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e Where We Stand

(] The Standard Model (SM)

- QCD - SU(3) gauge interactions
color octet gluons (g) and color triplet quarks (u,d,s,c,b,t)cr)

- Electroweak - SU(2).XU(1) gauge interactions:
SU(2). triplet gauge bosons: (W*, W°) and a U(1)y gauge boson B
quarks: SU(2)L doublets: (u.,dL), (cL,sL), (T, bL); and singlets: gqr
leptons SU(2). doublets: (ve,el), (v, L), (v -, TL); and singlets Ir

[J Electroweak Symmetry Breaking

- Introduce a SU(2). complex doublet scalar field ®, with self interactions
p2 (PTd) + A (dTD)2 with EWSB -> < ®'® > = v2 = -y2 /\; one physical Higgs boson
(mass mu2=2Av?)

- (Gauge interactions
DYOT Dy® with EWSB -> massive W* ,Z° and massless photon y

- Yukawa couplings to fermions
I'ijWil"Pjr® + h.c. with EWSB -> fermion masses and mixing of flavor eigenstates into mass
eigenstates. CKM matrix for quarks.

All data consistent with Standard Model - but incomplete

- dark matter; neutrino masses and mixing -> new fields or interactions;
baryon asymmetry -> more CP violation

N
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e Where We Stand

(] Theoretical questions
- The issue of naturalness and the origin of mass;
p2 (dTD) + A (PTD)? + Fw‘LTLIJJR(D + h.c.

vacuum
stability

- gauge unification -> new interactions;

large range of
fermion masses

mHZ/szlanck ~ 10734
Hierarchy problem

- gravity: strings and extra dimensions
] Experimental hints for new physics

LEP: my > 114 (95 % CL)

CDF/DO: my = 160-170 excluded (95% CL) indirect

4 5) 80.70 [ experimental errors: LEP2/Tevatron (today)
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Energy Frontier Accelerators

Tevatron - Operating well

s =196 TeV pbar p
Luminosity - 3.52X10% cm= sec! (peak)
6.8 fb! (to date Run II)

CDF, DO

LHC - About to come online

Js=14TeV pp
Luminosity - 103* cm=2 sec™

ATLAS, CMS, LHCb, ALICE

Neutrino Experiments

Accelerators: MiniBooNE, SciBooNE, MINOS, OPERA, NOvA, T2K, ...

Reactors: Double CHOOZ, Daya Bay, ...

Double Beta Decay, Super Beams, Beta Beams, Astrophysical Sources
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Crossroad In Theoretical Physics

[ Existing facilities in 2020:
- LHC with luminosity or energy upgrade

] Options:

- low energy lepton collider:
ILC (500 GeV) (upgradable) or
muon collider - Higgs Factory

- lepton collider in the multi-TeV range:
CLIC or muon collider

- hadron collider in hundred TeV range:
VLHC

] High energy lepton collider likely
required for full study of Tevascale
physics.

SM

N

SUSY

SUGRA, gauge or
anomaly mediated
SUSY Breaking?

MSSM, NMSSM,
Split SUSY

R parity violation?

SM extensions

two Higgs
doublets
Higgs triplets
Higgs singlets

new weak gauge
interactions

new fermions

New Dynamics

Technicolor, ETC,
walking TC

topcolor
little Higgs models

compositeness

unparticles

Extra
Dimensions

Gravity
Randall-Sundrum
Universal ED

KK modes

[
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e A Muon Collider

] p+p- collider:
- Center of Mass energy: 15 -5 TeV (focus 3 TeV)

- Luminosity > 103* cm2 sec? ( focus 400 fb! per year)

Abridged Parameter List

Machine 1.5-TeV utu~ 3.0-TeV putp~  CLIC 3 TeV
Lpeak [em™2 s71] 7 x 1034 8.2 x 1034 8 x 103* o
Lavg [em™2 s71 3.0 x 103 3.5 x 103 3.1 x 1034 g
Ap/p [%] 1 1 0.35

B* 0.5 cm 0.5 cm 35 um
Turns / lifetime 2000 2400

Rep. rate [Hz] 65 32

Mean dipole field 10T 10 T

Circumference [m] 2272 3842 33.2 km site
Bunch spacing 0.75 us 1.28 us 0.67 ns

(o)
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[ compact Facility

Muon Collider
Conceptual Layout

Project X
Accelerate hydrogen ions to 8 GeV
using SRF technology.

Compressor Ring
Reduce size of beam.

Target
Collisions lead to muons with energy
of about 200 MeV.

Muon Capture and Cooling
Capture, bunch and cool muons to
create a tight beam.

Initial Acceleration
In a dozen turns, accelerate muons
to 20 GeV.

Recirculating Linear Accelerator
In a number of turns, accelerate
muons up to 2 TeV using SRF
technology.

Collider Ring

Bring positive and negative muons
into collision at two locations 100
meters underground.

[J Superb Energy Resolution

- MC: 95% luminosity in dE/E ~ 0.1%

- CLIC: 35% luminosity in dE/E ~ 1%
Beamstrahlung in e+e- collider ®E/E-~y?

A Muon Collider

Comparison of Particle Colliders

To reach higher and higher collision energies, scientists have built and proposed larger and larger machines.
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3 TeV Muon Collider
3 TeV CLIC
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# A Muon Collider

Muons decay:
- muon lifetime: (2.197034 + 0.000021) x 10°° sec
- A 3 GeV muon travels 18.7 km in one lifetime

- A 15 TeV muon travels 9,300 km in this time ->
More than 2000 turns in final collider ring.

Scheme S E 28
- The muon beams must be accelerated and 08 e [a 2 E Ele s
. . E | — a0 = 43_ Ma)
cooled in phase space (factor = 10°) rapidly | s 1 58 3 8
. . . . L | ™= & o @
-> ionization cooling | Bl =% 5 g |
102 B 1= © o 5 = > =
E = © oh T O
: \ = FCIRY a3
B - * g5 E P
£ \ o & e
3100 F S 5 s
- requires a complex cooling scheme s : \ | ”
E - / \ 50 m S2a Linear
E | e |\} Cooling 200 MHz
50- 0
%D Lo F (Muons | Onc? g
- - 1/2 Scale RFOFO Guggenheim
- 402 MHz
— 0.1 1 L1111l 1 L1 p 1l 1 L1l 1 L1
- The decay products (U= -> VuVe e7) 2 4068, 2 468, ves, 2 4
h|9h energieS. Trans emittance (mm mrad)
e 8 \
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[J Present options for technologies:

4D cooling

Phase rotation
fo 12 bunches

20T capture
Hg target
Buncher

Multi-MW
Proton Driver

SC linac
Synchrotron
both

Estia Eichten
Tuesday, November 10, 2009

“Front End’~ same as
for Neutrino Factory =2
Idea of staging

}J

momt

U
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o
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Muon Collider Facility

