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I 10~ eV few MeV 0.1-14 MeV ~ 10 MeV
Neutrinos 56/cm’ 102! /GW, /s 10" /cm?/s 10°/cm?/s

from DIF
DIF

DIF E

Atmosphere Accelerators Extragalactic

F
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Neutrinos
from DAR

TeV-PeV
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Introduction

Fluxes and L/ rates

Neutrinos 1962: Leon Lederman, Melvin Schwartz and Jack Steinberger use a
f[j"":[‘)'F‘ proton beam from BNL'’s Alternating Gradient Synchrotron (AGS) to
DIF Beamlines produce a beam of neutrinos using the decay m — vy

L 10 ton detector

uncertainties

(Spark chamber?)
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Classitication of “Events

Single Tracks

D, < 300 bov/e® 49
'D“ > 300 34
> 400 18
> 500 8
> 800 ]
> 700 2

Total “singie Muon Kvents" 34

Yertes Bronts

IntYOdUCtlon Visible Energy Released < 1 BeV 15
Fluxes and L/ rates Vimible Energy Released > 1 BeV _7

. Total vertex events 22
Neutrinos
from DIF "Showar"_Svents
DIF fundamentals Bnargy of "electzon® - 200 = 100 MeV 3
DIF Beamlines 220 3
Flux estimation and 240 3
uncertainties 280 1
Muon DIF beams Total "shover events"” 6

Neutrinos

Thase are mot includad in the "svent" count.
from DAR

The two shower events vhich are so located that thelr pote:
CEUNS

tial erergy release 1o Uhe chamber corresponds to muons of
Neutrinos less than 300 Mey/c are rot-included hers.

from Colliders

FASERL/ The first event!
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Introduction

Fluxes and L r

Neutrinos
from DIF

Neutrinos /
ffTH?AR Result: 40 neutrino interactions recorded in the detector, 6 of the
S resultant particles where identified as background and 34 identified as

from Colliders yva = VUx = vy,
S The first successful accelerator neutrino experiment was at Brookhaven Lab.
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1980’s - 90’s: The number of neutrino types is precisely determined
from studies of Z° boson properties produced in e*e™~ colliders.

The LEP eTe™ collider at CERN, Switzerland

ALEPH
35
Hadrons N, =2
30 N=3
. v 1990
Introduction 25 N =4
¢ 1991
Fluxes and 2 rates =
: E =
Neutrinos °
from DIF 15
DIF fundamentals
10
DIF Beamlines

Flux estimation and
uncertainties

Muon DIF beams

P e 105 [ (#

Neutrinos { 4 8 .
3 1 & @

from DAR } : 53 - ; ;
CEUNS © o |
Neutrinos « B‘ﬂ 8‘9 9‘0 911 9‘2 5‘3 9‘4 95
from Colliders build the Large Hadron Collider J Energy (GeV)
FASERL : 14

N, = 2.984 £ 0.008

Conclusions

9/72



L Mixing = Oscillations

Brookhaven

National Laboratary

(%) =(=50 =6 ) (%)

Mary Bishai
Brookhaven
- va(t) = cos(0)vi(t) + sin(0)ra(t)
aboratory
Pva = vs) = | <wlva(t) > 2
Introduction — Sin2(0) c052(0)|e—i52t _ e—iE1t|2

Fluxes and 1 rates

Neutrinos

from DIF

DIF fundamentals P( — n2 20

DIF Beamlines >
Flux estimation and where Am%] — (mg _ m%) in eVZ' g
uncertainties @
Muon DIF beams L (km) and E (GeV)- é
Neutrinos =
from DAR

ceuns Observation of oscillations

Neutrinos implies non-zero mass eigenstates

from Colliders

AV
3000
L/E (km/GeV)

FASERL
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Two Different Mass Scales!

SuperKamkiokande (Japan),
atmospheric v,, disappearance

E(GeV)
L(km)

KamLAND (Japan),
reactor v, disappearance

T T
8 1.6 [ o Data-BG-GeoV,
o 1.4 [ — Expectation based on osci. paramel
= IF determined by KamLAND
21.2 z +
= 7 08
c £ [
s ! £t
T o8 & o6F +
B o6 ERNN
04

% 0.4 2 E +
502 02f

0 2 3 2 :

1 10 10 10 10 | S S P A S I P P

L/E (km/GeV) 20 30 40 50 60 70 80 90 100
LyE, (kn/MeV)
Global fit 2024: Global fit 2024:

2 2

Amatm - A’nsolar =

Sin2 2931,111 = 0986+00%‘1’)79

Atmospheric L/E ~ 500 km/GeV

sin? 20501, = 0.8531%50,

Solar L/E ~ 15,000 km/GeV
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L(km)

SuperKamkiokande (Japan), KamLAND (Japan),
atmospheric v,, disappearance reactor U, disappearance
T T

316- [ o Data-BG-GeoV,

g . [ — Expectation based on osci. paramet

— 1.4 1r determined by KamLAND

212 g F +

e E 08F

c 1 ] [

0 S [

S 0.8 & 0.6 +
Introduction 5 T; L
Fluxes and 1 rates [ 0.6 é 0'4}
Neutrinos % 0.4 v L +
from DIF © 0.2 0.2~
DIF fundamentals a 0 s L F
DIF Beamlines 4 Lt 1 1 I L 1 I | 1
Flux estimation and 1 10 10 10 10 920730 40 50 60 70 80 90 100
uncertaintes L/E (km/GeV) Ly/E, (km/MeV)
Muon DIF beams :
Neutrinos Global fit 2024: , W: .
i LAIR Am.ftm = 2534";%%3% X 10_3 eV2 Amsolar = 7'49_0‘,19 X 10 eV
CEUNS . . 2 +0.047

