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Introduction

e Partl: NuMI beam
— Present

— Beam composition
* Neutrinos/anti-neutrinos/v,

— Future

e Partll: the experiments
— MINOS
— NOVA

— Minerva
— ArgoNeut
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NuMI Neutrino Beam
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e decay of /K produce neutrinos 5 002
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Neutrino Mode (On-axis)
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Anti-neutrino Mode (On-axis)
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Off-axis beam (NOvVA)
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NuMI Near Term Future

MINOS will run in anti-neutrino mode

INOS priorit

8 months will yield 2.2 x 10%° POT

(more than double existing 1.7 x 102° POT of anti-neutrinos)
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NuMI Upgrades

Future possibilities

Present Baseline for future
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How achievable is 700 kW?

* Two main improvements:
— Reduce cycle time: 2.2 -> 1.3 seconds (1.7x more)

— Increase 9 -> 12 batches to NuMI (1.3x more)
* Multiplicative, so 2.2x more POT overall

320 kW -> 700 kW

* Already have 11 batches in Ml (2 for pbar)

— space for 1 more
* Fill the Recycler while Ml is ramping
e (Recycler is in Ml tunnel, used to cool 8 GeV pbars)
— save ~0.75 seconds per cycle
— also ramp slightly faster (~0.15 seconds saved)

University Jeff Hartnell, NOW 2010
of Sussex
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Potential Tevatron Extension to 2014

e 27th August: Fermilab PAC strongly
recommended a three year extension of the
Tevatron to 2014 (final decision O(month)?)

— CDF+DO predicted sensitivity is >30 across the
Interesting Higgs mass region: 114->185 GeV
* For low mass: H->bb channel different to LHC (H->yy)

* Tevatron requires Recycler for pbar cooling

— also needed for NuMI upgrade to 700 kW (but
NuMI can run at 400 kW in parallel w/o Recycler)

e Tevatron extension also has significant impact

on other intensity frontier projects
119 University Jeff Hartnell, NOW 2010

of Sussex
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Part ||

The Experiments
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Long-Baseline Overview

MINOS and NOvVA
— 15t and 2"9 generation

Both (will) have two
detectors:

Near detector at Fermilab

— measure beam
composition

— energy spectrum

Far detector in Minnesota

— search for and study
oscillations

Ash River

Soudan, O

Duluth "

Madison

Fermilab

Fermilab O e Soudan
}V 735 or 810 km 42 km
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120 scientists
30 institutions
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Argonne ¢ Athens * Benedictine * Brookhaven « Caltech - Cambridge « Campinas * Fermilab
Goias ¢ Harvard * Holy Cross ¢ IIT * Indiana * lowa State « 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
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MINQOS Physics Goals

Measurements of |Am?,, | and sin?(26,,) via
v, disappearance
Measurements of |AmZ_._| and sin?(26,,)

via v disappearance

atm

Search for sub-dominant v ->v, oscillations
via v, appearance

Search for sterile v, Lorentz violation
Atmospheric neutrino and cosmic ray physics

Study v interactions and cross sections in Near

Detector

Jeff Hartnell, NOW 2010
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MINQS Detectors

o Tracking sampling calorimeters
o steel absorber 2.54 cm thick
o scintillator strips 4.1 cm wide

¢ Magnetized

¢ muon energy from range/curvature
o distinguish p* from

‘llg University Jeff Hartnell, NOW 2010
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MINQOS Detectors

" Near Detector

111477980 tons
e 100 de




Experimental Approach

e Two detector experiment to reduce systematic errors:
— Flux, cross-section and detector uncertainties minimised
— Measure unoscillated v, spectrum at Near detector
e extrapolate using MC
— Compare to measured spectrum at Far detector
__MINOS Preliminary

MINOS Preliminary
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5 years of NuMI data
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Neutrino Results
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Anti-neutrino Results
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0 No oscillation
Prediction: 155

0 Observe: 97

0 No oscillations
disfavored at 6.30

= 3367 x107%eV?

sin®(20) = 0.86 = 0.11

P. Vahle, Neutrino 2010
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Comparisons to Neutrinos

| | | ! ! | | | | | l ! | | | I | | | ! | | | | |
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More anti-neutrinos to come...

