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We discuss a general two-Higgs-doublet model v@th violation in the Higgs sector. In general, the three
neutral Higgs fields of the model all mix and the resulting physical Higgs bosons have no d€ffite
properties. We derive a new sum rule relating Yukawa and Hfygeuplings which implies that a neutral
Higgs boson cannot escape detection aeaa™ collider if it is kinematically accessible i&+ Higgs boson,
bb+ Higgs boson andt + Higgs boson production, irrespective of the mixing angles and the masses of the
other neutral Higgs bosons. We also discuss modifications of the sum rules and their phenomenological
consequences in the case when the two-doublet Higgs sector is extended by adding one or more singlets. A
brief discussion of the implications of the sum rules for Higgs boson discovery at the Fermilab Tevatron and
CERN LHC is given[S0556-282(99)05917-2

PACS numbe(s): 14.80.Cp, 11.30.Er, 11.30.Qc, 12.60.Fr

I. INTRODUCTION minimal supersymmetric modéMSSM) [4]. It predicts the
existence of two neutral P-even Higgs bosonshf andH°,
Despite the spectacular successes of high-energy physiesth mpo=<myo), one neutraC P-odd Higgs bosonA®) and
(e.g. precision tests of the standard modéte origins of a charged Higgs pairH™). However, in a general 2HDM
mass and ofC P violation still remain mysteries from both with CP-violation (CPV) in the scalar sector, the three elec-
the experimental and the theoretical points of view. Modelgrically neutral Higgs fields mix and the physical mass eigen-
of mass generation by electroweak symmetry breakingtatesh; (i=1,2,3), have undefine@P properties.
driven by elementary scalar dynamics predict the existence The absence of ang" e — Zhgy, signal in CERNe" e~
of one or more physical Higgs bosons. The minimal model iscollider LEP1 data(where theZ is virtual) and LEP2 data
a one-doublet Higgs sector as employed in the standargvhere theZ is rea) translates into a lower limit omy_,

model (SM), which gives rise to fermion masses and t0 ayhich has been increasing as higher energy data becomes
smgle physicalCP-even Higgs scalar bosoigy. But, &  available. The latest analysis of four LEP experimentgst
Higgs boson has yet to be observed. Regardify there is up to 189 GeV impIiesthM greater than 87.5 GeV

orély one solid experimental signal &P violation, namely (ALEPH), 94.1 GeV(DELPHI), 95.5 GeV(L3), 94.0 GeV
K{—m" " decay[1]. The classical method for incorporat- (opaL) [6]. The negative results of Higgs boson searches at
ing CP violation into the SM is to make the Yukawa cou- |EP can be formulated as restrictions on the parameter space
plings of the Higgs boson to quarks explicitly complex, asof the 2HDM and more general Higgs sector models. As has
built into the Kobayashi-Maskawa mixing matr[2] pro-  been shown in Refs[7,8], the sum rules for the Higgs-
posed more than two decades ago. Howe@#, violation  boson-Z-boson couplings derived in th€ P-conserving
could equally well be partially or wholly due to other mecha- 2HDM can be generalized to th@P-violating case to yield
nisms. The possibility thaf P violation derives largely from a sum rule[see Eq.(14)] that requires at least one of the
the Higgs sector itself is particularly appealing. Even thezZh;, ZZh; and Zhh; (any i#j,i,j=1,2,3) couplings to
simple two-Higgs-doublet modéPHDM) extension of the be substantial in size. Very roughly, this implies that if there
one-doublet SM Higgs sector provides a much richer frameare two light Higgs bosons Witlnnhi+mhj, mp, +mz and

work for describingCP violation; in the 2HDM, spontane- 4 m, all sufficiently belowys, then at least one will be

ous and/or explicitCP violation is possible in the scalar observable. A recent analysis of LEP data shows that the

sector[3]. 0 ; . e
The CP-conserving(CPQ version of the 2HDM has re- 95% confidence level exclusion region in thmh{’mhi)

ceived considerable attention, especially in the context of th@lane that results from the general sum rule is quite signifi-

cant[9].
*Email address: bohdang@fuw.edu.pl
"Email address: jfgucd@pc90.ucdavis.edu IHowever, with soft-supersymmetyP-violating phases, thk°,
*Email address: kalino@fuw.edu.pl H® and A® will mix beyond the Born approximatiofs].
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It is also appropriate to consider the implications of theof the 2HDM [see Eq.(17)] in such a way as to guarantee
precision LEP and Tevatron electroweak data for the generahat anyh; that is sufficiently light (M, +2m<y/s Js—A) will

2HDM. In the context of the SMm,,_ <260 GeV is re- pe gpservable regardless of the mixing structure of the neu-
quired for A x?<(1.64Y (correspondmg to 95% C.L. for a tral Higgs boson sector and independent of the masses of the
one-sided distribution 10]. In the 2HDM, any neutral Higgs other Higgs bosons. Very roughly, this new sum rule implies
boson with significantZZh coupling @Qwwn/9zzn is the  that if the Higgs-strahlung cross section foris small be-
same as in the SMcontributes toAp an amount given by cause of smalZZh; coupling, then the cross section for ei-

022/972n,,, times the contribution of a SM Higgs boson of ther bbh; or tth; (dominated by Higgs radiation from the
the same mass. In the absence of additional contributions tiinal state fermionswill be large enough to be detected in
Ap, the SM limit roughly converts to the requirement that atthe clean environment af* e~ collisions.
least one of the neutrdl, must have mass below 260 GeV ~ We shall also discuss the extension of these sum rules to
and have substantiaf Zh; coupling. However, if the Higgs the two-doublet plus one-single P-violating model. We
bosons of the 2HDM are not all degenerate, there can bénd that there is no guarantee that a single light Higgs boson
additional positive contributions tdp which compensate an will be observable. However, the extended sum rules do im-
enhanced negative contribution top (by virtue of larger  ply that if there are three lightas defined aboyeHiggs
m) from the diagrams involving th&Zh and WWh cou-  bosons, then at least one will be observableire™ colli-
plings. Very roughly4], substantial extra contributions arise sjons via production in association wittb or tt.
when there is dneutra) h; with [myp, —my=[ and gy y=w= Before proceeding, it should be emphasized that our re-
both large or when there is a neutrhl -h; pair with  sults make no assumption as to the nature of the model at
|mh M, | andgy, ihiz both large. In the MSSM one is pro- energies above the Higgs boson masses. As shown in Ref.
tected agalnst such situations by the natural “decoupling’{11], demanding perturbativity for all couplings up to a scale
limit of the model. In the general 2HDM, significant extra of order the Planck mass places strong constraints on the
positive A p contributions are possible in a general scan oveispectrum of those Higgs bosons that have substad#al
model parameters. Thus, constraints from the precision dataoupling. These constraints are such that the next generation
are complicated and will not be directly implemented here. of e*e™ collider would be able to segh production for at

In this paper, we consider the 2HDM in the context of least one Higgs boson or collection of Higgs bosons. Our
higher energy e"e” linear colliders (/s~350 focus here is on results that apply purely as a result of the
—1600 GeV). The general question we wish to address istructure of the low-energy Higgs sector model.
whether we are guaranteed to see any neutral Higgs boson The paper is organized as follows. In Sec. I, we outline
that is light. Two scenarios give cause for concern. how CP violation arises in the 2HDM and give the general

