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Two Roads to New Physics
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This approach is sensitive to particles far heavier than those directly 
produced in a collider. It is what flavour physics is about.

2 Roads to New Physics

Direct Observations Indirect e�ects

Particles with MC2 > E

cannot be produced di-
rectly...

E=MC
2

... but they can have an e�ect as virtual
particles, especially in loops.
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The Bs system

Analogy between two 2-state
systems: Light-polarisation
and Bs mesons.

• Linear pol. ⇤ Bs, B̄s.
• Circular pol. ⇤ BH, BL.
• Only BH, BL have well-

defined (and di⇤erent)
masses and lifetimes.

Mixing Parameters
• ⇥� ⇥ 1

�L
� 1

�H
= �H��L

�H�L
.

• ⇥m ⌅ oscillation frequency.

• Theory: ⇥� ⌅⇥m.

• Expect to measure both for
1st time at Tevatron.
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Direct observation Effects of virtual particles
LHCb: Nature Phys. 18 (2022) 1, 1-5
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𝐵0𝑠 → 𝐷−𝑠 𝜋+ 𝐵0𝑠 → 𝐵0𝑠 → 𝐷−𝑠 𝜋+ Untagged

https://inspirehep.net/literature/1857623
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Flavour physics as a tool to discover New Physics

• Quark Flavour physics is the precision study of 
quark transitions.


• Sensitive to new particles that can be much 
heavier than those directly produced.


• Very successful in the past:


• Charm quark predicted based on the 
suppression Flavour Changing Neutral 
Currents (FCNC).


• Top/bottom quark predicted based on the 
observation of CP violation.


• Only serious indications of physics beyond 
SM today stem from this approach.
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CP violation and New Physics

• While there is O(10%) agreement 
between the Standard description of 
CP violation, and measurements, 
there is a huge discrepancy between 
CPV in the SM and CPV in the 
universe. 
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• While there is O(10%) agreement 
between the Standard description of 
CP violation, and measurements, 
there is a huge discrepancy between 
CPV in the SM and CPV in the 
universe. 

4

Universe with 
SM CPV, only

Real universe There must be new 
sources of CP violation.
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CP violation is an interference effect
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CP violation is an interference effect
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CP and flavour tagged Dº at the charm threshold
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Measurements of  at BES IIIZi = ci + isi = Re−iδ

11

in D0 → KSπ+π−

BESIII: PRL 124 (2020) 24, 241802

correct for this effect. The values of Ki and K0
i that are used

to evaluate Nexp
i are determined from the flavor-tagged DT

yields, where corrections from doubly Cabibbo-suppressed
decays, efficiency and migration effects have been applied,
which are explained in detail in Ref. [16].
The values of cð0Þi and sð0Þi are obtained by minimizing the

negative log-likelihood function constructed as

−2 logL ¼ −2
X

i

X

j

lnPðNobs
ij ; hNexp

ij iÞK0
Sπ

þπ−;K0
SðLÞπ

þπ−

− 2
X

i

lnPðNobs
i ; hNexp

i iÞCP;K0
SðLÞπ

þπ− þ χ2;

where PðNobs; hNexpiÞ is the Poisson probability to observe
Nobs events given the expected number hNexpi. Here the
sums are over the bins of theD0 → K0

SðLÞπ
þπ− Dalitz plots.

The χ2 term is used to constrain the difference c0i − ci
(s0i − si) to the predicted quantity Δci (Δsi). The values of
Δci andΔsi are estimated based on the decay amplitudes of
D0 → K0

Sπ
þπ− [30] and D0 → K0

Lπ
þπ−, where the latter is

constructed by adjusting the D0 → K0
Sπ

þπ− model taking
the K0

S and K
0
L mesons to have opposite CP, as is discussed

in Refs. [13,14]. The details of assigning Δci (Δsi) and
their uncertainties δΔci (δΔsi) are presented in Table VI
of Ref. [16].
The measured strong-phase parameters cð0Þi and sð0Þi are

presented in Fig. 3 and Table II. The estimation of
systematic uncertainties is described in detail in Ref. [16].
In addition to our results, Fig. 3 includes the predictions of
Ref. [30] and the results from Ref. [14], which show
reasonable agreement.
In summary, measurements of the strong-phase para-

meters between D0 and D̄0 → K0
S;Lπ

þπ− in bins of phase
space have been performed using 2.93 fb−1 of data
collected at

ffiffiffi
s

p
¼ 3.773 GeV with the BESIII detector.

Compared to the previous CLEO measurement [14], two
main improvements have been incorporated. First, addi-
tional tag decay modes are used. In particular the inclusion
of the πþπ−π0 tag improves the sensitivity to ci and the
addition of theK0

Sðπ0π0missÞπþπ− improves the sensitivity to
si. Second, corrections for bin migration have been
included, as their neglect would lead to uncertainties
comparable to the statistical uncertainty. The results
presented in this Letter are on average a factor of
2.5 (1.9) more precise for ci (si) and a factor of
2.8 (2.2) more precise for c0i (s

0
i) than has been achieved

previously. The strong-phase parameters provide an impor-
tant input for a wide range ofCP violation measurements in
the beauty and charm sectors, and also for measurements
of strong-phase parameters in other D decays where
D → K0

Sπ
þπ− is used as a tag [31,31–34].

To assess the impact of our ci and si results on a
measurement of γ, we use a large simulated data set of
B− → DK−, D → K0

Sπ
þπ− events. Based on the MC

simulation, the uncertainty in γ associated with our uncer-
tainties for ci and si is found to be 0.7°, 1.2°, and 0.8° for
the equal ΔδD, optimal and modified optimal binning
schemes, respectively. For comparison, the corresponding
results from CLEO are 2.0°, 3.9°, and 2.1° [14]. Therefore,
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FIG. 2. Dalitz plots of K0
Sπ

þπ− events in data. The effect of the
quantum correlation is clearly visible. The approximate locations
of events from K0

Sρð770Þ0 are indicated by arrows for clarity.
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FIG. 3. The ci and si measured in this work (red dots with error bars), the predictions of Ref. [30] (black open circles) and the results of
Ref. [14] (green open squares with error bars). The left, middle and right plots are from the equal ΔδD, optimal and modified optimal
binnings, respectively. The circle indicates the boundary of the physical region c2i þ s2i ¼ 1.

PHYSICAL REVIEW LETTERS 124, 241802 (2020)
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(PRL 124 (2020) 24, 241802)
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(PRD 82 (2010) 112006)


O model 

(PRD 98, 112012)

∙
□
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Figure 9. Scans of ��
2 in the global (RK3⇡, �K3⇡

D ) and (RK⇡⇡0 , �K⇡⇡0

D ) parameter space, showing
the ��

2=2.30, 6.18, 11.83 intervals, which correspond to 68.3%, 95.4% and 99.7% confidence levels
in the two-dimensional parameter space. Also shown are the equivalent contours determined from
the CLEO-c data [8].

associated with the varying input. The results are presented in Table 12. The most im-
portant contributions are seen to come from the finite size of the CP -tagged D ! K

�
⇡
+

samples, the uncertainty on the D ! K
0
SK

�
⇡
+ background, and on the knowledge of the

D ! K
0
S⇡

+
⇡
� strong-phase and Ki parameters. The statistical uncertainty is dominant

for all four measurements.

5.2 Binned D ! K
�
⇡
+
⇡
+
⇡
� analysis

The binned analysis proceeds in an identical manner to the global case. In this case there
are 170 observables and 15 free fit parameters. Because the binning scheme is constructed to
exclude D ! K

0
SK

�
⇡
+ background there is no uncertainty from this source. In Monte Carlo

simulation it is found that around 90% of decays are assigned to the correct bin. A migration
matrix, determined from simulation, is used to correct for incorrect assignments. Fits to
ensembles of simulated experiments confirm that the results are unbiased and assigned
reliable uncertainties. The measured values of the observables are presented in Table 13.
The accompanying correlation matrix may be found in Appendix B.

The results for the fit to hadronic parameters are given in Table 11 (with the correlation
matrix in Appendix B), and ��

2 scans in (RK3⇡, �
K3⇡
D ) space are shown in Fig. 10. The fit

quality, with �
2
/n.d.f. = 180/155, is satisfactory. In Appendix C may be found the results

for a combined fit to the BESIII and CLEO-c data.
The amplitude models may be used to calculate predictions for the coherence factor in

each bin, and the variation in strong-phase between bins [19]. By making use of the mea-
sured value of �K3⇡

D from the global analysis it is then possible to obtain an effective predic-
tion of the average strong-phase difference bin-by-bin, and correlated uncertainty. Following
this procedure the predicted values of the coherence factors and strong-phase differences
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i) than has been achieved
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tant input for a wide range ofCP violation measurements in
the beauty and charm sectors, and also for measurements
of strong-phase parameters in other D decays where
D → K0

Sπ
þπ− is used as a tag [31,31–34].

To assess the impact of our ci and si results on a
measurement of γ, we use a large simulated data set of
B− → DK−, D → K0

Sπ
þπ− events. Based on the MC

simulation, the uncertainty in γ associated with our uncer-
tainties for ci and si is found to be 0.7°, 1.2°, and 0.8° for
the equal ΔδD, optimal and modified optimal binning
schemes, respectively. For comparison, the corresponding
results from CLEO are 2.0°, 3.9°, and 2.1° [14]. Therefore,
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FIG. 2. Dalitz plots of K0
Sπ

þπ− events in data. The effect of the
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Sρð770Þ0 are indicated by arrows for clarity.
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PHYSICAL REVIEW LETTERS 124, 241802 (2020)

241802-6

 BESIII  
(PRL 124 (2020) 24, 241802)


 CLEO-c  
(PRD 82 (2010) 112006)


O model 

(PRD 98, 112012)

∙
□

See also Jake and Richard Lane’s and Ben Westhenry’s talks in the today and Wednesday afternoon’s parallel.

https://inspirehep.net/literature/1850941
https://inspirehep.net/literature/1782978
https://inspirehep.net/literature/1782978
https://inspirehep.net/literature/873121
https://inspirehep.net/literature/1668123
https://inspirehep.net/literature/1668123
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Unitarity triangle
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Model-independent analysis of charm mixing in 
D0 → KSπ+π−
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LHCb: PRL 127 (2021) 11, 111801

Uses same input from CLEO-c and BES III as for 𝛾 to remove amplitude model dependence

This is real data, not simulation. 30.6M signal events  
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Figure 3: Distribution of �m for the selected D⇤+
! D0(! K0

S⇡
+⇡�)⇡+ candidates. The

projection of the fit result is superimposed.

usually by pairing the same D0 candidate with di↵erent soft pions. When this occurs, one
candidate is chosen randomly, and the rest are removed from the sample.

Signal yields are determined by fitting the distribution of the mass di↵erence be-
tween the D⇤+ and D0 candidates, denoted as �m. The signal probability density
function is empirically described by a combination of a Johnson SU distribution [27]
and two Gaussian functions, one of which shares a mean with the Johnson SU . The
background is dominated by real D0 decays incorrectly combined with a charged particle
not associated with a D⇤+ decay, and is modeled with a smooth phase-space-like model,
✓(�m�m⇡)e�c(�m�m⇡) (�m�m⇡)

↵, where ✓(x) is the Heaviside step function, m⇡ is
the charged-pion mass [5], and ↵ and c are free parameters. Figure 3 shows the �m
distribution of the entire sample, from which the fit identifies (30.585± 0.011)⇥ 106 signal
decays. This represents a factor of 15 larger yield compared to the previous measurement.

To determine the yields used to form the ratios R±
bj , separate fits are performed for each

set of Dalitz-plot and decay-time bins bj. The signal model assumes the same parameters
for each pair of positive and negative Dalitz-plot bins, and fixes some parameters from a fit
integrated over decay time. Fits are performed independently for D0 and D0 candidates,
as well as for each of the four data subsamples. The measured signal yields are then
corrected for two e↵ects that do not cancel in the ratio: experimentally induced correlations
between the phase space and decay time, and charge-dependent e�ciencies (detection
asymmetries).

Online requirements on the displacement and momenta of the D0 decay products
introduce e�ciency variations that are correlated between the phase-space coordinates
and the D0 decay time. The e↵ect depends predominantly on the invariant mass of
two pions from the D0 decay, with the e�ciency to reconstruct the candidates at low
values decreasing significantly at low D0 decay times. This can bias the measured yield
ratios and produce mixing-like trends. To remove this bias, an approach that estimates
the relative e�ciencies using data is developed. The Dalitz plot is divided into small,
rectangular-like regions formed symmetrically across the bisector. Note that these include
the portions above and below the bisector, unlike the bins shown in Fig. 2. In the limit of
CP symmetry, the contribution of mixing to such symmetric regions depends only on yCP

4

 in m(D*) − m(D) D*+ → D0π+, D0 → KSππ

https://inspirehep.net/literature/1867376
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First observation of mass difference between charm 
CP eigenstates.
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CP violation

18

0.2− 0.1− 0 0.1 0.2
 1−| q/p|

0.4−

0.2−

0

0.2

0.4φ
Current world avg.
Current world avg. +  this paper

LHCb

contours hold 68%, 95% CL

CPV in charm mixing

CP
V 

in
 th

e 
in

te
rfe

re
nc

e 
be

tw
ee

n 
m

ixi
ng

 a
nd

 d
ec

ay

LHCb: PRL 127 (2021) 11, 111801

https://inspirehep.net/literature/1867376


Jonas Rademacker                                                              Heavy Flavour Physics                                            IOP HEPP, 3 April 2022

New Particles
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Plot by Patrick Koppenburg: https://www.nikhef.nl/~pkoppenb/particles.html

(55 of which at LHCb)

https://www.nikhef.nl/~pkoppenb/particles.html
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Charmonium system 1

Charmonium System

Updated August 2019.

 = PCJ − +0 − −1 + +0 + +1+ −1 + +2 − −2 − −3

(2S) cη

(1S) cη

(2S)ψ

(4660)ψ

(4360)ψ

(4260)ψ

(4415)ψ

(4160)ψ

(4040)ψ

(3770)ψ

(1S) ψ/J

(1P) ch

(1P) 
c2

χ

(3930) 
c2

χ
(3872)

c1
χ

(1P) 
c1

χ

(1P) 
c0

χ

(3823)
2

ψ

(3915) X
?]++[2

(4140)
c1

χ

(4274)
c1

χ

(4430) cZ

(4020) X

(3900) cZ
(3860)

c0
χ

(4500)
c0

χ

(4700)
c0

χ

(4200) cZ(4230)ψ

(4390)ψ

(3842) 
3

ψ

0π

π π

η

0π

π π
η

π π
KK

π π

π π

ω, π π

0π
π

π

π

ω

φ

Thresholds:

DD 

*DD 
sD sD

*D *D
sD *sD

*sD *sD

2900

3100

3300

3500

3700

3900

4100

4300

4500

4700

Mass (MeV)

The level scheme of meson states containing a minimal quark content of cc. The name of
a state is determined by its quantum numbers IGJPC (see the review “Naming Scheme
for Hadrons”). States with unestablished quantum numbers are called X and are drawn
according to our best estimate of their likely JPC . States included in the Summary
Tables are shown with solid lines; selected states not in the Summary Tables, but with
assigned quantum numbers, are shown with dotted lines. The arrows indicate the most
dominant hadronic transitions. Single photon transitions, including ψ(nS) → γηc(mS),
ψ(nS) → γχcJ(1P ), and χcJ (1P ) → γJ/ψ, are omitted for clarity. For orientation, the
location of the thresholds related to a pair of ground state open charm mesons is indicated
in the figure.
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|Mrec(γISRD+
s )−mDs1(2536)− | < 8 MeV/c2 (∼ 2.5σ), and

sideband regions as shown by blue dashed lines, which
are three times as wide as the signal region. To esti-
mate the signal significance of the Ds1(2536)−, we com-
pute

√

−2 ln(L0/Lmax) [31], where L0 and Lmax are the
maximized likelihoods without and with the Ds1(2536)−

signal, respectively. The statistical significance of the
Ds1(2536)− signal is 8σ.
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FIG. 1: (a) The recoil mass spectrum against the
γISRD

+
s K−/K0

S system before applying the D̄∗0/D∗− mass
constraint. The yellow histogram shows the normalized
Ds1(2536)

− mass sidebands (see below). The red dashed lines
show the required D̄∗0/D∗− signal region. (b) The recoil mass
spectrum against the γISRD

+
s system in data. The yellow his-

togram shows the normalized D+
s mass sidebands. The red

dashed lines show the required Ds1(2536)
− signal region, and

the blue dashed lines show the Ds1(2536)
− mass sidebands.

The D+
s Ds1(2536)− invariant mass distribution is

shown in Fig. 2(a). There is a significant peak around
4626 MeV/c2, while no structure is seen in the normal-
ized Ds1(2536)− mass sidebands shown as the yellow his-
togram. In addition, no peaking background is found in
the D+

s Ds1(2536)− mass distribution from generic MC
samples. We therefore interpret the peak in the data
as evidence for an exotic charmoniumlike state decaying
into D+

s Ds1(2536)−, called Y (4626) hereafter.

One possible background, which is not included in the
Ds1(2536)− mass sidebands is from e+e− → D∗+

s (→
D+

s γ)Ds1(2536)−, where the photon from the D∗+
s re-

mains undetected. To estimate such a background con-
tribution, we measure this process with the data follow-
ing the same procedure as used for the signal process.
We require an extra photon with Eγ > 50 MeV in the
barrel or Eγ > 100 MeV in the endcaps to combine with
the D+

s to form the D∗+
s candidate. The mass and vertex

fits are applied to the D∗+
s candidates to improve their

momentum resolution. In events with multiple candi-
dates, the best candidate is chosen using the lowest χ2

value from the mass-constrained fit. The same D̄∗0/D∗−

signal region requirement on Mrec(γISRD∗+
s K−/K0

S) and
the D̄∗0/D∗− mass constraint are applied as before in
e+e− → D+

s Ds1(2536)−. In the recoil mass spectrum
of the γISRD∗+

s an excess of events is observed in the
Ds1(2536)− signal region.

After requiring the D+
s K

−/K0
S mass to be within

the Ds1(2536)− signal region, the D∗+
s Ds1(2536)−

invariant mass distribution is shown in Fig. 2(b).
Note that the e+e− → D+

s Ds1(2536)− is a source of
backgrounds for the e+e− → D∗+

s Ds1(2536)− when
the D+

s candidates are combined with soft photons
to form D∗+

s candidates. From Fig. 2(b), no obvious
structure is observed. The normalized contribution from
e+e− → D∗+

s Ds1(2536)− to e+e− → D+
s Ds1(2536)−

is the cyan shaded histogram which is shown in
Fig. 2(a), and which is normalized to correspond
to Nobs

D∗+
s Ds1(2536)−

εD+
s Ds1(2536)−

/εD∗+
s Ds1(2536)−

events. Here, Nobs
D∗+

s Ds1(2536)−
is the yield of

e+e− → D∗+
s Ds1(2536)− signal events in each

M(D∗+
s Ds1(2536)−) bin in data after subtract-

ing the normalized Ds1(2536)− sidebands and the
e+e− → D+

s Ds1(2536)− background contribution,
and εD+

s Ds1(2536)−
and εD∗+

s Ds1(2536)−
are the recon-

struction efficiencies for e+e− → D+
s Ds1(2536)− and

e+e− → D∗+
s Ds1(2536)−, respectively, and the ratio of

efficiencies is (1.00± 0.02). The yield of D∗+
s Ds1(2536)−

after the background subtraction for the whole region
in Fig. 2(b) is (11.6 ± 3.6). A similar method is
applied to estimate the background contribution from
e+e− → D+

s Ds1(2536)− to e+e− → D∗+
s Ds1(2536)−.
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FIG. 2: (a) The D+
s Ds1(2536)

− invariant mass spectrum
for e+e− → D+

s Ds1(2536)
−. (b) The D∗+

s Ds1(2536)
−

invariant mass spectrum for e+e− → D∗+
s Ds1(2536)−.

All the components including those from the fit to the
D+

s Ds1(2536)
− invariant mass spectrum are indicated in

the labels and described in the text. Note that the
cyan shaded histograms in the top/bottom show the
D+

s Ds1(2536)
−/D∗+

s Ds1(2536)
− invariant mass spectrum

from D∗+
s Ds1(2536)−/D+

s Ds1(2536)− background contribu-
tion after applying the requirements to reconstruct e+e− →
D+

s Ds1(2536)
−/e+e− → D∗+

s Ds1(2536)
−.
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The level scheme of meson states containing a minimal quark content of cc. The name of
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for Hadrons”). States with unestablished quantum numbers are called X and are drawn
according to our best estimate of their likely JPC . States included in the Summary
Tables are shown with solid lines; selected states not in the Summary Tables, but with
assigned quantum numbers, are shown with dotted lines. The arrows indicate the most
dominant hadronic transitions. Single photon transitions, including ψ(nS) → γηc(mS),
ψ(nS) → γχcJ(1P ), and χcJ (1P ) → γJ/ψ, are omitted for clarity. For orientation, the
location of the thresholds related to a pair of ground state open charm mesons is indicated
in the figure.
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Figure 3: Mass spectra of (top) D0D0 and (bottom) D+D� candidates in the narrow
3.80 < mDD < 3.88GeV/c2 region. The result of the simultaneous fit described in the text
is superimposed.

Table 1: Yields, mass and width of the X(3842) state from the fit to DD mass spectra in
the narrow 3.80 < mDD < 3.88GeV/c2 region. Uncertainties are statistical only.

NX(3842) mX(3842) [MeV/c2] �X(3842) [MeV]

D0D0 930± 170
3842.71± 0.16 2.79± 0.51

D+D� 2070± 190

4.2 Mass region 3.80 < mDD < 4.20GeV/c2

Two signal components are used to describe the 3.80 < mDD < 4.20GeV/c2 region:
the X(3842) component, described earlier, and a component for the �c2(3930) decay, mod-
elled by the convolution of a relativistic D-wave Breit–Wigner function with the resolution
model described above. The background in this mass region is modelled by an exponen-
tial function multiplied by a second-order polynomial function. The total fit consists
of the sum of the background and the X(3842) and �c2(3930) signals. A simultaneous
extended binned maximum-likelihood fit to the D0D0 and D+D� mass spectra is per-
formed with the mass and natural width of the X(3842) state fixed to the results of the
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|Mrec(γISRD+
s )−mDs1(2536)− | < 8 MeV/c2 (∼ 2.5σ), and

sideband regions as shown by blue dashed lines, which
are three times as wide as the signal region. To esti-
mate the signal significance of the Ds1(2536)−, we com-
pute

√

−2 ln(L0/Lmax) [31], where L0 and Lmax are the
maximized likelihoods without and with the Ds1(2536)−

signal, respectively. The statistical significance of the
Ds1(2536)− signal is 8σ.
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FIG. 1: (a) The recoil mass spectrum against the
γISRD

+
s K−/K0

S system before applying the D̄∗0/D∗− mass
constraint. The yellow histogram shows the normalized
Ds1(2536)

− mass sidebands (see below). The red dashed lines
show the required D̄∗0/D∗− signal region. (b) The recoil mass
spectrum against the γISRD

+
s system in data. The yellow his-

togram shows the normalized D+
s mass sidebands. The red

dashed lines show the required Ds1(2536)
− signal region, and

the blue dashed lines show the Ds1(2536)
− mass sidebands.

The D+
s Ds1(2536)− invariant mass distribution is

shown in Fig. 2(a). There is a significant peak around
4626 MeV/c2, while no structure is seen in the normal-
ized Ds1(2536)− mass sidebands shown as the yellow his-
togram. In addition, no peaking background is found in
the D+

s Ds1(2536)− mass distribution from generic MC
samples. We therefore interpret the peak in the data
as evidence for an exotic charmoniumlike state decaying
into D+

s Ds1(2536)−, called Y (4626) hereafter.

One possible background, which is not included in the
Ds1(2536)− mass sidebands is from e+e− → D∗+

s (→
D+

s γ)Ds1(2536)−, where the photon from the D∗+
s re-

mains undetected. To estimate such a background con-
tribution, we measure this process with the data follow-
ing the same procedure as used for the signal process.
We require an extra photon with Eγ > 50 MeV in the
barrel or Eγ > 100 MeV in the endcaps to combine with
the D+

s to form the D∗+
s candidate. The mass and vertex

fits are applied to the D∗+
s candidates to improve their

momentum resolution. In events with multiple candi-
dates, the best candidate is chosen using the lowest χ2

value from the mass-constrained fit. The same D̄∗0/D∗−

signal region requirement on Mrec(γISRD∗+
s K−/K0

S) and
the D̄∗0/D∗− mass constraint are applied as before in
e+e− → D+

s Ds1(2536)−. In the recoil mass spectrum
of the γISRD∗+

s an excess of events is observed in the
Ds1(2536)− signal region.

After requiring the D+
s K

−/K0
S mass to be within

the Ds1(2536)− signal region, the D∗+
s Ds1(2536)−

invariant mass distribution is shown in Fig. 2(b).
Note that the e+e− → D+

s Ds1(2536)− is a source of
backgrounds for the e+e− → D∗+

s Ds1(2536)− when
the D+

s candidates are combined with soft photons
to form D∗+

s candidates. From Fig. 2(b), no obvious
structure is observed. The normalized contribution from
e+e− → D∗+

s Ds1(2536)− to e+e− → D+
s Ds1(2536)−

is the cyan shaded histogram which is shown in
Fig. 2(a), and which is normalized to correspond
to Nobs

D∗+
s Ds1(2536)−

εD+
s Ds1(2536)−

/εD∗+
s Ds1(2536)−

events. Here, Nobs
D∗+

s Ds1(2536)−
is the yield of

e+e− → D∗+
s Ds1(2536)− signal events in each

M(D∗+
s Ds1(2536)−) bin in data after subtract-

ing the normalized Ds1(2536)− sidebands and the
e+e− → D+

s Ds1(2536)− background contribution,
and εD+

s Ds1(2536)−
and εD∗+

s Ds1(2536)−
are the recon-

struction efficiencies for e+e− → D+
s Ds1(2536)− and

e+e− → D∗+
s Ds1(2536)−, respectively, and the ratio of

efficiencies is (1.00± 0.02). The yield of D∗+
s Ds1(2536)−

after the background subtraction for the whole region
in Fig. 2(b) is (11.6 ± 3.6). A similar method is
applied to estimate the background contribution from
e+e− → D+

s Ds1(2536)− to e+e− → D∗+
s Ds1(2536)−.
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FIG. 2: (a) The D+
s Ds1(2536)

− invariant mass spectrum
for e+e− → D+

s Ds1(2536)
−. (b) The D∗+

s Ds1(2536)
−

invariant mass spectrum for e+e− → D∗+
s Ds1(2536)−.

All the components including those from the fit to the
D+

s Ds1(2536)
− invariant mass spectrum are indicated in

the labels and described in the text. Note that the
cyan shaded histograms in the top/bottom show the
D+

s Ds1(2536)
−/D∗+

s Ds1(2536)
− invariant mass spectrum

from D∗+
s Ds1(2536)−/D+

s Ds1(2536)− background contribu-
tion after applying the requirements to reconstruct e+e− →
D+

s Ds1(2536)
−/e+e− → D∗+

s Ds1(2536)
−.
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The level scheme of meson states containing a minimal quark content of cc. The name of
a state is determined by its quantum numbers IGJPC (see the review “Naming Scheme
for Hadrons”). States with unestablished quantum numbers are called X and are drawn
according to our best estimate of their likely JPC . States included in the Summary
Tables are shown with solid lines; selected states not in the Summary Tables, but with
assigned quantum numbers, are shown with dotted lines. The arrows indicate the most
dominant hadronic transitions. Single photon transitions, including ψ(nS) → γηc(mS),
ψ(nS) → γχcJ(1P ), and χcJ (1P ) → γJ/ψ, are omitted for clarity. For orientation, the
location of the thresholds related to a pair of ground state open charm mesons is indicated
in the figure.

P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)
June 1, 2020 08:27

Charmonium

21

___X(3842)

3.8 3.81 3.82 3.83 3.84 3.85 3.86 3.87

200

400

600

800

1000

1200

3.8 3.81 3.82 3.83 3.84 3.85 3.86 3.87

100

200

300

400

500

600

X(3842) bkg
totalD0D0

D+D�

LHCb
C
an

d
id
at
es
/(
0.
5
M
eV
/c

2
)

C
an

d
id
at
es
/(
0.
5
M
eV
/c

2
)

mDD

⇥
GeV/c2

⇤

Figure 3: Mass spectra of (top) D0D0 and (bottom) D+D� candidates in the narrow
3.80 < mDD < 3.88GeV/c2 region. The result of the simultaneous fit described in the text
is superimposed.

Table 1: Yields, mass and width of the X(3842) state from the fit to DD mass spectra in
the narrow 3.80 < mDD < 3.88GeV/c2 region. Uncertainties are statistical only.

NX(3842) mX(3842) [MeV/c2] �X(3842) [MeV]

D0D0 930± 170
3842.71± 0.16 2.79± 0.51

D+D� 2070± 190

4.2 Mass region 3.80 < mDD < 4.20GeV/c2

Two signal components are used to describe the 3.80 < mDD < 4.20GeV/c2 region:
the X(3842) component, described earlier, and a component for the �c2(3930) decay, mod-
elled by the convolution of a relativistic D-wave Breit–Wigner function with the resolution
model described above. The background in this mass region is modelled by an exponen-
tial function multiplied by a second-order polynomial function. The total fit consists
of the sum of the background and the X(3842) and �c2(3930) signals. A simultaneous
extended binned maximum-likelihood fit to the D0D0 and D+D� mass spectra is per-
formed with the mass and natural width of the X(3842) state fixed to the results of the
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|Mrec(γISRD+
s )−mDs1(2536)− | < 8 MeV/c2 (∼ 2.5σ), and

sideband regions as shown by blue dashed lines, which
are three times as wide as the signal region. To esti-
mate the signal significance of the Ds1(2536)−, we com-
pute

√

−2 ln(L0/Lmax) [31], where L0 and Lmax are the
maximized likelihoods without and with the Ds1(2536)−

signal, respectively. The statistical significance of the
Ds1(2536)− signal is 8σ.
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FIG. 1: (a) The recoil mass spectrum against the
γISRD

+
s K−/K0

S system before applying the D̄∗0/D∗− mass
constraint. The yellow histogram shows the normalized
Ds1(2536)

− mass sidebands (see below). The red dashed lines
show the required D̄∗0/D∗− signal region. (b) The recoil mass
spectrum against the γISRD

+
s system in data. The yellow his-

togram shows the normalized D+
s mass sidebands. The red

dashed lines show the required Ds1(2536)
− signal region, and

the blue dashed lines show the Ds1(2536)
− mass sidebands.

The D+
s Ds1(2536)− invariant mass distribution is

shown in Fig. 2(a). There is a significant peak around
4626 MeV/c2, while no structure is seen in the normal-
ized Ds1(2536)− mass sidebands shown as the yellow his-
togram. In addition, no peaking background is found in
the D+

s Ds1(2536)− mass distribution from generic MC
samples. We therefore interpret the peak in the data
as evidence for an exotic charmoniumlike state decaying
into D+

s Ds1(2536)−, called Y (4626) hereafter.

One possible background, which is not included in the
Ds1(2536)− mass sidebands is from e+e− → D∗+

s (→
D+

s γ)Ds1(2536)−, where the photon from the D∗+
s re-

mains undetected. To estimate such a background con-
tribution, we measure this process with the data follow-
ing the same procedure as used for the signal process.
We require an extra photon with Eγ > 50 MeV in the
barrel or Eγ > 100 MeV in the endcaps to combine with
the D+

s to form the D∗+
s candidate. The mass and vertex

fits are applied to the D∗+
s candidates to improve their

momentum resolution. In events with multiple candi-
dates, the best candidate is chosen using the lowest χ2

value from the mass-constrained fit. The same D̄∗0/D∗−

signal region requirement on Mrec(γISRD∗+
s K−/K0

S) and
the D̄∗0/D∗− mass constraint are applied as before in
e+e− → D+

s Ds1(2536)−. In the recoil mass spectrum
of the γISRD∗+

s an excess of events is observed in the
Ds1(2536)− signal region.

After requiring the D+
s K

−/K0
S mass to be within

the Ds1(2536)− signal region, the D∗+
s Ds1(2536)−

invariant mass distribution is shown in Fig. 2(b).
Note that the e+e− → D+

s Ds1(2536)− is a source of
backgrounds for the e+e− → D∗+

s Ds1(2536)− when
the D+

s candidates are combined with soft photons
to form D∗+

s candidates. From Fig. 2(b), no obvious
structure is observed. The normalized contribution from
e+e− → D∗+

s Ds1(2536)− to e+e− → D+
s Ds1(2536)−

is the cyan shaded histogram which is shown in
Fig. 2(a), and which is normalized to correspond
to Nobs

D∗+
s Ds1(2536)−

εD+
s Ds1(2536)−

/εD∗+
s Ds1(2536)−

events. Here, Nobs
D∗+

s Ds1(2536)−
is the yield of

e+e− → D∗+
s Ds1(2536)− signal events in each

M(D∗+
s Ds1(2536)−) bin in data after subtract-

ing the normalized Ds1(2536)− sidebands and the
e+e− → D+

s Ds1(2536)− background contribution,
and εD+

s Ds1(2536)−
and εD∗+

s Ds1(2536)−
are the recon-

struction efficiencies for e+e− → D+
s Ds1(2536)− and

e+e− → D∗+
s Ds1(2536)−, respectively, and the ratio of

efficiencies is (1.00± 0.02). The yield of D∗+
s Ds1(2536)−

after the background subtraction for the whole region
in Fig. 2(b) is (11.6 ± 3.6). A similar method is
applied to estimate the background contribution from
e+e− → D+

s Ds1(2536)− to e+e− → D∗+
s Ds1(2536)−.
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FIG. 2: (a) The D+
s Ds1(2536)

− invariant mass spectrum
for e+e− → D+

s Ds1(2536)
−. (b) The D∗+

s Ds1(2536)
−

invariant mass spectrum for e+e− → D∗+
s Ds1(2536)−.

All the components including those from the fit to the
D+

s Ds1(2536)
− invariant mass spectrum are indicated in

the labels and described in the text. Note that the
cyan shaded histograms in the top/bottom show the
D+

s Ds1(2536)
−/D∗+

s Ds1(2536)
− invariant mass spectrum

from D∗+
s Ds1(2536)−/D+

s Ds1(2536)− background contribu-
tion after applying the requirements to reconstruct e+e− →
D+

s Ds1(2536)
−/e+e− → D∗+

s Ds1(2536)
−.
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Figure 10: Comparisons of the invariant-mass distributions of B+ ! D
+
D

�
K

+ candidates in
data to the fit projection of the baseline model. The total fit function and contributions from
individual components are shown as detailed in the legend.

