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Ouwtune

* Neutrino history
e Discovery of the neutrino
 What we have learned about the neutrino

* Today’s challenges
* Neutrino masses
e Precision measurements of oscillation parameters
 Sterile neutrinos
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why are we still
trying to measure the
baste neutrino
properties more than 50
years after its
discoverg?

Ouwtune

* Neutrino history
e Discovery of the neutrino
 What we have learned about the neutrino

Whg are so many
experiments trying
to measure neutrino
oscillation
parameters?

* Today’s challenges
* Neutrino masses
e Precision measurements of oscillation parameters
 Sterile neutrinos
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Wolfgang Pauli and tire B-decay spectrum
B-decay before 1930
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In this case, all electrons would
have the same momentum,
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the initial and final nuclear state
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Wolfgang Pauli and Hre B-decoy spectrum
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Offener Brief an die Qrunpe der Radioaktiven bel der
CGauvereins-Tagung zu Tubingen.

Abschrift

Physikalisches Institut
der Eidg. Technischen Hochschule Zirich, L. Des. 1930
ZAirich Cloriastrasse

Iiebe Radiocaktive Damen und Herren,

Wie der Ueberbringer dieser Zeilen, den ich huldvollst
ansuhbren bitte, Ihnen des niheren auseinandersetsen wird, bin ich
angesichts der "falachen" Statistik der Ne und Li-6 Kerne, sowie
des kontinuierlichen beta-Spektrums auf cinen verswWeifelten Ausweg
verfallen um den "Wechselsats® (1) der Statistik und den Energlesats
su retten. MNimlich die Moglichkeit, es k¥nnten elektrisch neutrale
Teilchen, die ich Neutronen nemnen will, in den Kernen existieren,
wdqho den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und

wheh von lichtquanten wmusserdem noch dadurch unterscheiden, dass sie
mit Lichtgeschwindigkeit laufen. Die Masse der Neutronen

von derselben Orossenordming wie die Elektronenmasse sein und
:nn. nicht grosser als 0,0l Protonenmasse.- Das kontinmuierliche

Spekctrum wire dann verstandlich unter der Annahme, dass beim
boba-Zerfall mit dem hlektron jeweils noch ein Neutron emittiert

m,lgu die Summe der Energien von Neutron und klektron

neutrino

Wolfang Pauli postulated
the neutrino in 1930

Explains the continuous
decay spectrum

Number of electrons

Observed Expected
spectrum of electron
energies energy
Ener
i Endpoint of
spectrum i




Wolfgang Pouli and the B-decoy spectrum

9..,5

neutron — |

~

4{1(,&)\1 il /%79—»«_
Abso

Offener Brief an die Qrunpe der Radiosktiven bel der
Gauvereins-Tagung zu Tubingen.

Abschrift

Physikalisches Institut

der Eidg. Technischen Hochschule Ziri
Zirich Glor

Iiebe Radioaktive Damen und Herren,

Wie der Ueberbringer dieser Zeilen, den ich huldw
ansuhbren bitte, Ihnen des niheren auseinandersetsen wir

 have downe a terrible thing,
l have postulated a particle

that can. not be detected.

Wolfang Pauli postulated
the neutrino in 1930

plains the continuous
decay spectrum

Expected
electron
energy

angesichts der "falachen" Statistik der Ne und Li-6 Kerne, sowie
des kontimuierlichen beta-Spektrums auf cinen versweifelten Ausweg
verfallen um den "Wechselsats" (1) der Statistik und den Energlesats
su retten. MNimlich die Moglichkeit, es k¥nnten elektrisch neutrale
Teilchen, die ich Neutronen nemnen will, in den Kernen existieren,
ulqho den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
wheh von lichtquanten musserdem noch dadurch unterscheiden, dass sie
mit Lichtgeschwindigkeit laufen. Die Masse der Neutronen
von derselben Orossenordming wie die Elektronenmasse sein und
&nn- nicht grosser als 0,01 Protonenmasse.- Das kontimuierliche
Spekctrum wire dann verstandlich unter der Annahme, dass beim
boba-Zerfall mit dem hlektron jeweils noch ein Neutron emittiert

m gu die Summe der Energien von Neutron und klektron

Numi

Energy

Endpoint of
spectrum




Cowon & Rewnesy & the antunewntruno duscovery

Cowan and Reines built a
liquid scintillator detector and discovered

Delayed coincident the antineutrino in 1956
detection of y from 9Cd ; ,
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stomultiplier

Delayed coincident
detection of y from OQCd
with pair of y's from

&' g annihilation.
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The ducovery of e muwon newtruno-

. = ~ = “Vertex event”

Lederman, Schwartz &
Steinberger used neutrinos
produced in pion decays in
the BNL Alternating gradient
synchrotron

Dominantly muon events were found
v N | over electron events, indicating a new
concReTe — 1 IJ species of neutrinos (1962)
LEAD PERXXXN 111
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The duscovery of the muon newtruno

Lederman, Schwartz &
Steinberger used neutrinos
produced in pion decays in
the BNL Alternating gradient
synchrotron

GH ’H]:Hﬂ
'/ Spark chamber
i’L’
=KL~V
Te=—
-. -
ede d
NAT
MDCCC
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08
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“Vertex event”

shower/electron
]
-like signature

Dominantly muon events were found
over electron events, indicating a new
species of neutrinos (1962)
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The discovery of e foww newtrino-

» After the discovery of the tau lepton (70s), physicists immediately | rL=4s3sum’ || FL=280um
) Bink = 93 mrad , Oink = 90 mrad
expected there would also be a tau neutrino P >29% GeVic P =487 GeVic
pr >0.27°3%; GeVic pr =041 GeVic
o Challenge: 5 et Lo e -
The tau is heavy (m, = 1.78 GeV, m,, = 106 MeV, m, = 511 keV) L \ ST e
— v, production requires decay of charmed mesons. -
DONUT Detector B
F.L. = 1800 pm ; F.L. = 540 um
muons coming from Byink = 130 mrad ) Oink = 13 mrad
. . . =1.922 GeVic ’ > 21" GeVic
Colormeterdeemines Operating in Fermilab zT =0.25'9% GeVic zT >0.28 *3}2 GeVic
I Beamline in 1997 /
/ e =
Drift chambers record : §
decay particle tracks ‘ ) \’
|ma netspr::gsdtgds {, - ’ ' .
_— Y Y
:«muqmﬁbers
\%éﬁge‘g Four candidate events announced in 2000.
T identified through decay into p.

(Background expectation was only 0.2 events.)

DONUT Detector for
direct observation of

tau neutrinos (1)) Last missing piece to the standard model

besides the Higgs.
8/22/18 A. Schukraft - Fermilab 11
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Newtruno- eross sections

Neutrinos are only weakly interacting. This is a challenge for every neutrino experiment!

A. Schukraft, G. Zeller

Dominant interaction Quasi-elastic % 1.4 C Mic:rc?BooNE/
processes at typical (QE) (2 N MiniBooNE
energies in neutrino Vu K NE 1.2 [ T2K M
physics I ) N NE
w 3 1
n p* = - F " fRVA
T F el TOTAL
u 09 i Rk '
B ¥ P 7 ,..,”_,;_ LAT Jemdly
Resonance = - / )\ . SRR ol
RES s 0.6 $1°1
\'} u' O L
K ) =
nt o 0.4
Most modern | Ty, @ _
experiments use heavy o 0.2 -
nuclear target materials At 2 N
(C, Ar, ...) and the =

S
o

neutrino doesn’t scatter

—

o
N

—h

Deep inelastic

off a free nucleon. This
brings is complicated ) DIS W _ Ev (GeV)
nuclear physics!!! " +equivalent NC

This is not easy!!! Iw processes The mean free path of a 1GeV neutrino in rock is 6x108 km.
That’s 50,000 times the diameter of the Earth.

8/22/18 A. Schukraft - Fermilab 13
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1072
1016
1020
102
1078

Cosmological v

Solar v
Supernova burst (1987A)

/ Reactor anti-v

Terrestrial anti-v

Atmosphericv

Background from old supernovae

v from AGN
Cosmogenic
A%
10°° 10+ 1 10° 10° 10° 10" 104> 102
pnevV.  meV eV keV MeV GeV TeV PeV EeV
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Neutrino energy
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Also called “cosmic
neutrino background” or
“relic neutrinos”

Produced in the big bang,
and due to low interaction
probability of neutrinos still
around today

Today’s temperature:
1.95K
(compare to 2.7 K for CMB)

Due to low energy, not yet
directly detectable

Observed indirectly
through cosmology
observations. The existence
of relic neutrinos affects
the anisotropy of the CMB

8/22/18

1072
1016
1020
102

1078

&osmological V>
“

Observed Solarv

indirectly Supernova burst (1987A)

/ Reactor anti-v

Background from old supernovae

Terrestrial anti-v

Atmosphericv

v from AGN
Cosmogenic
\Y
10 107 1 10° 10° 10° 10% 10> 10

peVv. meV eV keV MeV GeV TeV PeV EeV
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Newtrino- sownrces

The sun produces v, in
nuclear fusion processes

Strongest source in our
neighborhood!

