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few MeV 0.1-14 MeV ~ 10 MeV
10! /GWy /s 10'°/cm?/s 10°/em?/s
Atmosphere Accelerators Extragalactic

1-20 GeV TeV-PeV
10°/em?/s/MW (at 1km) varies
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Introduction

1962: Leon Lederman, Melvin Schwartz and Jack Steinberger use a
proton beam from BNL'’s Alternating Gradient Synchrotron (AGS) to
produce a beam of neutrinos using the decay m — v

10 ton detector

(Spark chamber?)
Target —
T v
WS-
20m
-— Iron absorber
The AGS Making v's
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The Two-Neutrino Experiment

i proton Py
'\ﬁimi beam  target proton accelerator ey ST

j = == ——
il o Lo a8 ST

detector —
pi-meson oo steel shield spark chamber

Introduction
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Making

Classitication of “Events’

Neutrino Single Tracks .
Beams -|

B, < 300 bov/e® 48
I n“ > 300 34
haven > 400 19
National > 500 8
orat > 800 3
> 700 2

Total “single Muon Kvents” 34

Introduction Verton Bronts
Visible Energy Released < 1 BeV 15
Vinible Encrey Rolossed > 1 B0V _7

Total vertex events 22

"Showar"_Svents

Enorgy of "electzon® - 200 = 100 MeV 3
220 1

240 H

1280 1

Total “stower events"” 6

Thasa ara not ineluded in the "svant™ count.

The two shower events which are 5o located that thelr potea-

tial energy relesse 1o the chamber corresponds to mions of

less than 390 MeV/c ire rot-included bers.

The first event!
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Result: 40 neutrino interactions recorded in the detector, 6 of the
resultant particles where identified as background and 34 identified as
n = v =v,

The first successful accelerator neutrino experiment was at Brookhaven Lab.

1988 NOBEL PRIZE
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Number of Neutrino Flavors: Particle Colliders

s 1980’s - 90’s: The number of neutrino types is precisely determined

Beams -I from studies of Z° boson properties produced in e"e™ colliders.

The LEP e"e™ collider at CERN, Switzerland

ALEPH
35
Hadrons N,=2 77
Introduction 30 b 1900 N=3
N,=4 "7
B 0 e
fe)
E
b
15
10 £
5 /?9/’
oL liiiy I
= 105 | #
| N s b I P
§ K R T
The 27km LEP ring was reused to  ° °®F ., . ... ... ... .
. 88 83 80 91 92 93 984 95
build the Large Hadron Collider Energy (GeV)

N, = 2.984 + 0.008
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o () e ()

v, (t)

P(va — w)

cos(0)v1(t) + sin(0)va(t)
| <wlwa(t) > * _
sin2(9) cosz(0)|e—'Ezt — e_'Elt|2

Introduction

P( —

where Am3; = (m3 — m?) in eV?, L
(km) and E (GeV).

PROBABILITY

Observation of oscillations
implies non-zero mass eigenstates

3000 a000” "
L/E (km/GeV)
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T T T T

Two Different Mass Scales!

KamLAND, reactor .

Neutrino

Seams - S 16F — Oscillation
shai @ — Decoherence
S 14 — Decay 3
Nationa 5
Laboratory g 1.2
c 1
Introduction % 08
B o6
% 0.4
® 0.2
Q 0 | | il l
2 4
1 10 10° 10° 10
L/E (km/GeV)

Global fit 2013:
AmZ,, = 2.437%% x 1072 eV?

sin® Oaem = 0.38615%)

Atmospheric L/E ~ 500 km/GeV

[ o Data-BG-GeoV,
[ — Expectation based on osci. parameters
I + determined by KamLAND
5 [
08
<
2 [
<] [
-y 0.6~ +
= c -
2 . —
E 041
N :
02
W Y FEUTA T FRUEY SN TS R
20 30 40 50 60 70 80 90 100

Ly/E, (kn/MeV)
Global fit 2013:
AmZ,, = 7.547%% x 107° eV?
sin® Oorr = 0.3077% 1%