. 2 _ +0.047 sin“ 20,01 = 0.853

Neutrinos sin” 20m = 0.9867 559 solar —0.044

[0t Atmospheric L/E ~ 500 km/GeV Solar L/E ~ 15,000 km/GeV

FASERL

Conclusions Different oscillation scales = 3 v masses
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FAR 80t
Overburden 355m
I & ]

Daya Bay reactors, China: 17.4 GWy,
231 collaborators from 6 countries
41 instutions (17 US)

2, ; [ o
X LA 40t 2 = -
v 3 Overbdn 112m ' . i T W “9pu
= 2 =
Introduction 1
Fluxes and 1 rates . o
|
Neutrinos R ”,17”;_,;
from DIF £a e (i 4 w%\ [l
DIF fundamentals o 1 \H
DIF Beamlines b DE—— nean
e Jan 1, 2025: Using ~ 5 million neutrino
e DI b interactions in the near detectors, pre-
Neutrinos cise measurement of reactor antineu-
from DAR o .
o trino spectrum with (1.3%,3%,8%) un-
_ certainties from (all,”**U,?%P) fissile

Neutrinos

isotopes thus reaching the best precision
in the world. (see Chao Zhang's talk!)

from Colliders

FASERL

Conclusions
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National Laboratory Fact: ~ 5% of the energy emitted from a nuclear reactor is g

m Antineutrino Detector

FAR 80t
Overburden 355m
o 1.06 T T T T
1.04 - TeEmr tEm2 | Ems -
1.02 — =

Best fit (3-flavor osc. model)

o > Sk
2, .
> ». . LA near 40t
. % Overbdn 112m

Introduction

Fluxes and 1 rates

Neutrinos
from DIF A / /
DIF fundamentals = SS9 DYB nlea40t 4 0.9 N
DIF Beamlines Im‘ Overbdn 98m § _ 0

Flux estimation and
uncertainties

I

1 " 1
600 800

L /Ep, ) [m/MeV]

1 1
200 400

Muon DIF beams

Neutri

e Measurement of the 3 and smallest
CEVNS mixing amplitude: latest most precise
Neutrinos result (2020).

from Colliders -

sin® 2613 = 0.0856 + 0.003

FASERL

Conclusions
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© Neutrino Mixing: 3 flavors, 3 amplitudes, 2
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Gl scales

102 TeV
10t Ot
1010..
‘ Vel vV V. b
I / ; 2 ¢ # - 10° A A GeV
aj
23 5= 5=
g - - wny s
=2 31 —71 A E | ‘71
2 sty Amly| 1
i S Am |
Introduction s - sinfhy !
Fluxes and 1 rates 2 sin’ 612 sindii L R
u; = 5 Amg
E , (| - '
5 Amdy -1 2. =
Neutrinos z | — 1 5 sl — 3 104
from DIF sinfyd ! siners -1 F L
DIF fundamentals NORMAL INVERTED gw
i . 5 s
e CPT = invariant ¢ B o
IRESC I Fractional Flavor Content varying cos &
uncertainties 10t
Muon DIF beams
1 v
Neutrinos . . . , v
from DAR 3 quantum states interfering =- phase & (un- 1044 Y
CEUNS known) 1074
Y
Neutrinos 103 meV
from Colliders
1044
FASERV
10°°
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The mass-squared differences Am?; (solar), Am3, (atmospheric) and
Am?,;. = 1eV? (LSND?) drive very different experimental scales.

sterile
The location of the oscillation maxima occur at

v ™ 1

L/E = (n— 1)5(1.267 x Am? (eV?))
e ~ (2n—1) x 1 km/GeV(m/MeV) for Amj; (LSND)
,:eumn;: - ~ (2n —1) x 500 km/GeV(m/MeV) for Am3, (atmos.)
from DIF =~ (2n—1) x 15,000 km/GeV(m/MeV) for Am (solar)
;';‘;:d where E; is the neutrino energy at the maximum of oscillation node n.
Neutrinos
from DAR

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

generate neutrinos at the MeV scale.

CEVNS

Conclusions
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Gl CP Violation in PMNS (leptons) and CKM

el (quarks)

In 3-flavor mixing the degree of CP violation is determined by the
Jarlskog invariant:

Jep™® = 1 sin 2612 sin 2013 sin 26023 cos 613 sin dcp.
’57\\\\\\\\\\\\\\77\\\‘\\\‘\\\‘\\‘7
n 1r = NO, 10 (LEM) ]
s 1F ]
. 1t
Introduction 5} ’: :’
Fluxes and 2 rates r 1t
Neutrinos fozs~ ‘u‘oa” 00‘3‘5‘ ' ‘o‘aa‘ -a‘m‘ 002 1‘7‘ — l)‘ ! ‘0‘04
from DIF JE =015 815 Cpy S50 € Sy Jop=Jop SN,
o (JHEP 11 (2014) 052, arXiv:1409.5439)
e Given the current best-fit values of the ~ mixing angles :
Muon DIF beams
PMNS —2 .
Neutrinos J ~3x10 sin 5CP-
from DAR
E2AE For CKM (mixing among the 3 quark generations):
Neutrinos
from Colliders JCKM 3 X 10_5
FASERV
Conclusi CKM .~ 70°
onclusions despite the large value of d¢p 70°.
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v,, — Ve Oscillations in the 3-flavor v SM

In the v 3-flavor model matter/anti-matter asymmetries in neutrinos
are best probed using v, /U,, — v./Ue oscillations (or vice versa).with

terms up to second order in a« = Am%1 /Am§1 = 0.03 and sin® 613 = 0.02, (M. Freund. Phys. Rev.
D 64, 053003):

