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Why are we interested in invisible rare charm decays?

c — uvy

Dt — ntww DO —s 70, BESIlI 2021
D° — viry DY — 7%
Df — K'ww D’ - K*K v

S
DO — invisible Belle2016
DY — n0nvw DY — nrww
AT = ptww A¥ — py/  BESIZ2022

1
P> Strong GIM and CKM suppression in ¢ — uvi

P> Branching ratio limits are for b — svi a factor of few away from SM prediction and for
¢ — uwvw null tests of SM Bause et al. 2021

P Light NP might be hiding in missing energy modes — light v, + vy, light Z’, ALPs a

P Complementary to kaon and B-physics, but very few measurements in charm
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1. Light v, + vy EFT

P> Effective Hamiltonian Bause et al. 2021

12879 4G i i
}[e;ff———FZC] 7+ he.
P> Operators with left-handed neutrinos:

]

only v, ZLJL = (I:LL'Y;LCL)(’?]‘L’Y“WL)
RL — (U’R’YHCR)(VJ‘L'VMWL)

P GIM and CKM suppression

> C’ZLSMNO C'RLSM'\"0

D. Suelmann (TU Dortmund) Probing invisibles with rare charm decays 17 July 2023



1. Light v, + vy EFT

P> Effective Hamiltonian Bause et al. 2021

o 4G g neutrinos:
Hei' = ——FZc” ¥4 he.
P> Operators with left-handed neutrinos:
only v, Q:LjL - (?L'Y,uCL)(’?jL’YMViL) vt VR
RL — (uR’yucRijL'YMViL)
P GIM and CKM suppression

> C’ZLSMNO C'RLSM'\"0

P> Operators including light right-handed
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2. Light Z' EFT

b Light Z’ as a vector-boson of an additional U(1)” gauge-symmtery and a
dark BSM fermion x coupling only to Z’

P Consider smaller masses m,, < my, and dominant decay channel to
invisible final states I',, = I'(Z" — xX)

P EFT vector coupling to x and up-type quarks

L5 C’f/ﬂL'y“cLZ; + C’glﬂR’y“CRZ’;

+ CZ X Z) + hee..
P> Dipole coupling to Z’

1 _ ’ 4 v
o A—ﬁu (Cg —1—75055) oz, +hc
€

D. Suelmann (TU Dortmund) Probing invisibles with rare charm decays 17 July 2023



3. Axion-like particles (ALPs) EFT

P Axion-like particles (ALPs) EFT Bauer et al. 2021 with ALPs « as pseudo
Nambu-Goldstone bosons from spontaneous breaking of a global
symmetry

P> ALPs have mass m, and include the QCD axion for certain parameters

P> We consider lifetimes of ALPs for which they decay dominantly outside
the detector

P Allows an interpretation of h, — F + invisible as two-body decays

o*a _ _
L5 = o (kYQ uy, ¢+ kiy iy, c) + h.c..
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Observables

Differential Branching Fractions

Branching Fractions

dB(D° — 70 + invisible)

dg?
O . . .
dB (AT — pT™ + invisible) 9 5 B (D" — invisible)
e » ¢ =(p1—p2) B(D° — 7° + invisible)
dB 1 dBr m2 —m+ g2 B(AF — pt + invisible)

—_— = — E B =
dg? 2my, dEpiss” miss

2my,
P Calculate differential branching fraction using LatticeQCD form factors A, — p, D — 7

b Differential branching fraction allows separation of various NP models

P Extend to SU(3)z-related decays =, — ¥, D* — «*, DI — K+
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Experimental Limits for v, + vy EFT

DO s inw. Belle 2016
B(D° — inv.) < 9.4-1075@90%C.L.

