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Physics Motivations for ete- at and beyond 1 TeV | Rl

Precision Study of Rare/Suppressed SM Processes:
Higgs Sector: gy,,,s G4y fOr Intermediate My, 9y Gy

Access New Thresholds at the Tera-scale:
|dentify nature of New Physics and its connection to Cosmology

Probe New Phenomena beyond L HC Reach:
Precision study of EW observables

LAWRENCE BERKELEY NATIONAL LABORATORY




Physicsand Experimentation at and beyond 1 TeV ||

Physics Signatures

Independent of Physics Scenarios can we identify | | Isthe study of these Physics
Physics Signatures most relevant to e*e” physics Signatures enabled by the
at 1 TeV and beyond ? Accelerator Parameters ?

Reach and Accuracy

|s the Physics Reach complementary |s the signature e*e” Accuracy
and supplemental to the LHC capabilities 7 preserved at 1 TeV and beyond 7

Experimental |ssues

|s Particle Flow applicable Are the Forward |s accurate Jet Flavour
to multi-TeV collisions 7 Regions exploitable 7 | | Tagging possible 7
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Physics Slgnatures at Multi-TeV ’\| .-n

missing E " 0.8 TeV

Resonance Scan
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How isphysicschanging from 0.2t0 3 TeV 7 | F
—

BERKELEY LAE G

SM Processes
vs. E.,, (TeV)

E.__ (TeV)

cim
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Observablesfrom 0.2 TeV to 3TeV (SM Evts) e

Jet Multiplicity

Parton Energy

0.2 0.5 .
32 64 110

Parton

B Hadron Decay Distance

v/'s (TeV) 0.09 ). 0.5 3.0
Process 7" 7 Z HTH= | b

25 | 9.0

hMeE-'ph /0103338
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Precision Study of Rare/Suppressed SM Processes
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TheHiggs Boson and CLIC
gg QH

BERKELEY LAE G

/

L]
ML, (GeV)

-~
‘\“x,_
LN
OO
/ "

N

o band for m, WA

%, B8%, 99% QL fit contours incl.

L, IN€asurement and direct Higgs searches

3%, 95%, 99% CL fit contours incl. mmp WA

S

Flaecher et al. . De ROeck,
ar Xiv:0811:0009v2 hep-ph/0211207




TheHiggs Sector at CLIC: Light Higgs Profile ’\| p

Bar klow, hep-ph/0312268

Higegs Mass (GeV)

L Vs (GeV) el (%) 120 140 160

Ecm
0.35TeV 0.5abt!
0.50TeV 0.5abt!
1.0 Tev 1.0abt
3.0 TeVv 20abtl TRy V"

Pol: e 80% e+ 50% 11-H =160 Gev M_H = 120 GaV pol

M_H =160 GeV (pol
_H =200 Gev
TESLA-TDR 2001 I4_H = 200 GeV (pol
Kuhl, Desch, L C-PHSM-2007-001

Bar klow, hep-ph/0312268

M B, DeRoeck, hep-ph/0211207

MB, J Phys G35 (2008) 095005

» | _J
M_H = 120 GeV/ - M_H = 120 GeV
® M_H =160 GeV - M_H = 120 GeV/ pol
B M _H- 160 GeV (el

1000
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Fermion Couplings: e'e = v.v.H° = bb —_—
#F“H\\I

BERKELEY Lac il

Large WW fusion cross section
yields samples of (0.5-1) x 10°
H bosons,

Evis/ ab’

B
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Gain in cross section partly
offset by increasingly forward
production of H, still within

| cosf < 0.92 thereisal.7 x
gain at 3 TeV compared to 1 TeV.

1

- IE:E{}I I IZI;E-I I ISIEII:I
bbh Mass (GeV)

ER (H = bliuy)

My (GeV) 0 grvb / GHbb
180 0.016
200 2 0.025

——— 220 0.034

LawRENCE BERKELEY NaTionat Lasoraro~ JRURITIEE
LAWRENCE BERKELEY NATIONAL LABORATORY hep-ph/0211207
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HRH

BERKELEY LAE G

Events/0.5 GeV/c?

