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Neutrino sources

The Sun (fusion) Galactic and Our atmosphere
extra-galactic

sources (e.g SN)

Radioactive
decays

Reactors
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Neutrino sources

The Sun (fusion) Galactic and Our atmosphere
extra-galactic &

At solar neutrino energies, mean free path through lead is 1
light year

Making precision neutrino measurements require enormous
detectors and intense sources

Radio Accelerator-driven neutrino beams are one such method
deca _ .
Reactors
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Physics of accelerator based v experiments

Neutrino oscillation
* Measurements of neutrino mixing parameters
* Nonstandard neutrino mixing

Electroweak tests

* Lorentz violation

* Measurement of sin20,,
* Discovery of v, v,

Neutrino interactions

e Charged current interactions
* Neutral current interactions
* Deep inelastic scattering

e Structure functions

Detector R&D
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Physics of accelerator based v experiments

Neutrino oscillation
* Measurements of neutrino mixing parameters
* Nonstandard neutrino mixing

Electroweak tests

* Lorentz violation

* Measurement of sin20,,
* Discovery of v, v,

Neutrino interactions

e Charged current interactions
* Neutral current interactions
* Deep inelastic scattering

e Structure functions

Detector R&D

Incomplete list of experiments; later lectures will
cover future and proposed experiments
Most experiments cover multiple physics topics
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K2K, MINOS, T2K, NOVA
OPERA (& ICARUS)

LSND, Karmen,
MiniBooNE, MicroBooNE
CHORUS, NOMAD

CCFR, CDHS, NuTeV
Gargamelle, DONUT
CHARM

ANL, BNL bubble chamber
experiments

SciBooNE, MINERVA
COHERENT, CONNIE

ArgoNeuT
PEANUT



Physics of accelerator based v experiments

Neutrino oscillation K2K, MINOS, T2K, NOVA
* Measurements of neutrino mixing parameters OPERA (& ICARUS)
* Nonstandard neutrino mixing LSND, Karmen,
MiniBooNE, MicroBooNE
| | Focus for this set of talks CHORUS, NOMAD
Electroweak tests
* Lorentz violation CCFR, CDHS, NuTeV
* Measurement of sin%8,, Gargamelle, DONUT
* Discovery of v, v, CHARM
Neutrino interactions Neutrino cross sections covered by K. McFarland
e Charged current interactions ANL, BNL bubble chamber
* Neutral current interactions experiments
* Deep inelastic scattering SciBooNE, MINERVA
e Structure functions COHERENT, CONNIE
Detector R&D Neutrino detection techniques covered by K. Scholberg
ArgoNeuT
PEANUT
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Open questions in neutrino mixing

Flavor eigenstates
(coupling to the W)

(Vo) (U

vV, | = UM1

\Vr) \Uv:l

UeZ Ue3\ ( Vl\
Mass eigenstates

UM2 UM3 Vv, (definite mass)
U, U,;/\v;)

T T

Unitary PMNS mixing matrix

Three observed flavors of neutrinos (v, Vi v.) means U is represented by
three independent mixing angles (6,,, 6,3, 643) and a CP-violating phase 0

Parameter best-fit (£10) 30 Measurements b y
Am2, [107° eV 2] 7.541059 6.99 — 8.18 acceleral"or based
Ezzﬂ 1073 eV 2] 243+0.06 (238 +0.06) 2.23— 261 (2.19—2.56)] experiments
sin? 0 0.308 = 0.017 0.259 — 0.359
| sin? a3, Am? > 0 0.43770055 0.374 — 0.628 | Is 6,5 mixing maximal
SinZ 03, AmZ <0 0.45570050 0.380 — 0.641 (6,,=46°+3°)

sin? 013, Am?2 >0
sin? 013, Am?2 < 0

0.0020
0'0234t8'8813
002400050

0.0176 — 0.0295
0.0178 — 0.0298

§/m (20 range quoted) 1.397038 (1.3170-29)

(0.00 — 0.16) & (0.86 — 2.p0) Is there CP violation (non-

PDG2014

((0.00 — 0.02) @ (0.70 — 2.00)) zero 67)

26/08/2015, INSS
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Open questions in neutrino mixing

Neutrino mass squared (m?)

Neutrino oscillation measurements are sensitive to the interference of the mass
eigenstates (Am?)

Two observed mass “splittings”, determined from atmospheric/accelerator
and solar/reactor neutrino experiments, respectively

= Am?(atmospheric) = |Am?;,|~ 2.4 x 1073 eV?

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

26/08/2015, INSS K.Mahn, Acc-nu sources



Open questions in neutrino mixing

3 I 2 I
Am?,,
Am?;, >0 1
2 I 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?
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Oscillation probabilities

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

(127Am L)\ (2.54Am L)\
* * . 9 1 * * . 1]
Py =0,-4) RelU,UU,U,, Jsin vk 221m[UﬁaniUﬁjUaj]smL -
i>] 1>]

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

v, “disappear” into v, v, 127 A L

P(v,—v,)=1-sin"20,, sinz( il )

A small amount of v, will “appear”

2 o~ 2
Am?3, ~ Am2,,
) ) .
P(v,—v,)=sin"20,,s1mn" 0,,sin

2( 1.27Am§1L)

Only leading order terms shown

26/08/2015, INSS K.Mahn, Acc-nu sources
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Accelerator based neutrino sources

95m Decay region

Neutrino beam
T[+ el 0L L T pp—— >
ﬁ'h -

30 GeV  Carbon 3 Magnetic
Proton beamTarget focusing

Pions and kaons Beam

decay to neutrinos dump
“horns”

