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V.

Lessons and prospects from the past, present and
future of \nu_e disappearance experiments

Stephen Parke

V Fermilab
M
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% some members of the Fermilab Theory Group 1974: €Y

Ben Lee, Mary K Gaillard, Shirley Jackson
& Tong Pagnamenta

“can live and work with pride and dignity without regard to such differences as
race, religion, sex or national origin. In conflict between technical expediency and
human rights, we will stand on the side of human rights.” Wilson 1970
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V,

e

Interactions:

simple

Vi
v, =U

unitary matrix ?
complicated

complicated

y y
A
A
v/
- r“‘
J
u

simple

masses ?

Propagation:

Stephen Parke IFT - UAM
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Neutrino Flavor or Interaction States:

W+ — etr, W+ — pty, Wt — 7tu,

Ve Vi Vr

provided L/E < 0.5 km/MeV = 500 km/GeV !!!

~ 1 picosecond in Neutrino rest frame !l

Stephen Parke IFT - UAM 1/24/2019
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Neutrino Mass EigenStates or Propagation
States: (mg L)
—1 J

2Ey

Propagator v; — v, = 0jk €

1 Vo V3
ve= @

Am35, ~ 7.5 X 107° eV?

|Am3, | = |Am2,| ~ 2.5 X 107° eV?

Stephen Parke IFT - UAM 1/24/2019 # 6



# Neutrino Mass EigenStates or Propagation @},
States:

1 V9 V3

most v, least v,

T

e T

o 0
5,023 5,023 23

ve= @ v = @ "= @

Solar Exp, SNO SuperK, K2K, T2K Unitarity
KamiLAND MINOS, NOVA SK, Opera
Daya Bay, RENO, ... ICECUBE ICECUBE ?

Stephen Parke IFT - UAM 1/24/2019 # 7
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1, V2 Mass Ordering:
—solar mass ordering
Mass

| %) V]_

V1 | 7))
|Am3, | = |m2 —m3| =7.5 X 107°eV?  L/E =15km/MeV = 15,000 km/GeV

Ve p— ‘ I/“ p— \/ v, = .

Stephen Parke IFT - UAM 1/24/2019
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V3, 1/1/1/2 Mass Ordering:

—atmospheric mass ordering

Vs
V1
o -

g
Mass
Vo :
V1
|[Am2 | = |m2 — m?| = 2.5 x 1073 ¢eV2  L/E = 0.5 km/MeV = 500 km/GeV

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

ve = @@ Vu = @ v = @

Stephen Parke IFT - UAM 1/24/2019
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Summary: v
: : : 2 2 :
o Labeling massive neutrinos:  |[Ue1|® > |Ue2|* > |Ues|
Ve V|
U2 ™ ™ " in? 65 ~ 4
%] S1I1 192 N 3
Fq:f sin”6h3 COSézl sin® 6, kind;4 COSézl . 2 1
‘% 31:2913 -1 Am2 — T S111 923 ™ §
Z | anl, ) —
> . bingq | . 92
g , sin“ 6, sind 4 | Am? Sln 913 Y 0002
% Amgfﬂ -1 " sin’ 63
“ | | 3 ______§
NoRMAL M sin’ 613 INVERTED
CPT = invariant § < —§
Fractional Flavor Content varying cos 6 O S 5 < 27-‘-
|Am2,| = |m3 —m%| = 7.5 X 107°eV?  L/E =15km/MeV = 15,000 km/GeV

|Am2,| = lm2 —m?| =2.5x 1073 eV2  L/E =0.5kmn/MeV = 500 km/GeV

Stephen Parke IFT - UAM
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& itars V)
Unitarity
Normalisations
9 |I 1 1 1 1 1 1 T II 1 , 30-
Rows ,
— a=e
e Ross-Lonergan+ SP  1508.05095
— a=T
6 Columns
1=1
| - =2
< ST A= R S 2% 9 | Unitarity Triangle Closures , 50
' Rows ' |,
3 - aa/B:eau ,’ ',
—  a,0=e,T I
I
- aaﬁ:.u'aT l' 1
____________________________________ il e eh Columns o
ij=1,2 '’
1
0 L ~ .j=1,3 1
10° 10" 05 " o ;o
5 5 5 5 5 5 < L.t W T . I_I, __________________ 2
1=([Up|” +|Unal™ +1Unsl”)  or  1=(|U," +]U,[" +UL") .
Rows Columns 3 ! K
/
/
e 1o
O ||| 1 1 1
10° 10" 0.5
UatUpt " +UUp™ +U3Ug" | or  |UU,;" +U,U ;" +UU"
Rows Columns

