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1. MINOS+ (main) goals (a reminder)
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® MINOS+ (E-1016, proposed in 2012) for continued
exploitation of the NuMI beam and MINOS
detectors (vINOS (E-875), proposed in 1995)

v'improve measurements of “atmospheric”
oscillations (by probing the multi-GeV energy
region)

search for light sterile neutrinos

search for NS| and other “exotic” transitions
(e.g., large extra dimensions)

continue cosmic rays data acquisition & analysis

€ Requested in the proposal:
v 3 years of running (2013-2016)
v 18 x 1020 POT
v" Collect ~3000 v, CC events/year

€ New collaboration (but largely based on
the MINOS Collaboration)

v" about 70 members
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74 2. MINOS+ Collaboration #

Ely, MN, June 2012
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27 institutions, 72 members [26.2 FTE] 44 senior members 8 students
16 postdocs 4 technical @ Soudan
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3. MINOS+ operations: overview
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€ The collaboration operates two detectors and helps in monitoring the NuMI beam line
v' a (small) crew at the Far Detector (in the Soudan Underground Laboratory)
v' a Fermilab crew at the Near Detector (ND) at Fermilab (with expertise for the two detectors)

v collaboration members: shifts at FNAL and remote, monitoring data online and offline; shifts on ND
are shared with MINERVA

€ Offline batch processing is now substantially supported by Fermilab’s SCD (the “interns
program”)

€ Calibration of ND to be shared with MINERVA (still working it out...)

€ The collaboration continues exploiting data collected by MINOS and now also by MINOS+

v
v
v

v
v
v

MINOS (last spill on April 30, 2012) provided physics-rich data set and inspires new analyses
MINOS+ is doing the same!

conducted three-flavor analysis and combined beam, atmospheric neutrinos. and an electron
neutrino appearance channel

conducting “standard oscillations” analysis with MINOS & MINOS+
conducting searches for sterile neutrinos with MINOS & MINOS+
continue NSI and “exotics” analysis with MINOS & MINOS+
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3. MINOS+ operations: POT history
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¥ Both detectors continue to collect data with > 98% up-time

v > 99% in the last 3 months

@ Far Detector has collected > 50 kt-yr atmospheric neutrino data

€ We project that we will accumulate about 11 x 102° POT by end of FY16
v Unfortunately this is much less than the originally requested 18 x 102° POT
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3. MINOS+ operations - calibrations

het

I Raw Calibrated
= 140 |- MINOS+ Preliminary — M JJ FarBetector UPlanes™ 1" TTTTTTTTTTANGS - Prefiminary =
] [ T . [
o B o t“‘ . [ ] A . 1.2 )
O s ;’./M‘ < 3 r T g
- - - ] - £
ED() 130 : PMTS .':.w ] —es - 2: ]
- M . [ ] I Q
> b Gains +2%lyear “w o 3
[ o ] F — %
= - : - ok n - ©
NE + MINOS+ Near Detector Data —75 i ] 08 T
110 — + MINOS+ Far Detector Data :70 -4: Mid-Calibration g
- S S N O S B S MO S T S S i B ira e v vy b bt b b b b b T b e e L
2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 4 2 0 2 4 4 2 0 2 4 4 2 0 2 4
Date X (m) X (m) X (m)
- LI L S S B S B B B B L 2 iNe‘ar DeteICtor U #Ianes I 57‘ ST '7:7 I MleS+ Préliminar)‘( =
- — t 1 + C
= 100 - + MINOS+ Near Detector Data ] 5 ] ' 1.2 2
R UE { MINOS+ Far Detector Data o ; z
- - 7 £ 3
Q 9 3 = o 1 13
> - 10 - > =
8 F 3%/year | | 2
- . . ] E 1 o
= 80 - — r = 1 r 0.8 _;
e - | r ] r -
o - nght yleld "“:"1* M. ] 2F Pre-Calibration T Mid-Calibration T Post-Calibration a
- - .. B S A A I S S 1 Sl [ Il [ i 1 SRR i S A S I s
70 — MINOS+ Preliminary . 0 1 2 3 0 1 2 3 0 1 2 3
T P R EPU U H S HE O SO S S L S B X (m) X (m) X (m)
2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

Date

Strip to

Drift Strip

Attenuation Corrected
Correction Signal

Raw Pulse Linearity

Height Correction Correction

Correction

K. Lang, MINOS+ update, Fermilab PAC Meeting, Chicago, June 23, 2015 6



f& 4. Analyses: standard oscillations: recent past #
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4. Analyses: standard oscillations: MINOS+
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€ Preliminary analysis on the first 3.0 x 102°POT of MINOS+
(data accrued from Sep 2013 to Sep 2014)