Discovered in an
experiment at Homestake
Mine in South Dakota
through neutrino capture:

=10*
>

1072
10°'°
1020
107

10

Cosmological v

Solar v
Supernova burst (1987A)

/ Reactor anti-v

Background from old supernovae

Atmosphericv

Cosmogenic

FACT: about 65 million neutrinos pass A4
through your thumbnail every second. riswen.com
10 103 1 10° 10° 10° 10 10 108
pnevV.  meV eV keV MeV GeV TeV PeV EeV

A. Schukraft - Fermilab

Neutrino energy

(SuperKamiokande)




?1024

>

< 107

'TL 1016
SN1987A was a type |l "
SN in the Large g 10
Magellanic Cloud - iﬂos
51kparsec from Earth 3108

LL

Cosmological v

Terrestrial anti-v

Solar v

v from AGN

Observed directly
(1987)

Supernova burst (1@

Reactor anti-v

————————
- ~
~~~~~
~~
N

-
-
-

’

Three different
experiments observed a
neutrino rate above
background levels
during a ~13sec burst
window in coincidence
with the supernova

This is the only
supernova we have
observed neutrinos
from, yet! Nearby
supernovas are rare!

Y
S
I
°

w
o
I
F

Energie (MeV)
]
T T

I = SR

10°

10°

|

I T I ’ I T I

= Kamiokande IT
e IMB
4 Baksan

| L | L | | 1

10° 107 ol—L

4

6 8 10 12 14

v i Anglo-Australian, Observatory. eV

keV MeV
A. Schukraft - Fermilab

Gev TeV Temps relatif (secondes)

8/22/18 Neutrino energy 17



Originating from decays of . s
radioactive elements ..I."' 102
naturally occurring in the
Earth, e.g. 49K, 232Th, 238U > -

22
20
18
16
14
12
10

Events / 233 p.e. / 907 ton x year

o N A OO ©

Sioe |

= L
=10

—— Data
————— Reactor neutrino
————— Best-fit U+Th with fixed chondritic ratio
Il U free parameter
Th free parameter

Cosmological v

Solar v
Supernova burst (1987A)

/ / Reactor anti-v

Background from old supernovae

Terrestrial anti-v

(Borexino) Atmosphericv
v from AGN
Cosmogenic
A%
500 1000 1500 2000 2500 3000 3500
Prompt Fvent Energy [p-e.] 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 8 1
10°° 10+ 1 10° 10° 10° 10" 104> 102
pnevV.  meV eV keV MeV GeV TeV PeV EeV
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Other neutrino sources
with Potassium decay:

o/

- ‘_A

358 mg / 100gm
-> 1 million neutrinos/day

485 mg / 100gm

18



-—10#
S _
2102 [ ,
= ) Cosmological v Observed directly
= 10'° (Remember: by Cowan
" 10 F Solar v & Reins in 1956)
b 5 Supernova burst (1987A)
Electron-antineutrinos V108 T
are produced in nuclear 5 164 L Reactor anti-v
fission processes L= -
1 F ackground from old supernovae
fission process in a nuclear reactor B
O—» Neutron " '“& ,ﬂ : 1 0—4 i
@, Electron » %1 o\; = g .
e Y Yot 10-8 Terrestrial anti-v
amma /GO,E 0\‘ At h .
e (some tses) 1 mospheric v
i.i‘.vU ZJOU eo"’ /'o—' J!',-U ZJBU @o_' 1 0
o«»+@—>@—» Qe»—»m»«s—»@—» og—, 10-16 -
agr \ s | Chain Reaction }—o & v from AGN
\ O\‘ 238, -20
wKr‘O»; + u 1 O
v Ny Cosmogenic
“rb @o-, a . 10
- 3\ 1)9Np V
Bk o ?\' 1028
source: nobelplize 01g @ v ef'ip" IR T T NN TR SR S NN NN N S SN SN SN S S SN SR S S S N S S
10% 10~ 1 103 10° 10° 10" 107 10"
peVv. meV eV keV MeV GeV TeV PeV EeV
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Antineutrinos / MeV / Fission

Reactors enabled the first
discovery of neutrinos!

Antineutrino Energy (MeV)

Today, we have several
neutrino oscillation
experiments placed
nearby nuclear reactors

19
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—10*
'> L
: : Y102 |

Atmospheric neutrinos = i Cosmological v

(and muons) are w06 |

produced when high- o | Solar v

energy cosmic rays hit ! o . Supernova burst (1987A)
s i

the Earth atmosphere = . Reactor anti-v
- R

and create a shower @ 10° T T

Background from old supernovae To distinguish

atmospheric neutrinos
from atmospheric
muons, experiments
often look for particles
v from\ coming through the
entire Earth so they can

§smogenic| De sureitisa neutrino.
A%

Terrestrial anti-v

Atmosphericv

Observed directly
(1980s)

1 10° 10° 10° 10% 10'° 1Ta*®
eV keV MeV GeV TeV PeV EeV
8/22/18 A. Schukraft - Fermilab Neutrino energy 20




For precision

N?/W['V(./V\,O' SOy CLs neutrino experiments

(since 1980s)

p accelerated in accelerators 7 10% i NI , 5
and directed to a target % N ot a fair flux cqmpansons gcause
10 ¢ logical beams are very intense but directed, = ilab fl
Hich-eneray 17 are produced & 1016 F OSINSIOSHEal ¥ while other sources are isotropic) ermilab currently _
& &Y P w107 [ operates two neutrino
and focused - Solar v .
2102 | beams simultaneously
. D L Supernova burst (1987A) ) )
1 decay into g and v. u are S10¢ (dlfferent energles)
absorbed by rock. v’ L - S b
7T ﬁ M + V“ i -2 = BT ] f;‘:\;qmcm === >
1 - o . ‘.\ Tnva:ﬂklwr f — -
Can be av, or anti-v, beam 104 F
depending on the charge of L
the i that are being focused! 108 F Terrestrial anti-v
Muon Monitors
Absorber l *lv \l —
Tal'get Station Deca)‘ Plpe ‘u,._ ::&:;:ci—', ' ij{-\_ | ;:i‘\_: : :‘ .
- . Horns ," z* 'E : 'y P\T- :‘ﬂ 'from AGN
rotons |Target ) RN RN
- - — - . S
. —— I 4 ),Qt =
Protons hit target A ﬂ 8 }j\'{ Cosmogenic
7 produced Hadron Monitor Rk [Rack \Y%
magnetic horn to focus &* )
w* decay to p* vin long evacuated pipe Neutrino Beams
left-over hadrons shower in hadron absorber | S U L U — RS . L B . -
rock shield ranges out p* 106 10° 102 10 1078
v beam travels through earth to experiment AeV GeV TeV PeV EeV
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Announced
July 12, 2018!!!

. . —_— 24
e Ultra-high energy neutrinos '7> 10 i
were expected to be @ 102 F
produced in the same _E - Cosmological v
. 1
processes as cosmicraysand  3=1Q' [
high-energy gamma rays. T 02 | Solar v
: . . P . Supern
* First time evidence for a S108 |
extragalactic neutrino fluxin ¢ 8 -
2013, but sources could not E 10*
yet be identified i
’I -
* First time evidence for a 104 F
neutrino source in 2018!!! - 3 I
Terrestrial anti-v b o gy PO g =GN
6.5 Juinr AT ydpeto L 5 T o ngll S oHE
Atmosphericv Ped sl A o dapte AR RN L
ST N ; ;
L N S R A RS S s TTRIE T ET IO T
o B0 T Sl P el R
v from AGN 5 [TEEEE i
3 ' \‘..\'\ ~TXS 05064056 - p
S sstut T i e i e iy e )
Cosrinc N e G et S T R SR
S — IceCube (50%) | - -
50|~ - leeCube (90%) |: SR R ke ety
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 MAGIC (95%) S o i s k: PKS'O,SOZT(M;Q'
Fermi (95%) £t & @A SF TEhT L
1 10° 10° 10° 10" 10> | o XS 0506+056 |-
eV keV MeV GeV TeV PeV — : —
78.5 78.0 775 77.0 76.5
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Newtrino- sources .

This also sets a limit to
the energy of

At energies > 5 x 109 eV, '73
it is expected that cosmic =

rays interact with .
photons of the cosmic

microwave background =
e 10* T

Youms +p — AT — p+ 70,
or

YomB +p — AT = n+at.

observable cosmic rays.

Cosmological v

Solar v
Supernova bu S8

Rea
/

Background

Terrestrial anti-v

Atmospheric v  These neutrinos could

- not yet be detected
10-'sF | Not yet
. . i v from AGN because they are so
This reaction would o observed L
, 1020} high in energy and so
produce extremely high . :
. . 1024k low in flux. But
energetic neutrinos (EeV “ - ” :
energies) W Often called “GZK neutrinos experiments (mostly
10-°F :
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 rad|0‘based to Cover a
10 107 1 10° 10 10° 10" 10" 10 laree area) are trvin
