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Using (10.087± 0.044)× 109 J/ψ events collected with the BESIII detector at the e+e− BEPCII
collider, we present the first amplitude analysis of J/ψ → γpp̄ with the pp̄ invariant mass in the ηc
mass region [2.70, 3.05] GeV/c2. The product branching fraction B(J/ψ → γηc) × B(ηc → pp̄) is
precisely determined to be (2.11±0.02stat±0.07syst)×10−5. Combining with the product branching
fractions B(ηc → pp̄) × B(ηc → γγ) and B(J/ψ → γηc) × B(ηc → γγ), the branching fractions of
B(J/ψ → γηc) and B(ηc → γγ) are calculated to be (2.29 ± 0.01stat ± 0.04syst ± 0.18opbf)% and
(2.28 ± 0.01stat ± 0.04syst ± 0.18opbf) × 10−4, respectively, which are consistent with the latest
lattice quantum chromodynamics calculations. Here, opbf is the uncertainty from the other product
branching fractions used in the calculation.

The transition between heavy quarkonium
systems presents an ideal laboratory to investigate
the theory of the strong interaction, quantum
chromodynamics (QCD), in both the perturbative
and non-perturbative region. The magnetic dipole (M1)
transition between the two lowest-lying charmonium
states, J/ψ → γηc, is of great interest. The predicted
transition width in the non-relativistic limit [1] is
found to be significantly larger than the experimental
results [2] by a factor between 2 and 3. Several
theoretical studies have attempted to resolve this puzzle,
including the dispersion sum rule [3], QCD sum rule [4],
relativistic quark model [5], non-relativistic potential
model [6, 7], effective field theory [1, 8, 9], light-cone
sum rule [10], and lattice QCD (LQCD) [11–18].
However, a significant discrepancy remains between
experimental measurements and theoretical predictions.
In particular, LQCD calculations are systematically
larger than the Particle Data Group (PDG) average [2]
by approximately a factor of two.

Experimental measurements of B(J/ψ → γηc) were
reported by the CLEO-c [19], KEDR [20, 21], and
Crystal Ball [22] collaborations via inclusive hadronic
decays of ηc, where the interference between ηc and
non-resonant (NR) amplitudes was ignored. Several
measurements of the product branching fraction (BF)
B(J/ψ → γηc) × B(ηc → f), were also reported by
the BESIII collaboration [23–25] in various exclusive
final states f , where one-dimensional fits are performed,
taking into account the interference between ηc and NR
amplitudes. However, some known issues, such as not
including NR contributions other than JPC = 0−+,
potentially result in biases for the measurement. An
amplitude analysis, such as that performed on the decay
of J/ψ → γωω [26], is highly desired to incorporate
all available information into the fit and provide a
more reliable description of the interference, which may
significantly affect the measurements of the BF and

resonance parameters.
The BESIII collaboration recently reported the BF

measurement of ηc → γγ in J/ψ → γηc [27]. The
product BF B(J/ψ → γηc) × B(ηc → γγ) is in good
agreement with the latest LQCD calculations [17, 28],
while the BF of ηc → γγ, determined using the BF
of J/ψ → γηc from the PDG [2], significantly differs
from these LQCD calculations and the PDG global fitted
value [2] by more than 3σ. Therefore, independent and
precise measurements of the BF of J/ψ → γηc are crucial
to clarify these discrepancies and test the theoretical
models.
In this Letter, by analyzing (10.087 ± 0.044) × 109

J/ψ events [29] collected with the BESIII detector at the
symmetric e+e− collider BEPCII, we present the first
amplitude analysis of J/ψ → γpp̄ with the pp̄ invariant
mass Mpp̄ in the ηc mass region [2.70, 3.05] GeV/c2. The
product BF B(J/ψ → γηc) × B(ηc → pp̄) is measured
with precision improved by one order of magnitude
compared to previous measurements [2]. Furthermore,
by combining with the previously measured product BFs
B(ηc → pp̄) × B(ηc → γγ) and B(J/ψ → γηc) ×
B(ηc → γγ) the BFs of B(J/ψ → γηc) and B(ηc → γγ)
are determined with a precision higher than 10%. In
addition, the resonance parameters of ηc are measured
with improved precision.
Details about the design and performance of the

