Physics with next generation Linear Colliders l
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e Want to reach energy from LEP2 to ~ 1TeV

‘0 Introduction

= circular machines no longer possible

e Cross sections in range few fb to few pb
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LC (TESLA) parameters:

e cnergy range:  Ist stage: /s < 500 GeV
2nd stage: /s ~ 1 TeV

e Luminosity: 50(91 GeV)—500(800 GeV) b~ /year
e start data taking > 2012

e clectron polarization ~ 80%

e positron polarization of 40 — 60% possible

e any LC can also be used as a yvy-collider

This means:
o few-10* eTe™ — HZ /year

at /s = 350 GeV (my ~ 120 GeV)
0 10° eTe™ — tt/year

at /s ~ 350 GeV
©5-10° eTe™ — qg/year

at /s &= 500 GeV (no rad. ret)
0 10° ete™ — ptp™ /year

at /s ~ 500 GeV (no rad. ret)
0100 ete™ — WHTW~ /year

at /5 = 500 — 1000 GeV/
0107 ete™ — Z/year

at /s = 91 GeV
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The most probable scene at the high energy frontier

at the startup of a linear collider will be:

e LEP completed

e TEVATRON run II completed

e LHC has taken several years of data
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'Hadron collider

e Because of the high proton mass heigh energies
are reachable

e however protons are composite particles:

— parton energies are much lower than proton en-

ergy
— interaction on the parton level is unknown

— proton remnant disappears in beam-pipe
= kinematics must be reconstructed from the
decay products

e protons have strong interactions

— high background
—not all processes can be reconstructed

e hadron collider are “discovery machines”
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Lepton colliderl

e Because of the smaller e-mass it is more difficult
to reach high energies (synchrotron radiation)

e clectrons are point like

+

—interaction energy = e'e” -energy

—energy-momentum conservation can be used to
reconstruct the event kinematics

e clectrons have no strong interactions

— low backgrounds
—all events can be reconstructed

e lepton-collider are “precision machines”
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...which is perfectly consistent with the SM be-

The physics possibilities: ing the final theory:

e The Standard Model is the final theory:

— LEP,SLD, TEVATRON indicate that the Higgs ’ ﬁ
is light

m,, [GeV]
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1 LAt least LHC should have seen the Higgs

Preliminary [1 The Higgs is in the reach of the LC phase 1 and
20 100 400 the LC can determine the Higgs properties in

m,, [GeV detail

= my < 200GV (95%c.L. e The world is supersymmetric:
—at least the light Higgs has been seen by at
least the LHC
—probably some supersymmetric  particles
squarks) are seen by LHC

—at least the h has to be in the LC range
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— there is a high chance that (some) sleptons and
gauginos are seen by the LC as well

[ (Some) SUSY parameters can be measured at
the LC with good precision
e The gauge group is larger than SU(3) x SU(2) x
U(1)
— LHC can directly see 2", W’ until few TeV

— L.C has a comparable reach by precision mea-
surements via Z’-Z-, Z’-y-interference

—if LHC measures the Z’ mass, LC can measure
its couplings
e Symmetry breaking is realized by a strongly in-
teracting scenario:
—no Higgs is seen at any machine

— new resonances (if they exist) might be outside
the reach for LHC and LC

— both machines have a chance to see effects in
triple/quartic gauge-boson couplings

e Whatever happens the LC is the first machine to
do a precise exploration of the top-threshold
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In general:

Whatever the scenario is, the LHC is the ideal ma-
chine to discover it, but has problems to measure
its detailed properties

On the contrary an e™e™ collider is the best ma-

chine to do precision measurements, especially if it
is known, where to look

In these lectures I would like to convince you that we
need the combination LHC-LC to really understand
the physics at the TeV scale
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Useful Web pages

e DESY/ECFA workshop on linear colliders:
http://www.desy.de/conferences/ecfa-desy-lcext.htm

e TESLA TDR
http://tesla.desy.de/tdr

e Linear Collider Physics Resource Book for Snowmass 2001:
http://www.slac.stanford.edu/grp/th/LCBook/

e Snowmass 2001 “The future of particle physics”
http:http://www.slac.stanford.edu/econf/C010630/pr

e This lecture
http://www.ifh.de/www_users/zeus
/moenig/academic_training/
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[ Projects and Detectorsl

Projects for the next generation of lepton colliders:

e NLC: USA (SLAC)
e JLC: Asia (KEK)
e TESLA: international collaboration at DESY

Gross parameters of all projects:

o first phase: /s < 500 GeV
e upgrade: /s ~ 1TeV

e tunnel length ~ 30km

e physics start ~ 2012

NLC/JLC:

e normal conducting machines
e Luminosity £ &~ 7 - 10%3cm 21

e bunch trains of ~ 100 bunches with ~ 3ns bunch
spacing

e repetition rate 120Hz
e small crossing angle at IP

e maximal energy 1 — 1.5TeV, limited by klystrons
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TESLA:— plot f f)

e superconducting machine i

e Luminosity L ~ 3 —5- 1034em =251 Il damping ring
=~ 300 — 500 fb~! /year

e bunch trains of ~ 2800 bunches with ~ 300ns %
bunch spacing % J

e repetition rate HHz .

e head on collisions ¥

positron
preaccelerator

Challenge: Have to increase accelerating field at an
affordable cost

electron-positron collision
high energy physics experiments

33 km

positron source

x-ray laser

Basic structure: 9-cell niobium cavities

aux. positron and
2nd electron source
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e Limit from critical field of niobium:
E < 50MeV/m

40 MeV /m reached for some single cell modules with
e Practical limit: local impurities:

electro-polishing

Electropolishing
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35 MeV /m reached for the first multi-cell module

1,0E+11
e solved with special cleaning processes
1st test, all cavities with g > 20MV/m Bite g g .
4 ’—f—'—{—;_f_‘
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25 MeV /m is reached routinely U /s =800 GeV in reach

O sufficient for /s = 500 GeV
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Comparison of machine types

Machine parameters at /s = 500 GeV

TESLA | X-band

frequency [GHz] 1.3 11.4
gradient [MeV/m] 22 57
AC power [MW] 95 99
TIAC—to—beam [%] 23 8.8
Beamstrahlung 0, [%] 3 4
oy at IP [nm] 5 5
Nort &, at IP [10-0m] | 10,0.03 | 5,0.1
Luminosity [10%] 31 7
Alignment tolerances:

acc. structures [pm] 500 10
BPM resolution [pm] 10 1
quad pos. drift [pm] 0.5 0.01

e Higher gradient in normal conducting machines

may allow higher energy

e Higher efficiency in superconducting machined al-

lows higher luminosity

e Smaller wakefields for lower frequencies relax

alignment tolerances

e X-band luminosities can be brought close to
TESLA by increasing power and reducing toler-

alnces

Milano, March 03
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The TESLA design contains an integrated free elec-
tron laser with few nanometer wavelength to enlarge
the user community (solid state physics, chemistry,
biology etc.)
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Beam polarizationl

Current TESLA
Refer ence Par am et aer Set e clectrons should be polarizable to ~ 80% with the

same technology as at SLC

e positron polarization:

— positrons are made by sending the high energy

500 Gev 800 Gev electrons through a wiggler to produce photons
repetition rate 5 3 Hz which are shot on a target to produce positrons
no. of bunches per pulse 2820 4500 —if a helical undulator is used before the IP
pulse length 950 850 usec positron polarization of 50—60% should be pos-
bunch spacing 337 189 nsec sible
bunch charge 2.0x100 1.4x160 1le
pulse current 9.5 11.9 mA Advantage of electron polarization:

AC power (2 linacs) 95 132 MW

normalised IP emittance (x,y) 10, 0.03 8,0.01 x106m e only ey couple to W=

IP beta-function (x.y) 15, 0.4 15,03  mm [] cross sections can be enhanced and backgrounds
IP beam sizes (x.y) 553, 5 3912  nm can be suppressed (e.g. W-pair production)

IP bunch length 0.4 03 mm e in the unbroken symmetry only e; couple to the
beamstrahlung dP/P 2.8 4.7 % WY while both helicities couple to the B

vertical disruption 33 39 [J in many channels completely different couplings
luminosity 3.1x10%4 5.0x10%* cmst are probed
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Advantage of positron polarization:

e the effective polarization gets increased (e.g. for

PP
7 exchange: (P.g = 143;:73_)

Py = 50%,P— =80% = Pug = 93%)
and the error gets reduced (factor 3 for case
above)

e the polarization can be measured with the Blon-
del scheme

e some backgrounds (e.g. single W) can only be
suppressed with both beams polarized

e some analyzes (s-channel v-exchange, neutralino-
production) profit from both beams being polar-
ized

Milano, March 03 Projects and Detectors-10 Klaus Ménig

Common problem: beamstrahlung

Beams at IP are extremely collimated with many
electrons/bunch

— very high charge density

= Electrons of one bunch radiate against the coher-
ent field of the other bunch (Beamstrahlung)

Average energy loss for colliding e™e™-pairs at 500

GeV: ~ 1.5%

— - 1 T 1 - - 1 T T T T T
102
1
1
10 e
i L
0 0.2
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e For continuum processes beamstrahlung compa-
rable to ISR, however with shorter tails

+ +

e e

e —e
z N T T T T

— no beamstrahlung

10+ with beamstrahlung

08 08 09 0.95 1

Vs'is

e beamstrahl spectrum can be measured on the
10~% level from the acolinearity of Bhabha-events
in the forward (7° — 25°) region

e in general beamstrahlung is not a problem in the
analyzes
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~vy-background

e at the LC ~~-background originates from the
usual ete -process and from beamstrahlung

e at TESLA luminosities the overlap probability for
a yv-event with a physics event is on the few %
level

e cvents with ~yvy-overlap can be tagged by a dis-
placed vertex in z and by topological variables

e first studies indicate that they will be no serious
problem for physics
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A possible Detector for TESLA

e For the TESLA TDR a possible detector has been

. Tracking
designed
e This is meant as a proof that the required detector
can be built with the (almost) available technol-
d with ffordabl t FCH
ogy and with an affordable cos Tpe ~—
e The US and Asian detectors are very similar, so
only the TESLA detector will be described
Global detector concept
om Tesla -—|Int. SI. Tr.
600. Egi.\\\/T')(
500 4 Ninn e Superconducting solenoid with B = 3 — 4T
400 ] e Vertex detector — later
N e Main tracker: TPC
300. \
. e silicon tracker inside TPC consisting of barrel
200. \> cylinders and forward discs
100, e forward chamber behind TPC
o =

.0 100. 200. 300 400 500. 600. @gm

Relatively similar to a LEP detector
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R&D issues for the main tracker

Mainly TPC:

e to cope with larger backgrounds many more pad
rows than at LEP (> 150) are needed

e alternative readout schemes like GEMs under
study:

— charge cloud doesn’t spread over several pads,
how to get good point resolution?

—how to avoid ion flow back into the sensitive
volume?

e dense packing of electronics

e design of a very thin field cages and endplate

Milano, March 03 Projects and Detectors-16 Klaus Ménig

Tracking system gives excellent momentum resolu-
tion for # > 7°

Muons 200 GeV
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Hadronic event in the SiW-Calorimeter

Calorimetry:

e To improve resolution main part of hadron-
calorimeter will be inside coil

e Energy flow will be calculated a la LEP
(Etot - Echarged + EV + En,[(?.)
= Spatial resolution is more important than en-
ergy resolution

e Aim for
—ECAL: 9F = %2 @ 0.01
HCAL: 5F = 2% @ 0.04
e several technologies under study
— shashlik

— scintillating tiles

—Si-W (EM only) clearly the best option, if af-
fordable

—small cells (1 x lem?) with binary readout
(hadron only) might be superior to scintillator
because of better separation of nearby showers
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R&D issues in for the calorimeter

General:

e Energy flow concept requires very sophisticated
reconstruction algorithms

SiW:

e minimization of silicon cost
e dense packing of channels

e fabrication of homogeneous tungsten surfaces

Scintillating tiles:

e minimization of tiles (fiber coupling)

e cheap fiber readout

Digital calorimeter:

e cost minimization of readout channel (5-107 chan-
nels!!!)

Milano, March 03 Projects and Detectors-20 Klaus Ménig

Vertex detector

Main issue: e

+

e~ pairs from beamstrahlung

05
0

05 [

Ioglo(pt /1GeV)
Ny

\\‘\;r

45 Lo
45 4 35 -3 25 -2 -15 -1 -05 O

log,,(©/rad)

For a given B field p; translates into a maximum

radius

At TESLA B = 3T, r = 1.5cm corresponds to 0.03

hit/mm?/BX
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Technologies: R&D issues for the vertex detector

o Pixels a la ATLAS C'CDs:
e CMOS-Pixels (very attractive idea) - | o |
e CCDs (pioneered at SLD) ° cu1jrent y the readout time 1s very long a'ccumu—
lating background over many bunch crossings
CCDs — column parallel readout
E??gtgtsmated Cos 6=0.9, 0.96, 0.98 —readout frequency 50 MHz
N\ —readout detector continuously
T ’ = One complete readout extends over ~ 100
/ : : 7 k (4 bunch crossings 0 3 hits/mm?/BX
Ay ——— - .
e e thinning of layers
S Beam pipe AT oo 8
7§: £ —7 ;f ) Pixels:
I Vd I
7 // e need to make detector much thinner
- e need to improve resolution (floating pixels)
B1 1-CCD Ladders Striplines to
front-end
B2-5 2-CCD Ladders electronics CMOS:
| |
0 10 20 (same technology as in cheap video cameras, poten-
Scale (cm) tial to be fast and cheap)
e point resolution: oy ~ 3.5um
o layer thickness: ~ 0.12%X e first promising results on small test chips but no
104m running large scale system yet

= [P resolution o7p ~ 2um & psind/29
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B-tagging:
Very good results with SLD-like algorithm
CCD VXD flavour tagging results: Ejet = 46 GeV

Z\ L
= 095 —
5 i
a 09
085 -
08
075
07 ® LC
065 | A SLD
06 —
055 b*tOg
05 B 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1
0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1
Efficiency
>
= 095 |-
5 i
o 09 -
085
08
075
Okﬁ\‘i
065 \
06 LC
055 |- A SLD c—tag
05 711llllllllllllllllllllllllllllllllllllllllll
0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1
Efficiency

e Very high b-efficiency = important for multi-b
final states with low o (ZHH, ttH)

e Good c-efficiency/purity = important for
BR(H — cc)

Milano, March 03
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Very forward region:

e Pairs give large background in very forward region

e Also lots of neutrons in this region
[J Need mask at 6 < 5°

tungsten
calorimeter

graphite
lum. cal.

