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Neutrino oscillations arise from mixture of mass and flavour eigenstates

‘Voz Z ‘Vz (oz:e,,u,T)
flavour state ¢ mass state

Many neutrino experiments observe data consistent with three-flavour model

012, 023, 013, 013, Am?32 (~1073eV?) and Am?;1 (~104 eV?)

LSND, MiniBooNE at L/E ~ 1 km/GeV, interpret as oscillations if Am?~ 1leV?

we consider the model 3(active)+ 1(sterile)

Introduces: 014, 024, 034, 824, 814 and Am?41
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MINOS+ is the continuation of MINOS with the NuMI beam in
the medium energy configuration.
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1824 Detectors
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Veto shield | -
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Near Fr

e 23.7 ton fiducial mass e 4.2 kiloton fiducial mass

e 1.04 km downstream from target e Veto shield for cosmic suppression

e 705m underground
e Both detectors are magnetised tracking/sampling calorimeters, segmented into planes
composed of 2.54 cm-thick steel planes and 1 cm-thick scintillator strips

e Detectors designed to be functionality equivalent, cancels systematics uncertainties in
flux modelling and cross section to first order.



MANCHESTER

1824 Long-Baseline Sterile Search

The University of Manchester

MINOS was built for measurement of Am?3; by looking for v,
disappearance optimised for L/E = 500km/GeV
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MANCHESTER FD Spectra - Data - 3
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FD spectra three-flavour oscillated with MINOS 2012 CC-analysis fit values
This is NOT a fit
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N — B «— background
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SNC ——_ Predicted NC
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R [0-3 GeV] = 1.10 +/- 0.06 +/- 0.07

R [0-40 GeV] = 1.05 +/-0.04 +/- 0.10
If no NC disappearance R =1 8
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This is assuming a three-flavour model - no sterile neutrinos
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1834 Oscillations

The University of Manchester

(A

Neutrino Energy (GeV) Neutrino Energy (GeV)
10° 10 1 10° 10 1
1.2_ ! LI - L 77 ||||||| N
1.0 = >
B o T
. ~= A
> 0.8 : 2
o - . [
S 0.6 2 5
o ~ <
o u <
0.4 = ..g
= a ()
: : b
0.2 —
0.0 L L I L B
1072 10 1 10 0° 10°
L/E (km/GeV)

Sterile oscillations in the FD only.

10



MANCHESTER

1834 Oscillations

The University of Manchester

(A

Neutrino Energy (GeV) Neutrino Energy (GeV)
10° 10 1 10° 10 1
1.21 ' T T
1.0} — s
. - T
. ~ A
> 0.8 : 2
S N - £
I 0.6 i 2
o . <C
= B <
0.4 — 2
B N @
N - 0
0.2~ -
0.0 P i N / — | N .
102 10 1 10 1 10°
L/E (km/GeV)

Fast oscillations in the FD, counting experiment
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oscillations now occur at the ND. Typical extrapolation using ND data is no

longer possible! 1
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New analysis technique to
probe many magnitudes of Am?a;
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Including 26 systematics into the fit via covariance matrix,
accounting for:

Normalisation, N N

Detector acceptance, 2= ) (0, —e)T V(0 — ;)
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MINOS disappearance search sensitive mainly to 024

Bugey reactor experiment - electron anti-neutrino disappearance, 014

Accelerator and reactor - largely uncorrelated systematic uncertainties
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MINOS uses CC+NC sample to look for sterile neutrinos via deviations from
the three-flavour model using a 3+1 model on the F/N Ratio

Use of covariance matrices for systematics, show power of two detector
experiment with cancellation of large systematics

Combination with reactor experiment Bugey allows for limit on same
parameter space as LSND etc

Future with additional data from MINOS+ with higher stats at higher energies.
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Looking for ve appearance in a vy beam
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An experiment with L/E ~ 1 km/GeV could only observe oscillations if
Am? ~ leV?

LEP measurements of the Z width show three active neutrinos. Therefore
any additional ones must be sterile

experimentally we consider the model 3(active)+ 1(sterile)

Introduces: 014, 024, 034 and Am?4;

Ue 1 Ue 2 Ue 3 Ue4

energy dependence

[] — Uul Uuz UMS Uu4 of oscillations
famplliltude U1 U.o U.z Uy AL Am2, L
of oscillations IE,
U U U83 Us4

P(VM — I/e) — 4‘UH4‘2‘UQ4|2 Sin2 A41.

L/E ~ 1 km/GeV |Am?41| >> |Am?32|, |Am?21] 55



MANCHESTER

1834 Sterile Neutrinos

The University of Manchester

1 02 - T T T1 s

- v, mode 3

B LSND 90% CL i

10 b ) LsnD 999 cL -

(\l/ ~ =TT KARMEN2 90% CL =
> - ICARUS 90% CL i
3 s MiniBooNE 90% CL |
(\llE = = MiniBooNE 99% CL §
107" £ S

— > |

B §

10—2 | | IIIIIII_6| | IIIIIII 5I | IIIIIII | | IIIIIII_3I | IIIIIII 2I | IIIIIII 1| | IIII‘IT
107 10 10> 10%* 10 102 10 1

sin20,, = 4IU_FIU I
e4d ué

.2
Ues|? = sin® 014,
U,a 2 = sin? 044 cos? 014,

4|Uos|?|Upa)? = sin® 2014 sin® Oy = sin® 20,,..

