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Observational motivations
for Dark Sector models
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DARK MATTER 
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Rotation curve of the typical spiral galaxy M 33 

https://en.wikipedia.org/wiki/Galaxy_rotation_curve 

§  Dark matter: a factor of 
5 over normal matter 

§  Gravitational interaction 
§  Constitution keep 

unknown 

§  Numerous indirect 
astrophysical and 
cosmological 
observations point to 
the presence of dark 
matter  

Dark Energy 
69.4% 

Dark Matter 
25.8% 

Atoms 
4.8% 

Planck satellite, arXiv:1502.01589  
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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 
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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 

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

Dark Sector 16 

DS16 

arxiv: 1608.08632

NATURE
2012.4
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Dark photon: characteristics
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Low energy, high luminosity e+ e- colliders are believed to be good places to search new 
physics models with dark sector phenomenology. 
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BEPCII and BESIII Exp

• BEPCII is the only collider currently running at τ-charm energy
• First collision in 2008, physics run started in 2009
• BEPCII reached peak lumi of 1x1033 cm-2s-1@1.89GeV in April 2016
• BESIII collaboration includes 61 institutes: 36 Chinese institutes，

14 European ones，5 US ones and 6 from other Asian countries
• Secured the running for another 7-8 years, with small(but critical)

energy increase and lumi upgrade
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BEPCII: a τ-c Factory

2017/9/27 Flavor and Dark Matter

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.
p New hadrons: glueballs, hybrids, multi-quark states
p New Physics: high lumi, large datasets, hermetic detector with 

good performance

6
τ+τ− DsDs ΛcΛc
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BESIII Detector
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Ref:
NIM A614, 
345 (2010)

Clean environment and high luminosity at BESIII are 
helpful for indirect probe of new physics

7

2015 ETOF upgrade: 60ps

2018: Inner upgrade
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BESIII Detector
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Ref:
NIM A614, 
345 (2010)

Clean environment and high 
luminosity at BESIII are 
helpful for indirect probe 
rare/forbidden decays
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2015 ETOF upgrade: 60ps
2018: Inner upgrade?BESIII Detector Performance

Exps.
MDC

Spatial 
resolution

MDC

dE/dx
resolution

EMC

Energy 
resolution

CLEO-c 110 µm 5% 2.2-2.4 %

BaBar 125 µm 7% 2.67 %

Belle 130 µm 5.6% 2.2 %

BESIII 
115 µm <5%

(Bhabha) 2.4%

Exps.
TOF

Time 
resolution 

CDFII 100 ps

Belle 90 ps
BESIII 68 ps (BTOF)

60 ps (ETOF)

MUC:    Efficiency ~ 96%
BG level:  < 0.04 Hz/cm2(B-MUC), < 0.1 Hz/cm2(E-MUC)

LXR Seminar at Center for HEP, PKU., 2017 14
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BESIII data samples
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∼ 0.5 B        𝜓(3686) events    ∼ 24×CLEO-c
∼ 1.3 B       𝐽/𝜓 events                  ∼ 21×BESII

∼ 2.9/fb      𝜓(3770) ∼ 3.5×CLEO-c yellow book: 90M DDbar

∼ 9/fb XYZ	above	4	GeV
• 20 points for R &QCD Scan: 

500/pb finished in May 2015
• Y(2175) resonance: 100 /pb 
• 2016: 3/fb Ds data at 4170 MeV 
∼ 5×CLEO-c

• 2017: Y(4260), X(3872)
• 2018：6-8B 𝐽/𝜓 (NEW)
∼ other data sets: tau, resonance 
scan and continuum, etc.
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∼ 0.6/fb Λc pairs at threshold Unique
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∼ 0.482/fb 4.009 Ds study
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Tagging technique at threshold
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Analysis Technique 
• e+e-ÆDD (Lc

+Lc
- ), near Thrs.    