Solar L/E ~ 15,000 km/GeV

10/61



©

Brookhaven

National Laboratory

Making
Neutrino
Beams -|

hai

Introduction

Neutrino Oscillation Scales

The mass-squared differences Am3, (solar), Am3, (atmospheric) and
Am?.i. = 1eV? (LSND?) drive very different experimental scales. The
location of the oscillation maxima occur at

1
(1.267 x Am? (eV?))
(2n — 1) x 1 km/GeV(m/MeV) for Am;; (LSND)
(2n — 1) x 500 km/GeV(m/MeV) for Am3, (atmos.)
(2n — 1) x 15,000 km/GeV(m/MeV) for Am3; (solar)

L/EY (2n — 1)%

€ a

where E; is the neutrino energy at the maximum of oscillation node n.

Oscillations of GeV (MeV) scale neutrinos over distances from 1
- 15,000 km (m) probe 3x3 PMNS parameters and beyond. High
energy particle accelerators operate at the GeV scale (lecture I)
while reactors generate neutrinos at the MeV scale (lecture II).
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Neutrinos

from DIF Neutrinos from Accelerators:

Decay-in-flight
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Beams -| High power conventional neutrino beams (NuMlI):
Absorber Muon Monitors
Target D .
ecay Pipe
Target Hall y Hp
120 GeV p
protons N
— =
Main Injector Horns P
10m 30m
DIF fundamentals -
. Sm bound
Hadron Monitor 12m
Source Oscillation Detection

Vu
v <:
>99% & Ve
<1% Ve
Ve

Vu

K
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Making To produce neutrinos from accelerators
g::f“'is”j pt +A — T+ X, at /,L:t + v /Dy

where A = Carbon (Graphite), Berillyium, Tungsten, X is other
particles
v Exercise: The Main Injector accelerator at Fermilab produces
4.86 x 10' 120 GeV protons in a 10 microsecond pulse every 1.33
seconds to the NuMI beamline. What is the average power of the
proton beam delivered in megawatts?

14 /61



©

Brookhaven

National Laboratory

Making
Neutrino
Beams -|

Laboratory

DIF fundamentals

Neutrinos from Accelerators

To produce neutrinos from accelerators
pr+A a4 X, wF 5 ut /o

where A = Carbon (Graphite), Berillyium, Tungsten, X is other
particles

v Exercise: The Main Injector accelerator at Fermilab produces
4.86 x 10' 120 GeV protons in a 10 microsecond pulse every 1.33
seconds to the NuMI beamline. What is the average power of the
proton beam delivered in megawatts?

Power = 120 GeV x 4.86 10" protons x 1.6 107'° Joules/GeV x
1/1.33s = 702 kW

Source

p|Linac

R 0.0 ppp|Recycler
BNB 1D Rate 0.4 Hz P 48.7E12)

13 Jun 2016 08:49:54

Beam to NUMI(6+6), SeaQuest, MTest & MCenter
BNB horn Tcund‘fgul‘r investigation.

A
(A

15/61



~
Q
Brookhaven

National Laboratary

Decay-in-flight beams: Fundamentals

L The result of a FLUKA (http://www.fluka.org/fluka.php)
simulation of pion production from 120 GeV protons is shown below

Beams -|
Different Haterials and Pion Production Different Materials In Different Pions Energy Range

s
AT Grophite ——
Bo t

Be
AT Graphic £
Grophite Gz Meroury m=zm
1 — Tantalun m—
Tungsten
==
4 Super Tnvar

Pions/Proton

Pions/Proton

DIF fundamentals

Pions Energy (Gev)

v Exercise: What fraction of 6 GeV pions on average will decay before
reaching the end of an evacuated pipe 200m (675m) long? The 7™
rest mass and lifetime are 140 MeV and 26 ns

16 /61
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Decay-in-flight beams: Fundamentals

L The result of a FLUKA (http://www.fluka.org/fluka.php)
simulation of pion production from 120 GeV protons is shown below

