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LHCb Upgrade I
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luminosity



LHCb Upgrade I
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Vertex Locator 
New silicon pixel 

detector for higher 
granularity

Tracking system 
New silicon Upstream 

Tracker and 
Scintillating Fibre 

tracker

RICH photon detectors 
replaced with MaPMTs

• Major upgrade to readout of 
all subdetectors to move 
from 1MHz readout to 
40MHz

• New data centre and DAQ
• Level-0 hardware trigger 

replaced with all-software 
trigger



Flavour as a probe of new physics
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o studying heavy flavour decays gives sensitivity to BSM quantum fields in the 
loops

o sensitive to energy scales above direct reach of LHC (e.g. up to 100 TeV in 
FCNC b decays)
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Some of LHCb’s greatest hits (so far)
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In practice resonances decaying strongly into J/ p must have a minimal quark content
of ccuud, and thus are charmonium-pentaquarks; we label such states P+

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

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

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

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

(see Table 1). The data are shown as solid (black) squares, while the solid (red) points show the
results of the fit. The solid (red) histogram shows the background distribution. The (blue) open
squares with the shaded histogram represent the Pc(4450)+ state, and the shaded histogram
topped with (purple) filled squares represents the Pc(4380)+ state. Each ⇤⇤ component is also
shown. The error bars on the points showing the fit results are due to simulation statistics.
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Phys. Rev. Lett. 115, 072001 (2015)

Discovery of pentaquarks Discovery of CP violation in baryons

Nature 643 (2025) 1223Phys. Rev. Lett. 122, 211803 
(2019)

Discovery of CP violation in charm
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Figure 1: Mass distribution of the selected B0
(s) ! µ+µ� candidates (black dots) with BDT > 0.5.

The result of the fit is overlaid, and the di↵erent components are detailed.

of 4.6% and 10.9%, respectively. The dependence is approximately linear in the physically
allowed Aµ+µ�

�� range.
For the B0

s ! µ+µ� lifetime determination, the data are background-subtracted with
the sPlot technique [41], using a fit to the dimuon mass distribution to disentangle signal
and background components statistically. Subsequently, a fit to the signal decay-time
distribution is made with an exponential function multiplied by the acceptance function
of the detector. The B0

s candidates are selected using criteria similar to those applied
in the branching fraction analysis, the main di↵erences being a reduced dimuon mass
window, [5320, 6000]MeV/c2, and looser particle identification requirements on the muon
candidates. The former change allows the fit model for the B0

s ! µ+µ� signal to be
simplified by removing most of the B0 ! µ+µ� and exclusive background decays that
populate the lower dimuon mass region, while the latter increases the signal selection
e�ciency. Furthermore, instead of performing a fit in bins of BDT, a requirement of BDT
> 0.55 is imposed. All these changes minimise the statistical uncertainty on the measured
e↵ective lifetime. This selection results in a final sample of 42 candidates.

The mass fit includes the B0
s ! µ+µ� and combinatorial background components.

The parameterisations of the mass shapes are the same as used in the branching fraction
analysis. The correlation between the mass and the reconstructed decay time of the
selected candidates is less than 3%.

The variation of the trigger and selection e�ciency with decay time is corrected for in
the fit by introducing an acceptance function, determined from simulated signal events
that are weighted to match the properties of the events seen in data. The use of simulated
events to determine the decay-time acceptance function is validated by measuring the
e↵ective lifetime of B0 ! K+⇡� decays selected in data. The measured e↵ective lifetime
is 1.52 ± 0.03 ps, where the uncertainty is statistical only, consistent with the world
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First single-experiment observation of 𝑩𝒔𝟎 → 𝝁(𝝁$

Phys. Rev. Lett. 118, 191801 (2017)
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𝐵0𝑠 → 𝐷−𝑠 𝜋+ 𝐵0𝑠 → 𝐵0𝑠 → 𝐷−𝑠 𝜋+ Untagged

Nature Phys. 18 (2022) 1

B meson oscillations Electroweak physics in the forward region

Phys. Rev. Lett. 135 (2025) 161802

https://doi.org/10.48550/arXiv.1507.03414
https://doi.org/10.1038/s41586-025-09119-3
https://doi.org/10.48550/arXiv.1903.08726
https://doi.org/10.48550/arXiv.1903.08726
https://doi.org/10.48550/arXiv.1703.05747
https://www.nature.com/articles/s41567-021-01394-x
https://doi.org/10.48550/arXiv.2505.15582


