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• FCNC (  and  transitions) are forbidden at tree level 

• In the SM, only allowed at loop level (penguin and box diagrams): 
 
 
 
 
 
 

• Charm decays: 
- further suppressed (GIM mechanism)  
- huge production cross-section @LHC 

b → s, d c → u

Flavour Changing Neutral Currents

2

→ sensitive to New Physics! 
(supersymmetry, leptoquarks, 

new gauge bosons, extended Higgs, …)

leptonic: semileptonic: radiative:
b/c

s, d /u

u, c, t/
d, s, b

b/c b/c
d, s, b d, s, b
u, c, t/ u, c, t/s, d /u s, d /u

𝝈( pp → cc̅̅ X )√s̅̅ = 13 TeV ≅ 2.4 mb
[JHEP 03 (2016) 159]

http://dx.doi.org/10.1007/JHEP05(2017)074.
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30th anniversary of 'Rencontres du Vietnam' - Windows on the Universe 5

Real life is more complicated… 

ℓ+

ℓ-
ℓ+

ℓ-

ℓ+
ℓ-

ℓ+
ℓ-

Q Q Q Q Q=u Q=d Q=s

B-→K- ℓℓ 
B-→K*- ℓℓ 

B0→Ks
 ℓℓ 

B0→K*0 ℓℓ 
Bs→f ℓℓ 

+ b-baryons …. 
(and Bc)

QCD challenges:
• working with hadrons ⇒ local form factors
• qq loops ⇒ non-local form factors + non factorizable soft 

gluon corrections

QCD challenges 
 

hadrons (local form-factors) 
+ 

 loops (non-local form-factor) 
+ 

 non-factorizable soft-gluon corrections

qq̄

http://dx.doi.org/10.1007/JHEP05(2017)074.
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I Complementary information from di↵erent observables

I Flavour anomalies observered coherently for all observables
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Branching fractions Angular observables Lepton universality
see Shun Watanuki’s talk

I Conceptually “simple”

I Significant hadronic
uncertainties

I Reduced dependence on form
factors

I Probes structure of potential NP

I Compare µ+µ� and
e+e� final states

I Theoretically clean

Observables in b! s`+`�
transitions

Marcel Materok 26
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+ experimentally simple 
- significant hadronic 

uncertainties

Observables
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Angular analysis 
 
 
 
 
 
 
 

CP violation 
 
 
 
 
 
 
 

+ theoretically clean 
+ probe structures of potential NP

LFU tests 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FIG. 6: The CP–asymmetry in D
+ ! ⇡

+
µ
+
µ
� (plots to the left) and D

+
s

! K
+
µ
+
µ
� (plots to the right)

decays around the � resonance [(m� � 5��)2, (m� + 5��)2] (upper plots) and in the high–q2 region (lower

plots) for different values of �� = 0,±⇡/2,⇡ and C9 = 0.1 exp(i⇡/4). The uncertainties are due to the other

strong phases (�⇢, �⌘), the form factors, as well as the charm quark mass mc.

high q
2, ACP has rather small uncertainties and is useful to extract strong and weak parameters.

Note that ACP can change its sign around q
2 ⇠ m

2

�
and hence, to avoid a vanishing integrated

asymmetry, binning is required. Due to the way Eq. (12) with which leptonic vector contributions

enter D ! P `
+
`
� decays, ACP has similar sensitivity to BSM effects from C

(0)
7

than from C
(0)
9

.

Similar to the behavior observed in the angular observables FH and AFB, BSM effects in ACP

in the Ds ! K`
+
`
� mode are enhanced relative to the D ! ⇡`

+
`
� one, due to the smaller decay

rate of the former, caused predominantly by kinematics.

m2(μ−μ+)

Amplitude analysis 
 
 
 
 
 
 

+ information about the 
composition of the decay
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see Dan’s talk for  transitionsb → sll

https://indico.cern.ch/event/1258750/contributions/5606415/
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The full LHCb dataset 
(Run1+Run2) is exploited

 
 
 

Λb → Λ(1520)µ+µ-

D0 → µ+µ-

D*0 → µ+µ-
[EPJC 83, 666 (2023)]

[PRL 131 (2023) 151801]

[PRL 131 (2023) 041804]

 
 
 

Λb→pK𝛾
[LHCb-PAPER-2023-036 in preparation...]

new!

https://doi.org/10.1140/epjc/s10052-023-11759-6
https://doi.org/10.1103/PhysRevLett.131.041804
https://doi.org/10.1103/PhysRevLett.131.151801
http://no%20link%20available
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• Measurement in q2 bins: 

• Remove J/ψ q2 region and use 
it as normalisation channel 

• Relative to normalisation mode: 
– Cancellation of systematic uncertainties 
– Exploit ψ(2S) as control mode to check procedure

Branching fractions                              strategy

6

dℬ
dq2

=
ℬ(norm)

q2
max − q2

min
⋅

Nsig

Nnorm
⋅

ϵnorm

ϵsig

I Complementary information from di↵erent observables

I Flavour anomalies observered coherently for all observables

b s

µ/e

µ/e

t, c, u

W

Z0, �!"#$%&$%$"'$(

J/ (1S)

 (2S)C(�)
7

C(�)
7 C(�)

9
C(�)

9 C (�)
10

4 [m(µ)]2 q2

d�
dq2

)"*(

+,"-(*!.#)"'$(

',"#%!/01,".(&%,2(

)/,3$(,4$"('5)%2(

#5%$.5,6*((

cc̄

Branching fractions Angular observables Lepton universality
see Shun Watanuki’s talk

I Conceptually “simple”

I Significant hadronic
uncertainties

I Reduced dependence on form
factors

I Probes structure of potential NP

I Compare µ+µ� and
e+e� final states

I Theoretically clean

Observables in b! s`+`�
transitions

Marcel Materok 26
04

similar approach also possible with charm 
decays exploiting the 𝜙 resonance
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beauty

