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From 2011 to 2014, the BESIII experiment collected about 5' fdata at center-of-mass energies around
4 GeV for the studies of the charmonium-like and higher extitharmonium states. By analyzing the di-
muon process e~ — visr/rsri T 1, the center-of-mass energies of the data samples are redasith a
precision of 0.8 MeV. The center-of-mass energy is foundetsthble for most of time during the data taking.

PACS numbers: 06.30.-k, 13.66.Jn

I. INTRODUCTION In the past, BESIII has taken large data samples at/theg
1(3686) and v (3770) peaks. The corresponding beam en-
The BESIII detector operating at the BEPCII acceleratortehrwdwtastf'E.e tun:d by d/ or w((fgSg) \Tatlrsls scan before
is designed to study physics in thecharm energy region € data-laking. However, aroun eV, there IS no narrow

(2~4.6 GeV) [1]. From 2011 to 2014, the BESIII experi- resonance im*e” annihilation, and the)(3686) peak is too
ment accumulated 5 ft of e+e— collision data at center- far away to be used to calibrate the beam_energy._ The Bez_;\m
of-mass energies between 3.810 and 4.600 GeV to study t hergy Measurement System (BEMS), which was installed in

charmonium-like and higher excited charmonium statées [2]: 08, is designed to measure the beam energy with a relative



3

systematic uncertainty &f x 10" [3] based on the energies data samples and examine its stability during each datagaki
of Compton back-scattered photons. The performance of theeriod.

BEMS is verified through the measurement of the3686)

mass, but 4 GeV is beyond the working range of BEMS. To

precisely measure the masses of the newly obsezyédd, (5] [11. MUON MOMENTUM VALIDATION WITH J/4

particles, especially for those which are observed by a par- SIGNAL

tial reconstruction methodl[6] 7], a precise knowledge ef th

center-of-mass energy(.s) is crucial. The high momentum measurement of muons is validated
In this paper, we develop a method to measurefihgs  with J/iy — ptu~ candidates selected via the process

using the di-muon process ete™ — ~ysrJ/¢. Events must have only two good oppo-

L L sitely charged tracks. Each good charged track is required
€ € —7 MSR/FSRH H (1) to be consistent with originating from the IP withincm

in radial direction ¥, < 1 cm) and10 cm in z direction
(|[V2| < 10 cm) to the run-dependent IP, and within the po-
lar angle regiorj cosf| < 0.8 (i.e. accepting only tracks in
the barrel region). The energy deposition in the EME) (
Eoe = M(ut ™) + AM, 2 for each charged track is required to be less than 0.4 GeV
() + ISR/FSR @ to suppress background from radiative Bhabha events. A fur-

whereM (i) is the invariant mass f i, AMigg rsr ther requirement on the opening angle between the two tracks
is the mass shift due to ISR/FSR radiation, which equals t608 0+~ > —0.98, is used to remove cosmic rays. The
the difference between the invariant mass of .~ pair background remaining after the above selection comes from
and theE,,, of the initial ete~ system. In the analysis the radiative di-muon process, which has exactly the same
AMisr/rsr Is estimated from a Monte Carlo (MC) simula- ﬁnal state and can not be complete_ly Tem_o"e.d- Ih? radia-
tion of the di-muon process by turning on or off the ISR/FSR,{ive di-muon events show a smooth distributionif(; " ™).
where the ISR/FSR is simulated by BABAYAGA3S [9]. To With the above selection crl_ter!a |mpqsed, the distributid
make sure the measured invariant magg. ") is unbi- M () of each sample is fitted with a crystal-ball func-

where visr/rsr represents possible initial state radiative
(ISR) or final state radiative (FSR) photons. Thg,s can
be written as

ased, we validate the reconstructed momentunuf .~ tion [13] for theJ/zp signal andalingar function to model the
with the J /4 signal from the processte~ — yisr.J/4 with background. FigurEl1l shows the fit result for the data sam-
J/1 — p* i~ (yesr) in the same data samples. ple 4600 as an example. In order to reduce the fluctuation

of M (u* ™), adjacent data samples with small statistics are
combined. Due to final state radiatiof/:) — ™ p~yrsr,

