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Fluxes and v
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Neutrino Beams Contd: Long-Baseline
Neutrino Experiment Fluxes and Event
Rates
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Gl CP Violation in PMNS (leptons) and CKM
e (quarks)

Making In 3-flavor mixing the degree of CP violation is determined by the

B’:ZLI;::TC;I Jarlskog invariant:
JEMNS = 1 5in 20), sin 2013 sin 203 cos 613 sin dcp.
NuFIT 2.1 (2016)
- e
NO, 10 (LEM) B
=222 NO, 10 (LID) ]
10— qrc 1
Fluxes and v = r ;
rates 5’7 3 ]
P

Covnn L NA L M T =2 I

0

0.025 D 03 0.1 035 0 04 -0.04 -0.02 0 0.02 0.04
Jep=Jop sind,

‘J ’clzswzc 523013513 cP = Yep cP

(JHEP 11 (2014) 052, arXiv:1409.5439)

Given the current best-fit values of the v mixing angles :
JEG™ & 3 x 107 % sin dcp.
For CKM (mixing among the 3 quark generations):
JEM ~ 3 x 1077,

despite the large value of §SEM =~ 70°.
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v,, — V. Oscillations in the 3-flavor v SM

Vo In the v 3-flavor model matter/anti-matter asymmetries in neutrinos
ing

Nenttiie are best probed using v, /U, — v./U. oscillations (or vice versa).with
Beams - 1| terms up to second order in o« = Am%l/Amgl = 0.03 and sin® 613 = 0.02, (M. Freund. Phys. Rev. D
64, 053003):
Py — ve) ™ P(ve = vp) ™ Po + Pgns +  Pess  + P3
~ S ~

013 CP violating ~ CP conserving  solar oscillation

where for oscillations in vacuum:
Fluxes and v

rates

Po = sin’ Basin” 26013 sin°(A),
Pins = a 8lpsin’(A),
Pwss = @ 8Jcp cotdep cos A sin2(A),
P; = a?cos® Orsin® 201> sinz(A),

where A = 1.27Am3%; (eV?)L(km)/E(GeV)
For Uy, — Ue, Psins — —Psins,
N

CP asymmetry 4/50
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v,, — V. Oscillations in the 3-flavor v SM

Vo In the v 3-flavor model matter/anti-matter asymmetries in neutrinos
ing

Nenttiie are best probed using v, /U, — v./U. oscillations (or vice versa).with
Beams - 1| terms up to second order in o = Am%; /Am?; = 0.03 and sin? 813 = 0.02, (M. Freund. Phys. Rev. D
64, 053003):
Py — ve) ™ P(ve = vp) ™ Po + Pgns +  Pess  + P3
~ S —— ~

013 CP violating ~ CP conserving  solar oscillation

s el o where for oscillations in matter with constant density:

rates 22
Po = sin’ 023% sin’[(A — 1)A],
8Jcp . . .
Pins = am sin Asin(AA)sin[(1 — A)A],
Peos s a% cos Asin(AA)sin[(1 — A)A],
-2
P; = a’cos’ 023%# sin’(AA),

where A = 1.27Am3;(eV?)L(km)/E(GeV) and A — +/2GeN.2E/Am3;.
For v, — e, Psins — —Psins, A — —A
N———— N——

CP asymmetry matter asymmetry 5/50
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Expected Appearance Signal Event Rates

’\'}Aaki_ng v Exercise: The total number of electron neutrino appearance events
eutrino

Beams - I expected for a given exposure from a muon neutrino source as a
hai function of baseline is given as

NEPPear () — /cb"“(Eu,L) X PYH e (E,, L) X 0 (Ey)dE,

Fluxes and v

rates Assume the neutrino source produces a flux that is constant in energy

and using only the dominant term in the probability(no matter effect)

o“»(E,,L) = é, C = number of v, /m’/GeV /sec at 1 km
P ¥ (E,,L) = sin® @ sin’ 2013sin’(1.27Am3;L/E,)

Po

0.7 X 10~ *(m’/GeV/N) X E,, E, > 1 GeV

o™ (Ev)

Prove that the rate of v. appearing integrated over a constant range
of L/E is independent of baseline for L > 500 km!
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-2
Mary Bishai NP (L) o< constant term X / SInXgax) dx,

Bro en

Laborator x = L/E,, a = 1.27Am% GeV/(eV?.km)
Fluxes and v/ v Exercise:
rates C=1x 10" v,/m?/GeV /yr at 1 km (from 1MW accelerator)

sin2 2013 = 0.084, sin? 0y = 0.5, Am3, = 2.4 x 10 3eV?

