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Introduction The Frame of Calculation Numerical Result Discussion

τ

Need more precise measurements mτ , Γτ , (g − 2)τ in PDG 2022
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mτ and lepton universality, 1405.1076

• Comparing the electronic branching fractions of τ and µ, lepton universality can
be tested as

(
gτ
gµ

)2

=
τµ
ττ

(
mµ

mτ

)5 B(τ → eνν̄)

B(µ→ eνν̄)
(1 + FW )(1 + Fγ), (1)

• BESIII measurement, 1405.1076

(
gτ
gµ

)2

= 1.0016 ± 0.0042, (2)
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Measured mτ , from Belle II 2008.04665
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Figure 5. The pseudomass (Mmin) distribution in the data sample (black points) and the results
of the fit (blue line).
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Belle II (2020) 2 0.33 MeV/c± 0.75 ±1777.28 

BaBar (2009) 2 0.41 MeV/c± 0.12 ±1776.68 

Belle (2007) 2 0.35 MeV/c± 0.13 ±1776.61 

ARGUS (1992) 2 1.4 MeV/c± 2.4 ±1776.3 

BES III (2014) 2 0.13 MeV/c± 0.12 ±1776.91 

PDG average 2 0.12 MeV/c±1776.86 

 

Figure 6. The comparison of the τ mass measurements obtained in this analysis (in blue text)
with the PDG average and measurements from various experiments. The green and blue bands
indicate the systematic and total uncertainties, respectively.

The leading source of systematic uncertainty is the momentum scale factor, which
is expected to be reduced in the near future. With the present level of the systematic

15
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mτ measurement at BESIII, 1405.1076
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FIG. 5: (left) The distribution in acoplanarity angle between two charged tracks and (right) the distribution in PTEM. Dots
with error bars are data and the histogram is τ pair inclusive MC. The upper two plots are from the second scan point, the
middle two are from the third scan point, and the lower two are from the fourth scan point.
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FIG. 6: (left) The CM energy dependence of the τ pair cross section resulting from the likelihood fit (curve), compared to the
data (Poisson errors), and (right) the dependence of the logarithm of the likelihood function on mτ , with the efficiency and
background parameters fixed at their most likely values.

and σ(Ei
CM,mτ ) is the corresponding cross section for τ pair production which has the form [3]

σ(ECM,mτ , δ
BEMS
w ) =

1√
2πδBEMS

w

∫ ∞

2mτ

dE′
CMe

−(ECM−E′
CM)2

2(δBEMS
w )2

∫ 1− 4m2

E′2
CM

0

dxF (x,E′
CM)

σ1(E
′
CM

√
1− x,mτ )

|1−∏
(ECM)|2 . (15)

Here, δBEMS
w is the CM energy spread, determined

from the BEMS; F (x,ECM) is the initial state radia-
tion factor [25];

∏
(ECM) is the vacuum polarization fac-

tor [24, 26, 27]; and σ1(ECM,mτ ) is the high accuracy,

improved cross section from Voloshin [28]. In carrying
out the maximum likelihood (ML) fit, mτ , RData/MC

and σB are allowed to vary, subject to the requirement
σB ≥0.
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FIG. 5: (left) The distribution in acoplanarity angle between two charged tracks and (right) the distribution in PTEM. Dots
with error bars are data and the histogram is τ pair inclusive MC. The upper two plots are from the second scan point, the
middle two are from the third scan point, and the lower two are from the fourth scan point.
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FIG. 6: (left) The CM energy dependence of the τ pair cross section resulting from the likelihood fit (curve), compared to the
data (Poisson errors), and (right) the dependence of the logarithm of the likelihood function on mτ , with the efficiency and
background parameters fixed at their most likely values.

and σ(Ei
CM,mτ ) is the corresponding cross section for τ pair production which has the form [3]