Λb → Λ(1520)µ+µ-

7

Table 2: Signal yields and the absolute di↵erential branching fraction, in bins of q2, for the

⇤0
b ! ⇤(1520)µ+µ�

decay. The first uncertainty is statistical, the second systematic, and the

third due to the uncertainty on the ⇤0
b ! pK�J/ and J/ ! µ+µ�

branching fractions.

q2 interval [GeV2/c4] N⇤(1520)µ+µ�
dB(⇤0

b!⇤(1520)µ+µ�)

dq2 [10�8GeV�2c4]

0.1–3.0 96± 18 1.89± 0.35± 0.19± 0.36

3.0–6.0 138± 18 2.42± 0.32± 0.17± 0.45

6.0–8.0 65± 14 1.58± 0.36± 0.16± 0.30

11.0–12.5 59± 14 2.07± 0.47± 0.26± 0.39

15.0–17.0 12± 5 0.57± 0.24± 0.13± 0.11

1.1–6.0 175± 21 1.95± 0.23± 0.16± 0.37

di↵erence in e�ciency between the phase-space model and the model given in Ref [55]. In
addition, the systematic uncertainties due to the limited size of the simulated sample and
precision of the J/ ! µ+µ� and ⇤(1520) ! pK� branching fractions are also taken into
account.

The di↵erential branching fraction of the ⇤0
b ! ⇤(1520)µ+µ� decay in intervals of q2

is reported in Table 2, and is shown in Fig. 3. The SM prediction from Ref. [55], for which
only the form factor uncertainties are considered, and the SM prediction from Refs. [56]
and [57], are also shown. It is impossible to make a firm statement about the level of
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Figure 3: Di↵erential branching fraction of the ⇤0
b ! ⇤(1520)µ+µ�

decay in intervals of q2. The
error bars in black, grey and green represent the measured results with statistical, systematic

and B(⇤0
b ! pK�J/ ) uncertainties taken into account. Also shown are the SM predictions

using the form factors calculated with the nonrelativistic quark model (NRQM) [55], light-front

quark model (LFQM) [56], joint lattice QCD and dispersive bound (LQCD+DB) [57] and lattice

QCD (LQCD) [58]. Note that the LQCD prediction is only available for q2 above 16GeV
2/c4,

and the trend instead of a rate average is shown.
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stat. ± syst. ± Λb→pK-J/ψ and J/ψ→µ+µ-
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Figure 1: Mass distribution for the (left) ⇤0
b ! pK�J/ and (right) ⇤0

b ! pK�µ+µ�
, integrated

over the considered q2 intervals. Fit results are overlaid.
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Figure 2: Distribution of the pK�
mass, after background subtraction, for ⇤0

b ! ⇤(1520)µ+µ�

signal candidates in the (left) 1.1 < q2 < 6.0GeV
2/c4 and (right) 15.0 < q2 < 17.0GeV

2/c4

regions. Fit results are overlaid.

pseudoexperiments, and the uncertainties of the ⇤0
b ! ⇤(1520)µ+µ� signal yields are

corrected using the bootstrap method [50]. A cross-check is performed using unbinned
maximum-likelihood fits to the two-dimensional m(pK�µ+µ�) and m(pK�) distributions,
which give consistent results. Considering the mass and width of all the ⇤ states [29] and
their contributions to the background-subtracted m(pK�) spectra, the ⇤(1405), ⇤(1520),
⇤(1600) and ⇤(1800) states are included in the nominal fits. The lineshapes of these
resonances are parameterized using relativistic Breit–Wigner functions. The e�ciency as
a function of m(pK�) is determined from simulation and included in the fit model. As
the ⇤(1520) resonance has a width that is comparable to the experimental resolution, the
lineshape is convolved with a Gaussian resolution function. The width of the Gaussian is
taken from the simulation. In the fits to the background-subtracted m(pK�) distributions,
the width and mass of all the ⇤ resonances are fixed according to the world’s best
results [27,51]. The ⇤(1670),⇤(1690),⇤(1820),⇤(1830) states, and interference e↵ects are
not included in the fits as these are found to be small, and a systematic uncertainty is
included in that of the signal fit mode. The background-subtracted m(pK�) distribution
in the q2 regions 1.1–6.0GeV2/c4 and 15.0–17.0GeV2/c4 are shown in Fig. 2. The signal
yields in all the q2 intervals are given in Table 2.

The di↵erential branching fraction measurement is a↵ected by systematic uncertainties
in the yield determination and the e�ciency estimation. Table 1 lists these systematic

4

- LFQM: light-front quark model 
- NRQM: non-relativistic quark model 
- LQCD: lattice QCD 
- LQCD+DM: lattice QCD + dispersive model
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[PRD 107, 093003 (2023)]
[JHEP 06 (2019) 136]

[PRD 105, 054511 (2022)]
[JHEP 02 (2023) 010]

• Previously done with the ground state Λ→pπ  
(challenging due to long Λ life-time) 

• Can we isolate the excited Λ(1520) in the pK spectra? 
 
 
 
 
 

• Internal systematics uncertainty under control but huge impact of external inputs 

• High q2: agreement with theory predictions 
• Low q2: significant variations, consolidation required
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Figure 2: Distribution of (left) m(µ+µ�
) and (right) �m for the D0! µ+µ�

candidates in data

from (top) Run 1 and (bottom) Run 2, for the most sensitive BDT interval. The distribution

is superimposed with the fit to data. Each of the two distributions is in the signal region of

the other variable, see text for details. Untagged and tagged decays are included in a single

component for signal and D0! ⇡+⇡�
background.

systematic uncertainty is assigned on this estimate.
The yield of the misidentified D0 ! K�⇡+ decays is constrained from an auxiliary

fit to the m(µ+µ�) sideband data, recomputed with the correct mass hypothesis. The
fit is performed using the �m distribution within a ±10MeV/c2 region around the D0

mass in the K�⇡+ mass hypothesis. A correction is applied to take into account this mass
requirement. The correlation between this estimate and the yield in the final fit is found
not to influence the estimate of the signal branching fraction.

