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A century of elusive neutrinos

1930: proposed by Pauli
1934: beta decay theory, including neutrino, by Fermi

* 1956: observation of the neutrino (Reines, Cowan)

« 1957: the neutrino is left-handed (Goldhaber)

* 1962: muon-neutrino discovery at the AGS (Brookhaven)

* 1963: neutrino mixing proposed by Pontecorvo, Nakagava (PMNS)
* 1968: solar neutrino problem in Davis experiment first results

« 1973: v-e elastic scattering at CERN (discovery of neutral currents)
« 1999: Super-Kamiokande establishes atmospheric neutrino oscillations
« 2001: SNO establishes solar neutrino oscillations

« 2003-05: KAMLAND & K2K observe man-made neutrino oscillations
« 2012-13: T2K, Daya Bay, RENO establish large 6,

« 2015-20: T2K, NoVA searching for MH, evidence of CPV

« 2025-35: DUNE, T2HK to discover CPV, measure “unitarity triangle”
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Neutrinos: facts and open questions

v" No neutrino mass term (mechanism) in Standard Model
3 mass eigenstates (v, v,, v5) mixing into 3 WI eigenstates (v, v, v.)

<\

w 't
?  Unitarity of mixing matrix — extra states (steriles)
2 Mass Hierarchy (MH)
? CP Violation
? 0,5 exactly 45°; octant
» Baryon Asymmetry: Leptogenesis?
> Inflation and Unification (coincidences?):

> Seesaw, heavy neutrinos ~10"“GeV
> Inflation field ~10"3GeV
> Interaction unification ~10'GeV
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3 neutrino mixing

Ve Uel UeZ Ue3 1
Yy = | Un Uup U, V9
Vr i UT]. U7'2 U7'3 i V3
flavour states PMNS matrix  mass states
1 0 0 C'13 0 Slge_i(scp Cioa Si2 O
Upuns = | 0 Caz  Sa3 0 1 0 —512 Ci12 0O
0 —S9 (s _5136+i5cp 0 C13 0 0 1
Atmospheric, Vi, Long BL, Solar,
v, Long BL reactor Short BL reactor Long BL

C;; (Sij) represent cos 0, (sin6,), O.p the CP violating phase
Majorana phases ignored
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Neutrino oscillation probability

e 2-neutrino mixing .9 . Am
In vacuum (no matter effect) P<V0¢—Wﬁ’ Z)—sm 20 Sm E 70 L
Amplitude determined by mixing angle 6
Frequency determined by mass splitting Am and L/E
« 3-neutrino mixing including matter effect
Py, — ve) = 40735735933 sin” @31 (1 + oo (1 — 251;))

—|—80123512513523(012023— 512513523) COS @32 sin (1331 sin (1321

—80123012023512513323 sin @32 sin (I)31 sin (1321
1452 Ch(CHCE + 5%5335% — 2012023512231 cos 6o p) sin® By
_8C123S%3S§3( 2513) COS @32 sin @31,

(IDJZ = Am L/4E a=2vV2Grn.E,
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Mass hierarchy

We know:
[ B ] (m3)2 (m2)2_ m% < m%
(Am2)80] %
(ml)z* 5 5
—> <(|m3 — mi 5|
v, A
(A,
v (A, <
VT
Oscillations sensitive to |[Am?|
m—(m,)" Matter effect in the Sun determines
(Am )sol 1 f A 2
(m,)’ ()’ E—— sign o m12
normal hierarchy inverted hierarchy MH sensitivity of Long BL

experiments improves with
distance (DUNE > T2HK)

V=U vt U, vy +U 4y,
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Neutrino oscillation experiments

Reactor SBL: 6,
Daya Bay, Reno, D-Chooz

T2K |
Accelerator LBL: 0,5, (MH, d:p)

NOVA

2015 2020 2025 2030 2035
PINGU, ORCA

MH
JUNO
Reactor LBL: MVIH

DUNE, T2HK
FNAL SBL Accelerator LBL: MH, 8.p

Steriles, Nu. Int.:

v
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Reactor Short BaselLine experiments

