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Abstract

We update theoretical studies of the physics opportunities presentedbyHiggs fac-

tories. Interesting measurements of the Standard Model Higgs decays,inta-— and

WW* may be possible if the Higgs mass is less than ab60tGeV, as preferred by

the precision electroweak data, the mass range being extended by varying appropriately
the beam energy resolution. A suitable value of the beam energy resolution would also
enable the uncertainty in thequark mass to be minimized, facilitating measurements
of parameters in the MSSM at such a figsty~ Higgs factory. These measurements
would be sensitive to radiative corrections to the Higgs-fermion-antifermion decay ver-
tices, which may violate CP. Radiative corrections in the MSSM may also induce CP
violation in Higgs-mass mixing, which can be probed via various asymmetries measur-
able using polarized* .~ beams. In addition, Higgs-chargino couplings may be probed
at a secon@ ™ 1~ Higgs factory.

1 Introduction

Muon colliders produce Higgs bosons directly yid.~ annihilation in thes-channel, unaccompanied by spec-
tator particles. If the electroweak symmetry is broken via the Higgs mechanism, hadron machines, such as th
Tevatron cqlli¢ter'[1] and the LHC [2], will presumably discover at least one Higgs boson, but in an experimental
environment contaminated by important backgrounds and accompanied by many other partietes: Ainear

collider (LC) [3, 4, 5] would complement the hadron colliders by providing precise studies of the Higgs boson in a
clean environment. However, the dominant production mechanisms create Higgs bosons in association with othe
particles, such as #°, two neutrinos or am™ e~ pair. Moreover, the peak cross section fquau~ collider to
produce a Higgs of 15 GeV is around 60 pb, which can be compared with around 0.14 pb fer-an collider

operating at 350 GeV.

*Report of the Higgs factory working group of the ECFA-CERN study on Neutrino Factory & Muon Storage Rings at CERN.



The potential ofu™ p~ colliders for investigations of the Higgs system is very exciting, and has been the
subject of much work, see, e.g., [6, 7, 8]. However, if the study of-@hannel resonance is to be pursued
experimentally, the event rate must be sufficiently large. In the case of a Standard Model (SM) Higgé/boson
this means that the mass must be somewhat less thantfyiceotherwise the large width reduces the peak cross
section. This condition need not apply to more complicated Higgs systems, for instance the heavier neutral Higgse
of supersymmetry.

Since aut .~ collider is able to work near optimally over only a limited range of centre-of-mass energies,
knowledge of the Higgs mass is crucial in designing such a machine. A combined fit to precision electroweak
observables yields an indirect estimate for the SM Higgs boson mass of

mpy = 88135 Gell. (1.1)

with a one-sided 95% confidence-level upper limitl6 GeV [9], including theoretical Uncertainties. These
numbers are increased by abatGeV if one uses the estimate [10] of the effective \Ial:ueegm atthez’ paak.

The range (1.1) should be compared with the lower limit from direct searchestof GeV [11], and suggests

that the most probable value for the Higgs mass is not much greater than this lower limit [12], as seen in Fig. 1
The analysis leading to Fig. 1 is valid within the Standard Model, or any new physics extension of it in which
the new physics effects decouple from the precision electroweak observables, as occurs for example in minime
supersymmetric extensions of the Standard Model, when all supersymmetric particle masses are above the we
scale.
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Fig. 1: Probability distribution for the mass of the SM Higgs boson, estimated [12] by combining the available indirect information with
the LEP direct lower limit [11]. The shaded region represents 50% of the probability distribution.
r=i
In fact, the 2000 run of the LEP collider yielded a 2.Excess in the search for the SM Higgs boson, with
a preferred mass of [11]
my = 115677 GeV. 1.2)

The excess seen is consistent with the expectatlons from such a signal: themost significant candidate events hz
been seen inthH — bb decay mode, witiZ? — 4q, and the production cross section is quite compatible with that
expected for a SM Higgs boson. The mass (1.2) is highly consistgnt with the range (1.1)."Moreover, both are als
highly compatible with the minimal supersymmetric extension of the Standard Model (MSSM), \which predicts
the existence of a light Higgs boson weighing less than ab®uizeV [14]. If the observation (1.2) were to be
confirmed, it would provide an excellent opportunity fgr b~ collider Higgs factory. As was outlined in [7], the
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measurement of the — bb decay mode for a mass arour) GeV suffers fromt excessive backgroundify is
close to theZ peak, and from the rapidly-increasing Higgs width, and therefore reduced on-peak cross section, as
my increases toward thid 17~ threshold. The dbtimal Higgs mass identifiedin [7] was in fact GeV.

In the coming years, first the Tevatron collidgt[1] and subsequently the LHC [2] will have opportunities to
discover the SM Higgs boson. In the case of the (constrained) MSSM, it has been shown that the prospects for tf
lightest Higgs boson are nearly as good as for th‘e aM; [15]. One may expect to measure the mass of the SM ¢
MSSM Higgs boson at the hadron colliders with a| precision better tia#V . Detailed follow-up measurements
would then be possible with ant e~ linear collider [3, 4, 5]. Unfortunately, the existence of a Higgs boson
weighingl115 GeV will probably not be clarified by the Tevatron collider or the LHC for several more years.

On the other hand, much work is still requijred before the feasibility.of a~ collider can be demonstrated.
We recall that the muon collection and storageilitgcforeseen for au* p~ collider has many parameters in
common with those required for a neutrino factory [7], whose storage ring requitésnuons per second to be
injected with a preferred energy of 50 GeV. This energy is close to that required for a first-genetationollider.
However, gutu~ collider would need about an order of magnitude more muons than are foreseen in the neutrino
factory, and it is not yet clear what combination of higher-efficiency beam preparation and increased proton powe
will be the most effective way to achieve this. Moreover, the normalised emittance envisaged for a neutrino factory
is 1.67 mm.rad, whereas 0.2 mm.rad is anticipatgd'ip~ collider designs [16]. Thus, considerably more beam
cooling would be required for a* = collider. We ecall also that the bunch structure foreseen for a neutrino
factory, namely a train of 140 bunches injected at 75 Hz, would need to be modified. The luminosity of a collider
scales with the square of the bunch current squared multiplied by the repetition rate. To conveétrt the neutrin
factory into a muon collider, the basic repetition rate of 75 Hz is quite suitable, but one requires jUSt one bunch in
each cycle. If this can be done, and a six-dimensionéttante of1.7 x 107!° (#m)? can be achieved [16], a
luminosity of 10! cm™2 s may be achieved, colliding beams with an energy spread of 0.01%.