First, the precision electroweak suggestion of a light forms of theZZ-Higgs, Z-Higgs-Higgs, and Higgs Yukawa
with significantZZh; coupling could prove correct, in which couplings in terms of the matrix specifying the mixing of the
case thé; will be seen ine"e™ —Z* —Zh; Higgs-strahlung  neutral Higgs bosons. In Sec. Ill, we present the crucial sum
production. However, it could happen that there are actuallyules for these couplings. In Sec. IV, we specify the existing
two light Higgs bosons. We denote the seconchby There  experimental constraints that we require be satisfied as we
are then two possibilities allowed by the above-mentionedgcan over Higgs masses and mlxmg parameters. Numerical
sum rule[Eg. (14)]. (@) If the h; observed inZh; does not  yesults forzh;h,, bbh; andtth, cross sections resulting
have full strengthZZh COUP“”Q then either th&hih; or  from the scan over 2HDM parameter space are presented and
ZZh; coupling (or both must be substantial artd will be discussed in Sec. V. In Sec. VI, we extend the sum rules to
observable in théa;h; or Zh; final state(or both provided  the case of the two-doublet plus one-singlet Higgs sector and
My, + My, <\s—-A and My, +mz< Js—A’, whereA andA’  outline implications. In Sec. VI, we present an outline of the
genencally represent the subtractions from the absolute kingmpact of the sum rules for Higgs boson discovery at the
matic limits due to backgrounds, efficiencies and finite lumi-Fermilab Tevatron and CERN Large Hadron Collider
nosity. (b) If the h; has full strengttzZh, coupling, then the (LHC). Concluding remarks are given in Sec. VIIl. The Ap-
sum rule guarantees that téé;h; andZh; couplings vanish pendlx presents the detailed cross section formula for the
and, therefore, thén; will not be dlscovered via Higgs- e*e”—ffh; process allowing for Higgs boson mixing and
strahlung Zh;) or pair (h;h;) production. (Note that the CP V|olat|on
above conclusions hold regardless of the mixing structure of
the neutral Higgs boson sectpit is case(b) that causes

concern. o . Il. THE TWO-HIGGS-DOUBLET MODEL

A second, and even worse scenario, is the following. It WITH CP VIOLATION
could happen that there is only one light but model pa- _ _ _
rameters conspire so that it haZah coupling that is too The 2HDM of electroweak interactions contains two

weak for its detection in Higgs-strahlung production while atSU(2) nggs doublets denoted b= (¢, ,47) and @,

the same time precision electroweak constraints are satisfiee: (¢, , d)z) and is defined by Yukawa couplings and the
The primary result of the present paper is the derivation oHiggs potential. The most general renormalizable scalar po-

new sum rules that relate the Yukawa and Higgseuplings tential for the model has the following form:

075011-2



FINDING THE CP-VIOLATING HIGGS BOSONS AT . .. PHYSICAL REVIEW D 60 075011

V(®1,D2)=Veymn{P1,P3) + Vo P, D) in the 2HDM become possible even if tiy symmetry is
only broken softly. TheCP violation will be explicit in
*Vharg(P1,P2) @D Voymmit Vsore if Im(u$,*Ns)#0. When  Imfu,*\5)=0,

T T SE g fa 12 spontaneou€ P violation can arise as follows. Without loss
Voymd @1,P2)=— 1P 1P~ ui@;05+ Ny (P1P) of generality, the phase @b, can be chosen such that its
+Nz(qDZ‘I’z)ZJF)\s(‘qu’l)(q)Z‘Dz) \iacuum expectation value is real and positiveb,)
=v4/v2 (with v;>0), and the phase @b, such that the\s
i, 1 fa 2 coupling is real and positive. Then, the second Higgs doublet
NG| PP+ S [Ns(P1P2)"+H.C] will have a complex vacuum expectation valuép,)
=v,e'?/v2 (v,>0 by conventioi?® provided
Vsorl @1,®2) = — ui,0]0,+H.c. )
M1z
)\5V1V2

<1, 4

1 1
Vhard( @1, ®2) = SA6(P101) (D1 D) + S\ R]P)
since, then, the minimum of the potential occurs [fb]
X (®Id,)+H.c.

If both of the two Higgs boson doublets couple to up- or to cosf= : ()
down-type quarksor to both typey flavor changing neutral
currents(FCNC) are generated at tree level. To avoid FCNC
it is customary to impose a discre® symmetry under
which

'Therefore, the 2HDM with Higgs potential given Bygq ¢
+Vsymmis @ very attractive and simple model in which to
explore the implications o€ P violation in the Higgs sector.
After SU(2)xU(1) gauge symmetry breaking, one combi-
nation of neutral Higgs fieldsy2(czIm ¢J+sg1m ¢3), be-
and the other fields are unchanged_ T@E,COUMES only to comes a would-be Goldstone boson which is absorbed in
up-type quarks andb; couples only to down-type quarks giving mass to th& gauge bosonHere, we use the notation
and leptons. The resulting invariant fermion-Higgs YukawaSz=Sin B, C;=C0sp, where tarB=v,/v,.) The same mixing

®y——P,, Ur——Upg (2

interactions can be written in the form angle, B, also diagonalizes the mass matrix in the charged
_ o Higgs sector. If either explicit or spontaneo@$ violation
Ly= _(Uivdi)LFHa)ZujR_(Uiadi)LFH(I)lde is present, the remaining three neutral degrees of freedom,
— (v, &) TP ertH.ec, 3 (¢1,02,903)=V2(Red] ,Red3,s51m ¢pI—cyzlm ¢3)
(6)

where i,j are generation indices an®, is defined as

io,®3 . Only the first termVgym{®1,P,) in Eq. (2) is ~ are not mass eigenstates. The physical neutral Higgs bosons
symmetric undeZ,. However, if theZ, symmetry is broken h; (i=1,2,3) are obtained by an orthogonal transformation,
only softly (that is by operators of dimension 3 and letben h=R¢e, where the rotation matrix is given in terms of three
renormalizability is preserveld 2] and FCNC effects remain Euler angles &1, a5,a3) by

small. The unique soft-breaking term is that appearing in

Veoi(®P1,d,). The dimension 4 terms contained in C1 —$51C2 $1S2
Viard(®1,P5) break theZ, symmetry in a hard way and R=| $1€3 €1C,C3—S,S3 —C1S,C3—C,S3
therefore cannot be accepted.

