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e Introduction: Physics Landscape — Certainties and Unknowns

= The Standard Model = (Open Questions
== Models of New Physics

* Supersymmetry * Models of Strong Dynamics
* Little Higgs Models * Extra dimensional theories

e The Energy Frontier in this and the Next Decade

== The role of the Tevatron at Fermilab in shaping the next decade
* Precision Measurements

* Discovery of new particles or new bosonic or fermionic (SUSY) dimensions

= The Large Hadron Collider (LHC) at CERN:

Largest Potential in Direct Searches for New Particles

= A Linear Collider (LC), somewhere in the world:
Precision measurements testing Properties of New particles
* Particle masses * Couplings * Branching ratios * Spin * Parity

e Outlook
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The Standard Model '

The universe is made by matter particles: Fermions

held together by force particles: Gauge bosons, Graviton

SM —> Quantum field theory that successfully describes how all known
fundamental particles interact via the strong, weak and electromagnetic
forces =— based on a gauge field theory with a symmetry group

G = SU(?))C X SU(Z)L X U(].)Y

e Strong Interactions:

protons and nucleons formed by quarks, bound together by gluons (force carriers) mg = 0
Very strong at large distances — confinement: no free color particles.

e Electromagnetic Interactions:

electrons interact with protons via quantum of electromagnetic energy: Photon
Long range force — m~ = 0

e Weak Interactions:

Short range force inside the protons and neutrons — massive carriers W, Z bosons:
my ~ 80.5 GeV, myy ~ 91.2 GeV

Origin of mass of Z, W « spontaneous ElectroWeak Symmetry Breaking (EWSB);
SUR2)L xU1)y = U(1)em

Stmilar to Superconductivity
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Standard Model Particles '

There are 12 fundamental gauge fields:
8 gluons, 3 W, ’s and By,
and 3 gauge couplings g1, g2, g3

The matter fields:

3 families of quarks and leptons with same

quantum numbers under gauge groups

ELEMENTARY
PARTICLES

I II III

Three Generations of Matter

LrFermilab 95-759
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But very different masses!

m3/meo and ma/m1 =~ a few tens or hundreds
me = 0.5 1073 GeV, —£ ~ 200, L ~ 20

w

Largest hierarchies
m¢ ~ 175 GeV me/me o< 10°
neutrino masses as small as 10~10 GeV!

matter constituents
FERMIONS spin = 1/2, 3/2, 5/2, ...
Leptons spin=1/2 Quarks spin = 172

Approx.

Flavor Mass Electric

Flavor Mass  Electric

GeV/c? charge Gev/c2 Charge

Vg electrpn <1x10-8 U up
neutrino

€ electron |0.000511 d down

nuon <0.0002 C charm
M neutrino

/L muon 0.106 S strange

p_ tau <0.02 tt
T neutrino op

T tau 1.7771 b bottom
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Precision Tests of the SM

e The SM has been tested with very high precision (one part in a thousand)
at experiments around the world: CERN, Fermilab, SLAC

Winter 2003
Measurement Pull  (O™-0™)/g™Meas
32107123

m, [GeV] 91.1875%0.0021  0.02
r,[Gev]  2.4952+0.0023 -0.36
oy [nb]  41.540:+0.037  1.67
R, 20.767£0.025  1.01
A 0.01714 +0.00095 0.79
R, 0.21644 +0.00065 0.9
R, 0.1718 £0.0031  -0.15
AYP 0.0995 + 0.0017  -2.43
A 0.0713+0.0036  -0.78
A, 0.922£0.020  -0.64
A, 0.670 £0.026  0.07
A(SLD) 0.1513+0.0021  1.67 —
my [GeV]  80.426+0.034  1.17
rw [GeV] 2.139£0.069  0.67 r
m, [GeV] 174.3+5.1 0.05

3210123
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e Standard Model = the pillar of particle physics that explains data collected in the past

several years and provides description of physical processes up to energies of ~ 100 GeV.

However, it is only an effective theory.
— at least Gravity should be included at Mp; = 1019 GeV

e Many open questions

* origin of the mass of fundamental particles

% generation of big hierarchy of scales Mp;/myz = 107, mz/m, = 10'?
* connection of electroweak and strong interactions with gravity

* generation of hierarchies of fermion masses.

* explanation of matter-antimatter asymmetry of the universe

* dark matter

— crucial to get the complete picture valid up to higher energies, M p;

e Collider Experiments: Tevatron, LHC, LC (TeV reach)
our most robust handle to reveal the new physics that should answer these questions
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EWSB occurs at the TeV scale
—> New Phenomena should lie in the TeV range or below, within reach of LHC/LC

The Quest for EWSB
is the search for the dynamics that generates the Goldstone bosons that are the source

of mass for the W and Z.

Two broad classes of theories have been proposed:
= weakly interacting self-coupled elementary (Higgs) scalar dynamics

= strong interaction dynamics among new fermions (mediated perhaps by gauge forces)

Both mechanisms generate new phenomena with significant experimental consequences

Standard Model — example of weak EWSB

Introduce a self interacting complex scalar doublet =— Higgs

with non trivial quantum numbers under SU(2);, x U(1)y
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The Higgs Mechanism: I

The Higgs field acquires nonzero value to

minimize its energy
2,2, A4
V(g) = —m~¢~ + §¢

Higgs vacuum condensate v =—> scale of EWSB

e Spontaneous breakdown of the symmetry generates 3 massless Goldstone bosons which
are absorbed to give mass to V= W 7

* Interactions with gauge fields: g(i VvqbQVMQ — m%/ = gé Vvv2/2 — v= 174 GeV

* Mass to fermions via Yukawa interactions: 9o ff(DlELwR — my = \/§g¢ FFU

e one extra physical state left in the spectrum = HIGGS Boson with mass mé = 2)\v?

