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Introduction to sterile neutrino
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Daya Bay + Bugey-3

MINOS

Daya Bay + Bugey-3 + MINOS
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3-flavor Neutrino Oscillation
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Three Active Neutrinos

Only three light active
neutrino flavors

Any other neutrino species
would be sterile -- not
interacting via weak
interaction

Still observable via neutrinc
oscillation
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3+1 Formalism
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Daya Bay,
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Detection Method
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Antineutrino Detector (AD)

® Three-zoned Antineutrino Detectors (ADs) are immersed in
water pools, served as muon taggers and radiation shield

inner water shield
| outer water shield

Automatic Calibration Units f‘”

AD support stand P /

NIM. A 811(2016) 133-161 Nucl. Instrum. Meth. A 773, 8 (2015) 1
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Antineutrino Selection

20—
18F

—=10?

Select IBD Events if 142_.5_-:. »
0.7MeV < Ejrompe < 12.0 MeV G 1ofnin

nergy (MeV)
F

10°

6.0 MeV < Egeiqyeq < 12.0 MeV B 10F8
1us< tprompt—delayed < 200 ps De_ ; : S5
R
Rl 4 10
2_ k- - 3 " ;
Reject O e e e a2 1A e s 20 !

Delayed energy (MeV)
 Muons tagged by either water Cerenkov detectors or

AD (£”=0.82, 0.86, and 0.98 for EH1, EH2, and EH3)
 Flashers: spontaneous PMT light emission

 Events with more than one coincidence (multiplicity
cut) (¢ _=0.97, 0.98, and 0.98 for EH1, EH2, and EH3)
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1230 days
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(Measured) / (Expected from EH1)

If a Light Sterile Neutrino Exists...
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L3

Analyses
Two independent analyses
Event Prediction NG
Analysis A Near — Far Full covariance
matrix
Analysis B | Huber + Mueller model Pull terms +

Enlarged error

covariance matrix

Problem: Degree of freedom (DOF) drops when sin22614 > 0

o Cannot set confidence level (CL) by Ax? based on DOF
Solution 1. Feldman-Cousin method (Analysis A)

o C.L. determined by MC simulation of pseudo-experiments

Solution 2: CL_ method (Analysis B)
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CL_Method

® For each pair of (sin*26,, , Am?,), is the 4v model much
worse than the 3v model?

A)(gbs
A)(z = sz _)L'?%v

CL, = P(Ax? = Axlps|3v) =
Cly, = P(Ax? = Ax2ps|4v) =

Ly
CL — S+ — /
3 CLp

Point is excluded at > (1-a) CL, if CL_<a
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CL_ Method

® Ay’ distribution can be obtained by :
o MC simulation with pseudo-experiments
o Use Asimov data set (prediction without fluctuation) for
Gaussian approximation (PRD 86 113011 (2012))
® WhyCL?
o Solid even when we don’t know the DOF
o Faster if we use Gaussian approximation
o Great tool for combination (introduced later)

19



Sterile Neutrino Search
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Reactor 5

Steam generator

Bugeg 3 I:xperlment

3 modules at two positions

3 Baselines at 15, 40, 95 m
Reactor power: 2.8 GW,_

Each module has 600 liters of
®Li-doped LS

Total events: 150k
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® Input: Observed / MC with two major modifications

® Modifications in ratios
data

Robs st Reactor flux Daya Bay is using

- MC(ILL + Vogel)—— MC(Huber + Mueller)

data MC(ILL +Vogel)
~ MC(ILL + Vogel) MC (Huber + Mueller)

® Modifications in cross sections:
o Cross section is inversely proportional to neutron lifetime

R!obs L
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(ol
Daya Bay + Bugey-3

— Daya Bay/Bugey-3 (reproduced) 90% CL

R

® Fitted with common
normalization and

----------------- Bugey-3 original RS 90% C.L.
----------------- Bugey-3 reproduced 90% CLS

-

-------------- Daya Bay 90% CL_

g S—— ; | oscillation parameters

: %, 1 ® CL_method is used for
: =L further combination with
TS MINOS

...........
.........

