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Dirac vs Majorana WARWICK

Consider neutrino capture on Tritium

v+’ H- He+e

Ampfvl—Zh\/EZ—m2

Where h is the helicity of the incoming neutrino
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Relativistic Neutrinos WARWICK

Ampfvl—Zh\/EZ—m2
If neutrinos are relativistic : Amp ~ 1 — 2 h E

Right handed helical initial states (h = ¥2) are suppressed

Dirac neutrinos : Antineutrinos are largely RH helical and
will not interact due to lepton # conservation.

Majorana neutrinos : The right-handed chiral=helical state
will be suppressed

I" (Majorana )=T (Dirac)
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Non-relativistic neutrinos .7/

2 2
Amp~1—2h\/E —m
If neutrinos are nonrelativistic : Amp ~ 1

No helicity suppression
Dirac neutrinos : Antineutrinos will still not interact

Majorana neutrinos : No suppression - both LH and RH
helical states can still interact.

I" (Majorana)=2T ( Dirac)
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Dirac vs Majorana WARWICK

THE UNIVERSITY OF WARWICK

Non-relativistic neutrinos can be used to distingush

between Dirac and Majorana nature of neutrinos

But not many sources of non-relativistic neutrinos

One is the (yet to be observed) cosmic relic neutrino
background

History of the Universe
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Dirac vs Majorana

THE UNIVERSITY OF WARWICK

Non-relativistic neutrinos can be used to distingush
between Dirac and Majorana nature of neutrinos

But not many sources of non-relativistic neutrinos

One is the (yet to be observed) cosmic relic neutrino
background

These have kinetic energies around 10* eV

Capture cross sections ~ 10* cm?(T2K : 1038 cm?) (o ~ E)

The PTOLEMY experiment is an idea for an experiment

designed to observe these neutrinos. Predicted capture
rates for Ptolemy are

['(Dirac)~5/year T (Majorana)~10/year
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To the Future 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?

THE UNIVERSITY OF WARWICK

Normal or Inverted mass heirarchy?

2
Am

0.82 0.54 0.14

Upns™[0.35 0.56 0.68

0.35 0.55 0.69] ?

0.975 0.222 0.004
Ucxkn=10.221

0.01

0.97 0.04
0.04 0.999
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Current Experiments

» [=295km. <E>=0.7GeV \

» ND280 Near Detector,
SuperK (22 5 kt) as Far
Detector

\ANAR\NICTIL

* JPARC beam: currently
200kW ramping up to 700kW

(<2019) /

= Near(Far) Detector 0.3(14) kt
liquid scintillator

= NUMI beam re-starts May 2013
@ 700 KW (6 months ramp-up) p.




Next generation WARWICK
DUSEL Underground Hyper-Kamiokande
Neutrino Experiment (DUNE) 300 km baseline

SANFORD LAB

-y
-
u-u-.-"-“_
LLL T

-
P—
"
T
-
[

» MW beams SK (to scale'ish)
» multi-kton far detectors



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
THE UNIVERSITY OF WARWICK
0.14- Neutrinos M., = -2 win :’I::ﬁmk':ﬂm [] Opp = -T2
1285 km "
012  Normal Ordering _.E“" - 0127 Inverted Ordering . P )

e =2

| Bp =2

P(v, —v,)

2 3 4 5678

1
Neutrino Energy (GeV) " . 2 3 4 5671
Neutrino Energy (GeV)

» DUNE operates a wide-band beam
» Comparison of the peaks of the first AND second oscillation
maxima can be used to measure the mass ordering and dcp
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DUNE Far Detector WARWICK

—
4 x 17 kton LAr TPCs _ Cryostat2 i
g\




Near Detectors WARWICK
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DUNE Far Detector WARWICK

4 x 17 kton LAr TPCs _ Cryostat2 i

o Ve T

» Cost issues have led to a phasing plan for DUNE
» Phase 1 : 2 Far Detector modules + 1.2 MW beam
+ part of the Near Detector suite.
» TBC 20307
» Phase 2 : 2 more FD modules + 2.4 MW beam +
completed ND suite
» TBC 2032777
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Hyper-Kamiokande ..

