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Standard Model of particle physics

30 years of BES programs
contribute a lot from the
rich potential of τ-c region

p Rich of resonances, 
charmonia and  charmed
mesons.

p Threshold characteristics 
(pairs of τ, D, Ds, charmed 
baryons…).

p Transition between
perturbative and non-
perturbative QCD.
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and much less about the standard model (SM)…

�5

since experiments have 
already found all its 

particles…

Standard model of particle physics



Dayong Wang

Search for new physics beyond SM

big questions to address beyond SM:
■ Why three generations?
■ Mass hierarchy among fermions? 
■ Why SU(3)xSU(2)xU(1)? 
■ Why B and L number conserved? 
■ Why C, P, CP symmetry violated? 
■ What is the origin of neutrino mass? 
■ What is dark matter ? 
■ Matter-antimatter asymmetry in 

Universe?
■ … …
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Intensity frontier expts
come into play: BES

don’t underestimate the value of luminosity
➤ Suppose we had a choice between  

➤ HL-LHC (14 TeV, 3ab-1) 
➤ or going to higher c.o.m. energy but 

limited to 80fb-1. 
➤ How much energy would we need to equal 

the HL-LHC?

�27

Searches for high-mass di-lepton 
resonances
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Limits for high mass searches 
extending beyond 4 TeV

CMS-PAS-EXO-18-006

today’s  
reach  

(13 TeV, 80fb-1)

HL-LHC  
reach  

(14 TeV 3ab-1)

energy needed 
for same reach 

with 80fb-1

4.7 TeV SSM Z’ 6.7 TeV 20 TeV
2 TeV weakly 

coupled Z’ 3.7 TeV 37 TeV

estimated with http://collider-reach.cern.ch , Weiler & GPS

NP Models
from theorists
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BESII efforts on rare decays &NP: examples
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PRL 97, 202002 (2006) 
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η /𝛈" invisible decays: BESIII（2013）
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Only 2.3% of the full data set
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From BESI/II to BESIII
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Ref:
NIM A614, 
345 (2010)

high lumi, large datasets, hermetic detector with 
good performance and clean environment at BESIII 
are helpful for probing BSM physics

competitive in channels with low energy 
electron/photons, neutrons, pi0’s

∼ 1.3B +8.7B 	𝐽/𝜓 ∼ 180×BESII
∼ 0.5 B  𝜓(3686) ∼ 24×CLEO-c
∼ 2.9/fb  𝜓(3770) ∼ 3.5×CLEO-c

Major datasets for NP so far
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η /𝛈" invisible: efficiencies

2019/9/6 BES30YearSymposium: NP 7

BESII:2006

BESIII: 2013
Thanks to the much improved EMC
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Systematic errors
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BESII 2006 BESIII 2013

Simulation/reconstruction and detector
performance understanding is greatly improved
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BESIII NP Group established in 2015
■ Organized efforts with unified standards, shared tools,

methods and studies. Open for all collaborators. 
■ ~20 publications in total, another ~20 active analyses
■ Workshops: ideas, discussions, communication with theorists

◆ 2015 .3 .27 - 28 , Nanjing U: 19 
◆ 2015.12. 22 - 23 , USTC: 22 
◆ 2016.4 Nanjing U: 24
◆ 2016.12 Peking U： 52
◆ 2017.9 UCAS: 33
◆ 2018.10 USC：35
◆ 2019.5.24-26,USTC: 50

2019/9/6 BES30YearSymposium: NP 9PKU workshop, Dec. 2016

USC workshop, Oct. 2018

Stable team ~20 active
members from all over:
Chinese universities, IHEP
and foreign institutes
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General strategy for NP searches
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New physics effects may be very small. 

SM contribution is dominant. 

SM contribution is highly suppressed. 

SM contribution is forbidden. 
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Probing NP: wide searches at BESIII
■ C1:the processes that are allowed in the SM,but rare

◆ Charmonia weak decays
◆ Charm meson rare radiative and leptonic decays
◆ Very rare processes beyond prediction

■ C2:processes that are not allowed in the SM at tree level
◆ FCNC processes
◆ Violation of CP and other symmetries in hyperon decays and D-mixing
◆ Charged lepton flavor violation(CLFV) processes

■ C3:processes that are not allowed/existent in the SM
◆ C-violation EM processes and C and CP violation decays

◆ Lambda oscillations: from Jpsi->ΛΛbar, pKΛbar
◆ LNV/BNV processes: indirect probe of exotic mediators
◆ Exotic resonance search: light Higgs/Dark photon etc
◆ Processes with Invisible signatures
◆ Off-resonance searches
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J/ψ weak decays: semileptonic

2019/9/6 BES30YearSymposium: NP 12

PHYSICAL REVIEW D90,112014 (2014)

225M

BESII: PLB 639,418 (2006)
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J/ψ weak decays: hadronic

13

PHYSICAL REVIEW D89,071101(R) (2014)

225M

BESII: PLB 663, 297(2008) 
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Search for rare J/ψ decays
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450M ψ(3686): B(J/ψ → φe+e-) < 1.2 × 10-7

PRD 99, 052010(2019)

■ Search for J/ψ → φe+e-

■ Search for J/ψ → K2K2
◆ CP and Bose-Einstein statistics violating process
◆ EPR: ~ 10−8 level
◆ K0 oscillation model: 10−9

◆ the UL is improved by 102 and reaches the order of EPR 
expectation

■ Also rare decays from secondary η’/η/hyperons…

assuming them to be pions, and the πþπ− invariant mass
must be within 18 MeV=c2 from the KS nominal mass. The
KS candidates must have a momentum within the range of
½1.40; 1.60# GeV=c. In order to suppress the non-KS back-
grounds, the decay length over its uncertainty (L=σL) has to
be larger than 2.0. Each event must have at least two KS
candidates. If there are more than two KS candidates, the
combination with the smallest sum of χ2 of the secondary
vertex fits is selected.
The KSKS candidates are then combined in a 4C

kinematic fit, where the constraints are provided by energy
and momentum conservation. Only events with χ2 < 40 are
retained. The distribution of the KS momentum in the J=ψ
rest frame is shown in Fig. 4. The KS momentum resolution
is determined from the signal MC sample as σw ¼
1.3 MeV=c, which is the weighted average of the standard
deviations of two Gaussians with common mean. The
number of signal events is obtained by counting the
remaining events within 5 × σw of the expected momen-
tum. After all requirements have been imposed, two events
remain in this region.
The same selection criteria are applied to the inclusive

MC sample, which shows that the background mainly
comes from the processes J=ψ → πþπ−πþπ− and
J=ψ → KSKL. Their contributions are estimated from
the corresponding MC samples using

NX
exp ¼ NJ=ψ · BðJ=ψ → XÞ · ϵXKSKS

; ð3Þ

where X represents the corresponding channels J=ψ →
πþπ−πþπ− or J=ψ → KSKL (KS → πþπ−), and NX

exp is the
expected number of events from channel X. BðJ=ψ → XÞ is

the product branching fractions of the cascade decay, where
BðJ=ψ → πþπ−πþπ−Þ is taken from the PDG [3],
BðJ=ψ → KSKLÞ is set to the value obtained in this paper,
and ϵXKSKS

is theKSKS selection efficiency for a sample of X
events. The efficiencies of J=ψ → πþπ−πþπ− and KSKL
channels are ð1.9' 0.6Þ × 10−7 and ð8.5' 3.4Þ × 10−6,
respectively. The expected background numbers are calcu-
lated to be Nπþπ−πþπ−

exp ¼ 0.9' 0.3 and NKSKL
exp ¼ 1.5' 0.6,

where the uncertainties are from propagation of the items
in Eq. (3). Some other exclusive processes, such as
J=ψ → γKSKS, are also studied with high statistics MC
samples, but none of them survive the event selection.
Table III summarizes the systematic uncertainties in the

search for J=ψ → KSKS. Common uncertainties including
those from the number of J=ψ decays and the KS → πþπ−

branching fraction are the same as described in Sec. III. The
uncertainty from KS reconstruction is evaluated according
to the KS selection criteria used in this channel, with a
method similar to that in Sec. III, and is determined to be
1.5% per KS. The uncertainty from the 4C kinematic fit is
investigated using the control sample of J=ψ → γKSKS,
and the difference of the efficiency between the data and
MC samples is taken as the systematic uncertainty asso-
ciated with the kinematic fit.
Since we have not observed a significant signal, an upper

limit for BðJ=ψ → KSKSÞ is set at the 95% C.L. The upper
limit is calculated using the relation

BðJ=ψ → KSKSÞ <
NUL

ϵMC · NJ=ψ
; ð4Þ

whereNUL is the upper limit on the number of signal events
estimated with Nobs and Nbkg using a frequentist approach
with the profile likelihood method, as implemented in the
ROOT framework [18], and ϵMC is the detection efficiency.
The calculation includes statistical fluctuations and sys-
tematic uncertainties. The signal and background fluctua-
tions are assumed to follow Poisson distributions, while the
systematic uncertainty is taken to be a Gaussian distribu-
tion. The branching fraction of KS → πþπ− is included in
the event selection efficiency ϵMC. The values of variables
used to calculate the upper limit on the branching fraction
and the final result are summarized in Table IV, where the
Nbkg is the sum of Nπþπ−πþπ−

exp and NKSKL
exp .
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FIG. 4. The distribution of KS momentum in the J=ψ rest
frame. The (black) crosses are from data, and the (red) solid line
is from the signal MC sample. The arrows indicate the 5 × σw
selection region.

