BRSNS

Lecture 3

THE UNIVERSITY OF WARWICK

The neutrino oscillation industry
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Solar Neutrinos WARWICK

SuperK : Solar neutrino-gram

<Light from the solar core

takes a million years to reach
the surface

« Fusion processes generate
electron neutrinos which take
2s to leave

« Solar neutrinos are a direct
probe of the solar core

« Roughly 4.0 x 10*°solar v_
per cm? per second on earth




Solar neutrino — pp Cycle WARWICK
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Solar Neutrino Flux WARWICK

{Chlorine | Superk, SNO
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As predicted by Bahcall's Solar model
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The Solar Neutrino WARWICK
Problem - Homestake
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Experimental summary  WARWICK

Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault 2000
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Atmospheric neutrinos

THE UNIVERSITY OF WARWICK

High energy cosmic rays interact in the upper atmosphere
producing showers of mesons (mostly pions)

. T+ Neutrinos produced by
4 Tt ut ;’F-l_ N u‘|‘v‘u T — ‘u_v‘u
; ax et Bevevy  bevey,
[
Y T N(v,+V,)
l u u NZ
. /- 1T 117] TPt N(vav)

At higher energies, the muons
can reach the ground before
decaying so ratio increases
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The Atmospheric Neutrino Anomaly
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Neutrino Flavour Oscillations



Mixing WARWICK

CKM / U | /C\ d’=dcosec+ssinec
Mechanism ,
d’|.

\S ’/L ) ’=—dsin€)c+scos OC

In the quark sector, the flavour eigenstates (those states
which couple to the W/Z) are not identical to the mass
eigenstates (those states which are eigenstates of the
Hamiltonian)

Weak d' ) 0.97 0.23 0.003\/d Mass
StateSH s'|=| 0.23 0.97 0.04 ||s|™ ctates
b'l 10.008 0.04 0.99 /b




Mixing WARWICK

CKM / U | /C\ d’=dcosec+ssinec
Mechanism ,
d’|.

\s ’/L S ’=—dsin€)c+scos OC

In the quark sector, the flavour eigenstates (those states
which couple to the W/Z) are not identical to the mass
eigenstates (those states which are eigenstates of the
Hamiltonian)

Weak
states

Mass
states

A%
A%

Unitary mixing matrix




Neutrino Oscillations WARWICK
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If we don’t know which mass state was created then the
the amplitude involves a coherent superposition of v states




PrOb<V0(—>VB):60(B_4Zi>j R <U:(iUBiU0U'Ul:f> Sin <Ami i>

L
2
+22 3(U,;U,; U, U, )sin(A m’JZE)

> IFAmU2 = 0 then neutrinos don't oscillate

» Oscillation depends on |[Am?| - absolute masses cannot be
determined

» If there is no mixing (If U = 0) neutrinos don't oscillate

» One can detect flavour change in 2 ways : start with v_and look
fFor v, (appearance) or start with v_and see if any disappears
(disappearance)

» Flavour change oscillates with L/E. L and E are chosen by the
experimenter to maximise sensitivity to a given Am*

» Flavour change doesn't alter total neutrino Flux — it just
redistributes it amongst different flavours (unitarity)
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Two flavour oscillations

THE UNIVERSITY OF WARWICK
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P(v - vB) : Appearance Probability
P(v_— v ) : Survival Probability
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Question : What would you observe if you were able to
know what mass state propagated from source
to detector?



Three Flavour Oscillation wArRwicK

The three flavour case is more complicated, but no different

Ve Vl Ue] Ue2 UeS
Vu =U Vz U= Uul Uu2 Uu3
VT V3 UTl UT2 UT3

U is the Pontecorvo-Maskawa-Nakayama-Sakata (PMNS) matrix

Prob(v,—v,)=8_ ,—4 R(U U,,U, Lf.)sin (AmZL)
g i T4E

+22 I(U,U,; U, U)S|n(Am,12LIE)




" Oscilotion parameters T0-

Oscillation parameters  WaRwicK

u, U, U, ¢, s, 0] ¢ 0 sBei6 1 0 o1 0 0
U: Uul UMZ UM3 — _SIZ C12 O O | 1 O O 623 S23 O ela O
U, U, U, |0 0 1l-s5¢° 0 ¢; [10 =55 ¢y/l0 0 &
2 independent Am?
Prob(v,~v,)=5,,~4Y. R(U.,U,U,,U,)sin (Amzﬁ)

+2), (UL U, U, U, )sm(AmU%:_)



Oscillation parameters  WARwICK
| 1 0 0

0 ¢“ 0
0 0 ¢

Prob(v,—v,)=5,,~4 Y, R(U, U, U, U )sin*(am; =)

+2), (UL U, U, U, )sm(AmU%:_)



Oscillation parameters WARWICK
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Oscillation parameters  waRwicK

10

v, U, U, ¢, S 0} ¢35 0 spe|[l 0 0

1 0 O
U= Uul U.uz Uu3 =|=8, ¢, 0 0 | L0 |0 ¢y 550 @ 0
U, U, U, 10 0 1|-s;¢° 0 ¢; [|0 )70

83 Oy

CExtra Majorana phases

The extra Majorana matrix does not affect

Flavour oscillation processes.....so is usually dropped.
However it will affect the interpretation of
neutrinoless double beta decay results
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Explaining the solar data



Testing the oscillation 7 7.
hypothesis

Solar neutrino problem

v_from sun would change to v, orv. . However these have

too little energy to interact via the charged current, and all
the detectors are only sensitive to charge current interactions.

Non-v_component would effectively disappear, reducing
the apparent v_ flux.

Proof : Neutral current event rate shouldn't change.



Sudbury Neutrino

THE UNIVERSITY OF WARWICK

Observatory

1000 tonnes of DZO
6500 tons of HZO
Viewed by 10,000 PMTS

In a salt mine 2km underground
In Sudbury, Canada
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SNO WARWICK
. W+ 4o Produces Cherenkov
D P Light Cone in D,O

- Q = 1.445 MeV Ve

- ﬂuﬂd measurement of v_ energy spectrum
- some directional info oc (1 — 1/3 cosB)

- v, only
W n captures on deuteron
. p—|—11‘|—V QH{I‘I .}SH
-Q =222 MeV Observe 6.25 MeV vy
- measures total B v flux from the Sun V +v +V

. ere— Produces Cherenkov
| . Light Cone in D,O
- low statistics

- mainly sensitive to v, some v, and v, v +0.1 5*(\} +V )
e [THR

- strong directional sensitivity



NS JO uooeL

THE UNIVERSITY OF WARWICK

0.0

— 0.5

beam

RIS
e et erateseratatesony
Ko o LIS

e

R RRRXRXEXIERRRK
Lo RREKELELEKKKKS

& g
1200000000000t tetetetetedlteledebeteleeetetetelele el eieeoioietoiololy

PR
B
POCRARIHRHERS
Aol toleteto%
S
KX
PR KKAKAEHKKX
KXRXXXEEN]
LK
BOSRXRX]
K000
SRR
SR

NC
N avV

Roughly 70% of v_oscillates away

Ut

BPB 2000

(

ES

5.3 o appearance of v

SSM Prediction
CC

A
() \O wn < on Q! — o

938

SNO Results

W (] F) Xn oulmnoN

I 4

e



THE UNIVERSITY OF WARWICK

First instinct is to assume that neutrinos leave the sun as v_
and oscillate on their way to the earth. Assuming this

L~10°km,E <10 MeV > Am’~3x10 eV’



WARWICI§
First instinct is to assume that neutrinos leave the sun as v,
and oscillate on their way to the earth. Assuming this

L~10"km,E <10 MeV > Am"~7 x 10° eV?