__190% MC Sensitivity
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MC Sensitivity —3.5x 10% POT
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Electron Neutrino Appearance
Analysis
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v, Appearance
Results

0 Based on ND data, expect:
49.1+7.0(stat.)+2.7(syst.)

0 Observe: 54 events in the FD,
a 0.70 excess

for 8., = 0,sin’(26,,) = 1,
Am3,|=243x107 eV’

sin’(26,,) < 0.12 normal hierarchy
sin®(26,,) < 0.20 inverted hierarchy
at 90% C.L.

[Vahle, Nu2010]

Jeff Hartnell

(arXiv:1006.0996v1 [hep-ex])

AM? >0

i —— MINOS Best Fit

i [Wes%cCL

: [l 90% cL

s CHOOZ 90% CL
2sin®0,,=1 for CHOOZ

Scp (M)

MINOS
7.01x10*° POT

Scp (M)

0.1 02 03
2sin’(20,,)sin’e,,

0.4
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The NOvVA Collaboration

at Argonne Nat
ol

180 Scientists and Engineers from 26 Institutions

Argonne National Laboratory - University of Athens - California Institute of Technology - University of California, Los Angeles - Fermi National Accelerator
Laboratory - Harvard University - Indiana University - Lebedev Physical Institute - Michigan State University - University of Minnesota, Duluth - University of
Minnesota, Minneapolis - The Institute for Nuclear Research, Moscow - Technische Universitat Miinchen, Munich - State University of New York, Stony Brook -
Northwestern University - University of South Carolina, Columbia - Southern Methodist University - Stanford University - University of Tennessee - Texas A&M
University - University of Texas, Austin - University of Texas, Dallas - Tufts University - University of Virginia, Charlottesville - The College of William and Mary -
Wichita State University



Far Detector
TASD: Totally Active Scintillator Design
Longitudinal sampling is ~0.2 X,, which gives:

-- excellent u-e separation
-- 10 rejection capability

67 m

\'.*“b There are 1003 planes, for a total

' = i mass of 15 KT. There is enough room
1T / in the building for 18 kT
157 m Ny J
' Mg The detector can start taking data as soon as
L Wiy ) blocks are filled and the electronics
‘ L =—=3]) connected.
An admirer
University Jeff Hartnell, NOW 2010 G. Feldman, SLAC Seminar
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Sensitivity to sin®(20,,) # 0

90% CL Sensitivity to sin2(2e13) =0
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95% CL Resolution of Mass Ordering: NOvVA Alone

For relatively large 6,5, can determine mass hierarchy

o (m)
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ArgoNeuT

Al

Ornella Palamara (Tues. Parallel)

ArgoNeuT

* Test project to operate LArTPC in neutrino beam with goals to:

— Gain experience building/running LArTPC in a neutrino beam

— Accumulate neutrino/antineutrino events (15t time in US, 1%t time in low-energy beam)
— Develop simulation and reconstruction for LArTPCs, and compare MC with data

Drift Coordinate —

Pixel size:
4mm x 0.3mm

Drift Coordinate —
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Induction Plane Wire

Raw Data

100 120 140

Collecion Plane Wire MINOS Hall at Fermilab

Jeff Hartnell, NOW 2010 M. Soderburg, Nu2010 35
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Steven Manly (Friday parallel)

MINERVA

A dedicated neutrino scattering experiment

Jeff Hartnell, NOW 2010 36



Minerva and Neutrino Oscillations

* Neutrino energy ranges
and detector target
materials affect neutrino
cross-sections strongly

— Dominant interaction
channels change rapidly

— Many resonances to
consider

and not well known

* Goal: map out and study
the physics of neutrino-
nucleus interaction e

(0.5->20 GeV)

s
45
<
=
O
o
=
— Nuclear effects complicated =
.
>
=
=

v, charged-current cross-sections

MINOS
T2K CNGS
| NOVA

DUSEL

1| TOTAC

Q.8 |-

o Minerva Coverage
wUmverSlty Jeff Hartnell, NOW 2010 Dave Schmitz, MSU Seminar 37
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Minerva Status

