Science & Technology Facilities Council

W Rutherford Appleton Laboratory

The GENIE *
Neutrino Monte Carlo Generator

(a status update)

(*) http://lwww.genie-mc.org

Costas Andreopoulos

45th Karpacz Winter School in Theoretical Physics

Neutrino interactions: from theory to Monte Carlo simulations
Feb 10, 2009 St Tty

Facilities Council



It has been a fantastic school !

Students worked hard.

They learnt how to use the codes and
analyse event samples and

performed the first cross-generator
(GENIE/NEUT/NUANCE/NUWRO/FLUKA)
comparisons we have seen for years!

We had the chance to:
- get feedback from students
- exchange notes with other experts

Very instructive for all of us.

Jan, Danuta, Artur, Cezary, all

THANK YOU!
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Outline

 GENIE — Overview (& a bit of history)

 Current production release (v2.4.2). Physics & capabilities

* Improvements in upcoming releases
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A bit of history

GENIE evolved from neugen / Many models within GENIE have long history.

Neugen originates from the Soudan2 expt.

Soudan2: A proton decay experiment in the ~80's
Back then: vA a background.

Heavily re-developed for MINOS analyses

Cross section model partially re-written / re-tuned.

4
s
25 . . . .
~ Hadronic simulations almost completely re-written.
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NulNTO1 / 'Call to arms'

[early ~2000]

- Entering a precision era in neutrino physics:
Neutrino interaction uncertainties start to matter!
- Also, changes in software devel paradigm:
C++ expt. offline softw., Geant4, ROOT

Needed a
Universal
Neutrino MC

Many (~ 6+) major fortran generators in use.
Developed by small groups / very experiment-specific.
Mostly 'similar' but with no trivial / not understood differences.

For the longer term, the efforts of many will be Weak Interactions (Springer, Berlin 2000).
required to produce a carefully-tested and uni- 10. R. A. Smith and E. J. Moniz, Nucl. Phyvs. B
versal model of neutrino interactions. In addi- 43 (1972) 605. [Erratum-ibid. B 101 (1975)

- : e - . 547).
cal guidance and new experimental data will be 11. K. F. Liu, S. J. Dong, T. Draper and
vital. Still, with the success of NUINT01 and W. Wilcox, Phys. Rev. Lett. 74 (1995) 2172
the promise of renewed and expanded collabora- |arXiv:hep-lat /9406007
tion punctuated and reinforced by future NUINT 12. L. A. Ahrens et al., Phys. Rev. D 35 (1987)
workshops, it is not too optimistic to hope that 785,
within a relatively few years, members of the neu- 13. A. Pais, Annals Phys. 63 (1971) 361.

From D.Casper's NuINTO1 conference proceedings
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GENIE

Generates Events for Neutrino Interaction Experiments

A Neutrino Monte Carlo Generator (and extensive toolkit)

Validity:
from few MeV to many hundreds of GeV / handles all nuclear targets

Large scale effort:
110,000 lines of C++

Modularity / Flexibility / Extensibility:
Models can be swapped in/out. Models can be easily reconfigured. All done consistently.

Licensed:
To ensure openness and synergies between experiments

State of the art physics:
GENIE has lots of developers & support. Draws heavily from many people's expertise

Full list of collaborators at http://collaboration.genie-mc.org
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Who is using GENIE now?

Primary clients are the current / near future medium energy experiments:

- T2K
. nd280 After ~4 yrs of development (from scratch)
now have a nearly universal neutrino physics MC
) .Sup.:HK (an important tool for physics exploitation for the next decade++)
* ingri
— MINOS
— NovA
— MINERVA NEUTRINO EXPT. SYNERGIES !!
— ArgoNEUT
— MicroBooNE

— EU LAr R&D projects

GENIE already interfaced to most of these expts & used in physics MC prod.
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GENIE Neutrino Monte Carlo Generator

GEMNIE (Generates Events for Neutrino Interaction Experiments) Is an Object-Oriented Neutrino MC Generator supported and developed by an International

collaboration of neutrino interaction experts spanning all major neutrino experiments.

Mission statement
GENIE collabaration

Copyright notice

GENIE workshops

Users mailing list
Devel mailing list

Downloads

Belease table
Installation

3rd Party software
Supported platforms
GENIE @ Grid

CVS Changelogs
LiveCD

Publications
User manual s20090128)
Doxygen doc.