Table 4: Magnitude and phase of the complex coe�cients in the amplitude model, together
with fit fractions for each component. The quantities are reported after correction for fit biases
(see Sec. 9). The first uncertainty is statistical and the second is the sum in quadrature of all
systematic uncertainties.

Resonance Magnitude Phase (rad) Fit fraction (%)

D
+
D

� resonances

 (3770) 1 (fixed) 0 (fixed) 14.5 ± 1.2 ± 0.8

�c0(3930) 0.51 ± 0.06 ± 0.02 2.16 ± 0.18 ± 0.03 3.7 ± 0.9 ± 0.2

�c2(3930) 0.70 ± 0.06 ± 0.01 0.83 ± 0.17 ± 0.13 7.2 ± 1.2 ± 0.3

 (4040) 0.59 ± 0.08 ± 0.04 1.42 ± 0.18 ± 0.08 5.0 ± 1.3 ± 0.4

 (4160) 0.67 ± 0.08 ± 0.05 0.90 ± 0.23 ± 0.09 6.6 ± 1.5 ± 1.2

 (4415) 0.80 ± 0.08 ± 0.06 �1.46 ± 0.20 ± 0.09 9.2 ± 1.4 ± 1.5

D
�
K

+ resonances

X0(2900) 0.62 ± 0.08 ± 0.03 1.09 ± 0.19 ± 0.10 5.6 ± 1.4 ± 0.5

X1(2900) 1.45 ± 0.09 ± 0.03 0.37 ± 0.10 ± 0.05 30.6 ± 2.4 ± 2.1

Nonresonant 1.29 ± 0.09 ± 0.04 �2.41 ± 0.12 ± 0.51 24.2 ± 2.2 ± 0.5

As described in Sec. 7.1, DD resonant structure has previously been observed in
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The level scheme of meson states containing a minimal quark content of cc. The name of
a state is determined by its quantum numbers IGJPC (see the review “Naming Scheme
for Hadrons”). States with unestablished quantum numbers are called X and are drawn
according to our best estimate of their likely JPC . States included in the Summary
Tables are shown with solid lines; selected states not in the Summary Tables, but with
assigned quantum numbers, are shown with dotted lines. The arrows indicate the most
dominant hadronic transitions. Single photon transitions, including ψ(nS) → γηc(mS),
ψ(nS) → γχcJ(1P ), and χcJ (1P ) → γJ/ψ, are omitted for clarity. For orientation, the
location of the thresholds related to a pair of ground state open charm mesons is indicated
in the figure.

P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)
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Figure 3: Mass spectra of (top) D0D0 and (bottom) D+D� candidates in the narrow
3.80 < mDD < 3.88GeV/c2 region. The result of the simultaneous fit described in the text
is superimposed.

Table 1: Yields, mass and width of the X(3842) state from the fit to DD mass spectra in
the narrow 3.80 < mDD < 3.88GeV/c2 region. Uncertainties are statistical only.

NX(3842) mX(3842) [MeV/c2] �X(3842) [MeV]

D0D0 930± 170
3842.71± 0.16 2.79± 0.51

D+D� 2070± 190

4.2 Mass region 3.80 < mDD < 4.20GeV/c2

Two signal components are used to describe the 3.80 < mDD < 4.20GeV/c2 region:
the X(3842) component, described earlier, and a component for the �c2(3930) decay, mod-
elled by the convolution of a relativistic D-wave Breit–Wigner function with the resolution
model described above. The background in this mass region is modelled by an exponen-
tial function multiplied by a second-order polynomial function. The total fit consists
of the sum of the background and the X(3842) and �c2(3930) signals. A simultaneous
extended binned maximum-likelihood fit to the D0D0 and D+D� mass spectra is per-
formed with the mass and natural width of the X(3842) state fixed to the results of the
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Figure 3: Invariant mass spectra of weighted di-J/ candidates with pdi-J/ T > 5.2GeV/c and

overlaid projections of the pdi-J/ T -threshold fit using (a) the NRSPS plus DPS model, (b) model
I, and (c) model II.

around 6.75GeV/c2, where the data shows a dip. In an attempt to describe the dip, model
II allows for interference between the NRSPS component and a resonance for the threshold
enhancement. The coherent sum of the two components is defined as

���Aei�
q
fnr(Mdi-J/ ) + BW(Mdi-J/ )

���
2

, (1)

where A and � are the magnitude and phase of the nonresonant component, relative to the
BW lineshape for the resonance, assumed to be independent of Mdi-J/ , and fnr(Mdi-J/ ) is
an exponential function. The interference term in Eq. (1) is then added incoherently to
the BW function describing the X(6900) structure and the DPS description. The fit to the

pdi-J/ T -threshold sample with this model has a probability of 15.5% (�2/ndf = 104.7/91),
and its projections are illustrated in Fig. 3(c). In this case, the mass, natural width and
yield are determined to be m[X(6900)] = 6886± 11MeV/c2, �[X(6900)] = 168± 33MeV
and Nsig = 784± 148. A larger X(6900) width and yield are preferred in comparison
to model I. Here it is assumed that the whole NRSPS production is involved in the
interference with the lower-mass resonance despite that there may be several components
with di↵erent quantum numbers in the NRSPS and more than one resonance in the
threshold enhancement.
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|Mrec(γISRD+
s )−mDs1(2536)− | < 8 MeV/c2 (∼ 2.5σ), and

sideband regions as shown by blue dashed lines, which
are three times as wide as the signal region. To esti-
mate the signal significance of the Ds1(2536)−, we com-
pute

√

−2 ln(L0/Lmax) [31], where L0 and Lmax are the
maximized likelihoods without and with the Ds1(2536)−

signal, respectively. The statistical significance of the
Ds1(2536)− signal is 8σ.
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FIG. 1: (a) The recoil mass spectrum against the
γISRD

+
s K−/K0

S system before applying the D̄∗0/D∗− mass
constraint. The yellow histogram shows the normalized
Ds1(2536)

− mass sidebands (see below). The red dashed lines
show the required D̄∗0/D∗− signal region. (b) The recoil mass
spectrum against the γISRD

+
s system in data. The yellow his-

togram shows the normalized D+
s mass sidebands. The red

dashed lines show the required Ds1(2536)
− signal region, and

the blue dashed lines show the Ds1(2536)
− mass sidebands.

The D+
s Ds1(2536)− invariant mass distribution is

shown in Fig. 2(a). There is a significant peak around
4626 MeV/c2, while no structure is seen in the normal-
ized Ds1(2536)− mass sidebands shown as the yellow his-
togram. In addition, no peaking background is found in
the D+

s Ds1(2536)− mass distribution from generic MC
samples. We therefore interpret the peak in the data
as evidence for an exotic charmoniumlike state decaying
into D+

s Ds1(2536)−, called Y (4626) hereafter.

One possible background, which is not included in the
Ds1(2536)− mass sidebands is from e+e− → D∗+

s (→
D+

s γ)Ds1(2536)−, where the photon from the D∗+
s re-

mains undetected. To estimate such a background con-
tribution, we measure this process with the data follow-
ing the same procedure as used for the signal process.
We require an extra photon with Eγ > 50 MeV in the
barrel or Eγ > 100 MeV in the endcaps to combine with
the D+

s to form the D∗+
s candidate. The mass and vertex

fits are applied to the D∗+
s candidates to improve their

momentum resolution. In events with multiple candi-
dates, the best candidate is chosen using the lowest χ2

value from the mass-constrained fit. The same D̄∗0/D∗−

signal region requirement on Mrec(γISRD∗+
s K−/K0

S) and
the D̄∗0/D∗− mass constraint are applied as before in
e+e− → D+

s Ds1(2536)−. In the recoil mass spectrum
of the γISRD∗+

s an excess of events is observed in the
Ds1(2536)− signal region.

After requiring the D+
s K

−/K0
S mass to be within

the Ds1(2536)− signal region, the D∗+
s Ds1(2536)−

invariant mass distribution is shown in Fig. 2(b).
Note that the e+e− → D+

s Ds1(2536)− is a source of
backgrounds for the e+e− → D∗+

s Ds1(2536)− when
the D+

s candidates are combined with soft photons
to form D∗+

s candidates. From Fig. 2(b), no obvious
structure is observed. The normalized contribution from
e+e− → D∗+

s Ds1(2536)− to e+e− → D+
s Ds1(2536)−

is the cyan shaded histogram which is shown in
Fig. 2(a), and which is normalized to correspond
to Nobs

D∗+
s Ds1(2536)−

εD+
s Ds1(2536)−

/εD∗+
s Ds1(2536)−

events. Here, Nobs
D∗+

s Ds1(2536)−
is the yield of

e+e− → D∗+
s Ds1(2536)− signal events in each

M(D∗+
s Ds1(2536)−) bin in data after subtract-

ing the normalized Ds1(2536)− sidebands and the
e+e− → D+

s Ds1(2536)− background contribution,
and εD+

s Ds1(2536)−
and εD∗+

s Ds1(2536)−
are the recon-

struction efficiencies for e+e− → D+
s Ds1(2536)− and

e+e− → D∗+
s Ds1(2536)−, respectively, and the ratio of

efficiencies is (1.00± 0.02). The yield of D∗+
s Ds1(2536)−

after the background subtraction for the whole region
in Fig. 2(b) is (11.6 ± 3.6). A similar method is
applied to estimate the background contribution from
e+e− → D+

s Ds1(2536)− to e+e− → D∗+
s Ds1(2536)−.
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FIG. 2: (a) The D+
s Ds1(2536)

− invariant mass spectrum
for e+e− → D+

s Ds1(2536)
−. (b) The D∗+

s Ds1(2536)
−

invariant mass spectrum for e+e− → D∗+
s Ds1(2536)−.

All the components including those from the fit to the
D+

s Ds1(2536)
− invariant mass spectrum are indicated in

the labels and described in the text. Note that the
cyan shaded histograms in the top/bottom show the
D+

s Ds1(2536)
−/D∗+

s Ds1(2536)
− invariant mass spectrum

from D∗+
s Ds1(2536)−/D+

s Ds1(2536)− background contribu-
tion after applying the requirements to reconstruct e+e− →
D+

s Ds1(2536)
−/e+e− → D∗+

s Ds1(2536)
−.
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Figure 10: Comparisons of the invariant-mass distributions of B+ ! D
+
D

�
K

+ candidates in
data to the fit projection of the baseline model. The total fit function and contributions from
individual components are shown as detailed in the legend.

Table 4: Magnitude and phase of the complex coe�cients in the amplitude model, together
with fit fractions for each component. The quantities are reported after correction for fit biases
(see Sec. 9). The first uncertainty is statistical and the second is the sum in quadrature of all
systematic uncertainties.

Resonance Magnitude Phase (rad) Fit fraction (%)

D
+
D

� resonances

 (3770) 1 (fixed) 0 (fixed) 14.5 ± 1.2 ± 0.8

�c0(3930) 0.51 ± 0.06 ± 0.02 2.16 ± 0.18 ± 0.03 3.7 ± 0.9 ± 0.2

�c2(3930) 0.70 ± 0.06 ± 0.01 0.83 ± 0.17 ± 0.13 7.2 ± 1.2 ± 0.3

 (4040) 0.59 ± 0.08 ± 0.04 1.42 ± 0.18 ± 0.08 5.0 ± 1.3 ± 0.4

 (4160) 0.67 ± 0.08 ± 0.05 0.90 ± 0.23 ± 0.09 6.6 ± 1.5 ± 1.2

 (4415) 0.80 ± 0.08 ± 0.06 �1.46 ± 0.20 ± 0.09 9.2 ± 1.4 ± 1.5

D
�
K

+ resonances

X0(2900) 0.62 ± 0.08 ± 0.03 1.09 ± 0.19 ± 0.10 5.6 ± 1.4 ± 0.5

X1(2900) 1.45 ± 0.09 ± 0.03 0.37 ± 0.10 ± 0.05 30.6 ± 2.4 ± 2.1

Nonresonant 1.29 ± 0.09 ± 0.04 �2.41 ± 0.12 ± 0.51 24.2 ± 2.2 ± 0.5

As described in Sec. 7.1, DD resonant structure has previously been observed in
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The level scheme of meson states containing a minimal quark content of cc. The name of
a state is determined by its quantum numbers IGJPC (see the review “Naming Scheme
for Hadrons”). States with unestablished quantum numbers are called X and are drawn
according to our best estimate of their likely JPC . States included in the Summary
Tables are shown with solid lines; selected states not in the Summary Tables, but with
assigned quantum numbers, are shown with dotted lines. The arrows indicate the most
dominant hadronic transitions. Single photon transitions, including ψ(nS) → γηc(mS),
ψ(nS) → γχcJ(1P ), and χcJ (1P ) → γJ/ψ, are omitted for clarity. For orientation, the
location of the thresholds related to a pair of ground state open charm mesons is indicated
in the figure.
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Figure 3: Mass spectra of (top) D0D0 and (bottom) D+D� candidates in the narrow
3.80 < mDD < 3.88GeV/c2 region. The result of the simultaneous fit described in the text
is superimposed.

Table 1: Yields, mass and width of the X(3842) state from the fit to DD mass spectra in
the narrow 3.80 < mDD < 3.88GeV/c2 region. Uncertainties are statistical only.

NX(3842) mX(3842) [MeV/c2] �X(3842) [MeV]

D0D0 930± 170
3842.71± 0.16 2.79± 0.51

D+D� 2070± 190

4.2 Mass region 3.80 < mDD < 4.20GeV/c2

Two signal components are used to describe the 3.80 < mDD < 4.20GeV/c2 region:
the X(3842) component, described earlier, and a component for the �c2(3930) decay, mod-
elled by the convolution of a relativistic D-wave Breit–Wigner function with the resolution
model described above. The background in this mass region is modelled by an exponen-
tial function multiplied by a second-order polynomial function. The total fit consists
of the sum of the background and the X(3842) and �c2(3930) signals. A simultaneous
extended binned maximum-likelihood fit to the D0D0 and D+D� mass spectra is per-
formed with the mass and natural width of the X(3842) state fixed to the results of the
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Figure 3: Invariant mass spectra of weighted di-J/ candidates with pdi-J/ T > 5.2GeV/c and

overlaid projections of the pdi-J/ T -threshold fit using (a) the NRSPS plus DPS model, (b) model
I, and (c) model II.

around 6.75GeV/c2, where the data shows a dip. In an attempt to describe the dip, model
II allows for interference between the NRSPS component and a resonance for the threshold
enhancement. The coherent sum of the two components is defined as

���Aei�
q
fnr(Mdi-J/ ) + BW(Mdi-J/ )

���
2

, (1)

where A and � are the magnitude and phase of the nonresonant component, relative to the
BW lineshape for the resonance, assumed to be independent of Mdi-J/ , and fnr(Mdi-J/ ) is
an exponential function. The interference term in Eq. (1) is then added incoherently to
the BW function describing the X(6900) structure and the DPS description. The fit to the

pdi-J/ T -threshold sample with this model has a probability of 15.5% (�2/ndf = 104.7/91),
and its projections are illustrated in Fig. 3(c). In this case, the mass, natural width and
yield are determined to be m[X(6900)] = 6886± 11MeV/c2, �[X(6900)] = 168± 33MeV
and Nsig = 784± 148. A larger X(6900) width and yield are preferred in comparison
to model I. Here it is assumed that the whole NRSPS production is involved in the
interference with the lower-mass resonance despite that there may be several components
with di↵erent quantum numbers in the NRSPS and more than one resonance in the
threshold enhancement.
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|Mrec(γISRD+
s )−mDs1(2536)− | < 8 MeV/c2 (∼ 2.5σ), and

sideband regions as shown by blue dashed lines, which
are three times as wide as the signal region. To esti-
mate the signal significance of the Ds1(2536)−, we com-
pute

√

−2 ln(L0/Lmax) [31], where L0 and Lmax are the
maximized likelihoods without and with the Ds1(2536)−

signal, respectively. The statistical significance of the
Ds1(2536)− signal is 8σ.
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FIG. 1: (a) The recoil mass spectrum against the
γISRD

+
s K−/K0

S system before applying the D̄∗0/D∗− mass
constraint. The yellow histogram shows the normalized
Ds1(2536)

− mass sidebands (see below). The red dashed lines
show the required D̄∗0/D∗− signal region. (b) The recoil mass
spectrum against the γISRD

+
s system in data. The yellow his-

togram shows the normalized D+
s mass sidebands. The red

dashed lines show the required Ds1(2536)
− signal region, and

the blue dashed lines show the Ds1(2536)
− mass sidebands.

The D+
s Ds1(2536)− invariant mass distribution is

shown in Fig. 2(a). There is a significant peak around
4626 MeV/c2, while no structure is seen in the normal-
ized Ds1(2536)− mass sidebands shown as the yellow his-
togram. In addition, no peaking background is found in
the D+

s Ds1(2536)− mass distribution from generic MC
samples. We therefore interpret the peak in the data
as evidence for an exotic charmoniumlike state decaying
into D+

s Ds1(2536)−, called Y (4626) hereafter.

One possible background, which is not included in the
Ds1(2536)− mass sidebands is from e+e− → D∗+

s (→
D+

s γ)Ds1(2536)−, where the photon from the D∗+
s re-

mains undetected. To estimate such a background con-
tribution, we measure this process with the data follow-
ing the same procedure as used for the signal process.
We require an extra photon with Eγ > 50 MeV in the
barrel or Eγ > 100 MeV in the endcaps to combine with
the D+

s to form the D∗+
s candidate. The mass and vertex

fits are applied to the D∗+
s candidates to improve their

momentum resolution. In events with multiple candi-
dates, the best candidate is chosen using the lowest χ2

value from the mass-constrained fit. The same D̄∗0/D∗−

signal region requirement on Mrec(γISRD∗+
s K−/K0

S) and
the D̄∗0/D∗− mass constraint are applied as before in
e+e− → D+

s Ds1(2536)−. In the recoil mass spectrum
of the γISRD∗+

s an excess of events is observed in the
Ds1(2536)− signal region.

After requiring the D+
s K

−/K0
S mass to be within

the Ds1(2536)− signal region, the D∗+
s Ds1(2536)−

invariant mass distribution is shown in Fig. 2(b).
Note that the e+e− → D+

s Ds1(2536)− is a source of
backgrounds for the e+e− → D∗+

s Ds1(2536)− when
the D+

s candidates are combined with soft photons
to form D∗+

s candidates. From Fig. 2(b), no obvious
structure is observed. The normalized contribution from
e+e− → D∗+

s Ds1(2536)− to e+e− → D+
s Ds1(2536)−

is the cyan shaded histogram which is shown in
Fig. 2(a), and which is normalized to correspond
to Nobs

D∗+
s Ds1(2536)−

εD+
s Ds1(2536)−

/εD∗+
s Ds1(2536)−

events. Here, Nobs
D∗+

s Ds1(2536)−
is the yield of

e+e− → D∗+
s Ds1(2536)− signal events in each

M(D∗+
s Ds1(2536)−) bin in data after subtract-

ing the normalized Ds1(2536)− sidebands and the
e+e− → D+

s Ds1(2536)− background contribution,
and εD+

s Ds1(2536)−
and εD∗+

s Ds1(2536)−
are the recon-

struction efficiencies for e+e− → D+
s Ds1(2536)− and

e+e− → D∗+
s Ds1(2536)−, respectively, and the ratio of

efficiencies is (1.00± 0.02). The yield of D∗+
s Ds1(2536)−

after the background subtraction for the whole region
in Fig. 2(b) is (11.6 ± 3.6). A similar method is
applied to estimate the background contribution from
e+e− → D+

s Ds1(2536)− to e+e− → D∗+
s Ds1(2536)−.
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FIG. 2: (a) The D+
s Ds1(2536)

− invariant mass spectrum
for e+e− → D+

s Ds1(2536)
−. (b) The D∗+

s Ds1(2536)
−

invariant mass spectrum for e+e− → D∗+
s Ds1(2536)−.

All the components including those from the fit to the
D+

s Ds1(2536)
− invariant mass spectrum are indicated in

the labels and described in the text. Note that the
cyan shaded histograms in the top/bottom show the
D+

s Ds1(2536)
−/D∗+

s Ds1(2536)
− invariant mass spectrum

from D∗+
s Ds1(2536)−/D+

s Ds1(2536)− background contribu-
tion after applying the requirements to reconstruct e+e− →
D+

s Ds1(2536)
−/e+e− → D∗+

s Ds1(2536)
−.
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Figure 10: Comparisons of the invariant-mass distributions of B+ ! D
+
D

�
K

+ candidates in
data to the fit projection of the baseline model. The total fit function and contributions from
individual components are shown as detailed in the legend.

Table 4: Magnitude and phase of the complex coe�cients in the amplitude model, together
with fit fractions for each component. The quantities are reported after correction for fit biases
(see Sec. 9). The first uncertainty is statistical and the second is the sum in quadrature of all
systematic uncertainties.

Resonance Magnitude Phase (rad) Fit fraction (%)

D
+
D

� resonances

 (3770) 1 (fixed) 0 (fixed) 14.5 ± 1.2 ± 0.8

�c0(3930) 0.51 ± 0.06 ± 0.02 2.16 ± 0.18 ± 0.03 3.7 ± 0.9 ± 0.2

�c2(3930) 0.70 ± 0.06 ± 0.01 0.83 ± 0.17 ± 0.13 7.2 ± 1.2 ± 0.3

 (4040) 0.59 ± 0.08 ± 0.04 1.42 ± 0.18 ± 0.08 5.0 ± 1.3 ± 0.4

 (4160) 0.67 ± 0.08 ± 0.05 0.90 ± 0.23 ± 0.09 6.6 ± 1.5 ± 1.2

 (4415) 0.80 ± 0.08 ± 0.06 �1.46 ± 0.20 ± 0.09 9.2 ± 1.4 ± 1.5

D
�
K

+ resonances

X0(2900) 0.62 ± 0.08 ± 0.03 1.09 ± 0.19 ± 0.10 5.6 ± 1.4 ± 0.5

X1(2900) 1.45 ± 0.09 ± 0.03 0.37 ± 0.10 ± 0.05 30.6 ± 2.4 ± 2.1

Nonresonant 1.29 ± 0.09 ± 0.04 �2.41 ± 0.12 ± 0.51 24.2 ± 2.2 ± 0.5

As described in Sec. 7.1, DD resonant structure has previously been observed in
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Figure 3: Mass spectra of (top) D0D0 and (bottom) D+D� candidates in the narrow
3.80 < mDD < 3.88GeV/c2 region. The result of the simultaneous fit described in the text
is superimposed.

Table 1: Yields, mass and width of the X(3842) state from the fit to DD mass spectra in
the narrow 3.80 < mDD < 3.88GeV/c2 region. Uncertainties are statistical only.

NX(3842) mX(3842) [MeV/c2] �X(3842) [MeV]

D0D0 930± 170
3842.71± 0.16 2.79± 0.51

D+D� 2070± 190

4.2 Mass region 3.80 < mDD < 4.20GeV/c2

Two signal components are used to describe the 3.80 < mDD < 4.20GeV/c2 region:
the X(3842) component, described earlier, and a component for the �c2(3930) decay, mod-
elled by the convolution of a relativistic D-wave Breit–Wigner function with the resolution
model described above. The background in this mass region is modelled by an exponen-
tial function multiplied by a second-order polynomial function. The total fit consists
of the sum of the background and the X(3842) and �c2(3930) signals. A simultaneous
extended binned maximum-likelihood fit to the D0D0 and D+D� mass spectra is per-
formed with the mass and natural width of the X(3842) state fixed to the results of the
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Figure 3: Invariant mass spectra of weighted di-J/ candidates with pdi-J/ T > 5.2GeV/c and

overlaid projections of the pdi-J/ T -threshold fit using (a) the NRSPS plus DPS model, (b) model
I, and (c) model II.

around 6.75GeV/c2, where the data shows a dip. In an attempt to describe the dip, model
II allows for interference between the NRSPS component and a resonance for the threshold
enhancement. The coherent sum of the two components is defined as

���Aei�
q
fnr(Mdi-J/ ) + BW(Mdi-J/ )

���
2

, (1)

where A and � are the magnitude and phase of the nonresonant component, relative to the
BW lineshape for the resonance, assumed to be independent of Mdi-J/ , and fnr(Mdi-J/ ) is
an exponential function. The interference term in Eq. (1) is then added incoherently to
the BW function describing the X(6900) structure and the DPS description. The fit to the

pdi-J/ T -threshold sample with this model has a probability of 15.5% (�2/ndf = 104.7/91),
and its projections are illustrated in Fig. 3(c). In this case, the mass, natural width and
yield are determined to be m[X(6900)] = 6886± 11MeV/c2, �[X(6900)] = 168± 33MeV
and Nsig = 784± 148. A larger X(6900) width and yield are preferred in comparison
to model I. Here it is assumed that the whole NRSPS production is involved in the
interference with the lower-mass resonance despite that there may be several components
with di↵erent quantum numbers in the NRSPS and more than one resonance in the
threshold enhancement.
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|Mrec(γISRD+
s )−mDs1(2536)− | < 8 MeV/c2 (∼ 2.5σ), and

sideband regions as shown by blue dashed lines, which
are three times as wide as the signal region. To esti-
mate the signal significance of the Ds1(2536)−, we com-
pute

√

−2 ln(L0/Lmax) [31], where L0 and Lmax are the
maximized likelihoods without and with the Ds1(2536)−

signal, respectively. The statistical significance of the
Ds1(2536)− signal is 8σ.
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FIG. 1: (a) The recoil mass spectrum against the
γISRD

+
s K−/K0

S system before applying the D̄∗0/D∗− mass
constraint. The yellow histogram shows the normalized
Ds1(2536)

− mass sidebands (see below). The red dashed lines
show the required D̄∗0/D∗− signal region. (b) The recoil mass
spectrum against the γISRD

+
s system in data. The yellow his-

togram shows the normalized D+
s mass sidebands. The red

dashed lines show the required Ds1(2536)
− signal region, and

the blue dashed lines show the Ds1(2536)
− mass sidebands.

The D+
s Ds1(2536)− invariant mass distribution is

shown in Fig. 2(a). There is a significant peak around
4626 MeV/c2, while no structure is seen in the normal-
ized Ds1(2536)− mass sidebands shown as the yellow his-
togram. In addition, no peaking background is found in
the D+

s Ds1(2536)− mass distribution from generic MC
samples. We therefore interpret the peak in the data
as evidence for an exotic charmoniumlike state decaying
into D+

s Ds1(2536)−, called Y (4626) hereafter.

One possible background, which is not included in the
Ds1(2536)− mass sidebands is from e+e− → D∗+

s (→
D+

s γ)Ds1(2536)−, where the photon from the D∗+
s re-

mains undetected. To estimate such a background con-
tribution, we measure this process with the data follow-
ing the same procedure as used for the signal process.
We require an extra photon with Eγ > 50 MeV in the
barrel or Eγ > 100 MeV in the endcaps to combine with
the D+

s to form the D∗+
s candidate. The mass and vertex

fits are applied to the D∗+
s candidates to improve their

momentum resolution. In events with multiple candi-
dates, the best candidate is chosen using the lowest χ2

value from the mass-constrained fit. The same D̄∗0/D∗−

signal region requirement on Mrec(γISRD∗+
s K−/K0

S) and
the D̄∗0/D∗− mass constraint are applied as before in
e+e− → D+

s Ds1(2536)−. In the recoil mass spectrum
of the γISRD∗+

s an excess of events is observed in the
Ds1(2536)− signal region.

After requiring the D+
s K

−/K0
S mass to be within

the Ds1(2536)− signal region, the D∗+
s Ds1(2536)−

invariant mass distribution is shown in Fig. 2(b).
Note that the e+e− → D+

s Ds1(2536)− is a source of
backgrounds for the e+e− → D∗+

s Ds1(2536)− when
the D+

s candidates are combined with soft photons
to form D∗+

s candidates. From Fig. 2(b), no obvious
structure is observed. The normalized contribution from
e+e− → D∗+

s Ds1(2536)− to e+e− → D+
s Ds1(2536)−

is the cyan shaded histogram which is shown in
Fig. 2(a), and which is normalized to correspond
to Nobs

D∗+
s Ds1(2536)−

εD+
s Ds1(2536)−

/εD∗+
s Ds1(2536)−

events. Here, Nobs
D∗+

s Ds1(2536)−
is the yield of

e+e− → D∗+
s Ds1(2536)− signal events in each

M(D∗+
s Ds1(2536)−) bin in data after subtract-

ing the normalized Ds1(2536)− sidebands and the
e+e− → D+

s Ds1(2536)− background contribution,
and εD+

s Ds1(2536)−
and εD∗+

s Ds1(2536)−
are the recon-

struction efficiencies for e+e− → D+
s Ds1(2536)− and

e+e− → D∗+
s Ds1(2536)−, respectively, and the ratio of

efficiencies is (1.00± 0.02). The yield of D∗+
s Ds1(2536)−

after the background subtraction for the whole region
in Fig. 2(b) is (11.6 ± 3.6). A similar method is
applied to estimate the background contribution from
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Table 4: Magnitude and phase of the complex coe�cients in the amplitude model, together
with fit fractions for each component. The quantities are reported after correction for fit biases
(see Sec. 9). The first uncertainty is statistical and the second is the sum in quadrature of all
systematic uncertainties.

Resonance Magnitude Phase (rad) Fit fraction (%)

D
+
D

� resonances

 (3770) 1 (fixed) 0 (fixed) 14.5 ± 1.2 ± 0.8

�c0(3930) 0.51 ± 0.06 ± 0.02 2.16 ± 0.18 ± 0.03 3.7 ± 0.9 ± 0.2

�c2(3930) 0.70 ± 0.06 ± 0.01 0.83 ± 0.17 ± 0.13 7.2 ± 1.2 ± 0.3

 (4040) 0.59 ± 0.08 ± 0.04 1.42 ± 0.18 ± 0.08 5.0 ± 1.3 ± 0.4

 (4160) 0.67 ± 0.08 ± 0.05 0.90 ± 0.23 ± 0.09 6.6 ± 1.5 ± 1.2

 (4415) 0.80 ± 0.08 ± 0.06 �1.46 ± 0.20 ± 0.09 9.2 ± 1.4 ± 1.5

D
�
K

+ resonances

X0(2900) 0.62 ± 0.08 ± 0.03 1.09 ± 0.19 ± 0.10 5.6 ± 1.4 ± 0.5

X1(2900) 1.45 ± 0.09 ± 0.03 0.37 ± 0.10 ± 0.05 30.6 ± 2.4 ± 2.1

Nonresonant 1.29 ± 0.09 ± 0.04 �2.41 ± 0.12 ± 0.51 24.2 ± 2.2 ± 0.5

As described in Sec. 7.1, DD resonant structure has previously been observed in
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Figure 2: Dalitz plots for B+ ! J/ �K+ candidates in a region ±15MeV around the B+ mass
peak.

to the previously reported X(4140), X(4274), X(4500) and X(4700) states. There is also
a distinct band near 16GeV2 of the J/ K+ mass squared.

To investigate the resonant structures, a full amplitude fit is performed using an
unbinned maximum-likelihood method. The likelihood definition and the total proba-
bility density function (PDF), which includes a signal and a background component,
are described in the previous publication [15]. The signal B+ decay is described in
the helicity formalism by three decay chains: K⇤+(! �K+)J/ , X(! J/ �)K+ and
Z+

cs(! J/ K+)�. Each chain is fully described by one mass and five angular ob-
servables. For example, the conventional K⇤+ chain has the following six observables
� ⌘ (m�K , ✓K⇤ , ✓J/ , ✓�,�'K⇤,J/ ,�'K⇤,�), where ✓ denotes the helicity angles, and �'
the angles between two decay planes. Due to the non-scalar final-state particles (µ+ and
µ�), an azimuthal angle ↵i

µ is required to align the helicity frames of µ+ and µ� between
the chain i and the reference K⇤+ chain [6, 7, 31].

The model used in the previous study (Run 1 model) is first tested. Due to the
increased sample size, the model requires improvements (see Fig. 3 bottom row). To
improve the K⇤+ model, the tails of the K⇤(1410), K(1460), and K1(1400) resonances
with poles just below the �K+ mass threshold are included. The tail of the K1(1400)
leads to a better description of the data than the JP = 1+ NR component previously
used, as well as the introduction of the 0� K(1460) contribution describes the data better
than the previously used but insignificant state at 1.8GeV. Nine K⇤+ states are included
in the default model as listed in Table 1. Seven more K⇤+ states predicted in the allowed
�K+ mass range by the relativistic potential model by Godfrey-Isgur [32] are tested, but
since these components are not above 5� significance, they are considered only in the
systematic studies. At the next step, X or Z+

cs states of di↵erent J
P hypotheses are tested

in the fit one at a time. The two states (1+ Z+
cs and 1+ X) which produce the largest

likelihood improvements are included first. In the second iteration, several other states
produce large fit improvements, a Z+

cs state (either 1+ or 1�), and two X states with 1�

and 2�, are also included in the default model. In total, nine K⇤+, seven X, two Z+
cs, and

one J/ � NR component, including three new X and two Z+
cs components, are taken as

the default model. All of these components have a statistical significance above 5�, as
evaluated by taking them out of the model one at a time. No further components are
found which satisfy this criterion.

3

___ X(4685)___
X(4630)
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Figure 6: Run 2 data entering the amplitude fit, shown in the Dalitz plot and its projection
onto the invariant-mass squared for each of the three pairs of the final-state particles.

configurations.

8 Results

8.1 Model excluding D�K+ resonances

The data in Figs. 5 and 6 exhibit a striking excess at m2(D�
K

+) ⇡ 8.25GeV2
/c

4, in both
Run 1 and Run 2, which cannot be accounted for by introducing resonances only in the
D

+
D

� decay channel. To illustrate this, the first model presented excludes any resonant
content from the D

�
K

+ channel. The model includes the  (3770), �c0(3930), �c2(3930),
 (4040),  (4160), and  (4415) resonances, which are necessary to describe structure in
the m(D+

D
�) spectrum. A nonresonant component is included and described by an

exponential S-wave lineshape in the D
�
K

+ spectrum.
The Dalitz-plot projections from this fit are compared to the data in Fig. 7. Contribu-

tions from individual components are superimposed. The goodness of fit is quantified in
Fig. 8, where the largest deviations are seen in the m

2(D�
K

+) ⇡ 8.25GeV2
/c

4 region of
the Dalitz plot. To illustrate this more clearly, a comparison between data and the result
of the fit is made in Fig. 9 after excluding low-mass charmonium resonances through the
requirement m(D+

D
�) > 4GeV/c2.

