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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 argdein 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,
orderag, corrections to the Higgs bosons partial decay widths into quarks.
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I. INTRODUCTION MSSM Lagrangiar{2,3], and consider the Higgs sector in-
teractions with quarks and the relevant SUSY-QCD sector
The Higgs particle discovery and the subsequent study ahteractions. These are the Higgs-squark-squark interactions
its physical parameters and couplings is probably the mosind the squark-quark-gluino interactions. We perform a stan-
urgent challenge for particle physics phenomenology in thelard functional integration, to one-loop level, of all the
near future. The major task of this analysis, once one osquarks and gluinos and get the effective action containing
several Higgs particles have been discovered, will be to unall the exact, non-local, one-loop level interactions of the
ravel their supersymmetricSUSY) or nonsupersymmetric MSSM Higgs particles with quarks. We next examine the
origin. Obviously, the best evidence for the existence of sutimit where the SUSY particles are much heavier than the
persymmetry in nature will be the discovery of genuineglectroweak scalengy,~O(246 GeV), and find out the ef-
SUSY particles, but it may well happen that the SUSY specective local interactions of these Higgs particles with quarks
trum turns out to be too heavy to be produced directly in theoeing generated at one-loop level and at low energies from

planned exr;esriﬂwse\?ts. In tlhis ‘FaS?li zgnd in odrder to prove tzﬁe heavy SUSY-QCD spectrum. These effective local inter-
I?X|s_t%nce tOSUSY .partllc es, t?\ Wi etr‘.rg)ar:. at?rytft]o seglrc actions come, in our approach, from a large SUSY mass
or indirect . Y signais via their contribution to the radia- expansion of the one-particle irreducible functions in powers
tive corrections in either couplings, physical parameters, as N . .
. . . of (p/Mgysy", with p being any typical external momentum
particle masses and/or decay widths, or precision observ-
Qr mass of the order of the electroweak scale, Whgl sy

ables, in a similar way as it has been done in the past at thb ing the h he leadi
CERN e*e™ collider LEP for indirect searches of the top eing the heavy SUSY massed §,s > Mew). The leading
contribution of zero ordem=0, corresponds to the exact

quark and the standard mod&M) Higgs patrticle. In fact, ; L
there is already an extensive work done on these SUSY rd€sult in the zero external momentum approximation. The

diative corrections and their phenomenological implications?dvantage of using an effective action approach is that it
in the literature[1]. provides not just the first term in the expansion but the whole

In this work we study the radiative corrections from SEeries. . . . . . : .
heavy SUSY particles to the Yukawa Higgs-quark-quark in- The main mot|yat|on of this work is to mvesﬂgate _Wlth
teractions using a different but powerful approach providedtOMPlete generality whether or not there is decoupling of
by the effective action formalism. We concentrate here on th eavy squarks and g'u”?os in the Iow_energy effective inter-
contributions from the SUSY-QCD sector of the minimal acnqns of the MSSM Higgs sector with the_ SM quarks.. In
supersymmetric standard mod®ISSM) but extensions of Particular we will concentrate on the effective Yukawa-like
this work to the SUSY-electroweak sector of the MSSM andinteractions h°ob, h°tt, H°bb, H°tt, A°bb, A°tt and
to other SUSY models can be easily performed. In short, thél"tb that are generated by explicit integration of stops,
procedure goes as follows. We start with the tree-levekbottoms and gluinos to one-loop level and to ordgr We

have focused on these SUSY-QCD third generation radiative
corrections since they are the dominant opes8|.

*Email address: malcon@fis.ucm.es The decoupling behavior of SUSY particles has been
"Email address: herrero@delta.ft.uam.es studied previously with complete generality for the effective
*Email address: temes@delta.ft.uam.es electroweak gauge bosons self-interactions and within the
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same effective action approach in a series of wpeislt has  case, the new effective interactions do remain at low ener-
been shown, by explicit integration to one-loop level, thatgies, even in the infinitely heavy SUSY masses limit and
heavy squarks, sleptons, charginos and neutralinos do deonsequently, it may bring some hint of indirect SUSY sig-
couple in the low energyv=, Z and y self-interactions. In  nals.

agreement with the Appelquist-Carazzone theof&f), this The final goal of our work is precisely to compute, with
means that the heavy SUSY particles do not generate ar§Pmplete generality, all these new effective Yukawa interac-
new electroweak bosons interactions that were not alreadyons in order to provide, first, a formal proof of SUSY non-
present at the SM Lagrangian, and all the terms found in thd&coupling behavior in Higgs physics and, second, the com-
low energy expansion of the effective action indeed decoupl@!/€t€ list_with _the particular values of the new
as inverse powers of the heavy SUSY masses. The behaviBfbb, h°tt, H°bb, H°tt, A%b, A°tt and H'tb

of decoupling in the present context of Higgs-quark-quarkYUkaW& couplings, which in turn have interesting applica-
interactions has been studied partially by several authors biens for phenomenologi11-17,19-28 ,
none with complete generality. Some of these couplings were 1N€ Paper is organized as follows. In Sec. Il the Higgs
studied in the context of the zero external approximation irfind SUSY sectors toge_ther W't_h the relevant Interactions for
[11-14. The radiatively generated momentum-dependenlﬁhe present work are briefly reviewed. In Sec. Il we integrate

