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Overview

 What do we need from our generatorse
 What do we have in our generatorse

« How are things improvinge

« What nexte

Caveat: | am not a permanent developer of any of the generators
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Why can’t we do bettere

1-Ring ;1 1-Ring ¢ | Neutron Uncertainly[ I I * I I |
Error source FHC [ RHC || FHC [ RHC [ FHC 1 d.e. | FHC/RHC Detector Galibration - |
SK Detector 2.40 | 2.01 || 283 | 380 | 13.15 1.47 [Neutrino Cross Sections | e |
SK [FSIH-SI+PN 2.21 1.98 3.00 | 2.31 11.43 1.57 Muon Energy Scale [ |
Flux +|Xsec constrained ||| 3.27 | 2.94 || 3.24 | 3.10 | 4.09 2.67 Nermalization| - B
Es] 238 | 1.72 || 7.13 | 3.66 | 2.95 3.62 Detector Response | i 7]
bve)/a(w] 0.00 | 0.00 || 2.63 | 1.46 | 2.61 3.03 Near-Far Difforonces | " .
NCly 0.00 | 0.00 || .09 | 2.60 | 0.33 1.50 = .
NC Other 0.25 |0.25 || 0.15 | 0.33 | 0.9 0.18 - Beam Flux |
Osc 0.03 | 0.03 || 260 | 2.49 | 2.63 0.77 Systematic Uncertainty | ] _
All Systematics 512 | 445 || 881 | 7.13 | 18.38 5.96 Statistical Unceriainty ﬁ
ATl with osc 512 | 445 || 9.19 | 7.57 | 18.51 6.03 Uncertainty in sin?8,, (x10%)
NOvA Preliminary
« Current measurements are statistics NearFarDiferonces| W
1 1 De Calibrati
imited, but noft for long ... electo Ontralon - :
|Neutr|m Cross Sections | — ]
Detector Response B
. . Normmalizat
« Most worrying systematics related ormalization| ’ -
. . . Muon Energy Scale 5 | |
to neutrino-nucleus interactions Beam Flux |
Neutron Uncertainty
. . Systematic Uncertainty (I
 Essential total sys’remo’nc Statistical Uncertainty | I —
o =0.5 0 0.5
UncerTalnTy <3% for DUNE/T2HK Uncertainty in 8.,/m
Stephen Dolan Lepton interactions, Elba, 27/06/19 4




Neutrino interactions for oscillations

reco _ true true true true true reco
N, EVC) = ©(EV)|o(E")|P(a=f, E")[e(E)S(EV", EV”)
N,..(EY°) = Expected number of events [p(a>f,E"™) = Oscillation probability
O(E™) = Neutrino flux c(Ey™) = Selection efficiency
o(Ey") = Interaction cross sections S(Ey*,EY®) = Smearing matrix

 Need to know ® x ¢ in order to interpret
Nobs as P(CZ - B)

Lepton interactions, Elba, 27/06/19
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Neutrino interactions for oscillations

N, [EVY) = @(E)[S(E7)|P(ap, EVY)|e(EV)S(EV", EVY)
N,..(Ey”) = Expected number of events  [p(q>f,E") = Oscillation probability
O(E™) = Neutrino flux c(Ey™) = Selection efficiency
o(Ey") = Interaction cross sections S(Ey*,EY®) = Smearing matrix
I Nt sasemns
« Need to know ® x ¢ in order to interpret | B =0
N,ps QS P(a = ) - i

 Near / farratios don’t fully cancel this:
« Dramatic change in E,, distribution
- Different ND/FD design, acceptance
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Neutrino interactions for oscillations

N, [EVY) = @(E)[S(E7)|P(ap, EVY)|e(EV)S(EV", EVY)
N,..(EY°) = Expected number of events [p(a>f,E"™) = Oscillation probability
O(E™) = Neutrino flux c(Ey™) = Selection efficiency
o(Ey") = Interaction cross sections S(Ey*,EY®) = Smearing matrix
RNt asnans
« Need to know ® x ¢ in order to interpret | B =0
N,ps QS P(a = ) - i

 Near / farratios don’t fully cancel this:
« Dramatic change in E,, distribution
- Different ND/FD design, acceptance

» Not just counting experiments: Require @
model to relate ETé° to ELTue
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Neutrino interactions for oscillations

reco _ true true true true true reco
N, EVC) = ©(EV)|o(E")|P(a=f, E")[e(E)S(EV", EV”)
N,..(EY°) = Expected number of events [p(a>f,E"™) = Oscillation probability
O(E™) = Neutrino flux c(Ey™) = Selection efficiency
o(Ey") = Interaction cross sections S(Ey*,EY®) = Smearing matrix

? E=E =T S ey [, D by e B2 RE e R ==y e e I_
. ? 0.15 [Clv, flux(A.U)
« Even more important for = | &gl N
experiments wanting to & i — b0 =90°, NH
: . & — 8, = 270°, NH
measure the 219 oscillation ;
. - - K
maximum (DUNE, T2HKK) i ==
O-OSJJ arXiv: hep-ex:1608.06237
% 2 4 6 g 10
E, (GeV)
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Nge__u’lr_rinq .Iln’re.rqc’rions at T2K/HK

GENIE 2.12.8, 0y cn (Ey) v Flux (arbitrary norm.) CCQE (1 p‘l h)
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o(E,)/E, (10°*cm?nucleon 'GeV ™!
=
ot

« Reconstruct neutrino energy from muon
kinematics in CC pionless events at SK

Ereco —
v 2(mp—Ey+p, cos(6,,))

« Assume stationary target and CCQE scattering ...
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Neutrino Interactions at T2K/HK

« Reconstruct neutrino energy from muon kinematics in pionless events at SK

« Assume stationary target and CCQE scqﬂering

TT T rr 1T [ rrr [ rrrprrrprr

5
2 _an2 a2 o 012 . CCQE NEUT MC,
ET'BCO _ Mp—mp mﬂ+2mnEﬂ 0.10 . 2p2h S-uper-l( 1 -ring u-
Z(mn —E, +p COS(G )) like selection
HoFH H 008 = Other

