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Abstract
We investigate the potential for detecting and studying Higgs bosons in v and ey collisions at
future linear colliders with energies below a TeV. Our study incorporates realistic vy spectra based
on available laser technology, and NLC and CLIC acceleration techniques. Results include detector

simulations. We study the cases of: a) a SM-like Higgs boson based on a devoted low energy machine

with \/See < 200 GeV; b) the heavy MSSM Higgs bosons; and ¢) charged Higgs bosons in ey collisions.
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I. INTRODUCTION

The option of pursuing frontier physics with real photon beams is often overlooked, despite
many interesting and informative studies [1]. The high energy physics community has focussed
on charged particle beams for historical reasons, and risks missing an excellent opportunity to
do exciting physics in the near future, if the 7~ option is ignored. In the context of the next
generation of accelerators, most people are comfortable with the idea of colliding TeV electrons
and positrons, but have not really considered the idea of colliding 100 GeV photons. Yet this is
now feasible, and could deliver crucial and unique information on the Higgs sector. For example,
~vv collisions offer a unique capability to measure the two-photon width of the Higgs and to
determine its CP composition through control of the photon polarization. Also, vy collisions
offer one of the best means for producing a heavy Higgs boson singly, implying significantly
greater mass reach than ete™ production of a pair of Higgs bosons. Our Snowmass working
group (2] presents a realistic assessment of the prospects for these studies based on the current
NLC machine and detector designs [3, 4] for ,/sc. up to around 600 GeV, and CLIC-1 [5, 6]
with \/See ~ 150 GeV. The expectations for TESLA [7, 8] can be deduced by multiplying the
NLC yields by a factor of 1.5 to 2, due the larger repetition rate and bunch charge.

II. THE MACHINE

There is great interest in an e*e™ linear collider, and one is likely to be built somewhere in
the world. Here we consider 75 GeV electrons for NLC and CLIC-1, and 100 to 350 GeV for
NLC. At and above these energies, all types of machines: NLC/JLC, TESLA and CLIC, have
suitable luminosities for a v collider. In all cases, we assume e~ e~ collisions as our starting
point, and the electrons to be 80% longitudinally polarized. We prefer to only use electrons,

because one can obtain higher luminosity and total v+ polarization than with positrons.

In all cases, a vy interaction region would fit into the present plans. Both NLC [3] and
TESLA [8] have plans for a second, lower energy, interaction region that can be used for vy
collisions, while the CLIC-1 based design that we have developed assumes only one dedicated

77 interaction region. We refer to the CLIC-1 based design as CLICHE [6], the “CLIC Higgs
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Experiment”.

The photon beams required in a ¥ collider would be produced via the Compton backscat-
tering of laser light off the high-energy electron beam. In the electron-laser collision at the
~ 4Epw

x .
Ey; &~ m2d =

conversion point, the maximum energy of the scattered photons is wy, = 235

15.3[Ey/TeV] [wo/eV], where Ej is the electron beam energy and wy the energy of the laser
photon. In connection with NLC studies [3], the case has been considered of Ey = 250 GeV,
wo = 1.17 eV, i.e., a wavelength of 1.054 ym , with a high power Mercury laser from the LLNL
group. This would correspond to x = 4.5 and w,, = 0.82F).

The computation of the luminosity function F(y) = dL,,/dy/L., [9, 10], assuming a short
(1-5 mm) distance from the electron—laser collision to the 47y interaction point, is shown in Fig. 1
as a function of y = Eﬁ,ﬁ,\/g along with the (A)\') values, where the \’s are the resulting photon
beam helicities. There are three independent choices for A, A, P and P’, where \. = %Pe
is the electron helicity and P is the laser polarization. In Fig. 1 we give the results for three
independent choices of relative electron and laser polarization orientations for the values of z

relevant in our studies, x = 5.69, x = 4.334 and = = 1.86.

We observe that choice (I) of A = A\, = 0.4, P = P’ =1 gives a large (AX') and F(y) > 1 for
small to moderate y. Therefore, it could be interesting with high energy machines seaching in
a broad energy range for J = 0 particles like heavy Higgs bosons. In a machine with 315 GeV
electrons and 1.054 pm lasers, for example, x = 5.69. It has been argued in the past that
x > 4.8 is undesirable because it leads to pair creation. However, our studies, which include

these effects, indicate that the resulting backgrounds are not a problem.

The choice (IT) of A\ = A\, = 0.4, P = P’ = —1 yields a peaked spectrum with (A\") > 0.85
at the maximum. If we use 1.054 um lasers, then a value of x = 1.86 for 103 GeV electrons
is obtained, and we can see that the 7~ spectrum peaks at E?;f{“k ~ 120 GeV. This would be
an optimal setting for light Higgs boson studies. If a tripler is added to the laser system, then
the wavelength is reduced by a factor of three, and a vy~ spectrum peaking at E?;f{“k = 120 GeV
is obtained by operating at /s.c = 160 GeV, yielding x = 4.334. The realistic spectra and
luminosities for such cases are plotted in Fig. 2, for CLICHE with = = 4.334 and NLC with
x = 1.86. These results were produced with the CAIN [14] program, which takes into account

the beamstrahlung, secondary collisions between scattered electrons and photons from the laser
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beam and other non-linear effects. The result is a substantial enhancement of the luminosity

in the low-£.,, region compared to the simple predictions given in Fig. 1. The improvement for

peak

r = 4.334 as compared to x = 1.86 is clear. A summary of the expected luminosities at E?S

running with this polarization configuration is shown in Table I, for different electron beam

energies.