It is concluded that a satisfactory description of the data cannot be obtained without
including one or more components that model structure in m(D�

K
+) explicitly. The
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Table 4: Magnitude and phase of the complex coe�cients in the amplitude model, together
with fit fractions for each component. The quantities are reported after correction for fit biases
(see Sec. 9). The first uncertainty is statistical and the second is the sum in quadrature of all
systematic uncertainties.
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As described in Sec. 7.1, DD resonant structure has previously been observed in
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minimal quark content . 
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B0 → K*0μ+μ−

24

B0!K*(!K+π-)µµ 

Observables with limited dependence on 
form-factor uncertainty have been 
proposed by several authors: 

18#24/07/2013* Nicola*Serra*#*EPS*2013* 5*

Kruger-Matias (2005), Matias et al. (2012), Egede-
Matias-Hurth-Ramon-Reece (2008), Bobeth-Hiller-Van 
Dyk (2010-11), Beciveric-Schneider (2012) 

N.D.: There are other observables which are combination of 
those presented here 

1 Introduction

Within the Standard Model the decay B0
d ! K⇤0µ+µ� occurs via loop diagrams that mediate the transition

b ! s`+`� and therefore has a small branching fraction of (1.06 ± 0.1) · 10�6 [1]. It is found [2] that
angular distributions of the 4-particle final state, as well as the decay amplitudes, are sensitive to physics
beyond the Standard Model, mainly as a result of the interference of new diagrams with the Standard
Model diagrams.

The decay B0
d ! K⇤0µ+µ� with K⇤0 ! K+⇡� is described by four kinematic variables, one is

the invariant mass q2 of the di-muon system and the other three are angles describing the geometrical
configuration of the final state as shown in Figure 1: ✓L is the angle between the µ+ and the direction
opposite to the B0

d in the di-muon rest frame, ✓K is the angle between the K+ and the direction opposite
to the B0

d in the K⇤0 rest frame, and � is the angle between the plane defined by the two muons and the
plane defined by the kaon-pion system in the B0

d rest frame. In the case of the B0
d the angles ✓L and ✓K

are defined with respect to the µ� and the K�, respectively.
When the amount of data is insu�cient to study the 4-di↵erential decay rate, the di↵erential decay

rate is projected from the four kinematic variables into the 2-dimensional distributions d2�/dq2dcos ✓L
and d2�/dq2dcos ✓K by integrating over the two other variables. These distributions are binned in intervals
of q2, and the values of the K⇤0 longitudinal polarisation fraction FL and of the lepton forward-backward
asymmetry AFB are extracted, averaged in the q2 bins. This measurement was previously performed by
BaBar [3], Belle [4], CDF [5] and LHCb [6, 7]. In this work we present a measurement of AFB and FL
in five out of the six q2 bins listed in Table 3 and in the wider bin 1 < q2 < 6 GeV2.

�

B0
d

µ+

µ�

K+

⇡�

✓L ✓K

Figure 1: Definition of the kinematic angles in the decay B0
d ! K⇤0µ+µ�.

2 Event Reconstruction and Signal Selection

2.1 The ATLAS Detector

The ATLAS experiment [8] at the LHC is a general purpose particle detector covering almost the full
solid angle around the pp collision point with layers of tracking detectors, calorimeters and muon track-
ing chambers. The measurement presented here is mainly based on the Inner Detector (ID) and the Muon
System (MS).

The ID consists of a silicon pixel detector, surrounded by a silicon strip detector (SCT) and a transi-
tion radiation tracker, embedded in a 2 T axial magnetic field. Charged particle trajectories are measured
for |⌘| < 2.51. Enclosing the calorimeter, the MS has a toroidal magnetic field and contains a combination
of monitored drift tubes and cathode strip chambers, capable of measuring muon trajectories in a range

1The pseudorapidity is ⌘ = �ln(tan(✓/2)), where ✓ is the polar angle measured from the beam line.The ATLAS coordinate
system is described in reference [8].

1
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solid angle around the pp collision point with layers of tracking detectors, calorimeters and muon track-
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System (MS).
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tion radiation tracker, embedded in a 2 T axial magnetic field. Charged particle trajectories are measured
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Figure 2: Results for the CP -averaged angular observables FL, AFB, S5 and P 0
5 in bins of q2.

The data are compared to SM predictions based on the prescription of Refs. [43,44], with the
exception of the P 0

5 distribution, which is compared to SM predictions based on Refs. [70, 71].

q2 [72, 73] to yield more precise determinations of the form factors over the full q2 range.

For the P (0)
i observables, predictions from Ref. [70] are shown using form factors from

Ref. [71]. These predictions are restricted to the region q2 < 8.0GeV2/c4. The results
from Run 1 and the 2016 data are in excellent agreement. A stand-alone fit to the Run 1
data reproduces exactly the central values of the observables obtained in Ref. [1].

Considering the observables individually, the results are largely in agreement with the
SM predictions. The local discrepancy in the P 0

5 observable in the 4.0 < q2 < 6.0GeV2/c4

and 6.0 < q2 < 8.0GeV2/c4 bins reduces from the 2.8 and 3.0 � observed in Ref. [1] to 2.5
and 2.9 �. However, as discussed below, the overall tension with the SM is observed to
increase mildly.

Using the Flavio software package [42], a fit of the angular observables is performed
varying the parameter Re(C9). The default Flavio SM nuisance parameters are used,
including form-factor parameters and subleading corrections to account for long-distance
QCD interference e↵ects with the charmonium decay modes [43, 44]. The same q2 bins as
in Ref. [1] are included. The 3.0 � discrepancy with respect to the SM value of Re(C9)
obtained with the Ref. [1] data set changes to 3.3 � with the data set used here. The
best fit to the angular distribution is obtained with a shift in the SM value of Re(C9) by
�0.99+0.25

�0.21. The tension observed in any such fit will depend on the e↵ective coupling(s)
varied, the handling of the SM nuisance parameters and the q2 bins that are included in
the fit. For example, the 6.0 < q2 < 8.0GeV2/c4 bin is known to be associated with larger
theoretical uncertainties [47]. Neglecting this bin, a Flavio fit gives a tension of 2.4 �

7

LHCb: PRL 125 (2020)
See also Matthew Birch’s 
talk in the today’s parallel 

session after lunch

https://inspirehep.net/literature/1784890
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Figure 2: Results for the CP -averaged angular observables FL, AFB, S5 and P 0
5 in bins of q2.

The data are compared to SM predictions based on the prescription of Refs. [43,44], with the
exception of the P 0

5 distribution, which is compared to SM predictions based on Refs. [70, 71].
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For the P (0)
i observables, predictions from Ref. [70] are shown using form factors from

Ref. [71]. These predictions are restricted to the region q2 < 8.0GeV2/c4. The results
from Run 1 and the 2016 data are in excellent agreement. A stand-alone fit to the Run 1
data reproduces exactly the central values of the observables obtained in Ref. [1].

Considering the observables individually, the results are largely in agreement with the
SM predictions. The local discrepancy in the P 0

5 observable in the 4.0 < q2 < 6.0GeV2/c4

and 6.0 < q2 < 8.0GeV2/c4 bins reduces from the 2.8 and 3.0 � observed in Ref. [1] to 2.5
and 2.9 �. However, as discussed below, the overall tension with the SM is observed to
increase mildly.

Using the Flavio software package [42], a fit of the angular observables is performed
varying the parameter Re(C9). The default Flavio SM nuisance parameters are used,
including form-factor parameters and subleading corrections to account for long-distance
QCD interference e↵ects with the charmonium decay modes [43, 44]. The same q2 bins as
in Ref. [1] are included. The 3.0 � discrepancy with respect to the SM value of Re(C9)
obtained with the Ref. [1] data set changes to 3.3 � with the data set used here. The
best fit to the angular distribution is obtained with a shift in the SM value of Re(C9) by
�0.99+0.25

�0.21. The tension observed in any such fit will depend on the e↵ective coupling(s)
varied, the handling of the SM nuisance parameters and the q2 bins that are included in
the fit. For example, the 6.0 < q2 < 8.0GeV2/c4 bin is known to be associated with larger
theoretical uncertainties [47]. Neglecting this bin, a Flavio fit gives a tension of 2.4 �
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from Run 1 and the 2016 data are in excellent agreement. A stand-alone fit to the Run 1
data reproduces exactly the central values of the observables obtained in Ref. [1].

Considering the observables individually, the results are largely in agreement with the
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5 observable in the 4.0 < q2 < 6.0GeV2/c4

and 6.0 < q2 < 8.0GeV2/c4 bins reduces from the 2.8 and 3.0 � observed in Ref. [1] to 2.5
and 2.9 �. However, as discussed below, the overall tension with the SM is observed to
increase mildly.

Using the Flavio software package [42], a fit of the angular observables is performed
varying the parameter Re(C9). The default Flavio SM nuisance parameters are used,
including form-factor parameters and subleading corrections to account for long-distance
QCD interference e↵ects with the charmonium decay modes [43, 44]. The same q2 bins as
in Ref. [1] are included. The 3.0 � discrepancy with respect to the SM value of Re(C9)
obtained with the Ref. [1] data set changes to 3.3 � with the data set used here. The
best fit to the angular distribution is obtained with a shift in the SM value of Re(C9) by
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�0.21. The tension observed in any such fit will depend on the e↵ective coupling(s)
varied, the handling of the SM nuisance parameters and the q2 bins that are included in
the fit. For example, the 6.0 < q2 < 8.0GeV2/c4 bin is known to be associated with larger
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Figure 2: The CP -averaged observables (left) P2 and (right) P 0
5 in intervals of q2. The first

(second) error bars represent the statistical (total) uncertainties. The theoretical predictions in
blue are based on Ref. [76] with hadronic form factors taken from Refs. [77–79] and are obtained
with the Flavio software package [83] (version 2.0.0). The theoretical predictions in orange are
based on Refs. [80,81] with hadronic form factors from Ref. [82]. The grey bands indicate the
regions of excluded �(1020), J/ and  (2S) resonances.

varied and the handling of the SM nuisance parameters.
In summary, using the complete pp data set collected with the LHCb experiment

in Runs 1 and 2, the full set of angular observables for the decay B+ ! K⇤+µ+µ� is
measured for the first time. The results confirm the global tension with respect to the SM
predictions previously reported in the decay B0! K⇤0µ+µ�.
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B+ ! K+µ+µ�
▸ Measurements of complementary decay modes
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Figure 5. The measured values of AFB (left) and FL (right) versus q2 for B+ → K∗+
µ
+
µ

− decays
are shown with filled squares, centered on the q2 bin. The statistical (total) uncertainty is shown
by inner (outer) vertical bars. The vertical shaded regions correspond to the regions dominated by
B+ → K∗+J/ψ and B+ → K∗+

ψ(2S) decays. The SM predictions and associated uncertainties are
shown by the filled circles and vertical bars, with the points slightly offset from the center of the q2

bin for clarity.

a center-of-mass energy of 8TeV. The data were collected with the CMS detector in 2012
at the LHC, and correspond to an integrated luminosity of 20.0 fb−1. For each bin of the
dimuon invariant mass squared (q2), a three-dimensional unbinned maximum likelihood
fit is performed on the distributions of the K∗(892)+µ+

µ
− invariant mass and two decay

angles. The muon forward-backward asymmetry, AFB, and the K∗(892)+ longitudinal
polarization fraction, FL, are extracted from the fit in bins of q2 and found to be consistent
with a standard model prediction.
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B+ ! K+⌫⌫̄: Results

• Measured branching fraction
B(B± ! K±⌫⌫̄) = [1.9+1.3

�1.3(stat)
+0.8
�0.7(syst)]⇥ 10�5

• No significant signal observed; setting upper limit
on branching fraction:

B(B± ! K±⌫⌫̄) < (4.1± 0.5)⇥ 10�5 @ 90% CL

arXiv:2104.12624 (Accepted to PRL!)

• Inclusive approach outperforms semileptonic tagging by 10-20% and
hadronic tagging by 3.5x at given luminosity[1]

• This result based on the novel inclusive tagging approach already has an
impact on the global picture of these decays

• Studies on additional channels B0 ! K⇤0⌫⌫̄ and B0 ! K 0
S⌫⌫̄ etc. using

more data are in preparation!

[1]assuming the total uncertainty in the branching-fraction scales with 1/
p
L

Abdul Basith HQL2021

Status and prospects for rare decays at Belle II 17 / 18
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impact on the global picture of these decays

• Studies on additional channels B0 ! K⇤0⌫⌫̄ and B0 ! K 0
S⌫⌫̄ etc. using

more data are in preparation!

[1]assuming the total uncertainty in the branching-fraction scales with 1/
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L
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Status and prospects for rare decays at Belle II 17 / 18
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Fit to the Data
• Measured signal strength μ







- Consistent with the SM expectation ( ) at CL = .
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B(B± ! K±⌫⌫̄) < (4.1± 0.5)⇥ 10�5 @ 90% CL
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• This result based on the novel inclusive tagging approach already has an
impact on the global picture of these decays

• Studies on additional channels B0 ! K⇤0⌫⌫̄ and B0 ! K 0
S⌫⌫̄ etc. using
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[1]assuming the total uncertainty in the branching-fraction scales with 1/
p
L

Abdul Basith HQL2021

Status and prospects for rare decays at Belle II 17 / 18

[arXiv:2104.12624; PRL 127, 181802 (2021)] 

  

Large effects in                are a common prediction of minimal 
solutions to the B-anomalies:

21

                 [Becirevic et al. '18]

EFT predictions:

[Cornella et al. '18, '21]

i) LH operators: ii) Scalar operators:

                 [Becirevic, OS, Zukanovich. '16]

see also [Glashow et al. '14]    

Expect 400 fb-1 for Summer 2022 
with precisions 0.5 x 10-5

LQ

13

BELLE-II: PRL 127 (2021) 18, 181802

https://inspirehep.net/literature/1860766
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B+→K+μ+μ– vs B+→K+e+e–
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Figure 6: Candidate invariant mass distributions. Distribution of the invariant mass m(K+`+`�)
for nonresonant candidates in the (left) sample previously analysed [11] and (right) the new data
sample. The top row shows the fit to the muon modes and the subsequent rows the fits to the
electron modes triggered by (second row) one of the electrons, (third row) the kaon and (last
row) by other particles in the event. The fit projections are superimposed.
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B+ → K+μ+μ−

+ further samples (different data taking periods, trigger lines)

, theoretically “clean” as hadronic effects cancelR(K ) =
ℬ(B+ → K+μ+μ−)
ℬ(B+ → K+e+e−)

B+ → K+e+e−

LHCb : Nature Phys. 18 (2022) 3, 277-282

https://inspirehep.net/literature/1852846
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Figure 6: Candidate invariant mass distributions. Distribution of the invariant mass m(K+`+`�)
for nonresonant candidates in the (left) sample previously analysed [11] and (right) the new data
sample. The top row shows the fit to the muon modes and the subsequent rows the fits to the
electron modes triggered by (second row) one of the electrons, (third row) the kaon and (last
row) by other particles in the event. The fit projections are superimposed.
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B+ → K+μ+μ−

+ further samples (different data taking periods, trigger lines)

, 


theoretically and experimentally “clean” as hadronic effects and detector effects cancel

R(K ) =
ℬ(B+ → K+μ+μ−)

ℬ(B+ → K+J/ψ(μ+μ−)) / ℬ(B+ → K+e+e−)
ℬ(B+ → K+J/ψ(e+e−))

B+ → K+e+e−

B+ → K+J/ψ(μ+μ−)

B+ → K+J/ψ(e+e−)

LHCb : Nature Phys. 18 (2022) 3, 277-282

https://inspirehep.net/literature/1852846
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R(K): B+→K+μ+μ– / B+→K+e+e–
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LHCb : Nature Phys. 18 (2022) 3, 277-282

3.1σ deviation from SM

https://inspirehep.net/literature/1852846
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Deviations in

• B→K*0μ+μ– and B→K*0μ+μ– ∕ B→K*0e+e–

32
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SM	loop	level	diagram	 New	Physics	tree	level	diagram	

•  Proceed	via	a	flavour-changing	neutral	current	transition	
•  Forbidden	at	tree	level	in	the	SM	
•  Can	only	occur	at	lowest	order	via	electroweak	penguin	and	box	
diagrams	
•  New	Physics	could	already	appear	at	tree	level	
•  Sensitive	to	new	particles	at	higher	energy	scales	than	direct	searches	

2	

Rare	Decays	of	b	hadrons:	

Felix	Kress	 Beauty	2019	

all involve same process:

l = e or μ
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Putting it all together
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The decay Bd ! K
⇤µµ

Decay rare (Branching ratio: O(10
�6)) in standard model, e.g.:
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but sensitive to new physics inside loops, e.g.:

P. Koppenburg

b → !!s decays
• Suppressed by αEM

BR(b → !!s) = (4.5 ± 1.0) · 10−6

BR(B → !!K) = (0.5 ± 0.1) ·10−6

• Sensitive to
• SuSy,
• graviton exchanges,
• extra dimensions
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LHC — rare semileptonic and radiativeB decays— Beach 2006 – p.12/21
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ũi

!+

!−Chargino loop

LHC — rare semileptonic and radiativeB decays— Beach 2006 – p.12/21

P. Koppenburg

b → !!s decays
• Suppressed by αEM

BR(b → !!s) = (4.5 ± 1.0) · 10−6

BR(B → !!K) = (0.5 ± 0.1) ·10−6

• Sensitive to
• SuSy,
• graviton exchanges,
• extra dimensions

b s

H− H+
t

ν

!−

!+Higgs box

b s

d̃i d̃i

H

g̃

!+

!−Gluino loop

b s
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b s– –Bd K*
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NP can modify Ci and add new operators
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O9: Vector
Vector Vector in mirror
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O9: Vector
Vector Vector in mirror
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O10: Axial Vector
Axial vector Axial vector in mirror
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b ! c⌧⌫ and SU(2)L invariance leads to large contributions enhancing b ! s⌧+⌧� processes [43],
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R(D) =
ℬ(B → Dτντ)
ℬ(B → Dμνμ)

See also Luke 
Scantlebury-Smead’s talk 

in the today’s parallel 
session after lunch
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Is it a leptoquark?

Figure 1: Feynman diagrams in the SM of the B0! K⇤0`+`� decay for the (top left) electroweak
penguin and (top right) box diagram. Possible NP contributions violating LU: (bottom left) a
tree-level diagram mediated by a new gauge boson Z 0 and (bottom right) a tree-level diagram
involving a leptoquark LQ.
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where the two channels are also referred to as the “nonresonant” and the “resonant” modes,
respectively. The experimental quantities relevant for the measurement are the yields
and the reconstruction e�ciencies of the four decays entering in the double ratio. Due
to the similarity between the experimental e�ciencies of the nonresonant and resonant
decay modes, many sources of systematic uncertainty are substantially reduced. This
helps to mitigate the significant di↵erences in reconstruction between decays with muons
or electrons in the final state, mostly due to bremsstrahlung emission and the trigger
response. The decay J/ ! `

+
`
� is measured to be consistent with LU [24]. In order to

avoid experimental biases, a blind analysis was performed. The measurement is corrected
for final-state radiation (FSR). Recent SM predictions for RK⇤0 in the two q

2 regions are
reported in table 1. Note that possible uncertainties related to QED corrections are only
included in Ref. [26], and these are found to be at the percent level. The RK⇤0 ratio is
smaller than unity in the low-q2 region due to phase-space e↵ects.

The remainder of this paper is organised as follows: section 2 describes the LHCb
detector, as well as the data and the simulation samples used; the experimental challenges
in studying electrons as compared to muons are discussed in section 3; section 4 details

2

e.g.: JHEP 08 (2021) 050, JHEP 1711 (2017) 044,     
Phys.Lett.B 800 (2020) 135080, arXiv:2203.10111 (2022), 
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When the first platypus were sent to Europe, European 
scientists didn’t believe such an oddity could really exist, until 

the evidence became overwhelming
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BaBar: PRL 125 (2020) 241801

ℛΥ(3S)
τμ =

ℬ(Υ(3S) → τ+τ−)
ℬ(Υ(3S) → μ+μ−)

= 0.966 ± 0.008 ± 0.014

Within 2 σ of SM value, 0.9948

Order of magnitude improvement in 
uncertainty over only previous measurement 

by CLEO, PRL 98 (2007) 052002

the fit. Since the leptonic width of the ⌥ (4S) is negligible
compared to the total width, only continuum-produced
dilepton events are expected in the sample. However,
other ⌥ (nS) ! `+`� decays appear in the data contin-
uum template via the ISR process. The radiative return
processes have been extensively studied by BABAR (e.g.,
a narrow resonance production described in Ref. [16])
and based on this approach, the amount of ISR-produced
⌥ (nS) mesons are estimated and subtracted from the
continuum template.

The number of ⌥ (3S) ! µ+µ� events Nµµ and the
raw ratio R̃⌧µ = N⌧⌧/Nµµ are free parameters of the fit.
In the non-signal templates, this ratio is fixed either as in
data for the continuum background or to the simulation
prediction for the other templates.

A graphical representation of the fit result is shown
in Figs. 3 and 4. The fit yields a raw ratio of R̃⌧µ =
N⌧⌧/Nµµ = 0.10788 ± 0.00091. The MC-based selection
e�ciencies and their ratio, which are needed to obtain
the ratio R⌧µ, are shown in Table II.

TABLE II: MC selection e�ciencies in percent for ⌥ (3S) !
`+`�. The quoted uncertainties reflect MC statistics.

"µµ (%) "⌧⌧ (%) "⌧⌧/"µµ
69.951± 0.018 7.723± 0.010 0.11041± 0.00015

Low multiplicity ⌥ (4S) ! BB̄ decays, such as semilep-
tonic decays, can potentially mimic ⌧ -pair events and
then pass the selection criteria. These would modify the
⌥ (4S)-based continuum template. Note that significant
numbers of ⌥ (4S) ! BB̄ events are not expected in the
final dimuon sample since Mµµ of such candidates is too
small. To estimate this e↵ect, a MC sample of 265 mil-
lion ⌥ (4S) ! BB̄ events was processed, which is about
three times the size of the ⌥ (4S) data, and resulted in 15
dimuon and 7644 ⌧+⌧� candidates. Thus, the BB̄ con-
tribution to the muon template can be safely neglected
whereas the amount of ⌧+⌧� candidates translates into
a correction of �BB̄ = 0.42% to the expected number of
⌥ (3S) ! ⌧+⌧� candidates and is applied to the ratio
R⌧µ.

Combining the fit result R̃⌧µ, the ratio of MC e�-
ciencies "µµ/"⌧⌧ , the data/MC correction CMC, and the
correction from BB̄ events �BB̄ , the ratio is

R⌥ (3S)
⌧µ = R̃⌧µ

1

CMC

"µµ
"⌧⌧

· (1 + �BB̄) = 0.9662± 0.0084,

where uncertainties from the data/MC correction and
MC e�ciencies are included in the statistical uncertainty.

The sources of the systematic uncertainty in R⌥ (3S)
⌧µ

are summarized in Table III.
To assess the particle identification uncertainty, three

additional ⌧+⌧� classifiers were considered. The first
used tighter electron selectors for both the ⌧ to electron
and the ⌧ to non-electron selection. The second had a
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legend is the same as in the corresponding plot in Fig. 2.
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Relates to , 
see JHEP 06 (2017) 019

R (D(*))
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BR(K+ → π+νν) ∼ 10−10

NA62: Kpnn signal regions
mmiss

2=(PK-Pp)2 vs track momentum

Region 2

Region 1

K+®p+p+p-

K+®p+p0p0

K+®p+p0

K+®µ+n Further background
suppression:
ü PID (calorimeters &

Cherenkov detectors):
µ suppression 10−8,
p efficiency = 64%.

ü Hermetic photon veto:
p0®gg rejection
factor = 1.4×10−8.

Main K+ decay modes
(>90% of BR) rejected
kinematically.

Resolution on m2
miss:

s=1.0´10-3 GeV4/c2.

Measured kinematical
background suppression:

ü K+®p+p0:  1×10−3;
ü K+®µ+n:    3×10−4.

CONTROL DATA

9
E. Goudzovski / Be.HEP, 22 Dec 2021



Jonas Rademacker                                                              Heavy Flavour Physics                                            IOP HEPP, 3 April 2022

NA62: K+ → π+νν

43

NA62: Phys.Lett.B 791 (2019)

NA62: JHEP 11 (2020) 042
NA62: JHEP 06 (2021) 093

Figure 7: Left: reconstructed m2
miss as a function of ⇡+ momentum for PNN-triggered events

(markers) satisfying the K+
! ⇡+⌫⌫̄ selection, except the m2

miss and ⇡+ momentum criteria.
The grey area corresponds to the expected distribution of K+

! ⇡+⌫⌫̄ MC events. Red contours
define the signal regions. The event observed in Region 2 is shown together with the events
found in the control regions. Right: Signal in RICH (open circles) detected in the K+

!

⇡+⌫⌫̄ candidate event with rings superimposed as built under di↵erent particle mass hypotheses.

The result, based on 2% of the total NA62 exposure in 2016–2018, demonstrates the validity
of the decay-in-flight technique in terms of background rejection and in view of the measurement
in progress using the full data sample.
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2017 data: 2 signal candidates

Table 10: Expected numbers of SM K+
! ⇡+⌫⌫̄ decays and of background events in the signal

regions.

Process Events expected

K+
! ⇡+⌫⌫̄ (SM) 2.16± 0.13syst ± 0.26ext

K+
! ⇡+⇡0(�) 0.29± 0.03stat ± 0.03syst

K+
! µ+⌫(�) 0.15± 0.02stat ± 0.04syst

K+
! ⇡+⇡�e+⌫ 0.12± 0.05stat ± 0.06syst

K+
! ⇡+⇡+⇡� 0.008± 0.008syst

K+
! ⇡+�� 0.005± 0.005syst

K+
! ⇡0`+⌫ (` = µ, e) < 0.001

Upstream background 0.89± 0.24stat ± 0.20syst

Total background 1.46± 0.25stat ± 0.21syst

Figure 23: Reconstructed m2
miss as a function of ⇡+ momentum for PNN events (full symbols)

satisfying the PNN selection, except the m2
miss and ⇡+ momentum criteria. The grey area

corresponds to the expected distribution of SM K+
! ⇡+⌫⌫̄ MC events (arbitrarily normalized).

Red contours define the signal regions. The events observed in the signal regions are shown
together with the events found in the background and control regions.
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Final collimator replacement
The old collimator Current collimator (since June 2018)

v Current collimator allows for a looser event selection:
signal acceptance Apnn improved from 4.0% to 6.4%. 
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20 signal candidates (expect 7 background events)
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Figure 7: The K+
! ⇡+⌫⌫̄ candidate events in the 2018 (left) and 2016–2018 (right) data

sets. Left: Reconstructed m2

miss
as a function of ⇡+ momentum for events satisfying the K+

!

⇡+⌫⌫̄ selection criteria. The intensity of the grey shaded area reflects the variation of the SM
signal acceptance in the plane. The two boxes represent the signal regions. The events observed
in Regions 1 and 2 are shown together with the events found in the background and control
regions. Right: Expected numbers of background events and numbers of observed events in
the nine categories used in the maximum likelihood fit to extract the K+

! ⇡+⌫⌫̄ branching
ratio. Categories 0,1 and 2 correspond to 2016, 2017 and S1 subsets, respectively. Categories 3
to 8 correspond to the six 5 GeV/c wide momentum bins of the S2 subset. The observed data
for each category are indicated by black markers with Poissonian statistical errors. The shaded
boxes show the numbers of expected background events and the corresponding uncertainties.

compatible with the SM value within one standard deviation. The first uncertainty is statistical,
related to the Poissonian fluctuation of the numbers of observed events and expected background,
while the second is systematic, resulting from the uncertainty in the signal and background
estimates.

This result is the most precise measurement of the K+
! ⇡+⌫⌫̄ decay rate to date and

provides the strongest evidence so far for the existence of this extremely rare process.

8 Search for K+ ! ⇡+X decays

The existence of a new feebly interacting scalar or pseudo-scalar particle, X, is foreseen in
several BSM scenarios. If X decays to invisible particles or lives long enough to decay outside
the detector, the signature of a K+

! ⇡+X decay is the same as that of the K+
! ⇡+⌫⌫̄

decay. The two-body decay K+
! ⇡+X would result in a peak in the reconstructed m2

miss

distribution, centred at the squared value of the X mass, m2

X
. Using the event sample selected

in the K+
! ⇡+⌫⌫̄ measurement, a search for a peaking signal in the 2016–2018 data set is

performed following the procedure detailed in [35]. The width of a signal peak is determined by
the resolution of the m2

miss
observable, which decreases monotonically from 0.0012 GeV2/c4 at

mX = 0 to 0.0007 GeV2/c4 at mX = 260 MeV/c2.
The SES is determined, for each mX, according to equation 1, by replacing A⇡⌫⌫̄ with the

acceptance for K+
! ⇡+X decays, which is obtained from simulation. Acceptance values for X

with finite lifetime, ⌧X, decaying to visible SM particles are estimated by weighting simulated

18

K+®p+nn: historical perspective
Time evolution of BR(K+®p+nn)

B oscillations
t quark Isospin relations

19

CERNBNLGIM mechanism

E. Goudzovski / Be.HEP, 22 Dec 2021 (3.4s significance)
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Figure 7: The K+
! ⇡+⌫⌫̄ candidate events in the 2018 (left) and 2016–2018 (right) data

sets. Left: Reconstructed m2

miss
as a function of ⇡+ momentum for events satisfying the K+

!

⇡+⌫⌫̄ selection criteria. The intensity of the grey shaded area reflects the variation of the SM
signal acceptance in the plane. The two boxes represent the signal regions. The events observed
in Regions 1 and 2 are shown together with the events found in the background and control
regions. Right: Expected numbers of background events and numbers of observed events in
the nine categories used in the maximum likelihood fit to extract the K+

! ⇡+⌫⌫̄ branching
ratio. Categories 0,1 and 2 correspond to 2016, 2017 and S1 subsets, respectively. Categories 3
to 8 correspond to the six 5 GeV/c wide momentum bins of the S2 subset. The observed data
for each category are indicated by black markers with Poissonian statistical errors. The shaded
boxes show the numbers of expected background events and the corresponding uncertainties.

compatible with the SM value within one standard deviation. The first uncertainty is statistical,
related to the Poissonian fluctuation of the numbers of observed events and expected background,
while the second is systematic, resulting from the uncertainty in the signal and background
estimates.

This result is the most precise measurement of the K+
! ⇡+⌫⌫̄ decay rate to date and

provides the strongest evidence so far for the existence of this extremely rare process.

8 Search for K+ ! ⇡+X decays

The existence of a new feebly interacting scalar or pseudo-scalar particle, X, is foreseen in
several BSM scenarios. If X decays to invisible particles or lives long enough to decay outside
the detector, the signature of a K+

! ⇡+X decay is the same as that of the K+
! ⇡+⌫⌫̄

decay. The two-body decay K+
! ⇡+X would result in a peak in the reconstructed m2

miss

distribution, centred at the squared value of the X mass, m2

X
. Using the event sample selected

in the K+
! ⇡+⌫⌫̄ measurement, a search for a peaking signal in the 2016–2018 data set is

performed following the procedure detailed in [35]. The width of a signal peak is determined by
the resolution of the m2

miss
observable, which decreases monotonically from 0.0012 GeV2/c4 at

mX = 0 to 0.0007 GeV2/c4 at mX = 260 MeV/c2.
The SES is determined, for each mX, according to equation 1, by replacing A⇡⌫⌫̄ with the

acceptance for K+
! ⇡+X decays, which is obtained from simulation. Acceptance values for X

with finite lifetime, ⌧X, decaying to visible SM particles are estimated by weighting simulated
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Fig. 2 Left: correlation of B(K+ → π+νν̄) with B(B+ → K ∗+νν̄),
having imposed RD(∗) = 1.25. The red (blue) coloured region is for
c13 = 0 (c13 = 2). We also show isolines of θq , and the red star is the

SM point. Right: branching ratios for K+ → π+νν̄ and B+ → K ∗+νν̄,
normalised to the SM values, as functions of θq . The solid (dashed) lines
correspond to c13 = 0, φq = 0 (c13 = 2, φq = π )

The deviations from the SM expectations in the two FCNC
neutrino modes are closely correlated, as described by the
following relation:

%B(K+ → π+νν̄)

%B(B → K (∗)νν̄)
≈2

3
× θq

cos φq

×
1 − 12 [RD(∗) − 1]θ2

q fq

1 − 15[RD(∗) − 1] θq fq
cos φq

, (4.18)

where %B = B−BSM
BSM

, and as illustrated in Fig. 2. Notice that
for small θq this correlation does not depend on the mea-
sured value of RD(∗) . The constraints from B → K (∗)νν̄ can
severely limit the deviations in K → πνν̄. This fact is well
known in the literature, independently of the relation with the
LFU B anomalies, see e.g. [45,46]. If c13 < 1, the NP con-
tributions interfere constructively with the SM amplitude in
the first branching ratio, and destructively in the second one.
As a consequence, in this case B(K+ → π+νν̄) is always
suppressed, with deviations of up to −30% with respect to
the SM value. The opposite is true when c13 > 1. Also, the
constraints are more stringent when cos φq is positive, since
in this case the effective scale of new physics is lower. For
negative cos φq and c13 > 1, in particular, the constraint
from B → K (∗)νν̄ becomes irrelevant, and large devia-
tions can be expected in B(K+ → π+νν̄) [within the limits
of (2.8)].

