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Project-X:

« Evolution of the existing Fermilab accelerator complex
with the revolution in Super-Conducting RF Technology,
to provide mega-Watt class beam power to a wide range

of experimental programs.
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Project Goals

* A neutrino beam for long baseline neutrino oscillation
S) p erime ntS Straight Through the Earth

— 2 MW proton source at 60-120 GeV P

NOvA Ash River, MN Surface level

South Dakota
LBNE Homestake Mine, SD 4850 ft deep ? R ol
-

MW-class low energy proton
beams to enable high precision
kaon, muon, neutrino & nuclei
bases experiments U —
. . N A
— Must operate simultaneously with el
the long-baseline neutrino program

A path towards a muon source
for a neutrino factory or muon collider

— Requires 4 MW at 5-15 GeV
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ce Buildings
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Reference Design Capabilities

e 3 GeV CW superconducting H- linac with 1 mA average
beam current

— Variable beam structures to multiple experiments
— Drives rare processes program at 3 GeV
— Allows extraction at 1 GeV for nuclear energy program

* 3-8 GeV pulsed linac delivering 300 kW

— Support for neutrino short baseline & precision neutrino
program

— Establishes path toward high intensity muon facility

 Upgrades to Main Injector and Recycler complexes to
provide 2+ MW at 60-120 GeV

— Support for long baseline neutrino program

CW linac creates a facility with performance & flexibility that
can not be matched in a synchrotron-based facility

2% Fermilab
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FNAL Accelerator Complex (Today)

Linac: H-, 400 MeV, 35 mA

Booster: 15 Hz, Charge
Exchange Injection, 8 GeV, 5x1012
protons/pulse

X _» Recycler: Permanent Magnet, 8
bocer O\ W . GeV, 7x Booster Circumference

He \ 300§ter Main Injector: Fast Cycling,
il b 60-120 GeV, 7x Booster

e | i “Pbar Rings”: 8 GeV, 1x Booster

. . - ‘v .'
Main Injector - Tevatron

Recycler
4 . B

-

|
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Project-X
Staging

* Project X will proceed
in three stages with
each stage boosting
the physics reach of
the complex.

The cost of each stage
is about 1/3 of the
estimated total cost of
the full Project X
scope.
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KLYSTRON GALLERY
AND SERVICE BUILDING

== STAGE 1 0-1 GeV
STAGE2 1-3 GeV
STAGE 3 3-8 GeV
EXISTING BEAMLINE

8 GeV TRANSPORT \'l

/ MAIN INJECTOR
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Project-X
Staging

* Project X will proceed
in three stages with
each stage boosting
the physics reach of
the complex.

The cost of each stage  gmmios Ay T —STAGE1 01V
is about 1/3 of the ~ MUON Vo : e STAGE:D.5.1-3 BeV

1 3  STAGE3 38GeV
estimated total cost of 2 % - - EXISTING BEANLINE
the full Project X ' "

scope.
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Project-X Accelerator

Functional Requirements

CW Linac
Particle Type H-
Beam Kinetic Energy 1.0-3.0
Average Beam Current 1
Linac pulse rate Ccw
Beam Power @ 3 GeV 2000
Beam Power to 3 GeV program 2870

Pulsed Linac
Particle Type protons/H-
Beam Kinetic Energy 8.0
Pulse rate 10
Pulse Width 4.3
Cycles to Mi 6
Particles per cycle to Recycler 2.6x1013
Beam Power to 8 GeV program 170 simultaneous

Main Injector/Recycler
Beam Kinetic Energy (maximum) 120
Cycle time 1.3
Particles per cycle 1.6x1014
Beam Power at 120 GeV 2450

*http://projectx-docdb.fnal.gov/cgi-bin/ShowDocument?docid=658
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Power Staging

€——— Project X Campaigh ————>

Stage-0: Stage-1: Stage-2: Stage-3: Stage-4:

Proton 1 GeV CW Linac Upgrade to 3 Project XRDR Beyond RDR:

Improvement Plan  driving Booster & GeV CW Linac  (MI>60GeV) 8 GeV power
Progra m: Muon, EDM programs  (MI>70 GeV) upgrade to 4MW

