
An	  Introduc+on	  to	  Project	  X	  	  
and	  the	  Intensity	  Fron+er	  Physics	  Programs	  at	  Fermilab	  

	  	  Xth	  Interna+onal	  Conference	  on	  Hyperons,	  Charm	  
and	  Beauty	  Hadrons	  
Wichita,	  KS	  USA	  

	  
Andrew	  Norman,	  Fermilab	  
For	  the	  Project	  X	  Program	  

	  



2 

•  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.  

Project-‐X:	  
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Project	  Goals	  
•  A	  neutrino	  beam	  for	  long	  baseline	  neutrino	  oscilla+on	  

experiments	  
–  2	  MW	  proton	  source	  at	  60-‐120	  GeV	  

•  MW-‐class	  low	  energy	  proton	  
beams	  to	  enable	  high	  precision	  
kaon,	  muon,	  neutrino	  &	  nuclei	  
bases	  experiments	  
–  Must	  operate	  simultaneously	  with	  

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	  

•  Missions	  beyond	  par+cle	  physics	  
–  Energy	  applica+ons	  
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Reference	  Design	  Capabili+es	  
•  3	  GeV	  CW	  superconduc+ng	  H-‐	  linac	  with	  1	  mA	  average	  
beam	  current	  
–  Variable	  beam	  structures	  to	  mul+ple	  experiments	  
–  Drives	  rare	  processes	  program	  at	  3	  GeV	  
–  Allows	  extrac+on	  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	  
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CW	  linac	  creates	  a	  facility	  with	  performance	  &	  flexibility	  that	  
can	  not	  be	  matched	  in	  a	  synchrotron-‐based	  facility	  
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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 

•  Recycler:  Permanent Magnet, 8 
GeV, 7x Booster Circumference 

•  Main Injector:  Fast Cycling, 
60-120 GeV, 7x Booster 

•  “Pbar Rings”:   8 GeV, 1x Booster 
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Courtesy Paul Derwent 

A.Norman,	  Fermilab	   BEACH2012,	  Project-‐X	  



Project-‐X	  
Staging	  
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•  Project	  X	  will	  proceed	  
in	  three	  stages	  with	  
each	  stage	  boos5ng	  
the	  physics	  reach	  of	  
the	  complex.	  

	  
•  The	  cost	  of	  each	  stage	  

is	  about	  1/3	  of	  the	  
es5mated	  total	  cost	  of	  
the	  full	  Project	  X	  
scope.	  



Project-‐X	  
Staging	  
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•  Project	  X	  will	  proceed	  
in	  three	  stages	  with	  
each	  stage	  boos5ng	  
the	  physics	  reach	  of	  
the	  complex.	  

	  
•  The	  cost	  of	  each	  stage	  

is	  about	  1/3	  of	  the	  
es5mated	  total	  cost	  of	  
the	  full	  Project	  X	  
scope.	  
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Project-X Accelerator  
 

CW Linac 
 Particle Type  H- 

 Beam Kinetic Energy  1.0-3.0  GeV 
 Average Beam Current  1  mA 

 Linac pulse rate  CW   
 Beam Power @ 3 GeV  3000  kW 
 Beam Power to 3 GeV program  2870  kW 

Pulsed Linac 
 Particle Type  protons/H- 

 Beam Kinetic Energy  8.0  GeV 
 Pulse rate  10  Hz 
 Pulse Width  4.3  msec 
 Cycles to MI  6 
 Particles per cycle to Recycler  2.6×1013 

 Beam Power to 8 GeV program  170  kW   
Main Injector/Recycler 

 Beam Kinetic Energy (maximum)  120  GeV 
 Cycle time  1.3  sec 
 Particles per cycle  1.6×1014 

 Beam Power at 120 GeV  2450  kW 
  

simultaneous 

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

Func+onal	  Requirements	  
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Power Staging 
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*  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.  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Project	  X	  Campaign	  



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.   
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Detailed discussion on Project X website 
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Power Staging 
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*  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.  

