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Hadronization processes in neutrino interactions

Teppei Katori and Shivesh Mandalia
School of Physics and Astronomy, Queen Mary University of London, London E1 4NS, UK

Abstract. Next generation neutrino oscillation experiments utitietails of hadronic final states to improve the precision of
neutrino interaction measurements. The hadronic systesroftan neglected or poorly modelled in the past, but theyhav
significant effects on high precision neutrino oscillatimd cross-section measurements. Among the physics of iiadro
systems in neutrino interactions, the hadronization modatrols multiplicities and kinematics of final state hatsdrom
the primary interaction vertex. For relatively high inaart mass events, many neutrino experiments rely on the PXTHI
program. Here, we show a possible improvement of this peoiteseutrino event generators, by utilizing expertise fitbm
HERMES experiment. Finally, we estimate the impact on tisesyatics of hadronization models for neutrino mass réesar
analysis using atmospheric neutrinos such as the PINGUiexget.
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PYTHIA, the standard hadronization model

The PYTHIA Monte Carlo (MC) generator [1, 2] is regarded a® af the standard tools for hadronization.
Fragmentation in PYTHIA is described by the Lund string frestation model, which is a model based on the
dynamics of one-dimensional relativistic strings thatstretched between coloured partons. These strings reyprese
the colour flux and in particular, are subject to a linear gwfient potential. The hadronization process is descriped b
break-upsin the strings through the production of a newlgaatiquark pairs. An iterative approach is used to perform
the fragmentation as each break up is causally disconneliiedproduction rate of the creatgd pair is determined
using the tunnelling mechanism, which leads to a Gaussiactigpn of the transverse momentupi,(: P2+ p§),
for the produced hadron. The fractionBf p, taken by the produced hadron is given by the variabtiefined by
the hadron energlf and energy transfer (z= E/v). An associated fragmentation functié(e) gives the probability
that a giverzis chosen. The simplified Lund symmetric fragmentation fiamcis given by,

f(z2) 0z Y(1— 2?2 exp(—bn?, /2) . 1)

Here,n? is the transverse mass of the hadra® (= n? + p?). The Gaussian term describes quantum tunnelling
in the transverse direction, and tunable “Lusidand “Lund b” parameters describe the longitudinal distribution of
energy. Thus, these two parameters mainly decide how tahditd available energy to the produced hadrons. Frankly,
larger Lunda and smaller Lund parameters shift the fragmentation function to a lomergion. The values of these
parameters are obtained from the shapes of the measureddintation functions, and default values of Lumend
Lundbin PYTHIAG.3 are 0.3 and 0.58 Ge\¢ respectively.

AGKY model

GENIE is a ROOT-based neutrino interaction MC generatoifiZhe few-GeV energy region which are particularly
important in oscillation experiments. In GENIE, DIS intefians employ a new hadronization model called the AGKY
model [4, 5].

The AGKY modelis split into two parts. At lower energy regiomhere PYTHIA hadronization models deteriorate,
a phenomenological description based on the Koba-NieBlesen (KNO) scaling law is used [6]. The KNO scaling
law relates the dispersion of hadron multiplicity at diffat invariant masses with a universal scaling function

F(n/(n),
() x P(n) = f(n/(n)) )
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FIGURE 1. (color online) W distribution ofv,-water target interaction in GENIE. For the flux, we use ancsjphericvy,
neutrino spectrum. Left red hatched region is quasi-@astattering, middle hatched region is resonance interagtiand right
green hatched region is from DIS. The distribution can be splitted to three regions, KNO scaliagissed model only region,
PYTHIA only region, and the transtion region.

where(n) is the averaged hadron multiplicity afdn) is the probability of generatinghadrons. The scaling function
is parametrised by the Levy functiob(z c) = 2e °c%**1/I (cz+ 1) with z=n/(n), and an input parameter The
input parameter is used to tune the function so it agreesadgita, which is mainly taken from the Fermilab 15-foot
bubble chamber [7].

At higher energy regions the AGKY model gradually transiidrom the KNO scaling-based model to PYTHIA
discussed previously. A transition window based on theevafithe invariant hadronic ma®¢ is used, over which the
fraction of events hadronized using the PYTHIA(KNO) modwlreases(decreases) linearly. The default values used
in the AGKY model are

« W < 2.3 GeV/c?, KNO scaling-based model only region,
. 2.3 GeV/c? < W < 3.0 GeV/c?, transition region, and
« 3.0 GeV/c? < W, PYTHIA only region.

