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Introduction

● The search for rare and forbidden processes plays an important role in
testing the standard model (SM) and looking for
signals of new physics (NP)

● Many NP models predict 
enhancements of rare processes 
and/or allow forbidden processes
to occur

● Charm sector can provide 
constraints complementary/
different to the K and B sectors

A few of the more recent players 
in the game  →  
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Charm at the luminosity frontier
● Located at the KEKB accelerator 

facility in Tsukuba, Japan

● An asymmetric energy  e+ e- collider 
that has recorded close to 1 ab-1 of 
data during its operation from 1999 
to 2010

● Contains ~109 D mesons, and 
therefore huge scope for charm 
physics, even though it was 
designed to be a ‘B-factory.’

● Relatively cleaner background 
environment compared to hadron 
colliders. 
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D0 decays to invisible final states 
Phys. Rev. D 95, 011102(R) (2017)

● In SM, heavy meson decays to two neutrinos, such as 

D → νν and B → νν, are helicity suppressed Phys. Rev. D 82, 034005 (2010)

● Theory B.F.(D0 → νν) = 1.1 x 10-30

● With several dark matter candidates, the B.F.(D0 → invisible) could be 
enhanced to O(10-15) Phys. Lett. B 651, 374 (2007);  Phys. Rep. 117, 75 (1985)

● In e+e- colliders, DD and BB come as conjugate pairs, so if one of them is 

reconstructed fully, we can use energy-momentum conservation to get 
information about the

other D

● Measurements of B0 → invisible decays have already been reported by Belle 
and BABAR, using both hadronic and semileptonic B tagging methods. 

 Phys. Rev. D 86, 032002 (2012); Phys. Rev. D 86, 051105 (2012)
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D0 decays to invisible final states 
Phys. Rev. D 95, 011102(R) (2017)

Charm tag method

● The process e+e- →  cc →  D(*)
tag Xfrag D* −

sig ,

with D*-
sig→ D0

sig π−
s is reconstructed,

 except for D0
sig .

●  D(*)
tag could be D(*)0, D(*)+, Ds

(*)+, or Λc
+.

● 23 different modes used for the Dtag,

and 5 different modes used for the D*
tag.

● The missing mass for the D(*)
tag Xfrag π−

s system [or M(D0)] is calculated from a 
fit where Mmiss(D(*)

tag Xfrag ) is constrained to the nominal D*+  mass.
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D0 decays to invisible final states 
Phys. Rev. D 95, 011102(R) (2017)

● The M(D0)  and the EECL variables are used in a 

fit to estimate signal yield.

● EECL is the residual energy in the electromagnetic

calorimeter (ECL), defined as the sum of the 

energies of ECL clusters that are not associated with

 the D(*)
tag Xfrag π−

s system.

● Signal yield is −6 ± 22
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D0 decays to invisible final states 
Phys. Rev. D 95, 011102(R) (2017)

● The charm-tagging method is tested using a control 

sample of D0 →  K− π+ , ( plays the

 role of the ‘invisible decay’).

● B.F.(D0 →  K− π+ )  estimated in this fashion is 

(3.89 ± 0.06(stat))%, consistent with the world average,

(3.93 ± 0.04)%

● Upper limit: B.F.( D0 → invisible decays) < 9.4 x 10-5 ;

this is the first exclusion bound reported for 

D0 → invisible decays.

● It will be interesting to carry out the charm-tag method in

BES III, which will not have additional fragments at the 

ψ(3770) threshold.

 D0 →  K− π+ 

(control sample)

 D0 →  K− π+ 

(control sample)
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Search for D0 → γγ decay
Phys. Rev. D 93, 051102(R)(2016)

● Flavor changing neutral currents  forbidden at tree level in SM; however some 
new physics models allow this.

● Vector meson dominance predicts a branching fraction

B.F.(D→ γγ) = (1-3) x 10-8, while Minimal Supersymmetric Standard Model (MSSM) 
 predicts B.F.(D→ γγ) upto ~6 x 10-6 

Phys. Rev. D 64,074008 (2001), Phys. Rev. D 66, 014009 (2002); Phys. Lett. B 500, 304 (2001)

● It is also predicted that measuring B.F.(D→ γγ) can help identify NP contributions 
to  the decay, D0 → μ+μ- Phys. Rev. D 82, 094006 (2010).

