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What physics is

beyond the
Standard Model?

Massive neutrinos

as determined from neutrino
oscillation experiments



What is neutrino oscillation?

Neutrino oscillation, the mixing between flavor and mass states, has been observed
through deficits relative to expectation of different neutrino flavors. Evidence from:
= Electron neutrinos (v,) from the Sun

= Electron antineutrinos (anti-v,) from reactors

= Muon (Vu) neutrinos from the atmosphere
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Sudbury Neutrino Observatory (SNO)

experiment measured the flux of v,

from the Sun

= v, flux determined through charged
current interactions (CC) where flavo
of the neutrino corresponds to the
final state lepton

= Total flux of v, vy, Vy determined from 1
neutral current interactions (NC)
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Clear deficit of v, flux “v, disappearance”

Clear increase of vy, Vy flux “appearance”
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What is neutrino oscillation?

Neutrino oscillation, the mixing between flavor and mass states, has been observed
through deficits relative to expectation of different neutrino flavors. Evidence from:
= Electron neutrinos (v,) from the Sun

] EIectroraMMM
= Muon

Evidence* consistent with three active flavors of neutrinos

Sudbury N| Do we directly observe neutrino oscillation through CC

experimen| flavor tagging (v, to v, v; “appearance”)
from the S

" Vofluxq Do we observe the same transitions for neutrinos as for

current antineutrinos? Is there CP violation in neutrino
O_f the oscillations?
final st
= Total flu N , , , , ,
neutral Excluding outstanding questions about sterile neutrinos
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Clear deficit of v, flux “v, disappearance”

Clear increase of vy, Vy flux “appearance”
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Framework of neutrino oscillation

Neutrino oscillation between three active flavors is described by the PMNS mixing
matrix, U, which is unitary and contains three mixing angles: 0,, 0,5, 0,45, and two
mass splittings:

= Am?(atmospheric) = |Am?,,|~ 2.4 x 103 eV?

= Am?(solar) = Am?,, ~ 7.6 x 10 eV?

The matrix also contains an unknown CP violating phase 9. The ordering of the
mass eigenstates (mass hierarchy) is also unknown:Am?,, >0 or Am?;, < 0?
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Framework of neutrino oscillation

Ei‘t(;[l:a\l}oeileiats/?earance P, .. = A _1 e sin?26,5 sin®fyg sin®[(A — 1)A]
P % ce 1 —(+)A(lci Y cosfl13 sin2f12 sin2fs3 sin26 2 x
A — % si sinA sinAA sin[(1 — A)A]

A — QﬁGFNeAE—VQ +A(1 ey cosfl13 sin2f12 sin2fo3 sin26 2 X

a2 cosdop cosA sinAA sin[(1 — A)A]

2
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+— cos2fla3 sin%26,5 sinAA

Depends on 0,p, Mass hierarchy through matter effects (A)

Measurements of v, to vV, appearance are sensitive to new or exotic physics
. . . 2 2
provided information on Am<,,, 0,5, Am<,,, 6,, and 0,4

. . 2
Measurements of vy disappearance determine Am*,,and 0,4
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Accelerator-driven neutrino sources

Beam dump

95m Decay region

Neutrino beam

i | — >

—_— gy

3 Magnetic Pions and kaons Shielding stops
focusing decay to neutrinos any remaining

30 GeV  Carbon
Proton beam Target

“horns” particles
Neutrinos are produced as a tertiary beam:
1. Protons hit a target, producing pions and kaons which decay to neutrinos

Advantages of an accelerator-driven neutrino source for precision studies of
neutrinos and antineutrinos:

1. >99% muon neutrino flavor, small v, component from muon, kaon decay
2. “Known”, scalable source (intensity of proton beam increases neutrino rate)
3. Switch magnetic horn polarization to focus 1" and produce an predominantly

antineutrino beam (with a ~“30% neutrino component)
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Accelerator-driven neutrino sources

Proton beam
direction

—_— -

Accelerator based sources also are
tunable as the neutrino energy
spectrum depends on:

" Proton beam energy

= Position of the detector relative to
the proton beam direction

June 16, 2014
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“On axis” or “Wide band beam” is
along proton beam direction

“Off axis” or “Narrow band beam” is
at an angle to the proton beam

= Concept developed at TRIUMF
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Oscillation experiments

The oscillation probability, P, for v, to oscillate is sinusoidal and depends on the
distance L (km) the neutrinos travel and their energy E (GeV):

1.27Am3,L
P(v,—»v,)=1- sinz( Em32 )[Sin2 20,, cos* 0, +sin’ @, sin’ 2913]

Tokai To Kamioka (T2K) experiment: MINOS experiment:
Ev(peak) ~0.6GeV, L=295km Ev(peak) ~3 GeV, L=735km

Fermilab

“long baseline experiments” require
Am?,,~3x103 eV?, want sin2(Am?L/E) to be of order 1
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Oscillation experiments

The oscillation probability, P, for v, to oscillate is sinusoidal and depends on the
distance L (km) the neutrinos travel and their energy E (GeV):

(197 Awa2 T )

P(v,
Tokal To TRzeKc.ent long baseline mde.asurements:
Ev(peak) : V¢ appearance, v, disappearance A

MINOS: v, anti-v,appearance, v , anti-vudisappearance
OPERA: v_ appearance

Near term long baseline measurements:
T2K: anti-v, appearance, anti-vudisappearance
NOvA: v, anti-v,appearance, v , anti-vudisappearance

/( Fermilab |

“long baseline experiments” require
Am?,,~3x103 eV?, want sin2(Am?L/E) to be of order 1
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The T2K experiment

Tokai-mura to Kamioka (295km)
Off-axis beam (2.5°) produced at JPARC
E,(peak) =0.6 GeV

T2K physics run:

Operating from 2010 onward
Neutrinos: 6.57x10%° POT
Antineutrinos: test run ongoing

Measurements of:
v, disappearance
V., appearance

June 16, 2014 K Mahn, CAP2014
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Oscillation analyses on T2K

1.27Am3,L
P(v,—v,)=1- sinz( Em32 )[sin2 20,, cos* 0, +sin’ 0, sin’ 2913]

Oscillation probability depends on neutrino energy
For T2K’s neutrino spectrum, dominant process is Charged Current Quasi-Elastic:

CCQE Infer neutrino properties from the lepton momentum and
angle:
2 12 2 /
FQE _ my, —m', —mg, +2m'y L),
T =

2(m'y, — E,, + p, cosl,)

2 body kinematics and assumes the target nucleon is at rest

NCm°

Background processes are:

= Charged current single pion
production (CCrm)

= Neutral current single pion
production (NCrm°)
N
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Select CC v, and v, candidates after oscillations, in a 50kton

Event selection on the T2K experiment

Select CC v, candidates prior to oscillations in an off
axis tracking detector (ND280)

= Neutrino interacts on scintillator tracking
detector

UA1 Magnet Yoke

= Muon momentum determined from curvature in
magnetic field (with TPCs)

bownstream ™ EVENts separated based on presence of charged
ECAL pion in final state (CCOm, CC1m, CC other)

water Cherenkov detector (Super-Kamiokande)

Select single ring events, determine lepton flavor from ring
shape and topology

Reject CC nonQE interactions using ring multiplicity and decay
electron tagging

NC events with 1t° removed based on invariant mass

June 16, 2014 K Mahn, CAP2014 13



Use of near detectors on T2K

Expected number of events at the far detector is modified based on near detector
information; provides a substantial constraint on the uncertainties of v, and v, events:

FD(ve) =@ xoxex Py, — ve)
ND(VM) = d X g|X END

uncertainties for v, sig+bkrd O
nue appearance g ¢ Before ND280 Constraint
v 8 -
v flux+xsec (25.9%) (21.7%) = |
(before) after +2.9% +4.8% < o
. O [
ND constraint = af
v unconstrained xsec +7.5% +6.8% S 2’_
Far detector +3.5% +7.3% =
0 1
Total (27.2%) +11.1% 0
+8.8% Reconstructed v Energy (GeV)
After ND: expect 124.8 v events
After ND: expect 21.6 v, candidates (background only: 49.2)

