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« Background info

e A selection of recent results on

* Weak radiative charm hadron decays
 FCNC related decays (hvv, hh'/ete™)

* LNV decays
BNV decays
» Search for massless dark photon in ¢ — uy’

* Prospects & summary



Summary of charm decays

Charm provide a unique environment for

BFs expected in SM
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testing the SM rare/forbidden decays and searching for NP

_ Complementary information to B and K
Cabibbo favor sectors with down-type quarks

Single Cabibbo suppressed
Doubly Cabibbo suppressed

Radiative decays

Long distance:
Vector meson Dominance (SM)

Short distance FCNC (SM+NP)

(NP)
Forbidden decays: LNV. LFV. BNV

DO—KY%/dy/wy/py
D*g—K™*y/pty

D% —>yy/VV'(I1-)/ hV(I*1-) hh'V(I*1)

D%*—yyINI*-/hI*I-/hh'I*1-
D> ptu-lete-

D—(hh)utut/(hh)etet
D—(h)ute~
D—(h)pe—

Rare decays



Flavor Changing Neutral Currents in charm

» ¢ — u processes forbidden at tree level in SM, only

allowed in loop and box diagrams H
« Strongly suppressed due to GIM cancellation: . 4

« Expected SM BF ~O(107?)

3
* NP might manifest in the loops box diagram
D — Xt~ & D — yX dominated by Long -Distance « S
contributions L 10 e ! yor ’f
 Vector Meson Dominance (VMD) 2" 7" 4 o :

—

» BF ~O(10°%) for D — X¢*¢~ =

* BFupto 10*for D — yX :1:}
T

* VMD insignificantin D — Xvv & ol 4
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Lepton Number Violation

* Lepton Number Violation (AL # 0) is forbidden in
SM

* Neutrino oscillation — m,, # 0 — New Physics
needed to explain mass origin

* Nature of neutrino: Dirac or Majorana (v,,)?

* Majorana neutrino can lead to AL =2 LNV
processes

* LNV is introduced in many NP models:

« 4" quark generation, SO(10) SUSY GUT, exotic Higgs,

etc.

* LNV processes have been widely searched for in
7, 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

*BFsof D — B{, B=AXpn

expected to be no more than
O(10_29) [PRD 72, 095001 (2005)]

Feynman diagrams under operators

A (B_L) =0 with dimension six
e e’
X < 5(d) 48 < i
( “I j‘“ I il ( ,’l }I‘ S { (7)
g \/ g 7 \Jg

(a)

A(B-L)=2 _ ®

Feynman diagrams under operators
with dimension seven
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Results on rare charm decays
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Still lots of unexplored channels...
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Charm datasets @ BESIII

 Pairs of charm hadrons produced near threshold w/o additional hadrons

20F g
O: Fi
= ik PEGEGT ; ~ B I 3= 4178 Gev
= 3 Sateg  ~12Mb° F v
e 15- 1 2023-2024 g 5 Il - 41284157 Gev 414! e +
2 Z E 4.189-4.226 GeV
‘D i z 4r
&g 1 O = &
g L = 3
5 B 4.98 fb"! g :
= 5 I Zi)ZZ. ready - 25_ 3.19 b
r 3 1= 0.6 b
5 0.818 fy"! 293 " E ]
O i S o . 201042011, 0- ........................
CLEO-c¢ BESIII CLEO-c BESIII

« ete™ — (3770) — DD, Liny =2.93+4.98 (+12) fb~!
* ete” — DD}, \/s=4.128 — 4.226 GeV, Liny=7.33 fb~!

« Advantages:
* Low background level
 Full event info, neutrino kinematics can be inferred
» Absolute branching fraction measurement possible with one 5(5) tagged

« Superb EMC performance one/y / 7"



Double-Tag method

» Fully reconstructed D at tag side (ST)

* Requiring signal decay at the other side
(DT)

ST yields:

N%l(‘s)=2>< NDI_) X BST X SST

DT yield:

N,S)";’“a'=2>< Npp X Bsp X Bgig X Es75i9

The signal branching fraction:

Signal side

D{}

10
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(a)

PRD 107 (2023) 032001

Search for Af — Xy and £ — E0y

;“Jﬁ (b) ;f.
= L c = = S

 First search for weak radiative decays of -«
charm baryons "

* Using 980 fb-" Belle data d

« Normalized to decays of Ay — pK~ ™ and
EO — Bt

» Data-driven method to determine peaklng
contributions from £ — Z%7Y and ¢ — E07

* No obvious signal found, upper limit
determined @ 90% CL.:

B(E? - 2%) < 1.8 x 1074

Events/ 5 MeV/c?

