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Schedule

e Lecture 1 (9 July)
— What do we know how to measure right now?
— What neutrino sources are available?

e Lecture 2 (10 July)
— How do neutrinos interact in matter?
— How do non-neutrino particles interact in matter?
— What neutrino detectors are out there?

e Lecture 3 (11 July)

— Absolute Mass and Majorana Mass Measurements
e Lecture 4 (11 July)

— Oscillation Measurements
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Adding together the Ingredients

(Recent) Experiments with Published Data

Neutrino Source/ Reactor Atmos- Accelerator-
Detector Type pheric based

Cerenkov Super-K, Super-K T2K, MiniBooNE
SNO
Liquid Scintillator Kamland, Daya
Bay, Double
Chooz, RENO

Segmented Scintillator

Steel plus Active MINOS MINOS
Lead plus emulsion OPERA
Ice plus PMT’s ICECUBE

Liquid Argon TPC ICARUS
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What Parameters have been “Measured”?

Neutrino Source/ Reactor Atmospheric | Accelerator-
Detector Type based

Cerenkov 0,,, Am,,> 0,3, AMy3%, T 0,3, Amys?, 045,
app. Am, 2%, 4th gen., T
app.
Liquid Scintillator 615, Am,,?,
6,3, Am,5°

Segmented Scintillator

Steel plus Active 0,5, Am,;? 0,3, Am,3?%, (043,
Am ;2 search), 4t
gen.

Lead plus emulsion T appearance

Ice plus PMT’s 0,5, Am,;?

Liquid Argon TPC T app., 4t
generation
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Recall v Oscillation Probabilities

N ——
* v, Disappearance: 1-sin“20,;sin*(Am?3,L/4E)

* v, Disappearance:

P.__ ~1-sin” 26, sin (Am L/4b) COSJBHSiIl:29135i112(AH'I§]L/4E)

V, =V,
* V., dppearance IN a VM peam: even more
complicated...
5
* P(v, V)PP PHP, e
: L
/ . o \_P
P, = sin?@yysin” 20 (21] sin? 2 Bl ;"\B 3
| Am2<0 5
Py = cos®fy35in? 26,5 (iiz) sin AZ—L |3:L 5 s
P— J O(Au) A\ Aul AL B.L ~ % /Nacuum
y — .Jcos , S "
3 Of B. cos — —sin ——sin— 1 ‘?\\QXQ”/
A\ (A) . AL . AL . B.L \
= FJs S S
P, F. IUO(A)(Bi) sin 5 sin 5 sin 5 00 " 5 3 " 5

P(V—=Ve)%
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In the words of Ken Peach

“When | was on an experiment to determine ¢’/e, once
we were close to getting the result out, | realized
something:

All the theorists asked ‘what value did you measure?’

All the experimentalists asked ‘what uncertainty on the
measurement did you end up getting?

So | will start with how to make the measurements,
But | have to tell you how the uncertainties come in

9-11 July 2014 Deborah Harris, Fermilab: Neutrino Experiments 6



Measuring Oscillation Probabilities

far_¢ O P(V —V )8 Mfar+Bfar

¢=flux, o= cross section e=efficiency M=mass

N, -B
)2 (V >y )= far far
U X M
¢V va gx far

B:,.= Backgrounds at far detector, from any flux

= E ¢’V,- (P)O'vi 8ifoar

Need to 'understand Signal and Background Cross
sections, and efficiencies!
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Uncertainties on Probabilities

N OB N, -B
(6_})) ( far +( far) ) far far [6(@ OV gx )]
P (QD O 8 Mfar) ((p Gv Ex)
_ 5 ,
’ 5B, ) op, oo S¢
((S_P) =(Nfar+( far) 2)+f(Nar—Bfar) u + v, + v,
P (vau va 8foa” ) i COVM va gvx
3 Regimes: Problem:
Nf >> B Don’t always know a priori
- “ which regime you are in
mea = Bfar ---depends on Am?,
---depends on sin%20,
N,.<<B,,




Two detector experiment

‘in theory)

N(NC) =® oN°¢
N(CC) =@, oC

L TR WE

»Make two detectors as identical as possible
- same scintillator, water, steel etc.

»Measure v spectrum in the near detector

»Predict the v spectrum in the far detector N(CC)=D;0¢¢

» Cross section uncertainties should cancel...

» Detector efficiency uncertainties should cancel...

>SimBIe right?

