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Detecting and studying Higgs bosons at a photon-photon collider
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We examine the potential for detecting and studying Higgs bosons at a photon-photon collider facility
associated with a future linear collider. Our study incorporates realgtiduminosity spectra based on the
most probable available laser technology. Results include detector simulations. We study the ¢ases of
standard-model-like Higgs bosofh) the heavy minimal supersymmetric standard model Higgs bosons, and
(c) a Higgs boson with n®&WW/ZZ couplings from a general two Higgs doublet model.
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[. INTRODUCTION contribution to thengy— vy coupling(which is dominant if
. o N . o My, <2My). If we go beyond the SM by simply adding
Higgs boson production iy collisions, first studied in  aqditional heavy particlefsuch as a fourth generation in-
[1,2], offers a unique capability to measure the tWO'phOtO”cludingt’ andb’ quarks and corresponding leptons, or per-
width of the Higgs boson and to determine its charge Conj“haps an additional SU(2)V' gauge bosol but assume that
gation and parity CP) composition through control of the there is a SM-like Higgs bosoh, these heavier particles

photon polariz_ation. Both measurements have unique Valu\?/ould also contribute to the— y+y coupling. Indeed, if the
in understanding the nature of a Higgs boson eigenstate, X '

Photon-photon collisions also offer one of the best means fop 2=S of the charged particle in_ the_ loop is substantially larger
producing a heavy Higgs boson singly, implying significantlythan m,/2, then the loop _cor?trlbqtlon asympto_tes_to a value
greater mass reach tharie~ production of a pair of Higgs that depends on the particle’s sgire., the contribution d_oes_
bosons. In this paper we present a realistic assessment of t8t decouplg Of course, the mass of any such particle is
prospects for these studies based on the current Next LineBfoPortional to some coupling times the SM-like vacuum
Collider (NLC) machine and detector desigi8-5], but we expectation valuey=174 GeV and therefore could not be
will also comment on changes in our results based on thtarger than a TeV or so. Still, a measurement ' ¢h— yy)
DESY TeV-Energy Superconducting Linear Acceleratorprovides the possibility of revealing the presence of heavy
(TESLA) design[6,7]. When referring to either of these ma- charged particles that might not be detected diréc8ynce
chines in a generic context, we will use the phrase “linearBR(h—X) is entirely determined by the spectrum of light
collider” (LC). Summaries of and references to other recenparticles, and is thus not affected by heavy statéSyy
work on yy Higgs boson production at the LC appear in —h—X)=I'(h— yy)BR(h—X) will then provide an ex-
[3-5,8. In our work, we attempt to assess the potential oftraordinary probe for such heavy states.
vy Higgs production using a realistic computation of the Even if there are no new particles that acquire mass via
luminosity and polarizations of the colliding backscatteredthe Higgs mechanism, a precision measuremenNE§y
photons and of the resulting backgrounds, including detector, h— X) for specific final stateS((X=bE,WW*, ...) can
simulation and appropriate cuts. We will particularly focus allow one to distinguish between &rthat is part of a larger
on (a) studying a light standard-model-like Higgs boson, in-Higgs sector and the SMg,,. The ability to detect devia-
cluding a determination of it€P; and (b) determining the tions from SM expectations will be enhanced by combining
best strategy for detecting the heavy Higgs bosons of thehis with other types of precision measurements for the SM-
minimal supersymmetric standard mod&ISSM) for model  |ike Higgs boson. Observation of small deviations would be
parameter choices such that they will not be seen either at th?pical for an extended Higgs sector as one approaches the
CERN Large Hadron CollidefLHC) or in e"e™ collision  decoupling limit in which all other Higgs bosons are fairly
operation of the LC. heavy, leaving behind one SM-like light Higgs boson. In
There are many important reasons for measuringyhe such models, the observed small deviations could then be
coupling of a Higgs boson, generically denotkdIn the interpreted as implying the presence of heavier Higgs
standard mod€lSM), the coupling of the Higgs bosohg),,
to two photons receives contributions from loops containing———
any charged particle whose mass arises in whole or part from? oop contributions from charged particles that acquire a large
the vacuum expectation valU¥/EV) of the neutral Higgs mass from some mechanism not associated with the Higgs field
field. In the SM, the top quark is the heaviest particle andvEV, will decouple as (massy andT'(h— yvy) will typically be
yields a loop contribution that partially cancels théloop  much less sensitive to their presence.
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bosons. Typically,deviations exceed 5% if the other heavier know how to interpret these dajahen we find that it is
Higgs bosons have masses below about 400 to 500 GeV. Aimost certain that we can detect tH8 and A° by employ-
precise measurement of the deviations, coupled with enouging just one or two./s settings and electron-laser-photon
other information about the model, might then allow one topolarizations such as to produce/ & spectrum peaked in the
constrain the masses of the heavier Higgs bosons, therelsggion of interest.

allowing one to understand how to go about detecting them (i) However, it is very possible that there will be no fully
directly. For example, in the case of the two-doublet minimalreliable constraints on thei®, A° masses(other thanmjo
supersymmetric standard mod&lSSM) Higgs sector there ~Myo>1/s/2 from LC running in thee e~ collision mode.

are five physica| H|ggs bosor(j;vvo CP-even,hO and H® In this case, for expecte_d_luminosities, the_ simpleSF, and
with myo<my0; oneCP-odd, A% and a charged Higgs pair, Probably also the most efficient, procedure will be to simply
H*). In this model, significant deviations of th& proper- operate the machine at a singtegh) energy, roughly 2/3 to
ties from those of théngy, would indicate thatmao might 3/4 of the time using electron-laser-photon polarization con-

well be sufficiently small that the approximately degeneratd!durations that produce a broad spectriim, spectrum and
HO andA° could b{z discovered iry/yipHO A0 pro)cgucti%n at 1/3 to 1/4 of the time using configurations that yield a spec-

. . trum peaked at higk ,,,,. We will find that after three to four
a LC collider with energy of orde/s=500-600 GeV. - v a o .
Of course, the ability to detecyy—HO.A® will be of years of operation this procedure will yield a visible signal

: ) 0 4 for H%,A° production for most of the wedge parameter
greatest importance if thel ahd A cann_ot b+e geteqted space, and, more generally, for mamyo, tan3] parameter
either at the Large Hadron CollidétHC) or ine™e™ colli- choices.

sions at the LC. In fact, there is a very significant section of . . .
parameter space in the MSSM for which this is the case, Earlier work on detecting the heavy MSSM Higgs bosons
often referred to as the “wedge” region. The wedge basicallyln 77 collisions appears ifi11,12. Our study employs the

; ; ; best available predictions for thgy luminosity spectrum
occupies the following region ghyo—tanB parameter space. R . P p
P greg A B P P and polarizations using the realistic assumption of 80% po-

larization for the colliding electron beams.
The v+ collider would also play a very important role in
exploring a non-supersymmetric general two-Higgs-doublet

(i) mao~myo=+/s/2, for whiche"e™—HC°A® pair pro-
duction is impossible—we will be focusing on a LC with
Vs=630 GeV, implying that the wedge begins &txo  mogel (2HDM). In this paper we will explore the role of a
<315 GeV. _ _ vy collider in the context of & P-conserving[CPO type-lI

(ii) tanB>3—below this, the LHC will be able to detect 2HpM (of which the MSSM Higgs sector is a special case
the H%, A% in a variety of modes such a°—h°h® andA®  |n a type-Il 2HDM, at the tree level the vacuum expectation
—Zh0 for myo=2m, and H°,A°—tt for mpo=2m,. In  value of the neutral field of one doublet gives rise to up-type
some versions of the MSSNe.g. the maximal mixing sce- quark masses while the VEV of the neutral field of the sec-
nario), most of this region is already eliminated by con- ond doublet gives rise to down-type quark masses and lepton

straints from the CERN Large Electron Positron Collidermasses. In particular, we will consider CPC type-Il 2HDM’s
(LEP) data. with Higgs sector potentials for which the lightest Higgs

(i) tang<tanB™"(muo), where taB™(myo) is the boson is not at all SM-like, despite the fact that the other
minimum value of targ for which the LHC can detect Higgs bosons are fairly heavy. Several such models were
bbHO-- bbA° production in theA®,H%— 7* 7~ decay modes gon5|d§red in Reiﬂljﬁ]. In the models c.onS|dered,- there is a
(currently deemed the most accessibitan 3™"(muo) rises light nggs bpson with ncW'W,ZZ coupI|.ng, ggnencally de-
from ~12 atmuo= 2315 GeV to~18 atmuo=500 GeV. notedh, while all other Higgs bosongincluding a heavy
neutral Higgs boson with SM-like couplingsre heavier
than \/s. Further, there is a wedgeomewhat analogous to,

In this wedge, the LC alternatives ef e”—bbH® and
¢ but larger than, that of the MSSMf moderate tag values

e*e”—bbA® production also have such extremely small . . — — .
rates as to bepundetectable—see ¢19)] y in which thee*e”™—bbh andee™—tth production pro-

This wedge will be discussed in greater detail later in the®©SS€S both yield fewer than 20 eventslier1 ab " and in
paper. A LC for which the maximure*e~ center of mass which LHC detection will also be impossible.ifj, is also so
energy isys=630 GeV can potentially probe Higgs boson N€avy M;>150 GeVv,250 Gev ~  for Vs
masses inyy collisions as high as-500 GeV, near the en- — 200 GeV,800 GeV, respectivelyas to yield few or no
ergy end point of theyy luminosity spectrum. An important events ine“e”—Zhh or e"e” —wvwvhh production, then
goal of this paper is to determine the portion of the “wedge” only yy— h—bb might allow detection of thé. We again
[mao,tang] parameter region for whicki®, A° will be de-  find that such detection would be possible for a significant
tectable viayy collisions. We find the following. fraction of the[ mj, ,tanB] parameter space that is not acces-

(i) If myo andmpo are known to within roughly 50 GeV sible at the LHC or ire* e~ LC operation, the precise values
on the basis of precisioh® data (and there is sufficient depending upon the luminosity expended for the search.
knowledge of other MSSM parameters from the LHC to It is perhaps useful to note the current limits on the

masses of Higgs bosons in the the SM and the MSSM. In
[14], the constraints of the global precision electroweak
2But there are exceptional regions of parameter space for whicenalysis yield a one-sided 95% confidence lé@L.) upper
this is not true9]. limit of thMs193 GeV at 95% C.L. Meanwhile, direct
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searches for the Higgs boson mass at LEP achieved a 95% N(yy—h— X)
C.L. limit of mp_ >114.4 GeV[15]. Experimental limits on

charged and neutral Higgs boson masses have been obtained _ 2 dzdZdzy

at LEP under certain model assumptions. For the charged N

Higgs boson,my->78.6 GeV [16] is the most model- )
independent bound. It is valid for general non- dL(\e,P,2) ALY (N5 ,P',2))
supersymmetric two-Higgs doublet models and assumes only X dz 47

that theH™* decays dominantly inta" v. and/orcs. The

LEP limits on the masses di’ and A° are obtained by [

A(z,Z' ,zyx)

1+AN’ dog,—o
2

searching simultaneously foete —Z—Zzh® and ete”
—Z—hOA% In the MSSM context, radiative corrections can
be significant, so the final limits depend on the choice of
MSSM parameters that govern the radiative corrections. The 1—AN’ daJZ:iz
third generation squark parameters are the most important of + 5 T
these. The LEP Higgs working grodft7] quotes limits for
the case oM gysy=1 TeV in the maximal-mixing scenario, N i L
which corresponds to the choice of third generation squark!®®£5(Ae,P,2) is the luminosity distribution for a back-
parameters that yields the largest correctionsrip. The  Scattered photon of polarizatian It depends upon the initial
present LEP 95% C.L. lower limits are,>91.9 GeV and €lectron beam polarizationg(|\¢[<0.5), the polarization of
mpo>91.0 GeV. The theoretical upper bound opo as a  the laser beamR =+ 1), assumed temporarily to be entirely
function of tan3 can then be used to exclude a region ofcircular, and the fractioz of the e beam momentum /s,
tang in which the predicted value afn,o lies below the carried by the photon. The quanti®(z,z’,z,«) denotes the
experimental bound. Under the same MSSM Higgs paramacceptance of the event, including cuts, as a function of the
eter assumptions stated above, the LEP Higgs search eghoton momentum fractiong and z', and z,=cosé*,
cludes the region 05tang<2.4 at 95% C.L. It is also use- whered* is the scattering angle of the two jets in their center
ful to consider the decoupling limit of the MSSM or general of mass frame. The cross section for the two-jet final state is
2HDM. The decoupling limit is defined by the situation in written in terms of itsJ,=0 component XA\'=1) and its
which there is a light SM-like Higgs boson, thé, while the ~ J,=+2 component X\’ =—1). Each component depends
other Higgs bosonsH® A%, H*) are heavy and quite degen- upon the subprocess energy's and z,«. For the Higgs
erate. In this limit, then® will have extremely SM-like prop- signal, do; —o/dzs is non-zero, but independent @fx,
erties anc(bamng unexpectgd d(_acay modes, such as decayghile do; _ . ,/dzy=0:
to SUSY particles or to a pair of light pseudoscaldine LEP z
limits for the hgy, will apply. The H®, A H* can be arbi- d
trarily heavy in this limit. In the MSSM, decoupling sets in UJZZO(S, , *):Sﬂr(h—’ﬂ’)lﬂ(hﬁx)
for myo=130 GeV. Thus, the range over whigy collision dzge 7 (S’ —md)2+[T2m2
searches for a neutral Higgs boson might be useful is very
large, ranging from small masses for a lighP-even and/or wheres’' = E%:zz’s. This is the usual resonance form for
CP-odd Higgs boson, to possibly quite large masses for théhe Higgs cross section. For the background, the tree level
H® and A°. cross sections may be written

Once one or several Higgs bosons have been detected,
precision studies can be performed. Primary on the list  do; _g
would be the determination of th€P nature of any ob- Z,
served Higgs boson. This and other types of measurements dt
become especially important if one is in the decoupling limit 4 2, 2
of a 2HDM. Once the heavil® and A° are detected, a de- _ 12ma®Qq My(s' —2mg) 3)
tailed scan and the use GfP polarization asymmetries to s'? t2u?
separate thel® andA° would be very important and entirely
possible at theyy collider. Further, measurements of relative doy .y
branching fractions for thé1® and A° to various possible ;(s’,t’,u’)
final states would also be possible and reveal much about the dt’
Higgs sector model. In the MSSM context, the branching o 2n 2 ro no ),
ratios for supersymmetric final states would be measurable; _ 127maQq (tu—mgs")(t°+u”—2mgs’)
these are especially important for determining the basic su- g2 1202
persymmetry breaking paramet¢fs8—21,11,12