=
O
=

F

z
@
O

6D cooling | | Guggenheim
Merge 12
to 1 bunch [ FCC
6D Cooll'ng FOFO Snake*

[ 50T solenoids*
Final cooling < REMEX

Li lenses
Linac s
RLA(s) | | RLA®
) Pulsed

High Energy synchrotron
Acce/eration__ FFAG
Collider Ring

*favored now

(o
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# Many Elements Need R&D

Five Year Plan R&D

0 1 2 3 4 5 6 7 8 9 10
Pr.Driver : ' ' E
Target .
Collection .
Main Cool E
Final Cool E
HAccelerator l- 2008 ‘
B 2013
Collider = = B
Seaacies Readines§
7 8 3 U
3 < y §¢¢@@-__\ @éﬁ &8 @Q@
‘%0@3‘_, ¢ %\‘:} od_}oq Q_v'?’bﬁ ,\\\“’\\

RN
(>
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Path to Muon Collider Facility

[ A flexible scenario with physics at each stage:

- Neutrino factory Vv

Colloquium @Thomas Jefferson National Accelerator Facility

MUON COLLIDER
TEST FACILITY

8 GeV SC Linac

0

Recycler Main Injector

2 Muon
Collider
Rebunch R&D Hall

Spg—

NEUTRINO
FACTORY
PROJECT

Pre-Accel @) RLA

PROJECT X

Kaon physics

O

EXISTING FACILITIES

1.5 TeV

MUON COLLIDER

Neutrino beams to DUSEL

U -> e conversion

cold muons

Estia Eichten
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4 TeV

Target Phase Rot. ‘\

& Bunch

B
6D Cooling © O

Final Cooling

Muon Acc

=]
=]
=]
0
Collider Ring %))

T

GeV

4 GeV

3 Ring

oA

5 More Acc
MUON COLLIDER Larger ring

- Muon collider - Higgs factory v
- Multi-TeV Muon Collider v

b
]

Far Detector
at Homestake
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e Neutrino Physics

D SM Iep’rons: Le = (eve ) L, = (:ﬂ > L, = (:T ) Re,u,T — €R, UR, TR
L L L

No vk needed. Singlet under SU(3).XSU(2).XU(1)y

Lepton number conserved. Simple two flavor (aB)

case: with mass

] Observation of neutrino flavor mixing eigenstates (i, j)
drastically changes the picture Vo = Vi cos0 + vjsinf
vg = —1;sinf + v cos 0

[J Flavor mixing = neutrino masses
P,_3 = sin® 20sin® (Am*L/4E)

2 2
Am,.. << Am, .

solar Oscillation probability (P) for
Solar Atmospheric energy (E) and distance (L)
g
= F <. 0.006p——mmmmmmm
o e e VWA Pgon 68% C.L. o F % MINOS Best Fit MINOS Preliminary 1
e F R ‘\‘> SEREELEEEEE MINOS 68% C.L. ]
< X L R _ (P:f 68%, 95%, 99% C.L. 3 0005 - MINOS 90% C.L.
LS B ETS-. 3 0.004f -
= T E :
i3 " < 0.003p
b I s cL 0.002F LT
- - 02 68% C.L. - —=—=— SuperK90% C.L. ==
C ;Cro - e SuperK (L/E) 90% C.L. B
1= |:| Ops 68% C.L. 0001 I K2K 90% C.L.
- [ o5 68%CL. - ]
M %2 05 06 07 08 09 1
¢, (x 10° cm? s . 5
Sin (2623)
I 12
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e Theoretical Issues

Normal or Inverted Mass Hierarchy? :

) Majorana or Dirac particles?

Usual Dirac fermion can be expressed as a left-handed
particle X and its charge conjugate (C) particle ¢

w=(5) e=(T0) wmcmo(,2)  —e=w

normal hierarchy

*
O2X

A majorana fermion is its own charge conjugate.

zzzzz

: @md),,,

(my’m —

inverted hierarchy

Majorana fermions: p; p2

1

Dirac fermion is equivalent to two Majorana fermions with equal mass. ¢ = §(p2 +ip1)
: N m X = ~(m—ip)
Dirac mass term:  Ypmip = m(posx + h.c) = 5} Z Pa02Pa + h.c. = S\P2 i
a:1,2 . @
Majorana: no Vr - mass term violates lepton number conservation
Lmass — EZC'JMLVL —|_ h.C. 9
VL T 145 m, = Ao (@)
Dirac: VR Emass — ” M y + h.c. v MX
R R
. . _ M = ( 0 M)
Vr has no SM gauge interactions. Pure Dirac: - Moo
. 0 M
Does it have new gauge Seesaw I: M = <MT u )
o . R
interactions?
. M, M
Seesaw II: M = <M§ MR)
I 13
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Theoretical Issues

D Three genepaﬂon mixing matrix PMNS Pontecorvo-Maki-Nakagawa-Sakata Matrix
Vel, V1L Uag U Ues L Three angles: 912, 623, 613
v | =Unass | v | = | U U U vor cP Phases: O(Dirac) («,B.d)
(Majorana) .
VrL V3L Ui Uz Usrs V3L Cij= COS(GU) Sij= sm(eij)

1 c13 s13¢7%0 c12 812
, ia/2 _iB/2
Upnmns = c23 523 1 —S12  C12 diag(1,e®/? ¢/2)
—S893 €23 —s13€% c13 1

The additional Majorana CP phases
Atmos. L/Eyu— 7 Atmos. L/Epu«— e SolarL/Ee— pu,7 appear in lepton number violating
500km /GeV 15km/MeV  interactions: eg. neutrinoless double
beta decay.

) Matter effects:

Interactions in matter EW flavor dependent and
differ for neutrino/antineutrino. (Compare K -Ks)
Induces new terms in mixing formulae.

