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It	  is	  the	  work	  	  of	  >1,000	  	  colleagues	  in	  
the	  US	  and	  around	  the	  globe	  
making	  the	  studies	  
making	  the	  calculaIons	  	  
and	  daring	  to	  dream	  
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“The greater danger for most of us 
lies not in setting our aim too high 
and falling short; but in setting our 
aim too low, and achieving our 
mark”	  

   -- Michelangelo 



Snowmass	  2013	  
	  
Physics	  AspiraIons	  	  
	  
One	  field,	  one	  voice,	  one	  world	  
	  
Ingredients	  of	  a	  healthy	  domesIc	  program	  
	  
OpportuniIes	  for	  achieving	  “transformaIonal	  or	  
paradigm-‐altering”	  scienIfic	  advances:	  great	  
discoveries.	  	  
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Snowmass	  Process	  2013	  
	  
Is	  the	  high	  energy	  physics	  community-‐based	  study	  of	  the	  future	  of	  
the	  discipline	  in	  the	  U.S.	  set	  within	  a	  global	  context.	  	  	  
	  
It	  has	  been	  held	  roughly	  every	  ten	  years,	  historically	  at	  Snowmass	  	  
	  
Organized	  by	  OUR	  community:	  
The	  APS	  Division	  of	  ParIcles	  and	  Fields	  (3,500	  members)	  
	  
What	  makes	  the	  process	  crucial	  and	  disInct?	  A	  “bo"om-‐up”	  
organizaIon,	  contribuIons	  from	  individuals,	  experiments	  and	  
groups,	  it	  is	  not	  led	  by	  funding	  agencies,	  but	  we	  then	  partner	  with	  
the	  funding	  agencies	  to	  make	  OUR	  aspiraIons	  reality	  in	  a	  global	  
context	  
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The	  Charge	  for	  Snowmass	  2013	  
	  
To	  develop	  the	  community’s	  long-‐term	  
physics	  aspiraIons.	  Its	  narraIve	  will	  
communicate	  the	  opportuniIes	  for	  discovery	  
in	  high-‐energy	  physics	  to	  the	  broader	  
scienIfic	  community	  and	  to	  the	  government	  



     Quarks and the Cosmos 
The Opportunities for Discovery       
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Particle physics studies the fundamental nature of  
energy, matter, space, and time, and applies that knowledge  
to understand the birth, evolution and fate of the universe  

Our scope is broad and we use many tools 
accelerator, non-accelerator & cosmological observations 
all have a critical role to play 
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A work a century in the making   

From the discovery of the electron  in 1896, the nucleus  in 1911 to 
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 the neutron in 1932  
 
 
 
 
 
 

8/4/13 10:13 PMDiscovery of the Neutron

Page 2 of 3http://hyperphysics.phy-astr.gsu.edu/hbase/particles/neutrondis.html

The 5.3 MeV energy of the ejected protons could be easily explained if the
neutral particle had a mass comparable to that of the proton. For headon
collisions, this would require only 5.3 MeV from the neutral particle, a value in
the range of observed nuclear particle emissions.

Chadwick was able to prove that the
neutral particle could not be a photon
by bombarding targets other than
hydrogen, including nitrogen, oxygen,
helium and argon. Not only were
these inconsistent with photon
emission on energy grounds, the
cross-section for the interactions was
orders of magnitude greater than that
for Compton scattering by photons.

The task which remained for Chadwick was that of determining the mass of the
neutral particle. He chose to bombard boron with alpha particles and analyze
the interaction of the neutral particles with nitrogen. These particlular targets
were chosen partly because the masses of boron and nitrogen were well known.
Conservation of energy applied to the combined interactions gives the
following expressions:

Solving for the mass energy of the neutron gives

The remaining unknown on the right hand side of the equation is the speed of
the neutron. Assuming that the neutron mass was close to that of the proton,
Chadwick bombarded hydrogen atoms with his produced neutrons to learn the
speed of the protons after the collisions. Then setting the neutron speed equal to
those proton speeds, he used the above energy expression to get a neutron mass
of 938 +/- 1.8 MeV. With a consistent set of experiments, Chadwick had
obtained the first value for the neutron mass which compared well with the
presently accepted value of 939.57 MeV.

The search for the basic structure of matter.

Krane,
Intro

Nuclear
Physics
Ch. 12

 
HyperPhysics***** Quantum Physics R Nave Go Back

 the particles that compose an atom 
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theory：1964

design：1984

construction：1998

discovery of Higgs boson
2012.7.4

 The Higgs enables 
 atoms to exist 
 



BUILDING	  AN	  UNDERSTANDING	  OF	  THE	  UNIVERSE:	  
A	  WORK	  A	  CENTURY	  IN	  THE	  MAKING	  

Particle Physics has revolutionized human 
understanding of the Universe – its underlying code, structure and evolution  
 
Through careful measurement, observation and deduction  
we have developed remarkably successful prevailing theories the Standard 
Models of particle physics and cosmology that are highly predictive and have  
been rigorously tested in some cases to 1 part in 10 billion 
 
These are among the highest intellectual achievements in the history of 
our species, they will be part of our legacy to future generations for eternity 
 
The potential now exists to revolutionize our knowledge again. 
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Dark	  Ma"er	  is	  a	  mystery	  5	  Imes	  more	  than	  visible	  ma"er	  

Mystery:  

Just	  as	  Copernicus	  realized	  that	  the	  Earth	  orbited	  the	  sun	  removing	  humankind	  
from	  our	  privileged	  posiIon,	  through	  painstaking	  detecIve	  work	  we	  have	  	  
discovered	  that	  about	  25%	  of	  the	  mass	  energy	  of	  the	  universe	  is	  in	  a	  mysterious	  
new	  form,	  DARK	  MATTER	  that	  	  holds	  galaxies	  together.	  We	  would	  like	  to	  find	  the	  
quantum	  of	  dark	  ma"er	  
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Mystery:	  Dark	  Energy	  	  
	  

	  
•  The	  acceleraIng	  expansion	  of	  
the	  universe	  (2011	  Nobel)	  

•  What	  is	  dark	  energy?	  	  
	  	  	  	  We	  don’t	  know…	  

What	  we	  know:	  just	  the	  	  
Ip	  of	  the	  iceberg.	  …and	  DARK	  ENERGY	  (about	  70%	  	  

of	  the	  mass	  energy)	  that	  drives	  the	  	  
acceleraIng	  expansion	  of	  the	  universe.	  	  
These	  mysterious	  components	  account	  for	  
	  95%	  of	  the	  mass	  energy	  of	  the	  universe	  
and	  there	  are	  many	  more	  mysteries….	  
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Mystery:	  how	  did	  ma"er	  survive	  the	  
birth	  of	  the	  universe?	  	  	  

	  

	  
•  The	  acceleraIng	  expansion	  of	  
the	  universe	  (2011	  Nobel)	  

•  What	  is	  dark	  energy?	  	  
	  	  	  	  We	  don’t	  know…	  

What	  we	  know:	  just	  the	  	  
Ip	  of	  the	  iceberg.	  

beginning of the Universe

1,000,000,001 1,000,000,001

matter anti-matter

1,000,000,000	  

Ma"er	   anI-‐Ma"er	  

The	  baryon	  	  asymmetry	  of	  the	  Universe	  	  	  
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Mystery:	  Why	  are	  there	  so	  many	  types	  of	  	  parIcles?	  	  	  

Why	  do	  the	  parIcles	  
have	  such	  a	  large	  
range	  of	  masses?	  

	  
Why	  does	  the	  pa"ern	  
of	  parIcles	  repeat	  	  

three	  Imes?	  	  
	  

Why	  do	  neutrinos	  have	  
mass	  at	  all	  (they	  were	  	  

expected	  	  
to	  be	  massless)?	  
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Mystery:	  What	  powered	  cosmic	  inflaIon?	  	  	  
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MUST THERE BE NEW PHYSICS?
WHERE WILL WE FIND IT?

30 Jul 13 Feng

iiiii PUZZLES

Neutrino Mass / Theory of Flavor

Higgs Boson Naturalness

Dark Matter

Dark Energy and Modified Gravity

Matter Asymmetry

Inflation

Solving	  these	  mysteries	  and	  others	  are	  the	  next	  steps	  in	  obtaining	  a	  
deeper	  understanding	  of	  nature	  

There	  are	  many	  mysteries	  of	  the	  Universe:	  our	  big	  quesIons	  
…a	  	  
parIal	  	  
list	  	  

The	  sense	  of	  mystery	  has	  never	  been	  	  
	  	  	  	  	  more	  acute	  in	  our	  field	  	  
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dimensions
of
particle
physics

symmetrymagazine.org
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MUST THERE BE NEW PHYSICS?
WHERE WILL WE FIND IT?