TABLE III. The systematic uncertainties related to the search
for J=ψ → KSKS.

Source Uncertainty (%)

KS reconstruction 3.0
4C kinematic fit 1.1
BðKS → πþπ−Þ 0.2
NJ=ψ 0.6
Total 3.2

M. ABLIKIM et al. PHYSICAL REVIEW D 96, 112001 (2017)

112001-6

PRD 96, 112001 (2017)

BESII:PLB589,7 (2004)
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Rich samples of secondary particles
𝛈	𝐚𝐧𝐝	𝛈"
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5.0× 10 5 η

1.4 × 10 6 η

6.8 × 10 6 η’

3.0× 10 5 η’

𝑱 𝝍⁄ →

In 1.3B Jpsi(09+12)
𝛈	𝐚𝐧𝐝	𝛈"	𝐲𝐢𝐞𝐥𝐝𝐬	𝐰𝐢𝐭𝐡	 𝑱 𝝍⁄ data set

Now we have 10B 𝑱 𝝍⁄ 	 on tape!

105
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…Also hyperons
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Hai-bo Li, Front. Phys. 12, 121301 (2017).

FCNC
virtual-γ
penguin

FCNC
virtual-Z
penguin

ΔL=2
process

current
10-6

projection
10-8
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FCNC is suppressed in SM 
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Moriond 2013-EW Luciano Maiani. GIM Mechanism 

K0
L

in today ‘s 
common parlance

⌫

GIM proposal

divergent amplitude: 
∝ G(GΛ2)[C,C† ] 
= flavor diagonal!

C =

0 0 cosθ sinθ
0 0 −sinθ cosθ
0 0 0 0
0 0 0 0
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=quark mixing matrix

✓
u
dC

◆

L

;
✓

c
sC

◆

L

; (dC)R; (sC)R;uR; cR

✓
⌫e

e

◆

L

;
✓

⌫µ

µ

◆

L

; eR;µR

JW
µ (quark) = q̄C�µqL

Sensitive to new physics

contributions in c → uγ and c → ul+l− transitions are described by:

LSD
eff =

GF√
2
V ∗cbVub

!

i=7,9,10

CiQi, (1)

The operators are then:

Q7 =
e

8π2
mcFµν ūσµν(1 + γ5)c, Q9 =

e2

16π2
ūLγµcL l̄γ

µl, Q10 =
e2

16π2
ūLγµcL l̄γ

µγ5l. (2)

In (1) Ci denote, as usual, effective Wilson coefficients (they are determined at the scale µ = mc),
Fµν is the electromagnetic field strenght and qL = 1

2(1− γ5)q. In the case of the c → uγ decay
only C7 contributes, while in the case of c → ul+l− all three Wilson coefficents are present. At
the one-loop level contributions coming from penguin diagrams are strongly GIM suppressed
giving a branching ratio ∼ 10−18 [5, 6, 7, 8, 9]. The QCD corrections enhance this rate to
BR(c → uγ)SM = 2.5× 10−8 [10, 11]. Within SM the short distance contribution coming from
Q7,9 leads to the branching ratio [8, 12, 13, 14]

BR(D → Xue
+e−)SDSM ≃ 3.7× 10−9. (3)

However, this short distance contribution is overshadowed by long distance contributions, which
are the result of the nonleptonic D decays [8, 12]. The branching ratio for the inclusive decay is:

BR(D → Xue
+e−)LDSM ∼ O(10−6). (4)

The amplitude for the D → V γ decay can be most generally written as:

A[D(p) → V (p′, ϵ′)γ(q, ϵ)] = −iACP ϵµναβq
µϵ∗νpαϵ∗′,β

+ APV [(ϵ
∗′,β · q)(ϵ∗ν · q)− (p · q)(ϵ∗ν ϵ∗ν)] . (5)

The authors of [15] have reinvestigated long distance dynamics. Using the QCD sum rules result
for the tensor form factors (T ρ ≃ Tω ≃ 0.7± 0.2 ) they found that parity conserving (violating)
amplitudes are (Aρ,ω

PC,PV )
SD ≃ 0.6(2) × 10−9/mD|C7(mc)/0.4 · 10−2| where superscripts ρ,ω

denote the appropriate vector meson state V . For the determination of short distance
contribution one has to know the matrix element of the Q7 operator. In the calculations of it the
tensor form-factors are present [15]. The long distance contribution was estimated by knowing
that the relation BR(D0 → K∗0γ)/BR(D0 → K∗0ρ0) = BR(D0 → φγ)/BR(D0 → φρ0) is

a consequence of vector meson dominance [15] |(AV
PC,PV )

LD| = [32π/2m3
D(1 − m2

V
m2

D
)−3Γ(D →

V γ)]1/2, what gives, for V = φ, |(Aφ
PC,PV )

LD| = 5.9(4)× 10−8/mD. These estimations are close
to the previously determined ones in [5, 6].

The SM short distance contributions to D0 → γγ and D0 → µ+µ− can be determined using
the effective Lagrangian (1), while in both decay modes the dominant contribution comes from
long distance effects [12, 9]. Recently D0 → γγ and D0 → l+l− were reconsidered in [13]. The
branching ratio coming from long and short distance contributions are BRSM

LD (D0 → γγ) ≃
(1 − 3) × 10−8, BR2−loops

SD (D0 → γγ) ≃ (3.6 − 8.1) × 10−12. In the D0 → l+l− decay also the
SM long distance contribution dominates over the short distance ones. The authors of [13]
considered contributions coming from γγ intermediate states due to long distance dynamics in
D0 → γγ arriving at the value BR(D0 → µ+µ−) ∼ (2.7−8.0)×10−13. Recently LHCb improved
the bound on the branching ratio BR(D0 → µ+µ−) ≤ 6.2× 10−9 [17].

Among all exclusive decay modes containing lepton pair in the final state, the simplest one
for experimental searches are D+ → π+ℓ+ℓ− and D+

s → K+ℓ+ℓ−. Close to the φ resonant peak

2

BESIII can probe c→	ull, esp c→	uee
Stronger diagram cancellation thandown-types

J/ψ[ψ(3686)] → 𝐷\𝑒^𝑒_ search PRD96,111101(2017) (RC): 2 orders improvement 
𝜓 3686 → Λa^	�̅�	𝑒^𝑒_ search PRD 97, 091102(2018) (RC): first search
D→h(h’)ee search PRD 97, 072015 (2018): 2 orders improvement

Short Distance
contributions

Long Distance 
contributions
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Rare charm decays
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Hai

BESIII is more competitive in 
channels with low energy 
electron/photons, neutrons, π0’s

PRD91, 112015 (2015): D0→ γγ
PRD 95, 071102(R) (2017): D+ → γe+νe

PRD 99, 072002 (2019): Ds
+ → γe+νe
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Search for Charge flavor lepton
violation(cFLV) process
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New	Physics	Contributions	to	CLFV

A	broad	array	of	New	Physics	models	contribute	to	CLFV

Lo
op

s
Co

nt
ac
t	T
er
m
s

Supersymmetry Heavy	Neutrinos Extended	higgs models

LeptoquarksCompositeness New	Heavy	Bosons	/
Anomalous	Couplings

May	2018 D.Glenzinski	|	Fermilab 7

Charged Lepton Flavor Violation
• cLFV rate in the Standard Model with 
non-zero neutrino mass is too small 
to be observed in experiments; O(BR) 
< 10-50 

• No SM Physics Background 
• Observation = clear evidence of NP 
• Motivated by many kinds of new 
physics models BSM

!4

W

μ  e  

γ

νμ  νe  

μ e

γ

?

μ→eγ

μ e

γ

q q

?

μ-e conv.

μ e

e e

γ

?

μ→eee

5

GIM Suppression

Diagram from 1506.01465

M /
X

j

UejU
⇤
µj

m2
j

M2
W

Suppressed by
small

Unitarity:

Branching ratio:

Similar conclusions for μ→3e, μ→e conversion, etc.

mj
P

j U↵jU⇤
�j = �↵�

BR(µ ! e�) ⇠ O(10�54)
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GIM Suppression

Diagram from 1506.01465

M /
X

j

UejU
⇤
µj

m2
j

M2
W

Suppressed by
small

Unitarity:

Branching ratio:

Similar conclusions for μ→3e, μ→e conversion, etc.

mj
P

j U↵jU⇤
�j = �↵�

BR(µ ! e�) ⇠ O(10�54)

Considering neutrino
mixing, extended vSM

Possible CLFV from NP models
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J/ψ → eµ: Unblinded Data 
and Results

2019/9/6 BES30YearSymposium: NP 20

Among 225M 
J/ψ, 4 events in 
the signal box

Charm meson channels
are also possible

PRD 87, 112007(2013)
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Search for BNV process
■ The first of "Sakharov conditions": “there must be BNV

process”
■ Many theory could have BNV，such as Georgi–Glashow GUT

model, there are X and Y bosons with charges 4/3 and 1/3,
which couples quarks and leptons and thus BNV and LNV

Phys.Rev.Lett. 32 (1974) 438-441
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5

is the decay branching fraction taken from Ref. [20]. In-
serting the numbers of s90, N tot

J/ψ and B(Λ+
c → pK−π+)

into the above equation, the upper limit on the branching
fraction of J/ψ → Λ+

c e
− is determined to be

B(J/ψ → Λ+
c e

−) < 6.9× 10−8.
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FIG. 2. Distributions of MpK−π+ for the J/ψ → Λ+
c e

− candi-
date events for signal MC simulation (shaded histogram) and
data (dots with error bars), where the signal MC sample is
normalized arbitrarily. The inset plot shows a narrow mass
range within (2.23, 2.33) GeV/c2, where the arrows represent
the signal mass window.

