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T2K (Tokai to Kamioka)  experiment

High intensity beam from J-PARC MR to Super-Kamiokande @ 
295km

Discovery of e appearance Determine 13
Last unknown mixing angle
Open possibility to explore CPV in lepton sector

Precise meas. of disappearance 23, m23
2

Really maximum mixing? Any symmetry? Anytihng unexpected?

132312sin ssse prob.  in term odd CP sin 12~0.5, sin 23~0.7, 
sin <0.2)

T2K (Tokai-to-Kamioka) experiment

!"#実験の最新結果

市川温子　京都大学$
%&'$()*$!"#$+&,,-.&'-/&0
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! Discovery of νμ → νe oscillation (νe appearance)

! Precision measurement of νμ disappearance

T2K Main Goals:
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Solar Sector: {12}
|Uαj|2

– Typeset by FoilTEX – 1

Reactor/Accelerator Sector: {13}
CPT ⇒ invariant δ ↔ −δ
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δm2
sol = +7.6× 10−5 eV 2

|δm2
atm| = 2.4× 10−3 eV 2

|δm2
sol|/|δm2

atm| ≈ 0.03
�

δm2
atm = 0.05 eV <

�
mνi < 0.5 eV = 10−6 ∗me

sin2 θ12 ∼ 1/3
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sin2 θ13 < 3%

0 ≤ δ < 2π
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δm2
sol = +7.6× 10−5 eV 2

|δm2
atm| = 2.4× 10−3 eV 2

|δm2
atm| ≈ 30 ∗ |δm2

sol|
�

δm2
atm = 0.05 eV <

�
mνi < 0.5 eV = 10−6 ∗me

�
mνi =

f1 ∼ cos2 θ⊙ ≈ 68%

f2 ∼ sin2 θ⊙ ≈ 32%
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sin2 θ13 ≡ |Ue3|2, sin2 θ12 ≡
|Ue2|2

(1− |Ue3|2), sin2 θ23 ≡
|Uµ3|2

(1− |Ue3|2)

Note: if sin2 θ13 = 0.03 and sin2 θ23 = 1
2

then |Uµ3|2(1− |Uµ3|2) = sin2 2θatm = 0.999

In numerous models:

sin2 θ13, (sin2 θ12 − 1
3 ), (sin2 θ23 − 1

2 ) ∼
�

δm2
21

δm2
31

�n

Experiment has probed down to n ≈ 1/2 to 1 !!!

|Ue3|2, (|Ue2|2 − 1
3 ), (|Uµ3|2 − 1

2 ) ∼
�

δm2
21

δm2
31

�n
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Chooz
Minos

Neutrino Masses & Mixings:

Chooz bound assuming sin2 θ23 = 1
2

θ13 �= 0 allows νe to oscillate at the Atmospheric scale 500km/GeV !!!

(as well as the Solar scale 15,000km/GeV)

CPV and Mass Hierarchy

– Typeset by FoilTEX – 4

Chooz bound assuming sin2 θ23 = 1
2

• θ13 �= 0 allows νe to oscillate at the Atmospheric scale 500km/GeV !!!

(as well as the Solar scale 15,000km/GeV)

• CPV and Mass Hierarchy

– Typeset by FoilTEX – 4

Chooz bound assuming sin2 θ23 = 1
2

• θ13 �= 0 allows νe to oscillate at the Atmospheric scale 500km/GeV !!!

(as well as the Solar scale 15,000km/GeV)

• CPV and Mass Hierarchy

– Typeset by FoilTEX – 4



where
√

Patm = sin θ23 sin 2θ13 sin∆31

and
√

Psol = cos θ23 sin 2θ12 sin∆21

where
√

Patm = sin θ23 sin 2θ13
sin(∆31∓aL)
(∆31∓aL) ∆31

and
√

Psol = cos θ23 sin 2θ12
sin(aL)
(aL) ∆21
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νµ → νe

Pµ→e =
���

�
j U∗µj Ueje

−im2
jL/2E

���
2

Elimate U∗µ1Ue1

using unitarity of U.
Use ∆ij = δm2

ijL/4E = 1.27δm2
ijL/E

Pµ→e =
�� 2U∗µ3Ue3 sin∆31e−i∆32 + 2U∗µ2Ue2 sin∆21

��2

Square of Atmospheric+Solar amplitude:

U∗µ3Ue3 = s23s13c13e∓iδ for ν and ν̄:

Approx. U∗µ2Ue2 ≈ c23c13s12c12 +O(s13):

Pµ→e ≈
�� 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

��2

Interference term different for ν and ν̄: CP violation !!!
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Interference term different for ν and ν̄: CP violation !!!
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Vacuum LBL:

Pµ→e ≈ |
√

Patme−i(∆32±δ) +
√

Psol |2

0 when ∆31 = π/2

0 in vacuum

a = GF Ne/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E

and ± = sign(δm2
31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31
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2
�

PatmPsol cos(∆32 ± δ) = 2
�

PatmPsol cos∆32 cos δ (9)

∓2
�

PatmPsol sin ∆32 sin δ (10)

∆ij = δm2
ijL/4E

cos(∆32 ± δ) = cos ∆32 cos δ ∓ sin ∆32 sin δ (11)

CPC only CPV

P = Psol
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P (νµ → νe) = | U∗
µ1e

−im2
1L/2EUe1 + U∗

µ2e
−im2

2L/2EUe2 + U∗
µ3e

−im2
3L/2EUe3 |2

= |2U∗
µ3Ue3 sin ∆31e

−i∆32 + 2U∗
µ2Ue2 sin ∆21|2

= |
�

Patme−i(∆32+δ) +
�

Psol|2

where
√

Patm = sin θ23 sin 2θ13 sin ∆31
and

√
Psol ≈ cos θ23 sin 2θ12 sin ∆21

Pµ→e ≈ Patm + 2
�

PatmPsol cos(∆32 ± δ) + Psol (6)

Pµ→e ≈ Patm + 2
�

PatmPsol cos∆32 cos δ + Psol (7)

∓2
�

PatmPsol sin ∆32 sin δ (8)

P = Psol
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Total # of protons used for analysis
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  # of bunch : 6 → 8
  rep. rate : 3.64s 
                 → 3.2s → 3.04s

Run 1 (Jan. ʼ10 - June ʼ10)
- 3.23 x 1019 p.o.t. for analysis
- 50kW stable beam operation

Run 2 (Nov. ʼ10 - Mar. ʼ11)
- 11.08 x 1019 p.o.t. for analysis
- ~145kW beam operation

Total # of protons used for this analysis is 1.43 x 1020 pot
2% of T2Kʼs final goal and ~5 times exposure of the previous report

Run 2

50kW

145kW

14



The expected number of events for sin22θ13=0

Beam νe 
background

NC
background

Oscillated
νμ→νe

(solar term)
Total

The expected # 
of events at SK 0.8 0.6 0.1 1.5

The expected number of events with 1.43 x 1020 p.o.t.

NexpSK tot. = 1.5 events

Nexp
SK NC bkg. = Rµ, Data

ND ×
NMC

SK NC bkg.

Rµ, MC
ND

# of NC background is calculated by

34
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Reconstructed  energy (MeV)

Nu
m

be
r o

f e
ve

nt
s 

/(2
50
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eV

) Data
Osc. e CC
!+ ! CC
e CC

NC

Reconstructed ν energy cut (Erec < 1250 MeV) : Final cut

6 candidate events 
remain after all cuts !!

(Nexp = 1.5 ± 0.3  at sin22θ13=0)

(MC w/ 
  sin22θ13 = 0.1)

51

Results for νe appearance search
with 1.43 x 1020 p.o.t.

for sin22!13=0

The observed number of events is 6
The expected number of events is 1.5 ± 0.3

Under the θ13=0 hypothesis, the probability to 
observe six or more candidate events is 0.007 
(equivalent to 2.5σ significance)

55

Results for νe appearance search
with 1.43 x 1020 p.o.t.

for sin22!13=0

The observed number of events is 6
The expected number of events is 1.5 ± 0.3

Under the θ13=0 hypothesis, the probability to 
observe six or more candidate events is 0.007 
(equivalent to 2.5σ significance)
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νe candidate event
Super-Kamiokande IV
T2K Beam Run 0 Spill 1039222
Run 67969 Sub 921 Event 218931934 
10-12-22:14:15:18
T2K beam dt =  1782.6 ns
Inner: 4804 hits, 9970 pe
Outer: 4 hits, 3 pe
Trigger: 0x80000007
D_wall: 244.2 cm
e-like, p = 1049.0 MeV/c

Charge(pe)
    >26.7
23.3-26.7
20.2-23.3
17.3-20.2
14.7-17.3
12.2-14.7
10.0-12.2
 8.0-10.0
 6.2- 8.0
 4.7- 6.2
 3.3- 4.7
 2.2- 3.3
 1.3- 2.2
 0.7- 1.3
 0.2- 0.7
    < 0.2

0 mu-e
decays

0 500 1000 1500 2000
0

260

520

780

1040

1300

Times (ns)

visible energy : 1049 MeV
# of decay-e   : 0 
2γ Inv. mass   : 0.04 MeV/c2

recon. energy : 1120.9 MeV

52



Further check

e

Beam direction

θbeam

Check several distribution of !e candidate events   

(MC w/ 
  sin22θ13 = 0.1)