Yukawa couplings for the case of neutral Higgs bosons an ut the sq_uarks and glumc_) fields to one-loop level é?ﬁ@s)

. . and we give the expressions for the non-local effective ac-

light quarks withmy<my, and for external on-shell par- _ he effective local i ;

ticles, have been considered [ih5]. In addition, there are t|on._|n Sec. _IV we (_:ompute ¢ e € eqtn/_e ocal Interactions
’ ) ’ of Higgs particles with quarks in the limit of heavy squarks

several studies of the partial decay widl¢h°—bb) [16]  and gluinos. Finally, Sec. V is devoted to a complete discus-

andT'(H" —tb) [17] in the limit of heavy SUSY particles, sion of the results and to the conclusions.

by using a Feynman diagrammatic approach. All these stud-

ies already indicate a non-decoupling behavior of the heavy || HIGGS, SUSY-QCD SECTORS AND RELEVANT

SUSY particles in the Higgs sector of the MSSM. This is INTERACTIONS IN THE MSSM

manifested as some non-vanishing contributions in the one- _ . . _

loop radiative corrections of the partial widths from genuine In this section we briefly review the relevant MSSM spec-

SUSY partides' which are present even in the case of infiIrUm and interactions for the present work which are the

nitely heavy SUSY masses. Higgs sector, the SUSY-QCD sector, the Yukawa Higgs-
Here we study the decoupling behavior of SUSY particlesduark-quark  interactions, the squark-quark-gluino interac-

in the effective field theory formalism. Indeed, we deducetions and the Higgs-squark-squark interactions.

the particular effective theory that remains at low energies [N the MSSM Higgs sector there are five physical Higgs

after explicit integration in the path integral of the heavy particles: twoCP-even neutral scalar particlés, H°, one

SUSY modes in the MSSM theory. Our starting point with CP-odd neutral pseudoscalar partio® and two charged

regard to the Higgs sector interactions with quarks is the welgcalar particlesd*. Due to supersymmetry, the parameters

known tree-level MSSM Lagrangian, which belongs to theOf the Higgs sector are constrained and, at the tree level, they

class of two Higgs doublet models of type(@RHDMII) [3] ~ can be written in terms of just two MSSM parameters. These

where one of the two doublets couples just to the top-likeare commonly chosen to be the mass of @-odd neutral

quarks and the other one just to the bottom-like quarks. AHiIggs bosonmyo, and the ratio of the vacuum expectation

this level, the absence of other possible Yukawa couplings i¥alues of the two Higgs doublets, t@r=v,/v,. The Higgs

indeed a consequence of the underlying supersymmetrposons masses and the mixing angle in the neutral sector are

When integrating out SUSY particles, one could, in prin-given in terms of these two parameters, at the tree level, by

ciple, find out different scenarios at low energies. One may

end up either with effective interactions of the same type I ma¢=mio+ m\%\,

or, in the most general case, one could generate new interac-

tions belonging to the unrestricted type Il modéEHD- 2 1, )

MIIl) [18], where both doublets couple to both top and mH°,h°:§[mA0+mZ

bottom-like quarks. It has been argued on general grounds

[16,17] that the most plausible scenario at low energies is a + \/(mf\oJr m§)2_4miom§ cos 23] (1)

2HDMIII, since the supersymmetry is broken by the heavy

SUSY masses and, therefore, the restrictions imposed by this m2 +m2
symmetry do not apply. However, the final answer can only {5 2y =tan 23 /2*0 ;
be known once these effective low energy interactions have Myo— Mz

been explicitly computed. In case one gets a 2HDMII one

should conclude that there is indeed decoupling of the SUSYhe case of large pseudoscalar mamge,>mgyy, deserves
particles, since all their effects can be absorbed into redefispecial mention, because in this so-called decoupling limit
nitions of the low energy parameters, couplings and fields. 1124] the h® boson resembles the SM Higgs boson.

contrast, if one gets a 2HDMIII one should conclude there is  Once the radiative corrections to the Higgs boson sector
no decoupling of the heavy SUSY particles, since their ef-are included[25], the Higgs mass pattern changes slightly
fects cannot be eliminated by that redefinition. In this latterand depends on the other MSSM parameters as well. How-
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ever, irrespective of the particular values of the MSSM pa- , 1 ) ) 5 s —
rameters, there is the important prediction of the lightest Mg, =5 [M("+Mg +V(M{?=Mg)2+4mpXE].
Higgs boson mass being below about 130 GeV, clearly ' (6)

within the reach of the present and future colliders.
The SUSY-QCD sector in the MSSM consists of squarksAnd the squark mixing angleg, (q=t,b) are given by
and gluinos. We focus here on the third-generation squarks,