e Environment clean enough above # = 1.5° to
install hermeticity calorimeters for searches and
precision luminosity

e Below 1.5° only luminosity calorimeter for ma-
chine tuning and limited tagging for searches

e R&D needed for radiation hardness of LCAL
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Trigger

e detector is designed without any hardware trigger

e o full bunch train is read out and send to a PC
farm

e bandwidth not larger than level 2 at LHC
e the system is completely deadtime free

e the full detector information can be used to select
complicated new physics channels

e 10 need to include fast detectors for triggering

Milano, March 03 Projects and Detectors-26 Klaus Ménig

'Other collider modes

e e -collider:

e to run an e e -collider in e“e™ mode should be

a relatively simple modification

e since the pinch-effect turns into an anti-pinch-
effect luminosity can be about an order of magni-
tude lower

e the interaction region can stay the same
e physics interest:

— precision measurement of Mgller-scattering

— precision measurement of the selectron mass (3
instead of 33 suppression due to XO t-channel

production)
—access to the I = 2 amplitude in WW-
scattering
—some exotic models, e.g. with doubly charged
leptons
Milano, March 03 Projects and Detectors-27 Klaus Ménig




~v7 and evy collider

e high energy s can be produced by Compton
backscattering with laser light close to the IP

electron e
N bunch

N

e Maximal photon energy wyy,:
x

= E
“m r+1 X
4 Fowy
1’ f—
m264E
0 | [w0
~ 153 |——| |—
TeV {evl

(wo(Ep) = laser (beam) energy)

have to keep x < 4.8 to avoid vy — eTe™ in the

laser interaction region = wy, ~ 0.8F)

e v energy spectrum depends on product of electron
and laser polarization
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~v-energy spectrum for different polarization products
7

0 T N P N PN PN PR P BN P
0O 0.1 0.2 0.3 04 0.b 0.6 0.7 0.8 0.9
y=w/Eo

e luminosity for v, evy-colliders factor 5-10 lower
than for eTe ™ -colliders for identical beam param-
eters (can be brought to 40% by optimizing pa-
rameters)

e to separate used photon beam from incoming
beam a crossing angle is needed

e background situation is similar to ete -mode

e however ~ 1.5 underlying events from low energy
~v7y collisions
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Physics interest:

e some cross sections involving gauge bosons are
larger than in ete™ — plot

e coupling to photons can be measured without am-
biguities from Z-couplings

e a ~yy-collider can measure cleanly the partial
width H — vy — later

e the mass reach for some particles (Higgses, SUSY-
particles, W’) can be higher than in e™e™

e an evy-collider is an ideal place to measure the
photon structure

Milano, March 03 Projects and Detectors-30
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SM cross sections is e"e™, ey, ¥y
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A possible roadmap to an LC (TESLA)]

e All regions agree that we need one TeV-class LC
in the world as the highest priority project in HEP

e Wherever it will be build we will all collaborate

e the TESLA “Technical Design Report” has been
submitted in march 2001

e the project has reviewed by the German science
council

e a first reaction from the German government ex-
1sts
e The projected cost of TESLA is:

— 500 GeV linear collider: 3.1 GEURO
— addition for FEL: 0.5 GEURO
— HEP detector: 0.2 GEURO

e A realistic estimate of the German contribution
is O(50%).
e The rest has to come as international contribution

e TESLA will be organized as a temporary interna-
tional organization.

e total construction time 8 years

e we could start data taking in 2012

Milano, March 03 Projects and Detectors-32 Klaus Ménig

Recent press release by the German governmentl

A new free electron laser is to be built at the DESY
research centre in Hamburg. In view of the loca-
tional advantage, Germany is prepared to cover half
of the investment costs amounting to 673 million
Euro. Talks on European cooperation will soon start
so that it will be possible to take a decision on con-
struction within about two years. The construction
period will be approximately six years.

No German site is at present proposed for the
TESLA linear accelerator. The reason is that the
accelerator project will be an international collab-
oration. International developments must therefore
be taken into account. An independent initiative
by Germany concerning the site of the accelerator is
neither appropriate nor necessary. DESY will, how-
ever, be able to continue its international research
work so that German participation in a future global
project will be possible.
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1 T op—quark—physicsl

e [Introduction

e Measurement of the top-mass

e Top-quark couplings

e Top-Higgs Yukawa coupling — Higgs section

e Conclusions

Introduction

e The top quark is the heaviest fermion
(mt ~ 175 GeV ~ v)

e In the SM it is just the isospin partner of the b-
quark

e however in some models it plays a special role in
electroweak symmetry breaking

[lit is very important to study the top properties
e since mt2 > m%v the top width is very large
Gpm}

8\/577

— there exist no toponium resonances at threshold

Iy ~ ~ 1.7GeV > A\gcp =

—the top decays before it fragments
= the top-polarization gets preserved to the
decay, like the 7 at LEP

Milano, March 03 Top-physics-1 Klaus Ménig

LHC:

e o(tt) ~ 1nb = huge data samples should allow
very precise studies of top decays, especially rare
decays

e tt production by strong interaction = no inter-
esting information on ttZ coupling

e tt production in continuum = no threshold scan
possible

LC:

o o(tt) ~ 1pb = ~ 10° tt events allow for precise
studies

e tt production via v, Z exchange = ttZ couplings
can be measured

e /s can be adjusted at will = threshold scan pos-
sible

Milano, March 03 Top-physics-2 Klaus Ménig



Measurement of the top-mass

Why do we want to know the top-mass as accurate
as possible?

e o future theory of flavor hopefully predicts
fermion masses or mass/ratios
— The mass of the heaviest quark should be
known as close as possible to the precision of the
T-mass

e in precision tests of the SM my enters quadrati-
cally:
— Amyy /Amy = 0.006
ultimately: Amyy = 6 MeV
— Asin®0 / Amyg = 0.00003/ GeV
ultimately: Asin29£ﬂc = (0.00002
= need Am < 1GeV

e [n SUSY models radiative corrections to light
Higgs (h) mass: Amy,/Amy ~ 1
= aim for Amy ~ Amy, ~ 50 MeV

Milano, March 03 Top-physics-3 Klaus Ménig

What is the top mass?

e (Quarks are not free particles = their mass is not
unambiguously defined

e pole mass: pole of propagator, natural definition
if top-decays are reconstructed

e MS-mass: running mass in QCD (like coupling
constant), needed in radiative corrections

e conversion pole mass — MS-mass has theoretical
uncertainties of O(1 GeV)

e limit of all top-reconstruction methods

e additional ambiguity of same order for reconstruc-
tion methods since only color neutral objects can
be reconstructed

e threshold scans: no natural mass definition, can
do calculations in several ones

Milano, March 03 Top-physics-4 Klaus Ménig



Most promising method: threshold scan

e Due to large top mass and the corresponding
short lifetime no toponium resonances are exist-
Ing any more

e However still large corrections due to Coulomb-
like QCD potential:

Etot(r) = 2m¢ + V(r)
V(r) o« —045(1/7“)

r

e QCD corrections known to 3rd order (pole mass)

1.75

15

1.25

0.75

0.5

0.25 =

NNLO

W]

INARAR A

-4 -2 0 2 4
E in GeV
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e large scale dependence and huge shift of the peak
from order to order using pole mass

e theoretical error on my unclear

e in addition the same uncertainty appears going

from my,gle to mysg

e both problems can be solved by redefining the

(pb)

Y. Z

tot

0)

1.2

1.0

0.8

0.6

04

0.2

0.0

mass, shifting part of the potential to the mass
definition

348 349

350
/s (GeV)

351 352 353

(v=top velocity parameter, should be > 0.15)

Threshold cross section now very well under control
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e In the QCD-corrected cross section some remnant
of the 1S peak remains visible

1S Mass (NNLO)

o
a
0.8 |
0.6 -
0.4
.
0.2 - VRO NNLO (ISR+Beam)
4 & = = = = NNLO (ISR)
™ \\\\\
- e NN
-
O | L L L | L L L | L L L | L L L |
346 348 350 352 354
Ecm (GeV)

e This peak is completely washed out by ISR,
beamstrahlung and beamenergy-spread

e However uncertainties in beam parameters do not
effect precision of mt measurement

Milano, March 03 Top-physics-7 Klaus Ménig

Additional information:

e absolute value of the tt cross section: sensitive to
aSJ Ft

e Momentum distribution of top quarks near
threshold sensitive to my

e Forward backward asymmetry: sensitive to I't

e Can try multi-parameter fits

Results (10 scan points with £ = 30fb~! each):

Amy = 34 MeV
AFt = 42 MeV
Aag = 0.0023
- 0»1215 T T T ‘ T T T ‘ T T T ‘ T T T
C
S L i
2 0121 - -
o
S L i
.g’ 0.1205 — —
6_ — —]
3 012 |- —
O
> L i
o 0.1195 — —
- — -
%)
0.119 — —
0.1185 | | | ‘ | | | ‘ | | | ‘ | | |
174,98 17499 175 175.01 175.02
Top mass (GeV)
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Sensitivity to my
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Sensitivity to ag
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Se

nsitivity to I'y
T |
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Expected experimental scan results
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One step further:

The absolute value of the cross section is also sensi-
tive to the Ht Yukawa coupling ()

= can take ay from other measurements and fit y;
instead

Result:
Ayt _ 40.35
— —0.65
Ut

for a 3-parameter fit

(LHC: Amy =~ +1.5GeV)

Milano, March 03 Top-physics-13 Klaus Ménig

Sensitivity to ¢

jo\ T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T é 4
a 04 F+ SM 3 8 b 3
~ C A ]
c L & ]
S -+ +50% ° 1
= 03 — —
o C ]
7 - ° —50% 4 ]
o 02 — -
@ L ]
° f . |
© 01 & -
[ @& -
o 0 | e
® .5 [ 3
S F o= |
x L a1
8 20 [ ® .
ol a
< C 8 ]
o r @ ]
15 | . ]
- @ ® 4
¥ ]
10 —
E'OQJMH} | e
E T ]
2015 [ -
L a
Joor B ? 3
r R ]
L ? o e
0.05 @ . g -
O k\ ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ il
346 347 348 349 350 351 352 353 354

Ecm (GeV)

Milano, March 03 Top-physics-14 Klaus Ménig



ttZ couplings|

e the top-couplings to the Z can be obtained from
tt-production in the continuum

e due to the interference between 7 and v exchange
the total cross section and the left-right asymme-
try are sensitive to the Z-couplings

e a very conservative analysis at /s = 400 GeV
gives 90% c.l. limits on the 10% level for anoma-
lous couplings

1.4 | |
3 ALR .
eRr L
1.2
K55 % 7
RIKEEREXS
S
5

Z

Re (F1 A)
v"
%
K
QL
<>

XX
5
<X
0’0
%S
0’0
0’0
.0
’0
.0
<>
>
O
<>
>

0.6 | | |
0.6 0.8 1.0 1.2 1.4

z
Re (Flv)

6-96 8163A2

e this precision is sensitive to some ETC-models

Milano, March 03 TOp-physiCS-lS Klaus Monig

Wtb couplings

e cffective Lagrangian:

L= % W, b(yufiP- + . firPe )t

1 _
— mWMVbO'MV(fQRP_ + fQLP+>t

(P+ =1/2(1£~5) SM: fi1, =1, rest=0
e Present data put tight constraints on fi7, fiR, so

try to measure for, fop

euse ete” — tt — X/fv at /s = 500GeV and
assume ttZ-vertex to be standard

+ h.c.

e analyze A%B, AIK?B and lepton energy in top rest
frame

e results: Afor ~ 0.02, Afop ~ 0.2

fox F e
2R [ -1
"L 500fb™" ]
o [ N
05 L _
L e L
-0.4 -0.2 0.2 f
2L
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Conclusions on top-quark physics

e The tt threshold seems theoretically well under
control

e The top quark mass can be measured to
~ 50 MeV which is more than one order of mag-
nitude better than what LHC can do

e the top width can be measured on the 3% level in
the threshold scan

e the LC is the unique place to test ttZ-couplings
and can do that with a precision to better than
10%

e for t-decay physics probably the LHC is better
due to much higher statistics

Milano, March 03 Top-physics-17 Klaus Ménig

[] Higgs—physicsl

e The Higgs-mechanism is the only way we know to
give masses to particles in the SM

e Up to now we have no direct evidence for any
Higgs-particle

o [f the Higgs exists, at least the LHC should have
found a particle compatible with it,

e The LC has then to prove that this is really the
particle responsible for mass generation

Predictions for the Higgs
Standard Model:

+
(I)O

e One complex Higgs doublet with vacuum

expectation value (2), v = 246 GeV.

e Higgs potential V() = A\(P*d — v?/2)?
e Higgs mass m% — 22

Milano, March 03 Higgs-physics-1 Klaus Ménig



e Partial widths:

(f)
; NG
C(H — ff) — 4\/—7rumf( mymr(1+ 55 p)
(;2 4
M'H—=VV) = WWHRV(WV/WH)
N 2(1>ﬂG“m3H V =W(Z)]

327

SN \ I P \
S <4100 = ~
* E T(H) [GeV] R
10 &= =
e =
1 .
01 |— -
M, L My [GeV] 1
‘ ‘ 1 ‘ 1 001 [ ‘ ‘ ‘ 1 ‘ 1
100 200 300 500 100 200 300 500

Milano, March 03 Higgs-physics-2 Klaus Ménig

Limits on my

e direct searches at LEP: mp > 114 GeV

e hint of a signal at myg ~ 115 GeV
e clectroweak precision data
6
. Do, =
— 0.02761+0.00036
. 0.02747+0.00012
4 - ------- Without NuTeV —
N
><
q 4
2 ] ]
O-EﬂmMed%%:\fy Preliminary |
20 100 400

m,, [GeV]

= my < 200GeV  (95%c.1.)

e perturbativity and vacuum stability if SM valid
up to Mpy;: my ~ 120 — 180 GeV

Milano, March 03 Higgs-physics-3 Klaus Ménig



Higgs production MSSM:

Higgsstrahlung W-fusion SUSY needs two Higgs-doublets (Hy, Ho) to gener-
\< v ate masses of down- and up-type particles

. W
e ] H ::{ H Physical particles:
_ h=H — Hysi
e>W< /e/ ! 2 COS (x 1S &

Cross section: H = Hysina + Hycosa
A CP —odd

103 —
E —— m, =120GeV (HZ)

o [fb]

________ m” =500Gev (HZ) H*  charged Higgses
—— m, =120 GeV (WW-fusion)
-------- m,, = 500 GeV (WW-fusion)

Define tan 8 = % = ratio of expectation values
2 2 2
(v +v3 = vgpy)

Born Formulae:

1
2 2 2
mh’H _—2{ 4—|—mZI|Z

J(mz%l + m2Z)2 — 4m?4m22 cos? 23

1 wrwww A T I mp < my
200 300 400 500 600 700 800 a]rt?gg [Ge \;.]OOO mH > mZ
2 o 2 2
e both channels accessible at LC M+ = MA+ m;/\/ )
e cross section ~ 100(~ 10) fb for tan 20 = tan Qﬁw (—W <a<0<f< 7T)
my = 120(500) GeV my —myz 2 2

Ofewx 10*(10%) Higgses per year _ _
Higgs sector described by two free parameters

Milano, March 03 Higgs-physics-4 Klaus Ménig Milano, March 03 Higgs-physics-5 Klaus Ménig



However large radiative corrections:

e shift of my, up to ~ 130 GeV

e prediction gets dependent on other SUSY param-
eters, especially on mixing in stop sector

e strong dependence on top mass: Amy,/Am; =~ 1

Currently allowed region:

Excluded
by LEP

Theoreticall
Inaccessible

O 20 40 60 80 100 120 140
m, (GeV/c)

tan 0 > 2 preferred!

