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Neutrinos: window on the universe
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What physics is
beyond the
Standard Model?

J . . *
Massive neutrinos |7
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What we now know about neutrinos

= Three flavors: v, Vi, Vo

V. V. W

—  electron muon tau

3 neutrino neutrino neutrino
o

=

v

electron muon tau
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What we now know about neutrinos

" Three flavors: v, Vi, Vq

= Neutral V V V
e f7 T

= |nteract via the weak force ~ eiscten e tau
2 neutrino neutrino neutrino
E

w

Neutral Current (NC)

Vv v electron muon tau
/
Z boson g
Charged Current (CC) g
vV lepton Ve — € W >
1 M Wboson 7
WH- H

UV — T
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What we now know about neutrinos

" Three flavors: v, Vi, Vq

= Neutral V V Vt
e M

= |nteract via the weak force

Neutral Current (NC) e ﬂ t
V\? electron muon

At neutrino energy (E,) ~1 GeV, o, ~ 1038 cm?

Mean free path through lead is 1 light year

Charg
v epton - € © SR
_ Wboson 7
V'u ,u

W
Ur — T
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What we now know about neutrinos

Three flavors: v, Vi, Vo
Neutral

Interact via the weak force
Abundant

Supernova g

L
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What we now know about neutrinos

Three flavors: v, Vi, Vo
Neutral

= |nteract via the weak force
Abundant

Supernova [l The Sun

SR
W > .
L e ST

» I

Except for the photon, neutrinos are the most
plentiful particle in the universe

| Approximately 10,000 Big Bang neutrinos
fit in your hand

Reactors

3/26/2014 ' Viahn, IBMBRM seminar




What we now know about neutrinos

" Three flavors: v, Vi, Vq

=  Neutral
= |nteract via the weak force
=  Abundant

The amount of neutrinos and antineutrinos affects the formation of elements in the
early universe:

o ne D Ve TN — € D
\‘H \O:’H \ He
e ¢ % Ue+p—e +n
/ 2, Lzl “. e
p *ﬁ:,ﬁ 2.71 2,
‘ 4

CSIRO graphic
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What we now know about neutrinos

" Three flavors: v, Vi, Vo

= Neutral , )
. Just because a mass is small doesn’t mean
= |nteract via the weak force . .
it is not important...
=  Abundant
= Massive

Center for Cosmological Physics graphic

The total mass of the neutrinos in the universe

is about the same as the total mass of the
stars

Neutrino mass affects large scale structure
formation

= At early times, neutrinos behave like
radiation

= At [ate times, neutrinos behave like matter




Neutrino mass is SMALL

fermion masses

U @ Ce te
Vl ,_Q.VQ.VB ce Le Te
g e S S )
ueV meV eV keV MeV GeV TeV

H. Murayama graphic

While we know neutrinos have mass, we don’t know the origin of neutrino mass
= Neutrinos are unlike other particles in the Standard Model because they are
neutral and only interact with the weak force (and gravity)

Why is neutrino mass non-zero?

Why is it so much smaller than the other particles?

3/20/2014 K Mahn, LBL/RPM seminar



Neutrino mass

The “see saw mechanism” explains the lightness of the neutrino mass by adding a
(very heavy) neutrino which doesn’t interact

If we have one neutrino which interacts in the Standard Model (m) and a
heavy partner (mg) then:

mp )2 (5
(mp)” mp .

meg m2

Mo >~ Mp .

my

1

To get the observed neutrino mass, then m,~m; is very heavy (10> GeV)

3/20/2014 K Mahn, LBL/RPM seminar



Neutrinos and the matter-antimatter asymmetry

How do we explain the observed matter-antimatter asymmetry in the universe?

= To create this asymmetry, we need: non-thermal equilibrium, CP violation and
baryon number violation

= So far, there is no sufficient source of CP violation in the Standard Model

CP violating decays of the heavy neutrino could create the baryon number violation
= |f a decay violates CP, then the rates for neutrinos (matter) and antineutrinos
(antimatter) are different

Searching for CP violation with neutrinos may lead to insights about this
mechanism
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\What is neutrino oscillation?