BESIII detector are provided in Refs. [30–33]. The
inclusive Monte Carlo (MC) sample, which includes
both the production of the J/ψ resonance and the
continuum processes incorporated in the kkmc [34]
generator, are employed to study potential background
contributions. All particle decays are modeled with
evtgen tool [35] using branching fractions either
taken from the PDG [2], when available, or otherwise
estimated with the lundcharm model [36]. Final state
radiation (FSR) from charged final state particles is
incorporated using photos [37]. The simulations of
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exclusive MC samples are described below.
Candidates for J/ψ → γpp̄ must have two charged

tracks with zero net charge. Charged tracks detected
in the main drift chamber (MDC) are required to be
within a polar angle (θ) range of |cosθ| < 0.93, where
θ is defined with respect to the z-axis, which is the
symmetry axis of the MDC. Their distance of closest
approach to the interaction point must be less than 10 cm
along the z-axis, and less than 1 cm in the transverse
plane. Particle identification (PID) is performed using
the specific ionization energy loss and time of flight
information, and the resultant likelihood for protons is
required to be greater than those for pions and kaons.
Photon candidates are chosen from isolated clusters in
the electromagnetic calorimeter (EMC). Their energies
are required to be greater than 25 MeV in the barrel
(|cos θ| < 0.8) region and 50 MeV in the end-cap (0.86 <
|cos θ| < 0.92) region. Reconstructed clusters due to
electronic noise or beam backgrounds are suppressed
by requiring the EMC timing to be within [0, 700] ns
after the event start time. To suppress background
photons produced by hadronic interactions in the EMC,
and secondary photons from bremsstrahlung radiation,
clusters within cone angles of 20◦ and 30◦ around the
extrapolated positions in the EMC of protons and anti-
protons, respectively, are rejected [38]. At least one
photon candidate is required for further analysis.

A four constraint (4C) kinematic fit, requiring energy
and momentum conservation between the initial and final
states, is imposed under the hypothesis of J/ψ → γpp̄.
If there is more than one combination due to multiple
photon candidates, the combination with the minimum
χ2
4C is selected. The χ2

4C is required to be less than 23
based on the optimization of the Figure-of-Merit defined
as S√

S+B
[39], where S in the numerator is the signal

yield from MC simulation and S+B in the denominator
is the number of events from the data sample. Only
candidates within the ηc mass region are kept for the
amplitude analysis.

After applying all selection criteria mentioned above,
479,652 candidate events for J/ψ → γpp̄ survive in the
data sample. The J/ψ inclusive MC simulation contains
two dominant background components: J/ψ → pp̄γF

and J/ψ → pp̄π0, where γF is a FSR photon. The
process J/ψ → pp̄γF is simulated within the inclusive
MC sample with photos [37], which yields a background
fraction of 22.8% of the total events. The consistency
between data and MC simulation is checked with the
control sample J/ψ → pp̄, where the energy spectra of
FSR photons show good agreement. Another exclusive
MC sample is simulated for the J/ψ → pp̄π0 decay
based on a preliminary amplitude analysis result, and
the corresponding background level is estimated to be
4.2%. The contribution from other J/ψ background
processes is predicted to be less than 0.2% and modeled
with inclusive MC simulation in the amplitude fit. The
non-J/ψ background is studied with the data sample
taken at

