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1) Introduction: Models and Event Generators in HEP

2) Physics Models Overview

3) MINOS Physics analyses and simulations uncertainty

«  Shower energy scale for CC events
« Hadronic system modeling for v, appearance

4) Evaluation of Systematic errors for MINOS
5) Conclusions
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In this talk | will focus on how the models

incorporated into the simulations used by
experiment are tuned and validated and how

this information is used in the evaluation of
systematic errors.
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GENIE (www.genie-mc.org) is a Universal Object-Oriented Neutrino
Generator that is supported and developed by an international collaboration
of neutrino interaction experts spanning all major neutrino experiments.
GENIE is a large-scale software project under development and it currently
consists of about 110,000 lines of C++ code (~400 classes organized in ~40
packages).

neugena3 is a Fortran event generator originally developed for the

Soudan 2 experiment and used previously by the MINOS, NoVA, and
Minerva experiments as the basis for simulations.

Physics model development and validation work for MINOS until 2006 was
carried out in parallel for GENIE and neugen3, at which point the physics
models in the two were equivalent.

Subsequent development work has been for GENIE only.
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{Physics Model and MINOS

Cross Section Model

(D. Bhattacharya, D. Naples, J. Morfin, R. Gran,

HG, C. Andreopoulos, S. Mishra, M. Kordosky)

BBBA form factors

Rein-Sehgal resonance production model
Bodek-Yang construction for inelastic
Rein-Sehgal coherent cross section

RO~

I Nuclear cross

Free nucleon w
cross sections J

1
A 4

Free nucleon W

sections

f Hadronization

adronization

—

AGKY hadronization model

(C. Andreopoulos, HG, P. Kehayias, T. Yang)
AIP Conf. Proc.967:269-275 (2007)

1. JETSET for W>3 GeV/c?
2. Retuned KNO-based model for lower W.
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'L in nuclei

INTRANUKE - hA
(S. Dytman, H.G., M. Kordosky, T. Mann, J. Morfin)

AIP Conf.Proc.896:178-184 (2007).
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Previous experiments focused on 3 regimes:

1
0.9
0.8

Quasi-elastic scattering (red) 07 B
0.6

Delta Production (green) 0s
“safe DIS”: Q%>1 GeV?, 0.4
W>2 GeV (blue) 03

0.2
0.1
0

event rate fraction

20 25 30
E(GeV)

Large fraction of events in the few-GeV regime important to oscillation experiments

are in the “mystery” region in terms of detailed knowledge of the interaction
mechanisms.

Free nucleon scattering models:
DIS low Q? modeling
resonance modeling
DIS / resonance transition region
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Quasi-Elastic: BBBA parametrization (arXiv: I
0709.3538) of form factors with m,=0.99 GeV/ { v 4N X
c2. [ v:+N — +p
1 — ......... v, N — i+ n+N—.
Resonance Production:
Rein-Sehgal model for W<1.7 GeV/c? with > i w
m,=1.12 GeV/c2 & 08} ‘ -
(Annals Phys. 133: 79, 1981) NE I "
DIS: Bodek-Yang modified LO model. g,go 0.6 i + |
For W<1.7 GeV tuned to electron and neutrino o 1 +
data in the resonance / DIS overlap region. = *b ® CCFRR
(Bodek-Yang, Nucl. Phys. Proc. Suppl. 139: L] - + O CDHSW
113-118, 2005 and H. Gallagher, NuINT05 ©04 . * O ANLgel  LBEBG
Proceedings) I * } HE i:t1 ge' Z 'JE;
L T A SKAT
Coherent Production: 0.2 * [lfF A
Rein—Seghal (NU.CI. Phys B 223: 29, 1983) .." ""-.,.""." 0 GGM-PS
With improved low Q7 treatment for CC +
interactions (Rein&Sehgal, hep-ph/0606185) 0 S o .'."I'-'-S.'..::.-;.:.:,-,;,..‘,,m_.l N
10" 1 10 10°

LO charm production with m-=1.43 GeV/c?,
QEL charm (R2.2.0). S.G.Kovalenko, Sov.J.Nucl.Phys.
52:934 (1990)
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A standard combination: Llewellyn-Smith + Rein-Sehgal + Bodek-Yang

Quasi-Elastics:
Which form factors?

Value of m,?

Resonance Production:
Which form factors?

Value of m,?

interference between resonances?

