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The precision era of v oscillationse
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* Indication of CP violation!
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Focus of these lectures

« There is not time to cover all the interesting physics
associated with neutrino interactions

« You'll get a slightly biased choice of topics!

« We'll stay mostly qualitative, I'll try to give a conceptual
overview of the topics most relevant to ongoing experiments

« Lofts of places to learn more:

o INSS 2023 talks from Noemi and Deborah on neutrino interaction
theory and cross-section measurements

o Other INSS lecture slides

« From eV to EeV (Formaggio and Zeller)
« NUSTEC White Paper T. Golan’s thesis

« Xsecs for Oscillations (Katori and Martini) G. Megias’ thesis

« e-scat vs nu-scat (SUSAv2 group) « GiBUU based summaries (1.2)

« Semi-inclusive interactions (Donnelly talk at ECT* 2018)
(Which | liberally borrowed material from when making these slides!)

K. McFarland’s Lectures
S. Boyd's Lectures
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https://npc.fnal.gov/inss/
https://npc.fnal.gov/inss/
https://arxiv.org/abs/1706.03621
https://arxiv.org/abs/1611.07770
https://arxiv.org/abs/1912.10612
https://indico.ectstar.eu/event/19/contributions/221/attachments/293/393/Trento2018_Donnelly.pdf
https://arxiv.org/abs/0804.3899
https://warwick.ac.uk/fac/sci/physics/staff/academic/boyd/stuff/neutrinolectures/
https://warwick.ac.uk/fac/sci/physics/staff/academic/boyd/stuff/neutrinolectures/
https://idus.us.es/handle/11441/74826
https://arxiv.org/pdf/1602.00696.pdf
https://arxiv.org/pdf/1605.09391.pdf

Overwew

Neutrino Interactions: A History
o Weak interactions from Fermi to SM

« Neutrino-nucleon interactions
o QE, RES and DIS

« Neutrino-nucleus interactions
o Nuclear effects
o Therise and fall of M, = 1.3 GeV

* Neutrino event generators
o Theory inputs
o Filing in the gaps

« Neutfrino-nucleus interaction measurements
o Inclusive successes and exclusive failures

« Why do we caree¢
o Neutrino interactions for neutrino oscillations
o Neutrino energy reconstruction

« Don't Panic! The future of neutrino interaction simulations

Stephen Dolan INSS, Fermilab, August 2023



Overview

« Neutrino Interactions: A History
o Weak interactions from Fermi to SM
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Neutrinos: a desperate remedy

e [t's the summer of 1930 and B decay doesn’'t appear
to conserve energy

 a and y are emitted with discrete specira: the energy
difference between the initial and final state nucleus

* [ decays give a confinuous spectrum ...

Stephen Dolan

Intensity

INSS, Fermilab, August 2023
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Neutrinos: a desperate remedy

e [t's the summer of 1930 and B decay doesn’'t appear
to conserve energy

“At the present stage of atomic theory, however, we may say that we have no
argument, either empirical or theoretical, for upholding the energy principle in
the case of B-ray disintegrations”. Niels Bohr

« Bohr was close to giving up the
conservation of energy!

Stephen Dolan INSS, Fermilab, August 2023



Neutrinos: a desperate remedy

« Pauli writes a letter to colleagues attending @
conference in TUbingen proposing a “solution’:

N

p
“Dear Radioactive Ladies and Gentlemen, ... | have hit upon a desperate remedy
to save the law of conservation of energy. Namely, the possibility that there could
exist ... [light] electrically neutral particles. The f spectrum would then become

understandable by the assumption that [these are] emitted in addition to the
electron” Wolfgang Pauli
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Neutrinos: a desperate remedy

« He's not proud of it ...

“I have done something very bad today by proposing a particle that cannot be
detected; it is something no theorist should ever do.”
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Neutrinos: a desperate remedy

« He's not proud of it ...

“I have done something very bad today by proposing a particle that cannot be
detected; it is something no theorist should ever do.”

« He's got other things to do

“Unfortunately, | cannot personally appear in Tlibingen since | am indispensable
here in Zirich because of a ball.”
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Neutrinos: a desperate remedy

« He's not proud of it ...

“I have done something very bad today by proposing a particle that cannot be
detected; it is something no theorist should ever do.”

« He's got other things to do

“Unfortunately, | cannot personally appear in Tlibingen since | am indispensable
here in Zirich because of a ball.”

 He wagers a case of champagne
that no one would ever detect his
elusive postulated particle

Stephen Dolan INSS, Fermilab, August 2023



The Weak Interaction (1932)

« Enrico Fermi takes Pauli seriously, naming
this new particle “neutrino” (little neutral

one) and constructing a theory of f decay
Z. Physik, 88, 161 (1934)
o He constructs a new
fundamental interaction
analogous to EM but with @
different strength

n p*

o His theory also predicts neutrino
interaction cross sections

o The strength of the interaction
(Gr) can be tuned using B
decay data M — GF

Stephen Dolan INSS, Fermilab, August 2023



The Weak Interaction (1932)

* The theory can tell us the cross section for @
neutrino from B decay to interact:

Oyp (Ey~1 MeV) ~ 5x10~**cm?

« Compared to EM interactions of similar
energies:

Oyp ~ 10725¢cm?

« Suggests a ~MeV neutrino’s mean free path in steel to be
around 10 light years ...

* Fermi submitted his paper to Nature. The response:
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The Weak Interaction (1932)

* The theory can tell us the cross section for @
neutrino from B decay to interact:

Oyp (Ey~1 MeV) ~ 5x10~**cm?

« Compared to EM interactions of similar
energies:

Oyp ~ 10725¢cm?

« Suggests a ~MeV neutrino’s mean free path in steel to be
around 10 light years ...

* Fermi submitted his paper to Nature. The response:

“it contains speculations too remote from
reality to be of interest to the reader”

Stephen Dolan INSS, Fermilab, August 2023



Where can | get alof of vs ...

Frederick Reines
BURIED SIGNAL
LINE FOR
TRIGGERING RELEASE

SUSPENDED
DETECTOR

VACUUM

TANK FEATHERS AND

~~ FOAM RUBBER

ol

CIydeMCowan
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Where can | get a lot of vs ...

The idea that such a sensitive dete.ctc?r SUSPENDED \VACUUM
could be operated in the close proximity DETECTOR LINE
(within a hundred meters) of the most
violent explosion produced by man was  VACUUM FEATHERS AND

N TANK ~ RUBBER
somewhat bizarre FOAM

Frederick Reines, Nobel Lecture
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Discovery of the neutrino

« Reins and Cowan detect neutrinos from a nuclear
reactor (Savannah River) in 1956 by observing inverse
beta decay (v,p - e™n)

e Letter to Pauli:

”We are happy to inform you that we
have definitely detected neutrinos...”

« 1995 Nobel Prize

Stephen Dolan INSS, Fermilab, August 2023



Discovery of the neutrino

« Reins and Cowan detect neutrinos from a nuclear
reactor (Savannah River) in 1956 by observing inverse
beta decay (v,p - e™n)

e Letter to Pauli:

”"We are happy to inform you that we
have definitely detected neutrinos...”

« 1995 Nobel Prize

 And a case of
champagne !

