View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by CERN Document Server

March, 1997

Higgs Boson Discovery and Propertie$

Authors and Conveners
J.F. Gunioh?3 (U.C. Davis), L. Poggiofi*5 (CERN), R. Van Kooteh®® (Indiana)
C. Kad"® (Wisconsin), P. Rowsdn(SLAC)

Working Group Members
S. Abdullir® (ITEP), V. Barget (Wisconsin), M. Bergeér(Indiana), D. Bauer(U.C. Santa Barbara),
M. Carena (CERN), C. Damerel{SLAC), M. Fortner (FNAL), R. Frey (Oregon), H.E. HabdtJ.C.
Santa Cruz), T. Han(U.C. Davis), X.-G. Hé (Melbourne), D. Hedin (FNAL), C. Heusch (U.C. Santa
Cruz), D. Jackson(SLAC), R. Jesik (Indiana), J. Kelly (U.C. Davis/Wisconsin), S. Kim(Tsukuba),
S. Kuhlmann (FNAL), C. Loomis (Rutgers), P. Martih (U.C. Davis), T. Morot (LBL), K. Pitts’
(FNAL), L. Reina (BNL), R. Sobey(U.C. Davis), N. Stepand\ITEP), R. Szalapski (KEK), R. Vega
(SMU), C. Wagner (CERN), J. Womersley (FNAL), W.-M. Ya@BL), R.-Y. Zhu (Cal. Tech.)

1) Primary Author; 2) Contributing Author; 3) Property Subgroup Convener;
4) Discovery Subgroup Convener; 5) Author of Summarized Contribution

ABSTRACT e the LHC, with/s = 14 TeV andL = 100 fb~* for each
detector (ATLAS and CMS), for a total df = 200 fb~*

We outline issues examined and progress made by the Light per year, ofl, — 600 fb— for three years of operation.

Higgs Snowmass 1996 working group regarding discovering
Higgs bosons and measuring their detailed properties. We Ressible upgrades and future machines include:
cused primarily on what could be learned at LEP2, the Teva-
tron (after upgrade), the LHC, a next linedre— collider and a
wp collider.

e an upgrade of the Main Injector so as to enatilefb*
each to be accumulated by CDF and DO;

e a Next Linearete™ Collider (NLC) with /s = 500 GeV
. INTRODUCTION and four-year integrated luminosity of ab@@0 fb~*;

a First Muon Collider (FMC) with four-year integrated lu-
minosity of L = 200 fb—! which could be spread out be-
tween operation a{/s = 500 GeV and running at/s in

the vicinity of the mass of an already detected Higgs boson
or in a range designed to scan for an undiscovered Higgs
boson.

The three accelerators that exist or are certain of being con”
structed are:

e LEP2, for which we assumg/s = 192 GeV, and total
integrated luminosity during the time before LEP2 is shut
down for LHC construction of. = 250 pb™* at each of

the four detectors for a total df = 1000 pb™*, assuming Notational Convention: In the following discussions, we use
that data from the four detectors can be combined;  the notation NLC for results that could be achieved in either
ete or utu~ collisiong at /s = 500GeV. The notation
e the Main Injector at the Tevatron, witys = 2TeV and FMC will be reserved fos-channel Higgs production results.
L =2fb~" per year for CDF and DO, each, for a total of During the Snowmass workshop, we were able to pursue only
L =4fb"! peryearol =12 fb~ " for three years; and a limited set of projects. The results obtained by various mem-

bers of the group will be summarized and their overall impact
*To appear inProceedings of the 1996 DPF/DPB Summer Study on “New

Directions in High Energy Physics” (Snowmass, 9&)ne 25 - July 12, 1996, 1At /5 = 500 GeV, ut p~ collision results will be similar te+e~ col-

Snowmass, Colorado. lision results if new detector backgrounds are not an issue.
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shall also outline an ongoing brfogram for delineating the role - ofthehgy, including relevance and current status of mea-
that the various machines mentioned above will play in pinning suring a) the total width by-channel scanning at the
down the properties of a Higgs boson with Standard Model-like FMC and b)T'(hsmy — 77) at the~~ collider facility

properties. Our discussion will be confined to five models: at the NLC — this section ends with a summary of the
) ) ] errors/precisions with which fundamentaly; properties
e the Standard Model (SM), with a single Higgs bosg. can be determined using NLC data aloaehannel FMC
e the minimal supersymmetric standard model (MSSM) with g:::.alone and a combination of NLC asghannel FMC

exactly two Higgs doublets resulting in five Higgs eigen-
states: two CP-even boson8,andH° with mye < myo;

one CP-odd Higgsd®: and a charged Higgs pak* H) determining the mass of thiey,; at TeV33, the LHC, the

NLC and the FMC;

e the non-minimal supersymmetric standard mode
(NMSSM) with a single Higgs singlet field added to

the two Higgs doublet fields — if CP is conserved, thig),ny new results are contained in these summaries.

adds "’; ih';d tﬁP-evertl eigenstate and a second CP'Odfihroughoutourdiscussions, the branching ratios ofthe
eigenstate o the spectrum. will play a major role, especially those for tlé, WW™* and

e a general two-Higgs-doublet model (2HDM) of type—IIZZ* channels. These three branching ratios are tabulated for

(see Ref. [1]). In such a model, the masses and couplifgsu = 170GeV in Table | for later reference. (For a full
of the three neutral Higgs bosons are free parameters; tigure, see Ref. [1].) Note, in particular, that tHeW™ mode
neutral Higgs bosons can be CP-mixed states. only really begins to be competmve with thé mpde when'
mrey 2 130GeV, and that it causes a precipitous decline
e a Higgs sector containing a doubly-charged Higgs bosgmthe bb branching ratio bymyg,, = 150 GeV. In some of
(A7). the error estimates to be presented, we have extrapolated sim-
ulations performed at only a few masses to a larger range of
This report is not intended as a general review of Higgs bosgiasses using the mass dependence dfithedW W * branch-
physics. Itis designed to be read in conjunction with the recep ratios. Another important point is also immediately appar-
review of Ref. [1], the NLC Physics report Ref. [2], and thent. Form,,,,, < 170GeV, BR(hsm — ZZ*) is always
muon-collider Higgs physics study of Ref. [3]. much smaller thaBR(hsyy — WW*). At the NLC, where
backgrounds in th&W™* channel are not a particular problem
II. THE SM OR A SM-LIKE HIGGS BOSON (since a Higgs mass peak can be reconstructed in the four-jet
WW* final state), this has meant that detection of khgr in
Althoughthere has been extensive study ofthg, we found jts 77* decay mode has received little attention. However, at
a remarkably large number of new projects to pursue. In partige | HC theZZ* channel has been the preferred channel due
ular, we found that a detailed delineation of the extent to whigh the inability to detec W™ in its four-jet mode (because
the fundamental properties of tigy; could be determined at of the large jet backgrounds ipp collisions) and the lack of
a given accelerator or combination of accelerators was lackiRGelear mass peak in the purely-leptonic or mixed modes. The

of the workshop and summaries of earlier work in the followingtention to thé¥ W * mode at the LHC in this report.

areas:

|) verifying the spin, parity and CP of thig;.

A) the discovery reach of TeV33; Table I:bb, WW* andZ Z* branching ratios for thégy in the

B) strategies for verifying the fundamental properties of tH8"su < 2mz mass region.

hsy using a combination of LEP2, TeV33, and LHC datd, Mass (GeV)| 110 | 120 | 130 [ 140 | 150 [ 170

including some first estimates of errors; BR(bb) 078 1 069] 053] 034 0.17| 0.008
BR(WW*) | 0.04 | 0.13| 0.29| 0.50| 0.70 | 0.97
BR(ZZ*) | 0.002| 0.01| 0.03| 0.06 | 0.08 | 0.02

C) optimizing the measurements ofBR(hsy —  bb),
oBR(hsm — ¢€) andoBR(hgsy — WW™) at the NLC
for various production modes and determining ratios of
branching ratios.

Also of considerable importance is the expected width of a

D) determiningr BR(hsy — 77) at the NLC; SM-like Higgs boson. The predicted width;>" , is plotted in
Fig. 1 as a function ofng,,. The main features to take note of
E) determining theZ Z hgyr coupling at the NLC; are:

F) determining the branching ratios adi? hgy couplingat e F}L";M is very small form,.,, < 2mw. Indeed, for

~

the NLC; Mhgy S 140 GeV, Tiot < 10 MeV.



of ?zSM — W+W~—, ZZ decays. icances achieved in th8hgy; channel by employing-tagging
and a series of cuts we®/v/B = 4.3, 3.8, 3.5, and2.5 for
Mmhey = 90, 100, 110 and120 GeV, respectively. In both the
- - Whsm and Zhgy channels, the above results require recon-
Higgs Total Widths structing the mass of the two taggkgets. Acceptedb mass
intervals were in the range frof GeV (atmyg,, ~ 60 GeV)
t0 39 GeV (atmypg,, ~ 120 GeV).

The above results assume increased importance in the context
of the MSSM, in which the upper bound on the probably SM-
like A0 is of order130 GeV. Indeed, values afr;,0 in the80 —

120 GeV range are most typical in grand-unified (GUT) models
with GUT-scale boundary conditions that yield automatic elec-
troweak symmetry breaking (EWSB) via the renormalization
group equations (RGE's), provided the squark masses are small
enough to avoid naturalness problems. It seems that TeV33 has
a good chance of discovering the of the MSSM. However, in
the NMSSM the lightest Higgs need not have full coupling to
WW andZZ. Even if its mass lies in the 125 GeV range,
the other parameters of the model can easily be chosen so that
A it would not be detectable at TeV33.
0 100 200 300 400 500 If a SM-like Higgs boson is sufficiently light to be discov-
. ered at TeV33 (more generally if a SM-like Higgs has mass

Higgs Mass (GeV) below2myy) both the NLC and the FMC would be highly de-
sirable machines capable of measuring crucial properties of a
SM-like Higgs boson. In particular, fong,, < 2mw,a FMC

Figure 1: Total width versus mass of the SM and MSSM Higgptimized fory/s = mug,, running would be a Higgs factory

bosons form; = 175 GeV. In the case of the MSSM, we hav 3] capable of directly measuring (by scanning) the total Higgs

plotted results fotan 8 = 2 and 20, takingn~ = 1 TeV and Width and coupling ratios with great accuracy. Indeed, our final
i) t .

including two-loop/RGE-improved Higgs mass corrections afgmmary tables for thésy show that ifmyg,, < 150 GeV

neglecting squark mixing; SUSY decay channels are assuntiagn it would .be extremely desirable to have both the NLC
to be absent. (or FMC running at,/s = 500 GeV) and a FMC devoted to

\/§ = mypg,, Measurements in thechannel. However, ob-
servation of a Higgs boson at TeV33 is unlikely to come soon
enough to guide us should a decision between the FMC and the
A. Discovery ofhgy inthe W hgy andZ hgy NLC (or a second NLC) become necessary.
modes at TeV33 Finally, a few brief remarks regarding thihsy — 4b final
state detection mode. Final results have not yet been obtained,
but progress has been made [6]. First, it is found that it will
"he possible to trigger with about 60% efficiency on tladinal
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A thorough assessment of tH&hsy — ¢vbb [4] and
Zhsm — (vo,£747)bb [5] channels at TeV33 was made. |

addition, a f'ir.st exploration ahgw detection in thetb final states using a “standardi.€. as employed in top quark stud-
state was initiated [6]. i ies) lepton plus jets trigger, where the lepton comes from semi-
Earlier results for théV hsy mode were improved upon by: leptonic decay of one of thi#gs. Somewhat higher efficiency
an probably be achieved with increased electron triggering ac-
eptance and by employing secondary vertex triggers. Using
the various codes for thé final state backgrounds [7] (which
are in good agreement) a reasonable signal over background is
e requiring that| cos()| < 0.8, whered is the scattering found if two pairs ofb's are required to have high massOn
angle of the Higgs in th& -Higgs c.m. system. the other handyg — hgnmbb looks hard since the associate#d
does not generally have a high pair mass; in particular, it would
With these additional cuts, it is found that the SM Higgs witprobably be necessary to veto charm attfielevel
Mgy = 60,80, 100,120 GeV could be discovered at thgs =
2 TeV TeV33 with integrated luminosity of. = 3.5, 5.5, 11 2This means that signal to background will possibly also be acceptable for
and24.5 b1, respectively —30 th~! would probably probe SUPersymmetric modéi® A? Higgs pair production.

30f course, for hightan 8 in the MSSM, thegg — A%bb and eithergg —
up tompg, = 125GeV. |If results from both CDF and DO 0,5 (for m 40 2, 130 GeV) or gg — hObb (for m 40 < 130 GeV) rates are

could be combined, one might even reach,, = 139 GeV.  greatly enhanced relative tg — hsyibb and detection above some minimum
The Zhgn study showed that this channel can provide supp@siue oftan 3 would become possible.

e using the CDF soft leptob-tagging and loose secondarf
vertexb-tagging in addition to the CDF secondary verte
b-tagging;




hsm uéing LEP2, :re\733 ahd i_HC data only erties of thehgy; at each of the three machines are listed below.
[8] Even very marginal modes are included when potentially cru-

cial to measuring an otherwise inaccessible Higgs property.
In this continuing project, the goal is to fully enumerate thegpo
important strategies and measurements at LEP2, the Tevafron
and the LHC that will be required to maximize information re-LP1: ete~ — Z* — Zhgm — Zbb
garding the couplings of a Standard-Model-like Higgs boson
and, thereby, our ability to verify its SM-like nature. Ultimately, LP2: ¢"e™ — Z* — Zhsy — Z7 7~
as we shall discuss in Igter subsectiqns, experimgntal data frq_rp,3:e+e_ S Z* = Zhey — ZX
the NLC and/or FMC will also be available that will vastly ex-
pand our ability to verify the properties of a SM-like Higgs boTevatron/TeV33
son. However, in the next decade or so, the challenge will be _
to extract maximal information from the former three operatinng: W* — Whsy — Wbb
gccelerators. Ideglly, one would wish to determineg mode]- T2: W* = Whey — Wrtr—
independent fashigmll of the tree-level and one-loop couplings
of the hsy, its spin, parity, and CP nature, and its total width.T3: Z* — Zhgy — Zbb
Here we outline the extent to which this will be possible usingT
data from the three machines. 4:Z* — Zhsm — Z7H7

LHC: Mhgy < 2myy, 2my

1. Enumeration of mass regions and reactions

. . - : . . L1: gg — hsm —
The discussion divides naturally into five different mass re- 99 SM Y

gions: L2: gg — hsm — Z2*

M1 mpg, < 95GeV — 100 GeV. Detection of thehgy L3t g9 — hsm — WW*
should be possible at all three machines: LEP2, the Teva-,
tron, and the LHC. Ta: WW — hs = 97

) LS: WW — hgy — Z2*

M2: 95 — 100 GeV < mpg, < 130GeV. Detection should

be possible at the Tevatron and the LHC, but not at LEPA.6: WW — hgy — WW™*

Note that we are adopting the optimistic conclusions dis- _

cussed above that the mass range for which detection L{: W* = Whsm — Wy

Tev33 will be vi_able in theWhgn, hsy — bb mode | g. pprx _y When — Wbb

includes the region between 120 and 130 GeV, and that

up to 130 GeV some information can also be extractedl9: W* — Whgy — Wrtr—

at TeV33 from theZhsyr mode. At the LHC, modes in-

volving hgy — bb are currently regarded as being quite

problematic above 120 GeV. Nonetheless, we will considey 1 1. yp+ _, When — WWW*

them. Of coursehgyt — ZZ* andWW* decay modes

will not yet be significant, and the Higgs remains very narL12: tthgy — ttyy

row.

L10: W* = Whgm — WZZ*

L13: tthey — tEbb

M3: 130 GeV < migy < 150 — 155 GeV. Detectionis only | 4 ,. Thent — tErtr—
possible at the LHCZ Z* andWWW* decay modes emerge P THSM T
and become highly viable, the Higgs remains narrow. L15: tthoy — tEZ2*

M4: 155 < mps, < 2mz. The realW W mode turns on, L16:tthsy — tEWW™
Z Z* reaches a minimum aty,g,, ~ 170 GeV. The inclu- c
sive vy mode is definitely out of the picture. The Higgs
starts to get broad, bl < 1GeV. H1: gg — hsv — ZZ

T Mhgy 2 2mw,2myz

M5: mpg,, = 2mgz. Detection will only be possible at H2: gg = hsm — WW
the LHC, ZZ and WW modes are dominant, and the
Higgs becomes broad enough thatieect determination 13 WW — hsm — 22
of its width becomes conceivable by reconstructing thgy4. 1177 — hent — WIW
Z7Z — 4/ final state mass (probable resolution being of

order1l% x mpg,, at CMS andl.5% x mpg,, at ATLAS).  H5: W* —» Whgy —» WIWWW



For mpg,, = 2mw,2mz, We ignorebb decays of thehgys as
having much too small a branching ratio, amdiecays are not
relevant formy,g,, < 2m;.

We now tabulate the reactions of potential use in the five dif-
ferent mass regions, M1, M2, M3, M4 and M5.

M1: LP1, LP2,LP3,T1,T2,T3, T4, L1, L4,L7,L8, L9, L12,

L13, L14.

M2:T1,T2, T3, T4, L1, L4, L7, L8, L9, L12, L13, L14.

M3: L1, L2, L3, L4?, L5, L6, L7, 110, L11, L12?, L15, L16.

M4: L2, L3, L5,L6,L10,L11, L15, L16.

M5: H1, H2, H3, H4, H5, H6.

2. Using Observed Rates to Extract Higgs Couplings

Again, we divide our discussion according to the five different
mass regions listed above.

M1

Rates for reactions LP1, LP3, T1, T3, L1, L7, L8, L12, L13
will be well measured. Our ability to observe reactions LP2, T2,
T4, L4, L9, L14 and determine with some reasonable accuracy

the ratio of the rates for these reactions to the better measured

reactions and to each other is less certain. Considering only the
well-measured rates to begin with we find that we should be
able to determine the following quantities.

Measurement of the rate for LP3.d. Zhsyy — ZX i
with Z — ete™, u* ™) determines theZ Z hgy coupling
(squared). Fompg,, ~ 90 — 100 GeV, o(Zhsm) ~

0.5 pb (v/s = 192 GeV), implying for L = 1000 pb !

an event rate of abo0t06 x 500 = 30. TakingS/B ~ 14

for mpe,, ~ mz (we cannot useé-tagging for this in-
clusive mode) gives ac error, ++/S + B/S, of +26%

on o(Zhswm), corresponding to a- +£12% error on the
ZZhgm coupling.  Formyg,, significantly belowm,

B/ S will be smaller, ands larger, implying smaller errors.

LP1/LP3 givesBR(hsy — bb), which can be checked
against the SM prediction, but on its own does not allow ®
a model-independent determination of thg; — bb cou-
pling. Formy,g,, ~ mz, usingBR(hsy — bb) ~ 0.89

and ab-tagging efficiency of 50% peb, we getsS
500 x 0.89 x (1 — [0.5]?) ~ 334 in the Zbb channel.
The net efficiency associated with the use of the various
Z decay modes is probably not more than 70%, imply-
ing a usableS = 233. TakingS/B = 1 (b-tagging in-
cluded) we gety/S + B/S ~ 0.1 for the 1o error on
o(Zhsm) BR(hsy — bb). The error onBR(hsy — bb)

will then be dominated by the(Zhgy) error of~ +26%.

The ratio T1/LP1 vyields thgWWhsm)?/(ZZhsm)?
coupling-squared ratio, and multiplying by the LP3 deter-
mination of (Z Zhg)? we get an absolute magnitude for

4Here, and in what follows, we denote the signal event rateStand the
background event rate by.

from the results presented in Ref. [4]. Faf,g,, ~ mz,

we average theS and B values presented in Table | of
Ref. [4] for my,, = 80 GeV andmy,,, = 100 GeV, ob-
taining S ~ 75 and B ~ 324, implying /S + B/S ~
0.26, for L = 10 fb~*. Going to60 fb~! (L = 30 fb™*

for each of the two detectors) would reduce the fractional
error to~ 0.11. Combining with the~ 0.1 error on LP1
implies an error for T1/LP1 of order +£15%. Systematic
uncertainty would probably also be present in relating the
o(Whgwm) factor in the T1 rate to th& W hgy coupling,
and in the exact efficiencies for isolating tiié reaction.

It is hard to imagine thatW W hswm)?/(Z Zhsm)? could

be determined to better than+20%.

The ratio T1/T3 gives an independent determination of
(WWhsm)?/(ZZhsm)?. The T3 error can be estimated
from the results presented in Ref. [5], Table I. Hor=

60 tb™!, at my,,, = 90GeV we find S ~ 216 and

B ~ 1066, implying vS+ B/S ~ 0.16. combin-
ing this with the T1 error quoted above and including
systematics, which might not be so large for this type
of ratio, we might achieve a- +20% determination of
(WWhsm)?/(ZZhswm)?. If this and the previous deter-
mination can be combined, then a net error of ord&t%
would appear to be possible. Given thet26% error in
the determination ofZ Zhsyp)? fromo(Zhsyr ), we obtain

an error of~ +30% for (W W hs)?.

The ratio TLBR(bb) gives (W Whgy)? and T3BR(bb)
gives (ZZhsm)?. Given the~ +26% error on BR(bb)
from LP1/LP3 and thew +15% and~ +19% errors on
T1 and T3 (treated individually, implying that systematic
errors — we takd 0% — should be included), we obtain
about+30% and+32% error on the absolute magnitudes
of the individual(WW hg\)? and (Z Zhsw)? couplings-
squared, respectively. Combining with the previously dis-
cussed determinations we see that error§ldiv hgy )?
and(Z Zhgy)? of order~ +20% and~ +22% are to be
expected, respectively.

The ratios L7/L8 and L12/L13 yield two independent
determinations of BR(vyy)/BR(bb). Alternatively, if

it is difficult to separate L7 from L12 and/or L8 from

L13 (i.e. Whgy from tthgy production), we can take

(L7+L12)/(L8+L13) to get a single determination. Mul-
tiplying by BR(bb), we getBR(yy).

— A first estimate of the errors for L7 and L12, per-
formed in Ref. [1], gave errors of +13%, assum-
ing no inefficiencies associated with separating L7
from L12. The individual errors on L7 and L12 were
re-examined for this report, the new estimates being
~ £15%. If we combine L7+L12, the net error on
the sum would then be of order £10%.

— Remarkably, the errors associated with separating L7
from L12 are small. For example, misidentification
of tthgm asWhgy would mean that (a) botbrjets



thet’s observed in the leptonic decay mode the sec-
ond W must decay to two jets with mass different
from myy or to v where the’ is mis-identified® The

net probability fortthgy misidentification would
then be of order 2.5%.

— Modes L8 and L131¥/bb and ttbb) are still under
study by CMS. The ATLAS study [9] states that iso-
lation of L8 may be impossible at high luminosity
because of the difficulty of vetoing extra jets. The er-
ror on the L13 mode event rate can be estimated for
Mmpe, ~ Mz using Table 11.8 from Ref. [9]. Aver-
aging80 GeV and100 GeV results yieldsS ~ 1355
andB ~ 37850 for L = 100fb~'. At L = 600 fb™*,
S/vV/B ~ 17 andy/S + B/S ~ 0.06. In the next
item, we assume that the amount of contamination
from L8 is small.

irig an error on the L1 rate of +£8%. In any case, it will
be much smaller than the error 8f £31% on BR(y7),
which will therefore dominate the error gpghsa)?.

e L12/L7 and L13/L8 yield independent determinations of

the tthsn /W W hgu event rate ratio. By multiplying by
the previously determined value ¢ Whgy)? we get
an absolute magnitude for ti&fhsy)? coupling-squared
which can be checked against thghgsy result. As noted
earlier, L12 can be efficiently separated from L7, whereas
isolation of L8 is very uncertain at high luminosity. Since
the L7 and L12 rates have errors-of+15% (see above),
we predict an error on L12/L7 of abot21%, not includ-
ing any systematic uncertainty. Given the4+-20% error

in (WW hgn)?, an error of~ +30% for (tthgy )? is antic-
ipated,i.e. comparable to that coming from tiieghsr)?
coupling-squared determination.

— Thus, so long as the (large) backgrounds in thg/hat is missing from the above list is any determination of
bb channels are well-understood, extraction ahe (bbhgy), (77 hsy) and (yyhsy) couplings, any check
BR(vyy)/BR(bb) in the form L12/L13 would be that fermion couplings are proportional to the fermion mass
possible. Using the above estimatesab% for L12  (other than the(tthsy) coupling magnitude), and the Higgs

and=+6% for L13, a statistical error of-17% would
be found forBR(vy~)/BR(bb). Combining with the

total width. Given the(WWhgy) and (tthsy) couplings
we could compute the expected value for theyhgy) cou-

£26% error onBR(bb) from LEP2 implies error on pling, and combine this witlBR(v7) to get a value folj°t .

BR(yy) of ~ £31%.

BR(bb)I'2t thenyieldsbhsy and we would have a somewhat
indirect check thabbhgy/tthsy = my,/m;. Some systematic

_ uncertainty in the correct values of, andm, would enter into

Table Il: We tabulate the approximate error in the determingsis check, but the propagation of the already rather significant

tion of o(gg — hsm)BR(hsm — 7y) as a function ofny,,,
(in GeV) assumingl, = 300 fb~! for the CMS and ATLAS
detectors at the LHC.

Mass a0 110 130 150
CMS Error +9% +6% +5% +8%
ATLAS Error | £23% | +7% +7% | £10%
Combined Error| +8.5% | £4.5% | +4.0% | £6.2%

e L1/BR(yy) yields the magnitude of the(gghsm)?

coupling-squared, which is primarily sensitive to th
tthsy coupling. The error on the L1 rate is quite differents 5 for 1, — 1 !

for ATLAS and CMS. Atmy,.,, ~ mz, for L = 300 fb~*

statistical errors would be the dominant uncertainty.

In the above, a very critical ingredient was the small proba-
bility of mis-identifying atthsy event as dV hgy event, and
vice versa. Further careful studies of this issue by the detector
groups would be useful.

Let us now ask what we would gain by adding reactions
LP2, T2, T4, L4, L9, and L14. LP2/LP1, T2/T1, T4/T3
L9/L8 and L14/L13 would all allow different determinations
of 7t7~hgm/bbhsy. This would certainly be of significant
value, but with what accuracy could these ratios be measured?
After including efficiencies forr identification, the rate for

S hey — 2j + 27 at LEP2 is about 8 events over a background

, for mpg,, =~ mz. This makes use of
the estimated mass resolutiep, ~ 2 — 3 GeV for a 27 pair.

ATLAS [9] expectsS ~ 1650 and B ~ 142800 yielding - The knownz branching fractions could then be used to extract
an error of~ +23%; CMS (see Fig. 12.3 and associateghe ,.\ . 7+~ portion of the net rate. At best, LP2/LP1

tables in Ref. [10]) expectS ~ 3825 and B ~ 115429

could be extracted with- +50% accuracy implying (taking the

yielding V'S + B/S ~ 0.09. (For later reference, we givesquare root) that the 7~ hgyr )/ (bbhsar) coupling ratio could
the errors on the L1 event rate for CMS and ATLAS withyq ayiracted with an error of order +30%.

L = 300 fb~* in Table Il.) The much better CMS result What about¥ hgy andtthsy production withhsy — 77—
derives fr_om: i) CMS includes a QCD correction fac_.tor okt Tevas (T2 and T4) and the LHC (L9 and L14)? At the time
K = 1.5inthe L1 rate, whereas ATLAS does not; ii) folyh4¢ this report is being prepared, the status of T2 and T4 at
Mgy ~ Mz, ATLAS reduces they efficiency from 80% Teyv/33 s still being debated. We will not attempt any estimates.
to'72% (needed to reject ttﬁcontlnuum). As a compro- ¢ the LHC, L9 and L14 are not deemed observableat,, <
mise, we adopt the approach of computing the net L1 errf oy because of the very large backgrounds associated with

5Thus, misidentification has a probability 6f — €,_144)?[BR(W —
2j)Prob(ma; & my )+ BR(W — £v)€p_misia) €Stimated af0.5)2[0.8 -
0.1+0.2-0.1] ~ 0.025.

Z —1tr.
Finally, the unstudied mode L4 does not provide any crucial
new information given that th&/ W hgy coupling cannot be



ficult to separatéV W — hs fusion fromgg — hgy fusion
for the low values ofn,,,, appropriate to mass region M1.