4.4 Constraints and connections to other observables

b → s&+&−. FCNC processes that involve the light gen-
erations of leptons are suppressed by the spurion V& in our
framework. While LFU violation in these modes is a gen-
eral prediction following from (3.6), the exact size of these
effects depends on the unknown parameter ε& (and, more
generally, by the assumption on the breaking of the U (2)&
lepton-flavour symmetry). The NP contributions to the Wil-
son coefficientsC9 andC10 of the semileptonic b → sµ+µ−

Lagrangian

Lb→sµµ
eff = 4GF√

2

α

4π
V ∗
tbVts

×
[
C9,µ(b̄LγµsL)(µ̄γ µµ)+ C10,µ(b̄LγµsL)(µ̄γ µγ5µ)

]

(4.19)

read

CNP
9,µ = −CNP

10,µ = −π

α
R0θqeiφq (1 + c13)|ε&|2 . (4.20)

Global fits of these Wilson coefficients, performed after the
recent measurement of the LFU ratio RK ∗ [1], in the case
of NP coupled to left-handed currents only, yields CNP

9,µ =
−CNP

10,µ = −0.64 ± 0.18 [6–10]. From this result, fixing the
overall scale of NP from (4.7), it follows that |ε&| (1+c13) ≈
0.1 up to an O(1) factor depending on θq and φq . Since the

123

EFT, new interactions with
U(2)q x U(2)l flavour symmetry

Assumption new interactions
responsible for LFUV
couple mainly to third
generation left-handed
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Fig. 2 Left: correlation of B(K+ → π+νν̄) with B(B+ → K ∗+νν̄),
having imposed RD(∗) = 1.25. The red (blue) coloured region is for
c13 = 0 (c13 = 2). We also show isolines of θq , and the red star is the

SM point. Right: branching ratios for K+ → π+νν̄ and B+ → K ∗+νν̄,
normalised to the SM values, as functions of θq . The solid (dashed) lines
correspond to c13 = 0, φq = 0 (c13 = 2, φq = π )

The deviations from the SM expectations in the two FCNC
neutrino modes are closely correlated, as described by the
following relation:

%B(K+ → π+νν̄)

%B(B → K (∗)νν̄)
≈2

3
× θq

cos φq

×
1 − 12 [RD(∗) − 1]θ2

q fq

1 − 15[RD(∗) − 1] θq fq
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, (4.18)

where %B = B−BSM
BSM

, and as illustrated in Fig. 2. Notice that
for small θq this correlation does not depend on the mea-
sured value of RD(∗) . The constraints from B → K (∗)νν̄ can
severely limit the deviations in K → πνν̄. This fact is well
known in the literature, independently of the relation with the
LFU B anomalies, see e.g. [45,46]. If c13 < 1, the NP con-
tributions interfere constructively with the SM amplitude in
the first branching ratio, and destructively in the second one.
As a consequence, in this case B(K+ → π+νν̄) is always
suppressed, with deviations of up to −30% with respect to
the SM value. The opposite is true when c13 > 1. Also, the
constraints are more stringent when cos φq is positive, since
in this case the effective scale of new physics is lower. For
negative cos φq and c13 > 1, in particular, the constraint
from B → K (∗)νν̄ becomes irrelevant, and large devia-
tions can be expected in B(K+ → π+νν̄) [within the limits
of (2.8)].
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b → s&+&−. FCNC processes that involve the light gen-
erations of leptons are suppressed by the spurion V& in our
framework. While LFU violation in these modes is a gen-
eral prediction following from (3.6), the exact size of these
effects depends on the unknown parameter ε& (and, more
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recent measurement of the LFU ratio RK ∗ [1], in the case
of NP coupled to left-handed currents only, yields CNP

9,µ =
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10,µ = −0.64 ± 0.18 [6–10]. From this result, fixing the
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Fig. 2 Left: correlation of B(K+ → π+νν̄) with B(B+ → K ∗+νν̄),
having imposed RD(∗) = 1.25. The red (blue) coloured region is for
c13 = 0 (c13 = 2). We also show isolines of θq , and the red star is the

SM point. Right: branching ratios for K+ → π+νν̄ and B+ → K ∗+νν̄,
normalised to the SM values, as functions of θq . The solid (dashed) lines
correspond to c13 = 0, φq = 0 (c13 = 2, φq = π )

The deviations from the SM expectations in the two FCNC
neutrino modes are closely correlated, as described by the
following relation:

%B(K+ → π+νν̄)

%B(B → K (∗)νν̄)
≈2

3
× θq

cos φq

×
1 − 12 [RD(∗) − 1]θ2

q fq

1 − 15[RD(∗) − 1] θq fq
cos φq

, (4.18)

where %B = B−BSM
BSM

, and as illustrated in Fig. 2. Notice that
for small θq this correlation does not depend on the mea-
sured value of RD(∗) . The constraints from B → K (∗)νν̄ can
severely limit the deviations in K → πνν̄. This fact is well
known in the literature, independently of the relation with the
LFU B anomalies, see e.g. [45,46]. If c13 < 1, the NP con-
tributions interfere constructively with the SM amplitude in
the first branching ratio, and destructively in the second one.
As a consequence, in this case B(K+ → π+νν̄) is always
suppressed, with deviations of up to −30% with respect to
the SM value. The opposite is true when c13 > 1. Also, the
constraints are more stringent when cos φq is positive, since
in this case the effective scale of new physics is lower. For
negative cos φq and c13 > 1, in particular, the constraint
from B → K (∗)νν̄ becomes irrelevant, and large devia-
tions can be expected in B(K+ → π+νν̄) [within the limits
of (2.8)].

4.4 Constraints and connections to other observables

b → s&+&−. FCNC processes that involve the light gen-
erations of leptons are suppressed by the spurion V& in our
framework. While LFU violation in these modes is a gen-
eral prediction following from (3.6), the exact size of these
effects depends on the unknown parameter ε& (and, more
generally, by the assumption on the breaking of the U (2)&
lepton-flavour symmetry). The NP contributions to the Wil-
son coefficientsC9 andC10 of the semileptonic b → sµ+µ−

Lagrangian

Lb→sµµ
eff = 4GF√

2

α

4π
V ∗
tbVts

×
[
C9,µ(b̄LγµsL)(µ̄γ µµ)+ C10,µ(b̄LγµsL)(µ̄γ µγ5µ)

]

(4.19)

read

CNP
9,µ = −CNP

10,µ = −π

α
R0θqeiφq (1 + c13)|ε&|2 . (4.20)

Global fits of these Wilson coefficients, performed after the
recent measurement of the LFU ratio RK ∗ [1], in the case
of NP coupled to left-handed currents only, yields CNP

9,µ =
−CNP

10,µ = −0.64 ± 0.18 [6–10]. From this result, fixing the
overall scale of NP from (4.7), it follows that |ε&| (1+c13) ≈
0.1 up to an O(1) factor depending on θq and φq . Since the
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Fig. 2 Left: correlation of B(K+ → π+νν̄) with B(B+ → K ∗+νν̄),
having imposed RD(∗) = 1.25. The red (blue) coloured region is for
c13 = 0 (c13 = 2). We also show isolines of θq , and the red star is the

SM point. Right: branching ratios for K+ → π+νν̄ and B+ → K ∗+νν̄,
normalised to the SM values, as functions of θq . The solid (dashed) lines
correspond to c13 = 0, φq = 0 (c13 = 2, φq = π )

The deviations from the SM expectations in the two FCNC
neutrino modes are closely correlated, as described by the
following relation:

%B(K+ → π+νν̄)

%B(B → K (∗)νν̄)
≈2

3
× θq

cos φq

×
1 − 12 [RD(∗) − 1]θ2

q fq

1 − 15[RD(∗) − 1] θq fq
cos φq

, (4.18)

where %B = B−BSM
BSM

, and as illustrated in Fig. 2. Notice that
for small θq this correlation does not depend on the mea-
sured value of RD(∗) . The constraints from B → K (∗)νν̄ can
severely limit the deviations in K → πνν̄. This fact is well
known in the literature, independently of the relation with the
LFU B anomalies, see e.g. [45,46]. If c13 < 1, the NP con-
tributions interfere constructively with the SM amplitude in
the first branching ratio, and destructively in the second one.
As a consequence, in this case B(K+ → π+νν̄) is always
suppressed, with deviations of up to −30% with respect to
the SM value. The opposite is true when c13 > 1. Also, the
constraints are more stringent when cos φq is positive, since
in this case the effective scale of new physics is lower. For
negative cos φq and c13 > 1, in particular, the constraint
from B → K (∗)νν̄ becomes irrelevant, and large devia-
tions can be expected in B(K+ → π+νν̄) [within the limits
of (2.8)].

4.4 Constraints and connections to other observables

b → s&+&−. FCNC processes that involve the light gen-
erations of leptons are suppressed by the spurion V& in our
framework. While LFU violation in these modes is a gen-
eral prediction following from (3.6), the exact size of these
effects depends on the unknown parameter ε& (and, more
generally, by the assumption on the breaking of the U (2)&
lepton-flavour symmetry). The NP contributions to the Wil-
son coefficientsC9 andC10 of the semileptonic b → sµ+µ−
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Global fits of these Wilson coefficients, performed after the
recent measurement of the LFU ratio RK ∗ [1], in the case
of NP coupled to left-handed currents only, yields CNP

9,µ =
−CNP

10,µ = −0.64 ± 0.18 [6–10]. From this result, fixing the
overall scale of NP from (4.7), it follows that |ε&| (1+c13) ≈
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2016, 2017 and 2018 data: 

20 signal candidates (expect 7 background events)

0 1 2 3 4 5 6 7 8
Category

0

2

4

6

8

10

12

N
um

be
r 

of
 e

ve
nt

s

S2S120172016

Expected background

Observed data

Figure 7: The K+
! ⇡+⌫⌫̄ candidate events in the 2018 (left) and 2016–2018 (right) data

sets. Left: Reconstructed m2

miss
as a function of ⇡+ momentum for events satisfying the K+

!

⇡+⌫⌫̄ selection criteria. The intensity of the grey shaded area reflects the variation of the SM
signal acceptance in the plane. The two boxes represent the signal regions. The events observed
in Regions 1 and 2 are shown together with the events found in the background and control
regions. Right: Expected numbers of background events and numbers of observed events in
the nine categories used in the maximum likelihood fit to extract the K+

! ⇡+⌫⌫̄ branching
ratio. Categories 0,1 and 2 correspond to 2016, 2017 and S1 subsets, respectively. Categories 3
to 8 correspond to the six 5 GeV/c wide momentum bins of the S2 subset. The observed data
for each category are indicated by black markers with Poissonian statistical errors. The shaded
boxes show the numbers of expected background events and the corresponding uncertainties.

compatible with the SM value within one standard deviation. The first uncertainty is statistical,
related to the Poissonian fluctuation of the numbers of observed events and expected background,
while the second is systematic, resulting from the uncertainty in the signal and background
estimates.

This result is the most precise measurement of the K+
! ⇡+⌫⌫̄ decay rate to date and

provides the strongest evidence so far for the existence of this extremely rare process.

8 Search for K+ ! ⇡+X decays

The existence of a new feebly interacting scalar or pseudo-scalar particle, X, is foreseen in
several BSM scenarios. If X decays to invisible particles or lives long enough to decay outside
the detector, the signature of a K+

! ⇡+X decay is the same as that of the K+
! ⇡+⌫⌫̄

decay. The two-body decay K+
! ⇡+X would result in a peak in the reconstructed m2

miss

distribution, centred at the squared value of the X mass, m2

X
. Using the event sample selected

in the K+
! ⇡+⌫⌫̄ measurement, a search for a peaking signal in the 2016–2018 data set is

performed following the procedure detailed in [35]. The width of a signal peak is determined by
the resolution of the m2

miss
observable, which decreases monotonically from 0.0012 GeV2/c4 at

mX = 0 to 0.0007 GeV2/c4 at mX = 260 MeV/c2.
The SES is determined, for each mX, according to equation 1, by replacing A⇡⌫⌫̄ with the

acceptance for K+
! ⇡+X decays, which is obtained from simulation. Acceptance values for X

with finite lifetime, ⌧X, decaying to visible SM particles are estimated by weighting simulated
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Fig. 2 Left: correlation of B(K+ → π+νν̄) with B(B+ → K ∗+νν̄),
having imposed RD(∗) = 1.25. The red (blue) coloured region is for
c13 = 0 (c13 = 2). We also show isolines of θq , and the red star is the

SM point. Right: branching ratios for K+ → π+νν̄ and B+ → K ∗+νν̄,
normalised to the SM values, as functions of θq . The solid (dashed) lines
correspond to c13 = 0, φq = 0 (c13 = 2, φq = π )

The deviations from the SM expectations in the two FCNC
neutrino modes are closely correlated, as described by the
following relation:

%B(K+ → π+νν̄)

%B(B → K (∗)νν̄)
≈2

3
× θq

cos φq

×
1 − 12 [RD(∗) − 1]θ2

q fq

1 − 15[RD(∗) − 1] θq fq
cos φq

, (4.18)

where %B = B−BSM
BSM

, and as illustrated in Fig. 2. Notice that
for small θq this correlation does not depend on the mea-
sured value of RD(∗) . The constraints from B → K (∗)νν̄ can
severely limit the deviations in K → πνν̄. This fact is well
known in the literature, independently of the relation with the
LFU B anomalies, see e.g. [45,46]. If c13 < 1, the NP con-
tributions interfere constructively with the SM amplitude in
the first branching ratio, and destructively in the second one.
As a consequence, in this case B(K+ → π+νν̄) is always
suppressed, with deviations of up to −30% with respect to
the SM value. The opposite is true when c13 > 1. Also, the
constraints are more stringent when cos φq is positive, since
in this case the effective scale of new physics is lower. For
negative cos φq and c13 > 1, in particular, the constraint
from B → K (∗)νν̄ becomes irrelevant, and large devia-
tions can be expected in B(K+ → π+νν̄) [within the limits
of (2.8)].

4.4 Constraints and connections to other observables

b → s&+&−. FCNC processes that involve the light gen-
erations of leptons are suppressed by the spurion V& in our
framework. While LFU violation in these modes is a gen-
eral prediction following from (3.6), the exact size of these
effects depends on the unknown parameter ε& (and, more
generally, by the assumption on the breaking of the U (2)&
lepton-flavour symmetry). The NP contributions to the Wil-
son coefficientsC9 andC10 of the semileptonic b → sµ+µ−

Lagrangian

Lb→sµµ
eff = 4GF√

2

α

4π
V ∗
tbVts

×
[
C9,µ(b̄LγµsL)(µ̄γ µµ)+ C10,µ(b̄LγµsL)(µ̄γ µγ5µ)

]

(4.19)

read

CNP
9,µ = −CNP

10,µ = −π

α
R0θqeiφq (1 + c13)|ε&|2 . (4.20)

Global fits of these Wilson coefficients, performed after the
recent measurement of the LFU ratio RK ∗ [1], in the case
of NP coupled to left-handed currents only, yields CNP

9,µ =
−CNP

10,µ = −0.64 ± 0.18 [6–10]. From this result, fixing the
overall scale of NP from (4.7), it follows that |ε&| (1+c13) ≈
0.1 up to an O(1) factor depending on θq and φq . Since the

123

EFT, new interactions with
U(2)q x U(2)l flavour symmetry

Assumption new interactions
responsible for LFUV
couple mainly to third
generation left-handed
fermions

[Eur.Phys.J. C77 (2017) 618]

EFT [arXiv:1705.10729]

correlation for 
different O(1)
coefficient

NA62 run1

8

Grossman-Nir bound
Model-independent relation

FCNC: An example of sensitivity to new physics

KLEVER 

KLEVER: An experiment to measure BR(KL → π0νν) at the CERN SPS – M. Moulson – KAON 2019 – Perugia, 13 Sep 2019  

New physics affects BRs differently for K+ and KL channels
Measurements of both can discriminate among NP scenarios

BR(K+ → π+νν) × 1011

B
R

(K
L →

 π
0 ν
ν)

 ×
 1

01
1

Buras, Buttazzo, Knegjens
JHEP 1511

−

−

K → πνν and new physics 

4

G
ro

ss
m

an
-N

ir 
bo

un
d

●  Models with CKM-like 
flavor structure
− Models with MFV

●  Models with new flavor-
violating interactions in 
which either LH or RH 
couplings dominate
− Z/Z′ models with pure 

LH/RH couplings
− Littlest Higgs with      

T parity

●  Models without above 
constraints
− Randall-Sundrum

−

KLEVER 

KLEVER: An experiment to measure BR(KL → π0νν) at the CERN SPS – M. Moulson – KAON 2019 – Perugia, 13 Sep 2019  

New physics affects BRs differently for K+ and KL channels
Measurements of both can discriminate among NP scenarios

BR(K+ → π+νν) × 1011

B
R

(K
L →

 π
0 ν
ν)

 ×
 1

01
1

Buras, Buttazzo, Knegjens
JHEP 1511

−

−

K → πνν and new physics 

4

G
ro

ss
m

an
-N

ir 
bo

un
d

●  Models with CKM-like 
flavor structure
− Models with MFV

●  Models with new flavor-
violating interactions in 
which either LH or RH 
couplings dominate
− Z/Z′ models with pure 

LH/RH couplings
− Littlest Higgs with      

T parity

●  Models without above 
constraints
− Randall-Sundrum

−

Correlations are 
model-dependent 

618 Page 6 of 9 Eur. Phys. J. C (2017) 77 :618

@

@ %

@

@ %

Fig. 2 Left: correlation of B(K+ → π+νν̄) with B(B+ → K ∗+νν̄),
having imposed RD(∗) = 1.25. The red (blue) coloured region is for
c13 = 0 (c13 = 2). We also show isolines of θq , and the red star is the

SM point. Right: branching ratios for K+ → π+νν̄ and B+ → K ∗+νν̄,
normalised to the SM values, as functions of θq . The solid (dashed) lines
correspond to c13 = 0, φq = 0 (c13 = 2, φq = π )

The deviations from the SM expectations in the two FCNC
neutrino modes are closely correlated, as described by the
following relation:

%B(K+ → π+νν̄)

%B(B → K (∗)νν̄)
≈2

3
× θq

cos φq

×
1 − 12 [RD(∗) − 1]θ2

q fq

1 − 15[RD(∗) − 1] θq fq
cos φq

, (4.18)

where %B = B−BSM
BSM

, and as illustrated in Fig. 2. Notice that
for small θq this correlation does not depend on the mea-
sured value of RD(∗) . The constraints from B → K (∗)νν̄ can
severely limit the deviations in K → πνν̄. This fact is well
known in the literature, independently of the relation with the
LFU B anomalies, see e.g. [45,46]. If c13 < 1, the NP con-
tributions interfere constructively with the SM amplitude in
the first branching ratio, and destructively in the second one.
As a consequence, in this case B(K+ → π+νν̄) is always
suppressed, with deviations of up to −30% with respect to
the SM value. The opposite is true when c13 > 1. Also, the
constraints are more stringent when cos φq is positive, since
in this case the effective scale of new physics is lower. For
negative cos φq and c13 > 1, in particular, the constraint
from B → K (∗)νν̄ becomes irrelevant, and large devia-
tions can be expected in B(K+ → π+νν̄) [within the limits
of (2.8)].

4.4 Constraints and connections to other observables

b → s&+&−. FCNC processes that involve the light gen-
erations of leptons are suppressed by the spurion V& in our
framework. While LFU violation in these modes is a gen-
eral prediction following from (3.6), the exact size of these
effects depends on the unknown parameter ε& (and, more
generally, by the assumption on the breaking of the U (2)&
lepton-flavour symmetry). The NP contributions to the Wil-
son coefficientsC9 andC10 of the semileptonic b → sµ+µ−
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×
[
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]
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read

CNP
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10,µ = −π
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R0θqeiφq (1 + c13)|ε&|2 . (4.20)

Global fits of these Wilson coefficients, performed after the
recent measurement of the LFU ratio RK ∗ [1], in the case
of NP coupled to left-handed currents only, yields CNP

9,µ =
−CNP

10,µ = −0.64 ± 0.18 [6–10]. From this result, fixing the
overall scale of NP from (4.7), it follows that |ε&| (1+c13) ≈
0.1 up to an O(1) factor depending on θq and φq . Since the
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Fig. 2 Left: correlation of B(K+ → π+νν̄) with B(B+ → K ∗+νν̄),
having imposed RD(∗) = 1.25. The red (blue) coloured region is for
c13 = 0 (c13 = 2). We also show isolines of θq , and the red star is the

SM point. Right: branching ratios for K+ → π+νν̄ and B+ → K ∗+νν̄,
normalised to the SM values, as functions of θq . The solid (dashed) lines
correspond to c13 = 0, φq = 0 (c13 = 2, φq = π )

The deviations from the SM expectations in the two FCNC
neutrino modes are closely correlated, as described by the
following relation:

%B(K+ → π+νν̄)

%B(B → K (∗)νν̄)
≈2

3
× θq

cos φq

×
1 − 12 [RD(∗) − 1]θ2

q fq

1 − 15[RD(∗) − 1] θq fq
cos φq

, (4.18)

where %B = B−BSM
BSM

, and as illustrated in Fig. 2. Notice that
for small θq this correlation does not depend on the mea-
sured value of RD(∗) . The constraints from B → K (∗)νν̄ can
severely limit the deviations in K → πνν̄. This fact is well
known in the literature, independently of the relation with the
LFU B anomalies, see e.g. [45,46]. If c13 < 1, the NP con-
tributions interfere constructively with the SM amplitude in
the first branching ratio, and destructively in the second one.
As a consequence, in this case B(K+ → π+νν̄) is always
suppressed, with deviations of up to −30% with respect to
the SM value. The opposite is true when c13 > 1. Also, the
constraints are more stringent when cos φq is positive, since
in this case the effective scale of new physics is lower. For
negative cos φq and c13 > 1, in particular, the constraint
from B → K (∗)νν̄ becomes irrelevant, and large devia-
tions can be expected in B(K+ → π+νν̄) [within the limits
of (2.8)].

4.4 Constraints and connections to other observables

b → s&+&−. FCNC processes that involve the light gen-
erations of leptons are suppressed by the spurion V& in our
framework. While LFU violation in these modes is a gen-
eral prediction following from (3.6), the exact size of these
effects depends on the unknown parameter ε& (and, more
generally, by the assumption on the breaking of the U (2)&
lepton-flavour symmetry). The NP contributions to the Wil-
son coefficientsC9 andC10 of the semileptonic b → sµ+µ−

Lagrangian

Lb→sµµ
eff = 4GF√

2

α

4π
V ∗
tbVts

×
[
C9,µ(b̄LγµsL)(µ̄γ µµ)+ C10,µ(b̄LγµsL)(µ̄γ µγ5µ)

]

(4.19)

read

CNP
9,µ = −CNP

10,µ = −π

α
R0θqeiφq (1 + c13)|ε&|2 . (4.20)

Global fits of these Wilson coefficients, performed after the
recent measurement of the LFU ratio RK ∗ [1], in the case
of NP coupled to left-handed currents only, yields CNP

9,µ =
−CNP

10,µ = −0.64 ± 0.18 [6–10]. From this result, fixing the
overall scale of NP from (4.7), it follows that |ε&| (1+c13) ≈
0.1 up to an O(1) factor depending on θq and φq . Since the

123

EFT, new interactions with
U(2)q x U(2)l flavour symmetry

Assumption new interactions
responsible for LFUV
couple mainly to third
generation left-handed
fermions

[Eur.Phys.J. C77 (2017) 618]

EFT [arXiv:1705.10729]

correlation for 
different O(1)
coefficient

NA62 run1

8

Grossman-Nir bound
Model-independent relation

FCNC: An example of sensitivity to new physics

KLEVER 

KLEVER: An experiment to measure BR(KL → π0νν) at the CERN SPS – M. Moulson – KAON 2019 – Perugia, 13 Sep 2019  

New physics affects BRs differently for K+ and KL channels
Measurements of both can discriminate among NP scenarios

BR(K+ → π+νν) × 1011

B
R

(K
L →

 π
0 ν
ν)

 ×
 1

01
1

Buras, Buttazzo, Knegjens
JHEP 1511

−

−

K → πνν and new physics 

4

G
ro

ss
m

an
-N

ir 
bo

un
d

●  Models with CKM-like 
flavor structure
− Models with MFV

●  Models with new flavor-
violating interactions in 
which either LH or RH 
couplings dominate
− Z/Z′ models with pure 

LH/RH couplings
− Littlest Higgs with      

T parity

●  Models without above 
constraints
− Randall-Sundrum

−

KLEVER 

KLEVER: An experiment to measure BR(KL → π0νν) at the CERN SPS – M. Moulson – KAON 2019 – Perugia, 13 Sep 2019  

New physics affects BRs differently for K+ and KL channels
Measurements of both can discriminate among NP scenarios

BR(K+ → π+νν) × 1011

B
R

(K
L →

 π
0 ν
ν)

 ×
 1

01
1

Buras, Buttazzo, Knegjens
JHEP 1511

−

−

K → πνν and new physics 

4

G
ro

ss
m

an
-N

ir 
bo

un
d

●  Models with CKM-like 
flavor structure
− Models with MFV

●  Models with new flavor-
violating interactions in 
which either LH or RH 
couplings dominate
− Z/Z′ models with pure 

LH/RH couplings
− Littlest Higgs with      

T parity

●  Models without above 
constraints
− Randall-Sundrum

−

Correlations are 
model-dependent 

618 Page 6 of 9 Eur. Phys. J. C (2017) 77 :618

@

@ %

@

@ %

Fig. 2 Left: correlation of B(K+ → π+νν̄) with B(B+ → K ∗+νν̄),
having imposed RD(∗) = 1.25. The red (blue) coloured region is for
c13 = 0 (c13 = 2). We also show isolines of θq , and the red star is the

SM point. Right: branching ratios for K+ → π+νν̄ and B+ → K ∗+νν̄,
normalised to the SM values, as functions of θq . The solid (dashed) lines
correspond to c13 = 0, φq = 0 (c13 = 2, φq = π )

The deviations from the SM expectations in the two FCNC
neutrino modes are closely correlated, as described by the
following relation:

%B(K+ → π+νν̄)

%B(B → K (∗)νν̄)
≈2

3
× θq

cos φq

×
1 − 12 [RD(∗) − 1]θ2

q fq

1 − 15[RD(∗) − 1] θq fq
cos φq

, (4.18)

where %B = B−BSM
BSM

, and as illustrated in Fig. 2. Notice that
for small θq this correlation does not depend on the mea-
sured value of RD(∗) . The constraints from B → K (∗)νν̄ can
severely limit the deviations in K → πνν̄. This fact is well
known in the literature, independently of the relation with the
LFU B anomalies, see e.g. [45,46]. If c13 < 1, the NP con-
tributions interfere constructively with the SM amplitude in
the first branching ratio, and destructively in the second one.
As a consequence, in this case B(K+ → π+νν̄) is always
suppressed, with deviations of up to −30% with respect to
the SM value. The opposite is true when c13 > 1. Also, the
constraints are more stringent when cos φq is positive, since
in this case the effective scale of new physics is lower. For
negative cos φq and c13 > 1, in particular, the constraint
from B → K (∗)νν̄ becomes irrelevant, and large devia-
tions can be expected in B(K+ → π+νν̄) [within the limits
of (2.8)].

4.4 Constraints and connections to other observables

b → s&+&−. FCNC processes that involve the light gen-
erations of leptons are suppressed by the spurion V& in our
framework. While LFU violation in these modes is a gen-
eral prediction following from (3.6), the exact size of these
effects depends on the unknown parameter ε& (and, more
generally, by the assumption on the breaking of the U (2)&
lepton-flavour symmetry). The NP contributions to the Wil-
son coefficientsC9 andC10 of the semileptonic b → sµ+µ−

Lagrangian

Lb→sµµ
eff = 4GF√

2

α

4π
V ∗
tbVts

×
[
C9,µ(b̄LγµsL)(µ̄γ µµ)+ C10,µ(b̄LγµsL)(µ̄γ µγ5µ)

]

(4.19)

read

CNP
9,µ = −CNP

10,µ = −π

α
R0θqeiφq (1 + c13)|ε&|2 . (4.20)

Global fits of these Wilson coefficients, performed after the
recent measurement of the LFU ratio RK ∗ [1], in the case
of NP coupled to left-handed currents only, yields CNP

9,µ =
−CNP

10,µ = −0.64 ± 0.18 [6–10]. From this result, fixing the
overall scale of NP from (4.7), it follows that |ε&| (1+c13) ≈
0.1 up to an O(1) factor depending on θq and φq . Since the
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BrSM (K+ ! ⇡+⌫⌫̄) = (0.84 ± 0.10) · 10�10 , BrSM (KL ! ⇡0⌫⌫̄) = (0.34 ± 0.06) · 10�10

[Buras et al., JHEP11(2015)033]

Grossman-Nir limit: Br(KL ! ⇡0⌫⌫̄) < 4.3 · Br(K+ ! ⇡+⌫⌫̄) [Phys. Lett. B 398, 163 (1997)]

Francesco Brizioli Br(K+ ! ⇡+⌫⌫̄) at NA62 CERN EP seminar 27.10.2020 46 / 49
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Figure 3: Results, for rare Kaon decays and µ ! e conversion processes, of the parameter
scan in the U(2)5 scenario shown in Fig. 1. The green (yellow) points are within the 68% (95%)
CL from the best-fit point. In the upper plot, the gray region is excluded by the Grossman-Nir
bound [80], the red solid and dashed lines represent the present measurement from NA62, the
dotted brown line the sensitivity prospect for KOTO after stage-I, while the dotted purple one
the final sensitivity expected from NA62 and KOTO (stage-II). In the lower plot the red lines
describe the present 95% CL bound (see App. A for details).
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CERNBNLGIM mechanism

E. Goudzovski / Be.HEP, 22 Dec 2021 (3.4s significance)
NA62 Run 1:

JHEP 06 (2021) 93
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https://inspirehep.net/literature/1854186
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NA62: K+ → π+νν
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NA62: JHEP 11 (2020) 042
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2016, 2017 and 2018 data: 

20 signal candidates (expect 7 background events)
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Figure 7: The K+
! ⇡+⌫⌫̄ candidate events in the 2018 (left) and 2016–2018 (right) data

sets. Left: Reconstructed m2

miss
as a function of ⇡+ momentum for events satisfying the K+

!

⇡+⌫⌫̄ selection criteria. The intensity of the grey shaded area reflects the variation of the SM
signal acceptance in the plane. The two boxes represent the signal regions. The events observed
in Regions 1 and 2 are shown together with the events found in the background and control
regions. Right: Expected numbers of background events and numbers of observed events in
the nine categories used in the maximum likelihood fit to extract the K+

! ⇡+⌫⌫̄ branching
ratio. Categories 0,1 and 2 correspond to 2016, 2017 and S1 subsets, respectively. Categories 3
to 8 correspond to the six 5 GeV/c wide momentum bins of the S2 subset. The observed data
for each category are indicated by black markers with Poissonian statistical errors. The shaded
boxes show the numbers of expected background events and the corresponding uncertainties.

compatible with the SM value within one standard deviation. The first uncertainty is statistical,
related to the Poissonian fluctuation of the numbers of observed events and expected background,
while the second is systematic, resulting from the uncertainty in the signal and background
estimates.

This result is the most precise measurement of the K+
! ⇡+⌫⌫̄ decay rate to date and

provides the strongest evidence so far for the existence of this extremely rare process.

8 Search for K+ ! ⇡+X decays

The existence of a new feebly interacting scalar or pseudo-scalar particle, X, is foreseen in
several BSM scenarios. If X decays to invisible particles or lives long enough to decay outside
the detector, the signature of a K+

! ⇡+X decay is the same as that of the K+
! ⇡+⌫⌫̄

decay. The two-body decay K+
! ⇡+X would result in a peak in the reconstructed m2

miss

distribution, centred at the squared value of the X mass, m2

X
. Using the event sample selected

in the K+
! ⇡+⌫⌫̄ measurement, a search for a peaking signal in the 2016–2018 data set is

performed following the procedure detailed in [35]. The width of a signal peak is determined by
the resolution of the m2

miss
observable, which decreases monotonically from 0.0012 GeV2/c4 at

mX = 0 to 0.0007 GeV2/c4 at mX = 260 MeV/c2.
The SES is determined, for each mX, according to equation 1, by replacing A⇡⌫⌫̄ with the

acceptance for K+
! ⇡+X decays, which is obtained from simulation. Acceptance values for X

with finite lifetime, ⌧X, decaying to visible SM particles are estimated by weighting simulated
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Fig. 2 Left: correlation of B(K+ → π+νν̄) with B(B+ → K ∗+νν̄),
having imposed RD(∗) = 1.25. The red (blue) coloured region is for
c13 = 0 (c13 = 2). We also show isolines of θq , and the red star is the

SM point. Right: branching ratios for K+ → π+νν̄ and B+ → K ∗+νν̄,
normalised to the SM values, as functions of θq . The solid (dashed) lines
correspond to c13 = 0, φq = 0 (c13 = 2, φq = π )

The deviations from the SM expectations in the two FCNC
neutrino modes are closely correlated, as described by the
following relation:

%B(K+ → π+νν̄)

%B(B → K (∗)νν̄)
≈2

3
× θq

cos φq

×
1 − 12 [RD(∗) − 1]θ2

q fq

1 − 15[RD(∗) − 1] θq fq
cos φq

, (4.18)

where %B = B−BSM
BSM

, and as illustrated in Fig. 2. Notice that
for small θq this correlation does not depend on the mea-
sured value of RD(∗) . The constraints from B → K (∗)νν̄ can
severely limit the deviations in K → πνν̄. This fact is well
known in the literature, independently of the relation with the
LFU B anomalies, see e.g. [45,46]. If c13 < 1, the NP con-
tributions interfere constructively with the SM amplitude in
the first branching ratio, and destructively in the second one.
As a consequence, in this case B(K+ → π+νν̄) is always
suppressed, with deviations of up to −30% with respect to
the SM value. The opposite is true when c13 > 1. Also, the
constraints are more stringent when cos φq is positive, since
in this case the effective scale of new physics is lower. For
negative cos φq and c13 > 1, in particular, the constraint
from B → K (∗)νν̄ becomes irrelevant, and large devia-
tions can be expected in B(K+ → π+νν̄) [within the limits
of (2.8)].

