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Physics at the linear collider
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Abstract. The physics at the plammed e+ cotliders is discussed around three main opics Corres-

ponding to different manifestations of symimelry breaking: W physics in the no Higgs scenario,
studies of the properties of the Higgs and precision tests of SUSY. A comparisen with the LHC is
made for all these cases. The ~y mode of the linear collider will aiso be reviewed.
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1. Introduction

1.1 The projects and the designs

There has been an intense activity during the last decade in the physics of a high energy
¢+e linear cotlider. Several working groups in Burope, the USA and Japan have been
set up. These groups have on the one hand addressed and tackled the feasibility and
construction of such 2 machine, and on the other have by now convincingly made a strong
point as concerns the advantages and hepefits that such a collider can bring to oul
understanding of the fundamental issue 1B physics: the mechanism of symmetry break-
ing (SSB) and the concomitant Mass problem. In Europe, for instance, since 1991 five
one-year-1ong workshops have been organized, with three general meetings each [1]. T he
end of each of these workshops has coincided with ap international ee” linear collider
meeting where the studies of various groups in Japan, the US and Burope are sumnma-
sized, compared and complemented [2]. Along side, the machine people who have been
working on different designs have had regular international meetings.

There is general consensus for a machine which in a first stage would run around
500 GeV or at the top threshold with a Jaminosity of 10-80fb!, and which should be
upgraded to 1-2 TeV. This means that ideally one shoutd, from the start, have a machine
with a length (15-30 kms) so that there is enough space for the later adjunction of more
accelerating devices which allow to reach the TeV regime. At (he same time one has 0
increase the luminosity as {he energy increases, (0 make up for the falling cross sections.
Also, although the reason for building a linear rather than a circular collider eTe™ 1s [0
avoid the prohibitive synchroton energy Toss, there is nonetheless some ENeTZY loss due to
beamstrahlung. This is a coherent radiation which occurs as a result of each beam feeling
the intense electromagnetic field created by the opposite tightty dense bunch. If this
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radiation: is pot controfled, the kuge photon fluy (and accompanying g+~ pairs) will
create a dirty background much like in 4 hadron collider Energy, luminosity and beams-
trahiung are the key parameters that enter in the designs of the various proposals and
et constraines op their parameters (see for example the techpjcal design reports [3,4]
and also [5}). Striving to have a Iuminosity, L increasing as g {the cms CRergy squared),
one should arrange to have beams with very smal] Spot-sizes Txy. However, thig situation
also feads ig large beamsn‘ahlung. Ouve then has 1o find & compromise and allow for
nstance for flat beams Ty 3> oy This compromise is reflectag I the formuia Tor the
Iuminosity:

N 1 1
£oc(szfE)xaxq“ocpx.rzn,x;;. (1.1}
N is the number of particleg per bunch, 5 the number of bunches, [ the RF frequency.
The first factor js the beam Power P, the second gives 7y the number of beamstrahlung
Photons that shoyig be kept to 4 minimum,

Another Important featyure of the linear collider is the availability of polarization, 95%
degree of polarization for the electrop beam is foreseen (note that SLD at SLAC has
already achieved 80%). Some studies have glgq shown that one could polarize the
Positrons (60% seemg possible),

The main designs (refer to the corresponding homepagesg [6] have been developed at
DESY (Tesla which relies on 5 Superconducting structire and the S-band SBLC), KEK
(JLC with an option of running up to 1,52 TeV), SLAC (NLC). All of these projects have
had some tegt facilities and have also Jjoined effore like with the international collabora-
tion which successfully tested the final focng (FFIB: final focus tests tacility), CERN has
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Figure 1, The 1 TeV Clic Complex {from the CLiC homepage [a]).
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Figure 2. The laser scheme of converting an electron of the linac inio a highly
energetic phaton {see lext).

also a very ambitious project (CLIC), while with the financial crisis that has terribly hit

Russian research, ihe Protvino project (VLEPD) will most probably nevet be realized. A
Jayout of the CLIC design is shown in figure 1.

