Neutrino Oscillations and Interactions
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Neutrino Discoveries - A Success Story

1968 Ray Davis detects 1/3 of )

expected solar neutrinos. ‘/;\/
(Nobel prize in 2002) =

1998 SuperK reports evidence for
oscillation of atmospheric neutrinos.

2001/2002 SNO finds evidence for
solar ve flavor change.

2003 KamLAND discovers
disappearance of reactor ve

2007 Borexino detection
of 7Be solar neutrinos

2012 Daya Bay, RENO,
DC measure 613

Karsten Heeger, Univ. of Wisconsin NSAC workshop, August 10, 2012
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- precision measurements
- indications of ve appearance

- anomalies

... + much more
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Neutrino Oscillation

neutrino flavor change occurs if neutrinos have mass and leptons mix
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Experiments study flavor conversion as a function of energy, distance and determine
mixing angle and mass splitting L
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From Anomalies to Precision Oscillation Physics

solar neutrino problem oscillation searches precision measurements
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From 2-v to 3-v Oscillation Picture
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Neutrino Observations

By 2012 we now have a suite of data ....

» atmospheric vy, and v, disappear most likely to v: (SK, MINOS)

* accelerator v, and v disappear at L~250, 700 km (K2K, T2K, MINOS)
* some accelerator vy, appear as vy at L~250, 700 km (T2K, MINOS)

* solar ve convert to vy/v: (Cl, Ga, SK, SNO, Borexino)

e reactor Ve disappear at L~200 km (KamLAND)

* reactor Ve disappear at L~1 km (DC, Daya Bay RENO)

Vacuum oscillation L/E pattern
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Neutrino Observations

By 2012 we now have a suite of data ....

» atmospheric vy, and v, disappear most likely to v: (SK, MINOS)

* accelerator v, and v disappear at L~250, 700 km (K2K, T2K, MINOS)
* some accelerator vy, appear as vy at L~250, 700 km (T2K, MINOS)

* solar ve convert to vy/v: (Cl, Ga, SK, SNO, Borexino)

e reactor Ve disappear at L~200 km (KamLAND)

* reactor Ve disappear at L~1 km (DC, Daya Bay RENO)
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Neutrino Observations

By 2012 we now have a suite of data ....

» atmospheric vy, and v, disappear most likely to v: (SK, MINOS)
 accelerator v, and v, disappear at L~250, 700 km (K2K, T2K, MINOS)

* some accelerator vy appear as vy at L~250, 700 km

e reactor Ve disappear at L~200 km (KamLAND)

* reactor Ve disappear at L~1 km (DC, Daya Bay RENO)

Determining Oscillation Parameters

Dominant
Solar Experiments — 012
Reactor LBL (KamLAND) — Am3,
Reactor MBL (Daya-Bay, Reno, D-Chooz) — 013
Atmospheric EXperiments — a3
Accelerator LBL v, Disapp (Minos) — Am‘itm
Accelerator LBL v, App (Minos,T2K) — Ocp

Karsten Heeger, Univ. of Wisconsin NSAC workshop, August 10, 2012

(T2K, MINOS)
* solar ve convert to vy/v: (Cl, Ga, SK, SNO, Borexino)

Important
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Neutrino Oscillation

Mixing Angles & Mass Splittings

Uunsp Matrix

Maki, Nakagawa, Sakata, Pontecorvo ’ vV CX E ‘ V; 1
Uel Ue2 e3

v=\U, U, U,
Url U172 Ur3
1 0 0 cosf, 0 e“rsinf,| (cosf, sinf, 0\ (1 O 0

=|0 cos6,; sin6,, |x 0 1 0 x|-sin6f, cosf, 0|x|[0 e 0
0 -sinf,, cos6O,,) (-e®*sinf, 0  cos6, 0 0 1) {0 0 7
- ~ _ . - g J -

~ e e
atmospheric, K2K reactor and accelerator SNO, solar SK, KamLAND  0vpp

fa3 = 40.4°F050 013 = 8.7° £0.45° g = 32.4° £0.8°

maximal? not so small large, but not maximal!