Pull

- -~
w+
) =0
> u d > > u
= u s > > ]
T T T T T T T T — T T
[ (b) ——Data  we Comhlnatorlal_
L e Total Fit anas E0 5000
L —— Signal weeen E05EM
3 Broken-signal =" Sideband

2.3 2'4 2.'5 2.6
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PRD 107 (2023) 032001

Search for Af — Xy and £ — E0y

(a) ;:;‘44 (b) )i:rr\";‘
 First search for weak radiative decays of ¢—3">—s c——>g >
charm baryons 5 é o Wé -
» Using 980 fb' Belle data g 2t =8 @ =" =
« Normalized to decays of Ay — pK~ ™ and O o oma o combimatoar
B - Etnt ) Sy S
> B Broken-signal L* Sideband
« Data-driven method to determine peaking =~ E
contributions from EQ — EV70 and E2 — 501 2 «fEmET 7w E
» No obvious signal found, upper limit TR e s
determined @ 90% CL: _ L

B(Af = =ty) <2.6x 107

2.1

2.2 2.3
M(Z*y) GeV/c?

2.4



Besm PRD 107 (2023) 052002
Search for A — Xy §

« Using 4.5 fb' data @ E.,€[4.6,4.7] GeV Kd s . -
» Double-tag method with A reconstructed in .
10 hadronic decay modes y — g "
- Peaking background of Ay — X+ 7 I (o :
determined from MC : |
» Upper limit @ 90% CL is set: oL A -

Events / 2.5MeV/c?

N
LI I B

B(Af - Xty) <44 x 1074

L B L _. ED_

YA r;%_

2.1 2. 2.25 2.3 2.35
Mee (GeVic?)

o
=1
=1
z
=
=
=




Besm JHEP 12 (2024) 206
Search for D* — yp* and D™ — yK**

d (3)
(KT

* First search for radiative D™ decays
* Using 20.3 fb' data @ E.,, = 3.773 GeV '

Y- Sl R PN 681124,
» Double-tag method with D ot [ Nypri 687515 s
reconstructed in 6 hadronic decay 2
mOd eS a 10“3;_---‘ | S | | 102
» Requiring p*(K**) — n*(K*)r” I B
 Upper limits @ 90% CL are set: % 1ol
« B(D* - yp*) <1.3x107° :
+ B(D* - yK**) < 1.8 x 1072 e
- TRTTENTENTT R WS



Besm JHEP 11 (2024) 119
Search for D — yp(77())+

» First search for a radiative DY decay -
- BF important to test QCD-based LD o

i9 s 2
M, (GeV/c?)

calculations & predictions of CPV in D

8000 000
decays Sl \] 5]
¢ 733 fb data @ EcmE [4.128, 4.226] 2 - gllil:xu% £ o0
Gev 5 2000+ | 5 F
_ _ et - il ‘, =
* Double-tag method with five modes
= D,—»KrTnt
DT EEI()()()O—
N o
B(DY — yp(770)F) = e f ol I
' B® > 1) T NareR T/,

L
M, (GeV/c?) 15



BESII

Search for D — yp(770)*

« 2D fit to extract signal yield Npt = 33 = 14 with statistical

significance of 2.50

Events/10.0 MeV/c¢?

40r

= total fit

M o (GeV/c?)

