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* To achieve states aims of 75% CP coverage at 30, systemic precision of

~1% is required
* nuSTORM can contribute significantly in constraining cross component

input to systematic errors
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Sterile Neutrinos

* Gallium: 2.70 evidence
for v_ disappearance

* LSND: 3.80 evidence for
Vv_ appearance

* MiniBooNE: 3.80
evidence for v, and v,

appearance
* Reactor: 30 evidence for
V_appearance

* Combined cosmology
covers 4 DOF
* New limits from MINOS
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* Far detector — 2km
1.3kTon magnetized iron
sampling calorimeter

* Superconducting

transmission line
Appearance efficiencies

Fractional Efficiency
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Available physics

ut — etv., | u= — e Ty,
Uy, — D, by, —% Wy disappearance
Py —> B Yy — Vo appearance (challenging)
T P, — appearance (atm. oscillation)
i — s o, —s disappearance
P, — By B, —& B, appearance: “golden” channel
Ve — U Ve — U appearance: “silver” channel

v, and ve-bar X-section measurements -

Charged and neutral current processes A UNIQUE contribution from nuSTORM
Measurement of ne induced resonance production  EFgsentia Ily no existing data

Nuclear effects p0 production in n interactions

Semi-exclusive & exclusive processes Coherent and quasi-exclusive single p0 production
Measurement of Ks0, L & L-bar production Charged p & K production

New physics & exotic processes Coherent and quasi-exclusive single p+ production
Test of nm - ne universality Multi-nucleon final states

Heavy n v-e scattering

eV-scale pseudo-scalar penetrating particles v-Nucleon neutral current scattering

Measurement of NC to CC ratio



Muon Accelerator
Technology

Neutrino Factory 1
Proton Driver EJIJ Front End Acceleration i Storage Ring v Factory Goal:
M based o 0(102) wyear
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Neutrinos from Stored Muons

 Dipole chicane gives momentum and sign
selection

 Stored beams can be measured to great accuracy
using standard beam diagnostics — neutrino flux
precision

* Muon decay beams are flavor precise and generate
high statistics electron neutrinos



STO RM Pion transport Stored MUONS
through dipoles — Pions injecting  decay with

momentum and into ring decay  direction neutrino
sign selection into muons beam

Protons on Target
Horn collection

N
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* Dipole chicane provides sign and e Produces flavor-known

momentum selection of pions

, , beam with high statistics
* Stored beam allows for instrumentation electron neutrinos. with
and characterization of beam u » W d

* Current, momentum, divergence, size, flux known to better than
position 1%



Stored Muon
Acceptance

Primary goal is to
maximize muons within
the acceptance of the ring
— 3.8GeV +- 10%

Large number of free
parameters around the
target/horn — target
material, length, position,
horn current, inner/outer
radius etc.

Some are independently
chosen — target

Simulating the full
production lattice for
the entire parameter
space computationally
prohibitive

The Momentum Distribution for PDGid: -13
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Carbon 3 0085 0,056 0.028 27.3 3.52 0.15
Carbon 5 0.099 0.067 0.033 32.2 3.52 0.15
Inconel 3 0131 0.087 0,044 19.2 H.43 0.15
Inconel 5 0136 0,091 0.045 27.10 H.43 .15
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Tantalum o LG 0107 0053 21.3 16.6G 0.15
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Horn optimization

Initial horn: NuMI design

L PR L3 Model the horn
A ' ' field from the
parameters for
R3 random initial
| R4 individuals
~ ——__ Symmetry
oL Track the
‘ particles and
calculate the
e Multi-Objective Genetic Algorithm Select the best outputs
treats each parameter as a “gene” individuals and /
« The genes are initially randomized to produce the
produce individuals, and then each offspring
generation iterates selecting on the
best individuals i
e QOutputs of merit are number of

muons in the momentum acceptance; After set number of generations,
pions within the acceptance phase or the population ceases to
space improve, finish the process



Generate pions from ———»
target/horn #

Fit once to produce
covariance matrix + solve
transfer lattice #

Track pions through transfer
line to measure acceptance

Horizontal Phase Space of m+ after the NuMI Horn Collection
Fitted by covariance matrix (green) and iterative Gauss-Newton method (red)
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The Attainable TWISS Combinations From MADX

Optimized o

1.5/ .