σ(ECM,mτ , δ
BEMS
w ) =

1√
2πδBEMS

w

∫ ∞

2mτ

dE′
CMe

−(ECM−E′
CM)2

2(δBEMS
w )2

∫ 1− 4m2

E′2
CM
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dxF (x,E′
CM)

σ1(E
′
CM

√
1− x,mτ )

|1−∏
(ECM)|2 . (15)

Here, δBEMS
w is the CM energy spread, determined

from the BEMS; F (x,ECM) is the initial state radia-
tion factor [25];

∏
(ECM) is the vacuum polarization fac-

tor [24, 26, 27]; and σ1(ECM,mτ ) is the high accuracy,

improved cross section from Voloshin [28]. In carrying
out the maximum likelihood (ML) fit, mτ , RData/MC

and σB are allowed to vary, subject to the requirement
σB ≥0.
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New data taking scenario at BESIII, from Zhang Jianyong TAU2018

Data comparison 

2018/09/24-28 Zhang Jianyong 20 

In 2011, two modes(eμ,eπ) ,  454 events, extend 13 decay modes, 

We obtained 1171 events  

σstat. will be decrease to 

σsyst  is estimated to be 0.090 MeV if σtotal is required to be less 

than 0.1 MeV 

0.070

1171/454
  = 0.044 MeV 
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New data taking scenario at BESIII, from Zhang Jianyong TAU2018
Data taking scenario (II) 

2018/09/24-28 Zhang Jianyong 16 

Three energy regions: 

 Low energy region 
     Point 1, 14 pb-1, to determine  

     background 

 Near threshold  
     Point 2, 39 pb-1 and point 3,  

     26 pb-1,  to determine tau mass 

 High energy region 
     Point 4, 7 pb-1  for Χ2 check 

     Point 5, 14 pb-1  to determine  

     detection efficiency 

Total lum. ~100pb-1,   

uncertainty: 0.1MeV 

We obtain more than 130 pb-1  

tau scan data! 

tau tau atom and tau mass 10 / 31
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QED atom

1 QED atoms (e+e−, µ+e−, τ+e−, µ+µ−, τ+µ−, τ+τ−) are formed during QED
interaction just as hydrogen.

2 The properties of QED atoms have been studied to test QED, fundamental
symmetries, New Physics, gravity, and so on (hep-ex/0106103, 0912.0843,
1710.01833, 1802.01438, Phys.Rept. 975 (2022) 1-61).

3 Only positronium (e+e−) and muonium (µ+e−) had been discovered in 1951 and
1960 respectively.

tau tau atom and tau mass 12 / 31
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τ+τ− atom

1 τ+τ− atom is the smallest QED atom for Bohr radius is 30.4 fm (Moffat:1975uw)
2 τ+τ− atom is is named tauonium (Avilez:1977ai,Avilez:1978sa), ditauonium

(2204.07269, 2209.11439 ), and true tauonium (2202.02316).
3 We named them following charmonium just as Jτ (nS) for n2S+1LJ = n3S1 and

JPC = 1−−, χτJ(nP) for n2S+1LJ = n + 13PJ and JPC = J++.
4 The production of ητ has been considered (2202.02316), and the production of Jτ

in electron positron collisions has been estimated (0807.4114).
5 The spectroscopy of τ+τ− atoms has been studies (2204.07269).

tau tau atom and tau mass 13 / 31
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The spectroscopy of τ+τ− atom, 2204.07269

3

where the last numerical expression is obtained using the values of the tau lepton mass mτ and QED coupling at
zero momentum α listed in Table I. The binding energy of the ground state (n = 1) of true tauonium (T ) is, thus,
En=1 = −23.655 keV, and its mass is

mT = 2mτ + En=1 = 3553.696 ± 0.240 MeV, (3)

where the uncertainty is dominated by the current precision of the tau lepton mass [17]. Note that the ∼23.65 keV
binding energy of the ditauonium ground states is about ten times smaller than the current uncertainty of the central
value of the ditauonium mass itself.

