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What’s New About This Study?

* More carefully handles parameter correlations and
degeneracies than previous studies

* Reports parameter-dependent resolutions and multi-
dimensional allowed regions for a wide range of true
parameters

e More studies without the reactor 0,3 constraint

* Sensitivity to tension with reactor measurement



Pseudoexperiment “Throw” Studies

True Point 1 True Point 2
Sin%2013 Sin?2013
Am?Zs, 2.45x1073 eV? Am?s, 2.45x103 eV?
SiN%0,;3 0.58 SiN20,3 0.58
8cp -0.25n 6cp 'O.5T[

* Many pseudoexperiments simulated, true systematics
randomly varied

* Two true points, simulated at 100 and 1000 ktMWyrs
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Precision Measurement
Capabilities: 100ktMWyr Exposure
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Precision Measurement
Capabilities: 100ktMWyr Exposure
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Precision Measurement
Capabilities: 1000ktMWyr Exposure
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True Point 1: Full 4D Parameter
Space
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Asimov Studies: 0,3 Resolution

Exposure: 1000 ktMWyrs

* 30 = 90% o 1o

o 0.14
& =
013
c S
» 0.12F
3 F
> OmfF
2 o1fE
< E
0.09
0.08
0.07

nu4 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
" 0.065 0.07 0.075 0.08 0.085 0.09 0.095 0.1 0.105 0.11

True sin20,,

Siﬂ2923 = (.58

Allowed sin°26,,

Allowed sin’26,,

* 30 & 90% - R

0.14
0.13
0.12
0.11

0.1

0.08
0.08
0.07
0.06
0.05
0.040 s Lo e Ll

“770.065 0.07 0.075 0.08 0.085 0.09

. T in%20
sin’0,; = 0.46 rie sl

* 36 & 90% o 1o

AP PR PR BT
0.095 0.1 0.105 0.11

[ Y1710 FEUTE FUUEY PUUTE FEUTE FEUTE FUTEE FETUN FTUTE FT0
©770.065 0.07 0.075 0.08 0.085 0.09 0.095 0.1 0.105 0.11

sin%0,; = 0.54 True sin’20,,
8 Jeremy Fleishhacker e R(SIEVPEIR]iIST%]IER (\




Asimov ::G o 8 Ocp
Studies : =
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Asimov Studies: 0.3 Resolution
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Asimov Studies: 2D Scan

1lo: > 90%: > 30: > .
* Scan in 03-02;3 space
Octant Flip at 30
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Asimov Studies: 2D Scan

1lo: > 90%: > 30: > .
* Scan in 03-02;3 space
Octant Flip at 30
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Asimov Studies: 2D Scan
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Asimov Studies: 2D Scan
lo: T D 90%: < > 30: D

* Scan in 03-02;3 space
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o 0.FF

sin%o

Asimov Studies: 2D Scan
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Oscillation Probability Plots
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Oscillation Probability Plots
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* AP/P = (P(fixed) —
P(normal))/P(normal)

* Normal point:

e NO, ssth23 = 0.50,
dcp = 0, all others at
nufit

e Fixed Points: All NO

ss2thl3 ssth23  6cp
0.088 0.50 -11/2
0.088 0.50 -ni/4
0.088 0.58 -1i/4
0.113 0.44 -mi/4
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New Physics? Indirect Test of
PMNS Non-unitarity
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New Physics? Indirect Test of
PMNS Non-unitarity

e PMNS matrix: [ Ve U Ueca U vy
Ve | = | Un U Ups V2
Vr U'rl U'r2 U’}"3 V3

7

"

UpMINS

50
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New Physics? Indirect Test of
PMNS Non-unitarity

e PMNS matrix: [ Ve U Ueca U vy
Ve | = | Un U Ups V2
Vr U'rl U'r2 U'r?) V3

A >
"

UpMINS

* Assuming unitarity allows parameterization with
familiar mixing angles/CP phase
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New Physics? Indirect Test of
PMNS Non-unitarity

e PMNS matrix: [ Ve U Ueca U vy
Ve | = | Un U Ups V2
Vr U'rl U'r2 U'r?) V3

A >

"