To measure v, disappearance, and v, appearance requires a v, source*

" Atmospheric neutrinos include both v, and v, from production

" Accelerator based beams are pure v, from a proton -> meson -> decay chain:
= Typically >99.9% v,

= Production of neutrinos is “known”, scalable with accelerator improvements
= Also possible to create antineutrino source

*There are other ways to probe oscillation physics with intense sources, more later

26/08/2015, INSS K.Mahn, Acc-nu sources
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Oscillation probabilities

v, to v, appearance ,

probability expansion: Py, . T §in220,5 sin%6ss sin[(A — 1)A]
s — Arngl < < 1 (87 . . .
Am2 ' cost3 sin26q5 sin2693 sin2613 %

320 _(+)A( A)
A = AIE‘,";‘?L si @ inA sinAA sin[(1 — A)A]

0 . . .
COS(913 Sln2(912 Sln2(923 Sln2(913><

Ly
cosdcp cosA sinAA sin[(1 — A)A]

a2

Key players: _I_E C082623 Sin22912 SiDQAA
= |Am?;,|~ 2.4 x 103 eV? (atmospheric mass splitting)
= Mixing angles: 0,,, 0,3, 045

= CP-violating phase 0.p

Approximation from
M. Freund, PRD 64, 053003

Neutrinos vs. antineutrinos probability depends on 6., mass hierarchy (sign
of Am?,, )
* Mass hierarchy is determined through energy dependence of v, v,

interactions in matter (matter effects, A terms)
26/08/2015, INSS K.Mahn, Acc-nu sources 12



Oscillation probabilities

v, to v, appearance 1

probability expansion: Py, . = A= §in220,5 sin20a3 sin?[(A — 1)A]
a = Arngl << 1 (87 . . .
—  Am2, : —(+)A( ) cosfi3 sin261o sin26-3 sin2613 %
.2
A = AITQ'?L siinA sinAA sin[(1 — A)A]
A= 2\/§GFN +A(1Oé_ A) COS(913 Sin2(912 Sin2923 sin2(913><
cosdcp cosA sinAA sin[(1 — A)A]
2
o) : :
Key players: +E c0s2693 sin®2615 sin?AA

"= |Am?;,|~ 2.4 x 103 eV? (atmospheric mass splitting)

Subleading terms of v, to v, appearance depend on Ocp, Mass hierarchy, but
interpretation requires precision measurements of:
Am?Z,,, 0, (disappearance) and Am?,,,0,, and 0,

Measurements of v, to v, (and v, to v, ) appearance are sensitive to
currently unknown physics

26/08/2015, INSS K.Mahn, Acc-nu sources 13



Oscillation probabilities

2( 1.27 AmgzL)

P(v,—=v )=1- sin” 20, sin

Measure: Am2,, and sin?26,,

Experimental controls:

" Fix beam energy (E)

= Place a detector at L, the (first) oscillation maximum

Why not place two detectors,
one at L and one at 2L?

2. !
Flux decreases as 1/L%: 06 < -

Event rate scales with flux: 041

N=@Pxoxe 02 |

. 0f
Event rate is (currently) toosmall " . ., L

26/08/2015, INSS K.Mahn, Acc-nu sources KARMEN website graphlc 14




Long baseline experiments

P(v,—=v, )=1- sin” 20, sin

2( 1.27 Am§2L)

Am?;,~3x1073 eV?, want sin’(Am?L/E) to be of order 1

Tokai To Kamioka (T2K) experiment: MINOS experiment:
Ev(peak) ~0. 6GeV, L=295km Ev(peak) ~3 GeV, L=735km

Duluth d

First part of lecture: What are the physics results
from long baseline experiments?

26/08/2015, INSS K.Mahn, Acc-nu sources 15



Accelerator-based experiment example: T2K

Super-Kamiokande

Mt.Noguchi-Goro Dake
2,924m

Mt.lIkenoyama
1,360m

Near Detector

.

Neutrino Beam

295km

runl-4 at SK
The physics so far: T T i
106 S _E
v, tov, (andTpt to v_) appearance: v, v, -
= Discovery of v, appearance (2013) -V, V.

[u—

=]
[V
|

= Search for presence of appearance
with antineutrinos; necessary step
toward future CPV searches

Neutrino flux at SK
(no oscillation) ]

Flux (/cm?®/50MeV/10*'p.o.t)

[E—
]
>
T

VM,VM disappearance:

* World’s best measurement of 0,, 10°

= With antineutrinos: test of NSI or CPT
theorem

26/08/2015, INSS K.Mahn, Acc-nu sources 16



v, disappearance at T2K

For a fixed baseline (L=295km)
oscillation probabilities depend on

P(v,—=v, )=1- sin” 26, sin

2( 1 .27Am§2L)

the neutrino energy E,,

—+— Data

(o)
)

N
(@)

Events/0.10 GeV

| NCMC Prediction

\®]
S

MC Unoscillated Spectrum

MC Best Fit Spectrum

0 L 1
0 2

PRD 91, 072010 (2015) Reconstructed v Energy (GeV)

4

>5
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Extract Am?, sin%0,, from observed
change in overall rate and spectrum

= Energy estimated using lepton
momentum, angle and assumed
CCQE kinematcs

> 10 E

[} —

O -

s L L4t | |
z = T —— |

§ - 4+

- -1

o 107 F

n —

o =

g u

=] N

8 10—2 . . . I | . .