Beams -|
Different Haterials and Pion Production Different Materials In Different Pions Energy Range

s
Be ATJ Grophite ——
AT Graphic £ =
Grophite Gz Meroury m=zm
1 — Tantalun m—

Tungsten
==

4 Super Tnvar

Pions/Proton

Pions/Proton

DIF fundamentals

Pions Energy (Gev)

v Exercise: What fraction of 6 GeV pions on average will decay before
reaching the end of an evacuated pipe 200m (675m) long? The 7™
rest mass and lifetime are 140 MeV and 26 ns

6 GeV 7 lifetime: T = y7o = m0Ec2 X 26ns = 1.1ns, cT = 334 m

17/61
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Decay-in-flight beams: Fundamentals

L The result of a FLUKA (http://www.fluka.org/fluka.php)
simulation of pion production from 120 GeV protons is shown below

Beams -|
Different Materials In Different Pions Energy Range

Different Materials and Pion Production

Mary Bishai

khave

Pions/Proton

Pions/Proton

DIF fundamentals

sons Energy (Gev)

v Exercise: What fraction of 6 GeV pions on average will decay before
reaching the end of an evacuated pipe 200m (675m) long? The 7™
rest mass and lifetime are 140 MeV and 26 ns

6 GeV 7 lifetime: T = y7o = m0Ec2 X 26ns = 1.1ns, cT = 334 m

Fdecays = (1 - eXp_I/CT) = 0.45(0.87)

18/61
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Pion Decay-in-Flight (DIF) beams: kinematics

Making
Neutrino CM Frame Lab Frame
Beams -|

Mary Bishai
Bro en Py

v Exercise: Solve the w/K — pv two body decay for high energy
pions and Kaons (Ex,k >> mx k) and show that the energy of the
neutrino E, and the probability that a neutrino is emited withn a solid
angle dP/d2 can be approximated as follows:

2

1 — Me E.

E—< > fode 12y Y
v 1+ ~262 > dQ 4 \ 1+ ~207

Assume 0, << 1
19/61
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Neutrino fluxes with perfect focusing

Making v, fluxes from pion decay-in-flight (DIF) beams assuming perfect
g:;'fﬂ”s”j focusing and charge selection:
120 GeV, decay channel lengths from 200m to 1km

Flux at 1000km, perfect focusing, different decay pipe lengths
o

~ 20710 :
Laboratory 3 . — % *Gé’v,"ﬁﬁé?fg?hngsgso m
o 18F — 159 &8V BR[Sngth = (Bsm
5 of =t
S F — 150 GV Db [engin = 350
s 14p — \\~ — 120 GeV, DP length = 180jm
SQ 12F /— \—\\\{\\ﬁ
DIF fundamentals C
: % : / \ \_\\ \\.\\
z i / ~
2 o | , ~—3
NE 4F J‘i
L E
o
€ % 1 2 3 4 5 & 7 8 9 10
E, GeV

Gain with longer decay channels, BUT excavation is challenging /expensive
20/61
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DIF fundamentals

Neutrino fluxes with perfect focusing

®, /GeVicm 4MW.yr (1 x 10 % p.o.t at 120 GeV)

v, fluxes from pion decay-in-flight (DIF) beams assuming perfect
focusing and charge selection:

40 to 120 GeV, decay channel length = 400m

Flux at 1000km, perfect focusing, beam energies

20/40°
18 E = 120 GeV, DP length = 380 m
= 60 GeV, DP length = 380 n}
16 N 9
E \ = 40 GeV, DP length = 380 nj
147
12 | ; p—
10— 4
= ‘}
F / S~
6 .
- \
afF '\‘-\ M
oF ™
- T V\‘\_\
v 2 4 6 7 8 9 10
E, GeV

Lower energy flux benefits at lower P beam energy BUT only at

constant power = more protons.
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utrino fluxes with perfect focusing

v, fluxes from pion decay-in-flight (DIF) beams assuming perfect
focusing and charge selection:

Neutrino vs anti-neutrino fluxes
Flux at 1000km, perfect focusing, v/v

x10"
< 20
% C = 120 GeV, DP length = 380 m
[CIET NI N SN RS S Anti-neutrinos
= E /_\ - 20 lGeV, It)P length = 380 m
C . nti-neutrinos
o 16— £ ——— 40 GeV, DP length = 380 i
s F \ ....... Anti-neutrinos
o iy
NQ- 12: i
5 EE e~
IO S VM 2
o FFF
2 o
S 6p R ——
o~ C N 3 Feian
E 4F o S N
= ok PP AP R P BRI T P et AL O
e oY 1 2 3 4 5 6 7 8 9 10