9 Tagging D- (D0), Lc
- from 

hadronic decay modes 

• Event is very clean    

• Double tag analysis   

9 (semi-)leptonic decay event can 
be well reconstructed in the 
recoil side of the tagged D (Lc

-)  

• High tagging efficiency  
• Most systematic uncertainties 

can be cancelled out  

M2
missing=E2

miss – p2
miss ~0 D-ÆK+p-p-   vs.  D+Æm+n 

m+ 

p Event is very clean 
p High tagging efficiency 
p Most systematic uncertainties can be cancelled
p Could measure absolute BFs 
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Reach of rare charm decays

Hai

Haibo Li

2017/9/27 Flavor and Dark Matter

BESIII is more competitive in 
channels with low energy 
electron/photons, neutrons, pi0’s
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D0->γγ: Comparisons
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5

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).

M. ABLIKIM et al. PHYSICAL REVIEW D 91, 112015 (2015)

112015-6

p BESIII has the least background
contamincation

p and very good control of systematics
p Could still be competitive with the final

DDbar sample
p Detailed projection study is needed to

check what is the critical points for
DDbar sample size
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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].

We thank the KEKB group for excellent operation
of the accelerator; the KEK cryogenics group for effi-

cient solenoid operations; and the KEK computer group,
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MES and RFAAE (Russia); ARRS (Slovenia); IKER-
BASQUE and UPV/EHU (Spain); SNSF (Switzerland);
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[1] C. Greub, T. Hurth, M. Misiak, and D. Wyler, Phys.
Lett. B 382, 415 (1996).

[2] S. Fajfer, P. Singer, and J. Zupan, Phys. Rev. D 64,
074008 (2001).

[3] G. Burdman, E. Golowich, J. A. Hewett, and S. Pakvasa,
Phys. Rev. D 66, 014009 (2002).

[4] N. Cabibbo, Phys. Rev. Lett. 10, 531 (1963); M.
Kobayashi and T. Maskawa, Prog. Theor. Phys. 49, 652
(1973).

[5] S. Prelovsek and D. Wyler, Phys. Lett. B 500, 304
(2001).

[6] A. Paul, I. I. Bigi, and S. Recksiegel, Phys. Rev. D 82,
094006 (2010).

[7] T. E. Coan et al. (CLEO Collaboration), Phys. Rev. Lett.
90, 101801 (2003).

[8] J. P. Lees et al. (BABAR Collaboration), Phys. Rev. D
85, 091107 (2012).

[9] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D
91, 112015 (2015).

[10] Throughout this paper, the charge-conjugate decay
modes are always implied unless stated otherwise.

[11] A. Abashian et al. (Belle Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 479, 117 (2002); also, see
the detector section in J. Brodzicka et al., Prog. Theor.
Exp. Phys., 04D001 (2012).

[12] S. Kurokawa and E. Kikutani, Nucl. Instrum. Methods
Phys. Res., Sect. A 499, 1 (2003), and other papers in
this volume; T. Abe et al., Prog. Theor. Exp. Phys.,
03A001 (2013) and following articles up to 03A011.

[13] K. A. Olive et al. (Particle Data Group), Chin. Phys. C
38, 090001 (2014).

[14] E. Nakano, Nucl. Instrum. Methods Phys. Res., Sect. A
494, 402 (2002).

[15] N. K. Nisar et al. (Belle Collaboration), Phys. Rev. Lett.
112, 211601 (2014).

[16] P. Koppenburg et al. (Belle Collaboration), Phys. Rev.
Lett. 93, 061803 (2004).

[17] G. Punzi, eConf C 030908 (2003) MODT022
[arXiv:physics/0308063].

[18] Y. Liu et al. (Belle Collaboration), Phys. Rev. D 78,
011106 (2008).

[19] D. Dutta et al. (Belle Collaboration), Phys. Rev. D 91,
011101(R) (2015).

[20] T. Abe et al. (Belle II Collaboration), arXiv:1011.0352
[physics.ins-det].

(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'
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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.

5

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)

arXiv:1705.04265,
Accepted by Phy. Lett. B



Dayong Wang

Number of signal events

n Fit QED background with 
4 order polynomial 

n No peaking structure 
observed 

n Combined statistical 
significance less than 3 σ

n 90% confidence level 
limit obtained
n with profile likelihood 

approach 
W. Rolke et al., NIM A 551, 493 (2005)

n systematic uncertainty 
included

2017/9/27 Flavor and Dark Matter 15

]2 [GeV/c-l+lm
1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4

2
Ev

en
ts

 / 
0.