UpMINS

* Assuming unitarity allows parameterization with
familiar mixing angles/CP phase

 If unitarity, DUNE measures
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New Physics? Indirect Test of
PMNS Non-unitarity

e PMNS matrix: [ Ve U Ueca U vy
Ve | = | Un U Ups V2
Vr U'rl U'r2 U'r?) V3

A >

"

UpMINS

* Assuming unitarity allows parameterization with
familiar mixing angles/CP phase

 If unitarity, DUNE measures

* via v,disappearance: 4|U.s|’ (1 - IU@IE)

= 4 cos® 6,5 sin? O3 (l — cos® 0,5 sin® 923)

1851
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New Physics? Indirect Test of
PMNS Non-unitarity

e PMNS matrix: Ve Ueir U Ues 2
Ve | = | Un U Ups V2
Vr U'rl U'r2 U'r?) V3

UpnNs

* Assuming unitarity allows parameterization with
familiar mixing angles/CP phase

 If unitarity, DUNE measures

* via v,disappearance: 4|U.s|’ (1 - IU@IE)

= 4 cos® 6,5 sin? O3 (l — cos® 0,5 sin® 923)

* via ve appearance: 4 |Ues|’ |Upus|® = sin® 2013 sin? fa3
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New Physics? Indirect Test of
PMNS Non-unitarity

* If unitarity, DUNE measures

e via v, disappearance: 4|U.s|’ (1 - IUp,alz)

= 4 cos® 0,5 sin? O3 (l — cos® 0,5 sin® 6‘23)
* via Ve appearance:  4|Ues|? |Uus|> = sin® 26,3 sin? a3
* Daya Bay (reactor SBL) measures:

* via v.disappearance: 4|U.s|’ ( 1— |U63|2) = sin” 2613

24 Jeremy Fleishhacker
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New Physics? Indirect Test of
PMNS Non-unitarity

* If unitarity, DUNE measures

e via v, disappearance: 4|U.s|’ (1 - IUp,alz)

= 4 cos® 0,5 sin? O3 (l — cos® 0,5 sin® 6‘23)

* via Ve appearance:  4|Ues|? |Uus|> = sin® 26,3 sin? a3
* Daya Bay (reactor SBL) measures:
* via v.disappearance: 4|U.s|’ ( f = |U63|2) = sin® 2613

* DUNE and Daya Bay obtain independent
measurements of 03

@)
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New Physics? Indirect Test of
PMNS Non-unitarity

* If unitarity, DUNE measures

e via v, disappearance: 4|U.s|’ (1 - IUp,alz)

= 4 cos” b3 sin” a3 (1 — cos” 613 sin” Oa3)
* via Ve appearance:  4|Ues|? |Uus|> = sin® 26,3 sin? a3
* Daya Bay (reactor SBL) measures:
* via v.disappearance: 4|U.s|’ ( f = |U63|2) = sin® 2613

* DUNE and Daya Bay obtain independent
measurements of 03

* If unitarity, 0,3 measurements should agree

RSGHESTER TRUVE
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New Physics? Indirect Test of
PMNS Non-unitarity

* If unitarity, DUNE measures

e via v, disappearance: 4|U.s|’ (1 - IUp,alz)

= 4 cos” b3 sin” a3 (1 — cos” 613 sin” Oa3)
* via Ve appearance:  4|Ues|? |Uus|> = sin® 26,3 sin? a3
* Daya Bay (reactor SBL) measures:
* via v.disappearance: 4|U.s|’ (1 - |U63|2) = sin® 2613

* DUNE and Daya Bay obtain independent
measurements of 03

* If 0,5 measurements are in tension, non-unitarity

RSGHESTER TRUVE
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Daya Bay’s 0. Measurement

[107eV?]
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Ay?
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DUNE'’s Sensitivity to PMNS Non-
unitarity
* Asimov fits at 21 eff.

—— Sin2923 =0.42 —» Sin2923 =0.46 5i|12923 =0.50

e sin0,. = 0.54 + sin%6.. = 0.58 true 013 and 5 eff.
50 true 0.3 pOthS.