Present Data — no direct evidence of Higgs [mp, > 114.4 GeV (LEP2)]

but, electroweak observables depend logarithmically on m¢ via quantum corrections
= SM with weakly coupled Higgs is in excellent agreement with precision EW data
Mg, < 210 GeV at 95 % C.L.
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In weakly coupled approach, SM most probably embedded in Supersymmetric theory

fermion-boson symmetry = Stabilization of hierarchy/naturalness problem: Why v < Mp; ?

In the SM

e Quantum corrections to dimensionless couplings prop. to log(A¢ty)

Ac s — cutoff scale at which a more fundamental theory supersedes the SM.
e Quantum corrections to Higgs potential mass parameter: quadratically divergent!

To explain v >~ O(my ), either Ac¢rr < 1 TeV or extreme fine tuning to give cancellation

In Supersymmetry:

for every SM fermion there is a boson with same mass and couplings.
Cancellation of quadratic divergences in Higgs mass quantum corrections has to do
with SUSY relation between_couplings and bosonic and fermionic degrees of freedom

fa 'T_L:Ff 5 5 5 5
Am o<g¢ff[mf —mf] ln(Agff/m?b)
h h ' ;
R h h ‘*‘h No SUSY particle, degenerate in mass with
h2 =h? its SM partner, has ever been seen
fL ot —> SUSY must be a broken symmetry

e In low-energy SUSY: quadratic sensitivity to A. s is replaced by quadratic
sensitivity to SUSY breaking scale
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Minimal Supersymmetric Spectrum: I

Standard-Teilchen SUSY-Teilchen
A A
o ) (2%
Higgs GP: S 3 Higgsino
' Quarks . Leptonen . Kraftteilchen Squarks Q Sleptonen 0 SUSY-Kraftteilchen

e SUSY associates a complex scalar f L(r) to each chiral fermion fr, (g

e Minimal model: 2 Higgs doublets H1, H2 to generate mass to up and down quarks

and leptons, and have an anomaly free Higgsino sector

e SUSY Particle masses — depend on the specific mechanism of SUSY breaking
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If SUSY exists, many of its most important motivations demand some
SUSY particles at the TeV range or below

x Solve hierarchy /naturalness problem by having Am? ~ O(v?)

SUSY breaking scale must be at or below 1 TeV
if SUSY is associated with EWSB scale !

1200

[EEN
o
o
o

* EWSB is radiatively generated

masses [GeV]
(0)0)
3

In the evolution of masses from high energy scales 600
— a negative Higgs mass parameter is induced
via radiative corrections 400

200
— important top quark effects!

\
4 6 8 10 12 14 16 18

log,,(Q/GeV)
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* Play central role in unification of gauge couplings

SM:

All couplings tend to converge at high energies,

but unification is quantitatively ruled out

60

50 F

4 r

0t

20F

10 +

a) Standard Model

10> 10* 1% 10® 10° 0% 10 10"

1(Gev)

MSSM:

Unification at agyr ~ 0.04
and MGUT ~ 1016 GeV

60 |

50 |

40 +

30

20

10 t

e b) Mgysy =1 TeV

102 0% 105 108 100 102 104 90
1 (GeV)

Experimentally, as(Mz) ~ 0.118 £+ 0.004
in the MSSM: a3(Mz) = 0.127 — 4(sin® Oy — 0.2315) 4 0.008

Bardeen, M.C., Pokorski & Wagner

Remarkable agreement between Theory and Experiment!!
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* Large value of m; can be understood as a result from quasi infrared
fixed point of top-Higgs Yukawa coupling.

ag(M;)=0.118 my(my) =4.25 M gygy=mP®

100 [ T T T T |G ] 4
[ }‘%: 31— . }‘I:S'B
I tanf=1
b
5L D)
LY —_
c =
o ~ 2f [
- <
0.95
| —= —— 090 |
1 T — —
4 G-
] Ab—o.soxﬁi
1 1 1 1 1 O 1 1 1 1 1 1 1
100 120 140 160 180 200 220 2 4 6 8 10 12 14 16
me'e (GeV) logu (GeV)

fixing my, and as while varying hy (Mgyr) and h-(MguT) away from exact unification
— varying h¢(m¢) prediction tan 8 = v2/v1;  my = hiva

mf()le ~ hi(me)v [1 + %] sinf3  ~ (185 GeV)ht(m¢)sin 3

Bardeen, M.C., Pokorski, Wagner
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* Provides a good dark matter candidate —

Present WMAP satellite data has confirmed with great accuracy the cold-dark matter
density of the universe: 0.094 < Qcpah? <0.13

— SUSY dark matter candidate is likely to be the lightest neutralino with mass
possibly below 500 GeV and almost degenerate with the stau

1500 . , | 1000 , ,,,, e i
1 1 F i A%O, u>0 I
>0 - ta21§=40
—~ 800 3 3 3 .
g v — . E -
e — - :
g % o |
% 600 1 o a <11x10™"°
=
// _ - 7
2 | 400 |
/’//f | g f
| = é_ﬁ (‘“‘
c100 """" w0 2000 2500 200 SRR s
my, (GeV) 200 400 600 800 1000
m, ,[GeV]
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* Provides a possible solution to the observed baryon asymmetry

Baryogenesis at the electroweak phase transition:

* Start with B=L=0

* CP violating sources = create chiral baryon-antibaryon asymmetry in the symm. phase
* Net Baryon number diffusse in the broken phase

* Strong first order phase transition =—- baryon number violating processes are out of
equilibrium in the broken phase = preserve the generated baryon asymmetry

In the SM:
e EW Baryogenesis demands a Higgs mass below 40 GeV

— ruled out by experiment

e Independent problem: not enough CP violation

In Supersymmetry: both problems solve

e New bosonic degrees of freedom with coupling of order one to the Higgs
— sufficiently strong first order phase transition with a Higgs mass up to 120 GeV

e New sources of CP violation from the sfermion sector

== Another interesting feature: Allows natural introduction of gravity
SUSY algebra naturally includes coordinate trasformations
— Local SUSY < SuperGravity
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Higgs and Supersymmetry I

SUSY Theories = larger Higgs sector with lightest Higgs having (usually) SM-like
properties and  my < 200 GeV

MSSM: simplest extension

e two neutral scalars acquire vacuum expectation values: vy, v2 with tan 8 = vq /vy

e gauge bosons masses fix v = v% + v%

M.C. & Haber

, 140 | —
e 5 physical states: .
2 CP-even h, H | maximal
1 CP-odd A N
and a charged pair H* = i
0 - -
&3 minimal mixing
Lightest Higgs: important quantum correc- & 100 ]

tions due to incomplete cancellation of par-
M, = 17545 GeV

n = —200 GeV

1 1 1 1 1 1 | | 1 1
1 2 5 10 20 50

ticles and SUSY particle loops

80

mpy S 135 GeV

JE
The Energy Frontier: The Search for New Physics Marcela Carena, Fermilab e



The mechanism of SUSY breaking is not well understood.