Bias due to: 0.06
« Initial state: Fermi motion, binding energy

« Nucleon-nucleon correlations 0.04
« Pion absorption FSI — CCnonQE events 0.02

0'001(;“(;?36 04'02 00 02 04 06 08 1.0
Correct for bias using models! (E/E ) _ 1

u X o o
Nuclear p (/2% - .,)/f,
-o + e, é “ + . ¢ @
Vy o ¢

Effects

..
4 é
Free Fermi Nuclear Final State
Nucleon Motion correlations Interactions (FSI)

10
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Neutrino Interactions at DUNE

NEUT 5.3.6, o,,ci(E,)  FHCw, Flux (arbitrary norm.)]
e emi | e N - CCQE (1p1h) CCDIS

——  CC-Nz+DIS I DUNE on-axis : (Charged-Current Quasi-Elastic)

U CC-RES ] (Deep Inelastic Scattering)
"""""" CC-1plh+2p2h 1 vy 1’y u

[S)

—
(9]

N

o(E,)/E, (10%cm?nucleon™ ' GeV 1)

/n/\?l\
0.5 CCRES Hadronic
(Charged-Current Resonant) Shower
' N ¢ 2p2h
0 —

+ ke il
//I_l;_< ./.
'\?
« DUNE’s higher energy beam means most interactions are not CCQ

* DIS interactions become important

« T2K method of reconstructing neutrino energy will not work

Stephen Dolan Lepton interactions, Elba, 27/06/19 11




Neutrino Interactions at DUNE

2
= NEUT 5.3.6, o, cu (Ey) FHC v, Flux (arbitrary norm.)1
I> —_— ('('-T()lul( ! e NC-Total ] CCQE (‘I p‘l h) CCDIS
& [ CC-N74DIS 1 DUNE on-axis | (Charged-Current Quasi-Elastic) ) .
T 18 o P | (Deep Inelastic Scattering)
g [ - CC-1plh+2p2h 1 \V“\/u/
: | : .
= W
L S
< 0 CCRES
E (Charged-Current Resonant) Shower
Y
0 v, Y 2p2h
0 = 1
w! e il
|

energy deposited in the detector

I Y .'/?
« Reconstruct neutrino energy from ’ro’rol/-n/_ﬂ’*_{ \

«  Misses most neutrons ... — »
« Rely on models to tell us about neutrons:

Number of np, nn, pp inifial state pairs in 2p2h

/ « Neutrons produced through FSI

. Large systematics * Neutron energy fraction in RES or DIS events
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Neutrino Int fi T DUNE

—~~ 2 ) ' ’ ’ i
— NEUT 5.3.6, o, cu (E.) FHC v, Flux (arbitrary norm.)

| , - Rakia % P!‘“f\l: 1 r\‘l h)

A - - CCDIS
2 1.5 " C 160 PhyS ReV D 92, 091301(R) 'eep Inelastic Scattering)
I 15 F = -

§ I C v
g Calorimetric Method P
Ng 1 - 140 Realistic Resolution PN
%X r !a ’f - - ‘: :
S [ 120 Correct Result L N .

Y i 'l: ’

) S N i
i 0.5 00% (2 /dof=0.3/106) : " dromcw
Eﬂi 100+ --- 80% (xi/dof=1.4/106) Shower

5

. [ 70%  (xip/dof=3.7/106) 2p2h

80 Bias in DUNE-like measurement
- Ocp for different underestimation!

« Reconstruc col of “missing energy” _ :

energy deg

. Contours for Ay*=2.3 X
*  Misses most 40  Wide Band Beam, L=1300 km ] P
bout neutrons:

T T B ial state pairs in 2p2h
6.5 7.0 7.5 8.0 8.5 9.0 95 ygh FSI
in RES or DIS events

. Large sy 613[°]
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The Generators

’

/ GENIE: very widely used. Large development tfeam. Used as
default simulations by most Fermilab neutrino experiments.

UNIVERSAL NEUTRINO GENERATOR

NEUT: used primarily by the SK, T2K and HK collaborations. Smaller
development team — updated to fill needs of experiments.

NuWro

L ) ) Yo
2 \V > NuWro: wide range of models available. Driven more by theory
s \ o

, VI e

than by experimental requirements. Only a few developers.

e(‘

I',‘no E\I

GiBUU: a full theory in its own right, predicting nu/e/hadron
scafttering. Different philosophy than the other generators. Hard
to use as a primary input for experiments. One/two developers.

Stephen Dolan Lepton interactions, Elba, 27/06/19



The Generators

GENIE: very widely used. Large development tfeam. Used as
fault simulations by most Fermilab neutrino experiments.

NuWro

@ * * vo

o.’ = "& . o o

2 \V NuWro: wide range of md o e. Driven more by theory
*4' /‘ ¢ than by experimental requires,# Q few developers.

I',‘no E\I

GiBUU: a full theory in its own right, predicting nu/e/hadrs
scaftering. Different philosophy than the other generators. ,
to use as a primary input for experiments. One/two developers.
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W h O -|- d O We n e e d 8 (adapted from NUSTEC white paper)

« Consistent predictions for each neutrino interaction
mode

« Predictions of exclusive final-states (outgoing nucleon
kinematics)

« A validated and reliable modelling of nuclear effects,
iInformed by electron and hadron scattering data

Stephen Dolan Lepton interactions, Elba, 27/06/19 16




What do we haveze

e Consis redictions for each neutrino inferaction

mode _
Each interaction mode is based on a different nuclear
model — few unified predictions

. Predictions-ef-exclusive final-states (outgoing nucleon

kinemafics)
Few semi-inclusive predictions implemented in generc:’rors

Even those that exist rely on approximations.

