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Last lecture:

= The first neutrino beam

= Conventional neutrino beams

= Experimental challenges of neutrino experiments

This lecture:

= Future neutrino beam proposals for search for 0., and sterile neutrinos
= Superbeams: DUNE+LBNO, Hyper-Kamiokande and associated challenges
= Neutrino factories
" |sotope based (beta) beams
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What is needed to measure 6,57

Compare v, appearance to v, appearance to determine an asymmetry:

Pv, —v.)— Py, — v.) Ami,L sin26,
Pv, — v.)+ P(p, — )  4E, sinflya
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With 6., “large”, then A, is small (~20-30%), so a measurement of 6,
will need systematic uncertainties of <5% or better

= T2K’s current statistics: 28 events (v, appearance probability)
= Need more raw event rate, with a larger detector and/or intense beam
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Deep Underground Neutrino Experiment (DUNE)

= Wide band (on-axis) beam can be used to see energy dependence of oscillation
= 1300km distance (Fermilab to South Dakota) for mass hierarchy, 6., physics
= LAr far detector technology

= Goal: 1% signal uncertainties / 5% background uncertainties
. CC spectrum at 1300 km, "' m 3, = 2.4e-03 eV *
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Deep Underground Neutrino Experiment (DUNE)

= Wide band (on-axis) beam can be used to see energy dependence of oscillation
= 1300km distance (Fermilab to South Dakota) for mass hierarchy, 6., physics
= LAr far detector technology

= Goal: 1% signal uncertainties / 5% background uncertainties
I CC spectrum at 1300 km, "' m 3, = 2.4e-03 eV ?

~ 1000 : : . : : : 0.2 >
;‘ 1{ N | R s L sin®2%,,=0,$,=n/a =

A O ESO O S O SO S SO SRR 182
s 900 sin22%,. =0.1,$  =#/2 0 8%

A brief history lesson:

LBNE went through a series of changes following the P5
process in the US (Project Planning and Prioritization

for all of HEP physics) and is now called DUNE

Experiment being re-optimized, including beam

E, (GeV)
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DUNE timeline

Far detector planned as 4 modules (statistics, statistics, statistics...)
= Beamline, near detectors completed in 2026

= 60-70kt.MW.year reach 30 CPV sensitivity (best case)

= 20-30 kt.MW.year reach 56 MH sensitivity (best case)

Start Full Scale Mock-up Det #1 Commissioned Near Detector Complete

Cryostat #1 Ready for Det #2 Commissigned
Detector Installation

Beamline Complete

Near Detector Hall Beneficial
Occupancy — NS CF Complete
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DUNE event rates

v beam - Oscillated
B Sig-CC-v,
I Sig-CC-v,
Bl Bkg-CC-v,+V,
Bkg-NC
Bl Bkg-CC-v 47,
I Bkg-CC-v_+V,
e §p = +TU/2
—— SCP = -Tt/2
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Reconstructed Neutrino Energy [GeV]

v beam - Oscillated
B Sig-CC-v,
B Sig-CC-v,
Bl Bkg-CC-v,+V,
Bkg-NC
B Bkg-CC-v +V,
B Bkg-CC-v_+V,
e §up = #TU2
—— SCP = -1/2

6 7 8 9 10

Top plot: neutrino beam operation,
selected CC v, candidates after
oscillation

Bottom plot: antineutrino beam
operation, selected CCv, candidates

Note the opposite effect of 6, on the
two samples



DUNE event rates

v bea";i;%sgil'a‘ed Top plot: neutrino beam operation,
Jyﬂjr B Sig-CC-v, selected CC v, candidates after
JV B Bkg-CC-v,+V, oscillation, normal hierarchy
Bkg-NC

B Bkg-CC-v +V,
B Bkg-CC-v-+V. Bottom plot: neutrino beam

ejor op = +TT/2 ) :
— Sop = -2 operahop, sglect.ed CCv, cgndldates
after oscillation, inverted hierarchy

Significant effect of hierarchy

v beam - Oscillated
B Sig-CC-v,
I Sig-CC-v,
Bl Bkg-CC-v,+V,
Bkg-NC
I Bkg-CC-v +v,
I Bkg-CC-v_+V,
S SCP = +7/2
—— SCP = -1/2
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Reconstructed Neutrino Energy [GeV]



DUNE sensitivities

50 % CP Violation Sensitivity

" DUNE Sensitivity
" Normal Hierarchy
8F sin’20,, = 0.085
sin’8,, = 0.45

% CDR Reference Design.

