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The World Eagerly Awaits the start of the Large
Hadron Collider - LHC

7 trillion (10'2) eV proton
energy:

7X Fermilab Tevatron
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LHC Has Already Had an Impact

JULY

Kin DoLsy STOOD BEFORE HIS WORKSTATION, his smooth, polished fingers ca-

ressing the controls of lsabella. He waited, savoring the moment, and then he
‘.l_l!l;'.l .t[:II_L '|1|_|.||il|,| I_!I'l"..'\. I . "!['Il.l”. '|'|.'I.i I!‘.II'

1z to indicate that the most expensive

on. Except that, two hundred

he fine vibration of her

nowoman, and in his more

: hat she looked hke—rtall and
I‘ * desert mght, beaded with sweat, s
these feelings with no one—no pomnt i attracting

ridicule. To the rest of the scientists on the project, Isabella was an “it,” a dead

machimne bule tor a S it purpaose But Dolby had alwavs telr a -.1!.':'1‘ affection

for the machines he created—from when he was ten vears old and constructed

his tirst radio from a kit Fred, Thar was the radio’s name. And when he

thought ot Fred, he saw a fat carroty-haired white man, 1 he tirst computer he

had bult was Betty—who looked in his head like a brisk and ethcent secre

tary. He couldn’t explain why his machines took on the personalities they

did—t just happened
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Angels and Demons

E. Craig Dukes Beyond E=mc?




The Cause of our Excitement

Understanding of the electromagnetic
and weak interactions = Higgs?

Origin of neutrino mass hig

Some of this
New Physics
may appear
at energies too
high
for the LHC

+0 DARK ENERGY
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* Other hints, muon g-2, LSND, NuTeV,
CP phases in B, mixing, D, decay rates

Experiment
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Is the Large Hadron Collider the Last ina Long Line
of ever Higher Energy Particle Accelerators?
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100 GeV

Hadron Colliders

e*e= Colliders

TEVATRON
(Fermilab)

® LEPII

SLC __ LEP
(SLAC) ~ (CERN)

TRISTAN
(KEK)

PETRA __ PEP
(DESY) —_ (SLAC)

CESR (Cornell)

VEPP IV (Novosibirsk)
® /SpEAR Il

®®@ SPEAR _ DORIS . VEPPIII
(SLAC) ~ (DESY) ~_ (Novosibirsk)

PRIN-STAN VEPP Il ACO
(Stanford) — (Novosibirsk) — (France)

| | |

198 0 198 0
Year of First Physics

Beyond E=mc?

Presently there are no
concrete plans for an
accelerator to probe the
next energy regime

How are we going go probe
higher mass scales without

higher energies?




Rather than exploiting Einstein's mass-energy relation,
E=mc?, we can exploit Heisenberg's uncertainty principle,
AEAT = h/2

E=mc? AEAT 2 h

appearance of real appearance of.wr"rual
new particles hew particles

w B ]

9y crucial Highest intensities crucial

Loop diagrams

//’—Z~\\
/
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e
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Virtual Particles Can Have Two Effects

They can produce slight deviations
from expected properties

Difficult experiments:

»incredible precisions often needed
*theoretical precision needed too
*precision 0 /N

"Easy"” search experiments:
*theory = process is "forbidden”
*one event can be enough
-sensitivity O N
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This Indirect Approach has a Distinguished Past

- Starts with William Herschel's discovery
Uranus in 1781

* Uranus was the first planet to be
discovered - all others were known to the
ancients

* Soon a problem appeared = orbit of Uranus
was found to deviate from predictions from
Newton's Laws
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Race to find explanation began

George Airy thought that Le Verrier (France) and John Adams

explanation lied with deviations (UK) thought that the deviations

from Newton's law of gravitation were due to a hitherto unknown
planet
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Newton Vindicated

* Le Verrier won: September 18,
1846 he wrote a letter asking
Johann Galle at the Berlin
Observatory if he might have a
[ole] §

- On September 23 Galle in Berlin
found Le Verrier's planet

~“RIGHARD FEYNMAN

PHYSIGIGT

RS

usa
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What about Mercury?