E, GeV

v /v fluxes are more favorable at higher proton beam energies.
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Examples of Neutrino decay-in-flight

Beamlines
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Multi-GeV, on-axis, tunble beams: NuMI

Target Hall

Examples of Conventional Neutrino Beams

Absorber Muon Monitors

Decay Pipe

Neutrino
Beams -|
Target
120 GeV
vofons
protons i_n
From #1
Main Injector

NuMI Flux at Soudan

DIF Beamlines x10°

N
a
SaRRRERE

210m
—— Perfect Focus k-
= NuMI LE-10
—— NuMI ME-100
——— NuMI HE-360
F
I 5 P Lo By o
= T -
L= & 5 &
[ o
‘
H1-H2: LE=10m, ME=23m, HE=40m

Target zo = -35cm from H1
24 /61

E, GeV
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Examples of Conventional Neutrino Beams

Making NuMI Focusing System Details
Neutrino
Beams -|

10 meters

DIF Beamlines

NuMI Target

P

6.4 x 15 mm? graphite segments.
1m long = 1.9 interaction
lengths.

O(10) KW beam power at 1 mm Parabolic
beam width. magnetic lens.
Water cooled. 3T at 200 kA
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Examples of Conventional Neutrino Beams

Making sub-GeV on-axis Beams: Booster Neutrino Beam
Reutrino 8 GeV proton, Be target I=71cm, 174 kA pulsed horn (1).

Beams -|

Booster

Magnetic Deca
& " Absorber 450 m Detector
focusing horn 1egion dirt
DIF Beamlines vy Flux Ve Flux
10° v, channels
10° = v, channels E
E F —al
— < o0
E100 $E
g s
3 8 [
2 5 10"
" E
g S
Yien g1
107 10" )
0 z

2 3 2 3
E, (GeV) E, (GeV)

26 /61



©

Brookhaven

National Laboratary

Making
Neutrino
Beams -|

DIF Beamlines

Examples of Conventional Neutrino Beams

Beam Dump

Monitor

280m

Off-axis beams: JPARC Neutrino Beam
30 GeV proton, C target 1=90cm, 250-320 kA pulsed horns (3)

Near Detectors

Decay Volume

Targ
Jarget

3 Horns )
2 proton %
e 1 &,

First proposed for BNL E-889 (1995): A narrow beam of v, can be
achieved by going off-axis to the m beam. More flux at sub-GeV.

Relative Neutrino Flux

’R 6=0.03
| E,=12GeV
| 0=0025
— 6=002
6=0.015
< ,8=0.01
- 6=0
T T
0 1 2 3
E, (GeV)

Flux[a.u.]

Probability

8
8

3
8

5
8

Neutrino flux |
LR — 804=0.0'

- I"LLU] —8,

L“L,T 80,=3.0°
|
g™

Oscillation probability
Am?, =2.4x107[eV?/c']

06 10 20 30
Neutrino energy [GeV]
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Sanford

Underground 1 Fermilab
Research . =
%“C"iw b ‘ l/l

m A very long baseline experiment: 1300km from Fermilab in
Batavia, IL to the Sanford Underground Research Facility
(former Homestake Mine) in Lead, SD.

DIF Beamlines

m A highly capable near detector at Fermilab.

m A very deep (1 mile underground) far detector: massive 40-kton
Liquid Argon Time-Projection-Chamber with state-of-the-art
instrumentation.

m High intensity tunable wide-band neutrino beam from LBNF
produced from upgraded MW-class proton accelerator at
Fermilab.
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DIF Beamlines
Baffle

Target/Horn A

US Decay Pipe
Window

A Genetic Algorithim was used to optimized the target and focusing
system design to maximize CP violation sensitivity. The focusing
system is 3 horns operated at ~ 300 kA with a 2.3m long graphite
target inserted into the first horn. ~ 40% of beam power is de-
posited in target hall shielding!
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hai The 2015 reference design for LBNF/DUNE was a NuMl-like
movable target (segmented rectangular graphite fins with water
cooling = 1m long) and 2 modified NuMI horns 6.6m apart

m In Sep 2017 LBNF adopted a focusing design with 3 horns
optimized using a genetic algorithim with the physics parameter
to be measured (CPV sensitivity) used to gauge fitness.