We know neutrinos have mass because of we observe neutrino “oscillation”

This is a purely qguantum mechanical effect where the mass eigenstates
(V4, V,, V35) are superpositions of the flavor eigenstates (v, Vi, V,)

If | reached in a jar of v, without looking,
| would have about a 1/3 chance to eat:

a green jelly bean (v, / lime)
or a yellow jelly bean (Vu/ lemon)

or a blue jelly bean (v_/ berry)
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Example with just 2 neutrinos

If we start with two neutrino flavors (v, v, ) and two mass states (v4, v,)
then:

Ve (cos(f) sin(f)\ (s
v, )  \-sin(f) cos(0)/ \vo

The two states are related via a matrix which depends on a mixing angle, 6,
exactly like a coordinate system changes under a rotation matrix:

If we want to see how the flavor state changes with time, we evolve the
individual mass eigenstates with a phase which depends on their energy

v, (t)) = —sin 0 e 1) + cos 6 e iEA! Vo)

K Mahn, LBL/RPM seminar



Example with 2 neutrinos

The flavor state evolution in time looks like an elliptically polarized wave:

v, (1)) = —sin @ e "1 |uy) + cos 0 e "2 |uy)

From
wikipedia

:

Starting polarized along the x-axis is like starting in the v, state:
= Some time later, the polarization is along y-axis (v,)
= Even later, the polarization is back to the x-axis (Vu)

No mass, no oscillation!

3/20/2014 K Mahn, LBL/RPM seminar



Example with 2 neutrinos

The flavor state evolution in time looks like an elliptically polarized wave:

v, (1)) = —sin @ e "1 |uy) + cos 0 e "2 |uy)

From
wikipedia

:

The probability of observing a v, state, starting from a v state is:

Pe = (Ve v, (t)) = sin®(20) sin®(1.27Am3,L/E)

If neutrinos have no mass, or degenerate masses, no interference is possible

3/20/2014 K Mahn, LBL/RPM seminar



Neutrino oscillation

P, = sin®(20) sin®(1.27Am5, L/ F)

Probability to observe v_after starting in flavor state Vudepends on:

= 0:Mixing angle

= | (km): Distance the neutrino has travelled

A2 = m? — m?
= E (GeV): Energy of the neutrino my =m, —m

= Am? (eV?): mass splitting
Difference of the square of the mass eigenvalues

0.8

0.6

0.4

0.”1””2““3 “4””5”“6
3/20/2014 L/E (km/GeV)



Neutrino oscillation

P, = sin®(20) sin®(1.27Am5, L/ F)

Probability to observe v_after starting in flavor state Vudepends on:

= 0:Mixing angle

= | (km): Distance the neutrino has travelled

A2 = m? — m?
= E (GeV): Energy of the neutrino my =m, —m

= Am? (eV?): mass splitting
Difference of the square of the mass eigenvalues

Typically, an experiment has L and E determined
from the neutrino source and detector setup

and measures Am?2, 0

3/20/2014 L/E (km/GeV)



Open questions about neutrino mixing

Flavor eigenstates
(coupling to the weak
force)

(v,

Vi

V)

( Uel Ue2
U, Uy,
\ Url UTZ

Ue3 \

u3

UT3 )

Unitary PMNS mixing matrix

Mass eigenstates
(definite mass)

Three observed flavors of neutrinos (v,, Vi, v.) means U is represented by
three independent mixing angles (04,, 6,3, 0,5) and a CP violating phase o

0, =33.6°+1.0°
0, =45°+6° (90%CL)
0,=9.1° £0.6°

3/20/2014

Is 6,5 mixing maximal (45°7)
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Open questions about neutrino mixing

( AYATAR
) . ( ve \ Uel UeZ Ue3 vl
avor eigenstates Mass eigenstates
(coupling to the weak Vu — U,ul Uﬂ2 Uﬂ3 V2 (definite mass)
force)

\vT) \Url UTZ UT3 ) \v3)
Unitary PMNS mixing matrix

Three observed flavors of neutrinos (v,, Vi, v.) means U is represented by
three independent mixing angles (04,, 0,3, 0,3) and a CP violating phase 0

Is there CP violation in the neutrino sector?
Is it large?

3/20/2014 K Mahn, LBL/RPM seminar



Neutrino mass differences

Neutrino mass squared (m.?)

Three neutrino mass eigenstates mean two independent mass differences
Two observed mass “splittings”, determined from atmospheric/accelerator
and solar/reactor neutrino experiments, respectively

= Am?(atmospheric) = |Am?;, |~ 2.4 x 1073 eV?
= Am?(solar) = Am2,, ~ 7.6 x 10 eV?

3/20/2014 K Mahn, LBL/RPM seminar



Open questions about neutrino mixing

3 I -
Am?2,,
Am?52>0 1
x Am?3; <0
Am?,,
1 3 I

Neutrino mass squared (m.?)