6 row/column plus 6 triangle conditions

2 row and 1 triangle, independent of v
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kinematic phase:

Am? L
— J
Aij —

4 F
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% REACTOR NEUTRINOS: N Amir
1) —

P(De — De) = 11— Plg — P12 with e
013 Pz = 4|Uecs|*(|Ue1|sin® Agy + |Uez|? sin® Ag,)
— Sin2 2(913 (C082 (912 SiIl2 Agl -+ SiIl2 (912 Sin2 Agg),
912 P12 — 4’U€2’2‘U€1‘281H2 Agl — Sin2 2912 COS4 (913 Sin2 Agl

V. Disappearance

Daya Ba)’ 100—|913 """"""""""" ﬂ H | sin®20;

RENO i
D-Chooz »» °™F ::
l ' KamLAND

T
x° 0.50 :—
Ay
0.25 _— cos 2015 sin” 20,5
- JUNO | 1 1~ o0.4sin?20,,
0.00 i S— : L

| | 1111 | 1 11111
0.1 0.3 1.0 3.0 10.0 30.0 100.0
L/E (km/MeV)
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Stephen Parke

Reactor 6,,; Experiments

4
(@]
& .
(')Q .'/
NS& @® Reactor
.
O / O Detector
rove. . ®
N
405
,k\
é\ . \\ 7\)0/-\
D 4 ~ //)
N SO\
Ny
O TR
/ 4 . -~
ro/ S NS
~
@ , O
RENO

@ Yonggwangfl"‘(’ .

——e

[
0 -
.‘ detectors

. A
N 1548

N >2
detec::(r)rs ..,".
V: 364

. . Daya Bay Plant

' A4
Y1540
1912
Near
@ detectors detectors ”
M| reactors & :é : “.* Ling Ao I1 Plant
B distance (meters) 480
1307 ‘ :
.y
-y 857 Ling Ao I Plant

IFT - UAM

1/24/2019

# 14



# V)= — Rate+Spectrum —J
N 4E - - Rate-only —
RENO 2200 days 54 -
; "
- e Rate+Spectrum -
- i —~ [ + Rate-only i
IS ] > 3 [199.7% C.L. —t
- i n i 955%CL.
I’lf - < - B 68.3% C.L. -
095 = A el i
S ﬂ/ s ]
A - i
¢ Far Data : g - -
09— ¢ Near Data _ _— _ ]
= Prediction from near data ’ 2 B ]
1 S Sy (F S i | L | Tt
L./ E, (km/MeV) 0 0.05 0.1 0.15 2 4 6
2 2
What | ’
II|2||||T|||(i"|||8||||10
o) B
2 . |
S  1=H T g
i (]
@ _ -I- ) e o
S ~; 6
= 0.95 N + | -
Q B F € 24
= n + J{ | < s
£ 09T 4 6 8 10 12
rom t[MeV] B B | |
promp 0.07 0.08 0.09 0.1
L sin2(2613)
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P13 — SiIl2 2(913 (C082 912 SiIl2 Agl + SiIl2 (912 SiIl2 Agg),

P13 ~ SiIl2 2(913 sin2 Aee

Am?e = cos? 05 Am%l + sin® 619 Am?,g
3 curves:

NO

1 — P33 l®
. Approx

092/

L/E (km/MeV)

2 2 2
Amz, is v, average of Ams, and Am3,

RENO uses this defn:
NP7 = Nunokawa, SP, Zukanovich Funchal hep-ph/0503283

Stephen Parke IFT - UAM 1/24/2019 # 16
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W

WHY ? Azp = Ace + 312A21 0
Azz = Ace — €102

cos® B15 sin® Az + sin® 015 sin® Azy —sin® A,

? <0.002 * NO/IO
mlnlmum

ZEero

Az =0.1 (1 ki?l\EAeV)
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Daya Bay Saga:

Invisibles 2015 —> present

DB 1505.03456v |
DB 1505.03456v2 (PRL)

=> SP 1601.07464

Stephen Parke IFT - UAM 1/24/2019
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How Does Daya Bay Define Am?Z, .. ?

