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» Will try to convey the simplicity, elegance and power of
e"¢” collisions for investigating physics with missing energy.

* [ am very concerned that this workshop will lend scientific
credence to the fallacy that LHC results are essential to an
ILC green-light.

— This may be the political reality, but as an experimentalist with
experience of e"e” and pp, I can not fathom this logic.

— A properly designed linear ILC with scope to extend Vs, is a
unique machine 1n 1ts own right, and from the scientific
perspective could have been started more than 10 years ago.




Doing Experiments

* We do experiments because we do not
understand our world that well.

— We will learn by doing experiments and probably
find many surprises.

— Ask many questions we never thought of.

— Historically, progress has been made with a broad
range of instruments — but in particular hadron
e"e colliders




"~ The Nature of e*e- Physics with ILC

nternational, Linear Collider

Flexible (can really experiment)
— s adjustable

— Beams are highly polarizable
» ¢ for sure (80-90%). e* very likely (40-60%)
— ee option. Perhaps vy, €Y.

Clean

— Signals can be extracted from background with relative ease and high efficiency
Kinematic Constraints

— Beamstrahlung degradation comparable to initial-state radiation. Beam energy known.

Complete

— Detection of individual particles over close to 47

Calculable with High Precision

— Excellent and valued work by a few theorists. Leads to good understanding of S and B.

Triggerable

— Actually, no trigger required at all ! (=> all visible decay modes are feasible)

Precisely Normalizable
— Precision of few %o achievable — absolute cross-section measurements




Kinematics 101

Initial State Visible Final State

(\/ S, O) (Evi59 pvis)

\ Invisible Final State
\

) (\/S _ EViS’ ; pvis)

So, assuming (E, p) conservation can measure the 4-vector of
the missing system, and thus the missing mass.




There 1s still a very
strong peak at the
nominal energy.

But, ISR and
beamstrahlung do
happen, so the
measured quantity also
includes the mass from
those possible
additional photons, and

any particles
undetected at low
angle.

~constraint reasonable ?

no beamstrahlung

10 + with beamstrahlung

' Not so different to
| usual effects of

F initial-state radiation
-for 500 GeV designs
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lcos(Z™) 1 < 0.8

Recoil Mass, GeV

New particles decaying
invisibly can be
reconstructed from the
missing mass (aka
recoil mass).

Example here shows
that the Higgs mass
can be reconstructed
without knowing the
decay modes. In
particular the Higgs
could decay 1nvisibly.




Sources of fake missing E

Internationt, Linear Collider T
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proton - (anti)proton cross sections
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e N ILC: Large cross-sections for Bhabha and

1

Vs (Tev) two-photon processes. Use characteristic
electron signatures to reject.

LHC: jets

Genuine missing E predominates above
WW threshold.




Kinematics 101

Initial State Visible Final State

(\/ S, O) (Evi59 pvis)

Undetected Final State

Major 1ssue 1s when N
s—E. .., - P

close to beam energy ( vis» = Puis)

electrons escape below

the detector acceptance Kinematic rejection of fake missing E by

with 6 <60 min. requiring: Pt vis . (ZEbeam B Evis) sin emin




Why is hermeticity important ? I

31mulat10n
“e"e” — smu’ smu’ e e —ete o u

W“FT
IAS ViV

clust""élf____

Only difference between supersymmetry and 2-photon event 1s the
observation of an electron in the FDET balancing the di-muon p



M, M, p)/M,_. = 2.8%, 5.6%,11%
Vs=189 GeV

i

1] 0.0z 004 006 008 0.1 0,12 014 016 018 0.2
pT/Eb

Red: eepu background
1{b/bin signal : smuons (M=90 GeV)

Generically, ANY missing
energy signal will have this
kind of background from
“single nearly tagged” and
“double nearly tagged” eeX

events.

Add on to this resolution (red
peak broadens a little).




neutralino mass (Ge'\_/')
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; Expected limit (BR2=1.0)

right handed stau mass (GeV)

Comprehensive search: efficiencies as high as 90% ! Definitive exclusion over all

kinematic parameter space, apart from in small mass difference corridor (driven by

0

of =25 mrad).
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... Kinematics 201: Pair production

et e — X X-

Initial State Final Intermediate State

(\/ )
(Ex, - Px)

~—

\(EX9 Px)




... Kinematics 201: Pair production

ete > X" X —> fX0XO
Initial State Visible Final State

(\/ S, 0) (Evi59 pvis)

22
v s e ;‘; e v

\ Invisible Final State
\

) (\/S i EViS’ - pvis)
Use energy end-points to measure my and myo.