The sign of Am?,,, or the “mass hierarchy” is still unknown
* Normal “hierarchy” is like quarks (m, is lightest, Am?,, >0 )
* |Inverted hierarchy has m; lightest (Am?;, <0)

What is the mass hierarchy?



Neutrino oscillation, revisited

Am?,, >> Am?2,,, producing high frequency and low frequency oscillation terms

2.54Am;.L
E

E

i>]

1.27Am;L
% L % ) i % % .
Py =0,,—4Y RelUU,UU, |sin ( i )+221m[UﬁaniUﬁjUaj sin

i>]

If choose L, E, such that sin (Am?,,L/E) is of order 1, then Am?,; terms will be small.
Then...

v, “disappear” intov,, v
u G159PP er 2(1.27Am§2L)

P(v, = v,)=1-sin’26,;sin

. Only leading order terms shown
A small amount of v, will “appear”

2.~ Am?2
Am<; ~ Am?y,

1.27Am; L
P(v,—v,)= sin” 20, sin” 0, Sinz( Em31 )

3/20/2014 K Mahn, LBL/RPM seminar



Neutrino oscillation, revisited

Am?,, >> Am?2,,, producing high frequency and low frequency oscillation terms

If choose
Then...

v, disay

A small ar
2 ~
Am?;, ~ A

A w N P

Subleading terms of vy disappearance allow for a
determination of sin%0,,

Subleading terms of v, to v, appearance depend
on 8.p, Mass hierarchy

Requires precision measurements of:
2 2

Measurements of v, to v, appearance are sensitive
to new or exotic physics

3/20/2014
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Why do we want to make
precision measurements of
neutrmo osullatlon?
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' ® |s there CP violation with neutrinos?
uls 0,, maximal?
: " |s our understanding of neutrino oscillation
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Oscillation experiments

We infer the values of T -
oscillation parameters from: osl -
* the decreased eventratein | -
v, disappearance (0,3) 0.6 - _

" the increased event rate in [ -
V. appearance (0,5 etc) 0.4 -
0.2 -

% 1 2 3 4 5 6

L/E (km/GeV)
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Oscillation experiments

We infer the values of

oscillation parameters from:

= the decreased event rate in
v, disappearance (0,3)

" the increased event rate in
V. appearance (0,5 etc) 0.4

= and the distortion to the
neutrino spectrum (Am?;,) 0.2

0.8

0.6

3/20/2014 K Mahn, LBL/RPM seminar
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Oscillation experiments

1

We infer the values of

oscillation parameters from:

= the decreased event rate in
v, disappearance (0,3)

" the increased event rate in
V. appearance (0,5 etc) 0.4

= and the distortion to the
neutrino spectrum (Am?,, 0.

L/E (km/GeV)
To search for neutrino oscillation, we need:
1) Anintense neutrino source of muon neutrinos
2) A sufficient distance for oscillation to occur
3) A measurement of unoscillated v, (and v, background) rate at L~0

4) A measurement of v , v, at L™ oscillation maximum

3/20/2014 K Mahn, LBL/RPM seminar



The Tokai-to-Kamioka (T2K) experiment

“Long baseline” (L~ 295km) neutrino experiment designed to measure

Ve appearance (6,3 and more) and v disappearance (Am232, 0,4)
Far detector

Super-Kamiokande

Near detectors

Neutrino beam

K Mahn, LBL/RPM seminar



The Tokai-to-Kamioka (T2K) experiment

“Long baseline” (L~ 295km) neutrino experiment designed to measure

Ve appearance (6,3 and more) and v disappearance (Am232, 0,4)
Far detector

Super-Kz
<= =
~500 collaborators from
bl 59 institutions
o 11 countries _
KM contributions marked as follows:

IC: Intellectual contribution
MP: Mahnpower 2
L: Leadership A

3/20/2014 ) K Mahn, LBL/RPM seminar



Conventional neutrino beam

Beam dump

95m Decay region

Neutrino beam

i | — >

— g

30GeV  Carbon 3 paonetic Pions and kaons  Shielding stops
Proton beam Target  foeusing  decay to neutrinos any remaining
“horns” particles

Advantages of an accelerator based neutrino source:

1. >99% muon neutrino flavor, small v, component from muon, kaon decay
2. Intensity of proton beam increases neutrino rate
3. Switch magnetic horn polarization to focus 1" and produce an

antineutrino beam
4, Tunable neutrino energy spectrum optimized for oscillation

1. Determined by proton beam energy and position of the detector
relative to the proton beam direction
3/20/2014 K Mahn, LBL/RPM seminar