Underwater Elec. OD PMT+WLS

THE UNIVERSITY OF WARWICK

» Three detectors:

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

» FarDet complete : 2028
» Beam upgrades
complete : 2028

» First data : 2028-2029

Construction through to 2028’ish

Super-K: 25 kton water
Hyper-K: 200 kton




Near Detectors WARWICK

UAI Magnet

ND280 off-axis
Near detector

(280m)
INGRID on-axis IWCD PRISM
Near detector (2 km)

(280m)
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CP violation and the
Mass Hierarchy
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Measuring &ce is the ultimate goal of neutrino oscillation
experiments. How? dcp Shows up as an imaginary phase in the
PMNS matrix.

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

CP violation can only take place in appearance experiments

Look for P(Vu—>ve);ﬁP(V_u—>V_e)



3-Neutrino Mixing WARWICK
U, U, U,l ¢, s, O] ¢, 0 skelJt 0 0
U=\U,, U, U;l= —S12 c, O 0 1T 07]|0 ¢y sy
u, U, U, 0 1/|-s,¢ 0 =5, Cy
(" Solar sector 13 Sector Atmospherlc secto?
\)e—>vu VM—)Ve Vu—avT
0,=345+1.1° 0,,=844"£0.16" | 9,=41.0(50.5)°+1.1°
) —
(Am;,=+7.56 X107 eV )3 1= 252107 epz (Amy=.52x107 eV,
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In all it's naked glory

i n
P<Vp<v_p>_>ve(v_e)>:P1+P2+P3+P4 “913
A ) B ""623>45 or 623<45
P,=sin’0,;5in°2 05| = | sin’(—==L) Sign(Amzs?)
—| B. 2 *Oxrr
ALY D, A
2 . 2 . 2
P,=cos" 0,,sin 2912(f sin <EL>
A A, A B,
P,=Jcosd cos(—=L)(—= 13)sin(éL)sin( — L)
— 2 A B, 2 2
A A, A B,
P,=+Jsin§sin(—= L)(—= 13)sin(éL)sin( L)
— 2 A B, 2 2
Am? A=V2GEN,
A =—1 J=co0s0,,5in20,,5in20,,5in 20,

v 2FE B_+:|A131A|
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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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WARWICK

THE UNIVERSITY OF WARWICK

Need more than
one measurement
at different L/E to
disentangle the
parameter space
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Degeneracies -~

THE UNIVERSITY OF WARWICK

Experiments only measure at most two numbers; but
probability has three unknowns and parameters with errors.

0 IE:I 1 |1 |':-i} l{:%lel-?_ T |L'| 1 |l-ll;l|13|E |1‘|:I|-[1
B ~COSO 0
E "ffl E .. 0 :
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v YET . 1 Need more than
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x* s : at different L/E to
Vi el i ™ 1 disentangle the
a2 y 1 parameter space
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N N Ty -
. &= e g o
1 — . _—
B om” > 0 7
- /8in® 20,5, = 0.05 -
:I ___L_ TR — l I S I E— ] | I T T J N N — | I J.__
P 1 2 3 4 5
sin“20,5 <Ply, —> v )> %
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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
NOvVA Preliminary
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28 - == [ a5 '-|-| i:— By
J.Phys.G43, 0394:[3_!1 (2016) b o”&?’ T “REx O
§ 2 Jiangrnen N o e Huizhou LUfeng
< wt i x : _-T.g-:__ pow Shenzhen = = o ik
[t Optimal Baseline " Zhongshan R Lo e NPP
| /‘F R \\I“‘ﬂ-..._ e e | an-g"-_:_,a_rl_'..'lm< @ Dava Ba¥2:
20 0 &0 " (:IHJ 100 120 140 180 N PP
B ‘@ Hong Kong
JUNO N e
g 74 institutions, >700 collaborators
b 403 @5" ey Asia: China (34), Taiwan,China (3) Thailand (3), Pakistan, Armenia
e e - e f:_wﬁ Europe: Italy (8), Germany (7), France (5), Russia (3), Belgium, Czech,
53 km g 3 « 4. Finland, Latvia, Slovakia, UK

... ®JUNO-TAO
~ Taishan NPP
‘2.cores, 9.2 GW,,

America: Brazil (2), Chile (2), USA (2)

s o
. -..Yangjiang NPP" "
7 - 5 Cﬁres, 17.4 thh

» Reactor experiment in China
» Main goal is to determine mass ordering for A ms;?