Finally, the choice (III) of A\, = A, = 0.4, P = 1, P’ = —1 gives a broad spectrum, but
never achieves large (A\'). Large values of (A\\') are important for suppressing the ¢z and bb
continuum background to Higgs detection, whose leading tree-level term o< 1 — (A\'), making

this configuration not useful for Higgs studies.

TABLE I: Luminosities for J = 0 component of the vy energy spectra at El‘;ff”k assuming A = AL = 0.4,
P = P’ = —1, choice (II). Values for different machines and beam energies tuned as a Higgs Factory,

MHiggs ~ Ei‘;ffak, are given. (\)') is given at the energy corresponding to E?;f/ak .

E. (GeV) E{’/f/“k(fb_l/{bin width GeV}) El‘;ff”k (GeV)  (AX) comment

CLIC-75 4.7 / 3.33 115. 0.94 22000 Higgs/year(107 sec) in SM
NLC -80 1.7 / 3.33 120. 0.87 11000 Higgs/year(107 sec) in SM
NLC 103 1.5 / 3.33 120. 0.85 9500 Higgs/year(107 sec) in SM
NLC —267.5 3.4 /11.13 406. 0.80 varies, i.e. see Fig. 10
NLC -315 3.4 /13.10 478. 0.79 varies, i.e. see Fig. 10

IIT. PHYSICS OPPORTUNITIES - HIGGS FACTORIES

All the studies shown below use JETSET fragmentation, the event mixture predicted by
PYTHIA (passed through JETSET) [11], and the LC Fast MC detector simulation within
ROOT [12], which includes calorimeter smearing and the detector configuration. The signal
is generated using PANDORA plus PYTHIA/JETSET [13]. The luminosity and polarization
predictions from the CAIN [14] Monte Carlo were used to produce the beam spectra.
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FIG. 1: The normalized differential luminosity ﬁlﬁd@” and the corresponding (A\') for \c =\, = 4
(80% polarization) and three different choices of the initial laser photon polarizations P and P’. The

distributions shown are for p? < 1 [9, 10]. Results for z = 5.69, z = 4.334 and 2 = 1.86 are compared.

A. Light Higgs Measurements

Mass measurement:

The cross sections for a Higgs boson masses around 115 GeV as functions of Ecy(e”e™) for
unpolarized electrons are shown in Fig. 3(a). We see that the cross section rises rapidly
for Ecpr(e”e™) between 140 and 160 GeV. This feature, combined with the large value of
Br(H — bb), can be used to measure the Higgs mass by sweeping across the threshold for
Higgs production and measuring how the number of bb events increases. Since the position of
this threshold depends on the Higgs mass, a scan offers the possibility to measure the Higgs

mass kinematically, as developed in [15].
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FIG. 2: (a) Luminosity spectra and beam polarization as functions of E.. for the CLIC-1 parameters
for 75 GeV electrons. (b) Luminosity spectra and beam polarization as functions of E.., for the
NLC parameters for 103 GeV electrons. Also plotted is the corresponding value of (AN') given by
(AX) = (Ly.=0 — Ly,=2)/(L.=0 + L.=2).

We have studied this possibility in the context of vy Higgs factories, constructed with NLC
and CLIC based technologies, assuming that the Higgs mass is already known to within a GeV
or so, from the Tevatron or the LHC. As shown in Fig. 4, there is a point of optimum sensitivity
to the Higgs mass a few GeV below the peak of the cross section. There is another point close
to the maximum of the cross section, at which there is no sensitivity to the Higgs mass, and
with maximum sensitivity to I'y,, allowing the separation of these two quantities. These points
are illustrated in Fig. 4. This translates into an error on the inferred Higgs mass of 100 MeV.

More details for our analysis can be found in [6].
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FIG. 3: (a) The cross sections for vy — H for different values of my as functions of Ecpr(e”e™) for
unpolarized photons. (b) The cross section for vy — H as a function of my for three different values
of Ecy(e~e™). Here the electrons are assumed to be 80% polarized longitudinally, and the lasers

circularly polarized, so that the produced photons are highly circularly polarized at their peak energy.
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FIG. 4: (a) A figure of merit quantifying the measurement error on the mass as a function of the e~ e~
center-of-mass energy. The optimum and zero sensitivity points are marked. (b) Relative yield for a

115 GeV Higgs boson at the point of optimum sensitivity and zero sensitivity to my. (c¢) Behavior of

Npcak_Nbclow ‘Tp
Nthrcshold _Nbclow Tt

the observable Y =

as a function of myg, and the projected error, where N is the
number of events in a mass window logged at the peak, on the threshold, and below threshold, and r,
and ¢ are scale factors to relate the background data taken below threshold to the expectation at peak

and at threshold.
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FIG. 5: Observability of the H — bb decay mode at CLICHE with /5. = 150 GeV [6], and at NLC
with \/See = 206 [3].

H — bb:

Our analysis includes perturbative QCD backgrounds, including vy — bb(g) and vy — cc(g).
The gq backgrounds are suppressed by choosing like polarizations for the colliding photons, but
this suppression is not so strong when the final states contain additional gluons. We assume
that there will be a 3.5% c¢¢ contamination and that the b tagging is 70% efficient for the
double tag events. The final reconstruction efficiency is expected to be 30%. More details for

our analysis can be found in [6, 18].