Missing mass will exceed 2 myo
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. oggoXXi Ma.rtyn. ' \

L ® L =10 6! /point

Using polarization, can reconstruct
chargino mixing matrix
unambiguously (independently of

Mass from [ rise at threshold neutralino sector)

Use threshold scan and polarization to explore the physics



Detector Requirements for

Missing Energy Signatures

Hermetic coverage to low angle especially for electrons
and photons.

Robust and accurate measurement of the visible particles.

Missing E resolution in the hadron collider sense 1s
close to irrelevant.

— the major backgrounds are sources with genuine missing E
(ZZ, WW, Zh, tt)

— the exclusive nature of event selections often render many of
these backgrounds moot.

— Can use Vs and beam polarization to control




also 4th

particle-by-particle reconstruction of hadronic jets
with unprecedented jet energy resolution.

Detector R&D 1s focussed on approaches which
emphasize precision vertexing, precision tracking and
particle-flow calorimetry. Very different from LHC.




Higgs event

After removing the 2 muons,
All the rest of the event is
Coming from the Higgs decay

N\

N Ay, ‘ Higgs , the restis “noise” [\
] e a———— =

LHC will discover
(open the doors)

ILC will probe the underlying
theory (turn on the light)

ILC — TB workshop — FNAL Jan 07

Detectors are necessarily radically different and challenging in their own
right. Radiation damage and speed (ATgzy) NOT major issues for ILC.




Is detecting electrons and

Internationt, Linear Collider

rphotons all I need care about ?

To first order yes (it 1s an electron collider — and the
electron and photon populations are large)

* To be really sure you have genuine missing energy you
also need to care about

— Missing muons. (the FDET region needs to aim for MIP
detection)

— Missing taus

— Missing jets

— Missing neutral jets

— Missing softer wider angle electrons and photons
— Extraneous muons (cosmics, halo ...)

— Eftc, etc.




Muon hermeticity

Ane'e —e'e LW

data event with a
forward muon

escaping the tracking

acceptance.

Run:event 8202: 5549 Ctrk(N= 4 Sump= 14.4) Ecal(N= 12 SumE= 10.9)
Ebeam 91.40 Vtx ( -.04, .10, .40) Hcal(N= 2 SumE= 2.7) Muon(N= 1)

Missing muon 1s detected in forward MIP-PLUG
scintillator (not shown) and such events are vetoed




W< Electro-magnetic Hermeticity ~

OPAL detector was designed so that large missing E-
cannot be faked by undetected electrons or photons

SN s,
/

L AL

|

T s

Continuous EM calorimetry to 24 mrad (99.97% of 4r)

A 100 GeV electron in the beam-pipe carries at most 2.4 GeV of p;



= 1 | = . =
LCAL R 00 mm LHCAL Ri= 120 mm BCAL R; 20 mm & 15 mm
Re= 350 mm Ry= 290 mm R.= 165 mm

2= 2270 mm 7= 2500 mm zy= 3550 mm IJ>x< — 405m

z3= 2470 mm Za= 2990 mm Ta= 3750 rmm

Figure 66: New design of the forward region for the 20 mrad crossing angle geometries.
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Figure 1: Energy deposits [GeV /cm?] from beamstrahlung at /s = 500 GeV for head-on
collisions (left) and crossed beams (right) in a plane perpendicular to the beams at 3.7 m from
the iteraction point [10]

Old plot from 2004 .... now more realistic




%'<" Forward electron detectabi
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Detailed predictions
depend on machine
design, eg. crossing
angle, detector
designs and machine
background
modelling.
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oo
o

(=)}
o

®E = 50 Gev

WE - 100 Gev Also some effects
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Efficiency turns on in the 5-10 mrad range.

This 1s a factor of about 5 better than a typical LEP2 detector.




28

Comparing e"e- and hadron colliders

TRIGGER
STRAIGHTFORWARD

Initial beam particles are
fundamental fermions. Energy

can be adjusted, and beams
— | can be polarized.

Collide hadrons.