Milano, March 03 Higgs-physics-6 Klaus Ménig

Complementarity of cross sections:
oleTe™ — Zh) = sin’(8 — a)ogy
olete™ — Ah) = cos’(8 — a)Aogyy
(A: P-wave suppression)

If m 4 large:

e3—a=7/2 = olete” — Zh) =05y
oM R Myt My

[J Only one SM-like Higgs can be seen

Branching ratios:

[(h — UT) = cos”ar, (h — UT)
— —
sin? 3 SM
[(h — DD) = i (h — DD)
— —
cos? 3 SM

e For m 4 large also branching ratios become SM
like
e however, it turns out that some sensitivity re-

mains in regions where no other Higgs than h can
be seen

Milano, March 03 HiggS—phySiCS—? Klaus Ménig



LHC discovery of the Higgs| Measurement of the H quantum numbers|

A SM-like Higgs cannot be missed by the LHC After the H has been discovered it has to be proven
2 that its quantum numbers are really 07
% ® H-vyy+ WHttHH - vy)
m ttH(H - bb . .
= R A At the LC this can be done with a threshold scan of
s H - ww® - vy —
@ 1021 H - 2zZ - liw ete” — ZH:
C_ﬁ : [ H Ed WW - |V” —
%) -~ — Total significance .,-9 1
i c N
- 2 15
f © ]
(]
B 7]
%))
75} |
O 10
10 (@] ]
I 5-
I ATLAS ]
I fL dt=100fb™
(no K-factors) O’ﬁ‘_‘"‘_”w””‘””
N ‘ L 210 220 230 240 2
10° 10° /s, GeV
m,, (GeV) '
The task of the LC is then precision measurements e Large sensitivity to the different states

e The few remaining ambiguities can be resolved
from angular dependences and the observation of
H =y

e Alternatively spin/parity can be measured in
transverse/longitudinally polarized ~y~-collisions

Milano, March 03 Higgs-physics-s Klaus Ménig Milano, March 03 Higgs-physics-9 Klaus Ménig



What can the LHC do on J,P?

e H — ~v excludes J=1

oif H — ZZ is visible S should be measurable
from spin correlations

The Higgs CP quantum numbers

e Angular distributions give admixture of CP odd

Higgs ||
LC: 3%
LHC: 30%
1 X I I :
t (1/0)do/dcosd V3 =500 Gev
08 F - My =120 GeV I
L efe- = ZH S
0.6 - |

ete” = ZA

0.2 ete” =27

COSH

e Alternative: ~y+y collisions:

— Use linear beam polarization £1, €9
— CP-even Higgs: 0 o< €7 - €9

— CP-odd Higgs: 0 o [g] X €3] - k;
— Coupling strength roughly equal

— Asymmetry measures CP-even - CP-odd mix-

ture

— Problem: transverse beam polarization large

for small x — small /s

ly

0.9 |
0.8 |
0.7 |
0.6 |
0.5 |
0.4 |

03 [

0

1

0

0.5

1

e However CP-odd Higgs doesn’t couple to vector
boson pairs directly
— 1 =mixing angle X loop factor
[] might not be visible

Milano, March 03
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= fine for small m g, difficult for large m g (heavy

SUSY Higgses)

— fop < 0.2 at 95% C.L. might be possible for

my = 120 GeV

Measurement of the eTe™ — HZ cross section

Need a measurement of the total cross section

o(eTe™ — HZ) independent of the H decay mode:

e o(eTe™ — HZ) measures I'(H — Z7Z)

e absolute normalization for H-branching ratio
measurements

Method

e sclect HZ events with Z — eTe™, u™ ™ only by
looking at the leptons cutting on myy ~ my

e efficiency (almost) independent of H-decay mode

inv
Y4
\V74
YY
WwW
a9
udcs
bb
T

Hp
ee
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Measurement of mHI

e fit recoil mass distribution
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e Results:

— Amyp &~ 50 MeV for £ = 500fbh~!

combined with HZ — ¢¢bb : Amy ~ 40 MeV
— For larger mpy precision stays at 0.05% level

350 GeV, £ = 500fb~ L, my ~ 120 GeV)

(Vs

2.4%

Y
Y

Ac(ete™ — HZ)

using recoil mass and fit to ZH — qqWTW~—

mass distribution

~ 140 MeV

Am
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Comparison of Higgs-mass determination at LC and
LHC

How well do we need to know mpg

% 0.4 [ DCMS: L, =310 pb* pppp o
= - 0LC350: L, = 510° pb* Hil e SM: dependence of precision observables on my
SO 0 Les00: 1, = s i only logarithmic
03 ’ [ LOS00: Ly, = 51" pi” b = Amy ~ 1 GeV largely sufficient
0.25 ¢ e Beyond SM, e.g. SUSY: my connected with fun-
0.2 - damental parameters of the theory
0.15 - = need my as good as possible
0.1 , However:
0.05 - —large radiative corrections from top-sector
ok (dmpy/omy ~ 1)

Lol b b b b b b b b s
125 150 175 200 225 250 275 300 325 350 : .
Higgs mass [GeV/} [ Top mass error might be limiting factor

e recoil-mass method similar to LHC over the full
mass range

e direct reconstruction with H — bb superior at
low my
needs to be tried with H — WW, ZZ at higher

ImMasses

e threshold scan not yet explored
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Measurement of the Higgs branching ratios|

Results: (v/s = 350GeV, £ = 500pb™1)

1

e absolute branching ratios can be measured from § | bb
the Z — (¢ sample g
e ratios of branching ratios can also be obtained %
from other channels g
=
o different 2-jet modes can be separated by b- 7
tagging 107
_ L TT
5 a9
§ " . ccC
: CWwW Y/
2 100 110 120 130 14:;)1'—' (GeV/CZZI.)SO
my = 120 GeV:
Channel d(BR(H — X)/BR
§ H/h) — bh +0.024
H/B) — e +0.083
H/BY — ¢g +0.055
BRI SeEy SSwe—— H/h) — 77~ +0.050
. light Quark Tag . ¢ Quark Tag b'Quark Tag HO/hO N WW* :|:0051
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LHC results on branching ratios|

LHC can measure Higgs decays into several channels
= direct measurement of ratios of partial widths

width ratios

dy] S )
o o o

expected accuracy, %
™
e

—
o
T T T T T

O [ | 111
100 120 140 160 180 200
my (GeV)

To get partial width the LHC always needs assump-
tions (b — 7 universality!!)

Even with these assumptions it is about a factor 4
worse than LC

Milano, March 03 Higgs-physics-20 Klaus Ménig

The total width of the Higgs|

For my < 2mW

BR(H — XX) =T'(H — XX)/I'y
olete”™ = HZ) < T(H — Z7)
c(WW™ — H) oc I'(H — WTW™)

Assuming SU(2) invariance for the Higgs couplings:

o(ete™ — HZ)
H X —
BR(H — WHW-)

I

[0 Can obtain Higgs width with Al'y/T'y < 6% up
to my ~ 180 GeV

Drop assumption of SU(2) invariance

[J Have to measure Higgs-fusion cross section

Milano, March 03 Higgs-physics-21 Klaus Ménig



Measurement of eT e~ — vvH — vvbb

_|_

ec' ¢ — vvH — vvbb events are selected using

b-tag, mrec, Mpiss and Eipigg

400

| sqrt(s) = 350 GeV — WW-Fusion
‘mH= 120GeV i = - Higgsstrahlung

300 F Tt Interference

-------- Background

number of events/500 fb"

100

50 100 150 200 250
missing mass (GeV)

ecte™ — ZH with Z — vv and WW — H are
separated by a fit to the missing mass distribution

o for mp < 140GeV I'y can be determined with
similar accuracy without any assumptions

o for myy > 140 GeV the necessary analysis of of
ete” — vvH — vvWW is not yet done

Milano, March 03
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Indirect I'y at LHC:

e LHC can do an indirect measurement of ['yg with
20% precision

e however several assumptions are needed for that

— b-7 universality
— W-Z universality
—no unexpected H-decays

The Higgs width for my > 2myy

e For my > 2myy the Higgs becomes very wide

(Mg o< miy)

[ I'g can be fitted from the resonance curve
e example my = 240 GeV

— LHC: Al'y /Ty = 25%

—LC : Al'y/T'yg = 10%

improving with my

Milano, March 03
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Interpretation in the MSSM:

my > my = 00— a=m/2—nwith

2
2
= my| C(;S &l sin 23
ma
‘2
= T 1 —2ntan 3
cos? 3
sin(8 —a) = 1 — 1
2
cos”
= 142n/t
sin? 3 + 2/ tan 3

In addition for large m 4:

2 2

m#| cos20| +m

ntanf = — ZI 26’ L
mH

For tan 3 > 2 (suggested by LEP) | cos 24| ~ 1

ma+m3 .
= ntan (G = —‘ng—ﬁ independent of tan (3
A

e BR(h — bb)/BR(h — WTW7) sensitive to
mA

e Effects on BR(h — cc) suppressed by 1/tan (3
and knowledge of m,

Milano, March 03 Higgs-physics-24
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Quantitatively:
CMS, 3.1Gpb ™
S0 H*> A H hostt—>
(*+1jet+ X
40 - <
@
3 30+ \
A HoTt>h'+h+ X
20 — 8 |§
S| g
10
I N LEP ||| Vs =200 Ge\ll I
| | | | |
200 400 600 800 1000
ma (GeV)
Exclusion limits
TESLA L=500fb *
i 30 L !
| e 950 .|
| —— 90%c.l 9 >C_'
[ = 68% c.| |
95% c.l \\
: N\ \33% el
200 300 400 500 600 700 :](f) (GEVIE::O(Z))
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Determination of Higgs couplings

Measurement of Higgs BRs and total width allows
determination of Higgs couplings:

['H— XX) = BR(H — XX) - 'y
2 _
X gH-XX

Couplings are obtained from a fit to all related mea-
surements

Model independent Higgs couplings can be com-
pared to model predictions

o v T T T o T T T T T T
2 | MsSMprediction: b 1 3 MSSM prediction: m,, = 120 GeV
:;"11 200 GeV <m,, <400 GeV —> ®) 4 ;5,‘15 [ 200Gev<m,<400Gev ~ —> ¢
\.D \.ﬂ
> 1 =3
| 11
| 400Gev<m,<600Gev —> | 400GeV <m, <600GeV  —>
105 |~ 600GeV<m,<800GeV - 105 0 GeV < m, <800 GeV
[ 800 GeV <m, <1000 1 0 GeV
1 4
[ LC 95% CL |
095 [ LC 1o B
LC 1o (with fusion)
L 4 C 95% CL (with fusion)
085 | my, =120 GeV | LC 1o (w/o fusion)
C 95% CL (w/o fusion)
1.05 1.‘1 115 12 0.‘35 11 115 12
9./9.(SM) 9w/9w(SM)
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Measurement of I'(H — Vv)l

e [ — ~isloop induced process sensitive to cou-
plings of heavy particles to the Higgs
(e.g. stop heavier than 250GeV can give effects of
> 10%)

e BR(H — ~) can be measured to ~ 10 — 15%
for my = 120 GeV, rapidly getting worse when
[' g increases

Alternative: measure o(yy — H) in photon-collider

e cross section for , /Syy = my:

4 2
o(yy — H—X) = I]:l;r(H — 47)-BR(H — X)(1+ A Ao)
H

(A; = helicity of photon )

e my is already known when measurement is done
= can tune vy energy (peak of dist.) to my

e analysis up to now done for light Higgs with H —
bb
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Can adjust polarization to be mainly JJ, = 0
T f

1 ¢
0.9 } — Lo 09 [
r {. 42 Loeom  -oi..n Lz £
0.8 08 F
0.7 £ 07 E
0.6 § 06 F
0.5 ¢ 05 F
0.4 0.4 F
0.3 f 0.3 ;
0.2 & 02 F
0.1 F . 01 E
O ooy IR B \-'1_ deaed O T .
0O 02 04 06 08 1 0 1

z-W,,/2E,
e signal cross section ~ 0.1 pb

e background: QED ~v — qq

— cross section o Qf]l = b’s suppressed

— J. = 0 cross section suppressed by mg /s, how-
ever ~ 100% QCD corrections

—total background from J, = 0,2 ~ equal

— background strongly forward peaked

yy-H

yy- bb(g)

1000 | 1500
: 1000 |
500 -
i 500

cosB;

cut on | cosf| < 0.7
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— background more concentrated at lower masses

0

L I I I I L I I I 1
80 20 100 110 120 130 140 150 160 170 180
Mass (GeV)

apply mass cuts

— suppress light quarks completely and cc by fac-
tor 20 using b-tagging

e final purity ~ 40% with bb- and cc-background
about equal

o for £~(0 < 2z < zmax) = 150 fh™ ! corresponding
to L4~4(0.65 < z < zmax) = 43 fb~! correspond-

ing to Lee = 200 fb~1 about 8000 signal events
are selected

AT(Hy7)BR(H—bb)
['(H—~~)BR(H—bb)

0 with ABR(H — bb) = 2.4%: {11 ~ 3%

~ 2%
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Measurement of the Higgs self-couplings|

e Higgs potential V() = A\(D*D — v2/2)?

e [nside the SM completely known once myj is mea-
sured

e Have to reconstruct the Higgs potential as much
as possible to prove that the Higgs is really re-
sponsible for electroweak symmetry breaking

e trilinear Higgs coupling:
AHHH = 3mp/mzAo, Ao = m7z/v

e quadrilinear Higgs coupling:
AHHHH = 3mi1/mj Ao

e trilinear coupling can be seen at LC, quadrilinear
coupling too small

Processes for ete™ — ZHH -

>\/\§wﬂﬁ H
H
\/\/\/ A\‘.\‘\ n\ H

Milano, March 03

Higgs-physics-30 Klaus Ménig

Cross section and sensitivity to Agpy:

0. ‘ —_— —_—
i SM: € € - ZHH |
MH =110 GeV
"’..!(\:1-5 O_pol [fb]
0.4- N

ANA=0.2 -

.........
""""""

o2 i T TTeIm

Aiaa = K(AHmH) S0

O | | | | | | | | | | |
300 500 750 1000 1250 1500
Vg GeV]