45

40 * Ay°is difference

35 between 0:3 penalty
30 x* and no penalty x?
25

20F * 1DOF Ax??

15

10 /' * Octant flip decreases
5 \\ sensitivity for

P05 0.06 0.07 0.08 0.09 0.1 0.110.12 0.13 0.14 0.15 .
Effective True sin’20,, ° ngh 013, low O3

* Low 013, high 062
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Ay?

DUNE'’s Sensitivity to PMNS Non-

—— Sin2923 =0.42 —» Sin2923 =0.46 5i|12923 =0.50

—e- 8in%0,, = 0.54 —»- sin’g,, = 0.58
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Effective True sin’20,,
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unitarity

e Octant flip
asymmetry: higher
sensitivity for
high/low 013/0,; than
low/high 013/02;

* Higher sensitivity
for non-maximal,
non-octant-flipping
023
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Ay?

DUNE'’s Sensitivity to PMNS Non-

—— Sin2923 =0.42 —» Sin2923 =0.46 5i|12923 =0.50

—e- 8in%0,, = 0.54 —»- sin’g,, = 0.58

50p
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unitarity

e [f T2K’s center
(sin‘20:3 = 0.105) is
accurate to accelerator
LBL effective 0:3:

e 20 —4.50 tension

* Best case: highly
non-maximal upper
octant 03

* Worst case:
somewhat non-
maximal lower
octant 03
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Sensitivity Largely Independent
of 8ce/Mass Hierarchy
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(Scp: -T[/z, NH

Ay?

Scp = 0, IH

—e— 5in%0,, = 0.42 —= sin’0,, = 0.46 —=— sin“0,, = 0.50
—e- sin%,, = 0.54 - sin’0,, = 0.58

50
45
40
35
30
25

(5]

=T

&

5 0.06 0.07 0.08 0.09 0.1 0.110.12 0.13 0.14 0.15
Effective True sin’20,,

e in%0,, = 0.42 e sin%,, = 0.46 = sin’,, = 0.50
—a— sin2923 =0.54 - sin2923 =0.58

50
45
40
35
30

I R P Al FFETI FETE FETE PR TEl B
5 0.06 0.07 0.08 0.09 0.1 0.110.12 0.13 0.14 0.15
Effective True sin2e,,

ROCHESTER U\

S
o

| Ny



Next Steps

* More thoroughly interpret Ay* of tension with Daya
Bay

* Report accurate DUNE measurement resolutions for
913, 623) 6Cp

* Add two fixed points to prob plots to show MO and 6cp
effect

* Compare single point throws and Asimov scan for 0cp
resolution

* Degeneracy present in throws, not in Asimov scan

* Reproduce T2K JCP plots for DUNE

ROCHESTER [AUVE
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Conclusions

* DUNE'’s precision requires understanding correlations and
degeneracies in 4D oscillation parameter space

* Degenerate 6., and correlated 013 — 03

* Investigated via single true point throws and scanning Asimov studies

* Exhibited DUNE’s 0;;and 03 resolution (with degeneracies) at
1000 ktMWyrs, 0cpmeasurement resolution at 100, 250, and
1000 ktMWyrs

* Fixed point AP/P plots show wide energy spectrum critical to
resolving 03 — 0,3 degeneracy

 DUNE highly sensitive to an indirect test of PMNS non-unitarity
when combined with Daya Bay’s 03 result

RSGHESTER TRUVE

* Highly dependent on true parameter values
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Backups
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Neutrino Mixing

* Can parameterize PMNS matrix assuming unitarity
(big assumption):

1 0 0 C13 0 e %ocp 513 c1o St 0
Upvns = | 0 a3 593 0 1 0 —S12 ¢ 0
0 —S93 Co93 —EMCP 513 0 C13 0 0 1

1 il 101

* Unitarity means only three flavor/mass states

* Non-unitarity - new physics!

