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How electron scattering can inform neutrino scattering

* For electron scattering, one can parametrize the cross section
In terms of longitudinal and transverse nuclear response
functions
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dE'dQ’

=oy|V.R.(q,®) + viRy(q, w)] = oy 2 5

4 2
(g) R.(q w) + (Q—z + tan* Q) Rr(q, w)

— For a full model of V and V — A generalized lepton scattering, one can
parametrize the cross section in terms of five similar nuclear response
functions

— If the underlying theoretics are identical, one can in principle validate a v
scattering model using electron scattering comparisons

« The underlying intranuclear dynamics should be identical! It’s the same

nucleus! ~ ]
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STA: The Inclusion of Two-Body Physics: Nuclear Response

« The second order correction to a Hamiltonian describing a system of bound nucleons comes
from two-body interaction terms in a high-order expansion:

L

g
Considering the modes of possible leg (i Jw) >0 )al and transverse
responses p and j, respectively: Ry
A

2b

~ - Gl dop vr) o (2) >0

NG 4

— The total inclusive cross sectioncan be parametrized in terms of the nuclear response:

2
= oulviR(@) + viRr(@] = o Y 8(w+ By~ E)IKf1v,0,(qI0)2 + (s Oy (g 0)]2] = -
f
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STA: TheInclusion of Two-Body Physics: 1b-1b, 1b-2b, 2b-1b, 2b-2b

» The nuclear response in a mode a can be expanded to include two-
body terms for short times, where

pi(A-w)t _ ei(ziti+zi<j 17i.j_“’)t ~ z t; + Z v;j = P(t)

i i<j
= Ro(q) = [ ae[0]03ae 0, q]0)] = [ ael{o]0k(a# )P0, (o)

= Rg~0) P()0q;; + O] ,P(D04; + O] .P(£)0,,;;

+ 0! P(t)0q, ;

a;i,j

» This naturally leads us to consider lepton scattering off of pair
objects

4

— Correlated two-nucleon wave-functions allow for a full solve of the

|f)"’|¢p’,P’,],M,L,5,T,MT (r,R))

Schrodingerequation

— Retains all nuclear and electroweak interactions induced by an e or v

Does not directly include A-resonance
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STA: The Inclusion of Two-Body Physics: Densities
« One can encode all of this structure within response

densities, D
Ra(q“)Nf dQp dQydP'dp'8(w+ Eq — Ef) - [p#"2PE%(0]0f (g9 p#', Pe)p#, P#|0 S (qM)] 0)] = ---

e = de’dp’6(a) +Ey — Ef) - D(p*, P*; q*)

* Contains information about...
— ...the contents of the nucleus after the probe

Interacts with the pair 4 6 i >0

— “Exclusive” information on specific nucleon pair 5 v
kinematics

— Correctly accounts for interference terms 4
. Leads to enhancement of the transverse response, and  f ~ 7 lsdn o0 x ) >0

thus, the overall cross section
2= Fermilab
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Current QMC STA Response Density Outputs for e3He
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Interpolation of response densities: technique Fx@mple: 1D distribution with
morphing parameter m

« We adopt a technique called "moment morphing"

— Developed for interpolating generator predictions for
LHC analyses

— Available in RooFit package, but limited
documentation

— See arXiv:1410.7388 for more details

Events/(0.4x1)

e Steps
— Pre-calculate n reference distributions n—1
(response density tables in our case) forea(xm’) =) " ci(m/) f (x|m)
— Apply a Taylor expansion of order n — 1 about a =0
given parameter value n—1 _
— Interpolated prediction depends on references and ci(m') =) _(m’ —mo)! (M ;i
distances in parameter space =0

2L Fermilab
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https://arxiv.org/abs/1410.7388

Interpolation of response densities: first tests
« 2D distributions dependenton Longitudinal response density, q = 300 MeV (arbitrary units)
lepton 3-momentum transfer |g| § *F ¥ for.