The 2HDM Higgs sector can exhibit either explicit or
spontaneou€ P violation. CP violation is explicit if there is wheres, =sina; andc,=cosa; . Without loss of generality
no choice of phases such that all the potential parameters are ! : ! " '

R . ) . We assumem, <m,_<mj,_.
real. CP violation is said to be spontaneous if the potential 1 2 3" ) )
minimum is such that one of the two vacuum expectation AS @ result of the mixing between real and imaginary
values is complex, even though all the potential parameterBarts of ne_utral Higgs fields, the YL_lkawa interactions of the
can be chosen to be real. If or¥it,, is present then neither i Mass eigenstates are not invariant un@ét. They are
explicit nor spontaneou€ P violation can be present in the 9iven by
Higgs sector{13]. In fact, when FCNC are suppressed by _
imposing exact Zz symmetry, one must introduce a third L=hif(S/+iP[ys)f (8)
Higgs doublet in order to allow fo€ P violation in the Higgs

sector. However, both explicit and spontane@®violation ~ where the scalarg) and pseudoscalaP{) couplings are
functions of the mixing angles. For up-type quarks we have

)

S1S3  C1CpS3+S,C3 —C1S,S3+CyC3

2lf Vparq is present, there is no argument for dropping the FCNC
Yukawa terms which are also of dimension 4. 3In this normalizationv=\v2+v2=2my,/g= 246 GeV.
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m m
S'=— R Pl'=--—cgRy, €)
VSB VSB
and for down-type quarks one finds
m m
d__ d d_ d
Si__V_CBRil: Pi__V_CﬁSBRiB: (10

and similarly for charged leptons. For large f@nthe cou-

PHYSICAL REVIEW D 60 075011

wherei#j are any two of the three possible indi¢ehe
power of Eq.(14) with i,j=1,2 for LEP physics derives
from two facts: it involves only two of the neutral Higgs
bosons; and the experimental upper limit on any @fe
derived frome*e” —Zh; data is very strong—Cizs 0.1 for
m, =70 GeV. Thus, ith; andh, are both below about 70

GeV in mass, then Eq14) requires thaC2,~ 1, whereas for
such masses the limits @ e~ —h;h, from LEP2 data re-
quire C§2<1. As a result, there cannot be two light Higgs

plings to down-type fermions are typically enhanced over thédosons even in the gener@P-violating case; the excluded

couplings to up-type fermions.
In the following analysis we will also need the couplings
of neutral Higgs an@ bosons; they are given by

gmz gmz
gZZhiEmCizm(sﬁRiZ'*—cﬁRil) 11
9 g
gZhth-:Ecijzm(Wist_WjRiLJ,) (12
g2 g2 3
9zzhh = zfxij :zz‘kEl RikRjk (13
w wk=

wherew; =sgRi; —CgRi,, Cy=C0S6y, g is the SU2) gauge
coupling constant anth, denotes th&-boson mass. In the
case of the 2HDMX;; = &;; by virtue of the orthogonality of
R and its 3x 3 dimensionality; in particular, th&Zhh; cou-
pling is not suppressed by mixing angles.

The CP-conserving limit can be obtained as a special
case:a,=a3=0. Then, if we takea;=7/2—«a, « is the
conventional mixing angle that diagonalizes the mass
squared matrix fov2Re ¢} andv2Re 5. The resulting mass
eigenstates areh;=—h% h,=H° and v2(sgIm ¢}
—cglm ¢3)=—AC where h®, H® (A%) are theCP-even (
CP-odo Higgs bosons defined earlier for the CPC 2HDM.

Ill. SUM RULES FOR THE HIGGS BOSON COUPLINGS

As discussed earlier, we wish to determine whether or no;

the additional freedom in Higgs boson couplings in the gen
eral CP-violating 2HDM (by tuning the mixing angles one
can suppress certain couplings sufficient to jeapordize our
ability to find light neutral Higgs bosons. We will show that
the unitarity ofR;; implies a number of interesting sum rules
for the Higgs couplings which prevent the hiding of any
neutral Higgs boson that is sufficiently light to be kinemati-
cally accessiblga) in Higgs-strahlungand Higgs pair pro-
duction, or(b) Higgs-strahlungand bb+Higgs bosonand

tt +Higgs boson.

() Let us first recall the sum rule for Higds-couplings
that requires at least one of t@&Zh;, ZZh; andZh;h; (any
i#j, i,j=1, 2,3 couplings to be substantial in siZ&],
namely

ci+ci+Ci=1 (14

region in the (n,,my ) plane that results from a recent

analysis by the DELPHI Collaboration can be found in Ref.
[9].

At a higher energye™e™ collider, Eq. (14) will have
many possible applications. If no Higgs boson is discovered
in Higgs-strahlung or Higgs pair production, Ed.4) will
imply that at least one orfnhi~l— My, My, +m; and mhj+ m,

must be>\/s—A for any choice ofi andj. However, as
noted earlier, this does not preclude the possibility that there
is a light h; with mp +mz< Js—A but with small ZZh
coupling. More likely, the precision electroweak suggestion
will turn out to be correct and at the" e~ collider we will
find at least one Higgs boson i@"e”—Zh; production
(note thath; need not be the lightest neutral Higgs boson
and measure it€; with good accuracy. If the observed
hasC;~1, then Eq/(14) implies that any othen; must have
smallZZh; andZh;h; couplings and will not be observable
in Higgs-strahlung or Higgs pair productigm association
with the observecdh;). If the measuredC; is substantially
smaller than 1, then Eq(14) implies that eithere™e”
—hih; ore"e”—Zh; would have a substantial rate for any
sufficiently lighth; (j#1i). If a secondh; has not been de-
tected, we would then conclude tha’uhj>min[\/§— M,

—A,\s—m,—A’] for the other twoj#i neutral Higgs
bosons.

(b) If even one of the three process&s),, Zh, (Higgs-
strahlung and h;h, (pair production, is beyond the collid-
er's kinematical reach, the sum rule in EG4) is not suffi-

ient to guarantef; or h, discovery. For example, suppose

ath;h, production is not kinematically allowed. Equation
(14) can be satisfied by taking,,~1 andC; ,~0. For these
choices,Zh; and Zh, production would be suppressed and
unobservable(even if kinematically allowed because of
small C; and C,, respectively. However, we find that the
Yukawa andZZ couplings of any one Higgs boson also obey
sum rules which require that at least one of these couplings
has to be sizable; i.e., {£;~0 at least ondn; Yukawa cou-
pling must be large. Thus, if ah; is sufficiently light, its
detection will be possible, irrespective of the neutral Higgs
sector mixing.

To derive the relevant sum rules, it is convenient to intro-
duce rescaled couplings

4Another interesting sum rule read:ﬁ =C§ for (i,j,k) being any
permutation of(1,2,3.
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. siv . Plv well, should include not only the Higgs-strahlung process
S{E —_—, PifE'—, (15 and Higgs pair production but also the Yukawa procésses
My f with Higgs radiation off top and bottofrquarks. Details of
this strategy at a future*e™ collider are discussed in Sec.
wheref=t,b.% Using Egs.(9) and(10), one finds V.