WARWICK
First instinct is to assume that neutrinos leave the sun as v_
and oscillate on their way to the earth. Assuming this

L~10"km,E <10 MeV > Am"~/7 x 10° eV?

Oscillations come from phase difference between mass
states. In a vacuum the phase diff comes from free particle
Hamiltonian. In a material there are interaction potentials
as well

GRTS K0 LN o —# O’y
- —E - E =
Larrs Ot iy 2m o x° o ot =(E+ V) 2m §x°

Ez_pzzm\zlaC 9 (E+ V)Z_pzzmi”lat é mmatm\/miac-l- ZEV

c.f. effective mass of an electron in a semiconductor or light in glass



Oscillations In Matter WARWICK

Electrons exist in standard matter — y/t do not. Electron
neutrinos travelling in matter can experience an extra charged
current interaction that other flavours cannot.

FVE - L\‘l/'l’ \/E

W=¢% G:N, e 2 V=2 G,
Interaction A )/\A
Potential

A mlzwL) Oscillation probability modified by

P(Ve_) Ve)zl_Sinz(zeM)Sin2< matter effects

4E

AmE=Am2sin?(20)+(cos20—C)? 2\/§GFN E
220 — sin“20 C— 2
>l <O sin®20+(cos20—7)° A my,




Implications WARWICK

sin“26 §_zﬁc;FNeE
sin“20+(cos20—7)° A My,

sin°20,=

oIff Am? = 0 or matteris very dense,{ = and 8 =0
«Similarly, if 6 =0, then 8, = 0 = need mixing in vacuum
«If there is no matter, then ¢ = 0 and we have vacuum
mixing

«At a particular electron density, dependent on Am?,

C_zﬁGFNeE

—€—=c0s20 = sin’20,=1
AMm

Even if the vacuum mixing angle is tiny, there is a density
for which the matter mixing angle is maximal
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Mass heirarchy WARWICK

sin‘2 6 C_zﬁGFNeE
sin“2 0+(cos2 6— &)’ Am,

sin‘2 6,,=

If mass of v. < mass of v, AmV2=m12-m22<O

2V2G,N E
Am?

sin“26
sin“20+(cos20+(¢|)°

Positive definite — no resonance

>sin’20,,=

If mass of v. > mass of v, Am2=m12-m22>0
2V2G.N _E
C= >
Am?

sin“20

$5sin®20,=— .
sin“20+(cos20-|¢|)

M
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Mass heirarchy ., A
Sin22(9M: sin“26 él:iZ\EGFNeE

| Amy|

sin“2 0+(cos2 6— &)

The effect of matter on neutrino oscillations can be used to
measure the mass hierarchy.

This is about the only way we know how to do this.
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Mixing matrix WARWICK

(0 id
v, U, U, cp S Off ¢ 0 speffl 0 0
U= U, Uy, UslF|=5, ¢p O 0 | 1 0 [|0 ¢y sy
U, U, Ug; 0 0 1 _513816 0 ¢ [|0 =5y ¢y

\_

4 Solar sector )

Oeu:32.5°i 2.4°

2 __ -5 2
(A mp,=+7.9%10eV?
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Explaining the atmospheric
data



Cosmic Labs WARWICK
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cos O =1.0

zenith

L _0kn A2 001ev?

E 1000 MeV

_.—'//

Neutrino Made

in the Atmosphere

13000 km!

L _10000km _ \ 022 0.00001eV2 Atmosphere

E 1000 MeV

COS ezemth =-1.0



i Atmospheric results .7/

Number of Events
5

........

Lif )

" |1——=sIn

' “(20)

«Prediction for v_rate agrees

| with data.

200
100 =

{ <Don't detect v_as

v disappear at large baseline
consistent with vV oV,

-below Tt mass threshold
-SuperK is awful at t detection

~0.0025eV°

2
‘A matmos

sin’(20, )~1.0

atmos )




Accelerator Cross-check waArwick

RSITY OF WARW

Am’,  ~3x10 eV’ L/E~400kmGeV "

L=250km= E,~0.6GeV

oo i (3, 180m)

Meutrino beam
B, 3S0m)

BEE R T AT
(Super-Kamickarsde)

%
“
4
E
)

HRE —HuHE

Beam events tagged using GPS at both near and far
detector sites



vV, spectrum

Unoscillated

Oscillated

P(Va—)\/a)—)

"4 76 B
Visible energy (GeV)
® (@FD)
® (@ ND)

o 14,
Q

Oscillated/unoscillat

© © © ©

Disappearance Experimentg::wicx

—
- N

N B O

spectrum ratio

Monte Carlo
4 6 8
Visible energy (GeV)

cI>V : Neutrino Flux

Use Near Detector to measure cI>V(@ND)




T2K and NOVA

[} Kamicka”

Super-Kamiokande | ‘=

22.5 kton (fiducial) [, =
water cherenkov

detector at 295 km

» Fermilab to Ash River, MN
»L=810km
> EV ~ 2.0 GeV

» Far Det : 14 kton of liquid
scintillator (in bars)

o ey |
b s

J-PARC: 30 GeV proton
beam, design power of

77777

WARWICK

THE UNIVERSITY OF WARWICK

» JPARC to Kamioka
»L=295km
»E ~0.6 GeV

» Far Det: 22.6 kton
water Cerenkov
detector

nnnnnnnn

inois
ic



=

T2K Disappearance WARWICK
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CRE- RO W . D T = 2
qE = S & —4— D
1= = 5 MC Unascillated Spectrum
P/.-\ 42:f| T | TTT1 | T T 11 | T 1 | T | TTTT T TTT | T I TT | I.I L | TI1Tr1 | I;IIII IIIIIII:I|IIII % 4[} MC BEE,E F]I EHCM
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= 28 Sl e g sk g |
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4 Lk | IR =
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“ 03 035 04 045 05 055 '[I'.El EI 65 'IJ T o 1% 3 =] 02 i : ;
0,) -2amL Z o A o
sin
{ 23 o Reconstructed v Energy (GeV)
#events observed

