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Neutrino beams

2 Neutrino beams have been producing | & Jcnsers

major discoveries since 1962 k-
— Two neutrino experiment at AGS

o Neutrino beams have not evolved
conceptually since 1963, with the

invention of the van der Meer horn

— Proton beam hits target to create
secondary pions, kaons

— Secondaries are focused by horns
— Secondaries decay in decay pipe

— Absorber material and “beam dump”™ |
removes charged particles

— Detectors along beam line are used
to monitor flux and direction
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Neutrino beams T'é(l

Accuracy in predicting neutrino flux is dominated by secondary
pion and kaon production from protons on target

proton . \ _.fl—--———-"”"'_————_—— JT Pt
Pao / 2 P

Hadronic models (ie. GEANT, MARS, FLUKA ...) are used to
describe hadron production data

Requires also hadron production experiments to predict yields
for each experiment (ie. HARP, NAG61/SHINE, MIPP, ...)

Absolute flux prediction is known at best to 10-20% accuracy

For oscillation experiments can use near/far ratio: 2-5%

— Issues: not all decay phase space is covered, less accuracy for
secondary kaons and protons, focussing effects in horn

conductors, etc.
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Hyper-Kamiokande
Hyper-K Flux Uncertainty for Neutrino Mode

a1 Expected flux errors ~10%, Ad-p~209, 025
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DUNE Tl

CP Violation Sensitivity

o Expected flux errors ~5%, Ad-p~10°-15° A
DUNE Physics Volume CDR, 2015 e
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Neutrino landscape post-2025 5"'4((

2 More than a 50% probability that there could be evidence for
CP violation from DUNE or Hyper-Kamiokande ~2028

a Error in the measurement of CP phase Ad-p ~ 20°
a Cannot distinguish between models — require Adqp ~ 3-4°

012=35°+6;13C0S6 current best fit values and errors
61,=382°+6;3C0S5 for 642, 643 and 623 taken from
Fogli et al. 2012
"

023=45°-1/4/ 2 613C086
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Neutrino landscape post-2025 5"3((

o This is motivation for precision in neutrino physics: neutrino
factory should have similar precision to CKM precision

Fraction of 6

1.0

arXiv:1209.5973

- GLOBES 2013
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NUSTORM: Neutrinos from STORed Muons TQ((

1 nuSTORM: storage ring for 3.8 GeV/c muons that
can be realised now without any new technology

_ TV, Target
Neutrino Beam Muon Decay Ring U@—
LSS S s S S S S S5 B S S S S S S S S S e e s e e e t:&.’%
ut—et +v, +v, 4§ 3.8 GeV/c ;
&
|- 226 m |

— Pions of 5 Gev/c captured and injected into ring.

— 52% of pions decay to muons before first turn: 77 = u” +v,
— This creates a first flash of neutrinos from pion decays

— Ring designed to store muons with p = 3.8 GeV = 10%

— Muons decay producing neutrinos: u" —e” +v, +v,

— Creates hybrid beam of neutrinos from pion & muon decay
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Physics motivation 3'5((

Physics motivation of nuSTORM:

Creation of a neutrino beam with a flux accuracy of 103 for
neutrino scattering physics: “the neutrino light source”

Measurement of v, cross sections and nuclear effects in
neutrino-nucleus collisions, essential for long baseline
neutrino oscillation programme

Definitive resolution of sterile neutrino problem and search
for short-baseline neutrino oscillations

Creation of a test bed for muon accelerator R&D for future
high intensity neutrino factories and muon collider

A new way of doing neutrino physics

Adey, Bayes, Bross, Snopok, Ann. Rev. Nucl. Part. Sci. 2015 65:145-75.
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NuSTORM Facility

)
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a2 nuSTORM facility:

— 120 GeV protons on carbon or inconel target (100 kW)
— NuMI-style horn for pion collection
— Injection pions (5 GeV/c £ 10%) into storage ring: 0.09 n/POT

— Storage ring: large aperture FODO Iattice (3.8 GeV/c £ 10%) muons:

8x10-3 w/PO

—

Target + hon Pion beam line

Production straight section

0CS Absorber

mirror/”/A

Downstream

end of the horn
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NUSTORM Flux and Spectrum 4
a2 nuSTORM flux and energy spectrum

