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 Rare Charm Decays 

!   Why important & challenging? 
!   Charm samples 
!   Rare charm so far 
!   Recent news 
!   Summary & Outlook 



Charm: unique, complementary but difficult 

•  Complementary to strange & beauty  
      Down-type quarks in loops: different New Particles?  
•  Unique access to up-type quarks  
      (Flavour physics with t-quark hopeless) 

   But… 
•  Loops very suppressed in charm  
     " rare decays suppressed in SM 
•  QCD corrections are large (~1/mc)  
     " difficult to calculate 

   Needed: 
•  Large & clean data samples 
•  Precise estimation of SM contribution  
     (size of loop amplitude)  
 

b loop CKM suppressed 
~VubVcb(mb/mW)2 ~10-6 

s & d loops GIM suppressed 
~(ms

2-md
2)/mW

2 
Cancel in U-spin limit  
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Vector-Meson Dominance  
 
                                                                     
Flavour Changing  
Neutral Current 
 
 

 
Lepton Number Violating  D+→π-µ+µ+ D0→K-π-µ+µ+ 
Lepton Flavour Violating   D+→π+e+µ-  D0→e+µ-  D0→K-π+e+µ- 

Spectrum of charm decays 

 
•    

Talk by Maxime Schubiger 
on mixing & CPV 

D0→π+π-V(→l+l-)                                             
D+→π+V(→l+l-) Λc→pV(→l+l-) 
 

D0→π+π-l+l- 
D+→π+l+l-   Λc→pl+l-                                                                  
 
D0→e+e- D0→µ+µ- 

D0→ϕγ, ργ 
 
 
D0→γγ 
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Decays of charm hadrons into final states containing dimuon pairs may proceed via the
short-distance c ! uµ+µ� flavor-changing neutral-current process, which in the standard
model can only occur through electroweak-loop amplitudes that are highly suppressed
by the Glashow-Iliopoulos-Maiani mechanism [1]. If dominated by these short-distance
contributions, the inclusive D ! Xµ+µ� branching fraction, where X represents one or
more hadrons, is predicted to be O(10�9) [2] and can be greatly enhanced by the presence of
new particles, making these decays interesting for searches for physics beyond the standard
model. However, long-distance contributions occur through tree-level amplitudes involving
intermediate resonances, such as D ! XV (! µ+µ�), where V represents a ⇢0, ! or �
vector meson, and can increase the standard model branching fraction up to O(10�6) [2–4].
The sensitivity to the short-distance amplitudes is greatest for dimuon masses away from
resonances, though resonances populate the entire dimuon-mass spectrum due to their
long tails. Additional discrimination between short- and long-distance contributions can
be gained by studying angular distributions and charge-parity-conjugation asymmetries,
which in scenarios beyond the standard model could be as large as O(1%) [4–9]. Decays
of D0 mesons to four-body final states (Fig. 1) are particularly interesting in this respect
as they give access to a variety of angular distributions. These decays were searched for
by the Fermilab E791 collaboration and upper limits were set on the branching fractions
in the range 10�5–10�4 at the 90% confidence level (CL) [10]. More recently, a search for
nonresonant D0

! ⇡+⇡�µ+µ� decays (the inclusion of charge-conjugate decays is implied)
was performed by the LHCb collaboration using 7 TeV pp-collision data corresponding to
1 fb�1 of integrated luminosity [11]. An upper limit of 5.5 ⇥ 10�7 at the 90% CL was set
on the branching fraction due to short-distance contributions, assuming a phase-space
decay.

This Letter reports the first observation of D0
! ⇡+⇡�µ+µ� and D0

! K+K�µ+µ�

decays using data collected by the LHCb experiment in 2012 at a center-of-mass energy
p

s = 8 TeV and corresponding to an integrated luminosity of 2 fb�1. The analysis is
performed using D0 mesons originating from D⇤+

! D0⇡+ decays, with the D⇤+ meson
produced directly at the primary pp-collision vertex (PV). The small phase space available
in this decay allows for a large background rejection, which compensates for the reduction
in signal yield compared to inclusively produced D0 mesons. The signal is studied
in regions of dimuon mass, m(µ+µ�), defined according to the known resonances. For
D0

! ⇡+⇡�µ+µ� decays these regions are: (low-mass) < 525 MeV/c2, (⌘) 525–565 MeV/c2,
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Figure 1: Example diagrams describing the (left) short- and (right) long-distance contributions
to D0

! h+h�µ+µ� decays, where q = d, s and h = ⇡,K.
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We search for the flavor-changing neutral current decays D0 ! µ+µ� and D0 ! e+e�, and for the
lepton-flavor violating decays D0 ! e±µ⌥ using 660 fb�1 of data collected with the Belle detector
at the KEKB asymmetric-energy e+e� collider. We find no evidence for any of these decays. We
obtain significantly improved upper limits on the branching fractions: B

�
D0 ! µ+µ�� < 1.4 ⇥

10�7, B
�
D0 ! e+e�

�
< 7.9 ⇥ 10�8 and B

�
D0 ! e+µ�� + B

�
D0 ! µ+e�

�
< 2.6 ⇥ 10�7 at 90%

confidence level.

PACS numbers: 13.20.Fc,11.30.Hv,12.15.Mm,12.60.-i

The flavor-changing neutral current (FCNC) decays
D0 ! e+e� and D0 ! µ+µ� [1] are highly suppressed
in the standard model (SM) by the Glashow-Iliopoulos-
Maiani mechanism [2]. With the inclusion of long dis-
tance contributions the branching fractions can reach val-
ues of around 10�13 [3]. The SM short distance Feynman
diagrams for the D0 ! µ+µ� decay are shown in Fig. 1.
The lepton-flavor violating (LFV) decaysD0 ! e±µ⌥ are
forbidden in the SM, but are possible in extensions of the
SM with nondegenerate neutrinos and nonzero neutrino
mixings and are expected to be of the order of 10�14 [3]
in these scenarios. All these predictions are orders of
magnitude below the current experimental sensitivity.

FIG. 1. The SM short distance Feynman diagrams for the
D0 ! µ+µ� decay.

In certain new physics (NP) scenarios, FCNC branch-
ing fractions can be enhanced by many orders of mag-
nitude. For example, R-parity violating supersymmetry
can increase the branching fractions of D0 ! e+e� and
D0 ! µ+µ� up to 10�12 and 10�8, respectively [4].
The latter prediction is close to the current experimen-
tal sensitivity. As another example, so far unobserved
leptoquarks were suggested as a possible explanation of
the small discrepancy between the measured value of the
Ds meson decay constant and the prediction of lattice
QCD [5]. Leptoquarks could also enhance the D0 !
`+`� branching fraction. In order to explain the mea-
sured D+

s ! µ+⌫ width by a leptoquark contribution,
and comply with other constraints arising from charm
meson decays, B

�
D0 ! µ+µ�� should be enhanced to

8 ⇥ 10�7 [6]. The above examples demonstrate the im-
portance of FCNC and LFV decays searches in the explo-
ration of possible NP contributions. It should be noted
that charm FCNC and LFV decays probe the couplings

of the up-quark sector in contrast to B or K meson de-
cays.
In this paper, we report on a search for the decays

D0 ! µ+µ�, D0 ! e+e� and D0 ! e±µ⌥ using
660 fb�1 of data recorded in e+e� collisions at the center-
of-mass (CM) energy of the ⌥(4S) resonance and 60 MeV
below by the Belle detector at the KEKB collider.
The Belle detector, which is described in detail else-

where [7], is a large-solid-angle magnetic spectrometer
that consists of a silicon vertex detector (SVD) [8], a 50-
layer central drift chamber (CDC), an array of aerogel
threshold Cherenkov counters (ACC), a barrel-like ar-
rangement of time-of-flight scintillation counters (TOF),
and an electromagnetic calorimeter composed of CsI(Tl)
crystals (ECL) located inside a superconducting solenoid
coil that provides a 1.5T magnetic field. An iron flux-
return located outside the coil is instrumented to detect
K0

L mesons and to identify muons (KLM). Two inner
detector configurations were used. A beam pipe with
a radius of 2.0 cm and a 3-layer silicon vertex detector
were used for the first sample of 155 fb�1, while a 1.5 cm
beampipe, a 4-layer silicon detector, and a small-cell in-
ner drift chamber were used to record the remaining data
sample.
In this measurement only D0 mesons coming from c -

quark production in the continuum e+e� ! cc process
are considered. The inclusion of D0 mesons from B de-
cays would result in a higher combinatorial background.
We normalize the sensitivity of our search to topologi-
cally similar D0 ! ⇡+⇡� decays; this cancels various
systematic uncertainties. The D0 ! `+`� (` = e or µ)
branching fraction is determined by

B
�
D0 ! `+`�

�
= N``f (1)

where N`` is the number of reconstructed D0 ! `+`�

decays and f is defined as

f ⌘ 1

N⇡⇡

✏⇡⇡
✏``

B
�
D0 ! ⇡+⇡�� (2)

Here B
�
D0 ! ⇡+⇡�� = (1.397±0.027)⇥10�3 is the well-

measured D0 ! ⇡+⇡� branching fraction [9], N⇡⇡ is the
number of reconstructedD0 ! ⇡+⇡� decays, and ✏`` and
✏⇡⇡ are the reconstruction e�ciencies for D0 ! `+`� and
D0 ! ⇡+⇡� decays, respectively.
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Fig. 3. Short- and long-range diagrams contributing to the D0
→K̄∗0γ amplitude.

to sum the square of Eqs. (12) and (13) over the polar-
izations of the vector meson or the photon. Summing up
over the polarization provides

∑

λ

∑

λ′

|VPC |2 = 2[(q·q′)2−q2q′2],

∑

λ

∑

λ′

|VPV |2 = 2(q·q′)2+q2q′2 , (14)

where q′2=M 2
V for vector production or 0 in the case of

photon production, while

q·q′=
1

2
(M 2

D0−M 2
K̄∗0−M 2

V ), (15)

with M 2
V =0 for the case of photon production.

With this, we can obtain the following ratios

RPC =

∑

λ

∑

λ′

|VPC |2 for γ
∑

λ

∑

λ′

|VPC |2 for ρ
, (16)

and

RPV =

∑

λ

∑

λ′

|VPV |2 for γ
∑

λ

∑

λ′

|VPV |2 for ρ
. (17)

Therefore, the polarization structures discussed
above are taken into account in our calculation simply
by plugging them into Eq. (11), which now reads

B(D0→K̄∗0γ)

B(D0→K̄∗0ρ)
=

( 2

3

e

g

)2( pγ

pρ

)

RPC(PV ) , (18)

where on the left-hand side we have divided the numer-
ator as well as the denominator by Γtotal in order to con-
vert the widths into branching fractions.

In Ref. [23] the vector meson dominance mechanism
is also taken into account. No details are given but the

procedure of Ref. [25] is used. There it is calculated in
terms of Wilson coefficients, with a warning that the fi-
nal state interactions are relevant and not contained in
the BSW Hamiltonian that they use [47].

In Ref. [24] a light front dynamics formalism is em-
ployed. Neutral vector meson production is evaluated
from the theoretical framework and then VMD is imple-
mented through conversion to γ, as we do in our work.
In our case we take the input of neutral vector produc-
tion from experiment. There is also another technical
difference. The ρ,ω,φ propagators in the Vγ conver-
sion are taken as [q2−m2

V +imV ΓV ]−1 in Ref. [24] with
q2=0 from the photon produced, and ΓV is taken as the
on shell width of the corresponding vector mesons. We,
instead, adhere to a field theoretical approach in which
the width of the ρ propagator, for instance, would be
implemented attaching a ππ loop to the ρ line, but with
q2=0 this loop does not generate an imaginary part. In
other words, in this approach one should take Γρ(q2=0)
which is zero. So, our propagators are strictly [−m2

V ]−1,
as one can see in Eq. (7).

3 Results

In order to estimate our results, we use the following
values for the meson masses: Mρ≈Mω≈MV =780 MeV,
MK̄∗ =891.6 MeV and MD0 =1864.8 MeV. Furthermore,
we also use as an input for ΓD0→K̄∗ρ(ω) an average value
from the following experimental results, extracted from
the PDG [39], which in our approach should be equal.
We have

B[D0→K̄∗0ρ0] = (1.58±0.35)×10−2 ,

B[D0→K̄∗0ω] = (1.10±0.5)×10−2 . (19)
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Charm samples & their properties 
LHCb 
!  σ(pp→cc) ~ O(mb) " 12×1012 charm  
!  efficiencies < 0.1% 
!  busy environment, nontrivial triggers 
!  good tracking, identification & vertexing 
     D0→µ+µ-, D0→ππµ+µ-, Λ+

c→pµ+µ- 
 

Belle/BaBar 
!  σ(e+e-→ϒ(4S)→cc) ~ O(nb) " 2×109 

!  efficiencies ~ a few % 

!  clean environment, good calorimeter 
     D0→e+e- , D→hhe+e- , D0→hhγ, D0→γγ  
 

BESIII/Cleo-c 
!  σ(e+e-→ψ(3770)→DD) ~ O(nb) " 25×106 

!  efficiencies > 10% 
!  background-free charm 

4 

_ 
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       Hunting for rare charm signals 

•    
Decay Note SM BF or best UL Exp. 