which will be the relevant ones for the dominant radiative o M{-Mg o — M~ Mg
corrections to the Yukawa couplings, and neglect possible COS="7 70 COSTh=r —M2
intergenerational mixing. The tree-level stop and sbottom b t2 by b
squared-mass matrices are
in 20y~ e @)
Sin20,=———>".
2 ME  mX 9 M2 —Mm?
M= 5 | ap a,
timX, Mg
The free Lagrangian for Higgs bosons, quarks, squarks
. M LZ myXp, and Majorana gluinos in the physical basis are given, respec-
MzE= o | (2) tively, by
o impX, Mg
1 2
where Lo(H)=7 2 (9,HI*H—HmZH)
M2=MZ +m?+ cos 28(1/2— 2/3s3)m> =. —.
L Q 't z Lo(q)=b(id—mp)b+t(id—myt
MZ=M2 + m2+ 2/3cos Bs2,m2 ~ — e
A Foumz Lo(@= 2 (9,BF 0B~ M BB
Xi=A;—u cotg ’
+ > (9,1 94T, - METHT)
/ 2 _ .
M{?=Mg+m{—cos 28(1/2— 1/3sj)m3 B R
, 2 ~ 1_ ~
MR2= M5+ m§—1/3005 ;Bs\z,\,m§ Lo(9)= Eg(m— M3)g, (8)
Xp=Ap—ptang. (3 where the sum inH runs along the Higgs fieldH

=h° H° A% H! H?, andH' H? are related to the physical
Here m; and m,, are the top and bottom quark masses, fecharged Higgs bosons byH=(H*+H")/\2, H2=
spectivelym; andm,, are theZ andW gauge boson masses, —i(H*—H7)/{2 and mﬁ,1=mﬁ|z=m2

respectively, and,,=sin f,. The parametersls, Mg and h=- Mg is the gluino
’ W™ ' Q: Mp : . o
Mg are the soft-SUSY-breaking masses for the third- 2SS, and we have omitted for brevity the color indices in

, ~ o . - the gluinos, quarks and squarks fields. Notice that in order to
generation S(2) squark doublet{ ,b.) and the singletsr  make more explicit our posterior assumption on the mass
andtg, respectivelyg, r are the superpartners of the chiral spectrum, we have denoted by littieall the light masses of
projections of quarksq,. g=P__Rr0, respectively, where the order ofmgy, and by capitaM all the heavy masses of
PLr=(1%1vs5)/2. Ay, are the corresponding soft-SUSY- the order ofMgygy-

breaking trilinear couplings and is the bilinear coupling of The tree-level Yukawa Higgs-quark-quark interactions in
the two Higgs doublets. The squarks mass eigenstates atiee MSSM are like in a general 2HDMII:

given by

gmysina  —  gmcosa

p = L(H,q)= h —h°tt
a1 4 A 2myy, CoS 2myy sin
<~ ):(Rq) 1(~ )’ (4) W B W ﬂ
92 9r gm,cose —  gmsina
— s————H%b— ———H°tt
where 2my, cosg 2mysing
Cq —S +igﬂtan,8A°F b+igﬂcotﬂA°t_ t
Rq=( q q)’ 5) 2My Vs 2My Vs
Sq  Cq
. . gmy +5
and cq=cos#,, s;=sinf, with g=t,b. The stop and sbot- + tanB(H "t bg+H.c.)
tom mass eigenvalues are given by V2my
2 _ 1.5 2 VYAV 72 + gm cotB(H tgh, +H.c) (9)
M?Lz: E[ML+MR— V(IME=MZ)2+4miX?], V2my, RELT L
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The MSSM gluino-squark-quark interactions terms, in the

1 1

chiral basis, are b - i
tr ~ tr ~ to

£(3,3.0)= — \2g.4(GT t, + bt by Clp [ @ | U,

— §txte—gbkbr) + H.c. (10 br b b,

Wheretﬁfq*qztﬁéaa*'ql, andtf} are the standar&U(3).  The two squark basis are related via an orthogonai4

generators. We will omit the color indices from now on. matrix R, given in terms of the matriceR,(q=t,b) of Eq.
Finally, the Lagrangian terms involving Higgs-squark- (5), by

squark interactions, in the chiral squarks basis, are

~ - R O )
~ ~ — = — =RQ, R= . (15
£HE)= 3, @l )T+ (@, )y H BT Qen=RQ ( 0 R,
e With regard to the gluinos, which are Majorana spinors,
+ ]EH [(an )ijHctibj+H.c] (1) \we will use a Majorana representation for thédirac matri-

ces so that the Majorana fields will be real(i=1,2,3)

where thei andj indices run along.,R; the Higgs fieldsH,, ~ Imaginary and symmetricy, andys imaginary and antisym-

alongH,,=h°,H° A° andH, alongH,=H®,H2. The expres- metric anc_j the chlral projectors Hermltle_m.

sions for the couplinga, are given in Appendix A. With this notation, the squark and gluino dependent terms
of the above action can be written in terms of the physical

states as follows. The free squark action is
Il INTEGRATION OF SQUARKS AND GLUINOS

In this section we perform the integration to one-loop ~ = 20 A0
level and toO(ay) of the squarks and gluinos in the MSSM Sola]= | dxQ(~O=-MyQ=(Q'AzQ), (16
by using the standard functional techniques. Since we are
studying here the effect of the SUSY-QCD sector on the 2_ . 2 32 (22 yp2 o
Yukawa Higgs-quark-quark interactions, we take just the reI-Where Mq_d'ag(Mtl'Mtz’Mbl'sz) -and _D_aﬂa - The
evant terms in the MSSM action, which can be genericallyfree action for the Majorana gluino fields is

written as

- o 1= [ dxiaio—Morg= S (6A%
S[H,0,6,1=So[H]+Sol ] + Sol A1+ Sol G+ S[H. SI8= [ 0a-Mya=5@aH. 17

