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Recent neutrino physics:
MINOS

World’s most precise

4-0 I | | | | | | | | | | | | I | | | | I | | I | measurement Of Iargest

- MINOS PRELIMINARY 90% C. L.1 neutrino mass splitting
— - — MINOS: 37.88 kt-y Atmospheric ]
L 3.5 10.71 x 10%° POT v, Mode —
> V-V 3.36 x 10% POT v, Mode )

First precision measurements of

- - Super-K zenith angle* . ) o
the antineutrino mass spllttlng

3 O - — Super-K L/E*

- — T2K*
Al i
C\l_ u
2_2 oF Searches for sterile neutrinos
1 5: N:Fgg?’%zggf””’“°”’ 1 Strong UK involvement
575 0.80 0. 85 0.90 0.95 100 - Cambridge, Manchester,
Sln (29) xford, , Sussex,
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woeneness The near future:

MINOS+

NuMI beam is being upgraded in

energy and intensity
» Will restart in 2013

Expect ~4000 v, CC events per

year in the Far Detector

Offers a unique high precision

test of the three flavour
oscillation paradigm

Simulated v Beam
5.4 kton, 6 x 10°° POT

1000
i — MINOS+
— NOvVA

MINOS

Preliminary

500

v, CC Events / GeV

|
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15 1 :
MINOS+ Simulation
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It

—— MINOS 7.2x10”° POT
0.6x10%' POT
1.2x10°' POT

B 1.8x10°' POT
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v, Survival Probability
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Neutrino Energy / GeV
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e MINOS+ sterile neutrinos

> In combination with
sterile neutrino
searches from Bugey
reactor experiment,
MINOS+ can rule out
most of the low mass
LSND region

102: I IIIIIII| III| | IJIIIII| | IIIIIH_—
- g LSND 90% CL .
b=
I [ snoeowct ]
S S BUGEY 90% CL* -
—— MiniBooNE 90% CL
10 —

— MiniBooNE 99% CL

MINOS+ & Bugey
Combination 90% CL

Ve

",

* GLoBES 2012, courtesy oi""F’.ul,-,!'uber
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The near future:

NOvVA

77% active, low-Z liquid
scintillator detector
Upgraded NuMI beam

> 810 km baseline, off-axis

Vu—' Ve, Vu—’ Ve

» Measure 6,5

> Possibly determine the v mass
hierarchy

» Search for CP violation
» Determine the 8,5 octant

NOVK Far Detector (Ash _Rlver MN)
, azﬁllflgs Far Det oudan, MN) Mo

A long-baseline neutrino

oscillation experiment, Ffrm,_llab_

situated 14 mrad off
the NuMI bfé’am axis
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P(v,) vs. P(v,) at E = 2.2 GeV

0.09 L=1300 km
9 -' TT T I | 3 I T1i7T ] T7T | Ti7T I T ] TrT l T A I: : ." ‘,.‘ LBNE
[ L=810km, E=2.0GeV : " C 2=23210"eV?
8 — Normal 0.08 sin’(26,,) = 0.0975
: ~ = Inveried s r 9 sin®(26,,) = 1.00
NOVA 0 §=0 SRS tan -
7L O §=n2 . 007  Aam*<0 E] \
B ?‘\ O d=n - E
L BEE * 8=3r2 0.06
= | L% : : 3 LBNE
—_— \
~ SF L 0.05
- y R r
r L F in 20, =0.1 1 :
= 4F PR B 0.04
T af 0.03 [
2 [ . 002 Fo§=0
N : e g= n/2
L J F O =7
I g 007 Fu5=3m2
Odllxiuxéxx‘é“xixx.sl||é111‘17111181;;“9 0(;' . '0.102' s ’0-64' . .0.1061 "0'08‘
P(v V) [%] P(v,)

Increase the baseline from 810 km to 1300 km
> Increased matter effect allows mass hierarchy determination

> Baseline is short enough that CP-violating effects can still be observed
10
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Liquid Argon TPC development