The systematic uncertainties related to both the normalisation, through ↵, and the
background shapes and yields, are included in the fit as Gaussian constraints on the
relevant parameters. The dominant systematic uncertainty comes from the calibration of
the hadronic trigger e�ciency, which is shared through auxiliary parameters among the
normalisation channels, and also with the misidentified D0! ⇡+⇡� yields that depend on
the same estimate. The fit procedure is tested with pseudoexperiments. The values of
the floating shape parameters are obtained from the data fit. Unbiased estimates of the
branching fraction with correct coverage are obtained.

The m(µ+µ�) and �m distributions in data are shown for the most sensitive BDT
interval in Fig. 2 and for all intervals in Ref. [74], overlaid with the result of the fit. The
data are consistent with the expected background. The value obtained for the D0! µ+µ�

branching fraction is B(D0! µ+µ�) = (1.7± 1.0)⇥ 10�9, corresponding to 79± 45 signal
decays. The significance of this signal is estimated comparing the test statistics in data
with the distribution of the test statistics in background-only pseudoexperiments, and is

6

Search for D0 → µ+µ-

• Intermediate two-photon state → BF ~ 10-13 in the SM 

BF < 10-11 (Belle constraint from D0 →𝛾𝛾) 

• Using D*+→D0π+ decays with D0 →π+π- and D0→K-π+ as normalisation 
channels  

• Backgrounds and how to deal with them: 
- combinatorial (multivariate analysis) 
                         → three search windows 
- misidentified π+π- → µ+µ- 

                                      → tight PID requirements 

• No significant signal observed: 

• Most stringent limit of FCNC in the charm sector
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[PRD 66, 014009 (2002)]

Figure 8: Unitarity contributions: (a) One-particle, (b) Two-particle γγ.

where

F =
∑

i=d,s,b

VuiV
∗
ci

[

xi

2
+
αs

4π
xi ·

(

ln2 xi +
4 + π2

3

)]

, (51)

with xi = m2
i /M

2
W . The amplitude AD0!+!− vanishes due to the equations of motion.

The explicit dependence on lepton mass in the decay amplitude overwhelmingly favors
the µ+µ− final state over that of e+e−. Upon employing the quark mass values md !
0.01 GeV, ms ! 0.12 GeV, mb ! 5.1 GeV, the Wolfenstein CKM parameters λ ! 0.22,
A ! 0.82, ρ ! 0.21, η ! 0.35 and the decay constant fD ! 0.2 GeV, we obtain the

branching fraction Brs.d.D0→µ+µ− ! 10−18.

2.4.2 Long Distance Contributions to D0 → '+'−

In the following, we consider two long distance unitarity contributions (cf. Fig. 8) which

lead to D0 → '+'− transitions. In each case, the decay amplitude is dependent on
the lepton mass, and thus we shall provide numerical branching ratios only for the case
D0 → µ+µ−.

Single-particle Unitarity Contribution

The single-particle ‘weak-mixing’ contribution to D0 → '+'− can be estimated in a

manner like that considered for the D0 → γγ transition (cf. Eq. (38)). For definiteness,
we consider the D0 → '+'− parity-conserving amplitude BD0!+!− (see Eq. (48)),

B(mix)
D0!+!− =

∑

Pn

〈Pn|H(p.c.)
wk |D0〉

1

M2
D −MP 2

n

BPn!+!− , (52)

and we write B(mix)
D0!+!− = B(gnd)

D0!+!− + B(res)
D0!+!− for the ground state (π0, η, η′) and resonance

contributions.

There is little known regarding the Pnµ+µ− (Pn = π0, η, η′) vertices. In the following,
we assume these quantities have the same flavor structure as the corresponding Pnγγ ver-

tices described earlier,4 and obtain the overall Pnµ+µ− normalization from the measured
4This ensures that our expression will vanish in the limit of SU(3) flavor symmetry.
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main source of systematics: 
hardware (L0) trigger efficiency

found to have a p-value of 0.068, corresponding to a significance of 1.5� (see also Ref. [74]).
An upper limit on the branching fraction is derived using the frequentist CLs method [77]
as implemented in the GammaCombo framework [78,79]. This yields

B(D0! µ+µ�) < 3.1 (3.5)⇥ 10�9 at 90 (95)% CL .

The observed limit is larger than the one expected from background-only pseudoexperi-
ments, B(D0! µ+µ�) < 1.9 (2.3)⇥ 10�9 at a 90 (95)% CL, coherently with the central
value for the signal branching fraction.

The fit is repeated with di↵erent configurations: allowing the resolution of the misiden-
tified D0! ⇡+⇡� background to vary, using a double exponential function in place of a
single one for the combinatorial background, and reducing the range in the �m variable.
No significant change was found in the signal branching fraction with any configuration.

In summary, a search for the D0! µ+µ� decay in data corresponding to 9 fb�1 of pp
collision data collected by the LHCb experiment is performed. No excess with respect to the
background expectation has been found and an upper limit of B(D0! µ+µ�) < 3.1⇥10�9

at 90% CL has been set. This result represents an improvement of more than a factor
two with respect to the previous LHCb result. This measurement constitutes the most
stringent limit on the relevant FCNC couplings in the charm sector, allowing to set
additional constraints on physics models beyond the SM which predict the branching
fractions of D0! µ+µ� and describe results from B physics measurements.
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Search for D*0(2007)→µ+µ-

• SM predictions BF ~ 10-19 

• Look for B-→D*0π- decays (background reduction❗)  
and use B-→J/ψK- as normalisation channel 

• Simultaneous fit to 
m(µ+µ-) and m(π-µ+µ-) 

• No excess with respect to the bkg-only hypothesis: 

• Most stringent limit on leptonic D*0 decays
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Figure 1: Reconstructed (left) µ+µ� and (right) ⇡�µ+µ� invariant-mass distributions for the
selected B�

! D⇤0(µ+µ�)⇡� candidates, with results of the fit superimposed.
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Figure 2: Two-dimensional distribution of µ+µ� invariant mass versus ⇡�µ+µ� invariant mass
for the selected B�

! D⇤0(µ+µ�)⇡� candidates. The red box corresponds to a range of about
±3� around the expected signal peak position in each dimension.

