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Material drawn from the
Ongoin% Snowmass Experience in 2013.
A fraction of the IF activity..

* February:  Winter Workshop on Electric Dipole Moments, Fermilab.

* March: Neutrino Working group meeting, SLAC.

* April: Snowmass Workshop on Frontier Capability, BNL.

* April: Intensity Frontier All Hands Meeting, ANL.

e April: KAON-2013, Ann Arbor Michigan.

* May: First International Conference on Charged Lepton Flavor
Violation, Lecce, Italy.

* May: International Symposium on Opportunities for
Underground Physics in Snowmass, Asilomar, Ca.

« July: Journey through the Frontiers, SSI-2013, SLAC.

 July: Workshop on Neutrino Physics and Astrophysics,

Lead/Deadwood, SD.
« July-Aug:  SNOWMASS on the Mississippi.
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A Vibrant Community...
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Facility subpanel recommendations accepted
by the High Enerqgy Physics Advisory Panel:
HEPAP

* LBNE: Stage 1 begins a world leading program in neutrino physics +... .
Science reach of Stage 1 is important and it lays the groundwork for an
absolutely central facility. Ready for construction, planned start in 2016
and completed in 2023.

* MUZ2E: Will search for muon to electron conversion in the field of a
nucleus with unparalleled sensitivity. It is absolutely central. Ready for
construction starting in 2014, completed in 2018.

* PROJECT X: Unique world leading facility at Fermilab for intensity
frontier physics. It is absolutely central and although it is pre CDO it is
ready for construction.

* NUSTORM: Muon storage ring that would provide neutrino beams with
well defined flavor composition and spectrum. While the committee is not
aware of major technical challenges in realizing nuSTORM, its performance
requirements are not yet fully defined. While nuSTORM has great potential
we don’t know enough yet to assess nuSTORM'’s role in US world-leading

science.

Mark Wise, HEPAP March 11t 2013
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http://science.energy.gov/%7E/media/hep/hepap/pdf/Reports/HEPAP_facilities_letter_report.pdf
http://science.energy.gov/%7E/media/hep/hepap/pdf/Reports/HEPAP_facilities_letter_report.pdf
http://science.energy.gov/%7E/media/hep/hepap/pdf/Reports/HEPAP_facilities_letter_report.pdf

In the absence of new facilities enabling
new experiments...

experiments
From Hitoshi Murayama , ICFA October 2011
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Intensity Frontier Killer A?p?
Not a single experiment!
The science requires multiple probes.
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N e s 4
e

Modified from Hitoshi Murayama , ICFA October 2011
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What sub-detector in CMS or ATLAS is
the Killer App?

CMS Detector

Pixels
Tracker
ECAL
HCAL
Solenoid

SUPERCONDUCTING
SOLENOID

FORWARD
LORIMETER

Total weight : 14000 tonnes Jrass + lilla JON CHAMBERS
Overall diameter : 15.0m 0
Overall length 1287 m

Magnetic field 38T
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What sub-detector in CMS or ATLAS is
the Killer App?

For Discovery of the Standard Model Scalar??

Couplings
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CSS13 Working Groups

>
)

Quark Flavor Physics:
Joel Butler, Zoltan Ligeti, Jack Ritchie

Charged Lepton Processes

Brendan Casey, Yuval Grossman, David
Hitlin

Neutrinos

Andre deGouvea, Kevin Pitts,
Kate Scholberg, Sam Zeller

Baryon Number Violation
Kaladi Babu, Ed Kearns

New Light, Weakly
Coupled Particles
Rouven Essig, John Jaros, William Wester

Nucleons, Nuclei & Atoms
Krishna Kumar, Z.-T. Lu, Michael Ramsey-
Musolf

All experiments for properties of
neutrinos. Accelerator & non-accel.

N
-
2

K, D & B Meson
decays/properties

Precision measurements
with muons, taus

Proton decay, Neutron Oscillation

“Dark” photons, paraphotons,
axions, WISPs

Properties of nucleons, nuclei or
atoms (EDM), as related to HEP

J. Hewett, IF All Hands Meeting at ANL.
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Quark Flavor Physics
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The Experimental Quark Flavor Program

Kaons B-physics Charm

* KLOE-2 * Belle |l * Bellell

* NA62 * LHCb + Upgrade * LHCb

* TREK * ATLAS/CMS * ATLAS/CMS
__*KOTO * BESIII
i+ ORKA * Panda
i * Project X EFrOpOSEd * Future t/c
] : 1in U.S. ,
] experiments i factories

There is not time to discuss everything in this talk.