Updated to include lepton mass terms and psuedo-scalar terms?
Non-resonant Inelastic model:

Construction of xF,

Consistent use of xt
Low Q2 behavior of terms like F, = F,(1+4M°x*/0%)/(2x(1+ R))

Tuning of total cross section at high energy to match world data

Combining Resonant and DIS models to avoid double counting!

Tufts
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Tune model to give the correct single pion cross section
and the correct total cross section (as determined by
integrating the DIS model alone).

do DIS_ do B_Y@ | Zf
dOdE’ ~ dOdE’; Veut = /f
f, determined from single r fit
f, determined from
R-S 10

= a ) a a
Winin (l QZ(I“' Lz_:l " Vimin QH ([I‘
" T'Lu. w N
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In tuning the cross section model we ™ ! v
L,L< 10k x = 0.015(20°xF3) E

proceed in several stages: JPPE—C {* ¥ -
[ & TR X x =0.045(5"xF3)

/ : .-.i : *# -~
1) Examine the agreement T —pwrrwrwn x=0080

between the Bodek-Yang model : I
and electron and neutrino 107'F CDHSW
structure function data above the : OO
resonance region. 102 * NUTEY

2) Examine the agreement 20 —
between the resonance mm)
and electron scattering data in

the resonance region. 125

do/dQdE(nb/Sr-GeV)
> &

3) Tune remaining parameters to 75

neutrino total cross section and
single pion data.
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T. Yang et al., “A Hadronization 5 39000F T ]
Model for the MINOS Experiment”, < 3p000F < KNO & ibileadiatieial
AIP Conf. Proc.967:269-275 (2007). g £ = :
Q 25000__ | - Inelastic interactions
= L
L = ‘ | E .
B B | | |:_: Resonance production
AGKY model - combining an w 20000E" 1) > E
. 7 ” H B | i
empirical model (‘KNO”) with 'g 150001 I| '\' é E
JETSET at high invariant mass. 2 [ | | /V\ < :
- VRN =
10000} | c -
- | \\ 2 .
5000/ | ~_ % -
Extensively tuned to bubble -/ e -
:/ ] | 1 1} 1} I'_I L} ] | | L} I_ _I I—_I- ;-E
chamber data. 0 15 2 25 3 35 4
Invariant Mass W (GeV/c?)
/c\> 4 R IS BRI EULIL AL BULLE BLLLLE ILRLILLE /\-Co-sE ™ ™ A 10 e
="3.5 3 =°0.7F . :ﬁ oF -
Vv 3 4<W<5GeV/c? E \V 0.6 _ _ v B8F }
a | : 7k LR
25 3 0.5 E H E ek (avp—uX’ e % E
2 3 0.4 — :' 3 5 3 3
1.5 . 0.3p _ Ap ¢ 15'vD,
1 BEBC ol 0.2F evn15vD, - g 3 oBEBCVH, |
vp vH  § —vp AGKY ] 3 E
0.5 2 pAGKY 0.1} | T UmAGKY 1} —AGKY
0 AP IR IR BN I BT 0 * 2 * 3 (1) — il
0 1 2 3 4 5 6 1 10 10 10 1 10 102
n. W?(GeV?/c?) W2(GeVZ/c?)
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Select particle content: State Probability -7
c r &  15'vNe (1986)
’ 0 30% Vo.6f-
<nch> = d + b logW . 50% - O 15 vNe (1994)
2 0.5 A BEBCvNe (1982)
_ KO K- 2.5% B .
<nwt> = 15<nch> o . 0.4b AGKY v ®Ne }
<n> x P(n)= f(n /<n>) Ko K+ 2.5% 0.30 } %
KO KO 2.5% : {- l {, %
. i 0.2 & } %
Assign 4-vectors in CM: s bt
. . 0.1
Select baryon 4-momentum from empirical :
. . . o_ 1 1 11 11 Il 1 1 1 1 1 Ill
distribution P(xg,p,). , 10 T
Phase space decay remaining hadronic system 1
'_G-\ iy L) 'l'l Ll L L) l L)
“P, squeezing” — rejection factor | [exp(-4p; ) L S e .
i >08F ° L -
R A ST 808 vp, AGKY
& 4 ; vp, XF>O !» ‘ & 4 _ vp, XF<O ‘ %’:_0.6_? """ vn, AGKY i
3f & 1 3 LE v }
! g . [ | ’,,u" 0.4
2 :‘ ,/_‘\-/ o atm-:.-.:_, : 2 :" ;*’L o BEB(.:.":H." : 0 2.
1k ™ IUEBL‘:J}_ 1k _/ s BEBCvYD, | .
. — AGKY - —AGKY
0 o . s aaal — - 1 0 C N 1 0
1 10 102 1 10 102 10 107
WA(GeV?ic?) WA(GeV?1c?) W2(GeVaeh
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INTRANUKE-hA
S. Dytman, AIP Conference Proceedings, Volume 896, pp. 178-184 (2007).

