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The Future
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The Quest

Value of §?

Il v

«Better estimates of the
oscillation parameters
using accelerators

«Is B__ maximal?

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

THE UNIVERSITY OF WARWICK

Normal or Inverted mass heirarchy?
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To The Future and Beyond!
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Current Experiments

» [=205km <E>=07GeV \

= ND28&0 Near Detector,
SuperK (225 kt) as Far
Detector

* JPARC beam: currently
200kW ramping up to 700kKW
(<2019)

\NAR\NICTIL

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

= NUMI beam re-starts May 2013
@ 700 kW (6 months ramp-up) P,
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DUNE in the USA WARWICK

Sanford Underground
Research Facility
Lead, South Dakota

\ Sanford Underground
\ Fermilab Research Facility

L

Batavia, lllinois

Fermilab

Sanford Underground
Research Facility

Fermilab



DUNE Far Detector WARWICK

4 x 10 kton LAr TPCs Ermt-:%

Construction through to 2025-2028
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| . e
Constructio ouah to 20




Beam Energy
Baseline (L)
Beam Power

Type of Beam

Mass of far
detector

Technology

Running from

3 GeV
800 km
1.2 MW

Wideband
70 kton

Liquid Ar TPC

2028'ish

Dune / HK Comparison

L Rl
0.7 GeV 0.7 GeV
295 km 295 km
0.75 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 42, R(U,U,U, U;)sin’
@ UBIUO(_/ BJ S|n )

CP violation can only take place in appearance experiments

ifa=

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

WARWICK
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Degeneracies e K

THE UNIVERSITY OF WARWICK

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

. | IL] = IT‘ISF.I}I{II’E_
Y 1 Need more than
' B | one measurement
12" af at different L/E to
i B 1 disentangle the
R 1 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
1 and 2 ¢ Contours for Starred Point
= 000
P - Contours 3yr vand 3 yr v NOVA
a - 1Amy 2 = 2,32 107 eV
0.08 sin:‘fﬁﬂﬂ} = 0,095
~ sin’ (205) = 0.97
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0.0g
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0.04 -~
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Other approaches WARWICK

»a number of experiments have been proposed to try
to determine the mass hierarchy, including very long
baseline reactor experiments (JUNO, RENO)
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heirarchy

-

E&fents ID'd as tracks (v, CC)
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» Study atmospheric neutrinos coming up through the earth
at different zenith angles

» Matter effects in the earth are different depending on

oy
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Mass hierarchy in Ov@p

m WARWICK
2 decay n—
m
. 5 2 2 2.2
m FOVBBOCmVe:|m1‘Ue1‘ +m2‘Ue2‘ +m3‘Ue3‘ |

3 \
In the inverted hierarchy: m << m ~ m , Am_*~Am_ *

and m, is the lightest mass state, so we can write

2 2 2 2 2 2 2 2
\/m3+Am23+‘U62‘ \/m3+Am23+|Ue3 ms

mve:‘Ue1

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.
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Mass hierarchy & Ovpf

decay

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

Current upper limit
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» 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.



Question WARWICK

Is there an experimental way of directly showing
that the neutrino is a Dirac particle? What about
an indirect approach?

Direct measurement : no known accessible observable
(radiative decays of non-relativistic massive neutrinos
may show differences)

Indirect measurement :

IF : the long-baseline experiments favour inverted
hierarchy
AND : KATRIN measures m(v ) in the IH band region

AND : Ovpp experiments see nothing
THEN : neutrino can’t be Majorana
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CP violation

s'mEl 20, —] 0.05
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WARWICK
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» If mass heirarchy is
known then “all” we
need to do is precisely
measure the 2

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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0., : DUNE Sensitivity

30 - DUNE Sensitivity Cl 7 years (staged)
- Mormal Ordering
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DUNE Sensitivity
Normal Ordering
sin®26,, = 0.085 = 0.003
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O, existsin [0.2-0.8]n
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Significance (o)

Hints : T2K & NOVA WARWICK

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

25— —
— —— Normal ordering 7]
- Inverted orderin :

20— g i
B ta CL N
- ] 80 CL

15 ERzea =

= [JascL

T2K Run 1-10 Preliminary
LB NN L e L B L £

SI('.‘F‘

NOvVA Preliminary

"NOVA FD' | ~Normal :
" [8.85x10°° POT equiv. hierarchy
‘ __Inverted ]
hierarchy J

~Normal ordering weakly
Favoured

»90% CL&_ :[-2.8,-0.8]

P 6CP= 0 disfavoured at 3¢

» Best fit: Normal hierarchy
fFavouredat 1.8 ¢

>6CP=1.21 N

» Excludesd_ =n/2inthe
inverted hierarchyat>3o0o



Mass Hierarchy

Determination R

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

Timescale : 2-4 years from now for good indication.
7-10 for 5 0 measurement.
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Measurement of o_, WARWICK

Next generation of experiments are being planned to
measure this

Timescale : 8-10 years from now (including 6 for
construction) for 3o sensitivity to distinguish from no
CP-violation scenario (if true o_, is 1/2).

