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Questions Addressed

P. Vahle, NUFACT 2012

The issue of the sterile neutrino

Can we continue to do precision 3 flavor oscillation
physics without solving the mystery of the sterile?

How do we go about solving the mystery?
How can we over-constrain the three flavor
oscillation system?
What do we do, now we know 0,;=0.09
What role will systematics play?
Are there better ways to optimize existing plans?

Are there better plans?



The Sterile Question

P. Vahle, NUFACT 2012
P. Huber—Many 3 sigma-ish hints that there’s something
unexpected going on

Reactor Anomaly—6% deficit of anti-nue at short distances
Gallium Anomaly—25% deficit of nue from radioactive sources at short distances
Cosmology—relativistic energy density suggests 4 neutrinos

Caution: A lot of hidden, hard to control systematic and
theory errors
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Miniboone and LSND ‘ 2. Pavlovic

Combined v and v analysis <
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No appedarance without
Disappearance

P. Vahle, NUFACT 2012

In general, in a 3+N sterile neutrino oscillation model
one finds that the energy averaged probabilities obey
the following inequality

P(v, — Ve) S 4P (Ve = Ve) P(V) — Vi) vuber

There is tension between appearance and
disappearance observations



Global Fits

(Ve) appearance

LSND

[Phys. Rev. D 64, 112007 (2001)]

MiniBooNE (BNB) v app

[hep-ex/1207.4809]

MiniBooNE (BNB) v app

[hep-ex/1207.4809]

G. Karagiorgi

P. Vahle, NuFACT 2012

(72 disappearance

Bu

[Nucl. Phys. B 434, 503 (1995)]
Gallex/Sage

[Phys. Rev. D 78, 045009()0()Hﬂ

KARMEN/LSND xsec
[Phys. Rev. D 85, 013017 (2012)]

MiniBooNE (NuMI

[Phys. Rev. Lett. 102, 211801 (2009)]

NOMAD > ) di
[Phys. Lett. B 570, 19 (2003)] Vi dlsappearance
KARMEN
[Phys. Rev. D 65, 112001 (2002)] » CCFR8&84
[Z. Phys. C 27, 53 (1985)]
CDHS
[Phys. Lett. B 134, 281 (1984)]
MINOS

. . [hep-ex/1202.2772 (2012),
Reviewed Anomalies hep-ex/1108.1509 (2012)]

° . ez0 o M : - MiniBOONE v dis
Null experiments with sensitivity to sterile neutrinos Phys. Rev. Lett, 103, 061802 (2009)]

Atmospheric
[New dJ. Phys 6, 122 (2004)]



(3+1): INCOMPATIBILITIES & Karagiord

o 10 In (3+1) model:
gNeutrino : Antineutrino PG (v,v) = 0.14%
< * c PG (app,dis) = 0.013%
i- f’; ' —d
S B o S | In (3+2) model:
D guma " g PG (v¥) = 5.3%
L o Xreew PG (app,dis)= 0.0082%
sin(26,,) sin’(29,,)
i 1o In (3+3) model:
Appearance

10

PG(nu,antinu)=53%
PG(app,dis)=0.0081%

cluded from

Amg, (eV?)
Am?, (eV?)

) earance experiments
] App 90% CL T mossowct
I App 99% CL I Dis 99% CL
¥ App Bost fit ¥ Dis Best fit
‘o.a il sl et aaaaal i Ladiild 103
10* 107 10?

10* o 11A0“’ 10‘ A o °
sin’(26,,) sin’(26,,)

“Appearance and disappearance data sets still incompatible even under a (3+3) scenario”




J. Evslin

Cosmological Constraints

P. Vahle, NUFACT 2012

High sterile mass has tension with cosmological
constraints

2 different modifications to cosmology can evade
the bounds, at least in the 3+1 models

time varying dark energy
sterile neutrino mass proportional to density of the

medium

(3+3) fits prefer dm2’s>10 eV?—difficult to allow
such high masses even with these modifications?



Minimal Sterile Neufrino Model

J. Lopez-Pavon
* Mini-seesaw model (very low scale Majorana mass) De Gouvea et al 05

1 -
L = Lsm + Lkin — §V_siMijV§j — (Y)iaVsi¢' Lo + he.c.