In this report, we revisit first the pﬁ;l/sics prospects jidru~ collider SM Higgs factories, examining in
particular two effects that were overlooked in [7]. One is W&/~ decay mode, which is rather clean and has a
branching ratio of at least 8% in the SM. The other is the effect of the beam energy spread, for which we conside
values larger than the 0.003% considered previously. In this way, the range of SM Higgs masses for which usefu
measurements of the cross sections can be made extends up to about 160 GeV.

We recall that théte is a richer Higgs sector in the MSSM, including three neutral Higgs bgsBnand
A, where the first two have scalar couplings in the CP-conserving limit, and the latter pseudoscalar couplings
As was also discussed in [7] there, are excellent prospects fiora collider tuned to the similar masses of
the heavier neutral Higgs bosofk A. If they weigh several hundredeV or more, these might be difficult to
observe and study at the LHC or a linedre~ collider. ;A'Higgs boson weighing as little 4ss GeV is not only
consistentvith supersymmetry, but even seemsequiré something very like it, if the effective Higgs potential
is not to become unstable at a relatively low energy scale [17]. Thus, confirmation of the hint (1.2) would also be
a strong encouragement to envisage a segdnd- Higgs factory, even if théf and A have not been observed
directly. In this context we study the influence of supersymmetric radiative corrections on the peak cross section
and branching ratios df, H, A compared to a SM Higgs boso_nl.

Both the f{ir$tu™ 1~ h factory (FMC) and the secondm:'(H, A) factory (SMC) will provide unique op-
portunities to study CP violation in the Higgs sector of the MSSM [7]. There tesently been improved studies
of this possibility [18], in the light of which we revisit here the prospects for measuring various CP-violating ob-
servables at™ .~ colliders. Finally, we also discuss the prospects for measuring/tbhcouplings to charginos
at such a second" .~ (H, A) factory.



2 CP-Conserving Studies
2.1 Theutu~ — H — X Cross Section

The effective cross section for Higgs productionat ~ my; is obtained by convoluting the standarg¢hannel
Breit-Wigner resonance with the beam energy distribution, which we model as a Gaussian distribution with width
o,. At \/s = my, initial-state radiation (ISR) effects can be approximated by a constant reductionfaatoere
n is a function of the various parametess,mg, m,, ..., that we do not discuss here. In the lilnit< m g, quite
a compact expression can be derived for the peak cross section:

Oy = (5= my) = TEH 2 ) BUL S X) e g o2y (), 23)

my

where

1 T
= ﬁ g and Erf(z \/_ / (2.4)

The peak cross section depends critically on the beam-energy spreathpared to the resonance widthThere
are two important limits:

4y B(H = ptp~) B(H — X)

Op <I = Opeak = 2 3 (25)
My
V2a3nl(H — ptpu~ ) B(H - X
Op >T1T = Opeak = d ( l; a ) ( ) . (26)
o mi; oy,

!

Figure 2(a) shows the’s dependence of (u*u~ — H — bb) for a SM Higgs bosorisy weighingl15 GeV,
cormared with that the lightest MSSM Higgs boson, denoted her&npsn, for varlous vaIU'Ges of the beam-
energy resolutiol® = v/20,/./s. ISR is neglected. The peak cross section is plotted as a functidhiof
Fig. 2 (b). As can be seen,..x reaches a plateau fdt < I'y,/my, in accordance with (2.5), (2.6). Note also
that the resonance is washed out in the lifyit, — 0.
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Fig. 2: (a) Cross sections fart = — H — bb as functions of/s for SM and MSSM Higgs bosons, and (B)dependences of the peak
cross sections, faf, () = 4.15 GeV (solid lines) andr () = 4.45 GeV (dashed lines).

As has been discussed previously, not only is the beam energy spread at ecollider potentially very
small, but also the energy can be calibrated very accurately using the decays of polarized muons in the circulatin
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beams. The very fine energy resolution and precisiog/inexpected at the.* = collider would allow the
properties of the Higgs boson(s) to be determined with outstandifgrac¢utacy. One expects, for instance, to be ab
to measure the mass and width of a lightf < 2 M) Higgs boson to fractions of an MeV. #, S T, the best
procedure is to simply scan the resonance, as was studied in detail in [19, 6, 7, 8]. For a very narrow resonanc
e.g., for a light SM Higgs boson, if thay, however, be thats I' can only be achieved with substantial loss of
luminosity. In this case it is of advantage to operate the collidefat= my and two different beam energy
resolutionyin < T' andoax > I [20]. One can then determine the width of the resonance from the ratio of
the peak cross sections:

Tpeat () [ Tpeai () = (2320 [V T ] . 27)

The width of the SM Higgs boson is shown as a function of its mass in Fig. 3(a), as a line with triangles.
Also shown, with solid circles, is the spread in the centre-of-mass energy for a collideRwitt0.003%. The
open squares correspond to the spread in the centre-of-mass energy which is obt&iieddfied so that the
beam energy spread is always 40% of the Higgs width. It is assumed here that any vAlearmbe obtained,
and that the luminosity scales &/>. This procedure aﬁproxmately optimises the Higgs productign Tate, and
hence the statistical error on the Higgs cross-section. Tlghter beam energy spreads have lower luminosities, whi
increasing the spread reduces the Higgs cross- sectlon Figure 3(b) shows how the reductlon factor given in (2.
reduces the peak cross section in the two cases. ¥

The decay modé/ — bb was investigated in [7], and those results are updated in Fig. 3(c), taking account
of the loss in peak cross section. The suppression is less important as the mass, and hence the width, rises. T
means that the performance fary = 140 GeV is almost the same as faty = 115 GeV. We also display
results for thelWW* decay mode, which is rather clean and has at least an 8% branching ratio in the SM. The
accuracy of the width measurement obtainableiat a~ collider in this channel is estimated by assuming that the
efficiency and background achieved by the DELPHI collaboration in measufiig production atl61 GeV[21]
can be duplicated. This includes the conservative assumption that the spin information is not used to reduce th
non-resonankl’ 1 background. We note that fad; = 115 GeV a 6% error on théb cross-section and 32% on
theW W™ are expected p&00 pb~!, or three years of running.