D0→ϕγ Radiative ~10-5 (2.8 ± 0.2 ± 0.1)×10-5 Belle 

D0→ργ ” ” ~10-6 (1.8 ± 0.3 ± 0.1)×10-5 Belle 

D0→γγ ” ” ~10-8 < 8.5 × 10-7 Belle 

D(s)
+→π+µ+µ- FCNC, µ+µ- non-resonant ~10-9 < 8.3 (48) × 10-8 LHCb 

Λc
+→pµ+µ- “ ” ~10-9 < 9.6 × 10-8 LHCb 

D+→π+/K+ e+e- FCNC, full e+e- spectrum 10-8 ÷ 10-6 < 0.3 / 1.2 × 10-6 BESIII 

D0→π+π-µ+µ- FCNC, low-mass µ+µ- ~10-9 (7.8 ±1.9 ±0.5 ±0.8)×10-8 LHCb 

D0→K+K-µ+µ- FCNC, low-mass µ+µ- ~10-9 (2.6 ±1.2 ±0.2 ±0.3)×10-8 LHCb 

D0→µ+µ- FCNC 10-13 ÷ 10-12 < 7.6 × 10-9 LHCb 

D0→e+e- FCNC 10-13 ÷ 10-12 < 7.9 × 10-8 Belle 

D0→υυ  Helicity suppressed ~10-30 < 8.8 × 10-5 Belle 

D0→e+µ- Lepton Flavour Violating 0 < 1.6 × 10-8 LHCb 

D+→π-µ+µ+ Lepton Number Violating 0 < 2.5 × 10-8 LHCb 

Ds
+→π-µ+µ+ ” ” 0 < 1.4 × 10-7 LHCb 

D+→π-/K- e+e+ ” ” 0 < 1.2 / 0.6 × 10-6 BESIII 

Precision down to O(10-8) 
See signals!  

_ 



Ø  Flavour	changing	neutral	currents	in	the	up	sector	are	few:	D-bar	D	
mixing,	rare	(semi)-leptonic	decays,	rare	top	decays.	

	
Ø  Charm	is	the	only	low-energy	probe	of	up-quark	flavour	changing	neutral		

currents	(FCNCs)		

Ø  GIM	broken	locally	by	long-distance	effects.	Resonances	disLnguish	s	
and	d	quarks.	Genuine	FCNCs	are	severely	obscured.		

	

Rare	charm	decays	

De	Boer,	Hiller	1510.0031	

Charm 2016, BolognaN. Kosnik

Neutral currents - effective description

Tree-level 4-quark operators

O7 =
emc

(4⇡)2
(ū�µ⌫PRc)F

µ⌫
OS =

e2

(4⇡)2
(ūPRc)(¯̀̀ )

O9 =
e2

(4⇡)2
(ū�µPLc)(¯̀�µ`) OP =

e2

(4⇡)2
(ūPRc)(¯̀�5`)

O10 =
e2

(4⇡)2
(ū�µPLc)(¯̀�µ�5`) OT =

e2

(4⇡)2
(ū�µ⌫c)(¯̀�

µ⌫`)

OT5 =
e2

(4⇡)2
(ū�µ⌫c)(¯̀�

µ⌫�5`)
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1) At scale mW all penguin contributions vanish due to GIM 
2) SM contributions to C7…10 at scale mc entirely due to mixing of tree-

level  operators into penguin ones under QCD 

3)  SM values at mc 

4)  All operators’ contributions to D→πℓℓ can be absorbed into q2  
     dependent effective Wilsons C7,9eff(q2) 

(Short-distance) penguin  
operators

C7 = 0.12, C9 = �0.41

[de Boer, Hiller, 1510.00311]

He↵ = �dHd + �sHs � 4GF�bp
2

X

i=3,...,10,S,P,...

CiOi

Charm 2016, BolognaN. Kosnik

Neutral currents - D →πμμ, resonant contributions
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+ · · ·
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Cres
S =
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⌘
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#

LHCb bound
on constant 
amplitude model

.  

Bounds from LHCb, 1304.6365 

Breit-Wigner model for the qq resonances

Borrowed from de Boer, Hiller, 1510.00311

SM short distance rate 
not accessible

Fix |aX| from measured D→Xπ, X→ℓℓ 
We marginalise over the unknown phase of aX.  

CHARM	FCNC	processes	

Short Distance 
Long Distance 

PRD93 074001 (2016) D+→π+µ+µ- 

LHCb UL 

Charm counterparts of B→K(*)µµ 
•  No clean m(µ+µ-) range in D→h(h)µ+µ- 
•  Different angular observables  
      useful in D→hhµ+µ- 

 

Lepton Flavour Universality  
Tests in charm? 

  

✓ D→h(h)e+e- and D→h(h)µ+µ- in resonance regions 
✓ Leptonic decays, Rτ/µ 

✓ Semileptonic decays, Re/µ 

 

Decays with leptons: hot topic in beauty 

 SM: 9.76  
 
 
 SM:  2.66 

q2=m2(µ+µ-) [GeV] 

Jolanta@Beauty'19 

Charm semileptonic decays at LHCb Adam C. S. Davis

µe/R
0.9 1 1.1 1.2 1.3 1.4

)µν +µ − K→0B(D
)eν + e− K→0B(D

)µν +µ(892) −* K→0B(D
)eν +(892) e−* K→0B(D

)µν +µ −π →0B(D
)eν + e−π →0B(D

Figure 3: Comparison of the ratio of measured branching fractions for D
0 ! h

�
e
+n and D

0 ! h
�µ+n . The

term h denotes the hadron in question, either K
�, p� or K

⇤�(892). Each point represents the ratio from the
measurements reported in [9] compared to the standard mode prediction (red dashed line) and its error(green
band) provided by S. Fajfer using [11]. The central values of each point lie systematically to one side of the
standard model prediction.

6. Conclusion

We present preliminary estimates on the reach of LHCb in the field of semileptonic D meson
decay. We find that a measurement of |Vcs|/|Vcd | would give a relative statistical uncertainty of
⇠0.2% using the Run I dataset. We also motivate the first search for lepton non-universality in the
charm sector. It is important to note that all estimates are using the Run I dataset, and LHCb
continues to take its Run II dataset with more statistics and improved triggering strategies.
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tonic and semileptonic decays at the B factories and
LHCb su↵ers from lower e�ciency and higher back-
grounds. However, the high statistics make them su-
perior places for rare decay search.

III. RECENT RESULTS

A. Leptonic decays

Leptonic decays give us direct access to the corre-
sponding decay constants and CKM matrix elements.
BESIII has recently published the measurement of the
BF of D

+
s ! µ

+
⌫µ [15]. Figure 1 shows the miss-

ing mass square of the neutrino, which is defined as
M

2
miss =

p
E

2
miss � p

2
miss, where Emiss and pmiss are

the missing energy and momentum of the candidate
event. The BF is measured to be

B(D+
s ! µ

+
⌫µ) = (5.49± 0.16± 0.15)⇥ 10�3

.

Given the lifetime of D+
s meson [16], one obtains
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FIG. 1: Fit to the M2
miss distribution of D+

s ! µ+⌫µ can-
didates, where the dots with error bars are data, the blue
solid curve shows the best fit and the red dashed curve
shows the background shape.

fD+
s
|Vcs| = 246.2± 3.6± 3.5 MeV.

If we input the CKM matrix element |Vcs| from a
global fit [16], we have

fD+
s
= 252.9± 3.7± 3.5 MeV.

In contrast, inputting fD+
s

from Lattice QCD calcu-
lation [17, 18] gives

|Vcs| = 0.985± 0.014± 0.014.

In any case, these are the most precise single mea-
surements to date. Averaging this measurement of

B(D+
s ! µ

+
⌫µ) with the previous measurements [19–

22] and combining the world average of B(D+
s !

⌧
+
⌫⌧ ) [16], we find

BD+
s !⌧+⌫⌧

B̄D+
s !µ+⌫µ

= 9.98± 0.52,

which is consistent with the SM prediction 9.74.
BESIII has also released the preliminary result of

the search for D
+ ! ⌧

+
⌫⌧ , as shown in Fig. 2. The

data sample is divided according to the energy de-
posited in the electromagnetic calorimeter into pion
and muon dominated samples to better constrain the
background from D

+ ! µ
+
⌫µ. We have

FIG. 2: Fit to M2
miss of D+ ! ⌧+⌫⌧ candidates.

B(D+ ! ⌧
+
⌫⌧ ) = (1.20± 0.24)⇥ 10�3

,

and

fD+ |Vcd| = 50.4± 5.0 MeV

using the world average D+ lifetime [16]. Here the un-
certainties are statistical only and the statistical sig-
nificance is 4�.

Combined with the previous measurement of the
BF of D+ ! µ

+
⌫µ from BESIII [23], we obtain

BD+!⌧+⌫⌧

BD+!µ+⌫µ

= 3.21± 0.64,

which is also consistent with the SM prediction 2.66.

B. Semileptonic decays

D meson semileptonic decays to pseudoscalar
mesons can be fully characterized by the single kine-
matic variable q

2. The form factors, which describe
the hadronic transition, are usually parametrized as
the function of q2 with respect to its value q

2 = 0.
The most widely used parametrizations include the
Single Pole Model [1], the Modified Pole Model [24],
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invariant mass: a) nonresonant region, b) � region, c) ! region. The solid lines show the results
of the fit as described in the text. The dashed lines indicate the background component.

where the first uncertainty is statistical, the second corresponds to the above-mentioned
systematic e↵ects and the third is due to the limited knowledge of the relevant branching
fractions. Assuming lepton universality, the branching fraction B(! ! e+e�) is used
instead of B(!! µ+µ�).

In summary, a search for the ⇤+
c ! pµ+µ� decay is reported, using pp data collected

with the LHCb experiment. The analysis is performed in three regions of dimuon mass: �,
! and nonresonant. The upper limit on the nonresonant mode is improved by two orders
of magnitude with respect to the previous measurement [5]. For the first time the signal
is seen in the ! region with a statistical significance of 5 standard deviations.

6

m(pµ+µ-) 

Search for Λ+
c→pµ+µ- 

•  Rare decays overwhelmed with  
      resonances: ρ0/ω, ϕ→µ+µ- 
•  FCNC rates ~10-9 

     Resonances ~10-6 
•  Look for signals in bins of m(µ+µ-) 

•  LHCb, 3 fb-1 of Run1 data 
•  Reference mode: Λ+

c→pϕ(→ µ+µ-) 

•  Non-resonant = ρ/ω, ϕ regions excluded 
 

 
•  1000× better precision than BaBar  
      for full m(µ+µ-)      PRD84 072006 (2011) 

 

PRD97 091101 (2018) LHCb 

non-resonant µ+µ-    

ϕ region 

ρ0/ω region 
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B(⇤+
c ! pµ

+
µ
�) < 9.6⇥ 10�8 @ 95%CL

B(D0 ! K
�
⇡
�
e
+
e
+) < 2.8⇥ 10�6 @ 90%CL

B(D+ ! KS⇡
�
e
+
e
+) < 3.3⇥ 10�6

B(D+ ! K
�
⇡
0
e
+
e
+) < 8.5⇥ 10�6

B(D0 ! K
�
⇡
+
e
+
e
�)⇢/! = (4.0±0.5±0.2±0.1)⇥10�6

B(D0 ! K
�
⇡
+
e
+
e
�)NR < 3.2⇥ 10�6 @ 90%CL
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M = 4380± 8± 29 MeV (3)

� = 205± 18± 86 MeV (4)
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Λ+
c→pµ+µ-: issues & prospects 

•  m(µ+µ-) for Λ+
c→pµ+µ- 

 
 
 

 
 

•  Resonance tails in non-resonant regions " BFs not clean observables 

PRD97 091101 (2018) LHCb 
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Figure 4: Invariant mass distribution m(µ+µ�) for ⇤+
c ! pµ+µ� candidates with mass

±25MeV/c2 around the ⇤+
c mass. The solid line shows the result of the fit, while the dashed

line indicates the background component.
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Figure 5: The CLs value as a function of the B(⇤+
c ! pµ+µ�) branching fraction. The median

expected value of an ensemble (assuming no signal component) is shown by the dashed line,
with the ±1� and ±2� regions shaded. The observed distribution is shown by the solid line.
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Figure 7.7: Di↵erential branching fraction of ⇤+
c ! pµ+µ� as a function of q2. The current

LHCb limit is marked with green. The extrapolated upper limit with 50 and 300 fb�1 dataset
is marked in red. [?].

down-type quark sector the GIM suppression is less e↵ective than in the up-quark sector, due to2832

the presence of top-quarks running in the loops which leads to an e↵ective decoupling with the2833

other diagrams, owing to the large top quark mass. In the charm sector FCNC, are instead more2834

e↵ectively suppressed due to the absence of a large mass down-type quark and therefore, within2835

the SM, rare D decays branching fractions have very small values. However, these processes can2836

be enhanced in new physics scenarios by up to several orders of magnitude when compared to the2837

SM. Predictions for the SD to B(D0 ! µ+µ�) are of O(10�18) while the LD contribution from2838

�� recombination, based on the current limit for D0 ! �� [?], brings the expected branching2839

fraction up to 10�11.2840

The expected upper limit obtained with about 2 fb�1 of Run 1 data is2841

B(D0 ! µ+µ�) < 3.5⇥ 10�9. (7.11)

Extrapolating the current performances, the expected limits are 3.5 ⇥ 10�10 after Upgrade I2842

(50 fb�1) and 1.4 ⇥ 10�10 after Upgrade II (300 fb�1), hence covering a large part of the2843

unambiguous space to search for NP without being a↵ected by LD uncertainties in the SM2844

predictions.2845

7.5.2 Search for D ! hµµ and ⇤c ! pµµ decays2846

As already stated the electroweak penguin transitions of b! s`` have proven to be powerful2847

tools to search for new physics e↵ects [?, ?]. One can study the same new physics e↵ects in the2848

up-quark sector with the c! u`` transitions. These type of decays till recently were very poorly2849

measured [?] and robust SM predictions did not exist.2850

Particularly suited for experiments at hadron colliders is the study of decays with a pair2851

of leptons in the final state, such as D+

(s)/⇤+
c ! h+`+`� and D0 ! h+h�`+`�. The SD2852

contributions to branching fractions (BF) of these decays involves FCNC processes which are2853

heavily suppressed in the SM through the GIM mechanism and are at the level of 10�9 or below,2854

depending on the decay [?, ?]. On the other hand, LD contributions dominate the branching2855

fraction via vector resonances (⇢/!/�) decaying into a dilepton pair. In some new physics the2856

SD contributions can be enhanced by several orders of magnitude allowing NP to manifest as an2857

77

Resonances 
SM Resonances 

SM+NP 

q2=m2(µ+µ-) q2=m2(µ+µ-) 

m(µ+µ-) 
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4

27±6  
(5.4σ) 

ϕ 

η region Low m(µ+µ-)  

High m(µ+µ-)  

ρ0/ω 

D0→π+π-µ+µ- 

D0→π+π-µ+µ-, K+K-µ+µ-: first signal! 

