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Neutrino CP violation and Long Baseline
Oscillations

In 2001, Bill Mariciano (hep-ph/0108181) demonstrates that in the ab-
sence of matter effects the CP asymmetry is largely independent of base-
line and θ13 for 400 < L < 2000 km, 0.02 < sin22θ13 < 0.15
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Neutrino CP violation and Long Baseline
Oscillations

In 2006, a study of long-baseline sensitivities (V. Barger et al.. Phys. Rev. D 74,

073004 (2006)) as a function of baseline with:
1 A broad-band beam from the BNL 28 GeV AGS with peak

interaction rate at Eν = 2 GeV, FWHM=3 GeV

2 A 300-kton water Cerenkov detector with realistic performance

3 An exposure of 5MW.yr (ν) + 10 MW.yr (ν̄)

found CPV sensitivity best at baselines of 1000-1500km:
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Exclusion of inverted mass hierarchy at 3Σ

CP Violation Mass hierarchy

Minimum value of sin2(2θ13) for which the sensitivity is > 3σ

for (best,50%, worst) of δcp values 5 / 49
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Neutrino CP violation and Long Baseline
Oscillations

With better knowledge of the oscillation parameters, and a more detailed
understanding of pion decay-in-flight beams we can refine our understand-
ing of the interplay between neutrino oscillations, beams, baselines and
the CP and matter asymmetries.

This study is intended mostly as a pedagogical approach to understanding
the role of the baseline in determining CP violation and the mass hierarchy
in very long baseline experiments REGARDLESS of experimental design
or site/beam constraints. The only constraint is on the energy of the
primary proton beam of 60-120 GeV (Main Injector).

Examples of particular experimental designs and comparisons between
them will be shown at the end of the study.
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CP Violation in PMNS and CKM

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

JPMNS
CP ≡ 1

8
sin 2θ12 sin 2θ13 sin 2θ23 cos θ13 sin δCP.

Given the current best-fit values of the ν mixing angles :

JPMNS
CP ≈ 3× 10−2 sin δCP.

For CKM:
JCKM

CP ≈ 3× 10−5,

despite the large value of δCKM
CP ≈ 70◦.
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νµ → νe Oscillation Basics

The oscillation probability of νµ,e → νe,µ, keeping terms up to second order
in α ≡ |∆m2

21|/|∆m2
31| and sin2 θ13, is (M. Freund. Phys. Rev. D 64, 053003 (2001)):

P(νµ → νe) ∼= P(νe → νµ) ∼= P0︸︷︷︸
θ13

+ Psin δ︸ ︷︷ ︸
CP violating

+Pcos δ + P3︸︷︷︸
solar oscillation

where for oscillations in vacuum:

P0 = sin2 θ23sin2 2θ13 sin2(∆),
sin2(2θ13)

(A− 1)2

P3 = α2cos2 θ23sin2 2θ12 sin2(∆),
sin2(2θ12)

A2

Psin δ = α 8Jcp sin3(∆),
8Jcp

A(1− A)

Pcos δ = α 8Jcp cot δCP cos ∆ sin2(∆),
8Jcp cot δCP

A(1− A)
xx

and where
∆ = ∆m2

31L/4E

and A =
√

3GFNe2E/∆m2
31.

For ν̄µ → ν̄e, Psin δ → −Psin δ
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νµ → νe Oscillation Basics

The oscillation probability of νµ,e → νe,µ, keeping terms up to second order
in α ≡ |∆m2

21|/|∆m2
31| and sin2 θ13, is (M. Freund. Phys. Rev. D 64, 053003 (2001)):

P(νµ → νe) ∼= P(νe → νµ) ∼= P0︸︷︷︸
θ13

+ Psin δ︸ ︷︷ ︸
CP violating

+Pcos δ + P3︸︷︷︸
solar oscillation

where for oscillations in matter with constant density:

P0 = sin2 θ23
sin2 2θ13

(A− 1)2
sin2[(A− 1)∆],

P3 = α2cos2 θ23
sin2 2θ12

A2
sin2(A∆),

Psin δ = α
8Jcp

A(1− A)
sin ∆ sin(A∆) sin[(1− A)∆],

Pcos δ = α
8Jcp cot δCP

A(1− A)
cos ∆ sin(A∆) sin[(1− A)∆],

and where
∆ = ∆m2

31L/4E and A =
√

3GFNe2E/∆m2
31.