* Minimal extension of the SM that accounts for neutrino masses and
naturally includes sterile neutrinos (MM).

* More predictive than the phenomenological models (PM). In 3+2 models:

Model # Am? | # Angles | # Phases
3 v 2 3 1
3+2 MM 4 4 S
3+2 PM 4 9 D

e ...and, in the MM, sterile mixing depends on the mass parameters



Effect of Steriles on 3flavor phys

P. Vahle, NUFACT 2012

Theory motivated global fits reduce the degrees of
freedom

Relate new mixing angles to the standard 3 mixing
angles

Goodness of fits from theory motivated models are
comparable to best phenomenological fits

Best fits can pull standard mixing angles

e.g. Value of theta_13 changes by 20% in the MM
model compared to 3 flavor fits.

--J. Lopez-Pavon



Where to from here?

P. Vahle, NUFACT 2012

Measure reactor rates at really Near Detectors

/ experiments proposed, 1 taking data now (NUCIFER
at Saclay)

Measure rates from sources inserted in neutrino
detectors

another /7 proposals

Spallation sources

--B. Fleming



LArl sensitivity* to MiniBooNE anti-neutrino anomalies
Reference configuration: MicroBooNE at 200m and LAr1 at 700m

1 o rrTn

107
. R. Guenette
- G. Karagiorgi
10-2‘_1111111 | 1 lllllll 1 | lllllll | Ll
10° 102 10 1

sin°20

3-5 years with
present running conditions

Fiducial volumes assumed for
MicroBooNE and Lar1 are 61t and
695t respectively.

* 3+1 neutrino model

--B. Fleming



IsoDAR

J. Conrad

P. Vahle, NuFACT 2012

1 Use 60 MeV protons from cyclotron to make

isotopes that beta decay at rest

Use this low-energy pure v, source
To search for sterile neutrinos!

(3+1) Model with am? = 1.0 eV? and sin?20=0.1

0.95 \

M\

RAVARY

16.5m

3 4
L/E (m/MeV)

2

Potential locations: KamLLAND and SNO+



J. Conrad T i ¥ Reacor/ | T
IsoDAR St

Outstanding sensitivity! |

am® (ev?)

> 50 in <2 years of running

- EEEH ODAR S

0.01

0.001 0.01 0.1

sinzzem
Ability to discriminate between models!
3+1 3+2 ’
(3+1) Model with am? = 1.0 eV? and sin?20=0.1 (3+2) with Kopp/Maltoni/Schwetz Parameters
1.00 A\ /ﬁ\}\ ) 1.00 1 /m
1 A foy } T | \ /
g [\ / \ | \ g [ \‘ | \
E 0.95 1— ’f r {| | E 0.95 1 - ’ \
O A 7 | I O [}\ /My M \
| . [ r | - | :
§°'9° . HA gooo: W4 ] )
088 e L 0.85 (5y§arspfrup,ning) '
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
L/E (m/MeV) L/E (m/MeV)

IsoDAR is a stepping stone on the way to Daedulus which can study CP
violation via anti-numu to anti-nue oscillations
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12 MINOS+ and GLADE @ NuFact2012 by Ryan Nichol

Pre-Neutrino 2012 MiniBooNE
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K! R. Nichol
The MINOS+ vs LSND
vsS MiniBooNE Plot

e Can not have appearance without
disappearance

e MINOS+ will (most likely) place limits
on:

sin220,, (vs Am?2,,)

e Bugey (and other reactor experiments)
placed limits on:

sin220,, (vs Am?2,,)

e | SND/MiniBoone measure:

10

sin?20pe=4|Ue4|*x|Ups)? = 4 [5iN?01,]1 x [c0520., 5in20,,]

=5in220,, x sin%0,,
e Combine Bugey&MINOS+

13 MINOS @ Neutrino 2012 by Ryan Nichol

)

0

L 40

)