E s
s 1015 n —w‘1
Use muon decay ,@;’ 0K v
: O .
neutrinos to o 10" ont sy

calibrate hadron
decay neutrinos

2
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o
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- v, from pion decay 7" —u" +v, flux: 6.3x10'° v/m? at 50 m

- v, from muon decay u” —e” +v, +v, flux: 3.0x10™ v/m? at 50 m

- v, from kaon decay K* —u" +v, flux: 3.8x101* v/m2 at 50 m

— Used for cross-section measurements and short baseline oscillations
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NUSTORM Event Rates
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1 Flux uncertainties for nuSTORM from beam diagnostics: < 1%
1 Event rates per 102" POT in 100 ton Liquid Argon at 50 m

v /50MeV /m>/10% POT @ 50m

T po
Channel Noyts Channel Noyits
7, NC 1,174,710 7e NC 1,002,240
ve NC 1,817,810 v, NC 2,074,930
v, CC 3,030,510 e CC 2,519,840
ve CC 5,188,050 v, CC 6,060,580
nt ™
v, NC 14,384,192 | 7, NC 6,986,343
v, CC 41,053,300 | 7, CC 19,939,704

Limited by detector systematics:

3 + . +
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Neutrino interactions at nuSTORM T'é((

Very rich physics programme (just some examples):

Electron neutrino v, and V, cross-section measurements
n¥ production in neutrino interactions
Charged = and K production Over 60 physics topics

Neutrino-electron scattering already identified: PhD theses

Neutrino-nucleon scattering: charged current and neutral
current (NC/CC ratio and sin?6,,)

Nuclear effects in neutrino interactions
Semi-exclusive and exclusive processes: measurement of
K., A,A production

New physics and exclusive processes: test of v, —V,
universality, heavy neutrinos, eV-scale pseudo-scalar

penetrating particles ....
Muon Beam Meeting, CERN: 18 November 2015 13
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Neutrino interactions at nuSTORM T'é((

1 Example of CCQE measurement:
— Data for v, and v, cross-sections
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Long baseline physics 5"3((

Influence of measurement of cross-sections with less than 1%
precision as potentially provided by nuSTORM
Significantcly Improves 0.p accuracy in DUNE and HyperK
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Number of particles

Xr
NuSTORM for accelerator R&D T'é((

NuSTORM: testbed for 6D muon cooling experiment
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nuSTORM at Fermilab 4

2 nuSTORM could be sited at Fermilab Near Detector Hall
Proposal to FNAL PAC: arXiv: 1308.6822

I r - : —
=« S ot > -

Muon "Begay Ring

5/ “/Near Detector Hall

Muon decay ring
service building  pion beam

- e ‘\absorber N :
ONs - service building

Target station

Target building servce bulding



NuSTORM at CERN 7%(

RN, 4/, ', .,v'f"‘
2 nuSTORM could be sited at CERN "% / <
- “3&,.,._ 25y _.
o  Target station in North Area YA S ¢ ” i 2T =S5 \@:
Eol to CERN: arXiv:1305.1419 Ny f > =

For two detector oscillation
search: near detector in North
Area and far detector in

Point 1.8

w
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NuSTORM at CERN
a2 nuSTORM serving the Neutrino Platform at CERN

Neutrino extension

100m from the front face of the detector

1400m from the Existing detector-Extension EHN1

upstream limit of CERN land

Option 1

, Possible
/ Options
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nuSTORM at CERN el
a2 nuSTORM serving the Neutrino Platform at CERN

100m from the front face of the detector

Existing detector-Extension EHN

1400m from the
upstream limit of CERN land

Option 2

'
D N —
Possible

Options
B “Sri e
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nuSTORM at CERN el
a2 nuSTORM serving the Neutrino Platform at CERN

Neutrino extension

100m from the front face of the detector

1400m from the
upstream limit of CERN land

Option 3

Muon Beam Meeting, CERN: 18 November 2015 21
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Sterile neutrino search T'é((

Assume two detectors:

p

38GeV[+10/ 1
K‘ C 10" decayslyr w > ND ED

5GeV[+10/] 226 m

Super-saturated Magnetised
Iron: SuperBIND

Magnetic field: 1.5-2.6 T
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Sterile neutrino search

3 Appearance search: Adey et al., PRD 89 (2014) 071301

P, (x)=4U,

Z‘U,M ‘2 Sinz( nf;:x) = sin’ (29€M ) Sinz( nfgc)