Le Verrier turned his formidable talents to
the orbits of the planets and found a
discrepancy in the precession of the
perihelion of Mercury

Effect of the planets on the
precession of Mercury's
perihelion

Total per century: 527"
Observed: 527"+38"

Th e r‘ace "'O f i nd p laneT vu I Can had beg u nl L IMmMense aincuie_g €rcure a presentee aux anciens asironomes, Venait
’ surtos x Planéte, plongée durant le jour dans les rayons du Soleil,

fe que le soir ou le matin dans les vapeurs de I'horizon; en sorte
invention et le perfectionnement des lunettes, il était impossible de
 ses élongations. Copernic, empéché par- les brouillards de la

In 1859 he found a L ngue durée des crépu%cu!es en été, ne put jlamm parni 4
discrepancy of 1/10,000 of fgu- _
a degree per year!
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Race to Find Vulcan

Vulcan was seen many times, but never confirmed
“Dark matter” near the sun was invoked as a solution
A modification of Newton's law of gravity was another: 1/2.00000016

The problem remained outstanding at the beginning of the 20t
century
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Vulcan not Found but General Relativity is

Einstein calculates the perihelion of Mercury
using his new theory of General Relativity and
recovers the missing 38"/century found by le
Verrier 56 years earlier!

Erklirung der Perihelbewegung des Merkur aus
der allgemeinen Relativititstheorie.

Von A. EiNsTEIN.

Koniglich PreuSische Akademie der Wissenschaften (Berlin).
Sitzungsberichte (1915): 831-839.

Theeaveaksityte s adivibésdamytesewith Joyomeebeddt ehenlie’
had been critical of the ‘pélheryEarziain; it ® Noverobemt 915
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Example: Top and Higgs Masses

f e, I t e, \f H e
f ERN t e f H =)

Al _
A0 59 =

Virtual particles relate the properties %L —0.02758:0.00035

of the weak force carriers (W, Z), and L} ooeriesoscor:

=+ incl. low Q° data

the masses of the top quark and Higgs

Top quark mass "predicted” by

RIGH IFHRIT HEs HIRIVR K dBE RS YN TS

Pré emid wan dicas iy btapuares by | |

grQFd i 5?%' gb: m, = 1629 N A Preliminary
eV (Ellis, Foglr, Lisi, 1994).

most probable value: 7722,=—8 % (G e

E. Craig Dukes Beyond E=mc?




Rare Decays Require Flavor Factories

! ﬁ% G%B%%%e%m

HC are Hesia

A High-Luminosity
Asymmetric e%e”
Super Flavour Factory

BES-IIT tau-charm
Factory at Beijing, China

E. Craig Dukes
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10 billion b/anti-b pairs/yr
10 billion t/anti-t pairs/yr




Proton Accelerators are General Purpose Flavor
Factories

Produce beams of pions and kaons

N

Pion (=) Kaon (K")

‘u

Gluons

Electromagnetic Photon

Forces |

0 +
Weak . Weak bosons

Gravitational Graviton

i

Which in turn produce beams of muons
and muons neutrinos

2
g
O
£
i)
A
g
Q
@)

~1-100 billion/s can be produced
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Fermilab Pushing Forward on Intensity Frontier

Strategic Plan for the Next Ten Years:

"The panel recommends an R&D program in the
immediate future to design a multi-megawatt |

proton source at Fermilab..." energy F; P Roj E CT

matthew
BRODERICK
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Fermilab: Moving from the Present to Project X

_ Rare Muon
Long baseline & pecay Expt.

neutrino beam
to South Dakota Accumulator (8 GeV)

Debuncher (8 GeV) R
are

decay/precision
Main Injector O thSiCS program can
150 GeV | ~ begin after collider

Recycler program ends
' in 2010!

Project X
Linac (8 GeV)

The Project X linear accelerator would
feed a high-intensity neutrino and rare
decay/high precision physics program
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Project X Neutrino Program: DUSEL

* Deep Underground Science and Engineering Laboratory (DUSEL)

* Longer baseline than NuMI

* Old Homestake mine

* Multi-purpose detector possible: proton decay and neutrino physics
» Wide band beam: not of f axis like NOvA

Deep Underground Science
DUSEL and Engineering Laboratory @t Homestake, SD
Engineering

6 %2 Empire State
Buildings

Shallow
Lab

for scale . 5 0
/ - 3 TR Geoscience
oo | 5 ]
L2 i\ o
|

Mid-level 3

Deep

U.S. Long Baseline Neutrino ‘
Experiment Study 7 A -
(arXiv:0705:4396) W\ “%‘63

Astrophysics

NUSAG Report, July 13,2007 [R \ " piaioe
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Next Generation Detectors Being Designed

Two favorite technologies prm

height: 115 m, di
shiglding from cos:

1. Water Cerenkov wonver B " present Tunne
o | ‘B  MEMPHIS 215KT /shaft
2. Liquid Argon e E: | B i

reduction of fast
neutron background

Electronic crates Steel Cylinder
. 2y R TR R R height: 100 m, diameter: 30 m
il : 70 K of organic liquid
ﬂv“‘l" 13500 photofubes