April 27. 2013 Argonne IF Workshop 12

J. Ritchie, QFP Summary, IF All Hands Meeting at ANL.
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¢ Asingle effective operator

(5.y"d, ) y,v, )
¢ Dominated by top quark 7K
e Hadronic matrix element shared
with K—>mev /’f

¢ Standard Model predictions precise (0,0)

B(K™ = 7'vv),, =(7.820.8)x10™""  +10% = +5%
B(K, - vV, =(24104)x10™" +16% = +11%

Brod, Gorbahn, and Stamou, PR D 83, 034030(2011)
e Largest uncertainty from CKM elements (which will improve)

¢ Remains clean in New Physics models
April 27,2013 Argonne IF Workshop 13

J. Ritchie, QFP Summary, IF All Hands Meeting at ANL.
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current situation assuming 5% measurements of both modes
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» K= —» m v already constrains

» Kt — ntviand K, — «"viv give
scales of ~ 100 TeV

complementary information
» K, — 77 bound still above the
Grossman-Nir bound
— no additional constraint

» scales of order 700 TeV are probed

Slide from Wolfgang Altmannshofer’s talk
April 27. 2013 Argonne IF Workshop 14

J. Ritchie, QFP Summary, IF All Hands Meeting at ANL.
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April 27, 2013 Argonne IF Workshop 15

J. Ritchie, QFP Summary, IF All Hands Meeting at ANL.
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+ +v0 :
K™—=m " VV at Fermilab B

MAGNET BARREL
T-COUNTER \ RANGE STACK
B4 COUNTERS ==—°=-=-—— - I-COUNTER PROPOSED

END CAP v VETO

COLLAR COUNTER BEAM VETO
HOLE COUNTER i
BEAM =
CERENKOV COUNTER e =
BEAM CHAMBER { MICROCOLLAR
OEAM CHAMBER 2 COLLAR VETO
ACTIVE DECRADER — f V-COUNTER
END CAP v VETO ' TARGET
o (B I
L DRIFT CHAMBER

e  Will employ the proven technique (stopped K) from BNL E787/949,
with beam, detector, and data acquisition improvements

— Goal to collect 1000 events, ~200 events per year (error = theory)
— Does not require better background rejection than E949

e Will utilize existing facilities and infrastructure at FNAL (Main Injector
protons, BO/CDF Hall, CDF superconducting solenoid)
Aprl 27. 2013 Argonne IF Workshop 17

J. Ritchie, QFP Summary, IF All Hands Meeting at ANL.
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e Project-X beam energy is
well-suited

e CW-linac time structure
supports time-of-flight
measurement

— Provides kinematic
info for background

rejection

e High intensity from Project-X allows small heam (like KOTO)

— 2-dimn constraint provides additional background rejection
e Reconstruct m°—YYy with a pointing calorimeter

e 471 photon and charged particle vetos

e Provides opportunity for a high statistics (~1000 event) measurement

April 27, 2013 Argonne IF Workshop 20

J. Ritchie, QFP Summary, IF All Hands Meeting at ANL.
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Kaon Projections

a few K observables

Observable SM Theory Current Expt. Future Experiments
B(KT — 7t 7.8 x 1071 L7371 08 x 10710 ~10% measurement from NAG2
~h% measurement from ORKA
~2% with Project X
B(K} — 7%vD) 243 x 1071 <26x10°% 1% observation from KOTO

~5% measurement with Project X

B(KY — mlete sep 14x 10711 <928 x 10710 ~10% measurement with Project X
B(K} — 7" )sp | 3.5 x 1071 < 3.8 x 1071 ~10% measurement with Project X
|Pr|in Kt — 7% v ~ 1077 < 0.0050 < 0.0003 from TREK

< (.0001 with Project X
Ry = T(Keo)/T(Ky2) | 2477 x 107> | (2,488 £ 0.080) x 107° | £0.054 x 1075 from TREK

b

+0.025 x 107" with Project X
B(K) — pre™) < 10728 < 4.7 x 10712 < 2% 10713 with Project X

From the Report of the Heavy Quarks working group, Fundamental
Physics at the Intensity Frontier (2012), arXiv:1205.2671

April 27, 2013 Argonne IF Workshop 21

J. Ritchie, QFP Summary, IF All Hands Meeting at ANL.
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Message for Snowmass
e Flavor physics probes far above the TeV scale.

— A necessary complement to LHC if new physics is found there.

— Probes above the reach of LHC and other foreseeable machines.

e Existing facilities at Fermilab can support unparalleled rare
K decay experiments (ORKA, and potentially others).

— A cost effective way to mount quark-flavor experiments in this
decade with significant potential to uncover new physics.

— This opportunity is not open-ended (the world won’t wait).
e Project X can open a new regime of sensitivity for rare K
decay experiments in the next decade.
— An order of magnitude beyond other kaon sources in the world.
e B-physics and charm physics will be led by non-U.S.
programs for the foreseeable future.

— These programs will do great physics! The U.S. should be actively
involved in these experiments (Belle Il and LHCb).

Aprl 27,2013 Argonne IF Workshop 30

J. Ritchie, QFP Summary, IF All Hands Meeting at ANL.
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Charged Lepton Processes
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Status of CLFV Searches

v p—ey
e u— e
w uN —eN

MEG 2013
arXiv:1303.0754

"..V- o =

-  J
4 orders of magnitude VMEG Upgrade

improvement projected! © rst MusIC
MuZe, COMET H

1073
107°

1017

Project X, PRIME W

10—19 cor v b v v b e v v e by
1940 1950 1960 1970 1980 1990 2000 2010 2020 2030

Year
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Atomic Capture of u- (50
e Stopped p-is captured by an atom E;.4 ~ 500 KeV /Qe.
e Falls to K-shell

¢ Binding energy emitted as x-rays
® - can decay-in-orbit (DIO)

e EM coupling to nucleus
* - can be captured by nucleus

¢ resultant nucleus is unstable

N\
MO
S Capture
o)
61%
David Brown, Lawrence Berkeley Mational Lab 6 mule conversion at FNAL CLFV, Lecce, 2013
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The Mu2e Experiment (- 30)
e Goal: Discover uN—eN conversion
* Target sensitivity: R.e = 6x10177 @ 90% C.L.
e 4 orders of magnitude better than current limits

e Requires ~ 1018 stopped muons
e ~ 4x1020 protons on target (3 year run @ 8 KW)

e Requires negligible (<1) background events

e Many challenges for the beamline and
detector design

David Brown, Lawrence Berkeley Mational Lab |12 mule conversion at FNAL CLFY, Lecce, 2013
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~ Andre DeGouvea!