(zZ's,z4x)
Zox

(zz’s,zg*)]. (1)

Zp*

2

(S,Yt,lu,)

4

wheres’,t’,u’ are the invariants of the subprocess, wsth
zfz’s, t=t’—m§=:%s’(1—,8ng*), U=u’'—mi=
—28'(1+ Bqzpx), dt' =38’ Bydzp+, andQ, andm, are the
The rate foryy—h—X production of any final statX  charge and mass of the quark produced. As is well known,
consisting of two jets is given by theJ,=0 portion of the background is suppressed by a factor

II. PRODUCTION CROSS SECTIONS AND LUMINOSITY
SPECTRA
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of mﬁ/s relative to thel,= +2 part of the background, im- leading logarithmic approximation. We argue in Appendix B
plying that choices yielding\\’ near 1 will suppress the that, for expected luminosity and polarizations of the collid-
background while at the same time enhancing the signal. In g photons and for suitable cuts, our procedure yields a
common approximation, the dependence of the acceptancealistic assessment of the prospects for Higgs study and de-

and cuts orz andz’ is ignored and one writes tection via yy collisions for the various SM, MSSM and
) 2HDM scenarios we consider. The basic point is that the
dLh\e,P,2) L (N, P'.2)) luminosity spectra and polarizations we employ predict that
g, dzdZ dz dz' the J,=2 background is far larger than th=0 back-
’ ground after cuts. Consequently, even if NLO corrections
X[1IA(Ne,P, 2N (NS, P',2')] enhance thd,=0 background by a factor of 5 to 1@s is
, , possiblg, the J,=0 background will still yield at most a
:f dydﬁw()\e,)\e,P,P Y) [LOW ) (Y)], (5) 10%—-20% correction to thé,=2 background at low Higgs
dy boson masses~120 GeV) and a 5%-10% correction at

. . ] high Higgs boson massesB00 GeV). Such corrections are
where y= E,,/s=\s'/\s=zZ and Eq. (5 defines el within the other uncertainties implicit in this study. Fur-
(A\")(y) as the average of the product of the heI|,C|t|es Ofther, the NLO corrections do not significantly alter the shape
the two backscattered photons at fixgchere,A and\’ are ot the kinematical distributions of thd,=0 background
individually determined by the polarization choices and the[zz]. In other words, the NLO corrections act mainly to

values ofz orz’,, as inQicated in the equgtion. It is also useful change the overall normalization of tde=0 background,
SoEcz)te that()\l)\ )_(y) IS re.lated to the, d'ﬁeiemc'jaligo and implying that the cuts employed do not cause additional en-
z uminosities: (MM )(y)—[(3 £1dy)s,=o hancementor suppressionof this background.
—(dL/dy),,-2J/[(dL/dy),,~ o+ (dL/dy),,-2]." In the ap- The computation ofd(,,/dy was first considered in
proximation of Eq.(5), one obtaing1] Refs.[23,24]. We review results based on their formulae as-
sumingp?<1, wherep characterizes the distance from the
N(yy—h—=X) electron laser collision to they/y interaction point.(See
2 p [23,24). Whenp is substantial in size, the lott.,, part of the
— AmT(h—yy)BR—=X)(1+ (AN )Y)) spectrum predicted by their formulae is suygpressed. How-
\/ngﬁ ever, beamstrahlung greatly enhances the luminosity in this
1 region, as we shall discugsThere are three independent
f Az A(Zgx) choices for\g, N, P, andP’. Assuming 80% polarization
Xdljw| o -t is possible for thee beams, the values d¥(y)=(1/L,,)
dy V=™ 2 X(dL,,/dy) and(\\") are plotted as a function gfin Fig.
dr 1 for the three independent choices of relative electron and
——rr laser polarization orientations, and fgr=5.69, x=4.334,
dE,, E,, =M andx=1.86. (The relevance of these particubarvalues will
N emerge very shortly.We observe that the choid¢) of A,
J dzZye A(Zge) =N¢=0.4, P=P’=1 gives large{AN") and F(y)>1 for
v -1 ©6) small to moderatey. The choice(ll) of No=\;=0.4, P
2 ' =P’'=-1 yields a peaked spectrum witih\')>0.85 at
_ _ the peak. Finally, the choic@ll) of Ae=A.=0.4, P=1P’
Where_we have assumeq that the resoluﬁq&tl? the final _—_4 gives a broad spectrum, but never achieves large
state invariant massny is such thatl'.>T'" and that () )+, As earlier noted, large values 6f)') are important
d£/dE,, does not change significantly over an interval Offor suppressing thebb continuum Higgs detection back-

H tot . H .
?zlel“_h .IT_he flgstAl\me reij;ce_?hto the usual forlmA(zg*_) ground, with the leading tree-level terml—(\\X'). Thus,
=1, implying J=1A(zy+) =2. The maximum value of is the peaked spectrum choii¢) is most suited to Higgs stud-

given by Yma= X/ (1+X), wherex=4E, o nw|ased M>C*. : "o . .
Whether or not one-loop and higher-order correctiges 1€S. In fact, becauseal > increases rapidly ap Increases
just past the peak location, it is always possible to find a

nerically referred to here as next-to-leading-ordilO) . 0 . .
correctiong to the above tree-level cross sections will bevalue ofy for which F(y)~95% of its peak value while

large and important depends on many factors. In this paper+ ')~ 0-9- Afinal important point is to note that it is really
we will employ tree-level predictions inserted into a Monte VETY important for botre beams to be polarized in order to

Carlo framework that generates radiative corrections in théhinimize the I-(AX") component of the background and
that luminosityand polarization at the peak are very signifi-

cantly reduced if one beam is unpolarized. Current technol-
*We will later use a shorthand notation in which we useather 09y only allows for largee™ polarization at high luminosity.
than keeping the differential explicit; in such a ratio, the differential Unless techniques for achieving largé polarization at high
could equally well be in terms d ., as in terms ofy. luminosity are develope[®5], Higgs studies at &y collider

=l (yy—h—=X)[ (1+{AN"))
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vy Luminosity and Polarization, A =A,'=.4 vy Luminosity and Polarization, A =A.'=.4
----- P=P'= +1 — P=P'=-1 e PPz - Le=A.=+0.4, P=P’= -1, x=4.334
- Caal 19841
- SR 1 o2}
215 | 1 04}
a 1F -06 |
> 0.5 ¢ b -0.8 | E
o O\\\ A B L
% 0 50 100 150 0 50 100 150
a
EW (GeV) EW (GeV)

FIG. 2. We plot thecaIN [26] predictions for theyy luminosity,
L=d£/dE,,, in units of fb 1/3.33 GeV(3.33 GeV being the bin
size for circularly polarized case(ll)] photons assuming a 1Bec
year, \/s=160 GeV, 80% electron beam polarization, and a
1.054/3 um laser wave length. Beamstrahlung and other effects are
included. The dashe(Hotted curve gives the component of the
total luminosity that derives from thé,=0 (J,=2) two-photon
configuration. Also plotted is the corresponding value(ih ')
[given by (NN")=(L; 0= L3,=2)/(Ly,=0F L3 =2)]-

L 'dLsdy

FIG. 1. The normalized differential luminosity (1/
L£,)(dL,,/dy) and the correspondingA\’) for A.=\;=0.4
(80% polarizatioh and three different choices of the initial laser
photon polarization® andP’. The distributions shown are fgr?
<1 [23,24. Results forx=5.69, x=4.334 andx=1.86 are com-
pared.

the peaking forx=1.86 is not very strong as compared to
higherx values. Further, the value of-3(A\’) at the peak
(to which backgrounds for Higgs detection are proportipnal
for x=1.86 is somewhat larger than for largevalues. For-
tunately, the Livermore group has developed a technique by
which the laser frequency can be tripteth this way, thex
demande e~ collisions. Thus, it may be very difficult to value can be tripled for a givex/s, allowing for a much
perform Higgs studies at a second “parasitic” interaction re-more peaked spectrum, and smaller M \") at the peak,
gion duringe*e™ operation. for the light Higgs case. Faox~1/3 um, a spectrum peaked
Let us now turn to the relevance of the particitaralues  at E,,=120 GeV is obtained by operating at/s
illustrated in Fig. 1. If the laser energy is adjustaiXe;4.8 =160 GeV, yieldingx=4.334. The spectra for this case is
is often deemed to be an optimal choi¢gelding yn.x  also plotted in Fig. 1. The much improved peaking for
~0.82) in that it is the largest value consistent with being=4.334 as compared t®=1.86 is apparent. Regarding
below the pair creation threshold, while at the same time it=5.69, it has been argued in the past tkat4.8 is undesir-
maximizes the peak structuat y~0.8) for the cas€ll) able in that it leads to pair creation. However, our studies,
spectrum. More realistically, however, the fundamental lasewhich include these effects, indicate that the resulting back-
wavelength will be fixed; the Livermore group has deter-grounds are not a problem.
mined that a wavelength of 1.054m is the most techno- We will return to the importance of including the full
logically feasible value—see Sec. 5 of Chap. 13, pp. 359-dependence of the acceptancezoandz’ shortly. For now,
366 of Ref.[3]. The subpulse energy of the Livermore designlet us continue to neglect this dependence and review a few
is 1 joule. This results in a probability of 65% that a given more of the “standard” results.
electron in one bunch will interact with a photon. Higher
values for the subpulse energy are possible, but would result
in more multiple interactions and increased non-linear ef- Ill. REALISTIC E,, SPECTRA

fects. The subpulse energy chosen is felt to be a good com- tpere are important corrections to the naive luminosity
promise value for achieving good luminosity without being yigyihytions just considered. First, the luminosity at By,

overwhelmed by such effect_s. . is affected by two conflicting corrections. Finjesuppresses
. FOT a fixed wavelengt will vary as the machine ENET9Y the lowE luminosity. However, this effect is more than
is varied. For a wavelength of=1.054 um, representative Lt

values arex=1.86 at a machine energy ¢6= 206 GeV, for

which P\ <0, P’)\é<0_ yields a spectrum peaking Bt,, “4In order to triple the laser photon frequency, one must employ
~120 GeV (as appropriate for a light Higgs bosomndXx  nonlinear optics. The efficiency with which the standard 1.0%¢
=5.69 at \s=630 GeV, for which PA\¢<0, P'A,<0 |aser beam is converted to 0.3k is 70%. Thus, roughly 40%
yields a spectrum peaking Bt,,~500 GeV(as appropriate more laser power is required in order to retain the subpulse power
for a heavy Higgs bosgnHowever, as illustrated in Fig. 1, of 1 joule as deemed roughly optimal in the Livermore study.
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compensated for by beamstrahlung, secondary collisions bebout 0.86(see Fig. 1, rising rapidly to higher values as
tween scattered electrons and photons from the laser beaimcreases. For instancé\\’)~0.96 at the point where the
and other non-linear effects. The result is a substantial eduminosity has fallen only 25% from its peak value. From
hancement of the luminosity in the loB;,, region. This is Fig. 2 we see that the CAIN Monte Carlo simulation predicts
illustrated in Fig. 2 for casell) polarization orientation that this behavior ofAX") is smoothed out somewnhat after
choices and for/s=160 GeV, which yieldx=4.33 for a  including the beamstrahlung contribution, but the value at
1.054 um laser source running with the “frequency tripler,” the luminosity peak ofA\')~0.85 is nearly the same as
and a (CP-IP separation between the photon conversionPredicted in the naive ca§e.. , _

point (CP) and photon-photon interaction poifiP) of 1 mm. The above results are stll_l somewhat misleading due to
We also note that all the spectra considered here were o he fact that we have not yet incorporated the dependence of

tained for flat electron beam@-or a given CP-IP separation, he gcgeptance functloA(;,; Zg+). FO th? Higgs signal
. that is independent dofy«, it is useful to define
round electron beams would give a factor of roughly 2 larger
luminosity. However, we chose the flat beam configuratiory dLM\e,P,2)
for consistency with the final-focus and collimation arrange-z f dzdzf dzp — d
ments that will be used ir*e™ collisions) As expected AN z
from Fig. 1, the spectrum shows a pealEgt, =120 GeV(as
might correspond to a light Higgs boson massowever, the
low-E.,.,, tail is now quite substantial. This implies that it will dz
be very important to achieve a small mass resoluliggfor 4L (N, ALP.P"LY)
the final state reconstruction. The luminosky ., in the bin EJ dy—2r—= ¢ '
centered atE,,=120 GeV is equivalent todZ/dE,, dy
~0.66 fb 1/GeV per 16 sec year. The corresponding lumi- ieldin
nosity at TESLA could be as much as a factor of 2 larger dué/ 9
to higher repetition rate and larger charge per bunch. If one  N(yy—h—X)
wishes to avoid a large lo\-,,, tail, then it is necessary to

dcN (NL,P',2')
X—2 2 (2,2 ,2p)[IAN']

[LOW) ], (@

have a significantly different configuration, including a much 47°T (h— y'y)BR(h—>X)[1+<)\7\’)eﬁ(y)]
larger CP-IP separation and/or a high-field sweeping magnet. - \/Enﬁ

These options were consideréalso using the CAIN pro-

gram in the Asian Committee for Future Accelerators dcef

(ACFA) report[4], where a CP-IP separation of 1 cm was X d;y|y:mh/v‘§' (8

adopted and a 3 Tesla sweeping magnet was empfoyad.