I 14
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Experimental Status

Present status
parameter best fit 20 30 T. Schwetz, M. Tortola and J. Valle
AmZ, [10-%eV?] 7651028 | 725811 | 7.05-8.34 | KamLAND o o 0808.2016v2]
|Am2,|[1073eV?] | 2407012 | 218264 | 207275 | KK
sin? 01 0.3047092 | 0927035 | 025037 | MINOS
sin? 0.507297 | 0.39-0.63 | 0.36-0.67 | °NO sin®013, 0
sin? 0y 0.0170016 < 0.040 < 0.056 Superk not measured yet
CHOOZ
Reactor Neutrinos: Daya Bay A sm? L
_ _ . . 1] —
Pv.—10.) = 1-— cos? 013 sin® 2615 sin? Aoy J 4L
1
— Sin2 2913(COS2 912 sin2 A31 + SiIl2 912 SiIl2 Agg) B Atmospheric L/E
S |
T -
<0.002 ° 05
5m2 7 o o - [.5 km
~ 1—Sin2291381n2 <—€e ) —O(A21)2 T o ~ Solar L/E
ya 4F 0 o 1 10
Daya Bay sensitivity = 0.01 L/E (km/MeV)
Estia Eichten Colloquium @Thomas Jefferson National Accelerator Facility Oct 7, 2009

Tuesday, November 10, 2009



-
.2

Experimental Status

Nova and T2K

P(Vu — Ve) ~ ‘ V Patme_i(A32i5) + v Psolar‘2

where

sin(A13 F al)

95% CL Resolution of the Mass Ordering

NOvVA Plus T2K

Pa m in 6 in 26 A
V Lat S V23 S 2013 (A31 - aL) 31
. Sin(aL) 95% CL Resolution of the Mass Ordering
V Psolar = COS 023 S11n 2012 —A21 NOvVA Alone
(aL)
and the matter effect parameter I
a=GprN./V2= (4000 km)~™" .}

Foamgpe=2410%ev® el T
0.8 [~ sin“(20,) =1

r am?® >0

06
[ 3yearsforeachvandv
0.4 |- NOvA at 700 kW,

[ 1.2MW, and 2.3MW

02

0 0.05 0.1 0.15
2 5in*(B,,) SiN°(26,,)

Normal Ordering

S. Parke [NFMCC 2009 (1/25/2009) LBNL]

8 (m)

18 |
16 [
1.4 F

12 |

08 [
06 F
0.4 |

02 F

for Inverted Hierarchy 6 — 7 — 9

3 yoars for each v and v
NOVA at 700 kW,
1.2MW, and 2.3MW
+T2K 6 years of v

at nominal, x2, and x4

s | s s |
0.1 0.15
2 sin%(8,,) sin®(26,,)

Normal Ordering

RN
(0
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- Neutrino Factory

. 2 . Models with Normal Hierarchy Models with Inverted Hierarchy
() Expected sin?261; for a variety
. " exture 7210 — sor

of theoretical models o fem 7 7 = ]
Neutrino factory: s == = — — ]
- Muon storage ring: /s = 50 GeV ! E |
- Long straight sections (T __ ]

- High intensity: 102! muon decays /yr o e o

Discovery reach for various proposed facilities.

ISS Physics Working Group [arXiv:0710.4947]

sin?20;3 mass hierarchy cPV
1 1 1
© os 08 0.8
N4 EEmSPL
CIT2HK
f 0.6 0.6 0.6 EKIVEB
° BB
C
S 04 0.4 0.4
-+
S
& 02 0.2 0.2
0 0 J iy .
107° 107" 1072 1072 10" 107 107 1072 1072 107" 10 107 1073 1072 1071
True value of sin22913 True value of sin22613 True value of sin22613
Very likely Neutrino Factory needed to disentangle 03,
mass hierarchy, and measure CPV parameter.
I 17
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Non-Standard Neutrino Interactions

A plethora of theoretical models:

Model Interaction

Uy Uy,
x X
1
| HY
1
1
.

(1-2-3) Seesaw I

i
VR

New Particles

VR, Majoron

Comments

Very light majoron

Ui v, v, YL ddrk ma++er
x e candidate
H S o0
(1-2-3) Seesaw II IAO heavy higgs triplet
W "
No majoron
L-R Seesaw Both types new gauge bosons B-L
SU(3)xSU(2)xSsu(2)xUu(1) Terascale physics
b br
\z i, .
SUSY models : \\hb h,,z SUSY partners Calculable in ’rer.m.s of
I e & Smasses and Smixings.
T A N T R parity violating
Ht-~ %~ g+
/ ++\
Babu model SRR charged SU(2). H++ scalar
Ve deln el singlet scalars
Texture models, ...
N 18
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e Goals of Neutrino Program

] Basic goals

i i i : nitarity Triangle:
(a) Determine Dirac or Majorana nature of neutrinos. Unitarity Triang

(b) Determine the mass hierarchy. Unlat Uplo +Uiple =0 9
(c) Measure Bi3, & and improve 02, 023 measurements i =12

(d) Study unitarity of PMNS matrix.

(e) Are there additional mixing or CPV from new
particles or interactions? ~1/6

UallUm| ~1/6

(a) Neutrino masses are very small. Theoretical models

for these masses predict new particles at the Terascale ‘J‘ = 2 X Area

or a new scale beyond.

(b) Potential source of lepton number violation and CP
violation. Leptogenesis might be responsible the
observed baryon asymmetry in the universe.

(c) Contributions to dark matter and cosmological
evolution.

(d) Complimentary to energy frontier physics (LHC)

Why a Neutrino Factory?

(a) Large sin%(20;3) (2 0.005) - can explore new physics as subleading effects.
(b) Small sin?(20,3) - provides unmatched sensitivity.

Why is this important? SO N

‘UEBHUN3| = 5111‘913/\/i

_ 2
J = §12€12523C23513C73 sin d
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Low Energy Muon Collider Basics

-
.2

Standard Model Cross Sections

For /s < 500 GeV lepton collider

108 %I 1T | L | L | L | T T |§
- SM threshold regions: . gt - X ]
10" = —
top pairs; W*W-; Z°Z°% ZC°h production
108 £, E
For low energy muon collider o 10° -
\q:/ E Upt .
- S- ' ' o 104
s-channel Higgs production ?§:8
E 0.1
» Coupling « lepton mass 10% &
my,~2 2 L
(=] =428 x10* 10% £
me . 1000 . . . 101 :|||||||||I||||| |||||||
» Narrow width P(H) [GeV] 0 100 200 300 400 500
0 \/SW (GeV)
r 3.6 MeV 3 m, = 110 GeV, €L.=0.00125fb ! per bin
= 3.6 Me
i L B B
(mh = 120 GGV) - 100}S/\/§:4 at peak R:0.00S%{
0.1 (50 :
0001 1[‘]0 15;0 1(‘30 Z(IJU 3(‘)0 5(‘)0 T(IJO 1000 i L
. . My [GeV] " 60 -
» Direct width measurement ™" g
AE/E =~ 0.003% anleOpb‘l R B } L
| | Vs (GeV) | |
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- e Constraints on Standard Model Higgs

800 17 [T T[T T[T T[T T[]

[ Theoretical Constraints: Z
__ 600 m, = 175 GeV = —

- The standard model with an elementary = _

. . . o as(Mz) = O 1 18 —
Higgs scalar is only self-consistent up to O, ]
some maximum energy scale (/). zm 400 = i

