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Abstract. An event generator for multi hadron production is presefdedeasuring the
R value in ther-charm energy region witk*e™ collisions. The initial state radiation
effects are considered up to second order accuracy, and tlaivadiorrection factor is
calculated with hadronic Born cross sections. The estadisxclusive processes are
generated according to their measured cross sectionse wigl missing processes are
generated using the LUND Area Law model, and its parametergumed with data
collected aty/s = 3.08 GeV. The optimized values are validated with data in tingea
Vs = 2.2324 ~ 3.671 GeV. These optimized parameters are universally vafié¥ent
generation below thBD threshold.

1 Introduction

The total cross section for multi hadron production in positelectron €'e™) annihilation is one of
the most fundamental observables in particle physics. &ipeameasurement of the hadronic cross
section allows us to determine the hadronic contributionthé running of the quantum electrody-
namic (QED) fine structure constamt electroweak parameters, and the strong couptingThe R
value, defined as the ratio of the total hadronic cross settidhat ofete™ — u*u~ at Born level,
have been measured by many collaboratiores @ scan experiments, over the center-of-mass energy
from the two pion mass threshollig,) to theZ peak [1]. In the tau-charm energy region, fealues
measured at BESII [2] were used in the evaluation of the hAdmontribution from the five quark
loops at the energy & peak,Aagd(Mﬁ), with an improved precision by a factor of 2 [3].

A large number of exclusive processes have been measurethevange fronM,, to 5 GeV [4],
but most cross sections have large uncertainties. To inepifttese measurements, a hadronic event
generator is needed for us to get better understanding &fjbaend events frora*e” — hadrons.

Especially, a precisB-value measurement requires excellent control of radiatiurection (RC)
and vacuum polarization (VP) in the Monte Carlo (MC) prograiive design an event generator
for measuringR values and exclusive decayseéhe™ collisions. The generator is constructed in the
framework of BesEvtGen [5], incorporating both the RC andéftiects. We also present details of
the parameter optimization of the Lund Area LavwARLW ) model [6] with data, and validations
with various distributions within the energy rangfs = 2.2324~ 3.671 GeV.
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2 Framework of event generator

The generator is constructed as a model of the BesEvtGerageackt provides the 4-momentum of
each final state particle for detector simulation, and gtesithe ISR correction factor and VP factors
for users to undress the observed cross section. The basiofdhis generator is to decompose the
total hadronic cross section into the measured exclusiveggises and remaining unknown processes.
The latter are generated with theARLW model.

2.1 Initial state radiative correction

(a) (b)

Figure 1. Feynman diagrams for the process€ay — X;, and ISR process (& e — yisrX -

In ane*e™ energy scan experiment, we consider a measurement of timecBuss sectionsp) for
a procesg'e” — X, as shown in Fig. 1 (a), whed§ denotes the hadron statesigh process. Due
to ISR, the observed cross sectiar) (s actually for the process'e™ — ysrX;, as shown in Fig. 1
(b). The observed cross section is related to the Born cextiog by the quasi-real electron method
[7]: y
S
dm2—

m oo(m)
w, s WS e

o(s) = 1)
wherem s the invariant mass of the final state$m) is the vacuum polarization function, which will
be discussed latesis thee*e™ center-of-mass energy squareds 2E;/ vVs=1-nm?/s and E)is
the total energy carried by ISR photons in #fe™ center-of-mass framé\ly, is the mass threshold
of a given processaN(s, x) is a radiative function, we use the result of QED calculatip to order?
[8].

At the leading order of QED calculation, the ISR photon isrelterized by soft energy and beam
collinear distribution. A more general result is obtaingdie method of Bonneau and Martin[11] up
to mg/sterms, and the angular distributions is calculated by

do(sX) 2«

X2
Dxdoosd = ax (L X+ Z)oo(s(L=X)P(), @
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whereE is the beam energy in the center of mass system of the eleaxigbpositron.
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2.2 Vacuum polarization

The vacuum polarization (VP) has been calculated by manypgrand is available in the literature.
Comparisons between them are given in Ref. [12]. There aableoditferences below 1.6 GeV, and
above 2.0 GeV, visible tlierences appear when approaching the charmonium resonsvieese the
results from the Fred Jegerlehner group [13]. It providptolieic and hadronic VPs both in the space-
and time-like region. For the leptonic VP the complete oned awo-loop results and the known
high-energy approximation for the three-loop correctians included. The hadronic contributions
are given in tabulated form in the subroutine HADR5N [14].