— Observables are the relative (e)
and total (E) energies of the
outgoing nucleon pair (pre-FSls) 3

- Computationally expensive! %0

— Saori needs many CPU hours to
produce, even on a sparse grid

« Moment morphing smoothly
varies between tabulated inputs

— 50 MeV spacing is enough?!?
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— Further validation in progress... e (MeV)
e ...SOme varian round th
some variance around the P/ — P, p? p2
zero plane... p= e = — P=p,+p, E=—
2 m 4m
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Leptonic cross section modeling: hadron tensor framework

» Use a very general form to provide
differential prediction for lepton kinematics

— Hadronic tensor pre-calculated and tabulated
for speedy evaluation in GENIE

— Elements expressed as a function of

q=1p,—psI

* First new GENIE model that uses these:
SuSAV2 (G. Megias et al.)

— Expected in next public release (v3.2)!!

— Still missing important hadronic physics that
the STA calculation can provide!
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SuSAv2 prediction compared to T2K data
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https://arxiv.org/pdf/1905.08556.pdf​

QMC STA e‘lee Response Comparisons Used in GENIE for Interpolation

The interference and one-body off-
diagonal terms show asymmetric and
even destructive behavior to the total

response

« Exclusive nuclear responsesare
available for{np,pp,nn} scattering

pp responses are nonzero for both
longitudinal and transverse modes

RT(w,q)/GE (MeV™)

nn is effectively zero for the longitudinal

response

Current experimental response data
interpolated by I. Sick and K. F. von

Redenfor ejHe

* Both match rather well using
differentdata and independent
interpolation methods

+ Shows great agreementat larger
values of |G| = 400 MeV/c when

outside of the lower energy elastic
response regime

11 11/25/2019
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Current Interpolation of STA responses *He R, (STA)

 Saori has provided STA tables to use for B
interpolation P ’O/?Q |
— Integrated responses (hadron tensor elements) < /
— Response densities (for future use in sampling
hadronic final states)
» Plots show current status of bilinear
interpolation

— Correct at the grid points, but g grid is too
coarse oo T 0
— Currently leads to “Brooklyn Bridge” artifacts o, 1805 035 0 '

« Will attempt to apply moment morphing to
these distributions similarly
— Hope to smooth things out?

R

"Kinks" are an artifact of
nearest-neighbor bilinear

interpolation on a coarse grid
3£ Fermilab
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Some simple, first-pass comparisons of models and data for e‘z*He Cross sections

Apparent continuity of QE cross section

Z =2, A =4,Beam Energy = 0.59999999999999998 GeV, Angle = 75°
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sections is heavily influenced by presence
of more g grid points

p

Makes interpolation more complete

This shows a rather continuous
example using only five nuclear
responses distributions:

{300,400,500,600,700} MeV/c

Artifacts can occur—need to compute
more responses with a finer grid in g

Can also potentially extend to ~1 GeV/c

Things yet to do...

Elastic peak in STA needs to be
removed
. Cross section is too high at lower
energies near the elastic peak
Compare longitudinal and transverse
Cross section components at various
kinematics

2L Fermilab



Current and Future Generator Validation
« Ample amounts of data are available for ¢3He, e3He and e*2C scattering
— Some even exist for tritium!—=Recent JLab thesis from Jason Bane

— Will serve as a good testing ground for models of total inclusive electromagnetic
guasielastic cross sections (before electroweak modeling)

— Will compare to other GENIE nuclear models (¥% analyses to follow)
— Publication in preparation now of initial implementation
— JLab two-body final state data should also be investigated eventually!
« Once our full generator is complete, tested, and validated on e data, we will
proceed to v generation
— Will involve more response densities (five in total) for CC/NC interactions
— Will similarly compare to data where available...