(arXiv:1310.6732 and 1505.03456v1)

SiIl2 AEE — C%Q Sil"l2 Agl 8%2 SiIl2 Agg (1)

AE ' _
<T> arcsin \/ (c1ysin® Agy + 57, 5in% Agy)

= AmQEE

dm° definitions .
2.55 L | L L L L Maladles: E — M2
- NO: s%.=0.31 ' - L
- ] e | /E dependent
. R.O0— —

2 _ _ . . .
> b =248 | e Discontinuous at Osc. Max./Min.
o [ omi - (L/E ~ 0.5, 1.0, .. km/MeV)
O = — == - — — == 0/ -

2.45 — : , _
Z i omZ, : ] 3% jump
o B ' _
5 - . - e no simple physical meaning !
- 6mZ,=2.40 : s
2.40 ; ;
B OscE Min OscEMax . Why??7?
i : : | RHS (1) never gets exactly to 1,
~<——experimental data— —> : 7 or back to 0
2 35 i L1 1 | L1 1 | l l l | L1 1 | L1 1 |:Pa|rke|20|15_ whereas LHS does !
0.0 0.2 0.4 0.6 0.8 1.0 1.2 eg sin2(§ Feo)=1-e+ 0
L/E (km/MeV) with € = 812612A21
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v

Daya Bay’s New Defn. Am?% . ?
(arXiv:1505.03456v2 and 1809.02261)

2K

in 2A _ 2 )
AmZEE B Am%z ’ (T) arctan [ N Ame(NPZ)  L/E < 2m/Ama,

cos 2Ao1 + tan? 019

~ Am3, L/E>2n/Am3,

Ratio of Am® s

1.02 | | ||||||| | | ||||||| AL L | |
- Daya Bay JUNO -

= | Am?,/Am?.(NPZ) f O -
S _ Maladies:
w8 i ]
g - - e L/E dependent for > 10 km/MeV
T L0 f——————————== - —
& I _ e Jump in JUNO L/E ~ 1%
e | -
n 3 I IO_‘ e physical meaning 777
§ O Am3,/am?,(NP2) _

0.98 ] | | 1 IIIII| | 1 1 IIIII| :I I: | IIIII| | _I

101 100 101 10°

L/E (km/MeV)

Stephen Parke IFT - UAM 1/24/2019 # 21



het

2
Ams,
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KamLAND:

Reactors near the KamLAND
I n‘ 'I[\\ Llll J
el i B
\ : - > E

..
1
&

7 A
~

| l : - : 5

0 Ml UL adaaaallassdli sl O )
0 50 100 150 200 250 300 350 400 450 500
—_— Destance (km)

80% of total contnbution comes from

gu._,_ 0~220km distance
=P effective distance ~180km
Reactor neutrino flux, ~ 6 x 10°/cm*® /sec

~95.5% from Japan

. (2nd result period)
~3% from Korea

Reactors in Taiwan have
~0.1% contribution.

Stephen Parke IFT - UAM 1/24/2019 # 23



het

KamLAND:

1
2 081 |
:-C.: i ;-I | o ——
S 06— + [ TES
£ L + _______________________ Vacuum:
s r 3 averaged osc
> 0.4 =
A B ~Y 68% 741
0.2 | — 3-v best-fit oscillation —— Data - BG - Geo ¥, ~ 30% V2
IS 2-v best-fit oscillation ~ 2% Vs
0 | 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1
20 30 40 50 60 70 80 90 100 110
Ly/E; (km/MeV)
2 0.20 —5 2
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SuperK

V) +-€ — U+ ¢
Which type of Neutrino dominates this image ?