U

Different SUSY breaking scenarios — crucially different patterns of
low energy spectrum —production and decays—

= [mportant to develop a comprehensive search strategy to explore
the main signals in different SUSY breaking scenarios.

SUGRA Scenarios

Supersymmetric particles odd under a discrete symmetry: R-parity: R, = (—1)3B+L+25

— naturally avoids too fast proton decay

e If R-parity Conserved: Lightest Supersymmetric Particle (LSP) Stable
—> lots of Fir— distinctive SUSY signature

e LSP Stable = good Dark Matter candidate.
Best candidate: Neutralino = SUSY partner of the neutral Higgs or gauge bosons

e Strongly interacting particles (due to RG effects) tend to be heavier
than weakly interacting ones.
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Gauge-Mediated Low-energy SUSY Breaking Scenarios

e Special feature — LSP: light (gravitino) Goldstino:
mg ~ 107% —1079GeV

If R-parity conserved, heavy particles cascade to lighter ones and
NLSP — SM partner + G
e.g, X3 — (h, Z,v)G; * —-0*G; §—qG

Superpartner masses proportional to their gauge couplings.

e Signatures:

o 1a—2 _m&  \2 . (100GeV \5
decay length L 107 *cm (10—9GeV> X (MNLSP)

* NLSP can have prompt decays:
Signature of SUSY pair: 2 hard photons, (H’s, Z’s) + Fr from G

* macroscopic decay length but within the detector:
displaced photons; high ionizing track with a kink to a minimum ionizing track

(smoking gun of low energy SUSY)
* decay well outside the detector: Frr like SUGRA
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Strongly Coupled EWSB Dynamics

(a) Models which do not require a Higgs Boson

— Strong interactions at the TeV scale: Technicolor,

= New gauge interaction which is asymp. free and becomes strong at scales of order 1 TeV

— new fermions (technifermions) feel this interaction and form condensates — EWSB

Robust prediction:

vector resonance with mass < 2 TeV (to unitarize the W WZF — W, WZ amplitude)

(b) Strong interactions above TeV scale give rise to bound states

—> Composite Higgs Models

Top-condendate models: effective four-Fermi interactions that
induce bound states with the same quantum numbers than a

Higgs, and condensation of such bound state — EWSB

Top quark seesaw theory:

e Higgs is a bound state of left-handed top and right-handed
component of a new vector-like fermion: myg ~ 500 GeV.

e New contributions from additional quarks bring agreement

with precision electroweak measurements.

The Energy Frontier: The Search for New Physics

T 00

=103 0.0 0.3

JE
Marcela Carena, Fermilab e



(c) Little Higgs Models:

e Higgs is a pseudo-Goldstone boson from a spontaneous global symmetry breaking
at scale 10-30 TeV. =— New Dynamics needed above that scale.

e Global symmetry explicitly broken by gauge and Yukawa interactions, however, no
single int. breaks all the symmetries, hence protecting the Higgs mass

Higgs acquires mass only radiatively at the electroweak scale.

e Non-linearly realized symmetry yields cancellation of quadratically divergent

quantum corrections between fields of the same spin.

h @
PEAERES PEAERES
LT g2 N ol
‘ g PR CRR N
ST TS FEEN
- I . . .
e PN IR
ll ! ll !
1 1
xR XL \ g \ ;
\\ ’ \\ /
7\1 S 7 S e
t DA DR
< -, < - Sso /,_}\‘\\\
\\\ ,” = ~

- of h A

The gauge and Higgs loops are cancelled by
diagrams with new bosons in loops.

Cancellation of quadratic divergences works at one loop.

—> new fermionic partners for SM quarks and leptons and

new gauge boson partners for SM gauge fields at the TeV scale.

= [HC should discover some of them:;

= [.C: precision measurement of heavy gauge boson couplings to fermions

A fermion loop cancels a fermion loop.

via polarized cross sections and asymmetries.

JE
The Energy Frontier: The Search for New Physics Marcela Carena, Fermilab e



Many possible Signatures of strongly coupled EWSB:

e Strong WW scattering e Anomalous gauge couplings

e Extra scalars — composites of underlying strongly coupled fermions

e Extra Fermions e Heavy vector bosons

e Extended Higgs sector at TeV scale or below — mixing can bring the SM-like Higgs
down to 200 GeV.

No compelling model exists that can be called
the Standard Model of Strongly coupled EWSB

Why is it so difficult?

* The mechanism of fermion mass generation is ackward (not simple as in the simplest

Higgs model) and it is distinct from the gauge bosons mass generation mechanism

* In most models, the energy scale associated with the flavor dynamics is rather close
to the scale of EWSB —— need to address the origin of EWSB and flavor in the same

overall picture

* No clear connection to fundamental physics at high energy. Gauge coupling

unification must be regarded as accidental.

* Strongly-coupled systems are hard to treat theoretically =— explicit computations

are often very difficult
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A daring alternative: Extra Dimensions (ED)

= [f seen by SM particles, they should be quite small: R<107Yem~1 TeV!
= [f seen only by gravity — they can be larger: R < 1mm

Gravity in ED =— fundamental scale, pushed down to electroweak scale by geometry

Metric: ds? = e_2k|y|nuyda:“dx’/ + dy? —>Solution to 5d Einstein egs.
k=0 (flat)
gravity flux in ED — Newton’s law modified:
M]%l — (M;fjulnd.)Q—i—d Rd
( )) this lowers the fundamental Planck scale,
—> depending on the size & number of ED.