[ ]LsND 90% cL

[ LsND 99% CL
----------- BUGEY 90% CL*

L1 1 1111

— MiniBooNE 90% CL |

— MiniBooNE 99% CL
MINOS+V & Bugey

* GLoBES 2012, courtesy oi""F’:-lj!'uber
ol il PR

107

120'2 10 1
Sin“26,,¢







Constraining Theories—testing sum MC Chen

rules
wm Predictions: a SUSY SU(5) x T"Model

. 100 280 + o —&o —&o
e Neutrino Sector (2 parameters): Mgp = (8 0 (1))50 MD=( G % Gtm )cocauu
* Seesaw mechanism: . . (CoCoUu)2
UrpyM, Urpy = diag((3& + 770) | _( 38 + 7 ) )

¢ Prediction for MNS matrix:

1 0.3 = /3 V3 0
Usts = V) Ursy = ( 6c/3 1 *) ( ~V1/6 1/V3 —1/f2) 013 ~ 0./3v/2 (5o ar
* * 1 —/1/6 1/v/3 1//2

1
2 2 :
tan® g ~ tan® 0o, rpm + §9Ac C0S 0=y, | complex CGs: leptonic Dirac CPV | = connection between

_ leptogenesis & leptonic
/ f ® = 227 degrees CPV at low energy
1/2 quark mixing
neutrino mixing angle
angle
CoCgvu)?
m —m3 = (o — (360 + m)) L > 0
e sum rule among absolute masses:
. . m3 —mi = —2410&0(9&5 + 115) 2) (o)
normal hierarchy predicted So

Mu-Chun Chen, UC Irvine NuFact 2012 Williamsburg, VA, 07/27/201213



M. Ratz
Tribimaximal Mixing
P. Vahle, NUFACT 2012

s Tribimaximal Mixing still appealing now that we
know thetal3 is large?

n short, it can still be accommodated by “Kahler
Corrections”

w Afq3 for Kahler coefficient ky = 1, v/A = 0.2
§FT  — T 1 T T T T T T T T 7|-77'77'_7'7'<_

In general, predictions _
based on symmetries of |
subsectors are subject [
to sizeable corrections .. 4!

There are large L
theoretical uncertainties  *[ / —
in classes of popular |
constructions 0(12)0 T o oot o6 om0

m, [eV]




Precision

P. Vahle, NuFACT 2012

Why precision?

O o

Now that we know that
thetal3 is large, its not

Voxm ~ | O : .
] . just about discovery, but
precision
OO o .
Upmns ~ .
- flavour symmetries?
Parameter | Value (neutrino PMNS matrix) Value (quark CKM matrix)
612 34 £ 1° 13.04 £ 0.05°
623 43 + 4° 2.38 + 0.06°
613 9+ 1° 0.201 4 0.011°
Am3, +(7.58 £ 0.22) x 102 eV?
|Am3, | (2.35 4 0.12) x 103 ev? m3 >> my
dcp unknown 67 £+ 5°

Table from Bishai's talk at PXPS
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Precision
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P. Coloma

P. Vahle, NuFACT 2012

10 (1 dof)

| GLOBES 3.0

~150—-100 -=50 0 50

100 150
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Systematics matte

P. Coloma

0-5 ] | ll 1 | 1 L l I 1 1 | R
| 22 | T2HK CPYV at 30
] Large fhefCI 1 3 04l — constrainton §,/3 | _
' .— 0 @1%
mean we have to H
B —-- 0,@1% 1
be careful of " )
Sys’remd’ri cS - all systematics @ default
\n- 2 gl
tOU \ \
- N <l
02 -\. i s
K N 7
- ST e - &
- /// =t
gl / e o |
' statistics only . %
GLOBES .2007I 1 1%
0 L 1 [ o | 1 1 R B 8 21 1 1 1 L1 111
107 10 10"

;.3
sin 29l3

Huber, Mezzetto, Schwetz, 0711.2950 [hep-ph]



P. Coloma

Systematics
SB BB NF

Systematics Opt. Def. Cons. | Opt. Def. Cons. | Opt. Def. Cons.
Fiducial volume ND 0.2% 0.5% 1% | 0.2% 0.5% 1% | 0.2% 0.5% 1%
Fiducial volume FD 1% 2.5% 5% | 1% 2.5% 5% | 1% 2.5% 5%
(incl. near-far extrap.)