Stephen Parke IFT - UAM 1/24/2019
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Solar Neutrinos:

3 E

300 Borexino

b, P TBe

Tosb ] pep ]

%o.s% 1 } 1 5

A -
Vacuum: ;‘Zj: | m
averaged osci .
~ 68% v, @ E B SNO/SK MSW-
N3O%I/2 0§| ] ] . .
~ 2% V3 to” : Neutrino Energy [MeV] > 90% V2

matter effect
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D/N asymmetry + lack of observation of upturn.
day hight
0-5 ! ! ! T T I T T T T 08 _l l/'-\l | L | ’l\ | I LI | I I I I LI l I I I I I I _
i ; ] 1 C g c°a° % °© Borexino (BB) 7
i i ] 0.7 = '\: %‘ s SuperK ;]
. 048 a 4 A 12 o% |5 = SNO
5 : _ 0.6 - =
= - ] —— | 2
§ 0.46 - l __ mEas ~, 05 — 18 ~ , —
5 Sl ! hﬁ/ﬁ’r i e 1 2 | -
= T W” | ~ 04 S e N Al =
$ omf ] 1] — <+ — e ]
E I . - i 03:'_ yoi D g 2 i i [ :
8 _ 1 S K/S N O C SIR:OpgmsQ10Z, SIHN0 e O | é___i____j_' i WG
042 - L - s Bl == Amj, = (47,75)x 10" V" § e
i 5 y F | — day - -~ night i
i | ; KamLAND 01—1||||||||111|111| A S [ | lilil—
0.4 : ST T 0.1 05 1 2 3 5 7 10 14
MET TR 0 1 E, MeV]
ez cos6,

Eur.Phys.J. A52 (2016) no.4, 87

Phys. Rev. D94, 052010 (2016)

Am3, =5.1713 x 1077 eV,
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Tension between KamLAND and SNO/SK

14

12

10, 90%, 20, 99%, 30 CL for 2 dof

Stephen Parke

.2
— SIn 613 = 0.0221

@

-
e T

2 0.25 0.3

0.35
.2
sSin 912

0.4

v

Nu-fit

IFT - UAM

1/24/2019
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2
Why do we care about Amz 1

Stephen Parke IFT - UAM 1/24/2019 # 29



* CPViolation: C

At oscillation maximum in vacuum:

_ _ Am?
P, = ve)— Py, = ve) = mJ (Améi)

where ] is Jarlskog Invariant (1986):

J = sin 2015 sin 26013 cos 013 sin 2053 sind =~ 0.3 sin 0

.~~
-‘

‘
—*
——
—
T
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Antineutrino mode 1Re candidates

18

16

14

12

10

Stephen Parke

T2K

T2K Run1-9c Preliminary

— sin’ 0,, = 0.50,0.45,0.55
—— Am?2, =2.44x10” eVZ/c*
- Am’, = 2.41x107 eVZ/c*

.......

6CP= T

6CP = +7/2

dp=0

6CP =-1t/2

: syst err

Data

: stat + syst err

30

40

50 60 70 80 90 100
Neutrino mode 1Re candidates

bi-event:

—_

o

e

'III‘%:E<|:| | I]-_llﬁlzllglél | | IIIII]-l’I LI :||O|| | LI | | llel\f
U =
=+ o E
- x 2 -
= =0 2w E
:_ % 3m/R2 (—m/2) _:
EI 111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 111 IE
0 1 2 3 4 ) 6 7 8 9

P(v, —> v,) %

bi-probability:

IFT - UAM
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9 TIZI:I[?I: | I]-_I,|:I%I9|5II Ill{lllllll,l |I<IEI:ITII:I(I)|’I6I% | 99\]
s 10 NO [UgPf=0022
75_ |UM3|2=0.51:|:O.1O_E
N = E
~ 6 =
| - .
NoOSE =
3 4:— _:
- =
ol 3:_ _:
_ + 0 | oz
- % 3m/2 (-m/2) 1 -
11— =
O:IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII:

0 1 2 3 4 ) 6 7 8 9
P(v, —> v,) %

KamLAND
Am%l

Stephen Parke

v

TR2K: L=295 km, <E>=0.62 GeV

[0 NO U 5°=0.022
: U,5/*=0.51+£0.10

Pv, —>v,) %
)]

4
3
+ 0 |
_ % n/ , ) '
2 6=%5 7im
# 3m/2 (-m/R) gt
1 -
O:IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII:
0o 1 2 3 4 5 6 7 8 9

P(v, —> v,) %

2 X KamLAND
Am%l

IFT - UAM

1/24/2019 # 33



het

Can Short Baseline Reactor Neutrinos
say anything about

2
Ams,

Stephen Parke IFT - UAM 1/24/2019 # 34



het

P 1.00 —

0.98

0.96

0.94

0.92

. @

1—P13—P12 with Aijz 41%7

4‘U€3‘2(‘U€1|281H2 Agl —+ ‘UGQ‘QSHIQ Agg) ( < Ol )