disadvantage of this arrangement is a substantially lowefne effective luminosity andA\’) depends on the cut
value ford£/dE,, at the peak, at least for the corresponding|z,. | <0.5 and the standard LC detector acceptances, includ-
bunch charge, repetition rate and spot S|ze_ei-mploye{d]ln ing, in particular, the requirement that the jets pass fully
As noted above, we havel/dE,,~0.66 fb "/ GeV per  through the vertex detector and be fully reconstrudieith
year, which should be compared t00.13 fb*/ GeV per |ittie energy in the uninstrumented forward and backward
year for the ACFA report choices. The latter leads to a mUCh’egions. For E,,, substantially below the peak region, the
larger error for the precision studies of a light SM-like Higgs peak being in the vicinity of.,_~120 GeV, the effective
boson(despite the assumption of 100% polarization foré¢he luminosity for Higgs productioyny is only slightly suppressed
beams. In the TESLA Technical Design RepdIDR) [8], @8 (peyond the obvious factor of 0.5 coming from they|
CP-IP separation of 2.1 mn2.7 mm) is used for\s —qg5 cuts.
=500 GeV (/s=800 GeV). A flat beam configuration is
employed. Combining information from Fig. 1.4.7 and Table )
1.4.1 (200 GeV numbersn Part VI (Appendixe$ of the V. STUDYING A LIGHT SM-LIKE HIGGS BOSON
TESLA TDR [8], we estimate that the TESLA design will Consider first a SM-like Higgs bosdnof relatively light
give dZ/dE,,~1.8 fb-1/GeV per year, more than a factor mass; SM-like Higgs bosons arise in many models contain-
of 2 bettef than our~0.66 fb }/GeV that we shall employ ing physics beyond the SM. The— yy coupling receives
for studying a Higgs boson with mass of 120 GeV. contributions from loops containing any charged particle
Turning to the important averaga\’), we note that the whose mas#/ arises in whole or part from the vacuum ex-
naively predicted value fofA\’) at the luminosity peak is pectation value of the corresponding neutral Higgs figQ.
course, in the strict context of the SM, the masses of all

SFor earlier NLC studies, a CP-IP separation of 0.5 cm was used
and sweeping magnets were not incorporated. "For (\\")~0.85, the heavy quark background to Higgs boson
5The TESLA table and figure are based upon assuming 85% padetection will be dominated by its,= = 2 componentproportional
larization for the two electron beams. For 80% polarization, ourto 1—(\\’)); even after radiative corrections, tde=0 compo-
estimate is that the difference between the TESLA luminosity anchent of the background is significantly smaller once cuts isolating
ours would be about a factor of 2, as quoted earlier. the two-jet final states are imposed. See Appendix B.
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includes calorimeter smearing and detector configuration as
described in Sec. 4.1 of Chap. 15 of RES]. The signal is

M, =120 GeV generated USINGANDORA plus PYTHIA/JETSET[32]. We have
employed the following cuts.

Bl Signal (i) Only tracks and showers witltos6<0.9 in the labo-
ratory frame are accepted.

(ii) Tracks are required to have momentum greater than
200 MeV and showers must have energy greater than
100 MeV.

(iiil) We then focus on the two most energetic jets in the
event(with jets defined using,,=0.02).

(iv) We require these two jets to Pe bzack—to—back in three
0 100 125 180 175 :1|:rr)1(e;szlons using the criteria|p; +p{|<12 GeV for

2-Jet Invariant Mass (GeV) (v) We require|cosg*|<0.5, whered* is the angle of the
FIG. 3. Higgs signal and heavy quark backgrounds in units oftwo most energetic jets in their center of mass relative to the

events per 2 GeV for a Higgs boson mass of 120 GeV and assumirgeam direction. The alternative [afos#|<0.5 results in very

a running year of 10 sec. We have employed the cuts as given inlittle change forE, >80 GeV once the preceding back-to-
the text. back cut has been applied.

We note that even though we do not explicitly require

dexactly two jets in the final state, the third and fourth cuts
listed above, especially the back-to-back requirement, results
in 90% of the retained events containing exactly two jets.
However, to remind the reader that some events with more

M>my, for the particle in the loop, the contribution asymp- th_an two jets are retained by our cuts, we use the notation

totes to a value that depends on the particle’s $p, the  bb(g) andcc(g) to denote these backgrounds in our figures.
contribution does not decoupleAs a result, a measurement ~ We employ the two most energetic jétdter imposing the

of I'(h— y7y) provides the possibility of revealing the pres- Cuts given aboveto reconstruct the Higgs boson signal. Our
ence of heavy charged particles that acquire their mass vi&ass resolution for the narrow-width Higgs boson signal is
the Higgs mechanism. Of course, since the mass deriving-76=0.13 GeV (for a Gaussian fit from-1o to +100)°
from the SM-like neutral Higgs VE\b is basically propor- Which is similar to the~6 GeV found in Ref.[27]. We
tional to some Coup”ng t|me$, if the Coup"ng is perturba_ believe that the difference in mass resolution is due primarily
tive the mass of the heavy particle is unlikely to be mucht® differences in the Monte Carlo simulation employed. If we
larger than 0.5—1 TeV. In addition, we note ti&R(h—X)  keep only events wittM; ;=110 GeV, there are roughly

is entirely determined by the spectrum of particles with masd450 signal events and about 335 background events, after
<m,/2, and is not affected by heavy states with>m,/2.  all cuts. This would yield a measurement df(hsy
Consequently, measuring(yy— h— X) provides an excel- — yy)BR(hgy—bb) with an accuracy of yS+B/S

lent probe of new heavy particles with mass deriving from~2.9% ° The error for this measurement increases to about
the Higgs mechanism. We emphasize that in models beyontl0% for Mhg,, ™~ 160 GeV given the predicted signal rate,

the SM, particles can acquire mass from mechanisms othes:g~1:1 and(\\’)~0.85 at the peak. These accuracies are

than the Higgs mechanism. If there is a SM-like Higgs bosonhose estimated for one 18ec year of operation. Deviations
in such an extended model the loop contributions from the

charged particles that acquire a large mass from some sueh———
alternative mechanism will decouple as (mass)and

4

17

S

=]
T

Evegts/Z Ge
[—]
[—]

100 | Bl cc(g)

elementary particles derive entirely from the Higgs fiel
vacuum expectation valyeWhen the massM, derives in
whole or part from the vacuum expectation valwg 6f the
neutral Higgs field associated with thethen in the limit of

8We employ this range in order to avoid the rapidly rising back-

yy—h will not be sensitive to their presence. . ground at low masses and the mass distribution tail at masses below
If there are no new particles that acquire mass via thenhe resonance peak coming from reconstruction.
Higgs mechanism, a precision measurement @fi— yy) ®The more optimistic error of close to 2% quoted in H&f7] for

can allow one to distinguish betweenhathat is part of a Mg, 120 GeV is based upon a higher peak luminosity. We esti-
larger Higgs sector and the Skky. Figure 3 shows the mate a factors 2 larger peak luminosity at TESLA coming prima-

di-jet invariant mass distributions for the,_ =120 GeV rily from the repetition rate and bunch _charge density. The TESLA

. ) — — SM analyses also assume a somewhat higher beam polarization. The
Higgs signal and for théb(g) andcc(g) backgrounds, us-  yegyit is that TESLA errors will be about a factor ¢ smaller than
ing the luminosity distribution of Fig. 2, after all cuts. Our errors we estimate, as is consistent with the 2% vs 2.9% error at
analysis is similar, but not identical, to that of REZ7]. See my,, =120 GeV. The error for the ACFA design of R#] is
also[28,29,11,12 Both employJETSETfragmentation using  apout 7.6% forwe believé about 3 years running, which is much
the Durham algorithm choice of,~=0.02 for defining the |arger than the error we achieve after just one year of operation.
jets. Further, we employ the event mixture predicted byThis difference is largely due to the factor of nearly 5 smaller value
PYTHIA (passed througbeTsey [30] and we use the LC Fast of d£/dE,, at the peak and would have been even greater if a more
Monte Carlo detector simulation withiRoOT [31], which  realistic<100% polarization for the beams had been employed.
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due toh#hgy in an extended Higgs sector model typically «.50 S — ATAs
exceed 3% if the other heavier Higgs bosons have masseg | i - Sa A L gtat
below about 500 Ge\(so that there are significant correc- | v h=>7yy and Maximal mixin
) \(so th ) 30 <Wh/tth, h—>yy T35
tions to the decoupling limjt To obtain the above results, A S yfﬁ‘ﬁ”"“

. . . .. x B=tth, h—>bb g /f H/A —> up
excellentb tagging is essential to eliminate backgrounds 4 | ¢ o =

J

from light quark states. We have not simulatedagging.
Rather we have assumdds in[27]) 70% efficiency for

double-tagginng events (after having already made the 1
necessary kinematic cujsfor WECh there is a 3.5% effi-

ciency for tagging:?events adb, a rejection factor of 20.
This rejection factor is very essential since, crudely speaking.

the cc background is a factor of 1B6=(q./q,)*] larger
without this rejection. After including the tagging rejection,

the cc andbb backgrounds are roughly comparable.

We should note explicitly that we have performed our 5 |
background and signal cross section calculations at tree '
level. Various studies have appeared in the literature showing
that under some circumstances higher order corrections an

iy

P e

+$ OO NOWOWO
T T T T

w

P I, 2/ B
300 350 400 450

500

other effects can be quite important. We have explicitly cho-

sen our cuts so that they are not. In particular, we have em m, (GeV)
ployed cuts that primarily retain only events with two jets. It

is the processes with extra radiated gludmich are in- FIG. 4. 50 discovery contours for MSSM Higgs boson detec-

cluded as part of the NLO radiative correctipriat can  tion in various channels are shown in theo,tang] parameter
cause the largest corrections since the associated cross setne, assuming maximal mixing and an integrated luminosity of
tions are not proportional to-4(A\'). As discussed in more L =300 fb"* for theTLAs detector. This figure is preliminaf3].
detail in Appendix B, NLO corrections to two-jet events,

while sizable, will not significantly impact our results. The gyction would be the most relevant process in the decoupling
primary reason f(_)r employing tree-level computations is thqimit, but requiresy/s>myo+ My, With Mo+ Mao~2M,o
importance of being able to perform full simulation analyses, L . =0
something that is only possible in the contextraNDORA as_the decoupling limit sets in. The alternativedbH" and
and JETSETfor the signal and in the context efrTHiA and ~ bbA°® production will only allow H® and A° detection if
JETSETfor the background. We estimate that our errors argang is large[10]. Either low or high targ is also required
not more than 10%—20% as a result of ignoring higher ordefor LHC discovery of the H°,A® if they have mass
corrections. Appendix B is devoted to a more detailed dis=250 GeV. This is illustrated in Fig. 4. After accumulation
cussion of the relevant issues. of L=300 fbo ! at the LHC, theH® A° will be detected ex-
cept in the wedge of parameter space witRo=250 GeV
and moderate taf (where only theh® can be detectedIf
the LC is operated at/s=630 GeV, then detection of
In many scenarios it is very possible that by combininge™e™ —HO°A® will be possible formao~m;o up to nearly

results fromyy— h°— bb with other types of precision mea- 300 GeV. In this case, the parameter region for which some
surements for the SM-like Higgs boson, we will observeother means of detecting thd®,A° must be found is the
small deviations and suspect the presence of heavy Higgortion of the LHC wedge withmao=300 GeV. We will
bosons. Gig& precision measuremeffscould provide ad-  explore the possibility of finding thel® andA° in yy colli-
ditional indirect evidence for extra Higgs bosons through asions. Earlier work along this line appears|[it,12. Our
very precise determination of ttg®and T parameters, which results will inCOfporate CAIN predictions for the |UminOSity
receive corrections from |00ps inv0|ving the extra Higgsand pOlarizationS of the CO||IdIng backscattered photons us-
bosons. However, to directly produce the heavier Higgdnd 80% polarization for the electron bearfwhich we be-
bosons ine*e~ collisions is likely to require large machine lieve is more realistic than the 100% polarization assumed in
energy. For example, In the 2HDEI ™ —HCA° pair pro-  [11,12).
We will show that singleH®, A° production viayy colli-
sions will allow their discovery throughout a large fraction of
10The phrase “GigaZ” refers to operating the future LC afs this wedge. The event rate, see Ea)_, can be substal_"ntial
—m,. The high LC luminosity would allow the accumulation of a du€ t0 quark loop contributiongmainly t and, at high
few x10° Z pole events after just a few months of running. By tan, b) and loops containing other new particlesg., the
combining such operation with a high-precisifW threshold scan ~ charginos, ... of supersymmelryn this study we will also
to determinemy, to within =6 MeV, the standar®, T parameters assume that the superparticle masss the charginos,
could then be determined with much greater accuracy than is cusquarks, sleptons, ejcare sufficiently heavy thata) the
rently possible using LEP data. Higgs bosons do not decay to superparticles @dhe su-

V. THE H° AND A° OF THE MSSM
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FIG. 5. We plot the integrateti® and A° Higgs boson cross
sectionsl ., as defined in Eq(6), as a function of Higgs boson
mass, for a variety of tag values. We employ the maximal-mixing
scenario withmgysy=1 TeV. Supersymmetric particle loops are
neglected.

FIG. 6. We plot the suml'(H°— yy)BR(H%—bb)+I'(A°
— vy)BR(A’—bb) as a function of tag for severalmyo values.

The signal ratéN(yy— H? A°—bb) is roughly proportional to this
quantity. Results for the five cases delineated in the text are shown.

perparticle loop contributions to they coupling are negli-
gible.