4.4 Constraints and connections to other observables

b → s&+&−. FCNC processes that involve the light gen-
erations of leptons are suppressed by the spurion V& in our
framework. While LFU violation in these modes is a gen-
eral prediction following from (3.6), the exact size of these
effects depends on the unknown parameter ε& (and, more
generally, by the assumption on the breaking of the U (2)&
lepton-flavour symmetry). The NP contributions to the Wil-
son coefficientsC9 andC10 of the semileptonic b → sµ+µ−

Lagrangian

Lb→sµµ
eff = 4GF√

2

α

4π
V ∗
tbVts

×
[
C9,µ(b̄LγµsL)(µ̄γ µµ)+ C10,µ(b̄LγµsL)(µ̄γ µγ5µ)

]

(4.19)

read

CNP
9,µ = −CNP

10,µ = −π

α
R0θqeiφq (1 + c13)|ε&|2 . (4.20)

Global fits of these Wilson coefficients, performed after the
recent measurement of the LFU ratio RK ∗ [1], in the case
of NP coupled to left-handed currents only, yields CNP

9,µ =
−CNP

10,µ = −0.64 ± 0.18 [6–10]. From this result, fixing the
overall scale of NP from (4.7), it follows that |ε&| (1+c13) ≈
0.1 up to an O(1) factor depending on θq and φq . Since the
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Fig. 2 Left: correlation of B(K+ → π+νν̄) with B(B+ → K ∗+νν̄),
having imposed RD(∗) = 1.25. The red (blue) coloured region is for
c13 = 0 (c13 = 2). We also show isolines of θq , and the red star is the

SM point. Right: branching ratios for K+ → π+νν̄ and B+ → K ∗+νν̄,
normalised to the SM values, as functions of θq . The solid (dashed) lines
correspond to c13 = 0, φq = 0 (c13 = 2, φq = π )

The deviations from the SM expectations in the two FCNC
neutrino modes are closely correlated, as described by the
following relation:

%B(K+ → π+νν̄)

%B(B → K (∗)νν̄)
≈2

3
× θq

cos φq

×
1 − 12 [RD(∗) − 1]θ2

q fq

1 − 15[RD(∗) − 1] θq fq
cos φq

, (4.18)

where %B = B−BSM
BSM

, and as illustrated in Fig. 2. Notice that
for small θq this correlation does not depend on the mea-
sured value of RD(∗) . The constraints from B → K (∗)νν̄ can
severely limit the deviations in K → πνν̄. This fact is well
known in the literature, independently of the relation with the
LFU B anomalies, see e.g. [45,46]. If c13 < 1, the NP con-
tributions interfere constructively with the SM amplitude in
the first branching ratio, and destructively in the second one.
As a consequence, in this case B(K+ → π+νν̄) is always
suppressed, with deviations of up to −30% with respect to
the SM value. The opposite is true when c13 > 1. Also, the
constraints are more stringent when cos φq is positive, since
in this case the effective scale of new physics is lower. For
negative cos φq and c13 > 1, in particular, the constraint
from B → K (∗)νν̄ becomes irrelevant, and large devia-
tions can be expected in B(K+ → π+νν̄) [within the limits
of (2.8)].

4.4 Constraints and connections to other observables

b → s&+&−. FCNC processes that involve the light gen-
erations of leptons are suppressed by the spurion V& in our
framework. While LFU violation in these modes is a gen-
eral prediction following from (3.6), the exact size of these
effects depends on the unknown parameter ε& (and, more
generally, by the assumption on the breaking of the U (2)&
lepton-flavour symmetry). The NP contributions to the Wil-
son coefficientsC9 andC10 of the semileptonic b → sµ+µ−
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]

(4.19)

read
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9,µ = −CNP

10,µ = −π

α
R0θqeiφq (1 + c13)|ε&|2 . (4.20)

Global fits of these Wilson coefficients, performed after the
recent measurement of the LFU ratio RK ∗ [1], in the case
of NP coupled to left-handed currents only, yields CNP

9,µ =
−CNP

10,µ = −0.64 ± 0.18 [6–10]. From this result, fixing the
overall scale of NP from (4.7), it follows that |ε&| (1+c13) ≈
0.1 up to an O(1) factor depending on θq and φq . Since the
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Fig. 2 Left: correlation of B(K+ → π+νν̄) with B(B+ → K ∗+νν̄),
having imposed RD(∗) = 1.25. The red (blue) coloured region is for
c13 = 0 (c13 = 2). We also show isolines of θq , and the red star is the

SM point. Right: branching ratios for K+ → π+νν̄ and B+ → K ∗+νν̄,
normalised to the SM values, as functions of θq . The solid (dashed) lines
correspond to c13 = 0, φq = 0 (c13 = 2, φq = π )

The deviations from the SM expectations in the two FCNC
neutrino modes are closely correlated, as described by the
following relation:

%B(K+ → π+νν̄)

%B(B → K (∗)νν̄)
≈2

3
× θq

cos φq

×
1 − 12 [RD(∗) − 1]θ2

q fq

1 − 15[RD(∗) − 1] θq fq
cos φq

, (4.18)

where %B = B−BSM
BSM

, and as illustrated in Fig. 2. Notice that
for small θq this correlation does not depend on the mea-
sured value of RD(∗) . The constraints from B → K (∗)νν̄ can
severely limit the deviations in K → πνν̄. This fact is well
known in the literature, independently of the relation with the
LFU B anomalies, see e.g. [45,46]. If c13 < 1, the NP con-
tributions interfere constructively with the SM amplitude in
the first branching ratio, and destructively in the second one.
As a consequence, in this case B(K+ → π+νν̄) is always
suppressed, with deviations of up to −30% with respect to
the SM value. The opposite is true when c13 > 1. Also, the
constraints are more stringent when cos φq is positive, since
in this case the effective scale of new physics is lower. For
negative cos φq and c13 > 1, in particular, the constraint
from B → K (∗)νν̄ becomes irrelevant, and large devia-
tions can be expected in B(K+ → π+νν̄) [within the limits
of (2.8)].

4.4 Constraints and connections to other observables

b → s&+&−. FCNC processes that involve the light gen-
erations of leptons are suppressed by the spurion V& in our
framework. While LFU violation in these modes is a gen-
eral prediction following from (3.6), the exact size of these
effects depends on the unknown parameter ε& (and, more
generally, by the assumption on the breaking of the U (2)&
lepton-flavour symmetry). The NP contributions to the Wil-
son coefficientsC9 andC10 of the semileptonic b → sµ+µ−

Lagrangian

Lb→sµµ
eff = 4GF√

2

α

4π
V ∗
tbVts

×
[
C9,µ(b̄LγµsL)(µ̄γ µµ)+ C10,µ(b̄LγµsL)(µ̄γ µγ5µ)

]

(4.19)

read

CNP
9,µ = −CNP

10,µ = −π

α
R0θqeiφq (1 + c13)|ε&|2 . (4.20)

Global fits of these Wilson coefficients, performed after the
recent measurement of the LFU ratio RK ∗ [1], in the case
of NP coupled to left-handed currents only, yields CNP

9,µ =
−CNP

10,µ = −0.64 ± 0.18 [6–10]. From this result, fixing the
overall scale of NP from (4.7), it follows that |ε&| (1+c13) ≈
0.1 up to an O(1) factor depending on θq and φq . Since the
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Fig. 2 Left: correlation of B(K+ → π+νν̄) with B(B+ → K ∗+νν̄),
having imposed RD(∗) = 1.25. The red (blue) coloured region is for
c13 = 0 (c13 = 2). We also show isolines of θq , and the red star is the

SM point. Right: branching ratios for K+ → π+νν̄ and B+ → K ∗+νν̄,
normalised to the SM values, as functions of θq . The solid (dashed) lines
correspond to c13 = 0, φq = 0 (c13 = 2, φq = π )

The deviations from the SM expectations in the two FCNC
neutrino modes are closely correlated, as described by the
following relation:

%B(K+ → π+νν̄)

%B(B → K (∗)νν̄)
≈2

3
× θq

cos φq

×
1 − 12 [RD(∗) − 1]θ2

q fq

1 − 15[RD(∗) − 1] θq fq
cos φq

, (4.18)

where %B = B−BSM
BSM

, and as illustrated in Fig. 2. Notice that
for small θq this correlation does not depend on the mea-
sured value of RD(∗) . The constraints from B → K (∗)νν̄ can
severely limit the deviations in K → πνν̄. This fact is well
known in the literature, independently of the relation with the
LFU B anomalies, see e.g. [45,46]. If c13 < 1, the NP con-
tributions interfere constructively with the SM amplitude in
the first branching ratio, and destructively in the second one.
As a consequence, in this case B(K+ → π+νν̄) is always
suppressed, with deviations of up to −30% with respect to
the SM value. The opposite is true when c13 > 1. Also, the
constraints are more stringent when cos φq is positive, since
in this case the effective scale of new physics is lower. For
negative cos φq and c13 > 1, in particular, the constraint
from B → K (∗)νν̄ becomes irrelevant, and large devia-
tions can be expected in B(K+ → π+νν̄) [within the limits
of (2.8)].

4.4 Constraints and connections to other observables

b → s&+&−. FCNC processes that involve the light gen-
erations of leptons are suppressed by the spurion V& in our
framework. While LFU violation in these modes is a gen-
eral prediction following from (3.6), the exact size of these
effects depends on the unknown parameter ε& (and, more
generally, by the assumption on the breaking of the U (2)&
lepton-flavour symmetry). The NP contributions to the Wil-
son coefficientsC9 andC10 of the semileptonic b → sµ+µ−

Lagrangian

Lb→sµµ
eff = 4GF√

2

α

4π
V ∗
tbVts

×
[
C9,µ(b̄LγµsL)(µ̄γ µµ)+ C10,µ(b̄LγµsL)(µ̄γ µγ5µ)

]

(4.19)

read

CNP
9,µ = −CNP

10,µ = −π

α
R0θqeiφq (1 + c13)|ε&|2 . (4.20)

Global fits of these Wilson coefficients, performed after the
recent measurement of the LFU ratio RK ∗ [1], in the case
of NP coupled to left-handed currents only, yields CNP

9,µ =
−CNP

10,µ = −0.64 ± 0.18 [6–10]. From this result, fixing the
overall scale of NP from (4.7), it follows that |ε&| (1+c13) ≈
0.1 up to an O(1) factor depending on θq and φq . Since the
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Implica6ons of K → πνν and prospectsStatus of Br(K ! ⇡⌫⌫̄) measurement

BrSM (K+ ! ⇡+⌫⌫̄) = (0.84 ± 0.10) · 10�10 , BrSM (KL ! ⇡0⌫⌫̄) = (0.34 ± 0.06) · 10�10

[Buras et al., JHEP11(2015)033]

Grossman-Nir limit: Br(KL ! ⇡0⌫⌫̄) < 4.3 · Br(K+ ! ⇡+⌫⌫̄) [Phys. Lett. B 398, 163 (1997)]

Francesco Brizioli Br(K+ ! ⇡+⌫⌫̄) at NA62 CERN EP seminar 27.10.2020 46 / 49

Part of parameter space already 
ruled out
Next target: at least x3 improved 
precision to match theoretical 
uncertainty O(10%) by LS3
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Figure 3: Results, for rare Kaon decays and µ ! e conversion processes, of the parameter
scan in the U(2)5 scenario shown in Fig. 1. The green (yellow) points are within the 68% (95%)
CL from the best-fit point. In the upper plot, the gray region is excluded by the Grossman-Nir
bound [80], the red solid and dashed lines represent the present measurement from NA62, the
dotted brown line the sensitivity prospect for KOTO after stage-I, while the dotted purple one
the final sensitivity expected from NA62 and KOTO (stage-II). In the lower plot the red lines
describe the present 95% CL bound (see App. A for details).
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LQ with U(2)5

[arXiv:2106.15630]
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K+®p+nn: historical perspective
Time evolution of BR(K+®p+nn)

B oscillations
t quark Isospin relations

19

CERNBNLGIM mechanism

E. Goudzovski / Be.HEP, 22 Dec 2021 (3.4s significance)
NA62 Run 1:

JHEP 06 (2021) 93

This is just one highlight from a rich 
Kaon physics programme at NA62

https://inspirehep.net/literature/1704548
https://inspirehep.net/literature/1807490
https://inspirehep.net/literature/1854186
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Figure 1: Decay-time integrated �m distributions for RS (left) and WS (right) candidates with
the fit result superimposed.

of a binned likelihood fit superimposed. The fit includes both a signal and a combinatorial
background component: the signal component is empirically described by the sum of
a Johnson function [27] and three Gaussian functions. The background component is
estimated by randomly associating D0 candidates with soft pions from di↵erent events.
The resulting shape is multiplied by a first-order polynomial whose parameters are free to
vary in the fit. The fit is made simultaneously to four decay categories: WS and RS modes
for D0 and D0 mesons. The background parameterisation is free to vary independently in
each category, whereas the signal shape is shared between WS and RS categories for each
D⇤+ flavour. The RS (WS) yield estimated from the fit corresponds to 11.4⇥ 106 (42, 500)
events.

To study the time dependence of the WS/RS ratio, the �m fitting procedure is repeated
in ten independent D0 decay-time bins. Parameters are allowed to di↵er between bins.
The WS/RS ratio in each bin is calculated from

p
(NWSD0NWSD0)/(NRSD0NRSD0), where

N denotes the signal yield estimated from the fit for each of the four decay categories.
Using the double ratio ensures that any D⇤+/D⇤� production asymmetries or di↵erences
in ⇡s

+/⇡s
� detection e�ciency largely cancel.

Several sources of systematic e↵ects are considered that could bias the measured
WS/RS ratio. Candidates in which both a kaon and an oppositely charged pion are
misidentified have a very broad structure in m(K+⇡�⇡+⇡�), but signal-like shape in
�m. This background artificially increases the measured WS/RS ratio by causing RS
decays to be reconstructed as WS candidates. In each decay-time bin, i, the number
of misidentified decays, NID,i, is estimated from WS candidates that are reconstructed
further than 40MeV/c2 from the D0 mass [26]. The additive correction to the WS/RS
ratio is calculated as �ID,i = NID,i/NRS,i, where NRS,i is number of RS decays in the same
decay-time bin. In the entire WS sample it is estimated that 2334 ± 65 misidentified
decays are present, constituting ⇠ 5.5% of the measured WS signal yield.

The decay D0
! K+⇡�K0

S , K
0
S ! ⇡+⇡� has the same final state as signal decays,

3

Full event 
reconstructi

on/
selection 
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LHCb upgrade

47

40MHz

bunch 


crossing

20kHz
Lomonosov 2013 – CPV & Rare Decays @ LHCb (39/40) O. Steinkamp27.08.2013

LHCb Upgrade

● 2013: technology choices, preparation of sub-system TDRs

● 2014: funding, procurements

● 2015-2019: construction and installation

VELO: 
replace 

completely 
- and 

upgrade to 
pixels

RICHes: New 
photodectors, new 

R/O, optimised 
RICH 1 geometry

Scintillating 
Fibre 

Tracker

Essentially a new detector running at 
increased luminosity.


Not just more lumi: Triggereless operation 
with online reconstruction and selection at 

40MHz means more signal per fb−1

See also Dylan White’s poster this evening
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Upgrading LHCb during COVID

48

  

RICH Mirror work
- work of Keith, Lakshan and Marco

● Meanwhile we are preparing the components which need to be glued to the flat mirrors.

● Once gluing all 16 flat mirrors, some components will need to salvaged from the old mirrors. 

● Next steps would be to align all the mirrors before installing them. 

UK has major responsibilities for the LHCb upgrade especially 
in VELO and RICH - delivered in difficult circumstances.

See also Gianluca Zunica’s talk in the today’s parallel session after lunch
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LHCb upgrades: Moving beyond discovery

• We appear to be on the brink of establishing physics beyond the SM, 
and flavour is the main window to it. To understand what that NP is, 
we will need to measure the heck out of flavour.
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Summary

• Flavour provides a unique window onto 
mass scales far beyond those reached in 
LHC collisions.


• The beautiful data accumulated over the 
past years give powerful constraints on 
models, with indications of physics 
beyond the SM that are intriguingly 
consistent across related decay modes.


• Precision is key. We badly need the huge 
clean datasets to be accumulated with 
the upgraded detectors.


• The future of flavour is luminous!

50

Figure 1: Feynman diagrams in the SM of the B0! K⇤0`+`� decay for the (top left) electroweak
penguin and (top right) box diagram. Possible NP contributions violating LU: (bottom left) a
tree-level diagram mediated by a new gauge boson Z 0 and (bottom right) a tree-level diagram
involving a leptoquark LQ.

bin at 6.0 GeV2
/c

4 is chosen to reduce contamination from the radiative tail of the J/ 

resonance.
The measurement is performed as a double ratio of the branching fractions of the

B
0! K

⇤0
`
+
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� and B
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,

where the two channels are also referred to as the “nonresonant” and the “resonant” modes,
respectively. The experimental quantities relevant for the measurement are the yields
and the reconstruction e�ciencies of the four decays entering in the double ratio. Due
to the similarity between the experimental e�ciencies of the nonresonant and resonant
decay modes, many sources of systematic uncertainty are substantially reduced. This
helps to mitigate the significant di↵erences in reconstruction between decays with muons
or electrons in the final state, mostly due to bremsstrahlung emission and the trigger
response. The decay J/ ! `

+
`
� is measured to be consistent with LU [24]. In order to

avoid experimental biases, a blind analysis was performed. The measurement is corrected
for final-state radiation (FSR). Recent SM predictions for RK⇤0 in the two q

2 regions are
reported in table 1. Note that possible uncertainties related to QED corrections are only
included in Ref. [26], and these are found to be at the percent level. The RK⇤0 ratio is
smaller than unity in the low-q2 region due to phase-space e↵ects.

The remainder of this paper is organised as follows: section 2 describes the LHCb
detector, as well as the data and the simulation samples used; the experimental challenges
in studying electrons as compared to muons are discussed in section 3; section 4 details
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Figure 7: The K+
! ⇡+⌫⌫̄ candidate events in the 2018 (left) and 2016–2018 (right) data

sets. Left: Reconstructed m2

miss
as a function of ⇡+ momentum for events satisfying the K+

!

⇡+⌫⌫̄ selection criteria. The intensity of the grey shaded area reflects the variation of the SM
signal acceptance in the plane. The two boxes represent the signal regions. The events observed
in Regions 1 and 2 are shown together with the events found in the background and control
regions. Right: Expected numbers of background events and numbers of observed events in
the nine categories used in the maximum likelihood fit to extract the K+

! ⇡+⌫⌫̄ branching
ratio. Categories 0,1 and 2 correspond to 2016, 2017 and S1 subsets, respectively. Categories 3
to 8 correspond to the six 5 GeV/c wide momentum bins of the S2 subset. The observed data
for each category are indicated by black markers with Poissonian statistical errors. The shaded
boxes show the numbers of expected background events and the corresponding uncertainties.

compatible with the SM value within one standard deviation. The first uncertainty is statistical,
related to the Poissonian fluctuation of the numbers of observed events and expected background,
while the second is systematic, resulting from the uncertainty in the signal and background
estimates.

This result is the most precise measurement of the K+
! ⇡+⌫⌫̄ decay rate to date and

provides the strongest evidence so far for the existence of this extremely rare process.

8 Search for K+ ! ⇡+X decays

The existence of a new feebly interacting scalar or pseudo-scalar particle, X, is foreseen in
several BSM scenarios. If X decays to invisible particles or lives long enough to decay outside
the detector, the signature of a K+

! ⇡+X decay is the same as that of the K+
! ⇡+⌫⌫̄

decay. The two-body decay K+
! ⇡+X would result in a peak in the reconstructed m2

miss

distribution, centred at the squared value of the X mass, m2

X
. Using the event sample selected

in the K+
! ⇡+⌫⌫̄ measurement, a search for a peaking signal in the 2016–2018 data set is

performed following the procedure detailed in [35]. The width of a signal peak is determined by
the resolution of the m2

miss
observable, which decreases monotonically from 0.0012 GeV2/c4 at

mX = 0 to 0.0007 GeV2/c4 at mX = 260 MeV/c2.
The SES is determined, for each mX, according to equation 1, by replacing A⇡⌫⌫̄ with the

acceptance for K+
! ⇡+X decays, which is obtained from simulation. Acceptance values for X

with finite lifetime, ⌧X, decaying to visible SM particles are estimated by weighting simulated
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RICH Mirror work
- work of Keith, Lakshan and Marco

● Meanwhile we are preparing the components which need to be glued to the flat mirrors.

● Once gluing all 16 flat mirrors, some components will need to salvaged from the old mirrors. 

● Next steps would be to align all the mirrors before installing them. 

16

Final collimator replacement
The old collimator Current collimator (since June 2018)

v Current collimator allows for a looser event selection:
signal acceptance Apnn improved from 4.0% to 6.4%. 

E. Goudzovski / Be.HEP, 22 Dec 2021
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Figure 2: Results for the CP -averaged angular observables FL, AFB, S5 and P 0
5 in bins of q2.

The data are compared to SM predictions based on the prescription of Refs. [43,44], with the
exception of the P 0

5 distribution, which is compared to SM predictions based on Refs. [70, 71].

q2 [72, 73] to yield more precise determinations of the form factors over the full q2 range.

For the P (0)
i observables, predictions from Ref. [70] are shown using form factors from

Ref. [71]. These predictions are restricted to the region q2 < 8.0GeV2/c4. The results
from Run 1 and the 2016 data are in excellent agreement. A stand-alone fit to the Run 1
data reproduces exactly the central values of the observables obtained in Ref. [1].

Considering the observables individually, the results are largely in agreement with the
SM predictions. The local discrepancy in the P 0

5 observable in the 4.0 < q2 < 6.0GeV2/c4

and 6.0 < q2 < 8.0GeV2/c4 bins reduces from the 2.8 and 3.0 � observed in Ref. [1] to 2.5
and 2.9 �. However, as discussed below, the overall tension with the SM is observed to
increase mildly.

Using the Flavio software package [42], a fit of the angular observables is performed
varying the parameter Re(C9). The default Flavio SM nuisance parameters are used,
including form-factor parameters and subleading corrections to account for long-distance
QCD interference e↵ects with the charmonium decay modes [43, 44]. The same q2 bins as
in Ref. [1] are included. The 3.0 � discrepancy with respect to the SM value of Re(C9)
obtained with the Ref. [1] data set changes to 3.3 � with the data set used here. The
best fit to the angular distribution is obtained with a shift in the SM value of Re(C9) by
�0.99+0.25

�0.21. The tension observed in any such fit will depend on the e↵ective coupling(s)
varied, the handling of the SM nuisance parameters and the q2 bins that are included in
the fit. For example, the 6.0 < q2 < 8.0GeV2/c4 bin is known to be associated with larger
theoretical uncertainties [47]. Neglecting this bin, a Flavio fit gives a tension of 2.4 �

7
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Figure 5. The measured values of AFB (left) and FL (right) versus q2 for B+ → K∗+
µ
+
µ

− decays
are shown with filled squares, centered on the q2 bin. The statistical (total) uncertainty is shown
by inner (outer) vertical bars. The vertical shaded regions correspond to the regions dominated by
B+ → K∗+J/ψ and B+ → K∗+

ψ(2S) decays. The SM predictions and associated uncertainties are
shown by the filled circles and vertical bars, with the points slightly offset from the center of the q2

bin for clarity.

a center-of-mass energy of 8TeV. The data were collected with the CMS detector in 2012
at the LHC, and correspond to an integrated luminosity of 20.0 fb−1. For each bin of the
dimuon invariant mass squared (q2), a three-dimensional unbinned maximum likelihood
fit is performed on the distributions of the K∗(892)+µ+

µ
− invariant mass and two decay

angles. The muon forward-backward asymmetry, AFB, and the K∗(892)+ longitudinal
polarization fraction, FL, are extracted from the fit in bins of q2 and found to be consistent
with a standard model prediction.
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Figure 1: Decay-time integrated �m distributions for RS (left) and WS (right) candidates with
the fit result superimposed.

of a binned likelihood fit superimposed. The fit includes both a signal and a combinatorial
background component: the signal component is empirically described by the sum of
a Johnson function [27] and three Gaussian functions. The background component is
estimated by randomly associating D0 candidates with soft pions from di↵erent events.
The resulting shape is multiplied by a first-order polynomial whose parameters are free to
vary in the fit. The fit is made simultaneously to four decay categories: WS and RS modes
for D0 and D0 mesons. The background parameterisation is free to vary independently in
each category, whereas the signal shape is shared between WS and RS categories for each
D⇤+ flavour. The RS (WS) yield estimated from the fit corresponds to 11.4⇥ 106 (42, 500)
events.

To study the time dependence of the WS/RS ratio, the �m fitting procedure is repeated
in ten independent D0 decay-time bins. Parameters are allowed to di↵er between bins.
The WS/RS ratio in each bin is calculated from

p
(NWSD0NWSD0)/(NRSD0NRSD0), where

N denotes the signal yield estimated from the fit for each of the four decay categories.
Using the double ratio ensures that any D⇤+/D⇤� production asymmetries or di↵erences
in ⇡s

+/⇡s
� detection e�ciency largely cancel.

Several sources of systematic e↵ects are considered that could bias the measured
WS/RS ratio. Candidates in which both a kaon and an oppositely charged pion are
misidentified have a very broad structure in m(K+⇡�⇡+⇡�), but signal-like shape in
�m. This background artificially increases the measured WS/RS ratio by causing RS
decays to be reconstructed as WS candidates. In each decay-time bin, i, the number
of misidentified decays, NID,i, is estimated from WS candidates that are reconstructed
further than 40MeV/c2 from the D0 mass [26]. The additive correction to the WS/RS
ratio is calculated as �ID,i = NID,i/NRS,i, where NRS,i is number of RS decays in the same
decay-time bin. In the entire WS sample it is estimated that 2334 ± 65 misidentified
decays are present, constituting ⇠ 5.5% of the measured WS signal yield.

The decay D0
! K+⇡�K0

S , K
0
S ! ⇡+⇡� has the same final state as signal decays,

3
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Figure 1: Decay-time integrated �m distributions for RS (left) and WS (right) candidates with
the fit result superimposed.

of a binned likelihood fit superimposed. The fit includes both a signal and a combinatorial
background component: the signal component is empirically described by the sum of
a Johnson function [27] and three Gaussian functions. The background component is
estimated by randomly associating D0 candidates with soft pions from di↵erent events.
The resulting shape is multiplied by a first-order polynomial whose parameters are free to
vary in the fit. The fit is made simultaneously to four decay categories: WS and RS modes
for D0 and D0 mesons. The background parameterisation is free to vary independently in
each category, whereas the signal shape is shared between WS and RS categories for each
D⇤+ flavour. The RS (WS) yield estimated from the fit corresponds to 11.4⇥ 106 (42, 500)
events.

To study the time dependence of the WS/RS ratio, the �m fitting procedure is repeated
in ten independent D0 decay-time bins. Parameters are allowed to di↵er between bins.
The WS/RS ratio in each bin is calculated from

p
(NWSD0NWSD0)/(NRSD0NRSD0), where

N denotes the signal yield estimated from the fit for each of the four decay categories.
Using the double ratio ensures that any D⇤+/D⇤� production asymmetries or di↵erences
in ⇡s

+/⇡s
� detection e�ciency largely cancel.

Several sources of systematic e↵ects are considered that could bias the measured
WS/RS ratio. Candidates in which both a kaon and an oppositely charged pion are
misidentified have a very broad structure in m(K+⇡�⇡+⇡�), but signal-like shape in
�m. This background artificially increases the measured WS/RS ratio by causing RS
decays to be reconstructed as WS candidates. In each decay-time bin, i, the number
of misidentified decays, NID,i, is estimated from WS candidates that are reconstructed
further than 40MeV/c2 from the D0 mass [26]. The additive correction to the WS/RS
ratio is calculated as �ID,i = NID,i/NRS,i, where NRS,i is number of RS decays in the same
decay-time bin. In the entire WS sample it is estimated that 2334 ± 65 misidentified
decays are present, constituting ⇠ 5.5% of the measured WS signal yield.

The decay D0
! K+⇡�K0

S , K
0
S ! ⇡+⇡� has the same final state as signal decays,
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LHCb upgrade physics reach - selected examples

54

Table 2.1: Anticipated uncertainties at future upgrades of LHCb for some key flavour observables,
modified and updated from Ref. [3]. Upgrade I projections are given both with the data
sample available after Run 3 (23 fb�1) and with that after Run 4 (50 fb�1). Uncertainties are
extrapolated assuming that systematic uncertainties will not becoming limiting (see Ref. [3] for
further discussion).

Observable Current LHCb Upgrade I Upgrade II
(up to 9 fb�1) (23 fb�1) (50 fb�1) (300 fb�1)

CKM tests
� (B ! DK, etc.) 4� [9, 10] 1.5� 1� 0.35�

�s (B0
s ! J/ �) 32 mrad [8] 14mrad 10mrad 4 mrad

|Vub|/|Vcb| (⇤0
b ! pµ�⌫µ, etc.) 6% [29,30] 3% 2% 1%

ad
sl

(B0
! D�µ+⌫µ) 36 ⇥ 10�4 [34] 8 ⇥ 10�4 5 ⇥ 10�4 2 ⇥ 10�4

as
sl

(B0
s ! D�

s µ+⌫µ) 33 ⇥ 10�4 [35] 10 ⇥ 10�4 7 ⇥ 10�4 3 ⇥ 10�4

Charm
�ACP (D0

! K+K�,⇡+⇡�) 29 ⇥ 10�5 [5] 13 ⇥ 10�5 8 ⇥ 10�5 3.3 ⇥ 10�5

A� (D0
! K+K�,⇡+⇡�) 11 ⇥ 10�5 [38] 5 ⇥ 10�5 3.2 ⇥ 10�5 1.2 ⇥ 10�5

�x (D0
! K0

S⇡
+⇡�) 18 ⇥ 10�5 [37] 6.3 ⇥ 10�5 4.1 ⇥ 10�5 1.6 ⇥ 10�5

Rare Decays
B(B0

! µ+µ�)/B(B0
s ! µ+µ�) 69% [40,41] 41% 27% 11%

Sµµ (B0
s ! µ+µ�) — — — 0.2

A(2)

T
(B0

! K⇤0e+e�) 0.10 [52] 0.060 0.043 0.016
AIm

T
(B0

! K⇤0e+e�) 0.10 [52] 0.060 0.043 0.016
A

��

�� (B0
s ! ��) +0.41

�0.44 [51] 0.124 0.083 0.033
S��(B0

s ! ��) 0.32 [51] 0.093 0.062 0.025
↵�(⇤0

b ! ⇤�) +0.17
�0.29 [53] 0.148 0.097 0.038

Lepton Universality Tests
RK (B+

! K+`+`�) 0.044 [12] 0.025 0.017 0.007
RK⇤ (B0

! K⇤0`+`�) 0.12 [61] 0.034 0.022 0.009
R(D⇤) (B0

! D⇤�`+⌫`) 0.026 [62,64] 0.007 0.005 0.002

2.3.1 Prospects for running LHCb at high luminosity

For fixed values of the HL-LHC beam parameters (number of bunches, filling scheme, bunch
population, bunch length, transverse emittance) the luminosity delivered at LHCb will essentially
depend on the minimum �⇤ and crossing angle2 achievable at the interaction point. LHCb physics
will benefit from maximising the RMS of the luminous region, both in space and time, since this
allows to better resolve the primary interaction vertices in a high pile-up environment [2].

The minimum �⇤ and crossing angle are constrained by the available magnet strength, beam-
beam e↵ects, and aperture considerations. A possible set of HL-LHC compatible parameters
have been identified and are listed in Table 2.2, for a vertical crossing angle. This configuration
will achieve identical interaction point (IP) characteristics (luminosity, pile-up, and size of the
beam spot) for each detector magnet polarity, which is highly desirable for the LHCb physics
programme, since it minimises systematic uncertainties in CP -violation measurements. As a
result, the luminosity integrated per year at LHCb is ⇠ 50 fb�1, for a target leveled luminosity
of at least 1.5 ⇥ 1034 cm�2s�1. In the same table, the luminosity integrated per year by ATLAS
and CMS is also given, which takes into account the additional beam burn-o↵ at the LHCb
collision point, and this results in a ⇠ 2 % decrease with respect to the Run 4 expectation (other

2The crossing angle is defined as the full angle between the two nominal beam directions at LHCb.
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B→K*μ+μ–
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ũi ũj

H

χ̃
−

i

!+

!−Chargino loop

b s

d̃i d̃j

H

χ̃
0
i

!+

!−Neutralino loop

b s

χ̃
−

i χ̃
−

i

H

ũi
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FCNC, rare in the SM (BR ~10–6)

sensitive to New Physics in loops, e.g.
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, D0 → π+π−μ+μ− D0 → K+K−μ+μ−
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LHCb: arXiv:2111.03327 (2022)

400 600 800
]2c) [MeV/−µ+µ(m

0.6−

0.4−

0.2−

0

0.2

0.4

0.6〉 5S 〈

−µ+µ−K+K →0D

LHCb
1−9 fb

400 600 800
]2c) [MeV/−µ+µ(m

0.6−

0.4−

0.2−

0

0.2

0.4

0.6〉 6S 〈

−µ+µ−K+K →0D

LHCb
1−9 fb

400 600 800
]2c) [MeV/−µ+µ(m

0.6−

0.4−

0.2−

0

0.2

0.4

0.6〉 7S 〈

−µ+µ−K+K →0D

LHCb
1−9 fb

Flavour-averaged observables  ⟨Si⟩

500 1000 1500
]2c) [MeV/−µ+µ(m

0.6−

0.4−

0.2−

0

0.2

0.4

0.6〉 5S 〈

−µ+µ−π+π →0D

LHCb
1−9 fb

500 1000 1500
]2c) [MeV/−µ+µ(m

0.6−

0.4−

0.2−

0

0.2

0.4

0.6〉 6S 〈

−µ+µ−π+π →0D

LHCb
1−9 fb

500 1000 1500
]2c) [MeV/−µ+µ(m

0.6−

0.4−

0.2−

0

0.2

0.4

0.6〉 7S 〈

−µ+µ−π+π →0D

LHCb
1−9 fb

• shown examples: SM null tests  [ ]⟨S5,6,7⟩ ⟨S6⟩ ∼ AFB

• all observables in backup, tabulated version & correlation matrices in LHCb-
PAPER-2021-035  

agreement with SM  

predictions  

[JHEP 04 135 (2013),

PRD 98, 035041(2018)]
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 decays at LHCbD0 → h+h−μ+μ−

[PRL 119 (2017) 181805]

• rarest charm meson decays observed, dominated by resonant contributions

[PRL 121 (2018) 091801]

ℬ(D0 → K+K−μ+μ−) ∼ 1.5 × 10−7
ℬ(D0 → π+π−μ+μ−) ∼ 9.6 × 10−7

9

• previously: selected angular and CP 
asymmetries with 5/fb consistent with SM 
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Figure 1: Mass distribution of (top) D0
! ⇡+⇡�µ+µ� and (bottom) D0

! K+K�µ+µ� candi-
dates with fit projections overlaid.

proxies, respectively. To have an unbiased estimate of the BDT performance, a cross
validation is performed. The training samples are randomly split into two halves and
the BDT classifier is applied to the subsample that has not been used in the training.
Separate classifiers are trained for D0

! ⇡+⇡�µ+µ� and D0
! K+K�µ+µ� decays and

for Run 1 and Run 2 data samples to account for di↵erences in decay kinematics and
data-taking conditions, respectively. The variables used in the training are: momentum
and pT of the soft pion, the largest distance of closest approach of the D0 decay products,
the angle between the D0 momentum and the vector connecting the PV and the SV,
the fit quality of the SV and its spatial separation from the PV. Purely hadronic decays
of the form D0

! h+h�⇡+⇡� with two pions wrongly identified as muons are further
reduced by requirements on muon identification [39,40]. The optimal working points of the
BDT output selection and muon-identification thresholds are determined simultaneously
by maximising the quantity S/

p
S + B, where S and B are the signal and background

yields, respectively, in the signal region defined as 1840 < m(h+h�µ+µ�) < 1890MeV/c2.
In the approximately 0.5% of events where multiple D0

! ⇡+⇡�µ+µ� candidates are
reconstructed after the full selection, only one is kept at random. No multiple-candidate
events are found for D0

! K+K�µ+µ� decays.
The m(h+h�µ+µ�) distributions for selected candidates are shown in Fig. 1. Un-

binned maximum-likelihood fits to these distributions yield 3579± 71 D0
! ⇡+⇡�µ+µ�

and 318± 19 D0
! K+K�µ+µ� signal decays. The signal probability density function

(PDF) is described by a Hypatia distribution [41] with parameters fixed from simula-
tion, apart from two factors scaling the width and mean of the distribution to account
for data-simulation di↵erences. Misidentified hadronic decays are described by a John-
son SU distribution [42] with parameters fixed from a fit to high-yield data samples of
D0

! h+h�⇡+⇡� decays with muon-mass hypothesis assigned to two pions and muon-
identification criteria applied only to one of them. The combinatorial background is
described by an exponential function with shape fixed from a fit to the candidates

4

Angular analysis (above, 3 examples of many, many 
parameters measured) shows no discrepancy with SM

Find enough of them at 
LHCb for angular analysis:

https://inspirehep.net/literature/1961265
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NA62 K+ → π+μ+μ−
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Figure 6: Left: reconstructed mass m(⇡+µ+µ�). Right: comparison of the NA62 measurement
of B(K+

! ⇡+µ+µ�) with the earlier results.

which are in most cases based on the world’s largest samples of these decays. Significant e↵orts547

go into the validation and improvement of the simulation of the detector response, aiming to548

understand and reduce the systematic uncertainties on these measurements.549

The collaboration presented preliminary results from the study of the flavour-changing neu-550

tral current decay K+
! ⇡+µ+µ� at the ICHEP 2020 conference [27]. The analysis is based551

on a sample of 2.8⇥ 104 decay candidates selected from the complete 2016–18 dataset collected552

with the di-muon trigger. The obtained values of form factor parameters and the branching553

fraction are554

a+ = �0.592± 0.015, b+ = �0.669± 0.058, B(K+
! ⇡+µ+µ�) = (9.27± 0.11)⇥ 10�8.