Calculate the rate of v. events observed per kton of detector
integrating over the region x = 100 km/GeV to 2000 km/GeV. Use
ROOT to do the integral!
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sin?(ax)
x3

dx,

Mary Bishai

NP (L) o< constant term X /
Bro

en

x = L/E,, a = 1.27Amj; GeV/(eV’.km)

Fluxes and v v Exercise:
rates C=1x 10" v,/m?/GeV /yr at 1 km (from 1MW accelerator)
sin® 2013 = 0.084, sin® 03 = 0.5, Am%; = 2.4 x 10 %eV?

Calculate the rate of v. events observed per kton of detector
integrating over the region x = 100 km/GeV to 2000 km/GeV. Use
ROOT to do the integral!

1 sin?(ax)
3

NZPPer (1) a2 (2 x 10%events/kton/yr) - (km/GeV)Z/

X0

dx,

NZP (L) ~ O(20 — 30) events/kton/yr
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Event Rates vs. Baseline Perfect Focusing

174
Making R = [ & bwei(Ev) X 0(Ev) X P(vu — ve) dE,
Neutrino . . —
Beams - Il (sin? 2613 = 0.09, sin? B3 = 0.5, &cp = 0, [Am3; | = 2.4 X 1073)
Flux: 120 GeV, perfect focusing, ~ 400m decay channel, on-axis
3 Normal Hierarchy
National Appearance rates versus baseline

Labo
50

Fluxes and v 45

Constant flux, no matter effect
rates

40

Constant flux, matter effect, normal hierarchy

Flux with perfect focusing, matter effect, normal hierarchy

3!

30

25

20

VvV, - V. events per kton.MW.yr

15

10

2500 3000
Baseline (km)

500 1000 1500 2000

How well can we focus/collect the pions?
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utrino Event Rates - Superbeams vs vFactories

From arXiv:1307.7335, for 50 kton.years™ of exposure:

Experiment

Super Beams
Baseline Yy = Vy

vy —> Vs

Vy —> Ve

T2K
30 GeV, 750 kW
9 x 10%° POT /year

295km (off-axis)

900

<1

40 - 70

MINOS LE
120 GeV, 700 kW
6 X 1020 POT/year

735km

11,000

115

230-340

NOvA
120 GeV, 700 kW
6 X 1020 POT /year

810km (off-axis)

1500

10

120 - 200

LBNE (LBNF) LE
80 GeV, 1.2MW
1.5 X 10°! POT /year

1,300km

4300

160

350 - 600

LBNE (LBNF) ME
80 GeV, 1.2MW
1.5 X 102! POT /year

1,300km

12,000

690

290 - 430

Experiment

v Factory at Fermilab
Baseline Yy = Vpy

vy — Uz

Ve —> Uy

NuMAX |

3 GeV, IMW

0.94 x 10% 1/year
(no p cooling)

1,300km

340

30

70 - 120

NuMAX 11
3 GeV, 3MW
5.6 X 1020 1 /year

1,300km

2000

300

420 - 700

* Facility duty factor taken into consideration
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esd  Measurements for DIF Flux Estimation and

for DIF Flux

Extimation Uncertainties
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In-situ measurements of proton

intensity with high accuracy
Characteristics of NuMI Beam P
sition Monitors:

signal ( arb. units

m Software algorithm to searc
400 psec to find the beam,

m NuMI bunches come in 6
Proton bes batches from booster.
Paosition is measured batch
by batch.

m Linear over 15-20 mm. 50
pm accuracy in pretarget.

measurements

m 11 vertical and 13 horizontal
measurements over 360m.