° ® The combined analysis
extends the exclusion

; 2
region to larger Am<,.
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arXiv:1607.01177

1073 1072 , 107
sin“26,,

—

24



Ratio to Three Flavor

If a Light Sterile Neutrino Exists...

1.6 —e— Bugey-3 Data -
1 4| — LSND Prediction S
12 { }{ =

1 L

1 2 3 4 5
Positron Energy (MeV)

At LSND best fit point Am?, =1.2 eV?, sin226“e =0.003
sin2924 =0.027 (MINOS 90% C.L. at Am241=1.2 eV?)
sin26,, = 0.11
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IVIINOS Overview

® NuMI neutrino beam from 120
GeV Main Injector-accelerator
protons

® Measure neutrinos energy with
two functionally identical
iron-scintillator tracking

calorimeters.

o Near Detector at Fermilab
B 1km from target
B 1kton mass

o Far Detector, deep underground

in the Soudan mine

m /35 km from target
B 5.4 kton mass
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IVIINOS Overview

® From 2005-2012, the NuMI beam
operated in low-energy mode
o MINQOS era
o This analysis
® From 2013-2016, the NuMI beam
operated in the medium energy mode
o  MINOS+ era

Simulated + Beam
5.4 kton. 6 ~ 10°° POT

— MINOS+
~— NOvA

MINOS
Preliminary

v, CC Events/ GeV
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Event Topologies
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Long-Baseline Sterile Searches

Reconstructed NC energy spectrum

Neutral Current saioel ]
® NC interaction rate is independent of mm'_: '
oscillations of the three active flavors. zmé

Q Vu >V, oscillations reduce the NC rate

NC

as v_ do not interact in the detector. =N N %
® Previously investigated at MINOS 15“;
o Phys.Rev.D81(2010) 052004 we by b
o Phys.Rev.Lett 107 (2011) 011802 “Toy Simulatio

v, Charged Current ~
® Sterile oscillations add modulations to ?

standard 3-flavor picture. =

a

Fit both NC and CC spectra to the 4-flavor
model to constrain sterile mixing 0.4
parameters. .

Reconstructed energy /GeV

CC

Mo sterile neutrinos

AmZ, = 2x10°2 eV, sin?(26,,) = 0.2

5 10 15 20

Energy / GeV 5,



NC/CC event separation achieved via cuts on topological quantities.

150__ —— Near Detector Data | > Ea e e L e B ]

i Bcepiten === Monte Carlo Prediction | = 0.8 'S *"'*——’\_-_\7_
i B G “zZZ CC Background . =] d
c 100 — = 0.6%  san ]
o . e G ,
| Y X
- i MINOS Preliminary I 5 0_4} NE Seliecilon MINOS Preliminary ,:
= 50? VV o o - Near Detector MC Efficiency :

- 4 i= 0 2; ---------- Far Detector MC Efficiency ]

- w < Near Detector MC Purity e

B IRCPPPPRPES - Far Detectc|>r MC Purity | ]

% 20 40 60 80 100 G960 20 35 40
Planes Crossed by Event Energy (GeV)
- ————— @ 89% efficiency and 61% purity at
60 —— Near Detector Data  _|

B - Monte Carlo PredictionT
i) i Accﬂ %2222 CC Background I the FD
[ am . . . .
¢ 40 1 @ Main background is inelastic vV,
LLl i il

MINOS Prelimina

5o R CC events.

] i 77 ® 97/%ofv_CCevents are

% "5 o0 5 10 15 20 selected as NC.

Track Extension (number of planes)

31



NC/CC event separation achieved via cuts on topological quantities.
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® CC and NC events are
separated using a 4 variable
KNN.

® CC selectionis appliedto
events failing the NC selection
criteria.

® 386% efficiency and 99% purity
at the FD.
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® CC and NC events are

separated using a 4 variable
KNN.

CC selection is applied to
events failing the NC selection
criteria.

86% efficiency and 99% purity
at the FD.

