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Experimental requirements

• Large samples of charm"
• Good background rejection and high signal efficiency"
• excellent particle identification"
• large boost ➜ displaced vertex"
• excellent reconstruction of photons and neutral pions"
• hermeticity of detector

4
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Available samples
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pp @ 7 TeV

1.3 fb
pp @ 2 TeV

1.3 fb-1 of

e+e� @ 3.77 GeV

e+e� @ 4.18 GeV

∓

0

collisions @ the 

e+e� @ 10.6 GeV

Experiment Sample N efficiency

< 0.5%

~10-30%

~5-10%

1011

1012

107

109



A. Zupanc I Rare Charm Decays 11/09/14

7

1.7 1.75 1.8 1.85 1.9 1.95 20

10

20

30

40

50

60

70

80

90

1.7 1.75 1.8 1.85 1.9 1.95 20

10

20

30

40

50

60

70

80

90

)2) (GeV/cγφM(
1.7 1.75 1.8 1.85 1.9 1.95 2

 )2
Ev

en
ts

 / 
( 0

.0
05

 G
eV

/c

0

10

20

30

40

50

60

70

80

90
Generic Background (BG)

 Background0π φ → 0D
 Backgroundη φ → 0D

BG Fit
+BG Fit0π φ → 0D

Total Fit
Data

(a) The φγ invariant mass distribution.
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(b) The φγ helicity angle distribution.
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(c) The K̄∗0γ invariant mass distribution.
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distribution.

FIG. 2: Invariant mass and cos θH distributions for data
(points) and simulated events (histograms). The curves show
the fit results and the individual signal and background con-
tributions. BG refers to the combinatoric background.

N(D0 → K̄∗0γ).
We quantify the difference in particle identifica-

Systematic σ(D0
→ φγ) (%) σ(D0

→ K̄∗0γ) (%)
Tracking, vertexing 1.2 1.0
Particle ID 2.9 1.1
γ reconstruction 1.8 1.8
π0 veto 1.8 1.8
PDF parameter 5.9 4.4
Correcting PD0→V γ 3.0 4.3
and PD0→V π0

Ref. mode efficiency 1.5 1.5
Selection criteria 5.4 4.5
Total systematic effect 9.6 8.3

TABLE II: Summary of all systematic errors for each D0 de-
cay mode. The total systematic uncertainty is obtained by
adding the individual systematic estimates in quadrature.

tion (PID) efficiency between data and simulation by
means of a high-purity control sample of D∗+ → D0π+,
D0 → K−π+ events, which we divide into intervals of po-
lar angle and momentum. The change in yield when PID
selection criteria are applied is computed separately for
data and for simulated events and the difference is taken
as a correction factor for that interval. We then weight
the correction factors according to the expected momen-
tum and polar-angle distributions of the D0 → K̄∗0γ sig-
nal. While a portion of the PID systematic uncertainty
for our signal modes is canceled when measuring the
branching fractions in ratio to D0 → K−π+, the residual
uncertainty is found to be 2.88% for D0 → φγ and 1.10%
for D0 → K̄∗0γ. By measuring B(D0 → K̄∗0γ) and
B(D0 → φγ) with respect to D0 → K−π+, first-order
effects from charged particle tracking also cancel, leaving
only a second order systematic uncertainty of 1.00% for
D0 → K̄∗0γ events and 1.20% for D0 → φγ. We sum-
marize all systematic uncertainties in Table II.

In this paper, we report our observation of the
Cabibbo-favored, but color-suppressed, radiative decay
D0 → K̄∗0γ. We also present confirmation of the pre-
vious measurement of the Cabibbo-suppressed radiative
decay B(D0 → φγ), but with reduced statistical uncer-
tainities. The measured branching ratios are

B(D0 → φγ)

B(D0 → K−π+)
= (7.15 ± 0.78 ± 0.69)× 10−4

B(D0 → K̄∗0γ)

B(D0 → K−π+)
= (8.43 ± 0.51 ± 0.70)× 10−3

where the first uncertainty is statistical and the sec-
ond is systematic. Using the current world average
of B(D0 → K−π+) = (3.82 ± 0.07)% [15] we obtain the
following absolute branching fractions:

B(D0 → φγ) = (2.73 ± 0.30 ± 0.26)× 10−5

B(D0 → K̄∗0γ) = (3.22 ± 0.20 ± 0.27)× 10−4.
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Main experimental actors 

BES-III 

Eff < 0.5% 

Eff < 0.5% 

Eff ~5-10% 

Eff ~10-30% 

BaBar "
PRD78,071101(2008)
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(a) The φγ invariant mass distribution.
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(b) The φγ helicity angle distribution.
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(a) The φγ invariant mass distribution.
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(b) The φγ helicity angle distribution.
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(a) The φγ invariant mass distribution.
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(b) The φγ helicity angle distribution.
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(c) The K̄∗0γ invariant mass distribution.
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FIG. 2: Invariant mass and cos θH distributions for data
(points) and simulated events (histograms). The curves show
the fit results and the individual signal and background con-
tributions. BG refers to the combinatoric background.

N(D0 → K̄∗0γ).
We quantify the difference in particle identifica-

Systematic σ(D0
→ φγ) (%) σ(D0

→ K̄∗0γ) (%)
Tracking, vertexing 1.2 1.0
Particle ID 2.9 1.1
γ reconstruction 1.8 1.8
π0 veto 1.8 1.8
PDF parameter 5.9 4.4
Correcting PD0→V γ 3.0 4.3
and PD0→V π0

Ref. mode efficiency 1.5 1.5
Selection criteria 5.4 4.5
Total systematic effect 9.6 8.3

TABLE II: Summary of all systematic errors for each D0 de-
cay mode. The total systematic uncertainty is obtained by
adding the individual systematic estimates in quadrature.

tion (PID) efficiency between data and simulation by
means of a high-purity control sample of D∗+ → D0π+,
D0 → K−π+ events, which we divide into intervals of po-
lar angle and momentum. The change in yield when PID
selection criteria are applied is computed separately for
data and for simulated events and the difference is taken
as a correction factor for that interval. We then weight
the correction factors according to the expected momen-
tum and polar-angle distributions of the D0 → K̄∗0γ sig-
nal. While a portion of the PID systematic uncertainty
for our signal modes is canceled when measuring the
branching fractions in ratio to D0 → K−π+, the residual
uncertainty is found to be 2.88% for D0 → φγ and 1.10%
for D0 → K̄∗0γ. By measuring B(D0 → K̄∗0γ) and
B(D0 → φγ) with respect to D0 → K−π+, first-order
effects from charged particle tracking also cancel, leaving
only a second order systematic uncertainty of 1.00% for
D0 → K̄∗0γ events and 1.20% for D0 → φγ. We sum-
marize all systematic uncertainties in Table II.

In this paper, we report our observation of the
Cabibbo-favored, but color-suppressed, radiative decay
D0 → K̄∗0γ. We also present confirmation of the pre-
vious measurement of the Cabibbo-suppressed radiative
decay B(D0 → φγ), but with reduced statistical uncer-
tainities. The measured branching ratios are

B(D0 → φγ)

B(D0 → K−π+)
= (7.15 ± 0.78 ± 0.69)× 10−4

B(D0 → K̄∗0γ)

B(D0 → K−π+)
= (8.43 ± 0.51 ± 0.70)× 10−3

where the first uncertainty is statistical and the sec-
ond is systematic. Using the current world average
of B(D0 → K−π+) = (3.82 ± 0.07)% [15] we obtain the
following absolute branching fractions:

B(D0 → φγ) = (2.73 ± 0.30 ± 0.26)× 10−5

B(D0 → K̄∗0γ) = (3.22 ± 0.20 ± 0.27)× 10−4.
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(a) The φγ invariant mass distribution.
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(b) The φγ helicity angle distribution.
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(c) The K̄∗0γ invariant mass distribution.
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FIG. 2: Invariant mass and cos θH distributions for data
(points) and simulated events (histograms). The curves show
the fit results and the individual signal and background con-
tributions. BG refers to the combinatoric background.

N(D0 → K̄∗0γ).
We quantify the difference in particle identifica-

Systematic σ(D0
→ φγ) (%) σ(D0

→ K̄∗0γ) (%)
Tracking, vertexing 1.2 1.0
Particle ID 2.9 1.1
γ reconstruction 1.8 1.8
π0 veto 1.8 1.8
PDF parameter 5.9 4.4
Correcting PD0→V γ 3.0 4.3
and PD0→V π0

Ref. mode efficiency 1.5 1.5
Selection criteria 5.4 4.5
Total systematic effect 9.6 8.3

TABLE II: Summary of all systematic errors for each D0 de-
cay mode. The total systematic uncertainty is obtained by
adding the individual systematic estimates in quadrature.

tion (PID) efficiency between data and simulation by
means of a high-purity control sample of D∗+ → D0π+,
D0 → K−π+ events, which we divide into intervals of po-
lar angle and momentum. The change in yield when PID
selection criteria are applied is computed separately for
data and for simulated events and the difference is taken
as a correction factor for that interval. We then weight
the correction factors according to the expected momen-
tum and polar-angle distributions of the D0 → K̄∗0γ sig-
nal. While a portion of the PID systematic uncertainty
for our signal modes is canceled when measuring the
branching fractions in ratio to D0 → K−π+, the residual
uncertainty is found to be 2.88% for D0 → φγ and 1.10%
for D0 → K̄∗0γ. By measuring B(D0 → K̄∗0γ) and
B(D0 → φγ) with respect to D0 → K−π+, first-order
effects from charged particle tracking also cancel, leaving
only a second order systematic uncertainty of 1.00% for
D0 → K̄∗0γ events and 1.20% for D0 → φγ. We sum-
marize all systematic uncertainties in Table II.

In this paper, we report our observation of the
Cabibbo-favored, but color-suppressed, radiative decay
D0 → K̄∗0γ. We also present confirmation of the pre-
vious measurement of the Cabibbo-suppressed radiative
decay B(D0 → φγ), but with reduced statistical uncer-
tainities. The measured branching ratios are

B(D0 → φγ)

B(D0 → K−π+)
= (7.15 ± 0.78 ± 0.69)× 10−4

B(D0 → K̄∗0γ)

B(D0 → K−π+)
= (8.43 ± 0.51 ± 0.70)× 10−3

where the first uncertainty is statistical and the sec-
ond is systematic. Using the current world average
of B(D0 → K−π+) = (3.82 ± 0.07)% [15] we obtain the
following absolute branching fractions:

B(D0 → φγ) = (2.73 ± 0.30 ± 0.26)× 10−5

B(D0 → K̄∗0γ) = (3.22 ± 0.20 ± 0.27)× 10−4.
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(a) The φγ invariant mass distribution.
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(b) The φγ helicity angle distribution.
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(c) The K̄∗0γ invariant mass distribution.
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FIG. 2: Invariant mass and cos θH distributions for data
(points) and simulated events (histograms). The curves show
the fit results and the individual signal and background con-
tributions. BG refers to the combinatoric background.

N(D0 → K̄∗0γ).
We quantify the difference in particle identifica-

Systematic σ(D0
→ φγ) (%) σ(D0

→ K̄∗0γ) (%)
Tracking, vertexing 1.2 1.0
Particle ID 2.9 1.1
γ reconstruction 1.8 1.8
π0 veto 1.8 1.8
PDF parameter 5.9 4.4
Correcting PD0→V γ 3.0 4.3
and PD0→V π0

Ref. mode efficiency 1.5 1.5
Selection criteria 5.4 4.5
Total systematic effect 9.6 8.3

TABLE II: Summary of all systematic errors for each D0 de-
cay mode. The total systematic uncertainty is obtained by
adding the individual systematic estimates in quadrature.

tion (PID) efficiency between data and simulation by
means of a high-purity control sample of D∗+ → D0π+,
D0 → K−π+ events, which we divide into intervals of po-
lar angle and momentum. The change in yield when PID
selection criteria are applied is computed separately for
data and for simulated events and the difference is taken
as a correction factor for that interval. We then weight
the correction factors according to the expected momen-
tum and polar-angle distributions of the D0 → K̄∗0γ sig-
nal. While a portion of the PID systematic uncertainty
for our signal modes is canceled when measuring the
branching fractions in ratio to D0 → K−π+, the residual
uncertainty is found to be 2.88% for D0 → φγ and 1.10%
for D0 → K̄∗0γ. By measuring B(D0 → K̄∗0γ) and
B(D0 → φγ) with respect to D0 → K−π+, first-order
effects from charged particle tracking also cancel, leaving
only a second order systematic uncertainty of 1.00% for
D0 → K̄∗0γ events and 1.20% for D0 → φγ. We sum-
marize all systematic uncertainties in Table II.

In this paper, we report our observation of the
Cabibbo-favored, but color-suppressed, radiative decay
D0 → K̄∗0γ. We also present confirmation of the pre-
vious measurement of the Cabibbo-suppressed radiative
decay B(D0 → φγ), but with reduced statistical uncer-
tainities. The measured branching ratios are

B(D0 → φγ)

B(D0 → K−π+)
= (7.15 ± 0.78 ± 0.69)× 10−4

B(D0 → K̄∗0γ)

B(D0 → K−π+)
= (8.43 ± 0.51 ± 0.70)× 10−3

where the first uncertainty is statistical and the sec-
ond is systematic. Using the current world average
of B(D0 → K−π+) = (3.82 ± 0.07)% [15] we obtain the
following absolute branching fractions:

B(D0 → φγ) = (2.73 ± 0.30 ± 0.26)× 10−5

B(D0 → K̄∗0γ) = (3.22 ± 0.20 ± 0.27)× 10−4.
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(a) The φγ invariant mass distribution.
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(b) The φγ helicity angle distribution.
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(c) The K̄∗0γ invariant mass distribution.
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FIG. 2: Invariant mass and cos θH distributions for data
(points) and simulated events (histograms). The curves show
the fit results and the individual signal and background con-
tributions. BG refers to the combinatoric background.

N(D0 → K̄∗0γ).
We quantify the difference in particle identifica-

Systematic σ(D0
→ φγ) (%) σ(D0

→ K̄∗0γ) (%)
Tracking, vertexing 1.2 1.0
Particle ID 2.9 1.1
γ reconstruction 1.8 1.8
π0 veto 1.8 1.8
PDF parameter 5.9 4.4
Correcting PD0→V γ 3.0 4.3
and PD0→V π0

Ref. mode efficiency 1.5 1.5
Selection criteria 5.4 4.5
Total systematic effect 9.6 8.3

TABLE II: Summary of all systematic errors for each D0 de-
cay mode. The total systematic uncertainty is obtained by
adding the individual systematic estimates in quadrature.

tion (PID) efficiency between data and simulation by
means of a high-purity control sample of D∗+ → D0π+,
D0 → K−π+ events, which we divide into intervals of po-
lar angle and momentum. The change in yield when PID
selection criteria are applied is computed separately for
data and for simulated events and the difference is taken
as a correction factor for that interval. We then weight
the correction factors according to the expected momen-
tum and polar-angle distributions of the D0 → K̄∗0γ sig-
nal. While a portion of the PID systematic uncertainty
for our signal modes is canceled when measuring the
branching fractions in ratio to D0 → K−π+, the residual
uncertainty is found to be 2.88% for D0 → φγ and 1.10%
for D0 → K̄∗0γ. By measuring B(D0 → K̄∗0γ) and
B(D0 → φγ) with respect to D0 → K−π+, first-order
effects from charged particle tracking also cancel, leaving
only a second order systematic uncertainty of 1.00% for
D0 → K̄∗0γ events and 1.20% for D0 → φγ. We sum-
marize all systematic uncertainties in Table II.

In this paper, we report our observation of the
Cabibbo-favored, but color-suppressed, radiative decay
D0 → K̄∗0γ. We also present confirmation of the pre-
vious measurement of the Cabibbo-suppressed radiative
decay B(D0 → φγ), but with reduced statistical uncer-
tainities. The measured branching ratios are

B(D0 → φγ)

B(D0 → K−π+)
= (7.15 ± 0.78 ± 0.69)× 10−4

B(D0 → K̄∗0γ)

B(D0 → K−π+)
= (8.43 ± 0.51 ± 0.70)× 10−3

where the first uncertainty is statistical and the sec-
ond is systematic. Using the current world average
of B(D0 → K−π+) = (3.82 ± 0.07)% [15] we obtain the
following absolute branching fractions:

B(D0 → φγ) = (2.73 ± 0.30 ± 0.26)× 10−5

B(D0 → K̄∗0γ) = (3.22 ± 0.20 ± 0.27)× 10−4.
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(a) The φγ invariant mass distribution.
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(b) The φγ helicity angle distribution.
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(c) The K̄∗0γ invariant mass distribution.
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FIG. 2: Invariant mass and cos θH distributions for data
(points) and simulated events (histograms). The curves show
the fit results and the individual signal and background con-
tributions. BG refers to the combinatoric background.

N(D0 → K̄∗0γ).
We quantify the difference in particle identifica-

Systematic σ(D0
→ φγ) (%) σ(D0

→ K̄∗0γ) (%)
Tracking, vertexing 1.2 1.0
Particle ID 2.9 1.1
γ reconstruction 1.8 1.8
π0 veto 1.8 1.8
PDF parameter 5.9 4.4
Correcting PD0→V γ 3.0 4.3
and PD0→V π0

Ref. mode efficiency 1.5 1.5
Selection criteria 5.4 4.5
Total systematic effect 9.6 8.3

TABLE II: Summary of all systematic errors for each D0 de-
cay mode. The total systematic uncertainty is obtained by
adding the individual systematic estimates in quadrature.

tion (PID) efficiency between data and simulation by
means of a high-purity control sample of D∗+ → D0π+,
D0 → K−π+ events, which we divide into intervals of po-
lar angle and momentum. The change in yield when PID
selection criteria are applied is computed separately for
data and for simulated events and the difference is taken
as a correction factor for that interval. We then weight
the correction factors according to the expected momen-
tum and polar-angle distributions of the D0 → K̄∗0γ sig-
nal. While a portion of the PID systematic uncertainty
for our signal modes is canceled when measuring the
branching fractions in ratio to D0 → K−π+, the residual
uncertainty is found to be 2.88% for D0 → φγ and 1.10%
for D0 → K̄∗0γ. By measuring B(D0 → K̄∗0γ) and
B(D0 → φγ) with respect to D0 → K−π+, first-order
effects from charged particle tracking also cancel, leaving
only a second order systematic uncertainty of 1.00% for
D0 → K̄∗0γ events and 1.20% for D0 → φγ. We sum-
marize all systematic uncertainties in Table II.

In this paper, we report our observation of the
Cabibbo-favored, but color-suppressed, radiative decay
D0 → K̄∗0γ. We also present confirmation of the pre-
vious measurement of the Cabibbo-suppressed radiative
decay B(D0 → φγ), but with reduced statistical uncer-
tainities. The measured branching ratios are

B(D0 → φγ)

B(D0 → K−π+)
= (7.15 ± 0.78 ± 0.69)× 10−4

B(D0 → K̄∗0γ)

B(D0 → K−π+)
= (8.43 ± 0.51 ± 0.70)× 10−3

where the first uncertainty is statistical and the sec-
ond is systematic. Using the current world average
of B(D0 → K−π+) = (3.82 ± 0.07)% [15] we obtain the
following absolute branching fractions:

B(D0 → φγ) = (2.73 ± 0.30 ± 0.26)× 10−5

B(D0 → K̄∗0γ) = (3.22 ± 0.20 ± 0.27)× 10−4.

Dominated by Long Distance effects.!
Not a New Physics search.

387 fb�1 @ ⌥(4S)

Belle 

BELLE

78 fb�1 @ ⌥(4S)
PRL92,101803(2004)
B(D0 ! ��) = [2.60+0.70

�0.61
+0.15
�0.17]⇥ 10�5

�� ��

243± 25
signal events

Cleo II 
PRD58,92001(1998)
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Main experimental actors 

BES-III 

Eff < 0.5% 

Eff < 0.5% 

Eff ~5-10% 

Eff ~10-30% 

5 fb�1 @ ⌥(4S)

B(D0 ! !(⇢0)�) < 2.4(2.4)⇥ 10�4@90% C.L.
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(a) The φγ invariant mass distribution.
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(b) The φγ helicity angle distribution.
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(c) The K̄∗0γ invariant mass distribution.
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(d) The D0
→ K̄∗0γ helicity angle

distribution.

FIG. 2: Invariant mass and cos θH distributions for data
(points) and simulated events (histograms). The curves show
the fit results and the individual signal and background con-
tributions. BG refers to the combinatoric background.