NOvA	  Era	   Upgrade	  started	  May	  1,	  2012	  



Science	  at	  Stage-‐0	  
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Mu2e	  

Lepton	  Flavor	  Viola+on	   Muon	  g-‐2	  

Short	  Baseline	  ν’s	  
	  	  

MINERvA	  

ORKA	  

Rare	  K’s	  

Long	  Baseline	  ν’s	  
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Neutrino	  Landscape	  
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Forero,	  Tortola,	  Valle	  2012	  arXiv:1205.4018	  

sin2 θ12 = 0.320+0.015
−0.017

sin2 θ23 = 0.49+0.08
−0.05

sin2 θ13 = 0.026+0.003
−0.004

Our	  knowledge	  of	  neutrino	  mixing	  has	  
changed	  drama+cally	  over	  the	  last	  year	  
(and	  the	  last	  week!	  	  see:	  Neutrino	  2012	  results)	  
	  
We	  have	  gone	  from	  having	  no	  informa+on	  
on	  θ13	  to	  knowing	  that:	  

•  θ13	  is	  large	  ≈9°	  	  
•  New	  Daya	  Bay,	  Reno,	  Double	  Chooz	  

measurements	  find:	  
•  Sin22θ13≈0.09	  

•  θ13	  	  is	  now	  amoung	  the	  
most	  precise	  neutrino	  
measurements	  we	  have.	  

Latest	  ν	  Oscilla+ons	  Global	  fit:	  
∆m2

21 = 7.62± 0.19

|∆m2
31| = 2.53+0.08

−0.10

M.Messier	  (Indiana)	  

This	  has	  drama+cally	  changed	  the	  
experimental	  landscape	  and	  opened	  
up	  new	  possibili+es	  in	  the	  ν	  sector	  	  



Neutrino	  Landscape	  
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The	  experimental	  picture	  for	  neutrino	  physics	  now	  shils	  
from	  trying	  to	  measure	  if	  θ13≠0	  to	  three	  general	  
experimental	  thrusts:	  
	  
1.  Is	  δ≠0?	  	  	  	  

Is	  there	  CP	  viola+on	  in	  the	  ν	  sector?	  
2.  Is	  Δm2

31	  >	  0?	  	  	  
Is	  the	  neutrino	  mass	  hierarchy	  normal	  or	  inverted?	  

3. Make	  precision	  measurements	  of	  θ23,	  θ13,	  θ12	  
Over	  constrain	  the	  standard	  mixing	  model	  to	  look	  for	  
new	  physics.	  

	  



NOνA	  
•  NOνA	  is	  a	  program	  to	  inves+gate	  the	  

proper+es	  of	  neutrinos	  

•  It	  includes:	  
–  Doubling	  of	  the	  Fermilab	  NuMI	  beam	  

power	  to	  700	  kW	  
–  An	  15kTon	  totally	  ac+ve	  surface	  detector,	  

14	  mrad	  off	  axis	  at	  810km	  
(first	  oscilla+on	  max	  for	  2GeV	  )	  

–  A	  220	  Ton	  totally	  ac+ve	  near	  detector	  

•  It	  has	  been	  op+mized	  as	  a	  segmented	  
low	  Z	  calorimeter/range	  stack	  to:	  

–  Reconstruct	  EM	  showers	  
–  Measure	  muon	  track	  
–  Detect	  nuclear	  recoils	  and	  interac+on	  

ver+ces	  
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Fermilab	  

Far	  Det.	  

Far	  Detecto
r	  (15	  kT)	  

2012-‐2014	  



NOνA	  Detectors	  

Far	  Detector	  
•  15	  kt	  “Totally	  Ac+ve”,	  Low	  Z,	  

Range	  Stack/Calorimeter	  
•  Surface	  Detector	  
•  Liquid	  Scin+llator	  filled	  PVC	  
•  960	  alterna+ng	  X-‐Y	  planes	  
•  Op+mized	  for	  EM	  shower	  

reconstruc+on	  &	  muon	  
tracking,	  X0	  ≈40cm,	  Rm≈11cm	  

•  Dims:	  53x53x180	  l	  
•  “Largest	  Plas+c	  Structure	  built	  

by	  man”	  
•  Began	  construc+on	  May	  2012	  
•  First	  opera+on	  est.	  Sep.	  2012	  

(cosmics)	  

Near	  Detector	  
Iden+cal	  to	  far	  detector	  
1:4	  scale	  size	  
Underground	  Detector	  
Op+mized	  for	  NuMI	  cavern	  rates	  
-‐-‐	  4x	  sampling	  rate	  electronics	  

Near	  Det.	  Protype	  
In	  opera+on	  2010-‐Present	  on	  
surface	  at	  FNAL	  in	  NuMI	  and	  
Booster	  beam	  line	  