0.5-

Tracking through the pion
transfer line is done with
G4Beamline

Lattice was solved using MadX
Input covariance matrix to
MadX found by fitting the
distribution of pions produced
at the horn

Allows calculation of pion
transfer line acceptance



Generate pions from ———»
target/horn #

Fit once to produce
covariance matrix + solve
transfer lattice #

Track pions through transfer
line to measure acceptance

e Number of muons within the
momentum acceptance of the
ring is calculated based on the
pion momentum distribution at
the start of the injections
straight

18x.0

4The Hlstogram of Momentum P (MeV/c) for PDGid: 211
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Generate pions from ———»
target/horn #

Fit once to produce Fnd pOiIlt
covariance matrix + solve
transfer lattice #
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Inconel - 2.5 interaction lengths

The horn revolution The horn revolution

200 y . . . . . . 200 e
T | | "™ Shorter (2 m) + lower current (225 kA)
160 E sl T NArrower outer CODdUCtOI‘
140/ g 140}
120 1 120l
E ool Eroo < Unnecessary
& 4 segment
807 — 80,
g0k g 80
40+ a 401
20} | o0l
o — , ; ; i ; i 0 i L — ‘ w L w
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Z(mm) Z(mm)

Nu increased by 14%
N increased by 18%

Pion beamline re-matched and n+ re-tracked
p+ in both 2000 pm and 3.8+10% GeV/c increased by 8.3%



Inconel - 3 interaction lengths

The horn revolution The harn revolution
200 7t T T T T T T 200 a1
160y 1| reer Even shorter (1.6 m) +
ol - ol Even lower current (219 kA) +
—_ Even narrower outer conductor
140 . 140}
1200 . 120}
Emo— Emo
> >
8ok | a0l
80 g 60
407 o 40,
o0b - Sl
e 1600 1500 2000 2500 3000 @ 0 . 500 5000 e 065
Z {mm) Z (mm)

Np and Nmt increased by ~20% (If just changing the target length: ~5%)
Pion beamline re-matched and mt+ re-tracked
p+ in both 2000 pm and 3.8+10% GeV/c increased by ~16%
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Same elements,

# * FODO
Cells

different optics for mw and p due to different momenta

Decay Straight

IPion
Absorber

FODO start

* Pions are injected into the same
ring as the muons with large

aperture magnet section — no
kicker.

- * Dual optics for 5GeV pions and 3.6

GeV muons

* Mirrored combination section to
extract surviving pions at end of
decay straight
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e Neutrino production straight requires minimized divergence — high beta and

large magnets

e Return straight can have smaller beta to minimize magnet costs
e Decay straight — 30cm radius normal conducting 2T/m




<1% error - Beam systematics

Systematic nuSTORM issue?

Hadron production Not really — beam current will be measured
although proton contamination will need to
be known

Proton beam targeting No — current and position of pion/muon
beam will be measured

Target movement No
within horn
Target degradation No

Horn pulse consistency No
Horn degradation No
Power supply issues No — lattice PS will be monitored

Pion divergence No — will be measured



Beam diagnostics

Quantity Detector Comment

Intensity Beam Current 0.1% resolution
Transformer

Beam Position Button BPM 1cm resolution

Beam Profile

Scintillating Screen

1cm - Destructive

Energy Polarimeter

Energy Spread Profile measurement | 0.1% resolution
in arcs

Beam Loss Ionization chambers

* Beam can be fully characterized, including destructive methods
during a commissioning phase — all magnets are DC
* Magnet currents can be monitored and controlled with precision




Beam divergence errors
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A hybrid neutrino factory

e Traditional neutrino factory design has pion decay
detached from muon decay rings to include cooling
and re-acceleration

e In nuSTORM, pions are injected into and decay in
the muon decay straight, giving an initial pion decay
flash before the decays from the stored muons

e Produces two beams — one muon decay and one
pion decay 10x larger, both with <1% precision



v/ m?/50 MeV @ 50m
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Flux at 50 m from end of
straight from muon decay
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Muon beam tracked through decay straight using
G4Beamline

Distribution used to generate decays and neutrinos sampled
at 50m near detector site

Likely flux increase with horn optimization



Near (50 m) detector flux from
pion decay
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* Pion-decay beam at the 2km detector adds electron
appearance channel and increased options for NC
disappearance



p+ Stored
Channel
v NC

Ul
veNC
v CC

il
VeCC
T+
v NC

1l

v CC
1l

Events

1,174,710
1,817,810
3,030,510
5,188,050

p- Stored
Channel
veNC
v NC

1l
veCC
v CC

1l

(-

14,384,192 v NC

41,053,300 v CC

Events

1,002,240
2,074,930
2,519,840
6,060,580

6,986,343

19,939,704

* Event rates at 50m per 100T for full exposure of 10%* POT



nuSTORM
Off-axis

v/ m?/10°° POT /50 MeV
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* Placing detector off-axis of the nuSTORM beam
decreases energy width even further with no high
energy tail