In the CLICHE design the mass resolution is around 6 GeV with a jet energy resolution of
orp = 0.6 x vVE. The distribution in the di-jet invariant mass, mjes, for a my = 115 GeV
Higgs found in this study is shown in Fig. 5. A clear signal peak can be seen above sharply
falling backgrounds. Including the three bins nearest to mjes ~ 115 GeV, we obtain 4704 signal
events and 1046 background events. Thus, the signal-to-background ratio (S/B) is expected to
be 4.5 after all cuts, and the statistical precision in the signal rate measurement is expected to
be 2.3%. If the Higgs factory is made with a 103 GeV electrons instead of 75 GeV the S/B =
2.5 is not so favorable, because of the broader v+ energy distribution (see Table I and Fig. 2).
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FIG. 6: (a) Cross sections for vy — h, vy — h x Br(h — WW) for mg = 115 GeV and vy — WW
production. (b) Comparison of the ideal invariant mass of the WW pairs from signal and background

events. (c) Selection of the WW decay mode of the Higgs boson for my = 115 GeV, running at
/3y = 115 GeV at CLICHE.

H—-WW:

Observation of this decay mode is extremely difficult at high-energy v colliders, because of the
large cross section for W pair production. If the «+ center-of-mass energy is below the W W=
threshold, however, the continuum production of W pairs is greatly reduced, allowing the
observation of resonant production through a Higgs boson. The sharp peak in the vy luminosity
function seen in Fig. 2 plays a key role here. Figure 6(a) compares the cross sections for the
continuum W pair production with the Higgs resonance curve. As shown, the cross sections
for o(yy — WHTW™) and Br(H — WtW™) x o(yy — H) are comparable, if Ecy(e”e”) =
150 GeV for a my = 115 GeV. One significant difference between the two type of events is the
energy distribution of the W™ pairs, as illustrated in Fig. 6(b).

Our study is concentrated on the hadronic decays of the W pairs as described in [6]. After
all cuts we have a 29% reconstruction efficiency. A comparison of the signal and the background

after cuts is given in Fig. 6(c), which corresponds to a signal-to-background ratio of 1.3, and

10
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FIG. 7: The expected precision in the H — v~ decay width from direct measurements of H — ~~y for
myg = 120 GeV at NLC with 108 GeV electrons, and for myg = 115 GeV at CLICHE with 75 GeV
electrons. The precision is less than in the equivalent measurement of H — WW, bb, but this observable

is unique to a vy collider.

the statistical precision in the signal rate measurement is expected to be 5%.

H — ~:

The decay H — ~ is very rare. However, the number of Higgs events is large at a v~ collider,
so an interesting number of H — v events would be produced. Furthermore, the backgrounds
are expected to be quite small, below 2 fb [19], since there is no tree-level coupling of photons,
and the box-mediated processes for vy — v are peaked very sharply in the forward direction.

Initial estimates indicate that a clear peak in the vy mass distribution should be observable.

The number of events produced in this channel is proportional to P%w /Ttotal. The quadratic
dependence is interesting, because if I'tota1 could be measured elsewhere, a small error on I',,
would be obtained. In Fig. 7, we can see that a 8% measurement of Ffm /T Totar can be made with
an integrated luminosity of 175 fb~t or 40 fb~! at the E{’/f/“k at CLICHE. From the comparison
in Table I, we can see that this requires around one year of data taking at CLICHE, and almost

two times longer for NLC.

11
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B. Using Higgs factory measurements: the MSSM

h — bb and h — WIW*:

Taking the ratio of rates (yy — h — bb)/(yy — h — WW?*), the production cross section,
total Higgs width and luminosity uncertainty cancel, yielding the ratio of Higgs partial widths
I'(h — bb)/T'(h — WW*) with about 6% statistical precision. In the MSSM, this ratio can
deviate from its Standard Model (SM) value.

The SM ratio I'( Hgyy — bb) /T (Hsy — WW*) depends strongly on the Higgs mass, varying
by three orders of magnitude over the range 100 GeV < mpy < 160 GeV. The Higgs mass
measurement at the Photon Collider with an uncertainty of 100 MeV yields a 1% uncertainty
in ['(Hsy — bb)/T(Hsyqy — WW?*). This uncertainty is small compared to the expected
experimental uncertainty. An additional theoretical uncertainty of 3.5% in I'(Hgyy — bb) is due

to the uncertainties in the b quark mass and in «; [20].

In the MSSM, I'(h — bb)/T'(h — WW?*) generally differs from its SM prediction, except in

the decoupling limit [21]. For large pseudoscalar Higgs mass m 4 and tan [ greater than a few,

P(h — bB)/F(HSM — bB) ~ 14 4cm22

Ay 4. 4
T(h — WW*)/T(Hsy — WW¥) "2, 1- ] + O(mz/m}y), (1)

14+ A

where ¢ parameterizes the radiative corrections to the Higgs mixing angle a (see Ref. [20] for
details) and A, is a tan f-enhanced SUSY correction to the relation between the b quark mass
and its Yukawa coupling [22, 23]. Figure 8(a) shows I'(h — bb)/T'(h — WW*) in the MSSM
normalized to its SM value as a function of m,. For the chosen MSSM parameters, a 6%
measurement of I'(h — bb) /T'(h — WW*) will reveal a discrepancy from the SM at the 50 (20)
level for my < 400 GeV (650 GeV).