NOνA	  Detectors	  
are	  BIG	  

Airbus	  A380-‐800	  
•  Similar	  size	  to	  NOνA	  
•  Only	  560	  tons	  
•  Not	  totally	  ac+ve	  
•  Unable	  to	  measure	  θ13	  
•  Can	  not	  resolve	  θ23	  ambiguity	  
•  Op+mized	  for	  fuel	  economy	  

and	  passenger	  capacity	  
•  Capacity:	  853	  passengers	  
•  Cost:	  $389M/ea	  
•  “Largest	  commercial	  aircral	  

built	  by	  man”	  
•  Construc+on	  start	  2004	  
•  First	  opera+on	  Oct.	  2007	  

(Singapore	  Airlines)	  

Near	  Detector	  
Iden+cal	  to	  far	  detector	  
1:4	  scale	  size	  
Underground	  Detector	  
Op+mized	  for	  NuMI	  cavern	  rates	  
-‐-‐	  4x	  sampling	  rate	  electronics	  

Near	  Det.	  Protype	  
In	  opera+on	  2010-‐Present	  on	  
surface	  at	  FNAL	  in	  NuMI	  and	  
Booster	  beam	  line	  



NOνA	  Measurements	  

•  NOνA	  measures	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  over	  an	  
810	  km	  baseline	  at	  a	  central	  energy	  of	  2GeV.	  

–  The	  transi+on	  probability	  is	  dependent	  on	  θ13,θ23,δCP	  and	  Δm31	  
–  The	  reactor	  measurements	  do	  not	  have	  the	  these	  dependencies	  
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P (
(−)
ν µ →

(−)
ν e) ≈ sin2 2θ13 sin

2 θ23
sin2(A− 1)∆

(A− 12)
(+)
− 2α sin θ13 sin δCP sin 2θ12 sin 2θ23

sinA∆

A

sin(A− 1)∆

A− 1
sin∆

+ 2α sin θ13 cos δCP sin 2θ12 sin 2θ23
sinA∆

A

sin(A− 1)∆

A− 1
cos∆

Where: α =
∆m2

21

∆m2
31

∆ = ∆m2
31

L

4E
A =

(−)
+ GfNe

L√
2∆

P (νµ → νe) and P (µ̄ν → ν̄e)



Hierarchy	  Sensi+vi+es	  
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P�Νe� vs. P�Νe� for NOΝAThe	  transi+on	  probabili+es	  for	  	  
Neutrino	  &	  an+-‐neutrino	  running	  are	  
parameterized	  with	  respect	  to	  δCP	  to	  
give	  the	  permized	  curves	  for	  the	  
normal	  and	  inverted	  hierarchy.	  
	  
NOνA	  measures	  separately:	  
	  
	  
	  
	  
Which	  gives	  a	  point	  on	  one	  of	  these	  
curves	  
	  	  	  	  

P (νµ → νe) at 2 GeV

P (ν̄µ → ν̄e) at 2 GeV



Hierarchy	  Sensi+vi+es	  
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P (νµ → νe) at 2 GeV

P (ν̄µ → ν̄e) at 2 GeV

The	  transi+on	  probabili+es	  for	  	  
Neutrino	  &	  an+-‐neutrino	  running	  are	  
parameterized	  with	  respect	  to	  δCP	  to	  
give	  the	  permized	  curves	  for	  the	  
normal	  and	  inverted	  hierarchy.	  
	  
NOνA	  measures	  separately:	  
	  
	  
	  
	  
Which	  gives	  a	  point	  on	  one	  of	  these	  
curves.	  
	  
In	  this	  case	  (δ=3π/2,	  normal	  
hierarchy)	  the	  normal	  hierarchy	  is	  
established	  at	  2σ.	  	  
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Hierarchy	  Sensi+vity	  
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>02mΔ<02mΔ

For	  a	  maximal	  θ23,	  NOνA’s	  sensi+vity	  to	  the	  resolu+on	  of	  the	  hierarchy	  can	  
be	  parameterized	  in	  terms	  of	  the	  true	  value	  of	  δCP	  



Hierarchy	  Sensi+vity	  
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For	  a	  maximal	  θ23,	  NOνA’s	  sensi+vity	  to	  the	  resolu+on	  of	  the	  hierarchy	  can	  
be	  parameterized	  in	  terms	  of	  the	  true	  value	  of	  δCP	  
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>02mΔ<02mΔ

Combining	  NOνA	  w/	  
T2k	  break	  the	  
degeneracies	  in	  the	  
overlap	  regions	  of	  the	  
curves	  improves	  overall	  
resolu+on	  significance.	  	  
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P�Νe� vs. P�Νe� for Non�maximal Θ23

Non-‐Maximal	  θ23	  
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Θ23=45°	  

Θ23>45°	  	  
(νμ)	  

NOνA	  will	  make	  a	  precision	  measurement	  
of	  P(νμ→νμ)	  which	  has	  the	  poten+al	  to	  
establish	  θ23≠45°	  based	  on	  the	  sin2θ23	  
dependence	  of	  the	  oscilla+on	  probability.	  
	  