The results improve the precision of the previous leading measurement [28] by more than a555

factor 2 (Fig. 6), and are consistent with lepton flavour universality [29] when compared to the556

results of the K+
! ⇡+e+e� measurements [30, 31]. A paper is in preparation.557

A new measurement of the helicity-suppressed ratio �(K+
! e+⌫)/�(K+

! µ+⌫) [32]558

aims to improve on the sub-percent precision of the current best measurement [33] which would559

provide an important test of lepton flavour universality. The main trigger stream is used in560

the analysis, and the collected sample of K+
! e+⌫ decays is several times larger than in the561

best measurement. Several measurements of radiative K+ decays are in progress, providing562

precision tests of the predictions of Chiral Perturbation Theory describing low energy weak563

processes. These include the rare K+
! ⇡+�� decay [34] and the radiative decays K+

! e+⌫�564

and K+
! ⇡0e+⌫� [35, 36] recorded by the pre-scaled control and non-muon triggers, as well565

as the K+
! ⇡+⇡+⇡�� [37], K+

! ⇡+�e+e� [38] and K+
! `+1 ⌫`

+
2 `

�
2 (with `1,2 = e, µ) [35]566

decays recorded with the multi-track trigger and lepton pair triggers. NA62 has collected world’s567

largest samples of all these decays.568

Studies of neutral pion decays ⇡0
! e+e� and ⇡0

! e+e�� are also in progress. Both569

decays proceed via the ⇡0
! �⇤�⇤ vertex, described by the transition form factor which enters570

the computations of the hadronic light-by-light scattering contributing to the muon anomalous571

magnetic moment [39]. The measurement of B(⇡0
! e+e�) also aims to resolve the existing572

2� tension between the SM theoretical prediction [40] and the latest experimental result [41].573
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results of the K+
! ⇡+e+e� measurements [30, 31]. A paper is in preparation.557

A new measurement of the helicity-suppressed ratio �(K+
! e+⌫)/�(K+
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aims to improve on the sub-percent precision of the current best measurement [33] which would559
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the analysis, and the collected sample of K+
! e+⌫ decays is several times larger than in the561

best measurement. Several measurements of radiative K+ decays are in progress, providing562

precision tests of the predictions of Chiral Perturbation Theory describing low energy weak563

processes. These include the rare K+
! ⇡+�� decay [34] and the radiative decays K+
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decays recorded with the multi-track trigger and lepton pair triggers. NA62 has collected world’s567

largest samples of all these decays.568

Studies of neutral pion decays ⇡0
! e+e� and ⇡0

! e+e�� are also in progress. Both569

decays proceed via the ⇡0
! �⇤�⇤ vertex, described by the transition form factor which enters570

the computations of the hadronic light-by-light scattering contributing to the muon anomalous571
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results of the K+
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A new measurement of the helicity-suppressed ratio �(K+
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aims to improve on the sub-percent precision of the current best measurement [33] which would559

provide an important test of lepton flavour universality. The main trigger stream is used in560

the analysis, and the collected sample of K+
! e+⌫ decays is several times larger than in the561

best measurement. Several measurements of radiative K+ decays are in progress, providing562

precision tests of the predictions of Chiral Perturbation Theory describing low energy weak563

processes. These include the rare K+
! ⇡+�� decay [34] and the radiative decays K+
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as the K+
! ⇡+⇡+⇡�� [37], K+

! ⇡+�e+e� [38] and K+
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decays recorded with the multi-track trigger and lepton pair triggers. NA62 has collected world’s567

largest samples of all these decays.568

Studies of neutral pion decays ⇡0
! e+e� and ⇡0

! e+e�� are also in progress. Both569

decays proceed via the ⇡0
! �⇤�⇤ vertex, described by the transition form factor which enters570

the computations of the hadronic light-by-light scattering contributing to the muon anomalous571

magnetic moment [39]. The measurement of B(⇡0
! e+e�) also aims to resolve the existing572

2� tension between the SM theoretical prediction [40] and the latest experimental result [41].573
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with the di-muon trigger. The obtained values of form factor parameters and the branching553
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factor 2 (Fig. 6), and are consistent with lepton flavour universality [29] when compared to the556

results of the K+
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aims to improve on the sub-percent precision of the current best measurement [33] which would559

provide an important test of lepton flavour universality. The main trigger stream is used in560

the analysis, and the collected sample of K+
! e+⌫ decays is several times larger than in the561

best measurement. Several measurements of radiative K+ decays are in progress, providing562

precision tests of the predictions of Chiral Perturbation Theory describing low energy weak563

processes. These include the rare K+
! ⇡+�� decay [34] and the radiative decays K+
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and K+
! ⇡0e+⌫� [35, 36] recorded by the pre-scaled control and non-muon triggers, as well565
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decays recorded with the multi-track trigger and lepton pair triggers. NA62 has collected world’s567

largest samples of all these decays.568

Studies of neutral pion decays ⇡0
! e+e� and ⇡0

! e+e�� are also in progress. Both569

decays proceed via the ⇡0
! �⇤�⇤ vertex, described by the transition form factor which enters570

the computations of the hadronic light-by-light scattering contributing to the muon anomalous571

magnetic moment [39]. The measurement of B(⇡0
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! e+e�� are also in progress. Both569

decays proceed via the ⇡0
! �⇤�⇤ vertex, described by the transition form factor which enters570
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decays proceed via the ⇡0
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https://inspirehep.net/literature/1915457
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This is data, not a simulation!
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LHCb: PRL 127 (2021) 11, 111801

https://inspirehep.net/literature/1867376
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§ Oyz : C-odd partner of "!#(3872)
§ Predicted by many theoretical works

[JPS Conf. Proc. 13 (2017) 020023, EPJ Web Conf. 137 (2017) 06002, …]

§ Searched for by Belle and BarBar

§ Other charmonium-(like) states

19

Phys. Rev. Lett. 93 (2004) 041801
PTEP 2014 (2014) 043C01

BarBar

Belle
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§ Full LHCb data, ℒ = 9 fb$#
§ 0" → -//12", -// → D"D$, 1 → SS

20

LHCb preliminary

{9": 5.39 ± 0.16 ×10+

LHCb-PAPER-2021-047, in preparation

LHCb preliminary

Clear signature of V 2~ → U/V�



Jonas Rademacker                                                              Heavy Flavour Physics                                            IOP HEPP, 3 April 2022

Mixing in neutral meson systems
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Oscillations

• the Bs mixing plot and result

64

world’s most precise 

measurement of Δms

Bs oscillations at LHCb

2 Roads to New Physics

Direct Observations Indirect e�ects

Particles with MC2 > E

cannot be produced di-
rectly...

E=MC
2

... but they can have an e�ect as virtual
particles, especially in loops.

s
dd

b

_
s
_

s
_
s

KB

!

4

The Bs system

Analogy between two 2-state
systems: Light-polarisation
and Bs mesons.

• Linear pol. ⇤ Bs, B̄s.
• Circular pol. ⇤ BH, BL.
• Only BH, BL have well-

defined (and di⇤erent)
masses and lifetimes.

Mixing Parameters
• ⇥� ⇥ 1

�L
� 1

�H
= �H��L

�H�L
.

• ⇥m ⌅ oscillation frequency.

• Theory: ⇥� ⌅⇥m.

• Expect to measure both for
1st time at Tevatron.

4

𝚫𝒎𝒔 = 17.7683 ± 0.0051 ± 0.0032 𝒑𝒔−𝟏

Nature Phys. 18 (2022) 1, 1-5
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4
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)

LHCb6 fb−1

𝐵0𝑠 → 𝐷−𝑠 𝜋+ 𝐵0𝑠 → 𝐵0𝑠 → 𝐷−𝑠 𝜋+ Untagged

https://inspirehep.net/literature/1857623
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The decay time, ti, is the average value in each bin of the
RS sample. The fit parameters, !, include the three mixing
parameters (RD, y

0, x02) and five nuisance parameters used
to describe the decay time evolution of the secondary D
fraction (!B) and of the peaking background (!p). The
nuisance parameters are constrained to the measured val-
ues by the additional !2

B and !2
p terms, which account for

their uncertainties including correlations.
The analysis procedure is defined prior to fitting the data

for the mixing parameters. Measurements on pseudoex-
periments that mimic the experimental conditions of the
data, and where D0 ! "D0 oscillations are simulated, indi-
cate that the fit procedure is stable and free of any bias.

The fit to the decay-time evolution of the WS/RS ratio is
shown in Fig. 2 (solid line), with the values and uncertain-
ties of the parameters RD, y

0 and x02 listed in Table I. The
value of x02 is found to be negative but consistent with zero.
As the dominant systematic uncertainties are treated within
the fit procedure (all other systematic effects are negli-
gible), the quoted errors account for systematic as well as
statistical uncertainties. When the systematic biases are not
included in the fit, the estimated uncertainties on RD, y

0,
and x02 become, respectively 6%, 10%, and 11% smaller,

showing that the quoted uncertainties are dominated by
their statistical component. To evaluate the significance of
this mixing result, we determine the change in the fit !2

when the data are described under the assumption of the
no-mixing hypothesis (dashed line in Fig. 2). Under the
assumption that the !2 difference, !!2, follows a !2

distribution for two degrees of freedom, !!2 ¼ 88:6 cor-
responds to a p-value of 5:7# 10!20, which excludes the
no-mixing hypothesis at 9.1 standard deviations. This is
illustrated in Fig. 3 where the 1", 3", and 5" confidence
regions for x02 and y0 are shown.
As additional cross-checks, we perform the measure-

ment in statistically independent subsamples of the data,
selected according to different data-taking periods, and
find compatible results. We also use alternative decay-
time binning schemes, selection criteria or fit methods to
separate signal and background, and find no significant
variations in the estimated parameters. Finally, to assess
the impact of events where more than one candidate is
reconstructed, we repeat the time-dependent fit on data
after randomly removing the additional candidates and
selecting only one per event; the change in the measured
value of RD, y0, and x02 is 2%, 6%, and 7% of their
uncertainty, respectively.
In conclusion, we measure the decay time dependence of

the ratio between D0 ! Kþ#! and D0 ! K!#þ decays
using 1:0 fb!1 of data and exclude the no-mixing hypothe-
sis at 9.1 standard deviations. This is the first observation of
D0 ! "D0 oscillations in a single measurement. The mea-
sured values of the mixing parameters are compatible with
and have substantially better precision than those from
previous measurements [4,6,23].
We express our gratitude to our colleagues in the CERN

accelerator departments for the excellent performance of
the LHC. We thank the technical and administrative staff at
the LHCb institutes. We acknowledge support from CERN
and from the national agencies: CAPES, CNPq, FAPERJ,

TABLE I. Results of the time-dependent fit to the data. The
uncertainties include statistical and systematic sources; ndf
indicates the number of degrees of freedom.

Fit type
Parameter

Fit result Correlation coefficient
(!2=ndf) (10!3) RD y0 x02

Mixing RD 3:52% 0:15 1 !0:954 þ0:882
(9:5=10) y0 7:2% 2:4 1 !0:973

x02 !0:09% 0:13 1
No mixing RD 4:25% 0:04
(98:1=12)
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FIG. 3. Estimated confidence-level (C.L.) regions in the
(x02, y0) plane for 1! C:L: ¼ 0:317 (1"), 2:7# 10!3 (3"),
and 5:73# 10!7 (5"). Systematic uncertainties are included.
The cross indicates the no-mixing point.
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FIG. 2 (color online). Decay-time evolution of the ratio, R, of
WS D0 ! Kþ#! to RS D0 ! K!#þ yields (points) with the
projection of the mixing allowed (solid line) and no-mixing
(dashed line) fits overlaid.

PRL 110, 101802 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

8 MARCH 2013

101802-4

Dº oscillations at LHCb

Phys. Rev. Lett. 110 (2013) 101802
Phys. Rev. Lett. 111 (2013) 251801

(t)

numerator: mixing amplitude 
Dº→Dº→K+π– significant

denominator: for normalisation 
(mixing negligible)
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CHARM 2020, 31 May – 4 June 30Angelo Carbone

LHCb impact on world averages
The combination procedure follows closely HFLAV methods

LHCB-PAPER-2019-001
[arXiv: to be added]

CHARM 2020, 31 May – 4 June 30Angelo Carbone

LHCb impact on world averages
The combination procedure follows closely HFLAV methods

LHCB-PAPER-2019-001
[arXiv: to be added]

CHARM 2020, 31 May – 4 June 29Angelo Carbone

Yet another milestone by LHCb! LHCB-PAPER-2019-001
[arXiv: to be added]

PRL 127 (2021) 11, 111801

https://inspirehep.net/literature/1867376
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LHCb’s γ combination

• LHCb combines inputs from  
B±→(hh’)DK± 

B±→(KSππ)DK± 
B±→(KSKK)DK± 
B±→(Kπππ)DK± 

• Result:


• More channels available, including  
B±→Dπ±, B0→DK*. 


• Most recent addition: B±→(KSKπ)DK± (see arXiv:1402.2982, 2014)

67

� = 68� ± 12�previous world average 
(Moriond 2012):

� = (67.2± 12)o

technique & 2011 data: Phys. Lett. B726 (2013) 151
2012 data: LHCb-CONF_2013-006)

World averages by CKM Fitter

http://inspirehep.net/record/1281231?ln=en
http://inspirehep.net/record/1232503?ln=en
https://cds.cern.ch/record/1537409?ln=en
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B(s)→μ+μ–

• Bs→μμ very rare in SM:


•  Can be enhanced in SUSYs by many orders of magnitude,  BR(Bs→μμ)SUSY ∝ 
(tanβ)6


•

68
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Figure 2: Invariant mass distribution of the selected
B0

(s) ! µ+µ� candidates (black dots) with BDT > 0.7.
The result of the fit is overlaid (blue solid line) and the
di↵erent components detailed: B0

s ! µ+µ� (red long
dashed), B0 ! µ+µ� (green medium dashed), combinato-
rial background (blue medium dashed), B0

(s) ! h+h0� (ma-

genta dotted), B0(+) ! ⇡0(+)µ+µ� (light blue dot-dashed),
B0 ! ⇡�µ+⌫µ and B0

s ! K�µ+⌫µ (black dot-dashed).

results in

B(B0
s ! µ+µ�)= (2.9+1.1

�1.0(stat)
+0.3
�0.1(syst))⇥ 10�9 ,

B(B0 ! µ+µ�)= (3.7+2.4
�2.1(stat)

+0.6
�0.4(syst))⇥ 10�10 .

The statistical uncertainty is derived by repeating
the fit after fixing all the fit parameters, except the
B0

s ! µ+µ� and B0 ! µ+µ� branching fractions
and the slope and normalisation of the combinatorial
background, to their expected values. The systematic
uncertainty is obtained by subtracting in quadrature
the statistical uncertainty from the total uncertainty
obtained from the likelihood with all nuisance param-
eters allowed to vary according to their uncertainties.
Additional systematic uncertainties reflect the impact
on the result of changes in the parametrisation of the
background by including the ⇤0

b ! pµ�⌫̄µ component
and by varying the mass shapes of backgrounds from
b-hadron decays, and are added in quadrature. The val-
ues of the B0

(s) ! µ+µ� branching fractions obtained
from the fit are in agreement with the SM expectations.
The invariant mass distribution of the B0

(s) ! µ+µ�

candidates with BDT > 0.7 is shown in Fig. 2.
As no significant excess of B0 ! µ+µ� events

is found, a modified frequentist approach, the CLs

method [38] is used, to set an upper limit on the
branching fraction. The method provides CLs+b, a

measure of the compatibility of the observed distribu-
tion with the signal plus background hypothesis, CLb,
a measure of the compatibility with the background-
only hypothesis, and CLs = CLs+b/CLb. A search
region is defined around the B0 invariant mass as
mB0 ± 60MeV/c2. For each BDT bin the invariant
mass signal region is divided into nine bins with bound-
aries mB0 ± 18, 30, 36, 48, 60MeV/c2, leading to a total
of 72 search bins.
An exponential function is fitted, in each BDT bin,

to the invariant mass sidebands. Even though they
do not contribute to the signal search window, the
b-hadron backgrounds are added as components in the
fit to account for their e↵ect on the combinatorial back-
ground estimate. The uncertainty on the expected
number of combinatorial background events per bin
is determined by applying a Poissonian fluctuation to
the number of events observed in the sidebands and by
varying the exponential slopes according to their uncer-
tainties. In each bin, the expectations for B0

s ! µ+µ�

decays assuming the SM branching fraction and for
B0

(s) ! h+h0� background are accounted for. For each
branching fraction hypothesis, the expected number
of signal events is estimated from the normalisation
factor. Signal events are distributed in bins according
to the invariant mass and BDT calibrations.
In each bin, the expected numbers of signal and

background events are computed and compared to
the number of observed candidates using CLs. The
expected and observed upper limits for the B0 ! µ+µ�

channel are summarised in Table 2 and the expected
and observed CLs values as functions of the branching
fraction are shown in Fig. 3.

In summary, a search for the rare decays B0
s ! µ+µ�

and B0 ! µ+µ� is performed with pp collision data
corresponding to integrated luminosities of 1 fb�1 and
2 fb�1 collected at

p
s = 7TeV and 8TeV, respec-

tively. The B0 decay yield is not significant and an
improved upper limit of B(B0 ! µ+µ�) < 7.4⇥ 10�10

at 95% CL is obtained. The B0
s ! µ+µ� signal is

Table 2: Expected limits for the background only (bkg)
and background plus SM signal (bkg+SM) hypotheses, and
observed limits on the B0 ! µ+µ� branching fraction.

90% CL 95% CL

Exp. bkg 3.5⇥ 10�10 4.4⇥ 10�10

Exp. bkg+SM 4.5⇥ 10�10 5.4⇥ 10�10

Observed 6.3⇥ 10�10 7.4⇥ 10�10

4

•  LHCb update at EPS:  
–  2.1fb-1 → 3.0fb-1 
–  Improved reconstruction 
–  Additional variables added to BDT  
–  Expected sensitivity: 3.7→5.0σ

•  B (Bs
0→µ+µ-) =  

 (2.9+1.1
-1.0(stat)+0.3

-0.1(syst))×10−9 

 → 4σ
•  B (B0→µ+µ-) =  

 (3.7+2.4
-2.1(stat)+0.6

-0.4(syst))×10−10 

 → 2.0σ [<7.4×10−10 at 95% CL]

 

15"

•  CMS update at EPS 
–  5fb-1 → 25fb-1 

–  Cut-based selection → BDT 
–  New and improved variables 
–  Expected sensitivity: 4.8σ

•  B (Bs
0→µ+µ-) =  

 (3.0+1.0
-0.9)×10−9 

 → 4.3σ
•  B (B0→µ+µ-) =  

 (3.5+2.1
-1.8)×10−10 

 → 2.0σ [<11.0×10−10 at 95% CL]

•  ATLAS also gave an update at EPS : B (Bs
0→µ+µ-) <1.5×10−8 at 95% CL 

[arXiv:1307.5024] [arXiv:1307.5025] 

B
�
B0

s ! µ+µ�� =
�
2.9+1.1

�1.0
+0.3
�0.1

�
⇥ 10�9

B
�
B0

d ! µ+µ�� =
�
3.7+2.4

�2.1
+0.6
�0.4

�
⇥ 10�10

LHCb CMS

B
�
B0

s ! µ+µ�� =
�
3.7+1.0

�0.9

�
⇥ 10�9

Phys.Rev.Lett. 111 (2013) 101805 Phys.Rev.Lett. 111 (2013) 101804

B
�
B0

s ! µ+µ�� = (2.9± 0.7)⇥ 10�9

B
�
B0

d ! µ+µ�� =
�
3.5+2.1

�1.8

�
⇥ 10�10

B
�
B0

d ! µ+µ�� =
�
3.6+1.6

�1.4

�
⇥ 10�10

[LHCb-CONF-2013-012] [CMS-PAS-BPH-13-007]

}
SM: (3.2± 0.2)⇥ 10�9

SM: (1.0± 0.1)⇥ 10�10

http://inspirehep.net/record/1243424?ln=en
http://inspirehep.net/record/1243425?ln=en
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BELLE II
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“Moving beyond discovery”

• We appear to be on the brink of establishing physics beyond the SM, 
and flavour is the main window to it. To understand what that NP is 
that lies beyond the SM. This means measuring the heck out of flavour.

70

16

Physics programme limited by detector, and NOT by the LHC, so there’s 
a clear case for an ambitious plan of upgrades

LHCb upgrades

Upgrade IIUpgrade I

we’re here

• Lpeak = 2x1033 cm-2 s-1

LH
C
C
-2
01

7-
00

3

• Potentially the only general purpose flavour physics facility in the 
world on this timescale.

• LHCb 50 fb-1: healthy competition 
with Belle II at 50 ab-1

Upgrade I 

• Lint = 50 fb-1  during Run 3 + Run 4 

Upgrade II
• Lpeak = 1.5x1034 cm-2 s-1 ,   Lint = 300 fb-1 during Run 5 + Run 6 

• Following recommendations of LHCC and CERN Research Board, a 
framework TDR has been produced, which is presently under review

Projection toward 50 abt1

⿑Recently updated based on the past results.
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Moving beyond discovery

• We appear to be on the brink of establishing physics beyond the SM, 
and flavour is the main window to it. To understand what that NP is 
that lies beyond the SM. This means measuring the heck out of flavour.
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Figure A.1: Dimuon mass distrib. In the dark photon search at LHCb [446]. Note that the
heavy-flavour background has been greatly suppressed.

states can be used to determine the total charm and beauty cross sections as a necessary reference
for quarkonium studies. The baryon measurements profit similarly from the longitudinal boost
in LHCb, enabling high signal-to-background measurements down to low-pT as demonstrated in
the pPb and Pbp measurement by LHCb [626]. In particular, these heavy-ion measurements
based on the reconstruction of small life-times and low-q decays as those of the ⇤+

c baryon, will
naturally profit from the improved vertex performance.

A.1.1.2 Low-mass dileptons and photons

The measurement of low-mass dilepton resonance production and their line-shape is sensitive to
chiral symmetry restoration in the QGP phase at finite temperature [627] and to the thermal
radiation of the QGP. Measurements at SPS and RHIC [628–632], in particular the NA60
measurement of the ⇢ spectral function, show a prominent modification compatible with partial
chiral restoration [627] and with thermal radiation emission at higher masses. The ALICE mid
rapidity upgrade in Runs 3–4 aims at a measurement of low-mass dielectrons. In addition, at
the LHC the baryochemical potential µB is compatible with zero and contact can be be made to
first principle lattice QCD calculations [633].

However, the measurement of thermal radiation in the mass region between the � and J/ 
mesons will remain systematically limited by the subtraction of the heavy-flavour background
from semileptonic decays.

LHCb Upgrade II o↵ers the unique potential to measure precisely dilepton production in the
dimuon channel at the LHC. The measurement profits from the boost to remove the background
muons from heavy-flavour semileptonic decays at forward rapidity, as successfully demonstrated
in the context of dark-photon searches [446] in pp collisions (see Fig. A.1). An extension of
dilepton continuum measurements in ion-ion collisions with LHCb Upgrade II down to the
momentum cut-o↵ of 3 GeV/c (corresponding to pT thresholds between 200 � 400 MeV/c within
the pseudorapidity range 2.5 < ⌘ < 4.0) is doable. Therefore, LHCb Upgrade II has the potential
for a textbook measurement in the ⇢-mass region to probe chiral restoration.

In addition, thermal radiation can be measured in the real photon channel. The boosted
configuration of LHCb allows low-pT converted photons to be measured at moderate track
momenta. The momentum cut-o↵ of the spectrometer amounts to around 2 GeV/c. This cut-o↵
will be further reduced with the magnet stations on the side of the dipole magnet.

121
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B→Kμ+μ– vs B→Ke+e–

74
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Figure 6: Candidate invariant mass distributions. Distribution of the invariant mass m(K+`+`�)
for nonresonant candidates in the (left) sample previously analysed [11] and (right) the new data
sample. The top row shows the fit to the muon modes and the subsequent rows the fits to the
electron modes triggered by (second row) one of the electrons, (third row) the kaon and (last
row) by other particles in the event. The fit projections are superimposed.
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Figure 7: Candidate invariant mass distributions. Distribution of the invariant mass
mJ/ (K
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Bs Oscillations

• the Bs mixing plot and result

76

world’s most precise measurement of Δms

Bs oscillations at LHCb

2 Roads to New Physics

Direct Observations Indirect e�ects

Particles with MC2 > E

cannot be produced di-
rectly...

E=MC
2

... but they can have an e�ect as virtual
particles, especially in loops.

s
dd

b

_
s
_

s
_
s

KB

!

4

The Bs system

Analogy between two 2-state
systems: Light-polarisation
and Bs mesons.

• Linear pol. ⇤ Bs, B̄s.
• Circular pol. ⇤ BH, BL.
• Only BH, BL have well-

defined (and di⇤erent)
masses and lifetimes.

Mixing Parameters
• ⇥� ⇥ 1

�L
� 1

�H
= �H��L

�H�L
.

• ⇥m ⌅ oscillation frequency.

• Theory: ⇥� ⌅⇥m.

• Expect to measure both for
1st time at Tevatron.
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Figure 2: Decay time distribution for the sum of the five decay modes for candidates tagged as
mixed (di↵erent flavour at decay and production; red, continuous line) or unmixed (same flavour
at decay and production; blue, dotted line). The data and the fit projections are plotted in a
signal window around the reconstructed B0

s mass of 5.32 – 5.55 GeV/c2.

The information provided by the opposite-side and same-side taggers for the signal is
combined to a single tagging decision q and a single mistag probability !(⌘OST, ⌘SST) using
their respective calibration parameters p0OST/SST

and p1OST/SST
. The individual background

components show di↵erent tagging characteristics for candidates tagged by the OST or
SST. The b hadron backgrounds show the same opposite-side tagging behaviour (q and
!) as the signal, while the combinatorial background shows random tagging behaviour.
For same-side tagged events, we assume random tagging behaviour for all background
components. We introduce tagging asymmetry parameters to allow for di↵erent numbers
of candidates being tagged as mixed or unmixed, and other parameters to describe the
tagging e�ciencies for these backgrounds. As expected, the fitted values of these asymmetry
parameters are consistent with zero within uncertainties.

All tagging parameters, as well as the value for �ms, are constrained to be the same
for the five decay modes. The result is �ms = 17.768 ± 0.023 ps�1 (statistical uncertainty
only). The likelihood profile was examined and found to have a Gaussian shape up to
nine standard deviations. The decay time distributions for candidates tagged as mixed
or unmixed are shown in Fig. 2, together with the decay time projections of the PDF
distributions resulting from the fit.
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Bs Oscillations

• the Bs mixing plot and result
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world’s most precise measurement of Δms

Bs oscillations at LHCb

2 Roads to New Physics

Direct Observations Indirect e�ects

Particles with MC2 > E

cannot be produced di-
rectly...

E=MC
2

... but they can have an e�ect as virtual
particles, especially in loops.

s
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_
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The Bs system

Analogy between two 2-state
systems: Light-polarisation
and Bs mesons.

• Linear pol. ⇤ Bs, B̄s.
• Circular pol. ⇤ BH, BL.
• Only BH, BL have well-

defined (and di⇤erent)
masses and lifetimes.

Mixing Parameters
• ⇥� ⇥ 1

�L
� 1

�H
= �H��L

�H�L
.

• ⇥m ⌅ oscillation frequency.

• Theory: ⇥� ⌅⇥m.

• Expect to measure both for
1st time at Tevatron.
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Figure 2: Decay time distribution for the sum of the five decay modes for candidates tagged as
mixed (di↵erent flavour at decay and production; red, continuous line) or unmixed (same flavour
at decay and production; blue, dotted line). The data and the fit projections are plotted in a
signal window around the reconstructed B0

s mass of 5.32 – 5.55 GeV/c2.

The information provided by the opposite-side and same-side taggers for the signal is
combined to a single tagging decision q and a single mistag probability !(⌘OST, ⌘SST) using
their respective calibration parameters p0OST/SST

and p1OST/SST
. The individual background

components show di↵erent tagging characteristics for candidates tagged by the OST or
SST. The b hadron backgrounds show the same opposite-side tagging behaviour (q and
!) as the signal, while the combinatorial background shows random tagging behaviour.
For same-side tagged events, we assume random tagging behaviour for all background
components. We introduce tagging asymmetry parameters to allow for di↵erent numbers
of candidates being tagged as mixed or unmixed, and other parameters to describe the
tagging e�ciencies for these backgrounds. As expected, the fitted values of these asymmetry
parameters are consistent with zero within uncertainties.

All tagging parameters, as well as the value for �ms, are constrained to be the same
for the five decay modes. The result is �ms = 17.768 ± 0.023 ps�1 (statistical uncertainty
only). The likelihood profile was examined and found to have a Gaussian shape up to
nine standard deviations. The decay time distributions for candidates tagged as mixed
or unmixed are shown in Fig. 2, together with the decay time projections of the PDF
distributions resulting from the fit.
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First observation of the decay: Phys.Rev.D 102 (2020) 5, 051102
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Figure 2: Invariant-mass distributions and fit projections for B0 candidates in (left) the signal
and (right) control mode for all subsamples combined. The data are shown as black points with
error bars and the fit components are as described in the legends. The small single-charm and
charmless background is included in the signal component.

Figure 3: Projections of background-subtracted data (black points) in (left) m(D0D0), (centre)
m(D0K+) and (right) m(K+⇡�) with the phase-space only distribution (orange dashed line)
superimposed for reference. The data contain a few single-charm and charmless background
candidates.

full five-dimensional phase space. The fit model uncertainty is calculated by comparing
the nominal background model to a polynomial form, and varying the signal shape
parameters by sampling multivariate Gaussian distributions to account for the variance in
the fit to simulation. The overall fit procedure is tested by generating pseudoexperiments
from the nominal fit model using the measured values and fitting them with the same
model. The results are compared to those from the nominal fit and no bias is observed.
The limited simulation sample size introduces a systematic uncertainty related to the
spread in results obtained by varying the overall selection e�ciencies within statistical
uncertainties. Additionally, the weighting algorithm used to correct the simulation, as
well as the data-driven method correcting the PID variables, introduce an associated
statistical uncertainty. An uncertainty is also assigned to the estimation of single-charm
and charmless background yields, by varying this contribution during the simultaneous
fit to data. A correction is applied to the NNB neural network classifier to account for
possible mismodelling between data and simulation, and this uncertainty is calculated

5

https://inspirehep.net/literature/1805775
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A selected list NP-sensitive flavour variables
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Table 16: Statistical sensitivities of the LHCb upgrade to key observables. For each observable the current sensitivity is compared to
that which will be achieved by LHCb before the upgrade, and that which will be achieved with 50 fb�1 by the upgraded experiment.
Systematic uncertainties are expected to be non-negligible for the most precisely measured quantities. Note that the current
sensitivities do not include new results presented at ICHEP 2012 or CKM2012.