+90,9,9]+9SH,q
Stg.q.q]+SH.ql. (12 The gluino-squark-quark interactions are written in compact

where theS, and S are given in terms of the free and inter- notation as

action Lagrangians, respectively, of Eg8), (9), (10) and

(11) by §0.9.9]= f dx(—294§Q'R™SQ+H.c)
So[fI>]=f dxLo(®), ®=H,q,q,0, =(§Q'0Q)+H.c., (18)
where we have introduced the matiix=diag(1,-1,1,—1)
S[H,q]zf dx£(H,q), (13 and the interaction operator is defined as

s s =—\2gR"S. (19)
S[qu,q]=J dx£(9,9,9),

The Higgs-squark-squark interactions are giveh by

S[Hm:fdxcm,a), (14 - e
SHAI-S [ dxHYB.Q=(HT'B.B).  (20)
anddx is the ordinary space-time integration measure.
In the following we introduce some convenient compact———
notation for the functional integration. The chiral quark !Since we are not going to integrate here the Higgs fields, we

fields, their squarks partners and the physical squarks asgork in the unitary gauge and refer always to the physical Higgs
grouped here as basis.
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where H runs again alongH=h°H° A° H! H? B, e ikex-y)
=R'A4R and Ay, are the 44 coupling matrices that are Daxyzf dk————, (27)
defined in Appendix A. k—Mg

We next outline the computation of the contribution to the _ _ o
quarks and Higgs bosons effective action coming from thevhere dk=d*k/(2)*. Therefore, aside from a field inde-
functional integration of the squark and gluino fields, pendent term, the contribution to the effective action can be

AT o+{H,q]. This integration can be written as written as

. e~ AT¢¢{H,q]=i Trlog[ 1+ Dg(HBy —0Qy,DzQ'0")],
6'”9”[“"”=J [dQ"I[dQ][dg]
(28)
@i (Solal +Solg] +S[g,a,a] + S[H.al) (21
where Tr is the functional trace, and the squark propagator
After this integration the total effective action for quarks and Da=(A§)‘1 is given, in the position representation, by
Higgs particles will then be obtained by

_eia(x-y)
LolHia)=SIHI-S{al+SHal T al, Pao™ | Wz 2
q
In order to perform first the gluino integration we write Eq. where
(21) as
1 gi 1 1 1 1
- - 7 =dlag 7 7 2 3
eiAFeff[H,q]:f [de][d“Q]ei(QT(A—g+HBH)Q) q*— M qZ—M;l qZ—M;Z q2—M51 q*- Mg,
o . Expanding the logarithm in Eq28) we get
Xf [da]ei(1/2)<@A§9>+i(<QQTOQ>+H-C-)_ (23
e (_)k+1
A standard Gaussian integration of the real Grassmann vari- AFeff[H'q]:'gl k
ableg yields
X T Dz(HBy—0Qy,DzQ'0OM I
) - " =t 0 ~ *
eIAFeff[Haq]:f [dQT][dQ]e|<QT(Aa+HBH)Q> Ekgl Arékf)f_ (30)

—(i2((AD) L)
xe e, (24) In this work we are interested in the possible one-loop

effects of the SUSY-QCD sector on the Higgs couplings to
where we have omitted a field independent global factor thaguark pairs and, therefore, only a few terms of this expansion
is irrelevant for the effective action, and we have introducedyill be taken into account. Edc=1 we have
the Majorana field

~ _ AT (=i TrD(HBy—0QyDzQ'0"), (31
7=Q'0Q+Q'0"Q. (25)
which in the position representation reads
Thus, we have

AT=1t> f dX D HyBr)
garminia~ [ [4G1[¢0) "
; -
x gi{Q(AZ+HBY - 0QyD5Q 10N ) _'trf dxdy Dy OQy 7005 Q0. (32
:[de(A9+HBH—OQyoD"éQTOT)]_l, where the notation for the fields H,=H(x), Q,=Q(y),
a etc. The first term corresponds to the Higgs tadpoles with
(26)  squark loops which are of zero order d and, hence, will
~not be considered in the following. The second term gives
where we have perforomed another complex-scalar GaussigRe one-loop contributions to the quark propagators which
integration andD=(Ag) " is the gluino propagator which, are of orderas and involves both a gluino and a squark
in the position representation, can be written as propagator in the loop. By substituting the previous expres-
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sions for the operatdd and for the squark and gluino propa- . Qd
gators, and after some algebra, this second term can be writ g Q“ Z
ten as R
y X X,/ ~
20 — Qb \ r Qe --[-}- N
A= 22 [ axayS QiSRS (RTS)wQ), ~-- o
a
33 ¢ T
where FIG. 1. Diagrams corresponding toI'{}} and AT?} of Egs.

