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M Y  C H A R G E

• Review the outlook of 
“high energy” c. 2025 

• Long baseline 

• Proton decay

“long shot” 
“fundamental instability
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L O O K  I N T O  T H E  C RY S TA L  B A L L
• Caveats:

• there is no crystal ball . . . . 

• I don’t know anything you don’t know . . . . 

• I am myopic both literally and in outlook . . .

• long range planning for me is “what should I eat for lunch?”
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W H AT ’ S  T H E  P O I N T ?
• Still it is (very) important  to think ahead  .. . .

• ~2025 is an interesting time

• start of  Trump administration’s third term . . . .

• if “terms” still exist

• just before a new era:

• start of DUNE beam operations 

• Hyper-Kamiokande

• What will the physics landscape look like?

• what do we know? what do we expect the big questions to be?

• particularly important given sentiment that “the world can only have one 
long-baseline experiment”

• need to consider  both:

• a broad program of important physics measurement

• razor sharp focus on a few topics that can make the next “breakthrough”
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T H E  E N E R G Y  F R O N T I E R

• The energy frontier has been silent on BSM physics for a while . . .  

• BSM physics is hiding very effectively or possibly out of reach . . . . 

• LHC has taken only a few percent of its planned integrated luminosity 

• any discovery will be more mysterious, dramatic then “conventional” scenarios that are not showing up 

• still, we are in the dark for now about possible TeV-scale BSM



D A R K  M AT T E R

• No signs of TeV-scale WIMPs 

• Impressive march in sensitivity down to the “neutrino floor” 

• New frontier in low mass WIMPS and dark sector/portals 

• still in the”dark” about dark matter and potential BSM physics that is 
responsible for it.
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ν  O S C I L L AT I O N S  I N  L B L  E X P E R I M E N T S

• Precision measurement of sin22θ23.  

• CPT tests with antineutrino mode ( νµ→νµ )

Interdependence on 
parameters naturally 
leads to joint analysis
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• sin22θ13 dependence of leading term 
• θ23 dependence of leading term: “octant” dependence (θ23=/>/<45°?) 
• CP odd phase δ: asymmetry of probabilities P(νµ→νe) ≠ P(νµ→νe) if sin δ ≠ 0 
• Matter effect through x:  νe (νe) enhanced in normal (inverted)
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T H E  E V I D E N C E :

• Result is based mainly on 

• T2K: 

• 32 νe candidates in ν-mode 

• 4 νe candidates in ν-mode 

• NOvA: 

• 33 νe candidates in ν-mode

Prediction 

Total BG NC Beam νe νµ CC  ντ CC Cosmics 

8.2 3.7 3.1 0.7 0.1 0.5 

NH, 3π/2,  IH, π/2,  

28.2 11.2 

Signal events 
(±5% systematic uncertainty): 
 

Background by component  
(±10% systematic uncertainty): 

¨  Extrapolate each component in 
bins of energy and CVN output 

¨  Expected event counts depend 
on oscillation parameters  
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M A S S  
O R D E R -π / 2 0 +π / 2 π O B S

νe
N H 2 8 . 7 2 4 . 2 1 9 . 6 2 4 . 1

3 2
I H 2 5 . 4 2 1 . 3 1 7 . 1 2 1 . 3

νe
N H 6 . 0 6 . 9 7 . 7 6 . 8

4
I H 6 . 5 7 . 4 8 . 4 7 . 4



T R E N D S :

• T2K, SK (atm), NOvA are vaguely pointing in the same direction: 

• normal mass ordering 

• δ
CP

 = ~ -π/2 (maximal) 

• Both favor νµ→νe over νµ→νe) 

• do we accept that we have evidence for CP violation? 

• "I will tell you after we have more data. I will keep you in 
suspense.”

