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ANeutrino flavor oscillations i access tdJyy,s and’ masssquared splittings

Aln past decad@henomenon confirmedand theexture of’ mixing extracted:
AExperiments usingolar, atmospherlc reactor, and acceleratosources

Sun, imaged with

Cosmic rays
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—Bfrom reactor measurements

Daya Bay: sin®—; = 0.021+ 0.001 (5%)
8 detectors in total, rate+shape signal extraction, combined nGd and nH results (new)
Also a 4% measurementfg.. Will run until 2017.

Double Chooz, RENO are compatible 18 PRL115 111802 (2015)

Higher central values, but errors still 16
relatively large

Daya Bay

14
12
10

—4— Far site data
=== Weighted near site data (best fit)
Weighted near site data (no oscillation)

Events/day (bkg. subtracted)

N B O

Far / Near(weighted)

Reconstructed Positron Energy (MeV)
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Neutrinos have mass

The Nobel Prize in Physics 2015

The Royal Swedish Academy of Sciences has decided to award the Nobel Prize in Physics for 2015 to

Arthur B. McDonald

Sudbury Neutrino Observatory Collaboration
Queen’s University, Kingston, Canada

Takaaki Kajita

Super-Kamiokande Collaboration
University of Tokyo, Kashiwa, Japan

FUNDAMENTAL PHYSICS
BREAKTHROUGH
PRIZE

Kam-Biu Luk and the
Daya Bay Collaboration

Koichiro Nishikawa and
the K2K and T2K
Collaboration

\ Atsuto Suzuki and the
KamLAND Collaboration

Yifang Wang and the
Daya Bay Collaboration

Yoichiro Suzuki and the
Super K Collaboration

Takaaki Kajita and the
Super K Collaboration

Arthur B. McDonald and
the SNO Collaboration
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Light sterile states?

QueS“OnS (experimental anomalies)
U. o] = Uggl ? mass ordering?
Amaxi mal mi xi nglofhi erarchyo
Are neutrinos 4
Majorana or Dirac “normal” “inverted”
fermions? % v, I v, I
g) v, D |
GUT-scale physics? -% § unitary?
(seesaw connection)
O | v, EE———
S v, ooeeeee——— v, EE———
| e B EY
absolute masses?” : leptonic CP violation?
astrophysics/cosmology Upuns highly off-diagonal,
(solar’ , supernovae, in contrast with Uy, =>| quark mixing:
ultra-high-energy , C' B) (model building, unification,

new physics, ...)

é and nfgeoneutrinos,
nuclear processes,interactions)
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Theoretical answers?

Number of theory papers each year with something

NIl f y 0 U me as y| s about the structure of mixing and masses
t

hey wi |l | C on (using an admittedly crude search)

As experimental info grows, the dozens
need (and ability) to explain specific
observed textures grows with it.

naively scaled to end of 2016

words In recent abstracts

consistent
winlet matrix |
parameters SYmmetryussm
alsn CKM
seueral group Ielllll 1 IlllaSli data Iour
sector GU
i !MNS Comirang d| e i A l ..................................
m .......................
hossinieIMIXING moiels o 2005 e s

neutrinos flavour Svmmetrles

couplings  giscrete S gﬂ:hal present
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“normal” “inverted”

[
»

| |
120 + LBL'.07, glsmmm—
g} 1
Makes feasibléong-baseline §
measuremento f & D
O | v, I
_ _ S| v eoeee— v, E——
neutrino mass hierarchy m. B B

via matter effects that modif9(" .© ' )
Implications for:0'f f data and Majorana nature’gfapproach ton ;
astrophysics; theoretical frameworks for mass generation, quark/lepton unifi
Is the lightest charged lepton associated with the heaviest light neutrino?

CP violation

via dependence ¢1(’ .© ' ) onCP phasé . Amplified by’ /' .comparisons.
baryon asymmetry through seaw/leptogenesis; fundamental question
In the Standard Model (ISP respected by leptons?)

- - ’
' o flavor mixing

3
via leadingorder factor Sif(—y) e 2?2\ e
Is’ ; more strongly coupled toor T flavor?; ' . |

frameworks for mass generation, unification ’g T.