N(D0 → K̄∗0γ).
We quantify the difference in particle identifica-

Systematic σ(D0
→ φγ) (%) σ(D0

→ K̄∗0γ) (%)
Tracking, vertexing 1.2 1.0
Particle ID 2.9 1.1
γ reconstruction 1.8 1.8
π0 veto 1.8 1.8
PDF parameter 5.9 4.4
Correcting PD0→V γ 3.0 4.3
and PD0→V π0

Ref. mode efficiency 1.5 1.5
Selection criteria 5.4 4.5
Total systematic effect 9.6 8.3

TABLE II: Summary of all systematic errors for each D0 de-
cay mode. The total systematic uncertainty is obtained by
adding the individual systematic estimates in quadrature.

tion (PID) efficiency between data and simulation by
means of a high-purity control sample of D∗+ → D0π+,
D0 → K−π+ events, which we divide into intervals of po-
lar angle and momentum. The change in yield when PID
selection criteria are applied is computed separately for
data and for simulated events and the difference is taken
as a correction factor for that interval. We then weight
the correction factors according to the expected momen-
tum and polar-angle distributions of the D0 → K̄∗0γ sig-
nal. While a portion of the PID systematic uncertainty
for our signal modes is canceled when measuring the
branching fractions in ratio to D0 → K−π+, the residual
uncertainty is found to be 2.88% for D0 → φγ and 1.10%
for D0 → K̄∗0γ. By measuring B(D0 → K̄∗0γ) and
B(D0 → φγ) with respect to D0 → K−π+, first-order
effects from charged particle tracking also cancel, leaving
only a second order systematic uncertainty of 1.00% for
D0 → K̄∗0γ events and 1.20% for D0 → φγ. We sum-
marize all systematic uncertainties in Table II.

In this paper, we report our observation of the
Cabibbo-favored, but color-suppressed, radiative decay
D0 → K̄∗0γ. We also present confirmation of the pre-
vious measurement of the Cabibbo-suppressed radiative
decay B(D0 → φγ), but with reduced statistical uncer-
tainities. The measured branching ratios are

B(D0 → φγ)

B(D0 → K−π+)
= (7.15 ± 0.78 ± 0.69)× 10−4

B(D0 → K̄∗0γ)

B(D0 → K−π+)
= (8.43 ± 0.51 ± 0.70)× 10−3

where the first uncertainty is statistical and the sec-
ond is systematic. Using the current world average
of B(D0 → K−π+) = (3.82 ± 0.07)% [15] we obtain the
following absolute branching fractions:

B(D0 → φγ) = (2.73 ± 0.30 ± 0.26)× 10−5

B(D0 → K̄∗0γ) = (3.22 ± 0.20 ± 0.27)× 10−4.

6

D0 ! V �

• Use a D* tag"
• Large contamination from "
•     veto ➼ reject all γ’s that can be used for a good "
• extract signal from 2-dimensional fit to             and 

D0 ! V ⇡0, hh0⇡0

⇡0 ⇡0

m(V �)
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Main experimental actors 

BES-III 

Eff < 0.5% 

Eff < 0.5% 

Eff ~5-10% 

Eff ~10-30% 

BaBar "
PRD78,071101(2008)
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(a) The φγ invariant mass distribution.
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(b) The φγ helicity angle distribution.
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(c) The K̄∗0γ invariant mass distribution.
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FIG. 2: Invariant mass and cos θH distributions for data
(points) and simulated events (histograms). The curves show
the fit results and the individual signal and background con-
tributions. BG refers to the combinatoric background.

N(D0 → K̄∗0γ).
We quantify the difference in particle identifica-

Systematic σ(D0
→ φγ) (%) σ(D0

→ K̄∗0γ) (%)
Tracking, vertexing 1.2 1.0
Particle ID 2.9 1.1
γ reconstruction 1.8 1.8
π0 veto 1.8 1.8
PDF parameter 5.9 4.4
Correcting PD0→V γ 3.0 4.3
and PD0→V π0

Ref. mode efficiency 1.5 1.5
Selection criteria 5.4 4.5
Total systematic effect 9.6 8.3

TABLE II: Summary of all systematic errors for each D0 de-
cay mode. The total systematic uncertainty is obtained by
adding the individual systematic estimates in quadrature.

tion (PID) efficiency between data and simulation by
means of a high-purity control sample of D∗+ → D0π+,
D0 → K−π+ events, which we divide into intervals of po-
lar angle and momentum. The change in yield when PID
selection criteria are applied is computed separately for
data and for simulated events and the difference is taken
as a correction factor for that interval. We then weight
the correction factors according to the expected momen-
tum and polar-angle distributions of the D0 → K̄∗0γ sig-
nal. While a portion of the PID systematic uncertainty
for our signal modes is canceled when measuring the
branching fractions in ratio to D0 → K−π+, the residual
uncertainty is found to be 2.88% for D0 → φγ and 1.10%
for D0 → K̄∗0γ. By measuring B(D0 → K̄∗0γ) and
B(D0 → φγ) with respect to D0 → K−π+, first-order
effects from charged particle tracking also cancel, leaving
only a second order systematic uncertainty of 1.00% for
D0 → K̄∗0γ events and 1.20% for D0 → φγ. We sum-
marize all systematic uncertainties in Table II.

In this paper, we report our observation of the
Cabibbo-favored, but color-suppressed, radiative decay
D0 → K̄∗0γ. We also present confirmation of the pre-
vious measurement of the Cabibbo-suppressed radiative
decay B(D0 → φγ), but with reduced statistical uncer-
tainities. The measured branching ratios are

B(D0 → φγ)

B(D0 → K−π+)
= (7.15 ± 0.78 ± 0.69)× 10−4

B(D0 → K̄∗0γ)

B(D0 → K−π+)
= (8.43 ± 0.51 ± 0.70)× 10−3

where the first uncertainty is statistical and the sec-
ond is systematic. Using the current world average
of B(D0 → K−π+) = (3.82 ± 0.07)% [15] we obtain the
following absolute branching fractions:

B(D0 → φγ) = (2.73 ± 0.30 ± 0.26)× 10−5

B(D0 → K̄∗0γ) = (3.22 ± 0.20 ± 0.27)× 10−4.
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(a) The φγ invariant mass distribution.
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(b) The φγ helicity angle distribution.
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(c) The K̄∗0γ invariant mass distribution.
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FIG. 2: Invariant mass and cos θH distributions for data
(points) and simulated events (histograms). The curves show
the fit results and the individual signal and background con-
tributions. BG refers to the combinatoric background.

N(D0 → K̄∗0γ).
We quantify the difference in particle identifica-

Systematic σ(D0
→ φγ) (%) σ(D0

→ K̄∗0γ) (%)
Tracking, vertexing 1.2 1.0
Particle ID 2.9 1.1
γ reconstruction 1.8 1.8
π0 veto 1.8 1.8
PDF parameter 5.9 4.4
Correcting PD0→V γ 3.0 4.3
and PD0→V π0

Ref. mode efficiency 1.5 1.5
Selection criteria 5.4 4.5
Total systematic effect 9.6 8.3

TABLE II: Summary of all systematic errors for each D0 de-
cay mode. The total systematic uncertainty is obtained by
adding the individual systematic estimates in quadrature.

tion (PID) efficiency between data and simulation by
means of a high-purity control sample of D∗+ → D0π+,
D0 → K−π+ events, which we divide into intervals of po-
lar angle and momentum. The change in yield when PID
selection criteria are applied is computed separately for
data and for simulated events and the difference is taken
as a correction factor for that interval. We then weight
the correction factors according to the expected momen-
tum and polar-angle distributions of the D0 → K̄∗0γ sig-
nal. While a portion of the PID systematic uncertainty
for our signal modes is canceled when measuring the
branching fractions in ratio to D0 → K−π+, the residual
uncertainty is found to be 2.88% for D0 → φγ and 1.10%
for D0 → K̄∗0γ. By measuring B(D0 → K̄∗0γ) and
B(D0 → φγ) with respect to D0 → K−π+, first-order
effects from charged particle tracking also cancel, leaving
only a second order systematic uncertainty of 1.00% for
D0 → K̄∗0γ events and 1.20% for D0 → φγ. We sum-
marize all systematic uncertainties in Table II.

In this paper, we report our observation of the
Cabibbo-favored, but color-suppressed, radiative decay
D0 → K̄∗0γ. We also present confirmation of the pre-
vious measurement of the Cabibbo-suppressed radiative
decay B(D0 → φγ), but with reduced statistical uncer-
tainities. The measured branching ratios are

B(D0 → φγ)

B(D0 → K−π+)
= (7.15 ± 0.78 ± 0.69)× 10−4

B(D0 → K̄∗0γ)

B(D0 → K−π+)
= (8.43 ± 0.51 ± 0.70)× 10−3

where the first uncertainty is statistical and the sec-
ond is systematic. Using the current world average
of B(D0 → K−π+) = (3.82 ± 0.07)% [15] we obtain the
following absolute branching fractions:

B(D0 → φγ) = (2.73 ± 0.30 ± 0.26)× 10−5

B(D0 → K̄∗0γ) = (3.22 ± 0.20 ± 0.27)× 10−4.

Dominated by Long Distance effects.!
Not a New Physics search.

387 fb�1 @ ⌥(4S)

Belle 

BELLE

78 fb�1 @ ⌥(4S)
PRL92,101803(2004)
B(D0 ! ��) = [2.60+0.70

�0.61
+0.15
�0.17]⇥ 10�5

�� ��

243± 25
signal events

Cleo II 
PRD58,92001(1998)
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Main experimental actors 

BES-III 

Eff < 0.5% 

Eff < 0.5% 

Eff ~5-10% 

Eff ~10-30% 

5 fb�1 @ ⌥(4S)

B(D0 ! !(⇢0)�) < 2.4(2.4)⇥ 10�4@90% C.L.

In some SM extensions sizeable "
CP asymmetry expected "

in radiative charm decays:

AV �
CP > 3% ☛ signal of New Physics

PRL109,171801(2012); arXiv:1210.6546"
see N. Košnik’s talk later today (WG7@18:00)
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(a) The φγ invariant mass distribution.
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(b) The φγ helicity angle distribution.
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(c) The K̄∗0γ invariant mass distribution.
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FIG. 2: Invariant mass and cos θH distributions for data
(points) and simulated events (histograms). The curves show
the fit results and the individual signal and background con-
tributions. BG refers to the combinatoric background.

N(D0 → K̄∗0γ).
We quantify the difference in particle identifica-

Systematic σ(D0
→ φγ) (%) σ(D0

→ K̄∗0γ) (%)
Tracking, vertexing 1.2 1.0
Particle ID 2.9 1.1
γ reconstruction 1.8 1.8
π0 veto 1.8 1.8
PDF parameter 5.9 4.4
Correcting PD0→V γ 3.0 4.3
and PD0→V π0

Ref. mode efficiency 1.5 1.5
Selection criteria 5.4 4.5
Total systematic effect 9.6 8.3

TABLE II: Summary of all systematic errors for each D0 de-
cay mode. The total systematic uncertainty is obtained by
adding the individual systematic estimates in quadrature.

tion (PID) efficiency between data and simulation by
means of a high-purity control sample of D∗+ → D0π+,
D0 → K−π+ events, which we divide into intervals of po-
lar angle and momentum. The change in yield when PID
selection criteria are applied is computed separately for
data and for simulated events and the difference is taken
as a correction factor for that interval. We then weight
the correction factors according to the expected momen-
tum and polar-angle distributions of the D0 → K̄∗0γ sig-
nal. While a portion of the PID systematic uncertainty
for our signal modes is canceled when measuring the
branching fractions in ratio to D0 → K−π+, the residual
uncertainty is found to be 2.88% for D0 → φγ and 1.10%
for D0 → K̄∗0γ. By measuring B(D0 → K̄∗0γ) and
B(D0 → φγ) with respect to D0 → K−π+, first-order
effects from charged particle tracking also cancel, leaving
only a second order systematic uncertainty of 1.00% for
D0 → K̄∗0γ events and 1.20% for D0 → φγ. We sum-
marize all systematic uncertainties in Table II.

In this paper, we report our observation of the
Cabibbo-favored, but color-suppressed, radiative decay
D0 → K̄∗0γ. We also present confirmation of the pre-
vious measurement of the Cabibbo-suppressed radiative
decay B(D0 → φγ), but with reduced statistical uncer-
tainities. The measured branching ratios are

B(D0 → φγ)

B(D0 → K−π+)
= (7.15 ± 0.78 ± 0.69)× 10−4

B(D0 → K̄∗0γ)

B(D0 → K−π+)
= (8.43 ± 0.51 ± 0.70)× 10−3

where the first uncertainty is statistical and the sec-
ond is systematic. Using the current world average
of B(D0 → K−π+) = (3.82 ± 0.07)% [15] we obtain the
following absolute branching fractions:

B(D0 → φγ) = (2.73 ± 0.30 ± 0.26)× 10−5

B(D0 → K̄∗0γ) = (3.22 ± 0.20 ± 0.27)× 10−4.
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(a) The φγ invariant mass distribution.
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(b) The φγ helicity angle distribution.
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FIG. 2: Invariant mass and cos θH distributions for data
(points) and simulated events (histograms). The curves show
the fit results and the individual signal and background con-
tributions. BG refers to the combinatoric background.

N(D0 → K̄∗0γ).
We quantify the difference in particle identifica-

Systematic σ(D0
→ φγ) (%) σ(D0

→ K̄∗0γ) (%)
Tracking, vertexing 1.2 1.0
Particle ID 2.9 1.1
γ reconstruction 1.8 1.8
π0 veto 1.8 1.8
PDF parameter 5.9 4.4
Correcting PD0→V γ 3.0 4.3
and PD0→V π0

Ref. mode efficiency 1.5 1.5
Selection criteria 5.4 4.5
Total systematic effect 9.6 8.3

TABLE II: Summary of all systematic errors for each D0 de-
cay mode. The total systematic uncertainty is obtained by
adding the individual systematic estimates in quadrature.

tion (PID) efficiency between data and simulation by
means of a high-purity control sample of D∗+ → D0π+,
D0 → K−π+ events, which we divide into intervals of po-
lar angle and momentum. The change in yield when PID
selection criteria are applied is computed separately for
data and for simulated events and the difference is taken
as a correction factor for that interval. We then weight
the correction factors according to the expected momen-
tum and polar-angle distributions of the D0 → K̄∗0γ sig-
nal. While a portion of the PID systematic uncertainty
for our signal modes is canceled when measuring the
branching fractions in ratio to D0 → K−π+, the residual
uncertainty is found to be 2.88% for D0 → φγ and 1.10%
for D0 → K̄∗0γ. By measuring B(D0 → K̄∗0γ) and
B(D0 → φγ) with respect to D0 → K−π+, first-order
effects from charged particle tracking also cancel, leaving
only a second order systematic uncertainty of 1.00% for
D0 → K̄∗0γ events and 1.20% for D0 → φγ. We sum-
marize all systematic uncertainties in Table II.

In this paper, we report our observation of the
Cabibbo-favored, but color-suppressed, radiative decay
D0 → K̄∗0γ. We also present confirmation of the pre-
vious measurement of the Cabibbo-suppressed radiative
decay B(D0 → φγ), but with reduced statistical uncer-
tainities. The measured branching ratios are

B(D0 → φγ)

B(D0 → K−π+)
= (7.15 ± 0.78 ± 0.69)× 10−4

B(D0 → K̄∗0γ)

B(D0 → K−π+)
= (8.43 ± 0.51 ± 0.70)× 10−3

where the first uncertainty is statistical and the sec-
ond is systematic. Using the current world average
of B(D0 → K−π+) = (3.82 ± 0.07)% [15] we obtain the
following absolute branching fractions:

B(D0 → φγ) = (2.73 ± 0.30 ± 0.26)× 10−5

B(D0 → K̄∗0γ) = (3.22 ± 0.20 ± 0.27)× 10−4.
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(a) The φγ invariant mass distribution.
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(b) The φγ helicity angle distribution.
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FIG. 2: Invariant mass and cos θH distributions for data
(points) and simulated events (histograms). The curves show
the fit results and the individual signal and background con-
tributions. BG refers to the combinatoric background.

N(D0 → K̄∗0γ).
We quantify the difference in particle identifica-

Systematic σ(D0
→ φγ) (%) σ(D0

→ K̄∗0γ) (%)
Tracking, vertexing 1.2 1.0
Particle ID 2.9 1.1
γ reconstruction 1.8 1.8
π0 veto 1.8 1.8
PDF parameter 5.9 4.4
Correcting PD0→V γ 3.0 4.3
and PD0→V π0

Ref. mode efficiency 1.5 1.5
Selection criteria 5.4 4.5
Total systematic effect 9.6 8.3

TABLE II: Summary of all systematic errors for each D0 de-
cay mode. The total systematic uncertainty is obtained by
adding the individual systematic estimates in quadrature.

tion (PID) efficiency between data and simulation by
means of a high-purity control sample of D∗+ → D0π+,
D0 → K−π+ events, which we divide into intervals of po-
lar angle and momentum. The change in yield when PID
selection criteria are applied is computed separately for
data and for simulated events and the difference is taken
as a correction factor for that interval. We then weight
the correction factors according to the expected momen-
tum and polar-angle distributions of the D0 → K̄∗0γ sig-
nal. While a portion of the PID systematic uncertainty
for our signal modes is canceled when measuring the
branching fractions in ratio to D0 → K−π+, the residual
uncertainty is found to be 2.88% for D0 → φγ and 1.10%
for D0 → K̄∗0γ. By measuring B(D0 → K̄∗0γ) and
B(D0 → φγ) with respect to D0 → K−π+, first-order
effects from charged particle tracking also cancel, leaving
only a second order systematic uncertainty of 1.00% for
D0 → K̄∗0γ events and 1.20% for D0 → φγ. We sum-
marize all systematic uncertainties in Table II.

In this paper, we report our observation of the
Cabibbo-favored, but color-suppressed, radiative decay
D0 → K̄∗0γ. We also present confirmation of the pre-
vious measurement of the Cabibbo-suppressed radiative
decay B(D0 → φγ), but with reduced statistical uncer-
tainities. The measured branching ratios are

B(D0 → φγ)

B(D0 → K−π+)
= (7.15 ± 0.78 ± 0.69)× 10−4

B(D0 → K̄∗0γ)

B(D0 → K−π+)
= (8.43 ± 0.51 ± 0.70)× 10−3

where the first uncertainty is statistical and the sec-
ond is systematic. Using the current world average
of B(D0 → K−π+) = (3.82 ± 0.07)% [15] we obtain the
following absolute branching fractions:

B(D0 → φγ) = (2.73 ± 0.30 ± 0.26)× 10−5

B(D0 → K̄∗0γ) = (3.22 ± 0.20 ± 0.27)× 10−4.
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the events, requiring the candidate D0 invariant mass to
be between 1.6 and 2.1GeV/c2. Both the D0 and π+ are
constrained to originate from a common vertex within
the beamspot to satisfy the D∗+ tag requirement.

IV. BACKGROUND STUDIES

Backgrounds from B meson decays are removed by
selecting D∗+ candidates with CM momentum greater
than 2.85GeV/c in the case of D0 → γγ and greater than
2.4GeV/c in the case of D0 → π0π0. The difference re-
flects cuts optimized to separate MC samples.
In order to minimize systematic uncertainties the ref-

erence mode analysis was performed separately for each
of the two signal modes, each time using identical crite-
ria that were optimized for the respective signal mode.
These selections result in 95% rejection of B meson de-
cay modes. The D0 → γγ decay mode has significant
backgrounds due to QED processes, which are largely
removed by requiring that the total number of charged
tracks in the event be greater than four and the number
of neutral candidates in the event be greater than four.
The dominant background to D0 → γγ is due to D0 →

π0π0 decays. To remove this background, we implement
a π0 veto. From our sample of D0 → γγ candidates
we reject all events in which one of the photons can be
combined with any other photon candidate in the event
to form a π0. This veto rejects 95% of the background
and keeps 66% of the signal.
The D0 → γγ analysis signal efficiency is 6.1% with

the corresponding reference mode (D0 → K0
Sπ

0,K0
S →

π+π−) efficiency at 7.6%. The D0 → π0π0 analysis sig-
nal and reference mode efficiencies are 15.2% and 12.0%,
respectively.

V. FIT PROCEDURE AND RESULTS

For each of the three decay modes we determine the sig-
nal yield using unbinned maximum likelihood fits to the
invariant mass distribution of D0 candidates passing the
above selection criteria. The overall probability distribu-
tion functions (PDFs) are sums of functions describing
signal and background distributions obtained from the
Monte Carlo simulation. The relative normalizations of
these functions are free parameters while the individual
shapes are fixed.
In the D0 → γγ analysis the signal PDF consists of

a Crystal Ball [19] function and a bifurcated Gaussian
distribution. The background PDF is a 2nd-order Cheby-
chev polynomial and the D0 → π0π0 background shape
is described by a second Crystal Ball function. In the
D0 → π0π0 analysis the signal is described by a sum
of a Gaussian, a bifurcated Gaussian, and a Crystal Ball

function, and a background PDF described by a 3rd-order
Chebychev polynomial.
The invariant γγ mass distribution obtained from the

D0 → γγ analysis is shown in Fig. 1 together with pro-
jections of the likelihood fit and the individual signal and
background combinations. The signal yield is −6 ± 15,
consistent with no D0 → γγ events. We convert this re-
sult to a branching fraction for D0 → γγ relative to the
D0 → K0

Sπ
0 reference mode using

B(D0 → γγ) =
1

εγγ
N(D0 → γγ)

1
ε
K0

S
π0
N(D0 → K0

Sπ
0)
×B(D0 → K0

Sπ
0),

(3)
where N and ε are the yield and efficiency of the re-
spective modes and B(D0 → K0

Sπ
0) is the known D0 →

K0
Sπ

0;K0
S → π+π− branching fraction [15]. In this anal-

ysis the D0 → K0
Sπ

0 signal yield is 126599± 568 events.
We find B(D0 → γγ) = (−0.49 ± 1.23 ± 0.02) × 10−6

where the errors are the statistical uncertainty and the
uncertainty in the reference mode branching fraction, re-
spectively.
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FIG. 1. The γγ mass distribution for D0
→ γγ candidates

in data (data points). The curves show the result of an un-
binned maximum likelihood fit to the measured mass distri-
bution. The solid blue curve corresponds to signal compo-
nent resulting in a slight negative yield, the long-dash red
curve corresponds to combinatoric background component,
and the small-dash pink curve corresponds to the combina-
toric background plus D0

→ π0π0 background shape. The
χ2 value is determined from binned data and is provided as
a goodness-of-fit measure. The pull distribution shows differ-
ences between the data and the solid blue curve with values
and errors normalized.