€ Significant statistical improvement to rising edge of primary oscillation

(1975 candidate v, CC events in the Far Detector)
® These data allow to look for deviations from the standard 3-flavor

prediction of the MINOS data

€ MINOS+ spectrum consistent with the MINOS best fit point
(x2between the prediction from the “MINOS+ only fit” and “2014 MINOS fit” is 1.3)
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’,7:$ 4. Analyses: standard oscillations: MINOS & MINOS+
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€4 Combined spectrum of MINOS and MINOS+ disappearance data
€ Can test the rising “edge” of the spectral ratio (survival probability)
€ Will later perform a combined fit of both
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@ 4. Analyses: search for sterile neutrinos #

€ Main signatures of sterile neutrino oscillations:
v v, CC spectrum: deviations from std. osc. due to extra mass splitting (Am?2,5)
v" NC spectrum: deficit due to v, =» v, disappearance.

€ The two detector configuration of MINOS+ enables a search for new sterile
oscillation modes at a wide range of Am? values

€ Can occur in the Near and Far Detectors

€ The higher energy spectrum of MINOS+ enhances the sensitivity to
spectral distortions beyond the standard oscillation framework
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’(3 4. Analyses: search for sterile neutrinos #

€ Possible distortions in the Near Detector required a change of paradigm in MINOS analyses

€ Look for deviation from standard oscillations in Far/Near energy spectra
v' Simultaneous fit to v, CC and NC data

€ CC and NC samples provide sensitivity to different components of the sterile mixing
€ Best constraints to-date on v, v, disappearance for sterile neutrino mass splitting below 1eV?
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fs 4. Analyses: MINOS & Bugey #
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fg 4. Analyses: future prospects for sterile neutrinos

Neutrino mode Antineutrino mode
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sensitivity.) the reach of this analysis.

¢ Also evaluating MINOS+ sensitivity in v =v, appearance channel
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L 4
K’& 4. Analyses: searches for “exotics”. non-standard interactions
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@ 4. Analyses: searches for “exotics™: v, —> v, sterile search ‘th

@ If there is a 4" neutrino state with a mass square splitting that is greater
than Am?,,, then MINOS+ can see an excess of v, events. Similar
mechanism would cause LSND signal.
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4. Analyses: searches for “exotics”: large extra dimensions
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€ If LED exist, then the disappearance
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',7:$ 4. Analyses: UP: multiple-u seasonal variations in the MINOS ND
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ND multiple u seasonal variations peak
in the opposite season to single u

In the FD, the “season” depends on u
separation (AS)

We didn’t expect this and attempts to
explain it are not satisfactory

Physical Review D 91, 112006 (2015)
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fg 4. Analyses: a slip-stacking issue ... #

€ While monitoring the beam ...
& Likely detector reco? Any beam effects? Or both?
€ Need proper MC (with correct instantaneous intensity) --> intense effort

Neutrino Energy Spectrum Stability (PQ and NQ)
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5. Outlook #

Continue MINOS analysis = new results, several papers in the pipeline
Manpower is very limited

MINOSH+ is significantly improving the physics reach of most analysis topics
Horns-off data (currently being taken) will be put to good use in MINOS+

We are evaluating sensitivities with an anti-neutrino beam (anticipated past
FY16) and possible commitments by collaboration members. We will likely
communicate to the lab our findings at the next PAC meeting (or sooner, if
possible). Also — there are some anti-neutrinos in the neutrino mode...

€ The MINOS+ Collaboration thanks FNAL and all funding agencies for support

(and encourages them to continue doing it until we exploit all the data collected
previously or in the future) - we are still very productive!
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f& 2. MINOS+ Collaboration #
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27 institutions, 72 people [26.2 FTE] #4 senior members 8 students
16 postdocs 4 technical @ Soudan
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74 2. MINOS+ Collaboration #
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',713 2. MINOS+ Collaboration: Executive Committee
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@ Jenny Thomas
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€ Phil Adamson 2011-17)

K. Lang, MINOS+ update, Fermilab PAC Meeting, Chicago, June 23, 2015

24



@ 2. MINOS Collaboration - stats #

€ Since 1998, MINOS and MINOS+ has produced 74 PhD theses

€ 13 faculty from postdoc transitions

€ 12 papers in the pipeline

€ Several more coming up with MINOS+ results

Many MINOS papers going through system:

Multi-p seasonal Published! ;
Beam hardware 2nd comment
TOF 2nd comment
Transitions 1st comment
Multi-p charge ratio Committee

Sterile PRL Committee

NC coherent n? Committee

NSI appearance Working Group
Calibration First draft

Disappearance PRD First draft

Nue PRD First draft

Atmospheric In preparation @

LED In preparation

40

30

20

10

Published MINOS Papers

2006 2007 2008 2008 2010 2011 2012 2013 2014 2015
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@ 3. MINOS+ operations: detectors efficiencies and POTs #

Both detectors > 99% live with beam in the last 3 months

||||||||||||||||||||||||||||||||||||||||||||||||||||||

25

— EEEEE Good Data MINOS Near Detector 25 |~ mmmm Good Data MINOS Far Detector
I M Special Runs - W Special Runs
— W Beam Problems W Beam Problems
> 2.0 [— [ Detector Problems > 2.0 — [ Detector Problems
tDU — I No Physics Run 8 — W No Physics Run
- - — B
1.5 I 15 |
[72) L 8
= _ = -
g | o |
o 1007 Do
e o
0.5 = 05 H
I
0.0 0.
2013/08/31 2014/03/30 2014/10/26 2015/05/24 2013/08/31 2014/03/30 2014/10/26 2015/05/24
Date Date
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300 ; : . :
275 .
225
exceeding accumulate

the proposed
18 x 10%° POT
- through FY16.
” Likely ~11x 1020 POT.

Nov-2014 Jan-2015 Mar-2015 May-2015 Jul-2015 Sep-2015

design
POTs

Integrated Protons (1e18)
*
o

| m Fiscal Year 15 Integrated Beam to NuM| — Design — Base
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3. MINOS+ Operations
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3. MINOS+ operations — beam records

JE
R

@ Best beam ever
® Record intensities (~4.3 e13) and power (~475 kW)
@ Project ~11 x 10%° POT by end of FY16 (end of MINOS+
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001
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L4
',7:$ 3. MINOS+ operations: MINOS+ Calibration Procedure

JE
R

€ The MINOS+ calibration procedure is meant to ensure that for a given energy
deposition, the calorimetric response is uniform as a function of time and space,
and uniform between the two detectors.

€ The MINOS+ running period began in September 2013.

@ The steps in this calibration are as follows:

Raw Pulse Linearity Drift Stsréﬁ;o Attenuation Corrected
[ ' [ : Correction [
Height Correction Correction Correction Signal
: Ensure Correct for Correct Cor_rect for Apply overall Flnal
Cosmic ray f ot : dif : light ie fact corrections
muons used respon?]e 0 (;/atrla ions in | erencef)/ln attenuation sca ’?h e}[o ﬁr for timing,
to measure each el. response response biw along each sothata cross-talk,
electronics (scintillator the individual . detectors .
the response . . strip, so scaling for
channel is and MINOS strips have the e
of the MINOS : . : transverse : individual
linear with electronics) and : same uniform
detectors. . : response is analyses,
pulse height. versus time. channels. : response.
uniform. etc.
29
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fg 3. MINOS+ operations - calibrations #

LI S s B B B B B A B S L L

h . MINOS+ Near Detectorata | Drift: The drift measures the overall
P A Sy + MINOS+FarDetectorbaa = = response of the detector versus time,
= o N’NW | including changes in the PMT, electronics,
0 s e M, and scintillator. This has decreased by

g5 MINOS+ Preiminary . ~10% since 2005.

PR SRHN INS S TTNT ST TN [ ST S S T [
2010 2011 2012 2013 2014 2015 2016

Date

2004 2005 2006 2007 2008 2009

——9 Gains: The gains have increased by

e e LA AL N B B B B

mi e —"> = approx. 3.0 ADCs/PE/year in the Near
g 10 2‘ — -”,'./“ ~ = Detector, and 1.4 ADCs/PE/year in the Far
%120; - Detector. The increase in gains is
s L - MINOS+ Near Detector Data —75  theorized to be due to the burning off of
110 — . + MINOS+ Far Detector Data 4 . Pin .
oo 80 dynode  impurities by continued PMT
2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
Date current.
Light Level
s 100F + MINOS+NearDetectorData | | jght Level: The detector light level is
L PO O defined as Drift/Gain The level has
2 90 - ) -
3 E 4  decreased over time, at a rate of 3.0%
S f T (3.5%) in the Near (Far) Detector per year,
70 = MINOS+ Preliminary B : . . g
R _______. primarily due to the aging of scintillator.
2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

%® MINOS+ Era
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@ 3. MINOS+ operations - calibration of the Far Detector #

€ The scintillating strips at the MINOS Far Detector are oriented at 45° to
the vertical, and at 90° with respect to neighboring planes.