923 — 400 923 — 500
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Long-baseline’ .0’ _

A mor € quan titative S Kor%xédL?EJ‘b.?km/MeV
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Long-baseline’ .0’

A mor € guan titative S Kor%xédL%ib.?km/MeV
0.08

At right: 0.07
P("Y’e)VS-P("V’e) 0.06

plotted for a single neutrino

energy and baseline >

T: 0.04
>

Measure these probabilities .3
(an example measurement
of each shown)
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B,
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Also:

Both probabilitied sin>—, °*°
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T2K

A Tokai to Kamioka (295 km)

A Neutrino beam from J-PARC

A Storied far detector: SuperK

A INGRID and ND280 near detectors
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A 2014: First definite observation (7.3)
of’.- ' appearance
NH,] =3*/2 s best fit,
but only slightly so

A 10% of planned data set

AR Shor tko bazdire:
Important role in global fits
(minimal hierarchy dependence)

T2K, PRL112, 061802 (2014)
—1"— Data | 7

Best fit .
777777 Background component-

Fit region < 1250 MeV ]

T ]

o
oSN

Number of v, candidate events
NN

A 3 eventsobserved, consistent with
any oscillation parameters (or no
appearance at all; bkgnd.6 events)
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NO’ A " NO A Far Detector, (Ash River, MN)
f-“{ik\l\/llNOSFar\‘__\Pfevtgct@r (Soudan MN)

<=

A Fermilab to Ash River, MN
A Upgraded NuMI beam
A 810 km baseline introduces

significant matter effects e A S \_“‘7

t mass hierarchy sensitivif Vo e e

A Functionally identical near & ‘ o ] / )
and far detectors ' | \
4 . }.
A Full operations began 2014 [ 2
1

et

Fermllab

& \
Chlca.g_g"_‘
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' - candidate in NOVA Far Detectc

A2015;" .-’ . appearance result
with small data set (7.6% of
nominal exposure)

ATwo complementary event
selectors saw and 11 events
O on the high end of expectatio

56

" '—NHLID ---NH LEM

—IHLID --IHLEM A NH,| near3*/2is best fit, but

only slightly so

A IH disfavored at 2.2, for all| by
one of the selectors
(careful: look elsewhere effgct

A New NOVA results expected this
summer with twice the exposure

Significance

19T02) 908TST 9TT14d ‘VAON
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NOVA + T2K reach ., Mass hierarchy sensitivity

with planned exposures NoTA |

12}
T2K+NOvA —
(for true NH)

AMany such studies.Shown here is: 10}
K. Abe et al. (T2K), Prog. Theor. Exp. Phys. 043C01 (2015)

ACurrentbest fit point of NH,] 3“/2is best case: 3
- hierarchy determination at 3.33.1, from NOvVA) al
-sin{ ) O observation at 2,4

[e0]
T

[+2]
T

g -
...............

------

ACan still be anywhere on the map, though.

0 -150 -1I00 -5';0 0 50 100 150
True SCP(O)

Will the planned exposures happen? o CPv sensitivity
ANOVA: likely yes VoK ]
550 kWO 700 kW possible by end of year. May involve | [/ T2KeNovA — |
running past §r mark. °F iy (fortrueNH)
o A 5 g ]
AT2K: can happen after investment 4~
350 kWO 750 kW requires Main Ring upgrades — N A
(approved!) and/or increase in accelerator livetime. 2V EE
1 1c

0150 100 50 0 50 100 150
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DUNE

ANext generation LBL experiment

North Dakota

Plus: supernova neutrinos, nucleon decay, Minnesota
atmospheric neutrinos, and nedet physics) SANFORD UNDERGROUND S
RESEARCH FACILITY

South Dakot
... S0uth Dakota

A1300 km neutrino baseline
No parameter degeneracies can remain

ADUNE hassignificant support in the agencies,
laboratories, and international community.
Movement to C3a later this year.

AFull-scale component prototypeo operate at
CERN over next few years. Smaller scale prototypes
operating now€.g, 35ton at FNAL)

FERMILAB

lllinois

ek ¥ =
3 A frar > o
] UL N e ACAUR B VAW
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S & VAU A K - ‘
N\ Hiihs PR

<

Ryan Patterson, Caltech 18 Pheno, May 11, 201



D U N E Mass hierarchy sensitivity

25 —
I DUNE Sensitivity

——— CDR Reference Design

ANext generation LBL experiment ;:;DEL:L?;TE _______ Optintnd Desg
Plus: supernova neutrinos, nucleon decay, 200 Sote, Loas

atmospheric neutrinos, and nedet physics)

A1300 km neutrino baseline
No parameter degeneracies can remain

ADUNE hassignificant support in the agencies,
laboratories, and international community.
Movement to C3a later this year.

