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Inelastic region in NEUT 3

Abrupt change of model

<— “Resonance region” —»i<«——— DIS region >

Resonant models Multi-particle model

Single particle (1, 1K, 1n) production only Multi-pion only (nn=2)
Resonant + non-resonant contribution Custom DIS model

> No 211/31T resonances

> No DIS contribution to single particle production below W<2 GeV
- 2 separate DIS models: low and high W



Low W DIS model

* Multi-pion mode describes the multiparticle (nhag>3) component in the
region 1.3 GeV/c2 < W < 2GeV/c?

* Custom deep-inelastic model with the component nhad=2 removed
(both in generated events and total cross-section) to avoid double
counting with resonant modes

* Relies on two main inputs:
- cross-section (d2a/dxdy) for global kinematics (W/Q?)
- hadron multiplicity model

* Assumes that all the events have:
- one outgoing lepton
- one outgoing baryon
- n outgoing pions (n>1)
- no kaons, n (only resonant production for W<2 GeV/c?)



High W DIS model °

Y

Pure DIS mode for W>2 GeV/c? based on PYTHIA generator

Y

Recent version of PYTHIA do not allow generation of events at the low
energies relevant for T2K/Super-Kamiokande
— use older version [1] (found in CERNLIB based on JetSet 5.72)

Y

Cross-section calculated by integrating d2c/dxdy (as for multi-pion mode)

Y

PYTHIA used only for the actual event generation:
> input Ev and nucleon four-momentum (from simple RFG model)
> Loop over PYTHIA event generation until W>2 GeV and right NC/CC type

[1]:T. Sjostrand, Computer Physics Commun. 82 (1994) 74



d2ol/dxdy ©

(A central part of those models:
> integrate over x and y to get total cross-section
> Underlying probability to generate (x,y) - (Q3,W)

d2o/dxdy parametrized in terms of structure functions Fau,..., Fs

d°c <
2

o Z O(‘l X Fl ( X’ )

dxdy 5
- Use modified Calland-Gross and Albright-Jarlskog relations to relate Fi1,F4,Fs to F2 and xF3

1 2 1+4M2X2/Q2 2 n_F (X,QZ)
F ? =—F X F , =0 —_ 2
(x,Q) 2 X (%.Q') 1+R(x,Q%) {x.Q) Fs(x,Q') X

~ Finally use quark-parton model to compute F2 and xFs from Parton Distribution Functions

PDFs not valid at low Q2 => use Bodek-Yang model
(see talk by U-K Yang for detalls)



Neutral current DIS events /
Structure functions
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Neutral current DIS events 8
Cross-section

Example: ratio onc/occ for interactions of ve on protons, low W DIS mode
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Hadron multiplicity model )

v )

For low W mode, events with only 2 hadrons produced are rejected to avoid double
counting with resonant modes

As a result, hadron multiplicity model has a significant impact on cross-section and
W distribution for this mode

NEUT 5.4.0 had 3 different multiplicity models for event generation

Now also implemented effect on low W mode cross-section

Y

Y

Low W mode cross-section
vV, 0N neutrons

f3 hadron multiplicity models:

> NE-MULT=0: NEUT default

> NE-MULT=1: from deuterium bubble
chamber fits (CB, hep-ph:1607.06558) g

> NE-MULT=2: AGKY model (GENIE '

model, hep-ph:0904.4043)

o [10%cm?]

— Model 0 (default)
— Model 1 (deuterium fit)
— Model 2 (AGKY)

1 IIIIIII| 1 IIIIIII|
1 10 10°

E, [Gfe\/li)3



“Feature” in PYTHIA events

10

r

> Previous versions of NEUT were showing a strange peak at low piep
-~ Particularly visible in the forward region
- Was found to be from events generated by PYTHIA in high W DIS mode

cos 6, > 0.985
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GENIE 2.8.0
NEUT 5.3.2

CB @ NUSTEC SIS/DIS workshop (2018)

A. Garcia (2017)




“Feature” in PYTHIA events 1
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New Bodek-Yang model 12

» NEUT 5.4.0 was using Bodek-Yang model from hep-ph:0508007 (“Previous
model”)

> Have been trying for some time to implement new version, with in particular
separation between axial and vector part of F
(expected to have an effect at low Q2 mainly)

- Started with a preliminary version of the new model provided by authors, and
found that:
- when assuming vector=axial (“Type I"), new model was giving predictions
relatively close to previous one
- separation of axial and vector part of F, (“Type II") had limited effect on
Cross-section