- Optimized Design
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«—5%91%
1“"5%92%
5%®3%

J. Strait
NuFact2015

Systematics assume ND information:
= Baseline ND design is a "straw tube tracker’ ala NOMAD experiment
= <3 % v, systematics important after ~200 kt. MW.yr

= Able to resolve octant, and determine mass hierarchy as well
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Challenge: understanding the flux

Critical systematics for any CPV measurement are anti-correlated or correlated
uncertainties between neutrino and antineutrino event rates

= Significant neutrino flux component of antineutrino beam contamination from
neutrino , amplified by larger neutrino cross section vs. antineutrino

Wide band beam means many effects come into play (see yesterday’s slides)
and this must be understood across an order of magnitude of energy
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One solution: in-situ flux measurement

Neutrino-electron scattering

= Most recently done with MINERVA (J. Park thesis)
= Well understood cross section

= Separate from backgrounds using kinematic cuts
= ~100 events ~10% flux constraint

= DUNE ND can do a similar analvsis

% 90 MINERVA Preliminary

S 80 y POT-Normalized +Dala a6 Ve e~
1Yy -

§ 70 3.43e+20 POT v.e 11.4

S 60K W v. CCQE 199.6

P é v, others 45.4 W+

E= 50¢ E ve COH 7° 0.3

o 40 v, COH n® 46.8

] v nc-others 122.9

< 30 vu cc 62.5 e Ve

20
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Challenge: what about sterile neutrinos?
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Short baseline neutrino program (SBN)

J. Asaadi,
WIN2015

HAL

SciBooNE

- W W w

e - Booster Beam &

A NN et e e

Place multiple detectors in the MiniBooNE

beamline

 Near detector (SBND) “unoscillated” event rates

 MicroBooNE (already operational) at
MiniBooNE’s location

* |CARUS detector (reused) at farther site

* See arxiv 1503.01520v1
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Short baseline neutrino program (SBN)
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Future LBL experiment: Europe

A super beam is the same concept as a
conventional neutrino beam, but with
a “proton driver” ("MW accelerator)

Possible projects were
LAGUNA or LBNO

T. Nakadaira,
Neutrino 2012




Future LBL experiment: Europe

Future LBL plans in EU A super beam is the same concept as a
1st Phase: conventional neutrino beam, but with

* New v beam facility for CERN SPS (700kW) a “proton driver” ("MW accelerator)
+ 20kt LAr-TPC w/ magnetized iron detector

@ 2300km(Pyhasalmi)

More history (actually ongoing)

DUNE has been merging efforts with the LBNO effort
which also proposed LAr technology

Challenge: how do we build "MW neutrino/antineutrino
sources?

T. Nakadaira,
Neutrino 2012
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Challenges for superbeams

Achieving “MW neutrino sources will be a challenge
Complex system mean many points of potential failure:
- Accelerator

- Targets

- Horns

- Decay region Beam dump

e Decay region

protons

—

Target

----------l-

N

Considerations:

. Direct or indirect contact with high intensity proton beam?
. What materials are used and how long will they last?

. How can components be replaced or disposed of?

Neutrino beam
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NuMI target

NuMI target is water cooled, sits in an enclosure to allow the target to
change positions to tune the energy of the beam

Problems:
1) Water cooling system leaked Used He flow to prevent water from leaking

2) Motor drive shaft to move the target failed  Had to replace target
3) Longitudinal drive failure  Used remote handling cell for repairs, reinstalled

Railing
ae.=_. Concrete wall
Lead-glass
window Horn
Remote
lifting table

E. Gschwendtner, NuFact08
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NuMI target

NuMI target is water cooled, sits in an enclosure to allow the target to
change positions to tune the energy of the beam

Problems:
1) Water cooling system leaked Used He flow to prevent water from leaking

2) Motor drive shaft to move the target failed  Had to replace target
3) Longitudinal drive failure  Used remote handling cell for repairs, reinstalled

Railing | N P
i :E:E::