Il. THE BESIII DETECTOR AND DATA SETS the measured/°>(u* ™) is slightly lower than the nom-
inal .J/¢ mass [[14]. The mass shift due to the FSR pho-

The BESIII detector is described in detail in R&f.|[10]. Theton(s)_é]Y[FSR is estimated by simulated samples of the pro-
detector is cylindrically symmetric and covers 93% of the®®SS¢" ¢ — ysrJ/¢ with 50,000 events each, generated

solid angle around the collision point. The detector cdasis at different energies using the generator PHO [15] with

of four main components: (a) A 43-layer main drift Chamber.FSR turned on and off. The mass shifl/psy at eachkiys

H H obs(,,+,,—
(MDC) provides momentum measurement for charged track¥ obtalned.as the difference > (u™ ") betwgen th? MC
with a momentum resolution of 0.5% at 1 Ge\vh a 1 T samples with FSR turned on and off. These simulation stud-

. . ; [ lidate tha\ MrgR is independent of.,,s. A weighted
magnetic field. (b) A time-of-flight system (TOF) composed'®® V&'idate Iat Mrsr Oblems- A :
of plastic scintillators has a time resolution of 80 ps (1) p averageAMpsg = (0.59+0.04) MeV/c*, is obtained by fit-

. . . ting the AMgsgr versusE.,s. The measured mass corrected
in the barrel (endcaps). (c) An electromagnetic calorimete, 2 —— cor(, 4, —y i P ; .
(EMC) made of 6240 CsI(TI) crystals provides an energy resDY AMrpsr, M (™), is plotted in Fig[P and listed in

cor +,,— H _
olution for photons of 2.5% (5%) at 1 GeV in the barrel (end--rable[I (column 4). The values af**" (n ™™ for the differ

caps). (d) A muon counter (MUC), consisting of 9 (8) Iayers_eridcﬁrta samples are consistent within errors, and thegwera

o o .
of resistive plate chambers in the barrel (endcaps) within t 1SM  (1"p~) = 3096.79:£0.08 MeV/c?, which agrees with
return yoke of the magnet, provides 2 cm position resolutionthe nominal//¢ mass within errors. The small difference is

The electron and positron beams collide with an angle of 280nsidered as systematic uncertainty in Sedfion VII.

mrad at the interaction point (IP) in order to separatecthe
ande~ beams after the collision. AEANT4 [11] based de-
tector simulation package is developed to model the datecto
response for MC events.

In total, there are 25 data samples taken at different center The E.., of the initial e™e~ pair is measured via the di-
of-mass energies or during different periods, as listedain T muon procesgte~ — WISR/FSRM+M_- However, due to
blell. The data sets are listed chronologically, and the IBnu  the emission of radiative photons, the invariant mass of the
ber is the requestell..s. The offline luminosity is measured 1" p~ pair is less than thé..,s of the initial eTe™ pair by
through large-angle Bhabha scattering events with a poecis AMisr/rsr- IN general, the mass shift due to the FSR is
of 1% [12]. In this paper, we measufg.,, for all the 25  small, about 0.6 Me\? at 3.097 GeV, and the mass shift due

IV. THE MASSSHIFT AM;isr,/rsr



TABLE I. Summary of the data sets, including 1D, run numbéiljree luminosity, the measuretif“°* (.J/+), M°**(u* 1), and Ecms. The
first uncertainty is statistical, and the second is system&tiperscripts indicate separate samples acquired satheF...s. The "-”" indicates

samples which are combined with the previous one(s) to meagt* (™).