- Upper bound - A large Higgs mass requires 200 :_ i
a large higgs self-coupling term. This - =
coupling increases with the scale A until rel II_EP | | | | -
I Y T T O O I
perturbative theory breaks down. {)03 108 109 1012 1015 1018
- Lower bound - For small Higgs mass, the A [GeV]
quantum corrections can lead to vacuum Lower bounds for Planck chimney
insTabiliTy. 180 ——m8m8 : —
' g Unstable ]
- Planck Chimney: SM self-consistent to : j
19 175 b Metastable |
Planck scale (* 10*” GeV) = = ]
o, |
£ 170 :/\ Stable |
teslae? L L !
110 120 130 140 150
My, [GeV]
e 21
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Observing the Standard Model Higgs

Tuesday, November 10, 2009

Exper‘imen"'al ConSTr'ainTS: 5 I Tevatron Runll Preliminary — | -Cls Observed ~<>]< 12 6; L
—~1.05F 1.=0.9-4.2 b’ =eve 1-Cls Expected ok § B
. ° L hs5, Expected 1-0 - ® itter [suf
- Direct: LEP mp>114.7 GeV (95% CL)  en a2 B o | B [ ——————————————————————————
o r 8E 3 ]
< > C 3 3]
CDF/DO my <160 or > 170 GeV (95% CL) M g swcr| O : 1
= Indir'eCT: LEP/SLC my < 190 GZV (950/0 CL) 0.9: /.::.'l."."""o,. \ 90% C.L. alb ”.é 7777777777777777777777777777777777777777777 j 2
P :5 ""’ é T!'le-ory ur_lcertainty
- Combined all information: Gfitter 0551 2| E - Fioxcuding tory emors
113.8 < mn < 152.5 GeV (95% CL) L T A T
150 155 160 165 170 175 180 185 190 (égi// g;) 100 150 200 250 300
my; (GeVie M, [GeV]
H. Flaecher et al., “Gfitter - Revisiting the Global
. . . . . Electroweak Fit of the Standard Model and Beyond,”
- LHC will discover the SM HIggS. If nggS mass is not arXiv:0811.0009 [hep-phl, cern.ch/gfitter.
in the Planck chimney (130-190), new physics “nearby”.
- Large Higgs mass implies a strong Higgs self
intferaction and presumably a nearby strong interaction. 2 . | | | | | ;
= O 110GeVHiges A
- For a low mass Higgs, the new physics can be i 25 PYTHIA6.120{+++A rrrrrrrrrrrrrrrrrr e
per‘rurba’rive. This case is favored by the presen’r &é 20 * """" ‘Fi“ed,lopb'lfpoim#\‘< """"""""" """"""""""
indirect Higgs bounds. Many of the Higgs couplings R —— — + """" + """"""""" —
could be measured at the LHC. 0 gl 3 |
. . . 5 {
- The ILC(500) allows detailed study of the light Higgs ]
. 0 b on2-Llel
properties. -
s
- Only a low energy Muon Collider can direc’rly 109.98  109.99 110 11001 11002 110.03
. . 2 x beam energy, GeV/c 2
measure Higgs width. J. Gunion, MC workshop (2008)
I 22 1
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e Multi-TeV Muon Collider Basics

R at /s = 3 TeV
0] For /s> 500 GeV 0(0ed) O(0)

— Above SM pair production thresholds: N
- ~(20° cut) = 100 100.0
R=0/0 ‘u->e+e-) flat o
QED (IJ IJ ) W+W— — 19.8 50.0
Luminosity Requirements o= 377
Zy = 332 100
s F N tt = 18 e L
§_1osE \ bb = 1.28
o —1 efe” = 1.13 1or
4 1 ab -
o N\ Z7Z = 0.75 o®
F \ T Zh(120) = 0.124
103; \w \ ].O()Lu_l B . Ol vl
= \ — 1 \/2 (3T V)4 5
- o s e
102 10-fbh=" (one unit of R) W
- L o (ut o) dma? 86.8 fb
o — € € = =
0 1 2 3 4 5 e QED\MU U 3 S(Tev2)
For example: /s = 3.0 TeV = 965 events/unit of R

£ = 10% cm2sec? Processes with R > 0.1 can be studied

— 100 fb_lyear_1 Total - 128 K SM events per year

N
w
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Fusion Processes

-
.2

. CLIC (or MC e<->p)
- Large cross sections

— 10
- Increase with s. O L wz
0 . B ._~—"_'_~_~_PF
- Important at multi-Tev energies L <
M2 <5 T
- X i e e T DWW
10'1: /[\i S "f fﬁi# = y”fg%’:l;og
* Backgrounds for SUSY processes §/">i~:&:_g:_‘%, - %%Hgb:og
. - e S b
- t-channel processes sensitive to angular L./ < s 7
B W = bb q
V,U A i / \\\a&%; — vyHH(120)
T e e S S B
i !fﬁ H“h:___“ Aok 0)
I o izzz
X 10 1’ ‘
— 1 2 3 l 4 l 5 53
Ecm (TeV)
vy, X R (@ 3 TeV)
70 230
h9(500) 25
) T WHW - 19.8
7070 5.8
. h(120) 5.5
An Electroweak Boson Collider i 0.6
hORO(120) 0.1
24
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- Minimum Luminosity for Muon Collider

[J Universal behavior for s-channel resonance F T Y
(E) = 2J +1 A 2/4 . 0 T e zff
T T 28 ¥ 1) (282 + 1) k2 | (E — Eo)2 + T2/4 ] in“out el N
Convolute with beam resolution AE. R |
If AE< [ B 1) Blvisible) 0 F \“-‘%
wh visible - ]
Rpearc = (27 +1)3 5 1 b -
YEM - :
-17‘."\ L \\\‘ | | | \\\‘ | | | \\\‘ ]
] can use to set minimum required luminosity " , 0 10°

Vs [GeV]

Likely new physics candidates:
- scalars: h, HY, A°,...

- gauge bosons: Z’

- new dynamics: bound states
- ED: KK modes

100.0¢

50.01

T.-Q

£

>
g 10.0¢

=
Example - new gauge boson: Z'’ § 5.0¢

- SSM, E6, LRM I
- 50 discovery limits: 4-5 TeV g LO¢
at LHC (@ 300 fb) g oo
0.1

. . u u . . Z/ . 1 2 3 4 5 6
Minimum luminosity at Z' peak 7' mass (TeV)

— 0 ~m-2 -1
< =0.5-5.0 x 10°° cm™* sec The integrated luminosity required to produce
for M(Z’) -> 1.5-5.0 TeV 1000 p*p--> Z’ events on the peak

[
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- Studying the Higgs Boson

[J Theoretical issues after discovery of Higgs

- Higgs boson couplings SM?