MI neutrinos 470-700 KW** 515-1200 kW** 1200 kW 2300 kW 2300-4000 kW

8 GeV Neutrinos 15 KW + 0-50 kW** 0-40 kW* + 0-90 kW**  0-40 kW* 85 kW 3000 kw

8 GeV Muon program 0-20 kW* 0-20 kW* 85 kW 1000 kW

e.d, (9-2), Mu2e-1

1-3 GeV Muon 80 kW 1000 kW 1000 kW 1000 kW

program

Kaon Program 0-30 kw** 0-75 kw** 1100 kW 1100 kW 1100 kW
(<30% df from MI) (<45% df from MI)

Nuclear edm ISOL none 0-900 kW 0-900 kW 0-900 kW 0-900 kW
program

Ultra-cold neutron 0-900 kW 0-900 kW 0-900 kW 0-900 kW
program

Nuclear technology 0-900 kW 0-900 kW 0-900 kW 0-900 kW
applications

# Programs: 4

Total* power: 585-735 kW 1660-2240 kW 4230 kW 5490 kwW 11300kW

* Operating point in range depends on MI energy for neutrinos.
** Operating point in range depends on MI injector slow-spill duty factor (df) for kaon program.
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Project-X Research Program

* Neutrino experiments

A high-power proton source with proton energies between 1 and 120 GeV would produce intense neutrino
sources and beams illuminating near detectors on the Fermilab site and massive detectors at distant

underground laboratories.

* Kaon, muon, nuclei & neutron precision experiments

These could include world leading experiments searching for muon-to-electron conversion, nuclear and
neutron electron dipole moments (edms), precision measurement of neutron properties and world-
leading precision measurements of ultra-rare kaon decays.

* Platform for evolution to a Neutrino Factory and Muon Collider

Neutrino Factory and Muon-Collider concepts depend critically on developing high intensity proton source
technologies.

* Nuclear Energy Applications

Accelerator, spallation, target and transmutation technology demonstration which could investigate and
develop accelerator technologies important to the design of future nuclear waste transmutation systems
and future thorium fuel-cycle power systems.

Detailed discussion on Project X website
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Power Staging

Program:
MI neutrinos

8 GeV Neutrinos

8 GeV Muon program
e.d, (9-2), Mu2e-1

1-3 GeV Muon
program

Kaon Program

Nuclear edm ISOL
program

Ultra-cold neutron
program

Nuclear technology
applications

# Programs:

Total* power:

A.Norman, Fermilab

Improvement Plan

470-700 KW**

15 kW + 0-50 kW**

0-30 kW**
(<30% df from MI)

none

4

585-735 kW

<— Upgrade started May 1, 2012

GeV CW Linac
driving Booster &
uon, EDM programs

515-1200 kKW**

ﬁ-40 kW* + 0-90 KW**
-20 kKW*

80 kW

-75 kKW**
<45% df from MI)

-900 kKW

{0-900 kKW

{0-900 KW

1660-2240 kW

Stage-2:
Upgrade to 3
GeV CW Linac
(MI>70 GeV)

1200 kW

0-40 kW*
0-20 kW*

1000 kW

1100 kW

0-900 kW
0-900 kW

0-900 kW

4230 kW

BEACH2012, Project-X

Stage-3:

Project X RDR

(MI>60GeV)

2300 kW

85 kW
85 kW

1000 kW

1100 kW

0-900 kW

0-900 kW

0-900 kW

5490 kwW

Stage-4:
Beyond RDR:

8 GeV power
upgrade to 4MW

2300-4000 kW

3000 kw
1000 kW

1000 kW

1100 kKW

0-900 kW
0-900 kW

0-900 kW

11300kW

2% Fermilab 1




Science at Stage-0

Lepton Flavor Violation

Detector Solenoid

Transport Solenoid

Production Solenoid

Production
Target

Short Baseline V’s

P996 DETECTOR

{ COUNTERS

R COUNTER

HOLE COUNTER ~

BEAM »