DIF Bearlines m Target geometry is optimized at the same time, as well as proton
beam energy with realistic Main Injector power profile (1.03 MW
at 60 GeV to 1.2 MW at 120 GeV).

m Limits on horn current, diameter and length are imposed based
on experience with T2K and NuMI horn manufacturing

m Limits on horn separation imposed based on size of target chase.
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Gl Optimization of beamline designs: DUNE/LBNF
it beam

Making
Neutrino

SeEms Horn parameters used in GEANT4 simulation for GA optimization:

ishai

rOCa

DIF Beamlines
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Brookhaven
Brookhaver B oYSE oyl

Making Schematic of the Genetlc Algorlthlm
Neutrino
Beams -I

ength

rn Curren

Proton Energy

Decay Pipe Len
Target L

Target Width
Target Postior

Hor

“mother” . ;e - - - - - - - -
“father” 11 1 1 J ] ' 1 ] |
OIF Beamiies “child” EEcaoumeeesaes

CP Fitness = minimum significance
with which 75% of J., can be
determined # 0 or 7 for a given
exposure

CP Fitness

Fast CP Fitness estimator was
determined by calculating the Change 0 1000 2000 3000 4000 5000 6000 7000
in CP sensitivity given some fixed conen

change in a single energy bin.

CP Fitness vs configuration
32/61
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DIF Beamlines

Parameter

Horn A Length (mm)
Horn A R1 (mm)
Horn A R2 (mm)

Horn B Length (mm)
Horn B R1 (mm)

Horn B R2 (mm)

Horn B R3 (mm)

Horn B F1 (% of length)
Horn B F2 (% of length)
Horn B F3 (% of length)
Horn B F4 (% of length)
Horn B OC Radius (mm)
Horn B Position (mm)

Optimized horn design with 297kA current :

— f——

Value
2218
43
33

3932
159
81
225
31
22
2
16
634
2956

Parameter
Horn A F1 (% of length)
Horn A OC Radius (mm)

Horn C Length (mm)
Horn C R1 (mm)

Horn C R2 (mm)

Horn C R3 (mm)

Horn C F1 (% of length)
Horn C F2 (% of length)
Horn C F3 (% of length)
Horn C F4 (% of length)
Horn C OC Radius (mm)
Horn C Position (mm)

Optimization of beamline designs: DUNE/LBNF

.

Value
53
369

2184
284
131
362

20
9
7
35
634
17806

Optimized target is 4\ (2m C) with opeam = 2.7mm, E, ~ 110 GeV

33/61



©

Brookhaven

National Laboratary

Making
Neutrino
Beams -|

DIF Beamlines

Unoscillated vs / GeV / m?/ Year

v, Flux, v Mode

2
TR
3

—— Opt. Engineered (RAL)

g

—— CDR Reference

a
S

T

% 1 2 3 : 5 6 7
Neutrino Energy (GeV)

CP violation sensitivity

[ —— Optimized design

—— CDR Reference

sl W Lo b Lova Ly
2 04 06

08 1

Optimization of beamline designs: DUNE/LBNF
beam

v, Flux, v Mode

3
E ——— Opt. Engineered (RAL)
25 —— CDR Reference

Ratio to CDR Reference

Neutrino Energy (GeV)

Computationally advanced
optimization techniques =
significant gain in flux and CPV
sensitivity from many small
changes
Gain in sensitivity = 70% in-
crease in FD mass
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DIF Beamlines

beam

Scan over some sample optimization parameters:

Fitness

T T Y

|

L |
3000 3500 4000

L
4500
HomALength

Optimization of beamline designs: DUNE/LBNF

Fitness

41
L

+

Horn B length

A length
£
19F
i
E 3
aEL t
Eoat
18F+ +
F L]