(background only: 4.92)



T2K observed event distributions

T T | T T T T
—— Data

Best fit -

77777, Background component-

Fit region < 1250 MeV
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28 candidate v, events observed
" First observation of CC v, appearance!
= Phys. Rev. Lett. 112, 061802 (2014)

*" Transition depends on all mixing
parameters (Am?2;,, 0,5 6,5and O¢p,
mass hierarchy and Am?,,, 0,,)

120 candidate v, events observed

= Determine Am?;,, sin%0,5 from
distortion to neutrino energy spectrum

= Phys. Rev. Lett. 112, 181801 (2014)

Fit both v, and v, samples
simultaneously

Include solar, reactor determinations

2
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T2K joint v -v, fit results: Am?;,, sin“0,,

Markov Chain Monte Carlo-

based analysis

Simultaneous fit to near
detectorv far detector
Vi, Ve samples

Includes correlations
betweenv,, v, samples

T2K data favors maximal
disappearance

Provides best constraint
on 0,5 to date

Consistent with maximal
(45°) mixing

Caveat: Baysian analysis,
credible regions are
shown with confidence

intervals from other
experiments

T2K CL are similar to ClI

regions
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T2K joint v -v, fit results: o.,, mass hierarchy
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The MINOS (and MINOS+) experiments

FNAL to Soudan, MN (735km)

On-axis beam, two main configurations:

E, (peak) =3 GeV

Also can detect atmospheric neutrinos

MINQOS physics run:
Operated from: 2003-2011
Neutrinos: 10.71x10%° POT
Antineutrinos: 3.36x10%° PO

Measurements of:
\ anti-vudisappearance
V. anti-v,appearance

June 16, 2014

Simulated v Beam
3 i 5.4 kton, 6 X 1020 POT
¢5 1000
\ _ —
"!', MINOS+
o — NOvVA
o -
Ii 500 MINOS
o _ Preliminary
o i
> B L
00 10
E, (GeV)
MINOS plots from

A. Sousa, Neutrino2014
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Events / GeV

Event selection at MINOS

Near and far detectors are magnetized
steel-scintillator tracking detectors

= Momentum of the muon is
determined by curvature, sign
indicates v or anti-v

= Multivariate analysis techniques
used to select CCv , CCv,
candidates

800 T T T T I T T T [Trrr[rrrr]

) —+— MINOS, MINOS+ Far Detector Data -

—— Prediction, No Oscillations
— Prediction, Am?=2.37x10" eV?

600 Uncertainty (oscillated)
: w 10.56 x10”” POT v,-mode MINOS |
i » —— 3.36 x10”” POT v,-mode MINOS |
400 | 1.68x10” POT v,-mode MINOS+—{

200

0 5 10 15 20 30 50
Reconstructed v, Energy (GeV)

—
o

-

=]

Transverse position (m)
o
(52

0.5

I"'ll . - . Al Al Al A
0 o5 1 18 2 25 3 38 4

Longitudinal postion {m)

= Reconstructed neutrino energy is
determined from muon and/or hadronic
shower information

= CCv, selection has substantial
backgrounds due to NC interactions

CAP2014 19



MINQOS results: Am2,,, sin%0.,,

Fit includes:

= MINOS neutrino,
antineutrino beam data sets

= Also includes atmospheric
neutrino data set

MINOS provides the best
constraint on |Am?,, |

= Consistent with T2K

June 16, 2014
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The OPERA experiment

On-axis beam (E =17 GeV) .
CERN to Gran Sasso, Italy (730km)

OPERA physics run:
Operated from 2008-2012
Neutrinos: 1.8x102° POT

Measurements of:
V., appearance

OPERA plots from
S. Dusini, Neutrino2014

June 16, 2014 K Mahn, CAP2014 21



OPERA v, appearance results

4th . candidate (z—=h) (2014)

m 3

Vi,

" WMo

V2

b}
®
]
L]
.
. 1
L L e 1 daughter”
‘.. ______ e — —
D‘.'\
‘_...