Flux error signal v 5% 75% 10%, 1% 2% 25%  01% 0.5% 1%
Flux error background v | 10% 15% 20% correlated correlated
Flux error signal v 10% 15% 20%| 1% 2% 2.5%|0.1% 0.5% 1%
Flux error background v | 20% 30%  40% correlated correlated

( Background uncertainty | 5% 7.5% 10% | 5% 7.5% 10% | 10% 15% 20% )

Cross secs/x eff\ QET 10% %  20% | 10% % 20% | 10% %  20%
Cross secq x eff. |RESt | 10% (15%) 20% | 10% (5%) 20% | 10% (15%) 20%
Cross secs\x eff/ DISt 5% 75% 10% 5% 7.5% 10% 5% T7.5% 10%

Ratio v./v, QE* 35% 1% - [35% 1% - |[35% 1% -
Ratio v, /v, RES* 2.7% 54% - |2.7% 54% - |[2.7% 54% -
Ratio v, /v, DIS* 25% 51% - [25% 51% - [25% 51% -

Matter density 1% 2% 5% | 1% 2% 5% | 1% 2% 5%

theoretical constraint



P. Coloma

Systematics
| 24
|D]SI_3],0 Fractic'm of 6=0.5
all off
m:att:er uncertainty off
flux off |
v, DIS cross section off
no ND |
2xexposure
BBSSP |
|all off
Qé cross section ratio off
RES cross section ratio off
ND’ "
2xexposure
’ l | GLOBES 2012
0 5 10 15 20 25
Ad[°]

Coloma, Huber, Kopp, Winter, In preparation



Systematics

Fraction of §=0.5

WBB
all off
matter uncertainty off
intrinsic background off
RES cross section ratio off
no ND

2xexposure

T2HK
all off
QE cross section ratio off
intrinsic background off
no ND
2xexposure

GLOBES 2012

5 10 15 20
Ad[°]
Coloma, Huber, Kopp, Winter, In preparation

25

P. Coloma

P. Vahle, NUFACT 2012

Conclusion: one can
get away without a
ND if one uses
disappearance
measurements in FD
to constrain
systematics

Some of us were
very surprised by
this conclusion...



MINQOS systematics

- Hadronization and
FSI uncertainties
cause sizeable
systematic errors in

MINOS ND nue

selected sample...

M. Sanchez

Near Detector

MINOS PRELIMINARY

= Total Data 1

Near Detector

MINOS PRELIMINARY

N
(=
(=
o
I

Events/GeV/10" POT
3
8
|

Lo T

LI L | 1 I 1

ANN-selected

= Total Data —
— Total MC

2010 |

"5 6 7 8 9
Reconstructed Energy (GeV)




M. Sanchez

FD Prediction Systematics

P. Vahle, NUFACT 2012

7 ...But they largely cancel in the extrapolation

ANN MINOS PRELIMINARY

T T T v T T T T T - T
ND Decomposition | : |
Calibration| : B
|Far/Near Normalization | : .
Hadronization Model [ R R <— |
v, CC component | : |
Intranuclear Model | RRR083%% 44—
Beam Model | : |
Crosstalk| % _
Cross Section|_ i |
Total : '.fI"If:ﬁfﬁﬁfﬁiﬁf'ﬁﬁf.‘f";;f.'ﬁfffifofif‘f‘ﬁ_ﬁ‘fkﬁﬁﬁ’fff :

1 ! ] 1 1 ] ]

-6 -4 -2 0 2 4 6

Systematic Uncertainty (%
MINOS 2010 y y (%)

* For the main background components the hadronization model systematic is
corrected to about 4%, while intranuclear and cross sections are down to 1%
or less.

* More recent analyses have these below 2.5%.