Next major technological
revolution in neutrino physics

> Millimetre-scale spatial
resolution over kiloton
masses

Fermilab has a coherent, staged
LAr R&D programme

Building on the experience from
ArgoNeut

> In the NuMI beam
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Liquid Argon Purity | Demonstrator

Primary aim is to demonstrate
that required electron lifetimes
can be achieved without
evacuation

12
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Liquid Argon Purlty emonstrator

“\::ér—“—‘ o Mk |-~ 5

Primary aim is to demonstrate
that required electron lifetimes
can be achieved without
evacuation

In its first runs this spring,

. . > | | .
electron lifetimes of 3 ms or - . PrMO ]
better were achieved in an empty . 25:— . PrM3 g
vessel (30 t) »w .

= 20 ¢ P4 -
» LBNE requires 1.5 ms ~ ¢ te e . §
() ad 3 g o 5
.g 155‘5 ) ; o 5 :
= v o ... -
2 10F = e E
- 5 % ..c‘ e S - o o N
5T S % ~
a ‘ o 5
Q201711 12/08/11 12/15/11

00:00:00 00:00:00 00:00:00
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Liquid Argon Purlty Demonstrator

Primary aim is to demonstrate
that required electron lifetimes
can be achieved without
evacuation

In its first runs this spring,

electron lifetimes of 3 ms or
better were achieved in an empty 25
vessel (30 t)

|1TT [T 1Trl

) :
> LBNE requires 1.5 ms é 201 :.' ﬂ
e 150 . :
— 4 s, -
A TPC is about to be installed in @ 1Qf *= 7
the volume = F 2 ]
5§ . & by
» LongBo: 2 m drift W 7 c&.m
| — s 21 v
QZ/01/11 12/08/11 12/15/11

00:00:00 00:00:00 00:00:00
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Liquid Argon In A Test beam

> Place a 5m x 1.5 m TPC in the
Fermilab test beam facility

Characterise the response of a LArTPC to
the particles and energies expected in
neutrino interactions

> e, p,my

EM shower resolution
Hadronic shower resolution
Particle ID

dE/dx

Light collection efficiencies

vV V VYV VYV VY VY

LArlIAT
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LArIAT will produce a dataset that
is invaluable for all future LArTPC
projects

Fermilab will provide facilities and
cryostat, university groups will
provide the active detector

0.9
UK involvement 0.8

Figure from Calice

> Imperial, Manchester, UCL z:
&0

» Simulation, DAQ 505
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MicroBooNE

100 ton LAr TPC

60 tons fiducial
30 PMTs
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MicroBooNE

100 ton LAr TPC
> 60 tons fiducial
> 30 PMTs

Placed in front of MiniBooNE
> 470 m baseline

Electron hypothesis for MiniBooNE:

electron-like hypothesis signal

Investigate the MiniBooNE low- _ w270 signal L
@ =
energy excess % O:j; —
» Clear photon-electron £ E [ vefomk
separation o 03F [ vefrom K
z— -other

TPC is under construction

» Data-taking will begin in early

2014 - ) - ) 12 14 15 3.0
EY* (GeV)
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LArl

1 kt liquid argon TPC
» Membrane cryostat technology

Engineering prototype for LBNE

800 m baseline in booster neutrino
beam

» Move MicroBooNE to 200 m

~10.

Rule out entire LSND region at 5 o

> ~ beam center

Proposal is currently under
development s

19



MANCHESTER

1824
The University of Manchester

LBNE: the original plan

Fermilab to Homestake (DUSEL)
> 1300 km baseline

» 700 kW beam (up to 2.3 MW
with project X)