A (TeV)
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=

‘Dipole’ ‘Contact’
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Mu2e Project Status

e Schedule is technically limited

R&D

Superconductor

Engineering
Solenoid Design

Fabricate and QA

i | s
i : i
i : |
i : i
; : i :
i i Superconductor i i
| : : [ | ]
i ; ; Solenoid Fabrication and QA - _| | :
: : : 1 ! I @) 3 : :
i i : ol o | ! i
1 : : = = I ]
i _ Solenoid Solenoid ol O ! :
i . , Infrastructure Installation  Jig| & [ ! :
I i i i i ; Sl o | ! l
: . : : 18| :
O ! : Detector Construction i | !
D : : : ' == | :
E 6 i i Accelerator and Beamline : :
- : l j . j . mu2e

& I I I g-2 éommissioninlg;’ : Commissioning/
' ’ : Runnin

Ev Common Projects Running | . ‘Q
| : : ! : ! : : N
i i 5 i i l | I : /}’
2013 2014 2015 2016 2017 2018 2019 2020 »/
David Brown, Lawrence Berkeley National Lab 34 mu2e conversion at FNAL CLFV, Lecce, 2013
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L, |
'3 First Phase of Mu2e

A
F
|

April 26, 2013 R. Ray - Intensity Frontier Workshop

19
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-; e

=
Mu2e Sees a Signal Pl

V. Cirialiang et al., phys. Rev. DB 013002 (2009)

T
e

* |If Mu2e sees a signal in its initial run, next -
step is to map out conversion rate for | /\ NN A
various target nuclei where model -
dependent effects vary by a factor of 3.

* However, muon lifetime varies with Z
= Big impact on execution of measurement

w Muon Lifetime (ns)

Al(13)
Ti(22) 329
Au(79) 73

R (Z) R_(Al)

1695 ns

0.1

Aluminum

0.08

0.06 ] POT pulse shape

— Muen Arrival Timea

Muon Decay Time
0.04

Arrival time of w/m at stopping target
Increase in muon decays and RPC as one looks ooz ! H 570 s
earlier in time wlf B | BeahWindow
ol T s e T e e |
- . . a 200 400 600 80O 1000 1200 1400 IGEKII 1300
April 26, 2013 R. Ray - Intensity Frontier Workshog Time (ns)
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L | 5%
e Mu2e Sees a Signal £2

Stage 1 of Project X makes these measurements
possible with the existing solenoid system.

* Narrower proton beam pulse, intrinsic extinction and beam power
enables use of stopping targets with shorter muon lifetimes

= Limit to how early we can search due to muon decay in-flight and
RPC background, assuming same background level required.

= Rely on beam power to wait more muon at0*

lifetimes oI

» |nstantaneous rates decrease with
time — reduces backgrounds

= Flexible time structure allows us to wait ~ °%f

longer than 1695 ns if desirable
= Optimization different for different
target nuclei. 0.02

Adjustable

Gold

[ POT pulse shape
Muon Arrival Time
Muon Decay Time

JJ' I..'L.i_i

Ir
|

[ 1‘l.L hN . Search Window
1 f Ui, S SR P I R P |

0 200 400 600 800 1000 1200 1400 1600
Tirne (ns)

LT

April 26, 2013 R. Ray - Intensity Frontier Workshop 21
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.“__ e

- | v,
M Mu2e Does Not See a Signal =

Stage | of Project X makes it possible to push the sensitivity
another order of magnitude.

* Reductions in background also required. (See Doug
Glenzinski’s talk)

= Narrow proton beam pulse and intrinsic extinction provided by
Project X reduces prompt backgrounds.

12

* No pbar background with 1 GeV o
protons.

* Improved momentum resolution ¢ ]

. I DIO Events
required to reduce DIO d
background. J
2
foo " io2s ios ioas o4 1045 10
April 26, 2013 R. Ray - Intensity Frontier Work Electron Energy (MeV)
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Neutrinos
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Final thoughts on the message for Snowmass
Yuval’s talk on first day:

*“Once you find an entrance, there will be an

explosion in some direction that will carry
on for decades”

That’s happened for neutrinos!

We can build a world-class neutrino program
along three lines:

 |long-baseline oscillations
 neutrinoless double beta decay
« smaller experiments to search for new physics

Breadth, and connections between

Frontiers, are important

C5S-2013 IF All Hands meeting April 25t-27th ANL

Snowmass on the Pacific @ KITP, May 29th 2013 R. Tschirhart



Goals for Next-Generation OVR[3

1000_ T T T T T TTT T T T T T TTT T T T T T TT
= Running and Degéerate
3 100 Approved §
£ __
E Inverted
S Next-gen
Z 0} §
o 2
[«a} B
0]
2
'
o
£ 2 2] |
qu: u B]2= 3358 6m ” = 758 mev E
0,=833 om’, = 2350 meV’|
0.1 TR TR .