Am’L
-  ai? 2L

# events expected =P(v, ?v,)=1-sin"(26)sin"( )
|Am23‘ (2.51+0.1)x10 eV

(best Fit) sin”(0,5)=0.5147 55> 0,,=45.8 +3.2
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Mixing matrix WARWICK

a \( |
Ue] Ue2 Ueg C12 S12 O Cl3 O 513 elf) 1 O (D
U= UMI UMZ UM3 = —Sn Cp 0 0 | 1 0 0 C23 S23
U U Ul 00 9\_513816 0 ¢35 [\0 =5y cﬁ
g Solar sector: v — v A atmOSpheric cector ™
0 ”0 ) v =V
0,,=33.7%1.1 L7V
— — O—|— 0
\Amf2:+(7.54i0.24)><10 5e@ 0, =42°%3.0

| Amy=((2.43+0.06)x107]eV?)
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How do we measure 613? WARWICK

v, =V, oscillations with atmospheric L/E

: : : L
P(v, —>ve)=sm22613$1n2623sm2(1.27A m;E)

v_appearance in a v, beam - ideal for accelerator experiments

Ve —>VX disappearance oscillations with atmospheric L/E

p(ve-wx)1—sin2(2el3)sin2(1.27Am;%)

76 disappearance - ideal for reactor experiments
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613 from reactors
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Global results

WARWICK

THE UNIVERSITY OF WARWICK

005 B I I | [ I . I I ] T | I 1 | I | I I T I T [ I I i. I | I I ]
. Normal hierarchy ] L Inverted hierarchy _
& Just using accelerat =
i results i i 1
= 0.03 — —
.m. - = = -
-l - = = o
s 4k :
@ 0.02 - — — —
0.01 - 1 L il
B | | IIncludir=rg rgactors | | T
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- .
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3-Neutrino Mixing WARWICK

Uy Uy Ugs| | s Off ¢ 0 513ei6 0 0
U=\U,, U, U;l= —512 c, O 0 1 0 [|0 ¢y 5y
u, U, U, 0 1/|-s,¢ 0 =5, Cy

(" Solar sector 13 Sector Atmospherlc secto?

\)e—>vu VM_) vV, Vu—avT
0,=34.5+1.1° 0,,=844"£0.16" | 9,=41.0(50.5)°+1.1°
0) _
(Am;,=+7.56 X107 eV Jd 1= 252107 epz (Amy=.52x107 eV,
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Summary of Current Knowle!

B  : how much 2 is in v,

Amz,| = 2.5 x 107 3eV?
32

V I .
I Ams,| =8 x 107 eV~
V) I 1

Some elements only
08 05 0.15 known to 10-30%
UMNSPN 04 05 06 < |
04 05 07 Very very different from

the quark CKM matrix
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To The Future and Beyond!
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The Quest

Normal or Inverted mass heirarchy?

\)

€

10

0 13 m

1 ve Il I v

vu [

Am -
0 ¢, g
; 1/“
Am;
9 sl
Value of &7 T 1

>

«Better estimates of the
oscillation parameters
using accelerators

«Is B_, maximal?

¢«|s the neutrino Majorana?
«What is the absolute mass?

U, =|0.221
0.01

THE UNIVERSITY OF WARWICK

0.8 0.5 0.15

U, =04 07 0.6

04 0.5 0.7

?

0975 0.222 0.004

097 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)

SANFORD LAB

-y
-
u-u-”-“_
-

-
o
"
-'""-l-—n-.-.
-
[

» 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
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DUNE Far Detector WARWICK

—
4 x 17 kton LAr TPCs _ Cryostat2 i
g\
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DUNE Far Detector WARWICK

4 x 17 kton LAr TPCs _ Cryostat2 i

» Cost overruns 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




Hyper-Kamiokande BRI

Underwater Elec. OD PMT+WLS

o -
Top of the Detector Cavern
{14th March 2023)

» Three detectors:

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

» FarDet complete : 2027
» Beam upgrades
complete : 2028

» First data : 2028

Construction through to 2027’ish

Super-K: 25 kton water
Hyper-K: 190 kton




Beam Energy
Baseline (L)
Beam Power

Type of Beam

Mass of far
detector

Technology

Running from

3 GeV
800 km
1.2 MW

Wideband

40 kton (P1)
up to 80 kton
(P2)

Liquid Ar TPC

2030'ish

e e o

Dune / HK Comparison

LAtk
0.7 GeV 0.7 GeV
295 km 295 km
1.2 MW 0.5 MW
Off-axis Off-axis
190 kton 22.5 kton

Water Cerenkov Water Cerenkov

2028'ish Now
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CP violation and the
Mass Hierarchy
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CP violation and
Mass Hierarchy

Measuring o_, is the ultimate goal of neutrino oscillation
experiments. How?

THE UNIVERSITY OF WARWICK

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

@ UBIU(xj Bj S|n >
=0ifa=

CP violation can only take place in appearance experiments

Look for P(Vu—n/e);ép(v_u—ﬂ/_e)
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In all it's naked glory

i n
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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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- /8in® 20,5, = 0.05 -
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BPORG - i 2 3 4 5
sin“20;3 <Py, —=> v.)> %

WARWICK

THE UNIVERSITY OF WARWICK

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
NOvVA Preliminary
60|-NOVA FD ' ' '
13.80=10°" POT-aquiv (v)
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Total events - neutrino beam
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JUNO

Experiment location: Jiangmen, China
Baseline: 53km
Main detector technology: Liquid

Scintillator
Current Status: Under construction

[ T

L‘ai.Housc_ " i
oM St P i ]

| e |
I = o 1
Cuvura,,”} LS

Chimney =7

Acrylic Sphere
W t 1 .
ater o | S8 Structure

1  CDPMTs

|| vETO PMTs

<11 Connecting Bars

A | Supporting Legs

L

AALTL N |

Largest liquid scintillator detector ever build

WARWICK

THE UNIVERSITY OF WARWICK

Neutrino source: 26.6 GW,;, from nuclear | O JUNO will measure v, from
reactors Yangjiang and Taishan power plants

O Main goal: Neutrino Mass ordering

Simultaneous measurement of

Am?;; and Am?;,

Independent of 8CP and octant of 6,3

* 6 years operation to determine mass

hierarchy at 3o

100

80

60

40

Events per 1 MeV

20

*107

| 6 years of data taking

—— Mo oscillations

——— Normal ordering

Only solar term

—— Inverted ordering
o
sin” 20,5
b
Ams3,
. | - II . i
1 2 G 7 8 g

Data taking to begin 23-24
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CP violation

. .L] = T3

WARWICK

THE UNIVERSITY OF WARWICK

» If mass heirarchy is
known then “all” we
need to do is precisely
measure the v_

appearance
probability for
neutrino and anti-
neutrino beams and
that will give us 6 _,