(33), (34) and(37), (38), respectively.
Iy= f dpe™ PO PBy+M5Bo](p%, M3 M )

(34) grals. Our definition of the scalar one-loop integrals

and the indices,b, ¢ run along the four entries correspond- Bo:B1,Co,C11 andCy, is as in[26] and is given for com-

ing to the quarks and thephysica) squarks matrices in Eq. Pleteness in Appendix B. _ 1)
(15). The corresponding generic Feynman diagramsAfbr; ;4

Thek=2 contribution is given by andAT'$3) of Egs.(33), (34) and(37), (38), respectively, are
shown in Fig. 1.

i

2 ~ ~ . -

AT®)=— STDH(HBy - 0Qy,D3Q'0")2 IV. EFFECTIVE HIGGS-QUARK-QUARK INTERACTIONS
FROM HEAVY SQUARKS AND GLUINOS

=i Tr(HBD30Qy,D3Q"0'Dy) (39 In this section we compute the effective local interactions

of Higgs particles with quarks to one-loop level af¥«s),

where in the last equality we have omitted those terms thaﬂ1 the limit of heavy squarks and gluinos. We derive the

do not contribute to the Higgs-quark-quark couplings. In thequarks and Higgs bosons effective Lagrangian starting from

position representation this last term can be written as the nonlocal effective action of Eq&22), (30), (33), (34)
(37), and(38) which includes the contributions coming from
2)_; integrating out the squarks and gluino fields. Next we per-
Aler |tr; f dxdydz form a largeM g5y expansion that is valid in the limit of
ot nearly degenerate and very heavy SUSY partidiég;- Mg
XHyByDgyOQy¥0D53yQ,0' Dgox- (360 ~Mgysy> Mgy, Wheremg,y stands for any mass or external
) o momentum associated with a non-SUSY patrticle, i.e. quarks,
Finally, by substituting the operatdd and the squark and gauge bosons and Higgs particles. For that purpose, we con-
gluino propagators of Eqg19), (27) and (29) in Eq. (36),  sjder all the SUSY mass parameters and ghparameter of
and after some algebra, this contribution to the effective acthe same ordefcollectively denoted byM sy and much
tion can be written in terms of the standard one-loop integayier than the electroweak scaléhat is, Msusy~ M3
grals as ~M6~M0~M5~M>mEW-
The effective Lagrangian is then defined in the usual way,

2
AT@)=— 36:: > dedydz
; TerH.q]= f dXLesi(H,Q), (39)

~d by sab T
X%d Q2(2R)gaHxBY ngz(R E)ch§, (37) and, correspondingly to E¢R2), it can be written as follows:

where Let(H,0q)=Lo(H) + Lo(a) +L(H,q)
+ALgti(H,q). (40)

In order to computeALqs¢(H,q) to one-loop order,
O(ag), and in the limit of heavy squarks and gluinos, we
X[pC11+dC 1o+ M5Co] substitute into Eqs(33), (34), (37) and (38) the correspond-

X (P?,Q% % Mg ME M) (38)

Ve = f dGdpe—aty-ipz-y)

) ) o Notice that our choice of largg is not necessary for a heavy
with r=—(p+q). Here again, the indicess b,c,d run along  sysy-QCD spectrum but it will be mandatory to get all the gaugi-
the four entries of the quark and squark matrices NS nos heavy in the SUSY-electroweak sector. Although it is not
along the Higgs field$i=h°,H® A° H! H?. The last paren- needed for the present work, we are thinking of the whole SUSY
thesis refers to the arguments of the scalar three-point int&pectrum being heavy as compared to the electroweak scale.

075023-6



EFFECTIVE HIGGS-QUARK-QUARK COUPLINGS FROM. .. PHYSICAL REVIEW B5 075023

ing interaction matrice¥, R andBy and the expressions for the large mass expansion of the one-loop integrals and mixing
angles given in Appendix B. After some algebra, we obtain the following result:

— M5 (Ap,— p tan — — M5 (A;— u cot —
ALui(H.q)= 22 Ab(igybs s MsBo—ptanB) o s (gt 22 MalAmcoth)
o t 3 M5usy " 3 t MZusy t
ag gMmySine My (Ab+,ucota) hoBh+ ‘a5 gm cosa Mg(At+,utana)

37 2my, Cosp e 37 2my,sin g8 e

as gm, cosa Mg(A,— ptana) as gmsina Mg(A— ,ucota)

H°bb+
37 2myy, cosp Msusv 37 2my sinB Msusv
ae Igm M7 (A,+ u cot _ m A+ utan
35 29 b, g( bZM E)Aob’y5b 35 29 t o g( tzﬂ B) Ot’y5t
77 mW MSusy Mw MSusy
16 m, M7 (A,+ u cot — o M7 (Ai+ u tan
_3_5 gmg tan g( bzﬂ B)(H+tLbR+H.C. 35 gm otB g( t ZM B)
7T \/Emw MSusy \/—mw Msusy
Mew |"
(H tRbL-i-H C)+C’) \) . (41
Msus