SiIl2 2(913 (C082 (912 SiIl2 Agl -+ SiIl2 (912 SiIl2 Agg),

4‘U62‘2|U61 ‘2 SiIl2 Agl — SiIl2 2(912 COS4 913 SiIl2 Agl

Stephen Parke

(<001)
| P
| 0.‘2 T 014 I 016 I 018 T 110
L/E (km/MeV)
IFT - UAM 1/24/2019  #35
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Dependence on Solar Parameters: V.
S.H.Seo and SP arXiv:1808.09150

P12

$1% 1

P .

0.95-

3 X

v

0.90 -

KamLAND value

o2 04 06 08 10
L/E (km/MeV)

If Am3, is 3 times bigger, Pi5 is 9 times larger !

. . 2
dependence is on sin 2012 Am3,
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v, Disappearance - | - |

i I | T 1 | T 1 | I | N j 1_ ______________________________________________________________________________ —
1.00 - (1) > |

| \ y - T®0.95_—

LN /o F

\ ¥ / _ ¢ Far Data

0.95 — \ \ ZV, ] 09— ¢ Near Data

: \\\\\\\ /;'% : 3 - Prediction from near data

= N Az?" i 0 0z 04 06

_ N i L /E, (km/MeV)
0.90 — ]

- s D

- : aya Ba

- 900k events i y y
0851~ at 1.6 km o s P

_ g |

- 10 6 19 §’ ' + |

- . 7 S -
0.80 ] ] ] | ] ] ] | ] ] ] | ] ] ] | I\ | ] E 095__ N + |

0.0 0.2 0.4 0.6 0.8 1.0 2 B ¥ 1 J[ |
L/E (km/MeV) S H T S S B
ErompdMeV]
| - 10 KamLAND
2
Ams,
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Simulation S.H.Seo and SP arXiv:1808.09150 @Y

3000 days, Stat Only 3000 days, Sys + Stat
30 1T | LI | UL | LI | LI | UL | T'TT 30 T T | LI | LI | LI | T T 1 | T T T | T T
: Daya Bay E B Daya Bay 7
25 [— lo, 2o, 30— RS — lo, Ro, 30—
& - ] & - ]
% RO — ] % 20 — —
o B i ©
| i
_ A o -
S 15 — Z 15 ]
0N Q u i N N
< B i N KamLAND 1o
5 ] 51— N
B ] - SNO/SK 1o
- 1 11 I 1 111 I 1 11 II 1 | I 1 111 I 1 111 I 1 11 - O = I —- I —- I - I —- I —- I =
802 004 008 0.08 010 0.12 014 0.16 0.02 0.04 0.06 0.08 0.10 0.12 0.14 O0.16

.2
.2 sin~26
sin“260,5 13

L/E ~ 0.5 km/MeV compared to KamLAND L/E ~ 50 km/MeV
T2K is at 0.5 km/MeV
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1607.01 174
404 days

Stephen Parke

Sterile Neutrino Search

Daya Bay

~ 1 — sin® 2014 sin? A4q — sin® 26,3 sin® As;.

| [eV?]

2
IAm;,
—h

Q

|

10'2:—

— — - Daya Bay 95% C.L.
- —— Daya Bay 95% CL

- —— Daya Bay 95% expected (+10)
| ----Bugey 90% C.L.

1072 107

<& 3~

1
. 2
sin 2614

KamLAND value

Reinterpretation !

IFT - UAM
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JUNO
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JUNO

, DEVERFYY
OP ‘{_}Ah-n kINPP (
“Hong Kong

.....

LS Detectors Daya Bay ‘ Borexino ‘KamLAND‘ JUNO

TargetMass | 20tx8 | 300t | 1kt | 20kt
Yangjiang NPP Top muon veto
i Outer water tank Scintillator panels
Muon Cherenkov veto \4

Similar in concept
to previous LS
17,000 20-inch PMTs \ . Z /.,v} expenmenF’;sé é’;t

25,000 3-inch PMTs \\ \ AA/,\/\/\./7 ;\‘7 | much LA
== \7\/\/ =

optical separation

Steel support structure

viater Bsier In fact, JUNO will

be the largest
liquid scintillator
(LS) detector so

far in history!

