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Goal: Independent measurement of 0,, and o,

“~

Strong hints!!!
v, 2V, and v, 2>V, oscillation probability in vacuum:

P = (sin2 B3 sin? 260,3) (Sill2 Aazy)
T sind (sin 26,3 sin 2623 sin 26;5) (sin® Az sin Ay )
+ cosd (sin 26,3 sin 2653 sin 260,5) (sin Az cos A3y sin Agy )

AN - (COS2 923 Sill2 2912) (Sill2 A21)-

We want to know if 6=0?
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Goal: Independent measurement of 0,, and o,

Conventional approach: LBNE

- uses v and vV beams over long baseline

- exploits sign flip in CP-violating term in
oscillation probability

‘‘‘‘‘‘

:b.eath from Fermilab

" v [ ) =~

to detector(s) at §outh Dakota (1800kM) L/E ~ 400 km/GeV

—> probes atmospheric Am?
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Conventional approach: LBNE

- uses v and vV beams over long baseline
- exploits sign flip in CP-violating term in
oscillation probability

Posc(vu—> v,) # POSC(VH—> v,)
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Conventional approach: LBNE
- uses v and vV beams over long baseline
- exploits sign flip in CP-violating term in
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...and ambiguity from mass
hierarchy!

CP + matter,
Am?<0
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Conventional approach: LBNE

- uses v and vV beams over long baseline
- exploits sign flip in CP-violating term in
oscillation probability

Limitations (water cherenkov):
—Matter effect = degeneracies

—Substantial neutral current 7t° events that
mimic v, (or v,) events

—Low antineutrino statistics

—Significant neutrino contamination in antineutrino
mode

Events/0.25 GeV

Events/0.25 GeV

E v, 30 107 PoT, 1300km signal + bkg:_
80F normal hierarchy — §..=+457(702)
E sin’ 26,,= 0.04 } 6.=0F (807)
706 — 8..=-45" (934)
- background:
60 all (415)
- J % beam v, (196)
50:_ |
40F !
30 l
20 : N wll
10:_".‘ N R i |
- RS R o : "*5..._;
O \\“ : R
1 10
neutrino energy [GeV]
50 = . :
= v, 30 107 PoT, 1300km signal +_bkg.c
45F-normal hierarchy — 8..=+45°(366)
E sin”26,,=0.04 } 8.=0° (342)
40t — §ee=-45° (311)
= background:
355 all (201)
30 %% beam v, (121)
256
20
15
£
SRR
1

10
neutrino energy [GeV]




CP Violating Observables

Need precision measurements of parameters....

Multiple measurements (v's andv's) at different L, E
needed to resolve intrinsic ambiguities

K. Scholberg



DAEOALUS:

Concept: multiple-baseline, single detector
- use only antineutrino beams

- exploit L/E dependence of CP-violating terms

Low energy beam (up to 52 MeV) = need short distances (no matter effects!)

far accelerator

near: 1.27 Am?
mid:
far:

atm

L/E

“aas v beam
vbeam . . L=8 km s,
L=20 km .

~0 —> constrains flux

mid accelerator near accelerator

~ /4 - CPV L-dependence

Gd-doped
~mf2 — oscillation max

H,O detector
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DAEOALUS:

Collaboration of Particle and Accelerator Experimentalists and Theorists

Exploring How to Realize a New Neutrino Source for DUSEL

Expression of Interest: arXiv:1006.0260

See also...

e Multiple Cyclotron Method to Search for CP Violation in the Neutrino
Sector, arXiv:0912.4079

e A Study of Detector Configurations for the DUSEL CP Violation
Searches Combining LBNE and DAEdALUS, arXiv:1008.4967

e A Multi Megawatt Cyclotron Complex to Search for CP Violation
in the Neutrino Sector, arXiv:1010.1493
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Ingredients:
Antineutrino beam: identical for all three baselines

nt 2> u* decay-at-rest:

800 MeV proton source,
e.g. H2+ accelerator
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Ingredients:
Antineutrino beam: identical for all three baselines

nt 2> u* decay-at-rest:

Isotropic neutrino flux: 4x1022 v/flavor/yr
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800 MeV proton source,
e.g. H2+ accelerator

Negligible v, contamination
> ideal for v,>v, search!
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Ingredients:
Antineutrino beam: identical for all three baselines

nt 2> u* decay-at-rest:

Isotropic neutrino flux: 4x1022 v/flavor/yr

Flux (Arb. Units)

a0 50
Energy (MeV)

Negligible v, contamination
> ideal for v,>v, search!
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Neutrinos/yr/MW

Proton source choice:

Optimal p energy (A plateau): ~1200 MeV
800 MeV chosen as baseline energy

Pp+tC—oA+X =A->N+n

Pion per 1MW beam vs. Proton Energy (2 m GRPH Target)
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Proton source choice:

Beam requirements:
— Need 800 MeV proton energies to efficiently produce it*
— Need to run three sites at different times so one knows the
L associated with each event
— Need 1-2 MW power for each beam dump

— 20% duty factor means instantaneous beam power and
current are x5 higher than average

4 Beam 4 Beam Off
D-Q“ 4o 100“5 o Q.QH&: 2

(1MW) 1.5 km lJ100ps -

100p,;|
Accelerato
(2 vwy) 8km 100p.s|: 400us »[100.s]« 400us - 1oop;|

Accelerators—

(5 MW) 20 km 100ps|: 400us . 100p,sl< 400us > 100ps_

Accelerators
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Proton source choice:

Other requirements:
Flexibility of source placement
SSS... We need something not too expensive!

20




Proton source choice:

Other requirements:

Flexibility of source placement

SSS... We need something not too expensive!

Cyclotrons?

Well-known conventional cyclotron designs are quite well-suited as reliable and
economical solutions for a plant which requires a
peak beam power of 1-5 MW [Cala1599a, Jong1999].

For higher peak power, important problems for a ring cyclotron design must be
addressed:

— space charge effects

— extraction systems

— power dissipation in each of the accelerating RF cavities
To overcome these problems the traditional solution is to increase the radius of the
cyclotron and the number of cavities.
But this significantly increases the plant cost...
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Proton source choice:

Cyclotron concept:
H,* source design with stripping extraction of 2 protons

Ongoing R&D to establish feasibility and understand costs in
~1 year timescale.

Efforts by INFN-LNS (Catania) and PSI (Villigen).

Workshop of cyclotron experts in Erice (Sicily) in December
2011 to further the design efforts.




Ingredients:
Detector: optimized for v,

Look for v, 2> v,
via inverse beta decay (IBD): IBD signature:
(We" known x-sec) delayed coincidence

e* cherenkov ring

Vo Y

Vo —>
) pe 8 MeV y
" ' -G.de from
n capture

(assumed efficiency: 67%)

d Assumes (proposed) H,0 cherenkov detector (Gd-doped)
24




—> High-statistics, well-understood event samples!

Event Type 1.5 km 8 km 20 km dt' on®
IBD from Intrinsic 7. (E, > 20 MeV) 600 42 05(')
IBD Non-Beam (E, > 20 MeV) o~ &t.o 355
atmospheric v,p “invisible muons” | 270 270 270 pr‘ &k roll”
atmospheric IBD| 55 55 (50~
diffuse SN neutrinos| 23 23 23

ve—e Elastic (E, > 10 MeV)

16750 1178 470

—Oxygen (E, > 20 MeV)

101218 7116 2840

Absolute flux and relative normalization of each source is

constrained by

v-e elastic scattering (~20k events, very forward, near detector)

and v.-O events, respectively.
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—> High-statistics, well-understood event samples!