The decay modé{ — 7777 is also an important channel, which provides power to dlstlngwsh between
different Higgs models [22]. The importance of this decay mode is discussed in more detail in [23] and in Sect. 2.3,
but we recall here that a measurement of the branching ratio with a 16% statistical error could be matieat a
collider using an integrated luminosity o0 pb~!.

We conclude that if one varig? at centre-of-mass energies abeve45 GeV, useful cross section measure-
ments are possible up to about 160 GeV. Beyond this point, the Higgs resonance is simply too wide for a peal
cross-section measurement to be feasible. However, we can confidently expect at least one Higgs boson in tf
mass range accessible :[pjsltu_—l collider.

The accuracies for tﬁe"llaranching ratio measurements have to be compared with the corresponding numbe
at anete™ linear collider [3, 4, 5], where\ BR/B R of about 2.5%, 5%, 4% are achievable for tibe 7+ 7,
WIW* modes respectively (fony = 120 GeV, /s = 350 GeV, and [ £ = 500 fb~!). We emphasize that the
FMC accuracies quoted earlier for these modes are very dependent on the luminosity obtainable, and that these L
numbers include detalled detector S|mulat|ons that are not yet available for the FMC. In addition, by combining

LC and FMC data the .branchlng ratio Bf — ™~ can be measured to 4% accuracy [8].

It was observed in [7] that, for certain values®fo,ca, (1t~ — H — bb) becomes practically indepen-
dent ofm,. More generally speaking? can be chosen such that the peak cross section for a given finakstate
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Fig. 3: Plot (a) shows the width of the SM Higgs boson as a function of its mass (triangles), the centre-of-mass energy spread for
R = 0.003% (filled circles) and the optimal varying energy spread (open squares). Plot (b) shows the cross-section suppression factor du
to the width of the beams iR = 0.003% (filled circles), and for the optimal varying (open squares). Plot (c) shows the fractional error

with which the Higgs cross section can be measured ibii{stars) andVW* decay modes (crosses) usiti) pb~' of data obtained

with R = 0.003%. The solid circles shows the accuracy with which the peak cross section can be extracted if the SM branching ratios are
assumed, and the open squares show the error obtained in the same running period by ogtimizing

insensitive td'y, i.e. dopeax/d 'y = 0, or equivalently

_ A2
o224 e e (2.8)

Iy Vi 1 —Erf(A) -

In practice, this is only relevant if (ij/ — X is the dominant decay channé(H/ — X) > 0.5, and“l(ii)aE STy,
For bothHsy and Hyissv these conditions can be simultaneously fulfilled only Jor= bb. Figure 4(a) shows
contours ofdopeax/d 'y = 0 in the mp—R plane for various values ahn 5. Assuming a conservative error
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in the MS bottom mass determination, nameiy, (72,) = 4.30 £ 0.15 GeV, would imply a 15% indeterminacy
inthe'(H — bb) partial width. If the accelerator parameters are tuned in such a way that (2.8) is fulfilled, the
impact of this uncertainty on the theoretical prediction for the value ofithe- — H — bb peak cross section

is minimized. This is illustrated in Fig. 4 b for a MSSM Higgs boson with a mass of 110 Ge¥,iigt = 8, and
R=8.5-1075.
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Fig. 4: (a) Points in then z—R plane where the«tu~ — H — bb cross section has a local maximum in the variable Curves are

shown for the lightest neutral MSSM Higgs (assuming CP conservation) and for the SM Higgs. In the former case, the relevant MSSM
parameters are shown in the plot. The crossing vertical and horizontal lines pick up one such point for the MSSM Higgs. Imb), the
dependence of the peak cross section is shown for that point.

In this way, theu™ .~ — H — bb peak cross section may be used as a precision measurement that may be
interpreted, for example to constrain MSSM parameters as we discuss later, without any ambiguity retgted to

2.2 Radiative Corrections tou™pu~ — h

Given the excellent experimental accuracy expected for @~ collider, quantum corrections to the Higgs pro-
duction and decay processes; thave to be taken into account. For definiteness, we concentrate here on the quant
corrections in the MSSM, assummg CP conservation, and leaving the extension to include explicit CP violation
induced by loop effects to section 3 of this report. We discuss how quantum corrections affect the Higgs productior
cross sections and how they alter the Higgs branching ratios. Since these corrections depend on the underlyir
supersymmetry parameters, precise measurements of the Higgs boson masses, widths, branchetg ratigs,

be used to pin down the parameter space of the MSSM. They may also be used for important consistency checl
of the model. .,

We focus on the three neutral Higgs bosons expected in the MSSM in the CP-conserving limit, namely
the two scalar& and H, and the pseudoscaldr. Table 1 shows their tree-level couplings to up- and down-type
quarks/leptons and to tH&* and Z bosons, relative to those of a SM Higgs boson. Heres = v, /v; and
« diagonalizes the CP-even Higgs sector= —sin o HY + cosa HY, H = cosa HY + sinw HS. In the limit
m4 — oo, I andA (and H*) decouple from low-energy physics, whilsbecomes SM-like. At tree level, one
hasm;, — mZ| cos 23| andae — 3 — 7 /2 in this case.

The CP -even Higgs mass matih? is, however, subject to large radiative corrections, the leading effects
beingoc A} [14], with &, the top Yukawa coupling. A one-loop renormalization-group- (RG-)improved effective



t b, T (p) W,z
hY | cosa/sin3 | —sina/cosB | sin(f — «)
H° | sina/sinf3 | cosa/cosf | cos(B — a)
AV | —iyscot 3 —ivys tan 8 0

Table 1: Tree-leval couplings of the MSSM Higgs bosbné/, and A relative to those of a SM Higgs boson.
LI |

potential calculation gives [25]

4,2 2
Miy, ~ —[mﬁ—l—mQZ—LuQ(S— A, )]sinﬁcosﬁ

8772M52USY MSQUSY
h4 2 A A2 h2 2 A
+5[ L in2g L ( 275 —6>—|—3 7 B ] (2.9)
167 Mgusy \ Mgusy 321 Mgysy

where¢ accounts for the leading-logarithmic two-loop effeci$s sy is an overall supersymmetry scale, afd
is the trilinear soft SUSY-breaking parameter in the stop mass matrix. Diagonalizing the loop-cavettides
the higher-order values af,, m;, and the effective mixing angle.g, with
2 2

Foosin 20 = Miy . (2.10)

.- \/(TI’./\/12)2—4det./\/l2
As has been shown analytically in [24], if supersymmetrlc vettex corrections are neglected, the improved tree-leve
couplings are obtained by replacing— «.g in Table 1. Note, however that the vertex corrections may well be
important, as is discussed for théh andhr+ 7~ vertices in Sect. 2.3.