Moral: Always have a backup and a backup plan
Prepare for high radlatlon enwronment

Lead-§

window |} s "‘@-’” Horn
Remote k;[-;-;?;?;

lifting table l ) ]

E. Gschwendtner, NuFact08
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Components of horns

Power supply Cooling system Inner and outer

and striplines .. g, conductors
which connect '

to the horn

MiniBooNE horn design
drawings (Bartoszek

. . Tek Run: 2.50M5/5 ~ Sample ]
Engineering) T T T} AT IANNE BT
@: 52.4M5 ] Function
T T L]
“« ”, . V/ \ I
Pulsed”: maximum current g0eS aCross i J T «.\\ N
C I ] H Bars
conductor for small period of beam 1/ U FUVRR 111 000N DU P VUUT PR e
Example: MiniBooNE 170kA at 5Hz ; : L
; T : Paired
AT 200V ChZ 00wV MZ0.0Wg CATlr 272V
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Horns

K2K: Replace horns before too radioactive
* Final (4t™) horn inner conductor failed close to end-of-run, too radioactive

MiniBooNE: Prepared dedicated remote removal system
= First horn failed due to water corroding the stripline from cooling system
= Second horn cooling system bellows modified, never failed

NuMI: Prepared dedicated remote removal system and remote handling cell

= Multiple issues: ground fault, material in water cooling system (resin),
water system ceramic seal leaks

® |nitially problems were repairable, but later had to replace the first horn

T2K: Prepared dedicated remote removal system and remote handling cell
= Neutrino beamline recovered from severe earthquake
= Power supply component failed, reused older power supply
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Horns

K2K: Replace horns before too radioactive
* Final (4t™) horn inner conductor failed close to end-of-run, too radioactive

MiniBooNE: Prepared dedicated remote removal system
= First horn failed due to water corroding the stripline from cooling system

m Second h(\v-n Acanlinea cvictana hallavaiie mandiBEAAd rnaAviar £Ailad
Morals: Learn from previous experiments
NuMI: Prepc Watch for single points of failure andling cell

= Multiple issues: ground fault, material in water cooling system (resin),
water system ceramic seal leaks

® |nitially problems were repairable, but later had to replace the first horn

T2K: Prepared dedicated remote removal system and remote handling cell
= Neutrino beamline recovered from severe earthquake
= Power supply component failed, reused older power supply
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MiniBooNE absorber plates

MiniBooNE’s 50m decay region was

designed with extra absorbers at 25m

which could be placed into the beam

= Shortens decay region, alters beam
vV, composition

In 2006, two of the 10 absorber plates
fell into the beamline, and were later
removed

Events per 1e15 POT vs Week

04 [
035 [

03 [

0.25 —J

'/ ndf 3735 / 35
P1 0.2206

Fit excludes range: 15 - 65 wks
2% systematic included

02 [
0.15
0.1 |

005 -

i
+ Mﬁf jH+#+ +

o
4 wﬁ'ﬁ#

Lo b by by by |

0 i ] ] ]

0

20 40 60 80 100 120
Weeks since start of run

The hardened steel supports for the suspended plates
had weakened in the high radiation environment
= Softer steel was used to suspend the plates

E. Gschwendtner, NuFact08 | = Many experiments now fill decay region with He
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MiniBooNE absorber plates

Events per 1e15 POT vs Week

MiniBooNE’s 50m decay region was 0.4
designed with extra absorbers at 25m _ ﬁ/ndf 373 (;_2232
which could be placed into the beam o035 |- Fit excludes range: 15 - 65 wks
=  Shortens decay region, alters beam 27 gystematicincluded

vV, composition 03
In 2006, two of the 10 absorber plates °2° -‘+{ " + “
fell into the beamline, and were later %ﬁ M;f H#J" :
removed = | e j& B

Moral: Be vigilant for unexpected events

01 [ I T

005 -

0_|||l|||||11|||||1|||||1||
0 20 40 60 80 100 120

Weeks since start of run

The hardened steel supports for the suspended plates
had weakened in the high radiation environment
= Softer steel was used to suspend the plates

E. Gschwendtner, NuFact08 | = Many experiments now fill decay region with He
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Future LBL experiment: Hyper-Kamiokande