The reach in my4 quoted above holds whenever the factor ¢ in (1) is close to one, as it
is over most of the MSSM parameter space. However, there are small parameter regions in
which c¢ is close to zero, leading to decoupling even at low values of m 4 [20]. In such regions,
L(h — bb)/T(h — WW?*) is very close to its SM value even for low ma, and vy collider

measurements may not reveal a discrepancy from the SM.

h—bband h — 77

At the CERN Large Hadron Collider (LHC) the ratio I'(h — 77)/I'(h — WW?™*) can be

12
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FIG. 8: (a) T'(h — bb)/T(h — WW*) in the MSSM normalized to its SM value. We ezhibit 20 and
50 deviations based on a 6% measurement. (b) I'(h — bb)/T(h — 77) in the MSSM normalized to
its SM value. The 20 deviation shown is based on a 16% measurement. The MSSM parameters are
My = Mg = Mg =1 TeV, My = 2M; = —p = 200 GeV, X; = A, — pcot f = V6M, and Ay = Ay
(i.e., a maximal mizing scenario). Numerical results are obtained from HDECAY [17] with the Ay

corrections added.

measured with a precision of about 15% using Higgs production in weak boson fusion [24].
Combining this measurement with I'(h — bb)/T'(h — WW*) from the Photon Collider yields
I'(h — bb)/T'(h — 77) with a precision of about 16%. This ratio is particularly sensitive to Ay;
at large tan # and large m 4,

P(h — bZ))/F(HSM — bE) ~1 4cm2Z Ab

I'(h — 77)/T(Hsm — 77) m% 14 A, +O(mz/my). (2)

Figure 8(b) shows I'(h — bb)/T'(h — 77) in the MSSM normalized to its SM value as a function
of m4. The tan 8 dependence of Ay is clearly visible; at large tan § and m4 < 225 GeV, a 16%
measurement of I'(h — bb) /T'(h — 77) will reveal a discrepancy from the SM at the 20 level

for the chosen MSSM parameters.

Event rates:

The rates o(yy — h) x BR(h — bb) and o(yy — h) x BR(h — WW?*) are directly measured
at the vy collider. In the MSSM, these rates are generally expected to deviate from their
SM predictions. This leads to additional sensitivity to the possible MSSM nature of a light
Higgs boson, and a full analysis of these deviations should be performed. In particular, if the

production cross section and/or either of the decay rates are suppressed compared to their SM

13
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values, the statistical precision of the v+ collider measurements may suffer.

C. CP violation in Higgs couplings

CP violation in Higgs couplings has been previously considered at v colliders in [25, 26];
these analyses require linearly polarized initial-state photons [25] or interference of final-state
fermions with the continuum in vy — H — ¢t [26]. These analyses probe CP violation in the
Higgs couplings to vy and ¢t pairs, respectively. As pointed out in [27], CP violation measure-
ments in Higgs production and decay probe both CP mixing in the Higgs mass eigenstate and
CP violation in the Higgs couplings to external particles. Thus CP violation measurements in

many different Higgs couplings are desirable.

Here we consider observables that probe CP violation in the Higgs coupling to W boson
pairs. We make no assumptions about the photon polarization, so that this study can be done
with a vy collider running as a Higgs factory, as described before. Our CP-odd observables
are constructed in such a way that they are directly measurable in experiment without re-
construction of the W boson rest frames or the center-of-momentum frame of the initial pair
of photons. Thus they can be measured using semileptonic W decays, despite the unknown

momentum carried off by the neutrinos.

We consider the process vy — H — WTW~. We assume that the polarization of the initial
photons is not known. Then, a CP test in this mode is possible only if the polarizations of the
W+ or W~ are observed. To obtain information about the polarizations we consider leptonic

decays of the W bosons:
Y(p1) +v(p2) = H — W (ki) + W™ (ks) — £7(q1) + € (g2) + neutrinos, (3)

where all the momenta are defined in the v+ c.m. frame. The process vy — H — WTW~

proceeds with an amplitude

Tpi = £0, (P1)ew, (P2)ey,, (K )z, (k) A0 (py, pa, K, o). (4)

For the decay process W™ (k1) — €*(q1) + v we define a covariant decay matrix p7,(k1,¢1) and

similarly for the W~ decay matrix p,,(k2,g2). The probability for the process in (3) may be

14
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written as:

1 /A
R(ph k1> d1, q2) = A (p1>p27 kl? kz)Azlyzlﬁ“z (p1>p27 kl)p+ ! (kb ql)p_ ! (k27 q2) (5)
4 M1y H2 g

If CP invariance holds, then R(p1,k1,d1,q92) = R(p1,k1, —qz, —q1).

The expectation value of any observable O that is a function of pi1,ki,q1 and qz can be

obtained from

devd dQ s
T1AT2 /8 / 1 2 OR(pl, k17 qi, q@)

Q - -
1T 2(47’(‘/{5?)4 (1 — ﬁkl . q1)2 (1 + ﬁkl . Q2)2
normalized so that (1) = 1. Here, dQ2, d2; and df); are the solid angle of k;, q1 and qa2,

©) = + [ Fe) i)

respectively, and f,(x) gives the proportion of the photons with the fraction x of the initial
electron or positron beam energy. Experimental cuts can be included in (6), but for our purpose

they must be CP blind.

The momenta p1, ki, q1 and qs are not directly measurable due to the missing neutrinos
and the lack of knowledge about the vy c.m. frame. To construct CP-odd observables, we use
the lepton momenta, which are directly measured in experiment and are related to q; and qs
through a Lorentz boost. We denote these momenta by ¢, = (Ey,qy) and ¢ = (E_,q-) for
¢t and ¢, respectively. We construct the following CP odd observables:

E,—E_ L .