Stephen Dolan INSS, Fermilab, August 2023



Discovery of the neutrino

Freduccokh PENES audt Clyte COVAN
Box 1663 , LOS Ala%or v,
Th ek ﬁ m?‘& . Ml@':z o B
K. WO Rnomn HKov Yo val’.
74«.&;

Thanks for the message. Everything
comes to him who knows how to wait.

et . )¢ T 10 U
s L...',,(‘./l@

Borrowed from K. McFarland’s INSS 2015 lectures

pA N
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https://www.ictp-saifr.org/wp-content/uploads/2014/08/INSS-2015-Lectures.pdf

Back 1o the Weak Interaction

« Fermi’s interaction works remarkably well, but the cross-section
rises linearly with energy forever!

« The modern standard model theory of weak interactions is a little
different:

Fermi _ Standard Model

Stephen Dolan INSS, Fermilab, August 2023
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« Neutrino-nucleon interactions
o QE, RES and DIS
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Beyond point-like scattering

Point-like: Masters Nucleus: very hard

homework problem /,/\.\
n p

Nucleon: mostly harmless

« Cross-Sections for point-like neutrino scattering with electrons or
quarks are relatively easy to calculate

* In most experiments, neutrinos interact with nucleons or a nucleus

Stephen Dolan INSS, Fermilab, August 2023



Beyond point-like scattering

Point-like: Masters Nucleus: very hard

homework problem -

Nucleon: mostly harmless

« Cross-Sections for point-like neutrino scattering with electrons or
quarks are relatively easy to calculate

* In most experiments, neutrinos interact with nucleons or a nucleus

* Next slides describe our baseline models for simulating neutrino-
nucleon interactions

Stephen Dolan INSS, Fermilab, August 2023



Neutrino nucleon scafttering
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Neutrino nucleon scafttering
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https://indico.stfc.ac.uk/event/227/attachments/422/695/RALSeminar20201117.pdf
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Quasi-elastic Scatteing

\\// . Let’s work with the “easiest”
Vi H neutrino-nucleon interaction: CCQE

I

W i (= charged current quasi elastic)
1
1

/\\ M W i 1 :
. p i pTACR S OLRICACRLY
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Quasi-elastic Scatteing

Let’'s work with the “easiest”
neutrino-nucleon interaction: CCQE

(= charged current quasi elastic)

ol

1 _
MN_M_Z [u”yu(l —

8 My,

Vs)uv] [ap(--- )un]

There are four parts of this
matrix element

(1) The coupling factor,

which determines the
interaction strength

%

(2) The propagator,
accounting for the w
exchange

1
My,

It also has some other
parts at higher energies

)
ALSO WHAT?
ANY

“4

(3) The leptonic current, which
helps violate Parity and ..., uh
comes from

\
- WELL, UMM...
|

... Its pretty important
in QFT

/
A\

%

3\
[ﬁuyu (1 -ys)u,]

(4) The hadronic current, it
[mumble mumble] extended

objects [mumble mumble]
THATS NOT A SENTENCE.
YOU JusT SAID ‘RADIO—

- And those are the four
parts of the matrix
element!

\ Y

Stephen Dolan
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https://xkcd.com/1489/

Equation shamelessly lifted from

T h e h O d ro n iC C U rre h-l- G. Perdue’s other 2012 INSS lecture

§ fav B8
2M

fp f3A B B
+ far?ys + 207 + 57 (B + P) s | un

fav /

(J‘|‘M

J'B =up [flv’)/ + 71—

)
=(Mp+ M) /2 a=po—Pp=Pp—P0  E=pp—pn o™ =[]

& is the difference between proton and neutron anomalous magnetic moments

« The f factors are the “form factors”

« Parameterise the nucleon as an extended object.

« The Fourier fransform of form factors represent a physical distribution

« Dipole — exponential
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https://indico.phys.vt.edu/event/21/contributions/361/attachments/266/317/Perdue-INSS2012-NuXS-L2-v3.pdf

. Equation shamelessly lifted from
T h e h O d ro n I C C U rre h-l- G. Perdue’s other 2012 INSS lecture

§fav f3v J f34
Jﬂ:uplflv’Y -y ﬁ5Q+M 0" + fa’ ’Y5+Af[ﬁ7 +3V(Ppﬁ+Pf)75 Up,
M=(My+M)/2 a=p,—Du=Py—P0 E=pp—pin o" =

Z [ AV
5 757
*  fay, fz4 Qre “second class currents”, typically set to 0

fiv, fov (vector form factors) can be extracted from electron scattering
experiments. f, can be related to f; (“Partially Conserved Axial Current Hypothesis”)

* fa., we guess the form of! Usually we take a dipole with one free
parameter: the infamous nucleon axial mass (My)
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https://indico.phys.vt.edu/event/21/contributions/361/attachments/266/317/Perdue-INSS2012-NuXS-L2-v3.pdf

Equation shamelessly lifted from

T h e h O d ro n iC C U rre n-l- G. Perdue’s other 2012 INSS lecture

€f2V 55 fp f3A

f3V 5

Jb =, [flm i 0 s+ g + fa” 75+Mqv +V(P5+Pff)75 Un,
M = (M, + M,,) /2 q=py —pu=PF,— P, § = pp — fin U“V:%hua’)’y]

*  fiv, f34 Qre “second class currents”, typically set to O

*  fiv, foy (vector form factors) can be extracted from electron scattering
experiments. f, can be related to f; (“Partially Conserved Axial Current Hypothesis”)

« f4, we guess the form of! Usually we take a dipole with one free

parameter: the infamous nucleon axial mass (M) '
rgonne (1969) -
Argonne (1973)
CERN (1977) . :

-  We usually constrain the axial form factor cemoae | e
with old bubble chamber neutrino-nucleon g:tgg::’; . .
(or light nucleus) data from the 1960s-80s. Argonne (1982) S el

Fermilab (1983) ' e

BNL (1986) f—:hf—l
* Result: My = 1GeV BAL (1967) o

BNL (1990) e

Average B

0.85 0.95 1.05 1.15 1.25
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Equation shamelessly lifted from

T h e h O d ro n iC C U rre n-l- G. Perdue’s other 2012 INSS lecture

€f2V 55
2M

I
M

57 —l—%(Pf—l—Pf)% Uy,

f3V 5

Q+M

Jip = iy [flﬂ s + far’ys + 35

M=(My+ M) /2 4=p=Du=PFy=Pu  E=py—tn o™ =L ¥
*  fay, fz4 Qre “second class currents”, typically set to 0

*  fiv, foy (vector form factors) can be extracted from electron scattering
experiments. f, can be related to f; (“Partially Conserved Axial Current Hypothesis”)

« f4, we guess the form of! Usually we take a dipole with one free
parameter: the infamous nucleon axial mass (My)

/Aside: recent lattice QCD updates LQHY% %ﬂm e I
, I Mai é ETMC20
- Recent work has allowed LQCD to 10 %T itz e
calculate the axial form factor =081

Q ?%f?