30 Jul 13 Feng

iiiii PUZZLES

Neutrino Mass / Theory of Flavor

Higgs Boson Naturalness

Dark Matter

Dark Energy and Modified Gravity

Matter Asymmetry

Inflation

Solving	  these	  mysteries	  and	  others	  are	  the	  next	  steps	  in	  obtaining	  a	  
deeper	  understanding	  of	  nature	  

There	  are	  many	  mysteries	  of	  the	  Universe:	  our	  big	  quesIons	  
…a	  	  
parIal	  	  
list	  	  

The	  sense	  of	  mystery	  has	  never	  been	  	  
	  	  	  	  	  more	  acute	  in	  our	  field	  	  
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Studying Dark Energy may bring the greatest prize  in  
Physics within reach: reconciliation of the two great edificies 

General Relativity Quantum Mechanics 8 

Our	  work	  has	  the	  potenIal	  to	  lead	  to	  a	  reconciliaIon	  of	  the	  
two	  great	  edifices	  of	  physics	  	  	  	  
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Some suggest that the universe is the way it is because if it was 
otherwise we would not be here to observe it 
 
The mass of the Higgs, the amount of dark energy  and the values of other  
observables could  be vacuum selection effects (our universe interpreted 
in terms of the multiverse) but it is premature to think so  
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Science progresses by experimentation, observation, and theory 
 
Nobody would have predicted that slight irregularities  
in black body radiation would have led to an entirely  
new conception of the world in terms of quantum theory 
 
That pondering the constancy of the speed of light would have led to E= mc2 
 
 
That special relativity and quantum mechanics would have led to anti-matter 
 
 
Experiments that explore uncharted territory, or study phenomena we do not  
understand with greater precision, lead to a deeper understanding of nature,  
the global high energy physics program does that.  
 
The program will continue to reveal a cosmos more wonderful than we  
can possibly imagine. 
 
To play a major role in this journey of discovery is the aspiration of our field 

Snowmass	  2013,	  MN,	  8/6	  -‐-‐	  I.	  Shipsey	  



22	  

“What	  we	  know	  is	  a	  droplet,	  what	  we	  
don’t	  know	  is	  an	  Ocean”  	  
Sir	  Isaac	  Newton	  (1643-‐1727)	  
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The	  only	  enemies	  you	  have	  are	  those	  you	  have	  not	  spoken	  to	  
(paraphrase)	  	  Henry	  Wadsworth	  Longfellow	  

The	  Snowmass	  process	  has	  built	  our	  community	  anew	  	  
over	  the	  past	  nine	  months	  

We	  are	  united	  in	  these	  aspira.ons	  and	  have	  come	  
to	  be	  so	  through	  this	  Snowmass	  process	  
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The	  only	  enemies	  you	  have	  are	  those	  you	  have	  not	  spoken	  to	  
(paraphrase)	  	  Henry	  Wadsworth	  Longfellow	  

The	  Snowmass	  process	  has	  given	  us	  a	  deeper	  
appreciaIon	  of	  each	  other’s	  science	  	  



Snowmass	  organizing	  principle	  is	  fron.er-‐based	  

•  Par.cle	  Physics	  organized	  by	  DOE	  by	  
fron.ers:	  reflec.ng	  mul.-‐pronged	  
approach	  to	  search	  for	  new	  physics	  
–  Direct	  Searches	  
–  Precision	  Measurements	  
–  Rare	  and	  Forbidden	  Processes	  
–  Fundamental	  Proper.es	  of	  Par.cles	  
and	  Interac.ons	  

–  Cosmological	  observa.ons	  
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This	  has	  been	  much	  discussed	  



Snowmass	  organizing	  principle	  is	  fron.er-‐based	  
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The frontiers are an effective way to tell 
the rich story of our field to non-experts 
 
but:  
we are united by physics and driven by 
the questions we ask not by the tools we 
use 
 
We are not the former pre-P5 
classification: protons, electrons and 
non-accelerator  
 
We are not the currrent post-P5 
classification: energy intensity cosmic 
 
We transcend frontiers; we are one field  



We	  transcend	  fron.ers;	  we	  are	  one	  field	  united	  
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A	  united	  field	  speaking	  with	  one	  voice.	  
The	  Snowmass	  process	  is	  making	  this	  a	  reality	  	  
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CMS	  has	  ~4300	  scientists	  (including	  800	  PhD	  students),	  engineers	  	  

and	  technicians	  from	  41	  countries	  and	  190	  institutes	  

Working	  together	  to	  achieve	  scienIfic	  
goals	  is	  our	  modus	  operandi	  	  	  	  
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CMS	  has	  ~4300	  scientists	  (including	  800	  PhD	  students),	  engineers	  	  

and	  technicians	  from	  41	  countries	  and	  190	  institutes	  

Working	  together	  to	  achieve	  scienIfic	  
goals	  is	  our	  modus	  operandi	  	  	  	  

Our	  internaIonal	  collaboraIons	  inspire,	  made	  up	  of	  myriad	  individuals	  
with	  	  diverse	  interests	  working	  together	  to	  achieve	  scienIfic	  goals	  



Given	  the	  
magnitude	  and	  
breadth	  of	  the	  
opportuniIes	  in	  
front	  of	  us,	  the	  
resources	  required	  
to	  grasp	  them	  and	  
the	  global	  nature	  of	  
our	  field,	  our	  long	  
term	  strategy	  has	  to	  
maintain	  an	  
internaIonal	  
perspecIve,	  and	  
strong	  internaIonal	  
partnerships	  will	  be	  
crucial	  to	  our	  future	  
health.	  	  
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We	  are	  coming	  to	  view	  our	  enIre	  field	  as	  one	  
great	  global	  collaboraIon,	  all	  the	  regions	  
working	  together	  to	  achieve	  our	  scienIfic	  goals	  	  	  	  	  	  
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Charge	  to	  Conveners,	  August	  2012	  
	  
The	  long-‐term	  planning	  exercise	  is	  anchored	  by	  two	  meeIngs:	  
•	  A	  Community	  Planning	  MeeIng	  (CPM2012),	  at	  Fermilab,	  October	  
11-‐13,	  2012	  
•	  A	  Community	  Summer	  Study	  (CSS2013),	  at	  the	  University	  of	  
Minnesota,	  July	  29-‐August	  10,	  2013.	  

CONNECTIONS TO OTHER FRONTIERS

– Instrumentation Frontier, Wed-Fri (see Clarence Chang talk on Friday)
”The main goal of the instrumentation frontier is to study the long-term instrumentation 
needs for the various frontiers: What technology development and innovation program, 
guided by the science questions, is needed for the decade after next!  We kindly ask the 
various conveners to make this an integral part of their discussions in the parallel sessions 
and include it in the summary at the end of the workshop.”

6 Mar 2013 Feng 4

There are important connections to 
all of the other frontiers and to other 
research communities.  For example:

– Assay and Acquisition of Radiopure
Materials (AARM), Monday

– Deep Underground Research Association 
(DURA) Annual Meeting, Tues

– Frontier Capabilities: Non-Accelerator 
Facilities, Wed-Fri (see Gil Gilchriese talk)

– Intensity Frontier: Neutrino Subgroup, 
Wed-Thurs (see Kate Scholberg talk)

– Snowmass Young, Wed-Fri (see Marcelle
Soares-Santos talk)

Each Frontier  
is organized in 
subgroups 

The Snowmass process began with the creation of seven  
working groups 
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What Snowmass is not:  

What Snowmass is: 

We	  do	  not	  make	  funding	  recommendaIons	  	  

We	  evaluate	  by	  benchmarking	  
We	  speculate	  by	  calculaIng	  
We	  dream	  about	  following	  the	  physics	  
We	  propose	  the	  methods	  and	  experiments	  to	  make	  discoveries	  
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The	  Snowmass	  process	  has	  idenIfied,	  asked	  and	  answered	  key	  	  
hard	  quesIons	  at	  the	  Energy,	  Intensity	  and	  Cosmic	  FronIers	  and	  
	  these	  are	  being	  summarized	  in	  a	  resource	  book	  that	  will	  be	  the	  	  
primary	  	  input	  to	  the	  deliberaIons	  of	  the	  DOE/NSF	  ParIcle	  Physics	  	  
Project	  PrioriIzaIon	  Panel	  (P5).	  	  
	  
The	  purpose	  of	  P5	  is	  to	  judge	  the	  quesIons	  and	  answers	  and	  place	  	  
them	  within	  a	  realisIc	  budgetary	  framework.	  	  
	  	  
	  

Or	  more	  formally	  stated…	  
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Kick Off meeting  
October 2012 

Concluding meeting  
July 29 –August 6, 2013 

Face to face remains crucial:   

Reflecting our era of high bandwidth communication, shared desktops & near 
effortless remote collaboration on a daily basis, Snowmass 2013 is not a 3-
week meeting in Snowmass but a 9 month study.   

 interspersed with more than 20  
workshops (pre-meetings) 

Snowmass	  2013	  has	  been	  a	  	  nine	  month	  study	  	  	  	  	  	  	  	  	  	  	  



We began the Snowmass process at a special time 

•   October 2011:  Nobel Prize for the 
discovery of dark energy 
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A special time…. 
 