» Original plan: 34 kt
underground detector

Broadband beam

> First two oscillation maxima at : ¢

2.5 GeV and 0.8 GeV

Underground physics programme
> Proton decay through p = K+v

» Precisely measure v spectrum
from galactic supernova

> Measurements with atmospheric
neutrinos

North D 1kota

Nebraska

1000

'f‘MlNOS (far)
2840 ftlevel K511~
= 4 5kton

) MINOS (near)
, o B

m’NERvm

i%

\ Mnlwau ccm

§ \anesola

800
700
600
500
400
300
200
100

Events / 250 MeV

N
v, Disappearance

900f- Beam: 120 GeV, 700kW
§ years v-mode

LBNE 1300km

— Signal+Bg, N=9101

. v, NC Bg, N=80

T2 3 4 5 6 71T 3

Neutrino Energy (GeV)
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Staged LBNE

Politics and funding...
> NSF pulls out of DUSEL
» DoE must pay the bill

» DoE requests a phased programme

Phase 1

> 10 kt Lar TPC on surface at

Homestake

> 700 kW beam
» No Near Detector

Reduced beam physics potential

No underground physics programme

Significance (o)

Significance (o)

Mass Hierarchy SigPificance VS dcp
Normal Hierarchy, sin“(260 3z=0.07 to 0.12
Homestake 10 kI Ar

Matt Bass (CSU)

0
-1 -0.8-0.6-0.4-0.2 0 0.20.40.6 0.8 1
5CP/J13

CpPV Significarzice VS dcp
NH(IH considered), sin“(26,4)=0.07 to 0.12
Homestake 10 kt I.Ar
Matt Bass (CSU)

5 1 I I 1 I I Ll 1 I

ol vV

-1 -0.8-0.6-0.4-0.2 0 0.20.4 0.6 0.8 1
6CP/JIZ
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LBNE phase 1 timescale

2010] 2011|2012 2013] 2014 2015] 2016| 2017| 2018| 2019 2020| 2021 | 2022

Conceptual Design
Far Detector Technology Decision

Detailed Design

Civil construction at Fermilab _
Civil construction at SURF/Homestake _

Far detector installation _
Beamline installation _

Operations

Phase 1 design and construction covers the next 10 years
» Data taking estimated for 2022

22
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LBNE: International involvement

Existing UK involvement

Cambridge
»  LAr reconstruction software
Oxford
> Triggering in LAr surface detector
» Cerenkov detector calibration

» Cosmic muon fluxes

Sheffield
> Co-convener of cosmics working group
> Simulation for 10 kt LAr detector

> Development of light collection in LAr

Sussex

» Just joined, interested in DAQ and
calibration

UCL

» Beam simulations

Scope Cost (TPC)
LBNE 34 kTon@4850L

LBNE Phase I, 10 kTon

Possibilities for significant impact from
international involvement

> Provide a Near Detector

> Take the 10 kt detector underground

23
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IceCube Lab

50 meters — gt ol

IceCube Array
86 strings, 60 sensors each
5,160 optical sensors

. DeepCore
6 strings optimized
for low energies

1,450 meters |——

Eiffel Tower
2 324 meters

2,450 meters
2,820 meters

Event rates / bin / livetime

[y
<

[
<
5

10°

10

10°

Antarctica

GZK v Yoshida m=4 Zmax = 4 y=2

GZK v Kotera FR2, Emax 316 EeV

GZK v Ahlers m=4.6 Zmax=2 y=2.5

E2) = 1.4 x 10°® GeV em? sr-! 5! (IC59 limit)
Background Total

Atmospheric prompt v Enberg std.

IceCube 2010-2012 (673days) Preliminary

T TTITm T T T UL |

L =
Preliminary [
Lt

5 5.5 6 6.5] - I7l - ]7.51

logm NPE

lceCube has turned the Antarctic ice shelf into the world’s

biggest neutrino detector

» Has seen the highest energy neutrinos ever observed

24
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The University of Manchester 50} Potential
PINGU s
455 a5 strings
338 1
Add 20 additional strings to the or (,,of”s’(,z;”’(,,s% ]
central region of IceCube g6 gm o g g '
> Spaced by 6-7 m -50[, gua” o 8
» Take the neutrino energy ' . ‘
threshold down to 1 GeV 100l
> Measurements of atmospheric 'CeCUZfriﬁézﬂdard \/
neutrino oscillations
h ¢ | 150k \‘P DeepCore strmgs i
> Searches for low-mass WIMPS 50 0 50 100 150
X (m)
10 MeV 100 MeV 1 GeV 10 GeV 100 GeV 1TeV 10TeV 100TeV 1PeV 10PeV
IceCube

