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• Neutrino flavor eigenstates are superposition of neutrino mass eigentsates

• All mixing angles and mass square differences are now known with good precision

Status of the neutrino physics: what we know
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10 1 PHYSICS CASE

1.2 Neutrinos oscillations and CP violation in the lepton sector

Evidence of neutrino oscillations is the only experimental proof known today that shows the exis-

tence of BSM physics at work. In the framework of three neutrino family scenario, the weak eigenstates

να (α = e,µ,τ) are given as linear combinations of the mass eigenstates νi (of definite mass mi, i=1,2,3)

via the PMNS [10, 11] matrix U as να =
�

i Uαiνi. The probability of oscillation from flavor α to β is

then given by
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and L is the distance between source and detector (the baseline), Eν the neutrino energy. The 3 × 3

unitary matrix U is generally parameterized by the three mixing angles θ12, θ13, θ23, the complex phase

δCP , and the two Majorana phases α21, α31:
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where cij and sij represent sinθij and cosθij , respectively. If massive neutrinos are Dirac particles, the

Majorana phases are not relevant and only the Dirac phase can be responsible for CP violation in the

lepton sector. The neutrino oscillation characteristic wavelengths are determined by the mass squared

difference parameters, ∆m2
21 ≡ m2

2−m2
1 and ∆m2

32 ≡ m2
3−m2

2. Regardless of the true Dirac/Majorana

nature of neutrinos, oscillation probabilities do not depend on the Majorana phases, and the number

of relevant oscillation parameters is then six in total.

The 1-2 “solar sector” driven by θ12 and ∆m2
21 has been measured by solar and reactor neutrino

experiments [17–20]. On the other hand, the 2-3 “atmospheric sector” driven by θ23 and |∆m2
32| (only

its absolute value) have been measured by atmospheric neutrino [21, 22] and accelerator neutrino

experiments [23–25]. These experimental data indicate that ∆m2
21 � |∆m2

31| ≈ |∆m2
32|.

~4.6% error

~11-15% error

θ23 ~45° ~10-16% error 

θ12 ~34°

Δm212= (7.6 ± 0.2 ) 10-5   eV2

Δm312= (2.5± 0.1 ) 10-3   eV2

Δm312= -(2.4± 0.1 ) 10-3   eV2
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IH
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θ13 

and for the inverted hierarchy case ∆2m31 < 01

∆m2
31 = −2.40+0.10

−0.08 × 10−3eV 2 (1.27)

sin2 θ23 = 0.53+0.05
−0.07 (1.28)

sin2 θ13 = 0.027+0.003
−0.004 (1.29)

sin2 2θ13|Double−CHOOZ = 0.109± 0.030(stat)± 0.025(syst) (1.30)

sin2 2θ13|Daya Bay = 0.089± 0.010(stat)± 0.005(syst) (1.31)

sin2 2θ13|RENO = 0.113± 0.013(stat)± 0.019(syst) (1.32)

sin2 2θ13|MINOS = 0.094+0.04
−0.05 (1.33)

sin2 2θ13|T2K = 0.104+0.060
−0.045 (1.34)

(1.35)

These latest results open the possibility that neutrinos (or their heavy neutrino partners) have played an2

important role in the early age of the Universe contributing to the creation of the baryon asymmetry which3

is responsible for the dominance of the matter in our universe. The observation of the CP violation in the4

leptonic sector is therefore very important to improve considerably the knowldedge beyond the standard5

model. To reach this goal, several unknowns need to be solved first, as the mass hierarchy of the neutrino6

eigenstates or the θ23 angle. While existing, or near future experiments as NOVA [nova] or INO [ino],7

might be able to have sensitivity to the mass hierarchy, there is a clear need to improve considerably current8

experiments or build new experiment to reach the sensitivity needed to measure the CP phase. This second9

phase of experiments are meant to deliver precise measurement in 20 years from now. To reach this goal,10

there are mainly two path consisting in building huge detectors, as Hyper-Kamiokande. The second path11

is also chanllenging and consists in using relatively big detectors of the same order of SK for example, but12

with high granularity. This might be achieve with liquid argon TPCs, that needs however to prove different13

technological goals, as being able to multiply the signal or work with a relatively big drift distance. In this14

scope, the determination of neutrino cross-section in Argon or Oxygen will start to be very important as15

well as precise flux determination to decrease systematic errors.16

At the same time, the nature of the neutrino is also a fundamental unknown to be determined. Many17

experimental setups are now existing and tries to understand if neutrinos are Majorana. By now they are18

dominated by background and are working hard to reduce it.19

The existence of sterile neutrinos is another major questions, that can partially explain different anomalies20

observed. New detectors are now under construction in order to answer these questions.21

18

Accelerator experiments

1.2 Neutrinos oscillations and CP violation in the lepton sector 11

The mass hierarchy or the sign of ∆m2
32 is not yet known: whether m3 is the heaviest mass eigen-

value (normal hierarchy, ∆m2
32 > 0) or m3 is the lightest one (inverted hierarchy, ∆m2

32 < 0) remains

to be experimentally determined in the future, and presently there are absolutely no experimental

hints indicating a preference for either value. Two hierarchy cases are illustrated in Figure 2. Such

an experimental determination is necessary to understand the origin of neutrino masses, an explana-

tion of which is expected to relate to BSM physics. In particular, an inverted hierarchy would be

a dramatic sign that some totally unexpected physics is underlying the masses and flavor problem.

The determination of the mass hierarchy is also important in terms of neutrino-less double beta decay

rates. In the case of inverted hierarchy, the effective neutrino mass mββ is expected to be larger than

10
−2 <∼ |mββ | <∼ 5 × 10

−2
eV [26]; this could be reachable by various proposed detectors designed to

test the Majorana nature of neutrinos (see e.g. [27]). Last but not least, the knowledge of the mass

hierarchy is a necessary ingredient to resolve the CPV problem.

A. Rubbia UNI|ETH Zurich - Physics Colloquium –  April 2012

Neutrino mass hierarchy (MH)
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• The data admits two solutions:

42Thursday, April 19, 12FIG. 2: Normal ∆m2
32 > 0 (NH) and inverted hierarchy ∆m2

32 < 0 (IH).

Global analyses [6–8] of all neutrino oscillation data, including the recent highest precision measure-

ments, indicate that the “minimal” three-neutrino PMNS framework presented above is sufficient to

completely describe the observed oscillation phenomenology (apart from the “anomalies” in terrestrial

short baseline experiments). The lack of knowledge on the sign of ∆m2
32 implies that fits must presently

be performed twice, once for each of the mass hierarchy hypothesis. Displaying for instance the results

of one such analysis [8], the global current knowledge on the solar sector can be summarized to:

sin
2 θ12 = 0.320+0.015

−0.017

∆m2
21 = (7.62± 0.19)× 10

−5
eV

2





Solar sector (1.4)

1.2 Neutrinos oscillations and CP violation in the lepton sector 11

The mass hierarchy or the sign of ∆m2
32 is not yet known: whether m3 is the heaviest mass eigen-

value (normal hierarchy, ∆m2
32 > 0) or m3 is the lightest one (inverted hierarchy, ∆m2

32 < 0) remains
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Global analyses [6–8] of all neutrino oscillation data, including the recent highest precision measure-

ments, indicate that the “minimal” three-neutrino PMNS framework presented above is sufficient to

completely describe the observed oscillation phenomenology (apart from the “anomalies” in terrestrial

short baseline experiments). The lack of knowledge on the sign of ∆m2
32 implies that fits must presently

be performed twice, once for each of the mass hierarchy hypothesis. Displaying for instance the results

of one such analysis [8], the global current knowledge on the solar sector can be summarized to:
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Solar sector (1.4)