Mird- ~ 1 TeV = R= 1 mm, 10712 cm if d = 2,6

k#0 (warped ED)
o _ (MpP)? _2kL

Mp, = or (L —e )

fundamental scales: Mp; ~ M;}llnd' ~vn~k

— Physical Higgs v.e.v. suppressed by e *L

— d=ve *l ~my if kL ~ 34
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How can we probe ED from our 4D wall (brane)?

4-D effective theory:

SM particles 4 gravitons + tower of new particles: Kaluza Klein (KK) excited states

with the same quantum numbers as the graviton and/or the SM particles

mass of the KK modes = E? — p? = p?i = Zn(m%”}{)Q

imbalance between measured energies and momentum in 4-D = momentum in ED

Signatures

flat

e Coupling of gravitons to matter with 1/Mp; strength
Mg, ~ 1072 GeV (d = 6); Mg, ~10"* eV (d = 2);

(a) Emission of KK graviton tower states: G, <= Fr
(emitted gravitons appear as continuous mass distribution)

(b) Graviton exchange in 2 — 2 scattering — deviations for SM
cross sections or new decays

warped

e Graviton KK modes have 1/TeV coupling strength to SM
fields and masses starting with a few hundred GeV.

KK graviton states produced as resonances or may contribute

to ff production.
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SM fields propagating in ED

— TeV-scale Extra dimensions or warped extra dimensions

e Gauge bosons and/or fermions in the bulk
—> new particles may be within reach of LHC.

Universal Extra Dimensions (flat ED):

All fields in the bulk — no wall or branes
—> momentum conserved in ED.

e KK modes produced by pairs
e no big corrections to EW observables

e Lightest Kaluza-Klein Particle (LKP)
—— good dark matter candidate

The Energy Frontier: The Search for New Physics
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What Can We Learn from the Tevatron? '

= Precision measurements:

e top quark mass: oMy ~ 3 GeV
e I/ mass: IMwpy ~ 30 MeV

high precision for M; is important to

with 2 fb—1
with 2 fb—1

—> exploit precision on My in the context of electroweak precision measurements

M —Myw—M g Correlation

e direct My and My measurements
from LEP and the Tevatron
e Indirect M; and My determination
from SM fit to precision data
(LEP, SLD, vN)
e SM relationship for Mi—Myyy—M g
— crucial information on Mg

A light SM Higgs Boson
strongly favored by data

The Energy Frontier: The Search for New Physics

M,, [GeV]

80.70 -

LEP2/Tevatron (today) 7

Tevatron/LHC 5\)6\( .
L . wont —
| ——— LC+GigaZ

80.60 -

80.50

80.40 -

T | T 1T | T 1T | L L
experimental errors 68% CL: _

80.30

80.20 ) T
Heinemeyer, Weiglein ‘03 _|
1 L1 1 I | S I | S I L1 1 1 I L1 1 1 I 11 11
160 165 170 175 180 185 190
m, [GeV]
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Stop and Sbottom Searches I

In many models (MSUGRA, extended Gauge— and Anomaly—Mediated) —
’s and b’s can be quite light

t,—>blv
£ | Bar20TeV S prospects: with f Ldt =4 fb~1
: N 4+ -

N oo mg < 200/210 in {1 — bx1 /t1 — blD

, L=4 5" mg, < 180 in £; — cx$
or L=2 fb:' .7 -

7 mg. < 230 in by — bx(l)
“r LEP v fimit

20

generic squark & gluinos: 350-450 GeV

olid o 1 ‘ Lt
4] 50 100 150 200 250 300

Mstop(Gev/c?)

NeW StUdieS: jetS + phOtonS -+ EI‘ Wlth 4 fb_l M.C., Choudhury, Logan, Diaz & Wagner
— possible signature of gauge-mediated scenarios
In the cases ¢t — ¢yG and ¢ — bW~G,  sensitivity up to mg, < 300 GeV

For generic squark production, ¢ — q')/é, sensitivity up to mg < 400 GeV
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Tevatron Run II reach for stops
probes Baryogenesis at the Electroweak scale!

e To preserve baryon asymmetry generated at the EW phase transition
light stop myi, < M; and an MSSM Higgs boson with mj; < 120 GeV are required
—> Higgs associated with electroweak symmetry breakdown has SM-like properties

e Other stop needs to be heavy, my, >~ 1 TeV, to induce a Higgs mass above the
current experimental limit, m; > 114 GeV

160

140
|

120

1
0?00 105 110 115 120

m,, (GeV)
M.C., Quiros & Wagner

A definite test of this scenario at the LHC: Higgs and Stops searches.
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What Will We Know by the End of the Decade? I

After the first run period of the LHC — 10-30 fb—! collected

= [f the SM Higgs exists, it will be discovered at the LHC.

60 |
50 |

~
o

icance
(&N}
Q

Signif
[e)IN[o (¢ @] 8

NS

CMS, 30 fb™

- No k—factors

@®H —> 7Z,77" —> 4 leptons ]
VH — yy |
OH — bb

*H = WW = 1Ijj
mH — ZZ — v

m, (GeV) 10°

mass regions —
e my in the range 2 Mz — 600 GeV
best channel is H — ZZ — 44
e my > 600 GeV
H— ZZ — ¢t¢ v and
H—-WW —/vJJ
more demanding :
e my < 2My (esp. below 130 GeV)
need combination of three channels:
H — ~~, H tt — bbtt,
qqH — qqm 7~ /WW*
to achieve 50 discovery with 10 fb~! (~ 1 yr)

e Higgs Bosons in the Minimal Supersymmetric Extension of the Standard Model (MSSM)

= many different channels for H, A & H*

= but full coverage assured only for A

The Energy Frontier: The Search for New Physics
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SUSY '

LHC: SUSY particles, especially strongly
interacting ones, are produced at large rates.

e most likely types of signatures:

= ‘mSUGRA’ type —
high Er jets and Fr (maybe leptons)

= ‘GMSB’ type —
hard photons & Fr; heavily ionizing tracks

reach: Mg and Mg up to ~2 TeV with 10 fo—1

If low-energy SUSY is there, we expect to see some of its signature(s)

by the end of this decade.