L Total App. Background : 6 events
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> 12t
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1 Disappearance search:

{1 With full reconstruction

and efficiencies, 1021 POT
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Sterile neutrino search T'é((

o Short-baseline oscillation search with near detector at
50 m and far detector at 2 km, 102" POT exposure

a Appearance and disappearance multi-variate analyses
Adey et al., PRD 89 (2014) 071301

Appearance efficiencies Disappearance efficiencies
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Sterile neutrino search

)
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1 Short-baseline oscillation search with near detector at

50 m and far detector at 2 km, 102" POT exposure

a Appearance and disappearance multi-variate analyses

Adey et al., PRD 89 (2014) 071301
Appearance sensitivity
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Neutrino Factory from IDS-NF 4

IDS-NF/2012 4.0

Proton Driver: Neutrino

o— Linac option Beam Baseline: 10 GeV muons, one
Ring option Muon Decay storage ring with detector at
\Ring ~2000 km, due to large 0,

562m 0 Magnetised Iron Neutrino
Detector (MIND):
\ — 100 kton at ~2000 km

@ To Accel. \
Linac to 0.8 GeV 0.8-2.8 GeV RLA  Acceleraiion
S — (O p—)
LA

2.8-10GeVR >
‘ "> ToD Ri
\_’ 0 becay Ring

IDS-NF Interim Design Report B
arXiv:1112.2853

Buncher
Phase Rotation

Target
Cooling
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Optimisation of Neutrino Factory

2 Optimisation for high 0,5: 10 GeV muons and 2000 km
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Contours of CP coverage

25_' TTTTT06s [ T ! I"I'U,.II""
' 1 ’
2 ; L)
20 65 S =
L ] ]
% ]
r /o C <
) 07
i S
1
1
-y
! ES
o e
b T oL
. I ]
- {....}:0.45.{....,..{..,{.,./:,{:',}'I:....
[ H
I 0.65 : /! "
L /04
20+ [ R B
» . :
- m ol P 4
i g 03, 035 .7 G
15_ 5 L‘_:'_-__" )
10 - 1100 kton MIND ]
045 1
I

1.0

0.8

IDS NF 2010/2.0 se—

MIND L e
TASD LE—mme—

1000 7000 3000 4000 5000 6000 7000 3000 4000 5000 6000

L [km] L [km]

o
D

o
NS

CP ﬁ\:’don

02} .
i GLOBES 20107
105 104 102 1072 10
True sin®2645
27

Muon Beam Meeting, CERN: 18 November 2015



Y
Neutrino Factory Baseline Tell

o Proton driver
— Proton beam ~8 GeV on target U Y, Y,

1 Target, capture and decay o H e
: Proton Driver:  Neutrino
— Create &, decay into u —Linac option  geam
(R&D: MERIT) Ring option

1 Bunching and phase rotation
— Reduce AE of bunch

n

Muon Decay
Ring

562 m

Phase Rotation

1 lonization Cooling . & o \
. ) o —
— Reduce transverse emittance S 5 9
(R&D: MICE) @ - @2 o
: —@—Em .- o
2 Acceleration Linac to 0.8 GeV 0.8-2.8 GeV RLA  Acceleraiion
— 120 MeV~=> 10 GeV with RLAS  #icosis,” mm—— (Ohm=q)
) 2.8-10 GeVRLA ___
o Decay ring (O i (L) 7o oy ing
— Store for ~100 turns IDS-NF Reference Design Report
— Long straight sections to be published in JINST special
— 102" muons/year issue on Muon Accelerators
28
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Fractional Efficiency

Fractional Efficiency

MIND efficiencies and background
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Performance 10 GeV Neutrino Factory
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2 Analysis shows that 10 GeV Neutrino Factory, with 102 u/year,
100 kton MIND at 2000 km gives best sensitivity to CP violation

CP fraction

1-0 v L LI v T LI LI T ' T v v v Ll 1 L v Ll Ll 1
N K MIND LE s 1 4%
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T2HK 5E7s
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04 BB100+ SPL s 26,
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02
0 GLOBES 2012 - Apr 16 |
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True sin26;3