» Do this at at least
two independent L/E
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Significance (o)

——
Hints : T2K & NOVA

T2K Run 1-10 Preliminary
LI S T T L e R

_I T T T T I T T T T I T T T

25— =
~ —— Normal ordering
- Inverted orderin,

20 g -
B 1o GL
= s 80% CL

15 ER o —

I CO%a

SCP

NOVA Preliminary

"NOVA FD' | _'Normal -
4| 8:85x10° POT equiv. hierarchy
- __Inverted ]
3: hierarchy 7

WARWICK

THE UNIVERSITY OF WARWICK

~Normal ordering weakly
Favoured

»90% CL§_ : [-2.8,0.8]

P 6CP= 0 disfavoured at 3¢

» Best fit: Normal hierarchy
favouredat 1.8 o

>6CP=1.21 N

» Excludes 6CP =n/2inthe
inverted hierarchyat>3 ¢
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30

0., : DUNE Sensitivity

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

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

25k 6, NuFit 2016 (90% C.L. range) =-+--- sin’,, = 0.441 = 0.042
20F
- Al |
=151 3
= ¥
A .
10F 4
5:_ ......
G-llll|||I|||I|||I|||I|||I|||I|||I|||I|||
’1 08-06-04-02 0 02 0.4 0.6 0.8
6EP!JI

> 5 o reach after 7 years of

running over entire §_, range

WARWICK

THE UNIVERSITY OF WARWICK

DUNE Sensitivity
Normal Ordering
sin’20,, = 0.085 = 0.003

8,,: NuFit 2016 (90% C.L. range) ===***

(1 7 years (staged)
D 10 years (staged)
sin’d,, = 0.441 = 0.042

.......

> 5 o reach after 10 years if

! it Lot 5o K,
for e | ) A%
-l"_"'-. 30 i 3
L1 I L1l I L1l I Ll I L1l Ll I L1l I L1 I L1l I Ll |“I‘
-08-06-04-0.2 0 0.2 04 06 08 1

O, exists in +[0.2-0.8]n
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HK §_, Sensitivity

-
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0 exclusion ( A

sin(Op)
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o

10 years (2.

T0E22 POT 1:3v¥V)

WARWICK
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FII1I1I

IFIIIEIIIlIIIl

HK
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Statistics only
Improved syst. (v./V, xsec. error 2.7%)
T2K 2018 syst. (v J/V, xsec. ermor 4.9%)

=
=
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111 lli lfllltllllllll]]lil]ll

=3

-2

Hyper-K preliminary
True normal ordering (known)
sin“(0,,) = 0.0218 sin°(0,,) =0.528 |Am3,| = 2.509E-3

'.J-l'_"

CP
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Mass hierarchy from Ovff
2 decay

2 2 2 2
2 _
m, \rovﬁﬁocmve_ml‘l]el‘ "'mz‘Uez‘ +m3|Ue3‘ |
In the inverted hierarchy: m << m ~m_ , Am *~Am ?
and m, is the lightest mass state, so we can write

WARWICK

_ 2\/ 2 2 2\/ 2 2 2 2
mve_‘Uel m3+Am23+‘U62‘ m3+Am23+‘Ue3 m

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

2 2
mve>\/A m,,Cos" 0,

i.e for the inverted hierarchy, the decay rate, I'_ , 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.




Mass Hierarchy

Determination o

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
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Measurement of 6CP WARWICK

Next generation of experiments are being planned to
measure this

Timescale : 7-9 years from now (including 6 for
construction) for 3o sensitivity to distinguish from no
CP-violation scenario (if true o_, Is T/2).

15-20 years for a measurement of o_,to a
precision of 20°(if true &_, Is Tt/2).






BRSNS
~ LSND

WARWICK

UNIVERSITY OF W. WIEK

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

800 MeV proton beam from T — N +V
LANSCE accelerator |_) +u -
\ eV, v,
Water target
‘ I-E'f?'g Copper beamstop @
oV V_e
E :20-55 MeV -
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

fromv =V
U e

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

THE UNIVERSITY OF WARWICK

3.3 o evidence for

oscillations
LR T R T T
) 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) :
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LSND Result (1997)

87.9 = 22.4 = 6 excess events

fromv =V
U e

Vi I I

Am3,| % 2.5 x 107 eV

r

V) I . ) 5 o
I Am3, | =8 x 107 eV*
VI I

» Already know 2 mass splittings
» LSND implies : Am? ~ 1 eV?

» 3 independent Am? implies

» 4 neutrino mass states!?!?

WARWICK

THE UNIVERSITY OF WARWICK

3.3 oevidence for
oscillations

T ] T T T 1111
l Final LSND :
& Lt. Blue, 907 CL =

Blue, 997% CL

Am? = 1.2 eV?

LSND

Combined DAR and DIF .
(1993-1998) :




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:

«Average neutrino energy = 1 GeV
«| /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

BNB DATA : RUN 5211 EVENT 1225. FEBRUARY 29, 2016




Low Energy Excess WARWICK

i) e ENB O B B uncenainy » No sign of excess
40E- —v.cC 193 v, GG, 3331 of low energy
b raeE - = eLEE Model (x=1), 37.0
T electrons or
=] i photons.
2 25F . - T
A ad [T T
= F MM !t » 22277
> 15:— ................
! 10F - o
SE- 4+ » LSND/MiniBoone
% 500 1000 1500 2000 2500 are se€ing
Reconstructed E,, (MeV) Someth | ng thoug h.
What?

Reconstructed energy spectrum for inclusive v,

event sample
» Doesn’t rule out

steriles though.
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<« «~ The Gallium Anomaly warwick

We've discussed the Homestake
experiment which studied the reaction

v +CI"'—Ar''+e
A couple of experiments (SAGE and
GALLEX) also studied

ve+71 Ga->"'Ge+e

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

Sources emitted v, which were then

observed using the standard Ge
signature

Galliom data vsing Frekers et al PLE11
T 1 ] T ™ T T

|r| 'I'

SAGE VAr —e

Gallex F]Cr | —& -4
51

Gallex ~ Cr 'r *

. et 1 -

SAGE  Cr L

i i | ]
0.5 0.6 0.7 0.8 0.9
observed / expected

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?)



WARWICK

[ T T T T r T T T T I I T 1 ! il
~ —— Prediction A
- 110 —— Actual s
g8 TF ----- Oscillation into new state -
é B i
e 1_ L 1 I
£ B i -
2 L T Tt T [ 1| 2.70 deficit
2 [ t - BB B
= P9 T = 7
;A T o] e LESE o /-
ek T T 28 558 81 _[=]
2 - B 2 “2 68 & g%
c 0.8 =5 ;- 2 Tﬁ = %ﬂ oz :E'__
B c < al o
= = = i
) K g S
G‘? ] ] ] 2 | 1 | 1 | | L1
10 100

distance from reactor [m]

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.



