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Abstract. I review the state of the art of precision calculations and related Monte Carlo generators used in

physics at flavor factories. The review describes the tools relevant for the measurement of the hadron production

cross section (via radiative return, energy scan and in γγ scattering), luminosity monitoring, searches for new

physics and physics of the τ lepton.

1 Introduction

The physics program of e+e− colliders with center of mass

(c.m.) energy between about 1 and 10 GeV (flavor facto-

ries) is broad and ranges from flavor physics to the mea-

surement of the low-energy hadronic cross section, with

its crucial implications for g − 2 and the running of α, to

searches for QCD exotic states and studies of QCD in the

non-perturbative regime. It also includes precision tests

of the SM at low energies and new physics (NP) searches

(dark photon, light Higgs bosons), as well as measure-

ments related to the physics of the τ lepton.

The reason why radiative corrections (RC) and accu-

rate Monte Carlo (MC) generators are involved in most of

these studies stems from the fact that the large statistics

accumulated by these experiments at the intensity fron-

tier necessarily requires precision calculations for a large

spectrum of measurements and the description of physics

phenomena. Examples are the simulation of the contribu-

tion due to initial-state radiation (ISR) and the measure-

ment with 1% precision or better of the hadronic cross

section via the mechanism of radiative return; the mod-

eling of final-state radiation (FSR) and bremsstrahlung in

decays (for example, in the leptonic decay of the τ); the

measurement of the collider luminosity with per mille un-

certainty and the control of the process of muon pair pro-

duction in association with a photon as normalization of

the hadronic cross section measurement via radiative re-

turn; and, finally, the simulation of QED processes, con-

sidered both as signals and backgrounds, depending on the

measurement.

All these physics issues require that the precision cal-

culations are made available in the form of MC generators,

which are needed to allow for simulations and data-theory

comparisons under complex selection criteria.
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The theoretical methods used in this context mostly

refer to the QED sector of the SM and include results at

NLO in perturbation theory and, in some special cases,

at NNLO. Also calculations addressing the resummation

of large contributions due photon collinear emission are

involved. QED resummation is performed according to

different approaches, like collinear Structure Functions

(SFs), Parton Shower (PS) or YFS exponentiation. In pre-

cision calculations for luminosity and QED processes, pre-

dictions based on the matching of NLO corrections with

higher-order (h.o.) contributions are also available.

A working group (WG) on RC and MC for low

energies was promoted in the middle of the 2000s, in

order to stimulate and facilitate the collaboration be-

tween experimentalists and theorists working on physics

at meson factories. It organizes two meetings per year

(see http://www.lnf.infn.it/wg/sighad/) and led

in 2010 to the publication of the review paper of Ref. [1],

which stands as a reference in the field also today.

2 Hadron production cross section

At flavor factories, the hadronic cross section is measured

via radiative return [2] (hadron production in association

with an energetic ISR photon) and energy scan, as well as

in γγ scattering.

In spite of the α reduction factor associated to pho-

ton radiation, the hadronic cross section via radiative re-

turn can be measured from threshold to the nominal c.m.

energy with good precision (at the one per cent level or

better), thanks to the large luminosity of flavor factories.

In this context, the reference MC used by all the experi-

ments as primary generator or to cross-check the accuracy

of other tools is PHOKHARA [3–8]. It is the successor

of EVA, the first MC developed for this kind of studies

in Ref. [9] for the two pion + photon final state and in

Ref. [10] for the 4 pions + photon signature, with a treat-
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ment of the ISR hard photon at LO supplemented by QED

collinear SFs for the description of additional undetected

radiation. 1 Now PHOKHARA can be used to simulate

various hadronic final states, both for measurements with

explicitly tagged or untagged photons. The treatment of

ISR is at NLO accuracy for the all the final states, with an

estimated precision of 0.5%, due to missing h.o. contribu-

tions beyond O(α) in the calculation of the radiator func-

tion. For two pions, two protons and K+K− final states also

FSR is treated at NLO, using the point-like approximation.

In the latest version of PHOKHARA, the complete set of

NLO corrections is available for μ+μ−γ production [14],

a process often used as normalization in the measurement

of the hadron + γ production cross section. The recent

KLOE and BESIII measurements of the π+π−γ cross sec-

tion, of primary interest for the calculation of the leading

order hadronic contribution to the g − 2, were based on

PHOKHARA, whereas in the analyses by BaBar the code

AfkQED is adopted.

Concerning the measurements of the hadronic cross

section with the method of energy scan, the situation of

the MC generators is less established and more varied.