~1Mton detector, approximately 25x Super-Kamiokande

= 99,000 inner PMTs, 25,000 veto region PMTs (10 compartments)
= Same neutrino beamline as T2K, different cavern

= (QOperation 2015 onward

2015/08/27 K.Mahn, Acc-nu sources
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Future LBL experiment: Hyper-Kamiokande

~1Mton detector, approximately 25x Super-Kamiokande

99,000 inner PMTs, 25,000 veto region PMTs (10 compartments)

= Same neutrino beamline as T2K, different cavern
u Operatlon 2015 onward

A et IR AT GO SRR R T
‘x{-'f"‘&% *%?"‘ i e R, i
SRR e T el et Tt A ST

SR S RN RS

HK has extensive programs beyond searches for CPV,
including: solar neutrinos, atmospheric neutrinos
(mass hierarchy), astrophysical neutrinos
(supernova), geo-neutrinos

and proton decay

DUNE also has a similar program with different strengths

2015/08/27

E//
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Hyper-Kamiokande sensitivity

Neutrino and antineutrino samples are ~3000, ~2000 events respectively
= Spectrum, rate provides information on &.p

= Requires hierarchy to be known (determined with atm. dataset if not
known before)

Neutrino mode: Appearance Antineutrino mode: Appearance
%4502_ L B L L %4002_ L L R L B L DL
= 4005 > 350 —5=0
@ 350E T 3005 —5=90
2z S < T E
3 250F - z 200E- - — 5=180
S 200 — RE -
2 1505 - g 0=
E 1005 E 100=-
Z 50 Z S0
05 e R EEE B S B 0= [ R U TS N R
0 0.2 04 0.6 0.8 1 12 0 0.2 0.4 0.6 0.8 1 12
Reconstructed Energy Eiec (GeV) E (GeV)
>150_"'["‘I"'I"‘I"'I“'I >150_"‘ L e
= = = = — (3=90) — (3=0)
2 100 } { { { 2 100 — (5=-90) — (5=0)
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= ﬂﬁd{{ ti; s E $371, {}H
K 0 'ihn }{If igﬁiiiii g 0:—-§=§ iy IIHTT;%%“““
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Challenge: sources of systematics

uncertainties m vV, app

v flux+xsec (21.7%) (26.0%)
(before) after +2.7% +3.2%
ND constraint

vV unconstrained xsec +5.0% +4.7%

Far detector +4.0% +2.7%

Total (23.5%) (26.8%)
+7.7% +6.8%

Significant systematic uncertainties in T2K oscillation analyses are from uncertainties
on the CCQE, CC1m neutrino interaction models

" Disagreements between models and existing neutrino experiment data (e.g.
MiniBooNE, SciBooNE, MINERVA, T2K and NOMAD)

= Differences between new theoretical models and those currently used by T2K
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Are we measuring CCQE?

/Two particles-two holes (2p-2h)

1 N (N
W+ [ ~°
£ ®
v N N

\W+ absorbed by a pair of nucleons/

d20/(dpy dcosB) (10 em /(GeV/c))

= T2K

---- QE
-—— QE+np-nh

| 0<cosB <0.84

—— gt coherent

— QE+np-nh+1x

15

10

| 0.84 < cosB <0.90

2 hS
K4 -\
/ /’ \\
77 N
/ I/ A \
VA AN
. 4 ~ ~
-/I ,/ \\\
[ R 1,
Ve d
4/- /,
-~ 7z
. -
.-t 1 | ] | 1 | ]

0 0.2 04

T T T 1T T 1
| 094 <cosB <1

P, (GeV/c)
Martini and Ericson, Phys.Rev. C90 (2014) 2, 025501

T2K inclusive data: Phys.Rev. D87 (2013) 9, 092003

“Multinucleon” processes may explain the enhanced CCQE cross section observed by
MiniBooNE, SciBooNE experiments
= CCQE interaction simulated as interaction on a single nucleon (1p1h)

= Two models:

= J. Nieves, |. Ruiz Simo, and M. J. Vicente Vacas, PRC 83 045501 (2011
= M. Martini, M. Ericson, G. Chanfray, and J. Marteau, PRC 80 065501 (2009)