NuValidator

-;am
ﬁMlNOS

Next GENIE tutorial

The next GENIE tutorial will take place at the 45th Karpacz Winter School in Theoretical Physics
("Neutrino interactions: from theory to Monte Carlo simulations', Lgdek-Zdréj, Poland, February
2-7, 2009)

User manual (Jan 16th, 2009) |

A "user manual' is now available at the GENIE web site.

Revision 2.4.2 (Dec. 20th, 2008) |

A 2.4 revision version was tagged on Sat. 20th December.

The CVS tag for this version is "R-2_4_2".

Contains a bug fix (Delta- pdg code) affecting the Delta- decays and, subsequently, the produced
final states in anti-neutrino resonance production events. Includes code for mapping GENIE event
types to NEUT ones and updated / extended t2k_tracker'event file format for using GENIE events
with the Super-K detector MC.

Production release 2.4.0 (Jun. 8th, 2008)

The production release 2.4.0 is now available.
The CVS tag for this version is "R-2_4_0'.

For more details see here.

The next production release (2.6.0) is planned for Feb. 2009.

O

N

search
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E@ Web fead: News
@ Web feed: Releases

‘Web fead: CVE Log
Flzase subscribe to these fasds.
What iz & web feed?

["i Developers Blog

o

http://lIwww.genie-mc.org

Official GENIE web site

You can find:

* Physics documentation
* A user manual

* Release tables

* Download instructions

* Installation instructions
* Doxygen documentation
* News feeds

For all enquiries please contact : Dr. Costas Andreopeulos (STFC, Rutherford Appleton Lab)
Last modified : 01/28/2009 15.06.37

Find: (Q

Next | Previous ) Highlight all gh‘latch case
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Costas Andreopoulos, Rutherford Appleton Lab.

Science & Technology

- Facilities Council



Physics in GENIE v2.4.”
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Neutrino Interaction Simulation ‘steps'

Neutrino interaction modelling can be
broken-up in the following 4 pieces :

e e

0

|
nuclear model |primary interaction| | hadronization

(
|
|
|
|
|
|
|

|
| | intranuclear
| (cross section) | |  hadron
J | J ) | transport
~ — N N e ~_ — e

Note: A simplified picture

Science & Technology
Costas Andreopoulos, Rutherford Appleton Lab. E=aliee e



“Divide & conquer”

numu+0O16 - All processes
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log10{Q2)
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Costas Andreopoulos, Rutherford Appleton Lab.

Kinematical coverage
JPARC neutrino beam @ nd280 site

transition-"DIS”

- Safe-DIS
= (W>2, Q2>1) /RES

IowQ2-DIS e

o

0
log1 D(xhj)
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Putting everything together

Naumov, Max Born symposium (2007)

tot (Q]ES 1w 2 1K DIs
a,N=0,nN @UUN@UUN@...@CTMN@...@CT“N.

[ws|] humu+Febd6, Ev =5 GeV ted _ (OES .. RES .. Dis
2000 = Tl — Ton & TN s> OuN
- resonance
1800 “safe” and
1600 - “lowQ2” DIS
14003—
12001 See Hugh's talk on the
1000 — details of modelling the
800 transition region
600 (non-resonance background)
- GENIE
400 —
200
07 1.5 2 25

transition DIS
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The GENIE cross section model

Sam Zeller. circa-2002 /
Cross-generator comparisons

v2.5.1 free nucleon cross section prediction
vs B/C data & estimated uncertainty
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* QEL: Llewellyn-Smith with BBBAO5 elastic f/f
* RES: Rein-Sehgal / incoherent / 16 resonances up to W=2GeV
* Non-resonance background
* COH pi production: Rein-Sehgal / includes updated PCAC
+ DIS: latest Bodek-Yang
— Including parametrization of the longitudinal structure function FL
— Including NuTeV parameterization of nuclear effe

Costas Andreopoulos, Rutherford Appleton Lab.
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Free-nucleon cross section — Nuclear cross sections

Costas Andreopoulos, Rutherford Appleton Lab.
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Fermi Gas model in GENIE

Curn
4 A A-1 1 h
initial
state + O/v
nucleus
P=PF
L E=My—(Mi_,+pp
.4 A
ISW;; ﬁ -
""t Example;
2000 — -

E ‘s Bound (off the shell) nucleon mass in Fe56
"“"g 4:* Off-shell kinematics handed a-la Bodek
1000 ':

.'-UIJI -.

| | IJ L1 el L_i II ’ L
082 084 0B6 088 09 0092 094

bound nucleon mass (GeV)
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Moving to a spectral function implementation

Option currently available in GENIE

Switch to a S/F momentum profile and use the average binding energy at each momenum

o | FGM, Fes6
L SF1D, FeS6

3000 |

2000{

1mu':
L T ———
Og 0.1 02 03 04 05

Pnucleon (GeY)

Costas Andreopoulos, Rutherford Appleton Lab.

average removal anergy (GeWV)
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Moving to a spectral function implementation

Measurable effect to observable distributions

3500

3000

2500

1000

500

Costas Andreopoulos, Rutherford Appleton Lab.