The invariant mass distribution for events in the D0 →
π0π0 analysis is shown in Fig. 2. The signal yield for

6

D0 → π0π0 is 26010 ± 304 events. For D0 → K0
Sπ

0

(mass distribution not shown) the signal yield is 207538
± 1143 events. Adjusting Eq. 3 for the D0 → π0π0 case
we convert this yield to a branching fraction and find
B(D0 → π0π0) = (8.4±0.1±0.3)×10−4. The first error
denotes the statistical uncertainty and the second error
reflects the uncertainties in the reference mode branching
fraction.

)2) (GeV/c0π0πm(
1.65 1.7 1.75 1.8 1.85 1.9 1.95 2 2.05

 )2
Ev

en
ts

 / 
( 0

.0
08

 G
eV

/c

0
200
400
600
800

1000
1200
1400
1600
1800
2000
2200 /47 = 0.942χ

Fi
t P

ul
l

-5

0

5

FIG. 2. The π0π0 mass distribution for D0
→ π0π0 candi-

dates in data (data points). The curves show the result of the
unbinned maximum likelihood fit to the measured mass dis-
tribution. The solid blue curve corresponds to the full PDF
including the signal and the dashed red curve corresponds to
the combinatoric background component. The χ2 value is de-
termined from binned data and is provided as a goodness-of-fit
measure. The pull distribution shows differences between the
data and the solid blue curve with values and errors normal-
ized.

VI. SYSTEMATIC UNCERTAINTIES

Several systematic uncertainties cancel partially or
completely when the branching fraction is measured with
respect to the D0 → K0

Sπ
0 reference mode. The uncer-

tainty in tracking efficiency and vertexing 1.39%. The
uncertainty due to photon reconstruction efficiency in the
ratio of the signal mode branching fraction to the refer-
ence mode branching fraction is 3.0% and 0.6% for the
D0 → π0π0 and D0 → γγ analyses, respectively.
In order to account for the uncertainty arising from

fixed PDF shapes, the parameters determined from the
Monte Carlo simulation, are varied by random amounts
sampled from the covariance matrix retaining correla-
tions among parameters. The values of these parameters
are fixed and the resulting PDF is fit to data allowing the

yield to float, the 1σ width of the obtained signal yield
distribution is taken as the systematic uncertainty. In the
D0 → π0π0 analysis, fixing the signal and combinatoric
background shapes results in 0.20% and 0.80% systematic
uncertainties, respectively. Fixing theD0 → K0

Sπ
0 signal

and background shapes for the reference mode results in
0.17% and 0.63% systematic uncertainties, respectively.
Potential differences in π0 veto efficiencies between

data and the Monte Carlo simulation are estimated using
a sample of candidates for the physically forbidden decay
D0 → K0

Sγ. The difference in the ratios of numbers of
candidates before and after the veto between data and
the Monte Carlo simulation is taken as the systematic
uncertainty. We measure the difference as a function of
the number of photons in the event and as a function of
the photon energy. In all cases, the variations are found
to be less than or equal to 1.8%.
In order to account for imperfect modeling of D∗+

hadronization, a 4% correction is applied to the MC for
normalized momenta, x = p(D∗+)/pmax(D∗+), within
the region x = 0.575 to x = 0.7 to match cross-
section measurements made by the CLEO collabora-
tion [20]. We calculate the ratios of signal efficien-
cies (εD0→γγ/εD0→K0

Sπ0 , εD0→π0π0/εD0→K0

Sπ0) with and
without this correction applied to the MC and deter-
mine systematic uncertainties of 0.02% and 0.03% for
the D0 → γγ and D0 → π0π0 modes, respectively, due
to this correction.
To account for systematic uncertainties due to apply-

ing a particular set of selection criteria, we vary the selec-
tion criteria and recalculate the results. The reconstruc-
tion efficiency is determined from MC and the efficiency-
corrected yield is measured from data when each set of
selection criteria is applied. These yields are found to be
distributed normally and the standard deviation is taken
to be the systematic uncertainty. Choosing particular
event selections for the D0 → π0π0 and D0 → K0

Sπ
0

studies results in systematic uncertainties of 2.50% and
0.76%, respectively.
The systematic uncertainties are summarized in Table

II. For the D0 → π0π0 mode a total systematic uncer-
tainty of 4.2% is obtained by adding all contributions in
quadrature.
For the D0 → γγ analysis we combine all system-

atic uncertainties with the statistical uncertainties in
the upper-limit calculation. In a Monte Carlo simula-
tion study we generate event samples using the complete
background PDF from the data fit and repeat the branch-
ing fraction calculation 14000 times varying all sources of
systematic uncertainties in the process. For each branch-
ing fraction calculation the selection values on the contin-
uous variables are varied within ranges established from
the D0 → π0π0 analysis. In each calculation the pa-
rameters of the signal and background PDFs are varied
within their uncertainties while fully accounting for the
correlations among them. Systematic uncertainties such

Combinatoric
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the events, requiring the candidate D0 invariant mass to
be between 1.6 and 2.1GeV/c2. Both the D0 and π+ are
constrained to originate from a common vertex within
the beamspot to satisfy the D∗+ tag requirement.

IV. BACKGROUND STUDIES

Backgrounds from B meson decays are removed by
selecting D∗+ candidates with CM momentum greater
than 2.85GeV/c in the case of D0 → γγ and greater than
2.4GeV/c in the case of D0 → π0π0. The difference re-
flects cuts optimized to separate MC samples.
In order to minimize systematic uncertainties the ref-

erence mode analysis was performed separately for each
of the two signal modes, each time using identical crite-
ria that were optimized for the respective signal mode.
These selections result in 95% rejection of B meson de-
cay modes. The D0 → γγ decay mode has significant
backgrounds due to QED processes, which are largely
removed by requiring that the total number of charged
tracks in the event be greater than four and the number
of neutral candidates in the event be greater than four.
The dominant background to D0 → γγ is due to D0 →

π0π0 decays. To remove this background, we implement
a π0 veto. From our sample of D0 → γγ candidates
we reject all events in which one of the photons can be
combined with any other photon candidate in the event
to form a π0. This veto rejects 95% of the background
and keeps 66% of the signal.
The D0 → γγ analysis signal efficiency is 6.1% with

the corresponding reference mode (D0 → K0
Sπ

0,K0
S →

π+π−) efficiency at 7.6%. The D0 → π0π0 analysis sig-
nal and reference mode efficiencies are 15.2% and 12.0%,
respectively.

V. FIT PROCEDURE AND RESULTS

For each of the three decay modes we determine the sig-
nal yield using unbinned maximum likelihood fits to the
invariant mass distribution of D0 candidates passing the
above selection criteria. The overall probability distribu-
tion functions (PDFs) are sums of functions describing
signal and background distributions obtained from the
Monte Carlo simulation. The relative normalizations of
these functions are free parameters while the individual
shapes are fixed.
In the D0 → γγ analysis the signal PDF consists of

a Crystal Ball [19] function and a bifurcated Gaussian
distribution. The background PDF is a 2nd-order Cheby-
chev polynomial and the D0 → π0π0 background shape
is described by a second Crystal Ball function. In the
D0 → π0π0 analysis the signal is described by a sum
of a Gaussian, a bifurcated Gaussian, and a Crystal Ball

function, and a background PDF described by a 3rd-order
Chebychev polynomial.
The invariant γγ mass distribution obtained from the

D0 → γγ analysis is shown in Fig. 1 together with pro-
jections of the likelihood fit and the individual signal and
background combinations. The signal yield is −6 ± 15,
consistent with no D0 → γγ events. We convert this re-
sult to a branching fraction for D0 → γγ relative to the
D0 → K0

Sπ
0 reference mode using

B(D0 → γγ) =
1

εγγ
N(D0 → γγ)

1
ε
K0

S
π0
N(D0 → K0

Sπ
0)
×B(D0 → K0

Sπ
0),

(3)
where N and ε are the yield and efficiency of the re-
spective modes and B(D0 → K0

Sπ
0) is the known D0 →

K0
Sπ

0;K0
S → π+π− branching fraction [15]. In this anal-

ysis the D0 → K0
Sπ

0 signal yield is 126599± 568 events.
We find B(D0 → γγ) = (−0.49 ± 1.23 ± 0.02) × 10−6

where the errors are the statistical uncertainty and the
uncertainty in the reference mode branching fraction, re-
spectively.
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FIG. 1. The γγ mass distribution for D0
→ γγ candidates

in data (data points). The curves show the result of an un-
binned maximum likelihood fit to the measured mass distri-
bution. The solid blue curve corresponds to signal compo-
nent resulting in a slight negative yield, the long-dash red
curve corresponds to combinatoric background component,
and the small-dash pink curve corresponds to the combina-
toric background plus D0

→ π0π0 background shape. The
χ2 value is determined from binned data and is provided as
a goodness-of-fit measure. The pull distribution shows differ-
ences between the data and the solid blue curve with values
and errors normalized.

The invariant mass distribution for events in the D0 →
π0π0 analysis is shown in Fig. 2. The signal yield for

6

D0 → π0π0 is 26010 ± 304 events. For D0 → K0
Sπ

0

(mass distribution not shown) the signal yield is 207538
± 1143 events. Adjusting Eq. 3 for the D0 → π0π0 case
we convert this yield to a branching fraction and find
B(D0 → π0π0) = (8.4±0.1±0.3)×10−4. The first error
denotes the statistical uncertainty and the second error
reflects the uncertainties in the reference mode branching
fraction.
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FIG. 2. The π0π0 mass distribution for D0
→ π0π0 candi-

dates in data (data points). The curves show the result of the
unbinned maximum likelihood fit to the measured mass dis-
tribution. The solid blue curve corresponds to the full PDF
including the signal and the dashed red curve corresponds to
the combinatoric background component. The χ2 value is de-
termined from binned data and is provided as a goodness-of-fit
measure. The pull distribution shows differences between the
data and the solid blue curve with values and errors normal-
ized.

VI. SYSTEMATIC UNCERTAINTIES

Several systematic uncertainties cancel partially or
completely when the branching fraction is measured with
respect to the D0 → K0

Sπ
0 reference mode. The uncer-

tainty in tracking efficiency and vertexing 1.39%. The
uncertainty due to photon reconstruction efficiency in the
ratio of the signal mode branching fraction to the refer-
ence mode branching fraction is 3.0% and 0.6% for the
D0 → π0π0 and D0 → γγ analyses, respectively.
In order to account for the uncertainty arising from

fixed PDF shapes, the parameters determined from the
Monte Carlo simulation, are varied by random amounts
sampled from the covariance matrix retaining correla-
tions among parameters. The values of these parameters
are fixed and the resulting PDF is fit to data allowing the

yield to float, the 1σ width of the obtained signal yield
distribution is taken as the systematic uncertainty. In the
D0 → π0π0 analysis, fixing the signal and combinatoric
background shapes results in 0.20% and 0.80% systematic
uncertainties, respectively. Fixing theD0 → K0

Sπ
0 signal

and background shapes for the reference mode results in
0.17% and 0.63% systematic uncertainties, respectively.
Potential differences in π0 veto efficiencies between

data and the Monte Carlo simulation are estimated using
a sample of candidates for the physically forbidden decay
D0 → K0

Sγ. The difference in the ratios of numbers of
candidates before and after the veto between data and
the Monte Carlo simulation is taken as the systematic
uncertainty. We measure the difference as a function of
the number of photons in the event and as a function of
the photon energy. In all cases, the variations are found
to be less than or equal to 1.8%.
In order to account for imperfect modeling of D∗+

hadronization, a 4% correction is applied to the MC for
normalized momenta, x = p(D∗+)/pmax(D∗+), within
the region x = 0.575 to x = 0.7 to match cross-
section measurements made by the CLEO collabora-
tion [20]. We calculate the ratios of signal efficien-
cies (εD0→γγ/εD0→K0

Sπ0 , εD0→π0π0/εD0→K0

Sπ0) with and
without this correction applied to the MC and deter-
mine systematic uncertainties of 0.02% and 0.03% for
the D0 → γγ and D0 → π0π0 modes, respectively, due
to this correction.
To account for systematic uncertainties due to apply-

ing a particular set of selection criteria, we vary the selec-
tion criteria and recalculate the results. The reconstruc-
tion efficiency is determined from MC and the efficiency-
corrected yield is measured from data when each set of
selection criteria is applied. These yields are found to be
distributed normally and the standard deviation is taken
to be the systematic uncertainty. Choosing particular
event selections for the D0 → π0π0 and D0 → K0

Sπ
0

studies results in systematic uncertainties of 2.50% and
0.76%, respectively.
The systematic uncertainties are summarized in Table

II. For the D0 → π0π0 mode a total systematic uncer-
tainty of 4.2% is obtained by adding all contributions in
quadrature.
For the D0 → γγ analysis we combine all system-

atic uncertainties with the statistical uncertainties in
the upper-limit calculation. In a Monte Carlo simula-
tion study we generate event samples using the complete
background PDF from the data fit and repeat the branch-
ing fraction calculation 14000 times varying all sources of
systematic uncertainties in the process. For each branch-
ing fraction calculation the selection values on the contin-
uous variables are varied within ranges established from
the D0 → π0π0 analysis. In each calculation the pa-
rameters of the signal and background PDFs are varied
within their uncertainties while fully accounting for the
correlations among them. Systematic uncertainties such
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the events, requiring the candidate D0 invariant mass to
be between 1.6 and 2.1GeV/c2. Both the D0 and π+ are
constrained to originate from a common vertex within
the beamspot to satisfy the D∗+ tag requirement.

IV. BACKGROUND STUDIES

Backgrounds from B meson decays are removed by
selecting D∗+ candidates with CM momentum greater
than 2.85GeV/c in the case of D0 → γγ and greater than
2.4GeV/c in the case of D0 → π0π0. The difference re-
flects cuts optimized to separate MC samples.
In order to minimize systematic uncertainties the ref-

erence mode analysis was performed separately for each
of the two signal modes, each time using identical crite-
ria that were optimized for the respective signal mode.
These selections result in 95% rejection of B meson de-
cay modes. The D0 → γγ decay mode has significant
backgrounds due to QED processes, which are largely
removed by requiring that the total number of charged
tracks in the event be greater than four and the number
of neutral candidates in the event be greater than four.
The dominant background to D0 → γγ is due to D0 →

π0π0 decays. To remove this background, we implement
a π0 veto. From our sample of D0 → γγ candidates
we reject all events in which one of the photons can be
combined with any other photon candidate in the event
to form a π0. This veto rejects 95% of the background
and keeps 66% of the signal.
The D0 → γγ analysis signal efficiency is 6.1% with

the corresponding reference mode (D0 → K0
Sπ

0,K0
S →

π+π−) efficiency at 7.6%. The D0 → π0π0 analysis sig-
nal and reference mode efficiencies are 15.2% and 12.0%,
respectively.

V. FIT PROCEDURE AND RESULTS

For each of the three decay modes we determine the sig-
nal yield using unbinned maximum likelihood fits to the
invariant mass distribution of D0 candidates passing the
above selection criteria. The overall probability distribu-
tion functions (PDFs) are sums of functions describing
signal and background distributions obtained from the
Monte Carlo simulation. The relative normalizations of
these functions are free parameters while the individual
shapes are fixed.
In the D0 → γγ analysis the signal PDF consists of

a Crystal Ball [19] function and a bifurcated Gaussian
distribution. The background PDF is a 2nd-order Cheby-
chev polynomial and the D0 → π0π0 background shape
is described by a second Crystal Ball function. In the
D0 → π0π0 analysis the signal is described by a sum
of a Gaussian, a bifurcated Gaussian, and a Crystal Ball

function, and a background PDF described by a 3rd-order
Chebychev polynomial.
The invariant γγ mass distribution obtained from the

D0 → γγ analysis is shown in Fig. 1 together with pro-
jections of the likelihood fit and the individual signal and
background combinations. The signal yield is −6 ± 15,
consistent with no D0 → γγ events. We convert this re-
sult to a branching fraction for D0 → γγ relative to the
D0 → K0

Sπ
0 reference mode using

B(D0 → γγ) =
1

εγγ
N(D0 → γγ)

1
ε
K0

S
π0
N(D0 → K0

Sπ
0)
×B(D0 → K0

Sπ
0),

(3)
where N and ε are the yield and efficiency of the re-
spective modes and B(D0 → K0

Sπ
0) is the known D0 →

K0
Sπ

0;K0
S → π+π− branching fraction [15]. In this anal-

ysis the D0 → K0
Sπ

0 signal yield is 126599± 568 events.
We find B(D0 → γγ) = (−0.49 ± 1.23 ± 0.02) × 10−6

where the errors are the statistical uncertainty and the
uncertainty in the reference mode branching fraction, re-
spectively.
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FIG. 1. The γγ mass distribution for D0
→ γγ candidates

in data (data points). The curves show the result of an un-
binned maximum likelihood fit to the measured mass distri-
bution. The solid blue curve corresponds to signal compo-
nent resulting in a slight negative yield, the long-dash red
curve corresponds to combinatoric background component,
and the small-dash pink curve corresponds to the combina-
toric background plus D0

→ π0π0 background shape. The
χ2 value is determined from binned data and is provided as
a goodness-of-fit measure. The pull distribution shows differ-
ences between the data and the solid blue curve with values
and errors normalized.

The invariant mass distribution for events in the D0 →
π0π0 analysis is shown in Fig. 2. The signal yield for

6

D0 → π0π0 is 26010 ± 304 events. For D0 → K0
Sπ

0

(mass distribution not shown) the signal yield is 207538
± 1143 events. Adjusting Eq. 3 for the D0 → π0π0 case
we convert this yield to a branching fraction and find
B(D0 → π0π0) = (8.4±0.1±0.3)×10−4. The first error
denotes the statistical uncertainty and the second error
reflects the uncertainties in the reference mode branching
fraction.
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FIG. 2. The π0π0 mass distribution for D0
→ π0π0 candi-

dates in data (data points). The curves show the result of the
unbinned maximum likelihood fit to the measured mass dis-
tribution. The solid blue curve corresponds to the full PDF
including the signal and the dashed red curve corresponds to
the combinatoric background component. The χ2 value is de-
termined from binned data and is provided as a goodness-of-fit
measure. The pull distribution shows differences between the
data and the solid blue curve with values and errors normal-
ized.

VI. SYSTEMATIC UNCERTAINTIES

Several systematic uncertainties cancel partially or
completely when the branching fraction is measured with
respect to the D0 → K0

Sπ
0 reference mode. The uncer-

tainty in tracking efficiency and vertexing 1.39%. The
uncertainty due to photon reconstruction efficiency in the
ratio of the signal mode branching fraction to the refer-
ence mode branching fraction is 3.0% and 0.6% for the
D0 → π0π0 and D0 → γγ analyses, respectively.
In order to account for the uncertainty arising from

fixed PDF shapes, the parameters determined from the
Monte Carlo simulation, are varied by random amounts
sampled from the covariance matrix retaining correla-
tions among parameters. The values of these parameters
are fixed and the resulting PDF is fit to data allowing the

yield to float, the 1σ width of the obtained signal yield
distribution is taken as the systematic uncertainty. In the
D0 → π0π0 analysis, fixing the signal and combinatoric
background shapes results in 0.20% and 0.80% systematic
uncertainties, respectively. Fixing theD0 → K0

Sπ
0 signal

and background shapes for the reference mode results in
0.17% and 0.63% systematic uncertainties, respectively.
Potential differences in π0 veto efficiencies between

data and the Monte Carlo simulation are estimated using
a sample of candidates for the physically forbidden decay
D0 → K0

Sγ. The difference in the ratios of numbers of
candidates before and after the veto between data and
the Monte Carlo simulation is taken as the systematic
uncertainty. We measure the difference as a function of
the number of photons in the event and as a function of
the photon energy. In all cases, the variations are found
to be less than or equal to 1.8%.
In order to account for imperfect modeling of D∗+

hadronization, a 4% correction is applied to the MC for
normalized momenta, x = p(D∗+)/pmax(D∗+), within
the region x = 0.575 to x = 0.7 to match cross-
section measurements made by the CLEO collabora-
tion [20]. We calculate the ratios of signal efficien-
cies (εD0→γγ/εD0→K0

Sπ0 , εD0→π0π0/εD0→K0

Sπ0) with and
without this correction applied to the MC and deter-
mine systematic uncertainties of 0.02% and 0.03% for
the D0 → γγ and D0 → π0π0 modes, respectively, due
to this correction.
To account for systematic uncertainties due to apply-

ing a particular set of selection criteria, we vary the selec-
tion criteria and recalculate the results. The reconstruc-
tion efficiency is determined from MC and the efficiency-
corrected yield is measured from data when each set of
selection criteria is applied. These yields are found to be
distributed normally and the standard deviation is taken
to be the systematic uncertainty. Choosing particular
event selections for the D0 → π0π0 and D0 → K0

Sπ
0

studies results in systematic uncertainties of 2.50% and
0.76%, respectively.
The systematic uncertainties are summarized in Table

II. For the D0 → π0π0 mode a total systematic uncer-
tainty of 4.2% is obtained by adding all contributions in
quadrature.
For the D0 → γγ analysis we combine all system-

atic uncertainties with the statistical uncertainties in
the upper-limit calculation. In a Monte Carlo simula-
tion study we generate event samples using the complete
background PDF from the data fit and repeat the branch-
ing fraction calculation 14000 times varying all sources of
systematic uncertainties in the process. For each branch-
ing fraction calculation the selection values on the contin-
uous variables are varied within ranges established from
the D0 → π0π0 analysis. In each calculation the pa-
rameters of the signal and background PDFs are varied
within their uncertainties while fully accounting for the
correlations among them. Systematic uncertainties such
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the events, requiring the candidate D0 invariant mass to
be between 1.6 and 2.1GeV/c2. Both the D0 and π+ are
constrained to originate from a common vertex within
the beamspot to satisfy the D∗+ tag requirement.