•  4-body decays: higher BFs, rich observables 
•  LHCb, 2 fb-1 Run1 data 
•  D0 from D*±→D0π± to suppress bkgd 

•  The rarest charm decay ever observed 
•  Agrees with SM. Contains resonance tails 

PRL119 181805 (2017) LHCb 
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• Rarest charm-hadron decays ever observed: 
 
 
 
 
where the uncertainties are statistical, systematic and due to the BF of the normalisation 

• Branching fractions in broad agreement with SM predictions [JHEP 04 (2013) 135]

Results
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[PRL 119 (2017) 181805]

B(D0 ! ⇡+⇡�µ+µ�) = (9.64± 0.48± 0.51± 0.97)⇥ 10�7

B(D0 ! K+K�µ+µ�) = (1.54± 0.27± 0.09± 0.16)⇥ 10�7
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e�ciency-weighted candidates, with fit projections overlaid.

candidates. After selection, a few percent of the events contain multiple candidates that112

share final-state particles. In these events one candidate is selected at random. The final113

samples comprise 1326 ± 45 D0
! ⇡+⇡�µ+µ� and 137 ± 14 D0

! K+K�µ+µ� signal114

decays.115

Selected candidates are corrected for any distortion of the phase space caused by the116

reconstruction and selection criteria. The e�ciency for reconstruction and selection is117

modeled across the full five-dimensional phase space. This is achieved by using a BDT118

with gradient boosting [16–18] as a classification tool that learns about the di↵erent119

features of the generated and selected samples and summarizes them into a single variable,120

its response. A weight corresponding to the inverse of the per-candidate e�ciency is121

then computed as the ratio between the predicted probabilities for selected and generated122

candidates as a function of the BDT response. The training of this reweighter BDT is123

performed on simulated events before and after selection, using | cos ✓µ|, | cos ✓h|, m(h+h�)124

and m(µ+µ�) as input variables. This choice is justified by the observation that the125

e�ciency is symmetric with respect to the angular variables, that it does not depend on126

sin 2�, and that sin 2� is not correlated with any other variable. As a consequence of the127

e�ciency weighting, the e↵ective sample size of theD0
! ⇡+⇡�µ+µ� (D0

! K+K�µ+µ�)128

sample is reduced by about 13% (14%).129

The CP -asymmetry measurement is a↵ected by O(1%) nuisance charge asym-130

metries introduced by the di↵erent e�ciency to reconstruct a ⇡+ or ⇡�,131

AD(⇡+), and the di↵erent production cross-sections of D⇤+ and D⇤� mesons,132

AP (D⇤+). For small asymmetries, the raw asymmetry between observed yields of133

D⇤+
! D0(! f)⇡+ and D⇤�

! D0(! f)⇡� decays, where f is a CP -symmetric fi-134

nal state, can be approximated as Araw
CP (f) ⇡ ACP (f) + AP (D⇤+) + AD(⇡+). The135

nuisance charge asymmetries are subtracted from the raw asymmetry using high-136

statistics samples of D⇤+
! D0(! K+K�)⇡+ decays. Therefore, CP asymmetry137

is given by ACP (h+h�µ+µ�) = Araw
CP (h+h�µ+µ�)� Araw

CP (K+K�) + ACP (K+K�), where138
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Asymmetries in D0→π+π-µ+µ-, K+K-µ+µ- 

•  Exploit rich dynamics of 4-body 
     " sensitive SM probes 

•  ACP  AFB  Aφ  ~null in SM  
   In NP ~O(%), also for resonances 

•  2fb-1 Run1+ 3fb-1 Run2 data 
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Figure 9: Measured values of (left) ACP , (center) AFB and (right) A� for (top) D0
! ⇡+⇡�µ+µ�

and (bottom) D0
! K+K�µ+µ� decays in the dimuon-mass ranges. The hatched band

corresponds to the integrated measurement. The uncertainties include both statistical and
systematic sources.
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ACP [%]                                     AFB [%]                                      Aφ [%] 

D0→π+π-µ+µ- 

Jolanta@Beauty'19 10 

FB asym. for muons                 Triple-product asym.    

1326 ± 45  

137 ± 14  



Observation of D0→K-π+e+e- 
•  BaBar, full sample 468 fb-1 

•  D0 from D*±→D0π± to suppress bkgd 
•  Fits to m(D0) and Δm=m(D*)-m(D0) 

•  Consistent with SM and muon channel 
•  In non-resonant m(e+e-): S =19 ± 7 (2.6 σ)   (resonance tails subtracted) 

•  Improves E791 upper limit of 4×10-4 

Jolanta@Beauty'19 
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m(D0), Δm for ρ/ω→e+e- region 

yield is 3.8þ2.7
−1.9 , where the uncertainty is statistical only; the

statistical significance S is 1.8σ. The branching fraction is
determined to be ð2.2þ1.5

−1.1 # 0.6Þ × 10−7, where the second
uncertainty is systematic and is dominated by the uncer-
tainty on the model parametrization. We use the frequentist
approach of Feldman and Cousins [40] to determine a
90% C.L. branching fraction upper limit of 0.5 × 10−6.
We repeat the fit to Δm and mðK−πþeþe−Þ in the

continuummðeþe−Þ region that is predicted to be relatively
unaffected by intermediates states, and is defined by
excluding the followingmðeþe−Þmass ranges:mðeþe−Þ <
0.2 GeV=c2, 0.675 < mðeþe−Þ < 0.875 GeV=c2, 0.491 <
mðeþe−Þ < 0.560 GeV=c2, 0.902<mðeþe−Þ<0.964GeV=
c2, and 1.005 < mðeþe−Þ < 1.035 GeV=c2. These corre-
spond to ranges dominated by the decays of the π0 and
ρ0=ω mesons or potentially affected by the decays of η, η0,
and ϕ mesons, respectively. Simulation samples of D0 →
K−πþη andD0 → K−πþη0, with η=η0 → eþe−γ, are used to
determine the asymmetric mðeþe−Þ mass ranges centered
on the known η and η0 masses. Thesemðeþe−Þmass ranges
exclude 90% of any remaining simulated η and η0 candi-
dates that pass the selection criteria. The number of
background decays from intermediate states in the con-
tinuum region is predicted to be 9.9# 0.9, dominated
by the decay ρ0=ω → eþe− with mðeþe−Þ less than
0.675 GeV=c2. The fitted yield in the continuum region,
after the subtraction of this background, is 19# 7, with a
statistical significance S ¼ 2.6σ. This corresponds to a
branching fraction ð1.6# 0.6# 0.7Þ × 10−6, where the
second uncertainty is systematic and is dominated by
our knowledge of the model parametrization. The result
is not significant and we determine a 90% C.L. branching
fraction upper limit of 3.1 × 10−6.
In summary, we have presented the first observation

of the decay D0 → K−πþeþe−. The branching fraction in
the mass range 0.675 < mðeþe−Þ < 0.875 GeV=c2 is

ð4.0# 0.5# 0.2# 0.1Þ × 10−6, compatible with the result
for BðD0 → K−πþμþμ−Þ [21], and with theoretical pre-
dictions for the SM contribution [6] for this mass region.
We have placed 90% C.L. branching fraction upper limits
on the decayD0 → K−πþeþe− in themðeþe−Þmass region
of the ϕ meson and in mðeþe−Þ mass regions where long-
distance effects are potentially small.
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FIG. 3. Projection of the fits to the D0 → K−πþeþe− data
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0.2 GeV=c2. The background has been subtracted using the
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regions excluded from the “continuum” region.
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Δm and the four-body mass distributions are not correlated
and are treated as independent observables in the fit. For the
D0 → K−πþeþe− signal, a Gaussian-like function with
different lower and upper widths is used for both Δm and
mðK−πþeþe−Þ. This asymmetric function is used in order
to describe the imperfect bremsstrahlung energy recovery
for the electrons. The background in the D0 → K−πþeþe−

channel is modeled with an ARGUS threshold function
[35] for Δm and a first-order Chebyshev polynomial for
mðK−πþeþe−Þ. For the D0 → K−πþπþπ− normalization
mode, the Δm and mðK−πþπ−πþÞ distributions are each
represented by two Cruijff functions with shared means
[36]. The background is represented by an ARGUS thresh-
old function for Δm and a second-order Chebyshev
polynomial for mðK−πþπ−πþÞ. All yields and shape
parameters are allowed to vary in the fits except for the
ARGUS function threshold end point, which is set to the
kinematic threshold for the D$þ → D0πþ decay.
Decays of intermediate mesons to the final state eþe−γ

can potentially appear in the mðeþe−Þ spectrum as the
photon is not reconstructed. However, the constraint
mðD0Þ > 1.81GeV=c2 is effective in reducing the back-
ground from these decays despite their relatively high
branching fractions. We investigate the backgrounds by
generating simulation samples D0 → K−πþV, with inter-
mediate decays ρ0=ω=ϕ → eþe− and η=η0 → eþe−γ. In the
simulations, QED radiative corrections are provided by
PHOTOS [30]. The branching fractions are taken from
Ref. [34], except for the unknown BðD0 → K−πþηÞ, which
is estimated to be ð1.8% 0.9Þ% from the related decay
D0 → K0

Sπ
0η. After applying the selection criteria, we

expect to find 0.3% 0.2 eþe−γ background decays in the
0.675 < mðeþe−Þ < 0.875 GeV=c2 range.
The fitted yield for the D0 → K−πþπþπ− normalization

data sample is 260870% 520. For the D0 → K−πþeþe−

signal mode, the fitted yield, after the subtraction
of the eþe−γ background, is 68% 9 in the range
0.675 < mðeþe−Þ < 0.875 GeV=c2. The significance S ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2Δ lnL

p
of the signal yield in this mass range, including

statistical and systematic uncertainties, is 9.7 standard
deviations (σ), where Δ lnL is the change in the log-
likelihood from the maximum value to the value when
the number of D0 → K−πþeþe− signal decays is set to
Nsig ¼ 0.
Figure 1 shows the results of the fit to themðK−πþeþe−Þ

and Δm distributions of the D0 → K−πþeþe− signal mode
in the mass range 0.675 < mðeþe−Þ < 0.875 GeV=c2.
Figure 2 shows the projection of the fit to the D0 →
K−πþeþe− signal mode as a function of mðeþe−Þ and
mðK−πþÞ, where the background has been subtracted using
the sPlot technique [37]. A peaking structure is visible in
mðeþe−Þ centered near the ρ0 mass. A broader structure is
seen in mðK−πþÞ near the known mass of the K̄$ð892Þ0
meson. Both distributions are similar to the distributions
shown in Ref. [21] for the decay D0 → K−πþμþμ−.