Assuming no reliable preconstraints omo,mMyo, an im-
portant question is whether it is best to search forHfeA®
by scanning inys (and thereby irE,,, assuming a type-Il
peaked spectrum configuratjoar running at fixedy/s using

some, but not dramatic modifications to the couplings and

some dilution of theH®, A°— bb branching ratios. These ef-
fects will be minimal at the higher tg® values in the wedge

region, but could make discovery in thédo channel difficult
for some of the lower tag points. One would undoubtedly

a broadE,,, spectrum part of the time and a peaked spectrunjiryhtO makﬁ use Of. theISfUSY d%ca%/ channgfls themselves to
the rest of the tim&1]. As we shall discuss, if covering the €nhance the net signal fgry—H"A". Even if SUSY par-
wedge region is the goal, then running at a single energyicleS aré all heavy, there could be some variation as one
part of the time with a peakef,, luminosity distribution moves_from tge maﬁlmﬁl-nlllxmr? scerr]narlo to the no-mixing
and part of the time with a broad distributidim ratio 2:1), scenario, and so ort'. urther, t ere are certain_non-
would be a somewhat preferable approach. decoupling loop corrections to the relation betweenand

The first important input to the calculations is the effec-the H,A°—bb Yukawa couplings that could either enhance

tive integrated cross sectioh,, as defined in Eq6), for the  or diminish theyy—>H°,A°—>bE rates[35]. (These are not
HC andA°. These cross sections are plotted as a function ofurrently incorporated into the standard versiotHDECAY.)
Higgs boson mass for a variety of t&nvalues in Fig. 5. We  We have performed a limited exploration by considering five

have computed the cross sections using liihebranching ~cases. Computations for cases I-IV are performed using ver-
ratios andfy;y widths obtained fronHDECAY [34] usinginput SIOI’_] 2.0 OfHDEC.:AY, |.e:, that a.Va.||ap|e aS. of September 2001.
masses ofn,o as plotted on the axes. We have employed (i) The maximal-mixing scenario defined above.
m,=175 GeV, exactly. For supersymmetf$USY) param- (i) The maximal-mixing scenario as above, but wjih
eters, we have chosemg,sy=1 TeV for all slepton and =—1 TeV. N _ _
squark soft-SUSY-breaking masses and +1 TeV. ForA, (i) The no-mixing scenario defined bp,=A,=A
we have assumed the maximal-mixing choice af  =a/tanB, with mgysy=u=1 TeV. _ .
= pltanB+ \6mgysy. In addition, we have takeA,=A_ (iv) The maximal-mixing scenario, as in case |, but with
=A,. Our plots have been restricted tyo<500 GeV due n=0. . , . )
to the fact that if the LC is operated gs=630 GeV(cor- ' (v) In this case, we employ the maX|maI'|fn|xmg scenario
responding tax~5.69 for 1 um laser wavelengthwe can  With Msusy=p=1 TeV, but employ a modified version of
potentially probe Higgs boson masses as high &80 Gev. ~ HDECAY (provided by the authors of Refi35]) in which the

An interesting question is the extent to which these input Ap corrections to the Higgsb vertices are included. These
are model dependent in that they are sensitive to other parise from loop corrections involving supersymmetric par-
rameters of the MSSM. Our study has been performed foficles (neglected in cases |-y and are most substantial
the maximal-mixing scenario withm,=175 GeV and When tang is large. These corrections do not vanisk., do
Msusy=1 TeV, assuming that all SUSY particles are heavynot decouple even when SUSY particle masses are large.
enough to not significantly influence they—H® A° cou- The corrections would have opposite sign to those plotted for
plings and heavy enough thidf, A~ SUSY decays are not #=—1 TeV.
significant.(In the context ofHDECAY, we have setoFsusy The results in each of the above five cases IfigH®
=1) If SUSY particles are moderately light, there will be —yy)BR(H°—bb)+T'(A°— yy)BR(A°—bb) [to which
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decreasinge,,,. In addition, reasonably large\\") is re-

FIG. 7. Luminosity, in units f5%/13.1 GeV, for a 10secyear  tained for 256 E,, <400 GeV. However, in both cases, the
and associated\\’) are plotted for\/s=630 GeV &=5.69 for values of (\\’) are always small enough that the

1.054um laser wavelengih assuming 80% electron beam polar- _ . . .
izations, for polarization orientation cas@$ and (ll). Results are J;=2 part of thebb background to Higgs detection will be

plotted for 3 different cases. The solid lines show the results befor@MIY Partially suppressed by the-KA\") factor, and will be
any cuts or reconstruction efficiencies are incorporated. The dashéiPminant. o )
and dash-dot lines assume that the two most energetic jets are pro- 1he final ingredient is to assess the impact of the cuts
duced uniformly(as for a spin-0 boson decaying to two jeis  required to reduce thbb(g) andcc(g) backgrounds to an
cos#*, where 6% is the two-jet axis angle relative to the beam acceptable level. In order to access the Higgs bosons with
direction in the two-jet rest frame. The dashed lines show the resultfhass substantially below the machine energy of 630 GeV, we
after requiring|cos#*|<0.5. The dash-dot lines show the results myst employ cuts that remove as little luminosity 15%
gfter requiring/cos#|<0.5 for the#’s of the two most energetic jets substantially below\/§ as possible while still eliminating
in the laboratory rest frame. most of the background. For this purpose, a cuf@rsé*|
o <0.5 (where 6* is the angle of the two most energetic jets

the signal ratéN(yy—H® A°—bb) is roughly proportiondl  relative to the beam direction in the two-jet rest frarsefar
are plotted in Fig. 6 as a function of t@nfor severalmyo ~ more optimal than is a cut dtos<0.5 (where ¢ is the
values. We observe that, although there is considerablengle of a jet in the laboratory frameThis is illustrated in
model dependence for the relatively low mass mfo  Fig. 7 where it is seen that the former cut 6h leads to
=150 GeV, this model dependence becomes quite minimahuch higher luminosity than the latter cut @n Thus, even
when comparing cases -1V fan,e=250 GeV, i.e., in the though slightly large\\’) is obtained using the& cut,
wedge region of interest. However, results for case V shownuch better signalgrelative to backgroundare achieved
that SUSY loop corrections can impact the predicted signalising the 6* cut. A second cut is that imposed upon the
event rate once ta is large enough, but remains minimal two-jet mass distribution. The optimal value for this cut de-
for mao=<500 GeV and tap values in the wedge region.  pends upon the Higgs widths, the degree of degeneracy of

The next important inputs are values df/dE,, and the HY and A° masses, and the detector resolutions and re-
(N\") for the peaked spectrufype Il) and broad spectrum construction techniques.
(type | electron-laser-photon polarization configurations. Figure 8 shows the totah® width as a function form,o
The luminosity and polarization results from the CAIR6]  for our standard set of tgh values. For the taf range
Monte Carlo program are plotted as the solid curves in Figinside the problematical wedge (%anB>3), theA° (and
7. Note again the luminosity enhancement at IByy, rela-  also theH°) is still relatively narrow, with widths below
tive to naive expectations. In the case of the type-1l spec~3 GeV. In fact, the width of the two-jet mass distribution
trum, the luminosity remains quite large even belowEhg  will probably derive mostly from detector resolutions and
peak at E,,=500 GeV, and(\\') is large for E,,  reconstruction procedures. A full Monte Carlo analysis for
>450 GeV. In the case of the type-l spectrum, the luminosheavy Higgs bosons with relatively small widths is not yet
ity is substantial forE,, =400 GeV and rises rapidly with available. However, there are many claims in the literature
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H — A Mass Difference from HDECAY Monte Carlo simulations will be required before a complete
simulation will be possible.
Our full list of cuts is then as follows.

15IIlI|IIlI|IlII|lII||lIlI

(with jets defined using the Durham algorithm with

Yeur<0.02).

- (iv) We require these two jets to be back-to-back in two

-------- ; dimensions using the criterig@!+ p?|<50 GeV fori=x,y

(transverse to the beam

ok N (v) We require|cosg*|<0.5 where¢* is the angle of the

=‘;.‘—.'_:;»'.:l_'—'——‘»-:——_—%'T:—'—‘—-‘-—‘—'—:*‘-I"?‘*:'=_"|'-"_='"':": jets relative to the beam direction in the two-jet center of

w60 Eon | BEo | mio: | 4% eon mass. As dlscugsed, the alternat|vd.ccﬂs¢9|<0.5 is not de-

sirable for retaining large luminosity at lowét,, in the

my (GeV) broad band spectrum. It also does not significantly alter the

statistical significances for the peaked spectrum case.

S ::ﬁg;g 1 (i) Only tracks and showers witftos#<0.9 in the labo-
[ N e tanf=5 | ratory frame are accepted.
10 tanf=7 _| (if) Tracks have to have momentum greater than 200 MeV
- T~ 7= B tanﬁf}g . and showers must have energy greater than 100 MeV.
- . t:ﬁg;zo 1 (iii ) We focus on the two most energetic jets in the event

FIG. 9. We plot the differencenjo—mpo as a function oimpo

for our standard set of tg® values. Results are those fromecay After the back-to-back and c@8 cuts, about 95% of the
for the earlier defined maximal mixing scenario withsysy= ~ €VeNts retained contain exactly two jets. '
=1 TeV. Supersymmetric particle loops are neglected. Finally, we estimate the number of events withyo

—5 GeV=m,_j=mpo+5 GeV as follows. As in the light
. > 0 i
that the resulting mass resolution will almost certainly benggs study, we assume an efficiency of 70% for double

_ . tagging the two jets abb. In addition to the reconstruction
better thanAm, = 30%ym, e (the result obtained assum- “=< . X 0
ing AE = 30%, E for each of the back-to-back jets, more efficiency, which we find to be nearly constant at 35%, and

. a0 theb-tagging efficiency of 70%, we assume that only 50% of
conservative tham\ Eje=18%Eje; from Refs.[3-538).  he Higgs events fall within this 10 GeV bin. In effect, these

Very roughly this corresponds to a full width at half maxi- yeconstruction b-tagging and mass acceptance efficiencies
mum of about 6 GeV in the mass range from 250-500 GeVfesult in a net efficiency of 12.25% for retaining Higgs

of interest. . . L . events. The efficiency for théb background is much
The secongl |r(r)1pqrtant ingredient in understanding the Nagajier due primarily to the fact that the reconstruction effi-
ture of theH",A” signal is the degree to which they are jency is far smaller than the 35% that is applicable for the
degenerate in mass. The degree of non-degeneracy is plottpﬁiggS events. This is due primarily to the very forward/
in Fig. 9. For tarp3=2 and 3, the mass differences at lower packward nature of the background events as compared to
mpo are such that thel® and A° peaks would remain sub-  the uniform distribution in cog* of the Higgs events. The

stantially separated even after includings GeV experi- ¢ packground befor tagging is substantially larger than

mental mass resolution. However, starting with S5, — .
and for largermyo>2m; in the tan3=2,3 cases, the mass the bb background. However, after double-taggifge em-

difference is sufficiently small and their total widths suffi- POy & probability of 3.5% for double-tagginge event as a
ciently large that after including experimental mass resolubb eveny, thebb andcc backgrounds are comparable.

tion there will be considerable overlap between Hitand Higher order(NLO) corrections to thd,=0, cc, andbb

A® peaks. A centrally located 10 GeV bin would pick up abackgrounds can be substantial. However,Xe + 2 back-
large fraction of theH® andA° events. The assumption that grounds are so much largéafter our cuts, in particular the
50% of the total number dfi® andA° events fall into one 10  two jet cutg that even if thel,=0 background is increased
GeV bin centered ompo is thus an approximate way of by a factor of 5 to 10 by the NLO corrections, the total
taking into account both the 6 GeV experimental mass resdsackground would increase by only 5% to 10%. For a more
lution, the few GeV total widths and the non-degeneracydetailed discussion, see Appendix B.

While 50% is probably an overestimate for fas 2,3 and In Tables | and II, we tabulate signal and background rates
lower myo, it is not much of an overestimate because, forfor the 42[ mao,tang] cases considered for polarization con-
these parameter cases, @ signal is much stronger than figurations | and Il, respectively. These same net signal rates
the HO signal in any case—see Fig. 5. The 50% assumptiomre also plotted in the right-hand windows of Fig. 10. In the
is probably a conservative approximation for @5 and  left-hand windows of Fig. 10 we plot the corresponding sta-
above, and is probably only a bit of an overestimate fortistical significances assuming that 50% of the signal events
tanB=3 andm,o>350 GeV. A full simulation of both the fall into a 10 GeV bin centered on the given valuewf. As

HO and theA® peaks as a function of tg®andmyo is re-  noted earlier, this width is meant to approximate the correct
quired to do the job properly. However, we have found thatresult after allowing for the slight non-degeneracy between
the existing Monte Carlo simulations seem to give too largemao and myo (in the myo=250 GeV region of interesand

an experimental mass resolution. Further refinement of ththe expected experimental resolution sf6 GeV in the
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TABLE I. We give net signal H°—bb plus A°>~bb) and net E..=630 GeV, x=5.69, 1,=1,'=0.4
background b+ cc) rates after cuts, assuming one Kec year of ~ - ~
operation in polarization configuration |. Background rates are:g 3 P=P-4+1| 3 I
those for a 10 GeV bin centered on the given valuengé. Signal s 10 F ‘; 102g—i z §
rates are total rates before restricting to the 10 GeV bin, but after$ §+ % £ 26 B x
tagging and acceptance efficiencies. o % A i & o 4o |, tonﬂo=2%
- 1 ‘% g o L é & % tanf=3 4 é
= g . % é ol A tonges
mao( GeV) 250 300 350 400 450 500  C g o< Y tomk=T é
+ 1 an, f
tanf=2 121 141 546 511 160 0465 O _| T R L =
tanB=3 91.0 110 921 108 344 079 B ' "5 400 500 4 ~ 300 400 500
tang=>5 520 575 942 222 759  1.80 H,A Mass (GeV) H,A Mass (GeV)
tang=7 354 34.1 60.3 24.8 9.19 2.26 —~ ~
tanB=10 27.6 21.6 31.6 19.1 7.57 1.92 g P=P'=-1 § o
tang=15 358 213 172 127 515 130 3 10} x| & 107 "
tang=20 56.9 30.8 165 119 467 115 O Ié | € % X ‘f ! x é
B(bb+cc) 272 90 70 13 5 1 © , A . g 10 ~§ Bo™>X
c 1 F+ ¥ A + -~ i + +
= F% A X @ <
. : _ < ié m e ., + 1F
250-500 GeV mass region. There is an important point asyy (X ® >
. _ I BRI RN A 7, R RN R
regards the rates and results we giverfpp=350 GeV. As 8 10 300 400 500 300 400 500
can be seen from Fig. 5, the ratésspecially that foryy H,A Mass (GeV) H,A Mass (GeV)
—A%—bb) will be very sensitive to where exactly one is o _
located relative to thenso=2m, threshold fortt decay. We FIG. 10. For the luminosity spectra aiiA")’s of Fig. 7, we

plot in the upperlower) right-hand windows the signal ratésith-

_ 7 . . out any my_; cut) for the various[ muo,tanB] cases considered
350 GeV point is actually slightly above this threshold. assumingy/s— 630 GeV operation for one 1Gsec year(each in

This is because we are especially interested in results startiqﬁe broad spectrum typedpeaked spectrum typeyonfigurations.

