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CKM-Matrix for Three Neutrinos:

= 3 angles + 3 phases (912, 023, 013, 0, ag, ag)

Uckwm := U - diag (ei"‘l, eloz 1)

a1 and ay do not enter v-oscillation!
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Production, Propagation and Detection:
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Two Neutrino Limit: U = R(9), A, = 272~
Pop(Ve, = Ve,) = sin®26 - sin® (Am3,L/AE)
Pop(Ve; —+ ve;) = 1—sin”20-sin® (Am3,L/4E)
Pop(Ve, = Ve,) = Pop(Ve;, = 1ve,) =0
Terminology:
Appearance Experiments: P(ve, = Ve,)
Disappearance Experiments: P(ve, = ve,)




Beam = Oscillation = Detector = Muons

v, = e’ n
n







The MSW-Effect

(Mikheyev-Smirnov-Wolfenstein Effect)
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Lnc = flavour universal

Lcc = V2Gpn,




Hamiltonian in flavour basis:

m2 0 0 A0 0
H=5=|U|l 0 m 0 |U'+| 0 0 0
0 0 m2 0 0 0

where A = +2V2GEYpEy

Re-diagonalization = parameter mapping

(gijv 0, A’m’%Qa Am%?)) (9, 51: (Am%z)', (Am%:)))’)

YK

Different mappings for neutrinos and antineutrinos

Two Neutrino Case

Am? = Am? \/ — COS 29) + sin? 26
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MSW Effect with 3 Neutrinos

Approximation Am3, = 0

U = Ry3(023) - R13(613) - R12(612)

[0 0 O A 0 O
H=5=Res |Ris| 0 0 0 Ri;+| 0 0 O R,
0 0 Am? 0 0 O

—y Reduction to 2 neutrino matter effect case

— Mixing angle 623 and 65 unaffected
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with C from 2 neutrino matter effect calculation

Ci = (3—%; — €OoS 29)2 + sin® 26




Plve <> v,) = sin® 03 sin” 26,5 sin®(As;)
Py < vu) = 1—sin®20535in%6, 3 sin%(Ag)
— sin® #93 sin? 2013 sin*(As 1)
— sin® 203 cos? 6, sin®(Ajgs)
P(vr < v,) = sin® 2055 [sin?615sin?(Ay;)
— sin® 264 Sin2(A31)
+ cos® f13sin%(As3,)]

where parameters must be taken in matter = e.g.

e — v, Transition Probablhty in Matter:

where C% = (1 F E%) + 4 2EV sim2 013

with MSW “potential” V = \/ﬁGFN?an




Vacuum oscillation insensitive to sign of Am®

= Ambiguities in mass ordering schemes
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— Sign of Am? via matter effects & =~ resonance
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—  Event Rates including Beam and Detector

g £
mt(er) = NyaNaer DA ZE [a8 £ PP )WB/E)

where
e P3¥(...) - 3-v oscillation probabilities in matter
e N+ - number of useful muon decays (flux)

o NkT _ number of kilotons in the detector (typically 10kt)
e 109N 4 - nucleons/kiloton

Spectrum, X-section and Detection Efficiency enter via f;:

frev,(B) = gue(E/E,u)(UV,L(E)/Eu)ﬁp—(E)
fow,(B) =

fou(E) =

u”uM(E)

X-sections: 0,,(E) = 2-05,(E) = 0.67 10~38F cm?/GeV

Efficiency: €,-(E) = €,+(E) = 0.5 for £ > Enin = 4 GeV




Dashed lines: Oscillation w/o matter.  Solid lines: Matter

Matter Effects in v, — v, and U, — U;:
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—  Sizable asymmetry between neutrinos and anti-neutrinos!

Matter Effects in v, — v, and v, — V!
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= Negligible!
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1) ve — v, and U, — ¥, in vacuum for E, = 20 GeV:
dnw (p—)/dE (ch—l ) dnp‘(ﬂ-" )ldE (Gev-] )

E, (GeV)15

2) ve = v, and U, — T, in matter for £, = 20 GeV:
dn‘r (u™)/dE (GCV_‘) dn,,— U‘+ )/dE (Gev—l )

—~

E, (GeV)15 =

3) ve — v, and U, — T, in matter for £, = 50 GeV:

dnye (u7)/dE (GeV™h) dn,- (u*)/dE (GeV™")

50! 0

Enhancement/supression at MSW resonance energy ~ 13 GeV!




MSW Resonance of v’'s / Suppression of U's:

= Asymmetry

e Very sensitive to effects which go in opposite direction
e Many common systematic effects drop out
e A = 0 for vacuum oscillation

Statistical Significance: Two Methods

1) Via Asymmetry:
a) Small £¥2¢ (i.e. small E,): | x = A /5AvacJ

b) Large XV2¢ (i.e. large E,): | x = A/6AY®C 1

2) Better: Particle Data Group Confidence Levels:
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= “Standard deviations": | n, = \/x?




Contour Lines of n, Deviations from Vacuum:

Thick solid lines < n, = 100sin®26,5 - {1,2,4, 8,16}
le. for sin” 26,5 = 0.01 = 1,2,4,8,16 standard deviations
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Used parameters:

Central Am2, = 3.5-10%eV?

0,3 arbitrary < scaling

Neutrino factory and detector N, Nyre = 10%
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Combined Appearance and Disappearance Rates
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amplification of matter effects!

Freund, Huber and Lindner: hep-ph/0004085

Optimal beam energy:

e £, > 20 GeV
e Higher energies add only events away from resonance region

=

increased total rates, constant matter effects

o Note however: Increasing Am? from 3.5 - 10~%eV? to say
7.0 -10~3eV? required factor 2 in E,
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Two Step Analysis:

1) Extract |Am2,| and sin® 26,3 from combined rates where
matter effects cancel

2) Fit Am2, and sin® 26,5 to individual channels




Step 1: Fitting |Am2,| and sin” 20,3
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= Our results agree for 2800 km with Barger et. al

Our analyis: Significance at 7332 km similar to 2800 km

Starting point for step 2:
Our results of the sign of Am%, and 63




Fit to total muon spectrum w/o CID
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Fit to muon spectrum with CID
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Fit to muon spectrum w/o CID
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Am’=-3.5 1073 eV?

Am?= +3.5 1072 eV*
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Solid lines: 1,2, 30 limits without CID
Dashed lines: 1,2, 3¢ limits with CID

Will CID work: Efficiency, backgrounds, .... ?
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— Am2, and § can no longer be ignored

Effects for sin® 20,3 = 0.1 for different o
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e smaller CP-violating effects for L = 7332 km
—  LMA-MSW: 2 baselines to separate matter and CP effects

o Would become less relevant if Am2,,  is larger (K2K)




Approximation 0 < Am?, < Am3s
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With Charge Ildentification

— appearance rates
(or appearance rates + disappearance rates)

— extraction of 0,3 and the sign of Am§1
downto sin? 63 ~ 104

Without Charge ldentification

— 0,3 - effects add constructively in the
combined i+ and 1~ Rates

— extraction of 0,3 and the sign of Am§1
downto sin? 65 ~ 102

Baseline
— matter effects better at larger L ~ 7332 km
— CP violation better at smaller baselines L ~ 1000 km

= ideally both baselines!

Copy of transparencies:
http://www.ph.tum.de/ mfreund/NUFACT2000.ps