9-11 July 2014 Deborah Harris, Fermilab: Neutrino Experiments 9
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2 Detector Strategy, low background,

v_ disappearance measurement
* o TTN——

N =@ oM

hear v, near

T (truth — reconstructed)

near

N.,=¢ . 0,.¢eM,P(osc)l(truth— reconstructed)

v, far

-1
N ., T, (truth — reconstructed)¢,, o, .M ,,

N, . T (truth— reconstructed)p o, e, M

near nea near ve —en near

P(osc) =

Plosc) =L
0SC) =
N T (truth — reconstructed)’, o, &, M

near nea ar ve —en near

Tf;i(tmth%reconstructed)L2 o, e .M

near~ ve ef =~ far
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Detector Strategy, low background,
v, to v, appearance measurement

* - N——

 Same as previous slide, but different:
— Ratio of v.to v efficiencies: recall

(minimum ionizing)

L H

: K"'m'kj‘T.jﬁb‘,J"I'k_""h'L_Iﬁ"._J
I“-».\| L

PA" Y oy all electromagnetic

— Ratio of v, to v, cross sections

* Although energy distributions are different, so also need to
know cross section as function of energy

— Ratio of Truth to reconstructed matrices for v, versus
Y%
u
* See above diagram for why this will be different
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What about backgrounds?

_ E ¢v,~ o (P)o, .M,

i=u,e

Backgrounds come from several sources

near E l, v, neara"i gixlu near

i=u,e
Build near detector with same ¢

E ¢ far(P)OVi gifoar

B _ i= u.e
far — near
E nearavi 6ixM near
i=u,e

Simulations better at predicting ratios absolute levels

E v, far O’i E,. M
near,i
i=u,e v near Ovi gix Mnear

9-11 July 2014 Deborah Harris, Fermilab: Neutrino Experiments



Near Detector Strategy (cont’d)

[9, .06 (E)E, \ M
Bl = [, 3, Noawrs(E,) o oo B,

u,e

far

near

* But ratios don’t cancel everything
* Underlying problem: fluxes may be different

* Also, v,CC oscillations may create change on TOP
of what you are trying to measure

* All of these terms are functions of energy

— Uncertainties in energy dependence of cross sections
translate into far detector uncertainties...

9-11 July 2014 Deborah Harris, Fermilab: Neutrino Experiments
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“Two Detector” 0,5, Experiments
TS L TTT——
____|Reactor ____lAccelerator _________

Detector Efficiency IDENTICAL Different at least in size, and
possibly in technology

Event Rate/unit mass Differs by 4 to 20?  Differs by a million

Neutrino Flux Scales as 1/L2 Near detector sees line source,

far detector sees point source

Backgrounds Different due to Different due to v, v,
different oscillations (and v_don’t interact
overburdens via W exchange)

Cross Sections Near and far v,.’s in near detector are from
detectors have beam, v.’s in far detector have
comparable cross  very different energy spectrum
section (hence different cross sections)

compositions

Consequences: Reactor Experiments show Far/Near event ratios,

Accelerator experiments never do
9-11 July 2014 Deborah Harris, Fermilab: Neutrino Experiments 14



Backgrounds to v, to v, measurement

I o ——
* Remember, these will depend on

— Neutrino energy of beam
— Detector technology

— Beamline design (how many muons decay compared
to pions?)

\ € \Y% v V, - u (lost)
\/ \/ \//\J ) € \./

,\ W »\:' 7 or /:)2\ or (W i W
v? N
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Road to precision

T T
* Case study: T2K v, appearance

— off axis beam at 700MeV
— Water Cerenkov detector at 295km

— Note that for best oscillation results, want to fit both
v, and v, spectra: since Am?,; and 6 ,3 comes into
both oscillation probabilities

— Extensive near detector suite

— Hadron production measurements on target from
neutrino beamline

— Have seen v, appearance at over 5 sigma

* Have only taken small fraction (<10%) of expected protons
on target

— What are the uncertainties in this measurement?

9-11 July 2014 Deborah Harris, Fermilab: Neutrino Experiments 16



Few words about the T2K Flux

-

T2K Runl-4 Flux at Super-K

= LI b T L B R AL R | .
g.. 10 _zu j? E 03-_ —I{:rlnmc Interactions j

—ﬁb k\'\l ] E —— Proton Beam, Alignment and Off-axis Angle
— 10 » ,v"" - g [ ~ = Hom Current & Field ‘
> E //Q_e 1 8o 7 MO Far detector :
5 1071 Ve E : vy uncertainty |
Ng 10 : ? 0,1:- R Ve O _
5 10?) Il i ST
6 8 10 E, (GeV)

E, (GeV)
» A priori prediction of flux at Super-K has 10-
15% uncertainties from 0.1 to 5 GeV
| » Off-axis near (ND280) and Far (Super-K)
fluxes are not identical, but highly correlated

()
E, (GeV) K. McFarland: Oscillations @ T2K

Fermilab JETP, August 2013
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Near Detector for v, appearance