Py — ve) @ P(ve > vu) ™ Pp + Psins +  Peoss + P3

~ —— ——— ~—

013 CP violating ~ CP conserving  solar oscillation

where for oscillations in vacuum:

Py, = sin®0xsin® 2013 sinz(A),
Pins = o 8Jy,sin’(A),
Poss = a 8Jg, cot dcp cos A sin’(A),
P; = oa’cos? 0ysin’ 204, sin2(A),

where A = 1.27Am?, (eV?)L(km)/E(GeV)
For U,, — Ue, Psins —> —Psins,
—_———

CP asymmetry 1872
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v,, — Ve Oscillations in the 3-flavor v SM

In the v 3-flavor model matter/anti-matter asymmetries in neutrinos
are best probed using v, /U,, — v./Ue oscillations (or vice versa).with

terms up to second order in a« = Am%1 /Am§1 = 0.03 and sin® 613 = 0.02, (M. Freund. Phys. Rev.
D 64, 053003):

Plvp = ve) > P(ve = vu) ™ Pgp + Psns +  Peoss  + P3
~ ~—— —— ~
013 CP violating  CP conserving  solar oscillation

where for oscillations in matter with constant density:

. sin® 20 .
Po = Sln2 023 (A 11)32 sin [(A — I)A],
8Jcp . . .
Psin s am sin A sin(AA) sin[(1 — A)A],
Peoss = a% cos A sin(AA) sin[(1 — A)A],
. 2
P; = oa’cos’ 923% sin’(AA),

where A = 1.27Am3,(eV?)L(km)/E(GeV) and A = /2GrN.2E / Am?,.

For U, — De, Psns — —Psins, A — —A
——— S

CP asymmetry matter asymmetry 19/72
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Expected Appearance Signal Event Rates

v Exercise: The total number of electron neutrino appearance events
expected for a given exposure from a muon neutrino source as a
function of baseline is given as

NEPPer (L) = /¢"u(su, L) x P*»=¥e(E,, L) x o”*(E,)dE,
Assume the neutrino source produces a flux that is constant in energy
and using only the dominant term in the probability(no matter effect)

C
E’
P e=ve(E, L) = sin® @ sin® 2613 sin’(1.27Am3,L/E,)

oY (Ey, L) = C = number of v, /m’/GeV /sec at 1 km

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

o (E.)

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
NP (L) ox constant term X / L(sax)dx,
x

x = L/E,, a=1.271Am}; GeV/(eV>.km)

v Exercise:
':I”°d“d°“°” C~1x10" v,/m?/GeV/yr at 1 km (from 1MW accelerator)
| sin®2013 = 0.084, sin’ 63 = 0.5, Am}; = 2.4 x 10~ %eV?
from DIF

DIF fundamentals

R Calculate the rate of v. events observed per kton of detector
Flux estimation and integrating over the region x = 100 km/GeV to 2000 km/GeV. Use

uncertainties

Muon DIF beams your favorite program to do the integral!

Neutrinos
from DAR
CEUNS
Neutrinos
from Colliders

FASERL

Conclusions
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sin?(ax)

NP (L) ox constant term X / 3 dx,
x

x = L/E,, a=1.271Am}; GeV/(eV>.km)

v Exercise:
':It'°d“d°“°” C~1x10" v,/m?/GeV/yr at 1 km (from 1MW accelerator)
| sin®2013 = 0.084, sin’ 63 = 0.5, Am}; = 2.4 x 10~ %eV?
from DIF

DIF fundamentals

Calculate the rate of v. events observed per kton of detector
Flux estimation and integrating over the region x = 100 km/GeV to 2000 km/GeV. Use

uncertainties

Muon DIF beams your favorite program to do the integral!

Neutrinos x1 S_nz(a )
rom appear 1 X
fCZuNSDAR NP (L) = (2 X 10%vents/kton/yr) - (km/GeV)Z/ de,
Neutrinos o

from Colliders R

FaseRy NP (L) ~ O(20 — 30) events/kton/yr

Conclusions
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High power conventional neutrino beams (NuMlI):

Absorber Muon Monitors
Mary Bishai Target _ _
Brookhaven Decayv Pipe
National Target Hall y Hip ur
120 GeV wty i
Laboratory
- protons N
L chanendiIN . Y =
Introduction Main Injector Horns
Fluxes and L rates W ’30—m‘
Neutrinos
(i (o117 Hadron Monitor
DIF fundamentals
S Source Oscillation Detection

Flux estimation and

uncertainties
Muon DIF beams Vll<:
>99%

Neutrinos
from DAR 7, K

CEUNS <1%
Neutrinos

from Colliders

FASERL

Conclusions
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Neutrinos from Accelerators

To produce neutrinos from accelerators

p++A—}7ri+X, T —)/.Li+u“/17“

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

v Exercise: The Main Injector accelerator at Fermilab produces
4.86 x 102 120 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?
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Neutrinos from Accelerators

To produce neutrinos from accelerators

pt+A T4+ X, wt S ut4u,/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 1.6 101° Joules/GeV x
1/1.33s = 702 kW

55.3 mA| SRC Stat
48.6E12[SY Tot 0.0 ppp|Linac 25.5mA|

NuMI Pwr 701.0 kW| MTest 4.8E7 ppp| Booster 4.1E12|Rate

48.7E12|

13 Jun 2016 08:49:54
Beam to NUMI(6+6), SeaQuest, MTest & MCenter
BNB mwn Twnd fault investigation.

26/72



Bmufhavm Decay-in-flight beams: Fundamentals

National Laboratary

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

Different Materials and Pion Production Different Materials In Different Pions Energy Range