•  March 2012:  First results from 
Daya Bay: 
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BNL Roles at Intensity Frontier 
 
� ��� Program: 
 

� MINOS      Analysis/Data 
� Daya Bay  Analysis 

� Co Host Daya Bay Project 
� Project Scientist S. Kettle 

� ��		�������In Construction�
� LAr1           Proposal in preparation 
� LBNE   CD1 preparation 
 
�

� Rare Processes: 
 

� g-2 CD0, Transfer experiment to FNAL 
�  �2e CD2 
� ORKA (K+�
+�� )  Scientific Approval  12/11 

BNL has a long history of working 
at the intensity frontier at AGS 

Design of �BooNE             
LAr TPC 

Daya Bay  - Large Sin22���  
Daya Bay 
result @ 
Neutrino20
12 

Daya Bay  - Far Det.  

4 

BNL Roles at Intensity Frontier 
 
� ��� Program: 
 

� MINOS      Analysis/Data 
� Daya Bay  Analysis 

� Co Host Daya Bay Project 
� Project Scientist S. Kettle 

� ��		�������In Construction�
� LAr1           Proposal in preparation 
� LBNE   CD1 preparation 
 
�

� Rare Processes: 
 

� g-2 CD0, Transfer experiment to FNAL 
�  �2e CD2 
� ORKA (K+�
+�� )  Scientific Approval  12/11 

BNL has a long history of working 
at the intensity frontier at AGS 

Design of �BooNE             
LAr TPC 

Daya Bay  - Large Sin22���  
Daya Bay 
result @ 
Neutrino20
12 

Daya Bay  - Far Det.  

Snowmass	  2013,	  MN,	  8/6	  -‐-‐	  I.	  Shipsey	   36	  



A special time…. 

Higgs Panel at Berkeley 
Snowmass	  2013,	  MN,	  8/6	  -‐-‐	  I.	  Shipsey	   37	  

A special time…. 
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30 SLAC @ 50, Aug 24, 2012 Andreas Hoecker   —   The Higgs Boson and Beyond 
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The LHC, the experiments and the observation 
of a Higgs boson is a global phenomenon 

Snowmass 2013, MN, 8/6 -- I. Shipsey 

A global and US success story 
US is 25% of ATLAS and CMS 
Out of scores of countries the US 
has some of the largest contributions to the  
detectors & key contributions to the LHC  
accelerator complex and R&D with LARP 



Snowmass 2013, MN, 8/6 -- I. Shipsey 39 

Unprecedented Reach and Impact  
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The public are very  
Interested in science. 
Combined with the  
unprecedented global impact 
of the Higgs discovery 
this provides 
an opportunity to 
expand engagement 
with the public 
our colleagues 
and the government. 
 
To communicate what we have "
learned and the opportunities for 
discovery in particle physics "
The narrative of our field 

CPM 2012, Fermilab, October 2012

 Convincing current & next generation voters
 Influencing decision makers

Monday, October 8, 12

Education and Outreach Frontier 
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Convincing current and next generation voters "
Influencing decision makers"



What is the world made of? 
What holds the world together? 

How did the world begin? 

The	  narraIve	  must	  explain	  to	  government	  and	  the	  public	  
why	  we	  need	  a	  healthy	  parIcle	  physics	  program	  in	  the	  US:	  

#1	  Our	  science	  is	  important	  for	  our	  NaIon	  to	  pursue	  

For	  millenia	  all	  great	  socieIes	  have	  asked	  these	  
quesIons	  
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#2	  The	  big	  quesIons	  we	  ask	  a"ract	  	  
young	  talent	  	  to	  all	  of	  the	  sciences	  
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#3	  ParIcle	  physics	  is	  an	  essenIal	  part	  
of	  the	  fabric	  of	  the	  physical	  sciences	  	  
in	  the	  NaIon	  
It	  contributes	  broadly	  to	  other	  physical	  	  
sciences:	  	  
	  
Accelerator	  science	  
Detector	  development	  
Large	  Scale	  compuIng	  driven	  	  
by	  large	  collaboraIons	  	  
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What	  does	  a	  healthy	  parIcle	  physics	  program	  in	  the	  US	  
look	  like?	  
	  
Some	  of	  the	  essenIal	  ingredients	  are:	  
	  
A	  program	  focused	  on	  the	  most	  compelling	  science	  
	  
Infrastructure	  to	  support	  the	  development	  of	  our	  tools	  	  
	  
A	  long	  term	  vision	  and	  strategy	  to	  guide	  the	  program	  	  
for	  future	  decades.	  
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This	  Snowmass	  process	  occurs	  at	  a	  Ime	  when	  a	  	  
significant	  fracIon	  	  of	  the	  U.S.	  community	  is	  	  
parIcipaIng	  in	  the	  exploraIon	  of	  the	  high	  energy	  	  
fronIer	  with	  a	  machine	  outside	  the	  U.S.	  	  
The	  LHC	  is	  the	  first	  truly	  global	  machine.	  
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This	  is	  a	  big	  change	  for	  our	  community	  
But	  we	  are	  used	  to	  change,	  we	  follow	  the	  science	  	  
and	  thrive	  	  



Harvard	  Cyclotron	  

The only constant is change itself  

For	  many	  years	  there	  were	  university-‐based	  accelerators	  and	  
local	  experiments.	  They	  were	  closed	  or	  repurposed,	  the	  	  
university	  community	  thrived	  moving	  to	  the	  labs	  	  
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The only constant is change itself 

For many years our science was concentrated at a  
range of national accelerator facilities; today all but one 
of these labs are multi-purpose and continue to 
thrive contributing mightily to US science capability 
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E.O.	  Lawrence	  



Our	  big	  science	  with	  big	  tools	  requires	  the	  
infrastructure	  to	  support	  the	  
development	  of	  those	  tools	  for	  today	  and	  
for	  the	  future	  in	  the	  US	  and	  to	  contribute	  
to	  internaIonal	  projects	  	  
	  
This	  infrastructure	  exists	  at	  FNAL	  our	  sole	  
HEP	  lab	  FNAL,	  with	  	  ANL,	  BNL,	  LBNL,	  SLAC	  
providing	  important	  and	  complementary	  	  
capability.	  

Snowmass	  2013,	  MN,	  8/6	  -‐-‐	  I.	  Shipsey	   49	  



 SRF Technology 
Superconducting radio-frequency cavities are the technology of choice for 
the next generation of accelerators. They provide a highly efficient way to 
accelerate particles. Fermilab is partnering with U.S. industry and other 
research institutions to develop and build SRF cavities in cost-effective 
ways. The technology has potential applications in medicine, nuclear energy 
and materials science.

Below: Many employees worked on the develop- 
ment of Fermilab’s Cryomodule 1, which comprises 
eight superconducting radio-frequency cavities. 
Researchers will use CM1 to test the SRF cavities.

Above: Hundreds of cables coming out of the  
cryomodule will feed data from the SRF cavities 
to computers.

Right: With every test on an SRF cavity, scientists 
gain a better understanding of its behavior. This 
nine-cell cavity is being put through its paces on 
a vertical test stand.12

Accelerator	  R&D	  	  

50	  

 ILC 
The proposed International Linear Collider is a 20-mile-long machine that 
would accelerate electrons and positrons to world-record energies and 
smash them together. The ILC would extend the discovery potential of the 
Large Hadron Collider, the proton-proton collider at the European laboratory 
CERN. With LHC discoveries pointing the way, the ILC would decode the 
nature of the new physics territory.

 Muon Collider 
An international collaboration of scientists is advancing plans for a new, 
innovative type of energy-frontier machine that would accelerate muons, the 
short-lived cousins of electrons. A muon collider would be much smaller 
than the Large Hadron Collider and fit on the Fermilab site, yet it would 
provide access to physics beyond the LHC. Worldwide about 200 scientists 
are working on the R&D for this machine. 

Fermilab site

North

Recirculating 
linear
accelerator

Collision 
hall

Main Injector 

Collision 
hall

Muon
collider

Project X

SRF
cavities

Muon
accelerator

Proposed 
neutrino beam 
to LBNE

Neutrino beam
to NOνA

Far left: The proposed muon collider layout.  
Its collider ring (in red) is only six kilometers in 
circumference, about one-fourth the length of 
the Large Hadron Collider ring. 

Left: Vacuum chamber parts must be kept 
immaculately clean. Even the smallest speck 
of dust will disrupt their successful operation.

Below: A superconducting radio-frequency cavity 
from the viewpoint of a positron or electron 
beam. The cavity kicks the beams to higher ener- 
gies, preparing them for collision.