For the combinatorial background, the dimuon and the B-candidate invariant-mass
distributions are modelled using a first-order polynomial function and an exponential
function, respectively. The dimuon and the B-candidate invariant-mass slopes are allowed
to vary in the fit to data.

In total, the fit includes six free parameters: the yields for each component and
the two parameters of the combinatorial background model. The global peak position
shift and width scaling factor for each of the dimuon and B-candidate invariant-mass
models are constrained in the fit to be consistent with values obtained from fits to the
B�

! J/ (µ+µ�)K� candidates described below. Figure 1 shows the dimuon and B-
candidate invariant-mass distributions of selected B�

! D⇤0⇡� candidates, with results
of the fit superimposed. Figure 2 shows the two-dimensional distribution of selected
candidates. The fit favours a slightly negative B�

! D⇤0⇡� yield, which is attributed to
a downward fluctuation of the background in the region close to the B� and D⇤0 meson
masses. Table 1 summarises the yields obtained from the fit.

The B�
! J/ (µ+µ�)K� yield is determined from a one-dimensional extended un-

binned maximum-likelihood fit to the m(K�µ+µ�) distribution. The normalisation mode

6

with the uncertainties on the weights cancel out almost fully in the determination of the
e�ciency ratio. The e↵ect of the matching between reconstructed and generated particles
dominates the uncertainty on the e�ciency ratio, but has no significant impact on the
modelled invariant-mass distributions.

The systematic uncertainty on the yield of the normalisation mode is evaluated
by comparing the yields obtained in four di↵erent approaches: the baseline fit to the
B-candidate invariant-mass distribution; a fit replacing the B�

! J/ K� shape by a
Hypatia function [57]; the baseline fit to the dimuon invariant-mass distribution; and a
fit to the dimuon invariant-mass distribution replacing the B�

! J/ K� shape by the
sum of a Gaussian function and a Gaussian function with power-law tails on both sides of
the distribution. The largest di↵erence is assigned as the systematic uncertainty. The
di↵erence between the fit models is also used to assign a systematic uncertainty on the
global peak position shifts and width scaling factors for the signal mode.

Including all constraints, the fit to data yields

B
�
D⇤0

! µ+µ�� = (�1.06± 1.85)⇥ 10�8 ,

where statistical and systematic uncertainties are combined. An upper limit on the
branching fraction is obtained following the Feldmann–Cousins prescription [58]: pseudo-
experiments are generated for various values of the branching fraction and the resulting
distribution of measured branching fractions is used to form confidence belts. Figure 4
shows confidence belts at 90% and 95% CL. The result obtained from the fit yields

B(D⇤0
! µ+µ�) < 2.6 (3.4)⇥ 10�8 at 90 (95)% CL .

The procedure is repeated fixing the nuisance parameters to their central values to assess
the impact of the systematic uncertainties. In this case, with statistical uncertainty only,
the fitted branching fraction is (�1.10 ± 1.72) ⇥ 10�8 and the obtained 90 (95)% CL
upper limit is 2.3 (3.2)⇥ 10�8, indicating that the result is statistically limited. As further
checks the procedure is repeated restricting the signal yield to positive values, or using
alternative signal dimuon and B-candidate invariant-mass shapes. No significant change
in the upper limit is found in any of these checks.

6 Summary

A search for the D⇤0
! µ+µ� decay is performed by analysing B�

! ⇡�µ+µ� decays. The
analysis uses a data sample corresponding to an integrated luminosity of 9 fb�1 collected
with the LHCb experiment in pp collisions between 2011 and 2018. This is the first search
for a rare charm-meson decay exploiting its production in beauty-meson decays. No
excess with respect to the background-only hypothesis is observed and an upper limit of
B(D⇤0

! µ+µ�) < 2.6⇥ 10�8 at 90% CL is set. This measurement is the first limit on
the branching fraction of D⇤0

! µ+µ� decays and the most stringent limit on D⇤0 decays
to leptonic final states.
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In practice resonances decaying strongly into J/ p must have a minimal quark content
of ccuud, and thus are charmonium-pentaquarks; we label such states P+

c , irrespective of
the internal binding mechanism. In order to ascertain if the structures seen in Fig. 2(b)
are resonant in nature and not due to reflections generated by the ⇤⇤ states, it is necessary
to perform a full amplitude analysis, allowing for interference e↵ects between both decay
sequences.

The fit uses five decay angles and the K�p invariant mass mKp as independent variables.
First we tried to fit the data with an amplitude model that contains 14 ⇤⇤ states listed by
the Particle Data Group [12]. As this did not give a satisfactory description of the data,
we added one P+

c state, and when that was not su�cient we included a second state. The
two P+

c states are found to have masses of 4380± 8± 29 MeV and 4449.8± 1.7± 2.5 MeV,
with corresponding widths of 205± 18± 86 MeV and 39± 5± 19 MeV. (Natural units are
used throughout this Letter. Whenever two uncertainties are quoted the first is statistical
and the second systematic.) The fractions of the total sample due to the lower mass and
higher mass states are (8.4± 0.7± 4.2)% and (4.1± 0.5± 1.1)%, respectively. The best fit
solution has spin-parity JP values of (3/2�, 5/2+). Acceptable solutions are also found
for additional cases with opposite parity, either (3/2+, 5/2�) or (5/2+, 3/2�). The best
fit projections are shown in Fig. 3. Both mKp and the peaking structure in mJ/ p are
reproduced by the fit. The significances of the lower mass and higher mass states are 9
and 12 standard deviations, respectively.
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Figure 3: Fit projections for (a) mKp and (b) mJ/ p for the reduced ⇤⇤ model with two P+
c states