Systematic uncertainties in the measurement of
B(J/ψ → Λ+

c e
−) mainly originate from the total num-

ber of J/ψ events, the tracking efficiency, the PID ef-
ficiency, the kinematic fit, the MC modeling, and the
quoted branching fraction for Λ+

c → pK−π+. The un-
certainty in the total number of J/ψ, determined via in-
clusive hadronic events, is 0.5% [19]. The uncertainty
due to tracking efficiency is 1.0% for each track, as deter-
mined from a study of the control samples J/ψ → pK−Λ̄
and ψ(3686) → π+π−J/ψ [21]. The uncertainties aris-
ing from the differences of PID efficiencies between data
and MC simulation for electron, pion, kaon, and proton
are determined with the control samples e+e− → γe+e−

(at 3.097 GeV), J/ψ → K+K−π0, J/ψ → π+π−π0 and
J/ψ → π+π−pp̄, respectively. They are 0.3%, 1.0%, 0.5%
and 0.6% for electron, pion, kaon and proton, respec-
tively. The uncertainty of the kinematic fit is estimated
using a control sample of J/ψ → π+π−pp̄, where a se-
lection efficiency is defined by counting the number of

events with and without the kinematic fit requirement.
The difference of the selection efficiencies between data
and MC simulation, 0.2%, is assigned as the correspond-
ing systematic uncertainty. The uncertainty due to MC
modeling is negligible [16]. In the calculation of the up-
per limit, the branching fraction B(Λ+

c → pK−π+) =
(6.35 ± 0.33)% is quoted from Ref. [20], yielding a sys-
tematic uncertainty of 5.2%. The total systematic un-
certainty is 7.0%, obtained by adding all of the above
uncertainties in quadrature.

In summary, by analyzing 1.3106×109 J/ψ events col-
lected at

√
s = 3.097 GeV with the BESIII detector at

the BEPCII collider, the decay of J/ψ → Λ+
c e

−+c.c. has
been investigated for the first time. No signal events have
been observed and thus the upper limit on the branching
fraction is set to be 6.9 × 10−8 at the 90% CL, which is
more than two orders of magnitude more strict than that
of CLEO’s measurement in the analogous process [6].
The result is one of the best constraints from meson de-
cays [22, 23] and is consistent with the conclusion drawn
from the proton decay experiment [24].
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B(J/ψ → Λc
+ e-) < 6.9 × 10-8

PRD 99, 072006(2019)

J/ψ

c c

c̄

Y
u

e−

Λ+c
d

J/ψ

c c

c̄

X
d

e−

Λ+c
u

ΔΒ=1, Δ(Β−L)=0

𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑	𝑈𝐿	𝑤𝑖𝑡ℎ	1010𝑱/𝝍：10_n

Motivation 

3 

¾ Various Grand Unified Theories (GUTs),   
Standard Model (SM) extensions:  superstring 
models and Super Symmetry (SUSY) . 
 

¾ Baryon number violation: baryon (B) and    
lepton (L) number violations are  allowed, but 
the difference (B − L) = 0 is conserved.  
 

¾ A higher generation SUSY model predicts the 
X and Y bosons have electric charge 4/3e and 
1/3e. 

SUSY:ΔB≠0,ΔL≠0,Δ(B-L)=0 

D+->Λ-bar(Σ-bar)e+
Ds->Λ e
D+ ->nbar e+

D0 ->pbar e+

will benefit from the final
charm dataset ΔΒ=2 process：Λ −	Λp	oscillation
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■ Lepton number violating(LNV) process (ΔL =2)
◆ possibly due to a single Majorana neutrino exchange

■ The best BR limit around 10-4 ~10-5 level by E791[PRL 86, 3969(2001)].
■ BESIII has improved them to ~10-6

■ Further constrain mass-dependent DàKe+νN(πe+) decay
◆ constrain mixing matrix element |VeN|2

■ More channels could be probed with future charm dataset

H.R. Dong et al Chin, Phys. C 39 013101 (2015). 

PRD 99, 112002(2019)
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BESIII vs. BaBar measurements 
comparison and combination,A0 
is mostly singlet

PRD 87, 031102 (R) (2013) (BaBar experiment)
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Light Higgs search with 225M J/ψ)
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The new limits are five 
times below previous 
results with 106M Psi’

Phys. Rev. D 93(2016), 052005 

BESIII [PRD 85, 092012 (2012)]
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Dark sector and portal
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SM, dark sector, and portal 

portal 

SUSY, extra dim…? 
Unification? 

dark sector 
(light) 
 
New bosons? 
Light dark matter ? 

Standard  
model 

Energy 
BSM 
(heavy) 

(5) (6)
(5) (6)

2 ...i i
eff SM i i

f fL L O O= + + +
Λ Λ∑ ∑

The interactions between the SM and 
BSM can be described by effective 
operators 
 
 
 

       They are always suppressed by the 
energy scale  
Difficult to be tested at low energy scale 
experiments. Only via indirect effects ? 
There may be new light particles 
connecting the dark sector to SM ! 

It is also referred as to heavy 
photon, hidden photon, A’, γ’ or U 
boson in the literature 

 
 

Intensity 

Cosmic 

3 

Consisting of (light) particles do not interact with the known 
strong, weak, or electromagnetic forces 

DARK SECTOR 

SM Sector 
SU(3)×SU(2)×U(1) Dark Sector 

Portal 

R. Essig, et al, arXiv:1311.0029 

Dark Sector 16 

DS16 

arxiv: 1608.08632NATURE news

γ"

γ"
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DP (𝜸′) search in 𝑱/𝝍 → 𝜼(′)𝒆^𝒆_
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1.8×10_x ~ 2.0 ×10_y

6.0×10_x ~ 7.8 ×10_y

3.4×10_{ ~ 2.6 ×10_|

γ"

PRD 99, 012013 (2019)

PRD 99, 012006 (2019)

#NPG Summary

BAM-266: BR measurement and DP Search in 
Jpsi ->eta ee By V. Prasad et al
p SPA since 2018/1/29

BAM-241: Study of J/psi->eta' e+e- and search 
for DP By Fengyun Li et al

p SPA since 2018/1/2

γ"
Angle distribution

! θ is the angle between q⃗ and beam.
! θ also is the angle between the momentum of pseudoscalar and beam.
! The angle distribution is independent on the form factor.
! The figure shows such distribution, where J/Ψ → ηe+e−

! Form factor: fVP(q2) = 1
1−q2/m2

pole

! mpole = 3.686 GeV
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11/ 13 Polarization of J/Ψ poses effect on the analysis of J/Ψ → Pl+l−

After detector reconstruction,  angular distribution of   𝐽/𝜓 → 𝜂′𝑒+𝑒−, 𝜂′ → 𝛾𝜋+𝜋−
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Figure 90: The plots of cos θη distribution (top), electron helicity angle distribution (middle) and me+e−

distribution (bottom) for data (black dot with error bars), new signal MC (blue), old signal MC (red), MC

sample of J/ψ → γη (cyan), η sideband data (green) and combined data (cyan). The left plots are shown

in the linear scale and right plots in the log scale. The combined data don’t include the contribution of the

old signal MC sample.

91

Both BR results are updated with new signal MC; DP search parts are not affected
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Figure 1: Leptonic invariant mass distributions mµ+µ− and me+e− after applying the selection requirements. Shown is data
(points) and MC simulation (shaded area), which is scaled to the luminosity of the data set. The marked area around the J/ψ
resonance is excluded in the analysis. The lower panel shows the ratio of data and MC simulation (points) and the ratio of fit
curve and MC simulation (histogram).

is the degree of freedom. To suppress non-ISR
background, the angle of the missing photon, θγ ,
predicted by the 1C kinematic fit, is required to
be smaller than 0.1 radians or greater than π − 0.1
radians. We apply stronger requirements for the
e+e−γISR final state, to provide a better suppres-
sion of the non-ISR background which is higher in
the e+e− channel compared to the µ+µ− channel.
In this case, χ2

1C/(dof=1) < 5, and θγ < 0.05 radi-
ans, or θγ > π − 0.05 radians.

Background in addition to the radiative QED
processes µ+µ−γISR and e+e−γISR, which is irre-
ducible, is studied with MC simulations and is
negligible for the e+e−γISR final state, and on
the order of 3% for µ+µ− invariant masses below
2 GeV/c2 due to muon misidentification, and neg-
ligible above. This remaining background comes
mostly from π+π−γISR events. We subtract their
contribution using a MC sample, produced with
the phokhara generator. The subtraction of this
background leads to a systematic uncertainty due
to the generator precision smaller than 0.5%.

The µ+µ− and e+e− invariant mass distribu-
tions, mµ+µ− and me+e− , which are shown sepa-
rately in Fig. 1, are mainly dominated by the QED
background but could contain the signal sitting on
top of these irreducible events. For comparison with
data, MC simulation, scaled to the luminosity of
data, is shown, although it is not used in the search
for the dark photon. In this analysis, the dark pho-
ton mass range mγ′ between 1.5 and 3.4 GeV/c2

is studied. Below 1.5 GeV/c2 the π+π−γISR cross

section with muon misidentification dominates the
mµ+µ− spectrum. Above 3.4 GeV/c2 the hadronic
qq̄ process can not be suppressed sufficiently by the
χ2
1C requirement. In order to search for narrow

structures on top of the QED background, 4th or-
der polynomial functions to describe the continuum
QED are fitted to the data distributions shown in
Fig. 1. The mass range around the narrow J/ψ res-
onance between 2.95 and 3.2 GeV/c2 is excluded.

