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In that time (1930), the nucleus was made of protons and
electrons: A nucleus of mass A was made of A protons and Z
electrons.

Among others, there were two clear inconsistencies that needed
to be solved:

+ Nuclear Spin
(1928) Nuclear Spin of Nitrogen 14 = 1 (hbar)

An integer spin cannot be explained by coupling an odd
number of spin %2 particles (14 protons and 7 electrons)

+ Beta decay Spectrum
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Pauli's letter of the 4th of December 1930

Dear Radioactive Ladies and Gentlemen,

As the bearer of these lines, to whom I graciously ask you to listen, will
explain todzou in more detail, how because of the "wrong" statistics of
the N and Li6 nuclei and the continuous beta spectrum, I have hit

upon a desperate remedy to save the "exchange theorem" of
statistics and the law of conservation of energy. Namely, the
possibility that there could exist in the nuclei electrically neutral
particles, that I wish to call neutrons, which have spin 1/2 and obey the
exclusion principle and which further differ from light quanta in that they
do not travel with the velocity of light. The mass ofgthe neutrons should
be of the same order of magnitude as the electron mass and in any
event not larger than 0.01 proton masses. The continuous beta
spectrum would then become understandable by the assumption
that in beta decay a neutron is emitted in addition to the electron
such that the sum of the energies of the neutron and the electron is
constant... I agree that my remedy could seem incredible because one
should have seen those neutrons much earlier if they really exist.

But only the one who dare can win and the difficult situation,
due to the continuous structure of the beta spectrum, is lighted by a
remark of my honoured predecessor, Mr Debye, who told me recently in
Bruxelles: "Oh, it's well better not to think to this at all, like new taxes".
From now on, every solution to the issue must be discussed. Thus, dear
radioactive people, look and judge.

Unfortunately, I cannot appear in Tubingen Fersonally since I am
indispensable here in Zurich because of a ball on the night of 6/7
December. With my best regards to you, and also to Mr Back.

Your humble servant . W. Pauli, December 1930



The Nobel Prize in Physics
1995

Martin L. Perl © University of California
iz share: Regents
Prize share: 1/2 Frederick Reines

Prize share: 1/2
[

The Nobel Prize in Physics 1995 was awarded "for pioneering
experimental contributions to lepton physics" jointly with one half
to Martin L. Perl "for the discovery of the tau lepton” and with one
half to Frederick Reines "for the detection of the neutrino”.



The neutrino is detected for the first time

In the mid 1950's, Frederick Reines and Clyde L. Cowan, Jr. came up with an
experiment to verify the existence of the neutrino. It made use of the fact that
nuclear reactors were expected to produce neutrino fluxes on the order of 10%-
10" neutrinos per second per cm?2, far higher than any attainable flux from

radioactive sources.

1. Nuclear reactor produces
antineutrinos

n—p+e +ve
2. The antineutrino interacts with
a proton in the detector
Ve+p—>n+et

3. The positron annihilates
immediately with an electron of
the media

et +e — 2y

4. If the two gammas and the
neutron are detected within a time
windows - antineutrino

http://hyperphysics.phy-astr.gsu.edu/hbase/Particles/cowan.html

Fhotomultiplier
¥ X )
Delayed cc:inmden[mg
detection of y from “Cd
with pair of v's from
Port from e &' & annihilation.
nuclear ™"
reactor
Neutrino
flux
13 ) //L/
10 “lem=s ,
Water target with
scintillator plus
CdCIz.

After months of data collection, they
had accumulated data on about
three neutrinos per hour in their
detector.



Raﬂnnd Davis Jr. Masatoshi Koshiba Riccardo Giacconi

Prize share: 1/4 Prize share: 1/4 Prize share: 1/2

The Nobel Prize in Physics 2002 was divided, one half jointly to
Raymond Davis Jr. and Masatoshi Koshiba "for pioneering
contributions to astrophysics, in particular for the detection of

pioneering contributions to astrophysics, which have led to the 10

discovery of cosmic X-ray sources”. hitp://www.nobelprize.org
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2 Homestake Solar Neutrino Detector

> It was built in the period 1965-1967.

» Originally, the goal was to measure the total flux of solar neutrinos with an
energy above 0.814 MeV.

» The technique to count the neutrinos consists in an original idea by Pontecorvo
(1946).

37Cl + ve = 3"Ar + e

FiFN ]
1
S5 Cli Ar
‘zufre Cloro Argon
ng 3545 39,948
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Relevant solar neutrino fluxes
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Neutrinos from the Sun [pp chain]
[also: CNO cycle]

[pp-neutrinos] [pep-neutrinos]
P+P""2H+E+"'V@ p+e.'+p-r2H+vE
‘ 99.75% 0.25%_

v

H+p—>3He+y

% ~15% ~10-5% [hep-neutrinos]
fw | 1fj 107%, He+p—>He +e" + v,
3He + 3He — ‘He + 2p ‘He + 1He — "Be +y
|
y 15.07% 0.02% |,
Be+e = Li+y+v, Be+p—=8B+y
[?Be-neu’rrinos]l l
‘Li+p—a+a 88 < %Be" +e"+ v,

[®B-neutrines]

http://www.kip.uni-heidelberg.de/~coulon/Lectures/SM/Free_PDFs/Lecture_ HC_ 13.pdf
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THE EXPERIMENT

> 615 tons of tetrachloroethylene, C Cl ,
(natural abundance of *’Cl is ~24%).

615 tons of CCI,
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THE EXPERIMENT

Ve

615 tons of CCI,
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THE EXPERIMENT

615 tons of CCl,
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THE EXPERIMENT

ETAr

615 tons of CCI,
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THE EXPERIMENT

ETAr

615 tons of CCI,

E?Ar
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THE EXPERIMENT

After 2 month...

