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Abstract: We present precise measurements of the η and K0 masses using the pro-

cesses φ → ηγ, η → γγ and φ → KSKL, KS → π+π−. The K0 mass measurement,

MK = 497.583 ± 0.005stat ± 0.020syst MeV, is in acceptable agreement with the previ-

ous measurements but is more accurate. We find mη = 547.874±0.007stat ±0.029syst MeV.

Our value is the most accurate to date and is in agreement with two recent measurements

based on η decays, but is inconsistent, by about 10σ, with a measurement of comparable

precision based on η production at threshold.
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1. Introduction

The η-meson mass has changed four times in the past 40 years while the measuring accuracy

never was better than 0.15 MeV till 2002. In 2005 the GEM experiment using the reaction

d + p → η 3He at threshold found mη = (547.311 ± 0.028stat ± 0.032syst)MeV [1], while in

2002 the NA48 collaboration using the decay η → π0π0π0 found mη = (547.843±0.030stat±

0.041syst) MeV [2]. The two results above differ by about eight standard deviations. Pre-

liminary KLOE results [3] mη = (547.822± 0.005stat ± 0.069syst) confirm the disagreement.

Recently the CLEO-c collaboration found mη = (547.785 ± 0.017stat ± 0.057syst) MeV [4]

using ψ(2S) → ηJ/ψ decays and combining different decay modes of the η.

For the K0 mass there is good agreement between the Novosibirsk (1995) and CERN

(2002) measurements that have a precision of ∼ 30 keV [5, 6]. Our measurement, similar

to that of Novosibirsk with rather increased statistics, is based on the knowledge of the φ

meson mass which is known to 20 ppm from the Novosibirsk measurement employing the g-2

depolarizing resonance method. The φ mass is also the basis for the η mass measurement

which relies on a precise determination of the collision center of mass energy, W in the

following. W is determined run by run using e+e− → e+e− events (∼ 40, 000 for each run),

while the absolute momentum scale is obtained from the e+e− → φ → KSKL cross section

as a function of W .

2. The KLOE experiment

KLOE operates at DAΦNE, the φ-factory e+e− collider running at a center of mass W

equal to the φ-meson mass. Positrons and electrons collide at an angle of π − 0.025 rad.

The KLOE detector consists of a 4 m diameter, 3.2m length drift chamber, DC [7], sur-

rounded by a lead/scintillating-fiber sampling calorimeter, EMC [8], both immersed in a
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axial magnetic field of 0.52 T with the axis parallel to the bisectrix of the two beam lines.

The transverse momentum resolution for charged particles is δp⊥/p⊥ ≃ 0.4%. The EMC

consists of a barrel and two end caps. Energy deposits in the EMC are reconstructed in

the calorimeter with energy and time resolutions σE/E = 0.057/
√

E (GeV), σt = 54 ps /
√

E (GeV) added in quadrature with 140 ps. The centroid of showers is measured with

resolution σℓ = 1 cm/
√

E (GeV) in the coordinate parallel to the fibers and 1 cm in the

transverse coordinate.

For a photon coming from the IP the angular resolution is σ ∼ 1cm/200cm ∼ 5mrad.

Close-by energy deposits are combined into “clusters”. A prompt photon is defined as a

cluster with |tclu − rclu/c| < 5σt (tclu is the arrival time measured at the EMC, rclu is the

distance from the e+e− interaction point and c is the velocity of light) not associated to a

charged particle. For this latter, we require the distance between the centroid of the cluster

and the extrapolation of any track reaching the calorimeter to be larger than three times

the cluster position resolution.

Only calorimeter signals are used to trigger [9] events for these analyses. We require

at least two energy deposits above threshold (E > 50 MeV in the barrel and E > 150 MeV

in the end-cap). The trigger has a large time jitter with respect to the event time but is

synchronized with the collider radio frequency with an accuracy of 50 ps. The time of the

bunch crossing producing an event is determined off-line during event reconstruction.

The large cross section for e+e−→φ, ∼3 µb and for elastic e+e− scattering, Bhabha

scattering, allows KLOE to collect large number of events, some 450,000 per hour. KLOE

takes advantage of these events to maintain a running calibration of time and energy scales

of its calorimeter, of the momentum and position resolution of the drift chamber, of the

machine energy and beams crossing angle, and therefore of the center of mass motion, of

the mean position of the interaction point and of the detector alignment.

3. Calibration of c.m. energy

The center-of-mass energy, W , has been measured for each run by fitting the e+e− invariant-

mass distribution for Bhabha events to a Monte Carlo generated function, including radia-

tive effects.