peVv. meV eV keV MeV GeV TeV PeV EeV arge area) are trying
8/22/18 A. Schukraft - Fermilab Neutrino energy 23



The solar newtruno puzzle

Total Rates: Standard Model vs. Experiment
Bahcall—Serenelli 2005 [BS05(0P)]

* |n the late 60s, experiments with
1126+9 different detection technologies
measured the fluxes of solar
neutrinos

1 .O+0.16

-0.16

 The sun produces exclusively
electron neutrinos in fusion
processes. The expected flux can
be calculated based on our
knowledge of the sun.

0.48+0.07
67+5

0.41+0.01

Rt

2.06+0.23

s
LA

SAGE GALLEX * All experiments measured
SuperK GNO significantly LESS neutrinos than
Cl H,0 Kamiokande Ga predicted.

M "Be W PP, pep Experiments m
58 W CNO Uncertainties

8/22/18 A. Schukraft - Fermilab
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The proposed solwton

* Neutrino flavor eigenstates are not the same as
neutrino mass eigenstates.

* Neutrinos are detected as flavor eigenstates, but their
propagation is described by its mass eigenstates.

e The two relate through the PMNS matrix.

-Ve ] -Uel Ue2 Ue3 ] -Vl ]

_VUr _UT]. UT2 UT3 1 LV3 .

/ PMNS matrix I
Produwction Wone

& Detection function

8/22/18 A. Schukraft - Fermilab

The PMINS matrix is comparable to the CKM
matrix for quark mixing. However, there are
open questions:

Are the CKM and PMNS matrices related?

Are they connected to their masses?

They appear to be very different - why?

CKM PMNS

25



NWWDMU.AMM
0 Il @,e o__ .0

~ A\ A -
m\/ v \/ 4 @
V3

I Ve ] I Uel Ue2 Ue3 ] -Vl ]

Vy = U,ul U'uz U'u3 V9

_VUr _ UT]. UT2 U7'3 1 LV3_

PMNS matrix
1 0 0 €13 0 5136_“56}? ¢z s12 0 3 mIXIﬂg aﬂg|es 812, 913, 623
0 o3 So3 0 1 0 —s12 c12 0 . .
0 —s9s m || —sizeeP 0 cr o o 1| CPviolating phase: 0
. + 2 Majorana phases (not shown here)

Atmospheric/ Accelerator/Reactor Solar/Reactor 26
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Oscillation probabilities for an initial electron neutrino

Newtrino- oseillations 10

Neutrino experiments measure neutrino mixing parameters

.c.
o0

. i -
through appearance and/or disappearance observations = 06 Three-flavor oscillation
L
o robabilities in vacuum —
Amz?'L ',.é 0.4 ‘ Eote this scheme gets slightl
= 8ap —4 Y Re(U*UgU,,;Uz.)sin® — 7 = e
a—>ﬂ ap Z pi% aj ﬁg AE ‘ “ ' more complex in matter.
i>j 02 ' ) “
Appearance ‘
pz iy . Am? L 0o/ M:‘ ~ \’\
Disappearance + 2 Z Im( Uﬂz UaJU )Sln 2E ’ ' ‘5000 10000 15000 20()00 25000 30000 35000
@ =p i>j L/E (km /GeV)
B - Normal ordering Inverted ordering
Parameters characterizing the oscillation , ,
pattern need to be experimentally determined: ™" 4 rm
(0 R I V2
.. ATn’gol
3 mixing angles: 6,,, 05, 05 "
CP violating phase: Ocp Am2,,
. 2
2 mass differences: Am?,,, Am?,, Al
Sign of Am?5, Vo
A’rnsol v
1 BT vs
Ve Vy Vr
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The solar newtruno- p«mzwwbvwb

The SNO experiment was the first experiment to be able to

detect all three neutrino flavors and not just electron neutrinos.

Looking at the some of all three neutrino flavors, the measured
number of solar neutrinos matched the expectation.

This is the first confirmation of neutrino oscillations.

Total Rates: Standard Model vs. Experiment
Bahcall-Serenelli 2005 [BS05(0P)]

7
1.0258:38
1.0+0.18

-0.18 77
0.88:0.06

7
8122 %1 0+0.16

-0.16

0

48+0.07

0.41+0.01 67:5
2 56+0.23 0 SOiO 02
SAGE
SNO
SuperK . All v
HZO Kamiokande Ga Dzo

M "Be W PP, pep Experiments m

Theor
Y 583 M CNO Uncertainties
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¢, (x 10°cm? s

Charged Cuttent | UV, +d—=p+p+e E preshord = 1.4MeV
Reaction
Neutral Current v, +d = v 4 ptn E jresiors = 2.2MeV
Reaction
ES - _
V. +¢€ U _+¢ E.. = ()
Elastic Scattering * * threshold
Reaction
x denotes that this reaction will take place with any neutring.
-------------- bos 68% C.L.
- —— {,; 68%, 95%, 99% C.L.
sl O CORRN T
A N
b I v 68% CL.
C B 0. 68% CL.
e T be.” 68% CL.
- I v ss%CL.
0 Ll | - l j I l Ll Ll l i - l i
0 0.5 L L5 2 2.5 3 35
0. (x 10°cm? 1)
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Solar

|

Energy: MeV
Baseline: (oscillation
inside sun)

/ Reactor [gy MoV

Baseline: 10 m - 100 km

4 Atmosphem@

Cosmic

TN

Energy: GeV-TeV

\ Baseline: ~ 13 000 km /

Many different
sources available
to test the
concept of
neutrino
oscillations

 Natural and
artificial
sources

e Different
energies

e Different
baseline

/ Accelerator

Energy: GeV
Baseline: 30 m - 1500 km
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The full pueture of newtrino oseidlotions
Solar N Atmospherich

Cosmic

i \

Energy: MeV

Baseline: (oscillation
inside sun)

Energy: GeV-TeV

K Baseline: ~ 13 000 km

The Nobel Prize in Physics 2015 was
awarded jointly to Takaaki Kajita and
Arthur B. McDonald "for the discovery
of neutrino oscillations, which shows
that neutrinos have mass"

SNO experiment Sir Arthur McDonald . [

XXX

Takaaki Kajita Superkamiokande



The full prefuwre of newtruno- oscillations

¢ Data-BG -Geo¥V,
— Expectation based on osci. parameters

1= + determined by KamLAND
- C
reactor v’'s test E 0.8F
same = C ——
o -
parameter E‘ 0.6_—+ + RS
space assolarv '8 - I
oscillations 2 04
: —
2 +
02 KAMLAND
OT.l....l....|....|....|....|....|....|....|...
20 30 40 50 60 70 80 90 100
LyE, (km/MeV)

/ Reactor

Energy: MeV

Baseline: 10m - 100 km

~

accelerator v’s test same parameter space as accelerator v oscillations

Reconstructed neutrino energy (GeV)

%) [
c
E | !
: Lttt
5 14 1 = T
8 [ [~ ..‘d_::“” *‘" 1
8 . —+— Data/Monte Carlo ratio
o 0.5[ —— Best oscillation fit ]
O ———— Best decay fit
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& [ MINOS - Best decoherence fit
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50

/ Accelerator \

Energy: GeV
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* Today’s challenges
* Neutrino masses
e Precision measurements of oscillation parameters
 Sterile neutrinos

8/22/18 A. Schukraft - Fermilab
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Newtrinos in Hhe stondaorod model

In order to understand how neutrinos fit in the standard model,
their properties need to be experimentally determined:

1. Whatis the absolute mass of the
neutrinos?

2. What are the parameters that
characterize the oscillations?

3. Arethere only three neutrino flavors?

8/22/18 A. Schukraft - Fermilab

The PDG summary tables on neutrinos
are yet short and vague:

Neutrino Properties

See the note on “Neutrino properties listings” in the Particle Listings.
Mass m < 2 eV  (tritium decay)
Mean life/mass, 7/m > 300 s/eV, CL =90% (reactor)
Mean life/mass, 7/m > 7 x 10% s/eV  (solar)
Mean life/mass, 7/m > 15.4 s/eV, CL = 90% (accelerator)
Magnetic moment g < 0.29x 10710 g, CL = 90% (reactor)

Number of Neutrino Types

Number N = 2.984 + 0.008 (Standard Model fits to LEP-SLC
data)

Number N =2.92 +£ 0.05 (S=1.2) (Direct measurement of
invisible Z width)

Neutrino Mixing

The following values are obtained through data analyses based on

the 3-neutrino mixing scheme described in the review “Neutrino

Mass, Mixing, and Oscillations” by K. Nakamura and S.T. Petcov

in this Review.
sin2(f12) = 0.307 + 0.013