Measuring the Beam Current and Position

Tor101 Gate and Beam - 6B

L

|

e

b

0.5
-5.00E-06

0.00E+00

5.00E-08

time( sec )

1.00E-05

1.50E-05

Feedback from BPMs used to auto-steer the beam to target centey, 5,
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Measuring the Beam Profile: NuMI

Making = .

f Foil Secondary Emission Monitors
Neutrino

» Beam profile + halo
Beams - Il measurement

» Very low mass (5 pm Ti)
» Reduced Beam Heating problems
» Tisignal lasts longer in the beam

Proton ‘
Proton beam beam
measurements

Beam-intercepting

Mechanical/Vacuum System
> “Bayonet™-style insertion is compact
» Frame is never in the path of beam
» Insertion accuracy/repeatability
» Vacuum ~10” Torr on 30 I/s ion pump

Beam profile at target needs to be measured

13/50
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Hadron production in beamlines

Mlefingg The NuMI beam measured by MINERvA

Neutrino
(Bt = I 120 GeV proton beam, graphite target I=95cm, 185 kA pulsed horns (2)
' Absorber  Muon Monitors
Target

’ Decay Pipe
National Target Hall Y P
Labo o 120 GeV
Y protons Y,
_protom . =
Main Injector Horns ™ Pl

10m 30m

Hadron Monitor
Average Number of Interactions /v,

2. 3 NuMI Low Energy Beam, v,
E —pConX e pC — KX E| 20 -
2F — LS -C ~—primary p-C
F nC — X pC — nucleonX 5 > qg LAl others - C
1.8 Fl meson inc. nucleon-A = AE 16 -Fe others -no C
L 16 —— others — total 4 & K*-He —total
> E | °
<4k 4 2™
S 12 = o 2
2 F 19
3 e 4 210
© E J o
3 0s8f o & 8
c E = g
= o6 45
0.4F} 4 5 4
0.2F 4 22
G:‘"' = i P it 3 0 = basonsgsiions i
0 25 30 40 0 5 1 25 30 35 40

10 15 20 0 15”; 20
Neutrino Energy (GeV) Neutrino Energy (GeV)

14 /50



Hadron production in beamlines

Short baseline beams - sub-GeV: Booster Neutrino Beam

S

D(E) (VPOT/GeVicm?)

®(E) (WPOTIGeVicm?)

]

v, channels

—all
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Hadron Production Experiments

Making Dedicated large acceptance hadron spectrometers are used to
BNe“t””"” measure hadrons produced in p-p and p-A collisions on thin/thick
€eams - .

targets. For example the NA49 experiment at CERN:

Beam
,/
e <

Target
\ -

Vertex TPCs

Vertex
Magnets

uodpnu/A9 85T 4d-9d 6VYN

/'
,/’
Forward ~
Calorimeter




© NuMI Beam Simulation and 158 GeV p-C NA49
Brookhaven Data

National Laboratary

Making 1
Neutrino CFLUKA .
Beams - Il FLUKAOL E
- FLUKAOS E

= MARS -4

al
Laboratory

Target hadron
production

® NA4o

0.5 F —— MINOS Best Fit
10 20 30 a0 50 G0 o
P, [GeV/c]
0.4r T T T 7
r —— MINOS Best Fit 1
0.3 -

Ratio K/ x*

0~ 10 20 30 40 50
p, (GeV/c)

P, [GeV/c]

60

MC target hadron production must be constrained by external data.
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Ongoing program with NA61/SHINE

Makin
Neutrino Measuring target hadron production for DUNE/T2K

Beams - Il

hay
National

Laboratory VERTEX MAGNETS

S : N\
Beamline interactions Event display from NA61

per v in DUNE ND

m 2016 dataset: n* C/Be at 60 GeV, p™ C,Be at 120 GeV, p*
C,Al,Be at 60 GeV. Currently under analysis.

m 2017 dataset: = Al at 60 GeV,w" Al at 60 GeV,w— C at 60
GeV, p' C,Be at 120 GeV, p™ C at 90 GeV.
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t hadron

production

Double differential cross-sections on T2K replica

target - 2018

NAB1/SHINE =* 60 < 6 < 80 mrad

NAG1/SHINE 60 < 6 < 80 mrad

gzge [(rad- GeV/cy]

1
N di

5 10 15 20 25
p [GeVic]

=0 T T T T T 7 = 0 T T T T T
g g
3 025 4 3 0255 4
<] 8
El E E
E 0o § o
€3 015 oI 015 E
“olg 3 “olg
""_ E| “L 0.10] B
Z 23005 E
10 12 14 o 12 14
p [GeVic] p[GeVic]
NAB1/SHINE K" 60 < 0 < 120 mrad NAG1/SHINE K 60 < 0 < 120 mrad
g
3
©
-
g
<3
“olg
8

