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Rare charm decays are special!

1 Window to test FCNCs in the up-sector!

2 Strong non-perturbative dynamics → “Null tests” O ± δ O
Use SM symmetries: OSM = 0,
Small uncertainties: OSM ≫ δ OSM,
Use large hadronic effects to enhance NP contributions,
Construct O sensitive to specific NP,
Use SU(3)F -flavor symmetry, ...

3 Very efficient GIM mechanism:
∑

i λi = 0 with λi ≡ V ∗
ciVui .

uc

d , s, b

W

d , s, b

γ, Z

=
∑

i=d ,s,b
λi fi = λs

[(
fs − fd

)
+ λb

λs

(
fb − fd

)]

fi ∼
m2

i
(4π)2 M2

W
, Im(λb/λs ) ∼ 10−3 BRs (ACP) are loop-(CKM-) suppressed!

Excellent place to search for BSM physics!
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A sketch of the playground

This talk

For a review:
Mod.Phys.Lett.A 36 (2021) 04, 2130002

SU(2)L⇐===⇒

Observables:
Branching ratios

Angular observable
LU ratios& LFV
CP asymmetries

⇑
Theory:

2011.12856, 2004.01206, 1909.11108,
1510.00311, 1606.05521, 1703.08799,
1705.02251, 1705.05891, 1707.00988,
1510.00311, 0810.4858 , 1409.0181,
1208.0759 , 2004.01206, 1805.08516,
2202.02331, 2107.13010, 1712.05783,
1805.02516, 2101.02421, ... ,

Experiment:
1305.5059 , 1512.00322, 1107.4465 ,
2011.00217, 1802.09752, 1510.08367,
1310.2535 , 1707.08377, 2111.03327,
1712.07938, 1806.10793, ...

↶

↶

Observables:
Branching ratios

⇑
Theory:

2007.05001, 2010.02225, 2012.15847,
2101.10712, 2107.07291, ...

Experiment:
2112.14236, 1611.09455.

Ideally:
Theory + Experiment

⇓
Optimized observables!

↶
↶

Observables:
Branching ratios

Angular observables
CP asymmetries

⇑
Theory:

2104.08287, 2009.14212, 1812.04679,
1905.00907, 1802.02769, 1702.05059,
1701.06392, 2203.14982, ...

Experiment:
1603.03257, 0808.1838, 0808.1838,↶

↶
Rare charm decays

c → u ℓ+ℓ− c → u νν̄ c → u γ

D → ℓ+ℓ−

D → P ℓ+ℓ−

D → P1P2 ℓ+ℓ−

Bc → B ℓ+ℓ−

D → νν̄

D → P νν̄

D → P1P2 νν̄

Bc → B νν̄

D → V γ

D → P1P2 γ

Bc → B γ

H. Gisbert (U. Padova & INFN) Rare charm decays 3 / 20



EFT approach to charm physics (1)

1 Dynamical fields ϕi at µEW: ϕSM
i = qi , ℓi , Aµ, ...

2 Symmetries to build all Oj(ϕi ) up to desired dimension (D = 6):

Heff ∼ 4 GF√
2

αe

4π

∑
i

Ci Oi

Oq
1 = (uLγµT a qL)(qLγµT a cL) , Oq

2 = (uLγµqL)(qLγµcL) , q = d , s ,

O(′)
7 = mc

e (uL (R) σµν cR (L)) F µν , O(′)
9 (10) = (uL (R)γµcL (R))(ℓ γµ(γ5) ℓ) ,

O(′)
S (P) = (uL (R)cR (L))(ℓ (γ5) ℓ) , OT (T5) = 1

2 (u σµν c)(ℓ σµν (γ5) ℓ) .