. . . _ _ Am? L
2-neutrino mixing (v, disappearance)  P(ve — 7e) = 1 — sin” 2013 sin (T)
L
No parameter degeneracy N9
4 .9 . o, Amz L
Clean measurement of 6,5 — cos™ f13 sin” 20yp sin (T)
L/
Liquid scintillator \
» (Gd doping: increases neutron capture 14F
efﬁciency - Near Site
High statistics - #
1.0 - — —
Near & Far detectors: control - *‘% ’w
. P
systematics = Y8 g V\/K
% 0.6 - b3 dthl’ldh River
' - Q' Bugey For4 MeV | \
X Rovno . .
20 04 ¢ Goesgen antineutrino !
R S A Krasnoyark
0.2+ O PaloVerde
S °' LAt W Chooz ® KamLAND
oz a0t 0.0E_1 1 1 1 1
” 10' 100 100 10t 10°

Distance to Reactor (m)
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A Daya Bay detector

* Three zones structure:
— Target: 20t 0.1% Gd-loaded scintillator

— y-catcher: 20 t scintillator \
— Buffer shielding: mineral oil \
* Top and bottom optical reflectors

double the photon coverage.
e 192 8” PMTs collect ~160 p.e./MeV

8 identically designed detectors to
reduce systematic uncertainties

Ny [ Nps (Ln)2 ( I ) [PSUI(E, Lf)]
_f\’rn N -Lz\'rprn L’f €n PSL]I‘(E:« LH)
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Reactor experiment systematics control

Gamma calibration data
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Reactor measurements of 0,

= alidn
g\',sth “ @ 8tnear 8t far [

17.4 ‘ - 2x20t near |
thh 4x20t far .
‘ - 2x20t near |l

Near
detectors

RENO Far

Effective baselines

Daya Bay Far

Double
Chooz

RENO

Daya
Bay

Electron antineutrino

survival probability ! |
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expected

Ndelected /N

Reactor results 5MeV bump
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Accelerator Long BaselLine experiments

Near detector Far detector

Typically L ~ 300-1200 km

Accelerator-based neutrino beam > Am232 L/E~1
E~05-10GeV

Two types of oscillation searches:

v, (2v,) disappearance: 6,

v, appearance: sensifivity fo 6,; and d-p, mass hierarchy, through
sub-leading terms in the appearance oscillation
probability (« L/E) and matter effect (a LxE)

4 UNIVERSITY OF

& LIVERPOOL T




Muon Vu

monitor
(MUMON)

Super
Kamiokande

Decay Volume

« The first off-axis long-baseline neutrino oscillation expefiment
« Narrow band beam, peak E = 600 MeV, L = 295km (phatter effect
correction of order 5%)

Near detector complex: INGRID (on-axis) and
ND280 (off-axis) constrain neutrino flux and cross-section.

Far detector: Super-K is a 50kton Water Cherenkov
capable of efficient muon/electron discrimination.

Searches for v, disappearance and v, appearance
with sensitivity to 0,5, 5.
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T2K: the power of the Near Detector

£3000F z Z 6
§ r CCOx-like Sample § 400F CClm*-like Sample § CCOther-like Sample
= Nominal MC = F Nominal MC = I Nominal MC t
2000 _ 300F i A 400} _
Fitted MC F Fitted MC 3 Fitted MC
L e Data 200 e Data 3 e Data
1000~ r 2001
F [ 100F See : Sess,
B N 7
E'Gi ““““““““““ E-G ““““““““ '\1- g \\++\+1‘* _._}
E 12 E 12 E 12 bk o T }
D ettty ++ NI JF 2 1JF teprFahd + oy * Jrj[ HH][ Gl T T T
S ol s b BT IR T s ool L T R R
o} 0 1 2 [a) 0 > =] 0 1
Muon Momentum (MeV/c) Muon Momentum (MeV/c) Muon Momentum (MeV/c)
53000 [ CCOn-like Sample 51000 - CClulike Sample 51000 [ CCOther-like Sample
moF Nominal MC M Nominal MC B Nominal MC
[ Fitted MC i Fitted MC i Fitted MC
2000}
- e Data 500 e Data 500 B e Data
1000F
. f .0 .0
E 12 £ 12 E 12 + .
5 1 —'—’l_':"_'#;:l_””'qz""q;ﬂ:+""q=;;q;-'—h”’aa i 1 —|— ++_J_+ ;I +—1—++++—!— @ 1 e + """"""" :’:""+' 'ﬁf—ﬂ?"_' """""" —H
§ o8 \_'_ + 1 + L g 08 +—|—+—|—+ + g 0.8 +++ \—IL ++ " . TR
A 0.6< 0.7 0.8 09 1 A 067 0.7 0.8 A 06 0.7 0.8 1
Muon cos(0) Muon cos(S) Muon cos(0)