T | T T T | T T T ‘
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L-Flavor Oscillations

Neutrino Energy (GeV) Neutrino Energy (GeV)
1.2 10° . ! 10 o 1.0
1.02 é
® Sm 2 . Z 0'8; 7
all Am~<,.: s E
o Oscillations at high energies in =~ & o =
the FD. o2/ .
o No oscillations at the ND. 0B
® Medium Am?,: : E
O Due to finite energy g 0_6:
resolution, rapid oscillations at & o 3
the FD average out. 021 g
o Minimal oscillations at the ND. s
1.0 —]
® lLarge Am?,: ol E
o Rapid oscillation at the FD. 2 ol &
o Large oscillations at the ND. S oal e
02 b
0.0k i .

10% 10"

Events (Arbitrary Scale) Events (Arbitrary Scale)

Events (Arbitrary Scale)



® Fit oscillated F/N MC ratio

directly to F/N data ratio.
o Include a constraint on the
integrated ND rate.

® Fix parameters this analysis is
not sensitive to

(8,5, 6,4 6,4, @Nd B, ) to zero.

® Fitthe NC and CC spectra

simultaneously to determine
2
e23’ 924’ e34’ Am 32’ and

2
Am 1

Far-over-Near ratio (x107)

IMIINOS 4-Flavor Analysis
Strategy
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Total Systematics
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If a Light Sterile Neutrino Exists...
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—e— MINOS CC-selected Data
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At LSND best fit point Am?, =1.2 eV?, S|n229 =0.003

sin“26,, = 0.025 (Daya Bay/Bugey 390% C.L. at Am?, =12 eV?)
sinze2 =0.12

Ax? =38.0
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Disappearance Limit

MINOS 90% C.L.

1 02 = T T T . . R
~  10.56x102° POT MINOS eXCIUS|On ||m|t
~ v, mode
S ranges over 6 orders
10 . .
: of magnitude and is
- the strongest
1= .
o : constraint on v,
:5 T disappearance into
i i = 7l L 2
o - v, for low Am "
<j] ..
10%EF —miNos s0% C.L )
E — IceCube 90% G L. Internal allowed region
- LliSuper-K 90% C.L.
R due to degenerate
107F .gggg ?uﬂgo le?r}ie.o NE 90% C.L . .
§ ﬂKogpgt al.-|(-2013} E:‘J{[;";’oc‘r.L.0 - § SO|UtlonS
MRl (:2015} SRt | | ] "J. Kopp, P. Machado, M. Maltoni, T.Schwetz,
10-4 | | 1 1 111 | | L1 1 111 | JHEP 1305050 (2013_
10° 102 10 1
Sin2(924) "S. Gariazzo, C. Giunti, M. Laveder, Y.F. Li,

E.M. Zavanin, J.Phys.G43, 033001 (2016)



Pl — w, =1

—4
— 4 !Up4i2 IU,-_LgIESiHE A43 — 4 IUMIZ (]_ — IUH3|2

Degeneracies

U#BIE (1 - |U”3|2 - IUMF) sin” Az

— IU#4|2) Siﬂz A41

where A i i
9 AR
If:
. A41 ] A31 17 —3-flavo‘r N
o A41 = 2A31 08l — AMZ, = AMZ, 6,,=T/4,0,, =7/8 |
- — A, = 2AM5,, 0,, = /2, 6, = /4 N
o A41 << A31 . B AMG,>> A, 0, = /2, 6, = /4 ]
= 06[— ]
Tl i
. . . Z ou N
Certain combinations of 623, 924, and « °4 i
6,, can produce 4-flavor solutions sl N
nearly indistinguishable from 3-flavor. - -
| e |

o

Run each fit five times » each 6,
octant and mass hierarchy choice and
the degenerate region.

L ‘ L
200

Example degenerate scenarios

660 ‘
L/E (km/GeV)

L ‘
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800

-
o
o
o
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MINOS has 634 as a nuisance

parameter.
o Cannot use the Daya Bay’s Gaussian
CL, method.
o Use a fake experiment method.
For each (Am?, , 6,,) point:
o Generate 3-flavor fake experiments
using PDG parameters.
o Generate 4-flavor fake experiments

using the current (Am241, 6,,) point.
2 .
m 6,0, and Am-,, setto the best fit
to data at each grid point.