While in a large fraction of the MSSM parameter Space the couplings®bb, i+ =, 77~ ard enhgnced
compared to those of a SM Higgs boson, it is, according to (2.9), also possible tatves 0, which corre-
sponds t@in aeg — 0 Or cos aeg — 0. ThUSgLLe, gnrr OF gry, CaN be strongly reduced in the MSSM [25, 26].

This could lead to a highly suppressed production cross section for the lightest CP-even Higgs boson, even if it i

in the kinematically atcessible region.

We display in Fig. 5 the regions of parameter space whgkgn (uT ™ — h)/osm(ptu™ — h) < 30%
(for details, see [27]). Results obtained with theynHiggs code [28] are displayed in th@ 4—tang plane
for Msusy = 300, 1000 GeV. The off-diagonal entry in the mass matrix is taken a&; = A; — u/tan3 =
+Msusy, 2 Msusy. Moreover, we choosg = 2 Msysy and 4, = A;. The other MSSM parameters are
M, = 400 GeV andmj = Msusy, and we taken; = 175 GeV andmm, = i, (m;) = 2.97 GeV.

The top plotsin Fig. 5 show the case with a relatively small supersymmetry massidgals; = 300 GeV,

for the two combinations(’; = y = 600 GeV andX; = —300 GeV, = 600 GeV. In general, the regions with

o(ptp~ = h) < 30% are obtained for largeans 2 15 and relatively smaltn 4: 100 GeV < m4 S 300 GeV.
This follows from (2.9) in the limitMZ%, — 0, sincem 4 has to be relatively small in order for the higher—order
corrections to be of a size simil'a'r'(mz1 + m?%) sin 3 cos 5. Due to the functional dependence/ef, on . and
X; ~ A; fortanf 2 10 as seen in (2.9), the regions hardly change their shape if¥o#md chhange their sign.
However, their shape and location change drastically if only one sign flips. In the bottom pIot in Fig. 5, e show the
corresponding reglons for a large supersymmetry mass sdale;y = 1000 GeV, andX; = ;1 = 2000 GeV. As
inthe |OWMSUgy. c.'a;se we find a non-negligible part of parameter space with a highly suppveeeao“ — h) L.

The regions in Fig. 5 with suppressed production cross section are not significantly affected by the exclusion bounds obtained from the
Higgs search at LEP [11, 29].
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Fig. 5. Regions in ther 4—tang3 plane wherervssm (ut ™ — k) /osm(ptp™ — k) < 30% for a common supersymmetric mass scale
Msusy = 300 GeV (tOp) andMSUsy = 1000 GeV (bottqm).

A more extensive discussion can be found in Ref. [27].

The parameter regions wheréu ™.~ — h) goes to zero are clearly somgwhat unusual, and this possbility
is Mot realized in the constrained MSSM (CMSSM), in which the soft supersymmetry-breaking scalar masses
mg and gaugino massesm are required to be universal at an input GUT scale [30]. This is exemplified in
Fig. 6, where wel $hpv[/a(u O R) x B(h — bb)]cmssm in terms of standard deV|at|ons'f'rOm the SM
value in theml/2 — my plane fory > 0 and two comblnmlons ofan 8 and Ao, together with the co'nstralnts
from B(b — sv) [31, 32],9, — 2 [33] and the requirement that the LSP is uncolored and uncharged [34]. The
mass of the lightest MSSM Higgs boson is also indicated [28]. We have assumed an accuracy of 3% [7] in
the determination o (u*u~ — k) x B(h — bb). No suppression of Higgs production can be observed for
the CMSSM parameter space. On the contrary, the production and decay is always enhanced compared to tl
corresponding SM value, over the entire CMSSM parameter space [30]. However, the existence in principle of the
regions in the unconstrained MSSM with suppressed Higgs production cross section does point up the interest «
measuring this observable.

We note also that, even wher{u™ 1~ — k) does vanish, the production cross sectiong/odnd A are
unsuppressed and even enhanceddms. Moreover,l{ and A would mainly decay intéb or 77—, We find
that in this case the usual mass hierarchy betwdeand A is inverted: The CP-odd Higgs-boson massg



turns out to be larger thamy by up to25 GeV. For a considerable fraction of the parameter regions with
suppressed (ptp~ — h), the mass splitting:4 — my; is larger than the sum of the total widths 4fand H

(this holds in particular for not too large valuestah5). Thus, in these regiond and H should not only be
produced with sufficiently high rates but should also be resolvable as separate resonanggs. Even in the regio
wheres (ut 1~ — h) is suppressed, thet = collider would therefore possess a promising potential for probing
the neutral MSSM Higgs sector via resonant productiorfond A. This is illustrated in Fig. 7, where the

peak cross sections @ft u~ — {h, Hor A} — bb are shown as a function ofn 3 for m4 = 140 GeV and

Msusy = . = —A; = 1 TeV. Note that, for a large range of valuestah 3, theut =~ — h — bb cross
section is much larger than that of a SM Higgs boson of the same massunFor~ 60, howeversin a.g ~ 0 and

o(pTu~ — k) vanishes. On the other hange., (u*p~ — H, A — bb) increases almost linearly fodn 5 2 10.
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tanp =10, A; =0, p >0, m = 175 GeV

tanB =50, A; =0, p >0, m = 175 GeV
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1500 2000

L |
Fig. 6: [o(puT ™ — R) x B(h — bb)]cussm compa-red to the SM value in the, ;, — mo plane fory > 0 andtan § = 10, Ao = 0
(left plot) andtan § = 50, Ao = —2m, . (right plot) [30], assuming an experimental accuracy of 3%. The bricked region is forbidden
because the LSP is the lighteéstThe regions above and to the right &f the (red) diagonal solid lines yield valggs-of within 2o of the

present central value. The light shaded (pink) region is excludéi by~ sv) measurements. The solid leftmost (dotted middle, dashed
rightmost) near-vertical line correspondsite, = 113 (115, 117) GeV [28].