2.3 Cross sections for exclusive processes

We collect 25 exclusive modesfe~ — xX0 [16], AX® [16], X°A [16], K*K~z° [18] , KsK*n~
[18] , KsK=z* [18], K*K™p [18], K*K=27° [21], 2(K*K™) [22], 2(*n)x° [23], 2(*n )y
[23], K*K n*n~ 70 [23] , 3(r*n7) [24], 2(ntn n0) [24], K*(892PK*n~ [21], K*(892PK =+ [21],
K5(1430PK*n~ [21] , K;(1430PK n* [21], K*K=p° [21], ¢n*n~ [21], n'n*n~[16], Z-Z* [16], wn
[24] and¢n’, with energy region covering from 0.3 GeV up to about 6 Ge\éiiig of these modes are
generated with model ConExc [25]. Events for other ten estieimodes are generated the generator
model PHOKHARA [26], ie.ete™ — pp, nh, AA, ntn~, ntn= 270, 2(n*n), ntnn®, KYK-, KsKi
andn*n~n processes.

The narrow vector resonances, suclyé3770), w(2S), J/¢, p(1700), andw(1420), are also in-
cluded in the calculation for the ISR correction factor. Thess sections for these narrow resonances
are represented with the Breit-Wigner function

YeeY
9=12r— 2
(S (5= M2) + M2)2

whereM, vy, andye are the mass, total width and partial decay widtk'ter final state, respectively.

The distribution of cross section versus center-of-massgnis described by an empirical func-
tion, which is parameterized with a multi-Gaussian functitts parameters are determined by fitting
the cross section mode by mode. These empirical functienased in the generator for the calcula-
tion of the ISR correction factor and event type sampling.

The angular distribution for ISR photons is implementedagding to Eq. (2). However, angular
distributions are implemented only for two-body decaysnaly, 1— co 6 for PP (whereP is a
pseudoscalar meson) modes, angld.cos 6 for the PV (o = 1) andBB modes, wher¥ is a vector
meson, and is a baryon. The angular distribution parametdor the BB mode is taken as the quark
model prediction [27]. The phase space model is used fori+batty decays.

2.4 LUND Area Law model

The hadronic events produced in taee™ annihilation are evolved as follows. As the first step, a
quark-antiquark dq) pair is produced from a virtual photon, coupled to #f&™ pair. Then the
qqg branching proceeds via emitting gluons, and further deseloto hadrons. In the high energy
region, the cluster model (e.tHERWIG [28]) and LUND string model (e.gJETSETPYTHIA[29])

are available and precise enough to describe the hadragimi&ntation with parameters optimized at
bosonZ peak. However, in the intermediate and low energy regiorarpaters need to be optimized
or a new model is desirable to describe the light quark fragaten.
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In the tau-charm energy region, th8ARLW model [6] has been proposed to estimate the mul-
tiplicity distribution for primary hadrons produced frorhet string fragmentation. The probability
distribution reads: N

P = - explco + ca(n ) + c2(n - w)?), (4)
with u = o + Bexply v/s), wherecy, ¢y, C, @, 8 andy are parameters to be tuned with data. An
interface to access th&JARLW model is designed in the BesEvtGen [5] framework, and is assd
to generate the primary hadrons. The further decays inl ligdrons are realized with BesEvtGen

5],

2.5 Monte Carlo algorithm

The event sampling proceeds via two steps. Firstly, the maslse hadron systemMpagrons IS
sampled according to the distribution of the observed csestion, i.e.do(s)/dm, for the process
ete” - y,srX according to Eq. (1). For simplicity, the ISR energys — Mhadrons iS imposed on
a single photon. The second step is to sample the event tymdotyy according to the ratios of
individual cross sections at the energy pdiagrons

2.5.1 Sampling of Mpadrons

To sample théMpadrons We split the regiorMy, ~ +/sinto a few hundred intervals. The cumulative
cross section up to theth interval,m, is

. ao(m)
a(m) = (S)f dmZ W(SX)

- m(m)|>’

The MhadronsiS Sampled according to the(1fy) distribution with the discrete MC sampling technique.

