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Where are we In v physics?

« EXxperiments have demonstrated neutrino mass
and mixing — or at least do a damned fine
Imitation of It.

« However very few of the fundamental
parameters of the sector are well measured, some
aren’t measured at all, and almost none are
overconstrained as the CKM elements are.

* We do not know the absolute mass scale.

 We don’t even know the ordering of the masses.
* We do not know if CP is violated In the v sector.
« We don’t even know if a v is the same asa v.

« \We have a lot of work to do..... Dave Wark
imperial College/RAL




v What to talk about in 30 minutes?

Absolute mass scale, measurements and
prospects.

“Known’ neutrino oscillations:

— 0., driven oscillations — solar and reactor.

— 0,5 driven oscillations — atmos. and long baseline.
— 0,5 driven oscillations =long baseline and the rest.

Experiments that will determine our sensitivities
— Hadron production.
— Vv Cross sections.

“Unknown’ neutrino oscillations:
— 1 decay and short baseline.

SurpriSGS ..... Dave Wark
imperial Coliepe/RAL
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- Measuring absolute m,,

 Supernovae — Prodigious producers of neutrinos,
and measuring time shifts can in principle measure
neutrino masses, m, < ~30 eV.

» Kinematic limits: If you believe the oscillation
results, all Am?«1 eV, therefore only v,
measurements have useful sensitivity — current
best Is Tritium Beta Decay, m, < 2.2 eV.

» |f neutrinos have Marjorana masses, then zero-
neutrino double-beta decay is allowed —
observation of-Ov 3 decay would be direct
evidence for neutrino mass, <m,> < ~1.3 eV.

 Neutrinos are the second most numerous particle
In the Universe — even a tiny neutrino mass could
have astrophysical implications, Zm, < 0.28 eV/(?)

Dave Wark
imperial College/RAL
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Tritium B-decay AT

Karlsruhe Institute of Technology

Fermi theory of B-decay:

© SR =C:FE2)+p(E+me)* (Eo-E)+{(Eo-EP-m,}
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3He
3H — 3He + e + 1 observable:
tritium as B emitter: 1.0 entire spectrum 308 region close to end point
m:"‘l‘ - L
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electron energy E [keV]
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Status:

-commissioning of sub-components
ongoing

- Start of physics 2013

WGTS
Demonstrator
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BB decay and neutrino mass
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35 Isotopes In nature

Dave Wark
Imperial College/RAL
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Sum energy spectrum of both electroRg war
Imperial College/RAL



Nufaot 29 Three neutrino mixing.

If neutrinos have mass: IV > >
Lt G, U 1 070 &k, 0 313e L5 apier £l
U, = 1l Uﬂz Uﬂ3 =10 Cy Sy | O_ 1 0 175 G 0
Ui U, =) 07, - o bis.6 1% 07 ¢, 0° S0 . 1
3 S |
0 %> 0
0 o, > 1
where ¢; =cos6;,and s; =sino,
e 1208 Am*L
P(v, — vg)=sIn"20sIn" (127 )

E

Dave Wark
imperial College/RAL



Nufact 2011 N10st sensitive neutrino mass measurements

can be obtained from double-beta decay

Each is £1 1f CP conserved, but there

can still be cancellations dave Wark
imperial Gollege/RAL
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What Is the pattern of neutrino masses?

It *“probably” looks
Log ( something like this

m?
'm3 I -

N

~AmZ,5 ~ 2.5 x 103 eV?

o

B v, v, Il v
K 5 Dave Wark
imperial College/RAL
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Log
m3

What Is the pattern of neutrino masses?

But it could look like this

|

s I, IR
o m:

m, I
m; B ms 0

B v B v,

Dave Wark
imperial College/RAL
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s

m2

Log

A

This mqkes a factor of two difference in the
.cosmological contribution, but a factor of two
on what?

m; I . N
| I

.‘ ml

m,
m; ma b ]

Dave Wark
~ Imperial College/RAL
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Even more significant is the absolute scale.

Log m
levV | : e —
This? T e m%
lb_l eV | iy Or this?
2 —_—eee . M2
10 eV m;

Dave Wark
imperial College/RAL
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Does this look natural?

Dave Wark
imperial College/RAL



Nufact 2011 N10st sensitive neutrino mass measurements

can be obtained from double-beta decay

p

m,))
%/2 = (phase space) e i o v |Z:Mif

e

Dave Wark
Imperial College/RAL
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F.Feruglio,
A. Strumia,
F. Vissani,
NPB 637

disfavoured by Ov2f

Inverted hierarchy

90% CL

: - j Negligible

Normal hierarchy errors from

oscillations:
width due to
CP phases

ASojowsos £q

90% CL (1 dof)!

