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' What is the world made of? € oo
~{  What holds the world together? b aeae
Where did we come from? ' Ca
| the smallestthings inthe world [ == s vov ©
‘| interactions (forces) between them

the Unlverse S past present and future

Partlcle PhyS|cs phyS|cs where
small and big things meet,
Inner and outer space meet




Many generations of Accelerators created
with higher and higher energy and intensity beams

Ifermﬂab

]

~2000 SC|ent|sts
Fermilab experiments using accelerators
> 2 publications every week
~2 Ph.D.s every week

Ernest Lawrence Tevatron: x10° bigger, x108 higher energ_);
(1901 - 1958) Intense neutrino beams
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(proton mass = @ = ~1GeV/c?)

gluons

top quark
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Present theory (Standard
Model) is a remarkable
Intellectual construction

Particle experiments ever
done fits in the framework

But huge guestions remain
unanswered.

New physics is required to el vy T i
answer: e.g. Leptons

Supersym. extension of SM,
extra dimensions, ....

Higgs yet to be discovered
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"Fermilab: Present and Future", Young-Kee Kim, ANL Colloquium, Jan. 6, 2010 3¢ Fermilab



. LY - » Sy . v . Ly T T " - 4EL" « 3 ¥ == .. .4 ol & .

T T ' 5 = N A e =) : R S : .

b BRC v . 2 R Wl = .: T .:. a A - A T o= y : .. %

Y5 R e E T Y
:.. 2 < =4 » ag L 49 ¥

1W )atist "’\f|g|n ofm ss for fuidamental p rtlcles?
2/Why are thefe so many kinds of particles? i S : %
8. Do all the forces become one? | emaean i 0
4. Are there extra dimensions of space? R S

5. What are neutrinos telling us? 3_;-,;-?:-_,

6. What happened to the antimatter? : :
7. What is dark matter? .Evolved" _Thm.ker--
8. How can we solve the mystery of dark energy? N
9. How did the universe come to be?
10 Are there undiscovered principles of naturg
- \pew symmet{les new physma/ QWS ? '
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History of the Universe

Create particles/antiparticles that
existed ~0.001 ns after Big Bang.

« Direct: Tevatron, LHC, ....
« Indirect: v's, Rare Processes, ...

s, Fediation
s partclos :"*_: proton
E Rt

4 positron (antl-slectron)

Wi | heavy particles
= CAMyIng | maRon
F the woak fosco T g
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! o

Unification, New Symmetry



Unification

Electromagnetic Force

W] ¢ THE TERASCALE
ELECTROWEAK UNIFICATION ’.‘

Weak Nuclear Force v
i S < GRAND UNIFICATION ( )

Strong Nuclear Force

PLANCK ( I ) BIG BANG
SCALE

Gravitation

1oia Energy (TeV)

Time (s)

2.3 x 103 GeV 1TeV = 10°GeV 1016GeV 101°GeV  Energy
(2.7K) (10*¢K) (102 K) (10%2K)  Temp
12x10° y 10Hs 1038 s 10s  Time

We want to believe that there was just one force after the Big Bang.

As the universe cooled down,
the single force split into the four that we know today.
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Electromagnetic Force

¢« THE TERASCALE

ELECTROWEAK UNIFICATIO It.
Weak Nuclear Force \
i GRAND UNIFICATION _E )
Strong Nuclear Force /

PLANCK ( JIl( ) BIG BANG

Gravitation

Energy (TeV)

Time (s)

1012 1016
Q [GeV]

The Standard Model fails to unify the strong and electroweak forces.
2= Fermilab
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Electromagnetic Force

¢« THE TERASCALE

ELECTROWEAK UNIFICATIO I:. :
Weak Nuclear Force \
[ GRAND UNIFICATION _E )
Strong Nuclear Force 1

PLANCK ( JIl( ) BIG BANG

Gravitation

Energy (TeV)

Time (s)

But details count!
Precision measurements are crucial.
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Early discovery at LHC

LHC could discover strongly coupled SUSY

ATLAS aAtlantis Event: susyevent

dark matter
candidate

A host of new particles: fit roughly some masses,
make assumption on couplings

Jt :
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Energy Frontier <=y Intensity Frontier

The Intensity Frontier can probe
new physics at a scale >> TeV.