2.5.2 Sampling of event type

Using the discrete MC sampling technique, the final stateeXdusive modes are sampled according
to the ratios of their cross sections,() to the total cross section{®), i.e.,

Cm = U'm(MhadronQ/U'tOt(Mhadrona,

wheremis an index for exclusive precess, and events for the rereapatt, 1- >, cm, are generated
with the LUARLW model.

3 Optimization of LUARLW parameters
3.1 Strategy to optimize the LUARLW parameters

TheLUARLW model parameters are optimized with the parameterizednsgfunction method. The
optimal values are obtained by simultaneously fitting thisction to data distributions. The idea for
this method is borrowed from that implemented in the evenegator tuning tool Professor and Rivet
[30] system, which was introduced by TASSO, and later usedlby¥PH, DELPHI [31-36], and
recently by the LHC [30]. This method has the advantage ofiigkting the problem from the so-
called manual and brute-force tunings, such as the slomgumiocedure and the sub-optimal results.



EPJ Web of Conferences 218, 07005 (2019) https://doi.org/10.1051/epjconf/201921807005
PhiPsi 2017

An ensemble of MC samples was produced within the framewbtk® BesEvtGen [5] event
generator, and then it is subject to detector simulatioi BIOSS software [40]. 91 independent
MC samples were prepared, each one generated witlfexatit set oL UARLW parameters, which
were randomly chosen in the parameter space around a gin&nalgeointpg. All MC samples were
produced with equal statistics, and were large enough gdttbaverall statistical uncertainties are
negligible.

By including the correlations among the model parameteesjependence of physical observable
is expanded up to the quadratic term as done in Ref. [37],lendesponse function reads

f(po +8p, %) = 809 + > AP (x)op,

i=1

3 S AP0, < MGl <00, ?

i=1 j=i

wheren is the number of parameters to be fitted, aM&(po + 5p, X) denotes the distribution of
physical observabl& predicted for a given set of parameter valpgs+ 6p, wherepg is the central
value andyp; is the deviation of thé-th parameter. The quadratic term in the expansion accdoints
the possible correlations between the model parameteesniiimber of coiicientsa®2, L, in the
expansion is calculated with

L=1+n+n(n+1)/2, (6)

and the cofficients are determined by fitting Eq. (5) to theeference simulation distributions. This
fit is equivalent to solving a system of linear equations of ). Then the optimal values of the
parameterg, their errorso;, and their correlation cdgcientsp;; will be determined with a standard
x? fit to data using packag@INUIT [38]. The fit is done simultaneously for all distributionsdafior
all bins.

To minimize statistical uncertainties, the model paramsetkould be fitted to the distributions that
show strong dependence on the parameters under consideaiatl least dependence on the others.
For each distribution, a quality to measure the sensittaitye modei-th parameter is calculated, i.e.

5MC(X)|
(9 = MC(X) Ip

/6p. N dln MC(x)

7
8|n|pll pl’ ( )

wheresMC(X) is the change of the distributiod C(x) when the model parameter is changed by
ép; from its central value. Sensitivity values for charged krdéstributions and event shapes vary
within the range from -0.3 to 0.3, but the polar angle and a#al distributions for charged tracks
are not sensitive to the change of model parameters. Thecxiuse the inclusive charged tracks are
distributed isotropically over the whole phase space. figkihe sensitivity into consideration, only
12 observable distributions are kept for the model parartfiet&@ hey are the number of photons,),
the number of charged trackBlfc), momentum of tracksRiack), Xf = 2P/W, x, = 2P, /2W,
sphericity, aplanarity, thrust, oblateness, and Fox-kdaifmomentsi,o, Hzo, Hao) [29], whereW is
the total reconstructed energy of an event, Bnds the transverse momentum.

We have 12 parameters to be optimized. According to Eq. @yetare 91 cdcients,a®2
in Eg. (5) to be determined. Hence we need at least 91 MC sanplietermine these cieients.
These were prepared with 0.5 million events for each saniplen the dependence of response func-
tion on model parameters is established, and this andlgpaiession is used to simultaneously fit to
the data distributions after QED background events aregactied. In the optimization procedure, the
x? function is defined over each bin, ig% — x?/N, wherey? values are calculated over nonempty
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Table 1. Optimized parameters afs =3.08 GeV. The statistical errors are negligidf€:YP; denotes a meson
has spirS, orbital angular momentunij and total spinJ.

