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Question WARWICK

Could quarks also undergo flavour oscillations
like neutrinos?



L ecture 4 WARWICK

To Infinity and Beyond!



The Quest

113

Value of §?

«Better estimates of the
oscillation parameters
using accelerators

¢|s 823 maximal?

¢|s the neutrino Majorana?
‘What is the absolute mass?
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Normal or Inverted mass heirarchy?
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Current Experiments
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Japan
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Super Kamiokande Far Detector

Meutrino beam

285 km

25 kton water Cerenkov 14 kton lig. scint.



Next generation WARWICK

Hyper-Kamiokande

Mt. Noguchi-Goro
2,924m

Intermediate Detector

Mt. Nijugotyama

1,700 m below sea level

Neutrino Beam '

{ 1km !
DUSEL Underground _
Neutrino Experiment (DUNE) gggek"r'nK?)?slgﬁﬁgde

1300 km baseline

Sanford Fermilab

Underground
Research _—
Facility e

____________
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DUNE In the USA WARWICK

Sanford Underground
Research Facility
Lead, South Dakota

\ / Sanford Underground
v B B Research Facility

W

Batavia, lllinois

-ln\--r-“_-“-r“

Fermilab

Sanford Underground
Research Facility

Fermilab



DUNE Beam WARWICK

0.14 Neutrinos 0.14=  Neutrinos [] Bep = -T2
1285 km 1285 km W, =0
Normal Ordering 0127 Inverted Ordering —

b =12
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Neutrino Energy (GeV) " . 2 3 4 5671
Neutrino Energy (GeV)

» DUNE operates a wide-band beam between 0 and 8 GeV,
peaking at about 2.5 GeV at the FD.

» Comparison of the peaks of the first AND second oscillation
maxima can be used to measure the mass ordering and dcp

» At high energies (>3 GeV) degeneracies become less of a problem.
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Neutrinos from
Fermilab

» Phased development (due to lack of ready cash)
»2 17 kton LAr TPC operating by 2030 (Atm+Solar)
» 1.2 MW beam operational by end of 2031
» 2 more modules (perhaps diff. technology) by mid-2032
»2.4 MW beam + complete near detector suite by mid-2032
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Hyper-Kamiokande WARWICK

» Three detectors:

» HK Far Detector
»Upgraded Near detector
»New “Intermediate”
detector

» FarDet complete : 2028
» Beam upgrades
complete : 2028
» First beam

data : 2028-2029

Construction through to 2028’ish

Y OF WARWIC

Super-K: 25 kton water
Hyper-K: 200 kton
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Dune / HK Comparison
Beam Energy 3 GeV 0.6 GeV 0.6 GeV
Baseline (L) 800 km 295 km 295 km
Beam Power 1.2 MW -2 MW 1.3 MW 0.5 MW
Type of Beam Wideband Off-axis Off-axis
Mass of far 40 kton (P1) 190 kton 22.5 kton
detector up to 80 kton
(P2)
Technology Liquid Ar TPC  Water Cerenkov Water Cerenkov

Running from

2031'ish 2028'ish Now
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CP violation and the
Mass Hierarchy
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Measuring &cep is the ultimate goal of neutrino oscillation
experiments. How? dcp sShows up in the imaginary part of the
PMNS matrix.

Prob(v —v,)=8 -4, R(U,U, U, U, )sin®(Am;—
I>_/ U4E
=0ifa=

CP violation can only take place in appearance experiments

Look for P(Vu—>ve);ﬁP(V_u—>V_e)
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In all it's naked glory
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Degeneracies

Experiments only measure at most two numbers; but
probability has three unknowns and parameters with errors.
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Need more than
one measurement
at different L/E to
disentangle the
parameter space
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Degeneracies

Experiments only measure at most two numbers; but
probability has three unknowns and parameters with errors.
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Need more than
one measurement
at different L/E to
disentangle the
parameter space
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Mass Hierarchy
measurements

As baseline grows,
matter effects increase

At distances of around
1000 km we can
unambiguously
identify the mass
hierarchy

Once we've done
that we need to
determine CP phase

WARWICK
THE UNIVERSITY OF WARWICK
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JUNO WARWICK

Daya.Bay
NPP

1 Taishan NPP
Yangjiang NPP

» 20 kton of liquid scintillator » Determine mass hierarchy
» Largest liquid scintillator » Precisely measure solar
detector ever built oscillation parameters
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JUNO Goal WARWICK

