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The 2023 EPS High Energy and Particle Physics Prize is awarded to

Cecilia Jarlskog for the discovery of an invariant measure of CP violation in

both quark and lepton sectors; and ... .
Jarlskog Invariant: 1985
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Jpdg = $23C23 $13C]3 S12C12 SINO

= (3.36 £ 0.06) sin 6cp X 1072
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J = (3.08 £0.14) x 10~°

also used in SMEFT : Ues U,
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And the Daya Bay and RENO collaborations for the observation of short-

baseline reactor electron-antineutrino disappearance, providing the first
determination of the neutrino mixing angle ©i13, which paves the way for the
detection of CP violation in the lepton sector.
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|Uc3|? = sin® 013 = 0.0215 (+2.8%)

Am

|[Am?2_| = 2.52 (£2.4%) X 1077 eV?

note:

Ve average of Amz, and Amz,
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ce — COS 912Am31 —|— S1I1 leAm32

Nunokawa, SP, Zukanovich hep/0503283

NO and 10 orderings have same |Am?_| within 2.4%

Stephen Parke

v

Nu MO 5/12/2023 #

4



het

V)

Outline of the MO Race

® The Neutrino Mass Ordering Question:

® Current Status: T2K, NOvVA, Daya Bay, SK
® Mid-Decade: |UNO phase |
® Farly Next Decade: JUNO phase I, DUNE

I
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Neutrino Mass EigenStates or Propagation States:

2F;,
Propagator v; — v, = 0k €

1 > V3
most V. 8% 30 % v, least v, 2%

COS 0, 6, COS 0, 65, 055
ve = @@ Yo = &
Solar Exp, SNO SuperK, K2K, T2K Unitarity
KamiLAND MINOS, NOvA SK, Opera
Daya Bay, RENO, ... ICECUBE ICECUBE ?
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1, s Mass Ordering:

—solar mass ordering

mMass
|AmzZ | = |m3 — m?| =7.5 X 107° eV*  L/E =15km/MeV = 15,000 km/GeV
ve = @ v = @ v = @
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v3, v1/vs Mass Ordering:

—atmospheric mass ordering

[Am2,| = |m2 —m? =2.5 x 1073 eV2  L/E =0.5km/MeV = 500 km/GeV

unknown: SK,T2K, NOvVA, JUNO, ICECUBE, DUNE, KNGO, ...
Ve = ‘ Vp = p Vs — ‘
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Outline of the MO Race

® Current Status: T2K, NOvA, Daya Bay, SK

® Appearance
® Disappearance

® Combined

T
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T2K & NOVA

Number of Events proportional to Oscillation Probability

SK event samples

* O(45%) change in electron-like event
rate between 8p=+1/2 and §p=-11/2

T2K Runl-10 Preliminary
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Antineutrino mode e-like candidates
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— sin’0,, = 0.45,0.50, 0.55, 0.60
—— Am%, =2.49x107 eV?
----Am?, = -2.46x10" e V>

Patrick Dunne (p.dunnel2@imperial.ac.uk
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Neutrino mode e-like candidates
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—o— Data (68% stat err.)
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T2K NO prefer by ~2 units of y*

Stephen Parke

NOVA Preliminary
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COMBINED

https://doi.org/10.5281/zenodo.6683827

p— —
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0.6 K ]
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| ~the : :
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|O prefer by ~1.6 unit of Ay?