- Scalar interaction self-coupling SM?

- Any additional scalars? EW doublets, triplets or singlets ?

- Where's the next scale? GUT?
m(H) = 120 GeV

[ Various processes available for studying
the Higgs at a multi-TeV muon collider

Evis /52t

H —> up”

- associated production: Zh®  MC or CLIC - s
» R~012 o ¥
» search for invisible h® decays

- Higgsstrahlung: tth® MC or CLIC: needs 10 ab™!! :
» R~0.01 T vass e
» measure top coupling

- W*W* fusion: vuvy h°
» R~11s1In(s) (sin TeV?) (mn= 120 GeV) MC or CLIC:
» study some rare decay modes good benchmark process
» measure Higgs self coupling

N
(0p
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# Two Higgs Doublets (MSSM)

_ . . 500 T T T T
decay amplitudes depend on two parameters: T o
e, b i 272, WW~ Z A ol Xe=VoMs £
tanf =3 ——
hY  —sina/cosf cosa/sinf  sin(B—a) cos(fB— a) tan =30 e g
H° cosa/cosfB  sina/sinf  cos(f—a) —sin(B— ) "
A’ —ivstan3  —ivs/tan 3 0 0 o
M3 + M3
. L tan 2a = 2 L2 tan 2. 100
- decoupling limit ma® >> mz°: A=Yz
* hO couplings close to SM values e
. 0050 100 150 200 300 500
 HO, H* and A nearly degenerate in mass My [GeV]
 H° small couplings to VV, large couplings to ZA° |

* For large tan B, H° and A° couplings to charged leptons and bottom |
quarks enhanced by tan 3. Couplings to top quarks suppressed by '}
1/tanB factor. :

0.01

- good energy resolution is needed for H° and A° studies:

0.001 1 1 1 5 ]
50 100 150 200 300 500

. for s-channel production of H®: /M = 1% at tanf = 20. My [GeV]
*  nearby in mass need good energy resolution to separate H and A.

*  can use bremsstrahlung fail fo see states using bb decay mode.

L 27 1
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New Fermions and Gauge Bosons

- Present CDF/DO bounds on W', Z', and new quarks ATL‘TS S*{udv‘ LHf [hfp-pr/oz,f)zoiﬂ
effectively rule out production at ILC(500). _ EATLAS L wees
2102* : zrpeII-Yan =
. %10 ;*
Quark: (W,Z,h) + jet 325 o F
& Fk
Z' (SM) 923 21k
W’ (SM) 860 g 5
10 ? i :
- Littlest Higgs Model: 1000 000 00 S
charge (2/3) quark T (EW singlet), .
new W, Z, and A gauge bosons, Higgs triplet fiee Soreanran® e
At the LHC, T observable for m(T) < 2.5 TeV E
For W, Z, and A dependent on mixing parameters ) .
- Muon collider will allow detailed study. ]
Requires high luminosity 1ab!for T T R R
q g9 Y 0
2000 4000 6000

m(Z,) (GeV)

N
00
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e Supersymmetry

] supersymmetry
Qsusy |boson> = |fermion>: gluon -> gluino ,... : W boson -> wino; higgs -> higgino, ...
Qsusy |fermion>=|boson>: top quark -> top squark (L R), ...; electron -> selectron(L R), ...
* spin 1/2 symmetry charges {Qsusy, Qsusy} = 2 Y"Pyu;  Quusy Hlstate™> = H Quusy | state>
- supersymmetry dictates the couplings between particles and sparTncles

- supersymmetry is broken = Msparticle # Mparticte 5;_ L Tgsm G
: , : a0 -
[J Solves the hierarchy and GUT unification problems . ' E
20 i— %
. . . . MSSM—2HD = —
[ Theoretical issues after discovery at the LHC : DET AT N
. 103 108 109 1012 1015
. Q (GeV)
- What is the spectrum of superpartner masses? | Names [ spin0 [ spin 1/2 | SUB)., SU2)L, U(L), |
- Dark matter candidates? squarks, quarks [ Q | (ar,dn) [ (ur,dp) 3, 2, 1/3
) (x 3 families) a uL(uR) ay, ~ (ug)© 3, 1, -4/3
- Areadll the couplings correct? d | duy(d) | du~ (dn) 3, 1, 2/3
. .. . . sleptons, leptons | L Del,, €L, Vel, €L, , ;-
- What is the structure of flavor mixing interactions? |“(vs tuniie) | < (gL(éR)) L (eR))c P
ey . . . . higgs, higgsinos | H, | (H}, HY) | (HS, H?) 1, 2, 1
- Are ’rher.'e ad.dl’ruonal CP violating interactions? a | | P
- IS R par'l'l'y V|0|a1-ed? Table 1: Chiral supermultiplet fields in the MSSM.
-  What is the mass scale at which SUSY is restored? [ Names  [spm /2] spin1 [SUG)., SU@), UQ), |
. . . gluinos, gluons g g 8 1, 0
- What is the mechanism of SUSY breaking? winos. W bosons [T TP W0 T 130
- bino, B boson B B 1, 1, O
Table 2: Gauge supermultiplet fields in the MSSM.
[ 29 |
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Supersymmetry

[J Minimal Supersymmetric Standard Model (MSSM)

I
Estia Eichten Colloquium @Thomas Jefferson National Accelerator Facility Oct 7, 2009

Supersymmetry dictates the couplings between particles and sparticles
The masses of the superpartners depends on the pattern of SUSY breaking
The most studied model is mSUGRA (others are mGMSB and mAMSB)

requires two Higgs doublets for consistency (h°-> h%, HO, Ht, A9)

one set of scalar doublets have Yukawa couplings to up fermions and the other to down
fermions. (®u ,od)

Setting soft breaking couplings equal at the GUT scale (NSUGRA -> cMSSM)

Five new parameters for cMSSM:
mo (soft breaking mass parameter for spin zero sparticles)
mi/2 (soft breaking mass parameter for spin 1/2 sparticles)
tan B (ratio of vacuum expectation values <du> /<dd>)
A/mo (parameter for triplet scalar couplings)

» sign(p) (sign of higgino mass parameter)

w
(o>
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e cMSSM

[J Many studies of constraints on cMSSM

Monte Carlo searches of parameter space

_ N 1 J. Ellis, S. Heinemeyer, K.A. Olive, A.M. Weber, 6. Wieglein
Present experimental constraints 0706 05521
- Direct limit (LEP, CDF, Dzero):  T10h0, M+, TN, ... PRLD-gge'Zd;‘égzz(“gy)ef[L“;?”ggggnggg'
' , LarXiv: .
- Electroweak precision observables (EWPO): M7, sin® 0gy,, (g — 2) 4, -
- B physics observables (BPO): b — s+, BR(B, — putp™),... = = 4
- Cold dark matter (CDM):  Qp,, = .23 + .04 ] : s
- Allowed regions are narrow filaments in yf%
parameter space | 1
- Theoretical fine tuning L