(see Table 1). The data are shown as solid (black) squares, while the solid (red) points show the
results of the fit. The solid (red) histogram shows the background distribution. The (blue) open
squares with the shaded histogram represent the Pc(4450)+ state, and the shaded histogram
topped with (purple) filled squares represents the Pc(4380)+ state. Each ⇤⇤ component is also
shown. The error bars on the points showing the fit results are due to simulation statistics.
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• Λb→pKll deeply investigated @LHCb: 
- LFU measurement RpK 
- branching fractions 
- CPV 

• Hard to interpret due to little knowledge of the 
pK spectrum (theoretically limited) 

• How can we gain information 
in terms of resonance structure? 
- Previous attempt with Λb→pKJ/ψ: 
also discovery of a new state Pc(4450) 
- Λb→pK𝛾: access to heavier states 
with m(pK) > 2 GeV/c2

       Amplitude analysis of Λb→pK𝛾           why?
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In practice resonances decaying strongly into J/ p must have a minimal quark content
of ccuud, and thus are charmonium-pentaquarks; we label such states P+

c , irrespective of
the internal binding mechanism. In order to ascertain if the structures seen in Fig. 2(b)
are resonant in nature and not due to reflections generated by the ⇤⇤ states, it is necessary
to perform a full amplitude analysis, allowing for interference e↵ects between both decay
sequences.

The fit uses five decay angles and the K�p invariant mass mKp as independent variables.
First we tried to fit the data with an amplitude model that contains 14 ⇤⇤ states listed by
the Particle Data Group [12]. As this did not give a satisfactory description of the data,
we added one P+

c state, and when that was not su�cient we included a second state. The
two P+

c states are found to have masses of 4380± 8± 29 MeV and 4449.8± 1.7± 2.5 MeV,
with corresponding widths of 205± 18± 86 MeV and 39± 5± 19 MeV. (Natural units are
used throughout this Letter. Whenever two uncertainties are quoted the first is statistical
and the second systematic.) The fractions of the total sample due to the lower mass and
higher mass states are (8.4± 0.7± 4.2)% and (4.1± 0.5± 1.1)%, respectively. The best fit
solution has spin-parity JP values of (3/2�, 5/2+). Acceptable solutions are also found
for additional cases with opposite parity, either (3/2+, 5/2�) or (5/2+, 3/2�). The best
fit projections are shown in Fig. 3. Both mKp and the peaking structure in mJ/ p are
reproduced by the fit. The significances of the lower mass and higher mass states are 9
and 12 standard deviations, respectively.
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Figure 3: Fit projections for (a) mKp and (b) mJ/ p for the reduced ⇤⇤ model with two P+
c states

(see Table 1). The data are shown as solid (black) squares, while the solid (red) points show the
results of the fit. The solid (red) histogram shows the background distribution. The (blue) open
squares with the shaded histogram represent the Pc(4450)+ state, and the shaded histogram
topped with (purple) filled squares represents the Pc(4380)+ state. Each ⇤⇤ component is also
shown. The error bars on the points showing the fit results are due to simulation statistics.
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• Amplitude for a generic Λb→Λ𝛾 decay is 

• Possible resonance helicities are  for  and 
 for : 

→ 2 (4) possible helicity couplings for spin  

• Final decay rate is the sum over all appearing Λ resonances and their 
possible helicities  (coherent sum) as well as the initial and final 
state helicities , ,  (incoherent sum)

λΛ = ± 1/2 JΛ = 1/2
λΛ = ± 1/2, ± 3/2 JΛ ≥ 3/2

JΛ = 1/2 ( ≥ 3/2)

λΛ
λΛ0

b
λp λγ

Amplitude model
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Wigner-D function 
rotation of spin states 

from the Λ helicity frame 
into the p helicity frame

helicity couplings 
for Λb→Λ𝛾 and Λ→pK 

( )λK = 0

decay dynamics

50k signal candidates 
in full LHCb dataset

LHCb preliminary

𝒜Λ
λΛ,λp

= dJΛ
λΛ,λp

(θp) HΛ
λΛ,λγ

hΛ
λp

XJΛ
(m(pK−))
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Results

• Best model containing all the Λ states with L ≤ 3 (mass and width fixed 
to their nominal values) plus a non-resonant component with JP = 3/2- 

• Second best model: no non-resonant component and mass and width 
of the Λ(2100) and Λ(2110) floating using Gaussian constraints 
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(considered for syst. uncert.)
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the result of a simultaneous fit of the nominal model to the Run 1 and Run 2 data sets (red dots)
with the individual components and interference terms projected onto all two-body invariant
mass combinations and the proton helicity angle. All quantities are computed constraining the
three-body invariant mass to the known ⇤0

b mass.

12

�
(1

40
5)

�
(1

52
0)

�
(1

60
0)

�
(1

67
0)

�
(1

69
0)

�
(1

80
0)

�
(1

81
0)

�
(1

82
0)

�
(1

83
0)

�
(1

89
0)

�
(2

10
0)

�
(2

11
0)

�
(2

35
0)

N
R

((
3/

2)
�
)

�
(1

40
5)

,�
(1

67
0)

�
(1

40
5)

,�
(1

80
0)

�
(1

52
0)

,�
(1

69
0)

N
R

((
3/

2)
�
),
�

(1
52

0)
�

(1
60

0)
,�

(1
81

0)
�

(1
67

0)
,�

(1
80

0)
N

R
((

3/
2)

�
),
�

(1
69

0)
�

(1
82

0)
,�

(2
11

0)

�5

0

5

10

15

20

(I
nt

er
fe

re
nc

e)
F

it
Fr

ac
ti

on
[%

]

LHCb Run 1 and 2

total systematic uncertainty
external syst. unc. (� parameters)
internal syst. unc.
result with statistical uncertainty

Figure 5: Final results for the (interference) fit fractions.