TABLE I: Values of the masses of the leptons and (approximate) constituent quarks, tau lifetime, QED coupling, and hadronic
photon vacuum polarization self-energy for N f = 3 quark flavours, ∆α(3)

had(m2
T ), and Rhad(m2

T ) ratio in e+e− collisions, both evaluated
at the T mass scale, used in this work [17]. The quoted value of ∆α(3)

had(m2
T ) is computed using alphaQED19 [18, 19].

me (MeV) mµ (MeV) mτ (MeV) mu (MeV) md (MeV) ms (MeV) τ (fs) α ∆α(3)
had(m2

T ) Rhad(m2
T )

0.51099895 105.6583745 1776.86 ± 0.12 335 340 490 290.3 ± 0.5 1/137.036 ≈0.0077 ≈2.2

The Bohr radius of the ditauonium ground-state is a0 = 2/(αmτ) = 30.4 fm, and its Rydberg constant amounts to
R∞ = α/(4πa0) = 3.76 keV. Namely, ditauonium is the smallest of all leptonium atoms, and has the largest “photon
ionization” energy among them, i.e., it is the most strongly bound of all leptonia. The velocity of each tau in the
n-th Bohr orbit is β = 1/(n mτa0) = α/(2n), which justifies the use of nonrelativistic bound-state perturbation theory
(NRQED) [20] to calculate its properties as commonly done for the lighter positronium and dimuonium systems.

FIG. 2: Leading-order energy levels and lifetimes of the three lowest (n = 1, 2, 3) para- (n1S0) and ortho- (n3S1) ditauonium states
decaying into a pair of photons and of lighter charged fermions ( f f = e+e−, µ+µ−, qq), respectively.

Figure 2 shows the LO energy levels, determined from Eq. (2), and the LO decay lifetimes determined as explained
in Section III, for the three lowest ditauonium states (n = 1, 2, 3). The excited spectrum is obtained considering that a
n2S +1S1 ditauonium state can decay via an electric dipole transition, which conserves the spin quantum number, to a
n2S +1PJ state with the emission of a photon with energy En ∝ α2mτ. The radiative transitions from the 33S1 state to
the 23P state, as well as the transition from the latter to the 13S1 state, have energies of

En′→n =
α2mτ

4

(
n−2 − n′−2

)
=


−3.28 keV, for the n = 3→ 2 transitions,
−17.74 keV, for the n = 2→ 1 transitions.

(4)

Namely, the Lyman-α photon line of a ditauonium atom transitioning between the first excited (n = 2) and the ground
(n = 1) states has an energy of 17.74 keV.

tau tau atom and tau mass 14 / 31
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γγ → ητ → γγ, 2202.02316
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FIG. 2: Effective photon-photon luminosities dLγγ/dWγγ as a function of Wγγ for the various e+e− (left) and LHC ultraperipheral
(right) collisions considered here. The dashed curves in the right plot show the luminosities with nuclear overlap allowed.

the resonance according to its associated Breit–Wigner (B–W) distribution [41]. Spin-correlated diphoton decays of
the tensor χc2 meson are implemented following the formula derived in [42, 43]. The loop-induced LbL background
is simulated with MadGraph5_aMC@NLO v2.6.6 [44, 45], with the virtual box contributions computed at leading
order. Table II lists (middle columns) the computed cross sections times Bγγ for signal and backgrounds in the
different colliding systems. The relative production cross sections are given by the proportions ηc(1S) : χc,2(1P) :
χc,0(1P) : ηc(2S) : T0 ≈ 100 : 50 : 30 : 25 : 1, basically driven by their different Γ2