3 Compute Ci (µEW) to avoid large αs(µlow) log(µ2
low/µ2

EW).

mqlight = 0 + GIM mechanism =⇒ CSM
7,9,10(µEW) = 0!
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EFT approach to charm physics (2)

4 RGEs to go down µlow ≈ mc (2-step matching at µEW and mb).
Penguins generated at µ = mb

O7,9 mix with O1,2:

|Ceff
7 (µc)| ≲ 0.004 &|C eff

9 (µc)| ≲ 0.01

BUT NOT all other SM WCs:

C ′ SM
i = CSM

S = CSM
T = CSM

T5 = CSM
10 = 0

Rock stars of charm physics!
Any observable proportional to
these WCs is a null test!

5 ⟨Oi (µlow)⟩ from non-perturbative techniques (Lattice, LCSR, ...)

6 Include resonances: Breit–Wigner distributions + exp. data.

CQED
10 (µc ) < 0.01C9(µc ) < 10−4 (S. de Boer, PhD thesis, TU Dortmund, 2017)
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Rare semileptonic charm c → u ℓ+ℓ− decays

Dominated by resonances!

B(D → π ℓ
+

ℓ
−)SM ≈ B(D → πV (→ ℓ

+
ℓ

−))

Current data still allows for large NP effects at large q2

B(D+ → π+µ+µ−) < 6.7 · 10−8 (90% C.L.)

Allowing to get bounds on WCs (B(D+ → µ+µ−) < 2.9 · 10−9 (90% C.L.))

|C7| ≲ 0.3, |C (′)
9 | ≲ 0.9, |C (′)

10 | ≲ 0.6, |C (′)
S,P | ≲ 0.06, |CT ,T5| ≲ 1.6

NP searches in BRs are difficult, and clearly are not the way to go!
Can we extract something positive from BRs? YES, with more data model
parameters (aj , δj ) can be constrained and the model can be improved!
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Null tests the way to go! Angular observables
Lepton forward-backward asymmetry (many more ...)

AFB(q2) ∝
[∫ 1

0
−

∫ 0

−1

]
d2Γ

dq2dθℓP

Linear dependence with C ′
i , CS,T ,T5,10 → ASM

FB (q2) ≈ 0
D+

s → K+ µ+µ− (1909.11108) Λc → p µ+µ− (2107.13010)

Any signal is NP!
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Next stop, CP-asymmetries!

ACP(q2) ∝
dΓ
dq2 −

dΓ̄
dq2 Let’s get benefit from resonances! (1208.0759)

Linear dependence with Im[CNP
i ] × Im[CR

9,P] → ASM
CP (q2) ≈ 0

D+
s → K+ µ+µ− (1909.11108)

C9 = 0.1 exp(iπ/4), q2 ∈ [(mϕ − 5 Γϕ)2, (mϕ + 5 Γϕ)2]

Λc → p µ+µ− (2107.13010)

C9 = 0.5 exp(iπ/4), q2 ∈ [(mϕ − 5 Γϕ)2, (mϕ + 5 Γϕ)2]

Any signal is CP-violating NP!
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LU ratios

LU can be probed in c → u ℓ+ℓ− (same as B decays)

RD
P =

∫ q2
max

q2
min

dB(D → Pµ+µ−)
dq2

dq2

∫ q2
max

q2
min

dB(D → Pe+e−)
dq2

dq2

Same kinematical limits → Cancellation of had. uncertainties!

Well control of SM prediction: RD
P |SM ≈ 1

e.g. D+ → π+ ℓ+ℓ− 1909.11108, see 1805.08516 (D → P1P2 ℓ+ℓ−)
full q2: insensitive to NP.
low q2: poor knowledge of resonances → sizable uncertainties.
high q2: induce significant NP effects.

SM |C9| = 0.5 |C10| = 0.5 |C9| = ±|C10| = 0.5 |CS (P)| = 0.1 |CT | = 0.5 |CT5| = 0.5
full q2 1.00 ± O(10−2) SM-like SM-like SM-like SM-like SM-like SM-like
low q2 0.95 ± O(10−2) O(100) O(100) O(100) 0.9 . . . 1.4 O(10) 1.0 . . . 5.9
high q2 1.00 ± O(10−2) 0.2 . . . 11 3 . . . 7 2 . . . 17 1 . . . 2 1 . . . 5 2 . . . 4
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Testing LFV with c → u ℓ+ℓ′ − decays

Forbidden in SM! Any signal is LFV NP!