Wlt.h the 3500 GeV mass. For p_omts .JUSt below our pIottedln the upper(lower) left-hand windows we present the correspond-
points, theA™ and, hence, net signal is much stronger. ing statistical significances. These are computed using the back-

To illustrate the nature of these signals relative to back—ground rates obtained from our simulatiafter cuts and tagging

ground, we show in Figs. 11 and 12 the backgrounds as fr a 10 GeV bin centered on the givemo assuming that 50% of
function of two-jet invariant mass with the signaiscluding  the total number of Higgs events fall into that bin.

the 50% factor and plotting only the central 10 GeV )hin
superimposed. Results for the different farases and dif-
ferent spectra are shown. For all these computations, we
have employed the luminosities and polarizations plotted in
Fig. 7. We observe that many of thenao,tang] cases con-
sidered will yield an observablessignal. Of course, we are
most interested in our ability to cover the LHC wedge in

have deliberately rumDECAY in such a way that oumpo

tanB=3
tanf=7
TABLE II. We give net signal H°—bb plus A°—bb) and net tanp=15
background b+ cc) rates after cuts, assuming one Hec year of ;
operation in polarization configuration Il. Background rates are
those for a 10 GeV bin centered on the given valuengé. Signal
rates are total rates before restricting to the 10 GeV bin, but after 50
tagging and acceptance efficiencies.

Candidates/10 GeV
p—
W
[—]

mao( GeV) 250 300 350 400 450 500 200 300 400 500 600

2-Jet Invariant Mass (GeV)

tanB=2 388 441 242 478 579 372 o o .
tanf=3 292 343 408 101 124 805 . FIG. 11. For _the luminosity spectra afd\’)’s of Fig. 7, we
illustrate the signal and background rates for the various
tanp=>5 16.7 18.0 4l.7 20.8 215 18.3 [mgo,tanB] cases considered assumigg=630 GeV and broad
tang=7 114 10.7 26.7 23.2 33.3 23.0 spectrum type-l operation for one “8ec year. The signals shown
tang=10 885 678 140 179 274 195 assume that 50% of the total number of signal events fall into the
tang=15 115 669 761 119 187 133 gingle 10 GeV bin shown. Signals in the side bins are not shown.
tang=20 182 965 730 111 169 11.7 Note that overlapping signal hatching types occur when a smaller
signal rate for one tag value is drawn on top of a larger signal rate
B(bb+cc) 555 271 130 86 8 2 for another tarB value. Such overlaps should not be confused with

the c?(g) background cross-hatching.

035009-12



DETECTING AND STUDYING HIGGS BOSONS ATA.. ..
30 ¢

20}

Candidates/10 GeV
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2-Jet Invariant Mass (GeV)

FIG. 12.
operation.

As in Fig. 11 except for the peaked spectrum type-II

which the neutraH® A° Higgs bosons cannot be detected.
Our ability to “cover” the wedge is illustrated in Fig. 13.
At mpo=250 GeV, cases with tg8=3,5,7 fall into the
LHC wedge. At mpo=300,350 GeV, cases with tgh
=3,5,7,10 fall into the LHC wedge. At muo
=400,450,500 GeV, cases with t8s-3,5,7,10,15 fall into

PHYSICAL REVIEW 7, 035009 (2003

two 10 sec years using the broad type-l spectrum it will be
possible to detect a & signal for about 7 of the 13
[mao,tanB] cases withmpo= 300,350,400 GeV in the LHC
wedge.(We do not includemyo=250 GeV in our counting
since H°A® pair production would certainly be observable
for myo=250 GeV for\/§= 630 GeV) These are cases with
low to moderate tag. After running for one 10sec year
using the type-1l peaked spectrum, we predictvasignal for

7 of the 10 cases withmyo=450,500 GeV in the LHC
wedge. These are cases with highergarif results for these
2+1 years of operation are combined, the statistical signifi-
cance at a given parameter space point is only slightly im-
proved(broad/l and peaked/ll signals do not overlap much
In all, we would be able to detect a4 Higgs signal for
15/23=65% of the wedge cases considered. Obviously, fur-
ther improvements in luminosity or mass resolution would
be helpful for guaranteeing complete coverage of the wedge
region. If both type-l and type-ll luminosities are doubled,
the 15/23 becomes 18/23. Further, fgs=630 GeV it is
very probable that one could s&¥A° pair production for

the LHC wedge. Altogether we have considered 26 pointgnao=300 GeV, in which caseyy collision operation with

that are in the LHC wedge. Very roughly, after running for

Luminosity Factor Required for 40 Discovery

T ¥ Tl
S l+ 1 S [+ 1 X 1
10 2 AA:AO ,OZEIZAA A O
A 4 M A 4V 4 X
10 |-= >4 < A O+ + 10 | A OXX
C A+ ++ 4+ A+ +BX
A+ + ++ + A+ + + XX
O F+—=—=+0 O F—+—=—H
+ 4+ + - - + + +
sl by b L g | TS 8 CH SN T ) [ T ST 0100 T OO T [T ST
100 200 300 400 500 100 200 300 400 500
ma (GeV) ma (GeV)

FIG. 13. Assuming a machine energy ¢6=630 GeV, we
show the[m,o,tan] points for which two 10 sec year of opera-
tion using the type-P\¢,P'\;>0 polarization configuration and
one 10 sec year of operation using the typePIk,,P’'\,<0 con-
figuration will yield S/\/B=4. In the left-hand window we have
combined results from the type-I and type-Il running ussig/B
= \/8,2/B|+S2,,/B|,. In the right-hand window, we show the sepa-
rate results foiS, /B, andS; /\/B,,. The solid curves indicate the
wedge region from the LHC plot of Fig. 4—the lower black curve
is that from the LEP(maximal-mixing limits, but is somewhat

factor “2” type accumulated luminosity would allow detec-
tion of yy—H? A° throughout most of the remaining por-
tion of the wedge in which they cannot be seen_by other

means. Finally, we note that other channels tlidm are
available. At low tan8, we expect that th&°h® channel for
the HY and thezh® channel forA® will provide observable
signals for the remaining wedge points withyo=<2m,

=350 GeV. Thett channels might provide further confir-

mation for bb signals for wedge points withmao
>450 GeV. The single most difficult wedge point fisyo
=400,tan3= 15, which is at the edge of the LHC wedge
region.

It is important to realize that if the LHC was able to detect
the H* Higgs bosons in some portion of the wedge region,
for example using thél = — 7~ v_ decay mode, a reasonably
accurate~ +25 GeV determination ofm,+ would emerge.

If studies of the SUSY particles indicate that the MSSM is
the correct theory, then we would employ the model predic-
tion thatmpo~myo~my=+ and run theyy collider with the
type-Il peaked spectrum at thes value yielding Epeak
~my=. Unfortunately, the latest simulation results, as repre-
sented in Fig. 4, indicate that th&" can only be detected if
tang is larger than the upper boundary of the wedge region.
However, these studies are being continually refined. Ulti-

higher than that currently claimed by the LEP Electroweak Workingmate|y, the actual situation will only be known once the LHC

Group, while the upper solid curve is that above whidf,A°

— 777 can be directly detected at the LHC. Also shown are the

additional points for which a & signal level is achieved if the total
luminosity is doubled or quadruple@the “2” and “4” symbol
casegrelative to the one-year luminosities we are employifide

small black squares in the left-hand window indicate the additiona
points sampled for which even a luminosity increase of a factor ofPartners.

4 for both types of running does not yield a 4ignal) Such lumi-

starts operation.

We conclude that &y collider can provide Higgs signals
for the H® and A over a possibly crucial portion of param-
eter space in which the LHC and direzte™ collisions at a
[-C will not be able to detect these Higgs bosons or thietr
Indeed, thevy collider is very complementary to
the LHC ande*e™ LC operation as regards the portion of

nosity increases could be achieved for some combination of longdrMao,tanB] parameter space over which a signal for the
running time and/or improved technical designs. For example, thée€avy MSSM Higgs bosons can be detected.

factor of 2 results probably roughly apply to TESLA. Cuts and
procedures are as described in the text.

If a H? A° signal is detected in the wedge region, one will
of course, reset the machine energy so tat,=mao and
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TABLE IIl. We give the rough error for tag based on measur- TABLE IV. We give net signal H°— bEpIusAOH bE) and net
ing a C?rtaiW)’ﬂHoonﬁbb rate associated with the Higgs dis- packground b+ cc) rates after cuts, assuming on€ Kec year of
covery in the wedge region. These errors assume two years of Opperation aty/s=535 GeV in polarization configuration II. Back-
eration in the broad spectrum mode and one year of operation in thground rates are those for a 10 GeV bin centered on the given value
peaked spectrum mode afs=630 GeV. The dashes indicate of m,o. Signal rates are total rates before restricting to the 10 GeV

[mao,tanB] cases for which the error exceeds 100%. The errors argin, but after tagging and acceptance efficiencies.

computed as described in the text. Because of the finite difference

approach, results are not presented forgar0, but errors there  m,o( GeV) 250 300 350 400 450 500
would be large.

tang=2 301 382 164 733 0987 O
muo( GeV) 250 300 350 400 450 500 tan=3 207 267 122 148 205 0

tanB=5 11.0 134 589 293 445 0
tang=2 051 034 020 066 046 048 oo 704 7oa 316 s16 532 0
tanf=3 051 027 - 045 030 032 .5 19 545 475 156 234 430 0
tan=5 071 034 019 - 056 055 5 15 667 423 787 148 280 0
tanp=7 - 066 023 062 067 087 5 5 104 579 685 129 240 0
tang=10 - - 050 064 046 053 S T.c5 620 234 940 618 046 004
tang=15 046 067 - - - -

proceed to obtain a highly accurate determination of théhe other techniques for determining faralso have rather
yy—HC A% —bb rates and rates in other channels. Thesesubstantial errors. More importantly, these results show
rates will provide valuable information about SUSY param-clearly that a dedicated measurement of the—H® A
eters, including tag. In fact, even before performing this —bb rate and the rates in other channet$’(~h°h°, A°
very targeted study, a rough determination of gais likely —Zh9, HO,A°—>tt_) are likely to yield a rather high preci-
to be possible just from the data associated with the initiakion determination of tag after several years of optimized
discovery. In Table I, we give thoden,o,tang] points and  operation.
the approximate fractional error for tghfor those points at We now turn to a discussion of how the above running
which this error would be below 100%. The finite difference scenario(2 years with a broad spectrum and 1 year with a
approximation we employ is the following. peaked spectruptompares to running part of the time with
(i) We first compute the error [3(S+S))] a(type-Il) spectrum peaked &,,=500 GeV and part of the

_ \/§(8,+S|,)+(B|+B|,), where } comes from the fact time with a spectrum peaked aE,,=400 GeV s

that we assume that one-half of the signal events will fall~ 630 GeV.x=5.69, andy/s=535 GeV, x=4.83, respec-

into a 10 GeV bin in the reconstructed two-jet invariant masgVel; for Iase“r Wa‘,,’e'e”gt"‘:,,l-054“”?)- We denote these

and thel and Il subscripts refer to th& and B rates for two cases by “500"and *400,” respectively. In the 400 case,

type-1 and type-Il spectra, respectively. we have_followed exactly the same _proqedures as in the 500
(i) We estimated the sensitivity ¢S, +S,,) to tan3 by case, USINGAIN to generate the luminosity spectra and cor-

computing

E,,=535 GeV, x=4.83, ) =1,'=0.4
A3(S+Sy)(tang)

< P=P'=-1 El 2 %
Atang S b . c P P
[0 * i
1 (S+S)(tang+ Atang) — (S + ) (tanp) 8 X ‘g* x| E 10 fg % x 8
2 Atanp 2 s U E i §
s VE, *x x s~ TE A tong=s *
9) Ex A < F v tonf=7
Do [ % e + -1 x tang=10
. 0 LA I "0 F o tomg=15
usmgthetarﬁvaluesof2,3,5,7,10,15andthecorrespondmg-§ 10'1.‘Q.‘.‘8.‘..\....\..‘._. %) E, Otonf=20 1,1,
Atang values of 1,2,2,3,5,5. = 250 300 350 400 450 250 300 350 400 450

H,A Mass (GeV) H,A Mass (GeV)

(iii) The fractional error on tag is then approximated as

L FIG. 14. For the luminosity spectra agi\’)'s obtained from
dang oz(S+Sy)] 10) AN for Js=535 GeV, x=4.83, and type-ll(peaked spectrum,
tang A%(S, +S,)(tanB) (10 we plot in the right-hand window the signal rategthout anym,_,
tang cup) for the various[mao,tang] cases considered, assuming one

Atang 10’ sec year of operation. In the left-hand window we present the
corresponding statistical significances. These are computed using
the background rates obtained from our simulatiafter cuts and
tagging for a 10 GeV bin centered on the givemo assuming that
50% of the total number of Higgs events fall into that bin.

While the resulting (&r) errors are not exactly small, this
determination can be fruitfully combined with other {8n
determinations, especially for the higher farctases where

035009-14



DETECTING AND STUDYING HIGGS BOSONS ATA.. .. PHYSICAL REVIEW &7, 035009 (2003

= Luminosity Factor Required for 4o Discovery
2 150 1yr 400+1yr 500, combined Ny,  1yr 400, 1yr 500, separate Ng's
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FIG. 15. Signals for tag=3,7,15 andnpo= 350,400 GeV as in L . .
Fig. 11 except for peaked spectrum type-ll operation v Luminasity Factor Required for $a Discovery
=535 GeV, x=4.83. 2yr 400+1yr 500, combined Ng,  2yr 400, 1yr 500, separate Ngp's
X [ o8 |
) ) ] S [+ 1 5 [+ 1 X 1
responding(A\") and then using these to compute signal = |o 2 oo+~ loz2mo2 om
and background rates in thwb final state, assuming running . /J:’i o f(|)4 '(";/fﬁ
for one 10 sec year. These rates are tabulated in Table IV. i C A4+ 4 i A+ XX
The signal rates are also plotted in Fig. 14 along with the i S e i i T+ XX

|
|

corresponding statistical significances, assuming that 50% o
the signal events fall into one 10 GeV bin centerednu.
Typical signals relative to background fon,o=350 GeV 1 e e e e
and 400 GeV and ta=3, 7, and 15 are illustrated in Fig. m, (GeV) ma (GeV)
15. We should note that th®/ /B values are not very good
indicators of discovery potential am,o=450 GeV because FIG. 16. In the upper windows, we plot the points in
of the very small numbers ¢ andB events. [mao,tanB] parameter space for which a greater thansignal is
Our ability to “cover” the wedge in this scenario is illus- obtained after one 0sec year of operation ats=535 GeV and
trated in Fig. 16. We find that the 1-year 4Q9pe-ll) plus  one year of operation at/s=630 GeV, using type-ll peaked
l-year 500 (type-Il) option gives better signals anpo  spectrum in both cases. In the left-hand window we have
=400 GeV than does the 2-yefiiype-l) 500 plus 1-year combined results from the 400 and 500 running using
(type-Il) 500 option, but much worse signals abso  S/VB=/SiodBaoot Siod Bsoo In the right-hand window we show
=300 GeV and 350 GeV. Going to 2-year 4@@pe-1l) plus  the separate results @00/ VBago and Ssoo/ VBsgo The notation
1-year 500(type-Il) still does not provide as good coverage and the solid curves outlining the LHC wedge are as specified in the
of the wedge in an overall sense as the 2-y@gve-l) 500 caption for Fig. 13. Exactly the same plots are presented in the
plus 1-year(type-Il) 500 option. We also expect, but have lower windows assuming two years of operation/at=535 GeV
not explicitly performed the necessary study, that a 1-yea®Nd one year of operation as=630 GeV.

