

MSUSY
2 ~ tanb1cotb!G

G~H1→tb̄!5G0~H1→tb̄!

3F12
2as

3p

Mg̃m

MSUSY
2 ~ tanb1cotb!G

G~ t→H1b!5G0~ t→H1b!

3F12
2as

3p

Mg̃m

MSUSY
2 ~ tanb1cotb!G ~46!

whereG0 are the tree-level widths. These formulas are
nearly degenerate heavy squarks and gluinos and apply
any value ofmAo and tanb. They are in perfect agreemen
with the expressions obtained from a complete diagramm
computation of the partial widths~see, for instance,@16,17#
for theho andH1 cases!. Notice that, in most of the MSSM
parameter space, these SUSY-QCD corrections all have
same sign and universal character, specially in the large tab
regime, and they will be very useful in a global experimen
analysis, because they will yield strongly correlated sign
in event rates from Higgs~and top! decays@23#. These cor-
rections can be used for indirect but very efficient SUS
searches at the present and future colliders@11–17,19–23#.

In summary, in this work we have computed the SUS
QCD contributions to all the Higgs-quark-quark couplings
the one-loop level andO(as) in the limit of very heavy
squarks and gluinos. We have found that, after integra
out the squark and gluino fields, these contributions do
decouple in the Higgs-quark-quark interactions, and give a
result a low energy effective theory of type 2HDMIII, wit
specific values for the couplings given in terms of the und
lying MSSM parameters.
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APPENDIX A: HIGGS-SQUARK-SQUARK INTERACTION
LAGRANGIAN

The interactions between Higgs particles and squarks
the chiral squark basis, are described by the following in
action Lagrangian:

L~H,q̃!5(
H

HQ̃ch
† AHQ̃ch ~A1!

where theH index runs alongH5ho,Ho,Ao,H1,H2. In this
07502
in
r-

appendix we give the expressions for the coupling 434 ma-
tricesAH corresponding to the different Higgs fields.

For ho,

Aho5S aho
t̃ 0

0 aho
b̃ D ~A2!

where
aho
t̃

5S gmZ

cW
S 1

2
2

2

3
sW

2 D sin~a1b!2
gmt

2 cosa

mW sinb
2

gmt

2mW sinb
~m sina1At cosa!

2
gmt

2mW sinb
~m sina1At cosa!

gmZ

cW

2

3
sW

2 sin~a1b!2
gmt

2 cosa

mW sinb

D
aho

b̃
5S gmZ

cW
S 2

1

2
1

1

3
sW

2 D sin~a1b!1
gmb

2 sina

mW cosb

gmb

2mW cosb
~m cosa1Ab sina!

gmb

2mW cosb
~m cosa1Ab sina! 2

gmZ

cW

1

3
sW

2 sin~a1b!1
gmb

2 sina

mW cosb

D . ~A3!

For Ho,

AHo5S aHo
t̃ 0

0 aHo
b̃ D ~A4!

where

aHo
t̃

5S 2
gmZ

cW
S 1

2
2

2

3
sW

2 D cos~a1b!2
gmt

2 sina

mW sinb
2

gmt

2mW sinb
~2m cosa1At sina!

2
gmt

2mW sinb
~2m cosa1At sina! 2

gmZ

cW

2

3
sW

2 cos~a1b!2
gmt

2 sina

mW sinb

D
aHo

b̃
5S 2

gmZ

cW
S 2

1

2
1

1

3
sW

2 D cos~a1b!2
gmb

2 cosa

mW cosb
2

gmb

2mW cosb
~2m sina1Ab cosa!

2
gmb

2mW cosb
~2m sina1Ab cosa!

gmZ

cW

1

3
sW

2 cos~a1b!2
gmb

2 cosa

mW cosb

D . ~A5!

For Ao,
3-10
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AAo5S aAo
t̃ 0

0 aAo
b̃ D ~A6!

where

aAo
t̃

5S 0
igmt

2mW
~m1At cotb!

2
igmt

2mW
~m1At cotb! 0

D
aAo

b̃
5S 0

igmb

2mW
~m1Ab tanb!