P> Only Scalar- and Pseudoscalar WCs
contribute

G%ozg]%m%oTDo
6drimz 7
ij rij|2 ij rij|2
zspy = Y |Cd+CF| +|CE+CF

flavor
]

B(D? — vi) ~

P Limiton zgp_

IVTsp_| < 8.2
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Experimental Limits for v, + v EFT

DO —>7r°+im). BESIII 2021

DO s imp. Belle2016 B(D° — ) < 2.1-107* @90%C. L.
B(D® — inv.) < 9.4-107° @ 90%C. L. P Only 3 kinds of WC combinations contribute
0 0,,75\ — D—m . D—m .
> Only Scalar- and Pseudoscalar WCs B(D® = mww) = Agpl wsp. + A oy
contribute +ALRT Trry
.. .2 .. .2
BDO = v7) ~ GEaZ fHm3eTpo . TLRp = Z |CZJL + C;{]L| + |CgR +C7r
T 64mm2 T g
.9 .9
.. 1iq2 i siil2 — 2 1]
Tspr = Z |Cg +Cg'| + ’013 +Cp’ T Z Orl + |CT5
fi . Yo .
S P> Give upper limits on the coefficients
> Limitonzgp VTspel S 76, VLRl < 154, V7| <51
IVZsp-| =82 P For Cg’)P = 0 the relation zgp, = zgp_ holds

P Stronger limits on scalar operators from
D° — inw.
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Only light left-handed neutrinos

P Vector- and axial-vector
.. .2
Try = Z |C;LJL + CgL|
ij
P Upper limits Bause et al. 2021 on
x, = "% through SU(2), link
r; < 34, Lepton Universal (LU)
xz; <196, charged lepton
flavor conservation (cLFC)
x; <716, general

» Predict upper bounds:

dBr (A, — pvv) A
LD _ ()

+ate?P(q) )
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Only light left-handed neutrinos

P Vector- and axial-vector

1072
.. .2 |\ /Tr gl S 154, D° = v
— 1 19
ij: - Z |CLL :l: CRL| ~ |\/Zr.| < 38, (general)
i Lo I\/F72] < 20, (cLFC)
L. © |\/Tral < 8.2, (LU)
» Upper limits Bause et al. 2021 on
x, = "% through SU(2), link § 1073
g
r; < 34, Lepton Universal (LU) NEETR
r; <196, charged lepton I
. 3
flavor conservation (cLFC) g| 10°;
x;, S 716, general
1077 T T T T T T T
> PrediCt upper bOundS: 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75

¢/ GeV?
dBr (A, — pvv) Asp, o )
agz M (¢®) 7. p direct vy, + vy EFT bound weaker than SU(2), bound

for most of ¢
k(@) ’
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Experimental Limits for light Z' EFT

DO —>7r0+inv. BESIII 2021

B(D° — 7)) < 2.1-107* @ 90%C. L.
P> Approximation via two consecutive two-body decays and Breit-Wigner distribution
‘Z%ax
BD® 2 (5 x0) = [ Ty BW)BD - 22} (e
qﬁ\in
P Two-body branching ratio depends only on vector and dipole WCs

’
CE P

B(D° = 7°2')(¢%) = af ()| C7 + CL | + af (6?) 2
eff

+af (¢®)Re {(CF +CECE "}

» Limits on coefficients for BM m, = 1GeV, I';, = 10%m and m, = 0GeV

, , cg
|CZ +CE|<7.2-1078, |A—D <1.8-1077GeV !
eff
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Predictions for differential branching fraction of A, — p + inv.

b Differential branching fraction for v, + v EFT DY — 70 + iny. BESII2021
dB (A, — pvv) A A N
zlq2 = agp, (@) wsp. +agp " (@®) zgp_ +ar= (@) oy
A A .
+apil (@) opn +apy (@) opg DO — inv. Belle20®
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Predictions for differential branching fraction of A, — p + inv.

b Differential branching fraction for v, + v EFT DY — 70 + iny. BESII2021
dB (A, — pvv) A A N
SqQ = agp, (@) wsp. +agp " (@®) zgp_ +ar= (@) oy
A A .
+app (@) opn +ape (@) ops DO — inv. Belle20®

b Differential branching fraction for Z” EFT

B(A, = pZ')(¢*) = off (¢*)|C7 + CF [ +af (@) CF — CF?

, |CZ’|2 , |CZ/ ‘2
+ a3 (¢%) Ag +aps(q%) A[;S
eff eff

+af (@) Re {(CF + CECT "} +af () Re {(CF — CE)CLs"}
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Predictions for differential branching fraction of A, — p + inv.

b Differential branching fraction for v, + v EFT DY — 70 + iny. BESII2021
dB (A, — pvv) A A N
SqQ = agp, (@) wsp. +agp " (@®) zgp_ +ar= (@) oy
A A .
+app (@) opn +ape (@) ops DO — inv. Belle20®

b Differential branching fraction for Z” EFT

B(A, = pZ')(¢*) = off (¢*)|C7 + CF [ +af (@) CF — CF?