Am3, = (7.53 +0.18) x 1075 eV?
sin?(63) = 0.421f8:8gg (S=1.3) (Inverted order, quad. 1)
sin?(y3) = 0.592‘:8:853 (S=1.1) (Inverted order, quad. II)
sin?(fp3) = 0.4171’8:8%2 (S=1.2) (Normal order, quad. 1)
sin?(f3) = 0.597t8:8§8 (S=1.2) (Normal order, quad. II)
AmZ, = (—2.56 + 0.04) x 1073 eV2  (Inverted order)
Am3, = (251 £0.05) x 1073 eV? (S=1.1) (Normal order)
sin2(f13) = (2.12 + 0.08) x 1072
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Newtrinos in Hhe stondaorod model

In order to understand how neutrinos fit in the standard model,
their properties need to be experimentally determined:

1. Whatis the absolute mass of the
neutrinos?

2. What are the parameters that
characterize the oscillations?

3. Arethere only three neutrino flavors?

8/22/18 A. Schukraft - Fermilab

The pdg summary tables on neutrinos
are yet short and vague:

Neutrino Properties

See the note on “Neutrino properties listings” in the Particle Listings.
Mass m < 2 eV  (tritium decay)
Mean life/mass, 7/m > 300 s/eV, CL =90% (reactor)
Mean life/mass, 7/m > 7 x 10% s/eV  (solar)
Mean life/mass, 7/m > 15.4 s/eV, CL = 90% (accelerator)
Magnetic moment g < 0.29x 10710 g, CL = 90% (reactor)

Number of Neutrino Types

Number N = 2.984 + 0.008 (Standard Model fits to LEP-SLC
data)

Number N =2.92 +£ 0.05 (S=1.2) (Direct measurement of
invisible Z width)

Neutrino Mixing

The following values are obtained through data analyses based on

the 3-neutrino mixing scheme described in the review “Neutrino

Mass, Mixing, and Oscillations” by K. Nakamura and S.T. Petcov

in this Review.
sin2(f12) = 0.307 + 0.013
Am3, = (7.53 +0.18) x 1075 eV?
sin?(63) = 0.421f8:8gg (S=1.3) (Inverted order, quad. 1)
sin?(y3) = 0.592‘:8:8%8 (S=1.1) (Inverted order, quad. II)
sin?(fp3) = 0.4171’8:8%2 (S=1.2) (Normal order, quad. 1)
sin?(f3) = 0.597t8:8§8 (S=1.2) (Normal order, quad. II)
AmZ, = (—2.56 + 0.04) x 1073 eV2  (Inverted order)
Am3, = (251 £0.05) x 1073 eV? (S=1.1) (Normal order)
sin2(f13) = (2.12 + 0.08) x 1072
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Whaot i the absolute mass of e newtruino?

8/22/18 A. Schukraft - Fermilab
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Do newtrunos honve a mass?

If the mass difference between neutrinos was zero, we wouldn’t
observe neutrino oscillations.

Am?jL
1>]
Am?jL
2 I Uz o — |
" Zj (Uil UoUss) sin | —5

This implies, that not all neutrinos can be massless. w

8/22/18 A. Schukraft - Fermilab
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How- do- newtrunos get mass?

or

Dirac neutrinos

Neutrinos get their mass from interaction with
the Higgs (just like other Fermions). Lepton

Majorana neutrinos ?

number is conserved. (1,2)_ 1 (3,2)_1|(1,1)_; (3,1)_2 (3,1)_1
2 6 3 3
Ve uz e u} d.
e g R R R
Conserve E L
Lepton number i
VH C 7 7
[ K KR CR SR
This only works if there are right handed L L
neutrinos, which we have not yet been observed i . '
in nature (see sterile neutrinos) (t) (b’) TR th br
L L
This mechanism doesn’t give us any indication
why the neutrino masses are so much lighter
than the charged fermion masses (“hierarchy de se phe
problem”). . ce ‘e
Vl'—“* .V2 .V3 e o u.. T®
‘ 1 HH\H‘ 1 \HHH‘ | \HHH‘ | \HHH‘ | IHHH‘ 1 \HHH‘ 1 \HHH‘ | \HHH‘ | \HHH‘ H\HH‘ 1 \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | HHH‘ 1 \HHH‘ 1 \HHH‘ | \HHH‘ 1L
= 5 o ~ z o —
(¢’ o < (¢ o o
8/22/18 < 2 < 2 < <

Adding a Majorana mass term to the
Lagrangian gives mass only to the neutrinos

v
Vi L

Change Lepton
number by 2

Change Lepton
number by 2

* The lepton number is NOT conserved
* The see-saw mechanism would

naturally explain why the neutrinos are
so much lighter than other Fermions
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Whaot i the absolute mass of e newtruino?

excluded by GERDA, EXO-200,
KamLAND-Zen, CUORE-O

0.1
= inverted
— sensitivity goal of next-to-next generation experime
g 0.01
Y;

Currently, the answer is:

It depends...

0.001

0.00001 0.0001 0.001 0.01 0.1 1
Mpyin (€V)

Mass of the lightest neutrino
8/22/18 A. Schukraft - Fermilab 38



Whaoat'y e masy of tihe Lightest
1 newtruno?
<mﬁ,3>=‘zuz.-mi excluded by GERDA, EXO-200,
/ / o amLONE L, CUURED * Have bounds from cosmological
e measurements.
0.1
e Attempting direct mass measurements with
= precision measurements of beta decay
2 0.01
v Spectrum of tritium
del_ggay electrons
normal |
0.001 h

0.00001 0.0001 0.001 0.01 0.1 1 |
Mpin (€V) st 1

Mass of the lightest neutrino

Internity (Cost e, atRrwy )

8/22/18 A. Schukraft - Fermilab T : 39



Questrons we need to- answer:

What s e newtruino mass ordering?

1 _
excil(uded by GERDA, EX0-200, e Knowing the neutrino mass ordering will tell
amLAND-Zen, CUORE-0 | us what branch (normal or inverted) we live
o on.
0.1 ytest KamLAND-Zen bounc GQ'\\
Normal ordering Inverted ordering
= Inverted 2 A A m?2
2 e Vo
— sensitivity goal of next-to-next generation exp ~—_ Am2,
—"‘ =T :
B a ATnZtm
A’rngol 2 J
0.001 Vi B v
I | P | IIIIIII 1 IIIIIII II L IIIlIII
0.00001 0.0001 0.001 0.01 0.1 1 e Current oscillation experiments are trying to
answer this question (see later)

Mpyin (€V)

Mass of the lightest neutrino

8/22/18 A. Schukraft - Fermilab 40



Are newtrinoy Dirac or Maojorana.

poiticles?
excluded by GERDA, EXO-200,

KamLAND-Zen, CUORE-0 * Experiments are looking for lepton number
violation in neutrinoless double-beta decay

e e
ve

inverted

ovgp
regular

=
(D
—_— sensitivity goal of next-to-next generation experi
A 0.01 - ; ,
v b
* The rate of the observed OvfSf scales with

the effective mass <mg.>:

0.001 B ;
(185) = G%(@, 2) |M*|* (mgp)?

/ NN

O0vBP decay rate

I | P | ||l||ll 1 ||||||I ll
0.00001 0.0001 0.001 0.01 0.1 1 Phase Space  Matrix Element  Effective Mass
M (eV) |
Mass of the Ii'g“;\ntest neutrino <mﬂﬁ>=/E/'Ue2imi e"fi\
Mixing matrix / Majorana phase 41

8/22/18 A. Schukraft - Fermilab
mass eigenvalues



1
excluded by GERDA, EXO-200,
KamLAND-Zen, CUORE-O
0.1
&
L
g 0.01 sensitivity goal of next-to-next generation exper
Vv

0.001

0.00001 0.0001 0.001 0.01 0.1
Mpyin (€V)

Mass of the lightest neutrino

8/22/18 A. Schukraft - Fermilab

Different experiments will be closing in on
these questions in the upcoming years

We will learn a lot from any outcome!

BBay || Am2; || KATRIN Conclusion

yes || >0 yes Degenerate, Majorana

yes || >0 No Degenerate, Majorana

or normal, Majorana with heavy particle contribution

yes || <O no Inverted, Majorana

ves || <O yes Degenerate, Majorana

no || >0 no Normal, Dirac or Majorana

no || <0 no Dirac

no || <0 yes Dirac

no || >0 yves Dirac

This topic is very exciting and experimentally
very challenging!
These few slides don’t do it justice.

Please forgwe me for moving
on to- the next topie ... 42




Newtrinos in Hhe stondaorod model

In order to understand how neutrinos fit in the standard model,
their properties need to be experimentally determined:

2. What are the parameters that
characterize the oscillations?

3. Arethere only three neutrino flavors?

8/22/18 A. Schukraft - Fermilab

The pdg summary tables on neutrinos
are yet short and vague:

Neutrino Properties