: *@m#

i 'i
1 L1 IR ...
130 140 150

e Invariant Mass (GeV/c?)

@

My (GeV)  Nb. signal evts.  Nb. bkg. evts. S/vB  SBR/BR

120 229.6 161.1 151 0.086
130 153.1 88.1 16.3 0.101
140 103.2 64.3 2.9 0.125
150 68.1 58.1 9.5 0.160
155 681 58.0 52 0.253
160 12.1 33.0 2.1

NATIONAL LAGNORATOR Y BYESENAWVeRINE00):)
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CLIC promisesto preserve L C signature capabilities for nggs studies
at large boson masses:

The Higgs Sector at CLIC: Heavy Higgs Profile | e

Decay-independent Higgs observation Possible sensitivity to triple Higgs
and mass measurement in e'e- = ete” HY | | coupling for heavy Higgs bosons

Recoil M ass
In eteX for
M =600 GeV
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MB’ LAWRENCE BERKELEY NATIONAL LABORATORY
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Experimental | ssues

Tag and measure ~250 GeV
forward electrons in presence
of yy = hadrons background

CLIC 5 TeV

He'e™

0D 40 JaE L 512 110 ]
Eleciron Folar Angle {mrad]

]

QRH

BERKELEY LAE G

Simulation shows that background
IS manageable down to 300 mrad
for hadronic jets and 100 mrad for
Isolated energetic el ectrons,

CLIC1BX |

MB
' LAWRENCE BERKELEY NATIONAL LABORATORY

hep-ph/0103338
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Access New Thresholds at the Tera-scale
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Which isthe scale of New Physics ? cece ;

BERKELEY LAB

Waiting for LHC results, many attempts to define "most likely"
region(s) of parameters based on LEP+Tevatron, low energy data
S ™~
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How Many Observable Particle ?
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Ich | ICS ? ceceeet] o
Which isthe scale of New Physics “ Q\I

BERKELEY LAE G

1) cMSSM withM,,,an* ¢, M,,, (g — 2),,, BR(b — sy) constraints
and m, tuned to match Q.p,,h? at various tan 3 values

_|||||'|||||||||||||_
CMS3M, u>0,m =172.H

' o fanf=35,A =0 ]
. o lanB=33A=+m,. 7
o fanf=35,A;=-m,,

;.;'_2 [todday)
%~ (today)

tanB=351 1 | tan B =50 |:

TR 800 m 600 600 1000 U0 20 400 800 800 1000 1200 1400 1600 1800 2000
) m,, [GeV] m,,, [GeV]
My [GeV] 7 i1

Elliset al.,

LAWRENCE BERKELEY NATIONAL LABORATOR Y RGNS (2006)
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Which isthe scale of New Physics * jq”

BERKELEY LABE \\l

2) cMSSM with 15 constraints 3) NUHM SUSY with 15 constraints
(EW, B physics, (g-2),, and Qcpyh?) || (EW, B physics, (9-2), and Q1)

NUHMI1

2 — 1

M ost Probable
Spectrum

Stunnfller 4.9,
JHEP 0809 (2008)
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2) cM SSM with 15 constraints
(EW, B physics, (g-2), and Q¢p, )

allowed region largely extends
towards high mass solutions

tanf=10,A;=0,u>0
— jets + MET (CMS)
* 0 lepton + 4 jets (ATLAS)
- 1 lepton + 4 jets (ATLAS)

SS 24 (CMS)
Higgs (2/fb ) (CMS)

full CMSSM
parameter space

68% C.L.
95% C.L.