12 A ~y and ey collider

As can be seen from figure 1, the CLIC design allows for a second interaction reglon
devoted 10 Y collisions. This is now an option which is taker: seriously, as an add-on, in
all designs. Since the organizers have asked me 10 spend some {ime on this option and
since some of the Wworking Groups will look into the physics at these new colliders, T shall
comply by 0ing through some detail, Apart from the almost straightforward possibility
to turn the ete” machine into an e” €~ mode, there is the very exciting prospect 0 convert
either one beam of the machine of hoth into an ntense and collimated photon beam thus
turning the machine into a ey or 7Y collider [7,8]. The idea, see figure 2, is to focus an
intense laser beam (with a frequency corresponding 10 2 few eV) at an extremely small
angle onto the single pass electron. At some conversion point (CP) a few centirneters
away from the interaction point (1) the laser photon Compton backscatters on the single-
pass electron with the result that most of the energy of the electron, E}. gets transferred tO
the photon beam. The latier then reaches the TP with a spread of the order of that of the
original electron. The remaining soft electron from ihe conversion can nonetheless be
quisance. Not only it will scatter a few times with the photon and therefore distoris the
spectrum but it can also make it to the TP. Tn this case the initial state would be a mixfure
of ete, ey and 7Y {hus creating again an unwanted hackground. One suggestion [7]is to
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which is gg crucial for Higgs studieg, .

Akey barameter of the 7Y collider, x,, ig directly related to the maximpm BHEIZY, Wiy
that can he faken up by the photon. It js introduced through the Scaled invarigny mass of
the original €Y system and for head-on hit of the laser ig given by

11{37” 4Eb"~’-j0 Eb ] Xp
R e o (%) TS
X % 2 {1 )((TeV)) ; 80 that x0+IEb

Most of the photons are emitted at EXtremely smal] angles with the MOst energetic photons
Scattered at zerg angle. With the typical angle g, ~ (me/E) v/ T of order some perd,
the spread of the high~energy photon beam i thus of order some 10°s nm. The energy

into account thig Testtiction. The optimal x; is thep given by x, < 2( 14+/2)~ 4,83, This
value means thas the photon cap take up as mych as 83% of the beam energy. Naturally,
the luminosity Spectrum depends directly on the differentia] Compton Cross-section. The

analyses haye beer done with b = , Before tackling more realistic SPectra, it is worth
reviewing the Properties of thege Spectra in the simple cage (with analytica] formulae), i
order to exhibit the importance of polarization, Ip figure 3a, b we compare the tuminosity
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Figure 3. (a) The total luminosity spectra in the case of different combinations of
the longitudinal polarizations of the linac electrons and the circular polarizations of
the laser. The ‘classic’ Weisziicker-Williams spectum is shown for comparison. The
spectza assume a distance of conversion, b = 0. (b) Projecting the contributions of the
J; =0 and the Jz =2 polarized spectrum in the peaked spectrum setting
NP, = 2P = — 1.
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Figure 4. (a) Projecting the contributions of the J; = 0 and the Jz =2 polarized
spectium in the ‘broad’ setting 2A.FP. = EA’L,P’L, =1 (with a conversion distance
b = 0). Thick lines are with a 100% longitudinal potarization for the electron while
the light lines are for 50% longitudinal pelarization. The lasers are taken to be fully
right-handed. (b) As in (a) but for unpolarized electrons and where we have imposed a
rapidity cut of 7 < 1.

spectrum (as a function of the reduced ~ invariant mass) that one obtains by choosing
different sets of polarizations for the two arms of the photon collider. First of all, in all
cases and as advertised earlier one has a hard spectrum compared to the ‘classic’
Weiszicker—Williams spectrum. In case of no polarization at all, one obtains a broad
spectrum which is almost a step function that extends nearly all the way to the maximum
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energy {restricted by the valne of ). The hardest spectrum is arrived at by choosing the
cireular polarization of the laser {P.) and the mean heficity of the electron (Ae) to be
opposite, i.e., 2\, P, = 1, for hoth arms of the collider. In the case where both arms
have 20, P, = 1 the spectrum has a “bell-like’ shape which favours the middle range
values of /7. In the case where the two arms of the collider have an opposite value for
the product 2M,.7,, the spectrum is almost identical to the one obtained in case of 1o
polarization. For the Higgs search, that i when we would like (o keep an atmost constant
vafue for the differential luminosity, the *broad’ spectrum that favours the Jo = 0 is
highly recommended. What is very gratifying is that with P, = p/ — ZA, =2X =1 the
whole spectrum is accounted for almost totally by the Jz = 0 spectrum (see figure 4a, 4b);
the Jz = 2 contributes stightly only at the higher end. This near purity of the J7 = 0 is not
much degraded if the maximum mean helicity of the electron is not achieved. We show
on the same figure (figure 4a) what happens when we change both 2A, and 2, from 1 to
0.5, keeping P_ = P = 1. There is still a clear dominance of the J; = 0 especially for the
lower values of the centre-of-mass energy. We would like to draw attention (o the fact that
this effect, (increasing the J, = 0/Jz = 2 ratio), can be further enhanced (when the
maximal electron polarization is not available) by imposing rapidity cuts.