2015/08/27
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Flux*E,

Why the cross section model matters

Cross section model couples through the different fluxes measured by ND and FD

Multinucleon Feed-down on Oscillated Flux

SK Oscillated Flux
Ev_’Erec Smearing

. 3
«10° Mulunuclcfm Fercd-d<>vwn.vaD280 Flux ;1 40>_(10 i T
1000+ 1 &
~ ND280 Flux 5 120p
8001~ Ev_’Ere(; Smeariﬁg 100
600 (Ev=0.8 GeV) 80
400} 601
I 40+
200
| N * 20 J |
0 05 1 1.5 2 () A————
B GV 0 0.5
FD(v,) =® xoxex Py, — ve)
QE _
ND(v,) o ® x o|x enp B =

1.5 2

E, (GeV)

2 12 2 /

2(m'y, — E,, + p, cosb,)

Overall increase to cross section cancels in extrapolation, but any shifts between true to
reconstructed E feed down into oscillation dip and are ~degenerate with 0,; measurement
Multinucleon interactions occur at a higher average energy, but reconstruct at a lower

energy

Similar issue for CC1m+ backgrounds where pion is not tagged (absorbed in nucleus or

detector)
2015/08/27
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Effect on oscillation analysis from multinucleon processes

20— T " "~ 1 T~ T "~ T T T T L L By B S S S B R E S HE

800
M. Martini, M.
Ericson,
G. Chanfray, and
J. Marteau, PRC 8
: . i 065591 (2009) 30

0.1 005 0 0.05 01 -0.1 -0.05 0 0.05 0.1
in2 in2 sin®0,,. - sin0
SIN“6y,c - sIN“0 MEC

1000, Nieves, |. Ruiz
800-Simo, and M. J.
600-\/icente Vacas, PR
40-83 045501 (2011)

200

600

400

200

Nominal Nominal

Tested possible bias on T2K disappearance measurement

= Generate fake data under flux, detector, cross section variations, and perform full
oscillation analysis including ND constraint

" For each fake data set, compare fitted 0,; with and without a 2p2h model present

Nieves et al model: 0.3% mean, 3.2% RMS
“increased Nieves” = Martini model: -2.9% mean, 3.2% RMS

Significant relative to current systematic uncertainty on neutrino-mode
disappearance analysis (vs. 5.0% non-cancelling cross section uncertainty, 7.7% total )
May create neutrino/antineutrino asymmetries

Important for future long baseline program (1-5% uncertainties)

2015/08/27 K.Mahn, Acc-nu sources 31



Summary of challenge
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Challenges of neutrino interactions at 1 GeV
= Are we seeing new multinucleon processes? Issues with CCQE,1m model?

Difficult to isolate a control sample of multinucleon events

= Measure a particular topology (CC with no pions) integrated over the flux, which includes
multiple processes

= Flux is not identical at near and far detectors, if only just from oscillation
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Flux*E,,

Summary of challenge

3

140)_‘19 v - Y o L L B e ] T]
. . - /—\\ _ C%aQE 7]
120 SK Oscillated Flux s 12p| o 5
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Challenges of neutrino interactions at 1 GeV
= Are we seeing new multinucleon processes? Issues with CCQE,1m model?

Difficult to isolate a control sample of multinucleon events

= Measure a particular topology (CC with no pions) integrated over the flux, which includes
multiple processes

= Flux is not identical at near and far detectors, if only just from oscillation

If we had a direct probe— a “monoenergetic” neutrino beam—
we could isolate different processes independently
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Novel neutrino spectrometer: nuPRISM
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Example using T2K beamline

As off-axis angle increases, flux
spectrum narrows and peak
shifts down, due to the
kinematics of pion decay

-

DAB 2.5 degree

0AB 3 degre=
I FEETE T FETT P
[ 7 R a m
P, (GeV/c)
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Novel neutrino spectrometer: nuPRISM

Proton beam
direction

2015/08/27

Arb. Norm.

Arb.Norm.

Arbh. Norm.