For ν̄µ → ν̄e, Psin δ → −Psin δ
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Osc. vs L/E sin2 2θ13 = 0.09, sin2 θ23 = 0.5,∆m2
31 = 2.4× 10−3eV2

The νµ → νe oscillation probability maxima occur at
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2
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Solar oscillation term only
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Osc. vs L/E sin2 2θ13 = 0.09, sin2 θ23 = 0.5,∆m2
31 = 2.4× 10−3eV2

The νµ → νe oscillation probability maxima occur at

L (km)

En(GeV)
=
(π

2

) (2n− 1)

1.27×∆m2
31(eV2)

≈ (2n− 1)× 515 km

GeV

Impact of δCP on oscillations in vacuum, NH
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 = 0cp δVacuum oscillations, all terms, 
/2π = + cpδAll terms, 
/2π = - cpδAll terms, 

π = cpδAll terms, 
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Osc. vs L/E sin2 2θ13 = 0.09, sin2 θ23 = 0.5,∆m2
31 = 2.4× 10−3eV2

The νµ → νe oscillation probability maxima occur at

L (km)

En(GeV)
=
(π

2

) (2n− 1)

1.27×∆m2
31(eV2)

≈ (2n− 1)× 515 km

GeV

Impact of δCP on oscillations in vacuum, IH

Baseline/Neutrino Energy (km/GeV)
500 1000 1500 2000 2500 3000 3500 4000 4500 5000

)
e 

ν 
→ 

µ 
ν

P
(

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2(b) Impact of CP Phase on Vacuum Oscillations (IH)

 = 0cp δVacuum oscillations, all terms, 
/2π = + cpδAll terms, 
/2π = - cpδAll terms, 

π = cpδAll terms, 
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Osc. vs L/E sin2 2θ13 = 0.09, sin2 θ23 = 0.5,∆m2
31 = 2.4× 10−3eV2

The νµ → νe oscillation probability maxima occur at

L (km)

En(GeV)
=
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Impact of matter effect on νµ oscillations (δCP = 0)
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Osc. vs L/E sin2 2θ13 = 0.09, sin2 θ23 = 0.5,∆m2
31 = 2.4× 10−3eV2

The νµ → νe oscillation probability maxima occur at
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Osc. vs E/L sin2 2θ13 = 0.09, sin2 θ23 = 0.5,∆m2
31 = 2.4× 10−3eV2

For experiments at fixed baselines and variable energies, extracting
information from the secondary maxima is challenging.
Assuming flat flux and σ2

ν/σ
1
ν = 1/3, Ratio of νe appearance event rates in

vacuum integrated over the 1st and 2nd oscillation maximum
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 = 0cp δVacuum oscillations, all terms, 
/2π = + cpδAll terms, 
/2π = - cpδAll terms, 

π = cpδAll terms, 
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Osc. vs E/L sin2 2θ13 = 0.09, sin2 θ23 = 0.5,∆m2
31 = 2.4× 10−3eV2

For experiments at fixed baselines and variable energies, extracting
information from the secondary maxima is challenging.
Assuming flat flux and σ2

ν/σ
1
ν = 1/3, Ratio of νe appearance event rates in

vacuum integrated over the 1st and 2nd oscillation maximum

R2
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=
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Matter and CP Asymmetries vs Baseline
sin2 2θ13 = 0.09, sin2 θ23 = 0.5,∆m2

31 = 2.4× 10−3eV2, ρ = 2.8gm/cm3

A =
P(νµ → νe)− P(ν̄µ → ν̄e)

P(νµ → νe) + P(ν̄µ → ν̄e)
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Matter and CP Asymmetries at Maxima
sin2 2θ13 = 0.09, sin2 θ23 = 0.5,∆m2

31 = 2.4× 10−3eV2, ρ = 2.8gm/cm3

290km
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A1
matter(δCP = 0) = 0.10, A1

CPmax
(ρ = 0) = 0.30

A2
matter(δCP = 0) = 0.03, A2

CPmax
(ρ = 0) = 0.75
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Matter and CP Asymmetries at Maxima
sin2 2θ13 = 0.09, sin2 θ23 = 0.5,∆m2

31 = 2.4× 10−3eV2, ρ = 2.8gm/cm3

1300km
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Matter and CP Asymmetries at Maxima
sin2 2θ13 = 0.09, sin2 θ23 = 0.5,∆m2

31 = 2.4× 10−3eV2, ρ = 2.8gm/cm3

2300km
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CP Asymmetry vs Eν and δcp

A =
P(νµ → νe)− P(ν̄µ → ν̄e)

P(νµ → νe) + P(ν̄µ → ν̄e)
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Neutrino fluxes with perfect focusing

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

120 GeV, decay channel lengths from 200m to 1km
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Flux at 1000km, perfect focusing, different decay pipe lengths 
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Neutrino fluxes with perfect focusing

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

40 to 120 GeV, decay channel length = 400m
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Flux at 1000km, perfect focusing, beam energies
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Neutrino fluxes with perfect focusing

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

Neutrino vs anti-neutrino fluxes

 GeVνE 
0 1 2 3 4 5 6 7 8 9 10

 p
.o

.t
 a

t 
12

0 
G

eV
)

21
 1

0 
×

/M
W

.y
r 

(1
 

2
 /G

eV
/c

m
 

ν 
Φ 0

2

4

6

8

10

12

14

16

18

20
610×

120 GeV, DP length =  380 m
Anti-neutrinos
60 GeV, DP length =  380 m
Anti-neutrinos
40 GeV, DP length =  380 m
Anti-neutrinos

120 GeV, DP length =  380 m
Anti-neutrinos
60 GeV, DP length =  380 m
Anti-neutrinos
40 GeV, DP length =  380 m
Anti-neutrinos

ν/νFlux at 1000km, perfect focusing, 
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Neutrino Cross Sections