IV. BACKGROUND STUDIES

Backgrounds from B meson decays are removed by
selecting D∗+ candidates with CM momentum greater
than 2.85GeV/c in the case of D0 → γγ and greater than
2.4GeV/c in the case of D0 → π0π0. The difference re-
flects cuts optimized to separate MC samples.
In order to minimize systematic uncertainties the ref-

erence mode analysis was performed separately for each
of the two signal modes, each time using identical crite-
ria that were optimized for the respective signal mode.
These selections result in 95% rejection of B meson de-
cay modes. The D0 → γγ decay mode has significant
backgrounds due to QED processes, which are largely
removed by requiring that the total number of charged
tracks in the event be greater than four and the number
of neutral candidates in the event be greater than four.
The dominant background to D0 → γγ is due to D0 →

π0π0 decays. To remove this background, we implement
a π0 veto. From our sample of D0 → γγ candidates
we reject all events in which one of the photons can be
combined with any other photon candidate in the event
to form a π0. This veto rejects 95% of the background
and keeps 66% of the signal.
The D0 → γγ analysis signal efficiency is 6.1% with

the corresponding reference mode (D0 → K0
Sπ

0,K0
S →

π+π−) efficiency at 7.6%. The D0 → π0π0 analysis sig-
nal and reference mode efficiencies are 15.2% and 12.0%,
respectively.

V. FIT PROCEDURE AND RESULTS

For each of the three decay modes we determine the sig-
nal yield using unbinned maximum likelihood fits to the
invariant mass distribution of D0 candidates passing the
above selection criteria. The overall probability distribu-
tion functions (PDFs) are sums of functions describing
signal and background distributions obtained from the
Monte Carlo simulation. The relative normalizations of
these functions are free parameters while the individual
shapes are fixed.
In the D0 → γγ analysis the signal PDF consists of

a Crystal Ball [19] function and a bifurcated Gaussian
distribution. The background PDF is a 2nd-order Cheby-
chev polynomial and the D0 → π0π0 background shape
is described by a second Crystal Ball function. In the
D0 → π0π0 analysis the signal is described by a sum
of a Gaussian, a bifurcated Gaussian, and a Crystal Ball

function, and a background PDF described by a 3rd-order
Chebychev polynomial.
The invariant γγ mass distribution obtained from the

D0 → γγ analysis is shown in Fig. 1 together with pro-
jections of the likelihood fit and the individual signal and
background combinations. The signal yield is −6 ± 15,
consistent with no D0 → γγ events. We convert this re-
sult to a branching fraction for D0 → γγ relative to the
D0 → K0

Sπ
0 reference mode using

B(D0 → γγ) =
1

εγγ
N(D0 → γγ)

1
ε
K0

S
π0
N(D0 → K0

Sπ
0)
×B(D0 → K0

Sπ
0),

(3)
where N and ε are the yield and efficiency of the re-
spective modes and B(D0 → K0

Sπ
0) is the known D0 →

K0
Sπ

0;K0
S → π+π− branching fraction [15]. In this anal-

ysis the D0 → K0
Sπ

0 signal yield is 126599± 568 events.
We find B(D0 → γγ) = (−0.49 ± 1.23 ± 0.02) × 10−6

where the errors are the statistical uncertainty and the
uncertainty in the reference mode branching fraction, re-
spectively.
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FIG. 1. The γγ mass distribution for D0
→ γγ candidates

in data (data points). The curves show the result of an un-
binned maximum likelihood fit to the measured mass distri-
bution. The solid blue curve corresponds to signal compo-
nent resulting in a slight negative yield, the long-dash red
curve corresponds to combinatoric background component,
and the small-dash pink curve corresponds to the combina-
toric background plus D0

→ π0π0 background shape. The
χ2 value is determined from binned data and is provided as
a goodness-of-fit measure. The pull distribution shows differ-
ences between the data and the solid blue curve with values
and errors normalized.

The invariant mass distribution for events in the D0 →
π0π0 analysis is shown in Fig. 2. The signal yield for

6

D0 → π0π0 is 26010 ± 304 events. For D0 → K0
Sπ

0

(mass distribution not shown) the signal yield is 207538
± 1143 events. Adjusting Eq. 3 for the D0 → π0π0 case
we convert this yield to a branching fraction and find
B(D0 → π0π0) = (8.4±0.1±0.3)×10−4. The first error
denotes the statistical uncertainty and the second error
reflects the uncertainties in the reference mode branching
fraction.
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FIG. 2. The π0π0 mass distribution for D0
→ π0π0 candi-

dates in data (data points). The curves show the result of the
unbinned maximum likelihood fit to the measured mass dis-
tribution. The solid blue curve corresponds to the full PDF
including the signal and the dashed red curve corresponds to
the combinatoric background component. The χ2 value is de-
termined from binned data and is provided as a goodness-of-fit
measure. The pull distribution shows differences between the
data and the solid blue curve with values and errors normal-
ized.

VI. SYSTEMATIC UNCERTAINTIES

Several systematic uncertainties cancel partially or
completely when the branching fraction is measured with
respect to the D0 → K0

Sπ
0 reference mode. The uncer-

tainty in tracking efficiency and vertexing 1.39%. The
uncertainty due to photon reconstruction efficiency in the
ratio of the signal mode branching fraction to the refer-
ence mode branching fraction is 3.0% and 0.6% for the
D0 → π0π0 and D0 → γγ analyses, respectively.
In order to account for the uncertainty arising from

fixed PDF shapes, the parameters determined from the
Monte Carlo simulation, are varied by random amounts
sampled from the covariance matrix retaining correla-
tions among parameters. The values of these parameters
are fixed and the resulting PDF is fit to data allowing the

yield to float, the 1σ width of the obtained signal yield
distribution is taken as the systematic uncertainty. In the
D0 → π0π0 analysis, fixing the signal and combinatoric
background shapes results in 0.20% and 0.80% systematic
uncertainties, respectively. Fixing theD0 → K0

Sπ
0 signal

and background shapes for the reference mode results in
0.17% and 0.63% systematic uncertainties, respectively.
Potential differences in π0 veto efficiencies between

data and the Monte Carlo simulation are estimated using
a sample of candidates for the physically forbidden decay
D0 → K0

Sγ. The difference in the ratios of numbers of
candidates before and after the veto between data and
the Monte Carlo simulation is taken as the systematic
uncertainty. We measure the difference as a function of
the number of photons in the event and as a function of
the photon energy. In all cases, the variations are found
to be less than or equal to 1.8%.
In order to account for imperfect modeling of D∗+

hadronization, a 4% correction is applied to the MC for
normalized momenta, x = p(D∗+)/pmax(D∗+), within
the region x = 0.575 to x = 0.7 to match cross-
section measurements made by the CLEO collabora-
tion [20]. We calculate the ratios of signal efficien-
cies (εD0→γγ/εD0→K0

Sπ0 , εD0→π0π0/εD0→K0

Sπ0) with and
without this correction applied to the MC and deter-
mine systematic uncertainties of 0.02% and 0.03% for
the D0 → γγ and D0 → π0π0 modes, respectively, due
to this correction.
To account for systematic uncertainties due to apply-

ing a particular set of selection criteria, we vary the selec-
tion criteria and recalculate the results. The reconstruc-
tion efficiency is determined from MC and the efficiency-
corrected yield is measured from data when each set of
selection criteria is applied. These yields are found to be
distributed normally and the standard deviation is taken
to be the systematic uncertainty. Choosing particular
event selections for the D0 → π0π0 and D0 → K0

Sπ
0

studies results in systematic uncertainties of 2.50% and
0.76%, respectively.
The systematic uncertainties are summarized in Table

II. For the D0 → π0π0 mode a total systematic uncer-
tainty of 4.2% is obtained by adding all contributions in
quadrature.
For the D0 → γγ analysis we combine all system-

atic uncertainties with the statistical uncertainties in
the upper-limit calculation. In a Monte Carlo simula-
tion study we generate event samples using the complete
background PDF from the data fit and repeat the branch-
ing fraction calculation 14000 times varying all sources of
systematic uncertainties in the process. For each branch-
ing fraction calculation the selection values on the contin-
uous variables are varied within ranges established from
the D0 → π0π0 analysis. In each calculation the pa-
rameters of the signal and background PDFs are varied
within their uncertainties while fully accounting for the
correlations among them. Systematic uncertainties such
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p(D0 ! ⇡�⇡+ ! µ�µ+) = (27.43± 3.4± 2.0)⇥ 10�6

LHCb Collaboration / Physics Letters B 725 (2013) 15–24 19

Table 2
PDF components describing mµ+µ− and !mµ+µ− distributions in the signal and corresponding freely varying and Gaussian constrained fit parameters. The coefficients of
the exponential (EXP) function used to describe both the D∗+ → D0(K −π+)π+ and D∗+ → D0(π−µ+νµ)π+ backgrounds are γKπ and γπµν while f Kπ and fπµν are
the normalisation factors to the D∗+ → D0(π+π−)π+ events. The symbols ⟨!mµ+µ− ⟩η , η = i, j and k represent the mean values and (σ!

1 )η the narrower width of the
double Gaussian (DG) PDF describing D∗+ → D0(π+π−)π+ , D∗+ → D0(K −π+)π+ and D∗+ → D0(K −µ+νµ)π+ distributions (for D∗+ → D0(K −π+)π+ a single Gaussian
(SG) PDF is used). The normalisation for the D∗+ → D0(π+π−)π+ event yield is obtained from the procedure described in Section 5. The function fm is a constant. The
parameters ω, µ and σ of the Crystal Ball function describing the D∗+ → D0(π+π−)π+ events are described in Section 4.

Fit component mµ+µ− !mµ+µ− Free Constrained

Combinatorial fm f! yield,
a, b, c

D∗+ → D0(π+π−)π+ CB DG α, εππ→µµ , ω, µ, σ ,
⟨!mµ+µ− ⟩i , (σ!

1 )i

D∗+ → D0(K −π+)π+ EXP SG γKπ , f Kπ , ⟨!mµ+µ− ⟩ j , (σ!) j

D∗+ → D0(π−µ+νµ)π+ EXP DG γπµν , fπµν , ⟨!mµ+µ− ⟩k , (σ!
1 )k

D∗+ → D0(µ+µ−)π+ CB DG yield

of the misidentification probabilities of the two D0 daughters.
The kaon to muon misidentification probability is measured with
D∗+ → D0(K −π+)π+ decays, triggered by spectator particles with
respect to the kaon, and is found to be (6.3 ± 0.6) × 10−4. This
very small value is achieved using the kaon veto based on the
RICH detectors, as described in Section 3. The estimated yield of
D∗+ → D0(π+π−)π+ is compatible with that obtained from the
method described above, though with a larger uncertainty.

6. Results

The search for the D0 → µ+µ− decay is performed us-
ing an unbinned extended maximum likelihood fit to the two-
dimensional distribution of !mµ+µ− and mµ+µ− . The five different
fit components are the signal D∗+ → D0(µ+µ−)π+ , the combina-
torial background and the background from D∗+ → D0(π+π−)π+ ,
D∗+ → D0(K −π+)π+ and D∗+ → D0(π−µ+νµ)π+ decays.

The PDF shapes are chosen as detailed in Table 2. The param-
eter input values are determined from the simulation of the in-
dividual channels, except for the combinatorial background, which
is assumed to have a smooth distribution across the whole invari-
ant mass difference !mµ+µ− and invariant mass mµ+µ− ranges,
as in the D∗+ → D0(π+π−)π+ fit of Section 4. The table also
shows the corresponding fit parameters that are allowed to vary,
both freely and with Gaussian constraints. Other fit parameters,
not included in the table, are fixed to the values obtained from the
simulation. It is explicitly checked that the final result is insensi-
tive to the variation of these parameters.

The width of the CB function describing the D∗+ →
D0(π+π−)π+ background in the mµ+µ− distribution and the
narrower width of the double Gaussian shape describing the
D∗+ → D0(π+π−)π+ background in the !mµ+µ− distribution are
corrected for the broader mass distribution observed in data; the
widths are increased by about 40% in !mµ+µ− and 25% in mµ+µ− .
The CB slope parameter is fixed to the mean value obtained from
simulation. Varying this value within its uncertainty leads to a
negligible change in the final result.

The D∗+ → D0(K −π+)π+ and D∗+ → D0(π−µ+νµ)π+ yields
are normalised to the D∗+ → D0(π+π−)π+ yields based on their
relative branching fractions, on the number of generated events
and on the pion to muon and kaon to muon misidentification
probabilities, as measured from data. To take into account discrep-
ancies between data and simulation for these two latter quantities,
a conservative uncertainty of 50% and 30% is assigned, respectively.

The signal PDFs are parametrised as in the D∗+ →
D0(π+π−)π+ fit of Section 4 and the shape parameters are fixed
to the D∗+ → D0(π+π−)π+ output fit values. A variation of these
parameters within their uncertainties give a negligible effect on
the final value for B(D0 → µ+µ−).

Fig. 4. (a) Invariant mass difference !mµ+µ− , with mµ+µ− in the range
1820–1885 MeV/c2 and (b) invariant mass mµ+µ− , with !mµ+µ− in the range
144–147 MeV/c2 for D∗+ → D0(µ+µ−)π+ candidates. The projections of the two-
dimensional unbinned extended maximum likelihood fit are overlaid. The curves
represent the total distribution (solid black), the D∗+ → D0(π+π−)π+ (dashed
red), the combinatorial background (dashed yellow), the D∗+ → D0(K −π+)π+

(dash-dotted blue), the D∗+ → D0(π−µ+νµ)π+ (dash-dotted purple) and the sig-
nal D∗+ → D0(µ+µ−)π+ (solid green) contribution. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of
this Letter.)

The systematic uncertainties related to both the normalisation,
through α, and the background shapes and yields, are included in
the fit as Gaussian constraints to the parameters.

After the fit, all constrained parameters converged to the input
values within a few percent but εππ→µµ and ω, which changed by
about +16% and −20%, respectively, though remaining consistent
with the fit input values, within the uncertainty.

Fig. 4 shows the !mµ+µ− and mµ+µ− distributions, together
with the one-dimensional binned projections of the two-dimen-
sional fit overlaid. The χ2/ndf of the fit projections are 1.0 and 1.3,
corresponding to probabilities of 44% and 19%, respectively. The
data are consistent with the expected backgrounds. In particular,
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of the misidentification probabilities of the two D0 daughters.
The kaon to muon misidentification probability is measured with
D∗+ → D0(K −π+)π+ decays, triggered by spectator particles with
respect to the kaon, and is found to be (6.3 ± 0.6) × 10−4. This
very small value is achieved using the kaon veto based on the
RICH detectors, as described in Section 3. The estimated yield of
D∗+ → D0(π+π−)π+ is compatible with that obtained from the
method described above, though with a larger uncertainty.

6. Results

The search for the D0 → µ+µ− decay is performed us-
ing an unbinned extended maximum likelihood fit to the two-
dimensional distribution of !mµ+µ− and mµ+µ− . The five different
fit components are the signal D∗+ → D0(µ+µ−)π+ , the combina-
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The PDF shapes are chosen as detailed in Table 2. The param-
eter input values are determined from the simulation of the in-
dividual channels, except for the combinatorial background, which
is assumed to have a smooth distribution across the whole invari-
ant mass difference !mµ+µ− and invariant mass mµ+µ− ranges,
as in the D∗+ → D0(π+π−)π+ fit of Section 4. The table also
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The signal PDFs are parametrised as in the D∗+ →
D0(π+π−)π+ fit of Section 4 and the shape parameters are fixed
to the D∗+ → D0(π+π−)π+ output fit values. A variation of these
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Fig. 4. (a) Invariant mass difference !mµ+µ− , with mµ+µ− in the range
1820–1885 MeV/c2 and (b) invariant mass mµ+µ− , with !mµ+µ− in the range
144–147 MeV/c2 for D∗+ → D0(µ+µ−)π+ candidates. The projections of the two-
dimensional unbinned extended maximum likelihood fit are overlaid. The curves
represent the total distribution (solid black), the D∗+ → D0(π+π−)π+ (dashed
red), the combinatorial background (dashed yellow), the D∗+ → D0(K −π+)π+

(dash-dotted blue), the D∗+ → D0(π−µ+νµ)π+ (dash-dotted purple) and the sig-
nal D∗+ → D0(µ+µ−)π+ (solid green) contribution. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of
this Letter.)

The systematic uncertainties related to both the normalisation,
through α, and the background shapes and yields, are included in
the fit as Gaussian constraints to the parameters.

After the fit, all constrained parameters converged to the input
values within a few percent but εππ→µµ and ω, which changed by
about +16% and −20%, respectively, though remaining consistent
with the fit input values, within the uncertainty.

Fig. 4 shows the !mµ+µ− and mµ+µ− distributions, together
with the one-dimensional binned projections of the two-dimen-
sional fit overlaid. The χ2/ndf of the fit projections are 1.0 and 1.3,
corresponding to probabilities of 44% and 19%, respectively. The
data are consistent with the expected backgrounds. In particular,
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Fig. 5. CLs (solid line) as a function of the assumed D0 → µ+µ− branching frac-
tion and median (dashed line), 1σ and 2σ bands of the expected CLs , in the
background-only hypothesis, obtained with the asymptotic CLs method. The hori-
zontal lines corresponding to CLs = 0.05 (blue solid) and CLs = 0.1 (red solid) are
also drawn. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this Letter.)

a residual contribution from D∗+ → D0(π+π−)π+ events is visi-
ble among the peaking backgrounds.

The value obtained for the D0 → µ+µ− branching fraction is
(0.09 ± 0.30) × 10−8. Since no significant excess of signal is ob-
served with respect to the expected backgrounds, an upper limit is
derived. The limit determination is performed, using the signal and
background models parametrised as described above, in the RooSt-
ats framework [24], using the asymptotic CLs method [25]. This is
an approximate method, equivalent to the true CLs method per-
formed with simulated pseudo-experiments, when the data sam-
ples are not too small.

Fig. 5 shows the expected and observed CLs as a function of
the assumed D0 → µ+µ− branching fraction. The expected upper
limit is 5.5 (6.7)+3.1

−2.0 × 10−9 at 90% (95%) CL, while the observed
limit is 6.2 (7.6) × 10−9 at 90% (95%) CL. The p-value for the
background-only hypothesis is 0.4.

The robustness of the fit procedure is tested with simulated
pseudo-experiments using the same starting values for the fit pa-
rameters used in the data fit except for the combinatorial back-
ground PDF, for which the fitted parameters from data are used.
Simulated pseudo-experiments are performed corresponding to
D0 → µ+µ− branching fraction values of 0, 10−8 and 5 × 10−8.
In all cases the results reproduce the input values within the esti-
mated uncertainties.

Several systematic checks are performed varying the selection
requirements, including the muon identification criteria, varying
the parametrisation of the fit components and the fit range and re-
moving the multivariate selection. The measured B(D0 → µ+µ−)
does not change significantly with these variations.

To test the dependence of the result on the knowledge of the
double misidentification probability, the uncertainty is doubled in
the fit input; B(D0 → µ+µ−) is consistent with the baseline re-
sult.

In addition, the robustness of the result is checked by artificially
increasing the value of the kaon to muon misidentification as de-
termined from data in Section 5 up to 200% of its measured value,
and the fitted branching fraction still remains consistent with no
significant excess of signal with respect to the background expec-
tations.

7. Summary

A search for the rare decay D0 → µ+µ− is performed using a
data sample, corresponding to an integrated luminosity of 0.9 fb−1,

of pp collisions collected at a centre-of-mass energy of 7 TeV by
the LHCb experiment. The observed number of events is consistent
with the background expectations and corresponds to an upper
limit of

B
!

D0 → µ+µ−"
< 6.2 (7.6) × 10−9 at 90% (95%) CL.

This result represents an improvement of more than a factor
twenty with respect to previous measurements but remains sev-
eral orders of magnitude larger than the SM prediction.
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a residual contribution from D∗+ → D0(π+π−)π+ events is visi-
ble among the peaking backgrounds.

The value obtained for the D0 → µ+µ− branching fraction is
(0.09 ± 0.30) × 10−8. Since no significant excess of signal is ob-
served with respect to the expected backgrounds, an upper limit is
derived. The limit determination is performed, using the signal and
background models parametrised as described above, in the RooSt-
ats framework [24], using the asymptotic CLs method [25]. This is
an approximate method, equivalent to the true CLs method per-
formed with simulated pseudo-experiments, when the data sam-
ples are not too small.