All three neutrino mixing angles are now known!
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Neutrino Oscillation

Mixing Angles & Mass Splittings

Uunsp Matrix
Maki, Nakagawa, Sakata, Pontecorvo ’ vV CX ‘ V; 1
Uel Ue2 Ue3
v=\U, U, U,
Url U172 Ur3
1 0 0 cosf, 0 e“rsinf,| (cosf, sinf, 0\ (1 O 0
=|0 cos6,; sin6,, |x 0 1 0 x|-sin6f, cosf, 0|x|[0 e 0
0 -sinf,, cos6O,,) (-e®*sinf, 0  cos6, 0 0 1) {0 0 7
- ~ _/ . - g J - J

~ e e
atmospheric, K2K reactor and accelerator SNO, solar SK, KamLAND  0vpp

0.795 — 0.841 0.517 — 0.584 0.141 — 0.179
30y = | 0.213 — 0.543 0.425 — 0.728 0.575 — 0.302
0.213 — 0.541 0.411 — 0.720 0.576 — 0.802
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Neutrino Oscillation
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Neutrino Oscillation
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Neutrino Oscillation

Mass Splittings

m2 m2
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Neutrino Oscillation
3-v Global Analyses in 2012

LBL + Solar + KamLAND + SBL Reactors + SK Atm
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enhances interference oscillation ok
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sin° 0,4 Ref: Fogli et al
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Neutrino Anomalies

LSND MiniBoone Ga Source Exp Cosmology (WMAP)
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Anomalies in 3-v interpretation of global neutrino oscillation data

LSND (ve appearance)

MiniBoone (Ve appearance)

Ga anomaly

Neff in cosmology

Short-baseline reactor anomaly (ve disappearance)

if new oscillation signal, requires Am2 ~ O(1eV2) and sin220 > 103

systematics or experimental effects?
-> need to test each experimental effect

Karsten Heeger, Univ. of Wisconsin NSAC workshop, August 10, 2012 17



observed / no asc. expected
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Beyond 3v - Sterile Neutrinos?
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Mass Limit (eV)

Neutrino Mass

Mass Measurements

Masses of Neutrinos, Leptons, Quarks
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Fig: Wilkerson, Nu2012
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Neutrino Mass and Mixing

LEPTONS

QUARKS

Karsten Heeger, Univ. of Wisconsin

NSAC workshop, August 10, 2012

Fig: NRC NP2010, Robertson
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Neutrinos - Open Questions

.
m? m? me

= ==
The Orlgln Of Mass ) | solar~5x10 ‘c\'f—mi
« Why are neutrinos so light? wes T |
» Do neutrinos have Majorana mass? o em—— |
« What is the absolute mass scale? T,

* Normal or inverted mass ordering?
* Are there more than 3v?

AAAI

” n
The Flavor Puzzle ;

* Why is lepton mixing so different from quarks?
« CP violation?

* O3 octant?

Karsten Heeger, Univ. of Wisconsin NSAC workshop, August 10, 2012 21



Neutrino Sources and Energies

B-decay ~ keV

Neutrinos from the Sun < 20 MeV
depending of their origin.

Antineutrinos from nuclear
reactors < 10.0 MeV

Atmospheric neutrinos ~ GeV

Neutrinos from accelerators
up to GeV (10° eV)




Neutrino Sources, Flavors, Environment

Solar Neutrinos Reactor Neutrinos Nuclear B-decays
pure Ve pure Ve pure Ve
matter effects, large distances 5y 3cuum environment nucleus as a laboratory
p+p—=2H+et+v, p+te+p—=2H+v, v Vv v
99.75% [ 0.259% v v v
o 5 wg >
Hap—itety UorPu '%E a€ ‘g‘ ® B % a®
n o [¢]
85% ¥ ~15% } ~10%% o Jﬁg{i
3He + 3He —4He + 2p *He +p —*He +e* +v, a »OV -V OV
SHe + “He —"Be + ¢ x“g“ 5 " I%g o i lﬁ%ﬁ
Ag A. .e
1507 0.02%
Be + e —=7Li+y +v,
Lisp—a+a Supernova Neutrinos
Be+p—=8B+y Ve, Ve, Vyx (a” SpeCIGS) Infalling ¢ Stellar Gas
°B —fBe” + e extreme densities