615 tons of CCI,

... we have ~ 18 atoms of *’Ar 11!
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615 tons of CCI,

AR ALY
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THE EXPERIMENT

QUARTZ
SPACER

CATHODE

ARGON GAS IN
ACTIVE REGION

ANODE K
CENTERWIRE—]

QUARTZ
— SHELL

I , - Extraction of Argon

[]
STAr * MERCURY FILLED SPRING

615 tons of CCI,

COLUMN FROVIDES ’ PROVIDES
HIGH VOLTAGE TENSION ON
ELECTRICAL CONTACT CENTERWIRE

HIGH VOLTAGE
FEED-THROUGH

STOFCOCK —‘L

|

SIGHAL
FEED-THROUGH

— STOPCOCK

TAPER JOINT
__FOR MOUNTING
ON PROCESSING
APPARATUS

*Ar decays in *'Cl by electron capture producing 3-5 Auger electrons

which deposit an energy of 2.82 KeV in the counter.

( electron capture: p+e — n+ V. )
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Counts

Counts

Active 37Ar Energy Spectrum

Chlorine Data Energy Spectrum
(Barly)

First 105 days:

3000 | 1 200
180 f
oo Test sample: ol
sl °'Ar spectrum g
100 |
2000 | c 80}
60 5
1000 | ol
20 L
] 0
0 1 2 3 .I; 0
Energy (keV)
(a)
Chlorine Data Energy Spectrum
(Late)
10.018
10.016
More than 175 days: joo
Background {ooro

4 0.008
1 0.006
l0.004
_ lo.002
PR | 0.000

T
o]

T

Counts/Day

2
Energy (keV)
(b)

After ~ 2 months the argon is
extracted and placed in a tiny
proportional counter.

> 3Ar half-live ~ 35 days.

» Within 105 (3 half-lives) days

87.5% of the atoms have
decayed.
After 175 days (5 half-lives)

0.022

10.020
{0.018

Background + *’Ar decays ons ;
10012
fie &
10.006

10.004
{0.002

0016

0.000

only ~3% *Ar atoms remain in

the counter.

F1G. 9.—(a) Energy spectrum from a counter filled with active *’Ar. (b)
Cumulative energy spectrum from 93 solar neutrino observations (early
counting data: 0—103 days following the end of an extraction). (¢) Cumula-
tive energy spectrum from 93 solar neutrino observations (late counting
data: 175-350 days following the end of an extraction). Plots (b) and (c) are
of events with normalized ADP between 0.85 and 1.02 (i.e., fast events).
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37 Ar production rate (Atoms/day)

Results after25'years

(1 FWHM Results)

it B |<«—2.56+0.23 SNU

Expected values:

9.13 SNU (Bahcall)
7.64 SNU (Sackman)
6.36 SNU (Turck-Chieze)

8
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F1G. 13.—Homestake Experiment—one FWHM results. Results for
108 individual solar neutrino observations made with the Homestake chlo-

rine detector. The production rate of 37Ar shown has already had all

known sources of nonsolar *’Ar production subtracted from it. The errors
shown for individual measurements are statistical errors only and are sig-
nificantly non-Gaussian for results near zero. The error shown for the
cumulative result is the combination of the statistical and systematic errors
in quadrature.
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Takaaki Kajita Arthur B. McDonald
Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 2015 was awarded jointly to Takaaki

Ka'lita and Arthur B. McDonald "for the dfscoverz of neutrino

oscillations, which shows that neutrinos have mass" 25

http://www.nobelprize.org




3 KamiokaNDE

KamiokaNDE experiment was designed to search

Positron
for proton decay. -@-
=>» A proton decay detector must be extremely /'Proton
well isolated from backgrounds since the
lower limit for proton half-live is ~10°** years. p+ - e+ + 110

gamma

Kamiokande detector:

1000 m underground (2700 m.w.e.).
Start operating on July 1983.
Cylinder ~ 15.6 m diameter x 16 m height.

Thousands of photomultiplier tubes fill the
inner surface of the cylinder.

Tons of water Cerenkov detector.



https://en.wikipedia.org/wiki/Positron
https://en.wikipedia.org/wiki/Pion

Event in Super-Kamiokande Cerenkov detector
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Event in Super-Kamiokande Cerenkov detector
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Super-Kamiokande
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3 KamiokaNDE

Neutrino production in the atmosphere

Ip

http://lwww.twinkletoesengineering.info/neutrinos.htm

Prediction for the neutrino fluxes:
R = (\)H +Vu) [(v+V)~2

T

fenith

ALl

Isotropic flux of
cosmic rays

Zenith ... 'E% & S ——

http://hep.bu.e u/~superk/at:rmt

Atmospheric neutrinos enter the
detector from every direction.

Experiment (1992, Kam-I and Kam-Il):
IR =0.60%0.09

data

Far from 1 !!!




L=

EISEVIER

I September 1994

Physics Letters B 335 (1994) 237-245

PHYSICS LETTERS B

Atmospheric v, /v, ratio in the multi-GeV energy range

tj-
2.0 T — MLI[ II G&U
. [ ]
= |
E -
o 1.5} _
hLSRRAN |
S . 4
\:?_? 1.0 | il
[=) i I
y=] L i 1_
\E 0*5 [ l_+_:--{-] !
i |
[ . | | _

Strong

{==p dependence on

the zenith angle
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4 Solar Neutrinos at the Sudbury
Neutrino Observatory (SNO)

Image from http://www.kip.uni-heidelberg.de/~coulon/Lectures/SM/Free_PDFs/Lecture HC_13.pdf
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Remember: Solar neutrino fluxes
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Reaction‘'channels, detection and identification

O BRI O BRI
n p

P P P P P P
Ve Ve Vi v, Ve Ve

+ interactions with the neutron from deuterium

=y, te v, e

e Ve Ve
I | I
e Ve ¢~ e
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Reaction channels, detection and identification

@ ° + d _> p + p + e Vel\ e,\./”&memnkw
TS / Light

» Measurement of v, energy spectrum iﬁ@{.}_ﬂ—- T
» Weak directionality: 1-0.340cos6 o u[.__p_; @
@ X + d — p+ n +V X v Y 6.25-MeV v Aol
. : . @
‘ ' — —_ b T St
» Measure total 8B v flux from the sun x\‘@ [ »® -
I, J:._;:','—h :_K