350 (type-1)** plus 1-year 400(type-Il) plus 1-year 500 . . .
(type-Il) operation, would do a better job fompo Finally, we make a few remarks regarding the ability to

~350 GeV than the 2-vedtvpe-) 500 plus 1-veaftvoe-I] detect theH?,A° for tanB values for which the LHGvould
500 option, but wouldyn?)tty%m\)/ide rgliableysig?a/\i)s in) thealready have getected a signal. Precision studies of the
wedge region fomo=325 GeV. yy—HC A~ bb rate (and rates in other channels as well
The ability to obtain a>4¢ signal in nearly all of the Would be an important source of information and cross
mao=350 GeV wedge using the 2-yedtype-l) 500 plus checks because of.the many.dn‘ferent types of particles in the
1-year(type-Il) 500 option is important since it is likely that MSSM that potentially contribute to thgy—H® A° cou-
the yvy collider will be run at maximum energy for other plings. Figure 6 shows that the minimum rate in ttefinal
physics reasons. Thus, if no signals for th& A°, and H* state occurs at tg8~15 whenmuo~250 GeV (and also,
are detected at the LHC, we believe the optimal procedure ahough not plottedmao~300 GeV) and at tai~20 when
the yy collider for the combined purposes of discovering them,o=350 GeV. Thus, theyy signals are actually weakest
HO A° Higgs bosons and pursuing other physics stues  precisely in the upper part of the wedge region and some-
persymmetric particle production in particulavill be opera-  what beyond. Starting with tg® values sufficiently far
tion part time with type-l and part time with type-#ty lu-  above the wedge region, the signals become stronger and
minosity spectrdroughly in the ratio 2:L stronger as tap increases, asymptotically rising as ign
but rising more like taB in the tan3=30-50 range. Thus,
if other physics studies forcgy running at maximal/s, it is
HAs before, the “350” label means operation at/asuch thatthe  quite possible to nonetheless have a strong signal for the
type-Il spectrum peaks &, =350 GeV. HO, AC if tan 8 is large enough that they are seen at the LHC.

A+ A - - - + a
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VI. ADECOUPLED LIGHT A° OF A GENERAL 2HDM . Integrated Higgs Cross Section
As noted earlier, it is possible to construct a general two—E SRR A
Higgs-doublet model that is completely consistent with pre- _{3103 I
cision electroweak constraints in which the only Higgs boson% [
that is light has noOVW/ZZ couplings[13]. In the earlier 3
discussion, we generically denoted such a Higgs bosdn by —?wz
If we consider aC P-conserving type-1l 2HDM, thé could &
be either theA® or theh® (but with 2HDM parameters cho- %ﬂ
sen so that there is fd®— WW,ZZ coupling. Here, we will 110!
study the case of a lighA°, since it(and not a lighth®) g e = fonfl 2
could play a role in explaining the possible discrepancy of - | s éﬁgiég
the anomalous magnetic moment of the muon with the SM ~ 10° —=————————— — p7Y —
prediction[37].1? As discussed in Ref{13], the precision Higgs Mass (GeV)

electroweak constraints imply that if t# is light and the
other Higgs bosons are heavy, then the couplings ohthe FIG. 17. We consider a general 2HDM and plot the integrated
must be SM-like. Further, perturbativity implies that th&  A° Higgs cross sectioh,, as defined in Eq(6), as a function of
should not be heavier than about 1 TeV. We would then bé"s° for a variety of tanB values. We have assumed that all other
faced with a very unexpected scenario. The LHC would de!1199s bosons of the 2HDM have masses of order of 1 TeV.
tect the heavy SM-likeH® and no supersymmetric particles
would be discovered. The precision electroweak constraint8HDM A%, we assume that all the other 2HDM Higgs
(which naively require a very lighhg)y in the absence of bosons have mass of 1 TeV. The main difference with the
additional physicswould demand the existence of additional MSSM is that since we take tH€’ andH® to be heavy, there
contributions toAT (as could be verified by Giga-opera-  are no overlapping signal events from a second Higgs boson.
tion of the LQ. The general 2HDM provides the additional However, form,o<2m, this loss of the overlapping signal is
AT contribution via a mass splitting between tHé and the  somewhat compensated by an increas8d- bb branching
H® (both of which would have masses of order of a TeV ratio due to the absence 8P — Zh° decays in the larges,o
Detection of the lightA® possibly needed to explain theg, scenario being envisioned.
deviation would be crucial in order to learn of the existence Next, as in the MSSM case, we considés=630 GeV
of the extended Higgs sector. and employ the CAIN luminosity spectrum. Efficiencies and
As for theH® andA® of the MSSM, discovery of al®  cuts are the same as in the MSSM study. Assuming one year
with mass above 200 to 250 GeV could be difficult. If ﬁ’in of 107 sec Operatior(each using type |(broad Spectrum
is chosen in the moderate range, #will not be seen in  and type I(peaked spectrumwe give results for the total
ete"—A%b or e"e”— A%t production[10,13. Discov-  signal rate after all cuts and efficiencies in Fig. 18. The cor-
ery of the A° would also be impossible at the LHC in a responding statistical significanceSI,SD=S/\/§, are also
wedge of parameter space very similar (fut somewhat shown. In Fig. 19 we display thoden,o,tanB] points for
more extended in taf, assuming no overlapping resonancewhich two years of operation in type-l mode and one year of
with the oppositeCP) than that found in the MSSM case. operation in type-ll mode would allowd4level discovery of
Finally, such anA® can only be seen ie*e” —ZA%A% or  the A°. (The additional points for which ad signal would
ete — vyACAC production (through its quartic be achieved for 2 and 4 times as much luminosity for both
WWAAL, 77 AOA0 couplings if mao  type-l and type-Il operation are also displayedie find that

<150 GeV (250 GeV) for s=500 GeV (800 GeV). @ reasonable fraction of the points in the wedge would allow

Thus, the ability to detect tha® in a moderate tap wedge ~A° detection after 3 years ofy collisions. A 4o signal is
beginning atm,e=250 GeV usingyy collisions might turn found for 19/42 Qf the 45 sampled points that might fall into
out to be of great importance. In exploring this ability, we the wedge in which th&” would not be discovered by other

follow procedures closely analogous to the MSSM study. Means. For a factor of two higher integrated luminogity.,
First, we need the integrated cross sectigp—see Eq. after 6 years of operation at the nominal luminosity predicted

(6). Results are presented in Fig. 17. In computipdor the by CAIN for the current designthis fraction would increase
to 16/42.

Of course, one could also consider the 1-year @gpe-
2In order for a lightA° to be the entire source of the originally 1) plus 1-year 40(Dtype-ll)_ plus 1-year 50_(Qtype-ll) running
published deviation ira, large tang is required[37], sufficiently option, which would provide somewhat improved signals for
large that LHC and/or LC detection would be probable. However,Ma0o=350 GeV andn,o=400 GeV than does the 2-year 500
recent improvements in the theoretical predictions dgrsuggest (type-) plus 1-year 50(1type-|l)_optlop conS|(()jered above.
that thea,, deviation could be smaller than originally thought. In However, the LHC/LC wedge in which tha™ cannot be
this case, or if other mechanisms contribute, the scenario we focudiscovered is quite large and certainly extendmjp values
on of a moderately lighA and moderate ta@ could be very as low as 200—250 GeV to which only the latter option pro-
relevant. vides some sensitivityat lower tan3). Regardless of the
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E..=630 GeV, x=5.69, 1,=1."=0.4 Luminosity Factor Required for 40 Discovery of 2HDM A

—~ r o~ r
,S | P:P’: 1 ' F + +
S w0k, R e e T e
5 E* % 3 Eé\ A M S |+ 1 S + 11X 1
(€ A % £ 10 & M X - o2 ..., A - o 20 2 v
o 1%"‘@% o ;xgogé A4  +ouvoiaa A4V 4 -
- 'y % o + é £ - * 10 =>4 « .« .20+ 10 | A0OX
e Qoo o+ XX ez +§ : + <00+ 4 ooox
~ 10 F & S + -0+400 o+a400
> F o100 F ggg;g:yg +++ - +++
L PP 5 LI TR o P s o el +% 0
28 1% 300 400 500 300 400 500 | oo Tt s Lot g fov s o

A Mass (GeV) A Mass (GeV) ! 500 200 300 400 500 ! 700 200 300 400 500
E —_— :'5\ 27 M (GeV) My (GeV)
o 10 F O 10%+ + . .
> F 3 x X 'i‘* FIG. 19. Assuming a machine energy ¢6=630 GeV, we
3 F . ; A é‘ é € 10Lla A x & é é show the[ muo,tanB] points for which two 10 sec years of opera-
o L E % A Tr o+t g % % o % w2 tion using the type-P\.,P'\.>0 polarization configuration and
c AN X @ ~ q*ag B one 10 sec year of operation using the typePI\.,P’\,<0 con-
~ 10 .3 g * < w figuration will yield S/\/B=4 for the A° of a general 2HDM, as-
} x o) D10 F suming all other 2HDM Higgs bosons have mass of 1 TeV. In the
3 10‘2 it langglonggj| S B A left-hand window we have combined results from the type-l and
=z 300 400 500 300 400 500 type-Il running usingS/\/§= \/SZ|IB|+S|2|/B,|. In the right-hand

A Mass (GeV) A Mass (GeV) window we show the separate results /B, and S, /\/By,.

Also shown are the additional points for which & 4ignal level is
achieved if the total luminosity is doubled or quadrupléte “2”

and “4” symbol caseprelative to the 2-1-year luminosities we are

. L ; employing.(In the left-hand window, the small black squares indi-
signal rate after aII.cuts and efficiencies foi aﬁvarletx of,(tamnd cate the additional points sampled for which even a luminosity in-
Mao values, assuming's= 630_GeV for_ theg_ € (or_e e) col- crease of a factor of 4 does not yield a 4ignal) Such luminosity
I|5|70ns and after acc_umulatlng _Iumlnosmes equivalent 0 0N€eages could be achieved for some combination of longer run-
10 sec year of operatiofeac]) using the type-| broaé, , spec- ning time and/or improved technical designs. For example, the fac-

trgm and the.type-ll peaked speptrum ‘?p?raﬂof‘- I.n. the leﬁ'han%r of “2” results probably roughly apply to TESLA. Cuts and
window we give the corresponding statistical significance of theprocedures are as described in the text.

signalNgp (Ngp stands for the number of standard deviatjofos
each of the samplgtanB,muo] values assuming that 50% of the R
total signal rate falls within a 10 GeV bin centered on the givenceed at one loop, whethéris CP-even,CP-odd or a mix-
Mao. ture. As a result, th€ P-even andC P-odd parts ofh have

vv couplings of similar size. Further, since the structure of
running option chosenyy collisionos provide an important the yy coupling is different for the differer® P components
addition to our ability to detect tha” of a general 2HDM in  qf the 1, various asymmetries with respect to different col-
the scenario where the other Higgs bosons are substantialfiying photon polarizations can be defined that can be used to

FIG. 18. We consider a general 2HDM in which only tA® is
light enough to be produce@ll other Higgs bosons are taken to
have mass= 1 TeV). In the right-hand window we plot the totaf

heavier. determine the relative amounts @P-even andCP-odd
content in the resonan®e[38]. If h is a mixture, one can use

VIl. DETERMINING THE CP NATURE helicity asymmetries for this purpo$88,39. However, ifh
OF A HIGGS BOSON is either purelyCP-even or purelyCP-odd, then one must

employ transverse linear polarization#0,39. Our discus-

O_n(_:e one or sevgral Higgs bosons have been detectegpn will focus on the case of @P-conserving Higgs sector.
precision studies using the peaked spectriin with s If one could arrange for the colliding photons to have

= Miiggs/ YpeakCAN be performed. These include the determi-yrely transverse polarizations, then one would find that
nation of CP properties; a detailed scan to separateHife

and A° when in the decoupling limit of a 2HDM; and

branching ratios, those for supersymmetric final states being Acp_.ce- €, Acp._%(€X€")" Ppeam (12)

especially important in the MSSM contekt8-21,11,12

By combining theyy production cross sections with the

branching ratios, important information about farand the  \wheree ande’ are the transverse polarizations of the collid-

masses of supersymmetric particles and their Higgs coung photons. In practice, one can only achieve partial trans-

plings could be extracted and be used to determine mucherse polarizations for the backscattered photons. This is best

about the nature of soft supersymmetry breaking. ~  achieved by 100% transversely polarizing the lasers. The
Determination of theC P properties of any spin-0 Higds  relative orientation of thes and €’ for the back-scattered

produced inyy collisions is possible sincgy—h must pro-  photons is then determined by adjusting the orientation of the
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laser polarization vectors with respect to one another. For ¢
Higgs boson of pureCP, one finds that the Higgs cross

vy Luminosity and Polarization, A,=A,'=.4, Pt=P;'= +1

x=1.86 x=1.86

section is proportional to > 3F 71 A _ ] —
° 3 1 ° 0.8 E

L ‘_% 2.5 i :&02 é

(14 (A} +CP(ArAL) cos 25) 12 4 2} 1 734

dE,, : = 0. E

1.5 ¢ 1 A . 8 ; T

whereCP=+1 (CP=—1) for a pureCP-even (CP-odd T E %—0:4 * — :%1 *
Higgs boson and is the angle between the transverse po- 0.5 g 83 3 T E
larizations of the laser photongHere, A and \' are the 0 qE E

S P L (P SN T PR T
0 0.2040.6 0.8y1 0 02040.60.8

< _. L

degrees of circular polarization of the backscattered photons
and\; and\} are the transverse polarizations of the back-
scattered photonsThus, one measure of ti&P nature of a
Hl_gg? tt).osonf Itsh thte asymmeﬁ.ry for palral_leltys perfp;}nd_w%:_laghx% for operation at\s=206 GeV andx=1.86, assuming
orientation otthe transverse finéar polarizations ot the Initialy oo/, 15nsyerse polarization for the laser photons apd X\,

ltﬁzefro?riams. In the absence of background, this would tak(230.4. These plots are for the naive non-CAIN distributions.