● Previous Measurements:

CLEO : B.F.(D0 → γγ) < 2.9 × 10-5 (13.8 fb-1) Phys. Rev. Lett. 90, 101801 (2003)

BABAR : B.F.(D0 → γγ) < 2.2 × 10-6 (470.5 fb-1) Phys. Rev. D 85, 091107(R) (2012)

BES III : B.F.(D0 → γγ) < 3.8 × 10-6 (2.92 fb-1) Phys. Rev. D 91, 112015 (2015)
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Search for D0 → γγ decay
Phys. Rev. D 93, 051102(R)(2016)

Salient features of analysis

● D* tagging: Look for D0 coming from the decay D*+ → D0 π+; this cuts down on 
a lot of combinatorial background.

● Fragmentation fraction cc → D* has large uncertainty, ~12.5%, so B.F. of D0 → 
γγ measured w.r.t. the well measured mode, D0 → KS

0 π0 .

● π0 and η vetoes developed.

● 2-D unbinned ML - fit of 

M(D) and  ΔM=M(D*)-M(D) 

is performed for yield.

● To calibrate the signal peak

 in M(D), the mode D  → ϕγ

was used.

Blue (dashed) - Combinatorial
Violet (dashed) - Peaking background
Red (solid) - Signal
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Search for D0 → γγ decay
Phys. Rev. D 93, 051102(R)(2016)

● Upper limit at 90% C.L. is calculated  

following a frequentist method

● Belle: B.F.(D0 → γγ) < 8.5 × 10-7 (832 fb-1)

Most restrictive limit on the B.F. till date and

can be used to constrain NP parameter spaces

● With  an expected integrated luminosity 50 times that of Belle,

we naively expect to be sensitive to this B.F.  at  O(10-8)  with the full Belle II data
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Observation of D0→ρ0γ and
 CP asymmetries in radiative decays. 

Phys. Rev. Lett. 118, 051801 (2017)

● Radiative charm decays are dominated by long range non-perturbative processes 
which enhance the B.F. to O(10-4) from  O(10-8) ,obtained from short range processes

● Measurement of branching fraction can be used to test QCD based calculations of 
long distance dynamics

● CP asymmetry measurements are interesting because theory calculations using SM 
extensions with chromomagnetic dipole operators predict sizeable CP violation in 
the modes of the kind D0 → Vγ, where V is a vector meson Phys. Rev. Lett. 109, 
171801 (2012)

● Previous measurements:

CLEO II : B.F.(D0 → ρ0γ) < 2.4 × 10-4 (4.8 fb-1) Phys. Rev. D 58, 092001 (1998)

BELLE : D0 → ϕγ first observed (78.1 fb-1) Phys. Rev. Lett. 92, 101803 (2004)

BABAR :  B.F.(D0 → ϕγ) = (2.78 ± 0.30 ± 0.27) x 10-5  (387.1 fb-1) 

& first observation of  D0 → K*0γ Phys. Rev. D 78, 071101(R) (2008)
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Observation of D0→ρ0γ and
 CP asymmetries in radiative decays. 

Phys. Rev. Lett. 118, 051801 (2017)

Analysis overview

● Measurements are performed on three modes of interest: D0 → ϕ(K+K-)γ, ρ0(π+π-)γ and K*0(K- π+)γ

● D* tagging is done as previously mentioned, with the mode D*+ → D0 π+ ; in addition to reducing the 
combinatorial background, the flavor of the neutral D meson is identified by the charge of the slow charged 
pion

● Branching fraction and CP asymmetry measured w.r.t. normalization modes,  D0 → K+K-, π+π-, and K- π+ for 
D0 → ϕγ, ρ0γ, and  K*0γ respectively

● For CP asymmetry measurement we calculate

Araw =  [N(D0 → f) - (D0 → f)] / [N(D0 → f) + (D0 → f)], where N denotes the process yield.

Araw = ACP + AFB + Aϵ

AS
CP = AS

raw – AN
raw + AN

CP , where S and N stand for signal and  
normalization modes.

● A new π0 veto is developed using an artificial neural network as the two-photon π0 decay contributes one of 
the main backgrounds for the study; the new veto improved upon the existing veto, by rejecting 13% more 
background at the same signal efficiency of 85%
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Observation of D0→ρ0γ and
 CP asymmetries in radiative decays. 