Fit each fake experiment to both the
3-flavor and 4-flavor hypotheses to
build the Ax? distributions.

CL_at MINOS

_| I | 1
i 2
i Axm
0.04
[ H1=4v
2 0.03
ie) [
s [
-G -
ne_ 0.02}
0.01
[ - o rallad ] 3 S B
%50 5 o Sy TN 15
MINOS Ay \
CLb
CLSer

CL =CL_,/CL,
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90% C.L. contours
generated using the CL_
method are consistent
with the limit constructed
using the
Feldman-Cousins method

Gl.s CGross-Gheck

10°¢ £
10 E
< TF E
= & n
3 | 2
—107E E
oS F =
<. ~2| |
10°F =
: —
1 0—3 :_ MINOS 90% C.L. (CL,) Exclusion _:
F — Feldman-Cousins Method s
| — CL Method :
—4 1 | I I I I | 1 | I I I | | | 1 11 1 11
104073 102 10 1
: 2
sin“0,,
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Daya Bay +
Bugey-3 +
IVIINOS




Combination Metho

Combining two disappearance
experiments to set limits on

f~2 — cirn2 i~2
sin 29ue =sin“26,,sin“0,,.

o Surfaces from each experiment

share the same y-axis but have
different x-axes.

Feldman-Cousin involves a best fit

will all parameters free.

o Constraining each experiment to a
common Am?, would be difficult
without a joint fit framework.

CL, is an ideal solution

o A local method

2 ain2
B Am 41 SIN 2914,

are always fixed.

)
and sin 924

Daya Bay,
1 02 E T T T T 11T ‘ T T T T T ‘
F — Daya Bay/Bugey-3 (reproduced) 90% CL_
[ - Bugey-3 original RS 90% C.L.
1 O ; """""" Bugey-3 reproduced 90% CL_ E
e DayaBay90%CL, . &
— 1 E E
Al :
> e e
8 S "
107 _ E
ol <t = --.___::::::; ~~~~~~~ |
g - ....;.':.:;-;_-_:.:::___::_:: i g
102 =~
1073 E E
1 0-4 Il il I T | ‘ Il L 11 ‘ Il il L1 11
10°° 102 107 1
sin“20,,
10° |
10 =
g 1 E
= 3
L) ]
=10 -
oSt 3
&
4o =
1073 & MINOS 90% C.L. (CL,) Exclusion ?
— Feldman-Cousins Method E
— CL¢ Method
1 0—4 1 1 | I L 1 11 1111 ‘ 1 L S | 11
10°° 1072 107 1

sin‘e,,



Need to be able to calculate CL_at a single (sin“26,,, sin°6_,,Am?, )

14’ 24’
point.
T T = T 3
i : ] 2 — .
: Alxi1 : Axi(}: DraW MINOS AX 0_05__ | 5 I |2 il
004 1 values from fake i Mo
ook ] experiments. 004F 7
g | > |
9 I i % 0.03}- -
e M 2%
i ' -, .
0_01:— E o 0.02:— xObs—:
: g i ..: 0_01__ )
%50 5 0 0 15 i
MINOS Ax? i
o e s . T ] I_(Il a0 40
Ay Ao ] Combined Ay
0.04 i
E MINOS and Daya Bay/Bugey-3
5 0.03- yi .
g I have uncorrelated systematics
fot - 2
0O 0.02f- Zops .
1 Draw Daya S0
: ] 2 AP = DX gt AX
0.01 . Bay/Bugey-3 Ax combo DB MINOS
S | values from Gaussian
== =0 o0