* O(Vg)=0(V,)=0(V,) R “g—w@;
@ Vx+e'%vx+e‘ /%

A" Co—
- Low Statistics X .« f Eigﬁ{enkw
* Z0=0(v,)+0.154 ¢(v, +v,) ‘e L,
» Strong directionality: -'”"x @

B, <187 (1. =10 Mev)

- CC and ES channel. Total amount of Cerenkov light is correlated with the energy of the

incoming neutrino.
= NC channel. Detection of neutrons: 6.25 MeV gamma rays due to neutron capture on 35

deuterium. The gamma rays produce Compton electrons or e+e- pairs. The Cerenkov light

from these is detected.
Image from http://www.kip.uni-heidelberg.de/~coulon/Lectures/SM/Free_PDFs/Lecture_HC_13.pdf



Cptilgngy= 1

n events
via
CC interaction

Theoretical Inputs:
Cross sections

Il U
via
NC interaction

Solar neutrino
Eeril o
Jaxirom

T >

Solar neutrino
el
coirom

no oscillations

Vo
Oscillations!!!



RESUETS

Data recorded between 2 November 1999 and 28 May 2001.
All fluxes in units:

After analyses: 102 Cit
+61.9 These events corres-
1967.7 _¢y.9 CC events .
. ’ pond to the following SNO __ +0.06 +0.09
= fiuxes co” = 1767 ps(stat) T 5o (syst),
263.6_5:<¢ ES events, —— SNO _ +0.24 +0.12
256 Bs = 2.391p733(stat) Zg 15 (syst),
if no-oscillations are
576.5 433 NC events considered 0 = 5,097 043 (stat) T4 (syst) .

The excess of the NC flux over the CC and ES fluxes
Implies neutrino flavor transformations
Note that the NC is in
excellent agreement with

the prediction for the 8B o +1.01
flux by the Standard d}SSM = 35.05 —0.81 37

Solar Model (SSM).



RESUETS

Data recorded between 2 November 1999 and 28 May 2001.

All fluxes in units:
After analyses: 10 cm? s

These events corres-

+61.9
1967.7-60,9 CC events, pond to the following

200 = 1767502 (stat) T3 gg (syst)

_ 1264 fluxes
263.6_55¢ ES events, —— n+0.24 +0.12
if no-oscillations are o o
576.5 433 NC events considered 0 = 5,097 043 (stat) T4 (syst) .

And ES fluxes
ations

The excess of the NC flux over the
Implies neutrino flavor transfo

Note that the NC is in
excellent agreement with
the prediction for the 8B +1.01

flux by the Standard d}SSM = 35.05 —0.81 38
Solar Model (SSM).



Neutrino experiments

LBNE- Long Baseline Neutrino Experiment

AP (eV?)L(km)

_ — ein? . 2
P(v, >vy) sin® 260 sin (1.27 E(GeV)

Wroctaw, 8 Dec 2017 RGJ - Ghent University

)
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Some accelerator-based neutrino experiments

Experiment Physics studied Status
MiniBooNE Neutrino oscillations Finnished
T2K f13, O3, Amiy, Am3, Running
ArgoNeuT | Neutrino interactions, LArTPC Analysis
Minerva Neutrino interactions Running
MINOS b3, Ba3, Ami;, Ams, Running
Noia Hi3, Ha3, &mf} &m%-j, dep Under construction
LBNE bz, bz, Am3,, Ams,, dcp In development
Hyper-K f13, a3, Amiy, Ams,, dcp Proposed

RGJ - Ghent University

(2015)
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NuSTEC" White Paper: Status and Challenges of
Neutrino-Nucleus Scattering

L. Alvarez-Ruso," M. Sajjad Athar,® M. B. Barbaro,” D. Cherdack,” M. E. Christy,” P. Coloma,’
T. W. Donnellyf S. D:;.r1;1‘r_|uf:u:1:.8 A. de Gouvéa,g R. J. Hill,m’ﬁ P. Huber,11 N. Jachowicz,12
T. Katori,® A. S. Kronfeld,® K. Mahn,"* M. Martini,'> J. G. Morfin,® J. Nieves,' G. Perdue,’
R. Petti,'® D. G. Richards,'” F. Sdnchez,'® T. Sato,'”*? J. T. Sobczyk,”" and G. P. Zeller®

1. establish whether nature violates CP in the lepton sector and, if so, measure . p;

2. improve the accuracy on 53 and, if not maximal, a determination of the octant it belongs to:
923 < 71'/4 VS, 923 = ‘J‘T/4,

3. determine the neutrino mass ordering at high confidence level: m; < my < mg3 vs. mg <

my < Ms.
912 813 923 ﬂmglflﬂ_s ﬂmgjflo_ﬂ 1‘5(:'1:
Normal Ordering  33.567071 8467012  41.6713 7501015 252470030 926172,
Inverted Ordering 33.56f3;$§ 8.49i?,j1::} 50.01%:&11 7.50f3;i? —2.514f2;3§‘? 277fi§

41
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Two major problems slow down this programme:

1. Neutrino beams, contrary to electron
beams, are not mono-energetic. One
needs to model all reactions channels in the
broad energy band covered by the neutrino
beam.

Arbitrary

Neutrino fluxes

— T2K/Hyper-K

NOvA
—— DUNE

— MicroBooNE/SBND
—— MINERVA (ME)

7 8
l‘.\-((It‘\)

2. “Complex” nuclear targets (compared to the 'easy-to-model' H, target).

The necessity to accumulate huge
amounts of detector material makes it
impossible to use the (explosive!) hydrogen
target. The use of other molecules, made
of more complex nuclei, such as mineral
oils (CH,), water, or liquid argon, allows

for the accumulation of tons of detector
material, thereby notably increasing the
number of events in the detectors.

u
p
= +
VM n

Free
Nucleon

Nuclear targets
{i \V

Initial Nuclear Extra Nuclear
State Effects

plot by C. Wilkinson (NUISANCE)

RGJ - Ghent University

Final State
Interactions (FSI)
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Number of events

Vo —7 V33

Adapted from M.Martini (NuFact17)

Ng (Ey?)~ (Dva (Ev) Ovg (Ev) €get. PVa—>VB ({8}, Ey)

v flux

V' Cross
section

Detector
efficiency

v Energy in the
oscillation probability

1) 'Number of event' corresponding to a given topology are measured in the detector
(event distribution).