_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
{E‘I -08-06-04-02 0 02 04 06 08 1

AFull-scale component prototypeo operate at Sepl
CERN over next few years. Smaller scale prototypes  cpy sensitivity
operating now€.g, 35ton at FNAL) B DUNE Sonsvy oo emenee eve
T :FEE::EE; ....... Optimized Desig
Eésinzﬂza=ﬂ.45
AFirst 20 kton + beant,. 2026 il SN d

ACPv at 3, for 65% of| range; >5, at peak
(beam data only)

ADefinitive hierarchy measurement

o=
)

0~ 080604020 020408608 1
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Hyper-K
AA bigger SuperK / T2K
- 560 kton fiducial mass
- Goals gualitatively similar to DUNE
(different emphasis on atmospheric a
solar’ ; different pdecay channels)
-Sti1 Il gathering m

JUNO

AA bigger, better KamLAND (via Daya Bay)
- Precision PMNS
- (Possible)3-4,, on’ MH before 2030
- Construction has begun, concurrent with
detector R&D

KamLAND

7

nontrivial jump ~ Similarly, RENO: still gathering momentum, suppo
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S0, neutrinos have mass)

AANd this mass isather smalll

AWhat are we dealing with?

- Neutrinos are Majorana fermions and are pointing to new physics
(seesaw mechanism, new states at high mass scale)

- Neutrinos are just another Dirac fermion, but they couple to
the Higgs very weakly? (m / mg,, < 1019

- Neutrinos couple to a different Higgs sector?
- Other?

AOscillation experiments contindeoking for failures of standard
assumptions (&’ , nontunitary PMNS, NSI, effective CPTv)

ABut toget at neutrinomasd i r ect | y é
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ACosmological observations sum of neutrino masses.
Best limits:Sm, < 0.23 eV (95% C.L.) Planck collaboration, arXiv:1502.01589

A -decay kinematic measurement effective’ . mass, a.k.am :
my =Y |Ueil*m;
A0'T1 decay process (if Majorana’ -mediated)- effective massn

= |30 Udm 2

kinematic measurement n P
3 10 entire spectrum E / region close to endpoint
2 E‘/’/ ) e-
a 0.8
& os ‘g/ : 0 T T
g Res M(ve) =0 eV
T‘_) / 04 __
0.4 / [ only 2 x 10713 of
/ 02 decays in last 1 eV
[ > interval
0.2 ( ol m(ve)=1¢€eV e
/ T SR S T
0 o 3 = -1 0
2 6 10 14 18 N p

Electron-energy E [keV]
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KATRIN

A Only current kinematic * mass experiment
(several others in R&D phases)

A Largeelectrostatic filter ' e AN . |
3 4 me!
forf spectrometry <= : Spect®

A Tritium running expected in 2016

5, reach for m =0.35eV

O =N Wk 1O N
AL ARA M AL AAR IS AL A}

Discovery potential (o)

0 0.5 1 15 2 25 3
Full beam time (year)
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One recent R&D rPpgessg | f ( 0l ¢

A Project 8: measure cyclotron frequency

of single electrons s
A Entirely new spectroscopic technique
O very different path ton ?
A Compatible (in principle) with atomic f
tritium source
O pass IH mass range
- 1
- 3.3
5 H-3H

Ryan Patterson, Caltech 24

&g single electron emitting
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600f
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: Many ...experiments (~10) Example 071 signature
017 | SOl signetre
...technigues 20- S| £
...Isotopes 2 e
0.90 1.00 1.10 QS
Ko/Q &3
:\: .
o8
S8
=82
1 T I e /,\ g
0.2 0.4 0.6 0.8 1.0 CZE
K./Q D
Chimney
Corrugated Tube
Film Pipe
= Suspending Film Strap

_~ Photomultiplier Tube

KamLANEYen :
Xe-LS 13 ton KL At H] |
RSB F muon
O'uter LS“\\\\\\\ "\ N ‘l ]1 ; ;; }A’J’r“:}j/:;’ ..,\ O.utel_ Ba]_loon
1 kton _ (13 m diameter)

™\ Inner Balloon
(3.08 m diameter)
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Recent results from
EXO-200(13°Xe),
KamLAND -Zen (130Xe),
GERDA (’5Ge)
CUORE (39Te)

O no signal so far

Controversial 2004 claifKK et al.,
Phys. Lett. B586,198 (2004)]still
surviving, but tension growing.