2.3 Corrections to thehbb and h+ 7~ Vertices

An interesting topic that could be investigated at'a:~ collider is the effect of supersymmetric threshold cor-
rections on thé Yukawa interactions. For latge/s and . one expects relative deviations of order unity of the
couplings from their tree-level values, due to gluino (SUSY-QCD) and, to a lesser extent, higgsino (SUSY-EW)
radiative effect®. Such deviations would be strongly correlated, as discussed below, allowing for non-trivial
self-consistency checks of the model. Moreover, these corrections should of course be taken into account whe

determining the underlying SUSY parameters from the Higgs bosons production cross sections and branchin
ratios.

It can be proven that, in mass-independent renormalization s"c'h:anmlldl-ondpr SUSY corrections of

2Largetang scenarios, like those derived from some supersymmetric SO(10) models [35, 36], have become more appealing since LEF
searches for a light neutral Higgs boson started excluding thedaw-region of the MSSM parameter space [29].
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Fig. 7: Thetan 3 dependence of thet = — (h, H, A) — bb peak cross sections. THés,s curve has a small dependencetan 3 on
the left, reflecting the fact that we set the SM Higgs mass equil;o

the forma’s tan™ 5 can be resummed in the following definition foy [37]:

mp myp
hy vy = i~ 7 2.11
YT T AR by + ARZJhy tanBt L+ Am, (2.11)
with the quantityAm, being dominated by SUSY-QCD virtual effects:
200
Amb ~ AmbSQCD = 3—; pmg tanfs I(mgl 2y T mﬁ) ) (2.12)

wherel is the limit of the Passarino-Veltman functiéry for vanishing external momenta. It can be shown that
Am, does not vanish in the limit/sysy — oc. In fact, it approachesy/(37) tang asymptotically. This should

not be understood as a non-decoupling effect, as its physical consequences 'In low-energy observables do vani
in the limit m4 — oo, when the SM is recovered as an effective theory, as dlscussed below. There is, however,
an important phenomenological consequence of the non-vanishing behaviour of (2.12): even for a very heawv
supersymmetric spectrum (but not too largeg), one expects large deviations from the normal ratio

Ghvb/ Ghrr = M0/ M7, - Lo (2.13)

which holds not only in the SM, but also in two-Higgs-doublet models (2HDMs) of type§| and Il [38]. This
translates for instance, into the corresponding ratio of branching fractions, as can be seen in Fig. 8. Since thi
ratio may be measurable with a precision better than 16%, as mentioned previously, multi-standard-deviatiol
discriminatian between the MSSM arrlglthe SM is possible for small

Using (2.11), and after adding the process-dependent SUSY vertex corrections, the renormalized amplitude
for h — bb, H — bb and A — bvsb read [25]:

- My SIN Qleff 1 Amy
bbh) ~ — 1-— 2.14
Ao R) v ocosf 1+ Am, ( tan e tanﬁ) ' (2.14)

- my COS Qleff 1 tan o
bbH) ~ —— 1+ A 2.1
A(bb H) v ocosf 1+ Am, ( amy tan3 ) ' (2.19)
- m 1
b

3A similar formula can be written for the Yukawa coupling, although the SUSY-EW contributionstim. are (generally) smaller.
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Fig. 8: Ratiopf thet — 7%~ andh — bb branching ratios in the MSSM relative to those in the SM.

As can be checked in (2.14) one recovers the SM coupling:bor(and G°bb) asmy/Mw — oo, because
tan aegr — —1/tan3. We see in (2.14) how a radiative zero of e~ — h — bb cross section could occur if
Amy

tan Gef = ——
eff tans

= g~ 0. (2.17)

At the same timeygy,,,, andgy,-, are not zero but

Mr(u) AN — Ay,
v 1+ Amq.(u)

Ghrr(up) — (218)

For Am;, ~ O(1), this is of the same order as the corresponding coupling in the SM. Hepcg:~ — h) is not
suppressed, but does not decay; jntbb. Instead, it mainly decays into" 7~ or WIW*. The total decay width,
however, becomes very small, of the order of a few MeV, leading to an extremely narrow resonance even for large
tan 8. An examgleiis shown in Fig. 9, where we plgfe.i (1T~ — k) as a function of\/s = /s — my, for
varioustang values. Notice that, for small;, values, the actual width of the resonances is approximately given
by R\/s ~ o, (see (2.6)).

80

-4
R=10", m,=140 GeV, My, =1 TeV, A,=0

pH=>h

Opeak [PD]

60 F _ 80

40

20

-0.2 -0.1 . ] 0.1 0.2
" Vs [GeV]

Fig. 9: Resonamt* u~ — h cross sections, fotranB = 20, 30, 50, 80, as a function of the distance to the peak of the resona@rte,
The remaining MSSM parameters are chosen as in Fig. 7.

Last but not least, it should be mentioned that the treatment of the vertex corrections in tekms of
is a very good approximation for largen 5 and Mgusy > m4. For Mgsusy ~ m4, however, this should be
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complemented with the remaining neglected terms in a full one-loop computation [24, 391! Here the problem
of a consistent treatment of the stop and sbottom system arises. For a prescription which includes a consiste
renormalization of the andb sectors and which is, moreover, valid for all allowed 3 values, see [40].

3 CP Violation at utu~ Colliders
3.1 Introduction

In this Section, we discuss ways in which models of CP violation may be probed at both the FMC and the SMC. We
recall that, although the eﬂemlve Higgs potential of the Standard Model (SM) conserves CP, at least up to the two
loop level, this symmetry is generlcally violated in models which extend the Higgs sector even minifially, such as
the two-Higgs-doublet model [41]. Very interestingly, even though CP syrmetry can be impdsed on the complete
Lagrangian of a three-Higgs-doublet model, it can still be broken spontaneously by the Higgs ground state [42]
In supersymmetric theories, CP violation may be generated either spontaneously [43, 44] or explicitly [45, 18] via
loop effects. In particular, the MSSM with explicit radiative CP breaking in the Higgs sector constitutes a prototype
scenario for studying CP violation ayé .~ machine. As we argue below, the option of muon polarization at a

uT p~ collider would be a particularly valuable tool for determinating the CP properties of Higgs bosons.