Events/0.1

401

30/

20

JHEP 11 (2024) 119

10f

c) — total fit
e signal

'\\
L Bother




BESIT
Search for D — yp(770)*

« 2D fit to extract signal yield Npt =33 £ 14 w
statistical significance of 2.50

 The BF Is measured to be
B (D;r — yp(770)+) =(22+09+0.2) X

with UL setat <6.1 x 107™* @ 90% CL

JHEP 11 (2024) 119

signal yield

0 20 40 60 80
I I T
| ] h l I
£
2 0.5 -
\ p L
B(DZ— pHy)(x 107)
| T T T T T T |
QCD sum rules 0.47
vector-meson dominance  (0.6-3.8) ---
hybrid framework 2-8)  =----
weak annihilation (18-29) | eeeeaaa-
light-cone sum rules 2.1
This paper 2.2+10.9+0.2 =
this paper (upper limit) <6.1
| 1 1 1 I | | | | |
20

0
B(D;— yp*)(x 10"%)



Besm PRD 105 (2022) L071102

Search for DV — 70vv

Missing mass
O T S—
22 = Sy ;
2 B oo oo s
 First search on charm hadron decays into v¥ >
i 0.0
final states = By

Events/0.03 GeV*/c
o

* Reliable modeling of Kg backgrounds crucial for
this analysis with D — 1°K; X decays as
dominating residual background

* Two steps based on data-driven methods:
0

» Model K] energy deposit (EI];{,[C) using high-purity
samples of ]/ — ¢K*n* K] and Jji — K*n* K}
* Model energy deposit of X (Eé%c) and Kg kinematics
using data sample of D’ — n’K¢(n* ™)X
KO
* Epme = Epnie + Eimc

— — K! control sample -

--- D°-n%KIX control sample

0.05

Event / arbitrary unit

0.1 gEE —— Shape of D°-n°K{X
il
E
.

Eenc [GeV]

18



Fit with MC shape
BES]]I N, = 14 + 30 PRD 105 (2022) L071102

400

Search for DY — 7% sl T L

300F— D" KX Signal Shape

250
200

* First upper limit based on 2.93 fb” 150
data @ 3.773 GeV: 100

B (DO — 7'(01/17) <2.1x10™* @90% CL

Events / 40 MeV

_ t T
2 ol bbpttin gt g

-I['l_lllllll_l:llll |IIII||||I|IIII

TABLE I. Summary of systematic uncertainties on the signal

yield and detection efficiencies. x10° | ; ; | ;
Source Size i &
2] - -
Number of 7" 4.0% | -
7" reconstruction 2.0% .% . i
Number of charged tracks 1.6% S T il
M2, requirement 0.7% < [ i
Signal model 0.5% S nsl —
_D .
Wrong-tag background 1.7 E - -
7K X background shape Negligible z r -
Branching fraction of 7z — yy Negligible i ]
o S— @ % ¢ ol x107°
0.4 0.2 0 0.2 0.4 19

Branching fraction



Besm PRL 133 (2024) 121801
JHEP 01 (2025) 109

Search for D7 — hh’ee decays

First search for four-body D: decays to an electron pair

Using 7.33 fb™' data @ 4.128-4.226 GeV
D] mainly from e*e~ — DD, with total number of N, = = (64.7 £ 0.3) £ 10°

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

Nsig PRD 104 012016 (2021)

B(Df = k™ (h“) e =

2 ‘\D DT € - Billl.m' St

« 2D optimization of requirements on M. vs. AM ﬁz:‘ﬁ
“;2

ﬂjﬁ‘(' S \/(Ecm = \/]ﬁ 3 ‘2 = ]71?__):) — ’PD+ ’2? EE 20.8

AM = M(D}~) - M(D7),

AP P B S,/ P B
0.05 0.1 0.15 0.2 0.25
2
AM(GeV/c) 20



BESII

PRL 133 (2024) 121801

Results on Df — h(h")p(ete™)

Events / (3.5 MeV/c?)

Events / (3.5 MeV/c?)
=

— —
o a1
T | T T LI T

o)
T T T T T

DY S3aTd.d = eTe
Rarest charm hadron decay

—{-data observed by BESIIT
--- background y%d.o.f: 9.5/20
-+ signal |

o‘ b
'
e b
5 s
: i

T e
o o] o | Ty e Moy

—
IIU]I S |

Iml T T T

+
T T T T |

Dy 2 p7¢,pT 9 aTn, ¢ > ete

12/d.o.f: 16.2/33

« M(ete™) € [0.98,1.04] GeV/c?
e M(n*n?) € [0.60,0.95] GeV/c?