We end by summarizing in Table Ill the errors on fundamen-

tal branching ratios, couplings-squared, and ratios thereof as ob-

tained above atn,,,, ~ mz by combining LEP2, TeV33 and
LHC data.

Table Ill: Summary of approximate errors for branching ratios

and couplings-squared at.,, ~ mz in the M1 mass re-

gion. Where appropriate, estimated systematic errors are in-
cluded. Quantities not listed cannot be determined in a model-

independent manner. As discussed in the text, directly measured

products of couplings-squared times branching ratios can often

be determined with better accuracy.

Quantity Error
BR(bE) +26%
(WWhSM)2/(ZZhSM)2 +14%
(WW hsn )? +20%
(ZZhsm )? +22%
(’y'thM)z/(bghSMF :|:17%
BR(y7) +31%
(gghsm)? +31%
(tEhSM)Q/(WWhSM)Q +21%
(tthsm)? +30%

M2

ity when hsyy — bb. Here, we note that even if L8 and
L13 are not viable discovery channels, it may still be pos-
sible to get a semi-accurate measurement of important ra-
tios of branching ratios once the Higgs has been discov-
ered. A rough estimate of the accuracy with which L13
can be measured is possible from Table 11.8 in Ref. [9].
ForL =100 fb~!, ATLAS expectsS = 870, 420, 283 and

B = 35100, 28300, 20000 at mp,, = 100,120,130 GeV
(where thel30 GeV numbers are obtained by extrapola-
tion). Assuming that CMS studies will ultimately yield
similar results we upgrade these number te 600 fb*,

and find accuracies for the L13 rate8$%, +£16%, £21%

at the above respective masses.

The ratios L7/L8 and L12/L13 yield two independent de-
terminations of BR(yvy)/BR(bb). At the moment we
can only estimate the accuracy of the L12/L13 determi-
nation of BR(y~)/BR(bb): using+15% for the error in
L12 and the above estimates for the L13 errors we obtain
errors for L12/L13 of+£17%, £22%, £25% at mpg,, =

100, 120, 130 GeV.

L12/L7 and L13/L8 yield independent determinations of
(tthsm)?/(WW hgn)?. Since L8 is dubious, we focus on
L12/L7. Since the numerator and denominator errors are
both of order+15% in the M2 mass region, the error on
this ratio is of ordert21%, substantially better than the
TeV33 expectation of- +34%.

Rates for reactions T1, T3, L1, L7, L8, L12, L13 will be wellThus, we will have ways of determining th@VWhgm) :

measured. Reactions T2, T4, L4, L9, L14 are less robust. Re£Zhsm) -

(tthsm) coupling ratios, but no absolute cou-

ative to mass region M1, we suffer the crucial loss of a meling magnitudes are directly determined, and there is no test
surement of the magnitude of th&Zhsyr) coupling-constant- of the fermion-Higgs coupling being proportional to fermion
squared. Considering first the well-measured rates, we sholf@ss. Once again, an important ingredient in determining the

be able to determine the following quantities.

e The ratio T1/T3
(WWhsm)?/(Z Zhsm )2

gives a determination

(WWhsm)?/ (tthsm)? ratio is the ability to separatd/ hgy
from tthgy final states in they decay mode of thégy.
) nin of To proceed further, requires more model input. Given that we
Following a similar pro- know (in the SM) how to computBR(y~) from the W W hgy

cedure as atnng, ~ myz, the statistical error for andsfng, couplings, and given that we know the ratio of the

T1l can be estimated from the results presented
Ref. [4]. For mpg,, ~ 100,120GeV, Table | of
Ref. [4] showsS ~ 52,27 and B ~ 257,137, implying
VS+B/S ~ 0.34,0.47, for L = 10 fb~!. Going to
60 fb~* would reduce the fractional error to 0.14, 0.19.

\Btter, BR(y~y)/BR(bb) would yield a result fotthsy /bbhsm
which could then be checked against the prediatedm,.

Let us now ask what we would gain by adding reactions T2,
T4,L4,L9,and L14. T2/T1, T4/T3, L9/L8 and L14/L13 would
_ U erre all allow different determinations ofr ™7~ hgm )2/ (bbhs)?.
Table I of Ref. [5] for reaction T3 implies' ~ 184,102 - This would allow a model independent check of the predicted
andB ~ 990,756 for L = 60 b, implying fractional .2 /[3,,2(pm,,_ )] result. A first look at the LHC L9 and L14
error of ~ 0.19,0.29 at msg, = 100,120GeV. The rates is described below; recall thaf,,, = 100 GeV, i.e.in

resulting error on the ratio of the couplings-squareghe M2 mass region, is required in order that he— 7+7—
(WWhsm)?/(Z Zhsw)?, would then bev £23%, +34%

at these two masses. leave aside thetr~ modes T2 and T4 at TeV33 as being too

e Theerrorsfor L7 and L12 are predicted to be similar in tHéncertain.) Reaction L4 does not provide new information, and

M2 mass range to those found in the M1 mass range, Wil N0t be considered.
of order+15%. We have estimated rates for L9 at the LHC. #4,,,, =

~ 110 GeV, s BR(Whgy — lvtt77) ~ 19 tb. The Am+,-
e The utility of thebb final states at the LHC, modes L8 andvould be aboutl1 GeV (21 GeV) at low (high) luminosity.

backgrounds to L9 and L14 be manageable. (We continue to

L13, is still being debated. No explicit CMS results ard@he acceptance factor (which takes into account the kinemat-

available at the time of writing. ATLAS states [9] thatcal cuts, mass bin acceptance, thédentification efficiency



only about0.15% (0.07%), at low (high) L. At high L with  (yyhswm)?/(ZZhsm)? deriving from the L1/L2 ratio are tabu-
600 fb~! (3 years running), this would leave us wifii = lated in Table VII. This ratio is interesting, but cannot be unam-
600 fb~* x 19 fb x 0.0007 = 8 events. This is clearly a very biguously interpreted.
marginal rate.

An alternative approach to identifying the 7~ final state is ] o
to usertr— — £+ hadron + X, which has an effectivR ~ Table V: We tabulate the error in the determinatiow¢jg —
50%, implying about 25 events per detector at low Iuminosit%SM)BR(hsl\l/I — 4¢) asafunction ofnyg,, (in GeV) assuming
(L = 30 b~ 1). ForL = 600 fb~* one would have 500 events.' = 600 fb™" at the LHC.
But substantial cuts would be need to eliminate backgroundsMass| 120 130 150 170 180

fromWrtr—, tt andWW — Lvbv. Error | £25% | +£9.5% | £5.3% | +£11% | +6.1%
The final mode is 7= — ¢vév with BR ~ 0.12, implying Mass| 200 220 240 260 280
about 12 events for a detector-sumniee: 60 fb~* (low lumi- Error | £7.8% | £6.9% | £6.2% | +6.2% | £6.2%
nosity) or 120 events for totdl = 600 fb~*. However, this is Mass| 300 320 340 360 380
before any cuts required to eliminate backgrounds. Error | £6.2% | +6.2% | +6.1% | +6.0% | +6.4%

We are not optimistic that L9 can be measured at a useful'Mass| 400 500 600 700 800
level of accuracy at the LHC. It appears that any determination Error | +£6.7% | +9.4% | +14% | +£20% | +28%
of the (177~ hgm)?/(bbhsn)? coupling-squared ratio will be
extremely rough.

Finally, if signal L4 proves viable, L1/L4 would give The |3 mode was first examined in detail in Ref. [13]. They
(99hsm)?/(WWhsw)?, which in the SM would yield a de- found that with some cuts it might be possible to dig out a
termination of (tthswm)®/(WWhswm)? that could be checked signal in the/vév decay mode of théVW* final state. A
against the L12/L7 determination. The key question is wheth@pre recent study [14] focusing on then,,, = 155GeV
the WIWV fusion reaction can be separated from ghefusion mass region finds that additional cuts are necessary in the con-
reactionin order to getat L1/L4. Some work by the ATLAS cokext of a more complete simulation, but that very promising
laboration [11] showed that this may be very difficult at Higgg/\/ﬁ can be obtained. Here we give a rough extrapolation
masses in the00 GeV range. into the 130 — 150 GeV mass region of their results by sim-

We summarize as a function oy, in Table IV the errors ply using the mass dependence®R(hsy — WW*). We
for the few coupling-squared ratios that can be determinedds not include the rise in the cross sectiomag,,, decreases
the M2 mass region. since it is likely that there will be a compensating decrease in

the efficiency with which the cuts of Ref. [14] accept events.

g ot
Table IV: Summary of approximate errors for coupling-squardfe Pegin with themy,g,, = 155GeV, L = 5 fb™" result
ratios atmy,,, = 100,110, 120,130 GeV in the M2 mass re- from their Tail:ile 20fS = 49andB = 92. We uEgrade to
gion. As discussed in the text, directly measured productslef= 600 fb™" and correct forBR(hsyy — WW™) to ob-

couplings-squared times branching ratios can often be def@D the statistical errors far(gg — hsy — WW™) listed
mined with better accuracy. in Table VI, this table also includes the;g,, > 155 GeV re-

sults. Presumably, one must also allow forat10% system-
atic uncertainty in absolute normalization. This would then be
> . the dominant error! However, we do not include this system-

(VE/VI:/:SS&A))Q//((IJ%ZE;\Q fégﬁ ﬁggﬁ E;Zﬁ 5% atic error in the errors quoted for &/ Whsm)?/(Z Zhswm)?

(tthsm)?/WWhsm)? | £21% | £21% | £21% | +21% coupling-squared ratio as computed from L3/L2. The amount

of systematic error that should be incorporated in estimating

the error for such a ratio requires further study. The resulting

M3 statistical(WW hsm )?/(Z Zhsw)? errors are tabulated in Ta-
Of the potential channels listed under M3, only L1 and LRle VII. Apparently L3/L2 will provide a decent measurement

are thoroughly studied and certain to be measurable over Wighe(WW hsm)?/(Z Zhsw)? coupling-squared ratio, thereby

mass interval. L1 should be viable fou,.,, < 150GeV. allowing a check that custodial SU(2) is operating, so long as

L2 (the g9 — hsm — ZZ* reaction) should be good forthe systematic error is; 10%.

Mmhey = 130 GeV. With these two modes alone, we discover The L4 mode could become of critical importance, since

the Higgs, and fon30 < ma., < 150GeV we can deter- L4/L1 yields a determination dfW W ks )?/(gghsm)? which

mine BR(vyvy)/BR(ZZ*). The errors for the measurement ofassuming only SM particles in the loops) yields a value of

L2 have been estimated from the high luminosity results préd Whsy )?/(tthsy)?. But, at best the L4 mode might survive

sented in Table 29 of Ref. [12]. Fdr = 600 fb~* we find for myg,, < 140 GeV. Further, the ability to separal&€ W fu-

the errors listed in Table V. As expected, quite decent resusisn fromgg fusion production has not been studiedmat,,,

are obtained fomg,, 2 130 GeV. The errors in they mode values this low. Thé&/W fusion rate is~ 1/5 of the gg fusion

L1 rate obtained by combining ATLAS and CMS results woulthte; see Fig. 15, Ref. [1].

be+4% — +5% for my,,, in the110 — 130 GeV range, rising  Let us now turn to other modes. Consider L10, L11, L15, and

| Quantity | Errors |
Mass (GeV) 100 110 120 130




abic vi. vve labuldle Ul1c stalistCdl 1Ol 1 e acteririrati
of o(g9 — hsm — WW™*) as a function ofnyg,, (in GeV)
assumingL, = 600 fb~* at the LHC. Formy,,, < 150 GeV,
the errors are based on extrapolation from,,, > 155 GeV
results. See text.

‘deserves a look, since it might turn out that double spectator
tagging could keep thgg-fusion and other backgrounds small.
L6/L5 would then yield WW hsm )? /(Z Zhsa)?, which could

be combined with the L5/L2 result to give the very important set
of relative weights{WWhgwm) : (ZZhsm) : (tthsum). If these
Mass| 120 | 130 | 140 | 150 | 155 — 180 relative weights agree with expectations for thg,, it would
Error | £12% | £6% | £3% | £3% +2% be hard to imagine that the observed Higgs boson is not a SM-
like Higgs. As noted, the ability to separdfélV fusion events
from gg fusion events with decent efficiency down at this low
mass, using spectator jet tagging, will be critical for the above

Table VII: We tabulate the statistical errors abrocedure.
Mhgy N 120,138,150 GeV in thezdetermina;ions of \a
(yvhsm) /(ZZhSI\f)l and (WWhsn)*/(Z2Zhsm)*s @S+ | ot i now turn to the55 < Mgy < 2mz Mass region.
sumingL = 600 fb™ " at the LHC. L o~y sy X .
The most significant variation in this region arises due to the
| Quantity | Errors | fact that ashgyy — WW becomes kinematically allowed at
Mass (GeV) 120 130 150 Mgy ~ 160 GeV, thehgy — ZZ* branching ratio dips, the
(y7hsn)?/(ZZhsw)? | £25% | £11% | £10% dip being almost a factor of 4 atyg,, = 170 GeV; see Table I.
WWhsw)?/(ZZhsw)? | £27% | £11% | £6% As a consequence, atn,,, = 170GeV S/B (using ATLAS

numbers) drops to 20/9.5 fdr = 100 fb ! compared to 69/10
atmpg,, = 150 GeV. Nonetheless, thesg and B rates show
that L2 can still be regarded as iron-clad throughout this region
L16. To begin, we relate L15 to L2. The maximum rate foprovided adequat® is accumulated. Fak = 600 fb—', an ac-
g9 — hsm — ZZ* — 4L is 69 events atny.,, = 150GeV  curate measurement 6fghsm)>BR(hsm — ZZ*) is clearly
for L = 100 fb~ !, implying about 410 events at combinedossible; results were already tabulated in Table V.
L = 600 fb~!. The L15¢thsy — tf44 rate is about a fac- L3 is now an on-shellWW final state, and, according
tor of 50 smaller at this mass implying 8 events. This seerts the results summarized in Table VI, can be measured
too marginal to warrant further consideration. L10 would baith good statistical accuracy in th&/¢v final state of the
still worse. The L11 and L16W /vév andttévlv final state hsm — WW Higgs decay. The statistical accuracy for
channels) each haveBR(hsy — (vfv) ~ 1.3 fb. (Not or (WWhsm)?/(ZZhsu)? deriving from L3/L2 is tabulated in
W branchings ratios are included; tagging with the two leptorigble VIII.
from thehgy; decay is sufficient.) Thé = 600 fb~* eventrates  The fact that L3 provides a good signal is not really all that
for each channel would thus be of order 806, larger than the surprising. The cross section for L3 is abdétpb. Neglect-
L10 and L154/ event rates. But the inability to reconstruct thing the W W fusion inclusive contribution would mean that
resonance mass in this channel would make extraction of a sige could just collect events inclusively. TakidgR(hsy —
nal difficult. Separation of¥ hgn from tthgy events could be WW) ~ 1, BR(W — (v) ~ 2/9, BR(W — 2j) ~ 2/3 and
performed as sketched earlier, but the input event rates woilile= 600 fb !, we get~ 5 x 10° events in thév¢v channel and
be lower due to the necessity of focusing on particllaand ~ 3 x 10° events in thév2; channel. Although the continuum
t decay final states. Still, further work on theB€v channels WW and thett backgrounds are large, there is lots of room
is clearly warranted, especially in light of the good results ofer making cuts of the type considered in [14], which achieve
tained in the inclusivév/v final state. Could thév2; Higgs S/B = 1 andS/v/B = 5 — 10 in the M4 mass region for only
decay channel be usedWihgy andtthsy associated produc-L = 5 fb~ 1. Thus, the error on the L3/L2 determination of
tion? For the moment, we adopt a pessimistic attitude. Clearfliyy’ W hsn)?/(ZZhsy)? in the M4 mass region is dominated
given the importance of L11/L16 as a means of determining thg that for the4¢ channel (tabulated in Table V).
(WWhswm)?/(tthsm)? coupling-squared ratio, much more ef- Rates associated with measuring L5 are expected to be low
fort should be devoted in both thie/v and/v2j channels to given the smallBR(hsy — ZZ*) in this mass region and
determining if it will be possible to separately measure L11 anite probably low efficiency for the double spectator tagging
L16. required to isolate th&/W fusion process. We have made a
How about L5 and L6? Using a ratio of 1/5 for théW/gg rough estimate of what might be expected as follows. We take
fusion production cross section ratio, we are left with abolif5 as the ratio for th& W fusion production rate as compared
80 events in the (LYWW — hsm — ZZ* — 4¢ mode tothegg fusion rate. We then assume a tagging efficiency (asso-
at mpg,, = 150GeV; spectator jet tagging might allow aciated with eliminating theg fusion signal) for both signal and
small background. If we assume 20% efficiency for doubleckground of order 20%. The result is that L5 errors would be
tagging adequate to effectively remove the fusion process about a factor of 5 larger than the L2 errors listed in Table V, im-
(L2), we would be left with 16 events. While far from won-lying at least-25% statistical error for measuring the L5 rate.
derful, this would allow in principle a$ +25% determination This in turn implies at least25% statistical error for measur-
of the L5/L2 ratio implying an implicit determination of theing (W W hsm)?/(gghsm)? via L5/L2. While not particularly



detailed study should be performed to see if one could do bett8% W hsn)?/(Z Zhsy)?, might be possible for Higgs masses

L6 would now be an on-shell final state, and might be meaet too far abov@m . One could also ask if it would be possi-
surable. The cross section foF W fusion is about3 pb in ble to separate out tH& W final state in thévj; mode where a
this mass region. Assuming 20% efficiency for double spemass peak could be reconstructed (subject to the usual two-fold
tator tagging,BR(hsm — WW) ~ 1, BR(W — {v) ~ ambiguity procedures). Event rates would be quite significant,
2/9, BR(W — 2j) ~ 2/3 andL = 600 fb~', we get and aMonte Carlo study should be performed.
~ 2 x 10* events in the/vév channel and~ 1.2 x 10° Processes H3 and H4 would have to be separated from H1
events in thefv2; channel. It should be possible to get and H2 using spectator jet tagging to isolate the fori@il
decent measurement of L6 given the background reductimsion reactions. If this were possible, then H3/H1 and H4/H2
that would be obtained as part of the double-tagging procgeuld both yield a determination 6fthsyi)? /(W W hsy )? un-
dure used to makegg fusion small. L6/L3 would determine der the assumption that thdoop dominates thégghsy) cou-
(WWhswm)?/(g9ghsm)? and, thence, yield and implicit deter-pling. However, the mass range for which separation of H3 and
mination of (W W hgn )/ (tthsm)- H4 would be possible is far from certdin.

We discard out-of-hand the L10 and L15 reactions givenlsolation of H4 is of particular importance given thap*
that BR(hsy — ZZ*) is in the dip region. The L11 becomes directly measurable in thé&final state onceny,,, 2
and L16 reactions become on-shell decays, and probably @exz. This is because the rate for H4 is proportional to
serve a close look, given that their ratio would yield the vitdfV Whsy)> BR(hsm — WW). Multiplying by T} - yields
WW hsu/tthsy ratio. We have not performed a study for thi§W W hsy)*, which implies a very accurate determination of
report. However, event rates are again encouraging. L11 taeW W hgy coupling for even modest accuracy of the experi-
a cross section of abo0t3 pb and L16 is abou6.2 pb. As- mental inputs. Thus, further study of H4 for all valueswf,,
suming 10% efficiency for tagging and isolating these processd®ve2m is a priority. If the (WWhgswm)? : (ZZhsm)? :
from one anothe3 R(hspy — WW) ~ 1, and the standarid’ (tthgsn)? ratios could also be determined (using H1-H4 as out-
decay branching ratios, we get9 x 102 and~ 5 x 10° events lined above), then thEW W hgy)? magnitude would yield ab-
in the/vfv and/v2j channels, respectively (fdr = 600 fb~!).  solute values fofZ Zhs\)? and (tthsy)? and, thence, a de-
Given that backgrounds associated with these final states cdaited test of the SM predictions.
be small because of our ability to tag these channels, the abow&/e have not pursued the processes H5 and H6, as they will
event numbers might be sufficient to yield a reasonable d&ve lower rates. On the other hand, the backgrounds will be
termination of the L16/L11 ratio that would give a value fodifferent, and one could imagine using them to confirm some of
(tthsm)?/ (WW hgnm ). the results obtained from H1 through H4.

C. Measuringr BR(hsy — cc, bb, WW*) using

Table VIII: We tabulate the statistical errors at
Mgy = 155,170,180 GeV in the determination of NLC ands-channel FMC data
(WWhsm)?/(Z Zhsm)? from L3/L2, assuming. = 600 fb ™! We divide the discussion into:
atthe LHC. e measurements that would be performed by running at
| Quantity | Errors | /s = 500 GeV at the NLC (or in NLC-like running at the
Mass (GeV) 155 170 180 FMC) — the production modes of interest aree=™ —
(WWhsm)?/(ZZhsw)? | £6% | £11% | £7% Zhsm, ete” — ete hgy (ZZ-fusion) andete™ —
vThsm (WW-fusion)?
M5 e measurements performed schannel production at the

) ] o FMC — the production mode being™u~ — hsu.
Finally we considermyg,, 2 2mz. The first important

~

remark is thatl"®t becomes measurable in tHé channel In the first case, we presume that= 200 fb~ " is available
SM

oncel®t > (1% — 1.5%) x mus,,, Which occurs starting for the measurements gfs = 500 GeV. (Such operation at a

sM A~ SM ! . .

atmpg, ~ 200GeV wherel'®t ~ 2GeV. Quantitative es- FMC, would only be appropriate if the NLC has not been con-

timates for the precision of th%%}jot measurement will be dis- Structed or is not operating at expected instantaneous luminos-
SM .

cussed in Section G. Atu,,, — 210, 250, 300, and400 Gev, ity.) In the second case, we implicitly presume that the NLC

. - _1
rough percentage error expectations (assuniing 600 fb 6A recent study [15] has shown that forward jet tagging allows isolation of

for ATLAS+CMS) forI‘}f’StM are+21%, +7%, +4% and+3%, H4 inthefvjj final state formyg,, X, 600 GeV (i.e. beyond the mass range
respectively. being explicitly considered here), but suggests thatithejets background is

. djfficult to surmount for lower masses. However, strategies in the mass range
Among the H1 to H6 modes, only H1 is gold-plated, and Qbwn nearm could be quite different given the much larger signal rates.

course it alone provides very limited information about the ac- 7in the following, we will consistently use the notatiant e~ hgy; and
tual Higgs properties. As described for the M4 mass region, thiéism for the ZZ fusion_andWW fusion contribqtions to these final state
mode H2 has been studied for masses clogertg in the (vl channels only. The contributions to these same final states Zagy; with

. . . .. Z — eTe™ andZ — v, respectively, and interference at the amplitude level
final state in [13] and in the M4 mass region in [14]. These I the zz andW W fusion graphs is presumed excluded by appropriate cuts
sults indicate that reasonable to good accuracy for the H2/Hduiring that the=* e~ or v7 reconstructed mass not be neag; .




data collection would not be useful and devoting all the FME&Is the lightest Higgs can, however, be heavier and/iiié& ™
luminosity tos-channel Higgs production would be entirely apbranching ratio would then prove useful.

propriate. The errors we quote in this second case will be those
foronly L = 50 fb~ ! at /s = my,,, (exactly). This is because
the crucial measurement o%°° by scanning the Higgs peak . . .
in the s-channel requires de}\L/Soting significant luminosity to the NLC, Zh Mode. MSSM/SM Ratio Contours
wings of the peak (see later discussion). Mrp=175 GeV, m,=110 GeV, Max. Mix.

20 F '
1. Measurements gf's = 500 GeV 18 L BR(WW)XBR(bb)

The accuracy with which cross section times branching ra- ;
tio can be measured in various channels will prove to be vitally |
important in determining the branching ratios themselves and, : i
ultimately, the total width and partial widths of the Higgs bo- «. 12 |- |

16

14 |

son, which are its most fundamental properties. In addition, the5 10
ratios -

0.3 i
oBR(hsy — c@)  oBR(hsy — WW*)

O'BR(hSM — bg) ’ O'BR(hSM — bg)

@) i
2 05 0.8
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will themselves be a sensitive probe of deviations from SM pre-
dictions to the extent that SM values for these branching ratios
can be reliably computed (see later discussion). It should be
noted that thec andWWW* modes are complementary in that 20 £ :
for my,, < 130GeV only thece mode will have good mea- E N/
suremcsant accuracy, while fotg,, 2 130 GeV accuracy in the 18 ¢ BR(c )/EBR(bb)
WW* mode will be best. 16 - !
The h° of the MSSM provides a particularly useful testing 14 [ |
ground for the accuracy with which the above ratios must be de- i !
termined in order that such deviations be detectablenAsin-
creases, th&® becomes increasingly SM-like. In typical GUT-
unified versions of the MSSMp 40 values abov@00 GeV are
the norm and deviations of t&’s couplings and branching ra-
tios from those of thégyr will only be detectable if the branch-
ing ratios can be determined with good accuracy. The survey
of Ref. [1] and further work performed for this workshop [16]
shows that the:c, bb and WWW* partial widths and ratios of
branching ratios provide sensitivity & vs. hgy deviations
out to higher values ofn 40 than any others. In particular, the
c¢/bb and WW* /bb ratio deviations essentially depend only ma (GeV)
uponm 4o and are quite insensitive to details of squark mix-
ing and so forth. To illustrate, we present in Fig. 2 the ratio of
the MSSM prediction to the SM prediction for these two ratios
takingmyo = 110 GeV (held fixed, implying variation of stop

masses as 40 and tan 3 are changed) and assuming “maxt gure 2: Constant value contours {m 40, tan ) param-

imal mixing” in the stop sector (as defined in Ref. [1]). ReSter space for the ratloﬁ/VW*/bblho/[WW*/l?bthN'{ and
sults are presented using contours in they, tan 3) parame- ¢/ 00lno/[€¢/bblng,.  We assume “maximal-mixing” in the
ter space. Aside from an enlargement of the allowed parameigf@rk sector and present results for the case of fixgd =
space region, the “no mixing” scenario contours are essentially’ G¢V- The band extending out to largeso attan 3 ~ 2is

the same. Results for larger;o are very similar in the allowed Wherémse = 110 GeV'is theoretically disallowed in the case of
portion of parameter space. We observe that it is necessarj/{@imal mixing. For no mixing, see Ref. [1], the vertical con-
detect deviations in the ratios at the level of 20% in order to ha\!rs are essentially identical — only the size of the disallowed
sensitivity up tom 40 ~ 400 GeV. Of course, for a Higgs massPand changes.

as small asn,o = 110 GeV, only thece branching ratio has

a chance of being measured with reasonable accuracy. Indeetihere are both experimental and theoretical sources of un-
the WW* branching ratio will inevitably be poorly measuredertainty for the branching ratio ratios of Eq. (1). We discuss
for the h? of the MSSM if stop squark masses agel TeV im- first the systematic uncertainties that are present in the theoret-
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with knowing the running andc quark masses at the Higgs 2 100
mass scale. These were recently reviewed [17] with rather opt
mistic conclusions. The values obtained in Ref. [18] from QCE& 0.98
sum rule calculations are.(m.) = 1.237097 £ 0.06GeV
andmy(my) = 423799 1 0.04 GeV, where the first error 2 .96
is that fromas(mz) = 0.118 &+ 0.006 and the second error I
is twice that claimed in [18]. With these inputs, one finds for 094l
Mpgy ~ 100GeV the resultm.(mpg,) = 0.62 + 0.05 £+ I
0.02 GeV, the first error being that from uncertainties, in-
cluding those deriving from the running. The uncertainty in
BR(hsm — ¢€) o< m2(mpg,) is then+15%. Analogously,
the error forBR(hgy — bb) is aboutt4%. In the 10 years be- 0.90
tween now and operation of the NLC, it is reasonable to suppose [ primary, D SLD VXD3
that thea, errors will be reduced to less than half the current (.88
value. The NLC itself will allow further improvement in the I
determination [19]. Further improvementin the sum rule errors 0.86[
should also be possible, and fully competitive lattice calcula- I T T
tion errors should be commonplace by the end of the century. 0.2 0.3 0.4 0.5 0.6 0.7
Further, some of the uncertainties in the runningand other b-tag efficiency
components of the theoretical calculations are common té the . 0.9
andc channels, and will cancel out in tleg/bb ratio of interest. &

In all, we find it not unreasonable to suppose that an accuracﬁ

(b)
of < £10% can be achieved for the theoretical computations of o
the ratios of Eq. (1). I 0.8 NLC VTX

Early studies of the experimental accuracy with which the © i ﬁ§\\
separate event rates f@hg); production withhgy; decaying to
bb, cc andW W* could be measured are summarized in Ref. [1]; 0.7 SLD VXD3
accuracies for the latter two were not encouraging. This was re- i
examined during the workshop [20]. B IP

We consider firshgy — bb andhsy — 2. It is found that 0.6 I
the separatéb and, especiallygc channel event rates can be Tl
measured irZ hgy; production with greater accuracy than pre- - D
viously estimated, provided one uses topological tagging tech- ro
niques (as opposed to simple impact parameter tagging). Most 0.5 primary,
importantly, the topological tagging allows a clean separation [ secondary
of the c¢ Higgs decay mode from thgy mode® The purity of I
b andc topological single jet tagging as a function of the effi- 04— v v 11 s
ciency required is illustrated in Fig. 3, where the present per- 0.2 0.3 0.4 0.5 0.6 0.7
formance of the SLD VXD3 upgrade pixel vertex detector is c-tag efficiency
shown along with that predicted for a proposed pixel detector
(NLC VTX) [23] in a typical NLC detector. This method al-
lows for the reconstruction of a primary, secondary, and tertialg/ ] o ] ] )
vertex to identify the presence obauark, only a primary and a Figure 3: Purity vs. efficiency fob and ¢ single jet tagging
secondary for a quark, and tracks only coming from a primany'Sing the topological tagging techniques of Ref. [20].
in the case of a jet originating from a gluon.

