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“for the discovery of neutrino oscillations,
which shows that neutrinos have mass™

. - \q
cton Water Cherenkov detector

,'atec' at 1000m underground

il

Takaaki Kajita

SuperKamiokaNDE g

“for the discovery of neutrino flavor transformations,
which shows that neutrinos have mass”

~ vacuum Wolfenstein matter
oscillations effects dominant flavor
See Smirnov arXiv:1609.02386 transformations
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Mass F t;:md in Eluswe Partzcle,
Universe May Never Be the Same

Discovery on Neutrino
Rattles Basic Theory
About All Malter
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TAKAYAMA. anan June 5 — In
what colleagues hailed as a historic
landmark, 120 physicists from 23 re-
search Institutions in Japan and the
United States announced today that
they had found the existence of mass
in a notorlously elusive subatomic
particle called the neutrino

The neutrino, a particle that car-
ries no electric charge, is so light
that it was assumed for many years
to have no mass at all. After today's
announcement, cosmologists will
have to confront the possibility that
much of the mass of the universe is
In the form of neutrinos. The discov-
ery will also compel scientists to
revise a highly successful theory of
the compasition of matter known as
the Standard Model.

Word of the discovery had drawn
some 300 physicists here to discuss
neutrino research. Among other
things, they said, the finding of neu.
trino mass might affect theories
about the formation and evolution of
galaxies and the ultimate fate of the
universe. If neutrinos have sufficient
mass, thelr presence throughout the
universe would Increase the overall
mass of the universe, possibly slow-
ing its present expansion,

Others said the newly detected but
as yet unmeasured mass of the neu-
trino must be too small to cause
cosmological effects. But whatever
the case, there was general agree-
ment here that the discovery will
have far-reaching consequences for
the investigation of the nature of
matter

Speaking for the collaboration of
scientists who discovered the exist-
ence of neutrind mass using a huge
underground detector calied Super-
Kamiockande, Dr. Takaaki Kajita of
the Institute for Cosmic Ray Re-
search of Tokyo University sald that
all explanations for the data collect-
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Neutnnos
pass through
the Earth's
surface 10

a tank Mled
with 12.5 ma-
lion galions -
of ultra-pure

Detecting
Neutrinos

and col-
lide with,
other, <+
particles

procuc-
ing a cone-
shaped
flash of ight

The ight is
recoroed by
11,200 20
inch light
amplifiers
thal cover
he inside of
e tank

LIGHT AMPLIFIER

And Detecting Thelr Mass
By analyzing tha cones of ight,
physicists determine that some
neutrinos have changed form on
their journey. i thay can change
form, they must have mass

Sowce Unveersiy of Hews

T The New York Times

ed by the detector except the exist-
ence of neutrino mass had been es-
sentially ruled out

Dr. Yoji Totsuka, leader of the
coalition and director of the Ka-
mioka Neutrino Observatory where
the underground detector is situated,
30 miles north of here in the Japan
Alps, acknowledged that his group's
announcement was ‘very strong,'

but said, ““We have investigated all ‘

Continued on Page Al4

Stephen Parke, Fermilab

)j?f’ @Tahyam
June 1998

Atmospheric neutrino results

from SuPer—Kamio/(ande % /@miokam(c

— Evidence for

OSCI‘HGILionS —

mi‘l'a

Kamioka observatory, Univ. of Tolkye

for

the

4 AM( O d '
JKA o Collaborations

.\_ S,jf,,_ re l@m‘okanle

http://www-sk.icrr.u-tokyo.ac.jp/nu98/scan/

he N’lli ﬁmj 19+ years ago

Y

NBI, colloquium

2/5/2018

#



Isotropic flux of
COSMIC rays

Zenith ... -
.’ 8 -

Zenith

Stephen Parke, Fermilab

Z,eni‘H\ ang(e dependence
(Multi-GeV)
WP Ty

[ ' Dt
5 (a) FC e-like J q /X2 (ShaPe)
—Lé = =2.8 / 4. dof

yL = +0.13
e Douvn 0.93 —0.12

60

40

Number of Events

3
+
™
o
g
[\

o
L
]

X *(shape)
e | T390/ 4uf

Ur =().54 +0.06

gy e 25€ |Down -0.0%
5. Py (6.20° 27
| -1 0 s ® 1

X UP/Down 5y$t. error jor M- like

N
o
o

sy
wn
o

—

o

o
|

Number of Events
S

Hux caleulation ---- £ 1/ ) |
lkm vock above Sk -~ LS. L3

Data (Ene'@/" alib. for 1§ 277
| Non V Background ase sl Y

Prediction (

) 217

NBI, colloquium 2/5/2018

#

4



CC.ve+D —p+p+e”
NC:v,+D —p+n—+ v,

ES: v, +e™ — v, + e
and v,/ + € — v, +e"