The Energy Frontier: The Search for New Physics

1400 -

£(3000)
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1200 N |

600

400 -
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@1033 ——

200 | [ : i
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DD_2101

0 500 1000 2000
m, (GeV)

JTE
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The Energy Frontier During the Next Decade I

LHC: high luminosity, up to 300 fb—1!

Continue Exploration of Higgs Physics
=  Mass:
dmp to 0.1% (leptonic & v modes)
1% (bb final states)
=  (Couplings
8g%/g% ~20% for H — Z, W, ,t (mp > 150 GeV)
== Branching Ratios
§Br(H — ZZ)/Br ~ 10-20% (mpy > 125 GeV)
§Br(H — bb)/Br ~ 50% (mpyg ~ 120 GeV)

§|,: F —BRH®-2Z
—— BR H ®-WW
——BRHR9yy
——BRH X371
——BRHXbb
---- without Syst. uncertainty

ATLAS

ggﬁ’:soo fb’]

-l bomgopa-baoi?, .
110 120 130 140 150 160 170 180 190
m,, [GeV]

MSSM Higgs

== higher luminosity allows access to

many additional channels
— better coverage of H, A, HX, h

ptamber 2001

ATLAS + CMS

SLdt=300 fb™
Maximal mixing

-

“ = U 3 oo
= =

h — SM like

LEP 2000

r

1 _i= ! ! I
100 200 300 400 500 500 700 500 90‘0 1 000

m, (GeV)

e still some regions where only h is visible
e some prospects to cover part of this

region with Higgs decay in SUSY particles

Higgs Physics — LHC will have a great shot at it.

The Energy Frontier: The Search for New Physics
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Extra Dimensions '

e Flat Extra Dimensions

= emission of KK graviton tower states

e Warped Extra Dimensions

narrow graviton resonances: pp — G — eTe™

I B A B B
— . 10_2 f— pa—
pp — 9gGN (GN — Fr) — jet+Fr
. ,Z: 104
cross section summed over full KK towers >
fund\2-+d 2 _
—— o X (\/E/MPI ) % 106
N
b
. . . FU 10_8
emitted graviton appears as a continuous
.. . (b)
mass distribution PN S R E N R I IV
- 1000 2000 3000 4000 5000 6000
g J=14TeW M, (GeV)
é - | (e, Wiuy) from top to bottom: k:/MPl = 1,05,01,005,001
E Wiy}
10”* Jra gty 216 I
=16 ¢
y "-.-"*-.h = total bae kground §14:
= M * signal 3=2 My =4 TeV 5 l
o _"._. signal =2 My =8 TeV r
1n? ';#-:,.:“' 4 signal =3 My=5TeV 12 1
. ““u, ® signald=4 My=5TeV [
| 10 |
10 T 8 :
o el et L 6 :
; : T, 3 4
E. == (GeV) 0
Discovery reach for fundamental Planck scales I L R |
-0.5 0 0.5
in the order of 5-10 TeV (depending on d = 4,3,2) cos(®%)

The Energy Frontier: The Search for New Physics

* angular distributions reveal spin of resonance
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Extra Dimensions '

Exciting Possibility: TeV-scale Production of Black Holes

If Mpg > M]_f;;nd —>  BH properties understood:

e Two partons with center of mass energy: v'§ = Mpy moving in opposite direction
If impact parameter smaller than the Schwarzschild radius =—- BH forms

o If Mli‘;nd ~ 1 TeV =  more than 10 BH per year at the LHC !!

e Signal: sprays of SM particles in equal abundances
—— look for hard, prompt leptons & photons;

% 108E
w 7
21 Im=1mev
% 10°F
5105;— .
S0 | M= 3Tev May be the first signal of
zZ . R [ S :
ThE B TeV-scale Quantum Gravity!
1 3 J - MP=5Te\;-" R =
L R e M= 7TV 1T

1 ‘
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Mgy, GeV

e At LHC, limited space for trans-Planckian region and quantum gravity pollution

e At a VLHC (/s > 100 TeV), perfect conditions

JE
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High Energy Lepton Colliders I

= High Luminosity LHC —
e New information on Higgs and Supersymmetry.
e explore our ideas of space and time.

e uncover other new particles & interactions

a LC will add uniquely to this program.

e High precision Higgs physics
e A window to the Childhood of the Universe (GUT Physics)

e A window to the Cosmos

JE
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Higgs Physics I

= [f kinematically accessible, LC can observe Higgs bosons independent of their decay
patterns using the Z recoil mass method.

a(e"‘e_ — qu) — 967z
This 1s the most powerful feature unique to the LC.
= W boson fusion: o(¢rele) = gopww

oW W

e tests SU(2) symmetry

ratio

= gleTe™ — ¢tt) — geti  direct measure of Yukawa coupling

= Higgs Decay Width: from cross sections + observed decay modes

'y =Tw/Br(¢ — WW)

JE
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e Precision Measurement of Higgs Mass
e Accuracy on Branching Ratios J&Br/Br §my, ~ 50 MeV (LHC: 100-150 MeV)
LC typical precision ~ 2-10%

for mpyg ~ 110-150 GeV e Higgs quantum numbers: spin and parity
LHC — 10-50% in same mass range = threshold dependence of excitation curve
1020% if myg > 150 GeV = angular distributions

ete™ — Z¢; ete™ — ffo
e Accuracy on couplings dg/g

LC typical precision — 1-5%
for myg ~ 110-150 GeV
LHC — 15-25% in same mass range
5-10% if my > 150 GeV

cross section (fb)

Super-LHC with 3000 fb~! will improve
precision by about a factor 2.