Neutrino interactions at T2K

Total (NC+CC) CCQE

-
N
T T

—

o
o

o/E (10-33cm?2/GeV)
o
»

04

0.2
0 \%II\‘\\IIIII\\‘\\Illl\\\‘\III'\\\\\IIII—
05 1 156 2 25 3 35 4 45 5

E, (GeV)

At E,,~0.6 GeV, most neutrino interactions are Charged Current Quasi Elastic (CCQE)
= Neutrino flavor determined from flavor of outgoing lepton

3/20/2014 K Mahn, LBL/RPM seminar



Neutrino interactions at T2K

CCQE

-
N
T T

—

o
o

o ¢
1N
T 1 T 1

o/E (10-33cm?2/GeV)
o
»

0.2
0 \AI Ll ‘ Ll I Ll ‘ Ll I Ll ‘ I A A I—
05 1 156 2 25 3 35 4 45 5

E, (GeV)
At E,,~0.6 GeV, most neutrino interactions are Charged Current Quasi Elastic (CCQE)
= Neutrino flavor determined from flavor of outgoing lepton
* |nfer neutrino properties from the muon (or electron) momentum and angle:

m2 —m/?
EQE _ p n
14

2(m'y, — £, +p, cosl,)

— mi + Qm/nEu 2 body kinematics
Assumes the target
nucleon is at rest

3/20/2014 K Mahn, LBL/RPM seminar



Neutrino interactions at T2K

CCQE

-
N
T T

—

o
o

o ¢
1N
T 1 T 1

o/E (10-33cm?2/GeV)
o
»

0.2
0 \AI Ll ‘ Ll I Ll ‘ Ll I Ll ‘ I A A I—
05 1 156 2 25 3 35 4 45 5

E, (GeV)
Other interactions important for T2K analysis:
* Charged current single pion production (CCrn)
= Lepton and pion (charged or neutral) produced

= QOscillation signal (and background if pion is not identified)
2 12 2 /
EQE _ my, —m', —mg, +2m', L),
g 2(m'y, — E,, +p, cosb,)

3/20/2014 K Mahn, LBL/RPM seminar
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Neutrino interactions at T2K

Total (NC+CC) CCQE

-
N
T T

—

o
o

o ¢
1N
T 1 T 1

o/E (10-33cm?2/GeV)
o
»

o
(V)

0 \AII\‘\\IIIII\\‘\\IIII\\\‘\III'\\\\\IIII—
05 1 156 2 25 3 35 4 45 5

E, (GeV)
Other interactions important for T2K analysis:
= Neutral current single pion production (NCrm°)
= No lepton in final state (happens for all flavors)
= Only neutral pion (r°) produced in detector
= Can mimic v signal at Super-Kamiokande

3/20/2014 K Mahn, LBL/RPM seminar
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V., appearance analysis

N(ve) =®(E,) o(E,) € P(v, — ve)

Fit the observed rate to determine the oscillation probability, P. Depends on:

3/20/2014 K Mahn, LBL/RPM seminar



V., appearance analysis

N(ve) =®(E,) o(E,) € P(v, — ve)

Fit the observed rate to determine the oscillation probability, P. Depends on:

We reduce the error on the rate of v_ with the near detector:

N(v,) =®(E,)) o(E)) €
e e

3/20/2014 K Mahn, LBL/RPM seminar



T2K Neutrino flux prediction

: = e _ooon_sSuper-K
e i SR -
. N U monitor INGRIDS\;I

0 118 m “~280 m

FLUKA/Geant3 beam simulation T2K Runl-4 Flux at Super-K
Phys. Rev. D 87, 012001 (2013)

e T T T T T T T T ]

] 0 v,

= 3 horn focusing system 210 §_M
¥ Y

= 280m from target: = 10° DN

& . _ 2 7Ve -

* INGRID on-axis ND280 off-axis s v, -

() 3

n + R .