Type Observable Current LHCb Upgrade Theory
precision 2018 (50 fb�1) uncertainty

B0

s
mixing 2�s (B0

s
! J/ �) 0.10 [138] 0.025 0.008 ⇠ 0.003

2�s (B0

s
! J/ f0(980)) 0.17 [214] 0.045 0.014 ⇠ 0.01

as

sl
6.4 ⇥ 10�3 [43] 0.6 ⇥ 10�3 0.2 ⇥ 10�3 0.03 ⇥ 10�3

Gluonic 2�e↵

s
(B0

s
! ��) – 0.17 0.03 0.02

penguins 2�e↵

s
(B0

s
! K⇤0K̄⇤0) – 0.13 0.02 < 0.02

2�e↵(B0 ! �K0

S
) 0.17 [43] 0.30 0.05 0.02

Right-handed 2�e↵

s
(B0

s
! ��) – 0.09 0.02 < 0.01

currents ⌧ e↵(B0

s
! ��)/⌧B0

s
– 5% 1% 0.2%

Electroweak S3(B0 ! K⇤0µ+µ�; 1 < q2 < 6GeV2/c4) 0.08 [67] 0.025 0.008 0.02
penguins s0 AFB(B0 ! K⇤0µ+µ�) 25% [67] 6% 2% 7%

AI(Kµ+µ�; 1 < q2 < 6GeV2/c4) 0.25 [76] 0.08 0.025 ⇠ 0.02
B(B+ ! ⇡+µ+µ�)/B(B+ ! K+µ+µ�) 25% [85] 8% 2.5% ⇠ 10%

Higgs B(B0

s
! µ+µ�) 1.5 ⇥ 10�9 [13] 0.5 ⇥ 10�9 0.15 ⇥ 10�9 0.3 ⇥ 10�9

penguins B(B0 ! µ+µ�)/B(B0

s
! µ+µ�) – ⇠ 100% ⇠ 35% ⇠ 5%

Unitarity � (B ! D(⇤)K(⇤)) ⇠ 10–12� [244,258] 4� 0.9� negligible
triangle � (B0

s
! DsK) – 11� 2.0� negligible

angles � (B0 ! J/ K0

S ) 0.8� [43] 0.6� 0.2� negligible
Charm A� 2.3 ⇥ 10�3 [43] 0.40 ⇥ 10�3 0.07 ⇥ 10�3 –

CP violation �ACP 2.1 ⇥ 10�3 [18] 0.65 ⇥ 10�3 0.12 ⇥ 10�3 –

122

Eur.Phys.J. C73 (2013) 2373

http://inspirehep.net/record/1127719?ln=en
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• Plenty of theoretically clean channels with high 
sensitivity and discriminating power for New Physics 
models


• Theoretical uncertainties in many cases far better than 
current experimental sensitivity (and improving).


• Lots of room for New Physics to hide - and opportunity 
to find it!


• Need (even) better experimental precision to fully exploit 
flavour physics’ sensitivity to physics beyond the SM.

http://inspirehep.net/record/1127719?ln=en
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The LHCb upgrade
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Lomonosov 2013 – CPV & Rare Decays @ LHCb (39/40) O. Steinkamp27.08.2013

LHCb Upgrade

● 2013: technology choices, preparation of sub-system TDRs

● 2014: funding, procurements

● 2015-2019: construction and installation

VELO: 
replace 

completely - 
and upgrade 
from Si strips 

to pixels

RICHes: New 
photodectors, new 

R/O, optimised 
RICH 1 geometry

Scintillating 
Fibre 

Tracker

Replace all electronics

• Higher luminosity ⟹ higher 
precision ⟹ better NP reach.


• Trigger is at the heart of the 
upgrade. Current trigger would 
“choke”, the signal yields would 
not increase in line with luminosity.


• For upgrade, read out the entire 
detector at bunch-crossing rate of 
40MHz, fully customisable s/w 
trigger, with full event information.


• Doubles the trigger efficiency for 
hadronic modes. Most flexible/
customisable trigger at the LHC.
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BELLE II plans ICHEP 2020 vs now

81

Projection toward 50 abt1

⿑Recently updated based on the past results.
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Changing the trigger is not all...

82

Lomonosov 2013 – CPV & Rare Decays @ LHCb (39/40) O. Steinkamp27.08.2013

LHCb Upgrade

● 2013: technology choices, preparation of sub-system TDRs

● 2014: funding, procurements

● 2015-2019: construction and installation

VELO: replace 
completely - and 
upgrade from Si 
strips to pixels

RICHes: New 
photodectors, new 

R/O, optimised 
RICH 1 geometry

20

T-station upgrade: fib
er tra

cker

3 stations of X-U-V-X scintillating fiber 

planes (≤5°) => 12 planes

Every plane is made of 5 layers of 

Ø250 μm fibers, 2.5 m long.

1 SiPM channel

Read out by SiPM outside acceptance

4608 SiPMs connected to specific ASIC (PACIFIC)

Challenge: radiation environment:

● Fibers → tested OK

● Neutron damage to SiPM →  operate at -40 °C

scintillating fiber mat
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CP violation and New Physics

• While there is O(10%) agreement between the SM description of CP violation, 
and recent measurements, there are several orders of magnitude disagreement 
between CPV in the SM and CPV in the universe. 
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equal amounts of 
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1 in 109 
matter left 

over

Standard Model

(the SM provides enough CP 
violation for only about 1 galaxy)

Reality

• There must be new sources of CP violation.
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How Precise is Precise enough?

• Increasing precision pays off as long as it significantly increases our 
understanding of physics. 

• There are two scenarios when we might argue that we have reached sufficient 
experimental precision:

84

• We have seen New Physics, fully understand the theory 
underlying it, and have measured all its fundamental parameters.

• When precision is limited by the precision of theory calculations. 
Improving fast through faster computers and cleverer algorithms.

• We need to identify theoretically clean measurements with high 
sensitivity and discriminating power for New Physics models.
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Flavour anomalies
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Figure 1: The K+⇡�µ+µ� mass distribution of candidates with 0.1 < q2 < 19.0GeV2/c4,
excluding the �(1020) and charmonium regions, for the (left) Run 1 data and (right) 2016 data.
The background is indicated by the shaded region.

signal yields many times larger than the data, in order to render statistical fluctuations
negligible.

The size of the total systematic uncertainty varies depending on the angular observable
and the q2 bin. The majority of observables in both the Si and P (0)

i basis have a total
systematic uncertainty between 5% and 25% of the statistical uncertainty. For FL, the
systematic uncertainty tends to be larger, typically between 20% and 50%. The systematic
uncertainties are given in Table 3 of the Supplemental Material.

The dominant systematic uncertainties arise from the peaking backgrounds that are
neglected in the analysis, the bias correction, and, for the narrow q2 bins, from the
uncertainty associated with evaluating the acceptance at a fixed point in q2. For the
peaking backgrounds, the systematic uncertainty is evaluated by injecting additional
candidates, drawn from the angular distributions of the background modes, into the
pseudoexperiment data. The systematic uncertainty for the bias correction is determined
directly from the pseudoexperiments used to validate the fit. The systematic uncertainty
from the variation of the acceptance with q2 is determined by moving the point in q2 at
which the acceptance is evaluated to halfway between the bin centre and the upper or
the lower edge. The largest deviation is taken as the systematic uncertainty. Examples
of further sources of systematic uncertainty investigated include the m(K+⇡�) lineshape
for the S-wave contribution, the assumption that the acceptance function is flat across
the m(K+⇡�) mass, the e↵ect of the B+! K+µ+µ� veto on the angular distribution of
the background and the order of polynomial used for the background parameterisation.
These sources make a negligible contribution to the total uncertainty. With respect to the
analysis of Ref. [1], the systematic uncertainty from residual di↵erences between data and
simulation is significantly reduced, owing to an improved decay model for B0! J/ K⇤0

decays [68].
The CP -averaged observables FL, AFB, S5 and P 0

5 that are obtained from the Si and

P (0)
i fits are shown together with their respective SM predictions in Fig. 2. The results for

all observables are given in Figs. 3 and 4 and Tables 1 and 2 of the Supplemental Material.
In addition, the statistical correlation between the observables is provided in Tables 4–23.
The SM predictions are based on the prescription of Ref. [44], which combines light-cone
sum rule calculations [43], valid in the low-q2 region, with lattice determinations at high

6

, B0 → K*μ+μ−
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ATLAS result at: https://arxiv.org/abs/2001.07115



Jonas Rademacker                                                              Heavy Flavour Physics                                            IOP HEPP, 3 April 2022

Particle ID with the LHCb RICH
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LHCb: EPJ C 73:2431 (2013) 

http://link.springer.com/article/10.1140%252Fepjc%252Fs10052-013-2431-9%23page-1
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LHCb RICH particle ID in action
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Figure 2. Invariant ⇡
+
⇡
� mass for candidates passing the selection A of table 1. The result

of an unbinned maximum likelihood fit is overlaid. The main contributions to the fit model are
also shown.

convolution integral runs over �m0. In order to model the background shape we use

h(�m) = B


1� exp

✓
��m� �m0

c

◆�
, (3.2)

where B is a normalization factor, and the free parameters �m0 and c govern the shape of

the distribution. The fit to the ⇤ ! p⇡
� spectrum is made using a sum of three Gaussian

functions for the signal and a second order polynomial for the background.

Figure 2 shows the invariant mass assuming the ⇡+
⇡
� hypothesis for selected b-hadron

candidates, using the kinematic selection A of table 1 and without applying any PID

requirement. The shapes describing the various signal decay modes have been fixed by

parameterizing the mass distributions obtained from Monte Carlo simulation convolved

with a Gaussian resolution function with variable mean and width. The three-body and

combinatorial backgrounds are modelled using an ARGUS function [23], convolved with

the same Gaussian resolution function used for the signal distributions, and an exponential
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where B is a normalization factor, and the free parameters �m0 and c govern the shape of

the distribution. The fit to the ⇤ ! p⇡
� spectrum is made using a sum of three Gaussian

functions for the signal and a second order polynomial for the background.

Figure 2 shows the invariant mass assuming the ⇡+
⇡
� hypothesis for selected b-hadron

candidates, using the kinematic selection A of table 1 and without applying any PID

requirement. The shapes describing the various signal decay modes have been fixed by

parameterizing the mass distributions obtained from Monte Carlo simulation convolved

with a Gaussian resolution function with variable mean and width. The three-body and

combinatorial backgrounds are modelled using an ARGUS function [23], convolved with

the same Gaussian resolution function used for the signal distributions, and an exponential
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where B is a normalization factor, and the free parameters �m0 and c govern the shape of

the distribution. The fit to the ⇤ ! p⇡
� spectrum is made using a sum of three Gaussian

functions for the signal and a second order polynomial for the background.

Figure 2 shows the invariant mass assuming the ⇡+
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� hypothesis for selected b-hadron

candidates, using the kinematic selection A of table 1 and without applying any PID

requirement. The shapes describing the various signal decay modes have been fixed by

parameterizing the mass distributions obtained from Monte Carlo simulation convolved

with a Gaussian resolution function with variable mean and width. The three-body and

combinatorial backgrounds are modelled using an ARGUS function [23], convolved with

the same Gaussian resolution function used for the signal distributions, and an exponential
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Pentaquarks 2006
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PENTAQUARK UPDATE

Written February 2006 by G. Trilling (LBNL).

In 2003, the field of baryon spectroscopy was almost revo-

lutionized by experimental evidence for the existence of baryon

states constructed from five quarks (actually four quarks and

an antiquark) rather than the usual three quarks. In a 1997

paper [1], considering only u, d, and s quarks, Diakonov et

al. proposed the existence of a low-mass anti-decuplet of pen-

taquark baryons, with spin 1/2 and even parity, and provided

specific estimates for the masses and widths. In particular, they

predicted an exotic positive-strangeness baryon, Θ+, consisting

of the quark combination uudds, with a mass of about 1530

MeV and a width of 15 MeV or less. In 2003, from an analysis

of γn → nK+K− data taken in 2000–2001 at the LEPS facility

in Japan, Nakano et al. reported the observation of a narrow

nK+ peak at a mass of 1540 MeV, with a quoted significance of

4.6 standard deviations (σ). (See Data Listings and references

for the Θ(1540)+ following this note.)

This remarkable result was followed, over the next year,

by reports from nine other experiments, all different and each

claiming to observe a narrow nK+ or pK0 peak at a mass

between 1522 and 1555 MeV, with a confidence level of 4 σ or

more. Half of these signals came from photoproduction exper-

iments (with incident real or virtual photons), and the others

came from other production processes at a variety of energies.

As remarked below, there were questions about some of these

observations; but, given the weight of positive supporting ev-

idence reported by early 2004, this Review assigned a 3-star

status to the Θ+ in its 2004 edition.

Further evidence in support of pentaquark states seemed to

come from the claimed observations of a doubly-charged ssddu

state at 1862 MeV, and a neutral uuddc state at 3099 MeV.

(See Data Listings and references for the Φ(1860) and Θc(3100)0

following this note.) However, there has been no confirmation

of either of these states, with several subsequently reported

high-statistics searches showing zero signal. There is thus no

credible evidence that either of these positive observations is

CITATION: W.-M. Yao et al. (Particle Data Group), J. Phys. G 33, 1 (2006) (URL: http://pdg.lbl.gov)

July 27, 2006 11:28

– 4–

In all fairness, it should be mentioned that, in a September

2005 preprint [3], the SVD-2 Collaboration claimed to confirm

its earlier positive Θ+ observation at the level of 8 σ. However,

with the very same incident 70 GeV proton beam interacting

with a carbon rather than a silicon target, the SPHINX Collab-

oration [Antipov et al.], with comparable statistics, observes no

Θ+ signal.

To summarize, with the exception described in the previous

paragraph, there has not been a high-statistics confirmation of

any of the original experiments that claimed to see the Θ+;

there have been two high-statistics repeats from Jefferson Lab

that have clearly shown the original positive claims in those

two cases to be wrong; there have been a number of other high-

statistics experiments, none of which have found any evidence

for the Θ+; and all attempts to confirm the two other claimed

pentaquark states have led to negative results. The conclusion

that pentaquarks in general, and the Θ+, in particular, do not

exist, appears compelling.

It is perhaps useful to comment on how it is that so much

apparent statistical strength was claimed for a set of results

that, in retrospect, do not appear to be correct. One obvious

problem was the large variation in the locations of the observed

mass peaks (∼30 MeV) for what had to be a very narrow reso-

nance; thus, the various experiments were not truly confirming

one another. Another concern arises from the uncertainties in

background shapes which perhaps were not adequately reflected

in the large confidence levels claimed. Other technical problems

may have involved resonance reflections and “ghost tracks.”

The main issue, however, concerns the burden of proof required

in the confirmation of a major new discovery. Here, “burden”

applies solely to the work of the confirming authors, indepen-

dently of the existence of a discovery paper. Should the burden

be as high as for the discovery itself? What should be the bur-

den if there have already been several claimed confirmations? It

seems unlikely to us that some of the confirming results for the

Θ+ would have been published had there not been a discovery

claim already on the table. We believe that the burden of proof

for the confirmation of an important new result should be about

July 27, 2006 11:28
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FCNC and New Physics

90

• Note that NP can affect FCNC in up and down-type 
quarks differently. Study both, beauty & charm!

c uFCNC

Motivations

Why rare decays?

Dileptonic B0
(s) decays imply transition

between b and d ,s quarks i.e. a Flavour
Changing Neutral Currents (FCNC)

In Standard Model (SM) FCNC forbidden
at tree level ) very rare decays.

An ideal place where to see NP at work!

New Physics (NP) particles may
appear inside the loops or at the
tree level in the interaction:
indirect probes of New Physics

Dileptonic final states:

Additional sources of
suppression

Very precise theoretical
predictions

Clear experimental signature

Alessandro Mordá (CPPM & CPT) Rare B
0
(s)

dileptonic decay at LHCb 25 February, 2014 3 / 15

• The suppression of FCNC is an “accidental” 
symmetry of the SM. There is no fundamental reason 
why it should persist in models beyond the SM.


• ⟹ High sensitivity to New Physics 
     Low “Standard Model background”.

charm penguin
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Sensitivity of FCNC to NP mass scales

• “Simple” NP models 
ruled out up to PeV-
scale, by Flavour 
Physics.


• Flavour physics 
imposes severe 
constraints on the 
structure and mass 
scale of NP

91

●  Add new physics to SM Lagrangian 
–                        

●  Flavour transitions 
–  probe high mass scales 
–  parameterised in terms  

of operators, couplings 
and mass scales 

●  NP flavour problem 
–  If couplings ci ~1 

NP should have been seen  
–  particles have large 

masses >> 1 TeV or  
couplings are small ci << 1 & same as in SM 

Lake Louise, 20/02/2014 Franz Muheim 12 

See: Isidori, Nir 
& Perez arXiv:1002.0900; 
Neubert EPS 2011 talk 

New physics ruled out 
from Λi=0 to somewhere 
in the blue boxes 

i 

Flavor as a High Mass Probe 

  Already excluded ranges 
                      , take ci = 1    

DPF, Aug. 13, 2011 � 5 

 
Leff = LSM +

ci
Λi

Oi

i 

See: Isidori, Nir 
& Perez arXiv:1002.0900; 
Neubert EPS 2011 talk 

Ways out 
1.  New particles have 

large masses >>1 
TeV 

2.  New particles have 
degenerate masses 

3.  Mixing angles in 
new sector are 
small, same as in 
SM (MFV) 

4.  The above already 
implies  strong 
constrains on NP   

Ann.Rev.Nucl.Part.Sci.60:355,2010
plot from M. Neubert at EPS-HEP 2011

http://inspirehep.net/record/845219?ln=en
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Flavour physics at the LHC

• Huge b cross section, even huger 
(20×) charm cross section.


• All types of b and c hadrons (like B0, 
Bs, Bc, Λb, …).


• The world’s largest heavy flavour 
samples, and a dedicated flavour 
physics detector (LHCb). 


• Best place to do heavy flavour 
physics, today.
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http://www.hep.ph.ic.ac.uk/~wstirlin/plots/plots.html
Eur.Phys.J. C63 (2009) 189-285

0.1 1 10
10

-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

σσσσ
ZZ

σσσσ
WW

σσσσ
WH

σσσσ
VBF

M
H
=125 GeV

WJS2012

σσσσ
jet

(E
T

jet
 > 100 GeV)

σσσσ
jet

(E
T

jet
 > √√√√s/20)

σσσσ
ggH

LHCTevatron

e
v
e

n
ts

 /
 s

e
c
 f

o
r 
L

 =
 1

0
3

3
 c

m
-2
s

-1

 

σσσσ
b

σσσσ
tot

proton - (anti)proton cross sections

σσσσ
W

σσσσ
Z

σσσσ
t

σ
   

σ
   

σ
   

σ
   

(( ((n
b

)) ))

√√√√s  (TeV)

{

http://www.hep.ph.ic.ac.uk/~wstirlin/plots/plots.html
http://inspirehep.net/record/810127?ln=en


Jonas Rademacker                                                              Heavy Flavour Physics                                            IOP HEPP, 3 April 2022

Heavy flavour physics at the LHC

• LHCb: Dedicated flavour physics experiment at the LHC:

• Optimised geometry

• RICH particle ID (K/π separation)

• Most precise vertexing at LHC

• Dedicated heavy flavour trigger (incl B→hadrons)

• Best mass resolution at LHC (for heavy flavour). 


• ATLAS, CMS’ heavy flavour skills:

• good μ coverage, 

• efficient di-muon trigger,

• maximal luminosity. 

• Good at rare dimuon decays such as B(s)→μμ. 


• ALICE: Cleanly reconstructs heavy flavour decays, focussed on using this to study 
quark-gluon plasma.

93

small & mighty
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LHCb model-independent γ from B±→(KSππ)DK and 
B±→(KSKK)DK

• Binned, model-independent 
analysis using CLEO-c and 
BES III input.


• Plots show LHCb run I+II 
data


• Result of combined 
analysis

94

D from B+

CLEO-c input:: Phys. Rev. D 82 112006. BESIII input:                 
Model-independent method: Giri, Grossmann, Soffer, Zupan, Phys Rev D 68, 054018 (2003).    Optimal binning: Bondar, Poluektov hep-ph/0703267v1 (2007)

D from B–

D from 
B+

D from 
B–

γ = (68.7+5.2
−5.1)

∘

http://www-spires.dur.ac.uk/spires/find/hep/www?eprint=hep-ph/0303187
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Biggest change for charm inputs to CPV in B since 
2018: BES III
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FIG. 9. The c(0)i and s(0)i measured in this work (red dots with error bars), the expected values from Ref. [42] (blue open circles) as well
as CLEO results (green open squares with error bars) in Ref. [23]. The top plots are from the equal ��D binning, the middle plots from the
optimal binning and plots from the modified optimal binning scheme are on the bottom. The circle indicates the boundary of the physical
region c(0)2i + s(0)2i = 1.
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to include decays where the tag D meson decays to a self-
conjugate final state rather than a CP eigenstate, assuming
that the CP -even fraction, FCP , is known. The number of
events observed in the ith bin, Mi, where the tag D meson
decays to a self-conjugate final state is then given by

Mi = hCP (Ki � (2FCP � 1)2ci
p
KiK�i +K�i), (7)

where hCP is a normalization factor. The value of FCP is 1
for CP -even tags and 0 for CP -odd tags. This parameteriza-
tion is valuable since it allows for final states with very high or
very low CP -even fractions to be used to provide sensitivity
to the ci parameters. A good example of such a decay is the
mode D ! ⇡+⇡�⇡0 where the fractional CP -even content
is measured to be F⇡⇡⇡0

CP = 0.973± 0.017 [26].
However, from Eq. (4), the sign of ��D is undetermined if

only the values of ci are known from the CP -tagged D !
K0

S⇡
+⇡� decay. Important additional information can be

gained to determine the si parameters by studying the Dalitz
plot distributions where both D mesons decay to K0

S⇡
+⇡�.

The amplitude of the  (3770) decay is in this case given by

f(m2
+,m

2
�,m

2†
+ ,m2†

� )

=
fD(m2

+,m
2
�)fD(m2†

� ,m2†
+ )� fD(m2†

+ ,m2†
� )fD(m2

�,m
2
+)p

2
,

(8)

where the use of the 0†0 symbol differentiates the Dalitz plot
coordinates of the two D ! K0

S⇡
+⇡� decays. The variable

Mij is defined as the event yield observed in the ith bin of the
first and the jth bin of the second D ! K0

S⇡
+⇡� Dalitz plot,

and is given by

Mij =hcorr[KiK�j +K�iKj

�2
p
KiK�jK�iKj(cicj + sisj)], (9)

where hcorr is a normalization factor. Equation (9) is not sen-
sitive to the sign of si, however, this ambiguity can be resolved
using a weak model assumption.

In order to improve the precision of the ci and si parame-
ters it is useful to increase the possible tags to include D !
K0

L⇡
+⇡� which is closely related to the D ! K0

S⇡
+⇡�

decay. The convention A(D0 ! K0
S⇡

+⇡�) = A(D̄0 !
K0

S⇡
�⇡+) is used, making the good approximation that the

K0
S meson is CP -even. Similarly, it follows that A(D0 !

K0
L⇡

+⇡�) = �A(D̄0 ! K0
L⇡

�⇡+). Hence, where the
D ! K0

L⇡
+⇡� is used as the signal decay, and the tag is a

self-conjugate final state, the observed event yield M 0
i is given

by

M 0
i = h0

CP (K
0
i + (2FCP � 1)2ci

q
K 0

iK
0
�i +K 0

�i), (10)

where K 0
i and c0i are associated to the D ! K0

L⇡
+⇡� de-

cay. The event yield M 0
ij , corresponding to the yield of events

where the D ! K0
S⇡

+⇡� decay is observed in the ith bin and
the D ! K0

L⇡
+⇡� decay is observed in the jth bin, is given

by

M 0
ij =h0

corr[KiK
0
�j +K�iK

0
j

+2
q
KiK 0

�jK�iK 0
j(cic

0
j + sis

0
j)], (11)

where s0i is the amplitude-weighted average sine of the strong-
phase difference for the D ! K0

L⇡
+⇡� decay.

In Eqs. (7), (9), (10) and (11), the normalization factors
h(0)
CP and h(0)

corr can be related to the yields of reconstruct-
ed signal and tag final states, the reconstruction efficiencies,
and the number of neutral D-meson pairs NDD̄ produced
in the data set, with h(0)

CP = SCP /2SFT(0) ⇥ ✏K
0
S(L)⇡

+⇡�
,

hcorr = NDD̄/(2S2
FT) ⇥ ✏K

0
S⇡+⇡�vs.K0

S⇡+⇡�
and h0

corr =

NDD̄/(SFTS0
FT) ⇥ ✏K

0
S⇡+⇡�vs.K0

L⇡+⇡�
. Here SCP is the

yield of events in which one charm meson is reconstruct-
ed as the CP -tag where no requirement is placed on the
decay of the other charm meson, and SFT(0) refers to the
analogous quantity summed over flavor-tagged decays that
are used in the determination of K(0)

i . The effective effi-
ciency for detecting the D ! K0

S(L)⇡
+⇡� decay recoiling

against the particular CP -tag under consideration, is defined
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R(K): B+→K+μ+μ– / B+→K+e+e–

96Eva Gersabeck, Quark Flavour Physics

LFU in B+ → K+ℓ+ℓ−

25

3.1 σ away from the SM prediction

• Full Run 1+2 data, 9 fb-1

arXiv:2103.11769 submitted to NATURE physics

RK = 0.846+0.044
−0.041

LHCb : Nature Phys. 18 (2022) 3, 277-282

3.1σ deviation from SM

https://inspirehep.net/literature/1852846
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Charm input to γ from CLEO-c and LHCb mixing 
measurements

CLEO-c input theory: Atwood, Soni: Phys.Rev. D68 (2003) 033003
CLEO-c input: Phys.Rev.D80:031105,2009, update 
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�
�
B� !

�
K+3⇡

�
D
K�� / r2B +

�
rK3⇡
D

�2
+ 2RK3⇡rBr

K3⇡
D · cos

�
�B + �K3⇡

D � �
�

from D-D 
superpositions


at CLEO-c
Input from charm mixing 

(LHCb)
Combination:CLEO-c 

and mixing

Phys.Lett. B728 (2014) 296-302

Use interference effects in charm as input to γ

–

Phys.Lett. B757 (2016) 520-527

mixing/gamma theory: JHEP 1503 (2015) 169

PRL 116 (2016) no.24, 241801Phys.Lett. B757 (2016) 520-527
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Figure 3: Scans of ��2 for the fit to the updated CLEO-c observables in the (left)

(RK3⇡, �K3⇡
D ) and (right) (RK⇡⇡0 , �K⇡⇡0

D ) parameter space, showing the ��2 = 1, 4 and 9
intervals.

Table 8: Results from the ‘unconstrained’ time-dependent D0
! K�⇡+⇡+⇡� analysis of

LHCb [12].

Parameter Result

r
K3⇡
D (5.67± 0.12)⇥ 10�2

a (0.3± 1.8)⇥ 10�3

b (4.8± 1.8)⇥ 10�5

the CLEO-c observables, therefore motivating a combined fit of both sets of
measurements.

4. Combined fit

The fit described in Sect. 2.3 is repeated with the LHCb D
0
D̄

0-mixing
results (reported in Table 8) included as additional input measurements.
The best fit values for the hadronic parameters, and the associated corre-
lations, are presented in Tables 9 and 10, respectively. The reduced �

2 of
the fit is 33.5/36. Figure 5 shows the three possible sets of two-dimensional
scans in the D ! K

�
⇡
+
⇡
+
⇡
� hadronic-parameter space; also shown is a

scan of (RK⇡⇡0 , �
K⇡⇡0

D ). The inclusion of the LHCb observables improves the
precision of the D ! K

�
⇡
+
⇡
+
⇡
� coherence factor, but lowers the central
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Figure 2: Distributions of (top left) K0
Sµ

+µ� and (top right) K0
Se

+e� mass with the fit models
used to determine the B0

! K0
Sµ

+µ� yield and R�1
K

0
S
, and (bottom left) K0

S⇡
+µ+µ� and (bottom

right) K0
S⇡

+e+e� mass with the fit models used to determine the B+
! K⇤+µ+µ� yield and

R�1
K⇤+ .

simulated events, with its yield constrained using the control mode yields, the control
mode and background branching fractions, and the e�ciencies taken from simulation.
Combinatorial background is modelled with an exponential function.

The e�ciencies used in the measurements of the ratios and di↵erential branching
fractions are calculated using simulation, to which various corrections are applied to
improve the agreement with data. The PID e�ciencies for each channel are calculated
from calibration data samples of electrons, muons and pions, and are applied as per-
candidate weights to the simulation. Similarly, the electron tracking e�ciency is corrected
using calibration samples. The pT and pseudorapidity of the B mesons generated by
Pythia 8 [105], and the occupancy of the underlying events are corrected by comparing
their distributions between data and simulation using the muon control modes to calculate
per-candidate weights, which are applied to both electron and muon samples. Similarly,
the trigger e�ciency is corrected by comparing the e�ciency as a function of the pT of
the muons, the transverse energy of the electrons and pions, and the pT of the B meson,
between control mode data and simulation. Further weights are applied to correct any
residual mismodelling of the BDT classifier response. Finally, the simulated q

2 distribution
is corrected using control mode data to account for the larger observed resolution in data.

Multiple sources of systematic uncertainty are evaluated, the largest of which comes
from the statistical uncertainties of the e�ciencies, which a↵ect the R

�1
K(⇤) ratios and the
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The decay Bd ! K
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Decay rare (Branching ratio: O(10
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but sensitive to new physics inside loops, e.g.:

P. Koppenburg

b → !!s decays
• Suppressed by αEM

BR(b → !!s) = (4.5 ± 1.0) · 10−6
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K+®p+nn: historical perspective
Time evolution of BR(K+®p+nn)

B oscillations
t quark Isospin relations

19

CERNBNLGIM mechanism

E. Goudzovski / Be.HEP, 22 Dec 2021 (3.4s significance)
NA62 Run 1:

JHEP 06 (2021) 93
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NA62: Kpnn signal regions
mmiss

2=(PK-Pp)2 vs track momentum

Region 2

Region 1

K+®p+p+p-

K+®p+p0p0

K+®p+p0

K+®µ+n Further background
suppression:
ü PID (calorimeters &

Cherenkov detectors):
µ suppression 10−8,
p efficiency = 64%.

ü Hermetic photon veto:
p0®gg rejection
factor = 1.4×10−8.

Main K+ decay modes
(>90% of BR) rejected
kinematically.

Resolution on m2
miss:

s=1.0´10-3 GeV4/c2.

Measured kinematical
background suppression:

ü K+®p+p0:  1×10−3;
ü K+®µ+n:    3×10−4.

CONTROL DATA

9
E. Goudzovski / Be.HEP, 22 Dec 2021
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6XPPDU\�	�FRQFOXVLRQV
5DUH�E�ĺ�VOO�GHFD\V�SURYLGH�VWULQJHQW�WHVWV�RI�13
5HFHQW�UHVXOWV�KLQW�DW�EUHDNLQJ�RI�/)8�LQ�E�ĺ�VOO

��

DU;LY�����������
DU;LY�����������

6HH�WDON�E\�'��YDQ�'\N�DQG�
UHFHQW�$QRPDO\�:6�IRU�
LQWHUSUHWDWLRQ�RI�UHVXOWV

R(K*0) R(K*+) R(K0
S)

Table 5: Measured RK⇤0 ratios in the two q2 regions. The first uncertainties are statistical and
the second are systematic. About 50% of the systematic uncertainty is correlated between the
two q2 bins. The 95.4% and 99.7% confidence level (CL) intervals include both the statistical
and systematic uncertainties.

low-q2 central-q2

RK⇤0 0.66 + 0.11
� 0.07 ± 0.03 0.69 + 0.11

� 0.07 ± 0.05

95.4% CL [0.52, 0.89] [0.53, 0.94]

99.7% CL [0.45, 1.04] [0.46, 1.10]
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q
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Figure 10: (left) Comparison of the LHCb RK⇤0 measurements with the SM theoretical predic-
tions: BIP [26] CDHMV [27–29], EOS [30, 31], flav.io [32–34] and JC [35]. The predictions are
displaced horizontally for presentation. (right) Comparison of the LHCb RK⇤0 measurements
with previous experimental results from the B factories [4, 5]. In the case of the B factories the
specific vetoes for charmonium resonances are not represented.

of 3 fb�1 of pp collisions, recorded by the LHCb experiment during 2011 and 2012, are
used. The RK⇤0 ratio is measured in two regions of the dilepton invariant mass squared
to be

RK⇤0 =

(
0.66 + 0.11

� 0.07 (stat) ± 0.03 (syst) for 0.045 < q
2

< 1.1 GeV2
/c

4
,

0.69 + 0.11
� 0.07 (stat) ± 0.05 (syst) for 1.1 < q

2
< 6.0 GeV2

/c
4
.

The corresponding 95.4% confidence level intervals are [0.52, 0.89] and [0.53, 0.94]. The
results, which represent the most precise measurements of RK⇤0 to date, are compatible
with the SM expectations [26–35] at 2.1–2.3 standard deviations for the low-q2 region
and 2.4–2.5 standard deviations for the central-q2 region, depending on the theoretical
prediction used.

Model-independent fits to the ensemble of FCNC data that allow for NP contribu-
tions [27–35] lead to predictions for RK⇤0 in the central-q2 region that are similar to the
value observed; smaller deviations are expected at low-q2. The larger data set currently
being accumulated by the LHCb collaboration will allow for more precise tests of these
predictions.

19
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Table 1: Di↵erential dB(B0
s ! �µ+µ�)/dq2 branching fraction, both relative to the normalization

mode and absolute, in intervals of q2. The uncertainties are, in order, statistical, systematic,
and due to the uncertainty on the branching fraction of the normalization mode.

q2 interval dB(B0
s ! �µ+µ�)/B(B0

s ! J/ �)dq2 dB(B0
s ! �µ+µ�)/dq2

[ GeV2/c4] [10�5GeV�2c4] [10�8GeV�2c4]

0.1–0.98 7.61± 0.52± 0.12 7.74± 0.53± 0.12± 0.37

1.1–2.5 3.09± 0.29± 0.07 3.15± 0.29± 0.07± 0.15

2.5–4.0 2.30± 0.25± 0.05 2.34± 0.26± 0.05± 0.11

4.0–6.0 3.05± 0.24± 0.06 3.11± 0.24± 0.06± 0.15

6.0–8.0 3.10± 0.23± 0.06 3.15± 0.24± 0.06± 0.15

11.0–12.5 4.69± 0.30± 0.07 4.78± 0.30± 0.08± 0.23

15.0–17.0 5.15± 0.28± 0.10 5.25± 0.29± 0.10± 0.25

17.0–19.0 4.12± 0.29± 0.12 4.19± 0.29± 0.12± 0.20

1.1–6.0 2.83± 0.15± 0.05 2.88± 0.15± 0.05± 0.14

15.0–19.0 4.55± 0.20± 0.11 4.63± 0.20± 0.11± 0.22
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Figure 2: Di↵erential branching fraction dB(B0
s ! �µ+µ�)/dq2, overlaid with SM predictions

using Light Cone Sum Rules [33, 35, 38] at low q2 and Lattice calculations [36, 37] at high q2.
The results from the LHCb 3 fb�1 analysis [1, 30] are shown with gray markers.

from Ref. [33] and Ref. [34]. The resulting branching fractions are

B(B0
s ! �µ+µ�)

B(B0
s ! J/ �)

= (8.00± 0.21± 0.16± 0.03)⇥ 10�4 ,

B(B0
s ! �µ+µ�) = (8.14± 0.21± 0.16± 0.03± 0.39)⇥ 10�7,

where the uncertainties are, in order, statistical, systematic, from the extrapolation to the
full q2 region, and for the absolute branching fraction, from the branching fraction of the
normalization mode.