The differences between the µ+µ−γISR and
e+e−γISR event yields and their respective 4th order
polynomials are added. The combined differences
are represented by the black dots in Fig. 2. A dark
photon candidate would appear as a peak in this
plot. The observed statistical significances are less
than 3σ everywhere in the explored region. The
significance in each invariant mass bin is defined as
the combined differences between data and the 4th
order polynomials, divided by the combined statis-
tical errors of both final states. In conclusion, we
observe no dark photon signal for 1.5 GeV/c2 <mγ′

< 3.4 GeV/c2, where mγ′ is equal to the leptonic
invariant mass ml+l− . The exclusion limit at the
90% confidence level is determined with a profile
likelihood approach [23]. Also shown in Fig. 2 as
a function of ml+l− is the bin-by-bin calculated ex-
clusion limit, including the systematic uncertainties
as explained below.
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Figure 1: Leptonic invariant mass distributions mµ+µ− and me+e− after applying the selection requirements. Shown is data
(points) and MC simulation (shaded area), which is scaled to the luminosity of the data set. The marked area around the J/ψ
resonance is excluded in the analysis. The lower panel shows the ratio of data and MC simulation (points) and the ratio of fit
curve and MC simulation (histogram).

is the degree of freedom. To suppress non-ISR
background, the angle of the missing photon, θγ ,
predicted by the 1C kinematic fit, is required to
be smaller than 0.1 radians or greater than π − 0.1
radians. We apply stronger requirements for the
e+e−γISR final state, to provide a better suppres-
sion of the non-ISR background which is higher in
the e+e− channel compared to the µ+µ− channel.
In this case, χ2

1C/(dof=1) < 5, and θγ < 0.05 radi-
ans, or θγ > π − 0.05 radians.

Background in addition to the radiative QED
processes µ+µ−γISR and e+e−γISR, which is irre-
ducible, is studied with MC simulations and is
negligible for the e+e−γISR final state, and on
the order of 3% for µ+µ− invariant masses below
2 GeV/c2 due to muon misidentification, and neg-
ligible above. This remaining background comes
mostly from π+π−γISR events. We subtract their
contribution using a MC sample, produced with
the phokhara generator. The subtraction of this
background leads to a systematic uncertainty due
to the generator precision smaller than 0.5%.

The µ+µ− and e+e− invariant mass distribu-
tions, mµ+µ− and me+e− , which are shown sepa-
rately in Fig. 1, are mainly dominated by the QED
background but could contain the signal sitting on
top of these irreducible events. For comparison with
data, MC simulation, scaled to the luminosity of
data, is shown, although it is not used in the search
for the dark photon. In this analysis, the dark pho-
ton mass range mγ′ between 1.5 and 3.4 GeV/c2

is studied. Below 1.5 GeV/c2 the π+π−γISR cross

section with muon misidentification dominates the
mµ+µ− spectrum. Above 3.4 GeV/c2 the hadronic
qq̄ process can not be suppressed sufficiently by the
χ2
1C requirement. In order to search for narrow

structures on top of the QED background, 4th or-
der polynomial functions to describe the continuum
QED are fitted to the data distributions shown in
Fig. 1. The mass range around the narrow J/ψ res-
onance between 2.95 and 3.2 GeV/c2 is excluded.

The differences between the µ+µ−γISR and
e+e−γISR event yields and their respective 4th order
polynomials are added. The combined differences
are represented by the black dots in Fig. 2. A dark
photon candidate would appear as a peak in this
plot. The observed statistical significances are less
than 3σ everywhere in the explored region. The
significance in each invariant mass bin is defined as
the combined differences between data and the 4th
order polynomials, divided by the combined statis-
tical errors of both final states. In conclusion, we
observe no dark photon signal for 1.5 GeV/c2 <mγ′

< 3.4 GeV/c2, where mγ′ is equal to the leptonic
invariant mass ml+l− . The exclusion limit at the
90% confidence level is determined with a profile
likelihood approach [23]. Also shown in Fig. 2 as
a function of ml+l− is the bin-by-bin calculated ex-
clusion limit, including the systematic uncertainties
as explained below.
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PHOKHARA BABAYAGA

Cover mass region: 1.5 GeV/c 2 ~ 3.4 GeV/c
p <1.5 GeV/c 2 : π+π- background dominates
p >3.4 GeV/c 2 : hadronic qq-bar process

2.9fb-1 psi(3773) dataset(2010+2011)

Phy. Lett. B 774, 252(2017)

Figure 2: The sum of the differences between the µ+µ−γISR
and e+e−γISR event yields and their respective 4th order
polynomials (dots with error bars). The red solid histogram
represents the exclusion limit with the 90% confidence, cal-
culated with a profile likelihood approach and including the
systematic uncertainty. The region around the J/ψ reso-
nance between 2.95 and 3.2 GeV/c2 is excluded.

To calculate the exclusion limit on the mixing
parameter ε2, the formula from Ref. [4] is used

σi(e+e− → γ′ γISR → l+l−γISR)

σi(e+e− → γ∗ γISR → l+l−γISR)
=

Nup
i (e+e− → γ′ γISR → l+l−γISR)

NB
i (e+e− → γ∗ γISR → l+l−γISR)

· 1
ϵ
=

3π · ε2 ·mγ′

2N l+l−
f α · δl+l−

m

, (1)

where i represents the i-th mass bin, α is the
electromagnetic fine structure constant, mγ′ the

dark photon mass, γ∗ the SM photon, and δl
+l−
m

(l = µ, e) the bin width of the lepton pair invari-
ant mass spectrum, 10 MeV/c2. The mass reso-
lution of the lepton pairs determined with MC for
e+e− and µ+µ− is between 5 and 12 MeV/c2. The
cross section ratio upper limit in Eq. 1 is deter-
mined from the exclusion upper limit (Nup) cor-
rected by the efficiency loss (ϵ) due to the bin
width divided by the number of µ+µ−γISR and
e+e−γISR events (NB) corrected as described be-
low. The efficiency loss caused by the incom-
pleteness of signal events in one bin is calcu-

lated with
! 5 MeV/c2

−5 MeV/c2 G(0,σ) dm/
!∞
−∞ G(0,σ) dm,

where G(0,σ) is the Gaussion function used to de-
scribe the mass resolution.

The QED cross section σi(e+e− → γ∗ γISR →
l+l−γISR) must only take into account annihila-
tion processes of the initial e+e− beam particles,
where a dark photon could be produced. Thus, the

event yield of the e+e−γ final state has to be cor-
rected due to the existence of SM Bhabha scatter-
ing. This correction is obtained in bins of me+e−

by dividing the e+e− annihilation events only by
the sum of events of the annihilation and Bhabha
scattering processes. The first is generated with
the phokhara event generator by generating the
µ+µ−γ final state and replacing the muon mass
with the electron mass. The latter is generated
with the babayaga@nlo generator [24]. The cor-
rection factor varies between 2% and 8% depending
on me+e− .

The number of final states for the dark photon
N l+l−

f includes the phase space above the l+l− pro-
duction threshold of the leptons l = µ, e, and is
given by N l+l−

f = Γtot/Γll [25], where Γll ≡ Γ(γ′ →
l+l−) is the leptonic γ′ width and Γtot is the total
γ′ width. These widths are taken from Ref. [25]

Γll =
αε2

3m2
γ′
(m2

γ′ + 2m2
l )
"
m2

γ′ − 4m2
l (2)

Γtot = Γee + Γµµ · (1 +R(
√
s)) , (3)

where Γee ≡ Γ(γ′ → e+e−), Γµµ ≡ Γ(γ′ → µ+µ−),
and R(

√
s) is the total hadronic cross section R

value [26] as a function of
√
s.

The systematic uncertainties are included in
the calculation of the exclusion limit. The main
source is the uncertainty of the R value taken from
Ref. [26], which enters the calculation of the N l+l−

f
and leads to a mass dependent systematic un-
certainty between 3.0 and 6.0%. Other sources
are background subtraction as described above
(< 0.5%), the fitting error of the polynomial fit
to data (< 1%), the Bhabha scattering correction
factor using the phokhara and babayaga@nlo
event generator (< 1%), and data-MC differences of
the leptonic mass resolution. To quantify the latter
one, we study the data-MC resolution difference of
the J/ψ resonance for the µ+µ− and e+e− decays,
separately. The resonance is fitted with a double
Gaussian function in data and MC simulation, and
the width difference is (3.7 ± 1.8)% for µ+µ− and
(0.7 ± 5.3)% for e+e−. The differences are taken
into consideration in the calculations, and the un-
certainty in the differences (1%) is taken as the
systematic uncertainty of the data-MC differences.
The mass dependent total systematic uncertainty,
which varies from 3.5 to 6.5 % depending on mass,
is used bin-by-bin in the upper limit.
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Figure 2: The sum of the differences between the µ+µ−γISR
and e+e−γISR event yields and their respective 4th order
polynomials (dots with error bars). The red solid histogram
represents the exclusion limit with the 90% confidence, cal-
culated with a profile likelihood approach and including the
systematic uncertainty. The region around the J/ψ reso-
nance between 2.95 and 3.2 GeV/c2 is excluded.
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lution of the lepton pairs determined with MC for
e+e− and µ+µ− is between 5 and 12 MeV/c2. The
cross section ratio upper limit in Eq. 1 is deter-
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rected by the efficiency loss (ϵ) due to the bin
width divided by the number of µ+µ−γISR and
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l+l−γISR) must only take into account annihila-
tion processes of the initial e+e− beam particles,
where a dark photon could be produced. Thus, the

event yield of the e+e−γ final state has to be cor-
rected due to the existence of SM Bhabha scatter-
ing. This correction is obtained in bins of me+e−

by dividing the e+e− annihilation events only by
the sum of events of the annihilation and Bhabha
scattering processes. The first is generated with
the phokhara event generator by generating the
µ+µ−γ final state and replacing the muon mass
with the electron mass. The latter is generated
with the babayaga@nlo generator [24]. The cor-
rection factor varies between 2% and 8% depending
on me+e− .