2) The energy of the incident neutrino that caused that event is unknown.

3) This neutrino energy is reconstructed combining theoretical information (cross

sections) and experimental data.

The reconstruction procedure introduce important uncertainties in the oscillation analyses.

4) The probability Pa " is determined for each neutrino energy.

43
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One needs to model all neutrino-nucleus reaction channels

covered by the neutrino beam

— T2K/Hyper-K

z
=
=
=
=
R

—— NOvA
—— DUNE

—— MicroBooNE/SBND
—— MINERvVA (ME)

0 1 2 3 4 5 é(cc\§
Yy K
@ @ @ @ lepton/,
. ) L
pion production /
Elastic QE ! A '
A X
]
=
© C
g2
S0
=2
- -
v, ' energy
transfer

Figures by T. Van
Cuyck

RGJ - Ghent University
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Superscaling approach (Megias et al., Phys. Rev. D 91, 073004 (2015) )

do/dwd€Q (nb/MeV/sr)

do/dwdQ (nb/MeV/sr)

£,=560MeV .0 =36",q,,=322.9MeV/c

£=680MeV .0 =36’,q,,=402.5MeV/c

T | T | T | T | T T | | T T T T T T I 1T 1 | T T T | T 1T 1 | | L | T
60 — —
~ 4301 — _]
so 2 -0 -—-- MEC | 12C '
40 |- 7] - — — — Inelastic e ) e
N ] 20 % — — QE+MEC —
30 |2 — I I\
20 — — 10 ) \! S e - _|
10 — oL < o
["_J-—h-'l"'l' ] ! T“ﬂ-—f—h_ D J.I--I'+'-I.-IFF'I-_J-‘I' ‘Tﬁ‘i"l'_l'—l—'l*'-i—l ]
0 0.1 0.2 0.3 04 0 01 02 03 04 0.5
£=961MeV,0 =37.5",,,=585.8MeV/c  £=3595MeV,0,=16",q,,=1043MeV/c
T T T 3 T T T | T T T | T T T T | T T T | T T T | T
6 3 —
4 2 |
2 1+ —
0 Y | ) = 0 | j
0 0
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[ I ]
60 560MeV,36° —30 680MeV,36° 4 12 :
iy I 1 “C(e,e")
—~ 40+ R0 .
% -1 1 ]
S 20t 11oF e 1 QE (SuSAv2):
= 1P a1 1 RGJetal., PRC 90,
) 1ok  Se=——1 (35501 (2014)
~ 0 0.2 0.4 0 0.3 0.6 |
= e b aen s - i
O 6 961MeV,37.5°7 | 3595MeV,16.02°] 5016y
3 i S 1 3F iy | 1 (2015)
N - /i 17 It (noMM) -
D o4l / 4 T — In 1 1pion:
6 | 2 19LF — QE 1 1pion: RGJ et al.,
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Quasielastic scattering
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d — (N A— 1|Omanybudy|A>

Impulse
Approximation

N'
B
had — Z/dr wF(r) OonebodyWB(r) e At
F2 o A
where Oone boty = F17/" + 12 Vi al*Q, i
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had — (N A— 1|Omanybady|A>

Impulse
Approximation

Relativistic mean-
field wave functions

o

A
Jhad — erF(r) Ogr?e-body lIJB(r) efq '

F

ghe
oMy Qo

where Oone boay = F1YH 41
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Intermediate
energies
(typical QE
regime)
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P '=(M, .0)

RPWIA: Scattered nucleon
wf is described as a Dirac
plane wave.

P*=(M,,0) Py'=(EyPy)
RMF-FSI: Scattered
nucleon wf is solution of
Dirac eq. in presence of
the same potentials used
to describe the bound
nucleon wf.
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[—ica - V +V(r) + B(M + S(r)]U(r) = B0 (r) b = Z f dr We(r) O oy V(1) 9"
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+ Long-range correlations between the nucleons are
introduced through a continuum Random Phase
Approximation (CRPA).

pion production
Elastic QE A

+ RPA equations are solved using a Green's function
approach.

Nuclear
response

energy =
transfer

]= +G\D +>/vv< + ve e + +

H(RPA)(LUM L2y w) = H(U) (561,582;&))

1 -
+ 7 /d:c /da:’ IO (21, 2;0) V(e ') TEPAD () 20;w)

Giant Resonance (GR) region:
collective nuclear effects

Excitations are obtained as linear combinations of different particle-hole configurations.

Vrpa) = Z {X(\pm ’ph—1> — Y. ’hp—1>}
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q ~ 160 [MeVic], @7 ~ 0.026 [(GeVicF]
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(do/dT,dcos6),) (10~ *cm?/MeV)
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MicroBooNE flux-folded cross section.
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Nuclear

response

Two-nucleon knockout processes

=

pion production

Elastic Q E ! A

Cond

energy
transfer
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In our approach, two mec

hanisms give rise to the emission of two nucleons:

Meson-exchange currents

Short-range correlations
T Log(Momentum distribution) b e T. Van Cuka'S
T PhD Thesis
Mean-field
(a)
Fat tail: SRC! L
(e) (f) (g)

1 2

3 p(fm 1)

(d)

The same mean-field model is used to describe the bound and scattered nucleons:

E
Eﬂ" R > (lﬂ-! 1/21jﬂ.:6alga)
Ey (I6,1/2, 3b, 0b, 0v)

neutrons

[
I
rotons I, .
P 1 distortion
|
|

1p1/2
1p3/2

1s1/2

e
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0.9 < cosfl, <0.94
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Van Cuyck et al., arXiv:1708.03723
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Other approaches (Superscaling coll.) consider MEC as the only contribution to the

2N-nucleon knockout responses. Fully relativistic calculation that includes both vector
and axial current contributions.