For a light Higgs it should be possible to establish
Higgs-self-coupling with /s = 500 GeV and several
hundred b1 luminosity

For heavier Higgses WW fusion can take over
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Situation more complicated in SUSY

80

5 5 —

4 4l )‘Hhh

3 3l

2+ 2+

1 T— tarB=50 |

0 0

A1t 1t 1

2F i 2 3

-3¢ 13 targ=

4l 4l

_57 Lo L L L L _57 Lo L L L L

70 100 200 500 80 70 100 200 500

M,[GeV] M,[GeV]

5 : : —— 5 : —_—

al Atitn 1 4l A ]

3l 1 5l ]

27 1 2 tar3=3 ]

1t tanB3=3 11 {\{’_—

0 \ 0 o

! tan=50 ! s 1
anB= t i

2 -2t 1

3 -3r

4 -4f

| . . . L _57 L . . . L

70 100 200 500 80 70 100 200 500 80

M,[GeV] M,[GeV]

(hAA, HAA couplings generally small)
Has to be folded with Zhh (ZHH) coupling
(SM: A = 5)
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Some effects should remain visible

M, [GeV]
| M, [GeV]

140 150 172 251 1002

—
16.15 131 158 244 1000
E T T T T ‘ T T T T

0.01- -

le_’: 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1
90 95 100 105

11M,[GeV]

e Experimental SM analysis exists

e SUSY analysis to be done

Experimental analysis of HHH-coupling

o Assume /5 = 500GeV, £ = 500fb 1,
my = 100 GeV

e Signal ete™ — ZHH — bbbbff o ~ 0.5fb

e Background: after preselection ~ 500xsignal
(WW, Z~, 727, WWZ, 777, h7)
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The Htt-Yukawa coupling

e Key: b-tagging

Combined b-tagging variable (from 6 jets) e [f the Higgs is responsible for mass generation its
S R couplings should be proportional to the particle
mass

E e The couplings HZZ HWW are known from the
; cross sections eTe” — ZH and WW — H

7 E e The Yukawa couplings Hbb, Hee, Hr "7~ can be
s o o5 5 O STmemem——— obtained from the partial decay widths

bt ag( hhz) bt ag( zbdf) e The top-Yukawa coupling is especially interesting
(] pIUS tOpOlOglcal CUtS after COHStl"alned ﬁt Since gttH ~U 1 and the top_quark plays a Special

role in some theories

OFRP NWPEAOUUIO N O

D = \/(m12 — my)? + (maq — mu)? + (mse — my

)?
g TS g BT o A ~ 35% estimate of the top-Yukawa coupling
3'2 e E can be obtained from the tt-threshold scan
2-2 28 ] E e The top-Yukawa coupling can be measured from
15 gg 3 ttH- events
1 20 -
0.5 10

:
0 10 20 30 40 50 O 10 20 30 40 50
D( hhZ) D( =bdf) >\/\/\/ >\/\/\/\/ .
e final efficiency € = 15% with S/B ~ 1

e final backgrounds mainly Z(vy), WW, ZZ, Z77;
75% with one Z — tt or W — tb

0 AN/ A = 0.2 is possible
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Cross section:

3.5 - M=1750Gev/c?
[ M, =120Gev/c’

[ w/ ISR + Beamstrahlung

0 IR R R ! : e e e e e e T I RSN
500 550 600 650 700 750 800 850 900 950 1000

Vs (GeV)

Event signatures:

ttH — WbWbbb — 4q4b, 2qlv4b

(2(¢v) events and H decays not to bb are not con-
sidered)

Assumptions:
V5 =800GeV, £ =1000fb~ 1 my = 120 GeV

Milano, March 03

Example: 2qfr4b analysis

e start with preselection cuts, mainly to separate
“round” from “jetty” events

e after preselection

Signal (e = 54%) 0.61 fb
Most dangerous backgrounds:
tt 10.97 b
WW 4.051b

Total background: 17.59 b

Process events with neural network including event
shapes, b-tagging, lepton-id

ww
t

qq(5f)
7z

ttz
ttH(had,lep)
ttH(semilep)

104

BERCR0E

0 0.2 0.4 0.6 0.8 1
NN output

Higgs-physics-36 Klaus Ménig
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Other SUSY Higgses

Masses of Higgs bosons:

Results:
) . 1000 I — I
e Can achieve S/B = 0.5 with ¢ = 27% - | i
- Migges [GeV]
O Agiig = £5.1%(stat) £ 3.8%(syst) for 5% error - .
on background normalization ov0 B B
e slightly worse results in fully hadronic channel i i
e total error of Agip = £5.5% seems possible oo | e
S tgf=30
e ~ factor 3 better than LHC . e
/E\ 12 , , , , , , . e T e
2 100 |— ]
215 | - —
2| m,=120Gev - :
. B M, [GeV] |
‘ ‘ | | [
- 100 200 500 1000

If A heavy (my4 > 200 GeV):
LC 95% CL
LClo 7 osinz(ﬁ —a)x= 1=

MSSM prediction: | . .
300 GeV <m, <1000 GeV | - h 1S SM hke

200 GeV <m, <300 GeV

0.95
0.9

0.85

| —H produced mainly in eTe™ — HA

100 GeV <m, <200 GeV

o8 LA L

o0 om as om 1 as 1 s a2 oH,A,HjE almost degenerate in mass
gtop/gtop(SM)

O if m 4 > +/s/2 only h can be seen
if my < +/s/2 full spectrum in reach
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Modest m 4: no problem to see efe™ —
eTe” — ZH and ete™ — HA .
\/5 =400GeV, L =10tb™
30 T T | T T ] T ] T
my = 120 GeV my = 180 GeV
B 19z @ T 29 hz ®
- - =
S 20 [— —
O
(O] 18 h
° | i
E / 22 H 1 b
§ 10 — —
L
— 21 A —
O n | I m'll'IﬂJh allle | I |q-| I:I. Fl.n
50 100 150 50 100 200

7-94

mjjor my  (GeV)

7750A4

Zh

: Charged Higgses can be detected, independent of the

decay mode up to ~ 80%-/s/2 with low luminosity:

events

20 |
15 |

10 |

Large m 4: For v/s = 800 GeéV can see ee™ — HA
up to my ~ 350 GeV

100 —

events/10 GeV

80 —

60 —

100

Vs = 800 GeV
L =200fh~!

@ HA - bbbb

B2 tt
[ ] 4 fermions

150 200 250 300 350

400 450

GeV

500

~v7y collider

%5

V5 = 500 GeV

£:

10fh~!

L

.

80

100

120

140

160

180

220

240

reconstructed invariant mass (GeV)

e Higgses are produced singly

085,
e can see H A up to 650 GeV for /s,, = 800 GeV

¢ \/gma:l: ~
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Heavy SUSY Higgses at LHC]|

e LHC results are very dependent on tan 3
e tan (3 small: (almost) excluded by LEP — ignore

e tan (3 large: H,A-Strahlung off b-quark largely en-
hanced
[0 can see H,A in bbr 77 events up to fairly high
masses

e tan J moderate: “wedge region” no heavy Higgses
seen (however there are chances if the Higgses de-
cay into SUSY particles)

50 T ]
S | ATLAS- 300 fb
— Lq | maximal mixing

30 [ |

=

w A 01 OO NOOO
T B e

honly

LEP excluded

N

o %

50 100 150 200 250 300 350 400 450 500

m, (GeV)
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Summary Higgs physicsl

e A SM-like Higgs definitely will be discovered at
LHC

o [f a Higgs exists in the LC energy range, it will
be seen

e The task of the LC will be to measure the prop-
erties of the Higgs and to show that it is really
responsible for electroweak symmetry breaking.

e The present analyzes mostly assume a light Higgs,
for a heavier Higgs they have to be redone replac-
ing a bb-pair by a W-pair.

e The Higgs-mass can be measured to ~ 50 MeV

e The Higgs couplings to heavier fermions and to

gauge bosons can be measured at the few percent
level

e The trilinear Higgs-coupling can be established on
the 20% level

e Not covered here: One can construct exotic mod-
els, where the LHC doesn’t see the Higgs, but the
L.C still can
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[J Electroweak Gauge-Bosons

e [ntroduction
e Measurement of the W-mass — later
e Triple gauge-couplings

e Strong interaction of electroweak gauge bosons

Introduction

e Self-interactions among gauge-bosons are directly
given by structure of gauge group

[] study of gauge-boson interactions can show de-
tails of the gauge group.

Two main classes of processes:

Pair production (e.g. W pairs):

Milano, March 03
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Fusion processes (e.g. single W production):

Or combination of both for quartic couplings

Pair production:

e Cross sections fall like 1/s
e The scale of the interesting interaction is /s

e the events are fully contained in the detector
Fusion processes:

e the total cross section rises with energy
e the scale of the interesting interaction remains low

e particles from the incoming fermion are often lost
in the beampipe or as neutrinos
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Triple gauge couplings|

Usual parameterization for WWV (V=Z) cou-
plings:
LMY = gy |

gL VI (W W = W W)+
koW W, VIV 4

Ay _

SV YR P

ma v Wou ™

165 €upo ((O"W 1) W

W= (PW ) V7 +

ig) W, W,5 (0"VY + 0" VH) —

K _

%WM W,FePoy,, —

Ao
meMWJFMVeVpO‘ﬁVaﬁ]

With V' = v, Z, gwwy = €, gwwz = ecotby
and Vlu]/ — aILLV[/ - ayvlu

Gauge invariance: g{(¢> =0) =1, g2 (¢*> =0) =0
SM: gY = ki, = 1 all other couplings = 0

Milano, March 03
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Static quantities:

e magn. dipole-moment: py = ﬁ(l + Ky + Ay)

e clec. quadr-moment: gy = —E%—(/@vy — \y)
W

Symmetries:

® g1, K, A C.,P-conserving

e g5 C,P-violating, CP-conserving

e g4, i, A CP-violating

Expect largest experimental sensitivity and largest
deviations in C,P-conserving couplings

[ mainly studied up to now

However construction of C,CP-violating observables

measures the other couplings independent from the
C,P-conserving ones

Milano, March 03
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Gauge cancellations:

e W-pair production via t-channel v-exchange and
s-channel Z,v-exchange violates unitarity individ-
ually

e unitarity gets restored by s-t interference

E T I T T T T ‘ T T T T ‘ T T T T
2
© 100 | .
i _
0
-100 |~ —
— total
i — t-chhzamnelI
B s-channe N
-200 — interference
1 I 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 N
200 300 400 500

Vs[GeV]

[] sensitivity increases with energy

[J anomalous couplings have to vanish for /s — oo
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LC:

e main sensitivity from W-pair production
[0 measurement of TGCs at fixed scale (= 4/s)

[] take energy dependence into account in interpre-
tation of results

LHC:

e main sensitivity in W~ and WZ pair production
e /s varies event by event due to PDF's

[1 have to take energy dependence into account in
analysis

e typically regularize coupling by form factor:
! (1_*_83/7/\2>n,n>0.5f0fA/€,n>1f01")\

Tr =

e A\ can be viewed as scale where new physics sets
in, so it makes sense to compare experiments for
very high A

e in case anomalous couplings are found, have to
measure detailed shape with /s (LHC+LC!)
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Theoretical expectations:

Triple gauge couplings should be modified on 1-loop
level

= expect deviations of order ¢%/167% ~ 2.7 - 1073

E.g. MSSM contributions to Ak~

075_I T T TT T 1T 1

05

0.25 -

Ak! Total —

-15 | Vs 0 a
ta =

=50
nf
-1.75 -

2 I I I I I | | | | ] p(GeV)
-1000 -800 -600 -400 -200 0 200 400 600 800 1000

1 1 1 1 1 1 1 1 nzyﬂ((]eV)
250 350 450 550 650 750 850 950

L I I I I I I I I ] mHi(GeV)
100 200 300 400 500 600 700 800 900 1000
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Experimental analyzes (all very similar to LEP 1I)

e sensitive quantities
— Cross section
— W-production angle
— W polarization — W-decay angles

. |
102
101 =
0 -
0
8 L
kS 100
o) =
© C
1071
1072
-1.0 -0.5 0 0.5 1.0
5-96 CcosO 8163A6

e huge peak in forward region,insensitive to anoma-
lous coupling
= cross section dependence contained in angular
dependence
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e Ws have much larger boost than at LEP:

—the two Ws are well separated

— the resolution in the production angle is better
than at LEP — plot

—the resolution in the decay angles is somewhat
worse — plot

— however detector resolution does not effect the
analysis strongly
e up to now only mixed decays WW — lvqq

—about ~ 40% of the statistics

— W™, W™ can be separated without ambiguity

— decay angles of leptonically decaying W can be
measured without ambiguity

— decay angles of hadronically decaying W can be
measured with twofold ambiguity

e analysis methods similar as at LEP:
optimal observables, spin density matrix, maxi-
mum likelihood fits

e expect factor 100 smaller errors

— factor 10 from sensitivity — applies also to sys-
tematics

—tactor 10 from luminosity — have to improve
systematics by that amount

Angular resolutions for 0y, > 20°

80
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| Entries 1337
= Mean 0.1128E-02
60 | RMS 0.5484E-02
B Y2/ndf 7096 / 85
i P1 52.86
20 P2 0.4233E—-03
r P3 0.1336E-02
L P4 15.38
20 — P5 0.1592E-02
i L2 0.6435E—02
0 :—Haﬁ\ JHA T T R S SRN N S SR RO M
—-0.02 —-0.015 —0.01 —0.005 0 0.005 0.01 0.015 0.02
Dcosthe
F Entries 1337 80 Entries 1337
200 = Mean —0.1721E-02 r Mea —0.3806E-02
- RMS 0.4910E—01 B RMS 0.7785E-01
L X/n 1531 / 84 60 ¥’/n 75,54 / 81
150 = P 8.345 = P1 2.589
L P2 —0.4572E-02 - P2 —0.3109E-01
B P3 0.7320E—01 - P3 0.2159
100 & P4 126.0 40 — P4 56.37
C P5 ~0.1075E-02 r P5 —~0.1563E-03
L P6 0.9277E-02 L P6 0.2603E-01
(o Tl dr 0 ;fuﬂﬁ—%pﬁm“m\ [
-0.2 —0.1 0 0.1 0.2 —-0.2 0 0.2