If	  this	  is	  the	  case	  then	  the	  P(νμ→νe)	  ellipses	  
shil	  based	  on	  how	  far	  θ23	  differs	  from	  45°.	  
	  
This	  corresponds	  to	  the	  mass	  state	  ν3	  
coupling	  more	  to	  ντ	  or	  νμ	  
	  

Θ23<45°	  	  
(ντ)	  

ν3	  

νe	   νe	  

νμ	   νμ	  ντ	   ντ	  

?	  

Θ23<45°	  (ντ)	   Θ23>45°	  (νμ)	  
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Θ23=45°	  

Θ23>45°	  	  
(νμ)	  

NOνA	  will	  make	  a	  precision	  measurement	  
of	  P(νμ→νμ)	  which	  has	  the	  poten+al	  to	  
establish	  θ23≠45°	  based	  on	  the	  sin2θ23	  
dependence	  of	  the	  oscilla+on	  probability.	  
	  
If	  this	  is	  the	  case	  then	  the	  P(νμ→νe)	  ellipses	  
shil	  based	  on	  how	  far	  θ23	  differs	  from	  45°.	  
	  
This	  corresponds	  to	  the	  mass	  state	  ν3	  
coupling	  more	  to	  ντ	  or	  νμ	  
	  

Θ23<45°	  	  
(ντ)	  

ν3	  

νe	   νe	  

νμ	   νμ	  ντ	   ντ	  

?	  

Θ23<45°	  (ντ)	   Θ23>45°	  (νμ)	  



NOνA	  Measurements	  

•  NOνA	  has	  a	  broad	  physics	  scope	  that	  has	  been	  	  been	  
op+mized	  to	  address	  these	  experimental	  goals:	  
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Measuring νµ → νe and ν̄µ → ν̄e

•  Measure	  θ13	  via	  νe	  appearance	  
•  Determine	  ν	  mass	  hierarchy	  
•  Probe	  for	  CP	  viola+on	  in	  ν’s	  
•  Determine	  θ23	  octant	  

Measuring νµ → νµ and ν̄µ → ν̄µ

•  Precision	  θ23	  measurement	  
•  Determine	  θ23	  non-‐maximal	  
•  Over-‐constrain	  atmospheric	  

sector	  	  

•  Measure	  ν	  cross	  sec+ons	  
•  Short	  baseline	  oscilla+ons	  
•  Probe	  for	  sterile	  ν’s	  

•  Cosmic	  ν’s	  
•  SuperNOνA	  ν’s	  
•  Exo+c	  Searches	  

Short Baseline/Near Detector and other ...



Power Staging 
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*  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.  

LBNE	  Era	  



Science Enabled with Stage-1 

•  Promotes	  the	  Main	  Injector	  to	  a	  Mega-‐Waz	  class	  machine	  for	  the	  neutrinos	  
program	  (fast	  extrac+on)	  

–  Precision	  mixing	  angles,	  CPv	  in	  neutrino	  sector,	  mass	  hierarchy	  
–  Op+ons	  for	  either	  Ash	  River	  (NOvA+LBNE)	  or	  Homestake	  (LBNE)	  programs	  

•  	  Increases	  the	  poten+al	  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	  
+me	  structure	  and	  π	  produc+on)	  	  	  

–  Poten+ally	  increase	  sensi+vity	  by	  x10	  -‐	  x100	  
–  B(μN→eN)	  ∼O(10-‐18-‐10-‐19)	  
–  μ→e	  on	  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	  ν	  oscilla+on,	  sterile	  ν’s	  
–  Removes	  beam	  +me/structure	  conflicts	  with	  muon	  program.	  	  

•  World	  class	  ultra-‐cold	  neutron	  and	  ISOL	  programs	  for	  par+cle	  physics.	  
–  edms	  &	  n-‐nbar	  oscilla+ons.	  	  