2

1

(a)

(d)

Py

2

hln;
Q

r
LPz

ha

L P Py AP P2
I |
Q I & & Q
ftl hg h-1 h-i
() (2)

Ruiz-Simo et al., arXiv:1604.08423
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Other calculations (Superscaling coll.) consider MEC as the only contribution to the

2N-nucleon knockout responses. Fully relativistic calculation that includes both vector
and axial current contributions.

u

do/[deos8) dp, ] (10 "cm’/nucleon/(GeV/e)

Megias et al.,
arXiv:1607.08565v2
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Single-Pion Production on
the nucleon

Gonzalez-Jiménez et al., PRD 95, 113007 (2017)
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Single-Pion Production on
the nucleon

D @

pion production

Nuclear
response

__--"'-’.-——-____-_-_-_-—_-'—--._ ’_
energy
transfer
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Resonances:
P33(1232), D13(1520),
S11(1535), P11(1440)

Low-energy model for pion-production
on the nucleon:
ChPT background + resonances

Valencia model
(PRD 76 (2007) 033005; PRD 87 (2013) 113009)

ChPT background:

//ﬂ- i (ﬂ
N N' N N!
\k‘.Q\‘ , Q '{
Q 2 f
A, w Y
” LY : _F_._h_
N N N N’ N N
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Low-energy model
(resonances + ChPT bg)
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do/dT_ (10" cm/MeV)

W values? We don't know...
+ Fermi motion

-+ MiniBooNE
—— CH, - Hyb

— — CH,-LEM

—_—
—

+ Flux-folding

Therefore, we need reliable
predictions in:

+ the resonance region
W <2 GeV,

+ the high-energy energy

o T
500 600

=00 region W > 2 GeV
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W<14GeV

v +[IJ—>I|I.LI_+1t1—_|—I1:I)

—— Hybrid = ANL

——- LEM(wff) a BNL
-~ LEM - — NuWro

No cut in W

Vv +p—>u A—TI: +p
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Electroweak one-pion
production on nuclei

RGJ et al., arXiv:1710.08374 [nucl-th]
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Relativistic Impulse
Approximation

8
d o _ Mmimg Mn pn Kx kuLM |2 8-fold differential cross section:
- ) Computationally very demanding

dEfdedEﬂdQﬂ-dQN (271') EN rec Ej
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MiniBooNE neutrino CC 1pion0.
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v Neutrino-nucleus cross sections are Iimportant to reduce
systematics in neutrino-oscillation analyses. We need to improve
our current understanding of the neutrino-nucleus and neutrino-
nucleon interaction.

v New theoretical developments should be implemented in the
MC event generators that are used in the oscillation analyses.

v We are working to provide a microscopic description of the main
reaction mechanisms at intermediate energies: QE scattering, 2-
nucleon emission, pion production.

Lot of work to do...

RGJ - Ghent University
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Results in the sub-GeV-region‘(E,

__Kam I and Kam I :
Fhysics Letters B 260 (1992) 146-152 PHYSICS LETTERS B H 4.92 kton yr Samp|e I

MC predictions

without \ Down going
oscillations [ " kom-1-1l

Kom-=I-1l | B

< 1.3 GeV)

epton

| Observation of a small atmospheric v, /v, ratio in K

The estimation of the expected ol > =
event rate distribution in the =il i
detector requires knowledge of

the neutrino flux, cross section

and experimental conditions.

Theoretical predictions of the

e 0
R /%5— % -
fluxes differ by as much as 30%.

HOWEVER, the ratio . J . ‘ ol -

— ~ - 0.5 1.0 1.5 il 0 1
R—(Vu+\)p)l(\)e+\)e), GEV/C) COS
where Ve represent the event

rates distribution, agrees upon by  MC predictions within

R(p/e)

all authors to within 5%. different oscillation
They found: scenarios Conclusion
decays relative to all single ring events. Neutrino os-
R =R R = 0.60 £ 0.07 o : . .
(we) data I Theory 0.60£0.0 cillations, with the totality of atmospheric neutrino
Far from 1 1! and solar neutrino data 7amnng the channel v, =v,,

might account for the observations.

(actually, more than 40 below 1.)




Results'in the multi-GeV region (E, > 1.3 GeV)

epton

I September 1994

8.2 kton yr sample I

They found:

PHYSICS LETTERS B ‘

4725
=/

E1SEVIER

Physics Letters B 335 (1994) 237-245
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Atmospheric v, /v, ratio in the multi-GeV energy range
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Example: the reconstruction procedure at the MiniBooNE experiment:

1) In MiniBooNE a QE-like event happens when a muon
and no pions are detected. The event is characterized by =

the scattering angle and the energy of the muon. "

s MiniBooNE data (3N=10.7%)

[ ] MiniBooNE data with shape error
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Example: the reconstruction procedure at the MiniBooNE experiment:

s MiniBooNE data (3N=10.7%)

1) In MiniBooNE a QE-like event happens when a muon

[ ] MiniBooNE data with shape error

and no pions are detected. The event is characterized by =
the scattering angle and the energy of the muon. "

2) The neutrino energy is reconstructed using the formula: ' )

2 , J" 2 ¢ / o 002 _.___‘: T 14 -
m, —m', —m; +2m,L,  So we go from Booa iz v 08 O (\gan

2(m’,, — E, + p, cos Hﬂ) N(E 7) to N(EQE)

B9 =
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Example: the reconstruction procedure at the MiniBooNE experiment:

s MiniBooNE data (3N=10.7%)

1) In MiniBooNE a QE-like event happens when a muon e p————
and no pions are detected. The event is characterized by . | —

the scattering angle and the energy of the muon. "

2) The neutrino energy is reconstructed using the formula: ' 5

2 12 2 .
pQE _ m; —m', —my +2m',E, So, we go from
Y 2(m'y, — E,, + p,cosb,) N(E ?) to N(EQE)

3) Assuming pure QE interaction one can compute the probability density of the

reconstructed energy E° matching the true energy E: P(E°F|E)
(MiniBooNE used a Fermi gas model to simulate nuclear system)

60 T T | T T | T | T |
| E=02GeV E, =0.6 GeV E, =1 GeV
50 =
—~ A — - Fermi gas (RPA)
N I
v I
(o]
= o
O r I 'l
s 1
'o 30+ I \ —
= R
= T 1!
> \
I 20} [ -
- ] \
|54 | 1 1
— ] ! \
o 1 \ ! \
10 Iy J \ |
I \ / \
L 1y , AW,
! \ / ~ -
0 z | | L = | ) L L
0 0.2 0.4 06 08 1 1.2 1.4 1.6
E (GeV)
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Example: the reconstruction procedure at the MiniBooNE experiment:

1) In MiniBooNE a QE-like event happens when a muon
and no pions are detected. The event is characterized by .

the scattering angle and the energy of the muon.