* Note lack of water
Derenkov technology UA1 Magnet Yoke
here: rate @280m is too
high

* Fine grained scintillator
detectors (FGDs) as
target, plus water target

e TPC’s for excellent
particle ID between FGD’s

* |In a magnetic field

Downstream
ECAL

Solenoid Coil

[— Exp. muons ;
| — Exp. pions BC&[ l ll

Exp. electrons

Barrel ECAL

—— Exp. protons

Energy loss (keV/cm)

200 400 600 800 1000 1200 1400 1600 1800 2000
P (MeV/c)
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T2K Near Detector Event Samples

* Note that the
statistics are
all from
Charged
Current (CC)
v, events

* |nteractions
are in carbon,
not in Oxygen

e Additional
uncertainty is
incorporated
for that
difference

9-11 July 2014

Vi u

CC Resonance CCQE

CCDIS

Number of events

Data/MC

'
Number of events

DatwMC

Number of events

Data/MC

4000} !
3500 Prediction before ND constraint
3000 | e Prediction after ND constraint
2500
2000 ¢ Dua
1500
1000 A
500 '1."'“..‘ I
0 resesseratee sasas
o TNV S S
srvadrt st $ $ '
ostt ' K. AE R ERAL
0 SO0 1000 1500 2000 2500 3000 3500 4000 4500 >5000
Muon momentum (MeV/c)
an:_ T T T T T 3 )
E Prediction before ND constraint
S00¢
-IX)» = Prediction after ND constraint 3
005 : . Data -
20
100£
0 4 ! h ‘ -5 3
.+m - } {m .
bty hmf it

0500 1000 1500 2000 2500 um 3500 4000 4500 >3000
Muon momentum (MeV/c)

T

600 v T I | nARE
Prediction before ND constraint

500

400 Prediction after ND constraint

08
0 5(!' 1000 1500

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

2000
Muon momentum (MeV/c)

Chris Walter - Results from T2K - Neutrino2014
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(39% CCRES purity)

CC Other
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What about other

Cross Section Measurements?
o |

= 2.5 o s BNL PRD21,562(1980), H,
o) @ ANL PRD 16,3103 (1977), D A GGM, NC A38, 260 (1977), CHCF Br c 1.4 A GGM, NP B152, 365 (1979), C_H; CF Br
% o BEBC,NPB343,285(1990),D, o MiniBooNE, PRD 81, 092005 (2010), C 8 - Nomad, EPJ C63, 355(2009).b
5 2 A QFIL. PRD 23, 2499 (1981),D, A NOMAD, EPJ C63, 355 (2009) g 1.2 v  Serpukov, ZP A320, 625 (1985), Al
E e FNAL,PRD 28,436 (1983),0, ¥ Serpukhov, ZP A220, 625 (1985), Al c w  SKAT, ZP C45, 551 (1990) & others, CF Br
5, NUANCE (M, =1.0 GeV) ®  SKAT,ZP C45, 551 (1990), CEBr N\ 1 — NUANCE (MA=1.OGeV) —
£ 15 £
Q * I (4]
2 ; T 0.8
o )
- 1l ]
<= - - 06
= | } } g
= F $ S 0.4 {
t O5[ T-
s o 02
% o wal 2 a3 o2 3. 322l 2 L 2 232l Izr-“ o 2 2 222l " e aaaaal A hededededta ]
-1 2
10 1 10 10 © 4 10 102
E, (GeV) E, (GeV)

Formaggio and Zeller, Rev Mod Phys.84.1307

Total rates uncertain at 10-20%, different measurements of same
process sometimes differ by 40%, often blamed on “nuclear effects”

* v, cross sections even less well-known,
see Day and McFarland, Phys.Rev. D86 (2012) 053003
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Understanding Nuclear Effects

* Why is this in a neutrino school? Isn’t it nuclear
physics? Two answers

— Yes, nuclear physicists are interested in using
neutrinos as probe of the nucleus and that’s why
they’ve joined neutrino experiments

— Yes, but we need to understand it in order to measure
oscillation probabilities
 Signal is affected: visible energy in detector must be used to

reconstruct neutrino energy, but this could be affected by
nuclear environment

* Background is also affected: bare nucleon models can’t
predict the whole story here either, and Near Detectors
can’t tell you everything

9-11 July 2014 Deborah Harris, Fermilab: Neutrino Experiments 21




“Simplest” v interaction on nuclei: Quasi-elastic

N BE———
* |mportant because they are dominant channel for T2K and
significant fraction of NOVA events