Contours 

¨  Fit for hierarchy, "CP, sin2θ23 

¤  Constrain Δm2 and sin2θ23 with NOvA 
disappearance results 

¤  Not a full joint fit, systematics and other 
oscillation parameters not correlated  

¨  Global best fit Normal Hierarchy 
 

 

¤  best fit IH-NH,  Δ!2=0.47 

¤  both octants and hierarchies allowed at 1σ 
¤  3σ exclusion in IH, lower octant around 
"CP=π/2   

 

P. Vahle, Neutrino 2016 27 

Antineutrino data will help resolve degeneracies, 
particularly for non-maximal mixing 

Planned for Spring 2017 
CPδ
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C .  2 0 2 1  ( S U S P E N S E )
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• 3.6x1021 POT at NOvA, 7.8x1021 POT at T2K
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FIG. 1. Illustration of the Hyper-Kamiokande detector with one (left) and three (right) cylindrical tanks.

The 1TankHD configuration has the advantage of a higher photon collection e�ciency, while

the 3TankLD configuration benefits from a higher target mass.

However, finally the 2TankHK-staged was chosen as the optimal solution by a dedicated task

force (TOTF), and it is the one highlighted in the rest of the text.

Candidate sites for the Hyper-K experiment were selected such that neutrinos generated in the

J-PARC accelerator facility in Tokai, Japan can be measured in the detector. J-PARC will operate

a 750 kW beam in the near future, and has a long-term projection to operate with 1300 kW of beam

power. Near detectors placed close to the J-PARC beam line will determine the information about

the neutrinos coming from the beam, thus allowing for the extraction of oscillation parameters

from the Hyper-K detector. The ND280 detector suite, which has been used successfully by the

T2K experiment, could be upgraded to further improve the measurement of neutrino cross section

and flux. The WAGASCI detector is a new concept under development that would have a larger

angular acceptance and a larger mass ratio of water (and thus making the properties more similar

to the Hyper-K detector) than the ND280 design. Intermediate detectors, placed 1-2 km from the

J-PARC beam line, could measure the beam properties directly on a water target. Details of the

beam, as well as the near and intermediate detectors, can be found in Section II.1.

Hyper-K is a truly international proto-collaboration with over 60 participating institutions from

Brazil, Canada, the United States, France, the United Kingdom, Italy, Korea, Poland, Russia,

Spain, and Switzerland, in addition to Japan.

Hyper-K will be a multipurpose neutrino detector with a rich physics program that aims to

address some of the most significant questions facing particle physicists today. Oscillation studies

from accelerator, atmospheric and solar neutrinos will refine the neutrino mixing angles ad mass

Detector upgrades

N / �⌫ ⇥ V ⇥ ⇢⇥ ✏⇥ �⌫

N / �⌫ ⇥ V ⇥ ⇢⇥ ✏⇥ �⌫

Neutrino source  
upgrades



N O v A  A N D  N U M I

• Very impressive ramp up in beam power 

• >500 kW regularly achieved 

• On the way to design power of 700 kW! 

• Very promising for rapid accumulation 
of data at NOvA

7/11/2016 Jaroslav Zalesak - AEM 6 

ND: Tracks in neutrino and anti-
neutrino mode 

¾ We could see in average (1-hour binning) 3 antineutrino comparing to 7 neutrino 
tracks in the Near detector. 

Anti-neutrino (RHC) mode 
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Figure 1: Anticipated MR beam power and POT accumulation vs. calendar year.

2 Data accumulation Plan and Improvement of e↵ective
Statistics

Projected MR beam power and POT accumulation The MR beam power has
steadily increased since the start of the operation. In June 2015, 360 kW beam with
1.68⇥1014 protons-per-pulse (ppp) every 2.48 seconds was successfully provided to the
neutrino beamline. Discussions with the J-PARC Accelerator Group have resulted in a
plan to achieve the design intensity of 750 kW by reducing the repetition cycle to 1.3
seconds. This requires an upgrade to the power supplies for the MR main magnets, RF
cavities, and some injection and extraction devices by January 2019. Studies to increase
the ppp are also in progress, with 2.73⇥ 1014 ppp equivalent beam with acceptable beam
loss already demonstrated in a test operation with two bunches.