8 5
B —— AT Grophite ——
ATJ Graphic £ Be

Graphite £

Introduction

Pions/Proton

Fluxes and 1 rates

Pions/Proton

Neutrinos
from DIF 2

DIF fundamentals

DIF Beamlines

Flux estimation and o E
Enorgy (Gow)

uncertainties

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

CEVNS

Neutrinos
from Colliders
FASERL

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

Different Materials and Pion Production Different Materials In Different Pions Energy Range
8 5

B —— AT Grophite ——

ATJ Graphic £ Be

Graphite £

Introduction

Pions/Proton

Fluxes and 1 rates

Pions/Proton

Neutrinos

from DIF 2

DIF fundamentals

DIF Beamlines '

Flux estimation and B 3

uncertainties Energy (GeV)

e v Exercise: What fraction of 6 GeV pions on average will decay before
]'(\'eutrglza reaching the end of an evacuated pipe 200m (675m) long? The 7™
rom . .

o rest mass and lifetime are 140 MeV and 26 ns

Neutrinos + 1 N . _ _ E _ _

from Colliders 6 GeV 77 lifetime: T = YT0 = moc? X 26ns = l-ll.LS, ct =334 m

FASERL

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

Different Materials and Pion Production Different Materials In Different Pions Energy Range
8 5

B —— AT Grophite ——

ATJ Graphic £ Be

Graphite £

Introduction

Pions/Proton

Fluxes and 1 rates

Pions/Proton

Neutrinos
from DIF 2

DIF fundamentals

DIF Beamlines

Flux estimation and o
uncertainties

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

CEVNS

Energy (Gov)

. 6GeV 7" lifetime: T = vy1p = mch X 26ns = 1.1ps, cT =334 m

s Faecays = (1 — exp™'/°7) = 0.45(0.87)

Conclusions
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Pion Decay-in-Flight (DIF) beams: kinematics

CM Frame Lab Frame
4 v
By B,
o 0y
Pr ql z
* P
/By H .

v Exercise: Solve the w/K — pv two body decay for high energy
pions and Kaons (Ex,k >> my k) and show that the energy of the
neutrino E, and the probability that a neutrino is emited withn a solid
angle dP/dQ2 can be approximated as follows:

2
1— T« ) E,
15—< '"3"“) fodp 1 2y Y
v 1++262 ° dQ 4w \1+~262
Assume 0, << 1
30/72
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v, fluxes from pion decay-in-flight (DIF) beams assuming perfect
focusing and charge selection:
120 GeV, decay channel lengths from 200m to 1km

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

DIF Beamlines

Flux estimation and
uncertainties

Muon DIF beams

20%10°
i — 7 \6't3€¥,v 5?:A|§Eg?hngsgao m
18¢ — 1RGP |SH§}H Z (o
=ik i
IniedEiien g — = — 750 GoV! Db longth = 280
Fluxes and L rates 14 b \‘\c~ - 120 GeV, DP Iength = 180m
. 12F ; N s i
Neutrinos E /4 N N
from DIF 10F /
DIF fundamentals B i

Neutrinos
from DAR
CEUNS

@, /GeVicm */IMW.yr (1 x 10! p.o.t at 120 GeV)

2 3 4 5 6 7 8 9 10
Neutrinos E, Gev
from Colliders

FASERL
Comdisens Gain with longer decay channels, BUT excavation is challenging/expensive
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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

x10°
s 206 length = 38
g 18 1 eV, DP length = 380 m
%1 16 ; /‘\‘ - 60 GeV, DP length = 380 m
rrecEhisn < o \ = 40 GeV, DP length = 380 m
S 14—
Fluxes and L rates d )
o C .'
: & 12 o
Neutrinos o E s/ NG,
from DIF = o/
x 10| 4
DIF fundamentals o = \\
" — 8 — Ny
DIF Beamlines 5 , \
Flux estimation and § 5 E
uncertainties = - S
Muon DIF beams NE E N \\
4
s N
Neutrinos 3 SF N~
from DAR & 2F TNN—
> L ol e b b b b b b by
e s ¥ 2 3 4 5 6 7 8 9 10
Neutrinos E, Gev
from Colliders .
FASERY Lower energy flux benefits at lower P beam energy BUT only at
I —. constant power = more protons.
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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%
3 o —— 120 GeV, DP length'= 380 n
RTINS S S P Anti-neutrinos
S~ e o - o
: o 16 N 40 GeV, DP length = 380 1
Introduction s E \ Anti-neutrinos
Fluxes and 2 rates s 14
a F
Neutrinos ‘S 12 E
- .
from DIF X 10
DIF fundamentals o r
DIF Beamlines s 8
Flux estimation and = o
uncertainties S 6
i (11 e NE 4 C \\
Neutrinos § E TN
from DAR 8 2F
CEUNS > C i b b Lt e
- s O%¥T1
Neutrinos E, Gev
from Colliders
FASERL U /v fluxes are more favorable at higher proton beam energies.