€® Shown below is the calibration of one of these two views.
(The NuMI neutrino beam is traveling out of the page.)

4 Z_IF'ellr'De't'e'ct'o'r UPlanes _ L _ o MIINOSﬂIL IP'réllir'niln'alr)'/' =
: : 23 s
i 1< T Q
. 2: Fo,, <
£ of 15 t 3
> [ = s
[ o S
| 1 Q 41

2t = &
i v D - T e
-4 Pre-Calibration T Mid-Calibration T Post-Calibration 8

[ | I | NS O | N | O | N O P | | P

-4 -2 0 2 4 -4 -2 0 2 4 -4 -2 0 2 4
X (m) X (m) X (m)
Before Calibration Partially Calibrated Far  fFy|ly Calibrated Response

Detector, after Linearity,  of the Far Detector (after
Drift, and Strip to Strip Attenuation and Energy
corrections Scale Calibrations)
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a 3. MINOS+ operations - calibration of the Near Detector #

@ The scintillating strips at the MINOS Near Detector are oriented at 45° to
the vertical, and at 90° with respect to neighboring planes.

€ Shown below is the calibration of one of these two views.
(The NuMI neutrino beam is traveling out of the page.)

o[ NearDetector UPlanes § £ MINOS+ Preliminary =
; I 5
1F 15 T g
—~ = : <
s of 15 B 3
> - = - i c
= (o] = | (@]
4L 1e T S
: : 12 N : =
2F Pre-Calibration T Mid-Calibration T Post-Calibration a

[ | N N N | P Y N | N S L [ | N T T O | N T S | N WO | | I

0 1 2 3 0 1 2 3 0 1 2 3

X (m) X (m) X (m)
Before Calibration Partially Calibrated Far  fFy|ly Calibrated Response

Detector, after Linearity,  of the Far Detector (after
Drift, and Strip to Strip Attenuation and Energy
corrections Scale Calibrations)
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4. Analyses: standard oscillations: recent past (1)

JE
R

+

— L i
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Published results on Am?5,, 6,5, 6;3:

v’ v, disappearance (PRL 110, 251801, 2013)
v’ v, — Vv, appearance (PRL 110, 171801, 2013)
v Combined analysis (PRL 112, 191801, 2014)
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4. Analyses: search for sterile neutrinos SE

( P(vp—wp) )

(1- P(vp—ws) )

Reconstructed Energy (GeV) Reconstructed Energy (GeV)
10° 10 1 10° 10 1

[=]
[=2]
IlIIIlIlIIIIIIIIIIIlIII

[=]
[=2]
III|III|III|III|III|]II

1 10
L/E (km/GeV)

L7 I I —

2
Amj,

£} | I e
Am3,
vV, s,

21
vV, CCC——— =

v, v.d v.mvO

Events (Arbitrary Scale)

Events (Arbitrary Scale)

€ Several neutrino
anomalies are consistent
with the existence of a
light sterile neutrino

¥ The two detector
configuration of MINOS+
enables a search for new
sterile oscillation modes at
a wide range of Am? values

€ The higher energy
spectrum of MINOS+
enhances the sensitivity to
spectral distortions beyond
the standard oscillation
framework
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‘i’& 4. Analyses: search for sterile neutrinos 1'_-'1‘
Sterile neutrino analysis assumptions
o The MINOS disappearance data in [ ] -
the 3 + 1 model:

¢ 3 active flavours (v, v, v.)

¢ Add 1 sterile flavour (vg)

¢ Add 1 extra mass state (v,) 5

Amj,

= 4 x 4 neutrino mixing matrix

o Neutrino mixing parameters:

¢ Standard 3-flavour parameters: V3 _ B

2 2
& AM<s;, AmMey,

4 612/ e23/ e13/ 613 v2
¢ Additional 4-flavour parameters Vl

& Am?,4

% 6141 624/ e34/ 614/ 624 ve
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’(\_', 4. Analyses: search for sterile neutrinos ‘F.'H'.
VNS Prefminary e @ Possible oscillations in the Near

| AmZ, = 2.37 x107 e\2 _I_ + a
- _
08 [ sin“(8,;) = 0.41 -I- Hos

Detector required a change of paradigm

& [~ AmZ,=7.54x10° &\2 .
SIET in MINOS analyses
o i E € We measure the ratio of Far and Near
T F CCselecton - detector event rates as a function of
S s energy
Z E —e— MINOS data B E ) - .
= F e e J{ s € CC and NC samples provide sensitivity
© = ystematic uncertain ] . ]
L oY | — } T o3 to different components of the sterile
o.zi— W —io.z miXing
01 NC selection = ,
Lo b b b b by v by by 1y ) 1 10 = T T u ——T T T T
0 1 2 3 4 5 10 15 20 30 40 = : .
Reconstructed Energy (GeV) - MINOS Preliminary
10E 10.56x10® POT MINOS
@ Our results significantly L L nnng
extend the region of parameter © | eemenCoushs Conected :
=~ -1
Space excluded by ~ ;10 EF MINOS data 90% C.L. ?
disappearance searches e F - MINOS data 95% C.L. .
. . < 10 E --—--- Super-K 90% C.L. E|
‘ Our pioneering work eXpIOI’eS C [ coHs90%cC.L. — 3
2 ' 3L [ ccrreo%cCL. ——
_\/ery |OW Am reglons Where 10 E - SciBooNE + MiniBooNE 90% C.L. O .:' E
interference occurs between 10— el el i
. . ” -3 - .
the sterile and atmospheric 10° 10 _ 12%26 \ 10 1
scales sin“(6,,
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4. Analyses: search for sterile neutrinos
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& Steriles: NC & CC

’ MINOS+ Preliminary
Am2, =754 x10°ev2  —+— MINOS & MINOS+ data
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12— ¥
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4. Analyses: searches for “exotics”: large extra dimensions
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® LED: NC and CC

1 — —
AmZ, = 7.54 x10° eV? MINOS Preliminary | AmE, =754 x10° eV? MINOS Preliminary
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< 04r — 0 2oyt
— | L —
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’,7:$ 4. Analyses: search for sterile neutrinos #

Sterile analysis: NC + CC event spectra
o Energy spectra at the Far Detector for v, events

o QObserved (black crosses) vs predicted assuming no sterile
neutrinos (red)

200[= L L L DL R § T T T T T T T
- 1osexioopor  MINOS Preliminary - 400l wosexiompor  MINOS Preliminary 3
> B vy running — x::‘?:‘(:“:l':':’r:;'c:::’c‘°’ Data > - + vy running —— MINOS CC-like Far Detector Data
@ 150 Systematic Uncertainty - ’Q) B Monte Carlo Prediction |
(\D | ] ;::: sj(;kai':g:::nd 2 300:_ VMCC Systematic Uncertainty —:
_.(2 100—_ NC = :::::::::::: __ _.@ 200: Spectrum NC Background
B ] - = A
GC) i spectru M amg,-=237x10%eV? ] [} L AmZ, = 2.37 x10° eV?
Lﬁ 50__ Sin?(20,5) = 0.98 (6,5 <45°) ] LI>.I [ Sin?(26,;) = 0.98 (6,5, < 45°)
i AmZ, = 7.54 x10° eV2 1001 Am2, = 7.54 x10° eV2 ]
B 0, =8.5° C 0,, = 8.5°
05!!!1'0 N R R % 70 20 30 40
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV)
P N ;... — > Backgroundsy 4 ¢
Far Detector stats (0- 40 GeV): Signaly 4 nc

¢ 2563 v, CC events

& 1211 NC events R=1.08+0.11 (0 - 40 GeV)

R=1.11x0.10 (0 - 3 GeV)
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74 4. Analyses: search for sterile neutrinos
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N
MINQOS ratios of FD/ND energy spectra
o Ratios of energy spectra at the Far Detector to Near Detector
using v, events.
o QObserved (black crosses) vs predicted assuming no sterile
neutrinos (red)
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o Fit the observed FD/ND ratios for CC and NC

o Use |Am?,5|, |Am?5,], 655, 65,4, 05, and fix other parameters
o Systematics with the covariance matrix

o CLs use Feldman-Cousins recipe
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f! 4. Analyses: search for sterile neutrinos #

