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MINOS & MINOS+

BEAMS AND DETECTORS

K. Lang, U. of Texas at Austin, Results from MINOS and MINOS+, Int. Symposium on Neutrino Frontiers, ICISE, Quy Nhon, July 16, 2018 2



MINOS, MINOS+, and NuM| ‘i\_',

MINOS Proposed 1995

Main Injector 2000

Beam data 2005-2012

NuMI reconfigured for NOvVA 2013
MINOS+ 2013-2016
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NuMI Neutrino Beams A
(Neutrinos from the Main Injector)
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MINOS: Near and Far Detectors
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MINOS and MINOS+ exposures
2005 = 2016
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MINOS & MINOS+ atmospheric neutrinos 'i&

%10* HH H}HH ﬂ + HM H*
i A i

(~20% of total sample)
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MINOS & MINOS+

STANDARD OSCILLATIONS
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Event types in MINOS 'i&

v, Charged Current v, Neutral Current v, Charged Current
(v,CC) (NC) (v, CC)
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Atmospheric neutrinos and antineutrinos ﬁs

¢ Fitin bins of cos(0,_ ) and energy
¢ Separate neutrino and antineutrino (mass hierarchy discrimination)
¢ Complements beam neutrino samples
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MINOS+ i!

Charged current (v,-CC) vs Neutral current (NC) classification

Event classification:
k Nearest-Neighbors (kNN)

- v, Candidate Events oo
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K. Lang, U. of Texas at Austin, Results from MINOS and MINOS+, Int. Symposium on Neutrino Frontiers, ICISE, Quy Nhon, July 16, 2018 11



Improved beam flux calculations f!

€ Fit hadron production from HORNS OFF (i.e., no focusing B-field)
& Fit for focusing effects in HORNS ON (i.e., with focusing B field)

weights only 500 and focusing weights
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Combined fit MINOS & MINOS+ ‘j&
(beam + atmospheric) K
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w2 contours and projections ﬁ!
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Comparison of latest results
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MINOS & MINOS+

SEARCH FOR STERILE NEUTRINOS
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The “3+1” mixing @!

New mass
eigenstate
71 E B
(@)
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U= S| T —
o7
S m Vg
< m U,
o) m Vv
% Mo Ve
€ (New) Oscillation parameters: — | ™
= 3 mass scales: Am?,,, Am?,;,, Am?,,
= 6 mixing angles: 0,,,0,,0,;,60,,,0,,,0,,
= 3 CP-violating phases: 0135 014, Ooy

€ Search for
= neutral current disappearance - sensitive to Am?,, and 6,,, 6.,
= v,-charged current disappearance -> sensitive to Am?,, and 6,,
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“3+1” oscillations
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Previous results:

used Far-over-Near enerqgy spectra ratios

Combined : Phys. Rev. Lett. 117, 151801
MINOS : Phys. Rev. Lett. 117, 151803
Daya Bay :Phys. Rev. Lett. 117, 151802
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€ The 2016 sterile neutrino analysis used the
ratio of FD & ND energy spectra*

= Many systematics cancel in the ratio

= Ratio uncertainty dominated by FD statistics

= Effect of high-mass sterile neutrino cancels

*P. Adamson et al., Phys. Rev. Lett. 117, 151803 (2016)
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Two-detector fit strategy @

x107°
30

€ ND and FD fits simultaneously

€ Flux derived using MINERVA PPFX

method (uses hadron production data) ?

10
€ Systematic uncertainties encoded in the

covariance matrices

= 26 sources of systematic uncertainties
= Accounts for correlations 40
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v, Charged Current energy spectra

€ Covariance matrix fits do not include systematics as nuisance parameters
€ The error bands and prediction account for off-diagonal
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Neutral Current energy spectra

€ Covariance matrix fits do not include systematics as nuisance parameters
€ The error bands and prediction account for off-diagonal
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Fit and contour results @

€ Use full NC and CC samples in two
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Sterile neutrino bounds

MINOS and MINOS+ 90% C.L. exclusion
limit over 7 orders of magnitude in Am?,,

- 3— I LI |l T TrTrrTT Ty T TTTTIT
. Improvement at large Am241 over previous 10 E 6107 POT MINGS | !
MINOS result due to: i - 580107 POT MINOS
- Near Detector statistical power
- Sensitivity to normalization shifts 10 B
- Improved binning around atmospheric dip .
. & -
in Far Detector % 1E
. Increased tension with global best fit € o 0000 S5S—=l
_ ) 5 <] E_MINOS & MINOS+
- Displayed here with [U_,|" = 0.023 - data90%C.L.
o[ —MINOS 90% C.L.
10 E —IceCube 90% C.L. =
. . - —Super-K90% C.L. <~ 3
o Posted to arXiv:1710.06488 and submitted [ [11CDHS 90% C.L. 1
103k | CCFR90%C.L. —
to PRL E [ SciBooNE + MiniBooNE 90% C.L. 3
- SeearXiv paper and ancillary materialsfor | WEEEFCEOET )]
more details 107 107 1072 10~ 1
sin®(6,,)
. Final year of data is still to be analyzed
"S. Gariazzo, C. Giunti, M. Laveder, Y.F. Li,
E.M. Zavanin, J.Phys.G43, 033001 (2016)
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MINOS & MINOS+

LARGE EXTRA DIMENSIONS
(LED)
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LED v, Disappearance Probability ﬁ!