Constrain rate (flux % cross section) and
cross section parameters with ND data

Correlation between energy/samples taken into account

Ve at SK can be constrained by v, at ND(same parent particle)
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T2K status & outlook

« Last run: stable beam at 320kW

* Plan for 2015: 350kW

« Recently exceeded integrated 102" POT (approved for 8x1027)

o So far 70% neutrinos, 30% antineutrinos

« Aim for summer 2015: antineutrino oscillation with ~5x102° POT

« Continue to 2021, search for CP Violation with up to 2.50 sensitivity
e Combine with NOVA and SK to increase reach

Events/(100 MeV/c)

sz
o - N w S (3] o

150 100 50 0 50 100 150
True d¢p(°)
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MINOS/MINOS+ recent results

[’ MINOS data: vy disappéarance + Vg ap'pearance .
2.8 10.71x10° POT v,-mode, 3.36 x10?°° POT V,-mode ~ —
B MINOS & MINOS+: 48.67 kt-yr atmospheric v 1
2.6 -
> 2.2 —
(O] - Normal hierarchy 7

o 1 " L L L | " L L " L " L " 1 1 " . L " 1
9 " Inverted h‘iellar(':h)} L I\}IINIOSI &IMIi\lOIS-i-I-
T -2 D] "PRL112,181801 (2014) — ToK* ]
S B i
M B i
& | il
< -24 B -
2.6 .
- ~~ —90% C.L. -
-2 81 MINOS+_PreI|_m|r_1ary --.68% C.L.
- ® PBest fltI oscillations [ | ]
0.3 0.4 0.5 0.6 0.7

1n2
sin“6,,

[arXiv:1502.07715]

New results from a three-flavor
combined disappearance and
appearance analysis

Beam and atmospheric neutrino data

Best fit (IH):
| AM2,, | = 2.37401 . x103eV?
Siﬂ2923 = O.43+O']9_O.05

Most precise | Am?;,| measurement!
Consistent with maximal mixing.
Marginal preference for inverted
hierarchy, lower octant of 6,,.
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NOVA

Ex=2GeV,L=810km

[NuTel201 5]
Physics goals: 10 ' ' . . . . ‘ —
v, appearance:
0,3, Ocp. Mass hierarchy
v, disappearance:
5in?20,3, | Am?y, |

(=)

S

£
Total Protons (x 10%°)

Combined appearance
and disappearance:
- octant of 0,,

Protons per week (x 10*%)

[N}

0
2013/08/30 2013/11/06 2014/01/13 2014/03/22 2014/05/30  2014/08/06 2014/10/13 2014/12/20 201 5/0%/2 7

AN

Collecting Data Collecting Data Collecting data with
Building Far Detector with Near Detector full Far Detector readout

Construction complete and data taking with both detectors ongoing!
First oscillation results expected in the next few months!
Senisitivity to v, appearance is about 3 sigma with current data.
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NOVA expected sensitivity

[NUTel2015]

NOvA CPV determination, 3+3 yr NOVA hierarchy resolution, 3+3 yr
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Future experiment: T2HK

Megaton-scale Water Cherenkov detector (20-25x larger than Super-K)

Goal: 3., determination

Increased zenith angle resolution
e/u discrimination
Low energy threshold
Statistical separation
of v, vs. v,

Large statistics!