* Unbinned maximum likelihood
fits to the M(Dy) distributions

Decay Nag € (%) B (x107°)

ke” 38001 951
LY 121

LIRS -1 0.03
2 006

DY wntp, ¢ — e

DY = pto,0 > eTe”

780 forDf » v, p > eTe”

440 for Df - ptp,d > eTe”

NB: Using D) — 7" ¢, LHCb measured

Ror = 1.022 + 0.012 (stat) + 0.048 (syst)
[JHEP 05 (2024) 293]

21



BES]]I [PRL 133 (2024) 121801]62_; 150 B g i
+ + % E +data
u u — =100 */d.0.f:25.8/36 i BRRKE B
Upper limits on D — hh’eTe™ 3 e
% S0 ﬁ%%f
° _|_ —_ " O_ PR el o] o T LT i e
FCNC ¢ — ue™e” process, highly o o
suppressed in SM Sto0
] ] = - y2/d.o.f: 36.2/35
 Exclusion of events with M(e*e™)e .
[0.96, 1.05] GeV for mode t*rtVe*e™ g% s I b 4
ol + 1+
o Decay Nisig e (%) B (x107°) o
Df = ntnlete 7.4 < 7.0 % 40__ Sk A
DY = KT n'ete™ 9.3 el E —
D} 5 K¥ntete 6.7 <8.1 520‘
All first upper limits! 2 |
0




BESII

Search for D — h=hVe*e?

- " et
mediate
\\\

* LNV (AL = 2) process could be

by a single Majorana neutrino

* First upper limits @ 90% CL.:

Decay channel e (%) BuL (BEPected)

Df — ¢gmetet 3.0+£0.1 6.9 (3.5) x 107°
Df — ¢K~etet 1.84+0.1 9.9 (10.8) x 1073
DY s Kl e'e” B4AE01 1324 %107
Df — A“A etet  40+£01 29(23)x 107
Df -3 q ~r“e+ et 64+01 2.9 (2.7) x 107
Df - K—nletet 5.140.1 4 (3.9) x 10~°

JHEP 01 (2025) 109

DY — ¢~ eTet (CF)

107'E
10—%
10—325
10—4;—

10°E

UL of BF at 90% C.L.

10°E

10—7_I||||I..|.l....l....l....l....l
0.2 3 04 05 0.6 0.7 0.8
m, (GeV/c?)

First mass scanina D — Vv,
process 23



BESII
Search for DV — pe

 Flavor of D determined from tag
side
« Background suppression with:

Energy difference: AE = Epgpar = Ebean

Beam constrained mass: My= \/ EZ,../c*— |Ppo|?/c?

* Almost background free
* No signal found, upper limits @

0 . 4
90% CL are set: Bro_sper < 1.2 x 10

BD()_}pe._ 2 R 10_6

ME (GeV/e2)

(GeV/c?)

M3

PRD 105 (2022) 032006

1.88;— DO Y ﬁe‘l‘

—h

o]

~
I

—h

o)

»
I

1.851

184 2.93 fo’'@ 3.773 GeV

0.10 20.05 0.00 0.05

) 0.10
AE™ (GeV)
1.881 DO —
: — pe
1.87F X
1.86
1.85F
184 293f'@3.773GeV |
-0.10 -0.05 0.00 0.05 0.10
AE™® (GeV) 24



BGSH[ PRD 106 (2022) 112009
Search for DT — n(i)e™

2.93 fb'@ 3.773 GeV

< s Dt — sie* . Do me”
» D~ tagged to suppress non-DD & ¢ g
backgrounds S i =
* n(71) regarded as missing particle & | § _
w g ot TN - S 1 7 Mt -
« GBDT based on EMC shower o i PRI ot il
shape trained to suppress ‘:QE:; iz‘;
background g % | 2.
* Fit to n(77) mass to extract signals ?;f MLl ? g
» Upper limits @ 90% CL are set: " 'RAn&;evicz‘)”L W E “M,(GeV/c?)
B(D*®) »n(n)e*) <143 x 107> w/AB-L| =0 D™ — fie” D* — ne*