- K.R. Dienes et al., Nucl. Phys. B 557, 25 (1999) 1.2 . - . .
10° = N. Arkani-Hamed et al., Phys. Rev.D 65, 024032 (2001) AR, = 754 x 10° 6V/2
- H. Davoudiasl et al., Phys. Rev.D 65, 105015 (2002) Myy = 1.9% x ©
- P.AN. Machado et al., Phys. Rev.D 84, 013003 (2011) 1 AmE, =2.37 x 10° eV?
< 108 sin°6,, = 0.308
2 - sin®0,, = 0.022 -
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€ Introduce extra spatial dimension ,
compactified on a circle with radius R 3 4o NOA
D e L P(vy—vy,) = ZZ Uy U3 ( WO )) exp |i | -
& 3 sterile fields that live in the bulk — W R 2E
€ Sterile fields act as Kaluza-Klein _
towers of infinite sterile neutrinos Mixing in Neutrino
towers masses
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MINOS and MINOS+ LED bounds

€ Previous results: € MINOS+ and MINOS data
Far-over-Near method € Two-detector method
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i Normal ordering 7 B 7
i v, mode " -10 DZG 7
Feld Cousi 95°/ C.L OO g i
10“5— — reldman-Lousins 90% L. = 101 excluded region L fit —
S C ] . E MINOS/MINOS+ E
L [ N\ CC + NC Z E i 16.36 x 10%° POT
E° - \\ excluded region _ Eo I Normal ordering |
v, mode
107 E 1072 E
- . . MINOS+ ]
5 | | | preliminary
107 I I I I I : : : : : —3 ! ! ! | 1 | ! ! !
0 0.2 0.4 0.6 0.8 10 0 0.0 0.4 0.6 0.8

7 lum) R (um)

P. Adamson et al. [MINOS Collaboration],

Phys.Rev. D94 (2016) no.11, 111101 R <0.30 um at 90% C.L.
for vanishing m,
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MINOS & MINOS+

THE END GAME

MINOSiexcavation ca. 2000
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-

MINOS & MINOS+ f!,

€ 11 years of operations, 25 POT exposure, up to 600 kW beam
€ Best to date Am?;, (68% CL), no octant preference at 90%CL for 6,,

2_| T T T I T T T T IIIIIIIIIII |

1 8:_— MINOS, MINOS+ combined fit

Normal Ami, =+2.42500 (x107eV?)
sin® 62, =042 (0.37<>0.65 [90%C.L.])

1.6E 1071107 poT v,-mode MINOS
{.4F 3.36x1 0?° POT v,-mode MINOS
C 9.69 x10%° POT v,-mode MINOS+

ions

llat

I|III|III|III|III

g 1.2 E

Inverted Am2, =248 (x107eV?) S 1 Lt —=
Z g ¥ E

sin® 03, =042 (0.36<>0.65 [90%C.L.]) £ °'8;‘~’ :

2 0.6 MINOS+ Preliminary E

o 0.4: =

0.2F =

50

€ Some of the most stringent bounds
0 5 10 15 20 30

on “3+1” sterile neutrinos Reconstructed v, Energy (GeV)
= Muon neutrino disappearance

= Joint analysis with Daya Bay
for v = v. appearance bounds

= Increased tension with global fits

O:I | 1 1 I 1 | | | |IIII|IIII| |

\_\ Yol :‘-)*

neutrinomural

€ Bounds on LED and NSI (soon) MINGS
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Then and now 7&

Date : 29 Jun 2016 Time : 07:34:01 Run :64486_17  Snarl : 171469 EventType : Golden Beam Neutrino

JIIIIIIIIQ’ B | D

TN IL

Argonne - Athens - Brookhaven - Caltech - Cambridge - Campinas -

b, 7 Cincinnati - Fermilab - Goias - Harvard - Holy Cross - Houston - IIT -
\j \ Indiana - lowa State - Lancaster - Manchester - Minnesota-Twin Cities -
Minnesota-Duluth - Otterbein - Oxford - Pittsburgh - Rutherford - Sao Paulo

- South Carolina - Stanford - Sussex - Texas A&M - Texas-Austin - Tufts -
UCL - Warsaw - William & Mary

Ely, MN, June 2012 (the propdsal era)
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MINOS