. , 0.6 1
« These suggest a dipole doesn’t work nnual Review of Nucl Sl f l] fi 1{;5
232

) ) ) 0-47particle Science 2022 72:1, 205-
\ « See Noemi's slides for more details! 0.00 025 0.50 0.75 100)

Q*/GeV?
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https://indico.phys.vt.edu/event/21/contributions/361/attachments/266/317/Perdue-INSS2012-NuXS-L2-v3.pdf

Equation shamelessly lifted from

T h e h O d ro n iC C U rre n-l- G. Perdue’s other 2012 INSS lecture

Efav s fav f f3a
Jo =, lfw’y +i i g5 + = i ¢" + far’ ’75+qu V5 +W(P5+Pf)75 Un
MZ(Mp+Mn)/2 q:pu_pu:Pp_Pn lej’p_:un U“V:%[’Yﬂavy]

*  fay, fz4 Qre “second class currents”, typically set to 0

*  fiv, foy (vector form factors) can be extracted from electron scattering
experiments. f, can be related to f; (“Partially Conserved Axial Current Hypothesis”)

« f4, we guess the form of! Usually we take a dipole with one free
parameter: the infamous nucleon axial mass (My)

o
)

—— Carbon

/Aside: recent new measurements g Nature, 614, 48-53 (2023) _..F’..h.v.,S..B*?Y9.19%..9.9..2.9,9,34.2"%

—— Hydrogen
— Total

o
=)

« Recent work permits new
measurements on free nucleons

Event Rate/degree

Events/ton/10%' POT

« Proof-of-principle from MINERVA!

0.02F

L el
0.00

. sl , Ot "
k ° T2K_Upgrode aims 'I-O fO”OW Up 00=015 0,10 -0.05 0.00 0.05 0.10 0.15 %550 10015020025030035§;20[|€A5§\?D

36, (degree)
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Llewellyn-Smith CCQE

Putting this all together gets us to the cross section

d\o (vn->Q p) M2G? c0330 [A(q’):B(q’)(s —u) C(‘L )(s_u)z]
vp->'2*n 8wE? M? M*

dig?|
(s—u=4ME + q*—m?).

Neutrino reactions at accelerator energies, Llewellyn Smith, 1972

2

~ s (1 = 1£al) + 1 (v + € v+ 1fal® + 4€Re (fiv f31))

352
T 16 favl”
1
B~ (Re(fivfi) +€ERe(fvf2)t €=y (,M P 11{2[‘24

« It's along expression, but only one unknown (in a dipole model): M

Stephen Dolan INSS, Fermilab, August 2023
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Resonant Pion Production
CCRES

CC Single Pion Production (SPP) final states

vup = prt,  Tup—pipm
I/Mn—>,u_p7r0, ?“p—>,u+n7r0

-t +o = e
vy — 0 nm, U,n— Wi nm

D. Rein and L. Sehgal, Ann. Phys.
133, 79 (1981)

Neutrinos can excite a nucleon into a
resonance state, which decays to give a
nucleon + meson final state

The dominant resonance is A(1232) but
others can conftribute, as can non-
resonant pion production

And the conftributions from each should
have interference terms ...

Resonance models are complicated!

Whilst CCQE scattering on the nucleon
can described fully with 1 variable the
multi-particle final state for SPP requires 4.

do Contains polar
and azimuthall

dWdQ2dQ, “  ande

Stephen Dolan INSS, Fermilab, August 2023



Resonant Pion Production

CCRES Current Matrix Elements from a Relativistic Quark Model*

R. P. Feynman, M. Kislinger, and F. Ravndal
Lauritsen Labovatovy of Physics, California Institute of Technology, Pasadena, California 91109
(Received 17 December 1970)

« The model’s used in foday’s neutrino experiments
are based on an approximate model from the 1970s

ficing theoretical adequacy for simplicity. We
shall choose a relativistic theory which is naive
and obviously wrong in its s’»imglicigxI but which
is definite and in which we can calculate as many
things as possible - not expecting the results to

agree exactly with experiment, but to see how

closely our “shadow of the truth” equation gives

a partial reflection of reality. In our attempt to
maintain simplicity, we shall evidently have to
violate known principles of a complete relativistic
field theory (for example, unitarity). We shall
attempt to modify our calculated results in a gen-
eral way to allow, in a vague way. for these errors.

Stephen Dolan INSS, Fermilab, August 2023



Resonant Pion Production

CCRES Current Matrix Elements from a Relativistic Quark Model*

R. P. Feynman, M. Kislinger, and F. Ravndal
Lauritsen Labovatovy of Physics, California Institute of Technology, Pasadena, California 91109
(Received 17 December 1970)

« The model’s used in foday’s neutrino experiments
are based on an approximate model from the 1970s

gence of the axial-vector current matrix elements. Starting only from these two constants,
the slope of the Regge trajectories, and the masses of the particles, 75 matrix elements are
calculated, of which more than § agree with the experimental values within 40%. The prob-

ficing theoretical adequacy for simplicity. We
shall choose a relativistic theory which is naive
and obviously wrong in its ..'?»imgliciszI but which
is definite and in which we can calculate as many
things as possible - not expecting the results to

agree exactly with experiment, but to see how

closely our “shadow of the truth” equation gives

a partial reflection of reality. In our attempt to
maintain simplicity, we shall evidently have to
violate known principles of a complete relativistic
field theory (for example, unitarity). We shall
attempt to modify our calculated results in a gen-
eral way to allow, in a vague wav, for these errors.
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Resonant Pion Production
CCRES

 New theory calculations tuned to precision electron
scattering data are on the horizon
o E.g.: MK model at NUINT 2022

« The axial component remains a challenge

cosf,*=0.9 cosf,*=0.7 cosf,* =0.5 cosf,* =0.3 cosf,* =0.1
o)
=
1=
¥
B
3lIg
W cosf,* =-0.1 cosf,* =-0.3 cosf,* =-0.5 cos0,* =-0.7 1.2 14 1.6
o i B N —— J-lab data
S o — MK model
ol 1= — — —
M 68% Cl
0
IrgwperiaI1C20II<ege1L“'ondont6 ! 2 4 61 1\7\/ (dé\/)’lin%% Kgabirnez1h2ad 4 16
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https://indico.cern.ch/event/881216/contributions/5048824/attachments/2537315/4367139/NuInt2022.pdf
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Deep Inelastic scattering

CCDIS

« Given enough energy, neutrinos can resolve the
quarks within a nucleon. This is deep inelastic
scattering.

« At high energies, the inclusive (i.e. integrating
over possible hadronic final states) cross-section
is fairly well understood (perturbative QCD):

Stephen Dolan INSS, Fermilab, August 2023



Deep Inelastic scattering
CCDIS

« Given enough energy, neutrinos can resolve the
quarks within a nucleon. This is deep inelastic
scattering.

« At high energies, the inclusive (i.e. integrating
over possible hadronic final states) cross-section
is fairly well understood (perturbative QCD):

nucleon Hadron
Shower

d?ov:V B G%]\/IE,,
dedy  m(1+ Q2/]V[€V’Z)2

Bjorken x and y - The F;(x, Q%) are nuclear structure functions,
Qo which are dimensionless and encompass the

T ~ 2Mv ~ 2ME,y quark structure of nucleons

Y = Ehaa/E,

« The first two can be measured with e-scattering,
the last one is from the weak VA interference
term: only accessible with neutrinos!

Q?* = —mi +2E,(E, — p, cosb,)
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https://arxiv.org/abs/1012.0261

Deep Inelastic scattering

CCDIS +  Atlow energies (or actually low Q2) QCD

becomes non- perturbative.

« Bodek-Yang: extrapolate down to low Q2
assuming some parametrised scaling. Fix the
details with e-scattering, apply to v- scattering

« But this is an empirical treatment that comes

nucleon Hadron

Shorrer with uncertainties

e
)
o

ol

g [ ". -un \ .