Buffer

thickness: 2 m
nonkscintiflating organic liquid
shielding external radioactivity

Nylon Vessel —————————— _ Future Laboratory -
Auiim i) parting buffer liquid : Water Cerenkov Detectors
Max (’h’!ﬁ‘ J from liquid scintillator

Target Volume
height: 100 m, diameter: 26 m
50 ki of liquid scintillator
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Ultimate Reach: Neutrino Factory

Advantages
* Large neutrino fluxes U -evy, 50%v, +50%v,

» Little uncertainty in neutrino flux u - eV, 50%v, +50%7,

* Little background if sign of lepton
can be determined

* Allv Pﬂgamfffef‘s meaf,Uf‘ed from v, International Design Study: ZDR by ~2010, RDR by ~2012
g LS R == ARy, APENDIX: Staging from NF to 1.5-4 TeV Muon Collider
e~ - N i T L Cu S '. -—: i ‘—-r_ Pl ~ 7704

=

* Amé sensitivity so good that | W) L R L

hierarchy may be measurable with !
613 = OI

Disadvantages:

* Need to measure muon sign —
maghetic detector needed

W —>e+vtv, ----- - L

V)
Golden Channel

* Technology unproven: lots of R&D
needed that will take time
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Getting Back to the Energy Frontier

o 3 ' ILWET -
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Project X Beam Rates Enormous

2500
Beam Power

= particles/s x energy

8 GeV: ~20X increase
120 GeV: ~10X increase

Produce 1,000 billion
muons per second!

Each beam pulse has energy of Lamborghini
Gallardo going 140 mph (226 km/h), with
only 1.7 x 10-1¢ the Gallardo's mass!

Beyond E=mc?

Project X

20 x 10 POT/yr

Upgrade path
to 4 MW

Don't lose
the beam!

NuMI (MINOS)

3 x 10 POT/yr
o U70

60 80 100 120
ergy (GeV)




Great Interest in Project X

Three workshops held at Fermilab on
accelerator and experiments

Nov 12-13, 2007

174 participants, 25 institutions
Nov 16-17, 2007

250 participants, 78 institutions
Jan 25-26, 2008

200+ participants, 64 institutions
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Potential Program Huge

Bailout to Date

3000
1

Too many opportunities
too little resources m AlG

m Fannie / Fre
Epoch changing
Noni{ high-intensity particle
physics program

it
o
=
=

e
&
A
8
=
a ]

B Senior deb

Capital into banks

0
ECANOMPICDATA
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A Snapshot of Two Experiments

Rare muon decay experiment

Precision muon experiment

E. Craig Dukes

Long baseline k

neutrino beam
to South Dakota

Main Injector
150 GeV

Recycler
8 GeV

Beyond E=mc?

A

Y

Rare Muon y
Decay Expt. K

," Accumulator (8 GeV)
Debuncher (8 GeV)

4 Long baseline neutrino beam
to Minnesota

=<E

Fixed Target
Expts.

Precision Muon
Decay Expt.

Rare Kaon Decay Expt.

Project X
Linac (8 GeV)




Magnetic Moment of the Muon: Theory

Measuring magnetic moments of fundamental particles
has long and productive history

= anomalous magnetic moments of protons and neutrons
implied substructure = quarks

= Most precise test of quantum/zlec’ sodviaamiszs (QED)

, : - past 40 years b
Muon's magnetic moment  .orsin ctxlcula’r?rgg

40,000 times more sensitive ~~°"*

_ than electron’s to new physics
Dirac : New Physics
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Magnetic Moment of the Muon: Experiment

1. Pion decay produces polarized muons V T[+ l_,[+

.. - H
2. Precession in magnetic field —> . > <@
proportional fo anomalous magnetic

moment

3. Parity-violating decay of muons
reveals precessed magnetic moment
direction
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Theory Meets Experiment

Theory and experiment differ by 3.40
A= (297+88)x10-11
New Physics?

g-2FiNALe is in
the proposal stage

C
Q
B2,

&)

()

o
o

. . . o Project X
1960 1970 1980 1990 2000 2010 2020 reach?

Year
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Search For Lepton Flavor Violation
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Quark and Lepton Alchemy

1 Zeptember 2005

Passenger sues TSA over "instant” sex change
Agency blames malfunctioning X-ray scanner

DALLAS, Texas -- An Armerican
Alrlines passenger who was passing
thraugh a newly installed ¥-ray machine
here got more than scanned this past
month. In a freak accident during a
thunderstorm at the Dallas/Faort YWoarth
International Airpart, a lightning strike
caused a surge in power just as the
passenger entered the device.
According ta Dr. Sanjay Mchurphy, a
physician who happened to be at the
~scene during the incident, "the .
momentary increase in voltage T "y
apparently caused the instantaneous ENTER EXT1
mutation of the passenger's hormonal
structure, instantly changing him from a man into a woman.”