Parameters  Tuned Description

PARJ(1) 0.118 Suppression of diquark-antidiquark paidpmtion
PARJ(2) 0.670 Suppression sfjuark pair production
PARJ(11) 0.868 Probability that a light meson has spin 1
PARJ(12) 0.644 Probability that a strange meson has spin 1
PARJ(14) 0.188 Probability for 8P, meson production
PARJ(15) 0.232  Probability for P, meson production
PARJ(16) 0.518 Probability for#P; meson production
PARJ(17) 0.320 Probability for P, meson production
PARJ(21) 0.201 Width of Gaussian for transverse momentum
RALPA(67) 0.191 LUARLW model parameter

RALPA(16) 1.000 LUARLW model parameter

RALPA(17) -0.537 LUARLW model parameter

bins. To consider the requirement of fit goodness on the pligitly of charged tracks, this distribu-
tion is weighted with a factor of 10, while other distributgare weighted with a unitary factor. This
weighted factor is chosen by requiring that the fit qualitalbflistributions are satisfactory.

3.2 Event selection and fit results

We use the data taken afs =3.08 GeV to optimize the parameters. To validate the parisiene
compare the MC distributions to the data distribution witttie energy region 2.0 — 4.26 GeV. The
QED backgrounds, e.gg'e” — e*e™, yy, v*v*, u*u~, andr*r~ are subtracted using MC samples,
and they are normalized according to their cross sectiotisetduminosity of data sets. The event
selection criteria for light hadrons are similar to thosplagal to theR value measurements [2, 39].

The selected candidates are characterized by the distrilsudf charged track multiplicityNiack),
track energy Eyac) and momentumack), polar angle (co8), azimuthal angled), rapidity, peseu-
dorapidity, and a set of event shapes. These distributimea@malized to one and the errors are
scaled for all bins.

To consider the possible correlations between these ddislerquantities, dierent observable
combinations were tried. In each combination, track oted@es,N,, Nyack: Etrack, Xf andx,, must
be included, while theyack distribution or event shapes are partly included in the #mmeous fit.
Generally speaking, the more observable distributiongamdved in the fit, the worse fit quality one
gets. To validate the resulted parameters, they are reagpeherate MC samples, and compared to
data.

4 Validation of tuned parameters

To select the most optimal values, we compare the data to @elistributions, which are generated
with optimized parameters for all sets. We require that gr@meters can produce MC distributions
having the best fit goodness quality/N, whereN is the total number of bins for calculating tjé
values. The optimal values are given in Table 1. To note thede values are only responsible for
unknown processes other than the exclusive modes.
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To validate this set of parameters for the MC generationvbé® DD threshold, we compare
the multiplicity distributions for charged tracks at 14 emepoints from+/s = 2.2324 to 3671 GeV,
as shown in Fig. 2. When extending these parameters from@&bto low energy points, the
agreement between the data and MC gets better. This is dhe fadt that the total cross section
equals the sum of the exclusive ones when approaching tiigye2® GeV.

5 Discussion and summary

To summarize, we have developed an event generat®fiogasurement at energy scan experiments,
incorporating the initial state radiatiorffects up to the second order correction. The ISR correction
factor is calculated using the measured Born cross sectiins established exclusive processes are
generated according to their measured cross sectiong migking processes are generated using the
LUARLW model, with tuned parameters at 3.08 GeV. To validate thamiged parameters, various
MC distributions are compared to the data distribution$wita from energy/s = 2.2324 to 3671
GeV. We conclude that the optimized parameters are valiflfdgeneration below thBD threshold.
Above theDD threshold, the parameters should be optimized with thenclnaeson decays.

Acknowledgements: The work is partly supported by the NetidNatural Science Foundation of
China under Grants Nos. 11645002, 11375205, and 11565006.

References

[1] For the most recent reviews, see, for example, B. PikirzMucl. Phys. B (Pro. Suppl.}162,
18 (2006); F. Jegerlehner, Nucl. Phys. B (Pro. Supp&2,22, (2006) [hep-pt©0608329]; F. Am-
brosino et al, Eur. Phys. J. 60, 729 (2007) [hep-e0603056].