T2K ND and

Data
without ND
information
with ND
information

Events / (100 MeV/c)

80
60
40
20

systematics

K. Mann

P. Vahle, NuFACT 2012

CCQE: 0.94<c0s6,<1.00

CCnQE: 0.94<co0s8,,<1.00

el bl

CCQE: 0.90<c0s6,,<0.94

— CCQE: 0.84<c0s8,<0.90 — CCnQE: 0.84<c0s0,<0.90

LI r

CCQE: -1.00<c0s6,<0.84

' .
T -

CCnQE: -1.00<cos8,<0.84

1000 2000

P, (MeV/c)

1000 2000
P, (MeV/c)



K. Mann

= Rate of v, signal and backgrounds ———
without ND measurement and
with ND measurement

= Uncertainty envelope from
constrained flux, cross section
parameters

* |ncludes correlation between flux
and cross section at ND, SK 0.6

Signal: CCv,

% change to event rate

PR I TR RN SR S T S S SN U R S T
500 1000 1500 2000
— —

Background: CC v,

Background: NCV,

1.4

1.4

l]llllll

Prediction Tuning

0.6

PR T S P T T ST TR T PR SR T
06 500 1000 1500 2000

: | IS R ; | IR R : L O S
500 1000 1500 20(
Action Item for experimentalists: Review systematics

inputs for future facilities and the implications of having no ND



R. Bayes

New nufact optimization

P. Vahle, NUFACT 2012

LT
v

C 065

@ Physics priorities shift to
measurement of CP violation.
@ For measurement of 613 used

e Two baselines: 4000 km and
7500 km
e 25 GeV stored u energy.

@ Re-optimization of baseline

E, [GeV)

and beam energy required g
@ Measurement of §cp achieved ¢ = - i j
With F in28,,=10" Kin"26,,=10"
@ Single 2000 km baseline. 1800 2000 ‘3oiolk:?bb 3000 6000 2000 30?40“(:300 30006000

e 10 GeV stored u energy.

From IDS-NF-020, Interim Design Report

@ MIND simulation used to examine sensitivities with these
specifications.



R. Bayes

Rethinking MIND

P. Vahle, NuFACT 2012

Signal Efficiencies Background

0.8 ge]
§ - —_— 5 . - L Tahs
o - e gyt
g 7 -~ & Tt R e e e i |
= 08 -+ g10°F : ‘l' i S
c 8 © B - T Ry
Y : 1
g O - S z
— = s H
w 0.4: E104 — 7V, CCIDasv,
- — . - ~ - pt rec. fromv _NC
0.3F - Vucc S'Qnal y" rec. fromv,CC
o ----V.CCIDasv,
o2 % F 0 air e v,CCIDas7,
- : ~~ pu*rec.fromv NC
0 1: o Vucc SIQI'Ial 10° u* rec. from V:CC
F ~E v.CCIDas¥V,
0: PETETEE ETSTSTErSS APETETAE ATETET AT ATETATArY :J_L ol o e b o e L e L
0 7 8 9 10 0 3 4 5 6 7 8 9 10
True Neutrino Energy ) True Neutrino Eneray (GeV) y

@ All reconstruction efficiencies at or above 50%.
@ Background suppressed by parts in 103. e Events simulated with GENIE.

@ NC backgrounds completely suppressed.

@ Full geometry & B field in GEANT 4

@ Realistic field map generated by Bob
Wands at FNAL




R. Bayes

MIND Sensitivity

P. Vahle, NuFACT 2012
Assuming 10 GeV Factory, 10 years Running, 0.5 x 10" x* + 0.5 x 10%' .~ per year

Error in 6cp from 1 o curves

@ Uses cuts-based analysis.

. . 10
@ Consider 1.+ and p~ focussing of
. . 8F-
@ Systematic variations shown s
g 6f
(04, 0x)=(1%, 1%)—(2.5%, 3%). & & /\/\
T3 /\/\
. 3_
x2 Contours; Arbitrary dcp, 013 = 9° of
1
F F %200 150 -100 50 0 50 100 150 200
150F- S — 10 sensitivity 8¢p (Deg)
100 ;_ o* ---- 3¢ sensitivity 1%
—_ 50-— 5a sensitivity 0.95_
=) - “a 0.8
o - E
% oF 0.7
5 F S S 0.6F
“ 501 i § 0_5;_
-100F- w 045
: o 0.3}
-1501 0.2F
007 508 0108 01 01T 6.2 0.13 0,44 015 3y
sin“20,, % 2 4 6 8 10

v Ad (Deg)



Hierarchy resolution at the end of 2019.
Even split of v and Y running at both expts.