Deep
T Core

Borexino PINGU fills this gap
KamLAND

Double Chooz
Daya Bay
SNO

25
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1.0 e
5 GeV neutrinos traveling through the 08} \\(\\ Inverted  cosf:=-06
Earth are close to an MSW resonance ?‘ 0.6 ,;\/ Normal v, =V,
> Oscillations are enhanced X 04 \‘\\ Ve =V,
» The effect depends strongly on the - 0.2 =
mass hierarchy N0 VY NS A —. = l_..-l—-—l‘ __ ]
1 5 10 15 20
E, [GeV]

A paper by Akhmedov et al. calculates
PINGU’s ability to determine the mass

herarchy N o S
al +0.96
Assume a reasonable energy and 16 | "0'72
angular resolution 14l +0.48
> og=3GeV, 0, =15° S 12; +0.24
Mass hierarchy determination at 4.50 - glo

/0

» Assuming uncorrelated systematics at
5% - 10%

Fairly independent of dp

N B N 0

hep-ph/1205.7071  -i0 =08 ~ 06 = =04 02 ¢

cos 0,
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A possible PINGU timescale

Early

Spring Fall Summer Fall Winter Winter
2012 2012 2012 2013 2013 2016/17 2017/18
Begin simulation Finish deploying
studies for 18-20 Submit Finish PINGU
string detector with Complete st Ii] tr:l Detailed Submit Begin including R&D
threshold ~1GeV. DeepCore flet er . PINGU PINGU deploying strings.
Targeted Physics: analyses. oton[jgfzs studies Proposal PINGU Start data-
neutrino hierarchy, taking early
WIMPs, SN 2018

The PINGU collaboration are currently working on a full detector
simulation

» Aiming to submit a letter of intent to NSF soon

Akhmedov et al. paper assumes 5 years of data taking

27
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A new group will study ideas for further
exploiting the NuMI neutrino beam

> The beam exists, why not instrument it
further?

Looking for ideas of $10 m - $100 m
» 5 kt LAr at Ash River?
> A water Cerenkov detector?
> .72

Monthly phone calls planned

Two-day meeting in Minneapolis, 11th-12th

March 2012

> Develop input for the Snowmass 2013
meeting

UK contact is Jenny Thomas

E-NuMI: Exploiting NuMI

6 Normal hierarchy
s 393y NOVA, 640y T2K
5 5+5y NOvA, 6+H0y T2K

5+5y NOvA, 6+0y T2K, 3+3y GLADE
sin’d,, = 0.3124£0.016

sin’26,, = 0.096+0.013

sin’20,, = 0.98£0.01 (0, <45°)

Ami, = (7.640.2)x10°*

ami, = ({55 0.00pa0°

Wrong hierarchy exclusion significance (o)

- — ——~’<—\’\
1
-150 =100 =50 0 50 100 150
P Guzowski Sep (9
6

Inverted hierarchy

— 343y NOVA, 6+0y T2K

5 5+5y NOvA, 6+0y T2K

5+5y NOvA, 6+0y T2K, 3+3y GLADE
4 sin’d,, = 0.31240.016

sin®26,, = 0.096+0.013

sin*20,, = 0.980.01 (0 <45°)
3 :

Amd, = (7.6£0.2)x10°*

1 _ J2451 1
Amy, = ({-ZJIJ)NMW)\“)

Wrong hierarchy exclusion significance (o)

-150 =100 =50 0 S0 100 150
P Guzowski S¢p ()
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Summary