γγ/(Γtot · m2
X) ratios as per the

product of Eq. (2) times Bγγ. The cross sections for para-ditauonium are factors ×25–100 smaller than for the rest
of resonances, mostly because of the narrow diphoton width of this state (Table I) that leads to a correspondingly
smaller photon-fusion production probability. The exponentially decreasing LbL continuum below the ditauonium
peak is about ≈100 larger than the signal peak, but can be largely removed with appropriate kinematic criteria and/or
constrained in mass sidebands free of any resonance peak. We note that the production cross sections for excited n1S0
para-ditauonioum states, densely (few keV) spaced above the T0 mass, can be derived from that of the 11S0 ground
state via σ(n1S0) = σ(11S0)/n3, following Eq. (1). Such higher orbital para-ditauonium states have n3-suppressed
diphoton widths, and thereby smaller γγ-fusion production cross sections and longer lifetimes that compete with their
single-tau weak decays. Since these excited states will add only a few percent contributions to the diphoton yields
within the Gaussian-smeared T0 ground-state peak, they are neglected hereafter.

TABLE II: Photon-fusion production cross sections σ × Bγγ for para-ditauonium signal and backgrounds (C-even charmonium
states, and LbL scattering over mγγ ∈ (mT0

± 100 MeV), and |ηγ | < 5) decaying to diphotons, at various e+e− facilities and in UPCs
at the LHC. The last column lists the total produced T0 and dominant irreducible χc2 yields for the integrated luminosities quoted
at each collider (those for the LHC correspond to LHCb). Uncertainties (not quoted) are around ±10% (except for ηc(2S), see text).

Colliding system, c.m. energy, Lint, exp. σ × Bγγ N × Bγγ
ηc(1S) ηc(2S) χc,0(1P) χc,2(1P) LbL T0 T0 χc,2(1P)

e+e− at 3.78 GeV, 20 fb−1, BES III 120 fb 3.6 ab 15 ab 13 ab 30 ab 0.25 ab – –

e+e− at 10.6 GeV, 50 ab−1, Belle II 1.7 fb 0.35 fb 0.52 fb 0.77 fb 1.7 fb 0.015 fb 750 38 500

e+e− at 91.2 GeV, 50 ab−1, FCC-ee 11 fb 2.8 fb 3.9 fb 6.0 fb 12 fb 0.11 fb 5 600 3 · 105

p-p at 14 TeV, 300 fb−1, LHC 7.9 fb 2.0 fb 2.8 fb 4.3 fb 6.3 fb 0.08 fb 24 1290

p-Pb at 8.8 TeV, 0.6 pb−1, LHC 25 pb 6.3 pb 8.7 pb 13 pb 21 pb 0.25 pb 0.15 8

Pb-Pb at 5.5 TeV, 2 nb−1, LHC 61 nb 15 nb 21 nb 31 nb 62 nb 0.59 nb 1.2 62

The uncertainties of the theoretical cross sections quoted in Table II can be estimated from the ingredients of Eq. (2).
The relative uncertainties of the Γγγ and Γtot widths of all resonances propagate into their final σ × Bγγ cross section
scaled by a factor of two and linearly, respectively. They are negligible for T0 and, added in quadrature, amount to

tau tau atom and tau mass 15 / 31
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γγ → ητ → γγ at Z pole, 2202.02316
6

FIG. 3: Diphoton invariant mass distribution from photon-fusion processes in e+e− collisions expected at FCC-ee over mγγ ≈ 2.8–
3.8 GeV, shown as theoretical cross sections (left, with the T0 width arbitrarily set to 0.1 MeV to make it visible) and as number
of counts accounting for experimental resolution (right, with the LbL continuum subtracted). The bottom panel of the right plot,
shows the pseudodata minus the background-only fit.

properties of the para-ditauonium state, but it was not a priori expected for the tensor χc2 meson. The fact remains
that although the χc2 decay photon angular distribution is partially different from that of the pure scalar T0 state, its
yields are ∼50 times larger than those of the signal, and the best significance found by the BDT analysis corresponds
to a working point that keeps the maximum number of signal counts without any effective background reduction.