1026

GERDA limit

GERDA sensitivity e |

EXO-200 collaboration, Naturel(Q 229
4 ss I | | ;_ '
4 ’ . 5L
: 0’fTt window © 2 sl
% 3E 2 3
;r_{ 2 ° s - -
5 2k (0 s
N L
S 1 %‘i&_‘ I|_ _J_.r’ﬁl"h
8_ 0; 1 -._._._._._._._._._.:?‘:-?:‘:f:", ___________
4L

AT EE ERRYRRPRRTRRRT YT f L Bisea S 1 3
2,250 2300 2,350 2,400 2,450 2,500 2,550 2,600 7

RE
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Nuclear matrix element 1
calculations lead to large
uncertainties in m, —»
10

Current generation of expts./

(77 200 kg of T isotope; 3 .

results through rest of decade) ¢£=

P. Guzowski et al., PRD 92, 012002 (201¢

Excluded at 90% confidence level

CLEEE TSSO E LTSI //////////////

Combination (CUORE, EXO-200, GERDA, KamLAND-Zen, NEMO-3)

| NIIIIII

Inverted Hierarchy

Planck

™ 959% limit

_ Normal Hierarchy

m, (eV)

- Pushinghrough IH will require next generation of exptsaiming form, ~0.01 eV

Though, R&D leaps in current generation are still possible
(e.g. enhancetTe loading in SNO+)

Conclusion of NovemberR015NSAC Report on0’1 ¥ :

Let current activities play out for a few more years to make a
better informed dowaselect decision for teacale experiments.

Ryan Patterson, Caltech
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LSND, MiniBooNE, reactor, "‘Ga anomalies

AWh at 0s go | N g on-? I\/IInIBOONEIow-energy exces:

™ Dt(tt )
] v. fromp™

- Sterile neutrinos? (Need multiple sterile states

to accommodate al l 2-O'Jroday%ﬂ".::""dat
- Something else new? s
- A series of systematics issues?

Events/MeV

@
—

1.0

AMany null results in past decade{KARMEN, Bugey,.
SuperK, MINOS, ICARUS, IceCube, Planck),
but situation lingers 2

Past reactor data6% deficit relative to expectation

1.2

- Future experiment(s) need a
vi able path to

s | L
g 1 11— 14”5} él arge exposuf
E [ ”]ﬂ{I[ ‘ éminimized syfs
= 08-_ — Bg;\gcgjasydata g | -detector L E signatures
§ s _._Globalaverage eunambi o O S

- }gfn’;‘z‘;’mﬁgts Unc. | | Attempts that stop short of this

0.6 e e e will only make things murkier.
10 10° 10°

Distance (m)
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. - Q
Reactor flux uncertainties already = 02

known to beunderestimated?

47 6 MeV excesseen in all three
recent reactor flux measurements

-42

cm’/ fission / MeV x 10

Data / Prediction

" Daya Bay
1+,
0.151 + +
+ +
e
0.1 _— + <+
-+ ++
0.05- *,
- g’\/\g_._

Antineutrino Energy (MeV)
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(Data - MC) /
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- bump Zr—— y

+*++ ]

0.1F RS -

Ojiuﬁw;hhrif___________:t__ _______

_01_— . ,_
1 2 3 4 5 6 7 8

Observation / No-oscillation prediction
=

Prompt Energy (MeV)

Double Chooz

—+— FD-IData

. 3| - No oscillation
Best fit: sin “20,; = 0.11
[ ] single detector systematic un
.2 [ Suppressed systematic unce
Energy scale systematics

Far + Near (673.14 and 150.76 days) ]
Double Chooz Preliminary E

[ \ \ \ l | | 114
1 2 3 4 5 6 7 8

Visible Energy (MeV)
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https://indico.bnl.gov/conferenceDisplay.py?confld=9
Workshop on the ———