BROGTESTTR D
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Neutrino Oscillation

* DUNE can’t measure these mixing parameters directly

* y° fit used to obtain mixing parameters from
appearance/disappearance measurements

f:éiIl2 (/_\.31 = (I;L)

AQ
(A31 = ﬂfL)z =

Py, — ) o sin? 03 sin? 2013

in(As; — al sin(al
—+ sin 2923 Sin 2913 Sin 2912 blﬂ( 2 = ) &31 blﬂ({l ) Agl COS(ﬂgl + (Sgp)
Agl —al al
Si 2 I L
+ cos? @3 sin® 015 e (a2 ) A a = Gp Ne/\/§

al
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Neutrino Oscillation

* DUNE can’t measure these mixing parameters directly

* y° fit used to obtain mixing parameters from
appearance/disappearance measurements

* Parameter dependencies can lead to errors in fits
(oops!)

]sill2 (&31 = EIL)
> (A31 - ﬂfL)z

Py, — ve) z[sin?‘ Bz sin? 26, A§1

in(As; —al)  sin(aL
—+ sin 2923 Sin 2913 Sin 2912 blﬂ( 2 = ) &31 blﬂ({l ) Agl COS(ﬂgl + (Sgp)
Agl —al al
sin?(al -
i (2082 923 Sillg 912 ‘31? ]_(:(;’2 )A%1 a4 = GFN@/\/§
(a

Az’j = Amij/ZlEL,

1851
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Parameter Correlations and

Degeneracies: Why Do We Care?

* DUNE will have the ability to make precision
measurements of these parameters, including the level
of charge-parity (CP) violation for leptons.

* Previous measurements of oscillation parameters have
been treated independently, omitting possible
correlations that become significant as experimental
precision increases.

* Understanding how DUNE fits of oscillation
parameters are affected by these correlations enables
more accurate evaluation of DUNE measurement
resolutions and sensitivity to new physics.

50
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Correlations/Degeneracies: TDR
Analysis

Resolution plots using long

baseline (LBL) technical 2 -
design report (TDR) analysis ¢ e o
data 0:— 0.0012
Simulated experiments o oo
(pseudo-experiments) for |
different sets of true e -,

parameter values, post fit s R YR
(pf) parameter values ol SaDorx 0057z
generated for each set |
TOP: 6, pf — true vs true -
BOTTOM: Siﬂ2923 pf - true 0'2: 0.0005

o

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
VS true . 0.4 0.45 05 0.55 0.6 0.65
True sin” 8,

ROCHESTER A(VE
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(Post Fit - True &) + Slice Genter

Correlations/Degeneracies: TDR
Analysis

- = - 55th23 = 0.42
11— | 9 008 1h23 = 0.45
- | Red line: 68% conf. int. || || I g - ss:izgi
= . . - 55th23 = 0.
- Blue line: 90% conf. int. | || s 0O7F 23 = 053
— ] Q —
05— | 3 006
- o -
i | - & =
- || | £ 0.05F-
0— || o
|| || 0.04—
I | |‘ 0.03
<l ;
! 0.02— .
LA : '
1 — [ ]
£ T
[ i
C | L [ | | | 0_| Ll L . . E L L M [ -
1 05 0 05 1 004 005 006 007 008 009 01 011 012 013
True 3, Nominal + (Post Fit - True) sin®26

* 0. degeneracy captured at 90% near true values of -0.8m, -0.7m,
-0.4m, -0.3m

* 053 “error mode” significance/position depends on 023
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(Post Fit - True &) + Slice Genter

Correlations/Degeneracies: TDR
Analysis
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' Red line: 68% conf. int. || || I
Blue line: 90% conf. int. |‘ ||

Bin Frequency Probability
(=]
X
|

0.5— ' ” |‘ oAl
B || |‘ | 0.08{—
0— || ||
R || 0.06—
B I | | B
-0.5— ] | | 0.04 —
i ARE :
||| | i 0.02—
- | ! ' || B
B ||||||||| | |||||| | D_I""l' L 1 I 1l L1 Ll
1 0.5 0 0.5 1 0.04 0.05 0.06 0.07 0.08 0.09 01 0.1 0.12 0.13
True 3, Nominal + (Post Fit - True) sin®26

* 0. degeneracy captured at 90% near true values of -0.8m, -0.7m,
-0.4m, -0.3m

* 053 “error mode” significance/position depends on 0,; and
exposure
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0.; octant flip effect on 013