01
0 

G
eV

/c

-2000

-1500

-1000

-500

0

500

1000

1500

2000

 data - fit

 CL = 90%

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.

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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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-
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nance between 2.95 and 3.2 GeV/c2 is excluded.
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parameter ε2, the formula from Ref. [4] is used
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=
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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−
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(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
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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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3m2
γ′
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γ′ + 2m2
l )
"
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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.

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)
=
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· 1
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=
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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/
!∞
−∞ 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.

6
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DP search through meson decays
November 19, 2012 14:41 WSPC/146-MPLA S0217732312502239 5–11

Study of the Electromagnetic Transitions J/ψ → P l+l− and Probe Dark Photon

From Eqs. (5) and (6) the q2-dependent differential decay width in the ψ → Pl+l−

decay normalized to the width of the corresponding radiative ψ → Pγ is derived:

dΓ(ψ → Pl+l−)

dq2Γ(ψ → Pγ)
=

α

3π

!

!

!

!

fψP (q2)

fψP (0)

!

!

!

!

2
1

q2

"

1−
4m2

l

q2

#
1
2
"

1 +
2m2

l

q2

#

×
$"

1 +
q2

m2
ψ −m2

P

#2

−
4m2

ψq
2

(m2
ψ −m2

P )
2

%
3
2

= |FψP (q2)|2 × [QED(q2)] , (7)

where the normalized form factor for the ψ → P transition is defined as FψP (q2) ≡
fψP (q2)/fψP (0), and the normalization is FψP (0) = 1. The form factor defines the
electromagnetic properties of the region in which ψ is converted into pseudoscalar.
By comparing the measured spectrum of the lepton pairs in the Dalitz decay with
QED calculations for point-like particles, it is possible to determine experimentally
the transition form factor in the time-like region of the momentum transfer.1,2

Namely, the form factor can modify the lepton spectrum as compared with that
obtained for point-like particles.

For the decays accompanied by the production of the electron–positron pair,
we should note that the radiative corrections proportional to α ln2(q2/m2

l ) will be
important. We will not discuss the high order QED corrections in this analysis since
the data sample in the BESIII experiment is still small, and BESIII is expected to
see the first signal for the effect at leading order. In addition to that, the external
conversion of the γ from the radiative decay of ψ → Pγ will make the analysis more
complicated, however, at the BESIII the external conversion rate could be up to 2%,
and the invariant mass of the me+e− will form a narrow peak at 20–40 MeV, which
will not really affect the slope shape of the dilepton. For the decays accompanied by
the production of the muon pairs the radiative corrections and external radiation
effects are negligibly small.

To estimate the order of magnitude, one may use the Vector Dominance
Model (VDM), in which the hadronic EM current is proportional to vector me-
son fields.34–36 Hence the VDM predicts a growth of the transition form factors
with increasing dilepton mass. The form factor may be parametrized in the simple
pole approximation as

FψP (q
2) =

1

1− q2

Λ2

, (8)

where the pole mass Λ should be the mass of the vector resonance near the energy
scale of the decaying particle according to the VDMmodel. In ψ decay the pole mass
could be the mass of ψ′. By assuming the pole approximation and taking Λ = mψ′ ,
in Fig. 1 we show the differential decay rates for ψ → π0l+l−, ηl+l− and η′l+l−,
respectively. The decay rates for ψ → π0l+l−, ηl+l− and η′l+l− are estimated and
presented in Table 2. To study the dependence of the decay rates on the value of
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J Fu et al., 
Mod. Phys. Lett. A 27, 1250223 (2012)

17

Theoretical prediction for the reach of dark photon.
The black dashed line represents P= 𝜂′

With 1.3 billion 𝐽/𝜓 data,  it is a good 
opportunity  to improve the  precision of  
B(𝐽/𝜓 → 𝜂′𝑒D𝑒E)  and search for the dark 
photon through decays 𝐽/𝜓 →
𝜂′U, U → 𝑒D𝑒E at BESIII.