0 \///\ -’\"\.”.“"‘\ L S B R S H B
Prec. Meas. of Br’s & I'’s 210 220 230 240 250

e distinguish MSSM/SM Higgs 5 (GeV)

e indir. evidence for m 4 beyond kin. reach

e info on SUSY vertex corr. to bottom Yuk. coupl. One can determine unambiguously

spin & parity of the particle produced.

JE
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Supersymmetry

(a) Measurements of SUSY particles masses Precise SUSY measurements at LC

— sleptons, charginos, neutralinos + LHC input on gluinos/squarks
with an accuracy of 1% or less — allow for precise extrapolation of

If any visible SUSY particle produced, SUSY parameters at high energies

— Mo ~1% = important for LHC meas.
1 Test type of SUSY theory at high energies.

(b) Measurement of SUSY parameters 2500 [ 500
0] (5]
-t -0 - e 450 1 e
= X; , X; production & decay =400 |- <400 [}
[ [ 1
— param. of mixing mass matrix to 1% ;gg s M o LP
—— determine composition in terms of 250 | [ L

200 - 200

SUSY partners of v, Z, W, H s / -

i M, i

= gslepton and squark mixing angles 100 - 100 -
50 |~

from cross sections with polarized beams o L b d g

102 10° 10° 10" 10"™10"® 102 10° 10 10" 10'*10"°

Q (GeV) Q (GeV)

(c) Spin of SUSY particles:

Simplicity of production reactions allows spin TeV scale Physics can provide our first

determination from angular distributions glimpse of the Planck scale regimel!
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Linear Collider and the Cosmos '

=  Weak-interacting particles with weak-scale

masses naturally provide Qpys.

= A coincidence or DM provides fundamental

motivation for new particles at EW scale.

* Understanding what DM is made of demands
Collider & Astrophysical/Cosmological input.

= [f the LSP is found to be a stable neutralino

— accurate meas. of )2(1) mass & composition

— Comput. of )2(1)5((1) annih. cross section

X

~.

X wtoX ' f

—> determined thermal relic density

assuming SM evolution of the universe

= comparing this result with Qpy; from
Astrophysical /Cosmological input

—> new insights into history of our universe

The Energy Frontier: The Search for New Physics

= Dark Matter Detection:

e Direct: depends on )2(1) N scattering

—— input from both collider and

conventional DM experiments

X y X X
\I/
| h, H - -
q
q/\q , )

e Indirect: through annih. decay products
(x{ X — 7’s in galactic center, e™’s in halo,

anti-protons, v’s in centers of Earth & Sun)

— )Z(l) N scattering not necessarily in one-to-

one correspondence with DM detection rates

— LC will provide important info about DM

halo densities and velocity distributions.

JE
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Flat ED: FExtra Dimensions '

graviton emission: ete™ — vGy

Warped ED:

e if signal observed, reach on MPf,‘ind compa-

ble to LHC if b tiall larized : :
raple to 11 beams partlally polarize e Given sufficient center-of-mass energy,

e varying /s one can determine values of fun- ,
ying /s fund KK graviton states produced as resonances:
damental parameters: Mp"¢ & 9§

=200 e e e

e T T T T T T T T T T T T T T T T T T T T T T T
= 108 | —
2 Fl 3
© ‘H
" :
80 5 LI _
70 107 &7
60 =l
50 \
40 ~ ],O4 E— -
£ 2
30 ~ r
5 C .
20 ¢ 103
10 L
ol 102
8 .
7 .
6 L
5 F 101 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
4t | 250 500 750 1000 1250 1500
| | | | ! ! | | \/S (GeV)

400 450 500 550 600 650 700 750 800 850 900
Vs (GeV)

olete™ — putp™) as a function of /s,

graviton exchange in 2 — 2 processes: including KK graviton exchange,

. . _I_ — r
e deviations for eTe™ — ff or m1 = 500 GeV, k/Mp; = 0.01-0.05 range.
new decays with hh or vy

e ability to determine spin-2 nature
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Energy Frontier — Outlook I

By the End of This Decade

= Tevatron
e will have measured M¢, My, to unprecedented accuracy — indirect constraints on Mg,
e If Nature is kind, discovery of new particles.

= LHC
e If Higgs & SUSY are there, we will find out.

e If Nature is kind, we will know exactly which type of SUSY is there.

In the Next Decade

= LHC: A sure window to new physics:
e Higgs o SUSY e New Dimensions e New Particles & Interactions

= L.C
e unique capabilities which complement LHC — opening the window to Planck scale physics
e unique connection with Cosmology

Great Challenges <= Great Discoveries

—> Shed light on most of the fundamental open questions
of Physics and Cosmology!

JE
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extras
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More on Top Physics (explore hints for NP)

e top electroweak and strong interactions

= accurate measurement of o,z (10 %)

—> precision test of SM QCD; or if o7 > O'i—M —> non-SM prod. mechanism
Search for tt resonances in the invariant mass (M,7) spectrum:

— resonant topcolor Z’, multiscale technicolor...

= measurement of CKM matrix element |V;| (10 %):
best via measurement of I'(t — bW) in single top production

e test SM production mechanisms and decays or find hints for new physics
= probe EW top couplings via W polarization in top decays
== search for anomalously large rare top decays: t — cv, ...

and non-SM decays: t — HTb, t — tx

The Energy Frontier: The Search for New Physics Marcela Carena, Fermilab e



Tevatron Higgs Searches I

R e e — SUS‘Hnggs Workshop (!93#99)
PRELI M!NARY T g
'"'"""""I-'I'i@'gé'§éﬁ§i’t’i\iii§f'§iﬁdy ( 03) L~ |
statistical power:only ! -
1 0 s (no systemat[cs)":::::: """"""" o e 7

* recent results from CDF+DQ)

........................

............................................................

Higgs Sensitivity Studies:

0 ewdence

integrated luminosity (fb'1lexp.)