N EWSE
[Tl |_|I L1 J_L i J_I. L |
1400 1600 1800 2000

Buchmuller et al.,
LAWRENCE BERKELEY NATIONAL LABORATOR

JHEP 0809 (2008)
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Which isthe scale of New Physics ;\|\ |

BERKELEY Lac il

4) In scenarios with gravitino LSP,  These scenarios indicate very large
long-lived staus may form sparticle masses, even too large for

metastabl es states with nuclel detection at LHC but well suited for
affecting Big Bang Nucleosynthesis, CLIC:

All(By<0.4)

T T T T T -4 : II;I ! S L !
1

2000 3000 4000 2000 2500 3000 3500 4000 4500 5000

m;, (GeV) s (GeV)

LR EEL
hep-ph/0203121
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SUSY Heavy HiggsBosons: M , —tan B3 Q’]

1

0.9
0.8
0.7
0.6

CLIC3TeV

0.4

0.2
0.1
0

Allanach et al .,

LAWRENGCE BERKELEY NATIONAL LABORATORY|
LAWRENCE BERKELEY NATIONAL LABORATORY PRD 73 (2006)
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SUSY Heavy Higgs Bosons: M il )

BERKELEY LAE G

1) cMSSM withM,,,,Sn” ¢, M,,, (g — 2) ,, BR(b — sp) constraints
and m, tuned to match Q- h?

CM3SM, u=0

tanp =50, A, =0
tanp = a0, AD =+m, .
tanp =30, A, =-m, , )
tanp =50, A =+2m, ;7]
tanp = a0, AD =-2 m, ]

{

CLIC3TE

CMSSM, p =0
tanf =10, A, =0
tanf = 10, Aﬂ =+m

M G/CLICL TeV
ILCICLIC 1 TeV.

&

112

tanf =10, Ay =-m,, _|

tanfi =10, A =+2m, o
tanf=10,A =-2m . |

e 0®
>

-

'l FETE « PP T Aeee e A N PR AT R L oo aal 1 ' NS NS N EE

0 200 400 600 800 41000 4200 1400 1600 41800 2000 500 1000 1500 2000 2500 3000
M, [GeV] M, [GeV]

Elliset al.
LAWRENCE BERKELEY NATIONAL LABORATORY| ’
LAWRENCE BERKELEY NATIONAL LABORATORY JHEP 0502 (2005)
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SUSY Heavy Higgs Bosons: M il .

BERKELEY Lac il

5) String-inspired Large Volume Scenario SUSY with MCMC in
Bayesian statistics formalism

Flat
TEWSB
rofile

>
l_
—
O
_I u
O
S
—

a - - - Allanach et al .,
_AWRENEE ERKELEY ATIONAL ABORATORY JHEPO808 (2008)



LHC/ILC/CLIC Reachin M, —tan B ;

BERKELEY LAB
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SUSY Heavy HiggsBosons: M , —tan B3 Q ;

BERKELEY LAE G

L ower energy L C Higgs data interpretation requires
excellent control of parametric and theoretical uncertainties:

1-'5
fop ILE 330 ILC 1000

max .
my  scenario : mﬂ‘la}: scen. !

Ay =25

125 GeV | _ i [my, = 125 GeV

I : ( e -
B |
3
\ 120 GeV'

| 3 1’ | |

500 600 700 800 900 1000 1100 1200 1300 1400
M, [GeV]
Droll and L ogan,

LAWRENGCE BERKELEY NATIONAL LABORATORY|
LAWRENCE BERKELEY NATIONAL LABORATORY PRD 76 (2007)




2HDM Moddl: M, - tan B ,

reeee) §

BERKELEY LAG IR

95% CL excluded regions
i R,
505 — X.7)
B B(B — 1v)
[ 1B(B— Dtwv)/B(B— Dev)
m = B(K—uv)/ B (t—puv)
smmane B(B — 1v)

Combined fit (toy MC)

LEP 95% CL exclusion %
III|IIII|IIII|III

30 40 50 60

a - - - Flaecher et al.
AWRENCE ERKELEY ATIONAL ABORATORY arXiv:O811:OOO9V2



y

' . =+ ' A
Heavy Higgs Bosons. H Tat 3 TeV Q )

BERKELEY LAE G

CLIC 3TeV

(TeV)

LH] L L ] L L ] q
[ ]