Part I
CP violation
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CP violation and CKM matrix unitarity
CKM matrix describes relationship 
between quark flavour and mass 
eigenstates:

𝑉"#$ =
𝑉%& 𝑉%' 𝑉%(
𝑉)& 𝑉)' 𝑉)(
𝑉*& 𝑉*' 𝑉*(
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Unitary in SM: V!"#
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9 equations including 
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𝑉.+𝑉.,∗
= 0

A triangle in complex plane.
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𝛼 = arg −
𝑉!"𝑉!#∗

𝑉%"𝑉%#∗
𝛽 = arg −

𝑉&"𝑉&#∗

𝑉!"𝑉!#∗
𝛾 = arg −

𝑉%"𝑉%#∗

𝑉&"𝑉&#∗



Quantum trigonometry: measuring γ
The angle γ measured using interference between tree-level b-decays:
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𝑉%+𝑉%,∗
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Favoured 𝒃 → 𝒄 transition Suppressed 𝒃 → 𝒖 transition 

oBest sensitivity achieved by combining multiple measurements of different 
decay modes (ADS/GLW/GGSZ) 

oDifference between direct and indirect measurements of γ gives sensitivity to NP.



Latest LHCb γ combination
Includes three new LHCb measurements including from 𝐵± → 𝐾:𝐾;𝜋:𝜋; <ℎ± 
and 𝐵± → 𝜋:𝜋;𝜋:𝜋; <ℎ± (ℎ = 𝐾, 𝜋) and new measurements of D decay 
properties.
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Figure 1: Invariant-mass distributions for the (left) B± → DK± and (right) B± → Dω±

selections, for the D → K+K→ω+ω→ decay. The square brackets in the legend denote particles
that are not reconstructed. With the exception of the (red) B± → DK± and (green) B± → Dω±

components, the distributions are stacked.
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Figure 2: Invariant-mass distributions for the (left) B± → DK± and (right) B± → Dω±

selections, for the D → ω+ω→ω+ω→ decay. The square brackets in the legend denote particles
that are not reconstructed. With the exception of the (red) B± → DK± and (green) B± → Dω±

components, the distributions are stacked.

Candidates with masses below that of the signal peak are background from B-meson
decays where an additional pion or photon is not reconstructed. The model describing this
partially reconstructed background, and its associated parameters, are taken from Ref. [10],
with the exception of the contamination from B0

s → D0K→ω+ and B0
s → D0K+ω→ decays

with a pion that is not reconstructed. Instead, for this component, the total size of the
background contamination is taken from the fit results of Ref. [46].

The contamination of charmless decays in the D → K+K→ω+ω→ and ω+ω→ω+ω→

modes is also di!erent from Ref. [10]. In particular, the B± → DK± sample has a
significant charmless contribution. Although this type of background was not included
as part of the baseline fit model in Ref. [10], it is necessary to do so for the four-body
decays described here, due to the larger relative size of this background. Both the
yield and invariant-mass shape of this contribution are fixed from studies of the lower
(upper) sideband of the D → K+K→ω+ω→ (ω+ω→ω+ω→) invariant mass. In these fits, the

9

J. High Energ. Phys. 2026, 62 (2026)

[LHCb-CONF-2025-003]

https://doi.org/10.48550/arXiv.2509.15139
https://doi.org/10.48550/arXiv.2509.15139
https://doi.org/10.48550/arXiv.2509.15139
http://dx.doi.org/10.17181/CERN.GFHE.LM6W
http://dx.doi.org/10.17181/CERN.GFHE.LM6W
http://dx.doi.org/10.17181/CERN.GFHE.LM6W
http://dx.doi.org/10.17181/CERN.GFHE.LM6W
http://dx.doi.org/10.17181/CERN.GFHE.LM6W
http://dx.doi.org/10.17181/CERN.GFHE.LM6W
http://dx.doi.org/10.17181/CERN.GFHE.LM6W


Latest LHCb γ combination
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Figure 1: One-dimensional profile-likelihood scans of the 1 → CL distribution for the CKM angle
ω. In each plot, the total combination, which includes all beauty and charm modes, is shown
in dark blue with a solid line. Relevant external inputs from Table 2 are also included in the
displayed subsets of the total combination. Left: inputs split by contributions from B0

s (light
blue, dotted), B0 (dark orange, dot-dashed), and B+ mesons (red, dashed). Right: inputs split
by contributions from time-dependent (light blue, dotted) and time-integrated (dark orange,
dot-dashed) measurements.
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Figure 2: Two-dimensional profile-likelihood contours for (left) the charm-mixing parameters
x and y, and (right) the |q/p| and ε parameters. The origin of the right-hand plot, which
corresponds to CP conservation in neutral charm-meson mixing, is shown for reference. The
red dashed contours correspond to the combination in Ref. [16], and the blue solid contours
show the result of this combination. Contours are displayed at the 1ϑ and 2ϑ confidence levels,
encompassing 68.3% and 95.4% of the distribution, respectively.
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By B-meson species Time dependent vs time integrated