”': SE SNO
o 7:_ bcc
& 'F
O =
\02 6=
= 5
=
—e- =
4
2E
1=
O:~~|~'
0 1 2 3 4 5 6

¢, (10° cm2 )

Beacom and SP: hep-ph/0106128

Stephen Parke, Fermilab NBI, colloquium 2/5/2018 # 5



It
L. J

Y

Neutrinos are Everywhere !

from Big Bang 300 nus / cm”3
2 or mere v/c <<l

SuperNovae e Sun’s
> |0A58 -~ 10738 nu/sec..
3 ; . * it ; | ©) L

Unidentified

e Bay
3. x 10721 nu/sec o

nidentified

LSI +61 30
©

©
NGC 1275 ~

%’ ~ (except for the highest energy neutrino’s)

therefore in the Universe: 85?’ > 0

I ——————e—
Stephen Parke, Fermilab NBI, colloquium 2/5/2018 # 6



hit

Key Neutrino Questions:

‘Nature of Neutrino Mass:
-+ 2 comp & L violation (Majorana)
or 4 comp & L conserved (Dirac)
Neutrino Standard Model:
- Perform stringent tests 3 nu paradigm: check unitarity, ...
- Determine size and sign of CPV
- Determine atmospheric mass ordering
+ Does v, or v, dominate v3 ( 023 >< /4 )

- Beyond 3 nus:

V)

- Steriles, Non-Standard Interactions, Lorentz violation, nuBSM, ....

Stephen Parke, Fermilab NBI, colloquium 2/5/2018
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Neutrino Flavor or Interaction States:

provided L/E < 0.5 km/MeV = 500 km/GeV !l
~ 1 picosecond in Neutrino rest frame !l!

~ Age of Universe / Avogadro's #
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Neutrino Mass Eigenstates or Propagation States:

Use LU, content to label these states
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Neutrino Mass Eigenstates or Propagation States:

most 1/,

V3

least v,

0,055 0,053 23
v.= @ = @ "= @
Solar Exp, SNO SuperK, K2K, T2K Unitarity
KamiLAND MINOS, NOVA SK, Opera
Daya Bay, RENO, ... ICECUBE ICECUBE ?
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V,

e

Interactions:

simple

A\
v, =U

unitary matrix ?
complicated

complicated

V)
Vs

simple

masses ?

Propagation:
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Rates:
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3 V)

Uel Ue2 UeS
— 055, 0 03,0 6>,0
U,ul UMQ U,u3 Uzs(023,0) U13(613,9) U12(612,0)
U1 U, U.3 Why this order 7?7
1 0O O C13 0 813€i5cp c1o si12 0 e 0 0
= 10 co93 s93 0 1 0 —S12 c12 O 0 e'2 (
0 —s23 co3 —8136_7;5013 0 C13 O 01 0 0O 1

: 0 d
Disappearance: VEH decays

500 km/GeV 500 km/GeV 15 km/MeV

Ve — Vg Ve =7 Ve

Appearance: Vy — Ve

500 km/GeV
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unitary matrix

C13C12

5
—(C23512 — S13523C12€"

5
523512 — $13C23C12€"

C13512
5
C23C12 — S13523512€"

5
—893C19 — S13C23S12€"

8136_25

C13523
C13C23
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1, v Mass Ordering:

—solar mass ordering
Mass

|Am3. | = |m3 — mZ| =7.5 X 107°eV?  L/E =15km/MeV = 15,000 km/GeV

SNO Mo > My

- v = @ vr = @

Ve =

Stephen Parke, Fermilab NBI, colloquium 2/5/2018
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v3, Uv1/ve Mass Ordering:

—atmospheric mass ordering

| Vo
vy
0 -

Mass

- @
Uy

V1

|Am§1| — |m§ — m%l — 2.5 %X 1023 eV? L/E = 0.5 km/MeV = 500 km/GeV

Unknown: NOvA, JUNO, ICECUBE, DUNE, T2HKK....

ve = @ v = @ v = @
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# Summary: Octant of 094
sinf623  (0.40  0.50 0.60

5 variation

i , g /1 variation
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* |eptons:

Ui

V1

0.08 < |U,1|* < 0.24
variation in 0 only |

VV+

factor of 3 diff.

U'ug = 0.4 — 0.6
Ul = 0.26 —0.41
U,|° = 0.08 —0.24

Stephen Parke, Fermilab

Quarks: C

\Vijlz essentially independent of 04 !