Dcosthestar jet folded

L Entries 1337

L Meonﬂ —0.8412E-02

RMS 0.6268E—-01

100 1= X/ 1620 / 90

[ P 7.803

[ P2 —0.1424E-01

’ P3 0.9604E-01

r P4 62.93

50 — P5 0.8119E-03

L P6 0.1473E-01

0 w T

-0.2 -=0.1 0 0.1 0.2

Dcosthestar lep

50

Dphistar jet (rad) folded

Entries
Mea
RMS

1337
0.3790E-02
0.7047E-01

X/n
P

1336 / 79
6.525
0.1736E-01
0.1238

71.18
~0.1240E-02
0.2248E-01

0.2

Dphistar lep (rad)
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Separation of WW~ and WWZ couplings

e for the W-pairs WW~ and WWZ couplings can-
not be separated from the event information

e however initial state e e~ and eTe~Z couplings
are different for different electron polarization

[1 can use beam polarization to separate the two

total cross section Argr
s g 1 s
o < - b
3
8 .
o
08
o6r-/ K, = 1.007 +
085 - : —k, =101
—K,=1.01 Y
P IS S ISR SRR o b b by
0.8_1 -0.5 0 0.5 1 O'4-1 -0.5 0 0.5 1
cos 6 cos 6

o (for fits relating the WW~ and WWZ couplings
polarization also reduces the error by more than
a factor 2)

e in addition single W production, evy- and ~y-
collider measure WW+ coupling only
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Results:

Statistical precision for /s = 500 GeV,
L =501 P =480%:

Ak, Nk, Ay, ANy = (3 —4) x 1074
Ag{ ~ (8—13) x 107
depending on the number of fit parameters

Vs = 800GeV ~factor 2 better

Systematics:

e ISR needs to be known to the 1% level
e beamstrahlung seems no problem

e detector effects should also be under control due
to better Oy resolution

e with the standard parameterization polarization
can be obtained from Ay R in forward peak
CP-violating couplings
AR, AN = (1—2)x 1072
from CP-odd observables
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Comparison with LHC etc.:

A
800 500 800

e L.LC much better than LHC for k, somewhat better
for A

e if new physics scale is high, effects are expected
in xk because of lower dimension
[J big advantage for LC

e if new physics scale is low, both couplings can
show effects and LHC probes at higher scales
where new physics might be visible directly
[ advantage for LHC

e if some effect is found somewhere it is definitely
invaluable to have complementary information

Milano, March 03 Gauge-bosons—13 Klaus Monig

‘Measurements of neutral TGCs

e neutral TGCs forbidden in the SM at loop level

e possible anomalous couplings only come in at
higher dimensions (8)

e studies exist e.g. for vZZ- and ~yZ-couplings in
Zry events with high ps photons

e dramatic improvement compared to existing ma-
chines

V5 =500GeV, £ =100fh~!

0.05 -

0.1

LC

z
hio
o
I
\

-0.05

- | | 1398
5 [ SRS SR R

-0.1 -0.05 0 0.05 0.1
hZ
30

e however still factor 10 worse than SM prediction
and LHC
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Strong Electroweak Symmetry Breaking

e interpretations within this model are certainly a

e [f no Higgs exists electroweak interactions become
strong at high energy and e.g. WW scattering
violates unitarity at /sy ~ 1.2 TeV.

[1 expect new effects at this energy

e T'ypical models invoke a new strong interaction at
the TeV scale (Technicolor)

e The Goldstone-bosons (Pions) of the new theory
become the longitudinal degrees of freedom of the
vector-bosons

e Warning: simple copy of QCD is excluded by
LEP/SLD precision data

£x10°
£,x10°

95% cl. ]

© & A N o N
T T

-10 +

£,x10°

No. Events/200 fb~'/20 GeV

-
o
—

-
(=]
o

e ideally find resonances (like p, w, etc.)

very useful indication but should not be taken
literally, however no other concrete model exists

e most intuitive channel: VV scattering V=W 7

e however also if no resonances are found the LET
says that longitudinal VV-scattering at high en-
ergy behaves like wm-scattering at low energy

Ve = 1.5 TeV

my=1 TeV

Total Bekgrnd —
ete T WWT, luWtWT, e*uWTZ

600 800 1000 1200
Myw (GeV)

1400
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also in W-pair production effects from J=1 reso-

nances should be visible (like in eTe™ — p —
atnT)
10! - |
- P A

a - '

o -

I

o)

g

o 10° £ .

. S =

o — =

S s e e .

R .

101 | | |
1000 1500 2000

E c.m.

with high precision resonance effects remain visible
at lower energy
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Systematic approach: Effective Lagrangian

e symmetry breaking is realized non-linearly

e expand Lagrangian in the dimension of the field
operators (ox 4/s)

e keep lowest order that contains analyzed interac-
tion

Trilinear couplings:

a7 ggB

a9

167T 5l B;w tr(o3VHVY) +
21g tr(W,, VIVY)

Lrao =

1672
Strong interaction:

Unitarity requires:

AN ~ 3TeV

Milano, March 03 Gauge-bosons-18 Klaus Ménig



a’s can be expressed in terms of g1, k:
2 2

AgZ _ € a1 e Qs
! cos? Oy (cos? Oy —sin? Oyy) 1672 sin? Oy cos? Oy 1672
2 2 2
e a1 & a9 € Q3

AI{V = T 9 9 + — D) 9 + — D) 9

sin® Oy 1672 sin® Oy 16w sin” Oy 167

2¢? aq e2 9 e? Qa3

A/@Z =

: — + —
cos? Oy —sin? Oy 1672 cos? Oy 16m2  sin® Oy 1672

System is degenerate, but aj can be tightly con-

strained with myy and sin? Qé £ measurements at
GigaZ

Results for /s = 800 GeV, £ = 1000 b~

Milano, March 03 Gauge-bosons-19

o1 %)
-1 =05 0 0.5 1 -1 =05 0 0.5 1
Lr 68% C.L. T 68% C.L. 11
0.5 0.5
Qs 0 _\ 0
—0.5 1-0.5
—1f s {-1
1 B 68% C-L- 7 T T T
10.5
o5k | 68% C.L.
0 .
Qg _%- 0 s
—0.5 B
Aoy (GigaZ)
-1 1 F Aoy =0 1-05
-1 =05 0 0.5 1 —0.5 0 0.5
a1 Qi

a-limits correspond to A* = O(10 TeV) > 3 TeV

SEWSB should be seen in triple gauge couplings at
LC

Klaus Monig
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Analysis within technicolor models

e Parameterize ete™ — WW with a form factor
similar to eTe™ — 7wt
e can predict form factor as a function of m,

e LET is limit for large my

ECM=800 GeV L=500 i}

0.2

LET M =25TeV 16TeV

NG

0.1

2
D
o
I

©
g
>
0
—

0.0

Im(FT)

-01

_02 I | ‘ I | ‘ I I | ‘ I | ‘ I |
1 11 12 13 14

Re(FT)

o
©

e Linear Collider is sensitive to techni-p masses up
to ~ 2.5 TeV and can distinguish LET from SM

e The LHC has a similar reach

e however the information is very complementary
since the LHC measures the mass of a resonance
and the LC measures the couplings

Milano, March 03 Gauge-bosons-21 Klaus Ménig

Quartic couplings:

Luminosity spectrum of “W beam”:

Effective W approximation

e Transversely polarized Ws:

a 14+ (1—2)? as

T
= I
fiv(z) 472, 2x ! MI%V
e Longitudinally polarized Ws:
I o a l—x
fW/@(x) _ 47_‘_8%) T

10

i T A N I A I A I B
01 02 03 04 05 06 07 08 09 1
X

(Calculations use improved W spectra)

Longitudinal Ws are suppressed in the interesting
region at large x
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Suppression is mainly at large py

Vs =1.6TeV

( x1=x,=0.5 ) (O)

&
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Have to cut low p; to reject vy — WTW™ back-
ground
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Effective Lagrangian:

Two terms not already constrained by TGCs:

924 (Wrw =2+ (wiwHhw, w)

a4
1672
9 + — v 94 2
+62(W’u Z'u)(Wz/ Z ) 464(ZMZM)
w

Ly =

N

S

835
1672
g* )
+4—4(Z/LZM )

Cw

4
_ g _
g wWiw 2 S wiw Y z,27)

Cw

Again with %2 = (&)2

Three sensitive observables for two unknowns:
ete” — vwWTW™
ete” — w77
e e — vvW W
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Analysis:

Select eTe™ — vVV events at /s = 800 GeV

(very good energy flow resolution needed to separate

W and Z)

9110 - - T T T 3\1107.. T AR T T e
D e T . D T T
€ s AEE :.ESQF)/ME:: S T i:AE/.E?'::B:Q.O./d.EE" """""""""" i
£ E AR TR UL AR SO AR PR ORI 1S ELoo
00 [ 100 1.
[ e s000008E08EE0D
............ 95 BNy 1o00EE0EEEOEO0D

LS T e

mmmmmmm

85

00
s L o oL [0RE
E soeall] [08e
. OO0ee

90

85

888 8EEEEEONE00e

EELE
800BE0EE0EEEED
0EE0ENEEEHEEGE o

88eA00E0ME0H008
goEee0oREEEE

nnnnn

oEEO0e e
7w b 75
70 FILL q 70
65 .. TR 65
R wwe
6060 70 80 920 100 110
m, (GeV)

Analyze differential in terms of

e V-decay angles
polarization)

(to  select

60 L 7‘0‘] éo ........ 9‘01(‘)0 4
m, (GeV)
longitudinal V-

e V-scattering angle (to select hard scattering)

e VV Invariant mass
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Results:

Single channels give limits of about «a; < 10

LD15:HH

S C
10 -

— 1o
— 90% c.l.

-10 -5 0

Combination of the two channels improves limits to

about oy < 1

L0
(]

ZZvv and WWv combinedf

o4
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For single parameter fits one gets

N > 2.9TeV
A > 4.9TeV

e limits ~factor 1.5 better than LHC

e however weak signals, so all possible redundancy
needed

e dramatic improvements, if y/s can be increased

e LHC can see resonances up to m ~ 1 — 2TeV
dependent on width

[] In such a situation the LC could do a precise mea-
surement of quantum numbers and couplings

Milano, March 03 Gauge—bosons—27 Klaus Monig

Signal in WTW~ — t]

e the mechanism simulating the Higgs must also
couple to fermions to produce fermion masses

(] should see a signal in WTW™ — tt
e Ist analysis exists at /s = 1.5 TeV

Born Incl. ISR, beamstrahlung

0.01 —— m,=800GeV — m =1Tev

M 0006
(&)

0.004; H

0.002

400 600 800 1000 1200 400 600 800 1000 1200
My (GeV) My (GeV)

e different models can be separated by > 100 with
L£=200fh~1

e additional information in t-polarization, but not
yet fully analyzed

e also here the LHC is sensitive to resonances up to
~ 2TeV
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Conclusions Gauge-Boson-interactions| [] Supersymmetryl

e [or triple gauge couplings involving Ws the LC e In the SM enormous fine-tuning is required to
has a unique sensitivity to loop corrections and keep my in the 100 GeV range
to a strongly interacting weak sector. e Way out: couple bosons and fermions to protect
e For purely neutral couplings the sensitivity is still My — Supersymmetry
an order of magnitude worse than the expected e the quadratic divergences of fermion- and sfer-
effects and than the LHC expectation. mion-loops cancel
e There is a very high chance that the LC can see = Higgs remains light
effects if electroweak symmetry breaking is real- Particle content:
ized in a strongly interacting scenario. e all known particles
If there are resonances in the LHC region, the e SUSY needs two Higgs doublets to give masses to
LHC is the better machine. up- and down-type particle
[f there are no resonances the LHC and an 800 = 5 Higgs particles — Higgs section

GeV LC have comparable statistical power, where

. e cach fermion has a scalar partner (where left- and
the LC-backgrounds should be easier to calculate.

right-handed fermions have to be counted sepa-
rately)
e cach boson has a fermionic partner:
— Two charginos Xli,Q (mxli < m)@i), partner of
W=, HE, mixed
— Four neutralinos x{ 954 (m.g < ... < m._g),

ek X1 X4
partner of v, Z, h, H, mixed

—gluinos (g), gravitino (G)
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However mpg ticle & MPartner = OUSY is broken
Need mgqyugy < 1TeV to solve hierarchy-problem

In general > 100 new free parameters = have to
make some assumptions how they are correlated

SUSY-breaking parameters in the minimal model
(MSSM):

e U(1),SU(2),SU(3) Gaugino-masses Mj 9 3

e Higgsino mass-parameter u

e Scalar-masses m; (or universal my)

e Sfermion-Higgs couplings A;, B;
R—parity R = (_1)QS+L+3B

e SUSY-particles only in pairs
e lightest SUSY particle (LSP) is stable

[] Excellent dark matter candidate
R-parity can also be broken

e very rich phenomenology

e however care has to be taken to avoid proton de-
cay

Other virtues of SUSY:

e SUSY can be a new source of CP-violation
[J may explain the matter/anti-matter asymme-
try in the universe

e String theories are the only known way to connect
gravity with quantum mechanics
[] all string theories are supersymmetric

e SUSY enables unification of forces at a high scale

S g S g
~ 60 = 45/ ~ 60 F P
— g (WA - - 1y
TN SM N MSSM
50 | S0 E
0 N
20 | 20 | -
10 | 10 |~
E 1/ a5 E la,
0(5””5””10””1%5” 0(5““5 ‘10“ 115
log Q %g Q
Milano, March 03 SUSY-3 Klaus Ménig
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SUSY breaking schemes|
Gravity mediated SUSY breaking

e SUSY is broken at a high scale by gravitational
interaction to a hidden sector

e Gauge coupling unification at the GUT scale
(mayT ~ 1019 GeV) possible

[J Common gaugino mass 1m /2 at mguT

My _ My _ Ms
a3

e often also universal scalar mass mq assumed

= at the weak scale

e slepton masses:
M? = m§+ 0.77TMj + 0.5m3 cos 23
= mj + 0.77TM3 — 0.27mj cos 23
Mgl = mj + 0.22M3 — 0.27m3 cos 23
e squark masses similar with M3 term
e [-R sfermion mixing oc m¢(Ay — ptan 3) only
relevant for 3rd generation
e chargino mass matrix

Mo — M, V2myy cos 3
X\ V2myy sin 8 1

detailed properties of XfQ (gaugino-,Higgsino-
like) depend on values of parameters

e neutralinos similar

Milano, March 03 SUSY-4 Klaus Ménig

“Typical” mass spectrum
(mg =100 GeV, my 9 = 200 GeV)

m._og ~ 70GeV

0
X1
mxli,xg ~ 130 GeV
mX%’XQ ~ 350 GeV
mg ~ 150 Ge\/
mg ~ 430 GeV
[GeV]
150 |—
| Xl_
I~ p1(45)
100 — qd'(55)

e of course all moves with my, my /2

®my can be moved arbitrarily by changing A

Milano, March 03 SUSY-5 Klaus Ménig



typical cross sections: Where do we expect SUGRA?