Some comments are in order. First notice that, as exhave to find out if the effects found in E41) can be ab-
pected, the SUSY-QCD effects summarized in E4l) in-  sorbed or not into redefinitions of the tree-level masses, cou-
clude both the divergent and the finite contributions fromplings and wave functions of the light fields, nametyand
heavy squarks and gluinos. We have used dimensional regd@- We first redefine the quark fields and masses such that
larization to perform the one-loop integrals with=2/¢  their corresponding kinetic and mass terms get the canonical
— ye+log(4m) —log(M2 sfud), e=4—D andu, is the usual  form
mass scale of dimensional regularizatfo8econd, all these
leading terms are aP(mg\/Msysy®, apart from the loga-
rithms, in the largeM g5y expansion. The last contribution b=<1— EA)bf
in Eq. (41), not shown explicitly, refers to the next to leading
order terms in the largdlsysy €xpansion which are sup-
pressed by inverse powers bfsysy (n>0) and vanish in
the asymptotidVl g gy— e limit. It is worth mentioning here
that, with this effective action formalism, one can easily get
as well these next to leading order contributions by simply
including the next terms in the expansions of the one-loop
integrals and mixing ar)gles. We will ngt work out hgre these @ as My(A,— utang)
terms but concentrate just on the leading terms which are the mp=| 1+ S—A +— 3 my,
only ones that remain in the asymptotic lafgkysy limit. &

For a discussion on the next to leading order terms we refer
the reader t({16 17 where they have been obtained for the

MSUSY

h°bb andH*tb couplings, using a Feynman diagrammatic - ag as M3(Ai—u cot,B)
approach. L ey M2
In order to study the decoupling behavior of the SUSY- Susy (42)

QCD sector in the Yukawa Higgs-quark-quark couplings we

After this, the remaining contributions iAL.¢; are re-

*Notice that, presumably, the same results would have been obwritten in terms of these new fields and massem, and
tained by using instead dimensional reduction. we finally get
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Lest(H,q")=Lo(H)+b'(i6—m{)b'+t'(i6—m, t’+—gm{3$ina s MGk 1anB+cota)|hob’b’ gm cosa
eff( g )_ 0( ) (I mb) (I mt) 2chOSﬁ E M%USY( anﬁ co C() szSinB
as Mg — gm/ cosa a T _ gm/ sina
X 1—3—S 2g/vL (cotB+tana) h°t’t’—2b— 1—3—S zg,u (tanB—tana) H°b’b’—2m[—.
T M2,sy myy, COSQB T M2,sy my sin B
as My _ igmy, as M7 _
X 1—3—S Zg,u (cotB—cota) H°t’t’+2—btanﬁ 1—3—S Zg,u (tanB+cotB) |A°b’ ysb’
T Msysy Mw T Msusy
m/ as M3 _ gmy, as Mg
+5 LcotB 1—3—s Zg,u (tanB+cotB) | A%t yet’ + ——tanB 1—3—S Zg,u (tanﬂ+cotﬂ)l
Mw T Msysy 2my T Msysy
- g ! o M= _
X(H*t/bg+H.c)+ cotg| 1— — Zg,u (tanB+cotpB) |(H tgb, +H.c). (43)
\/Emw 37 Msusy
|
Notice that, as exp_ected, the Higgs fields and Higgs masses - gm sina as Mgu
do not get corrections from the SUSY-QCD sector at the  ANT U=— mesngl " 37 2 (cotB—cota)
one-loop level and)(«g), while the quark fields and quark My SN T Msysy
masses do get corrections from this sector. Notice also that
the final result is independent of the trilinear soft-breaking o igmy as Mzu
parametersA, , . ANAPP= = rang| — = 2g (tang+cotp)
t,b . 2my 37 M
The most relevant result is that we have found new Susy
Yukawa interactions which were not present in the tree-level ] "
. X . — igm o -
interaction Iquranglarﬁ(H,q), and that cannot be absorbed ANACLZ g tCOtIB & Mgy (tanB-+cotB)
into redefinitions of the masses, couplings and wave func- 2my, 3 Méusv
tions of the light fields. In order to illustrate this more
clearly, we rewriteLq¢s in terms of a set of new Yukawa r -
: +1 b gmy as Mgu
couplings,AX, ANH TPR= tanf| — 3— —=—(tanj+cotp)
\/Emw I T Msysy ]
Let(H,q)=Lo(H) + Lo(a) + L(H,q) ' .
- oo — +1, gm ds gM
+ ANP"PPRobh+ AN Tthot ANF b= cotp| — (tanB+cotp)
_ _ V2my | 37 M&usy ]
+ ANHDPHOBh + A\ttt (45)
+ ANADDAOHH 4+ ANACHACTT and we have omitted the primes in the quark fields and
B masses for brevity. The previous result in Eg®), (45) is
+A)\H+tLbR(H+t_LbR+ H.c) an explicit demonstration of non-decoupling of heavy
— o squarks and gluinos in the low energy Yukawa Higgs-quark-
+ANTTROL(H T tgb, +H.C) (44) quark interactions.
where V. DISCUSSION AND CONCLUSIONS
The new Yukawa couplings that have been presented in
hopp. 9Mp Sina as Mgu Egs. (44), (45 summarize all the non-decoupling SUSY-
ANTP=o cosB| 37 M2 (tang+ cota) QCD effects, to one-loop an@(a) from nearly degenerate
W susy i i iggs- -
heavy squarks and gluinos, in the low energy Higgs-quark
quark interactions. This non-decoupling behavior can be seen
o0 gm, cosa as Myu in that the new low energy effective interactions do remain
ANM=— 2mwsing| QZ—(COt,BHa”a) even in the extremely heavy SUSY masses lif;~Mj
w Susy ~u~Mgyse>Mmeyw. Furthermore, by comparison of our re-
sult with the Lagrangian for Higgs-quark-quark interactions
. gm, cosa as Mzu in a general 2HDM we realize that the complete set of
ANHP=_ = 2| = __ 9 (tang—tana) Yukawa interactions are exactly those of a 2HDMIII with the
2mycosB| 37 M2 : i .
susy particular values of the Yukawa couplings given by E&s,
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(44) and(45). Thus, as announced, one starts in the MSSM at F(HO‘}E):FO(HOHt—t)
tree level with a Higgs sector of type 2HDMII and, after