» Use of near (JUNO-TAQO) and far (JUNO) liquid scintillator
detectors
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THE UNIVERSITY OF WARWICK

Acrylic Sphere:
Inner Diameter (ID): 35.4 m
Thickness:12 cm
Stainless Steel (SS) Structure:
ID: 40.1 m, Outer Diameter (OD): 41.1 m
17612 20-inch PMTs, 25600 3-inch PMTs
Water pool:
ID: 43.5 m, Height: 44 m, Depth: 43.5 m
2400 20-inch PMTs
o W _




JUNO WARWICK
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1" Baseline: ~53 km —  No Oscillation
— Energy resolution: — Oscillation NMO
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Mass ordering WARWICK

Reactor v, signal IBD event number (x103)
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Currently in commissioning phase - data taking to start later this year
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P WARWICK
dcp = 0, # - CP Consvering; o&cp= 7 /2, 37 /2 - maximial CP violation
30- S Y e

- NO S—M
250 e
20:_ GlobaIE
;;15;
10}
5t
B - —i :IIII]lJlIII 8
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

o/m o/m
» Preference for Normal Ordering in global analysis

» Normal ordering : mismatch between T2K and NoVA results.
» Global fit : dcp conservation disfavoured at around 3 sigma

» Inverted ordering : all experiments prefer dcp= 3/ 2
»dcp Cconservation disfavoured at around 4 sigma
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Future project sensitivities
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DUNE Sensitivity

30

6CP :

- DUNE Sensitivity
" Mormal Ordering
| sin®26,, = 0.085 = 0.003

:l 7 years (staged)
:l 10 years (staged)
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WARWICK

THE UNIVERSITY OF WARWICK

>50oreacha
Ocp exists in

DUNE Sensitivity [ 7 years (staged)
Normal Ordering
sin®20_, = 0.085 = 0.003 [ 10 years (staged)
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HK 6cp Sensitivity

-

v

0 exclusion ( A

sin(Op)

[ N £X

o

10 years (2.

T0E22 POT 1:3v¥V)

WARWICK

THE UNIVERSITY OF WARWICK
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Hyper-K preliminary
True normal ordering (known)
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A return to Ovpp decay WARWICK

el

m_ T(OVBB)c|(m
>

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

m., —‘\Uel\2\/m3+Am23+‘Uez‘2 l%\/m§+Am§3+‘Ue3‘26ioc3m§|2

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

mve>\/A m;,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 : ~ 6 years from now for 4 o good indication
from NOVA + T2K + JUNO



Measurement of dcp WARWICK

Next generation of experiments are being planned to
measure this

Timescale : 6-8 years from now (including 5 for
Construction) 4 o CP sensitivity (if true dcp IS T1/2)

10-15 years for a measurement of ocpto a
precision of 20° (if true ocp IS TT/2).
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* Reactor Antineutrino Anomaly (RAA)

disappearance

P

* Gallium Anomaly

THE UNIVERSITY OF

WARWICK

WARWICK
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L/E~10m/1 MeV > Am’~0.1eV:

* Reactor Antineutrino Anomaly (RAA)
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New 0.1-1 eV neutrino, consisting of a sterile flavor
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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.



The Gallium Anomaly WARWICK

We've discussed the Homestake
experiment which studied

ve—I—Cl37—> Ari'+e

A couple of experiments (SAGE and
GALLEX) also studied

0.8 —}1}}
v+ Ga>"Ge+e __

In early 2000's the response of 0.t bl
GALLEX was being tested using & & ¢ &
MCi radioactive sources. F  F

pmeas. ‘,r},.pred.
=
|

No clear idea what is going on here.

Deficit could be interpreted as sterile signature but the best fit
oscillation parameters disagree with other experiments.
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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
g7
E 15 BSRS PV, —V 6N
& 125l S
. SR other
10|
7.5
25|
Of
: L

0.4 06 0.8 1 1.2 14

L/E, (meters/MeV)

WARWICK
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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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NIBOONE Results WARWICK

