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Why rare charm decays?

P Flavour-Changing-Neutral-Currents (FCNCs)
only allowed at loop-level in SM

P> NP contributions possibly sizable

P> Unique opportunity to probe FCNCs for

up-type quarks inside hadrons Ve Viat VeV +Va Vi, =

P Special features of charm:
Stronger GIM suppression than K and

B-physics ) 5
1
, , Ale — u) QV(:*sv:H(f(m;)—f(m—;‘))
» Much less done than in experiment and 167 miy miy
cb u/) 5
P> Resonance contributions dominate over 16 ol %/V miy

short-distance contributions
P Focus on null test observables
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Progressinc — uptp~

P> SM+NP description with EFT ansatz

4Gpa, , B _
Ho==—5 722 Gl Ol eg 0% = (anm vucrim) (097750

i

P> Bounds on GIM-protected Wilson coefficients

B(D° — ) < 2.2-1072 fons, 200 = |C1p— Clol $0.52

C1iol, 1€ S 0.7
B(D+ — 7T+/L/L) < 67 . 1078 [LHCb, arXiv:2011.00217]  —> |€10 + @10| S 085 } | 10| | 10|

P> Bounds on scalar- & pseudoscalar Wilson coefficients

1/2
B0 =) - (I€s— sl +16p—Cp) " 5 0.08 , /
) s €51, 151, 185l 1€l < 0.4
B(D* = wrpp) = (|Cs+Cs> +1Cp+CH*) " £0.60

» Competitive bounds on dipole coefficients ( slightly stronger than from D — pv)
B(/lc — pﬂ'+/1'_)low-q2 < 0.93-107% twew, anivasormuz — |€7| ) |€/7| <02
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Beyond branching ratios - angular observables

P Uncertainty (orange band) dominated by
strong phases

P> Constrain NP above resonances in low- &
high-¢? region

B resonant SM
10774 — dug) ~ % =7(m)
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¢/ GeV?
[H. Gisbert, G. Hiller, DS, arXiv:2410.00115]
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P Use angular observables with null tests
P> NP signal via resonance enhanced

contributions

P Strong dependence on strong phases
P> Interpretation in terms of Wilson
coefficients limits difficult
(even more for D° — 7t ptp~)

0.69 —— 6,=0,8,=0,8,=m Cqo=03

Null'test observable

0.96 0.98 1.00 1.02 1.04 1.06 1.08 1.10 112
¢*/ GeV?
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First global |Ac| = |Au| = 1 fit

Using Bof D° — u*p~, DT — 7mfutu~, A, — pu*p~ and angular analysis of D — 7ra—putp~

e SM

e SM

27 * best fit value *  best fit value
W Global Fit W Global Fit
WAL ot AL = putus

—4 e D s rtr | B D° - atnutu
R W Dt - wtptps
DOty D — ptu~
—6 T T
—1.5 —-1.0 —-0.5 0.0 0.5 1.0 1.5
RE(C7) Re(Cg)

[H. Gisbert, G. Hiller, DS, arXiv:2410.00115]

» clean null tests (S; ¢ ;) & (A; ;) of D® — 7*7~ p*p~ due to GIM-protection (o @)
P NEW First measurement of clean null test (Agg) in A, — put 1™ wieb, ancivasorosorsl
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Complementarity & Rising star A, — pu*tu~

P> all channels needed

P projection for (Apg) in
optimized ¢2-bins looks
promising

D. Suelmann (TU Dortmund)

2 0 1 2
Re {c10 + C;O}

[H. Gisbert, G. Hiller, DS, arXiv:2410.00115]
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present
50 B(AL = putp7)
[0 B(D" s 7nfpp)
B(D® = i)
future
—-== sensitivity Z(Apg)
B Y (Apg)
T (S5)565.750 fixed phases
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Status and advantages of ¢ — uv

» Branching ratio is clean null test because of GIM suppression (C’iLjLSM = GzLSM = 0)

P No relevant resonance pollution
P> various NP models motivating enhanced signals in invisible modes
P> Few measurements available — lots of opportunities for Belle Il