Event Type 1.5 km 8 km 20 km dt' on®
IBD from Intrinsic 7. (E, > 20 MeV) | 600 42 - 05(')
IBD Non-Beam (E, > 20 MeV) (,/«bo A55
atmospheric v,p “invisible muons” | 270 270 270 pr‘ @k roll”
atmospheric IBD| 55 55 (54
diffuse SN neutrinos| 23 23 23
IBD Oscillation Events (E, > 20 MeV)
dcp = 0°, Normal Hierarchy 763 1270 1215
? , Inverted Hierarchy 452 820 1179 o0
dcp = 90°, Normal Hierarchy 628 1220 1625 &ng(‘/'t C(t;on
" Inverted Hierarchy 628 1220 1642 il S
Scp = 180°, Normal Hierarchy 452 818 1169 9na1 .0-0%
»  Inverted Hierarchy 764 1272 1225 27 D
dcp = 270°, Normal Hierarchy 588 870 756
? , Inverted Hierarchy 588 870 766
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Advantages of the design:

* Nature forces the neutrino flux energy distribution to be the same;
allows for flux normalization constraint

* The important neutrino cross sections are very well known (IBD, v-e; <1% error)
* The detector systematics are identical for all baselines (single detector)

* The backgrounds are expected to be very low and will be measured directly.



DAEOALUS' “performance” ?

DAEOALUS 10 yearV running LBNE 5 year v and 5 year V running

T 1] "9 (Ohk,

180 —

120 ' = , A 120 x  trué value
i G 10 O
60 [ v, 50% = NemaE
S o /Q) oF L) 6)
) | (% (e (—
120 |52 ] -120:K ,< \
~180 577002 0.04 0.06 0.08 0.1 012 0.14 0.16  -18% 002 0.04 0.06 0.08 0.1 012 0.14 0.16

sin?29,; sin’ 26,

Comparable sensitivity to LBNE (by construction).
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Not a competition!

Complementary to :

LBNE has matter effects
DAEJALUS does not

LBNE is mainly a v experiment (low antineutrino statistics)
DAESALUS is entirely V (high antineutrino statistics)

LBNE is a high energy experiment (300 MeV - 10 GeV)
DAESALUS is a low energy experiment

LBNE varies beam energy
DAEJALUS varies beam distance

What happens when we combine the two?



Complementary to LENE:

DAESALUS 10 year v running
+
LBNE 10 year v running

ERCHEE
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Complementary to LENE:

Quantifying measure:
Fraction of d., space where §,,=0 or 180° (no CP violation) can be excluded at 30

Normal hierarchy (known)
1 .’ - i b} ‘_ﬂ 5-5-8
Sensitivity :
down o %
- ©
small sin’28, e =~ Daedalus-Only (10 yrs) 200kt Gd
Vd/ UeS —=— Daedalus + LBNE_nu_only (10 yrs) 200kt Gd
‘ —=— LBNE nu + nubar (10 yrs) 200kt
> Daedalus:
TMW@20% near
2MW@20% medium
0 SMW@20% far
0.01 0.1
8|n2(2013)

Combined running substantially better than either LBNE or DAEGALUS alone!




Complementary to LENE:

—— Daedalus (10yrs)

1.0+ ... LBNE (5yrs/30e20+5yrs/30e20)
= Daedalus + LBNE nu-only (10 yrs/60e20)
~ — = LBNE ProjectX (5yrs/100e20+5yrs/100e20)
_d—"—'-’_
0.8
a /
&)
0
”
>
e 0.6 Tk
O X
(1] x

0.2 " . #
- e ‘J

0.001 0.01 0.1
sin’(20,5)

Combined capability exceeds ProjectX!



The case for DAESALUS (l):

8

el
Even though DAESALUS can make neutrino oscnlatlon eV&nAtO” 5 of
measurements as a standalone experiment, rF o ar®

the real strength comes from combining the high-statistics,
low-systematics DAEOALUS antineutrino sample with a high-
statistics neutrino sample from LBNE and/or Project-X. néeé
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The case for DAESALUS (ll):

By construction, detector requirements overlap with <100 MeV physics

searches:

A new accelerator facility (near), and neutrino (multi-)source at SURF
provides opportunities for new e)(pel'iments and

enhancement of the SURF neutrino program...



