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Why are we here?

We love particle physics!
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But really, why are we here?

None of us thinks

the Standard Model
is complete!
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Why?

Because there are many whys!

Although most experimental
data are well explained by the
SM.
New physics beyond the SM
is needed!
e.g., matter–antimatter
asymmetry, Dirac/Majorana
nature of neutrinos, three
families, . . .
We are not satisfied!
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Where do we look for new physics beyond the SM?
Wait, what is the SM?

SM = Symmetries + Particle content + SSB pattern

H. Gisbert (U. Europea de Valencia) Charm decays with missing energy 5 / 38



How many fermion combinations?

(
n
k

)
=

n!
k!(n − k)!

n = 12 fermions, k = 2 (fermions come in pairs)

⇓
(

12
2

)
=

12!
2!(12− 2)!

= 66
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Fermion generations provide a rich environment

Flavour physics is
a suitable place

to search for
physics beyond

the SM.
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The heart of flavour physics in the SM

Flavour physics describes interactions among fermion generations.

Charged-current interactions

W ±
Vβα

dβ,νℓ

uα,ℓ
Neutral-current interactions

γ, Z

dα,uα,ℓ

dα,uα,ℓ

with (u1, u2, u3) = (u, c, t) and (d1, d2, d3) = (d , s, b).
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What’s the game?

We look for experimental deviations from SM predictions:

∆O =
(
Oexp − OSM

)
±
√(

δOSM
)2 +

(
δOexp

)2
If the SM works really well, ∆O is consistent with zero. This, of
course, depends on the experimental and theoretical uncertainties of
the observable.
We can use the fact that we know how the SM works and search for
an observable O to measure that is zero:

SM symmetries ⇒ OSM = 0 (≈ 0)

or close to zero due to (soft) symmetries.
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Which process (with associated O) do we look for?

The SM tells us that, at tree level, we have the following fermion
bilinears:

Charged: uαdβW , ℓνℓW , with ℓ = e, µ, τ .

Neutral: ψαψαγ, ψαψαZ , with ψ = u, d , ℓ.

But what about the following neutral bilinears:

Down sector: dαdβ X0 or Up sector: uαuβ X0

where X 0 is a neutral particle or a neutral combination of particles.

H. Gisbert (U. Europea de Valencia) Charm decays with missing energy 10 / 38



Example of an SM Feynman diagram in the up sector

They are not present at tree level in the SM, but they can appear at
one-loop level; e.g., we can draw this Feynman diagram in the SM:

One can also work out other cases (e.g., b → s, etc.).

How large is this diagram in the SM?
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How large is this diagram in the SM?

The amplitude is the sum of the three diagrams:

A =
∑

i=d ,s,b
λi fi

Here, λi ≡ VciV ∗
ui and fi is a loop function.

In the SM, the CKM matrix is unitary, i.e., V †V = I, and thus∑
i=d ,s,b

λi = 0 → λd = −(λs + λb).

We can now use this information in our amplitude (eliminating λd):

A = λd fd + λs fs + λbfb
= −(λs + λb)fd + λs fs + λbfb

= λs

[
(fs − fd) + λb

λs
(fb − fd)

]
.
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Rare charm decays c → u

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!

An excellent place to search for BSM physics!

It looks like we are on the right track to find
OSM ≈ 0!
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Naïve estimates of rare decays (attaching νν̄)

Using the branching ratio for a hadron h (with mass mh and lifetime τh)
decaying into a final hadronic state F (with mass mF ≪ mh) and two
neutrinos (see 2205.07534):

B(h → Fνν̄) ≈
τh G2

F α
2
e m3

h

∣∣∣C αβℓℓ
L

∣∣∣2
16 (2π)5

we obtain the following estimates for different quark transitions:

B(b → sνν̄) ∼ 10−6, B(b → dνν̄) ∼ 10−7,

B(s → dνν̄) ∼ 10−8, B(c → uνν̄) ∼ 10−19.
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Experimental comparison: different phenomenology

Using the available experimental information (PDG):

B(b → sνν̄)exp ∼ 10−5, B(b → dνν̄)exp ∼ 10−5,

B(s → dνν̄)exp ∼ 10−9, B(c → uνν̄)exp ∼ 10−4.