- osz<isem
- a5z <38em

|- 36<z<stem

b sceenen

725z<90em

- z-s0em

NuBeam G4.10.03
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EMPHATIC at Fermilab

Making EMPHATIC
Neutrino

Beams - Il

A new hadron production experiment for improved
neutrino flux predictions

v, Flux Fractional Uncertainty v, Flux Fractional Uncertainty

Hadron production
measurements to reduce flux
uncertainties from secondary
and tertiary interactions in the

neutrino production target e T Nyl

Table-top-sized experiment

2 week-
long test
run this
past
January
already o
collected .,/
useful data.

o iGoueh

See posters by J. Paley, M. Pavin & T. Vladisavljevic, and T. Sugimoto!
20 /50
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scattering cross-sections:

Recent EMPHATIC Measurements - 2020

Proof of principal measurements of proton elastic and inelastic

400 100
380 4+ EMPHATIC data +  EMPHATIC data
Bellettini et al. 90 + Bellettini et al.
360 4+ schizetal + schizetal
1 80 4
T340 | * 5
3 i g {
%320 < 7
& E
300 60
280 50
260
20 40 60 T00 120 140 160 180 20 40 60 80 100 120 140 160 180
p [Gevie] p [Gevic]
(a) (b)
325
production | 4
x 4+ EMPHATIC data
+ Bellettini et al.
+  NAG1/SHINE
t Denisovetal.*
s + mipp
+  Schizetal
15070 40 60 80 100 120 140 160 180
pGevicl

()

7IC. 16: Comparisons of the total (), elastic (b), and inclastic cross-section (c) obtained from the fits with older data.
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Mary B
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Laboratory

Target hadron
production

MiniBooNE 8 GeV p-Be Hadronic Interaction

Models

— HARP Kinematic Coverage

=45 mrad

0,=75 mrad

Paldpds2 (b (GeVic) /sr)

012105 mrad

612135 mrad

4 5 6 7 8

0 "

6=165 mrad

0,=195 mrad

P. (GeV/c)

Data: Use HARP 8.89 GeV/c p-Be and BNL E910 6.4 GeV/c p-Be

2 3 4
)

interactions with best fit to parameteric model.

1

2 3 4
pe(Gevic)

22/50
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Sz = |l Helium in the NuMI decay pipe: data and simulations
3 Pre-Helium v.s. Post-Helium Ratios
1.10 A .

1.08
1.06
1.04
1.02
1.00
0.98
0.96
0.94
0.92
0.90

Laboratory

— Data
—MC

Target hadron
production

Post-Helium / Pre-Helium

2 4 6 8 10 12 14 16 18 20
True E, (GeV)

o T T T

Hadron interactions in ALL beamline materials must be considered
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Making
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Phys. Rev. D. 79, 072002 (2009)

Focusing

= GEANT4 simulation of beamline geometry. Generation of the
primary protons according to expected beam optics.

m Simulation of primary p-Be interactions using custom tables for
production of p,n,7ri, K* and K° based on external
hadro-production data.

m GEANT4 propagates particles generated in p-Be, including
secondary interactions in the beamline materials. 24 /50
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BNB Simulation Uncertainties

Making Ratio to nominal v, flux
Neutrino

Beams - |l d'OS_' LN AL B AL BLRLELELE BURLELEL RSB
= [ ]
ishai &u B ]
1:‘ A -7
L aalll
- -
0.95F . -
0.9 o ]
| @ HornCurrent 173 kA —-y- 1
0.85 [| m (nprBe/A)QE down v
Focusing ’ : A 1=(Be/Al) QE down —y— - :
F| Vv Skineffectoff === 4

0.8 | ISR TR ETET S BT A A A A A AT

0 0.5 1 1.5 2 2.5

E, (GeV)
Horn focusing simulation large source of absolute flux uncert.

How do we obtain data to constrain this?
25 /50
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Uncertainties on MiniBooNE v, Flux
Determination

Source of Uncertainty Yy Tu Ve Te
Proton delivery 2.0% 2.0% 2.0% 2.0%
Proton optics 1.0% 1.0% 1.0% 1.0%
7T production 14.7% 1.0% 9.3% 0.9%
7~ production 0.0% 16.5% 0.0% 3.5%
K+ production 0.9% 02% 11.5% 0.3%
KO production 0.0% 02% 2.1% 17.6%
Horn field 2.2% 3.3% 0.6% 0.8%
Nucleon cross sections| 2.8% 5.7% 3.3% 5.6%
Pion eross sections 1.2% 1.2% 08% 0.7%

Hadron production uncertainties dominate: 15-18%

26/50
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Proposal by Laura Fields:

The LBNF Spectrometer is a concept for a thick-target hadron production
measurement after the focusing horns. It would involve a replica of the
LBNF target and horns in an external beamline at Fermilab. In addition to
hadron production in the target, the spectrometer would also measure
hadron production and absorption in the horns and the effects of the
magnetic fields in the horns.