4000

2000}

1500

Reconstructed energy shifts
of the order of few x 10 MeV

Distorts final state lepton kinematics
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Moving to a spectral function implementation

This workshop has catalysed the process
- Enlightening talks by Omar Benhar during the school
- Analytical S/F's for C,0,Ca,Ar,Fe available by Artur Ankowski

- Figuring out how to do inclusive e- scattering in GENIE (for model validation)

Science & Technology
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More 'rare' processes included in GENIE
>>>
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Coherent pion production

nu
Cross section computed as in

\/ Rein, Sehgal, hep-ph/0606185

Including the PCAC formula with the
non-vanishing muon mass causing destructive
interference between AV and PS amplitudes.

Science & Technology
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ve- elastic

Fairly standard.
Cross sections implemented as in W.J.Marciano and Z.Parsa, J.Phys.G: Nucl.Part.

Phys.29 (2003) 2629.
Radiative corrections currently neglected.

(="
<]

Inverse muon decay

NuTeV asymptotic xsec/E, hep-ex/0104029

|III|III|III>_<L

nu_mu mu-

ompo'E (cm 3GeV)
=

N s Gy o

D.Yu.Bardin and V.A.Dokuchaeva, T R T
Nucl.Phys.B287:839 (1987), E (GeV)
includes all 1-loop radiative corrections

ST
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QEL charm production

S.G.Kovalenko, Sov.J.Nucl.Phys.52:934 (1990)
re-scaled to NOMAD limit

0.09
0.08

o (10% cm?)

0.07
0.06
0.05
0.04
0.03
0.02
0.01

Costas Andreopoulos, Rutherford Appleton Lab.

NOMAD 5% CL limit of asymptotic cross section (2 x ogeie™
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a L i
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E, (GeV)

v+ n—l" + A (2285)
v+ n—l" + X1 (2455)
v+ p—l~ + L (2455)
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DIS charm production

(' W v = 10
Aivazis, Chang and Tung £ Alvazls et al model
or a slow rescaling) model for PYTHIA ) LO Inclusive charm production —f—
the Inclusive Cross Section for and/or other % My 1.74 GaV : _~
vewtring LO Charm Production = .
[y
£
L]
]
¥ Hadronic ; 1
;} Remnants: F L -
PDEs o POFLIE /' PYTHIA and/or
X B;djum ; \}\ f I"/\ ¥ hadronizatior Slow Rescaling model
u corrections \\\ ‘r | L0 inclusive charm production
% | | em, >=1710GeV
/N S \ J !
1_} \\ 1
Peterson / Collins-S piller Experimentally known 10"
Fragmentation Functions Charmed Fractions 10 Ev (GeV)
& pT from an exp. distribution (D'D*,D*,L*)
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Hadronic simulations in GENIE
>>>
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Hadronization modelling

v, |

Hadronization modelling
(= v-induced primary hadronic shower modelling)

\ ZWN S ™ W m m

\ i [ y
Pa P 0 0 [ v
® : ,

nuclear model primary interaction 0 hadronization 0 intranuclear

(cross section) i | hadron
transport
[
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Hadronization modelling

predict hadron shower
particle content &
particle 4-momenta

 Standard tools of the trade (PYTHIA/JETSET, HERWIG) don't work at the
low hadronic invarant masses which are of interest to us

sImportant to get that right
*Determines shower shapes & particle content
*Eg, electromagnetic (pi0) fraction of the shower -> nue backgrounds
*Eg, CC/NC shower shapes -> CC/NC PIDs
*Used to decompose inclusive vN->IX to exclusive contributions
*Eg, Contribution of 1 pi DIS channels in RES/DIS transition region

7% Science & Technology
Facilities Council
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The GENIE hadronization model

Andreopoulos-Gallagher-Keyahias-Yang
(AGKY) model

ﬁﬁectlve low-mass Linear Transition ynamlc high-mass
At low hadronic invariant masses: | hadronization model between low/high hadronlzatlon model

* severe kinematical constraints — limit dynamics
« effective model using KNO scaling and
data-driven modelling of average multiplicities,
forward/backward asymmetries, pT-dep. Etc...