BEEN LR R AL E R B EEEL LR L AR EE AR B
1™ Baseline: ~53 km —  No Oscillation o
— Energy resolution: — Oscillation NMO =
08— 3%/\E [MeV] . — OscillationIMO  __|
g N
E 0.6— -
= i _
< 0.4 _
< L _
02— . 5/ i g -
- Amy, ~
N 2 Voo
0 L L 1
0 1 2 3 4 5 6 7 8 9

Visible Energy (MeV)



B
JUNO

Reactor V. signal IBD event number (x10%)

0 50 100 150 200 250 300
ey Yo T ey ory
6 2 [ Parameter shift: |®
r ~Z===1 [ +30 of PDG2020 ]
—3o of PDG2020 5
=1 la, _
E
R R
T
- -2
_ —— NO: stat. +all syst.
25 — 10: stat.+all syst. | | 14
| ---=- NO: stat. only i 1
S 10: stat. only
.D "IN N N T O T N W I S O Ll s T i3 155 L1 L1l L1 11 D
0 2 4 [ B 10 12 14 16 18 20 3 @ o ™
JUNO and TAO DAQ time [years] .
= =
w W

» Determine mass hierarchy

» 3 oin 7 years (faster if combined
with SK/ T2K / NOVA)

» Precisely measure solar
oscillation parameters

WARWICK

THE UNIVERSITY OF WARWICK

Parameter PDG 2025 o
years

|Am3, | 1.2% 0.2%
AmZ, | 2.4% 0.3%
sin26,, = 40% | 0.5%
sin® 0,5 3.2% 12.1%

Data taking started
in 2025
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JUNO 1°t Results

Experiment Value
PG 2025
SNO (2011) — 0.299 *4ois
SK (2024) —_— 0324 0%
all solar v (2024) —_— 0.306 55
KamLAND (2013) 0.325 *i5
JUNO —— 0.309 G nqsq
.25 0.3 4 0.35 (.4
sin” #y9

» First JUNO results from 59 days of data

Experiment

WARWICK
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Value

SNO (2011}

SK (2024)

all solar v (2024)

KamLAND (2013

SNOH (2025)
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—
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Ami; [x107° eV?]
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» Already the most precise solar neutrino oscillation
parameter measurements ever.
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Current Experiments
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Super Kamiokande Far Detector

Meutrino beam

285 km

25 kton water Cerenkov 14 kton lig. scint.
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T2K and NOvVA

Posterar
probability
53 8
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WARWICK
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— T2K-only 1o
- NOvA-only 1o

20
|
+X

2

107" 107 10 107

Normal hierarchy

3o credibility interval
Ocp: [ -1.38m, 0.3m |

No significant preference for mass ordering
Weak preference for sin?6,3 > 0.5

107 107 1072 107

dce

Inverted hierarchy

3o credibility interval
Ocp : [ -0.9275, -0.04x ]

Nature 646 (2025) 8086, 818-824
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T2K and NOVA WARWICK

a b
| _ L T2K
v {_\ —— Mormal [
i \ —— Inverted s
\ : 4 pata 20 |-
40 - b ! s
= o
~ E% A £ I
= \\_‘ 1 =
g L. L
B 9 B W =-n2
= — -al
- = B A bdep=0
9 . 10 '_ Fa 'jCF' = T2
I B D 'jCF' =T
a0
- T2K
N T T I A T T N T B I
60 80 100 120 &0 80 100 120
v, candidates v, candidates




THE UNIVERSITY OF WARWICK

Future project sensitivities
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Oce : DUNE Sensitivity
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DUNE Sensitivity [] 7 years (staged)
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HK 6cp Sensitivity
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Hyper-K preliminary
True normal ordering (known)
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_Areturn to Ovpp decay