Conclusions
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Introduction
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Examples

Neutrinos
from DIF

DIF fundamentals
DIF Beamlines

Flux estimation and
uncertainties

Muon DIF beams

Neutrinos
from DAR
CEUNS

Neutrinos
from Colliders

FASERL

Conclusions

of Neutrino decay-in-flight

Beamlines
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Multi-GeV, on-axis, tunble beams: NuMI
Absorber Muon Monitors

Target D i l

ecay Pipe

Target Hall yHip

120 GeV 5

protons N I
I €S =

From #1 § S I
Main Injector Horns 7t - |

Introduction

Fluxes and 1 rates

X 5m PR —
o Hadron Monitor 2m  18m  210m
frz:qrgﬁrs NuMI Flux at Soudan
—30x10°
DIF fundamentals Eas Perfect Focus, == 5
DIF Beamlines & r —— NuMI LE-10 —
Flux estimation and %250 —— NuUMI ME-100
uncertainties & ¢ —— NuMI HE-360 | () Pl borres Mmctivsens Praengy Genfiguration
Muon DIF beams E..f L& T
= T T - s
Neutrinos I R
from DAR
CEUNS
v

. = - -
Neutrinos T P iy =
from Colliders ! -
FASER!

- H1-H2: LE=10m, ME=23m, HE=40m

Conclusions

2. ceo Target zy = -35cm from H1
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NuMI Focusing System Details

Target

Introduction

Fluxes and 1 rates

Neutrinos 10 meters
from DIF

DIF fundamentals

DIF Beamlines NuMlI Target

Flux estimation and :_i 0

Muon DIF beams

6.4 x 15 mm? graphite segments.

Neutrinos

from DAR 1m long = 1.9 interaction

S lengths.

NCITHIES O(10) KW beam power at 1 mm Parabolic
from Colliders R .

o beam width. magnetic lens.
Coleone | Water cooled. 3T at 200 kA
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sub-GeV on-axis Beams: Booster Neutrino Beam
8 GeV proton, Be target I=71cm, 174 kA pulsed horn (1).

Mary Bishai
Brookhaven
National
Laboratory

Booster

Magnetic

Introduction D
eCa’
: ‘%Y Absorber Detector
Fluxes and 1 rates f()CUS].ﬂg hom 1egion dirt
Neutrinos
from DIF
v, Flux ve Flux
DIF fundamentals
DIF Beamlines 10° v, channels
Flux estimation and 10° = Va channels

— all

uncertainties

Muon DIF beams - "’E‘w,m;
3 s E
S s
Neutrinos 3 8 I
= E
from DAR 5 10
g g
CEUNS Z = £
) o, Wope
Neutrinos 5 510
from Colliders
FASERL )
2 1 2 3 4
Conclusions E, (GeV) E, (GeV)
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Introduction
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Neutrinos
from DIF

DIF fundamentals
DIF Beamlines

Flux estimation and
uncertainties

Muon DIF beams

Neutrinos
from DAR
CEUNS

Neutrinos
from Colliders

FASERL

Conclusions

Examples of Conventional Neutrino Beams

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

Near Detectors Beam Dump ;Tar_c‘: et

. Decay Volume
neutring 11l M

L 3 Horns
— =l proton
1 neson

Muan Target Station
Monitor " 110m

280m

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

Neutrino flux
- L —— 80,=0.
= 1 804=2.0°
5
5 © 2000[ u]-.h N
’n— 6=0.03 = o 00473.0
E,=12Gev | 3 L'|ru\
3 4 { = 1000 e,
[ L
8 , —8=002 r{ —
s : 10 Oscillation probability
z — =002 Z 2
@ 2- } ) H Amd, =2.4x107[eV/c*]
% - e=001s B
& 14 ,6=001 ,‘2—
6=0
o T T T ) |
0 1 2 4 06 10 20 30
E, (GeV) Neutrino energy [GeV]
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Sanford
Underground
Research
Facility

Fermilab

Mary Bishai 4300 kM

Brookhaven
National

Laboratory

Introduction

Fluxes and 1 rates

Neutrinos @ A very long baseline experiment: 1300km from Fermilab in

f:::mi':mb Batavia, IL to the Sanford Underground Research Facility

DIF Beamines (former Homestake Mine) in Lead, SD.

e @ A highly capable near detector at Fermilab.

Muon DIF beams

N @ A very deep (1 mile underground) far detector: massive 40-kton
utrin

from DAR Liquid Argon Time-Projection-Chamber with state-of-the-art

il instrumentation.

o @ High intensity tunable wide-band neutrino beam from LBNF

rom Colhiaers

FASERL produced from upgraded MW-class proton accelerator at

Conclusions Fermilab.
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Introduction

Fluxes and 1 rates
Neutrinos
from DIF

DIF fundamentals

Baffle

DIF Beamlines Target/Horn A

Flux estimation and

o P

L A Genetic Algorithim was used to optimized the target and focusing
CEuNS system design to maximize CP violation sensitivity. The focusing
Neutrinos system is 3 horns operated at ~ 300 kA with a 2.3m long graphite
fikim Gt target inserted into the first horn. ~ 40% of beam power is de-
o posited in target hall shielding!

Conclusions
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@ 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

@ In Sep 2017 LBNF adopted a focusing design with 3 horns

Introduction optimized using a genetic algorithim with the physics parameter
e to be measured (CPV sensitivity) used to gauge fitness.

Neutrinos

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

Muon DIF beams @ Limits on horn current, diameter and length are imposed based
lf\teutrinos on experience with T2K and NuMI horn manufacturing

rom DAR

cens @ Limits on horn separation imposed based on size of target chase.