VV+
except

H r
d
Vg = AX3(1 — 0.37¢%99)
'Vial? =~ 1074

%bz =~ 1
Vis? ~ A x~2x103

* Vig|? ~ AN°=8x107°
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Determine flavor
fractions of neutrino
mass states

WHY?

Precision
Neutrino
Measurements:

To discover neutrino BSM,
one needs precision predictions for nuSM

Stephen Parke, Fermilab NBI, colloquium 2/5/2018 # 20



Determine flavor

fractions of neutrino
mass states

Precision
Predictions for

flavor ratios
at ICECUBE.

Stephen Parke, Fermilab

Std. mixing Vary ocp
0; fixed at BF 0 Best Fit
NH 0.2 To

0.3 36
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0
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Bustamante, Beacom, Winter fe ®
PRL 2015 [arXiv:1506.02645] ’
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Neutrinos as a portal to new Physics

ultra-light
<&~ varm ——--—+-——WIMP ————Dark matter! —>

b Natural seesaw -l
b Flavor puzzle =—

------------------------------- Unification
OVBR .
Solar v V matter effect
:, Supernova Vv . V@LHC
E:Coherent V-N'scat. GeoV  Acceleratoriv Proton decay
¥V masses Reactor v . lcecube HE neutrinos
S —
° ‘s
tiny! eV keV MeV GeV TeV PeV YeV
& Fermilab
3 Aug/2017 Pedro A. N. Machado | Recent highlights from neutrino theory pmachado@fnal.gov

Stephen Parke Lepton-Photon 2017, Guangzhou 8/10/2017 # 22



Stress Test
Neutrino paradigm
search for new physics

Determine flavor

fractions of neutrino W H Y?

mass states

Precision

Neutrino
Measurements:
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s Cauchy-Schwartz

/E]el Ue2 (}63 Uen\
U,u,l U,u2 Uu3 U,un 3 2 3
Ulllj))ﬁ(/[tl%réded — U7-1 U7-2 U7-3 UT’n Z Ue’iU/Li* S (1 T Z U€7f|2> ( Z | 'u7’|2>

KUsnl Usn2 Usn3 e Usnn)
e v, — V. Appearance
1, D|sappearance

e v, Disappearance e v, Disappearance
MINOS+, NOvA, T2K, atmospheric neutrinos (SK and ICECUBE)
e 1, Disappearance
Daya Bay, RENO, many ~10m Reactor experiments & source
experiments.
e v, — V. Appearance

Fermilab SBN Program, T2K and NOvA: DUNE & HyperK
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Stress Test
Neutrino paradigm
search for new physics

NSI

Credible Intervals at 90%

0.10 0.15 0.20 0.25 0.30 0.35

Epe
Credible Intervals at 90% i
| O.‘4 - 016 - Oi8 |
Ere
Credible Intelrvals at 90%
oo P.Coloma
T2HK i arXiv:1511.06357
0.00 06I5 o ‘0.‘10‘ - ‘0‘15‘ - ‘0‘20‘ - ‘025
Eur
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Stress Test
Neutrino paradigm
search for new physics

Determine flavor

fractions of neutrino W H Y?

mass states

Precision
Neutrino
Measurements:

Connection to

Leptogenesis
Understanding Universe
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” Ballet King Pascoli
Prouse Wang 2016

vvvvvvv

. " ' A & . A

Stephen Parke, Fermilab

NBI, colloquium

B Am3,

Connection to
Leptogenesis

Understanding Universe
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Determine flavor
fractions of neutrino

mass states

Test Theoretical
Neutrino Models

Stephen Parke, Fermilab

Stress Test
Neutrino paradigm
search for new physics

WHY?

Precision
Neutrino
Measurements:

Connection to
Leptogenesis
Understanding Universe
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Predictions from flavor symmetry forms

with current measurement precision
1.0

o o o
B (=) o0

Likelihood [NO]

e
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=
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210 —05 0.0 0.5 1.0
cos 0

Test Theoretical

Neutrino Models
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Likelihood [NO]

Predictions of flavor symmetry forms

with projected measurement precision
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Girardi, Petcov, Titov, arXiv:1410.8056
Nucl. Phys. B, Vol. 894, 733-768 (2015)
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Towards a better understanding of Osc. Prob.

Globes,

while a very useful tool,
is not enough !