Fig. 5 shows the expected and observed CLs as a function of
the assumed D0 → µ+µ− branching fraction. The expected upper
limit is 5.5 (6.7)+3.1

−2.0 × 10−9 at 90% (95%) CL, while the observed
limit is 6.2 (7.6) × 10−9 at 90% (95%) CL. The p-value for the
background-only hypothesis is 0.4.

The robustness of the fit procedure is tested with simulated
pseudo-experiments using the same starting values for the fit pa-
rameters used in the data fit except for the combinatorial back-
ground PDF, for which the fitted parameters from data are used.
Simulated pseudo-experiments are performed corresponding to
D0 → µ+µ− branching fraction values of 0, 10−8 and 5 × 10−8.
In all cases the results reproduce the input values within the esti-
mated uncertainties.

Several systematic checks are performed varying the selection
requirements, including the muon identification criteria, varying
the parametrisation of the fit components and the fit range and re-
moving the multivariate selection. The measured B(D0 → µ+µ−)
does not change significantly with these variations.

To test the dependence of the result on the knowledge of the
double misidentification probability, the uncertainty is doubled in
the fit input; B(D0 → µ+µ−) is consistent with the baseline re-
sult.

In addition, the robustness of the result is checked by artificially
increasing the value of the kaon to muon misidentification as de-
termined from data in Section 5 up to 200% of its measured value,
and the fitted branching fraction still remains consistent with no
significant excess of signal with respect to the background expec-
tations.

7. Summary

A search for the rare decay D0 → µ+µ− is performed using a
data sample, corresponding to an integrated luminosity of 0.9 fb−1,

of pp collisions collected at a centre-of-mass energy of 7 TeV by
the LHCb experiment. The observed number of events is consistent
with the background expectations and corresponds to an upper
limit of
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< 6.2 (7.6) × 10−9 at 90% (95%) CL.

This result represents an improvement of more than a factor
twenty with respect to previous measurements but remains sev-
eral orders of magnitude larger than the SM prediction.
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Fig. 5. CLs (solid line) as a function of the assumed D0 → µ+µ− branching frac-
tion and median (dashed line), 1σ and 2σ bands of the expected CLs , in the
background-only hypothesis, obtained with the asymptotic CLs method. The hori-
zontal lines corresponding to CLs = 0.05 (blue solid) and CLs = 0.1 (red solid) are
also drawn. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this Letter.)

a residual contribution from D∗+ → D0(π+π−)π+ events is visi-
ble among the peaking backgrounds.

The value obtained for the D0 → µ+µ− branching fraction is
(0.09 ± 0.30) × 10−8. Since no significant excess of signal is ob-
served with respect to the expected backgrounds, an upper limit is
derived. The limit determination is performed, using the signal and
background models parametrised as described above, in the RooSt-
ats framework [24], using the asymptotic CLs method [25]. This is
an approximate method, equivalent to the true CLs method per-
formed with simulated pseudo-experiments, when the data sam-
ples are not too small.

Fig. 5 shows the expected and observed CLs as a function of
the assumed D0 → µ+µ− branching fraction. The expected upper
limit is 5.5 (6.7)+3.1

−2.0 × 10−9 at 90% (95%) CL, while the observed
limit is 6.2 (7.6) × 10−9 at 90% (95%) CL. The p-value for the
background-only hypothesis is 0.4.

The robustness of the fit procedure is tested with simulated
pseudo-experiments using the same starting values for the fit pa-
rameters used in the data fit except for the combinatorial back-
ground PDF, for which the fitted parameters from data are used.
Simulated pseudo-experiments are performed corresponding to
D0 → µ+µ− branching fraction values of 0, 10−8 and 5 × 10−8.
In all cases the results reproduce the input values within the esti-
mated uncertainties.

Several systematic checks are performed varying the selection
requirements, including the muon identification criteria, varying
the parametrisation of the fit components and the fit range and re-
moving the multivariate selection. The measured B(D0 → µ+µ−)
does not change significantly with these variations.

To test the dependence of the result on the knowledge of the
double misidentification probability, the uncertainty is doubled in
the fit input; B(D0 → µ+µ−) is consistent with the baseline re-
sult.

In addition, the robustness of the result is checked by artificially
increasing the value of the kaon to muon misidentification as de-
termined from data in Section 5 up to 200% of its measured value,
and the fitted branching fraction still remains consistent with no
significant excess of signal with respect to the background expec-
tations.

7. Summary

A search for the rare decay D0 → µ+µ− is performed using a
data sample, corresponding to an integrated luminosity of 0.9 fb−1,

of pp collisions collected at a centre-of-mass energy of 7 TeV by
the LHCb experiment. The observed number of events is consistent
with the background expectations and corresponds to an upper
limit of

B
!

D0 → µ+µ−"
< 6.2 (7.6) × 10−9 at 90% (95%) CL.

This result represents an improvement of more than a factor
twenty with respect to previous measurements but remains sev-
eral orders of magnitude larger than the SM prediction.
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a residual contribution from D∗+ → D0(π+π−)π+ events is visi-
ble among the peaking backgrounds.

The value obtained for the D0 → µ+µ− branching fraction is
(0.09 ± 0.30) × 10−8. Since no significant excess of signal is ob-
served with respect to the expected backgrounds, an upper limit is
derived. The limit determination is performed, using the signal and
background models parametrised as described above, in the RooSt-
ats framework [24], using the asymptotic CLs method [25]. This is
an approximate method, equivalent to the true CLs method per-
formed with simulated pseudo-experiments, when the data sam-
ples are not too small.

Fig. 5 shows the expected and observed CLs as a function of
the assumed D0 → µ+µ− branching fraction. The expected upper
limit is 5.5 (6.7)+3.1

−2.0 × 10−9 at 90% (95%) CL, while the observed
limit is 6.2 (7.6) × 10−9 at 90% (95%) CL. The p-value for the
background-only hypothesis is 0.4.

The robustness of the fit procedure is tested with simulated
pseudo-experiments using the same starting values for the fit pa-
rameters used in the data fit except for the combinatorial back-
ground PDF, for which the fitted parameters from data are used.
Simulated pseudo-experiments are performed corresponding to
D0 → µ+µ− branching fraction values of 0, 10−8 and 5 × 10−8.
In all cases the results reproduce the input values within the esti-
mated uncertainties.

Several systematic checks are performed varying the selection
requirements, including the muon identification criteria, varying
the parametrisation of the fit components and the fit range and re-
moving the multivariate selection. The measured B(D0 → µ+µ−)
does not change significantly with these variations.

To test the dependence of the result on the knowledge of the
double misidentification probability, the uncertainty is doubled in
the fit input; B(D0 → µ+µ−) is consistent with the baseline re-
sult.

In addition, the robustness of the result is checked by artificially
increasing the value of the kaon to muon misidentification as de-
termined from data in Section 5 up to 200% of its measured value,
and the fitted branching fraction still remains consistent with no
significant excess of signal with respect to the background expec-
tations.

7. Summary

A search for the rare decay D0 → µ+µ− is performed using a
data sample, corresponding to an integrated luminosity of 0.9 fb−1,

of pp collisions collected at a centre-of-mass energy of 7 TeV by
the LHCb experiment. The observed number of events is consistent
with the background expectations and corresponds to an upper
limit of

B
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< 6.2 (7.6) × 10−9 at 90% (95%) CL.

This result represents an improvement of more than a factor
twenty with respect to previous measurements but remains sev-
eral orders of magnitude larger than the SM prediction.
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Fig. 5. CLs (solid line) as a function of the assumed D0 → µ+µ− branching frac-
tion and median (dashed line), 1σ and 2σ bands of the expected CLs , in the
background-only hypothesis, obtained with the asymptotic CLs method. The hori-
zontal lines corresponding to CLs = 0.05 (blue solid) and CLs = 0.1 (red solid) are
also drawn. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this Letter.)

a residual contribution from D∗+ → D0(π+π−)π+ events is visi-
ble among the peaking backgrounds.

The value obtained for the D0 → µ+µ− branching fraction is
(0.09 ± 0.30) × 10−8. Since no significant excess of signal is ob-
served with respect to the expected backgrounds, an upper limit is
derived. The limit determination is performed, using the signal and
background models parametrised as described above, in the RooSt-
ats framework [24], using the asymptotic CLs method [25]. This is
an approximate method, equivalent to the true CLs method per-
formed with simulated pseudo-experiments, when the data sam-
ples are not too small.

Fig. 5 shows the expected and observed CLs as a function of
the assumed D0 → µ+µ− branching fraction. The expected upper
limit is 5.5 (6.7)+3.1

−2.0 × 10−9 at 90% (95%) CL, while the observed
limit is 6.2 (7.6) × 10−9 at 90% (95%) CL. The p-value for the
background-only hypothesis is 0.4.

The robustness of the fit procedure is tested with simulated
pseudo-experiments using the same starting values for the fit pa-
rameters used in the data fit except for the combinatorial back-
ground PDF, for which the fitted parameters from data are used.
Simulated pseudo-experiments are performed corresponding to
D0 → µ+µ− branching fraction values of 0, 10−8 and 5 × 10−8.
In all cases the results reproduce the input values within the esti-
mated uncertainties.

Several systematic checks are performed varying the selection
requirements, including the muon identification criteria, varying
the parametrisation of the fit components and the fit range and re-
moving the multivariate selection. The measured B(D0 → µ+µ−)
does not change significantly with these variations.

To test the dependence of the result on the knowledge of the
double misidentification probability, the uncertainty is doubled in
the fit input; B(D0 → µ+µ−) is consistent with the baseline re-
sult.

In addition, the robustness of the result is checked by artificially
increasing the value of the kaon to muon misidentification as de-
termined from data in Section 5 up to 200% of its measured value,
and the fitted branching fraction still remains consistent with no
significant excess of signal with respect to the background expec-
tations.

7. Summary

A search for the rare decay D0 → µ+µ− is performed using a
data sample, corresponding to an integrated luminosity of 0.9 fb−1,

of pp collisions collected at a centre-of-mass energy of 7 TeV by
the LHCb experiment. The observed number of events is consistent
with the background expectations and corresponds to an upper
limit of

B
!

D0 → µ+µ−"
< 6.2 (7.6) × 10−9 at 90% (95%) CL.

This result represents an improvement of more than a factor
twenty with respect to previous measurements but remains sev-
eral orders of magnitude larger than the SM prediction.
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a residual contribution from D∗+ → D0(π+π−)π+ events is visi-
ble among the peaking backgrounds.

The value obtained for the D0 → µ+µ− branching fraction is
(0.09 ± 0.30) × 10−8. Since no significant excess of signal is ob-
served with respect to the expected backgrounds, an upper limit is
derived. The limit determination is performed, using the signal and
background models parametrised as described above, in the RooSt-
ats framework [24], using the asymptotic CLs method [25]. This is
an approximate method, equivalent to the true CLs method per-
formed with simulated pseudo-experiments, when the data sam-
ples are not too small.

Fig. 5 shows the expected and observed CLs as a function of
the assumed D0 → µ+µ− branching fraction. The expected upper
limit is 5.5 (6.7)+3.1

−2.0 × 10−9 at 90% (95%) CL, while the observed
limit is 6.2 (7.6) × 10−9 at 90% (95%) CL. The p-value for the
background-only hypothesis is 0.4.

The robustness of the fit procedure is tested with simulated
pseudo-experiments using the same starting values for the fit pa-
rameters used in the data fit except for the combinatorial back-
ground PDF, for which the fitted parameters from data are used.
Simulated pseudo-experiments are performed corresponding to
D0 → µ+µ− branching fraction values of 0, 10−8 and 5 × 10−8.
In all cases the results reproduce the input values within the esti-
mated uncertainties.

Several systematic checks are performed varying the selection
requirements, including the muon identification criteria, varying
the parametrisation of the fit components and the fit range and re-
moving the multivariate selection. The measured B(D0 → µ+µ−)
does not change significantly with these variations.

To test the dependence of the result on the knowledge of the
double misidentification probability, the uncertainty is doubled in
the fit input; B(D0 → µ+µ−) is consistent with the baseline re-
sult.

In addition, the robustness of the result is checked by artificially
increasing the value of the kaon to muon misidentification as de-
termined from data in Section 5 up to 200% of its measured value,
and the fitted branching fraction still remains consistent with no
significant excess of signal with respect to the background expec-
tations.

7. Summary

A search for the rare decay D0 → µ+µ− is performed using a
data sample, corresponding to an integrated luminosity of 0.9 fb−1,

of pp collisions collected at a centre-of-mass energy of 7 TeV by
the LHCb experiment. The observed number of events is consistent
with the background expectations and corresponds to an upper
limit of

B
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D0 → µ+µ−"
< 6.2 (7.6) × 10−9 at 90% (95%) CL.

This result represents an improvement of more than a factor
twenty with respect to previous measurements but remains sev-
eral orders of magnitude larger than the SM prediction.
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• Use a D* tag"
• Normalization to "
• main physics background as well"
• mis-ID probability estimated with  

10
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D0 ! ⇡+⇡�

with single mis-ID estimated from
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• E�ciencies from MC with corrections
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• UL from extended Feldman-Cousins
method

• Single event sensitivity ⇠ 1 · 10�7
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Belle II can improve these limits  !
by an order of magnitude



A. Zupanc I Rare Charm Decays 11/09/14

• Include                           (not FCNC decay) to control 
(normalize) possible weak annihilation contributions                    
in                           decays

11

D+
(s) ! ⇡+µ�µ+

LHCb "
PLB724,203(2013)

7 

Main experimental actors 

BES-III 
~10M D0D0  

~300M D0D0  

~500M D0D0  

(~1.5 D0, 0.6 D+&D*, 0.2 D+s)u1012  
1fb-1  of  pp  collisions  at  √s=7TeV 

1.3 fb-1 of 
 pp collisions  
at √s=1.96TeV. 
 V(cc)~1/3V(cc)LHCb  

470 fb-1 of asym. e+e- 
collisions @ the \(4S)  

660 fb-1 

818 pb-1 of 
e+e- coll.  
at \(3770)  
+602 pb-1 at  
√s=4170  GeV 

2.9 fb-1 of 
e+e- coll.  
at \(3770)  

Only a DD pair  
in event ! 2.4M DrD∓  

0.6M D*rs D∓s   

~3M D0D0  

8M DrD∓    

1 fb�1 @ 7 TeV

D+
s ! ⇡+µ�µ+

D+ ! ⇡+µ�µ+
204 LHCb Collaboration / Physics Letters B 724 (2013) 203–212

Fig. 1. Feynman diagrams for (a), (b) the FCNC decay D+ → π+µ+µ− , (c) the weak annihilation of a D+
(s) meson and (d) a possible LNV D+

(s) meson decay mediated by a
Majorana neutrino.

a high precision tracking system consisting of a silicon-strip ver-
tex detector surrounding the pp interaction region, a large-area
silicon-strip detector located upstream of a dipole magnet with
a bending power of about 4 Tm, and three stations of silicon-
strip detectors and straw drift tubes placed downstream. The com-
bined tracking system has momentum (p) resolution "p/p that
varies from 0.4% at 5 GeV/c to 0.6% at 100 GeV/c, and impact pa-
rameter (IP) resolution of 20 µm for tracks with high transverse
momentum (pT). The IP is defined as the perpendicular distance
between the path of a charged track and the primary pp interac-
tion vertex (PV) of the event. Charged hadrons are identified using
two ring-imaging Cherenkov detectors [15]. Photon, electron and
hadron candidates are identified by a calorimeter system consisting
of scintillating-pad and preshower detectors, an electromagnetic
calorimeter and a hadronic calorimeter. Muons are identified by a
system composed of alternating layers of iron and multiwire pro-
portional chambers. The trigger [16] consists of a hardware stage,
based on information from the calorimeter and muon systems, fol-
lowed by a software stage that applies a full event reconstruction.
It exploits the finite lifetime and relatively large mass of charm
and beauty hadrons to distinguish heavy flavour decays from the
dominant light quark processes.

The hardware trigger selects muons with pT exceeding
1.48 GeV/c, and dimuons whose product of pT values exceeds
(1.3 GeV/c)2. In the software trigger, at least one of the final
state muons is required to have p greater than 8 GeV/c, and an IP
greater than 100 µm. Alternatively, a dimuon trigger accepts candi-
dates where both oppositely-charged muon candidates have good
track quality, pT exceeding 0.5 GeV/c, and p exceeding 6 GeV/c.
In a second stage of the software trigger, two algorithms select
D+

(s) → π+µ+µ− and D+
(s) → π−µ+µ+ candidates. A generic

µ+µ− trigger requires oppositely-charged muons with summed
pT greater than 1.5 GeV/c and invariant mass, m(µ+µ−), greater
than 1 GeV/c2. A tailored trigger selects candidates with dimuon
combinations of either charge and with no invariant mass require-
ment on the dimuon pair. The ratio of signal to control mode
efficiencies varies between 0.8 and 1.0 across the m(µ+µ−) spec-
trum.

Simulated signal events are used to evaluate efficiencies and
to train the selection. For the signal simulation, pp collisions
are generated using Pythia 6.4 [17] with a specific LHCb con-
figuration [18]. Decays of hadronic particles are described by
EvtGen [19]. The interaction of the generated particles with the
detector and its response are implemented using the Geant4
toolkit [20] as described in Ref. [21].

3. Candidate selection

Candidate selection criteria are applied in order to maximise
the significance of D+

(s) → π+µ+µ− and D+
(s) → π−µ+µ+ signals.

The D+
(s) candidate is reconstructed from three charged tracks and

is required to have a decay vertex of good quality and to have orig-
inated close to the PV by requiring that the IP χ2 is less than 30.
The angle between the D+

(s) candidate’s momentum vector and the
direction from the PV to the decay vertex, θD, is required to be less
than 0.8◦ . The pion must have p exceeding 3000 MeV/c, pT ex-
ceeding 500 MeV/c, track fit χ2/ndf less than 8 (where ndf is the
number of degrees of freedom) and IP χ2 exceeding 4. Here IP
χ2 is defined as the difference between the χ2 of the PV recon-
structed with and without the track under consideration.

A boosted decision tree (BDT) [22] with the GradBoost algo-
rithm [23] distinguishes between signal-like and background-like
candidates. This multivariate analysis algorithm is trained using
simulated D+ → π+µ+µ− signal events and a background sam-
ple taken from sidebands around the D+

(s) → π+µ+µ− peaks in
an independent data sample of 36 pb−1 collected in 2010. These
data are not used further in the analysis. The BDT uses the follow-
ing variables: θD; χ2 of both the decay vertex and flight distance
of the D+

(s) candidate; p and pT of the D+
(s) candidate as well as

of each of the three daughter tracks; IP χ2 of the D+
(s) candidate

and the daughter particles; and the maximum distance of closest
approach between all pairs of tracks in the candidate D+

(s) decay.
Information from the rest of the event is also employed via

an isolation variable, ApT , that considers the imbalance of pT of
nearby tracks compared to that of the D+

(s) candidate

ApT =
pT(D+

(s)) − (
!

p⃗)T

pT(D+
(s)) + (

!
p⃗)T

, (1)

where pT(D+
(s)) is the pT of the D+

(s) meson and (
!

p⃗)T is the
transverse component of the vector sum momenta of all charged
particles within a cone around the candidate, excluding the three
signal tracks. The cone is defined by a circle of radius 1.5 in the
plane of pseudorapidity and azimuthal angle, measured in radians
around the D+

(s) candidate direction. The signal D+
(s) decay tends to

be more isolated with a greater pT asymmetry than combinatorial
background.

The trained BDT is then used to classify each candidate. An op-
timisation study is performed to choose the combined BDT and
particle identification (PID) selection criteria that maximise the
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• Same approach used as for "
• Use                                      as a reference channel"
• serves as signal proxy to optimize the selection (BDT & muon ID)"
• Extract signal in 5                 bins 
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Fig. 2. Invariant mass distributions for D+
(s) → π+µ+µ− candidates in the five m(µ+µ−) bins. Shown are the (a) low-m(µ+µ−), (b) η, (c) ρ/ω, (d) φ (including trigger

lines with m(µ+µ−) > 1.0 GeV/c2), and (e) high-m(µ+µ−) regions. The data are shown as points (black) and the total PDF (dark blue line) is overlaid. The components of
the fit are also shown: the signal (light green line), the peaking background (solid area) and the non-peaking background (dashed line). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this Letter.)

Fig. 3. Invariant mass distributions for D+
(s) → π−µ+µ+ in the four m(π−µ+) regions. Shown are (a) bin 1, (b) bin 2, (c) bin 3, and (d) bin 4. The data are shown as black

points and the total PDF (dark blue line) is overlaid. The components of the fit are also shown: the signal (light green line), the peaking background (solid area) and the
non-peaking background (dashed line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this Letter.)
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Fig. 5. Observed (solid curve) and expected (dashed curve) CLs values as a function
of B(D+ → π+µ+µ−). The green (yellow) shaded area contains the ±1σ (±2σ )
interval of possible results compatible with the expected value if only background is
observed. The upper limits at the 90% (95%) CL are indicated by the dashed (solid)
line. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this Letter.)