* Can be placed in the energy regime of interest to
existing off-axis experiments
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types




Summary

. Cross section measurements essential for limited systematics of future
experiments can be resolved by a muon decay beam

. Sterile neutrino conflicts can be resolved at the same facility

. NUSTORM flux is optimized by target, horn, transfer and storage ring
studies

. Flux precision is expected at <1%

. Muon-decay and pion-decay narrow band beams with sign-selection and
high precision available in the same experiment

. Thanks to R Bayes, A Bross, P Coloma, P Huber, JB Lagrange, J Pasternak,
A Liu, D Neuffer, E Santos, P Soler, C Tunnel
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Very Far (1300 km) detector flux

) CP violation sensitivity
from pion decay

Results for 34kt, 6 yrs of data taking, 1%-5% sys
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v/ m?/50MeV / 10%° POT @ 1300km

v, CC spectrum at 1300 km, A m3,- 2 4e-03 eV?

Very Far (1300 km) detector flux

;10000; sin®20,,=0.3 = n/a 02 E . d . .

g sooof- 26,013,z O 10 3 from pion decay — 2™ oscillation

& 8000, $in228,, = 0.1 =0 0.18 £ .

% 70001 sin?26,,- 01,6 2 014 % m.aleum L .

% 8000~ L S — E Stlll not an Optlmlzed plon beam,

3 5000- | . .

Sl increased rate with momentum

* a000 /\ + acceptance and move to pion only

AL
= L beam
— 1 = P,=1.3GeV
E.(GeV)

1 07 o ********* ............................................. ..........................................................................................
= —T" >V,
| . * +

1 06 S ** ................................................................................. ** .............................................................................................................. = K > vu ............................................................
— L J +
—= L J

10° e s S —— Tt > Vg o
= +
B oo88835888888%@0%@@888088:so l"' > Ve

1 04 = Ogoo&-&&& ..... &ﬂ&& .................................... DDDDE‘EDDBQ " g E g 88 g EDDDDD ........................................................................................ u"‘ > T ............................................................
= o° &géDDDE‘D : . OOOOZOO 5 DD‘:‘DDD _ _u
. © s o4, * °, "©9g 5 u 5 — T —

1 03 && ................... o D.D.F‘E‘E ....................... 9..& .............................................. ETIIel 1= Oq o %6 O oo e O u ........................................................................................
o oioodo OoOo “o o
E? ° v g%!%EEEE.........:..f.fffffgacggooooo DDDDD
I [m]

e L Lo R I P Ve N I R D
= =] ¥ v PR & T0 e® dg 5 ] i
= . °e og oo o -
: ....- . * .eg. So [} ] I:|E

) i e0 .. T S S S
= e | - . Yoo, % 0D
= o] 8 a] 8 "
| % o o O

I. | | | | | | | | | | | | | | | | L ® [ | (=l | | |

| | | | |
3000 3500 4000 4500 5000
E, MeV

| |
2500

(@]
(0)]
o
o
o
o
oL



Full - Fast / Full

Muon beam tracking approximation
Sampling

Full Geant tracking of muon beam through
decay lattice is computationally intensive.

Beam was sampled a) with a single FODO
cell b) over the entire straight and this

sample used at decay points along the
straight ( >
L1l

Approximation Decay points
n accuracy e
05—+ l
C - 16— Mean -0.0005376
0 1: H[h”{, A% % m%H% . l 14— RMS 0.07652
tT Tl Jﬂ 0‘ TJ T H * 12—
: L 10?
-05 _— s
— 57
| nug_energy_n * =N
qA— Entries 7 = ‘LI_|_L‘_I_‘
| Mean 3919 21—
L RMS 644.4 C 1, Ll il
| Underflow 0 93 0.3 . -0. 0.1 0.2 0.3 0.4
L Overflow 0 Full - Approx / Full
45— %2 / ndf 3.795/69
WD p0 -0.01299 + 0.03935
— pi 6.079e-06 + 1.730e-05
-2 : L1 1 | L1 L1 | I I | ‘ I N | L1 L1 | L1 L1 | I I | ‘ I N | L1 L1 | I I |
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Energy



1 decay simulation method

MARS simulation of target and horn

Particles produced and captured in horn tracked through
transport line and into decay straight using G4Beamline

Resulting neutrinos measured at sampling plane 50m from end
of decay straight (near detector hall)

For long baselines, position and divergence of each beam
particle (pion, muon, kaon) to calculate flux of each channel at
detector location

Scaled to 10* POT — full exposure 10* POT

V e
u
Sampling u % Vp
V

e
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