The number of final states for the dark photon
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f includes the phase space above the l+l− pro-
duction threshold of the leptons l = µ, e, and is
given by N l+l−
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source is the uncertainty of the R value taken from
Ref. [26], which enters the calculation of the N l+l−
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and leads to a mass dependent systematic un-
certainty between 3.0 and 6.0%. Other sources
are background subtraction as described above
(< 0.5%), the fitting error of the polynomial fit
to data (< 1%), the Bhabha scattering correction
factor using the phokhara and babayaga@nlo
event generator (< 1%), and data-MC differences of
the leptonic mass resolution. To quantify the latter
one, we study the data-MC resolution difference of
the J/ψ resonance for the µ+µ− and e+e− decays,
separately. The resonance is fitted with a double
Gaussian function in data and MC simulation, and
the width difference is (3.7 ± 1.8)% for µ+µ− and
(0.7 ± 5.3)% for e+e−. The differences are taken
into consideration in the calculations, and the un-
certainty in the differences (1%) is taken as the
systematic uncertainty of the data-MC differences.
The mass dependent total systematic uncertainty,
which varies from 3.5 to 6.5 % depending on mass,
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Figure 2: The sum of the differences between the µ+µ−γISR
and e+e−γISR event yields and their respective 4th order
polynomials (dots with error bars). The red solid histogram
represents the exclusion limit with the 90% confidence, cal-
culated with a profile likelihood approach and including the
systematic uncertainty. The region around the J/ψ reso-
nance between 2.95 and 3.2 GeV/c2 is excluded.

To calculate the exclusion limit on the mixing
parameter ε2, the formula from Ref. [4] is used
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where i represents the i-th mass bin, α is the
electromagnetic fine structure constant, mγ′ the

dark photon mass, γ∗ the SM photon, and δl
+l−
m

(l = µ, e) the bin width of the lepton pair invari-
ant mass spectrum, 10 MeV/c2. The mass reso-
lution of the lepton pairs determined with MC for
e+e− and µ+µ− is between 5 and 12 MeV/c2. The
cross section ratio upper limit in Eq. 1 is deter-
mined from the exclusion upper limit (Nup) cor-
rected by the efficiency loss (ϵ) due to the bin
width divided by the number of µ+µ−γISR and
e+e−γISR events (NB) corrected as described be-
low. The efficiency loss caused by the incom-
pleteness of signal events in one bin is calcu-

lated with
! 5 MeV/c2

−5 MeV/c2 G(0,σ) dm/
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−∞ G(0,σ) dm,

where G(0,σ) is the Gaussion function used to de-
scribe the mass resolution.

The QED cross section σi(e+e− → γ∗ γISR →
l+l−γISR) must only take into account annihila-
tion processes of the initial e+e− beam particles,
where a dark photon could be produced. Thus, the

event yield of the e+e−γ final state has to be cor-
rected due to the existence of SM Bhabha scatter-
ing. This correction is obtained in bins of me+e−

by dividing the e+e− annihilation events only by
the sum of events of the annihilation and Bhabha
scattering processes. The first is generated with
the phokhara event generator by generating the
µ+µ−γ final state and replacing the muon mass
with the electron mass. The latter is generated
with the babayaga@nlo generator [24]. The cor-
rection factor varies between 2% and 8% depending
on me+e− .

The number of final states for the dark photon
N l+l−

f includes the phase space above the l+l− pro-
duction threshold of the leptons l = µ, e, and is
given by N l+l−

f = Γtot/Γll [25], where Γll ≡ Γ(γ′ →
l+l−) is the leptonic γ′ width and Γtot is the total
γ′ width. These widths are taken from Ref. [25]

Γll =
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where Γee ≡ Γ(γ′ → e+e−), Γµµ ≡ Γ(γ′ → µ+µ−),
and R(

√
s) is the total hadronic cross section R

value [26] as a function of
√
s.

The systematic uncertainties are included in
the calculation of the exclusion limit. The main
source is the uncertainty of the R value taken from
Ref. [26], which enters the calculation of the N l+l−

f
and leads to a mass dependent systematic un-
certainty between 3.0 and 6.0%. Other sources
are background subtraction as described above
(< 0.5%), the fitting error of the polynomial fit
to data (< 1%), the Bhabha scattering correction
factor using the phokhara and babayaga@nlo
event generator (< 1%), and data-MC differences of
the leptonic mass resolution. To quantify the latter
one, we study the data-MC resolution difference of
the J/ψ resonance for the µ+µ− and e+e− decays,
separately. The resonance is fitted with a double
Gaussian function in data and MC simulation, and
the width difference is (3.7 ± 1.8)% for µ+µ− and
(0.7 ± 5.3)% for e+e−. The differences are taken
into consideration in the calculations, and the un-
certainty in the differences (1%) is taken as the
systematic uncertainty of the data-MC differences.
The mass dependent total systematic uncertainty,
which varies from 3.5 to 6.5 % depending on mass,
is used bin-by-bin in the upper limit.
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Search for narrow structure on top of the continuum QED background 

Mass spectrum of mumu and ee
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Motivation
Ø The high intensity e+e- collider experiments have already placed a strong exclusion limits on the invisible 

decays of several quorkonium states. 
PRL 103, 251801 (2009), PRD 87, 012009 (2013)

Ø But, the invisible decays of ϕ and ω mesons are 
not yet experimentally explored.

Theoretical branching fractions:

Ø BESIII has placed a strong exclusion limits on the invisible decays of η(') mesons using 225 million J/ψ 
events in J/ψ→ϕη(') decay.

Ø Perform the search for invisible decays of ϕ and ω mesons in J/ψ→ω/ϕη decays using 1310.6 million 
J/ψ events collected by BESIII experiment. 

PRD 87, 012009 (2013)
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spectively. The MV
recoil distribution of the event candi-

dates for the data range [0.40, 1.35] GeV/c2 is shown
in Fig. 1. The expected distributions for ω and φ in-
visible decay signals by MC simulation are also depicted
in the plot. Detailed studies of the inclusive J/ψ de-
cay sample indicate that the non-peaking backgrounds
are dominated by processes with non-η mesons in the fi-
nal state, which can be evaluated with the normalized
events in the η mass sideband regions, as shown by a
cyan histogram in Fig. 1. The non-peaking background
from J/ψ → γη, which has a large branching fraction,
is evaluated to be 1.8 events with negligible uncertain-
ties by using an exclusive MC sample normalized accord-
ing to the branching fractions quoted in the PDG [21],
and is ignored in the following analysis. The possible
peaking background is from the decay J/ψ → V η with
the V meson decaying visibly. The numbers of peak-
ing backgrounds are evaluated to be 0.1 for J/ψ → ωη
and 2.0 for J/ψ → φη with negligible uncertainty using
the simulated MC samples normalized according to the
measured branching fractions of J/ψ → V η described in
Sec. IVB and IVC, respectively, and the corresponding
distributions are presented in Fig. 1. The backgrounds
from other sources are negligible.
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FIG. 1. (Color online) Invariant mass recoiling against the
selected η candidate (MV

recoil) for data (black dot points with
error bars), signal MC samples (pink and black histograms
for ω and φ, respectively) and various expected backgrounds
shown as different colored histograms.

An extended maximum likelihood (ML) fit to the
MV

recoil distribution is performed to obtain the signal yield
(Nsig). The probability density function (PDF) of the V
meson invisible decay signal and peaking background is
described by their MC simulated shapes, while that of the
non-peaking background is represented by an increasing
exponential function. In the fit, the number of peaking
background events is fixed, while the parameters of the
non-peaking background PDF and the yields for signal
and non-peaking background events are free parameters
in the fit. The ML fit yields Nsig = 1.4 ± 3.6 events
for the ω → invisible decay and Nsig = −0.6 ± 4.5 for
the φ → invisible decay, respectively. The obtained Nsig

events for both decay modes are consistent with zero, and

no evidence of invisible decays of ω and φ mesons is ob-
served. The fitted MV

recoil are shown in Fig. 2. The cor-
responding signal detection efficiencies, estimated with
the MC simulation, are 20.5% and 21.3% for ω and φ
invisible decays, respectively.
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FIG. 2. (Color online) Fit to the MV
recoil distribution for ω

(top) and φ (bottom) signals. The data are shown by the dots
with error bars, the non-peaking background by the green
dashed curve, the peaking background by the cyan dashed
curve, the signal by the red dashed curve. and the total fit
by the blue solid curve.

B. The visible decay mode ω → π+π−π0

The candidate events of J/ψ → ωη with subsequent
decays ω → π+π−π0 and η → π+π−π0 are required to
have four charged tracks with net charge zero and at least
two independent π0 candidates without sharing the same
photon. The four charged tracks are assumed to be pions
and required to originate from a common vertex by per-
forming a vertex fit. For an event with multiple π0π0 pair
candidates, the one with the least value of ptot is selected,
where ptot is the total momentum of the 2(π+π−π0) can-
didates. The total energy (Etot) of the selected candidate
is also required to satisfy Etot > 2.95 GeV. For a selected
2(π+π−π0) final state, the combinations of π+π−π0 for
ω and η signals are determined by

χ2
ωη =

(Mω
π+π−π0 −Mω)2

σ2
ω

+
(Mη

π+π−π0 −Mη)2

σ2
η

, (2)
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TABLE I. Systematic uncertainties and their sources.