√
s = 3.080 GeV, corresponding to an integrated

luminosity of (167.4 ± 0.1) pb−1 [29]. Its fraction, after
taking into account the difference in luminosities [29], is
estimated to be less than 0.7% and ignored in further
analysis.
Figure 1 shows the distributions of the pp̄, pγ, and

p̄γ invariant masses, as well as those of cos(θγ), cos(θp)
and ϕp. Here, θγ is the polar angle of the photon
in the J/ψ rest frame with the z-axis defined as the
direction of the e+ beam and (θp, ϕp) are the polar
and azimuthal angles, respectively, in the pp̄ helicity
frame. No significant structures in the Mpp̄ or Mpγ

two-body invariant mass spectra are seen, other than
the ηc meson. As a check, potential contributions from
N∗(1440/1520/1535/1650) → γp are estimated with

NJ/ψ ·B[J/ψ → N∗p̄, N∗ → pπ0+c.c.] · B(N
∗ → pγ)

B(N∗ → pπ0)
·ε,

(1)
where B[J/ψ → N∗p̄, N∗ → pπ0 + c.c.] is taken from
Ref. [40]; B(N∗ → pγ/π0) is from the PDG [2]; and
ε is the detection efficiency of J/ψ → N∗p̄ (N∗ →
pγ) + c.c. determined using MC simulation. The sum of
background fractions ofN∗ baryons is less than 1.4%, and
the N∗ background is ignored in the amplitude analysis.
The covariant tensor amplitude constructed in Ref. [41]

is applied in the amplitude analysis, which is expressed
as

A(s) = ψµ(p,mJ/ψ)e
∗
ν(q,mγ)

× ψλs(pp, Sp; pp̄, Sp̄)
∑
i

ΛiU
µνλs
i . (2)

Here, ψµ(p,mJ/ψ) is the polarization four-vector of the
J/ψ with a spin projection mJ/ψ and four momentum
p; eν(q,mγ) is the polarization four-vector of the
photon with spin projections mγ and four momentum
q; ψλs(pp, Sp; pp̄, Sp̄) is the spin wave function of the
proton and anti-proton system with polarizations Sp,p̄
and momenta pp,p̄, where the index s is the total

spin of the pp̄ system; Uµνλsi is the i-th partial wave
amplitude with a coupling strength determined by a
complex parameter Λi. The form of the ψ four-vector
is detailed in Ref. [41].
Summing over the polarizations, the squared

amplitude is given as

|M|2 =
1

2

∑
Sp,Sp̄=± 1

2

∑
mJ=±1

∑
mγ=±1

|A(s)|2

= −1

2

∑
i,j

ΛiΛ
∗
j

2∑
µ=1

Uµνλsi g
(⊥⊥)
νν′ U

∗µν′λ′
s

j

∑
Sp,Sp̄

ψ∗
λsψλ′

s
,

(3)

with −g(⊥⊥)
µν =

∑
mγ

e∗µ(q,mγ)eν(q,mγ) [41]. For J/ψ →
γ0−+ → γpp̄, Uµνλsi = ϵµνρσpµqσB1(Qb)R, where ϵ

µνρσ
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Fig. 1. Projections of the amplitude analysis result on (a) Mpp̄, (b) Mpγ , (c) Mp̄γ , and (d) cos θp, (e) cos θγ , and (f) ϕp. The
dots with error bars are data, the blue solid curves are the total fit results, the dashed curves are various contributions, and
the blue hatched histograms are the simulated backgrounds. The bottom sub-figures show the residuals (Ndt −Nfit)/

√
Ndt,

where Ndt and Nfit are the number of events of data, and the fit results, respectively. Here, the dips in (f) ϕp are caused by
the efficiency loss due to the requirement on polar angle of charged tracks | cos θ| < 0.93.

is the Levi-Civita tensor, B1(Qb) is the Blatt-Weisskopf
barrier factor [42] with angular momentum L = 1 and
Qb is the momentum of X in J/ψ → γX with X = ηc or
non-resonant, R describes the line shape, and i and j are
over all possible processes. Explicit expressions of Uµνλs

for other spin-parity cases are available in Ref. [41].
The line shape R of ηc is described by a relativistic