At high hadronic invariant masses:

* rich dynamics

* using JETSET model

* tuned energy cutoff, pT, ssbar suppression (as in NUX)

* not really relevant at t2k energies

Minos kinematical coverage at PH2LE beam
(spans a large area of kinematical phase space space -

t2k much more limited)

Costas Andreopoulos, Rutherford Appleton Lab.

(custom model) mass models PYTHIA/JETSET)
(W<wW1 ) \W1 >W>W/ W>W2) /

Events

4500

4000

3500

3000

2500

2000

1500

pLvlolul

SO0

| 1D 1000000

Entries T9263
— Mean 2.327
| RMS 0.9825

B

True W

W (hadronic invariant mass)
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The GENIE hadronization / AGKY low-W model

8 = wp  1:c
[ s Get average multiplicity
s b T e from empirical parameterization
I * A
gl <n>=a+b * InW"2
|
o]
i
o, IJlEl_wz.G:g — 00

Generate the actual multiplicity
using the KNO scaling law:

0.1

-y ¥ A<hc GhEY
E -; BeN< BbaY W% Jede AceY i i I<hi< AGev
— - B=welDGay 4+ deidc Bhe¥ Ao SGaV
<n>P(n) f (nl<n>) A g 10N 26aV % Boye GGV % Boy< BGay +
“ooF ¥ {E::ZEE:: 40O heus Seny | Q Bev= 8Ge¥ -
. . ‘ & 16<uciocey A g<u<l0GeV A sa:tjigc.e:
(taking into account that 0 lsewaoiey V 10<u<ider : v 104u<146e :
<n_neutral> = 0.5 * <n_ch> J I 0 Vo 88 o
— — <

Simple arguments (charge conservation, quark model) to derive particle spectrum
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The GENIE hadronization / AGKY low-W model

pi0

KO direction of the momentum transfer q
at the hadronic CM

]Ieading quark direction

(current fragments)

pi+ A KObar

At the hadronic CM, the nucleon direction be should be correlated with the
diquark direction (opposite to the direction of the momentum transfer q)
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~_~ Facilities Council




The GENIE hadronization / AGKY low-W model

Building in experimental data on nucleon pT and xF (= pL/pLmax =2*pL/W)

= i I | | 1
: |ﬂ;" - Tl"_ =
o = * o mw* E
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=1 = i
12 2 tet o+ A :
MR = F .
l +t P = L ¥ . o
I e 1 T :
Ao o} o +I> o N + |
‘ > = Fal % = | =
< = . =
2 l— 1‘ 11 I ! ! J T — I~ E%! 7
B i & J! i = o b ‘i’ + =
3 ! : | - \ -
= Lo i \_
b L s KB
' [
- bt 3 lJi ] |- I
10 P | L L A | ] o3 0.6 0.9
1.0 15 Q LS NS pi[tﬁewc:z]
*e
Fig. 11: «_ nommalisad fistributions Cooper, Neutrino 82, proceedings

for nreoctcus (v JaZid daca)
ind tambda's (JA2! dara,

lJassarcti ¢t al, Wucl. Ph % :
: s Science & Technology
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The GENIE hadronization / AGKY low-W model

o
D05 o RO P reweiphling !-[F
B - ="
iy 2=5 *

e Toias - r " p4_{meson ‘remnants'} =
N ' p4_{X} -

il

e i
o J.' -'_ih i 1 p4_{nucleon from target fragments}
Eﬂ: " : 3

B (Gav ")

1IME ™

A

ke B e Meson 4-momenta:
¥ -h:-.. R, ging

LT
LE5
105

Sal 25
e E'“ - A pT-limited decay to match experimental pion
an - : PT distribution.

Sateae : Boosting to the remnant hadronic system CM
— . and performing a phase space decay.