Kelly, Machado, SP, Perez, Zukanovich 2007.08526 plus other papers
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1O NO | NuFIT5.2(2022) | ¢

AN | ‘ | [ 1 | i1 | | ” [\ 1 | I | | | I 1] |
15 | | | V :: | | | | B
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5 — — Minos —

— | — NOVA —

- ) — 12K / -
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B 3 D
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By construction A)(nz/lm for either (or both) NO or |O at zero
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NUFIT 5.2 (2022)
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Another possible way to determine

the Neutrino Mass Hierarchy

Hiroshi Nunokawa',* Stephen Parke?,’ and Renata Zukanovich Funchal?*

Also PRD
arX1v:hep-ph/0503283v1 29 Mar 2005 NPZ’05

2 2 - - .
Introduced Am?Z_ and Am“ for disappearance experiments:

7]

and that |Am? | > \Ami“\ implies NO
few 7% difference
[Am? | < \Amiu\ implies 10
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NPZ’'05 in a Nutshell

. disappearance at an L/E ~ 0.5 km/MeV

Am2. L

— L
AZ] - 4F

P(I/e —> I/e) =1 — P@ — SiIl2 2013((3()82 912 Si.'[l2 A31 —I— SiIl2 912 Si.'[l2 Agz)
~ 1 — P@ — SiIl2 2913(Si112 Agi —+ O(A21)) 1 = 1lor2
~ 1 — Py — sin?20;5(sin’ A, + O(AZ)) note 2"

2
Az = (2229 Az; =0.03 5 = % and therefore Az, = 4—(1)0

Amie = cos’ leAmgl + sin” ngAm§2 = m?z) — (szm% + s%zmi)
Ve average of Am3, and Ams,

P@ — COS4 913 Siﬂz 2912 Siﬂz A21 — 0002 When A31 — %
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Daya Bay Am~, Saga

For an effective Am?, L/E independence is a necessary requirement !

What is Am?, ?

SP arXiv:1601.07464

Stephen Parke Nu MO 5/12/2023 # 17
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v,, disappearance at an L/E ~ 500 km/GeV 0

A 17,2 ‘Uu1|2Am§1 T \UM2|2Am§2
o |Uu1‘2 T ‘Uu2|2

~ Amie — (cos 26042 — sin 0,3 cos 5)Am§1 (sin 2612 tan a3 ~ 1)

2 2
v, average of Amg, and Ams,

|[Am?_| > \Amiu| implies NO
2 2 . g
[Amg, | < |[Amg, | implies |0 P

NOVA:

0.100 -

Nunokawa, SP, Zukanovich hep/0503283 0010,
............................................................. AP

this is in vacuum, but for v, disappearance matter effects are very small |
due to cancellations between v, — v, and v, — v, for 0,3 effects: _ —

0.001

1074 U
‘UM3|2(1 — ‘UM3‘2) — 3%3033—3%300526’234—3%33%3 10 15 20 25 30 35 40
_ E GeV
both s7, and cos 26053 are small. AP = | Pgsier = Pryc v
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# V. Disappearance: v,, Disappearance: 0
IAm?_| same for both orderings |Am, | same for both orderings
Daya Bay: NOvVA, T2K:

Am32|DB — AmSl‘ + COS 2912Am21 —Am?ﬁ }quzs — Am?ﬂ ,L]yd(i)s — cos 201 ,Ams,
cos 2015 =~ 0.40 cos 2075 = cos 2015 — 2s13cosd ~ 0.40 — 0.30 cos
2 110 2 110 2 [ NO 2 [NO\ __ 2
(Am3zs udis ANz ) + (Ams, udis — X131 pp) = (2.4 —0.9cos0)% Amg,

.5 to 3.3 %

Unchanged if 31 < 32 in either or both MO’s
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(Am§2 ,{Lgis — Am%Q‘{?OB) + (Amgﬂ das — Amgﬂ gg) = (2.4 —0.9¢c0s9)7% Amge

udis
Am3, |,udzs Am3,| {)OB Am3, ‘udzs Am3, |gg
NO (2.4 — 0.9 cos )% ~ 0
10 ~ 0 (2.4 — 0.9¢c0s9)%
NO Ay 10 Ay
€€ €ee ee €ee
‘ ‘ \ \
10O 10
AmSQ ‘ Amz; | Am3,| Ami, [V
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1O NO L NUFIT5.2 (2022
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Hinting at NO and coso < 0



NO preference with Ay ~ 4.0

Stephen Parke

20 | | | | | | | | | !