MINERVA

MICROCOLLAR

COLLAR VETO

TARGET
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Neutrino Landscape

Our knowledge of neutrino mixing has S

changed dramatically over the last year ’ sin22813 = 0.092+0.012
(and the last week! see: Neutrino 2012 results) 613 = (8.8+0.6)°

We have gone from having no information Daya Bay |
on 6,5 to knowing that:
* B, islarge =9°
 New Daya Bay, Reno, Double Chooz
measurements find: 005 0.1 502 025
* Sin?28,,=0.09 vesserindEns
0,5 is now amoung the

most precise neutrino Latest v Oscillations Global fit:
measurements we have. .2 1+0.015
sin” 012 = 0.320%¢5;7 Am3; =7.62+0.19
This has dramatically changed the sin® 03 = 0497553 [Am2,| = 2.53+0.08

experimental landscape and opened  ESHEE: - 0.02610:003

up new possibilities in the v sector Forero, Tortola, Valle 2012 arXiv:1205.4018
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Neutrino Landscape

The experimental picture for neutrino physics now shifts
from trying to measure if 6,,#0 to three general
experimental thrusts:

. Is 6207
Is there CP violation in the v sector?
. Is Am?,, > 0?
Is the neutrino mass hierarchy normal or inverted?
. Make precision measurements of 6,,,0,5,0,,
Over constrain the standard mixing model to look for
new physics.

Je .
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NOVA

NOVA is a program to investigate the
properties of neutrinos

It includes:

— Doubling of the Fermilab NuMI beam
power to 700 kW

An 15kTon totally active surface detector,
14 mrad off axis at 810km
(first oscillation max for 2GeV )

A 220 Ton totally active near detector

It has been optimized as a segmented
low Z calorimeter/range stack to:

— Reconstruct EM showers

— Measure muon track

— Detect nuclear recoils and interaction
vertices

A.Norman, Fermilab BEACH2012, Project-X
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NOVA Detectors

Far Detector
15 kt “Totally Active”, Low Z,
Range Stack/Calorimeter
Surface Detector
Liquid Scintillator filled PVC
960 alternating X-Y planes
Optimized for EM shower
reconstruction & muon
el tracking, X, *40cm, R, ,=11cm
Near Detector ( = Dims: 53x53x180 ft
Identical to far detector : ”Largest Plastic Structure built
1:4 scale size Near Det. Protype by man”
Underground Detector In operation 2010-Present on Began construction May 2012
Optimized for NuMI cavern rates [l surface at FNAL in NuMI and First operation est. Sep. 2012
-- 4x sampling rate electronics Booster beam line (cosmics)




NOVA Detectors
are BIG

Airbus A380-800
Similar size to NOVA
Only 560 tons
Not totally active
Unable to measure 6,
Can not resolve 6,; ambiguity
Optimized for fuel economy
and passenger capacity
) 2 Capacity: 853 passengers
Near Detector ’ RS Cost: $389M/ea
Identical to far detector - “Largest commercial aircraft
1:4 scale size Near Det. Protype built by man”
Underground Detector In operation 2010-Present on Construction start 2004
Optimized for NuMI cavern rates [l surface at FNAL in NuMI and First operation Oct. 2007
-- 4x sampling rate electronics Booster beam line (Singapore Airlines)




NOVA Measurements

* NOvA measures P(v,, — v.) and P(i, — U.) over an
810 km baseline at a central energy of 2GeV.

sin?(A — 1)A
(A-17)

(+) in AA sin(4 — 1A
~ 2asin f13 sin 6 p Sin291zsin2923smA Sm(A 1)

sin AA sin(A — 1)A
A A-1

P((’;)u — (1;)6) ~ sin? 265 sin® Oo3

sin A

cos A

+ 2 sin 013 cos O p sin 2015 sin 2053

Am3, L ( )

Where: o = A = Am%lﬁ A= +G¢N,

\fA

— The transition probability is dependent on 6,5,0,5,6, and Am;,
— The reactor measurements do not have the these dependencies

2
Amgz,
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Hierarchy Sensitivities

The transition probabilities for P(7,) vs. P(v,) for NOvA

0 - . . NOvA
Neutrino & anti-neutrino running are 810£1nBaseline

parameterized with respect to 5, to L] sy
give the permitted curves for the

normal and hierarchy.