We obtain the following ratios (remember we are being very naïve - we can
be off by an order of magnitude):

B(b → sνν̄)exp
B(b → sνν̄)SM

∼ 10, B(b → dνν̄)exp
B(b → dνν̄)SM

∼ 100,

B(s → dνν̄)exp
B(s → dνν̄)SM

∼ 10, B(c → uνν̄)exp
B(c → uνν̄)SM

∼ 1015.

Any experimental signal in c → uνν̄ is NP!
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What did we find using this naïve estimate?

Strong GIM suppression of νν̄ modes in the SM!

Very different phenomenology between the up and
down sectors.

By far, c → u transitions are the rock stars!

However, it is important to note that information from
all sectors is necessary.
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Conclusion: We found OSM ≈ 0!

B(c → uνν̄) ∼ 10−19 ≈ 0
This is almost zero!

Thanks to the GIM mechanism!
Experimentally, this means that any

signal is NP!
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An important comment

If NP follows the same GIM-suppression
mechanism, NP signals would be tiny ⇒ it is
more promising to look in other transitions.
But: we don’t know what NP looks like - it
might not respect GIM!

In addition: the SM involves all sectors -
that is, both up and down (b →s, b →d ,
s →d , c →u) - so one has to explore all
possibilities, especially since most
experimental data are well explained by the
SM.

“What does BSM physics look like?”

Keep an open mind - remember we
do not know what BSM looks like!
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More nice things about neutrino modes!

Neutrino flavours are experimentally untagged.
Any dineutrino observable O(νℓν̄ℓ′) requires an incoherent sum over
the lepton flavours:

O(νν̄) = O(νe ν̄e) + O(νe ν̄µ) + O(νe ν̄τ ) + O(νµν̄µ) + · · ·

In compact form:

O(νν̄) =
∑
ℓ,ℓ′

O(νℓν̄ℓ′) = p Omax(νℓν̄ℓ′), p =
∑

ℓ,ℓ′ O(νℓν̄ℓ′)
Omax(νℓν̄ℓ′) ≤ 9.

Here, Omax(νℓν̄ℓ′) denotes the largest contribution among all ℓ, ℓ′
configurations.
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Inclusiveness leads to an enhancement

1 LU case: If LU holds,

O(νℓν̄ℓ′)
∣∣
LU = δℓℓ′ Omax(νℓν̄ℓ′),

then the sensitivity of O(νν̄) is enhanced by a factor p = 3.

2 General case: If NP allows nonzero O(νℓν̄ℓ′) with ℓ ̸= ℓ′, p can be
further enhanced, up to p = 9.

3 Beyond neutrinos: Experimentally, we measure

O(νν̄) ⇒ O(missing energy) = O(νν̄ + particles that are not detected)

Notice: These aspects are absent in charged-dilepton observables
O(ℓ+ℓ−), where the lepton flavour is experimentally tagged.
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Yeah, very pretty, but are
charm decays with missing

energy experimentally
feasible?
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How cool is Belle II?

Well suited to e+e− colliders such as Belle II.

What is the new-physics reach?

⋆ Fragmentation fractions f (c → hc),
1509.01061

⋆ Luminosity 50 ab−1,
⋆ N(cc̄)Belle II = 65 × 109, Abada:2019lih

⋆ N(hc) = 2 f (c → hc) N(cc̄).

hc f (c → hc) N(hc)Belle II
D0 0.59 8 × 1010

D+ 0.24 3 × 1010

D+
s 0.10 1 × 1010

Λ+
c 0.06 8 × 109

N(hc) ∼ 1010!
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Experimental projections: δB versus B

The SM contribution cannot be seen in the plot; it lies well below 10−10.

δB(hc → F νν̄) = 1/
√

Nexp
F with Nexp

F = ηeff N(hc) B(hc → F νν̄).

10−10 10−8 10−6 10−4

B(D0→ F ν ν̄)

10−2

10−1

100

δ
B(
D

0
→
F
ν
ν̄

) 5σ

2σ

ηBelle II
eff = 1 ηBelle II

eff = 10−2

10−10 10−8 10−6 10−4

B(D+→ F ν ν̄)

10−2

10−1

100

δ
B(
D

+
→
F
ν
ν̄

) 5σ

2σ

ηBelle II
eff = 1 ηBelle II

eff = 10−2
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Reach of Belle II

If there is no loss of information, Belle II can reach:

BRs ∼ 10−10!

ηeff = 1 , ηeff = 10−2, δB = 1/5 for 5 σ

B5 σ
Belle II(D0 → Fνν̄) ≈ 3 · 10−10 and 3 · 10−8!