13

InImately	  related	  to	  the	  need	  for	  healthy	  infrastructure	  is	  the	  
need	  for	  a	  strong	  program	  in	  accelerator	  R&D.	  	  The	  future	  of	  
parIcle	  physics	  at	  the	  energy	  and	  intensity	  fronIers	  is	  	  
dependent	  on	  innovaIons	  in	  accelerator	  science	  

Capabilities frontier  
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High	  Energy	  FronIer	  
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Energy Frontier Goals: 

I. What are the scientific cases which motivate HL LHC running:
 “Phase 1”: circa 2022 with ∫ � dt of approximately 300 fb -1

 “Phase 2”: circa 2030 with ∫ � dt of approximately 3000 fb -1

! How do the envisioned upgrade paths inform those goals?
! Specifically, to what extent is precision Higgs Boson physics possible?

II. Is there a scientific necessity for a precision Higgs Boson program?

III. Is there a scientific case today for experiments at higher energies 
beyond 2030?
! High energy lepton collider? 
! A high energy LHC? 
! Lepton-hadron collider? 
! VLHC?

65

Concrete Goals: the science cases



High	  Energy	  FronIer	  
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The Higgs Boson message
1. Direct measurement of the Higgs boson is the key to 

understanding Electroweak Symmetry Breaking.
The light Higgs boson must be explained.

An international research program focused on Higgs 
couplings to fermions and VBs to a precision of a few % or 
less is required in order to address its physics.

2. Full exploitation of the LHC is the path to a few % 
precision in couplings and 50 MeV mass determination. 

3. Full exploitation of a precision electron collider is the 
path to a model-independent measurement of the 
width and sub-percent measurement of couplings.

133
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The NP Physics Message
1. TeV mass particles are needed in essentially 

all models of new physics.  The search for 
them is imperative.

2. LHC and future colliders will give us impressive 
capabilities for this study.

3. This search is integrally connected to 
searches for dark ma!er and rare processes.

4. A discovery in any realm is the beginning of a 
story in which high energy colliders play a 
central role. 
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High	  Energy	  FronIer	  Snowmass	  Findings	  
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In	  Europe,	  CERN	  is	  the	  global	  host	  of	  high	  energy	  proton	  
experiments	  at	  the	  Large	  Hadron	  Collider.	  Its	  experiments	  
are	  searching	  for	  new	  parIcles	  at	  the	  highest	  energies	  and	  
are	  measuring	  the	  properIes	  of	  known	  parIcles,	  now	  
including	  the	  Higgs	  boson,	  at	  advanced	  levels	  of	  precision.	  
US	  scienIsts	  are	  among	  the	  leaders	  of	  the	  LHC	  
experiments,	  having	  contributed	  essenIal	  ideas,	  
technologies,	  and	  detector	  systems.	  The	  US	  should	  
conInue	  to	  collaborate	  in	  this	  program	  as	  the	  LHC	  is	  
improved	  to	  higher	  energies	  and	  luminosiIes.	  	  

Brock/Peskin Snowmass 2013

LHC: 300 fb-1

1. Clarification of Higgs couplings, mass, spin, CP to the 10% 
level.

2. First direct measurement of top-Higgs couplings
3. Precision W mass below 10 MeV.
4. First measurements of VV scattering.
5. Theoretically and experimentally precise top quark mass to 600 MeV
6. Measurement of top quark couplings to gluons, Zs, Ws, photons with a 

precision potentially sensitive to new physics, a factor 2-5 better than today
7. Search for top squarks and top partners and ttbar 

resonances predicted in models of composite top, Higgs.
8. New generation of PDFs with improved g and antiquark distributions.
9. Precision study of electroweak cross sections in pp, including gamma PDF.
10. x2 sensitivity to new particles: supersymmetry, Z’, top 

partners – key ingredients for models of the Higgs potential 
– and the widest range of possible TeV-mass particles.

11. Deep ISR-based searches for dark matter particles.

138
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In	  Asia,	  the	  Japanese	  high	  energy	  physics	  community	  has	  
declared	  construcIon	  of	  the	  InternaIonal	  Linear	  Collider	  as	  
its	  highest	  priority.	  This	  would	  make	  Japan	  the	  global	  host	  of	  
lepton	  collider	  experiments.	  The	  ILC	  was	  developed	  by	  a	  
world-‐wide	  collaboraIon	  that	  included	  strong	  US	  leadership.	  	  
The	  proposal	  is	  highly	  moIvated,	  because	  it	  gives	  the	  
capability	  to	  study	  the	  properIes	  of	  Higgs	  boson,	  a	  parIcle	  
of	  unique	  interest	  and	  mystery,	  at	  the	  accuracies	  actually	  
required	  to	  challenge	  our	  understanding	  of	  this	  parIcle.	  	  The	  
US	  should	  parIcipate	  in	  this	  laboratory	  if	  it	  is	  realized.	  	  

Brock/Peskin Snowmass 2013

LHC: 3000 fb-1

1. The precision era in Higgs couplings: couplings to 2-10% 
accuracy, 1% for the ratio gamma gamma/ZZ.

2. Measurement of rare Higgs decays:  mu mu,  Z gamma with 100 M Higgs.

3. First measurement of Higgs self-coupling.
4. Deep searches for extended Higgs bosons
5. Precision W mass to 5 MeV

6. Precise measurements of VV scattering; access to Higgs 
sector resonances

7. Precision top mass to 500 MeV
8. Deep study of rare, flavor-changing, top couplings with 10 G tops.
9. Search for top squarks & partners in models of composite top, Higgs in the expected range of 

masses.
10.  Further improvement of q, g, gamma PDFs to higher x, Q^2
11. A 20-40% increase in mass reach for generic new particle searches - can be 1 TeV step in mass 

reach

12.EW particle reach increase by factor 2 for TeV masses. 
13. Any discovery at LHC–or in dark matter or flavor searches–can be followed up   
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ILC, up to 500 GeV
1. Tagged Higgs study in e+e–> Zh: model-independent BR 

and Higgs Γ, direct study of invisible & exotic Higgs decays
2. Model-independent Higgs couplings with % accuracy, great 

statistical & systematic sensitivity to theories.
3. Higgs CP studies in fermionic channels (e.g., tau tau)
4. Giga-Z program for EW precision, W mass to 4 MeV and 

beyond.
5. Improvement of triple VB couplings by a factor 10, to accuracy below 

expectations for Higgs sector resonances.
6. Theoretically and experimentally precise top quark mass to 100 MeV.
7. Sub-% measurement of top couplings to gamma & Z, accuracy 

well below expectations in models of composite top and Higgs
8. Search for rare top couplings in e+e- -> t cbar, t ubar.
9. Improvement of αS from Giga-Z
10. No-footnotes search capability for new particles in LHC blind spots -- 

Higgsino, stealth stop, compressed spectra, WIMP dark matter
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82 Neutrinos

Figure 4-9. Cutaway view of the MicroBooNE detector.

for a spectral distortion in the reactor neutrino energy spectrum. In addition, neutrino radioactive source
experiments could be mounted in either the Borexino, Daya Bay, KamLAND, or SNO+ detectors [186, 187].
The advantage of radioactive source experiments is that due to the low neutrino energies, oscillations could
be observed in a single detector or in several closely separated detectors. There are also possibilities for
performing sterile neutrino measurements in neutral current coherent neutrino-nucleon scattering using
cryogenic solid state bolometers [170]. A final opportunity for measuring short-baseline oscillations is
to search for atmospheric muon antineutrino disappearance with the IceCube experiment at the South
Pole [188]. With a typical atmospheric neutrino energy of a few TeV and a typical distance of a few thousand
kilometer, IceCube is very sensitive to oscillations at the roughly 1 eV mass scale, especially because these
oscillations would be matter-enhanced via the MSW mechanism.

Finally, we emphasize that satisfactorily resolving these short-baseline anomalies is very important for
carrying out the neutrino oscillation program described earlier. The two to three sigma e�ects reported,
even if unrelated to sterile neutrinos, are at the sub-percent to the several-percent level, similar to, for
example, the |Ue3| and CP -violating signals being pursued in long-baseline experiments.

Other than new light neutrino degrees of freedom – sterile neutrinos – neutrino experiments are sensitive
to several other manifestations of new physics. For example, many proposals for new physics beyond the
Standard Model predict novel, weakly interacting, light scalar or vector particles. Classical examples of
such particles include Majorons, axions, Kaluza-Klein modes in the Randall-Sundrum scenarios with extra
dimensions, and many others. As discussed over the years, novel light particles could be responsible, among
other things, for solving the strong CP problem in QCD, giving neutrinos their mass, or even explaining
the origin of dark energy. These new particles can be produced by proton bremsstrahlung and detected,
assuming they are long-lived, by particle decays or scatters in the center of neutrino detectors, if the proton
beam is on-axis.