Neutrinos
from Colliders

FASERL

Conclusions
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Horn parameters used in GEANT4 simulation for GA optimization:

Mary Bishai
Brookhaven
National
Laboratory

Introduction rOCa

Fluxes and 1 rates el

Neutrinos T
from DIF
DIF

DIF Beamlines

Fla

Flux estimation and
uncertainties

Muon DIF beams

Neutrinos
from DAR
CEUNS n

Neutrinos
from Colliders
FASERL

Conclusions
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Schematic of the Genetic Algorithim

{orn 1 Radius
Horn Current

forn1 Lenth
Target Length

Target Width

Horn 2 Length
Horn 2 Position

Mary Bishai “mother” e e ----- mme

Brookhaven

Naiona e () G D O O GO OB BB

Laboratory

Introduction N "

Fluxes and 1 rates

Neutrinos

from DIF “child” ZEEoEEEEmEESE
DIF fundamentals

DIF Beamlines

Assimtonad . CP Fitness = minimum significance

uncertainties

Niten IR b with which 75% of ., can be
Neutrinos determined # 0 or = for a given H
from DAR exposure E
CEVNS
Neutrinos Fast CP Fitness estimator was
from Colliders . . 8
e determined by calculating the change 01000 2000 3000 4000 5000 6000 7000
. ege w - . Configuration
: in CP sensitivity given some fixed
Conclusions

change in a single energy bin. CP Fitness vs configuratio‘g/72
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Optimized horn design with 297kA current :

— ] <

Parameter Value Parameter Value
Horn A Length (mm) 2218 Horn A F1 (% of length) 53
Horn A R1 (mm) 43 Horn A OC Radius (mm) 369
Introduction Horn A R2 (mm) 33
Fluxes and L/ rates
Neutrinos Horn B Length (mm) 3932 Horn C Length (mm) 2184
from DIF Horn B R1 (mm) 159 Horn CR1 (mm) 284
DIF fundamentals Horn B R2 (mm) 81 Horn C R2 (mm) 131
DIF Beamlines Horn B R3 (mm) 225 Horn C R3 (mm) 362
L Horn B F1 (% of length) 31 Horn C F1 (% of length) 20
Muon DIF beams Horn B F2 (% of length) 22 Horn C F2 (% of length) 9
_ Horn B F3 (% of length) 2 Horn C F3 (% of length) 7
'f\‘rzafrgXSR Horn B F4 (% of length) 16 Horn C F4 (% of length) 35
o Horn B OC Radius (mm) 634 Horn C OC Radius (mm) 634
Horn B Position (mm) 2956 Horn C Position (mm) 17806
Neutrinos

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

FASERL

Conclusions
44/72



©

Brookhaven

National Laboratary

Introduction

Fluxes and 1 rates

Neutrinos
from DIF

DIF fundamentals
DIF Beamlines

Flux estimation and
uncertainties

Muon DIF beams

Neutrinos
from DAR
CEUNS

Neutrinos
from Colliders

FASERL

Conclusions

Optimization of beamline designs: DUNE/LBNF

beam

v, Flux, v Mode

£ —— Opt. Engineered (RAL)

—— CDR Reference

Unoscillated vs / GeV / m?/ Year

el

Neutrino Energy (GeV)

CP violation sensitivity

[ —— Optimized design

N

—— CDR Reference

o =\ Ay
o s o o
S S

n

=

sl W Lo b Lova Ly
2 04 06

08 1

v, Flux, v Mode

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

Ratio to CDR Reference

N
o

i

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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Scan over some sample optimization parameters:

P 37
E oo & F
E 21
Mary Bishai 2k £
Brookt E sl 2 3
ookhave E iy E E
3rookhaven b *{' i, E I R ir Sand PO
National £ * 3 Rt gy
: E
Laboratory 8 i b 18f-
) o . £
- E
E 3t T
. £ 4 E
Introduction 16— 3 16—
E : E
Eooe
fee e T R N Bt I ! ! I .
g
HomALengin 1 e e e
fomBeng

Neutrinos

terin A Horn A length Horn B length

DIF fundamentals

DIF Beamlines g
Flux estimation and ® o
uncertainties
P
Muon DIF beams F st typpeit
19| + + £
Neutrinos £ S0
from DAR 3 cit
It
CEUNS 17 .
E #i
£ 3
. 16f 4
Neutrinos Eoy
from Colliders R T S B R F R R
GraphtoTargetLength
FASERL

Conclusions Tal'get |el1gth
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DIF Flux Estimation and Uncertainties in
Long-Baseline Experiments
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o ) All @@m,) Al
g0 go” YAl
s
- H
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S

E
= 3
o - - N &
- — | 3
te, 2
Introduction i et ...' - "
- i
Fluxes and I rates .. '” t

Neutrinos [ I L U 1
. Ge' | Ge
from DIF o ) Al
v W) All
DIF fundamentals 51052) E(l}s)
DIF Beamlines = — ®(v ) All i — B, Al .
—u S ,v,e —p 29, v,e
Flux estimation and 2 r KT WVl 2t KT by
uncertainties. 210 o e + 20 0o T -
H K° v, me ] —K° .U, n'e
Muon DIF beams 2z Z
;m’ i
Neutrinos £
H
3
from DAR &oe
CEUNS ° o
I e g
Neutrinos 10 Htq | o e
| f H
from Colliders £ M } I
FASERL 107 10 12 14 16 18 _ 2 FURNS TRt
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Conclusions
Baseline scaled to 1km from middle of decay channel
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FD 1300km

S ) All () All

go go o)Al -
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;m‘ a0 S oy

& e i BN
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-2 2

Introduction

Fluxes and 1 rates

: y 0
Neutrinos o o
from DIF o
v W) All

DIF fundamentals ;> (%)

£10 glo -
DIF Beamlines = = — ®(V,) Al .