We test the performance of the maximum likelihood fit
by generating ensembles of MC simulation pseudodata
samples from both the PDF distributions and the fully
simulated MC events. The mean number of signal, nor-
malization, and background yields used in the ensembles is
taken from the fits to the data sample. The yields are
allowed to fluctuate according to a Poisson distribution and
all fit parameters are allowed to vary. No significant bias is
observed in the normalization mode. The largest fit bias
observed in the signal mode is 0.4% 0.1. The biases are
much smaller than the statistical uncertainties in the yields.
The fit biases are subtracted from the fitted yields before
calculating the signal branching fractions.
To cross-check the normalization procedure, the signal

mode D0 → K−πþeþe− in Eq. (1) is replaced with the
decay D0 → K−πþ, which has a well-known branching
fraction [34]. The D0 → K−πþ decay is selected using the
same criteria as used for the D0 → K−πþπþπ− mode,
which is used as the normalization mode. The D0 →
K−πþ yield is determined using an unbinned maximum
likelihood fit to Δm and the two-body invariant mass
mðK−πþÞ. Three Crystal Ball functions [38] with shared
means are used for the D0 → K−πþ signal Δm and
mðK−πþÞ distributions. The backgrounds are represented
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FIG. 1. Fits to D0 → K−πþeþe− data distributions for
(a) mðK−πþeþe−Þ and (b) Δm mass for candidates with
0.675 < mðeþe−Þ < 0.875 GeV=c2.
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S=68 ± 9  
(10σ) 

Δm and the four-body mass distributions are not correlated
and are treated as independent observables in the fit. For the
D0 → K−πþeþe− signal, a Gaussian-like function with
different lower and upper widths is used for both Δm and
mðK−πþeþe−Þ. This asymmetric function is used in order
to describe the imperfect bremsstrahlung energy recovery
for the electrons. The background in the D0 → K−πþeþe−

channel is modeled with an ARGUS threshold function
[35] for Δm and a first-order Chebyshev polynomial for
mðK−πþeþe−Þ. For the D0 → K−πþπþπ− normalization
mode, the Δm and mðK−πþπ−πþÞ distributions are each
represented by two Cruijff functions with shared means
[36]. The background is represented by an ARGUS thresh-
old function for Δm and a second-order Chebyshev
polynomial for mðK−πþπ−πþÞ. All yields and shape
parameters are allowed to vary in the fits except for the
ARGUS function threshold end point, which is set to the
kinematic threshold for the D$þ → D0πþ decay.
Decays of intermediate mesons to the final state eþe−γ

can potentially appear in the mðeþe−Þ spectrum as the
photon is not reconstructed. However, the constraint
mðD0Þ > 1.81GeV=c2 is effective in reducing the back-
ground from these decays despite their relatively high
branching fractions. We investigate the backgrounds by
generating simulation samples D0 → K−πþV, with inter-
mediate decays ρ0=ω=ϕ → eþe− and η=η0 → eþe−γ. In the
simulations, QED radiative corrections are provided by
PHOTOS [30]. The branching fractions are taken from
Ref. [34], except for the unknown BðD0 → K−πþηÞ, which
is estimated to be ð1.8% 0.9Þ% from the related decay
D0 → K0

Sπ
0η. After applying the selection criteria, we

expect to find 0.3% 0.2 eþe−γ background decays in the
0.675 < mðeþe−Þ < 0.875 GeV=c2 range.
The fitted yield for the D0 → K−πþπþπ− normalization

data sample is 260870% 520. For the D0 → K−πþeþe−

signal mode, the fitted yield, after the subtraction
of the eþe−γ background, is 68% 9 in the range
0.675 < mðeþe−Þ < 0.875 GeV=c2. The significance S ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2Δ lnL

p
of the signal yield in this mass range, including

statistical and systematic uncertainties, is 9.7 standard
deviations (σ), where Δ lnL is the change in the log-
likelihood from the maximum value to the value when
the number of D0 → K−πþeþe− signal decays is set to
Nsig ¼ 0.
Figure 1 shows the results of the fit to themðK−πþeþe−Þ

and Δm distributions of the D0 → K−πþeþe− signal mode
in the mass range 0.675 < mðeþe−Þ < 0.875 GeV=c2.
Figure 2 shows the projection of the fit to the D0 →
K−πþeþe− signal mode as a function of mðeþe−Þ and
mðK−πþÞ, where the background has been subtracted using
the sPlot technique [37]. A peaking structure is visible in
mðeþe−Þ centered near the ρ0 mass. A broader structure is
seen in mðK−πþÞ near the known mass of the K̄$ð892Þ0
meson. Both distributions are similar to the distributions
shown in Ref. [21] for the decay D0 → K−πþμþμ−.

We test the performance of the maximum likelihood fit
by generating ensembles of MC simulation pseudodata
samples from both the PDF distributions and the fully
simulated MC events. The mean number of signal, nor-
malization, and background yields used in the ensembles is
taken from the fits to the data sample. The yields are
allowed to fluctuate according to a Poisson distribution and
all fit parameters are allowed to vary. No significant bias is
observed in the normalization mode. The largest fit bias
observed in the signal mode is 0.4% 0.1. The biases are
much smaller than the statistical uncertainties in the yields.
The fit biases are subtracted from the fitted yields before
calculating the signal branching fractions.
To cross-check the normalization procedure, the signal

mode D0 → K−πþeþe− in Eq. (1) is replaced with the
decay D0 → K−πþ, which has a well-known branching
fraction [34]. The D0 → K−πþ decay is selected using the
same criteria as used for the D0 → K−πþπþπ− mode,
which is used as the normalization mode. The D0 →
K−πþ yield is determined using an unbinned maximum
likelihood fit to Δm and the two-body invariant mass
mðK−πþÞ. Three Crystal Ball functions [38] with shared
means are used for the D0 → K−πþ signal Δm and
mðK−πþÞ distributions. The backgrounds are represented
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•  Rates with SUSY up to ~10-5 
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FIG. 2. (color online) Fitting on the MBC spectra for the
decays (a) D0 → K−π−e+e+, (b) D+ → K0

Sπ
−e+e+ and (c)

D+ → K−π0e+e+. The dotted points with error bars are
from data, the blue lines are the fitting result, the dashed red
and long dashed green lines are the signal and background
components, respectively.

The systematic uncertainty from the ∆E requirement
is studied using control samples of D0 → K−π+π0 and
D+ → K+π+π− for the signal processes with and with-
out π0 in final states, where the control samples are se-
lected with the ST method. We set [µ − 3.5σ, µ+ 2.5σ]
as a nominal ∆E window for the signal, where µ and σ
are the mean and width values of ∆E obtained by fit-
ting. Then we vary the ∆E window by 0.5σ on both
sides, and the resulting differences of the change of effi-
ciency between data and MC simulation are taken as the
systematic uncertainties.
To study the systematic uncertainty associated with

FSR recovery process, we obtain the alternative detec-
tion efficiency without the FSR recovery process, and
the difference in the efficiency is taken as the systematic
uncertainty.
The difference of the geometric efficiency between the

one obtained with the phase space generator, and the av-
erage of mνm-dependent cases, is taken as the systematic
uncertainty associated with the modeling.
The systematic uncertainty associated with the fitting

of the MBC distribution arises from the fitting range, sig-

nal shape and background shape. We performed alterna-
tive fits by varying the fitting range from [1.84, 1.89] to
[1.845, 1.89] GeV/c2, the width of convolved Gaussian for
signal shape within one standard deviation, and the back-
ground shape from the ARGUS function to the cocktail
MC simulated shape. The relative changes of the signal
yields are taken as the corresponding systematic uncer-
tainties, and are found to be negligible compared to the
statistical uncertainties.
All the systematic uncertainties are summarized in

Table II. Assuming they are independent, the total sys-
tematic uncertainty is the quadrature sum of the individ-
ual ones.

VI. RESULTS AND DISCUSSION

A. Upper limits for D → Kπe
+
e
+ decays

Taking into account the effect of systematic uncer-
tainties, we calculate ULs on the BFs for the LNV
∆L = 2 decays D0 → K−π−e+e+, D+ → K0

Sπ
−e+e+

and D+ → K−π0e+e+ according to Eq. (2) based on the
Bayesian method [29]. A series of fits of the MBC distri-
bution are carried out fixing the BF at different values,
and the resultant curve of likelihood values as a function
of the BF is convolved with a Gaussian function, which
has a width given by the overall systematic uncertain-
ty and is normalized to the maximum value of 1. The
ULs on the BF at the 90% CL, BUL

sig for the different pro-
cesses, which are listed in Table III, are the values that
yield 90% of the likelihood integral over BF from zero to
infinity.

B. Searching for Majorana neutrino

With the above three decay processes, the Majorana
neutrino can be searched for by studying the decay
chains D0 → K−e+νm(π−e+), D+ → K0

Se
+νm(π−e+)

or D+ → π0e+νm(K−e+); a narrow peak will be present
in the distribution of π−e+ (K−e+) invariant mass if a
signal exists. Compared to the other two decay chan-
nels, the D+ → π0e+νm(K−e+) is expected to be sup-
pressed by a factor of 1/20 because of the smaller CKM
factors. So in this analysis, the Majorana neutrino is
searched in the processes D0 → K−e+νm(π−e+) and
D+ → K0

Se
+νm(π−e+) with different mνm hypotheses,

i.e., from 0.25 to 1.0 GeV/c2 with an interval of 0.05
GeV/c2.
Based on the above selection criteria, to search for the

Majorana neutrino with a given mass, mνm , the candi-
date events are selected by further requiring the invari-
ant mass of any π−e+ combination (two e+ per event),
Mπ−e+ , to be within the range of [mνm − 3σ, mνm +3σ],
where σ is the resolution of the Mπ−e+ distribution ob-
tained by studying the signal MC sample. The number
counting method is used to determine the signal yields

D0→K-π-e+e+ 

D+→KSπ-e+e+ 

D+→K-π0e+e+ 
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the reconstruction e�ciency ✏norm is between 19.2% and
24.7%. The di↵erence between ✏sig and ✏norm is mainly
due to the momentum dependence of the lepton PID [23].

The signal mode branching fraction Bsig is determined
relative to that of the normalization decay using

Bsig =
Nsig

Nnorm

✏norm
✏sig

Lnorm

Lsig
Bnorm, (1)

where Bnorm is the branching fraction of the normaliza-
tion mode [18], and Nsig and Nnorm are the fitted yields
of the signal and normalization mode decays, respec-
tively. The symbols Lsig and Lnorm represent the in-
tegrated luminosities of the data samples used for the
signal (468.2 ± 2.0 fb�1) and the normalization decays
(39.3± 0.2 fb�1), respectively [21]. For the signal modes,
we use both the on-peak and o↵-peak data samples, while
the normalization modes use only a subset of the o↵-peak
data.

Each normalization mode yield Nnorm is extracted by
performing a two-dimensional unbinned maximum like-
lihood fit to the �m and m(D0) distributions in the
range 0.141 < �m < 0.149GeV/c2 and 1.81 < m(D0) <
1.91GeV/c2. The measured �m and m(D0) values are
not correlated and are treated as independent observables
in the fits. The probability density functions (PDFs) in
the fits depend on the normalization mode and use sums
of multiple Cruij↵ [14] and Crystal Ball [35] functions in
both �m and m(D0). The functions for each observable
use a common mean. The background is modeled with an
ARGUS threshold function [36] for �m and a Chebyshev
polynomial for m(D0). The ARGUS endpoint parameter
is fixed to the kinematic threshold for a D⇤+

! D0⇡+

decay. All other PDF parameters, together with the nor-
malization mode and background yields, are allowed to
vary in the fit. The fitted yields and reconstruction e�-
ciencies for the normalization modes are given in Table I.

TABLE I. Summary of fitted candidate yields with statistical
uncertainties, systematic uncertainties, and reconstruction ef-
ficiencies for the three normalization modes.

Decay mode Nnorm Syst. ✏norm
D0 ! (candidates) (%) (%)
K�⇡+⇡+⇡� 260 870± 520 4.7 20.1
K�K+⇡+⇡� 8480± 110 6.6 19.2
⇡�⇡+⇡+⇡� 28 470± 220 6.8 24.7

After the application of the selection criteria, there
are of the order of 100 events or fewer available for fit-
ting in each signal mode. Each signal mode yield Nsig

is therefore extracted by performing a one-dimensional
unbinned maximum likelihood fit to �m in the range
0.141 < �m < 0.201GeV/c2 for signal modes with two
kaons and 0.141 < �m < 0.149GeV/c2 for all other sig-
nal modes. The signal PDF is a Cruij↵ function with

parameters obtained by fitting the signal MC. The back-
ground is modeled with an ARGUS function with an end-
point that is set to the same value that is used for the
normalization modes. The signal PDF parameters and
the endpoint parameter are fixed in the fit. All other
background parameters and the signal and background
yields are allowed to vary. Figure 1 shows the results
of the fits to the �m distributions for the twelve signal
modes.
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FIG. 1. Final candidate distributions as a function of �m
for the twelve signal modes in the range 0.141 < �m <
0.149GeV/c2. The solid blue line is the total fit, the dashed
red line is the signal and the dotted green line is the back-
ground.

We test the performance of the maximum likelihood
fit by generating ensembles of MC samples from the nor-
malization and background PDF distributions, assuming
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the reconstruction e�ciency ✏norm is between 19.2% and
24.7%. The di↵erence between ✏sig and ✏norm is mainly
due to the momentum dependence of the lepton PID [23].

The signal mode branching fraction Bsig is determined
relative to that of the normalization decay using

Bsig =
Nsig

Nnorm

✏norm
✏sig

Lnorm

Lsig
Bnorm, (1)

where Bnorm is the branching fraction of the normaliza-
tion mode [18], and Nsig and Nnorm are the fitted yields
of the signal and normalization mode decays, respec-
tively. The symbols Lsig and Lnorm represent the in-
tegrated luminosities of the data samples used for the
signal (468.2 ± 2.0 fb�1) and the normalization decays
(39.3± 0.2 fb�1), respectively [21]. For the signal modes,
we use both the on-peak and o↵-peak data samples, while
the normalization modes use only a subset of the o↵-peak
data.