Shock Neutron Star
(Radius ~200 km) (Radius ~50 km)
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Neutrino Sources, Flavors, Environment

Atmospheric Neutrinos Accelerator Neutrinos
Vy, Vi, Ve Vi (with some ve contamination)
long baselines, Earth effects long baselines, Earth effects

l target /horn decay tunnel absorber dirt detector

v

. Air nucleus

Pions
Primary beam  Secondary beam Tertiary beam

+ e o .
I (protons) (mesons) (neutrinos)
MiniBoone Collaboration

Neutrino Factory

Proton Driver % Front End Mcﬂaamn 4 Starage Ring
» 2-5Gw
£ G
T Cloon ),
3 % L3 i‘lg % 9 <75km
§ 8 [58§ Q
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Muon Collider
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Oscillation Experiments

reactor (v, disappearance)

Am,,’L

2
P, ~1-sin’26,,sin’ ( n A71121L)

) —cos” 6,,sin”26,, sinz( .

v v

- disappearance experiment v, — v,

- rate deviations from 1/r2 and spectral distortions
* baseline O(1 km), no matter effects

accelerator (v, appearance)

P(v, —>v.) = 4€)28138328in% Agy

+ 8¢?,513523C23512€12 5in Az [cos Azz cos § — sin Azysin §] sin Ay
— 80f33f35§35f2 cos A3, sin Agp sin Aoy

2 .25 3 .3 0 .2
+ 4c¢i38715[€12C53 + 812853813 — 2€12€23812823513 €os 8] sin” Ay,

o o o R, | S sin A\
— 8¢3,873853(1 — 23@)7 sin Az |cos Azy — A—?’l]
v —31
* appearance experiment v, — v, complementary approaches to

- baseline O(100 -1000 km), matter effects present ~ uUnderstand all aspects of v
oscillation
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Beta Decay Spectra

Precision Studies of the Energy Spectrum

1.2
a) , 100 [
J
1T\ /

— _J’ \'\ L 80
. \ / . -
S ol \ , 2 L
O “8 N \ ! B >

- \ ’ 60
O \ ' b r
© 0.6 ‘\\ P o [
.- "\“ /I .g 40 r
(: 0.4 + \ ! o 1
\ J Q 2

) 20
\ o

0.2 r “\ /
\_ { )
0 L 1 1 ,—JJ 1 1 L
Ly "0 5 10 15 29------ -3 -2 =1 0
eneray £ [keV] E—Ea [eV]

AN Greosbo |y P F(Z,T)(T +m)(T2 + 2mT) V(T T)ZlUml (To - T)* —mi]'/?

T T T
0.001 ).01 0.1

dT 273
S P - Form1=100 eV and no sterile neutrinos, the
3 1 Am,,° =3x10° eV? . s “ . ”
2 | @oacom 8801 PAD 65,113000) - beta spectrum simplifies to an “effective mass
; b xm : 1
£ ] a | 2
% M m, n1_;// “ "Ip - [E

Mass of Eigenstate, eV

Karsten Heeger, Univ. of Wisconsin NSAC workshop, August 10, 2012 26



Neutrinoless Double Beta Decay: Ovff

a)

2v BB

Ovpp would imply

- lepton number non-conservation
- Majorana nature of neutrinos

Karsten Heeger, Univ. of Wisconsin

2v mode: conventional 2nd order process
in nuclear physics

2
I_‘2\/ = G2v |M2v |
G are phase space factors

Ov mode: hypothetical process only if
M,#0 ANDv =v

2
Iy, = G()v |M0v ¥ <m/3/3> G, ~

Ovpp may allow us to determine
- effective neutrino mass

NSAC workshop, August 10, 2012
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Neutrinos in Astrophysics: Supernovae
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What have we accomplished since 20077

What’s next?



