320 Proceedings of the National Academy of Sciences of Belarus. Physics and Mathematics series, 2025, vol. 61, no. 4, pp. 320-329

ISSN 1561-2430 (Print)

ISSN 2524-2415 (Online)

UDC 539.1 Received 22.09.2025
https://doi.org/10.29235/1561-2430-2025-61-4-320-329 [MocTynuna B pexakiuio 22.09.2025

Dmitry N. Grigoriev'?, Vasily F. Kazanin'~, Vyacheslav L. Ivanov',
Dzmitry V. Shoukavy4 on behalf of the CMD-3 Collaboration

'Budker Institute of Nuclear Physics of the Siberian Branch of the Russian Academy of Sciences,
Novosibirsk, Russian Federation
’Novosibirsk State Technical University, Novosibirsk, Russian Federation
*Novosibirsk State University, Novosibirsk, Russian Federation
“B. I. Stepanov Institute of Physics of the National Academy of Sciences of Belarus, Minsk, Republic of Belarus

METHODOLOGY FOR MEASURING THE TRANSITION
ELECTROMAGNETIC FORM FACTOR IN THE CONVERSION DECAY o — nte’e
WITH THE CMD-3 DETECTOR

Abstract. This paper presents an improved methodology for measuring the transition electromagnetic form factor in
the conversion decay » — n’e’e” using data collected by the CMD-3 detector at the VEPP-2000 e'¢™ collider. The key im-
provement involves the application of a kinematic reconstruction technique under two distinct hypotheses: the signal hypoth-
esis (® — n’e’e’) and the dominant background hypothesis (@ — n'n n°). This approach allows for a powerful suppression
of 31 background, virtually eliminating it, and significantly narrows the invariant mass distribution of two photons from
decay in signal events. The refined n° mass peak enhances the separation of the signal process from the remaining QED back-
ground (e'e” — e’e yy). To demonstrate the effectiveness of the method, it was applied to a subset of the data with an integrat-
ed luminosity of 13 pb™', accumulated near m-meson mass. The analysis shows a significant improvement in the precision of
the form factor F(g) measurement. The developed methodology paves the way for a more precise determination of the form
factor slope parameter A% when applied to the full dataset, which has an integrated luminosity of approximately 50 pb".
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METOAUKA UBSMEPEHUSA NEPEXOAHOI'O 2JIEKTPOMATHUTHOI'O ®OPM-®AKTOPA
B KOHBEPCHOHHOM PACIIAJIE © — n’¢’¢e” HA JETEKTOPE KM/I-3

AnHoTtanms. [lpencraBieHa yCOBEPUICHCTBOBAHHAs METOJMKA H3MEPEHHs] MEePEXOJHOr0 SJIEKTPOMArHUTHOTO
(opM-(akTopa B KOHBEPCHOHHOM pacliaje  — T ¢ e C UCIOIb30BAHHEM JAHHBIX, HAKOILICHHBIX AeTektopoM KMJI-3 Ha
e' e -xommaitnepe BAITI-2000. KiroueBoe HOBOBBEJGHHE METO/IA 3aKJII0UAETCS B IIPHMEHEHHH METOa KHHEMaTHIECKOH pe-
KOHCTPYKIIHH B PAMKAX JBYX Pa3IHUHBIX THIOTE3: sl CHIHAIBHOIO KaHama (& — m'e' ¢ ) H OCHOBHOTrO (JOHOBOTO MPOIEC-
ca (0 — n%’no). JlauubIi MOAX01 M03BOJIsIET 3P PEKTUBHO MOMABIATE (GOH OT 37 COOBITHM, MPAKTUYCCKH MOTHOCTHIO €T
yCTpaHsis, a TAK)KE IPUBOJUT K CYIIECTBEHHOMY CY>KCHHIO paclpe/ie]IeHNs] HHBapUaHTHOW MacChl IBYX ()OTOHOB OT pacrajia
n° B CHTHAJBHBEIX COOBITHIX. bornee y3kumit muk Macchl m° 3HAYUTEIBHO YIydIIaeT pas3/elIieHHe CHTHala OT OCTaBIIETrOCs
KBAaHTOBO-DJIEKTPOAMHAMUYECKOTO hoHa (¢ e” — e’ e yy). st nemMoHcTpamuy ek THBHOCTH METOMKA Oblia MpUMeHeHa
K 4aCTH JaHHBIX C MHTErPaJbHON CBETUMOCTBIO 13 pb™!, HaKoIUIEHHOM B 00JacTH Macchl ®-Me30Ha. [IpoBeneHHbIN aHAIN3
CBHJICTEIILCTBYET O CYIIECTBEHHOM ITOBBIIICHHH TOYHOCTH M3MepeHus popm-pakropa F(q). PazpaboTanHas MeTonnka rmo-
3BOJISIET PACCUHTHIBATE Ha GOJIEE TOYHOE ONpPEeNeHNe apaMeTpa HakIoHa GopM-PakTopa A g’ [OCIe IPHMEHEHHS K T0I-
HOMY MaCCHBY JaHHBIX C HHTEI'PAJIbHOW CBETUMOCTBHIO 0K0JI0 50 pb.
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KroueBble c10Ba: KOHBEPCHOHHBIN pacnaj, ®-ME30H, IIePEXOJHBIN 2JIeKTPOMArHUTHBIN (GopM-dakTop, noxaBiIeHUe
¢ona, nerekrop KM/I-3