Initial state radiation (ISR), where one or both initial colliding particles radiate a

photon before interacting, affects the e+e− collision center-of-mass energy W and therefore

the final state invariant mass. ISR, which is mostly collinear to the beam, is in general not

detected. MC Bhabha events were generated using the BABAYAGA event generator [10],

which accounts for both final and initial state radiation.

An example of this fit is shown in figure 1. In a typical run, an integrated luminosity

of 50 nb−1 is collected and W is measured with a statistical accuracy of ∼ 3 keV. The

stability of the momentum calibration has been studied measuring the two-pion invariant

mass in KS → π+π− decay. It is found to be stable to within 10 keV in the analyzed runs.

The center-of-mass energy scale has been calibrated by obtaining the φ mass from a fit

to the cross section measurements for the process e+e− →φ → KSKL. The cross section

is measured at different values of W around Mφ by counting the number of KS → π+π−
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Figure 1: Fit to reconstructed e+e− invariant-mass distribution for Bhabha events, for a run with

W=1021.7MeV.

events, correcting for selection efficiency, background and the β3
K factor of the KSKL pair,

and normalizing to the integrated luminosity. KS → π+π− events are selected by requiring

two tracks with opposite charge that form a vertex within a cylinder of 5 cm radius and

10 cm length centered on the interaction point. The invariant mass computed from the

two pion tracks is required to be within 20 MeV of the nominal neutral kaon mass. The

luminosity is measured by using very-large-angle (> 550) Bhabha events [11].

The measured cross section is fitted to a theoretical function [12] that depends on the

φ parameters, takes into account the effect of ISR, and includes the interference with the

ρ(770) and the ω(782) mesons. The φ mass, total width, and peak cross section are the only

free parameters of the fit, the ρ(770) and the ω(782) parameters being fixed. The results of

the fit to the data are shown in figure 2. The fitted φ mass is Mφ = 1019.329±0.011 MeV,

to be compared with Mφ = 1019.483± 0.011± 0.025 MeV, measured by CMD-2 at VEPP-

2M [13]. The ratio of these two values is used to fix the overall energy scale. The correction

factor MCMD
φ /MKLOE

φ is 1.00015, corresponding to a shift in the value of W of ∼150 keV.

4. Measurement of the neutral kaon mass.

The events φ → KSKL offer a unique possibility to obtain a precise value of the neutral

kaon mass. To obtain a crude estimate of the resolution and explain the method used

we observe that if the φ-meson is at rest the kaon mass can be extracted from the kaon

momentum using the relation:

mK =

√

m2
φ

4
− p2

K ;
∆mK

mK
≃

p2
K

m2
K

∆pK

pK
∼ β2 ∆pK

pK
(4.1)
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Figure 2: Top: Cross section for e+e− → φ → KSKL as a function of the center-of-mass energy.

The solid line represents the fit to the data. Bottom: Fit residuals.

Since pK ≃ 110 MeV, measuring it at 1% level, well within the KLOE capability, results

in a measurement of the K0 mass better than 0.1%. 50,000 events are enough to reach a

statistical accuracy of about 1 keV.

φ mesons are produced with a momentum along the x axis, pφ = 12.5 MeV at DAΦNE.

From the measured momenta of the two pions from KS → π+π−, we measure the KS

momentum. The KL momentum is given by ~pKL
= ~pφ − ~pKS

, where ~pφ is the average φ

momentum measured with Bhabha events collected in the same runs. The center of mass

energy of the KSKL pair (WKK) is related to the kaon mass MK , according to:

WKK(MK) =
√

2M2
K + 2EKS

EKL
− 2~pKS

· ~pKL

with

EKS
=

√

p2
KS

+ M2
K EKL

=
√

p2
KL

+ M2
K .

On the other hand the collision center of mass energy W is computed from Bhabha events

as described above.

Corrections due to ISR have to be taken into account when relating W to WKK .

The correction function fK(W ) has been evaluated using a full detector simulation where
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Figure 3: MK distribution evaluated in a single run of ∼ 16000 events from eq. (4.2), the dotted

line is a gaussian fit to the peak.

the radiation from both beams has been implemented, and WKK is reconstructed as in the

data. The expression of the radiator function has been taken from ref. [14], including O(α2)

corrections. The correction |1 − fK(W )| is very small below the resonance, corresponding

to a shift in WKK of 40 keV. For W above the φ mass, WKK increases up to 100 keV.