Experimental limits (90% C.L.) (2011.00217, 1107.4465)

B(D+ → π+ e+(−)µ−(+))LHCb < 2.1(2.2) · 10−7

B(Λc → p e+(−)µ−(+))Babar < 9.9 (19) · 10−6

1909.11108

0 1 2
q2 [GeV2]

10−12

10−11

10−10

10−9

10−8

10−7

d
B

(D
+
→

π
+
e±
µ
∓

)
/

d
q2

[G
eV
−

2
]

|K9 (10)| = 0.5

|KS (P )| = 0.05

|KT (T5)| = 0.5

|K9| = |K10| = 0.5

2107.13010
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Dineutrino modes c → u νν̄

Extremely GIM-suppressed in the SM (hep-ph/0112235, 0908.1174)

B(D → πνν̄)SM ∼ 10−16!

Only experimental information on (90% C.L.) (1611.09455, 2112.14236)

B(D0 → νν̄) < 9.4 · 10−5, B(D0 → π0νν̄) < 2.1 · 10−4

2010.02225

0 1 2 3

q2 [GeV2]

0.00

0.25

0.50

0.75

1.00

1.25

d
B(
D
→

P
ν
ν̄
) /

d
q2

[G
eV
−

2
]

×10−5

D0 → π0 ν ν̄

D+ → π+ ν ν̄

D+
s → K+ ν ν̄

2010.02225

0.0 0.5 1.0 1.5

q2 [GeV2]

0.0

0.5

1.0

1.5

d
B(
h

+ c
→

F
ν
ν̄
) /

d
q2

[G
eV
−

2
]

×10−5

Λ+
c → p ν ν̄

Ξ+
c → Σ+ ν ν̄
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Can we get complementary information on LFV
from dineutrino modes?

ℓ and νℓ (with ℓ = e, µ, τ) belong to same SU(2)L doublet in the SM.

cee ceµ ceτ

cµe cµµ cµτ

cτe cτµ cττ

 kee keµ keτ

kµe kµµ kµτ

kτe kτµ kττ


Neutrino flavor not tagged!

B (c → u νν̄) =
∑

ℓ,ℓ′ B (c → u νℓν̄ℓ′)

LU, cLFC or general:

B (c → u νν̄) ∼ 1
3

∑
ℓ,ℓ′

cℓℓ′

Charged leptons tagged!

LU: RH ∼ B(c→u µ+µ−)
B(c→u e+e−) ∼ 1 + kµµ − kee

cLFC or general: B(c → u ℓ′+ℓ−) ∼ kℓℓ′

Is there a link between
cℓℓ′ and kℓℓ′?
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Low-energy |∆c| = |∆u| = 1 EFT description

c → u νℓν̄ℓ′
?⇐⇒ c → u ℓ−ℓ′+

Hνℓν̄ℓ′
eff = −4 GF√

2
α
4π

∑
k CUℓℓ′

k QUℓℓ′
k

Only two operators (no RH neutrinos like SM)

QUℓℓ′

L (R) = (ūL (R)γµcL (R)) (ν̄ℓ′ Lγµνℓ L)

Hℓ−ℓ′+

eff = −4 GF√
2

α
4π

∑
k KUℓℓ′

k ODℓℓ′
k

Further operators non-connected

OUℓℓ′

L (R) = (ūL (R)γµcL (R)) (ℓ̄′
LγµℓL)

...
Dineutrino BR is obtained via an incoherent neutrino flavor sum:

B (c → u νν̄) =
∑
ℓ,ℓ′

B (c → u νℓν̄ℓ′) ∼
∑
ℓ,ℓ′

∣∣∣CUℓℓ′
L ± CUℓℓ′

R

∣∣∣2
CP and KP in the mass basis. P = D (P = U) → down-quark sector (up-quark sector).
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Correlate neutrinos and charged leptons with SU(2)L