Figure 1 graphically shows this situation. This is Welistribution forv,-water interactions simulated with GENIE.
Here, we used a simple formula to model the atmosphegrineutrino spectrum [8, 9], described later. As you can
see, thaV-distribution in this energy region can be split into threaiminteraction modes, quasi-elastic (red hatched,
left peak), resonance (blue hatched, middle), and DIS (ghe¢ched, right). The AGKY model is applied to DIS
interactions. Also note DIS is extended to l@Wregion to describe non-resonance interactions in res@a@ggion.

All studies in this paper use GENIE version 2.8.0, also figie3, 4, 5, and 6 are generated by the hadronization
validation tool in GENIE.

HERMES experiment

HERMES is a fixed target experiment at DESY [10]. The ringe$d?7.6 GeV electrons or positrons, and collisions
take place in the HERMES gas-jet target.

The HERMES experiment has a long history of tuning PYTHIA tloeir purposes. The main motivation of this
is because the default PYTHIA parameters are tuned to highergy experiments and are not quite suitable for
HERMES. Since modern neutrino oscillation experimentsadse lower energy (1-10 GeV) compared with collider
experiments, it is interesting to test the PYTHIA developedhe HERMES experiment within GENIE. There
are various tuning methods applied in PYTHIA and among themare most interested in the adjustment in the
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fragmentation model made by tuning PYTHIA parameters. iatar sets developed by HERMES collaborators are
available elsewhere (for example, Ref. [11, 12, 13, 14])this article, we focus on one of parameter sets called
“Lund-scan” [13], which we found had the best agreement wihtrino hadron production data. More specifically,
Lund-scan is based on modifications of the following paramssfrom default PYTHIA values,

PARJ(1) = 0.02, di-quark suppression,

PARJ(2) = 0.25, strange quark suppression,

PARJ(11) = 0.51, light vector meson suppression,

PARJ(12) = 0.57, strange vector meson suppression,

PARJ(21) = 0.42, width of Gaussiap, distribution,

PARJ(33) = 0.47, string breaking mass cutoff,

PARJ(41) = 0.68, Lunda parameter,

PARJ(42) = 0.35, Lundb parameter, and

PARJ(45) = 0.74, adjustment of Lund-strirgparameter for di-quark.

Note we only tested PYTHIA parameters which are publiclyilatée, however, HERMES also made modifications
to the source code of PYTHIA itself. Therefore, in this paper are not testing with the exact hadronization
model used in the HERMES experiment. Also note GENIE vergi&0 tunes four PYTHIA parameters by default
(PARJ(2)=0.21, PARJ(21)=0.44, PARJ(23) = 0.01, PARJ(33)298), therefore “default GENIE" quoted in this paper
is not GENIE with default PYTHIA 6.3. However, the differanof predictions by default GENIE and GENIE with
default PYTHIA is very small.

Averaged charged hadron multiplicity

Averaged charged hadron multiplicity data is fundamentathie development of hadronization models. They
describe the average number of charged hadrons, maingnd r—, measured with a function of invariant maas
Neutrino hadronization models are largely guided by sudh ftam bubble chamber experiments. Recently, Kuzmin
and Naumov performed detailed surveys of neutrino bubbtentter data, and chose the best sets of data to tune
their model [16]. It is shown that all modern neutrino intfan generators, such as GENIE [3], NuWro [17], and
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FIGURE 2. (color online) Averaged charged hadron multiplicity plbtere, two predictions from GENIE are compared with
bubble chambey,, — p andv;, —n hadron production data [7, 15].
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FIGURE 3. (color online) Averaged charged hadron multiplicity plbtere, two predictions from GENIE are compared with
bubble chambev,, — p hadron production data [23].

GiBUU [18], all appear to underestimate averaged chargddomemultiplicity *.

This problem largely originates from the PYTHIA fragmeitat model, because as mentioned in the previous
section, the default PYTHIA parameters are tuned to highergy experiments. Both GENIE and NuWro [21] tuned
these PYTHIA parameters to improve the agreement with datéhie effect is marginal. Note NuWro and GiBUU
use their own models for fragmentation, and only later pgeee are based on PYTHIA.