2 3 4567 2
1 10

Minimum Neutrino Mass (meV)

100

» Majorana vs Dirac
* Absolute Neutrino Mass
* Lepton Number Violation

* Next-generation B3

experiments must cover
the entire allowed region
of the inverted hierarchy

* Ideas for probing the

1000 normal hierarchy exist

Elliot, Kauffman SLAC Snowmass neutrino meeting, March 2013
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Several Experiments Running or Nearly Running
to get down to 100 meV mgg-scale

— 136Xe
« EXO-200 and KamLAND-Zen currently running
+ Combined result: mgz <120 - 250 meV
* NEXT to be running in 2014
— 76Ge
» GERDA running
* MAJORANA DEMONSTRATOR coming online in the next few months

— Tellurium
« CUOREOQ online
« CUORE online in 2015

— Selenium
* SuperNEMO Demonstrator online in 2015

— Neodymium
+ SNO+ will come online in 2014

Elliot, Kauffman SLAC Snowmass neutrino meeting, March 2013
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Several Ideas to Get US to the

Inverted Hierarchy

* Several isotopes and several experiments to exploit
them
— Xenon
+ nEXO (Liquid Xe TPC)

» NEXT (High pressure Xe Gas ELTPC)
* KamLAND-Zen

— Germanium
 MAJORANA/GERDA

— Tellurium
» CUORE/Enriched CUORE

— Selenium
* SuperNEMO

— Molybdenum
+ MOON

— Neodymium
* SNO+/Enriched SNO+

Elliot, Kauffman SLAC Snowmass neutrino meeting, March 2013
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Theory Issues for OV

* Support for nuclear theory effort on matrix
elements

— Auxiliary measurements to support understanding
the matrix elements

* Support for particle physics theory efforts on
exchange mechanism

Elliot, Kauffman SLAC Snowmass neutrino meeting, March 2013
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From Michael Salamon at DURA Meeting this week.

DOE Double Beta Decay: Comments

DOE/Nuclear Physics is the steward for next-generation double beta
decay experiments at DOE.

DOE/HEP, however, is supporting EX0-200 for historical reasons,
along with DOE /NP research and NSF support

DOE/HEP (along with NSF) also is supporting all the R&D activities for
the proposed 1-tonne scale next generation EXO, “nEX0.”

DOE/HEP and NP will establish a joint process to determine a selection
process that involves both HEP and NP communities.

After the time of selection, DOE/NP will become the sole DOE office
supporting next-generation DBD projects.

A significant amount of the technologies and facilities used for
double-beta decay overlap with the dark matter community, funded

by DOE HEP.

Elliot, Kauffman SLAC Snowmass neutrino meeting, March 2013
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A BENELs._

A new neutrino beam at Fermilab
700 kW proton beam, 2.3 MW capable
A near neutrino detector
An optimal 1300 km baseline: Fermilab-SURF
A 34 kt Liquid Argon TPC with 4850’ overburden

This conceptual design...
Completed a successful CD-1 Director’s Review (March 2012)

Updated cost estimate (July 2012):
~$1.5B (incl. contingency + escalation)

Snowmass on the Pacific @ KITP, May 29th 2013 R. Tschirhart



“LBNE is...

A new neutrino beam at Fermilab

700 kW proton beam, 2.3 MW capable
A near neutrino detector
An optimal 1300 km baseline: Fermilab-SURF

—_
L]
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A BENELs._

A new neutrino beam at Fermilab
700 kW proton beam, 2.3 MW capable
A near neutrino detector
An optimal 1300 km baseline: Fermilab-SURF
A 34 kt Liquid Argon TPC with 4850’ overburden

This conceptual design...
Completed a successful CD-1 Director’s Review (March 2012)

Updated cost estimate (July 2012):
~$1.5B (incl. contingency + escalation)

Snowmass on the Pacific @ KITP, May 29th 2013 R. Tschirhart
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March 2012 DOE asked us to stage LBNE construction

An external review panel considered reconfiguration options including
different far sites

*» We accepted the recommendation to proceed with emphasis on the most
important aspects: 1300 km baseline and the full capability beam

December 2012: CD-1 approval for $867M first phase DOE funding

¢ We have completed an extensive cost/schedule for 10 kt LAr far detector
(LBNE10) on the surface but the design is not fixed

e CD-1 approval explicitly allows for scope change enabled by new partners

First phase goal: greater than 10 kt far detector underground and a full
capability near detector

In the past 3 months there has been considerable progress towards
international partnerships (encouraged by European Strategy statement)

LBNE Leadership team, May 2013
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DOE initial investment of S867M

Additional Capability Added Science Gained Science Priority
Investment (TPC)

+S140M Underground ATM nus, p-decay, Very High
placement SNB nus
Enhanced LB
+5130-190 Near Detector physics, near Very High

detector physics

Precision CP and
+5200-350 Add FD mass other 3-flavor Very High
paradigm
measurements

LBNE Leadership team, May 2013

Snowmass on the Pacific @ KITP, May 29th 2013 R. Tschirhart



= LBRIElO Alone is Major Advance_

10 Resolution (degrees)

PRELIMINARY

dcp Resolution CP Violation Sensitivity
5 L T2K+NOVA+LBNE1D
4 - LENE10 1
o
a5 3
I
b 92| |
1 L 4
0 1 1
-1 -0.5 0 0.5 1
Mass Hierarchy Sensitivity dcp/m
10 T2K+NOVA+LBNE10 -
ol
8 LBNE10
F 6
8 Bands: 1o variations of 8, 6,;, Am,,?
4 (Fogli et al. arXiv:1205.5254v3)
2
0