*  add SuperKamiokaNDE arXiv:1710.09126

NUFIT 5.2 (2022)
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Outline of the MO Race

® Mid-Decade: |UNO phase |

® Precision measurement of Ameze and (sin2 6’12, Am221 )

(update 2204.13249 )

T
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Electronics

Calibration
4-complementary
—_— Calibration
it o TEMBE i / systems Central detector :
T = 7 = s
5 o ‘“J o Acrylic sphere
58 m ” z @ i v BT (35.4 m diameter)
- Guang Zhou - = @ n Muon veto : Filled with 20kt LA
N > £ S VES B3 615 B Top Tracker LS
G324 ~ S5 —— L ; _
= AV . ® /. i [ o RN . ! 18000 20” PMTs a
£3 11 Shen Zhen @ | Daya Bay ppmar | iR 25600 3" PMTs
i m - -
. JUNO 'y owaOllg qug Water Cherenkov
- S RO, (.\'__"____‘M ] Veto
(o § Mg 53 km 3 \ 20kt ultrapure :
- 53 km ,' water and 2000 LR T TR R 2 A Selidas
oI _~ ) ‘JUNO—TAO S 20" PMTs S | e e * €t
© Taishan NPP  © " ey ] } 13."' ;i\i'.;'-' S
Yangjlang NPP ") e lt.lul:nJ ‘l”:d:l:d:cm
Fig. 1. Map of the local area around the experimental site of JUNO, located on the
South-West part of the Guangzhou city in China. Fig. 4. Schematic view of the JUNO detector.

Reactor || YJ-C1|YJ-C2|YJ-C3|YJ-C4|YJ-C5|YJ-C6|TS-C1|TS-C2| DB | HZ
Power (GWy,)| 29 | 29 | 29 | 29 | 29 | 29 | 46 | 4.6 |17.4|174
Baseline (km) || 52.74 | 52.82 | 52.41 | 52.49 | 52.11 | 52.19 | 52.77 | 52.64 | 215 | 265
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Relative Precision [%]
-
(@)

1071}

10_2” 1 1 1 | I I B I | ! 1 1 'E B L
102 103 10%

Time Evolution of JUNO measurements

6 years 20 years
L) 1 I 1 1 LB I
I 1

ll]

- Stat.+syst.
----- Stat. only

v

JUNO Data Taking Time [days]

JUNO update 2204.13249

Stephen Parke

Nu MO

Time % on Amgtm ‘X%VO — X%O‘
100 days 1.0 0.25
4 years 0.3 3.4
8 years 0.2 6.7
12 Years 0.15 10.0
later
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For JUNO: |[Am? |1 = 1.007 |Am?2 |NC
then (2.4 — 0.9c0sd)% — (3.1 —0.9cos )%
and experimental uncertainty on |Am?_| drops to <1%. (Daya Bay 2.4%).

A 2
N O ¥
A 10 A NO
m32‘ m3,| narrower Am32|IO Am31|NO

Daya Bay + slightly more separation JUNO
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Preliminary NPZ++

1O

NO

NuFIT 5.2 (2022)
15 _I I\ 1 I\l 1T 1 0yt 1 | !E | | 1T 1 | | | I I 1 I— 16
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10|~ ee - : I :
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- | — NOvVA = n / T \ E
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i (\ — LBL-comb i C / T \ .
0 L 1 1 | L1 1 ] L1 1 | L1 ” 11 | L 1 1 L 1 1 | L1 1 __ / 1 \ __
-3 28 26 24 22 22 24 26 28 3 = / 1T \ .
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82 " - / T \ ]
|O NO - / T .
15 L I | | L ' 1 ” [ | || L L L __ / | . __
B i ] B \ / 1 _
B i \ 7 oL 1t L 11 | 111 |\|/| |1 | R R I N B | I 11 | | | | L 11 | L 111
i ii . -28 —-27 -26 25 -24 -23 2.4 2.5 2.6 2.7 2.8
10 : - 2 3 _\/2 2 —3 2
- : - 32 31
i — Reactors i
5 — R + Minos —
- — R + NOVA ‘ 1 e e emmmm=== o
‘ — B+ THK : LBL comb UNO | %
- — R+ LBL-comb \ 1 .. CO . J o
0 1 1 1 | L 1 1 | 1 1 | L 1 1 | || ” | 1 I | I | ] A / L1 1 | L 1 1
-3 28 26 24 22 22 24 26 28 3
AmZ. [107 eV? AmZ, [10° eV?
My, [10 " eV'] my, [10 " eV']