Each normalization mode yield Nnorm is extracted by
performing a two-dimensional unbinned maximum like-
lihood fit to the �m and m(D0) distributions in the
range 0.141 < �m < 0.149GeV/c2 and 1.81 < m(D0) <
1.91GeV/c2. The measured �m and m(D0) values are
not correlated and are treated as independent observables
in the fits. The probability density functions (PDFs) in
the fits depend on the normalization mode and use sums
of multiple Cruij↵ [14] and Crystal Ball [35] functions in
both �m and m(D0). The functions for each observable
use a common mean. The background is modeled with an
ARGUS threshold function [36] for �m and a Chebyshev
polynomial for m(D0). The ARGUS endpoint parameter
is fixed to the kinematic threshold for a D⇤+

! D0⇡+

decay. All other PDF parameters, together with the nor-
malization mode and background yields, are allowed to
vary in the fit. The fitted yields and reconstruction e�-
ciencies for the normalization modes are given in Table I.

TABLE I. Summary of fitted candidate yields with statistical
uncertainties, systematic uncertainties, and reconstruction ef-
ficiencies for the three normalization modes.

Decay mode Nnorm Syst. ✏norm
D0 ! (candidates) (%) (%)
K�⇡+⇡+⇡� 260 870± 520 4.7 20.1
K�K+⇡+⇡� 8480± 110 6.6 19.2
⇡�⇡+⇡+⇡� 28 470± 220 6.8 24.7

After the application of the selection criteria, there
are of the order of 100 events or fewer available for fit-
ting in each signal mode. Each signal mode yield Nsig

is therefore extracted by performing a one-dimensional
unbinned maximum likelihood fit to �m in the range
0.141 < �m < 0.201GeV/c2 for signal modes with two
kaons and 0.141 < �m < 0.149GeV/c2 for all other sig-
nal modes. The signal PDF is a Cruij↵ function with

parameters obtained by fitting the signal MC. The back-
ground is modeled with an ARGUS function with an end-
point that is set to the same value that is used for the
normalization modes. The signal PDF parameters and
the endpoint parameter are fixed in the fit. All other
background parameters and the signal and background
yields are allowed to vary. Figure 1 shows the results
of the fits to the �m distributions for the twelve signal
modes.
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FIG. 1. Final candidate distributions as a function of �m
for the twelve signal modes in the range 0.141 < �m <
0.149GeV/c2. The solid blue line is the total fit, the dashed
red line is the signal and the dotted green line is the back-
ground.

We test the performance of the maximum likelihood
fit by generating ensembles of MC samples from the nor-
malization and background PDF distributions, assuming

5

the reconstruction e�ciency ✏norm is between 19.2% and
24.7%. The di↵erence between ✏sig and ✏norm is mainly
due to the momentum dependence of the lepton PID [23].

The signal mode branching fraction Bsig is determined
relative to that of the normalization decay using

Bsig =
Nsig

Nnorm

✏norm
✏sig

Lnorm

Lsig
Bnorm, (1)

where Bnorm is the branching fraction of the normaliza-
tion mode [18], and Nsig and Nnorm are the fitted yields
of the signal and normalization mode decays, respec-
tively. The symbols Lsig and Lnorm represent the in-
tegrated luminosities of the data samples used for the
signal (468.2 ± 2.0 fb�1) and the normalization decays
(39.3± 0.2 fb�1), respectively [21]. For the signal modes,
we use both the on-peak and o↵-peak data samples, while
the normalization modes use only a subset of the o↵-peak
data.

Each normalization mode yield Nnorm is extracted by
performing a two-dimensional unbinned maximum like-
lihood fit to the �m and m(D0) distributions in the
range 0.141 < �m < 0.149GeV/c2 and 1.81 < m(D0) <
1.91GeV/c2. The measured �m and m(D0) values are
not correlated and are treated as independent observables
in the fits. The probability density functions (PDFs) in
the fits depend on the normalization mode and use sums
of multiple Cruij↵ [14] and Crystal Ball [35] functions in
both �m and m(D0). The functions for each observable
use a common mean. The background is modeled with an
ARGUS threshold function [36] for �m and a Chebyshev
polynomial for m(D0). The ARGUS endpoint parameter
is fixed to the kinematic threshold for a D⇤+

! D0⇡+

decay. All other PDF parameters, together with the nor-
malization mode and background yields, are allowed to
vary in the fit. The fitted yields and reconstruction e�-
ciencies for the normalization modes are given in Table I.

TABLE I. Summary of fitted candidate yields with statistical
uncertainties, systematic uncertainties, and reconstruction ef-
ficiencies for the three normalization modes.

Decay mode Nnorm Syst. ✏norm
D0 ! (candidates) (%) (%)
K�⇡+⇡+⇡� 260 870± 520 4.7 20.1
K�K+⇡+⇡� 8480± 110 6.6 19.2
⇡�⇡+⇡+⇡� 28 470± 220 6.8 24.7

After the application of the selection criteria, there
are of the order of 100 events or fewer available for fit-
ting in each signal mode. Each signal mode yield Nsig

is therefore extracted by performing a one-dimensional
unbinned maximum likelihood fit to �m in the range
0.141 < �m < 0.201GeV/c2 for signal modes with two
kaons and 0.141 < �m < 0.149GeV/c2 for all other sig-
nal modes. The signal PDF is a Cruij↵ function with

parameters obtained by fitting the signal MC. The back-
ground is modeled with an ARGUS function with an end-
point that is set to the same value that is used for the
normalization modes. The signal PDF parameters and
the endpoint parameter are fixed in the fit. All other
background parameters and the signal and background
yields are allowed to vary. Figure 1 shows the results
of the fits to the �m distributions for the twelve signal
modes.
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FIG. 1. Final candidate distributions as a function of �m
for the twelve signal modes in the range 0.141 < �m <
0.149GeV/c2. The solid blue line is the total fit, the dashed
red line is the signal and the dotted green line is the back-
ground.

We test the performance of the maximum likelihood
fit by generating ensembles of MC samples from the nor-
malization and background PDF distributions, assuming
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the reconstruction e�ciency ✏norm is between 19.2% and
24.7%. The di↵erence between ✏sig and ✏norm is mainly
due to the momentum dependence of the lepton PID [23].

The signal mode branching fraction Bsig is determined
relative to that of the normalization decay using

Bsig =
Nsig

Nnorm

✏norm
✏sig

Lnorm

Lsig
Bnorm, (1)

where Bnorm is the branching fraction of the normaliza-
tion mode [18], and Nsig and Nnorm are the fitted yields
of the signal and normalization mode decays, respec-
tively. The symbols Lsig and Lnorm represent the in-
tegrated luminosities of the data samples used for the
signal (468.2 ± 2.0 fb�1) and the normalization decays
(39.3± 0.2 fb�1), respectively [21]. For the signal modes,
we use both the on-peak and o↵-peak data samples, while
the normalization modes use only a subset of the o↵-peak
data.

Each normalization mode yield Nnorm is extracted by
performing a two-dimensional unbinned maximum like-
lihood fit to the �m and m(D0) distributions in the
range 0.141 < �m < 0.149GeV/c2 and 1.81 < m(D0) <
1.91GeV/c2. The measured �m and m(D0) values are
not correlated and are treated as independent observables
in the fits. The probability density functions (PDFs) in
the fits depend on the normalization mode and use sums
of multiple Cruij↵ [14] and Crystal Ball [35] functions in
both �m and m(D0). The functions for each observable
use a common mean. The background is modeled with an
ARGUS threshold function [36] for �m and a Chebyshev
polynomial for m(D0). The ARGUS endpoint parameter
is fixed to the kinematic threshold for a D⇤+

! D0⇡+

decay. All other PDF parameters, together with the nor-
malization mode and background yields, are allowed to
vary in the fit. The fitted yields and reconstruction e�-
ciencies for the normalization modes are given in Table I.

TABLE I. Summary of fitted candidate yields with statistical
uncertainties, systematic uncertainties, and reconstruction ef-
ficiencies for the three normalization modes.

Decay mode Nnorm Syst. ✏norm
D0 ! (candidates) (%) (%)
K�⇡+⇡+⇡� 260 870± 520 4.7 20.1
K�K+⇡+⇡� 8480± 110 6.6 19.2
⇡�⇡+⇡+⇡� 28 470± 220 6.8 24.7

After the application of the selection criteria, there
are of the order of 100 events or fewer available for fit-
ting in each signal mode. Each signal mode yield Nsig

is therefore extracted by performing a one-dimensional
unbinned maximum likelihood fit to �m in the range
0.141 < �m < 0.201GeV/c2 for signal modes with two
kaons and 0.141 < �m < 0.149GeV/c2 for all other sig-
nal modes. The signal PDF is a Cruij↵ function with

parameters obtained by fitting the signal MC. The back-
ground is modeled with an ARGUS function with an end-
point that is set to the same value that is used for the
normalization modes. The signal PDF parameters and
the endpoint parameter are fixed in the fit. All other
background parameters and the signal and background
yields are allowed to vary. Figure 1 shows the results
of the fits to the �m distributions for the twelve signal
modes.
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FIG. 1. Final candidate distributions as a function of �m
for the twelve signal modes in the range 0.141 < �m <
0.149GeV/c2. The solid blue line is the total fit, the dashed
red line is the signal and the dotted green line is the back-
ground.

We test the performance of the maximum likelihood
fit by generating ensembles of MC samples from the nor-
malization and background PDF distributions, assuming
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•  Normalisation channels: D0→ 4π, K-π+π+π-, K+K-π+π- 

•  No signal found. Upper limits of (1 ÷ 30) × 10-7 

•  10÷103 × more stringent limits than ones from E791 
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TABLE II. Summary of fitted signal yields with statistical and systematic uncertainties, reconstruction e�ciencies, branching
fractions with statistical and systematic uncertainties, and 90% C.L. branching fraction upper limits (U.L.). The branching
fraction systematic uncertainties take into account correlations and cancellations between the signal and normalization modes
and include the uncertainties in the normalization mode branching fractions.

Decay mode Nsig ✏sig B B 90% U.L.
D0 ! (candidates) (%) (⇥10�7) (⇥10�7)
⇡�⇡�e+e+ 0.22± 3.15± 0.54 4.38 0.27± 3.90± 0.67 9.1
⇡�⇡�µ+µ+ 6.69± 4.88± 0.80 4.91 7.40± 5.40± 0.91 15.2
⇡�⇡�e+µ+ 12.42± 5.30± 1.45 4.38 15.4± 6.59± 1.85 30.6
⇡�⇡+e±µ⌥ 1.37± 6.15± 1.28 4.79 1.55± 6.97± 1.45 17.1
K�⇡�e+e+ �0.23± 0.97± 1.28 3.19 �0.38± 1.60± 2.11 5.0
K�⇡�µ+µ+ �0.03± 2.10± 0.40 3.30 �0.05± 3.34± 0.64 5.3
K�⇡�e+µ+ 3.87± 3.96± 2.36 3.48 5.84± 5.97± 3.56 21.0
K�⇡+e±µ⌥ 2.52± 4.60± 1.35 3.65 3.62± 6.61± 1.95 19.0
K�K�e+e+ 0.30± 1.08± 0.41 3.25 0.43± 1.54± 0.58 3.4
K�K�µ+µ+ �1.09± 1.29± 0.42 6.21 �0.81± 0.96± 0.32 1.0
K�K�e+µ+ 1.93± 1.92± 0.83 4.63 1.93± 1.93± 0.84 5.8
K�K+e±µ⌥ 4.09± 3.00± 1.59 4.83 3.93± 2.89± 1.45 10.0
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[26] T. Sjöstrand, Comput. Phys. Commun. 82, 74 (1994).
[27] P. Golonka and Z. Was, Eur. Phys. J. C 45, 97 (2006).
[28] S. Agostinelli et al. (GEANT4 Collaboration), Nucl. In-

strum. Methods Phys. Res., Sect A 506, 250 (2003).
[29] J. Allison, K. Amako, J. Apostolakis, H. Araujo,

P. Dubois, et al. (GEANT4 Collaboration), IEEE Trans.
Nucl. Sci. 53, 270 (2006).

[30] I. Adam et al., Nucl. Instrum. Methods Phys. Res., Sect
A 538, 281 (2005).

[31] B. Aubert et al. (BABAR Collaboration), Phys. Rev. D
69, 111104 (2004).

[32] R. A. Fisher, Annals Eugen. 7, 179 (1936).
[33] A. De Rujula, J. R. Ellis, E. G. Floratos, and M. K.

Gaillard, Nucl. Phys. B 138, 387 (1978).
[34] G. C. Fox and S. Wolfram, Nucl. Phys. B 149, 413

(1979).
[35] T. Skwarnicki, A study of the radiative cascade transi-

tions between the ⌥0 and ⌥ resonances, Ph.D. thesis, In-
stitute of Nuclear Physics, Krakow (1986), DESY-F31-
86-02.

[36] H. Albrecht et al. (ARGUS Collaboration), Phys. Lett.

7

TABLE II. Summary of fitted signal yields with statistical and systematic uncertainties, reconstruction e�ciencies, branching
fractions with statistical and systematic uncertainties, and 90% C.L. branching fraction upper limits (U.L.). The branching
fraction systematic uncertainties take into account correlations and cancellations between the signal and normalization modes
and include the uncertainties in the normalization mode branching fractions.