Target length

L
4560
HomBLength
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DIF Flux Estimation and Uncertainties in
Long-Baseline Experiments
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Flux estimation and

uncertainties

LBNF/DUNE Flux components at near and far

oy ) Al

glot

"

S,

s

S

®,[GeVim */p.o.t scaled to

=

)

T T

H
El >
T

Baseline scaled to 1km from middle of decay channel
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LBNF/DUNE Flux components at near and far

Making FD 1300km

geutrinc; v ) All (@,) Al
eams - e e
g — oW AT gF — O AI =
5 FT A TR E =W
° _K av‘:‘?{o R R —K *Q‘uﬁo -
Z0°g B —Rez Ve gl EXY ke B
s E - — 0 v, T E —u Sy, €
8 F . 8 F
s [ = S -
S10°E = —
E E T —— < . e |
e F » £ = e
Gl —~— Boe o]
3 e, 3 - ity II
L4 e, e
o R
E o E it
Vs ! ML
10° T e 16 18 2 107 10 12 14 16 18 2
E, GeV E, GeV
(v ) All V) All
Flux estimation and 5(103* 5(1}5)*
uncertainties = E — (v ) Al . z F — ®(V,) All }
s —ul i hvee, El —u e
Z0°g ) e e, Z0° 0T Ve TLEL
S E K" -v, me S E — K" -V, e
8 e 2 F
Q07 LS
£ F E F
s F s L
: [ 3
Qo°E v &
s F ity e
. i y
10 E T HT T ‘ 10
. M \i U i -

18 2
E,GeV

Baseline scaled to 1km from middle of decay channel
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Flux estimation and

uncertainties

main sources of flux modeling uncertainties are:

Flux Modeling Uncertainties at ND L. Fields and A. Bashyal

Hadron production uncertainties: driven by uncertainities in the
hadron interaction models used to estimate hadron distributions
exiting the target (prior to focusing) as well as secondary and
tertiary interactions of hadrons with beamline material. Fully
evaluated for LBNF/DUNE using the ppfx package developed for
MINERvA.

Focusing uncertainties: Dominated by horn material, geometry
and magentic field modeling as well as target geometry and
density. Alignment of the neutrino beamline elements can also
have large impact on v flux. Includes proton counting
uncertainities. These uncertainties are assessed by simulating
individual effects in Geant 4 and combining.

Other beamline uncertainties: Primarily uncertainties on the
distribution of passive material in the beamline: for e.g. impact
of Nitrogen in the target chase, decay pipe window
thickness...etc. Experience with NuMI indicates these are
subdominant
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FIUX Modeling Uncertainties at ND L. Fields and A. Bashyal

Making
Neutrino

Beams -| L 2 ol
F0.180 % 3
T r —— pCK
80160 3
< [ —— Meson Inc
2014 e 1
g 0.1 2; Other Absorption
3 01
= 0.08"
0.06"
0.04}
0.02:
o

0 2 4 6 8 10 12
Neutrino Energy (GeV)

Hadron Prod. Uncertainties
NA49/MIPP /older datasets used to constrain pC — 7+, KE, n(p)X
Pion production by neutrons from data (assuming isospin symmetry)
Nucleon incident interactions not covered by data
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FIUX Modeling Uncertainties at ND L. Fields and A. Bashyal

Making
Neutrino
Beams -| 2 L
c [
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s 0.08F Horn Current
g £ Water Layer
r ~——— Decay Pipe Radius
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g r Beam Position
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= 0.04;
0.03:
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0.01- 3
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Focusing Uncertainties
Detailed focusing uncertainties based on the NuMI experience in
MINERvA. Detailed estimates for both 2015 NuMI-like design and
CPV optimized design with simplified 2 horns.
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Flux estimation and

uncertainties

Near to Far Extrapolation

Simple ratio of near
spectrum/far spectrum:

Neutrino parent decay
location in decay pipe:

w/K decay kinemat-
ics and decay channel
geometry are primary
reason for strange
shape of N/F ratio

—— Optimized
—— Reference

Neary, .574°
Far 1297
N

e e\l

2 4 6 g 2 14 16 18 20

v, events at FD (1300km)