Breit-Wigner function 1
M2
pp̄−M2

ηc
−iMηcΓηc

, where the

mass Mηc and width Γηc of ηc are free in the
fit. Additionally, the Blatt-Weisskopf barrier factor
in J/ψ → γηc is replaced by the square root of the
damping factor fd [19, 20], which is widely used to
suppress the divergent long tail of ηc. Two well-

known damping factors e−E
2
γ/8β

2

of CLEO-c [19] with β
floating and E2

γ0/
(
Eγ0Eγ + (Eγ − Eγ0)

2
)
of KEDR [20],

are considered in this work. Here, Eγ =
M2
J/ψ−M

2
pp̄

2MJ/ψ
is the

energy of radiative photon and Eγ0 is the photon energy
with Mpp̄ = Mηc . To account for detector resolution
effects, the product Ri × R∗

j in |M|2 is convolved with
a Gaussian function G(δM , σM ) if ηc is included. The
mass shift δM = (1.01 ± 0.07) MeV/c2 and resolution
σM = (3.93± 0.05) MeV/c2 are determined by studying
the control sample ψ(3686) → γχc1, χc1 → pp̄. For the
NR contributions, R is modeled by a constant.

The complex coupling constants Λi and the resonance
parameters of ηc are determined with a maximum

likelihood fit. The log-likelihood function is constructed
as

lnL = lnLdt − lnLbg, (4)

where lnLdt/bg sums over all the data/simulated
background events Ndt/bg and is defined as

lnLdt/bg =

Ndt/bg∑
k

ln

[
|M(pk)|2∫

ϵ(p)|M(p)|2Φ3(p)dp

]
, (5)

where p is the momentum of the final state particles
and Φ3 is the phase space factor. The integral of∫
ϵ(p)|M(p)|2Φ3(p)dp is calculated numerically using

MC events as∫
ϵ(p)|M(p)|2Φ3(p)dp ∝

NMC∑
kMC

|M(pkMC)|2. (6)

Here, NMC = 2.3 × 106 is the number of selected
phase-space MC events. The fit fractions with detection
efficiency are estimated with

fi =

∫
ϵ(p)|M(p)i|2Φ3(p)dp

/∫
ϵ(p)|M(p)|2Φ3(p)dp, (7)

where |Mi|2 is the squared amplitude with the i-th
component’s contribution only.
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First the CLEO-c and KEDR damping factors are
tested with ηc and all the potential NR contributions
included. Since the KEDR damping factor results in
a better log-likelihood value with statistical significance√
2×∆ lnL = 4.7σ, as well as improved fit quality

(∆χ2/nbin = 10.4/100) in the Mpp̄ projection compared
to the CLEO-c form, the KEDR form is used in this
analysis. An additional test is performed by excluding
the damping factor, which yields a much worse fit quality
with ∆χ2/nbin = 49.1/100 in theMpp̄ projection. All 13
potential NR contributions, each of which corresponds
to different angular momentum and spin coupling in
the transitions, are excluded from the solution one at a
time, and the corresponding statistical significances are
calculated based on the change of log-likelihood function
∆ lnL and the number of free parameters ∆Npar = 2.
Five components with statistical significance greater than
3σ, including three waves with JP = 0−, 1+, and 2+,
as well as two waves with JP = 2−, are kept in the
final solution. The solution for the phase angle between
ηc and 0−+ NR contributions has two local minima are
identified. The best one exhibits a superior log-likelihood
value with a statistical significance of 7.7σ, hence we only
consider it in the further analysis.

Figure 1 shows the projections of the nominal
amplitude analysis result. The mass and width of ηc
are determined to be Mηc = (2984.55± 0.09stat) MeV/c2

and Γηc = (29.74±0.17stat) MeV. The fit fraction of ηc is
determined to be fηc = (30.94±0.24)%, and the product

BF, B(J/ψ → γηc) × B(ηc → pp̄) =
(Ndt−Nbg)·fηc
εηc ·NJ/ψ

, is

calculated to be (2.11±0.02stat)×10−5. Here, Ndt−Nbg

is the net number of signal events, NJ/ψ = (10.087 ±
0.044) × 109 is the number of J/ψ events [29], and
εηc = 50.55% is the signal efficiency determined with
MC simulation based on the amplitude analysis result.