σν(Eν) ∼ 0.75× 10−42(m2/GeV/N)× Eν , Eν > 1 GeV
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Neutrino Cross Sections

σν̄(Eν) ∼ 0.34× 10−42(m2/GeV/N)× Eν , Eν > 1 GeV
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Expected Appearance Signal Event Rates

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

Nappear
νe

(L) = Ntarget

∫
Φνµ (Eν , L)× Pνµ→νe (Eν , L)× σνe (Eν )dEν

Assume the neutrino beam source produces a wide coverage that is flat in energy in the oscillation region and
approximate the probability with the dominant term (no matter effect)

Φνµ (Eν , L) ≈
C

L2
, C = number of νµ/m

2
/GeV//MW/yr at 1 km

Pνµ→νe (Eν , L) ≈ sin2
θ23 sin2 2θ13 sin2(1.27∆m2

31L/Eν )︸ ︷︷ ︸
P0

σ
νe (Eν ) = 0.7× 10−42(m2

/GeV/N)× Eν , Eν > 1 GeV

Ntarget = 6.022× 1032N/kt

Assuming constant flux: C ≈ 1.2× 1017 νµ/m
2/GeV/(MW/yr) at 1 km:

Nappear
νe

(L) ≈ (2× 106
events/(kt/MW/yr))(km/GeV)2 ×

∫ x1

x0

sin2(ax)

x3
dx,

x ≡ L/Eν , a ≡ 1.27∆m2
31.

For x0 = 100 km/GeV and x1 = 2000 km/GeV (1st and 2nd oscillation maxima)

Nappear
νe

(L) ∼ O(20) events/(kt/MW/yr)

independent of baseline !
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Event Rates vs. Baseline

R =
∫

Φ
νµ
perfect(Eν)× σ(Eν)× P(νµ → νe) dEν

(sin2 2θ13 = 0.09, sin2 θ23 = 0.5, δcp = 0, |∆m2
31| = 2.4× 10−3)

Flux: 120 GeV, perfect focusing, ∼ 400m decay channel, on-axis

Normal Hierarchy
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Constant flux, no matter effect

Constant flux, matter effect, normal hierarchy

Flux with perfect focusing, matter effect, normal hierarchy

31 / 49



Baselines and
Oscillations

Mary Bishai,
M. Bass, D.
Cherdack, L.
Whitehead, E.
Worcester, X.

Qian

Motivation

Oscillation
Basics

Neutrino
Fluxes from
DIF Beams

Event Rates

Spectral
Information

Neutrino
Fluxes with
Focusing

GLoBeS
Studies

Event Rates vs. Baseline

R =
∫

Φ
νµ
perfect(Eν)× σ(Eν)× P(νµ → νe) dEν

(sin2 2θ13 = 0.09, sin2 θ23 = 0.5, δcp = 0, |∆m2
31| = 2.4× 10−3)

Flux: 120 GeV, perfect focusing, ∼ 400m decay channel, on-axis

Inverted Hierarchy
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Flux with perfect focusing, matter effect, inverted hierarchy
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Event Rates vs. Baseline at 1st and 2nd Osc. Nodes

1st osc. node from E1 = 1.267|∆m2
31|L/π to 10× E1

2nd osc node from E2 = 1.267|∆m2
31|L/(2π) to E1

Normal Hierarchy
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Spectral Differences (Poisson formula) Xin Qian

100 kT.MW.yr 50 MeV bins
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∑nbins

i 2
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Ri(δcp = 0, π)− Ri(δtrue

cp ) + Ri(δtrue
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Spectral Differences (Poisson formula) Xin Qian

100 kT.MW.yr 50 MeV bins
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Variable NuMI Focusing
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Flux at 1000km, NuMI focusing, 250kA
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LBNO/LBNO fluxes

Forward horn current
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Appearance Spectra Using GLoBeS (NH)
1300km 2500km

Sig: 2617 , Bkg: 404+780+735+551= 2470 Sig: 1378 , Bkg: 109+131+501+140= 881

Sig: 569 , Bkg: 162+237+253+181= 833 Sig: 164 , Bkg: 44+40+181+49= 314
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Appearance Spectra Using GLoBeS (NH)
1300km 2500km

Sig: 1240 , Bkg: 116+156+110+269= 651 Sig: 877 , Bkg: 55+53+199+113= 420

Sig: 316 , Bkg: 65+79+64+115= 323 Sig: 128 , Bkg: 28+22+100+47= 197
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Appearance Spectra Using GLoBeS (NH)
1300km 2500km

Sig: 2593 , Bkg: 347+637+569+546= 2099 Sig: 1233 , Bkg: 94+120+376+140= 730

Sig: 569 , Bkg: 162+237+253+181= 833 Sig: 164 , Bkg: 44+40+181+49= 314
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Appearance Spectra Using GLoBeS (NH)
1300km 2500km

Sig: 1223 , Bkg: 110+161+89+261= 621 Sig: 401 , Bkg: 30+52+49+67= 198

Sig: 223 , Bkg: 47+51+32+105= 235 Sig: 68 , Bkg: 13+16+19+28= 76
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