107 3
10 1073 1072 107!
Lightest neutrino (m,) in eV

Dave Wark
Imperial College/RAL



From Stephen Shoenert’s talk at EPS

Next generation experiments
!l EXO@WIPP 201—‘
‘. SNO+ 2013

® GERDA: 2011 \

_ 'f{‘ e

doutie oel o»-cs,nme

KamLAND Zen: 2011 ™=

Majorana: 2013
a ) NEXT: 2013
CUORE-0: 2011 | Lucifer
CUORE: 2014 EXO-gas
T XMASS

Super-Nemo @ LSM
Demonstrator2014
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KKDC Claim
(best fit 0.32 eV)

Final Cuoricino limit
arXiv:1012.3266v1 [nucl-ex]

GERDA Target

CUORE Target

With SuperNEMO, SNO+,
MAJORANA, many others

._
:.
B

Im,. [ IneV

should reach here in ~ 7-10

5
:
é yrs.

99% CL (1

10 -
10 103 102 10!
lightest neutrino mass in eV

Need new Ideas to reach < 10 meV, but kiloton

scale low background experiments.are not impossible!  pavewark
imperial College/RAL
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e Measuring absolute m,

 Supernovae — Prodigious producers of neutrinos,
and measuring time shifts can in principle measure
neutrino masses, m, < ~30 eV.

» Kinematic limits: If you believe the oscillation
results, all Am?«1 eV, therefore only v,
measurements have useful sensitivity — current
best Is Tritium Beta Decay, m, < 2.2 eV.

Covariances? Systematics? Model Masses, then zero-

too simple? More soon from S allowed 85
Planck. vould be direct

evidence ftor neutrino mass, <m,> < ~1.3 eV.

In any case, using cosmology st numerous particle
to measure m, is like using 'y neutrino mass could
~ LEPasatidegauge. ~  yng ym, < 0.28 eV(?)

Dave Wark
imperial College/RAL
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Nufact 201 Three neutrino mixing

If neutrinos have mass:

Y O =U. A 0o 0 52| (e 8.0

where c; =cos@,,, and s, =sm 0,

o 2 ) ) :
Peﬂ=sm 26’135|n 2(9235"] A Remember degeneraues
And covariances!

T asin26,,sin 6 ¢osd,,sin 26,,sin 20,,sin* A
—aSIn26,,c080 c0S4,,SIN26,,5IN26,, COSASIN 2A

+a’cos’ 0,,sin’ 26, sin’ A

where g = ~0.03 and A = ~1t/4

Dave Wark
Imperial College/RAL



Gonzalez-Garcia, Maltoni, Salvado
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What about

111 111
0 001 002 003 004 005 006
sin2 B,



Tota

# of protons used for analysis

1018 Delivered protons# - Proton per pulse(for physics run) 101
UCJ' r B Fhysics run B Froton per pulseqall runs) %
© ",
= L h o
o 120 ﬂr}‘-'— g0 O
5 o -~ M8
h 100 F— - ’l 3 ,n... _:f T : [
'8 R0) o "'-.F_.'__' ‘f:" . I'_ED "g
© o o4l "1 . | #ofbunch:6—8 Ny ant 1 &
FE 1"- Et "*.,,. rep. rate - 3.64s J - —] 40
§ 40 |— S P --."'?" H —+ 325 —+ 3.04s ﬂ_#,:" .
(] ¥ ] ' [ S -1
& v . i , — 20
8 20p- P ,—’/ : =
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_Ta?m"lﬂ Aug/l10 Mur?l 1
Date

Run 1 (Jan. 10 - June '10)

- 3.23 x 1019 p.o.1. for analysis
- D0kW stable beam operation

Run 2 (Nov. 10 - Mar. *11)

- 11.08 x 1079 p.o.t. for analysis
- ~145kW beam operation

Total # of protons used for this analysis is 1.43 x 1020 pot
2% of T2K’s final goal and ~5 times exposure of the previous report

Number of events in on-timing windows (-2 ~ +10 usec)

| Class/Beam run__| RUN-1 | RUN-2 |_Total | non-beam

POT (x 10%9) 323  11.08 14.31 s
Fully-Contained (FC) 33 88 121

Dave Wark
nerial College/RAL
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Nufact 2011
Selecting v -like events

Preselection cuts to remove events
that are obviously not signal: After these cuts,
» No long tracks background consists
e At least one well-formed shower mostly of NC
« With visible energy 1-8 GeV
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Far Detector (Preselection)

0 MINOS PRELIMINARY
Analysis

Region Expected background (6, .=0):

Background

—=— Data

Observed data:
62

05 06 07 08 09 1.0
LEM PID

Far Detector Prediction (LEM > 0.7)
MINOS PRELIMINARY & Signal

—— Backgrounc
— FD Data

sin®(26,,)=0.040, Am2,>0, §_.=0

Merged for Fit

Events / 8.2<10%° PoT

Reconstructed Energy (GeV)