Comb.



4~ , . 9 0
Effect of JUNQO's presicion measurement on Am,

NUFIT 5.2 (2022) NuFit 6.n (202m)
15‘|I‘I\III|||||"|_]I|”|I IIII|IIII|,,I’I_ 15‘|I‘|\‘I||||||"|_]||”|| ||I||IIII|,,I’I_

\ ([ L D !
\ | I | T
\ | t !
\ | :: I
‘ ! I i
1]
1
|
1
1
1]
1

.~
e |
-
‘—
-
—

0II|IIII|IIII|II”IIIII\I J

526 25 -24 24 25 26 526 25 -24 24 25 26

0II|IIII|IIII|II”IIIIII

2 -3 2 2
Am., [10° eV Am., Amg, [10-eVi] Am,,

my guess: Global Fits > 30 at Nu 2026
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Outline of the MO Race

® Early Next Decade:

® JUNO phase |mrePr°duced

o |JUNO:I507.05613. / FPTZ:2107.12410

e DUNE

T
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x103
JUNO Spectra assuming 120[- 2000 days of data taking —— No oscillations
2 . - == 0Only solar term
‘ Am32 ‘ IS the Same fOI" - Normal ordering
both NO/IO e —— Inverted ordering
g
2 ¥
slighgly different than 2 sin? 20,
| Amg, | (NO) then the
. 20
6’13W|gg|es Am%]
sit more on top of one other, bt e
o . ) o 1 2 3 4 5 6 7 8 9
significantly reducing the Ay~. Es, (MeV)

. 2. Energy spectra expected to be recorded by JUNO after 2000 days of data
ing, in case of no oscillation, and in case of normal and inverted mass hierarchy
yotheses.

Petcov et al: hep-ph/0112074, hep-ph/0306017, arXiv:1701.06328, PDG-2018
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3t JUNO 6,, Wiggles: ¢
Phase Advance(NO)
1 — PV, > Ue) = 4011135%2032 sin® Aoy / Retardation(lO)

¥

4_25%3@%3 1 — \/1 — sin” 2015 sin® Aoq COS 2|Ace| £ P(Ao1)]

Amplitude modulation

v_ Disappearance

1.00 |

) 0.75

m
B 3J
N\ ©
| - ~
050
o .
i : | 05y =11/2
0.25 O0—/————. . . & 1 . . . .
I 0 10 20 30
L/E [km/MeV]
i | | | | 1 ll| ] ] ] | | ll| Parke 21'015—| - - 3
0.00 e e P (As1) = arctan(cos 2015 tan As1) — cos 26012A91 = O(A3,)

L/E (km/MeV)

- - . 2
Minakata, Nunokawa, SP, Zukanovich hep/0701 15| (I)(Am o 7T/2> = T sin” 01
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UNO Events Spect 0
J VENLS Spettha No backgrounds, No Systematics

1000 17— U 20—
- 2400 days @ 26.6 GW, | 1 Am2 [NO] = 2.530eV?2 - j '\
goQ [ =07 resolution Y ) AmZ[I0] = —2.548eV2 - _
£ 15F -
< 600 - :
hd
§ 400 - | 0] ’, -
Ll _ e
200 B I O.Z A ]
: _ 5F ‘ ideal, no BG
O._ S i \ / — 0 -
= 20 - +/N; - _ \ _
o i — e e e iy
CZD__—QO—H_IH_HI| lllllllll — T T 2.50 2.52 2.54 2.560 2.58
= _
2 3 4 5 6 7 8 9 |AmZ,| [1073 eV?]

