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Neutrino ‘98:
SuperKamiokande!

* Kajita-sensei announced the first evidence of neutrino
oscillation on June 5 at the Neutrino conference in
Takayama.

* | was still an undergrad and was working at LANL that
summer in condensed matter experiment. | remember
this being the most exciting science news of that
summer.

* | believe itwas in 1999 | was presenting at the APS
meeting in Atlanta and attended a session on neutrino
oscillation where a young Giorgio Gratta mentioned
this new reactor neutrino experiment in Japan during
his presentation...
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Neutrino Oscillation
Pre-KamLAND

» SuperK oscillations at Am?~ 103
* LSND hints at higher Am?

* Solar neutrino problem solutions:

« MSW flavor transformation
* Small mixing angle
* Large mixing angle
* Low Am?

* Vacuum oscillations
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KamLAND Strategy

e Atsuto Suzuki: “let’s build a
1 kton LS detector in the old
Kamiokande cavern”

* “Free beam” from the Japanese
nuclear power industry, with
convenient distribution

 Sensitive to LMA solution

* Early ‘90’s theorists: “Don’t waste
your time, it’s obviously SMA like
the quarks...”
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KamLAND Strategy

e Atsuto Suzuki: “let’s build a
1 kton LS detector in the
Kamiokande cavern”

* “Free beam” from the Japanese
nuclear power industry, with
convenient distribution

 Sensitive to LMA solution

* Early ‘90’s theorists: “Don’t waste
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Suzuki, Nu ‘98

Ka m LAN D H iStO ry KamLAND Construction Schedule
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KamLAND Collaboration
Agreement Between the Collaborating Groups

Purpose

The purpose of this document is to define the terms and conditions under which
the collaborating groups (at present Japanese and American) agree to work together in
building and operating a liquid scintillator anti-neutrino detector at the Kamioka mine.
The experiment shall be known as KamLAND. The goals of the experiment include a
search for reactor neutrino oscillations, solar neutrinos, geoneutrinos, and studies
of/searches for other astrophysical and particle physics phenomena. Tt is agreed that all
collaborating groups are free to participate in all aspects of the experiment.
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KamLAND History

* ‘94: KamLAND proposalin Japanese
e ’97:funded in Japan

* ‘08: Kamiokande dismantling/ PMT production
US physicists express interest

* ’99: major infrastructure construction
DOE funding approval

* ‘00: PMT/ balloon installation
* ’01: filling, commissioning
* ‘02: start of data taking!
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First Data

stopping p buffer oil muon
with Cherenkov ring

first antineutrino candidate
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Working in Japan




First results: reactor neutrino disappearance
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First results: reactor neutrino disappearance
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Second Result: spectral distortion
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Second Result: spectral distortion
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Second Result: spectral distortion
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Third Result: precision oscillation
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Key Contributions







Disaster Strikes...

From: kuni®@ inQue@yahoo.co.jp
Sent: Saturday, March 12, 2011 3:07 AM
Subject: terrible earthquake

Dear colleagues,

We had really terrible earthquake yesterday.

Electricity is not delivered yet. And we cannot send/receive e-mail
with our usual account.

I'm sending this with a battery and connection is very unstable.

However, as far as I know, No one was injured in RCNS.

We are just waiting for a recovery of electricity.

I think RCNS people in Kamioka cannot receive e-mail, but
their telephone (81-578-85-0030) may be working.

I cannot call them due to regulated use of the telephone line.
Please inform them and our colleagues that

we are OK, please ask them to maintain KamLAND safely.

Thank you very much for your help.

Best regards,
Kunio Inoue
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My memory: John was one of the
most active on the collaborationin
monitoring and communicating the
situation, and in working to find ways
to help!
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The quest to measure 6,

 Stringent CHOO/Z limit: is 6,5 too
small for CPV to be measured?
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The quest to measure 6,

 Stringent CHOO/Z limit: is 6,5 too
small for CPV to be measured?

* Non-zero 6,, relieved tension
between KamLAND & solar 6,,

PRD 83, 052002 (2011)

.2
sin” 0,

0.2

0.18

0.16

0.14

0.12

0.1

0.08

0.06

0.04

0.02

0

0.1

[y 100 "iln‘

®)

99.73% C.L. — 99.73% C.L.
best-fit ® Dbest-fit

KamL AND+Solar
B 959 C.L.
99% C.L.
B 99.73% C.L.
*  best-fit

. Seal
IIIII|II‘-II|IIII|III|"

02 03 04 05 06 07 08 09 1

2
tan” 0,

28



The quest to measure 6,
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The quest to measure 6,

..\7

—

Daya Bay: Experimental Setup
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The quest to measure 6,

I
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Neutrino Mass Hierarchy with Reactors

Experiment Normal Mass Ordering Inverted Mass Ordering
 Daya Bay + RENO gives a nGd — ——
Daya Bay
weak preference for the nH . .
normalorderlng when RENO L
combined with accelerator
and atmospheric T2K +NOvA
measurements T2K —— ——
NOvA L | —_——t
Super-K + T2K
Super-K — — ol
IceCube ——
Reactor Average —— ——
Accelerator Average —— —.—
23 24 25 26 27 28 23 24 25 26 27 28 29
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Neutrino Mass Hierarchy with Reactors
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The Reactor Antineutrino Anomaly

* Re-evaluation of reactor antineutrino spectra combining global
nuclear data with fission beta spectral measurements revealed a
global suppression relative to expectations
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The Reactor Antineutrino Anomaly

* Re-evaluation of reactor antineutrino spectra combining global
nuclear data with fission beta spectral measurements revealed a
global suppression relative to expectations

* Reactor antineutrino measurements?
* Nuclear data / nuclear theory?