See the note on “Neutrino properties listings” in the Particle Listings.
Mass m < 2 eV  (tritium decay)
Mean life/mass, 7/m > 300 s/eV, CL =90% (reactor)
Mean life/mass, 7/m > 7 x 10% s/eV  (solar)
Mean life/mass, 7/m > 15.4 s/eV, CL = 90% (accelerator)
Magnetic moment x < 0.29x 10720 ug, CL =90% (reactor)

Number of Neutrino Types

Number N = 2.984 + 0.008 (Standard Model fits to LEP-SLC
data)

Number N =2.92 +£ 0.05 (S=1.2) (Direct measurement of
invisible Z width)

Neutrino Mixing

The following values are obtained through data analyses based on

the 3-neutrino mixing scheme described in the review “Neutrino

Mass, Mixing, and Oscillations” by K. Nakamura and S.T. Petcov

in this Review.
sin2(f12) = 0.307 + 0.013
Am3, = (7.53 +0.18) x 1075 eV?
sin?(63) = 0.421f8:8gg (S=1.3) (Inverted order, quad. 1)
sin?(y3) = 0.592‘:8:853 (S=1.1) (Inverted order, quad. II)
sin?(fp3) = 0.4171’8:853 (S=1.2) (Normal order, quad. 1)
sin?(f3) = 0.597t8:8§8 (S=1.2) (Normal order, quad. II)
AmZ, = (—2.56 + 0.04) x 1073 eV2  (Inverted order)
Am3, = (251 £0.05) x 1073 eV? (S=1.1) (Normal order)
sin2(f13) = (2.12 + 0.08) x 1072
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Remunder: oscallation parameters

3 mixing angles:  04,, 03, 03
CP violating phase: 0.

2 mass differences: Am?s,, Am?,,
Sign of Am232 (through matter effects)

Ve U Ue Ues n

V| = |Uu Up Us| |1

Vr UT]. UT2 U7'3 V3

PMNS matrix

1 0 0 Ci3 0 5136_‘.60‘:’ C19 5192 0
0 Co3 So3 0 1 0 —812 Cq92 0
0 —&8a3 Co3 _5136-1'50;3 0 Ci3 0 0 1
Atmospheric/ Accelerator/Reactor Solar/Reactor

Accelerator

\Y Vv,
o § i .0

\Z @\m

8/22/18

4

vacuum propagation

N\ NN
\//\\/ A\

-I

A. Schukraft - Fermilab

Appearance and Disappearance probabilities (in vacuum)

Amij
Pa—)B = 5a/3 —4 Z Re(U;i Uﬂi Uaj UEJ) sin’ T

1>]

+2ZIm( * UpiUqj 5])s1n<

2E

Amij )

* Accessible for experiments is the appearance/disappearance

probability P

* P depends on ALL oscillation parameters, the key is to

disentangle the information

* We do this through different experiments (different energy,
different baselines): different terms in P become dominant
or negligible, which helps to disentangle the parameters

44



Stotws of soloar parameters

015

0,3
Am?,,

Ocp

Sign of Am?3,

8/22/18

Longest history in measuring the “solar
parameters”

Relatively well known with uncertainties
2.4% (Am?,1) and 4.7% (sin%04,)

There is a 20 tension between reactor and

solar experiments.

New reactor experiments (JUNO, RENO-50)

will get the uncertainties below the 1%
level and investigate this. Timescale 5-10
years.

A. Schukraft - Fermilab

14_IIII|IIII|IIIIIIII

N
[ SIn 913 = 0.0221

~
|III|III|
~
AN
/
v

/@

~ o
______

e
III|III|III|II

0

0.2 0.25 0.3 0.35
.2

sin 612

S
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Stotws of 0,5

*

023

2
Am<s,

my ...should | care?

* In our parameterization of the
PMNS matrix 845 is a scale factor
for the §p term

e Absolute value: if 843 is large, it is
easier to measure 8¢p

* Precision: A good knowledge of 643
from reactor experiments is
important for determining dpin
long-baseline experiments

Accelerator/Reactor term
in the PMNS matrix

Oc

C13

Sign of Am?3, 0

U EEEEEEEEE NN NN NN NS NN N NN NN NN NN SN NN NN NN NN SN NN NN NN NN NN NN NN EEEEEEEN,

0 8136-1.50}?

1

_5136‘15013 0

0

€13

*
Y NN NN NI NN NN NN NN NN NN NN NN EEEEEEEEEEEEEEEEEEEER®

8/22/18

e 643 went from unknown to best known mixing angle
within the last ten years (3.5% uncertainty)

PAEERRNRRRERNRERRNRRRRERENRENRNNRERENNNRENRENNNRENRNREY IS
*

A. Schukraft - Fermilab

sin’20,,

[1106.2822]
[1108.0015]
[1112.6353]
[1203.1669]
[1204.0626]
[1207.6632]
[1210.6327]
[1301.2948]
[1304.0841]
[1310.6732]
[1311.4750]
[1401.5981]
[1406.6468]
[1406.7763]
[1502.01550]
[1505.03456]
[1510.08937]
[1511.05849]

[1603.03549]

.
: e @45 turned out non-zero and larger than expected.
: This is good for us!
. I I ! I I
. : .....;..'...D.g .............. - T2K 6 events
O B R
. ° —— Acceleratdr DoubleChooz (Gd) 97 days
. P o experiments (NH) || DayaBay (Gd) 50 days
. i | -EF Accelerator
. : —_0— ! experiments (IH) RENO (Gd) 222 days
. 2012 i | —e— Reactor
. -—-o—-- experiments (RS) DoubleChooz (Gd) 228 days
. eS| i | & Reactor DayaBay (Gd) 128 days
. : ; experiments (RO)
. —_———i! : DoubleChooz (H) 240 days
. : ' o5 §-|:| .... . - T2K 11 events
= 2013 H : H H
. : o DayaBay (Gd) 191 days
. L .--é--El-'--?--- T2K 28 events
. n—o—c DoubleChooz (Gd+H) 246 days
. 2014 '_O,_O__,' : DayaBay (H & Gd+H) 191 days
. S DoubleChooz (Gd) 468 days
. k- 'D - T2K App. + Disapp.
. : L] DayaBay (Gd) 568 days
. 2015 : : :
. : —O— o DoubleChooz (H & Gd+H) 463 days
: P el RENO (Gd) 490 days
. 2016 | SN DayaBay (H & Gd+H) 568 days
: !
: :
. - ! Daya Bay
: i
- 1
1
: 2018 |
. —— | DoubleChooz
L] 1
¥
¢ -0.05 0.00 0.05 0.10 0.15 0.20 0.25 0.30
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Long boseline accelerator experuments

Measure
There are currently two long baseline experiments operating world wide
Their goals are Pﬂ o o (vediemppearance)
* Precision measurements of the atmospheric mixing parameters and
* Determination of the neutrino mass ordering P

) _ . ; e (“Veappearance”)
e Test of CP violation in the neutrino sector H—

NOvVA
Ash River
/

US

International ®
Falls

Japan

[DUNE]

Tokai to Kamioka (T2K):
295 km

Fermilab ¥

Fermilab to Ash River (NOVA):
J-PARC 810 km

IL

—
—-——
—_—__—

-

-

Previously Fermilab to Soudan (MINOS):

V] [Hyper-K
: @ yperd] 735 km
’0
0 Fermilab ]10 K Ash River
ot
810 km
8/22/18

A. Schukraft - Fermilab
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V, dsappeoronce resuwdts How much v, is in v3?

Vyu Vu ? Ve
« Ifsin20,5 = 0.5 (known as maximal [T V3
mixing) it means that the same
amount of v, and v, is in v3. This
would be special and therefore

Latest NOVA results presented at NEUTRINO2018 NOVA Pre|iminary

particularly interesting! . I\IlorrlnaIlHiIeralrchly éo% CIL o -
- —— NOVA — - MINOS 2014 .
* Achallenge in determining sinZ0,5 30 ---.T2K 2017 oo lceCube 2017 ]
is that in leading order there are — L - SK 2017 e i
two degenerate solutions (known % = ' .
as octant puzzle). ™ - .
o i i
* NOVA results seem to favor non- :cg 2.5[~ ]
maximal mixing and the higher g i |
5 octant in both mass ordering cases. i |
CP Not yet significant enough though. i |
Sign of Am2;, 2.0 | B‘?St fl't o
0.4 0.5 0.6
sin°0

8/22/18 A. Schukraft - Fermilab 23 48



Sign of Am?;,

Vv, appeoronce resulits

* Long baseline v, appearance measurements are sensitive to measuring the CP violating phase

2 601>=O,T[,27T:

Py, = uv,)~ ‘\/P e_e(A32+5CP)—I-\/P 1 , ,
( W 6) atm S0 No CP violation

~ Patm + Psol + 2/ Patm Psol (cos Asa cosdop FsinAggsindop) | Sep = + /2
, cP maximally violated
sin(As; —al) J

vV Patm = sin(923) Sin(2913) A31 L Agl

- | NOo 1 f | | | IO 1 -+ Allexperiments favor
20 - 4 F N T<Op<2T
s B I BL+SK 1 F //’ \\\ 7 * These measurements typically
< [ 7N T2K 1 F v \ ] use reactor measurements for
10 ;7’/ N Super-k 1 F/ ' - the best constraint on 043
F N, NOvA E
S A a

1 1
oO/T o/T

8/22/18 deSalas et al., pre-NEUTRINO2018 A. Schukraft - Fermilab 49