0 MINOS+ PRELIMINARY € MINOS & MINOS+ have collected over 6000
N | — neutrino events in the Far Detector of either
B ensitivity 1 i )
g — 1056x10 PoT MINOS h beam CC or NC interactions
| — MINOS & 2.99x10%° PoT MINOS+ ] : : .
T MINGS & 10.16% P MINOSs 1 @ Stl|! gxpect some improvement with the
6 N addition of new MINOS+ data
B Amg, = 0.5 eV* 1 @ However, we are approaching the limit of our
A & & A sensitivity due to systematic uncertainties
Y & ¥ A :
L i 2
o - 10" EMINOS+ Preliminary
O_ . , ] I 10 MC 90 C.L. sensitivity
107 102 10" A \ all systematics included
sin2924 N\ .1 v, running
\ ———————————
¢ At specific values of Am2,,, we can °§10-1

set direct limits on the mixing
angles 10
® At 0.5 eV? this is effectively a

10.56x10%° POT MINOS

" . -3
counting experiment and we are 10 mggszgixolgzsggm'ggf*
. . . X
approaching the limit of our 10" i e
normalization uncertainty 10" 1
0
24
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fg 4. Analyses: search for sterile neutrinos #

€ Antineutrinos provide an important check on the CPT symmetry

€ MINOS is able to explore new regions of parameter space

€ Current antineutrino exposure is still small and this analysis is
statistically limited

€ A year of MINOS+ antineutrino data would have great impact on our
sensitivity

10°E —
AMINOS+ Preliminary

-

running

NOS Simulation 3.36x10%° POT
NOS+ Simulation 4.5x10%° POT

!
n

=

—— MINOS 90% CL
—— MINOS+ 90% CL

[] ccrr90% cL

[] miniBooNE+SciBooNE 90% CL

/ eV?
I |]|l]||| I |I||I||l I |||||||| 1 ||||ﬁL 1 Illllq

II]II]II| L1l II| IIIIIIIII

10 _—
107 107

sin?(28,,)

—
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f& 4. Analyses: search for sterile neutrinos #

€ The LSND and MiniBooNE anomalies are sensitive to the product
of |Ug,|%, which drives v, disappearance, and |U 4|4, which relates to
v, disappearance

€ Results from neutrino disappearance in accelerator and reactor
experiments can thus be combined to provide strong tests of the
sterile neutrino interpretation of the short baseline v, appearance

anomaly.
y 102 ? UL L L LR LLL DL L ”?
o = MINOS Preliminary ]
€ By combining - v, mode i
MINOS data: 10.56x10%° POT

data from the 10 Siswema E
MINOS and Bugey < | Elswosc :
experiments, our I e _
results show NE E eeNomaDeowOL T N SR E
. — === MiniBooNE 90% CL =
Strong tension < [ == MiniBooNE 99% CL i

between 107" = — MINOS/Bugey” 90% CL

- * GLOBES 2012 fit with new reactor

appearance and - fluxes, courtesy of P. Huber
i ran ) el il il e il
gs:gr?/Zﬁoisce 19907 100 1 8—5 10 107 , 1072 210‘I 1

sin“20 . =4|U [|U
e =4U_PIU |
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L 4
K’& 4. Analyses: searches for “exotics”: non-standard interactions #

€ Due to it's long baseline, MINOS+ is sensitive to potential
nonstandard interactions (NSI) with matter

€ These additional interactions can be parameterized using ¢
parameters that incorporate the coupling strength of the new
interaction and the mixing of the eigenstates for the non-standard

interaction _
Pa%,ﬁ — ‘(U,B e_%Ht |V(1'>

0 Aoa 0 | L+ oo €op €or
~ Ams; :
H=Upuns [0 5= 0 | UpyystVe | €n €un €ur

‘2

5 e

0 0 2 | Cer G Err
Standard NSI
Matter Effect Matter Effect

V. =V2Gpn,
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1~
f& 4. Analyses: searches for “exotics”: non-standard interactions #

¥ MINOS published constraints on the

30| 90%CL parameter
I ::ﬂlllll\llgSINog 1D%ta1 gzeotPOT MINOS
S and 1.7x | . .
| MINOS and 10-10® poT MiNOS. | @ g,; by studying the v, disappearance
— MINOS and 10+4x10*° POT MINOS+ rate

€ MINOS+ can significantly improves
these constraints with 102" POT of FHC

2.0; T € MINOS+ can improve the contours even
- more with RHC data

-0.2 -0.1 0.0 0.1 0.2

€ Will release results this year with Full MINOS Data Set
and 1.7x102° POT of MINOS+ data

@ Next results will be with full MINOS+ FHC data set
and then potential RHC data set...
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t& 4. Analyses: searches for “exotics”: non-standard interactions