What is available in the literature is MCGPJ [15], a gener-

ator developed by a Dubna-Novosibirsk collaboration and

used at VEPP collider. It can presently simulates the ππ
and KK production channels but the implementation of

new multi-hadron final states is in progress. The code

includes the complete set of NLO QED corrections plus

h.o. contributions treated in terms of collinear SFs and

makes use of Scalar QED for the calculation of FSR cor-

rections. Therefore, this generator is quite accurate and

has an estimated accuracy of 0.2%. A further available

code is PHOKHARA 8.0 [16], that can be used to simu-

late the hadron cross section measured in energy scan for

the same channels as in the PHOKHARA version for ra-

diative return. Here, ISR is treated at NNLO accuracy, but

without the contribution of multiple photon emission and

FSR. The predictions of PHOKHARA 8.0 are in very good

agreement, at a few per mille level, with those of MCGPJ

for the two pion final state and with those of a benchmark

MC, KKMC [17] 2, for muon pair production. Another in-

teresting, ongoing project is carlomat 3.0 [19], which is

an automatic tool for the generation of the scattering am-

plitudes and cross sections related to complex topologies

given by hadrons + photons + leptons. In carlomat 3.0
the calculations are performed using the effective vertices

of the Resonance Chiral Lagrangian (RχL) Theory or Hid-

den Symmetry model and, for the time being, RC are not

included.

1The EVA approach is followed by BaBar collaboration in their anal-

ysis of hadron production via radiative return processes, using their own,

not public event generator AfkQED. In the latter the muon final state is

simulated independently according to the formulae of Ref. [11]. The us-

age of AfkQED in BaBar is supplemented by PHOTOS [12, 13] for the

description of additional undetected FSR.
2KKMC is a precise MC tool for the simulation of several 2 → 2

processes [18]. It is based on a generalization of the YFS exponentiation

approach (coherent exclusive exponentiation) and is used at flavor facto-

ries in various studies requiring simulations of lepton-pair production or

QED radiative processes.

For γγ physics, of special interest for the measure-

ments of the photon-meson transition form factors and

tests of QCD, the various codes used till now by the experi-

ments are all characterized by the common feature of using

the Equivalent Photon Approximation (EPA) for the cross

section calculation. A more precise generator, beyond the

EPA, is EKHARA [20], which includes exact formulae

and exact kinematics for both s- and t-channel amplitudes

and their interference. It allows to obtain predictions for

e+e−π+π− production, as well as for e+e−π0, e+e−η/η′ pro-

duction, using different models for the photon-meson tran-

sition form factors. The implementation in EKHARA of

the dominant QED corrections is under way and will avail-

able in future releases.

3 Luminosity measurement

The area where a particular progress occurred, both in the

calculation of RC and realization of MC codes, is that re-

lated to the luminosity measurement. Indeed, at flavor fac-

tories, the luminosity is measured with very good preci-

sion, typically with an uncertainty between a few per mille

and one per cent, by using the ratio between the observed

number of events of a given reference process and the cor-

responding theoretical cross section through the relation

L = Nobs/σtheory. To maintain as small as possible the total

luminosity uncertainty, the best reference process is large-

angle Bhabha (LABH) scattering, measured in the same

detectors used for the measurement of the hadronic cross

section, with similar acceptance conditions. Two photon

production is also used a cross check or to obtain the lu-

minosity as an average of the measurements obtained with

the two processes. In the luminosity measurement, typi-

cally two independent generators are used to avoid loss of

precision or introduce a bias in the measurement itself.

Table 1. The MC generators used in luminosity measurements.

Generator Processes Theory Accuracy

BabaYaga 3.5 e+e−, γγ, μ+μ− QED PS 0.5%

BabaYaga@NLO e+e−, γγ, μ+μ− O(α)+QED PS 0.1%

BHWIDE e+e− O(α) YFS 0.1%

MCGPJ e+e−, γγ, μ+μ− O(α)+SFs 0.2%

The generators used to monitor the luminosity at me-

son factories are summarized in Table 1. The reference

code adopted by most of the experimental collaborations

is the generator BabaYaga [21–23]. In its most precise

version, BabaYaga@NLO, the generator includes the ex-

act NLO corrections matched to a QED PS for the sim-

ulation of exclusive multiple photon emission and has an

estimated accuracy of 0.1%. Other programs used at flavor

factories for simulations of the LABH process with a for-

mulation and precision similar to that of BabaYaga@NLO

are BHWIDE [24], developed during the LEP time, and

MCGPJ, which, in addition to hadronic final states, pro-

vides predictions for lepton pair and two-photon [25] pro-

duction.

Because of the precision requirements, a relevant ques-

tion in the context of luminosity measurements is related
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to the accuracy of the theoretical calculations and corre-

sponding codes. As a consequence of the formulation un-

derlying the most precise generators, featuring the match-

ing of NLO corrections with QED exponentiation in fac-

torized form, the bulk of the most important sub-leading

O(α2) corrections, i.e. O(α2L) photonic corrections (L be-

ing the large collinear logarithm), is effectively incorpo-

rated [26]. It follows that the main uncertainties affect-

ing the theoretical precision of the luminosity generators

come from two sources. The first one is related to the

hadronic contribution to the vacuum polarization, which is

treated using dispersion relations and is therefore paramet-

ric, driven the experimental uncertainty of the hadron cross

section measurements. The second source of uncertainty

is purely perturbative, due to the incomplete inclusion of

QED corrections at NNLO. Fortunately, all the pieces of

the Bhabha cross section at NNLO in QED have been

computed over the last decade or so (see e.g. Ref. [1]) and

therefore these calculations represent an important bench-

mark to assess the theoretical precision of the luminosity

MC tools.