In this connection, we first review briefly the basic mechanism for obtaining resonantly-enhanced CP asym-
metries in Higgs-mediated processes at the FMC. Then we discuss the CP-violating effects due to vertex col
rections in the MSSM. Next we define optimal CP-violating observables based on muon polarization and give
estimates of the expected CP violation in the MSSM and other extended scenarios. We also summarize the re
quirements for reducing the CP-conserving background. Finally, we give an example of the possible impact of
CP violation on the mass difference between the second and third neutral Higgs bosons in the MSSM with CF
violation [18].

3.2 Resonant CP Viqlglti'qr'] due to Higgs-Mass Mixing

The general formalism for mass mixing in extended Higgs sectors with explicit CP violation induced by loop
effectSlis well developed [46, 45]. It is instructive for our purposes here to recall thétiooischecessary for CP
asymmetries to exhibit resonant enhancement. For this purpose, we consider a generiaprocégsas shown

in Fig. 10. Such a reaction may proceed via both CP-even and CP-odd Higgs bdsand 4, as intermediate
states. The corresponding transition amplitude may be written as

_ res box __ P 1 D box
T =T+ 7T =V, (75 - %(S)LVJ + TP (3.19)
where R R
B A o | ME-TM(s) I (s)
s — H(s) = A7 (s) = sl CfifA () M2, — fiTH () f -E?:.ZO)

is the inverse-propagator matrix, which describes the dynamics ofithe A mass mixing: The propagator
matrixA(s) actually arises from summing a geometric serieéldf, AA, H A andAH self-energies. |In: (3.20),

the hat symbol denotes the fact that the resummed seH-energies should be renormalized within a gauge-invarian
resummation approach that respects unitarity [46], e.g:, the one implemented by the Pinch Technique (PT) [48].

“For a full discussion, including three—state- H — A mixing, see [47].
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H,A H,A

Fig. 10: Resonantand non-resonantll-i.lg.gs contributions to a generic pabcess?.
Lot

Assuming that the non-resonant tef¥°* in (3.19) is negligible, we may identify two sources of CP
violation: (i) the non-vanishing scalar-pseudoscalar mixing ﬂaﬁ“ﬁ(s) in the effective Higgs-boson mass matrix,
and (i) CP Violation in the production and decay verti&¢&s andV;”. By analogy with the neutral kaon system,
we term these- ande’-type effects, respectively. We first discuss thiype effects, which will be resonantly
enhanced if [46]

| M7 — M3 = I[7H(s) + T4 (s)| 3 2|117A(s)]. (3.21)

The condition (3.21) is naturally fulfilled in‘models where the CP invariance of the Higgs potential is minimally

lifted by radiative effects, such as the MSSM [45, 18] and heavy Majorana-neutrino models inspirgthepE
ries [46].

t17t2
t17t27t17t1 //—5\\
N / \
// h v ‘
a v D1, 02 a Ty ¢1, P2 \ I
- > I‘—-»— - X - - \\ /’
\ -~ _ -
I
\ // I
\\ - 4
>—
. 1aQ
t17t27t27t2 1

Fig. 11: One-loop contributions to scalar-pseudoscalar mixing in the MSSM.

In the constrained MSSM with universal soft supersymmetry-breaking magsés sfermions andn, /,
for gauginos, as well as trilinear supersymmetry-breaking paramétetsere are two independent CP-violating
phases. Without loss of generality, these may be taken as the phase of the gluine;raasisi;. As illustrated in
Fig. 11, CP-violating scalar-pseudoscalar transitio$, ~ ﬁHA(O) in the MSSM are predominantly induced
by stop squarks. The qualitative behaviours of important CP-violating terms are given by

M, ~ T m (A (1 | Ay ) 2Re(Mt>>
v? 327m% Mgy Mgy~ tan 8 Mgy Mgy

(3.22)

wherey is the supersymmetrlc parameter characterizing the mixing-of the two Higgs superfields/sand
specifies the common soft supersymmetry-breaking scale defined by the arithmetic average of the squared st
masses. We see from (3.22) thiet? , could in principle be as large adZ [45].
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Fig. 12: CP-violating vertex effects on the bottom and top Yukawa couplings.

Thisis possibleif the phasgdf; is large, which cannot be excludagbriori. There are important constraints
on the CP-violating phases in the MSSM coming, jif partlcular from constraints on the electric dipole moments
of the electron, neutron and®Hg [49]. However, cancellations are possible between different supersymmetric
diagrams, @nd between different CP-violating operators [50, 51]. Moreover, the constraints apply directly only to
the first and possibly second generation of matter fermions, and so may be more relaxed for the third-generatio
couplingA; [52], if one relaxes the assumption of universality between the different generations.

Analogously, in heavy Majorana-neutrino models, scalar-pseudoscalar mixings are induced after integrating
out the heavy Majorana neutrinos, and may also be non-negligible. However, we do not discuss such models i
any further detail here.

3.3 CP-Violating Vertex Effects

In addition to the CP- V|0Iat|ng self-energy effects, CP-violating vertex effects involyihg gluinos, higgsinos and
squarks of the third generation [18] may drastically modify the top- and bottom-quark Yukawa coup|igs

hy,. These effects could play a significarleé ™ not only in the effective Higgs potential [18] at the two-loop
level, but may also affect directly the production of reconstryicted polarized top and bottom quarks. We therefore
generalize the discussion of CP-conserving vertex effects in the previous subsection of this report to include CP
violating vertex corrections. The Feynman diagrams shown in Fig. 12 induce the following CP-violating effective
Lagrangian for the couplings:

= L = [ (hy+ Sh) O + Ahuo3 | bpbr + | (ht Oh) 6 + Ahd} | Taty + he,  (3.23)
where
By e, mid Wl
hy 37 max (M&qy, |ms|?) 1672 max (M3, gy, [¢?)
b2, mr Py
hy 37 max (MZgy, |mg|?) 1672 max (M3, gy, [¢?)
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Ohy 205 m3 Ay Ik ]2

—_ o~

hy 37 max (MZyey, |mgl?) 1672 max (MZugy, |1?)
% ~ % mg,u* |hb|2 AZM* (3.24)
hy 3r max (Mgygy, [mzl?) 1672 max (Mdygy, |ul?) .
and
Guw My
hb — ’
V2 My cos B[1 + Shy/hy + (Ahy/hy) tan 3]
hy = e (3.25)

V2 My sin B[1 + Shy/hy + (Ahy/hy) cot 8]

We see from these last relations that the modification of the Higgs-bottom Yukawa coupling is sizeable for large
values oftan 3, whilst the corresponding corrections to the Higgs-top Yukawa coupling are less relevant.