WARWICK
Rcor Experimentswarwick

WWER1000

reactor

» Installed on a moveable
platform under a 3 GW reactor
» Large neutrino fFlux

» Variable source-distance
distance using the same
detector

»Down:12.7 m from reactor
»Up:10.7 m from reactor

1

[ DANSS 2018

= wiggles

in the

data??7??

=

3

4

5 B 7
Positron energy, MeV
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Reactor Experiments  WARwICK

a0.77
o -

- Bottom/Top e expected, Am’=7.25eV?, sin’20 = 0.26
'~‘E«'0.?6:— — 3v(noosc) 18] ™ Observed, 24p, average (125, 250, 500 keV). Dec, 2019.
o - | — 4vbestfit 1 "~ | a Observed, 24p, 500keV. Dec, 2019.
50.75— RAA best fit ‘)
Q 1.6
m E + Exp. data il

2074_ 1 Am’=7.25¢V?, sin’(20) = 0.26 ¥/DoF 17.11/17 GoF  0.45

g
~

x'/DoF 2998/19 GoF 0.08

MM A

-
3% ]

ZZ{H ESTR SRENYA |H UJJH

N(L, EYN(LE)
5

|..
-

5 1 1
z I ‘|‘ T ‘-ia HT J[| |T |ﬂ 08
0.7- 1 J[
= 0.6
0.69
B 0.4 - Am*=T7, 25&\/’ sin {29) 0.26 x’/DoF  19.86/17 GoF  0.28
0.68— Unity Y'/DoF  31.93/19  GoF 0.03
UB? C 1 1 | PR T [ T T T [N T T I TR L S 1 B 1.0 1.5 2.0 2.5
1 2 3 4 5 6 7 .

Positron energy, MeV

DANSS (2020) Neutrino4 (2020)
No visible effect Claimed signal

Situation unclear : other experiments (Stereo, SolLiD,
Prospect) don’t see oscillations like this.



Decaying sterile
neutrinos?

CPT Violation?

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

'] WHA.T -L‘E'HLE )

THE REASON /
BEP

No bleedin' idea

“\ﬂ

\/\/ARWICK

Lorentz violation?

Extra dimensions?

Experimental
problems?

Walit for more data
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Summary of sterile hints WARWICK

THE UNIVERSITY OF WARWI(

There are odd hints, each at the level of 2-3 ¢, that they may be
at least one other light sterile state floating around with
Am? ~ 1 eV? This is not very easy to fit into the standard model.

It is very hard to find an oscillation model, including steriles, which
is consistent with all of the data

. 2
Current “best model” is a 3+1 i e i
model but it doesn't Fit very well ' 3+1 Global Fit |
10tl SBL+/ceCube |
AT 90% ‘
> | 99%
-:.2 10° ¢
ey 2
A miterile — 1 €V2 'a
10"}
A m2 10? I I O R P I PTE TR TP PY P PUTY P Y PR R 1 P A
A ? atmos 10 10~ 102 107 10
m

sol
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Summary of sterile hints WARWICK

There are still a couple of odd hints, each at the level of 2-3 o, that
are consistent with the existence of at least one other light sterile
state floating around with Am? ~ 1 eV~

This is not very easy to fit into the standard model.

It is very hard to find an oscillation model, including steriles, which
is consistent with all of the data

Current “best model” is a 3+1 model but it doesn't fit very well

Issue has come off the boil over the last year or so...
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Detector

WARWICK

THE UNIVERSITY OF WARWICK

Distance from Active
BNB Target LAr Mass

~ MicroBooNE

110m 112ton
470m &7 ton
600 m 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 '
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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
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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



THE UNIVERSITY OF WARWICK

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=c 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%
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Neutrino Interactions
Quasi-elastic

“l Qe 3.
-‘15:1.
.
RES 506
%0.
fo.
10" 1 T e

E, (GeV)



Xsec data pre 2007

WARWICK

THE UNIVERSITY OF WARWICK

The data was impressively imprecise

CC Single Pion Production
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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

HH :
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True p_ (GEV)

0.60 = true cos@, = (.70

I Y R ¥ R F R TR N1 T N R R R TR T Y
True P, (GeV) T e (Ge ‘.':l

"‘tl':lcc':lucn:cuanc.-' T 12 1%
Tru Bp (GeV) Trn.tap (GaV)

CCOxn 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
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eg : Quasi-Elastic Scattering A

» Usually thought of as a
Vv Ww single nucleon knock-out
process
» In the past has been used as
W+ a “standard candle” to
normalise other cross
sections
n D » Heavily studied in the 1970's
and 1980's and considered to
be “understood”

l. Very important for current oscillation experiments as it
dominates the total cross section at a few GeV
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Quasi-Elastic Scattering

THE UNIVERSITY OF WARWICK

» Usually though of as a
Y, W single nucleon knock-on
process
» In the past has been used as
W+ a “standard candle” to
normalise other cross
sections
n D » Heavily studied in the 1970's
and 1980's and considered to
be “understood”

I1. Energy reconstruction isE _2(my—E,)E,—(E;—2myE +m;)
unbiased assuming 2 body " 2(m,—E,—E, +|p,cos6,)
kinematics
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Nuclear Effects

§
<

W

¢
3

—_ o 0 @/\‘

quasi- deuteron

Short-range correlations @ Meson Exchange
(SRC) Currents (MEC)

2p2h processes - medium to high Q*

THE UNIVERSITY OF WARWICK

V
\/ l

RPA effects

W polarisation
changes strength
of weak
interaction



ehect of

Effect of nuclear correctionswArwicK

2
’_'*25><1p_'3?"'|"'|'"l"'l"'l"'l"'l"'l"
> ENRPA [ 2p2h Only :
Q 20:_"]"’" ,\’\‘ RFG (x% = 136.78) -
OB - ==~ SF+2p2h (* = 301.46) |]
S .o —— RPA+2p2h (x2=46.70) | ]
5 N ~ = = ESF+TEM (x? = 109.59) |
Ve I : —— DATA
O 10; —
© : QE (rel+RPA) —
5F.. 2p2h = MiniBooNE —s-
%0204 06 08 1 12 14 16 18 2 e e i s i
D s : 5
Q2. (GeV?) B [GeV]
» Models change Q*shape » Models add a new
in different regions channel which increases

the total cross section
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Effect on energy

THE UNIVERSITY OF WARWICK

reconstruction

B0 . — | ! T |

L CQQEsingle i E_(GeV) -
= | ndcleon i —
S — 10| -
E
" ol
fﬂ; :

. . T e

E,_ (GeV)
Multinucleon Martini et al, arxiv : 1211.1523



Final State Interactions  wARwICK

In the nuclear medium

Charge Exchange O ]
™ Elastic » Outgoing protons can
Scattering » Scatter
@ >
. ® Lose energy
® 'Y
- ;. @ —@ » Outgoing pions can
O » scatter
= \@ » be absorbed
" » create more pions

: » charge exchange
Absorption

O What you see in the detector
Pion Productinn may not be what happened at
the interaction point



Final State Interactions  wARwICK

In the nuclear medium

Charge Exchange O ]
™ Elastic » Outgoing protons can

Scattering » Scatter
» Lose energy

@ —@ » Outgoing pions can
» scatter

» be absorbed
» create more pions
» charge exchange

Absorption

We tend to categorise events
s Biiant b by their Final state content now
rather than their theoretical “label”
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Lesson learned....