Vufrom ", K decay = 10° i

Prediction and uncertainties determined = o _

by external or in-situ measurements of: Z § i \

* proton beam (30 GeV) 0 > 4 6 g 10

= 11, K production from NA61 experiment E, (GeV)

Phys.Rev.C 84, 034604 (2011)
Phys.Rev.C 85, 035210 (2012)

= alignment and off-axis angle

3/20/2014 K Mahn, LBL/RPM seminar



Neutrino interaction uncertainties

Cross section model (NEUT, GENIE) relates lepton kinematics to neutrino energy:
" |nitial interaction of neutrino with nucleon
* Final state interaction model (FSI) of outgoing particles, especially pions

|

o
o | .
NCnr* to NCr® \ ElS, | — NEUT best fit
k> 4 NERE Scaled syst err.
o < 1O |
ot SIS of +W shape
p g"" — % 2:
V sl Pt N O | +FSI
0 i
+ T[ O[;)l.s _+_ 0
| L oo MB NCln” data
S I
n [
160 P 05!
0 ' ! : *
0 0.2 0.4 0.6 0.8 1 1.2 1.4
p_, (GeV/c)
T

IC: Cross section model uncertainties set from fits to MiniBooNE data (E, ~ 1 GeV)
for signal and background (CCQE, CC1m and NCrt®) interactions

= Single pion (CC and NC) interaction datasets fit simultaneously

= SciBooNE, K2K datasets used as cross check

= |C, MP: Development of software to weight cross section in MC in both near
and far detectors simultaneously



Near detectors (ND280)

Measure unoscillated v, (CC) rate: CCQE CCn
Select nothing coming in (neutrino)
and muons coming out (VM)

UA1 Magnet Yoke Center of ND280 is the “Tracker”:

Barrel ECAL = 2 scintillator based tracking detectors
Downstream ( FGD S)

= 3 time projection chambers (TPCs)

= Placed inside the UA1 (B=0.2T) magnet
Additional detectors include:

= POD (m® detector)

= Electromagnetic calorimeters

= Muon range detectors

POD ECAL

T2K experiment

NIM A 624, 591 (2010)
3/20/2014 K Mahn, LBL/RPM seminar



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

3/20/2014

K Mahn,

FGD#

TP

C2

TP

[]

L]

N

MP: TPC commissioning, data

quality system and alignment

Energy loss (keV/cm)

-
ot e | o =) |

s L B L B B L

|

™ L

E

1—— Exp. protons

—— Exp. muons 140

— Exp. pions 120

Exp. electrons

100

80

60

40

20

200 400
LBL/RPM seminar
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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)

K Mahn, LBL/RPM seminar
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Number of events

Data/MC

3000
2500
2000
1500
1000

500

1

0
0.

L DO

3/20/2014

Near detector rate constraint

IC: Tune flux, cross section models with a likelihood fit
» p-O distribution is sensitive to rate (O x o )

2
My

2

/
_mn

— mfb +2m/, L),

EOF =

2(m'y, — E,, + p, cos0,)

= Fitincludes information on flux, cross sections from external
measurements (e.g. beam monitors, neutrino cross section

Muon momentum [MeV/c] 3

0

measurements)

:Lll'l||||I||l|||l'|]l|||ll||[|||l|||llllllll||lll—_-£ :lllllll|||l|IIIIIIII|||llllllIlllllllllllllllllll
L 4= -
n — MC NEUT nominal 42 . 3 —— MC NEUT nominal E
C Je Y E- -
= ——— MC Post-it i 35(‘) 5 ——— MC Postit
Z_ % Data —: S 300 = ® Data B
- 3o = -
2 eE 250
- . 200 -
= CCOmt & oF CCln :
= 3 100f
LTS sesuenesnsesseasesastasaeas UL

R I 4: I T 0 e HEQWL.WMJ. -
R e T : #ﬂi IO

L1111 L1 11 L1111 L1 11 I+I L1 L1 11 1 I:FI 1 11 I#I I+l L1 I¢ 11 |*|-‘:2 l+}#$$¢##+-¥+-++--¥++# ------ ¢-#— TIEF] I = g -----E
500 10001500 2000 2500 3000 35002000 4300 S0Z 050, 1., S .+.+.+.=|=|+. + fﬁﬁf T4 +|#+ #&H:

500 1000 1500 2000 2500 3000 3500 4000 4500 S5t

Muon momentum [MeV/c
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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 €




Far detector

Measure v_(CC) rate from v, oscillation CCQE CCre
Select nothing coming in (neutrino)
and an electron coming out (v,)

o

- NI
iR T Super-Kamiokande: 22.5kton fiducial volume
water Cherenkov detector

l < Charged leptons emit Cherenkov light

= Ringisimaged by 11,129 PMTs; ring is used
used to determine the electron direction and
momentum (relative to the neutrino)