[2] J. Z. Bai et al(BES Collaboration), Phy. Rev. L&8, 101802 (2002) [hep-¢@102003].

[3] H. Burkhardt and B. Pietrzyk, Phys. LetB513, 46 (2001); F. Jegerlehner, J. Phys.29, 101
(2003).

[4] V. P. Druzhinin et al, Rev. Mod. Phys33, 1545 (2011); M. R. Whalley, J. Phys. @9, Al
(2003).

[5] R. G. Ping, Chin. Phys. G32, 599 (2008).

[6] Kuang-Ta Zhao and Yifang Wang, Int. J. Mod. Phys.24, Supp. 1 (2009); Bo Andersson and
Haiming Hu, arXiv,hep-pf9910285; Haiming Hu and An Tai, arXiv,hep76206017.

[7] V. N. Baier and V. S. Khoze, Nucl. Phys. B5, 381 (1973); D. R. Yennie, S. C. Frautschi, H.
Suura, Ann. Phys13, 379 (1961).

[8] E. A. Kuraev and V. S. Fadin, Sov. J. Nucl. Phy&l, 466 (1985).

[9] G. Montagna, O. Nicrosini, F. Piccinini, Phys. Lett. 86, 243 (1997).

[10] K. A. Olive, et al, Chin. Phys. C38, 1 (2014).

[11] G. Bonneau and F. Martin, Nucl. Phys. &, 381 (1971).

[12] S. Actis, et al, Eur. Phys. J. 86, 585 (2010).

[13] S. Eidelman, F. Jegerlehner, Z. Phys6€,585 (1995) [hep-pt9502298]; F. Jegerlehner, Nucl.
Phys. Proc. Suppl162, 22 (2006) [hep-ph0608329]; F. Jegerlehner, Nucl. Phys. Proc. Suppl.,
135, 181, (2008); F. Jegerlehner, Nucl. Phys. Proc. Sufpé, 325, (2004) [hep-pt0310234]; F.
Jegerlehner, hep-p308117 (2003).

[14] The full set of routines can be downloaded from Jegerels web page htthHwww-
com.physik.hu-berlin.ddjiegey.

[15] B Aubert et al (Babar Collaboration), Phys. Rev.73, 012005 (2006).



EPJ Web of Conferences 218, 07005 (2019) https://doi.org/10.1051/epjconf/201921807005
PhiPsi 2017

2 2 F 2
§ 03l § 03 § 031
° L ° L o L
a r a r a r
02f (a) 02 (b) 02 (c)
0l 01f 0af _
o M., o [l o H 1.
0 2 4 6 8 10 0 2 4 6 8 1 0 2 4 6 8 10
Number of good tracks Number of good tracks Number of good tracks
2 [ 2 [ 2 [
3 03F T 03F F 03f
[ r [} r I} r
Kol L o . o .
2 r < r £ [ d
& o2f (d) & o2f (e) & o2f (f)
0af . 0.1f 01
ok H H o e ok H £ e ok H e e
0 2 4 6 8 10 0 2 4 6 8 1 0 2 4 6 8 10
Number of aood tracks Number of good tracks Number of good tracks
2 F * 2 F r 2 F o
Z 03 Z  o3p Z  o03p
< < [ < [
S L . 3 b S i ;
& oz (8) T o2f (h) & oof [ (i)
01 H . 0af H 01 H
ol H 1 e ol H [ _re oL H [ re
0 2 4 6 8 10 0 2 4 6 8 g 0 2 4 6 8 10
Number of good tracks Number of good tracks Number of good tracks
2 F . 2 F - 2 F .
= 0.3 = 0.3 = 0.3
g | () g (K) g | 0)
< [ o [ S L
& o2f o o2f & o2
01 H 01 H 01 H
ok H [*] rey ok H [*] rex ok H [*] res
0 2 4 6 8 10 0 2 4 6 8 1 0 2 4 6 8 10
Number of good tracks Number of good tracks Number of good tracks
2 F 2 F
F  03p = 03[
[ ©
= b 8 r
T o02f (m) o o2f (n)
01f H 01f H
oL H [l = oL H [l =
0 2 4 6 8 10 0 2 4 6 8 10
Number of good tracks Number of good tracks
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