Muon to electron conversion: uN - eN

Neutrinos change from one kind to another.
Do charged leptons do, too?

Jt H
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Intensity: Large effects in kaon decay rates

New Physics:
Kl 2n’vv
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Interplay:Energy Frontier<= Intensity Frontier

Nothing  m——— Only handle on the

next energy scale

Intensity

LHC Frontier

Determine/verify

Lots ) siructure of new physics.

Anything beyond?

Jt H
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Intensity Frontier: Neutrinos

Recent Discoveries
produced much excitement.

the only new physics seen so far in the lab. \‘ /

- Behave so different from other particles
Mass, Oscillation pattern, v = v possibility

- A Matter-Dominate Universe
Require Matter-Antimatter Asymmetry (CP Violation)
Quarks can not explain. Maybe the leptons can.

- Unification
v mass, mixing point toward new symmetries (unification)

« Cosmic Connection
~10° neutrinos / nucleon or electron in the Universe.
Neutrino mass affects large scale structure.

Jt H
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The neutrino spectrum: unknowns

v [N v, NIl
% v, W////ﬁ&llll}
Am?
or
Am?
v, ANy s
b Am '
v, N vs (N1
(Mass)? Normal Inverted
ZE

Mass Hierarchy

Matter — Antimatter Asymmetry Phase o

v=v?
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Particle Physics at the Three Frontiers

Endorsed by the US Particle Physics Community

"Fermilab: Present and Future”, Young-Kee Kim, ANL Colloquium, Jan. 6, 2010
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Particle Physics

- Global enterprise

- Many laboratories have changed missions.
A few principle particle physics laboratories
In the world

- Important and healthy to maintain expertise,
long term stability, and support in all three
regions, and to engage the world wide
community

« More coordination and collaboration

Jt H
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US Particle Physics Today

« National Laboratories

Fermilab
Single mission — particle physics

Other laboratories: ANL, BNL, LANL, LBNL, SNAL, ...
Multi missions including particle physics
Particle physics is not the primary mission

- Universities
- We need to maintain expertise and unigueness

INn laboratories and universities

Jt H
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Fermilab Programs at Three Frontiers (Now)

Hadron Colliders:
Tevatron
LHC

Dark Matter,

Dark Energy,
UHE Particles
from Space

Neutrinos

http://www.fnal.gov/pub/science/frontiers/
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Fermilab Programs at Three Frontiers (Future)

Hadron Colliders: Lepton Colliders:

Sub-TeV: ILC
LHC Multi-TeV: p Collider
(CLIC)
Project X:
: Dark Matter,
Neutrinos

Dark Energy,
UHE Particles
from Space

Rare Processes
Precision Meas.s
Nuclear Physics

http://www.fnal.gov/pub/science/frontiers/

Jt H
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Cosmic Frontier: Dark Matter

Underground experiments may detect Dark Matter candidates.
WIMP (~200 km/s, ~100 GeV)

Energy Frontier

Cosmic Frontier

Accelerators can produce dark matter in the laboratory and
understand exactly what it Is.



Dark Matter Searches — Underground Detectors
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CDMS (4 kg) Results
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lonization yield = Ey,;4e / Epnonon 0.8 £ 0.2 background expected
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Presenter
Presentation Notes
How specifically do we deal with gammas?
1:10000 rejection factor from ratio of ionization to charge, clean materials, shielding
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Cosmic Frontier: Probing Dark Energy

1. SDSS (Sloan Digital Sky Survey) ‘S_DSS"
2.5 meter telescope in New Mexico 2 S

Ranks as the facility with the highest impact 4
in astronomy for the 39 year in a row.

Power spectrum of galaxies constrain dark
energy density parameter.

2. DES (Dark Energy Survey)
4 meter telescope in Chile

DES Camera under construction
Operation: 2011 — 2016

3. JDEM (Joint Dark Energy Mission)
Space telescope
Fermilab Goal: Science Operation Center

Jt :
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Presenter
Presentation Notes
Spectra of thousands of Supernovae
Map the Universe out to even higher redshift
Weak Lensing from space


Cosmic Frontier: High Energy Particles from Space

Auger Observatory
studies ultra-high energy
cosmic rays.