Inverted

-
P

NOVA measures separately:
P(v, = v.) at 2 GeV
P(v, — v,) at 2 GeV

Which gives a point on one of these

curves

0 6=0

® o=n/2
0 6=3n/2
m6=3n/2

Jt :
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Hierarchy Sensitivities

The transition probabilities for NOvA 10 and 20 Countours for Starred Point
Neutrino & anti-neutrino running are B celine NOva Staged

q ] in”26,3=0. :
parameterized with respect to 5, to ] Beam Power: 700kW
give the permitted curves for the

normal and hierarchy.

NOVA measures separately:
P(v, = v.) at 2 GeV
P(v, — v,) at 2 GeV

Which gives a point on one of these

curves.

0 6=0

® 0=n/2
. 0 6=3x/2

In this case (6=3m/2, normal m 6=3n/2

hierarchy) the normal hierarchy is X r r 0.08
established at 20.

Je .
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Hierarchy Sensitivity

For a maximal 6,5, NOVA’s sensitivity to the resolution of the hierarchy can
be parameterized in terms of the true value of 6,

NOVA hierarchy resolution, 3+3 yr (v+V)
sin®(20,,)=0.095, sin’(26,,)=1.00
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Hierarchy Sensitivity

For a maximal 6,5, NOVA’s sensitivity to the resolution of the hierarchy can
be parameterized in terms of the true value of 6,

NOvVA hierarchy resolution, 3+3 yr (v+V)
sin®(20,,)=0.095, sin°(20,,)=1.00 Includes T2K v, —v, at 5.5x10*' p.o..

Am2<0 iema

* . .
o7 *.

iy
=

Combining NOVA w/
T2k break the
degeneracies in the
overlap regions of the
curves improves overall
resolution significance.
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Non-Maximal 6.,

NOVA will make a precision measurement _ .
of P(v,~v,) which has the potential to — P(ve) vs. P(ve) for Non—maximal 6,5
establish 6,,#45° based on the sin20,, 810km Baseline

. . .l | sin®26,3=0.09
dependence of the oscillation probability. : 6in2260,3=0.96

If this is the case then the P(v ,>v,) ellipses
shift based on how far 8,, differs from 45°.

This corresponds to the mass state v,
coupling more tov orv,

Normal 0 6=0
® 0=n/2
0 6=3x/2
m 0=3x/2

0.08

Je .
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Non-Maximal 6.,

NOvVA will make a precision measurement
of P(v,~v,) which has the potential to
establish 6,,#45° based on the sin20,,
dependence of the oscillation probability.

If this is the case then the P(v ,>v,) ellipses
shift based on how far 8,, differs from 45°.

This corresponds to the mass state v,
coupling more tov orv,

NOvVA 10 and 20 Countours for Starred Point

NOvA
810km Baseline

sin?26;3=0.09
sin?26,3=0.96

Inverted

PN

NOVA Stage 0
3yrvand3yrv
Beam Power: 700kW

Normal

A.Norman, Fermilab BEACH2012, Project-X
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NOVA Measurements

* NOVA has a broad physics scope that has been been
optimized to address these experimental goals:

Measuring v, — v and v, — Ve Measuring v, — v, and v, — U,

* Measure 0, via v, appearance Precision 6,; measurement
* Determine v mass hierarchy Determine 6,; non-maximal
* Probe for CP violation in v’s Over-constrain atmospheric
* Determine 8,5 octant sector

Short Baseline/Near Detector and other ...

e Measure v cross sections e CosmicV’s
e Short baseline oscillations e SuperNOVAV’s
* Probe for sterile v's  Exotic Searches

3% Fermilab
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Power Staging

Program:
MI neutrinos

8 GeV Neutrinos

8 GeV Muon program
e.d, (9-2), Mu2e-1

1-3 GeV Muon
program

Kaon Program

Nuclear edm ISOL
program

Ultra-cold neutron
program

Nuclear technology
applications

# Programs:

Total* power:

Stage-0:
Proton
Improvement Plan

470-700 KW**

15 kW + 0-50 kW**

0-30 kW**
(<30% df from MI)

none

4

585-735 kW

LBNE Era

tage-1:
1 GeV CW Linac
driving Booster &
Muon, EDM programs

Stage-2:
Upgrade to 3
GeV CW Linac
(MI>70 GeV)

515-1200 kW** 1200 kW

0-40 kW* + 0-90 kW**
0-20 kW*

0-40 kKW*
0-20 kw*

80 kW 1000 kW

0-75 kW**
(<45% df from MI)

0-900 kKW

1100 kW
0-900 kW
0-900 kW 0-900 kW

0-900 kW 0-900 kW

1660-2240 kW 4230 kW

* Operating point in range depends on MI energy for neutrinos.
** Operating point in range depends on Ml injector slow-spill duty factor (df) for kaon program.

A.Norman, Fermilab
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Stage-3:

Project X RDR

(MI>60GeV)

2300 kW

85 kW
85 kW

1000 kW

1100 kW

0-900 kW

0-900 kW

0-900 kW

5490 kwW

Stage-4:
Beyond RDR:

8 GeV power
upgrade to 4MW

2300-4000 kW

3000 kw
1000 kW

1000 kW

1100 kKW

0-900 kW
0-900 kW

0-900 kW

11300kW

3& Fermilab .,




Science Enabled with Stage-1

Promotes the Main Injector to a Mega-Watt class machine for the neutrinos
program (fast extraction)

— Precision mixing angles, CPv in neutrino sector, mass hierarchy

— Options for either Ash River (NOVA+LBNE) or Homestake (LBNE) programs

Increases the potential beam power for slow-spill experiments

— Precision measurements of rare processes with K’s (ORKA)
Mu2e uses 1 GeV CW drive beam with programmable beam structure (favorable
time structure and m production)

— Potentially increase sensitivity by x10 - x100

— B(uN-=>eN) ~0(1018-1029)

— u—>eon high Z targets to explore scalar/vector/dipole nature of coupling
Increases the available integrated 8 GeV power for short baseline neutrino
programs (e.g. microBooNE/LArTPC successor)

— Precision short baseline v oscillation, sterile v’s

— Removes beam time/structure conflicts with muon program.
World class ultra-cold neutron and ISOL programs for particle physics.

— edms & n-nbar oscillations.

Broad World-leading Program in
Precision Neutrino Physics and Rare Processes

Je .
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Project-X Enabled Physics

Neutrino Physics:

Mass Hierarchy Resolution

CP violation In neutrino sector

Precision measurement of the mixing angles 6, 6,,.
Non-maximal 8,; coupling

Anomalous interactions, e.g. vV, — Vr probed with target emulsions

Search for sterile neutrinos, CP & CPT violating effects in next generation
Ve, Ve — X experiments with:

* 3 times beam power for 120 GeV
* 10-20 times beam power for 8GeV
Next generation precision cross section measurements.

Day-1 Experiments: LBNE, NOvA, MicroBooNE upgrade

Je .
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NOvA+LBNE (Ash River Option)
Project X

Th e I_Ar @ AS h R ive ro ptl on Plrojext X Stagle—O NOvA Sepsitivity

NOvA

NOvA Stage 0 l
runs both NOVA + 30 kT LAr 0k e

sin?26;3=0.09 Beam Power: 700kW
sin®26,3=1.00

Project X directly extends
NOVA’s sensitivities to both
Am?,, and to &,

— For Sin®26,,=0.09

— Stage 0 sensitivities to MH
resolution extend to only
20 in 34% of available 6

0 6=0

® 6=x/2
0 6=3x/2
m 6=37/2

0.08

Je .
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NOVA/LBNE Mass Hierarchy
Project X

P rOj ect X dire Ctly extends Project X Stage—1, NOvA Sensitivity for Starred Point
NOvVA's sensitivities to both o aseline Project X

3yrvand 3yrv
sin?26;3=0.09 Beam Power: 1200 kW

2 08}
Am 31 and to 6CP sin*20,,=1.00
— Stage 1 Run Period:

* 3yr each vand anti-v running @
1200kW after Stage O running
— Gives NOvVA alone 30

resolution of mass hierarchy
over significant portion of
normal or inverted hierarchy
(34% in 6)
Extends 20 coverage over 50%
of available parameter space

* Normal 6=(m,2n) S

0 6=31/2
* Inverted 6=(0,m) m 6=37/2

0.08

Je .
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NOVA/LBNE Mass Hierarchy
Project X

Com bl ne d LBN E/N OvVA Project X Stage—1, LBNE+NOVA Sensitivity _

LBNE 30kt + NOvA Project X

sensitivities for the Ash Stk et Syrvamdsys
River Project X for Am?,, e
and to 6.

— Full Stage 1 Running:

e 5yreachvand anti-v running @
1200kW after Stage O running

* For maximal 6,

— 3o resolution of mass
hierarchy over 45% of 6

0 6=0

— 20 coverage over 60%
* Normal &=(m,2n) i
m 6=3x/2
* Inverted 6=(0,m)

0.08
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NOvVA/LBNE (6,;)
Project X

- P rOj ect X bea m powe r a | SO Project X Stage—1, LBNE+NOvA 6,3 Octant

extends the ability to J e e
resolve the 0, octant .

For MINOS best fit 6,;=0.96

1.2MW Beam

3yrs each nu & anti-nu running

30 determination 6,; octant over
entire parameter space

0 6=0

® 6=x/2
0 6=3x/2
m 6=37/2

Je .
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LBNE Project X

The off-axis, narrow .
band beam used NOvA IBEEIMRAE AL SIS

is tuned to the first

oscillation maxima Baseline=810km, NuMI| ME, 14mrad off-axis

h v normal hierarchy rnormal hierarchy
T € Narrow energy v, CC spectrum at 810 km, A m3,= 2.4e-03 eV’ Anti-v, CC spectrum at 810 km, A m},=2.4e-03 eV~

profile is good for
background rejection, B
but limits the coverage $r2000

s
210000

of the 15t node 8 swo

6000

Creates ambiguities in o
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LBNE Project X
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LBNE Sensitivities (Homestake)

e eas ., Mass Hierarchy Significance vs 5¢p
LBNE Sensitivities to CPV in v's are Normal Hierarchy, sin“(20,4)=0.07 to 0.12

maximized at the Homestake site by

using a 60 GeV (800kW) beam from a Ash River 30kt + NOVA(16) + T2K I
5 ( ) Homestake 10kt + NOVA(6) + T2K 777z

RigiectiBuriven main Injector. Soudan 15kt + NOVA(16) + T2K [y T

Reach:
30 resolution of mass hierarchy
(with NOVA/T2K) over all 6,

30 CPV determination over
> 27% of b

——
o
S
@
3]
c
«

IQ
=
e
lg
n

LBNE sensitivities scale directly with
beam power & detector mass
| -1 -08-0.6-0.4-0.2 0 0.204 0.6 08 1
Permits robust LBNE phase 1 S i
sensitivities cP M.Bass (CSU)
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Power Staging

Stage-0: Stage-1: | : Stage-3: Stage-4:

Proton 1 GeV CW Linac Upgrade to 3 Project XRDR Beyond RDR:

Improvement Plan  driving Booster & GeV CW Linac | (MI>60GeV) 8 GeV power
Progra m: Muon, EDM programs | (MI>70 GeV) upgrade to 4MW

MI neutrinos 470-700 KW** 515-1200 kW** 1200 kW 2300 kW 2300-4000 kW

8 GeV Neutrinos 15 KW + 0-50 kW** 0-40 kW* + 0-90 kW** §0-40 kW* 85 kW 3000 kw
8 GeV Muon program 0-20 kW* 0-20 kw* 85 kW 1000 kW
e.d, (9-2), Mu2e-1
1-3 GeV Muon 80 kW 1000 kW 1000 kW 1000 kW
program
Kaon Program 0-30 kw** 0-75 kw** 1100 kW 1100 kW 1100 kW

(<30% df from MI) (<45% df from MI)

Nuclear edm ISOL none 0-900 kW 0-900 kKW 0-900 kW 0-900 kW
program
Ultra-cold neutron 0-900 kW 0-900 kW 0-900 kW 0-900 kW

program
Nuclear technology 0-900 kW 0-900 kW 0-900 kW 0-900 kW

applications

# Programs: 4

Total* power: 585-735 kW 1660-2240 kW 4230 kW 5490 kwW 11300kW

* Operating point in range depends on MI energy for neutrinos.
** Operating point in range depends on Ml injector slow-spill duty factor (df) for kaon program.