The shapes of the signal peaks are assumed to be the same in
all m(µ+µ−) and m(π−µ+) bins. A 10% variation of the width
of the Gaussian-like PDF, seen in simulation, is taken into ac-
count for variation across the bins. In each bin, the shape of the
D+

(s) → π+π+π− peaking background is taken from a simultane-
ous fit to a larger sample to which looser DLLµπ criteria is applied.
As simulation shows the shape of the PDF is altered by a DLLµπ

requirement. A variation in the peaking background’s fitted width
equal to 20% is applied as a systematic uncertainty. The pion-
to-muon misidentification rate is assumed to be the same in all
bins. Simulation suggests that a systematic variation of 20% in this
quantity is conservative. Contributions to the yield ratio systematic
uncertainty are found to increase the upper limit on the branching
fraction by around 10%.

7. Results

The compatibility of the observed distribution of candidates
with a signal plus background or background-only hypothesis is
evaluated using the CLs method [25,26]. The method provides two
estimators: CLs , a measure of the compatibility of the observed
distribution with the signal hypothesis, and CLb , a measure of the
compatibility with the background-only hypothesis. The systematic
uncertainties are included in the CLs method using the techniques
described in Ref. [25,26].

Upper limits on the D+ → π+µ+µ− and D+ → π−µ+µ+

branching fractions are determined using the observed distribution
of CLs as a function of the branching fraction in each m(µ+µ−) or
m(π−µ+) bin. Total branching fractions are found using the same
method and by considering the fraction of simulated signal candi-
dates in each m(µ+µ−) or m(π−µ+) bin. The simulated signal
assumes a phase-space model for the non-resonant decays. The
observed distribution of CLs as a function of the total branching
fraction for D+ → π+µ+µ− is shown in Fig. 5. The upper limits
at 90% and 95% CL and the p-values (1 − CLb) for the background-
only hypothesis are shown in Table 5.

8. Conclusions

A search for the D+
(s) → π+µ+µ− and D+

(s) → π−µ+µ+ de-
cays has been conducted using proton–proton collision data, cor-
responding to an integrated luminosity of 1.0 fb−1, at

√
s = 7 TeV

recorded by the LHCb experiment. Limits are set on branching frac-
tions in several m(µ+µ−) and m(π−µ+) bins and on the total

Table 5
Upper limits in each m(µ+µ−) and m(π−µ+) bin and total branching fractions at
the 90% and 95% CL and p-values for the background-only hypothesis.

Decay Bin 90% [×10−8] 95% [×10−8] p-value

D+ → π+µ+µ− low-m(µ+µ−) 2.0 2.5 0.74
high-m(µ+µ−) 2.6 2.9 0.42
Total 7.3 8.3 0.42

D+
s → π+µ+µ− low-m(µ+µ−) 6.9 7.7 0.78

high-m(µ+µ−) 16.0 18.6 0.41
Total 41.0 47.7 0.42

D+ → π−µ+µ+ bin 1 1.4 1.7 0.32
bin 2 1.1 1.3 0.61
bin 3 1.3 1.5 0.94
bin 4 1.3 1.5 0.97
Total 2.2 2.5 0.86

D+
s → π−µ+µ+ bin 1 6.2 7.6 0.34

bin 2 4.4 5.3 0.51
bin 3 6.0 7.3 0.32
bin 4 7.5 8.7 0.41
Total 12.0 14.1 0.12

branching fraction excluding the resonant contributions assuming
a phase-space model. These results are the most stringent to date
and represent an improvement by a factor of fifty compared to pre-
vious results. The observed data, away from resonant structures,
is compatible with the background-only hypothesis, and no en-
hancement is observed. The 90% (95%) CL limits on the branching
fractions are

B
!

D+ → π+µ+µ−"
< 7.3 (8.3) × 10−8,

B
!

D+
s → π+µ+µ−"

< 4.1 (4.8) × 10−7,

B
!

D+ → π−µ+µ+"
< 2.2 (2.5) × 10−8,

B
!

D+
s → π−µ+µ+"

< 1.2 (1.4) × 10−7.
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Fig. 1. Feynman diagrams for (a), (b) the FCNC decay D+ → π+µ+µ− , (c) the weak annihilation of a D+
(s) meson and (d) a possible LNV D+

(s) meson decay mediated by a
Majorana neutrino.

a high precision tracking system consisting of a silicon-strip ver-
tex detector surrounding the pp interaction region, a large-area
silicon-strip detector located upstream of a dipole magnet with
a bending power of about 4 Tm, and three stations of silicon-
strip detectors and straw drift tubes placed downstream. The com-
bined tracking system has momentum (p) resolution "p/p that
varies from 0.4% at 5 GeV/c to 0.6% at 100 GeV/c, and impact pa-
rameter (IP) resolution of 20 µm for tracks with high transverse
momentum (pT). The IP is defined as the perpendicular distance
between the path of a charged track and the primary pp interac-
tion vertex (PV) of the event. Charged hadrons are identified using
two ring-imaging Cherenkov detectors [15]. Photon, electron and
hadron candidates are identified by a calorimeter system consisting
of scintillating-pad and preshower detectors, an electromagnetic
calorimeter and a hadronic calorimeter. Muons are identified by a
system composed of alternating layers of iron and multiwire pro-
portional chambers. The trigger [16] consists of a hardware stage,
based on information from the calorimeter and muon systems, fol-
lowed by a software stage that applies a full event reconstruction.
It exploits the finite lifetime and relatively large mass of charm
and beauty hadrons to distinguish heavy flavour decays from the
dominant light quark processes.

The hardware trigger selects muons with pT exceeding
1.48 GeV/c, and dimuons whose product of pT values exceeds
(1.3 GeV/c)2. In the software trigger, at least one of the final
state muons is required to have p greater than 8 GeV/c, and an IP
greater than 100 µm. Alternatively, a dimuon trigger accepts candi-
dates where both oppositely-charged muon candidates have good
track quality, pT exceeding 0.5 GeV/c, and p exceeding 6 GeV/c.
In a second stage of the software trigger, two algorithms select
D+

(s) → π+µ+µ− and D+
(s) → π−µ+µ+ candidates. A generic

µ+µ− trigger requires oppositely-charged muons with summed
pT greater than 1.5 GeV/c and invariant mass, m(µ+µ−), greater
than 1 GeV/c2. A tailored trigger selects candidates with dimuon
combinations of either charge and with no invariant mass require-
ment on the dimuon pair. The ratio of signal to control mode
efficiencies varies between 0.8 and 1.0 across the m(µ+µ−) spec-
trum.

Simulated signal events are used to evaluate efficiencies and
to train the selection. For the signal simulation, pp collisions
are generated using Pythia 6.4 [17] with a specific LHCb con-
figuration [18]. Decays of hadronic particles are described by
EvtGen [19]. The interaction of the generated particles with the
detector and its response are implemented using the Geant4
toolkit [20] as described in Ref. [21].

3. Candidate selection

Candidate selection criteria are applied in order to maximise
the significance of D+

(s) → π+µ+µ− and D+
(s) → π−µ+µ+ signals.

The D+
(s) candidate is reconstructed from three charged tracks and

is required to have a decay vertex of good quality and to have orig-
inated close to the PV by requiring that the IP χ2 is less than 30.
The angle between the D+

(s) candidate’s momentum vector and the
direction from the PV to the decay vertex, θD, is required to be less
than 0.8◦ . The pion must have p exceeding 3000 MeV/c, pT ex-
ceeding 500 MeV/c, track fit χ2/ndf less than 8 (where ndf is the
number of degrees of freedom) and IP χ2 exceeding 4. Here IP
χ2 is defined as the difference between the χ2 of the PV recon-
structed with and without the track under consideration.

A boosted decision tree (BDT) [22] with the GradBoost algo-
rithm [23] distinguishes between signal-like and background-like
candidates. This multivariate analysis algorithm is trained using
simulated D+ → π+µ+µ− signal events and a background sam-
ple taken from sidebands around the D+

(s) → π+µ+µ− peaks in
an independent data sample of 36 pb−1 collected in 2010. These
data are not used further in the analysis. The BDT uses the follow-
ing variables: θD; χ2 of both the decay vertex and flight distance
of the D+

(s) candidate; p and pT of the D+
(s) candidate as well as

of each of the three daughter tracks; IP χ2 of the D+
(s) candidate

and the daughter particles; and the maximum distance of closest
approach between all pairs of tracks in the candidate D+

(s) decay.
Information from the rest of the event is also employed via

an isolation variable, ApT , that considers the imbalance of pT of
nearby tracks compared to that of the D+

(s) candidate

ApT =
pT(D+

(s)) − (
!

p⃗)T

pT(D+
(s)) + (

!
p⃗)T

, (1)

where pT(D+
(s)) is the pT of the D+

(s) meson and (
!

p⃗)T is the
transverse component of the vector sum momenta of all charged
particles within a cone around the candidate, excluding the three
signal tracks. The cone is defined by a circle of radius 1.5 in the
plane of pseudorapidity and azimuthal angle, measured in radians
around the D+

(s) candidate direction. The signal D+
(s) decay tends to

be more isolated with a greater pT asymmetry than combinatorial
background.

The trained BDT is then used to classify each candidate. An op-
timisation study is performed to choose the combined BDT and
particle identification (PID) selection criteria that maximise the

Majorana"
neutrino
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Fig. 1. Feynman diagrams for (a), (b) the FCNC decay D+ → π+µ+µ− , (c) the weak annihilation of a D+
(s) meson and (d) a possible LNV D+

(s) meson decay mediated by a
Majorana neutrino.

a high precision tracking system consisting of a silicon-strip ver-
tex detector surrounding the pp interaction region, a large-area
silicon-strip detector located upstream of a dipole magnet with
a bending power of about 4 Tm, and three stations of silicon-
strip detectors and straw drift tubes placed downstream. The com-
bined tracking system has momentum (p) resolution "p/p that
varies from 0.4% at 5 GeV/c to 0.6% at 100 GeV/c, and impact pa-
rameter (IP) resolution of 20 µm for tracks with high transverse
momentum (pT). The IP is defined as the perpendicular distance
between the path of a charged track and the primary pp interac-
tion vertex (PV) of the event. Charged hadrons are identified using
two ring-imaging Cherenkov detectors [15]. Photon, electron and
hadron candidates are identified by a calorimeter system consisting
of scintillating-pad and preshower detectors, an electromagnetic
calorimeter and a hadronic calorimeter. Muons are identified by a
system composed of alternating layers of iron and multiwire pro-
portional chambers. The trigger [16] consists of a hardware stage,
based on information from the calorimeter and muon systems, fol-
lowed by a software stage that applies a full event reconstruction.
It exploits the finite lifetime and relatively large mass of charm
and beauty hadrons to distinguish heavy flavour decays from the
dominant light quark processes.

The hardware trigger selects muons with pT exceeding
1.48 GeV/c, and dimuons whose product of pT values exceeds
(1.3 GeV/c)2. In the software trigger, at least one of the final
state muons is required to have p greater than 8 GeV/c, and an IP
greater than 100 µm. Alternatively, a dimuon trigger accepts candi-
dates where both oppositely-charged muon candidates have good
track quality, pT exceeding 0.5 GeV/c, and p exceeding 6 GeV/c.
In a second stage of the software trigger, two algorithms select
D+

(s) → π+µ+µ− and D+
(s) → π−µ+µ+ candidates. A generic

µ+µ− trigger requires oppositely-charged muons with summed
pT greater than 1.5 GeV/c and invariant mass, m(µ+µ−), greater
than 1 GeV/c2. A tailored trigger selects candidates with dimuon
combinations of either charge and with no invariant mass require-
ment on the dimuon pair. The ratio of signal to control mode
efficiencies varies between 0.8 and 1.0 across the m(µ+µ−) spec-
trum.

Simulated signal events are used to evaluate efficiencies and
to train the selection. For the signal simulation, pp collisions
are generated using Pythia 6.4 [17] with a specific LHCb con-
figuration [18]. Decays of hadronic particles are described by
EvtGen [19]. The interaction of the generated particles with the
detector and its response are implemented using the Geant4
toolkit [20] as described in Ref. [21].

3. Candidate selection

Candidate selection criteria are applied in order to maximise
the significance of D+

(s) → π+µ+µ− and D+
(s) → π−µ+µ+ signals.

The D+
(s) candidate is reconstructed from three charged tracks and

is required to have a decay vertex of good quality and to have orig-
inated close to the PV by requiring that the IP χ2 is less than 30.
The angle between the D+

(s) candidate’s momentum vector and the
direction from the PV to the decay vertex, θD, is required to be less
than 0.8◦ . The pion must have p exceeding 3000 MeV/c, pT ex-
ceeding 500 MeV/c, track fit χ2/ndf less than 8 (where ndf is the
number of degrees of freedom) and IP χ2 exceeding 4. Here IP
χ2 is defined as the difference between the χ2 of the PV recon-
structed with and without the track under consideration.

A boosted decision tree (BDT) [22] with the GradBoost algo-
rithm [23] distinguishes between signal-like and background-like
candidates. This multivariate analysis algorithm is trained using
simulated D+ → π+µ+µ− signal events and a background sam-
ple taken from sidebands around the D+

(s) → π+µ+µ− peaks in
an independent data sample of 36 pb−1 collected in 2010. These
data are not used further in the analysis. The BDT uses the follow-
ing variables: θD; χ2 of both the decay vertex and flight distance
of the D+

(s) candidate; p and pT of the D+
(s) candidate as well as

of each of the three daughter tracks; IP χ2 of the D+
(s) candidate

and the daughter particles; and the maximum distance of closest
approach between all pairs of tracks in the candidate D+

(s) decay.
Information from the rest of the event is also employed via

an isolation variable, ApT , that considers the imbalance of pT of
nearby tracks compared to that of the D+

(s) candidate
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where pT(D+
(s)) is the pT of the D+
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p⃗)T is the
transverse component of the vector sum momenta of all charged
particles within a cone around the candidate, excluding the three
signal tracks. The cone is defined by a circle of radius 1.5 in the
plane of pseudorapidity and azimuthal angle, measured in radians
around the D+

(s) candidate direction. The signal D+
(s) decay tends to

be more isolated with a greater pT asymmetry than combinatorial
background.

The trained BDT is then used to classify each candidate. An op-
timisation study is performed to choose the combined BDT and
particle identification (PID) selection criteria that maximise the

Majorana"
neutrino

206 LHCb Collaboration / Physics Letters B 724 (2013) 203–212

Fig. 2. Invariant mass distributions for D+
(s) → π+µ+µ− candidates in the five m(µ+µ−) bins. Shown are the (a) low-m(µ+µ−), (b) η, (c) ρ/ω, (d) φ (including trigger

lines with m(µ+µ−) > 1.0 GeV/c2), and (e) high-m(µ+µ−) regions. The data are shown as points (black) and the total PDF (dark blue line) is overlaid. The components of
the fit are also shown: the signal (light green line), the peaking background (solid area) and the non-peaking background (dashed line). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this Letter.)

Fig. 3. Invariant mass distributions for D+
(s) → π−µ+µ+ in the four m(π−µ+) regions. Shown are (a) bin 1, (b) bin 2, (c) bin 3, and (d) bin 4. The data are shown as black

points and the total PDF (dark blue line) is overlaid. The components of the fit are also shown: the signal (light green line), the peaking background (solid area) and the
non-peaking background (dashed line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this Letter.)
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Table 1
D0 → π+π−µ+µ− fitted yields in the four m(µ+µ−) regions. The corresponding signal fractions under the assumption of a phase-space model,
as described in Section 7, are listed in the last column.

Range description m(µ+µ−) [MeV/c2] D0 → π+π−µ+µ− yield Fraction

low-m(µ+µ−) 250–525 2 ±2 30.6%
ρ/ω 565–950 23 ±6 43.4%
φ 950–1100 63 ±10 10.1%
high-m(µ+µ−) > 1100 3 ±2 8.9%

Fig. 2. Distributions of m(π+π−µ+µ−) for D0 → π+π−µ+µ− candidates in the (a) low-m(µ+µ−), (b) ρ/ω, (c) φ , and (d) high-m(µ+µ−) regions, with %m in the range
144.4–146.6 MeV/c2. The data are shown as points (black) and the fit result (dark blue line) is overlaid. The components of the fit are also shown: the signal (filled area),
the D0 → π+π−π+π− background (green dashed line) and the non-peaking background (red dashed-dotted line).

region, where the baryonic background is concentrated, suppress-
ing this background to a negligible level.

Another potentially large background from the D0 → π+π−η
decay, followed by the decay η → µ+µ−γ , does not peak at
the D0 mass since candidates in which the m(µ+µ−) is within
±20 MeV/c2 of the nominal η mass are removed from the final fit.
The remaining contribution to low values of the m(π+π−µ+µ−)
invariant mass is included in the combinatorial background.

4. Mass fit

The shapes and yields of the signal and background contribu-
tions are determined using an unbinned maximum likelihood fit
to the two-dimensional [m(π+π−µ+µ−π+),%m] distributions in
the ranges 1810–1920 and 140–151.4 MeV/c2, respectively. This
range is chosen to contain all reconstructed D0 → π+π−µ+µ−

candidates.
The D0 → π+π−µ+µ− data are split into four regions of

m(µ+µ−): two regions containing the ρ/ω and φ resonances
and two signal regions, referred to as low-m(µ+µ−) and high-
m(µ+µ−), respectively. The definitions of these regions are pro-
vided in Table 1.

The D0 mass and %m shapes for D0 → π+π−µ+µ− candi-
dates are described by a double Crystal Ball function [22,23], which
consists of a Gaussian core and independent left and right power-
law tails, on either sides of the core. The parameters of these

shapes are determined from the D0 → π+π−π+π− control sam-
ple independently for each of the four m(µ+µ−) regions.

The D0 → π+π−π+π− peaking background is also split into
the predefined dimuon mass regions and is fitted with a double
Crystal Ball function. This provides a well-defined shape for this
prominent background, which is included in the fit to the signal
sample. The yield of the misidentified component is allowed to
vary and fitted in each region of the analysis. The combinatorial
background is described by an exponential function in the D0 can-
didate mass, while the shape in %m is described by the empirical
function f%(%m,a) = 1−e−(%m−%m0)/a , where the parameter %m0
is fixed to 139.6 MeV/c2. The two-dimensional shape used in the
fit implicitly assumes that m(π+π−µ+µ−π+) and %m are not
correlated.

All the floating coefficients are allowed to vary independently
in each of the m(µ+µ−) regions. Migration between the regions is
found to be negligible from simulation studies. The yield observed
in the φ region is used to normalise the yields in the signal re-
gions.

One-dimensional projections for the D0 candidate invariant
mass and %m spectra, together with the result of the fits, are
shown in Figs. 2 and 3, respectively. The signal yields, which in-
clude contributions from the tails of the m(µ+µ−) resonances
leaking into the low- and high-m(µ+µ−) ranges, are shown in Ta-
ble 1. No significant excess of candidates is seen in either of the
two signal regions.
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Fig. 3. Distributions of !m for D0 → π+π−µ+µ− candidates in the (a) low-m(µ+µ−), (b) ρ/ω, (c) φ , and (d) high-m(µ+µ−) regions, with the D0 invariant mass in the
range 1840–1888 MeV/c2. The data are shown as points (black) and the fit result (dark blue line) is overlaid. The components of the fit are also shown: the signal (filled
area), the D0 → π+π−π+π− background (green dashed line) and the non-peaking background (red dashed-dotted line).

The yields in the signal regions are compatible with the ex-
pectations from leakage from the m(µ+µ−) resonant regions. The
number of expected events from leakage is calculated assuming
the m(µ+µ−) spectrum given by a sum of relativistic Breit–
Wigner functions, describing the η, ρ/ω and φ resonances.
The contribution from each resonance is scaled according to
the branching fractions as determined from resonant D0 →
K +K −π+π− and D0 → π+π−π+π− decays [24]. The resulting
shape is used to extrapolate the yields fitted in the φ and ρ
regions into the m(µ+µ−) signal regions. An additional extrap-
olation is performed using the signal yield in the m(µ+µ−) range
773–793 MeV/c2, where the contribution from the ω resonance is
enhanced. In this approach the interference among different reso-
nances is not accounted for and a systematic uncertainty to the
extrapolated yield is assigned according to the spread in their
extrapolations. The expected number of leakage events is esti-
mated to be 1 ± 1 in both the low- and high-m(µ+µ−) regions.
This precision of this estimate is dominated by the systematic
uncertainty.

5. Branching fraction determination

The D0 → π+π−µ+µ− branching fraction ratio for each
m(µ+µ−) signal region i is calculated using

B(D0 → π+π−µ+µ−)i

B(D0 → π+π−φ(→ µ+µ−))

=
Ni

D0→π+π−µ+µ−

ND0→π+π−φ(→µ+µ−)

×
ϵD0→π+π−φ(→µ+µ−)

ϵ i
D0→π+π−µ+µ−

. (1)

The yield and efficiency are given by ND0→π+π−µ+µ− and
ϵD0→π+π−µ+µ− , respectively, for the signal channel, and by
ND0→π+π−φ(→µ+µ−) and ϵD0→π+π−φ(→µ+µ−) for the reference
channel. The values for the efficiency ratio ϵD0→π+π−µ+µ−/

ϵD0→π+π−φ(→µ+µ−) in the low-m(µ+µ−) and high-m(µ+µ−)
regions, as estimated from simulations, are 0.24 ± 0.03 and

0.69±0.11, respectively, where the uncertainty reflects the limited
statistics of the simulated samples. The efficiencies for reconstruct-
ing the signal decay mode and the reference mode include the
geometric acceptance of the detector, the efficiencies for track re-
construction, particle identification, selection and trigger. Both effi-
ciency ratios deviate from unity due to differences in the kinematic
distributions of the final state particles in the two decays. More-
over, tighter particle identification requirements are responsible for
a lower efficiency ratio in the low-m(µ+µ−) region. The accuracy
with which the simulation reproduces the track reconstruction and
particle identification is limited. Therefore, the corresponding effi-
ciencies are also studied in data and systematic uncertainties are
assigned.