FIG. 20. We plot the luminosities and correspond{ig.') and

, At the kinematic limit,z= z,,,,=X/(1+x), the ratio of\ to
~ Nj=N;  CP{AqA7) At is given by

A: - 1
Ni+NL 14+

(13

(17)

which is positive(negative for a CP-even(odd) state. The

bb(g) andcc(g) backgrounds result in additional contribu-

tions to theN+ N, denominator, which dilutes the asymme- for A,=0.4 andx=1.86. Substantial luminosity and values
try. The backgrounds do not contribute to the numerator foof N\t close to the maximum are achieved for moderately
CP invariant cuts. Since, as described below, total lineasmallerz. From Eq.(14), operation aix=1.86 (correspond-
polarization for the laser beams translates into only partiaing to \/'s=206 GeV and a laser wavelength ®f-1 um)
polarization for the backscattered photons which collide toyould allow \T#*~\"M#*~0.6. Making these choices for

form the Higgs boson, botN; andN, will be non-zero for
the signal. The expected value df must be carefully com-
puted for a given model and given cuts.

both beams is very nearly optimal for ti&P study for the
following reasons. First, these choices will maximize
(d£/dE,,){(\tA7) at E,,=120 GeV. As seen from earlier

Using the naive analytic forms for backscattered photorequations, it is the square root of the former quantity that
luminosities and polarizations, one finds that for 100% transessentially determines the accuracy with which @R de-
verse polarization of the laser photon, the transverse polagarmination can be made. Second,=\.=0.4 results in
ization of the backscattered photdnis given by the (A\')>0. This is desirable for suppressing the background.
electron-polarization-independent form [If there were no background, E€L3) implies that the opti-
mal choice would be to employ, and\/ such thatA\")
< 0. However, in practice the background is very substantial
and it is very important to havé\\')>0 to suppress it as
much as possiblgIn Fig. 20 we plot the naive luminosity
where \; is the appropriate Stoke's parameter and distribution and associated values(afa’) and(\yht) ob-
=2zx */(1-2) with z=E,/E.-. The maximum of\r, tained forag=A.=0.4 and 100% transverse polarization for
the laser beams.

As discussed if40], the asymmetry studies discussed
below are not very sensitive to the polarization of the collid-
ing e beams. Thus, the studies could be performed in para-
sitic fashion duringe”e™ operation if thee™ polarization is
small. (As emphasized earlier, substantel polarization
would be needed for precision studies of othgg, proper-
ties)

The luminosity distribution predicted by the CAIN Monte
Carlo for transversely polarized laser photons and the corre-
sponding result fofA\") are plotted in Fig. 21. We note that
even though the luminosity spectrum is not peaked, it is very

Bour \t is the same ag;—see]40]—for laser photon orientation Nearly the same & ., =120 GeV as in the circular polariza-
such thaté;=0. Recall that the longitudinal polarization in this tion case. As expected from our earlier discussion of the
same notation is given by the Stoke’s paraméter naive luminosity distribution, at,,=120 GeV we find

B 2r?
_(1—2)*1+(1—z)—4r(1—r) ’

Ay (14

ATP=2(1+x)/[1+(1+X%)?], (15)

occurs at the kinematic limitz,,,=x/(1+x) (i.e., r=1).
This can be compared to the analytic form for the longitudi-
nal polarization:

_ 2AIx[1+(1-2)(2r—1)%]
C(1-2) '+ (1-z)—4r(1-r1)

(16)
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is 5.0-0.3 GeV (using a Gaussian fitonly slightly larger
than in the circularly polarized case. However, because of the

&= STy A | g 7 shape of the luminosity distribution, the backgrounds rise
© 4-2 3 ER 8% 3 E more rapidly form,, values below 120 GeV than in the case
g 35F E v 04 F E of circularly polarized laser beams. Thus, it is best to use a
N 3 F E 0.2 | E slightly higher cut on them,;; values in order to obtain the
X 2-8 3 i o 8 3 E best statistical significance for the signal. We fir@60 re-
'..-g1 5E 1 04F E constructed two-jet signal events with,,=114 GeV in one
o 1F 4 -06F E year of operation, with roughly 440 background events in
0-8 . TR '0-§|3 T this same region. This corresponds to a precision of
0 50 100150200 "0 50 100150200 VS+B/S~0.079 for the measurement ofl (hgy
E,, (GeV) E,, (GeV) —v7)BR(hgy—bb). Not surprisingly, this is not as good
as for the circularly polarized setup, but it is still indicative
FIG. 21. We plot the luminosityl =d£/dE,,, in units of  of a very strong Higgs signal. Turning to tk&P determina-

fb71/4_-28 GeV and corresponding.\") predicted by CAIN for  tion, let us assume that we run 1/2 year in the parallel polar-
operation at/s=206 GeV and=1.86, assuming 100% transverse jzation configuration and 1/2 year in the perpendicular polar-
polarization for the laser photons and=\.=0.4. The dashed jzation configuration. Then, because we have only 60%
(dotted curve gives the component of the total luminosity that de-|inear polarization for the colliding photons fOEw

rives from theJ,=0 (J,=2) two-photon configuration. The solid ~120 GeV, N;~180 1+ (0 6)2]+273~ 518 and N
luminosity curve is the sum of these two components &ox’) ~18([1—(6 6)2]H+273= 388, For these numbersjl
~Laom Lo hymot Loa). =130/906-0.14. The error in A is dA= NN, /N?

, _ _ o ~0.016 N=Nj+N,), yielding 8A/A=3CP/CP~0.11.
(M\")~(AtA7)~0.36. Since CAIN includes multiple inter- This measurement would thus provide a fairly strong confir-

actions and non-linear Compton processes, the luminosity igation of theCP=+ nature of thehgy after one 10 sec
actually non-zero foE,,, values above the naive kinematic year devoted to this study.

limit of ~132 GeV. Both(AX") and (At\}) continue to
increase as one enters this region. However, the luminosity
becomes so small that we cannot make effective use of this ) _ ) )
region for this study. We employ these luminosity and polar- N this paper we have explored the various ways in which
ization results in the vicinity ofE,,=120 GeV in a full &Y collider could contribute to our understanding of Higgs
Monte Carlo for Higgs production and decay as outlinedphysics. We have confined our study to tiefinal state. We
earlier in the circular polarization case. All the same cuts andhave shown the following.
procedures are employed. For a SM-like Higgs boson, it will be possible to deter-
The resulting signal and background ratesdetrw/4 are  mine I'(yy—h)BR(h—bb) with excellent precision, e.g.,
presented in Fig. 22. The width of the Higgs resonance peak 2.99% accuracy fom,~120 GeV. This accuracy will be
achieved after just one 1Gec year of operation, using the
frequency tripler technology and a peakiégd, spectrum is
- the most optimal. By using the excellert1%—2% mea-
surement oBR(h—bb), one can extract & 2.9% measure-
M, =120 GeV ment forl"(h— yvy). As discussed in the Introduction, devia-
1l tions of this width from its SM expectations could be very
i L revealing. In particular, at this level of accuracy, deviations
200 - II . Slgnal

VIIl. CONCLUSIONS

400 -

Even§/2 GeV
[—]
[—]

that might be present as the result of the SM-like Higgs
boson being part of a larger Higgs sector, such as that of the
MSSM, would typically be visible if some of the other Higgs

100 bosons were not too much heavier than 500 GeV or so. In
the MSSM context, the precise magnitude of the deviations
might thus allow extraction of the crucial mass saalg. If

0 1(')0 1&5" 1’%0 155 mao is known with sufficient accuracy, one would know

more or less exactly whafs to employ so that detection of

yy— A% HO at theyy collider would be straightforward and
FIG. 22. We plot the signal andb and cc backgrounds for a Would become a high priority. _

SM Higgs boson withm,,_ =120 GeV assumingy operation at Everg) if 8h'ere is no predetermination oo, detection of

/5=206 GeV andk=1.86, based on the luminosity and polariza- vy—H",A" is stll_l likely to be possible for a large fraction

tion distributions of Fig. 21 for the case of linearly polarized laserOf the problematical “wedge” of moderate-tghparameter

photons. The cross sections presented are thoséfat/4, i.e.,in  SPace, described earlier, for which th€,A° will not be

the absence of any contribution from the transverse polarizatio@bservable either at the LHC or at a LC. For instance, for a

term in Eq.(12). LC of \s=630 GeV, the wedge begins aty,o=300 GeV

2-Jet Invariant Mass (GeV)
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(the approximate upper reach of taée™ —HC®A° pair pro-  contrast, most other techniques for determiningAae.g.,
duction procegswhereas theyy collider can potentially al-  from neutralino, chargino, gluino, etc. cross sections and
low detection of theH® A° up to theE,, spectrum limit of  pranching ratiosbecome increasingly insensitive to {aras
about 500 GeV. Indeed, using jusb final states, our results tang increases.

show thatH® A® detection will be possible in somewhat  After three (18 sec) years of operatioftwo with the
more than 65% of the wedge after two (1c) years of type-I spectrum and one with the type-Il spectiyitwill be
operation using a broad spectrum and one year of operatigfossible to detect thé\® of a general two-Higgs-doublet
using a peaked spectrum. By also consideritfy—h°h®  model(in particular, one with parameters such that all other
A%—Zh° andH? A%—tt final states, we estimate that some- Higgs bosons are heavy, including the SM-like neutral
what more than 85% of the wedge parameter region witfHiggs) over a substantial portion of the parameter space in
mao=500 GeV would provide a detectable signal after a to-which it cannot be detected in any other LC or LHC modes.
tal of two to three years of operation. Thus, by combining petermination of theCP nature of any Higgs boson that
\s=630 GeVyy collider operation with LC studies @' e~ can be observed will be possiblejry collisions by employ-
collisions and LHC searches for the MSSM Higgs bosonsing transversely(linearly) polarized laser beam photons. In
we would have an excellent chance of finding all the ”eU"abarticular, we studied the case of a light SM-like Higgs bo-

Higgs bosons of the MSSM Higgs sectdrthey have mass  gop \withm, =120 GeV, and showed that the error in deter-
=500 GeV), whereas without thgy collider one would | ination of itsCP= + 1 would beSCP/CP~0.11.

detect only theh® (at both the LC and LHETIn the problem-
atical parameter space wedge. In short, if we detect supefq;
symmetric particles at the LHC and LC consistent with they,
MSSM structure and find only tHe® at the LC and LHCyy

operation focusing on Higgs discovery will be a high prior-

ity.

For these various purposes, there is no question that maxi-
zing the luminosity will be very important. In the case of

e NLC design we consider, the results stated above would
require ong10’ seq year of operation at low/s for the light
Higgs precision study, 1 year of operation at lal® in the

The one caveat to this very optimistic set of conclusionsIInearIy polarized mode for the€P study, and 3 years of

/ 0 D .
regarding theH% A is that if SUSY particles are light ;)npoedr:tlgg df(?ﬂr,vtoh?: trﬁa Erese;gh(sorzeectlrr:;:empoedikeifdosnp(f(i:;rucgn-
(masses<=mpo/2), they will alter the predictions for the . . P .

0 AO : oo 0 A0 L strained to run at the maximals=630 GeV assumed in our
H",A"— yy couplings and diminish thel",A"—bbbranch- 4y " The extra factor of 2 in luminosity that might be
ing ratios. If these effects are very strong, as possible alqpieyaple at TESLA would prove an advantage. Further op-
lower tang, detection of the4°, A in the bb channel could  timization of the NLC design might also be possible and is
become significantly more difficult, both iryy collisions  strongly encouraged. For instance, going to a round beam
and at the LHC—SUSY decay channels would need to beonfiguration keeping the CP-IP separation at 1 mm might
employed. However, at the larger tBrvalues in the wedge yield as much as a factor of two increase in luminosity.

region under consideration, theb coupling is strongly en- We should note that our studies have only included had-
hanced and it is unlikely that these effects would be suffi+onic backgrounds due to dire@QED) processes and have
ciently large to significantly alter our conclusions. not yet incorporated backgrounds resulting from the hadronic

It is important to note that they—H? A%—bb rate has  Structure of the photon. The photon can “resolve” into
a minimum at taBg~15 (tang~20) for mpo quarks or gluons plus spectator jets. Hadronic production
<300 GeV nyo=350 GeV), i.e., tag values that are just Ccould then occur throughyyg (1-resolved or yryr (2-

large enough to be above the wedge region at higher resol\_/ed_processes. Resolved photon t_)ackgrounds_ have two
contributions to the background to Higgs production. The

first is that in which a quark or gluon “constituent” of one of
the backscattered photons is responsible for initiating a two-
body scattering process that creates a pair of lpigh-or ¢
jets. (As discussed, for example, in R¢#1] goodb-tagging

Thus, theyy—H? A°—bb rate increases for still higher
tangB (roughly linearly for tar3 in the 30—50 range Con-
sequently, if theH® A° are discovered at the LHC because
tang is large, and yet other physics considerations forge

operation at maxima\'s (rather than at the/s such that efficiency and purity, as employed here, is required in order