This process was first observed by
BESIII with 225M 𝐽/𝜓 sample
Phys. Rev. D 89, 092008 (2014)
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𝑱/𝝍 → 𝜼′𝒆D𝒆E Event selection

18

l Selection of  𝛾𝑒D𝑒E𝜋D𝜋E/𝛾𝛾𝑒D𝑒E𝜋D𝜋E
u Four good charged tracks with 𝑒D𝑒E identified successfully
u At least one/two good photons in EMC
u 𝑒D𝑒E𝜋D𝜋E successful vertex fit
u 𝛾𝑒D𝑒E𝜋D𝜋E/𝛾𝛾𝑒D𝑒E𝜋D𝜋E 4C fit with𝑥NOP < 100

l Veto of 𝛾 conversion : 𝛿TU < 2cm

u 𝜂V → 𝜂𝜋D𝜋E
Select 𝜂:     M(𝛾𝛾) ∈ (0.48,0.60) GeV/c2

u 𝜂V → 𝛾𝜋D𝜋E
Veto 𝜋W: M(𝛾𝑒D𝑒E) ∉ (0.10,0.16) GeV/c2

l Addition selection for each mode 

2017/9/27 Flavor and Dark Matter

1.3B J/psi dataset(2009+2012)
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𝜂′ → 𝛾𝜋D𝜋E

l Signal:				MC	shape	⊗ Gaussian
l Peaking	background:	MC	shape		(𝛾 conversion/ 𝐽/𝜓 → 𝛷𝜂′ )

𝜂′ → 𝜂𝜋D𝜋E
Branching fraction  result

𝜂′ → 𝛾𝜋D𝜋E 𝜂′ → 𝜂𝜋D𝜋E

Signal Yield 6436.9	 ± 87.1 2494.4	 ± 51.3
Background Yield 981.4	 ± 43.8 27.3	 ± 10.0
Efficiency (%) 28.21 19.94
B(𝐽/𝜓 → 𝜂′𝑒D𝑒E) (10E^ ) 5.98 ± 0.08_`a` ± 0.32_U_` 5.65± 0.12_`a` ± 0.33_U_`
Combined	 	result(10E^) 5.81 ± 0.07_`a` ± 0.29_U_`

Improves on the previous BESIII measurement  of  B(𝐽/𝜓 → 𝜂′𝑒D𝑒E)

l Non-peaking	background:	Chebychev Polynomial

Phys. Rev. D 89,092008 (2014)2017/9/27 Flavor and Dark Matter

Preliminary
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DP ana: selection,resol.,eff. 
l Additional event selection criteria

1. Without 𝛾 conversion veto
2. 𝜂V signal region [0.93,0.98] GeV
3. M(𝑒D𝑒E) > 70 MeV/c2

𝜂′ → 𝛾𝜋D𝜋E

𝜂′ → 𝜂𝜋D𝜋E

l Resolution and selection efficiency from signal MC

u σm :  2 - 7 MeV

u Efficiency:  35 - 41 %

u σm :  2 - 8 MeV

u Efficiency:  22 - 28 %

u The resolution σm of dark photon signal and  selection efficiency 
depend on dark photon mass  mU. 

2017/9/27 Flavor and Dark Matter
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Dark photon search strategy
l Signal description:

u Shape: A sum of two Crystal Ball (CB) 
functions with opposite tails.

u Parameters are interpolated 
based on signal MC samples 
generated with different mU
hypotheses.

𝜂′ → 𝛾𝜋D𝜋E 𝜂′ → 𝜂𝜋D𝜋E

l Background description:
u Shape: A sum of 2nd order polynomial and exponential, parameters are determined 

from data fit.
u 𝜔	and Φ regions are excluded. 

l Strategy:
u Assuming the background  is smooth, 

dark photon would appear as a narrow 
peak on the top of the background.

u We look for a narrow peak signal on 
invariant mass of e+e- by a step of 2 
MeV in [0.1, 2.1] GeV range.

2017/9/27 Flavor and Dark Matter
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l Nsig :  Number of signal yield.

l S : Statistical significance of signal , defined as

l No significant dark photon signal is observed.

l Set combined limits @ 90% C.L. on the branching fractions 
1. B( 𝐽/𝜓 → 𝜂VU) ×B(	U → 	𝑒D𝑒E)
2. B( 𝐽/𝜓 → 𝜂VU): B(	U → 	𝑒D𝑒E) is considered as a function of mU from 

Phys. Rev. D 79, 115008 (2009).