23



MANCHESTER
134 The NuMI Beam

The University of Manchester

107 L | E Wg———T——1 71— | :
MINOS ND Simulation 3 - MINOS ND Simulation . =
Py 10°E Forward Horn Current —Vu _VM = . 10° Forward Horn Current T & —;
= o 1 D E
<‘ 107 ¢ —Ve Ve § <- 105 _§
~10* = . _
9 ; 5 0 10 :
C 10° ~ i S T -
o R | QIR Y T E
LIJ 1025— _§ LLI 1025 i _;
* 10F - i : s iy ;
- ﬂr"w é 10 Pl ol 2
1 1 T T |!I R - A R -:!.!Hw.‘:!'iiiii-l ST
0 20 40 60 80 100 120 0 20 40 60 80 100 120
True Neutrino Energy (GeV) True Neutrino Energy (GeV)
e Anti-neutrino background, high e Neutrino parents
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e Mainly pions, significant koan
e Intrinsic electron neutrino component at higher energies

component.
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Soudan

Fermilab
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MINQOS was built for measurement of Am23; by looking for v,
disappearance optimised for L/E = 500km/GeV

Looking for perturbations

P(v, = Vv,)
o
(0] -
’.='_=-|

from three-flavour This is at £D baseline

o E

N rough maon s s
disappearance Energy (GeV)

|Uu4|2 |Am?241| >> |Am?231| to first order the survival prob:

Plv, —v,) ~1-— sin? 2093 cos 2094 sin’® Az — sin? 2894 sin? Ay
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1824 Long-Baseline Sterile Search
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Neutral current interaction rate is the same
for the three active flavours

Reconstructed NC energy spectrum

Vi -> Vs Will reduce

the NC rate 3500;_ """
E e No VS
3000 | — With v . mixing
PNC = 1 — P(Vu -> Vs) 2500;_ »
2000 - =
15005— | i
P(vu-> vs) depends on - —
024 034, 023, 10005 --------------
U2 ™ Toy Simulation———_
74 0 1 2 3 4 5 6 7 8 9 10

Reconstructed energy /GeV

The problem with NC events for sterile searches is
the inability to estimate the true neutrino energy.
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1824 Poorly Reconstructed Events 1!
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z position (m)

the badly reconstructed events are unique to the near detector due to
events overlapping in space and time

“chunks” of activity split off from larger events which look the same
as small hadronic showers - contamination in NC sample
28
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1824 Poorly Reconstructed Events
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Remaining data/MC disagreement is taken as a systematic uncertainty. 59
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Same cuts at the ND and FD

NC events don’t typically cross
as many planes in the detector,
compared to CC events that have
long tracks.

track extension defined as the
number of planes the track
extends out of the
reconstructed shower.

relative size of track compared
to shower

NC events will have short tracks

NC Event Selection
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1824 CC Event Selection
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Next select all events that have a track

Four variable kNN algorithm
used for CC selection

Low Energy Beam

— —e— Data
@) 10 = MC expectation -
o NC back d
o # of scintillator planes in a track © R NG backgroun
o
— - — t 4
e Ratio: energy deposited in track > 1 : accep :
and deposited energy of entire = - _ '
event o CC-like |
w107 ¢
C Ir\]/lifsan pulse height of all track "NC-like
' 10-2 T R A TR R .
e Ratio of low pulse height to high 0 0.2 0.4 | 0.6 0.8 1
pulse height hits. CC/NC separation parameter
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1834 Selector Performance
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MINOS was optimised for identifying vy, CC events

1/(‘* R y T
> ! "': --------- | > :x' ------------ R TN LA il
E 0.8__,',: -] E 08_ ‘——/\;\h-__
gl | g -
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8 L o : 8 : - s ~..-_.¢ L _:
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W ==t Near Detector MC Purity N L~ =t Near Detector MC Purity a
R Far Detector MC Purity | (): S Far Detectcljr MC Purity | |
! ! ! ! | ! ! | | | | | | | | | | | | L1 ! L L ! L Lo !
% 10 20 30 40 q 10 20 30 40
Energy (GeV) Energy (GeV)
Purity= (# selected true signal events) / (total # selected events)

Eff = (# selected true signal events) / (total # selected signal events before

selection)
CC ND eff is low due to events with tracks ending near the coil hole

NC events it is more difficult: 86% eff, 61% Purity at the FD
main bkg from inelastic vy, CC events 32
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L
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The measured Near Detector energy spectrum is used to predict the Far
Detector spectrum via the Far/Near Ratio method.