The case for DAESALUS (ll):

+ more physics!

Contributed ideas:

* Coherent neutrino-nucleus scattering

Searches for non-standard neutrino interactions
sin“0,, measurement

High-Am? oscillation searches

Axion searches

Etc...
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Just one example...

M g CCu(rex\)( \E’\;w’h j:l:n e ’Pn‘m'}ie S

— </
(Quark « Leion

1 / Flaver Physics

M + EDM’

1 ot

S R L k)

T 1 51’5”;“&( 'S heddin sedlocs

A % £

N

¢

+ — G, vaV

N. Arkani-Hamed
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Just one example...

v, disappearance:

[arXiv:1105.4984]

E.g.: NOVA
15 kton fiducial mass - 65m long

Look for oscillatory change in
v.-C rate vs. L/E

Cover “Reactor Anomaly” at 30
with 100 to 1000 kW in 1 year!

i

[eV ]

A’

Disappearance

mode %
1 1 year run R
10 F A7
I -
: 1999 CL (2 dof)
. 1 : .
1 MW |! 100 kW: | All reactor data
| (new flux)
i/
. ‘\..
L
0 [ Lk
10 '\. ."\
.\._ ~

" 25k Bkg/l MW ——
[ 50k Bkg/l MW ==+
- 25k Bkg/100 kKW =++=-
50k Bkg/100 KW= =

T~
-~

)
10

This could be done at a shorter time scale, with a single low-power 800 MeV cyclotron!




LBNE + large detector at SURF + DAESALUS

/113/1 enerﬂy
nelllrino progrart

Part 1 /e asz‘rop/ysics

DAR sowrce antinecdrino
program
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» Each Cyclotron properties:

— Instantaneous: 800 MeV @ 6.25ma = 5 MW,

— Average Power per cyclotron =5 MW,  x 20% DF = 1 MW,
» Distributions of cyclotrons:

— Near site: 1 cyclotron 20% DF = P, = 1 MW, g

— Mid site: 2 cyclotron 20% DF = Py, = 2 MWyyo

— Farsite: 5 cyclotron 20% DF = P, = 5 MW, y6

— Beam off running with 40% DF to measure backgrounds

» Possible options

— Have only near and far sites (keep each cyclotron at 1MW )
* Near (30% DF 4.2 ma,,) Far (40% DF 3.12 ma, ;) Beam-off 30%

inst

— Raise average power limit per cyclotron from 1MW g to 2MW g
* Near (20% DF 6.25 ma,,;) Far (50% DF 5.0 ma,;,i;) Beam-off 30%
« Can reduce cyclotrons by two or get x2 more integrated power

— Reduce beam off running from 40% to 20%
» Can then reduce instantaneous power/current
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Exposure (kt X kW) Required for 5o Sensitivity

VSB

L Ve Appearance: Source Power and Detector Size
for LSND Coverage at 50

Exposure = Detector Size (kton) x Cyclotron Power (kW)

Preliminary work in progress: Agarwalla, Conrad, MHS

100.0 7
[ —=— WC Appear
-+ Lia Sc'?rr\,t Appear 1 year

g

o 100kW Lok

. 1kW
S i 100W
% EcaDs

o
~5 \ LBN

>

I

5 LENA 50kt

=

10.0 / , ,

0.1 1 10 100 1000

Fiducial Mass (kt)
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VSBL v, Disappearance: Source Power and Detector Size

Exposure (kt X kW) Required for 30" Sensitivity

0.02

at Am’ =1 eV’ and sin’26

100000 ¢

10000

1000

100

for x10 Better Sensitivity Than Current

Exposure = Detector Size (kton) x Cyclotron Power (kW)

Preliminary work in progress: Agarwalla, Conrad, MHS

~&- WC Disa

——Liq Scintpgisapp 1 year

= LigAr Disapp
| LBNE WC

®/
‘ /1
1kW
0.1

Fiducial Mass (kt)

1000
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