1. Transport hadrons through the nucleus to decide whether or not they
interact. This transport is done with a realistic nuclear model and nN
total cross sections. Roughly account for guantum mechanical nature of
scattering at low momentum by R = R+ 0.5 * A.

nuc

2. If an interaction occurs, decide what kind. (“fate”: elastic, charge
exchange, inelastic, absorption, or t production). These “fate
probabilities” for n-Fe interactions are taken from data.

3. For each fate, determine the outgoing particles and their 4-momenta.

Formation Zones: SKAT parametrization: formation time= 0.342 fm/c.
V. Ammosov, NulNTO1.
Tufts
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_ c (n'+Fe)
The quel Is compared to hadron ~—— P e
Scattering data: ' | Total £ 800;_ Absorption
NX - 2000 |- “ﬂ soof— _
GX =—A L i 400:_4]#4] LR
N 3 ) } T
1500 *+ 200:_ _
And neutrino data: - #{f ¢ + T
R. Merenyi et al., PRD 45 (1992), 743. 1000 +++ ; $ 4 E(MeV) -
‘ B | o | T | L L
CC v,-neon (BEBC) and v -deuteron 500 |
(ANL-412) interactions weighted to meaelion
match the shape of the atmospheric o
; 200 400 600 800 1000 1200 1400
neutrino spectrum. i' E(MeV)
Pion Fate Simulation Data
Absorption 18.3 £ 0.5% 22 + 5%
Charge Exchange 2.8+0.1% 10 £ 8%

Tufts
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NC Event V. CC Event

V., CC Event

* short event, often e short, with typical

*long u track+ hadronic
EM shower profile

activity at vertex diffuse

Ev = Eshower+PpL

oA

TllftS 55%A~WE 6% range, 10% t6rvature

UNIVERSITY



. Hugh Gallaﬁﬁer

f‘“Né’S Am2.Measurement i s

Feb. 10, 2009
| | LI | | | LI | LI | | | LI | | | | | | | |
1507 MINOS Far Detector _ Fit the energy dlstrlbuthn to
the oscillation hypothesis:
* Far detector data 1 27AmL
. . ¢ m
> 100l FL_ — No oscillations _ P(v, —=v, )= sin”(26) sz(—)
& —— Best oscillation fit _
=z L 1 NG backaround Including the three largest
ackgroun .
2 . Bost Fit: ' sources of systematic
Q 50 in |Am?| = 2.43x103 eV2 | uncertainty as nuisance
- ! sin*(26) =1.00 | parameters:
D-T-l -1
5! - Absolute hadronic energy
: scale: 10.3%

== N T B R I
% 5 10 15 203050

Reconstructed neutrino energy (Gev) ° Normalization: 4%

 NC contamination: 50%

BN 2 0.1n(0./ As;
X = E( (e;=0,)+2 0;In(0,/e;)) + E = w2/ndof = 90/97
nbi nsys S

Tufts 17
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v

Visible Energy in Calorimeter is NOT v energy!

absorption, rescattering
e/h response of detector

?‘O o8l Steel
80.96 ---- Steel 30 less 7 abs. _
T Steel 30 more 7 obs. YT
-0.94 . '.i":l:+
.‘(30.92 _+__+ +$.;.:—+—+—+~'_ .
} O,9r+.. ..... _ ‘__-+—&—+-_+_ _t_ ..... = Ll LU
- 0.88 ”'f"_‘_ e e
£0.86 IR
0.84
2 4 6 8 10 12 14 16 18 20
Neutrino Energy (GeV)
LE:O 98 — Steel no 7w agbs.
D AR -- Graphite no m obs. “de
50.96 o PSS I
~0.94 Lecd no wabs. + T
Ehebe el LA _|__|_
009) S ++—+—+—{— ) s A
} 0.9 FH et e . . L
D088l i e
.;'0.86
0.84

2 4 6 8 10 12 14 16 18 20
Neutrino Energy (GeV)

(D. Harris et al., hep-ex/0410005)
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“Ramifications of Intranuclear Re-

Scattering in MINOS”, M. Kordosky, Nucl.
Phys.Proc.Suppl.159:223-228 (2006).