This method relies on no parameterisation the ND data

For each bin of energy correct FD MC by scale factor from ND data/MC
discrepancies. Robust method - reduces systematic errors
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- + — — Three-flavour simulation —
B Three-flavour simulation | 150 Systematic uncertainty —_
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B ] I V. appearance _
q>) i NC background CC | G>) 100 v, appearance N C _|
2001 — - i
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1001 Am3, =754 x10° eV? | - Am3, =754 x10° eV?
ir sin®(6, ;) = 0.022 i u + sin®(8, ;) = 0.022 -
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Reconstructed Neutrino Energy (GeV Reconstructed Visible Energy (GeV)

FD spectra three-flavour oscillated with MINOS 2012 CC-analysis fit values

2563 CC-like events 1211 NC-like events

Already we see no significant deviations from the three-flavour model
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MANCHESTER NC R Values ‘i!

Use NC FD spectrum to look for a deficit of NC events, compared to that
expect from 3-flavour. Not assuming a particular sterile neutrino model

Predicted CC
Naigta — Z Boo «— background

from all flavors

R

SNC ———_ Predicted NC

Interaction signal
[stats] [sys]
R[0-3 GeV] = 1.10 +/- 0.06 +/- 0.07

R [0-40 GeV] = 1.05 +/- 0.04 +/- 0.10

If no NC disappearance R =1

Values seem consistent with seeing no deficit in NC event rate
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1824 Varying Baseline
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b T T 7 T 7T
O L MINOS Preliminary 1 target
— i |
>
~ O — v, fromn*
(7)) i _ ]
) u —vufromn
C
D - ——— v, fromK*
> 4 i
LU B VufromK
- end of
8 - decay pipe
= 2 v
e -
) i
D i i
Z OI . "“'# |
0.2 0.4 0.6 0.8 1

Neutrino Distance Travelled to ND (km)

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 675m decay pipe.
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18 Hadron Production Uncertainty
The University of Manchester p—I—C (}()Hisi()ns at ]_58-GeV/C

50| _MINOS Preliminary { N9 Data N zp = —Dk
Need to assign i A FLokamct i \V8/2
SYSte matic i FLUKA MC* Param. |
to ﬂUX, can nOt 4001— - FLUKA MC* Alt. Param. 1o Spread—
use ND data FLUKA MC* Alt. Param. 2 Spread | wide acceptance

spectrometer
for the study of
hadron production

X. = 0.05
Tt

200—

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

O | | | | | | | | | | | | |
0 0.2 0.4 0.6 0.8

Transverse Momentum [GeV]

Invariant Differential Cross-section [mb/GeV?]

Fit a beam simulation (FLUKA) of the NA49 target to
the BMPT parametrization.

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

Scale up the errors given by the fit until the collection of alternate

parametrizations cover the difference between the FLUKA MC and NA49 data.
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1824 Hadron Production Uncertainty

The University of Manchester
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MINOS Preliminary
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-
1804 Detector Acceptance Uncertainty 13

The University of Manchester

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

Looked at:
e Varying fiducial volume
e Varying the containment criteria
e Excluding tracks ending near the join between the
e calorimeter and spectrometer.
e Varying how close tracks can come to the coil hole.

2:MINOS Preliminar
1
= O_ Together these have the largest
> effect on the sensitivity
-1 ;_ ------------ V full plan.e;h :
[ — U full |.3|ane -
-2 L z Fp)::\rrttliall FI:Iane
- | 1 |
0
X (m)
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1824 Degeneracies
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10—
MINOS Preliminary

10E 10.56x10%° POT

— v, running
C\|> 1 MINQOS data
L 10" Am?41 ~ Am?3;
N MINOS data 90% C.L.
& S MINOS data 95% C.L. .
10°F ——--—-. Super-K 90% C.L. e
< Yo — - Am241 << Am231

103 [ ] ccFR90%cC.L.

[ SciBooNE + MiniBooNE 90% C.L.

107 ———
104 107

ol Ll
102 10
sin®(0,,)

sin?(024) = 0.5
024 =1/4

when probing large Am?4;1 to avoid large values of Am<431a constraint is
implemented in the fit

Non-negligible interference terms from atmospheric

oscillations cause degenerates (regions where signal = three flavour)
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1824 Sensitivity ,
The University of Manchester
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The University of Manchester

CC and NC component

Data
102§ | | IIIIII| | | I 1T 1T 1T 11 | | I 1T 1 = IIjE:
- MINOS Preliminary > i
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Power comes from the CC sample
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1824 1D limits
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1D C.L limits for when Am?241 = 0.5eV?

sin?(f24) < 0.016 at 90% C.L. sin?(034) < 0.20 at 90% C.L.

sin?(624) < 0.022 at 95% C.L. sin?(f34) < 0.28 at 95% C.L.
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1824 CC and NC component
The University of Manchester
Sensitivity
10— :
= MINOS Preliminary .
10 = 10.56x10%° POT E
-~ — v, running _
c\'> 1E . .
O = No Feldman-_(?o_usms correction
\_: e ;_MINOS sensitivity
Al <t = 1
E 1072 ;_— CC and NC 90% C.L. "
< = cc90%C.L.
103 ;_ —— NC 90% C.L.
10-4_ R o] L] L b
10 10° 12 0 10" 1
sSin“(0,,)

Power comes from the CC sample
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1824 NA49
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