Acrylic sphere
diameter: 35.4m

Liquid scintillator
20 kt of LAB
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JUNO precision ~2025

sin” 012, Am3, and |Am?Z |

Nominal | + B2B (1%) | + BG | + EL (1%) | + NL (1%)
O S(y sin? 615 (0.54% 0.60% 0.62% | 0.64% 0.67%
. O Ams;  []0.24% 0.27% 0.29% | 0.44% 0.59%
IAm?2,| 10.27% 0.31% 0.31% | 0.35% 0.44%

Table 3-2:  Precision of sin® 615, Am32, and |Am?2,| from the nominal setup to those including
additional systematic uncertainties. The systematics are added one by one from left to right.

Stephen Parke

IFT - UAM
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Matter Effects in JUNO V.
Li,Wang, Xing 1605.00900

Matter Input/Matter Fit Matter Input/Vacuum Fit

34.5 y 345

| Bl -] | | . K

N 2 B 2

34.0 | 3o — 34.0 30 .

| - (: | -
33.0 | - 33.0

'7.45 ' 7.50 ' 7.55 ' 7.60 7.45 ' 7.50 ' 7.55 ' 7.60
A2 (107° eV?) A2 (107° eV?)

Shift 1o in Am%l and 30 In (912

01, (degrees)

0.2 (degrees)

Size of shift unexplained in 1605.00900:
Khan, Nunokawa, SP upcoming 1810.77 or 1811.77
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—]
—_—
e
e —
/
e ——
—
e ——
—_—
S —
— ______—
—_—
=_
e ——
————
= —————
e ——

e ——
————e R —
S ——
—_—

| E

1I0./E (k1m/Me2\OI) L/E (km/MeV)

" L/E (km/MeV)”
perfect resolution, not 3%/+/E/1 MeV
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JUNO and the Mass Ordering:
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3.0

2.5

2.0

1.5

1.0

0.5

0.0

] 32 fixed |
1.0 — —]
Feactor; Probslhuceisec I 3% 2
- L=50. km 0=0.%/sqrt(E/MeV) { o5 [— 7
- a=1.00 - - -
- 32 fixed 1 g0l | | Berke 20127
! ] 0 10 20 30 40
5 E L/E (km/MeV)
-~ - ] 31 fixed
: 1 10 3%  —
- L 1A/ | L 11 | L 1 1\ | | ‘T""f’z"ﬁz: 0.5 _— ——
0 10 20 30 40 - ]
L/E (km/MeV) _ | Parke 2012:
OO ] | | l l
0 10 20 30 40
L/E (km/MeV)
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Lol 3% 7
0.5 —
B | Parke 2012:
0.0 ] ] ] ] ]
0 30 40

Stephen Parke

L 2% -
1.0 — —]
0.5 — —

i | Parke 2012 —
OO | | | | ]

0 40

L/E (km/MeV)
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Sensations of Tor K
3}

1 — COS4 (913 Sil’l2 2(912 SiIl2 Agl

1
-5 sin? 20,4 (1 /1 —sin? 20,5 sin® Ay, cos Q)

;O
CSI
S
Q©
~—
]

with Q = (A1 + Ass) + arctan(cos 2615 tan Agy).

Hermann HeImBoltz

QO = 2lA.|+6 1875

0 ) .
Amge — (L/2E) L = cos’ ngAmgl + sin? ngAm§2
¢ = {arctan(cos26iotan Asy) — Aoy cos 26012}

NO phase advance
|O phase retardation

¢<A21 + 7'(') = ¢(A21) + 27 Sin2 (912,
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Neutrino Energy Reconstruction ¢
RENO

5 Positron Energy Response Model

- (o)

[y
(=]

Ener Linearit
104 I T T T | T T T |gl}7 T T | T T }7| | T T T

=t NO =>00 -

TN 1 +0.5% Nominal Model + 68% C.L.