5 L= w — No Correction

T 02 -

% % NH K _'n-:-:-'

8/gi1s- :" M NEUT Simulation

0.1 a8
— L |
. \ qﬁh‘h@

0.05

gag ¥

0 0.5 1 15 2 25 3 35 4 45 5
Q2% (GeV)
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https://arxiv.org/abs/1012.0261

https://arxiv.org/abs/1012.0261

Deep Inelastic scattering

CCDIS

The hadronic side of DIS interactions requires
more empirical freatments

Often the PYTHIA generator is used, but this is
really built for much higher energies than used in
most neutrino experiments

T. Katori

Stephen Dolan INSS, Fermilab, August 2023


https://arxiv.org/abs/1012.0261

https://arxiv.org/abs/1012.0261

Deep Inelastic scattering

CCDIS « The hadronic side of DIS interactions requires

more empirical treatments

« Often the PYTHIA generator is used, but this is
really built for much higher energies than used in
most neutrino experiments

nucleon Hadron

“I would not trust PYTHIA for anything with less than 6 pions”

S. Prestel (a PYTHIA author)

Stephen Dolan INSS, Fermilab, August 2023


https://arxiv.org/abs/1012.0261

x10°

Future (“°Ar)

Yearly rate
o
[
1 L) l T

0.1

—CC-INC 1
S BND —ccae+2p2n |
—CC-RES |
— CC-Nn 1
— CC-DIS

3 4
W (GeV)

Yearly rate
1 T L) T T

0.5

— .

—CCINC |
DUNE —ccaes2p2n -
—CC-RES -
~CC-Nn
—CC-DIS

1 2

Dragons!

W (GeV)

« Low-W, CCOm and A region
well covered by SBN data

* Timely data to guide
ongoing theory efforts

« DUNE (ND here) has a
significant high-W
component

* Not well covered by theory

* No relevant data on “°Ar

23

W = hadronic invariant mass

C. Wilkinson, NuPhys 2018

Stephen Dolan

INSS, Fermilab, August 2023



Escaping the dragons: 2x2 and ICARUS

A prototype DUNE “2x2” detector is now ICARUS sees the “NuMI” beam with
operating in the “NuMI” beam energies that overlap better with DUNE’s

Pixelated charge readout 1 ‘*— - L ol
(anode) 1 © | GENIE AR23_20i, DUNE flux |
I 4
1 Q 0.03 _— Total (CC) 'i
|
I i QE ]
1 L i
; 0.02 - i
I i i
Light | I |
detectors I | |
! 0.01 —
| - |
1 L ! il
I N h
x1 03 I 0 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 !
o) [T T T T T | (} 1000 2000 3000 40p0 5000
© ~CC-INC ! I MeV
© . ! & [MeV]
% B —CC-On 2)(2 NUMI 1 ! 3 Preliminary CARUS Simulation -
8 3 =CC-n I 5 20 ﬂo' L | LI L B SR g
—CC-2n 1 - v,CC,L 250em ]
> i CC->21 1 80- i N U MI VIJ .5, ccQE (39%)
i 1 = | I .5, CC RES (33%)
o} 1 § 15/ B .7, cCDis (18%)
B I @ [ v,4¥, CC MEC (9%) |
| t=3 E
[ ! -
| 1 5}
T ] | g
. 1 8
- I >=_
ﬁ%‘ |
0 1 1 1 1 I
|
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https://indico.cern.ch/event/881216/contributions/5048774/attachments/2537336/4367180/NuInt_Seoul_Korea_YifanChen_2022_10_28.pdf

Summary so far

«  Weak Interactions with neutrinos
o Point-like scattering is “easy” to calculate
o Interactions with nucleons is more challenging due to their finite extent

Stephen Dolan INSS, Fermilab, August 2023



Summary so far

«  Weak Interactions with neutrinos
o Point-like scattering is “easy” to calculate
o Interactions with nucleons is more challenging due to their finite extent

* Neutrino-nucleon interactions
o QE: almost calculable with some form factors
o RES: much more difficult, lots of diagrams to consider
o DIS: easy for inclusive high Q2 hard at low Q2 hadronic side a total guess

Stephen Dolan INSS, Fermilab, August 2023



Overview

« Neutrino-nucleus interactions

o Nuclear effects

o Therise and fall of M, = 1.3 GeV

pion Production

Elastic
Scattering

Absérption

Stephen Dolan

INSS, Fermilab, August 2023




Beyond nucleon scattering

Point-like: Masters Nucleus: very hard

homework problem /,/\\
n p

Nucleon: mostly harmless

« For few-GeV neutrino interactions with nuclei, the impact of nuclear
physics processes cause leading-order alterations from the nucleon
scattering case

 |leave most details to Noemi's talks

Stephen Dolan INSS, Fermilab, August 2023



Nuclear effects in a nutshell

« Fermi Motion o
012 RFG =—— |1
o Nucleons are moving targets o 041} LFG — |-
o Their momenta are not so different g 0.08 | SF — |
fhan typical E, for our experiments ... 8 (g |
£ oo04}
0.02 |
0

0O 0102 03 04 05 06 0.7 0.8
Nucleon momentum [GeV/c]

‘. q
-~ @
W ]
°. @
o -
o 0 ¢
o
Fermi
Motion
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Nuclear effects in a nutshell

=100

[0
o

[«2]
o

N
o

* Nuclear removal energy
o Nucleons are bound inside the nucleus

Removal Energy (Enmiss) [MeV
I
o

0 L1 1 11
0 50 100 150 200 250 300 350 400
Nucleon momentum (pmiss) [MeV /c]

o Some amount of energy is needed to

free them 5100 T T T
_ = 0 RFG |

o Most models predict that removal energy % g
and Fermi motion should be correlated 5 60 [ -
[ ]

?40 — -

4 - i

23] _

T 00 7

S -

Eo NP I B R PR PP N

= 0 50 100 150 200 250 300

Nucleon momentum (pmiss) [MeV /c]
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https://www.sciencedirect.com/science/article/abs/pii/0375947494909202?via%3Dihub

Nuclear effects In nu’rshell°"”w°"%°e

Scattering

Abs&rption

pion Production

&

-
 Final Stat Interactions (FSI) \V.\/.l/
o Hadrons don't exit the nucleus cleanly
o They can re-interact inside the nucleus w
o Distorts kinematics and changes the final state topology @ 7:7
. . . . n .e p
o Full calculation also changes inclusive cross section — ¢ .*n': —o

Stephen Dolan INSS, Fermilab, August 2023



Nuclear effects in a nutshell

« Multi-nucleon Interactions

o Nucleons are interacting with each other
inside the nucleus

o Some interactions are with nucleons
bound together somehow

o Multi-nucleon “2p2h” final states

N. Rocco INSS 2019

Stephen Dolan INSS, Fermilab, August 2023


https://indico.fnal.gov/event/19346/contributions/51548/attachments/32048/39314/Noemi_Rocco_Lepton_nucleus_cross_section_theory.pdf

Nuclear effects in a nutshell

Phys. Rev. C 70, 055503“2}\

- Additional Correlations
o ‘longrange” intferactions between v

nucleons can act to shield target = %6¢ ' ' ' -
8 - 0.98 < cos 6 <1.00 .