Reactor 
experiments

and for the inverted hierarchy case ∆2m31 < 01

∆m2
31 = −2.40+0.10

−0.08 × 10−3eV 2 (1.27)

sin2 θ23 = 0.53+0.05
−0.07 (1.28)

sin2 θ13 = 0.027+0.003
−0.004 (1.29)

sin2 2θ13|Double−CHOOZ = 0.109± 0.030(stat)± 0.025(syst) (1.30)

sin2 2θ13|Daya Bay = 0.089± 0.010(stat)± 0.005(syst) (1.31)

sin2 2θ13|RENO = 0.113± 0.013(stat)± 0.019(syst) (1.32)

sin2 2θ13|MINOS = 0.094+0.04
−0.05 (1.33)

sin2 2θ13|T2K = 0.104+0.060
−0.045 (1.34)

(1.35)

These latest results open the possibility that neutrinos (or their heavy neutrino partners) have played an2

important role in the early age of the Universe contributing to the creation of the baryon asymmetry which3

is responsible for the dominance of the matter in our universe. The observation of the CP violation in the4

leptonic sector is therefore very important to improve considerably the knowldedge beyond the standard5

model. To reach this goal, several unknowns need to be solved first, as the mass hierarchy of the neutrino6

eigenstates or the θ23 angle. While existing, or near future experiments as NOVA [nova] or INO [ino],7

might be able to have sensitivity to the mass hierarchy, there is a clear need to improve considerably current8

experiments or build new experiment to reach the sensitivity needed to measure the CP phase. This second9

phase of experiments are meant to deliver precise measurement in 20 years from now. To reach this goal,10

there are mainly two path consisting in building huge detectors, as Hyper-Kamiokande. The second path11

is also chanllenging and consists in using relatively big detectors of the same order of SK for example, but12

with high granularity. This might be achieve with liquid argon TPCs, that needs however to prove different13

technological goals, as being able to multiply the signal or work with a relatively big drift distance. In this14

scope, the determination of neutrino cross-section in Argon or Oxygen will start to be very important as15

well as precise flux determination to decrease systematic errors.16

At the same time, the nature of the neutrino is also a fundamental unknown to be determined. Many17

experimental setups are now existing and tries to understand if neutrinos are Majorana. By now they are18

dominated by background and are working hard to reduce it.19

The existence of sterile neutrinos is another major questions, that can partially explain different anomalies20

observed. New detectors are now under construction in order to answer these questions.21

18

Karsten Heeger, Univ. of Wisconsin Neutrino2012, Kyoto, June 4, 2012 
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#$"#e
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E#rec<1250MeV
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FIG. 3. The χ2
distribution as a function of sin

2
2θ13. Bot-

tom: Ratio of the measured reactor neutrino events relative

to the expected with no oscillation. The curve represents the

oscillation survival probability at the best fit, as a function of

the flux-weighted baselines.

Gd-loaded liquid scintillator, and a 229 day exposure to
six reactors with total thermal energy 16.5 GWth. In the
far detector, a clear deficit of 8.0% is found by compar-
ing a total of 17102 observed events with an expectation
based on the near detector measurement assuming no os-
cillation. From this deficit, a rate-only analysis obtains
sin2 2θ13 = 0.113 ± 0.013(stat.) ± 0.019(syst.). The neu-
trino mixing angle θ13 is measured with a significance of
4.9 standard deviation.
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Figure 5. Left, Daya Bay data: Top: Measured prompt energy spectrum of the far hall

(sum of three ADs) compared with the no-oscillation prediction from the measurements of

the two near halls. Spectra were background subtracted. Uncertainties are statistical only.

Bottom: The ratio of measured and predicted no-oscillation spectra. The red curve is the

best- fit solution with sin
2
2θ13 = 0.089 obtained from the rate-only analysis. The dashed

line is the no-oscillation prediction [10, 11]. Right, RENO data: Observed spectrum of

the prompt signals in the far detector compared with the non-oscillation predictions from the

measurements in the near detector. The backgrounds shown in the inset are subtracted for

the far spectrum. The background fraction is 5.5% (2.7%) for far (near) detector. Errors are

statistical uncertainties only. Bottom: The ratio of the measured spectrum of far detector to

the non-oscillation prediction [12]
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Figure 7. Left: 2σ allowed regions in the sin2 θ12 −∆m2
21 plane from the analysis of

solar + KamLAND data minimizing over θ13. The different curves show the results
obtained using different assumptions for reactor data, as indicated in the legend. For
comparison we show as grey-shaded area the region obtained in our previous solar +
KamLAND data analysis. Right: region allowed at 90%, 95%, 99%, 99.73% CL in our
recommended analysis of solar + KamLAND data including SBL reactor results.

and the new predictions for the reactor anti-neutrino fluxes require a full revision of the

solar + KamLAND neutrino data analysis. In Fig. 7 we show the 2σ allowed region
from the solar + KamLAND neutrino data using different assumptions in the reactor

data analysis, such as including or not including the short-baseline data or the use of a

free normalization factor for the reactor anti-neutrino fluxes. In all cases the shift of the

allowed region is not very significant, and the best fit point values vary between 0.304 and

0.320 for sin2 θ12 while the solar mass splitting ∆m2
21 goes from 7.59 to 7.64× 10−5 eV2.

The variation in sin2 θ12 is a bit larger because this parameter is correlated with the
shift on sin2 θ13, as shown in Fig. 8.

In the left panel of Fig. 8 we show the 2σ allowed regions in the sin2 θ12 − sin2 θ13

plane for different choices of the reactor data analysis. For comparison we also show in

grey the 2σ allowed region obtained from solar data only. In the right panel of Fig. 8

we show the constraints on θ13 from the combination of solar and KamLAND data.

For the global neutrino oscillation fit presented in the following we will use the analysis
of KamLAND + SBL data without free normalization, labelled as “sol+KL+SBL” in

Fig. 8. In this case we get the following best fit value for θ13:

sin2 θ13 = 0.023+0.016
−0.013 (solar + KamLAND) (3)

with ∆χ2(sin2 θ13 = 0) = 2.9, and therefore a 1.7σ hint for θ13 �= 0 coming from the
solar sector. Comparing with our previous analysis [1], the inclusion of new solar and

KamLAND data and the new reactor fluxes results in a similar best fit value for the θ13

mixing angle (before we got sin2 θ13 = 0.022), but a slightly larger significance for non-

zero θ13 (before: ∆χ2= 2.2). The origin for this is mainly the preference of KamLAND

data for a non-zero θ13 visible in the left panel of Fig. 8. For KamLAND θ13 acts mainly

Figure 6. copy caption [13]
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Gd-loaded liquid scintillator, and a 229 day exposure to
six reactors with total thermal energy 16.5 GWth. In the
far detector, a clear deficit of 8.0% is found by compar-
ing a total of 17102 observed events with an expectation
based on the near detector measurement assuming no os-
cillation. From this deficit, a rate-only analysis obtains
sin2 2θ13 = 0.113 ± 0.013(stat.) ± 0.019(syst.). The neu-
trino mixing angle θ13 is measured with a significance of
4.9 standard deviation.
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Figure 7. Left: 2σ allowed regions in the sin2 θ12 −∆m2
21 plane from the analysis of

solar + KamLAND data minimizing over θ13. The different curves show the results
obtained using different assumptions for reactor data, as indicated in the legend. For
comparison we show as grey-shaded area the region obtained in our previous solar +
KamLAND data analysis. Right: region allowed at 90%, 95%, 99%, 99.73% CL in our
recommended analysis of solar + KamLAND data including SBL reactor results.

and the new predictions for the reactor anti-neutrino fluxes require a full revision of the

solar + KamLAND neutrino data analysis. In Fig. 7 we show the 2σ allowed region
from the solar + KamLAND neutrino data using different assumptions in the reactor

data analysis, such as including or not including the short-baseline data or the use of a

free normalization factor for the reactor anti-neutrino fluxes. In all cases the shift of the

allowed region is not very significant, and the best fit point values vary between 0.304 and

0.320 for sin2 θ12 while the solar mass splitting ∆m2
21 goes from 7.59 to 7.64× 10−5 eV2.