EXTRA IMAGES
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Systematic Uncertainties a

Sources of Systematic
€ We consider 44 total sources Uncertainty
of systematic uncertainty in

five categories

Uncertainty source Maximum uncertainty (%)
Y ND CC FD CC NDNC FD NC

@ Largest contributions arise ~ Hadron production 7% 7% 7 7%
from energy calibration Cross-sections 10% 10% 11% 13%

: Backgrounds 1% 1% 10% 5%
uncertalnty for NC ev_en’Fs and Energy scale 0% 8%, 20% 18%
cross-section uncertainties for Other 6% 3% 6% 3%
CC events Total 15% 12% 25% 20%

€ Statistical and systematic
uncertainties are incorporated
via covariance matrix

N
€ Covariance matrix Cross- \2 = Z(Obsi — pred,)[V1];(obs; — pred;)
terms allow for cancellation of P

uncertainties
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CC and NC probabilities/ uncertainties

Am2,L
Py, —v,)~1-— sin? 2693 cos 2054 sin> (%)
Am?2, L
. 92 . 2 41
— 2 — . 1
sin” 2694 sin ( V5 ) (1)

Pne =1—-P (v, —vs)

Am?2. L
~ 1 — cos? 014 cos? O34 sin? 2054 sin® (741

4K
: : , Am32,L
— sin? B34 sin? 2605 sin? [ —21— (2)
4F
: : : : . (Am3,L
+— sin dg4 Sin f94 sin 2634 sin 2653 sin (i Uncertainty Sensitivity to sin? 64 at:
2 2E Am?2; = 1eV?  Am2; = 1000eV?

Statistics only 0.0008 0.0002
+Energy scale 0.0054 0.0003
+Hadron production 0.0131 0.0063
+Cross section 0.0138 0.0103
+Background 0.0141 0.0112
+Beam 0.0143 0.0128
+Other 0.0153 0.0165

Table I. The reduction in sin® 64 exclusion sensitivity caused
by accumulation of systematic sources at two values of Am?,.

The systematic uncertainty sources are given in Eq. ll .
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The “3+1” oscillations in two detetors a

P(v,—v,)=1-sin"26,,c0820,,sin” A,

c 2 s 2
—sin” 26,,81n" A |

Neutrino Energy (GeV) Neutrino Energy (GeV)
10° 10 1 10 10 1

1.21 w .
N . )
1.0z . 8
=~ oa N : n
—~ 0.8+ — >
R ol . 5
5 06— - =
N || s Z
o - ~ ~
= 0.4 : @
B i c
0.2 . . G>)
B B LL

0.0

1072 0-1 1 10 7
L/E (km/GeV)
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4-flavor oscillations in MINOS

ot

€ MINOS is sensitive to three

sterile neutrino parameters
= 6,,, 65, and Am?,,
= Small Am?,, < 0.05 eV?

Probability

= Low Am?,, only affects FD

€ Oscillations can cause effects in

both detectors

= Rapid oscillations cause a
constant deficit in FD

Probability

= Medium Am?,, ~ 0.5 eV?

€ Can’tuse ND as a flux

measurement in this analysis
= High Am?,, - oscillations in ND.
= Large Am?,, > 5 eV?

Probability

= QOscillations at the ND
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Large Extra Dimension: effect of R and m,

Ratios of energy spectra

—

Far / Near (x 10°)
o
o

- R=1.00 um
- m,=0.5eV

Charged Current

—+— MINOS data

—— Standard oscillation prediction
Systematic uncertainty

—— LED model prediction

|

PR
10

20 30 40

EI'ECO (GeV)

0.6

Far/ Near (x 10%

Neutral Current

—+— MINOS data

Standard oscillation prediction
: Systematic uncertainty

—— LED model prediction

|

20 30 40

Ereco (GeV)

(as in the sterile

analysis)

Far / Near (x 10%)

Far / Near (x 10%

| —— MINOS data
1 R=1.00 um —— Standard oscillation prediction
- m,=0.0eV Systematic uncertainty
| g ——— LED model prediction
o f
, Charged Current
- ! T R .
% 10 20 30 20
Ereco (GeV)
0.6
i —— MINOS data
7 R =1.00 um  ___ Standard oscillation prediction
m,=0.0eV Systematic uncertainty
0.4 LED model prediction
' |
0.2 ..' .
I Neutral Current
L

20 30 20

Ereco (GeV)
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Comparison of latest results

3.0

2.0

I I I I 1 1 I I I I I I

T T T T | ! '
MINOS, MINOS+ * — ggo, .| =—90% C.L. ]
combined analysis
MINOS+ Preliminary i

.-l-‘-:-.-:-:-—--_-lul‘-1...

4
~ =
.....
-------
-------------

NOVA 90% C.L.