o Difficult physics, usually 2 05 CRPAGENIE
. . > r &« e === GENIE w RPA n
parameterised and freated via 8 o4l iphi. e GENIEWORPA
"RPA" (random phase approximation) E - —— T2K Data -
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T2 020 o Tl e e ]
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Nuclear effects in a nutshell

Phys. Rev. C 100, 045501
IIIIIIIIIIII I LI

Z]()I.9”<|c:os9I < l.d
W PB// ,

(U8}
)

(\®

-
i~
g
<
O
-
oo

i
[E—

-
T L

1

-

do/(dcos®. dT )(10” cm’/GeV)

Pauli Blocking A / 4
o Nucleons cannot be excited info nuclear — O
states that are already filled B

A
o Reduction of cross section af low energy v v

transfer Borrowed from K. McFarland’s INSS 2014 lectures

Stephen Dolan INSS, Fermilab, August 2023


https://indico.cern.ch/event/300715/contributions/686791/attachments/566741/780675/INSS_2014.pdf

Conseqgquences of nuclear effects

« Altered cross section

o Nuclear effects significantly alter the cross
section with respect to the nucleon case

Stephen Dolan INSS, Fermilab, August 2023



Conseguences of nuclear effects

« Altered cross section

o Nuclear effects significantly alter the cross
section with respect to the nucleon case

Fermi motion spreads the cross
section, removal energy shifts it!

Response /
LN

100
N
=)
— 80
3
Nucleus LL‘]E 60
> —
w >
/ = 40
1 Q
1 <
1 = 20
I ' 3
|| 4 Nucleon 2
1} . IS Ol b b b
3 \ M2 / w & 0 50 100 150 200 250 300 350 400
Q %\ N Nucleon momentum (pmiss) [MeV /c]
=
300 MeV

Fig. from N. Jachowicz
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https://indico.mitp.uni-mainz.de/event/324/contributions/4413/attachments/3252/3941/jachowiczmainz.pdf
https://www.sciencedirect.com/science/article/abs/pii/0375947494909202?via%3Dihub

Conseqgquences of nuclear effects

« Altered cross section

o Nuclear effects significantly alter the cross v " ”
section with respect fo the nucleon case N U @ +
RPA and Pauli blocking further suppresses Q

the cross section at low energy transfers .
Low energy fransfer region
L DL L L AL L L \' L A

Response 0.6 .
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https://indico.mitp.uni-mainz.de/event/324/contributions/4413/attachments/3252/3941/jachowiczmainz.pdf

Conseqgquences of nuclear effects

« Altered cross section

o Nuclear effects significantly alter the cross
section with respect to the nucleon case

2p2h adds a contribution where there
previously wasn't any “the dip region”

Response
Elastic
QE A

Nucleus

w

Nucleon

5N
2 Same? w

300 MeV
Fig. from N. Jachowicz
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https://indico.mitp.uni-mainz.de/event/324/contributions/4413/attachments/3252/3941/jachowiczmainz.pdf

Conseqgquences of nuclear effects

« Altered cross section

o Nuclear effects significantly alter the cross

) i Electron scattering data
section with respect to the nucleon case
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https://indico.mitp.uni-mainz.de/event/324/contributions/4413/attachments/3252/3941/jachowiczmainz.pdf

Conseqgquences of nuclear effects

« Altered cross section

o Nuclear effects significantly alter the cross
section with respect to the nucleon case

Charge Exchange Y
Elastic
Scattering

« Altered hadronic final state

o Final state interactions hide/distort the

S e e
interaction channel
Interaction Interaction
Modes Topologies
CCQE CCRES ~
v l v l T~ \\//cco
1 \/ wi n
CCQE (CCQE-like)
/:/\;\ /'/@\‘\
w w
>3 - v
n e S% P n ..77.;9 \/ CCln
¢ T > 40n‘+\o CCRES | ‘ wi (CCRES like)
Final state interactions (FSI) can cause different interaction - " f
modes fo have the same final state ] ol CCOm+Np
2p2h | P —’/@/p( (N>0)
?\ n p?
€]
P

65
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Example: nucleon axial mass “puzzle”

« Some heavier nuclear target
experiments also try to measure M,

« The MiniBooNE experiment (carbon-
based target) prefers a much
higher M, to the bubble chambers

= 2.5
8 o ANLPRD16,3103(1977,D, o  GGM,NC A38, 260 (1977), CH,CF Br
S o BEBC,NPB343,265 (1990, D, o  MiniBooNE, PRD 81, 092005 (2010), C x107°° | MiniBooNE vs. NOMAD v, CCQE cross section on 2C target (per nucleon)
= 2 a BNL PRD 23,2499 (1981), D, 4 NOMAD, EPJ C63, 355 (2009) —
c e FNAL PRD28,436(1983,D, v  Serpukhov, ZP A320, 625 (1985), Al 16 = (b) —%— NOMAD data with total error
o ——— NUANCE (M, =10 GeV) % SKAT, ZP C45, 551 (1990), CF Br 14 = i T R
g [ d E 10
o - YA = & 3 =g MiniBooNE data with total error
= T o S - RFG model with M{'=1.03 GeV, =1.000
— 4= RFG model with M™"=1.35 GeV, x=1.007
.Q' - p | S — Free nucleon with M 1=1.03 GeV
(R 10" 1 10 Ev (GeV)
c N
- el ] Ll
< 0 -1 2
5 10 1 10 10
E, (GeV)

J. A. Formaggio and G. P. Zeller Rev. Mod. Phys. 84, 1307
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The nucleon axial mass “puzzle”

«  What MiniBooNE really measured wasn't CCQE, they just looked for
inferactions with no mesons in the final state

Stephen Dolan INSS, Fermilab, August 2023



The nucleon axial mass “puzzle”

«  What MiniBooNE really measured wasn't CCQE, they just looked for
inferactions with no mesons in the final state

This should include contributions from 2p2h (and FSI with pion

absorption)!
Interaction Interaction
Modes Topologies
CCQE v cCom

. (CCQE-like)

\.\/ \‘\// cCim

CCRES wi (CCRES like)
Charge .Exchange .n‘ Elastic
Scattering /<
Vy H Vu '

4 [ wl ' CCOm+Np
/. 2p2h p — /@(P\/ (N>0)
Absorption //n

e o ’\. ! »

Pion Production P
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The nucleon axial mass “puzzle”

c (cmz)

interactions with no mesons in the final state

absorption)!

If we only consider CCQE, M,;~1.3 GeV

x10°%°

16 Phys. Rev. D 81, 092

14E (a) ys. Rev. D 81, 092005

12

105 bt T
St MiniBooNE data with shape error
6 i —=—— MiniBooNE data with total error
4= RFG model with Mf{f=1.03 GeV,x=1.000
Viss RFG model with M$'=1.35 GeV,x=1.007
8406 08 1 12 14  EgER Gy

ol(A-Z) [10¥ em]

What MiniBooNE really measured wasn't CCQE, they just looked for

This should include contributions from 2p2h (and FSI with pion

But with 2p2h, M, is compatible with 1.0
GeV suggested by bubble chambers

&S—r—T 7T % 1 0 1 1 U T T G I S
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12 - '"‘ _ H{‘ S Gl
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) e e
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2t Phys. Rev. C 80, 065501 |
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The nucleon axial mass “puzzle”

Dramatic Conclusion

* For the first time, we have multiple
observables pointing to a two body current

. . muon cosé 0.70 - 0.80
contribution to CCQE Zop
GENIE 7 production modified > 02 3 - Nieves et al.
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|dentified also
by MINOS

It’s Hammer time!