® =¥~ Combined

® H'H — thtv,

= H'H — tbtb

=
Y
3
=
E
=
Y
L
-
o
O
A

-

Ferrari, Pramana 69 (2007

Barrel ECAL
Mokka SID

ge/jét m t|p|| ";
%v (apéin caloriméters ™"
study distance (charged particle to
closest cluster) (full G4 simulation)

\II\|\III‘I\II|III\||'I'|II‘I\II|\I\I|II\I‘IIII|\

L T ! !
100 150 200 250
Closest Track Energy Deposit (mm)

o
(3.
(=]

< |
ot

LAWRENCE BERKELEY NATIONAL LABORATORY
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Heavy Higgs Bosons: H* at 3 TeV p— ;

IEERKELEY LAB“

2 i\ ' T e i
g = Iq\ %tbtb at 3 Tey / : 1. = 94 £ S+B after kinemctical fit _ |
oty N D { eyl - M ;=900 GeV
'."ﬁfr__'l‘:.,!;;: b Mon f0d E 4 "/ -"r'- ':l'. ' . \ - ' :

Gl gy b oo (H)=8037-05GeV
i |

-

m (H)inGeV

r o) At -
fy ] et ]
- 'y s ar &
» o \ £ Bt ; 4 - =
e s
. . g - 1 8 ar T o ]
o e E Pl - N 5 e oy e i
d R 5 o L~ ! - L) .
1 - . L A N ,
/ Nk ) W - o0 60 300 10 00 1100
L g 7 3 a q b H o |
LT . v
i Lr
LTI L B 4 ]
. 1 - Dl 4
« A R ]
' 1 5 ¥ [ I" 1,

OMpg
— — =0.01 % — =
My ~ o(ete — HTH™) x BR(HT — tb) o

NN/ /17 by RS N4 Ferrari,

LAWRENCE BERKELEY NATIONAL LABORATORY in CERN_2004_005




Analysis of 1 TeV Evetsith IL.C Detasrri——d.
th LDE \ L
Study ete- = HA - bbbb with LDE€ L

m L'y -
L

T |

Q-7 givestight requireme .‘/“ ! ﬂ
M, £1CeV i
—HDAD

M A" (UP)

AN

CL

i

|C 3TeV

— Combined
*A'H" s bbbb
*A'H st

* A"HY s tibb
*

+*
*

1 1 _L 1 1 1 1 I 1 1 1 1
10 20 30
tanf

400_ 450 500 550
Di-jet Mass (GeVi/c)

VI €l 8 LAWRENCE BERKELEY NATIONAL LABORATORY Fer ari’

PRD 78 (2008) Pramana 69 (2007)
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BERKELEY LAG IR

B E J H [ vED
= 20 No. C 3000
observable ps % SUSY —» |UED
s - - - - —— - 4 == ta,ha
.- ;A A ;A o a )
2000 "
= : e — HAHY
5 - . 8,3 | == &R
E‘ 1300 } = LK - —- =
a Ttk =20 —— £%&t
: . 1000 - — -4 - —_— Ta,EL, P — iz
C D 1r0 — - —T
sob_==:__ ________ = ______™" |E=irm
— st T .
=== __-0,:-(? _ — - —_ — - h

0.6

0.5

04

0.3

0.2

0.1

N P NS P P ST R
02 04 06 08 1 12 14 16 18

my (TeV)

po L1

LAWRENCE BERKELEY NATIONAL LABORATORY ait and Serva



]

Establishing the Nature of New Physics Q\I

BERKELEY LAE G

T
200 Gey
1 TeV

Emtries /0.1 2 Iy

L b/ GeV)

kinematics1

de”

G T T T

e W T

3040 60 50 107 040 60 50 100
B, (GeV)

500 GeW
= 3 TeV

Entrics /0.1 ab™

dr/deosé, (ph)

production angle

+  —=0=d
ete”—put T

MB etd.
JHEP 0507 (2005)
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TheLHC SUSY Inverse Problem cercery]
Q |

Given LHC data can we
Identify the nature of the
underlying theory ?

Parameter Space Signature Space

Study the inverse map from
the LHC signature space to
the parameter space of a
given theory model: MSSM.