Neutrino experiments in general, and neutrino oscillation experiments in particular, are also very sensitive
to new, heavy degrees of freedom that mediate new “weaker-than-weak” neutral current interactions. These

Fundamental Physics at the Intensity Frontier
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 Mu2e 
Scientists plan to use Fermilab’s high-intensity particle beams to search 
for rare subatomic processes, such as the conversion of a muon into its 
lighter cousin the electron, a process predicted by theory but never yet 
observed. The proposed Mu2e experiment, which has received first-stage 
approval, could find indirect evidence for new particles and forces far beyond 
the reach of the LHC. 

Above: The Mu2e particle detector is embedded 
in a series of magnets that create a low-energy 
beam of muons and steer it into an aluminum 
target. Scientists plan to break ground at 
Fermilab in Batavia, Illinois, in 2013 and begin 
taking data four years later.

Right: Mu2e is trying to catch a glimpse of an 
incredibly rare phenomenon: a muon—the 
electron’s fatter cousin—turning into its more 
slender and well-known relative, the electron.

From left: Jim Miller, Ron Ray and Robert 
Bernstein think the Mu2e experiment may answer 
one of the fundamental riddles of particle physics.
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The	  Intensity	  Fron.er	  is	  a	  broad	  and	  diverse,	  yet	  connected,	  
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Standard Model predict novel, weakly interacting, light scalar or vector particles. Classical examples of
such particles include Majorons, axions, Kaluza-Klein modes in the Randall-Sundrum scenarios with extra
dimensions, and many others. As discussed over the years, novel light particles could be responsible, among
other things, for solving the strong CP problem in QCD, giving neutrinos their mass, or even explaining
the origin of dark energy. These new particles can be produced by proton bremsstrahlung and detected,
assuming they are long-lived, by particle decays or scatters in the center of neutrino detectors, if the proton
beam is on-axis.

Neutrino experiments in general, and neutrino oscillation experiments in particular, are also very sensitive
to new, heavy degrees of freedom that mediate new “weaker-than-weak” neutral current interactions. These

Fundamental Physics at the Intensity Frontier
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 Mu2e 
Scientists plan to use Fermilab’s high-intensity particle beams to search 
for rare subatomic processes, such as the conversion of a muon into its 
lighter cousin the electron, a process predicted by theory but never yet 
observed. The proposed Mu2e experiment, which has received first-stage 
approval, could find indirect evidence for new particles and forces far beyond 
the reach of the LHC. 

Above: The Mu2e particle detector is embedded 
in a series of magnets that create a low-energy 
beam of muons and steer it into an aluminum 
target. Scientists plan to break ground at 
Fermilab in Batavia, Illinois, in 2013 and begin 
taking data four years later.

Right: Mu2e is trying to catch a glimpse of an 
incredibly rare phenomenon: a muon—the 
electron’s fatter cousin—turning into its more 
slender and well-known relative, the electron.

From left: Jim Miller, Ron Ray and Robert 
Bernstein think the Mu2e experiment may answer 
one of the fundamental riddles of particle physics.

Muons

Muons (very slow)

Look for 105 MeV electrons

Aluminum atoms 
capture muons

Magnet captures  
slow muons and  
directs them to  
aluminum target

Particle detectors

Muons decay

Stopping target

Protons from  
Fermilab  
accelerator

The proton beam creates 
pions, which decay into  
muons and other particles
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The	  Intensity	  Fron.er	  	  

The	  Intensity	  Fron.er	  is	  a	  broad	  and	  diverse,	  yet	  connected,	  
	  set	  of	  science	  opportuni.es	  
	  	  
	  

Heavy	  Quarks	   	  	  	  Charged	  	  	  
	  	  	  	  Leptons	  

	  
New	  Light,	  Weakly	  
Coupled	  ParIcles	  

	  
Neutrinos	  

	  
Nucleons	  &	  Atoms	  

	  
Baryon	  Number	  
ViolaIon	  
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The Intensity Frontier Program 

The Intensity Frontier is a broad and diverse, yet 
connected, set of science opportunities 
  
 

CP Asymmetries, 
Rare decays,  
Distributions 
K’s, Charm, B’s 

   LFV with µ,τ 
   g-2 
   EDM 

 
New particle 
searches 

LFV with 
ν Oscillations 
0νββ 

 
EDMs 
Parity Violation 

 
Proton Decay 
Neutron 
Oscillation 



Λ	  

LigeI/Murayama	  

+CP	  
+CP	  

Proton	  decay	  



The	  Nature	  of	  Neutrinos 
•  Our	  quesIons	  are	  very	  fundamental	  

-‐	  what	  is	  the	  absolute	  neutrino	  mass	  scale	  
	  

	  	  	  	  	  	  -‐	  are	  neutrinos	  Majorana	  or	  Dirac?	  

	  	  	  	  	  	  -‐	  what	  is	  the	  neutrino	  mass	  ordering?	  

	  	  	  	  	  	  -‐	  is	  CP	  violated	  in	  the	  neutrino	  sector?	  

	  	  	  	  	  	  -‐	  to	  what	  extent	  does	  the	  3n	  paradigm	  describe	  nature?	  

	  	  	  	  	  	  -‐	  are	  there	  hints	  of	  new	  physics	  in	  exisOng	  data?	  

	  	  	  	  	  	  -‐	  what	  new	  knowledge	  will	  neutrinos	  from	  astrophysical	  
	  	  	  	  	  	  	  	  sources	  bring?	  

•  We	  know	  this	  informaIon	  for	  every	  other	  parIcle!	  

•  We	  know	  more	  about	  the	  Higgs	  than	  we	  do	  about	  neutrinos	  



Neutrino Oscillations 
•  The U.S. with the Long-Baseline Neutrino Experiment (LBNE) 
    and a future multi-megawatt beam from Project-X is uniquely 
    positioned to lead an international campaign to test the  
    3-flavor paradigm, measure CP violation and go beyond.  
 

•  An underground location for a far detector significantly  
    enhances the physics breadth & allows for the study of 
    atmospheric n’s, nucleon decay, & precision measurement 
    of n’s from a galactic supernova explosion 

 
 



Mass hierarchy 

-  MH determination by  
long-baseline experiments  
“guaranteed”  
  with sufficient exposure  

CP Violation 

LBNE	  +	  Project	  X	  enable	  an	  era	  of	  
high-‐precision	  neutrino	  oscillaIon	  
measurements.	  



Intensity	  Fron.er	  Science	  Summary	  	  

Precision	  neutrino	  physics	  in	  next	  two	  decades	   Rapid	  progress	  from	  last	  2	  
years	  will	  conOnue	  
Intensity	  &	  
Cosmic	  
FronOers	  

Quark	  &	  Charged	  Flavor	  experiments	  

Probe	  mass	  scales	  of	  possible	  
New	  Physics	  with	  mulOple	  
approaches	  

Proton	  Decay	  &	  NNbar	  oscillaIons	  

Electric	  Dipole	  Moments	  (EDMs)	  

New	  light,	  weakly	  coupled	  parIcles	  
ParOcle	  explanaOon	  of	  Dark	  
Sector	  	  
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Intensity	  Fron.er	  Science	  summary	  II	  

•  Are	  there	  sources	  of	  CP	  Viola.on	  beyond	  θCKM?	  
•  Is	  there	  CP	  Viola.on	  in	  the	  leptonic	  sector?	  
•  What	  are	  the	  proper.es	  of	  the	  neutrino?	  
•  Do	  the	  forces	  unify?	  
•  Is	  there	  a	  weakly	  coupled	  Hidden	  Sector	  linked	  

to	  the	  Dark	  Side?	  
•  Are	  apparent	  symmetries	  (B,L)	  violated	  at	  high	  

scales?	  
•  What	  can	  we	  learn	  about	  the	  flavor	  sector	  of	  

new	  physics?	  
•  What	  is	  the	  new	  physics	  mass	  scale?	  
•  Intensity	  FronOer	  addresses	  these	  quesOons	  with	  a	  

diverse	  and	  focused	  program	  	  	  	  
•  PotenOal	  of	  paradigm-‐changing	  discoveries	  
•  Synergy	  with	  other	  fronOers	  	  stronger	  HEP	  

program	  

All	  the	  
quesIons	  
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The Cosmic Frontier 

Activities at the Cosmic Frontier are marked by rapid, surprising, and exciting developments 

DES First Light! 

Two PeV neutrinos @ IceCube 
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Particle Physics Using Cosmic Frontier Techniques 

Activities at the Cosmic Frontier are marked by rapid, surprising, and exciting developments 

DES First Light! 

Axion searches 
through the favored DM region 

GZK neutrinos 

DE detailed properties and 

probes of modified gravity 



MOORE’S	  LAW	  FOR	  DARK	  MATTER	  
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COMPLEMENTARITY:	  FULL	  MODELS	  
pMSSM	  19-‐parameter	  scan	  of	  SUSY	  parameter	  space	  

	  
Different	  SUSY	  models	  are	  probed	  by	  different	  experiments	  

Cahill-‐Row
ley	  et	  al.	  (2013)	  
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Cosmic Surveys: The Big Picture Detailed comparisons 
of different 
observations with much 
richer data sets will 
directly address these 
topics, and likely also 
provide more surprises. 