, |CZ’|2 , |CZ/ ‘2
+ a3 (¢%) Ag +aps(q%) AZS
eff eff

+af () Re {(CF +CE)ICT " | +af () Re {(CF = CE)CTs"}
P> Allows to restrict otherwise unrestricted WCs

4
‘2 |CEs?
)

.. .2 .. .. , ,
_ ij ij ij ij Z' 2
LTrLr— = § ‘CLL - CRL‘ + |CRR —Crr A2 ICL —Ck |
flavor eff
ij
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Differential branching fraction A, — p + inw.

P Strongest limit for
Scalar- Pseudoscalar
WCs from D° — inw.

P> Other limits are weaker
and distinguishable by
¢? behavior

P> Non zero contributions
at low ¢? for Tensor and
Vector WCs

b Slope for Scalar-
Pseudoscalar WCs at
low ¢2

P Resonance structure for
Z' EFT

D. Suelmann (TU Dortmund)

1072
q
> 1078 4
i
©)
~
o
3 1074 4
%
-2
=
g
< D° — v
+ 17 s |z | S 82
IsH
T ‘\/ xLR+‘ < 153
2 B asp | S T6
| 100 D° — 7w | Va7 S 51
a1 VA 2 =
/ e |CF |/ Ay S 1.8-1077GeV ! \
1077 T T T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 175

¢? / GeV?
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Branching fraction bounds

P Obtain branching fractions B(h, — F + inv.) = fq‘f"a* dB/dq?

> g2 =0.34GeV?(0.66 GeV?) for D — 7 (D — K*) to remove tree-level 7-background
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Branching fraction bounds

P Obtain branching fractions B(h, — F + inv.) fq'"“ dB/dq?

> g2 =0.34GeV?(0.66 GeV?) for D* — 7 (D — K*) to remove tree-level 7-background

v;pand vy, p

he +F  Bsp Bgsp, Bsp, Brpy Br

[10~] [10~] [10~] [10~*] [107]

A, —p 00056 1.1 0018 24 112
Z 2+ 0.0098 1.9 0.032 4.4 225
DO 70 o 2] 0.024 [21] [2.0]
Dt —xt - 105 0123 85 102
Df Kt - 20 0023 16 13

c
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Branching fraction bounds

P Obtain branching fractions B(h, — F + inv.) fq'"“ dB/dq?

> g2 =0.34GeV?(0.66 GeV?) for D* — 7 (D — K*) to remove tree-level 7-background

v;pand vy, p

he +F  Bsp Bgsp, Bsp, Brpy Br
[1074] [1074] [107%] [1074] [107%]

A, —p 00056 1.1 0.018 24 11.2
: —>E+ 0.0098 1.9 0.032 44 225

DO 70 o 2] 0.024 [21] [2.0]
Dt —xt - 105 0123 85 102
Df Kt - 20 0023 16 13

P> Tensor contributions are the least constrained ones

P> Scalar- and pseudoscalar contributions are constrained the strongest
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Branching fraction bounds

P Obtain branching fractions B(h, — F + inv.) fq'"“ dB/dq?

> g2 =0.34GeV?(0.66 GeV?) for D* — 7 (D — K*) to remove tree-level 7-background

v,pand vy, p Light Z" and x
= F  Bsp Bsp, Bsp, Brp, By BY BE
[1074] [1074] [107%] [1074] [107%] [107%] [107%]

A, —p 00056 1.1 0.018 24 11.2 3.1 17.8
: —>E+ 0.0098 1.9 0.032 44 225 54 32.2

h

DO k0 o 2] 0024 [21] [20] [21]  [2.1]
Dzt - 105 0123 85 102 105 107
Df - K* - 20 002 16 13 39 27

P> Tensor contributions are the least constrained ones

P> Scalar- and pseudoscalar contributions are constrained the strongest
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Branching fraction bounds

P Obtain branching fractions B(h, — F + inv.) fq'"“ dB/dq?