More than 85% 50 coverage

(ie. 85% probability of CPV discovery!)
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20}
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o
arXiv:1203.5651
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Muon Accelerator Staging Programme

a2 NuMAX is Neutrino Factory in Fermilab context (5 GeV to
Sanford Lab, at 1300 km) — similar sensitivity to IDS-NF

o Synergy with Muon Collider components

Neutrino Factory (NuMAX)

See talk M. Palmer

v Factory Goal:

Proton Driver Front End |Cool- | Acceleration | Storage Ring
ing s 0O(10%") w/year
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:::E_—-——_—( 5 GeV ) acceptance
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2 & a|E: gle-Pass Linacs Multi-TeV =
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Physics performance of NUMAX

1  Physics performance in terms of fraction of CP phase & with

measurement accuracy at or below Ad P. Huber
1.0— g R | R ———————————
|
B Asat 1o
| % 923:400
0.8 |
’ LBNE10
o - | === LBNE
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Conclusions 5"3((

Expect discovery of CP violation in neutrinos within 15 years

Neutrino beams from muon decay can bring neutrino physics
Into precision era
First stage: nuSTORM to resolve neutrino cross-sections for

long baseline experiments, sterile neutrino searches and
6D cooling R&D facility

nuSTORM would be a fantastic contribution by CERN to
world-wide neutrino programme

Second stage: develop neutrino factory for ultimate precision
of CP phase delta Ad-p~ 4°.

Neutrino factories are a stepping stone towards a muon
collider — R&D is always delivering physics along the way
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How can we improve CP precision?

2 Precision requirement for CP violation:
— For 75% of CP asymmetry coverage at 3o: A-p as low as 5%

— Requires 1.5% measurement of P-P (~1% syst. error),
but we measure rate: See next talk P. Huber

R4(E,)=N [dE® (E)o,(E.E,,)e,(E)P(v, — v, E)

vis

0.8 — including matter effects

sin“26,,=0.084
0.6

0.4

CP asymmetry

0.2

0.0-

Huber, Palmer, Bross
arXiv:1411:0629

0 500 1000 1500 2000 2500
Baseline [km]
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Long baseline physics

2 Precision requirement for CP violation:

— In disappearance experiment we can satisfy:
Raﬁ ( far) L2 ) Nfarq)a G/j 8/5 P(Va %Vﬁ) Huber, Mezzetto, Schwetz

o = [3’ arXiv:0711.2950

R, ;(near) N, @ oc¢l T
— In an appearance experiment & = 3
so v, beam cannot measure 0O¢;
CP-violation sensitivity, 75% d.p coverage E L

2%/5%

CP violation sensitivitf
wm TOr 75% O.p cOverage .|

at LBNF/DUNE

0.0

signal/background

uncertainty varied |
- arge
0 200 400 600 800 1,000

Exposure (ktsMW-years)

Huber, Palmer, Bross = Muon Beam Meeting, CERN: 18 November 2015
arXiv:1411:0629

— Constraint on@, /3,
— T@1%
— F.@1%
All systematics
at default
N d

T2HK CP violation at 3o

- — - g
StatiSﬁCS\
only

Huber et al. (2005) 1
M| P

" PR A |
1073 102
sin?26,,

— Syst. error on ratio o, /O‘VM in T2HK
— Difference in 0, and O, can be
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Short baseline physics

a2 LSND and MiniBooNE hints of v, and v, appearance
P(v, —v,) ~0.003 and reactor anomaly (6% v, def|C|t)

a Manil3aoNIs
P .\hniUuuNl-,

ftie”
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I ooo
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Short baseline physics 5"«(1

1 Consistency between appearance and disappearance
measurements for sterile neutrino hypothesis:
P(v, =v,)<4(1-P(v, =v,))1-P(v, =v,))

— nuSTORM could probe all possible sterile neutrino appearance
and disappearance channels (if E, >t threshold) to test paradigm

ut —etvo, | p= — e Ty,
Uy — D, By, —% Wy disappearance
U, — Ve Vg —* Vg appearance (challenging)
v, — U; vV, — Ur appearance (atm. oscillation)
Ve — Vg V. — U, disappearance
P, — By Ve — Dy, appearance: “golden” channel
i —& k- Ve — Vs appearance: “silver” channel
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faCX’
Sterile neutrino search T'é((

o Short-baseline oscillation search with near detector at
50 m and far detector at 2 km, 102" POT exposure

a Appearance and disappearance multi-variate analyses
Adey et al., PRD 89 (2014) 071301