107
2 ﬁ\LHlm Off-axis Flux 0rax
20
10 LL 1—=0°
p L, x10°
""\-\,__H_ L T T T ]
0 05 1 15 2 25 3 35 - Linear Combination .
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NUuPRISM and an oscillation analysis

Cross section model dependence enters through correction of different fluxes measured by
ND and FD

I Neutrino Flux at 0.94 < off-axis angle (degrees) < 1.08 1897 /997

L ——— o Use linear combination technique to generate oscillated

Constant7.993e+17 + 1.966e+16
Mean 0.498 + 0.002

o o oo o spectrum from different offaxis angles
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X
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Neutrino Flux at 0.94 < off-axis angle (degrees) < 1.08 1379 /997
x10™ Prob 8.281e-15
EromrrTTrT I TET T TTTTTTTT Constant6.388e+17 + 1.489e+16

700 ’ Mean 0.6988 + 0.0022
E i Sigma 0.08069 + 0.00195

600F E

500 E

Linear combination of
vPRISM off-axis fluxes
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NUuPRISM and an oscillation analysis

Cross section model dependence enters through correction of different fluxes measured by
ND and FD

e Use linear combination technique to generate oscillated
vPRISM: ]
Neutrino 3
e Precision E
Independent E
- Spectrum ;
e Measurement E
omwlo.z 04 06 o.sI |2
9' = RUEV)
maax
2
(I)(Amgm 923) — E ki @ (Eu)
i=0°

T I I B I B I I B I
0 02 04 06 08 1 12 14 16 18 2
Neutrino Energy (GeV)
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soof-Nieves et al:
200-0.3% mean,
200-3.2% RMS

NUuPRISM and an oscillation analysis

Standard

T2K analysis:

-0.1
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# Toy experiments
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Martini et al:

-2.9% mean,
3.2% RMS

. " : .
Nominal sin“6,; - Nieves s|n2923

-0.1

0

0.05

Reminder: tested possible bias on T2K disappearance measurement

Generate fake data under flux, detector, cross section variations, and
perform full oscillation analysis including ND constraint
For each fake data set, compare fitted 6,5 with and without a 2p2h
model present

2015/08/27

Bias replaced by data driven measurement
Possible ND for Hyper-Kamiokande. Approach may work for other experiments
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Roadmap

I -Q\ signal syst.
0.8 MIND LE 14% -
g LBNE 1%
LBNE+Project X 1%
T2HK 5E7s 5% .
c 06 —_ T2KH 20E7s 5% .
-(f:j LBNO — 33kt 5% 1
S LBNO — 100kt 5%
o \ BB100 29 |
© 04 BB100+SPL 2% 1
2025 .
T2K, Daya Bay, NOVA
0.2 .
0.0 GLOBIT_S 2012 — Apr 16 |

0.00 0.05 0.10 0.15 0.20 0.25 0.30

True sin®26;5

With 8,5 “large”, then ACP is small (~20-30%), so the measurement of 6cp
needs uncertainties of <5% or better on normalization and shape

Future experiments need rate! Superbeams may be possible but will be
challenging. What are some other ideas for neutrino sources?
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A muon-based neutrino beam?

Only one neutrino and antineutrino _ i _
produced in muon decay (pure beam) H  — € + Ve + V,u

Flux is “easy”: measure muons rate and kinematics

Sign selects flavor; control of muon polarization affects neutrino/antineutrino flux

1013

S. Geer, hep-ph/9712290v1

Example CP violation long baseline 24 N Ve .
experiment: v, to v, oscillation 107k A _ .
11 [ A
Impressive rate even at 9900km (wow!) 10 o
—~ 110F [ ]
TL 10 i A
Search for u™ at far detector g 10°L
—_ > g A
v, in beam would produce u* T } | ___ |
= Other (NC) backgrounds: it decay to u, £ v s 3V y
: « 10"L R
T mistaken for u” > . . !
(. _
= Need a detector with sign selection X
, ) 10"k y WP.=+
= Magnetized Iron Neutrino Detector N - ®F. =0
(MIND) 107 AP, =~
" Totally Active Scintillator Detector 5 100 200 O 100 200
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A neutrino factory

Use a standard neutrino beamline to produce pions and let them decay to muons
Requires a superbeam (HARP) and liquid target (MERIT, mercury)

Neutrino Beam
<>—1F_’,r,(:;gnoztr,-i¢\,’:r: L/I Ztls.mar;,mz Bunch and phase rotate them
eutrino
Ring option Muon D Cool them (MICE)
uon veca
Ring d Accelerate them (EMMA)
c
S Store them, and let them decay
g 755 m .
. O to produce a neutrino beam
- 25 P
5 2 8 3
g 3& 8
—@— - Dedicated R&D projects to