Based on these developments, MR beam power prospects were updated and presented
in the accelerator report at the last PAC in July 2015[6] and anticipated beam power
of 1.3 MW with 3.2⇥1014 ppp and a repetition cycle of 1.16 seconds are presented at
international workshops[7, 8]. A possible data accumulation scenario is shown in Fig. 1,
where 5 months neutrino beam operation each year and realistic running time e�ciency are
assumed. We expect to accumulate 20⇥ 1021 POT by JFY2026 with 5 months operation
each year and by JFY2025 with 6 months operation each year as requested by T2K.

Beamline upgrade The beam intensity in the current neutrino beam facility is limited
to 3.3 ⇥ 1014 ppp by the thermal shock induced by the beam on the target and beam
window. The MR power upgrade plan allows 1.3 MW beam operation without increasing
the ppp. However, the beamline cooling capacity for components like the target and
helium vessel is su�cient for up to 750 kW; these would need to be upgraded to accept
1.3 MW beam operation.

The T2K horns were originally designed to be operated at 320 kA current, but so far
have been operated at 250 kA because of a problem with the power supplies. The upgrades
required for 320 kA operation will be implemented in stages and will be completed by 2019.
Horn operation at 320 kA gives a 10% higher neutrino flux and also reduces contamination
of the wrong-sign component of neutrinos (i.e., anti-neutrinos in the neutrino beam mode
or neutrinos in the anti-neutrino beam mode) by 5-10%.

2

Mid-term plan of MR�

JFY� 2014� 2015� 2016� 2017� 2018� 2019� 2020�

Li. current 
upgrade�

New PS 
buildings�

FX power [kW] (study/trial)�
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-�
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400

50�
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700
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800

~100�
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~100�

Cycle time of main magnet PS
New magnet PS�

2.48 s}
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1.3 s
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1.3 s
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1.2 s
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High gradient rf system
2nd harmonic rf system
VHF cavity

Ring collimators�
Add.collimato
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ors (3.5kW)�
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Injection system
FX system�

SX collimator / Local shields�

Ti ducts and SX devices with 
Ti chamber�

Beam ducts� ESS�
�

R&D�
Mass production 
installation/test�

R&D, manufacture, installation/test�
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ajgkhpVcdVjlopnthlhmrXVb_VqhorslXV`_VqhorfVlfmsifgrsphVYrhqr�

Local shields�

FXÌThe high repetition rate scheme is adopted to achieve the design beam intensity, 750 kW. Rep. rate will be 
increased from ~ 0.4 Hz to ~1 Hz by replacing magnet PS’s, RF cavities and some injection and extraction devices.�
SXÌ Parts of stainless steel ducts are replaced with titanium ducts to reduce residual radiation dose. The beam 
power will be gradually increased toward 100 kW watching the residual activity. �

Manufacture, installation/test�

Large scale  
1st PS�

R&D�

• High power potential in J-PARC Main Ring 

• 420 kW operation in spring 2016 with 2.5 sec cycle 

• 1.3 sec cycle with MR PS upgrade would allow >800 kW beam 

• MW power possible 

• MR power supply upgrade approved! 
• now looking to 1 MW power and beyond to 1.3 MW 
• Extension of T2K to 2026 to accumulate 20x1020 POT (3x current target) 

• “T2K-II”
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δ C P T O TA L S I G N A L  

ν µ→ν e
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ν µ→ν e

B E A M  
ν e
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ν µ
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Flux Improvement by Neutrino Beamline

• Magnetic horn current 
• 250 kA ⟹ 320 kA (rated) 
• 10 % improvement of neutrino flux at far detector

10%�

250kA�
320kA�

Courtesy)of)T.Nakadaira� 11

• Increased horn current (250 kA → 320 kA) 

• ~10% higher Φν/POT 

• less “wrong sign” contamination (e.g. ν in ν beam) 

• Enlarged SK samples for higher statistics 

• Currently project assume 50% higher statistics/
POT relative to current T2K



T 2 K - I I  S E N S I T I V I T Y

• Notes 

• Mass ordering assumed! 