43026 models tested 600 &=/ 1 TeV

In 15-dim parameter space
— 283 pairs of models have
Indistinguishable signatures
at LHC.

e ——
JHEP 0608 (2006)
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Solving the SUSY Inverse Problem at LC

Final State

Consider 162 pairs indistinguishable at LHC:

he M M

only 52% (85 pairs) have charged SUSY
particleskinematically accessibleat 0.5 TeV, |[REtes:
100 % accessible> 1 TeV;

L= T T
=2 I+ b+ H D+l
"lé:. ";:. My MHa  ha
Mot BH@

-

0T O SIMoI

W '_'."I:
e e o
i

| |

=1 '_-| ]
-
il

. 1
H
Do
“H

T
Fag ey

79% (57 out of 73 pairs) can be e
distinguished at 5 ¢ level at 0.5 TeV; Any charged sperticle

1-3 TeV data needed to extend sensitivity 33§ only

. V1 4 & only
and solve the LHC inverse problem over e
(amost) full parameter space. i
Vavs
Xa%s

Nothing

LAWRENCE BERKELEY NATIONAL LABORATORY Berger et a,
ar Xiv:0712.2965
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An UED Inverse Problem ;Q‘:.\.'

BERKELEY LAE G

Mapping UED the parameter space from measurements at
1 TeV and 3 TeV linear collider:

1L e
I _||_u..','|--- -
e it

- s
F R == i
S gl
. T T e T

-
2
—
—
=

h:4

L=

B0 (e'e = 41+

400 il I 1 : ] 1 i 2 29 3 . 10 20 30 40 30 60 70
R (GeV) 80(e"e = jets) [f1]

Bhattecherjot .
PRD78 (2008)
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Under stand SUSY-Cosmology Connection ;Q‘a\.'

BERKELEY LAE G

Dark Matter Density L C precision motivated by
S need to match Qh? accuracy
= | from CMB data (+ 3%0):

LHC || ILC-500 |} ILC-1000

2% | 18%|| 024%
82.%|1  14.% 7.6%
167%|] 50.% 18.%
205%|] 85.% 8%

ov
0.0121 f§ 165.% 54.% 11.%
0.547 §143.% 32.% 8.7%
0.109 § 154.% 178.% 10.%
0.475 § 557.% 228.% 20.%

axp)
0.418 | 44.%[] 4% 5.7%
1.866 | 62.%|| 63.% 22.%
ey L P srapeenb S 'C3 | 0.925 | 184.% 8.6%

o T 0C4 | 1.046 [150.% ] 1909 7.5%
Baltz, MB, Peskin, Wiszanski,
PRD74 (2006) LAWRENCE BERKELEY NATIONAL LABORATORY
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Study strong interaction of
andJ dentify resonance formation in the
TeV regiont

ample 2\J eV resonance with 12 fb

L [ I YN
[N AP R BRI BAPI ST IR ERAIN B B A N W L d o
600 800 1000 1200 1400 1600 1800 2000 2200 2400

LAWRENCE BERKELEY NATIONAL l-’. ORATORY DeRoeCk,
Snowmass 2001
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vy = hadrons background

0.01

0.001

Probability per event

0.0001 -
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Schulte, CL1C2008 E [GeV]

Charged-Neutral Particle
Distance in Calorimeters
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+— 15GeY track/ e rliister
o— 18 GeV frack/ 15 GeV cluster
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Minimum Distance (mm) dist[mm]
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New Resonancesat CLIC Qm
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++

" -7 e At TeV e'e ool

N7 —ppatdTeVe'e coll \

m=750 Gev
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P, Gen’ mass,, [GEWC?']