MhO > 113.8 = lal"ge msfop

tanp =10

s
o

tanp =10 !:° 2 Ay =-5m,
£

A,=0

requires large cancellations in the Higgs potential
= fine tuning (to a few %)

oooooooooooooo

15 2 0 0.5

15 2

1 1
m,, (TeV) m,_, (TeV)

tree 1-loop
3 .
M}, = m%cos®(28) + 2 sin? g y? lm? In (mg, mg, /mi) + c%s?(mi - mtgl) 111(m%2 /m%l)
1
—l—c%lsg{(rntg2 — mtgl)2 — 5(m%l2 — m%ll) ln(mi/mtgl)}/mfl :
I 31
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LHC + multiTeV lepton collider

[ A multi-TeV lepton collider needed for full coverage of SUSY spectrum.
2004 CLIC study SUSY reach

Allowed regions and sample points

2500

) +K
1500 +E T T
u>0
M’
~~
% 1000+ \ .
S)
B
= 0
yd
e
Loy
r - w
e =
B i;é T
100 1(;00 20I00
m1/2 (GeV)
1500 r T T T
nu<o0
~~ K’
2 1000- .
S
g
I 4
V
/S S
(-
D’ gt
/k
"100 ' l0ll)0 ' 2(;00
m1/2 (GeV)

2500

=== gluino

20
10

Nb. of Observable Particles

30 5

20
10

=== gquarks

=== gleptons

Post-WMAP Benchmarks

LHC

30 E

|

LBGICJHMAEFKD

LC1.0 TeV

LT

LBGICJHMAEFKD

CLIC3TeV

LBGICJHMAEFKD

30 E

LC 0.5 TeV

LBGICJHMAEFKD

LHC+LC1TeV

LBGICJHMAEFKD

CLICS TeV

LBGICJHMAEFKD

Similar Conclusion for MC

"Supersymmetry at a Muon Collider”, Anupama Atre,
Low Emittance Muon Collider Workshop
Fermilab, April 2008

Estia Eichten
Tuesday, November 10, 2009
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# cMSSM, mGMSB, mAMSB Studies

O More generally, full coverage likely requires a multi TeV lepton collider

S. Heinemeyer, X. Miao, S. Su, G. Wieglein [arXiv:0805.2359]
(using only EWPO, BPO and LEP)

Second lightest neutralino

Second lightest neutralino:

m(%) < 900 GeV for AX2 < 4
Heavy for LHC - possibly in decay chain ?

dor 0 0 - 1 Ry : ]
Lepton collider:  y5 — x; + X )] 7 o 1| mell v ||
r A, | r A, | r .‘/,/ A, |
oL N— s jup— oL R Np—
Lightest chargino: i 106V] i 106V] m 106V)
X X2 < . .
m(X:*) < 800, 900, 30(? Gey for A 4 Lightest chargino
Heavy for LHC - possibly in decay chain ?
Lepton collider: Observable at ILC for mAMSB
Lightest stop, sbottom and gluino: \ 1" 1" ]
o) > 500 for & < A e W |
Edsy for LHC up to 2 TeV 6? \ . / CcMSSM E 6? e 4 mGMSB E sg mAMSB i
Lepton collider: Detailed study? we=ll F el = ]
00‘ ‘ ‘200‘ ‘ ‘400‘ ‘ ‘60;;);% [‘G?\‘/]‘ ‘100(‘) ‘ 4206‘ %40(‘1 00‘ ‘ ‘200‘ ‘ ‘400‘ ‘ ‘60;;);% [éfi:\‘/]‘ ‘100(‘) ‘ 4206‘ %406 00‘ ‘200‘ ‘ ‘400‘ ‘ ‘GDnO’;% [‘(83(:);/]‘ 4006‘ %20(‘)‘ ‘1401‘)
I 33
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4 Modifying cMSSM

. J

[J  Fine tuning problems in the cMSSM - Allow non universal my

cMSSM ILC Benchmark

700 L
SPS1a’ mass spectrum
m [GeV] p
600 L [jg _— {2
L v
qr b,
500 L by
H° A" — H* XS .
a00 | X —— x5
L X5 -
ty
300 L
200 | [ Fo =0 —+
L —% o x
0 ] _
wof M—— X
0

Many visible superpartners within reach
of the ILC (500 GeV).

All pair production thresholds are below
1.2 TeV.

Compressed SUSY
S. Martin [PR D75:115005,2007]

800 -800
C . u d t, ]
700F H 31700
' HO AO N4 C2 glu_lno dR UR b1 b2 E
600 e = 600
%fsoo— 4500
O | . ]
400 N, R i 1400
B C N < ]
= 300 : L 4300
C N ]
200F ‘ 31200
RO ]
100F 34100
ot 0

No visible superpartners within reach of
the ILC (500 GeV).

All pair production thresholds are below
1.6 TeV.

Supersymmetry provides strong case for a multi-TeV lepton collider

N
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100 T T T T
~t ~— ~0 ~0 + whu el
M //l/ — 61 61 — Xl Xl 6 e 80 “\forward or backward dead cone -
—~ 60
£
b

0 Mass measurements using edge method better "
for MC than CLIC:

Kong, Winter (MC)

Example Process at Muon Collider

Angular cut at 20° from beam direction: © .
50% reduction for smuon pair,
20% reduction for selectron pair

20

0

TeV)
1 M3
Emax/min - §Mé 1 - ]\;21 7(1 + ﬂ)

CLIC report (2004)

mgo = 212; me, = 222; me, =374 GeV  myg = 660 GeV; my, = 1150 GeV -
% 1005 T T T T T 200 [T TT T T T T 0.05 T T T T
S s | 1 B T e
2 E § oo04f UED, R™" = 500 GeV ]
o 1071 3 150 | 1% CLIC3000
B : IS
S [ T
~ [ 125 ¢ ] g 0.03 ISR+Peskin .
: - E sé‘ ~
L 107R 3 100 | 1 & ISR+Chen 3
[0) F L -+ =
o~ r 2 0.02 ISR, no BST 1 °
¥ s | | § ooz
< I N O | no ISR, no BST
U E 50 f 1 3
3 i i S ooty ]
+ L T
3 25 ]
S 1074 : 0 s b 0.007 20 20 50 f:o 100
1 5 10 50 100 500 1000 100 200 300 400 500 600 700 800 900 1000
E. (GeV) p, (GeV) E, (GeV)
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Effect of beamstrahlung

Datta, Kong and Matchev

[arXiv:hep-ph/0508161]
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New Strong Dynamics

Solves the Naturalness Problem: Electroweak Symmetry Breaking is

generated dynamically at a nearby scale. May or may not be a light Higgs boson.