0 — Cosmic rays with
E > 57,000,000 TeV

Correlation

— Active Galactic Nuclel

Jt H
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Energy and Intensity Frontiers

Energy-Intensity Integrated Program

Today: operates Tevatron & highest power v beams

Origin of Mass

/ Origin of Universe

Unification of Forces

New Physics
Beyond the Standard Model

Neutrino Physics

Proton Decay

Future: continue to have the integrated plan

"Fermilab: Present and Future”, Young-Kee Kim, ANL Colloquium, Jan. 6, 2010
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The Energy Frontier: The Tevatron (1985 - 2011)

Progress: the Tevatron

7,300 FY2010
7,000 Total Integrated Luminosity /
6,500
S 6,000 7.5 fb
j=3

= 5,500
> 5,000
L4500
E 4,000 FY2008
3 3,500

D 3,000

Z 2,500 FY2007
= 2,000

8] FY2006

1000 FY2005
FY2004

" Ev2002 FY2005 0 =
|:| d

2002 2003 2004 2005 2006 2007 2008 2008 2010

FY2009

Fiscal Year

~100 publications / year, ~60 Ph.D.s / year
Plan to run through FY2011: 7.5 fb1 (now) > 12 fb-1
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Physics at the Tevatron

Total Inelastic
mb | s jets (qq, qg, 99)
8 bb B, mixing, Q’ﬁ’

S ubt o
: 5 7
7 nb
@)
O WZ

pb Single Top

ZZ

fb

100 120 140 160 180 200
Higgs Mass [GeV/c?]
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The Tevatron Predicts Higgs Mass via Quantum Corrections

M;op: TEVatron
top 0.5 | My, : Tevatron+LEP2
W
bottom 2
€ g04
=
=
: Higgs
W 80.3
150 175 200
Mop (GEV)

my, = 87326 GeV (my,, = 173.1 + 1.3 GeV)
Favors “light” Higgs in the range where Tevatron has good potential.

Jt H
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Observations: rare SM processes

Tevatron Run Il pf at\s = 1.96 TeV
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Diboson production: more luminosity allows access to smaller cross sections
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The Higgs Search

- The SM Higgs (if it exists) Is being produced
NOW at the Tevatron! We have enough energy
Just not that often & it’s buried in “backgrounds”
It's a story of luminosity, passion, persistence and luck
We know how to look for it and we are in fact closing in!

- Over the last years, there’s been a dramatic
Infusion of people, effort and ideas, aimed at
finding the Higgs

Jt H
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Tevatron Run |l Preliminary, L=2.0-5.4 fb™
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Fermilab and LHC:

Accelerator and Detector DeS|gn/Engmeerlng/Constructlon and Upgrades
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Fermilab and LHC

US CMS Host Lab; the only US CMS Lab

CMS Tier-1 Computing Center
LHC Physics Center
Support US CMS Community

= FENAL Day

To make being at Fermilab as good as being at CERN.
Requires critical mass (~100 Fermilab + University Scientists at Fermilab).

Jt :
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Supporting the LHC Community
CERN-Fermilab Hadron Collider Physics Summer School

1st Fermilab August 9-18, 2006
2nd CERN June 6-15, 2007
e Fermilab August 12-22, 2008
4th CERN June 8-17, 2009
S Fermilab Summer 2010

Graduate Students and Postdocs
from around the world

"Fermilab: Present and Future”, Young-Kee Kim, ANL Colloquium, Jan. 6, 2010
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International Neutrino Summer School

Merging various neutrino schools into one coherent school
Rotating in three regions

15t Fermilab July 6-18, 2009
e KEK 2010
e Europe 2011

1st School at Fermilab
-'l.l H

"Fermilab: Present and Future”, Young-Kee Kim, ANL Colloquium, Jan. 6, 2010
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The Intensity Frontier: Neutrinos
_— 260 kW 120 GeV Mi protons