Within the WG on RC and MC for low energies, a

particular effort was devoted to reach a reliable estimate

of the theoretical uncertainty of the luminosity cross sec-

tion calculation. Following similar work done during

the LEP workshops in the 1990s, detailed comparisons

between the predictions of the available NNLO calcu-

lations and the corresponding approximations present in

BabaYaga@NLO led to the estimate of the total theoreti-

cal uncertainty summarized in Table 2. It quotes the offi-

cial WG evaluation updated by the conclusions of the work

on leptonic and hadronic pair corrections of Ref. [27] and

by a less conservative estimate of the one-loop corrections

to hard bremsstrahlung according to Ref. [28].

Source of unc. (%) 1–2 GeV BESIII BaBar/Belle

|δVP| [Jegerlehner] – 0.01 0.03

|δVP| [HMNT] 0.02 0.01 0.02

|δα2

photonic
| 0.02 0.02 0.02

|δα2

pairs
| 0.03 0.02 0.03 ÷ 0.07

|δα2

SV,H| 0.05 / 0.03 0.05 / 0.03 0.05 / 0.03

|δα2

HH
| – – –

|δtotal| 0.07/0.05 0.06/0.04 ∼ 0.07 ÷ 0.09

Table 2. The total theoretical uncertainty of the LABH

scattering cross section at flavor factories.

Note that the estimate of the total theoretical uncer-

tainty in the luminosity measurement at flavor factories,

between 0.05% and 0.1%, is comparable to that achieved

at LEP in the 1990s. However, it slightly deteriorates in

the proximity of the very narrow resonances because of

the uncertainty induced by the hadronic contribution to the

vacuum polarization.

4 Search for New Physics and τ-lepton
physics

The generators involved in the search for NP and physics

of the τ lepton concern the simulation of QED pro-

cesses, the modeling of τ decays and the description of

bremsstrahlung in τ decays.

Concerning NP searches, a particular attention was

paid over the last few years in the search for a massive

dark photon weakly coupled to the SM particles as a pos-

sible solution of the dark matter puzzle. One the best

signals at meson factories is represented by the associ-

ated production of a dark photon and an energetic pho-

ton, with subsequent decay of the dark photon into elec-

tron or muon pairs. The signature consists of very nar-

row bumps in the lepton invariant mass spectrum, because

of the very small coupling of the new particle to the lep-

tons, over the continuum given by the QED background

processes e+e− → e+e−γ, μ+μ−γ. In this framework, an

upgrade of BabaYaga [29] is used by KLOE for the sim-

ulation of both signal and backgrounds, whereas BaBar

makes use of MadGraph/MadEvent [30] for signal simu-

lations and of the tandem of generators BHWIDE/KKMC

for the study of the QED radiative processes.

As far as physics of the τ lepton is concerned, the mea-

surements giving access to the τ mass and related to τ pair

production at threshold involve MC programs developed

during the LEP era. The reference code used by BaBar,

Belle and BESIII for the calculation of the e+e− → τ+τ−
cross section is KKMC, but in some measurements also

the older KORALB [31] generator is considered. For

the measurements and physics studies related to τ decays,

the reference tool is TAUOLA [32–34], which is a well-

established program with a long tradition from LEP. Its us-

age is often accompanied by the process independent tool

PHOTOS for the simulation of bremsstrahlung in τ lep-

tonic decays. A recent interesting progress in TAUOLA

has been the implementation of the hadronic currents us-

ing the RχL theory, which supersedes previous theoretical

parameterizations [35].

5 Summary

A wide spectrum of measurements and physics studies at

flavor factories needs for precision calculations, including

all the relevant RC, encoded into accurate and flexible MC

generators. They are primarily required for simulations in

the measurement of the hadron production cross section

(via radiative return, energy scan and in γγ scattering),

precise luminosity monitoring and control of the μ+μ−γ
normalization process. They are also involved in searches

for NP and physics of the τ lepton.

Over the last decade or so, a significant progress oc-

curred in theoretical predictions and related codes for the

measurement of the hadronic cross section via radiative re-

turn and high-precision luminosity determination. The lat-

ter, in particular, took advantage of the computation of the

full set of NNLO corrections to Bhabha process in QED.

As a consequence, the accuracy of the presently available
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predictions for the luminosity cross section at flavor facto-

ries is at the sub-per mille level and robust.

More generally, theoretical results and generators used

in simulations for luminosity, QED processes, NP searches

and τ physics greatly benefited from LEP experience.

Further progress is expected in generators for the mea-

surement of the hadron production cross section with en-

ergy scan and in γγ scattering processes. Presumably,

new results will also come in the assessment of the theo-

retical uncertainty of the luminosity cross section as due

to the hadronic contribution to the vacuum polarization

close to ψ/Υ’s resonance and one-loop corrections to hard

bremsstrahlung in Bhabha scattering.
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