3

{;,;102_ : |||r| T T T 1T T TTTI
} | I 1 | 1 1) L] I L] 1 1 | 1 1 1 I ] r:]—’ E _68!‘.0 CL E
2 i e Data (stat err.) . S —90% CL ]
3 3 v, from u™ = = — 95% CL 1
s F S v, from K - - — 99% CL
o F B v, from K ] —30CL
P e [ «° misid = 10| .
C 1 H- ANy = g w: fiie :
L I dirt . o I KARMEN2
sl [ other - i 90% CL i
i_*_. Constr. Syst. Emor = i — OPERA i
" CERER s Best Fit = r 90% CL 1
i et g . MiniBooME preliminary
T i MiniBooNE preliminary 7 1 Gombined (v + 7) it —
3 ; v data : 18.75 x 1020 POT— . Z B INI0EAY
| e ol 7 B 0:11.27 102 POT -
;| Combined (v + 7)) fit @ i
2 T 1 ]
1 _: 10_1:_
» = C /
: C .LSND 90%CL |
82 0.4 0.6 0.8 1 1.2 1.4 3.0 .
E N,
E’S (GeV) . DLSND 99% CL 59
“
10—2 IIIIII| | 1 iIIIIII | | IIIIHT"‘-- 1 L1 ill
Excess at the level of 4.8 ¢ 107 102 107 1

sin22[]
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




Low Energy Excess

ts/10
3
L L AL LR ELR LA L LU L

= N
o

Even

'—l
0 O

MicroBooNE 6.369 x 10°° POT
- Pred. uncertainty
NC, 22.5
BN v, CC, 333.1

—e— BNB data, 338
[ Others, 10.0
v, CC, 19.3
= = eLEE Model (x=1), 37.0

1 I_l ‘a# I ' L i

opes

S

C:JD

1000
Reconstructed E,, (MeV)

1500 2

Reconstructed energy spectrum for inclusive v,
event sample

000

WARWICK

THE UNIVERSITY OF WARWICK

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

» LSND/MiniBoone
are seeing things -
but are they
different effects?

»Can’'t completely
rule out steriles
yet.



Decaying sterile
neutrinos?

Steriles couping
to light DM?

CPT Violation?

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

\\\\ﬂ

’* WH.AT c::::um ‘*
THE REASON f Lorentz violation?

EE r -

No bleedin' idea

Wait for more data

WARWICK

Extra dimensions?

Experimental
problems?



" SBN Prog

SBN Program

— T »
R P -V, -V,
=] e — -
-.-F ﬁ k" = I\ll.l. ‘i'F‘ 1
E 1F N ",
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10 i W i :

3 . % ===

_LArND
=
i

-
=]
e

)

; 2.5 3.0
Enermy [GeV)

P A e el -

tatats - -

‘ J - -_-.-"."-'.1-'-'-

"" MinlfiooNE | rOROONE S
e

“lcarus - T600 (operating)

(relocated)

Detector

WARWICK

THE UNIVERSITY OF WARWICK

Distance from Active
BNB Target

LAr Mass

~ MicroBooNE

112 ton
&7 ton
476 ton

SOM MEAR
DR TRCTOR




BRSNS

SBND WARWICK

1{]2 i D Al el s O L I ol b LI Rl i Dl Bl 1
3+1 Global Fit : t:mu MeV A
10} o T UPe B 08 ein’(26,)=0002 -
s ‘ ] )
o] : - 999/, E .‘}.I‘I“IE.' =1.75 eV? < o
& " 5 0 o & ]
:t ].ﬂn 3 i E ﬁ‘\ ﬂ‘a ??h
= |"_._.. E ﬂ 4 % : Eﬁ' \‘c’
= & SR | &« | i
<] g | g I
107" 5 027 i '
O W
| | u L 1 1 I L I 1
lﬂ'? o0 s By iiallelishi g | & | silalalyllslidl I 5 Uy By ilalelslsle PR I T P D 1m Enu Suu 4““ Enu Eun ?uu Em
-4 -3 -2 -1 ad
10 10 10 10 10

; Distance [m]
sin” 20,
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SBND WARWICK

Ve appearance vy disappearance
i v, — Vv, appearance T i o) v, disappearance
10 [ LsnD 90% 10 [ Giobal 3+1, 30 allowed”
= [ ] LSND 99% : v,/ ¥, Dis, 30 excluded”
- [ Global 3+1, 30 allowed"”’ C —— SBN 3o
T % ve/ v, App, 30 allowed”’ a E . NS i e ] L
s i >
= —— SBN 3o
@ 1= -.9:’_,, 1
— = ««s== SBN 50 = =
- ~ o ) = e
E E = O TR e
g = K Tl
o T
107 -
: (1) S. Gariazzo et al., arXiv:1703.00880 [hep-ph] : (1) 5. Gariazzo et al., arXiv:1703.00860 [hep-ph]
| (2) M. Dentler et al., arXiv:1803.10661 [hep-ph] i D&er&r " E:I" ar}flﬂelm':o?m] “:Bi"ph] - . e mowow o
L1l I 1 1 L1 1L 1 1l | L L 1 LL L1l I Il 1 1 L1 1L 11
2 &
107 107 107 1 9 = !
sin’20, sin°28,,,