THE UNIVERSITY OF WARWICK

Mi

Mms

C(0vBp)ocl(m, =Y [ULm,e*f
~

In the inverted ordering: ms<< mi~ mM: , AmMi? ~ AmM;s3?
and ms is the lightest mass state, so we can write

mie:HUe 1\2\/m§+A m§3+‘Uez\zem2\/m§+Am§3+‘Ue3\zeia3m§|2

Setting ms to zero (not a bad approximation) one can show that

mve>\/A m5,cos°0,,(1—2sin’0,,)

i.e for the inverted hierarchy, the average electron neutrino mass
would have a lower limit at small m;
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Mass hierarchy & Ovpf

decay

IIIIr I I IIIIIII | I III:I1I1 I IIIIIII|

Current upper limit

0.1p

.lev]

S ool

0.001

le-05 0.0001 0.001 0.01 0.1

m,| eV |

THE UNIVERSITY OF WARWICK

» Experimental
limit needs to
decrease by a factor
of 10

» Limit scales with
mass and run time
» Experiments
need to be 10 times
bigger and run 10
times longer

» These are being
built now.



Exp. sensitivities WARWICK

Sensitivity of upcoming experiments:
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Mass Hierarchy

Determination -

A number of different experiments, both accelerator
and Onbb decay focused, are now trying to
determine the mass hierarchy.

Timescale : ~ 3-5 years from now for 3o determination
from NOVA + SK + JUNO



Measurement of dcp WARWICK

Next generation of experiments are being planned to
measure this

Timescale : 4-5 years from now (including construction)
for 30 sensitivity to distinguish from no CP-violation

scenario (if true dcp Is 11/2).
12-15 years for a measurement of ocpto a

precision of 20° (if true dcp IS TT/2).
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The Roadmap - 2005 WARWICK

We are at the beginning of a global coordinated effort to
unravel the neutrino sector

Measure 23 sector to 10%

MINOS, K2K, OPERA, miniBoone

Measure 0:3; Probably need 2
measurements at different L/E and
an antineutrino measurement to
unravel ambiguities.

T2K/NOVA, Reactor experiments

Precision measurements of all

parameters
Phase 2 Superbeams, B beams,

Neutrino Factories
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The next 20 years - 2009vrwick

Measurement

2
[Am_ 7|

23

13

Sgn(Am_?)

CP

Method  Experiments

Vu Disapp. MINOS

v Disapp. T2, NovA
v_Appear. T2k NovA

Anti-v,  Reactor

Disapp.

v, [anti-v, T2KK, neutrino
Factory, 777

Why? When
More precise 2007
Estimates
s it maximal? 2009

Equal to 07 Can't 2012
measure SCP if it is

2012

Unification, GUT 20257
Lepton asymmetry
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The next 20 years - 2009vrwick

Measurement

2
|Am23 |

23

13

Sgn(am_.%)

CP

Method  Experiments

v Disapp. miNOS

v, Disapp. 12k NovA
v, Appear. T2k, NovA

Anti-v. Reactor

Disapp.

v, [anti-v, T2KK, neutrino
Factory, 777

Why?

More precise
Estimates
IS it maximal?

Equal to 07 Can't
measure SCP if it is

Unification, GUT
Lepton asymmetry

When

2007

2009
2012

2012

20257

N Sx X

X



The next 20 years - 2024:rwick

Measurement  Method  Experiments Why? When
Am,*| v Disapp. MiNOS More precise 2007
Estimates
9, v Disapp.  DUNE, HK, JUNO 2030's X

05 v, Appear. T2k NovA Equal to 07 Can't 2012 ¢/
measure 9, if it is

Anti-v_ Reactor 2012

Disapp.
Sgn(am_?)  v_[anti-v,

DUNE, HK, JUNO 2030's X

CP
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* Reactor Antineutrino Anomaly (RAA)
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* Gallium Anomaly
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* Reactor Antineutrino Anomaly (RAA)

WARWICK
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* Gallium Anomaly

1.2
Phys. Rev. C 105, 065502 (2022)
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New 0.1-1 eV neutrino, consisting of a sterile flavor
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* Reactor Antineutrino Anomaly (RAA) * Gallium Anomaly
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The Gallium Anomaly

We've discussed the Homestake
experiment which studied

ve—I—Cl37—> Ari'+e

A couple of experiments (SAGE and
GALLEX) also studied

71 71 -
v+ Ga=>" Ge+te

In early 2000's the response of
GALLEX was being tested using
MCi radioactive sources.

