
Search for
Radiative/Rare/Forbidden
Decays of Charm Hadrons

Liang Sun
Wuhan U.
2025/06/30

第三届BESIII-Belle II-LHCb粲强子物理联合研讨会

https://indico.ihep.ac.cn/event/24764/


Outline
• Background info
• A selection of recent results on

• Weak radiative charm hadron decays
• FCNC related decays (ℎ𝜈𝜈, ℎℎ′𝑒+𝑒−)
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Flavor Changing Neutral Currents in charm
• 𝑐 → 𝑢 processes forbidden at tree level in SM, only
allowed in loop and box diagrams
• Strongly suppressed due to GIM cancellation:
• Expected SM BF ~O(10-9)
• NP might manifest in the loops

• 𝐷 → 𝑋ℓ+ℓ− & 𝐷 → 𝛾𝑋 dominated by Long-Distance
contributions
• Vector Meson Dominance (VMD)
• BF ~O(10-6) for 𝐷 → 𝑋ℓ+ℓ−

• BF up to 10-4 for 𝐷 → 𝛾𝑋
• VMD insignificant in 𝐷 → 𝑋𝜈𝜈̅

𝛾 or ℓℓ

𝛾 or ℓℓ
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Lepton Number Violation
• Lepton Number Violation (Δ𝐿 ≠ 0) is forbidden in
SM

• Neutrino oscillation → 𝑚𝜈 ≠ 0 → New Physics
needed to explain mass origin

• Nature of neutrino: Dirac or Majorana (𝜈m)?
• Majorana neutrino can lead to Δ𝐿 = 2 LNV
processes

• LNV is introduced in many NP models:
• 4th quark generation, SO(10) SUSY GUT, exotic Higgs,
etc.

• LNV processes have been widely searched for in
𝜏, 𝐾, 𝐷, and 𝐵 decays
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Baryon Number Violation
• Excess of baryons over
antibaryons in the Universe
→ BNV processes exist

• BNV is allowed in GUTs and
some SM extensions
• Accompanied by LNV

• BFs of 𝐷 → 𝐵ℓ, 𝐵 = Λ,Σ,p,n
expected to be no more than
𝑂(10−29) [PRD 72, 095001 (2005)]

Δ 𝐵−𝐿 = 0 Feynman diagrams under operators
with dimension six

Feynman diagrams under operators
with dimension seven

Δ 𝐵−𝐿 = 2
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Results on rare charm decays (D0)

https://hflav-eos.web.cern.ch/hflav-eos/charm/rare/Spring2021/rare_charm.html 7
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Results on rare charm decays

https://hflav-eos.web.cern.ch/hflav-eos/charm/rare/Spring2021/rare_charm.html

D+ Ds+ Λc+

Still lots of unexplored channels...
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Charm datasets @ BESIII
• Pairs of charm hadrons produced near threshold w/o additional hadrons

• Advantages:
• Low background level
• Full event info, neutrino kinematics can be inferred
• Absolute branching fraction measurement possible with one 𝐷(𝑠) tagged
• Superb EMC performance on 𝑒 / 𝛾 / 𝜋0

𝑒−

𝐷

𝐷

𝑒+ 𝑒−

𝐷∗+
𝑠

𝐷−
𝑠

𝐷+
𝑠

𝛾/𝜋0

𝑒+
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Double-Tag method
• Fully reconstructed 𝐷 at tag side (ST)
• Requiring signal decay at the other side
(DT)
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Search for Λ+
c → 𝛴+𝛾 and Ξ0

c → 𝛯0𝛾

• First search for weak radiative decays of
charm baryons

• Using 980 fb-1 Belle data
• Normalized to decays of Λ+

c → 𝑝𝐾−𝜋+ and
Ξ0

c → 𝛯+𝜋+

• Data-driven method to determine peaking
contributions from Ξ0

c → 𝛯0𝜋0 and Ξ0
c → 𝛯0𝜂

• No obvious signal found, upper limit
determined @ 90% CL:
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Search for Λ+
c → 𝛴+𝛾