An upper limit on the absolute branching fraction is given using
an estimate of the branching fraction of the normalisation mode.
The D0 → π+π−φ(→ µ+µ−) branching fraction is estimated us-
ing the results of the amplitude analysis of the D0 → K +K −π+π−

decay performed at CLEO [25]. Only the fit fraction of the de-
cay modes in which the two kaons originate from an intermedi-
ate φ resonance are considered and the D0 → π+π−φ(→ µ+µ−)

branching fraction is calculated by multiplying this fraction by the
total D0 → K +K −π+π− branching fraction and using the known
value of B(φ → µ+µ−)/B(φ → K +K −) [24]. There are several
interfering contributions to the D0 → π+π−φ(→ K +K −) ampli-
tude. Considering the interference fractions provided in Ref. [25],
the following estimate for the branching fraction is obtained,
B(D0 → π+π−φ(→ µ+µ−)) = (5.2 ± 0.6) × 10−7. This estimate
includes only the statistical uncertainty and refers to the baseline
fit model used for the CLEO measurement. Similar estimates for
B(D0 → π+π−φ(→ µ+µ−)) are performed using all the alterna-
tive models considered in Ref. [25] assuming the interference frac-
tions to be the same as for the baseline model. The spread among
the estimates is used to assign a systematic uncertainty of 17%
on B(D0 → π+π−φ(→ µ+µ−)). The above procedure to estimate
B(D0 → π+π−φ(→ µ+µ−)) is supported by the narrow width of
the φ resonance resulting in interference effects with other chan-
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Table 1
D0 → π+π−µ+µ− fitted yields in the four m(µ+µ−) regions. The corresponding signal fractions under the assumption of a phase-space model,
as described in Section 7, are listed in the last column.

Range description m(µ+µ−) [MeV/c2] D0 → π+π−µ+µ− yield Fraction

low-m(µ+µ−) 250–525 2 ±2 30.6%
ρ/ω 565–950 23 ±6 43.4%
φ 950–1100 63 ±10 10.1%
high-m(µ+µ−) > 1100 3 ±2 8.9%

Fig. 2. Distributions of m(π+π−µ+µ−) for D0 → π+π−µ+µ− candidates in the (a) low-m(µ+µ−), (b) ρ/ω, (c) φ , and (d) high-m(µ+µ−) regions, with %m in the range
144.4–146.6 MeV/c2. The data are shown as points (black) and the fit result (dark blue line) is overlaid. The components of the fit are also shown: the signal (filled area),
the D0 → π+π−π+π− background (green dashed line) and the non-peaking background (red dashed-dotted line).

region, where the baryonic background is concentrated, suppress-
ing this background to a negligible level.

Another potentially large background from the D0 → π+π−η
decay, followed by the decay η → µ+µ−γ , does not peak at
the D0 mass since candidates in which the m(µ+µ−) is within
±20 MeV/c2 of the nominal η mass are removed from the final fit.
The remaining contribution to low values of the m(π+π−µ+µ−)
invariant mass is included in the combinatorial background.

4. Mass fit

The shapes and yields of the signal and background contribu-
tions are determined using an unbinned maximum likelihood fit
to the two-dimensional [m(π+π−µ+µ−π+),%m] distributions in
the ranges 1810–1920 and 140–151.4 MeV/c2, respectively. This
range is chosen to contain all reconstructed D0 → π+π−µ+µ−

candidates.
The D0 → π+π−µ+µ− data are split into four regions of

m(µ+µ−): two regions containing the ρ/ω and φ resonances
and two signal regions, referred to as low-m(µ+µ−) and high-
m(µ+µ−), respectively. The definitions of these regions are pro-
vided in Table 1.

The D0 mass and %m shapes for D0 → π+π−µ+µ− candi-
dates are described by a double Crystal Ball function [22,23], which
consists of a Gaussian core and independent left and right power-
law tails, on either sides of the core. The parameters of these

shapes are determined from the D0 → π+π−π+π− control sam-
ple independently for each of the four m(µ+µ−) regions.

The D0 → π+π−π+π− peaking background is also split into
the predefined dimuon mass regions and is fitted with a double
Crystal Ball function. This provides a well-defined shape for this
prominent background, which is included in the fit to the signal
sample. The yield of the misidentified component is allowed to
vary and fitted in each region of the analysis. The combinatorial
background is described by an exponential function in the D0 can-
didate mass, while the shape in %m is described by the empirical
function f%(%m,a) = 1−e−(%m−%m0)/a , where the parameter %m0
is fixed to 139.6 MeV/c2. The two-dimensional shape used in the
fit implicitly assumes that m(π+π−µ+µ−π+) and %m are not
correlated.

All the floating coefficients are allowed to vary independently
in each of the m(µ+µ−) regions. Migration between the regions is
found to be negligible from simulation studies. The yield observed
in the φ region is used to normalise the yields in the signal re-
gions.

One-dimensional projections for the D0 candidate invariant
mass and %m spectra, together with the result of the fits, are
shown in Figs. 2 and 3, respectively. The signal yields, which in-
clude contributions from the tails of the m(µ+µ−) resonances
leaking into the low- and high-m(µ+µ−) ranges, are shown in Ta-
ble 1. No significant excess of candidates is seen in either of the
two signal regions.
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Fig. 3. Distributions of !m for D0 → π+π−µ+µ− candidates in the (a) low-m(µ+µ−), (b) ρ/ω, (c) φ , and (d) high-m(µ+µ−) regions, with the D0 invariant mass in the
range 1840–1888 MeV/c2. The data are shown as points (black) and the fit result (dark blue line) is overlaid. The components of the fit are also shown: the signal (filled
area), the D0 → π+π−π+π− background (green dashed line) and the non-peaking background (red dashed-dotted line).

The yields in the signal regions are compatible with the ex-
pectations from leakage from the m(µ+µ−) resonant regions. The
number of expected events from leakage is calculated assuming
the m(µ+µ−) spectrum given by a sum of relativistic Breit–
Wigner functions, describing the η, ρ/ω and φ resonances.
The contribution from each resonance is scaled according to
the branching fractions as determined from resonant D0 →
K +K −π+π− and D0 → π+π−π+π− decays [24]. The resulting
shape is used to extrapolate the yields fitted in the φ and ρ
regions into the m(µ+µ−) signal regions. An additional extrap-
olation is performed using the signal yield in the m(µ+µ−) range
773–793 MeV/c2, where the contribution from the ω resonance is
enhanced. In this approach the interference among different reso-
nances is not accounted for and a systematic uncertainty to the
extrapolated yield is assigned according to the spread in their
extrapolations. The expected number of leakage events is esti-
mated to be 1 ± 1 in both the low- and high-m(µ+µ−) regions.
This precision of this estimate is dominated by the systematic
uncertainty.

5. Branching fraction determination

The D0 → π+π−µ+µ− branching fraction ratio for each
m(µ+µ−) signal region i is calculated using

B(D0 → π+π−µ+µ−)i

B(D0 → π+π−φ(→ µ+µ−))

=
Ni

D0→π+π−µ+µ−

ND0→π+π−φ(→µ+µ−)

×
ϵD0→π+π−φ(→µ+µ−)

ϵ i
D0→π+π−µ+µ−

. (1)

The yield and efficiency are given by ND0→π+π−µ+µ− and
ϵD0→π+π−µ+µ− , respectively, for the signal channel, and by
ND0→π+π−φ(→µ+µ−) and ϵD0→π+π−φ(→µ+µ−) for the reference
channel. The values for the efficiency ratio ϵD0→π+π−µ+µ−/

ϵD0→π+π−φ(→µ+µ−) in the low-m(µ+µ−) and high-m(µ+µ−)
regions, as estimated from simulations, are 0.24 ± 0.03 and

0.69±0.11, respectively, where the uncertainty reflects the limited
statistics of the simulated samples. The efficiencies for reconstruct-
ing the signal decay mode and the reference mode include the
geometric acceptance of the detector, the efficiencies for track re-
construction, particle identification, selection and trigger. Both effi-
ciency ratios deviate from unity due to differences in the kinematic
distributions of the final state particles in the two decays. More-
over, tighter particle identification requirements are responsible for
a lower efficiency ratio in the low-m(µ+µ−) region. The accuracy
with which the simulation reproduces the track reconstruction and
particle identification is limited. Therefore, the corresponding effi-
ciencies are also studied in data and systematic uncertainties are
assigned.

An upper limit on the absolute branching fraction is given using
an estimate of the branching fraction of the normalisation mode.
The D0 → π+π−φ(→ µ+µ−) branching fraction is estimated us-
ing the results of the amplitude analysis of the D0 → K +K −π+π−

decay performed at CLEO [25]. Only the fit fraction of the de-
cay modes in which the two kaons originate from an intermedi-
ate φ resonance are considered and the D0 → π+π−φ(→ µ+µ−)

branching fraction is calculated by multiplying this fraction by the
total D0 → K +K −π+π− branching fraction and using the known
value of B(φ → µ+µ−)/B(φ → K +K −) [24]. There are several
interfering contributions to the D0 → π+π−φ(→ K +K −) ampli-
tude. Considering the interference fractions provided in Ref. [25],
the following estimate for the branching fraction is obtained,
B(D0 → π+π−φ(→ µ+µ−)) = (5.2 ± 0.6) × 10−7. This estimate
includes only the statistical uncertainty and refers to the baseline
fit model used for the CLEO measurement. Similar estimates for
B(D0 → π+π−φ(→ µ+µ−)) are performed using all the alterna-
tive models considered in Ref. [25] assuming the interference frac-
tions to be the same as for the baseline model. The spread among
the estimates is used to assign a systematic uncertainty of 17%
on B(D0 → π+π−φ(→ µ+µ−)). The above procedure to estimate
B(D0 → π+π−φ(→ µ+µ−)) is supported by the narrow width of
the φ resonance resulting in interference effects with other chan-
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Table 1
D0 → π+π−µ+µ− fitted yields in the four m(µ+µ−) regions. The corresponding signal fractions under the assumption of a phase-space model,
as described in Section 7, are listed in the last column.

Range description m(µ+µ−) [MeV/c2] D0 → π+π−µ+µ− yield Fraction

low-m(µ+µ−) 250–525 2 ±2 30.6%
ρ/ω 565–950 23 ±6 43.4%
φ 950–1100 63 ±10 10.1%
high-m(µ+µ−) > 1100 3 ±2 8.9%

Fig. 2. Distributions of m(π+π−µ+µ−) for D0 → π+π−µ+µ− candidates in the (a) low-m(µ+µ−), (b) ρ/ω, (c) φ , and (d) high-m(µ+µ−) regions, with %m in the range
144.4–146.6 MeV/c2. The data are shown as points (black) and the fit result (dark blue line) is overlaid. The components of the fit are also shown: the signal (filled area),
the D0 → π+π−π+π− background (green dashed line) and the non-peaking background (red dashed-dotted line).

region, where the baryonic background is concentrated, suppress-
ing this background to a negligible level.

Another potentially large background from the D0 → π+π−η
decay, followed by the decay η → µ+µ−γ , does not peak at
the D0 mass since candidates in which the m(µ+µ−) is within
±20 MeV/c2 of the nominal η mass are removed from the final fit.
The remaining contribution to low values of the m(π+π−µ+µ−)
invariant mass is included in the combinatorial background.

4. Mass fit

The shapes and yields of the signal and background contribu-
tions are determined using an unbinned maximum likelihood fit
to the two-dimensional [m(π+π−µ+µ−π+),%m] distributions in
the ranges 1810–1920 and 140–151.4 MeV/c2, respectively. This
range is chosen to contain all reconstructed D0 → π+π−µ+µ−

candidates.
The D0 → π+π−µ+µ− data are split into four regions of

m(µ+µ−): two regions containing the ρ/ω and φ resonances
and two signal regions, referred to as low-m(µ+µ−) and high-
m(µ+µ−), respectively. The definitions of these regions are pro-
vided in Table 1.

The D0 mass and %m shapes for D0 → π+π−µ+µ− candi-
dates are described by a double Crystal Ball function [22,23], which
consists of a Gaussian core and independent left and right power-
law tails, on either sides of the core. The parameters of these

shapes are determined from the D0 → π+π−π+π− control sam-
ple independently for each of the four m(µ+µ−) regions.

The D0 → π+π−π+π− peaking background is also split into
the predefined dimuon mass regions and is fitted with a double
Crystal Ball function. This provides a well-defined shape for this
prominent background, which is included in the fit to the signal
sample. The yield of the misidentified component is allowed to
vary and fitted in each region of the analysis. The combinatorial
background is described by an exponential function in the D0 can-
didate mass, while the shape in %m is described by the empirical
function f%(%m,a) = 1−e−(%m−%m0)/a , where the parameter %m0
is fixed to 139.6 MeV/c2. The two-dimensional shape used in the
fit implicitly assumes that m(π+π−µ+µ−π+) and %m are not
correlated.

All the floating coefficients are allowed to vary independently
in each of the m(µ+µ−) regions. Migration between the regions is
found to be negligible from simulation studies. The yield observed
in the φ region is used to normalise the yields in the signal re-
gions.

One-dimensional projections for the D0 candidate invariant
mass and %m spectra, together with the result of the fits, are
shown in Figs. 2 and 3, respectively. The signal yields, which in-
clude contributions from the tails of the m(µ+µ−) resonances
leaking into the low- and high-m(µ+µ−) ranges, are shown in Ta-
ble 1. No significant excess of candidates is seen in either of the
two signal regions.
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Table 1
D0 → π+π−µ+µ− fitted yields in the four m(µ+µ−) regions. The corresponding signal fractions under the assumption of a phase-space model,
as described in Section 7, are listed in the last column.

Range description m(µ+µ−) [MeV/c2] D0 → π+π−µ+µ− yield Fraction

low-m(µ+µ−) 250–525 2 ±2 30.6%
ρ/ω 565–950 23 ±6 43.4%
φ 950–1100 63 ±10 10.1%
high-m(µ+µ−) > 1100 3 ±2 8.9%

Fig. 2. Distributions of m(π+π−µ+µ−) for D0 → π+π−µ+µ− candidates in the (a) low-m(µ+µ−), (b) ρ/ω, (c) φ , and (d) high-m(µ+µ−) regions, with %m in the range
144.4–146.6 MeV/c2. The data are shown as points (black) and the fit result (dark blue line) is overlaid. The components of the fit are also shown: the signal (filled area),
the D0 → π+π−π+π− background (green dashed line) and the non-peaking background (red dashed-dotted line).

region, where the baryonic background is concentrated, suppress-
ing this background to a negligible level.

Another potentially large background from the D0 → π+π−η
decay, followed by the decay η → µ+µ−γ , does not peak at
the D0 mass since candidates in which the m(µ+µ−) is within
±20 MeV/c2 of the nominal η mass are removed from the final fit.
The remaining contribution to low values of the m(π+π−µ+µ−)
invariant mass is included in the combinatorial background.

4. Mass fit

The shapes and yields of the signal and background contribu-
tions are determined using an unbinned maximum likelihood fit
to the two-dimensional [m(π+π−µ+µ−π+),%m] distributions in
the ranges 1810–1920 and 140–151.4 MeV/c2, respectively. This
range is chosen to contain all reconstructed D0 → π+π−µ+µ−

candidates.
The D0 → π+π−µ+µ− data are split into four regions of

m(µ+µ−): two regions containing the ρ/ω and φ resonances
and two signal regions, referred to as low-m(µ+µ−) and high-
m(µ+µ−), respectively. The definitions of these regions are pro-
vided in Table 1.

The D0 mass and %m shapes for D0 → π+π−µ+µ− candi-
dates are described by a double Crystal Ball function [22,23], which
consists of a Gaussian core and independent left and right power-
law tails, on either sides of the core. The parameters of these

shapes are determined from the D0 → π+π−π+π− control sam-
ple independently for each of the four m(µ+µ−) regions.

The D0 → π+π−π+π− peaking background is also split into
the predefined dimuon mass regions and is fitted with a double
Crystal Ball function. This provides a well-defined shape for this
prominent background, which is included in the fit to the signal
sample. The yield of the misidentified component is allowed to
vary and fitted in each region of the analysis. The combinatorial
background is described by an exponential function in the D0 can-
didate mass, while the shape in %m is described by the empirical
function f%(%m,a) = 1−e−(%m−%m0)/a , where the parameter %m0
is fixed to 139.6 MeV/c2. The two-dimensional shape used in the
fit implicitly assumes that m(π+π−µ+µ−π+) and %m are not
correlated.

All the floating coefficients are allowed to vary independently
in each of the m(µ+µ−) regions. Migration between the regions is
found to be negligible from simulation studies. The yield observed
in the φ region is used to normalise the yields in the signal re-
gions.

One-dimensional projections for the D0 candidate invariant
mass and %m spectra, together with the result of the fits, are
shown in Figs. 2 and 3, respectively. The signal yields, which in-
clude contributions from the tails of the m(µ+µ−) resonances
leaking into the low- and high-m(µ+µ−) ranges, are shown in Ta-
ble 1. No significant excess of candidates is seen in either of the
two signal regions.
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D0 → π+π−µ+µ− fitted yields in the four m(µ+µ−) regions. The corresponding signal fractions under the assumption of a phase-space model,
as described in Section 7, are listed in the last column.

Range description m(µ+µ−) [MeV/c2] D0 → π+π−µ+µ− yield Fraction

low-m(µ+µ−) 250–525 2 ±2 30.6%
ρ/ω 565–950 23 ±6 43.4%
φ 950–1100 63 ±10 10.1%
high-m(µ+µ−) > 1100 3 ±2 8.9%

Fig. 2. Distributions of m(π+π−µ+µ−) for D0 → π+π−µ+µ− candidates in the (a) low-m(µ+µ−), (b) ρ/ω, (c) φ , and (d) high-m(µ+µ−) regions, with %m in the range
144.4–146.6 MeV/c2. The data are shown as points (black) and the fit result (dark blue line) is overlaid. The components of the fit are also shown: the signal (filled area),
the D0 → π+π−π+π− background (green dashed line) and the non-peaking background (red dashed-dotted line).

region, where the baryonic background is concentrated, suppress-
ing this background to a negligible level.

Another potentially large background from the D0 → π+π−η
decay, followed by the decay η → µ+µ−γ , does not peak at
the D0 mass since candidates in which the m(µ+µ−) is within
±20 MeV/c2 of the nominal η mass are removed from the final fit.
The remaining contribution to low values of the m(π+π−µ+µ−)
invariant mass is included in the combinatorial background.

4. Mass fit

The shapes and yields of the signal and background contribu-
tions are determined using an unbinned maximum likelihood fit
to the two-dimensional [m(π+π−µ+µ−π+),%m] distributions in
the ranges 1810–1920 and 140–151.4 MeV/c2, respectively. This
range is chosen to contain all reconstructed D0 → π+π−µ+µ−

candidates.
The D0 → π+π−µ+µ− data are split into four regions of

m(µ+µ−): two regions containing the ρ/ω and φ resonances
and two signal regions, referred to as low-m(µ+µ−) and high-
m(µ+µ−), respectively. The definitions of these regions are pro-
vided in Table 1.

The D0 mass and %m shapes for D0 → π+π−µ+µ− candi-
dates are described by a double Crystal Ball function [22,23], which
consists of a Gaussian core and independent left and right power-
law tails, on either sides of the core. The parameters of these

shapes are determined from the D0 → π+π−π+π− control sam-
ple independently for each of the four m(µ+µ−) regions.

The D0 → π+π−π+π− peaking background is also split into
the predefined dimuon mass regions and is fitted with a double
Crystal Ball function. This provides a well-defined shape for this
prominent background, which is included in the fit to the signal
sample. The yield of the misidentified component is allowed to
vary and fitted in each region of the analysis. The combinatorial
background is described by an exponential function in the D0 can-
didate mass, while the shape in %m is described by the empirical
function f%(%m,a) = 1−e−(%m−%m0)/a , where the parameter %m0
is fixed to 139.6 MeV/c2. The two-dimensional shape used in the
fit implicitly assumes that m(π+π−µ+µ−π+) and %m are not
correlated.

All the floating coefficients are allowed to vary independently
in each of the m(µ+µ−) regions. Migration between the regions is
found to be negligible from simulation studies. The yield observed
in the φ region is used to normalise the yields in the signal re-
gions.