3.4 CP Asymmetries

f

: Z :

Py P 2

T? ¢_ 0 ’
p(p—ys-) —_— ‘<ﬁ 1 (p4o54)

Pp P
'
f

Fig. 13: CP asymmetries with polarized muons.

The possibility of muon polarization atiat .~ collider could play an essential role in unravelling the CP
nature of the Higgs boson(s) and/or in probing CP violation in the Higgs sector. We display in Fig. 13 a general
configuration of the polarizations of the initial muons. There are several CP-violatiri§g!dbservables that can be
constructed using muon polarization vectors and/or the three-momenta and spins of the final particles. For ou
illustrations, however, we concentrate on the following two representative CP-odd observables [53, 46]:

o ol (spt(sy) = [ = o(u (se)pt(=sy) = f])

Aor = o(p=(se)pt(sy) = Ff) + a(p=(se)pt(=s,) = [ ) (3.26)
Lo (spt(=se) = JT) = o(uT (=s)ut(s) = 1))

Ao = o(p=(s)pt(=s.) = ff) + o(p=(=s:)put(s.) = ff) (3.27)

wheres,, , ., are thez, y, z-projections of the spir of the muon. Note that we define the positivexis as the
direction of theu™ beam, and thg axis perpendicular to the earth surface pointing upwards to the sky. The CP-
violating observablel., is even under naive CP‘T’ transformations, whereids, is odd. To leading ordesdtp

is generated by dispersive terms, whilt, requires non-vanishing absorptive contributions.

The interactions of Higgs bosoitg with mixed CP to fermiong are given by

3
Ling = — Z H; Iy f(g]%iff + ig]];iff)f' (3.28)



In the MSSM, the reduced scalar and pseudoscalar coup;lﬁqg? andgH 17 receive contributions from both self-
energy and vertex corrections similar to those discussed previously in the CP-conserving case, and their analyt
forms have been derived in [18]. Neglecting theZ background, as appropriate at energies close to any Higgs-
boson resonancH; : i = 1,2, 3, the CP-violating observablé.,, reads

207, 911,
= AEP — e i . =i (329)

- (gfh‘w)z + (gfh‘w)z --

We display in Fig. 14(a) the dependenceA}f, onarg (A;)‘f,or the lightest Higgs bosoH, and Fig. 14(b) shows
numerical estimates ofl. for transversely- polanzed up-type fermions. Correspondingly, numerical estimates
related to the next-to- Ilghteﬁz boson are exhibitediin Fig. 15. Lo

The CP-violating observabléL, defined by (3.27) may be approximated by [46]:

A 2Re (ITH4) Im ([144 — [1HH)
(R S (M% — M2)? + (Im 1144)2 4 (Im TTHH)2

The expression (3.30) is derived under the assumption that only one CP-even;Hjggsibosixes actively

with a CP-odd scalan, after integrating out heavy deprees of freedom which amounts to a vanishing or rather
suppressetin 1144 for energies below the TeV scale. Such a scenario has been studied in [46], within the context
of a heavy-Majorana-neutrino model. [We display in Fig. 16 nymerical values for two scenario8/with

170 and 400 GeV. In agreement with our earlier discussion, we observelthaimay become of order unity if

Mg — My ~ Ty, I'y. Aswas discussed in [54] and is displayed in Fig. 17(c), (d) and (f), analogous features may
be found in the MSSM with explicit radiative CP violation in the Higgs sector, wh€tg = o, /(o1 + ORR)

and ALy = (oL — orR)/(0LL + ORR).

(3.30)

This pilot study indicates that the option of polarization for tHeand .~ beams may be very valuable for
determining the CP nature ¢fia Higgs boson and/or for analyzing a two-Higgs-boson-mixing system. However, the
effective degree of polarization provided naturally ip 8.~ collider is currently not expected to be much larger
than P ~ 0.4 for each beam [55]. Thus, the actual CP asymmetries must be reduced by affactorl /10
compared to the above predictions. Nevertheless, there may well be large observable effects. A complete evalu
tion of this opportunity requires further studies of both theoretical and experimental aspects, including backgrounc
analyses originating from, Z-exchange graphs as well as the effects of polarization dilution.

3.5 Heavy Neutral Higgs-Boson Masses in the MSSM with Explicit CP Violation

We demonstrated earlier how resonant Higgs scalar-pseudoscalar transitions may lead to enhanced CP asymmet
at apt .~ collider. We now explore an appealing theoretical framework for such studies, namely the MSSM with
explicit radiative CP violation. In this case, the lightest neutral Higgs bdspalready offers interesting physics
prospects. However, further opportunities are offered by the two heavier neutral Higgs Bbsgrshich are in
general largely mixtures of'th‘é heavier ‘CP- -even’ Higgs boBoand the ‘CP-odd’ pseudoscaldr which can
naturally have a mass splitting comparable to their widths [45, 18]. This mass splitting will in genjétal be increased
by scalar-pseudoscalar mixing (3.22), as seen in Fig. 18. This figure contrasts recent results found for pole mass
of H, 5 [47] using the codeph +.f [56] with previous results found in an effective-potential approach [18]. We
see that these calculations are significantly different, in particular for larger values of the charged Higgs-bosor
mass,ny+, and in the vicinity of the stop threshold.

The results are plotted as functions of Adg), the CP-violating phase of;. We see that the difference in
masses between the two heavier neutral Higgs bosons may easily be increased by a large factby) iisAegge.
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The detailed study of CP-violating observables as a function of the centre-of-mass energy across thEgpuble
peak is left for another occasion, but it is clear that the beam polarization discussed earlier would be a valuabl
tool, as well as studies of the polarization states/gf decay products.