In this region radiative return begins to be important. The neutral kaon mass is then

obtained solving the equation:

W = fK(W ) × WKK(MK) (4.2)

The single event mass resolution is about 430 keV. Contributions to the mass resolution

are: experimental resolution about 370 keV, beam energy spread about 220 keV, as mea-

sured by KLOE in agreement with machine theory, and ISR about 100 keV. The kaon

mass distribution for a single run is shown in figure 3 together with a gaussian fit to the

distribution.

The source of systematic errors considered for this measurement are:

1. the momentum calibration;

2. the theoretical uncertainty on the radiator function fK(W );

3. the absolute calibration of the beam energy.

The systematic error due to the momentum miscalibration has been evaluated by

changing the momentum scale in computing the pion momenta. A momentum miscali-

bration, δp/p , translates to a miscalibration on δMK/MK= 0.06 δp/p, in agreement with
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the qualitative calculation made above. The momentum scale is obtained by using sev-

eral processes covering a wide momentum range 50 to 500 MeV (KL → π+π−π0, KL →

πℓν, φ → π+π−π0), with a fractional accuracy below 2 × 10−4, in agreement with the

estimate obtained using Bhabhas [15], resulting in a systematic error δMK of 6 keV.

The systematic error coming from theoretical uncertainty of the radiator function has

been evaluated considering the contribution from higher order terms in α. The correc-

tion function fK(W ) has been evaluated by excluding the constant term in the O(α2).

The corresponding change in fK(W ) is 1.3 × 10−5 corresponding to a variation on MK

of 7 keV. Further checks have been made by using the function given in ref. [16]: no

significant differences were observed. Additional systematics come from the dependence

of the measured mass from the W value: we compare the average of the measurements

with data collected at W < 1020 MeV with data at W > 1021 MeV, where the value of

fK(W ) is more than a factor two larger. The difference between the two mass values is

MK(W < 1020) − MK(W > 1021) = 9 ± 10 keV, consistent with zero.

Other sources of systematics are due to the uncertainties on the W calibration, i.e.,

the statistic and systematic error on MCMD−2
φ and on Mφ obtained from our fit. The

total contribution from these sources amounts to a mass uncertainty of 15 keV. Systematic

uncertainties are treated as uncorrelated. The result is:

MK = 497.583 ± 0.005stat ± 0.020syst MeV. (4.3)

5. The η mass

The decay φ → ηγ, for φ-meson at rest, is a source of monochromatic η-mesons of ∼

362.8 MeV momentum, recoiling against a photon of equal momentum. Detection of such a

photon signals the presence of an η-meson. Photons from η→γγ have a flat spectrum in the

range 147 < Eγ < 510 MeV in the laboratory frame. In the laboratory, the opening angle of

the two photons has a distribution peaked at its minimum value of 113◦ . KLOE measures

this angle with an accuracy of ∼0.4◦. The value of the minimum angle is a function of

the η mass and its measurement determines the mass with a resolution of 2 MeV, without

energy measurements. In fact we do measure the photon energies. The η-mass accuracy is

however ultimately due to the accurate measurement of the photon angles. Together with

the stability of the continuously calibrated detector and the very large sample of η-mesons

collected we have been able to obtain a very accurate measurement of the η-mass [17].

Events are selected requiring at least three energy clusters in the barrel calorimeter

with polar angle 50◦ < θγ < 130◦. A kinematic fit imposing energy-momentum conserva-

tion is performed. The fitted photon energy resolution is vastly improved over the EMC

measurement because of the good angular resolution. The kinematic fit uses the value of

the total energy, the φ transverse momentum and the average value of the beam-beam

interaction point; these values are determined with good precision run by run by analyzing

e+e− → e+e− elastic scattering events. Figure 4 shows the χ2 of the kinematic fit for the

data and for Monte Carlo [15] simulated signal events. If more than three photons are

selected, the combination with the lowest χ2 is chosen. Events with χ2 < 35 are kept for

the analysis.
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Figure 4: Distribution of the χ2 of the kinematic fit: dashed area for the MC simulation of

φ → π0γ, φ → ηγ events; histogram for data.