Fig. 2 shows the data-MC comparison of the averaged chaagrdh multiplicity inv, — p andvy, —ninteractions.
Here, the two curves represent predictions from default (EEedd GENIE with a PYTHIA modified using parameter
sets described in the previous section [13]. Note, GENIE tise AGKY model where th&/ < 2.3 GeV/c? range
hadronized using the KNO scaling-based model, So theseuwes should be identical % < 2.3 GeV/c?. As you
can see, the HERMES tune describes the data better. Herdatavgets from the Fermilab bubble chamber and BEBC
agree inv, —ninteractions (both deuterium targets) but notjn- p data (hydrogen and deuterium target), suggesting
the conflict of data we see in Fig. 2 is due to nuclears effedeirterium [4, 5, 16, 22]. Despite with the conflict of data
set, the HERMES parameterization in general increases/éraged charged hadron multiplicity, which improves the
agreement with averaged charged hadron multiplicity data freutrino bubble chamber experiments.

Fig. 3 is the same plot fov, — p interactions. Again, the agreement with the data is betteGENIE with the
modified PYTHIA. Therefore, new parameter set works betiebbth neutrino and antineutrino interactions.

The main effect of this new parameterization originatesnfithe increase of the Luna parameter (Eq. 1). This
increases averaged charged hadron multiplicity and thagrées better with data. In the higher energy experiments
that PYTHIA is designed for, high order QCD effects causeitaafthl low energy parton emissions. This causes
hadrons to be produced with a broader spectrum iRor the neutrino experiments we are concerned with, these
effects are negligible, so we shift the peak of the fragm@ndunction to a lower value by increasing the Lural
parameter [12].

In fact, all parameterization schemes from HERMES we cheétieve a high Luné parameter, and many have
even higher than what we are using here. However, thesetigihe a parameter models tend to overestimate hadron
multiplicities compared to neutrino hadron productionadbm bubble chamber experiments and as a result the
data-MC agreement becomes worse. The neutrino hadramzdéta prefer a relatively smaller Lurdparameter
than HERMES, yet bigger than the default PYTHIA choice, dmd is the main reason why we chose this specific
parameterization scheme in this paper.

1 Itis also shown that the NEUT neutrino interaction generfit8], which is used by T2K and Super-Kamiokande, also uestenates averaged
charged hadron multiplicity [20].

Hadronization processes in neutrino interactions Janlzr2015 4



w 10¢€ w107 — T
X f X o from vp
= = L
Z Z
= p=3
3 1F E 3 1 E
Pz 1 =z E
= B
Aol \a)
10 W>3GeV 10 $ ws3cev E
e vp, BEBC vH2 }f ® vp, BEBC \)H2
e Default ] = Default
= Modified PYTHIA = Modified PYTHIA
-2 2 A,
1077 05 05 1 1077 05 0 0.5 1

FIGURE 4. (color online)xg distribution for ™ and i~ from vy, — p interactions [24]. Again, modified PYTHIA has a better
agreement with data.
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FIGURE5. (color online) Averaged neutral pion multiplicity plot. kg two predictions from GENIE are compared with bubble
chambew, —p, v, —n, v, — p, andv, —n i° production data [25, 26, 27, 28].

Xg distribution

Feynman xxg, is the fraction of longitudinal momentum available for @tan, defined in the hadronic center mass

system,.e., Xk = PL':L % , here asterisks stand for the hadron c.m.s. Fig. 4 showsattaeMC comparison. The
max

agreement of modified PYTHIA with bubble chamber is excélfenboth " andm— data. Therefore the tuning we

applied is valid not only for averaged charged hadrons, lsot\alid for positive and negative hadrons separately.