In the final step of the analysis, a fit is performed of the simulated diphoton invariant mass distribution over
mγγ ≈ 2.8–3.8 GeV with two models: the default one that combines the expected T0 signal plus all backgrounds,
and the null-hypothesis that assumes no para-ditauonium signal to be present. In the fit, all resonances are fixed at
their nominal masses with yields normalizations fixed to their theoretical predictions, with statistical uncertainties
corresponding to Lint = 50 ab−1 at Belle II and FCC-ee, and with systematic uncertainties assigned as explained next.

First, as aforementioned, the ηc(1S) state is of no concern for the T0 extraction as it does not have any overlap
with the signal for the expected photon energy resolution, and plays no actual role in the fit. Second, for the χc0
and ηc(2S) mesons that partially overlap the T0 signal, one can identify ranges of their diphoton lineshapes (e.g.,
between mγγ ≈ 3200–3400 MeV and 3750–3900 MeV, respectively), where both charmonium states can be measured
virtually free from any contamination from other nearby resonances. This will allow for a first estimation of their
signal contamination with O(1%) systematic uncertainties. In addition, one can exploit the large γγ → χc0, ηc(2S)
samples available, amounting to ∼10–100 million events at Belle II and FCC-ee, to measure alternative decays with
O(100) times larger branching fractions than the diphoton one (such as, e.g., the four-meson χc0 [51] and three-meson
ηc(2S) [52, 53] channels). All such measurements can provide ultraprecise determinations of the χc0 and ηc(2S) total
and diphoton widths and, thereby, an accurate control of their corresponding contamination in the T0 signal region.
The third case is that of the largest χc2 → γγ background. Since it almost perfectly overlaps with the T0 signal mass
region, an independent precise determination of its diphoton width (and associated γγ cross section) is mandatory
prior to any attempt to extract the T0 signal. To independently measure the Γtot,γγ(χc2) widths, one can exploit the very
large event data samples produced in two-photon fusion but decaying into alternative charged-particle final states, free
of any T0 contribution and with an accurate momentum resolution that allows for a reconstruction of its natural B–W
shape with Γtot(χc2) ≈ 1.97 MeV. The χc2 → π+π−π+π− decay, with a branching fraction of 1% (i.e., 36 times larger
than that of χc2 → γγ), provides a potential data sample of about 1.4 (11) million events at Belle II (FCC-ee). A fit of
the exclusive 4-charged-pion invariant mass distribution around mχc2 to the expected B–W shape for this resonance,
would lead to an extraction of the χc2 natural width at Belle II (FCC-ee) with a statistical uncertainty about twenty
(fifty) times smaller than the ∼9% value of the current LHCb state-of-the-art measurement in the χc2 → Jψ(µµ)µµ

tau tau atom and tau mass 16 / 31
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Recent progress: NNNLO

1 AMFlow: 2201.11669, 2201.11636, 2201.11637
2 e+e− → tt̄ at NNNLO in QCD, 2209.14259
3 Υ → e+e−, decay constant of Bc , 2207.14259, 2208.04302
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e+e− → τ+τ− → νX−ν̄X+ around the τ+τ− production threshold

1 Updated cross sections

σex(W,mτ,Γτ, δw) =
∫ ∞

m(Jτ)
dW ′ e

− (W−W′)2
2δ2w√

2πδw

∫ 1−m(Jτ)2

W′2

0
dxF(x,W ′)

σ̄(W ′ √1 − x,mτ,Γτ)

|1 − Π(W ′ √1 − x)|2
.

2 Cross sections in BESIII, 1405.1076

σ(ECM,mτ , δ
BEMS
w ) =

1√
2πδBEMS

w

∫ ∞

2mτ

dE′
CMe

−(ECM−E′
CM)2

2(δBEMS
w )2

∫ 1− 4m2

E′2
CM

0

dxF (x,E′
CM)

σ1(E
′
CM

√
1− x,mτ )

|1−∏
(ECM)|2

3 Difference: shift 2mτ to m(Jτ ) in the range of integration and add Γτ as a
variable of the cross sections after including Jτ (nS) atom.
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σ̄(W ,mτ , Γτ ), 1312.4791