4 Precise Determination of the Higgs—Chargino Couplings in Chargino-Pair Production

We now give one example of the interesting CP-conserving physics accessible at a;segonél, A) factory:
chargino-pair production at such:a 1.~ collider offers an outstanding possibility for the precise determjnation of
the Higgs-chargino couplings. Within the framework of the MSSM, decays of the heavy neutral Higgs Hgsons

A into two l{ght charginos can be observed with significant branching ratios in certain parameter regions. Fig. 19
shows branching ratios up to 50 % in mixed scenarios {ith- M, for tan § = 5 andm 4 = 350 GeV, assuming

CP symmetry’. We study the pair production of light charginos with mass: = 155 GeV in such a mixed

scenario withVl; = —p = 188 GeV, and in a scenario with a gaugino-dominéted light chargldp= 155 GeV,
u = —400 GeV for comparison.
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Fig. 19: Branching ratios of the heavy Higgs bosehand H into light-chargino pairs fofr 4 = 350 GeV andtan 8 = 5, computed

with the prograntHDECAY57]. The contour lines correspond to 0.1 (dotted), 0.2 (dashed), 0.3 (dash-dotted), 0.4 (large dashed) and 0.5
(continuous). The gray area is the experimentally excluded region.
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The cross section for chargino-pair productipiiu™ — X7 ¥7, around the/ and A Higgs resonances
with no energy spread and a finite energy resolufios 0.06%, is shown in Fig. 20. Since the energy separation
between the resonances is in this case larger than their widths and the energy spread, the two Higgs resonances
be separated clearly. Since we assume here CP conservati¢h rés®mnance is P-wave suppressed by the factor
(1- 4m>2~<it/s). The peak of thet resonance is thus higher than tHepeak in both scenarios, although chargino

couplings toH are larger. Comparing the scenarios, theesonance is lower in the mixed scenario despite larger

couplings and branching ratios, since also thelecay width becomes larger, because of decay channels into
neutralinos.

The ratio of the Higgs-chargino couplings

T = = (4.31)
agtar
There are interesting additional physics oppaittes in chargino paduction and decay in the MSSM with CP violation, extending the
analysis of the previous section, which we leave for a future occasion.
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can be determined by measuring the ratio of the cross sections on the Higgs resonance peaks: [58]

— UH(mH) + UA(mH) _ Utot(mH) - Uwzg(mH)
T UH(mA) + UA(mA) N Utot(mA) — O~Zp (mA) ! (4.32)

whereo s (m ), 04(mm 4) ando., 75 (mp 4) are the contributions to the chargino-pair production cross section
from H exchanged exchange ang/Z /v exchanges at the top of tli& A resonances, respectively, neglecting the
contribution of the lightest Higgs scalar Interference between the two Higgs-boson exchange channels vanishes
when CP is conserved, as we assume here. It would be interesting to study the same reaction in the MSSM wit
explicit loop-induced CP violation, along the lines discussed in the previous section. Interferences between tht
Higgs channels and the non-Higgs channels are of @fder, /\/s), and are therefore neglected.

We note that the ratie, and therefore alse, is independent of the chargino decay characteristics. Then the
error in the determination of the Higgs-chargino couplings plotted in Fig. 21 depends on the energy resolution of
the muon beams and on the error in the measurement of the non-Higgs contributions at the Higgs resonances in
that can be estimated, e.g., from cross-section measurements off the resonances. The effect of the energy resolut
on the cross sections and widths is larger if the widths are narrower. With an energy resolitien®d4%, the
relative error onz in the mixed scenario is larger than 10%, whereas in the gaugino scenario it lies around 50%.
If, on the other hand, values @& ~ 0.01% are achieved, the error induced is in both cases of the order of 1%.
With knowledge of the energy Spread, the errors in the widths and cross sections can be substantially reduced [7
A detailed analysis of chargino and neutralino productionsat a~ collider and the precise determination of the
Higgs couplings will be given in [58].
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We conclude that chargino production vi@hannel Higgs exchange atd .~ collider may allow a precise
determination of the Higgs-chargino couplings in the MSSM, if the resonances can be separated. We leave for
future occasion discussions of the cases where the resonances overlap, and when CP violation is important.

5 Conclusions

We have seen in this chapter some of the physics opportunities offered foy colliders operated as Higgs
factories. Interest in these opportunities has been stimulated by the possible existence of a light Higgs boson. Tt
case outlined here depends indeed upon the mass of this lightest Higgs boson, and, although all the indications &
favourable, this remains an unknown parameter.

A first muon collider (FMC) operating around the peak of the Standard Model (SM) Higgs boson, that
is expected to weigh- 120 GeV, as seen in Fig. 1, offers interesting prospects for precision measurements
of properties of the SM Higgs boson, such as its mass and decay width. The mass could be measured to &
unprecedented accuracy in the sub-MeV region. A direct width determination would be possible to an accuracy o
O(1) MeV. By varying judiciously the beam-energy spread, an interesting peak event rate could be attained for &
SM Higgs mass up to aboli60 GeV, and measurements of decays iblipr+ 7~ andW 1/ * may be possible. The
accuracies obtained for these branching ratios are in the same ball park as those expeeted-aliaear collider
(LC). However, they are highly dependent on the available luminosity and the details of the detector, which are no
yet fixed for the FMC. Notice also that by combining with LC measurements the coupling of the Higgs boson to
T~ could be determined with an accuracy~eft% at the FMC [8].

If supersymmetry plays al€ at the electroweak scale, one expects a richer Higgs sector, containing three
neutral Higgs bosonk, H, A. As we have shown, the production cross sections and branching ratiog/ofA
are very sensitive to supersymmetric radiative corrections. As we have also shown, pgldjizetleams would
offer in addition interesting opportunities to explore CP violation écaly vertices and/or Higgs-mass mixing.
The masses dff, A may already be estimated quite accurately using FMC measurements. A second Higgs factory
(SMC) tuned to the twirHH, A peaks offers valuable prospects for measuring the two masses independently (due
to the fine energy resolution reachable at'a:~ collider), the couplings of the heavy Higgs bosons to SM and
supersymmetric particles, as well as the opportunity for further interesting measurements of possible CP violatiol
in the MSSM Higgs sector.

We have not discussed in this report the physics prospects offered by a high-ehgrggollider. As is well
known, this would have certain advantages over a high-energy collider, notably in the beam energy spread
and in the accuracy with which the beam energy could be calibrated using the precessiop“opibiarization.
However, it is too early to know whether these advantages would be conclusive, and a muyiti-ge\tollider
would presumably need to be preceded by one or more lower-energy Higgs factories.
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