Sy .. .
Daya Bay/Bugey-3 Ay2 distributions. 45



m m z
Combining a Am~“,, Row

® Convert CLS from a 2D

10°F .
10: function of
i E .2 .2
I : (sin“28,,, sin“B,,) to 1D
s ' function of sin226Lle
oz 10F E o Using sin26 =
& : 226 : 29 He
< 102k -] SN 14Sln 54
i _ =] ® Multi-valued, so pick the
10—3 L MINOS 90% C.L. (CL,) Exclusion |
E = Feldman-Cousins Method 1
E o largest CL_ per bin as a
-4 M R ST R . .
104073 102 107 1 conservative choice.
Sin0,, 1072 10~
in2 1F g
- I sin"20, , g |
% — Daya Bay/Bugey-3 (reproduced) 90% CLs B - : :
| — Bugey-3 original RS 90% C.L. ) | . 1 L O -
10F ./ Forafixed Am?,, : : E
' calculate CL_ateach 12} d
_I E =
in2 in2 O | ]
(sin“26,,, sin“6,,) 0sl 90% . i
point. - C.L. limit :
10*E \ 3
107 — i : ]
3 5 4 v M R e I s o BT € s IR vt | e M1
" " sin?zemm 1 10710° 10° 10* 10° 10° 10" 1

Sin‘20),,,
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(o
Combined - 90% C.L.

The combined 90% C.L. limit " 5% BLdiiowsd. M| s
| [JLSND
excludes appearance 10 L—MiniBooNE ; P

— MiniBooNE (v mode)

lIIJ!l | IIJIIII| L | I1I1F

allowed regions for E-gop_petal.{zmsy L
== arlazzo i
2 2 1 g—i-iet al. (2016) g
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> | ]
— 10F —=
al <t = =
& i ]
Q L, d
2 102 =
Structure at low Am~,. is due : _# E
to the degenerate regions. 1q [0 EL (6L} Excluded N
= — NOMAD 3
F --- KARMEN2 5
s —MINOS and Daya Banyugey 3 .
10 1 1 I 1 IIIIII 11 111
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Combined - 99% G.L.

10°

The combined 99% C.L. limit
excludes appearance 10
allowed regions for

MINOS
Daya Bay
Bugey-3

LI I1IIII|

1F
Am?, <0.4 eV? and it .
&l
excludes almost all of the = 10'F
= -
99% C.L. global allowed T ge oo o arowed
i =l
region. " s Kopp ot ol (2013)

3| e Gariazzo et al. (2016)

10 E 99% C.L. (CL) Excluded
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- — MINOS and Daya Bay/Bugey-3
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A
The Future .

10215 L s e e B B ey ey . .
= MINOS+ Preliminary Sensitivities including
Tt £ sonings expected data collected by
<<.>“~ [ vemose Daya Bay through the end of
L | T dmemel™ i 2017 show a significant
X= :E emmmm— o o $E o _?: . . o e
E' E e ks 1 improvement in constraining
<'F I eomssoncn 3 sin?20,,
10-3_E_ :ICCFRQG%C.L. _;I 1 _
= [ sciBooNE + MiniBooNE 0% C.L. 15 = 3
104_ el il PR i . 9;
10 10° 107 10" 1 e
. al §
sin’(6,,) <10 :

A preliminary analysis adding the i
first 2 of MINOS+ data shows a 107°F
large improvement, especially at

' CL, 90%

: 2 n
mid-Ax“ values due to “10x 102" 217-day
increase in statistics at high | —— 621-day
+ —— End of 2017
energy. —4 [ 1 IIIIIII 1 1 IIIIII 1 1 L1 1111
10 -3 -2 —1
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M
Conclusions

MINOS Daya Bay

® Improved accounting for ND @ Factor of 2 improvement
oscillations, systematic over 6-AD analysis on the
uncertainties and handling of constraints of sin“26,,.
4-flavor degeneracies. ® Daya Bay + Bugey-3 extends

® FExtended its 90% C.L. the exclusion contour up to
exclusion limit over 6 orders of Am241 =5 eV?

. . 2
magnitude in Am~,..

MINOS and Daya Bay/Bugey-3 Combination

® Through close collaboration, Daya Bay and MINOS were able to
use the CL_technique to combine their disappearance limits to
extract equivalent appearance limits, assuming the 4-flavor
model.