6

LBNE Leadership team, May 2013

8cp."| T
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~ LBNE + Project X is a Full Long-Term Program

CP Violation Sensitivity

14 T T 1
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LBNE Leadership team, May 2013
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e —
ﬂ.&- .
— Underground Science Supernova Burst Neutrinos
Channal Events, “Livermore”™ model | Events, “GKVM™ modeal
‘ Proton Decay T e T bt e
7, +H0Ar — ef $O (P 194 134
10% vete s te 206 178
_ Total 2794 3160
g p=vk o
i =1
;: a |I
£ : 8 Late time-slice
g =1 F X model for NH & IH
R e i
2 T T
e Syper-K (e, 2020)
o 5 10 15 20
Year

* LAr has high efficiency for SUSY-favored

10 -] L] & Hj -lﬂ ™ ﬂ!l?{h‘i‘n
decay modes
» High spatial precision and energy ® SN at galactic core (10 kpc) — 1000s
resolution enable reconstruction of interactions in 35 kt LAr in 10s of seconds
many potential decays modes ® Complementary to WCD
® Fantastic for particle physics and astrophysics
Atmospheric Neutrinos (c.f. SN1987A ~dozen events significance)

® Independent determination of mass hierarchy (or add significance to beam measurement)
¢ 6,; octant sensitivity

* Nu-e sensitivity complementary to water Cherenkov detectors (anti-nu-e) 8

LBNE Leadership team, May 2013
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Baryon Number Violation
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Proton Decay

E. Kearns, Intensity Frontier All Hands Meeting, ANL
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Efficiency and Background Rates

E. Bueseno =t al.
hep-ph/0701101

Super-K Water Ch. LAr (generic)
Mode Efficiency BG Rate Efficiency BG Rate
(/Mty) (/Mty)
e*n? 45% 2 45% (?) 1
B-L v K* 15% 2" 97% 1
u+ K° 8% 8 47% <2
w Tt K* ? ? 97% 1
B+L
e K* 10% 3 96% <2
AB=2  hnbar 12% 260 ? ?

For many modes, high efficiency
and low BG rate makes up for
smaller mass of Lar detectors

* New analysis (Miura, BLV Heidelberg)

E. Kearns, Intensity Frontier All Hands Meeting, ANL
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10 year

sample
i ; F 4 i 1 - 4 pDiﬂtS ®e
1/B = 5e35

EI) 17 evts
2 1BG
(]
22 T/B = 1e34
=
E 9 evts
D 0.3 BG
c
@
w
b}
S
o
-

1032 IIIIiIIIIiIIIIiIIIIiIIIIiIIIIiIIIIiIIIIiIIII

1995 2000 2005 2010 2015 2020 2025 2030 2035 2040
Year
~ 0.5 Mt yr exposure
by Super-K before next Starting time? Guess 1 decade from now.
generation experiments Adjust starting time as you wish.

E. Kearns, Intensity Frontier All Hands Meeting, ANL

Snowmass on the Pacific @ KITP, May 29th 2013 R. Tschirhart



Previous n-nbar search experiment with free neutrons

At ILL/Grenoble reactor in 89-91 by Heidelberg-ILL-Padova-Pavia Collaboration
Z.. Phys., C63 (1994) 409

(not to scale)  Top view of horizontal experiment
Cold n-source

E 25K D2

HFR @ ILL
57 MW

> fastn, y background

Bended n-guide * Ni coated,
L~63m,6x12cm *
H53 n-beam

~1.7-10" n/s Focusing reflector 33.6 m

Flight path 76 m

No GeV background! < TOF> ~ 0.100 s

_ Detector:
No candidates observed. Magnetically Tracking &
Measured limit for a year of running: shielded Calormmetry
Ly 95 m vacuum tube
- (o < 1(hs
_ v ~ 700 m/s
with . — 76 m and <t> — (109 sec "
measured P; = 1.606 %107 Annihilation
e > 2 2 target J1.1m
sen';sltnflt}-. N --t = 15 % 19 ”( n/s)-(s) AFL1 8 GeV/ Beam dump
= "ILL sensitivity unit 125 10" s

3

Dubbers, Kamyshkov Project X Physics Study
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Free neutron antineutron oscillation

Expression of Interest

Search for Neutron-Antineutron Transformation at Fermilab
The NNbarX Collaboration

need slow neutrons from high flux source, access of neutron focusing
reflector to cold source, free flight path of ~200m

Improvement on ILL experiment by factor of ~1000 in transition probability
Is possible with horizontal experiment at Project X with existing n optics
technology, sources, and moderators. Vertical experiment also possible

Cold Magnetic Vacuum
Neutron shield tube Detector
Moderator
'3
/ | D~2-3m
., Supermirror
wcmr Annihilation
target
¥
- -
L~200m

E. Kearns, Intensity Frontier All Hands Meeting, ANL
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New Light, Weakly Coupled Particles
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e- fixed targets
- Jefferson Lab, Mainz, VEPP-3, e- beam dump

