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CP violation in n’s

• By now we know that the amount of CP-violations
observed in quarks is not enough to explain the difference
in abundance between matter and anti-matter.

• Could Leptogenesis be the answer? 

�

If so, CP violation in the n sector is one of the 
ingredients for the model to work!…therefore very
important to look for CP violation in neutrino 
oscillations.

…. Recall recent W&C by  Parkes and Kayser



• 3 experiments observed:
– LSND effect , P(nm

�

ne) 
MiniBoone to confirm or 
refute this results.

– Atmospheric neutrinos P(nm

�

 
nt  )��very convincing results, 
SK, K2K, etc.!

– Solar neutrinos, LMA most 
likely  P(ne

�

nX) solar models 
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At the moment will only focus on 
atmospheric and solar n observations

The reasons are:
•We have a large Dm2 range

�

 impossible to have 
only 3 n involved if all of the effects are due to n-
oscillations. 
•Either some of the data are not due to oscillations, 
or there must be at least one undiscovered “sterile”  
neutrino or there must be CPT violation in the n-
sector…

�

In either case, we ignore LSND for now…



However, keep in mind that our 
biases have been wrong before. 

In 1990 we thought (Murayama):

1. Solar problem must be solved by small mixing angle
2. Scale for nm

�

 nt  oscillation should be Dm2 =10-100 eV2

3. Mixing angle for nm

�

 nt  is of the order of Vcb

4. Atmospheric neutrino anomaly must  go away.

1. 2. 3. 4.

 For now… let’s ignore sterile neutrinos and assume CPT!



In this case, Mixing for 3 n 

 ne       Ue1   Ue2   Ue3    n1

 nm  =  Um1   Um2   Um3   n2

 nt        Ut 1   Ut 2    Ut 3    n3

Dm2 = (m3
2 - m2

2)

�

atm,   dm2 = (m2
2 - m1

2)

�

sun

P(a ®  b) =  SS UaiUbiUajUbj exp[-i(mi
2-mj

2)L/2E]

                =  PCP-even(a ®  b) +PCP-odd(a ®  b) 

P(a ®  b) = P(a ®  b)  = PCP-even(a ®  b) -PCP-odd(a ®  b) 
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CP d-phase in the Ue3 matrix element

U=
         c13c12                                  c13s12                        s13e-id

-c23s12- s13s23c12eid      c23c12- s13s23s12eid      
 c13s23

s23s12- s13c23c12eid      -s23c12- s13c23s12eid      
 c13c23

Chose the Maki-Nakagawa-Sakata (MNS) Matrix:

• cij = cos qij         sij = sin qij 

• “Maximal Mixing”  has q12 = q13 = q23 = 45o

• Ue3 given by P(nmne)

Ue3



CAUTION: CP violation is going 
to be tricky…due to ambiguities.

Multiple solution will required several  experiments 
to understand CP in n-oscillation!



NUMIx4: Future Off Axis beams 
Matter Effects & CP violation 

Start with nm 
STAGE 1

ne appearance

 |Ue3|2  

atmospheric parameters to 1%

Matter Effects
STAGE 2

CP-phase d
STAGE 2

NUMI 
As is…

anti-nmanti-nm

Prot. Upgrade 
And/or>mass

nm & nm & 



Physics to be measured @ STAGE 2 
(based on results from the next 2 yrs)

CP:     |Ue3|2 

�

 � , Dm2 
12 HLMA HLMA          Dm2

12> 2x10-4

CP:     |Ue3|2 
�

 �LMALMA             Dm2
12 ~ 10-4

CPT:   |Ue3|2   

                 Dm2  = anti-Dm2 

NLMA          NLMA          Dm2
12 ~10-7 

All 3-type of measurements require 

nm & anti-nm beam

See Andre  De Gouvea’sTalk



By  changing Horn Polarity
run for either nm & anti-nm beam

production

X-section

Want more Protons when running for anti-nm beam

3-5x higher rate

for nm  



NuMI  Medium Energy (735km,10k)

Off Axis ( 13.6 mrad )

ne / nm

nm

anti-nm
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 to see MeEf



Assumed Detector Segmented 
Calorimeter --5 yrs  (1.5 yrs with PD):

20Kton –SOMINOS,Plastic:
• >40% signal, <0.2% NC 
Using � �

	

�  � measure :

• Uncertainty in sin2 2� 23~ .01 

• Uncertainty in m� 2
23~ 10-4

Observe � �




� e for :

•  |Ue3|2 > 0.0028  seen 

D. Harris



Anti-nm requires 3 times more beam 
times… physics requires @ least 

100kTon yrs for nm

Only realistic to think of STAGE 2 program if:
Assume 120 kt-year with nm

300 kt-year with  anti-nm
SO-MINOS, RPC (5 years program with Proton Upgrade)



NLMA – Pure � � � e due to atmospheric 
parameters … probability smaller for 

inverted hierarchy

 CP-odd phase not observable… but also not an uncertainty 
on |Ue3|2 



MINOS 5yr
X 5.5kt

NLMA – Look for  � � � e

SOMINOS 5yr X 20kt

SOMINOS 5yr 
        20kt X 

4UP



NLMA: Assume just 100kton/yrs – 
forget about anti-neutrino running if 

JHF exist for Hierarchy



NLMA+PD - Hierarchy Studies 
CPT more important ! 

Is � m2 the same?



LMA+PD:  PD becomes crucial … 
even to just set  limits

 � Is the CP phase & it becomes an uncertainty 
in setting limits



LMA+PD: Assume a measurement is performed with 
given luminosity & � �

�

� e  events are seen:

Assumed value 
of |Ue3 |2

Other cases



Uncertainty in 
Dm2

12 gives 
extra tails

 HLMA+PD:  Confusion between |Ue3|2 

�

 � , Dm2 
12 



Conclusions  for Neutrinos

• OAB with the current design of  NUMI  
could provide a good reach in |Ue3|2  if we 
invest in the proper detector.
– 20 Kton Highly segmented calorimeter
– 5Kton ICARUS 

• OAB+PU could expand significantly the 
reach  while continuing to use the same 
detector… and give access to CP violation 
in the lepton sector and/or MaEf  




 In all 
possible case of the SOLAR SOLUTION… 