The resulting ability to separaké, c¢ andgg, qg decays of the

hsm in Zhsy events at/s = 500 GeV was studied using simu- can be identified with sufficient puriyby tagging just one (or
lations performed assuming the performance of the NLC detegsth) of theb-jets. To isolatece events with adequate purity,
tor [24] at the smeared four-vector level, signals withy,, = we require that both the and thec be tagged. For tagging
120 GeV and 130 GeV, and Considering the known StandarqlLSM — bb events atnpg,, = 120 GeV (for examp|e), a Samp|e
Model backgrounds. For determining Zhsy)BR(hsm —

C)(C =bborcr), bothZ — ete,u"p~ andZ — jj de- 9Here, and in the numbers quoted below, we refer to event, or decay-
cays (with full kinematically constrained fitting for both) arehannel, purity (as opposed to single jet tagging purity as plotted in Fig. 3).
retained. The topological tagging works so well thakvents Eventichannel purity is defined as the number of events selected by the tagging
procedure for a particular chann€@lthat are truly fromhgy — C decays di-

8The gg mode was simulated using the HAZA Monte Carlo generator [24fided by the total number so selected, including/aj\; decays with relative
followed by default JETSET fragmentation [22]. branching ratios as predicted in the SM.

(@)

0.921 NLC VTX

secondary,
tertiary
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one or botrb-quarks with a purity of 95.4% (and efficiency for % 40L
tagginge-quark decay events of 2.6%). For tagginguark de- © i my, = 150 GeV

cay events, the operating point chosen resulted in an efficiengy 35 o 50 fb_l

of 40% for tagging both the andé quarks and ac channel pu- & _I_l_

rity of 77.5% (and efficiencies of 11% for events where/ggr é 30 -

decays tah-quarks and 0.2% for events where g, decays L roo et —— HO%p

to light quarks or gluons). o5 7 L ww*
These results represent a very substantial improvement over ;
earlier expectations using impact parameter only. For Higgs

masses below abouB0 GeV, it will be possible [20] to mea- 20 a Signal

sureo(Zhsm)BR(hsm — bb) with an error of~ +2.5% — i ooy

+3.5% and o(Zhsm)BR(hsm — c¢c) to about+10%, for 15:’ §

L =200 fb~'. This implies~ +11% error for BR(hsy — ; AR :

@)/ BR(hsy — bb). 10}
Although not specifically studied for this report, a crude L Al hackArainde

All backgrounds
estimate [25] suggests that the analogous procedure in the St 9

eTe~hgy final state mode would yield a similar level of er- 7
ror for this ratio. (See the laté8 R(hsm — bB)_discussion for 012‘0‘ 1‘30 1210 15‘30 1(‘30 17‘0 18‘0 1é0 500
comparativeZ hsy andet e~ hgy errors in thebb decay mode.) .

The ratio could again be measured in #h@¥V -fusion vvhgy W-W" Mass (GeV)
final state. There, the error orfvzhgy) BR(hsy — bb) is ex-
pected to be in the-2.5%—+3.5% range fomy,,, < 140 GeV

as estimated in [1] and reconfirmed at this workshop. dhe _.
final state has not been studied yet, but it would seem that
curacies in thet10% vicinity for o(vwhsm)BR(hsm — ¢€)
are not out of the question. Combining [26] just thasy; and
eTe~hgy modes, we could probably achieve+7% — +8%
error force/bb. Including thevwhgy final state might allow us
to reach< £7%. If we combine this error in quadrature withstates.

the earlier estimate of +10% for systematic error in the the-  For the case af hgy production followed byasy decay into
oretical calculation of thec/bb ratio, we arrive at a net error of 17 177*, two topologies were examined: the first is the final state
< 12%. Fig. 2 shows that this would allow differentiation of thQ;ontaining six jets — two from hadronic decay of thend two
h? from thehgy; at the2o level out tom 40 ~ 450 GeV. Thisis jets from each of thé&/ bosons; the second final state consid-
a very encouraging result. The dominance of the theoretical gfed is that with two leptons from th& and four jets from the
rorin the above estimates indicates the high priority of obtaining w*. Simulations were performed afs = 500 GeV assum-
theoretical predictions farc/bb that are as precise as possibléng the performance of the NLC detector [24] at the smeared
Overall, precision’ measurements af’s = 500 GeV with  four-vector level, a signal withn,,.,, = 130 — 170 GeV, and
L = 200 fb~" appear to have a good chance of probing thgnsidering the known Standard Model backgrounds. After cuts
heavier Higgs mass scale (which is related to important SUS¥emanding large visible energy, and that the event be well con-
breaking parameters) even when the heavier Higgs bosons gafed, a kinematic constrained fit was performed taking into
not be (pair) produced without going to higher energy. accountE,,,, mz, and one on-shellnyy after assigning the
We now consider thé)’1¥* mode, which would be relevantZ mass to the quark or lepton pair with invariant mass clos-
for a SM-like Higgs with mass aboue0 GeV. Bothhgy pro-  est to and within 8 GeV ofnz. Requiring the fit probability
duction viaWW fusion, ete™ — vwhgy, and Zhgy pro- to be greater than 10% greatly reduced the background from
duction followed byhgsy decay intoW W™* for heavier Higgs WW, t# and light quarks. The purity is then enhanced fur-
masses were simulated [27]. Fef,.,, = 150 GeV, the cross- ther by employing the previously described topological quark
sections for these two production modes are roughly equal anghijs as anti-tags on the jets assigned tolth&osons, i.e. re-
is advantageous to use both for more statistics. We shall see [@@ifing the jets fail theb and ¢ topological tags. As an ex-
that the measurement of WW — hgnm)BR(hsm — WW*)  ample, inL = 50 fb™! of data withmy,.,, = 150 GeV, 65
allows a direct probe of thé¥ Whgy)? coupling and a deter- signal events survive on a background of 21 events, of which
mination of the totahgy width. For the 2nd ratio of Eqg. (1), only 4.2 are from Higgs decays into heavy quarks and glu-
it will also be important to compare rates for th@bb and ons. Extrapolating td. = 200 fb~*, S = 260 with B = 84
vuW W™ final states and rates for thébb and ZWW™* final implies /S + B/S = 0.07 for the indicated mass. The sit-

10Gluon splitting to heavy quarks is included in the Monte Carlo; at LEIEJatlorl deteriorates considerably s = 130 GeV with

= 1 . .. .
energies the probabilities fgr — cc andg — bb are of order 2.5% and 0.5%, S/B ~ 1.0. ForL = 200 fb™" the statistical accuracy with
respectively. which o(Zhsy)BR(hsy — WW™*) can be measured is about

ure 4: Signal and background rates foe= 50 fb ! at /s =
0GeV for ete™ — vvWW* as a function o/ W* mass,
takingmypg,, = 150 GeV.




For myg,, abovel50 GeV, the accuracy of the measurememameter region) implies that g 10% error, as achieved for
improves over then.,, = 150 GeV result, falling to a low of myg,, in the140 — 150 GeV mass range, would be a very use-
about+6% atmy,,, = 170 GeV. ful level of accuracy in the MSSM should stop quark masses

Of course, as th&/W* mode gets stronger, thie mode (contrary to expectations based on naturalness) be sufficiently
weakens, see Table |. Thus, tlsy — Zbb rate is mea- above 1 TeV to maken,o = 140 — 150 GeV possible. In the
sured with progressively poorer accuracyras,,, increases. NMSSM, where the lightest higgs (denotegd can have mass
At myg,, ~ 150 GeV, for example, we [26] estimate that theny, ~ 140 — 150 GeV and the second lightest) often has
earliermpg,, ~ 110 GeV errors fora(Zhsm)BR(hsy — bb)  mass in then,, ~ 150 — 190 GeV range, even if stop masses
will have increased by about a factor of two 40 £6%, ris- are substantially below 1 TeV, deviations from SM expecta-
ing rapidly to~ +28% atmy,,, = 170 GeV. Combining [26] tions are typically even larger. This exemplifies the fact that the
the WW* andbb mode errors in theZhgy; production mode, WIW* /bb ratio will provide an extremely important probe of a
we find errors forBR(hsm — WW?*)/BR(hsy — bb) of  non-minimal Higgs sector when both thgiw* andbb decays
roughly +22%, +11%, +9% and~ +28% at m,.,, = 130, have significant branching ratio.
140, 150 and170 GeV, respectively. The NLC errors for the (cchsw)?/(bbhsm)? and

For the case ofhgy production viaW W fusion followed (WW*hgm)?/(bbhsm)?  coupling-squared ratios outlined
by the Higgs decaying int/' W*, the final state isoWW*. above forL = 200 fb~' at+/s = 500 GeV are repeated in the
Cuts are made demanding visible energy less thaif.,,, NLC summary table, Table X.
large missing mass, no isolated leptons, large missing trans-

verse momentum, a large acoplanarity angle between the recon- 2. Measuring
structedi axes, and that the missing momentum vector does o(ptp™ — hsm)BR(hsm — bb, WW*, ZZ*) in
not point in the forward direction. These cuts reduce the dan- s-channel FMC production

gerouseeWW, voWW, andevW Z backgrounds. The event

is forced to be reconstructed into four jets, with two required

to have invariant mass close to tHé mass and the remainingTable IX: Summary of approximate errors fe(u*u~ —
two jets to have invariant mass well below thé mass (from hgy)BR(hsm — bb, WW*, ZZ*), assumingL. = 50 fb~!
the W*). The heavy quark topological tag is then again usetbvoted to\/s = my,, and beam energy resolution & =
as an anti-tag to increase the purity in ffiesample. The visi- 0.01%.

ble mass of the entire event is then examined for peaking at the

Higgs mass. A huge peak results at lower masses deelid [ Channel | Errors |
andZvw. _ _ mp., (GeV) | 80 90 100 | 110 | 120
A typical result is that of Fig. 4 formyg,, = 150GeV, bb 10.2% | +1.6% | £0.4% | +0.3% | +£0.3%
where L = 50 fb~' is assumed. In general, the statistical 57777 — — 135% | £1.5% | +0.9%
accuracy with whicho (vUhgy) BR(hsy — WW™) can be 727" — — — +34% | £6.2%
measured is estimated [26] to be very similar to that fou Tng, (GEV) | 130 140 150 160 170
for o(Zhsm)BR(hsy — WW*) above: forL = 200 fb™! 0 T03% | 205% | £1.1% | £59% =
the rough errors for the former ame22%, +10%, +£8% and WW* T0.7% | £05% | £05% | £1.1% | £9.4%
+7% for myg,, = 130, 140, 150 and 170 GeV, respec- 727" +2.8% | £2.0% | £2.1% | +22% | +£31%
tively. At these same masses, the corresponding accurac M., (GeV) | 180 190 200 210 220
U(V?hSM)BR(hSM.—) bb) is ~ +3%, ~ +£4%, ~ £7% and WW* 118% | £38% | £58% | +79% _
2 £33%, respectively. Atmpg,, = 150GeV, the WIV* VA 125% | +£27% | +£35% | +45% | +56%

branching ratio is still more difficult to measure thdrbecause

of the larger background and lower efficiency for isolating the

final state. However, byn,.,, = 170 GeV the bb branching  The accuracies expected for these measurements were deter-

ratio has become so small that errors in this channel rapidhined in Ref. [3] under the assumption that the relevant detec-

increase. The above errors imphghsy channel errors for tor challenges associated with detecting and tagging final states

BR(hsy — WW*)/BR(hsm — bb) of ~ £22%, ~ £11%, in the potentially harsh FMC environment can be met. As ex-

~ +£10% or 2, +33% atmyg, = 130, 140, 150 or 170 GeV, plained in the introduction to this section,fif = 200 fb~! is

respectively. used so as to optimize the Higgs peak scan determination of
Combining [26] theZhsy and vvhsy channel results, we F}L"StM, then the equivalen{/s = my,, Higgs peak luminos-

obtain accuracies faBR(WW*)/BR(bb) of roughly £16%, ity accumulated for measuring(u™ = — hsym)BR(hsm —

+8% and £7% for WW*/bb for my.,, = 130, 140 and X) in various channels is of ordet = 50 fb~'. The as-

150 GeV. At mypg,, = 120GeV and 170 GeV, we [26] es- sociated errors expected fef(utu~ — hsm)BR(hsm —

timate the errors to be- +23% and~ +21%, respectively. bb, WW*, ZZ*) are summarized as a functionaf,, in Ta-

(We have not pursued the degree to which these errors wobld IX. As is apparent from the table, the errors are remarkably

be further reduced by including the"e~hsy channel deter- small formy,,,, < 150GeV. As already stated, detector per-

mination of this ratio.) Fig. 2 (which is fairly independent oformance in the FMC environment will be critical to whether



ample, to achieve the goddtagging efficiencies and puritiesRef. [28]. The error foro(Zhgy)BR(hsm — 77) IS mini-
employed in obtaining the NLC detector errors given in this reaized for a given total luminosity. by running at a/s value
port, a relatively clean environment is required and it must lieat is near the maximum of théhgy; cross section, roughly
possible to get as close as 1.5 cm to the beam. FMC detectgks~ my,, + mz+ afew GeV, precise optima)'s,,, values
discussed to date do not allow for instrumentation this closedee given in Ref. [28]. The error fer(vvhsy ) BR(hsm — 77Y)
the beam. More generally, in all the channels it is quite possileegiven L is minimized by operating at the highest available
that the FMC errors will in practice be at least in the few pgy's; this maximizes théV W -fusion cross section. The er-
cent range. This, however, would still constitute an extremelyrs in o(Zhsy)BR(hsy — ) for L = 200 fb~* accu-
valuable level of precision. mulated aty/s = /s, and ino(vvhsm)BR(hsm — 77)
For later purposes, it is important to understand the relatigfy 7, = 200 fb~! accumulated at/s = 500 GeV are plot-
betweeno (u*p~ — hsm) and thel'(hsm — ptp™) par- ted as a function ofns,, in the first two windows of Fig. 5.
tial width (which is directly proportional to th¢u "~ hsm)?  The effectivec BR(hsy — ) error obtained by combining
coupling-squared). Very generally, the average cross sect{fg statistics for theZhgy and WW-fusion modes assuming
for production of any Higgs boson in thechannelzy, is ob- 1, = 200 fb~! is accumulated a{/s = 500 GeV is plotted in
tained by convoluting the standard Breit-Wigner shape for tiige third window of Fig. 5. The effective BR(hsm — 77)
Higgs resonance with a Gaussian distribution,fs of width error for L = 200 fb~! at /s = V'5,p¢ IS essentially the same
o - For a distribution centered af's = mp, @, is given as for theZhgyr mode alone, théV W -fusion contribution to
by G, ~ 4rm; BR(h — ptp7) if 05 < T and by the statistics being unimportant at these lpwvalues.
G ~ 2m2m; *T'(h — ptp™)/( 27r0\/§) if o s> r,. To Results are presented for four different electromagnetic

get near maxima#, and to have sensitivity tB, via scanning calorimeter resolutions: | corresponds to the very excellent res-
in /5 (see later subsection) it is important tba\}g be no larger olutlop qf the'CMS calorlmeter [10]. Il and IIl are somewhat
than2 — 3 x T';,. Fig. 1 shows thaF), < 1 — 10 MeV is typical ©PUmistic limits of the resolutions currently planned for the
of the hey for my.., < 140GeV. Using the parameteriza-NLC detectors [24]; and IV is the resolution planned for the
i M VSM n NIAY o tihe JC detector [29]. (For details and references, see Ref. [28].)
N5 = 1A% (517) (100(;6") Or oz IN 18IMS OTRE g important to compare the BR(hsm — v7) error

beam energy resolutio?, we see that very excellent resoluz, nqg using theZhsy mode statistics fol, — 200 fb~! at
tion R ~ 0.01% typically yieldso ;. ~ 2 —3 x Ilo| when V5p; t0 the error found by combinin W -fusion and
Mhsn S 140 GeV.. In this Tass regIoMT sy 1S then roughly Zhgw statistics forL, = 200 fb~! at /s = 500 GeV (window
proportional Wl (hsy — pw* ) /o 5 with small corrections 4 ¢\ indow 3 of Fig. 5). We find that in resolution cases II-
sensitive td’,. Thus, a measurement®f,s,, BR(hsm — X) |y (1) the Zhgy, /5 = V5., Measurement yields smaller er-
in thempg,, _g 1.40 GeV mass region can be readily convertegs tor 70 < Mhgy < 100GeV (70 < mag, < 120 GeV).
toa deterrrtn?apon of (hsm — p*p~)BR(hsm — X) Pro- The Zhgy mode atys = V/3opt IS Most superior to the
wfjed that;> is measured with gqod acc.uracy (given t:h% ~ combinedW W -fusion plus Zhsa, /5 = 500GeV error if
will be accurately known). As reviewed in a later s“bf‘fCt'oﬂthM = 70GeV: for excellent calorimeter resolution case
one finds that J(FW't_fR = 0.01%) very good precision foF} | (‘standard’ resolution cases I/II)Zhgy at /5 = VB opt
is possible inu™u™ — hsw collisions by employing a simple yields an error 0f:27% (£40%) vs. combined T -fusion
scan of the Higgs resonance peak. plus Zhsu, /3 = 500 GeV error of £40% (+53%). However,
. the aboveZhgy| NN, advantage would be lost if the in-
D. Measuringr BR(hsu — v7) atthe NLC [28]  gtantaneous luminosity] at /s, ~ 165 GeV is more than

We will later review why a determination &R(hsy — vy) @ factor of 2.2 (1.8) below that af's = 500 GeV in resolu-
is the only means for extractiri@f;M in themyg,, < 130GeV tion case | (cases II/11l). If the interaction region is designed for
mass range. Of courséBR(hsm — 77y) and especially maximalZ at\/s = 500GeV, £ at\/s = /5, would de-
I'(hsm — 77) are of special interest themselves in that therease by an even larger factor sintec (1/s/500 GeV)? [30]
~vvhsm coupling is sensitive to one-loop graphs involving ams the energy is lowered; for any;,, the best results would be
bitrarily heavy states (that get their mass from the; sector obtained by running ay/s = 500 GeV. Although it would not
vev — to be contrasted with, for example, heavy SUSY partniee all that expensive to build new quaets. suited to a lower
states which decouple since they get mass from explicit SU§¥ [30], any significant associated loss in running time would
breaking). quickly offset the potential benefits. Further, lower energy op-

At the NLC, the only means of getting &R(hsm — 77y) eration might decrease sensitivity to other types of new physics.
is to first measure BR(hsym — ) in all accessible produc- If my,,, is known ahead of time (from LEP2 or LHC) to be
tion modes, and then divide out by thés as computed using below100 GeV (120 GeV) or so, for which focusing ot hsy
other data. One finds that the errors in tfeare small so that production at/s = /s, would be appropriate in resolution
the net error forBR(hsm — ) is essentially that obtainedcases II-IV (1), then an interaction region with maximalat
by combining the statistical errors for the availablBR mea- /s = \/Eopt could be included in the design from the begin-
surements. TheBR(hsm — ) errors have been studiedning.



RESOIIRONE: A TAR AR TR region, the errors are smallest and lie in the2% — +27%

L = 200 fb~! range.
| | | | We note that it is also possible to consider measuring
o e'e >Z">Zhgy~Zyy -] oBR(hsm — vy) intheete™ — etehgy (ZZ-fusion) pro-
8‘3 i VEovs ] duction mode. A study of this case [31] shows, however, that
06 | ot C the errors will be much worse than found for eitt#/sy pro-
05 F T duction orW W -fusion production. For instance, compared to
04 r H % N B ox the Zhgy channel, where alf decay modes can be includéd,
03 1 B & % 5 & i, theete~hgy rate withM,+ .- £ my is substantially smaller.
X X Let us now turn to the errors that can be expected for the
02 XXy o X 1 coupling-squared rati6yyhsn)?/ (bbhsn)?. We have already
Eé ol tabulated in Tables Ill and IV the errors expected from LHC
o) N I L R data formyg,, < 130 GeV; the LHC error varies fromt17%
2 10 e ohey Vi as Vi Ly — to £25% as mpg,, goes from90 GeV to 130 GeV. Above
o9gr ., e ] Mg, = 130 GeV, the LHC error for the ratio is expected to be
S orp @ Vs =500 CeV : quite large. At the NLC(yyhgm)?/(bbhsw)? can be computed
t g:g |« & i in the Zhsy andW W -fusion production modes (treated sepa-
B o4 b < B b rately) asc BR(hsm — vy)/ocBR(hsm — bb); the numera-
—_ « @ g X tor and denominator in this latter ratio can be obtained (assum-
g 03 r X s Fo# x | ing reasonable knowledge of efficiencies) from measured event
O o2l X ox X i rates. We will presume that all NLC measurements are per-
= formed by accumulating = 200 fb~ ! at /s = 500 GeV. The
S P AR PRI R L = 200 fb~ ', \/s = 500 GeV errors for the denominator in
i ! ! ! ! the Zhgy andW W -fusion production modes have been given
8 Vel oYY +Zyy — in the previous section. Thi& W -fusion numerator errors are
08 . those given in the 2nd window of Fig. 5. Tb#gy numerator
8:2 L. Ve =500 GeV ] errors have not been separately plotted, but are those implicit
o5 | H % E in the 3rd window of Fig. 5. The&Zhgy and W W -fusion de-
04t X + terminations of(yyhsa)?/(bbhsy)? are statistically indepen-
03 | x @ & < dent and can be combined to get a net error. The resulting net
X ¥ & % & é NLC-only error is not terribly good; atupg,, = 80, 100, 110,
0z | X 5 X 1 120, 130, 140,150 GeV the errors for(yyhsy)?/(bbhsy )?
are +£42%, +27%, +24%, +22%, +23%, +26%, +35%, re-
' '7|5' — 'ulo' — '12!5' — '1;0' spectively. For the lowem,,,, values the LHC does better.

If we combine the LHC and NLC measurements, the errors
m,;_ (GeV) for (yyhsm)?/(bbhsy)? at the aboven,,,, values aret16%,

M +14%, £15%, £16%, £17%, +26%, +35%, respectively. The
NLC-only errors are repeated later in the NLC summary table,
Table X.

Finally, we note that in later discussions we show that the
?arge errors for theyy final state will dominate in computing
some important quantities that potentially allow discrimination
between the SM Higgs boson and a SM-like Higgs boson of an
extended model.

Figure 5: The fractional error in the measurement
o(veVehsm)BR(hsm — v7) [0(Zhsm)BR(hsm — )] as
a function ofmy,g,, assumingl = 200 fb~* is accumulated
aty/s = 500GeV [\/s = /s,,]. Also shown is the frac-
tional cBR(hsm — v7y) error obtained by combining hsu
andv.7.hsy channels forl, = 200 fb™* at /s = 500 GeV.
Results for the four electromagnetic calorimeter resolutions deE.  Determining theZ Z hgy coupling at the NLC

scribed in the text are given Determination of th¢ Z Z hsyr)? coupling-squared is possible

in two modes. These are (usiage™ collision notation):

Clearly, the most likely situation is thdt = 200 fb~ is  ® €"e” — Zhsy, WhereZ — (74~ (£ = e, p);
accumulated at/s = 500 GeV and that the calorimeter is at . . i i
the optimistic end of current plans for the NLC detector (cases II® €' ¢~ — ¢'e” hsm (via ZZ-fusion) [25].
and Ill). After combining the statistics for tH& 1V -fusion and —1— T . .
This is possible since we can constrain the recoil mass, constructed from

Zhsm modes, the errors inBR(hsy — ) range from~ /s and the momenta of the two photons frémm; — ~+ decay, to be close to
+22% atmpe,, = 120 GeV to ~ +£35% (~ +£53%) atmp, = mz.




nary. It is convenient to separafthsy and Z Z-fusion for the aF

@ (b)

>
3
purposes of discussion even though in ¢e~hgy; final state % ol P s Vo006V
there is some interference between#g-fusionandZhsm di- -~ £ 14| 1, - 130 gev m,= 120 GeV
agrams. Experimentally this separation is easily accomplishedz| 15[
by an appropriate cut on the e~ pair mass? 1o0f
In both cases, thésy is inclusively isolated by examining or
the recoil mass spectrum computed using the incoming™ i ] H sl
momentum and the momenta of the outgoing leptons. In the, | ’J‘
Zhgw case, only = e, uintheZ decay are considered's and obo b ‘nﬂ‘ R Pl ! 0 ol PO Y T
0 20 40 60 80100120 140160180200 0 20 40 60 80 100 120 140 160 180 200

jets are excluded) since it is essential that the recoil mass peak Recoil mass (GeV)
be as narrow as possible in order that only a small mass window

need be kept, thereby making backgrounds very small. Clearly,

excellent momentum resolution for electrons and muons will be

essential, especially for Higgs masses in the vicinitywof.13  Figure 6: Higgs mass resolution determined using a typical

Exactly how good the momentum resolution should be in JNLC detector [24] using (a) the recoil mass against a pair of
der to eliminate backgrounds is an important question; it is c§tectrons or muons frot#f decay and (b) from the jet-jet invari-
rently being pursued. The study of Ref. [32] obtains good r@Dt mass of taggefitquark jets after kinematically-constrained
sults in theZhsy case only if the “super” performance of thefitting.