. A validatedane+eliable modelling of nuclear effects,
iInformed by electron and hadron sCaitering-deta__

Few models validated against e-scatting datq, lots of
tensions describing neutrino scattering data

Stephen Dolan Lepton interactions, Elba, 27/06/19 17




What do we haveze

e Consis redictions for each neutrino inferaction

mode _
Each interaction mode is based on a different nuclear
model — few unified predictions

. Predictions-ef-exclusive final-states (outgoing nucleon

kinemafics)
Few semi-inclusive predictions implemented in generc:’rors

Even those that exist rely on approximations.

. A validatedane+eliable modelling of nuclear effects,
iInformed by electron and hadron sCaitering-deta__

Few models validated against e-scatting datq, lots of
tensions describing neutrino scattering data

But things are getting better ....

Stephen Dolan Lepton interactions, Elba, 27/06/19 18




A year ago ...

[ —+ T2K CCon
b — GENIE2.12.0alt
% [ —NEUTS5.3.6
« Generators able to broadly S 10 Giguw
describe outgoing lepton 5 | —Nuwnollg
. . =
kinemafics 5 L
g [
- But even wildly differing nuclear _ . .
models look fairly similar ... 0.0 0.2 0.4 0.6
P, (GeV)
10.1016/j.physrep.2018.08.003
25><10‘39
L L L s
0.94 < cos(6,) < 0.98 _ 205 —}— MINERvA CCQE+2p2h
-,: 0.40 — '*- oK FioDma % . —— GENIE 2.12.0alt
> 035 3 —— NEUT 53.6
9 03 NuWro11q SF w/ 2p2h o
it .30 g — GiBUU
% 0.25 NuWro11q SF w/o 2p2h :’ 3 NuWro 11q
g 0.20 NEUT 5.4.0 LFGN+RPA w/ 2p2hl\I ..g
€ 015 B
gc_) oo B2 T e NuWro11q LFG+RPA w/ 2p2h o
© 005
-8'_3‘1 000 =T s 0 15 20 25 3.0
Phys. Rev. D 98, 032003 P, (GeV)
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https://arxiv.org/ct?url=https://dx.doi.org/10.1016/j.physrep.2018.08.003&v=6403c20a
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A year ago ...

« Hadron kinematics was another
story: most models couldn’t get
close!

—— T2K

---------- NEUT 5322 SF, 2=79.4

NEUT 5322 RFG+RPA, %?=178.0
NuWro 11 LFG, #2=79.2

---------- NuWro 11 SF, y2=22.8

GENIE 2.12.4 RFG, 32=95.4
GiBUU 2016, 2=78.3

T2K\

10

I

(Nucleon™ cm? GeV)

'c)\II|\I:I|:II|I\I|II\|II\

« Clearly a problem for future _

. . . (o] N Phys. Rev. D 98, 032003

oscillation measurements, especially v|=g
those that reconstruct E,, using 0 "0z 04 os 0B 1o
hadronic energy measurements op,(GeVic)
&~  Phys. Rev. Lett. 116, 071802 1072 Results from Phe. Rev. Lett 121, 022504
> 6 00<q/Gav<02]  02<q/GeV<03 os<qjGeveoa| _ 710" Resulisfom Phys. Rey. Lell 121, 092504
0 ¢ Data é 6 & NuWro 11q ]
~ GENIE 2.8.4: E =
e 4 Default +H* + IS C —+— Result .
. + 2 5 —— LFG E
ST — +§Eﬁ+2p2h T ‘S > = no FSI ]
S 2p2h only S 40 ——— no2p2h -
~ 0 R 8 T AR | — RFG .
o> 6 0.4 <q,/GeV <05 0.5<q,/GeV <0.6 S 30 __ SF =
© - .
g 4 }+H| {*** + } ‘g’ 2 E é
TN LN
3 g :
© S~ RN ; AT T T T T v o= TS
8.0 0.2 6.4 0.0 0.2 0.4 00 0.2 04 00 0.1 02 0.3 04 05 06 0.7 0.8 %9 V1
Available energy (GeV) P, (GeV)
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Why so bade

« Asking for hadron kinematics, we need a (semi)exclusive input
déo
dwdqzdE,dpm

« For CCQE interactions, something like:

« But the theory input we had was typically* pre-integrated inclusive
Cross sections, glvmg us only the Iep’ron kinematics

« Something I|I<e

or maybe JUST d

QZ
Inclusive: only Semi-inclusive: K'and B Exclusive: Measure everything in
measure K’ measured one particular final state
1 K'
& R ‘ R-R
X f~1x
------- Dmmme- S SREELE Skt
Q Q
exchanged exchanged exchanged
K boson K boson K boson
leptons hadrons leptons hadrons leptons hadrons

* The Spectral function model in NEUT and NuWro is sort-of an exception, but this is a whole different topic

Stephen Dolan Lepton interactions, Elba, 27/06/19 21




Why so bade

« Asking for hadron kinematics, we need a (semi)exclusive input
déo
dwdqzdE,dpm

« For CCQE interactions, something like:

« But the theory input we had was typically* pre-integrated inclusive
Cross sections, glvmg us only the Iep’ron kinematics

« Something I|I<e

_or maybe JUST sz

« Generators mostly produced \/vm
hadron kinematics by |

factorising the intferaction into a f ( :: y |
lepton and hadron part before | | ! ] :
conserving (E,p) at the vertex | ® !

.|
_— — — — = e — — — = —_— — — — —_— e — — =

hadronization | hadron transport

« Gives us something to work with, |We use an incll/;sive (dmq ) model for this.
but misses important physics The rest is ad-hoc nuclear / FSI models.