Lowest order SU(2)L × U(1)Y –invariant effective theory 1008.4884

LLO
SMEFT ⊃

C (1)
ℓq

v 2 Q̄γµQ L̄γµL +
C (3)

ℓq

v 2 Q̄γµτ aQ L̄γµτ aL + Cℓu

v 2 ŪγµU L̄γµL + Cℓd

v 2 D̄γµD L̄γµL

1 Writing in SU(2)L-components: (C → dineutrinos and K → dileptons in the gauge basis)

CU
L = KD

L = 2 π

α

(
C (1)

ℓq + C (3)
ℓq

)
, CU

R = KU
R = 2 π

α
CℓU .

2 Mass basis: CU
L = W † KD

L W + O(λ) , CU
R = W † KU

R W

3 BR is independent of PMNS matrix!
B (c → u νν̄) ∼

∑
ℓ,ℓ′

∣∣CUℓℓ′

L ± CUℓℓ′

R
∣∣2 = Tr

[
(CU

L ± CU
R )(CU

L ± CU
R )†]

= Tr
[
W †(KD

L ± KU
R )W W †(KD

L ± KU
R )†W

]
=

∑
ℓ,ℓ′

|KDℓℓ′

L ± KUℓℓ′

R
∣∣2 + O(λ)

Prediction of dineutrino rates for different leptonic flavor structures
Kℓℓ′

L,R can be probed with lepton-specific measurements!
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Possible leptonic flavor structures for Kℓℓ′

L,R

B (c → u νν̄) ∼
∑
ℓ,ℓ′

|KDℓℓ′

L ± KUℓℓ′

R
∣∣2

i) Lepton-universality (LU).  k 0 0
0 k 0
0 0 k


ii) Charged lepton flavor conservation (cLFC). kee 0 0

0 kµµ 0
0 0 kττ


iii) Kℓℓ′

L,R arbitrary.  kee keµ keτ

kµe kµµ kµτ

kτe kτµ kττ
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Dineutrino branching ratios

B = A+ x+ + A− x−, x± =
∑
ℓ,ℓ′

∣∣∣CUℓℓ′

L ± CUℓℓ′

R

∣∣∣2
→ Long-distance dyn. & kinematics A±: LCSR (low q2) + Lattice (high q2)

→ Short-distance dynamics x±: WCs (BSM)

→ Excellent complementarity B:

A− = 0 in D → P νν̄ decays.
A− > A+ in D → P1P2 νν̄ decays.
A− = A+ in inclusive D decays.

D → F A+ A−
[10−8] [10−8]

D0 → π0 0.9 0
D+ → π+ 3.6 0

D0 → π0π0 0 0.2
D0 → π+π− 0 0.4

D0 → X 2.2 2.2
D+ → X 5.6 5.6
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Upper limits on dineutrino modes can probe LU!

Limits from high-pT & charged dilepton D and K-decays (†):1

|KPℓℓ′
A | ee µµ ττ eµ eτ µτ

s d |KDℓℓ′
L | 5 · 10−2† 1.6 · 10−2† 6.7 6.6 · 10−4† 6.1 6.6

c u |KUℓℓ′
R | 2.9 0.9† 5.6 1.6 4.7 5.1

x± < 2 x , x =
∑

ℓ,ℓ′

(
|KDℓℓ′

L
∣∣2 + |KUℓℓ′

R
∣∣2

)
+ O(λ) =

∑
ℓ,ℓ′ Rℓℓ′

+ O(λ)

x = 3 Rµµ ≲ 2.6 , (Lepton Universality) LU is fixed by muons.

x = Ree + Rµµ + Rττ ≲ 156 , (charged Lepton Flavor Conservation)

x = Ree + Rµµ+ Rττ + 2 (Reµ + Reτ + Rµτ ) ≲ 655.