Magnetized Spectrometer SiW
(Si Strips) Calorimeter

Proton
Profiler
(Si Pixel)
TOF
s

. Counter

Focusing —

TOF Counter N/

movable In x-y plane
~4m In length
Detector technology is always challenging

Need to get more people interested and involved to succeed

27 /50
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In-situ flux measurements

In-situ flux
measurements
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Muon flux measurements

o flux in NuMi
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o flux in NuMi

on Flux Monitors in NuMI

NuMI u Monitors

0.014

0.012]

0.010]

0.008

FluxiGeVim*10POT
o
o
5]
s

0.004

0.002

L S P TR T TR
Energy (CeV)

NMhuon Aleave ]_}l Muon Alcove Zﬁ Muon Aleove 3
Hadron Monitor Mon 1 Mon 2 uwMon 3
E, .>4.2GeV E, .>11GeV E, .>21GeV
E,>1.8GeV E,>4.7GeV | E,>9GeV
. | vBeam
[ | [ M
| | o -~
Ll o Near etor
1o vaz,
210 m of rock
18m
12m

> Beam |'s ionize He gas. But also, n, 8-
rays.

» Signal = ionized electrons.

» Sampling u flux = Sampling hadrons off

Evarm | atira | Aatacann

target = Sampling v flux.
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o flux in NuMi

u Monitor Tuning

Tuning MC Using p Flux Measurements

» Emperical parameterization for
hadron production, f(p, p). Warp

p, and p_to tune default MC to

Monitor data.
= MoOnte-Carlo

N
200

e Data
= = =, Tuned Monte-Carlo
T T T
tMonitor 1 tMonitor 2 | uMonitor 3
Preliminary 800 Preliminary [ Preliminary
[ < LEOOD < LEOOD 150~ © LEOOO }
- v LEO10 |- © rLeon0 ~ - "LED10 I
[=] I © 600 o
81000 - LE100 118 LE100 1 I,e- © LE100
=, s r s 100
= = LE150 = = LE150 # iIs 1 eLE150
15 QO 400 ¥ N 1] 5
e + LE250 & - LLE250 2 b .LE250
50/
200 I

o 50 100 150
Horn Current (kA)

o 50 100 150
Horn Current (kA)

L
200

|
1] 50 100 150 200
Horn Current (kA)

From Laura Loiacono
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Fitted LE150
Fitted LE250
— Fluka05
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150 -
g
-2
¢
- =
S ols
81002
o - O
= 13
€ L
>
8
=, 50
> s
% 5

o flux in NuMi

From Laura Loiacono

10
Neutrino Energy (GeV)

15

Percent Error (%)

40

30

20

NuMI Flux from Muon Monitors

L L o e

— Total

Backgrounds

10
Neutrino Energy (GeV)

Accurate v flux measurements from g monitors DIFFICULT

20
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Making Layout of Muon Alcove and Shielding in LBNF

Neutrino

Beams - Il
Back iron

Frontiron
shielding

hay g .
National shielding
Laboratory

High intensity makes it difficult to measure p spectrum accurately.
With a 2.4 MW beam, the absorber thickness is too large to sample
the lower energy muons. But these systems play an essential role in

monitoring flux stability
33/50
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4 flux in LBNF

Correlation between neutrino and muon spectrum

Ratio to Nominal

Ratio to Nominal

1.08]

1.06f

1,04

1.02|

0.98F
096

-

0.94]
092

A Baa -
Work in.progress

+
o ow,‘ by A
ot BRI s

11

7 ] 6 8 ) 14
Neutrino Energy [GeV]

1.08]
106
]04
1.02]

T ‘_.|. TTRT

0.98]
0.96)
0.947
0.92]

09

Work-in progress

o+

: M,‘m,

::’
by
fi
t
.