• CP violation with δCP ~-π/2 can be observed with >3 x significance 

• Control of systematics and analysis improvements are needed  

• Combination with NOvA, SK, etc. should help significantly 

• we should lay the framework for a robust and rigorous combination of results
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FIG. 20: Sensitivity to CP violation as a function of true �
CP

for the full T2K-II exposure

of 20⇥ 1021 POT with a 50% improvement in the e↵ective statistics, 2016 systematics are

employed, and assuming that the true MH is the normal MH. The left plot is with assump-

tion of unknown mass hierarchy and the right is with known mass hierarchy. Sensitivities

at three di↵erent values of sin2 ✓23 (0.43, 0.5 and 0.6) are shown.
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(b) Assuming the MH is known – measured by

an outside experiment.

FIG. 21: Sensitivity to CP violation as a function of true �
CP

for the full T2K-II exposure

of 20 ⇥ 1021 POT with a 50% improvement in the e↵ective statistics, a reduction of the

systematic uncertainties to 2/3 of their current size, and assuming that the true MH is the

normal MH. The left plot is with assumption of unknown mass hierarchy and the right is

with known mass hierarchy. Sensitivities at three di↵erent values of sin2 ✓23 (0.43, 0.5 and

0.6) are shown.

The expected evolution of the sensitivity to CP violation as a function of POT assuming931
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Muon Neutrino FD Data 

¨  78 events observed in FD 
¤  473±30 with No Oscillation  
¤  82 at best oscillation fit 
¤  3.7 beam BG + 2.9 cosmic  
 

!2/NDF=41.5/16 
Driven by fluctuations in tail, no pull in oscillation fit 
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• By 2025, δ(θ23) should be< 2○: 

• δ(sin2θ23 ~0.03) 

• δ(sin22θ23 ~0.005) 

• Current indications of non-maximal mixing 
with sin2θ23 ~0.4 should be resolved

42
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(b) Assuming true sin2 ✓23 = 0.60.
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(c) Assuming true sin2 ✓23 = 0.50.

FIG. 25: Expected 90% C.L. sensitivity to �m2
32 and sin2 ✓23 with the 2016 systematic

error. The POT exposure accumulated by 2014 corresponds to 6.9 ⇥ 1020 POT ⌫- +

4.0 ⇥ 1020 POT ⌫̄-mode. For the ultimate T2K-II exposure of 20 ⇥ 1021 POT, a 50%

increase in e↵ective statistics is assumed.

As observed, the octant degeneracy of ✓23 mixing angle can be resolved by the proposed968

T2K-II data at some levels if ✓23 is not maximum. More specifically, Fig. 26 shows that969

the octant degeneracy can be solved by more than 3� if the ✓23 is in the high octant,970

sin2 ✓23=0.6. For the lower octant case, sin2 ✓23=0.43, the significance of resolving octant971

degeneracy is also close to 3�. Fig. 26 also shows uncertainty on sin2 ✓23 as function of972

POT. If sin2 ✓23 is maximum, the expected 1� precision of sin2 ✓23 determined by the973

proposed T2K-II is 1.7�. For the case of sin2 ✓23 = 0.43, 0.6 the uncertainty is 0.5�, 0.7�974

respectively. The uncertainty of ✓23 in the case of maximum is much higher than the other975

cases since the survival probability close to sin2 ✓23 ⇠ 0.5 is basically independent of ✓23.976
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M A S S  O R D E R I N G / H I E R A R C H Y

• Several opportunities by 2025 

• NOvA + T2K 

• JUNO 

• ORCA, PINGU (hope at least one goes forward) 

• If all these “agree” we may consider mass 
ordering to be “resolved” 

• Very important input LBL CPV searches



P R O T O N  D E C AY
• New SK results with 0.3 MT-

year exposure 

• τ(p→e++π0) >1.6x1034 years 

• τ(p→μ++π0) >0.77x1034 years 

• Other results with 0.26 MT-year 

• τ(p→K++ν) >0.59x1034 Chapter 4: Nucleon Decay and Atmospheric Neutrinos 4–68

Figure 4.4: Proton decay lifetime limit for p æ K+‹ as a function of time for underground LArTPCs
starting with an initial 10 kt and adding another 10 kt each year for four years, for a total of 40 kt. For
comparison, the current limit from SK and a projected limit from Hyper-K is also shown. The limits are
at 90% C.L., calculated for a Poisson process including background, assuming that the detected events
equal the expected background.