30

2.5

20

1.5

significance of hierarchy resolution (o)

Ryan

For test scenario of
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20 C.L. (~95% C.L.) marked in green
T2K baseline too short for hierarchy
NOvA alone: 37% of 6 range covered
NOvVA+T2K: 38% of 6 range covered

But: note that the combination is
greater than the sum of its parts in
the “degenerate” region (reaching
a modest 10 everywhere)

R. Patterson

Patterson, Caltech
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CP violation determination at the e

Even spI|t of v and v runnlng at both expts

nd of 2019.

For test scenario of
sm2(2013) 0.095, sm2(2023) 1

T2K

20

ZaCL

1.5

1.0

significance of CP violation (G)
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0.00

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

5/(2m)

= CPv tough all around!

= Essentially no coverage at 20, but
a good start over much of §

= Note: unlike the hierarchy reach, this
can be arbitrarily hard, depending
on the true answer

R. Patterson
Ryan Patterson, Caltech
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Mass Hierarchy

¢ Physics reach of GLADE is
similar to NOVA

* NOVA+GLADE = 2 NOVA

¢ Sensitivities assume we know
sin?209.3 to 0.01 by 2020

e The (less sensitive) lower
octant is assumed

e Extends the three sigma
reach of NOVA+T2K, but need
to get lucky

R. Nichol

19 MINOS+ and GLADE @ NuFact2012 by Ryan Nichol

6 .
Normal hierarchy

- 3+3vy NOvA, 6+0y T2K

5 545y NOVA, 6+0y T2K
5+5y NOVA, 6+0y T2K, 3+3y GLADE
4 sin’f),, = 0.31240.016

sin®26,, = 0.09610.013

sin20,, = 0.98£0.01 (0 <45°)

Ami, = (7.640.2)x10°*

Amj, = (4 32‘; 3;,41.00)--10“
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Wrong hierarchy exclusion significance (G)

-150
P Guzowski

-100 =50 0 50 100 150

6 Inverted hierarchy
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z 3 -
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£
-
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CP Violation

® Physics reach of GLADE is
similar to NOVA

e NOVvA+GLADE = 2 NOVA

¢ Sensitivities assume we know
sin?20,3 to 0.01 by 2020

e The (less sensitive) lower
octant is assumed

e Addition of GLADE provides
some 90% sensitivity in the
less favourable sectors

R. Nichol

20 MINOS+ and GLADE @ NuFact2012 by Ryan Nichol

Inverted hierarchy

3+3v NOvA, 6+0y T2K

5+3y NOvA, 6+0y T2K, 343y GLADE

CP violation discovery potential ()

-150
P Guzowski

-100 =50 0

5+5y NOVA, 6+0y T2K

50 100 150

Scp (9

5

Normal hierarchy

3+3y NOvA, 6+0y T2K

"~

CP violation discovery potential (G)
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0°
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Daya Bay?2

F 06f o
S et Non oscillation
E‘ E —— 0, oscillation
= 051 —— Normal hierarchy
3 » Inverted hierarchy
0.4
0.3
0.2
0.1
O . 'l 1 'l l 1 1 1 '} l 1 1 1 l 1 1 l 1 1 ..l. 1
10 15 20 25 30
F(L/E) = 6(E)o(E)P..(L/E) ~ UE®kmMey
P.o(L/E) = 1— Py — P3; — Py
Py; = cos*(#13)sin®(2612) sin®(As1)
Psy cos?(f1) sin?(26,3) sin®(Asy)
Psy = sin®(f12)sin®(26013) sin®(As)

Y. Wang

P. Vahle, NUFACT 2012

Requires careful
baseline selection

1-2 km window

multiple baselines
need to be
understood

Requires good
energy resolution

~3%



HyperK

Neutrino beam from J-PARC ( 0.75 MW )
10 yrs of running (v 3 yrs. + v 7 yrs.,

8 VS Sin%20 4

Y. Hayato

P. Vahle, NuFACT 2012

1yr = 107 sec. )