Appearance sensitivity Disappearance sensitivity
10 pr—rrrm _ ) T ™ 10 :
- — 100, v, appearance - I
S — 100, v,combined & [
\ >
Q10 _ — 50, v,appearance - @
N — 50, v,combined ' ~ 1.0 E
S i ~ y N 50, veappearance S ]
‘ L — 50, v
| - — S50 %,
— Sov,+v
99%-CL appearance data - pr 'ty .
0.1E  999%-CLLSND+MB+SBL ' — 2L exclusion |
L1 1 111 1 Ll 1 1111 1 I T A | 1 11 0.] L1 11 1 1 1 L1 1 11
0.001 0.01 0.1 0.01 0.1
sin?20,, sin?20,,

Can perform combined analysis aploearanceldisappearance
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N
NuMAX: Neutrino Factory FNAL/Sanford Telt

2 Neutrinos from a Muon Accelerator CompleX (NuMAX)
— Neutrino Factory with 1020 straight muons decays/year @ 5 GeV
— Muon ring at 5 GeV pointing neutrino beam towards Sanford
— A 10KT MIND or magnetized LAr detector upgraded from LBNE

NuMAX L]
commissioning ) 7%

PIPIII

J.P. Delahaye

Dual use
Linac
u Preinjector 3.75GeV
1.0 GeV @7 650MHz
325MHz
6.75 GeV
No coolin /255M6V/C Protons
9 ﬂons
—
Accumulato
Front-end T5rget Buncher Main Injector
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N
NuMAX: Neutrino Factory FNAL/Sanford Telt

2 Neutrinos from a Muon Accelerator CompleX (NuMAX)

— Add small amount of 6D cooling
Neutrino Factory with 5x1020 straight muon decays/year @ 5 GeV

Muon ring at 5 GeV pointing neutrino beam towards Sanford

o PPl NuMAX and NuMAXx+
.&OQ
L. . PIPII
Dual use

J.P. Delahaye

% Linac

u Preinjector DD
10 GaV @7 650MHz

325MHz 6.75 GeV

_ /255MeV/c Protons

Add cooling Muons
: =
Cooling t Accumulato
Front-end T5rget  Buncher Main Injector
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N
NuMAX+: upgrade NuMax 4

o  Neutrinos from a Muon Accelerator CompleX (NuUMAX+)
— Neutrino Factory with 102" straight muons decays/year @ 5 GeV
— Muon ring at 5 GeV pointing neutrino beam towards Sanford

— Increased proton power and/or larger detectors

o PIPIl  NuMAX and NuMAXx+
.&OQ
L. . PIPIII
Dual use
Linac

u Preinjector 3.75GeV
10 Gov 7 650MHz
325MHz
6.75 GeV

/ Protons
Add cooling 255“2" e(:lr::

Cooling .F <
Accumulato

Front-end Bunch . .
ront-end  Target ~ BURCREr Main Injector
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Higgs Factory 5"3((

o Higgs Factory: production of Higgs at 126 GeV CM

— Collider capable of providing ~13,500 Higgs events per year with
exquisite energy resolution: direct Higgs mass and width

— Possible upgrade to a Top Factory with production of up to 60000 top
particles per year

Higgs factory

J.P. Delahaye PIPIII

Dual use
Linac

u Preinjector 3.75GeV —>®-'_l-® @
T

1.0 Gov £ 650MHz

325Nz 6.75 GeV
@ 255MeV/c Protons

Muons a
e

m ressor Accumulator
Initial Cooling P

Front-end Target  Buncher Main Injector
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Add 6D cooling

6D cooling

Bunch
merge

6D cooling

Charge separator
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High Energy Muon Collider

o  Multi-TeV muon collider:
If warranted by LHC results a muon collider can reach up to 10 TeV

Likely offers the best performance, least cost and power consumption of
any lepton collider operating in the multi-TeV regime.

Muon collider

J.P. Delahaye
Post cooling PIPIII Dual use
acceleration .
Linac
0.25GeV |,
— 4"_ \ 3.75GeV
inal cooling
1.0 Gev|£7 650MHz RLA
325MHz
6D cooling H H 6.75 GeV
Bunch e e 255MeVic Protons
merge Muons E 1
6D cooling I:I D
Charge separator <_'O‘_' . ompressor Accumulator
Initial Cooling Buncher M
uon

Front-end Target
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