Quark and gluon constituents of the
hadrons participate in the

(accompanied by the remnants of
“the 1nitial hadrons)

No control over which partons
actually C(zllide, and at what energy,
TRIGGER = THE \'s ® Vs, and collisions are

CHALLENGE boosted
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™ Comparing e*e and hadron colliders

Internationt, Linear Collider

* A prevalent opinion is :
— LHC 1s a “discovery machine”
— ILC 1s a “precision machine”
» “will happen 1f/when discoveries are made at LHC”
[ often compare :
— ISR (63 GeV) / SPEAR (3 GeV) (JAy, 1)
— Tevatron (2 TeV) / LEP (0.2 TeV) (top)

« And assess whether it makes much sense scientifically to couple the ILC
decision to LHC

— LHC (14 TeV) /ILC (0.1 — > 1 TeV)

* Bottom-line. Just plain different. ILC 1s complementary
both in a quantitative and especially qualitative manner.

— Results from LHC may help refine and prioritize the physics
program, but fundamentally the Vs © 500 GeV physics program
has been sensible since the top discovery
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Example post-LEP SUSY spectrum

SPS la

mg = 100 GeV,

myyp = 250 GeV,

J!-JI- e
L1

iR

Tl

Ag=-100GeV, tanf=10, pu=0
q
_ I tz
ULy Of e =
UR, O], e— E"E
by
X3
X3 XT
v

Particular models have
well defined
relationships between
sparticles.

Squarks, gluino
expected to be most
massive (easiest to
produce at a hadron
collider)

Sparticles with only EW
interactions are
expected to be much
lighter (difficult to
produce at hadron
colliders, but easy at
lepton colliders)

Note: mMSUGRA mass
splittings are large




LHC 1s well suited to
production of squarks,
gluinos.

— Perhaps even with a MET
signal, there will not be any
additional channels observed
(besides a light Higgs)

— Deciphering cascade decays
could be challenging.

ILC ideal for systematic " I etom e e e

ol \\ \\ Ecmns (Ge
ols ks

Is LHC really gomg to rehably tell us
that the above 1s excluded ?

Kz ||

approach to charginos,
neutralinos, sleptons.

In the last 7 years, the Tevatron has not

advanced our knowledge of these sectors
beyond that of LEP2.




- Perhaps the question to LHC ...

Is there significant model-independent sensitivity beyond that of
LEP2 for directly produced weakly interacting sparticles ?

350 -.I rT‘llslu|Glnlli!‘l tIa|r'lszl1lnl |AI0I=IDI!-|I:I.DI TTTTTTTTT I: ; These plots
. E-r‘ Lsp —allOSSF |cms ; : barely go

beyond LEP2,

, and still make

0 Y the usual

- o ;{4&"053 F favorable

1o ! = m, = 103\GeV .

' | : | assumption

Ll e ; ; — that .AM:MPSP

0 500 1000 1500 2000 2500 3000 e 000 1500 2000 2500 3000 leadlng tO hlgh

m, (GeV) m, (GeV) MET

3 | NO EWSE

A -

Figure 13.28: Discovery reach of tri-lepton from the pp — igﬁh production at £;,,,=30 b1
for all SFOS lepton combinations (dashed) and for the tri-muon final state (solid) including
systematic uncertainties from reconstruction. (left) for tan 3 = 10 and (right) for tan 3 = 50.




Another question to LHC

Suppose:
— A light Higgs 1s found. Consistent with SM, SUSY.
— Only a jets+tMET signal is found at LHC.

What is the minimum Vshat involved in the signal ?
— Can we estimate the e"e” production threshold reliably ? (not clear).

Can the signal be produced 1n e"e". (does it couple to the v, W, Z, h) ?
— Presumably no info will be available.
— Maybe it’s a gluino. Seems to me e"e" 1s probably irrelevant for direct tests of
such hypotheses.
Is there ANY robust logical inference on the masses of lighter
particles that can be made, eg. M, ¢p 777

Be careful what you wish for !
— You may find that LHC can’t tell you very much of value in diagnosing this
new physics.
— And that ILC at any energy may not be a useful diagnostic tool for your
particular hadron collider signature.




" Another question to LHC

If and when we give up on Vs = 183-208 GeV ADLO
mSUGRA assumptions, _

what fraction of the
(msquark, m; ¢p) plane will
actually be experimentally
accessible ?

[E—
o
—

M, (GeV/cY)
oo
S

(@)
-

Can we have model
independent limits for the - — Observed
squarks and gluinos ???, Expected
analagous to the slepton ~ Excluded at 95% CL
searches at LEP2 with | 200GV wpely)
coverage to low MET ??