—u Zuv,e

Flux estimation and 2 V.one Eg E v onte
uncertainties. %10 K viner éfw R e et
Muon DIF beams 2z Z

&07 a
Neutrinos £

s

3
from DAR e
CEUNS s
Neutrinos o
from Colliders |

10
FASERL 10 16 15 _ 2
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Conclusions
Baseline scaled to 1km from middle of decay channel
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The main sources of flux modeling uncertainties are:

@ 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

Introduction MINERvA.

e @ Focusing uncertainties: Dominated by horn material, geometry
][Vrz:]t”[;‘f: and magentic field modeling as well as target geometry and

I — density. Alignment of the neutrino beamline elements can also
2P B have large impact on v flux. Includes proton counting

e uncertainities. These uncertainties are assessed by simulating
S individual effects in Geant 4 and combining.

Qiﬂf"o"/i’?e @ Other beamline uncertainties: Primarily uncertainties on the
e distribution of passive material in the beamline: for e.g. impact
Neutrinos of Nitrogen in the target chase, decay pipe window

from Colliders

thickness...etc. Experience with NuMI indicates these are
subdominant

FASERL

Conclusions
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Mary Bishai o E e E
Brookhaven 8 016; _;::nm
National o 0.14F NucleonA ]
—1 E — T t Absorptie
Laboratory g 0.12- Other Absorption.
Introduction :_«); 01;_
Fluxes and 2 rates L 0.08F
Neutrinos 0.06F
from DIF r
DIF fundamentals 0.041
DIF Beamlines |y
Flux estimation and 002::‘:‘_‘—=t=.=.¥ —— By
uncertainties = e ——
Muon DIF beams 0O 2 4 6 8 10 12
Neutrinos Neutrino Energy (GeV)
from DAR
cevns Hadron Prod. Uncertainties
Neutrinos NA49/MIPP /older datasets used to constrain pC — Tri, Ki, n(p) X
fieim el Pion production by neutrons from data (assuming isospin symmetry)
FASERV

Nucleon incident interactions not covered by data

Conclusions
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>0.09¢ T

c £

= E Total

©0.08F Horn Current

o] L Water Layer

E Decay Pipe Radius

20.07¢ Horn 1 Trans. Offset]

S £ Horn 1 Tilt

— 0.06F Target Long. Offset

© v £ Beam Size

c F Beam Position

o L Target Density ]

E 005: POT Counting
Introduction r Baffle Scraping

Fluxes and 1 rates

Neutrinos
from DIF

DIF fundamentals TR

DIF Beamlines E

Flux estimation and =
===

L Y 2 4 6 8 10 12
Neutrino Energy (GeV)

Neutrinos
from DAR . L.
ceuns Focusing Uncertainties

Neutrinos Detailed focusing uncertainties based on the NuMI experience in
e MINERvA. Detailed estimates for both 2015 NuMlI-like design and
- CPV optimized design with simplified 2 horns.

Conclusions
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—— Optimized

A . —— Reference
Simple ratio of near

spectrum/far spectrum:

Introduction

Fluxes and 1 rates

Neutrinos
from DIF ) v, events at FD (1300km)
CT Neutrino parent decay

DIF Beamlines location in decay pipe:

120

Flux estimation and
uncertainties

Muon DIF beams

106

3

v, production V_z (m) profile mean

: 7/K decay kinemat- &
Neutrinos .
from DAR ics and decay channel o
e geometry are primary R

. 40— o sy, Vz (m) versus Energy
e reason for strange G | - g -
from Colliders S Y S - — B v o )
B shape of N/F ratio S T s oy

5 10 15 20 25 30 35 40 45E Ge\?o

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

B -~
Mary Bishai § : |
Brookhaven 5 = -
. > £
National g - | 0.6
Laboratory ® -
N a |>. ul 1] |
5 8 » 0.4
| ducti L 8.
ntroduction = 0.2
Fluxes and 2 rates = - ] — ’
Neutrinos [ = = 0
from DIF g g
. 8. [B -0.2
DIF fundamentals S =
‘5 I>
DIF Beamlines ko] = ] -0.4
Flux :t_ir:ation and & - - - -
uncertainties = "~ 06
Muon DIF beams 3 3 .
z 8~ l
Neutrinos z . - 2 — = 08
from DAR . 1
CELNS v, V. VeV v, V. VeV, v, Y, VeV, v, A -
) v Mode V Mode v Mode V Mode
Neutrinos Near Detector Far Detector

from Colliders

FASERL

Flux correlation matrix comes from simulation and is highly correlated

Conclusions
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Uncertainty on FD flux prediction Residual uncertainty on flux at FD

=020 T 0.035 T T T T T
€ F Total 1 — Total
g0'18 Hadron Production Z 0.03F * -
§ 0.16 Foeuslig c — Focusing
Mary Bishai 50.14F 4 §0.025- i <
—_ © = Hadron Production
Brookhaven s 1 T
50.12 L 002 &
National 5 0.1 _2nd osc max e _2nd osc max
Laboratory £ H0015E 1st osc max 1
2 '
= H
0.01F
Introduction E :
Fluxes and 2 rates Z0.005 !
Neutrinos (L < I e e & e Go i A :
0 2 4 6 8 10 12 6 8 0 12
from DIF Neutrino Energy (GeV) Neutrino Energy (GeV)

CP Violation Sensitivity

DIF fundamentals

Shee 14 Rorma: ordoring S0 sen v
Flux estimation and sin’ 0.085 + 0.003 —75% of
uncertainties qofTn=0at s00az R
Muon DIF beams ok How well do we actually trust
Neutrinos = oF the simulation to correctly esti-
from DAR = OF T . e
B e oF mate the uncertainties on near
. aF —> far extrapolation?
Neutrinos E oo oooesasaaeRRRRRRRRS SR P RR
from Colliders 2
FASERL
q 200 400 600 800 1000 1200 1400