Jlast nuTHpoBaHus. MeTonKa H3MEepeHHsl TIEPEXOTHOTO AIIEKTPOMAarHUTHOTO (hopM-(paKkTopa B KOHBEPCHOHHOM pac-
nage ® —~ nle’e Ha nerexktope KM/I-3 / 1. H. I'puropses, B. ®. Kazanun, B. JI. iBanos, /1. B. l1IénkoBslit oT umern KM J1-3
koJutaboparuu / Becni HanpissranbHalt akanamii HaByk benapyci. Cepsis ¢i3ika-MaTaMaThIYHBIX HaByK. — 2025. — T. 61,
Ne 4. — C. 320-329. https://doi.org/10.29235/1561-2430-2025-61-4-320-329

Introduction. The study of transition electromagnetic form factors in conversion decays provides
crucial insight into the electromagnetic structure of light mesons. These form factors, F(g), describe
the deviation of the decay amplitude from that of a point-like particle and are studied as a function of
the squared four-momentum transfer ¢°, which is measured via the invariant mass of the lepton-antilepton
pair born from a virtual photon, so that ¢ = m(I'l"). In the low-energy region, the experimental data on
the properties of light mesons are generally well described by the Vector Dominance Model (VDM) [1].

One of the most significant potential deviations from VDM predictions was reported for the con-
version decay (@ — ne’e’). An initial indication was presented in [2], and a later measurement by
the NA60 collaboration [3] reported a discrepancy with VDM exceeding 4 standard deviations, primar-
ily at high momentum transfers. Interestingly, a good agreement with VDM was observed in the similar
process 1 — 7' 1w [3]. Conversely, a result from the A2 collaboration at MAMI for (0 — n’e’e) decay
[4] was closer to the VDM prediction, highlighting the need for further independent studies with differ-
ent experimental setups and systematic uncertainties.

This work is performed at the VEPP-2000 e’e collider [5] with the CMD-3 detector [6]. The unique
round beam technique developed at BINP has allowed VEPP-2000 to achieve record luminosity in
the center-of-mass energy region up to 2 GeV. By the end of 2024 data-taking period, the CMD-3 de-
tector had collected an integrated luminosity of approximately 50 pb™ in the vicinity of @-meson mass,
significantly surpassing the statistics of all previous experiments in this energy range.

Our previous preliminary analysis [7], based on 13 pb™, utilized machine learning techniques, spe-
cifically Boosted Decision Trees (BDT), to suppress the dominant ® — n’e¢’e” (37) background by ex-
ploiting the longitudinal segmentation of the CMD-3 liquid xenon (LXe) calorimeter for e/n separation

[8]. The result, a form factor slope parameter Ag> =1.0+ 0.4 (GeV/c?) 2, was consistent with VDM but
limited by statistical and systematic uncertainties. A significant remaining background, especially at
large track opening angles (high ¢), originated from QED processes (e'e¢ — e'e yy), which were sup-
pressed by a cut on the spatial angle between the e'e¢ pair and the most energetic photon and subse-
quently subtracted using fits to the diphoton invariant mass spectrum.

This paper describes a refined methodology designed to overcome these limitations. The core im-
provement is the implementation of a kinematic reconstruction procedure under two explicit hypotheses:
the signal hypothesis (2y from n° and e’e") and 3x background hypothesis (n*,n",n° — 2y). This tech-
nique provides a more powerful suppression of 31 background and, crucially, yields a much narrower
and more precisely reconstructed invariant mass distribution for n° candidate in signal events. The en-
hanced resolution of ©° peak is instrumental in cleanly separating the signal from the QED background,
where two photons do not necessarily originate from a 7’ decay and thus exhibit a broad invariant mass
distribution. This methodological advance, applied to the full 50 pb ' dataset, allows for a more accurate
and precise measurement of the transition form factor across the entire physically accessible ¢ range.