Averaged neutral pion multiplicity

In Figure 5, predictions are compared with the averagiethultiplicity. Here the data fromy,, andv,, interactions
are from various targets [25, 26, 27, 28] Although the date have larger errors, now the default GENIE has a better
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FIGURE 6. (color online) Topological cross sections of charged hasirfor v, — p interaction. In both figures, data points
are from Ref. [7]. In the left plot, PYTHIA is turned off and tdais compared with GENIE with only the KNO scaling-based
hadronization model. On the other hand, in the right figudTIRIA is extend all way to W=1.3 Ge¥t? so that hadronization is
almost solely handled by PYTHIA.

agreement with the data. The ratio of number of producedgeuhpions and neutral pions is strongly tied due to
isospin symmetryi.e. N(7r") + N(71) : N(1°) = 2 : 1. This means, if we increase the charged hadron mulitiplic

the hadronization model, the model will also have a highdtiplicities of neutral pions. The charged pion and neutral
pion multiplicty ratio is 2:1 in BEBC neon target bubble cHzendata [25], however, it is not easy to achieve good
agreements with both charged hadron and neutral pion riciligs including other data sets by tuning PYTHIA. On
the other hand, PYTHIA shows excellent agreeements in Hwttped and neutron pion fragmentation functions with
HERMES data [10, 29].

Topological cross sections

In the low W region, PYTHIA does not predict the multipliciproperly. In GENIE, the AGKY model uses a
phenomenological approach based on KNO scaling [6], whispeedsion is assumeed to follow a scaling law as data
suggest. Thus, by definition, the AGKY model has good dataddt@ement for the dispersion of the multiplicity in
the low W region. This is not the case in PYTHIA, where physicsimulated from a more first principles approach,
which is based on quark-diquark fragmentation. By tuning RYA parameters, data-MC agreement of the averaged
charged hadron multiplicity can be improved, but it is noeasy to correct the dispersion.

Figure 6 shows data-MC comparisons of the topological csestions of charged hadrons, that is, the fraction of
final particle topologies of a given interaction as functafninvariant mass. In both plots, the GENIE predictions
are compared witlv, — p data [7]. In the left plot, GENIE hadronization model is dplearried out by the KNO
scaling-based model. Since the KNO scaling-based appreachduces the dispersion data by definition, GENIE can
reproduce the data at large multiplicities, such as n=6, ate8

On the other hand, in the right plot, the GENIE hadronizatiwdel solely depends on PYTHIA. In this case,
we see PYTHIA has problems reproducing large hadron migtiplevents. The combination of KNO scaling-based
model and PYTHIA cannot make a smooth curve in the large piligiiy limit. We also checked the KNO scaling law
in PYTHIA. PYTHIA also satisfies the KNO scaling law, howemére width of multiplicity is much narrower than the
distribution extracted from the data. Thus, we concludettiedispersion of charged hadron multiplicity produced by
PYTHIA is narrower than the data, and this makes harder tdywe large numbers of hadrons when averaged hadron

2 Note in GENIE there is a limitation to how far one can extendlPIYA to low invariant masses, and thus belowt GeV/c? there are contribution
from the KNO scaling-based model
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multiplicity is small. Therefore, is it also important tortet PYTHIA to reproduce the charged hadron multiplicity
dispersion data, not just the averaged charged hadronphiiti.

High resolution liquid argon time projection chamber (LACT) experiments, such as MicroBooNE [30], are in
a good position to identify high multiplicity hadron evenihese data may offer the opportunity to test neutrino
hadronization processes. However, to test hadronizatimhets with hadron data from heavy nuclear targets such as
argon, it is also necessary to have a good model for primaeyantions [31, 32] and nuclear effects [33]. The main
focus of this CETUP 2014 neutrino interaction workshop wesdstic interaction processes, where both primary
interactions and nuclear effects play significant roles eamdently disagreements between data and predictions are
not well understood [31, 32, 34]. Therefore, it is challengio develop a hadronization model solely from neutrino
experimental data, and input from other fields, especiddigteon scattering experiments, are very important.

Impact on hadronization models for PINGU

PINGU [35] is a low energy extension of the IceCube detecd6i.[By placing optical sensors closer together
compared to the original IceCube detector, PINGU is able ¢éasure atmospheric neutrinos below 20 GeV where
matter oscillations are important. Although PINGU has aniigantly smaller volume coverage compared with the
1km? IceCube detector, the estimated PINGU volume coveragdlis-& Mton and high statistics is expected. The
capability of atmospheric neutrino oscillation measuretadas also been demonstrated recently [37].