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

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

P Starts taking data soon



Sterile summary WARWICK

» A number 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.

» 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 vs Is fading; but not yet
completely excluded.
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Neutrino Cross-sections
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# of events

Systematic Uncertainties WARWICK

12:—
10

N B ON
|

o

Cross
Section

10-100%

Runl-4 data
(6.393e20 POT)
4+ data

[ signal prediction

. background prediction

200 400 600 800 100012001400
momentum (MeV/c)

Expected Number of events=0 DT € -

To do these sort of measurements

Measure number of events at
Far Detector

Compare with expected number of
events

Neutrino
Flux

5-10%

'

Number of Selection
Targets Efficiency
1-2% 10%




' : WARWICK
Neutrino Interactions
Quasi-elastic

“l Qe 3.
-‘15:1.
.
RES 506
%0.
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E, (GeV)



Xsec data pre 2007

WARWICK

THE UNIVERSITY OF WARWICK

The data was impressively imprecise

CC Single Pion Production

—
in
1

x

[N

4]
T

[ = CERN-WA25, Allasia, Nucl. Phys. B343, 285 (1990), D,
— 4 ANL, Barish, Phys. Rev. D19, 2521 (1979), H,, D,

I 7 ANL, Radecky, Phys. Rev. D25, 1161 (1982), H,, D,
I © BNL, Kitagaki, Phys. Rev. D34, 2554 (1986), D,

- O SKAT, Grabosch, Z. Phys. C41, 527 (1988), CF,Br

- & BEBC, Allen, Nucl, Phys. B264, 221 (1986), H,

- ¢ FNAL, Bell, Phys. Rev. Lett. 41, 1008 (1978), H,

r # ANL, Compbell, Phys. Rev. Lett. 30, 335 (1973), H,
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World Data for Antineutrinos

THE UNIVERSITY OF WARWICK

C.P. falier
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It S sIowa gettlng better w2

-1.00 < osfl, = (.00
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"‘tl':lcc':lucn:cuanc.-' T 12 1%
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CC Oxn differential Xsec From T2K
arxXiv:1602.03652
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WARWICK

a40p

E  POT normalized
35F zmwmeor

—— Data

: — GEMIE wi FSI
30

I I GEMIE wia FSI
25¢ - - = NuWro

(10" emfinucleonl(GeVic))

Euf == MEUT
15
ln; '|II_.'I
sE{s
T -
-El:l- H-IPEME B PR PP B PR e
¥ o0 02 04 06 08 10 12 14

P (GeVic)

CC ni° differential xsec from
MINERVA
Phys.Lett. B749 (2015) 130-136

Lot's of effort going into trying
to understand neutrino
interaction cross sections



But still not good WARWICK

—+— MINERVA data
5 0.00 < P, (GeV/c) <0.07| —— Minerva Tune v4.4.1

—— QELike-QE
4.50< Fl (GeV/c) <7.00 | QEL:ke—F"inns

I QELike-2p2h
2p2h without fit

Jletg— e QELike QE proton
&I I — — QELike QE neutron

_L\“*r--,_l.i.‘l...ll.

In general the
0.0 0.2 To(léeV)o .6 hadronic system is still
P

not well understood
Total proton kinetic energy

Ratio to Minerva Tune v4.4.1

D Ruterbories et al. Simultaneous measurement of proton and lepton
kinematics in quasielasticlike v u-hydrocarbon interactions from 2 to 20
gev. Physical review letters, 129(2):021803, 2022.
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Concluding Remarks

WARWICK
» Neutrinos are massive —» extensions needed to the

Standard Model

» Neutrino oscillation parameters still need to better
measured; dcc and mass ordering have yet 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

» Sterile neutrinos may not be a thing.
» Still much to do in the neutrino world!
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