* Clean identification of outgoing lepton possible

* “Theoretically” clean kinematic reconstruction

— But have to assume something about initial state of proton/
neutron inside the nucleus to get Energy and Momentum

transferred (Q?) v, +n—>u +p

V“ 1 17“+p—>/,b++n

w 2(M, — Eg) Ey — [(Mn = EB)2 e m% - Mpz]

2Is =
> 2[M,, — Ep — E; + pg cos(6;)]

n ) )
= Qés = —m? i 2391" (Eij =4/ Ey — m% (:05(0[))
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Mis-Modeling Nuclear Effects

* Can cause problems with energy
reconstruction for CCQE events

Energy Misreconstruction 1040<E:“°<106O

u T u " " v

e Nieves
multi-N
(x5)

Pionless
Delta
Decay
(x5)

lIIIIlIlIlllllllllllllllllllll

._.—'lllllllllIllllllllllllll]lllllli-“
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0.5 1
E E™ (GeV)

Deborah Harris, Fermilab: Neutrino Experiments

Nieves, J. et al,
J. Phys. Conf. Ser.
408(2013) 12040

If nucleons are
correlated inside the
nucleus, then the
“standard”
assumptions about
what the initial state
neutron is doing are
wrong

23



Seeing inside the nucleus at Argoneut

* “A picture is worth a thousand words™

Argoneut: Liquid Argon TPC that was ArgoNeuT T-mode Tiux, On-CC. Prefiminary
in the NuMI beamline (~3GeV) b 3 AmgoNeuTData

New results on antineutrinos (Szelc) 0.6 — 2‘:”” Frediction: 4 |
This data will constrain standard B e

Fraction of events
o
(4, ]

neutrino event generators because [ nignRes \$
final state is so clear 0.3 = ;.Z bgr O
Challenge will be to correctly — - zpzwggx
simulate acceptance for these extra 0.1 Q

protons 0

0 1 2 3 4 5 6
Number of outgoing protons
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Ratio to GENIE

Seeing inside the nucleus at MINERVA

|
« MINERVA is a scintillator-based detector in the NuMI beamline (~3GeV) designed
to look at interactions on plastic as well as a range of nuclear targets

* MINERVA has measured Q? distributions for v and anti-v, and also looks at the
energy near the interaction vertex

* Sees evidence for np correlations in the nucleus: would give pp final state in v
scattering, nn final state in vbar scattering

>

Wy +n—>pu +p L

TRACKER |ECAL HCAL ||,
R e T T e e T T i T N N I T
15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 % 5
1.8 MINERVA * v Tracker — CCQE
“F MINERVA « v Tracker - CCQE____
F . data NuWro RFG M =1.35 2 300F Area normalized
1.6 s £ MC with syst. error
[ —— GENIERFG M,=0,9% ----- NuWro RFG M,=0,99 + TEM [ =
- n ### Background
1.4~ —— NuWro RFG M,=0.99 —— NuWro SFM,=0.99 € + Data
r @ 200
u i
12 o Neutrino mode - 30cm
P — F Fr 7 100"
:I 1% ‘%x i
o8 T e
C 1.5 <E, <10 GeV % 100 200 300 400
0.6 — Area Normalized Vertex Energy (MeV)
riol P "l
10 1

107
Q%_(GeV?)

9-11 July 2014

Ratio to GENIE

o]
o
04
0| |
o] !
o TRACKE ECAL HCAL
£ 15 20 25 30 35 40 45 S0 55 €0 65 7o 75 80 85 90 95 100 105 110 1.
AINERVA * ¥V Tracker — CCOE MINERVA ¢ V Tracker —» CCQE
1.8, MINERVA * Vv Tracker — CCQE = 1100 Area rormalzed
C = 1050} =— MC with syst. error
1.6 - daa —— NuWro RFG M =1.35 > - Background
[ —— GENIE RFG M,=0.99 ----- NuWro RFG M,=0.99 + TEM | & 1000 ' + ' Data
1.4 NuWro RFG M,=0.99 NuWro SF M,=0.99 2 950
“F ] @ B
o /,/ 900 Antineutrino mode - 10cm |
1.2
F 150
= i o S i,_uj:_.,_I_ 100
L. i — 50t
0'8"_;/“ 0 - o0 200 300
C 1.5<E <10 GeV
0.5_— Area Normalized Vertex Energy (MeV)
L PR 1aal L L0 oaaaal
10° 107 1

Q2 (GeV?)

Phys. Rev. Lett. 111, 022501 and 022502 (2013)
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T2K fit of near and far data samples

L= Lporm X Lshape X Lsyst

—i Systematic parameter constraint
term. Systematic parameters
may be naturally floated in fits.

POlsson(NobG)mean N

Lorm ié the probability to have Ng,s when
the predicted number of events is the
Poisson distribution with mean = Ny eq.