* The Spectral function model in NEUT and NuWro is sort-of an exception, but this is a whole different topic
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Why so bade

« Asking for hadron kinematics, we need a (semi)exclusive input
déo
dwdqzdE,dpm

« For CCQE interactions, something like:

« But the theory input we had was typically* pre-integrated inclusive
Cross sections, glvmg us only the Iep’ron kinematics

« Something I|I<e

_or maybe JUST sz

« Generators mostly produced \/vm
hadron kinematics by |

factorising the intferaction into a .
| ! l
@ @ v *I

|

lepton and hadron part before |

1 |
conserving (E, p) at the vertex | " reromnen 1 oo

« Gives us something to work with, |We use an incldsive (dwdq ) model for this.
but misses important physics The rest is ad-hoc nuclear / FSI models.

« Beyond this, not all the inclusive models could also predict electron
scattering data so could not be validated using it (for 2p2h especially)

* The Spectral function model in NEUT and NuWro is sort-of an exception, but this is a whole different topic
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Event generation until recently

(An oversimplified view)

@ I\

nuclear model lnteract/on \ hadronlzatlon l hadron transport

- - e - — gl ___/ ), | i) 8, Wi DAL= | s S g

1. Choose outgoing lepton
:?Lgle?\?g%srggsseeiﬁgnmpm 2. Choose inifial state
- nucleon (E,p) based on
some input spectral function

3. Is the nucleon Pauli-
blocked? If so start again.

4. Take final-state nucleon and put it
through a semi-classical FSI cascade.
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It’'s getting better - new models

E—560 MeV 9 60 qQE—SOS MeV/e

SUSAV2-MEC Tp1h and 2p2h models

5000 | lose iMmplemented into the GENIE and

e~ sco’r’rerlng

4000F ] NuWro (2p2h only) event generators
- 0.54
3000 | PhyS Rev. C 90, 035501
- 0.52
2000~ J. Phys. G 46 (2019) no.1, 015104
- 10.5
oo- /T _ 0.850 < cosB < 0.900
. _ o 0.48 12_"'-|"l'|"'u'|""|""
) e i it | i Smooth lines: pure theory
0 0.1 0.2 0.3 0.4 10F Histograms: implementation
v Validated on electron scattering QL — —  SuSAv2-Genie | -
- 2p2h-Genie
. .. . 6F - T-abs .
v' Built on a semi-inclusive model (RMF) "t Total :
4+ Data points: T2K
X Currently implemented as an '_ _ LerXivi1905.08556 :
inclusive model — more work needed '+ __J=~_ = F-=——]| aXiv1001.11022 |1
O-T_!ﬁ"'qi - y I .‘H}“_ —t— q_:____'“——.‘—+—r-—.._.__. i
0 0.5 | 1.5 2 2.5

Stephen Dolan Lepton interactions, Elba, 27/06/19 25




It’'s getting better - new models

« Significant differences in approximations for 2p2h
prediction gives very different model predictions for
the 2p2h cross section ...

x107#
~ 2000 < 2000 .
2 180 5 SUSAV2 2p2h $ o Valencia 2p2h E
<1600 [ — 1600 E EU
T 1400 &=  d2¢g T 1400 | =
o C = 2.5
1200 &= dond T2K flux 25 1200 =
1000 - #0443 2.0 1000 |- - 20
800 f— 15 800 ;_ _; 15
600 - 1.0 el E R
400 400 E
200 f— 0.5 200 :— = 0.5
{] , 0-{] 0 ........... | PRSI I T BRI {][]
0 200 400 600 800 1000 1200 1200 1600 1800 2000 0 200 400 600 800 1000 1200 1400 1600 1800 2000
q, (MeV/c) q, (MeV/c)
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https://arxiv.org/abs/1905.08556

It’'s getting better - new models

. and also for the distribution of nn and np initial state pairs:

0.9 < cos(8,) < 0.94 & 09< cos(e )<0.94 ' arXiv:1905.08556

—~~ 1‘8 )(10'4'2 ........................ = g 1 8 X10 T T T L B B B S i L BN B N N R |
3 16 Valencia 2p2h - 2 16 —SuSAv2 2p2h_ Total 2p2h~
2 14f 8 2 wuwE M - >
'g 12F < (—5, 12F =
P4 1.0;— o _; = 1‘03_ ............. np -
g 08 — R — Ng 0.8 |- -
T | [ (e o E T 206F -

D = ; h b =. o

8 04 - ...-“. - ] % 04 - i
g o ! . 2 LT i BIKY =~ on . -
s T PR Sovrives v BB O2E F i E
s 000200 400 600 800 1000 1200 1400 -8- 0.00” 2(;0 o 1-25(');'-' '1?;'6'(')
P, (MeV/c) P, (MeV/c)

« Important implications for predicting available hadronic energy.

0.5<q,/GeV <06 e_—' ST T '__
*H By : +++

+ — Rpazpn | 4 ] NB: a lot of the variation here is

actually also from the 1p1h model

2p2h only

\ . variation
Valencia (GENIlE)N""-- | F *
0.0 0.2 0.4 ° 02 04
Available energy (GeV)
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https://arxiv.org/abs/1905.08556

It's getting better — exclusive calculations

« Generators are also now including more exclusive
1p1h calculations

- Nucleon kinematics and lepton kinematics now thrown simultaneously using a 6D |
differential cross section

\/l+(l—005290)(72— 1)

¥ 2
Gi cos™ O,

dO' — ./‘1/.
8 7[2 Ek Ep Ek' Ep'

|ko| ©CIP'| - ke) d cos 6y dgpy dEd°p

L, A" P(p,E)
Uy
|v"' v"'| S. Gardiner on GENIEv3 — ECT* 2019

« Improved freatments of binding energy (not simply a
fixed number, better freatment of initial state nucleon)

« But we are still stuck with more simple approaches for
pion-production and 2p2h ...
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https://indico.ectstar.eu/event/53/contributions/1174/attachments/798/1031/ect_sf_genie.pdf