MSUGRA XSec,tanf=3 e naturalness suggests m < 1TeV, however only
gr logarithmic dependence
i e recent analysis looks into correct neutralino den-
sity as dark matter
10 'L S‘ 450 ] ‘
] 1 1 /
S 400 | 500Gev ey
3 1 i
€350 | 1
o _ 300 1 =3
107 — g
§ 1 3 "éx
250 4 O i
_ o '
18
200 4 ¥
_3 ‘ ‘ ‘ ‘ L ] E
" 200 X 300 4ogX;1X'2§og 600 700800 9001000 150 — !
X 1X 2 Iz ecer X X4 XX+ X'2x "> Ecms (Gev) |
X Xis X X'sXs 100 n
e all channels have cross sections ~ 10 — 1000fb 50 1 3\ I R 3\ T T T T T
e all channels have visible decays of at least 50% 500 1000 1500
m, , (GeV)

e “natural” region predicts SUSY well below
500 GeV

e however some tails due to coannihilation

e mostly covered at 1TeV
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Gauge mediated SUSY breaking

‘ I H H P ‘ P ‘ P ‘ Tt ‘ Tt ‘ I ‘ [T
e SUSY is broken at intermediate scales (10% —
108 GeV) by gauge interactions involving messen-
gers between the visible and the hidden sector I ‘ ‘ §
(7)) ()
e main free parameters: E)
3]

Mess messenger mass scale £ o

Nmess  number of messenger generations g o

A universal soft braking scale ?") 2

tan 3 3 é >

sign(z) > o9

c PRI
e main differences to SUGRA .g N n I | ‘ E;%
I <

—very light gravitino ~ eV 5 =< B 7

~ ~ ~ G al -~

— NLSP either x| with x{ — G or £ with ¢ — 2 >3 = =
G/ (if mixing is large in 2nd case, 71 is NLSP) % & ; i
in both cases NLSP lifetime can be significant o 25 o 5‘:

. . ” AN MO m [N\

— sfermion masses o< «;, ¢ =QED,QCD % S < l‘l’ E QO’ SR
:>larger Mass Sphttingbetween Sleptons and § Ll W b b b b b L
Squarks O © 9 90 © © O o O

o o (@) @) @) @) @) o @)
‘\:|| 8 N © 0 < ™ N i
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The complementarity LC/ LHCI

LHC:
e Mass reach O(1TeV)

e Squarks are produced strongly = huge cross sec-
tion

e Sleptons and gauginos are produced weakly or in
cascades = maybe difficult to see

e LSP cannot be reconstructed completely due to
missing information = mainly sensitive to mass
differences

LC:

e all SUSY processes within mass reach have similar
cross section
= all particles can be cleanly reconstructed

e LLSP can be reconstructed from kinematic quan-
tities = all masses can be measured absolute

e all particles are produced in electroweak processes
that can be calculated accurately = particle cou-
plings can be measured

e squarks and gluinos are probably too heavy to be
produced at LC

LC+LHC:

[f SUSY light enough all masses and the lepton and
gaugino couplings can be measured with good pre-
cision

CMSSM Benchmarks

Milano, March 03 SUSY-10 Klaus Monig

. oL
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Example: m(x}) —m(x3) from LHC combined with

m(xY) from LC

0.5 T T 1 | T 1 T T
0.25 — _
= L " LHC -
= 0= —
< - _
~0.25 — LC —
_05 i R [ L |
-0.5 -0.25 0.25 0.5
AM /M,
Milano, March 03 SUSY-12 Klaus Ménig

Typical signals in SUSY]

SUGRA signals:

e due to stable LSP always missing mass and miss-

Ing pt

e most simple decay f — f X(1)3
two identical lept. or jets and missing mass and py

o decay x; — ff'x;:

four leptons/jets and missing mass and py

e in general cascade decays can have many lep-

tons-+jets

e cood detector resolution separates SUSY-signals

from known physics

350———

—
[ Point 3

300 S =250 GeV
2501
200
150
L Chargino Pair

100-  Signal

0

WW Background

0

50 [WHMH 1ﬂlmH1J
b i :
20 40

60 80 100

m,,(GeV)

120
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GMSB signals:

e if the NLSP lifetime is large: like SUGRA

e due to NLSP decay the missing quantities are
smaller

e this is compensated by the additional visible
~/lepton

Signals with R-parity violation:

e The LSP decays into ordinary particles

[1 also LSP pair productions is visible
[1 the LSP needs not to be neutral

e SUSY breaking can be in any scheme

e experimentally the missing mass/energy is re-
placed by LSP-reconstruction
= similar efficiencies

Milano, March 03 SUSY-14 Klaus Ménig

‘Mass measurements

Two principle methods:
e threshold scan

e reconstruction

Threshold scan:

e cauginos: threshold suppression o< (3
= good precision

e sfermions: threshold suppression o 3°
= precision relatively worse

e ¢, : mixture of 85 from s-channel Z,v- and £
from t-channel y-exchange — model dependent

200

15—
. ® L =10 fb™'/point

: /lR /vNLR

[fb]
[fb]

- ® L =10 fb"'/point
.
- X1 X1

Ovyis
Ovis

150

10

100 -

50 -

256 260 264 268
Eos [GeV] Eoms [GeV]
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Reconstruction:

Decay of scalar particle £ — (y:

Flat energy distribution of £ between

E 1 2
t - (1iﬁ)(1—m’§
Eheam 2 my

= My and m ; can be obtained in a model inde-
pendent way

Fom +.0, — 0.
g e e — Upfhrp — L XIH XTI

low background sample in ppu+missing mass
1200 w | w | w | w | w
e M+M_Emiss

TE. VW
T2 xixs
LT gy

800

400 -

0 20 40 60 80 100
lepton energy E, [GeV]

= Can measure m, o and my , to 0.3% with /s =
320 GeV, £ = 160fb~
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Gauginos decay in 3-prongs and have spin = mass
determination from gaugino production not so easy

However for decay chain x' — ff'x m(ff’) gives

accurate measurement of mass difference M — My

Measurements can be done with gauginos from di-
rect production and decays

X3 — 7y

Xt — ad'x)

1200 000 o = 1304 ) = 71.9
- ® X;XI W+W_ 1 H ‘0 0 ‘ ‘
| + | | @ XXz
r— fit
I *#*+#N* 1 7507 _
800 - w # = :
@
¢¢ ¢ i
- ¢ 500 B
¢ . I
400+ ¢ .
¢ ) i
< ° 250 |
[ J PY r
L e r’, ] ® Ik
O ..l'l?li////’/’//////”l"h'/’."ln 07””“”“””“”‘

0 20 40 60 0 20 40 680 80
di-jet mass my [GeV] di-lepton mass m, [GeV]

Both mass differences can be measured to 50 MeV
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Study of stop production|

e due to mixing effects £] can be very light
(9 then very heavy)

e {1 decays into be if kinematically allowed, oth-

erwise mto X?C

Analysis with 180 GeV ¢ — X(l)c:

e iterative discriminant analysis using event shapes

and jet energies

e 10 — 20% efficiency with ~ 90% purity can be

achieved

Events/ 500 fb™*

10

s — signal+bg
- — total bg

o WW
° ga(ny)

v tt(ny)

PR R R SR
0.15
Efficiency

03
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e cross section depends on #; mass and 7 — tp
mixing angle

e dependence different for different beam polariza-

tion

Can be used to measure mass and mixing angle:

o (tt) [fb]

0.64 f

0.62

0.6

@058/

o

o L
0.56 |
0.54 |

0.52

0370

160+ S
120+ /! b
L./
80 ,/ U,
40+ il .
0 CL 1 1 1 1 J
0 0.2 0.4 0.6 0.8 1
coset

X
%,
? *qo
)

68 % CL

SR
OV
A

OV

>
OV

0\/,:

e N N ]
172 174 176 178 180 182 184 186 188
m(stop) (GeV)

5mL:1 ~ 1GeV, 4 cos by ~ 0.01
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Analyzes of charginos and neutralinos|

Chargino mass matrix is given by

B Mo V2myy cos 3
X V2myy sin B i
Matrix not symmetric = need two mixing angles
®y, g for left- and right-handed states

M

Mixing angles and and chargino masses are (compli-
cated) functions of My, u and tan g3

Chargino production via 7,y s-channel and 7. t-
channel exchange

e Xi e Xi e ;

~+ ~
et X; et X; et X;j

Need to know sneutrino mass to calculate cross sec-
tion

Cross sections of O(100fb) = expect severalx 10%
events per channel

Milano, March 03 SUSY-20 Klaus Ménig

Even if only x{x] channel is accessible (and m;
known) can reconstruct mixing angles from polar-
ized cross section

1 ! I ! I x

S o
3 !

o5l of1y

_1 1 ] 1 1 ] 1
-1 -05 0 05 1
cosap

= M>, p and tan 3 can be determined from m &

and 7 x] polarized cross sections
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Neutralino production

e situation more complicated

—4 x 4 mixing matrix
—x{x{ channel not accessible if R-parity con-
served

e access to My

e since t-channel exchange of €7 and ép compete
with s-channel, positron polarization gives really
independent information

YIS cross section for different SUSY parameters
t Ao 1

Py

05 20 3

-1 -0.5 0 0.5 P 1
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To prove that the new particles are really SUSY
it has to be shown that the couplings amongst the
superpartners are the same as for corresponding SM
particles

This can be done on the percent level e.g. with XQXQ-
pair production once My, Mo, p are known from the
gaugino masses and chargino cross sections

eA\WX?

e

} 0
e-1: A %XZ
0.15 \ P=-0.9, P+ =+0.6

=-0.6

P,=+0.9, P *

\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\
-0.04 -0.03 -002 -001 O 0.01 002 0.03 004 0.05

Y, -1
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Reconstruction of SUSY parameters

e measure masses and cross sections of SUSY par-

ticles and Higgses
e fit SUSY parameters at the weak scale
e cxtrapolate to GUT scale using RGEs

e bottom up approach that needs no model assump-

tions

e cet model independent prediction at high scales
e example: SUGRA with tan =3, my=100 GeV,

my =200 GeV, Ap=0 GeV, sign(u) = —

(excluded now by LEP, but general features

should not change)

Milano, March 03
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Accessible particles and mass error for the simulated

point

Particle |Mass (GeV) | Error(GeV)
ér 173.0 0.18
epfip 1316 0.09
De 1575 0.07
fif 173.0 0.3
» 1575 0.2
1 130.8 0.6
7 1735 0.6
Uy 1575 0.6
! 76.6 0.05
% 142.8 0.07
X} 343.8 0.3
Y 349.9 0.6
Xi 142.9 0.035
X5 352.6 0.25
hY 97.7 0.05
HY 466.7 1.5
AV 466.7 1.5
HT 473.3 1.5
t 353.9 0.6
q ~ 450 1.0
g (LHC) |486.5 10.0
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Sruopy suepyy

oueqy

€0 PRI ¢

Le-ASNS

Sruopy suepyy

Used cross sections and errors

Process| a(ez ef)(fb) Error (fb)|o(epef)(fb) | Error (fb)

t1t;  ]16.7 0.41 21.1 0.46
t1to 4.55 0.21 3.41 0.18
toto 3.80 0.19 0.64 0.08
biby 186 0.43 1.42 0.12
bibr 1021 0.05 0.16 0.04
boby  10.69 0.08 2.98 0.15
A7 1189 0.43 66.37 0.81
170 | 0.67 0.08 0.50 0.07
FoTy | T7.64 0.88 19.13 0.44
Urir 200 0.45 15.0 0.39
HT™H™ 2.10 0.15 9.73 0.31
ARO 1122 0.11 0.91 0.10
APHY 052 0.07 0.39 0.06
7Y 1241 0.16 1.81 0.13
7HY 214 0.15 1.60 0.13
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Extrapolation to the GUT scale

e calculate low energy parameters (gaugino masses,

sfermion masses, trilinear couplings) and extrap-
olate to GUT scale using RGEs

e check for unification at GU'T scale

~ 500

3

S 450

= 400
350
300
250
200
150
100 .
50 Bl bl bl

LHC (+LC)

\\\‘\\H‘\\\\‘HH‘HH‘HH‘HH‘HH

~500
>

& 450
= 400

2

102 10° 10° 10" 10"10'®

Q (Gev)

Need very small errors at

results!

0, E, L

. LHC (+LC)

300
250
200
150

fc
100

50 Bl bbb il

102 10> 10° 10" 100

weak scale to get useful

The fit is pure bottom up, no a priory assumptions

at higher scales

The current fit assumes that all masses are mea-
sured, however some useful information (cross sec-
tions, forward backward asymmetries) is not used

Milano, March 03 SUSY-28
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The results at the GUT scale can then be used to
test models

E.g. comparison of SUSY and GMSB

<500 ¢ <500 p
84s0 D, E, L 8450 & D, E; L, H,
=400 & =400 |
350 £ SUGRA | 35 —~
300 = 300 £
250 = 250 &
200 £ 200 £
150 & 150 &
100 = 100
50 Bl bkl 50
10> 10> 10> 10" 10'*10'® 102 10> 10 10" 10"*10'®
Q (GeV) Q (GeV)
%500 = £500 ¢
8as0 | D, E, L S4s0 | Ds E; L, H,
=400 =400 |
350 E 350 £
300 — 300 &
250 F 250 F
200 [ 200 F
150 & 150 E
100 [ 100 L
50 El bbbl bl 50 ol ol M
10> 10° 10 10" 10"%10'® 10> 10° 10 10" 10'*10'®
Q (GeV) Q (GeV)

Models can be clearly distinguished
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Analyzes in GMSB]|

- 2

o (& is very light (m s ~ (%) 2.37eV) =
—all other SUSY particles are unstable
—no reason for NLSP to be neutral

(v/F: fundamental scale of symmetry breaking
F > AMmess>

e NLSP normally x{ or ¢ (7] in case of significant
mixing)

e depending on SUSY breaking scale NLSP can de-
cay between prompt and outside the detector

e interesting decays: ! — Gy(v*, Z) or (and)
{— GY

Newtrefine MLEP Deesys

|nQ1n[H(N]1 =G+ H)]

(i) [Ge¥]

Milano, March 03 SUSY-30 Klaus Ménig

e typical mass spectrum for LC-relevant GMSB-

models (o< A)

—zZR, 71, xY ~ 100 — 200 GeV

— 07,79, X3, XT ~ 200 — 500 GeV
—other SUSY-particles > 500 GeV

e T'ypical cross sections:

e XelE . Signal from GIUSH at the Linear Collider
10° ———
HGMSB Model # 1
[[|[A=76TeV — TOT
b - e /
) Mmess/A = 2.12 /
o [[| Nmess = 1 L~
a H| tang = 3.53 sgn(u)= + e
c
@ Ll m(N,) = 100 GeV /
é BR(N,—>7GC) = 0.95 //MWM_M
o N,N,
— 1'Ng
Q0
uE
& C,C,
+ .“J W
> 104 £ el -85
> ———— -
'
5 T, T
a 11
n HRMR
1
‘o P NN
2L S e
5 & /
* //’ N2N,
T T R T
E..[GeV]