Or==4—> 0= a+)’ = (B-6-)>,  O3=p-(a+—a)p-(a+ xa-), (7

with §+ = q+/|q+|, G- = d-/|q-|, and the vector p is the direction of motion of the electron
or positron. Because of the Bose symmetry of the two-photon initial state, the expectation
value of any observable which is odd in p is zero. With these observables one can also define
the corresponding CP asymmetries:

where N(O; > 0) (N(O; < 0)) denotes the number of events with O; > 0 (O; < 0). Any

A = (i=1,2,3) (8)

nonzero < O; > or any nonzero A; indicates CP violation. Further, the observables O; and
Oy are CPT odd, the expectation values of them and the corresponding asymmetries can be

nonzero only if an absorptive part of the amplitude and CP violation exist.

Summarizing, CP-odd observables and the corresponding CP asymmetries for the process

vy — H — WW can be constructed from the directly measured energies and momenta of
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the leptons from the W decays. With these observables one can detect CP violation without
requiring complete knowledge of the center-of-momentum frame of the initial photons or of the
rest frame of the W bosons. Therefore, our observables are easy to measure on an event-by-
event basis. An estimate gives a statistical error of 6 A/A ~ 5% or better from the measurements

that could be made at CLICHE, see section IIT A.

D. The Heavy MSSM Higgs Bosons H’, A°

In many scenarios, it is likely that we will observe small deviations from SM expectations
in precision measurements of the properties of the SM-like Higgs boson, and thus suspect the
presence of heavy Higgs bosons. However, direct production of the heavier Higgs bosons in ete™
collisions is likely to require large machine energy. For example, in the MSSM, eTe™ — H?A°
is the most relevant process in the decoupling limit, but requires /s > mpgo + m o, with
Mpo + Mao ~ 2m 4o as the decoupling limit sets in. The alternative modes ete™ — bbH?,
bbA° are only viable if tan 3 is large [29]. At the LHC, either low or high tan 3 is required
for discovery of H?, A? if they have mass 2> 250 GeV, as seen in Fig. 9. After accumulation
of L =300 fb~" at the LHC, H°, A° will be detected except in the wedge of parameter space
with m 4o 2 250 GeV and moderate tan 3, where only h° can be detected. If the ete™ LC is
operated at /s = 630 GeV, then detection of eTe™ — HYA° will be possible for m 0 ~ myo

up to nearly 300 GeV. In this case, some other means of detecting H°, A° must be found in the

portion of the LHC wedge with m 40 2 300 GeV.

We show here that single H°, A° production via v collisions will allow their discovery
throughout a large fraction of this wedge: see [18] for details. The event rate can be substantial
due to quark loop contributions (¢ and, at high tan 3, b) and loops containing SUSY particles.
In this study, we assume that the masses of the superparticles (charginos, squarks, sleptons,
etc.) are sufficiently heavy that H°, A do not decay to them and that the superparticle loop
contributions to the yy(H?, A°) couplings are negligible.

If we have no reliable prior constraints on m 40, mgo, an important question is whether it is
best to search for the H°, A° by scanning in /s (and thereby in F,,) using a peaked spectrum,

or running at fixed /s using a broad E,, spectrum part of the time and a peaked spectrum the
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FIG. 9: 50 discovery contours for MSSM Higgs boson detection at the LHC in various channels,
assuming mazimal mizing and an integrated luminosity of L = 300 fb~' for the ATLAS detector.

This figure is preliminary [30].

rest of the time [28]. Our results indicate that if covering the LHC wedge region is the goal,
then running at a single energy, half the time with a peaked E,, luminosity distribution and

half the time with a broad distribution, is likely to be the optimal approach.

The effective integrated cross sections for vy — H?, A — bb, taking into account acceptance
and cuts, are plotted as a function of m 4o for a variety of tan 5 values in Fig. 10 (see [18] for
details). Numerical results were obtained using HDECAY [17], with m; = 175 GeV, mgyusy =
1 TeV for all slepton and squark soft-SUSY-breaking masses and p = +1 TeV. We also assume
the maximal-mixing scenario, A; = u/tanf + \/émsusy, and Ay, = A, = A;. If the LC is
operated at /s = 630 GeV (corresponding to z ~ 5.69 for 1 micron laser wavelength) we can

potentially probe Higgs masses up to ~ 500 GeV.

The photon energy and polarization spectra are computed using the CAIN [14] Monte Carlo.
For the broad spectrum, the luminosity remains quite large even below the E., peak at £, =
500 GeV, and the polarization combination (A)\') is large for E., > 450 GeV. For the peaked

spectrum, the luminosity is substantial for E,, = 400 GeV and rises rapidly with decreasing
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FIG. 10: Integrated H? and A° Higgs cross sections as defined in [18] as a function of m 4o, for a variety
of tan B values. We assume the mazimal-mixing scenario with mguysy = 1 TeV. Supersymmetric

particle loops are neglected.