= Entering (non-neutrino) events are rejected
by outer veto region

= Select v, events from ring shape and

- Eé topology

3/20/2014 K Mahn, LBL/RPM seminar




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 CCVe S'?”a' 0.04
. v B
@S|n22913=0.1,5Cp=0 16.7 ;:)0 100:... ........................... .................................. 0.03
V,signal@Am?;,=2.4x 103 eV?,sin?26,,=1.0 = ; 0.02
Excludes 012 Component '%‘D 50 ; R 001
Background | #events of ;
0 500 1000 1500
beam v, 3.2 momentum (MeV/c)
: CCv,_ background
v, (mainly NC) 1.1 — 150 — 0.04
background 5 ; )03
2100 B U S S—— :
osc through 6, 0.6 ) 5 0.0
) C '
total assuming 4.92+0.55 z O - 0.01
sin%28,,=0 ot 0
0 500 1000 1500

momentum (MeV/c)

3/20/2014 K Mahn, LBL/RPM seminar



Discovery of v, appearance!

8 +— Dan -|  First observation of CC v, appearance:
BaCkgfound component{ w28 candidate events observed
6 Fit region < 1250 MeV | (expected 21.6 with sin?20,,=0.1)

= 7.30 significance for non-zero 05
" Phys. Rev. Lett. 112, 061802 (2014)

[\

1D scan vs. &

T I T T

-

07500 T 1000 1500 320
Reconstructed neutrino energy (MeV) OOE'S 3

Number of v, candidate events
~

68% C.L.
sm29 ;=0.4

% s1n29 —0 5

% sm29 —0 6
Reactor lo range

Appearance probability depends on &,
and all other oscillation parameters,
including: 0

= Am?,,, 0, and 0,5 from solar, reactor
experiments

{//4{/ 17 4
(e 2
s, “ Y 4/4/////‘4
L

Runl-4 data (6.570e20 POT)
Normal hlerarchy

eSS g S
L /// (< ~.
é//‘/ 2

] 2
= Am2,,, 0,, from atmospheric, 2 ms=2 4107 eV
accelerator-based experiments 3 | |
0 0.2 0.4 0.6
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Discovery of v, appearance!

o0

@)

1]

T T | T T T
—— Data

. -|  First observation of CC v, appearance:
Background componenty  m 28 candidate events observed
Fit region < 1250 MeV "] (expected 21.6 with sin?20,,=0.1)

[\

I

Number of v, candidate events
~

Appearar
and all
includir‘

= Am?,,

Confirmation of expected three flavor neutrino
oscillation physics

First step toward future CP violation searches
with neutrinos

Depends on precision knowledge of other mixing
parameters, predominantly Am?,,, 0,4

EB
14)

).4
).5
).6
lo range

experiments

accelerator-based experiments

Runl-4 data (6.570¢20 POT)

,o|IIII|IIII|IIII|IIII|IIII|IIII|

— N
- N ;
. - oF Normal hierarchy
" Am?,,, 0,5 from atmospheric, 2F kY Am2,|=2.4x10° ¢V
- AN
- A%
n AN
'3_ ? . ‘}% [ | 1 1
0 0.2 0.4 . 06
sin“20
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NEW: T2K v, disappearance

. ([ 1.27Am L
PV, >V, )= sin” 20, sz[ 32 j
T 0F | | 4
O 70 —
= | =
o 60 | DATA =
5 SO | o =
> — Best-fit Expectation with Oscillations =
M 40F =
10 = MC Expectation without Oscillations E
20— PRELIMINARY =
10 % o arxiv 1403.1532, submitted to PRL
O:III — II RN LS e mma e = === '===—n—u—&==_|_|_:

0 1 2 3 4 >5

Reconstructed v Energy (GeV)

Disappearance distorts energy spectrum and rate of v, candidates
= Select CCQE vy candidates at SK with ring info, decay electron tag
= Reconstruct neutrino energy from muon kinematics

= Apply same near detector tuning as for v, appearance
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NEW: v, disappearance results

— ‘E =
= 35— _____________________________________ _i
S o =

- : ; =
(\/]\ nf_ll L O Y B |M N I B B B B B Il_f_””!llllllllillllll
% 4'2; 68% (dashed) and 90% (solid) CL Contours ]

4__ —_
< - —— T2K [NH] —— T2K [IH] =
S 385 4
Z 3 6F SK I-IV [NH] MINOS 3-flavor+atm [NH] 3
= 345 PRELIMINARY E!
@325 arxiv 1403.1532, submitted to PRL 3
g 3;_ —; | |
r>,2.8;— _; L
% 2.6F- _—f/
— 24F i ]
Sk - - \
< 2:I | | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | | I:IIII|IIII|III:I|IIII

03 035 04 045 05 055 06 065 07 ) 1 2 3 4
sin*(0,,)  -2AInL

Sensitivity to the octant through sub-leading terms (0,5 >45°? <45°7?)