• Using 4.5 fb-1 data @ Ecm∈ 4.6, 4.7 GeV
• Double-tag method with Λ−

c reconstructed in
10 hadronic decay modes

• Peaking background of Λ+
c → 𝛴+𝜋0

determined from MC
• Upper limit @ 90% CL is set:
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• First search for radiative D+ decays
• Using 20.3 fb-1 data @ Ecm = 3.773 GeV
• Double-tag method with D−

reconstructed in 6 hadronic decay
modes

• Requiring ρ+(𝐾∗+) → 𝜋+(𝐾+)𝜋0

• Upper limits @ 90% CL are set:
• 𝐵 𝐷+ → 𝛾𝜌+ < 1.3 × 10−5

• 𝐵 𝐷+ → 𝛾𝐾∗+ < 1.8 × 10−5
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𝑁𝛾𝜌+: 6.8+12.4
−11.2

𝑁𝛾𝐾∗+: 1.8+5.2
−4.3

Search for D+ → 𝛾𝜌+ and D+ → 𝛾𝐾∗+
JHEP 12 (2024) 206



Search for 𝐷+
𝑠 → 𝛾𝜌(770)+

• First search for a radiative 𝐷+
𝑠 decay

• BF important to test QCD-based LD
calculations & predictions of CPV in D
decays

• 7.33 fb-1 data @ Ecm∈ 4.128, 4.226
GeV

• Double-tag method with five modes
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Search for 𝐷+
𝑠 → 𝛾𝜌(770)+

• 2D fit to extract signal yield NDT = 33 ± 14 with statistical
significance of 2.5σ
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Search for 𝐷+
𝑠 → 𝛾𝜌(770)+

• 2D fit to extract signal yield NDT = 33 ± 14 with
statistical significance of 2.5σ

• The BF is measured to be

with UL set at < 6.1 × 10−4 @ 90% CL
𝐵 𝐷+

𝑠 → 𝛾𝜌(770)+ = (2.2 ± 0.9 ± 0.2) × 10−4,
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Search for 𝐷0 → 𝜋0𝜈𝜈̅ 
• First search on charm hadron decays into 𝜈𝜈̅
final states

• Reliable modeling of 𝐾0
𝐿 backgrounds crucial for

this analysis with 𝐷0 → 𝜋0𝐾0
𝐿𝑋 decays as

dominating residual background
• Two steps based on data-driven methods:

• Model 𝐾0
𝐿 energy deposit (𝐸

𝐾0
𝐿

EMC) using high-purity
samples of 𝐽/𝜓 → 𝜙𝐾±𝜋∓𝐾0

𝐿 and 𝐽/𝜓 → 𝐾±𝜋∓𝐾0
𝐿

• Model energy deposit of 𝑋 (𝐸𝑋
EMC) and 𝐾0

𝐿 kinematics
using data sample of 𝐷0 → 𝜋0𝐾0

𝑆(𝜋+𝜋−)𝑋

• 𝐸EMC = 𝐸
𝐾0

𝐿
EMC + 𝐸𝑋

EMC

PRD 105 (2022) L071102
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Search for 𝐷0 → 𝜋0𝜈𝜈̅ 

• First upper limit based on 2.93 fb-1
data @ 3.773 GeV:

PRD 105 (2022) L071102

𝐵 𝐷0 → 𝜋0𝜈𝜈 < 2.1 × 10−4 @ 90% 𝐶𝐿
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Search for 𝐷+
𝑠 → ℎℎ′𝑒𝑒 decays

• First search for four-body 𝐷+
𝑠 decays to an electron pair

• Using 7.33 fb-1 data @ 4.128-4.226 GeV
• 𝐷+

𝑠 mainly from 𝑒+𝑒− → 𝐷∗±
𝑠 𝐷∓

𝑠 , with total number of 𝑁𝐷±
𝑠 𝐷∓

𝑠
= 64.7 ± 0.3 ± 105

• Single-tag method, the BF for a given channel is given by:

• 2D optimization of requirements on Mrec vs. ΔM

PRD 104, 012016 (2021)
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Results on 𝐷+
𝑠 → ℎ(ℎ0)𝜙(𝑒+𝑒−)

NB: Using 𝐷+
𝑠 → 𝜋+𝜙, LHCb measured

[JHEP 05 (2024) 293]
21

Rarest charm hadron decay
observed by BESIII

PRL 133 (2024) 121801



Upper limits on 𝐷+
𝑠 → ℎℎ′𝑒+𝑒−

• FCNC 𝑐 → 𝑢𝑒+𝑒− process, highly
suppressed in SM

• Exclusion of events with 𝑀(𝑒+𝑒−)∈
[0.96, 1.05] GeV for mode 𝜋+𝜋0𝑒+𝑒−

• Likelihood scan to determine upper limits
@ 90% CL:
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All first upper limits!