JLC-I detector [29] is assumed. Current generic NLC detector

designs will not be quite so good, but appear to be adequate. As

an example, using four-vectors smeared according to the perigky, £ falls as[y/s/,/so]? [30] as one moves to energies lower
mance of a typical NLC detector [24], the recoil mass resolutidhan/so. This is an issue sinag(Zhgsy ) is maximal aty/s ~
using electrons and muons has been found [33] to be approxiz + myg,, + 10 or 20 GeV, whereasr(e e~ hsm ) increases
mately 3.5 GeV as shown in Fig. 6(a) where a reasonable massnotonically with energy. For the moment, let us assume that
window results in about 20% backgroundfay,.,, = 130 GeV  the final focus is designed to maximiZeat/s = 500 GeV. In
and obviously degrading for smaller masses and improving feig. 7, we ploto(Zhsy)BR(Z — £741) (£ = e, u, NO cuts)
higher masses. (As described later, running/at~ 300 GeV, ando(ete~hgy) (With ad > 10° cutt* on the angles of the fi-
i.e.well below /s = 500 GeV, is critical for such good recoil nal statee™ ande ™) as a function ofny,,, for /s = 500 GeV.
mass resolution.) Itis interesting to note that the current perfee observe a cross-over such that, for.,, < 200GeV, a
mance goals of this detector give a similar mass resolutionhifjher raw event rate for the recoil spectrum is obtained using
3.9 GeV from the invariant jet-jet mass of taggeduark jets ZZ fusion.

following kinematically-constrained fitting — indicating a good For an integrated luminosity df = 200 fb—* and an over-
match of momentum and energy resolution. Our error estimat#bsefficiency of 30% for the cuts required to make the back-
below will assume momentum resolution such that the recgdound small, the errar/+/S in theo(Zhsm)BR(Z — £~ 1)
mass peak is sufficiently narrow that backgrounds are small gad= e, ;) measurement would range from 6.5% to 8% as
can be neglected in the limit of large luminosity. Preliminary rem,,.,, ranges from 60 t@00 GeV, growing to 11% byn,,, =
sults for the backgrounds are at tBe~ 0.25 level, for which 300 GeV. Errors in this measurement of similar magnitude
the errors computed below with = 0 would be only slightly can also be achieved fat ~ 30 — 50 fb~ ' if Vs is ad-
increased. Since, as we shall see, the recoil mass peak crossjgsted to be near the value for whiekiZ hsy) is maximal [32].
tion errors sometimes dominate the errors in extracting bran¢fowever, depending upomy,,,, accumulating this mucti

ing ratios, it is quite crucial that the final detector design ket lower energy often takes more than thes4 years required
adequate to achieve a small background under the recoil magsL = 200 fb~* at /s = 500 GeV unless the final focus
peak. is optimized for the lower/s value. For thes(ete™ hsnm)

The relative value of the two production modes depends upmeasurement, assuming cut efficiency of 40% relative to the
many factors, but in particular it depends on how the availaldeoss section plotted in Fig. 7 (we have already included the
instantaneous luminosity varies witfis. For an interaction re- 6 > 10° calorimetry cut) and. = 200 fb~!, we find errors
gion configuration/design optimized for maximal luminosity ahat range from 4% to 8% to 14% as;,, goes from 60 to
200 to300 GeV. Combining [26, 25] the/s = 500 GeV er-

12wheneverZ Z-fusion dominates thez* diagrams, such a cut requiring rors for the two processes gives an error on ([IZéZhSM)2
M, o~ # m usually improvesS/ /B and reduces the/S + B/S eror. ¢qupling-squared that ranges from 3% to ~ 6% to ~ 9%

13In order to inclusively sum over algyr decays, it is important to avoid .
making any use ofgy decay products in reconstructing the Higgs mass peatQr Mhsy = 60, 200, and300 GeV, respectively. These errors

Thus, a 4-C fit using the energies and angles of the jets from Higgs decay @@ at least as good as those foundfor 200 fb~* using the
leptons fromZ decay should not be employed; kinematic fits (involving fewer
than 4 constraints) considering the leptons frdrdecay and the knowledge of  *Assuming coverage down to such angles is optimistic, but not unrealistic.
Ecm could however still be employed. In any case, such fits yield a jet-jet mdssparticular, it may be possible to employ a pixel vertexing device with a first
resolution that is no better than (worse than) that for the recoil mass for Nl&yer at radius of~ 1.5 cm followed by next-generation tracking devices to
(super-JLC) momentum resolution. avoid the superconducting quads inside the detector.

Jet-Jet Mass (GeV)




Ve = 500 GeV ror ono(Zhsm) (just discussed) is in the-6.5% — +7% in

the mp,, < 140 GeV mass region, rising tev £7.5% for

R Mhgy ~ 150 GeV. From Eq. (2) the error ilBR(hgy — bb)

will then be in the+7% — +8% range formy,, < 140GeV,
10.0 — rising to~ £10% atmg,, ~ 150 GeV.

The error for ther(ete~hgm) BR(hsy — bb) measurement
has not been studied in detail, but can be estimated as fol-
lows. We assume that an event identification efficiency (which
should include the efficiency fob-tagging) of 40% is ade-
guate to make backgrounds small. The number of eveits (
is then computed by multiplying(eTe~hsy) in Fig. 7 by
0.4BR(hsy — bb)L using BR(hsy — bb) as tabulated in
J Table | andL = 200 fb~'. The measurement fractional er-
05 Lo ‘ L1l ‘ L1l ‘ L1l ‘ L1l J ] ror is then estimated as/+/S. This yields [25] an error in

50 100 150 200 250 300 a(ete~hsy)BR(hsy — bb) ranging from=+4.5% to +14%
asmypg,, varies fromg 110 GeV to ~ 150 GeV; for higher
my, ( G eV) Mg, Values the error deteriorates rapidiy.Recalling the pre-
SM viously estimated error in the(e e~ hsu) rate, which ranges
from +£4% to £6% in the myg,, = 110 to 150 GeV mass
region, the resulting error [25] oBR(hsy — bb) as com-
puted from Eq. (2) in thete~hgy final state is then in the
+6% — £8% range formpg,, < 140 GeV, rising to~ +£15%
for mpg,, ~ 150 GeV.

By combining [26, 25] theZhsy andete™hgy determina-
tions, we find thatBR(hsy — bb) can be measured with an
accuracy of about5% — £6% in themy,,, < 140 GeV range,
rising to~ +9% for myg,, ~ 150 GeV.

For BR(hsm — cc), we recall that by using topological tag-
ng it is estimated that the error feX Zhgy ) BR(hsm — ¢€)
fir be of order=10% in the Mpey < 130 GeV mass region.
Using +7% for the o(Zhgn) error in this mass region implies
an error forBR(hsy — c¢) of order+12%. Above, we found
.. . ) that in thebb channel theeTe~hgy production mode might
F. Determiningism branchlng ratios and the yield errors that are comparable to thésy; mode. A simi-

WW hgy coupling at the NLC lar result is expected to apply to themode [25], implying that

A determination of BR(hgsy — X) requires measuring the BR(hsm — cc) error would be brought down to +9%.
o(hsm)BR(hsy — X) ando(hsy) for some particular pro- This same level of error woulq be achieved if we _computed
duction mode, and then computing BR(hsm — ce) = [(cthsm)®/(bbhsm)®] BR(hsm — bb) and
used the(cchsw)?/(bbhsm)? errors given in Table X. Aside
o(hsm)BR(hsy — X) from the vwhsy component in determining thes to bb ratio,

. (2) ; L - i

o(hsm) these two techniques are not statistically independent. It is not
o clear which would have smaller systematic error. Presumably,
Inete~ collisions, th_eeJre’_ — Zhsm andete™ — ete”hgu ‘one would pursue both technigues to cross-check and possibly
(Z Z-fusion) modes just discussed are the only ones for whigbmbine the techniques taking into account the statistical corre-
the absolute magnitude ef hgyi) can be measured, inclusivelylations.
summing over all final stateX. The WW-fusionete™ —
u_vhSM cross section must be dgtermined by the procedure of 2. BR(hgy — WW*)
first measuringgBR(hsm — X) in some modeX and then
dividing by BR(hgy — X)) as determined from th8Z-fusion

5.0

o (fb)

1.0

Figure 7: 0(Zhsm)BR(Z — ¢~ 41) (¢ = e, p, no cuts) and
o(eTe hsm) (With a cut ofd > 10° on thee™ ande™ in the
final state) as a function of.,, for /s = 500 GeV. From
Ref. [25].

Zhgy mode alone at the optimafs. Thus, for determining
the (ZZhsn)? coupling-squared via the recoil mass procedur
there does not appear to be any advantage to lowering the %
chine energy even if the final focetc.is reconfigured so as to
maintain the same instantaneous luminosity.

BR(hgy — X) =

The possible procedures are [26]:

or Zhsm channels. e Measures(Zhsm)BR(hsy — WW*) and o(Zhsw)
_ and computeBR(hgy — WW™) by dividing. As dis-

1. BR(hsm — bb) and BR(hsm — ) cussed earlier, errors in( Zhsy ) BR(hsy — WW*) are

By running at /s = 500GeV and accumulating roughly £22%, +£10% and +7% for myg,, = 130, 140

_ _1 . . -
L = 200 fb—", we found earlier that by using topolog 15These errors must be confirmed by a more complete simulation to verify

ical tagging a r0U9h|)i:t?-5% __13-5% determination of he jevel of efficiency, including-tagging, that could be retained and still have
0(Zhsm)BR(hgm — bb) is possible formyg,, < 140 GeV  small backgrounds for this channel.



detection) ranges (see earlier) frem+=4% to ~ +6% in
this mass range. The resultii®R (ks — WW™) error
would be roughly+22%, +11%, +£9% for my,, = 130,
140 and150 GeV, respectively. Ainy,g,, = 200, 300 GeV
accuracies forBR(hsy — WW*) of ~ +12% and
~ +17% are predicted by extrapolation based on event
rate and branching ratio changés.

Measure o(eTe”hsm)BR(hsm — WW?*) and
o(ete hsm) (the ZZ-fusion processes) and again
compute BR(hgy — WW™) by dividing [25]. In
the 130 — 200GeV mass region, we have already
seen that ther(eTe~hgy) measurement will be com-
parable (perhaps slightly superior) in accuracy to the
o(Zhgy) measurement. A first estimate indicates that
the accuracy of ther(ete hsy)BR(hsy — WW?*)
measurement will also be comparable to that for
o(Zhsm)BR(hsm — WW™). For example, at
Mgy = 150 GeV Fig. 7 givess(eTe hgm) ~ 4 tb and
from Table | we findBR(hsy — WTW ™) ~ 0.7. If the
efficiency for tagging théV W= final state and requiring
the recoil mass to be close to the known valuegf,,, is,
say,40%, then we would havé = 224 signal events with
relatively small background (due to our ability to always
require recoil mass- myg,,*’ in this production mode).
The resulting error foro(Zhgm)BR(hsy — WW™)

is ~ £7%. Thus, errors orBR(hsy — WW™) in the
eTe~hgn production channel will be close to those in
the Zhgy channel formy,g,, in the 130 — 200 GeV mass
range.

At mpg, = 300GeV, o(ete hgy) is smaller than
a(Zhgnm) (see Fig. 7). After including efficiency we found
in the previous subsection that the error@f@™ e hsn)
will be about+14% (vs. +11% for o(Zhsm)). Simi-
larly, the error oo (et e~ hsm)BR(hsy — WW*) will
be larger than foro(Zhgym)BR(hsm — WW™). At
mpey = 300 GeV, we find (by extrapolation, subject to
footnote caveats) error on the former of abenii8% (vs.

The goal will be to determine (vThgy) which is propor-
tional to the the(W W hgy)? coupling-squared. The best pro-
cedure [26] depends upony,,,:

< 140 GeV, then good accuracy is attained
by measurings(vohsy) BR(hsy — bb) and then di-
viding by BR(hsm — bb). For L = 200 fb~! and
Moy < 140 GeV, the measurement error for the former
is ~ +2.5% — £3.5% (as stated earlier), and that for the
latter bb branching ratio ist5% — +6% (as stated above).
The net error il W W hgyp)? obtained in this way is of or-
der+6% for mpg,, < 140GeV. By mp,, = 150 GeV,
the accuracy of théh mode determination it/ W hgy)?
has worsened to abott11%, coming from~ +6% for
U(VﬁhSM)BR(hSM — bg) and~ £9% for BR(hSM —
bb); see earlier subsections.

If Mhgn <

> 150 GeV, then good accuracy is achieved
by measuringr (vThgm) BR(hsm — WW™*) (in WW-
fusion) and dividing byBR(hsm — WW™*) (see ear-
lier subsection) to get(vvhsm). Explicitly, we esti-
mated above that an error dBR(hsy — WW?*) at
the ~ +8%,+6%, +8%,+14% level could eventually
be achieved formn,g,, ~ 140,150,200,300 GeV. Ear-
lier, we saw that the error imr(vUhsm)BR(hsm —
WW*) is estimated to bet10%, £8%, £ at mpg,, =
140, 150 GeV. Extrapolating ta200, 300 GeV,'® we esti-
mate errors of=10%, +20%, respectively. Combining, we
find that the error on théW W hgy)? coupling-squared
from the WIW/* final state determination would be about
+13%, £10%, £13%, +24% atmy,q,, ~ 140, 150, 200,
300 GeV, respectively. The error aty,,,, = 170 GeV
would be slightly smaller than that atyg,, = 150 GeV.
The mpg, = 140GeV result is poorer than that ob-
tained in thebb mode, but byms,,, = 150GeV the
WW* mode determination has become comparable, and
for higher masses is distinctly superior.

If Mhgn >

~ +12% for the latter); combining with the-14% error |f we combine thebb and W W* mode determinations, we get
ono(ete”hgm) yields error forBR(hsm — WW*) of - an error for(WWhsy)? of order+5% for my,, < 140 GeV,
order=23% at this mass for the*e~hgy channel. worsening to about-8% for my,,, 2 150 GeV. For170 GeV

bi he ab q L h and above the error is simply that found in #h&1* mode e.g.
If we combine [26, 25] the above two determinations, the ovei-lg%, +24% atmy,,, = 200,300 GeV, respectively.

all BR(hsm — WW™) error would be reduced to the roughly It is, of course, of great interest to test the custodial

+16%, £8%, £6% level for mpg,, = 130, 140 and150 GeV, SU(2) symmetry prediction for the coupling-squared ratio

and even somewhat smaller at,, = 170GeV. Above WWhswm)?/(ZZhswm)?. Inan earlier subsection we estimated
170 GeV, the accuracy of the determination slowly declmet e error on(ZZhea)? for mn.,, < 60 — 200 GeV to be
SM Y

to about+8% at mpg,, = 200GeV and £14% at mpg, = 4% — +6%, rising to ~ 0% at may, — 300 GeV.

300 GeV. Combining with the above results for t{&/ W hgy)? errors,

16We have assumed that the background scales with the signal rate. AW estimate errors foqfV Whsy)?/(Z Zhswm)? of order+7%

siT7uIati0n would be required to verify the extrapolation assumptions. for Mhay < 140 GeV, +10% for Mhay ~ 150 GeV, rising
Typically, the recoil mass resolution is better in thhsy (2 — ~ _ i

ete~, ut ™) channel than in thet e~ hgy channel once th€ mass is used slowly to ~ £14% for mag,, = 200 GeV, reaching~ £25%
in a kinematically constrained fit. However, all that is needed for the statistic% Mgy = 300 GeV.
estimates given here to apply is that the recoil mass resolutier &1 hgyy
events be sufficient that the background in the peak region be small; this shoultPWe re-emphasize the fact that simulationg@@ and300 GeV are needed
be the case given that tké e~ momenta would be quite well-measured. to check our extrapolations.




o(ete™ — vwhgm)BR(hsm — bb) (both being

We focus onn < 130 GeV. Only two ways to get a han-
hone N Y yslod WW-fusion processes) and compuBR(hsy —

dle onBR(hsm — yy) have been demonstrated to be viable.

vy) as

e The firstinvolves measuring(pp — Whgn) BR(hsm — )
~v) ando(pp — tthM)BR(hSM — 7) atthe LHC. As [c(vThsm)BR(hsm — v7y)|BR(hsym — bE)
outlined earlier, each can be determined to akeiit for [0(vThsy) BR(hsy — bb)] - )

Mhgy IN the range®0 — 130 GeV. Although not explicitly
simulated in the ATLAS and CMS studies, we assume this  The e +e—hgy, final state fromZ Z-fusion is a third alter-

same error applies &0 GeV. These measurements canbe  native, but does not yield errors competitive with the above
employed in two ways. two techniques [31] because of a smaller signal relative to

— In the first approach one also measurdpp — background.

tthsm) BR(hsm — bb) at the LHC and then com- ot the NLC, the errors in th8R(hsy — 7) determina-
putesBR(hsm — 77) @s tions are completely dominated by thé3R(hsy — 77) efr-
BR(hsy — vy) = BR(hgy — bb) x rors, which we have discussed earlier; see Fig. 5. Assuming
n running aty/s = 500 GeV, we found that the smallestBR
lolpp = tt_hSM)BR(hSM - 71)] (3) errorwas a\é;lieved in tH@& W -fusion mode. However, a useful
[o(pp — tthsm) BR(hsm — bb)] level of error was also achieved in t&hgy mode when run-
using BR(hsy — bb) determined at the NLC as de-ning at this energy. The errors expectedBiR (hsy — ) by
scribed earlier. Since the error f&tR(hgy — bb) combining the determinations of Egs. (4) and (5) are essentially
will be of order+4%—+5% (for L = 200 fb~ ! atthe the same as the combined3R(hsm — ) error plotted in
NLC), the error in the determination &R(hgy —  the 3rd window of Fig. 5. For a calorimeter at the optimistic
v7) is dominated by that for they/bb ratio (see Ta- end of current plans for the NLC detector, the net error is pre-
bles Ill and 1V), and will range from about18% to dicted to range from- £22% atmyg,, = 120 GeV to~ +£35%
+26% over the80 — 130 GeV mass range. (~ £53%) atmpg,, = 150 GeV (70 GeV).

— In the second approach, one uses oalpp — Of course, the NLC.and LHC dete_rminations can be com-
Whsw)BR(hsm — ) from the LHC, and then bined to give sometimes substantially smaller error than
divides by the computed(pp — Whgsy) Cross achleved' at either maqh'lne alone. The erroryﬂdt(hSM —
section.  In themy,, < 130GeV mass re- 77) obtained by combining LHC and NLC data will be tabu-

gion, the cross section is best computed using tfged later in Table X. _ o _
(WWhsw)? coupling-squared determination from Although one of the big motivations for measuring
BR(hsm — 77) at the NLC is its crucial role in determining

the NLC which, as noted earlier, has an error of o Z ot : ot :
der-6Y% for this mass region. Including systematics. re (t0 be outlined later), wherea§?’, can be directly mea-

the error ino(pp — Whsy) is then likely to be of sured at the FMC by scanning (see next subsection), a measure-

order+10%. Combining with the~ +15% error for ment of BR(hsm — v7y) would ultimately also be of interest
o(pp — Whem)BR(hsy — ) yields an error of &t the FMC, especially if there is no NL¥.The possibility of

~ £18% in the determination 0B R(hsy — v7) in measuring the branching ratio using FMC data/at= my,,,
themy,,, = 80 — 130 GeV region was examined [31]; for a SM-like Higgs bosad$), B turns out
SM "

to be much too small for this to succeed. Thus, at the FMC,
To the extent that determinations from these two ways$R(hgy — ) would have to be determined following the
of getting atBR(hsm — 7y) are statistically indepen- same nors-channel procedures as for the NLC.
dent, they can be combined to yield statistical accuracy

of 5 +16% in the ms,, < 130GeVrange. Arough G, Determining® andhgy partial widths
guess based on simulations performed at lower masses sM

is that atmp,,, = 140GeV this error would deterio- The most fundamental properties of the Higgs boson are its
Mgy, > 150 GeV. mass determination will be left till the next subsection. The to-

tal Higgs width, while certainly important in its own right, be-

e The second technique is that explored in Ref. [28], usiRgmes doubly so since it is required in order to compute many
theoc BR(hsm — «y7y) measurements at the NLC discusseghportant partial widths. The partial widths, being directly pro-
earlier. These lead to two possible techniques for gettipgrtional to the underlying couplings, provide the most direct
BR(hsm — 7). means of verifying that the observed Higgs boson is or is not the

hsm. Branching ratios, being the ratio of a partial width to the

— Measures(ete™ — Zhgm)BR(hsy — and
( sm) BR(hsm ") total width can not be unambiguously interpreted. In contrast, a

computeBR(hgy — v7y) as
[U(ZhSM)BR(hSM N ,y,y)] 191n particular, since ayy collider is not possible at the FMC [3], if there

; (4) is no NLC then the very interesting partial widii{hgn — ) can only be
o(Zhsm) obtained in the for®';>" BR(hsm — 7).




squared which, in turn, is directly determined in the SM or argase is ifmy,, ~ mz, implying a largeZ background tdign
extension thereof without reference to mass scales for pogsisduction in thes-channel. The accuracy of tlﬁéfstM determi-
bly unexpectedd.g. SUSY) decays. Any deviations of partialnation scales as/v/L.

widths from SM predictions can be directly compared to predic-

tions of alternative models such as the MSSM, the NMSSM, or

the general 2HDM. The more accurately the total width and the ~4Vs =2x0z, Three—Point Determination of I'y |
various branching ratios can be measured, the greater the selfsi-

tivity to such deviations and the greater our ability to recognize _ 104 — | | (d,R(%‘)): | —
and constrain the alternative model. & 3 b (0.0,0.04) 5
Formy,g,, < 2mw, [} is too small to be reconstructed in e
the final state; indirect determination Bf?, is necessary. We g 10% 2 ' . (0.00.02) =
note that then,,,, < 2my mass range is that which would be 3 1ol B (0.3’0.‘0’1‘) ’’’’ -
relevant for the SM-like Higgs boson of the MSSM. For Iargei 100 P \20\.6650«15—~ E
My direct final state reconstruction Bf* = starts to become 7 ’
possible; the mass above which reasonable errérgn is ob- 2 107! 60" - *8‘0 e ‘1(‘)0* - ‘12‘0* s *140* :
tained depends upon detector and machine characteristics. The
possibilities are reviewed below. m,  (GeV)

1. Determiningl’};>*

There are only two basic possibilities for determinihﬁtM
inthemyg,, < 2mw Mass range in whicﬁ}fStM is too small to
be reconstructed in the final state.

Figure 8: Luminosity required for A" /Tt =1/3 mea-
_ SM SM
surement in théb final state using the 3-point technique de-

scribed in [3]. Results for resolutions &f = 0.01%, 0.02% and

e The first is to employ FMCutp~ collisions aty/s ~ 0.04% are shown ford = 0, whered = |\/so — mpngy|/0 /5.
Mg, and directly measurgj®" by scanning. In this case,Here, \/so is the location of the central energy setting in the
the FMC determination of°® can be used to compute3-point scan and  is the resolution in/s for a given value
the partial width for any channel with a branching rati®f R. The result ford = 0.3 and R = 0.01% illustrates how
measured at the NLC: insensitive the total luminosity required is to the accuracy of the

central setting.
L(hsm — X) =Tt BR(hgy — X) . (6)

hsm
. . ) We assume that since the mass of the Higgs boson will be
o Ifthereis no muon collider, thel?, must be determined re|atively precisely known from the LHC (see next subsec-
indirectly using a multiple step process; the best procegsn) the FMC would be designed to have optimal luminosity
depends upon the Higgs masB;®" is ultimately com- 5 V3 ~ Mg, SO that accumulation of = 200 fb~! for

puted as: scanning the Higgs peak would be possible. It is important to
tot M , (7) note that in the 3-point scan procedure of Ref. [3] most (5/6)
M BR(hsm — X) of the luminosity is devoted to the wings of the Higgs peak;

where X = vy (WW*) gives the best error fan,,,, < only 1/6 of the totall is accumulated ay/s = my,,, (exactly).
130 GeV (2 140 GeV). In this CaSGFZ"StM can be used to Very roughly the total number of Higgs events from the wing
compute partial widths via Eq. (6) only for channels othéneasurements is equivalentto 0.3L on the peak, but/B

than those used in the determinatio StM viaEq. (7). is smaller on the wings. Overall, if luminosity is devoted to
the scan procedure, the errors that can be achieved for rate mea-
In what follows we outline the errors anticipated in the U|timat§1rements in Specific channels are rough|y equiva|ent to what
determination of';>" in themy,, < 2mw mass region, and would be achieved i0.25L was devoted ta/s = my.,, run-
then discuss implications for the errors in partial widths, boHing. Since it is not useful to sacrifice accuracy in ﬂﬁ@stM
with and without combining NLC and FMC data. We also disneasurement in order to devote more luminosity to the peak, in
cuss the determination &% by final state mass peak reconTaple IX we quoted measurement errors for specific channels
struction in the mass rangeyg,, = 2mw. obtained forL, = 50 fb~* aty/s = my,,. These same channel
errors will be used in subsequent calculations.
Fig. 8 implies that integrated luminosity df = 200 fb™*

FMC-scan determination af;, would yield a+2.6%, +32%, +3.6%, +6.5% determination of
Lot atmpg, = 80GeV, mz, 120 GeV, 150 GeV, respec-

resolution and energy setting capable of measufitjgd by Inthem;g,, ~ mz worst case, the-channel FMC accuracy
scanning [3]. The amount of integrated luminosity required fevill turn out to be worse than can be attained at the NLC. How-
a+33% determination oF';LO;M using a 3-point scan with 0.01%ever, for most masses, tlechannel FMC accuracy would be



to preciéion tests of the Higgs sector.

Indirect determination of j>*

If there is nou* p~ collider, thenI'j>* must be determined

indirectly. The best procedure for doing so depends upon th];& 30%:
Higgs mass. lingg, < 130 GeV, then one must make use of ~3

~~ Higgs decays. lin,.,, = 140 GeV, WW™* Higgs decays

will be most useful. In both cases, we ultimately employ Eq. (7

to obtainl'j>* .
Since thel'(hsp — y7y) partial width plays a crucial role in

themp,, < 130 GeV procedure, it is convenient to discuss it

first. The study ofyy — hsy — bb at the NLC is performed
by tuning the beam energy so that the luminosity peak at

~ 0.84/s coincides withm,, [34, 35]. The statistical accuracy

that could be achieved fat(hsy — vy) BR(hsy — bb) was

20%
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estimated in Ref. [35]. Systematic errors have now been eval-

uated and the effects of gluon radiation afd backgrounds
have been included [36]. Suppressing the dangetauback-

grounds reduces the signal by only a factor of two. The nigigure 9: Accuracy (including systematic as well as statistical
error onL(hsy — 77)BR(hsy — bb) for L = 50 b=t is  errors) with whichl'(hsy — vy) BR(hsm — bb ortWW, ZZ)
illustrated in Fig. 9. For. = 200 fb~*, the error would be ¢an be measured at the NI collider with integrated lumi-
only half as large as shown, but since the luminosity employ&@sity of L = 50 fb™* [36].

in this measurement would be lost to normal running to get the

branching ratiogtc, we consider only the, = 50 b~ er-
rors. Thus, the error in theu,g,, < 120 GeV mass region will
be in the 8%-10% range, rising to 15% by,,,, = 140 GeV
and peaking at 30% ati,.,, = 150GeV, as illustrated in
Fig. 9. To get the accuracy in ti&hgy — ) partial width
itself, we recall thatBR(hsy — bb) is measured with accu-
racy of £5% — +£6% for mpg,, < 140 GeV, rising to £9%
at mpg,, ~ 150GeV. The result isT'(hsm — ~77) error
of order+12% for myg,, < 120GeV, rising to~ +17% at
Mgy ~ 140 GeV and~ £31% atmy,,, ~ 150 GeV.

We now give the procedures for determining’ .

o Formyg,, < 130GeV (i.e.in the MSSMm,0 range), the
only known procedure for determinirigy>* is that out-
lined in Ref. [1]. NLC data is required.

— As described above, measur& (hgm —
vy)BR(hsmt  —  bb) and then compute
I'(hsm — ~v7v) by dividing by the value of

- ComputeF';L‘i’;M = F(hSM — ’)/’)/)/BR(hSM — 77),
using the BR(hsm — +y) determination(s) de-
scribed earlier.

o Formyg,, = 130 GeV, a second possible procedure based
onhsy — WW* decays emerges. Us®)/ W hgy)? to

computel'(hsy — WW*) and then comput&*t®

hsm

F(hSM — WW*)/BR(hSM — WW*). 20 The re-
quired errors were obtained in earlier sections and are tab-
ulated in Table X. We find an error fdrj = of about
+17% at mpg,, = 130GeV, falling to +10% — +11%

for mpg,, in the150 — 170 GeV range. This latter is cer-
tainly much better than the: +£46% achieved in theyy
channel ainy,,, ~ 150 GeV using NLC~~ collider data
and the (NLC+LHC) determination @B R(hsym — 77)-
Formpg, ~ 130GeV, the+17% achieved in the present
WW* technique is still superior to th&20% for the vy
technique. Combining the determinations made via the
two techniques atn,,,, = 130 GeV, we would get an

tot
error onI';>

of order+13%. For mpg,, < 120GeV,

the vy technique determination dfj* is substantially
superior to what can be achieved via #WdV* technique,
primarily becauseBR(hgy — WW™) is very poorly de-
termined.

In Table X, we tabulate the errors f@i;>° ~obtained by us-

The accuracies of the various measurements involved 18 Poth theyy and theW W™ techniques, and including the

a crucial issue. The results obtained in earlier sections 4p-C+LHC) determination of3 R(hsm — v7) in the former.
As apparent from Tables XI and X, fon,.,, < 130GeV

pear in Table X. Using the determination BR(hgy —

~vv) based on combining NLC and LHC data, we find af@Nd sy 7 mz) the FMC-scan determination >
very much superior to the NLC determination. The superiority

is still significant atmyg,, = 140 GeV while errors are simi-
lar atmypg,, = 150GeV. At mpg,, = 150 GeV, combining

erroronly® of ~ £18 —19% for myg,, = 80—120 GeV
and ~ +20% for mpg,, = 130GeV. At mpg,, =
140, 150 GeV, errors onBR(hgym — 7y) andI'(hsmy —
vv) increase and th&}>* —error would be~ +25%, ~
+46%, respectively.

dl_ftOt

hsm 1S

200f course, keeping only th&/1W* mode, this latter procedure can be

viewed as a computation dif;fstM o« o(vhgm)/[BR(hsy — WIW)]2.



accuracy foﬁ“zostM, yielding a combined error of +5.4% (vs. atic error of10% for I'gis assumed.