Qmj 0 2 4 >5
® Reconstructed v Energy (GeV)

K.Mahn, Acc-nu sources
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T2K data favors maximal disappearance

* Provides best constraint on 0, to date,
consistent with maximal (45°) mixing

26/08/2015, INSS
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MINOS joint
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o i
T2K data favors maximal disappearance T3k .
* Provides best constraint on 0,5 to date, = SK joint OA ]
consistent with maximal (45°) mixing o B
* Atmospheric measurements also ° 28F T2K joint OA -
important (SK, IceCube) i ]
. cppe 2.6 _
Best constraint on mass splitting from i )
MINOS experiment 24F -
* Energy uses lepton and hadronic state [ i
| _ _ _ _ 2.2 viNos joint ]
I MINOSFarDetector: TR P T B S I NN B |
300__ —4— Far detectordata ~ | | NSNS | .
% [ —— No oscillations i t\ﬁ 2[ |
Q) i Best oscillation fit ] o 5 2:_ B
BZOO_— [ ] NC background ] = i
c [ ] Eoal .
o [ ] <7
>1n0k I
LIJ1 00F -T—%i*‘i 2.6 .
O: o 1 2.8:— T2K joint OA .
0 2 4 6 8 10 i N
3 SK joint OA _
Phys. Rev. D 85, 031103(R) (2012) - | | i

IS NS NS W S N N
Phys. Rev. Lett. 101, 131802 (2008) 03 035 04045 05035 0.6 065, 5.7
26/03/PhysiRev.D71:112005 (2005) :

K.Mahn, Acc-nu sources
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New! NOvVA first results

= Compelling measurement with
only 7.6% of total data expected

= Consistent with T2K and MINOS
+ atmospheric measurements

M. Sanchez, NuFact2015

26/08/2015, INSS

(Data-Bkg) / (Unosc-Bkg)

AmMZ, (10° eV?)

K.\

NOvVA Preliminary

1.5

0.5

—
IIIIIIIIIlIlIIlIlII

I T L} T T I Ll 1 T I I
NOvVA 2.74x10%° POT-equiv.

—+— Data

Best fit prediction

|Il|||llll

1 2 3
Reconstructed Neutrino Energy (GeV)

L1 1|

3.5

3.0

2.5

20

| l L I L I L I

I T 1 T T | T T L) T I
Normal Hierarchy

— NOvVA 90% CL
T2K 90% CL
----MINOS 90% CL

I | I | A — I

| I I |

0.3




Events/100MeV

Ratio

New! T2K first antineutrino disappearance results
= Probe of NSI; consistent with neutrino measurement

LN BRI BULELE LN LR IR IR BRI IR
14— — No oscillation ]
N — Best fit spectra -
12:_ —e— Data B
10 —
8 -
6 =
4= -
ZW é =
I EEEEE PN L SEEE e cwwws s sss oo =
1.5F =
L s S —
- ’ i
0.5F —
0 05 1 15 2 25 3 35 4 45 5
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Reconstructed v, Energy (GeV)

| (eV?)
AN

o
n

FrTT T T T T TT T T TT T T TTTTTTTTTTTTTT
! ! l ! !

2 2
|JAm3,| or |A;,
D
N W

[
n

X

10

' __'v mode 90% CL
VvV mode 90% CL

= vV mode best fit
« V mode best fit

- D

11 l L1 1 1 [ | I I I | I [ I | I I | I | I I

T T T

lIIllIIlI|Il||ll||[l||[l||[l|

)

0.3

0.4

0.5

0.6

0.7

0.8

sin*(,,) or sin*(8,,)

34 events seen, 34 expected

K.Mahn, Acc-nu sources
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Vv, appearance

v, to v, appearance probability depends on all other mixing parameters

f\; 0.06'—!- 1] 1 I 1 1 1 1 l 1 I I 1 I 1 1 1 I I ) 1 1 1 I 1 1 1 1 I | I
s ~ soooooooooos Hommmmmmmm e .
T 0.05 [~ — sin2923=0.40 K ]
S Tr i
v - il
L e — =

004 P _ S

-~ —sin 0,,=0.42 x 8 .

I o_

0.03f S

- N~ A

- emmommm - Wommmmmm e O A

| ___sin%,_=045 oot ‘—|\__

0.02_ 23 _— ¥ — m ]

B o

- ('

001__ I )K"""'""_‘_‘ _____ D___

0— L ] I 1 1 1 1 l 1 1 1 1 l 1 1 1 1 I 1 L 1 1 l 1 1 1 1 I 1 B

0.02 0.03 0.04 0.05 0.06 0.07
P(vu —>V,)

Understanding 0., currently requires information about 0,; (and mass hierarchy)

Critical input from reactor measurements of 0,
26/08/2015, INSS K.Mahn, Acc-nu sources 22



Ve

appearance

v, to v, appearance probability depends on all other mixing parameters

= Ellipse maps out how
dcp changes the
oscillation probability

= Comparisons between
neutrino/antineutrino
appearance oscillation
probabilities will be used
to infer §p, mass
hierarchy

26/08/2015, INSS

PO, -V,

NOvA 10 and 20 Countours for Starred Point

NOvA .NOvA Nominal.Run
81(;km Baseline 3.6E21 PoT M+ v[
0.08} Sil’l 2013=0.09
Sln22023=1.00 A. Norman
Neutrino 2014
0.06} Inverted
A
1 ~
1
‘\
\\
\\\
Q
0.04}
0.02}
0 6=0
® 6=r2
Od=n
m 6=3r2
0.00 , y p y
0.00 0.02 0.04 0.06 0.08
P, -V, L
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Vv, appearance

v, to v, appearance probability depends on all other mixing parameters

NOvA 10 and 20 Countours for Starred Point

NOvA NOvA Nominal Run
810km Baseline 3.6E21 PoT DM+ V[
0.08]  Sin>2013=0.09
. in“20,3=0.95
= Ellipse maps out how G A. Norman
dcp changes the Neutrino 2014
oscillation probability
= Comparisons between 0061
neutrino/antineutrino |
i ] ) nverted
appearance oscillation 2 ..
probabilities will be used 5 o Lo T 20
to infer 0,; octant ' , cede N
0.02} e
Normal 0 0=0
® o=nrl2
Od0=n
m =372
00000 0.02 0.04 0.06 0.08
P, —»v,L
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T2K v, appearance