Event Selection. The response of the CMD-3 detector to both signal and background processes
was simulated using a detailed GEANT4-based Monte Carlo (MC) simulation. The generator of signal
events takes into account initial state radiation.

Events for the study of the @ — n’e’e” decay were selected with the following criteria, designed to
identify the final state with two oppositely charged tracks and at least two photons:

— two tracks with zero total charge, originating from the beam interaction region;

— each track must have at least 10 hits in the drift chamber (DC);

— the transverse momentum of each track must be greater than 40 MeV/c to avoid particles making
multiple loops in the DC and ensure reliable reconstruction;

— the polar angle of tracks is restricted to the range of ©/2 — 0.85 < w/2 + 0.85 rad to ensure they pass
through the regions of high DC efficiency;
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— the distance from the track vertex to the beam interaction point must be less than 1 cm in the radial
direction and less than 8 cm along the beam axis.

— the tracks must be non-collinear in the » — ¢ plane: | t—|¢; — ¢, ||> 0.15 rad.

Photon candidates are defined as clusters in the electromagnetic calorimeters with energies greater
than 30 MeV and with polar angle in the range of 0.5 <8 <z —0.5. To suppress spurious clusters from
interactions of charged particles in the calorimeters, the spatial angle between a photon and the extrapo-
lated entry point of any charged track into the calorimeter must be greater than 0.4 rad.

To further isolate the signal mostly from QED events, several kinematic criteria are applied:

— the angle between two selected photons is required to be between 0.6 and 1.5 rad, which is typical
for photons from a 70 decay in the experiment;

— the spatial angle between e'e pair direction and most energetic photon W(e*e™,y¢) < 3.05 rad.

This selection strategy is based on the kinematic features of the signal process and effectively sup-
presses a significant portion of the background while preserving the signal efficiency. A detailed de-
scription of the selection criteria can be found in [9].

Background Suppression. The primary challenge in isolating the rare conversion decay ® — n’e’e”
is the overwhelming background from the dominant decay channel ® — n'w n’ (3m), which has
a branching fraction approximately three orders of magnitude larger. The kinematic signature of the sig-
nal decay is characterized by a low-mass e'e” pair, which often results in a small opening angle between
the charged tracks. Consequently, a powerful cut on the track opening angle Ay < 1.0 rad was tradition-
ally applied to suppress 3 background, where pions have a significantly larger average opening angle.

However, this approach inherently limits the analysis to the low ¢ region. The most interesting phys-
ics, potentially revealing deviations from the Vector Dominance Model, is expected at high ¢ values,
which correspond to events with a large invariant mass of the e'e” pair and, consequently, a large open-
ing angle between the tracks. Therefore, an alternative method for suppressing 3w background across
the entire angular range is required.

The first step in our background rejection strategy utilizes the well-established technique of particle
identification based on the analysis of energy deposition patterns in the longitudinally segmented liquid
xenon (LXe) calorimeter. The distinct electromagnetic showers produced by electrons and positrons dif-
fer markedly from the hadronic showers produced by pions. A Boosted Decision Tree (BDT) classifier
was trained using the energy deposition in all 12 cathode gaps of the LXe calorimeter, the total energy
deposition, and the energy deposition in the Csl calorimeter. The output of this classifier, BDT (e, ) pro-
vides powerful separation between electrons and pions, as it is described in detail in [8]. The distribution
of this classifier for both data and simulation is shown in Fig. 1. A selection criterion on this parameter
effectively suppresses a significant fraction of 37 background.
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Fig. 1. Distribution of the BDT (e, m) classifier output for charged tracks in selected events.
The simulation () shows the separation between signal ¢” (blue) and background n* from © — n'7 7’ (black).
The distribution for experimental data (b) is overlaid with the selection cut applied
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Another source of background is the radiative decay @ — ny with subsequent conversion of
the monochromatic photon into an e’e” pair in the detector material before the sensitive volume. The ki-
nematics of this background is nearly identical to those of the signal process. The resolution of the drift
chamber is insufficient to reliably distinguish the conversion vertex. The contribution of this background
was estimated from a dedicated data-driven analysis using events of quantum electrodynamics (QED)
at beam energies of 680 and 750 MeV, where the w-meson production cross-section is negligible, and
was found to be 48 = 1 % (syst.) relative to the signal [9]. The vast majority of this type of events has
g < 50 MeV/c*. This contribution was statistically subtracted in the analysis.