E MeV]

8 years, 26.6 GW _th

baseline exactly 52.5 km
3.0 % resolution

Forero, SP, Ternes, Zukanovich 2107.12410

If | Ams3, | (I0) = | Amg, | (NO), then | Amz, | (I0) = 2.428
If | Amz, | (I0) = | Am3, | (NO), then | AmZ, | (I0) = 2.578
If | Amz, | (I0) = | Am3, | (NO), then | AmZ, | (I0) = 2.503
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Real Baseline Distribution + Backgrounds

20—
15 :\"\ -
J10r ‘
I i | Forero, SP, Ternes,
ols i 'riza"’WVcV)OBZG - Zukanovich 2107.12410
“‘%\ ,"II/ — real, with DB and HZ |
\\ / real, all BG
| | I LN | I | | | | |
2.50 2.52 2.54 2.56 2.58
|AmZ,| [1073 eV?]
Reactor YJ-C1|YJ-C2|YJ-C3|YJ-C4|YJ-C5|YJ-C6|TS-C1|TS-C2|| DB | HZ
Power (GW)|| 29 | 29 | 29 | 29 | 29 | 29 | 46 | 46 |17.4[17.4
Baseline (km) || 52.74 | 52.82 | 52.41 | 52.49 | 52.11 | 52.19 | 52.77 | 52.64 || 215 | 265
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Energy Resolution Effect:

20

15

10

5 : -
n h —_— 2.9% res. -
: N ! —— 3.0% res. -
‘\// — 3.1% res.
| | | | | | | | | | | | |
2.50 2.52 2.54 2.50

[Am2,| [103 eV?2]

2.58

Nu MO

5/12/2023
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* Parameter Sensitivity: Ay~ distributions ¢

16
8.0 | 2.65
N 14 14
< 7.8} > 2.60
i ] 12
= /-6 © 2.55
'_q') 10 —q')
g /.4 £2.50
Nc':j? 38 Nguj
7.2
(<El 6 g 2.45 *
7.0 i <
T e e T
0.28 0.30 0.32 034 036 =+ 240 4

0.020  0.022  0.024
Slnzelz’ true S|n2913, true

Daya Bay results moved
best fit point from * to +
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Non-linear Energy Response

JUNO 201 1.06405

1.08
1.07
1.06
m'l .05
£1.04
LL]
- 1.03
IJJS-‘ .02
1.01

0.99

Inherent nonlinearity |
Best fit
Uncertainty

0.98,—~——

B) =
Puulon, 205,04 B0) = 1 "o (—au (By/MeV))

1 2 3 4 5 6 7 8

True electron energy [MeV]
(c) Electron non-linearity
Evis
B —

P fNL(a1>a2>@3a@4§Ep)

a1 + as (E,/MeV)

Stephen Parke

20;

15/

~10 -
< \
I \ iy = 1% b2bonly |
5 + 0.2% bias _
RRRR e —— + 0.4% bias
\\\t\‘\:\\\\\ ,/ ,//,/"//’ —— + 0.7% bias
RN i —— no penalty
| | | w | | | | | |
2.50 2.52 2.54 2.56 2.58
|AmZ,| [1073 eV?]
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0.14}

0.12F
>0.10¢
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© 0.08]
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U 0.06!
0.04}
0.02}
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) 5%

—— 4 years, Ay’ = 3.4%+3.4
—— 8 years, Ay’= 6.7+x4.7
16 years, Axy? = 12.4+6.1 _

> 31%

—t

> 11%

JUNO probability of determining Mass Ordering

v

Nu MO

Time % on Amz, ‘X?\TO — X%O|
100 days 1.0 0.25
4 years 0.3 3.4
8 years 0.2 6.7
12 Years 0.15 10.0