It's getting better — exclusive calculations

-39 -39
~ e - P S — :
% C —— T2K ] % 7 E
M 10 e NEUT 5322 SF, »2=79.4 — ) E —&— Result .
« [« ——— NEUT 5322 RFG+RPA, 12=178.0 ] - 6 Total 1
NuWro 11 LFG, 32=79.2 B = N -
S 8 B e NuWro 11 SF, x?2=22.8 ] S 55 CCQE =
. L GENIE 2.12.4 RFG, %2=95.4 ] o =) 2pzh ]
o 6 GIBUU 2016, 32=78.3 — » > 4 =f —
Q = ] - c R ]
O L. ] N 3LC =
= | 4 - T — = C 7
< X ___Z/k\ ] L = E
- - - = C ]
- — o] foX - ]
_8 rg. 2 . Phys. Rev. D 98, 032003 3 0'8 16 E
© r 7
0 I - 0 TP T T T T e e s L
0.0 0.2 04 0.6 0.8 1.0 00 01 02 03 04 05 06 07 08 09 10
op_(GeV/c) op_ (GeV)
T 1042 T
o M ipih
22:_ [T]Res
200 B OIS +others
L] L] L] . : I:IQDEh
« For semi-inclusive 1p1h-dominated 18 -~ MR

do/dde., (cmP/degree/nucleon)
>

predictions, new generators can do y:
astoundingly welll of
 Shown here is an update to Valencia Z
1p1h+2p2h in NEUT (F. Sanchez) i

bot; (degrees)
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It's getting better — exclusive calculations

« Work in progress to implement fully exclusive models (e.g. RMF) info
the generators — theory directly predicts outgoing nucleon
kinematics (without relying on PWIA)

Question: what do we do about FSI for these models — theory only
predicts the primary nucleon, but we need to also account for
nuclear emission (e.g. m-production FSl)

Option 1: Put the final state nucleon through an FSI cascade? Double
counts effect of FSI on the nucleon ...

Option 2: Remove some FS| from the model (the imaginary part of the
optical potentiale), then use this as an input to the cascadee
« This idea at ECT* [ast month

Option 3: ¢¢¢
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It’'s getting betfter — e4nu

CEBAF
Large
Acceptance
Spectrometer

« Generators are becoming more
able to make neutrino and
electron scattering predictions in
the same framework

 New data from CLAS (e-scatting):
specifically to help better
understand neutrino scattering

DC: Drift Chamber
CC: Cerenkov Counte

100 cm L‘/ \3\\

SC: Secintillation Counter
EC: Electromagnetic Calorimeter

=c _ 2c __ Example:
: e4nu@Nulnt * In CLAS we know Ee,inital

L P‘jl"'“ < 0.2 GeVie

L 0.2 GeVic < P]™ <04 GeVic

« But can still reconstruct it as

I —P‘jl""' > 0.4 GeVie | L. )
GENIE ' CLAS Data if it was a neutrino
' Simulation « See how well generators

predict this

I 14 1.8 22 26 1 14 18 22 26° Almostadirect test of bias
ECE (GeV) EQE (GeV) in neutrino scaftering
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https://indico.cern.ch/event/703880/contributions/3159098/attachments/1736740/2809339/apapadop_NuInt2018_LAquila.pdf

S’nII frouble — FSI modelling

Typically use semi-classical cascades to describe effects of FSI on
the outgoing hadrons

« Exception: GiBUU uses a more sophisticated fransport theory

« Quite different predictions for pion and nucleon FSI

understanding is crucial

Number of protons w/ pp>500 MeV

Buss et al, Phys. Rept. 512 (2012) 1- 124

— improved

Stephen Dolan

Number of protons

Lepton interactions, Elba, 27/06/19
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2 - - gﬁ 1.5 F /v 1 --- GEANT4 (4.9.4)

L B I \-
o 2 — + 1 9 §\\‘\\ : ’/ p
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=R 18 IS e
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$ o05f GiBUU 2017 - R ((2012) ) 1 |
? = Phys Rev.D 98, 032003 0 e

0 [ [ L1 L1

8 04-02 0 02 04 06 08 12 14 102 103

Pion momentum (MeV/c)
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Still trouble — pion product

« Use asimplistic model (Rein-Segal
based) missing ingredients. Few
theoretical alternatives now, but WIP.

« Seems able to describe lepton
kinematics, but not the pion’s

« Particular problems at low Q% - RPA
for pions XX (doesn’'t make much sense ...)

arxiv: 1803.08848

1

v, CC17°

do/dQ? (10* cm?/nucleon/GeV?)

Phys. Rev. D 96, 072003
POT Normalized
30l —+— Data (3.33e20 POT)
—— GENIE
==== NuWro

(DATA - GENIE)
L GENIE
Q' 1

Stephen Dolan
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Phys Rev D91 112010

251' ‘ g Tull ph'l%e sp’lce—

20— —]
L — GENIE

—+ 12K data I
v, CC- inclusive

Further challenges

v, Cross sections
- Use measurements of v, at ND fo

Phys. Rev. Lett. 116, 081802

do/dp (x10*° cm2/nucleon/(GeV/c))

COnSTI’GIn Ve IﬂTerOCTIOﬂS OT FD % ~g2'5 Absmelyﬁeorigﬁi"zedégf jrran ”o;'olﬁ T ¥ V- e T
-8 g [ Simulation: statistical errors only ~ —#- Data p, (GeVic)
w - xf" B cENIE 2.6.2 — Phys. Rev. Lett. 116, 081802
 |mportant to understand the A G g e e oot nd
differences : g o4p Y
. . 18 0,35— t &= simulation
« Unoscillated v, fluxis very small — ; g | v CCOTT
. . ol ¢
challenging measurements e Y | i °
Q2 (GeV?) g o
« Rely on theory — interesting new developmen’rs (not S B meressnssos — Y
. . . _g%'" 0 5 10 15 20 25 30 35
iNn generators): arXiv:1707.01014, arXiv:1901.08050 6, (deg)
"""""""""""""""""""" S e
RES-SIS-DIS region g 0 C. Wikinson ~ — ccine ;
_>w L —— CCQE+2p2h .
« Transifion region between DIS and RES poorlys | — coRes 1
modelled (stitching together models) d o ]
i — CC-DIS ]
« Information on particle multiplicity limited to 35 t ND LAr
old bubble chamber data 051 BNE 3-horn|
. . I opt. ]
 Critical region for DUNE — needs more data oL . ~__) Ipl :
and model development in generators 0 N 7 4Gy
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https://arxiv.org/abs/1901.08050