* Detector constructed (except for water and He
targets)
— 1st data set was during NuMI anti-neutrino run
— 2nd data set collected this year in neutrino mode

* Analyses underway

e Everything on track for a useful and interesting
set of measurements in near future

University Jeff Hartnell, NOW 2010 G. Perdue, ICHEP

of Sussex

38



Conclusions

* Much exciting physics from the NuMI| beam already
with MINOS (NuMI at 320kW)

— Most precise measurement of Am?,, .

* Am?,,  =2.35"011 o x 103 eV?
— Limits on v, appearance
— Anomaly with anti-neutrino disappearance

* NuMI will switch back in Jan/11 (will more than double data set)

e Second phase getting underway

— Minerva is taking neutrino scattering data
— Straightforward NuMI upgrade to 700 kW in 2012

 (initially 400 kW if Tevatron extension approved) ‘ /6
— NOVA detectors’ construction underway %
* Exciting future with NuMI: stay tuned! %‘\.

w University Jeff Hartnell, NOW 2010 39
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v, charged-current cross-sections
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Minerva example

e Single Pion Production

B
=]

-]
o

r of Events
a
o

be
-
o
o

* Pion absorption creates irreducible bkgd to CC@EE

* Pion re-interaction o is large (30-40%) at these

225

energies I

 Pion absorption causes missing energy in eventes

¢ 100

reconstruction — affects oscillation measuremenits

25

* Nuclear effects strike again... o)

IB University Dave Schmitz, Fermilab | ¢ 112rtnell Now 2010
of Sussex ’
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Prospects for Higgs Evidence

~16 b :

> 3 0 expected
sensitivity from
100 — 180 GeV

>4 0@ 115 GeV
>6 0 @ 165 GeV

-J
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End of 2011:
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2 Integrated POT & Detector Mass
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1020 Protons delivered to NuMI
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Gary Feldman PAC Meeting 27 August 2010 6
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A Impact Summary

N

v

Impact of Tevatron 2014 on NOvA:

Q

Reduce the NOvA data set by roughly a factor of 2 in the
2015-2016 time period.
Delay first results on v, antineutrino oscillations by 2 years.

Delay first results on mass ordering and the CP-violating
phase by 2 years.

Delay the final results by 1.5 years.
Add an additional 3.7 M$ to the cost of the project.

Gary Feldman PAC Meeting 27 August 2010 2



0 vs. 8,5 Sensitivity Contours

1 and 2 ¢ Contours for Starred Point for NOVA
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Synergy by combining with T2K
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0 vs. 8,5 Contours: Worst Possible 6
T2K and NOvA Combined

1 and 2 ¢ Contours for Starred Point for NOVA + T2K 1 and 2 ¢ Contours for Starred Point for NOVA + T2K

— 2 - ~— = — 2
L [ NOvA v (/ - [ NOVA )
© 18 b © 18 | Amy2 = 2.410° oV’
[ e . [ sin“(26,,) = 1
 F Baseline me=2a’evi 1o b Jpgrade
s | Y sin“(26,,) =1 [ NOvA 3 years
4 r DN 1.4 - at 2.3 MW
L Exposure NOvA 3 years X EXpOSU re for each v and v
12 ] at 700 kW 1.2 + T2K 6 yoars
i . ‘. for each vand v i N at 3x power
1 r + T2K 6 yoars 1 ¢ Y
: : Am2 > 0 : \‘:::.%c‘ -_“ Amz > 0
08 ZAm*<0 08 4 = Am?<0
0.6 I 06 [
04 ‘ 0.4 |
0.2 | : :
'a' N 0.2 __
P T R T R | n":".m 1 ."|‘ I S S I SRR : ' ,o" R .
° 002 004 006 0.8 0.1 0.12 e
0 0.02 0.04 0.06 0.08 0.1 0.12

.2 -2
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Allowed Region 400

Contours obtained using 2001

Feldman-Cousins technique, 100F
including systematics i

Null oscillation hypothesis
excluded at 99%

CPT conserving point from
the MINOS neutrino analysis
is within 90% contour

v, best fitis at high value, | 68%

due to deficit at high energy : gg?%
' 4 MINOS Best Fit E

IAm?| (1072 eV?)