7, 8 and 13 TeV. The nominal fit model comprises all known ⇤ resonances as well as a444

nonresonant contribution with quantum numbers J
P = 3

2

�
.445

The numerical results of this fit including statistical and systematic uncertainties are446

presented in Table 3 and Fig. 5. A table with the correlations between the observables447

is given as supplementary material. The data and model projections on the invariant448

masses and proton helicity angle are shown in Fig. 4. The dominant contributions to the449

⇤
0
b ! pK

�
� decay are found to arise from the ⇤(1800), ⇤(1600), ⇤(1890) and ⇤(1520)450

resonances, in decreasing order, while the largest interference term involves the ⇤(1405)451

and ⇤(1800) baryons.452

The uncertainties on the main observables, fit and interference fractions, are entirely453

dominated by external inputs, specifically the masses and widths of the ⇤ states. A future454

measurement including improved knowledge of the di↵erent ⇤ baryons and more data will455

result in a significant reduction of the uncertainties.456

The analysis of ⇤
0
b ! pK

�
� decays provides information about the composition of457

the pK
� spectrum with unique access to the heavier ⇤ states. The presented amplitude458

model provides a detailed description of the ⇤
0
b ! pK

�
� decay with possible applications459

ranging from searches for beyond the Standard Model physics in ⇤
0
b ! pK

�
`
+
`
� decays460

to QCD studies and a possible measurement of the photon polarization in ⇤
0
b ! pK

�
�461

decays using polarised ⇤
0
b baryons from Z decays at future e

+
e
� colliders.462
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fractions interference fractions

dominated by external inputs 
(mass and widths)

LHCb preliminary

LHCb preliminary

[LHCb-PAPER-2023-036 in preparation...]

http://no%20link%20available


Prospects for Run1+Run2 data 
                                                 …and discussion

…feedbacks from Charm and Beauty rare-decays communities @LHCb
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charm 
Alternative approaches        in semi-leptonic decays

• Method (A) 
 
Measure BF in non-resonant region: 
             signal events → NP (?) 
        

• Method (B) 
 
Study resonant region with clean null tests: 
   - CP asymmetry 
   - Angular observables 
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[PRD 97, 091101 (2018), 
JHEP 06 (2021) 044]

🎁: depending on the nature of possible NP, correlations 
with the observed CP violation in hadronic decays may exist

February 5, 2021 12:1 MPLA: OPEN ACCESS —¿ S0217732321300020 page 9

Theoretical and experimental status of rare charm decays

Table 2. Phenomenological resonance parameters (in GeV2) extracted from measurements
of B(hc ! FM) with resonances M = ⇢0,�, ⌘, ⌘0 decaying to µ+µ�. In the notation
hc ! F [µ+µ�]M , the two muons arise from the intermediate resonance M . Details can be found
in Refs. 28, 39, 44 and 45.

Mode a⇢ a� a⌘ a⌘0

D+
! ⇡+ [µ+µ�]M 0.18± 0.02 0.23± 0.01 (5.7± 0.4)⇥ 10�4

⇠ 8⇥ 10�4

D0
! ⇡0 [µ+µ�]M 0.86± 0.04 0.25± 0.01 (5.3± 0.4)⇥ 10�4

⇠ 8⇥ 10�4

D+
s ! K+[µ+µ�]M 0.48± 0.04 0.07± 0.01 (5.9± 0.7)⇥ 10�4

⇠ 7⇥ 10�4

D0
! ⇡+⇡� [µ+µ�]M ⇠ 0.7 ⇠ 0.3 ⇠ 0.001 ⇠ 0.001

D0
! K+K� [µ+µ�]M ⇠ 0.5 ⇠ 0.0 ⇠ 3⇥ 10�4 —

⇤c ! p [µ+µ�]M 0.20± 0.04 0.111± 0.008 — —

and chiral theory. The parameters of this model are unknown and have to be ex-
tracted from experimental data, allowing implicitly for a breaking of the SU(3)F
flavor symmetry.

For instance, Fig. 3 displays the di↵erential branching fractions of dB(D+ !
⇡
+
µ
+
µ
�)/dq2 (left) and dB(D0 ! ⇡

+
⇡
�
µ
+
µ
�)/dq2 (right) in the SM. The non-

resonant contributions (in blue) are orders of magnitude below the resonance
contributions, which makes them non-accessible for experiments. However, cur-
rent experimental bounds still allow for large NP e↵ects at large q

2 for most decay
modes.

Since sensitivities of current experimental searches (gray shaded areas) are
close to the orange/red resonant curves, searching for NP in branching fractions is

�
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Fig. 3. (Color online) Di↵erential SM branching fractions of dB(D+
! ⇡+µ+µ�)/dq2 (left) and

dB(D0
! ⇡+⇡�µ+µ�)/dq2 (right). The blue bands represent the non-resonant contributions

including theoretical uncertainties of hadronic form factors at the charm scale µc. The resonant
contribution is displayed in orange (left) including the full uncertainties from form factors, reso-
nance parameters and their associated strong phases. The solid and dashed lines (right) represent
di↵erent set-ups of the strong phases �⇢ and ��. The gray dashed line shows the approximate exper-
imental upper limits on the branching fractions taken from Refs. 48 and 49, which are determined
using restricted ranges in dimuon mass (gray shaded areas) by vetoing resonance-dominated re-
gions. In the left, the limit has been extrapolated to the full range. Find details in Secs. 4.2 and 4.3.
The plots are adapted from Refs. 28 and 44.
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[PRD 101, 115006]