ID  Runnumber Offline lum. (pb") M (J/v) (MeVic?) MO (™) (MeVic?) Eems (MeV)
4009 23463 to 23505 481.96£0.01 3097.00-0.15 4005.98-0.15 4009.18-0.15+0.59
4009% 23510 to 24141 : : - 4004.260.05 4007.46-0.05+0.66

1 (4367.37—3.75x107% X Nyun)  (4370.95—3.75x 107 X Nyun)
4260" 296771029805 0 24 1 10 3096.95-0.26 1012 10.1240.62
4260% 29822 to 30367 - 4254.420.06 4258.08-0.06+0.60
4190 303721t030437  43.69.03 3097.53-0.51 4185.12:0.15 4188.59-0.15+0.68
4230 304381030491  44.480.03 - 4223.83-0.18 4227.36-0.18+0.63
4310 30492 to 30557  44.9.03 - 4304.22-0.17 4307.89-0.17+0.63
4360 30616 to 31279  539.84.10 3096.42:0.28 4354.5%0.05 4358.26-0.05+0.62
4390 31281t031325  55.48.04 3096.39:0.62 4383.68-0.17 4387.48-0.17+0.65
4420' 31327t0 31390  44.670.03 - 4413.18-0.20 4416.95-0.20+0.63
4260° 31561 to 31981  301.930.08 3096.76:0.34 4253.85-0.07 4257.43-0.07+0.66
4210 319831032045  54.59.03 3096.88-0.43 4204.23-0.14 4207.73-0.14+0.61
4220 32046 t0 32140  54.43.03 - 4213.6%0.14 4217.13-0.14+0.67
4245 321411032226  55.539.04 - 4238.18-0.12 4241.66-0.12+0.73

2 (4316.81—2.87x107% X Nyun)  (4320.34—2.87x 107 X Nyun)
4230% 322391032849 |00 20 (14 3096.58-0.18 £0.05 £0.05£0.60
4230% 32850 to 33484 - 4222.040.05 4225.54-0.05+0.65
3810 334901033556  50.54.03 3097.38:0.37 3804.82:0.10 3807.653-0.10+0.58
3900 335721033657  52.6D.03 - 3893.26-0.11 3896.24-0.11+0.72
4090 33659 to 33719  52.63.03 - 4082.15-0.14 4085.45-0.14+0.66
4600 35227 t0 36213  566.9®.11 3096.54-0.33 4595.38-0.07 4599.53-0.07+0.74
4470 362451036393  109.940.04 3096.69-0.42 4463.13-0.11 4467.06-0.114+0.73
4530 36398 to 36588  109.9®.04 - 4523.18-0.11 4527.140.11+0.72
4575 36603 to 36699  47.670.03 - 4570.39-0.18 4574.58-0.18+0.70
4420% 36773 to 37854 1028.89-0 13 3096.65-0.21 4411.99-0.04 4415.84-0.04+0.62
4420% 37855 to 38140 ' ' - 4410.240.07 4414.06-0.07+0.72
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FIG. 1. Fit to theM (ut ™) distribution inete™ — vyisrJ /v
events for the data sample 4600. Black dots with error barslata,
the blue curve shows the fit result, the red dash-dotted asrf@
signal, and the green dashed line is for background.

FIG. 2. Measured/+) mass after the FSR correctiab, " (1 * ™),
for data taken at different energies, in which the data saspith
small statistics are merged (described in text). The reid $ok is
the nominalJ/« mass for reference.

to the ISR is 2.3 MeV, which has been well studied theoret- posed to the MC samples.