Detectors are calibrated primarily

using cosmic ray muons and single

particle test beams.

Determining response to neutrino-
induced hadronic showers
introduces model uncertainty.

Does not simply cancel in a near/
far comparison.
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The impact of different sources of systematic uncertainty were evaluated by fitting
modified MC in place of the data:

< olopT————————— . —
> - _
O _ i
™
o 0.05[ —| = Relative normalisation
 p » | = NC background
\\-/ - \ | == Overall hadronic energy
—~—~ 0.00— n — == Relative hadronic energy
NE B \ | = Track energy
<] B | Beam
E -0.05— — Cross sections
- | i
010502001 0 o001 002

5(sin?(20))
Tufts 19
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Search for v, appearance in a beam that is 98.7% v,
Select v, CC in the near and far detector with a neural network.
ND measures a mix of beam v,, NC and v, CC events.

Near Detector MINOS PRELIMINARY
Solution: use two independent data L E s S S IS S
driven methods to estimate NC and 3000 ve Selected
CC v, backgrounds (¢
—0 —&— Data

-
o
o
o

| T T T I [ T T T | I [ T [ | T I

Events / 1e19 POT /1 GeV
S
=

| | 1 | I 1 | 1 Il I 1 | | | I | |

o
N
-
»
(o]

20 T“fts Reconstructed Energy (GeV)
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= Two data-driven background estimation methods:
*Horn On/Off — use a second beam configuration and the constraint
of the relative ratios of NC and v, CC background between the

> 3000 [ T ™
Q = ND Data
(O] —— Horn On/Off Total |
- - Horn On/Off NC
~ R w Horn On/Off v, CC -
= 2000 #= beamv, CC —
O
Q.
o }
-
2 1000

L . _

1
2 1,
c 1
o \
> t
Lu . PR TR TR (N SR ,
0 2 4 6 8

beams

=sMRCC — Muon removed hadronic showers from v, CC events

Good agreement in the NC and v, CC background

Near Detector

MINOS PRELIMINARY
: S S

Reconstructed Energy (GeV)

20007

1500

Events/ 1e19 POT /1 GeV
S
o

Near Detector
T T l 1] 1 [
- Horn On/Off NC

MINOS PRELIMINARY
r S S

i + —e— Horn On/Off v, CC |
- | —— MRCC NC
I -a- MRCC v, CC

—— i “~ beamv, CC

500}

0 2 4 6 8

Reconstructed Energy (GeV)
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Experiments have devised a number of different methods for
determining the systematic errors associated with model
uncertainties. Assuming that the uncertainty in a particular
model aspect has been estimated one can:

1) Generating entirely new Monte Carlo samples with the model shifted by some
amount (1 o). Analyze data with the new Monte Carlo to determine the
change in the result.

2) If the effect of the model change is in a parametrization in one of the models,
and one can quickly calculate the probability for generating a particular event
given a particular model, one can reweight the standard Monte Carlo sample
to achieve the same result as in (1).

3) Perform other estimates based on parametrizations of detector response ‘fast
MC'.

4) Estimate systematic errors using data-based techniques from independent
samples.

Tufts
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Overall Model Uncertainties, including nuclear effects:
Total cross section: 3.5%
M,: 15% for both quasi-elastic and resonance production
Transition region parameters: r;;+0.1, r;3+0.2.

0.6
e

Anti-neutrino/neutrino

cross section uncertainty:
overall: 4%
QEL/RES: 8% .
Transition region ; + +

parameters: r,3,%0.2, r,,,+0.2.

05

v.: Pseudo-Scalar Form Factor
F, = (1.05+0.095Q°)F,

Significantly smaller than Hagiwara et al.,
Phys. Lett. B591, 113-118 (2004).