15-20 years for a measurement of d_,to a
precision of 20° (if true o_, is 11/2).
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~ LSND

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

800 MeV proton beam from T — U + vV
WCE accelerator |__) _l_u -
€ VYV
Water target ¢
l?ﬁg Copper beamstop
oV vV,
E_:20-55 MeV -
baseline : 30m | v.p—en
L/E ~ 1.0 GeV/km A
20-60 MeV
np—yd
1280 PMTs P4
167 t liquid scintillator 2 2 MeV




I

| SND Result (1997)

87.9 = 22.4 = 6 excess events

fromv -7V
W e

0
m -
% 1751 ® Beam Excess
57
E 15 _:' . p("?ﬂﬁf’e,e*)n
& 125l B PR
T R other
10}
7.5
25|
0f
i .

0.4 06 0.8 1 1.2 14

L/E, (meters/MeV)

WARWICK
3.3 o evidence for
oscillations
T !|!| |:|;| : ||||;!:§ T 11117
Final LSND
e t. Blue, 90% CL
Blue, 997 CL :
Am? = 1.2 eV?
f ok :
- SND :
10"1:_. Combined DAR and DIF B
: (1993-1998) :
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LSND Result (1997)

WARWICI{
87.9 £ 22.4 + 6 excess events 3 3 ; evidence for
fromv -V, oscillations
&—\ . i III:!I!| I:Ii| ] ||||i!l§ | I!!IIII_
Vi I . E -- ' Final LSND '
v 10 Lt. Blue, 90% CL
Ami,| = 2.5 x 1073 eV? - & ’ -
Aty 5 : Blue, 9% CL 1
V) I . I AM? = 1.2 eV?
2 mo 3 2 .
i — I Am; | ~8x10 eV L

- LSND
» Already know 2 mass splittings i

» LSND implies : Am? ~ 1 eV? 10"1 . Combined DAR and DIF N
- (1993-1998) .

» 3 independent Am? implies

» 4 neutrino mass states!?!? ot 0t 16t g |




MiniBooNE

WARWICK

RSITY OF WARW

Ran from 2002 to 2014 at Fermilab

LM

P '.* q
T #I_p
B
Decay
450
focusing hoim region A dj:

«Average 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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BooONE Results

nf; 0°

Events/MeV
|

IF'Ilflll[Il

B v, from p**
7 v. from o
I v, fromK*

0 misid

O A—N

I dit

[ other

Constr. Syst. Error
------- Best Fit

MiniBooNE preliminary
v data : 18.75 x 1020 POT

Combined (v + r) fit

1 1.2 1.4

E" (GeV)

Excess at the level of 4.8 ¢

L] L] I L 1 1 1 1 1 el
e Data (stat err.jI i =
<

I|I|I|4i||l||

WARWICK

THE UNIVERSITY OF WARWICK

AL R IR AL
—68% CL

— 90% CL ]
— 95% CL 5
— 99% CL

— 3o CL

40 CL
..... KARMENZ2
90% CL
__OPERA
90% CL
MiniBooME preliminary
Combined (v + ©) fit
v:18.7510°° POT
r:11.27 1020 POT

LA

T LI

10

T I'lllll'l

T

T r|r|r1||

107"

T 1|11r1]

. LSND 90% CL

DLSND 99% CL e
~

10—2 ||||||| | 1 iIIIIII | | IIIIHTH“-- 1 L1111
107 1072 10~ o4
sin"20

Neutrino + Anti-Neutrino Mode
(Am?, sin?20) = (0.043 eVZ, 0.807)
12 Indf =21.7/15.5 (prob = 12.3%)



N
" +~ The Gallium

We've discussed the Homestake
experiment which studied the reaction

ve—I—Cl37—> Art'+e
A couple of experiments (SAGE and
GALLEX) also studied

v+ 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

Anomaly warwick

Galliom data vsing Frekers et al PLB11
Ll |2 | L 'I' | ] | " 5 1 T |

Gallex F]L'r | —® -4
51

Gallex ™ Cr 'r &

- M. ) [’ &

SAGE Cr !