Inflation at t~10-35 s 
(driven by ?) shapes 
the� 

�CMB map at t~300,000 years, 
which, seeds structure formation 
driven by Dark Matter producing 
the growth of structure, which� 

�is then driven 
by Dark Energy... 

�and Neutrinos (Neff 
and (�m�>0) have a 
significant impact on 
the growth of structure 
at small scales 
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A Big Message 

M� Together with the other Frontier areas, the 
“Cosmic Frontier” provides to Particle Physics: 
–� Clear evidence for physics Beyond the Standard Model 
–� Profound questions of popular interest. 
–� Frequent new results, surprises, with broad impacts.   
–� Large discovery space with unique probes. 
–� Important cross-frontier topics  
–� Full range of project scales, providing flexible 

programmatic options. 
–� US Leadership 

The	  take	  home	  message	  from	  the	  Cosmic	  FronIer	  
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The	  Instrumenta.on	  Fron.er	  	  



DIGITAL CAMERAS THE SIZE OF CATHEDRALS 

ATLAS 

CMS 

Instrumentation frontier  
InstrumentaIon	  is	  a	  great	  enabler.	  
Our	  instrumentaIon	  represents	  both	  a	  
towering	  achievement,	  and,	  in	  some	  cases,	  a	  
scaled-‐up	  version	  of	  techniques	  used	  in	  the	  
past.	  	  	  Instrumentation triumph  
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DIGITAL CAMERAS THE SIZE OF CATHEDRALS 

ATLAS 

CMS 

Instrumentation triumph  

Many	  experiments	  are	  large	  and	  	  have	  high	  
costs	  resulIng	  in	  major	  de-‐scoping	  of	  
detectors	  and	  their	  capabiliIes	  to	  the	  
detriment	  of	  physics	  reach	  to	  match	  available	  
resources.	  

Snowmass	  2013,	  MN,	  8/6	  -‐-‐	  I.	  Shipsey	  
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InstrumentaOon	  R&D	  has	  the	  power	  to	  
transform	  this	  situaOon	  

Instrumentation frontier  
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need to develop
new technologies



•  Innova.on	  in	  instrumenta.on	  is	  central	  to	  discovery	  science.	  	  
•  The	  field	  of	  high-‐energy	  physics	  has	  a	  long	  history	  of	  inven.on	  

that	  has	  led	  to	  fundamental	  discoveries	  in	  par.cle	  physics	  	  
•  In	  the	  21st	  century	  mul.-‐disciplinary	  research	  is	  where	  

progress	  is	  being	  made.	  	  
•  Key	  strategic	  areas	  were	  iden.fied	  for	  investment	  in	  cost-‐

effec.ve	  technologies	  that	  would	  maintain	  leadership	  and	  
benefit	  the	  na.onal	  interests.	  	  

•  Support	  for	  new	  instrumenta.on	  development	  is	  an	  	  
investment	  in	  the	  future	  	  

•  Instrumenta.on	  provides	  a	  means	  for	  training	  new	  
genera.ons,	  provides	  challenging	  opportuni.es,	  retains	  
exper.se,	  enable	  leadership	  posi.on	  for	  experiments	  off-‐
shore,	  develop	  new,	  cost-‐effec.ve	  technologies	  	  

InstrumentaIon	  FronIer	  	  
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Need innovation !  



InnovaIon	  Through	  Partnerships	  
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Funding	  Balance	  	  ....	  “The	  1%	  Tax”	  
•  What	  is	  the	  right	  balance	  between	  funding	  to	  support	  the	  needs	  of	  

specific	  projects	  and	  funding	  to	  support	  generic	  detector	  development	  ?	  	  
•  What if 1% of the OHEP budget were set aside for the  

development of potentially transformative technologies ?    

•  What	  technologies	  could	  be	  developed?	  	  	  
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Strategic	  Themes	  
•  IdenIfied	  various	  strategic	  themes	  common	  to	  many	  

experiments	  that	  could	  serve	  as	  “grand	  challenge”	  supported	  
by	  the	  tax	  
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Technology	   Implementa.on	  

PixelizaIon	   Silicon	  pixels,	  MKID,	  CCD,	  LAPPD,	  MSGC-‐>large	  area	  

ASIC	  and	  electronics	   Everywhere…	  

Trigger	  and	  DAQ	   Stream	  everything	  if	  possible,	  intelligent	  front	  ends	  

Mechanics	  and	  power	   Low	  mass	  materials,	  foams,	  power	  conversion	  

Photosensors	   SiPM,	  MCP,	  Cathodes-‐>	  large	  area,	  fast	  

Speed	   Fast	  silicon,	  crystals,	  photosensors,	  electronics	  

ResoluIon	   Crystals,	  dual	  readout	  or	  PFA	  calorimeters,	  
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InstrumentaIon	  	  
•  Inves.ng	  in	  detector	  development	  is	  an	  investment	  in	  the	  future:	  	  

–  Hold	  promise	  of	  substan.al	  cost	  saving	  	  
–  In	  young	  people	  
–  In	  training	  and	  educa.on	  
–  In	  university	  and	  laboratory	  infrastructure	  
–  In	  new	  mul.-‐disciplinary	  technologies	  
–  In	  cost	  effec.veness	  
–  In	  providing	  opportuni.es	  for	  broad	  societal	  benefit	  

–  It’s	  the	  founda.on	  for	  the	  viability	  of	  our	  field	  	  



•  CPAD:	  to	  promote,	  coordinate	  and	  assist	  in	  the	  research	  and	  development	  
of	  instrumentaIon	  for	  High	  Energy	  Physics	  naIonally,	  and	  to	  develop	  a	  
detector	  R&D	  program	  to	  support	  the	  mission	  of	  High	  Energy	  Physics	  for	  
the	  next	  decades.	  	  

•  CPAD	  Membership	  	  
•  From	  UniversiIes	  

–  Jim	  Alexander	  (Cornell)	  
–  Marina	  Artuso	  (Syracuse)	  
–  Ed	  Blucher	  (Chicago)	  	  
–  Ulrich	  Heintz	  (Brown)	  
–  Howard	  Nicholson	  (Mt.	  Holyoke)	  	  
–  Abe	  Seiden	  (UCSC)	  	  
–  Ian	  Shipsey*	  (Purdue)	  	  
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§  From	  Laboratories	  
–  Marcel	  Demarteau*	  (Argonne)	  
–  David	  Lissauer	  (Brookhaven)	  
–  David	  MacFarlane	  (SLAC)	  
–  Ron	  Lipton	  (Fermilab)	  
–  Gil	  Gilchriese	  (LBNL)	  
–  Bob	  Wagner	  (Argonne)	  	  

§  InternaIonal	  
–  Ariella	  Ca"ai	  (CERN)	  	  
–  Junji	  Haba	  (KEK)	  	  

(*)	  =	  co-‐chair	  h"p://www.hep.anl.gov/cpad/	  

CPAD	  appointed	  spring	  2012	  



What are long term “big questions”?  
regarding accelerator-based HEP capabilities 

•  How would one build a 100 TeV scale hadron collider? 
•  How would one build a lepton collider at >1 TeV? 
•  How would one generate 10 MW of proton beam power?  
•  Can multi-MW targets survive? If so, for how long? 
•  Can plasma-based accelerators achieve energies & 

luminosities relevant to HEP? 
•  Can accelerators be made 10x cheaper per GeV? Per MW? 

These are issues for the long term future 

Capabilities: Accelerator frontier  



Priority: Full exploitation of LHC  
v 	  =>	  Strong	  LHC	  Accelerator	  Research	  Program	  
conInuing	  to	  U.S.-‐LHC	  high	  luminosity	  construcIon	  
project	  	  

v  ConInue	  a	  focused	  integrated	  laboratory	  program	  (LARP-‐like)	  
emphasizing	  engineering	  readiness	  of	  technologies	  suitable	  for	  High	  
Energy-‐LHC	  	  	  
² Next	  generaIon	  high	  field	  Nb3Sn	  	  magnets	  (~15	  Tesla)	  	  
² Beam	  control	  technology	  

v This	  is	  most	  criIcal	  technology	  development	  toward	  
higher	  energy	  hadron	  colliders	  in	  the	  near	  to	  mid-‐term	  

v Reach	  of	  an	  LHC	  energy	  upgrade	  is	  very	  limited	  
² No	  engineering	  materials	  beyond	  Nb3Sn	  
² Difficult	  synchrotron	  radiaIon	  management	  



Proton colliders beyond LHC 
•  US multi-lab study of VLHC is still valid (circa 2001);  

–  Snowmass has stimulated renewed interest/effort in US  
•  2013 Snowmass white paper  

•  We recommend participating in international study 
for  colliders in a large tunnel (CERN-led) 

•  Study will inform directions for expanded U.S. 
technology reach & guide long term roadmap 
–   Beam dynamics, magnets, vacuum systems, machine 

protection, … 

Extensive interest expressed in this possibility 



We welcome the initiative for ILC in Japan  
•  U.S. accelerator community is capable to contribute 

  
–  Supported by the physics case as part of a balanced 

program 
•  ILC design is technically ready to go  

–  TDR incorporates leadership U.S. contributions to 
machine physics & technology 

•   SRF, high power targetry (e+ source), beam delivery, damping 
rings, beam dynamics 

•  Important that there is an upgrade path of ILC to 
higher energy & luminosity (> 500 GeV, > 1034 

cm-2s-1) 

We are experienced & ready to do it 



Higgs factory: Alternate approaches 
•  Circular e+e- in very large tunnel (50 – 100 km) 

–  Substantial extrapolation albeit from large experience base 
•  LEP/LHC tunnel not preferred for physics & programmatic reasons 

–  Energy reach & luminosity are very strongly coupled – 
details! 

