Neutrino factories
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Several studies of heutrino
factory experiments

* FNAL++ study
- 20-50 GeV
- 10"-10%° muon decays
~ 732km, 3000 km, 7000km

« CERN/Espana ...
- 50 GeV
- 1020-10?! muon decays
- 732km, 3500 km, 7000 km

* Lots of new work shown at NUFACTO00

- Bueno et al. hep-ph 0005007

- Cervera et al. hep-ph 0002108

-~ Albright et al. FNAL-FN 692

- Barger et al., hep-ph 9911524 + later
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What we are ]ooking for
in 10-15 years?

Assume Am?,; and 6,, are well measured
the next things to do are:

Measure sin’6,; to ~ 0.001
See v <->v.

Measure sign of AM?
Measure CP violation?

All of these need a measurement of
Vo o'V

A complete check of 3-flavor requires
Ve<=>V, V<>V,

oy
e

K
Vu <-> vy and anti-particles
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Why hot use conventional
beam

+  Conventional beam is

great for measuring . |
v, related + w1
parameters to ~1%. & | o
» ] » m
- Limitations are s |
electron detectionin > 240"
hadron showers §
& . LIJ 1663
limits v ->v, o
+ To go beyond 1% on Lot i ]
v, <>V, or get mass E (GeV)

effecTs and CP TR

L = 2900 km 4
violation, need: “ 30 Gev Muons
2 x 10" Decoys
- long baseline, - i
- higher energy, 1 :

- way to see v, <->v,
transitions with
better accuracy.

200 MINOS PHZ
(high)

CC Events / GeV per kt—yr
£

6/14/00 9



Sehell--06

The Neutrino Source

Muon Storage Ring as a Neutrino Source

Medium baseline experiment eg Fermi -> SLAC/LBNL 2900 km

Parameters for the Muon Storage Ring

Energy GeV 50
decay ratio % >4()
Designed for inv. Emittance m*rad 0.0032
Cooling designed for inv. Emitt. m*rad 0.0016
B in straight m 160
Ny/pulse 10" 6
typical decay angle of g =1/y  mrad 2.0
Beam angle (Ve/B,) = (Ve ) mrad 0.2
Lifetime c*y*t m 3x10°
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Properties of neutrino beams from muon decay

»
rd
o cm frame
Vi
dNGw,) |
Tedoosbon — 22 [ = 22) F P(1 — 2z) cosf]
dN(v,) .
Doty 62°[(1 — 2) F P(1 — z) cos 6]
z = __Ev_ where E,,, = m, /2
mar

Single decay mode and well defined kinematics
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Neutrino interaction rates 3s 3
function of scaled neutrino energy

Number of charged current interactions

Beam is a mixture of v, and anti-v, or v, and
anti- v, .Peaked towards high energies,
Polarization is hard to get but can be used to
remove backgrounds from the mixture.
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Why bother with muon
decay’

* Goal is maximum neutrino/proton
~ Decay pions/kaons at low energy
- More decay in decay volume
(~3% at FNAL high energy v beam)
- Then accelerate
- 40% of muons decay in the right
direction
* Very well understood source
~ Only one decay process
~ Parent particles ~ monochromatic
-~ Around long enough to monitor
See v, -> Vi niney,~>v.—> u-+X
channel ‘Wrong srgn muons’
Vv, ~>V, —> u*+X is the conventional
muon source
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Neutrino Event rates vs angle

O typical is ~1/y

28km at 2800km

50 GeV
Rate per unit area

Schell-- 10

2 0 5] 4
angle in mr

Spread of beam scales as 1/E2
Event rate/neutrino scales as E
For same | event rate/unit area scales as E3

Spread of beam scales as | ©
For fixed £/L, event rate/unit area scales as E
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Experiments can be described by their E/L coverage

*P(vy ->Vp) ~ 5in220 sin?[1.27Am? L/E]
‘mineV,Linkm, E in GeV

0.0035 eV?

Oscillation Probability

If E/L << Am2, P(v, ->Vg) ~V5 sin?26
If E/L >>Am?, P(vy ->vg) ~ 0

If E/L ~ Am?, can measure both Am? and sin226

6/14/00 17




Numbers of muon neutrino interactions for
fixed number of muon decays
AmM2=0.0035 eV2

0.0035 eV?

| " 00050 eV2

Oscillation Probability

fluxsenergy
100 }

gol Solid is Sin26=0,
t  Dashed is Sin26=1 (disappearance

Schell~ - 13

60 |} __ . 2800 km,
. o0 50 GeV
40l
20 |
8006 o001 oo oo
E/L, GeV/km
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Numbers of electron neutrino interactions for
fixed number of muon decays
Am2=0.0035 eV2

0.0035 eV4

Oscillation Probability

0.0020 e ——

fluxsenergy
100 }
' Solid is Sin26=0, Vo™~ Ve
80} Dashed is Sin26=1 (appearance)
60 ¢
2800 km,

a0l 50 GeV
20 } _

2800 kmlu.ous 0.01 0.015 0.02

20 GeV

E/L, GeV/km
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Detectors

" Protons are cheaper than muons

Tau detection

- Emulsion/msgc ~ 1-20 kTons
- Tau id, electron id

Liquid argon drift

- 10-20 kTons

- Electron id!

Magnetized Iron Scintillator
- 20-100 kTons

- Good muon id!