Source ω decays φ decays

Additive systematic uncertainties (events)

Fixed PDFs 0.1 0.1
Background modelling 1.6 1.0
Total 1.6 1.0

Multiplicative systematic uncertainties (%)

Charged tracks reconstruction 2.0 2.0
Photon detection 2.0 —
EExtra

γ requirement 1.1 1.1
π0 reconstrunction 1.0 —
Etot requirement 2.1 1.0
Fit parameters (visible decays) 0.3 negl.
B(ω → π+π−π0/φ → K+K−) 0.8 1.0
Nvisible

sig uncertainty 1.0 1.0
Total 4.0 2.9

obtained signal yields and the corresponding detection
efficiencies for the visible and invisible decays as pre-
sented above. The systematic uncertainty is included
by convolving the likelihood versus the branching frac-
tion ratio curve with a Gaussian function with a width
equal to the systematic uncertainty. The upper lim-
its on the branching fraction ratios are measured to be
B(ω→invisible)
B(ω→π+π−π0) < 8.1×10−5 and B(φ→invisible)

B(φ→K+K−) < 3.4×10−4

for ω and φmesons, respectively, at the 90% C.L. after in-
tegrating their likelihood versus branching fraction ratio
curves from zero to 90% of the total curve. By using the
branching fractions of ω → π+π−π0 and φ → K+K−

quoted in the PDG [21], the upper limits on the in-
visible decay branching fractions at the 90% C.L. are
calculated to be B(ω → invisible) < 7.3 × 10−5 and
B(φ→ invisible) < 1.7× 10−4, individually.

VII. SUMMARY

Using a data sample of (1310.6±7.0)×106 J/ψ events
collected by the BESIII experiment at the BEPCII col-
lider, a search for the invisible decays of ω and φ mesons
in J/ψ → V η decays is performed for the first time.
We find no significant signal for these invisible decays

and set 90% C.L. upper limits on the ratio of branch-
ing fractions of invisible decays to that of the corre-
sponding visible decays to be B(ω→invisible)

B(ω→π+π−π0) < 8.1× 10−5

and B(φ→invisible)
B(φ→K+K−) < 3.4 × 10−4, respectively. The up-

per limits on the branching fractions B(ω → invisible)
and B(φ → invisible) are also determined to be less
than 7.3× 10−5 and 1.7× 10−4, respectively, at the 90%
C.L. by using B(ω → π+π−π0) and B(φ → K+K−)
from the PDG [21]. These results can provide a comple-
mentary information to study the nature of dark matter
and constrain the parameters of phenomenological mod-
els [15, 16].
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branching fractions of ω → π+π−π0 and φ → K+K−

quoted in the PDG [21], the upper limits on the in-
visible decay branching fractions at the 90% C.L. are
calculated to be B(ω → invisible) < 7.3 × 10−5 and
B(φ→ invisible) < 1.7× 10−4, individually.

VII. SUMMARY

Using a data sample of (1310.6±7.0)×106 J/ψ events
collected by the BESIII experiment at the BEPCII col-
lider, a search for the invisible decays of ω and φ mesons
in J/ψ → V η decays is performed for the first time.
We find no significant signal for these invisible decays

and set 90% C.L. upper limits on the ratio of branch-
ing fractions of invisible decays to that of the corre-
sponding visible decays to be B(ω→invisible)

B(ω→π+π−π0) < 8.1× 10−5

and B(φ→invisible)
B(φ→K+K−) < 3.4 × 10−4, respectively. The up-

per limits on the branching fractions B(ω → invisible)
and B(φ → invisible) are also determined to be less
than 7.3× 10−5 and 1.7× 10−4, respectively, at the 90%
C.L. by using B(ω → π+π−π0) and B(φ → K+K−)
from the PDG [21]. These results can provide a comple-
mentary information to study the nature of dark matter
and constrain the parameters of phenomenological mod-
els [15, 16].
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momentum in the φ rest frame. As we wish to apply cor-
rection factors obtained from D0 → φγ, which contains
one photon, to the signal channel with two photons in the
final state, we shift the MC M(γγ) mean value by twice
its correction and multiply the width by the square of
the corresponding correction factor. On the other hand,
the ∆M resolution is dominated by the momentum mea-
surement of π+

s , for which there is no difference between
the signal and control channel. Therefore, the ∆M cor-
rections are applied without any change.
To calibrate the peaking background shape in M(γγ),

we compare data and MC distributions in a sample of
D0 → π0π0 that is partially reconstructed using the
higher-energy photons from each π0 decay. The ∆M
correction factors are obtained using a sample of can-
didates in data and MC events for the forbidden decay
D0 → K0

S
γ, where the selected candidates are mostly due

to partially reconstructed D0 → K0
S
π0 decays.

We apply the fit to simulated MC samples and obtain
yields for the three event categories that are consistent
with their input values. Furthermore, we check the sta-
bility and error coverage of the fit by applying it to an
ensemble of pseudo-experiments where events are drawn
from the PDF shapes for all three event categories as
described above. The exercise is repeated for various
possible signal yields ranging from 0 to 100. We find a
negligible bias on the fitted signal yield and the latter
consistent with the input value within uncertainties.
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FIG. 1. Projections of candidate events onto the M(γγ) (left)
and ∆M (right) distributions, applying a signal-region crite-
rion on the other variable. Points with error bars are the
data, blue solid curves are the results of the fit, blue dot-
ted curves represent the combinatorial background, magenta
dashed curves are the peaking background, and red filled his-
tograms show the signal component.

Applying the 2D fit described above to the 3148 candi-
date events, we find 4±15 signal, 210±32 peaking back-
ground and 2934± 59 combinatorial background events.
Figure 1 shows the results of the fit. In the absence of a
statistically significant signal, we derive an upper limit at
90% CL on the signal yield (N90%

UL ) following a frequentist
method [18] using an ensemble of pseudo-experiments.
For a given signal yield, we generate 5000 sets of sig-

nal and background events according to their PDFs, and
perform the fit. The CL is obtained by calculating the
fraction of samples that gives a fit yield larger than that
observed in data (4 events). The systematic uncertainty
(described below) is accounted for in the limit calcula-
tion by smearing the fit yield. We obtain N90%

UL to be 25
events.
As this is a relative measurement, most of the sys-

tematic uncertainties common between the signal and
normalization channels cancel. However, some resid-
ual systematics remain. We estimate their contributions
by varying the selection criteria that do not necessar-
ily factor out. These include Eγ2, AE , and P(π0). For
Eγ2 we estimate N/ε with and without any requirement
on the photon energy in the D0 → φγ control sam-
ple. The change with respect to the nominal value is
taken as the corresponding systematic error. The un-
certainty due to the P(π0) requirement is calculated in
the same control sample by comparing the nominal yield
with the one obtained with a substantially relaxed cri-
terion [P(π0) < 0.7]. We double the above systematic
uncertainties, as our signal has two photons. Since we
do not have a proper control sample for AE , we fit to
the data without this requirement and take the resulting
change in the upper limit as the systematic error.
Another source of systematics is due to the calibration

factors applied to MC-determined PDF shapes for the
fit to data. In case of signal, we repeat the fit by vary-
ing the PDF shapes in accordance with the uncertainties
obtained in the D0 → φγ control channel and take the
change in the signal yield as the systematic error. To
estimate the PDF shape uncertainty due to the peak-
ing background, similar exercises are also performed by
changing the corresponding calibration factors by ±1σ.
Finally, there is a systematic uncertainty in the effi-

ciencies for photon detection, K0
S
, and π0 reconstruc-

tion. The systematic error due to photon detection is
about 2.2% for Eγ = 1GeV [19]. With two energetic
photons in the signal final state, we assign a 4.4% uncer-
tainty. The uncertainty associated with K0

S
reconstruc-

tion is estimated with a sample of D∗+ → D0π+
s , D

0 →
K0

S
(π+π−)π+π− decays and is 0.7%. We obtain the sys-

tematic error due to π0 reconstruction (4.0%) by com-
paring data–MC differences of the yield ratio between
η → π0π0π0 and η → π+π−π0. The last error is that
on the branching fraction of the normalization channel
D0 → K0

S
π0 [13]. Table I summarizes all systematic

sources along with their contributions.
The 2D fit is then applied to the normalization channel

of D0 → K0
S
π0, using the same signal and background

models as for D0 → γγ. All signal shape parameters are
floated during the fit. We find a signal yield of 343 050±
673 events. Using the above information in Eq. (1), we
obtain a 90% CL upper limit on the branching fraction
of B(D0 → γγ) < 8.5× 10−7. In Fig. 2, we compare our
upper limit with those obtained by CLEO, BESIII and

PhysRevD(2016).93.051102

use a Crystal Ball Line function (CBL) [22] plus a
Gaussian, and in the ΔEγγ dimension, we use a second-
order exponential polynomial:

YðΔEγγÞ ¼ N × e−ðc1·ΔE
γγþc2·ðΔEγγÞ2Þ:

In our nominal fitting procedure, we fix the following
parameters based on MC: the power-law tail parameters of
theCBL, the coefficients (c1 and c2) of the above exponential
polynomial, and the mean and the width of the Gaussian
function. The normalization for the background from all
other D0D̄0 decays is left free in the fit, as are the mean and
width of the CBL and the ratio of the areas of the CBL and
Gaussian functions. Table I lists theDT signal-reconstruction
efficiencies for each of the five tag modes.