> g2 =0.34GeV?(0.66 GeV?) for D* — 7 (D — K*) to remove tree-level 7-background

v,pand vy, p Light Z” and x SU(2), link Bause et al. 2021
he = F Bsp— Bsps Bspr Brry Br B\Z// Bg By Berc Bgeneral
[1074] [1074] [1074] [107%] [107%] [107#4] [10%] [107%] [107%] [104]
A, —p 0.0056 1.1 0.018 24 11.2 3.1 17.8 0.018 0.11 0.39
T — Z”’ 0.0098 1.9 0.032 44 225 54 32.2  0.036 0.21 0.76
DO 70 - [21] 0.024 [21] [21] [2.1] [2.1] 0.0061 0.035 0.13
DT =7t - 10.5 0.123 8.5 10.2 10.5 10.7 0.025 0.14 0.52
Df - Kt - 2.0 0.023 1.6 1.3 3.9 2.7 0.0046 0.26 0.096

P> Tensor contributions are the least constrained ones
P> Scalar- and pseudoscalar contributions are constrained the strongest

» Upper limit B, . is weaker than limits from SU(2),

D. Suelmann (TU Dortmund) Probing invisibles with rare charm decays 17 July 2023



Experimental bounds on ALP couplings

= Now model with two-body decay missing energy
signature DO —s 70 4 jnyp. BESII2021

> Fraction of ALPs, which escape detector of B(DY — 7o) < 2.1-107* @90%C.L.
transverse radius R, = 2.8m

H 'R
Fp('ym,) = / sin 0d6 exp (— M) 10
0 PL 5]

P> Meson decays constrain only vector couplings

/ Gev!

=
0 0 DO 70 |k}/2‘2 R 0
B(‘D — T a):FT(vaa>aV o (ma) f2 ~
o 1077
P> For I' = 0 the bound is nearly mass independent 104

10°° 10°° 1071 1072 10°

|kYp| /f < 2.4-1077 GeV™!
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Bounds ALPs

P> Baryon decays constrain vector and axial
couplings at the same time

B(A

c

B(A, = pa) /1074

P Axial coupling of ALPs in ¢ — u is
unconstrained by experiment

P Upper bound on B(A, — p + inv.) is

predicted by bound on vector coupling S0 o2 o4 oo o 1o 1z | 14
m, / GeV

P Small dependence on the ALP mass m, for
kY

D. Suelmann (TU Dortmund) Probing invisibles with rare charm decays 17 July 2023



P> Invisible rare charm decays are null tests and probe NP uniquely in up-type sector

P Baryon decays allow to probe certain operators for the first time and are advantageous for
others

P The differential branching ratio can distinguish different scenarios of NPs

P> Scalar- and Pseudoscalar contributions that require additional RH neutrinos have steep slope
nearq¢®> =0

P Z’ contributions have resonance shape
P> Bounds on certain operators types can already profit from a few ¢ bins

P Relevant for two-body decay interpretation of invisible decays for models like ALPs

P> There are exiting times ahead for charm and invisible decays!

In preparation

Stay tuned!

D. Suelmann (TU Dortmund) Probing invisibles with rare charm decays 17 July 2023



Appendix

U Dortmund) Probing invisibles with rare charm decays 17 July 2023



References |

Bause, Rigo et al. (2021). “Rare charm ¢ — u v dineutrino null tests for ete™ ma-
chines.” In: Phys. Rev. D 103.1, p. 015033. DOI: 10.1103/PhysRevD.103.015033. arXiv:
2010.02225 [hep-ph].

Bauer, Martin et al. (2021). “The Low-Energy Effective Theory of Axions and ALPs.”
In: JHEP 04, p. 063. DOI: 10.1007/JHEP04(2021)063. arXiv: 2012.12272 [hep-ph].
Ablikim, M. et al. (2022). “Search for the decay D° — 70w n: Phys. Rev. D 1057,
p. LO71102. DOI: 10.1103/PhysRevD.105.L071102. arXiv: 2112.14236 [hep-ex].
Lubicz, V. et al. (2017). “Scalar and vector form factors of D — 7(K)¢v decays with
N; = 2+1+1twisted fermions.” In: Phys. Rev. D o6.5 [Erratum: Phys.Rev.D 99, 099902
(2019), Erratum: Phys.Rev.D 100, 079901 (2019)], p. 054514. DOI: 10.1103/PhysRevD.