Two protons
back-to-back

Wire rumber

21 November 2015 NuINT15 QE Summarv: KSM. JN. RW

» It’s time to say goodbye

Nuint 2015 Summary .
to MAeffectlve

by Kevin McFarland
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Overview

UNIVERSAL NEUTRINO GENERATOR

GIOBAL
—

NuWro

* *

~ o
v ’n
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I.ino E\l

M B},

« Neutrino event generators
o Theory inputs
o Filing in the gaps
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Meet the generators

ﬁfxperimen’rs model all this using neutrino interaction event genercﬂors\

L, Nl | e

S “ [EEEXH

GENIE \NuWro ACHhilLES GiBUU Y
*

* Very widely used

* Used by T2K, 3K, Hyper-K - Large dev team separate
« Updated according to from experiments
experiments needs

« Wide range of models available
* Driven by theory
 Few developers
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Meet the generators

ﬁfxperimen’rs model all this using neutrino interaction event genercﬂors\

7 NuWro [ amams gmms 3 gmam
* * Poit e et 8o B e e
L L
~ Yo |
3 v
o © i
0 -
by \ V/ °
c
s \ o ;
= / © -
1 . &
°°t R
oA ri no 3 N

UNIVERSAL NEUTRINO GENERATOR

GENIE NuWro ACHhiIILES GiBUU
2 i /

New generator from theorists
Only QE for the moment, but with novel FSI
e/nu-scattering equivalence built in from the ground-up

« Full theory in its own right

« Predicts nu/e/hadron scattering in the same framework
« Very different philosophy to other generators

 Few developers
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Meet the generators

ﬁfxperimen’rs model all this using neutrino interaction event generators\

Id
NuWro | oo s
. N ‘ PATar
- g ETH
~ Yo
Y »
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Ing L
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/ ©
’l«o “
¢ ®
tp; e
UNIVERSAL NEUTRINO GENERATOR n [+ €

GENIE NuWro ACHhilLES GiBUU /

« To be used in experimental analyses, generators must be able
to produce fully exclusive neutrino interactions. |.e.:
o The full list of final state particles
o The 4-momentum of each one
o For all interaction channels

Stephen Dolan INSS, Fermilab, August 2023



Meet the generators

ﬁfxperimen’rs model all this using neutrino interaction event generators\

s NuWro | ———
* * PR B
- aem
IS e \
v »
° © it
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, V o :
® o i
4 ¢ P
ri no 3 ~N

UNIVERSAL NEUTRINO GENERATOR

GENIE NuWro ACHhilLES GiBUU /

« To be used in experimental analyses, generators must be able
to produce fully exclusive neutrino interactions. |.e.:
o The full list of final state particles
o The 4-momentum of each one
o For all interaction channels

« The generators take theory inputs where possible, but ultimately
ad-hoc approximations to “fill in the gaps” are needed

75
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Theory inputs

« Generators take theory inputs where possible
« But theory inputs are limited in what they can predict

- Typical inputs include:

o Nucleon-level calculations
o Inclusive calculations (only predicts outgoing lepton kinematics)
o Factorized calculations

o Exclusive calculations

Stephen Dolan INSS, Fermilab, August 2023



Neutrino-nucleon calculations

The most basic inputs are only neutrino-
nucleon calculations: no nuclear effects

do. (vn->2 P) M?G? cos? 0, [A(q3)¥8(q2)(s —u) , C(q’)(s—u)’]
M?

1% I dlq | “wp-'2*n 8wE2 M
TS N— — (s—u=4ME,+q*-m?).
w Generators are forced to “dress” the
interaction with nuclear effects themselves
n p
L 4
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Neutrino-nucleon calculations

The most basic inputs are only neutrino-
nucleon calculations: no nuclear effects

&.( vn->Q~ p) M2G? COSze [A(q2)$8(q2)(s u) C(qz)(s_u)z]
M?

1% I dig?| “pp->'2*n 8wE2 M
TS N— — (s—u=4ME,+q*-m?).
w Generators are forced to “dress” the
interaction with nuclear effects themselves
n p
L 4

This is often still the level of input we work with

E.Q.:
CCQE GENIEV2 or NEUT's “Smith-Moniz” Fermi gas model
All RES interactions in GENIE or NEUT
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|nC|USi\/e CO'CU‘OTIOHS All of the nuclear

dynamics lives in here

Inclusive calculations come “pre-
integrated” over hadron kinematics
2 2 .=
dAO-Vl |k | G MJ‘W,LLO\"
dQ(F)dE, K] i

\// E.g. Inclusive quasielastic charged-current neutrino-nucleus

reactions, J. Nieves et al, 2004

g w Nuclear effects are “baked in” to the
g model used for the integration
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Inclusive calculations

dynamics lives in here

Inclusive calculations come “pre-
integrated” over hadron kinematics

2 2 =
d Oy |k | G JW’U‘U'

A I /
dORE] |k AT
\/ E.g. Inclusive quasielastic charged-current neutrino-nucleus

reactions, J. Nieves et al, 2004
g w Nuclear effects are “baked in” to the
. & model used for the integration
n .. ®- p
& 2 |t 2 ' '
@ é —@ d‘UVI = KIEMG 2W,sin’ i+ Wscos? 29
®- dO (k") dE] LS 2 2
E,+E] .0 m; ,
- W; o, sin ?+E(E'—_+.|/;'|) W, cos@
. . . ! 1\Eq
Integrating over the nucleon kinematics » W (o) B
. . ’ 3 v ’
makes this calculation more tractable: ~~Feos +7< IM,. - 'cosa)
« Needs 6 "structure functions” built from 5 hadron +@(m_fcos g+ 2ELE D 3)
tensor elements dependent on two variables 2 \M; :
—WE—;+|];’|] 10
STOM, (10)
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Inclusive calculations

dynamics lives in here

Inclusive calculations come “pre-
integrated” over hadron kinematics
d20',,1 |k | G2 7N

) ) ) WHO
Only predicts lepton kinematics! - ;u; _ s
P "S_ dORE] |k AT
- ‘[—}- ——————— ~
(\ l @ ,\ E.g. Inclusive quasielastic charged-current neutrino-nucleus
T - reactions, J. Nieves et al, 2004
g w Nuclear effects are “baked in” to the
. & model used for the integration
n '. ®- p
& AR Al 2 ' ’
& é —@ dZAO-VI = KIEMG 2W,sin’ i+ Wcos? 29
- dO (k") dE] LS 2 2
E,+E] .0 m; [ )
- W; sin>— + ——————| W, cosf
: : . My 2 EjE k)
Integrating over the nucleon kinematics » W (P EAE
makes this calculation more tractable: = cos 9'+73< A A 9’)
« Needs 6 "structure functions” built from 5 hadron +%<m—]2cos 0,+2E:(E1+Ik'l) 9)
tensor elements dependent on two variables 2 \M; :
—-W. E—“"”] 10
STOM, (10)
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|nC|USi\/e CO'CU‘OTIOHS All of the nuclear