Decay mode Nsig ✏sig B B 90% U.L.
D0 ! (candidates) (%) (⇥10�7) (⇥10�7)
⇡�⇡�e+e+ 0.22± 3.15± 0.54 4.38 0.27± 3.90± 0.67 9.1
⇡�⇡�µ+µ+ 6.69± 4.88± 0.80 4.91 7.40± 5.40± 0.91 15.2
⇡�⇡�e+µ+ 12.42± 5.30± 1.45 4.38 15.4± 6.59± 1.85 30.6
⇡�⇡+e±µ⌥ 1.37± 6.15± 1.28 4.79 1.55± 6.97± 1.45 17.1
K�⇡�e+e+ �0.23± 0.97± 1.28 3.19 �0.38± 1.60± 2.11 5.0
K�⇡�µ+µ+ �0.03± 2.10± 0.40 3.30 �0.05± 3.34± 0.64 5.3
K�⇡�e+µ+ 3.87± 3.96± 2.36 3.48 5.84± 5.97± 3.56 21.0
K�⇡+e±µ⌥ 2.52± 4.60± 1.35 3.65 3.62± 6.61± 1.95 19.0
K�K�e+e+ 0.30± 1.08± 0.41 3.25 0.43± 1.54± 0.58 3.4
K�K�µ+µ+ �1.09± 1.29± 0.42 6.21 �0.81± 0.96± 0.32 1.0
K�K�e+µ+ 1.93± 1.92± 0.83 4.63 1.93± 1.93± 0.84 5.8
K�K+e±µ⌥ 4.09± 3.00± 1.59 4.83 3.93± 2.89± 1.45 10.0

⇤ Now at: Wuhan University, Wuhan 430072, China
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•  Theory problem: Long-distance rates ~ 103 × Short Distance 
•  Cleaner probes: CP asymmetry, γ polarisation  
•  Experimental problem: π0 background 

•  LHCb competitive in D0→ργ, φγ 
•  Belle2 dominated: D0→γγ, D+→ρ+γ, Λc→pγ 
•  LHCb Upgrade: improved calorimeter 
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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

D0→π0π0 

D0→γγ  

m(γγ) 
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Figure 1. Distributions inM(D0) (top row) and cos(✓H) (bot-

tom row) of the � mode for D0 (left) and D
0
(right), with fit

results superimposed.

tries are �0.091± 0.066 (� mode), �0.002± 0.020 (K⇤0

mode) and 0.056± 0.151 (⇢0 mode). Here, the uncertain-
ties are statistical only.

The analysis of the normalization modes is based on
the previous analysis of the same modes by Belle [17].
The same selection criteria as for signal modes for particle
identification, vertex fit, q and pCMS(D⇤+) are applied.
The signal yield is extracted via background subtrac-
tion in a signal window (SW) of m(D0), with the back-
ground being estimated from a symmetrical upper and
lower sideband (USB and LSB). Based on MC, the frac-
tion of background events in the signal window compared
to all events in sidebands f = (Nbkg

SW )MC/(NLSB + NUSB)MC

is calculated and then used to calculate the number
of background events in data in the signal window
(Nbkg

SW )DATA = f ⇥ (NLSB + NUSB)DATA. The reliance
on the fraction f determined from simulation is vali-
dated by comparing background distributions in a q side-
band for simulation and data, which are proven to be
in good agreement. We verify that the fraction is uni-
form for both D0 and D0 samples. The signal window
for the K+K� mode is ±14 MeV/c2 around the nomi-
nal value [6], with the sidebands being ±(31-45)MeV/c2

around the nominal value. For the K�⇡+ mode, the sig-
nal window is ±16.2 MeV/c2 and sidebands are ±(28.8-
45)MeV/c2, and for the ⇡+⇡� mode, the signal win-
dow is ±15 MeV/c2 and sidebands are ±(20-35)MeV/c2.
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Figure 2. Distributions inM(D0) (top row) and cos(✓H) (bot-

tom row) of the K⇤0 mode for D0 (left) and D
0
(right), with

fit results superimposed.
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Figure 3. Distributions in M(D0) (top row) and cos(✓H)

(bottom row) of the ⇢0 mode for D0 (left) and D
0
(right),

with fit results superimposed.
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Summary & Outlook 

•  Rare charm decays start entering the SM regime 

•  Probing rates down to 10-8 

•  First signals! 
      BF(D0→π+π-µ+µ-)|low m(µ+µ-) = (7.8 ± 1.9 ± 0.5 ± 0.8)×10-8 
•  First measurements for baryons: 
      BF(Λ+

c→pµ+µ-)|non-resonant µ+µ- < 9.6 ×10-8 @ 95% CL 
•  LFV/LNV decays D0→hhll: UL~10-7 

•  More than rates: ACP  AFB  Aφ for D0→h+h-µ+µ-  

•  With more statistics charm will take “B-brother” path: 
      angular analysis of D0→h+h-µ+µ-, photon polarisation 

•  Ongoing with Run2 LHCb data:  
      D0→ργ, φγ, D(s)

+→K/π l+l-, Λ+
c→pµ+µ-, D0→l+l- 

      D(s)
+→K/π e+µ-  
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Backups 

•    
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Search for D(s)
+→γe+υ 

•  Unlike D(s)→e+υ, no helicity suppression 
                                                                                                                      

•  BESIII, 2.9fb-1@DD and 3.2fb-1@DsDs
* threshold 

•  Double Tag technique 
•  Photons with Eγ>10 MeV 
•  Signal identified with Umiss= Emiss - |pmiss| 
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A search for the rare radiative leptonic decay D+
s → γe+νe is performed for the first time using

electron-positron collision data corresponding to an integrated luminosity of 3.19 fb−1, collected
with the BESIII detector at a center-of-mass energy of 4.178 GeV. No evidence for the D+

s → γe+νe
decay is seen and an upper limit of B(D+

s → γe+νe) < 1.3 × 10−4 is set on the partial branching
fraction at a 90% confidence level for radiative photon energies E∗

γ > 0.01 GeV.

PACS numbers: 13.25.Ft, 13.20.Fc, 47.70.-n, 14.60.Cd

I. INTRODUCTION

In the Standard Model, the purely leptonic decays of
heavy pseudoscalar mesons, P → e+νe, are helicity sup-
pressed by a factor m2

e. The helicity suppression in these
processes can be overcome by the emission of a radiative
photon as shown in Fig. 1. As a result, the decay rate of
the purely leptonic radiative decay P → γe+νe may be
103 − 105 times [1] larger than that of P → e+νe. For
example, the branching fractions (BFs) of D+

(s) → γe+νe
are theoretically predicted to range from 10−5 to 10−3 [2–
8]. An experimental search for these decays can shed light
on the dynamics of the underlying processes and can pro-
vide input of decay rates to theoretical calculations.
Previously, the BESIII experiment has searched for the

radiative leptonic decay D+ → γe+νe using a data sam-
ple collected at a center-of-mass energy

√
s = 3.773 GeV.

No significant signal is observed and an upper limit
on the partial decay BF for radiative photon energies
E∗

γ > 0.01 GeV is set to B < 3.0 × 10−5 at the 90%
confidence level (C.L.) [9], approaching the range of the-
oretical predictions, (1.9-2.8) × 10−5 [5, 6]. The de-
cay D+ → γe+νe is Cabibbo suppressed, while the de-
cay D+

s → γe+νe is Cabibbo favored. The full BF of
D+

s → γe+νe is predicted to be of the order 10−5-10−4

in the light front quark model [2] and in the nonrelativis-
tic constituent quark model [4]. The theoretical study in
Ref. [5] indicates that the long-distance contribution de-
scribed by the vector meson dominance model, as shown
in Fig. 2, may further enhance this decay BF up to or-
der 10−4. Moreover the BF is predicted to be of order
10−3 within the perturbative quantum chromodynamics
method combining heavy quark effective theory [3]. With
a BF sensitivity of 10−4 − 10−5, this decay may be de-
tectable at BESIII.
In this paper, we report on the first search for the ra-

diative leptonic decay D+
s → γe+νe, using a data sample

corresponding to an integrated luminosity of 3.19 fb−1

of e+e− collisions collected at
√
s = 4.178 GeV with the

BESIII detector in 2016. To reduce the risk of bias, the
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FIG. 1. Tree-level Feynman diagrams contributing to D+
s →

γe+νe.

c

s̄

e+ νe

V
γ

FIG. 2. Long-distance contribution to the radiative leptonic
decays proceeds via a semileptonic intermediate state, e+νeV ,
where V can be a ρ, ω or a φ meson, and V turns into an on-
shell photon V → γ [5].

analysis procedure of the nominal analysis has been de-
veloped as a blind analysis, based on an inclusive Monte
Carlo (MC)-simulated data sample with equivalent lu-
minosity the same as data. The inclusion of the charge
conjugate process is implied throughout the paper unless
explicitly specified otherwise.

II. BESIII DETECTOR AND DATA SET

The BESIII detector is a magnetic spectrome-
ter [10] located at the Beijing Electron Positron Col-
lider (BEPCII) [11]. The cylindrical core of the BE-

Short-distance rate ~10-5 

Long-distance ~10-4 ÷10-3 
VMD → 
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FIG. 4. Distribution of χ2
kine for the selected D+

s → γe+νe
candidates. The black points with error bars represent the
data. The solid red curve is from the simulated signal can-
didates normalized with a partial BF B(D+

s → γe+νe) =
7.5× 10−4.
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FIG. 5. Distribution of Umiss for the selected D+
s → γe+νe

candidates. The black points with error bars represent the
data. The solid blue line corresponds to the overall fit,
the magenta dashed-line histogram shows the background
D+

s → τ+ντ and the cyan dashed-line histogram shows the
background D+

s → ηe+νe. The solid red curve is from the
simulated signal candidates normalized with a partial BF
B(D+

s → γe+νe) = 7.5× 10−4.

in the e+e− rest frame. Here, Ei and pi (i =
γsoft(π0

soft), e
+ or ST) are the energy and momentum of

γsoft(π0
soft), positron and ST. The distribution of Umiss of

the surviving DT candidates is shown in Fig. 5. The sig-
nal candidates of D+

s → γe+νe should peak around zero
in the Umiss distribution, as shown by the signal MC sam-
ple (black dashed line). Figure 6 shows the Eγ distribu-
tion in the Umiss signal region (−0.06, 0.06) GeV, where
the data points overlap with the simulated distributions
of the backgrounds coming from the D+

s → ηe+νe and
D+

s → τ+ντ decays. No excess of signal candidates is
observed in the signal region.
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FIG. 6. Energy spectrum of the radiative photon of selected
candidates in the rest frame of an e+e− system. The black
points with error bars represent the data. The solid red curve
shows the distribution of the simulated signal candidates nor-
malized with a partial BF B(D+

s → γe+νe)= 7.5 × 10−4. An
additional requirement of |Umiss| < 0.06 GeV has been im-
posed on the candidates shown in this plot.

IV. RESULT

To measure the signal yield of the D+
s → γe+νe de-

cay, an extended unbinned maximum-likelihood fit is per-
formed to the Umiss distribution. The result of the fit is
shown as the solid line in Fig. 5. The signal shape is
determined from the signal MC sample, and the num-
bers and shapes of the two backgrounds from the de-
cays D+

s → ηe+νe with η → γγ and D+
s → τ+ντ with

τ+ → e+νeν̄τ are fixed by analyzing the correspond-
ing MC sample. For the other background components,
the shape is determined from the inclusive MC-simulated
sample. The DT efficiencies of the individual ST modes
are listed in Table I. Since no significant signal is ob-
served, an upper limit on the BF of the D+

s → γe+νe
decay at the 90% C.L. is set by solving the equation [19]

∫ B
UL

0
L(B)dB = 90%. (6)

A series of fits on the Umiss distribution is carried out,
fixing the BF at different values. The resulting likelihood
distribution L is shown in Fig. 7. The upper limit on the
BF at the 90% C.L. is found to be 5.7× 10−5.
The sources of systematic uncertainties that affect the

upper limit calculation are discussed below. With the
DT method, the systematic uncertainties related to the
selection of the ST candidates are found to be negligible.
To estimate the uncertainty in the ST yield and to avoid
statistical fluctuations, a total of 1000 fits to generated
samples have been performed by using alternative sig-
nal (double Gaussian function) and background (Cheby-
shev polynomial) shapes. The systematic uncertainties
of 0.3% and 0.2% are obtained by taking the mean value
of the distribution of the relative normalized difference
between the pseudoexperiments and baseline fit results.

Ds→γe+υ MC 
BF=7.5×10-4  
 
Ds→ηeυ 
Ds→τυ 

_ 

the inclusive DD̄ MC samples, in which both D mesons
decay inclusively, indicates that there are no significant
backgrounds which peak in MBC.