WARWICK
» It's taken T2K more than 10 years to understand the simplest

neutrino interaction — and we still don’t really understand the
hadronic side of any interaction.

» We have managed to halve the systematic uncertainty from
the model.

» Any experiment at different energies or using different types
of nuclei as targets will have similar problems.

»|'m looking at you, DUNE

» DUNE operates at 3 GeV - the region of resonance production
which hasn’t had anywhere near as much theoretical attention
as QE at T2K energies has — and uses Argon.

» DUNE does have the advantage that its Far Detector and Near
Detector have the same target material (Ar) so the relative
effects sort-of cancel.
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Concluding Remarks

THE UNIVERSITY OF WARWICK

The neutrino is : light, neutral, left-handed (chiral) and almost
left-handed (helicity). It is generated purely in weak interactions
(which is why it is chiral). Their cross sections are tiny and we need

big detectors to look at them. They mix and can undergo flavour
oscillations.

They may be the reason that we are here at all.

But...what is their mass? Why is it so small? Why are the mixing
parameters so odd? Is there a 1 eV sterile state? Is it

Majorana? If not — then how do you explain mass without the Higgs?
What is the CP violating phase?

Still lots of questions remain — watch this space.....
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Neutrino Factories WARWICK

In @ conventional beam the neutrinos from pion decay
In a neutrino factory the neutrinos come from muon decay

-

|'-I.l':'l' .'
o
T e

Very schematic layout:

Y
=X

Target MNeutrinos Electrons

/;____/.

'» T il e Accelerated .
Protons Pions  Muons & Neutrinos

Muons

Beam is very clean

w '9\/M\Te€ 50% v, v,
+ — + '
N Extremely high flux
U VuVe€ Precise and predictable energy

spectrum
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Neutrino Spectra &
Fvent rates

MNeutrino spectra

T % 1y Ay

et lg+ly 47
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U

Neutrino energy (MaV)

THE UNIVERSITY OF WARWICK

Event rate : 20 million events
per 100 g per cm? of material
per year

T2K Equivalent : 120 per 1009
per cm? per year

Fantastic for neutrino
Interaction studies
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A neutrino can see.... WARWICK

Nery low Q?, A >r , and scattering v
Is off a “point-like” particle

«Low Q?, A » scattering is off an \Y
extended object

«High Q?%, A <r, can resolve quark \Y
in the nucleon

Very High Q?, A <<r, can resolve

sea of quarks and gluons in
nucleon 1

A=

L
p Vo




Interactions

CC — W= exchange

«Quasi-elastic Scattering
Target changes but no
breakup
Vu+n > Ww+p

«Coherent/Diffractive production
Target unchanged
Vu+n—>u'+n+75+

«Nuclear resonance production
Target goes to excited state
and decays
vu+n—>u'+p+7c°(N*orA)

n+mx"

«Deep Inelastic Scattering
Target breaks up
v, + quark = u + quark’

WARWICK

THE UNIVERSITY OF WARWICK

NC - Z° exchange

«Elastic Scattering

Target unchanged

v+n v +n
«Coherent/Diffractive production

Target unchanged
Vu+N_)Vu+N+n0

«Nuclear resonance production
Target goes to excited state
and decays
Vu+ N->vu+ N + © (N* or A)

«Deep Inelastic Scattering
Target breaks up
v, + quark = v, + quark



s(10 " cm?)

SE—.
Problems with QE

WARWICK

THE UNIVERSITY OF WARWICK

The CC QE process is the best known neutrino process

OCC

urring at a few GeV

V+h Qﬁ P+ I, BBA 2003 Form Factnrs mA=1 .00

Q?FHALBE D -{?VAHL?S D, E ;}_vLSHDI]E C12 ;
0.2 & o V-ANL 77Dyt m v SKAT 38, CF3BF i v-Serpukov-B8;-At--i oo
H Ly BNL81,D,: TvGGM?E C, H : :
U 1\._ 1 | 1 _ | 1 ] 1 i | ] ] 1 ] | 1 | 1 | 1
0 2 4 6 8 10 12
E E, (GeV)

38 v :
0~ 0.975X10 ( )cm
1 GeV
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It's getting better

WARWICK
-39
~ 16 x10
N __
& -
o 1‘215_ MiniBooNE T NOMAD
° 0=t i 4]
2 e aam
= MiniBooNE data with total error
6 = ———— NOMAD data with total error
= /e RFG model with M{"=1.03 GeV, k=1.000
2- —— RFG model with M{'=1.35 GeV, k=1.007
0: | ! [ N N N B B ! [ R N N N B
-1
10 1 10  EYRFE (GeV)

Note tension between low and high

Both on carbon target
energy measurements

Y. Nakajima Nulntll
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(emiMeV)

—

NKE,

>,
H—
N 1
[
4 =

better

Ermor Bands

0.12

0.1

(.08

0.06

0.04

0.02

# MinlBooNE Measurement

. Total Uncartainty

— MC Prediction

=

R I B BH H A B B A O A
50 100 130 200

MiniBooNE

250 300 330 400
Pion Kinetic Energy (MeV)

WARWICK

RSITY OF WARWIC

» Cross section for CC
v interactions producing
a single & exiting the
nucleus

» Data from NOMAD,
SciBooNE, T2K & K2K
also available or
becoming available
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Nuclear Effects WARWICK
.\ /. Nuclear

rescattering

EW"L"- . [
- Charge
."‘m@/ exchange
Carbon
++ + ++ + 0
V+p2>A >m+p V+p2A dn+pdn+p

In the past few years neutrino physics has gone from basic
tree-level physics to an understanding that (i) nuclear
effects are important (ii) we don't know enough about them
and (iii) theorists and the electron scattering community
can really help here.
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Systematics WARWICK




Summary

THE UNIVERSITY OF WARWICK

» We measure events = flux*cross section

» We don't generally have a handle on the flux to
better than 10% - there is a lot of work trying to
deal with this.

» The other side of the coin, cross-sections, are even
more poorly known.

» We need new, high-statistics, measurements of these
cross sections on multiple target materials and at
multiple energies.