» Best constraint on 0., still consistent with maximal (45°) mixing
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Ay?

NEW: joint v, — v, analysis results

—— Normal Hierarchy

~~  —— Inverted Hierarchy
-  —— FC 90 % Ay? (NH)

- FC 90 % &y (IH)
90 % excluded (NH)
[_1 90 % excluded (IH)

i PRELIMINARY

3 L

PN

0 :—I | | 1 1 | |
-1 -0.5 0
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90%CL exclusion of &, values

(~rt/2) when constraints on

Am?;,, 05,5, Am?,,, 0,5, and
0,5 are included

" Fitincludes T2Kv,, v,
samples and correlations

" sin%0,5=0.095+£0.010

" PDG2013 based on reactor
experiments



NEW: joint v, — v, analysis results

0.03 T T | T T | T T | .
90%CL exclusion of 6., values
= 0.025 90% Credible Interval )
: ' 68% Credible Interval (~rt/2) when constraints on
. . 2 2
Y Marginal Posterior Am 37 923 , Am 1) 912 and

¥ 1D Posterior Mode
Assumes equal

probability for either
hierarchy

0,5 are included

" Fitincludes T2Kv,, v,
samples and correlations

A ® sin%0,5=0.095+0.010

— = PDG2013 based on reactor

1 experiments

0.02F
0.015F

0.01

Probability Density per ©/50

0.005

‘1 -08 -06 -04 -02 0 02 04 06 08 1
O, /T

Complementary Baysian joint analysis is a Probability A -
Markov Chain Monte Carlo approach

in2
» Simultaneous fit of ND280, SK samples Sin“B5 < 0.5 18% - 26%
= Can compare probabilities for each _-- 74%

combination of octant, mass hierarchy Sum 68% 329

0

Sum
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- Why long baseline /%, 74
neutrino experiments, like T2K? 244

>/
».
.

f,

—

(AR 4T T " W* Q% v TS T K
S i ﬂ«m Discovery of CC v, appearance is the

* first step towards searches of CP
% violation in the lepton sector

7/
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AL

. \
N

" disappearance

‘02 = Will 8,5 continue to be maximal?
.‘ - TIT1147 ‘) 1 .

E \\ " |f not, what is the 0,5 octant?




What will we learn from T2K/NOvA?

7 T T T
ToK 0.65
6 | NOvVA
T2K+£\IOVA 0.6
i Sin (2913):0.1 —
5 SIn2(923)=0.5 8 0_55 s
ol £
= 0.5
0
*| 5
) | s 0.45
. _ 04
o &L A A 0.35
-150 -100 -50 0 50 100 150 -150-100 -50 0 50 100 150

True dcp True dcp

NOvA’s higher energy (peak E,~2 GeV) and longer baseline (L~810km) has a
different dependence on mass hierarchy than T2K through the matter effect
= Left: Increased sensitivity to value of O.p, with for fixed values of 643, 0,4
and with (dashed) and without (solid) systematic uncertainties applied

= Right: Gray regions are where the mass hierarchy can be determined to
90%.CL.for T2K(red), NOVA (blue), and-T2K+NOvVA (black)



What is needed to measure 6,57

Compare v, appearance to vV, appearance to determine an asymmetry:

Pv, —v.)— Py, — v.) Ami,L sin26,
Pv, — v.)+ P(p, — )  4E, sinflya

N
Q
o
|
{

. sIno

With 6., “large”, then A is small (~20-30%), so a measurement of &,
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

3/20/2014 K Mahn, LBL/RPM seminar



Long Baseline Neutrino Experiment

Wide band (on-axis) beam can be used to see energy dependence of oscillation
1300km distance (Fermilab to South Dakota) for mass hierarchy, 6., physics
Goal: 1% signal uncertainties / 5% background uncertainties

Other LBL experiments, like Hyper-Kamiokande, assume similar uncertainties
v, CC spectrum at 1300 km, A m3, = 2.4e-03 eV ?