- A new version is nhow available on arXiv: hep-ph:2108.09240v2
(Changes: value of K&, introduction of Kiw®, increase sea quark and antiquark contributions)

» Updated implementation to this new version, and saw a very different picture

> Note: could only fully implement new model for low W mode, problems to
separate axial and vector part of F2 in PYTHIA



New Bodek-Yang model
Separation of axial and vector F2

Now see significant effect of axial/vector separation on low W mode cross-section

©
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New Bodek-Yang model 14
Separation of axial and vector F2

(> 4 GeV v, on water, low W mode (W<2 and nnac>2)
- Type Il allows lower Q2, and shifts W distribution to lower values (probably
explains increase of xsec at low W)

Previous BY
New BY Type |
New BY Type Il
«10°  Transfered momentum <10 Hadronic invariant mass
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New Bodek-Yang model 15
Separation of axial and vector F2

- 4 GeV v, on water, low W mode (W<2 GeV and Nnac>2)
- Enhancement at low W is really strong for antineutrinos

Previous BY
New BY Type |
New BY Type I o .
<10  Transfered momentum «10° Hadronic invariant mass
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New Bodek-Yang model 16
Separation of axial and vector F2

For high W mode (W>2GeV), effect is more limited but still visible at low energy, in particular for v
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New Bodek-Yang model L7
Separation of axial and vector F2
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Comparison to other generators 18

 Compared predictions of updated NEUT to other generators for W and
lepton kinematics

(update of comparisons shown at NuINT2015 and 2018 NuSTEC SIS/DIS
workshop)

 CC DIS and RES modes only (+QE charm for GENIE)
« Additional cut W>1.7 GeV for lepton kinematics plots

 Compared following 3 generators:
- NEUT: version with updates presented here, in particular new Type Il
Bodek-Yang model (not released yet)
- NuWro 21.09.2
- GENIE 3.02.00 with tune G18 02b 02 11b (includes cross-section model
re-tune published in Phys. Rev. D 104, 072009 (2021))

* Plots are normalized by area: shape comparison only



Comparison to other generators 19
Hadronic invariant mass

Neutrino Anti-neutrino

# events
# events

S N B~ O
TT T[T T T TT T TT T T




Comparison to other generators 20
Hadronic invariant mass

- Evolution from 2018: significant changes only for GENIE
- NEUT has some small change of the relative nhormalizations of the different
regions

2018 version 2022 version
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Comparison to other generators 21
Lepton kinematics

Lepton momentum Lepton angle
_3 —3
5 r —NEUT | S 80F
(3} - — — (5} E
8- 7 60 — NuWro
[ ] 50;_ — GENIE H
6/~ ] 40§_ ]
o =R 2 E
- i 20F E
2 — -
I ] 101 —
O ||||||||||||||||||||||||||||| L ] 0:|||1—:|—r||illlI|IIII|IIII|IIII|IIII|IIII|IIII|IIII:
0 0.5 1 1.5 2 2.5 3 \)3.5 0 01 02 03 04 05 06 07 08 09 1
p, [GeV] cosh,



Comparison to other generators 22
Lepton kinematics

Lepton momentum Lepton angle
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Summary 23

2 deep inelastic models in NEUT:

- low W mode (W<2GeV): custom model for multi-particle background on top of
resonant modes

- high W mode (W>2GeV): uses PYTHIA for event generation

Since NEUT 5.4.0:

- improved simulation of neutral current DIS events

- fixed a number of problems, including strange feature in lepton kinematics for
events generated with PYTHIA

Implemented new version of Bodek-Yang model: see significant effect of separation
axial and vector part of F2 for corrections.

Updated comparisons to GENIE and NuWro: still significant differences in the way
generators treat the transition region

Planning to continue working on the use of PYTHIA:
- Iimplementation of separation axial/vector F2 for BY model
- difference in (x,y) compared to expectations from d2o/dxdy

Another important missing part is nuclear effects
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Multi-pion model 2

Flow

'

Generate (X,y) from d2o/dxdy
(in nucleon rest frame)

1.3 GeV<W<2 GeV

y

- Generate hadron multiplicity

l Nhadron=3

Assign particle type

l

Nhadron<3

Select target nucleon |-

........ Using ratio of cross-section
on proton and neutron

W<1.3 GeV
W>2 GeV

Throwing method:
- baryon: 50% p, 50%n

...... - remaining: pions

Rethrow until charge is
balanced

Assign momentum to each hadron

...... Decay by phase space




DIS region

Modified parameters in PYTHIA

26

*  Lower edge of allowed sqrt{s} [GeV]
CKIN(1) =0.001

*  Lower cut-off on p_t [GeVI/c]
CKIN(5) =0.0001

*  Lower CM energy [GeV]
PARP(2) =0.001

*  Switch to be allowed to decay or not
MDCY(LUCOMP(111),1) =0
MDCY(LUCOMP(221),1) =0
MDCY(LUCOMP(311),1) =0
MDCY(LUCOMP(223),1) =0
MDCY(LUCOMP(130),1) =0
MDCY(LUCOMP(310),1) =0
MDCY(LUCOMP(331),1) =1