* Beta spectrum measurements?

e Sterile neutrinos??
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The Reactor Antineutrino Anomaly
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The Reactor Antineutrino Anomaly

. P : :
* Nucleardata/nucleartheory?
* Beta spectrum measurements?

Sterile neutrinos??

Reactor experiments also consistently show
a “6 MeV bump” not in the model, agreeing
with each other within uncertainties

Prog Part Nucl Phys 136, 104016 (2024)

(Data-HM*)/HM*

Ratio to Prediction
(Huber + Mueller)

Data/Prediction

. . ; = 12F
0al £ ~++-
0l  RENO s g, j RN S ST~ —= < ey
LA el + T o M T !
't . o - -mal-m p . / LY = STEREOQ 25U +-T-
: = 3 o Best-fit bump
oaf i 3 1
2 3 7 8 2 e ¢ °

4 5 6
Prompt Energy (MeV)

Daya Bay

4 6
Prompt Energy (MeV)

0.9+

h

+
10F *Hﬂ*+m+”+ ”# i

— NEOS/H-M-V

Systematic total H* +*++ 4

H++

1

L . . L L
2 3 4 § 6 7 10
Prompt Energy [MeV]

Ratio of spectra

1.3

0.9F

0.7

ROVNO

oscillation prediction

Observation / No-

Measured / Expected

w

(S}

o
©

o
=3

6 7
Prompt energy [MeV]

Ratio to model
o |LL|-¢—L|I|

——

5

PROSPECT #3°U

t 4
——

I ]11 :
e

4000 5000 §000 7000
Prompt Energy (keV)

Visible Energy (MeV)

Gdsgen + RENO (near)
$ 4’
1 13
\f Tf \ 5
2 3 4 5 6%

Prompt Energy (MeV)

0.98]
0.96|

—#- DANSS Exp/MC
i RenoND2200d| 4
—+ Reno @ 3aw/\E| +

wﬁ’fﬁ +

e
e —

LN
(X1
~

5
Positron Energy, MeV

38



The Reactor Antineutrino Anomaly

s—Reactorantineutrino-measurements Nonunique=[z.rj0-| |
—— Nonunique=[X,r]1-
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* Nuclear data/ nuclear theory? 115 onuniquesi® 1) | 02
=
* Beta spectrum measurements? £
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* Sterile neutrinos?? - 1
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The Reactor Antineutrino Anomaly

Daya Bay + PROSPECT, PRL 128, 081801 (2022)

R : :

* Nucleardata/nucleartheory?
* Beta spectrum measurements?

e Sterile neutrinos??

The beta spectra also appear to be
guestionable, especially for 235U

(Pp/Pp)kt /(PR/PILL
1.1

Phys. Atom. Nucl. 84, 1 (2021)
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The Reactor Antineutrino Anomaly

R . .
10° 1

* Nucleardata/nucleartheory?

DANSS
(95% C.L.)

Stereo
(95% C.L.)

Prospect
(95% C.L.)

BEST+GA

(20)
BEST+GA+SAGE
best fit

RAA

(95% C.L.)
Neutrino-4

(20)

KATRIN exclusion
KNM1-5 (95% C.L.)

_ KATRIN sensitivity
KNM1-5 (95% C.L.)

KATRIN exclusion
KNM1-2 (95% C.L.)

* Beta spectrum measurements?

102 -

e Sterile neutrinos??

10" 1

Am3; (eV?)

Vigorous efforts to search for a neutrino-
based solution remain inconclusive
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sin? (26ee)
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* SNO+: first qualitative test of Am%l
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My biased list of other exciting reactor
measurements in progress:

L) ~ 200k L) ~ 800 km L) ~ 350 km
e SNO+ . (L) m AL b D N

Data provided according to the special agreements between

Tohoku Univ. and Japanese nuclear power reactor operators.
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My biased list of other exciting reactor
measurements in progress:
* SNO+

e KamLAND full-dataset
* GADZOOKS! (SK-Gd)
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My biased list of other exciting reactor

measurements in progress:

* SNO+

« KamLAND full-dataset
* GADZOOKS! (SK-Gd)

* KamLAND?2

* X2 resolution, lower bg,
iImproved calibration (UH!)
- qualitatively better Am?
measurement!

* Data taking start in 2027

KamLAND?2

~ number of PMTs (T f/,; :
8x8=64 . Ol l Mirror
Wy e e s Light Collection Eff.
0000, - > x1.8
y lr (OO |,:__l_l O — ’
OO0 High QE PMT
G PMT x1.9
o e New liquid scintillator
better energy resolution x1.4
with high light yield -
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* SNO+

« KamLAND full-dataset
* GADZOOKS! (SK-Gd)

* KamLAND?2

* X2 resolution, lower bg,
iImproved calibration (UH!)
- qualitatively better Am?
measurement!

* Data taking start in 2027



My biased list of other exciting reactor

measurements in progress:
* SNO+

Malyshkin, Nu ‘24

* KamLAND full-dataset 0.2
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Summary

e Reactors continue to reveal to us new secrets about the neutrino!

* A new generation of reactor experiments is poised to determine
the mass ordering, measure neutrino oscillation with
unprecedented precision, and reveal the source of the RAA

* Reactor neutrino measurement in general, and KamLAND in
particular, rely on the techniques pioneered by John, and greatly
benefitted from his contributions (including the non-technical
ones!)



Happy birthday to John, my respected colleague and friend !

1992 Takayama

John’s classic car

Special message to John
from Atsuto Suzuki,
speaking for all of us on
KamLAND!
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