1 σ̄(W ,mτ , Γτ )

σ̄(W ,mτ , Γτ ) =
4πα2

3W 2
24π
W 2 Im [Gν̄X+νX−(0, 0,W − 2mτ )] , (3)

2 Gν̄X+νX−(r⃗ , r⃗ ′,E ) represents a Green function of τ+τ− currents in the
non-relativistic effective theory, where τ+τ− decay to ν̄X+νX−

Gν̄X+νX−(r⃗ , r⃗ ′,E ) =
∑

n

ψn(r⃗)ψ
∗
n(r⃗

′)
En − E − iϵ

Br [n → ν̄X+νX−] +
∫

d3k⃗

2π3

ψ
k⃗
(r⃗)ψ∗

k⃗
(r⃗ ′)

E
k⃗
− E − iϵ

, (4)

3 Then

σ̄(W ) = σ̄Jτ (W ) + σ̄(W )continue (5)
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Breit-Wigner formula

1 Green function approach to bound states is consistent with Breit-Wigner formula
for a narrow bound states

σ̄Jτ (W ) =
∑

n

6π2

W 2 δ(W −m(Jτ (nS)))Γ(Jτ (nS) → e+e−)Br(Jτ (nS) → ν̄X+νX−) (6)

2 Ignore the binding Energy of Jτ (nS) for it much less than δw

σ̄Jτ (W ) =
6π2

W 2 δ(W − 2mτ )
∑

n

Γ(Jτ (nS) → e+e−)Br(Jτ (nS) → ν̄X+νX−) (7)
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Decay mode of Jτ (nS)

Γtotal(Jτ (nS)) = ΓAni (Jτ (nS)) + ΓWeak(Jτ (nS)) + ΓE1(Jτ (nS))

ΓAni (Jτ (nS)) = 4.2Γ(Jτ (nS) → e+e−)

ΓWeak(Jτ (nS)) = 2Γ(τ → νX−) (8)
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Decay mode of Jτ (nS)

2

The potential

V(r) = −α
r
+ ∆VCoulomb(r) + VBF + VAn + Vrel (5)

The leading order (LO) cross sections from resonance of Eq ?? [? ] is consistent with the Breit-Wigner formula [? ]

σ(W)|W<2mτ
=

12π
W2


Γ2

total(Jτ(nS ))/4

(W − m(Jτ(nS )))2 + Γ2
total(Jτ(nS ))/4

 Br(Jτ(nS )→ e+e−)Br(Jτ(nS )→ ν̄X+νX−)

=
12π
W2

πΓtotal(Jτ(nS ))δ(W − m(Jτ(nS )))
2

Br(Jτ(nS )→ e+e−)Br(Jτ(nS )→ ν̄X+νX−)

=
6π2

W2 δ(W − m(Jτ(nS )))Γ(Jτ(nS )→ e+e−)Br(Jτ(nS )→ ν̄X+νX−) (6)

where

Γtotal(Jτ(nS )) = ΓAni(Jτ(nS )) + ΓWeak(Jτ(nS ))ΓE1(Jτ(nS ))
ΓAni(Jτ(nS )) = 4.2Γ(Jτ(nS )→ e+e−)

ΓWeak(Jτ(nS )) = 2(1 − α2

2n3 )Γ(τ→ νX−) (7)

The weak factor (1 − α2

2n3 ) are from the bound τ [? ].

TABLE I: Γ(Jτ(nS )) (meV)

n Γ(e+e−) ΓWeak ΓE1 Γtotal Γ(e+e−)Br(ν̄X+νX−)

1 6.1362 4.5346 0.00000 30.3066 0.9181

2 0.7671 4.5346 0.00000 7.7561 0.4484

3 0.2273 4.5346 0.00724 5.4964 0.1874

4 0.0959 4.5346 0.00506 4.9424 0.0880

5 0.0491 4.5346 0.00325 4.7440 0.0449

6 0.0284 4.5346 0.00214 4.6561 0.0277

7 0.0179 4.5346 0.00146 4.6112 0.0176

8 0.0120 4.5346 0.00104 4.5849 0.0119

9 0.0084 4.5346 0.00076 4.5700 0.0084

Then we get the Jτ(nS ) contribution the cross section in Eq.??