*** without tau decay(decay at tauola)
IF(ITAUFLGCORE.eq.1) THEN

MDCY(LUCOMP(15),1) =0

ENDIF /

Don’t do decays of 19, n,
KO, wandTt
Decay 1’




Other changes since 5.4.0 27

Improved calculation of cross-section for low W mode, to make it more stable at high energy
As a result, now use calculation up to 2.5 TeV instead of 25 GeV

Add extra normalization of GRV98 PDFs when using Bodek-Yang model

Rewriting of code used to compute and load DIS cross-sections, to make it easier to include
additional models

Fix bug in kinematics cut for the high W mode: cuts on Q2 due to validity of PDFs were
mistakenly passed to PYTHIA as cuts on W



Multiplicity models

28

(Hadronization for low W mode)

- Multiplicity models give the probability to produce a given number of
hadrons for a given value of W
- Based on KNO scaling: the distribution of P(nch)=f(Nch/<nch>) is

Independent of W

- Average charged hadron multiplicity observed to be a linear fonction of

log(W?2) in bubble chamber data
(K. Kuzmin and V. Naumov argue for a quadratic function at low W in PRC 88, 065501

(2013))

<nch>=A+B*log(W?2)

Available energy: W
Neutrino type: v/v
Target nucleon: n/p

Average charged
hadron multiplicity

<Nch>

P(nch)=f(Nch/<nch>)

Charged hadron
multiplicity probability
P(nch)

3 or 4 parameters for each couple of neutrino type and target nucleon
depending on choice of f




Low W multiplicity models 29

- Use data from bubble chamber experiments to measure free parameters
- To decorrelate from final state interaction modelisation, use data from
hydrogen and deuterium experiments

Author(s), experiment, publ. date Ref. Target W2 range Kinematic cuts Intercept a Slope b /

v p — o Xt !! l ! -
Coffin et al., FNAL E45, 1975 [21] H " 4200 10403 1.14+0.1 Man r(_)blems'
Chapman et al., FNAL E45, 1976 [22] H 4-200 1.09+0.38 1.09+0.03 x
Bell et al., FNAL E45, 1979 [23] H 4-100 0? =2 — 64GeV? 135+0.15 Inconsistent reSUItS
Kitagaki et al., FNAL E545, 1980 [26] H 1-100 0.80+0.10 125+ 0.04
Zieminska et al., FNAL E545, 1983 [27] 2y 4-225 0.50+0.08 1424003 bElWee n d atasets
Saarikko ef al., CERN WA21, 1979 (28] H 3-200 0.68 +£0.04 1294 0.02 .
Schmitz, CERN WA21, 1979 [29] H 4-140 0.38 +0.07 1384003 * actu al data hard to fi nd
Allen et al., CERN WA21, 1981 [30] H 4-200 0.3740.02 13340.02 . o
Griissler e al.,CERN WA21,1983  [32] H 11-121 ~0.05+0.11 143+0.04 * NO SystemaUC uncertainties
Jones et al., CERN WA21, 1990 [33] H 16-196 0.911 +0.224 1.131 4 0.086 .
Jones et al., CERN WA21, 1992 [34] H 9-200 0.40 +0.13 1.25+0.04
Allasia et al., CERN WA25, 1980 [35] 2y 2-60 1.07 4027 1314011 most Of the time
Allasia et al., CERN WA25, 1984 [38] 2y 8-144 0? > 1GeV? 0.1340.18 1.44+0.06