2) The neutrino energy is reconstructed using the formula:

B9 =

9 2 2 V! I
ms —m', —m: +2m/, E,

So, we go from

2(m'y, — E,, + pucosf),)

s MiniBooNE data (3N=10.7%)

[ ] MiniBooNE data with shape error

. 15

N(E ?) to N(E%)

3) Assuming pure QE interaction one can compute the probability density of the

reconstructed energy E° matching the true energy E: P(E°F|E)
(MiniBooNE used a Fermi gas model to simulate nuclear system)

60

39 2
cm /GeV)
5] = n
=] =] =]
T T T

dE,_E,) (10
S
I T

—
=]
T T

E =

v

— - Fermi gas (RPA)

=
T

4) The event distribution as a
function of the true neutrino energy

results from:

N(E) ~ [ N(EF) P(E%|E) dE®
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Sources of ERRORS:

1) Other processes, like 2-nucleon emission and pionless delta decay, may contribute to
the QE-like signal.

2) Fermi gas model is not good enough
Probability distributions (reconstructed energy — true energy)

pure QE with Fermi gas # QE+2p2h with better nuclear models

60

" L. Alvarez-Ruso , arXiv:1012.3871 (Neutrino 2010) T T T T T T T T T T T T
T T :_I T 1 - S L | E=0.2Gev E =0.6GeV  E =1GeV |
— A '
7t | _[ 1 . 50 : =
i T . Rt L |1 1 | g A — - Fermi gas (RPA)
6 T4~ 1 - 3 1
-‘—’ R S — — =< 40— p —
== o T ]
. . E L
5 : — 5 + h 1
£ : Z e i
o —  Ankowski, SF ‘e 30 | ]
e 4 — Athar, LFG+RPA = - |
= L Benhar, SF ~ I |
= — GiBUU g o
=] — - — ] — —
3 — Madrid, RMF 2 20 1 ! ‘\
Martini, LEG+RPA Bl 1 l’ \
— Nieves, LFGHSF+RPA — = I\ p \
.—- RFG,M =1 GeV | 10— " \ I} N ]
1 ... RFG, M, =135 GeV L ! \\ J/ N
Martini, Ll—‘(i.—RPA I 0 dlNo 1 ‘ l\‘ ~—_ ~—y .
N | ‘ ‘ Lo L 0 0.2 0.4 0.6 0.8 1 12 14 1.6
0 0.: 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 > E (GeV)
v

E, [GeV]

Summary: A major source of systematic uncertainties in neutrino oscillation analyses
are the neutrino-nucleus cross sections.

Better description of neutrino-nucleus interaction is needed and has to be implemented
in the experimental analyses. 84
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Sources of ERRORS:

1) Other processes, like 2-nucleon emission and pionless delta decay, may contribute to
the QE-like signal.

2) Fermi gas model is not good enough

Probability distributions (reconstructed energy — true energy)

pure QE with Fermi gas # QE+2p2h with better nuclear models

. L. Alvarez-Ruso , arXiv:1012.3871 (Neutrino 2010) 60 E=b2Gev] E J06GevV E =1Gev | ‘
[T QR O 9 B W= =y & Y y |
L ) =i X ' ] 50— _|
T ; _[ 1 4 |1 f>-\ — - Fermi gas (RPA)
'|' L - 7 > i — Mean field + CRPA
or T; T 7 Q 40} -
R e —— o]
i =
o [ . ] O\O
E . = "
o . — Ankowski, SF ‘s 30 N
o 4 J_"‘ — Athar, LFG+RPA — |
= Benhar, SF -~
o p/ — GiBUU R [Sa ey 4
3 % — Madrid, RMF ks
- 7 Martini, LEG+RPA o)
. / Nieves, LFG+SF+RPA | o
| /i -—- RFG,M, =1 GeV | 10~ —
1 4 - RFG, M, =135 GeV i L
Martini, Ll—‘(i.—RPA I o ‘ ‘ . NS~ _,
0 . . . N IR R B BRI R S 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
0 02 04 06 08 1 1.2 1.4 1.6 1.8 2 E
£, [GeV] E, (GeV)

Summary: A major source of systematic uncertainties in neutrino oscillation analyses
are the neutrino-nucleus cross sections.

Better description of neutrino-nucleus interaction is needed and has to be implemented
in the experimental analyses. 85
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Sources of ERRORS:

1) Other processes, like 2-nucleon emission and pionless delta decay, may contribute to
the QE-like signal.

2) Fermi gas model is not good enough

Probability distributions (reconstructed energy — true energy)

pure QE with Fermi gas # QE+2p2h with better nuclear models

. . 60 T T T T T T
L. Alvarez-Ruso , arXiv:1012.3871 (Neutrino 2010) _ I T T I I
8 , — = : T | E=p2Gev  E =06GeV E =1GeV ]
J 0 U (S0 GUSHIRRL U PP |
4 ; -[-1 n 501 _| o
T L ) i ] | ~ — QE+np-nh —=> M.Martini et al.
T AL - 9 I 1 — - Fermi gas (RPA)
T T‘ T ---------- — _, NQ 40 — Mean field + CRPA
-' — g L
o 2 h ] :,\Q
E z
o — Ankowski, SF t?c 30 —
e 4 —  Athar, LEG+RPA — =
= Benhar, SF —_ i
o — GiBUU I 50 |
© 3 — Madrid, RMF N >
Martini, LFG+RPA QB
I Nieves, LFG+HSF+RPA — =
.—. RFG,M, =l GeV | 10 =
B -+ RFG, M, =135 GeV i |
! Martini, Ll—‘(i.—RPA I :
0 -
oL . L P I B | L. 1, 0 1.2 1.4 1.6
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 >

E, [GeV]

Summary: A major source of systematic uncertainties in neutrino oscillation analyses
are the neutrino-nucleus cross sections.