E.,. In addition, reasonably large (A)\') is retained for 250 < E,, < 400 GeV. However, in
both cases, 1 — (\\') is always large enough that the .J, = 2 part of the bb background will
be dominant. In order to detect the Higgs bosons with mass substantially below the machine
energy of 630 GeV, we must employ cuts that remove as little luminosity for ., substantially
below +/s as possible while still eliminating most of the bb(g) and cg(g) backgrounds. A cut
on |cos@*| < 0.5 (where 0* is the angle of the b jets in the vy rest frame) eliminates much
of the (t-channel) background while decreasing the (s-channel) signal by only a factor of two.
A second cut is imposed upon the m,; mass distribution. The optimal value for this cut
depends upon the Higgs widths, the degree of degeneracy of the H® and A° masses, and the
detector resolutions and reconstruction techniques. For the tan 3 range inside the problematical
wedge (15 > tan 3 > 3), the A° and H° are still relatively narrow, with widths below 1 — 2
GeV. Thus, the width of the bb mass distribution derives mostly from detector resolutions and
reconstruction procedures. A full Monte Carlo analysis for heavy Higgs bosons with relatively

small widths is not yet available. However, there are many claims in the literature that the
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FIG. 11: Signal and background rates for the [m 40, tan 3] cases considered for (a) broad spectrum and
(b) peaked spectrum operation at \/s = 630 GeV for one year (107 sec). The signals shown assume
that 50% of the total number of signal events fall into the single 10 GeV bin shown. Signals in the

side bins are not shown.

resulting mass resolution will almost certainly be better than 30%/,/my; (the result obtained
assuming 18%/ \/@ for each of the b jets) [3, 4, 7]. Very roughly, this corresponds to a full-
width at half maximum of about 6 GeV in the mass range from 250 — 500 GeV of interest. We
adopt the procedure of considering a 10 GeV bin centered on the Higgs mass in question and
assume that 50% of the Higgs events will fall into this bin. This would be very conservative
for the 6 GeV full-width estimate assuming that the H° and A° are degenerate in mass. In
practice, they are not exactly degenerate and so we have used the 10 GeV as a conservative

approach to allowing for this non-degeneracy.

The resulting signals and backgrounds after cuts are shown in Fig. 11 as a function of 2-jet
invariant mass with the signals superimposed (we plot only the central 10 GeV bin assumed
to contain 50% of the signal events). Results for different values of tan 3 and m 40 are shown
for running in the broad and peaked spectra configurations. Note that for the m 40 = 350 GeV
points, we have conservatively run HDECAY so that m go, m 40 are slightly above the ¢¢ thresh-
old. As can be seen from Fig. 10, the rates (especially that for vy — A° — bb) depend
sensitively on the Higgs masses relative to the ¢f threshold. For m 4o just below the plotted 350

GeV points, the net signal is much stronger.

Many of the [m 4o, tan ] cases considered will yield an observable 40 signal. Our ability to
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Luminosity Factor Required for 4o Discovery
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FIG. 12: The [m 4o, tan 3] points for which two years of broad spectrum operation plus one year of
peaked spectrum operation at \/s = 630 GeV will yield S//B > 4. Shown are (a) the combined
significance from both the broad spectrum and peaked spectrum running and (b) the separate signifi-
cances from the broad spectrum and peaked spectrum running. Also shown are the additional points
for which a 4o signal is achieved if the total luminosity is doubled (‘2°) or quadrupled (‘4’°) relative
to our assumed luminosity. Such luminosity increases could be achieved by improved technical designs
and/or longer run times; e.g., the luminosity expected from the TESLA design corresponds roughly
to the doubled luminosity (‘2°). The small black squares in (a) indicate additional points sampled for
which even a luminosity increase by a factor of four for both spectra does not yield a 40 signal. The
solid curves show the boundaries of the LHC wedge region from Fig. 9 — the lower black curve is
that from the LEP (mazimal-mizing) limits, but is somewhat higher than that currently claimed by the

+

LEP electroweak working group. For tan 3 values above the dashed curve, H¥ — t*v. can be directly

detected at the LHC.

cover the LHC wedge in which the neutral H°, A° Higgs bosons cannot be detected is illustrated
in Fig. 12. (The H* can be detected at the LHC down to lower tan 3 values than can the H°, A°,
as shown in Fig. 9.) After running for two years in the broad spectrum configuration, 7 of the
13 [m 4o, tan 3] cases considered in the LHC wedge region with m 40 = 300, 350,400 GeV will
yield a 40 or greater Higgs signal, with the best sensitivity at low to moderate tan 3. Similarly,
after running for one year in the peaked spectrum configuration, 7 of the 10 [m 40, tan 3] cases
considered in the LHC wedge with m 40 = 450, 500 GeV will yield a 40 or greater Higgs signal,
with the best sensitivity at moderate to high tan 8. These points are shown in Fig. 12(b). The

areas of parameter space covered by the broad spectrum and the peaked spectrum running are
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complementary; if data from both broad spectrum and peaked spectrum running are combined
for a given parameter space point, the statistical significance is only slightly improved. In all,
a 4o or greater Higgs signal would be detected for 15 of the 23 points considered in the LHC
wedge, a coverage of about 65%. Further improvements in luminosity or mass resolution would
be helpful for guaranteeing complete coverage of the wedge region. If the luminosity is doubled
for both the broad spectrum and peaked spectrum running, the coverage increases to 78%. In
addition, for /s = 630 GeV it is very probable that one could see ete™ — H?A° pair production
for m 40 = 300 GeV, in which case v operation with doubled luminosity would allow detection
of H°, A® throughout most of the remaining portion of the wedge in which they cannot be
seen by other means (see Fig. 12(b)). We also note that in this study we have considered
only bb final states. At low tan /3, we expect that the H° — h°A° and A° — Zh® channels
will provide observable signals for the remaining points with m 40 < 2m; = 350 GeV in the
LHC wedge. The ¢t channels might provide further confirmation for bb signals for wedge points
with m 0 > 450 GeV. Finally, we note that the single most difficult wedge point considered is
m o = 400, tan # = 15, which is at the edge of the LHC wedge. The region of the LHC wedge
in which our running scenario would not enable H°, A° detection in v~ collisions is roughly
given by 325 GeV < m o < 400 GeV and tan S > 8. In this region, though, the LHC would

be able to detect the charged Higgs boson via H* — 7+

v, (see Fig. 9) and measure its mass
to about +25 GeV. If studies of the sparticles indicate that the MSSM is the correct theory,
then we would expect m 40 ~ mpyo ~ my+, and could then run the v~ collider with a peaked

spectrum at the /s value yielding Epeax ~ mpy+.