rget DenS|ty Reductlon 5%

Sme
Neutrino Energy (GeV]

ab
o
.

v Spectrum Changes

11

4 VE T T 7
£ 1osf- 1
$ 1oof--——Work.in._progress
2 104 , H
g l()’i
gL R
it B W + AT e
0.98) ~* * T ettyH
096 =
0.94F
voob HOM A X Shift, 1 mm

Ratio to Nominal
Y
&

B 0 12 14
Neutrino Energy [GeV]

.
-
o

|Woark in progress

P ikt
T Fas dikire e Y

TP

Horn Ay Tilt, 2.5 mm

L L 1.3
2 4 6 8 10 2 14
Neutrino Energy [GeV]
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Mary Bishai
3rookhave 1.

Ratio to Nominal
g

- Ref AbS. ||
Horn Ay Shift

T

Mlork in pl*

f,
_+_
-

4 flux in LBNF

Reduction in total flux

°
P=YaTTA TR FETY FYTU RTYA FYT1 FOTL AT FATd I

3

essl |
6 7 8

Muon Energy [GeV]

Ratio to Nominal

p Spectrum Changes

Lig

Correlation between neutrino and muon spectrum

1.08
1.06]
1.04

1.02F
15
0.98F
096
0.94F
0.92F

095

Ref Abs : fred
tHorn Ay Tilt (Us: lend +2 5 mm in

DSend 25mm|ny) - \
FEUL

Wo%progress+

0

i
1 2 3 4 5 6 7 8 9 10
E [GeV]

Shape changes at max near 5 GeV

Changes are v. small - need novel detector concepts
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4 flux in LBNF

Muon Monitor Technologies under R&D

Array of ionization detectors:
Measures muon beam center and Gas Cherenkov counter
intensity. Spill by spill monitoring concept:

of beam stability. Both diamond
and silicon under study

Threshold gas Cherenkov
detector (R&D): Uses signal
intensity at different gas pressure
and angles to extract rough
muon spectrum.

Stopped muon counters (R&D):
separate stations with steel
shielding in between could
measure muon flux at several
energies. Better measurement of
beam flux spectrum and
composition.

Yaw Actuator

Beam Line

Pitch Actuator

Currently only ionization detectors included in the beam design.
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4 flux in LBNF

Stopped Muon Concept

From K. Hiraide, Muon monitor using the decay :

electrons, NBI2003 Workshop ° ®
° >
(L L L
oo

Strategy

erenkov
counters

concrete Beam dump

*Energy loss of muons in the beam
dump
*Range of electrons in the concrete

.5

We can measure muons of
5.2~7.0GeV/c
by counting the decay electrons

Beam

*Counting the decay electrons from
muons stopping at the wall of u-pit

*Measuring spatial and time
distributions of events

+2 22500 =
2 20000 (beam MC)
g_ 17500 £

G100 £

§ 12500 £
= 10000 1 Stopping muon
5000 ;‘7
2500 £

8 10
(GeV/c)
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PMTs
(4inID, 4in OD)

Inner Cherenkov

Volume

Liquid Scintillator
Veto

Prototypes tested in NuMI beam
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Neutrino flux measurements in NDs
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Long Baseline: Near and Far v Detectors

Making

Neutrino Near Detector at NuMI Far Detector

Beams - 1| FERMILAB Illinois SOUDAN MINE Minnesota
e la .. — S Iron Mountains
—— 10K A Wisconsin Lake Superior®
m
o ~ 700,
i e B I
i —— Tk
Bk Neutrino beam diverges km| NINOS
beam-pipe; ‘""”"””””""”’”””"”736’](}1{ ””””””””””””””” ’3 detector
MINOS detector .
Ratio of Far/Near v, Flux in MINOS
ol
g 0.3,\\
2 g
& oaf \
z A \ s/ v
57070 f
0 B \ - Perfect Focusing ( 17K *lifetime)
.61
E \ - 2-Horn Focusing
o o ‘~ Horn Focusing Region
ot S ————
v flux in ND = ) 15 % 25 2
E,GeV

Near detector neutrino flux not identical to far!
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A Uncertainty on FD flux prediction Residual uncertainty on flux at FD