Observation of Reactor v Oscillation with KamLAND

Reactors in Japan KamLAND
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Observation of Reactor v Oscillation with KamLAND

Calibrating fiducial volume for reduced systematics in target mass

E ) S '" o . i
glovebox with———= ~ 1R ! 10°
2k 200 1 ,.
- 10?
ok
200l
: 10
-400— ':'-7
00l | |
P I P IR BT “
-600 -400 200 20
KamLAND, JINST 4 (2009) P04017
Detector-related (%) Reactor-related (%)
Am3; | Energy scale 1.9 D.-spectra [7] 0.6
Fiducial volume @e-spectra (24)
Event rate| Energy threshold 1.5 Reactor power 2.1
Efficiency 0.6  Fuel composition 1.0
Cross section 0.2 Long-lived nuclei 0.3

fiducial volume and reactor flux important for
precision reactor experiments

Karsten Heeger, Univ. of Wisconsin NSAC workshop, August 10, 2012



Events) 425MeV

Observation of Reactor v Oscillation with KamLAND

Reactor Antineutrino Spectrum
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narsien Heeger, univ. or vvisconsin

KamLAND has measured
Am+22 to ~2.8%

Survival Probability

Direct Evidence for Oscillation

‘KamLAND, Phys.Rev. D83 (2011) 052002
E Lo=180km

1

I

—— 3-v best-fit oscillation ——Data - BG-Geo 7V,

-—— 2-v best-fit oscillation

P

i—>i

=sin®26 sinz(l 27Am?* %)
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Oscillation Experiments with Reactors

Measure (non)-1/r2 behavior of Ve interaction rate

2 2
) + 2 Am L 4 ) ) Am L
P, =~1-sin"26,sin"| —=—|-cos" 6, sin"26,, sin"| —=—
% v
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z%_ 0.8 T
1 e—— (u\}): (m:)2 . _::
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Daya Bay,

Measuring 813 with Reactor Experiments

13
Near-Far Concept
Ve Ve x Ve x
distance L ~ 1.5 km
1.1 ¢
15 A
g \613 :\‘ -
Absolute Reactor Flux 0.9 | : AN
Largest uncertainty in s osf | : \\
previous measurements £ b R
I 0.6 AM?2 5= AM?y
: 0.5 !
Relative Measurement - detector 1 detector 2 \ I
Removes absolute 04 | ) , \/
uncertainties! ozt .4 v M
0.1 1 10 100
First proposed by L. A. Baseline (km)
Mikaelyan and V.V. Sinev, 2
(Phys. ;Atomic Nucl. 63 1002 Nf Np,f Ln €f PSU.I“ (E} Lf)
2000 I — S —
Ny Np,n Ly €n Psur(E: Ln)
far/nearv, ratio target mass distances efficiency oscillation deficit
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automated calibration units (ACU)

AD Gd-LS target j ” L3

o 14
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e DI
®m
Daya Bay NPP
6 reactor cores
3 experimental halls
6 detectors

(2 still under construction)




Daya Bay Reactor Antineutrino Studies

Observation of Electron Antineutrino Precision Reactor Spectrum
Disappearance over 1-2km > 200,000 events at near site
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sinZ261s to date. Ref: Daya Bay, Nu2012
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Other Reactor 613 Experiments

Double Chooz
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Reactor Flux Predictions

Reactor Anomaly: Beyond 3v?
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2011ve flux predictions

- new reactor antineutrino spectra

- re-analysis of 19 short-baseline reactor results

- neutron lifetime correction, off-equilibrium effects

deficit from flux normalization problem or from
additional oscillation at L~O(1-10m)?

943 = 0.023 (x2=19.6/19)
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nuclear physics or new physics?
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Opportunities for a Reactor Experiment in the US
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Flux on Earth (v /cm s)

Solar Neutrino Measurements
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Karsten Heeger, Univ. of Wisconsin

NSAC workshop, August 10, 2012

Event Rate [evt / (1000 keV x ton x day)]
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Flux on Earth (v /cm s)

Solar Neutrino Measurements

10" pp Solar neutrino spectrum

10“ _— —

1074 - pp = 1% l "Be +10.5 %

10° N pep = 2%
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10° 3 i
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v e

% o
Near future (2012-2015)
- Improve 7Be, 8B :
— test of MSW n
- Confirm pep at >30 and reduce error ;
- Improve upper limit on CNO
— probe metallicity .