[EPJC 80, 65 (2020)]

applied only in D0 decays so far
[PRL 121, 091801 (2018), 
PRL 128, 221801 (2022)]

ongoing analyses in D(s)+→h+ll and Λc+→pll

https://doi.org/10.1103/PhysRevD.97.091101
https://doi.org/10.1007/JHEP06(2021)044
https://doi.org/10.1103/PhysRevD.101.115006
https://doi.org/10.1140/epjc/s10052-020-7621-7
https://doi.org/10.1103/PhysRevLett.121.091801
https://doi.org/10.1103/PhysRevLett.128.221801
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charm

More challenges          with photons and electrons

• Branching ratio and ACP in radiative decays 
- study D0→V𝛾 (V = 𝜙, 𝜌, K*) 
- complement Belle measurements 
- room for NP with ACP up to 10% while BF SM-like

15

[PRL 118, 051801 (2017)]

[Phys. Lett. B754 (2016) 167]
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Figure 1: Mass spectra from simulation for D0
! e±µ⌥ decays (solid line) and D0

! ⇡+⇡�

decays reconstructed as D0
! e±µ⌥ (dashed line). Each spectrum is normalized to unit area.

The vertical line indicates the mass of the D0 meson.

the detector, using the photon energy deposition in the electromagnetic calorimeter [22].
Muon and electron candidates, and pions and kaons from the D0

! K�⇡+ candidates,
are required to have p > 4 GeV/c and pT > 0.75 GeV/c and to be positively identified by
the particle identification systems. The soft pion from the candidate D⇤+

! D0⇡+ decay
is required to have pT > 110 MeV/c and to be consistent with coming from the PV. A
kinematic fit is performed, with the two D0 decay tracks constrained to a secondary vertex
and the soft pion and D0 candidates constrained to come from the PV. This fit improves
the resolution on the mass di↵erence between the reconstructed D⇤+ and D0 mesons,
which is required to be in the range 135� 155 MeV/c2. About 2% of events contain more
than one D⇤+

! D0⇡+ candidate and in these events one is chosen at random. After the
above selections, 2114 candidates remain in the signal mass region for D0

! e±µ⌥ and
330 359 for D0

! K�⇡+ (the trigger accept rate for the latter channel is scaled to retain
only 1% of candidates).

An important source of background in the sample of D0
! e±µ⌥ candidates comes

from D0
! ⇡+⇡� decays where one pion is misidentified as an electron and the other as a

muon. From simulations and calibration samples in the data [13], the probability for a
D0

! ⇡+⇡� event to be selected in the final sample of candidate signal events is found to
be (1.0± 0.6)⇥ 10�8 in the 7 TeV data and (1.8± 0.4)⇥ 10�8 in the 8 TeV data. Figure 1
shows a comparison of the mass spectra, from simulation, for D0

! e±µ⌥ decays and
for D0

! ⇡+⇡� decays reconstructed as D0
! e±µ⌥, with each spectrum normalized to

unit area. The low-mass tail for genuine D0
! e±µ⌥ decays is caused by bremsstrahlung

from the electrons; about 15% of the signal lies below 1810 MeV/c2. The misidentified
D0

! ⇡+⇡� decays produce a peak at a mass about 15MeV/c2 below the signal mass.

3

• Final states with electrons 
- experimentally challenging   
- coming soon: 
   first LFU test with D(s)+→𝜙(→ll)π+ 
- exploring also BF and LNV+LFV 

[JHEP 08 (2017) 091]

https://doi.org/10.1103/PhysRevLett.118.051801
https://doi.org/10.1016/j.physletb.2016.01.029
https://doi.org/10.1007/JHEP08(2017)091
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Future LFU measurements

33

�

FĺWˁˁ
GL�OHSWRQ�VWUXFWXUH�RI�EĺVOO

?

Mass fits

K.A. Petridis (UoB) b ! s`` at LHCb NKUA seminar 24 / 38

beauty

Upcoming LFU tests

16

toy study!

ψ(2S) + part. reconstructed + misID

toy study!

• Exclusive: 
- R𝜙 with Bs→𝜙ll, 
- RΛ with Λb→Λll (first measurement) 
- RpK with Λb→pKll (update with 2017+2018) 

• Non-exclusive multi-body decays: 
- B+→Kππll 
- B0→Kπll (outside K* resonance) 

• High q2 region in RK(*) and R𝜙: 
- background contamination 
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beauty

• Challenging (bin migration + bkg modeling) 

• B→K*µµ: extra fit parameters 
(massive leptons + scalar amplitudes)  

• Binned/Unbinned? 
- unbinned: study different models 
- binned: more bins and full dataset

Angular observables

17

So now, what is next with Run1/2 data?

Beyond the flavour anomalies IV 24Rafael Silva Coutinho, Renato Quagliani
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Figure 6.13: Distribution of the B0 !K⇤0 `+`� and B0 !K⇤0J/ (! `+`�) data candidates as a function
of PV-constrained B0 invariant mass m(K+⇡�`+`�)PV and q2, as obtained for the muon mode (left) and
the electron mode (right).
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Figure 6.14: Distribution of the B0 !K⇤0 `+`� and B0 !K⇤0J/ (! `+`�) data candidates as a function
of PV-constrained B0 invariant mass m(K+⇡�`+`�)PV and constrained q2, as obtained for the muon mode
(left) and the electron mode (right).

the best compromise between signal efficiency and background rejection.

Signal and background samples

Two different classifiers are used to select signal decays to electrons and muons. Training and testing
are performed on combined samples of 2011 and 2012 and, for electrons, jointly for the three trigger
categories. This choice is driven by the observation that the statistics available is the limiting factor
in the classifier performance. An increase in the statistics is hence more beneficial than the use
of samples recorded under the same conditions (mainly the energy of the pp collisions) and with
the same kinematic properties. On the other hand, the optimisation of the classifiers is performed
separately for each trigger category. The low and central q

2 bins are combined for the training but
considered separately in the optimisation.