Je .
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Project-X Enabled Physics

Muon Physics:

Next generation muon-to-electron conversion experiment, new techniques
for higher sensitivity and/or other nuclei.

* B(uN — eN) ~ O(10™19)
e Al, Ti, Au targets for separation of vector coupling
Next generation (g-2)lJl

* |f motivated by next round of theory, LHC data.

* New techniques proposed to JPARC are beam-power hungry...
LFV and BSM searches

1 EDM u"A—-putA
u— 3e u"A—etA
pte” — mu~e” p e (A) = e e (A)

Systematic study of radiative muon capture on nuclei.

Day-1 Experiment: Mu2e (upgraded)

A.Norman, Fermilab BEACH2012, Project-X
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MuZ2e Sensitivity

e Can characterize Mu2e physics reach in terms of a generalized LFV lagrangian.
* Breaks out the dipole, vector, scalar nature of the interaction
 Parameterizes effective energy scale of the interactions

A: Effective K: Dominance of
Energy scale contact term

Contact Interactions

H e

_ Compositeness
BEACH2012, Project-X




MuZ2e Sensitivity

Plot byI André deIGouvéa
Project-X has the
potential to extend the
energy reach of Mu2e
to ~20,000 TeV

for contact term
dominated interactions

Contact Interactions
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Project-X Enabled Physics

Kaon Physics:
Rich and varied experimental opportunities
K™ > atup >1000 events, Precision rate and form factor.

K; — mup >1000 events, enabled by high flux & precision TOF.
Kt — 7r0,u+u Measurement of T-violating muon polarization.

KT — (m, ;) v, Search for anomalous heavy neutrinos.
K — 7lete™ <10% measurement of CP violating amplitude.

KY — Wou+u_ <10% measurement of CP violating amplitude.

K’ > X Precision study of a pure K° interferometer:
Reaching out to the Plank scale (Am,/m,~ 1/m,)

K; — ,uiei Next generation Lepton Flavor Violation experiments
K°, K" — LFV ...and more

Day-1 Experiment: ORKA

Je .
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Project-X Enabled Physics

Nuclear Enabled Particle Physics:

* Production of Ra, Rd, Fr isotopes for nuclear edm experiments that are
uniquely sensitive to Quark-Chromo and electron EDM’ s.

* Production of Very-cold and Ultra-cold neutrons for EDM and n-nbar.

Hadron and Baryon Physics:

* Next generation QCD probes (e.g. evolution of Seaquest)

+ 70, +
e Pp XKD (HyperCP anomalous dimuon mass,
— YT = pTutu” and other rare S* decays)

. pp— K+A0p—|—
— AY — ultra rare decays
« A%« AY oscillations (Project-X operates below anti-baryon threshold)

Je .
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Intensity Frontier Landscape

* Project X is the Key to the Intensity Frontier

* |t provides the beam power that is required to
probe deep into the loops of new physics

* |t enables the next generation precision sectors
— Precision with Neutrinos (LBNE)
— Precision with Muons (g-2, Mu2e)
— Precision with Kaons (ORKA)
— Precision with EDMs

Jt :
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Next Steps for the Research Program...

2012 Project X Physics Study Completed the June 2012
June 14 - 23, 2012 « Fermilab « Batavia, lllinois PI'OjeCt X PhySics StUdy'

Summer 2012 through Spring 2013:
Continue to evolve existing white papers
into a comprehensive staged program with
compelling physics at each stage.

October 11th-13th 2012:

US particle physics town meeting at
Fermilab preparing for “Snowmass”,
summer 2013.