V, WMW s W Normal ordering Inverted ordering

m2 A A m2
0 I I 2
A
* Determining the mass ordering of Am?,
the neutrinos is important for the V1
. . 2
questions of the absolute neutrino Amiim,
2
masses Amgin,
v "y
. . . 2
* Invacuum, neutrino oscillations are An?
insensitive to the mass ordering sol ” "_: ”
Ve Vy Vs
* However, the presence of electrons
|n matter ChangeS the behaVIOI’ Of Normal mass hierarc%{ efgect in CP asymmetery Invert mass hierarchsy t;f;sct in CP asymmetery
Vv, Vs the other flavors (MSW 0.26 : . . , 0.26 , . , .
H H . 0.22 Vacuum 4 0.22 - vacuum 4
effect). This causes a difference in L D Moo | M
0.18 Hi [ B 0.18
the oscillation probability between orafl [ 1 omy
normal and inverted ordering. o 01y
0.06 0.06
. 002 . 0.02 ff ||
. . . & v
* Experiments with long baselines ~0.02 T I Y ]
141 —0.06 1 ] -0.06 - e e i
(= lots of mass) are sensitive to the o1 L 1 oal e _
mass ordering 014 1 1 onalf ]
-0.18 - . 1 _018 | ]
| Baseline =2540 km ! a
_0'260.5 1 j5 215 3i5 4f5 _0'260,5 1 15 2i5 3j5 4i5
Eve (GeV) Eve (GeV)

8/22/18 A. Schukraft - Fermilab 50



Vv, appeoronce resulits

Latest results presented at NEUTRINO2018

8/22/18

F&C 20 pqqfigelnpg ilntleﬁ’vlals

22AIn(L)

30

25

20

15

10

T2K Runl-9c¢ Preliminary

I/rllIIIlyllyllllllllllllllllll_

T T T I T T T T I T

T T T I T T T T

— Normal

— Inverted

Significance (o)

0 1 2 3
6CP

* Inverse ordering disfavored at ~20

NOVAFD  8.85x10%° POT equiv v + 6.9x10%° POT ¥
T T T T I T T T T I T T T T I T T T Ll

- ---NH Lower octant ] £
5 10
- Lem TN — NH Upper octant - ;
- '/' \\ ---IH Lower octant -
¢ ’ — IH Upper octant | @
B 13.
____________ 1>
S R LT N PO 1
-- -
- <

B 1 L 1 I L 1 1 L l 1 L 1 1 l 1 1 1 1 ]

72_5 Y’ 3 21
2
6CP

* Inverse ordering disfavored at 1.80

(both measurements using reactor constraints)

A. Schukraft - Fermilab
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Future experumenty: DUNE

* Near future:
If §cpis confirmed to be maximal we are pretty Deep Underground Neutrino Experiment
lucky (again). T2K + NOVA can reach ~ 20 for é¢p.
NOVA has a chance to determine the mass ordering S e, wm Fermilab
with ~ 2 — 30 if ¢p is confirmed to be maximal. ' B
(This is roughly where we are right now.)

* A precision measurement of the CP violating phase AGCELERATOR

EXISTING

and mass ordering requires new experiments. e

10— . . . . , w S{
NH Q o i
8t HK S g
Z a%  um  wm oo em New neutrino beam from
6 - DUNE E Probability of detecting electron, muon and tau neutrinoa Ferm”ab to SOUth Da kOta
. )
T T SR LU [ A SR S ) 0
4 T2K-Il < * To definitively answer these questions, we are building the DUNE experiment
i 7NN B R A . TR R ®
il i i § * It will have a neutrino beam from Fermilab going 1300km to Homestake in South Dakota
/”’ \\\\ I”--— \\\ QJ
/" ~2020 N CT2KENOVAN\| N L o .
o / AU e More than 1000 scientists from 175 institutions and 32 countries
0;11 rulfolll A AR AR S gl 5L iglgls 515 dlips gl g bl )
Z150-100-50 0 50 100 150 <= _ .
o * Planned to go fully operational within the next 10 years

8/22/18 A. Schukraft - Fermilab 52



DEEP UNDERGROUND
NEUTRINO EXPERIMENT

|y

* Enormous volume:

p— - 5

- . A

AR RAAANY | o
n‘l“’m m‘“ M“\(M 4 x 10kt modules filled with liquid argon
\ — bbbl o AFT‘*H{I‘ _‘g . e ; |

e Underground, to best reduce cosmic backgrounds

e .t AR

g ——

* New high intensity v, and v, beam from FNAL

e LArTPC technology provides amazing imaging
capabilities

Science goals

o Determine CP violation, mass ordering, and precision
measurements of mixing parameters

o Supernova neutrinos, diffuse supernova backgrounds, proton
decay searches, and many more astrophysics and exotics
searches possible since the detector is underground!
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Newtrinos in Hhe stondaorod model

The pdg summary tables on neutrinos
are yet short and vague:

In order to understand how neutrinos fit in the standard model,
their properties need to be experimentally determined:

Neutrino Properties

See the note on “Neutrino properties listings” in the Particle Listings.
Mass m < 2 eV  (tritium decay)
Mean life/mass, 7/m > 300 s/eV, CL =90% (reactor)
Mean life/mass, 7/m > 7 x 10% s/eV  (solar)
Mean life/mass, 7/m > 15.4 s/eV, CL = 90% (accelerator)
Magnetic moment x < 0.29x 10720 ug, CL =90% (reactor)

Number of Neutrino Types

Number N = 2.984 + 0.008 (Standard Model fits to LEP-SLC
data)

Number N =2.92 +£ 0.05 (S=1.2) (Direct measurement of
invisible Z width)

Neutrino Mixing

The following values are obtained through data analyses based on
the 3-neutrino mixing scheme described in the review “Neutrino
Mass, Mixing, and Oscillations” by K. Nakamura and S.T. Petcov
in this Review.
sin2(f12) = 0.307 + 0.013
Am3, = (7.53 £ 0.18) x 1075 eV?
sin?(fp3) = 0.421f8:8gg (S=1.3) (Inverted order, quad. 1)
3. Arethere only three neutrino flavors? il0) = 05250 (5= 11)  (nwened order quad. )
: : sin®(f23) = 0.4177 0% (S =1.2) (Normal order, quad. I)
sin2(fp3) = 0.597f8:8§8 (S=12) (Normal order, quad. II)
AmZ, = (—2.56 + 0.04) x 1073 eV2  (Inverted order)
Am3, = (251 £0.05) x 1073 eV? (S=1.1) (Normal order)
sin2(f13) = (2.12 + 0.08) x 1072

8/22/18 A. Schukraft - Fermilab
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The scole of “stondord tiree-floaror-osecillations’’

“solar mixing”

“atmospheric mixing”

SR BN B L B BN I I IR I 1'8: S N A B \.@’
- e Data - background-Geo v, . 160 —e Data . i
1.0 R — Expectation based on oscillation parameters N — VoV ] N
“L determined by KamLAND ] T 14 = |
C : S ] o
i i H o
2 o8 + — 35 12 - 369 i
5 0 Qi 1 3w RN
& 05— + pes = H 1| = .
g0 | 1 g SRS
E 04— - g o.sf— ] g o
- + i E C E thg
- - a 04— — L
02— ] - Super-K ] 9
- KAMLAND § 02f- 4 _: o’ Daya Bay
O_IIIllllllllllllIIIlllIlllllllllllllllllllll_ 0: Lol Lol Lol Lol 1 cbcb | | 1 | |
20 30 40 50 60 70 80 2 100 100 10 107 10° 10 Q7 0 0.2 04 0.6 0.8
L /E;, (km MeV-') L/E (km GeV-") L/E (Km/MeV)
Standard model three-flavor oscillations are observed on the scale of
L/E > ~ km / MeV
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arXiv:1204.5379 [hep-ph]

__ 0 = = = N
Ne 8 g - = & 8
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' HiE £
Nucifer | % g 8 §8 o 3 I_é
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3 flavor neutrino mixing ! 1 -£ T H :
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L3+ 1 mixing scenario ) é’é‘. Lo
! é i S |
| @
- 1 1 Il [ll]l 1 Il 1 1 |1i|i 1 L i 1 1|'|1"| | ] 1 | 1||'1'I .
10 10 10° 10
Distance to Reactor (m)

Deficit in neutrino flux at the detector observed

Reactor v, disappearance experiments

e Normalization problem?
* Typical energies: few MeV e Oscillations on the scale of

+ Typical baselines: 10 — 1000m L/E> ~m/ MeV?
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Radiooctwe source experuments

Radiochemical solar neutrino experiments
GALLEX and SAGE with intense (MCi) v,
calibration sources

(v, disappearance experiments)

* v, below the MeV scale
e Baselines on the scale of meters

NZl

3

02/15/2018

GALLEX Crl

Phys. Rev. C73,

SAGE Cr 045805 (2006)

1.1 -
-’5" _
Q
Q
% 1.0 -
H -
=
= 0.9 -
o)
Q
a -
4
0.8
£
= i
0.7 1

S

GALLEX Cr2 SAGE Ar