Theoretical issues

Technicolor, ETC, Walkin.é TC, Topcolor , ...

What is the spectrum of low-lying states?

What is the ultraviolet completion? Gauge group? Fermion representations?
What is the energy scale of the new dynamics?

Any new insight into quark and/or lepton flavor mixing and CP violation?

For example with a new strong interaction at TeV scale expect:

o (pb)

Estia Eichten
Tuesday, November 10, 2009

Technipions - s channel production (Higgs like)

Technirhos - Nearby resonances (pr,wr)- need fine energy resolution of muon collider.

Eichten, Lane, Womersley PRL 80, 5489 (1998)
M(pt) = 210 GeV M(wr) = 211, 209 GeV

MC 40 steps (total 1 fb1)

R N N I A B
208 209 210 211

M_ee (GeV)

L
212 213 214

good benchmark
processes

(8]

g <E0.8 [
~ 10 = 0.6 :
B C
= 1 = =
© : 0.4
-1
10 = :
"N 0.2
=
10 = L
E 0
_a- C
10 ‘7
- -0.2 |
-4 L
10 I | | L 1 | 1 L L | | L

CLIC - D-BESS model (resolution 13 GeV)

U

2000 2950 3000 3050 3100 3150 2900 2950 3000 3050 3100 3150

E. (GeV) _ E_ (GeV)
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Contact Interactions

(] solves the Naturalness Problem: The SM theory is only an effective theory
valid below the compositeness scale.

I
Colloquium @Thomas Jefferson National Accelerator Facility

Estia Eichten
Tuesday, November 10, 2009

New interactions (at scales not

directly accessible)

give rise to contact interactions.
2

9* =
£ = 55 (VI)(PI'Y)

Muon collider is sensitive to contact
interaction scales over 200 TeV as is
CLIC.

Cuts on forward angles for a muon
collider not an issue.

Polarization useful to disentangle the
chiral structure of the interaction.
(CLIC)

good benchmark process

Muon Collider Study
E.Eichten, S."Keller, [arXiv:hep-ph/9801258]

lab’, P =0.8, efe —u'u
AP/P=0.5%
CLIC Sfudy CLIC(3 TeV): P,=0.6, Asys=0.5%, AL=0.5% N
LC (ITeV): P =0.6, Asys=0.2%, AL=0.5% [ |

A0
v

A4 IS Y
v R
LR YY)

RL

RR

LL

‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l
0 100 200 300
[TeV]
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Extra Dimensions
3

(] solves the Naturalness Problem: The effective GUT scale is moved closer.

Theoretical issues

- How many dimensions?

- Which interactions (other than gravity) extend into the extra dimensions?
- At what scale does gravity become a strong interaction?

- What happens above that scale? possible KK modes

Randall-Sundrum model:
warped extra dimensions

o (fb)

- two parameters:

» mass scale « first KK mode;
» width « BD curvature / effective 4D Planck scale.

100 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |

LHC discovery - Detailed study at a muon collider Vs (GeW)

Estia Eichten Colloquium @Thomas Jefferson National Accelerator Facility Oct 7, 2009
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Summary

A multiTeV lepton collider is required for full coverage of Tevascale physics.

0ad

The physics potential for a muon collider at /s ~ 3 TeV and integrated luminosity of 1 ab
is outstanding. Particularly strong case for SUSY and new strong dynamics.

[J Narrow s-channel states played an important role in past lepton colliders. If such states
exist in the multi-TeV region, they will play a similar role in precision studies for new
physics. Sets the minimum luminosity scale.

[0 Precise knowledge of the neutrino sector has wide impact from cosmology (dark matter,
baryon asymmetry, ...) to the nature of gauge unification near the Planck scale. A staged
Muon Collider would provide a Neutrino Factory to fully disentangle neutrino physics.

[0 Next Step is a detailed study of physics case for 1.5-4.0 TeV muon collider:

«  Identify benchmark processes: pair production (slepton; new fermion), Z' pole studies, h°
plus missing energy, resolving nearby states (H°-A% p t-w%%), ...

«  Dependence on initial beam [electron/muon, polarization and beam energy spread] as well
as luminosity should be considered.

«  Estimates of collision point environment and detector parameters needed.

*  Must be able to withstand the real physics environment after ten years of running at the
LHC.

Workshop on "Muon Collider Physics, Detectors and Backgrounds”, Fermilab, Nov. 10-12 (2009)
http://www.fnal.gov/directorate/Longrange/Steering Public/workshop-muoncollider.html

w
©
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N
(>

Estia Eichten Colloquium @Thomas Jefferson National Accelerator Facility
Tuesday, November 10, 2009

Oct 7, 2009



o

* Appearance probabilities in long baseline neutrino oscillation experiments

Py, —1v.) = Xisin 8%3 + Y, sin 63 cos(A13 + §) + Paol
P(D'u — De) = X_ sin (9%3 —Y_ sin (913 COS(A13 -+ 5) -+ Psol

Where (normal hierarchy)
Asysin(al = A 2
X:I: = 4sin2 923 { 51 Sln(a :F 31)]
(CLL . Agl)
Y. =2/ XL P
Aoy sin(al)q2
P..; = cos? 095 sin” 2015 { 21 8 )}
al
Ay = ]Am |L/AE
and the index of refraction in matter is: J. Burguet-Castell et.al.

NP B608 (2001) 301

a — GFNe/\/§

Note that the interference term is the only term that depends on CP phase 0.
Also the only term that differs for neutrino/antineutrino beside matter effects.
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PROTON BINCe MAGMET

To make muons, scientists
smash bunches of protons into a
target. Magnetic fields steer the

muons into the right direction. — O )

== [waover JEPTITETSS
To create a narrow, uniform muon beam,

scientists cool the particles by sending them
through a series of absorbers and cavities.

RADIO FAECUENCY CaviTH

N
N
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me= LHC - Discovery of the SM Higgs

o , 50 discovery
~— |l o !
& - 95% CL exclusion
] \
= .
=
() -
2. !
X
v !
| - I " 1 e -
L . ~ . .
a Wi -
ey |
S |8
-E _L::ﬂ ' A - . i -
E ;'(’ ! '\ "
= o .
Q" 4 CMS+ATLAS
T :
- .
100 200 300 400 500 700 1000

mu (GeV/c?)