APEX, HPS, DarkLight

e+ \(
Z >
Target Detector
= k “ E T
I_{- }r 10'3;"-_‘_‘,\. _,LTQ,JDF it
| s Ll P ] % | e .
e A e, SINDRUM
o AN 070y, SoErra Arme A
= TN ]
] b7 : ;110 T
e ) I NN
‘oo o n s oy | ST & Fy0)e-Cal 1
@ Excmlantieam quaity 1 10 _Ew-—-—-;""'{-{ -_‘E AR
&'\, o onlB O BB ISR, 0 |0 T KEK
: = ! NOMAD —
Tobias Beranek g AR ) - 8 e “TElst
Philip Schuster ]‘ﬂ.- -, 10 107! 1
Ross Corliss f O my [GeV]

Stepan Stepanyan
P pany Sarah Andreas

4/27/13 W. Wester, Fermilab. Intensity Frontier Workshop. Argonne Apr 27, 2013 18
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p fixed targets

* Neutrino beamlines, Project X, beam dump

Target Dirt Detector

p Vi, a,... Vi, a,..
ﬁ

I 10m -100km I Brian Batell

MiniBooNE

25m dump 50 m dump .
50 decay pioe I 515 m=1716 nsec at c c I Muon veto
Dipole magnet
8 GEV_I | WIMPs can travel slower thanc &
protons!
" e
Resistive Wall Monitor (RMS) | = detector
Coax Cable delivers RMS timing signal to detector where it is recorded /
Richard Van de Water Athanasios Hatzikoutelis
4/27/13 W. Wester, Fermilab. Intensity Frontier Workshop. Argonne Apr 27, 2013 19
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Current and future status

0001  0.01 0.1 1

0001 001 01 1
mey (GeV)

4/27/13 W. Wester. Fermilab. Intensity Frontier Workshop. Argonne Apr 27, 2013
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Nucleons, Nuclei, Atoms
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+ T + P = ..
- .y

EDM Research Worldwide... ... o Feon ol o

B Molecules Rough estimate of numbers
N : of researchers, in total
A9 & B YbF@Imperial rehers,
~500 (with some overlap)
E Neutrlczrcs ~ m PbO@Yale
B
: SILL QPNPI B ThO@Harvard B Atoms
. @PS! B HF+@JILA o ¥ Hg@UWash
E @FRM-2 B WC@UMich AN E Xe@Princeton
B PbF@Oklahoma E Xe@TokyoTech
® @RCNP@TRIUMF * POF@OKS E Xe@TUM
E @SNS | 8 0 T F Xe@Mainz
B @J-PARC :'.? e & E Cs@Penn
il s NN r Cs@Texas
% | J & 3 F Fr@RCNP/CYRIC
B lons-Muons : SQ%LFN{'LUMF
o ¥ @BNL | ¥ Ra@KV!
B FZJ : :
: gFNAL E Solids ¥ Yb@Kyoto
i
E @JPARC A Courtesy Klaus Kirch
I CIPANP 2012
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EDM Searches in Three Sectors

Review article: EDM of Nucleons, Nuclei, and Atoms
Engel, Ramsey-Musolf, van Kolck, arXiv:1303.2371 (2013)

Nucleons (n, p)

Nuclei (Hg, Ra, Rn)

Electron in paramagnetic
molecules (YbF, ThO)

—p

Quark EDM

O

Quark Chromo-EDM

Electron EDM

\ Physics beyond the

—— | Standard Model:

/‘ SUSY, etc.

Sector Exp Limit Method Standard
(e-cm) Model
Electron 1x 1027 YbF in a beam 10-38
Neutron 3 x 1026 UCN in a bottle 10-31
199Hg 3x10-2° Hg atoms in a cell 10-33
M. Ramsey-Musolf (2009)
Snowmass on the Pacific @ KITP, May 29th 2013 R. Tschirhart



The proton EDM uses an ALL-ELECTRIC ring:
spin is aligned with the momentum vector

At the magic momentum

Momentum
vector

p="2=0.7GeV /¢

Ja

_’ 1
Spin vectq the sp{n and momentum

EOI submitted to
Fermilab, strongly
Y. Semertzidis, BNL suppor"l'ed by
Fermilab PAC.
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The Seattle EDM Measurement (1980’s - present)

stable, high Z, groundstate 'S,, | =%, high vapor pressure

/= 2uB+2dE _ o oo
h
;- 2uB -2dE | ..o
h
./, — /| <0.1nHz
Cﬁurtesy of Michael Romalis

Limits and Sensitivities

* Current: <0.3 x 1028 e-cm Griffith et al., Phys. Rev. Lett. (2009)
* Next 5 years: 0.03 x 1028 e-cm

» 2020 and beyond: 0.006 x 1022 e-cm
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Intensity Frontier

Radioactive Isotope Facilities

- Sources of Enhancer Isotopes

dr - N

r Region of Enhancers

Radon (Rn)  Francium (Fr) Radium (Ra)

-I
r-rl  Favorable nuclear and atomic properties
‘|-=" \ No stable isotopes

/
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EDM of 22°Ra enhanced

» Closely spaced parity doublet — Haxton & Henley (1983)