	  

28 

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

29 

Neutrino	  Physics:	  

•  Mass	  Hierarchy	  Resolu5on	  
•  CP	  viola5on	  In	  neutrino	  sector	  
•  Precision	  measurement	  of	  the	  mixing	  angles	  θ13	  θ23.	  	  	  
•  Non-‐maximal	  θ23	  coupling	  	  	  

•  	  	  Anomalous	  interac+ons,	  	  e.g.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  probed	  with	  target	  emulsions	  	  
•  	  	  Search	  for	  sterile	  neutrinos,	  CP	  	  &	  CPT	  viola+ng	  effects	  in	  next	  genera+on	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  experiments	  with:	  
•  3	  +mes	  beam	  power	  for	  120	  GeV	  
•  10-‐20	  +mes	  beam	  power	  for	  8GeV	  	  

•  	  	  Next	  genera+on	  precision	  cross	  sec+on	  measurements.	  

Day-‐1	  Experiments:	  	  LBNE,	  NOvA,	  MicroBooNE	  upgrade	  

νµ → ντ

νe, ν̄e → X
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NOvA+LBNE	  (Ash	  River	  Op+on)	  
Project	  X	  

30	  A.Norman,	  Fermilab	   BEACH2012,	  Project-‐X	  

•  The	  LAr@Ash	  River	  op+on	  
runs	  both	  NOvA	  +	  30	  kT	  LAr	  	  

•  Project	  X	  directly	  extends	  
NOvA’s	  sensi+vi+es	  to	  both	  
Δm2

31	  and	  to	  δCP	  
–  For	  Sin22θ13=0.09	  
–  Stage	  0	  sensi+vi+es	  to	  MH	  

resolu+on	  extend	  to	  only	  
2σ	  in	  34%	  of	  available	  δ	  
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NOvA/LBNE	  Mass	  Hierarchy	  
Project	  X	  

•  Project	  X	  directly	  extends	  
NOvA’s	  sensi+vi+es	  to	  both	  
Δm2

31	  and	  to	  δCP	  
–  Stage	  1	  Run	  Period:	  

•  3yr	  each	  ν	  and	  an+-‐ν	  running	  @	  
1200kW	  aler	  Stage	  0	  running	  

–  Gives	  	  NOvA	  alone	  3σ	  
resolu+on	  of	  mass	  hierarchy	  
over	  significant	  por+on	  of	  
normal	  or	  inverted	  hierarchy	  
(34%	  in	  δ)	  

–  Extends	  2σ	  coverage	  over	  50%	  
of	  available	  parameter	  space	  

•  Normal	  δ=(π,2π)	  
•  Inverted	  δ=(0,π)	  

31	  A.Norman,	  Fermilab	   BEACH2012,	  Project-‐X	  
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NOvA/LBNE	  Mass	  Hierarchy	  
Project	  X	  

32	  A.Norman,	  Fermilab	   BEACH2012,	  Project-‐X	  

•  Combined	  LBNE/NOvA	  
sensi+vi+es	  for	  the	  Ash	  
River	  Project	  X	  for	  Δm2

31	  
and	  to	  δCP	  
–  Full	  Stage	  1	  Running:	  

•  5yr	  each	  ν	  and	  an+-‐ν	  running	  @	  
1200kW	  aler	  Stage	  0	  running	  

•  For	  maximal	  θ23	  

–  3σ	  resolu+on	  of	  mass	  
hierarchy	  over	  45%	  of	  δ	  

–  2σ	  coverage	  over	  60%	  	  
•  Normal	  δ≈(π,2π)	  
•  Inverted	  δ≈(0,π)	  	  
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NOvA/LBNE	  (θ23)	  
Project	  X	  

•  Project	  X	  beam	  power	  also	  
extends	  the	  ability	  to	  
resolve	  the	  θ23	  octant	  	  
–  For	  MINOS	  best	  fit	  θ23=0.96	  
–  1.2MW	  Beam	  
–  3yrs	  each	  nu	  &	  an+-‐nu	  running	  
–  3σ	  determina+on	  θ23	  octant	  over	  

en+re	  parameter	  space	  

33	  A.Norman,	  Fermilab	   BEACH2012,	  Project-‐X	  
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LBNE	  Project	  X	  

34	  

•  The	  off-‐axis,	  narrow	  
band	  beam	  used	  NOvA	  
is	  tuned	  to	  the	  first	  
oscilla+on	  maxima	  

•  The	  narrow	  energy	  
profile	  is	  good	  for	  
background	  rejec+on,	  
but	  limits	  the	  coverage	  
of	  the	  1st	  node	  

•  Creates	  ambigui+es	  in	  
the	  Mass	  Hierarchy	  and	  
CP	  parameter	  space	  
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LBNE	  Project	  X	  