Stephen Parke, Fermilab NBI, colloquium 2/5/2018 # 33
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Reactor 0,5 Experiments

Double Chooz
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, 2 Stephen Parke ¢
What is AmZ, 7

Fermilab
H. Nunokawa, S. J. Parke and R. Zukanovich Funchal,

“Another possible way to determine the neutrino mass hierarchy,” SP arX|V: I 60 I ,07464

Phys. Rev. D 72, 013009 (2005), hep-ph/0503283

1.00
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o
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JUNO
RENO 50

O'OO l l I|IIII| l l I|IIII| l
0.1 0.5 1.0 5.0 10.0

L/E (km/MeV)
Amplitude Modulation & Phase Advancement (NO) / Retardation (10)
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P(Ve — Ve)

What is Am?, ?

from Daya Bay: arXiv:1505.03456
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from RENO arXiv:1511.05849
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Am%/y = (%) arcsin |:\/(C082 019 sin? Agq + sin? 019 sin? A32)}

Amge

3%

Y

A = Am?L/AE

DAYA BAY

= cos? 912Am§1 + sin? 912Am§2

+ o0

Ve average |

H. Nunokawa, S. J. Parke and R. Zukanovich Funchal,
“Another possible way to determine the neutrino mass hierarchy,”
Phys. Rev. D 72, 013009 (2005), hep-ph/0503283

SP arXiv:1601.07464
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nar \ UV ! — Ve
/\/\DCCC
AXA]
OB

4 '. ’ .
T ALER- 3 M) /1occce 11 T

e Running experiments:

T2K (295km) and NOvA (810km)

e Future experiments:

0.2Mt + T2HKK

DUNE (40 ktons LAr, 1300km)/

HyperKamiokaNDE (0.5kMtons H,O, 295km)

Stephen Parke, Fermilab NBI, colloquium 2/5/2018
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What is DUNE/LBNF ?

DUNE/LBNF will consist of

An intense (1-2 MW) neutrino beam from Fermilab

A massive (70 kton) deep underground LAr Detector South Dakota

A large Near Detector at Fermilab

A large International Collaboration (~1000 scientist)

1300 km

Chicago
South Dakota

Sanford
Underground
Research
Facility

Fermilab

e —————
— ~
- -
-

L ===

"~ Stephen Parke, Fermilab HQL/Virginia Tech 5/26/2016



DUNE Far Detector site

e Sanford Underground Research Facility (SURF), South
Dakota

e Four caverns on 4850ft level (~1.5km underground)

het

Yates Complex

Ross Complex

Davis Campus:
o LUX
e Majorana demo.

olZ

| - |
(\ Stephen Parke, Fermilab HQL/Virginia Tech 5/26/2016
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total 70-kt LAr-TPC =4 x 17-kt modules
Fiducial = 4 x 10 kt

Ar from ~ 10 km® of air

= 300m X Area of Fermilab site (30 km?)

het

Du(VE
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V)

Neutrino Oscillation Amplitudes

Plva = vg) = |Aagl’

Two Flavors:
Acaa =1+ (21) sg eT?A sin A

and Aa,@ = (22) sgcp e "D sin A

A = Am?L/4AE

Stephen Parke, Fermilab NBI, colloquium 2/5/2018 # 43



& Neutrino Oscillation Amplitudes ¢
In vacuum:

2
| Apel

“the billion $ process”

P(vy — ve)

Ape = (27) [ (s23s13¢13) | C%ze_m:)’z sin Agy + 8%2€_ZA31 sin Agg |

10 .
(cagc13s12c12) € sin Agq ]

maintain the symmetry: m% > m% with 819 — 019 & /2

Denton, Minakata, SP arXiv:1604.08167

APCP = 8 (823813613) (023613812012) Sin5 sin A21 sin A31 sin A32

J

Ape = (2i) [ (s23s813¢13) sin Agy 4+ (ca3c13512¢12) e (OFTA31) gin Agy ]

Ago =~ A3zq

Stephen Parke, Fermilab NBI, colloquium 2/5/2018 # 44



4 — ¢
aF VM Ve
A1 = 2893513¢13 SIn A3y A1 = 2c13c23512¢12 5N Aoy
2
_ 1(0+A Aij = Amy,L/AE
A,ue — A31 T € ( 32)1421
0=10
0 A LAY I A A MR e
I S \(¢ E
Q C ]
5 = 0.07 I{‘* 7§—lUM3|2= 0.51 |U63|2=0‘022—§
Ago = 0.407 7 —”— 3 E
5F- =
— A3 T Z:: 6=§ g/z :%
= Anl Py, = ve) = Ay A}, |§‘ 1; % omf2 Cn/2) _;
- : P(7y — 7e) = A}, Ay SO S R R I

Stephen Parke, Fermilab NBI, colloquium 2/5/2018 # 45
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Matter Effects:

Stephen Parke, Fermilab NBI, colloquium 2/5/2018 # 46
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Neutrino Evolution in Matter:

Ve
IV = Hyv with v = Yy,
Vr
0 0 0o " a 0 0 |
2E)H =Upyns | 0 Am3, 0 | UL,ne+| 0 0 0
0 0 Am%l | 0 0 0
a=2vV2GrN.FE
uniform matter
Stephen Parke, Fermilab NBI, colloquium 2/5/2018 # 47
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e Solve Cubic Characteristic Eqn.