Future strategy

Ideal situation:

« Implement full semi-inclusive cross-sections in the generators with
theory-motivated free parameters to provide model uncertainty

« Use measurements from multiple experiments to tune the
parameters, use specialised e-scattering data to check it all works

« Take the tuned model (with reduced uncertainties) as input to
neutrino oscillation analyses
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Future strategy

Ideal situation:

« Implement full semi-inclusive cross-sections in the generators with
theory-motivated free parameters to provide model uncertainty

« Use measurements from multiple experiments to tune the
parameters, use specialised e-scattering data to check it all works

« Take the tuned model (with reduced uncertainties) as input to
neutrino oscillation analyses

The challenges:

« We're getting closer to this for 1p1h, but we have a way to go for
other interactions

« Can we ever expect comprehensive theory-motivated uncertainties
on the models¢

« Some empirical freatment will always be necessary (FSI cascades,
high mulfiplicity final states etfc.)
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The way oufte

Input from and collaboration with theorists is fundamental to
overcoming these challenges

» Experiments have outstripped the over simplified
mOdels In generators' Nulnt 18 Experimental summary talk — K. McFarland

With every topic we find that the challenges can be met only

with the active support and collaboration among specialists in strong interactions and electroweak
physics that include theorists and experimentalists from both the nuclear and high energy physics

communities: | \\USTEC White Paper (Prog.Part.Nucl.Phys. 100 (2018) 1-68)

Apart from rigorous work, inspiration (and whining abilities ©) (especially young) theorists need
institutional support! | \yint 18 Theoretical summary talk — V. Pandey

m Precision era of neutrino physics requires more sophisticated
generators and a dedicated joint effort in nuclear theory and

NEUTRINO 2018
cross-section talk generator development

- U. Mosel m This joint effort has to be funded as integral part of experiments

Lepton interactions, Elba, 27/06/19
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Thank you for listening!
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Testing the FA using RMF

The plan to test the factorisation approach (FA):

e Compute exclusive results using theory, compare it to the same
theory implemented in a generator
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Testing the FA using RMF

The plan to test the factorisation approach (FA):
e Compute exclusive results using theory, compare it to the same
theory implemented in a generator

e Relaftivistic mean field theory (the base model of SUSAvV2) allows this
(the current neutrino version can compute |p,| buf not 6,)
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Testing the FA using RMF

The plan to test the factorisation approach (FA):

e Compute exclusive results using theory, compare it to the same
theory implemented in a generator

e Relaftivistic mean field theory (the base model of SUSAvV2) allows this
(the current neutrino version can compute |p,| buf not 6,)

* Will do this test calculating v, 1p1h confribution for T2K flux with
(exclusive) and without (inclusive) a restriction on the momentum of
the outgoing proton (500 MeV/c) as was measured in Phys. Rev. D 98,
032003 (2018)
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Testing the FA using RMF

The plan to test the factorisation approach (FA):

o« Compute exclusive results using theory, compare it to the same
theory implemented in a generator

e Relaftivistic mean field theory (the base model of SUSAvV2) allows this
(the current neutrino version can compute |p,| buf not 6,)

* Will do this test calculating v, 1p1h confribution for T2K flux with

(exclusive) and without (inclusive) a restriction on the momentum of
the outgoing proton (500 MeV/c) as was measured in Phys. Rev. D 98,
032003 (2018)

Caveats:

e Even for the inclusive case, SUSAv2 and RMF are not quite identical at
very high and low kinematics — will stick o a good kinematic region

e Forthe FA, will use LFG rather than the real RMF spectral function
(work in progress)
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A first test of the FA RS

These lines show the inclusive 1plh
prediction (no proton constraints)

— —— RMF

0.700 < cosﬁu < 0.800

fa—
L B
|

=
=
T
1

. +

-

cm /GeV/nucleon)
=
(o a]
T

=
I
I
|

L

do/dp (107
-]
2

02 04 06 08 1
p, (GeV)

=

 RMF detailed microscopic model calculation of inclusive 1p1h for T2K flux
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A first test of the FA RS

These lines show the inclusive 1plh
prediction (no proton constraints)
— —— RMF
SuSAv2
0.700 < cosﬁu < 0.800

fa—
L B
|

=
=
T
1

-

cm /GeV/nucleon)
=
(o a]
T
e

=
I
I
|

L

do/dp (107
-
2

02 04 06 08 1
p, (GeV)

=

 RMF detailed microscopic model calculation of inclusive 1p1h for T2K flux
e SUSA isidentical in this kinematic region (not tfrue if we move to very small or
steep angles)
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A first test of the FA S

These lines show the inclusive 1plh
prediction (no proton constraints)
— —— RMF

SuSAv2

—— 1plh

0.700 < cosﬁu < 0.800

GENIE, SpSA

fa—
L B
|

=
=
T
1

-

cm /GeV/nucleon
=
o a]
T
|

=
I
I
|

L

do/dp (107
-]
2

02 04 06 08 1
p, (GeV)

=

e The GENIE implementation works.
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A first test of the FA RS

These lines show the inclusive 1plh
prediction (no proton constraints)
— —— RMF

SuSAv2
—— 1plh

0.700 < cosﬁu < 0.800

GENIE, SQSA

fa—
L B
|

=
=
T
1

-

cm /GeV/nucleon
=
o a]
T

=
I
I
|

L

do/dp (107
-
2

02 04 06 08 1
p, (GeV)