> 0.2 T T T 0.035 i i i

£ E — Total 1 — Total

g0.18 —— Hadron Production 0.03F 1
§ 0.16F Focusing ] — Focusing

So.14; 4 ogooas 1
5010 ] ladron Production

-% IO 11| ,znaose max 0.02F 5 osc max ]
© . 1st osc max

1st osc max

o
o o
2 o

N/F Ratio Error (Fractional)

o
o
I=3
b3l

8. 10 d2 B % 4 5 & 1 1
eutrino Energy (GeV) Neutrino Energy (GeV)

o 2 4 s
N

Flux uncertainties partially cancel with near/far

v flux in ND
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Flux Stability with High Precision Near Detector

Making Observe a reduction in the v event rate < 6 GeV in NuMI target 2:
Neutrino

Beams - Il E
90 [ Near Detector
5 £ + Run Il Data
Qg |-
© £ * Run lll Data
a 2 E
aborator I} E
2 £ e
S sof
& F
40 | E,<6 GeV MINOS Preliminary
0.0 05 1.0 15 2.0 25 3.0 35 4.0

Cumulative POT (e20)

MARS snmulatlon of target damage Target damage model in FLUKAOQ8
. MINOS Preliminar

T
.

Yy

HH m‘-zg
s
—

—.5
=

v flux in ND

F=———" Radiation Danage Mod

== Run Il last 2 onthsfirst 2 months

v, ND spectrum damaged/undamaged target

- - 2 0
DA (1/vE) * E, (Data reco, MC true) GeV
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On and off-axis v flux measurements
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Mam L
Oft-axis

SO Injector MimiBooNE Detector
Plan View Accelerator B, =33.5mr __Y beam _
_______________ o
=T = B A
target j Evacuated Decay Volume 2 MINOS
focusing homs Beam Stop v beam
- Off-axis
. - MmBooNE Detector
Elevation Vlf',‘_|W Gronnd Level _ vbem
- 0Lk o 8, =105me
/ Evacuated Decay Volume —Beeedl . __ / _
Proton Beam Beam Stop — / MINOS MINOS

Detector v beam

Off-axis
measurements
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@, [v/(10°POT)Ym*/50MeV]

NuMI in MiniBooNE

™ *, = BNB On-axis Flux (at MinibooNE)

----- NuMI On-axis Flux (at MINOS)
— NuMI Off-axis Flux (at MinibooNE)
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© MiniBooNE v Interactions from NuMI Beamline -
Brookhaver EESIONN0]

Making The NuMI simulation tuned to match the MINOS ND event rate was

B':Zi::'f"” used to predict the v rate in the MiniBooNE detector:
3000 \ \ T T \

- —=— Data 7
s i — Predicted v, Spectrum ]
% - [ Uncertainty in Prediction i

s 2000 %, 00000 ot Neutrinos from all &t’s
o S D b LTS Neutrinos from all K’s 7
= ]
E |
§ 1000 i
m i
0 L3 S TR SRR A LTS TRY GPUIT h - i
0.2 0.6 1 14 1.8 22 2.6 3

Reconstructed E, [GeV]

Off-axis v measurements can constrain 7 /K production
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MiniBooNE v Interactions from NuMI Beamline -

2010

used to predict the v rate in the MiniBooNE detector:

The NuMI simulation tuned to match the MINOS ND event rate was

100 (Tt T e T T T T T

B —=— Data 7

§ 80 — — Predicted v, Spectrum
) B ™ Uncertainty in Prediction -
= 60l - Vot Vi background ]
§ B cmy I v,+¥, background :
S o TR B
= ST . -~ 7
D) - .
> L. |
5a) 20 i e ]

P BN B LAk St T PR RS PO T

0 ‘
0.2 0.6 1 14 1.8 2.2
Reconstructed E, [Ge V]

Off-axis v measurements can constrain /K production

2.6

w
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Summary

Making
B’:Z“t:”"” Intensity frontier = precision frontier in neutrino physics.

S -
Measurements of KNOWN parameters with accuracies ~ 1%

New physics could be ANYWHERE L/E, = 1 - 1000km/GeV
A full scale assault on flux measurements is needed from many
different directions:

m High precision control of proton beams
m External target hadron production data

m Benchtop measurements of skin depth effect, horn magentic
field?

m Simulate every gram of material in the beamline

= Measurements of muon flux to better than 5%

= REDUCING DETECTOR/CROSS-SECTION SYSTEMATICS in
near neutrino measurements.

Conclusions
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A\ GAMES BEGIN!
Thank you

Conclusions
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