Let us now be a bit moze realistic and turn to effect of the distance of conversion,
keeping a blind eye on the soft electrons, and the magnetic field. As explained above,
increasing the distance of conversion filters the high energy modes and therefore the
spectzum becomes more monochromatic for large values of ~ centre-of-mass energy.
For the peaked spectrum, arrived at by having 2AP, =2NP = 1, the peaking is
dramatically enhanced for a large conversion distance b = 10 cm (oo ~ 0.72). This means
for example that with a conversion distance of Scm or 10cm, there is almost no
luminosity below /7 < 0.65. This aiso means (see figure 5a) that the spectrum is a
purely Jz =0 peaked spectrum. This is the most ideal situation fo study a J; =
resonance if its mass falls in this energy range, i.e, 0.7 < Tres, < 0.82. The Jz =2
component that was present for the zero-distance of conversiou is effectively eliminated
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Figure 5. (a) The totai luminosity spectrum with 2A.P, = 20 P\ = —1 (‘peaked
spectrtum’) for different values of (he conversion distance taking a spotsize
. = 200nm. (b) As in (a) but with AP = 20N P = | (*broad spectrum’),
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= ;f 200

Figure & Luminosity specis with 2A.Fe = P =l based on 2 simulation
using the TESLA parameters 18]. The second spectrum correspond 10 having 2
sweeping magnet, The example we show here is in fact based on one¢ of the most
optimistic scenarios for the 77 based o1 TESLA, the beais are assumed almost flat
here!

far large distances b > 5cm. Note that in this case if one could ‘manage’ with &
conversion distance of 0.5 cm then We almost recover the b = O spectrur.

The situation i not as bright for the broad spectruim case when the interest is o0 small
7y like the search of an intermediate-mass Higgs (IMH) at a 500 GeV eTe The nice
features that were unraveled in the Jast paragraph {an almost pure Jz =0 for small to
moderate 7y are lost because the luminosity ip the energy range of the IMH peak
formation 18 totally negligible for COMVEISion distances of order ~ 3 CI0 OF higher (se¢
figure 5b). 1 ope conld manage with a conversion distance below 2 cm then we mAay hope
to keep the nice features of te ‘proad’ Jz =D scheme.

This said, new simulations [8] have been conducted that have taker into account the
TESLA parameters for the electronl heam and studied the spectra one obtains with the
option of deflecting the electron. 1t turms out that mulipie rescattering has the effect of
considerably enhancing the lower end of the spectrut, 1p order not 10 end up with 100
small a ¥ Juminosity for large /T It 15 advisable 10 deflect the electrons. Still as can be
seen from figure ¢ which adopts sovle optimised parameters for the TESLA design,
although the deflection scheme reduces the &7 noise, the peak Juminosity for the ener-
getic end of the spectrum 15 about 5 times lower chan what we obtained with the idealistic
distributions. Therefore MO of the studies (for reylews see i8-101) that have been
pef't'ormed for this type of collider should be critically re-analysed.

1.3 Typical cross section: The wcm.[d—be—backgrounds

production of new particles proceeding essentally through the s-channel in ¢te” have
cross sections of few fb. The main backgrounds at the linear collider wilt be dominated by
W processes. Tndeed as can be seen {rom figure 7 CrO8SS sections for produetion of W’s
and Z’s either 10 the e e~ mode Of the v (or tor that matter the €7 mode) can reach a few
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Physics at the linear collider

picobam-(we can see that the point cross section, CTpoint) is buried in the clectroweak
hackground). Fortunately the balk of these Processes is rather in the forward region
mareover they are quite sensitive to the beam polarization.

Especially in the ~v mode, hadronic processes constitute 2 formidable packground. If
one has a wide specirum with invariant photon masses that extends beyond 300 GeV, the
bulk of these hadronic events a1 induced through resolved photon contributions {sphtting
into quarks and gluons,.,}. What is even moro dramatic is that the initial photos
polarization will not be iransferred 1o these constituents, thereby we 10088 the control of

: ; ] S i .
60 - 160 180 200
(a} m nu(Ge\/)

Figure 8. (Conrinued)
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the background, if one chooses @ the laser set-up SO that one has & troad spectrim. These
cross sections ought to be kept mind when W& geek new physics. Although in the
previons example it has peen shown how to salvage the situation, it is worth observing
that for higher Higgs masses the background (into ft) reduces quite 2 bit. Also if one
wants 0 make precisicm studies of the ™H (131, then it is best to tune the machine 80
that the spectruit does peaks around the Higgs mass. this would {hough preclude a host of
other studies.