4.2 Atmospheric Neutrinos

Atmospheric neutrinos provide a unique tool to study neutrino oscillations: the oscillated flux con-
tains all flavors of neutrinos and antineutrinos, is very sensitive to matter e�ects and to both �m2

values, and covers a wide range of L/E. In principle, all oscillation parameters could be measured,
with high complementarity to measurements performed with a neutrino beam. Atmospheric neu-
trinos are of course available all the time, which is particularly important before the beam becomes
operational. They also provide a laboratory in which to search for exotic phenomena where the
dependence of the flavor-transition and survival probabilities on energy and path length can be
defined. The DUNE far detector, with its large mass and the overburden to protect it from back-
grounds, is an ideal tool for these studies. The following discussion will focus on the measurement
of the oscillation parameters in which the role of atmospheric neutrinos is most important.

The sensitivity to oscillation parameters has been evaluated with a dedicated simulation, recon-
struction and analysis chain. The fluxes of each neutrino species were computed at the far detector
location, after oscillation. Interactions in the LAr medium were simulated with the GENIE event
generator. Detection thresholds and energy resolutions based on full simulations were applied to
the outgoing particles, to take into account detector e�ects. Events were classified as Fully Con-

Volume 2: The Physics Program for DUNE at LBNF LBNF/DUNE Conceptual Design Report

• Another ~0.2 MT-year at SK by 2025 

• Important to keep looking, improve 
analyses 

• Fully explore potential of SK-Gd 

• Establish ~background free p→K++ν 
searches in DUNE 

• also channels currently not accessible 
in WČ detectors
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FIG. 3. (color online) Reconstructed proton mass vs. total momentum for p → e+π0 (top) and p → µ+π0 (bottom) after all
cuts except (Cut-6) . The left panels show signal MC, where light blue corresponds to free protons and dark blue is bound
protons. The middle panels show atmospheric ν MC corresponding to 500 years live time of SK, and the right panels show
SK-I to SK-IV data. The dot size is enlarged in the signal box.

respectively, which are assumed to be Gaussian distribu-
tions with σ described in Table II [23]. The lower limit
of the nucleon decay rate, Γlimit, is:

CL =

∫ Γlimit

Γ=0

∏N=8
i=1 P (Γ|ni) dΓ∫∞

Γ=0

∏N=8
i=1 P (Γ|ni) dΓ

, (2)

where CL is the confidence level, taken to be 90%. The
lower lifetime limit of p → l+π0 (l+ denotes e+ or µ+) is
given by:

τ/Bp→l+π0 =
1

Γlimit
. (3)

The results of the limit calculation combining the two
regions are:

τ/Bp→e+π0 > 1.6× 1034years,

τ/Bp→µ+π0 > 7.7× 1033years,

at the 90% confidence level. τ/Bp→µ+π0 is lower than
τ/Bp→e+π0 , and this is also lower than our previous pub-
lication [9] because of the two observed events, which are
consistent with atmospheric neutrino background.

VIII. CONCLUSION

We analyzed 0.306 megaton·years of Super-
Kamiokande data to search for proton decay via
p → e+π0 and p → µ+π0. Neutron tagging was
introduced in SK-IV and it succeeds in rejecting half
of the backgrounds. The signal region from SK-I to
SK-IV was divided into two regions of Ptot to obtain
better sensitivity. We observed 0 events (0.07 and 0.54
expected background in lower and higher momentum
box, respectively) for p → e+π0 and 2 events in higher
momentum box (0.05, and 0.82 expected background
in lower and higher momentum box, respectively) for
p → µ+π0. The obtained proton lifetime limits at 90%
confidence level are > 1.6× 1034 years for p → e+π0 and
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E L U C I D AT I N G  C P V