N

N

Unshaded region around
maximal mixing is excluded

at 99.7% C.L. 0O 0.2 04 06 08 1
sin’(20)
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Search for CPT violation in atm. v S"PER

= Under the CPT theorem, P(v=> v) and P(v=>¥) should be same., Jun2009

m Testv oscﬂlatlon orv oscﬂlatlon separately SK-l+l1+]l]
10l ~~ | | Neutrino:
; /8 Am,,?=2.2x10-3eV?

— | sin?20,,=1.0

> I : :

Q Anti-neutrino:
E sin220,,=1.0

4 B ”””.Jlﬁ.ﬁi

No evidence for CPT
violating oscillations
Is found

909% wemmm= \|NOS Collaboration
Preliminary Nu 2010

T

68%
90%

D90, e——

107 Super-K

il Illl

o — E> Poster-79 by Roger Wendell
sin“2 6,5 15



MINQOS Event Topologies

vV, CC Event VM CC Event NC Event
u— vy u + V . .- V
7/
Hadrons Hadrons Hadrons
N

IIIIIII IIIIIII G_I LI LI IIIIIII II-

transverse position (m)
&

a8l .V
_%_2- ] IR PSR TET FEEEE B
z position (m) z position (m) Z position (m)

Simulated Events » Deposition < 2.0 pe

Universi ® 2.0 < Deposition < 20.0 pe
w University Jeff Hartnell, NOW 2010 e Deposition > 20.0 po 52



v, Appearance Results

0 Based on ND data, expect: 49.1+7.0(stat.)+2.7(syst.)
0 Observe: 54 events in the FD, a 0.70 excess

MINOS PRELIMINAR

Y

40~

ot

Events

+++

= MINOS FD Data

Best Fit Signal

Background Prediction

Selected

University
lls of Sussex

0.5

ANN Selection Variable
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Why study v, and v ?

e Antineutrino parameters
are less precisely known.

— No direct precision
measurements

— MINOS is the only oscillation
experiment that can do event-
by-event separation

8—||_

| 90% Confidence
| --- Global Fitv,

- — MINOS v,;: 3.2x10%° POT v,-mode
—— Super-Kamiokande v, --]
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‘
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g

- — Super-Kamiokande L/E v,

Y
~
-
-~
______

IAM?l & 1AM (102 eV?)
N

07 08 09 1
sin°(20) & sin“(20)

e Differences may imply new physics in the neutrino sector
manifested as a difference in the effective mass-splitting.
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The Anti-neutrino Analysis

e Essentially the neutrino analysis ¢ What’s different with

of 2008 antineutrinos?
— No resolution binning, shower — Lower statistics ~1/12t events
estimator, new selector — Larger wrong-sigh component
— Only stopped taking antineutrino — Interactions are less hadronic
data on March 22"
F LR R A T T
_ 40': MINOS Preliminary E
8 T E - Data .
® L = MC Expectation :
N Il Total Background .
x 30[° -
AR Near Detector -
S F 8.65x 10" PoT ]
> 201 Antineutrino Running .
= i ]
@ = -
@ 101 -
0' N IR R | i
0 0.2 0.4 0.6 0.8 1

Reconstructed Inelasticity

w University Jeff Hartnell, Queen's Seminar
of Sussex
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Common Selection

e Basic selection

— At least 1 reconstructed track

In-time with the spill
In the fiducial volume

e CC/NC separation using a
KNN algorithm

— Compare to monte carlo events

e 4-parameter comparison

US

Track length

Mean energy of track hits

Energy fluctuations along the
track

Transverse track profile

University
of Sussex

MINOS Ilz’rlelilmilnelary |

—e— data

10

Events / 10" PoTs

| IIIIIII|

10"

| IIIIII]I

107 =

Low Energy Beam

MC expectation
—— NC background

L1111l

Main Selector Jff

o
p_
N

Jeff Hartnell, Queen's Seminar
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Antineutrino Efficiency & Purity

33100

8 802— MINOS Preliminary a

% i Simulated Far Detector i _
& 1 NC Contamination .