Nops Lshape IS the product of the probabilities
000" that each event has (p;, 6;)

= ¢(p" 0) 1/
o (845=0.1) H """ | o: Predicted p-8 distribution (PDF) .
o.osE— | p-0 PDF (sin’29,,=0.1) |

-

o8- | Np,ed-zo 4

—
8
i

0.041-

s

0.03}

- -k

angle (degrees)
8

0.025-

-
I

0.015-

80
I 15" 2% 25 30 - 3540 4550 60

N m

K. McFarland 20

JETP Seminar August 2013 FNAL 41

°o 200 400 600 800 1000 1200 1400
momentum (MeV/c)
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Near Detector Fit 2

p,cos @ bins

— - .

AX’=2 > N"(b,%,d)-N““+N““In[N*/N"*(b,%,d)]

E, bins E, bins XSec pars xsec pars

+ 20 2 (1=b)(Vy)),,(1=b)+ 2 2 (x""=x)(V.), (X" =x))

i J

p,cos@ bins p,cos@ bins

+ Z Z (d?om_di)(V;l)i'j(d;)om_dj)
i J

D = TlUX nuisance parameiters

X = cross section nuisance parameters j(E'T'\SCSFar:?nni
d = detector/reconstruction model nuisance parameters A f 5 (;13 ENAL
V,,V,,V, = covariance matrices (pre-fit uncertainties) ugts

MC Events Pre-calculated weight function for

NPred ( b X, d )=d. Z b,- X;’O’ m w;‘( X )« cross section parameters with nor

! =1 linear response
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Correlations between

flux and cross section uncertainties
]

Parameter Correlation Matrix Prior to ND280 Constraint

Parameter Correlation Matrix After ND280 Constraint
1

% 1 g @ =
3 2 8 25 2
O = QL =
£ 2 £ 2
g 055§ 20 053
- o
(6 (63 15
0 —0
10
-0.5 -0.5
5
% s 10 15 20 25 % s 10 15 20 25
Parameters: Fit Parameters Fit Parameters
) 22: M, GE
0-10: SK v, flux
23: MRES
11-12: SKv,, flux 24: CCQE N The constraint from the measured event rates
13-19: SK v _ﬂux ' nebll causes anti-correlations between flux and
' e 25: CC1m Norm. cross section nuisance parameters
20-21: SK v, flux 26: NC11° Norm. K. McFarland
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# of v, Candidates

Putting this all together...

Prediction is made for far detector _ N(vS's) | ON(v,’s)
energy spectra (for 8,,=0, best fit Am?) (%) (%)
based on a fit to near detector AND Flux + xsec (ND280) 3.1 2.7
EE(TERNAL data samples Xsec (external) 4.7 5.0
(I m Igavmg out many other steps of 7t hadronic interactions 2.3 3.5
verifying that detectors work as
expected) SK Detector 2.9 3.6
Total 6.8 7.6
Seoe oo e — W 1oF
i Before After o .
'] Np28o [ ] ND280 S b Before ND280 Constraint
- Constraint Constraint 1 S |
2f- - =
k- % 6.-—
Y S |
s 4 41
1+ -~ |
s “6 A
|- # 2:—
. Y : o

Reconstructed v Energy (GeV)
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Events/0.10 GeV

Kauo to no

oscillations
=)
N
() N
A

T2K Far Detector Event Spectra

—T T —T T — — T

11

120 selected events
60 J_ —4— DATA
— Best-fit Expectation with Oscillations
40 MC Expectation without Oscillations

IIIIIIIIIIIIIII

4
)

Pt
N

podoo b bied 11 I | I - l | - l |

3 4 >5
Reconstructed v Energy (GeV)

OO
P
(|}

I

10 v r . : - - - .
| —4— T2K data
Best fit spectrum

=)
IIIIII
lxlllllL

‘llllll

1

1 .
| T
[ 1
IJ Ll.‘

Number of events /(50 MeV)
o
|

. |

OO: 9~ ‘:"eé‘:‘S(’X) . 106()'
Reconstructed neutrino energy (MeV)

4.92 + 0.55 events expected background

28 events observed

21.6 events expected @ sin?26,,= 0.1

Ocp= 0, sin?0,,= 0.5

T v

P, = 1 —sin®(®) + sin®(®)4 cos” 6;3(sin® a3 —

2 cos? 03

1 2

A —

C. Walter, v2014
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Back to World’s measurements

Neutrino Source/ Reactor Atmospheric | Accelerator-
Detector Type based

Cerenkov 0., Am ,? 0,5, Am,.2, T 0,5, Am,5?%, 0,5,
app. Am .2, 4thgen,, T
app.
LlQUld Scintillator e12; Am122;
6,3, Am,5°

Segmented Scintillator

Steel plus Active 0,5, Am,;? 0,3, Am,3?%, (043,
Am ;2 search), 4t
gen.