" (e 7]

pT-limited
phase space decay

Fipgure 5. FPion =5 wvH .r:' in the kasdromie O,

far a (px .77 ) system decayed with imearciant

mass W= LG eV, whern, or comvenienoes, the
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The GENIE hadronization model — Data/MC comparisons

Model does very good job against a diverse host of data

examples:
Charged pion multiplicities Charged pion dispersion
a_ 10r T T T T ] ] . 2T T T T
- = i
Eﬁ EI_ B N ]
[ i ¥ 15 % 3 -
B v a O ” ]
61 P — R i@i ]
¥ 1 =% B
- a15'vD, -] N 2o ovp 18'vD, ]
B ] B i avn 158'vD, 1
F oBEBCWVH, | 05} —vp AGKY ™ ]
. —AGKY : -vn AGKY ]
W2(GeV3/c?) =n=
ﬂé 1'3: T T J';EU-E: T T
W B ay B
E__ ] - 0.6 —
Z i 1 B
5F vn .t E o4l e »
i ] B ovp 15 vD
B B avn 15 vD, 7
2| «15'vD, . bz —vp AGKY " ]
- . —AGKY B -wn AGKY
D_ bl " " " P | i ] D et . . . el
1 10 10° 1 i 15’3
W2(GeV2ic?) W [GeV"]
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The GENIE hadronization model — Data/MC comparisons

Model does very good job against a diverse host of data

example: - .
P Neutral / charged pion correlation

A G LN B B LR B L ] A G L I L L B R ]
g :E o YPBEBCVH, £ :E o YPEEBCVH,
E 3<W<dGeY ] - 4<W<5GeY ]
4F — VPAGKY ] 4F — VpAGKY ]
i 3 af 3
2‘& E 2‘%\?_} E
15— 5 - 15— E
R 7 4 B B 10 R 2 4 6 B 10
n n
A G LA L R R B R B L ] A G LI L L L L ]
g =E o VPBEBCVH, 3 ¢ =E o VPBEBCVH, 3
E 5eW<TGeY : E 7<W<10GeV :
4F — VPAGKY ] 4:—} — VPAGKY ]
af 3 af E
E;M 3 23_ =

| : ; \h—H—}
1:— — 1:— —
3 2 4 B B 10 R 2 4 6 B 10

n
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The GENIE hadronization model — Data/MC comparisons

Model does very good job against a diverse host of data

example: Normalized topological cross sections

2, BEBC vH,
4, BEBC vH,
6, BEBC vH,
8, BEBC vH,
10, BEBC vH,
2, BEBC vH,

| Illull | IIIIII| L1 IIII||

1
.
4, AGKY
6
8

"
-
— B R— J— = N— J— R— J— = e = |

W ®mommH Nm

2
||||||H'| l|||||l'| UL R I TTTIm

=

i

- [y
=

=

L il

_d i i - i g
L 10° 10°

-
-
-]

W4(GeV?)
For more data/mc comparisons see GENIE-PUB/2007/002 and T.Yang's talk/proceedings at NulINTO07

The model and its shortcomings are very well understood.
Improvements for low multiplicity (n=2) hadronic systems under way

Science & Technology
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Hadronization in nuclei: Formation zone

Hadron momentum

’

PxctoXm_
m2+K X P2
A
Transverse hadron momentum

SKAT parameterization:

fzone =

In v2.4.*: K=0, ct0 = 0.342 fm

No intranuclear rescattering within formation zone

(SKAT) model dependence

Science & Technology
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Intranuclear hadron transport

v, |

Il B B B =
W ZW ¢ |
\ . 1
\ ' !
Pa P ! i
Q. i
‘& )9 I i
® ® O -
I \ 1
nuclear model primary interaction, ' hadronization i intranuclear
(cross section) hadron [
| transport 1

’ﬂ_ J Science &Tthnology
Costas Andreopoulos, Rutherford Appleton Lab. Facilities Council



The GENIE hadron transport modelling

Transport primary (and secondary, tertiary, ...)
hadrons out of the hit nucleus.
Allow hadron interactions in the nuclear matter.
Predict particle spectrum & particle 4-momenta
“outside” the hit nucleus

’ﬂ_ J Science & Technology
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Intranuclear rescattering

3
g | “]ﬂlL Entries 146333 | nu_mu + C12
= I | -
25 Mean 1.9434 Ev=1GeV
E | H‘L
E.q- 4 . . .
E % Particles re-interacting !
E ll'w 1 Most particles (2/3) re-interact
3 ﬁ ] ost particles (2/3) re-interac

% Particles escaping with
% no re-interaction

Lt

0 e
0 1 2 3 4 2 6 /i B 9 10
distance to escape nucleus [mean free paths]
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103 pion momenta for NuMu-CC events

60

50

40 |

30 |

20

10

Number of Pions / N, NuMu-CC evts

Before INUKE: 277666 entries

After INUKE: 244207 entries

00.0 0.2

04 06

08 1.0

1.2 1.4

Pion momentum [GeV]

Intranuclear rescattering effects

—

rescattering

[shown for an nd280 event sample]

= Pion momentum
degraded by

Reweighting tool to provide

error estimates for these predictions.
To be used for physics analysis.