Phys. Rev. Lett. 118, 051801 (2017)

● 2-D unbinned simultaneous ML fits are 

performed on M(D) and helicity angle for the

different modes to estimate the B.F.’s and

 ACP’s

● The study reports the first observation 

of  D0→ρ0γ 

Results

B.F.(D0→ρ0γ) = (1.77 ± 0.30 ±0.07) x 10-5

B.F.(D0→ϕγ) = (2.76 ± 0.19 ± 0.10) x 10-5

B.F.(D0→K*0γ) = (4.66 ± 0.21 ± 0.21) x 10-4

ACP(D0→ρ0γ) = +0.056 ± 0.152 ± 0.006

ACP(D0→ϕγ) = − 0.094 ± 0.066 ± 0.001

ACP(D0→K*0γ) = − 0.003 ± 0.020 ± 0.000

D0→ρ0γ D0→K*0γ

D0→ϕγ D0→ϕγ



FPCP 2017, Prague16

Search for the decay D+ → D0 e+ ν
(BES III Preliminary presented at CKM 2016)

● No significant events found in any decay mode.

● B.F. (D+ → D0 e+ ν) < 8.7 x 10-5 (90% C.L.) 
[2.92 fb-1 of data taken at the ψ(3770) 
threshold. ]

● The branching fraction of this 
mode is predicted to be  about 
2.78 x 10-13

● Signal yield is obtained with a 
2-D fit to  
M

BC
 = √(E

beam
2 – P

D-
2) and 

M
Inv

 (invariant mass)
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Search for the decay D+  → h± e+ e∓ 

(where h is K or π)
 (BES III Preliminary presented at CKM 2016)
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First observation of  D0 → K−π+μ+μ− in the 
ρ0–ω region of dimuon mass spectrum

PLB 757 (2016) 558-567

● Rare D0 → h+ h− l+ l− decays sensitive to NP in the
non-resonant regions of the dilepton spectrum

● FCNC modes like D0 → K− K+ μ+ μ− and D0 → π− π+ μ+ μ− 

are the most interesting 

● Analysis performed on 2012 data corresponding to 2 fb-1

● Focus on m(µµ) in the ρ0/ω region ([675, 875] MeV)
● B.F. measured with respect to normalization mode, 

D0 → K−π+π+π−

● B.F.(D0 → K−π+μ+μ−) = (4.12 ± 0.12 ± 0.38) x 10-6

● This constitutes the first observation of D0 → K−π+μ+μ−,

● and the measured B.F. is consistent with SM JHEP 04 (2013) 135 
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Search for the decay D0 → e±μ∓

PLB 754 (2016) 167

● Predicted to occur in R-parity violating MSSM 

PRD 66, 014009, Int. J. Mod. Phys. A 29, 1450169 (2014)

● Previous measurements:

BABAR: 3.3 × 10−7 (90% CL) PRD 86, 032001 (2012) 

BELLE: 2.6 × 10−7 (90% CL) PRD 81, 091102(R) (2010)

● Analysis performed on Run 1 data corresponding to 3 fb-1 

● Tagged by D∗+ → D0 π+, and normalized by the mode, D0 → K− π+

● B.F.(D0 → e+ µ−) < 1.3(1.6) × 10−8 @ 90(95)%CL (current world’s best)
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Summary

● With the help of its large dataset, Belle has reported 

➔ The first upper limit on the D→ invisible decays, 
➔ The most stringent exclusion bound on the D0 → γγ decays, and 
➔ The most precise CP asymmetry and branching fraction measurements for the 

modes D0 → Vγ, including the first observation of the mode D0→ρ0γ.  

● BES III, working with the dataset taken at the ψ(3770) threshold,  have reported  a 
preliminary result at CKM 2016,  the tightest bounds on the rare charm modes,   D+ 
→ D0 e+ ν and D+  → h± e+ e∓.

● Working at the energy frontier, LHCb has reported 

➔ The first observation of the mode, D0 → K−π+μ+μ− and
➔ The tightest upper bound on the lepton flavour violating mode, D0 → e+μ− 

● Measurements are consistent with SM predictions, without any sign of NP.
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