35	  

M.Bishai,	  G.Zeller	  

•  Enough	  beam	  power	  
to	  exploit	  a	  low	  
energy	  @1300	  km	  
baseline	  

•  Opens	  up	  second	  
oscilla+on	  maximum	  

•  Allows	  for	  hierarchy	  
resolu+on	  across	  full	  
range	  of	  δ	  

	  

A.Norman,	  Fermilab	   BEACH2012,	  Project-‐X	  
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LBNE	  Sensi+vi+es	  (Homestake)	  

36	  

LBNE	  Sensi+vi+es	  to	  CPV	  in	  ν’s	  are	  
maximized	  at	  the	  Homestake	  site	  by	  
using	  a	  60	  GeV	  (800kW)	  beam	  from	  a	  
Project	  X	  driven	  main	  injector.	  
	  
Reach:	  
3σ	  resolu+on	  of	  mass	  hierarchy	  	  
(with	  NOvA/T2K)	  over	  all	  δCP	  
	  
3σ	  CPV	  determina+on	  over	  
>	  27%	  of	  δCP	  
	  	  	  
LBNE	  sensi+vi+es	  scale	  directly	  with	  
beam	  power	  &	  detector	  mass	  
	  
Permits	  robust	  LBNE	  phase	  1	  
sensi+vi+es	  	  

A.Norman,	  Fermilab	   BEACH2012,	  Project-‐X	  
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LBNE Resolution of Mass Hierarchy
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M.Bass	  (CSU)	  



Power Staging 

A.Norman,	  Fermilab	   BEACH2012,	  Project-‐X	   37 

*  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.  

Muon	  Era	  



Project-X Enabled Physics 
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Muon	  Physics:	  
	  
•  Next	  genera5on	  muon-‐to-‐electron	  conversion	  experiment,	  new	  techniques	  

for	  higher	  sensi5vity	  and/or	  other	  nuclei.	  
•  	  	  
•  Al,	  Ti,	  Au	  targets	  for	  separa+on	  of	  vector	  coupling	  

•  Next	  genera+on	  (g-‐2)μ	  
•  If	  mo+vated	  by	  next	  round	  of	  theory,	  LHC	  data.	  
•  New	  techniques	  proposed	  to	  JPARC	  are	  beam-‐power	  hungry…	  

•  LFV	  and	  BSM	  searches	  
	  
	  
	  
	  
•  Systematic study of radiative muon capture on nuclei. 
	   Day-‐1	  Experiment:	  Mu2e	  (upgraded)	  

B(µN → eN) ∼ O(10−19)

µ EDM

µ → 3e

µ+e− → mu−e+

µ−A → µ+A

µ−A → e+A

µ−e−(A) → e−e−(A)

A.Norman,	  Fermilab	   BEACH2012,	  Project-‐X	  
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Λ:	  Effec+ve	  
Energy	  scale	  

κ:	  Dominance	  of	  
contact	  term	  

Contact	  Interac+ons	  

Mu2e	  Sensi+vity	  

LCLFV =
mµ

(κ + 1)Λ2
µ̄RσµνeLFµν

+
κ

(1 + κ)Λ2
µ̄LγµeL(ūLγµuL + d̄LγµdL)

Loops	  

SUSY,	  Heavy	  Neutrinos…	   Compositeness	  

•  Can	  characterize	  Mu2e	  physics	  reach	  in	  terms	  of	  a	  generalized	  LFV	  lagrangian.	  	  
•  Breaks	  out	  the	  dipole,	  vector,	  scalar	  nature	  of	  the	  interac+on	  
•  Parameterizes	  effec+ve	  energy	  scale	  of	  the	  interac+ons	  

A.Norman,	  Fermilab	   BEACH2012,	  Project-‐X	  
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Contact	  Interac+ons	  

Mu2e	  Sensi+vity	  

Loops	  

SUSY,	  Heavy	  Neutrinos…	   Compositeness	  

Muon LVF physics reach
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B(µ # e conv in 27Al)=10-16

B(µ # e conv in 27Al)=10-17

EM κ contact

Plot by André de Gouvêa

Andrei Gaponenko 5 CIPANP-2012

Project-‐X	  has	  the	  
poten+al	  to	  extend	  the	  
energy	  reach	  of	  Mu2e	  
to	  ∼20,000	  TeV	  	  
for	  contact	  term	  
dominated	  interac+ons	  
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κ:	  Dominance	  of	  contact	  term	  
A.Norman,	  Fermilab	   BEACH2012,	  Project-‐X	  



Project-X Enabled Physics  
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Kaon	  Physics:	  
	  
•  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  >1000	  events,	  Precision	  rate	  and	  form	  factor.	  