Bboster =
=

MInIBOONE

>l oo‘\l'f/gy

MiniBooNE Detector

... Neutrino beam from 8 GeV Booster
MiniBooNE: Excludes “4th gen.” v
Low Eng Excess in v, Now running anti-v

g SCiBOONE: v — Matter Interactions
MicroBooNE: 170 ton LAr TPC



Presenter
Presentation Notes
MiniBooNE results


Global fit:
6,5 = 0 disfavored by ~2¢
Central value sin?26,,=0.08
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Presenter
Presentation Notes
MINOS results, MINERvA results, ArgoNeut results


tana NOVA: Data Taking in FY12-13
* 013

T, Mass Ordering:

== the only near term project in the

A A world sensitive to mass ordering

™ 1-
Waconsin LY Michgan

/& < improved precision: 2-3
/4 &
"‘.
’ |U\"|' cl
” Nebraska -
>F

MINERVA: Ops. w/ Full Det.(2010) b
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Presenter
Presentation Notes
NOvA ground breaking photo


Muon to e Conversion (uN = eN)

Detector solenoid

Electron

Collimators calorimeter

ﬁ Tracking

Production Stopping detector

solenoid\ 3 target ploton

absorber

/ Transport
Beam pipe  solenoid

Production
target

Muon g-2, K* = n*vv (1000 events) under consideration

Jt :
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Project X: intense proton accelerator

- The intensity frontier
answers fundamental
guestions ,-

- Project X is the key

- Project X can lead us
back to the energy
frontier

"Fermilab: Present and Future”, Young-Kee Kim, ANL Colloquium, Jan. 6, 2010
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http://www.fnal.gov/pub/projectx/�

Evolution of Project X: 3 Simultaneous Beams

. 3 GeV protons, 2 MW CW (continuous pulses at 325 MHz)

Rare processes + precision measurements

flexible time patterns + pulse intensities
- 8 GeV protons, 20 — 200 kW: rare processes + precision meas.s
- 60— 120 GeV protons, 2 MW (to Homestake) for neutrinos

3> 8GeV Recycler/Main Injector
: RCS or Linac 120 GeV
3 GeV, 0.7 mA CW Linac (SCRF) @

Neutrinos
(2 MW)

\ Muons
Kaons (0.5 MW)
(1.0 MW)

Nuclear
(0.5 MW)

Jt H
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Matter — Antimatter Asymmetry with Neutrinos

Proton Decay
Supernovae Neutrinos



The Intensity Frontier: Fermilab - DUSEL Option

%
4
E
5
-4

DUSEL
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MuZ2e can probe ~10% TeV

New Physics
Scale (TeV)

B(u— e conv in **Ti)=107"%

{with Project X

pre-Project X

B(n— ey)>10"

'MEG Experiment

10 1 10

Model Parameter
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A path back to the energy frontier?

Lepton colliders beyond LHC

LHC
RERES

ILC Enough | = By far the easiest!

or

E<1TeV

ILC not enough

E>1TeV

CLIC

or

Muon collider

Jt H
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International Linear Collider (ILC)

"Fermilab: Present and Future”, Young-Kee Kim, ANL Colloquium, Jan. 6, 2010

LHC

0
0

0

P
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Muon Collider http://www.fnal. qov/pub/muon collider/
Conceptual Layout w

Project X o
Accelerate hydrogen ions to B GeV e
using SRF technology. =
Compressor Ring 1+

Reduce size of beam.

Target
Collisions lead to muons with enerngy
of about 200 Me\.

ILC/Project X

Muon Cooling technology

Reduce the transverse motion of the
muons and create a tight beam.

Initial Acceleration
In a doFen turns, accelerate muons
to 20 Gel

Recirculating Linear Accelerator
In a number of turns, accelerate ;
muons up to 2 TeV using SRF 1

technology. "‘\‘

Collider Ring %

Located 0 meters underground. ™,
Mueons live long enough to make hN
about 1000 turns. N Drmimet Vorimerad A e i


http://www.fnal.gov/pub/muon_collider/�

52

Project X

Muon collider functional layout

Target Capture Cool Format Accel

Color indicates degree of needed
R&D (difficulty) and demonstration

"Fermilab: Present and Future”, Young-Kee Kim, ANL Colloquium, Jan. 6, 2010

Collide
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_C / Project X/ Muon Collider technology at Fermilab

System Test Faclility with beams _ ” _—

—— —— _ “m -l

Jt :
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Comparison of Particle Colliders

To reach higher and higher collision energies, scientists have built and proposed larger and Iarger machines.