B(D*®) - n(m)e*?)) <291 x10 w/AB-L| =2

25



PRD 106 (2022) 072008

BESg[earc;h for a massless dark photon in

Ac = py’ ]
- Using 4.5 fb"' data @ E_,€[4.6,4.7] GeV P Y
» Double-tag method with A reconstructed in d S d
10 hadronic decay modes JFY
- Peaking background of A} — pK; determined i« |
from MC '

« Upper limit @ 90% CL is set for the first time:
B(A! = py') <8.0x 107

Events / 25 MeV?/¢*




PRD 106 (2022) 072008

BESg[earch for a massless dark photon N
DY — wy’ and DV — yy/
« Using 7.9 fb™' data @ 3.773 GeV

» Double-tag method with D° reconstructed in
3 hadronic decay modes

o Upper limits @ 90% CL are set for the first
time: B(DY - wy') < 1.1 x 107> AL 5. |

B(D® — y¢') < 2.0 x 107 —

Events / 0.01 (GeV¥/¢%)

Events / 0.02 (GeV?/ ¢?)
=

. 2 ) S ESVRPY VPO SRS SV IERPPS FHVFFY IPPH ERVPON ESOPOY SN ¥
-0.2 0 0.2 0.4 0.6 0.8
2 2) 4
M2, (GeV?/ct)



PRD 106 (2022) 072008

BGSg.[earch for a massless dark photon Ig
DY — wy’ and DV — yy/

« Using 7.9 fb' data @ 3.773 GeV

» Double-tag method with DY reconstructed in S
3 hadronic decay modes o :thia;rsl??imol

- Upper limits @ 90% CL are set for the first == ot o,
time: B(D(] — C!)]/f) z 1.1 s T | S

[
:

§ — Observed UL

I Expected UL
Expected UL 1o
Expected UL =2¢

._.

=
0y
£

DM+VS allowed region

-
=
L
|
=

UL of |C/*+|C,? @90%C.L. (GeV?)
=
[

R
0 / —6 0o
B(D” - yy') <2.0x 10 I .
- Most stringent constraint on NP energy scale  *f .~ . ===
associated with ¢ — uy’ coupling: gl

P 9 S _:} """"12{;0‘ | I4ll)(|l | lﬁ(lml I l300 | l1000
’C“' e |CS|" < 8.2 x 10 17 GeV - Axp (TeV)



BESII

Prospects

10-6

White Paper
CPC 44 (2020) 040001

10-6

Decay Upper limit Experiment Year Ref. BESIII Expected
DP = nO¢te 0.4 BESIII 2018 [35]
0 ni
D" — nete 0.3 BESIII 2018 [35]
D° 5 wete™ 0.6 BESIII 2018 [35]
) 0+ -
D’ — Kje'e 12 BESIII 2018 [35]
0 =
DY — pe*e 124.0 E791 2001 [36] 0.5
0 -
D" — pete 50.0 E791 2001 [36] 0.5
DP - R*Vete- 47.0 E791 2001 0.5
20 fb-!
D° > ntrete 0.7 BESIII 2018 0.3
D° 5 K*K-ete 11 BESIII 2018 @ 3.773 GeV 0.4
DP s Kntete 4.1 BESIII 2018 [35] 1.6
Dt - rtete 14 BaBar 2011 [37] 0.12
DY - K*ete” 1.0 BaBar 2011 [37] 0.46
D* - n*ne*e” 14 BESIII 2018 [35] 0.5
+ + k0 o+ -
D* — n*Kge*e 26 BESIII 2018 [35] 1.0
+ 0 pr+ 4 o
D* - K0K*e*e 1.1 BESIII 2018 [35] "
D* = K*ne*e 1.5 BESIII 2018 [35] 0.6
- 13.0 BaBar 201 6 fb-1@ 4.18 GeV 700
DY - Ktete i & 7
s 3.7 BaBar 2014 — 1.7




Summary

« Rare/forbidden D decays related to ¢ — 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")ete™
* Radiative D, decays
* LFV D;) — hh’eu decays
* Invisible (D) — Xvv ) decays