Water Cerenkov with magnet tail
- 50-500 kTons
- Electron id, limited muon charge

6/14/00 20
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10%° muon decays

_ E, = 30 GeV, L = 7400 km, 10” W decays
g" [ Amd, = 3.5 107 ¥ Right Sign u * Right sign muons
o sin’ By = 0.5 v+ ¥, CC + round ok :
| 309 Qe g Dip due to
§ e oscillation
ol ¢ » Tau’s contribute
f - Y e R/ .
g8 | 7 ~ ™ - Signal?
430
§ ; I_ h - Background?
4 I
s ) i r Mivtrog
P e ")
idan i And
T o
P ¥ o AT RTWR, OF OPRPRNE TNt o s e o D 28 | o o
L] ] 10 15 20 25 0 35 AG
E,ua, (GoV)
- E, = 30 GeV, L = 7400 km, 107 W’ decays
f .:j.-l#:tﬂ"n" Electrons
- B By = 0.5 — Anti-v +v_+v, CC
T - sin 20,, = 0,08 _-;:m.t‘f E"Gm
> 3 SL gl K
! 1 | L i
2 | , Ve N -> e+X
| N .
8wl e Y, -» 9
I ; [ A ¢
g" . r I
20 R i
R T e N A
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Bueno et al.
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Disappearance Experiment v, ->v,

- E =30GeV, 2x 10*° u decays
g“m 1600 £y =2900 km
1400
e I 1200
£ 15000 1000
} = m
§1m aa
§ 5000 400
i m =g W
o L Yo W N W ®
o E aise (GEV)
< 250
w
i 200 _ No oscillations
150 P Am?=3.5 102 eV2
100 . PR— AmE=5 102 aV?
I s T I A —— w  AME=T7 109 e\2

Mario Campanelli, ETH Zurich
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What determines the
machine energy?

« We're interested in Ve-?”Vp_

Need to tag wrong sign muons with very
low backgrounds

there are also anti- V!’l in the beam

Wrong sign muons from
- Hadron decay
- Charm decay
= Non-interacting hadrons
- Charge confusion

How do you tell a 2 GeV pion from a 2
GeV muon at the 0.01% level?

6/14/00 26



-20

Sehell-

(A29) ABiau3 uonpy wWnuwiuiy

Gl 0l *

0

..f_ﬂ_.-_.-._-_-_-—n--

wJoyo
U198 /19938
1910M

A°J 06

o
ot

'o

uono0Jy punolibyong

(A®9) ABssu3 uony wnwiuly
Ol G'L S ¢ 0

__-_—.r.rm...._____—___-__

wJaoyo
JuI0s /|99)s

J9)0M

A®D 0C

jJoBI8)UI JOU OP YIIYM SUuOid

1 <-TlA <- 84 03 spunoiSyoeg

'o
uo1}oD1) punoubyong

27

6/14/00



CC events/1.6GeV per 10 kton)

dN/dE (v,
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10%" muon decays

i
E, = 30 GeV, L = 7400 km, 10# p* decays
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Wrong Sign u

o—L Y CC + background
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= Background

s Siﬂ1 eza. = 0.5
5in= 2@11 = 0.05

Amiy = 35x 107 eV?

6/14/00

29



Am? (eV?)

6/14/00
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KamLAND
seasonal
variation
in "Be

sin? 20
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Limits on sin6 , for a

10kt detector 7400
km away.
Bueno et al.
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FNAL>SLAC/LBNL
(L = 2800 km) 10kT

Ep, = 30 GeV
2 x 1020 Decays

40/ UL~ Appearance e
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Sign of Am? can be
determined thanks to
matter effects

% %

Barger Geer Raja Whisnant
FermilabPub 99341
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What optimal CP violation looks like

Assume Solar LMA solution, large 6., 6,

Wrong-sign muons

— $=n/2
“- == §=0

Events/1.6 GeV
3

llJl.l.LlIlIltI

0 10 20 30 40
E, . (GeV)

102! p, 3500 km
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Kinematic cuts can

increase sensitivity at

high event rates.

Cervera et al.

68, 90 and 99% confidence levels
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To see CP violation, all 3 flavors must be
involved. Only see it if D, is not too small
and the Jarlskog factor J is large.

J = C]20¥3623812813323(Sin 5) '

Wrong-Sign Muon Measurements

- E,=20GeV ]
- Solar LMA 2
3| sin?20,5=004 il
- |8m25,| = 0.002 eV?2 v2
’]‘ 10, !
:: 3
-1 &
S 1 :
o,
1 dm?> 0
= i Y
iy
Ny va
g i b,
i i CP violation -
0.01_ Stat. error for |
g ] | 1020 decays 3
________________ S 000 stios— % i

Baseline (km)



Conclusions

Baselines of ~3000-7000 are very
interesting
Large detectors are needed (and the
cheap way to go

* Intensities >~ 1020/year open allow

- very accurate measure of Am?,, and 6.,
= Measure sin26,, and sign of Am?,,

* May be sensitive to CP violation if
sin“20,; sin’20,, and Am?,, are
large (lucky LMA solution)

Near detector physics factor of 1000
better than present or foreseen expts.
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**Itandard Model of
=..| Elementary Particles

3 Generations of Fermions Force Camers

0
Strong
Interactions

Electro-
magnetism

Weak
Interactions

w B O ~9or

0.511 105.66 177172 § &

Massas are in MeV

June 2000
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