1.00
—-------/ ------------------------ __0’5% 0.9IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

I ] 0 1 2 3 4 5 6 7 8 9 10
»E 10 => 00 -

True Positron Energy [MeV]
L Daya Bay

Rec. / True Energy
o
©
o -
BERR

E, (reconst)/E (true)

0.96 | | | | 11 |

0 2 6 8 10
> 1.04
> -
() L
5 1.02
Q=2|Ace| + 10 o
ce = 1.00—
= -
2 0.98—
o) L
0 -
: 5 0.96]—

(NO, OO, IO) gliven by 77:(]., O, —1) s - ——— Energy Model + 68.3% C.L.
s 0.94—

g E ---------- Cross-validation

3 0.92—
o Z

090_ ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ]

o
N
LN

6 8 10

6 (Amge) ™~ 005% IBD Positron Energy
Parke @ NOWV 2008

Stephen Parke IFT - UAM 1/24/2019 # 49



het

e Energy Resolution to 3% or lower at 1 MeV

e Linearity to sub 1% precision for the
reconstructed neutrino energy

KamLAND JUNO RENO-50
LS mass ~1 kt 20 kt 18 kt 20 x
Energy Resolution 6%/ ~3%/ ~3%/
Light yield 250 p.e./MeV | 1200 p.e./MeV | >1000 p.e./MeV 4 X
Linearity 1.9% < 0.5% < 0.5% >4 X
RESOLUTION LINEARITY

3%

0.3%

A
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Other Prospects:
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Ultra-Short Baseline:

NEOS
PROSPECT
DANSS
STEREO
Nu-4

0.001 - 0.01 *

Stephen Parke

|0 m baseline

1.00
0.75

0.90

P(Ve —> Ve)

0.25

0.00
0.1

0.5 1.0 0.0 10.0
L/E (km/MeV)

v

IFT - UAM

1/24/2019

# 52



het

Stephen Parke

Matter Effects:

IFT - UAM

1/24/2019
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Neutrino Propagation in Matter:

- d
1—1 = Hu
dx
0 0 0
H = ! U | 0 Am? il
0 0 Am%l_

a = 2V2GrN.E ~1.52 x 1074 (

Yep

UV —

a(z) 00
0 00

0 00

E
g.cm ™3 GeV

) eV?2.

if pY, = 1.5 g/cm® and E = 10 GeV then a ~ Am3,

Stephen Parke

E =300 MeV then a =~ Ams3,

IFT - UAM
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2 flavor mixing in matter
axr®’ +bxr+c=0

simple, intuitive, useful

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

complicated, counter intuitive, ...
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Hamiltonian:

| 0 0
2E " | o o

Rewrite as H = Hy + H;

solvable

v

H. Minakata + SP arXiv:1505.01826
P. Denton + H. Minakata + SP arXiv:1604.08167

0
0

9
Ams, ]

where H Is diagonal

Stephen Parke

UT +

a

0
0

0 0O
0 0
0 0

perturbation

and H; is off-diagonal.

IFT - UAM
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Neutrino Evolution in Matter (conti):

v

U§3(923, 0) HUs3(023,0) = Hp + Hop D=diagonal OD= off-diagonal
]
a + s Am?, 3
(2F) Hp = (C%z - 5%2)Am%1 2
I 013Am . o
Am?Z, = cos? §12Am3; + sin® 612Am?, 1! level crossing !!!
_ =
(2E) HOD/Amie — S13C13 0
- 1 —
/ Amgl . 1 0
O. 1 5 + C13 S12C12 Am?. ;
/ _ . _
Am?
001 5 — 813 S12C12 ( 31) 0 1
Amz, 1
0.002
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3t DMP 0th order in a nutshell ¢

Vacuum = Matter

Pz/a—wB(Am%pAm%1791379127‘92375) — Pua—wB(Am231,Am221,513,512,923,5)

(same function just use matter variables)

Amge cos 2013—a

cos 2015 = where a = 2v/2GrN.E,, and
Aere
@\0‘ -
rL’\\ o2 Am2.. = Am?,1/(cos 2015 — a/Am?2,)2 + sin® 20,3
O \O
\‘Q‘ (0\‘0\‘ with Amie = cos’ 912Am§1 + sin? 912Am§2
~ 2 . _
cos 2012 = Amp1 €0520170  here o = (a +Am?2, — Am?2..)/2

Am?y . .
(the effective matter potential for 1-2 sector.)