+6.5% for the FMC-scan alone). This would be beneficial for _ _
computing partial widths (other than that for tHéW* chan- 4. We assume the same ‘standard’ NLC tracking as in the 3rd

nel used in the NLC determination 8£t at this mass). For case, but adopta CMS [10] type electromagnetic calorime-
Mhsy 2 160 GeV, FMC s-channel detection of thegy be- ter, specified BYAE/E = 0.02//E(GeV) & 0.005 &
comes difficult, and only the NLC allows a reasonable determi- 0.2/ E(GeV). The electron resolution improves still fur-
nation ofFZOS';M. ther and the™e~ channel yields much smaller resolution

and errors than tha™p~ channel. Systematic error of
10% for I'g is assumed.
Final-state mass peak determinatiorﬂ’;gtM: NLC

5. The resolutiol'y for the Higgs mass peak in tté and
W+W ~ final states (we weight according to branching ra-
tio) has been studied systematically as a functiomgf,, .
The result for the NLC detector specified in Ref. [24] can
be parameterized d% = 4.86 — 0.019my,, + 0.964
107*m3_ —0.103-10~%mj_ . Typically 'y is of order

4 GeV, as illustrated in Fig. 6. Systematic errori®% for
I'r is assumed.

Of course, onceny,, 2 2mw, It is large enough that
measurement directly from the shape of the mass peak becomes
conceivable. The precise sensitivity depends upon detector
characteristics and other details. We [26] will illustrate results
for Zhgnm production in five cases. In the first four cases, we
demandthaZ — ete~, ut = and reconstruct the Higgs peak
via the recoil mass. The momenta of the muons are measured

by the tracking component of the detector. The momenta of t8ensitivity to Higgs widths becomes possible wiitt is not
electrons are measured by both the tracker and the electromgg-much smaller thaix; some benchmarks are (see Fig. 1)
netic calorimeter — since these are not statistically independgiﬁt ~ 17MeV, 32 MeV, 400 MeV, 1 GeV, 4 GeV, 10 GeV
of one another, we use the measurement having the smallelf@[rs%hm ~ 150,155,170, 190, 245, 300 GeV, respectively.
ror. Theee™ andu™ ™ final states are treated separately, anglesults for recoil masEg’s are potentially sensitive to beam-
at the end their errors are Statistica"y combined. Four d|ff%'trah|ung, bremsstrah'ung and beam energy Smearing_ We shall
ent combinations of tracking and calorimetry are considered.d8sume that these effects are small. The JLC studies of Ref. [32]
the fifth case, we allow thé& to decay to eithee™e™, u" 11~ show that they are clearly so if one has small 0.4% full width
or gq, and reconstruct the Higgs resonance peak usingtbe  heam energy spread and runs/&t ~ mz + mpg,, + 20 GeV.
W+W ~ Higgs decay products. The five cases are specified inp order to compute the error in tﬂé%tM measurement given
detail as follows: a value for the event-by-event resolutibg, one proceeds as
1. We assume super-JLC tracking [29], implyidg/p — follqws. The ponvglution of the 'Higgs gaussjan gnd the res-
5 x 10-5p(GeV) @ 0.001, and slightly better than olution gaussian yields a gaussian of effective wifithy =
‘standard’ NLC detector [24] calorimetry oAE/E = 4/[Tha,J® + [[r]?. Assuming small background, the statisti-
0.12/y/E(GeV) @ 0.005. In this case, the best eleccal accuracy with whicH.s can be measured ATt =
tron momentum measurement is almost always from tmgﬁ/\/ﬁ whereN is the number of events in the Higgs mass
tracking, so that the natural event-by-eventresolutiaf) ( peak. The systematic error Ing coming from the systematic
in theete™ andp™p~ channels is the same. One findgincertaintyATY® in T is AT} = AT T'r /Ter. Adding in
thatI'g can be as small a8.3 GeV or so wheny/s = quadrature, we have a totAll.q = +/[ATSE2 1 [ATR 2.

mz + Mgy + ~ 20 GeV and thee’s/u’s are not terribly  the relationship between this and A&t error inTet is:
energetic but thal'r deteriorates considerably if the ma-ptot _ [Cer /Tt JAT . (For very smallltet | this error
sm’

hsm hsm

chine is run a/s = 500 GeV because of the much largefyecomes ll-defined and it [t ]2 that is more appropriately
energies of the leptons, implying larger tracking errors. Wg,,died: however, for masses such thigt  is, indeed, resolv-
aJsrsEme a s+ysEemat|c error in oour knowledg&'gfin the  gpje. the result obtained by the above procedure is valid.)

e"e” andu™p~ channels of 10%. The implications of the event-by-event mass resolutions in

2. The assumptions for this case are exactly the same asti§y five cases will now be described [26]. We assume inte-
= 200 fb™" at the energies/s =

the first case, except that we allow for a much larger sydrated luminosity ofL
tematic error of 50%, as could be relevant whigpis so 2 T Mhsy + 20 GeV andy/s = 500 GeV. An overall detec-
small. tion and acceptance efficiency of 60% is employBdz(Z —

ete”) = BR(Z — ptu~) = 0.0336 is employed in cases 1-4

3. We assume the ‘standard’ NLC detector tracking [24], inrand BR(Z — ete™ + utu™ + ¢gq) = 0.7672 is employed in

plying Ap/p = 5 x 10~*p(GeV) & 0.0015//p(GeV), case 5. The resulting percentage errorsjjfi as a function of

and electromagnetic calorimetry unchanged\d/E = Higgs mass are plotted in Fig. 10.

0.12//E(GeV) & 0.005. In this case, the best electron We see from the figure that a reasonable accuracy.@f

momentum measurement is always from the calorimetey20% for T} is achieved in cases 1,2,3,4,5 @f,g,, ~

especially whenn,,,, is small and one runs at the highei 63,165, 187,170,235 GeV assuming,/s = mz + mpg,, +

Vs = 500GeV. Thus, the natural resolutidfir in the 20 GeV and atmy,,, ~ 178,189, 218,192, 235 GeV assuming



which FZOS';M becomes of orddr'g, as one might naively antic- the 180 — 190 GeV range: combined error would be of or-
ipate. We see immediately the importance of optimizing luméler £10%, +6%, +4.6% at mpg,, = 180,190,200 GeV, re-
nosity fory/s = mz + mug,, + 20 GeV and also having either spectively. Below this mass range, the indirect determination
excellent tracking or excellent calorimetry if the Higgs mass much the better, while above this mass range the direct de-
happens to be in the: 160 GeV to ~ 190 GeV range. For termination has by far the smaller error. The mass range of
Mhgy = 190 — 220 GeV, running aty/s = 500 GeV would al- the cross over would move to lower masses for running at
low a 20% measurement &1 if we have excellent tracking /s = mz + mag, + 20 GeV. In either case, we would obtain

or excellent calorimetry. However, if we only have the ‘stara very important improvement over indirect determination er-
dard’ tracking and calorimetry of case 3, then a 20% measurers in a mass region wheféfstM cannot be precisely measured
ment in them,,,,, = 190 — 220 GeV range would require op- via s-channel scanning at the FMC. The above should be con-
timizing luminosity at the lowex/s = mz + mpq,, + 20 GeV trasted with the situation for the 'standard’ tracking/calorimetry
energy. The case 5 results show that the increased statistics fofroase 3, where we are left with ma,,g,, region in which
being able to includegg as well as=Te~, u™ .~ decays oftheZ neither direct nor indirect errors are good, the direct measure-
when using the Higgs decay final state to reconstruct the massnt errors only becoming competitive with indirect errors for
peak becomes important fot,,, 2 270 GeV. Mpgy = 250 GeV.

Vs =my+m, +20  Vs=500 GeV

08 B Final-state mass peak determinatiorf¢ﬁstM: LHC
i
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Measurement of it in the gg — hsy — 22 — 4¢
mode at the LHC will also be possible. For our estimates we
have taken @/ resolution of'g = 1.25%my,,,, Which approx-
imates the ATLAS resolutions quoted in Table 29 of Ref. [12]
in the my,, < 180GeV mass region. Thé, = 100 fb*
event rates from Table 291,,,, < 180GeV) and Table 38
(mhsy, > 200 GeV) appearing in Ref. [12] have been rescaled
to L = 600 fb~! (assuming CMS and ATLAS will have similar
resolution) and a systematic error6i0% for I'y is incorpo-
rated in quadrature. The background rate given in Tables 29

100 ol ol L and (especially) 38 is always small compared to the signal rate
200 300 400 200 300 400 and can be neglected in computing the erroFjff . Follow-
ing the same error estimation procedures as outlined in the NLC
my (GeV) subsection, we arrive at the results plotted as the long dashes in
SM the first window of Fig. 10. The expected error ff>. has
a similar mass dependence to that obtained via hadronic final
state reconstruction at the NLC, but is uniformly smaller for the
Figure 10: Accuracy (including systematic as well as stati':%‘-ssumeOI integrated |uminosity. The excgllehmags resolu-
tical errors) with whichI'}>® =~ can bedirectly measured for tion expected for ATLAS and CMS is crucial _forthls favor ab!e
V5 = My + mpey +20CGeV and,/s = 500 GeV with lu- result. If both LHC and NLC results are available, then it will
minosity times efficiency of. — 120 b~ using theZhsy be useful to combine results to improve the error. Even so, er-

tot i 1 _
production mode at the NLC [26]. Results are given for the fil@" for L, below 20% using reconstruction of thesw res

cases described in the text: 1=solid; 2=regular dashes; 3=g8f@nce peak in decay final states only becomes possible once

4=dot dashes; 5=short dashes. Bremsstrahlung, beamstrahlliHt R 210 GeV.

and beam energy smearing are assumed unimportant compared o )

to the contributions of tracking and calorimetry Fg. Also 2. Partial widths usind";>"

shown in the first window (very long dashes) are estimated erin this section, we focus on results obtained using NLC data,

rors for['j% using theZZ(*) — 4¢ mode withL = 600 fb~"  FMC data, or a combination thereof. (It is important to recall

for ATLAS+CMS at the LHC. our convention that the notation NLC meags = 500 GeV
running ine*e™ or ut .~ collisions, while FMC refers explic-

If the errors for the direct measurementlfi;f;M are com- itly to s-channel Higgs production ip*u~ collisions.) Due
pared with those for the indirect determination assumjfsg= to lack of time, LHC data has generally not been incorporated.
500 GeV, we see that super-JLC tracking resolution of casesThe only exception is that the error @R (hgy — v7) is es-
or 2 would make the direct measurement errors competitive wittnated after including the (NLC+LHC) determination. This is
those from the indirect determination fet,.,, = 180 GeV. particularly crucial in obtaining a reasonable error for the indi-
The total error onl';>* would be significantly improved by rect determination of ;% whenmy,,, < 130 GeV.

tot

7% Error in [y
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(WWhsm)? and (yyhsy)? couplings-squared are possible in
/5 = 500 GeV NLC running without employing™;>* . How-
ever, determination dbbhgy )? is only possible by determining
Iyt and then employing Eq. (6). This procedure can also be
used for(cehgy)?, but it turns out that it is statistically bet-
ter to compute(cehsy)? using (bbhsy)? and the experimen-
tal determination of their ratio (described earlier). Finally, by
using the FMC-scan determination B2 and Eq. (6), we
can obtain determinations OFV W hgn)? and (yyhsm)? from
BR(hsmy — WW*) and BR(hsm — 77y) (@s measured in
v/s = 500 GeV running), respectively, which are independent
of the NLC determinations of these same quantities made di-

rectly without use of™{°* .
SM



mined at the FMC sinceWW*’hSI\/[)'2 is used in the NLC

H H H tot
Given a determination of ;°’ , we can employ Eqg. (6) and indirect determination OF'iLOStM-

M p—
the determination oBR(hsm — bb) (which has reasonable
accuracy formyg,, < 150GeV) to determinel'(hsm —  The resulting (very small) errors fép ™1~ hsn)? obtained by
bb) (equivalent to determining thébbhgsy)® squared cou- combining determinations from all four techniques are labelled
pling). The expecte@bhsn)? errors using the indiredt;® - (11~ hswm)?|nLo+rvc and tabulated in Table XIl.
determination errors are listed in Table X. They are not es- (WWhsw)? and(yyhsy)?: NLC+FMC data
pecially good, primarily because of the Iargé;’stM errors. -
The (cchsy)? coupling-squared can be computed either from !N Table X we summarized the errors for the W hsw)
(bbhsnt)? and the(cehsy )2/ (bbhsy)? measurement or from coupllng squared coming from dgtermlmng thehgy cross
BR(hsy — ce) and Eq. (6). Either way, the errors are ultiS€ction fromy/s = 500 GeV running at the NLC. We [3;7]
mately dominated by those fd-m)stM_ Thus, using NLC data €an obtain a second independent determinatiqiol gy )

only, the(czhsy)? errors will be essentially the same as thod®y t8King BR(hsm — WW?) (as determined irZhsy and
for (bbhsr)?. eTe " hsm production at the NLC) and multiplying biftot

h
The (bbhsy)? errors are greatly improved fomy, ~ as determined by-channel scanning at the FMC — theSKlLC
SM ~

140 GeV by using the FMC-scan determinationigff* in con- F';LrstM dettermination emplgys thWtMg* brancj:hing ra:iofin thte st
junction with the/s — 500 GeV., I — 200 fb—! BR(hgy —» EIVaNt Mass region and cannot be used as part of a statisti-

bb) errors [37]. Combining the FMC-scan determination 0Cfally independent determination. These errors are summarized
Piotwith the indirect NLC determination fiet to minimize ' 120€ XII using the notatiofV' W hsw)* ewic. If we com-
SM SM

tot . _ bine the two different determinations, then we get the errors
the FhSM_ error and then computing(hsy — bb) yields the denoted(W W hsw)?|xLesrumc. (Results are not quoted for
errors(bbhsm )?|NLotruvc tabulated in Table XIl. The corre- Mhgy < 130 GeV, forwhich BR(hgy — WW*) is too poorly
sponding(cchsy)? errors as computed frofbbhsy)® and the  measured for this procedure to yield any improvement over the
(cehsn)?/(bbhsw)? ratio using the errors for the latter tabuerrors of Table X.)
lated in Table X are also listed. These are slightly superior toa|gg given in Table X were the errors f@yhgy)? com-
those obtained ifcchsw)? is computed via Eq. (6) using theing from combining NLCy~ collider data withbb and Wi+
combined NLC+FMQA2"  determination. branching ratios as measured at the NLC. In close analogy to the

(ut = hsm)?: NLC+FMC data WW™* procedure given above, we [37] can obtain a second inde-

CI 5 .
The very small errors for the FMG-channel measuremen@endemde.termmat'on ®hyhsw)* by taking BR(hsm — W)

of o(utp~ — hen)BR(hsm — bb, WW*, W Z*) [3] are (as determined using L'HC am@hgy NLC data)' and multiply-

summarized in Table %! As noted in the associated discus'"9 by F;LostM a}idetermln'ed py-channel scanning at the FMC

sion, a measurement of(u* = — hsa)BR(hsy — X) — the NLCT}?  determination employs they branching ra-

is readily converted to an equally accurate determination g in the relevant mass region and cannot be used as part of a

C(hen — utu)BR(hen — X). Given these measuremems?tatistica}lIyin.dependent deFermination. _The resulting errors are
(hsu = ) BR(hsu ) mmarized in Table XII using the notati¢fyhsy)?[Fmc. If

there are four independent ways of combining NLC data with! . . N
the s-channel FMC data to determiiéhsy — 1t i~ ) [37]. we combine the two different determinations, then we get the

errors denotedyyhsn)?|NLo L FMC-

2

1) compute I'(hgy — ptp™) = [Clhsn — One last point concerning'(hsmy — 7y) is worth not-
pwt " )BR(hsy — bb)]pavic/BR(hsy — bb)nLc; ing. At the FMC, ayy collider is not possible [3], Only the
(yyhsm)%yc determination of this potentially very revealing
2) compute I'(hsmy — wutp~) = [[(hsm — coupling would be available.
N+M7)BR(hSM — WW*)]FMc/BR(hSM —
WW*)NLc; 3. Summary Tables
+ — . We presentin Tables X, XI, and XII a final summary of the er-
3 :fr_p)lg;zl(:;M _>_> ZM Z%]F)MCF_;LO;M /[Il:((l]zlssi\f rors that can be achieved for fundameigl; properties (other

Z7*)nrc, where the combined direct FMC plus inthan the mass) in three different situations:

direct NLC determgination qﬂ“}f’;M can be used since o 1 _ 900 f,~! devoted to/s = 500 GeV running at the

the NLC (ZZ*hs\)? determination was not used in the N ¢ supplemented witih = 50 fb~" of 44 collider data

o L ot

indirect NLC determination aF; . ; aty/s ~ mp,, /0.8 and the (LHC+NLC) determination of

4) compute D'(hsyy —  ptp~) = [[lhsm — BR(hsm — 77);

ptpT)BR(hsm  —  WWHIRE Temc/T(hsm — o Atotal L = 200 fb~! of luminosity devoted to scanning

- ) the Higgs peak to determirg}’’ — as explained ear-
Recall that the FMGs-channel errors quoted are fdr = 50 fb™", the lier, specific channel rate errors are equivalent to those that
amount of luminosity exactly on the¢/s = my,g,, Higgs peak that is roughly

. . _1 .
equivalent to the on-peak and off-peak luminosity accumulated in performing Would be obtained by devotinf = 50 fb™ " to the Higgs
the scan determination 2" . peak at/s = mpg,,;




avlie A. Sulllifiary Ol approaAlmiate €r1ors 101 DraliChing raabic Al. Sulllitialy Ol approxlitiate errols 101 COupiing-sguarceud
tios, coupling-squared ratios, and couplings-squared as detatios and“}[’;M in the case of-channel Higgs production at the
mined usingl = 200 fb~' of data accumulated iR/s = FMC, assuming. = 200 fb~" total scan luminosity (which for
500 GeV running at the NLC. ForBR(hsm — 77), but rate measurements in specific channels is roughly equivalent to
not (yyhsm)?/(bbhsm)?, we have combined the NLG/s = [ = 50 fb~* at the /s = my.,, peak). Beam resolution of
500 GeV results with results obtained using LHC data; the ngt — 0.01% is assumed. A- indicates large error and &
accuracy so obtained faBR(hsm — 77) is also reflected indicates either that a reliable simulation or estimate is not yet
in the errors quoted for the determinationIof’ ~following available or that the indicated number is a very rough estimate.
the indirect procedure. The errors Bthsy — 77y) quoted

are for L = 50 fb~! accumulated inyy collider running at | Quantity [ Errors |
Vs ~ mpg, /0.8, and are those employed in the indir&gf" My, (GeV) 80 mz 100 110
determination. A- indicates large error and’andicates either | (WW*hgy)?/(bbhgn)? — — +3.5% | +£1.6%
that a reliable simulation or estimate is not yet available or that (ZZ*hsu)?/(bbhsm)? - - - +34%
the indicated number is a very rough estimate. (ZZ7hsm)? [(WW*hsm)* - - - £34%
‘ ot £2.6% | £32% | £8.3% | £4.2%
| Quantity | Errors | Mney (GEV) 20 | 130 | 140 | 150
My, (GeV) 80 [ 100 | 110 | 120 (WW*hsm)?/(bbhsa)? | £1% | £0.7% | £0.7% | +1%
(cchsm)?/ (bbhsw)® ~£7% (ZZ*hsp)?/ (bbhsy )2 +6% | +3% | +2% | +2%
(WWhsm)?/(bbhsm)? - — — +23% (ZZ"hsm)? ] WW*hgy)2 | £6% | 3% | +2% | +2%
(vyhsm)?/(bbhgm )2 +42% | £27% | +£24% | +22% rtot +3.6% | £3.6% | £4.1% | £6.5%
(ZZhsm)? I3% — +4% -
BR(hgy — bb) +5%
BR(hgy — co) ~ +9%
BR(hsy — WW¥) — . :
WWhsm)Z 5% Table XII: Summary of approximate errors for branching ra-
(ZZhsm)? ] (WWhgp)? +6% — +7% tios, coupling-squared ratios and couplings-squared obtained by
BR(hsu ~ 77) +£15% | +14% [ £13% | £13% | combining the results of Tables X and XI. See text for further
Fzg?h:’zif]“gi)rect) 1% ﬂg;)imf’lg% 8% discussiqn. A—_ indicgtes Iargg error_and ‘hindicatfes either
S that a reliable simulation or estimate is not yet available or that
(bbhsn) £20% | £19% | £18% | +18% he indicated number is a very rough estimate
my,. (GeV) 130 140 [ 150 | 170 the in yroug '
(cchgn)?/ (bbhgn)? +7% ? | Quantity [ Errors |
(WWhsm)? /(bbhsn)? +16% +8% +7% | +16% my, (GeV) 80 100 110 120
(yvhsm)?/ (bbhsw)? +23% | £26% | +35% - (bbhsnt)2|NLCLFMC +6% | 9% | +£7% | +6%
(ZZhSM)2 :|:4% (CEI‘LSM)Z NLC+FMC :l:g% :l:ll% :I:lO% :l:g%
BR(hgn — bb) +6% | £9% | ~20%? (wTu hsm)ZNLosrvc | 5% | £6% | £4% | +4%
BR(hgy — ct) ~ £9% 7 (vvhsm)?lFmc +15% | £16% | £14% | £13%
BR(hsy — WW¥) +16% | +8% | +6% +5% (Y7vhsm)2INLCLFMC 9% | £10% | £9% | +£9%
(WWhsn)? £5% | 5% | 8% | +10% Moy, (GEV) 130 | 140 | 150 | 170
(ZZhSM)z/(WWhSM)Z +7% +7% +9% +11% (bEhSM)Q NLC+FMC +7% +7% +10% +23%
BR(hsm — v7Y) +13% +18%7 | £35% - (cchsm )2 INLOLFMC +10% ?
tgph_SM_)2 +15% | £17% | £31% - (uF i hsy)ZInLorrme | £3% | £3% | £4% | £10%
Fh M (|nd|rect) +13% +9% +10% +11% (WW*hSM)z|FMC +16% +9% +9% _
(bthM)2 +14% +11% +13% +23% (WW*hSM)z|NLC+FMC +5% +4% +6% +10%
my,. . (GeV) 180 | 190 200 300 (yvhsm)?[rmc £14% | +18% | £36% -
(ZZhsm)? +4% — £5% +6% +9% (vvhsm)?INLCFMC +10% | +13% | +23% -
(WWhsm)? +11% | +12% | +£13% | +24%
(ZZhsm)2/WWhsm)? | £12% | £13% | £14% | +25%
BR(hsy — WW) +6% 7% | £8% | £14%?
2
F;lg{:}é%)rect) iggﬁ iigz EEZZ i;ggﬁ sults for FMC s-channel errors assume very excelléritl%

beam energy resolution and the ability to measure the beam en-
ergy with precision on the order of 1 partin®. Due to lack of
time, except for the determination 8fR(hsm — yy) and im-

e combining the above two sets of data. plications forF';LO;M, we have not explored the undoubted bene-
fits that would result from combining NLC/FMC data with LHC

The results we have obtained depend strongly on detector fiata. Such a study is in progress.

rameters and analysis techniques and in some cases (tho€H course, it should not be forgotten that the = 500 GeV
marked by a ?) were obtained by extrapolation rather than fdita could also be obtained by running an FMC with a final
simulation. Nonetheless, these results should serve as an ilhlirsg optimized for this energy. (Confirmation that the FMC
tration of what might ultimately be achievable on the basis ofn achieve the same precisions as the NLC when ryfsat
NLC /s = 500 GeV running and/or FMG-channel data. Re- 500 GeV must await a full machine and detector design; it could



nificantly from those employed in thg’s = 500 GeV studies may employ theZ — ¢+¢~ decay products and reconstruct the
reported here.) However, it should be apparent from compariggoil mass peak or we may directly reconstruct the Higgs mass
Tables X, Xl and XIlI that if there is a SM-like Higgs boson irfrom its decay products, as outlined in the discussion associated
thempg,, < 2mw mMass region (as expected in supersymmetith determiningF}fStM. The accuracy of the Higgs boson mass
ric models) then it is very advantageous to héve: 200 fb~*  determination will depend upon the technique/channel, the de-
of data from both,/s = 500 GeV running and from an FMC tector performance and the signal and background statistics.
s-channel scan of the Higgs resonance. Thus, the importancé the background under the peak is small, then the accu-
of obtaining a full complement of Higgs boson data on a retacy of the mass measurement is given/yy, ~ I'r/V'S,
sonable time scale argues for having either an NLC plus a FM®erel'r is the natural (Gaussian) mass resolution of the re-
or two FMC’s. A single FMC with two final rings — one opti- construction and' is the total number of events in the mass
mized for\/s = my,,, and one for,/s = 500 GeV — would peak? The background at the NLC is generally sufficiently
suffice, but take twice as long (8 yearslat,, = 50 fb~') to small that this is a good approximation. At the LHC, the
accumulate the necessary data. background level is small (after cuts) in thé final state of
hsm — ZZ®™) decay. But, in the inclusive productiany fi-

H. Measuringn,,, at TeV33, LHC and NLC nal state mode the background is much larger than the signal
and in the associated hgy + tthsy — fv2yX modes the
X ) ; background and signal event rates are approximately equal (af-
region, but give some results for higher masses. Imihg, < (g cuts). If we assume that the background is constant under
2my region, measurement of the Higgs boson mass at the Lij{a Higgs peak, that the signal peak is Gaussian with viigth

and/or NLC will be of great practical importance for the FMC_cmd that we examine the portion of the mass peak lying between

since it will enable a scan of the Higgs resonance peak w;t)ph — nT'g andmy, + nT'g, then one can demonstrate that the

minimal luminosity wasted on locating the center of the peakitistical error inm,, is
Ultimately the accuracy of the Higgs mass measurement will

In our discussion, we will focus on the,,, < 2my mass

impact precision tests of loop corrections, both in the SM and Amstat — IR n’B
in extended models such as the MSSM. For example, in the T =S [C(") + @] ) ©)
minimal supersymmetric standard model, the prediction for the
mass of the light SM-liké:° to one loop is [1]: where c(n) = [1"dza®exp[—2?/2]/ [T dx exp[~a?/2]
and S and B are the total number of signal and background
ml, = 1 [mio +m% — {(mio +m%)? events contained in the above-specified interval. In our TeV33
2 and LHC estimates, we will emplay = 2, for whiche(n) =

s 9 s 1/2 ) 0.774. All signal and background rates from tables given in the
—4m’omiz cos 2/3} } +Amjo,  (8) various TeV33 and LHC studies will be scaled (using Gaussian
shape for the signal peak and assuming a flat background) to the

whereAm?, = 3¢g>m;}In <m%/mf /[87*m3y]. Here,mis above value of.

the top-squark mass and we have simplified by neglecting top- LEP2. TeV33 and LHC
squark mixing and non-degeneracy. From Eq. (8), one cancom- : -

putedmyo /dm 40, dmyo /dtan 8, dmy,o /dmy, anddmyo /dms The first measurement ofi;,, will probably take place at'
for a given choice of input parameters. These derivatives detef-P2. the Tevatron, or the LHC. At LEP2, the accuracy will

mine the sensitivity of these parameters to the erragjn. For P limited by statistics. For example, gfs = 192 GeV and

example, form 40 = 200 GeV, m~ = 260 GeV, tan 3 = 14 with L = 150 pb™ " for each of the four experiments and sum-