0

1

2

3

-1 -0.5 0 0.5 1
cos beam

Nu
m

be
r o

f e
ve

nt
s

Data
Osc. e CC
!+ ! CC
e CC

NC
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Further check

e

Beam direction

θbeam

Check several distribution of !e candidate events   

(MC w/ 
  sin22θ13 = 0.1)

0

1

2

3

-1 -0.5 0 0.5 1
cos beam

Nu
m
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r o

f e
ve

nt
s

Data
Osc. e CC
!+ ! CC
e CC

NC

53Vertex distribution of !e candidate events   

* Check distribution of events outside FV  → no indication of BG contamination

These events are clustered at large R
  → Perform several checks.  for example

beam direction

-2000

-1000

0

1000

2000

0 1000 2000 3000
x 10

3Vertex R2 (cm2)

Ve
rte

x 
Z 

(c
m

)

-2000

-1000

0

1000

2000

-2000 -1000 0 1000 2000
Vertex X (cm)

Ve
rte

x 
Y 

(c
m

)

Event outside FV

* K.S. test on the R2 distribution yields a p-value of 0.03
* Check distribution of OD events  → no indication of BG contamination

54



Allowed region of sin22θ13 
as a function of δCP 

(assuming Δm223=2.4 x 10-3 eV2, sin22θ23=1)

0.03 < sin22θ13 < 0.28 0.04 < sin22θ13 < 0.34
90% C.L. interval & Best fit point (assuming Δm223=2.4 x 10-3 eV2, sin22θ23=1, δCP=0)

1322sin
0 0.1 0.2 0.3 0.4 0.5 0.6

C
P

-

/2-

0

/2  > 023
2 m

Best fit to T2K data

68% CL
90% CL

1322sin
0 0.1 0.2 0.3 0.4 0.5 0.6

C
P

-

/2-

0

/2  < 023
2 m

T2K
 p.o.t.2010!1.43 

sin22θ13 = 0.11 sin22θ13 = 0.14
57

Chooz bound assuming sin2 θ23 = 1
2
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MINOS Best Fit 
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=1 for CHOOZ23$22sin
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0.0
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FIG. 4: Values of 2 sin2(2θ13) sin
2
θ23 and δCP that produce

a number of candidate events in the Far Detector consistent
with the observation for the normal hierarchy (top) and in-
verted hierarchy (bottom). Black lines show those values
that best represent our data. Red (blue) regions show the
90% (68%) C.L. intervals. The CHOOZ limit is drawn for
∆m

2
32=2.43× 10−3eV2, sin2(2θ23)=1.0

δCP that give a number of events consistent with our ob-
servation. The oscillation probability is computed using
a full 3-flavor neutrino mixing framework with matter
effects [25, 26], which includes a dependence on the neu-
trino mass hierarchy. Statistical and systematic uncer-
tainties are included when constructing the confidence
intervals via the Feldman-Cousins approach [27]. The
variations of the values of |∆m2

32|, ∆m2
21, sin

2θ23, and
sin2(2θ12) within their experimental errors [1, 5–7] are
included in the computation of the contours.
In conclusion, we report improved constraints on

2 sin2(2θ13) sin
2θ23 from the search for νe appearance by

the MINOS experiment. The 54 events selected in the
Far Detector are 0.7σ higher than the expected back-
ground of 49.1± 7.0(stat.)± 2.7(syst.). Interpreted as an
upper limit on the probability of νµ → νe oscillations,

our data require 2 sin2(2θ13) sin
2θ23 < 0.12 (0.20) at the

90% C.L. at δCP = 0 for the normal (inverted) hierar-
chy. This measurement represents the best constraint on
the value of θ13 for nearly all values of δCP assuming the
normal mass hierarchy and maximal sin2(2θ23).
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Method

A very rudimentary approach:
Digitize T2K and MINOS plots.
At each δ, fit a parabola between the contours to obtain crude
approximations to the likelihood manifolds
Add the two log-likelihoods
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Comparison of exact contours vs. our apporximation
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Combining MINOS and T2K results
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Including CHOOZ
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Implications of θ13 6= 0 for future experiments

Can expect constraints on δCP from T2K, NOνA, reactors
Need anti-neutrino runs
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Implications of T2K for models

Albright arXiv:0911.2437
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Implications of T2K for models

Albright arXiv:0911.2437
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Backup slides



Combining MINOS and T2K results (log scale)
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Combining MINOS, T2K and CHOOZ (log scale)
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