ically [8]. In the analysis, thé\ Misg /rsr IS estimated with The distributions ofdM (11 ~) with ISR/FSR on and off
MC simulation usingBABAYAGA 3.5 [9]. We generate 50,000 are fitted with a Gaussian function in a range around the
di-muon MC events for each sample with ISR/FSR turned orpeak (same method with data in Sectioh V). The difference
and off, and take the difference M (. + 1) as the mass shift in peak positions (the mass shitMisg /rsr) VErsUSEems
AMisg,rsr caused by ISR and FSR. In order to avoid pos-is seen to increase witt.,s, as shown in FiglI3. The
sible bias, the same event selection criteria for the dismuo AMisg,/rsr IS fitted with a linear functionAM g /rsr =
process applied for data (as described in Se¢fibn V) are im-—3.53+1.11)+(1.6740.28) x 10~ 3x E.,s/MeV; the good-



5;‘ n TABLE Il. Weighted averagd-..s for all data samples. The first
r ] uncertainty is statistical, and the second is systematic.
< ] ID  Weighted averag@..s (MeV)
S 40 ] 3810 3807.65:0.10+0.58
g r ] 3900 3896.24-0.11+0.72
= t 1 4009 4007.620.05+0.66
z 3 ] 4090 4085.450.14+0.66
L ] 4190 4188.59-0.15+0.68
oL ] 4210 4207.730.14+0.61
I R R R R 4220 4217.130.14+0.67
3800 4000 4200 4400 4600 4230 4226.26-:0.04+0.65
Energy (MeV) 4245 4241.660.12+0.73
4260 4257.970.04+0.66
FIG. 3. Difference inM (u* 1) between the MC samples with 4310 4307.82:0.17£0.63
ISR/FSR turned on and off (the mass shi{tMgr, rsr) Versus 4360 4358.26:0.05+0.62
center-of-mass energy fer e~ — visr/rsrp” 1~ MC samples. 4390 4387.480.17+0.65
The red solid line is the fit result. 4420 4415.58-0.04+0.72
4470 4467.06:0.11+0.73
4530 4527.140.11+0.72
ness of the fit isy?/n.d.f = 6.3/13. The resultingEcus- jggg jg;ggggégig;g

dependent M sg /rgr Will be used to correct the measured
Mebs (it ) for the effects of ISR and FSR.

The mass shift due to FSR onlAMrsr, is estimated  sample 426D (423@), the measured/°>s (1. ~) changes
by comparing MC samples of di-muon production with FSRs|owly and is fitted with a linear function. The fit gives
turned on and off. We find thak Mpsr increases withlems  (4367.37+53.53)+(—3.75+£1.80) x 103X Ny ((4316.81+
and we parameterize thé..,; dependence with a first-order 7.76) + (—2.87 4+ 0.25) x 1073 X Nyyyu) in unit of MeV/e?,
polynomial asA Mpsg = (—1.34£0.84) + (0.56 £0.21) X whereN,,, is the run number, and the largest value from er-
107% X Ecms, WhereEms is in unit of MeV and the error ma- - ror propagation is taken as the corresponding statistiuzs
trix of the fit parameters |S)6937 —0.170 >< 1073, —0.170 x ta|nty For other data Samp|eM0bS(M+M—) remains Stab|e’
1077,0.042 x 10~°). So the corresponding Mrsr at 3.81  and the average value is used to calcufatg.. The samples
GeV (4.6 GeV) is 0.72:0.09 MeV (1.24:0.14 MeV). 4009 (442F) and 4009 (442@F) are separated because they

show a sudden drop in the average energies. Table | (column
5) summarizes the measurgf"s(u+ ) for each sample.
V. THE MEASUREMENT OF Ecms

To select the di-muon proces$e™ — yrsp/psrit 1, “ 50;
the requirement for charged tracks is the same asithe/ /v L F
selection. To achieve best precision, only events with both ? 40F
tracks in the barrel region (i.e., in the polar angle region E F
| cosf| < 0.80) are accepted. A requirement on the opening > 30?
angle between the two tracks ©78.60° < 6, < 179.64° S 200
is applied to suppress cosmic ray and di-muon events with o r
high-energy radiative photons. To further remove cosmyc ra 10r .
events, the TOF timing difference between the two tracks is sk i TSR ,
required to beéAt| < 4 ns. The background contribution fol- 4 445 45 455 4.6 465 47 475 4.
lowing above selection criteria is less than 0.001% contpare M(u*W) (GeVic?)

to signal and is therefore neglected in the following.