For definiteness, in what follows we will consider the
52 high luminosity option that has been examined in the context
a2 oot | COS 2 42 i of the DESY TeV Energy Superconducting Linear Accelera-

(S)7+(Py) _( sinﬂ) [Ris+Riz/cos’ B]; (16) tor (TESLA) design, for which one expects=500 fb 1y~ !

at \/s=500 GeV[17]. We will consider Higgs discovery

ng |2 possibilities after combiningZ + Higgs boson, Higgs pair,

ab2 b2 [ SMP )V he 2 bb+Higgs boson and tt+Higgs boson production.
(5)7+(PV) (COSB) [Ria Ri/si 6] Throughout this paper, we will employ the criterion of re-
quiring 50 eventgbefore cuts and various detection efficien-

these can be written as cies, such as those associated vaittagging for observation

of any one of the above production processes. Clearly, this is

an over simplification given that these four production pro-

Using the unitarity ofR;; ,

(st)zﬂ'f,it)z:((:(_jsﬁ)z 14 G (2% co@ g+ C))|: cesses will have different overall efficiencies and different
sinB cos g background levels. However, we believe that 50 raw events
(17 is a conservative requirement. Past experimental studies for

e*e colliders have usually found techniques for uncovering

R R sing\? C, R a signal starting with a substantially smaller raw number of
(3b)2+(Pib)2=<COS’8) 1+ Sinz'B(ZStsinz B+Ci)|. events. In particular, as regards the specific processes con-

sidered here, it seems likely thattat+ Higgs event would be

) i . very hard to miss and would have very small background.
From Eq.(17), we see that if a light Higgs bosom has  \ye hope that experimentalists will refine the results we ob-
suppressed coupling ©Z, C;—0, then §)?+ (P;)? for the  tain in what follows based on the 50 event criterion.

top and bottom quark rescaled couplings behaves &s3cot

and tad B, respectively. IfC;==*1, i.e., full strengthZZh, IV. EXPERIMENTAL CONSTRAINTS

coupling, one finds that)+(P;)*~1, for both the top In the numerical analyses that follow we will include con-
and the bottom quark couplings, in the limit of either very siraints on the model parameters that result from the current
large or very small tap. More generally, combining the two  experimental limits. Thus, in this section, we briefly discuss
sum rules, as written in Eq16), and using unitarity again, the experimental data that will be taken into account and
we find how they constrain the general CPV 2HDM model. For
given Higgs boson masses, we must consider all non-
Sinzﬁ[(‘St)2+(|5it)2]+COSZ B[(Sb)2+(lsil))2]:1 (18) redundant values of_the mixing gnglas. Existing data al-
ready exclude certain configurations of masses and angles,
see e.g[8,9]. We will follow the method used in Ref8],
independently oC; . Equation(18) implies that the Yukawa  with updated experimental input. The constraints that we im-
couplings to top and bottom quarks cannot be simultaneouslyose on the mixing angles are as follows:
supprgsseq. As thg_ earlier .examples show, the relative The C? are restricted by non-observation of Higgs-
weighting is a sensitive function of both tAnand C;. In strahlung events at LEP1 and LEP2. We take the limits pre-
some sense, the most pessimistic case for measuring th@nted in Fig. 16 of Ref18] for the case when nb-tagging

Y”ana couplicngs iﬁciﬁl in thathit ftc))rbids sigEificant has been used. By doing this, we avoid potential problems
enhancement for either the top or the bottom Yukawa cou- . L
plings — both are SM-like in the limit of large or small concerning the dependence of the Higgs-boson and

X 4o . . -
tang. Still, Eq. (18) guarantees that, with sufficient inte- Higgs-r* 7 boson branching ratios on the mixing angfes.

L - The contribution to the totakZ-width from Z—Z*h;
grated luminosity, determination of at least one of the two — )
Yukawa couplings will be possible for arty kinematically ~ —ffhi (Summed over=1,2,3) andZ—h;h; (summed over

accessible irith; (as well asbbh;) production. 1,j=123i>]) is required to be below 7.1 MeV; see

The above makes it apparent that the complete Higggef' [19]

hunting strategy a* e colliders, and at hadron colliders as

5The importance of the Yukawa processes in the context®Pa
conserving 2HDM for large ta@ has been stressed in the past
many timeg 15,16.
"Looking for radiation off the tau leptons in the case of largegan
SFor obvious reasons we consider the third generation of quarksnay also help.
Similar expressions hold for for lighter generations. 8We thank F. Richard for discussions on this point.
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For any given values ofng; ,m,) and theq;, we calcu- e+e‘aff_h1. (19)
late the number of expected events in the processes
—h;h,—bbbb+bbr* 7~ at the LEP2 energies's=133,
161, 170, 172, 183 GeV using the corresponding integrate

IgmmosmesL-—S.Z, .10'_0_' 1.0,94,54 ﬁﬁ_ ileummg effi- is not too near 1, Eq$9),(10) imply that radiation diagrams
ciencye=.52 in the |nd_|V|duabbbb andbb7 7 channels. (c) are enhanced when the Higgs boson is radiated off top
Our calculations take into account the m|xm_g-angle depenQUarks for small tag and off bottom quarks of leptons for
dence of the Higgs-boson branching ratiobtoor 77~ .° large values of ta.

Feynman diagrams for _process@ _and (b) contribute to
ﬁwis final state wheZ— ff andh,— ff, respectively. IfC,|

If the probability of observing zero eventafter summing Since all fermion and Higgs boson masses in the final
the rates for all energigss below 5%, the set of masses and state must be kept nonzero, the formulas for the cross section
mixing angles is assumed to be excluded. are quite involved. For the CPC case, they can be read off

from Ref.[16]. In the CPV case, they are more complicated

V. HIGGS BOSON PRODUCTION IN e*e™ COLLIDERS due to mixing of all neutral Higgs bosons. Therefore, for

completeness, we will present the formula for the cross sec-
tion. Let Q; denote the electric chargél, the number of
colors,a; andv; the axial and vectoZ charges of the fer-
mion f normalized as

As we argued above, ie*e” collisions production of
light neutral Higgs bosais) can proceed via three important
mechanisms:(a) bremsstrahlung off theZ boson,e*e”
—Zh,, (b) Higgs pair productione™e™—h,h,, and(c) the
Yukawa processes with Higgs radiation off a heavy fermion o1t 21 —40.<2
line in the final statee*e™—ffh;. The Yukawa processes =, Vf:L—QfSW, (20)
are particularly important ifa) is dynamically suppressed by 4swCw 4swCw
the mixing and(b) is kinematically forbidden.

In order to treat the three processes on the same footingyith IfL: +1/2 being the weak isospin of the left-handed
we will discuss the production ofi; in association with fermions. The total cross section for the procék® can be
heavy fermions: written as follows:

2 22, 2
_ 2 2.2 qequer(l_Z) (Ve+ae)(vf+af)
U—f dxldszC4WquQf+2 (1-22+2y, (1-2)2+27, (G1+Fq)
2t Ve 2(Gyt+ Fyt Gyt Gyt G+ Gg)+ VA(Gy+ G (G +F & (k4G
+m af(Got+Fot+ G+ G+ Gs+Gg) + vi(Gyt 6)+Ew2_c\2/_v( 7t 3)+m( 4+ Gg)

qfquer(l_Z) 6], (21)

(1-2)*+zy,

whereo,=4ma?/3s is the standard normalization cross sec-process,ee”—Zh;, will be sufficient to find it. In the
tion. Here, /s is the total c.m. energy; ,= 2Ef,f_/\/§ are the opposite case, our focus in this paper, one has to consider the
reduced energies of fermions in the final state and other processe&) and/or(c), for which the sum ruleg14)
=ma/s, y,=T3/s are the reduced mass and width of the and(17) will imply that the neutral Higgs bosds), if kine-
boson, respectively. The functio® andF; are given in the ~matically accessible, will be produced at a comfortably high
Appendix:G; , andF, , arise from squaring graphs wherg  rate at a high luminosity future line@" e~ collider. Below

is radiated from the fermionG;, arise from squaringZz ~ we will consider two situations(i) two light Higgs bosons,
—Zh; graphsGs ¢ arise from interference between fermion- and (i) one light Higgs boson.