Expect several 10000 events
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Detailed analysis for X?—NLSP scenario exists

e \|-mass can be well measured with threshold scan

o \|-lifetime

closel
GIS|

weorrelated £0 Miness

e
‘m(G)<1 keV ‘

(b)

;':‘K:

L

160G 5(Miees/ T6V)

g I

1 1 1 1
5 100 150 200 250

My gp [GEV]

Experimental signatures: non-pointing photons and

et

e~ -pairs starting in the detector

Milano, March 03

SUSY-32
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Measurement of X(1) lifetime with tracking, calorime-
ter pointing, calorimeter timing and statistical
methods (ratio between two and one photon events)

Summary of Techmnigues

L Statistical
s L CaEE——

Calorimeter Timing

4 L < >
B . -
£ L Calorimeter Pointing
@ 3 < >
= L

L 3d tracking
2 b <~
Projective Tracking
L S
0 5 | 5 | 1\ || m\z\ \3
10 10 1 1 10 10 10 10
L (cm)

CT, 0 can be measured from O(10um) up to more

then 100m corresponding to Mpegs ~ 100— 10° GeV

Including mass measurements all model parameters
can be measured to the 1% level
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Roadmap to SUSY'

e Discover SUSY:

—LHC: Cj: g) (67 D? X?>
—LC: Y, », X

e Prove that coupling(particle)=coupling(partner)
0 LC

e reconstruct SUSY breaking scheme from accurate
measurements of masses and couplings

J LHC+LC

o [f SUSY is realized in nature need LHC+LC to
understand it

Milano, March 03 SUSY-34 Klaus Ménig

‘00 Alternative Theories

e Contact interactions
e Models with Z’s
e [ixtra dimensions

e Conclusions

Milano, March 03

alternatives-1

Klaus Monig



'Contact Interactions

Very heavy exchange-particle: Propagator oc Mlg
Effective Lagrangian:

Lefr=_ % R)‘zzk/M2aik<éi’7M€i>(]Ek:’yufk:>

with o'F = +1

2
Scale-parameter A% = 4%]\54

(e.g. pu decay A = (ﬂGu)_l/Q ~ 250 GeV)

do 1 1
— M — _—
Tosd SM(s,t) +02(8,t)A2 +C4(S,t)/\4

(Equivalent to t-channel exchange of a heavy scalar
with mass M and coupling \)

Main sensitivity is in interference term, so large de-
pendence on helicity structure

Milano, March 03 alternatives-2 Klaus Ménig

Assumptions

o /5 =500GeV, £ =500fb!
e b-tagging efficiency e, = 60%

e systematic error 0, 1% (pessimistic)

Results .
500 fb
Asys=AP=0%, P=0.0 I .
Asys#AP=0%, P=1.0
AsysAP=1%, P=0.8 - .

3

——

LR |— -
I H+H

RL —

RR '—

LL  e—
—

A

N/
—

LR I _

Rl — bb

RR  —

LL

o b b b |
25 50 75 100 125 150

[TeV]

o

e limits typically ~ 50 TeV
e systematics will dominate, otherwise Ay, cl/4
e polarization helps little

e LHC reach similar but in different channels

Milano, March 03 alternatives-3 Klaus Ménig



Models with Z’SI

e models with extended gauge groups (left-right-
symmetric, Fg) normally require additional Z-
bosons

e in principle Z and Z’ mix, however Z — Z’ mixing
angle tightly constrained by Z-precision data

e for direct production LHC reaches much higher
Z'-limits than LC (~ 3TeV)

e however for ff-production Z’-exchange interferes
with Z and 7 exchange so that Z’-effects remain
visible for my > /s
(in the same way PEP and PETRA could mea-
sure properties of the 7Z)

e measurement of cross sections and asymmetries
gives access to vector- and axial-vector-couplings
separately

e model dependent analyzes:

—assume a given model
[I all couplings are defined
— can use leptonic and hadronic events

—deviations from SM prediction translate di-
rectly into Z’-mass

Milano, March 03 alternatives-4 Klaus Ménig

Tevatron (pp)

Vs=2TeV,L=1f3

Vs=2Tev,L=10f3 | :
e e i
ZLR

Vs =2 TeV, L = 100th '
LHC (pp) m o

Vs=14TeV, L= 10f} |

Vs=14TeV, L =100f |
LEP200 (&)

Vs =0.2TeV, L= 0.5}
NLC (e'e)

Vs=0.5TeV, L =50f8 |

Vs=1TeV, L=200f |

1000 10000
Discovery Reach for Z' (GeV)

e (very moderate Luminosity assumptions for LC,
however statistical scaling only with £Y4 and
large contributions from Luminosity systematics)

e on average limits comparable to LHC

e however much larger difference between models,
since sensitivity is in interference term

e on the contrary LC is not sensitive to the total
width of the Z’

Milano, March 03 alternatives-s Klaus Ménig



e model independent analyzes:

— LLC sensitive to normalized couplings

N / S
ar = Ay |l—o——
! meZ/—S
N / S
Ve =V
! anQZ/—S

— for leptons can obtain model independent lim-
its/measurements on normalized couplings

—all hadronic observables depend on prod-
uct of leptonic couplings (Z’-production) and
hadronic couplings (Z’-decay)

[J can measure hadronic couplings only if leptonic
couplings deviate significantly from zero

e cxperimental assumptions:

— beam polarizations 90/60% with AP /P = 1%
— luminosity known to 0.5%

— leptons can be tagged with e = 95 4+ 0.5%

—b quarks can be tagged with e = 60 & 0.6%
—measure cross sections, A p and Al

Milano, March 03 alternatives-6 Klaus Ménig

Ideal case: LHC discovers a Z’, so mass is known
and LC can measure the couplings

95% c.1. contours for y/s = 500 GeV and
£ =500ph~!

PO

i \\\ -0.2
i

\ N

N AN

—0.4f

-0.6

-0.5}F

a; Tp

e measure leptonic couplings to few % and b-
couplings to ~ 10% for my = 1.5 TeV

e limits should roughly stay constant for
my1/+/s = const

e the LC can distinguish the models over basically
the full LHC discovery range

Milano, March 03 alternatives-7 Klaus Ménig



Large extra dimensions

Experimental signatures:

Hierarchy-problem: e [n the bulk of the extra dimensions there live

Why is my ~ 100 GeV < M, ~ 101 Gev? a huge number of graviton states (Kaluza-Klein
*
Possible answers: towers G*)
[I Expect effects in single ~ production
e SUSY (already seen) (eTe™ — yG*, G* invisible)
e in reality is M) ~ 100 GeV but it appears so large and fermion*pair production
because gravity lives in 4 + n dimensions (efe™ — G* — ff)
_eg. Greffects in ete” — ,LL+,u and efe” — ‘bb
R : compactification radius of extra dimensions o : ; ;
= R = MY 1 7
1+ IRE o
@_17 1 TeV | b L
~ O n (1\/[[) [Cm] cosh o COOSG
e LC limit Mp < 4(7)TeV for /s = 0.5(1) TeV
n=1 R = 0O(108cm)  excluded p <40 v L)
n =2 R =0O(lmm) ~excluded o LHC comparable
n—="17 R = O(1fm) e cos (= z) dependence very different from Z’

Milano, March 03 alternatives-s Klaus Ménig Milano, March 03 alternatives-9 Klaus Ménig



Additional possibility: transverse polarization

e with transverse beam polarization there exists an
azimuthal asymmetry depending on cosf — plot

e this asymmetry is symmetric in cosf for vector
or scalar particle exchange

o for tensor exchange (gravitons) it receives an
asymmetric component

[ Graviton and 7’ exchange can be distinguished
up to M < 104/s

e cxtra dimensions can be excluded up to Mp <
10(22) TeV for /s = 0.5(1) TeV
(highest reach at next generation colliders)

1/N dA/dz

1/N dA/dz

1/N dA/dz

0.005!!!!{!!!!{!!!!

Wt
L k3 ]
0.004 - ; $ % % SM
i I { ]
0.003 |~ % f
3 i :
0.002 [~ % ]
& % gL
0.001 [ m,=1.5Te h
\/s =500GeV 1 ik
ool v e b b

0.005 T T T L L I

T

0.008 —

0.002 — %

0.001 — % %

PN 2 e E N N B
-1.0 -0.5 0.0 0.5 1.0

0.000

-0.001
-0.002 } }
-0.003 — } }@ % —
-0.004 — —
M B I R
-1.0 -0.5 0.0 0.5 1.0
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'Conclusions on alternatives [] Precision measurements at lower energiesl

e The LC is sensitive to a “General new physics e Introduction
scale” of order 50 TeV

e In concrete models (Z’, extra dimensions) this
translates into mass scales of few TeV

e LC and LHC have similar reach but are highly
complementary

e Measurements of electroweak quantities on the Z
e Measurement of myy

e Theoretical aspects

e Study of CP-violation in the B-sector

—The LC is mainly sensitive to eTe™¢T¢~ and
eTe~bb couplings while LHC is sensitive to
€+€_qq (q:uad)

— LHC mainly sees the pure new physics while
LC sees its interference with the SM

— The LHC can discover that there is “something
new’ by seeing a resonance, then the LC can
distinguish models by measuring the couplings

Milano, March 03 alternatives-12 Klaus Monig Milano, March 03 Z-factory-1 Klaus Ménig



Introduction

Interest in precision measurements

Test consistency of the theory on the loop level

Two types of loop corrections:

e universal corrections to propagator

Ve /‘\\
__/

parameters:

— Ap: absolute normalization of Z couplings

— Ak (sin? Qéff): effective weak mixing angle in
Z-fermion couplings

— Ar: Relation G, <> myy

e vertex corrections (only interesting fir b-quarks as
partner of top)

N b

Milano, March 03 Z-factory-z

Klaus Monig

Contributions to loop corrections

e corrections from isospin masssplitting
(o< mf in SM)

e corrections from Higgs sector
(o< log(myg) in SM)

Contributions to vertex corrections for b-quarks

e corrections from b-t masssplitting (o< m%)

e corrections from charged Higgs sector and its
SUSY partners, if exists

e corrections from special role of top-quark e.g. in
technicolor models

Milano, March 03 Z-factory-3
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Aim: see effects of new physics in precision data

Historical example: Top mass prediction (1993) LEP+SLD+TEVATRON measure clectroweak ob-

Fit to all electroweak precision data gave servables on the permille level

(164 £ 17(exp.)  20(my)) GeV Quantities:

m —_—
20
XJE L

e Z-lineshape: Partial widths of Z — ff, Ap, N,

e Asymmetries: Weak mixing angle in Z-decays,
sin26!
eff

15

10: f e b-quark partial width and asymmetries (Rp, Ay)

Mass dependent vertex corrections
e W-mass: Ar

D M =1Tev

I LD M, =300Gev |
— Tevatron0L | | M.=60GeV - Present situation:
O | | | | | | | | I\ 1 | | | | | |
100 150 200 250 : :
M (GeV) o LEP: ~ 4 x 4-10° Zs with unpolarized beams

~ 4 x 500 pb_1 above the W-threshold

e SLD: ~ 5.5 10° Zs with P ~ 75% electron po-
larization

In 1995 the top-quark was discovered at the TEVA-
TRON with my ~ 175 GeV

Hope at least to repeat this with the Higgs Boson

Milano, March 03 Z-factory-4 Klaus Monig Milano, March 03 Z-factory-5 Klaus Ménig



Assumptions|

e The linear collider can produce ~ 109 Zs on res-
onance
(corresponds to ~ 30 b~ ! or 50 days)
L="7-103cm™ 271 = 230 Hz of Z — qq

e similar luminosity is possible near the W-
threshold

e clectrons and positrons can be polarized with
P.— = £80%, P+ = £60%

(corresponds to an effective polarization of
4P B~ 95%)

e positive and negative polarizations can be
switched randomly from bunch to bunch (or
train to train) independent for electrons and
positrons

e polarimeters are available for relative measure-
ments

Milano, March 03 Z-factory-ﬁ Klaus Monig

Lineshape parameters

Cross section around Z-peak:

127T FeFfS

Uf(S) = s \2
mz <S — m%)Q + (W) FQZ

+0oint + 04 + rad. corr.

Iy~ (1+ A0
0

Mhag = (14 ag/m+ ---)Fﬁa)d

Minimally correlated observables:

LEP precision
my 0.2-10~*
Ty 0.9-1073
obed = 12plelpud 091073

Z Z
Ry = Hud 121072

= Need to scan

= Need absolute cross sections

Milano, March 03 Z-factory-7
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Assumptions:

e relative beam energy error around Z-pole: 1077
= AT'y /Ty =0.4-1073
(Currently under debate if AE, = 107 is pos-
sible and if beamstrahlung and beamspread are
enough under control)

e sclection efficiency for ps, 7s, hadrons (and exp
error on L) improved by a factor three relative to
the best LEP experiment
= ARy/Ry=0.3-1073

e theoretical error on luminosity stays at 0.05%
= Agad /ghad — 6.1073
(again if beamspread /-strahlung understood)

Improvement on lineshape related quantities:

LEP Giga-Z
my | 91.1874 4 0.0021 GV | £0.0021 GeV

as(m?)  0.1183 & 0.0027 +0.0009
Ap | (0.55£0.10)- 1072 | 40.05- 1072
N, 2.984 4+ 0.008 +0.004

Milano, March 03 Z-factory-s Klaus Monig

il
scale DELPHI analysis:

Ry = 0.21634 4+ 0.00075 (stat dat + MC)
+ 0.00028 (uds — bg)
+ 0.00030 (¢ — bg)
+ 0.00027 (hem corr)

DELPHI working point: &, ~ 30% purity ~ 98%
Possible for TESLA: g5, ~ 40% purity ~ 99.5%

e statistical error down by a factor 20
e c-background down by a factor 4

e uds-background mainly from gluon splitting to bb
can be measured much better with TESLA

e hemisphere correlation is mainly QCD
— detector resolution factor 10 better than LEP

—losses are mainly due to mass cut (Lorenz in-
variant)

—energy dependence should be much smaller

— also this source should decrease by a factor 4-5

e ARy, = 0.00014 should be possible (factor 5 to
LEP)

Milano, March 03 Z-factory-9 Klaus Ménig



ALR

Definition
o = Oy [1 — ’P€+’P€— + ALR(P€+ — Pe_)]

with P+ (P.-) longitudinal polarizations of the
positrons (electrons)

A1 p measures weak mixing angle stHGH:

AlR = «‘;e
V19 Al
Ap = 55
gy T 94
WLy — 4@ sin’0y
gal

° sin20£ﬂc is a very sensitive variable to see loop cor-
rections to the Z-couplings.

e Ay R is the variable most sensitive to Sin2(9£10f

Milano, March 03 Z-factory-10 Klaus Ménig

The (extended) Blondel scheme

Four independent measurements:
(4 combinations with positive/negative electron/
positron polarization)

O++ = Ou [1 - P6+P + ALR( ejL - _)]
O—+ = [1 + Pe+73 + ALR( e+ - e )]
or— = oy|l+ ’P€+’P + Arr( P+ + P )]
o = oyl =P+P.—+AR(=P.+ +P.-)]

— ALR can be measured without knowing
P+, P

(&

A = (o4 +o -0 -0 )(—044+0 4 —04F0)
(044 + 0y toi-to )0 +04+0i—0)

About 10% of the statistics is needed on the small
cross sections

Only difference between |P%| and [P x| needs to
be known from polarimetry

Can be brought under control with polarimeters a
la SLD

Milano, March 03 Z-factory-11 Klaus Ménig



Polarization difference (AP + = [P| — |P]):

e Need SLD like polarimeter

e Asymmetry in one polarimeter channel:
A; = a;Pe Py (a; =analyzing power)
e Laser polarization can be switched pulse to pulse

e Allow for different laser currents dependent on the
polarization

e Need two polarimeter channels with different an-
alyzing power

e combined fit of Z-rates and polarimeter rates can
get AP+ and a; as well

e However need polarimeter counting rates about

10 times the Z rate (ok for SLD)

Statistical precision:

109

Systematic uncertainties

Milano, March 03 Z-factory-12 Klaus Monig

e Beam energy: AA;p/Ay/s ~ 21072/ GeV
= need A4/s ~ 1 MeV relative to my

e Luminosity difference: Only relative precision
needed.