•  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  >1000	  events,	  enabled	  by	  high	  flux	  &	  precision	  TOF.	  
•  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Measurement	  of	  T-‐viola+ng	  muon	  polariza+on.	  	  	  

•  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Search	  for	  anomalous	  heavy	  neutrinos.	  
•  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  <10%	  measurement	  of	  CP	  viola+ng	  amplitude.	  	  

•  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  <10%	  measurement	  of	  CP	  viola+ng	  amplitude.	  	  

•  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Precision	  study	  of	  a	  pure	  K0	  interferometer:	  	  	  
•  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Reaching	  out	  to	  the	  Plank	  scale	  (ΔmK/mK	  ~	  1/mP)	  	  

•  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Next	  genera+on	  Lepton	  Flavor	  Viola+on	  experiments	  
•  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  …and	  more	  

Day-‐1	  Experiment:	  ORKA	  

K+ → π+νν̄

KL → π0νν̄

K+ → π0µ+ν

K+ → (π, µ)+νx
K0 → π0e+e−

K0 → π0µ+µ−

K0 → X

KL → µ±e±

K0,K+ → LFV

Rich	  and	  varied	  experimental	  opportuni5es	  	  
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Project-X Enabled Physics 
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Nuclear	  Enabled	  Par5cle	  Physics:	  	  	  	  	  	  	  	  	  	  	  
•  Produc5on	  of	  Ra,	  Rd,	  Fr	  isotopes	  for	  nuclear	  edm	  experiments	  that	  are	  

uniquely	  sensi5ve	  to	  Quark-‐Chromo	  and	  electron	  EDM’s.	  	  
•  Produc5on	  of	  Very-‐cold	  and	  Ultra-‐cold	  neutrons	  for	  EDM	  and	  n-‐nbar.	  	  	  	  	  

	  
Hadron	  and	  Baryon	  Physics:	  
•  Next	  genera5on	  QCD	  probes	  (e.g.	  evolu5on	  of	  Seaquest)	  
•  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  (HyperCP	  anomalous	  dimuon	  mass,	  	  

	   	   	   	   	   	   	  	  	  	   	  and	  other	  rare	  S+	  decays)	  
•  	  	  

•  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  oscilla+ons	  	  (Project-‐X	  operates	  below	  an+-‐baryon	  threshold)	  
	  
	  
	  

pp →Σ+K0p+

�→ Σ+ → p+µ+µ−

pp → K+Λ0p+

�→ Λ0 → ultra rare decays

Λ0 ↔ Λ0
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Intensity	  Fron+er	  Landscape	  

•  Project	  X	  is	  the	  Key	  to	  the	  Intensity	  Fron+er	  

•  It	  provides	  the	  beam	  power	  that	  is	  required	  to	  
probe	  deep	  into	  the	  loops	  of	  new	  physics	  

•  It	  enables	  the	  next	  genera+on	  precision	  sectors	  
–  Precision	  with	  Neutrinos	  (LBNE)	  
–  Precision	  with	  Muons	  (g-‐2,	  Mu2e)	  
–  Precision	  with	  Kaons	  (ORKA)	  
–  Precision	  with	  EDMs	  
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Completed the June 2012  
Project X Physics Study: 
•  More than 200 participants 

across 12 working groups 

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. 

Next Steps for the Research Program… 

BEACH2012,	  Project-‐X	  



ADDITIONAL	  MATERIAL	  
Project-‐X	  
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Science Enabled with Stage-2 

•  World	  leading	  kaon	  physics	  program:	  	  Megawaz	  power	  	  
(x10	  over	  compe+ng	  facili+es)	  can	  drive	  mul+ple	  
experiments.	  	  

	  
•  World	  class	  muon	  physics	  program:	  	  Mu2e	  descendant	  

migrates	  to	  a	  higher	  power	  campus.	  	  Megawaz	  power	  for	  
conversion	  experiments	  (x10	  over	  compe+ng	  µge	  
facili+es),	  opportuni+es	  for	  major	  next	  steps	  in	  other	  
channels	  (e.g.	  µg3e).	  