Table 1. Relative systematic uncertainties of the product
BF B(J/ψ → γηc) × B(ηc → pp̄), and absolute systematic
uncertainties of mass and width of ηc. The symbol “⋆”
indicates negligible, and “—” indicates not applicable.

Source B (%) Mηc (MeV/c2) Γηc (MeV)
NJ/ψ 0.5 — —

Tracking 0.2 — —
PID 0.3 — —

Photon 1.0 — —
4C kinematic fit 0.5 — —
NR line shape 0.4 0.38 0.14
Insig. NR waves 1.8 ⋆ 0.13
Background 0.8 ⋆ 0.06

Mass calibration ⋆ 0.37 0.24
Fit bias 2.0 0.55 0.10
Total 3.1 0.77 0.33

The systematic uncertainties on the product B(J/ψ →

γηc) × B(ηc → pp̄) and the resonance parameters of
ηc are summarized in Table 1. The uncertainty on
the total number of J/ψ events is 0.5% [29]. The
systematic uncertainties due to the tracking and PID
of p(p̄) are studied using the control sample J/ψ →
pp̄π+π−, and are determined to be 0.2% and 0.3%,
respectively. The systematic uncertainty for photon
reconstruction is assigned to be 1.0% [43]. The
systematic uncertainty associated with the 4C kinematic
fit is estimated by performing corrections on the charged
track helix parameters in the MC simulation. The
difference between the detection efficiencies obtained
with and without the helix parameter correction [44] is
taken as the systematic uncertainty.

The systematic uncertainty due to the NR line shape
is estimated by modeling the NR(0−+) component with
an alternative line shape, the magnitude and phase of
which are allowed to vary linearly as a function of Mpp̄.
The systematic uncertainty from NR waves considered
insignificant is estimated by including all 13 potential
waves. The systematic uncertainty in the background
estimation is studied by varying the contribution from
J/ψ → pp̄π0 within the uncertainty of the quoted BF,
and by including the simulated N∗ → pγ contribution as
background. The systematic uncertainty due to the mass
calibration parameters, mass shift δM and resolution
σM , is estimated by varying them within the statistical
uncertainties and using an alternative control sample
ψ(3686) → γχc2, χc2 → pp̄. For all four sources listed
above in this paragraph, the amplitude fit is reperformed,
and the largest difference for each source is assigned as
its systematic uncertainty. The systematic uncertainty
caused by a possible fit bias is studied by performing
input and output checks with toy MC samples. The
difference between the input and the averaged output
values, predominantly attributed to detector effects and
the statistical fluctuations of the phase space MC sample
used in amplitude fit, is conservatively assigned as this
uncertainty.

In summary, the first amplitude analysis of J/ψ → γpp̄
with Mpp̄ in the ηc mass region [2.70, 3.05] GeV/c2 is
performed, and the mass and width of ηc are measured
to be (2984.55±0.09stat±0.77syst) MeV/c2 and (29.74±
0.17stat ± 0.33syst) MeV, respectively, which are in good
agreement with the PDG world averages [2]. The product
BF B(J/ψ → γηc) × B(ηc → pp̄) is determined to be
(2.11 ± 0.02stat ± 0.07syst) × 10−5, whose precision is
improved by one order of magnitude compared to the
previous measurements [2].