S 60[ v, Contamination B 0-6 GeV 106 19
T - Selection Efficiency ’ )
a 40f B 6-20 GeV 38 43
— i Monte Carl ]

S ool ome Aro 1 >20GvV 8 30
&) i =

& M

O ! I

» Y 5 10 15 20 25

Reconstructed Energy (GeV)

High energy v, contamination does not
affect the oscillation result
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Events / ton / 1x10'® pot

Events / ton / 1x10'® pot
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Near to Far Extrapolation

e Near detector spectrum # Far detector

— Project different solid angles

— Non-point source for Near detector

— /K decay kinematics

e average neutrino energy varies with angle

P

-

Target ———
)

Decay Pipe

E,~ 0.43E_/ (147,20 2)

Near
Detector

= |
Far
Detector

US

University Jeff Hartnell, Queen's Seminar
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Beam Matrix Extrapolation

* A beam matrix transports measured Near spectrum to Far
— v, and Vu are extrapolated independently

* Matrix encapsulates knowledge of meson decay kinematics and

beamline geometry

— Matrix element M; reflects the probability of obtaining a Far event with
energy E; given the observation of a Near event with energy E,

* MC used to correct for energy smearing and acceptance
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Far Detector MC MINOS PRELIMINARY

Neutrino Systematics

n

Fiducial events

90%
7.2 x 10%° POT

| | |- — | L1 | | |

~
5
R4 . ~\

0.85

.,/ Far Detector MC

O 095 1 105 1.1 N
/7 Sin2(26)

N
MINOS PRELIMINARY®»

o Effect of uncertainties estimated

by fitting systematically shifted MC

e Analysis is still statistically limited

e The 4 largest systematics are

Fiducial events
7.2 x 10?° POT

e
/

Monte Carlo

IlIIlIIIllIIllIlIl

OIIII|IIII|IIII|IIII

0,01 0 001
8(sin®(20))

o
ot

—0.02

included as penalty terms in the
fit.

Overall hadronic energy
Track energy
NC background

Relative normalisation
Relative hadronic energy

Cross sections
Charge mis-ID

Beam
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IATA(107eV?)

IATI(107%eV?)

Anti-neutrino Systematics

5.0r
a5 e The antineutrino analysis is
B 68% statistical sensitivity . . . .
sol even more statistically limited.
35 Joo e The two analyses have very
- xst%nz_a_tltql \\
20F ; 1. similar systematics
i / N
2’8.‘6'0.'65"9'.7"0'.'75['02'.(82'63'.8'5'6.9'0'.9'5"1 \\ — Though sizes of the effects are not
Sin

N “~. thesame.
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334 = Relative hadronic energy ND
; 322_ s (Qverall hadronic energy

- Monte Carlo Beam
330~ ===== (Cross sections
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Comparisons to Neutrinos

1.71x 10° POT MINOS ¥, running, Far Detector 1.71x 10°° POT MINOS ¥, running, Far Detector
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Far Detector Data
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v, V, Oscillation Search Overview

e Sub-dominant neutrino oscillations
— Look for v, appearance at Far detector
* P(v,>V,) =sin®0,; sin*20,3 sin*(1.27Am?;, L /E)
— also CPv and matter effects: not shown here but included in fit

— Electron neutrino events only 2% of total (at Chooz limit)

* Select events w/ compact shower, typical EM profile
— MINOS optimised for v,

— v, signal selection is harder
* Steel thickness 2.5cm = 1.4 X,
e Strip width 4.1cm ~ Moliéere radius (3.7cm)

* Use the Near detector to determine the background
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Slip stacking details

Time (seconds)
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