— ...and other GENIE nuclear and interaction models
» Publication(s) will follow soon after

2L Fermilab
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http://faculty.virginia.edu/qes-archive/data/4He.html/
http://faculty.virginia.edu/qes-archive/data/4He.html/
http://faculty.virginia.edu/qes-archive/data/12C.html

Summary
« Neutrino MC generators must grow and evolve their capabilities as we
enter the precision era for oscillation studies

— One step in this evolution is implementation of the QE QMC STA model using
semi-final states and extensively validated on electromagnetic data

— Avoids phenomenological nuclear models of initial states in Monte Carlo

* A new series of total inclusive electromagnetic scattering cross sections
are now available from e3He nuclear responses with ||€(300,800]MeV/c
— Employs two-body physics in an inherent way (exclusive cross sections!)

 Full implementation of this model is progressing for GENIE

— Must still formulate algorithms to efficiently and accurately pass two-body
kinematics and particle identity information to the intranuclear cascade

— This will eventually allow for the study of potential final state topologies in
experimental detectors

2L Fermilab
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Steven

Saori Pastore, WUSTL Joshua Barrow, UTK Minerba Betancourt, FNAL
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Backup slides

2L Fermilab
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Neutrinos in the Standard I\/Iodel
w ® ® O H

Higgs
charm top gluon boson
down strange bottom photon
8 . - "
4 B" D ‘ Y
electron muon tau Z boson O
n
s O
n 0
= ‘e
w
5. 1& - lb w :
-y >
8. electron muon \ b
W | neutrino neutrino m.ulrmo W boson 0

- First postulated by Pauli in 1930 to explain the missing energy in B decays
- Discovered in 1956 by Reines and Cowan (reactor neutrinos)

- 3flavors (v, v , v ), neutral leptons, massive but extremely light (<10° m,)

- Only participate in weak interactions (and gravitation)
& Fermilab
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Neutrino Oscillations

« Compelling evidence from solar and Ve Vq
atmospheric neutrino experiments

* The 3 known neutrino flavors represent :}/” = Upmns zz
mixtures of at least 3 mass states T 3
— 3-flavor model parameterized by the
Pontecorvo-Maki-Nakagawa-Sakata AV STV
(PMNS) matrix v
« Key guestions remain: A,
— Do neutrinos and antineutrinos oscillate A,
differently? (CP violation)
— Is v3 the heaviest or lightest of the known :,:=f Amio.va—_
mass states? (Mass ordering) B. B B . B B
— Is the 3-flavor model sufficient to describe ass?
nature? (Sterile neutrinos) Normal Inverted
2& Fermilab
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Neutrino Oscillations

o Compe”mg evidence from solar and Strong evidence for 3 active neutrino flavors
atmospheric neutrino experiments - 2v
. [ ALEPH
* The 3 known neutrino flavors represent 5 | DELPHI
mixtures of at least 3 mass states '’ B%AI

— 3-flavor model parameterized by the
Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix

« Key questions remain:

— Do neutrinos and antineutrinos oscillate 10
differently? (CP violation) ’

— Is v3 the heaviest or lightest of the known

L § average measurements,
error bars increased
by factor 10

S L
S 20
<
2
©

mass states? (Mass ordering) i = us I TN SN S
. : 86 88 90 92 94
— Is the 3-flavor model sufficient to describe E_ [GeV]
nature? (Sterile neutrinos) o

2L Fermilab
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Importance of neutrino cross sections for answering the big questions

Do neutrinos and antineutrinos oscillate differently? (leptonic CP violation)
Is v3 the heaviest or the lightest mass eigenstate? (mass ordering)
Are there more than three kinds of neutrinos? (sterile neutrinos)

Oscillation measurements can provide answers

protons
> U0 N N Y 0 D
— A. Mastbaum
Target Near detector Far detector
NFD(Ev,reco) ~ P()S('(EL) X CI)(EV) X O-(Eu) X R(Ew Ey,recr)) - Nbg
Oscillation probability depends on true neutrino energy £, (unobserved)
Cross section model needed to relate £, ., to E,
+ Correct for unseen particles (neutrals, sub-threshold)
+ Estimate backgrounds
2& Fermilab
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Example analysis from the T2K experiment

« Disappearance

— Measure deficit of detected vy relative to

Am.,’L
expectation without oscillations

Vv

P(v,—>vVv,)= sin’ (2923)x sinz(

— Fit as a function of reconstructed energy 10

— Extract PMNS matrix parameters

* We can't measure the neutrino energy

directly 07

'IAm232

#Observed / #Expected

— Instead, we estimate it event-by-event o . L
based on the final particles we can see 0 2 4 5

Reconstructed v Energy (GeV)

- Modeling deficiencies in the cross section ~ T2K Collaboration, Phys. Rev. D 91, 072010

prediction can lead to bias!