~ Emulsion film + lead form “bricks”

= Scintillator planes and magnetic
spectrometer are used to identify likely
neutrino interaction bricks

= Bricks removed and scanned to
determine t decay candidate
interactions

V. appearance expected signal 2.10%0.4, background 0.23+0.04
Observed 4 candidate events (no oscillation excluded at 4.20)

June 10, ZUu14
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Near term experiments: NOVA

FNAL to Ash River, MN (810km)
Off-axis (0.8°deg) beam (E, =2 GeV)
Minnesota
NOVA physics run:
Neutrinos since Feb 2014

Planned measurements of:
v,, anti-v disappearance
Ve anti-vgappearance

Fermilab

Illinois Indian

Missouri .

June 16, 2014 K Mahn, CAP2014
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Complementarity of T2K, NoVA

Gray regions are where the mass hierarchy can

14 — . : T oK - ' 0.65 be determined to 90% CL
12 | NOvVA
T2K+NOVA 06 -
10l sin3(26,3)=0.1 '
Sin"(623)=0.5 3 055 |
8 I =2
N
= c
L £ 05
2
.| 2 045
2 0.4 B
0 0.35 . !

-150-100 -50 0 S50 100 150
True o¢p

-150-100 -50 0 50 100 150
True o¢cp

Matter effects alter the appearance oscillation probability, depending on

the sign of Am?,,, the mass hierarchy

= NOvVA’s higher energy and longer baseline relative to T2K give NOVA more sensitivity
to the mass hierarchy through matter effects

* Combinations of the two measurements exploit the different dependency of 6., and
the mass hierarchy in the oscillation probability



Future long baseline experiments

To measure CP violation, future experiments propose to compare v, appearance
to anti-v, appearance to determine an asymmetry:

Plv, — ve) = Py, — ve) Am?, L ~sin2t;

Ac — o
" P, —~v)+PW,—n) 4E, sinfy

. sIno

With 8,5 “large”, then A, is small (~20-30%), so a measurement of 6., will need
systematic uncertainties of <5% or better

» T2K’s current statistics: 28 events (v, appearance probability)
= Need more raw event rate, with a larger detector and/or intense beam

June 16, 2014 K Mahn, CAP2014 25



Future narrow band beam experiments

T2HK: same neutrino beamline and off-axis angle as T2K
Would use a new detector (Hyper-Kamiokande) in a different cavern

= Event rate enhanced over T2K’s with a much larger ~1Mton far detector
(approximately 25x T2K’s current far detector)

= Technique requires mass hierarchy is known, assuming determined from
cosmology, OvBB, atmospheric neutrinos, or T2K-NOVA combination

v mode v mode

600k 3
> f §=0 > 400F
g - §=1/21 %’ -
o 4005 o=m S 300F
Q 2 d=—1/2n L(\) 3
§2} - §2) 3
% 2 Total BG qC) 200F
1] 200F Vu/Vu BG AT 3
F 100
s () A S = : , 15@E
a0&: 1 5=11 P
> 100F 1 d=n > 100F
g l o0=—1/21 g
S SOF IH “ = s0f
e o it rerererecececess © I
%) OF !1 I ‘iu“n;u ;;;;;;;;;; %) OF
c f 111{{ [ “1 c I
O -50F l O -50F
" ook | Y ook

_1500 ................... 1| ................... > _1500 ................... 1| ................... >

E,"¢ (GeV) E,"¢ (GeV)

Hyper-Kamiokande LOI: arXiv:1109.3262
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P(v, — ve)

Future wide band beam experiments

Wide band (on-axis) beams can be used to directly test energy dependence of
oscillation and determine the mass hierarchy and 6., simultaneously