4

LHCb: JHEP 11 (2021) 043

https://inspirehep.net/literature/1894428
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B(B0
s ! �µ+µ�)

B(B0
s ! J/ �)

= (8.00± 0.21± 0.16± 0.03)⇥ 10�4 ,

B(B0
s ! �µ+µ�) = (8.14± 0.21± 0.16± 0.03± 0.39)⇥ 10�7,

where the uncertainties are, in order, statistical, systematic, from the extrapolation to the
full q2 region, and for the absolute branching fraction, from the branching fraction of the
normalization mode.
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Figure 5: Di↵erential branching fraction of B0! K⇤(892)0µ+µ� decays as a function of q2. The
data are overlaid with the SM prediction from Refs. [48,49]. No SM prediction is included in the
region close to the narrow cc̄ resonances. The result in the wider q2 bin 15.0 < q2 < 19.0GeV2/c4

is also presented. The uncertainties shown are the quadratic sum of the statistical and systematic
uncertainties, and include the uncertainty on the B0! J/ K⇤0 and J/ ! µ+µ� branching
fractions.

Table 2: Di↵erential branching fraction of B0! K⇤(892)0µ+µ� decays in bins of q2. The first
uncertainty is statistical, the second systematic and the third due to the uncertainty on the
B0! J/ K⇤0 and J/ ! µ+µ� branching fractions.

q2 bin (GeV2/c4) dB/dq2 ⇥ 10�7 (c4/GeV2)

0.10 < q2 < 0.98 1.016+0.067
�0.073 ± 0.029± 0.069

1.1 < q2 < 2.5 0.326+0.032
�0.031 ± 0.010± 0.022

2.5 < q2 < 4.0 0.334+0.031
�0.033 ± 0.009± 0.023

4.0 < q2 < 6.0 0.354+0.027
�0.026 ± 0.009± 0.024

6.0 < q2 < 8.0 0.429+0.028
�0.027 ± 0.010± 0.029

11.0 < q2 < 12.5 0.487+0.031
�0.032 ± 0.012± 0.033

15.0 < q2 < 17.0 0.534+0.027
�0.037 ± 0.020± 0.036

17.0 < q2 < 19.0 0.355+0.027
�0.022 ± 0.017± 0.024

1.1 < q2 < 6.0 0.342+0.017
�0.017 ± 0.009± 0.023

15.0 < q2 < 19.0 0.436+0.018
�0.019 ± 0.007± 0.030
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• Several b→sll branching fractions measured, show some tension 
with predictions, particular at low q2
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b→L0µµ 
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Figure 2: Di�erential branching fraction results for the B+⇤ K+µ+µ�, B0⇤ K0µ+µ� and
B+ ⇤ K⇥+µ+µ� decays. The uncertainties shown on the data points are the quadratic sum
of the statistical and systematic uncertainties. The shaded regions illustrate the theoretical
predictions and their uncertainties from light cone sum rule and lattice QCD calculations.

Table 3: Integrated branching fractions (10�8) in the high q2 region. For the B ⇤ Kµ+µ�

modes the region is defined as 15� 22GeV2/c4, while for B+⇤ K⇥+µ+µ� it is 15� 19GeV2/c4.
Predictions are obtained using the form factors calculated in lattice QCD over the same q2

regions. For the measurements, the first uncertainty is statistical and the second systematic.

Decay mode Measurement Prediction

B+⇤ K+µ+µ� 8.5± 0.3± 0.4 10.7± 1.2

B0⇤ K0µ+µ� 6.7± 1.1± 0.4 9.8± 1.0

B+⇤ K⇥+µ+µ� 15.8 +3.2
�2.9 ± 1.1 26.8± 3.6

measurements are all individually consistent with their respective predictions, they all
have values below those.
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Figure 2: Di↵erential branching fraction results for the B+
! K+µ+µ�, B0

! K0µ+µ� and
B+

! K⇤+µ+µ� decays. The uncertainties shown on the data points are the quadratic sum
of the statistical and systematic uncertainties. The shaded regions illustrate the theoretical
predictions and their uncertainties from light cone sum rule and lattice QCD calculations.

Table 3: Integrated branching fractions (10�8) in the high q2 region. For the B ! Kµ+µ�

modes the region is defined as 15� 22GeV2/c4, while for B+
! K⇤+µ+µ� it is 15� 19GeV2/c4.

Predictions are obtained using the form factors calculated in lattice QCD over the same q2

regions. For the measurements, the first uncertainty is statistical and the second systematic.

Decay mode Measurement Prediction

B+
! K+µ+µ� 8.5± 0.3± 0.4 10.7± 1.2

B0
! K0µ+µ� 6.7± 1.1± 0.4 9.8± 1.0

B+
! K⇤+µ+µ� 15.8 +3.2

�2.9 ± 1.1 26.8± 3.6

measurements are all individually consistent with their respective predictions, they all
have values below those.
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Figure 2: Di↵erential branching fraction results for the B+
! K+µ+µ�, B0

! K0µ+µ� and
B+

! K⇤+µ+µ� decays. The uncertainties shown on the data points are the quadratic sum
of the statistical and systematic uncertainties. The shaded regions illustrate the theoretical
predictions and their uncertainties from light cone sum rule and lattice QCD calculations.

Table 3: Integrated branching fractions (10�8) in the high q2 region. For the B ! Kµ+µ�

modes the region is defined as 15� 22GeV2/c4, while for B+
! K⇤+µ+µ� it is 15� 19GeV2/c4.

Predictions are obtained using the form factors calculated in lattice QCD over the same q2

regions. For the measurements, the first uncertainty is statistical and the second systematic.

Decay mode Measurement Prediction

B+
! K+µ+µ� 8.5± 0.3± 0.4 10.7± 1.2

B0
! K0µ+µ� 6.7± 1.1± 0.4 9.8± 1.0

B+
! K⇤+µ+µ� 15.8 +3.2

�2.9 ± 1.1 26.8± 3.6

measurements are all individually consistent with their respective predictions, they all
have values below those.
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Figure 2: Di↵erential branching fraction results for the B+
! K+µ+µ�, B0

! K0µ+µ� and
B+

! K⇤+µ+µ� decays. The uncertainties shown on the data points are the quadratic sum
of the statistical and systematic uncertainties. The shaded regions illustrate the theoretical
predictions and their uncertainties from light cone sum rule and lattice QCD calculations.

Table 3: Integrated branching fractions (10�8) in the high q2 region. For the B ! Kµ+µ�

modes the region is defined as 15� 22GeV2/c4, while for B+
! K⇤+µ+µ� it is 15� 19GeV2/c4.

Predictions are obtained using the form factors calculated in lattice QCD over the same q2

regions. For the measurements, the first uncertainty is statistical and the second systematic.

Decay mode Measurement Prediction

B+
! K+µ+µ� 8.5± 0.3± 0.4 10.7± 1.2

B0
! K0µ+µ� 6.7± 1.1± 0.4 9.8± 1.0

B+
! K⇤+µ+µ� 15.8 +3.2

�2.9 ± 1.1 26.8± 3.6

measurements are all individually consistent with their respective predictions, they all
have values below those.

9

the predictions in the low-q2 region.

Table 4: Measured di↵erential branching fraction of ⇤0
b ! ⇤µ+µ�, where the uncertainties

are statistical, systematic and due to the uncertainty on the normalisation mode, ⇤0
b! J/ ⇤,

respectively.

q2 interval [ GeV2/c4 ] dB(⇤0
b! ⇤µ+µ�)/dq2 · 10�7[( GeV2/c4)�1]

0.1 – 2.0 0.36 +0.12
� 0.11

+0.02
� 0.02 ± 0.07

2.0 – 4.0 0.11 +0.12
� 0.09

+0.01
� 0.01 ± 0.02

4.0 – 6.0 0.02 +0.09
� 0.00

+0.01
� 0.01 ± 0.01

6.0 – 8.0 0.25 +0.12
� 0.11

+0.01
� 0.01 ± 0.05

11.0 – 12.5 0.75 +0.15
� 0.14

+0.03
� 0.05 ± 0.15

15.0 – 16.0 1.12 +0.19
� 0.18

+0.05
� 0.05 ± 0.23

16.0 – 18.0 1.22 +0.14
� 0.14

+0.03
� 0.06 ± 0.25

18.0 – 20.0 1.24 +0.14
� 0.14

+0.06
� 0.05 ± 0.26

1.1 – 6.0 0.09 +0.06
� 0.05

+0.01
� 0.01 ± 0.02

15.0 – 20.0 1.20 +0.09
� 0.09

+0.02
� 0.04 ± 0.25
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Figure 5: Measured ⇤0
b! ⇤µ+µ� branching fraction as a function of q2 with the predictions of

the SM [15] superimposed. The inner error bars on data points represent the total uncertainty
on the relative branching fraction (statistical and systematic); the outer error bar also includes
the uncertainties from the branching fraction of the normalisation mode.
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LHCb: JHEP 06 (2015) 115

Λb → Λμμ

https://inspirehep.net/literature/1469448
https://inspirehep.net/literature/1894428
https://inspirehep.net/literature/1287928
https://inspirehep.net/literature/1355377


Jonas Rademacker                                                              Heavy Flavour Physics                                            IOP HEPP, 3 April 2022

105. Pentaquarks 3

Figure 105.2: Projections of the amplitude fits with Pc(4380)+ and Pc(4450)+

states to the Λ0
b → JψpK− data onto the invariant mass distributions of mKp (top)

and mJψp (bottom).
June 5, 2018 20:08
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Figure 105.1: Dalitz plot distributions for Λ0
b → JψpK− decays as observed by

LHCb.

mass state, Pc(4450)+, has a fitted mass of 4449.8 ± 1.7 ± 2.5 MeV, narrower width of
39 ± 5 ± 19 MeV, a fit fraction of 4.1 ± 0.5 ± 1.1 % and significance of 12σ. The need for
a second P+

c state becomes visually apparent in the mJψp distribution for events with
high values of mKp, where Λ∗ contributions are the smallest (in the inset of Fig. 105.2).
Even though contributions from the two P+

c states are most visible in this region, they
interfere destructively in this part of the Dalitz plane. The constructive P+

c interference
makes their combined contribution the largest at the other end of their band on the
Dalitz plane, corresponding to the opposite end of the cos θ

P+
c

distribution (see Fig. 8b

in Ref. 8). This pattern requires them to be of opposite parity. A similar interference
pattern is observed in the cos θΛ∗ distribution (Fig. 7 in Ref. 8), which is a consequence
of parity-doublets in the Λ∗ spectrum. Unfortunately, spins of the two P+

c states were
not uniquely determined. Within the statistical and systematic ambiguities, (3/2, 5/2)
and (5/2, 3/2) combinations with either (−, +) or (+,−) parities, were not well resolved.
The other combinations were disfavored. The Argand diagrams for the two P+

c states
are shown in Fig. 105.3. They were obtained by replacing the Breit-Wigner amplitude
for one of the P+

c states at a time by a combination of independent complex amplitudes
at six equidistant points in the ±Γ0 range (interpolated in mass for continuity) which
were fit to the data simultaneously with the other parameters of the full matrix element

June 5, 2018 20:08
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b → J/ψK−p

https://inspirehep.net/literature/1382595
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analyses are completed on the enlarged data sets.
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Figure 85.2: Fit to the J/Â p mass distribution, in which events were weighted to suppress »ú æ pK≠

backgrounds, of three Breit-Wigner functions and a sixth-order polynomial background. This fit
was used to determine the central values of the masses and widths of the P +

c states reported by
LHCb. The mass thresholds for the À+

c D0 and À+
c Dú0 final states are superimposed.

While ÀcD̄(ú) states had been predicted [12–15] before the first LHCb results [8], after these
results became known, many theoretical groups interpreted the Pc(4450)+ and Pc(4380)+ states
in terms of diquarks and triquarks as building blocks of a compact pentaquark [16–22], or even of
states below the lowest threshold for spontaneous dissociation [23]. In the first implementation of
this approach [16], the pentaquark mass splitting was generated mostly by the change of angular
momentum between the sub-components (L) from zero to one, which would also make the heavier
state narrower and of opposite parity. Explicit modeling of multiquark systems [24] questions
if centrifugal barrier factor provides enough width suppression via spatial separation of c and c̄
quarks at these masses, as the phase space for J/Âp decay is very large (more than 400 MeV).
Also, the observed mass splitting was too small to be only due to the mechanism proposed in
Ref. [16] and required fine-tuning of such models. A variation of this model, in which the heavy
(cu) diquark couples with heavy c̄ to form colored triquark attracting the light diquark (ud), has
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Table 85.1: Summary of the narrow P +
c properties, interpreted as Breit-

Wigner resonances. The central values are based on the fit displayed in
Fig. 85.2.

State M [ MeV ] ≈ [ MeV ] (95% CL) R [%]
Pc(4312)+ 4311.9 ± 0.7+6.8

≠0.6 9.8 ± 2.7+ 3.7
≠ 4.5 (< 27) 0.30 ± 0.07+0.34

≠0.09
Pc(4440)+ 4440.3 ± 1.3+4.1

≠4.7 20.6 ± 4.9+ 8.7
≠10.1 (< 49) 1.11 ± 0.33+0.22

≠0.10
Pc(4457)+ 4457.3 ± 0.6+4.1

≠1.7 6.4 ± 2.0+ 5.7
≠ 1.9 (< 20) 0.53 ± 0.16+0.15

≠0.13

7.6‡. The Pc(4457)+ state peaks right below the À+
c Dú0 threshold, while the Pc(4440)+ state

peaks about 20 MeV below it. The significance of the two-peak versus one-peak hypothesis for
the 4450 MeV structure is over 5.4‡, rendering the single peak interpretation of this region obso-
lete. The six-dimensional amplitude analysis reported in Ref. [8], which provided evidence for the
Pc(4380)+ state, is obsolete since it used the single Pc(4450)+ state and it lacked the Pc(4312)+

state. Therefore, the previously reported evidence for the Pc(4380)+ state is weakened, but not
contradicted, since the new one-dimensional analysis by LHCb is not sensitive to wide P +

c states.
Even if this state exists, any preferences for its quantum numbers [8], which were reported without
statistical or systematic significances, are even more uncertain now. An in-depth discussion of
the relevant issues is provided in Supplemental Material of Ref. [10]. The LHCb results from the
six-dimensional amplitude analysis of the Cabibbo suppressed channel »0

b æ J/Â pfi≠ [11], which
contain a statistically marginal evidence for the sum of the P +

c and the Zc(4200)≠ contributions,
took extensive input from Ref. [8], and should be treated with caution until the both amplitude
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the 4450 MeV structure is over 5.4‡, rendering the single peak interpretation of this region obso-
lete. The six-dimensional amplitude analysis reported in Ref. [8], which provided evidence for the
Pc(4380)+ state, is obsolete since it used the single Pc(4450)+ state and it lacked the Pc(4312)+

state. Therefore, the previously reported evidence for the Pc(4380)+ state is weakened, but not
contradicted, since the new one-dimensional analysis by LHCb is not sensitive to wide P +
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Even if this state exists, any preferences for its quantum numbers [8], which were reported without
statistical or systematic significances, are even more uncertain now. An in-depth discussion of
the relevant issues is provided in Supplemental Material of Ref. [10]. The LHCb results from the
six-dimensional amplitude analysis of the Cabibbo suppressed channel »0
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Heavy flavour physics at the LHC

• LHCb: Dedicated flavour physics experiment at the LHC:

• Optimised geometry

• RICH particle ID (K/π separation)

• Most precise vertexing at LHC

• Dedicated heavy flavour trigger (incl B→hadrons)

• Best mass resolution at LHC (for heavy flavour). 


• ATLAS, CMS’ heavy flavour skills:

• good μ coverage, 

• efficient di-muon trigger,

• maximal luminosity. 

• Good at rare dimuon decays such as B(s)→μμ. 


• ALICE: Cleanly reconstructs heavy flavour decays, focussed on using this to study 
quark-gluon plasma.
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Figure 2: Results for the CP -averaged angular observables FL, AFB, S5 and P 0
5 in bins of q2.

The data are compared to SM predictions based on the prescription of Refs. [43,44], with the
exception of the P 0

5 distribution, which is compared to SM predictions based on Refs. [70, 71].

q2 [72, 73] to yield more precise determinations of the form factors over the full q2 range.

For the P (0)
i observables, predictions from Ref. [70] are shown using form factors from

Ref. [71]. These predictions are restricted to the region q2 < 8.0GeV2/c4. The results
from Run 1 and the 2016 data are in excellent agreement. A stand-alone fit to the Run 1
data reproduces exactly the central values of the observables obtained in Ref. [1].

Considering the observables individually, the results are largely in agreement with the
SM predictions. The local discrepancy in the P 0

5 observable in the 4.0 < q2 < 6.0GeV2/c4

and 6.0 < q2 < 8.0GeV2/c4 bins reduces from the 2.8 and 3.0 � observed in Ref. [1] to 2.5
and 2.9 �. However, as discussed below, the overall tension with the SM is observed to
increase mildly.

Using the Flavio software package [42], a fit of the angular observables is performed
varying the parameter Re(C9). The default Flavio SM nuisance parameters are used,
including form-factor parameters and subleading corrections to account for long-distance
QCD interference e↵ects with the charmonium decay modes [43, 44]. The same q2 bins as
in Ref. [1] are included. The 3.0 � discrepancy with respect to the SM value of Re(C9)
obtained with the Ref. [1] data set changes to 3.3 � with the data set used here. The
best fit to the angular distribution is obtained with a shift in the SM value of Re(C9) by
�0.99+0.25

�0.21. The tension observed in any such fit will depend on the e↵ective coupling(s)
varied, the handling of the SM nuisance parameters and the q2 bins that are included in
the fit. For example, the 6.0 < q2 < 8.0GeV2/c4 bin is known to be associated with larger
theoretical uncertainties [47]. Neglecting this bin, a Flavio fit gives a tension of 2.4 �

7

B→K*μ+μ–: P’5

• Describes interference between polar and axial vector currents.


• Deviation from SM: 3.3 σ global significance.
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The data are compared to SM predictions based on the prescription of Refs. [43,44], with the
exception of the P 0

5 distribution, which is compared to SM predictions based on Refs. [70, 71].

q2 [72, 73] to yield more precise determinations of the form factors over the full q2 range.

For the P (0)
i observables, predictions from Ref. [70] are shown using form factors from

Ref. [71]. These predictions are restricted to the region q2 < 8.0GeV2/c4. The results
from Run 1 and the 2016 data are in excellent agreement. A stand-alone fit to the Run 1
data reproduces exactly the central values of the observables obtained in Ref. [1].

Considering the observables individually, the results are largely in agreement with the
SM predictions. The local discrepancy in the P 0

5 observable in the 4.0 < q2 < 6.0GeV2/c4

and 6.0 < q2 < 8.0GeV2/c4 bins reduces from the 2.8 and 3.0 � observed in Ref. [1] to 2.5
and 2.9 �. However, as discussed below, the overall tension with the SM is observed to
increase mildly.

Using the Flavio software package [42], a fit of the angular observables is performed
varying the parameter Re(C9). The default Flavio SM nuisance parameters are used,
including form-factor parameters and subleading corrections to account for long-distance
QCD interference e↵ects with the charmonium decay modes [43, 44]. The same q2 bins as
in Ref. [1] are included. The 3.0 � discrepancy with respect to the SM value of Re(C9)
obtained with the Ref. [1] data set changes to 3.3 � with the data set used here. The
best fit to the angular distribution is obtained with a shift in the SM value of Re(C9) by
�0.99+0.25

�0.21. The tension observed in any such fit will depend on the e↵ective coupling(s)
varied, the handling of the SM nuisance parameters and the q2 bins that are included in
the fit. For example, the 6.0 < q2 < 8.0GeV2/c4 bin is known to be associated with larger
theoretical uncertainties [47]. Neglecting this bin, a Flavio fit gives a tension of 2.4 �
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• Describes interference between polar and axial vector currents.


• Deviation from SM: 3.3 σ global significance.
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Slide on B->DK, D->K3pi, with new BES III result
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Figure 9. Scans of ��
2 in the global (RK3⇡, �K3⇡

D ) and (RK⇡⇡0 , �K⇡⇡0

D ) parameter space, showing
the ��

2=2.30, 6.18, 11.83 intervals, which correspond to 68.3%, 95.4% and 99.7% confidence levels
in the two-dimensional parameter space. Also shown are the equivalent contours determined from
the CLEO-c data [8].

associated with the varying input. The results are presented in Table 12. The most im-
portant contributions are seen to come from the finite size of the CP -tagged D ! K

�
⇡
+

samples, the uncertainty on the D ! K
0
SK

�
⇡
+ background, and on the knowledge of the

D ! K
0
S⇡

+
⇡
� strong-phase and Ki parameters. The statistical uncertainty is dominant

for all four measurements.

5.2 Binned D ! K
�
⇡
+
⇡
+
⇡
� analysis

The binned analysis proceeds in an identical manner to the global case. In this case there
are 170 observables and 15 free fit parameters. Because the binning scheme is constructed to
exclude D ! K

0
SK

�
⇡
+ background there is no uncertainty from this source. In Monte Carlo

simulation it is found that around 90% of decays are assigned to the correct bin. A migration
matrix, determined from simulation, is used to correct for incorrect assignments. Fits to
ensembles of simulated experiments confirm that the results are unbiased and assigned
reliable uncertainties. The measured values of the observables are presented in Table 13.
The accompanying correlation matrix may be found in Appendix B.

The results for the fit to hadronic parameters are given in Table 11 (with the correlation
matrix in Appendix B), and ��

2 scans in (RK3⇡, �
K3⇡
D ) space are shown in Fig. 10. The fit

quality, with �
2
/n.d.f. = 180/155, is satisfactory. In Appendix C may be found the results

for a combined fit to the BESIII and CLEO-c data.
The amplitude models may be used to calculate predictions for the coherence factor in

each bin, and the variation in strong-phase between bins [19]. By making use of the mea-
sured value of �K3⇡

D from the global analysis it is then possible to obtain an effective predic-
tion of the average strong-phase difference bin-by-bin, and correlated uncertainty. Following
this procedure the predicted values of the coherence factors and strong-phase differences
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Biggest change for charm inputs to CPV in B since 
2018: BES III
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to include decays where the tag D meson decays to a self-
conjugate final state rather than a CP eigenstate, assuming
that the CP -even fraction, FCP , is known. The number of
events observed in the ith bin, Mi, where the tag D meson
decays to a self-conjugate final state is then given by

Mi = hCP (Ki � (2FCP � 1)2ci
p
KiK�i +K�i), (7)

where hCP is a normalization factor. The value of FCP is 1
for CP -even tags and 0 for CP -odd tags. This parameteriza-
tion is valuable since it allows for final states with very high or
very low CP -even fractions to be used to provide sensitivity
to the ci parameters. A good example of such a decay is the
mode D ! ⇡+⇡�⇡0 where the fractional CP -even content
is measured to be F⇡⇡⇡0

CP = 0.973± 0.017 [26].
However, from Eq. (4), the sign of ��D is undetermined if

only the values of ci are known from the CP -tagged D !
K0

S⇡
+⇡� decay. Important additional information can be

gained to determine the si parameters by studying the Dalitz
plot distributions where both D mesons decay to K0

S⇡
+⇡�.

The amplitude of the  (3770) decay is in this case given by

f(m2
+,m

2
�,m

2†
+ ,m2†

� )

=
fD(m2

+,m
2
�)fD(m2†

� ,m2†
+ )� fD(m2†

+ ,m2†
� )fD(m2

�,m
2
+)p

2
,

(8)

where the use of the 0†0 symbol differentiates the Dalitz plot
coordinates of the two D ! K0

S⇡
+⇡� decays. The variable

Mij is defined as the event yield observed in the ith bin of the
first and the jth bin of the second D ! K0

S⇡
+⇡� Dalitz plot,

and is given by

Mij =hcorr[KiK�j +K�iKj

�2
p
KiK�jK�iKj(cicj + sisj)], (9)

where hcorr is a normalization factor. Equation (9) is not sen-
sitive to the sign of si, however, this ambiguity can be resolved
using a weak model assumption.

In order to improve the precision of the ci and si parame-
ters it is useful to increase the possible tags to include D !
K0

L⇡
+⇡� which is closely related to the D ! K0

S⇡
+⇡�

decay. The convention A(D0 ! K0
S⇡

+⇡�) = A(D̄0 !
K0

S⇡
�⇡+) is used, making the good approximation that the

K0
S meson is CP -even. Similarly, it follows that A(D0 !

K0
L⇡

+⇡�) = �A(D̄0 ! K0
L⇡

�⇡+). Hence, where the
D ! K0

L⇡
+⇡� is used as the signal decay, and the tag is a

self-conjugate final state, the observed event yield M 0
i is given

by

M 0
i = h0

CP (K
0
i + (2FCP � 1)2ci

q
K 0

iK
0
�i +K 0

�i), (10)

where K 0
i and c0i are associated to the D ! K0

L⇡
+⇡� de-

cay. The event yield M 0
ij , corresponding to the yield of events

where the D ! K0
S⇡

+⇡� decay is observed in the ith bin and
the D ! K0

L⇡
+⇡� decay is observed in the jth bin, is given

by

M 0
ij =h0

corr[KiK
0
�j +K�iK

0
j

+2
q
KiK 0

�jK�iK 0
j(cic

0
j + sis

0
j)], (11)

where s0i is the amplitude-weighted average sine of the strong-
phase difference for the D ! K0

L⇡
+⇡� decay.

In Eqs. (7), (9), (10) and (11), the normalization factors
h(0)
CP and h(0)

corr can be related to the yields of reconstruct-
ed signal and tag final states, the reconstruction efficiencies,
and the number of neutral D-meson pairs NDD̄ produced
in the data set, with h(0)

CP = SCP /2SFT(0) ⇥ ✏K
0
S(L)⇡

+⇡�
,

hcorr = NDD̄/(2S2
FT) ⇥ ✏K

0
S⇡+⇡�vs.K0

S⇡+⇡�
and h0

corr =

NDD̄/(SFTS0
FT) ⇥ ✏K

0
S⇡+⇡�vs.K0

L⇡+⇡�
. Here SCP is the

yield of events in which one charm meson is reconstruct-
ed as the CP -tag where no requirement is placed on the
decay of the other charm meson, and SFT(0) refers to the
analogous quantity summed over flavor-tagged decays that
are used in the determination of K(0)

i . The effective effi-
ciency for detecting the D ! K0

S(L)⇡
+⇡� decay recoiling

against the particular CP -tag under consideration, is defined
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Normalisation channel: B+→K+ J/ψ
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Figure 6: Candidate invariant mass distributions. Distribution of the invariant mass m(K+`+`�)
for nonresonant candidates in the (left) sample previously analysed [11] and (right) the new data
sample. The top row shows the fit to the muon modes and the subsequent rows the fits to the
electron modes triggered by (second row) one of the electrons, (third row) the kaon and (last
row) by other particles in the event. The fit projections are superimposed.
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+ further B+→K+ J/ψ(e+e–) samples (different trigger lines)
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Figure 7: Candidate invariant mass distributions. Distribution of the invariant mass
mJ/ (K

+`+`�) for resonant candidates in the (left) sample previously analysed [11] and (right)
the new data sample. The top row shows the fit to the muon modes and the subsequent rows
the fits to the electron modes triggered by (second row) one of the electrons, (third row) the
kaon and (last row) by other particles in the event. The fit projections are superimposed.
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ACP=75%, largest ever observed.

https://inspirehep.net/literature/1753653
https://old.inspirehep.net/record/1753654
https://inspirehep.net/literature/1261027
https://inspirehep.net/literature/1311994
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Heavy flavour physics

• LHCb: Dedicated flavour physics experiment at the LHC. Huge  and  
cross section, optimised detector and trigger.


• ATLAS, CMS Main flavour skill: B decays with two muons, such as B(s)→μμ. 


• BaBar, BELLE, BELLE II: Know initial state in  collisions, good at 
reconstructing missing momentum, decays with neutral particles.


• BES III: Its quantum-correlated D-D pairs have unique properties.


• NA62: Dedicated Kaon experiment.

bb cc

e+e−

113



Jonas Rademacker                                                              Heavy Flavour Physics                                            IOP HEPP, 3 April 2022

Charm input to CPV in B

114
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Charm is not just input to  (and related) for 
γ.  is also input to charm.

B → DK
B → DK

115x [%]

y
[%

]

LHCb: JHEP 12 (2021) 141

https://inspirehep.net/literature/1939295
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LHCb model-independent γ from B±→(KSππ)DK and 
B±→(KSKK)DK

• Model-independent analysis 
using CLEO-c and BES III 
input.


• Plots show LHCb run I+II 
data


• Result of combined analysis

116

D from B+

CLEO-c input:: Phys. Rev. D 82 112006. BESIII input:                 
Model-independent method: Giri, Grossmann, Soffer, Zupan, Phys Rev D 68, 054018 (2003).    Optimal binning: Bondar, Poluektov hep-ph/0703267v1 (2007)

γ = (68.7+5.2
−5.1)

∘

LHCb: JHEP 02 (2021) 169

http://www-spires.dur.ac.uk/spires/find/hep/www?eprint=hep-ph/0303187
https://inspirehep.net/literature/1823424
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LHCb: JHEP 02 (2021) 169
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Interpretation

117

e.g. arXiv:1606.09191, PRD96 (2017) no.9, 095009

New gauge boson? Could even be at tree level, i.e. a flavour-
changing Z’ with non-universal couplings.

m(Z’) could be heavy (many TeV),  
fairly light Z’ (~GeV) alo possible  

(see PRD96 (2017) no.9, 095009)

http://arxiv.org/abs/arXiv:1606.09191
http://inspirehep.net/record/1594904?ln=en
http://inspirehep.net/record/1594904?ln=en
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Unitarity triangle�
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Shown are 95% CL constraints on 
apex of triangle from various 
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Model-independent analysis of charm mixing in 
D0 → KSπ+π−

121

LHCb: PRL 127 (2021) 11, 111801

Parameter Value 95.5% CL interval

x [10�3] 3.98+0.56
� 0.54 [2.9, 5.0]

y [10�3] 4.6+1.5
� 1.4 [2.0, 7.5]

|q/p| 0.996± 0.052 [ 0.890, 1.110]
� �0.056+0.047

� 0.051 [�0.172, 0.040]

Uses input from CLEO-c and 
BES III to remove amplitude 

model dependence

This is real data, not simulation. 30.6M signal events  
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BES III to remove amplitude 

model dependence

This is real data, not simulation. 30.6M signal events  

Time-dependent 
analysis in each bin

correct for this effect. The values of Ki and K0
i that are used

to evaluate Nexp
i are determined from the flavor-tagged DT

yields, where corrections from doubly Cabibbo-suppressed
decays, efficiency and migration effects have been applied,
which are explained in detail in Ref. [16].
The values of cð0Þi and sð0Þi are obtained by minimizing the

negative log-likelihood function constructed as

−2 logL ¼ −2
X

i

X

j

lnPðNobs
ij ; hNexp

ij iÞK0
Sπ

þπ−;K0
SðLÞπ

þπ−

− 2
X

i

lnPðNobs
i ; hNexp

i iÞCP;K0
SðLÞπ

þπ− þ χ2;

where PðNobs; hNexpiÞ is the Poisson probability to observe
Nobs events given the expected number hNexpi. Here the
sums are over the bins of theD0 → K0

SðLÞπ
þπ− Dalitz plots.

The χ2 term is used to constrain the difference c0i − ci
(s0i − si) to the predicted quantity Δci (Δsi). The values of
Δci andΔsi are estimated based on the decay amplitudes of
D0 → K0

Sπ
þπ− [30] and D0 → K0

Lπ
þπ−, where the latter is

constructed by adjusting the D0 → K0
Sπ

þπ− model taking
the K0

S and K
0
L mesons to have opposite CP, as is discussed

in Refs. [13,14]. The details of assigning Δci (Δsi) and
their uncertainties δΔci (δΔsi) are presented in Table VI
of Ref. [16].
The measured strong-phase parameters cð0Þi and sð0Þi are

presented in Fig. 3 and Table II. The estimation of
systematic uncertainties is described in detail in Ref. [16].
In addition to our results, Fig. 3 includes the predictions of
Ref. [30] and the results from Ref. [14], which show
reasonable agreement.
In summary, measurements of the strong-phase para-

meters between D0 and D̄0 → K0
S;Lπ

þπ− in bins of phase
space have been performed using 2.93 fb−1 of data
collected at

ffiffiffi
s

p
¼ 3.773 GeV with the BESIII detector.

Compared to the previous CLEO measurement [14], two
main improvements have been incorporated. First, addi-
tional tag decay modes are used. In particular the inclusion
of the πþπ−π0 tag improves the sensitivity to ci and the
addition of theK0

Sðπ0π0missÞπþπ− improves the sensitivity to
si. Second, corrections for bin migration have been
included, as their neglect would lead to uncertainties
comparable to the statistical uncertainty. The results
presented in this Letter are on average a factor of
2.5 (1.9) more precise for ci (si) and a factor of
2.8 (2.2) more precise for c0i (s

0
i) than has been achieved

previously. The strong-phase parameters provide an impor-
tant input for a wide range ofCP violation measurements in
the beauty and charm sectors, and also for measurements
of strong-phase parameters in other D decays where
D → K0

Sπ
þπ− is used as a tag [31,31–34].

To assess the impact of our ci and si results on a
measurement of γ, we use a large simulated data set of
B− → DK−, D → K0

Sπ
þπ− events. Based on the MC

simulation, the uncertainty in γ associated with our uncer-
tainties for ci and si is found to be 0.7°, 1.2°, and 0.8° for
the equal ΔδD, optimal and modified optimal binning
schemes, respectively. For comparison, the corresponding
results from CLEO are 2.0°, 3.9°, and 2.1° [14]. Therefore,
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FIG. 2. Dalitz plots of K0
Sπ

þπ− events in data. The effect of the
quantum correlation is clearly visible. The approximate locations
of events from K0

Sρð770Þ0 are indicated by arrows for clarity.
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FIG. 3. The ci and si measured in this work (red dots with error bars), the predictions of Ref. [30] (black open circles) and the results of
Ref. [14] (green open squares with error bars). The left, middle and right plots are from the equal ΔδD, optimal and modified optimal
binnings, respectively. The circle indicates the boundary of the physical region c2i þ s2i ¼ 1.
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