2% Fermilab
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What do event generators do?

* “Bridge” between theory and experiment

- Translate a set of models into the particles
observed in a detector (multiplicities, 4-
momenta, locations)

- GENIE (Generates Events for Neutrino
Interaction Experiments) is a widely-used
neutrino event generator, particularly at
Fermilab

- Others on the market as well (NuWro,
GiBUU, NEUT, MARLEY, NUANCE, etc.)

11/25/2019 FNAL Joint Theory/Experiment Seminar

Experiment
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What tasks are involved in predicting event rates?

vy, Vy + Fe, all processes

Propagation of spatially non-uniform, broadband
neutrino fluxes through complicated detector geometries 8

g~ 7
£ |
O 10°
°
-

(and surrounding dirt, etc.) )
i J Calculation of total and 5 , i
o ke of nuclear(avge(s/ . 5 s g ’ e 7 ,- “ fes
e T ® differential cross sections v~ 10, Ll
g for all relevant reaction | o
TS e modes, target nuclei, and / / 2
neutrino energies 10°) i1 !
107} /
| IO"% ;” ‘;’ ‘
10"L /‘ i 4".
2x10" 1 2 345 10 2030 10°
Ev (GeV)

- - " Images by C. Andreopoulos
Account for hadronization, FSI, \/ ges by P

etc. and pass a vertex position s (e e B 2 Provide a means of assessing
and a full set of 4-momenta for S { j .,«'- interaction uncertainties that
all outgoing particles to the o o do ‘,‘“ can be propagated into an
detector simulation s | ] e analysis

| transport

2= Fermilab
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What tasks are involved in predicting event rates?

Propagation of spatially non-uniform, broadband Hisp¥prt Fa, ol pracesses

neutrino fluxes through complicated detector geometries
(and surrounding dirt, etc.

... and it needs to be fast!

A fully rigorous solution is not
available, but experiments
can’t wait for one to emerge.

GENIE and other generators
are attempts to solve these
problems in a way that is UNIVERSAL NEUTRING GENERATOR
“good enough” for experiments

Account for hadroff to make progress
etc. and pass a veMexX PoS0

1 2345 10 2030 10°

Ev (GeV)

. T — PTovioe a mearis of assessing

and a full set of 4-momenta for | & interaction uncertainties that
all outgoing particles to the o o o X can be propagated into an

detector simulation analysis

3¢ Fermilab
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Generators resort to an approximate picture of the relevant physics

Quasielastic (QE) Resonance

| P
\/

« "Traditional" treatment includes
— Fermi gas model of initial nuclear state
* No shell structure, correlations, etc.
— Neutrino scatters on a single bound nucleon

 Two-nucleon contributions known to be
important!

— Interference between processes neglected
« "Square then sum" — Not what you learned
In quantum mechanics class . .. f
. . |
— Semi-classical transport of hadrons out of |
the nucleus l
|
|
|
|

_— = = = =,

» Rescattering cross sections based on
hadron-nucleus data

nuclear model | hadronization | intranuclear
hadron

transport

|
| primary mteractronl
(cross section) |

|
|
N ) .

2L Fermilab
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Generators resort to an approximate picture of the relevant physics

e "Traditional" treatment includes

— Fermi gas model of initial nuclear state
» No shell structure, correlations, etc.
— Neutrino scatters on a single bound nucleon

 Two-nucleon contributions known to be
important!