175 GeV. for which mhto — 100 GeV. we find that Ming over all channels, the number of signal and background

a+100 MeV measurement afu,0 (a precision that should be 8VeNts will be roughly, B = 250, 100 atmy,g,, = 80 GeV and
easily achieved, as discussed below) would translate into cGn8 = 180,150 atmyg,, = 91GeVinan = 2 interval [38].
straints (for variations of one variable at a time)ano, tan 3, A conservative expectation for the resolution in all channels is
m; andm-of about+37 GeV, +0.7, 670 MeV and-+1 GeV, I'r ~ 3GeV [38]. Using Eq. (9), these event numbers_ lead to
respectively. Sincen, will be known to much better accuracy®2™hsu ~ 250,400 MeV atmy,g,, = 80,91 GeV, respectively.
than this and (for such low_40) the A° would be observed and At the Tevatron, the primary discovery modelighsys with
its mass measured with reasonable accuracy, the determinafigy — 0b- We giveAmyg,, estimates for TeV33. A detailed
of myo would be used as a joint constraint er- and tan 3. study of the accuracy with whict,,, can be detgrmlned at
More generally, squark mixing parameters should be includ&gv33 has not been performed, but we have estimated the er-
in the analysis. The challenge will be to compute higher lodp" from the mass plots and statistics of Ref. [4]. Examin-
corrections tan,o to the+100 MeV level. ing Fig. 1 of Ref. [4] and comparing to the mass bins quoted
Determination ofina,,, will proceed by examining a peaked the Table I caption of Ref. [4] one concludes tia{ ~
mass distribution constructed using the measured momentd &f» 12-5,13.8,16.3 GeV at mpgy = 60,80,100,120 GeV,
particles appearing in the final state. At TeV33 and the LHC22ps aways, our notation is thah X represents the absolute magnitude of
these will be the particles into which the Higgs boson decayise 1o error on the quantityS; that is thelo limits on X areX + AX.

andm; =




ton ~ 1.2. Rescaling thee. = 10 fb~! final S and B val-

ues of Table IV [4] ton = 2 and to an ultimate integrated ATLAS/inclusive 204 MeV
luminosity of L = 60 fb™' (3 years for two detectors) im- ATLAS/associated 270 MeV
plies statistical errors oAm;'®* = 0.61,0.96,1.5,2.7 GeV ATLAS/stat+syst 191 MeV
at mpg,, = 60,80,100,120 GeV, respectively. Allowing for Ampgy, = § CMSfinclusive 65 MeV (10)
systematic effects at the level &m;”*" = 0.01m;,, added CMS/associated 85 MeV
in quadrature, already increases these errord\toj>t = CMS/stat+syst 111 MeV
0.85,1.3,1.8,2.9 GeV, respectively. It is clearly crucial that Total 96 MeV

systematic effects be well controlled. . .
y As one cross check on this computation, we [8] took$hend

B numbers forL, = 300 fb™! atmy,,, = 100GeV, for in-
clusive and associated production separately, from ATLAS and
en generated 100 experiments throw@nd B according
to Gaussian/Poisson statistics. The background subtraction was
then made to get the signal peak, and the rms of the peak posi-
tion for the 100 experiments was computédn;'®* was found
to be 230 MeV for inclusive production and 246 MeV for as-
Ref. [12] arel'y, — 1.07,1.16. 1.25.1.30, 1.34, 1.43, 1.52 Gy Sociated pr.det'o,ﬂ; Corggg‘l'\r}g\tfhfﬁ ‘;:"th a 1OOIMeV system-
atmy,,, = 60,90,100, 110,120,130, 150 GeV, respectively. oo or IVESKMg,, ~ 200 MeV - Al (nese results are very
The J\i[M resolution currently claimed by CMS is of orderS'm”ar to the above—qqoted ATLAS numbers. C.:MS.StatIStICGJ
r :NVS 7% at hiah luminosit errors are smaller by virtue of the better resolution; in fact, the
R (70 s 'gh fUMINOSILy. assumed 0.1% systematic uncertainty dominates the CMS sta-
tistical plus systematic error.
Formpg,, 2 130 GeV, myg,, can also be determined using
the inclusivehsy — ZZ*) — 44 final state. Our inputs from
Ref. [12] are the same as in the discussion of4henode de-

At the LHC, the excellentyy mass resolution planned by
both the ATLAS and CMS detectors implies that the be
mass measurement in the,.,, < 150 GeV range will come
from detection modes in whiclhgyy — ~vv; the produc-
tion modes for which detection in they final state is pos-
sible aregg — hgm inclusive andW hgy, tthsy associ-
ated production. ATLASM.,,, resolutions from Table 21 of

ATLAS inclusive signal and background rates for= 1.4,
L = 100 fb~! appear in Table 21 of [12]. We have rescale
these ton = 2 andL = 300 fb~'. CMS inclusive signal rates

have been estimated fér = 100 fb~* andn = 2 by counting P
; . 1 termination ofl't°t . Formy.,, < 180GeV, we employ the
events in the peaks of Fig. 12.3 of Ref. [10]: the= 100 fb™*, hsm SM = '
P g [10] L = 100 fb~* signal and background rates of Table 29 and

n = 2 estimates aré = 1275, 1700, 1840, 650 at mpg,, = ; ) .
90,110, 130, 150 GeV, respectively. The corresponding backtl€ corresponding value of = 2 (for which ¢(n) = 0.774) in

_ -1
ground rates have been computed usingif¢/B values from Eg. (?)' FdognhSkM = 230 GeV, \:CV?_ ebrrpg?g ththh_ flfOO fb |

Fig. 12.5 of [10] (after appropriate rescalings to account for tnal and bac 9“’“22 rates.o able 38 which efiectively cor-
fact that the plotteds/+/B values are those for ~ 1.2, i.e. res?ogdozm_zold(jfiflfoé WT:Ch c(n) =|0(.162§. Al rdates are 1
for keeping about 75% of the signal peak): ithe- 1.2 values scalec tol, = X ' u'rt €r, We Include in qua rature a
areS/\/E — 6.5,10, 13,8 atmpg, = 90, 110,130, 150 GeV, per.mll systematic un_cgrtamty in the overall mass scale. The re-
respectively. The resulting and B for L = 100 fb~* are mul- sulting error fommpg,, IS in the rangelmyg,, ~ 60 —120 MeV
tiplied by a factor of 3 to gef, — 300 fb~" rates. The com- 1O 140 < mhgy < 400 GeV, except atnyg, ~ 170 GeV

bined W hgw, tthsy event rates in thégy — ~+y final state WhereAthM ~ 270 MeV. FOrmag, > 200GeV, itis pos-
for ATLAS at I — 100 fb—! were taken from Table 11.8 OfS|bIe that smaller error could be obtained for less stringent cuts

o _ (implying larger signal rates, but also larger background) than
\Ijvif' ;gls'urr]s;n ?r:)éie_rfteg igrfroe;goh;g t; io’blir?o(’)fl 723?226\; those employed in Table 38. We have not pursued this possibil-
CMS signal and background rates for the associated prodl%'f . . . -
tion modes were obtained from the = 165 fb™', n = 2 he improvement '.rAthM obtalngd by com.bmmg they
Table 12.3 of Ref. [10]. The associated productiand B a"d4¢ mode determinations ofuy,, is small since only the
rates for both ATLAS and CMS are rescaledrto- 300 fb—t, 7 (4f) mode gives small errors famn,, < 130 GeV (2
The statistical error irm,,,, is then computed from Eq. (9) 140 GeV).
for ATLAS/inclusive ATLAS/associated, CMS/inclusive and
CMS/associated, separately. The net efxet,,,, for each de- NLC
tector is then computed by combining the associated and incluAt the NLC, we [26] consider the same five cases discussed
sive results and then adding in a systematic error (in quadrat@ajlier with regard to directly determiniig? from the Higgs
given byAmi}:& = 0.001m4g,, (the ATLAS estimate). Finally, mass peak in th&hgy production mode. The resulting er-

the net error is computed by combining the ATLAS and CM®rs for my,, are plotted in Fig. 11. (Cases 1 and 2 are in-
net errors. distinguishable, the systematic errorlig not having signif-

icant influence oMmy,,,.) The results forAm,,,, in case
The result is that\my,,, ~ 90 — 110 MeV for mp.,, < 5 (in which the Higgs peak is reconstructed from the; —

~

130 GeV with Amy,g,, ~ 150 MeV for Mhsym = 150 GeY. 23The table caption states that the accepted mass interval includes 90% of the
For example, atnyg,, = 100 GeV, we obtained the following events, which for a Gaussian shape would imply 1.65.
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Figure 11: The errorAmy,,, for measurements ays — Figure 12: The precisiolmyg,, attainable from &0 b

mz + Magy + 20GeV and /s = 500 GeV with luminos- measurement of th?bb cross se_ctlon a.l;/_ =Mz + Mhey +

ity times efficiency ofL, — 120 fb~! using the Zhsy pro- 0.5 GeV as a function ofny,,,, includingb-tagging and cuts.
duction mode at the NLC [26]. Resuits are given for the fijerémsstrahlung, beamstrahlung, and beam energy smearing are

cases described in association with directly measuifig — neglected. A precise measurement of the cross section well
see Fig. 10; 1=2=solid; 3=dots: 4=dot dashes: 5=short dastfRoVe threshold is presumed available. Results from Ref. [39].
Bremsstrahlung, beamstrahlung, and beam energy smearing are

assumed unimportant compared to the contributions of tracking
and calorimetry td'g. cluding the effects of bremsstrahlung, beamstrahlung and beam

energy smearing, is given in Fig. 12 for an integrated luminosity
of 50 fb~!. (We deem it unlikely that more thah = 50 fb~*

bb, W+ W~ final states assuming hadronic calorimetry as dg{_ould be devoted to t.his special purpose ene'rgy.) The preci-
fined in Ref. [24]) are probably too optimistic whe., is sion degrades as,,, increases because the signal cross sec-

nearmg, given that we have not included backgrounds in thtjaon is smaller. The background from ttiepeak reduces the

estimates. Backgrounds should be small in cases 1-4 sinceRieeiSIon formas, ~ mz. Bremsstrahlung, beamstrahlung
demand quite precise reconstruction®f—s e+e—, utu— in and beam energy smearing yield a reduEtlon in sensitivity of
the Zhgy\ final state, implying that the only background woul(}5% at a muon collider and 35% at arie™ collider. 910m—

be from ZZ production where one of th&’s decays lepton- paring to the errors that one would hgve or= 50 fb" at
ically. (For a sample plot showing the small expected back® =~ ™z + Masy + 20 GeV from Higgs peak reconstruc-
ground level, see Fig. 2 of Ref. [32].) Fig. 11 shows that gigdon In the ZhS“ElmOde (which are a factor of 2 larger than
tinctly greater accuracy at the NLC is possible than by usif e L = 200 fb=" errors plotted in Fig. 11), we see that the

the v mode at the LHC, provided NLC systematic errors al reshold measurement errors would be quite competitive for
not substantial. In all cz,ases, fon.,, < 300GeV running "Mhsu ~ mz unless the detector has either excellent CMS-style

at+/s = 500 GeV yields much larger\my,,, than running at calorimetry (case 4) or super-JLC type tracking (case 1) for the

VS ~ mz 4 Mgy + 20 GeV. recoil mass reconstruction.
Another technique that is available at the NLC is to employ EMC

a threshold measurement of t#ég); cross section [39]. The —_

procedure makes use of the fact that botl,,, and the,/s =  The ultimate inm, accuracy is that which can be

500 GeV cross section foete~ — Zhgy (With gy — bb) achieved at a muon collider by scanning the Higgs mass

will be well-measured after a number of years of NLC rurRe€ak in the s-channel. ~ The scan was described ear-

ning. One then re-configures the collider for maximal lumlier.  For L = 200 fb~' devoted to the scan and a

nosity just above the threshold energ§s = my + my,,,, Peam energy resolution @¢f.01%, one finds [3]Amyg, =

and expend$ = 50 fb? aty/s = mz 4+ mpg, + 0.5GeV, 0.007,0.025,0.35,0.10,0.060, 0.20,0.49 MeV for my,,,

i.e. on the steeply rising portion of the threshold curve for tHé; 80,90, 100,120, 140, 150 GeV, respectively.

Zhgy cross section. The ratio of the cross section/at =

mz + Mgy + 0.5 GeV to that aty/s = 500 GeV is insensi- Summary

tive to systematic effects and yields a rather prepige,, de- A summary of the accuracies possibleioy,,, atthe various

termination. The expected precision for the Higgs mass afteachines using the techniques described is givemigr, <

including appropriate cuts to reduce backgrounds, but before3860 GeV in Table XIIl.



Table XIll: Summary of approximate errorsymy,,,, for Much of the following material is summarized in more detail
Mpgy < 300 GeV. LEP2 errors are fof = 600 pb~'. Tev33 and with more referencing in [1]. We present here only a very
errors are for, = 60 fb~'. LHC errors are fol. = 600 fb~'  rough summary. We often focus on strategies and results for a
for ATLAS+CMS. NLC errors are given for a luminosity timegelatively light SM-like Higgs boson.

efficiency of Le = 200 fb~* x 0.6 at both,/s = 500 GeV and  [f the hgy; iS seen in theyy decay mode (as possible at the
V'8 2y = MZ + Mgy, +20 GeV. For recoil mass reconstruc-LHC and at the NLC or FMC with sufficient luminosity in mass
tion we consider tracking/calorimetry cases 1 ande3 guper- regions M1, M2 and M3) or produced at the LHC via gluon fu-
JLC [29] and ‘standard’ NLC [24], respectively); for Higgssion (as presumably could be verified for all mass regions) or
peak reconstruction in thiesr — bb, W W™ final states, case produced inyy collisions at the NLC, then Yang’s theorem im-

5, we assume ‘standard’ NLC [24] hadronic calorimetry. Beamties that it must be a scalar and not a vector, and, of course,
strahlung, bremsstrahlung and beam energy smearing eff¢ctAust have a CR + component (C and P can no longer be
upon the recoil mass reconstruction are neglected. NLC thregkgarded as separately conserved once the Higgs is allowed to
old results are fof = 50 tb™" at\/s = mz+mpg, +0.5GeV, have fermionic couplings). If the Higgs is observed with sub-
i.e.just above threshold, and are quoted before including beagtantial rates in production and/or decay channels that require
strahlung, bremsstrahlung and beam energy smearing — atitte have ZZ and/orWW couplings, then it is very likely to
NLC (FMC) these effects increase the error by about 35kave a significant CP-even component given thatitig W W
(15%). FMC scan errors are fdr = 200 fb~' devoted to the coupling of a purely CP-odd Higgs boson arises only at one-
scan with beam energy resolution of 0.01%. TeV33 and NLGop. Thus, if there is a Higgs boson with anything like SM-like
errors are statistical only. Systematic FMC error is neglecteduplings it will be evident early-on that it has spin-zero and a
assuming extremely accurate beam energy determination. large CP= 4+ component. Verifying that it is purely CP-even as
predicted for thehgy; will be much more challenging.

| Machine/Technique | Ampg,, (MeV) | 5 . ) i )
e (GeV) 80 | m, | 100 | 110 'As we havg discussed in earlltir sections, observation of a
LEP2 550 [ 400 | — — Higgs boson in theZh and/orete~h mode at LEP2 or the
Tevas 960 > 11500 | 2000 NLC via the missing-mass technique yields a direct determi-
LHC/7~ (stat+sysD) 90 | 90 | 95 | 100 nation of the squared couplittg Z h)?. Other techniques allow
NLC/case-3y/s = 500 813 | 674 | 572 | 494 determination of WWh)2. At LEP2 only Zh production is
NLC/case-1,/s = 500 370 | 264 | 196 | 151 useful; for a SM-like Higgs boson its reach will be confined to
NLC/hadronic,/s = 500 51 ? 51 51 mhsy < 95 GeV and the accuracy of thgZ Zhgy)? determi-
NLC/case-3//s = /5, 27 29 31 34 nation is quite limited ¢ £26% atmy,,, ~ mz). Errorsin the
NLClcase-1/s = \/s,,., | 36 | 38 | 41 | 44 case ofL, = 200 fb~! at the NLC for a SM-like Higgs boson
NLC/hadronic\/s = /s, 15 17 19 22 were quoted in Table X — fomy,.,, < 2mw, (ZZhsy)? can
NLC/threshold 40 70 | 55 58 be measured t&r3% — +£4% and(W W hgm )? to £5% — +8%.
FMC/scan 0.025| 0.35| 0.1 | 0.08 If the measurement yields the SM value to this accuracy, then
mp,,, (GeV) 120 | 130 | 140 | 150 the observed Higgs must be essentially purely CP-even unless
TeV33 2700 | — _ — there are Higgs representations higher than doublets. This fol-
LHC/~~ (stat+syst) 105 | 110 | 130 | 150 lows from the sum rule
LHC/4¢ (stat+syst) — 164 | 111 90
NLC/case-3,/s = 500 432 | 383 | 343 | 311 > (Z2Zh)?* =Y (WWhi)® =1 (11)
NLC/case-1,/s = 500 120 97 80 68 i i
NLC/hadronicy/s = 500 52 52 | 53 55 ] .
NLClcase-3//s = /54, 37 20 44 28 (where the(VVh;)2 -V = W, Z —are defined relat'lve Fo the
NLClcase-1\/s = /s, 4.8 52 | 56 6.1 SM-values) that hoIQs when all Higgs bospns are in singlet or
NLC/hadronicy/s = v/, . 24 27 30 34 doublet representations. However, even if a swfgl&ppegrs
NLC/threshold 65 75 35 100 to saturate the coupling strength sum-rule, the possibility re-
FMC/scan 0.06 | 0.12| 0.20 | 0.49 mains that the Higgs sector is exotic and that saturation of the
Mng,, (GEV) 170 | 190 | 200 | 300 sum rule by a singlé is purely accidental. Further, even if the
LHC/4¢ (stat+syst) 274 | 67 56 90 Z Z h coupling is not full strength thi could still be purely CP-
NLC/case-3,/s = 500 261 | 225 | 211 | 153 even. To saturate the sum rule of Eq. (11), one need only have
NLC/case-1,/s = 500 50 39 35 20 other Higgs bosons with appropriate CP-even components; such
NLC/hadronic,/s = 500 58 62 65 | 113 Higgs bosons are present in the many attractive models (includ-
NLC/case-3//s = v/s 5., 56 65 70 | 133 ing the minimal supersymmetric model) that contain additional
NLC/case-1\/s = v/s ;. 71 | 82 | 88 17 doublet and/or some number of singlet Higgs representations
NLC/hadronicy/s = /s, 41 51 56 | 140 beyond the single doublet Higgs field of the SM.
NLC/threshold 120 | 150 | 170 ? When theZh rate is significant, as particularly true at the

NLC, it will be possible to cross check that there is a large
CP-even component by examining the angular distribution in



in the Zh (i.e. eTe™) center of mass. (For summaries, seare are sensitive to the angular distributions of tlead? rel-
Refs. [40, 1].) However, theZh rate is adequate to measurative to theh. Assumingm;, = 100 GeV andL = 600 fb~*
the @ distribution only if theh has significantZ Zh coupling, for ATLAS+CMS combined, these projection operators distin-
which in most models is only possible if tlhehas a significant guish between a SM-like (purely CP-even) Higgs boson and a
CP-even component (since only the CP-even component hgaieely CP-odd Higgs boson at roughly the to 7o statistical
tree-levelZ Zh coupling). Further, if the CP-even componerievel. Form;, = 100 GeV, discrimination between a SM-like
dominates theZ Zh coupling, it will also dominate the angu-Higgs boson and a Higgs which is an equal mixture of CP-even
lar distribution which will then not be sensitive to any CP-oddnd CP-odd is possible at the to 3o level. (These statements
component of théy that might be present. Thus, we arrive aassume that the CP-even coupling squared plus CP-odd cou-
the unfortunate conclusion that whenever the rate is adequalteg squared fotth is equal to the SM coupling-squared.) Of
for the angular distribution measurement, the angular distribzsurse, rates are only adequate for relatively light Higgs bosons.
tion will appear to be that for a purely CP-even Higgs, namelerification of the efficiencies assumed in this analysis by full
do/dcosf o< 8m?% /s + 3> sin? 6, even if it contains a very sub- simulation will be important. The projection operator technique
stantial CP-odd component. (This insensitivity is numerical{fput not the statistical significance associated with its applica-
explicit in, for example, the results of Ref. [41].) Thus, obsetion) is independent of the overall event rate.
vation of the abové distribution only implies that thés has  There is also a possibility that polarized beams at the LHC
spin-0 and that it is ngtrimarily CP-odd. could be used to look for spin asymmetries in glge— h pro-

At machines other than the NLC, measurement oftHistri-  duction rate that would be present if thés a CP-mixed state
bution for Zh events will be substantially more difficult. Rateg44].
for Zh production will be at most just adequate for detecting Angular distributions in theth final state ine*e~ collisions
the h at LEP2, TeV33 and the LHC. Further, at TeV33 (in thet the NLC oru* 1~ collisions at the FMC are even more re-
h — bb channel) and at the LHC (in the — ~+ channel) vealing than those in thigh final state at the LHC. The analysis
background rates are substantial (generally larger than the gigpcedures appear in [45, 46] and are summarized in Sec. Il A.
nal). FurtherJ¥ h production at TeV33 and the LHC cannot b&y combiningZh measurements wittth measurements veri-
employed because of inability to reconstruct thé center of fication of thett andZ Z couplings of a SM-liké: will be pos-
mass (as required to determifjein the W — ¢v decay mode. sible at a remarkable level of accuracy [46]. For instance, for

Ther+ 7~ decays of thé: provide a more democratic probey's = 1TeV (we must be substantially abov#&: threshold),
of its CP-even vs. CP-odd components [40, 42] than does tha/2 years of running is expected to yield= 500 fb~* and
9 angular distribution. Further, thet and=— decays are self in the case ofn,, = 100 GeV we can achieve a determina-
analyzing. The distribution in the azimuthal angjg between tion of the CP-everthsy coupling magnitude at the £3%
certain effective ‘spin’ directions that can be defined for thed@vel, the (CP-eveny Zhs\ coupling magnitude at the 2%
decays depends upon the CP mixture fortregenstate. How- level, and a meaningful limitation on the CP-otldsy cou-
ever, LEP2 is unlikely to produce the large number of everi?§ng magnitude.
required for decent statistical precision for this measurement! he most elegant determination of the CP nature of Higgs
Form;, = 90GeV and/s = 192GeV, o(Zh) ~ 0.5 pb, Dosonis probably that possiblejy — h production at theyy
implying some 500 total events fdi = 1000 pb—!. With collider facility of the NLC [47]. Since the CP-even and CP-
BR(h — 7777) ~ 0.1, we are left with only 50 events beforeodd components of a Higgs boson couple with similar strength
taking into account efficiencies and the need for a fully recoff 77 (via one-loop graphs), there is no masking of the CP-
structableZ decay. Expectations at the NLC [40, 42] or FM®dd component such as occurs using probes involigg or
[42] are much better. Particularly valuable would be a combind. W couplings. The precise technique depends upon whether
tion of Zh with h — 777~ measurements afs = 500 Gev the Higgs is a pure or a mixed CP eigenstate.
at the NLC andu*u~ — h — 777~ measurements in the
s-channel mode at the FMC. Relatively good verification of the
CP-even nature of a light SM-likeis possible. At higher Higgs
masses (and higher machine energies) the self-analyzing nature
of thett final states of Higgs decay can be exploited in analo-

gous fashion at the FWO machmes'. o tion is present. A term in the cross section changes sign
One should not give up on a direct CP determination at the \\hen hoth photon helicities are simultaneously flipped.

LHC. There is one technique that shows real promise. The key gynerimentally, this is achieved by simultaneously flipping
is the ability to observe the Higgs in tHg production channel the helicities of both of the initiating back-scattered laser

with h — 7y or h — bb. We saw earlier that separation of the  heams  One finds that the asymmetry is typically larger
tth from the Wh channel at the LHC can be performed with {51 10% and is observable if the CP-even and CP-odd

good efficiency and purity. The procedure for then determining components of thé are both substantial.

the CP nature of the was developed in Ref. [43]. They de-

cay mode shows the greatest promise because of a much smallerin the case of a CP-conserving Higgs sector, one must have
background. It is possible to define certain projection operators colliding photons with substantial transverse polarization.

e The most direct probe of a CP-mixed state is provided by
comparing the Higgs boson production rate in collisions
of two back-scattered-laser-beam photons of different he-
licities [47]. The difference in rates for photons colliding
with ++4 vs. —— helicities is non-zero only if CP viola-



back-scattered laser beams (while maintaining the ability for discovering thelf®, A in s-channel production at the
to rotate these polarizations relative to one another) and FMC;

optimizing the laser beam energy. This optimization has
bgen disgussed in Refs. [48, 4(£)J]y By corr?puting the dif—G) determin'ing the discovciry reacrlior Egubly—cha_rged Higgs
ference in rates for parallel vs. perpendicular polarizations b959”3 J'rr]r the grclcew — ATTATT with A -
divided by the sum, which ratio is1 (—1) for a CP-even G, AT 2 74T (E= e, p,7) AL TEVES.

(CP-odd) Higgs boson, it is found that collisions may |n what follows we motivate the importance of these projects
well allow direct verification that a SM-liké is CP-even and summarize the results obtained.

vs. CP-odd.