The variation in sin2 θ12 is a bit larger because this parameter is correlated with the
shift on sin2 θ13, as shown in Fig. 8.

In the left panel of Fig. 8 we show the 2σ allowed regions in the sin2 θ12 − sin2 θ13

plane for different choices of the reactor data analysis. For comparison we also show in

grey the 2σ allowed region obtained from solar data only. In the right panel of Fig. 8

we show the constraints on θ13 from the combination of solar and KamLAND data.

For the global neutrino oscillation fit presented in the following we will use the analysis
of KamLAND + SBL data without free normalization, labelled as “sol+KL+SBL” in

Fig. 8. In this case we get the following best fit value for θ13:

sin2 θ13 = 0.023+0.016
−0.013 (solar + KamLAND) (3)

with ∆χ2(sin2 θ13 = 0) = 2.9, and therefore a 1.7σ hint for θ13 �= 0 coming from the
solar sector. Comparing with our previous analysis [1], the inclusion of new solar and

KamLAND data and the new reactor fluxes results in a similar best fit value for the θ13

mixing angle (before we got sin2 θ13 = 0.022), but a slightly larger significance for non-

zero θ13 (before: ∆χ2= 2.2). The origin for this is mainly the preference of KamLAND

data for a non-zero θ13 visible in the left panel of Fig. 8. For KamLAND θ13 acts mainly
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Gd-loaded liquid scintillator, and a 229 day exposure to
six reactors with total thermal energy 16.5 GWth. In the
far detector, a clear deficit of 8.0% is found by compar-
ing a total of 17102 observed events with an expectation
based on the near detector measurement assuming no os-
cillation. From this deficit, a rate-only analysis obtains
sin2 2θ13 = 0.113 ± 0.013(stat.) ± 0.019(syst.). The neu-
trino mixing angle θ13 is measured with a significance of
4.9 standard deviation.
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Figure 7. Left: 2σ allowed regions in the sin2 θ12 −∆m2
21 plane from the analysis of

solar + KamLAND data minimizing over θ13. The different curves show the results
obtained using different assumptions for reactor data, as indicated in the legend. For
comparison we show as grey-shaded area the region obtained in our previous solar +
KamLAND data analysis. Right: region allowed at 90%, 95%, 99%, 99.73% CL in our
recommended analysis of solar + KamLAND data including SBL reactor results.

and the new predictions for the reactor anti-neutrino fluxes require a full revision of the

solar + KamLAND neutrino data analysis. In Fig. 7 we show the 2σ allowed region
from the solar + KamLAND neutrino data using different assumptions in the reactor

data analysis, such as including or not including the short-baseline data or the use of a

free normalization factor for the reactor anti-neutrino fluxes. In all cases the shift of the

allowed region is not very significant, and the best fit point values vary between 0.304 and

0.320 for sin2 θ12 while the solar mass splitting ∆m2
21 goes from 7.59 to 7.64× 10−5 eV2.

The variation in sin2 θ12 is a bit larger because this parameter is correlated with the
shift on sin2 θ13, as shown in Fig. 8.

In the left panel of Fig. 8 we show the 2σ allowed regions in the sin2 θ12 − sin2 θ13

plane for different choices of the reactor data analysis. For comparison we also show in

grey the 2σ allowed region obtained from solar data only. In the right panel of Fig. 8

we show the constraints on θ13 from the combination of solar and KamLAND data.

For the global neutrino oscillation fit presented in the following we will use the analysis
of KamLAND + SBL data without free normalization, labelled as “sol+KL+SBL” in

Fig. 8. In this case we get the following best fit value for θ13:

sin2 θ13 = 0.023+0.016
−0.013 (solar + KamLAND) (3)

with ∆χ2(sin2 θ13 = 0) = 2.9, and therefore a 1.7σ hint for θ13 �= 0 coming from the
solar sector. Comparing with our previous analysis [1], the inclusion of new solar and

KamLAND data and the new reactor fluxes results in a similar best fit value for the θ13

mixing angle (before we got sin2 θ13 = 0.022), but a slightly larger significance for non-

zero θ13 (before: ∆χ2= 2.2). The origin for this is mainly the preference of KamLAND

data for a non-zero θ13 visible in the left panel of Fig. 8. For KamLAND θ13 acts mainly
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$"@.(#/5-/3$/''-('-8F9CB-G-BFC<-G-<8CH-/1/#6'-ABCI"D

E7/-/1/#6-/3$/''-('-$"#$/#6026/5-(#-67/-899:FJ<-)/=-0/>("#-K7/0/-+!-L9-
2#5-"67/0-M0"$/''/'-%/25(#>-6"-2-'(#>%/-#-5"@(#26/

N(>7/0-'626('6($-2#6(:$-5262-('-@&$7-@"0/-'(@(%20-6"-67/-#/&60(#"-@"5/-5262

O6-('-#"6-?/6-P#"K#-K7/67/0-67/-)(#(*""+,-/3$/''/'-20/-5&/-6"-"'$(%%26("#'Q-
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HC</89-STE-#/&60(#"-@"5/-KU-BV;-4(6 ;;CB/89-STE-2#6(:#/&60(#"-@"5/-K-BV;4(6

!"#$%&'()*+!,-!.+/+0%)+!,-!

!"#$%&'("#'

)(#(*""+,-".'/01/'-2#-/3$/''-"4-!/-$2#5(526/'-(#-67/-899:;8<9-)/=-/#/0>?-

02#>/-(#-#/&60(#"-@"5/-ABC9"D-2#5-(#-2#6(:#/&60(#"-@"5/-A8C<"DC--E7/-
$"@.(#/5-/3$/''-('-8F9CB-G-BFC<-G-<8CH-/1/#6'-ABCI"D

E7/-/1/#6-/3$/''-('-$"#$/#6026/5-(#-67/-899:FJ<-)/=-0/>("#-K7/0/-+!-L9-
2#5-"67/0-M0"$/''/'-%/25(#>-6"-2-'(#>%/-#-5"@(#26/

N(>7/0-'626('6($-2#6(:$-5262-('-@&$7-@"0/-'(@(%20-6"-67/-#/&60(#"-@"5/-5262

O6-('-#"6-?/6-P#"K#-K7/67/0-67/-)(#(*""+,-/3$/''/'-20/-5&/-6"-"'$(%%26("#'Q-
'"@/-&#0/$">#(R/5-+!-#-.2$P>0"&#5Q-"0-'"@/67(#>-/%'/

HC</89-STE-#/&60(#"-@"5/-KU-BV;-4(6 ;;CB/89-STE-2#6(:#/&60(#"-@"5/-K-BV;4(6

• MiniBOONE  observe an excess at low energy.

• They observe comparable results than LSND 
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Reactor Anomaly, Sterile neutrinos?

3
Phenomenology of Oscillations with Sterile Neutrinos

• In sterile neutrino (3+1) models, appearance
comes from oscillation through !s

– !µ " !e =  (!µ " !s) + (!s " !e)

• (3+1) models require !µ and !e
disappearance oscillations

– !µ " !s and !e " !s

– Constraints from disappearance restrict
application of (3+1) fits

• Current measurements of appearance and
disappearance are not very compatible with
(3+1) models # (3+2) models

– If !µ" !e and$!µ"$!e are different then
(3+2) models can have CP violation

– Still tension between appearance and
disappearance

(3+1) Models

(3+2) Models

CP violation
allowed in 3+2
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What we don’t know

• The mass hierarchy

• Is θ23  maximal ?