One-dimensional projections for the D0 candidate invariant
mass and %m spectra, together with the result of the fits, are
shown in Figs. 2 and 3, respectively. The signal yields, which in-
clude contributions from the tails of the m(µ+µ−) resonances
leaking into the low- and high-m(µ+µ−) ranges, are shown in Ta-
ble 1. No significant excess of candidates is seen in either of the
two signal regions.
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Fig. 5. Observed (solid curve) and expected (dashed curve) CLs values as a function
of B(D0 → π+π−µ+µ−). The green (yellow) shaded area contains 68.3% and 95.5%
of the results of the analysis on experiments simulated with no signal. The upper
limits at the 90(95)% CL are indicated by the dashed (solid) line. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 3
Upper limits on B(D0 → π+π−µ+µ−)/B(D0 → π+π−φ(→ µ+µ−)) at 90 and
95% CL, and p-values for the background-only hypothesis in each m(µ+µ−) region
and in the full m(µ+µ−) range (assuming a phase-space model).

Region 90% 95% p-value

low-m(µ+µ−) 0.41 0.51 0.32
high-m(µ+µ−) 0.17 0.21 0.12
Total 0.96 1.19 0.25

Table 4
Upper limits on B(D0 → π+π−µ+µ−) at 90 and 95% CL in each m(µ+µ−) region
and in the full m(µ+µ−) range (assuming a phase-space model).

Region 90% [×10−7] 95% [×10−7]

low-m(µ+µ−) 2.3 2.9
high-m(µ+µ−) 1.0 1.2
Total 5.5 6.7

statistical uncertainties, and the extrapolation to the full m(µ+µ−)
range according to a phase-space model.

It is noted that, while the results in individual m(µ+µ−) re-
gions naturally include possible contributions from D0 →
ρ(→ π+π−)µ+µ− since differences in the reconstruction and se-
lection efficiency with respect to the four-body D0 → π+π−µ+µ−

are negligible, the extrapolation to the full m(µ+µ−) phase-space
depends on the four-body assumption. Distinguishing a ρ compo-
nent in the dipion mass spectrum requires an amplitude analysis
which would be hardly informative given the small sample size
and beyond the scope of this first search.

Contributions for non-resonant D0 → π+π−µ+µ− events in
the normalisation mode m(µ+µ−) window are neglected in the
upper limit calculations. Assuming a branching fraction equal
to the 90% CL upper limit set in the highest m(µ+µ−) re-
gion, the relative contribution of the non-resonant mode is esti-
mated to be less than 3%, which is small compared with other
uncertainties.

8. Conclusions

A search for the D0 → π+π−µ+µ− decay is conducted us-
ing pp collision data, corresponding to an integrated luminosity
of 1.0 fb−1 at

√
s = 7 TeV recorded by the LHCb experiment. The

numbers of events in the non-resonant m(µ+µ−) regions are com-
patible with the background-only hypothesis. The limits set on
branching fractions in two m(µ+µ−) bins and on the total branch-
ing fraction, excluding the resonant contributions and assuming a
phase-space model, are

B(D0 → π+π−µ+µ−)

B(D0 → π+π−φ(→ µ+µ−))
< 0.96(1.19),

at the 90(95)% CL,

B(D0 → π+π−µ+µ−) < 5.5(6.7) × 10−7,

at the 90(95)% CL.

The upper limit on the absolute branching fraction is improved by
a factor of 50 with respect to the previous search [5], yielding the
most stringent result to date.

Acknowledgements

We express our gratitude to our colleagues in the CERN ac-
celerator departments for the excellent performance of the LHC.
We thank the technical and administrative staff at the LHCb insti-
tutes. We acknowledge support from CERN and from the national
agencies: CAPES, CNPq, FAPERJ and FINEP (Brazil); NSFC (China);
CNRS/IN2P3 and Region Auvergne (France); BMBF, DFG, HGF and
MPG (Germany); SFI (Ireland); INFN (Italy); FOM and NWO (The
Netherlands); SCSR (Poland); MEN/IFA (Romania); MinES, Rosatom,
RFBR and NRC “Kurchatov Institute” (Russia); MinECo, XuntaGal
and GENCAT (Spain); SNSF and SER (Switzerland); NAS Ukraine
(Ukraine); STFC (United Kingdom); NSF (USA). We also acknowl-
edge the support received from the ERC under FP7. The Tier1
computing centres are supported by IN2P3 (France), KIT and BMBF
(Germany), INFN (Italy), NWO and SURF (The Netherlands), PIC
(Spain), GridPP (United Kingdom). We are thankful for the comput-
ing resources put at our disposal by Yandex LLC (Russia), as well
as to the communities behind the multiple open source software
packages that we depend on.

References

[1] S. Fajfer, S. Prelovsek, Search for new physics in rare D decays, in: ICHEP 2006,
Conf. Proc. C060726 (2006) 811, arXiv:hep-ph/0610032.

[2] S. Fajfer, N. Kosnik, S. Prelovsek, Updated constraints on new physics in rare
charm decays, Phys. Rev. D 76 (2007) 074010, arXiv:0706.1133.

[3] A. Paul, I.I. Bigi, S. Recksiegel, On D → Xul+l− within the Standard Model and
frameworks like the littlest Higgs model with T parity, Phys. Rev. D 83 (2011)
114006, arXiv:1101.6053.

[4] L. Cappiello, O. Cata, G. D’Ambrosio, Standard Model prediction and new
physics tests for D0 → h+

1 h−
2 l+l− (h = π , K : l = e,µ), J. High Energy Phys.

1304 (2013) 135, arXiv:1209.4235.
[5] E791 Collaboration, E. Aitala, et al., Search for rare and forbidden charm me-

son decays D0 → V l+l− and hhll, Phys. Rev. Lett. 86 (2001) 3969, arXiv:hep-
ex/0011077.

[6] LHCb Collaboration, R. Aaij, et al., Search for D+
(s) → π+µ+µ− and D+

(s) →
π−µ+µ+ decays, Phys. Lett. B 724 (2013) 203, arXiv:1304.6365.

[7] LHCb Collaboration, A.A. Alves Jr., et al., The LHCb detector at the LHC, J. In-
strum. 3 (2008) S08005.

[8] M. Adinolfi, et al., Performance of the LHCb RICH detector at the LHC, Eur. Phys.
J. C 73 (2013) 2431, arXiv:1211.6759.

[9] A.A. Alves Jr., et al., Performance of the LHCb muon system, J. Instrum. 8 (2013)
P02022, arXiv:1211.1346.

[10] R. Aaij, et al., The LHCb trigger and its performance in 2011, J. Instrum. 8 (2013)
P04022, arXiv:1211.3055.

[11] T. Sjöstrand, S. Mrenna, P. Skands, PYTHIA 6.4 physics and manual, J. High En-
ergy Phys. 0605 (2006) 026, arXiv:hep-ph/0603175.

[12] I. Belyaev, et al., Handling of the generation of primary events in Gauss,
the LHCb simulation framework, in: Nuclear Science Symposium Conference
Record, NSS/MIC, IEEE, 2010, p. 1155.

[13] D.J. Lange, The EvtGen particle decay simulation package, Nucl. Instrum. Meth-
ods, Sect. A 462 (2001) 152.

[14] Geant4 Collaboration, J. Allison, et al., Geant4 developments and applications,
IEEE Trans. Nucl. Sci. 53 (2006) 270.

[15] Geant4 Collaboration, S. Agostinelli, et al., Geant4: a simulation toolkit, Nucl.
Instrum. Methods, Sect. A 506 (2003) 250.

[16] M. Clemencic, et al., The LHCb simulation application, Gauss: design, evolution
and experience, J. Phys. Conf. Ser. 331 (2011) 032023.

[17] L. Breiman, J.H. Friedman, R.A. Olshen, C.J. Stone, Classification and Regression
Trees, Wadsworth International Group, Belmont, California, USA, 1984.



A. Zupanc I Rare Charm Decays 11/09/14

+ Many more                 

• references and limits of all rare decay searches can be found at the HFAG 
web-page: http://www.slac.stanford.edu/xorg/hfag/charm/April14/Rare/rare_charm.html

15

http://www.slac.stanford.edu/xorg/hfag/charm/April14/Rare/rare_charm.html


A. Zupanc I Rare Charm Decays 11/09/14

+ Many more                 

• references and limits of all rare decay searches can be found at the HFAG 
web-page: http://www.slac.stanford.edu/xorg/hfag/charm/April14/Rare/rare_charm.html

15

90
%

 C
.L

.

-910

-810

-710

-610

-510

-410

-310

-210

aa

-
µ+

µ0 l

-
µ+

µ0 /- /+ /

- e+ e-
K+

K

- e+ ed

-
µ+

µq

- e+ e0 /

- e+ eq

-
µ+

µ
t

-
µ+

µ+ /-
K

- e+ e0 l

-
µ+

µ0
K

- e+ e0
(8

92
)

*
K

-
µ+

µ- /+ /

-
µ+

µ

- e+ e- /+ /

- e+ e

-
µ+

µ0
(8

92
)

*
K

-
µ+

µ-
K+

K

- e+ e+ /-
K

-
µ+

µ0 /

- e+ e0
K

- e+ e
t

-
µ+

µd

D0

E791 CLEO II BaBar

CLEO E653 LHCb

Belle E789 HERAB

CDF Argus Mark3

http://www.slac.stanford.edu/xorg/hfag/charm/April14/Rare/rare_charm.html


A. Zupanc I Rare Charm Decays 11/09/14

+ Many more                 

• references and limits of all rare decay searches can be found at the HFAG 
web-page: http://www.slac.stanford.edu/xorg/hfag/charm/April14/Rare/rare_charm.html

15

90
%

 C
.L

.

-910

-810

-710

-610

-510

-410

-310

-210

aa

-
µ+

µ0 l

-
µ+

µ0 /- /+ /

- e+ e-
K+

K

- e+ ed

-
µ+

µq

- e+ e0 /

- e+ eq

-
µ+

µ
t

-
µ+

µ+ /-
K

- e+ e0 l

-
µ+

µ0
K

- e+ e0
(8

92
)

*
K

-
µ+

µ- /+ /

-
µ+

µ

- e+ e- /+ /

- e+ e

-
µ+

µ0
(8

92
)

*
K

-
µ+

µ-
K+

K

- e+ e+ /-
K

-
µ+

µ0 /

- e+ e0
K

- e+ e
t

-
µ+

µd

D0

90
%

 C
.L

.

-910

-810

-710

-610

-510

-410

-310

-210

 +
 c

.c
.

+
µ2- /-

K

-+
µ
± e

t

-+
µ
± e+ /-

K

 +
 c

.c
.

+
µ+ e-

2K

 +
 c

.c
.

+
µ+ e- /2

-
pe

 +
 c

.c
.

+
µ+ e- /-

K

 +
 c

.c
.

+
2e- /2

-+
µ
± ed  +

 c
.c

.
+
µ2- /2

 +
 c

.c
.

+
2e-

2K

-+
µ
± e0

K

-+
µ
± e- /+ /

 +
 c

.c
.

+
µ2-

2K

-+
µ
± e0 l

+ ep

-+
µ
± eq

-+ e
±
µ

-+
µ
± e+

K-
K

-+
µ
± e+ /0

(8
92

)
*

K

-+
µ
± e0 /  +

 c
.c

.
+

2e- /-
K

LF L BL

D0

E791 CLEO II BaBar

CLEO E653 LHCb

Belle E789 HERAB

CDF Argus Mark3

http://www.slac.stanford.edu/xorg/hfag/charm/April14/Rare/rare_charm.html


A. Zupanc I Rare Charm Decays 11/09/14

+ Many more                 

• references and limits of all rare decay searches can be found at the HFAG 
web-page: http://www.slac.stanford.edu/xorg/hfag/charm/April14/Rare/rare_charm.html

15

90
%

 C
.L

.

-910

-810

-710

-610

-510

-410

-310

-210

aa

-
µ+

µ0 l

-
µ+

µ0 /- /+ /

- e+ e-
K+

K

- e+ ed

-
µ+

µq

- e+ e0 /

- e+ eq

-
µ+

µ
t

-
µ+

µ+ /-
K

- e+ e0 l

-
µ+

µ0
K

- e+ e0
(8

92
)

*
K

-
µ+

µ- /+ /

-
µ+

µ

- e+ e- /+ /

- e+ e

-
µ+

µ0
(8

92
)

*
K

-
µ+

µ-
K+

K

- e+ e+ /-
K

-
µ+

µ0 /

- e+ e0
K

- e+ e
t

-
µ+

µd

D0

90
%

 C
.L

.

-910

-810

-710

-610

-510

-410

-310

-210

 +
 c

.c
.

+
µ2- /-

K

-+
µ
± e

t

-+
µ
± e+ /-

K

 +
 c

.c
.

+
µ+ e-

2K

 +
 c

.c
.

+
µ+ e- /2

-
pe

 +
 c

.c
.

+
µ+ e- /-

K

 +
 c

.c
.

+
2e- /2

-+
µ
± ed  +

 c
.c

.
+
µ2- /2

 +
 c

.c
.

+
2e-

2K

-+
µ
± e0

K

-+
µ
± e- /+ /

 +
 c

.c
.

+
µ2-

2K

-+
µ
± e0 l

+ ep

-+
µ
± eq

-+ e
±
µ

-+
µ
± e+

K-
K

-+
µ
± e+ /0

(8
92

)
*

K

-+
µ
± e0 /  +

 c
.c

.
+

2e- /-
K

LF L BL

D0

90
%

 C
.L

.

-810

-710

-610

-510

-410

-310

-210

+
µ+ e-

K
+

µ+
µ

(8
92

)
*-

K

-+
µ
± e+ /

+
µ+

µ-
K

- e+ e+
K

- e+ e+ /

+
µ+ e- /

+ e+ e-
K

- e+
µ+

K

+
µ+

µ- l

-
µ+ e+

K

-+
µ
± e+

K

- e+
µ+ /

-
µ+ e+ /

+
µ+

µ- /

+ e+ e- /

-
µ+

µ+ /
-

µ+
µ+ l

LF L

D+

E791 CLEO II BaBar

CLEO E653 LHCb

Belle E789 HERAB

CDF Argus Mark3

http://www.slac.stanford.edu/xorg/hfag/charm/April14/Rare/rare_charm.html


A. Zupanc I Rare Charm Decays 11/09/14

+ Many more                 

• references and limits of all rare decay searches can be found at the HFAG 
web-page: http://www.slac.stanford.edu/xorg/hfag/charm/April14/Rare/rare_charm.html

15

90
%

 C
.L

.

-910

-810

-710

-610

-510

-410

-310

-210

aa

-
µ+

µ0 l

-
µ+

µ0 /- /+ /

- e+ e-
K+

K

- e+ ed

-
µ+

µq

- e+ e0 /

- e+ eq

-
µ+

µ
t

-
µ+

µ+ /-
K

- e+ e0 l

-
µ+

µ0
K

- e+ e0
(8

92
)

*
K

-
µ+

µ- /+ /

-
µ+

µ

- e+ e- /+ /

- e+ e

-
µ+

µ0
(8

92
)

*
K

-
µ+

µ-
K+

K

- e+ e+ /-
K

-
µ+

µ0 /

- e+ e0
K

- e+ e
t

-
µ+

µd

D0

90
%

 C
.L

.

-910

-810

-710

-610

-510

-410

-310

-210

 +
 c

.c
.

+
µ2- /-

K

-+
µ
± e

t

-+
µ
± e+ /-

K

 +
 c

.c
.

+
µ+ e-

2K

 +
 c

.c
.

+
µ+ e- /2

-
pe

 +
 c

.c
.

+
µ+ e- /-

K

 +
 c

.c
.

+
2e- /2

-+
µ
± ed  +

 c
.c

.
+
µ2- /2

 +
 c

.c
.

+
2e-

2K

-+
µ
± e0

K

-+
µ
± e- /+ /

 +
 c

.c
.

+
µ2-

2K

-+
µ
± e0 l

+ ep

-+
µ
± eq

-+ e
±
µ

-+
µ
± e+

K-
K

-+
µ
± e+ /0

(8
92

)
*

K

-+
µ
± e0 /  +

 c
.c

.
+

2e- /-
K

LF L BL

D0

90
%

 C
.L

.

-810

-710

-610

-510

-410

-310

-210

+
µ+ e-

K
+

µ+
µ

(8
92

)
*-

K

-+
µ
± e+ /

+
µ+

µ-
K

- e+ e+
K

- e+ e+ /

+
µ+ e- /

+ e+ e-
K

- e+
µ+

K

+
µ+

µ- l

-
µ+ e+

K

-+
µ
± e+

K

- e+
µ+ /

-
µ+ e+ /

+
µ+

µ- /

+ e+ e- /

-
µ+

µ+ /
-

µ+
µ+ l

LF L

D+

90
%

 C
.L

.

-810

-710

-610

-510

-410

-310

-210

+
µ+

µ
(8

92
)

*-
K

-+
µ
± e+ /

+
µ+ e-

K

- e+ e+
K

- e+ e+ /

-+
µ
± e+

K

+ e+ e-
K

- e+
µ+

K

-
µ+ e+

K

-
µ+

µ
(8

92
)

*+
K

- e+
µ+ /

+
µ+

µ-
K

+
µ+

µ- /

+ e+ e- /

+
µ+ e- /

-
µ+

µ+ /

-
µ+

µ+
K

-
µ+ e+ /

LF L

D+
s

E791 CLEO II BaBar

CLEO E653 LHCb

Belle E789 HERAB

CDF Argus Mark3

http://www.slac.stanford.edu/xorg/hfag/charm/April14/Rare/rare_charm.html


A. Zupanc I Rare Charm Decays 11/09/14

+ Many more                 

• references and limits of all rare decay searches can be found at the HFAG 
web-page: http://www.slac.stanford.edu/xorg/hfag/charm/April14/Rare/rare_charm.html

15

90
%

 C
.L

.

-910

-810

-710

-610

-510

-410

-310

-210

aa

-
µ+

µ0 l

-
µ+

µ0 /- /+ /

- e+ e-
K+

K

- e+ ed

-
µ+

µq

- e+ e0 /

- e+ eq

-
µ+

µ
t

-
µ+

µ+ /-
K

- e+ e0 l

-
µ+

µ0
K

- e+ e0
(8

92
)

*
K

-
µ+

µ- /+ /

-
µ+

µ

- e+ e- /+ /

- e+ e

-
µ+

µ0
(8

92
)

*
K

-
µ+

µ-
K+

K

- e+ e+ /-
K

-
µ+

µ0 /

- e+ e0
K

- e+ e
t

-
µ+

µd

D0

90
%

 C
.L

.

-910

-810

-710

-610

-510

-410

-310

-210

 +
 c

.c
.

+
µ2- /-

K

-+
µ
± e

t

-+
µ
± e+ /-

K

 +
 c

.c
.

+
µ+ e-

2K

 +
 c

.c
.

+
µ+ e- /2

-
pe

 +
 c

.c
.

+
µ+ e- /-

K

 +
 c

.c
.

+
2e- /2

-+
µ
± ed  +

 c
.c

.
+
µ2- /2

 +
 c

.c
.

+
2e-

2K

-+
µ
± e0

K

-+
µ
± e- /+ /

 +
 c

.c
.

+
µ2-

2K

-+
µ
± e0 l

+ ep

-+
µ
± eq

-+ e
±
µ

-+
µ
± e+

K-
K

-+
µ
± e+ /0

(8
92

)
*

K

-+
µ
± e0 /  +

 c
.c

.
+

2e- /-
K

LF L BL

D0

90
%

 C
.L

.

-810

-710

-610

-510

-410

-310

-210

+
µ+ e-

K
+

µ+
µ

(8
92

)
*-

K

-+
µ
± e+ /

+
µ+

µ-
K

- e+ e+
K

- e+ e+ /

+
µ+ e- /

+ e+ e-
K

- e+
µ+

K

+
µ+

µ- l

-
µ+ e+

K

-+
µ
± e+

K

- e+
µ+ /

-
µ+ e+ /

+
µ+

µ- /

+ e+ e- /

-
µ+

µ+ /
-

µ+
µ+ l

LF L

D+

90
%

 C
.L

.

-810

-710

-610

-510

-410

-310

-210

+
µ+

µ
(8

92
)

*-
K

-+
µ
± e+ /

+
µ+ e-

K

- e+ e+
K

- e+ e+ /

-+
µ
± e+

K

+ e+ e-
K

- e+
µ+

K

-
µ+ e+

K

-
µ+

µ
(8

92
)

*+
K

- e+
µ+ /

+
µ+

µ-
K

+
µ+

µ- /

+ e+ e- /

+
µ+ e- /

-
µ+

µ+ /

-
µ+

µ+
K

-
µ+ e+ /

LF L

D+
s

E791 CLEO II BaBar

CLEO E653 LHCb

Belle E789 HERAB

CDF Argus Mark3

90
%

 C
.L

.

-810

-710

-610

-510

-410

-310

-210

-
µ+

µp

-
µ+

pe

-
µ+

µ+
Y

+ e+ ep

- e+
pe

+
µ+ ep

+
µ+

µp

- e+
µp

LF L

⇤+
c

http://www.slac.stanford.edu/xorg/hfag/charm/April14/Rare/rare_charm.html


A. Zupanc I Rare Charm Decays 11/09/14

Conclusions 

• Many rare charm decay modes searched for in last 15 years 
by CLEO, BESIII, E791, BaBar, Belle, D0, CMS, LHCb, …"
• Starting to reach the level of the most optimistic New Physics 

predictions"
• Order(s) of magnitude larger samples collected by LHCb, 

Belle II could improve the limits by order of magnitude "
• Another opportunity are other observables (CP and angular 

asymmetries) in radiative and                       decays that might 
be sensitive to New Physics processes 
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