radiation andZh; graphs; the remaininG’s andF's involve (i) My, + My, My + Mz, My + Mz < Js:
Higgs pair production graphs and their interference with |f the Higgs-strahlung processes are suppressed by mixing
fermion-radiation and’h; graphs. angles,C;,C,<1, then from Eq(14) it follows that Higgs

If the coupling of theh, to theZ boson is not dynamically  pair production is at full strengttG,,~1. In particular, we
suppressed, i.6C; is substantial, then the Higgs-strahlung will retain only those configurations of angles and masses for
which, at a given value of/s, the total numbers oé*e~
—Zh, and(separatelyZh, events are both less than 50 for
%n the previous analys{] the SM branching ratios for the Higgs an integrated luminosity of 500 f3. In Fig. 1 we show
boson decays were used. We find, however, that our final results fatontour plots for the minimum value of the pair production
cross sections are nearly insensitive to this modification. cross sectiong(e"e” —h,h,), as a function of Higgs boson
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FIG. 1. Contour lines for min(e"e” —h;h,)] as functions of
Higgs boson masses for the indicatgs values. The number next FIG. 2. The minimal and maximal valu¢after requiring fewer
to each contour is the minimum cross section in units of fb. Inthan 50Zh; events forL=500 fb*) of the cross sections for
scanning over mixing angles; , we respect the experimental con- e"*e”—bbh; (a) and e*e”—tth, (b) are plotted for Js
straints listed in Sec. IV, and we require that at the giyenthe =500 GeV. For a given value of tg8) the same type of linédots
number ofe*e”—Zh, or Zh, events is less than 50 for total lu- for tang=0.1 andtth,, solid for tang=1, dashes for tag=10,
minosity L=500 fb™*. The contour lines are plotted for t#  dots for tan3=50 andbbh,) is used for the minimal and maximal
=0.5; the plqts are virtual_ly unc_hanged for larger values ofian 565 of the cross sections. In the casébh,, the minimal and
The contour lines overlap in the inner corner of each plot as a resuPhaximal values of the cross sections are almost the same. Masses of

of gxcluding mass choices inconsistent with experimental CONthe remaining Higgs bosons are assumed to be 1000 GeV.
straints from LEP2 data.

afs—2350, 500, 800 and 1600 GeV. With i q and theq;’s are such that thEt_hl cross section is minimal.
Masses ays= ’ ’ an ev. With integrated ¢, example, let us assunhe=500 fb ! at \'s=500 GeV

inosi S1
luminosity of 500 -, a large number of.eventSarg_e_ and take 50 eventthefore cuts and efficiencigss the cri-
enough to allow for selection cuts and experimental efficien- fa (e, we requirec>01f). If tang=1, o(bbhy)
.C. . . —d4, 1

cies is predicted for all the above energies over a broad® . -

range of Higgs boson masses. If 50 events before cuts arig0-1fb for all m, while oyn(tthy) falls below 0.1fb for

efficiencies prove adequate, one can probe reasonably clogg >70 Gev. At tand=10, o,(tth)<0.1 fb and
h k. . f. .. 1 . -

to the kinematic boundary defined by requiring thag O min(bb) =B falls below 01 fb for m,

+mgz, m,_+m; andm,_+m,_ all be less than/s. . :
S R ﬁf >80 GeV. A s=1 TeV machine would considerably ex-
(ii) My, +mz<y/s, my +mp , My, +mz>s: tend this mass reach.
In this case, ifC, is small the sum rulesl?7) imply that For a given taB value, especially interesting features of
Yukawa couplings may still allow detection of ttg. We  the C,~0 cross sections of Fig. 2 are the followir(@ The

illustrate this in Fig. 2 by plotting the minimum and maxi- minimal and maximabbh; cross sections are almost equal.
mum values ofr(e"e” —ffh;) for f=t,b as a function of  Further, for any given values of tghand my,. by explicit

the Higgs boson mass, where the scan over the mixing anglec%mputation one finds(bbA®) = (bbh,), whereo (bbA%)

aq, @y and ag at a given taB is constrained by present . . . | . i
experimental constraints and by the requirement that fewer the cross section computed in tieP-conserving two

than 50 Zh, events are predicted fofs=500 GeV and. ~ doublet model. (b) Similarly, one finds a(ttA°)
=500 fb*. [The results are essentially independentmgf = min(tthy). These features can be understood as follows.

(and mha) for My -+ My > J/5.] Overall, Fig. 2 shows that if That theC,~0 cross sections should be related to Atfe

. | h il b fici i either th Cross sections is not altogether surprising given that in the
My, is not large there will be sufficient events in either the ;. C,—0 the h, behaves like theA? in that it de-

bEhl or thettih1 channel(and perhaps bojhto allow h; couples fromZZ. However, to understand whyfor C;
discovery. The smallest reach Iinh1 arises if I=s tanB<10 ~0) the minimal and maximai, cross sections and th&"
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cross section are all numerically essentially the same in theVl. THE TWO-DOUBLET +ONE-SINGLET (2D19 HIGGS
bb final state, despite the fact that the possesses non-zero SECTOR MODEL
S andP Yukawa couplinggand therefore is not a genuine  \ye do not go into the details of the most general Higgs
pseudoscalarrequirgs more discussion. First, we note that'potential for the 2D1S model, but simply state the well-
for C;—0, Eq.(17) implies known fact that explicit or spontaneo@sP violation is en-
o Ata At b2 Eb2 B A2 tirely possible for a 2D1S Higgs sector. The primary change
(S)“+(P1)"—=(Pao)= (S + (P —(Pyo)%, relative to the formalism given for the two-doublet model is
(22)  that theR matrix is extended to a:85 matrix. The formulas
b _ o - for the couplings of a given physical eigenstht¢o ZZ and
where P, are thet and b couplings of theA™ in the  to the quarks remain unchanged relative to the two-doublet
CP-conserving version of the 2HDM. Second, we note thatcase, being entirely determined By,, R, andR;; in the
in Eq. (21) only G ,=(S/)?g1, andFy ,=(P/)?f,, [where  basis where
01, and f, , are functions of kinematic variables only, de-
fined by Egs.(A1) and (A2) in the Appendij remain non- (¢1,02,93,04,95)=V2(Red], Red), szIm ¢?
zero asC,—0 (see Appendix implying in rough notation. 0
—Ccglm¢;,ReN, ImN), (24
do(ete —ffh,)