225p - L : -
Ra: » Large intrinsic Schiff moment due to octupole deformation
|
¢ I _ 1/25 d — Auerbach, Flambaum & Spevak (1996)
12 =
 Relativistic atomic structure (22°Ra / ¥°*Hg ~ 3)
— Dzuba, Flambaum, Ginges, Kozlov (2002)
Parity doublet ( A .
s AN AL,
S=(w,|S,|w,)=>" +c.c
i#0 En _E:‘
Enhancement Factor: EDM (?2°Ra) / EDM ('*°Hg)
Skyrme Model Isoscalar | lIsovector Isotensor
— S Sl 300 4000 700
b= (lOﬂ) |B>)/\/2 SkM* 300 2000 500
55 keV
— W+ = (l()t) + ”3))/\/2 SLy4 700 8000 1000

Schiff moment of ?*°Ra, Dobaczewski, Engel (2005)
Schiff moment of *?Hg, Ban, Dobaczewski, Engel, Shukla (2010)
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Studies of pear-shaped nuclei using
accelerated radioactive beams

L. P. Gaffney, P. A. Butler, M. Scheck, A. B. Hayes, F. Wenander, M. Albers, B. Bastin,
C. Bauer, A. Blazhev, S. Bonig,N. Bree, J. Cederkall, T. Chupp, D. Cline, T. E. Cocolios,
T. Davinson, H. De Witte,J. Diriken,T. Grahn,A. Herzan,M. Huyse,D. G. Jenkins,
D.T. Joss,N. Kesteloot,J. Konk

Nature 497,199-204(09 May 2013) doi:10.1038/nature12073
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Research performed at the Isolde facility at CERN
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Project-X:

* Evolution of the existing Fermilab accelerator complex
with the revolution in Super-Conducting RF Technology.

Jefferson Lab [
%

_—_g"’J
"b SPALLATION NEUTRON SOURCE
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el Ay
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Project-X:

* Evolution of the existing Fermilab accelerator complex
with the revolution in Super-Conducting RF Technology.

| A
(reoeeer ‘m

BROOKHFVEN

ATIONAL LABORATORY)]

Argonne ®

NATIONAL LABORATORY

o
MICHIGAN STATE 3 A
UNIVERSITY - Los Alamo .

NATIONAL LABORATORY
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The 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 & nucleon precision experiments

These could include world leading experiments searching for lepton flavor violation in muons, atomic,
muon, nuclear and nucleon electron dipole moments (edms), precision measurement of neutron
properties (e.g. n,nbar oscillations) 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.

Material Science and Nuclear Energy Applications

Accelerator, spallation, target and transmutation technology demonstrations which could investigate
and develop accelerator technologies important to the design of future nuclear waste transmutation
systems and future thorium fuel-cycle power systems. Possible applications of muon Spin Resonance
techniques (muSR). as a sensitive probes of the magnetic structure of materials .

Detailed discussion on Project X website
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http://projectx.fnal.gov/

Beam Power is the Gateway to the Intensity
Frontier...
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Beam Power is the Gateway to the Intensity

Frontier...
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Project X

Reference Design e
Linac Technology Map L 3

B:0.11

=022 | p=0.51 | p=0.61

— RT >< cw >< Pulsed —>
S
162.5 MHz 325 MHz 650 MHz 1.3 GHz
0.03-11 MeV 10-177 MeV 0.18-3 GeV 3-8 GeV
Section Freq Energy (MeV) Cav/mag/CM Type
RFQ 162.5 0.03-2.1
HWR (B5=0.1) 162.5 2.1-11 8/8/1 HWR, solenoid
SSR1 (B5=0.22) 325 11-38 16/8/ 2 SSR, solenoid
SSR2 (B;=0.51) 325 38-177 35/21/7 SSR, solenoid
LB 650 (B.,=0.61) 650 177-467 30/20/5 5-cell elliptical, doublet
HB 650 (B;=0.9) 650 467-1000 42/16/7 5-cell elliptical, doublet
HB 650 (B5=0.9) 650 1000-3000 120/30/15 5-cell elliptical, doublet
ILC 1.3 (B5=1.0) 1300 3000-8000 224 /28 /28 9-cell elliptical, quads
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Project X 1.3 GHz pulse linac Jt
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37 High Intensity Proton Workshop BNL, S. Holmes
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Evolution from the Energy
Frontier to the Intensity
Frontier at Fermilab...
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Evolution from the Energy
Frontier to the Intensity
Frontier at Fermilab...
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Evolution from the Energy
Frontier to the Intensity
Frontier at Fermilab...
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Project-X
Booster o
Acce:erator ngh Power
Tevatron
8\ Campus

Anti-Proton 3-8 GeV
Pulsed Linac

High Power
Spallation

3 GeV
Experimental
Campus

Stage 2 1-3 GeV

| — Stage 1 0-1 GeV
Main Injector -

a\ \

\\
5 Stage 3 3-8 GeV
: ==== Existing Beamline
y
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Project X: Evolution of the
Fermilab Accelerator Complex