•  Very large luminosity at Z peak: falls rapidly as √s increases 
•  Tight linkage to 100 TeV proton collider opportunity  

•  Muon collider: Feasibility study is underway (see next slide) 

–  Could provide options from Higgs to multi-TeV 

•  Gamma-gamma collider 
–  Basis is US leadership in “industrial strength,” high energy 

lasers 
–  Can be ILC option or stand-alone facility 
–  Laser technology overlap with laser wakefield accelerators 

Caveat emptor: It is difficult to compare mature,  
detailed engineering designs with parameter studies 



Recommendations: Increase research effort  
toward a compact, muli-TeV lepton collider 

•  Vigorous, integrated R&D program toward demonstrating 
feasibility of a muon collider (Muon Accelerator Program) 
–  Current support insufficient for timely progress 
–  Closely connected with intensity frontier & intense neutrino sources 

•  Stay involved in high gradient, warm linac approach (CLIC)  
–  Practical energy reach: wakefield control, accelerating gradient 
–  Industrialization path to be developed 

•  Continue R&D in wakefield accelerators (plasmas & dielectric) 
–  Fruitful physics programs with high intellectual content 
–  Feasibility issues: Positron acceleration, multi-stage acceleration, 

control of beam quality, plasma instabilities at 10’s of kHz rep rate 
–  All variants require an integrated proof-of-principle test  

Motivations: Lower cost, smaller footprint, higher energy  



Project X: a world leading facility  
for Intensity Frontier research 

•  Based on a modern multi-MW SCRF proton linac 
–  Flexible “on-demand”  beam structure  

•  Could serve multiple experiments over broad energy range 
–  0.25 – 120 GeV 

•  Platform for future muon facilities (νFactory/muon collider) 
•  Complete, integrated concept Reference Design Report 

–  arXiv:1306.5022  
•  R&D program underway to mitigate risks in Reference 

Design 
–  Undertaken by 12 U.S. & 4 Indian laboratories and universities 

Could initiate construction in the second half of this decade 
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The	  stewardship	  of	  accelerator	  science	  and	  technology	  
by	  the	  Office	  of	  High	  Energy	  Physics	  has	  been	  and	  will	  
conInue	  to	  be	  crucial	  to	  the	  vitality	  of	  accelerator-‐
based	  	  high	  energy	  physics.	  



Underground	  FaciliIes	  	  
•  Underground	  faciliIes	  and	  capabiliIes	  essenIal	  
to	  support	  experiments	  that	  are	  central	  to	  the	  
world-‐wide	  and	  U.S.	  scienIfic	  program	  
– Direct	  dark	  ma"er	  experiments	  
– Neutrinoless	  double-‐beta	  decay	  (0νββ)	  experiments	  
– Atmospheric,	  long-‐baseline,	  reactor,	  solar,	  
supernova….	  neutrino	  experiments	  

–  Proton	  decay	  
–  ConnecIons	  to	  astrophysics,	  nuclear	  science,	  earth	  
science	  and	  detectors	  for	  non-‐proliferaIon	  
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Facilities and Capabilities: Underground frontier  
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Underground	  Capability	  -‐	  Summary	  
•  SubstanIal	  expansion	  in	  non	  –	  U.S.	  underground	  capabiliIes	  by	  2016-‐2020.	  
•  CriIcal	  that	  U.S.	  scienIsts	  conInue	  to	  be	  supported	  in	  the	  future	  to	  take	  full	  

advantage	  of	  internaIonal	  and	  domesIc	  underground	  faciliIes.	  
•  Key	  underground	  faciliIes	  goals	  for	  upcoming	  U.S.	  planning	  

–  Put	  LBNE	  underground	  to	  realize	  its	  full	  science	  potenIal.	  This	  would	  also	  
make	  it	  an	  anchor	  of	  possible	  future	  domesIc	  underground	  capabiliIes	  at	  
SURF.	  

–  The	  U.S.	  has	  leading	  roles	  in	  many	  of	  the	  future	  dark	  ma"er,	  0νββ	  and	  a	  
large	  variety	  of	  ν	  experiments.	  	  

–  More	  coordinaIon	  and	  planning	  of	  underground	  faciliIes(overseas	  and	  
domesIc)	  is	  required	  to	  maintain	  this	  leading	  role,	  including	  use	  of	  U.S.	  
infrastructure.	  

–  Maintaining	  an	  underground	  facility	  that	  can	  be	  expanded	  to	  house	  the	  
largest	  dark	  ma"er	  and	  	  0νββ	  experiments	  would	  guarantee	  the	  ability	  of	  
the	  US	  to	  conInue	  its	  strong	  role	  in	  the	  worldwide	  program	  of	  
underground	  physics.	  
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•  CompuIng	  has	  become	  essenIal	  to	  advances	  in	  experimental	  and	  
many	  areas	  of	  theoreIcal	  physics.	  Research	  requirements	  in	  these	  
areas	  have	  led	  to	  advances	  in	  computaIonal	  capabiliIes.	  
–  What	  are	  the	  computaIonal	  requirements	  for	  carrying	  out	  the	  

experiments	  that	  will	  lead	  to	  advances	  in	  our	  physics	  understanding?	  	  
–  What	  are	  the	  computaIonal	  requirements	  for	  theoreIcal	  

computaIons	  and	  simulaIons	  that	  will	  lead	  to	  advances	  in	  our	  physics	  
understanding?	  	  

–  What	  facility	  and	  so�ware	  infrastructure	  must	  be	  in	  place	  in	  order	  to	  
meet	  these	  requirements,	  and	  what	  research	  investments	  does	  it	  
require	  in	  compuIng,	  storage,	  networking,	  applicaIon	  frameworks,	  
algorithms,	  programming,	  etc.	  to	  provide	  that	  infrastructure?	  	  

–  What	  are	  the	  training	  requirements	  to	  assure	  that	  personnel	  are	  
available	  to	  meet	  the	  needs?	  	  

 "

LATBauerdick/Fermilab	   Snowmass2013	  -‐	  CompuIng	  FronIer	   May	  27,	  2013	  

Computing frontier  
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Conclusions	  on	  ComputaIons	  
•  Challenging	  resource	  needs	  require	  efficient	  and	  flexible	  use	  of	  all	  resources	  

–  HEP	  needs	  both	  Distributed	  High-‐Throughput	  compuIng	  (experiment	  
program)	  and	  High-‐Performance	  compuIng	  (mostly	  theory/simulaIon/
modeling)	  

	  	  
•  To	  stay	  on	  the	  Moore’s	  law	  curve,	  need	  to	  proacIvely	  make	  full/be"er	  use	  of	  

advanced	  architectures	  
–  with	  the	  need	  for	  more	  parallelizaIon	  the	  complexity	  of	  so�ware	  and	  

systems	  conInues	  to	  increase:	  frameworks,	  workload	  management,	  physics	  
code	  

•  Unless	  correcIve	  acIon	  is	  taken	  we	  could	  be	  frozen	  out	  of	  cost	  effecIve	  
compuIng	  soluIons	  on	  a	  Ime	  scale	  of	  10	  years.	  
–  There	  is	  a	  large	  code	  base	  to	  re-‐engineer	  
–  We	  currently	  do	  not	  have	  enough	  people	  trained	  to	  do	  it	  
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Snowmass2013	  -‐	  CompuIng	  FronIer	   Aug	  5,	  2013	  

Conclusions	  on	  Data	  
•  The	  growth	  in	  data	  drives	  need	  for	  conInued	  R&D	  investment	  in	  

data	  management,	  data	  access	  methods,	  networking	  	  
–  ConInued	  evoluIon	  will	  be	  needed	  in	  order	  to	  take	  advantage	  of	  new	  

network	  capabiliIes,	  ensure	  efficiency	  and	  robustness	  of	  the	  global	  data	  
federaIons,	  	  and	  contain	  the	  level	  of	  effort	  needed	  for	  operaIons	  