H1_res_th13_cul_thzdwe|_depr_Tyr_ng) ot _res 13 o thEAmlar_dgs Ty np

- Entries 41969 1600 — Entries 22295

300F- Mean  0.0005919 - Mean  -0.0108

- Std Dev  0.007922 14001— Std Dev  0.02187
800 C
= 1200
700F- -
600 1000
500 800/
400 L
- 600—
300 C
= 400—
200— L
100 200[—

D: ST AN T T T T T T T T T T A AN Y B AL ™ AN []_'"||||||l|ll|ll|lllll
-0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 -0.06 -0.04 -0.02 0 0.02 0.04
Post fit - True 8., ) Post fit - True 8,
in%0 0.55 0 0.45 0.55
0.45 < sin 23 < U. sin 23 < or >

Above: 0:3 Post fit - true distributions, 8,; measured in wrong octant
0,3 octant error leads to bimodality in 013 measurement
Less maximal 0,3 = greater bimodality

Asymmetry between modes on right plot: what favors under- vs over-estimation?
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dcp effect?

70—
anf—
502—
40?—
303—
20?—

10

Hi_res_thid_cut_thZwel_depf_Tyr_ng

Entries 2453
Mean 0.0004121

Std Dev  0.008679

|||||||||n—|ﬂ|

L L
—0 [}1 0.01

Post f|t True 9,

0.45 < SID2923 < 0.55

100

80

60

dt_res N3 cal HEImlar_degd Ty _nn

Entries 1366
| Mean  -0.008679
Std Dav 0.02322
Lo Ly 0y L1 T I T 1 L1 [ R R
-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06

Post fit - True @

SiIl2923 <0.45 or > 0.55

* Flipping 0., appears to be uncorrelated with 0:3 measurement

* O, degeneracy appears to be independent of 0:3-0,3
correlation
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0.; octant flip effect on 013

Bin Frequency Probability

norm res ss2th!3 cut th23wdthQdctrd38 7yr np) dinorm res ss2thi3 cul th23wdihOdclrdSB 15y np
- . Entries 69214 2 om— . Entries 66769
- 2 ~ = 2 ~
0.08— True sin 923 ~ (0.58 Mean 0.09314 8 B True sin 623 ~ (0.58 Mean 0.09027
- StdDev  0.01117 5 F StdDev  0.007646
0.07 o 012—
07 - B
C e -
— [0} —
0.06 2 01—
— ] —
- ok
i c -
0.05: @ 0.08—
0.04— -
C 0.06—
003 B
- 004
002~ B
001 00—
0:‘\I\\‘\\I\‘I\\I‘ \‘\\\\‘\\\I‘\I\\‘\\\I‘\I\ | Oi‘l\l‘\ 1 \I\‘\\\I \‘\I\
0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12 0.13 0.04 0.05 X 0.1 0.11 0.12 0.13
Nominal + (Post fit - True) sin’ 28, Nominal + (Post fit - True) sin? 28,
7 year exposure 15 year exposure

* sin“20;3 post fit distribution shown at fixed sin“0,; ~ 0.58.

* Underestimated sin“0.3; corresponds to overestimated sin26.3, gap
between modes due to disfavored maximal 02

* Increasing exposure decreases octant error significance
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Bin Frequency Probability

0.; octant flip effect on 013

_ Trmem_riee_aa1h13_rull S Sesciih DA 2B _Fyr_n; :-‘ [nam_H mERE) od Xatderiia 1hr e
- . Entries 69214 £ 0.14— . ~ Entries 68769
0.08_—T]f'lle sm2923 ~ (0.58 Mean 0.09314 kS - True 51n2923 ~ (0.58 Mealn 0.08027
= E B
- Red: 68% conf. StdDev  0.01117 s b Red: 68% conf. Std Dev  0.007646
£ Blue: 90% conf. g [ Blue: 90% conf.
[4i] -
0.06— g 01—
- i B
C_ £ -
0.05F & o008
0.04— N
- 0.06—
0.03— =
- 0.04—
0.02 B
0.01E 0.02—
0:|IIII|IIII|IIII|I I|IIII|IIII|IIII|IIII|III 1 0_|IIII|IIII|IIII|IIIIIIII|II III|IIII I|III
004 005 006 007 008 009 01 011 012 013 0.04 005 006 007 008 009 01 011 012 013
Nominal + (Post fit - True) sin® 20, Nominal + (Post fit - True) sin® 20,
7 year exposure 15 year exposure

* sin“20;3 post fit distribution shown at fixed sin“0,; ~ 0.58.