Lead plus emulsion T appearance

Ice plus PMT’s 0,5, Am,;2

Liquid Argon TPC T app., 4
generation
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Signatures of Am?.
=

Reconstructed neutrmo energy ( MeV)

[

120 selected events

v, disappearance
T2pKp

Best-fit Exp on with Osc

MC Expectation without Oscillations

Illlllllllll

f,

T,

ot | L
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RN E—
i

4

2 3 >5
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—@— Farsite data .
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Prompt energy (MeV)

ta

tm

7

Neutrinos

120 MINOS Preliminary-
=+ Minos data
100 == Best fit oscillations
== No oscillations
80 @@NC background ]
@
<
> N
2 60 Neutrino beam ]
w 10.71x 10°° POT
40 contained-vertex v,, 1
20
0
0 2 4 6 8 10 12
Reconstructed v, Energy (GeV)
T T T T T
MINOS Preliminary Neutrino beam
2 -
2 = Minos data 10.71x 10% POT
o contained-vertex v,
=1 == Best fit oscillations .
S s
o
73
o]
o 1
=z
e
9o 05
T
o
0 h
2 4 6 8 10 12
Reconstructed v, Energy (GeV)
—— MC best fit

30

Ratio to No Oscillations

- - - MC expectation

Antineutrinos

T
MINOS Preliminary
=+ Minos Data
== Best fit oscillations.
== No oscillations
@@NC background

Antineutrino beam

3.36 x 10 POT
contained-vertex 7, |

5 10
Reconstructed v, Energy (GeV)

- = Minos data

T
Antineutrino beam

3.36 x 10 POT_ -
contained-vertex ¥,

T
MINOS Preliminary

== Best fit oscillations

L

E,.,=[8-10] GeV

=[14-18) GeV

ll‘1||

ICECUBE (Deep Core)
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Reconstructed v, Energy (GeV)

=[24-32) GeV

ﬁ‘(u

Eroco=[42-56] GeV
10 -08 -06 -04 -02 0.0
COs (greco)



For those of you keeping score

Energy Distance Detector
(GeV) (km)

MINQOS
T2K
Daya Bay

Ice Cube

MINOS (Sousa, v2014)

Inverted Hierarchy

|Am3,| = 2.3773 4L x 103eV?
sin® 3 = 0.43+919

0.36 < sin?f,3 < 0.65 (90% C.L.)

Normal Hierarchy

|Am32| = 2.347999 x 103eV?
sin% fp3 = 0 43102°

0.37 < sin? 63 < 0.64 (90%C.L.)
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0.7
0.001-6
8-56

¢ sin%6,,
AmZ,,
sin%0,,

2
Am? .

Steel/Scint
295 Water C
1.6-1.9 Scintillator
1000 Ice
T2K (Walter, v2014)

,,7”7[77

2 units 102 eV?/c*

0.514*0055
2.51+0.10
0.511+£0.055
2.48+0.10

Accelerator
Accelerator
Reactor

Atmospheric

Daya Bay
(Zhang, v2014)

4 N
sin? 26,3 = 0.08419:903

IAm?2,| = 2447019 x 107%eV?

x%2/NDF = 134.7/146
.
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v Appearance Results (Am?,,, sin?20,,)

[T N ———
° SuperK (Water Cerenkov) * OPERA, 730km, Lead-emulsion
v_appearance, 10k km
t—=h 0.4+ 0.08 0.033 £ 0.006 2
Zenith Distribution
o t—3h 0.57+0.11 0.155 +0.03 1
| _I:% T 0.5240.1 0.018 + 0.007 |
: T 0.61 £ 0.12 0.027 £ 0.005 0
2000 B ~= Total 2.1+0.42 0.23 +0.04 1
i 1
150(- T : 1
L T
100=——
50
SK-I1+11+111 : 2806 days
: Phys Re'v I.ett 110 181802 (2013) L

01 -08-06-04-02 0 02 04 06 08 ‘1

cos(6)

' -l Fitted Excess
] AtmvBKGMC !