- (a+ Am3s, + Am%l) )\

+[Am3,Am3, + a { (1o + 819573)Amay + C13Am31}

IF See Zaglauer & Schwarzer, Z. Phys. C 1988

11
N=gs— 3Vs*=3ut3(1-u?)],

o 0 =10 53
B U T = 35= =31l B i)
e or Am2, =0 ha= 35+ S u ST,
51 3 3
s=Ay+As+a,

® Or S1n 612 — O t=0A5A5+a[Ay(1—stc) + Ay (1—533)],

1 1( 253 —9st+27al, A5 cc%
U =Cos| = COoS .
3 2(s2—31)%"

here A;; = Ams,

THEN characteristic Eqn DOES NOT
FACTORIZES ! TRIVIALLY SIMPLIFY !

e or sinfli3 =10

Stephen Parke, Fermilab NBI, colloquium 2/5/2018 # 48
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2 flavor mixing in matter
ar’+bx+c=0

simple, intuitive, useful

3 flavor mixing in matter
axr® +bx®*+cx+d=0

complicated, counter intuitive, ...

Stephen Parke, Fermilab NBI, colloquium 2/5/2018
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Stephen Parke, Fermilab 1/31/2018

arXiv:1604.08167v1 [hep-ph] 27 Apr 2016

Compact Perturbative Expressions For Neutrino
Oscillations in Matter

Peter B. Denton®’ Hisakazu Minakata®? Stephen J. Parke®

Addendum to “Compact Perturbative Expressions for
Neutrino Oscillations in Matter” 1801.06514

Peter B. Denton,” Hisakazu Minakata,” Stephen J. Parke®

doi: 10.5281/zenodo.1163591

Stephen Parke, Fermilab CERN NuPlatform 1/31/2018
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Neutrino Evolution in Matter:

V@
- d . - _
Z%V—HV with v = vy,
Vr
0 0 0 I ]

(2E)H =Upuns | 0 Am2, 0 Ubyns +
0 0 Am3,

a =2vV2GrN,.E

O O Q
o O O
o O O

Uppyns = Uss(023,0) Uis(613,—0) Uia(012,0) :=: Uasg(023,0) Uy3(613,0) U2(612,0)

:=: means equal after multiplying by a diagonal phase matrix on the left and/or right hand side.

i% V' = U§3(92375) H Uss(023,0)| V' with ' = U§3(923,5) Y
Vr

Stephen Parke, Fermilab NBI, colloquium 2/5/2018 # 5|
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Neutrino Evolution in Matter (conti):
Uss(023,0) H Uas(623,0) =
, a+ 85, Am3, + s7,ct . Ams, C13812C12Am5,  S13¢13AME, — 8°4513¢13Am5,
Y5 c13512C12Am3, clyAmy, —s13512¢12Am5,

s13C13AM3, — 87,513C13AM5,  —813812C12AM3, cCaAms, + 87,57, Ams,
513 ~ 0.15

Expansions in ¢ (Am3,/Am3,) ~ 0.03
(a/Am3,) ~ (E,/10GeV)

Key observations:
e Don't use Am?,

2 _ 2 2 2
o Use AmZ, = Am3; — s7oAm3s,

e Subtract s2,Am3, from all diagonal elements

Simple but major improvements in accuracy |

Y

Stephen Parke, Fermilab NBI, colloquium 2/5/2018
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Neutrino Evolution in Matter (conti):

U§3(923, 0) HUy3(023,0) = Hp + Hop

D=diagonal OD-= off-diagonal

1
a + s Am?, 3
o 2 2 2
(2E)Hp = (c1o — s79)Amy, , , 2
i ClSAmee i >3
Am?, = cos? H12Am3; + sin? 012Am3,
1

2

(2E) HOD/Amee = S13C13 0

- 1 —
/ AmQ i 1 |
O_ ] 5 + C13 S12C12 (Amél)
/' - - _ . _
A 2
001 5 — 813 S12C12 ( m21) 0 1

/ Am?2, 1
0.002

Stephen Parke, Fermilab NBI, colloquium 2/5/2018 # 53
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cos 2013
0.006
0.004

~~

o

=~  0.002

)

N—"