We estimate the peak position of the distribution of FIG. 4. Fitto theM (u"y) distribution for the data sample 4600.
Mobs(ﬂ+uf) for selected di-muon events by fitting with a Black dots with error bars are data, and the red curve shosv§tth
Gaussian function in the range 6f 1, 20) around the peak, "eSult
whereo is the standard deviation of the Gaussian. To ex- o ) )
amine the stability of theZ..,,; over time for each data sam-  The Eens is finally obtained by adding the energy-
ple, the fit procedure is performed for each run of the dat&lependent mass shiftMsg/rsr due to ISR/FSR obtained
samples, where a run normally corresponds to one hour df Sectior{IV to the measuretl/°>*(u 1 ~). The measured
data taking. The fit result for one run of the 4600 data sam£cms is listed in Tabléll (column 6); the systematic uncertainty
ple is shown in Figl}4. The measured ;~ masses ver- Wwill be discussed in Sectign VII.
sus the run number for the samples 406942602, 4360, Each of the data sets 4009, 4230, 4260, and 4420 is
4230¢3, 4600, and 4429° are plotted in Fig[15. For the split into several sub-samples. We calculate the lumigesit
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FIG. 5. Measured/ (u* ™) of di-muon events run-by-run for samples 466942602, 4360, 4236, 4600, and 4420°. The blue solid
lines show the fit results for the data samples.

weighted averagé..,,s for each, and the largest systematic VIl. SYSTEMATIC UNCERTAINTIES
uncertainty of the samples is taken as the systematic uncer-

tainty. In Tabledl, we summarize the weighted averagg, The systematic uncertainty ifl..,s in this analysis is es-

for all data samples. timated by considering the uncertainties from the momen-

The processes affe™ — 777~ K+TK~ andeTe™ —
mta~pp are used to check the measurement of ig.
Similar to the di-muon process e™ — vigr/rsrit T,
the E.,s of the initial ete~ system is estimated by

tum measurement of the*, the estimation of the mass shift

AMisr/rsr due to ISR/FSR, the generator, and the corre-

sponding fit procedure.

We use theJ/v invariant mass via the proces§vy —

uwTu~ to check the momentum reconstruction. The mea-
VI. CROSSCHECK sured.J/¢) mass corrected for FSR effects at each energy,
Meer(J /1), is close to the nominal/¢ mass. To be conser-
vative, we use a first-order polynomial to fit té<°"(J /)
versusk.,s distribution, and find the largest difference in the
J/v mass between the fit result and the nominal value to be
0.34 MeVi2. We take-%34_ — 0.011% as the systematic

3096.92
uncertainty due to the momentum measurement.

the corrected invariant masses of the final state particles )
Mo (r+r— K+ K~ and Me (z*+7—pp). The measure- The mass shlmMISR/FSR due to ISR/FSR i, s de
ment of the low momentum charged tracks is validated us
ing the decay channelB® — K7+ andD’ — K*tr—

The measured masa{°®s (K ~n+/K*7~) = 1864.00 £ 0.7
MeV (statistical uncertainty only) is consistent with thenm- \/

erated events each. The standard deviation of the distribut
of AMisr/rsr VErsUSE s is given by

inal D°/D° mass|[[14] with a deviation df.84 & 0.71 MeV. S(AMisgr/psr — AMisr/rsr)?
Both the corrected/ " (7 "7~ KT K ~) andM<°* (7 7~ pp) N -1

are found to be consistent with,.,,,; obtained using the di- L 3
muon process, with the largest deviatior0dgf3 + 0.75 MeV ~ whereAM g /rsr is the value from the fit (Fid.13), anty
found in sample 4420. is the number of points in Fif] 3. A value of 0.37 Me¥is