= [BNE: 1300km distance (FNAL to South Dakota),
= LBNO/LAGUNA: 2300km distance (CERN to Finland)
= Both are considering LAr-based far detector technology of ~20-50kton size

T2HK LBNE
016 | IFl IA U I 016 I I I I I | |
014 | Vellwx@AU) 0.14 | -
NH’ 6CP_O P —~~
012 | NH, 8¢p=-90 —— _ v 012} - ©
NH, 5op=00 mm— _ ~
0.1+ - 0 0.1 4
0.08 =295 km- . 008 .
0.06 | i N 0.06 N
S S
0.04 - Q. 004 Q.
0.02 - 0.02
0 ' ' 0

05 1 15 2 25 3 1 2 3 45 6 7 8 12345678910

E,[GeV] E,[GeV] E, [GeV]
M. Bass, Nulnt2014
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Conclusion

Neutrino oscillation physics is entering the precision era with accelerator driven

long-baseline neutrino experiments:

From T2K: From MINOS:
= Discovery of CCv, appearance || = World’s best measurement of Am?,,
= World’s best measurement of 0,4

From OPERA
= Discovery of CC v, appearance

The next few years test our assumptions about three-flavor oscillation with:
" Improved measurements of v, and anti-v, mixing (T2K, NOvA)
= Searches for CC anti-v, appearance (T2K, NOvA)

= Combinations of different long baseline experiments, and atmospheric neutrino
measurements may provide hints of the mass hierarchy

Future long baseline experiments (T2HK, LBNE, LBNO) propose to search for
CP violation with enormous detectors and powerful beams

June 16, 2014 K Mahn, CAP2014 28



Backup slides

June 16, 2014 K Mahn, CAP2014



Possible slides

Backup: flux errors and how they affect the spectrum
Complementary results of MINOS+?

June 16, 2014 K Mahn, CAP2014
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T2K observed event distributions

§ 8- ' gi‘;i‘fit — 28 candidate v, events observed
O Background component)  m Fjrst observation of CC v, appearance!
= Fit region < 1250 MeV | = Phys. Rev. Lett. 112, 061802 (2014)
S 4r 1 7
> T /
= 2 - 49
;_‘ 7
D) - ® ® O %4
‘g O e e (&N e A g ey e e e e e T ST e T e ‘A
5> 0 500 1000 1500 >2000
Z Reconstructed neutrino energy (MeV)
> 16: T T T T T T T T T T T T T T T T T T T T T T T T T T ':
[} — -
S nf V47, CCQE E 120 candidate v, events observed
s 10 Ve SononQE = Determine Am?,,, sin®0,4 from
= - v +V ] . . .
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Comparison of joint and standalone disap analyses

s 3 . s 30 .
<, [ Normal Hierarchy % Inverted Hierarchy
~ ~= B
& 2 8l &, gl
> 7L > 7L
L i [P) B
o) _ R _
S 261 S 26
R L p— -
e [ a2 T
S04k Eoaf
R <t
22 22
" mm—— T2K joint OA (with reactor conatraint) Const. Axl | e T2K joint OA (with reactor conatraint) Const. Axl
| e T2K disappoarance FG (2014) [arXiv:1403.1532] | s T2K cloappearance FC (2014) [arXiv:1403.1532]
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0303504 045 05 055 06 0.65 0.7 03 03504 045 05 055 06 0.65 0.7
. . 2
sin“0
PRELIMINARY 2’ 0oy
Reactor Hierarchy | Am.gz [(NH) sin?@sa4 sin“ 2013 dop N:)f_,f‘ Nif}ﬁ‘ Niac r\:f; A(,\rz)
constraint |Am3,|(TH)
10 %eV?/e?
NO NH 2512 0.524 0.162 1.909 120 119915 28 27.999 0.01
NO IH 2.488 0.523 0.187 1.005 120 119,948 28 27.998
YES NH 2.509 0.527 0.0967 -1.554 120 120.383 28 25.870 -
YES IH 2.481 0.533 0.0984 -1.556 120 121.204 28 23.571 0.864
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MCMC joint analysis results