©

. 0.000

@
~0.002
—0.004

Rotation by U13(§13) ~
then Uj2(6:12)

a=2vV2GrN.E

_ 2 ~ —~
(COS 2015 G/Amee) a' = a cos 913 + Amge Sin2(913 o 913)
\/(COS 2015 — a/Am2,)2 + sin® 2015

(cos 2013 —a’/Am3,)

C082612 =
\/(COS 2(912 — a’/Am%l)Q -+ SiIl2 2612 COSQ<913 — 913)
X NO: Mixing Angles in Matter

NO: Matter POtentlalS TTTTTTTTT T T T T T T T T T T T T T T T T IT T I T T T IomToTr
[(TTTTTTTrrTryrrrrrrrTrrp rTrTTrTTTTrTrTrTTTI T T T T T I T TiAL] 100 | [ I |
T | | M : | | :
: a 3 i 5 5 ]
- — 0.8 — } } —
- ] - .27 s 2R .
E costopam?t, - - sin”0 5 | sin 0 13 ]
E o' s 0.6/ —
= ] a E E
: - = : -
F = 204 —
= - - sin®0,, 3
S ! E 0.2 —
YL E - ]
- 3 - sm_61_3 ]
- ||||||||||||||||||||||||||||||||||||||||||||| ] O°O lllllllll_illlllllll lllllllllIlllllllllTlllllllll
—20 -10 0 10 20 30 —-20 —10 0 10 20 30

E, (GeV) E, (GeV)

Stephen Parke, Fermilab NBI, colloquium 2/5/2018
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W Masses Squared:

(QE) HD — dlag( T/T\L/Ql, T/T\L/QQ, 77/;/23 )

—_—~—

2
Am2q91 = Amoq \/(COS 2019 — a’/ATrL%l)2 +

0.006

0.004

& 0.002
=
o
N—"

a2

2 0.000

~0.002

~0.004

— 1 —~
mi = §(Am31 — Am?y
—~ 1 2 5
m2 p— §(Am21 —|— Am 21
;% = Am3; + (a—a')

NO: m?®'s in Matter

IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII

—20 —10 0 10 20

E, (GeV)

Stephen Parke, Fermilab

w llIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIII|IIIIIIIll

0

Y

+a’)

+a’)

. ~ /
sin? 2019 0052(913 —013) =~ | Am%l cos 2019 — a
when |a/| > Am%l
NO: Am?®’s in Matter
0.006 IIIIlll|l|ll||lll|lllllll|ll|l.ll||ll|l|lllll|l
0.005 F— —
_0.004f 31 s
o = : 3
> - -
O = -
~  0.003 —
Q - -
2E S T —
< o002 —
0.001 —
- . Am? E
0.000 ﬁlﬁl'|—ll_l_l il B | o I e | l_l_ll'_l'l‘l_l'l'l_lzjl. o ol B |
~20  —10 0 10 20 30
E, (GeV)
NBI, colloquium 2/5/2018 # 55
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vacuum — matter

Am?k —  Am?jy
b3 — b3
012 — 012
0oz — 0o
o = 0 Oth order !

P°° (Amsla Alev 013, 012, 023, 5)

Va—)I//B

, __ __ -
= P (Am231,Am221,6’13,912,923,5)

I/-)V

Intuitive and Analytically simple !

Stephen Parke, Fermilab NBI, colloquium 2/5/2018
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U§3(923, 0) H Uss(623,0) = Hp+ Hop