=0.37 MeV/c?,

pendent, and is obtained from MC samples with 50,000 gen-
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taken as systematic uncertainty due to the ISR/FSR caorecti ete~™ — w7 pp. The stability of E.,, over time for
Additionally, we use different generator versionsthe data samples is also examined. For the samples 4009,
(BABAYAGA 3.5 and BABAYAGA @NLO) to estimate the 4230,4260, 4420, we also give the luminosity-weighted-aver
mass shift AMsg/rsr.  The averaged difference in ageEcns. The results are essential for the discovery of new
AMisr/rsr from the two generators i9.036 + 0.067  states and investigation of the transition of charmoniuih an

MeV/c2, which reflects the contribution to the systematic charmonium-like state5|[4-7].
uncertainty of the ISR/FSR correction from the generator; i
is negligibly small.

The M°"*(u* 1) is measured run-by-run and is found to
be stable during data-taking for most samples. For the runs
in each sample (except for the samples2$02 and4260*, The BESIII collaboration thanks the staff of BEPCII and
which are described by a first-order polynomial), the averagthe IHEP computing center for their strong support. This
E.ms is provided to reduce the statistical fluctuation. If thework is supported in part by National Key Basic Research
energy shifts gradually during the data-taking, the sinapte ~ Program of China under Contract No. 2015CB856700; Na-

erage value will cause a systematic uncertainty. To estimattional Natural Science Foundation of China (NSFC) under
this systematic error for each sample, we fit the distributio Contracts Nos. 11125525, 11235011, 11322544, 11335008,

of M°Ps(ut ) versus run-number by a first-order polyno- 11425524; the Chinese Academy of Sciences (CAS) Large-

mial and take the largest difference between the fittinglresu Scale Scientific Facility Program; the CAS Center for Ex-
and the average value, less than 0.25 MeV on average, as tfellence in Particle Physics (CCEPP); the Collaborative In
systematic uncertainty. novation Center for Particles and Interactions (CICPI)ntJo
The uncertainties from other sources, such as backgrourerge-Scale Scientific Facility Funds of the NSFC and CAS
and event selection, are negligible. Assuming all the sesirc under Contracts Nos. 11179007, U1232201, U1332201; CAS
of systematic uncertainty are independent, the total syste Under Contracts Nos. KJCX2-YW-N29, KJCX2-YW-N45;
atic uncertainty is obtained by adding all items in quadra-100 Talents Program of CAS; National 1000 Talents Program
ture, which is listed in TablB I (column 6). The uncertainty ©f China; INPAC and Shanghai Key Laboratory for Particle
is smaller than 0.8 MeV for all the data samples. Physics and Cosmology; German Research Foundation DFG
under Contract No. Collaborative Research Center CRC-
1044; lIstituto Nazionale di Fisica Nucleare, Italy; Mimjst
of Development of Turkey under Contract No. DPT2006K-
120470; Russian Foundation for Basic Research under Con-
tract No. 14-07-91152; The Swedish Research Council; U.
The center-of-mass energies of the data taken from 201%. Department of Energy under Contracts Nos. DE-FGO02-
to 2014 for the studies of the charmonium-like and higher04ER41291, DE-FG02-05ER41374, DE-FG02-94ER40823,
excited charmonium states are measured with the di-muoBDESC0010118; U.S. National Science Foundation; Univer-
processe®e” — visr/rsriet . The corresponding sta- sity of Groningen (RuG) and the Helmholtzzentrum fuer
tistical uncertainty is very small, and the systematic unce Schwerionenforschung GmbH (GSI), Darmstadt; WCU Pro-
tainty is found to be less than 0.8 MeV. The measufkg; gram of National Research Foundation of Korea under Con-
is validated by the processese~™ — ntn~K+TK~ and tract No. R32-2008-000-10155-0.
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