® Increases the tension between appearance and disappearance

sterile neutrino searches for Am241 <1eV2 -
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® On 29 June 2016,
MINOS and MINOS+
officially ended data
taking.

® A special thanks to
Fermilab and the
Soudan mine crew for
making it possible to
collect 2.61x10%!
proton-on-target of
data!

Final MINOS golden neutrino
event
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Daya Bay,

Thank you! v
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ny New mass

3+1 Formalism

eigenstate
Uer Uez Uez Ues 3
g [Un Uz Ui Uy
U'rl U'rz UTS UM O ZS
Usl USZ US3 Us4 : v
T . Ve
For Daya Bay v, >V, I | .
2 2 .o [ Ami;L o 2
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For MINOS Vv, =V, : +
Amz,..\ —» Sensitive to |[U |2
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_ Am2, L
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3+1 Formalism

Uer Uez Uez Ueq
go|Un Uuz Ui Uy
Unn U Uz Uy
Usi Usz Us3 Us4

For U = R34R24R14R23R13R12

[Ues|? = sin® 614,

UPA 2 — SiIl2 924 COS2 914,

4|Ues|?|Upa|® = sin® 2014 sin” G4 = sin® 20, ,,

m,me New mass

eigenstate

T3

HEEN

SRR

Daya Bay
MINOS

LSND&
iIniBooNE
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IBD Rate (/day/AD) IBD Rate (/day/AD)

IBD Rate (/day/AD)

Daya Bay,

13
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621 days

The uncertainty of relative energy improves from
0.35% for 6-AD to 0.2% for 621-day period

(Eap — (E))/(E) [107?]

Galibration

o Neutron from muon spallation
e Neutron from IBD
¢ Neutron from Am-C source

A Alpha from natural radioactivity
® Gamma from calibration source

¢ Gamma from natural radioactivity
Vi
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1 = .g
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(ol
Design of Daya Bay

® Relative Measurement
o Near and far detectors:
minimize reactor related uncertainties
o ldentical modules:
minimize detector related uncertainties
® Low Backgrounds
o Large overburden at far site(860 m.w.e.)
® Large statistics

o Large target mass: 8x20-ton detectors
o Large neutrino flux: 6x2.9 GWth reactors
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Ratio of Data over MC at 15m

++++++++++++ ++++

® Major difference is : F gttt mm HJ{
due to o gt
o Difference between : """" T T
ILL+Vogel and -t T T T i ﬁ |
Huber+Mueller model : J( Jrﬁ JT( Eﬂjﬁ ﬂ TLLL
o Difference in neutron : | [
lifetime i
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Bugey-3 Reproduced
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Varying Baseline

Because we now allow for
short-baseline oscillations,
It is crucial that we
account for the baseline
varying due to the
distribution of hadron
decay points within the
decay pipe.

—| I I 1 | I 1 I | 1
- MINOS Preliminary

[9}]
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T | T T T | T T T
—e— MINOS Near Detector Data

107 b~ === Tuned MC -
® CC and NC events are - EEm Total Background :
separated using a 4 variable & MINOS Preliminary .
‘C_D Low Energy Beam, v -mode -
KNN. P 7.36 x 10%° PoT B
o Number of scintillator planes & s =
> u _|
in a track. P | -
r I i
o Mean pulse height of all track - i
hits. 00 02 04 _‘ofs'_' 08
o Ratio of low pulse height to 1 CEING weparatign vanalile
high pulse height hits. . R e ——
o Ratio of pulse height on the 1;' 0.8 ]
track to all hits. Q 46l g
. . . - B i
® CC selection is applied to e %
. . D 04,_ CC Selection T ]
events failing the NC selection © ¢ Near Detector MC Efficiency .
4= Qo e Far Detector MC Efficiency ]
Crite ria W <t Near Detector MC Purity 1
’ IR Far Detectcl)r MC Purity | ]

&
8_

® 386% efficiency and 99% purity 20 30
at the FD. Energy (GeV)
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High rate in Near Detector requires
temporal and spatial clustering »
may cause split or merged events
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Minimize with pre-selection cuts on:
- Fraction of pulse height in cluster
- The maximum number of
consecutive planes

Remaining data/MC disagreement is
taken as a systematic uncertainty.