• The CP phase (violation? can explain matter - anti-matter asymmetry )

• Absolute mass scale

• Type of neutrino (Dirac mass term or Majorana mass term or both          
=> sterile neutrino)

‣ Existence of sterile neutrino explaining the deficit of observed events or 
excess in MiniBOONE-LSND           might be answered by oscillation 
experiment

12 1 PHYSICS CASE

and the current knowledge on the atmospheric sector is (considering both signs of ∆m2
32 separately):

∆m2
31 =






2.53+0.08
−0.10

−(2.40+0.10
−0.07)

× 10−3 eV2

sin2 θ23 =






0.49+0.08
−0.05 for∆m2

31 > 0

0.53+0.05
−0.07 for∆m2

31 < 0






Atmospheric sector (1.5)

Finally, the current knowledge on the 1-3 sector, also depending on the assumed sign of ∆m2
32, is:

sin2 θ13 =






0.026+0.003
−0.004 for∆m2

31 > 0

0.027+0.003
−0.004 for∆m2

31 < 0





1− 3 sector, (1.6)

dominated by the precise measurements at the recent reactor experiments Double-CHOOZ, Daya Bay

and RENO:

sin2 (2θ13) |Double−CHOOZ = 0.086± 0.041(stat)± 0.030(syst) (1.7)

sin2 (2θ13) |Daya Bay = 0.092± 0.016(stat)± 0.005(syst) (1.8)

sin2 (2θ13) |RENO = 0.113± 0.013(stat)± 0.019(syst) (1.9)

The present level of understanding of the PMNS matrix represents an incredible experimental

achievement, which essentially initiated with the first atmospheric results of Superkamiokande in

1998 [28], complemented by the spectacular solar neutrino observations, then completed by long base-

line measurements at accelerators and reactors. During the last decade progress has been striking,

yielding today’s impressive accuracies on the parameters, opening a new window to explore BSM

physics. When they are globally fit to all available data, the oscillation parameters are constrained with

the following relative precisions (see e.g. [7]): ∆m2
21 (3%), ∆m2

31 (4%), sin2 θ12 (5%), sin2 θ13 (15%),

and sin2 2θ23 (15%). Perhaps not surprisingly, the determination of the δCP is an area where global fits

by different authors give different hints at the � 1σ C.L. However, when considering >∼ 2σ C.L. all data

are self-consistent and are consistent with any value for δCP within the allowed range 0 ≤ δCP ≤ 2π.

Assuming CPT conservation, direct evidence for CP-violating effects must be found in flavor ap-

pearance measurements. At conventional neutrino beams, searches are favorably based on the electron

appearance channels νµ → νe and ν̄µ → ν̄e. Including higher order terms and matter effects, the

νµ → νe oscillation probability can be approximated as [29] (we note that actual calculations per-
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Mass Hierarchy (reactors)

Reactor experiment sensitivity using Fourier transform

Karsten Heeger, Univ. of Wisconsin Neutrino2012, Kyoto, June 4, 2012 

3-Neutrino Mixing Parameters from Reactors 

5

Future - running experiments

sin2θ12  to ~2% from dedicated reactor 
experiment at optimized L~60km 

sin22θ13  to 4-5% from Daya Bay, 3 years

60 GW·kt·y exposure, ~4% systematic 
error from near detector
Bandyopadhyay et al., Phys. Rev. D67 (2003) 113011.
Luk, private communication 2003
Minakata et al., hep-ph/0407326
Bandyopadhyay et al., hep-ph/0410283

some improvements in analysis, 
Daya Bay currently statistics limited

Δm213 from reactors
large θ13 allows spectral analysis 

precision reactor νe spectra 
e.g. Daya Bay several 100k events in 
near-site spectraKamLAND

Δm212 from KamLAND
precision θ12 from solar
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Results

Future - proposed

need to be sensitive to this term dominant term
=> Bigger detector, 
at the right base line for a given energy

Karsten Heeger, Univ. of Wisconsin Neutrino2012, Kyoto, June 4, 2012 

Mass Hierarchy and Reactor νe Oscillation 
Daya Bay II

scintillator
oil buffer

water tank

Site Investigation

Daya Bay

Haifeng

candidate site 
(~60km)

Mass Hierarchy Sensitivity

NH
IH

Ref: Y. Wang, J. Cao, et al
nuTurn 2012

50k events = 20 kton, 3 years
→ 96% 
100k events
→ 3σ

Sub-1% precision 3-v oscillation physics in Δm212, Δm223, and sin2θ12 possible  
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Mass hierarchy + CP phase (accelerators)

Accelerator experiments use the matter effect in the νe appearance channel

A. Rubbia Future liquid Argon detectors (Neutrino 2012)

In Europe: LAGUNA/LAGUNA-LBNO
! LAGUNA-LBNO = Large Apparatus for Grand Unification 

and Neutrino Astrophysics - Long Baseline Neutrino
! Search for the optimal site in Europe for next generation 

deep underground neutrino detector (since 2008)
- Detailed investigations of seven potential sites with three 

different detector technologies: WCD, LAr and LSc
! Down-selection to top priority site where several optimal 

conditions satisfied simultaneously: Pyhäsalmi, Finland
- Infrastructure in perfect state because of current exploitation 

of the mine
- Unique assets available (shafts, decline, services, sufficient 

ventilation, water pumping station, pipes for liquids, 
underground repair shop...)

- Very little environmental water
- Could be dedicated to science activities after the mine 

exploitation ends (around 2018)
- One of the deepest location in Europe (4000 m.w.e.)
- The distance from CERN (2300 km) offers unique long 

baseline opportunities
- The site has the lowest reactor neutrino background in 

Europe, important for the observation of very low energy MeV  
neutrinos. 

! Second priority: Fréjus, France. 
! All other sites are presently considered as backup 

options for LAGUNA.
16

5/13/12 22:30 Untitled - Google Maps

Page 1 of 1http://maps.google.com/maps/ms?ll=56.218923,15.292969&spn=4…0&msid=204351362450542148865.0004bff0c2258e585d780&ei=&pw=2

©2012 Google - Map data ©2012 Basarsoft, Google, Tele Atlas -

Untitled
Public ! 0 views
Created on May 13 ! By  ! Updated < 1 minute ago

CN2PY

23
00

km

Necessary space for 
2x50 kton LAr + 50 kton LSc 

at –1400m level

500’000 m3 excavation

Design to be 
finalized within 

LAGUNA-LBNO 
by ≈2014

≈200m

16Wednesday, June 6, 12

need very long base line

LAGUNA/
LBNO

see Alain’s talk 
and Mark’s talk

9Wednesday, June 13, 2012



Future experiments

Karsten Heeger, Univ. of Wisconsin Neutrino2012, Kyoto, June 4, 2012 

Mass Hierarchy and Reactor νe Oscillation 
Daya Bay II

scintillator
oil buffer

water tank

Site Investigation

Daya Bay

Haifeng

candidate site 
(~60km)

Mass Hierarchy Sensitivity

NH
IH

Ref: Y. Wang, J. Cao, et al
nuTurn 2012

50k events = 20 kton, 3 years
→ 96% 
100k events
→ 3σ

Sub-1% precision 3-v oscillation physics in Δm212, Δm223, and sin2θ12 possible  
Karsten Heeger, Univ. of Wisconsin Neutrino2012, Kyoto, June 4, 2012 

Mass Hierarchy and Reactor νe Oscillation 
Daya Bay II

scintillator
oil buffer

water tank

Site Investigation

Daya Bay

Haifeng

candidate site 
(~60km)

Mass Hierarchy Sensitivity

NH
IH

Ref: Y. Wang, J. Cao, et al
nuTurn 2012

50k events = 20 kton, 3 years
→ 96% 
100k events
→ 3σ

Sub-1% precision 3-v oscillation physics in Δm212, Δm223, and sin2θ12 possible  

50k events expected in 3 years
 3 σ sensitivity (after 6 years)

• Daya Bay II

• INO

• Hyper-Kamiokande

• PINGU (ICE CUBE)

• NOVA + T2K+ 
REACTORS

20 kton detector

 - reactor experiment
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magnetized 
iron detector

(tracking 
calorimeter)

good energy resolution
good charge ID

can distinguish 
νµ  vs anti-νµ

Full oscillation pattern

Neutrino 2012                                Sandhya Choubey                               June 5, 2012

INDIA-BASED NEUTRINO OBSERVATORY 
(INO) 

17

RPC fabrication at Asahi Glass Co.