. The main jssue: The mass problem and symmetry preaking

Considering that the LHC is a certainty, the fact that 1t has an energy reach greatet than
the lineas collider and that the latter will certainly not be built before the LHC it 18
important 1O ask why oné needs a linear coltider. e7¢” machines have always had the
advantage of more than making 1t Up for their lack of phase space by offering 2 clean
enviropment which is conducive 1o precision reasurements. For instance, W€ all know
how difficult it is to discover the MY at the 1HAC [14]). This is even mOTe frustrating since
despite the fact that gUSY does predict an T™MH even i all other particles cab be too
heavy one will most probably have to awail the high Taminosity option of the LHC and
combine the data of ATLAS and CMS in order tO anravel it. In contrast, a 500 GeV
centre-of-mass energy ete collider. with a very humble Juminosity 10fp~t, will
discover the same Higgs in 2 matter of weeks (even days). This has far-reaching
consequences: if no Higgs is seedt even in the frst phase of the LC the SUSY scenario
will be out! Ag we will argzue. aven it one discovers new particles at the LHC, the main
igsue will be to better understand ifs origin. For instance even {FSUSY is discovered at the
LHC one would like 0 understand the mechanism of its breaking and reconstruct the vast
array of the parameier gpace that plague the current phenomenological description of
SUSY. As 2 mateer of fact, probably the main raison grawe of the LC will be the
anderstanding of symmetry breaking, 2 mechanism 0Re has had till noW Yittte insight.
1t should be remembered that the stumning success of the standard model, SM, 18 based
on the fact that the model reconciles the gange symmetry pr’mciple (in 18 non-abebian
form) with the apparent preaking of this symmetry by giving masses to the gauge bosons
and fermions. The gauge symmety principle has now been tested at the per-mil Tevel
through the aniversality of various gauge couplings. Fven the (most evident) pon-abelian
vertices (WW7, WWZ, ,...) are now badly required by precision data through
their effects at the guantum jevel. However, to be fair these tests concern essentially the
fransverse polarizations of the vector bosOnS- Apart from the presence of the mass terms,
one knows Very litile about the 1ongitudinal vector components of the bosons (this is in 2
sense the physics of the Goldstones) and how exactly the jeft-handed and right—hauded
components of fermions interact with each other (this concerns essentially the top). These
aspects are intimately related, in the SM description, to the Higgs mechanism. Not only
the particle it predicts is still missing. fhough the latest global fits tend to indicate 2 not
too heavy Higgs, but this particle does poOSe sOMe very uncomfortable naturality problems
which cast doubt on the whole thing and strongly suggest SOME alternative scenario that
the planned colliders seek 1O uncover, In a nutshell, it 18 best 1o think of the naturality
argument. as being intimately related to the fact that there ig po symmetry associated O
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the masg of an eIementary Spin-Jesg particle, Chiraj Symmetry Prevents termiong Masses
while gauge Symmetry prevents vector boson hasses with the Consequence that radiative
Cortectiong 1o these Masses are oniy logﬂrithmical ¥ divergeny {prior to J.’enormalisation of
Course). Lack of 4 symmetry means that thepe 18 No reasop why the Mass of 5 scalar
should pe kept sma]] and hence pe Infamoys quadratic djvergence. To Temedy thig, either
0ne trieg to make dp Wwithout ap elenmntary Scalar, One then il‘ievjtably has to deg Wwith g
Strongly interacting Phase of (he weak teractiong With the formatiog of Condensateg and
bound—states and thus fig]a ca]cu!abjlty and much Teduced predictivi[y. Or one Iries to
implement Asymmetry, The mog; Pepular apg atlractive Option ig supersymmerry whers 5
scalar ang g fermiop become the avargy of the same multiple, and thus the Scalar inhepi;
the chipg] Symmetry ang 18 protected. But thep again, one knows thyy thig Symmetry ig far
from being perfect: tpe associated seglyy and fermion Ought to haye the same mass. Thep
SVen if hingg of SUSY are 'evealed or SUper-particlag discovereq the Pressing question jg
how g supersymrnetry broken, Lacking a fundarnental theory for this breaking one hag to