100 105 110 115 120 125 130 135 140

my (GeV)
What regions of MSSM parameter space can be excluded? pp — Vh/VH — Vbb:

max. mixing scenario: suppressed h/H — bb couplings:
eff_ms_0.8_pht_0_phg_0

max_ms_1.0_pht_0_phg_0

a0 40

130 30

20

tanp

1
_

T Lo
W A~ OO NOOO

w S~ O OO NwOo
w & 01 O NOOWO

n

n
n

100 150 200 250 300 350

M+ (GeV)

M.C., Mrenna, Wagner

M, (GeV)
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Gauge-Mediated Tevatron Reach

- 1 ] : w0 § §
]._%mo—hke NLSP: x7 —~G = Higgsino-like NLSP: xY — (h, Z,v)G
Signal: yyX Fr Signal: v b FrX

X =/{’s and/or jets diboson signatures (Z — ££/jj; h — bb) For

102_""|""| """""""""""" T 102
: ' CDF projected limits : T T B oroecied e
from diphotons, GMSB model 1 i from tE, GMSB model
Discovery reach (2fb™)]
B NPV A
10 | . g0 ¢ 7
5 95% OL limit (217) 5
x >
© ©
95% CL limit (10fb™")
L ELDLEEE e E DR PR E PR REEEEEER N CEEREEES ]
L _ 1 - b
1 u.95%CLIimit(30fo") '\ . ]
.............................. oy by b by by b b by by
200225 250 2(75) (%Oeovf% 350575 400 425 120 140 160 180 200 220 240 260 280 300
M(x1) (GeV)
M-+ ~ 32 ' . _
g ~ 325 GeV (exclusion) & M _+ sensitivity ~ 200 GeV for 2 fb—1
~ 260 GeV (discovery) X1
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Tevatron Searches for KK Gravitons

Flat ED

* direct: pp — jets +Fr
n=2 MHnd>15TeV
n==~0 > 0.8 TeV

at 95% CL

* Drell-Yan and di-photons

Limits on Large Spatial Extra Dimensions

7 n =2, Mg > 137 TeV
E 07 n=3, M > 1.44 TeV |
- - n=4, Mg >1.21TeV
§ 06 n=5Mg>1.10 TeV |
os | n=7,M>0.97 TeV |
" 195% CL Upper
Limit on F/Mg
04 -
F=2/n-2),n>2
03 [F=2log( > )n=2
(after Han et al.
PRD 59 (1999) 1050060)
DO (2000)
0.2 R T T I T S S ST SO RS
0.4 0.6 0.8 1
Run 2:
M4 sensitivity &~ 1.3-2.5 TeV

The Energy Frontier: The Search for New Physics

Warped ED
xpp — T4~ {=eand pu
104 CDF Run II Preliminary (126 pb _1)
103 | —e— o Br(GRB) limit(95% C.L.) |
I o Br(GR) PYTHIARK3
i Randall-Sundrum Model ]
210 1325 Gev/e? 600 GeV/c* ]
i
& -1
30
S
LN
©
3
10
-5
10 1 1 1 1

300 400 500 600 700 800

Graviton mass (GeV/c 2)

— with 2 fb—1,
expected reach is in the few TeV range

JE
Marcela Carena, Fermilab e



= MSSM Higgs:
access to many additional channels
— better coverage of H, A, HX h

plamber 2004

ATLAS + CMS3

SLAt=300 b~
Maximal mixing

-

W + UM DD

h — SM like

LEP 2000

()

| _. S A T A T A T T O
100 200 300 400 SO0 800 700 8OO 800 1000

m, (GeV)

e still some regions where only h is visible

e some prospects to cover part of this region
with Higgs decay in SUSY particles

LHC will have a great shot at Higgs Physics.

The Energy Frontier: The Search for New Physics

SUSY after a high luminosity run

In some cases, one can reconstruct decay chains.
ex: § — bb; b — bxQ; X9 — 05 0F; 1+ — ¢+ %,

35 |- ID 203

Entries 153
v
77 susy Mean 626.7

RMS 91.15

30 |-

Events / 28 GeV

GHRRRRR...

25 |-

N
N

20 [

300 400 500 600 700 800 200 1000
M(x3 b) (GeV)

Directly measure M; and Mjz to 10%
High tan 8 demands high luminosity.

If SUSY is there, depending on the signal, info

about mass patterns will enable us to constrain
models of SUSY breaking
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SUSY after a high luminosity run

In some cases, can reconstruct decay chains.
e estimation of SUSY mass scale, Mguysy, ex: g — bb; b — bf(g; )Zg — Eli% 0T, /Tt )Z?;
from the jets+Fr signal

35 - ID 203

Entries 153
v
wiz) SusY 7 Mean 626.7

RMS 91.15

Events / 28 GeV

takes into account a heavy LSP — reduces the ’

number and pr of observed jets ”

15 -

e a precision of 10 (30)% can be obtained on

Mg after 100 b1

M(33 b) (GeV)

== use correlation between MS%SY and
osusy to discriminate different models Directly measure Mj and Mg to 10%
High tan 8 requires high luminosity.

If SUSY is there, depending on the signal, info about mass patterns will
enable us to constrain models of SUSY breaking
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KK Excitations of Gauge Bosons

~v/Z excitations in TeV scale extra dimensions —

e detect peak in /T ¢~ invariant mass for
MEnd < 5.8 TeV (100 fb~1)

Events/50GeV
Events/50GeV

no peak =—> Mind > 12 TeV (300 fb~1)

6000

study lepton angular distributions —
distinguish KK excitations & alternatives

M o+ .-
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Strong Dynamics

=  Strongly Coupled Vector Boson Scattering
(strongly coupled resonances)
o L.C — ete” —voWtTW ™ /ZZ
LHC, 300 fb~!: bump in WTW~ scattering

(LET — enhancement in ogps)

== Technicolor-type models
= detect pr up to the TeV range
best channel:
pt — WEZ — (vt