As a test to validate the fitting procedure, we fit to
10,000 sets of pseudo-data (toy MC samples) generated
by randomly distributing points based on our generic
MC samples while taking into account the Poisson
distribution with input D0 → γγ branching fractions of
ð0; 5; 10Þ × 10−6. The average branching fractions mea-
sured with these samples are ð0.3% 1.2; 5.0% 2.4;
10.0% 3.1Þ × 10−6, respectively, where the quoted uncer-
tainties are the root-mean-squares of the distributions.
Figure 2 shows projections of the fit to the DT data

sample onto ΔEγγ (top) and ΔEtag (bottom). We also
overlay background distributions predicted by the MC
simulations. The fit yields Ntag;γγ ¼ ð−1.0þ3.7

−2.3Þ, demon-
strating that there is no signal forD0 → γγ in our data. This
corresponds to BðD0 → γγÞ ¼ ð−0.6þ2.0

−1.3Þ × 10−6 where
the uncertainties are statistical only.

IV. SIZE OF D0 → π0π0 BACKGROUND

To estimate the contribution of background from D0 →
π0π0 events to our selection, we make a second DT
measurement with the same sample used in searching
for D0 → γγ. Within these tagged events, we reconstruct
D0 → π0π0 with the π0 candidates that are not used in
reconstructing the tag modes. The selection criteria for
these π0 candidates are the same as those used in recon-
structing the tags. We select the pair of π0 s that gives the
smallest jΔEπ0π0 j and extract the DT yield by fitting to
Mπ0π0

BC , while requiring −0.070 < ΔEπ0π0 < þ0.075 GeV.
In this fit, a double-Gaussian function is used to represent
theMπ0π0

BC shape for theD0 → π0π0 decays, while theD0D̄0

MC shape describes the background.
Figure 3 shows the fit to the Mπ0π0

BC distribution in
1.840 < Mπ0π0

BC < 1.886 GeV=c2, which yields Nobs
π0π0 ¼

1036% 35 events for D0 → π0π0. Thus the yield in our
data sample of D0 → π0π0 with a D̄0 decaying into one of
the five tag modes isNproduced

π0π0
¼ Nobs

π0π0=ϵ
π0π0
DT , where ϵπ

0π0
DT ¼

6.08% is the DT efficiency for D0 → π0π0 as determined
with MC. The expected π0π0 contribution to our γγ
candidates can be then obtained as

Nexpected
π0π0

¼ Nproduced
π0π0

× ϵγγ
π0π0

¼ Nobs
π0π0

ϵγγ
π0π0

ϵπ
0π0

DT

where ϵγγ
π0π0

¼ 0.11% is the efficiency for D0 → π0π0 to be

counted as D0 → γγ. The efficiencies ϵγγ
π0π0

and ϵπ
0π0

DT
include the reconstruction efficiencies for the tag sides
as well as the branching fractions, although these cancel in
the ratio.
We consider the following sources of systematic uncer-

tainty in determining the D0 → π0π0 contamination: π0

reconstruction (1.5%), photon reconstruction (2.0%), bin-
ning of Mπ0π0

BC (0.1%), fit range (0.1%), background shape
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FIG. 2 (color online). Fit to the DT sample in data (points),
projected onto ΔEγγ (a) and ΔEtag (b). The dashed lines show the
overall fits, while the dotted histograms represent the estimated
background contribution from D0 → π0π0. The solid line super-
imposed on the ΔEγγ projection indicates the expected signal for
BðD0 → γγÞ ¼ 10 × 10−6. Also overlaid are the overall MC-
estimated backgrounds (gray shaded histograms) and the back-
ground component from non-DD̄ processes (diagonally hatched
histograms).
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BABAR as well as with the c → uγ branching fractions
expected in the SM and MSSM [5].

TABLE I. Summary of systematic uncertainties for D0
→ γγ.

Source Contribution
Cut variation ±6.8%
PDF shape +4.0

−2.4 events
Photon detection ±4.4%
K0

S reconstruction ±0.7%
π0 identification ±4.0%
B(D0

→ K0
Sπ

0) ±3.3%

)γ
 u

→
B(

c

-1010

-810

-610

-410

)γγ→0Upper limit on B(D

SM

M
SS

M

FIG. 2. Ranges of the c → uγ branching fraction predicted in
the SM and MSSM [5] are compared with our obtained upper
limit on B(D0

→ γγ), shown by the purple solid line. The
limits from BABAR [8], BESIII [9], and CLEO [7] are indicated
by the green dotted, red long-dashed, and black dashed lines,
respectively.

In summary, we search for the rare decay D0 → γγ
using the full data sample recorded by the Belle experi-
ment at or above the Υ (4S) resonance. In the absence
of a statistically significant signal, a 90% CL upper
limit is set on its branching fraction of 8.5 × 10−7. Our
result constitutes the most restrictive limit on D0 → γγ
to date and can be used to constrain NP parameter
spaces. This FCNC decay will be probed further at the
next-generation Belle II experiment [20].
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(0.5%), signal shape (1.7%), and the ΔEπ0π0 requirement
(0.6%). Combining statistical and systematic uncertainties,
we estimate the number of D0 → π0π0 events among
the D0 → γγ candidates to be 18 events with a
relative uncertainty of 4.6%, spread across the ΔEγγ

fit range.

V. SYSTEMATIC UNCERTAINTIES
FOR D0 → γγ ANALYSIS

MC studies demonstrate that D-decay measurements
based on DT-to-ST ratios benefit from cancellation of most
of the systematic uncertainties of tag reconstruction. The
overall systematic uncertainty in our measurement is there-
fore dominated by other effects. The systematic uncertain-
ties that are independent of our signal-fitting procedure are
that associated with detection of the two photons, which is
estimated by studying the reconstruction efficiency of a
daughter photon from π0 decay in a DTD0 → K0

Sπ
0 sample

(2.0%); the signal-side Mγγ
BC requirement, which is esti-

mated from the ΔEπ0π0 distribution of the DT D0 → π0π0

sample and by observing the stability of the BðD0 → π0π0Þ
while varying the selected range of Mπ0π0

BC (3.1%). The
systematic uncertainties in ST yields (1.0%) are estimated
first for individual tag modes, and then combined in
quadrature with weights based on the observed tag yields
(Ni

tag). The sources for the uncertainties of ST yields we
consider are the choice of fit range, assumed signal para-
metrization, and the Mtag

BC signal window. Combined in
quadrature, these total 3.8%.
We also consider six possible sources of systematic

effects due to our fitting procedure. (i) Fits are redone
with all possible combinations of fitting ranges:

−ð0.12;0.10;0.08Þ<ΔEtag <þð0.08;0.10;0.12ÞGeV and
−ð0.30; 0.25; 0.20Þ < ΔEγγ < þð0.20; 0.25; 0.30Þ GeV.
(ii) The MC-based analytic form of the D0D̄0 background
shape (excluding the D0 → π0π0 contribution) is varied
by changing the input branching fractions for D0 →
π0η=ηη=K0

Lη=K
0
Lπ

0 by $1σPDG [17]. (iii) The flat non-
DD̄ background shape is replaced with a shape that is
linear in the ΔEγγ dimension. (iv) The fixed size of the
background from D0 → π0π0 is varied by $4.6%. (v) The
fixed shape of the background from D0 → π0π0 is studied
by comparing ΔE distributions of DT events from D0 →
π0π0=K0

Sπ
0=Kππ0 between data and MC simulations in

which we intentionally ignore the lower-energy photon
from each π0 decay to mimic our background. We conclude
that we do not need to assign additional systematic
uncertainty due to the assumed D0 → π0π0 background
shape in the fit, except to give an extra Gaussian smearing
of σ ¼ 5 MeV in theΔEtag dimension. (vi) The fixed signal
shape is studied based on the DT D0 → π0π0 sample in
which we study distributions of its ΔEtag and ΔEπ0π0 for
four cases by requiring that one of the two photons from
each of the two π0 to have at least 0.5, 0.6, 0.7, and 0.8 GeV
to mimic our signal photon energies. From all four cases,
we find that we need an extra Gaussian smearing of σ ¼
16 MeV and a shift by a factor of 1.0025 in the ΔEγγ

dimension as well as an extra smearing of σ ¼ 5 MeV in
the ΔEtag dimension.
Table II summarizes systematic uncertainties that are

independent of our fitting procedure, as well as systematic
variations that we consider to estimate uncertainties due to
the fitting procedure. In the next section, we describe how
we combine these systematic uncertainties into our
measurement.
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FIG. 3 (color online). Fit to the Mπ0π0
BC distribution in data

(points) for D0 → π0π0 DT candidates. The solid line is the total
fitted result, while the dotted and dashed lines are the background
and signal components of the fit, respectively. The diagonally
shaded histogram is the background determined with MC.

TABLE II. Systematic uncertainties and variations forD0 → γγ
analysis.