[PRL 133 (2024) 121801]



Search for 𝐷+
𝑠 → ℎ−ℎ0𝑒+𝑒+

• LNV (𝛥𝐿 = 2) process could be mediated
by a single Majorana neutrino

• First upper limits @ 90% CL:

JHEP 01 (2025) 109
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First mass scan in a 𝐷 → 𝑉ℓ𝜈𝑚
process



Search for 𝐷0 → 𝑝𝑒

• Flavor of D determined from tag
side

• Background suppression with:

• Almost background free
• No signal found, upper limits @
90% CL are set:

PRD 105 (2022) 032006
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2.93 fb-1@ 3.773 GeV



Search for 𝐷+ → 𝑛(𝑛̅)𝑒+

• 𝐷− tagged to suppress non-DD
backgrounds

• 𝑛(𝑛̅) regarded as missing particle
• GBDT based on EMC shower
shape trained to suppress
background

• Fit to 𝑛(𝑛̅) mass to extract signals
• Upper limits @ 90% CL are set:

PRD 106 (2022) 112009

𝐵 𝐷+(−) → 𝑛 𝑛 𝑒+(−) < 1.43 × 10−5 w/ 𝛥|𝐵 − 𝐿| = 0

𝐷+ → 𝑛̅𝑒+ 𝐷− → 𝑛𝑒−

𝐷− → 𝑛̅𝑒− 𝐷+ → 𝑛𝑒+

𝐵 𝐷+(−) → 𝑛 𝑛 ̅ 𝑒+(−) < 2.91 × 10−5 w/ 𝛥|𝐵 − 𝐿| = 2
25
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• Using 4.5 fb-1 data @ Ecm∈ 4.6, 4.7 GeV
• Double-tag method with Λ−

c reconstructed in
10 hadronic decay modes

• Peaking background of Λ+
c → 𝑝𝐾𝐿 determined

from MC
• Upper limit @ 90% CL is set for the first time:
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PRD 106 (2022) 072008

Search for a massless dark photon in
Λ+

c → 𝑝𝛾′



• Using 7.9 fb-1 data @ 3.773 GeV
• Double-tag method with 𝐷0 reconstructed in
3 hadronic decay modes

• Upper limits @ 90% CL are set for the first
time:
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PRD 106 (2022) 072008

Search for a massless dark photon in
𝐷0 → 𝜔𝛾′ and 𝐷0 → 𝛾𝛾′



• Using 7.9 fb-1 data @ 3.773 GeV
• Double-tag method with 𝐷0 reconstructed in
3 hadronic decay modes

• Upper limits @ 90% CL are set for the first
time:

• Most stringent constraint on NP energy scale
associated with c → uγ′ coupling:
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PRD 106 (2022) 072008

Search for a massless dark photon in
𝐷0 → 𝜔𝛾′ and 𝐷0 → 𝛾𝛾′

Reaching for
the first time



Prospects
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Summary
• Rare/forbidden D decays related to 𝑐 → 𝑢 processes offer unique
opportunities for indirect NP searches

• LNV & BNV decays are useful to test different NP models
• Synergies among BESIII/BELLEII/LHCb important to narrow down
on NP

• A lot of analyses still in the pipeline, stay tuned!
• Updated searches on 𝐷 → ℎ(ℎ(′))𝑒+𝑒−

• Radiative 𝐷(𝑠) decays
• LFV 𝐷(𝑠) → ℎℎ′𝑒𝜇 decays
• Invisible (𝐷(𝑠) → 𝑋𝜈𝜈 ) decays
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