Hyper-K 8¢, reach: arXiv:1412.4673

‘(;< m_ ' Norrv;almass‘hierarc;\y_ wa_ln\‘/enedﬁasshiérarchy‘
i I
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Future experiment: DUNE

Deep Underground Neutrino Experiment (formerly LBNE/ELBNF/LBNF)
34 kton Liquid Argon Time Projection

Primary physics goal: 8cp and Chamber (LAITPC), 1.5km underground
neutrino mass hierarchy E=0.5-5GeV, L=1200 km
sanford - _____Significant matter effect

Underground g——
Res.e.arch ’f e, e —"fs._\ '\'\
Facility == Q) |

Fermilab

\/
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LBNF and DUNE

« Long Baseline Neutrino Facility at Fermilab and SURF (FNAL/DOE)
* Proton complex, neutrino beam, ND and FD facilities
* PIP-Il upgrade to deliver 1.2MW, tunable, wide-band n beam by 2024
* Further upgrades to 2.4MW by ~2030

« DUNE: 550 signatories, 147 institutions, 24 countries

« To construct and operate a (staged) 40 kt LAr detector at SURF, 1300 km
from Fermilab, underground at 4300 mwe

* And a high-granularity, high-precision Near Detector
 To integrate 120 kt*MW*yr by ~2035

« CP violation

* Mass Hierarchy

» Test the 3-neutrino paradigm (unitarity of PMNS)

« Search for nucleon decay

« Atmospheric and astrophysical neutrino measurements

» First collaboration meeting Jan 2015, second as we speak
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DUNE expected sensitivity

CP Violation Sensitivity (NH)
T T T
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Future experiment: PINGU

Precision lceCube Next Generation Upgrade £ + leCube
+ DeepCore
sof- Baseline-Geometry-| . oveu
m 0: K o el e i,
Som(~  lceTop [ i e e e
RO E
-1005— : U',fe,f,.w
-150f
B T R
X (m)
AMANDA
M50y, ” AR / . .
e g A new infill array for IceCube
i PINGU LOI, arXiv:1401.2046
Primary goal: precision measurement
R | of atmospheric oscillations with a focus
oo _ A A} 24 on the neutrino mass hierarchy
! ot determination

Deep Core

(exploiting earth MSW effect)
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JUNO

¢ Jiangmen Underground Neutrino Observatory, a multiple-purpose
neutrino experiment, approved in Feb. 2013. ~ 300 MS.

¢ 20 kton LS detector
¢ 3% energy resolution

TN T AT

¢ 700 m underground
¢ Rich physics possibilities
= Reactor neutrino
for Mass hierarchy and

precision measurement of
oscillation parameters

= Supernovae neutrino
= (Geoneutrino

= Solar neutrino

= Atmospheric neutrino
= Exotic searches
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JUNO oscillation measurements

Access to MH
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Distance to Reactor (m)

Detector under 700m overburden
53 km from two new power station complexes
26.6 GW by 2020 start, increasing to 35 GW
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Other issues: sterile signs / anomalies

.y . ! m’ (eV?)

* LSND anti-v, appearance (3.8c, 1995) I
 MiniBooNE appearance, similar, 2012 .
» Reactor rate deficit, 2-3o, compatible

*  Flux shape and integral? ()’ - v,
« Gallium source deficit "y Ay, W | om
«  MINOS+ preliminary: stringent constraints 0 e e v, | @Y.
« T2K ND: central solutions exclusion 2 M .
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Outlook

Exciting recent results
Accelerator and reactor experiments start to provide hints of ., and MH
* New results to come from T2K, NOvA, MINOS/MINOS+ in the next 5 years

* Next generation experiments (DUNE, Hyper-K, PINGU, JUNO) hold
great promise for the next two decades

« A strong Short Baseline programme at FNAL will explore the sterile /
anomalies landscape

* Most probably new questions will come up, a few discoveries, and
hopefully some breakthrough to “the other side” of the “TeV scale” of
the LHC
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Quarks vs neutrinos
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