=

e The GENIE implementation works.

e Great, for inclusive calculations the microscopic base model (RMF), the
inclusive theory (SUSAvV2) and the implementation (in GENIE) all agree.
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A first test of the FA RS

These lines show the inclusive 1plh These lines show the exclusivelplh

prediction (no proton constraints) prediction

— —— RMF (ho protons with momentum > 500 MeV)
SuSAv2 RME (p_ < 500 MeVi/c)

R 1p1hGENIE, SuSA {,]'?0.0.{,0?5.8}" < IO.IS(I)O -

fa—
L B
|

=
=2
T

-

cm /GeV/nucleon
=
o a]
T

=
I
1

L

/ N\

02 04 06 08 1
p, (GeV)

do/dp (107
-
2

=

e RMF detailed microscopic model calculation of exclusive 1pTh for T2K flux
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A first test of the FA RS

These lines show the inclusive 1plh These lines show the exclusivelplh
prediction (no proton constraints) prediction

— —— RMF (ho protons with momentum > 500 MeV)
—_— 1p1hGENlE, SuSA {I].TUIU {,C.GSH.” < IO.IS(I)O | — — 1plhgeug susa (P, <500 MeVic)

13 -

-

cm /GeV/inucleon
=
o a]

L

u ey —
|

002 04 06 08 1
p, (GeV)

do/dp (107
-
2

* FA implementation in this simple situation is surprisingly good!

o Still not perfect — exclusive kinematics are not quite right
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A first test of the FA RS

These lines show the inclusive 1plh These lines show the exclusivelplh
prediction (no proton constraints) prediction

— —— RMF (ho protons with momentum > 500 MeV)
—_— 1p1hGENlE, SuSA {I].TUIU {IDIGSTBIM < IO.ISOO — = Iplhgpgp susa (P, <500 MeVic)

' "~ .—.— lplh (pp <500 MeV/c)

GENIE no FSI, SuSA

-

cm /GeV/nucleon
=
o a]
]

L

do/dp (107
-
2

.:,
19

002 04 06 08 1
p, (GeV)

e No FSI cascade in GENIE — less slow protons — smaller cross section
e FSlis (unsurprisingly) important to get the FA to work at all

* FSI maybe too strong at larger kinematics (shared in other angular bins)
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A first test of the FA RS

These lines show the inclusive 1plh These lines show the exclusivelplh
prediction (no proton constraints) prediction

— —— RMF (ho protons with momentum > 500 MeV)
—_— 1p1hGENlE, SuSA {I].TUIU {IDIGSTBIM < IO.ISOO — = Iplhgpgp susa (P, <500 MeVic)

' —._._ Iplh

i (pp <500 MeV/c)
I- ____ 1plh

GENIE no FSI, SuSA

GENIE, SuSA, fixE, (p, <500 MeV/c)

-

cm /GeV/nucleon
=
o a]

L

do/dp (107
-
>

.:::,
1y

R, R v S S—
p, (GeV)
* Our SUSAV2 implementation uses a g; dependent removal energy
 One step away from full factorisation

e |f we use a fixed binding energy of ~25 MeV (common) then things don't
look so good in the peak region
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Understanding systematics

« Alot of work with new measurements is needed to achieve the few-%
systematics on the neutrino-nucleus interaction modelling

More importantly, the projected HK/DUNE sensitivity requires an
understanding of the neutrino-nucleus uncertainty which we do not yet have

The 'first order' problem to solve (largest impact on oscillation analysis) is the
capability of reconstructing the neutrino energy:

x10° 9 9 5
E ol T Ty L my = (ma = By — g+ 2(ma — EE,
C - v —
R?- 600 E— —E 2(?”.': - E{, - E‘u. + P;;COS 6;1.)
o - -
~ 0 F 7 Calculation from lepton kinematics is perfect only
QL 400 - - for elastic scattering off a free nucleon at rest
2 300 - =
S oof -
1] 200 [ =
O - E
E 1005 ; ; ; ; E
T ]

0 Co | | TR |

-08 06 04 02 00 02 04 06 0.8
rec true true

(E™°-ElMe)/E"
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Understanding systematics

« Alot of work with new measurements is needed to achieve the few-%
systematics on the neutrino-nucleus interaction modelling

More importantly, the projected HK/DUNE sensitivity requires an
understanding of the neutrino-nucleus uncertainty which we do not yet have

The 'first order' problem to solve (largest impact on oscillation analysis) is the
capability of reconstructing the neutrino energy:

S 2 2 2
o000 P T T T T - - my — (my, — By)° —mi, +2(my, — By)E,
O = : : : 3 : : : i v — 9
Bo0000 — - 2(m,, — E, — E,, + p,cos8,,)
(\IO ’ . . .
45000 - The motion of the nucleons inside the nucleus
o (Fermi motion) causes a smearing on E,
20000 -
()
Lﬁ i i i i i
5000 — ; : : 5 i —

0 L. L : . . L . A et ]

-08 06 04 02 00 02 04 06 0.8
rec true true

(E*°-EM°)/E"
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Understanding systematics

« Alot of work with new measurements is needed to achieve the few-%
systematics on the neutrino-nucleus interaction modelling

More importantly, the projected HK/DUNE sensitivity requires an
understanding of the neutrino-nucleus uncertainty which we do not yet have

The 'first order' problem to solve (largest impact on oscillation analysis) is the
capability of reconstructing the neutrino energy:

0 T T T r Tn:j—(Tﬂ--”,—E{,)z—?R:‘j—l—Q(T}’l,,—Eb)EP.
o - 1 E,=
20000 | - 2(m, — Ey, — E, + p,cosb,)
ad C ; -
o B i . ..
45000 1 The motion of the nucleons inside the nucleus
o F 1 (Fermi motion) causes a smearing on E,
0000 — - _
g - 1 The energy loss in the nucleus (to extract the struck
('-';5000 - 1 nucleon from its shell) introduces a bias
= [ ]
C Ly fery 0 [ s

g J L [ . i

-08 06 04 02 00 02 04 06 0.8
rec true true

(E"°c-Ee)/E"
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Understanding systematics

« Alot of work with new measurements is needed to achieve the few-%
systematics on the neutrino-nucleus interaction modelling

More importantly, the projected HK/DUNE sensitivity requires an
understanding of the neutrino-nucleus uncertainty which we do not yet have

The 'first order' problem to solve (largest impact on oscillation analysis) is the
capability of reconstructing the neutrino energy:

%25000;”@'”@”@” > :;rn,;j—(m..u—Eb)'“’—miJrQ(m,,—Eb)E,u
o000 [ D | '2I'o;e:‘l R . 2(m, — Ey, — E, + p,cosb,)

¢ - |} ——4psh 1 : o

ESOOO - |V —— other ] The motion of the nucleons inside the nucleus

o« [ JVyv—ccQe 1 (Fermimotion)causesasmearing on E,

[ - V- ]

‘§°°°° The energy loss in the nucleus (to extract the struck
D 0 nucleon from its shell) infroduces a bias

O

= B — L™ Does not work well for non-CCQE events: 2p2h

-08 06 -04 -02 00 02 04 06 08 gnd CClm with pion abs. FSl)
(Erec_ Etrue) /Etrue
v v v
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Understanding systematics

« Alot of work with new measurements is needed to achieve the few-%
systematics on the neutrino-nucleus interaction modelling

More importantly, the projected HK/DUNE sensitivity requires an
understanding of the neutrino-nucleus uncertainty which we do not yet have

The 'first order' problem to solve (largest impact on oscillation analysis) is the
capability of reconstructing the neutrino energy:

25000

= B :

O S

~ 20000 — -

° L ‘First order’ uncertainties:

o F ; . e
‘;,’0000 1 CCQE: Fermi motion and removal (“binding”) energy
goo00 - .

g o0 L 2p2h cross-section (10-20% of CCQE?)
&) -

= -

O Il 1 | I — 1 ]

-08 06 -04 -02 -00 0.2 0.4t 0.6 t 0.8
rec rue rue

(E™°-El°)/E"
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ls : Zl |4 M4
Hv _ v 3,3 5, MY o
r#v(pllaplz,hl,hz)é(E{ +Eé_E1 _EZ_CL)),

Over 100,000 terms are involved in the calculation, with seven-dimensional integrations

P P P P; P P2
A
q N N q
o ',:,>' 7 Py Py
Pa 2 S " T S——
A : ;
q B k, A A k;
P P> P, P> P P>
(@) (b) (d)
P Py P P> P P5
A i X A & A A ik
:Irr,_p----— ---9 1»----6---4}\_\6-]\ ¢ -<- -)--
A A A A A q
P, P, P, P> P, P>
(e) (f) (8

e Based on the calculation performed by De Pace et al., (2003) for (e, €')

scattering and extended to the weak sector by Amaro, Ruiz Simo et al.
[PRD 90, 033012 (2014); PRD 90, 053010 (2014); JPG 44, 065105 (2017); PLB 762, 124 (2016)]

e Performed within an RFG nuclear model (like Nieves), SUSAV2-MEC is fully
relafivistic — no approximations

 HUGE calculation, takes a long tfime to calculate a full cross section
 Normally a parameterisation is used
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Comparison to Valencia 2p2h

I T T T T l
- arXiv:1905.08556

-
-.’_...-
-

— -
-

-

—— Empirical (GENIE.v) ]
— — Empirical (GENIE, V) _|
—— SuSA (GENIE, v)

— — SuSA (GENIE, v)
—— Nieves (GENIE, v)

— = Nieves (GENIE, v)
1

S

E, (GeV)

« Valencia model makes some non-relativistic approximations limiting
validity above 1.2 GeV, SuSAv2-MEC does noft.
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Compomson to Valencm 2p2h
— Total 2p2h
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* Valencia model makes some non-relativistic approximations limifing
validity above 1.2 GeV, SuSAv2-MEC does not.

« Valencia model rejects direct/exchange interference terms, SUSAvV2-
MEC does not — Valencia predicts relatively less np initial states

10.1016/j.physletb.2016.09.021
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Comparison to Valencia 2p2h

2
— 2000 7 T T T T X10_42 ;2000:Il'l""”""'|"'"""""""""": X1U_4
© 180 - SUSAV2 2p2h 35 2 10 Valencia 2p2h E IO
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* Valencia model makes some non-relativistic approximations limifing
validity above 1.2 GeV, SUSAv2-MEC does not.

* Valencia model rejects direct/exchange interference terms, SUSAvV2-
MEC does not — Valencia predicts relatively less pp final states

« Valencia model includes a different set of diagrams (some from
imaginary part of the W)
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SUSAV2 1pTh — very brief theory!

Basic idea: use the scaling function encode nuclear dynamics

oqe(nuclear effects)

f(v) = f(q,w) ~ 1-scaling variable
single nucleon (no nuclear effects)

In inclusive QE scattering we can observe:

X Scaling of 1% kind (independence on q)

— SuperScaling

X Scaling of 2" kind (independence on Z)

1.0 : ,
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. as- e o R (see G.D. Megias’ Thesis for details)
z . SuSAv2: build scaling function from
: g microscopic model — Relativistic Mean
0.2f Field (RMF) theory
2 - Excellent description of QE e, e’ data
EPERPRPEY - Corie, I

- A quick way of getting RMF predictions!
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Comparison to Valencia model
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Provides a significantly different predictions to the Valencia model

Complimentary addition to the generators

Stephen Dolan ECT* Workshop, 05/06/19


https://arxiv.org/abs/1905.08556