integration of squarks and gluinos, one ends up with an un- 2ag Mgu
constrained 2HDMIII. The track of SUSY has not been lost BELEYE (cotp—cota)
but it is present in the low energy 2HDMIII interactions via Susy
the specific values of the Yukawa couplings, which in turn
depend on the underlying MSSM parameters. ['(A%—Dbb)=Ty(A°—bb)
Notice that all the previous results are valid for any value
of the input parameters in the MSSM Higgs secinge and 2as Mgu
tanB. There are two particularly interesting situations that X 1=5= M2 (tanB+cotB)
are worth mentioning: the largmso>mg,y limit, defined as SUsY
the decoupling limit i24], and the large tag>1 limit. In
the former limit, cotw approaches-tang (and, correspond- F(AO_E)ZFO(AO_Q_U
ingly, tana— —cotpB) and, as can be seen in E@5), the
SUSY-QCD contributions decouple IANNPD ang AND |1 2as Mgu (tang+ cotB)
and, therefore, the® Yukawa couplings to quarks cannot be 37 M§USY
distinguished from the Higgs-quark-quark couplings in the
SM. The other new couplings get exactly the same non- _ _
decoupling factor, being proportional to (t&r-cotp). I'(H"—tb)=T(H"—tb)
However, this non-decoupling behavior is not expected to
leave observable signals since, in this limit, the masses of _ 2as Mgu (tanB+ cotB)
0o o * ~ ~ 3 2
H° A° and H™ also get very heavymyo=my+=mMmpuo MSusy
>mgy and they will probably not be reachable in the forth-
coming colliders. The phenomenology of the MSSM Higgs
sector will be just as in the SM, with being undistinguish- 1 (* " H "b)=To(t—H"b)
able from the SM Higgs boson. 205 Miu
On the other hand, in the large tgnlimit (with mpo x| 1— 3 2g (tanB+cotB) (46)
fixed) there are some correctioms\/\ that grow linearly T Msusy

with tanB and can be numerically large for large values of

tang. As can be seen in E¢45), these corrections, which \hereT, are the tree-level widths. These formulas are for
are enhanced by tagh factors, are just present in nearly degenerate heavy squarks and gluinos and apply for
ANNTD ANHTDD - ANATD ANAtE gng ANHTD in agree-  any value ofmae and tan3. They are in perfect agreement
ment with previous partial resulfd1,15,12—14,16,17 with the expressions obtained from a complete diagrammatic
The results presented in this work are relevant for theicomputation of the partial widthesee, for instance;16,17)
phenomenological implications in Higgs production and defor theh® andH™ cases Notice that, in most of the MSSM
cays at present and future colliders. Particularly interestingf@rameter space, these SUSY-QCD corrections all have the
are the modifications they imply on the predictions for theS@Me sign and universal character, specially in the largg tan
Higgs bosons and top quark widths. By simply replacing™®9/me, and they will be very useful in a global experimental
the tree-level Yukawa couplings )\gqqr ()\Bobb analysis, because they will yield strongly correlated signals

o . . . in event rates from Higg&nd top decayd23]. These cor-
=gm, sina/2my, cosp, etc) by the corresponding effective rections can be used for indirect but very efficient SUSY

couplings, NJF8 =NE9 + ANH99 with ANH9Y" given in  searches at the present and future collidéds-17,19—28
Eq. (45, we find out the following results for the one-loop,  In summary, in this work we have computed the SUSY-
O(as) SUSY-QCD contributions to the partial decay widths: QCD contributions to all the Higgs-quark-quark couplings at
the one-loop level and(«g) in the limit of very heavy
squarks and gluinos. We have found that, after integrating
r(hoﬂﬁb)zro(hoﬂﬁb) out the squark and gluino fields, these contributions do not
decouple in the Higgs-quark-quark interactions, and give as a
2as Mgu result a low energy effective theory of type 2HDMIII, with
37 M2 (tang+cota) specific values for the couplings given in terms of the under-
susy lying MSSM parameters.