* Constraints on v,
disappearance
parameters

T2K-Only Model Probabilities

sin’8,, < 0.5
sin%0,, > 0.5

Sum

AHVNININ3Yd

With Reactor Constraint
[ %)
sinZ0,, < 0.5 Nk 8 26
sin0,, > 0.5 L EIRL.
Sum 68 32

AHVNININ34d

~ 3 T T — 71 . . T r T
o - ]
%0 PRELIMINARY |
o 28F .
—
a S 26p ]
SO :
< 2.4_— .
22t o -
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Rencontres de Moriond, March 17, 2014
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Selecting CC v, interactions

Measure unoscillated VM(CC) rate

1. Neutrino interaction in FGD1
= \eto events with TPC1 tracks
= Events within FGD1 fiducial volume

2. Select highest momentum, negative

curvature track as L” candidate

= Energy loss of the track in TPC also
consistent with muon hypothesis

CCQE

June 16, 2014
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Selecting CC v, interactions

GD

Measure unoscillated v, (CC) rate ] TGl M=
1. Neutrino interaction in FGD1 :

= \eto events with TPC1 tracks )f}’

= Events within FGD1 fiducial volume e

2. Select highest momentum, negative il | >

curvature track as 1" candidate PC1 | TPCo | N
= Energy loss of the track in TPC also 00 00

consistent with muon hypothesis . _
Further separate sample into three categories

based on final state: CCOmt / CC1rm / CC other
CCQE CCn . e o
to increase sensitivity to cross section:

* FGD track: decay electron / 1t-p dE/dx
» TPC-FGD matched track: m-p dE/dx
= Electrons identify 1t° (often from DIS events)
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Results of near detector rate fit

= Shared flux, similar CC cross section composition of near and far detector
selections result in substantial reduction to CC cross sections, v, flux

uncertainties

v flux+xsec (25.9%)
(before) after ND280 +2.9%
constraint

V Xsec +7.5%
(unconstrained by ND280)

Far detector +3.5%
Total +8.8%

®(E,)|o(Ey)

(21.7%)
+4.8%

+6.8%

+7.3%
+11.1%

e P(v, — ve)

(I)(Ez/) O'(E,/X €




Expected number of v, candidates

After ND280 tuning, expect 21.6 events with expected v, tov, oscillation
= Rate, p-Okinematics of events distinguishes signal from background

Signal (v, to v, osc) m —~ 1507 CCv. S'?”a' 0.04
5, X : :
sin?20,,=0.1,6cp=0 16.7 0 § :
@ 13 P 0 100 Wy .................................. 0.03
V,signal@Am?;,=2.4x 103 eV?,sin?26,,=1.0 = : 0.02
Excludes 912 component -%b 50 ; - 001
Background | #events N ;
0 500 1000 1500
beam v, 3.2 momentum (MeV/c)
: CCv,_ background
v, (mainly NC) 1.1 150 <~ vos
background & !
5h 100 [ . .................................. 0.03
osc through 6, 0.6 3 : 002
O N '
total assuming %D 50 : .................................. 001
sin220,,=0 ok .
0 500 1000 1500

momentum (MeV/c)
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Complementarity (I)

NBB (NoVA) sensitivity f L MINOS+, NOVA SIMULATION
improves with combination o 2.8 [~ MINOS+:7.0x10% POT v -mode, 17.0 ki-yr atmospheric v

different beam energy and | MINOS: v, disappearance, v, appearance, atmospherics i
atmospheric neutrino ogl NOVA: £.2x107POT v, -mode E
statistics ' - Y :
22 A AN N N —
S ool 3
) ““L Normal hierarchy; """"""""""" -
cr') | L L L L | L L | | |
S - Inverted hierarchy -
~— ‘2.2 — —
o : ]
< '2.4 __ ——
261 .

[NOVA + MINOS, MINOS+—68% C.L. —90% C.L.
2.8 NOVA ~+-68% C.L. -=-90% C.L]

03 04 05 06 07
- 2
SiN“0,,,
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