Fit to v, candidates’ rate and
kinematic distributions to

1.27Am? L
P(v,—v,)= sin” 26, sin” 0, sjnz( sy )

determine oscillation parameters

SRR EETEISE | | signal: CC v, candidates

@sin220,,=0.1,6cp=0 21.06 from v, to v, oscillation
v, signal@Am?;,=2.4 x 103 eV?, sin®20,,=1.0

For T2K neutrino data set Tag v, by selecting electron-like rings
Background m (proton below threshold)

beam v, +vV, 3.54 CCQE v, CCn
v, +_vM (mainly NC) 1.43

background

total: 4.97

26/08/2015, INSS K.Mahn, cc-nu sources 25




T2K v, appearance

Fit to v Super-Kamiokande | 1
Kinemgq ~ fue 27e7 oub & g 2o _
detern .ii i v e —
Trigger ID U
. harge (pe)
@S” C.a g bzpéev
V, Sig
For T]
bearf - .
| ¢ o990 i
VM + . o0 2':
back
tota
L TT
Data event:
single electron %
0 atl oo gl . PE PPN
500 1000 1500 2000
(c) Super-Kamiokande Collaboration Times (ns)
26/08/2015, INSS K.Mahn, Pcc-nu sources 26




T2K v, appearance

Fit to v, candidates’ rate and
kinematic distributions to
determine oscillation parameters

) ) .
P(v,—v,)=sin"20,,s1mn" 0,,sin

2( 1.27Am§1L)

@sin?20,,=0.1,6cp=0 21.06
v, signal@Am?;,=2.4 x 103 eV?, sin®20,,=1.0
For T2K neutrino data set

Background #events

beam v, +vV, 3.54
v, +_vM (mainly NC) 1.43
background

total: 4.97

26/08/2015, INSS

Background: CC v, candidates
Irreducible v, produced in beam

Identical to signal except for E,, dependence

o LN I IS IR IR AN I I R

EIO6 -- u::1tSK ;E

2 - - — 7V, atSK -

> 10 - — v, atSK E
o T — 7, at SK i

5104 . ) E

v = - __ _

g 10° o T =

& 10°E T

‘o 10'E

? | | ] | NI A | ] | ]

,E o 1 2 3 4 5 6 7 8 9 10

K.Mahn,
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T2K v, appearance

) ) .
P(v,—v,)=sin"20,,s1mn" 0,,sin

F?t tov, -ca n.did.atest’ rate and (127 Am§1 L
kinematic distributions to

determine oscillation parameters

BRI EEEISEE | Background: NC with a n?

@sin220,,=0.1,6cp=0 21.06 n® decay to two photons; single photon
v, signal@Am2,,=2.4 x 103 eV?, 5in?20,,=1.0 mimics CC v, (electromagnetic shower) in
For T2K neutrino data set Cherenkov detector

beam v, +vV, 3.54

v, +_vM (mainly NC) 1.43
background

total: 4.97

26/08/2015, INSS K.Mahn, cc-nu sources 28




T2K v, appearance

Fittov, ca

27Am; L

kinematic d

|

determine ¢

Signal
@sin?20,,

Vv, signal @A
For T2K ne

Backgroui
beam v,
v, +V,
backgrou
total:

MC event:

T[O

26/08/2015

photon

rower) in
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T2K v, appearance results

8 +— Da -| 28 candidate v, events observed
Background component{  w First observation of CC v, appearance!
6 Fit region < 1250 MeV ] = Phys. Rev. Lett. 112, 061802 (2014)

@sin?20,,=0.1,6cp=0 21.06

\&}

Number of v, candidate events
N

% 500 1000 - 1500 32000
Reconstructed neutrino energy (MeV)
Background Hevents
beam v, +V, 3.54

v, +_vpl (mainly NC) 1.43
background

total: 4.97

26/08/2015, INSS K.Mahn, Acc-nu sources 30



T2K antineutrino appearance results

dcp=-m/2 | b¢p=0 | bcp = +7/2 dcp=-—m/2 | bcp =0 | dcp =+7/2
Sig 7, — ve 1.961 2.636 3.288 2.481 3.254 3.939
Bkg v, — Ve 0.592 0.505 0.389 0.531 0.423 0.341
Bkg NC 0.349 0.349 0.349 0.349 0.349 0.349
Bkg other 0.826 0.826 0.826 0.821 0.821 0.821
Total 3.729 4.315 4.851 4.181 4.848 5.450
Normal hierarchy Inverted hierarchy
0 Expect 3.73 (4.18) events based on
> 04 _ _ i i
3 B scales green . Uy — U, normal (inverted) hierarchy
2 f vV, — U
S 0 \ H € Test of no v, appearance hypothesis:
§- 025 [] NC  Significant expected contribution
‘{;—; 0.2f ] Bkg cher from v_ appearance
B 0.5k = * B=0: noV, appearance
0.12_ _ * PB=1:v_ appearance
005 -
E P(v, = v,) = B x Ppyns (7 = V)

0.2

04 0.6

08

1

1.2

v Reconstructed Energy (GeV)

7/24/2015

K. Mahn, FNAL W&C seminar
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Density

T2K antineutrino appearance results

Generate an ensemble of test experiments with =0 (no v, appearance)

= p-value: fraction of test experiments that have as many or more candidate events as
T2K data