the Higgs) is 1ot fixed

2\ 2
V=X ot _ %‘:\L) V= —uleip AT, (2.3)
If this ig all we have, understandmg of the Properties of the Higgs wijy be the bread ang
butter of the I,C (3) In SUSY, the Situation jg better, ) acquires the Status of 4 gange
coupling, wijth, the dramatic effect thar the mass of the lightegt Higgs is bounded, af tree-
level, to pe less thap M. However the negagiye Square mass thay driveg SYmmetry breaking
Is stil] ad-hoc, There are tanmlizing SCenarios whijc, embed Syg in a grapq Scheme
Whereby the OTigin of the ‘Negative Square masg® jo dynamica] One such SCenario is the
POpular minjyy,; SUGRA model where all scalay nasses are bniversg] (with a ‘Positive
Square ass’) at the GUT scale. The heayy top drives one of the ‘Higgs Masses’ Negative
45 0ne runs dowy to lowey €nergieg, Supersymrneﬂy breaking though ig still obscyre and,
n fact, the Isste js relegated ¢ a hiddep sector, although such schemeg do provide sumn
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rules like the equalities of scalar MASSES, and gauginos masses at the high scale. Tt is these
kinds of sam rules and '1mplementations that one hopes precision imeasurernents at the LC

can unravel ¢hug giving us indirect probes of physics much beyond the TeV scale.

3, Mo Higes scenarios and the W couplings

Current global fits to the eleciroweak data tend 1O prefer a tight Higgs mass Wwith
My < 420 GeV 95%CL- However in face of the discrepancy hetween the gD and LEP
data on the effective weak spixing angle. it has been suggested (0 be careful when quoting
these kinds of limits. Taking (be LEP data alone weakens the bound to Ma < 700~
800 GeV 959%CL 115]- So especially when planning for the future when should still
entertain 2 scenario where 2 Higgs 1s o0 heavy oF simply not there. This said one has to
jmplement the gauge symmetry without the scalar petential. As siressed above gauge
gymmelry is NOW sacrosanct. Already in 1994, fitting the electroweak data without the
non-abelian gauge vertices gave more than 70 departuré (e}, To implement gange
invariance and yet make do without the Higgs one retorts to @ npon-linear cealization of
symmetry preaking. To have More predictivity in this approach one cai appeal 10 another
well confirmed symumeiry: the global SU (2) custodial symmetry which is the most 1 atural
explanation for the fact that ance the top-bottom splisting as been taken into account the
p parameter is essentially unity. One therefore may assemble the triplet of Goldstone
bosons wi into the matrix-field L = expliwa™ [y = 246 GeV) and define the covariant
derivative (through which gauge invariance will be maintained) Dp= 8,0+ /2) (g{m/2)
WiLE - ¢ BuEIT3)- The weak bosons mass term Wrlles

iweT™

2
. ; 1
Lu= %Tr(’pﬂz*ppz); 5 = exp MWW SMZEE

-
(3.4)

Tn this so-called non-lineat realization of SB the mass term for the W and Z is formally
recavered by going 10 the physical ‘frame’ (gange) where all Goldstones disappeat, L&
5 1. With this description the model is not 1'enormal'1zab1e, however 1t can be made
finite by the introduction of 2 cut-off which exhibits the same dependence a3 that of the
Higgs mass in loop effects. This cut-off represents the on-set of new physics. Wa expect
that before this scale is reached, which is the ¢as€ with the first stage LC, the effect of the
new physics will contribute 10 & few operalors that are not described by the moinimal SM.
Tp fact the above mMass operator ed- (3.4) should be considered as the leading (Jowest)
operator in an energy expansior. With the custodial symmelry and the requirements of
gauge invariance there i€ few other operators related to the Goldstone sector that we
may write. They give contributions t© the self-couplings of the weak vector bosons,
especially their 10ng'1tudmal parts. They can be probed both at the LAC and LC ina
variety of weak boson production and scattering. For the 500 GeV LC the nost important
operators are given by LoLr (for details, see 0

., Lon . .
Lon = 18 (5.2 Tr(B DT Do)

. L9L . W17 7] t
[—’91_, = ——lgi—é;ri‘rrl (W“ D;_,‘EIDUE ) | (35)
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Ty and et Optimise the limits by Accessing 5 maximuy of distributipng in the
kinematica! Vatiahles of the decays, which ig Somehow reconstructing the Jongitudinal
and trangerye Polarizatinng. To that effect ope S€es that by Writing the final state in
terms of the four-fermions, all the heh'city amplitudes are accesged,

da(v(z\m(/\zb_W*Wwflf'gﬁm: Brihgpi B (3
dcos&dcos@j dg* dcosﬁi dgzﬁj; w w 325 87

XD Mt (s.con DM, e (5, cos O)Ds e (87, 47
A x

Dy (o - 008l L)

_dﬂ"(’}’(%)’)’(/\z)‘*WJ“W‘) 3), Az 57
= dcosg §; Brw Brw

A
X Z P v Doy (97 P2)Ds, . 0L 8% + )
)L/\—H\Lz\ﬂ,.