Despite the effectiveness of the BDT-based selection, the remaining 3n background and the unex-
pectedly large QED background (e'e” — e'e yy) at large opening angles (Ay > 2.3 rad) remained signif-
icant limitations in our previous analysis, preventing the use of the full angular range.

To further suppress the background from the  — n'n n° (37) decay, we applied a kinematic recon-
struction method. Unlike traditional approaches, we did not apply a strict constraint on the invariant
mass of two photons during this procedure. This allowed us to preserve statistics and use this variable
later for effective separation between signal events and QED background.

To enhance the selection power, the kinematic reconstruction was performed under two alternative
hypotheses. The first hypothesis assumes that the final state consists of two photons and an electron-pos-
itron pair (the signal hypothesis). The second hypothesis assumes that the final state contains two pho-
tons and two charged pions (the background hypothesis).

In events with more than two reconstructed photons, the pair that yielded the smallest y* value in
the kinematic fit was selected for the analysis. This approach automatically identifies the most likely pho-
ton pair from the n° decay and minimizes the contribution from accidental combinatorial backgrounds.

The kinematic reconstruction was performed using a dedicated software package developed by
the CMD-3 collaboration and described in [10]. This package efficiently varies the measured particle
parameters (momenta, angles, cluster energies) within their errors to achieve the best fulfillment of con-
servation laws with minimal .

The distributions of * for the signal and background hypotheses after the full event selection show
clear separation (Fig. 2). It is markable that the good agreement between MC and data there is not only
for the halo of the distributions but also for long tails as well. Events for which the reconstruction under
the signal hypothesis provides a better description (y fl-g < Xlz,kg) are retained for further analysis. Namely,
the selection of signal events requires the conditions for successful kinematic reconstruction in both hy-

potheses and the following criteria: Xﬂg < 50 and ¥ bg >100. This method provides an additional order
of magnitude suppression of the ® — ' n° background, effectively eliminating this background source.
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Fig. 2. 2D distribution of x?ig from the kinematic reconstruction under the signal vs xig from the kinematic
reconstruction under background. Blue dots correspond to 37 events, cyan dots correspond to QED events,
orange dots correspond to signal events, with black dots the experimental data is shown
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Fig. 3. Distributions of %* under the background hypothesis (ng are left plots) and under the signal one ( X?,«g are right plots)
for events passing the full selection (excluding the final %* cut) in three intervals of the transferred momentum g:
q <50 MeV/c? (top), 150 < ¢ < 200 MeV/c? (middle), and 350 < ¢ < 400 MeV/c* (bottom). The distributions
from signal simulation (orange), 3w background simulation (blue), QED background simulation (cyan), and experimental data
(black points) are compared. The plots demonstrate good agreement between data and the sum of MC distributions
(signal + two backgrounds) for both kinematic reconstruction hypotheses and all g-intervals, validating the simulation

To further validate the performance of the kinematic reconstruction, a detailed study of the y* distri-
butions was performed on both simulated and experimental events. Events passing all selection criteria,
except for the final ¥* requirements, were divided into intervals of the transferred momentum g¢. In each
interval, distributions of the %* value under both hypothesis were examined, as these quantities exhibit
a significant dependence on ¢. The distributions from signal Monte Carlo simulation, 3n background
simulation, and QED background simulation were compared to the distribution from experimental da-

ta. As it is shown in Fig. 3, which presents xgg at the left column and xfig at the right column distri-
butions for three representative ¢ intervals (top to bottom: g < 50 MeV/c?, 150 < g < 200 MeV/c?, and
350 < g <400 MeV/c?), excellent agreement is observed between the simulation and data across all inter-
vals. This consistency provides strong confidence that the simulation accurately describes the behavior
of the experimental events.