In response to the incident, Rhoda Prindabble, a spokesperson for the Transportation

=ecurity Administration (T=A) said, "While we have had reports of people aging

significantly while passing through the body scanners, this is the first we've heard of

the machines contributing to a sex change. The TSA has opened an investigation,

the results of which should be known before the devices are widely deployed.” |
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Why Search for Charged Lepton Flavor Violation?

- In Standard Model not there =
neutrino mass discovery implies an
unobservable 1022 rate

» Hence, any sighal unambiguous ”g' W

evidence of new physics

» Exquisite sensitivities can be obtained —b
experimentally

= sensitivities that allow favored
beyond-the-standard-model
theories to be tested

Almost all models explaining the
neuRqaRy [BERFGRY P oo

LN - &N Graievels that will be

probed by Project X
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History of Lepton Flavor Violation Searches

10 ~ Muon established as independent
1072 L Iep’ron in 1947 as p—ey not seen

10°F | —T
10 ( Feinberg 1958 loop calculation:
10’ | : : u—ey must be 10-4-10-2

10°
10”7

HIN== CIN |

Number of muons needed: ~5x10%°
.. Number of grains of sand on Earth: 7 % (TSR
‘ 5 constraining New
Mu2e at Fermilab </ £ . % _Physucs theories
m’rends to improve

Caveat:
we don't yet know how

=
£
-
| -
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Q
o
-
C
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O
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—
L
(@)}
£
e
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©
| -
m

10

0" y m’rensu’ry |
1018 ‘ ‘ A‘A [\ I \ I
1950 960 Y1970 1980 1990
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Model
independent
CLFV
Lagrangian

K<< 1
magnetic moment type
operator

U — ey rate ~300X
UN — eN rate

E. Craig Dukes

w—e*y vs f"N—e-N

-

B(uN—eN’) > 10

- Mu2e goal
B(uN—eN’) > 10" "°

i B(u—ey) > 10" |
MEG goal

Mu2e will probe
mass scales 10,000,000
times the mass of proton
and ~10,000 times that
probed directly
by LHC

K> 1
our-fermion interaction

UN — eN rate many

orders of magnitude

greater than p — ey
rate




Two Methods are Complementary

Observation of CLFV in both p"N—e"N and

u*—e*y could elucidate SUSY parameters MSSM/msugra/seesaw
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What Sensitivity is Needed?

Present sensitivity already interesting and constraining!
~10-16 removes many models
~10-18 extremely difficult for theorists to deal with

u—ein Tiat tan B =10

Calibbi,ﬁ Faccia, Masiero, Vempati

~ SINDRUM IL

-—h
o

-

o
—

o
o
pury

0.001

-
i
(e ]
NS

og
b=
=
—
X
~
%
=14
el
&
@)

400 600 800 1000 1200 1400 1600

M,, (GeV)
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How to Search for yN—e"N

» Stop muon in atom _ _
* Muon rapidly (10-16s) cascades to 1S R = [y A -e A)

state He ru Al V,uMg)
» Circles the nucleus for up to ~2 ps

* Two things most likely happen: Measure ratio of
1. muon is captured by the nucleus: conversion rate To capture

H-NA,Z_)VUNA,Z—I I"Cl"'e

2. muon decays in orbit:
U-NA,Z_)e-VuVeNA,Z

*In w'N—e N the muon coherently -t Capture: wN, ~>vN,,,
intferacts with nucleus leaving it in |
ground state

- signature single isolated electron
* E.=m, - Exg - E, ~ 104.97 MeV (Al)

Branching Fraction

DIO: u N - e_vequ

1 N | 2 1 2 1 2 1 N : 1 2 N N
10 20 30 40 50 60 70 80 90 100
Z

E. Craig Dukes Beyond E=mc?



Bunched Beam Technique Needed

Need ~1018 st d muons * Rate too high for continuous beam:
heed bunched muon beam: 50x10° u/s

* Need turn off detector for ~ 1,
Signal: 105 MeV electron coming (~800 ns) while bad stuff (plons

from the target, ~1 ps after electrons) is around
the p is stopped in the foils * Need < 10-? interbunch contamination

bunched beam
arrives with U's,
T's, and electrons

(f '.
'." “q‘

adiesd SAdunf dhe
smifqhscthep ¥ f the
ttegeetfrom scatters,

captures etc.
P need to be sure it isn't a

5105 U LIEIER or T
cdpRuMed edesgron
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Three Types of Backgrounds to i"N—eN