Combining with the product BFs of B(ηc → pp̄) ×
B(ηc → γγ) = (2.1 ± 0.3) × 10−7 averaged based on
Refs. [45–47] by the PDG and the recently reported
B(J/ψ → γηc)×B(ηc → γγ) = (5.23± 0.40)× 10−6 [27]
and assuming time reversal invariance, we have
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) (%)
c

ηγ→ψ(J/B

0 2 4 6 8

Disp. sum rule [3] 0.87±2.70
QCD sum rule [4] 0.54±2.81
Rela. quark [5] 1.13
NR. potential [6] 3.13
NR. potential [7] 2.63
pNRQCD [1] 1.08±1.62
pNRQCD [8] 0.43±2.29
LQCD [12] 0.09±2.71
LQCD [13] 0.07±3.07
LQCD [14] 0.13±2.85
LQCD [15] 0.21±2.69
LQCD [16] 0.12±2.67
LQCD [17] 0.04±2.40
LQCD [18] 0.12±2.49

CLEO­c [19] 0.30±0.09±1.98
KEDR [21] 0.36±0.20±3.22
Crystal Ball [22] 0.36±1.27
PDG global fit [2] 0.14±1.41

This work 0.18±0.04±0.01±2.29

Fig. 2. Comparison of the B(J/ψ → γηc) derived in this work
with theoretical calculations [1, 3–18], other experimental
measurements [19–22], and the PDG global fit [2]. The green
band corresponds to the ±1σ region of B(J/ψ → γηc) in
this work, and the uncertainties are statistical, systemtic, and
those from the other product BFs used in the calculation.

)­4 10×) (γγ→
c

η(B

0 2 4 6

NRQCD [50] 0.53±3.07

NRQCD [51] 0.56±2.95

NRQCD [52] 0.20±1.77

NRQCD [53] 0.10±3.20

QCD DSE [54] 2.10

LQCD [55] 0.33±0.87

LQCD [56] 0.01±0.37

LQCD [57] 0.25±2.12

LQCD [58] 0.20±1.35

LQCD [17] 0.02±2.23

LQCD [28] 0.06±2.19

PDG global fit [2] 0.13±1.66

This work 0.18±0.04±0.01±2.28

Fig. 3. Comparison of the B(ηc → γγ) derived in this work
with theoretical calculations [17, 28, 50–58] and the PDG
global fit [2]. The green band corresponds to the±1σ region of
B(ηc → γγ) in this work, and the uncertainties are statistical,
systemtic, and those from the other product BFs used in the
calculation.

B(J/ψ → γηc) =

√
[B(J/ψ → γηc)× B(ηc → pp̄)]× [B(J/ψ → γηc)× B(ηc → γγ)]

[B(ηc → pp̄)× B(ηc → γγ)]
= (2.29± 0.01± 0.04± 0.18)%

B(ηc → γγ) =

√
[B(ηc → pp̄)× B(ηc → γγ)]× [B(J/ψ → γηc)× B(ηc → γγ)]

[B(J/ψ → γηc)× B(ηc → pp̄)]
= (2.28± 0.01± 0.04± 0.18)× 10−4

B(ηc → pp̄) =

√
[B(ηc → pp̄)× B(ηc → γγ)]× [B(J/ψ → γηc)× B(ηc → pp̄)]

[B(J/ψ → γηc)× B(ηc → γγ)]
= (0.92± 0.01± 0.02± 0.07)× 10−3

(8)

where the uncertainties are statistical, systematic, and
those from the other product BFs used in the calculation.
Some systematic uncertainties are correlated between our
work and Ref. [27], dominated by the photon detection
and the form of the damping factor. Figures 2 and 3

show comparisons of B(J/ψ → γηc) and B(ηc → γγ)
determined in this study, various theoretical calculations
and other measurements. Our results deviate with the
PDG global fitted values [2] by 3σ, but are in good
agreement with the latest LQCD calculations [17, 18,
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28]. This may help resolve a long-standing puzzle.
Furthermore, BF B(ηc → pp̄) deviates from the PDG
global fitted values by 3σ. Additionally, using MJ/ψ =

3096.9 MeV/c2 [2], the mass splitting between the
J/ψ (13S1) and ηc (11S0) cc̄ systems is determined to
be (112.35± 0.77) MeV/c2, which is consistent with the
results calculated in Refs. [48, 49].
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