σ̄Jτ(nS ) = 3.26δ(W − 2mτ) pb MeV (8)

Here we ignore the binding energy in the δ function for it is much less than δw ∼ 1 MeV.

σex(W) =
∫ ∞

m(Jτ)
dW ′

Exp[− (W−W′)2

2δ2
w

]
√

2πδw

∫ 1− m(Jτ )2

W′2

0
dxF(x,W ′)

3.26 pb MeV δ(W ′
√

1 − x − 2mτ) + θ(W ′
√

1 − x − 2mτ)
2πα2β

W′2(1−x) (1 − β2

3 )S (β)

|1 − Π(W ′
√

1 − x)|2
. (9)

Here β =
√

1 − 4m2
τ/(W ′2(1 − x)). S (β) is Sommerfeld factor or the Coulomb Green function [? ? ]

S (β) =
πα

√
1 − β2/β

1 − Exp[−πα
√

1 − β2/β]
(10)
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Cross sections from Jτ (nS)

1 Then we get the Jτ (nS) contribution the cross section in Eq.11

σ̄Jτ (W ) = 3.26 δ(W − 2mτ ) pb MeV (9)

2 Updated σ̄(W ,mτ , Γτ )

σ̄(W ) = 3.26δ(W − 2mτ ) pb MeV + θ(W − 2mτ )σ̄Continue (10)

tau tau atom and tau mass 25 / 31



Introduction The Frame of Calculation Numerical Result Discussion

Nomber of enents of Jτ → νX−ν̄X+ at BESIII

BESIII collect 42.6 pb−1 data at 3553 MeV and 27.1 pb−1 data at 3554 MeV in 2018.
And δw = 1.2 MeV. Then the nomber of enents of Jτ → νX−ν̄X+ at BESIII is

NJτ ∼ 50 × Exp[−(W − 2mτ )
2/(2.88 MeV2)] (11)

We can discovery Jτ at BESIII.
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mτ Estimate

1 The data include contribution from Jτ (nS), so the continue contribution will be
suppress.

2 mτ will move from 1776.91 MeV to about 1777.77 MeV during BESIII data in
2011.

3 Γτ and (g − 2)τ will be measured at STCF.
4 Updated BESIII measurement, 1405.1076

(
gτ
gµ

)2

Updated

=
1776.915

1777.775 × 1.0016 ± 0.0042 = 0.9992 ± 0.0042, (12)
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Discussion

1 Jτ may be discovered at BESIII.
2 mτ will be enlarged.
3 Γτ and (g − 2)τ will be measured at STCF.
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Thanks
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6

where

x± = 1 − (mV ∓ ∆mV )2

s
. (12)

The ∆mV is selected as 10 MeV for Belle II (1808.10567, 2207.0630).

TABLE II: The cross sections σ and number of events for Jτ signal and backgrounds from ψ(2S ) or continue at e+e− colliders. The
center-of-mass Energy Spread is 1 MeV for BES III (1505.03930) and for STCF (1505.03930). And the resolution of µ is 10 MeV
at Belle II and FCC-ee (1808.10567, 2207.0630).