T2K 90% C.L. —]

Private Communication (2018)

PRD 96, 092006 (2017) |

lceCube 90% C.L. |
PRL 120, 071801 (2018)

- Normal hierlarchy

1 1

—

0.3

0.4

05
Sin°e,,

0.6

0.7
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LED analysis details

¢ LED

¢ MINOS

¢ MINOS+

€ Neutrino
2018

1, T \\\H\‘ T T \\HH‘ T T \\\H\‘ T T \\\Ht
5 MINOS+ preliminary ~ Two-detector fit ]
MINOS/MINOS+ |
CC+NC 2 i
excluded region 16.36 x 10~ POT
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C —— Acceptance i
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- ——— Hadron production
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LED analysis details

Number of events / GeV (x 10°)

g

Number of events / GeV (x 10%)

| MINOS+ preliminary MINOS/MINOS+ |

L 16.36 x 10 POT_|
Normal ordering |

v, mode |
ND CC 3v sample 7

— Simulated events
— MINOS .
— MINOS+ 1
. NC background

- MINOS+ preliminary MINOS/MINOS+ -

- 16.36 x 10°° POT A
Normal ordering -

v, mode —|
FD CC 3v sample 7

— Simulated events |
— MINOS -
— MINOS+ T

. NC background

10 40
Reconstructed CC energy (GeV)
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0.5]
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— MINOS 4
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MINOS bounds ﬁ!

N 2
2 -1 Ndata — N MC
X =) (o —e)[V (o — )+
. ON
Ij=1
1 = N T T T T T T T T T T T — 1 F R T I T T T I T T T I T T =
o\ MINOS sensitivity 90% C.L. 3 S N — MINOS data 5
B Normal ordering N L \\\\\ Feldman-Cousins 90% C.L.
[ 10.56 x 10% POT | I Normal ordering |
CC+NC v, mode 10.56 x 10%° POT
10 = N\ excluded region E 10" = v, mode 3
%; F —— Statistics | NN . % - ]
= r i = CC +NC .
EO = + Acceptance - £ - excluded region
102 + Normalization 3 10? = . E
E — + NC selection : E E \ E
+ Other S ] i ]
-3 1 1 1 | 1 1 1 | 1 1 NN -3 1 1 | 1 I I
10% 0.2 0.4 0.6 08 0% 0.2 0.4 0.6 0.8
R (um) R (um)
Future:
P. Adamson et al. [MINOS Collaboration], * MINOS+ and MINOS data
Phys.Rev. D94 (2016) no.11, 111101  Two-detector method
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Sterile Search - new method — two-detector fit

€ The 2017 MINOS sterile analys1s uses Far and Near Detectors energy spectra

directly rather than their ratios
€ Systematics through the covariance matrix

0"
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Comparison with Other Experiments @

The 2017 results

103§ | | IIIIII| | | IIIIII| | | IIIIII| | | Illllg
—  10.56x10%° POT MINOS .
—  5.80x10%° POT MINOS+ .
1 02 LV, mode —
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Ko —
> 1
()] S
N— :
oL )
E 10 '
<] = __MINOS & MINOS+
— data 90% C.L. ]
o[ —MINOS90%C.L. 1
10 E —iceCube 90% C.L. E
—  7/iSuper-K90% C.L. i
B 'CDHS 90% C.L. |
{103 | CCFR90%C.L. —
= [ SciBooNE + MiniBooNE 90% C.L. =
—  WEGariazzo et al. (2016) 90% C.L. * ]
10—4 | IIIIIII| | | IIIIII| | lIIIIII| | L 1Vl
107 10°° 1072 107" 1
: 2
sin“(8,,)

€ New limit improves
constraint of the previous
MINOS analysis

€ Constraint improved by
Near Detector contribution
for Am?,,~5eV?

& Increased tension with
global best fit

*S. Gariazzo, C. Giunti, M. Laveder, Y.F. Li,
E.M. Zavanin, J.Phys. G43 033001 (2016)
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New Combined Result with Daya Bay

7%

€ Preliminary: ongoing effort
between MINOS+/MINOS and
Daya Bay and Bugey-3 data.

€ Significant increase in the
constraint at Am?,, > 10 eV?

due to two-detector fit method.

€ A new combination with a
larger Daya Bay data later.

AJ. Kopp, P. Machado, M. Maltoni, T.
Schwetz, JHEP 1305:050 (2013)

*S. Gariazzo, C. Giunti, M. Laveder, Y.F. Li,
E.M. Zavanin, J.Phys. G43 033001 (2016)
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Combined fit MINOS & MINOS+

(beam + atmospheric)

74

Best fit:

Best fits, 90% C.L.

Am;, =+242 (x107eV?)
sin® 65, = 0.42
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Systematics ﬁs
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MINOS disappearance and appearance 'i‘&

P. Adamson et al. Phys. Rev. Lett. 112, 191801
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