JE
R

2.0

MINOS PRELIMINARY
10.6x10%° POT v Mode

o
(63}
'C)IIII|IIII|IIIIIIIII

_t,o_||||||
o

3.3x10%° POT ¥ Mode

Normal Hierarchy 90% C.L.
MINOS Far Detector Data
* NSI Best Fit Point

00 o s

0 0.5 1.0 1.5 2.0 2.5
€<l
1.5

bIIII|IIII|IIII|IIII

0.5 3.3x10%° POT ¥ Mode
Inverted Hierarchy 90% C.L.
MINOS Far Detector Data
* NSI Best Fit Point
0 0 P L ] PR AN TR RN S SR AN Y S L
0 0.5 1.0 1.5 2.0 25

MINOS PRELIMINARY
10.6x10%° POT v Mode

,00_||||||
o

el

& Appearance data can be
used to constrain ¢,

€ Will submit publication
this year on results

K. Lang, MINOS+ update, Fermilab PAC Meeting, Chicago, June 23, 2015

46



1~
K’& 4. Analyses: searches for “exotics”: large extra dimensions #

@ If large extra dimensions exist, then the active neutrinos can
oscillate to the KK-states of the right handed neutrinos.

€ The oscillations to these KK-states are governed by the mass

(m,) of the lightest neutrino and the size (a) of the extra
dimensions

€ In the approximation that there is only one extra dimension the
oscillation probability is as shown

Probability
Probability

2 10" 1 10 1% 10° 102 10" 1 10 10> 10°
O R (Gev k) UE (GeV 7km)
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t! 4. Analyses: UP: Seasonal Variations in the MINOS ND

JE
R

€ Earlier MINOS measured seasonal
variations with the far detector and showed
sensitivity to the ni/K ratio

€ The correlation of the muon rate with
Temperature is o = AN /At 4

€ For shallow depths, the zenith anale-matters,
and MINOS came up with a new method to
handle this better than before.

.
Sherman _.-*
.

0.4

wos: | .-
Near l§et; MINOS Near Detector Results
e Vertical Temperature

0.2 m  Weighted Temperature

€ o(zenith) = 0.387 £0.003 £ 0.052(sy
€ Published Phys. Rev. D 90, 012010 (2014)
1.4F | T i T — ——

- — O ’
e -
10:_ Barrett 1 % _:

R S i L -
3 2 ]
0.6 ] =

.
,
Terino
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: [ ] Detector Average [stat]
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T Prediction

sapsEE

4
Zenith Angle (°)
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f! 4. Analyses: UP: multiple u charge ratio #

€ Previously, MINOS measured the first rise in the single muon charge ratio
at TeV energies (previously 1.28 from 100 MeV - 100 GeV, 1.37 at ~1TeV
in MINOS) and showed its sensitivity to the K+/K- ratio

€ For multiple muons, extensive Monte Carlo was needed to determine the
reconstruction efficiency and the charge ID efficiency

For multiple muon events the measured charge ratio is:

e ——
Rpeas = 1.091 £ 0.005(stat.) ¥ View
and the efficiency corrected charge ratio is: 2
0 -
y . +0.009,
Rtrue — ]..].O—l :}: O00{(-5f(lf.)_0010(151/-5{.) ;
B
‘ 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 463"):50
-V‘Vlew "
£ 3
249
. . 14 4
€ Paper under internal Review 3 |
14 ™~
2 |
4
‘ 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 ;v;c. 380 400 420 440 4599‘:50
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’,7:$ 4. Analyses: UP: solar cycle variations?

€ During analyses for seasonal

variations, we also observed a small Best Fit for the Near Detector

long term decline in the muon rates f=(0.102+/-0.001)%/year
in both ND and FD, described by “f’
in: Best Fit for the Far Detector is
2 f=(0.014+/-0.004)%/year
R=Ro(l—ﬂ)(1+Acos((365.25)(x—x0))) ( )70l
Y125 wnospreimnay | —— rc'l(?:;y'oseéz'ftgirt'oata' ]
@ |t is consistent with an effect due to §

—

N

o
I|\I||||

changes in the rigidity cutoff of the
solar wind due to the solar cycle. 12.3

€ Other explanations are possible.

# This analysis could benefit from = _
additional data through the solar 121 ]
cycle. C | AT S

12/04 01/07 12/08 01/11

Calendar Date [mm/yy]
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’(S 4. Operations — challenges (slip-stacking) #

® Slip-stacking (instantaneous intensity) issues?