54 "Fermilab: Present and Future”, Young-Kee Kim, ANL Colloquium, Jan. 6, 2010
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Evolution of v Program: Neutrino Factory

- Muon Colliders & Neutrino Factories require
similar, & potentially identical, muon sources:

(a) Neutrino Factory

FRONT END MUON SOURCE ACCELERATION RING

Proton Source

Cooler

Initial

> 2
T £
2 E
q')l_
Qs

Bunch &
Reduce AE

(b) Muon Collider

FRONT END MUON SOQURCE 6D COOLING ACCELERATION RING

Proton Source

Decay
Channel

Bunch &
Reduce AE

Initial
Cooler

Jt H
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Project X

-  Would be a fantastic machine at the intensity frontier for
neutrino physics, kaon physics, muon physics, and
nuclear physics

- Would develop and exercise the technologies to
position the US to host a global facility at the energy

frontier (or contribute to one elsewhere)
ILC and muon collider

Jt H
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UsS Strateqv Detector Synergy:
ILC/CLIC/u Collider

Energy

Frontier Tevatron (LHC) ILC / n Collider
protons Fe_chnology
Injector
. Injector
Intensity NuMl —> NuM| —> —> v Factory
Frontier /- i260kw) )
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Closing Remarks

- Compelling Questions in Particle Physics
Require three interrelated frontiers
. The Energy Frontier
. The Intensity Frontier
. The Cosmic Frontier

- Fermilab: Current and Future
A balanced program at 3 interrelated frontiers
Project X (intense proton source)
Intensity Frontier Facility (broad physics program)
. A path back to the Energy Frontier

ILC technology

Front end of a muon collider (and/or v factory),
Acceleration technology for a muon collider
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and some luck
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Evolution of Project X: 3 Simultaneous Beams

- 2 MW CW (continuous pulses at 325 MHz) 2-3 GeV protons
rare processes and precision measurements
flexible time patterns and pulse intensities

. 20-200 kW 8 GeV protons
rare processes and precision measurements

- 2 MW 60 - 120 GeV protons (to Homestake) for neutrinos

2 MW at 2-3 GeV

——>

20-200 kW at 8 GeV

2 MW at 60-120 GeV
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Flexible bunch format

- Variable H- ion source provides current 1 to 10 mA DC

« Variable bunch formats:

. lon source at 1 mA, no beam chopping: 1.9x107 protons per

bunch at 325 MHz rate

.. lon source at 10 mA, 90% beam chopping: 1.9x108 protons

per bunch at 32.5 MHz rate (1 mA ave current)

s Bunch-by-bunch chopping example (ion source at 4.7 mA),

chopping and rf splitting for 3 experiments

Intensity Mu2e Pulse: 97 @162.5 MHz 518 kW
Kaon Pulse: 9e7 @ 27 MHz 777 kW
Other Pulse: 9e7 @ 27 MHz 777 kW

/

Transverse kick at rf splittér

800 ToooFime (nsec) (81 MHz, similar to crab cavity)
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Other applications

- Nuclear Physics

Can drive an ISOL target for Nuclear Physics
applications. Totally complementary program for
nuclear EDMs and fundamental experiments on
atomic traps just with ISOL target

- Muon Spin Rotation
Currently done in Rikken, PSI and TRIUMF

Would produce the most intense muon beams
available, including, polarization and
monochromatization
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Muon experiments

Next generation u->e conversion experiment, new
techniques for higher sensitivity and/or other nuclei.

° Mﬁse

- Next generation (g-2) if motivated by theory, next
round, LHC

 Other:
u edm.
H+e_ - M_e-l-
WA S uA

Systematic study of radiative p capture on nuclei.
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Evolution of v Program: Neutrino Factory

: : International Design Stud
. If sin“20,5 is small J 4

Choose a NF energy of 25 GeV & a very long baseline
(e.g. ~3000km) — up to ~ x100 improvement in
sensitivity compared to a superbeam

Sin?26,, Mass Hierarchy ~ CP Violation

104 10~ 10-2 104 10~ 10-2
sin220

- If 0,5 is large (>.005)

A 4 GeV NF aimed at Homestake gives clean reach into
CP violation, mass hierarchy and any unusual features
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Multi-TeV Lepton Colliders

- Muon Collider Approach: Fermilab’s Focus

Based on a secondary beam: we have experience basing
colliders on antiprotons. For u’s we must do it in 20 msec.