de

~(Sf1)2(Agl+ Bgz)+(Pf1)2(Afl+ Bf,), with N being the singlet Higgs field. In general, the only
293 constraints on the parameters of the model are Rhatust,
as before, be an orthogonal matrix and the masses-squared of
the physical Higgs eigenstates must be non-negative. Physi-
cally, this means that we can have two light Higgs bosons
that reside entirely within the singlet sector and therefore do
_ . not couple to either quarks or gauge bosons. As a result, one
ferences are very small in the case of Hiefinal state. Asa  ¢an only guarantee discovery of a neutral Higgs boson if at
result, inserting th€, — 0 limit of Eq. (22) into Eq.(21) [or  |east three of the five physical states are light. Further, we
Eq. (23)] implies that the minimal and maximal values of gha|| show that this guarantee is possible only by employing
o(e*e”—bbh,) are essentially the same and that both arehe Yukawa radiation processes. No statement will be pos-
very nearly equal tcar(e*e*—>bHA°). sible for just one or two light Higgs bosons.
Next, we would like to understand why the minimum We begin by focusing on the generalization of the
tth, cross section is obtained by takiSy~0, equivalent to  Yukawa sum rules to the 2D1S case. Starting from &6)
[see Eq(22)] (P})%~ (P}0)?. Referring to Eq(23), we see (which still applies, one finds
that this will be the case iff(Ag;+Bgy)dd>[(Af . P ~ P ~
+Bf,)d¢, as is easily verified. JAgrBadd=] (AL sir? BL(S)2+ (P})?]+cos B[ (S))?+ (PP)?]
We note that the minimum cross section values would be —R2 +R2 4+ R.=R?2 (25)
altered if the scan over the, is not restricted by requiring R

smallC, . In particular, ,'f one ob.serveZ;hlAtevzentsA ?nzd finds whereR? is a measure of the extent to whibhresides in the
[C4|~1, then, as outlined earlier, botf§,)°+(P1)* and o doublet portion of the Higgs sector. We will refer 3
(89)2+(P3)? will be of order unity, approaching 1 exactly if as the two-doublet content df . In the 2HDM modelR?
tang is either very large or very small. This implies mini- =1 (i=1,2,3) was automatic by virtue of the orthogonality
mum cross sections values similar to the ganl ffA° cross  of R and its 3x3 dimensionality. However, in the present
sections. Thus, at §s=500 GeV machine with integrated caseR?=R?+ R%+R%=1—R%—R% could be zero if the
luminosity of orderL =500 fb?, it would almost certainly h; Higgs boson resides entirely in the singlet sectBf, (
not be possible to uskebh; production to measure the’s +Ri25=1). We only know that after summing over all the
bb coupling and, ifm,, is significantly above 70 GeV, it physical Higgs bosons we must get the full two-doublet con-

! tent: 3>_,R?=3. Results analogous to th& =0 limits of
Egs.(17) can also be obtained. F@;=0,

whereA, B, f,, andg,, are all positive andp denotes a
point in phase space. Thirdly, it is easily verified tlgt
—f, andg,—f, are both of ordem?/s and thus these dif-

would also be difficult to measure it¢ Yukawa coupling.
Of course, increasing thés will extend the range ormhl for
which thetth; process will have a useful rate. . . 0sB\? . . singB\?

As a final aside, we emphasize that eve #5002 (S)*+(P)?= W) RY, (Sub)zﬂp?)Z:(@ 3
cannot be achieved in a single year of operationyat (26)
~500 GeV, one can envision accumulating such an inte-
grated luminosity over a period of several years. Of courselNote that both could be zero for a pure sindiet Summing
for s~1 TeV and above, our results may be conservativeover two Higgs bosons does not help, since both Higgs bo-
given that thee*e™ collider will very probably be designed son could reside entirely in the singlet sector. However, if we
to have a yearly integrated luminosity that scales with energgum over three Higgs bosorwe usei =1,2,3 in what fol-
like s. lows), one finds
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W, a=C?+ C24+C2+C2+C2,+C?.+C?
2 Ri2: 1+(R4214+ R§5+ R§4+ Rés)El- (27) 1234— 1 2 3 4 12 13 14

=123 +C2,+C2,+C2,. (30)

In the worst caseRj,=Rjs=R&,=Rs=0, i.e. the singlet ysing Eq. (29) and summing ovei=1,2,3,4 and ovei
Higgs field N is entirely contained in the three light Higgs =1 2 34,5 one obtains
bosons. The two most important implications of these results
are the following.

(1) Equation (25) implies that our ability to observe a Wigget > Ci=> R’=3-RZ, (32)
Yukawa radiation process and measure eitherbther the T '71

tt Yukawa coupling of a Higgs bosdn is determined by its 5 5
two-doublet contentR?. For substantial two-doublet con- Z Ci+2 - > Ciz,:z R?=3, (32
tent, andmy, +2m<\/s—A, we are guaranteed that at least =t bi=de 8] =t

one of these two Yukawa couplings will be measurable.  respectively, where we also us@ﬁ(:cﬁi_ Unitarity for

(2) If there are three light Higgs bosoright being de- 7z, 77 scattering and for other vector bosgv— V'V pro-
fined by my, +2m<\s—A), and two have small Yukawa cesses requires tha_; £C2= 1. Inserting this into Eq(32)
couplings, then EQq(27) implies that at least one of the implies thatEi,j=1y__.v5j>jCﬁ:1. Inserting this latter result
Yukawa couplings of the third will be large enough to detectinto Eq. (31) yields W;,3,~=2—R2 which must be=1 by
the Higgs boson in association wilib or tt. virtue of the fact thaR2<1 is required by orthogonality of

Of course, the Yukawa couplingsquaredl could be ap- R. In words, Wy,3,2=1 implies that if there are four Higgs
portioned more or less equally among the three light Higgsosons that are sufficiently light that all tiz&h; and h;h;
bosons, in which case observation of a Yukawa radiatiorproduction processes are kinematically allowadd not sig-
process of any one of the three would require substantiallyificantly phase-space suppressehen at least one of these
more luminosity than if the two-doublet content resides pri-Higgs bosons must be seen in Higgs-strahlung or a pair of
marily in just one of the three. Higgs bosons must be seen in pair production. Three light

The generalization to more singlets is clear. Each singleHiggs bosons are not enough. In particular, analogous pro-
field introduces two more physical neutral Higgs bosons. Afcedures to those sketched above yield the result
least 1+ 2Ng;,qie:Of the neutral Higgs bosons must be light in
order to guarantee th@ilijSi”Q'e‘Riza 1, implying definite

opportunity for observing at least one tibh; or bbh; asso-
ciated production. (33

Let us now consider th&h; andh;h; processes. We wish 5 .
to determine how many of the 2D1S neutral Higgs bosonsINce We are only guaranteed tlﬁ%lRi 221 and sinceCys
must be light in order that we are guaranteed to find at leagtould be quite small even wheB;_,Ri=1, there is no
one in either Higgs-strahlung or Higgs pair production. Thelower bound toW;,3 and we cannot be certain of finding at
crucial ingredient for obtaining the necessary sum rule is théeast one Higgs boson in Higgs-strahlung or Higgs pair pro-
unitarity sum rule foZZ— h;h; as given in the Appendix of duction in the case that only three are lightrhus, if only
Ref.[20]. In applying this sum rule it is crucial to note that three neutral Higgs bosons of the 2D1S model are light,
the ZZ-Higgs-Higgs boson coupling only receives contribu- searching for the Yukawa radiation processes is required in
tions from the fields in the doublet sector. Thus, in the basi®rder to guarantee that we will find at least one.
defined by Eq.(24), these interactions have the form  Once again, the generalization of the above considerations
ZZ(0?+ o2+ ¢2) times the standarg?/(2c2,) factor. There 10 @ CP-vic_;Iating. Higgg sector with one-doublet and more
are noZZg? or ZZ¢? interactions. After diagonalizing, the than one singlet is obvious. At least2Nsinge; Of the neu-