Process, c.m. energy, Lint, exp. σ[µ+µ− + LH] N[µ+µ− + LH] Significance

ψ(2S ) Continue Jτ ψ(2S ) Continue Jτ

µ+µ− at 3.554 GeV, 100 fb−1, BES III - 6.9 nb 0.94 pb - 0.69E9 94E3 3.6 σ

µ+µ− or LH at 3.554 GeV, 100 fb−1, BES III - 21 nb 3.0 pb - 2.2E9 300E3 6.4σ

µ+µ− via ISR at 10.6 GeV, 50 ab−1, Belle II 108 fb 8.7 pb 7.7 ab 5.4E6 440E6 380 -

µ+µ− via ISR at 91.2 GeV, 50 ab−1, FCC-ee 1.6 fb 12.7 fb 0.12 ab 80E3 640E3 6 -

TABLE III: Photon-fusion production cross sections σ × Bγγ for para-ditauonium signal and backgrounds (C-even charmonium
states, and LbL scattering over mγγ ∈ (mT0

± 100 MeV), and |ηγ | < 5) decaying to diphotons, at various e+e− facilities and in UPCs
at the LHC. The last column lists the total produced T0 and dominant irreducible χc2 yields for the integrated luminosities quoted
at each collider (those for the LHC correspond to LHCb). Uncertainties (not quoted) are around ±10% (except for ηc(2S), see text).

Colliding system, c.m. energy, Lint, exp. σ × Bγγ N × Bγγ
ηc(1S) ηc(2S) χc,0(1P) χc,2(1P) LbL T0 T0 χc,2(1P)

e+e− at 3.78 GeV, 20 fb−1, BES III 120 fb 3.6 ab 15 ab 13 ab 30 ab 0.25 ab – –

e+e− at 10.6 GeV, 50 ab−1, Belle II 1.7 fb 0.35 fb 0.52 fb 0.77 fb 1.7 fb 0.015 fb 750 38 500

e+e− at 91.2 GeV, 50 ab−1, FCC-ee 11 fb 2.8 fb 3.9 fb 6.0 fb 12 fb 0.11 fb 5 600 3 · 105

p-p at 14 TeV, 300 fb−1, LHC 7.9 fb 2.0 fb 2.8 fb 4.3 fb 6.3 fb 0.08 fb 24 1290

p-Pb at 8.8 TeV, 0.6 pb−1, LHC 25 pb 6.3 pb 8.7 pb 13 pb 21 pb 0.25 pb 0.15 8

Pb-Pb at 5.5 TeV, 2 nb−1, LHC 61 nb 15 nb 21 nb 31 nb 62 nb 0.59 nb 1.2 62

The uncertainties of the theoretical cross sections quoted in Table ?? can be estimated from the ingredients of
Eq. (??). The relative uncertainties of the Γγγ and Γtot widths of all resonances propagate into their final σ × Bγγ
cross section scaled by a factor of two and linearly, respectively. They are negligible for T0 and, added in quadrature,
amount to relative uncertainties in the 8%–14% range (except for ηc(2S), which is of ±140% due to its currently badly
known diphoton width). Uncertainties related to the γγ effective luminosities and the nonoverlap condition in the case
of UPCs [? ] are of the same order but affect all resonance cross sections in a fully correlated manner. In any case, all
background cross sections uncertainties can be significantly reduced with in-situ measurements of all the charmonium
resonances while, or prior to, performing the T0 signal extraction, as described below.

IV. EXPERIMENTAL FEASIBILITY

The hierarchy of effective γγ luminosities shown in Fig. ?? indicates that the higher the c.m. energy and the beam
charges, the larger the expected T0 cross sections (Table ??). At BES III, the cross sections are in the subattobarn
range because the c.m. energies of interest are only reached in the very suppressed tail of the colliding γ fluxes, as√

s = 3.78 GeV is not very far from the Wγγ = mT0 threshold for the production of the resonance. The Super-KEKB
(Belle II) [? ] and FCC-ee at the Z pole (91 GeV) [? ] appear as the most interesting facilities in terms of T0
production yields, thanks to the huge Lint = 50 ab−1 values expected at both machines. At the LHC, although the
T0 production cross sections in UPCs with ions are larger by orders of magnitude (up to the nb range) compared to
e+e− and p-p systems, the possibility to reconstruct its relatively soft decay photons, Eγ ≈ mT0/2 = 1.5–2 GeV, with
good enough acceptance and energy resolution appears only feasible at the LHCb experiment [? ]. Unfortunately,
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