SAGE Ar —e

i B I | i i [ | . || 'l 1
0.5 0.6 0.7 0.8 0.9 | 1.1
observed [ expected

L/E~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?)
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% The reactor anomaliegarwick

»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,)=P"(V,) w—t— D" (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?
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1.1

0.9

observed / no osc. expected

WARWICK

Reactor Anomaly

[ 1 1 1 ] r 1 ] ] 1 | | 1 1 ! i
- —— Prediction .
i — Actual T g
™ e Oscillation into new state 4
—|_ =
L 1t = [ 1] 2.70 deficit
[~ __J_I____ — il =
- i =T £ E
<. = Al i)
o :um b [
- i gﬂ}".,c s " _
. T 5 o z 583 St g%
i = P B e S5UA S B2
= =1 = o 5 pd 1l
= - A1 i
- E —='= *
B | | | i h I'.'.l'_'““ll I I [ | | | 1 i 5
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



Ratic of Obsarved To Predicted Events

Global Oscillation Fit

WARWICK

THE UNIVERSITY OF WARWICK

New Oscilation
to sterile v?

Atmospheric
Oscilation

Solar
Oscilation

[ L 1 1 ifitl | Ll I| [ 1 |
100 1000 10000
Reactor To Detector Distance im)




Data / Predicled
=

T
—+ MEOQSH-M-V

Al Systematic total H' _-
; iy

o gt
i Jwﬁﬂw# bt

(-]
b

2 —4— Data
2 1af
‘g ------ Mo oscillation
5 [ ] Reactor flux uncertainty
: I'mm .
3 12 Total systematic uncertainty

Best fit: sin28,,, = 0.090

+ -
'++ — -
08 +‘|>++
——

Double Chooz

0.6}

WARWICK

THE UNIVERSITY OF WARWICK

1 L .
5 -] T 10

. (Data - MC)/ MC
o o o
[=) = [

o

|

& 7 8

Visible Energy (MeV)

|||||||

.......

Frompt Energy (Me')

» Overall there is a deficit of events with the new reactor flux estimates

» Between 4-6 GeV there seems to be an excess beyond the flux errors

» Seen in all reactor experiments

» This is quite hard to explain away using sterile neutrinos!
» Prejudice is that this is due to modelling nuclear physics



WARWICK
Rcor Experimentswarwick

WWER1000

reactor
¢ =i

» 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

[ DANSS 2018

. wiggles

in the

data??7?

2

3

4

5 " S
Positron energy, MeV
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Reactor Experiments  wARwicK

a0.77
o -

- Bottom/Top e expected, Am’=7.25eV?, sin’20 = 0.26
EU.?B:— — 3v(no osc.) 18] ™ Observed, 24p, average (125, 250, 500 keV). Dec, 2019.
o - | = 4vbestfit 1 | a Observed, 24p, 500keV. Dec, 2019.
£0.75— RAA best fit +
o al
a - + Exp. data I HKeY
©0.74 " 1 Am’=7.25¢V?, (29} 0.26 x!D oF 17.11/17 GoF 045
= = §1.4 fo F 2998!19 GoF 0.08
(C0.73 | 1 2
- |.u_ 1.2
072} |
ﬁlim. bt | |HM_JL4 =" i
0.71_ 'If-i- _I_'r ST l || || 4 .
C T i" 11 ...‘|‘ T T[ < 08
0.7 T z
= 0.6
069:_ 0.4 1 Am —72§eV sn{ZB) 0.26 x!DoF 19.86/17 GoF  0.28
0.68— " || Unity Y'/DoF  31.93/19 GoF 0.03
UB?: 1 1 | TAIL TR (O I A A A | PN T T T T LI N AW I 1.0 1.5 2.0 25
1 2 3 4 5 6 7 LE

Positron energy, MeV

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

Situation unclear : other experiments (Stereo, SolLiD,
Prospect) may clarify



Decaying sterile
neutrinos?

CPT Violation?

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

4 WHAT Sﬂ!ﬂi’.ﬂ \

THE REASON /
BEP

No bleedin' idea

\\\\q

\/\/ARWICI(

Lorentz violation?

Extra dimensions?

Experimental
problems?

Wait for more data
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Summary of sterile hints WARWICK

THE UNIVERSITY OF WARWIC

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

1 a R N ot N I Bl Bl LI I i3 L I Il i
Current “best model” is a 3+1 o 5
model but it doesn't Fit very well | 3+1 Global Fit |
10tl SBL+lceCube |
; o 90% |
L] 99%
4 - e
= e
2 _ 2 =
A msterile =1leVv <
107 ¢
2 3 .
10 A b i gl claicld a e e gl Lo b ik PRI T R Y BV N
A A Mo 10° 10~ 10” 10" 10"
m

sol sin® 20,
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Sterile Global Fit

- B - 99.73% CL -
8 2 dof
10'} € e
L) i
: o o N |
fg‘ . 3
f .
E 100 e Appearance
< w/o DiF)
. i)isappearance
— Free Fluxes
1 CI'_I | = Fixed Fluxes |
1074 157 16 107!