180.1 +44.3 (stat) +17.8-15.2 (sys) events, a i i
3.8 0 excess (Expected 2.7 & significance ) E .
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Signatures of “smallest mixing angle” (0,5)
[ ~ N —

Number of events /(50 MeV)

l O T T T T T T T T T T T T 18 - —®—— Far site data
- , - 16 } Weighted near site data (no osciliation)
| —4— T2K data N § 14 - Weighted near site data (best fit)
3 - Best fit spectrum - 5 =
e — — £ 12
777777 Background component 8 =
. o i 3 10 = D a y a
B n 2 F
- - o 8[—
oL T2K E S o Bay
o 6
B 7] ] F
a R S 41—
L - = C
4t . C
- - E 1 1 1 1 1 ! 1
o - . 11E
L N 3 E
» L ] 'S’ 1.05 E -
- B - u;’ 1 ; K
i 5§ 0.95 ;— pe
L 4 £ osf
0 Lo—osddlguqrgrg 2 g rgrig £ ossf-
0 1000 o P 3 i 5 6 7 8
. Prompt energy (MeV)
Reconstructed neutrino energy (MeV) —_—m
1200} S —+— Background-subtracted data |
H (O No oscillation
c RENO Preliminary : : : : : 1000f - [ Systematic uncertainty
o 14— Near detector - sook . ——— Bestfit: sin20,,=0.090  |]
3 In progres £ o .
g L p g is ga sool . ] at Am? = 0.00244 eV* }
: ity Double
% - + H DC-lIl {(n-Gd) Preliminary
3 -+ Livetime: 467.90 d
ool 1111 ol | CHOOZ!
- Stay tuned for Am ;2 measurement - e
5 141 t } e d } t t t } t 1.2 E
o 1 ar detector ]
3 RENO 3 .. +
3 } |
2 OO I HIHTE
; T
8 £° 0.9k E
1
0.8 T
I T B S S ()

Prompt Energy [MeV] Visible Energy (MeV)
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Who is measuring what?

RENO Daya Bay
(Zhang, v2014)
)
sin” 26,, =0.101x0.008(stat.)=0.010(syst.) N
g (stat)=0.010(YSE) (" 296, = 0.08419003
. PRELIMINARY [Am2,| = 2447010 x 10-%eV?

—— Normal Hierarchy
6~ —— Inverted Hierarchy

—— FC 90 % A2 (NH) ‘. x%2/NDF = 134.7/146
sf. — FC90% ag® (IH) \_ J
[ 90 % excluded (NH) o
J 1 90 % excluded (IH) /
K 1 Double CHOOZ
e Kerret v2014

sin?(2613)=(0.09+0.03)

-1 05 M — 0 i —— 1
A 8ep(m)
T2K: appearance, but no point in trying to

extra 6,5 because of “complications” from
0., and mass hierarchy

(2/n.d.f. = 51.4/40)
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Experiments Planned or Starting to take Data

L -

Neutrino Source/ Reactor Atmos- Accelerator-

Detector Type pheric based

Cerenkov T2K (more POT),
T2Hyper-K, LBN?

Liquid Scintillator JUNO

Segmented Scintillator NOvVA

Steel plus Active MINOS+ MINOS+

Lead plus emulsion

Ice plus PMT’s PINGU

Liquid Argon TPC MicroBooNE,
LBN?
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What new measurements are being planned
in the near or far future?

[ B

Cerenkov CP-phase 9
Liquid Scintillator Majorana neutrino search: Kamland-Zen
Liquid Scintillator Majorana neutrino search: SNO+
Liquid Scintillator 4th gen,
Segmented Scintillator Mass Hierarchy
and CP-phase 9
Steel plus Active Mass 4th gen,
Hierarchy
Lead plus emulsion
Ice plus PMT’s Mass
Hierarchy
Liquid Argon TPC 4th gen, Mass

Hierarchy and CP-
phase 0



4th Generation Neutrinos

.S TR
* Several mysteries abound in recent experiments, some more recent
than others
— LSND v, appearance (anti-v, )
— MiniBooNE v, appearance (v, and anti-v,)
— Reactor Anomalies: fewer reactor neutrinos seen at near detector
sites than expected, plus “5 MeV excess”

 These point towards at least one sterile neutrino, or maybe more
(since there would be a fourth mass eigenstate, or several more)

 There are numerous ideas around for addressing these mysteries,
all making use of the techniques you have heard about in this
course

— Bonus is that the mass squared splittings are much larger, so the
baselines are much shorter

— The hard part is that these effects are small and so precision
measurements will be the only way to move forward here!
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Reactor Anomalies