50 60 70 80




Conclusion

* Given the opportunity, the ILC will excel at investigating
kinematically accessible missing energy signals.

Energy extensibility 1s the key to a successful long-term
physics program.

LHC data will be interesting

— Maybe there 1s a very rich SUSY-like structure.

* And it will be obvious that the ILC has a primary role to play in probing
more directly aspects of an initial LHC observation.

* The “Higgs profile” would then take a back seat.
— But given the nature of SUSY production and decay, it may be
very challenging to convert a robust experimental discovery at

LHC (inconsistency with SM) into sharp hypotheses which
merit immediate alteration of the ILC run plan.

— Can low mass colored sparticles hide from LHC ?
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Standard Model

processes in e'e”

(this first plot has more
of the 4f, 6f processes)

New physics
processes tend to
have cross-sections
comparable to
standard processes




. 1 . | . 1, 1 . 1%, 1
—100—-56C C &0 100 100-50 0 &0 100

Re(M,) [GeV] Re(M,) [GeV]

Similarly 1n the neutralino sector, measurements of masses and cross-
sections yield unambiguous determination of the U(1) mass
parameter (M, ) and reconstruction of the neutralino mixing matrix.

=> QQuantitative understanding of the dark matter candidate couplings




Mrenna E.,,=600 GeV, L=50 fb™

Standard SUSY Search

yv+Secondary n Vertex

Terminating Track Decaying to

Stable Chargino

100 120 140 160 180 200 220 240 260 280 300
Chargino Mass (GeV)

Experimental methods exist for
exploring chargino-pair production in
the complete (mC, mLSP) plane even
at low AM

Many of the solutions
adopted to get acceptable
relic densities in SUSY, have
nearly mass degenerate
sparticles. Eg. stau co-
annihilation.

In such cases, SUSY
detection at LHC will be
harder.

ILC, with 1ts ability to detect
low missing E- topologies,
would have unique
capabilities




Stermion Mixing

Example for stop (stau, sbottom similar)

* The chiral nature of the
SM and theories like
supersymmetry, makes
polarization an
invaluable tool for doing
this physics.

_ polarization e”/e” 0.8/0.6
177 178 179 180 181 182 183 184
m(stop) (GeV)




mspsia LHC LC LHC+LC mspsia LHC LC LHC+LC

111.6 0.25 0.05 0.05 399.6 1.5 1.5

399.1 1.5 1.5 407.1 1.5 1.5
LHC ‘ 97.03 48 005 0.05 ' 182.9 ! 1.2 0.08
. . ‘ 182.3 0.55 0.55 ' 370.6 3.0 3.0
1s highly g | 6157 80 6.5

: _ 411.8 2.0 2.0
scenario 520.8 7.5 5.7

dependent. i | 5510 190 16.0
549.9  19.0 16.0

5499  19.0 16.0
551.0  19.0 16.0
144.9 4.8 005 0.05
144.9 48 0.2 0.2
135.5 6.5 03 0.3
188.2 1.2 1.2

[LC brings precision and thoroughness Can 1magine testing the
to measurement of masses of dark matter relic
kinematically accessible sparticles abundance calculations




Bottom-up approach : from precisely measured sparticle
spectrum at low energy — evolve measured masses to high scales

1/M; [GeV~1] Allanach et al. (b) M2 [10° GeV?]

0.01 , 400
0.009 Gaugino mass

0.008 unification ? 300

M,
0.007
0.006
0.005
0.004
0.003
0.002

0.001
U ard I Y Y Y l|1|1| 1] I|‘|Iq|. ||1 :|| i I A N A A Y A T T T
1 10° 10° 10" 10'%10'® 102 10° 10 10" 10'*10'®
Q) [GeV] Q) [GeV]

Dy O U B L

Scalar mass

. .o
200 unification ¢

100

0

(mSUGRA models)
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"~ Precision Tests of Supersymmetry

Test the 1dentity of the Yukawa couplings g/\ (f f \7)

and the gauge couplings g(f f V), and g(F £ \%)

a ete™, /s =500GeV, L = 500fh~1

0.03
0.02}
0.01}

of

SU(2) coupling

0,004 -0.002 0
§/g —1

U(1) coupling




o xBR [fb] P, = 4+90%
300 . .
/3 = 500 GeV

250 7

200 | -4~

150

100 r

B) For some channels, eg. selectrons it
really helps (distinguish the and green
processes)

Many more details
see hep-ph/0507011
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