Figure 5 shows the m2
γ2γ3

,m2
γ1γ2

Dalitz plot population, with the energies ordered as

Eγ1
< Eγ2

< Eγ3
. The m2

γ1γ2
≃ m2

π0, m2
γ1γ2

≃ m2
η and m2

γ1γ3
≃ m2

η bands are clearly

visible. We apply a cut m2
γ1γ2

+ m2
γ2γ3

≤ 0.73 GeV2, “Dalitz plot cut” in the following,

shown by the line in figure 5. Events below the line are retained for the analysis. This

allows to select a region of the Dalitz plot with almost no background for the evaluation

of the η mass, using just a single cut. The cut also selects events quite symmetric in

energy, with all photon energies of O(350) MeV. In this way all three cluster positions

are determined with good accuracy. The resulting mγ1γ2
distribution, for a fraction of the

data, is shown in figure 6, top. The m(γ1γ2) distribution in the 542.5 to 552.5 interval is

fitted well with a single gaussian with σ = 2.0 MeV as shown in figure 6, bottom.

To estimate systematic uncertainties we have studied the effects of the detector re-

sponse and alignment, event selection cuts, kinematic fit and beam energy calibration that

can influence our measurement. The values of the systematic errors are summarized in

table 1.

First, to check the effect of the e+e− interaction point and the alignment of the

calorimeter relative to the drift chamber, we have selected a high purity sample of e+e− →

π+π−γ events [18]. The average position of the interaction point, determined run by run

with e+e− → e+e− events, has been compared with the average position of reconstructed

π+π− vertex . The difference between the two values was computed run by run and the

rms of these points (σvtx) was used to evaluate the systematic error introduced in the kine-

matic fit by varying the IP position by ±1σvtx. To check for misalignments between the

calorimeter and the drift chamber, each pion track was extrapolated to the calorimeter and

compared with the centroid of the cluster. A small correction of 1.1 mm along the vertical

coordinate, y, and of 2.0 mm along the longitudinal coordinate, z, was applied. The rms
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Figure 5: Population in the m2
γ2γ3

, m2
γ1γ2

plane. The photon energies are ordered as Eγ1
< Eγ2 <

Eγ3
. The η and π0 signal are quite evident. Dashed line see text.

(σdispl) of the mean difference between the coordinates of the extrapolated point and the

cluster centroid was used to compute the systematic uncertainty on the η mass by shifting

the photon point of arrival at the EMC by σdispl.

The energy scale of the calorimeter response and its linearity are checked using two

different samples of e+e− → π+π−γ and e+e− → e+e−γ events. The energy of the photon,

determined from the track momenta and the average value of W , was compared with the

calorimeter cluster energy. The calorimeter energy scale was calibrated to better than 1%

and the response is linear to better than 2% in the range of interest. The systematic effect

on the two-photon invariant mass is 4 keV from the energy scale miscalibration and 4 keV

from the non-linearity. The values above confirm that the mass measurement has little

sensitivity to the calorimeter energy response.

It is however important to check the correctness of the position measurement in the 24

calorimeter modules of the barrel. We compute the two-photon invariant mass for different

orientations of the γ1γ2γ3 plane. The rms width of the η mass distribution was assumed as

systematic error: 10 keV and 15 keV respectively for variations of the polar and azimuth

angle of the normal to the plane.

Systematic effects from event selection criteria were studied by changing the χ2 cut

(figure 4), showing no influence (< 1 keV) on the result, and the “Dalitz plot cut” of figure 5.

The “Dalitz plot cut”, is not parallel to the mγ1γ2
axis. The cut therefore produces an

asymmetry in the mγ1γ2
distribution due both to the background and the concentration of

the signal in a band perpendicular to the mγ1γ2
axis. The effect of this asymmetry on the
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shown in figure 5 Bottom: Distribution of the invariant mass m(γ1γ2) around the value of the η

mass and the gaussian fit. The result of the fit is mη = 547.777 ± 0.016MeV with χ2/n.d.f =

168/161, CL=33%.

measured mass has been studied by translating the straight line cut without rotation as

well as changing its slope between -1 and +1 (in steps of 0.5), the last shown in figure 5. In

the first case the η mass fluctuates with an rms of 12 keV. In the second case, which clearly

brings in a tail at high mγ1γ2
, a systematic shift is observed. This shift has been corrected

using a simple MC simulating the observed Dalitz plot population. The mass values, after

corrections, fluctuate with an rms of 12 keV. We therefore take the systematic uncertainty

due to the cut as 12 keV.