with
Ar A M/\:,/\z;)l_,u (s, cos 9)M,*]_,\7;,\,_A1 (s, cos )
ﬂ,\i’):f\g,\f (s, €Os ) = : e 5 , (3.6)
i E}L.\f /M)\,,,\z;)\_,\ . (5, cos 6]

where ¢ ig the Scattering angle of tha W= and 218 the density mafrix, A Maximum
likelihood fitting Procedure exploiting af the decay angles permjts to put Very tight
bounds on the parameters, Wwhereag in the Pp environmem OB relies on 5 much reduced
58t of variableg and SOinetimeg ouly on the Counting rate,

These observationg 4re well rendereg by figure o which js Compendium of Studies gt
both ete~ 7Y and the Lye {17]. One Sees that already with a 500 GeV gt collider
Combined witp, a good Integrateqd luminosil‘_y of about gg b7 one can reach g Precisiop,

probed through the gentine quargic Couplings i, W Scattering o even perhaps gy,
Z, 777 Productigy (that are Poorly Constrained ¢ 500 GeV). LHC could alsg address
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Figure 9. Limits on (Lop — Lon} in ete~ including ISR and beam polarization,

this particular issue but one needs dedicated careful simulations to see whether any signal

could be extracted in the pp environment. In this re

gime there is also the fascinating
aspect of W interaction that I have not discussed and which is the appearance of strong

resopances and the stady of WW scattering. This would reveal another alternative to the

SM description of the scalar sector but can only be studied at a 1.5-2 TeV LC or better
with a 4 TeV muon collider.

4. Properties of the Higgs

Unlike the situation at the LHC, the Higgs can be very easily discovered at the LC [1]
almost up to the kinematical limit through ete” — ZH and WW{ZZ) fusions e"e —

ve(e")7.(e”)H. The point is whether one can learn more from this. 1f one looks at the
Higgs interactions in the SM,

EH,M == (D,u@)? (D;,L(I)) + LYukawa -V (47)

the generalized kinetic term contains the mass terms of the W/Z bosons but also the
couplings of the Higgs to the weak vector bosons. The latter trigger the main Higgs
production mechanisms in ete. As in the previous section one can check whether there
are higher order operators that modify these couplings as well as the tri-linear WWV
couplings. More interesting, and paving the way 0 the SUSY tests, is to check whether
there s only one Higgs doublet which is giving mass to the weak bosons. If this is the
case then only one v.e.v. is involved and thus, for instance, the ZZH coupling 1S
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completely specified by the gauge couplings and the Z mass, If there were more than one
doublet (and hence more than one Higgs) the ZZH, couplings will depend on ratios of
v.e.v and would therefore be smaller than if there were only one Higgs, Therefore, by
precisely measuring the cross section of Higgs production one could in principle infer the
presence of another Higgs. Exactly the same conclusion applies to the Yukawa couplings.
Most important is the measurement of 4 — bb, which for example in SUSY depends
crucially on sgf53.

At the LC, it is possible to optimize the running conditions by lowering Vit
necessary. For example for My < 200 GeV one could choose Vs 22 300 GeV to maxinize
eYe” — ZH. The other advantage over pp colliders is that one ¢an, agam as in the
previous section, use all topologies (all Z decays may be used!}. In these conditions with
quite modest luminosities (20t~ it is found [18] that ne can measure the mass of the
Higgs at the per-mil level, The ZZH coupling may be measured at the five per cent level,
Notice that such a precision does not seem to be enough to discriminate the SA4 Higgs

the indirect presence of an extra Higgs. A slightly more hopeful conclusion holds for the
b~ bb where if the mass of the pseudo-scalar Higgs is above 400 GeV, the Br(h — bb)
can not be larger than about 7%, Simulations based on the the ZH final state at 500 GeV
have found that for My =120GeV the branching ratio can be measured at 7% but only at
12% for My = 140 GeV More thorough simulations should be performed on this
coupling. For the other couplings, branching fractions are measured with a much worse
precision. Apart from this, we note that some nice checks on the spin and parity of the
Higgs can be performed [1]. First in ete™, from the angular distribution of the Higgs or
the reconstructed Z, one could tell whether the parity of the particle is odd o even. Take
ete” — ZH, with x denoting the cosine of the scatlering angle, one has

2

1de s ME MEN?
P G el R e A 2 IV B N
pm (+x)+8M%(+S S)( ) o (1 —x)
+ QM3 /5) — parity even
1
;%oc(] +x%) — parity odd (4.8} |