B(DO — Z’I’L’UZS’Lble) < 94 . 1075 [Belle, arXiv:1611.09455] B(DO — 7T0Vl_/) < 2]. . 1074 [BESIII, arXiv:2112.14236]

» Dedicated searches for specific NP models (massless Z’ / dark photon)
B(AC — p'y/) < 8.0-107° (sesi, arxivzzo8.06a6] B(DO — w'y’) < 1.1-1077 (sesi, arxivzson cas7e)
B(DO — ’y’y’) <20- 106 [BESIII, arXiv:2409.02578]
» Wishlist for the future:

AF — puw, DY = ntamup, DY — ntup ...

& improvements on existing modes!
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Rare charm + invisible signatures

1.) Light right-handed neutrino
2.) Light Z' decaying to dark sector

3.) Axion-like particles (ALPs)




Light neutrinos, light Z' & ALPs

1.) Light neutrino EFT

> Effe Ctive Ham | lton ia N [Bause et al., arXiv:2010.02225]

I/ v; 4 i 17
= GFE:CJ Y,
P> Operators with left-handed neutrinos:

ij

only v, QZLJL = (?L’YHCL)(IEjL’YMViL)
RL — (UR’YHCR)(VjL’Y“ViL)

P> GIM & CKM suppression with no resonance
pollution

i _ e _
> C’LL,SM - CJRL,SM =0
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Light neutrinos, light Z' & ALPs

1.) Light neutrino EFT

b Effective Hamiltonian feause etat, anvaomonzs) P Extend by light right-handed neutrinos:
2R (ﬁ ")/[LCL)(_JR’)/ v )
i 4GFZC” Zj—l-h.C. z@%R = (urucr)WirY"ViR)
g = (aLCR)(VjVi)
' . Vg + Vg % = (I}LCR)(’?J'%VZ)
P> Operators with left-handed neutrinos: Qg = (ugep)(vy;)
Q7 = (i — /g;g = (?RCL)(DJPYE)V’L)
only ”L{ f}L : ?LVHCL)(I?L’Y vir) 32 (UJWC)(VJ,UWVZ,)
ke = (WrYuCR) (VY ViL) QL = (o) (7,0 y5v;)

P> GIM & CKM suppression with no resonance

pollution

i _ e _
> C’LL,SM - GRL,SM =0

D. Suelmann (TU Dortmund)

p Contribution to D° — nothing now
possible

p 3-body decay for D — 7w
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Light neutrinos, light Z' & ALPs

2.) Light Z’

P Light neutral Z’ vector boson from

3.) Axion-like particles (ALPs)

P> ALPs are pseudo Nambu-Goldstone
/
U(1)" gauge group bosons of spontaneously broken
[Dobrescu,arXiv:hep-ph/0411004, ). Eguren et. al., arXiv:2405.00108] .
. global symmetries
P> Decay dominantly to dark sector . .
. . P> derived from several well motivated
particles with mass m -
X theories
- 1 P P » EFT approach [Bauer et. al., arXiv:2012.12272]
e —_— U v 4 . . . . . .
Cz C Aeﬂ:u (CD + 75CD5) o ez P Long lifetimes give h, — F + invisible
+C¥upyre, Z, + CE iy erZ), + he. signature
A4 z! L'c—m_aﬂ_a kV_ —|—kA_ —|—hC
+Cy X)?’Y”XZL +C3 XX’Y”’YsXZ,Q AP = Doy \Mi2 Uy, € 12UV, V5€ L.
P 2-body decay for D — 7°
P 3-body decay for D° — 7°Z'(— xx) y y ma
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Opportunities in rare charm decays

8. Sep. 2025



SU(2), link for left-handed neutrinos

oo C,Ed) J
Lomerr = Lom + Z Z = QE )
4

P Using SMEFT framework v, and ¢* share SU(2), doublet
e- (o)
VoL

Q&) = @’y#Qf’y“L Q(e?;) = @’YNTGQZTG’)/“L
Q= U’y“vaf‘L Qpa = E’yquy"L

» Consider new physics in

P> Bause etal, anivaooz221 Upper limits through SU(2) . link for flavour scenarios:

P Lepton Universal (LU) P charged lepton flavor conserving (cLFC)

P democratic P general

D. Suelmann (TU Dortmund) Opportunities in rare charm decays 8. Sep. 2025



SU(2), link for left-handed neutrinos

P Using SMEFT framework v, and ¢+ Brrs By Bemocratic Betrc  Bageneral
share SU(2), doublet [1074] [1076] [1079) [1075] [1079]
' A, = pov 2.4 1.9 5.7 1.1 39
L=
(VeL> 107 —
Preliminary WET (D° — n°v7)
> [Bause et al., arXiv:2010.02225] Uppel‘ limitS SMIFT (gencral)

1 10734 SMEFT (cLFC)
through SU(2),, link for flavour SMEFT (democratic)

q
. -
scenarios: & SMEFT (LU)
~

P> Lepton Universal (LU) < 107 5
Y
. S
P democratic T |ow 1075 4
+o|
P charged lepton flavor conserving =
(CLFC) ~= 1076_
P general
1077 . : . . . ; :
» WET EFT bound D° —s 701 0.00 025 050 075 1.00 1.25 1.50 1.75
. 2/ GeV?
(some vector & axial-vector (6. Hiller, DS, Work in progress] q/ Ge

operators unconstrained) b direct v, + v EFT bound weaker than SU(2), bounds

D. Suelmann (TU Dortmund)

Opportunities in rare charm decays 8. Sep. 2025



Shape matters - Extended neutrino EFT with v; and v,

b Different shapes for
different operators
(arbitrarily normalized)

P> Scalar & pseudoscalar
contributions with steep
slope ¢> = 0

D. Suelmann (TU Dortmund)
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[G. Hiller, DS, Work in progress]
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Extended neutrino EFT with »; and v,

P Upper bounds on
A, — pvv from

[Belle, arXiv:1611.09455]
B(D® — invisible) < 9.4-107°
[BESIII, arXiv:2112.14236]

B(D° — 7ww) < 2.1-1074

P> Note: Some operators
unconstrained

D. Suelmann (TU Dortmund)

[G. Hiller, DS, Work in progress]

Bsp_ Bspy Brry B

T
(1077 [107%] [107%] [1073]
A, — pvv 5.6 1.1 2.4 1.1
1072 —
Preliminary D° - nothing
Scalar &
|
““> 1 073 | ﬂT o _)p::l:;o—scalar
S &
(f)') B LR+ p:;ljadro-scalar
~ 10—4 i fr— Veptlor &
o~ axial-vector
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T o~ —5 |
+ o g 10
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1077 / . \ .
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q? / GeV?

[G. Hiller, DS, Work in progress]
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Upper limits on branching ratios

[G. Hiller, DS, Work in progress]

v;pandv; g

Light Z” and x
(myrymy, Iyr) = (1,0,0.1)GeV

SU(2),, link

[Bause et al,, arXiv:2010.02225], [G. Hiller, DS, Work in progress]

hc — Fuw BSP— BSP+ BLR+ 23T B{Z// Bg/ BLU Bdemocratic BcLFC Bgeneral
[1077] [1077] [107*] [107*] [1074) [1077] [107F] [107°] [107%] [1077]
A, — pvv 5.6 1.1 24 112 3.1 17.8 1.9 5.7 1.1 3.9
DO - [21] [21] [2.1] 2.1] [2.1] 0.61 20 035 13
DY —wmtwp - 105 85 102 10.5 10.7 2.5 7.9 14 52
1072 —
Prelimina ry Bounds D° - nothing
— VL) Scalar &
o 10-3 p;e;\;doscgla_r
> Bounds = 7w
o i) Scalar &
. 0] seudo-scalar
» Dt — xtup with cuts on ¢2 to R et
remove tree-level ~background H o T
Tl 1070 z \/:ecltor.éa
P> Similar constraints for benchmark < = 7’ Dipole
. Q
of light Z’ model SLRSURY ‘
1077 h |
0.0 0.5 1.0 1.5 2.0
¢? / GeV?