Linac to 0.8 GeV 0.8-2.8 GeV RLA produce each of the steps:

Fro-rﬁ-cz)?)[_m-g-'_@oj ¥ 1) La rge energy Spread,

2.8-10 GeVRLA transverse phase space of

é :
@ i D the muons

%
N o

- 2) Short lifetime before
EF&EEBBHWE—@ \ decay requires rapid beam
nactod.cLeV  1.2-5GeV "o manipulations

RLA 5 10 Gev
FFAG

I, ALLTIIU SUUI LD 41
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~

A neutrino factory

Use a standard neutrino beamline to produce pions and let them decay to muons
Requires a superbeam (HARP) and liquid target (MERIT, mercury)

Pl_'I . m
> Lil Benefits:
Measure the beam *directly® (via counting muons) results
in a very small ~¥1% or better flux uncertainty cay
- h
All combinations of neutrino, antineutrino and electron,

muon flavor possible

From Variety of energy and off-axis beams possible  of
; Z]_Short lifetime betore
Eron Conin — (O p—) decay requires rapid beam
Linacto 1.2GeV ~ 1.2-5GeV s manipulations

RLA 5 40 Gev
FFAG

LULID/VVO/ L7 I, ALLTIIU SUUI LD 42



Example use of a neutrino factory: vSTORM

Build a starter facility for a neutrino factory with
existing technology (minimal R&D)
60 GeV p beam

Produce and focus it for @ beam
Build muon decay ring to produce

Neutrino Beam

Muon Decay
Ring

* Neutrinos from STORed Muons @
. arXiv:1205.6338
107 ¢ arXiv:1206.0294
- 10 POT
% Xs2tat-s
= 10°
< <
10* | o _
99% MBu/LSND
sin® (20, ) Far detector needs sign selection:
& ) . +
Physics goals: sterile v search (v, to v, osc) " CCv, produces p, and reject p
E~3 GeV. L~2km = MINOS-like detector
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What about isotope decay?

= |sotopes (beta emitters) also produce pure v or v beams: P 7ucchelli
6 6 . _ _ Phys Lett B 532
2H6++ %3 LZ+++ +e —+ Ve (2002) 166-172

CP violation experiment with a beta beam is similar to a neutrino factory
" v, tov, oscillation (or antineutrino mode)

Additional advantages:

= No need for a magnetized detector

= Energy spectrum determined from electrons E,/ S QQ’}/
emitted from decay at rest, and boost:
Assuming y~100, get E,~0.4 GeV

2|

= “Free” focusing of v beam comes from boost:
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A beta beam

Also requires proton driver, like neutrino factory

Work ongoing to prepare sufficient production and acceleration of isotopes

= Long isotope lifetime to avoid decays during acceleration

= Short isotope lifetime otherwise too many isotopes to manage in decay ring

Low-energy part High-energy part

lon production Acceleration Neutrino source
Beam to experiment
Proton Driver : Acceleration to final energy .
: PS & SPS .
lon production : Existing!!! Decay ring
ISOL target & lon
source . Bp=1500 Tm
_ Neutrino =~ T
Beam preparation Source  |c=~6900 m
ECR pulsed L =~2500
Decay 655' m
lon acceleration Ring I;Ie: y=100
Linac, 0.4 GeV el
...................... M. Mezzetto,
Acceleration to INSS11

medium energy ‘ 37 GeV
. e

RCS, 1.5 GeV
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Decay at rest (DAR) or “beam dump” beams

h
Decay-at-Rest gives by Cyclotron or Other Proton Source

isotropic neutrino source (>800 MeV proton for © production)

<
AR AN
proton

P ———

/£
£ ."."\
, e
‘-" . \
el
- 42
! A 7

M. Shaevitz,
Neutrino 2012

Ve - : before Al .
A decay L ﬁ"%
Appearance? % s
Ve i X
v % . Vy v, oF
£ |
Each 7" decay gives one Vy>onev,, A o
and one V, with known energy spectrum —~—,, Br h
~1 ma of 800 MeV protons (like LSND) JJ-'H_'H’
= 0.17 w*/proton = 2.3 x10** v/yr - |
0" 0.01 0.02 0.05 0.04 0.05 006
Energy, GeV
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Intensity