B. Double-tag event selection and yields

We search for the signal Dþ → γeþνe in the remaining
charged tracks and showers recoiling against the ST D−

candidates. Exactly one good remaining charged track is
required, with charge opposite to that of the ST D−. The
track must be identified as an electron by combining the
information from dE=dx, TOF and the EMC. The PID L
is required to satisfy LðeÞ > 0 and LðeÞ=ðLðeÞ þ LðπÞþ
LðKÞÞ > 0.8. There must be at least one remaining photon
to be selected as the candidate radiative photon. The
selection criteria of good photons are the same with those
for the ST side; in the case of multiple candidates, the
highest energy photon is used. However, we reject events in
which any pair of photons satisfies χ2 < 20 in the π0 1C
kinematic fit. To improve the degraded momentum resolu-
tion of the electron due to FSR and bremsstrahlung, the
energy of neighboring photons, presumably due to FSR, is
added back to electron candidates. Specifically, photonswith
energy greater than 50 MeVand within a cone of 5° around
the electron direction (but excluding the radiative one) are
included. To suppress the background Dþ → K0

Le
þνe, the

radiative photon is further required to have a lateral moment
[27] within the range (0.0, 0.3). This lateral moment, which
describes the shape of electromagnetic showers, is found in
MC event studies to peak around 0.15 for photons but to vary
broadly from 0 to 0.85 for K0

L candidates.
In the selection of DT events, the undetected neutrino is

inferred by studying the missing energy, Emiss, and missing
momentum, ~pmiss, which are defined as

Emiss ≡ Ebeam − Eγ − Ee; ð4Þ

and

~pmiss ≡ −
h
~pγ þ ~pe þ p̂ST

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
beam=c

2 −m2
D−c2

q i
; ð5Þ

in the rest frame of eþe− system. Here, Eγ (Ee) and ~pγ (~pe)
are the energy and momentum of the radiative photon
(electron), respectively, andmD− is the nominal mass of the
D− meson [21]. In calculating ~pmiss, only the direction
vector of the ST D− candidate, p̂ST, is used; the corre-
sponding magnitude of momentum is fixed. The variable
Umiss is then defined as

Umiss ≡ Emiss − j~pmissjc: ð6Þ

The distribution of Umiss for the surviving DT candidates is
illustrated in Fig. 2; the Dþ → γeþνe signals should peak
around zero, as shown with the dotted curve.
By studying the MC simulation samples, the background

from the semileptonic decayDþ → π0eþνe is found to have
a nontrivial shape in Umiss. Therefore, we study the Dþ →
π0eþνe backgrounds exclusively by selecting a control
sample in data with exactly the same selection criteria for
the STevents and electron candidates used in the selection of
signal events. The π0 candidates are reconstructed from two
photons with a 1C kinematic fit constraining their mass to
the π0 nominal value and having a fit χ2 < 20.We extract the
yield of the control sample Dþ → π0eþνe, Nπ0

DT, by fitting
the corresponding Umiss distribution. The expected number
of background Dþ → π0eþνe in the selection of signal
Dþ → γeþνe, N

exp
π0

, is calculated with

Nexp
π0 ¼ Nπ0

DT
P

i
Ni

ST
εiST

εiDT;π0

X

i

Ni
ST

εiST
εi;γDT;π0 ; ð7Þ
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FIG. 1. The MBC distributions for the six tag modes. Dots with
error bars are data. The blue solid lines show the overall fit curves
and the red dashed lines are for the background contributions.
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black dotted line shows the signal MC simulation normalized to
the branching fraction BðDþ → γeþνeÞ ¼ 100 × 10−5.

SEARCH FOR THE RADIATIVE LEPTONIC DECAY … PHYSICAL REVIEW D 95, 071102(R) (2017)

071102-5

RAPID COMMUNICATIONS

D→γe+υ MC BF=10-3 
                   D→π0eυ 

3

d Also at the Novosibirsk State University, Novosibirsk, 630090, Russia
e Also at the NRC ”Kurchatov Institute”, PNPI, 188300, Gatchina, Russia

f Also at Istanbul Arel University, 34295 Istanbul, Turkey
g Also at Goethe University Frankfurt, 60323 Frankfurt am Main, Germany

h Also at Key Laboratory for Particle Physics, Astrophysics and Cosmology, Ministry of Education; Shanghai Key Laboratory
for Particle Physics and Cosmology; Institute of Nuclear and Particle Physics, Shanghai 200240, People’s Republic of China

i Also at Government College Women University, Sialkot - 51310. Punjab, Pakistan.
j Also at Key Laboratory of Nuclear Physics and Ion-beam Application (MOE) and Institute

of Modern Physics, Fudan University, Shanghai 200443, People’s Republic of China
k Also at Harvard University, Department of Physics, Cambridge, Massachusetts, 02138, USA

A search for the rare radiative leptonic decay D+
s → γe+νe is performed for the first time using

electron-positron collision data corresponding to an integrated luminosity of 3.19 fb−1, collected
with the BESIII detector at a center-of-mass energy of 4.178 GeV. No evidence for the D+

s → γe+νe
decay is seen and an upper limit of B(D+

s → γe+νe) < 1.3 × 10−4 is set on the partial branching
fraction at a 90% confidence level for radiative photon energies E∗

γ > 0.01 GeV.

PACS numbers: 13.25.Ft, 13.20.Fc, 47.70.-n, 14.60.Cd

I. INTRODUCTION

In the Standard Model, the purely leptonic decays of
heavy pseudoscalar mesons, P → e+νe, are helicity sup-
pressed by a factor m2

e. The helicity suppression in these
processes can be overcome by the emission of a radiative
photon as shown in Fig. 1. As a result, the decay rate of
the purely leptonic radiative decay P → γe+νe may be
103 − 105 times [1] larger than that of P → e+νe. For
example, the branching fractions (BFs) of D+

(s) → γe+νe
are theoretically predicted to range from 10−5 to 10−3 [2–
8]. An experimental search for these decays can shed light
on the dynamics of the underlying processes and can pro-
vide input of decay rates to theoretical calculations.
Previously, the BESIII experiment has searched for the

radiative leptonic decay D+ → γe+νe using a data sam-
ple collected at a center-of-mass energy

√
s = 3.773 GeV.

No significant signal is observed and an upper limit
on the partial decay BF for radiative photon energies
E∗

γ > 0.01 GeV is set to B < 3.0 × 10−5 at the 90%
confidence level (C.L.) [9], approaching the range of the-
oretical predictions, (1.9-2.8) × 10−5 [5, 6]. The de-
cay D+ → γe+νe is Cabibbo suppressed, while the de-
cay D+

s → γe+νe is Cabibbo favored. The full BF of
D+

s → γe+νe is predicted to be of the order 10−5-10−4

in the light front quark model [2] and in the nonrelativis-
tic constituent quark model [4]. The theoretical study in
Ref. [5] indicates that the long-distance contribution de-
scribed by the vector meson dominance model, as shown
in Fig. 2, may further enhance this decay BF up to or-
der 10−4. Moreover the BF is predicted to be of order
10−3 within the perturbative quantum chromodynamics
method combining heavy quark effective theory [3]. With
a BF sensitivity of 10−4 − 10−5, this decay may be de-
tectable at BESIII.
In this paper, we report on the first search for the ra-

diative leptonic decay D+
s → γe+νe, using a data sample

corresponding to an integrated luminosity of 3.19 fb−1

of e+e− collisions collected at
√
s = 4.178 GeV with the

BESIII detector in 2016. To reduce the risk of bias, the
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FIG. 1. Tree-level Feynman diagrams contributing to D+
s →

γe+νe.
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FIG. 2. Long-distance contribution to the radiative leptonic
decays proceeds via a semileptonic intermediate state, e+νeV ,
where V can be a ρ, ω or a φ meson, and V turns into an on-
shell photon V → γ [5].

analysis procedure of the nominal analysis has been de-
veloped as a blind analysis, based on an inclusive Monte
Carlo (MC)-simulated data sample with equivalent lu-
minosity the same as data. The inclusion of the charge
conjugate process is implied throughout the paper unless
explicitly specified otherwise.

II. BESIII DETECTOR AND DATA SET

The BESIII detector is a magnetic spectrome-
ter [10] located at the Beijing Electron Positron Col-
lider (BEPCII) [11]. The cylindrical core of the BE-
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upper limits are derived using a frequentist approach based on a likelihood-ratio ordering
method that includes the e↵ects due to the systematic uncertainties [24, 25]. For the ⌘
region of D0

! K+K�µ+µ�, where no fit is performed, the limit is calculated assuming
two signal candidates and zero background. Integrating over dimuon mass, and accounting
for correlations [23], the total branching fractions are measured to be

B(D0
! ⇡+⇡�µ+µ�) = (9.64 ± 0.48 ± 0.51 ± 0.97) ⇥ 10�7,

B(D0
! K+K�µ+µ�) = (1.54 ± 0.27 ± 0.09 ± 0.16) ⇥ 10�7. (2)

The two results have a correlation of 0.497 and are consistent with the standard model
expectations [4].

In summary, a study of the D0
! ⇡+⇡�µ+µ� and D0

! K+K�µ+µ� decays is
performed in ranges of the dimuon mass using pp collisions collected by the LHCb
experiment at

p
s = 8 TeV. Significant signal yields are observed for the first time

in several dimuon-mass ranges for both decays; the corresponding branching fractions
are measured and found to be consistent with the standard model expectations [4].
For the dimuon-mass regions where no significant signal is observed, upper limits at
90% and 95% CL are set on the branching fraction. The total branching fractions
are measured to be B(D0

! ⇡+⇡�µ+µ�) = (9.64 ± 0.48 ± 0.51 ± 0.97) ⇥ 10�7 and
B(D0

! K+K�µ+µ�) = (1.54 ± 0.27 ± 0.09 ± 0.16) ⇥ 10�7, where the uncertainties are
statistical, systematic, and due to the limited knowledge of the normalization branching
fraction. These are the rarest charm-hadron decays ever observed and are expected to
provide better sensitivity to short-distance flavor-changing neutral-current contributions
to these decays.
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Table 1: Yields of (top) D0
! ⇡+⇡�µ+µ� and (bottom) D0

! K+K�µ+µ� signal decays, their
significance with respect to the background-only hypothesis, and ratio of e�ciencies between
signal and normalization decays (Ri

✏) for each dimuon-mass region. The yield and the significance
(S) are not reported for the ⌘ region of D0

! K+K�µ+µ�, where only two candidates are
observed.

D0
! ⇡+⇡�µ+µ�

m(µ+µ�) region [ MeV/c2] Yield S Ri
✏

Low mass < 525 27± 6 5.4� 0.73± 0.04
⌘ 525–565 5± 3 2.5� 0.84± 0.07
⇢0/! 565–950 208± 17 18� 1.08± 0.05
� 950–1100 312± 20 23� 1.45± 0.07
High mass > 1100 9± 6 1.6� 1.5± 0.1

D0
! K+K�µ+µ�

m(µ+µ�) region [ MeV/c2] Yield S Ri
✏

Low mass < 525 5± 3 3.1� 0.49± 0.03
⌘ 525–565 – – 0.53± 0.04
⇢0/! > 565 29± 5 8.1� 0.55± 0.03

significances are determined from the change in likelihood from fits with and without the
signal component.

The signal yields, N i
h+h�µ+µ� , in each m(µ+µ�) range i are converted into branching

fractions using

B
i(D0

! h+h�µ+µ�) =
N i

h+h�µ+µ� B(D0
! K�⇡+[µ+µ�]⇢0/!)

Ri
✏ NK�⇡+µ+µ�

, (1)

where NK�⇡+µ+µ� is the yield of the normalization mode, which is determined
to be 1971 ± 51 (1806 ± 48) after the selection optimized for D0

! ⇡+⇡�µ+µ�

(D0
! K+K�µ+µ�) decays. The ratios of geometrical acceptances, and reconstruc-

tion and selection e�ciencies of the signal relative to the normalization decays,
Ri

✏ = ✏ih+h�µ+µ�/✏K�⇡+µ+µ� , are reported in Table 1. They are determined using sim-
ulated events and corrected to account for known di↵erences between data and simulation.
In particular, particle-identification and hardware-trigger e�ciencies are measured from
control channels in data.

Systematic uncertainties a↵ect the determination of the signal and normalization yields,
and of the e�ciency ratio. For the determination of the yields, e↵ects due to uncertainties
on the m(D0) shapes are investigated. A possible dependence on the decay mode or on
the m(µ+µ�) range of the scaling factors, used to account for data-simulation di↵erences,
is quantified using fits to the D0

! ⇡+⇡�[µ+µ�]� and D0
! ⇡+⇡�[µ+µ�]⇢0/! data and is

found to be negligible. To assess the impact of ⇡ ! µ⌫ decays in flight, alternative shapes
are tested for the D0

! h+h(0)�⇡+⇡� background by changing the muon-identification
and the pT requirements on the misidentified pions. The largest observed variation in
the ratio of D0

! ⇡+⇡�[µ+µ�]� to D0
! K�⇡+[µ+µ�]⇢0/! yields (1.4%) is assigned as a

systematic uncertainty for both h+h�µ+µ� modes and all dimuon-mass ranges. Changes
in the shape of the peaking background introduced by the di↵erent trigger requirements
used to select the hadronic decays are negligible. The fit to the data is repeated using
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Asymmetries in D0→π+π-µ+µ-, K+K-µ+µ-  

•    
system27

AFB =
�(cos ✓µ > 0)� �(cos ✓µ < 0)

�(cos ✓µ > 0) + �(cos ✓µ < 0)
, (1)

and the triple-product asymmetry28

A� =
�(sin 2� > 0)� �(sin 2� < 0)

�(sin 2� > 0) + �(sin 2� < 0)
, (2)

together with the CP asymmetry29

ACP =
�(D0

! h+h�µ+µ�)� �(D0
! h+h�µ+µ�)

�(D0 ! h+h�µ+µ�) + �(D0 ! h+h�µ+µ�)
, (3)

are considered to be promising probes for physics beyond the SM [4,5].30

The D0
! ⇡+⇡�µ+µ� and D0

! K+K�µ+µ� decays have been recently observed31

by the LHCb collaboration [12] and their branching fractions have been measured to32

be (9.6 ± 1.2) ⇥ 10�7 and (1.54 ± 0.33) ⇥ 10�7, respectively, in agreement with SM33

predictions [4, 5]. However, angular and CP asymmetries are yet to be measured.34