RPC fabrication at TIFR

INOPeak @ Bodi West Hills

Tuesday 5 June 2012

Neutrino 2012                                Sandhya Choubey                               June 5, 2012

INDIA-BASED NEUTRINO OBSERVATORY 
(INO) 

17

RPC fabrication at Asahi Glass Co.

RPC fabrication at TIFR

Tuesday 5 June 2012

~3σ sensitivity for mass hierarchy,  (6 years)

~2σ sensitivity for mass hierarchy for sin2θ23= 0.5, sin22θ13= 0.1, 
 by 2022 (5 years)

~2.7σ sensitivity for mass hierarchy for sin2θ23= 0.5, sin22θ13= 0.1, 
 by 2027 (10 years)

Future experiments

 - reactor experiment
• Daya Bay II

• INO

• Hyper-Kamiokande

• PINGU (ICE CUBE)

• NOVA + T2K+ 
REACTORS

50 kton detector

20 kton detector

 - for atmospheric neutrinos
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20 additional string in the deep core, reduce the threshold to 1 GeV
 3σ to 11σ sensitivity for mass hierarchy 

in 5 years

~2σ sensitivity for mass hierarchy for sin2θ23= 0.5, sin22θ13= 0.1, 
 by 2022 (5 years)

~2.7σ sensitivity for mass hierarchy for sin2θ23= 0.5, sin22θ13= 0.1, 
 by 2027 (10 years)

sensitivity to CP phase of 3σ  

Future experiments

sensitivity to octant at 90 % C.L. up to sin22θ23= 0.99 (right plot)

 - reactor experiment

~3σ sensitivity for mass hierarchy for sin2θ23= 0.5, sin22θ13= 0.1, 
 by 2028 (5 years)

~4σ sensitivity for mass hierarchy for sin2θ23= 0.5, sin22θ13= 0.1, 
 by 2033 (10 years)

Masashi Yokoyama (U. Tokyo) Future water Cherenkov detectors
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sin22 13= 0.1 0.03/

Sensitivity to CP violation (HK)
Fraction of true δ possible to observe CPV with >3σ

7.5 MW·107s
(750kW!10yrs/
1.5MW!5yrs)

Integ. 
power
(MW!
107s)

Integ. 
power
(MW!
107s)

Mass hierarchyMass hierarchy

known unknown

3.75

7.5

69% 42%

74% 54%

•With known mass hierarchy (atm ν, other expt’s),
CP violation can be observed (3σ) for ~70% of δ

For sin22θ13=0.1
3.75 MW·107s
(750kW!5yrs)

9

560kt FV

ν:ν=3:7

750kW =
designed T2K 

luminosity 
(2017)

sensitivity to octant at 90 % C.L. up to sin22θ23= 0.99 (right plot)

• Daya Bay II

• INO

• Hyper-Kamiokande

• PINGU (ICE CUBE)

• NOVA + T2K+ 
REACTORS

50 kton detector

20 kton detector

 - for atmospheric neutrinos
 

1 Mton (20x SK)

 - for atmospheric neutrinos
 - as far detector (T2HK)

~3σ sensitivity for mass hierarchy,  (6 years)
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20 additional string in the deep core, reduce the threshold to 1 GeV
 3σ to 11σ sensitivity for mass hierarchy 

in 5 years

~2σ sensitivity for mass hierarchy for sin2θ23= 0.5, sin22θ13= 0.1, 
 by 2022 (5 years)

~2.7σ sensitivity for mass hierarchy for sin2θ23= 0.5, sin22θ13= 0.1, 
 by 2027 (10 years)

sensitivity to CP phase of 3σ  

Future experiments

sensitivity to octant at 90 % C.L. up to sin22θ23= 0.99 (right plot)

~3σ sensitivity for mass hierarchy for sin2θ23= 0.5, sin22θ13= 0.1, 
 by 2028 (5 years)

~4σ sensitivity for mass hierarchy for sin2θ23= 0.5, sin22θ13= 0.1, 
 by 2033 (10 years)

 - reactor experiment

Multi-Mton ICE det.

50 kton detector

20 kton detector

 - for atmospheric neutrinos
 

1 Mton (20x SK)

 - for atmospheric neutrinos
 - as far detector (T2HK)

- for atmospheric neutrinos

• Daya Bay II

• INO

• Hyper-Kamiokande

• PINGU (ICE CUBE)

• NOVA + T2K+ 
REACTORS

~3σ sensitivity for mass hierarchy,  (6 years)
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20 additional string in the deep core, reduce the threshold to 1 GeV
 3σ to 11σ sensitivity for mass hierarchy 

in 5 years

~2σ sensitivity for mass hierarchy for sin2θ23= 0.5, sin22θ13= 0.1, 
 by 2022 (5 years)

~2.7σ sensitivity for mass hierarchy for sin2θ23= 0.5, sin22θ13= 0.1, 
 by 2027 (10 years)

sensitivity to CP phase of 3σ  

Future experiments

sensitivity to octant at 90 % C.L. up to sin22θ23= 0.99 (right plot)

~3σ sensitivity for mass hierarchy for sin2θ23= 0.5, sin22θ13= 0.1, 
 by 2028 (5 years)

~4σ sensitivity for mass hierarchy for sin2θ23= 0.5, sin22θ13= 0.1, 
 by 2033 (10 years)

 - reactor experiment

Neutrino 2012                                Sandhya Choubey                               June 5, 2012

REACH OF T2K+NOvA+Reactors 
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Octant determination 
possible at 3 sigma

See talk by H. Minakata for LBL+Reactor prospects

Tuesday 5 June 2012

 possibility of:
 - mass hierarchy
 - CP phase

see Mark’s talk

Multi-Mton ICE det.

50 kton detector

20 kton detector

 - for atmospheric neutrinos
 

1 Mton (20x SK)

 - for atmospheric neutrinos
 - as far detector (T2HK)

- for atmospheric neutrinos

• Daya Bay II

• INO

• Hyper-Kamiokande

• PINGU (ICE CUBE)

• NOVA + T2K+ 
REACTORS

~3σ sensitivity for mass hierarchy,  (6 years)
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Conclusions

• All mixing angles are now known

• A high θ13 (~ 9°) allows better sensitivity for mass hierarchy

• There are some hints that θ23 is not maximal (sin22θ13 ) =0.99 (latest result from SK)

• Mass hierarchy discovery can be achieved with improvements of some current experiments, 
or the experiments currently being built.

• Octant sensitivity can be achieved with current and near future experiments

•  CP phase can be achieved by long base line experiments

➡ can be achieved by Hyper-K, using the T2K beam

➡ There are other proposition in Europe (LAGUNA/LBNO see Alain’s talk) and USA 
(LBNE) with relative big liquid argon detector (which is a challenging technology providing 
a very good tracking quality)

• Some anomalies are still not explain. New experiments need to be built to verifiy the 
measurements of the MiniBOONE experiment.
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T2K
Allowed Region (constant !2 method) 

29

normal hierarchy

68% and 90% C.L. regions for sin22θ13 for each value of  δCPV

(constant chi2 method)

inverted hierarchy
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Figure 37: Allowed region of 68 % (green) and 90 % C.L. (blue) for sin2 2!13 for each
value of "CP . The black solid line is the best fit value for each value of "CP . Top (bottom)
plot: normal (inverted) hierarchy is assumed.
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Figure 37: Allowed region of 68 % (green) and 90 % C.L. (blue) for sin2 2!13 for each
value of "CP . The black solid line is the best fit value for each value of "CP . Top (bottom)
plot: normal (inverted) hierarchy is assumed.
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Neutrino sterile (1)
3