•  Networks	  can	  be	  relied	  on	  to	  serve	  as	  foundaIon	  of	  data	  intensive	  distributed	  
compuIng	  
–  emerging	  network	  capabiliIes	  and	  data	  access	  technologies	  improve	  our	  

ability	  to	  use	  resources	  independent	  of	  locaIon,	  over	  the	  network	  
•  Have	  to	  learn	  to	  do	  more	  with	  less.	  This	  requires	  being	  more	  flexible	  and	  

perhaps	  toleraIng	  higher	  levels	  of	  risk	  
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Need	  for	  Training	  and	  Career	  Paths	  

•  Encourage	  training,	  as	  a	  conInuing	  acIvity	  	  	  
•  Provide	  young	  scienIsts	  with	  opportuniIes	  to	  learn	  compuIng	  and	  

so�ware	  skills	  that	  are	  marketable	  for	  non-‐academic	  jobs	  
•  Training	  and	  career	  paths	  (including	  tenure	  stream)	  for	  	  researchers	  who	  

work	  at	  the	  forefront	  of	  computaIon	  techniques	  and	  science	  is	  criIcal	  	  
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CSS 2013, Minneapolis,  August 2013

1. To ensure that the U.S. particle physics community has the 
resources necessary to conduct research and maintain a world 
leadership role.

2. To ensure that the U.S. public appreciates the value and excitement 
of particle physics.

3. To ensure that a talented and diverse group of students enter 
particle physics and other STEM careers, including science teaching.

Overarching Communication, 
Education & Outreach Goals

Communication, Education 
and Outreach Frontier  
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CSS 2013, Minneapolis,  August 2013

Needs Drive Our Implementation Plans

Overarching strategies that serve all audiences and all goals

Developing a central, comprehensive communication, education and 
outreach resource with training materials.

Recognition within our community that these activities are critical to 
the success and health of our field; should be formally recognized; and 
require time, effort and funding.

Augmenting existing national particle physics communication efforts 
with additional personnel and resources dedicated to nationwide 
coordination, training and support
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CSS 2013, Minneapolis,  August 2013

Needs Drive Our Implementation Plans

Strategies for different audiences 

Policy makers:  Year-round campaigns with support; impact 
quantification; third-party advocates. 

The general public:  Wide range of outreach activities; value to 
society; emphasize role of U.S. scientists.

Teachers and students: Physicists directly engage; research-based 
professional development; opportunities for students of all ages. 

The science community: Develop consensus and support plan; foster 
dialog and unite with other fields.
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Our	  science	  is	  compelling	  enough	  to	  compete	  
favorably	  for	  the	  best	  talent	  in	  a	  world	  where	  
transformaIonal	  and	  paradigm-‐altering	  
advances	  are	  happening	  in	  other	  fields.	  	  	  	  
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In	  the	  U.S.	  ParIcle	  physics	  is	  	  1/6	  of	  the	  	  
DOE	  Office	  of	  Science	  expenditures	  
(2nd	  largest	  a�er	  Basic	  Energy	  Sciences)	  

All	  fields	  of	  science	  compete	  for	  	  
limited	  resources	  
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There	  is	  no	  enItlement	  for	  parIcle	  
physics	  funding.	  

We	  must	  compete	  favorably	  with	  other	  opportuniIes	  	  
on	  all	  the	  playing	  fields:	  in	  the	  agencies	  
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in	  Congress	  	  
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and	  in	  academia.	  	  
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We	  see	  our	  science	  as	  compelling	  
and	  we	  need	  to	  convince	  others	  it	  
is	  compelling	  as	  well.	  	  	  
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Bertrand	  Russell	  
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What	  I	  have	  lived	  for:	  
Three	  passions,	  simple	  but	  overwhelmingly	  
strong,	  have	  governed	  my	  life...With	  equal	  
passion	  I	  have	  sought	  knowledge...	  I	  have	  
wished	  to	  know	  why	  the	  stars	  shine....A	  li"le	  of	  
this,	  but	  not	  much,	  I	  have	  achieved.	  

We	  will	  achieve	  that	  with	  a	  	  
clear	  and	  arIculate	  narraIve	  
there	  are	  many	  good	  examples	  
to	  draw	  from:	  	  



We	  strive	  to	  be	  similarly	  	  
arIculate	  in	  our	  narraIve	  

Bertrand	  Russell	  
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What	  I	  have	  lived	  for:	  
Three	  passions,	  simple	  but	  overwhelmingly	  
strong,	  have	  governed	  my	  life...With	  equal	  
passion	  I	  have	  sought	  knowledge...	  I	  have	  
wished	  to	  know	  why	  the	  stars	  shine....A	  li"le	  of	  
this,	  but	  not	  much,	  I	  have	  achieved.	  

We	  will	  achieve	  that	  with	  a	  	  
clear	  and	  arIculate	  narraIve	  
there	  are	  many	  good	  examples	  
to	  draw	  from:	  	  
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A	  healthy	  program	  needs	  a	  long	  term	  
strategy	  with	  a	  compelling	  vision	  for	  
the	  future	  and	  future	  scienIfic	  
achievements.	  This	  is	  what	  	  Snowmass	  
2013	  has	  produced.	  

The	  Snowmass	  process	  
informs	  the	  HEPAP	  P5	  	  
priority	  se�ng	  process	  



These are your long term aspirations & narrative  
 
You have thought large, and smart. You have identified compelling 
opportunities at all scales 
 
You participated vigorously in the kick off meeting, the frontier pre-meetings 
and here at Snowmass; return to your institutions and inform them of what 
we have accomplished together 
 
Give input to the P5 process 
 
Continue to reach out to our community; especially to younger  
colleagues, give them roles; they are the future 
 
Maintain the high level of interaction between the different parts of our 
community. The only enemies you have are those you have not spoken 
with. We are one field with one voice. 
 
The DPF, for its part, will endeavor to develop structures that will maintain 
the new sense of community established through the Snowmass process 
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Snowmass	  is	  a	  good	  gig	  

Who	  said	  this?	  
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Snowmass	  is	  a	  good	  gig	  

Snowmass	  is	  cool	  
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Snowmass	  was	  a	  good	  gig	  

Snowmass	  was	  cool	  

The	  talks	  are	  very	  interesIng,	  although	  I	  don’t	  
have	  a	  background	  in	  this	  subject	  
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Snowmass	  is	  a	  good	  gig	  

Snowmass	  was	  cool	  

The	  talks	  are	  very	  interesIng,	  although	  I	  don’t	  
have	  a	  background	  in	  this	  subject	  

If	  you	  come	  back	  to	  Minnesota	  please	  get	  in	  touch	  
	  I	  am	  eager	  to	  hear	  what	  new	  discoveries	  you	  will	  make	  
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Snowmass	  is	  a	  good	  gig	  

Snowmass	  was	  cool	  

The	  talks	  are	  very	  interesIng,	  although	  I	  don’t	  
have	  a	  background	  in	  this	  subject	  

If	  you	  come	  back	  to	  Minnesota	  please	  get	  in	  touch	  
	  I	  am	  eager	  to	  hear	  what	  new	  discoveries	  you	  will	  make	  

Snowmass	  makes	  me	  wish	  I	  was	  a	  physicist	  
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Snowmass	  was	  cool	  

The	  talks	  are	  very	  interesIng,	  although	  I	  don’t	  
have	  a	  background	  in	  this	  subject	  

If	  you	  come	  back	  to	  Minnesota	  please	  get	  in	  touch	  
	  I	  am	  eager	  to	  hear	  what	  new	  discoveries	  you	  will	  make	  

Snowmass	  makes	  me	  wish	  I	  was	  a	  physicist	  

Dan’s	  	  team	  of	  helpers	  Answer:	  



HEP COMMUNITY PLANNING
J. Rosner – CPM 2012 – October 11, 2012 – Fermilab

Develop the community’s long-term physics aspirations; communicate
the opportunities for discovery in high-energy physics to the broader
scientific community and to the government.

Wiki page: http://www.snowmass2013.org

Community Planning Meeting (CPM2012, Fermilab, Oct. 11–13)

Community Summer Study (CSS2013, U. of Minn., 2013, 7/29-8/10)

Energy Frontier: Chip Brock, Michael Peskin

Intensity Frontier: JoAnne Hewett, Harry Weerts

Cosmic Frontier: Jonathan Feng, Steve Ritz

Capabilities: William Barletta, Murdock Gilchriese

Instrumentation: Marcel Demarteau, Ron Lipton, Howard Nicholson

Computing: Lothar Bauerdick, Steve Gottlieb

Education and Outreach: Marge Bardeen, Dan Cronin-Hennessy

The	  Division	  of	  ParIcles	  and	  Fields	  of	  the	  
	  American	  Physical	  Society	  would	  like	  to	  thank	  

Conveners	  
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