A ptu~ collider might provide an analogous opportunity A.  Determining th&t_andZZ couplings of a
for directly probing the CP properties of any Higgs boson that neutral Higgs boson [46]
can be produced and detected in thehannel mode [49, 1]. |t is very possible (some would say probable) that the SM
However, it must be possible to transversely polarize the mugnnot correct. In this case, and if there is a weakly-coupled
beams. Assume that we can have 100% transverse polarizatipfys sector, there will certainly be Higgs bosons that do not
and that theu™ transverse polarization is rotated with respegfave SM-like couplings. In particular, if one neutral Higgs is
to the ™ transverse polarization by an angle The produc- very SM-like (as for example is very probable in the minimal
tion cross section for & with coupling of a mixed CP nature sypersymmetric model), the others must have very sgll

exhibits a substantial asymmetry of the form [49] coupling and can have all mannertfcouplings. Thus, it will
be crucial to determine if an observed Higgs boson fits into a
A = o(n/2) —o(-m/2) ) (12) given model context, such as the two-Higgs-doublet model, and
o(r/2) +o(-7/2) to determine the model parameters and associated couplings for

acceptable solutions. By doing this for all the Higgs bosons

For a pure CP eigenstate, the asymmetry [1 ! ,
P g y vl we would be able to completely fix the Higgs sector model and

o(m) —o(0) parameters.
Az = o(m) + o (0) (13)  Thett andzz couplings of a neutral Higgs boson take the
form:
is +1 or —1 for a CP-even or CP-odfd respectively. Of course, _ _ _ gmy gmz
background processes in the final states where a Higgs bosoA!/ : —t(a + Zb%ﬁm v ZZh: < os @) (14)

can be most easily observed.d. bb for the MSSM Higgs

bosons) will typically dilute these asymmetries substantialithereg is the usual electroweak coupling constant. For the
Whether or not they will prove useful depends even more updM, a = 1,b = 0,c = 1. However, these couplings become
our very uncertain ability to transversely polarize the mudfe€e parameters in a general Higgs sector model. For example,

beams while maintaining high luminosity. in the general two-Higgs doublet model, 2HDM, the couplings
are
[lll.  NON-MINIMAL HIGGS SECTORS o — RQfg , b= Ryjcot3, = Ry cosB+ Raysinf,
Five new projects were developed and pursued: sl (15)

wherej = 1,2, 3 indicates one of the three Higgs mass eigen-
CP-o0dd Yukawa couplings and t87 coupling of a gen- statestan 3 is the ratio of the vacuum expectation values of the
eral neutral Higgs bosort) could be measured by usingneutral member§ ofthe two Higgs doublgts (W.e assume atype-ll
both theete~ — tZh andete~ — Zh production pro- 2HDM), andRij is a3 x 3 orthogonal mgtrlxwhlch specifies the
cesses (or the™ i~ analogues); transformation between the 2HDM Higgs fields and the Higgs
’ boson mass eigenstates. The result is that
B) determining the extent to which discovery of at least one s1Co )
Higgs boson of the NMSSM is guaranteed at the LHC; @ = “sng’ b=s1s2cot 3, c=cicosf — sicasinf3,
(16)
wheres; = sino; ande; = cos o; anda o are free parameters
D) determiningtan 3 in the MSSM using measurements of the rangé < a, » < 2. Theh has CP-violating couplings

gg — H° A° andgg — HObb, A°b production at the f €itherab # 0 orbe 7 0. . _
LHC: The optimal technique [45] for extracting the couplings from

the tth process is reviewed in [46]. It makes full use of the
E) evaluating the prospects for discovering and studying tHistributionds /d¢ of thet, ¢ andh in the final state as a func-
heavyH?, A°, H* in H°A° and H+ H~ pair production tion of the final state kinematical variables (rather than just
at the NLC or FMC and thereby constrainiogn 3 and the total cross section). One of thigis required to decay semi-
GUT-scale boundary conditions; leptonically and the other hadronically in order to reconstruct all

A) determining the accuracy with which thé CP-even and

C) detectingd® — ~~ at the LHC;



ial (neglecting the 1-loofy Z coupling to the CP-odd part of the (a,b) plane window, the three differey regions associ-
h in comparison to the tree-levélZ coupling to the CP-even ated with the correct sign afc are somewhat obscured by
part ofh); only the total rate foZh with Z — ete™ or u™ ™ the strange extra blob associated witk: 2 < 9 and the
(with the Higgs observed as a peak in the recoil mass spectrum) wrong sign ofac.]

is employed. In order to demonstrate the power of combining

thetth and Zh processes, we have considered a NLC or FMC

with /s = 1 TeV (energy substantially above thgh threshold _
is needed) and a light Higgs boson with mass = 100 GeV. ZHDM’ tanﬁ =0.5
We assume integrated luminosity & = 500 fb~' (about 1.0
2 1/2 years of running at the presumed design luminosity of ’ §' Y | Y | o | o | Y '§
L =200 fb~! peryear at/s = 1 TeV). Appropriate efficiency [ 0.8 = =
factors (which include relevant branching ratios) are employed. ~ 0.6 — .. & —3
For details see [46]. Our procedure is to input a given 2HDM N 04 E— gf _3
and determine the accuracy with which the input parameters can S ’ = =
be extracted from the data. Our quantitative measure of accu- 0.2 = | | | | E
racy is they? associated with choices far b, andc that differ 0.0 St LS
from the values of the input mod#&l.The totaly? is computed 002040608 1
by combining theth and Zh processes: o /7T
X = XA(ETh) + X(Zh) a7 :

x2(tth) is computed using the full correlated error matrix. .0 prm | rrTT | rrTT | Ty

We discuss one example in detail. We take a 2HDM model 15 E _ 7
with tan8 = 0.5, y = /4 anday = w/2 as our input R 3
model?® For the alternative models, we considetad 5 = o 1.0 —
0.5, tan 3 = 1.0 andtan 8 = 1.5, and computeg? as a func- - =
tion of a; andas assuming the 2HDM forms af, b, ¢ as given 0.5 = =
in Eq. (16)%® We first note that, in the case of the particular in- 0.0 b | L1l | L1y | L1
put model specified above, onlyn 3 = 0.5 (the input value), ) 2 1 0 1 2
and nottan 8 = 1 or 1.5, yields anya, b, c value set (asv; »
are varied) that leads tg? < 9. Thus, an approximate de- a
termination oftan 8 would be possible. In Fig. 13, we take
tan 3 = 0.5 and plot differenty? regions in thgay, az), (a, b) 1.0
and (a, ¢) planes. In each window of the figure, a filled cen- = A '“i;_,'v' TS
tral region, an empty band, and a filled band may all be visible. 05 B = —
The central region is thg? < 1 region, the empty band is the - 3
1 < x2 < 4 region, and the outer filled band is the< x? < 9 o 0.0 =
region. If no filled central region is visible, the central region 05 E _ 4
being empty, then this means thgt < 1 was not possible. If TE | MT*""* | 3
only a completely filled region appears, thgh < 4 was not — 10 =R i L) 1
possible. From thg? regions of Fig 13 we arrive at the follow- -2 —1 0 1 2
ing additional results. a

e They? < 1 region fortan 3 = 0.5 corresponds closely to
the input values ofy; = n/4 andas = 7/2. An alterna-
tive region witha; — m — «; develops fort < x? < 9.
_ _ Figure 13:x2 < 1,1 < x2 < 4 and4 < x? < 9 regions in
e The values ofa, b, ¢ are well-determined if we demandthe(al/m%/ﬂ)' (a,b) and(a, ¢) planes, assuming as input a

x* < 1; x* < 4 allows only slightly greater flexibil- 5>1ypM model withtan 3 = 0.5, ay = 7/4 andas = /2.
ity. However,4 < x? < 9 allows a a solution with the

24Sincedo /dé(tth) andor (Zh) are only sensitive ta?, ¢2, b2, ac andb, ; ; PR ;
nothing changes if we simultaneously flip the signsip§, c. Thus, there will Of course, if theh being studied is the SMsy or simply

inevitably be an overall sign ambiguity. SM-like, the aboveth/Zh techniques can be employed to ver-
25\\e taketan 3 to be small so that théth rate is substantial. angis ify the SM a, b, ¢ couplings, see Ref. [46]. Another interest-
large, thetth process will have too small an event rate to be terribly useful. lhg extreme is a purely CP-odd Higgs bosan{For example,
tan (3 is large enough, thebh final state can be employed in analogous fashioq'her of the MSSM ) Thes might be |ight enough anthnﬂ
it would be best to run at smallgy’s in such a case. "z .
26\\e considered onlp < a2 < S0 as to avoid the above-noted overaiSmall enough that thea production rate would be large. It was

sigh ambiguity. demonstrated in Ref. [45] that theoupling of a CP-odd with



and significant limits placed on the c couplings usingta data  The free parameters of the model can be chosen teibg,
alone?’ My, A, 1,23, andm,. Here,my, is the mass of the lightest

We note that systematic uncertainties in the experimental @&P-even Higgs mass eigenstakeappears in the superpotential
termination of the overall normalization of théh and Zh to-  inthe termiW’ > AH; H,N. A crucial ingredientin constraining
tal cross sections could have substantial impact on our abilile model is thah < 0.7 is required if\ is to remain perturba-
to determine couplings if the systematic errors are not smele during evolution from scale: to the Planck scale. This
compared to the statistical errors. Also, at larger Higgs mass@sitation on \ implies atan S-dependent upper limit om,,
statistics will deteriorate; highdy;...; will be required to avoid in the ranges 140 GeV. The anglesy, » 3 are those parame-
significant ambiguity in the coupling determinations. Howevegrizing the orthogonal matrix which diagonalizes the CP-even
even when ambiguities emerge, they are usually sufficientljggs mass-squared matrix,, is the mass of the lighter of the
limited that the type of analysis outlined above will make a critiwo CP-odd mass eigenstates — the second CP-odd state can
cal contribution to gaining a clear understanding of the exact rige assumed to be very massive for the purposes of establishing
ture of all the Higgs bosons. Certainly, the procedures discusske existence of parameter choices for which no Higgs boson
will provide a powerful means for distinguishing between sulgan be found. All couplings and cross sections are determined
stantially different models. once the above parameters are specified. Details regarding the

procedure for scanning the NMSSM parameter space and as-

B. Is discovery of a NMSSM Higgs boson  sessing observability of the various Higgs bosons are given in

; ) Ref. [50]. A choice of parameters such that none of the Higgs
guaranteed with LEP2 plus LHC? [50] bosonsh; o3, a or H* are observable at LEP2 or the LHC is

It is well-established [1] that at least one of the Higgs bosodegclared to be a “point of unobservability” or a “bad point”.
of the MSSM can be discovered either at LEP2 or at the LHCThe results obtained are the fo”owing_tﬂ’nﬁ S 1.5 then all
throughout all of the standar@n 40, tan 3) parameter space.parameter points that are included in the search are observable
Ref. [50] reconsiders this issue in the context of the NMSSM, {8r 1, values up to the maximum alloweth{’™ ~ 137 GeV
which there is greater freedom by virtue of there being three ifgr ) ., = 0.7, after including radiative corrections). For such
stead of two CP-even Higgs bosons and correspondingly gre#@y tan 3, the LHC~~ and4¢ modes allow detection if LEP2
freedom in their Couplings. It is found that there are regions Qt)es not. For h|ghanﬂ > 10, the parameter regions where
parameter space for which none of the NMSSM Higgs bosopgints of unobservability are found are also of very limited ex-
can be detected at either LEP2 or the LHC. This result is ]Iéht, disappearing as th’ghl,273 and/orbga LHC modes allow
be contrasted with the NLC or FMC no-lose theorem [51], agetection where LEP2 does not. However, significant portions
cording to which at least one of the CP-even Higgs bosons (d#-searched parameter space contain points of unobservability
noted generically by:) of the NMSSM will be observable in for moderatetan 3 values. That suchan 8 values should be
Z* — Zh production. the most ‘dangerous’ can be anticipated from the MSSM re-
The detection modes considered for the NMSSM are the sagifs. It is well-known (see, for example, Ref. [1]) that for stop
as those employed in establishing the LEP2 plus LHC no-logfsses of order TeV and no stop-mixing there is a wedge of
theorem for the MSSM: 1¥* — Zh at LEP2; 2)Z* — ha at MSSM parameter space at moderaie 3 and with H° and
LEP2;3)g9 — h — yyatLHC; 4)g9 — h — ZZ* or ZZ —  A° masses above aba20 GeV for which the only observable
4¢ at LHC; 5)t — H b at LHC; 6)gg — bbh,bba — bbr*7~ MSSM Higgs boson is the light SM-lik&®, and that theh?
at LHC; 7) g9 — h,a — 7t7~ at LHC. Additional Higgs can only be seen in thgy mode(s) at the LHC. (Observation
decay modes that could be considered at the LHC include: a)LEP2 is impossible in this wedge of parameter space since
a — Zh; b) h — aa; ) h;j — h;h; d) a,h — tt. Be- muo 4+ my,mpuo + mao > 192GeV.) By choosingmy, and
cause of the more complicated Higgs self interactions, b) ang in the NMSSM so thatn,, +mz andmy,, +m, are close
¢) cannot be reliably computed in the NMSSM without addio or above the/s of LEP2, then, by analogy, at moderaia (3
tional assumptions. The Higgs mass values for which modeygd would need to rely on thie; » 3 — vy modes. However, in
is kinematically allowed can be quite different than those relghe NMSSM, parameter choices are possible for which all the
vant to the MSSM and thus there are uncertainties in translating[/[/hl,273 couplings are reduced relative to SM strength. This
ATLAS and CMS results for the MSSM into the present morduction will suppress they couplings coming from théV -
general context. Finally, mode d) is currently of very unceposon loop. All theh; — v widths can be sufficiently smaller
tain status and might turn out to be either more effective or leggin the somewhat enhandédvidths so that they branching
effective than current estimates. Thus, to be conservative, agjios areall no longer of useful size.
choice of NMSSM parameters for which the modes a)-d) mightg jjjustrate, we shall discuss results fan 8 = 3, tan 8 = 5
be relevant is excluded. Even over this restricted region of pgndtan 8 = 10 (for which mi** ~ 124 GeV, 118 GeV and
rameter space, NMSSM parameter choices can be found syghcev, respectively) anchhll: 105 GeV.
that there are no observable Higgs signatures at either LEP2 or

2"Numerical details for thet® of the MSSM would differ slightly due to the e In Fig. 14, we display fotan 5 = 5 both the portions

fact that the other Higgs bosons would also be light, whereas in Ref. [45] it was ~ Of _(04}7 a2, as) parameter space that Sati_Sfy our search re-
assumed that only thewas light. strictions, and the regions (termed “regions of unobserv-




tanf=5, my=105 —0.479, ay = 0.911, a3 = 0.165, and X\ = 0.294 (for which

parameter regicns searched

mp, = 124GeV, mp, = 206 GeV, andmyg+ = 201 GeV).
For this point, the Higgs boson couplings (relative to the SM
values) are:

(VVh1)2=0.79 (VVhy)? =0.21 (VVh3)? =0.006
(bbh1)> = 5.3 (bbhy)? =2.5  (bbh3)® =18
(tth1)?> = 0.69  (tthy)? = 0.29  (tth3)? = 0.062

2
)

whereV = W or Z. Note thaths has very small couplings to
V' V. The manner in which this point escapes discovery is now
apparent. First, the minimum values required for thigh;)>
values forh; observability in ther™7— mode are: 53i(= 1);

32 (¢ = 2); 35 (¢ = 3). The actual values all lie below these
required values. Observation of thatm, = 103 GeV would
requiretan 8 = 8. Regarding the other discovery modés,
and hs are both in the mass range for which the mode is
potentially viable and théz is potentially detectable in the
ZZ — 4¢ channel. However, the suppressél, » 5 couplings

. ] ~ imply smallishgg production rates fok, » 3. Relative to a SM

three dimensionala;, as, a3) parameter space the parameter
regions searched (which lie within the surfaces shown), and the (ggh;)?
regions therein for which the remaining model parameters can(gghsy)?2
be chosen so that no Higgs boson is observable (interior to the (18)
surfaces shown). (Note that these strengths are not simply thg;)> magni-
tudes; the enhancddquark loop contributions interfere with
thet-quark loop contributions at amplitude level.) Further, the
ability”) within the searched parameter space such that, phanced Higgs decay ratetpand the reduce@-loop con-
somechoice of the remaining parametepsgndm,), no tributions to theyy coupling suppress they branching ratios
Higgs boson will be detected using any of the techniqué§h1 andh relative to SM expectations. We find:
discussed earliéf Relatively large regions of unobserv-
AR BR(h; — vv)
ability within the searched parameter space are present. ——~—>
BR(hsm — v7)

=058 (i=1); 043(i=2); 0.15(i =3).

=0.18(i=1); 0.097(i=2); (19)

e Attan 3 = 3, a similar picture emerges. The search regian

that satisfies our criteria is nearly the same; the regions"oef' supdpresTs;]on sufﬁmenté%ozznaka apd ha 'gv't‘;'ble 'E the d
unobservability lie mostly within those found fesn 8 = 7y mode. € suppress 3 coupling and the enhance
5. and are about 50% smaller. hs — bbdecays are sufficientto suppré3&(hs — ZZ) much

below SM expectations:

e Fortan 3 = 10, the regions of unobservability comprise
only a very small portion of those found fosn 3 = 5. BR(hs — 2Z)
This reduction is due to the increasidcouplings of the BR(hsm — Z2)

hi anda, which imply increaseb!Ehi, bba production cross i.e.such that thet/ signal has a significance of only5c, even
sections. As these cross sections become large, detec@mgh a SM Higgs of this mass would yield~a37¢ signal.
of at least one of thé; and/or thea in thebbr 7~ final | short, there is enough flexibility due to the addition of the
state becor?ges increasingly difficult to avoid. For values gfnglet Higgs field (which has no couplings to SM fermions and
tan 3 2 10, we find that one or more of thie;, a should  yector bosonst) foall the Higgs bosons to escape detection for
be observable regardless of locatior{in, az, a3, A, ma)  certain choices of model parameters, proviteds is moder-
parameter space (within the somewhat restricted search4gs in size. Moderatean B implies thath — ~~ decays for
gion that we explore). light Higgs are suppressed, while at the same #iikeproduc-

Itis useful to present details on what goes wrong at a typidi@n is not adequately enhanced for detection offthe 77~

point of unobservability. Foran 3 = 5 andmy,, = 105Gev, mode. ,

The regions of NMSSM parameter space where no Higgs bo-
ZgEoragivena_l,Q,g value such that there isachoice)oand_ma forwhich  gon can be detected will expand if full = 600 1L (L =

no Higgs boson is observable, there are generally other choicearafm,, for 1000 pb—l) luminosity is not available at the LHC (LEP2) or

which at least one Higgs bossobservable. . . . “
29The precise value of the critical lower bound em 3 depends sensitively €fficiencies are smaller than anticipated. Conversely, these “re-

onmy, . gions of unobservability” could decrease substantially (perhaps

=0.11, (20)




calorimeter) in therr final state or higher luminosity. Su-tribution functions. The PYTHIA/JETSET outputs were pro-
persymmetric decays of the Higgs bosons are neglected in tessed with the CMSJET program [54], which is designed for
above. If these decays are important, the regions of unobsdast simulations of “realistic’ CMS detector response. Reso-
ability found without using the SUSY final states will increaskition effects were taken into account by using the parameter-
in size. However, Higgs masses in the regions of unobservaiihtions obtained from the detailed GEANT [55] simulations.
ity are typically modest in sizel 00 — 200 GeV), and as SUSY CMSJET includes also some analysis programs, in particular, a
mass limits increase with LEP2 running this additional conceset of jet reconstruction algorithms.
will become less relevant. Of course, if SUSY decays are signif-The irreducible backgrounds considered weregdi)— vy
icant, detection of the Higgs bosons in the SUSY modes migid (ii) gg — ~v (Box). In addition, reducible backgrounds
be possible, in which case the regions of unobservability mighith at least 1y in the final state were included: @; — g,
decrease in size. Assessment of this issue is dependent upfi ag — ¢, and (iii) gg — g~y (Box).
specific model for soft SUSY breaking. The ECAL resolution was assumed to béE)/E =
Although it is not possible to establish a no-lose theorem 6% /v E @ 0.5% (CMS high luminosity regime). Each pho-
the NMSSM Higgs bosons by combining data from LEP2 aridn was required to have transverse momentur) larger than
the LHC (in contrast to the no-lose theorems applicable to thé GeV andn| < 2.5. Both photons were required to be iso-
NLC Higgs search with/s > 300 GeV), the regions of com- lated,i.e., (1) no charged particle withr > 2 GeV in the cone
plete Higgs boson unobservability appear to constitute a sm&ll= 0.3; and (2) the total transverse energyEs*!! must be
fraction of the total model parameter space. It would be interekss than 5 GeV in the cone ring 1R < 0.3. In this prelimi-
ing to see whether or not these regions of unobservability correry analysis, no rejection power again8s with high pr was
spond to unnatural choices for the Planck scale supersymmeargsumed; this means aif’s surviving the cutsyr, isolation,

breaking parameters. etc.) were considered ags.3® For eachm 4o andtan 3, the
mass window around the peak (within the range 2-6 GeV) and
C. DetectingAO s 4~ at the LHC [52] thepr cut (50-100 GeV) were chosen to provide the best value

of S/v/B. For example, the best values of the mass window and

In this report, a realistic study was performed of observabilipyr cut form 40 = 200 GeV B850 GeV) are 2 GeV { GeV) and
for the CP-odd Higgs bosomif) in the minimal supersymmet- 60 GeV (100 GeV), respectively.
ric standard model (MSSM) via its photon decay modé (- A typical M., distribution is shown in Fig. 15. Thé =
~7) with the CMS detector performance. It is demonstrated thi0 fb~' and 300 fb~' 50 discovery contours are shown
it will be possible to discover the CP-odt and reconstructits in Fig. 16. Apparently, this channel should provide a good
mass fn 40) with high precision for 170 Ge\x m 40 < 2m; opportunity to observe and precisely reconstruct the CP-odd
at the LHC if the decays of thd® into SUSY particles are for- Higgs boson massi{40) for 170 GeV< m o < 2my if the
bidden andtan 3 is close to one. Thus, thd® — vy mode A° —SUSY decays are forbidden anan 3 is close to one.
complements that .~ decay modesh®, H°, A° — puu) that The impact of SUSY decays on this discovery channel might be
are promising [10, 53] for observing and precisely reconstrusignificant [56] and is under investigation with realistic simula-
ing masses for the neutral Higgs bosons at langes. tions.

The total cross section for the procegs— A° — vy + X is
given byo(pp — A° + X)BR(A® — yv);o(pp » A°+ X)  D. Determiningtan 3 in the MSSM fromA° and
|s.evaluated using the parton distribution functions of CTEQ2L HO production at the LHC [57]
with A4 = 0.190 GeV and@Q? = m?,. _ _ _

Gluon fusion g — A°), via the top quark and the bottom AS noted in a previous subsection (see Ref. [1] for a thor-
quark triangle loop diagrams, is the major source for the CPUgh review), detection of singld® and/or H° production at
odd Higgs pseudoscalartifin 3 is less than about 4. At higherthe LHC will be possible in several regions(eh 40, tan ) pa-
tanB, gg — A°b dominates since théhbA%)? coupling- ameter space. In particulagg — H° andgg — A% inclu-
squared is proportional tean? 3. In the computations, both Sive production can be isolated in th, A° — 77~ decay
production mechanisms are included. QCD radiative corrdg0de iftan G is modest in size, 3) andm 40, m o are be-
tions, which, for example, increaségg — A°) by about 50% 0W 2m;. Itis mainly theA° which provides a viable signal in

to 80% fortan 3 ~ 1, are not included for either the signal othis region of parameter space. For masses apoygthere is
the backgrounds. also some hope for detection in the — H?, A° — ¢t decay

The bb mode dominatesA® decays fortan3 > 4 and mode, provided thét background normalization and shape can
Mo < 2my. FOrmy +mpo < mgo < 2m; andtz;lﬂ ~ 4 bedetermined at about the 5-10% level. Sincg ~ mgo at

BR(A® — Zh) is comparable tBR(A° — bb). If present, higher mass, itis the combingg — H° ’; 99 _>OAO signal
SUSY decay modes would deplete both. In the analysis, gat will be observed. At higan 5, the > and A haveoer_w-
rameters were chosen so that —SUSY decays are kine-hancedb coupling resulting in large rates for tihyg — H"bb
matically forbidden. Then, fotan 3 close to 1 and 170 GeV andgg — A°bb processes; detection of these production modes

0 —4 -3
< mgo < 2my B_R(A —yy) ~5- 1.0 -2 10_ : 30This is quite conservative. The background from #eis overestimated,
Events were simulated at the particle level using PYTHIA 5e&pecially in the low masaf,~, region.
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Figure 15: Number of events vsl/,, for the signal and the M, (GeV)
backgroundat/s = 14 TeV with L = 100 fo—! andtan 3 = 1.
CMS performance is assumed and SUSY parameters.gre
u = 1000 GeV.

Figure 16: The5s A° — ~~ discovery contours in the

(m 40, tan §) plane aty/s = 14 TeV with L = 100 fb~* and

L = 300 fb~!. CMS performance is assumed and SUSY pa-
inthe H°, A° — 77—, uTu~ and, perhapshb decay chan- rameters aren; = p = 1000 GeV. The discovery regions lie
nels will be possible. (At highan 3, these are the only im- below the contours shown.
portant decay modes since they are the only ones associated
with enhanced couplingx tan§ at the amplitude level.) In
the (m 40, tan 3) parameter space, the lowest valuetafi 3  two).3! At low tan 3, we see that thgg — H° and, especially,
for which gg — HOb, A°bb — 7t7—bb production can be gg — A° cross sections fall rapidly as tidoop contribution
observed ranges froman 2 3 at mgqo ~ 200GeV to falls with increasingan 8. At high tan 3, the rapid rise of the
tanfB > 15 atmgo ~ 500GeV. Still highertan 3 values gg — H°bb andgg — A°bb cross sections is apparent.
would be required at higher. 40 simply due to the fact that The strongtan3 dependence of thgg — H?, A° and
the cross section decreases (at fixed 3) asm 4o increases. gg — bbH®, bbA° discovery modes will provide an opportunity
A similar range of viability may be possible in ttébb final for determining the otherwise somewhat elugixe 3 parame-
state, ifb tagging can be performed at the optimistic end of cuter. The sensitivity taan 3 depends on the accuracy with which
rent efficiency and purity expectations [58]. Highen 3 val- these cross sections can be measured and the rate of their vari-
ues are required for viability of the signal in the .~ bb final  ation with tan 3. The possibility of determiningan 3 in this
state (simply because of the much smaller rates deriving frgnanner was noted in Ref. [59] (see remarks above Table 34 of
the much smallep 1.~ branching ratios for théf® and A°).  the referenced paper). However, the specific results quoted there
At high tan 3, the degeneracy between tH8 and H? is such disagree with those obtained here, and seem to be in error [60].
that their independent signals would not be separable, excéptwhat follows it is demonstrated that a fairly simple global
possibly, in theu™ .~ mode. characterization of thean 3 errors turns out to be possible.

The tan 3 dependence off® and A° rates implicit in the We start with the signal and background results of Table 34

above discussion is quantified in Fig. 17, which displays l[I%lQCD corrections to these cross sections are not included. They have only

0 0 7170 7 A0
99 — H®, g9 — A°, g9 — bbH and.gg - bbA CroSS peen calculated fajg — H andgg — A°, for which cases they increase the
sections (and separateand b loop contributions to the first cross section by 50% — 100%.




LHC: vs = 14 TeV total overlap of the signals) fary; < 0.5. Thetan 3 values

103 g ‘ﬂnﬁf‘zﬁq ‘G‘e‘v‘ s 102 g F‘Hej“*?? ‘G‘e‘v‘ —  required for neS/v/B = 5, 10, 15 and 20 as a function of 40
= . L RS B e o abp. . are shown in Fig. 18. Fo_r largewn 8 values,S/v B > 5 is
& E A 3 always possible. For a limited rangerafyo, S/v/ B > 5 is also
= 1ot “los = 100 - = possible at lowtan 3.
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and 400 GeV. Also shown are thgg — H°, A° cross sec-
tions obtained by retaining onby or ¢-loop contributions to the m, (GeV)

one-loop coupling.

B 0 . Figure 18: Thetan 8 values required for detection @f°, A°

of Ref. [59] fortan § = 10 a“E'IA — 777 only. ThereS  ooqction with H?, A° — 7+7— as a function ofim 4 for
andB are given forL = 100 fb™ " as a function ofn 40, along $/vB = 5,10, 15, 20.

with the cross section employed before reduction by the effi- B

ciency associated with cuts, particle identification and so forth.

By comparingLo (for L = 100 fb~!) with the tabulateds, we ~ We next compute the error in the cross section determination

get the signal efficiencygs for eachm 40. We then compute as

an effective statistical significance for the combidétiand A° Ao [5+B +(0.1)2 V2 23)
signals atl, = 600 fb—" as follows. First we compute the total o | S2 ' ’
HO rateSy

where the 0.1 is the presumed systematic uncertainty, as-
- HO HOWB BR(H® +ro) sumed independent of parameter choices. We have com-
S eslo(9g = H)+olgg = JJBRUH™ = 7 T(Z)l) puted the values ofAc/o for the tan values such that
S/vV/B = 5,10,15,20 at m4o = 200GeV and 400 GeV.