Ay® ~ 0.85 / year
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Outline of the MO Race

® Early Next Decade:

e DUNE

Sanford
Underground

Research
Facility

Fermilab

- — __———‘“‘

— 2 =

Stephen Parke Nu MO 5/12/2023 # 38



Experimentalist Bi-Event Plot
For DUNE

o 1 I DUNE result ® 5,.-0
| —— Normal Ordering B 5= +m/2
O 10 — Inverted Ordering O dp=n
= sin’0,, = 0.5 A Bgp=-mi2
© 9
Q
>0 8 O ° 5 < E < 1 ° 5
O \ '
XL
o 7
6
5
4
3 1 1 1 L Ll L I Ll L L I L L1 L I L Il L 1 I L Ll | “
10 15 20 25 30 35 40

Stephen Parke

FHC v, candidates

90

[ DUNE result ® 5.,.=0
—— Normal Ordering B 5, =42
80 —— Inverted Ordering O dgp=n
S|n2923 =0.5 A Bgp= -2
70
I.5<E <3.5
60 v
50
40
30
20 L Il L 'l I L L L L l L L 'l L I L L L L l L Il 'l
50 100 150 200 250

FHC v, candidates

- [ DUNE result ® 5.,=0
35 —— Normal Ordering B 5, =42
[ — Invzerted Ordering O dp=n
- sin’,, = 0.5 R S
30—
- 3.5<E <6.0
l . v
'
15
:I 1 1 l 1 1 1 I . 1 1 1 I . 1 1 1 I . 1 1 1 I . 1 1 1 I . 1 11 I 1 1
30 40 50 60 70 80 90 100

FHC v, candidates
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Mass Ordering Sensitivity

- DUNE Sensitivity (Staged)

[ All Systematics

- Normal Ordering

_ sin°20,, = 0.088 + 0.003

- sin’0,, = 0.580 unconstrained

B O, = -T/2

B 100% of o, values
—— Nominal Analysis
0,, unconstrained

v

0 1 2 3

Stephen Parke

4

5]

6

7
Years

40
35
30
25
a0
15

10

0

-1 -0.8-0.6 -0.4-0.2

Mass Ordering Sensitivity

DUNE Sensitivity 7 years (staged)

All Systematics 10 years (staged)
Normal Ordering s Median of Throws
sin22913 = 0.088 = 0.003 16: Variations of

0.4 < sin2923 < 0.6 statistics, systematics,

and oscillation parameters

0
Ocp/T

one (two) year > 3 ¢ (> 5 o) for all values of 0,p

02 04 06 08 1

.

Nu MO
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Summary:

e Circa Nu 2026: Global fits, including JUNO's precision Am?,
measurement will give us Neutrino Mass Ordering > 3o.

® Precision Disappearance Am? measurements will make
significant contributions (NPZ "05)

® Circa Nu 203x: JUNO & DUNE will each have Neutrino
Mass Ordering > 30 in a single experiment - a race !

® AYear Later: DUNE > 56 for Neutrino Mass Ordering

Stephen Parke Nu MO 5/12/2023 # 4l



Comment for P5: 0
“Success’ builds on ‘“Success’

Lots of examples:

Gedanken exp: Braidwood, BTeV, SSC

Using 2014-P5 metric, DUNE phase | is not a “Success”

for guaranteed “Success”
full DUNE phase |l + ACE are needed

This is building for future “Successes”
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Extras
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o
L. 2

NO:

Daya Bay: s e PR R

sin?6,,=0.30

I —~ R.920— —

° & i : ] : i

= i T Amj,=2.475 T ]

SiIl2 AYY — C082 (912 SiIl2 Agl + SiIl2 (912 SiIl2 Agg. O?o I Amie !