Mass Hierarchy

1E R F
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- ormal Hierarchy . T e I ————(—
-1 E. "-h (= : [ I Eoo i s e e s ad . e L . .
0 005 0.1 \ 0.15 0 0.05 0.1 \0.15
sin?20,5 sin220,4
Daya Bay 1o T2K 1o Daya Bay 1o T2K 16

« CP phase parameter precision ( w/ hierarchy info. ) <18°
« Chance to determine the mass hierarchy

~ 43%



A. Dighe
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D. Cowen

Deep Core

1 30 Mton effective

/le%:.':ﬁop&:ﬂmdmmorm mqss (yesl Megq)
o el
0 ~10 GeV threshold
! IceCube Array
|| ' 86 strings including 8 DeepCore strings .
I S o s 0 Enriched cascade
1 | , 2010: Project completed, s
| | rmmmmmmEEEEEE . (read nue+NC)
1450 m ;
e sample
Wopﬁnizodbrbwormmm
il gem:ln"rm L] Obsel‘ves
g atmospheric

oscillations



Second Result from

D. Cowen

DeepCore

2
x2Indof=52.7/20 (no oscillations) % */ndof=19.4/20 (std. oscillations)
Low-energy sample IC79 _ High-energy sample IC79
* | ooked for g PRELIMINARY 8 Gooool PRELIMINARY @
O R 3 gmoof §
(expected) @
O “yEd, - =
atmospheric vy, : -
' ' ' ) —— MC, std oscillations E
oscillations at highest Z — Mmoo e
energies ever % 0T A
B g E
: : < 4 = i e e e e e B e
* Oscillations seen g ::éit+:tj:t=h='= G
. © cos(0) cos(0)
* Analysis was not
. Low energy, vertical Low energy, horizontal
designed to measure N —
. . O C no oscillations g ao; —— MC, no oscill.alit?ns
OSCI | |a-tlon (1) 80; + std. oscillations g 705_ —— MC, std. oscillations
@ 60— + - so;
parameters 2" LT jor
q>_) 40— b4 40;:

* Ruled out no- Z of H
disappearance L[ PRELIMINARY e, "ER  PRELIMINARY "L,
hYPOthGSiS Number of hit modules

NuFact 2012 9

Doug Cowen



D. Cowen

Next step—Pingu

01 Increase string
density

1 Lower threshold to
~1GeV

-1 Effective volume 10
Mton at 10 GeV

0 Sensitivity to matter
effects

W, = NIV [PINGU 1 yr] Smeared

20F
18}

6
4
2l
0

1
S‘n
O 1
L3

N B N oo
v Al Al Ll Ll v L) v Al

-10 -08 -0.6 -04 02 0

cos(0,)

+0.96
+0.72
+0.48
+0.24

-0.12
-0.24
-0.36
-0.48

Impact of smearing: summed significance drops to 106 (no
systematics), 76 (5% uncorr. syst.), 4.56 (10% uncorr. syst.).



Even better

* Assumptions:
* 20% vy CC mislD

* No energy resolution
* A counting experiment!

* Include irreducible
backgrounds

* intrinsic beam, NC
events, V¢

* signal & bkgd.
systematics
uncorrelated

» Conclusions:
* |80 effect (stat. only)

* With particle 1D, might
be also sensitive to CP

D. Cowen

P. Vahle, NUFACT 2012

NUMI beam at 102! PoT

Normal hier. |Inv. hierarchy
Signal 1560 54
Backgrounds:
v, beam 39 59
Disapp./track mis-ID 511 750
v, appearance 3 4
Neutral currents 2479 2479
Total backgrounds 3032 3292
Total signal+backg. 4592 3346

Table courtesy W.Winter: See also Tang and Winter; JHEP 1202 (2012) 028.

Doug Cowen

NuFact 2012

Beam from FNAL has to point down 66 degrees...