A rough determination of tan [ is likely to be possible using the data associated with the
initial discovery of H?, A% in v+ collisions. We show the approximate fractional error on tan 3
from the initial discovery data for the [m 40,tan 3] points studied in Table II. Although the
errors are not small, this determination can be fruitfully combined with other tan # determi-
nations, especially for larger tan § values where other techniques for determining tan  also
have substantial errors. More importantly, these results show clearly that a dedicated measure-
ment of the vy — H°, A® — bb rate and the rates in other channels (H° — h°h°, A° — ZhO,
H°, A° — {%) using a peaked spectrum with E,c. = m 4o is likely to yield a rather high precision
determination of tan 3 after several years of optimized operation, and may provide information

about other supersymmetry parameters.

21



January 2002

m 40 ( GeV)|250]300]350(400] 450500
tan 3 = 2 |0.51]0.34]0.20[0.66]0.46/0.48
tan3 =3 |0.51[0.27| — |0.45/0.30(0.32
tan3 =5 |0.71[0.34{0.19| — |0.56(0.55
tan3=7 | — |0.66]0.23/0.62|0.67|0.87
tanB3=10| — | — [0.50/0.64|0.46|0.53
tan3 = 150.46(0.67| — | — | — | —

TABLE II: Approzimate uncertainties in tan3 as determined from measurements of the vy —
HOY A° — bb rate associated with Higgs discovery in the LHC wedge. These errors assume two
years of operation in broad spectrum mode and one year of operation in peaked spectrum mode at

Vs =630 GeV. Errors larger than 100% are not shown.

IV. ey COLLIDER OPTION — DOUBLY CHARGED HIGGS BOSONS

Doubly charged Higgs bosons would have a distinct experimental signature. Such particles
arise in many extensions of the Standard Model (SM) such as the Higgs triplet model of Gelmini
and Roncadelli [31] and the left-right symmetric model. The signals for doubly charged Higgs
bosons arising from an SU(2);, triplet were studied in the process ey — e"u~p~. Details
of the analysis are given in reference [32] and contribution P3-18 of these proceedings. The
photon was assumed to be produced by backscattering a laser from the e™ beam of an eTe™
collider [33]. We consider ete™ center of mass energies of /s = 500, 800, 1000, and 1500 GeV
appropriate to the TESLA /NLC/JLC high energy colliders and /s = 3, 5, and 8 TeV for the
CLIC proposal. In all cases an integrated luminosity of £ = 500 fb~! was assumed. Because the
signature of same sign muon pairs in the final state is so distinctive, with no SM background,
the process can be sensitive to virtual A~™"’s with masses in excess of the center of mass energy,

depending on the strength of the Yukawa coupling to leptons.

Indirect constraints on A masses and couplings have been obtained from lepton number
violating processes [34]. Rare decay measurements [35] yield very stringent restrictions on
the non-diagonal couplings h., which were consequently neglected. Stringent limits on flavor
diagonal couplings come from the muonium anti-muonium conversion measurement [36] which
requires that the ratio of the Yukawa coupling, h, and Higgs mass, Ma, satisfy h/Ma <
0.44 TeV~! at 90% C.L.. These bounds allow the existence of low-mass doubly charged Higgs
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with a small coupling constant. Direct search strategies for the A=~ have been explored for
hadron colliders [37], with the mass reach at the LHC extending to ~ 850 GeV. Signatures

have also been explored for various configurations of lepton colliders, including ey colliders.

In the process e~y — e~ ™, the signal of like-sign muons is distinct and SM background
free, offering excellent potential for doubly charged Higgs discovery. The process proceeds via
the production of a positron along with a A~~, with the subsequent A decay into two muons as
well as through additional non-resonant contributions. Due to contributions to the final state
that proceed via s-channel A~7’s, the doubly-charged Higgs boson width must be included.
Because the A width is model dependent, we account for the possible variation in width without
restricting ourselves to specific scenarios by calculating the width using I'(A™7) = I', + I'y
where I'y is the partial width to final state bosons and I'f is the partial width into final state
fermions. T'wo scenarios for the bosonic width were considered: a narrow width scenario with
Iy = 1.5 GeV and a broad width scenario with I'y, = 10 GeV. These choices represent a
reasonable range for various values of the masses of the different Higgs bosons. The partial
width to final state fermions is given by I'(A™" — (7¢7) = Lhj,Mx. Since we assume

hee = hyy = her = h, we have I'y =3 x (A~ — (7(7).

We consider two possibilities for the A=~ signal. We assume that either all three final state
particles are observed and identified or that the positron is not observed, having been lost down
the beam pipe. To take into account detector acceptance we restrict the angles of the observed
particles relative to the beam, 6,, 6.+, to the ranges |cosf| < 0.9. We restrict the particle
energies I, E.+ > 10 GeV and assumed an identification efficiency for each of the detected

final state particles of e = 0.9.