Stage-1: Stage-2: Stage-3: Stage-4:
1 GeV CW Linac Upgrade to 3 Project X RDR Beyond RDR:
driving Booster & GeV CW Linac 8 GeV power
. Onset of NOVA Muon, nfedm programs upgrade to 4MW
Program' operationsin 2013
MI neutrinos 470-700 KW** 515-1200 KW** 1200 kW 2450 kW 2450-4000 kW
8 GeV Neutrinos 15 kW +0-50kW** 0-42 kW* + 0-90 kW** 0-84 kW* 0-172 kW* 3000 kw
8 GeV Muon program 20 kW 0-20 kKW* 0-20 KW* 0-172 kW* 1000 kKW
e.g, (g-2), Mu2e-1
1-3 GeV Muon - 80 kW 1000 kW 1000 kW 1000 kW
program, e.g. Mu2e-2
Kaon Program 0-30 kWw** 0-75 kw** 1100 kW 1870 kW 1870 kW
(<30% df from MI) (<45% df from MI)
Nuclearedm ISOL none 0-900 kW 0-900 kKW 0-1000 kKW 0-1000 kW
program
Ultra-cold neutron none 0-900 kW 0-900 kW 0-1000 kW 0-1000 kW
program
Nucleartechnology none 0-900 kW 0-900 kW 0-1000 kW 0-1000 kKW
applications
# Programs: 4 8 8 8 8
Total max power: 735 KW 2222 KW 4284 KW 6492 kW 11870kW

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

* Framework & Texture: The U.S. Intensity Frontier has a proposed framework
and texture to deliver the science: LBNE & Project-X and a texture of
experiments. Given the projected funding environment the framework must be
strong enough to stand the test of time.

« Time: Large projects in Particle Physics will develop and evolve over decades.
We know how to do/survive this, and the Tevatron/LHC is the most recent
example of a robust framework in our field.

» Federation: Improving communication and ties among the texture of Intensity
Frontier experiments and the theory community will strengthen the research
program. Again, our field has demonstrated this in the evolution of the Energy
Frontier program.

» Resources: Intensity Frontier researchers must reach out broadly to the
funding agencies to communicate how particle physics spans agencies, and where
synergies and leverage can be found. DOE/HEP, NP, NSF/NP, NIST, BES, etc.
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What do we not know about three-

flavor oscillations?

Free Fluxes + RSBL

bfp 1o 30 range
sin” 01 0.30270-015 0.267 — 0.344
012/° 33.3670 5% 31.09 — 35.89
sin? 63 0.41370-0370.59470-927  0.342 — 0.667
B23/° 40.07%1 504713 35.8 — 54.8
sin® ;3 0.022719:0023 0.0156 — 0.0299
613/° 8.6670 14 7.19 — 9.96
dcp/° 300795, 0 — 360
Am% 0.18
m 7507015 7.00 — 8.09
Am%l +0.070
TS +2.47310:079 42.276 — +2.695
Am?
ﬁ (1) —2.427+0.042 —2.649 — —2.242

C55-2013 IF All Hands summary April 25t-27th ANL

Is 0,
non-negligibly
greater

or smaller
than 45 deg?

basically
unknown

sign of Am?

unknown
(ordering
of masses)
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Outstanding ‘anomalies’

LSND @ LANL (~30 MeV, 30 m)
Excess of v interpreted as /,, — /¢ N

=2>Am?2 ~ 1 eV2: inconsistent with 3 v masses

MiniBooNE @ FNAL (v,v~1 GeV, 0.5 km)

- unexplained >3 o excess for E < 475 MeV in neutrinos
(inconsistent w/ LSND oscillation)
- no excess for E > 475 MeV in neutrinos
(inconsistent w/ LSND oscillation) f
- small excess for E < 475 MeV in antineutrinos

(~consistent with neutrinos)
- small excess for E > 475 MeV in antineutrinos ? ? ? ?
(consistent w/ LSND) dat ded
- for E>200 MeV, both nu and nubar consistent with LSND  ™©°re ¢ata heede

Also: possible deficits of reactor v_ (‘reactor anomaly’)

and source v, (‘gallium anomaly?)

Sterile neutrinos?? (i.e. no normal weak interactions)
Some theoretical motivations for this, both from particle

physics & astrophysics. Or some other new physics??

C5S-2013 IF All Hands meeting April 25t-27th ANL

Snowmass on the Pacific @ KITP, May 29th 2013 R. Tschirhart



P . -
— o, -
' 4 = = -,

- v's from a few-GeV muon
", storage ring aimed at near &
far magnetized iron detectors

N DZero 4 %
- : r§\>\ A 4
. < = o~ arXiv:1205.6338

—— —‘T"T.‘

S——150m straight section

Wrong-sign p~
10* POT

2
.-)(.stats

* Vo 2 Vv, appearance
(CPT conjugate to MiniBooNE)

- testbed for future u storage rings

(110 collaborators, 37 institutions) (C. Tunnell, Oxford)

https://indico.fnal.gov/conferenceDisplay.py?confld=6794
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Stage-1 Accelerator Resources:

Promotes the Main Injector (MI) to a Mega-Watt class machine for
neutrinos, and increases the potential beam power for other
medium power MI experiments (e.g. ORKA, nu-STORM).

Unshackles the p—->e (Mu2e) experiment from the Booster complex:
Potentially increases sensitivity of Mu2e by x10 - x100 with
1-GeV CW drive beam.

High power spallation target optimized for ultra-cold neutron and
atomic-edm particle physics experiments and neutron<anti-neutron
oscillation experiments.

Capability to drive polarized protons to a proton-edm experiment.

Increases the available integrated 8 GeV power for other
experiments (e.g. short-baseline neutrinos) from the Booster
complex by liberating MuZ2e.

# -
R. Tschirhart, University of Washington May 20th 2013 R Fermilab
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