24



M. Soderberg

Lar Development

P. Vahle, NUFACT 2012
ArgoNeuT

+Data (w/ stat. and total error)
GENIE expectation

2012 PDG

do/do,, (x10*¥cm?degree)
(=]

GENIE expectation

o
()

1.6~ % ANL, PRD 19, 2521 (1979) v IHEP-ITEP, SUNP 30, 527 (1979)
; [ ®  ArgoNeuT, PRL 108, 161802 (2012) v |HEP_JINR, ZP C70, 39 (1996) s
Q 14} O  BEBC, 2P (2,187 (1979) ® MINOS, PRD 81, 072002 (2010)
o T A BNL,PRD 25, 617 (1982) NOMAD, PLB 660, 19 (2008 ‘
A ' y
~ [ ¢  CCFR (1997 Seligman Thesis) ( ) 3

N 1 _2 - 0 CDHS, ZP C35, 443 (1987) & NuTeV, PRD 74, 012008 (2006)

E [ ® GGM-SPS, PL 104B, 235 (1981) X  SciBooNE, PRD 83, 012005 (2011) 2F

ooo 1L B GGM-PS, PL 84B (1979) X  SKAT, PL 81B, 255 (1979) 1:;1—

? [ P = N I P S B IR
o [ (] 5 10 15 20 25 30 35
™ 0.8F 6, (degrees)

> F 30 +Data (w/ stat. and total error)
1T]
N
(&)
(&)
o)

o
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__________________ 20
0.2:— 15
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Inclusive CC cross-section

Refs:
1.) First Measurements of Inclusive Muon Neutrino Charged Current Differential Cross Sections on Argon, C. Anderson et al., PRL 108 (2012) 161802, arXiv:1111.0103
2.) Neutrino cross section measurements, J. Beringer et al. (Particle Data Group), Phys. Rev. D86, 010001 (2012)



Questions for next year

P. Vahle, NUFACT 2012

For how long do we need to run T2K+Nova to reach
the systematic/background limit2 How much significance
can they provide when they reach that limite

Evaluate the sensitivity of facilities for the different
sources of systematic errors at future facilities. Which of
these sources are uncorrelated between neutrino and
antineutrinos¢ Are these systematic errors reasonable
assumptions?

Can we do precision experiments without a ND?

How much significance for the mass hierarchy can we
expect from atmospheric neutrinos and cosmology? Do
we need a dedicated accelerator experiment to reach
the 5 sigma level for any value of delta?



More questions

P. Vahle, NUFACT 2012

What can we learn about the Majorana nature of
neutrinos from a measurement of the mass hierarchy
combined with neutrinoless double beta decay probes? If
the hierarchy is inverted and we don’t find Onubb decays
are neutrinos Dirac particles?

Can we reoptimize the design of future facilities for large
theta 13¢

Are off axis beams still interesting for large theta_132

Evaluate expected sensitivity to deviations of theta_23
from maximality and to its octant at different facilities.

What are target precisions in each of the mixing
parameters that could usefully constrain/rule out different
theories?



Backup
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Minimal Sterile Neufrino Model

J. Lopez-Pavon

Prediction: large tau-mixing with extra states for NH!

04 e — =
3o

0.3+ -
5 02 :

i |"‘ .\ .

I o :
01] @f} L _

I € \‘\ ,_'

NH
0.0 o IR U R SR S R S R S S S S N 1
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03! -
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0.0 0.1 0.2 0.3 0.4
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Donini, Hernandez, JLP, Maltoni, Schwetz 2012; arXiv:1205.5230




Simultaneous 6, 0,5, and hierarchy information For starred point shown
expected at the end of 2019 Even spllt of v, v and sin2(26,;)=0.095
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= Non-maximal mixing scenario:
sin?(26,,)=0.95, 0,;>1/4 12

= QOctant resolved in NOVA and 11
combined cases at >20.

" Note: this includes the v, disappearance
constraints on 6,4
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Ryan Patterson, Caltech



Simultaneous §, 0,

1.3

2sin’(6,,)

0.8
0.7

0.6

Ryan

, and hierarchy information
expected at the end of 2019 Even spllt of Vv, v
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and sin?(26,5)=0.095
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(3+3): INCOMPATIBILITIES

o Appearance fits largely driven by MiniBooNE:

G. Karagiorgi
——— All SBL

- --- App SBL
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