Deficit in v, rate observed

Normalization problem?
Oscillations on the scale of

L/E> ~m/ MeV?

A. Schukraft, Fermilab
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The MuwiBooNE and LSND event excess

Anomalies observed in v, appearance experiments

LSND MiniBooNE
/ Baseline | E, ~ 800 MeV aseline P n
E,=20-55Mev L=30m —7~ n N\ L=540m
= —_ e - J—
v — ~N 7 +
. P v, \N\NN\ Ve e
@ [
Q:> : ® Beam Excess | p 2\ n
L 30F
£ B v, -V, signal?
®© ,-_ . - > N v T T T T ] > T T T ]
cqnp 25| E=2 Intrinsic v, background % 25 + 1 % i Antineutrino 1
i B2 Other background = [ Neutrino g 12 3  Data (stat err.) E
20 2 2 g B ] v, from ™ ]
[ —— w L wotop 3 v, from K* 7
15 F | ] = v, from K° ]
i . : 0.8 ==  misid .
: e ' CA—N 1
10 - R - 06 I dirt E
0% S I [ other ]
5 S RS s 0.4 — —— Constr. Syst. Error ]
0 e 0.2 t .l £ . -
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E,MeV
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The MuwiBooNE and LSND event excess

LSND MiniBooNE

Excess of electromagnetic

Oscillation signal from additional events on a scale of e Oscillation signal from additional

sterile neutrinos? sterile neutrinos?
Unknown background? L/ E~m / MeV e Background from

y — induced showers?

0357
S | o Beam Excoss Unknown background?
L 30F _
g B3 v, -V, signa . . .
§25 - = Intrinsic v fackground % 25 _‘_+_ % Lk Antineutrino _
20 a B Other héckground = [ + Neutrino s I ¢ Data (stat oir.) 3
I 2 2 i & 2 CJv.fromu !
[ — w 10 v, from K* 7
15 | | £33 v, from K’ ]
; ; 0.8 [ =" misid ]
L BRSES CIJA—Ny 1
10 SR J 0.6 I dirt ]
SRR [ other 1
5 X % % 04 — —— Constr. Syst. Error N
0 02 _bf:'_’_‘—i—- . .
T or A A g ar A 02 04 06 08 10 12 1415 30 02 04 06 08 10 12 14 15 3.0
20 25 30 35 40 45 50 55 60 L2 Gou) £ ov)
E,MeV
02/15/2018 A. Schukraft, Fermilab 59



MuiBooNE 2018

Presented at NEUTRINO2018

> [ | | | | I | I | | I | I | I | I | | | | | I | | I I ]
§ 1.8 20 —]
MiniBooNE was re-started data taking Eé - = —e— v,: 12.84x10™ POT E
when MicroBooNE started operations L% E .V 11.27x10°° POT .
Wit £ b M BooNE 8 ET —— (1., 0.04 eV?) best fit -
ith the new data MiniBoo as O - 5 ~
: L . X 12— ]
doubled it’s statistics in neutrino- L u (0.01, 0.4 &V7) Z
mode running since the previous 1= —% ]
result 08 =
- —— -
Updated results were presented in 06— e
June 2018 0.4 }P ______ —
MiniBooNE also sees an excess of low- ] S _;
energy electron-like events in the new oF -—]
data set. Combined with the previous 0o - ‘ N
H —VU. | 1 | l 1 | 1 l | 1 1 l 1 1 1 l 1 1 | l 1 | 1 I 1 1 1 I 1—

data, the excess is at the level of 4.80 0.2 0.4 06 0.8 ] 15 T2 30

ESE (GeV)
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Sterde newtrinos?

One idea:

e “Active” neutrinos
(Ve, v, ;) oscillate into
“sterile” neutrinos (v,) on a
scale of L/E ~ m/MeV

Ve, Vs Ve [/ v

e “Sterile” neutrinos are
called sterile because they
are not detectable in our
experiments

* Thereis no weak
interaction process to
produce a detectable
lepton/hadron)

(Note: Sterile neutrinos are not
the only possible explanation)

02/15/2018
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Status of sterile neutrino global fits
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A. Schukraft, Fermilab
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(v, disappearance)
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(c)

S. Gariazzo, C. Giunti,
M. Laveder, Y.F. Li, arXiv:1703.00860




Future experuments to-test v, dusappearance

New generations of experiments:

VERY short baseline (~¥m)
Radioactive source inside the detector (SOX,...)
Detector very close to a reactor (PROSPECT, Solid, STEREO, ...)
Isotope at rest decay (IsoDAR)

a)
b)
c)

Example: SOX experiment (Borexino)

Scintillator
270t PC-PPO contained in
a 150 pm think nylon vessel

Nylon Vessels
internal: R=4.25 m
esternal: R=5.50 m

Sphere
2214 PMTs

Tank
3300 m® of water
210 PMTs

144Ce

Phase A
Phase B
Phase C

. SICr tunnel beneath detector

(unfortunately SOX is not going to happen)

02/15/2018

arXiv:1304.7721

10°

102 i

[eV?

10

2
41

Am

]
Reactor

experimer

S. Gariazzo, C. Giunti, M. Laveder, Y.F. Li,
arXiv:1703.00860

Ve 2 V,and v, = v,
(v, disappearance)

Sensitivitie

DANSS (1yr, 95% CL)
Neutrino-4 (1yr, 95% CL)
PROSPECT phase 1 (3yr, 30)
PROSPECT phase 2 (3yr, 30)
SoliD phase 1 (1yr, 95% CL)
SolLiD phase 2 (3yr, 30)
STEREO (1yr, 95% CL)

107"

1072

A. Schukraft, Fermilab
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Fermilab’s shhort baseline program
Testung v, appeoroance and v, dsappeoronce

Direct follow-up to the MiniBooNE low-energy excess result

Things we are | g He y 1{.8 ‘appearance Vy dlsape('aarance

. ,.‘s V"-_)V'a& L A ’ v, disappearance
- -~ LSND 90% =
R [ clobal 2017 1s
*  Same neutrino beam 10k | L B ovc o % R S [0 civsi 201720
= hX [ ciobai 2017 10 = : B Giobal 2017 30
. ) [ Giobai 2017 20 - +  Global 2017 best fit
+ Similar baseline o e | o F —
% 1 == SBN 30 % 1
S — == SBN 50 S —
= ~ 3
CE - g E
Thaungs we are changung: i - e
10_1 L Sonsensiivites assumo oxposures o g "oueh 10_1 —— SBN senSiEVﬂies assume exposures of: ottt
. = 6.60x10° protons on target in ICARUS and SBND "« - 6‘60’(1020 protans on target in ICARUS and SBND
e Three detectors instead of one, to map the spectrum F 132x10% protons on target in MicroBooNE "o, F 13.2x10% protons on target n MicroBooNE
at different baselines - Global 2017: S. Gariazzo et al., arX1v170300860[hep ph] - Global 2017: S. Gariazzo et al,, arXivt1703|‘00860 [hep-ph]
) v 2 a2 ul | il 1y N t 1L 11t 1 1 L L1 1 1 1 1 1 P |
107 107 107 107 1 1072 107 1
* Different detector technology: Superior imaging sin? 20, sin226uu
capabilities and different
* v, appearance AND v, disappearance analysis SBN is sensitive to the entire range of interest.

possible in the same experiment
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va/ Pro-ngW -Hmrw M&o[-o—ry

33?" ®
. -“
S 1l B
~ Vg W _

|
| ~ MiniBooNE |
TARGET |
ey HALL
b ey, e s e

I SciBooNE SRS &

Detector : N e
e / 74‘ , MicroBooNE - LB
. L] - =

Detector Distance from Active
BNB target LAr mass

110 m 112 ton
87 ton

‘ SBND (near)
MicroBooNE 470 m

* All detectors are liquid-argon time projection chambers (LArTPC)
* Sitting on-axis in the BNB ICARUS (far) 600 m 476 ton
* Receiving off-axis NuMI beam

64
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e

Status of the SBN detectors

MicroBooNE

MicroBooNE is completed and taking the data
since Summer 2015

Just bringing out first results on neutrino-Argon
interactions and LArTPC properties and
performances

“!
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e 2T

./_;—

g Yl

s 3
=

.

|
S
o= i
3 1% Mﬂ\mmj— <

* The two ICARUS vessels from CERN just
moved into the building this month!
* Completion expected end of 2019.

The different parts of SBND are currently
being constructed in the US, UK, and
Switzerland

Installation during 2019/2020

02/15/2018

A. Schukraft, Fermilab
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Why we want LArTPCy for thhe SBN progrom

| ' ' ‘ ' The signature we are looking
Neutrino 3 for is an electron

L l

e Data (stat err.)

] v, from ™ ]