• 1964: Initial discovery of CP 
violation in KL→π

+
+π

-
 

• Nearly 50 years later, we know 
that this arises from a complex 
phase in quark mixing 

• Observing CPV in neutrinos is 
the beginning of a program .  . .
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FIG. 2. (a) Experimental distribution in rn~ com-
pared with Monte Carlo calculation. The calculated
distribution is normalized to the total number of ob-
served events. (b) Angular distribution of those events
in the range 490 &m*&510 MeV. The calculated curve
is normalized to the number of events in the complete
sample.

with a form-factor ratio f /f+ =-6.6. The data
are not sensitive to the choice of form factors
but do discriminate against the scalar interac-
tion.
Figure 2(b) shows the distribution in cos8 for

those events which fall in the mass range from
490 to 510 MeV together with the corresponding
result from the Monte Carlo calculation. Those
events within a restricted angular range (cos8
&0.9995) were remeasured on a somewhat more
precise measuring machine and recomputed using
an independent computer program. The results of
these two analyses are the same within the re-
spective resolutions. Figure 3 shows the re-

0
0.9996 0.9997 0.9998 0.9999 I.OOOO

cos 8
FIG. 3. Angular distribution in three mass ranges

for events with cos0 & 0.9995.

suits from the more accurate measuring machine.
The angular distribution from three mass ranges
are shown; one above, one below, and one encom-
passing the mass of the neutral K meson.
The average of the distribution of masses of

those events in Fig. 3 with cos8 &0.99999 is
found to be 499.1 + 0.8 MeV. A corresponding
calculation has been made for the tungsten data
resulting in a mean mass of 498.1 + 0.4. The dif-
ference is 1.0+0.9 MeV. Alternately we may
take the mass of the E' to be known and compute
the mass of the secondaries for two-body decay.
Again restricting our attention to those events
with cos0&0.99999 and assuming one of the sec-
ondaries to be a pion, the mass of the other par-
ticle is determined to be 137.4+ 1.8. Fitted to a
Gaussian shape the forward peak in Fig. 3 has a
standard deviation of 4.0 + 0.7 milliradians to be
compared with 3.4+ 0.3 milliradians for the tung-
sten. The events from the He gas appear identi-
cal with those from the coherent regeneration in
tungsten in both mass and angular spread.
The relative efficiency for detection of the

three-body E, decays compared to that for decay
to two pions is 0.23. %e obtain 45+ 9 events in

139

123

775

Table 25.1.3. Input values for the global fit from Lattice QCD.

Input Value Reference

|Vud| 0.97425 ± 0.00022 (Colangelo et al., 2011)
|Vus| 0.2208 ± 0.0039 (Colangelo et al., 2011)

fBs [MeV ] 227.6 ± 2.2 ± 4.5 (Laiho, Lunghi, and Van de Water, 2010)
fBs/fBd 1.201 ± 0.012 ± 0.012 (Laiho, Lunghi, and Van de Water, 2010)
bBBs 1.33 ± 0.06 (Laiho, Lunghi, and Van de Water, 2010)
BBs/BBd 1.05 ± 0.07 (Laiho, Lunghi, and Van de Water, 2010)
bBK 0.7643 ± 0.0034 ± 0.0091 (Laiho, Lunghi, and Van de Water, 2010)
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Figure 25.1.1. Results of global fits in the (ρ, η) plane, from CKMfitter and UTfit, showing the consistency of b → d, b → s
and s → d flavor-changing transitions with the Kobayashi-Maskawa mechanism for the common origin of the observed CP
violation. The inputs of Tables 25.1.1 through 25.1.3 are used to obtain these plots. The second solution for the value of φ1 is
suppressed using the measurements of final states that have an asymmetry dependence on cos 2φ1. The corresponding numerical
results from these fits can be found in Table 25.1.4.

Table 25.1.5. Compatibility of the individual inputs with their prediction from the global fit.