𝜂′ → 𝛾𝜋D𝜋E 𝜂′ → 𝜂𝜋D𝜋E

Dark photon search results
Combined results

2017/9/27 Flavor and Dark Matter

Preliminary
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Exclusion limit on mixing 
strength 

:Mass of  particle X 

:Branching fraction     

:Kinematic mixing strength between  
SM photon and dark photon

:Form factor F

: Kinematic factor  

arXiv:  0904.1743mX

Λ= 3.686 GeV
Mod. Phys. Lett. A 27, 1250223 (2012)

2017/9/27 Flavor and Dark Matter

Preliminary
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Search for η /𝛈V invisible decays

2017/9/27 Flavor and Dark Matter 24
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Phys. Rev. D 81, 075003 (2010)]

light Higgs search:Motivation
Ø Coupling of fermions and the CP-odd Higgs 
A0 in the NMSSM: 

0
int 5cos tan ( ) ,ff f

A

m
L A d i d

v
θ β γ= −

0
int 5cos cot ( ) ,ff f

A

m
L A u i u

v
θ β γ= −

u = u, c, t,  νe, νµ, ντ

d = d, s, b,  e, µ, τ

tan u

d

v
v

β =
E. Fullana et. al,

Phys. Lett. B 653, 67 (2007)

25
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Results with ψ’ data in published in 2012

Coupling of c-quark to the A0:
Expected BF: 10-7 -10-9

[PRD 76, 051105 (2007)]

BESIII [PRD 85, 092012 (2012)]

BESIII exclusion limit ranges from 4×10-7 -
2.1×10-5 depending on A0 mass points..

ψ’->pipi J/ψ, J/ψ→γA0, A0→μ+μ-

26

106M psi’ data

2017/9/27 Flavor and Dark Matter 26
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BESIII vs. BaBar measurements 
comparison and combination,A0 
is mostly singlet

PRD 87, 031102 (R) (2013) (BaBar experiment)

27

New BESIII Results(225M J/ψ)

2017/9/27 Flavor and Dark Matter 27

Phys. Rev. D 93(2016), 052005 

The new limits are five 
times below our previous 
results (2012,  Psip)

Phys. Rev. D 93(2016), 052005 

BESIII [PRD 85, 092012 (2012)]
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Extenstion of the analysis
■ Meson invisible decays

◆ Jpsi -> inv,
◆ Jpsi -> gam+inv
◆ phi/omega -> inv: first search

■ Ongoing related DP search channels
◆ Invisible DP in ISR process: to come soon, competitive
◆ LUV dark scalar search with e+e->mu+ mu- Z’
◆ 𝐃𝐏	𝐬𝐞𝐚𝐫𝐜𝐡	𝐰𝐢𝐭𝐡	𝐽/𝜓 → 𝜂𝑒D𝑒E

◆ … and more

2017/9/27 Flavor and Dark Matter 28
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Summary
l BESIII has joined the world wide efforts of dark sector

search and is probing other new physics .
l DP search with untagged ISR events in 1.5 GeV/c2 ~ 3.4 

GeV/c2 set competitive limit on the mixing strength 
between 10-3 and 10-4 in this region

l The branching fraction of  𝐽/𝜓 → 𝜂′𝑒D𝑒E is updated with 
1.3 billion 𝐽/𝜓 data to be (5.81 ± 0.07_`a` ± 0.29_U_`)×10E^. 

l DP is searched 𝐽/𝜓 → 𝜂VU, U → 	𝑒D𝑒E. Upper limits on 
B( 𝐽/𝜓 → 𝜂VU) ×B(	U → 	𝑒D𝑒E) and B( 𝐽/𝜓 → 𝜂VU) is set for 
the first time, the mixing strength 𝜀 constrained

l BESIII has great potential with unique (and increasing) 
datasets and analysis techniques:
l More to come, stay tuned!
l More ideas from you are welcome!

2017/9/27 Flavor and Dark Matter 29
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Thanks! 
Extra slides…
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