AT/T\L/221 — Am%l \/(COS 2(912 — a’/Am%l)Q -+ 6082(513 — (913) Sin2 2(912

Am231 — AmSl + CL + 5 (Am2ee _ Am ) %(Am221 o Ale)
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P,(Ve > ve) =1 — sin? 2645 <

(1 — Py(ve — 1))

Denton, SP 1808.09453

Stephen Parke

2
Am?Z,

Am? .,

2
) sin® A, ,

AN

A

e = Am2,.L/(4F)

N
Am266 ~ Am?_ 1/ (cos 2013 — a/Am2,)? + sin” 20,3 ,

0.12

0.10}
0.08}
0.06
0.04 1
0.02F

0.00<

v

IFT - UAM

1/24/2019
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2 V)

New Perturbation Theory for Osc. Probabilities

v, — Ve, L = 1300 (km), 6 = 37/2, NO

U, — U, L = 1300 (km), 6 = 37/2, NO

e

= 10°°
A
<1 10°®
10—10 l
—12 i i }
10 — Zeroth —— First —— Second| 1013/M — Zeroth —— First —— Second
—14 . . L . . . . L . . - . . . . R
10703 1.0 10 0.3 1.0 10
E (GeV) E (GeV)

systematic expansion
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Summary: V)

Observation of Solar Neutrinos and Reactor Neutrinos have
taught us a great deal the electron row of the PMNS matrix,
about U_ei and Delta m”2 &.

the concept of an effective Delta m”2, Delta m”2_ee, is
useful for the shape analysis of reactor neutrinos.

2 2 2
AmZ,_ is v, average of Am3s; and Ams3,

Short baseline reactor experiments can constrain (maybe
measure) Delta m”~2_21 at twice the KamLAND value.

the generalization of Delta m”2_ee into matter, is useful for
understanding neutrino oscillations in matter for DUNE and
T 2HK(K)

Amie\/(cos 20,3 — a/Am2_)2 + sin” 20,3
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* Ernest Rutherford, master of ¢
simplicity
By Ashutosh Jogalekar | August 30,2013 | 6

"theorists play games with their symbols while

we discover truths about the universe". And yet

r sinf , ‘kez‘ 2(1+C056)
oc=n/l|——
» KE ) \1—-cos@

Thomion & Rex

Ernest Rutherford, emperor of the atomic he had an eye for theoretical talent that allowed

domain (Image: Wikipedia Commons)

him to nurture Niels Bohr, as dyed-in-the-wool a
theoretician and philosopher as you could find.
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extras
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3t - . ¢
* Mixings and Masses in Matter:
Oth Order: 053, 0 unchanged

NO: Am?'s in Matter

0.006 o NO: m®'s in Matter . NO: Mixing Angles in Matter 0-006 E
: 0.0055
0.004 F =
= ~  0.004F
o~ 0.002f o -
> - E\? >~ 0003
~ : £ 2§ 2
2g  0.000F 2 < o002k
-0.002 0.001

; 0’000 EI’I1‘f|""|‘!‘| | ol I ol O | | I o I"'lli'fI'—ArIII'}ﬂgll'lﬂ I'!'II‘!'I!‘!':'

—0.004 - -20 —-10 0 10 20 30

20 E, (GeV)
for 10 figures see 1604.08167 A 2 A 2
m=31, ATN~=21
After 2 ions:
er 4 rotations: _
S19 = sin 69, etc
s Am2 _§12
2 . ~
(2E) HOD/Amee = Sln(913 — 913) S12C12 ( §1> [ C12
Am2, ~ ~
T —S12  C12
sin(f13 — 013) ~ s13¢13 (ﬁ) _
e 4 X 10 4 for E =2 GeV and p =3 g.cm™3

Zero in vacuum
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How Does Daya Bay Define AmZ . ?

arXiv:1310.6732

v; and v;. Since Am%1<<‘Am§1‘%‘Am§2‘ [1], the short-
distance (~km) reactor 7. oscillation is due primarily to the
Aj; terms and naturally leads to the definition of the effec-
tive mass-squared difference sin? A, = cos? 015 sin® Ag; +

SiIl2 (912 SiIl2 Agg [1 1]

~

1505.03456v1

[8] Sin2 Aee\ — | COS2 (912 SiIl2 A31 —+ Sin2 (912 Sin2 Agg, where
Aj; = 1.267TAm7;(eV?)[L(m)/E(MeV)], and Am?; is the
difference between the mass-squares of the mass eigenstates v;
and v;.
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