Intermediate Neutrino e AR LM CER L
Program (2015)

hmol

upgrade | large | self-contained sterile | 3-nmixing |interactions| properties | astro SBN | Reactor | Source, stc R&D | thoery

Many efforts represented at =
various stages of developmentg:"

PTAIN

$10M earmarkedfor a handful ko= i s e s ot

of these.(Review process

atchman

LACIAT

~complete. Funding decisionsi==

m-LAr (1-phase

E

[WAL05 (2-phase)

to come soon) o

MNA-61

[Experiments that might propose upgrades
uper-K 1
T2K

[NOvA

Areas most represented: E

IMINERVA

Daya Ba

- neutrino anomalies -

- detector R&D
- Cross section@ncl. CE NS)

-m, my

x
ure initiatives that may need R&D
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https://indico.bnl.gov/conferenceDisplay.py?confId=918

Fermilab SBN program Below:MicroBooNE detector
and nfirst | igh
AFunded outsidethe $10M INP budget ;

AMicroBooNE + ICARUS + new SBND
AA mix of R&D andphysicsgoals

Sensitivity shown bel

107 E 3
= : T600, 6.6e+20 POT (600m)
B "o MicroBooNE, 1.32e+21 POT (470m)
i .= LAr1-ND, 6.6e+20 POT (100m)
10 (e
= v mode, CC Events
C Reconstructed Energy
ey B 80% v, Efficiency
o Stat., X-Sec., Flux, Cosmics, Dirt
> B
o v, Only Fit
N 1 -
o = —90% CL
& C —3sCL
< N 56 CL
10 ' mmLsNDgo%cL
C  [JLSND99%CL
C % LSNDBestFit
- + Global Best Fit (arXiv:1303.3011)
. #4444 Global Fit 90% CL (arXiv:1303.3011)
+ Global Best Fit (arXiv:1308.5288)
— s Global Fit 90% CL (arXiv:1308.5288)
10—2 | | Illllll | | lllllll 1 | lllllll | | Y N i ] |
107 107 1072 107" 1

Sin®2 0,
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Summary
A Active experimental andtheoretical playing field
A Mass hierarchy: Actionable info soon?
A Leptonic CPv: Primary goal of next generation LBL expts. (Hints by 202
A Majorana vs. Dirac: When/if we can answer depends on the answer
AWhat 6s up with all the anomalies

A’ scattering: Not discussed here; role could be large in the future;
plus, new ground being broken (meson exchange currentthN&E

A New physics lurking in neutrino sectorMinimal theoretical guidance;
keep pushing precision and looking for chinks in the armor
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Extras
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Non-standard interactions can
perturb appearance rates

NOVA, |€.r|=0.2

010 [— *+ '+ ‘T ‘v T T T ‘v T T T v T T T T T T T] g)‘ r
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0.08} 18 a
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g o
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0.04} 1 3
002F o
OOO_ ..................... 7
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R. B. Patter son, NProspects for Meas
Annual Review of Nuclear and Particle Sciebéel77 (2015)

Hierarchy Approximate

Experiment sensitivity timescale Comments and concerns
NOvA+T2K  1-3c 2020 currently operating below designed beam power
DUNE 3-6a 2030 funding, timeline
5-100 2035
PINGU 360 2025 funding; past systematics and resolution concerns largely addressed
ORCA 360 - insufficiently developed at present
Hyper-K 360 2030 funding, timeline
ICAL@QINO 240 2030 timeline
JUNO ~A4a 2027 detector performance not yet demonstrated
RENO-50 ~3a — insufficiently developed at present
Cosmology 0—4o 2027 Oc for most of allowed mass range; requires minimal NH spectrum

Ryan Patterson, Caltech

37 Pheno, May 11, 201
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Am 421 / eV?

IceCube collaboration, arXiv:1605.01990
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Recent prize:—; x

o _ _ a bit of ’ .?
ALast mixing angleto be bracketed. Previously just
known to besmall relative to—,, —;

AReactor expts.usinginverse beta decay:.+ p- € +n

. : v,
prompt € signal, delayed tapture signal v, I
Hv- Bv: 0v.
(Double Chooz
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Target region
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