Phenomenology of Oscillations with Sterile Neutrinos

• In sterile neutrino (3+1) models, appearance
comes from oscillation through !s

– !µ " !e =  (!µ " !s) + (!s " !e)

• (3+1) models require !µ and !e
disappearance oscillations

– !µ " !s and !e " !s

– Constraints from disappearance restrict
application of (3+1) fits

• Current measurements of appearance and
disappearance are not very compatible with
(3+1) models # (3+2) models

– If !µ" !e and$!µ"$!e are different then
(3+2) models can have CP violation

– Still tension between appearance and
disappearance

(3+1) Models

(3+2) Models

CP violation
allowed in 3+2
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Neutrino sterile (2)

6
Future Experimental Oscillation Proposals

!STORM at Fermilab!e " !µ ,#!e "#!µ
 !µ " !µ , !e "  !e

Appearance
& Disapp

Low-Energy
!-Factory

MINOS+, MicroBooNE,
LAr1kton+MicroBooNE,
CERN SPS

!µ " !e ,#!µ "#!e

 !µ " !µ , !e "  !e

Appearance
& Disapp

Accelerator ! using
Pion Decay-in-Flight

OscSNS, CLEAR,
DAE$ALUS, KDAR

#!µ "#!e

  !e "  !e

Appearance
& Disapp

Pion / Kaon Decay-
at-Rest Source

IsoDAR#!e "#!eDisappIsotope Source

See T. Lasserre Talk
  #!e "#!e

  (!e "  !e)
DisappRadioactive Sources

See K. Heeger Talk  #!e "#!eDisappReactor Source

ExperimentsOsc ChannelApp/DisappType of Exp

(%)
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A. Rubbia Future liquid Argon detectors (Neutrino 2012)

In Europe: LAGUNA/LAGUNA-LBNO
! LAGUNA-LBNO = Large Apparatus for Grand Unification 

and Neutrino Astrophysics - Long Baseline Neutrino
! Search for the optimal site in Europe for next generation 

deep underground neutrino detector (since 2008)
- Detailed investigations of seven potential sites with three 

different detector technologies: WCD, LAr and LSc
! Down-selection to top priority site where several optimal 

conditions satisfied simultaneously: Pyhäsalmi, Finland
- Infrastructure in perfect state because of current exploitation 

of the mine
- Unique assets available (shafts, decline, services, sufficient 

ventilation, water pumping station, pipes for liquids, 
underground repair shop...)

- Very little environmental water
- Could be dedicated to science activities after the mine 

exploitation ends (around 2018)
- One of the deepest location in Europe (4000 m.w.e.)
- The distance from CERN (2300 km) offers unique long 

baseline opportunities
- The site has the lowest reactor neutrino background in 

Europe, important for the observation of very low energy MeV  
neutrinos. 

! Second priority: Fréjus, France. 
! All other sites are presently considered as backup 

options for LAGUNA.
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Accelerator Experiments Results

Principle

MINOS @ Neutrino 2012 by Ryan Nichol4

The MINOS 
Concept

• MINOS (Main Injector Neutrino 
Oscillation Search)

• Two-detector long-baseline 
neutrino oscillation experiment

• Basic Concept

• Fire beam of neutrinos 735km 
through the Earth

• Measure energy and flavour 
content of beam at Near Detector

• Measure energy and flavour 
content of beam at Far Detector

• Interpret differences in terms of 
neutrino mixing

735 km
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Beamline Magnets

Superconducting Magnets

Normal Conducting Magnets

 Located in the arc section of the beamline

 28 magnets each producing both dipole 

(2.59 T) and quadrapole (18.6 T/m) fields

 Operational current of 4.36 kA, T
max

<5 K

 2 hour recovery from normal quench

 Located in the preparation and final focusing sections of the beamline

 Operate in the 1-10 kG range

Producing !µ beam

Decay Area
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Figure 6: Side view of the secondary beamline. The length of
the decay volume is !96 m.

down to a 16 mW beam loss. In the commissioning run, it
was confirmed that the residual dose and BLM data integrated
during the period have good proportionality. This means that
the residual dose can be monitored by watching the BLM data.

3.2. Secondary Beamline

Produced pions decay in flight inside a single volume of
!1500 m3, filled with helium gas (1 atm) to reduce pion ab-
sorption and to suppress tritium and NOx production by the
beam. The helium vessel is connected to the monitor stack via a
titanium-alloy beam window which separates the vacuum in the
primary beamline and the helium gas volume in the secondary
beamline. Protons from the primary beamline are directed to
the target via the beam window.

The secondary beamline consists of three sections: the target
station, decay volume and beam dump (Fig. 6). The target sta-
tion contains: a ba!e which is a collimator to protect the mag-
netic horns; an optical transition radiation monitor (OTR) to
monitor the proton beam profile just upstream of the target; the
target to generate secondary pions; and three magnetic horns
excited by a 250 kA (designed for up to 320 kA) current pulse
to focus the pions. The produced pions enter the decay vol-
ume and decay mainly into muons and muon neutrinos. All the
hadrons, as well as muons below !5 GeV/c, are stopped by the
beam dump. The neutrinos pass through the beam dump and are
used for physics experiments. Any muons above !5 GeV/c that
also pass through the beam dump are monitored to characterize
the neutrino beam.

3.2.1. Target Station
The target station consists of the ba!e, OTR, target, and

horns, all located inside a helium vessel. The target station
is separated from the primary beamline by a beam window at
the upstream end, and is connected to the decay volume at the
downstream end.

The helium vessel, which is made of 10 cm thick steel, is
15 m long, 4 m wide and 11 m high. It is evacuated down to
50 Pa before it is filled with helium gas. Water cooling chan-
nels, called plate coils, are welded to the surface of the vessel,
and !30"C water cools the vessel to prevent its thermal defor-
mation. An iron shield with a thickness of !2 m and a concrete
shield with a thickness of !1 m are installed above the horns
inside the helium vessel. Additionally, !4.5 m thick concrete
shields are installed above the helium vessel.

The equipment and shields inside the vessel are removable
by remote control in case of maintenance or replacement of the
horns or target. Beside the helium vessel, there is a maintenance
area where manipulators and a lead-glass window are installed,
as well as a depository for radio-activated equipment.

3.2.2. Beam Window
The beam window, comprising two helium-cooled 0.3 mm

thick titanium-alloy skins, separates the primary proton beam-
line vacuum from the target station. The beam window assem-
bly is sealed both upstream and downstream by inflatable bel-
lows vacuum seals to enable it to be removed and replaced if
necessary.

3.2.3. Ba!e
The ba!e is located between the beam window and OTR. It

is a 1.7 m long, 0.3 m wide and 0.4 m high graphite block, with
a beam hole of 30 mm in diameter. The primary proton beam
goes through this hole. It is cooled by water cooling pipes.

3.2.4. Optical Transition Radiation Monitor
The OTR has a thin titanium-alloy foil, which is placed at 45"

to the incident proton beam. As the beam enters and exits the
foil, visible light (transition radiation) is produced in a narrow
cone around the beam. The light produced at the entrance tran-
sition is reflected at 90" to the beam and directed away from the
target area. It is transported in a dogleg path through the iron
and concrete shielding by four aluminum 90" o"-axis parabolic
mirrors to an area with lower radiation levels. It is then col-
lected by a charge injection device camera to produce an image
of the proton beam profile.

The OTR has an eight-position carousel holding four titan-
ium-alloy foils, an aluminum foil, a fluorescent ceramic foil of
100 µm thickness, a calibration foil and an empty slot (Fig. 7).
A stepping motor is used to rotate the carousel from one foil
to the next. The aluminum (higher reflectivity than titanium)
and ceramic (which produces fluorescent light with higher in-
tensity than OTR light) foils are used for low and very low in-
tensity beam, respectively. The calibration foil has precisely
machined fiducial holes, of which an image can be taken us-
ing back-lighting from lasers and filament lights. It is used for
monitoring the alignment of the OTR system. The empty slot
allows back-lighting of the mirror system to study its transport
e#ciency.