LAWRENCE BERKELEY NATIONAL LABORATORY Grefe, CLICO8
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New Resonancesat CLIC coceer) p

BERKELEY Lac il

L uminosity spectrum
effect on mass and width

reconstruction at CLIC:

Ne's'=e'e) /65 GeV

2900 2950 3000 3050 3100

5-point scan of broad E (GeV)
resonance (3 TeV SSM Z") —
V(g R /== @0 WMoz R0 a/o /@M Observable Breit Wigner  CLIC.0L  CLIC.02
two assumptions for M, (GeV) 3000 £ .12 + .15 + .21

f

luminosity spectrum D(Z)/Ts; 1. + .001 +.003 + 004

eff 40} " 2 l::'I / T 3 E' .
(CLIC.01 and CLIC.02) Tpeak 1493 +£ 2.0 564 £ 1.7 669 + 2.9

\'}"HBE% gé'iz (2002)
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KK Resonancesin ED Scenarios S S
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Observe interference

between Z and y KK
excitations accounting

for CLIC luminosity spectrum:

C
1500 2000 2500 3000 3500
E (GeV)

g"HBEePt gé'iz (2002)
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Probe New Phenomena beyond L HC Reach

LAWRENCE BERKELEY NATIONAL LABORATORY
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New Physics beyond the LHC Reach '/’Q\'ﬁl
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Precision electro-weak obsarvablesin ete = ff at 1- 3 TeV

SM4+7'

1
,J X 5 ‘xq Y. L\}LQ
'fj "j _11_{ Zf

o SM

Observable Relative stat. accuracy

8O /O for1ab™!

= 0.010
=+ 0.012
+ 0.014
+ 0.018
+ 0.055
+ 0.040

CUER LT SERAEIINE
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New Physics beyond the LHC Reach: ED ;\|\|

Reach for ADD model
scale M vs. integrated
luminosity for 3 TeV
and 5 TeV data:

L1l
A S0 BUG T LU0 0]

L{th™!}
M, = 6\6

CERN-2004-005

LAWRENCE BERKELEY NATIONAL LABORATORY
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New Physics beyond the LHC Reach: ED, Z Q\'

MB et al,
hep-ph/0112270

LAWRENCE BERKELEY NATIONAL LABORATORY
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HRM
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5 -l - - + - .-l o - .
lab . P=0238. e'e =l lab", P=08, a'e =bb
APP=05% APP=0g APP=)5%

P.=0.0: B B T

CLICG TeV): P06, dsys=03m. AL=0.5% [ I . _y
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’ ! 200
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MB et al,

LAWRENGCE BERKELEY NATIONAL LABORATORY|
LAWRENCE BERKELEY NATIONAL LABORATORY hep-ph/0112270
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Perform precision tracking and vertexing
accounting for beam stay clear and
hit density from pair background,;

Optimise pixel size, bunch tagging,...

2

particle density [l'nln'“trai|1"

LAWRENCE BERKELEY NATIONAL LABORATORY B illi-NeRIee):
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Theory | ssues ceecer]
Yy Q|

Anticipated experimental accuracy
In determination of EW observables
at and beyond 1 TeV, needsto be
matched by theoretical predictions
accurate at O(1%) to ensure
sensitivity to New Physics;

Electroweak radiative corrections
Include large Sudakov logarithms
S e verry \which will
contribute sizeable uncertainties

ceghy exp )
:egby Hoap

ceb, expi)

Example: at 1 TeV W-boson [T cedydies T
Corra:tl OnS Of the form - 1EIII][I | 15|IZII} I 1{I|IZII} 2300 I 3000 I 3500 | 4300 | 4500 I S00a
PO VENES] o ount to 19%. is

Beccaria
LAWRENCE BERKELEY NATIONAL LABORATORY )
CERN-2004-005




pursuing a technology able to offer ee~ collisions at, and beyond,
1 TeV with high luminosity;

CLIC offers unmatched energy range from 0.5 TeV up to 3 TeV
making it an extremely appealing option for accessing the energy
scale of LHC and beyond with e*e” collisions,

Physics potential at 1 — 3 TeV appears very rich, preserving the
signature e*e features of cleanliness and accuracy represents a
challenge, which needs a combined effort from physics

benchmarking, detector R& D, machine parameter optimisation;

Optimal balance between very high precision at high energy and
high precision at very high energy can be assessed only with first
LHC results at hand. For now enough to do tackling the issues above.

LAWRENCE HERKELEY NWTIONAL LABORAFOR Y/