What about Hpp 7

2 — 512
Am21> D

Ci12
2
Am’ee

(2E) HOD/Amge — Sin(glg — 913) S12C12 (

| —S12  Ci12

/ \ S12 = sin 049, etc

sin(§13 — 013) = s13C13 (A% ) ~ 0.03 (2 gev) (3 g.gm_3) 001 5

2
ee

Vanishes in Vacuum

4%x107% for E =2 GeV and p =3 g.cm™3

Perturbation Theory !l

Stephen Parke, Fermilab NBI, colloquium 2/5/2018 # 57



# NO: v, Appearance (295 km) NO: v, Appearance (810 km)
“ 0.15 - LI B | T 0.15 flllllllllllllllllll T T 1 | T T 1 | TT T T
E ex Oth = E ex Oth =
0.10 K Pmat’Pappx’Pvac 3 0.10 C Pmat’ Pappx' Pvac ]
A 0.05 i . - & 006F T _ —
0%0 :_ . 1 | | |T: O%O ‘|_|||||||| |||;|;|;|| 1 1 L1 | 1111 | 11 |T:
10 ?I‘I‘I‘ITI‘FH"‘I‘I‘I‘I"‘I‘FI‘F'TFFI"THTPTIT"HTI" L | T 11 |_ 10 _IIII|I|||||||||||||| T T T T | LI B | 1T |_
107 — . — 107R =i e —
-4 [ R ] -4 [ ]
T2KMHK = o s -
1076 = 1076 [= =
10_8 | 10_8 'I'ELLI | u—lml’ﬁ‘l—r-c—ﬂ—A—LJ 1
100 _I_I_I_I—l_l‘l'l'l'l'l'l'l'l'|'l'l'l'l'|'l'l'rl'|TnT|1Tn'|'nTl'| : : : : | : : :_:_ 100 Illll::::_l::lll,lllli:: : : ] LI B | L :_:_
e PR TR R DL S ] I AP P A
—4 | | ~ - —
o 10 ,\\[\///_ o 00T i
1078 - — 1076 — _
10—8 __l_l_ml_g:m:l:ctttl:&&ljﬁiw L |4_._._,: 10—8 W T | N
02 03 0.6 1.0 2.0 3.0 0.6 1.0 2.0 4.0
Ev (GeV) E,, (GeV)
015 NO: v, Appearance (1050 km) 015 NO: v, Appearance (1300 km)
. : T T 1 Illll;lllllllllllf . E‘I‘I‘I‘|‘I‘I‘I‘I‘|‘ITIT|1TIT|'I1TI'| T T T 1 ||||||||||O|t|li||||||||n|é
¥ -\, ex _7 \ €ex ]
0.10 : Co\ ~ Pmat’Pappx’ Pvac: 0.10 E ~ Pmat’ Pappx’ Pvac 7]
- 005, L /0 N\ A 0.05 =\ /° \.
{)O%O ] | L1 | 11 10000 __:[
:l'l'l'l"'l'l'l'l"‘l1Tr|1Tn‘|‘nTr|Tl11‘|111T| T T |||||||||||||||||_ jTrr|1Tn'|'nTl'|111T|111T|
10—2 _ ------------ e 10—2 _._ -
4 7 R 1
% 10 - . 10 - .
1076 F - 106 [= -
10_8 111 |m 10_8 IIItLu_nJ]ElIml_M"—\I L1 | I m.hyﬂﬁﬁ
10 - T T .|||| ||||J|||| 10 'I'I'I'IT|TI"F|"|'_FF!T|:ITH'|'HTI'|‘.L.I-J.1_|__I>I_I.I.|IIII|IIIIlIIII|IIII
-2 '_ : S A _' —2 :’_ . L R
o, 10 W F : : 1 g 10 . ;v///
—_ | ] . —_ | ]
E 10 jv/\/// nq“ 10 - -
T - 1070 Y T L
10—8 L L1 |||||||||||||||_ 1 -8 T I|II|||||||||||||||||||||_
0.3 0.5 1.0 3.0 5.0 05 07 10 2.0 50 70

E, (GeV)

Top panel: P?* . P9 3nd P,,.

mat' — appx

Middle and bottom panels:

black dotted lines red solid lines
AP = |P* Pacl AP = |PS*, — pOth

P

Stephen Parke, Fermilab

mat

- %(Pg&t + Pyac) P = %(Pﬁ@xat + P

mat appx

appx

E, (GeV)

magenta solid lines
AP = ’Peac o Plst

mat appx
) ? - %(Pri%t + Pa:gosgx)

NOVA

Oth order
1st order
2Nnd order

DUNE

NBI, colloquium

2/5/2018
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Seorrelations between vy — Ve Dy — Do 0

Normal Ordering — Inverted Ordering

vV, — VUV, gIVeS: sin? 260, = 4|U,3*(1 — |Uus)?) = 0.96 — 1.00

|U,s3|? <+ (1 — |Ups|?) degeneracy !

T2K/HK NOVA DUNE  s,me LE a5 NOWA

sT2K/HK: 1=295 km, E=0.65 GeV 8NOVlA: L|,=8|10 1|<m,|E=|2.0 |GeV g LBNE: L=1300 km, E=3.2 GeV

[TT T T[T T T T[T T T T[T T T T[T T T T[T T T T[T T T[T Tl : :IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
: R N N : 1U,4*=0.6

Ve) %
o
i

Ve) %

9}

||||||| TTT1
|

vV —> U
v —>

Pv, —>v,) %

P,
T
L
P,
T
Ll

1— sin®26,53=0.09 — 1— sin®26,3=0.09 —
O:IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII: O:IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII:
0 1 2 3 4 5 6 7 8 0 1 2 3 4 ) 6 7 8
P(v, —> v,) % P(v, —> v,) %
(0.48 T2K
x pL sin? 053 sindyo —sind;po = tanflas x ¢ 1.62 NOVA
_ 2.60 DUNE