1 I T A | 1 i1 1 1111 1 i1 11 111 1
i 2
10 1 1 10 10
uIis

UNIVERSITY
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“Hadronic Shower Energy Scale Uncertainty in the MINOS Experiment”
S. Dytman, H. Gallagher, M. Kordorsky, arXiv:0806.2119 (2008).

c 1r ; —
Estimates presented here were %09 = QEL —
determined by comparing R \
4-vector simulations using £08 /
an approximate detector %0,7 ] DIS
response (ADR) model. :3’06 --------
Samples with a generator o5 [ T
“tweak” were compared oa b :
with a nominal sample RES
from neugen v3.5.5. “F /
A(response) = 02 ’ .....
(tweaked-nominal)/nominal o1 | ______
-in bins of true Esh 0 Bt st et e O e edannaa
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Tufts s
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INTRANUKE External Data Inputs

< R e R B e s

= sf -
branching ratios ,‘% —

parameter lo uncertainty (%) | 5 i

m charge-exchange 50 § 51 -

T elastic 10

T inelastic 40 I ]

7 absorption ¢ 30 i j

m secondary 7 production 20 I ]

N absorption ¢ 20

N secondary 7 production 20

N elastic 30

cross-sections

parameter 1o uncertainty (%)

7 total cross-section 10

N total cross-section 15

Tufts

UNIVERSITY



" Hugh Gallagher

MINOS:. Shower Energy Scale ' &z

Feb. 10, 2009

We also tried to identify the key assumptions in the model and evaluate
their impact.

Assumption 1: classical model — how to reproduce the measured pion
scattering cross sections at low momentum? R_= R, 0.5 *A.

Looked at how much the size parameter could vary based
on comparisons to n-Fe scattering data and neutrino data.

—~ 8
Neutrino data have poor statistics: g\o, 6 ¢
da~0.6. 8 4
g 2
Pion data: 6a~0.08 o. g R vt
q, - _—-l"'
Took the more conservative da~0.60 Z -4 F ‘
Size parameter to 1.10. ': L

0o 2 4 6 8 10
Tufts True v (GeV)

UNIVERSITY
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Another key assumption is the treatment of “Missing Energy” in pion absorption.
Inspired by “Ransome Model” - R.D. Ransome Nucl.Phys.Proc.Suppl.139:208-212,2005.

Pion energy is converted to kinetic energy of a multi-nucleon cluster.

“Effective” vs. “Explicit” missing energy:
Explicit missing energy - invisible to a perfect detector, e.g. binding energy

: . : —~ 8
Effective missing energy - energy that is 32
invisible to the MINOS detector - e.g. low 6
energy nucleons. 3 4
g 2
Intranuke treatment of absorption assumes Q 0 fF-----mmmmmmmemmmeees e o
that “Effective Missing Energy” dominates. 8 -2 T aahi
oc -
-4 -
Change the number of nucleons produced < -6
in absorption reactions from 4 to 8. - J TUErS IS I A

D 0 2 4 6 8 10
True v (GeV)

Tufts
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(ol Ty

" -

(o
L
[

< Black = total
s 8F ]
T
8 _t { Dblue = Intranuke
S5 /F " assumptions
spl : .
g { solid red = hadronization
sE LI :

45 ] dashed red =
f ] Intranuke inputs

—
e, | LI L~ _— ] dashed black = formation
T zone

Overall number = 8.2%

UNIVERSITY
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g °f
Plot at right shows s [ Contours are
the kinematic s E 50%, 75%.
Coverage of the L 90%. 99% :
NuMI LE beam b ‘~
(default for MINOS) -
0.5 :—
:Q2 — ““ \.{
N e ~rid - -
05 — s \"-,
-10.0 ‘
s g
Lines of — '
constant W «s_| p
o Lo 147y |(r|||
‘ -3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1
= T“fts l0g;Xx)
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Experiments make use of theoretical work in numerous ways,
iIncluding incorporation into event generators.

« Code for models so that they can be incorporated into
event generators for direct use by experiment.

 Models with estimates of errors.

» Clear statements about the appropriate kinematic range for
models and suggestions about merging with other models.

« Key parameters are input — makes reweighting possible.
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In addition there are some specific issues beyond those
already discussed that impact experiments.

Intranuclear rescattering uncertainties and calorimetric

measurements.

“Missing Energy” for nuclear models — binding, recoil kinetic energies, and KE
of nucleons with p<400 MeV/c.

Modeling of formation zones over a broad kinematic range.
Hadronization models in the low invariant mass region.

Uncertainty in the pseudoscalar form factors.

Tufts
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