Better description of neutrino-nucleus interaction is needed and has to be implemented
in the experimental analyses. 86
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RMF model provides a microscopic description of the ground state of finite nuclei
which is consistent with Quantum Mechanic, Special Relativity and symmetries of
strong interaction.

The starting point is a Lorentz covariant Lagrangian density Extension of the original
_ L 0—-w Walecka model
L= V(nd - MY+ (Opod* o —mlo®) — Ulo) (Ann. Phys.83,491 (1974)).
1 | 1 , 1 1 y
— Zfz,u,,,ﬂ*” + Emﬁ,%w” — ERWR” + Emﬁppp” — IFWF“
— — — 1+
— Vo — g, VY,V — g, Uy, Tp"V — g, 5 Wy, AW
where
/ Main approximations: \
QMY — Py’ — Gt 1) Mean-field approximation:
: Wy —7 (w#> g — (G-> p,u, — (pp:>
R" = 8,upu o 8upp_r. )
2) Static limit:

Fr = orA” — 0V A",
U(o) = 5920° + 3g30*

(90(.00 = 80p0 — 9% =0 Wy = 5,u0w0 s Pp = 5p0p0

3) Spherical symmetry for finite nuclei:
wo = wo(r) Py =po(r) o =o(r) )

AN o
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Dirac equation for nucleons (eg. of motion for the barionic fields):

where the scalar (S) and vector (V) potential are given by:

S(r) = goo(r),

1 .

V(r) = g.w°(r)+ g,m3p9(r) +e J;TE’ A°(r) Current densities

= Z@i(r)\IJ r
Egs. of motion for the mesons and the photon:
wl(r) o,

[ Vit m ] a(r) = —gops(r) — QZUQ(T) — 930'3(?“) , Z i)
[-V2+m2](r) = —gupa(r), Z‘DI(T)TS%(T)
[V +m ps(r) = —gopp(r), -

2 40 Z‘I‘T “W5(r)
_v A — epC:

Solution of the couple equations for the fields in a self-consistent way.
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In general, the parameters are fit to reproduce some general properties of some
closed shell spherical nuclei and nuclear matter.

Parameters for the NLSH model (fitted to the mean charge radius, binding energy and

neutron radius of the **0, “°Ca, °Zr, ***Sr, **Sn and ?°®Pb.
/ 6 free
My My My, mp Jo Ju 9p go gs parameters

939.0 526.059 783.0 763.0 10.444 12.945 4.3830 -6.9099 -15.8337

lSHZ 1p3.|’2. lpuz

[—ia- V + V(r) + B(M + S(r)|Wy(r) = E;W;(r)

ge(r)ei’ ()

U= e,

1

LS 1 . T 5
i (Qr) = D (tmassljmy) Y™ ()x

mgs

r (fm)
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‘ s et = T -
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do /dE,dS, (1072 em? /MeV)

E,, =750 MeV, 6, = 15°

" 1plh+2p2h —
2p2h SRC
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Van Cuyck et al., PRC 95, 054611 (2017)

1plh contributions (vector current)

2p2h contributions (vector current)

R T L R R AP AP APa AP
m P T P2 T @
A7 A
X T A : T i
L A AnS L “% l. Axial current (1plh and 2p2h)
X X
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Good agreement with other predictions [Amaro et al.,
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Delta propagator:

—(Ka + Ma) 1 2 2
SA,aB = afB T 7V« - Ka,ao K — —(vaK — Ka,a
Ao K2 — M2 + iMa T Jap = 3778 S aakas = g (vaKa,g — Ka, ’YB))
2
with the energy dependent Delta Co (W) = 1 (fna) 3(M 4+ E
width: wiatn (W) 12r mwW (Pr,em)”(M + En,cm)

free in-medium free in-medium free
Mwidth — T width = lpaui — 23(Xa), Ma — Ma = Mx° + R(Za).

+ [paui: SOMe nucleons from A-decay are Pauli blocked (the A-decay width
decreases).

+ The parametrization of &(Xa) and R(X4a) is given in terms of the nuclear
density p:

—3(Za) = Coae(p/po)* + Caz (p/p0)? + Caz (p/p0)” .
R(Xa) = 40MeV(p/po)-

We modify the free AnN-decay constant (farn) to take into account the
E-dependent medium modification of the A width:

fﬂﬂ' N rfree

in-medium(w) — A N\/rF‘auli +2Cqe (p/po)”
width 94
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//(7T
N AN
—3(Xa) = CoE (,O/,Og)& + Cpo (p/pg)ﬁ + Cas (P/PO)P}’
Each contribution corresponds to a We modify the free Delta decay constant

different process: to take into account the E-dependent
. o medium modification of the Delta-width
@ QE = AN — 7NN (still one pion in

the final state) Faxn = Fna Pr

i

@ A2 — AN — NN (no pions in the
final state) in-mediom 17y _ £, N\/rPauli +2Cae (p/po)”

fﬂﬂ” rfn_ae
@ A3 — ANN — NNN (no pions in width
the final state)

References: [*] E. Oset and L. L. Salcedo, Nucl. Phys. A 468, 631 (1987).
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Regge approach for the vector amplitudes.

We use the approach of Guidal, Laget, and Vanderhaeghen [NPA627, 645 (1997)],
originally developed for pion photoproduction (Q? = 0):

1) Feynman meson-exchange diagrams are reggeized.

= i =)}
L

(98]
—T T

o ()

- ]' T PRy Kaskulov and Mosel, |
- of = m PRC (2010) |
’\‘\a’\"r“ t — m2 R S L I B
Y t [GeV?]
5 . ; The pion propagator is replace by the

Regge trajectory of the pion family

Pr(t,s) = —arpn ()T [~ an ()] (af5)* "
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Regge approach for the vector amplitudes.