OA Beam
L =660 km

500 MeV @ 2" Max

CP+0

Okinoshima

--------

I z 23 3 11
Neutrino Energy (GeV)

sin220,3=0.03 & varying CP phase

«v only run

«Can detect CP
Violation at 3 sigma
significance if
sin?(26.,)>0.02




Neutrino Factory

WARWICK
Source Oseillation

Golden channel

«No background from other neutrino flavours

«But this requires the charge of the final state lepton to be
known

«Need to magnetise the far detector
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Neutrino Factory outperforms
other options:

— Larger discovery reach
Competitors (large 6,;):
— Beta beam:

EUROnNu: 1005.3146v1
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FAG/synchrotron option Linac option

------

]
Proton Driver 1

Neutrino Beam

-----

MERIT

Buncher

v

Bunch Raotation
H,/?ss m

MICE

1.1 km

Muon Storage Ring

12.6-25 GeV FFAG
et

EMMA

Meutrino Beam

& Muon Storage Ring

| 15km
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Targetry — MERIT

| WARWICK
Fvnarimant -
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Targetry — MERIT

WARWICK

RSITY OF WARWIC
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Other ideas out there : supercooled tungsten ring
tungsten powder jet
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FAG/synchrotron option Linac option
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MERIT

Buncher
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WARVVICR

Liquid hydrogen
absorber




MICE Al

Muon lonisation Cooling Experiment @ Rutherford Labs in O:;
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Physics sensitivity prefers two 50 kton (mass of the/Aitanic)
detectors around 4000 km from the beam, and around ~ "~
7500 km from the beam

¥/ RAL

W Arlit: 3636
BMBaskan: 3366
Boulby: 229 -
B Carlsbad: 7293 Kam iﬂkﬂ
Essen: a65
Gaspe: 4264
GranSasso: 1514
BHomestake: BG5S
B Kamioka: 8621
WKingsMountain: 6095 Ji Homestake oo -
Lucenac: 1002 Carlsbad ' N4 ; : £ b A
MNorsaq: 2788 | " Soudan [~ =
WSoudan: 5925 / Sudbury 2 Norsag £
ESudbury: 5548 L= . ? &
™ Bl Boulby __ “Baksan

il W

1R Ruhrgebiet -,
L B s
Lucenac [\. Gran Sasso 2 )w
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Neutrino Factory
Summary

THE UNIVERSITY OF WARWICK

« Best discovery potential and sensitivity from all options
« Couldn't be built now. If we decided to build one it, and it's
«detectors, wouldn't be ready until 2025 or so.

« Design study underway and the problems are being
caddressed by demonstrator experiments

« Only way to generate large fluxes of electron neutrinos.



Very low energy

RIlI I A /™M

WARWICK

THE UNIVERSITY OF WARWICK

* 8GeV protons on 2 A, Be target
* 3 GeV Racetrack ring (M. Popovic)

mu- in Ring (red=Turn 1, blue=Turn2, green=Turn10) |

24r | KEmuon KEmuon
— For now, injectionis perfect ﬁ [ ii‘*}; ;‘FE E‘E?:"“ ;§§§
* Notdefined tof ”] ﬂ‘
* Tuned for p~ with KE = 3.000 GeV e “H‘ I
— 3 GeV chosen primarily for x-section meas. o WLk |“J1|1”_
— dp/p ~ 2% ) | 1 lﬁh
* Detectors (scintillator) o [L I |'1H,
— Near:200T @ 20m e ' 1 h
— Far: 800T @ 600 - 1000 m D ey P O et e
£ Fermilab 6



WARWICK

HE UNIVER

We have gone through a lot but | can easily fill another 15 hours of
lectures.

The neutrino is : light, neutral, left-handed (chiral) and almost left-handed
(helicity). It is generated purely in weak interactions (which is why it is
chiral). It is generated by many sources : the Big Bang, astrophysical
events, supernova, the sun, cosmic rays, radioactive decays, and
countless other sources. We can generate them in reactors and
accelerators. Their cross sections are tiny and we need big detectors

to look at them. They mix and oscillate.

They may be the reason that we are here at all.
But...what is their mass? Why is it so small? Why are the mixing

parameters so odd? Still lots of questions remain. We have a 20 year
plan for trying to deal with them.
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ARWICK

Because v_ can suffer an extra interaction it picksup-«

an effectlve mass that is slightly different from its vacuum
mass. From another point of view, the extra interaction

gives the v_an a
neutrinos.

pparent inertia with respect to the other

Think of this in much the same way as phonons in crystals
which have “effective” masses arising from interactions
with the crystal lattice

Matter presents

This inertia is fe
eigenstates, anc

an effective refractive index for v,

t by some linear combination of the mass
hence passed to the other flavours.

Oscillations still
mass splitting

nappen, but now with a different effective



——— Physics run

Delivered proton#

Delivered proton#

ults-madse

Proton per pulse

A ‘i*
____________________________________________________ gt
J'/

Mar/10 May/10 Sep/10 Nov/10 Dec/10

« 8 n, events observed in SK

« 22.8 = 1.3 events expected in
the absence of oscillations
« 6.3 £ 1.0 events expected if
aAM* = 2.4 x 107 eV?
o sin22623 = 1.0

Events/50MeV/3.23E19 POT

--  Mull oscillation

— v, - v oscillation

Am2=2.4 x 103 eV2 :

sin2268,,=1.0

+ Data

T2K 2010a
preliminary

PR O i s S e e e e
1.5 2 2.5
Reconstructed E,

GeV



N AnneArance LA,
'
T2K-SK events Data With Acc. BG

No oscillation oscillation and | (12ps window)
913=0

Fully-Contained

Fiducial Volume,
E,, > 30MeV 23

Single-ring e-like
P.>100MeV/c L 1.540.7 1.3*;'0.6

----- SO sin¥(20,,)<05@90 CL

102 ___::::::::E

________________

________________

We have 4 times the amount of data
released in the can which should
push the limit down to about 0.1.

: '
10 il L il 0]
107 102 10" 1 Expect release of this data by
sin°20,, summer.
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Reno result

{5 years nomin:

running period



Earthquake WARWICK

"

« Subsidence at the LINAC
building

R Y « But the near detector
A . 8 seems to be superficially
| e = N o 1

«The accelerator magnets
may need realignment
but the ring seems to be
also OK

«Japanese build for
earthquakes
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Adding SNO to the

The data shows
that the solar
oscillations come
mostly from the
MSW effect.