' (H°—bb)=To(H’—bb) ACKNOWLEDGMENTS
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2as Mgu

(tanB—tana)
37 M %USY

X1
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APPENDIX A: HIGGS-SQUARK-SQUARK INTERACTION appendix we give the expressions for the coupling4ma-
LAGRANGIAN trices Ay corresponding to the different Higgs fields.
For h°,

The interactions between Higgs particles and squarks, in
the chiral squark basis, are described by the following inter-

action Lagrangian: aao 0
5 B B Apo= 5 (A2)
£(H,a)= 3 HQZAuQen (A1) 8o
where theH index runs alongd=h° H° A° H! H? In this  where
|
gmz (1 2, . gm; cosa gm, .
—l\s—3 - - - +
i Cw (2 3sW sin(a+ B) -y 2mWsmB(’U“ sina+ A, cosa)
ajo= ,
gm . gmz 2 , gm; cosa
2mWsmB('M sina+ A; cosa) Cw 3SWS|n(a+,B) SN
amy[ 1 1, gmg sin am, .
—|—-z+z +
) Cw ( 2+ st sin(a+B)+ Ty COS mecosﬁ(,ucom Ap Sina)
apo= , | (A3)
gm , gmz 1 , gm, sina
zmchSﬁ(M COSoH—AbSIna) - agswsn"l(a'f‘ﬁ)‘l' W
For H°,
aLO 0
AHOI B (A4)
0 ajo
where
gmz (1 2, gn¥sina gm, _
-—\s—3 - - : - +
i Cw (2 33w coga+pB) M SNB ZmWsm,B( M cosa+A;Ssina)
0= ,
gmy . gmz 2 , gm; sina
—e—— (- +A -==_ ——
2mWS|n,8( M CoSa+ A Sina) Cw 3chos(a+B) -y
gmz[ 1 1, gmg cosa gm, _
——\—-5+z . - - +
i Cw ( 2+ 3sW coja+pB) My COS 2chos,8( M Sina+ A, cosa)
apo= , . (A5)
gmg . gmz 1 , gm;, cosa
_— (— + —_ i —
2chos,8( M Sina+ A, cosa) ow 3s\,\,cos{a+,8) Moy COS
For A°,
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a, O
AAO: B (A6)
0 a0
where
0 'gm, +A, cot
Apo= .
9™ LA cot 0
ZmW(M"' { cotB)
igm
0 9ot Ay tang)
B 2mW
aAo= Igm . (A7)
b
_2® 0
2mW(Iu‘+AbtanB)
ForH! andH?,
0 a.Hl O aHZ
Ay1= A= A
H1 a‘lzl O f H2 _aLZ 0 ( 8)

where

i(mztan,Berzcot,B—m2 sin 28) %( + A, tang)
2mW b t W 2mW M b

aHl:

gm gmm

S (p+Acotp) 2

b
2y (tanB+cotp)

aHZZiaHl. (Ag)

APPENDIX B: LARGE MASS EXPANSION OF LOOP dPk
INTEGRALS AND MIXING ANGLES 4-D
Mo (277)D
Here we give the expansions of the loop integrals and
mixing angles in inverse powers of the SUSY mass param- » {1;k#}
eters. For the two- and three-point integrals that appear in [kz—mi][(k+ pl)z—mg][(k+p1+p2)2—m§]

Egs.(34) and(38), we follow the definitions and conventions

of [26]. The integrals are performed =4— e dimensions i

and the divergent contributions are regularizedAss (2/€) = 5

— ye+log(4m) —log(M3 sy12), with the corresponding in- 16m

clusion of the energy scale given here jy. (B2)
The two-point integrals are given by

{Co;P4Cyy+ P4C12} (p2,p3,p% M2, m3,m3),

wherep=—p;—p>.
We are considering here the limit where all the squarks

Méfo d°k 11k} and gluinos are nearly degenerate and very heavy as com-
(27)P [k2—m?][ (k+q)2—m3] pared to the electroweak scale. In terms of the MSSM pa-
. rameters, this limit is reached by choosiMdsysy~Mg
] ) 5 9 o ~Mg~Mg~Mp~u>mgy, and the physical squark
- 16772{|3(”QMB1}(q M, M) (B1) masses can be written M%m: M2 syt MgXgq. The results
of the largeM g5y expansions of the loop integrals in this
The three-point integrals are given by limit are as follows:
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s 2 2 a s o Mew
Co(pq7pH1pq"Mg’Mqi'qu)_ ZMéUSy Msusy
C 2 2 2 Mg Mg M,g ~ +O mEW
11(pq'pH’pq" g’ g’ qi)_3M§USy MgUSY
2 02 02 a2 a2 a2 Mew
Clz(pqva’pq"Ma’Mai'Mai)_6M§U3y M?S’USY
2.2 np2 _MaXq Mew
Bo(P3iM5 M) =A+(—1)' ~—7 M2
susy susy
1 - mgX me
By(P3iM2M2)=— A~ (~1)' =T 4 0| =,
9’ g 2 susy Msusy
(B3)

where X, are defined in Eq(3), pq,py and py are the

PHYSICAL REVIEW D65 075023

The expansions for the mixing angles in the lakde sy
limit are as follows:
Y)

2

Mg
2
sus

Sin20,=1+0

Mew

cos 204=0+0 (B4)

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

Finally, notice that we have written explicitly in Eq83)
and(B4) only the leading terms in the expansions. The next
to leading terms of these expansions can be fourfd6ril7].

In particular, because of our choice@f-Mgysy, X, are of
O(Mgysy and, therefore, the second terms in the expan-
sions ofBy andB; are of O(mgyw/Mgysy. For theB, case,
this term will also contribute, via Eq(34) to the non-

external momenta of quarks and Higgs particles, respedadecoupling effects in the quark propagators. Regarding the

tively, andmgy, refers generically to any external momentum
or mass of the order of the electroweak scale.

three-point functions, it i€, that via Eq.(38) will contribute
to the non-decoupling terms.
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