= Sensitivity: mean p-value for an ensemble of fake data experiments with B=1

0.3 sl Rate p-value Likelihood
- ml only ratio
0.25 [ - Data ]
e N 4 Data: 0.26 0.9
0 - - B=O 71 3 events
C =1 ]
. B - Likelihood ratio:
' 1 L(B=0)/L(B=1) is close to 1
0.1 —
- Data does not favor or
0.05 e disfavor v, appearance

0 2 4 6 8 10 12 14
# of observed events

7/24/2015 K. Mahn, FNAL W&C seminar 32



0, (degree)

180
160
140
120
100
80
60
40

20

Number of events

T2K antineutrino appearance results

1R e-like events

|||II|III|III|III|[[I|I|I|III|III

0 200 400 600 800 1000 1200 1400

Signal only

P, (MeV)
2-5_ I L L L L L ]
- MCx 10 * Data ]
2k — N, =V, -
E —V, Ve E
1.5 —NC -
T — Bkg other -
- - AllBkg
os | e LT e, -
% T 12
EI‘CCO (GeV)

/]24/2015

0, (degree)

1R e-like events

180

Background

160

120

100

80

60

40

IIIII|III|III|III|III|III|III|III

20

0 200 400 600 800 1000 1200 1400
P. (MeV)

Data does not favor or
disfavor v, appearance

K. Mahn, FNAL W&C seminar

0.03

0.025
0.02
0.015
0.01

0.005
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NOVA v, appearance results

v, CcC NC v CC v CC cosmic
PID | total bkg bkg bkg I';kg I‘;kg bkg
LID | 0.94+0.09 | 0.46 | 0.35 | 0.05 | 0.02 | 0.06
LEM | 1.00£0.11| 0.46 | 0.40 | 0.06 | 0.02 | 0.06
M. Sanchez, NuFact2015
6, 11 candidate v, events 574,102 PIOTquLlliv e FIZI)d t ]
] ] - < : : L. — ata 7
observed with two selections i —l_" |
. . 0.6 t —— Best-fit prediction_|
in tracking detector S
= Also signal dominated (~1  § | — — Background |
event background) w |
» 3.30/5.50 evidence for S 04~ N
CC v, appearance ‘UE) . .
= Consistent with T2K S ]
I 0.2 |
"= 5" '_ '_ 2 — 55 3
Calorimetric energy (GeV) 29

26/08/2015, INSS




NOVA v, appearance results

4400 1500 4600 1700 800 1900 5000
250 |- 3
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= - - [ o
S - * - " niip N n
— - ' -
» 150 T -
C - Y ;
C T - ]
100 = = &
. Electromagnetic shower of one candidate ]
N + - - + - :
ofF - v
o - = - -
50 i -
— C - 1
B X -39 ]
2-100 (- - :
- - - e - -
150 - T - .
200 b
4400 1500 4600 1700 1800 1900 5000
Z (cm)
NOVA - FNAL E929
7, v
Run: 19165/ 62 =10 — L3
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UTC Mon Mar 23, 2015 : an - == —— -
11:43:54.311669120 . “ o 22 o
t (usec)
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Aside 1: blind analyses

In a blind analysis, the analysers:

Perform all checks and cross checks required prior to looking at the data; prevents
tuning away or enhancing signals

Report any changes post-unblinding

Example: Expect nue appearance. Hide the expected nue appearance signal in a
‘box’ until the entire analysis chain is prepared and reviewed. Then, count the
number of nue candidates

Possible bias:
= Revisiting event selection after seeing the data

= Could try to reject events (because you want no signal events) or add events to
the sample (because you want a signal, this one’s close enough!)

Blindness is to avoid bias, additional resources in backups

NOVA used this for their first results
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Aside 2: trials factor

NOVA sees 6 events with one selection, and 11 events with another selection
= "Beware of trials factor for choosing 11 events after the fact”

Trials factor: With large data sets, expect some number of anomalies (statistically)

 Example: 200 medical researchers test 200 drugs. One researcher finds a
statistically significant effect at the 99.9% C.L., and publishes. The other 199 find
nothing, and publish nothing.

* But, chance of one drug giving a false signal: 0.1%.

* Chance that at least one of 199 drugs will give a significant result at this level: 18%

NOVA chose the primary analysis in advance of seeing the event rate, so
avoided the risk of choosing the more exciting answer after the fact

Report what you measure!
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Global picture of v, appearance

Long baseline experiments depend on 6., + 0,5+ ...
Reactor experiments are pure measurements of 0,
Large number of events observed by T2K, NOvVA restrict allowed hierarchy + 6.,

1 T T -\ T T T T T |
— \ - N 7 _L T T T T T T T T T T T T I T T T T L
L \\\\ | é E excluded at 90% CL E
— \ — — —
\\ 6 .
B | 7 — Normal Hierarchy ]
0 5 L ! — 5 . ~———— Inverted Hierarchy T
L ! ] - —— FC 90 % critical Ax? (NH) :
B II/ i Fe -
— // —
B[ ]
S~ /

o, O ! ]

@) - ) ]

o) | / ]

/
— / —
/

- I/I -

-0.5[— | -

- \\\ —

- \\ —

\
\
— \\ —
_1 | | | || | | 1 | . | | | | | | ?
0.02 0.04 0.06 0.1
)
sin“(0, ;)
------- T2K+Reactor 68% Credible Region ------- T2K Only 68% Credible Region
T2K+Reactor 90% Credible Region ——— T2K Only 90% Credible Region
o T2K+Reactor Best Fit Point T2K Only Best Fit Line
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Global picture of v, appearance

= T2K, NOVA favors Op around 3m/2 at 90%CL, disfavored by MINOS?
= But hierarchy is not determined due to entanglement with 0., and octant
* Not strong statements yet!