120

106

S

80

—y, Vz () versus Energy

v, production V_z (m) profile mean

v, Vz (m) versus Energy (tparent)

v, Vz (m) versus Energy (K parent)
| 1 L | | | |
5 10 15 20 25 30 35 40

a5 5
E,GeV
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Flux estimation and

uncertainties

Near to Far Extrapolation

Far Detector

Near Detector

To correctly relate near to far fluxes - need to use a correlation matrix:

v Mode
Near Detector

—
ul
| —
]
%o v,
V Mode

o —

v Mode

Far Detector

0.6

0.4

0.2

02
0.4
06
08

-1

Flux correlation matrix comes from simulation and is highly correlated
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Uncertalnty on FD flux predlctlon

Tolal

Hadron Production

Focusing

2nd osc max

1st osc max

FD Flux Determination Uncertainities

Flux estimation and

uncertainties

-
°
L RRRERERE

CP Violation Sensitivity

DUNE Sensitivity — i, = 2
Normal Ordering 58% of o, vatues
8in®20,, = 0.085 + 0.003 m—75% of 5 valu
sinfo, = 0.441 +0.042 o

2 m,m..m 5% ®2%

200 400 600 800 1000 1200 1400
Exposure (kt-MW-years)

IﬁeutrinosEnerg});)(Ge\))2

Residual uncertainty on flux at FD
0035 ‘ ‘ ‘ :
—— Total
5 0030 9
—— Focusing
so 025 ) 9
E = Hadron Production
w
£ 002 E
5 .2nd osc max
100,015 1st osc max.
2
& 0.01
w
20.005
% 4 6 3 012
Neutrino Energy (GeV)

How well do we actually trust
the simulation to correctly esti-
mate the uncertainties on near
— far extrapolation?
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Muon decay-in-flight Beams and Neutrino
Factories
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Making Long baseline experiments
Neutrino
Beams -|

Neutrino Beam

Proton Driver:
>—Linac option

Ring option
oot
{
=

O

Linac to 0.9 GeV' 0.9-3.6 GeV RLA

N

_@—Q
: : 3.6-12.6 GeVRLA .- O

Source Oscillation

Phase Rotation

Target
Buncher

Muon DIF beams

Detection

50%

—
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Neutrino Beam

Muon Decay
Ring
94 m

é Target

Neutrinos from STOred Muons (NuSTORM) @ CERN proposal
https://cds.cern.ch/record/265464971n=en

Source Oscillation

v,
Vﬂ<:
50%

50%

Detection
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Conventional Beams vs Neutrino Factories

Making From A. Blondel et. al. NIM A 451 (2000) 102-122

Neutrino

Conventional Neutrino factory
Beams -|
Parents at, K orn, K~ p orp”
v, beam vy v iV = 1t
Laborato Background ~ 2% of v, none
~ 1% of v,
Vv, beam Yy Vv = 1i1
Background ~ 6% of v, none
~ 0.5% of v,
AE/E of neutrino + 10% < 1%
energy
AR/R of neutrino + 10% < 1%
radius
Muon DIF beams Neutrino flux + 10% < 1%
uncertainty
v,/em? 3x107 3x10°
per year at 732 km for 4.5x10'° for 10*" injected

400 GeV/c p.o.t. 50 GeV/e pn

Neutrino factories technologically challenging - but best chance for
probing v — v, appearance Muon storage rings currently only
viable for short baseline.
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Neutrinos from Accelerators: Decay-at-rest

Neutrinos
from DAR

49 /61



©

Brookhaven

National Laboratory

Making
Neutrino
Beams -|

Mary Bishai
Brookhaven
National
Laboratory

Neutrinos
from DAR

Spallation Neutron Source Pion decay-at-rest

beams

SNS Layout

-

1 GeV proton

al

%

ccelerator

Proton beam energy — 1.0 GeV
Intensity - 9.6 - 10'5 protons/sec
Pulse duration - 380ns(FWHM)
Repetition rate - 60Hz
Beam power up to 1.4 MW