— Interference between processes neglected
« "Square then sum" — Not what you learned in
guantum mechanics class . ..
— Semi-classical transport of hadrons out of the .
nucleus -
» Rescattering cross sections based on hadron- !
nucleus data

Charge Exchange ®

Elastic
Scattering

Absorption
“stuck pion”

Pion Production

L. Alvarez-Ruso et al., Prog. Part. Nucl.

» High-precision needed to definitively Phys. 100, 1-68 (2018)

answer open guestions: can we do better?
& Fermilab
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Two-nucleon physics in event generators: "nucleon cluster model"

9
Lab }@\ P Hadronic ) o Lab
/ P
nucleon P / \0 nucieon s
QNN e >

cluster cluster

n p p2

/ recoil nuclei P p / recoil nuclei
P P

FIGURE 3. Nucleon cluster model in GENIE. First, 2 nucleons are chosen from the Fermi sea (left). Then 2 nucleons and energy-
momentum transfer 4-vector make the hadronic system (middle). Finally, the system is boosted back, and 2 outgoing nucleons are
generated in the lab frame (right).

» Generators are beginning to include these contributions, but in a very
rough way

« STA calculations allow us to do this much more rigorously
& Fermilab
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Some future plans on a full GENIE generator module...

—Putting it all together!
What new things need to be considered within GENIE?

2L Fermilab
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GENIE Implementation

« We have begun the implementation of the
QMC STA within GENIE using semi-final
states from tabulated response densities

» This will be tricky, to say the least...

— GENIE’s normal operating mode is almost
always dependenton an predominately single
particle paradigm

 |nitial state preparation—avoidable?

Single nucleon lepton scattering

Single nucleon momentum distributions in
nuclear models
Single nucleon initial positions

Some two-body dynamic options becoming
available as we speak (SuSA), but initial
correlations are highly approximate

* Final state preparation—unavoidable!

31 11/25/2019

Propagation of single particles through the
nucleus using an intranuclear cascade
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0.958 1.362 0.938

0.044 0.156 0.135

0.161 0.968 0.938

0.589 0.646 0.135

0.618 0.635 0.135

0.229 9.310 0.000 | M = 9.305

Description

GHepStlatus 1

Undefined

kISt Undefined

Initial state

kIStInitialState

Stable final state

klstStable FinalState

Intermediate state

kIStIntermediateState

Decayed state
Nucleon target

kIStDecayedState
kiStNucleon Target

DIS pre-fragm. hadronic state

kIStDIS PreFragmHadronicState

Resonant pre-decayed state

kIStPreDecayResonantState

Hadron in the nucleus

kIStHadronIn The Nucleus

Remnant nucleus

kIStFinalStateNuclearRemnant

15 UNIVERSAL NEUTRINO GENERATOR
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Scripts for Comparisons Against World Data are Working

« Simple interfaces between GENIE’s SuSAv2 HadronTensor
framework have been made for easy plotting of interpolated
cross sections from given theoretical nuclear response
functions
— Some validation of responses and their interpolation within GENIE to

d?oc
dE'dQ'
 Scripts run interpolations within the HadronTensor framework

« Create table outputs for input to simple plotting scripts

— Can compare all available outputted model cross sections for e5He to
available World Data

(1g|, w) still needs to be completed
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faculty.virginia.edu/qes-archive/index.html

Requirements Going Forward with GENIE for Two-Body Physics
« An attempt at a general framework is being pursued
— When new nuclear responses and response density tables become available for
larger nuclei, can simmply “drop something in”

* Must hand off two-nucleon configurations properly to GENIE...
— Attain particle identities

— Select all angles (currently integrated out) via some method...

« The geometric interpretation of electromagnetic nuclear responses is well understood,
but how to define this generically for electroweak processes needs much more
consideration

— Derive individual nucleon momenta via law of cosines

— Track individual nucleons through the intranuclear cascade
 Critically dependent upon initial positions and separations

* One or both nucleons may not be emitted due to low momentum transfer

— A phenomenological momentum cutoff must be considered for each struck nucleon
& Fermilab
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