Snowmass, summer 2013:
Event to develop US strategies.

indico.fnal.gov/event/projectxps12 {EFermilab @&NERGY N=

Je .
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ADDITIONAL MATERIAL

2% Fermilab 2




Science Enabled with Stage-2

 World leading kaon physics program: Megawatt power
(x10 over competing facilities) can drive multiple
experiments.

World class muon physics program: MuZ2e descendant
migrates to a higher power campus. Megawatt power for
conversion experiments (x10 over competing u—e
facilities), opportunities for major next steps in other
channels (e.g. u—=>3e).

Maintains Main Injector beam power at lower energies
(e.g. 60 GeV) enhancing the neutrino spectrum for long
baseline experiments.

* -
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Science Enabled with Stage-3
(RDR)

* Main Injector power upgrade to >2 Mega Watts
for 60-120 GeV beam, doubling power to long
baseline Main Injector Neutrinos and Main
Injector near-detector neutrino physics.

8 GeV beam power for experiments is doubled to
now Xx10 the MiniBooNE era, which will support a
new generation of short-baseline neutrino
physics.

* -
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Science Enabled with Stage-4
(Beyond RDR)

e 4000kW @ 8 GeV and 4000kW at 60 GeV for the ultimate
super beams.

Double beam super-beam technique can tune illumination of
the first and second maxima of long-baseline experiments of
very massive next generation long-baseline detectors.

Driver for an extremely powerful muon storage ring neutrino
source, driving detectors based existing large magnetized

neutrino detector technologies (MINOS), and possibly LAr in
the future.

* -
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Project X SRF Linac
Technology Map
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Rare processes sensitive to new
physics...

Buras et al. SM

" accuracy of <5%,
motivates 1000-event
experiments

N
A
o
S
T
~
<
~
M
X
2
-
—

2 3 4

10 x BR(K" — ntvr)  straub, CKM 2010 workshop
(arXiv:1012.3893v2)

igure 1: Correlation between the branching ratios of K v and K TTUY
Figure 1: Correlation bet the 1 hing ratios of K; — 7 | KT — 7t
in MEV and three concrete NP models. The gray area is ruled out experimentally or
model-independently by the GN bound. The SM point is marked by a star.
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Operating Scenario for High Power

Muon pulses (12e7) 162.5 MHz, 80 nsec 700 kW
Kaon pulses (12e7) 27 MHz 1540 kKW
Nuclear pulses (12e7) 13.5 MHz 770 KW

lon source and RFQ operate at 4.4 mA; 77% of bunches are
chopped @ 2.1 MeV = maintain 1 mA over 1 usec

/

usec

N

Figure 1: Schematic illustration of the CEBAF
12 GeV Upgrade.
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Stage-1: New 1-GeV CW Linac
Driving the Existing Booster
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Project X Reference Design Siting
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Figure 1: Schematic illustration of the CEBAF
12 GeV Upgrade.
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Reference Design

Recycler /
Main Injector

Three Main Components

to the Project-X Design:
2 MW @ 120 GeV

- I
3MW @ 3 GeV

0.75
MW

Nuclear

3 Fermilab _,
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LBNE Sensitivities (Homestake)

LBNE spectra at 1300km with NuMI focusmg different beam energies

70 :
— 120 GeV

605

=90 GeV
T 60GeV
— 30 GeV

S0

LBNE Sensitivities to CPV in V’s are
maximized at the Homestake site by
using a 60 GeV (800kW) beam from a
Project X driven main injector.

40—~
-

, CC events/GeV/KT/MW.yr

o

v

Reach:
30 resolution of mass hierarchy
(with NOVA/T2K) over all 6,

.. 0.00 0.00 27, 36
30 CPV determination over 0.17 0.05 23,30

> 27% of GCP 30kt 0.34 0.18 16,24
| 10kt | 028 0.00 23,48

Ash River 0.37 0.10 19, 40
LBNE sensitivities scale directly with 30'“ 0.4% 027 | 18,29

beam power & detector mass

Homestake

Perm Its I"ObUSt LBN E phase 1 LBNE Physics Sensitivities for proposed sites and detector masses @
sensitivities 700kW beam power.
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