Sources emitted ve which were then
observed using the standard Ge
signature

THE UNIVERSITY OF WARWICK
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L/IE~0.1m/0.1 MeV >Am’~1eV’

(oris it our understanding of the
low energy v-Ga cross section, or
is it just bad luck?)



The reactor anomalies  wARwiCK

»pre-2011 : measurement of the total neutrino flux from reactors
agreed with expectation.

»In 2011, new techniques in modelling nuclear reactions led to a
re-evaluation of the expected electron antineutrino flux. The new
estimate was about 6% higher than the old.

» Suddenly all the experiments now observed a general deficit of
electron antineutrinos being detected at the detector

N(V,)=D(V,) m— 0" (v, JoXP(V,?V,)

» Could this be (i) the new Flux estimate is just a bit dodgy or (ii) we
have short baseline neutrino oscillations to a sterile state?



Reactor Anomaly WARWICK
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Deficit consistent with a sterile state with Am? ~ 1.5 eV?
Reactor antineutrino flux calculations are VERY hard to do

It's almost certain that this is an issue with the calculation of the
antineutrino fFlux NOT steriles.
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New fluxes - again WARWICK

| I I I | [ I

5.5 B @ NEOS-Il Preliminary 1
[ RENO (2018) __amm

AT Daya Bay (2017) : ""’.'-

5.0 3 Huber{Eﬂll} ' '

V239 (%1071 ¢m?/fission)
£
Ln
|
g
LY

, rell E‘fNE-GB‘taIH MuFactzazs

3.5} “Phys. Rev..bétt. 418, 251801 (20173

. e EDYS Rew. Left. 122, 232501 (2019)

5.6 5.8 E 0 B. 2 b. 4 6. E E 8
Va3s (x107% cm?ffission)

» Reactor flux deficit
has probably gone
away now

»“New” 2011 flux
overestimated the
flux from U-235

» New flux
measurements
suggest that the
reactor flux deficit
was not real
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LSND

WARWICK

UNIVERSITY OF W. W.EK

The LSND experiment was the first accelerator experimen
to report a positive appearance signal

Eg(l)\ll\sflg\é protoln beam from T — U +V
accelerator M
\ |_)e+vev_u
Water target
‘ I-E'f?'g Copper beamstop @
oV V_e
E,: 20-55 MeV n
baseline : 30m V p—>en
L/E ~ 1.0 GeV/km | A
20-60 MeV
np—oyd
1280 PMTs P4
167 t liquid scintillator 2 2 MeV
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LSND Result (1997)

87.9 = 22.4 = 6 excess events

from v, - Ve

0 _
U] -
% 1751 ® Beam Excess
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& 125l S
. SR other
10|
7.5
25|
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: L

0.4 06 0.8 1 1.2 14

L/E, (meters/MeV)
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3.3 o evidence for

oscillations
LR T ERRRREL T 1111
) l Final LSND '
10 = Lt. Blue, 90% CL
Blue, 997% CL 7

Am? = 1.2 eV?

- :
- LSND :
10~1 _ Combined DAR and DIF B
: (1993-1998) 2




MiniBooNE

WARWICK

RSITY OF WARW

Ran from 2002 to 2014 at Fermilab

([

L]

] i .Tr&-- =
I: - 'FF d l.l'

— T -il,r_ -
B
Decay
d50

focusing hom regien A dj:

cAverage neutrino energy = 1 GeV
¢L/E the same as LSND
«Same technology as LSND

«Different energy = different event types = different
systematics
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Events/MeV

m

NIBOONE Results

E ' 'e Data(staterr) | -
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1 =
s z

82 0.4 0.6 0.8 1 T 1.4

Excess of low energy electrons

at the level 0of 4.8 o

3.0
E." (GeV)
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40 CL
..... KARMENZ2
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MiniBooME preliminary
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107"
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T |1|11r1|
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“
10_2 | |||||| | 1 i|||||| | [ ||IHT‘“"- 1 L1 ill

107 102 10°' 5
sin"20
Neutrino + Anti-Neutrino Mode
(Am?, sin?20) = (0.043 eV?, 0.807)
2 Indf =21.7/15.5 (prob = 12.3%)
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MicroBooNE

b mlBLL
»170 ton LAr TPC
» Operating in the same
beam as LSND and
miniBooNE
» Capable of reconstructing
electrons and photons

Initial State Final State

BNB DATA : RUN 5211 EVENT 1225. FEBRUARY 29, 2016
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Low Energy Excess
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MicroBooNE 6.369 x 10%° POT
- Pred. uncertainty
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500

Reconstructed energy spectrum for inclusive v,

event sample
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B v, CC, 333.1

S

1000 1500
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2000

2500

WARWICK
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»No sign of excess
of low energy
electrons or
photons.