Prodicton 49.5 +- 2.8 (syst) +- 7.0 (stat)

Dave Wark
Imperial College/RAL
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-4
L--]

Evidence of #;3 > 0 from global neutrino data analysis

G.L. Fogli,'+? E. Lisi,2 A. Marr

2 A. Palazzo.® and A M. Rotunno!

0 001 002 003 004 005 006
sin‘?B13

Synopsis gfglobal 3v oscifation analysis

Are we moving Into

the 6,3 “large” ; ;
reg i me? 0 -|7_Ig' oMo 'g_lﬂ' . Ui;é . '[11'30:- |

sm2107 eV2 sin’ 0,

0.35

Lo WY
000 002 004
sin? 6,

L T I ¥ A
03 04 05 06 07 20 25 30
sin” 6., AMZ107 eV?

arXiv:1106.6028v1 [hep-ph] 29 Jun 2011
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NOVA + T2K
18 [
3 years for each v and v
16 L NOVA at 700 kW,
1.2MW, and 2.3MW
14 [ +T2K 6 years of v .
at nominal, x2, and x4 Kam|°ka
12 .

08 [ L=810km, 15KT 3
amy,2=24107eV? }

06 [ sin (28, =1
Am?>0
04 -
95% CL Resolution of the Mass Ordering =
er eI Ty’ — Ran from Jan 2010 till March 201 |
4 £ =~ = b1 K z 1 .
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L2 .2 =1 4 i i
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— Muon disappeara
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0.03 < 5in2283 < 0.28 (best fit 0.1 1) normal
0.04 < sin220,3 < 0.34 (best fit 0.14) inverted
Aim: sensitivity sin2203 > 0.006 @ 90%C.L. for

i —————

Ocr=0

— Beam power 750 kW (after upgrade)
— Baseline L=830 km gives some matter
effect sensitivity

— Consider neutrino + antineutrino runs

Aim: sensitivity sin220,3 > 0.007
@ 90%C.L. for dcp=0

{ \ W & 2 . 2
Py, —v,) :620,_; sin” 0, sin”

(Amf B . "
T,I:D higher order f(8.,.0,,)

A Rubbia Iternational Europ)

yics Conference on High Energy Physics. July 2011 £, 10
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Reactor neutrinos

. 2, L2ZTLAm;,

E

M. Dierckxsens

[ — sin'2q, = 0.00
[ — sinf2q, = 0,15
i I
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L1 1 L
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scintillator
for y tagging

Ll I 1 1 1 1111 II 1 1
1’ 10°
Distance/Energy [m/MeV]

Liquid
Scintillator
(loaded
with Gd)

g ) — cos'0,;sin°20,, sin’(

\ 1.2?‘{&;”-;13
S
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~ { <E > ~ 4 MeV/

']
B 5 4
h e
%
i

b b losaabansads Thmaaadyss ] [Prmacaa:
2 3 a 3 L] T L} LN
E, Mee'V}

Clean measurement of 0,
Negligeable matter effect
No CP effect

v+p=> et+n  E,=1.8MeV

Prompt signal from et

Slowing down of the neutron

Delayed signal ~100 ps from n capture
on H (2.2 MeV y) or Gd (7 MeV y)

imperial College




Reactor neutrinos

now taking data ,/,

the far detector, 15t results within the year. Daya Z

Bay and RENO to start this summer. If
0,3 near top of indicated range they
should have early sensitivity.

RENO  S°U™ 173 20071380 1207450 [ S
Korea

360/1985 260/910 |

DAYA )
BAY China 17.4 500/1613

Imperial Coliege/RAL



CP violation at 36 CL

Nufact 2011

WBB —WC

OK then what’P =

o~ i @
o ) "','3,"- -
g A

IDS —NF 1.0

Simon van ;er Mee"r, 192\5 201
» Three “conventional’”’ beam proposals:

— An upgrade of T2K based on reaching 1.6 MW
peam power and a new far detector.

— LBNE —aplan to build a new neutrino beam at
~ermilab aimed at Homestake, where either a large
water Cerenkov detector or a LAr tracking
calorimeter would be built.