= Al
SIN” 26,

WARWICK

THE UNIVERSITY OF WARWICK

4o discrepancy
between appearance
and disappearance
experimental results
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Summary of sterile hints WARWICK

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

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

It could all be a conspiracy of systematics

A n/l?terz'le:le‘/2
New experiments are being built now
to search for signs of steriles in
A neutrino oscillations at high Am?

atmos

sol




Experimental Summary  waRwcs

Reactor Experiments

Name Location Power Distance Target Technology
(MW) (m) mass (t)
NEOS China 2700 25 1 Gd - Lig. Scint.
DANSS Russia 3000 9-12 0.9 Gd — Plastic. Scint.
Neutrino4 Russia 90 6-12 1.5 Gd - Lig. Scint.
Stereo France 58 9-11 1.7 Gd - Lig. Scint.
Prospect USA 85 7-12 3 Li6 — Lig. Scint.
SOLID Belgium 100 6-11 1.6 LiI6F — Plastic Scint.
Accelerator Experiments
SBND USA 110-600 LAr TPC
IsoDAR Japan 16 Li8 Decay at rest to
KamLAND

SHIP CERN 80-90 Multiple
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Distance from Active
BNB Target LAr Mass

~ MicroBooNE

110m 112ton
470m &7 ton

600 m 476ton

SO MEAR
DR TR TR,
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SBND WARWICK

1{]2- S i i i i T N il i L i 3 1'1'r|1...: 1
3+1 Global Fit | t:?ﬂ-l] MeV A
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; g 0 4
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SBND WARWICK

Ve appearance vy, disappearance

i vV, —> V. appearance T e v, disappearance
10 [ LsnD 90% 10 [ ciobal 341, 35 allowed”
= [ ] LsND99% E v,/ ¥, Dis, 30 excluded”
- [ Global 3+1, 30 allowed"”’ B —— SBN 3o
i v e — I L
o i E v, /7, App, 30 allowed & B
> —— SBN 3o >
L 2 1
— E | ; E Tag
E £ e
a a4 F e
| i ™ o iy P
107" 107'E
o 1} 5. Gars . i e e : (1) 8. Gariazzo et al., arXiv:1703.00860 [hep-ph]
B et i ar_ " i REpph) | (2) M. Dentler et al., arXiv:1803.10661 [hep-ph]
B [E}M.Denﬂelr etal, ﬂer.1SDE.1DBE1|[hB|J-ph] I : ; ; SRR - : o owmog
L Ll LLlJ L1ll 1 1L 1 L1 111 _2 _1
-3 = 5 10 10 1
10 10 10 1
o sin’20
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* SBN cover much of the parameters allowed by past anomalies at >50 significance

P Starts taking data in 2022 (currently)
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Neutrino Cross-sections
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Xsec data pre 2007
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The data was impressively imprecise
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World Data for Antineutrinos
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C.P. falier
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Lot's of effort going into trying
to understand neutrino
interaction cross sections
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eqg : Quasi-Elastic Scattering AN

» Usually thought of as a
Y % 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 % single nucleon knock-on
s 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
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. RPA effects
Short-range correlations  Meson Exchange polarisation
(SRC) Currents (MEC)  h11qes strength
2p2h processes - medium to high Q° of weak

interaction
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Effect on enerqgy
reconstruction
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Final State Interactions  wARwICK

In the nuclear medium

Charge Exchange @) .
™ Elastic » Outgoing protons can
Scattering » Scatter
.9 >
" ® Lose energy
[ i
o N @ —@ » Outgoing pions can
g, » scatter

J \@ » be absorbed
» create more pions

: » charge exchange
Absorption

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



Final State Interactions  wARwICK

In the nuclear medium

Charge Exchange @) i
m Elastic ~ Outgomg protons can

Scattering » Scatter
» Lose energy

@ - —0 » Outgoing pions can
" » scatter
» be absorbed
» create more pions

» charge exchange

Absorption

We tend to categorise events
Bl Bt s 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.



\\\ﬂ
Summary on xsec

THE UNIVERSITY OF WARWICK

» We measure events = Flux*cross section

» We don't generally have a handle on the Flux to
better than 7% - 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 : MINERVA, T2K/HyperK Near
detector, DUNE ND, dedicated HP-TPC experiments
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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? What about these hints of 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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