This Letter reports the first measurements of AFB, A� and ACP in D0
! ⇡+⇡�µ+µ�

35

and D0
! K+K�µ+µ� decays using pp-collision data collected with the LHCb experiment36

at center-of-mass energies of 7, 8 and 13TeV between 2011 and 2016. The combined37

data set corresponds to a total integrated luminosity of 5 fb�1. The analysis is performed38

using D0 mesons originating from D⇤+
! D0⇡+ decays, with the D⇤+ meson produced39

directly at the primary pp-collision vertex. The charge of the pion from the D⇤± decay40

determines the flavor of the neutral D meson at production. The signal is studied in41

regions of dimuon mass defined according to the known resonances following Ref. [12].42

The regions dominated by the ⇢0/! and the � resonances are further split into two around43

the resonance peak to account for the variation of the strong phase when crossing the44

peak [5, 9, 11]. For D0
! ⇡+⇡�µ+µ� decays the regions are: (low-mass) < 525MeV/c2,45

(⌘) 525–565MeV/c2, (⇢0/!-low) 565–780MeV/c2, (⇢0/!-high) 780–950MeV/c2, (�-low)46

950–1020MeV/c2, (�-high) 1020–1100MeV/c2, and (high-mass) > 1100MeV/c2. The same47

regions are considered for D0
! K+K�µ+µ� decays, with the exception that the ⇢0/!48

region is not split in two because of the reduced statistics of this sample, and the � and49

high-mass regions are not kinematically accessible. The asymmetries are determined50

only in m(µ+µ�) regions where a significant signal yield was previously observed [12], no51

measurement is performed in the ⌘ region of both channels and in the high-mass region of52

D0
! ⇡+⇡�µ+µ�. Furthermore, to avoid potential experimenter’s bias on the measured53

quantities, all asymmetries are shifted by an unknown value and examined only after the54

analysis procedure is finalized.55

The LHCb detector [13,14] is a single-arm forward spectrometer designed for the study56

of particles containing b or c quarks. It includes a high-precision tracking system consisting57

of a silicon-strip vertex detector surrounding the pp-interaction region, a large-area silicon-58

strip detector located upstream of a dipole magnet with a bending power of about 4Tm,59

and three stations of silicon-strip detectors and straw drift tubes placed downstream of the60

magnet. The polarity of the magnetic field is reversed periodically throughout the data-61

taking. Particle identification is provided by two ring-imaging Cherenkov detectors, an62

electromagnetic and a hadronic calorimeter, and a muon system composed of alternating63

layers of iron and multiwire proportional chambers. Events are selected online by a trigger64
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Figure 9: Measured values of (left) ACP , (center) AFB and (right) A� for (top) D0
! ⇡+⇡�µ+µ�

and (bottom) D0
! K+K�µ+µ� decays in the dimuon-mass ranges. The hatched band

corresponds to the integrated measurement. The uncertainties include both statistical and
systematic sources.
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D0→π+π-µ+µ-, K+K-µ+µ- 

•  2/fb Run1+ 3/fb Run2 

Table 1: E�ciency-weighted yields and measured signal asymmetries for (top) D0
! ⇡+⇡�µ+µ�

and (bottom) D0
! K+K�µ+µ� decays in the dimuon-mass ranges. For the asymmetries the

first uncertainty is statistical, the second systematic. Measurements are reported only in ranges
where a significant signal was previously observed [12]. The sum of the yields in the dimuon-mass
ranges is not expected to match the yield of the full range, because the latter includes also the
ranges where no yields are reported.

m(µ+µ�) E�ciency-weighted yields Signal asymmetries
[MeV/c2] Signal Misid. back. Comb. back. ACP [%] AFB [%] A� [%]

D0
! ⇡+⇡�µ+µ�

< 525 90± 17 233± 25 108± 22 17± 20 ± 2 2± 20 ± 2 �28± 20 ± 2
525–565 � � � � � �

565–780 326± 23 253± 24 145± 21 �12.9± 7.1± 0.7 8.1± 7.1± 0.7 7.4± 7.1± 0.7
780–950 141± 14 159± 15 89± 14 17± 10 ± 1 7± 10 ± 1 �14± 10 ± 1
950–1020 244± 16 63± 13 43± 9 7.5± 6.5± 0.7 3.1± 6.5± 0.6 1.2± 6.4± 0.5
1020–1100 258± 14 33± 9 44± 9 9.9± 5.5± 0.7 0.9± 5.6± 0.7 1.4± 5.5± 0.6
> 1100 � � � � � �

Full range 1083± 41 827± 42 579± 39 4.9± 3.8± 0.7 3.3± 3.7± 0.6 �0.6± 3.7± 0.6

D0
! K+K�µ+µ�

< 525 32± 8 5± 13 124± 20 �33± 26 ± 4 13± 26 ± 4 9± 26 ± 3
525–565 � � � � � �

> 565 74± 9 39± 7 48± 8 13± 12 ± 1 1± 12 ± 1 22± 12 ± 1
Full range 110± 13 49± 12 181± 19 0± 11 ± 2 0± 11 ± 2 9± 11 ± 1

ACP (K+K�) = (�0.06± 0.18)% is taken from the independent measurement of Ref. [21].139

To account for di↵erent kinematic distributions in the signal and control modes, the140

procedure is performed in disjoint regions of transverse and longitudinal momentum of141

the D⇤+ candidate.142

The asymmetries ACP , AFB and A� of the signal decays are determined through143

unbinned, maximum-likelihood fits to the m(h+h�µ+µ�) distributions of the selected144

candidates, weighted with the inverse of the per-candidate phase-space-dependent e�ciency.145

The data are split into di↵erent tag categories (defined by the soft pion charge, the sign146

of cos ✓µ or the sign of sin 2�) and a simultaneous fit is performed on the obtained data147

sets with the asymmetries as free parameters. The data are described by the sum of three148

components: the signal, the misidentified background and the combinatorial background.149

Analogously to Ref. [12] the signal is described with a Johnson’s SU distribution [22] with150

parameters determined from simulation. The mass shape of the misidentified background151

is determined using separate data samples of D0
! h+h(0)�⇡+⇡� decays where the D0

152

mass is calculated assigning the muon-mass hypothesis to two oppositely charged pions.153

The combinatorial background is described by an exponential function. The shape of154

this background is fixed from data candidates with �m above 150MeV/c2 that fail the155

BDT selection. Only the yields and the asymmetries of each component are allowed to156

vary in the fits, which are performed separately in each m(µ+µ�) range. The resulting157

e�ciency-weighted yields are reported in Table 1, together with the measured signal158

asymmetries. Figure 2 shows the m(h+h�µ+µ�) distribution of the e�ciency-weighted159

candidates integrated in m(µ+µ�), with fit projection overlaid.160

The following sources of systematic uncertainties a↵ect the measured asymmetries:161

accuracy of the mass model used in the fit, accuracy of the phase-space-dependent162

e�ciency, neglected asymmetric angular e�ciencies and finite resolution on angular163
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Decays of charm hadrons into final states containing dimuon pairs may proceed via the
short-distance c ! uµ+µ� flavor-changing neutral-current process, which in the standard
model can only occur through electroweak-loop amplitudes that are highly suppressed
by the Glashow-Iliopoulos-Maiani mechanism [1]. If dominated by these short-distance
contributions, the inclusive D ! Xµ+µ� branching fraction, where X represents one or
more hadrons, is predicted to be O(10�9) [2] and can be greatly enhanced by the presence of
new particles, making these decays interesting for searches for physics beyond the standard
model. However, long-distance contributions occur through tree-level amplitudes involving
intermediate resonances, such as D ! XV (! µ+µ�), where V represents a ⇢0, ! or �
vector meson, and can increase the standard model branching fraction up to O(10�6) [2–4].
The sensitivity to the short-distance amplitudes is greatest for dimuon masses away from
resonances, though resonances populate the entire dimuon-mass spectrum due to their
long tails. Additional discrimination between short- and long-distance contributions can
be gained by studying angular distributions and charge-parity-conjugation asymmetries,
which in scenarios beyond the standard model could be as large as O(1%) [4–9]. Decays
of D0 mesons to four-body final states (Fig. 1) are particularly interesting in this respect
as they give access to a variety of angular distributions. These decays were searched for
by the Fermilab E791 collaboration and upper limits were set on the branching fractions
in the range 10�5–10�4 at the 90% confidence level (CL) [10]. More recently, a search for
nonresonant D0

! ⇡+⇡�µ+µ� decays (the inclusion of charge-conjugate decays is implied)
was performed by the LHCb collaboration using 7 TeV pp-collision data corresponding to
1 fb�1 of integrated luminosity [11]. An upper limit of 5.5 ⇥ 10�7 at the 90% CL was set
on the branching fraction due to short-distance contributions, assuming a phase-space
decay.

This Letter reports the first observation of D0
! ⇡+⇡�µ+µ� and D0

! K+K�µ+µ�

decays using data collected by the LHCb experiment in 2012 at a center-of-mass energy
p

s = 8 TeV and corresponding to an integrated luminosity of 2 fb�1. The analysis is
performed using D0 mesons originating from D⇤+

! D0⇡+ decays, with the D⇤+ meson
produced directly at the primary pp-collision vertex (PV). The small phase space available
in this decay allows for a large background rejection, which compensates for the reduction
in signal yield compared to inclusively produced D0 mesons. The signal is studied
in regions of dimuon mass, m(µ+µ�), defined according to the known resonances. For
D0

! ⇡+⇡�µ+µ� decays these regions are: (low-mass) < 525 MeV/c2, (⌘) 525–565 MeV/c2,

c

ū
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ū

Z0

W+

µ�

µ+

q̄

q

D0 h+

h�

c

ū
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Figure 1: Example diagrams describing the (left) short- and (right) long-distance contributions
to D0

! h+h�µ+µ� decays, where q = d, s and h = ⇡,K.
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•  Forbidden in SM " Signal = New Physics 
•  With SUSY ~ 10-6.  With multiple Higgs doublets: < 7×10-10 

•  3 fb-1 of Run1 data 
•  D0 from D*±→D0π± to suppress bkgd 

 
 

•  10× better precision than Belle  
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Fig. 2. Distributions of (left) m(D0) and (right) !m for D0 → e±µ∓ candidates reconstructed in the combined 7 TeV and 8 TeV data, with fit functions overlaid. The rows 
correspond to the three bins of BDT output, with the top row corresponding to the most background-like and the bottom row to the most signal-like. The solid (blue) lines 
show the total fit results, while the thick (grey) lines show the total D0 → e±µ∓ component, the thin (purple) lines show the total misidentified D0 → π+π− and the 
dashed (grey) lines indicate the combinatorial background. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)

Fig. 3. Distributions of (left) m(D0) and (right) !m for K −π+ candidates for the 8 TeV data. The dark (blue) line shows the overall fit, the lighter grey line shows the 
signal, and the dot–dash line shows genuine D0 events where the soft pion does not come from a D∗+ decay. The combinatorial background is too small to be visible. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

To allow for uncertainties in the fractions of D0 → e±µ∓ signal 
and misidentified D0 → π+π− decays that are estimated in the 
three bins of BDT output, a comparison is made between these 
fractions for simulated D0 → e±µ∓, simulated D0 → π+π− and 
well identified D0 → π+π−decays in the data. Since the BDT does 
not take into account particle identification, the largest differences 
between these fractions in each bin, typically 2.5%, are taken as the 
systematic uncertainties on the fractions in the data.

To account for differences between data and simulation in 
the per-event track multiplicity, the reconstruction efficiencies and 
misidentification probabilities for simulated events are evaluated 

in three bins of NSPD. These are then weighted to match the mul-
tiplicity distribution in the data. Half of the differences between 
the unweighted and the weighted efficiencies and misidentification 
probabilities, typically 5%, are taken as the systematic uncertain-
ties on these quantities. Further uncertainties, of 2.5% for each of 
D0 → e±µ∓ and D0 → π+π−, are included to account for limited 
knowledge of the tracking efficiencies.

Using the calibration samples, particle identification and trig-
ger efficiencies are estimated in bins of pseudorapidity, transverse 
momentum and event multiplicity. Overall efficiencies are deter-
mined by scaling the simulation so that the distributions in these 

Search for LFV decays D0→e+µ- 
PLB 754 (2016) 167 LHCb 

, ,

D0 ! e±µ⌥

D0 ! e±µ⌥

• The branching fraction is extracted directly from the fits
• The systematic uncertainties are included as Gaussian constraints
• No evidence seen and upper limit set with CLs method

• Excellent correspondence between the expected and observed values

B(D0
! e±µ⌥) < 1.3 (1.6)⇥ 10�8 @90 (95)% C.L.

• Order of magnitude lower than the previous limit
M. Fontana (INFN Cagliari and CERN) Rare charm @LHCb 06-09-2016 16 / 20
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D0→γγ 

•  Long Distance: vector meson dominance 
•  With SUSY: increased up to 6×10-6 

•  Use tagged events: D*±→D0π± 

•  Reference mode: D0→Ksπ0  
•  Background from D0→π0π0 (BF~10-3) 
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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
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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
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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
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-410

)γγ→0Upper limit on B(D
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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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