Current US neutrino programme
» MINOS, MiniBooNE and MINERVA

The near future
> MINOS+, MINERVA and NOvVA

Liquid argon TPC development
» LAPD, MicroBooNE, LArIAT, LArl

The long-term future
> Phased LBNE: 10 kt LAr TPC on the surface
> PINGU

29
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v, CC spectrum at 1300 km, Am3, =~ 2 de-03 eV*

! = 10000, 02 >
L B N E ; i 5'“120“'0.5"_' n/a =
9000, 0.18 8
= [ — ) ]
x 8000; _ ) 016 £
8 Ocp =0 -
= 7000 014 ©
@ 6000 012 &
Broadband beam g - 2
& 5000} 01 &
» First two oscillation maxima 8 s000t -
at 2.5 GeV and 0.8 GeV g -
> Low energy events vital for zooox\ 0.04
detecting CP violation 1000, 0.02
o.‘
E_(GeV,
Energy / GeV gt
... Electron neutrinos ~ Electron antineutrinos
E : Be:;’:";;::g::;“;ggkw —— Signal + Bg. 8¢ = 0 E 805 Normal Hierarchy —— Signal + Bg. 5= 0
P 180l S veasrs of v rusnd — Signal + Bg, 5p = 90 70H Beam: 120 GeV. 700kwW Signal + Bg. 5. = 90
. years of v running . o 3 H S years of vV running or
- 140-_ 5'"2(201‘) =0.1 —— Signal + Bg. 5¢p = -90 "y 60 0 sin®(20,,) = 0.1 ——— Signal + Bg. 5¢p = -90
g 120 [Jv.cceg g - [Jv.+v.cceg
& = [ Jvw.NCBg S sof [ ]v.+v.NCBg
100:_ [_] Beamv. Bg W AOE—- [ Beamv +v,.Bg
80— =
sof— + | 30;—
405— I 205—
20; 10
b—
= 2 3 a 5 6 7 8 o= 2 3 4 5 6 7 8
Neutrino Energy (GeV) Neutrino Energy (GeV)
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MicroBooNE Goals

i cxf\mz:
Rule out much of the LSND region > MicroBooNE
= 6.6E20 POT
g stat. and 5% sys.
Galactic supernovae E>200 MeV fit
10
» 10-20 events expected - —90% CL
- — 36 CL
Neutrino-argon cross section L
measurements -
Background measurements for o'l
proton decay - [EILSND 90% CL
0 . [ [JLSND 99% CL
» KO — K+ charge exchange - MiniBooNE 90% CL
MiniBooNE 99% CL
10'2 | | IIIIII| L1 IIIIIII | | IIIII]| | Ll
Testing cold electronics 10% 10° 10% 10" L

P2
sin 29u

32
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Possible future LBNE scenarios

2015 2020 2025 2030

Project X Stage 1 _

LBNE still aims to reach its final goal of a large underground LArTPC

LBNE stage 1
> 10 kt on surface, 700 kW beam

Project X stage 1
> Upgrade neutrino beam to 1.1 MW, perhaps install a Near Detector at this point

LBNE stage 2
> Additional 30 kt detector on surface or 15-30 kt underground

33
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- The near future:
MINERVA

G. Zeller

1 Current neutrino L tainti ri
1 cross section data arge unc_er ainties on neutrino
; Cross sections
» 20-50%

MINERVA aims to reduce this to
5-10%

> In the 1-10 GeV region

o 9 9O =
© N B O ® o N B

3E

v cross section / %(10‘38 cm? / GeV)

A number of neutrino target
materials

» C, Pb, Fe, H,0, He

AN I Located in the NuMI neutrino
T e - : beam

‘ > In front of MINOS Near Detector

T 1 I I I 1 T I T T T

T T
45 50 55 60 65 70 75 80 85 90 95 100 105 110 115
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35 kt Underground LBNE