5~ MINOS v, disappearance + v, appearance  — L T T T pdedmoowa,

I 10.71x10%° POT v,-dominated beam ) 6 =

i 3.36 x10°° POT v, -enhanced beam i - Normal Hierarchy .

B 37.88 kt-yr atmospheric neutrinos 5 51— Inverted Hierarchy -

4 | | - —— FC 90 % critical Ay (NI-\I) ]

| — AmE,<0, 6,4 i s

hbbts Am§2<0, 0,,>n/4 . i
e S AmE,>0, B</4 e T
= 3 - AME>0, 6,.>m/4 ~
D b S S %0%CL®
Q B "\,' R4 m
g [ . i
C}I 2 - * N . . " . ]
- __-.-.“ 68°/OCL 7]

Probability ANy 0] - Sum

sin20,, < 0.5 16.5% - 36.5%

Sum 45.3% 54.7%
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Future v, appearance results

T2K —— 0.65
6 NOvVA
T2K+NOVA 0.6
5 | sin§(2913)=0.1
sin“(653)=0.5 ’?& 0.55
D
4 Ay
= c
< 3| ‘D 0.5
S
o | = 0.45
17 i - 0.4
° 150 160 éo ” 50 100 15 0.35
True 8cp T2K collab, arxiv:1409.v395, 100 ~50 0 =50 100 130
accepted by PTEP True 6CP

NOvA’s higher energy (peak E,~2 GeV) and longer baseline (L~810km) has a different
dependence on mass hierarchy through the matter effect than T2K’s

= Gray regions are where the mass hierarchy can be determined to 90% CL for
T2K(red), NOvVA (blue), and T2K+NOvVA (black) for full run of both experiments

= 95%CL determination for 1/3 of 8, space for maximal 6,;

Unknown complications of 6,; and O in this equation mean
26/08/2015, INSS multiple experiments-are.complementary 40



The OPERA experiment

On-axis beam (E,x17 GeV)
CERN to Gran Sasso, Italy (730km

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

Measurements of:
V. appearance

26/08/2015, INSS

OPERA plots from
S. Dusini, Neutrino2014

K.Mahn, Acc-nu sources
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OPERA v, appearance results

4th - candidate (z—=h) (2014) s
¢ . el B S R —— -,:_;___I._I_i

| | _ T
/ — Emulsion film + lead form “bricks”

= Scintillator planes and magnetic

Vi W | spectrometer are used to identify likely
™ W neutrino interaction bricks
i = 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)

2b/U8/ZULD, INDS K.lvlann, Acc-nu sources 42



A third appearance experiment

LSND Experiment: observation of 3.8c excess of v, in T/M beam
“Short baseline”: E,, ~30 MeV, L~30m
v, detected with inverse beta decay and delayed n capture
There are two independent Am?, as Am?,;, + Am? ;,= Am?;,
LSND observed Am2~ 1eV2>> Am,,? (10> eV?) + Am?,, (103 eV?)
Inconsistent with just three mass eigenstates, is it new physics?

& g-\ T III:!I!I IJI;I i IIII;H; T l!!llll_

® i ~ i . e

L% 17.5_ ® Beam EXxcess \(D/ Final LSND

g 15} B P,V NE 10 & Lt. Blue, 907% CL

o : . . - .

8 105 et I3 Blue, 99% CL 1
o 4]

0.4 0.6 0.8 1 1.2 1.4
L/E, (meters/MeV)
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A third appearance experiment

LSND Experiment: observation of 3.8c excess of v, in T/M beam
“Short baseline”: E,, ~30 MeV, L~30m
v, detected with inverse beta decay and delayed n capture
There are two independent Am?, as Am?,;, + Am? ;,= Am?;,
LSND observed Am2~ 1eV2>> Am,,? (10> eV?) + Am?,, (103 eV?)
Inconsistent with just three mass eigenstates, is it new physics?

0.4 0.6 0.8 1 1.2 1.4
L/E, (meters/MeV)
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Sterile neutrinos

One explanation for the LSND oscillation signal is to add another

“sterile” flavor of neutrino (or 2 or N) to the mixing matrix:
Adding 1 sterile neutrino is 3+1, adding N is 3+N

A [V, ) ' | e
v ( Uel Ue2 e UeN \ vl
2 V4
o <l ||V Ve o U] INE |
: Url Url o UMN
Vs ' ' ' ’ VN Mass

3+1 oscillation probability:

P(v,—=v)=41U,FIU, I sinz(

1.27AmfuL) I
B

1.27Am?> L\l | W.C. Louis,
P(Vuevx)=1—4|U,u4 |2 (l—lUM4 I2)SiH2( M )

5 Nature, Volume: 478,
Pages: 328-329
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The Booster Neutrino Experiments (BooNEs)

* MiniBooNE placed for
maximal LSND oscillation
(541 m at 1 GeV; Am? ~
1leV?)

* Different signal
identification, systematics

 SciBooNE reused from
earlier experiments

Beamline now to be used for
short baseline neutrino
program (SBN)

MiniBooNE
Booster  horn 941m

+++++++++++++++ i

26/08/2015, INSS



: o
I R
. N - 70
>14 dirt events
= B A— Ny
.%. ________ - other o
2 ---= LSND best-fit signal

MiniBooNE v, appearance analysis

Stacked backgrounds:

Am=1.2 eV?
sin(20)=0.003

400 600 300 1000 1200 1400
reconstructed E (MeV)