ZZhh; coupling coefficient is giverisee Eq.(13)] by X;; ;[ral Higgs b?sgns mgﬁtbbe Iighdt in czjrder to be .c?ertain that at
=RR;1+R R, +R3R;3. In particular,X; = R?, the two- east one of them will be produced at a significant rate in

doublet content oh; defined earlier. Using our present no- either Higgs-strahlung or Higgs pair production.
tation, Eq.(A18) of Ref.[20] becomes

4

3
Wip5=C2+C2+ C2+ C2,+ C2,+ C2,= ;1 RZ-1+C2,.

VII. IMPLICATIONS FOR THE FERMILAB TEVATRON
AND THE CERN LHC
C|C1+2 Ciijk:Xij y (28) .. . . .
KFi Determining the implications of our sum rules for future
experiments at the Tevatron and the LHC is much more in-
which fori=]j yields volved than thee"e™ collider study we have focused on in

previous sections. As above, consider a subset of 1
C2+ gi CZ=R?. (29

10Note: these results correct the erroneous result for this case
Let us define given in Ref.[8].
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+2Nsinglet Higgs bosons coming from a Higgs sector consist-of at least Istang=2 for which A° (and, henceh,) detec-
ing of 2 doublets pludNgi,ge Singlets. Further, consider pa- tion is not possible.

rameters such that none of the Higgs in this subset has sub- Of course, purely to avoid difficulty with unitarity limits
stantial WWIZZ coupling, but assume that all have massfor WW and ZZ production, there must be one or several
</5—2m, (where |3 is the typically available sub-process Neutral Higgs in the 2HDM with masses below800 GeV

energy. Then, the Yukawa coupling sum rules guarantee2nd with substantialVWandZZ coupling. The LHC would
that at least 1 of the +2Ngqe Higgs bosons will have a search for a signal in the usual channels employed for the

T ‘ . SM Higgs boson searcte.g., theyy, WW—2/2v or ZZ
substantiabb-+ Higgs ortt + Higgs cross section. The great- —4/ final states The concern regarding such signals is that

est difficulty at a_hadron collider arises if parameters ar§pa \WW and ZZ couplings could be shared among several
chosen so that tht +Higgs channeb) are crucial* At the  Higgs bosons so that the branching ratios to these final states
Tevatron, the energy is marginal fot &+ Higgs channel and would be reduced and the resulting signal for any one Higgs
evenL=30fb ! leads to an insufficient number of events for boson would be too weak to be detectable. That this is pos-
Higgs discovery in this channel. At the LHC, one typically sible is iIIustrate_d in the 2D1S supersymmetric model s.tudy
finds a large number aft + Higgs events, but it is easy to Of_ [24], where it was found that several mc_)derately light
find parameter regions such that the large backgrounds caH—'ggS bosons could sharg the SMWZZ coupling streng_th
not be overcome even if=3001b L is accumulated by the In such a way that the s!gnal for any one was not V|S|blg
ATLAS and CMS detectoréeach. Still, because of the sum above background. A dedicated study is needed to determine

: ; ’ ) whether this is also possible in the context of the general
ru_Ies, _th_e obviously problematical parameter regions ar$y pM without giving rise to an observable Higgs-pair pro-
fairly limited. . — . — .

duction,bb+ Higgs ortt + Higgs signal.

To be more specific, let us consider the general 2HDM. X .
To make discovery difficult, one chooses parameters so that If one goes beyond the 2HDM to include one additional

onlv the h- is liaht and vet theZZh. andWWh counlings singlet, the stud_y of the 2D1S supers_ymmetric model of R_ef.
areysupprtlasse(gomethinyg that is ncl)t possibler}lor exgmpg)le in [24] becomes directly relevant. Despite the strong constraints

the more constrained MSSM two-Higgs-doublet sector on the 2D1S model if24] from supersymmetry and the

L — assumption of n& P violation, it was found that all three of
Then, it will be necessary to rely dmbh; andtth; produc- o cp-even and ondat least of the two CP-odd Higgs

. ; T L e
tion for h; discovery. As fore™e™ collisions, the general bosons could be quite light(200 GeV) without there be-

2HDM model parameters can be chosen so that these CrOR%y any observable signal at the LHC with=300 fb* ac-
sections are essentially the same as their respebtiA? cumulated by CMS and ATLAS each.

andttA° production counterparts in@P-conserving model. The reason for our focus agi"e™ collisions should now
Detection of these latter processes has been examined in the apparent. Because backgrounds are smaller, the simple
context of the MSSM, most recently as part of the Run2analyses of earlier sections were sufficient to show that the
Higgs/SUSY workshog21] for the Tevatron and by the sum rules guarantee discovery of at least 1 &f2Ngjnget
ATLAS [22] and CMS[23] Collaborations for the LHC. In  “light” Higgs bosons at ane*e™ collider for anticipated
these studies one finds the following. Detectiombf° pro-  integrated luminosities.

duction will not be possible at either the Tevatron or the

LHC if tanB is such that theobA® coupling is not signifi-
cantly enhanced. For example, even for 300 fb ! accu-

mulated by ATLAS and CMSeach at the LHC,bbA° de- We have derived a crucial new sum rule, Etj7), relat-
tection requires ta=2 for mpo<<100 GeV rising to ta  ing the Yukawa and Higg&Z couplings of a general
=4.5 for myo~200 GeV. Turning tottA® production, we CP-violating two-Higgs-doublet model. This sum rule has
have already noted that it is kinematically suppressed at th&vo important implications. First, it says that if theZh
Tevatron. Even at the LHC, if tgB=1 the current ATLAS  coupling of a neutral Higgs boson is small, thentits or

and CMS analyses indicate that theA° cross section will  bbh Yukawa coupling must be substantial. This means that
not be large enough for detection of the dominettb and ~ any one of the three neutral Higgs bosons that is light enough

ttr* 7 final states above backgrounds unless further im0 be produced ie*e” —tth (implying thatee” —Zh and
provements in vertex tagging and top-identification efficien-e*e™ —bbh are also kinematically alloweavill be found at
cies are possible. In combination, we are left with a clear gagne*e™ linear collider of sufficient luminosity. In particular,

if mixing angles and Higgs masses are such that a light
Higgs boson cannot be observed via #te Higgs-strahlung
process, then it is guaranteed to be found via Yukawa-
cross section. But, the absence/fV/ZZ coupling implies that the ~ COUPling-induced radiation from top or bottom quarks. Sec-
Higgs boson decays primarily tob and 7+ 7, for which back- ond, for anh that is obseD/ed in th&h final state_but also
grounds are overwhelmingry, WW—2/2v andZZ*—4/ de-  light enough to be seen trth and, by implicationpbh, this
cays (the usual light Higgs boson signals frogg fusion at the same sum rule can be used to show that measurement of at
Tevatron and LHC are negligible. least one of its third-family Yukawa couplings will be pos-