12002.05684, 2003.12421 & 2007.05001 (†)
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Dineutrino branching ratios upper limits

hc → F Bmax
LU Bmax

cLFC Bmax

[10−7] [10−6] [10−6]
D0 → π0 0.5 2.8 12
D+ → π+ 1.9 11 47

D0 → π0π0 0.1 0.7 2.8
D0 → π+π− 0.2 1.3 5.4

Λ+
c → p+ 1.4 8.4 35

Ξ+
c → Σ+ 2.7 17 70

B(D0 → π0 νν̄) < 2.1 · 10−4 from BES III is about one order of
magnitude away from our predictions 2112.14236
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Well-suited for Belle II and FCC-ee

N(cc̄)Belle II (FCC-ee) = 65 · 109 (5.5 · 1011)! (Abada:2019lih)

How many charm hadrons hc?

⋆ N(hc) = 2 f (c → hc) N(cc̄)

⋆ Fragmentation fractions (1509.01061)

N(hc) ∼ 1010 (1011)!

hc f (c → hc) N(hc)Belle II (FCC-ee)
D0 0.59 8 · 1010 (6 · 1011)
D+ 0.24 3 · 1010 (3 · 1011)
D+

s 0.10 1 · 1010 (1 · 1011)
Λ+

c 0.06 8 · 109 (7 · 1010)

And translated to branching ratios?

Relative statistical uncertainty: δB(hc) = 1/
√

Nexp with Nexp = ηeff N(hc) B(hc)

ηeff B(hc) ∼ 10−9 (10−10) for δB(hc) =
1
5
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Conclusions & Outlook

⋆ Window to explore FCNCs in the up-sector.

⋆ Unique phenomenology (strong GIM suppression).

⋆ Clean null test observables can probe NP.

⋆ Experimentally plenty of room for NP:

Angular observables
CP-asymmetries
LU ratios
LFV BRs
Dineutrino BRs

Thank you for your attention!

H. Gisbert (U. Padova & INFN) Rare charm decays 20 / 20



δB vs B: exp. projections and theo. predictions
2010.02225

10−10 10−9 10−8 10−7 10−6 10−5 10−4

B
(
D0 → F ν ν̄

)
10−2

10−1

100

δB
( D

0
→

F
ν
ν̄
)

3 σ

5 σ

10−10 10−9 10−8 10−7 10−6 10−5 10−4

B
(
D+ → F ν ν̄

)
10−2

10−1

100

δB
( D

+
→

F
ν
ν̄
)

3 σ

5 σ

10−10 10−9 10−8 10−7 10−6 10−5 10−4

B
(
Λ+
c → p ν ν̄

)
10−2

10−1

100

δB
( Λ

+ c
→

p
ν
ν̄
)

3 σ

5 σ

ηFCC-ee
eff = 10−3

ηBelleII
eff = 10−3

ηFCC-ee
eff ≤ 1

ηBelleII
eff ≤ 1

Bmax
LU

(
D0 → π0 ν ν̄

)

Bmax
cLFC

(
D0 → π0 ν ν̄

)

Bmax
(
D0 → π0 ν ν̄

)

Bmax
LU

(
D0 → π0 π0 ν ν̄

)

Bmax
cLFC

(
D0 → π0 π0 ν ν̄

)

Bmax
(
D0 → π0 π0 ν ν̄

)

Bmax
LU

(
D0 → K+K− ν ν̄

)

Bmax
cLFC

(
D0 → K+K− ν ν̄

)

Bmax
(
D0 → K+K− ν ν̄

)

Bmax
LU

(
D+ → π+ ν ν̄

)

Bmax
cLFC

(
D+ → π+ ν ν̄

)

Bmax
(
D+ → π+ ν ν̄

)

Bmax
LU

(
Λ+
c → p ν ν̄

)

Bmax
cLFC

(
Λ+
c → p ν ν̄

)

Bmax
(
Λ+
c → p ν ν̄

)
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Estimated future LHCb prospects
2011.09478

For 23 (300) fb−1:
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Corrections to the trace

CU
L = KD

L and CU
R = KU

R are broken by RGE corrections from gauge,
Yukawa, and QED coupling dependences, the effect is less than 5% for
ΛNP = 10 TeV.
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