See next talk.

Severe effect c‘n observed topologies
\ Topology before

Topology after ﬁler ] o X ] X [ T X ] it X ] migr— X | TTE—X [ 270 X [ 2T X ] =X [ > dn X
OrX 6053477 | 291116 | 520783 | 72611 9949 1843 6236 | 3037 | 2073 195 | 2390
mOX 26465 | 902112 | 87831 | 11465 | 42229 7016 1746 | 23933 616 49 | 10371
X C42820 D 26243 | 1655809 | 481 | 41826 157 | 24599 | 483 | 16408 0| 12490

X 1 4502 | 24564 15 [ 243424 | 700 | 7874 | 24536 | 435 | 0| 1253 | 6633
ot X 0948 21378 | 28679 | 5758 | 194323 504 5082 | 2770 | 2877 24 | 41100
- X 0 44 2 1 93 | 35773 3630 | 1690 0 198 | 17552
T X 16804 183 146 1846 3058 584 | 108396 38 0 3| 40218
20X 0 0 0 0 6002 1171 113 | 54246 52 0| 21323
ot X 1225 128 0496 19 3533 1 208 24 | 37812 0| 18160
2~ X 0 0 0 13 0 584 0 20 0| 2833 | 2801
> 3nX 5352 6480 | 11459 | 2221 | 13563 2661 8282 | 4133 | 2416 126 | 566980

| Total || 6160093 | 1272248 | 2314310 | 337839 | 315276 | 59158 | 4681 | 740108

Costas Andreopoulos, Rutherford Appleton Lab.
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The GENIE hadron transport modelling

Currently have 2 alternative models (using different techniques) —

Development of both is_led by Steve Dytman

Intranuke / hA
(effective MC)

=

A

Anchored to a large body
of experimental data
(including hadron+nucleus data)

available since 2.0.0

Intranuke / hN
(true cascade MC)

Builds everything up from
hadron-nucleon xsecs

In advanced development stage
to become available soon

Costas Andreopoulos, Rutherford Appleton Lab.
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The GENIE hadron transport modelling (INTRANUKE/hA)

Stepping primary hadrons within the target nucleus

ph o, =1-Ph —1- / e~"/A (T En) gy

rescat SUTV

— 180 21O %10
o 3 E G,1E [ T 1 T T T T T
= i = - GEMIE v2.4.0, hN cross sections
= 160 | E o6k R
S et z 0 H -
E 99T % 014 1
= 120 | 0.12 | 1
= i [ ]
‘G 100 | 0.10 | .
| = [ [ - A
LAk [ I ]
© 80 0.08 | .
60 | 0.06 | : .
a0 | 0.04 | _ _ .
20 0.02 | .
P
D G.DG "11@

00 02 04 06 08 10 1.2 1.4 16 1.8
hadron kinetic energy (MeV)

Science & Technology
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The GENIE hadron transport modelling (INTRANUKE/hA)

» Hadrons stepped by 0.05 fm at a time

) « Hadrons traced till they reach

r max =N * R _nucl =N * R0 *A*1/3)
(RO=1.4,N=3.0)

. so as to include the effects of the tails
(Fe56: R_nucl=5.36fm, r_ max=16.07fm)

60 | \ 1 "-u : * The nuclear density distribution is

: VY ‘stretched' by n times the de Broglie
! "*.k Lo ] wavelength of the tracked particle
20| default), ] (n=1 for nucleons, n=0.5 for pions).