Double Chooz, this conference

1af] g 02’ 2 g oaF
5 osst Near - SotsiT Far
1.1 I ! o:t ‘u‘ g':’i T
+Hj|.i:|ri:i:. ot 3 0.0, . "* i g.; + ++# +H IH
o Hegetomste ! t - = o }+ §
o s R LA
% + 20 - 1 2 3 4 S"lﬁénlu; 1 2 3 ‘p,;ﬁ E,’.'y.mvl
' b/t Bugey, Phys.Lett. B374 (1996) 243-248
F— ﬁ—+*w-&++4_‘_+ .................
o E <% SC*0) yn‘w
1 2 3 4 o Ie’ ”7 | ‘\_ A ,‘
z | \ { N "y :-:'
st Positron spectrum (["4‘!\% 10 \‘ml:!"‘“\(‘"‘l. 0 e e Pl
1:—~~v rc+&f+"1§.‘:..' ; ~~~~~~ :il ' © I of " )
03s i —— \ 154 Jil
11 10 Mg .:;::;:::;:x..:;:_ \ " b
(:; | as .'-. 10} “"OMG".‘ .l
cHooz, 't L Ay ‘ 'E, (MeV)
Phys.Lett. B466 (1999) 415-430 Rovno, V. Sinev, arXiv:1207.6956 5
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RENO, this conference

I
Reactor anomaly

Lhuillier, v2014

0.6 0.7 08 09 1 1.1 12 13 14
Illllllllllllllll IIIIIIIIIIIIII|IIII|IIII|II
ROVNO88_3S 0.92 =0.01 0.07
182m
B_OZVNOSB 2S —a— 0.94 =0.01 +0.07
252m
ROVNO88_1S 0.95 =0.01 =0.07
182m
ROVNOB88 2| —t 0.93 =0.01 +0.06

.0m
ROVNO88_11 0.90 =0.01 =0.06
18.0m
SRP-II —r— 1.00 =0.01 +0.04
238m

- . 0.94 =0.01 +0.03
18.2m
] 0.93 =0.01 =0.05
-1l 0.94 =0.18 +0.05
0.92 =0.03 +0.06
ILL ] 0.79 =0.06 +0.05
a76m
Goesgen-lll 0.91 +0.04 =0.05
85.0m
Goesgen-ll + J 0.97 =0.02 +0.06
460m
38(5%?,599"4 0.95 =0.02 +0.06
Bugey3 * 0.86 =0.11 +0.04
950m
%uoqlgys 0.94 =0.01 +0.04
Bugey-3/4 0.93 =0.00 +0.04
49m
ROVNOS91 I 0.92 +0.02 +0.03
E',:gey—;%‘é L = 0.93 =0.00 +0.03
Average 4 0.927 0023
llIllllIllllIllll llIlllllllllllllllllllllll

0.6 0.7 08 0.9 1 1.1 1.2 1.3 14

Spitz, v2014
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Accelerator Anomalies

. - ]
MiniBooNE
LSND . SANIBOONE B
» : % Neutrino ]
Q3 - § .o + +_Data (stat err.) 3
g 17.5 o ® [Boam Excess & E:.:m;:(* :
* o )
e 15 BB Pl veen N Ty éi"'“?f"x ]
3 i piv,.e in — . Y
g 12.5 . 10 = other >
B8  other —— Constr. Syst. Error )
05

10}

T

12

Antineutrino

10

N
(4]
T

~N
O,
1
b——————
Events/MeV

0 —— 06

04 0.6 0.8 1 1.2 1.4
L/E, (meters/MeV) oz

0002 04 06 08 10 12 14 15 30

EX (Gev)

04

?
Spitz, v2014 The “low energy excess'
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4th Generation Neutrinos

N o TT—
 These anomalies point towards at least one
sterile neutrino, or probably more (since there
would be a fourth mass eigenstate, or several
more)

 There are numerous ideas around for addressing
these mysteries, all making use of the techniques
you have heard about in this course

— Bonus is that the mass squared splittings are much
larger, so the baselines are much shorter

— The hard part is that these effects are small and so
precision measurements will be the only way to move
forward here!
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Summary

Neutrino Sources

— Solar, Atmospheric, Reactor fluxes have taught us a huge amount about
neutrino mass and mixing, need accelerator sources for CP violation

— Will need to understand those fluxes well
Interactions

— The higher the neutrino energy, the more processes that are available in
interaction

— Will need to understand those processes and how the nucleus affects them
(signal and background)

Detectors
— Many ways to detect neutrinos, always hungry for more detector mass

— Two promising technologies for accelerator beams: one provides very high
information per event, one provides much less but can be built much more
cheaply per kiloton

Absolute and Majorana mass measurements

— Each provides unique information: want to see both, on >1 element
Measurements

— Have entered the era of precision oscillations

— Testing the framework is still an important goal: one number not enough!
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Thank you

 ONLY THOSE WHO SEE THE INVISIBLE

L .

CAN DO THE IMPOSSIBLE =

LU L RO [T

RN .

9-11 July 2014 Deborah Harris, Fermilab: Neutrino Experiments 44