Similar to T2K appearance analysis:
* Backgrounds from NC, intrinsic v,

Main difference: much smaller oscillation

probability (0.25%), background dominated

26/08/2015, INSS K.Mahn, Acc-nu sources

Signal

(Dm?=1eV?, sin?2g=0.004)
Background

= misidentified v, (mainly %)
= v _from u* decay

= v, from K*, K® decay

= A = Ny

= External backgrounds

47



MiniBooNE v, appearance results

Lack of v, — v, appearance but observation of v, — v, appearance
Low energy excess drives tension in neutrinos, not well mapped to 3+1 signal
Photon background? MicroBooNE to test

Events/MeV

Events/MeV

12 F

1.0 |

0.8

0.6

0.4

0.2

2.5 N

20 |

1.5

1.0

0.5

26

0.0
0.2

0.4

0.6

0.8
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Global v, appearance results

= Neutrino data fit: PRL 98:231801,2007
= Antineutrino data fit: PRL 105:181801,2010
= Combined fit of neutrino and antineutrino data

have 3.80 signal for VM% V., appearance -
= PRL 110, 161801 (2013) | g

[ LsnD 90% cL
[CJsnp 99w cL
---- KARMEN2 90% CL |
— 68% :
— 90%
— 95%
— 99%

ICARUS experiment (~730km flight distance, 20
GeV neutrinos) sees no evidence for appearance 10'f

= Eur. Phys. ). C(2013) 73:2345

= Will move to beamline at FNAL for additional
tests

Am? (eV?)

.. ICARUS90%CL -

107

' Neutrino:"

~'
-~
ol MR | PR

102 L
10’3 1072 10 1

. 2
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Sterile neutrinos

One explanation for the LSND oscillation signal is to add another

“sterile” flavor of neutrino (or 2 or N) to the mixing matrix:
Adding 1 sterile neutrino is 3+1, adding N is 3+N

A [V, ) ' | e
v ( Uel Ue2 e UeN \ vl
2 V4
o <l ||V Ve o U] INE |
: Url Url o UMN
Vs ' ' ' ’ VN Mass

3+1 oscillation probability:

P(v,—=v)=41U,FIU, I sinz(

1.27AmfuL) I
B

1.27Am?> L\l | W.C. Louis,
P(Vuevx)=1—4|U,u4 |2 (l—lUM4 I2)SiH2( M )

5 Nature, Volume: 478,
Pages: 328-329
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Disappearance at SciBooNE and MiniBooNE

v u survival prob. for the total # of events

G _P(SE Consider a 3+1 oscillation model:
P(MB! 2
z: \ \\ _ HM% P(v., = v__ )=sin"20 Sinz(%\
ook ) \ 11isind210! B 1 u X L AE )

o.sE \ ’ﬂN\ o =
- N 4
0af \ N Below Am?~0.5 eV?, v, have not
0.3F i/ A4 . 3
: \/ Y oscillated yet
N Oisidil|dtion Osgcilation
“E maximum atiMEB 1 imaximum 8tisB
0 ] ST o At 0.5 < Am?< 2 eV?, events at
Sensitive region MiniBooNE undergo oscillation
< >
2 1 R
: P(MB)/P (58}
8E L At 2 < Am?< 30 eV?, events at
1.6F
- /\ SciBooNE also undergo oscillation
a;z T : Above Am2~30 eV?2, oscillation is an
= N
06F A - 4 : overall normalization change, where
- g : MiniBooNE/SciBooNE are insensitive
0.2
‘1)03 1 10 Am? vy

v, v id SOUrCes 51
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Oscillation probability vs neutrino energy

, Ratio of oscillated spectrum to unoscillated (sin?26 = 0.10)
Disappearance observable

. . . . il — 2 2
as a deficit and distortion Ty [ AmsleV’ oy Ami=6eV
to neutrino energy 1 - 1
098 0.98 r
spectrum 0.96 ‘|_|_'_,_l_'_'_'_'_'_/ 0.8 ﬁ
0.94 [ 094
Includes: 0693 MiniBooNE CCQE 0693 "MRD d
- Oscillation of all CCv, oss |00 QEVv. | )ss i Sti’ppe ]
: . : : -SciBar stoppe
interactions at SciBooNE 086 | . . .0 0.86 | s 1pp Sl
.. 0.5 1 1.5 : :
anc.zl M.ISIB.OONFF N reconstructed E_ (GeV) reconstructed E  (GeV)
- Distribution o |.stance 104 piiaey? 104 Am’=9ev?
travelled by neutrinos (L) 1.02 = 1.02 -
- 1 -
1 -
F . = —
o :
0.96 | 96
SciBooNE ~ ~76m 094 | 0.94 g-%ag:ﬁ
092 | 092 -
MiniBooNE ~520m 09 [ 09 |
0.88 | g-gg 3
~50m spread in L due 086 [ . ... ) ST I S

0.5 1 1.5
reconstructed E  (GeV)

0.5 1 1.5

to finite decay volume
reconstructed E, (GeV)
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Events

Ratio

4500
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0.8
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SciBooNE CC v

wn
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1.8

Best fit
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1

-

. I R I
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o
N =Y
o
o
o
o
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Events
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First, test agreement of SciBooNE datasets:

=  No evidence for oscillation at SciBooNE

z';

data set
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e

500(.-- '

=
14
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Best fit
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Error bands include neutrino flux, cross section and detector uncertainties
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MiniBooNE CCQE v, data set

MiniBooNE CCQE vy data set
+ prediction (no oscillation)

£ 30000 —
g - —e— Data Fit 16+16+16 bins in total = 48
250005_ ___"_—0— , |:| Null oscillation
20000 — I Non-CCQE events x? (null) = 45.1/ 48 (DOF)
15000 N —e x? (best) = 39.5/ 46 (DOF)
o000 Rogy At Am? =43.7 eV?, sin?20 = 0.60
i g +—-—_,__._ Ax? = x*(null) = x? (best) = 5.6
o "3; N RS R B BT il T PR .
g 1123: """""" ier:g 2t1-0 eV2,2sir32226=0.5 Ax? (90% CL, null) =9.3
126 Am-=10.0eV., s 2ol (estimated from frequentist
115 techniques)
15 .
0.9 o TN
0.8 .
0.7
065 7
05 02 04 06 08 1 12 14 16 18

Reconstructed E, (GeV)
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Non-standard v disappearance results

Joint search for non standard disappearance with MiniBooNE and SciBooNE data
is consistent with no Vy orTfM disappearance at 90%CL

107

10 =%

10°

1 T TTT

[ ] 90% cL limits from CCFR and CDHS
[ ] MiniBooNE only 90% CL limit

- /7] 90% CL limit from MINOS

== 90% CL sensitivity (Sim. fit)

Phys. Rev.