Mor = 220 GeV/c® [ M p= 1240 GeV [ M p= 1600 GeV
K v 2 102 102
> 102 Mm; = 110 GeV/¢ g E E
Q =
@ E Mer = 500 GeV/c? 8
=R + !
~ Moy = 80O GeV/c* =
o 1L 3 z W 10
2 E £
= _F =
< 10
o 0 100 200 300 400 500 600 700 800 a00 1000
M (Gev/c?) 1 1
“ E 500 1000 1500 500 1000 1500
C 4
> F M, = 300 GeV/c
RIS
S E F
~ . I L M =2500 GeV LET
0w 'E 2 p 2
2 = 107" 10
_.E i E E E
10
o a 100 200 300 400 500 600 700 800 900 1000 E
M (CeV,/c?) E
) Z 1
© 1'% P g
> - M, = 500 GeV/c 2
v 3 2
8 g
— E 1
N
9 e 500 1000 1500 500 1000 1500
L E
=l
o 10

0 100 200 300 500 600 700 800 900 1000

M (GeV/c)

Latest ATLAS study shows sensitivity to longi-
tudinal gauge vector boson scattering only for
SLHC luminosities (~ 3000 fb—1)

ATLAS, 30 fb—1
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Extra Dimensions '

= emission of KK graviton tower states

o pp — gGN (GNn — Fr) — jet+Fr

cross section summed over full KK towers

—> 0 o (y/s/Mimd)2+d
emitted graviton appears as

a continuous mass distribution

v =14 Te¥ )
Milev), Wipv)

Events / 20 GaWV

()
. Ei{w)
= total bae kground

® signal d=2 My =4 TeV

signal =2 My =28 TeV
& signal =3 My =5TeV
m signalé=4 My=5TeV

3,
iy

&
¢¢¢¢¢¢

=] 30 500 T 1000 1230 1300 170 2000

it
Discovery reach for
fundamental Planck scales
in the order of 5-10 TeV
(depending on d= 4,3,2)

The Energy Frontier: The Search for New Physics

Exciting Possibility:
TeV-scale Production of Black Holes

If Mg > M}f)‘ind —>  BH prop. understood:

e two partons: V§ = Mpy moving in oppo. dir:
if impact parameter smaller than
Schwarzschild radius =—- BH forms
o Mind 1 TeV =
more than 107 BH per year at the LHC !!
e Signal: sprays of SM particles in equal abundances;
— look for hard, prompt leptons & photons;

p—
<
o

o
<
2

M, =1TeV

—
>
=S

UL L L

p—

<
»n
|

—
=)
-
l
=
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|
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-
o
<

dN/dM,, X 500 GeV

(=
<
w
|

(=3
<
5
|

-
=
|
=
1}
n
3 :
(]
<

H e =
1 I | | | | | | o | I MP\=7\TeV\'--- L.
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Mg, GeV

May be the first signal of TeV-scale Quantum Gravity!
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e Warped Extra Dimensions

Narrow Graviton Resonances

pp — GN — ete™ = to demonstrate that the resonance is a graviton
R . . .
o2 | and not another exotic object (spin-1 Z/, ...)
= — use angular distributions
O 1074 . .
< to determine the spin of the resonance
o,
-6
% 10 (\! 7
1078 s I
14
(b) 2
10—10|||||||||||||||||||||||||| 127
1000 2000 3000 4000 5000 6000 -
M, (GeV) i
from top to bottom: k/Mp; = 1,0.5,0.1, 0.05, 0.01 10 |
g i
= i
© A Test model cross section [
102} @ Cross section limit 6|
4
10 ¢
2
1F 0 0.5 0 0.5
cos(6%)
w07l construct a likelihood function to quantify
O avon mass (O angular distribution information
ATLAS, 100 fb—1 — spin can be determined with 90% CL
smallest detectable o X Br for Mg ~ 1700 GeV (100 fb—1)

Probe up to Mz ~ 2100 GeV
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* SM Fields in the Bulk

e Universal Extra Dimensions (UED)

Important property: Spectrum of 1st KK excitations can mimic a SUSY spectrum,

though particles have different spin
L.C has the unique opportunity of distinguishing SUSY from UED:

examine p- versus s-wave production

Comparison of cross section production for smuon pairs Vs first KK mode muon pairs.

(Tait et al. in prep.)

7\ TT ‘ T 1T ‘ T 1T ‘ T 1T ‘ T 1T T 1T T 1T T TT T 1T \\\7 1027 ‘ ‘ ‘ ‘ ‘ ]
140 ™ M =300 GeV ] N ]
T A=.1 ] I TSy Th 1
120 - 7] L B
100 |- - o
i ] T
@ %0 C N R L L TT PR
- ! Su - |
60 - ] © E
40 | - -
] "VS=1TeV
20 B eeee—————— o " pt210GeV E
0 7"\-\“--\-\-\“-\-.\-\-‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\7 |y“|S2
600 620 640 660 680 700 720 740 760 780 800 1 — | | | ‘
200 250 300 350 400 450 500
VS (GeV) M (GeV)
ete™ — ulu7 (aTa7) as a function of /s te— tuT(ato functi f M
1 Mq ; ete” — pupu; (BTRT), as a function o ,
fOI' M = 300 GeV at a1l TeV LC
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Top Seesaw Model

e Extended SM fermion content: a vector pair of quarks, xr r
with the same quantum numbers as tp

e The dynamics of the model yields mixing between the right & left-handed top &
heavy quark components. =—> the left mixing has a direct influence on the interaction
of the physical top with the weak bosons:

e Modification of left-handed top coupling dgr, 32L
With S7, o fiey /My g 1—4sin?6y /3

My — heavy quark mass constrained by EW data — 3.8-7 TeV

iy ~ 700 GeV to reproduce physical my

Choudhury, Tait & Wagner
17\\\\‘\\\\‘\\.\\‘\\.\*\\\\‘\\\\‘\\\\

AT e A LC can test the Top Seesaw model via

accurate determination of top-vector boson

couplings at the level of 1.5%.

e It can also measure directly the heavy Higgs
associated to this model and hence determine a

range of acceptable x masses.
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