This may, nonetheless, prove to be an academic exercise since a Z7 scalar requires a
parity-even scalar. The 7Y mode can help in many ways as far as the Higgs is concerned,
First, by choosing the polarizations such that the colliding photons are in 3 Jz =0 state

a CPeven and a CP odd state, one should ook for an asymmetry between the two Jr =0
configurations, that is depending on whether both photons are right-handed or both are
left-handed. Another trick for the parity measurement is to invoke linear polarization. A
parity even scalar, O+ couples as F,,F* O and thereby the two photon polarizations are
parallel whereas for a parity odd this combination is 1ot possible [1]. One can also,

width assuming the branching ratio into b's has been measured in the eTe” mode. A
simulation has shown that this width can be measured at 6% [18]. Note that for these
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precision [measurements o be possible in the -y mode one needs to choosé a peak sef-up
at the Higgs peak, otherwise the b background is killing for a light Higgs mass. For the
heavier neutral Higgses on the othet hand, where the resolved photon contributions are
much smaller, one can use the maximum energy possible in the vy mode in order to
access the largest mass as a resonance. This gives a wider range than in the eTe” mode.

Another proposal which needs more {nvestigation, especially if 00 direct sign of new '

physics has been observed, 18 10 retrieve the LEP1 /SLC data, ot even better to run at the
7 peak with the LC lnminosity and polarization. One can then input the Higgs mass, the
top mass which in passing can be measured with a precision of 0.2 GeV (this is almost 2
ten-fold better than at the LHC) as well as the measurement of Mw which can be
improved at the LC (AMy = 15MeV). One thus have at hand some Super precision
observables to infer some high-scale physics. Other interesting (ests: concern the self-
couptings of the Higgs. Within SUSY these couplings are essentially gauge couplings and
thus these studies are not as motivated as if a non-susy scalar has been discovered.
Unfortunately, one needs to go 0 high Higgs masses and energies O probe anything
useful (191

5. SUSY and SUSY breaking

1€ SUSY is at work it will be a matter of days for the 1.C to discover the lightest SUSY
Higgs. Else SUSY will be shown not to be the solution to the hjerarchy problem. We have
just discussed the kind of checks that may be performed if only the lightest Higgs were
discovered and to what extent and conditions one might nfer from the precision
measurements that it is actually a SUSY Higgs than one has discovered. On the
optimistic side one might be lucky and discover more than one Higgs if not all of them.
This occurs if the pseudo—scalar Higgs has a4 mass pelow 200-250 GeV at the 500GeV
LC. As concerns the other SUSY particles it is worth putting the LHC in the picture.
Indeed if SUSY is at work, this would mean that even if the LHC has had great difficulty
cornering a Higgs, it should have no probiem producing plenty of coloured SUSY
particles (ghuinos and squarks). Many gtudies have shown that the LHC can cover a mass
range for these particles up to 2TeV! [20]. If these are not produced we wounld be very
uncomfortable with S1SY, since a new naturality problem creeps in. LHC has also & good
chance to see charginos and some peutralinos, as well as sleptons. "The problem 18 that all
the kinematically accessible particles will be accessed at once. The heavier ones
cascading into the lighter ones which will in turn cascade into even lighter ones, thus
creating a very confused picture. At least if one knew the SUSY spectrum and the SUSY
parameters one can reconstruct the original picture. But we will not, and if one takes an
unbiased attitude one will have the formidable task to measure a large number of
parametess. On the other hand, once SUSY is discovered it is exactly this, measuring the
SUSY parameters, that will be a priority. This is because One expects these parameters
not to be completely haphazard but show some simpie structure that betrays SOme
common origin. Due 10 the nature of the supersymmetry transformations this may even
tie this model with gravity. There is also circumstantial evidence that the unification of
the gauge couplings OCCUIS within SUSY. 1t 1s then utterly crucial to test whether the
unification of other parameters OCCUurs as well. The answer to these guestions give an
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information op physics at scale orders of magnitude from the present onpeg, unreachable

by any coltider, Onie has ther to retort to mgenuity to extracy this informatiog from the
Upcoming colliders.

parameters with nq 5 prioti assumption about the model. This wil] ot be possible at the
LHC.

which is better o discovering the non-coloured particles which, by the way, in many
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Figure 10. Effect of polarization on the muon acoplanarity angle for right-smuon
and selectron production with the decay g, (e)r = ts (e)x°. The slepton mass is
142 GeV and the LSP is 118 GeV, /5 = 350GeV and £ = 20fb™ 1. The degree of
polarization is also shown [21].