Given that the signal for doubly charged Higgs bosons is so distinctive and SM background
free, discovery would be signalled by even one event. Because the value of the cross section for
the process we consider is rather sensitive to the A width, the potential for discovery of the A
is likewise sensitive to this model dependent parameter. Varying I'y, we find that, relative to
[y, = 10 GeV, the case of zero bosonic width has a sensitivity to the Yukawa coupling A which
is greater by a factor of about 5 [32].

In Fig. 13 we show 95% probability (3 event) contours in the h— M parameter space. In each

case, we assume the narrow width I' = 1.5 4 'y GeV case. Figure la corresponds to the center
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FIG. 13: Discovery limits for the charged Higgs bosons as a function of Yukawa coupling and MAa.
(a) and (b) show TESLA/NLC/JLC center of mass energies /s = 500, 800, 1000, and 1500 GeV,
for the three particle and two particle final states, respectively. (c¢) and (d) show CLIC center of mass

energies /s = 3, 5, and 8 TeV, for the three particle and two particle final states, respectively.

of mass energies /s = 500, 800, 1000, and 1500 GeV, for the case of three observed particles in
the final state, whereas Fig. 1b shows the case where only the two muons are observed. Figs.
lc and 1d correspond to the energies being considered for the CLIC eTe™ collider, namely,
Vs =3, 5, and 8 TeV, for the three body and two body final states, respectively. In each case,
for /s above the A production threshold, the process is sensitive to the existence of the A~
with relatively small Yukawa couplings. However, when the Ma becomes too massive to be

produced the values of the Yukawa couplings which would allow discovery grow larger slowly.
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The observation of doubly charged Higgs bosons would represent physics beyond the SM
and, as such, searches for this type of particle should be part of the experimental program of
any new high energy facility. We found that for ,/se; > Ma doubly charged Higgs bosons could
be discovered for even relatively small values of the Yukawa couplings; h > 0.01. For larger
values of the Yukawa coupling the A should be produced in sufficient quantity to study its
properties. For values of Ma greater than the production threshold, discovery is still possible
due to the distinctive, background free final state in the process ey — etp~pu~ which can
proceed via virtual contributions from intermediate A’s. Thus, even an ete™ linear collider
with modest energy has the potential to extend A search limits significantly higher than can

be achieved at the LHC.

V. CONCLUSIONS

Our working group devoted most of its effort to exploring the various ways in which a vy

collider could contribute to our understanding of Higgs physics.

For a SM-like Higgs boson, it will be possible to determine I'(yy — h)BR(h — bb), '(yy —
h)BR(h — WW) and I'(yy — h)BR(h — ~7) with excellent precision, e.g. ~ 2, 5 and 8%,
respectively, for a my, ~ 115 GeV. In addition, the Higgs mass can be measured three ways
(fitting the peaks in the bb and vy mass distributions, and by the threshold method), and
the partial width I',, can be extracted on the basis of a measurement of Br(H — bb) from
an ete™ machine to very good accuracy, not matched by any other method. At this level
of accuracy, deviations that might be present as the result of the SM-like Higgs boson being
part of a larger Higgs sector, such as that of the MSSM, would be visible if some of the other
Higgs bosons were not too much heavier than 500 GeV or so. The WW decay mode will
allow us to make a 5% measurement of asymmetries that are sensitive to the CP of the Higgs.
In addition, a determination of the CP nature of any Higgs boson can also be observed by

employing transversely (linearly) polarized laser beam photons [8, 18].

For the purpose of building a light Higgs factory, the optimal operating conditons are found
to be when we operate at the peaked E., spectrum, that is obtained with lower electron beam

energy (E =75 — 80 GeV) combined with a frequency tripler to reduce the wavelength of the
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available high power 1 micron lasers.

For the higher energy v~ collider, we conclude that it will be possible to detect A%, H? of
the MSSM Higgs sector using just bb states in a large fraction of the wedge of moderate-tan 3
space beginning at m 0 > 300 GeV (the approximate upper reach of the eTe™ — H°A° pair
production process for /s = 630 GeV) up to the E,, spectrum limit of about 500 GeV, by
running for two years with a broad spectrum and one year with a peaked spectrum, without
lowering the energy below /s = 630 GeV. By also considering H° — h°h% A° — Zh° and
H° A° — tf final states, we estimate that somewhat more than 85% of the wedge parameter
region with m 40 < 500 GeV would provide a detectable signal after a total of two to three
years of operation. Further, at all of the higher tan # points in the wedge region for which vy

collisions would not allow detection of the H?, A°, detection of H* — 7+

v, would be possible
at the LHC. Then, using the MSSM prediction m 40 ~ mpgo ~ mpy+ for mao 2 200 GeV, one
could optimize the search for H°, A° at the v~ collider by running with a peaked luminosity
spectrum with Fpeax = mp+. Thus, by combining vy collider operation at /s = 630 GeV
with ete™ running and LHC searches for the MSSM Higgs bosons, it would be essentially
guaranteed that we could detect all the neutral Higgs bosons of the MSSM Higgs sector if they
have mass < 500 GeV, whereas without the v~ collider one would detect only the h° at both
the LC and LHC in the LHC wedge for m 40 2 300 GeV. One caveat to this very optimistic
set of conclusions is that if supersymmetric particles are light enough to be produced in H°, A°
decays, they will alter the vy — H? A° cross sections and reduce the H°, A° — bb branching
ratios, especially at low tan 3. In short, if we detect supersymmetric particles at the LHC and

LC consistent with the MSSM structure and find only the h° at the LHC and LC, v operation
focusing on Higgs discovery will be a high priority.
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