Compact Liquid Mercury target




beams

GEl Srallation Neutron Source Pion decay-at-rest
Eruulklhhaven‘

s | | Beam pulse width 600 ns

Beams -| Rep rate 60 s-1

D 95%
<::>‘\\\\ T\
& T,,=26 ns \
Neutrinos @
from DAR 4 D\ 04
0.098 3.4x10 @_,"

. . C 1.9x10°
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v Exercise: At the SNS a pi* will decay at rest to a mu* and a v,,.
This is a two body decay which leads to a monochromatic beam of
v,. What is the energy of the v, ? Derive the two body formula for
mass M decaying to m; + m; in the rest frame of M:

M2 + m2 — m?

E> = oM (1)

Neutrinos

from DAR

52/61



~
Q
Brookhaven

National Laboratary

Decay-at-rest Kinematics

Making
Neutrino
Beams -|

) 7'('+ - ll+ +@ 2-body decay: monochromatic 29.9 MeV v,
Captre; -99% !
PROMPT

e/’@ |

Decays inmont 3-body decay: range of energies

°_> I~ “‘u /G ,u+ — C+ + between 0 and m, /2

0”0\\‘0 DELAYED (2.2 us)

De%m\o [~} 1 MW power for high v flux
60 Hz timing protons on target (POT)
Produces sharply pulsed time structure

¥ for background rejection factor ~ 104
Zoosst
o e . -
cozst. — V. (prompt) Intensity
L — Delayed v, and,
002 /
ook ——Prompt v, if } E
Neutrinos o0 delayed v,—bar L E
from DAR ocos — delayed v,
, ,
o = 01000 2000 3000 4000 5000 6000 7000 8000 9000 10000

% 3 E2
Neutrino energy (MeV)

" Relative Time
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The only scattered
experimental = neutrino
signature: . P

. bogon nuclear

tiny energy recoil 4

deposited 1 Q

by nuclear P © /

recoils in the _
target material ' Q“
‘ secondary

recoils
deposited energy
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Reutrin Neutrino Alley Deployments: current &
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induced
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Neutrinos from colliding beams

Neutrinos
from Colliders
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Newtrire Prompt neutrinos

Beams -|

Mary Bishai
Brookhaven m In pp collision at the LHC, various hadrons are produced.

m A number of neutrinos are produced from subsequent decay of the
secondary hadrons.

e.g) n,K,.D,B... - v+X

m Neutrinos generated from the decay of charmed/bottom hadrons are
called prompt neutrinos.

D/B mesons V.U

Neutrinos
from Colliders

P — -
— decay
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m Near CMS interaction point (IP)
25 m from IP (quadruplet region)
90 &120 m from IP (UJ53 & UJ57)
240 m from IP (PR53 and PR57)

m Near ATLAS IP
> 480 m from IP (TI18 and TI12)

Neutrinos
from Colliders

ef:1903.06564 (CMS note)
1901.04468 (FASER)
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’Gﬂeimi The ForwArd Search ExpeRiment (FASERv) is an emulsion detector
E— added to FASER an approved experiment dedicated to searching for
light, extremely weakly interacting particles at the LHC located 480 m
from the ATLAS interaction point. Calculations of forward neutrino

fluxes at the LHC from arXiv 2105.08270:

SEv ] — g — g shower Eles

FASERLV

b i o d ior
Neutrino Energy [GeV] Neutrino Eneray [Gev]
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Summary and Conclusions

Conclusions
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Conclusions

Summary and Conclusions

High energy and high power proton accelerators can be used to
generate neutrino beams of all 3 flavors v, v, v+ with energies
from 10’s of MeV to multi-TeV

High purity v, GeV-scale neutrino beams from pion
decay-in-flight are used by short and long-baseline experiments
to study v,, — v. oscillations

Neutrino beams from pion decay-at-rest with energies of 10's
MeV are used for measurements of coherent neutrino-nucleus
scattering as well as searches for non-standard oscillations

Neutirno beams from muon decay-at-rest produce equal numbers
of v, and v. and can be used to study v. — v, oscillations

Far forward experiments at the LHC can study multi-TeV
neutrino interactions and produce v, beams
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