The signal is obtained from B
0 ! K

⇤0
e
+
e
� and B

0 ! K
⇤0

µ
+
µ

� simulation samples that are
corrected to account for differences between simulation and data, while the B

0 candidates populating
the upper sideband of the B

0 invariant mass distribution in data are used as background sample.
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Figure 6.14: Distribution of the B0 !K⇤0 `+`� and B0 !K⇤0J/ (! `+`�) data candidates as a function
of PV-constrained B0 invariant mass m(K+⇡�`+`�)PV and constrained q2, as obtained for the muon mode
(left) and the electron mode (right).

the best compromise between signal efficiency and background rejection.

Signal and background samples

Two different classifiers are used to select signal decays to electrons and muons. Training and testing
are performed on combined samples of 2011 and 2012 and, for electrons, jointly for the three trigger
categories. This choice is driven by the observation that the statistics available is the limiting factor
in the classifier performance. An increase in the statistics is hence more beneficial than the use
of samples recorded under the same conditions (mainly the energy of the pp collisions) and with
the same kinematic properties. On the other hand, the optimisation of the classifiers is performed
separately for each trigger category. The low and central q

2 bins are combined for the training but
considered separately in the optimisation.

The signal is obtained from B
0 ! K

⇤0
e
+
e
� and B

0 ! K
⇤0

µ
+
µ

� simulation samples that are
corrected to account for differences between simulation and data, while the B

0 candidates populating
the upper sideband of the B

0 invariant mass distribution in data are used as background sample.
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‣ Extremely challenging at LHCb; e.g. bin migration, background modelling 

CERN-THESIS-2018-074, F. Lionetto
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Table 8.4: Calculated values of the S and P-basis angular observables in the large and small q
2

ranges associated with the pseudoexperiments generated from the amplitude model with the
nominal SM configuration.

1.1 < q
2

< 7.0 1.1 < q
2

< 6.0
FL 0.744 0.771
S3 �0.019 �0.015
S4 �0.177 �0.157
S5 �0.251 �0.215
AFB 0.066 0.028
S7 0.000 0.000
S8 0.000 0.000
S9 0.000 0.000
P1 �0.146 �0.128
P

0
4 �0.405 �0.374

P
0
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P
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Figure 8.27: Result of a toy fit (Run 2p2 models). The unweighted distributions are shown in
blue, and the distribution after e↵ective acceptance correction is shown in black.
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Figure 8.27: Result of a toy fit (Run 2p2 models). The unweighted distributions are shown in
blue, and the distribution after e↵ective acceptance correction is shown in black.
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‣ Data-driven approach for combinatorial + DSL and 
similar approach of  for misidentified backgroundsRK,K*0

Z. Wang PhD Thesis

Still blind and in 

Collaboration Review

toy study!

toy study!

toy study!
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charm

What can we do?

• Hybrid approaches: 
amplitude analysis for the extraction of observables 
(complementary to binned approach). 
Is this effort appreciated? 

• Communication: 
should we share more information? what can be helpful? 
eg. invariant-mass spectra 
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Di↵erential mass distributions: p2, q2

Double peak from ⇢/!

We fit the relative phase of ⇢� !:
dynamics specific to this decay
(not a semileptonic one)

Inclusion of � is paramount!

�2
min;w/o � � �2

min = (8.6)2

Peaks: ⇢/! and �

We fit for the phase di↵erence of
⇢/! and �; significantly a↵ects
high q2

� contributes to the di↵. decay
rate by 10� 35% depending on q2

(not visible)
q2-binned observables I2, I3 reproduced well ; S-wave contributes more than
30% to I2
I4 not reproducible with current framework
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m(π−π+) m(μ−μ+)

S. Fajfer, L. Silva, E. Solomonidi @Charm2023

really appreciated 
feedback about the effects of a 

S-wave component in D0 → π+π-µ+µ-

[Eur. Phys. J. C 77 (2017) 161]

beauty

(as experimentalists)

https://indico.physik.uni-siegen.de/event/1/contributions/37/
http://dx.doi.org/10.1140/epjc/s10052-017-4703-2
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Inputs from theory

• Need for theory predictions in beauty: 
- model dependent approaches requires solid inputs     
   regarding QCD effects 
-  transitions not advanced such as  
- not accurate description of excited K0  and Λ resonances 

• Guidance: how can we improve theoretical interpretation? 
- theoretically clean observables (angular and ACP) 
- multi-lepton final states, so far only B(s)0→4µ 
- radiative decays 
-  transitions 

b → d b → s

b → d

19

Theory of rare charm decays  - L. Silva @IW2023

 Global analyses of rare b→d and 
b→s decays  - A. Smolkovic 

@IW2023

An unbinned amplitude analysis of B→πμμ decays - A. Marshall @IW2023

charmbeauty

https://indico.cern.ch/event/1258750/contributions/5606422/
https://indico.cern.ch/event/1258750/contributions/5606423/
https://indico.cern.ch/event/1258750/contributions/5606423/
https://indico.cern.ch/event/1258750/contributions/5606423/
https://indico.cern.ch/event/1258750/contributions/5606424/
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Conclusions

• Presented recent results for rare charm and beauty decays 

• In beauty decays: 
- measurement limited by external inputs (still experimental) 
- theoretical effort is necessary to converge on the understanding of       
    Λ resonances such as in Λb → Λ(1520)µ+µ- 
- better understanding of pK mass spectrum thanks to Λb→pK𝛾  
- complementary observables and update of existing measurements on      
    their way 

• In charm decays: 
- most stringent limits in D0→µ+µ- and D*0→µ+µ- 

- measurements statistically limited 
- theoretical predictions are hard, looking for clean observables 
 

20

(started measuring CP and angular observables, more input welcome!)

charm

beauty
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