Neutrino Energy Spectrum Stability (PQ and NQ)

6 ‘ February March, April
" Near Detector Data MINOS+ Preliminary s ‘ | l I 1 sl MmEsy
50:— . NOV (2014) acool- R
N AT + DEC (2014) moi 1 ool i
40:_ = JAN (2015) E i 1]2
i e fame + FEB(2015) 2000;_ 1 ol )
30i . * MAR (2015) 1000 | I 31415%'6
- MRS e ],
20 i 7 Average Time relative to spill (ns) Time relative to spill (ns)
oF - Is it beam?
- average calculated .
- includes all months e |s the the detector/reco?
L s it both?
Total Muon Events Per POT v.s. Time
= T - ' ' I ' - ' I - ' ' I ' - ' - ' - I =
290 R NOV (2014) N DEC (2014) ——1290
_ — . JAN (2015) . FEB (2015) =
5 285 — } MAR (2015) . APR (2015) —1285
9 280 ;— —; 280
E 275 — ?f*;ﬂ + 1 { ﬁ I —275
c - Y —1
265 — - 265
2600 = . =260
11/05 12/05 01/04 02/03 03/05 04/04

Time (MM/DD)
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’(S 4. Operations — challenges (slip-stacking) #

@ Slip-stacking (instantenous intensity) issues?

Neutrino Energy Spectrum Stability (PQ and NQ)
60

[ Near Detector Data MINOS+ Preliminary
soi . NOV (2014)
C . « DEC (2014)
40:_ = JAN (2015)
C e fama » FEB (2015)
30i ) + MAR (2015)
E . APR (2015)
20; "] —— Average
1of- -
- average calculated L
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= I T ' ' T ' T ' | T ' T T ' T ' T ' T T =
290 E— s NOV (2014) x DEC (2014) —E 290
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= 1 e dirl b e
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4. Recollect

pre slip-stacking intensity studies

JE
R

® From Tom Osiecki’s thesis/talks and in DocDB 1542

Number of Events

-
o

- v2/ndf  186.58 /27
- pO 0.08 + 0.04
| P1 0.35 +0.00
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Figure 6.18: Comparison of the charged current total energy for low and high in-

tensities.
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‘i! 4. Analyses: beam systematics #

Hadron Production weights from beam fits with

superimposed neutrino parents — horn on
n* Weights n Weights

eights

°
Ilmll

€ The MINOS+ Beam Fits

_ S 06l S 0.6
improve the Data/lMC ~ §*% & |
8 2 L

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

agreement significantly

. % 50 100 0 % 50 100
€ We reweight the P, (GeVic) p, (GeVic)
neutrinos based on
fitting the hadron K* Weights K Weights

Hadron eights
eeeeeeeeeeeee

nnnnn

production of the parent
hadrons in pT pZ phase
space as they exit the
NuMI target
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74

4. Analyses:

beam systematics

JE
R

® The MINOS+ Beam Fits
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f! MINOS is reaching a “drinking” age (now 20) #

First MINOS Week-in-the-Woods
June, 1996 Lutsen MN

Big issue/decision: How to
construct the steel plates
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Roadmap to 700kW

TS 1. Beam — from Phil A. in lieu of his talk

he

700

+ Average power per hour
500 f —— Average power per week R R

’

400 |

30 F .. .

Beam Power per calendar hour (kW)

i K--' '
s W LE
B L LT ¥ il R
L '

200 E¥ RN
A YR e 1
10

100 PO Rl e R

,

09723713

* February 2016

— 6+6 slip-stacking
operational at
700kW (4.3E12

per booster batch)

— Needs 9.8 Hz
booster pulsing

15

s 1))
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,& 1. Beam - from Phil A. in lieu of his talk L. s
7 e

FY16 projections

6.00E+20

Eidbond * These are still in draft status, but are
e===Total POT Metric / pretty reaIIStIC
5.00E+20 / — Newly recalculated

— Red “design” curve: everything goes

4.00E+20 We”
/// — Blue “base” curve: we get unlucky
3.00E+20

« Major difference between April 2014
and now is that the summer
shutdown got longer

* My personal guess is that we might
have a total of 11E20 protons in
MINOS+ by July 2016

— (right now, we have 6E20)

2.00E+20 -

1.00E+20 -

O-OOE+00 IIIIIIIIIIIII
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f& 4. Analyses: a slip-stacking issue ... #

€ While monitoring the beam ...
& Likely detector reco? Any beam effects? Or both?
€ Need proper MC (with correct instantaneous intensity) --> intense effort

Neutrino Energy Spectrum Stability (PQ and NQ)
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