- Attempt direct pp measurement )

Karsten Heeger, Univ. of Wisconsin

Probing vacuum/matter transition
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Recent Results in the Search for Ov[3[3

2V Measurements

A4 N 2 A SZ A4 A4 X7z

Karsten Heeger, Univ. of Wisconsin
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Rate [counts/1kev]

Recent Results in the Search for Ov[3[3

Limits on OVBP
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Preparations for the Next Ov33 Search

Majorana Demonstrator

Three Phases
— Prototype cryostat (2 strings, "'Ge) (End 2012)

15t order of ™ Ge (20 kg) on hand. 2" order in process. Refinement/
processing facility in Oak Ridge (via NSF) has completed testing with "'Ge.

— Cryostat 1 (3 strings ®"'Ge & 4 strings "*'Ge) (Fall 2013)
— Cryostat 2 (up to 7 strings ¢ Ge) (Fall 2014)

§ N Simulated SNO+ data
SNO+ 51035—
> E
dissolve natNd salt in g o
liquid scintillator §°F
o r
T K RSN . o T
CUORE-O/CUORE E.,.4--?..;-.’":".1.5'":|.;.l.x,l...l...l..
28 3 32 34 36 38 4 42 44

Energy (MeV) .
see Klein’s talk

CUORE-O0 is being cooled down
CUORE under construction

see Kolomensky’s talk
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Theoretical Progress

Nuclear Matrix Elements for Ov[3[3

-1 2 2
0vBB rn+ k _
[Tl."'2 (O —>0 )] - GOV MOV ’ﬂ(mi’Uei)
"~ Beyond the standard model
“ (Particle physics)
: IBM-2 RESULTS (JAN 2012)
Matrix elements
Phase-space factor 1 v LIGHT NEUTRINO EXCHANGE
) ) (Nuclear physics)
(Atomic physics) 6 , i ' . - . .
Ge | 5 IBM-2
. st : E m QRPA
Using the values of g, ¢ extracted from 2v(f one can 3 . Te | . ?SM
make “absolute” predictions for Ovpp life-times. | 3 Te !
a Mo pg : Gd
Sp® v.
; - : . T
5, (10 yr) 5 : " | Y
Decay IBM-2 ren. ISM ren. <. 3 : ; q i
#Cams T 22,887 80,243 = Zr Ngm
it o o} ¥ *e o’e "N B
“Zr—=""Mo 20.546 i ‘ +
100\ fo— 19 Ry 18.137 ! ' '
l‘! .‘“"(.'.! li'.\'li.lll 1F -
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e """ Xe 113,792 344.356 0 : X H " a 2 "
1307 e 'Xe 21.44: 7.60 ;
2 o @ e s 10 10
e i Neutron number
134Sm—1%4Gd 300.019
w0160, prpcs IBM-2 from J. Barea and F. Iachello, Phys. Rev. C 79, 044301 (2009) and to be published.
'SP Hg 250.526 QRPA from F. Simkovic e al., Phys. Rev. C 77, 045503 (2008).

ISM from E. Caurier ef al., Phys. Rev. Lett. 100, 052503 (2008).
Ref: lachello, NDM2012
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Theoretical Progress

Neutrino Mixing Models
e Survey of 63 v mass models 1n 2006 (Albright, M-C Chen hep-ph/0608136)

Predictions of All 63 Models
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Theoretical Progress

Antineutrino Emission from Nuclear Reactors

Recently the reactor 7, fluxes have been recalculated
T.A. Mueller et al.,[arXiv:1101.2663].;P. Huber, [arXiv:1106.0687].
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Reactor Anomaly
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2020 and Beyond

Long-Term Scientific Questions in 3-v Framework P P
AAAAA A A e

° OVBB L0 Disfavored by 0v38 /

* towards a1-ton experiment o %

* confirm/measure with different = e g

nuclei —~ 00l :
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» absolute neutrino mass o ¢

« KATRIN operations :
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» Mass hierarchy e oo |
* 5cp I e N
* precision solar spectroscopy . I : .