Science & Technology
Costas Andreopoulos, Rutherford Appleton Lab. Al



The GENIE hadron transport modelling (INTRANUKE/hA)

INTRANUKE/hA considers 5 types of 'hadron fates' (some may include many channels)

elastic pion production
ﬂ' Pion deflected. /
T Its kinetic |
- » - energy stays
the same.
inelastic i
T Pion deflected. absorption
Its kinetic
m energy is _wN followed by
- degraded. T —»N emission
—pX of low energy
N nucleons
AN
charge exchange N
!
T /’ﬂ" ~ Similar fates for nucleons
> -

Science & Technology
Costas Andreopoulos, Rutherford Appleton Lab. Al



The GENIE hadron transport modelling (INTRANUKE/hA)

Fractions taken mostly from data

1.0 pT " T T T T ™

GENIE v2.4.0, =A fate fractions GENIE v2.4.0, NA fate fraclluns

0.9

0.9 .*1 4 :
0.8 E_'I,II elastic 1 og | elastic ]
i "-. 1 ]
0.7 f ] 0.7F ]
0.6 . 0.6 F inelastic ]
s p

0.5 inelastic 0.5F (M— ]
D.q' \/\ U-q' [ 'I:Ex ]
0.3 7]

0.3 "\u cex ]

D.E 0.2 |

fraction
fraction

T—=

i absnrp‘tmn absorption
0.1 Z— —f 01} I
i duct ] o ]
0.0 e, L1/1_’|’-me|ullu",x][]3 0.0 Ll e JJ:I:FdeLIJEtllﬂHH.IUE-
00010203 0405060708 091.0 00 0102020405068 0708091.0
n kinetic energy (MeV) nucleon kinetic energy (MeV)

Final state hadron 4-momenta generated using built-in expt
distributions and phase space decays.

Science & Technology
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Nuclear excitations

=t v, + 160 Included in an ad-hoc way
c n
2 T2K flux
& 10| oo Only for 016
u— — events
o E v2.3.1
S t
8 L
e

10"

_I | 1 1 1 | 1 111 1 | I I | | 1 111 I T .| | I | | I |
3 4 5 6 7 8 9 10

E, from nuclear de-excitation (MeV)

Science & Technology
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INTRANUKE/hA Data/MC comparisons

Much effort went into validation —
utilising experience from non-neutrino probes, mainly hadron+A reactions

Lot of effort in tuning mean free path &
including the elastic contrib — difficult to model in context of INC

Then, components modelled directly

from data — requires total xsec to
be modelled correctly first

total = reaction + elastic
reaction = cex + inel + absorption + pi prod

+ 12 +
o (n'+Fe) o (t'+C) o (n"+Fe)
2500 [T ;éﬁﬂﬂ---- L S e T™] 51000f : T r—— 1000 T T )
= E ] E 12 L i i 4
g b—ﬂ}o ] = soof Gharga Exchange '_%BOO - |HE;E+StIC SGET.T.EI'II"‘IQ _
A 1 3 : : 4

- 1 Xy : 600 | 1 soof ++ ‘ .
600 F ] 1 . = :
\ 4 ] 400F q 40F r
_— \ 500 F i = ] 200F 4 200fF 3

** ¢ ] 0:.1:1‘.1’?1.‘:".-. " ] G:...l...l...l.

I + ook [ ¢ o\ 3 200 400 600 200 400 600
+ \ * ‘#'4, N ] E(Me\V) E(MeV)

1000 | %’ Ty * + * . . ] _1o00 T T 1000 T r T

+ S e—— 300F & o 1 2 Elastic Scattering { £ Absorption 1
] + " s = ] T — n ] "] r BOOE 4 =800 i
200 | » : 1 ook E
B0OF \ 7 ] g : ||:'H’ 3
Reaction 100 _ 400 F 4 400 E Ill 'i d’ -
200 4 =200F =
0 T T e et T P 0 sl o o a b o o a2 b o a2 b o o a1 a o b a1 : -
200 400 5600 800 1000 1200 1400 T T T T YT Sk : . —— of . " g

E(MeV 200 400 600 200 400 600

Mgy} E(MeV)

E(MeV) E(MeV)

N

/

"MC experiments': throw hadrons into nuclei,

'measure cross sections' and compare with data.

Science & Technology
Facilities Council
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GENIE models — A summary

* Cross section model

* QEL: Llewellyn-Smith with any of Sachs/BBA03/BBAO05 elastic f/f

* RES: Rein-Sehgal

* COH pi production: Rein-Sehgal / includes updated PCAC

+ DIS: latest Bodek-Yang

— Including parametrization of the longitudinal structure function FL

Fairly standard
at all v MCs

Careful
implementation

— Including NuTeV parameterization of nuclear effects as MINOS spans

* Many other more rare channels: DIS & QEL charm / ve- elastic / inv.mu-decayl/...