The mass value is very sensitive to the center of mass energy of the ηγ system used

in the kinematic fit. Due to initial state radiation emission (ISR) the available center of

mass energy is a bit lower than the value computed from the nominal energy of the e+, e−

beams. The effect has been studied with a detailed Monte Carlo simulation of the events

in the detector, and a shift of ∼100 keV was found for the mass measurement. Since this

correction is relatively large, we have checked the MC correction due to ISR emission also for

runs taken at different values of W . The data were divided in eight energy bins; moreover,

two off-peak energy bins, centered at W = 1017 and 1022 MeV, were also analyzed in the

same way as the φ-peak data. Figure 7, top shows the shift of the mass evaluated by MC

as a function of W together with the measured shift of the η mass respect to the value

obtained at W = 1019.6 MeV. Figure 7, bottom shows the value of the mass corrected for

the ISR effect. The rms of these points is used as systematic error (8 keV).

The value of the π0 mass was measured with the same method fitting the low mass
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Systematic effect mη (keV) mπ0 (keV) R (×10−5)

Vertex position 4 6 19

Calorimeter energy scale 4 1 6

Calorimeter non-linearity 4 11 31

θ angular uniformity 10 44 120

φ angular uniformity 15 12 37

χ2 cut <1 4 13

Dalitz plot cut 12 4 18

ISR emission 8 9 28

Total 24 48 136

Table 1: Systematic errors evaluated for mη, mπ0 and the ratio R = mη/mπ0 .

region of figure 6 and the ratio R = mη/mπ0 was also determined. All systematic ef-

fects discussed above were also evaluated for the mass of the π0 and for the ratio R; the

corresponding values are listed in table 1.

Finally, the stability of the results as function of running conditions was checked by

dividing the data set in eight different periods and determining the values of mη, mπ0 and
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Figure 8: Value of the η mass, the π0 mass and of the ratio measured in the eight run periods.

The narrow (large) bands correspond to statistical (systematic) error.

R for each period. The results are shown in figure 8 and in table 2 together with their

statistical significance. Fits to a common value are good.

The constraint on the total mo-
Result of the fit χ2/d.o.f. C.L. %

mη 547,791 ± 7 (keV) 6.9/7 44 %

mπ0 134,886 ± 12 (keV) 7.7/7 36 %

R 4.0610 ± 0.0004 8.9/7 26 %

Table 2: Result of the fit to the values of mη, mπ0 and

R in the eight data periods.

mentum of photons in the kinematic

fit is very effective in reducing the

error on the two-photon invariant

mass. The absolute scale of W is de-

termined using the CMD2 mφ value

as in the K mass measurement sec-

tion.

Combining the values of table 2 with the scale ratio MCMD
φ /MKLOE

φ =1.00015±0.000029

we obtain:

mπ0 = (134.906 ± 0.012stat ± 0.049syst) MeV (5.1)

mη = (547.874 ± 0.007stat ± 0.029syst) MeV (5.2)

the π0 mass value is in agreement with the world average [19] within 1.4σ.

As a check of this result, we can use the measured ratio R:

mη

mπ0

= 4.0610 ± 0.0004stat ± 0.0014syst (5.3)

and the world average value of the π0 mass, mπ0 = (134.9766 ± 0.0006) MeV [19] to derive

mη = (548.14± 0.05stat ± 0.19syst)MeV, consistent with the results quoted above although

affected by a larger systematic error due to a worse cluster position reconstruction of the

two photons from π0 decays which have a lower energy.

6. Conclusions

Our K0 mass measurement is in acceptable agreement with the previous measurements

shown in table 3, but more accurate. Averaging [5, 6] and our result we obtain MK0 =

497.610 ± 0.015 MeV.

Our measurement of the η mass (eq. (5.2)) is the most accurate result today. It is

in good agreement with the recent measurements based on η decays listed in table 4.
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Experiment Method mK0 (MeV) events

CMD [5] e+e− → KLKS 497.661 ± 0.033 3713

NA48 [6] KL → 3π0 497.625 ± 0.001 ± 0.031 665 k

KLOE e+e− → KLKS 497.583 ± 0.005 ± 0.020 35 k

Table 3: Recent measurements of the K0 mass.

Experiment Method mη (MeV)

GEM, MM [1] p d → 3He η 547.311 ± 0.028 ± 0.032

NA48, IM [2] η → 3π0 547.843 ± 0.030 ± 0.041

CLEO-c, IM [4] η → γγ, 3π0, π+π−π0 547.785 ± 0.017 ± 0.057

KLOE, IM η → γγ 547.874 ± 0.007 ± 0.029

Table 4: Recent measurement of the η-meson mass. IM stands for invariant mass of decay products,

MM for missing mass at production.

Averaging the mass values from [2, 4] and our result we obtain mη = 547.853 ± 0.024 MeV

with a CL of 37%, a value different by ∼12σ from the average of the measurements done

studying the production of the η meson at threshold in nuclear reactions.
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