96.054514. arXiv: 1706.03017 [hep-lat].

Bazavov, Alexei et al. (2023). “D-meson semileptonic decays to pseudoscalars from
four-flavor lattice QCD.” In: Phys. Rev. D 107.9, p. 094516. DOl 10 . 1103 /PhysRevD .
107.094516. arXiv: 2212.12648 [hep-lat].

D. Suelmann (TU Dortmund) Probing invisibles with rare charm decays 17 July 2023


https://doi.org/10.1103/PhysRevD.103.015033
https://arxiv.org/abs/2010.02225
https://doi.org/10.1007/JHEP04(2021)063
https://arxiv.org/abs/2012.12272
https://doi.org/10.1103/PhysRevD.105.L071102
https://arxiv.org/abs/2112.14236
https://doi.org/10.1103/PhysRevD.96.054514
https://doi.org/10.1103/PhysRevD.96.054514
https://arxiv.org/abs/1706.03017
https://doi.org/10.1103/PhysRevD.107.094516
https://doi.org/10.1103/PhysRevD.107.094516
https://arxiv.org/abs/2212.12648

References I

Meinel, Stefan (2018). “A, — N form factors from lattice QCD and phenomenology
of A, —» nlty, and A, — putp~ decays.” In: Phys. Rev. D 97.3, p. 034511, DOl 10
1103/PhysRevD.97.034511. arXiv: 1712.05783 [hep-1lat].

Golz, Marcel, Gudrun Hiller, and Tom Magorsch (2021). “Probing for new physics
with rare charm baryon (4., Z,, 2.) decays.” In: JHEP 09, p. 208, DOIL 101007 /
JHEP09 (2021)208. arXiv: 2107.13010 [hep-ph].

Lubicz, V. et al. (2018). “Tensor form factor of D — w(K)fvand D — =(K)¢( decays
with N; = 2 4 1 + 1 twisted-mass fermions.” In: Phys. Rev. D 981, p. 014516, DOL:
10.1103/PhysRevD.98.014516. arXiv: 1803.04807 [hep-lat].

D. Suelmann (TU Dortmund) Probing invisibles with rare charm decays 17 July 2023


https://doi.org/10.1103/PhysRevD.97.034511
https://doi.org/10.1103/PhysRevD.97.034511
https://arxiv.org/abs/1712.05783
https://doi.org/10.1007/JHEP09(2021)208
https://doi.org/10.1007/JHEP09(2021)208
https://arxiv.org/abs/2107.13010
https://doi.org/10.1103/PhysRevD.98.014516
https://arxiv.org/abs/1803.04807

Numerical evaluation of form factors

P The numerical results of the A, — p form
factors are given in Lattice QCD Meinel 2018

P> z-Expansion to interpolate for the whole
kinematic ¢? range

k e
H@) = F D

1- 2/( pole n=0 "

P> Form factors for other decays are related
via flavor symmetries Golz, Hiller, and
Magorsch 2021

.fAcﬁp = ngaE* = \/ifggﬁzﬂ = \/éfEQAAO

0w 02 0% 0 L0 1% 0 1n 20
&/ GeV?
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Numerical evaluation of form factors

» The numerical results of the D° — 7° form 301 B
factors are given in Lattice QCD Lubicz et al. ol e
2017,Lubicz et al. 2018,Bazavov et al. 2023 = ETMC 17

% 204
Q.
P> z-Expansion to interpolate for the whole 5]
kinematic ¢? range
104
k —
f(q2) —_—mm Z a’n 0.5&0 0?5 110 1'5 210 2?5 3.0
1— 2/( pole2n0 ¢* [ GeV'
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Differential branching fraction D° — = + inw.

1073
9
Z 107t
©)
~
<
:S 10—5 -
2
=
e
= . .
o % 106 D° — v | Jfigp,| <8
tT: = Tppi| S 153
=) L ‘\/st+|576
% 107 4 D° — 7w VT <51
(07 + 0% <$7.2-1078
e (CZ|/ A < 1.8-1077GeV
1078 T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0

¢? / GeV?
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