* Underestimated sin“0.3; corresponds to overestimated sin26.3, gap
between modes due to disfavored maximal (~0.5) sin%0;

* Increasing exposure decreases octant error significance
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Bin Frequency Probability

PF 0.;: distribution depends on 03
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Bin Frequency Probability

PF 0.;: distribution depends on 03
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Relative size of error mode decreases with exposure

0.12
Nominal + (Post Fit - True) sin°26__
10 year exposure
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mode peak,
greater true-
error mode
separation at
non-maximal

023

Broader true
mode peak,
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at maximal 6,3
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Bin Frequency Probability

PF 0.;: distribution depends on 03
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0.1 0.12
Nominal + (Post Fit - True) sin°26__

15 year exposure

Relative size of error mode decreases with exposure
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New Physics? PMNS Non-unitarity

 PMNS matrix parameterized under assumption of
unitarity

* Non-unitarity - More neutrino states — physics
beyond SM

* If PMNS is non-unitary, 0:3 becomes an effective
mixing angle

* Different measurements may yield different values

* Comparing DUNE’s precision 0;; measurement to
Daya Bay’s may amount to an indirect test of PMNS
non-unitarity

50 DUNE @ Snowmass 2022 ol
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Neutrino Mixing

* Can parameterize PMNS matrix:

1 0 0 0 e s\ [ e s 0
1

Upvns = | 0 [cag 593 U 0 —S12 ¢12 0
0 S99 (€99 —f el 0 0 1

I11

| I1
° UNITarity means only uree I1avor/mass states
* Non-unitarity — new physics!

* DUNE (accelerator experiment) can measure blue
highlighted parameters

1851
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The DUNE Experiment

e Deep Underground Neutrino Experiment

e Large international collaboration aiming to make precise
measurements of neutrino oscillation parameters

e Accelerator neutrino experiment with near and far detectors

Sanford Underground
Research Facility

Fermilab
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Neutrino Oscillation/Mixing

* Neutrinos Mix! Created and destroyed in flavor states
but propagate in mass states:

Mass state

Flavor state Flavor state

—1850:
m) (1)
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Neutrino Oscillation/Mixing

* Neutrinos Mix! Created and destroyed in flavor
eigenstates but propagate in mass eigenstates

* Mixing described by PMNS Matrix:

Ve Ue _ UeQ UeS 4
vy | = Uu Usp U, s
Vr U’rd_ UTQ UTB V3
N ———
Flavor States UpniNg Mass States

1850
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The Mixing Matrix

* Can parameterize PMNS matrix:

1 0 0 C13 0 &P 513 C12 s 0
Upnmns = | 0 a3 593 0 1 0 —s12 ¢p 0
0 —S893 C93 —e’wCP 513 0 C13 0 0 1

1 11 111

Cij — COS@ij, Sij — sin@ij

* Assumes only three flavor/mass states

B ROCHESTER [
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The Mixing Matrix

* Can parameterize PMNS matrix:

1 0 0 c13) 0 e Yeris ci2  S12 0
Upnmns = | O [ sa3 Y 1 0 —s12 ¢p 0
0 Lsgg Cos —eeHs ) 0 (3 0 0 1

I T 11

Cij — COS@ij, Sij — sin@ij

* Assumes only three flavor/mass states

* DUNE will measure 03, 023, dcp

}“’7 UNIVERSITY of
&9 ROCHESTER [
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57

Why Measure 6cp?

ocp = charge-parity (CP) violation in lepton sector

CP symmetry = invariant physics when mirroring

space and reversing charge
CP violation could explain

matter-antimatter
asymmetry

Lepton CP violation not

known

Jeremy Fleishhacker
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Why Measure 013 and 023?