	  
•  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	  Wazs	  
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	  x10	  the	  MiniBooNE	  era,	  which	  will	  support	  a	  
new	  genera+on	  of	  short-‐baseline	  neutrino	  
physics.	  	  	  	  
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Science Enabled with Stage-4  
(Beyond RDR) 

•  4000kW	  @	  8	  GeV	  and	  	  4000kW	  at	  60	  GeV	  for	  the	  ul+mate	  
super	  beams.	  

•  Double	  beam	  super-‐beam	  	  technique	  can	  tune	  illumina+on	  of	  
the	  first	  and	  second	  maxima	  of	  	  long-‐baseline	  experiments	  of	  	  
very	  massive	  next	  genera+on	  long-‐baseline	  detectors.	  

•  Driver	  for	  an	  extremely	  powerful	  muon	  storage	  ring	  neutrino	  
source,	  driving	  detectors	  based	  exis+ng	  large	  magne+zed	  
neutrino	  detector	  technologies	  (MINOS),	  and	  possibly	  LAr	  in	  
the	  future.	  
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Project X SRF Linac 
Technology Map 

 
 

Sec+on Freq	   Energy	  (MeV) Cav/mag/CM Type 

HWR	  (βG=0.1) 162.5	   2.1-‐10 9/6/1 HWR,	  solenoid 

SSR1	  (βG=0.22)	   325	   10-‐42 16/18/	  2 SSR,	  solenoid 

SSR2	  (βG=0.47)	   325 42-‐160 36/20/4 SSR,	  solenoid 

LB	  650	  	  	  (βG=0.61)	   650 160-‐460 42	  /14/7 5-‐cell	  ellip+cal,	  doublet 

HB	  650	  	  	  (βG=0.9)	   650 460-‐3000 152/19/19 5-‐cell	  ellip+cal,	  doublet 

ILC	  	  1.3	  (βG=1.0)	   1300 3000-‐8000 224	  /28	  /28	   9-‐cell	  ellip+cal,	  quad 

 
 

β=0.11	   β=0.22	   β=0.4	   β=0.61	   β=0.9	  

325 MHz 
10-160 MeV 

β=1.0	  

1.3 GHz 
3-8 GeV 

650 MHz 
0.16-3 GeV 

CW Pulsed 

162.5 MHz 
2.1-10 MeV 
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Rare processes sensitive to new 
physics…  
e.g. Warped Extra Dimensions as a 
Theory of Flavor?? 

6 

Straub, CKM 2010 workshop 
(arXiv:1012.3893v2)   

Buras et al.  SM 
accuracy of <5%, 
motivates 1000-event 
experiments   
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Operating Scenario for  High Power 
Campus  

1 µsec period at 3 GeV 
 Muon pulses (12e7) 162.5 MHz, 80 nsec   700 kW 
 Kaon pulses (12e7) 27 MHz    1540 kW 
 Nuclear pulses (12e7) 13.5 MHz    770 kW 

Separation scheme 

Ion source and RFQ operate at 4.4 mA; 77% of bunches are  
chopped @ 2.1 MeV ⇒ maintain 1 mA over 1 µsec 

Transverse rf splitter 
 1 µsec 
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Stage-1:   New 1-GeV  CW Linac 
Driving the Existing Booster 
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Option 1 

Option 2 

Muon Campus 
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Project X Reference Design Siting 
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CW Linac 

High Power 
Experimental Area 
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Reference	  Design	  
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3	  MW	  @	  3	  GeV	  

2	  MW	  @	  120	  GeV	  

Three	  Main	  Components	  
to	  the	  Project-‐X	  Design:	  



LBNE	  Sensi+vi+es	  (Homestake)	  

55	  

M.	  Bishai,	  2011	  Project	  X	  studies	  

LBNE	  Sensi+vi+es	  to	  CPV	  in	  ν’s	  are	  
maximized	  at	  the	  Homestake	  site	  by	  
using	  a	  60	  GeV	  (800kW)	  beam	  from	  a	  
Project	  X	  driven	  main	  injector.	  
	  
Reach:	  
3σ	  resolu+on	  of	  mass	  hierarchy	  	  
(with	  NOvA/T2K)	  over	  all	  δCP	  
	  
3σ	  CPV	  determina+on	  over	  
>	  27%	  of	  δCP	  
	  	  	  
LBNE	  sensi+vi+es	  scale	  directly	  with	  
beam	  power	  &	  detector	  mass	  
	  
Permits	  robust	  LBNE	  phase	  1	  
sensi+vi+es	  	  

LBNE	  Physics	  Sensi+vi+es	  for	  proposed	  sites	  and	  detector	  masses	  @	  
700kW	  beam	  power.	  
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