Poorly Reconstructed Events
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Near Detector Data
Monte Carlo Prediction
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T | T T T T T T ‘
MINOS Preliminary ' NA4o Date®
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® Due to the possibility of ND oscillations, it is
not possible to constrain the beam flux using
a fit to ND data.

o Need to reassess beam systematics.

® Fit a FLUKA simulation of the NA49 target to
the BMPT parameterization.

® Vary fit parameters within their errors to
create a collection of physically feasible
alternate differential cross-section
parameterizations.

® Scale up the errors given by the fit until the
collection of alternate parameterizations
cover the difference between the FLUKA MC
and NA49 data.

4 FLUKA MC'

FLUKA MC* Param.
800

- FLUKA MC" Alt. Param. 1¢ Spread

600 : FLUKA MC® Alt. Param. 2c Sprea
Xe=0
Tc+

400

200

*Eur.Phys.J. C49 (2007)
[ *FLUKA 2008, CERN-2005-10 (2005)

Invariant Differential Cross-section [mb/GeV?]

-III‘I\Il\IIq‘\

L b 1 | ! 1 b | 1 1 ! b
0 0.2 0.4 0.6 0.8
Transverse Momentum [GeV]

T T T T | T T T T |
04— MINOS Preliminary
: Low Energy Beam, v,-mode
Charged Current Sample

0.2

Fractional Error on the MINOS Far/Near Ratio

Y
o

® Use this collection of alternate 02f- -
parameterizations to reweight the ND and FD ] i
neutrino spectra and create a covariance _0'40. S g
matrix. Neutrino Energy [GeV]

® The resulting F/N error is small.



a ND Acceptance Systematics

® Acceptance uncertainties are determined by
comparing the effect of varying cuts on data/MC at
the ND compared to the nominal cuts.

® Examined the effect of:

o Varying the fiducial volume
o Varying the containment criteria

o Excluding tracks ending near the join between the

calorimeter and spectrometer
o Varying how close tracks can come to the coil hole

® Together, these have the largest effect on our
sensitivity.
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® MINOS was optimized for
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. : . 0.6 4
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. . . G._J 04__ CC Selection MINOS.Prellmmary __
® Identifying NC events is I S — Sttt B
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Combination Method

MINOS has Ax? distributions for 3-flavor and 4-flavor fake experiments
at each (Am?,, sin°6_,) grid point.

Daya Bay and Bugey-3 have Gaussian Ax? 3-flavor and 4-flavor
distributions at each (Am?, , sin°26, ) grid point.
For a fixed Am?, , calculate CL_at each (sin“26
o Using the distribution of Ax?___

4 SIN°6,,) point.
oo fOr both 3-flavor truth and 4-flavor
truth, construct the combined CL_and CL_,, .

o Systematic uncertainties are uncorrelated between MINOS and
Daya Bay + Bugey-3, so szcombo is the sum of Ax? drawn from the
MINOS distribution and the Daya Bay+Bugey-3 distribution for
either 3-flavor or 4-flavor truth.

Pick the largest CL_for a given sin226Me =sin®26,,sin°6,,as a
conservative choice.
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Degeneracies

Plv, = v,) =1 —4|Uu|* (1 = |Uus|* = |U,af?) sin® Agy
— 4|Upa)? |Ups|* sin® Agz — 4|U)* (1 = |Unal® = |Upal?) sin® Ay

Amij
4F

where A;; =

If ©,, =1/2 and any of:
® A41 - A31
® A41 - 2A31
o A KA,

6,, can take on the role of 8_, leading to 4-flavor oscillations
degenerate with the 3-flavor scenario

Run each fit five times = each 6_, octant and mass hierarchy choice
and the degenerate region.
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