* Increase precision of
PMNS element
measurements

* Why are CKM and
PMNS matrices so
different?

* Is there a p-t mixing
symmetry?

* Physics beyond the
Standard Model

58 Jeremy Fleishhacker
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Neutrino Oscillation Probabilities

* DUNE can’t measure oscillation parameters directly

* Instead measures oscillation probabilities, which
depend on the parameters in a complicated way:

SiIl2 (Agl = {IL)

P(Hp — I-’e) ~ sin” fas sin” 2013 (Agl — aL)2 ﬁ\§1
sin(Asg; — all sin(al
+ Sin 2655 sin 265 sin 261 il P 6 )&31 il )ﬁ21 cos(Az; +dcp)
Agl — {IL [IL
a0
5 . 9, sin“(aL) s
+ €0s” fla3 SIn” 619 (HIL)Q 521 = GFNe/\/i

Aij = Amij/ZLEV
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Events per 0.25 GeV
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DUNE v, Appearance
Normal Ordering
sin22613 = 0.088

sin®0,, = 0.580

3.5 years (staged)

—— Signal (v, + v,) CC
B Beam (v, + v,) CC
e

e (v, + v,)CC
(v, + v;) CC

------- SCP = -/2
—0cp =0
e Bgp = HTT/2

4 5 6 7 8
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Asimov Studies

* Fix “Asimov” point of true
parameters

* All systematics nominal, exposure
1000 ktMWyrs

* Pick up to two parameters to “scan”
(fix away from their true values) and
calculate the scan ° at each scan
point

e Take the difference between the scan §
x* and the global ¥ to find Ay° and
calculate confidence intervals

UNIVERSITY of
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Neutrino Oscillation Probabilities

* Complicated parameter ' :
dependencies lead to s "t
degeneracies and 5 o
correlations °sF
045
* e.g. 013-02; correlation :
. . 0.4
resulting from leading term :
dependence 0305 506 067 .08 608 0T 047 012 6S 6IA D15 O
sin“(Asgy; — al t 12
P(v, — ve) ~ kinZ fag sin? 26, 3f (A(31 3_1 AL )A§1 Sin“2013
+ sin 2653 sin 2643 sin 2615 il Ag —al)) Agl aiiad) Asq cos(Asz1 + dop)
Agl —al al
. sin?(aL =
+ cos? A3 sin? ;5 ‘ﬂ? E{; )Agl a4 = GFN /\/_
(1
AZ] = Am;;L/4E,
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Sources of Degeneracy

. [913-923:] ve appearance dependence on product
sin“B»35in°2013 leads to anti-correlation

* v, constraint on sin“20,; not sin“6.; (for low 6:3)

szx} Ny, ) ~ 1 — 4 cos® A13 sin? b3
% (1 —cos® 0138in®By3) = 1— sin” 2053 sin® A,

. asme dependence at flux peak (Asz=m/2)

(&31 = GL) 2
e ‘ 2 A

Lfﬂ — [5111 923 blIl 913J (&31 — aL) 21

+ sin 2#93 sin 2643 sin 26,5 Ll el Az il 32{‘305(531 & 50?)]

&31 — (IL L
) sin?(aL

+ c0s? fo3 sin? B4 (aé)g )Agl
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0.0
06  0.65 D5 0.06 0.07 0.08 009 0.1 0.110.12 0.13 0.14 0.15
sin’g,, sin’2e,,

‘ sine dependence e&mfliu?feak (Az=11/2)

.'ill2 (Agl = aL)
) [Asy —aL)?

A 2
Lf\"31

P(v, — 1) ~|sin? @< sin® 20
L e 23 13

sin(Aa1 — alL sin(al .
+ sin 2055 sin 2643 sin 2645 Sl Aegy — 0l Asq dinjal) ﬁg{coﬁ(ﬂ.gl + bgp)]
ﬂgl —al al
. , sin?(al)
+ c0s? fo3 sin? B4 (L) A
. F UNIVERSITY of
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