3.2.5. Target
The target core is a 1.9 interaction length (91.4 cm long),

2.6 cm diameter and 1.8 g/cm3 graphite rod. If a material sig-
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3.3. Muon Monitor

The neutrino beam intensity and direction can be monitored
on a bunch-by-bunch basis by measuring the distribution pro-
file of muons, because muons are mainly produced along with
neutrinos from the pion two-body decay. The neutrino beam
direction is determined to be the direction from the target to
the center of the muon profile. The muon monitor [18, 19] is
located just behind the beam dump. The muon monitor is de-
signed to measure the neutrino beam direction with a precision
better than 0.25 mrad, which corresponds to a 3 cm precision
of the muon profile center. It is also required to monitor the
stability of the neutrino beam intensity with a precision better
than 3%.

A detector made of nuclear emulsion was installed just down-
stream of the muon monitor to measure the absolute flux and
momentum distribution of muons.

3.3.1. Characteristics of the Muon Flux
Based on the beamline simulation package, described in Sec-

tion 3.5, the intensity of the muon flux at the muon monitor, for
3.3 ! 1014 protons/spill and 320 kA horn current, is estimated
to be 1 ! 107 charged particles/cm2/bunch with a Gaussian-like
profile around the beam center and approximately 1 m in width.
The flux is composed of around 87% muons, with delta-rays
making up the remainder.

3.3.2. Muon Monitor Detectors
The muon monitor consists of two types of detector arrays:

ionization chambers at 117.5 m from the target and silicon PIN
photodiodes at 118.7 m (Fig. 8). Each array holds 49 sensors
at 25 cm ! 25 cm intervals and covers a 150 ! 150 cm2 area.
The collected charge on each sensor is read out by a 65 MHz
FADC. The 2D muon profile is reconstructed in each array from
the distribution of the observed charge.

The arrays are fixed on a support enclosure for thermal insu-
lation. The temperature inside the enclosure is kept at around
34"C (within ±0.7"C variation) with a sheathed heater, as the
signal gain in the ionization chamber is dependent on the gas
temperature.

An absorbed dose at the muon monitor is estimated to be
about 100 kGy for a 100-day operation at 750 kW. Therefore,
every component in the muon pit is made of radiation-tolerant
and low-activation material such as polyimide, ceramic, or alu-
minum.

3.3.3. Ionization Chamber
There are seven ionization chambers, each of which contains

seven sensors in a 150!50!1956 mm3 aluminum gas tube. The
75 ! 75 ! 3 mm3 active volume of each sensor is made by two
parallel plate electrodes on alumina-ceramic plates. Between
the electrodes, 200 V is applied.

Two kinds of gas are used for the ionization chambers ac-
cording to the beam intensity: Ar with 2% N2 for low intensity,
and He with 1% N2 for high intensity. The gas is fed in at ap-
proximately 100 cm3/min. The gas temperature, pressure and
oxygen contamination are kept at around 34"C with a 1.5"C

Figure 8: Photograph of the muon monitor inside the support
enclosure. The silicon PIN photodiode array is on the right side
and the ionization chamber array is on the left side. The muon
beam enters from the left side.

gradient and ±0.2"C variation, at 130 ± 0.2 kPa (absolute), and
below 2 ppm, respectively.

3.3.4. Silicon PIN Photodiode
Each silicon PIN photodiode (Hamamatsu® S3590-08) has

an active area of 10 ! 10 mm2 and a depletion layer thickness
of 300 µm. To fully deplete the silicon layer, 80 V is applied.

The intrinsic resolution of the muon monitor is less than
0.1% for the intensity and less than 0.3 cm for the profile center.

3.3.5. Emulsion Tracker
The emulsion trackers are composed of two types of mod-

ules. The module for the flux measurement consists of eight
consecutive emulsion films [20]. It measures the muon flux
with a systematic uncertainty of 2%. The other module for the
momentum measurement is made of 25 emulsion films inter-
leaved by 1 mm lead plates, which can measure the momentum
of each particle by multiple Coulomb scattering with a preci-
sion of 28% at a muon energy of 2 GeV/c [21, 22]. These films
are analyzed by scanning microscopes [23, 24].

3.4. Beamline Online System
For the stable and safe operation of the beamline, the online

system collects information on the beamline equipment and the
beam measured by the beam monitors, and feeds it back to the
operators. It also provides Super-Kamiokande with the spill
information for event synchronization by means of GPS, which
is described in detail in Section 3.6.2.

3.4.1. DAQ System
The signals from each beam monitor are brought to one of

five front-end stations in di!erent buildings beside the beam-
line. The SSEM, BLM, and horn current signals are digitized
by a 65 MHz FADC in the COPPER system [25]. The CT and
ESM signals are digitized by a 160 MHz VME FADC [26].
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horn/target assembly

horn

He decay volume

Muon monitors

Beam dump

• 30 GeV protons extracted from J-PARC Main Ring onto carbon target

• secondary !+ focussed by three electromagnetic horns

• meson decays produce neutrinos

• Also: !e from µ decay, high energy !µ /!e  from K decay

π+ → µ+ + νµ

5Thursday, August 25, 2011

High Power ! beam production

•30 GeV ~1"1014 protons extracted 
every 2.5~3 sec. directed to the carbon 
target.
•Secondary !+(and K+) focused by three 
electromagnetic horns (250kA/200kA)
•"# from mainly !+!#++"#　
•"e in the beam come from K and # 
decays

The sources of systematic uncertainty in Nexp
SK are listed

in Table II. Uncertainties in the near-detector and far-
detector selection efficiencies are energy-independent ex-
cept for the ring-counting efficiency. Uncertainty in the

near-detector event rate is applied to N
Data;!"CC
ND in Eq. (3).

The flux normalization uncertainty is reduced because of
the near-detector constraint. The uncertainty in the flux
shape is propagated using the covariance matrix when
calculating Nexp

SK . The near-detector constraint also leads
to partial cancellation in the uncertainty in cross-section
modeling, but the cancellation is not complete due to the
different fluxes, different acceptances and different nuclei
in the near and far detectors. The total uncertainty in Nexp

SK
is !13:3%

"13:0% without oscillations and !15:0%
"14:8% with oscillations

with sin2#2#23$ % 1:0 and j!m2
32j % 2:4& 10"3 eV2.

We find the best-fit values of the oscillation parameters
using a binned likelihood-ratio method, in which
sin2#2#23$ and j!m2

32j are varied in the input to the calcu-
lation of Nexp

SK until

2
X

Er

!
Ndata

SK ln
"
Ndata

SK

Nexp
SK

#
! #Nexp

SK " Ndata
SK $

$
(5)

is minimized. The sum in Eq. (5) is over 50 MeV bins of
reconstructed energy of selected events in the far detector
from 0–10 GeV.
Using the near-detector measurement and setting

Psurv % 1:0 in Eq. (4), we expect a total of 103:6!13:8
"13:4

(systematic) single "-like ring events in the far detector
without disappearance, but we observe 31 events. If
!" ! !$ oscillations are assumed, the best-fit point deter-
mined using Eq. (5) is sin2#2#23$ % 0:98 and j!m2

32j %
2:65& 10"3 eV2. We estimate the systematic uncertainty
in the best-fit value of sin2#2#23$ to be '4:7% and that in
j!m2

32j to be '4:5%. The reconstructed energy spectrum
of the 31 data events is shown in Fig. 3 along with the
expected far-detector spectra without disappearance and
with best-fit oscillations.
We construct confidence regions1 in the oscillation pa-

rameters using the method of Feldman and Cousins [28].
Statistical variations are taken into account by Poisson
fluctuations of toy MC data sets, and systematic uncertain-
ties are incorporated using the method of Cousins and
Highland [29,30]. The 90% confidence region for
sin2#2#23$ and j!m2

32j is shown in Fig. 4 for combined
statistical and systematic uncertainties.
We also carried out an alternate analysis with a maxi-

mum likelihood method. The likelihood is defined as:

L % Lnorm#sin2#2#23$;!m2
32; f$

& Lshape#sin2#2#23$;!m2
32; f$Lsyst#f$; (6)

TABLE II. Systematic uncertainties on the predicted number of SK selected events without
oscillations and for oscillations with sin2#2#23$ % 1:0 and j!m2

32j % 2:4& 10"3 eV2.