larger than with left-handed e~ . Thus polarization achieves three things: tags the nature of
the smuon (right-handed) independently of how it decays, increases the signal cross
section and dramatically decreases the background. This is well rendered by the full
simulation of the Japanese group (see figure 10) which has caonducted some first-class
studies [21] to which I will refer extensively. In the same figure the case of the selectron
is also shown. The latter has more packground from single W production that also vanish
for right-handed electrons. Once the smuon production has been optimized, one can
either infer the mass from a threshold scan which is independent of the decay or as is the
case here, the measurement of the end-points of the muon energy which give both the
smuon mass and the LSP mass. A combined fit, for the case above and for a modest
Iuminosity 20 fb~1, gives these masses at the 1% level. One more thing, to confirm the
scalar nature of the smuon one can Jook at its angular distribution which shouid show a
sin® 4 dependence. In the case of the right-handed selectron, this will not be the case since
even with a right-handed electron one has to deal with a t-channel neutralino exchange.
For the same reason as above only the bino compenent of the neutralino will be selected.
If this component is not negligible one should observe a forward peak (see figure 11).
This component is a function of the gaugino parameters M; o, the p parameter and 7g0.
With the knowledge of x| one can measure how much of the LSP is bino. The mass of the
right-selectron is based on the same idea as in the smuon case. One can thus, already with
two processes, jif fig, éxér (65t the universality of the scalar masses (at least, at this
point, for the right-sfermion masses of the first two generations) and constrain somehow
the neutralino mixing matrix,

As one increases the energy new thresholds may open up, for instance the production
of a selectron-right with a selectron-left. This occurs only through a t-channel peutralino.
Again if one polarizes the electron to be right-handed not only one tremendously reduces
the background but also one has a better handle on the signal. In this case the neutralino is
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Figure 11. Same parameters as in the previous figure for the scattering angle of the
right-handed selectron [21].

projected onto the bino component that was present in étey. Second if both selectron
species decay into an electron/positron, we know that the final electron jg associated with
€x - The end-point energies of the final positron will reconstruct the Inass of the &, Again
a precision of 1% is achieved. Note that left-handed electron polarization alfows in
principle to access the wino component of the neutralino. With these scalar masses more
genera! mass relations (and hence models) can be checked [22].

Similar analyses exploiting the power of polarization can be done in the production of
neutralinos and charginos. Chargino pair production goes through a z-chanpel sneutrino
exchange as well as a s-channe] Z,7. The former can be switched off with 4 right-handed
electron polarization which afso, through the selection of the hypercharge component of
neutral vector bosons, picks up only the higgsino component of the chargino, therefore
this polarization alone wil] give us the composition of the chargino. Again from the
energy end-points of the decay products one can reconstruct the mass of the chargino with
a very good precision. By combining the information from eTey — &tz and this
reaction we can fit the parameters of the chargino-neutralino mass matrix My, Ms, 1, tgd
and check for the GUT relation My = (5/3)te*0wM>. Figure 12 shows the result of the fit
for a simulation based on SUGRA, but of course no SUGRA hypothesis has been made in
the fits. The results are impressive.

More can be done with the processes studied so far. With the left-handed electron
polarization one is seasitive to the sneutrino channel and thus would Measure or constrain
its mass. Needless to say that as more channels become available one can reconstruct

in the case of the third family one would like to measure the tri-linear terms Ar beside
the (1) and SU(2) scalar masses a well as p and —1g8 if these are not already
measured. Both A; and g are contained in the angle 6y which mixes the left and right
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sfermions. This angle can be easily measured by measuring either the cross section for a
right~handed or a left-handed electron as seen from €G. (5.9) (g is the charge of the

sfermion)
1 1 b 1 2 2 —MS
= a0 Y b — ’
My = Mo (iqﬂ + oy (2 S‘w) (ZCOS i Mf\?w> T M%)’

11

Mp = Mo (qui & (5 cos” b — \%%} Sf;@) : (5.9)
Decays of the third generation sfermions will also be very informative provided one can
measure the polarization of the decay products, as in the case of 77s. These few examples
make it clear that a LC will be invaluable for precision measarements of the SUSY
parameters. One last word, the 17 mode will not be as helpful as the ete mode. The
reason is that in 7y Cross sections (at tree-level) are completely determined once the mass
is known Of measured. Reconstruction of the parameters could only be gleaned through a
study of decays.

6. Conclusion

There is no doubt that the construction of 2 LC even if done after the LHC will allow
qome crucial tests as concerns our understanding of symmetry breaking and would very
nicely complement the LHC program. Recently the TESLA people have shown that one
can achieve evel higher laminosities, SOOfb“l, this will allow even more powerful
precision tests as the ones that we went through in this summary.
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