O. Mena & SP  hep-ph/0408070

Stephen Parke, Fermilab NBI, colloquium 2/5/2018 # 59



Tt 0
* T2K
9__| I I I I I I I I I I I I I I I I I I I | I I I |_—
§ 8 f_ ¢ Sin2 623 — 055 o NOI‘Inal _f
Fg E — Inverted -
S - )
- - - )
5 - — 4
OO 61— = "
|> n - )
ISRl i CPC-10
O - —
2 - _
B 4:_ O 6 = 7T ] ,
§ - . 62112: +71/2 - L
2 3 0 Op=0 % Data = "¢
- ¢ Ocp = -T1/2 1 . PC - NO
2_I oo o b b b by
15 20 25 30 T n 3

Number of v, candidates

All except appearance !

Stephen Parke, Fermilab NBI, colloquium 2/5/2018 # 60



hit

T2K & NOVA

Number of Events proportional to Oscillation Probability

9 'I-[I‘II:E<IIII]-_|,ﬁ|2||IIII|IIIIII]-|IIllzllOlllllllllllel\f 9 Nl(l)l\{%:l|I]-_I,ﬁ|8ll]l-lﬂlIIII|]:|]]’|I|E|:?|2||’|||||||6|V
5 f_ IO NO _f 5 f_ I(: NO 2 _f
- 2 2 . ElU,u,3| = |Ue3| =0.022 4
v U .|°= 0.56 U.4|°=0.022 o ]
N _l wl Uesl - e F 0.6140.03 -
~ 6 — ~ 6 \ —
B - . B - 0.39+0.03 ) -
AN E AN ‘ B
S8 — I e —
2F = 2b- + o0 ) =
- ] -0 = i ;/(2—17) -
1= — 1= % 8n/2 (-n/2) —
O:IIII||||||||||||||||||||||||||||||||||||||||: O:IIII|IIII|IIII|IIIINIIII|III|IIII|IIII|IIII:
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9
P(v, —> v,) % P(v, —> v,) %
Needs an update !
- _ Appearance
1 sigma: NO 1O v data

Stephen Parke, Fermilab NBI, colloquium 2/5/2018 # 6l
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Summary:

from Nul998 to now, tremendous exp. progress on Neutrino
SM: more at Nu2018

LSND Sterile Nus neither confirmed or ruled out at
acceptable CL: - ultra short baseline reactor exp.

Great Theoretical progress on understand many aspects of
Quantum Neutrino Physics: - Oscillations, Decoherence,
Osc. Probabilities in Matter, Leptogenesis, .....

Still searching for convincing model of Neutrino masses and
mixings: with testable and confirmed predictions !

Stephen Parke, Fermilab NBI, colloquium 2/5/2018 # 62



hit

extras
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#arxw:1505.o1826 Ve Survival Probability: 0

~ Am?2..L
6)13 P(v. = v,) = 1—sin”26,5 sin? E
Vv, disappearance
110 | | | | | | | | | | T T_] —~ . 2 29

- 1 . o sin 13
= - 1 sin 2043 =
¥ 100 N - 5 913 [(cos 2913—a/Am§e)2+sin2 2013]
S 0k E
/|\ 80 - =
o : L=3000 km . Am2,, = Am? 1/ (cos 2015 — a/Am?2,)? 4 sin® 203
0] RN W
—~ - | | | | - depth of first minimum
¥ 100k A -
— E\ ] . .
3 90F — sin 26013 —  sin 26043
N B —

0 - L=5000 km . energy at first minimum

2 70 — —
D_| 60 - ] ] | 1 1 1 | | ] ] | | 1 1| |: 2 —_—

2 5 10 20 50 100 ame L AmZeL

exact - approx - vaccum
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L 1 NO: v, Disappearance (295 km) NO: v, Disappearance (810 km)
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Top panel: PL%,, P.0 and Pyge
Middle and bottom panels:
black dotted lines red solid lines magenta solid lines
Oth 1st
| mat ’UCLC| | mat o Papp:z: ‘ mat o Pappac
D _1 ex D _1 ex Oth D _ 1 ex 1st
P = i(P at + PUGC) P = §(P at + Pappa:) P = §(P at + Papp:r)
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- 2nd Osc Max: (vacuum) @

NO:|U ,5/°=0.46, 0.51, 0.56 |U.4/°=0.022 —_— F—P
10g""l'"'|'"'I""|""|'"'|""|""|""|""§ A — F—l—P
« o .
SR A; ~ 0.30sin9d
ll: i% A2 ~ 0.75sin o0
¥ 35
N Aq A /Nl 3

Approximately same uncertainty on 0
until systematic uncertainities dominate at 1st OM |

ESSnuSB, T2HKK
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