» LSND/MiniBoone
are seeing

something though.
What?



3+1 sterile?
3+27
3+n?

CPT Violation?

Decaying sterile
neutrinos?

'] WHA.T COULD )

THE REASON r
EIE F ;_;

THE UNIVERSITY OF WARWICK

Lorentz violation?

Extra dimensions?

Experimental
problems?
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Global analysis WARWICK
101_35§ﬁ}99% cL »it's very hard to fit
: all of the data to a
- - : 3+1 (or other)
—_— Ol
T v.disapp g models.
2L 10° ST I \
NS | ",\"\‘\ E . .
: A — , Gis » A consistent picture
< | : does not leap out
M Gy from all these
] aj]]u .
ol anomalies.
0y — =1\ \sK+DC
: 1
. .Cf).l.l.. JTIC
1073 1072 107!
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SBN Program
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SBND WARWICK
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AME, (eV?)
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SBN Program

Ve appearance

v, — v, appearance

[ LsND 0%
[ ] LSND99%

[ ] Global 3+1, 30 allowed"”

1,77, App, 30 allowed”’
—— SBN 3o
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(1) S. Gariazzo et al., arXiv:1703.00860 [hep-ph]
{2) M. Dentler et al., arXiv:1803.10661 [hep-ph]
1.1

167 1072 107"
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v, disappearance

10

LI II[IIIl

(eV?)

2
41
T T T TTT

Am

10!

1 IIIIII[[

-
-
aw
a®
-

v, disappearance

| Global 3+1, 30 allowed"”’
v,/ ¥, Dis, 3 excluded”
—— SBN 30

-
ey
.

-
"4,
e
ey
LT
L.
Ten,
ol T
LT
Ll .
-
.....

(1) 5. Gariazzo et al., arXiv:1703.00860 [hep-ph]
(2) M. Dentler et al., arXiv:1803.10661 [hep-ph]
Ll II

1072

107" 1
sin229ml

ne https://arxiv.org/pdf/1903.04608.pdf

* SBN cover much of the parameters allowed by past anomalies at >50 significance

» Has started data taking - already has the largest sample of
v -Ar interactions



Sterile summary WARWICK

» A couple of anomalies exist which may be interpreted as
the existence of a sterile neutrino in flavour oscillations

» A single sterile hypothesis cannot account for all the
anomlies collectively AND agree with all other current data

» Gallium anomaly clashes with solar/reactor data

» MiniBooNE data clashes with LSND data clashes with
microBooNE data; low energy excess cannot be explained
by oscillations alone.

»In general to explain all this using steriles some other new
physics is also needed

Evidence for existence of a v« ata Am?2 of 1 eV?is
fading; but not yet completely excluded.
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What | have omitted WARWICK

» Any mention of the neutrino observatories :
»|lceCube, Antares, KM3Net/Orca

» Any mention of reactor experiments (apart from
Daya Bay / JUNO) :

» Stereo, SolLid, Prospect, Neutrino4, DANSS,
NEOS

»To my shame : any mention of neutrino interaction
cross section work

»T2K, MicroBooNE/ArgoNeut, MINERVA
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Concluding Remarks

WARWICK
» Neutrinos are massive —» extensions needed to the

Standard Model

» Neutrino oscillation parameters still need to better
measured; dcp and mass ordering have to be measured.

» Next generation of experiments will hopefully get a
handle on these parameters : data coming from 2029 and
the early 2030’s.

» Many opportunities for BSM in the neutrino sector

»We are getting perilously close to a neutrino mass
measurement - perhaps in the next 5-10 years?

» Majorana or Dirac? We may be lucky with an intensive
Ovpp program; look out for LEGEND 1000

» New neutrino machines may be coming with muon
storage ring technology
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