Advantages: narrow energy spread (no beamstrahlung)
and small physical footprint (no synchrotron radiation)

No new methods of acceleration, but new method of
deceleration!: muon cooling

- CLIC Approach: CERN’s Focus
Advantages: stable particles, polarization
Two-beam accelerator scheme

- Physics/detector
ILC-CLIC-Muon Collider Synergy
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The 3o reach (2 MW, 100 kton

Sin%20,,

3 ¢ Discovery Potential for sin®(26,,)20

~~Praject X NUMI of

Project X NUMI
with 2 LAr100

Project X with Wide Band Beam
L LAr100 detector 1300km baseline

r“lmlml’.rllll]l[lllIJ]]IJJ[I'IIII][

1 2 3 4 5 6

CP-Violating phase &

"Fermilab: Present and Future”, Young-Kee Kim, ANL Colloquium, Jan. 6, 2010

| Project X NUMI offAxis NOvA

[ Project X NUMI offAxis

L LAr100 detector 1300km baseline

Mass Hierarchy

Discovery Potential signam?,

+NUMI OnAx

+NUMI OnAxis LAr5@Soudan

tectors (15t&2nd Osc.Maxima)

Project X with Wide Band Beam

Crrr e b b b beve b
1 2 3 4 5 6

CP-Violating phase 6

LAr TPC)

CP Violation

3 ¢ Discovery Potential for 50 and (#n)

Project X NUMI offAxis
withOLArle detectors (1s{&2nd Osc.Maxima)

roject X with Wide Band Bea
Ar100 detector 1300km baseli

Project X 2> DUSE

r“lmlml’.rllll]][lllIJ]]IJJ[I'IIII][

1 2 3 4 5 6

CP-Violating phase &

2% Fermilab




	Fermilab: Present and Future
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Early discovery at LHC
	Energy Frontier              Intensity Frontier
	Intensity: Large effects in kaon decay rates
	Interplay:Energy Frontier       Intensity Frontier
	Intensity Frontier: Neutrinos
	The neutrino spectrum: unknowns
	Particle Physics at the Three Frontiers
	Particle Physics
	US Particle Physics Today
	Fermilab Programs at Three Frontiers (Now)
	Fermilab Programs at Three Frontiers (Future)
	Slide Number 23
	Slide Number 24
	CDMS (4 kg) Results
	90% CL Limit: Present and Future
	Cosmic Frontier: Probing Dark Energy
	Cosmic Frontier: High Energy Particles from Space
	Energy and Intensity Frontiers
	The Energy Frontier: The Tevatron (1985 – 2011)
	Slide Number 31
	Slide Number 32
	Observations: rare SM processes
	The Higgs Search
	Higgs
	Fermilab and LHC:�Accelerator and Detector Design/Engineering/Construction and Upgrades
	Fermilab and LHC
	Supporting the LHC Community
	International Neutrino Summer School
	The Intensity Frontier: Neutrinos
	Slide Number 41
	Slide Number 42
	Muon to e Conversion (mN  eN)
	Project X: intense proton accelerator
	Evolution of Project X: 3 Simultaneous Beams
	Slide Number 46
	The Intensity Frontier: Fermilab  DUSEL Option
	Mu2e can probe ~104 TeV
	A path back to the energy frontier?
	 International Linear Collider (ILC)
	Muon collider layout
	Muon collider functional layout
	ILC / Project X / Muon Collider technology at Fermilab
	Slide Number 54
	Evolution of n Program: Neutrino Factory
	Project X
	US Strategy
	Closing Remarks
	Slide Number 59
	and some luck
	Evolution of Project X: 3 Simultaneous Beams
	Flexible bunch format
	Other applications
	Muon experiments
	Evolution of n Program: Neutrino Factory
	Multi-TeV Lepton Colliders
	The 3s reach (2 MW, 100 kton LAr TPC)