— v: from K* N vu VvV ~
— vy from K° ] € 2'\
E ~° misid 1

CIA—- Ny ] p

I dirt B

[ other i

—— Constr. Syst. Error

] The largest background in the
: MiniBooNE analysis comes
from photons!

——

0.2 0.4 0.6 0.8 1.0 1.2 14 15 3.0
ESE (GeV)

For MiniBooNE it was difficult

to distinguish electrons and
photons.

LArTPCs are much better at
this!

MiniBooNE

MiniBooNE collaboration;
02/15/2018 Phys. Rev. Lett. 110, 161801 (2013) A. Schukraft, Fermilab

e
n

MicroBooNE simulation

MicroBooNE is already taking data
since October 2015. Without SBND
and ICARUS, MicroBooNE will be
able to tell if the event excess is
electron-like or photon-like.

This is an important question!
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* Neutrinos are an established part of the standard model, but we still have a lot of open questions
in neutrino physics, like

What'’s the absolute mass of the neutrinos?

Are neutrinos Dirac or Majorana particles?

What'’s the neutrino mass ordering?

Is CP symmetry violated in the neutrino sector?

Are there more than three neutrino flavors?
What role do neutrinos play in the standard model and in the evolution of the Universe?

VVVYVYVY

* Neutrino detection is challenging. We have a very diverse range of experiments — different technologies are
needed for different flavors, energy ranges, source intensities, baselines

* Alot of new experiments designed to bring us a huge step further in our understanding of neutrinos are being
started at the moment. In 5 years we should know a lot more!

* Last but not least: Neutrinos have always been good for a surprise — we are excited to see what the future
holds!
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Backup

A. Schukraft - Fermilab
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Why liquid-argon detectors?

- a brief excursion through the history of neutrino detection

e MR | A :
< o .‘.‘.' ] v /. o ’2
/ . : “~_ i Proton path &
: . . 0 4
= : "5 Ve ‘.‘.‘&’. . ¢ R ; ‘
- a4 3
.ol @
3 . B

P Neutrinotransformed = =~ |
into p-meson

Invisible neutrino
collides with proton  §
; ; ‘

L

IR R AR 2 ..
~ ¢The 'NeutrinoEvent’ "\ /@ &

: Nov. 13,1970 — World's first . '

: observation.of a neutrino in a. ®
¢. i .. . hydrogenbubble chamber. . = . . |

5\\7 :. a—/’ % 4 C ®

Collision creates >

T-meson

02/15/2018

A. Schukraft, Fermilab

Bubble

chambers
1960’s and onward

+ Beautiful resolution!

- Not self-triggered

- Not digitized

- No calorimetric
information
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Why liquid-argon detectors?

- a brief excursion through the history of neutrino detection

Hits along curved
muon track

Snarl : 1281 EventType : Golden Beam Neutrino Reconstructed
muon trgjectory

Magnetized steel/plastic scintillator

E.g. MINOS
2005 - 2016

+ Magnetized = muon charge and momentum measurements
+ Great for measurement of atmospheric mixing angles

Poor electron identification
No observation of hadrons in the final state

trigger : SPILL IP




Why liquid-argon detectors?

- a brief excursion through the history of neutrino detection

Cherenkov detectors
e.g. SuperKamiokande (TRK FD),
MiniBooNE

1996 - today!

+ Can instrument a large volume at
relatively low cost

- Observation of electrons possible,
but difficult due to n° backgrounds

- No observation of hadrons in the
final state

SuperK, simulation



Why liquid-argon detectors?

- a brief excursion through the history of neutrino detection

4000 5000 _ 2700 _ . i . . . 3000,

14 meters « NOVA 6 meters

u

Mesons,hadrons

3000

siewW ¢

20(-Top view

>
Beam direction

Color denotes Color denotes
deposited charge o Side view deposited charge -
) 3400

LSS0 A O S H SO R O RN O N D R A O R R O N A N R N A L B O R S g R O m a R n R S RO R O R O R OSSR n O B g 2l
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Side view
5500 27 28( 2
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NOVA - FNAL E929 NOVA - FNAL E929
we s w D e T TN
Run: 18620/ 13 E10° = Run: 15392/55 e — e /1
Event: 178402 / — 10 X Event: 125664 / NuMI 10 & ¥

1
UTC FriJan 9, 2015 T I I N NG IS 3 I I8 A 5658 D - ) 3 UTC Wed May 28, 2014 218 220 222 224 226 228
00:13:53.087341608 ’ ’ ’ ’ - . o o U U U 04:55:46.939251776

+ Improved observation of electrons and hadrons

Liquid/solid scintillator strip detectors Vee obs |
+ Calorimetric information

e.8. MINERVA, NOVA
_ |
2010 - today! - Limited resolution



Why liquid-argon detectors?

- a brief excursion through the history of neutrino detection

MicroBooNE data
1 LATTPCs
P e.€. ICARUS, ArgoNeuT, MicroBooNE
and many more to come
The 215t century

+

almost Bubble-chamber
image quality

self triggered

fully digitized

calorimetric information

+ +

+

Challenging technology!
Not (yet) magnetizable

13cm Run 5177 Event 729, February 27tR, 2016

02/15/2018 A. Schukraft, Fermilab 73



The amazing things you can do with a LArTPC

Cosmic background

- Better knowledge on the final state \\A)

products

» Better particle ID capabilities

Cosmijc background

» Allows more precise and less model

dependent reconstruction of the The invisible
initial neutrino energy! neutrino is

(needed for oscillation physics!)

Cosmic background

coming in here = yd

* Proton observation allows us to
study nuclear effects in v-Argon Cosmic background T
scattering oo
(reduces systematic errors in L e Two electromagnetic showers

oscillation analyses) iR with an offset from the vertex:,
et thiscould bea >y +vy

Run 3493 Event 41075, October 23*¢, 2015

02/15/2018 A. Schukraft, Fermilab 74



The principle of a liquid-argon Time Projection Chamber

-
(o)

>

Argon
39.948
Anode

r—————————

N\

 Large volume filled
with liquid-argon
« Strong electric field




The principle of a liquid-argon Time Projection Chamber

 Neutrinos interact within the
liquid argon volume
« Scintillation light production




The principle of a liquid-argon Time Projection Chamber

lonization e-

« Production of
ionization electrons



The principle of a liquid-argon Time Projection Chamber

* Electrons drift
towards anode plane




The principle of a liquid-argon Time Projection Chamber
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Why argon?

2
Boiling Point [K] @ 1atm 4.2

0.125
755.2
0.24

19,000

Scintillation A [nm] 80

Atomic Number

Density [g/cm
Radiation Length [cm]
dE/dx [MeV/cm]

Scintillation [y/MeV]

Cost (3/kg) 52

02/15/2018

Ne Ar Ky Xe

27.1 87.3 120 165
1.2 1.4 24 3

24 14 4.9 2.8
1.4 21 3 3.8

30,000 40,000 25,000
78 128 150

330 5 330
Credit: Mitch Soderberg

A. Schukraft, Fermilab

i) it is dense (1.4 g/ecm?);
ii) it does not attach electrons;
iii) it has a high electron mobility (~5 mm/us at
1 kV/mm);
iv) the cost is low ($0.14-0.50/kg, depending on
source and quantity);
v) it is inert, in contrast to flammable scintillators;
vi) it is easy to obtain in a pure form and easy to
purify;
vii) many electronegative impurities are frozen out
in liquid argon.
The disadvantage is that the container must be
insulated for liquid-argon temperature (86 K).

Willis & Radeka, NIM 120 (1974)
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