The analogous equation is used for the totélrate S4. (The : .
gous equation Is U Sa- ( For bothm 40 values one finds fractional errors ko /o] =

cross section times branching ratio f&ft is found to be slightly

. .22,0.14,0.12,0.11, respectively. Atan can be approxi-
larger, roughly by 10%, than quoted in Table 34 of Ref. [59].) ™" ’ ’ 71 . .
By and B, are computed by scaling up tHe — 100 b~ ately computed ado|do/dtan 3]~! or with greater preci-

_ -1 : sion by searching for those valuestah 5 such that- changes
results of Table 34 td. = 600 fb~ . The net effectives/ VB by Ac; the results obtained in these two ways are virtually the

)

) o 0 . i
Iﬁretggf??g?lgégr&?:ﬁ signals is computed according tosame. Dividing the absolut® tan 8 error by thetan 8 value re-
quired for the givers/v/B, one discovers that, f&/+/B > 10,
5 5 1/2 the corresponding fractional errors fan 8 are roughly inde-
(i) N (i) % (i) (i) pendent ofm4o: AtanB/tan8 ~ 0.075,0.062,0.056 for
VB y VB 4 VB)y \VB/ 4 S/v/B = 10,15,20 at bothm 40 = 200 and400 GeV. Thus,
(22) when a> 100 signal can be detected in the 7 bb final state
whereep 4 is a function ofry, = |mpo — mao|/onm, With  channel a< +£8% determination oftan 3 will be possible, a
o being ther ™7~ mass resolution. (At high luminosity wevery useful level of accuracy. Atan 3 such thatS/v/B = 5,
takeos = 21 GeV — see earlier SM LHC discussion for masshere is more variation. The full results for the highz 6
region M2.) The value of i 4 is: 0 (corresponding to no signalcases are summarized in Table XIV. At4o = 200 GeV,



tanf = 3.5 value at which we summarized results in TaS/+/B values comparable to those in thie-t 7~ final state are
ble XIV. At tan 8 ~ 2 andm o ~ 200 GeV, the percentage possible if excelleni-tagging efficiency and purity are achieved

error in thetan 3 determination isv +30%. at high luminosity. Full detector simulation studies by the AT-
Of course, when there are two differen 3 values yield- LAS and CMS experimental groups are underway. Accuracy in
ing the same signal rate (and also saffie/B), as atm 40 = the measurement of thE°bb, A°bb — bbbb rates will be lim-

200 GeV above, we would be left with an ambiguity using théted if S/B is as small as typically associated witiv/B ~ 5
totally inclusive procedures considered so far by ATLAS argignals in the study of Ref. [58]. Precise statements must await
CMS. This ambiguity can be resolved bytagging. For the the completion of ongoing work.
hightan3 S/vB = 5,10, 15,20 contours, the signal rate is At lower tan 8 values, wherggg — H°, A — 7+7~ pro-
essentially entirely due to theg — Hbb, A%b production duction mode(s) are dominant, systematic uncertainties associ-
mechanisms, while on the lown 6 S/v/B = 5 and 10 con- ated with imperfect knowledge of thet~— branching ratios
tours, it is the inclusiveglg — H°, A° production mechanism will definitely be a major consideration. At lown 3, other de-
that dominates. Tagging or anti-taggibguarks in the final cay channels (most notabl° — A°h% andA° — Zh°, not
state in association with the" 7~ from H°, A° decay would to mention SUSY pair channels if kinematically allowed) are
definitively separate these mechanisms from one another asgected to be important in the MSSM, but determining their
avoid any ambiguity as to the correeam 5 value. magnitude will be very difficult without the NLC. Further, iso-
lation of the inclusivegg — H°, A° — bb production/decay

mode is almost certainly impossible.
Table XIV: We tabulate the percentage errorsmao = yimp

200 GeV and 400 GeV for the H°, A° — 7+~ signal and

the corresponding errors in the determinatiortaf 3 for the E. Probingtan 3 and GUT-scale boundary

high-tan 3 contours such tha//B = 5,10, 15, 20, assuming conditions usingZ°A° and H ™ H~ production

L =600 fb~" accumulated at the LHC. at the NLC or FMC [61]

[_Quanity | Errors | If supersymmetry is discovered, one of our primary goals will

40 X 200 Gev 400 Gev be to fully test the model and determine the underlying GUT
o/o | AtanfB/tanf | Ac/o | AtanB/tanf o

S/VB=5 | 20% T22% T20% T12% boundary conditions at the GUT/Planck mass scale. The heavy
S/VB =10 | £14% 17.8% +14% 47.4% Higgs bosons of the model are an important component in this
S/VB =15 | £12% +6.2% +12% +6.2% program. First, detection of thH?, A° and H* is required
S/VB =20 | £11% +5.6% +11% +5.7% in order to verify the Higgs sector content. This may only be

possible in the pair production modé&’ A° and H* H~ at a
ete™ or ptu~ collider with /s > 2m40. (Recall that the

In the above analysis, we have implicitly assumed thgissM Higgs sector structure requirego ~ m 4o ~ my+ at
BR(H?,A® — 7*77) will be either measured or cal-higher masses.) In Ref. [61], the influence of SUSY decays on
culable. More generally, conversion of measurements @ apility to detect pair production is assessed and a strategy
o(H°, A°)BR(H®,A° — r%77) to determinations of the for using these and other decays to probe the GUT boundary
cross sections and actual signal rate must include systemafgditions is developed. A related study has recently appeared
and/or statistical errors due to uncertainty in ther— branch- iy Ref. [62].
ing ratios. Direct measurement 8R(H°, A” — 7" 77 ) will | Ref. [61], these issues are examined in the context of six
require NLC or FMC data. (See next subsection.) If only LHGqt terribly different GUT-scale boundary condition scenarios in
data is ava}ilable, then the situation is more complicated, as WRich there is universality for the soft-SUSY-breaking param-
now d?SC”be- etersmy /5, mo and Ay associated with soft gaugino masses,

At high enoughtan 3, the enhancement of thé®, A° cou-  goft scalar masses and soft Yukawa coefficients, respectively
plings tobb and7* 7~ in the MSSM will imply that these are [g3]. After requiring that the electroweak symmetry breaking
the only modes of importance and that they will be in the F]étiogenerated as a result of parameter evolution yield the cafrect
3mj (m.ao) : m?. For suchtan § values, systematic uncertaintyhoson mass, the only other parameters required to fully spec-
will be small. However, thean 5 values of Fig. 18 required for ify a model in this universal-boundary-condition classtanes
S/VB = 5 and, to a lesser exteii/v/B = 10, are not al- and the sign of the parameter (appearing in the superpotential
ways large enough to guarantee that otleeg.SUSY) decays 7 5 i1, H,). The six models considered in Ref. [61] are de-
of the H?, A® can be neglected. (See next subsection for SOMSted D, D+, NS, NS+, HS™, HS*, where the superscript
examples.) indicatessign(u). Each is specified by a particular choice for

Even at hightan § it would be very helpful to directly mea-,, . my s ¢ Ao, thereby leaving onlyn, /,, in addition to
sure theBR(7*7~)/BR(bb) ratio(s) as a confirmation of the(,y, 3, as'a free parameter in any given model. Pair production
theoretical prediction. To measure the ratio requires measidithen considered in the context of each model as a function of
ing the rates for theZ%bb, A°bb — bbbb final states. This was |ocation in the kinematically and constraint allowed portion of

32m4(m 40) is the runningb-quark mass evaluated at scalgyo ~ m 0. (M2, tan ﬂ) parameter space. o _
Form 4o in the150 — 400 GeV range,;m2(m 40) ~ 0.5mZ(pole). Ref. [61] finds that event rates for anticipated machine lu-




detected in final state modes whet#®, H° — bb or ¢t and classified according to the number of charged leptons summed

H+ — tb, H- — bt even when the branching ratios for SUSYover any number of jets (including 0). All branching ratios

decays are substantial. Further, the mass ofifAeor A° can and reasonable efficiencies are incorporated in the statistical er-

be determined with substantial accuracy using the fully recaiwrs employed in constructing this table. The effective lumi-

structable all jet final states associated with these modes. Rwsity L.s = 80 fb~ ' is equivalent to an overall tagging and

haps of greatest ultimate importance, in much of the kinemagconstruction efficiency for events ef= 0.4 at a total inte-

ically and phenomenologically allowed parameter space Higgsated luminosity o = 200 fb~*. Results presented are for

branching ratios for a variety of different decay channels can h& = 1 TeV.

measured by “tagging” one member of the Higgs pair in a fully

reconstructable all jet decay mode and then searching for dif-

ferent types of final states in the decay of the second (recoilifgiple XVI: We tabulateAx? (relative to the D' scenario) for

Higgs boson. the indicated branching fraction ratios as a function of scenario,
The power of Higgs pair observations for determining th@ssuming the measured o andmz. values ares49.7 GeV

GUT boundary conditions is most simply illustrated by an exand 149.5 GeV, respectively. The SUSY channels have been

ample. Let us suppose that the"Dnodel withm,,, = resolved into final states involving a fixed number of leptons.

201.7GeV andtan 8 = 7.5 is nature’s choice. This implies The error used in calculating eacty? is the approximatéo

thatm 40 = 349.7 GeV andm;i = 149.5 GeV. Experimen- error with which the given ratio could be measured fQr =

tally, one would measure:.o as above aneh=s (the lightest 80 fb~! at\/s = 1TeV assuming that the D scenario is the

chargino) mass in the usual way and then infer the required FaIrect one

rameters for a given model. For the six models the parameters Ratio [ DT ] NS [ NST [ HS” [ HST
are given in Table XV. Note that if the correct GUT scenario O O 12878<H12;‘7> S TEREN: AR
can be ascertained experimentally, then 3 andm, ,, will be 081> 051/0b, t¢ '
fived P y p 1/2 [1€][> 04]/bb, ¢f | 13081 | 2.41 | 5130 | 3.6 | 4783
Ixed. [26][> 0j]/bb, ¢ | 4543 | 512 | 92395 | 26.6 | 116
hORO /bb 109 | 1130 | 1516 | 10.2 6.2
HT

Table XV: We tabulate the values of, /, (in GeV) andtan 3

; . . 1724 04> 0] /tb 122 [ 365 432 [ 004 | 02
required in each of our six scenarios in order thago = loa[= 051/

[14[> 05]/tb 15 0.3 0.1 56 | 0.06

349.7GeV andmz+ = 149.5GeV. Also given are the cor- hOW /b 08 | 05 3.6 73 | 03
. 1 . —
responding values ofi 0. Masses are in GeV. TV /th 437 | 415 | 477 | 137 | 355
Do AN 30669 | 2493 | 124379 | 68 | 15272

| | D | DY | NS | NS' | HS | HS' |
myo | 201.7| 174.4) 210.6 | 168.2| 203.9| 180.0
tang | 7.50 | 2.94 | 3.24 | 2.04 | 12.06| 3.83 From Table XVI it is clear that the five alternative models
myo | 350.3] 355.8| 353.9| 359.0| 350.1]| 353.2]  can be discriminated against at a high (often very high) level of
confidence. Further subdivision of the SUSY final states into
states containing a certain number of jets yields even more dis-
Determination of the GUT scenario proceeds as followstimination power [61]. Thus, not only will detection of Higgs
Given the parameters required for the obsemed andm;i pair production ine™e™ or u* ™ collisions (at planned lumi-
for each model, as tabulated in Table XV, the rates for diffeRosities) be possible for most of the kinematically accessible
ent final states of the recoil (non-tagged) Higgs boson in p&@rtion of parameter space in a typical GUT model, but also
production can be computed. Those for the inpat Bodel the detailed rates for and ratios of different neutral and charged
are used to determine the statistical accuracy with which ratfdi§gs decay final states will very strongly constrain the possible
of event numbers in different types of final states can be m&aUT-scale boundary condition scenario and choice of parame-
sured®® The ratios predicted in the § NS-, NSt, HS, and  ters.e.g.tan 8 andm, /, therein.
HS*models will be different from those predicted for the input
D~ model. Thus, the statistical uncertainty predicted for the | Implications of LHC and NLC data for

various ratios in the input D model can be used to compute the ) . 0 0
x? by which the predictions of the other models differ from the s-channel dlscovel?ll\/l(g th&” andA” at the

central values of the inputDmodel. The results for a selection

of final state ratios are given in Table XVI. The final states con-ag we have already noted, colliders other than the FMC offer

sidered arebb andt? for the H°, A% h°h° (light Higgs pair, yarious mechanisms to directly search for #fe H°, but have
with h® — bb) for the H?; hOW+ and7tv, for the H (or significant limitations:

the charge conjugates for tié—); and SUSY modes (exper-

33We focus on ratios in order to be less sensitive to systematic uncertainties s Thereare regionsifin o, tan 5) parameterospaoce atmod-
in efficienciesetc; however, from Ref. [61] it is clear that absolute rates will eratetan (3, m 0 % 200 GeV in which theH®, A” cannot
also be useful in some instances. be detected at the LHC.



but it is limited tom o ~ m 40 < 1/5/2. served at the LHC. This is because non-observation at the LHC
) , implies thattan 8 > 3 while it is precisely fotan 5 > 2.5 — 3
* A yy collider could probe heavy Higgs up to masses ¢fiat getection of thed®, H® is possible [3] in the mass range
Mo ™~ Mo ™ 0.8y/s, but this would quite likely require ¢om 200 to 500 GeV via as-channel scan ip* . collisions.
L > 100fb™ ", especu_':llly if the Higgs bosons are at th?The lowertan 3 reach given assumes thia, ., — 200 fb~ " is
upper end of theyy collider energy spectrum [34]. devoted to the scan. The detailed strategy outlined in Ref. [3],

In contrast, there is an excellent chance of being able to @s-t0 how much luminosity to devote to differepf scan set-
tect the H°, A° at au*u— collider provided only thatn 4o is tings in the200 — 500 GeV range, must b_e employed.) T_hat the
smaller than the maximays available. This could prove to be-HC and the FMC are complementary in this respect is a very
very important given that GUT MSSM models usually predi&ruual point. Together, the LHC and _FMC guarantee dlscqvery
Mg > 200 GeV. of the A%, H after 3 to 4 years of high luminosity operation

A detailed study ofs-channel production of th&l®, A% has €ach, providedn 4o < 500 GeV. Oncem 40, mgo are known,
been made in Ref. [3], upon which the ensuing discussionYY Precise measurements of some of the crucial properties of
based. The signals become viable when3 > 1 (as favored the H®, A° (including a scan determination of their total widths)
by GUT models) since thetu~ HO and utu~ A° couplings Pecome possible [3]. ,
are proportional taan 3. In particular, even thoughtot, Tt In the event that the NLC has not been constructed, it could be

HO9» . . . .
. . . T ; that the first mode of operation of the FMC would be to optimize
are big (see Fig. 1) at higfan 3, due to largeéhb decay widths, Lo :
9 ( 'g. 1 lofa. 3, du d y Wi -fé)r and accumulate luminosity at, says = 500 GeV. In this

BR(H®, A — p*p~) approaches a constant value that i L . - i

Iarg(e enough to imply ;ubstantial Cross sectiégs, 7 40. (We case, there is still a high probability for detectmg tH.@’AO

recall from the earlier SM Higgs FMC discussion that for a geH‘-thei have2notzggeé’1 3t$erve<+j aj theﬂl_‘(!l%' F'rétgf‘;{f

eralh, oy o BR(h — ' i) when the Gaussian beam Spreaggﬁop?oa/j({tio: will beeobSSR//édMSe_c)ond altﬁi)nugh reduc):ed in

o ~ is smaller tharl';,.) The optimal strategy foE°, A° de- . ' o .

te\égtion and study at the FMC depends upon the circumstancrensa.lgnItUde compared to an electron colllder., thereis a Ion.g low-
First, it could be that thé® and/orA° will already have been energy bremsstrahlung tail at a muon collider that provides a

. : 1 self-scan over the full range qf's values below the nominal
_dlscovered at the L.HC' Wm 300 fb (ATLAS+CMS) of operating energy. Observation4f, H° s-channel peaks in the
integrated luminosity, this would be the casedh g < 3or & e ) .

. bb mass fn,;) distribution created by this bremsstrahlung tail
tan 3 is above amn 40-dependent lower bound.g.tan 5 >, 10 may be possible [3]. The region of tite 4o, tan 3) parameter
for m 40 ~ 400 GeV).3* Even if the H?, A° have not been de- ybep : glon A% P
: L - space plane for which a peak is observable depends strongly
tected, strong constraints @m0 are possible if precision mea-

surements of the properties of the (such as théb/ W W* and 1n t(?eybz ;gsoluuon.dllzor ?XC?”e;m‘f ;esolggn of orTar
cc/bb event rate ratios and thg:* .~ h°)? coupling-squared) 050 Ge Var;n Xéeg{r?te Il(Jm'nOSItyb = bIOOf Ei \f =
are made vias-channel production at the FMC or igfs — 200 GeV, theA”, H™ peak(s) are observable fom § = 4 — 5

- . if 500 GeV > m 40 > 250 GeV. 36
500 GeV running at the NLC, or by combining these two typeg ) =AY =
of data — see earlier discussions associated with the errors tallJ:-.'na"z’ ifn deﬁher the dLthgofrl(? FbMC scan of th_135OQ GeV .
ulated in Tables X, XI and XII. By limiting the/s scan for the region has (|)scovere the ', A7, but supersymm(_atnc parti-
HO and A° in the s-channel to then 4o ~ m o Mass region cles and thé: have been observed, we would believe that the

0 40 ; .
preferred byh® measurements, we would greatly reduce the I[ﬁ , A” must exist but hava.o ~ myo > 500GeV . Anal -
minosity needed to find tha® and H° via ans-channel scan as yses of the SUSY spectrum in the GUT context and precision

compared to that requiredsif 40 is not constrained h? studies might have yielded some prejudice for the probable
With such pre-knowledge of: 40, it will be possible to detect A% and an efxtens,lﬁn of tlhg. FMC enefrgg;op Z)Othe ?(EEmp”'
and perform detailed studies of tHE?, A° for essentially all &1€V/3 ~ 1.0 for s-channel discovery of thé®, A” could be
tan 8 > 1 provided only thatn s < /5. % If tan3 < 3 considered. However, at this point, even if we have developed a
then excellent resolution ~ 0.0T%, vr\;mxbe necessa?y f’or favored. range fomA.o, it V.VOUId probgbly be most worthwhile
detection since thd® and H° become relatively narrow for low to con:srld?r a machine with much highg. A popular refer-
tan 3 values (see Fig. 1).. For highem 3 values,R ~ 0.1% cncen”p— collider design is one for/s = 4TeV. Ref. [61]
is adequate fo®, A° detection, butR ~ 0 01(7; would be shows that such an energy with appropriately matched luminos-
’ ' : i i +,,- 0 70 + - pai
required in order to separate the rather overlapgifigand A° ity WOUI(.j alloyv dlscgvery_ofu po > ATH andHOH 0 paur
peaks (as a function affs) from one another [3] production, via theb or ¢t decay channels of th&#", A” and
Even without pre-knowledge of. 40, there would be an ex- tb, tb decay channels of th&f ™, H —, up to.fmassis (;/ery closfe
cellent chance for discovery of ti?, H° Higgs bosons in the © 1Ay o Y ™ T ™ 2TeV, even if SUSY decays of
the HY, A, H= are substantial. (This mass range certainly in-
34Fortan 3 < 3, one makes use of modes suchf&& — hOh® — bbyy  cludes that expected in any supersymmetric model that provides
andH® — ZZ®) — 4¢, whenmyo < 2me, or H?, A° — i, when a solution to the naturalness and hierarchy problems.) Detailed

mygo,myo R 2myg. At high tan 3, the enhanced production rates forstudies of theH°. A°. H* ofthe type discussed in the previous
bbH®, bbA° with H°, A° — 77— are employed. T

35We assume that a final ring optimized for maximal luminosity,&t ~ 36Requiredtan 3 values increase dramatically as one moves intarihg ~
m 40 Would be constructed. mz zone, but this region is covered B° A° pair production.




ete collider with /s < 1.5 — 2 TeV is also probably viable, bly?) 7. The only competing modes that might be present are
and could proben g0 ~ mpgo ~ my+ < +/s/2[61,62]. Inthe A=~ — W~-A~ andA~~ — A~A~, whereA~ is a mem-
absence of a strong prejudice based on GUT boundary coruér of the same SU(2)multiplet as theA~—. Generallyna -
tions, only the2 TeV option could be presumed (purely on thés not very different fromm--, and only thelW~ A~ mode
basis of naturalness) to guaranfée, A°, H+ discovery. has a significant likelihood of being two-body allowed; in many
models both théV~ A~ and A~ A~ modes can only proceed
: : ; irtually. Even when théV ~ A~ channel is two-body allowed,
G. Searching for a doubly-charged Higgs bc)Sm)c{me finds that— ¢~ could be the dominant decay channel if the

[64] A~~ — £~ £~ coupling is not too much lower than the current

Doubly-charged Higgs bosonA( —, A*++) appear in many bound(s). We note that decay of the — will occur inside the
extensions of the Standard Model Higgs sector, such as |éfgtector even if théV’~ A~ decay mode is highly suppressed,
right symmetric models, and can be relatively light, the currep® long as theA™— — £7¢~ coupling is not extremely small
bound beingna-- > 45GeV from LEP. They have received (Smaller than is preferred, for example, for the ~ of a left-
less attention than neutral and singly-charged Higgs bosons Hght symmetric model).
cause they can lead to phenomenological difficulties. In particuThe/=¢~ — A=~ (¢ = e or p) production mechanism was
lar, p = % = 1is not natural unless any neutral Higg§tudied in Ref. [65]. It can lead to detectable signals down to

boson that is part of the same Higgs multiplet has zero vacutf@farkably small magnitudes of the™~ — ¢4~ coupling
expectation valu&’ Thus, models with zero vev are favored— far below current limits; for couplings near the current lim-
In left-right symmetric models, zero vev is natural for the nedfs Very high production rates result, implying the possibility of
tral member of the Higgs triplet associated with the left-hand@g®  factory. However, for~ ¢~ — A~", one must have
sector; the right-handed sector neutral Higgs must have substdfi-~ ™a--- To avoid wasting time on a scan, it is highly
tial vev and the associateN, - phenomenology is very differ- advantageous i - - is known ahead of time. Thus, prior de-
ent. Of course, representations can be chosen for which thiggion of A=~ A** pair production would be of great value.
is no neutral membee.g.aT = 1/2,Y = —3 representation DiScovery of aA™~ with decays t&~ ¢~ would in and of itself
contains only aA~— and aA~. Coupling constant unification pr0\_/|de a compelling motivation for building air ¢~ collider
should also be taken into account. It is amusing to note tifgsigned for use as&a™~ factory.

coupling constant unification occurs in the non-supersymmetridair production ofA=~A™* in ete™ or u*u~ collisions
Standard Model if a singl®”| = 2 triplet representation is in- requires only sufficient/s. Although no specific study was
cluded in addition to the standafi| = 1 doublet Higgs rep- performed, it seems very likely that discovery upnig,-- <
resentation. On the other hand, in the minimal supersymmeti€ /2 would be possible. However, the NLC and FMC are still
extension of the SM, inclusion of triplet Higgs field(s) destroysiore than a decade away at best.

unification. However, this can always be cured by introduc-
ing intermediate scale matter so as to maintain unification, as
done for example in left-right symmetric models. Thus, po-
tential phenomenological difficulties are not all that difficult to
avoid, and we should be on the look-out for signatures of exotic
Higgs representations, the clearest signal being the existence of
a doubly-charged Higgs boson.

An especially important feature of A~ is the fact that for
many representation choicéds — — ¢~ ¢~ couplings are al-
lowed. Indeed, in left-right symmetric models the correspond-
ing neutral field couplings give rise to the see-saw mechanism
and thereby naturally small neutrino masses. Detection and
study of aA~~ provides important opportunities for determin-
ing whether such couplings exist and how large they are.

We begin our discussion by considering the phenomenolog-
ically natural models in which the vev of any neutral mem-

7

LHC i
sgrt(s) = 14 TeV E

cross section (fb)

ber of the multiplet containing thA~~ is zero. This implies 2L Tevatron ]
that theA—— — W~-W~ coupling is also zero. If the\—— sart(s) = 2 Tev
also couples té— ¢, then the resulting phenomenology is very el N
special and easily identified. There are only two production 200 400 600 0 s (Gev)
mechanisms»*, Z* — A=At and¢=¢~ — A~~. For

the class of model being considered, it is also very possible
Figure 19:A*+ A~ pair production cross section as a function

37Ev‘en if the model is constructed so that= 1 at tree-level, one loop of A~— mass for both the Tevatron and the LHC.
corrections are infinite unless the vev is zero.




A=~ — (¢ and ATt — ¢t¢t is investigated. The nored. TheA%™ of the left-right symmetric model must fall
~v*, Z* — ATTATT coupling is always present, althoughinto this class. Such &~~ will have substantialV ~— W~

slightly model-dependent; for definitenessia= 1,75 = coupling. There has been substantial work on the related phe-
—1,Y = —2 A~ is considered (as found in several populatomenology [66]. Are—e~ or .~ collider would be of par-
models). The Tevatron and LHC cross sectionsfor- A*+ ticular value in exploring such A=~. In addition to the pos-

pair production are plotted as a functionsafy -~ in Fig. 19. sibility of direct s-channel production through the leptonic cou-
Discovery limits for A=~ A*+ are obtained assuming that gling, the non-zerdv ~W~- — A=~ coupling will typically
singleA~=~ — ¢~ ¢~ decay channel is dominant with= ¢, x  yield a substantial cross section fore~ or p~pu~ — vvA™~

or 7. A full Monte Carlo simulation is performed at Tevatrorproduction. Further, ifna-- 2 2my, thenA=— — W-W~—
energies. Events are generated in PYTHIA and passed throdghays are very likely to be dominant; detection of sudsra

the Run | CDF detector simulation. Fér= e, u it is found at a hadron collider might not be straightforward. Thus, it could
that backgrounds are negligible once a like-sign dilepton paiappen that one would first discover the ~ in the W ~-W -
with high mass is required, and it is purely a matter of havirfgsion mode, at which point it would be important to turn to
a handful of very clean events. Foe= 7, the need to identify the s-channel production probe of its possilelee™ or =~
ther by its decay to an isolated lepton or hadron leads to a smpuplings by lowering the machine energy.

nificant background level, implying a smaller discovery reach.

AssumingBR(A~~ — ¢~{~) ~ 1, it is demonstrated that de- V. CONCLUSIONS

tection of theA~~ at the Tevatron (operating gfs = 2 TeV

with L = 30 fb~1) will be possible forma-— up t0300 GeV There have been two primary focuses in this report.

for £ = e or p and180 GeV for £ = 7. These results should
improve slightly if the greater coverage of the TeV33 detector
upgrades is incorporated. The corresponding limits at the LHC
are estimated by requiring the same raw number of events be-
fore cuts and efficiencies as needed at the Tevatron(( for

¢ = e, and ~ 300 for £ = 7) yielding ma-- discovery

up to roughly925 GeV (1.1 TeV) for £ = e, u and475 GeV

(600 GeV) for ¢ = 7, assuming total integrated luminosity of

L =100 b~ (L = 300 fb™!). For¢ = e, u, the reach of

the LHC detectors will likely be even greater than this, due to
the improved lepton acceptance and resolution anticipated over
the current generation of hadron collider detectors. #~or 7,

this simple extrapolation may not account for a different signal-

to-background ratio in- selection at the LHC. A full study is ble XIIl. The errors quoted are those that would mate-

necessary to evalugte this. rialize after substantial luminosity has been accumulated:
Thus, if aA™~ with moderate mass and the assumed prop- 1, — 600 fb—! at ATLAS+CMS at the LHCL = 200 fb*
erties exists, discovery at TeV33 is not improbable; the LHC 4t the NLC (or FMC) iny/s = 500 GeV running; and

allows discovery up to remarkably large masses. Once found, ; — 9200 fb—! in an s-channel scan at the FMC of the
the importance of pursuing ¢~ — A~ collisions is easily SM Higgs resonance peak.

argued [65]. In particular, it is very likely that the magnitude of
the A=~ — ¢~¢~ coupling can only be determined by doing
so0. Indeed, observation &€=~ AT+ pair production in only a
singleA=— — ¢~ ¢~ channel provides no information on the
coupling magnitude. (Of course, if more than didehannel is
seen, ratios of thé/ couplings could be obtained.) Only if the

A~ — ATW~ decay channel [for which the partial width o \We examined a number of issues and new ideas associated

e We performed a first detailed study of the accuracy with
which the branching ratios, couplings, total width and mass
of a SM-like Higgs boson can be measured in a model-
independent way. A number of new strategies and tech-
nigues were developed during the course of these stud-
ies. A thorough evaluation of the possibilities and errors
at the LHC is still very much in progress. Still, the results
obtained to date indicate that many important properties
can be measured with substantial accuracy; see Tables II-
VIIl, Fig. 10, and Table Xlll. The simpler and cleaner
environment at the NLC or FMC allowed us to perform
a reasonably complete study at these machines, with very
encouraging results; see Tables IX-XII, Fig. 10, and Ta-

One significant conclusion is the great desirability of being
able to accumulaté = 200 b~ both iny/s = 500 GeV
running and in a FMG-channel scan if the Higgs mass is
below2myy, . This could be accomplished if both the NLC
and a low-energy FMC were constructed.

can be computed and compared to thé~ partial width] is with extensions of the simple one-doublet SM Higgs sec-
also seen, can one get an estimate ofdheoupling magni- tor. Of particular interest were supersymmetric extensions
tude(s). In contrast, ae™ e~ (1~ ) collider would provide of the SM, including the MSSM and NMSSM. Contribu-
a direct measurement of tlee (u) coupling. This illustrates tions summarized here included:

an important complementarity between the NLC or FMC and

hadron colliders. Discovery of A~ prior to the construc- 1. A demonstration of the substantial accuracy with
tion and operation of thete~,e~e~ collider NLC complex which thetth and ZZh couplings could be deter-
or the FMC analogue would be very important in determining mined for a generak of arbitrary CP nature at a
the energy range over which good luminosity and good energy Vs =1TeV NLC.

resolution fore”e™ or ™ p~ collisions should be a priority. 2. A demonstration that in the next-to-minimal super-

Of course, the possibility that thA~— is part of a multi- symmetric model (with Higgs sector consisting of



regions of parameter space for which no Higgs boson nion, R. Vega collaboration; C. Kao; and PYTHIA.

can be found at the LHC and/or LEP2, implying thajg] The results summarized in this section are based on work by J.
in some circumstances Higgs discovery would have Gunion and L. Poggioli.

to await the NLC or FMC. [9] Atlas Technical Proposal, CERN/LHCC 94-43 (1994).
3. A demonstration that at lowan 3, the A% of the [10] CMS Technical Proposal, CERN/LHCC 94-38 (1994).
MSSM could be detected at the LHC in the InC|USIVﬁ1] ATLAS study of separatingV’ W’ fusion atms,,, ~ 100 GeV.

A% — vy mode.
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0 0 + -
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unification scale. Germany, December 1996.

- _ 18] S. Narison, Phys. LetB341, 73 (1994); for a review, see S. Nar-
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at the LHC.

[14] M. Dittmar and H. Dreiner, hep-ph/9608317.
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