Vup — utX°
Derrick et al., FNAL E31, 1976 [14] H 4-100 y>0.1 0.04 4037 1274017
Singer, FNAL E31, 1977 [15] H 4-100 y>0.1 0.78 +£0.15 1.03+0.08
Derrick et al., FNAL E31, 1978 [16] H 1-50 0.06 +0.06 1224003
Derrick et al., FNAL E31, 1982 [20] H 4-100 01<y<08 —0.44+0.13 1.48 +0.06 / —
Griissler et al., CERN WA21, 1983 [32] H 11-121 —0.56 +0.25 1424008 > [ ] ( _ )
Jones et al., CERN WA21, 1990 [33] H 16-144 0.222 +0.362 1.117 4 0.141 NEUT model O uses [16] (v P
Jones et al., CERN WA21, 1992 [34] H 9-200 —0.44 +0.20 1.30+0.06
Allasia et al., CERN WA25, 1980 [35] H 7-50 0.55+029 1.1540.10 for all typeS
Barlag et al., CERN WA25, 1981 (36] H 6-140 0.1840.20 1234007 > [ ]
Barlag et al., CERN WA25, 1982 [37] 2y 6-140 0.02+020 128 +0.08 GENIE ESGS 27] for v and
Allasia et al., CERN WA25, 1984 [38] H 8-144 0? > 1 GeV? —0.2940.16 1.3740.06 [_3 7] for v. and symm etry Vp o

)

vun — - Xt
Kitagaki et al., FNAL E545, 1980 [26] 2y “1-100 0.21+0.10 1214004 vin f()r some param eters
Zieminska et al., FNAL E545, 1983 [27] H 4-225 —0.20 +0.07 1424003
Allasia et al., CERN WA25, 1980 (35 2y 2-60 0.28+0.16 129+ 0.07
Allasia et al., CERN WA25, 1984 [38] 2y 8-144 0? > 1GeV? 1.7540.12 1.3140.04

vn— ptX-
Allasia er al., CERN WA25, 1980 [35] H 7-50 0.10+028 1.164£0.10
Barlag et al., CERN WA25, 1981 [36] 2y 4-140 0.79+0.09 0.93+0.04
Barlag et al., CERN WA25, 1982 [37] H 2-140 0.80 +0.09 0.95+0.04
Allasia et al., CERN WA25, 1984 [38] 2y 8-144 0? > 1GeV? 0.22+021 1.08 +0.06

Phys. Rev. C 88, 065501 (2013)



CB, M. Hartz

30

arXiv:1607.06558 [hep-ph] Deuterium fits

" Tried to make an iImproved multiplicity model using bubble chamber data on deuterium,

assumed to be free neutrons and protons:

- Use all deuterium datasets considered valid in Phys. Rev. C 88, 065501 (2013)

- Fit all parameters for all combinations of v/v on p/n

Average multiplicity <nch> at this W
<nep > (W) = A+ B x In(W?)

Average charged hadrons multiplicities

/\ﬁ 105”‘"""""'1"""'“'”' p0 0.5793 + 0.07086
5 z; 4+7 Eitriilal 15 p1 1<351i0‘02535—:
2. —t+— BEBC E
6F :
SE : e
4E E
2E =
1= =
= | PR W I T O O N 0 i v A v o
1 1.5 2 25 3 35 4 45 5 55 6

Log(W?)
2 parameters A and B obtained by fitting <nch>=f(W)
in bubble chambers data

Deduce the probability of n,, at this W

1 Nep — O
P(nep, W) = x f , O
< MNep > —O < Nep > —
Charged hadrons multiplicities: RMS vs mean
E 4‘5[ 17T ‘ LI B I | I L [ LI N pO 03152i00488
=1 1

& 3.5E 4 Fermilab 15 p 0.353110.0127:
3 -

- —}— BEBC 7

2.5F =
3F- : -
150 3

1= =

0.5F =

:\ 1 1 1 ‘ 1 1 1 1 I 1 1 1 1 | 1 1 1 Il | 1 1 1 1 | 1 1 1 1 ‘ 1 1 1 \:
0 2 3 4 5 6 7 8
<n,>

Q
=

2 parameters C and o, obtained by fitting the RMS versus
the mean of the multiplicity distributions for the different W
bins.

-~ Use for f the 'Levy function' used in the AGKY model (Eur. Phys. J. C 63 ,1-10 (2009))
- Compared to standard KNO scaling, use an additional parameter a as defined in

Z. Phys. C 21, 189 (1984)




Multi-pion mode >
Uncertainty on W distribution

SOX10_3 X10_3
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(T2K near detector flux, area normalized, low W mode W<2 GeV, ni=2. NEUT 5.4.0)



NEUT invariant mass 32

e Limited changes for NEUT

* Main feature is the slightly lower contribution of delta peak. Could be because the low W DIS
background in the region after it has increased as a result of the increase of xsec for multi-pion
mode

_ NEUT 5.4.0
Neutrino New NEUT (BY Type I) | Anti-neutrino

«10° Invariant mass 107 Invariant mass
:5 182_' T T T T T T _i g 40;_' T I _;
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- . 15 =
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