* Nuclear model
«  Fermi Gas model

* Including high momentum tail due to N-N correlations modelled from eN data

+ “Standard” FG prescription for off-shell kinematics...
 Transition region cross section modelling

* Non resonance background modelled from DIS & AGKY hadronization
* Tuned to the world exclusive multi-pion cross section data

* Neutrino-induced primary hadronic shower modelling

+ AGKY

+ Effective KNO-based hadronization at low-W

» Switching gradually to PYTHIA/JETSET at high-W
+ SKAT-type formation zone parametrization

* Intranuclear hadron transport
* INTRANUKE/hA model
* Anchored to a set of hadron+Fe56
» Scaled to all nuclei

Costas Andreopoulos, Rutherford Appleton Lab.

a huge kinematical
region
(E ~ <1to >100 GeV)

> Unique to GENIE

Science & Technology
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GENIE includes an extensive toolkit
>>>

Facilitate experiments in
* Propagating vA uncertainties in physics measurements

» Generate realistic MC for complex experimental situations

Science & Technology
Costas Andreopoulos, Rutherford Appleton Lab. AR



Event Reweighting >>>

Ma = 1.20 GeV
pi absorption = 40%

Ma =1.00 GeV
pi absorption = 20%

See next talk
by Jim Dobson (Imperial)

Science & Technology
Costas Andreopoulos, Rutherford Appleton Lab. Al



Handling complex event generation cases

Event generation:

Using off-the-shelf components A complicated convolution of things:

Complicated
spatial distribution
of nuclear targets

(~100)
X

nu_mu Neutrino flux
that changes
across the
detector

| position of primary vertexes - XY |

-[Tomasz Szeglowski]

-100

-200

-300

Y(cém)
|||||||||||||||||||\||||||||||||||||||||?_||

-400

=300 -200 -100 0 100 200 300 400
X (cm)

AT

A

o=l
S

MW ) Science & Technology
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Improvements in upcoming releases

Much faster geometry navigation code.

Support for event generation in user-defined “fiducial volume' not
necessarily corresponding to any actual geometry volume.

Including specialised drivers for NuMI beam-line experiments
(as we already did for the JPARC expts)

Science & Technology
Costas Andreopoulos, Rutherford Appleton Lab. E=aliee e



Further physics improvements

In upcoming releases
>>>

Many important changes are in the pipeline

Science & Technology
Costas Andreopoulos, Rutherford Appleton Lab. Al



Near future improvements

New intranuclear cascade

See Steve's talks
during the school

New hN model successful in describing

a broad set of features.
Some issues to resolve.

Development ~80% done.

hN can feed-back to the faster &

reweightable hA model

at A — pX; T_= 220 MeV, 8=30 deg

1 i | | |
| data Li
| o*data Be
I 4*data C
@ | 6 data Al
a*data Ni
10°data Ta

L3

o

6"GENIE Al —

B"GEMNIE Ni

GENIE Li
\{R 2*GENIE Be
| 4*GENIE €
i
'L,‘ 10"GENIE Ta

Updated nuclear model

Full spectral function implementation — using de Forest kinematic prescription
Using C,0,Ca,Ar,Fe S/F parameterizations by Artur Ankowski

Costas Andreopoulos, Rutherford Appleton Lab.
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Near future improvements cont'd

New reaction channels
vu(l) ull’)

Adding coherent diffractive scattering
in v2.6.0

N(p)

Adding coherent elastic scattering
inv2.8.0

Science & Technology
Costas Andreopoulos, Rutherford Appleton Lab. Al



Near future improvements cont'd

Short and long range correlations

20%
-18% np

- 1% nn
- 1% pp

-

Carbon

150 ¢

A ld%g/d0dE  (pb/MeV sr)

. Science & Technology
Costas Andreopoulos, Rutherford Appleton Lab. = =t



Near future improvements cont'd

Some changes to the B/Y structure funcions & R/S form factors.
Global cross section model retuning.

Improvements at AGKY strange particle production

Improvements at AGKY fwd/bwd asymmetry

Improvements at angular distributions of resonance decays

Science & Technology
Costas Andreopoulos, Rutherford Appleton Lab. Al



Summary

Heavily validated and robust comprehensive MC generator

Nearly universal!

Provides high quality simulations for T2K, MINOS, MINERVA, NOVA

Roadmap to v3.0.0
Advancing simulations beyond current level

(S/F nuclear model, state-of-the art hadronization & cascade models,
comprehensive list of simulated processes, short/long range correlations, ...)

For: Final MINOS analyses, first T2K analyses, first MINERVA analyses, ...

Science & Technology
Costas Andreopoulos, Rutherford Appleton Lab. AR
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