10

90% CL observed (Sim. fit)
== 90% CL observed (Spec. fit)
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Neutrino 2012
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Lett. 107, 011802 (2011)
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Short baseline physics at long baseline

. 1 1 1 | l 1 1 | | l 1 1 | I l 1 1 | I Wﬂlﬂn[mqmqﬂm_m
The presence of a sterile 140 —+— MINOS Far Detector Data -
neutrino would produce a deficit 120 Prediction, No Oscillations B
of active flavors at the far Prediction, 8,; = 8.6° :
L ' ' Uncertainty (oscillated) |
detector (NC deficit) %’ 100 + [ V. CC Backgrounds (oscillated) -
O
— 80

IIIIIIIIIIIIII!I!‘Illlllllll
P
-
|

[ Low Energy Beam, v -mode i
s 60 7.06 x10% POT —
2 _ -3 2 ia2 -

I 40 ~+ Am? = 2.32x10” eV?, sin%(26,,) = 1.0 -

== 1 - :

P i .| | 90% CL limits from CCFR and CDHS 20 — __

1055 b [ miniBooNE only 90% CL timit I_‘_‘ + B

ey : . [/} 90% CL limit from MINOS 0__!_1 o o o 1y T —— -
.y - 90% CL sensitivity (Sim. fit)

-.':: T 90% CL observed (Sim. fit) O 5 1 O 1 5 20 50

~-7 7777 annn 90% CL observed (Spec. fit)

Green limit from MINOS NC far detector events
* Consistent with expected flux, and no sterile
mixing

10"

0.1 02 03 04 05 06 0.7 08 09 1
sin?26
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Short baseline physics at long baseline

N> 10%E i
o) ~  1.2x10?' PoT MINOS+
-~ 10:€ v, frunning
NI
£ ¢
< -
10" |
= /////] MINOS+ 90% CL sensitivity
L[ [T comssonce
10 §§ [ cerroowcL
4 0_3_€ [ minisooNE 90% CL
= SGiBOONE + MiniBooNE 90% CL .
1-4_ ] e e
O40° 10 10" 1
P2
MINOS+ website sIn%(26,,)

MINQOS+ experiment running
concurrent with NOVA can
expand the sterile search

Tension between SBL CC, LBL NC
disappearance results and SBL
CC appearance results
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MINOS+ experiment running
concurrent with NOvA will also use
CC samples to probe steriles, NSI
mixing (large extra dimensions)
 MINOS has done tests of NSI
coupling as well already

i Simulated v Beam

% I 5.4 kton, 6 x 10°° POT
¢5 1000+
~ - S

..‘ﬂ i MINOS+
c — — NOVA
o I

T 500 'MINOS
O Preliminary
o

-

E, (GeV)
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First lecture summary

(Some of) the rich physics which uses neutrino beams
= Consistent picture emerging of three active flavor mixing

m Puzzles remain for non standard v oscillation such as sterile v

Next lecture: the devil is in the details
= How do we build neutrino beams?

= What are the challenges of performing experiments?

26/08/2015, INSS

Questions? Want to know more
about a particular topic?
Let’s talk!

K.Mahn, Acc-nu sources
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S. Gilardoni
INSS09
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Backup slides
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Blindness resources

Selectivity and Discord, by Allan Franklin, University of Pittsburgh Press, 2002.

How Experiments End, by Peter Louis Galison, University of Chicago Press,
1987.

“Blind analysis”, P.F. Harrison, J. Phys G: Nucl. Part. Phys. 28 2679-2691,
2002.

“Benefits of Blind Analysis Techniques”, Joel G. Heinrich, University of
Pennsylvania, CDF internal note COF/MEMO/STATISTICS/PUBLIC/6576
http://www-cdf.fnal.gov/publications/cdf6576_blind.pdf

“Blind Analysis in Nuclear and Particle Physics”, Joshua R. Klein & Aaron
Roodman, Ann. Rev. Nucl. and Part. Systems, Vol. 55, Issue 1,
pp. 141-163, 2006.

Thanks to S. Oser
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D(E,) (V/POT/GeV/em®)

MiniBooNE (wide-band) neutrino flux

Neutrino flux

p—
<

p—
<
)
T T T T TTTT

-10

10 =  SciBooNE

----- MiniBooNE

-11 :
10

-12
10 ¢

10-13||||||||||||||||||||||||||||||||||||||||||||‘li‘-l-'|--||

n ng 1 1K o] o IV S 2 e S A 4.5 5

neutrino energy (E, ) in GeV *©¢V
Predominantly v,

"~6%V,  ~0.5%v v,

In MiniBooNE: ~1 v per 1el1l5 POT
In SciBooNE: ~0.5 v per 1e15 POT

~5x closer, ~50x smaller
26/08/2015, INSS

Antineutrino flux

=

¥

®(E.) (V/POT/GeV/em>)

Significant neutrino
component to antineutrino running
condition (~16% v, in flux)
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