2
igmb

2mW
~m1Ab tanb! 0

D . ~A7!

For H1 andH2,

AH15S 0 aH1

aH1
T 0 D , AH25S 0 aH2

2aH2
T 0 D ~A8!

where

aH15S g

2mW
~mb

2 tanb1mt
2 cotb2mW

2 sin 2b!
gmb

2mW
~m1Ab tanb!

gmt

2mW
~m1At cotb!

gmtmb

2mW
~ tanb1cotb!

D
aH25 iaH1. ~A9!
n
m

r
s
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om-
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APPENDIX B: LARGE MASS EXPANSION OF LOOP
INTEGRALS AND MIXING ANGLES

Here we give the expansions of the loop integrals a
mixing angles in inverse powers of the SUSY mass para
eters. For the two- and three-point integrals that appea
Eqs.~34! and~38!, we follow the definitions and convention
of @26#. The integrals are performed inD542e dimensions
and the divergent contributions are regularized byD[(2/e)
2gE1 log(4p)2log(MSUSY

2 /m0
2), with the corresponding in-

clusion of the energy scale given here bym0.
The two-point integrals are given by

m0
42DE dDk

~2p!D

$1;km%

@k22m1
2#@~k1q!22m2

2#

5
i

16p2
$B0 ;qmB1%~q2;m1

2 ,m2
2!. ~B1!

The three-point integrals are given by
07502
d
-

in

m0
42DE dDk

~2p!D

3
$1;km%

@k22m1
2#@~k1p1!22m2

2#@~k1p11p2!22m3
2#

5
i

16p2
$C0 ;p1

mC111p2
mC12%~p1

2 ,p2
2 ,p2;m1

2 ,m2
2 ,m3

2!,

~B2!

wherep52p12p2.
We are considering here the limit where all the squa

and gluinos are nearly degenerate and very heavy as c
pared to the electroweak scale. In terms of the MSSM
rameters, this limit is reached by choosingMSUSY;Mg̃
;MQ̃;MŨ;MD̃;m@mEW , and the physical squark
masses can be written asMq̃1,2

2
5MSUSY

2 6mqXq . The results

of the largeMSUSY expansions of the loop integrals in th
limit are as follows:
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C0~pq
2 ,pH

2 ,pq8
2 ;Mg̃

2 ,Mq̃i

2 ,Mq̃j

2
!.2

1

2MSUSY
2

1OS mEW

MSUSY
3 D

C11~pq
2 ,pH

2 ,pq8
2 ;Mg̃

2 ,Mq̃i

2 ,Mq̃j

2
!.

1

3MSUSY
2

1OS mEW

MSUSY
3 D

C12~pq
2 ,pH

2 ,pq8
2 ;Mg̃

2 ,Mq̃i

2 ,Mq̃j

2
!.

1

6MSUSY
2

1OS mEW
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where Xq are defined in Eq.~3!, pq ,pq8 and pH are the
external momenta of quarks and Higgs particles, resp
tively, andmEW refers generically to any external momentu
or mass of the order of the electroweak scale.
5
ns
le

.

;

c

a,

uc

07502
c-

The expansions for the mixing angles in the largeMSUSY
limit are as follows:

sin 2uq.11OS mEW
2

MSUSY
2 D ,

cos 2uq.01OS mEW

MSUSY
D , ~B4!

thus, our choice of large MSSM parameters above imp
nearly maximal squark mixing.

Finally, notice that we have written explicitly in Eqs.~B3!
and~B4! only the leading terms in the expansions. The n
to leading terms of these expansions can be found in@16,17#.
In particular, because of our choice ofm;MSUSY, Xq are of
O(MSUSY) and, therefore, the second terms in the exp
sions ofB0 andB1 are ofO(mEW /MSUSY). For theB0 case,
this term will also contribute, via Eq.~34! to the non-
decoupling effects in the quark propagators. Regarding
three-point functions, it isC0 that via Eq.~38! will contribute
to the non-decoupling terms.
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