B
w
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Higgs study at MC

AE/E =0.03% 10 pb-1/point

++++++++++++++++++++ eeeeeeeee :

109.98 109.99 110 110.01 110.02 110.03
2 x beam energy, GeV/c 2

J. Gunion

Easier for large tanf SUSY Higgs

Effective Cross Sections: m; =110 GeV
108 I —

T T T T ‘ T T T T ‘ T T T T

102

Mg, =1 TeV
no squark mixing

10*21111‘1111‘1111‘1111
109.5 110 110.5

Vs (GeV)

Figure 7: The effective cross section, &, obtained after convoluting o, with
the Gaussian distributions for R = 0.01%, R = 0.06%, and R = 0.1%, is
plotted as a function of /s taking mj; = 110 GeV. Results are displayed
in the cases: hgas, h with tan 8 = 10, and A° with tan 3 = 20. In the
MSSM RV cases, two-loop/RGE-improved radiative corrections have been
included for Higgs masses, mixing angles, and self-couplings assuming m; =
1 TeV and neglecting squark mixing. The effects of bremsstrahlung are not

included in this figure.

B
s

Estia Eichten

Tuesday, November 10, 2009

Oct 7, 2009



o

. J

] Good energy resolution is needed for H° and A° studies:

- for s-channel production of H®: /M = 1% at tanf = 20.

- nearby in mass need good energy resolution to separate H and A
- can use bremsstrahlung tail to see states using bb decay mode
H and A Total Width Contours
Mie = 175 GeV, Mg = 1 TeV

M, (GeV) r, (GeV)

I \\ \ I -7 I \ ; I I \
0 200 400 600 0 200 400 600
m, (GeV) m, (GeV)

Figure 20: Contours of H? and A total widths (in GeV) in the (m 40, tan 3)
parameter space. We have taken m; = 175 GeV and included two-
loop/RGE-improved radiative corrections using my =1 TeV and neglecting

squark mixing. SUSY decay channels are assumed to be absent.

B
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m(H) = 120 GeV

m(H) = 200 GeV

P PRI |
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FIGURE 6. Pair production of heavy Higgs bosons at a high energy lepton collider. For

comparison, cross sections for the lightest Higgs boson production via the Bjorken process

ptp= — Z* — Zh® and via the WW fusion process are also presented.
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Separation of A® & H° by Scanning

so— A°H? 5> bb

—_ L m,o=350 GeV 4
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FIGURE 4. Plot of bb final state event rate as a function of /s for m4o = 350 GeV, in the
cases tan 3 = 5 and 10, resulting from the H%, A° resonances and the bb continuum background.
We have taken L = 0.01 fb™! (at any given \/s), efficiency e = 0.5, m; = 175 GeV, and included
two-loop/RGE-improved radiative corrections to Higgs masses, mixing angles and self-couplings
using m;-= 1 TeV and neglecting squark mixing. SUSY decays are assumed to be absent. Curves
are given for two resolution choices: R = 0.01% and R = 0.06%
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FIGURE 5. Taking /s = 500 GeV, integrated luminosity L = 50 b=t and R = 0.1%, we
consider the bb final state and plot the number of events in the interval [m,;—5 GeV,mz+5 GeV],

as a function of the location of the central m; value, resulting from the low v/§ bremsstrahlung

tail of the luminosity distribution. MSSM Higgs boson H® and A° resonances are present for
the parameter choices of m o = 120, 300 and 480 GeV, with tan3 = 5 and 20 in each case.
Enhancements for m 40 = 120, 300 and 480 GeV are visible for tan 3 = 20; tan3 = 5 yields
visible enhancements only for m o = 300 and 480 GeV. Two-loop/RGE-improved radiative

corrections are included, taking m; = 175 GeV, m- = 1 TeV and neglecting squark mixing.

SUSY decay channels are assumed to be absent.
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# CMSSM - Soft breaking couplings set equal at GUT scale.
* Fewest parameters (aka mSUGRA)

ODetailed study benchmark points for CLIC - CERN report 2004
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Fig. 5.2: Overview of the updated proposed CMSSM benchmark points in the (mo,m4,2) planes, superposed on the strips
allowed by laboratory limits and the relic density constraint, for 4 > 0 and tan 8 = 5, 10, 20, 35, 50, and for © < 0 and
tan 8 =10, 35 [8]
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Jt Technicolor, ETC, Walking TC, Topcolor, ...
C. 3 I P

Technipions: 1000

500

S channel production - higgs like

do(pp~ — mporny’ — ff) B
= ] - |
Ny (C’MCfmumf>2 s %0 T 1
27 FZ (s — M2 )2+ sT2 ]
109.9 109.95 M,bbl(lc?ev) 110.05 110.1
do(pp~ — ' —gg)
dz N Figure 1: Cross sections for pu*u~ — 7% — bb (upper curve) and 79/ — bb.
2 Statistical errors only are shown for a luminosity of 1pb~' per point. Cuts
C”T C/‘m:“as Nrc s> ) and efficiencies are described in the text. The solid lines are the theoretical
3273 F72’ (S — M? )2 + 512 cross sections (perfect resolution).
T T
Technirhos: TE E
Can have nearby vector resonances 2 3 3
that interfere: B
Would need the fine resolution ; |
. omt L e
fo dlsenfangle sfafes 208 209 210 u 2(1(}1 - 212 213 214
Common case W”’h new Sfrong dynamlcs Figure 2:  Cross sections for putp™ — pr, wp — ete™ for M,, = 210 GeV

and M, = 211 GeV (higher-peaked curve) and 209 GeV. Statistical errors
only are shown for resolutions and luminosities described in the text. The

o for resolutio . doseribed |

Estia Eichten Colloguium @Thomas Jefferson National Accelerator Facility Oct 7, 2009 o
Tuesday, November 10, 2009




Jt O Fine tuning problems in the cMSSM
L.

M(h°) > 113.8 GeV (95% cl) LEP combined bound] tan 8 = vu/v4
tree 1-loop f;i:sq::rk
3 TMmyg, My,
M,fo — m2 cos?(20) + msinQﬁ y? [mf In (mglmEQ/mf) +c§s%(mt22 —mtgl)ln(mt%/m%l) mixing: C{jsf t

1
+c§s§{(m§2 —m2)? = ~(mb, —m ) n(m?, /mt%l)} /m§]. .

with measured top mass and tan S constraints,

need large top squark mass. BUT

1 0
my = =2 (|u*+mf, ) — —=—AV + O(1/ tan’3).

f Uy, OV \

soft SUSY breaking mass term
in higgs field coupling to top

loop part of effective potential

the largeness the soft SUSY breaking mass term
means a fine tuned cancellation between the p? and

m24 terms to more than a few percent.

Relax the soft breaking restrictions at the GUT scale ?

[
Oct 7, 2009

Estia Eichten Colloquium @Thomas Jefferson National Accelerator Facility

Tuesday, November 10, 2009