dynamics lives in here
Inclusive calculations come “pre-

integrated” over hadron kinematics

d20',,1 |k | G2 7N

) . ) WK )
Only predicts lepton kinematics! - ;u; _ s
T_ dORE] |k AT
- ‘[—}- ——————— ~
(\ - l @ ,\ E.g. Inclusive quasielastic charged-current neutrino-nucleus
T - reactions, J. Nieves et al, 2004
g w Nuclear effects are “baked in” to the
. & model used for the integration
. : ’ 2 k'|E]M,G? / /
& é —@ d‘UVI =| [ELM, 2W,sin’ i+ Wcos? 29
. dO(k')dE, LS 2 2
E,+E] .0 m; [ ,
- W; sin>— + ——————| W, cosf
s e M; 2 Ej(E]+|k'])
This is what we have for most 2p2h and some Bl BB
W W I+ ’ + ’
CCQE models -~ Feos 9'+73< = heos 9')
E.g.: : ’
SUSA or Valencia 2p2h . %(’"_122 cos 8 + M 9)
SuSAv2 or CRPA in GENIE v3 2 \M; {
. E_w] .
STOM, (10)
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Exclusive calculations

Exclusive model: can describe all
final state particle kinematics

\ 12}
@ /
\ n @ - p /
A ¥ —®
N ®- -
’
S o _

R
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Exclusive calculations

All of the nuclear dynamics still lives in here
Exclusive model: can describe all \

final state particle kT?Tci’rlcs A5, ) O(I;V“‘\"
N -7 ~~. aQ(k)dQ(py)dEyr Moo
7’ N\
e vV [ N

/ ~— \\ E.g. Semi-inclusive charged-current neutrino-nucleus reactions, O.
\ Moreno et al, 2014

/ \
I 1
i W , But now there's 10 tensor elements ...
! I
‘\ e @ I W~ VeeWini+ VerWemi + ViLWaemi
°- / i ” -
\\ n 0 - p / +VTWSle + VTTW_Z;Z” + VTcwg‘;?m +Vrr W_z:_,f‘m
*— ¢ ~@®
\ ’ -~
h N v / ’ anWuu ~ VT’ Wsemt + VTC' W.Z:z?ni = VTL’W.;I;efm
7’
~ >

. and these become challenging to calculate

« Some models can do this, e.g. Relativistic Mean Field (RMF)
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Exclusive calculations

All of the nuclear dynamics still lives in here
Exclusive model: can describe all \

final state particle kT?Tci’rlcs A5, ) O(I;V“‘\"
N -7 ~~. aQ(k)dQ(py)dEyr Moo
7’ N\
e vV [ N

/ ~— \\ E.g. Semi-inclusive charged-current neutrino-nucleus reactions, O.
\ Moreno et al, 2014

/ \
I \
i W , But now there’s 10 tensor elements ...
! I
‘\ e @ I LW ~ VeeWiai+ VorWemi + VLW
°- / - ” -
\ n 0 - p / +VTWSle + VTTW_Z;?M + VT0W£9M +Vrr W_Z;_,f‘m
\\ '/ ‘ ’ ' ~
h N v / ’ anWuV ~ VT’ Wsemt + VTC' Wg:zsu = VTL’W.;Ie;fm
7’
~ -

. and these become challenging to calculate

« Some models can do this, e.g. Relativistic Mean Field (RMF)

No generator model does this
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Factorized Calculations

Plane Wave Impulse Approximation (PWIA)

Exclusive model: can describe all
final state particle kinematics

- If we assume an inferaction with a single,
N~ N non-relativistic nucleon and that there’s
7y I \ no FSI or RPA correlations we can write

S TS— v the cross secftion like this:

/ \ 50.
\ ve ~S(E P )L,y WS(w + M — E ,
W : d.Q(k )dQ(pN)dE{; ( m pm) uv ( m = p)

/ Slngle nucleon tensor

A o ."‘}"’/ “Spectral Function” contraction
70 (no nuclear effects)
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Factorized Calculations

Exclusive model: can describe all
final state particle kinematics
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Nucleon momentum (Pmiss) [MeV /c]

®* ><1}T"

Plane Wave Impulse Approximation (PWIA)

If we assume an interaction with a single,
non-relativistic nucleon and that there's
no FSI or RPA correlations we can write
the cross section like this:

\ So-v{’

\ ~S(E,,, L, W&(w+M—E ,
: d.Q(k )d.Q(pN)dEg ( m pm) /1% ( m p)

Slngle nucleon tensor
contraction
(no nuclear effects)

“Spectral Function”

This is what some newer generators use for CCQE -
some predictive power for nucleon kinematics. An FSI
cascade is added on top ad hoc but this only affects
the nucleon.
E.g.

SFin NEUT

SFin NuWro

Starting point in Achilles

Fermi-gas QE in GENIE v3

Stephen Dolan
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What can | calculate@¢

« Summarising what the theory inputs give us:

Theory input  What kinematics
can | calculate?

Nucleon-level Lepton and nucleon

calculation before FSI
Inclusive Lepton only

calculation

Factorized Lepton and nucleon

calculation before FSI
Exclusive Lepton and nucleon

calculation

* Possible to include in an ad-hoc way, but doesn’t reliably allow for a calculation for
alteration of outgoing nucleon kinematics See e.g.: Phys. Rev. D 91, 033005
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What can | calculate@¢

« Summarising what the theory inputs give us:

Theory input  What kinematics How accurate is
can | calculate? the calculation?

Nucleon-level Lepton and nucleon Do not trust!
calculation before FSI
Inclusive Lepton only As accurate as the
calculation underlying theory
Factorized Lepton and nucleon  Approximations can
calculation before FSI limit predications
Exclusive Lepton and nucleon  As accurate as the
calculation underlying theory

* Possible to include in an ad-hoc way, but doesn’t reliably allow for a calculation for
alteration of outgoing nucleon kinematics See e.g.: Phys. Rev. D 91, 033005
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What can | calculate@¢

« Summarising what the theory inputs give us:

Theory input  What kinematics How accurate is FSI/RPA?
can | calculate? the calculation?
Nucleon-level Lepton and nucleon Do not trust! Not included
calculation before FS
Inclusive Lepton only As accurate as the Can be included
calculation underlying theory
Factorized Lepton and nucleon  Approximations can Not without
calculation before FSI limit predications approximations*
Exclusive Lepton and nucleon  As accurate as the Can be included
calculation underlying theory

* Possible to include in an ad-hoc way, but doesn’t reliably allow for a calculation for
alteration of outgoing nucleon kinematics See e.g.: Phys. Rev. D 91, 033005
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What can | calculate@¢

« Summarising what the theory inputs give us:

Theory input

What kinematics
can | calculate?

How accurate is
the calculation?

FSI/RPA?

Example use in
generators

Nucleon-level
calculation

Inclusive
calculation

Factorized
calculation

Exclusive
calculation

Lepton and nucleon
before FSI

Lepton only

Lepton and nucleon
before FSI

Lepton and nucleon

Do not trust!

As accurate as the
underlying theory

Approximations can
limit predications

As accurate as the
underlying theory

Not included

Can be included

Not without
approximations*

Can be included

Most nonQE/2p2h +
older QE calcs.