Mass Hierarchy Significance vs o¢cp CPV Significance vs dqp

Normal Hierarchy NH(IH considered)
Homestake Homestake
T T T T T T T Maltt Bas? (esY T T T T T T T Maltt Bas? —
30 [ 700kW, 545, 35 kt i 12 | 700kW, 545, 35 kt — |
+ 2.3 MW, 5+5, 35 kt === + 2.3 MW, 545, 35 kt =====
25 - 10
z G
3 g °
c c
1] 1]
g g e
5 >
» n 4
2
0 1 1 1 1 1 1 1 1 1 0
-1 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1 -1 -08-06-04-0.2 0 0.2 04 0.6 08 1
dcplm Scp/m

Original LBNE design has excellent physics potential
» Good sensitivity to mass hierarchy and CP violation

35
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Vi

20000
18000

CC events / GeV / 100 kKT / MW.yr

77% active, low-Z liquid
scintillator detector

Upgraded NuMI beam
> 810 km baseline, off-axis

v, CC spectrum at 810 km, A m2,=2.4e-03 eV?

near future:
NOVA

NOVA Far Detec:cOr (_Ash River, MIN)
*:41\'95 Séudan, MN)

Energy / GeV

sin®20,,=0,5_=n/a

-2
sin 2913=0.1,80p=0

sin?20,,=0.1,5  =/2

sin®20,,=0.1,5 =2

____________________ ine neutrino\ .
experiment, frm._i Ely
4'mrad off _ Chicago®

Vv, appearance probability

10 the NuMI| beam axis

"
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0.09

I Contours3yrvand3yrv NOvA
F o |Amg,2| = 2.32 107 eV?

0.08 |- sin?(26,,) = 0.095

[ sin%(26,,) = 0.95 o

007 [ 2 < R

E -“ E 7
0.06 | S

P(Ve) 0.05 —
0.04 |
003 |
0.02 —

001 |

0

P(ve)

> Simultaneous sensitivity to hierarchy, octant and CP phase
» Resolution ability depends on the values of é and 6,5

37
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NOVA mass hierarchy resolution

Significance of hierarchy resolution

W
Q

N
Q

Q

Illllllll[lll1

NOVA hierarchy resolution, 3+3 yr (V+V)

sin’(20,,)=0.095, sin’(20,,)=1.00

Includes T2K v, —v_ at 5.5x10°' p.o.t.

-
-
-
-
-
-
-
}—
-

*ee :
: St
: -~

~
-
-
-~
=
(]

> 3+3 years of neutrinos + antineutrinos

» Combination with T2K is important

38



MANCHESTER

1824

v NOVA physics sensitivity

0.09
I Contours3yrvand3yrv NOVA
F o |am,,2| = 2.3210° eV?
0.08 - sin’(20,,) = 0.095
[ sin®(20,,) = 0.95
0.07 | :
0.06 | o Y,
i ' ,l/ “' \\‘
_ N o ‘: \
P(v.) oo | U N S Black contours
e [ AN T
: Lo\ are 10 and 20
0.04 |
L Am?< 0 @
0.03 [ =
i 2
C Am“ >0 N
0.02 | ‘g
A
0.01 | % o
0 [ L L | ! L L | L L L | ! ! ! | L
() 0.02 0.04 0.06 0.08

P(ve)

> Simultaneous sensitivity to hierarchy, octant and CP phase
» Resolution ability depends on the values of é and 6,5
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" NOVA schedule and status

Prototype near detector has been
operated

> DAQ development, calibrations, — i
reconstruction, simulation... . sl

x{em
T

> Detector assembly practice

Far detector assembly underway
» 5 kt when beam switches on : I
> 14 kt by May 2014 Lt

v (em)
T

NuMI beam switches on in May 2013
> Reaches 700 kW by November 2013
> Baseline plan is 6 years’ of running

UK involvement from Sussex University
» ERC starting grant

40
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14400
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Recent neutrino physics:
MiniBooNE

6.5e20 POT neutrino mode w/ 3+1 fit
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11.3e20 POT anti-neutrino mode w 3+1fit
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Aiming to address the LSND signal for sterile neutrinos
> Inconclusive results due to low energy excesses for

neutrinos and antineutrinos
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