Exposure (kt-MW-years)

Conclusions
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Long baseline experiments
Neutrino Beam

Proton Driver:
>— Linac option
Ring option

Mary Bishai
Brookhaven /‘
National TAN
Laboratory \ /
Introduction
Fluxes and 1 rates
Neutrinos Linac to 0.9 GeV' 0.9-3.6 GeV RLA K

from DIE —— Cm—g

3.6-12.6 GeVRLA. ..~
DIF fundamentals -
N

DIF Beamlines

Phase Rotation

Target
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Flux estimation and
uncertainties
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Source Oscillation Detection
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Factories/Muon Storage Rings

Short baseline experiments

Neutrino Beam

Muon Decay
Ring
94 m

é Target

Neutrinos from STOred Muons (NuSTORM) @ CERN proposal:
https://cds.cern.ch/record/2656464971n=en

Source Oscillation

v
Vﬂ<:
50%
50% _
Ve _
Vu

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

Conventional Neutrino factory
Parents af, K orn , K~ p orp’
v, beam Vy Vv, v =1l
Background ~2% of v, none
~ 1% of v,
¥y beam Y Vuive = 11
Introduction Background ~ g’?ﬂ/of \f\t none
Fluxes and 2 rates ~ 0.5% of v
AE/E of neutrino + 10% < 1%
Neutrinos energy
o b AR/R of neutrino +10% <1%
DIF fundamentals r'ldius
DIF Beamlines ‘
Rl e e Neutrino flux + 10% <1%
uncertainties uncertainty
Muon DIF beams \'N“"sz 3 x 10‘ 3 % 10‘)
Neutrinos per year at 732 km for 4.5 x 10" for 10*" injected
from DAR 400 GeV/c p.o.t. 50 GeV/e n
CEVNS
Henines Neutrino factories technologically challenging - but best chance for

from Colliders

probing ve — v, appearance Muon storage rings currently only
viable for short baseline.

FASERL

Conclusions
59 /72



©

Brookhaven

National Laboratary

Introduction

Fluxes and 1 rates

]
— Neutrinos from
from DIF

DIF fundamentals

DIF Beamlines

Flux estimation and
uncertainties

Muon DIF beams

Neutrinos
from DAR
CEUNS
Neutrinos
from Colliders

FASERL

Conclusions

Accelerators: Decay-at-rest

60 /72



Gl Srallation Neutron Source Pion decay-at-rest

Brookhaven

National Laboratory

beams

SNS Layout

-,

1 GeV protonliiéamaccelerator
Introduction
F es and L/ rat

Neutrinos
from DIF

Neutrinos
from DAR

Conclusions

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
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Introduction v,. What is the energy of the v, ? Derive the two body formula for
o mass M decaying to m; + my in the rest frame of M:

Neutrinos

from DIF 2 2 2
DIF fundamentals E, = M + m; — (1)
DIF Beamlines 2 = 2M

Flux estimation and
uncertainties

Muon DIF beams

Neutrinos
from DAR
CEUNS
Neutrinos
from Colliders

FASERL

Conclusions
63 /72



~,
o o Decay-at-rest Kinematics
ookhaven

National Laboratary

= ’/T+ - [/4+ + 2-body decay: monochromatic 29.9 MeV v,
Capture: -99% PROMPT "
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Prompt neutrinos

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.

Introduction e. g) ., K, D,B...>v+X

Fluxes and 1 rates

Neutrinos m Neutrinos generated from the decay of charmed/bottom hadrons are
e called prompt neutrinos.
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Possible sites for detection

Mary Bishai Point 4 Point 5 . . .
Brookhaven o cMs m Near CMS interaction point (IP)
National "

o 25 m from IP (quadruplet region)
© 90 &120 m from IP (UJ53 & UJ57)
© 240 m from IP (PR53 and PR57)

Laboratory

Introduction

Fluxes and 1 rates

Neutrinos m Near ATLAS IP
L 480 m from IP (TI18 and TI12)
DIF Beamlines

Flux estimation and
uncertainties

Muon DIF beams

Neutrinos
from DAR
CEUNS

'f“e“"‘c"jf, ) Ref:1903.06564 (CMS note)
rom SOHiders 1901.04468 (FASER)

FASERL

Conclusions

69 /72



©

Brookhaven

National Laboratory

Introduction

Fluxes and 1 rates

Neutrinos
from DIF

DIF fundamentals
DIF Beamlines

Flux estimation and
uncertainties

Muon DIF beams

Neutrinos
from DAR
CEUNS

Neutrinos
from Colliders
FASERL

Conclusions

Forward Neutrinos from the LHC

The ForwArd Search ExpeRiment (FASERv) is an emulsion detector

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:
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@ High energy and high power proton accelerators can be used to
generate neutrino beams of all 3 flavors ve, v, v+ with energies

Mary Bishai R
Brookhaven from 10’s of MeV to multi-TeV
National
Laboratory @ High purity v,, GeV-scale neutrino beams from pion

decay-in-flight are used by short and long-baseline experiments

Introduction to study v,, — v, oscillations

Fluxes and 1 rates

Neutrinos @ Neutrino beams from pion decay-at-rest with energies of 10’s
from DIF MeV are used for measurements of coherent neutrino-nucleus
DIF fundamentals . . .
o scattering as well as searches for non-standard oscillations

Flux estimation and . . .

uncerainies @ Neutirno beams from muon decay-in-flight produce equal
e numbers of v, and v, and can be used to study ve — v,
Neutrinos H H

Ao oscillations

E2AE @ Far forward experiments at the LHC can study multi-TeV
Neutrinos neutrino interactions and produce v, beams
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