Input Input value Predicted value

UTfit [#σ]

sin 2φ1 0.677 ± 0.020 0.756 ± 0.041 [1.7σ]

φ2 [◦] 88 ± 5 88.7 ± 3.3 [0.1σ]

φ3 [◦] 67 ± 11 69.7 ± 3.1 [0.2σ]

∆ms [ ps−1] 17.719 ± 0.043 17.35 ± 1.05 [0.7σ]

|Vcb| [10−3] 41.67 ± 0.63 42.45 ± 0.65 [0.8σ]

|Vub| [10−3] 3.95 ± 0.54 3.61 ± 0.11 [0.6σ]
bBK 0.7643 ± 0.0034 ± 0.0091 0.810 ± 0.061 [0.3σ]

B(B → τντ ) 10−4 (1.15 ± 0.23) 0.818 ± 0.062 [1.4σ]

SM provides a complementary test of the CKM mecha-
nism, however those constraints require theoretical input
in order to translate measurements into a constraint on
the apex of the Unitarity Triangle. Hence the B factories
provided an experimentally and theoretically clean set of

tests of the Standard Model in the measurements of the
angles of the Unitarity Triangle. M. Kobayashi and T.
Maskawa shared the 2008 Nobel Prize for their model of
CP violation that inspired several generations of experi-
mental exploration. During the lifetime of the B Factories
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Figure 17.6.7. Flavor-tagged ∆t distributions (a,c) and raw CP asymmetries (b,d) for the BABAR (left, (Aubert, 2009z)) and
Belle (right, (Adachi, 2012c)) measurements of sin 2φ1. The top two plots show the B → (cc̄)K0

S (ηf = −1) samples, and the
bottom two show the B → J/ψK0

L (ηf = +1) sample. The shaded regions for BABAR represent the fitted background, while the
Belle distributions are background subtracted. The two experiments adopt the opposite color code in ∆t distribution plots.
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Figure 17.6.9. Distributions of ∆E for B0 → J/ψπ0 samples
used in the Belle measurement (Lee, 2008) of φ1. The super-
imposed curves show the signal (solid line), B → J/ψX back-
ground (dot-dashed line), combinatorial background (dashed
line) and the sum of all the contributions (thick solid line).

(Eq. (9.4.1)), and cos θH , where θH is the angle between
the positively charged lepton and the B candidate mo-
menta in the J/ψ rest frame. In contrast, Belle achieves
continuum background rejection by applying a cut on the
ratio of zeroth to second Fox-Wolfram moments, R2 < 0.4.
Details on these background suppression techniques can
be found in Chapter 9.

The most recent results obtained by BABAR (Aubert,
2008i) and Belle (Lee, 2008) use 465 ×106 and 535 ×106

BB pairs, respectively, and are summarized in Table 17.6.3.
BABAR finds CP violation with 4.0σ significance, and Belle
finds 2.4σ significance. Both results, and their average, are
consistent with the value of S measured in b → ccs decays.
The obtained value of C is consistent with zero.

Table 17.6.3. The time-dependent CP asymmetry parameters
−ηfS and C for the decay B0 → J/ψπ0. The first quoted
uncertainty is statistical, and the second is systematic. The
averages are obtained by HFAG (Amhis et al., 2012).

Experiment −ηfS C
BABAR 1.23 ± 0.21 ± 0.04 −0.20 ± 0.19 ± 0.03
Belle 0.65 ± 0.21 ± 0.05 −0.08 ± 0.16 ± 0.05
Average 0.93 ± 0.15 −0.10 ± 0.13

17.6.4.2 B0 → D(∗)±D(∗)∓

The decay B0 → D(∗)±D(∗)∓ is dominated by a color-
favored tree-diagram in the SM. When neglecting the pen-
guin (loop) diagram, the mixing induced CP asymmetry
of B0 → D(∗)±D(∗)∓ is also determined by sin 2φ1. The

Eur. Phys. J. C (2014) 74:3026 Page 309 of 928 3026



Q U A R K  S E C T O R
• Expect significant improvement in 

CKM measurements with Belle2 

• What would violation of unitarity 
or other evidence of new physics 
in quark flavour mean for lepton 
mixing?