Should be no problem if luminometer inside the
mask is possible

e Backgrounds: To be kept below 1074
According to LEP experience no problem

e Beamstrahlung: AAjp = 9-1074
Needs to be known on the few percent level
(partially covered by Z-scan)

Assume AApp = 107% = Asin®6%; = 0.000013

Milano, March 03 Z-factory-13 Klaus Ménig



A

Without polarized beams (LEP) the forward-
backward asymmetries can be measured:

(q) (q)

g O —0p
Arp =
or

3
— iAeAq

With polarized beams (SLD, TESLA) the left-right-

forward-backward asymmetries can be measured:
(a) (q) @) o )

A4 O F— 0L B—ORFTORB
FB,LR — (¢) . (q)
; or, + O'R
- 17)./4(1

Statistically factor P/Ae ~ 6 more sensitive to Ay,
However most systematics scale with the asymmetry

Two main techniques: leptons and jetcharge

Milano, March 03 Z-factory-14 Klaus Monig

o Statistical error AA;, ~ 4 - 10~% in both cases

e Light quark systematics can be reduced by a
(harder) lifetime tag

e For jetcharge reduce hemisphere correlations by a
thrust cut

e leptons will be dominated by B B-mixing
(statistical error!)

e A total error of AAy, = 1 - 1073 seems realistic

Similar improvement as for Ae

2092
< L

0.91 1 LEP+SLD
09 ]

0.89 |

0.88 |- ]

7\ I I | I I I | I I I | I L \\\7
08146 0147 0148 0149 015 0151
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]

~ 10
Best possible method: threshold scan S of
S 8}
8 7F
e spend 100fh~ 1 at (/s ~ 161 GeV (1 year!) E 6|
A
e polarization is very useful to enhance cross section s 4f
or measure background g o
unpol L o 1E : : : -
TWW = 30 | Pe_ = —0.8, P€+ =06 %158 150 160 161 162 163 164f 165 166 167
o _ O 1O_unp0 ,Pe_ _ 08, P6+ _ —06 Centre-of-mass Energy (GeV)
1.03

e assume efficiency /background as at LEP

=
Q
S}

e perform 5-point scan

(==Y
L L

e assume point to point systematics negligible

)/Cross-section(80.39)
H
o
H

&MW
s 3

e beam energy is known to well below 5 MeV
(A relative calibration to the Z-mass is fine)

T 158 159 160 161 162 163 164 165 166 167
Centre-of-mass Energy (GeV)

Cross-section
o
[{o)
\'

Results
Ae/e =0.5%, AL/L =0.25% Amyy = 6 MeV
Ae/e, AL/L fitted Amyy = 7MeV

Measurement is statistics limited

Milano, March 03 Z-factory-le Klaus Monig Milano, March 03 Z-factory-17 Klaus Monig



'Precision data and the LHC

myy

e LHC has infinite statistics for W-production
e two main sources of error:

—energy scale of the detector
— parton distribution function

e Amyy = 15 MeV might be possible although ex-
tremely difficult

Sin2 Qéff

e in principle sin? Héff can be measured from for-
ward backward asymmetry ¢g — ¢7¢~
(At /s =my: At = JAAp)

e select events with m (£~ ~ my and large boost

e the high energy quark is then on average a valence
quark, the low energy one a (sea) antiquark

e possible statistical precision A sin? Qéff = 0.0001

e unclear if systematics can be brought to this level

Milano, March 03 Z-factory-18 Klaus Ménig

Interpretation of precision measurementsl

Parametric errors

e largest effect: Running of o
(a(mgz) = a(0)1—xg)
— Using data only (without the latest BES re-
sults) (0(Aa) = 0.00065):
Asin?0s = 0.00023, Amyy = 12 MeV
— ~ factor three improvement using perturbative
QCD at low energy

—with o(eTe”—had) below the T to 1%
(§(Aa) = 0.000046):
Asin?0g = 0.000017, Amyy < 1 MeV
e 2 MeV error on my gives
Asin®0lq = 0.000014, Amyy = 1 MeV
(if W-mass calibrated to my)
o Amyi = 1 GeV gives
Asin?0s = 0.00003, Amyy = 6 MeV
= no problem with LC precision of myt (<
200 MeV)

Milano, March 03 Z-factory-19 Klaus Ménig



SM and

MSSM make

sin29gff and myy

.2
Sin“0,,

.2
Sin“8,4

accurate predictions for

0.2323

0.2318 -

0.2313 - b
0.2308 F— 7
0.2303 | experimental error: \'\"\,\ ]
— — — - LEP2/Tevatron T~
LHC T~
LC )
0.2298 — L -
165 170 175 180 185
m, [GeV]
083283 r——— T T
—— SM (m,, = 90, 140, 400 GeV)
—— MSSM
0.2318 - @~ b
|
I
L ] \
2 o
0.2313 | ~ .
0.2308 - i
experimental error:
— — — - LEP2/Tevatron
LHC
LC
0.2303 ! ! ! !
80.27 80.32 80.37 80.42 80.47
M,, [GeV]
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If no new physics found up to then:

Standard Model Higgs can be predicted to 5% ac-

curacy:

o~
<

20 —

15

10

2000

LC

Can test the theory if a Higgs

found

— 3
10
my,

of my ~ 170 GeV is
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Possible scenario inside the MSSM: Model independent analysis (e, ST parameters)

® some SUSY parameterg meagured at LHC e.g. ®cq (T) &bSOl"bS 1&1"g€ iSOSpiH Sphttll’lg corrections

stop sector e c3 (S): only logarithmic dependencies

e however some of the parameters still uncertain e co (U): additional (small) correctins to myy

.. : T
Precision measurements can constrain allowed ;03 02 01 0 01 02
L L L AL B
SUSY parameter range F el ) N— 0.2
6.5 - ; 3 |
16 [ 1T ‘ 1T ‘ 1T ‘ 1T ‘ 1T 1T ‘ 1T ‘ 1T ‘ T TT ‘ 1T ] |
- MSSM@GigaZ mﬂ: 340 * 1 GeV ] 5 7 ]
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M, [GeV] e dramatic improvement in my direction

In this example one can get a fairly good measure- e improvement perpend. to myy largely due to myy

ment of tan 3 and some ideas on m 4 e significant Higgs constraint independent of 1 (T)

possible
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E.g. exclusion of a two Higgs doublet model with a
light Higgs

(that cannot be excluded by direct searches)

S,T for U=0 and Ax’,., in No—Discovery Zones

035 035
0.3 - h% vs=500 GeV 0.3 & h° vs=800 GeV
0.25 & now 90%c.l.| 0% F
02 = . 02 =
015 = = 015 -
0.1 = // 0.1
0.05 = / 0.05 —
o - Y GigaZ/90%c.l, o
005 £ GigaZ 99.9%c.l. 005 O
-0.1 & -0.1 &
_0'15;\‘\\\\‘\\\‘\\\\‘\\\\‘\\_0‘15;\ \‘\\\\‘\\\\‘\\
-02 -0.1 0 0.1 02 -02 -01 0 0.1 02
S S
035 ; 035
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0.05 0.05 [
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_0’15;\ \‘\\\\‘\\\\‘\\_0‘15;\‘\\\\‘\\\‘\\\\‘\\\\‘\\
-02 -0.1 0 0.1 02 -02 -0.1 0 0.1 0.2
S S

For these types of exclusions myy is important!
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Ry, is sensitive e.g.

75

75

to masses within Supersymmetry
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'CP-violation studies

measure time dependent asymmetries o .
N Bo(t) - N Bo(t) total statistics: 4 - 10° b-hadrons

= Qeog COS AMmi+aqy, sin Amit
NBO(t> _|_ NBO (t) COS SI1T1

At) =
() Tagging of primary b-charge:

e Polarization gives primary flavor tagging “for free”
mainly two examined decay modes

D 4 :\ T T T T T ‘ T T T ‘ T \ T ‘ T T T ‘ T T T T T T ‘ T T T ‘ T T T \,\? T 4
Q F — P=+08P'=-06 R
0 0 5 3 “-s- P'=-08P'=+06 E
o B — J/UK : S 3L T - P=+08P7=+06 =
o FNG - P=-08P'=-06 e
3 3= EONG e e 3
—lgin = — SN 203, acos =0 oo b NO e E
— A E e NN e e ]
o BY — 7t S F o 3
T s - E
— gy = — Sin2a, aces = 0 if penguin diagrams = E
: :-T-\--\-‘_-\_\--\_-‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 \E
can be ignored 1 08 06 04 02 0 02 04 06 08 1
. . . b quark cos 6
—however agy,, acos modified by penguin contri- .
. . :\ T T T T T T T T T T T T ‘L“‘A)\‘ '7\:~'\,.\ T T T T T T ‘ T T T ‘ T T \E
butions, hard to calculate 5 e AN, E
) ) ) € 04 E E
— can be disentangled by measuring branching ra- EUETT T N e E
tios B — 7tn~ BO—>7T7TO Bt — gtqV 203 L e LN T E
® 02 E
Experimental analysis: E
01 3
. identify initial State b_Charge 0 E e b b b b b b e 3
-1 -08 -06 -04 -02 0 0.2 04 0.6 0.8

[EnY

event thrust axiscos 6

e reconstruct decay mode

e measure eigentime to decay (easy in LC environ-
ment with fully reconstructed decays)
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Final state identification:

e Missing particle ID can be replaced by excellent

momentum resolution

>2507“““‘1“1“‘ 1S FrorrrT T
8 E no dE/dx | ‘ 58 100 with dE/dx | ‘
8200 | 1 18 L 1 1
3 e | et 1S w0 - L
BT F 18wt
100 - | | . r
: S
50 } B KTt { 20 ;
0: :\ ‘_\\: 0:‘.‘_._._‘ i ssete s I | I
5.1 52 53 5.4 5.1 ,52 53
B~ 1T 1T mass/ GeV B~ 11 1T mass/ GeV
Results
sin 23| “sin 2a/”
BaBar | 0.12 0.26
CDF 0.08 0.10
ATLAS| 0.02 0.14
LHC-b | 0.01 0.05
TESLA| 0.04 | 0.07

Not the best, but interesting cross check!

S‘nl\\‘\\\‘\\\‘\\\‘\\\l
SN
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Branching ratios BY — 7Y Bt — 7T+7TOI

e needed to disentangle direct from penguin contri-
butions in B! — 77~

_|_

e only possible in eTe™ -machines

e Needs at a linear collider:
— b-tagging opposite to signal hemisphere for bb-
selection

— anti-b-tagging in signal hemisphere to suppress
other b-decays

— good calorimeter resolution (mainly spatial) for
mass measurement

10 =T 71T ‘ L ‘ T T 7T ‘ 1T 1T 1 50 %\ L L L \\\\4

3 [ 13 7 ]
O - 19 N ]
8 8 0=10MeV 18 40 0=120MeV -
o L 1 O L i
g o b 12 4 f ]
5 i 15 30 ¢ E
5 L ] 5 L i
4 1 2 :

2 |- -4 10| =

0 k\ I ‘ L1 | ‘ I I - ‘\ 117 0 - L1 1 \\\\‘\\\\‘ l_\lr—li

4 45 0 5o 0 55 6 4 45 . 5+ 0 55 6

B"5 mtmt mass/ GeV B'5 1T mass/GeV

(Resolution depends strongly on the calorimeter de-
sign)
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Finally a signal should be seen above background

S 140 FTTTTTITTTITITITTITS qg00 [T T
§ 120 & = § 1
o 1 o 800 N
7 100 1% 1
% 80 é %600 *;
60 f 400 ]
40 - ]
] 200 —
20 7 1
0 0 el
4 45 5 55 6 4 45 5 55 6
B% ®r® mass/ GeV B*5 17’ mass/ GeV
ABR(B*—7T7") | ABR(B"—7"7")
BR BR
(5-1079) (2-1079)
BaBar (300 b~ 1) 11 17
GigaZ (107 Zs) 15 24

Competitive with 10” Zs, leading with 1019 Zs
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B SPs—oscillationsl

e “oolden” mode: By — Dgm, Dy — ¢m, KK can
be reconstructed almost background free

e proper time res. dominated by vertex res.
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e resolution limit around Amyg ~ 80ps™?
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Conclusions on lower energy running]|

e With less than a year of running on the Z huge
progress on some important electroweak precision
observables can be made

e With an additional year around the W-pair
threshold also a significant improvement on myy
can be obtained

e [t seems that with some effort at Beijing/ Novosi-
birsk the running of a: can be measured to a high
enough precision

e Only with the precise data from TESLA the ex-
perimental measurements can match the theoret-
ical predictions after the Higgs is found

e Some interesting cross checks in B-physics, how-
ever no “golden channel” (yet)
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‘[0 Conclusions

e A linear collider with an energy range of about
1 TeV can do a lot of precision measurements in
— top physics,

— Higgs physics,

— electroweak gauge bosons,
— Supersymmetry;,
—extended gauge theories,
— B-physics.

e In many respects the linear collider is complemen-
tary to the LHC and we need both to understand
how electroweak symmetry breaking works.

e The motivation we have from the present experi-
mental data is strong enough to build the LC now
and not to wait for the findings of LHC.
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