Intensity

Decay at rest (DAR) source, detection

#’L Features:
o = v, oscillates to 'V,

’ " no intrinsic beam background
y " Information from timing

Detection: Inverse beta decay coincidence signal:

e = v, interacts, produces electron (prompt)
0 0.02 0.04 0.06

Energy, Gev " Neutron captures, releasing “8MeV photons
(delayed)

= Well known cross section
vV = Flux controlled by nue + ?C -> e- + 1°N

0 500 1000 1500 2000 OscSNS: arXiv:1307.7097
Time. nsec
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CP violation with DAR beam

Daedalus:

= |nstead of a fixed baseline and multiple detectors, use multiple beamlines and
one detector; short distances mean matter effects can be neglected

= Requires compact, intense cyclotrons and a large H,O detector such as Hyper-

Kamiokande:
= v, to v, oscillation:

= |dentify v, with inverse beta decay (signal)
= Use different beam on periods to associate events with each baseline
= Relative normalization between sources done with v+e and v +0 interactions

PRL 104 (2010) 141802
Event Type

osc max (t/2)
at 40 MeV

Constrains
flux

off max (=v/4)
at 40 MeV

IBD Oscillation Events (E, > 20 MeV)
dcp = 0Y, Normal Hierarchy
", Inverted Hierarchy
dep = 90°, Normal Hierarchy
", Inverted Hierarchy
dep = 180", Normal Hierarchy
", Inverted Hierarchy
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1.5 km 8 km 20 km
763 1270 1215
452 820 1179
628 1220 1625
628 1220 1642
452 818 1169
764 1272 1225
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Sterile neutrinos with DAR beams

IsoDAR: Isotope decay at rest
* Intense neutrino source produced from activating ’Li, decays to produce v, beam
= Requires compact, intense cyclotrons and a liquid scintillator detector (KamLAND)
= v, disappearance:

= |dentify v, with inverse beta decay (signal)

= Oscillation probability changes with *L* over short distances, further details
of nature of sterile (or other) anomaly

PRL 109 (2012) 141802

(3+1) Model with Am? = 1.0 eV? and sin®26=0.1 (3+2) with Kopp/Maltoni/Schwetz Parameters
1.00 = 1.00
L u 1]
° i o I
o i ] i
) )
: \ /M\ f % o)
® 0.95 | B 0.95
| I L
n \./ \N M | : /%M
~ ~ -
) -]
0 o i
> I \ > i \1\
1 A
% 0.90 . 84 % 0.90 T
2 f | 2 , ]
o (e}
085 ———rrr—r e 0.85 ‘ ‘ ‘ ‘ ‘
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7

L/E (m/MeV) L/E (m/MeV)
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Sterile neutrinos with DAR beams

Kpipe: Isotope decay at rest
= Beam dump at J-PARC produces kaons which decay at rest, monoenergetic flux

= Uses neutron source. Direct checks of LSND (OscSNS, JSNS) use such beams
= Large, cylindrical tank of liquid scintillator

= v, disappearance: tag with CCQE interaction

1 0? £ = " /. /=
> -
L -
ol Q________._.-.r-
E TIliizzzz
<10 = i'_'_'_'_'_'.'_':::.-»
1
10~ — KPipe 90% CL sensitivity
- — SBN 90% CL sensitivity
[— Observed MiniBooNE+SciBooNE 90% CL
10—2 | Lol L
1073 1072 107"

o 1
sin (ZHW)

More details:
OscSNS: arXiv:1307.7097

JSNS: arXiv:1310.1437,arXiv1502.02255
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—~1.06

arXiv:1506.05811,
S. Axani, DPF2015

Recall: E = 235.5 MeV
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- —— AP 10eV2 sin?28, =0.05
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Accelerator based neutrino beams are a cornerstone of neutrino physics
= Discovery of the muon neutrino type

= Study of neutrino mixing

= Searches for non standard interactions, like sterile neutrinos

Future experiments will continue to use neutrino beams

= Building and improving on what we’ve learned about accelerator based neutrino
beams thus far

= Or employing new kinds of beamlines to approach the physics differently
= Beta beams? Neutrino factories? Your idea here!
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