This powerful suppression of 31 background means that the dominant remaining background orig-
inates from the QED process e’ ¢ — e'e yy, which has an identical final state to the signal. To confirm
this, m,, distribution from data at the beam energy of 360 MeV, which is below the ®-meson mass and
thus free from resonant contributions was compared to a pure QED simulation. As it is shown in Fig. 4,
the good agreement between two distributions demonstrates that the remaining background is indeed
dominated by QED events.
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Subsequent analysis of two-photon invariant mass provides the primary tool for separating the sig-
nal from the non-resonant QED background (e'e” — e’e yy). It is important to note that the kinematic
reconstruction technique does not directly suppress this particular QED background, as the final state
contains e'e  pair as the signal. However, by constraining the event kinematics under the signal
hypothesis, the reconstruction significantly narrows the invariant mass distribution (m,,) for the photon
pairs originating from a true n° decay. This results in a much sharper peak at n° mass for signal events,
as it is shown in Fig. 5, decreasing the width of the peak from 10.3 to 4.2 MeV. In contrast, the m,,, distri-
bution for QED background events remains smooth and featureless, as the photons are not from 7’
decay. The enhanced contrast between the narrow signal peak and the smooth background distribution
substantially improves the statistical separation and allows for a more precise extraction of the signal
yield through fitting procedures in each ¢ interval.

Results. The analysis methodology described above was applied to the same dataset used in our pre-
vious work [7] to enable a direct comparison of results. After applying all selection criteria, the accepted
events were divided into intervals of ¢ value. For each ¢ interval, the invariant mass spectrum of two
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photons was constructed. This distribution was fitted with a sum of two components: a narrow Gaussian
peak centered at n° mass for signal events, and a smooth polynomial function for the QED background
(e'e — e'eyy). The QED background becomes dominant after suppressing 3m events, making the
invariant mass analysis the primary tool for signal extraction.

Figure 6 shows the invariant mass distribution of two photons for events in ¢ interval of 350—
400 MeV/c?, comparing data and simulation. The background shape was determined from simulation
and fixed during the fit to experimental data. The number of signal events was determined by integrating
the fitted Gaussian peak in n° mass region (Fig. 6).

The number of signal events extracted in each ¢ interval is presented in Table. The statistical errors
were calculated from the fit uncertainties.

Number of signal events in different ¢ intervals

q interval (MeV/cz) Ny + AN, (stat.) Form factor, F(g)

0-50 1257.8 £59.5 1.02 £0.06
50-100 155.5+12.8 1.03 £ 0.09
100-150 96.7+9.9 1.17£0.12
150200 559+79 0.99 +0.14
200-250 476 +7.3 1.01 +0.15
250-300 40.3+£7.0 1.16 £ 0.20
300-350 38.2+8.1 1.71 £0.36
350—400 35.6£8.9 3.11+£0.78
450-500 0.6+3.1 3.57+18.49

To determine the transition electromagnetic form factor, the number of signal events was normalized
using the following expression from [1]:
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where 4 is a normalization constant; o is the fine structure constant; m,, m,, and m, are the masses of
electron, m-meson, and 7’-meson, respectively; Fm(qz) is the transition form factor.

The resulting values of the transition form factor as a function of e'e” pair invariant mass are shown
in Fig. 7. Vertical error bars represent statistical uncertainties, while horizontal bars indicate the bin
widths. The distribution was fitted with the pole parameterization:

2y _ 612 B
For(q )—[ _A_Z] : @

From this fit, we obtained the slope parameter Az =1.3%0.2 (GeV/ch) 2, which is consistent with
the Vector Dominance Model prediction. The improved analysis technique has reduced systematic un-
certainties associated with the background subtraction, particularly from 3n channel.

Summary. In summary, we have developed and demonstrated a novel methodology for the ana-
lysis of the conversion decay ® — n’e’e”. The core of this approach is the application of a kinematic
reconstruction procedure under two exclusive hypotheses, which provides a powerful suppression of
the dominant @ — n'mw n° background by an additional order of magnitude, virtually eliminating it
across the entire physical range of the momentum transfer q.

After this suppression, the QED process e'e” — e'e yy becomes the dominant background source.
Its kinematics is identical to the signal, making its rejection without severe loss of signal efficiency
impossible. The key to separating the signal from this irreducible background lies in the analysis of
two-photon invariant mass spectrum. The kinematic reconstruction under the signal hypothesis dras-
tically improves the resolution of 7’ peak, enhancing the contrast between the narrow signal distribu-
tion and the smooth QED background. This, in turn, enables a more precise statistical extraction of
the signal yield through fitting procedures in each q bin, a task that requires a large dataset for sufficient
precision.
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The result for the form factor slope parameter A presented herein, based on a partial dataset of
13 pb ™', serves primarily to illustrate the effectiveness of the method and should be considered prelim-
inary. The application of this refined methodology to the full CMD-3 dataset of approximately 50 pb '
will allow for a significantly more precise measurement of the transition form factor F(g) over the en-

tire ¢* range.
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