We use the approach of Guidal, Laget, and Vanderhaeghen [NPA627, 645 (1997)],
originally developed for pion photoproduction (Q? = 0):

1) Feynman meson-exchange diagrams are reggeized.

2) s-channel and u-channel diagrams are included to keep Conservation of Vector
Current.

’\’\‘Q\'\'\Y!"g Q ’f
Y ;/;
- -
M N N’

-
N

The pion propagator is replace by the
Regge trajectory of the pion family

h Q 2#’; Pr(t,s) = —a _pxr (t)F[_&w(t)](a;rs)“W(ﬂ
N N' N N’
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Figure: High-energy model (red lines), low-energy model (blue lines) and

electron-induced single-pion production data.
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Regge approach for the axial amplitudes.

We need meson exchange diagrams to apply the reggeization procedure of the current.

Effective rho-exchange diagrams. This allows us to consider the rho-exchange as the
main Regge trajectory in the axial current.

r KR
VRO i x ('r”ﬂﬁo*"’fﬁ,v)
Q , T -
\_\"1 A — @ "‘F'g We consider K = O so that the low-energy
—y - - model amplitude is recovered.
N F,,(t} , N

The propagator of the rho is replaced by the Regge trajectory of the rho family:

Polt,s) = —ajpp()T[L — ()] (crs)* )™
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Regge approach for the axial amplitudes.

We need meson exchange diagrams to apply the reggeization procedure of the current.

Effective rho-exchange diagrams. This allows us to consider the rho-exchange as the
main Regge trajectory in the axial current.

-~ 2
@ d - mp
\-\_\‘\(,f’(’f —> A OCTp i mg — FAM( \/_f':r
N E() N N N
Q R \a\-.:._ _w» ] B
x A — Eﬂ f We consider K = 0 so that the low-energy

—y - - model amplitude is recovered.
N F,t) N’ N N'
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“Reggeizing” the ChPT background:

O%eChz’,V — OghPT,V Pr(t, s)(t — m’?r)

H_/

/

high-energy model. low-energy model (only
ReChi (from Reggeized the ChPT background)
ChPT background )

The pion propagator is replaced
by the Regge propagator of the

pion trajectory

2
O%eC’hi,A — Og’hPT,A P,(t, s)(t — mp)
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4""'I""""I""I‘II
- W >2 GeV PP (VI
|4 pvawp) -7 NuWre®)
~ e e ;
=
Q
A . i
! NuWro (v)
g / A
g
© + (fitted) i
_ _ReChi

1 | 1 | 1 1 I 1 1 1

40 60 80 100
E (GeV)

Figure: ReChi model and NuWro predictions are

compared with high energy cross section data for neutrino

and antineutrino reactions (Note the high energy cut W>2
GeV !l). Data from Allen et al. NPB264, 221 (1986).

R. Gonzalez-Jiménez

ReChi model: One free parameter in
the boson-nucleon-nucleon vertex

R

GalQ® s(u)] = (”AAPR»- [5(u)]? )

M2
Ao (5) = Mg + (A — Aggm) (1——)

S

AL = (7.20+ 7:95) GeV NI

NuWro: Based on DIS formalism and
PYTHIA for hadronization.

Antineutrino cross section is ~2 the

neutrino one:
p T
~ = ~ =
v+ uud = pt + ad +uud,
v+uud — - + ud +uud.
—~—

‘?r+
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1) Regularizing the behavior of resonances
(u- and s-channel contributions): we multiply the

resonance amplitude by a dipole-Gaussian
factor

F(s,u) = F(s) + F(u) — F(s)F(u)

)
£ 2
g 8

form

2
2

do/(dQ_de) (nb/GeV’
2
o

=
i

F(s) = exp ((5 )\;@2) ( A

S—Mﬁ)Q +/\}1{

2) Gradually replacing the ChPT background by

the High-energy (ReChi) model: we
phenomenological transition function

o

O = cos® ¢(W)Ocnpr + sin? ¢(W)Ogechi

s 1
f;f)(W) = 5 (1_ 1+exp[wwﬂ]) .

R. Gonzalez-Jiménez

use a

Wo = 1.7 GeV 05
L =100 MeV ¢

Ghent University

—_ a2
T T
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+ 1GeV, 4deg

_____

T T T
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]:b35 e cg

= =
—
i
Q|
14°]

=<
J=
%_
g A

‘\
© "
Lo |

—
1
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W (GeV)
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QM =01GeV: ]

[

=
|
h
(]
1
!
I
|
|
1
|
I
i
I
|
|
|
[
|
|
|
|||I

=,
|
T

|- — — LEM

do/(dQ7dW) (fm’/MeV")

~~~ LEMur ?
-23 [ ¥ |
107 F o — . NuWro E
24 P T RS SR R ]
107 1.5 2 25 3
) | | [T
107 F 3
g Q' =2GeV'
107 3
10 — """"""""""""""" E
107k E
24 L . . ]
107 15 2 25 3
W (GeV)

FIG. 21. (Color online) Different model predictions
for the differential cross section do/(dQ*dW), for the
channel p(v,, u” 71)p. The incoming neutrino energy
is fixed to E, = 10 GeV.
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Cross channels: I

At ) =y (20+1) Al(t) Py(2))

¢
S— 00 ¢ — -| 25
Direct channels: >—<
2t

A(s, 1) = (20 + 1) A(S) Pu(zs) | Zs =C08bs =1+ —
¢

l : :
s—4 m2 ) Behavior at threshold (barrier factor).

A g( S) ~ Feynrr_lan diagrams provide the right
2 behavior at threshold but not at high s
R. Gonzalez-Jiménez Ghent University
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Based on unitarity, causality and crossing symmetry, Regge Theory

predicts the following high energy (s — © ) behavior for the invariant
amplitude:

A(s,t) ~ B(t) sV

a(t): Families or Regge trajectories

Regge theory does not predict the s
t-dependence of the amplitude. st

For that, one needs a model.

T Kaskulov and Mosel,

of s PRC (2010) ]
o 1 2 3 4 s s

t [GeV]
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