Most 2p2h, SuSAv2 /
CRPA QE in GENIEvV3

SFQE in NEUT, NuWro,
AChilLES. Default QE in
GENIEv3

Not yet available

* Possible to include in an ad-hoc way, but doesn’t reliably allow for a calculation for
alteration of outgoing nucleon kinematics

Stephen Dolan

INSS, Fermilab, August 2023
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Filling In the gaps

« Generators take theory inputs where possible, but we found

these are often limited:
« Only capable of predicting a subset of observables
« Only valid within some range of kinematic phase space
* Only valid for certain processes

* Need to “fill in the gaps” to get to a useable event simulation
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Filling In the gaps

« Generators take theory inputs where possible, but we found

these are often limited:
« Only capable of predicting a subset of observables
« Only valid within some range of kinematic phase space
* Only valid for certain processes

* Need to “fill in the gaps” to get to a useable event simulation

Stephen Dolan INSS, Fermilab, August 2023



Example: 2p2h

Theory give us:

dqodqs

d8o

dqodqsdp,dp,

GENIE predicts:

e Howl?
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Example: 2p2h

« Theory give us:

dQOdQ3
GENIE predict d’o
Predichs. 4qodqsdp.dp,
« Howl? 0.14
0.12 t
2 01}
5
> 0.08 |
S 006}
S
Z 004}
0.02 |
0

0 01 0203 04 05 06 0.7 0.8
Nucleon momentum [GeV/c]
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Summary so far

«  Weak Inferactions with neutrinos
o Point-like scattering is “easy” to calculate
o Interactions with nucleons is more challenging due to their finite extent

« Neutrino-nucleon interactions
o QE: almost calculable with some form factors
o RES: much more difficult, lots of diagrams to consider
o DIS: easy for inclusive high Q2 hard at low Q2 hadronic side a total guess

« Neutrino-nucleus interactions
o Nuclear effects: there are lots of them, they significantly change the cross section
o Not all models can predict everything!
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Summary so far

«  Weak Inferactions with neutrinos
o Point-like scattering is “easy” to calculate
o Interactions with nucleons is more challenging due to their finite extent

« Neutrino-nucleon interactions
o QE: almost calculable with some form factors
o RES: much more difficult, lots of diagrams to consider
o DIS: easy for inclusive high Q2 hard at low Q2 hadronic side a total guess

« Neutrino-nucleus interactions
o Nuclear effects: there are lots of them, they significantly change the cross section
o Not all models can predict everything!

« Neutrino event generators
o Many generators on the market, each with different use cases
o Take theory where possible, but need to “fill the gaps” for a complete calculation
o This limits generators predictive power (details next lecturel)
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Backups
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 Discussed neutrino-nucleon
inferactions

« Butit's been along time since
we've measured this process!

« Almost all modern experiments
use nuclear targets

§1.4 § 0.4

o >0.35

%1.2 L

g 1 $° 0-3

= 20.25

w08 u 9.2

c c

%0-6 20.15
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g a 0.1

00.2 ©0.05 ,

(] (&) .,

> 0 e Sy S 1> al TSI | P . T sl ——
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E, (GeV) ;. A Formaggio and G. P. Zeller Rev. Mod. Phys. 84, 1307 Ev (GeV)
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Resonant Pion Production

CCRES Current Matrix Elements from a Relativistic Quark Model*

R. P. Feynman, M. Kislinger, and F. Ravndal
Lauritsen Labovatovy of Physics, California Institute of Technology, Pasadena, California 91109
(Received 17 December 1970)

« The model’s used in foday’s neutrino experiments
are based on an approximate model from the 1970s

gence of the axial-vector current matrix elements. Starting only from these two constants,
the slope of the Regge trajectories, and the masses of the particles, 75 matrix elements are
calculated, of which more than § agree with the experimental values within 40%. The prob-

ficing theoretical adequacy for simplicity. We

shall choose a relativistic theory which is naive ’ The mOdel |ﬂC|U.deS Its OVYﬂ form fCICTOI'S,
and obviously wrong in its simplicity, but which iIncluding an axial part with an analogous

is definite and in which we can calculate as many H Y H H
things as possible - not expecting the results to MA (Ond an additional UncerTOmTy n the

eres cxaclly T caverinert. bt to gee how form factor numerator) , £ (0)
closely our “shadow of the truth” equation gives fa (q ) —

a partial reflection of reality. In our attempt to 1 22 ) 2
maintain simplicity, we shall evidently have to . M3
violate known principles of a complete relativistic ® Theoretical developmen’rs are
field theory (for example, unitarity). We shall Underwoy bUT H"S scfe 1-0 soy CCRES

attempt to modify our calculated results in a gen-

eral way to allow, in a vague way. for these errors. is less well understood than CCQE!
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DIS-RES Transition Region

« There is no cut off where we better describe inferactions in a DIS
framework compared to In a RES framework

« In general we use models that extrapolate between regions which
are definitely DIS (e.g. W>5 GeV) and that are definitively RES (e.g.

W<2 GeV) W = interaction invariant mass
« Different simulations use o,
different ad-hoc methods & aswf- g | | EMEA Ll
. . . ) E 8 —loa
of dealing with this s000F- g sl s
2500 S [CJResonance
« But thisis aregion that will  E L1 DIS
be important for DUNE! soof- [ Lf
10002— Eﬁ
500;— J"‘JH
J; 1.. 2....31?'!4\_14...;....;...L;.,,,é“.lé..“m

Invariant mass W (GeV/c?)
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Inclusive calculations Aot he uclecr

Inclusive calculations come “pre-

integrated” over hadron kinematics
d2 vl |k | G2 oD
Only predicts lepton kinematics! m‘W/w'
. - 7’
. dORE] |k AT
- ‘[—/- _______ ~
(\ l @ ,\ E.g. Inclusive quasielastic charged-current neutrino-nucleus
e - reactions, J. Nieves et al, 2004
g W ~ Ql
o @ _ & Mo
n ° P > . Medias
] - p Nulnt18 talk
* ¢ —@
o
Psu=(EB’pB)

P,*=(M,,0)

RMF-FSI: Scattered nucleon w.f. is solution of Dirac eq.

In some calculations, the nuclear effects considered imrecenca e thereame motentinie nmed tordeseribe the
includes the impact of Final State Interactions (FSI) bound inuelconsuwicf;

with a QM freatment

Like this, FSI changes the matrix element
Affects cross section as a function of lepton and hadron kinematics!
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Inclusive calculations Aot he uclecr

Inclusive calculations come “pre-

integrated” over hadron kinematics
d20',,1 |k | G2 7N

. . . JWHO)
Only predicts lepton kinematics! A /ug _ s
. dORE] |k AT
2 . . :
(\ & E.g. Inclusive quasielastic charged-current neutrino-nucleus
e - reactions, J. Nieves et al, 2004
g W ~ Ql
n ° @ ®- > G. Medgias
0 o p p Nulnt18 talk
®-

PA“=(MA'O) PB“=(EB,PB)

RMF-FSI: Scattered nucleon w.f. is solution of Dirac eq.

In some calculations, the nuclear effects considered imrecenca e thereame motentinie nmed tordeseribe the
includes the impact of Final State Interactions (FSI) bound inuelconsuwicf;

with a QM freatment

FSI like this is included in QE models, but not 2p2h

SUSA or Valencia 2p2h — no consideration of FSI
SuSAV2 or CRPA in GENIE v3 —impact of FSl on inclusive cross section is considered
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