B5 σ
Belle II(D+ → Fνν̄) ≈ 8 · 10−10 and 8 · 10−8!

Independent of ηeff: red numbers multiplied by 1/ηeff.
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Have a look into PDG!

D0 → π0νν̄
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Have a look into PDG!

D0 → νν̄

H. Gisbert (U. Europea de Valencia) Charm decays with missing energy 26 / 38



Comparison of Belle II with current limits

Only experimental information so far from D0 → invisible (Belle,
CS,P) and D0 → π0νν̄ (BESIII, CL,R,S,P):

B(D0 → invisible) < 9.4 × 10−5 (90% C.L.),
B(D0 → π0νν̄) < 2.1 × 10−4 (90% C.L.).

Comparing with the Belle II projections (50 ab−1), in the scenario
ηeff = 10−2 Belle II would be stronger than BESIII by ∼ 104. In the
(unrealistic ηeff = 1) best case, Belle II would be stronger by ∼ 106.

B(D0 → π0νν̄)BESIII

B(D0 → π0νν̄)Belle II
∼ [104, 106]!
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Best limits or NP discover in 20XX: If I had to bet
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Shit! We need to wait until
our experimental colleagues

measure something. . .

Apart from limits on WCs,
can we say anything else

about rare charm dineutrino
modes?
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Can we get information from dineutrino modes?

ℓ and νℓ (with ℓ = e, µ, τ) belong to the 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 flavour 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, as in the SM).
QUℓℓ′

L (R) = (ūL (R)γµcL (R))(ν̄ℓ′Lγ
µνℓL)

Hℓ−ℓ′+

eff = −4 GF√
2

α

4π
∑

k
KUℓℓ′

k OUℓℓ′

k

Additional operators are not
connected.
OUℓℓ′

L (R) = (ūL (R)γµcL (R))(ℓ̄′
Lγ

µℓL), . . .

Dineutrino BR is obtained via an incoherent neutrino flavour sum:

B(c → u νν̄) =
∑
ℓ,ℓ′

B(c → u νℓν̄ℓ′) ∼
∑
ℓ,ℓ′

∣∣∣CUℓℓ′
L ± CUℓℓ′

R

∣∣∣2
CP and KP are in the mass basis. P = D (P = U) → down-quark sector (up-quark
sector).
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Correlating 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 = 2π
α

(
C (1)

ℓq + C (3)
ℓq
)
, CU

R = KU
R = 2π

α
Cℓu .

2 Mass basis:
CU

L = W † KD
L W + O(λ), CU

R = W † KU
R W

3 BRs are independent of the PMNS matrix! (field redefinition of νL)

B
(
c → u νν̄

)
∼
∑
ℓ,ℓ′

∣∣CU ℓℓ′

L ± CU ℓℓ′

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′

∣∣KD ℓℓ′

L ± KU ℓℓ′

R
∣∣2 + O(λ) .

Predictions for dineutrino rates with different leptonic flavour structures Kℓℓ′
L,R can be

probed with lepton-specific measurements!
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Possible leptonic flavour 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 flavour 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′

∣∣∣CU ℓℓ′
L ± CU ℓℓ′

R

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

→ Short-distance dynamics x±: Wilson coefficients (BSM)

→ Excellent complementarity of B:

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

(*) heavy hadron chiral perturbation theory; new results data-driven

from D+ → π+π−e+νe (2509.10447): AD0π+π−
+ = 0.1 · 10−8

and AD0π+π−
− = 0.5 · 10−8.

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 and 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.

12007.05001
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Upper limits on dineutrino branching ratios
2007.05001, 2010.02225

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 (BESIII) is about one order of
magnitude above our predictions. 2112.14236
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δB vs B: exp. projections and theo. predictions

2010.02225
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→

p
ν
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)

H. Gisbert (U. Europea de Valencia) Charm decays with missing energy 37 / 38



Conclusions

c → u νν̄ modes are extremely GIM-suppressed.
Unique phenomenology!
Well suited to e+e− colliders such as Belle II.
Based on current experimental sensitivities:

Any signal would be a clear sign of NP!
SU(2)L links between charged leptons and neutrinos!

c → u ℓℓ −−→ c → u νν̄ ←−− d → s ℓℓ

Allows us to probe lepton flavour in two benchmarks:
cLFC and LU!

Thank you for your attention!
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