(Sun as a calibrated source of neutrinos)

If neutrino anomalies are confirmed and evidence for sterile neutrinos....

Karsten Heeger, Univ. of Wisconsin NSAC workshop, August 10, 2012 48



Next-Generation OvB3 Experiments

Techniques

Ge diode GERDA
&, AE MAJORANA s -
Tracko-calo

\_ 76Ge )

Bolometers CUORE . *Se (**Nd,**Ca)
g, AE LUCIFER B 7
| 13°Te,*?Se,' Mo ZnMo4 ‘Pixellized CdZnTe
€ Ny |sotopes
Liquid Xe 116Cq
e,M,(N,..) COBRA
136)e ) 4 TPC cdwo,
KamLAND-Zen e N
~ Scintillator S E (e 150 o
e, M SNO+ 136Xe, 159Nd ol O Borexino
136X 48Ca, Borexino
150Nd, 199Mo Cdwo4 LUCIFER
. : J/ ?
AMoRE - A dream ?
EXO
NEXT CANDLES
SuperNEMO
- many R&D efforts . AMORE
. . nMoO,
- few options scale for a a 1-ton experiment -‘ o
- improvements of backgrounds needed, active wgmwo
background discrimination helpful --'m Borexino

see S. Elliott’s talk

Fig: Piquemal, Nu2012
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Next-Generation OvB3 Experiments

Sensitivity Goals
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Towards an Absolute Neutrino Mass Measurement

KATRIN

under construction, expected data taking in 2015 g s
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Reactor Neutrinos and Mass Hierarchy
Daya Bay Il (and RENO 50km)

Fig: Y. Wang, NuFact2012
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determine mass hierarchy from precisio [ Mass Hierarchy Sensitivity
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Precision Solar Spectroscopy
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Solar Neutrino Physics Topics

- exclusive, precision measurement of pp flux
Test luminosity constraint

- exclusive precision measurement of CNO flux
Resolve solar metallicity

- improved measurement of pep flux
Probe vacuum-matter transition region
Search for new physics and/or confirm MSW

- Low-energy 8B measurement with LS detectors

Probe transition region, search for predicted upturn

Karsten Heeger, Univ. of Wisconsin

Borexino, Super-K will continue
KamLAND analyzing
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Fig: Klein, Intensity Frontier 2011

i

O
-~
o

With luminosity constraint:

O(PP)measured = (1.02£0.02 4 0.01)0(ppP)theory
cb<8B)llleaSLll‘eC1 - (088 +0.04 £ (:)°2:3>Q§(8B)tlle01-}r
O("Be)measured = (0.917023 £ 0.11)0("Be) theory

Without constraint:
Lv/Le known to 20-40%

testing L integrates over a lot of new physics

NSAC workshop, August 10, 2012 53



Neutrino science is international
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many experiments require some kind of underground location




US neutrino physicists worldwide

L ¢ B 11 M 16 Aspd Fig: deepscience.org -

US physicists engaged in many experiments overseas
many collaborations are truly international

see B. Plaster’s talk




US neutrino physics worldwide
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recent discoveries in neutrino physics from international collaborations
- US leads OvBB and acc experiments

- partners in reactor and Ov[3 experiments
- participates in B-decay, solar and atm experiments




Summary

Neutrino experiments have been enormously successful.
KamLAND confirms
Neutrino experiments address questions about the origin of Nobel Prize for “
mass and the flavor puzzle. Important for understanding wsical P
physics beyond the SM.

Broad current and near-term program. Big questions require
planning beyond 2020. of atmospheric neutrino

Nobel Prize for v discovery

LOINU Sees DUSSIDIS

Nuclear physicists play a key role in neutrino science.

Nobel Prize for discovery of

Recent discoveries enabled by international collaborations. | and IMB see supermova
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Fig: Neutrino Matrix, 2004

Thanks to many colleagues for slides, materials, and discussions