Epeac—Mao) there is a good possibility that theyy 4 eliminate other resolved photon two-jet backgrounds, such
—H%A%—bb signal will be quite substantialif one asghb or gc final states. However, it is generally the case
chooses the appropriate, type-I or type-Il, spectrum for thehat such contributions to the background are numerically
mao value found at the LHE This would then provide an ynimportant unless the Higgs mass is far below the maxi-
opportunity for a relatively precise measurement of the verymum E,,. This was first concluded in Ref41] and more
interestingyy— H®,A° couplings that will not be accessible recently confirmed in Ref27]. In the m,=120 GeV cases

by any other means. This in turn could lead to Significantvve Study, the H|ggs mass is quite close to the maxirmm]
information about other SUSY parameters. In particular, agnergy, and in théd® A° studies the Higgs mass is at least
illustrated in the main part of the paper, frcan be deter- 5094 of the maximumyy energy. For such choices, this kind
mined with reasonable accuracy from thg—H® A°—~bb  of resolved photon background is not important.

rate if the masses and properties of the SUSY particles are The second type of background from resolved photon pro-
known from LHC and/or LC data. Most notably, the larger cesses arises when a resolved photon scattering process un-
tang is, the more accurate will be this determination. Inderlies the primary Higgs production reaction. These events
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arise when backscattered photons other than those involved TABLE V. Parameters for the various beam energy and polar-
in the Higgs production reaction also interact. This can hapization options considered in this paper.

pen either using backscattered photons arising in the same
bunch crossing or photons from two different bunch crossEnergy(GeV) 80 103 267.5 315
ings within the same detector re_:adout intt_arval. Cross sectiongxlﬁ (mm) 14/008 15/0.08 4/0065 4/0.08
(before cuts for producing relatively soft jets deriving from y

/e, (X107 8 360/7.1 360/7.1 360/7.1 360/7.1
these resolved photon processes are several orders of mag; —/i‘y( (nm) ) 179/60 0164/53 166/3.0 153/3.0
tude larger than the corresponding direct— X cross sec- X( éw) 156' 156 ' 156 ' 156 '
tion. Thus, such additional scatterings primarily yield addi-zz(::lom) 15 15 15 15
%lonalk:pw—pT Je(tjs tthat V\_/If)huld undtladrllteh théb Jkets'telmsmgff' e~ polarization (%) 80 80 80 80
rom Figgs production. they would thus make It 1€SS €lll- po oo ratgHz)  120x95 12095 12095 120<95
cient to isolate the true B-jet signal using cuts that require :
exactly two reconstructed jets which are rather precisel paser\ (microng 0.351 1.054 1.054 1.054

y J P CP-IP distancemm) 1 1 1 1

back to back. Mass resolution could also deteriorate, as
might the efficiency forb tagging. The level of this back-

ground is determined by the number of backscattered phos— acing. If the design 1.4 ns bunch spacingede™ is em-

tons created in each bunch crossing as well as the number oyed, then our luminosities will be decreased by about
bunch crossings over which the detector integrates. A 0% '

TESLA, the bunch spacing is 337 ns and it might be possible
to design the detector so that there would be only one cross-
ing per detector readout. In this case, only the underlying

interactions from this single crossing would need to be con- e would like to thank M. Battaglia, T. Hill, M. Spira, V.

sidered. For the NLC parameters considered here, the bundféinov, M. Velasco, and P. Zerwas for useful discussions.
spacing is only 2.8 néas desirable fory’y operation in order  This work was supported in part by the U.S. Department of
to maximize the bunch charge for the same total cuyrént  Energy contract No. DE-FG03-91ER40674 and under the
general, the detector will integrate over a number of bunchyspices of the U.S. Department of Energy by the University

crossings and it will therefore be desirable to minimize thiSof California, Lawrence Livermore National Laboratory un-
number. This may turn out to be an important factor in de-ger Contract No. W-7405-Eng.48.

termining the NLC detector design. On the other hand, al-
though it may only be necessary to integrate over one bunch
crossing at TESLA, the bunch charge will be roughly 30%
higher and there will be more backscattered phot@hat In this appendix we give the machine and beam param-
can give rise to underlyingy interaction$ per crossing than eters that we have assumed in computing luminosities
for the NLC design. Thus, a detailed examination of this(using the CAIN Monte Carlo simulationfor the various
background is required in both the TESLA and NLC casesrunning options considered in this paper. These parameters
In particular, the performance of thetagging and energy are presented in Table V.
flow algorithms will be critical and will depend upon the ~ We note that our designs have emphasized fairly flat
occupancies in the vertex detector and calorimeter, respe@deams which would be most appropriate if the collider
tively. Overall, our ability to reconstruct th@wo-jet) com- interaction region is running parasitically at the same time as
ponent of the Higgs resonance in the presence of underlyinthe main interaction region is explorireg e~ collisions.
soft jet structure from resolved photon interactions is criti-
caIIy. dependgnt upon detector design features. Absent_the APPENDIX B: HIGHER-ORDER CORRECTIONS
required studies in the context of a detailed detector design,
we cannot currently determine whether the resulting resolved Papers that have considered higher order QCD corrections
photon backgrounds will be a problem at either machine oto Higgs production and the background cross sections, and
which machine will yield the smallest resolved photon back-that have examined implications for Higgs detection include
ground. Refs.[42,43,28,29,11,12,44Some of the corrections found
We should note that our results have assumed 80% polain these papers are large under certain circumstance. The
ization for both thee beams used to backscatter the laserpurpose of this appendix is to explain why these corrections
photons. Only the’P studies would remain little altered if are relatively small for the cuts and the colliding photon
one of the beams does not have substantial polarization. Béiminosities and polarizationgpredicted by CAIN em-
cause of substantially increased background levels, compaloyed and to demonstrate that it is much more important to
rable results for the other studies and/or searches would rdtave as accurate a simulation as possible in a realistic ex-
quire significantly more integrated luminosity if only one perimental approach.
beam has large polarization. As a result, if one is to be able Let us discuss the background cross sections first. The
to perform theseyy studies parasitically during normal tree leveld,=0 andJ,==*2 cross sections are given in Egs.
e’e” operation of the LC, substantial® polarization will  (3) and(4). The mé/s suppression of thé,=0 background
be very important. Another issue related to simultaneouslymplies that radiative corrections to this component of the
studyinge®e™ collisions andyvy interactions is the bunch cross section can be large. The exact magnitude of these
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FIG. 23. For\s=160 GeV and frequency tripler operation we FIG. 24. For\/s=206 GeV and without frequency tripler opera-
plot, as a function of two-jet mag&n GeV), the J,=0 andJ,=2 tion we plot, as a function of two-jet mags GeV), theJ,=0 and
backgroundgevents per 10sec year per binfor cc(g) andbb(g) J,=2 backgroundgevents per 10sec year per binfor cc(g) and
production as obtained fromyTHIA (modified to incorporate cor- bE(g) production as obtained fromyTHiA (modified to incorporate
rect tree-level),=0 andJ,=2 cross sectionswith processing via  correct tree-level,=0 andJ,=2 cross sectionswith processing
JETsETand RooT after all cuts, most especially including cuts im- via jeTseTand RooT after all cuts, most especially including cuts
posed to isolate only the two-jet final state. Colliding photon lumi-imposed to isolate only the two-jet final state. Colliding photon
nosities and polarizations employed are those predicted by thriminosities and polarizations employed are those predicted by the
CAIN Monte Carlo simulation assuming 100% circular polarization CAIN Monte Carlo simulation assuming 100% linear polarization

(Pc=P¢=—1) for the laser beams and 80% polarization€\;  for the laser beams and 80% polarization€\,=0.4) for the
=0.4) for the electron beams. electron beams.

corrections depends critically upon the laser beam configupackground at a level no greater than 20%. This conclusion

ration (in particular, circular or linegrand the precise cuts itters from that of previous works largely due to to the fact

employed. The radiative corrections are dramatically reduceg, ot the value ofA\") obtained in CAIN and assuming the
by e_mploying cuts that isolate two-je_t final states. In the Cas‘Fairly realistic 80% polarizationsN.=\ .= 0.4) is not suffi-
of circularly polarized laser beams, if two-jet final states are e ¢

isolated by employing~= 0.02(the first of the two-jet cuts glze:nﬂyzctlf;iigtfouunnéty to more than partially suppress the
we use the J,=0 background can still be increased relative e ' ) -

to the tree-level expectation by up to a factor off2@]. This In Fig. 24 we plot the tree-level predictions for the
factor will be reduced by the additional back-to-back cut that
we employ(which also discriminates against the radiation of
an additional gluon at the partonic leyebut still might be
large. In contrast, radiative corrections to the= £2 back-
ground cross sections are relatively smati 0% typically
[22]). For linearly polarized laser beams, the higher-order
corrections to the two-jet final states are quite modest in size
[44]. Thus, the most important question is whether or not we
need to worry about the large corrections to dhe 0 back-
ground in the case of circularly polarized laser beams.

bb(g) spin-2
cc( g) slg)in-z
bbé) spin-0

Events/10 GeV

[y
<

In Fig. 23 We_plot the tr_ee-level predictions for tkie 1
=0 andJ,=*2 cc(g) andbb(g) backgrounds obtained by
runningPYTHIA/JETSETand processing UsirgooT to impose 200 400 500
the two-jet final state cuts delineated in the main body of the 2-Jet Invariant Mass (GeV)

paper. The sum of thé,=0 andJ,= *2 backgrounds plot-

ted in this figure gives the net backgrounds displayed in FiG. 25. Fors=630 GeV and type-lbroad spectruinpolar-
Fig. 3 for the SM Higgs boson with mass of 120 GeV. Thes€zation configuration operation we plot, as a function of two-jet
background levels include the expected luminosity frommass(in GeV), the J,=0 and J,=2 backgrounds(events per
CAIN in the J,=0 andJ,= %2 initial two-photon configu- 107 sec year per binfor cc(g) andbb(g) production as obtained
rations for 80% electron beam polarization. What is imme-rom pyrrianETSET/ROOTAfter all cuts. Colliding photon luminosi-
diately apparent is that the background is overwhelminglties and polarizations employed are those predicted by the CAIN
dominated by thd,= +2 backgrounds. From Fig. 23 we see Monte Carlo simulation assuming 100% circular polarizatiéh (
that even if the QCD corrections to tllg=0 backgrounds =P.=+1) for the laser beams and 80% polarization, £\
were as large as a factor of 10, this would affect the totalk=0.4) for the electron beams.
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w

bb( )spm- [12] for detaily. There, the background is dominated by the
cc( % spin-2 J,=0 contribution and QCD corrections are essential for ob-
(g'g) spm -0 taining an appropriate backgrqund estimate. Altho_ugh our
signal cross section in the “without SUSY” case is very
close in value to that which is plotted in Fig. 2 of REf1]
(if we convert ourl ;. to the cross section definition implicit
in their figure, their backgroundobtained, we believe, as-
suming 100% electron polarizatioi,=\,=0.5—see the
comment below Eq(3.61) in association with Fig. 3.12 of
Ref.[12]) is much smaller than their signal. This is in sharp
contrast to the background level we obtain in the CAIN
_ i simulation with 80% polarization No=\.,=0.4), which
200 - 400 600 background is quite comparable to our typical signal.
2-Jet Invariant Mass (GeV) Anqther thgor_etlcal issue concerns the suppression factors
associated with imposing two-jet cuts on the signal. Our ap-
FIG. 26. As in Fig. 25 except for type-lpeaked spectrym Proach has been to generate the signal at tree-level but in the
polarization configurationR,=P.=—1, Ae=\.=0.4). context of PANDORA/PYTHIAJJETSET which allows for the
generation of extra jets via final state radiation. The imposi-
tion of two-jet cuts will then give rise to a suppression factor
J,=0 andJ,= +2 cc(g) andbb(g) backgrounds in the case as computed in the context BYTHIAZJETSET, which factor is
of linearly polanzed laser beams as employed in constructingxpected to be quite similar to that obtained from the ana-
Fig. 22. As above, these were obtained by runmngHIA/  |ytic approaches but will also take into account experimental
JETSETand processing usirgpoT to impose the two-jet final  jssues related to jet definition, detector resolutions and so
state cuts delineated in the main body of the paper. The suiarth. In this regard, it is useful to compare to RE27],
of the J,=0 andJ,= =2 backgrounds plotted in this figure which follows an approach very similar to ours. Their Fig. 1
gives the net backgrounds displayed in Fig. 22 for the SMshows that before cuts about 75% of the Higgs events have
Higgs boson with mass of 120 GeV. These background levelghore than two jetgusing y.,~=0.02). For the same Higgs
include the expected luminosity from CAIN in tde=0 and  mass, we obtain almost exactly the same result. Further, we
= *2 initial two-photon configurations for 80% electron find that this same percentage applies also for Higgs masses
beam polarization. As for the case of circularly polarizedin the 300-500 GeV range. A corresponding result is not
laser beams, the background is overwhelmingly dominatediven in Ref.[27] after imposing their cuts. In our case, after
by the J,= =2 backgrounds. QCD NLO and resummation cuts, especially the back-to-back ajubsé*|<0.5 cuts, we
corrections to thel,=0 two-jet cross section in the case of find that roughly 90%(95%) of the events are two-jet for
linearly polarized laser beams are expected to be much moigiggs masses of 120 GeV (400 GeV).
modest in size than in the case of circularly polarized beams The final theoretical issue that requires discussion is the
[44]. But, even if these corrections were to increase theyossible importance of interference between signal and back-
J,=0 backgrounds by as much as a factor of 10, the background. Here, we refer to several discussions in REZ].
ground level would be only of order 3% larger than that weFirst, as shown in their Eq3.22), we note that the interfer-
have employed. ence cross section only involves thg=0 part of the back-
Figures 25 and 26 give thé,=0 and J,==*2 back-  ground. Since the Higgs bosons being considered are essen-
grounds incorporated in thégs=630 GeV Figs. 11 and 12 in tially produced on shell, and since after cuts thg=0
the cases of type-(broad spectrumand type-Il (peaked backgrounds are reduced to a level much smaller than the
spectrum operation, respectively; these are the results aftesignal cross section, such interference will be small. For ex-
all cuts, including the two-jet cuts. We see that even a factoample, Ref[12] [see below Eq(3.64] finds that the inter-
of 10 QCD correction to thé,=0 portion of the background ference cross section is typically of order 1/100 to 1/1000 of
would result in at most a 10% correction to the total back-the signal cross section after imposing cuts similar to those
ground. Let us compare this situation to Rgfl] (see Ref. we consider.
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