The goal of PINGU is to determine the neutrino mass hiera(bliytH) through matter oscillations. In the two-
neutrino oscillation approximation, the muon neutrinoikesion probability in the normal hierarchyPg"[';) and

the muon anti-neutrino disappearance oscillation prdibali the inverted hierarchyF@'g) are the sameF{;‘E =

Pé,HB, P;\‘E = P(',HB) [38]. So it is also desirable to separate muon neutrinosnamain anti-neutrinos where final state
leptons are indistinguishable by Cherenkov detectors aa¢iiNGU.

Recently, Ribordy and Smirnov pointed out that the chargaisgion, through the precise measurement of inelas-
ticity distributions, improves the PINGU and ORCA [39] NMiérssitivity [38]. The same story may be applied to
Hyper-Kamiokande [40] and LBNF [41]. Since inelasticity aserements rely on the energy deposits of hadronic

showers, it is interesting to check the impact of differeadtonization models in this situation.
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FIGURE 7. (color online) Effective inelasticity distribution withtrmospheric neutrino spectrum. Here, all histograms arie arb
trarily normalized. Solid histograms are muon neutrindriistions, and dashed histograms are muon anti-neutistalalitions.
Red histograms are from GENIE with the default hadronizatijodel, and blue histograms are from GENIE with the modified
hadronization model discussed in this paper.
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For this purpose, we estimated the impact of hadronizatiodeis on the effective inelasticity. We define the
effective inelasticity from the visible hadron shower eqner

Ei= 5 Ta+YE. )
Eh>Ein

Here, the first term is the sum of kinetic energies of chargatidns above the Cherenkov threshold, the assumption
here is that the hadrons above the Cherenkov thresholdsibdevand so we take into account their kinetic energies.
The second term is the sum of all the final state photons, dieduthe decays of neutral mesons. Thus, the visible
hadron energy corresponds to the energy deposit from theohiadsystem to the perfect photon detector, where
inefficiency is only from neutrons or hadrons below the Chkee threshold. Then, the effective inelasticif§f, is
defined by,

ff Ex 4
= g (@)
HereE,, is the muon (anti-muon) energy.

To simulate effective inelasticity on a water target, we eitati the atmospheric neutrino flux with a simple formula
(~a+b-E~¢ wherec ~ 2.8) which reproduces the typical energy spectrum of atmaspheutrinos [8, 9]. Then we
simulate neutrino interaction from 2 to 30 GeV where is thpamiant region for NMH analysis.

Figure 7 shows the result. Tly&' " distributions for neutrino and anti-neutrino interacgare well separated, how-
ever,y®'f distributions based on different hadronization modelsverg similar. This result can be understood from
simulatedW distribution in PINGU (Fig. 1). The important region for RBU is still dominated by lowV inter-
actions, where PYTHIA hadronization processes have a migler This indicates alternations of the hadronization
model only provide minor changes to the systematics of th&3R] inelasticity measurement, however, details have
yet to be tested with a full PINGU detector simulation.

Conclusion

In this article, we studied neutrino hadronization proessa GENIE. Our main focus is to improve the averaged
charged hadron multiplicity, and it is shown that suitabdegmterization developed by the HERMES collaboration
dramatically improves the data-MC agreement with neutbubble chamber data. However, this tuning may make
the m° multiplicity agreement slightly worse. Also dispersiontafdron multiplicity is still not under control. Near
future LArTPC experiment, such as MicroBooNE, could test fladronization models by measuring high hadron
multiplicity events.

In both J-PARC neutrino beam [42] and NuMI [43], flux peaks @ameed to quasi-elastic or resonance dominant
regions where oscillation effects are bigger. Howeveraafs neutrino beams made from wideband decay-in-flight
neutrino beams have long high-energy tails, and the cauioibb from largeW interaction is always present. For
example, multi-pion production processes contributei@gmt amounts in single pion production measurements at
T2K [20]. Therefore correct modelling of hadronization pegs is an important subject for current and future long
baseline oscillation experiments [35, 39, 40, 41, 43, 44].

Finally, we tested different hadronization models with adalted atmospheric neutrino flux. It turns out the
difference in the inelasticity distributions is small, gegting the hadronization processes only plays a minor role
in the systematics for NMH analysis at atmospheric neutdsdaillation experiments, such as PINGU and Hyper-
Kamiokande.
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