— LAGUNA-LBNO - three different options for new

long baseline In Europe. imeralColga/RAL




Baseline consideration
bimagic baseline L~2500km

(X3
[

VVBB averaged
Uy —* Ue probability
<Ey> = 3.5 GeV
width=12.5 GeV
sin20,3 = 0.1 |
normal hierarchy
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The optimal baselines are in the r'ange 1300- 2500 km

A, Rubbia Ireernational Ewrophysics Conference an High Energy Physics, [uly 2001

imperial College/RAL



LAGUNA infrastructure at|site
2500-4000 m.w.e

% R T=16C GLAC:ER 7 ' “ =5 C‘NZPY‘ z
3 main options 5. SR {1/ L=2288 km, CERN SPS 400 GeV
selected for . | = + new beam line 0.75 MW &

LAGUNA-LBNO YN + near detector infrastructure &

Longer term: 2MW with 4
LP SPL+HPPS accelerator :
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” et g

HP-SPL 5 GeV 4 MW LINAC +
accumulator ring
+ MMW target + horn
+ near detector infrastructure

CNGS Umbria
L=658 km, |deg OA
CERN SPS 400 GeV

presently operating 0.3 MW

o
LR

Lo SN 2|
, (0.5 MW max)
Mlne at PS no near detector infrastructure
| $ 701D Tele Atlas

SEATHSAE N IREALITE they 2i6m kre i!lsﬂb(. in
TACUINATC

Thureday. March 3. 2011 19
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[ CPV sgn Am?

|
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1073
True sin“24,;

True sin-24,

All thinking has to be refined for large 6s.

For large 6,5 we will quickly
be systematics dominated!

Dave Wark
Imperial College/RAL



N In the systematics dominated era
support measurements are even more important

CERN NA61 measurements

Evaluation of Particle Yields in 30 GeV p+C Inelastic Interactions
and in the T2K replica target

Large acceptance
spectrometer:

3eam
o ToF-F) = 120 ps
o ToF-L/R) = 60 ps.

Full Coverage of T2K
phase space

& 1) dEfdx (p < 1 GeVic, p > 4 GeVic)
Particle ID 2) Combined dE/dx + ToF (1 < p [GeV/c] < 4)
methods used: 3) Negatively charged hadron h- analysis (T1- only)

Iron-Enriched Sample
Lead-Enriched Sample

Preliminary
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What then for v oscillations?
* Prove 0,5>0.

» Measure all parameters with greater precision
(because you need it for the rest of the list,
but Is there any particular necessary. accuracy
Indicated by theory?).

 Make the most sensitive possible test of the
deviation of 0., from 45°.

o Determine the mass hierarchy by observing
matter effects — higher energy, longer
baseline.

« Measure the angle 9!
 Are there any surprises? e
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KATRIN sensitivity for sterile neutrinos QAT

B Hannestad et al: initial estimates of KATRIN sensitivity for sterile v's
assume very light active neutrinos m,(v) ~ 0 eV, mixed with sterile mg(v)

8 3 o detection of 'kink™ by Mg, if active-sterile mixing |U_|? = 0.055

3+2 scenarios can also be disentangled
0.5 preferred by reactor v anomaly

‘heavy  sterilem,
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3+1 model:
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A.5. Riis, S. Hannestad,
arXiv: 1008.1495v2, JCAP02(2011)011
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disfavoured by Ov2f ; Fsetrrﬂ% !: :i{;

F. Vissani,
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Conclusions (1)

« Neutrino. oscillations are the first confirmed physics beyond the SM,
and their continued study is essential to extend our knowledge of
fundamental interactions.

e Just or way beyond?

e Current indications are that sin°20,; >~0.01, which would make
further long baseline experiments tl31e most attractive option for first
searches for CP violation in the neutrino sector.

Do not assume we know everythlng that Is going on — redundancy is
essential!

* Continued operation of “existing” experiments (T2K, MINOS,
NOVA, Double Chooz) is the highest priority.

« There are three proposed next-generation projects. We can probably
justify two, but not three, so we need to some international
coordination.

« The mine at Pyhasalmi Is potentially an extremely valuable resource
for European neutrino physics due to its distance from CERN, but
we should move fast If we are going to retain the option of-using it
In the future. Can we build a 5 KT -LAr prototype?

Dave Wark
imperial Gollege/RAL
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Conclusions (1)

There will be many ‘other opportunities for smaller-scale
Involvement In cross-section, hadron production, and other critical
technological development projects:such as the MICE experiment.

Oscillations depend on L/E, not E or L, so other possibilities should
be considered — DAEJALUS?

Beyond those facilities we will almost certainly wish to have an
even more capable facility, either a Beta Beam or a Neutrino
ractory — more work is needed to optimize the sensitivity if 05 IS
arge.

A PS neutrino beam project to l0ok for sterile neutrinos has been
suggested for CERN. Here are my very personal views:

— We don’t need another 2-3 sigma effect. Any proposed

experiment should have clear 5 sigma sensitivity over the entire
Indicated range.

— It could be an interesting part of a broad suite of European
neutrino experiments, but I wouldn’t want to see it be CERN’s
only neutrino experiment.

Neutrino oscillations offers a very wide range of experiments, which

must happen, no matter what we do at the energy frontier!  DaveWark
imperial College/RAL