(a)

(b)

Figure 6.7: Constraints on the CKM unitarity triangle at (a) Belle (∼0.5 ab−1) and (b) Su-
perKEKB (50 ab−1).

combined and symmetrized.
Table 6.2 summarizes the theoretical parameters used in the fit. The parameters are mainly

given by the lattice QCD calculations. The current largest uncertainty is in the calculations
of fB and BB for the |Vtb|/|Vts| derivation from the measured ∆md and ∆ms. To reduce
the uncertainty, the calculations for Bs mesons are adopted and they are related to be Bd

parameters through a SU(3) correction factor ξ which is better known. We adopted S.Sharpe’s
predictions [17] for the uncertainties in these parameters for the fit.

The constraint on (ρ̄, η̄) using all these measurements for the SM case is shown in Figure 6.7.
The plots are shown for (a) current Belle (∼500 fb−1) and (b) 50 ab−1. Drastic improvements are
expected with the statistical power of the SuperKEKB. Table 6.3 shows the errors in determined
(ρ̄, η̄) for the cases of the current Belle (∼0.5 ab−1) and the SuperKEKB(50 ab−1). An O(1%)
determination of (ρ̄, η̄) apex becomes possible at SuperKEKB.

The effect of New Physics(NP) is expected to appear in the measurements where the loop
diagrams contribute. In the SuperKEKB measurements, possible NP effects are expected to
contribute, for example, to the Bd box diagram and influence the measurements of sin 2φ1 (b → c)
and ∆md. On the other hand, the measurements of φ3 by B → D(∗)K(∗) and |Vub| by B → Xulν
are governed by pure tree-level diagrams only and do not include the NP effect. The comparison
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A N S W E R S ?
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• Why is quark and lepton mixing so different? 

• is neutrino mixing “maximal”? 

• Why are neutrino masses so tiny? 

• quarks/charged leptons masses from Higgs mechanism  

• do neutrinos get mass some other way?
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What is the new physics of neutrino mass as proton decay



H E A R D  I N  T H E  H A L LW AY S :

• “Looks like the mass ordering is normal . . . “ 

• “Mass ordering is no longer a compelling physics topic” 

• ??? 

• the mass ordering is far from resolved . . .  . 

• even then, mass ordering is just one outcome from the study 
of neutrino matter effects 

• “neutrinoless double beta decay looks less promising” 

• ??? 

• Majorana mass and lepton flavour violation in 0ν2b is a 
fundamental question that must be addressed . . .  period.



C O N C L U S I O N S  ( L B L )
• Exciting summer for LBL physics 

• T2K: first fully joint analysis across all ν/ν appearance/disappearance modes 

• NOvA: new ν-mode results with 2x data, significant analysis improvements 

• weak hints of CP violation? non-maximal mixing? 

• If parameters are near currently favoured values: 

• we may establish strong evidence for CP violation by 2025 

• strong indications on the mass ordering may come from several sources 

• a robust joint analysis of results may be needed to convince ourselves we 
have this right. 

• If not . . .  we will leave plenty to do for the next generation 

• ‘ would accept a clear CP violation or mass ordering result” 

• “but  reserve my right to contest questionable results or propose a new 
experiment.”



C O N C L U S I O N S :  P R O T O N  D E C AY
• I’m very excited about proton decay 

• But it seems unlikely that we will make leaps in sensitivity 

• SK has been running for 20 year already 

• DUNE will have only been running for a few years  

• Needless to say, it is important to keep looking 

• we may have surprises 

• we may get “lucky” (or correspondingly been “unlucky” so far 

• This is a game of discovery 

• upper limit sensitivity difficult to improve but  

• lot of work to do to improve analyses, backgrounds, etc. so that discovery 
potential with even a few events remains high 

• demonstrate that we are ready for a big leap once DUNE and HK start.