The neutrinos
have oscillated
before they get
to the solar
surface.
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WARWICK

THE UNIVERSITY OF WARWICK
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THE UNIVERSITY OF WARWICK

KamLAND uses
the entire Japanese
nuclear power
industry as a
longbaseline source

KamLAND
@ Kamioka
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Events

Positron Energy /MeV

sin”(20,,)<0.12—-0.2 = 0, ,<10deg

N
b d
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N THE UNIVERSITY OF WARWICK
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— . 0.8 .
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That was u ntil 2 ., O

THE UNIVERSITY OF WARWICK

Daya Bay - south China - larger
international experiment

RENO (Reactor Experiment for Neutrino
Oscillation) - almost exclusively a South
Korean experiment

_. . Daya Bay cores

! '.-"}
R LS




That was u ntil 2 ., O

THE UNIVERSITY OF WARWICK

Daya Bay - south China - larger
international experiment

RENO (Reactor Experiment for Neutrino
Oscillation) - almost exclusively a South
Korean experiment

_. . Daya Bay cores

! '.-"}
R LS
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E = E‘ 4,35_ E= Fast neutron %
= - & [, & fccidental = 800 - —+4— Far hall
N N gt |11y B 'Li/'He 3 i
= B SN b —}— Near halls (weighted)
=; 10001— 220F| =
3 n -g 27NN g 60
= T =100 =
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500 rompt energy [MeV] i
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] ., — Near Detector i
U ] 5 *
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E 1 2:_ ll E — Best Fit
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Prompt energy [MeV] Prompt energy (MeV)
Reno electron energy spectrum Daya Bay electron energy spectrum

sin“(20,,)(Reno)=0.113%0.013(stat )+ 0.019(sys)
- 8/9°

sin”(20,,)(Daya Bay )=0.092+0.016 ( stat )+ 0.005(sys)
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12 (Solar) sector Am’ =+(7.9£0.6)x10 "eV"

SNO,KamLAND,SuperK sin2(2 912):(0.8510.1)

2 1n=3 x72
23 (Atmos.) sector ‘A m23‘=(2.8 +0.4)x10 "eV
SuperK,K2K,MINOS sin2(2 923)> 0.92(1.07)

13 (Atmosy sector | [Am=(2.8+0.4)x107 eV

CHOOZ,KamLAND sin’(20,,)=(0.089+0.01)

No knowledge of 3 _,
or sign of Am232
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Exclusion Plots

R ¥
Limit scales with * |
number of events

True parametefs do
not lie in this rggion
at some level
confidence

Log (Am?)

: Limit scales with
i Log (sin® 20) l energy resolution
Probability is a fn

' : P Iati <
of 2 parameters No signal : P(oscillation) < a
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MNeutrino spectra
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Neutrino energy (MaV)

THE UNIVERSITY OF WARWICK

Event rate : 20 million events
per 100 g per cm? of material
per year

T2K Equivalent : 120 per 1009
per cm? per year

Fantastic for neutrino
Interaction studies
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Neutrino Factory
Desinn u Proton

THE UNIVERSITY OF WARWICK

Source LE BT

Accumulate

& Rebunch
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Ring

Acceleration
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Neutrino Factory
Summary

THE UNIVERSITY OF WARWICK

« Best discovery potential and sensitivity from all options
« Couldn't be built now. If we decided to build one it, and it's
«detectors, wouldn't be ready until 2025 or so.

« Design study underway and the problems are being
caddressed by demonstrator experiments

« Only way to generate large fluxes of electron neutrinos.



Mass Heirarchy WARWICK

CP violation implies that neutrinos and antineutrinos
oscillate with different probabilities

...or if the Majorana issue haunts you, it implies that the
probability of the left-chiral oscillation process

LW > W
Is different from the probability of the right-chiral oscillation
process

[ W LW’

So to search for it we need to look at oscillations in a neutrino
beam and oscillations in an antineutrino beam and compare



, WARWICK
P(v.) vs. P(v,) for sin“(20,,) = 1
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NI
But Iit's hard...

THE UNIVERSITY OF WARWICK

1. We are assuming that the initial target nucleon is just sitting still
before interaction. Actually in the nucleus it has some initial momentum

distribution.

The initial state model modifies the scattering angles and momentum
spectra of the outgoing final state

2. The outgoing final state can interact with the target nucleus.

This nuclear re-interaction affects the outgoing nucleon momentum
direction and charge (through charge exchange interactions)

Theoretical uncertainties are large

«At least 15%

«|f precise knowledge is needed for a particular target
(e.g. Water, hydrocarbon) then measurements are needed



S N e T

THE UNIVERSITY OF WARWICK

|. Something wrong with the experimental
method. Either experiment is faulty or we
the neutrinos we are seeing aren't coming

from the sun.

Il. Something wrong with the solar model

l1l. Something wrong with the neutrinos



(Super)Kamiokande

THE UNIVERSITY OF WARWICK

1987 — Kamiokande : 1000 phototubes, 5000 tons of water
1997 — SuperKamiokande : 11000 PMT, 50000 tons of water

S.Fukada et al., Phys. Rev. Lett. 86 5651-5655, 2001 OUPErk can only observe

R B A A 1 the °B flux (> 5 MeV)

=0.451+0.017

,
s f
rom
é bat(:kglmucrll'd dut? t? :ﬁe sun :
=y naturail raaroacilivity - _ Data
e (B-decay ) ST
S : SSM
| -
@
=
Ll

Confirmation that
It wasn't just the radio-
Chemical experiments

SuperK only sensitive to v_




Helioseismology WARWICK
SFILGS98  R,=0713 Y,=0.243
0.015 Gl 4 5
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: SFII-CO’BOLD Re,=0.717  Y,=0.23
_ o0or Dependence of solar
uﬁ : neutrino flux on
p ; temperature varies
E - hugely with component
: 4 0.005
8 B Sound speed depends
£ ; on plasma density and
: therefore temperature.
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Why is DUNE using a WBB?

WARWICK
V.oV, oscillation probability
0.14
HHN | Second o.,=0
012118 maximum O = 90
0.1H 6., =270
0.08[- I FiI’St_ Osc. Prob. @ First Max — £ (5¢p)
- Maxdum Osc. Prob. @ Second Max ' <"
0.06
0.04| -‘._
0.02f .
0 - . W | . . | . . . |
0 0.002 0.004 0.006
E/L

DUNE wants to measure first and second oscillation maxima



\
Why is DUNE using a WBB?

W A_RWICI(
V.oV, oscillation probability
0.2 ——r—r—r—r—— e
| Pua (DUNE) ot g——a
L P g (NOVA) dep = -90" ——
- Bgp =0 m=mm=n-
0.15 3

0.05 |

DUNE wants to measure first and second oscillation maxima
Severe challenge to neutrino energy reconstruction algorithms and
Understanding of energy resolution systematics



5 LSND L/E Region

. date events
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«2013 analysis :
«No excess of v_events in - [Husosona
signal region (E>450 MeV) ; LSND 99% CL -
Hunknown excess Of events 1072 L1l Ll LS
3 b i1
at low energy (where NC L H 30 oo

y/n° would be)
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