Source %Nexp
SK =Nexp

SK (%, no osc) %Nexp
SK =Nexp

SK (%, with osc)

SK CCQE efficiency '3:4 '3:4
SK CC non-QE efficiency '3:3 '6:5
SK NC efficiency '2:0 '7:2
ND280 efficiency !5:5 "5:3 !5:5 "5:3
ND280 event rate '2:6 '2:6
Flux normalization (SK/ND280) '7:3 '4:8
CCQE cross section '4:1 '2:5
CC1&=CCQE cross section !2:2 "1:9 !0:4 "0:5
Other CC/CCQE cross section !5:3 "4:7 !4:1 "3:6
NC/CCQE cross section '0:8 '0:9
Final-state interactions '3:2 '5:9
Total !13:3 "13:0 !15:0 "14:8
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FIG. 3. Reconstructed energy spectrum of the 31 data events
compared with the expected spectra in the far detector without
disappearance and with best-fit !" ! !$ oscillations. A variable

binning scheme is used here for the purpose of illustration only;
the actual analysis used equal-sized 50 MeV bins.

1In the T2K narrow-band beam, for a low-statistics data set,
there is a possible degeneracy between the first oscillation
maximum and other oscillation maxima in L=E. Therefore, we
decided in advance to report confidence regions both with and
without an explicit bound at j!m2

32j< 5& 10"3 eV2. For this
data set, the bounded and unbounded confidence regions are
identical.
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T2K-Far Detector: Super-Kamiokande

• Water Cherenkov detector with 50 kton mass (22.5 kton Fiducial volume) 
located at 1km underground

• Good performance (momentum and position resolution, PID, charged 
particle counting) for sub-GeV neutrinos.
    [Typical] 61% efficiency for T2K signal !e with 95% NC-1"0 rejection

• Inner tank (32 kton) :11,129 20inch PMT

• Outer tank:1,885  8inch PMT

• Dead-time-less DAQ

• GPS timing information is recorded 
 real-time at every accelerator spill

• T2K recorded events: All interactions
 within a ±500µsec window centered 
on the the neutrino arrival time.
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see Mark’s talk
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Reactor Experiment
Principle

Karsten Heeger, Univ. of Wisconsin Neutrino2012, Kyoto, June 4, 2012 
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Prompt signal
positron + annihilation ϒ’s

1 ~12 MeV
Delayed signal

ϒ’s from neutron capture 
on Gd: 8 MeV
Time interval 
Δt ~ 30 µs

Filled with liquid scintillator
 loaded with Gd.

For each fission, there are approximately 6 anti-neutrinos 
emitted.

Karsten Heeger, Univ. of Wisconsin Neutrino2012, Kyoto, June 4, 2012 
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background events. Multiple gamma-rays are released during the neutron capture
on Gd, with a total deposited energy of ∼8 MeV, which gives another easy way to
isolate signal events and reduce background. In order to improve our knowledge of
θ13, high precision experiments with dedicated detector design are required. The
statistical and systematic errors should be maintained at less than a 1% level to
improve the limits coming from previous experiments like CHOOZ14). There are
several methods to accomplish this: Use a near detector to reduce rate and spectral
shape uncertainties, use large or multiple detectors to increase the fiducial volume
and so decrease the statistical error, or use multi-core sites to get as many ν̄e as
possible. This should be coupled with an understanding and reduction of the back-
ground: deep underground detector sites will help to reduce all the cosmic muon
backgrounds and an accurate calibration system will help to reduce background due
to radioactivity and systematic uncertainties due to energy reconstruction. In this
paper we discuss the potential of current reactor neutrino experiments to limit or
measure θ13. We will analyze the physics potential of the following reactor neutrino
experiments: Daya Bay15, Double Chooz16 and Reno17.
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Fig. 1. (a) ν̄e interaction in the detector, (b) ν̄e flux and (c) IBD cross section. The Y-axis is in
arbitrary unit. Figure from Gratta et al.13

Karsten Heeger, Univ. of Wisconsin Neutrino2012, Kyoto, June 4, 2012 

threshold: 
neutrinos with E < 
1.8 MeV are not 
detected

Reactor Antineutrinos

A
rb

it
ra

ry

F
lux Cro

ss
 S

ec
tio

n

Observable !  Spectrum

From Bemporad, Gratta and Vogel

calculated 
reactor 
spectrum

only disappearance 
experiments possible

observable rate and 
energy spectrum

νe from β-decays 
of n-rich fission products

~ 200 MeV per fission
~ 6 !e per fission
~ 2 x 1020 !e/GWth-sec

235U:238U:239Pu:241Pu = 
0.570: 0.078: 0.0295: 0.057

inverse β-decay  
νe + p → e+ + n

Source Detection
observed spectrum
mean energy ~ 3.6 MeV

3

recoil energy (keV

neutrino energy (MeV)

νeN(SM)

νee(MM)

νee(SM)

1 c/kg/kev/d

cross-
section

238U

239Pu

241Pu 235U

Ev
en

ts
 (/

kg
/d

ay
/k

eV
)νe scattering

1

anti-ν reactor 
flux at the 
detector

Karsten Heeger, Univ. of Wisconsin Neutrino2012, Kyoto, June 4, 2012 

3-Neutrino Mixing Parameters from Reactors 

5

Future - running experiments

sin2θ12  to ~2% from dedicated reactor 
experiment at optimized L~60km 

sin22θ13  to 4-5% from Daya Bay, 3 years

60 GW·kt·y exposure, ~4% systematic 
error from near detector
Bandyopadhyay et al., Phys. Rev. D67 (2003) 113011.
Luk, private communication 2003
Minakata et al., hep-ph/0407326
Bandyopadhyay et al., hep-ph/0410283

some improvements in analysis, 
Daya Bay currently statistics limited

Δm213 from reactors
large θ13 allows spectral analysis 

precision reactor νe spectra 
e.g. Daya Bay several 100k events in 
near-site spectraKamLAND

Δm212 from KamLAND
precision θ12 from solar
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The Daya Bay Experiment
!"#$%&'&$(&'$)*+#,-.#/0$

123245$ 6.+,78#9$:#&;<,#.#/0$7=$)>#?0,7/@&/A/#<0,-/7$%-;&++#&,&/?#$ 5$

B-&$CDE$&/9$.79#,/$0"#797>-0#;F$,#>&A8#$
9#0#?07,@?7,#$+7;-A7/;$G/7H/$07$I$?.J$

K9L&?#/0$.7</0&-/;$H-0"$"7,-M7/0&>$&??#;;$
+,78-9#$N1O$P5QOR$.JHJ#$?7;.-?$;"-#>9-/SJ$

1$?7..#,?-&>$,#&?07,$?7,#;$
H-0"$4TJ3$CU0"$070&>$+7H#,J$$

1$K/A/#<0,-/7$%#0#?07,;$PK%;R$
S-8#$45O$07/;$070&>$0&,S#0$.&;;J$$$

%&'&$(&'$ V-/S$K7$6$W$66$

24Wednesday, June 13, 2012



RENORENO Experimental Setup 

Far Detector 

Near Detector 
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Mass Hierarchy (accelerators)

The ± is ! or anti-!"

Accelerator experiments use the matter effect in 
the νe appearance channel

P(!µ!!e)=P1+P2+P3+P4 

sin22!13 

~sin"#

~cos"#
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