VIII. DISCUSSION AND CONCLUSIONS

1 arge Yukawa couplings will also imply a larggg— Higgs
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sible (the required luminosity depending on the amount ofFG03-91ER40674 and by the U.C. Davis Institute for High

phase space suppression in ta channel. Of course, in  Energy Physics.
the experimental analysis one must be careful to not exclude
the Yukawa radiation processes by placing restrictive invari-
ant mass constraints on tfié system, e.g.M~m. APPENDIX
We have also extended to high energies the quantitative cqnsider production of the Higgs bosbnin association
analysis of a previously derived sum rule, E44). This . ) o z - . .
latter sum rule implies that if any two of the three neutralWith_a fermion pair ff in e“e" collisions, i.e. e"e
Higgs bosons of th& P-violating 2HDM are light enough —ffh;. Note that the diagram with Higgs pair production
thatZh,, Zh, andh;h, production are all kinematically al- requires summation over virtual Higgs bosamsand h,,
lowed (and not phase space suppregstten at least one of wherei,j,k are permutations of 1,2,3. The differential cross
these processes will be observable, regardless of the mixirgection is given by Eq21) with F; andG; as given below.
structure of the neutral Higgs sector. For planned luminosi- For a short hand notation, we introdube= mﬁj/s, Yi
ties, the predicted cross sections are such that discovery ozfrﬁ_/s, (i=1,2,3) andf=m?s. The reduced energy of the
one or both of the Higgs bosons will be possible even rather = " . .
close to the relevant kinematic boundary in tig -m, ~ Observed Higgs bosom; is denoted byx=2Ey, /\/s=2
mass plane. —X1—Xo; we also definex;,=(1—X%;)(1—X5). In the for-
We have also considered the genef@P violating mulas below,Z andh; widths are included in terms corre-
two-doublettone-singlet Higgs sector model. In this case,sponding toZ and h; decay to theff_pair_
we find that if only one or two of the neutral Higgs bosons  The functionsG, and G, describe theh; Higgs boson

are I|ght then both could be primarily Singlet and, therEfore,radiation off the fermions due to the scalar Coup“ngS,
undetectable in Higgs-strahlung, Higgs pair production and

Yukawa radiation processes. However, there are two impor-

tant guaranteesia) If there are three light neutral Higgs (s?2 X2

bosons, then we are guaranteed to detect at least one in 1= x2—h, _+2(X_1_hi))
Yukawa radiation processdd) If there are four light neutral 4mX15 X12

Higgs bosons we are guaranteed to detect one or two in X2
Higgs-strahlung or Higgs pair production; but, there is no +2fl 4(x—h;)+—(4f—h;+2) }
such guarantee for just three light Higgs bosons. Guarantee X12

(alrequires that altt_hi (i=1,2,3) (and by implication all
bbh;) processes have substantial phase space. Guachhtee

f\2

requires that all fourh; be light enough that th&h; and G,=— 2(S) X 14 X) — hi (X1o+ 8F + 2x—2h,)
hih; (i,j=1,2,3,4i #]) processes all have substantial phase 4mX12

space. Thus, for extensions of the two-doublet Higgs sector . .

that include one or more singlet Higgs fields, it could happen +3fx| = +4+ —(4f— hi)” (A1)
that observation of a Higgs boson at afie™ collider of 3 X12

limited energy will only be possible by looking for Higgs
production in association with bottom and top quarks.
Finally, we noted that these same guarantees for thwhereas ther; and F, terms arise from the pseudoscalar
2HDM and 2D1S models do not apply to the Tevatron andcouplings,
LHC hadron colliders. In the case of the Tevatron, the small

rate fortt + Higgs production is a clear problem. In the case

of the LHC, a detailed study would be appropriate. However, (PH?2 X2
existing studies in the context of supersymmetric models can ~ F,=—— Xz_hi(_(1+2 f )+2X—2_2hi”v
be used to point to parameter regions that are problematical 4mX1p X12

because of large backgrounds and/or signal dilution due to

sharing of available coupling strength. Still, it is clear that

the sum rules are sufficiently powerful to imply that such 2(Pf2
i

parameter regions are of fairly limited extent. -

F2: 47TX12 (Zhl—Xlz)(l+X—h,)—2h,(l+2 f )

fx?
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diation off the fermion and th&-boson lines are collected in

293
£ f(4h;—x2—122) G;, Gg, F3 andF, as follows™®

Cs= 407+ 27,

(PLCikuj + PJ-fCijuk)Z
(U hj 7)) (Ui + Py

1
f Fa=o— (x—1—h;+4f )(4h;—x2
(4 =) (x—1-h+2) 3727 i 4f)(4h—x%)

F P/[ S[Ciju;  SiCikux
4 T U12+hj‘yj UE‘Fhk’yk
229%2hi H . X ,
Ca= (2T 27y LN+ Xazt 2 2x+41], (A3) Xl (K2 ) (L=x+h)+£(4h—x?)], (A5)
4h;—x? (P{Ciku;j+ P[Cijuy)?

x—1—h,)
( ) T2+ ) (U2 )

where the reduced propagator of the off-st&lboson has Go= 2
been denoted bp=x—1—h;+z.

The interference between the radiation amplitudes off the 2m¢ PiCiju;  PICixu
fermion and theZ-boson lines is included in th&; andGg Swew ~@rdzzn Wihyy, | uthoy |
terms?? o f
S| PiCiju;  PCikuy
Ce=— | iZrhy T n
f UGN Y Ut Ny
Si0zzn 4xm;  p [ (1)
= X1-—h)(x—1—h: X
4w Xy pPtzy, R ' X[ ) (x— 1= hy) = (40 =) . (A6)
12

+f(12z— 4h;+x?)— 3zh + 62x,/X],
In the above expressions, terms of orger(i=1,2,3) in the
numerator have been neglected. The scaled propagator of the
virtual Higgs bosorh; has been abbreviated Igfor the vir-

Si0z7n 47 :
Gom |4 4z 2f [x(h—4f—2) tual hy, boson, replacg— k)
T XMz PTE 2y, uj=x—1—h;+h;. (A7)
- 2X12+ X2] . (A4)

If the Higgs andZ boson widths are neglected then the above
expressions reduce to those given in R&6] with the ex-
ception that ouiG;+4s,,cya;Gg becomess, of [16].

Finally, the contributions from the Higgs pamh; and
hihy production diagramgwith subsequerit; andh, decays

to fermion pairg and from their interference with the ra- 13e correct some typos [L6]. The last term foG, in Eq. (16)

of [16] should have the opposite sign, i.e2a;g;:yi should read

+2a:0gsrni- In EQ. (18), an overall factor of 4 multiplyind=5 is

?Due to a different convention regarding the sign of the missing andg¢;, should readgs;yi, and forF, a factor of 2 is
coupling, ourGs andGg have opposite signs to those in Ef) of missing. We thank S. Dawson and M. Spira for help in clarifying

[16]. this point.
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