[G. Hiller, DS, Work in progress]
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Upper limits for ALPs

» Use D° — 7% as
constraints on ALP couplings
» Dependence on ALP mass m, o e - o 102 100
and decay width R T G
_ {Preliminary
P B(A, — pa) ~ O(107%) 35
- 3.04
P> Note: Some operators 5,
unconstrained ="
22.04
3
< 1.5
2104
0.59 kYp/f. I =0GeV |
0.0 T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

m, | GeV
[G. Hiller, DS, Work in progress]
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el x10-°
% b Dt » atrety,
g HHYPT
P> Complicated 4-body decay 2 HHXPT,
P Sensitivity studies @ FCC-ee = 0o
[T. Hacheney, et. al, https://doi.org/10.17181/e3nw3-fx653] E 0.4
P> Update NP predictions by o
different form factor models D; ‘
| 4 HHXPT [Bause et. al, arxiv:2010.02225) g 0-07 . . . . . . . .
P HHYPT, with added resonances v, [Ogevz /if] D
P> data driven via measurements of — 0
+ +oet Z . e,
D" — 7 meT v, [esin, 1809.06u96] 3. Preliminary gHXPT 2
S, HHXPT, .
% 34
Form factors 3LU 3democratic BCLFC ﬂgeneral =
D° — nfrww [1077] [1079)] [1076] [1079]
data driven 4.4 1.3 2.5 9.2
HHxPT 29  0.86 1.6 6.0
HHXPT o 14 043 0.83 3.0
Q
g . . . . .

0.0 0.5 1.0 1.5 2.0 2.5
e [GeV2 /cz]
[A. Canto, T. Hacheney, G. Hiller, D. Mitzel, S. Monteil, L. R6hrig, DS, work in progress]
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Radiative charm decays

Adapted from [S. De Boer, G. Hiller, arXiv:1701.06392] NEW

branching ratio D° — p%y D° — wy Dt = pty D, - K*"y
HSI+WA (0.11—3.8)-10° ] (0.078—5.2)- 10 ° [ (1.6—1.9)- 10T [ (1.0—1.4)- 107
data (1.77£0.31) - 10° <24-1071 <1.3-107°
[BESIII, arXiv:2410.06500]
1 branching ratio D° - ¢y DY — K0y DY — K*0y Dt = K*y D, = pty
> Op_en problem with WA (0.0074 —1.2) - 1077 | (0.011 —1.6) - 10~* | (0.032 —4.4)- 10" | (073 —1.1)- 10> | (1.8 —2.9) - 10~
estimates from Weak data (276 £0.21)- 10 ° | (4.66 + 0.30) - 10 7 <1.8-10° (22+£0.9)-10 7
an nihilation (WA) (2.814£0.41)-107° | (3.31+£0.34) - 107 {osin, anc (e,
. i Measure
P Incompatible . Theory Estmate wa e
DO — K*0y 3 —
measurements by Belle o] L -
& BaBar
—F—
» Df — K*ty, D° — K*0y = 3
unconstrained £
€ 107° 4
P> Measure baryons? ®
B(A, — py) ~ O(107°)

[S. De Boer, G. Hiller, arXiv:1701.06392]

Do=p%  DPswy  DTopty DI oKty DOsgy DOsK*y  DOsK*y DT oK'ty DF-pty
Decay Modes
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P> Many recent advancements in rare charm decays
P Promising future for charm

P> Angular null test become accessible in ¢ — up™u™
P> Dineutrino branching ratios as clean nulltests in charm
P> Various well motivated models induce decays with missing energy

P Lots of channels not or weakly constrained
P AY = pup, D° — ntrmup, DT — 1t

» Radiative decays are/become reachable by experiments

P> Advancements will help to increase understanding of QCD effects for charm

Thank you for your attention!
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