Uncertainties independent of fitting procedure

Source Relative uncertainty ð%Þ
Photon reconstruction 2.0
Mγγ

BC requirement 3.1
ST D0 yields 1.0
Total 3.8

Systematic variations due to fitting procedure

Source Variations

Fit range (GeV) $0.02 in Etag and $0.05 in Eγγ

D0 → π0π0 norm. $4.6%
D0 → π0π0 shape Smear in ΔEtag

D0D̄0 bkg shape ΔBinput½D0 → ðηπ0=ηη=K0
Lπ

0=K0
LηÞ'

Non-D0D̄0 bkg shape Flat vs Linear
Signal shape Smear in ΔEtag and ΔEγγ , shift in Eγγ

SEARCH FOR D0 → γγ AND … PHYSICAL REVIEW D 91, 112015 (2015)

112015-7

Detailed projection study is needed
to check what is the critical points
for DDbar sample size
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C-parity violation: 𝐽/𝜓 → 𝛾𝛾/𝛾𝜙
• In SM, C invariance is held in strong and electromagnetic (EM) interactions. Evidence for 

C violation in EM sector would immediately indicate physics beyond SM.

14

• 106M 𝜓(3686) data :  𝜓(3686) → 𝜋+𝜋−𝐽/𝜓, 𝐽/𝜓 → 𝛾𝛾/𝛾𝜙(𝐾+𝐾−)

𝐽/𝜓 → 𝛾𝛾

𝐽/𝜓 → 𝛾ϕ

Peaking backgroundPRD 90,092002(2014)

No peaking background
B( 𝐽/𝜓 → 𝛾𝛾) <  5× 10-6 CLEO: 

PRL 101, 101801 (2008)
B( 𝐽/𝜓 → 𝛾𝛾) < 2.7× 10−7

B( 𝐽/𝜓 → 𝛾𝜙) < 1.4× 10−6
• Improve a magnitude for 𝐽/𝜓 → 𝛾𝛾

• Unique report  for 𝐽/𝜓 → 𝛾𝜙

BESII: PRD76，117101（2007）
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Table 6.5: Current and future BESIII constraints on B(J/ ! `
1

`
2

).

`
1

`
2

µ⌧ e⌧ eµ

Current UL 2.0⇥ 10�6 8.3⇥ 10�6 1.6⇥ 10�7

BESIII projected(CC) 3.0⇥ 10�8 4.5⇥ 10�8 1.0⇥ 10�8

BESIII projected(MVA/ML) 1.5⇥ 10�8 2.5⇥ 10�8 6.0⇥ 10�9

of Wilson coe�cients and New Physics scale ⇤, both current and projected, can be found

in Table 6.6.

One way of increase sensitivity of J/ decays to CLFV operators is to consider ra-

diative lepton-flavor violating (RCLFV) transitions of J/ ’s. Addition of a photon to

the final state certainly reduces the number of the events available for studies of CLFV

decays. However, a dataset of J/ ’s accumulated by BESIII is huge, and it also makes it

possible for other operators in L
e↵

to contribute. Since the final state kinematics is less

constrained than in two-body decays, the constraints on Wilson coe�cients of e↵ective

Lagrangian would depend on a set of V ! � form factors that are not very well known

[55]. To place meaningful constraints on the Wilson coe�cients from non-resonance J/ 

RCLFV decays one would need to employ single-operator dominance hypothesis, i.e. as-

sume that only one operator contributes at a time. For the axial, scalar, and pseudoscalar

operators one has [55]

�A(J/ ! �`
1

`
2

) =
1
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The J/ ! �eµ channel is experimentally challenging, so we focus on J/ ! �µ⌧ and

J/ ! �e⌧ , where there is an ongoing analysis involving the current dataset. If MVA

is used, the e�ciency could be estimated to be about 35% for both channels. There is

no detailed projection study yet, but the sensitivity to branching fractions could at least

reach (1� 3)⇥ 10�8 or even better.

6.5.4 �c ! l
1

l
2

via photon tagging in  (2S) ! ��c, �⌘c

Similarly to probing operators with vector quantum numbers, as described in Sect. 6.5.3,

scalar and pseudoscalar operators in Eq. (6.16) can be probed in decays of scalar and pseu-

doscalar charmonia. A major problem encountered in doing so is related to the production

mechanism for those states. This problem could be alleviated by noting that branching

ratios for some radiative decays V ! �M(! `
1

`
2

) are rather large and could provide a

𝑱/𝝍 →e(µ) τ
𝑱/𝝍 →e µ
𝑱/𝝍 →γ e(µ) τ
𝝍(2s)→	γ e(µ) τ

𝑱/𝝍	->e + τ
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6.5.3 CLFV decays of J/ , (2S) ! l
1

l
2

, l
1

l
2

�

Experimental constraints on J/ ! `
1

`
2

branching fractions can be e↵ectively con-

verted to bounds on Wilson coe�cients of vector and tensor operators in Eq. (6.16). Those

Wilson coe�cients can then be related to model parameters of explicit realizations of pos-

sible UV completions of the e↵ective Lagrangian in Eq. (6.15). The examples of particular

new physics models include Z 0 scenarios [60], R-parity violating supersymmetric models

[61, 62, 63], and other approaches [64, 65].

The most general expression for the J/ (or any  (nS)) ! `
1

`
2

decay amplitude can

be written as

A(V ! `
1

`
2

) = u(p
1

, s
1

)


A`1`2

V �µ +B`1`2
V �µ�5

+
C`1`2

V

mV
(p

2

� p
1

)µ

+
iD`1`2

V

mV
(p

2

� p
1

)µ�5

�
v(p

2

, s
2

) ✏µ(p), (6.18)

where V = J/ or  (2S), and A`1`2
V , B`1`2

V , C`1`2
V , and D`1`2

V are dimensionless con-

stants which depend on the underlying Wilson coe�cients of the e↵ective Lagrangian

of Eq. (6.16) as well as on hadronic e↵ects associated with meson-to-vacuum matrix el-

ements or decay constants. Neglecting dipole and tensor operator contributions implies

that C`1`2
V = D`1`2

V = 0 [55]. We shall neglect them from now on. The amplitude of

Eq. (6.18) for the vector  states leads to the branching fraction, which is convenient to

represent in terms of the ratio

B( ! `
1

`
2

)

B( ! e+e�)
=

✓
mV (1� y2)

4⇡↵f Qq

◆
2 h��A`1`2

V

��2 +
��B`1`2

V

��2
i
. (6.19)

Here ↵ is the fine structure constant, Qc = 2/3 is the charge of the c-quark, we neglected

the mass of the lighter of the two leptons, and set y = m
2

/mV . The coe�cients A`1`2
V and

B`1`2
V depend on the initial state meson,

A`1`2
V =

fV mV

2⇤2

�
Ccc`1`2

V L + Ccc`1`2
V R

�
,

B`1`2
V = �fV mV

2⇤2

�
Ccc`1`2

V L � Ccc`1`2
V R

�
. (6.20)

The constraints on the Wilson coe�cients also depend on the meson decay constants,

h0|q�µq|V (p)i = fV mV ✏
µ(p) , (6.21)

where ✏µ(p) is the V -meson polarization vector, and p is its momentum [66]. The de-

cay constants are fJ/ = 418 ± 9 MeV and f (2S)

= 294 ± 5 MeV. They are known,

both experimentally from leptonic decays and theoretically from lattice or QCD sum rule

calculations.

Experimentally, there is an ongoing analysis based on 1.3B J/ data at moment. The

e�ciencies for both J/ ! µ⌧ and J/ ! e⌧ are around 14%. Based on the same analysis
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low energy theorems [59] or experimental data [56] constrain gluonic matrix elements

model-independently.

With this, P = ⌘c CLFV decays will be mainly sensitive to axial operator contributions

in L`q of Eq. (6.16),
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while scalar S = �c CLFV decays will uniquely probe scalar CLFV operators of Eq. (6.16),

E`1`2
S = iyfSmc

m2

SGF

2⇤2

�
Cccl1l2

SL + Cccl1l2
SR

�
,

F `1`2
S = yfSmc

m2

SGF

2⇤2

�
Cccl1l2

SL � Cccl1l2
SR

�
, (6.27)

where decay constants are f⌘c = (387 ± 7) MeV [66], and f�c ⇡ 887 MeV [67], for the

pseudoscalar and scalar states, respectively.

The resulting constraints on the combination of Wilson coe�cients and New Physics

scale ⇤, both current and projected, can be found in Table 6.6.

Table 6.6: Constraints on the Wilson coe�cients of four-fermion operators. Note that the

constraints on the right-handed couplings (L ! R) are the same. Also, “�” means that

no constraints are currently available, “FPS” means that the decay is forbidden by phase

space, and “n/a” means that BESIII sensitivity studies are yet to be performed.

Leptons Constraints

Wilson coe↵ (GeV �2) `
1

`
2

Current Projected

µ⌧ 5.5⇥ 10�5 [5.0, 7.1]⇥ 10�6

��Ccc`1`2
V L /⇤2

�� e⌧ 1.1⇥ 10�4 [6.5, 8.7]⇥ 10�6

eµ 1.0⇥ 10�5 [2.8, 3.7]⇥ 10�6

µ⌧ � 7.4⇥ 10�4

��Ccc`1`2
AL /⇤2

�� e⌧ � 7.4⇥ 10�4

eµ � n/a

µ⌧ � 2.0��Ccc`1`2
SL /⇤2

�� e⌧ � 2.0

eµ � n/a

µ⌧ FPS FPS��Cuc`1`2
AL /⇤2

�� e⌧ � n/a

eµ 1.3⇥ 10�8 2.2⇥ 10�8

𝑱/𝝍	->µ + τ

Expected to
𝑖𝑚𝑝𝑟𝑜𝑣𝑒	𝑡ℎ𝑒	𝑈𝐿	
𝑏𝑦	~102

efficiencies ~30-35%

PRD 87, 112007(2013)

Sensitivty	projections