-
o
o
o
o
N

;: . . . . . . - - - - Sin22613=0’50p=n/a E
é oo | b i R A b N 0.183
= A FEE R a - sin220,,=0.1,5 =2 3
L S 11.E.1.1.:..... T S S bt
S S00RTIETTE §in220 ,=01,5,=0 - °a
S 111 0 3 N A W : I ]
& WM T sin®20,3=01,5 2 01 &
2 eooffi || i H0.12 §
() : Q.
Q 500l Note /arge effect at 0 &
o é Z”d 0SC maximum

200: 1t U R RN AR Y N R N - SO 0.04

100 }u . N AR Y R A0 O T T S 0 02

0: : 0



How do we achieve <5% systematics?

-39
v, sig+bkrd [N

v flux+xsec +3.0% g 1 Y. Nakajima, - Preliminary
. >~ 4 Nuintl1
(constrained by ° ¢
ND280) 12F
LTI
(unconstrained by 8¢ I
ND280) 6 —o— SciBooNE
0 N —=— MiniBooNE
Far detector +3.5% 4E NOMAD
Total +8.8% 2 —— NEUT (M, =1.2 GeV)
O_ 1l ! Lol

-1
10 1 10 £ (GeV)
The largest systematic uncertainties currently on the T2K oscillation analyses are
from uncertainties on the CCQE, CC1m neutrino interaction models
* Disagreements between models and existing neutrino experiment data (e.g.
MiniBooNE, SciBooNE)
= Differences between new theoretical models and those currently used by T2K



CCQE and

Nl
V

- N /

L N’ N'

N IN

\W+ absorbed by a pair of nucleons/

multinucleon interactions

=  ANiniBooNE
QE+np-nh
-- 0OF

- - — - ——

M. Martini,
Dec 2013 INT workshop
Plot from PRC 80 065501 (2009)

.................

“Multinucleon” processes may explain the enhanced CCQE cross section observed by
MiniBooNE, SciBooNE experiments
= Effort to include multinucleon models into neutrino generators used by T2K (NEUT)
= Currently working with Nieves et al model (PRC 70, 055503 (2004)) combined
with Sobczyk multinucleon ejection model (PRC 86, 015504 (2012))
" Further details at recent Dec 2013 INT workshop:
20000 http://www.int.washington.edu/talks/WorkShops/int_13_54W/




Multinucleon processes and T2K

| Energy Misreconstruction 740<ES"6<760 Toy samples generated at Am?;,=2.46 x 10 eV?,
601" ' ' ‘ 3 sin%0,;=0.514 (maximal)
505 — NEUT CCQE .

4 —— NEUTPDDx50 | ] Run 1j3
405 —— NuWro MEC x50 | 7 data fit

- . errors
305_ E sin%0,, 0.0012 0.016 +0.082
20 = (0.3%) (3.6%)
10f- 4 Am2,  -0.005 0014 +0.17-0.15

Oi o b o . (x103 eV?) (-0.2%) (0.6%)
-1 -0.5 0 0.5 1

Erec-Ey" (GeV)
IC: Understand the potential effect of multinucleon processes on the osc analysis
= Multinucleon processes create a shift between true and reconstructed E,, similar to

CC1m, especially (already simulated) pionless delta decay (“PDD”)
= PDD is a dominant uncertainty (6.2%) on the overall CCQE v, event rate at SK
= Uses simulated events at near detector and full near to far extrapolation machinery
and oscillation fit.
= |ncludes ND280 rate constraint and different true/reconstructed Enu association
= Still limited (only 1 model, proton FSI not simulated at SK, etc)



T2K efforts to understand neutrino interactions

IC, L: Test the agreement of new models with ND280, as ND280-XSEC co-convener:
= Provide measurements of inclusive, exclusive CC cross sections
= Direct (final state) and indirect (below) information about multinucleon processes

Produced T2K’s first xsec measurement:
CC inclusive double differential cross section [PRD 87, 092003 (2013)]
15 T I I | | | | | 1 | 15 | | I | I | I I T
| 0<cosf<0.84 | Q | 0.84 < cosO < 0.90
== QE +np-nh
— QE +np-nh+ 1w |10

—— 7 coherent

L 1+ | | M. Martini,
| to be submitted

10

u

d°o/(dp. dcosB) (10 cm /(GeV/c))

0

0 0.2 0.4 0.6 0.8 1
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- Current generation long baseline programs are yielding
exciting results! From T2K with 8% of the design POT:

|| | ® World’s best measurement of 0.,
| ® CCinclusive cross section measurement

n 777 " IVE BN RN A
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Challenge for future 6, searches, such as LBNE,
will be to build a neutrino interaction model

understood at the few percen
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