— 245 s =< =T T =

~ : Amyy ; ' _

which implies that " I \1 ]
> . | _

AmZ,=2.400

Amiy = b arcsin \/(60829 in” Az; + sin” 012 sin” Agy) Il
YY — 7 12 S AAzy — S U9 S AA32) | . i

<— experimental data —>

. Parke 2015

2.85 III|III|Il:I|III|III 11 1
00 02 04 06 08 10 12

L/E (km/MeV)

2 : | | | | | | | | | | l:
) 2.500 — —
- AmZ, (NO) .
) ) N%\ 2475 — — — — — — .
Am;,, = 7 Az, + As, + arctan[cos 20, tan A, ] - :
= 2.450 —
é 2425 =
- Am%z (I0) i
2.400— <= Juno, RENO50 => —
3. S T e
) 10 20 o0 100
L/E (km/MeV)
Am? = 0 A~ + A, + arctan[cos 26,, tan A,,] = cos® 0,,Am?, + sin”8,,Am? ’
Mee = 31 32 12 21 = 12813, 1283, NPZ 05
0(L/2FE) e
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v, Disappearance: v, Disappearance: 0

2 - .
|Amg,| same for both orderings |Am;,,| same for both orderings
Daya Bay: NOVA, T2K:
A2 A 2 20102 2 2 . 2 2
M3y = £|Amg,| — cos” bh2Amy, Ams, = __|Am | — sin® 6 Am21
2 2 .2 2
2 (IO __ 2 110 _ 2 NO 2
—Am3,|pp = Amz [ D + cos 2615Am3, —Am3y|,qis = AM31 {055 — COS 2912Am21
cos 26015 ~ 0.40 cos 207, = cos 26015 — 2s13cqfd =~ 0.40 — 0.30 cos o

Nd?s — m%l gg) (24 — 0.9 cos )% Am?e

.5 to 3.3 %

O O N
(Am, ;ILdz's — A3, pB) + (Amg

Unchanged if 31 <> 32 in either or both MO’s
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P(v, —>V,) %

P(v, —>v,) %

DUNE bi-Probabillity Diagrams:

Normal Ordering — Inverted Ordering

10

. 40

DUNE| L= 13|OO km E= 40 GeV

v, -> Ue) 74

P

1OIIII

|
0 2 4 6 8 10

DUNE: 1=1300 km, E=2.2 GeV

o PUREL ELA00 Jom, B=a.4 Lod o RUNE: L=1300 kn, E=2.8 GeV
; 3. 4 i 2. 8
i NS -
6 - K _‘
- ] A - ]
4:_ " _: th 4_— i _]
i 4 A, - \ i
. R NN
oL | Lol [
O 1 1 11 1 1 11 11 11 11 11 11 1 1
0 2 4 6 8 10 0 2 4 6 8 10
P(U,u, —-> Ve) 7 P(U,U- —-> Ve) 7
o BYREL LE1S00 Jm, E1 1§6V 1o LUNE: L=1300 Jom, E=1.4 GeV
13 1 4 E
N NS . i
N ] 2 K
; NS E
I
) — ]
[al B E:
a = E
N . ' Ay
0 2 10 6 8 10
> v,) %

VOM

10 DUNE L= 13|OO km E= 25 GeV
8 2
N :
a" gl ]
A .
1 .
B 4
¥ . \
2:_ \
0
0 2 4 6 8 10
P(v, —> v,) %
DUNE: L=1300 km, E=1.0 GeV

1OIIII|IIII|IIII|IIII|

P(v, >v,) %
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Vacuum v Matter:

L T 1
0.100 0.100 0.100
0.010 0.010 0'0103
0001 ] 0.001. 0.001

’ 7 -4 |
1074 1074 N
: - I ‘ | | | | | | | 1 2 3
1.0 3.5 4.0
. . . 1.2
0.010 -
0.009 |
0.008 ‘*
0.007 :
0.006
0.005 -
| | | | | | | | | | | | | | | | | | |
1.60 1.62 1.64 1.66 1.68 1.70 1.72