1. Stopped Muon Backgrounds
Muon decay in orbit (DIO):
WNyz—e VN7
Note: E, <« mc?-Eyg-E, not E, < $mc?
> defeated by good energy resolution

Radiative muon capture (RMC):
H-NA,Z_)VHVNA,Z-II y—e‘e Mu?n Dicay-in-FIight
Note: E ox(Al) = 1025 MeV e
> restricts choice of stopping targets
» defeated by good energy resolution
Mz.1 > Mz
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Three Types of Backgrounds (continued)

2. Prompt Beam Related Backgrounds
Radiative pion capture (RPC):
TNy z—>WNp 7.1, Yoe'e
Note: 1.2% have E, > 105 MeV
Muon decay in flight:
™ — e VvV
Note: since E, < m,c?/2,p, > 77MeV/c
Beam electrons scattering in target
Pion decay in flight:
T — eV,
> Defeated by 10°interbunch extinction/

002}

Relative Energy Difference

=5 0 0.5

Antiprotons annihilating
> Defeated by thin absorber

3. Time Dependent Backgrounds

Cosmic Rays
> Defeated by active+passive shielding

no particles per bin
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Mu2e: Looking for that Grain of Sand

1,694 ns

~3x107 p/bunch

200 ns Detector live

I I N N T N Y Y I I Detector

l—— 900 ns —] Solenoid

Inter-bunch
extinction ~10-°

prompt backgrounds

Transport
Solenoid

Beam Stop

Tracklng l|‘ Electromagnetic

Stopplng Detector ¥ Calorimeter

Target

Production 3 2 Collimators
Solenoid

p+igt - n's+ X
]T_—>ﬂ_+|/ﬂ

Beam pipe
Production
Target
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Look for 100 MeV electron
spiraling through detector




What we Get (pre-Project X)

Proton flux

1.8x108 p/s

Running time

2x107 s

Total protons

3.6x10%0 p

u- stops/incident proton

0.0025

U~ capture probability

0.61

Time window fraction

0.49

Electron trigger efficiency

0.80

Reconstruction and selection efficiency

0.19

Sensitivity (90% CL)

6x10-17

Detected events for R, = 10-16

E. Craig Dukes Beyond E=mc?
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Background Fractions

Bl 53%: 1 decay in orbit
Bl 14%: radiative = capture

I 9%: beam electons
Bl 9%: 1 decay in flight (tgt scatter)
| < 7%: n decay in flight (no tgt scatter)

B 3%: cosmic rays

[ 1 1.4%: anti-protons

B < 1.2%: pattern recognition errors

Bl < 1.2%: radiative n capture

Bl < 0.2%: = decay in flight

Bl 0.2%: radiative = capture from late «'s
Blue text: beam related.

Roughly half of background is interbunch contamination related
Total background per 3.6x102° protons, 2x10”7 s: 0.41 events
Signal for R, = 10-1¢: 4 events
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MuZ2e Collaboration

Boston University
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City University of New York
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Laboratory
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University of lllinois, Urbana-
Champaign

Institute for Nuclear Research,
Moscow
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Northwestern University
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University of Virginia
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1992
1997
1998-2005
July 2005
2006

June 2007
October 2007

May 2008

November 2008
2011
2015
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MuZ2e Status

Solenoidal collection scheme fi
Moscow Meson Factory

MECO proposed for the AGS a
l US Particle Physics:

Intensive work on MECO techn Scientific Opportunities
$58M, detector at $27M

RSVP cancelled for financial re

MECO subgroup + Fermilab phy
experiment at Fermilab, keepin

Mu2e EOI submitted to Fermilc

LOTI submitted to Fermilab

P5 "recommends pursuing the muon-to-electron conversion
experiment, subject to approval by the Fermilab PAC, under all
budget scenarios considered by the panel.”

Proposal to be submitted to Fermilab and approved

Start construction

Data taking begins

Beyond E=mc?



The End

So we ‘are now embarking on'a great campaign in this
intensity frontier, guided by our theoretical friends, to
search for the New Physics that we think.must exist.

Will we succeed in finding sométhing new like le Verrier
and Galle with their discovery of Neptune, or fail to
find anything, like le Verrier did with Vulcan? Perhaps
we should wish, to fail: fin the end the non-observation
of Vulcan proved far more profound than the_discovery
of Neptune.