Direct (this result)
γ = (62.8 ±2.6)∘

Indirect (CKM fitter)
γ = (66.3*+.-./.0)∘

Phys. Rev. D91 (2015) 073007

http://dx.doi.org/10.17181/CERN.GFHE.LM6W
http://dx.doi.org/10.17181/CERN.GFHE.LM6W
http://dx.doi.org/10.17181/CERN.GFHE.LM6W
http://dx.doi.org/10.17181/CERN.GFHE.LM6W
http://dx.doi.org/10.17181/CERN.GFHE.LM6W
http://dx.doi.org/10.17181/CERN.GFHE.LM6W
http://dx.doi.org/10.17181/CERN.GFHE.LM6W
https://doi.org/10.1103/PhysRevD.91.073007


First measurement of γ with Run 3 data 
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γ = (68.1 ±6.7)∘

[LHCb-PAPER-2026-010 – paper in preparation]

Measured with 𝐵± → 𝐷𝐾± and 𝐵± → 𝐷𝜋± with 𝐷 → 𝐾=>𝜋:𝜋; or 𝐷 → 𝐾=>𝐾:𝐾;

• 5.4 fb–1 of 2024 data – higher yields with less integrated luminosity!

Larger uncertainty than previous measurements with fewer events due to:
1) New input values for D-decay parameters from BESIII
2) Location of fit minimum
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Figure 2: Fit to the Dh± invariant mass of the (left) B± → DK± and (right) B± → Dω± decays,
where D → K0

Sω+ω→. The top row corresponds to the long K0
S reconstruction and the bottom

row to the downstream K0
S reconstruction.

by fitting the derived distribution with the sum of two Crystal Ball [44] (CB) functions.275

All parameters are then fixed in the global fit. The complementary background where276

B± → DK± decays are misidentified as B± → Dω± decays is also present though at a277

smaller relative rate due to the lower branching fraction of B± → DK± decays compared278

to B± → Dω± decays. A single CB PDF is su!cient to describe this shape, which is fixed279

from fits to the simulation weighted by the PID e!ciencies determined from calibration280

data. The same shapes are used for both D decays, but are di”erent across the K0
S281

track types. The misidentified yields are determined in the global fit separately for each282

category.283

The background observed at invariant masses smaller than the signal peak are can-284

didates that originate from other B-meson decays where not all of the decay products285

have been reconstructed. This background type is split into three sources: the first where286

the candidate originates from a B± or B0 meson where a photon or pion has not been287

reconstructed, referred to as partially reconstructed background; the second where the288

candidate originates from a B0
s meson; and the third where the candidate originates289

from a B± or B0 and furthermore one of the reconstructed tracks is assigned the kaon290

hypothesis, when the true particle is a pion. The latter is referred to as misidentified291

partially reconstructed background and is only relevant to the B± → DK± category. The292

corresponding background in the B± → Dω± candidates is negligible due to the lower293
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Part II
Exotic hadrons
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New hadrons at LHC
Of the 80 new hadrons discovered at the LHC, 71 observed by LHCb
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Search for the doubly-charmed baryon, Ξ!!" (𝑐𝑐𝑑)
Isospin partner Ξ..:: 𝑐𝑐𝑢 , which was 
previously observed by LHCb:

𝑚 Ξ..:: = 3621.55 ± 0.23 ± 0.30 MeV/c2 

SELEX experiment claimed observation of 
Ξ..:  in 2002 with

𝑚 Ξ..: = 𝑚 Ξ..:: − 100	MeV/c2 

but not confirmed by other experiments. 

With 9 fb−1 Run 1+2 data, LHCb saw 3σ 
excess.
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enhancement, an extended unbinned maximum-likelihood fit
is performed to the m(Λ+c K→ε+) distribution. The signal com-
ponent is described with the sum of a Gaussian function and
a modified Gaussian function with power-law tails on both
sides [77]. The parameters of the signal model are fixed
from simulation except for the common peak position of
the two functions that is allowed to vary freely in the fit.
The background component is described by a second-order
Chebyshev polynomial with all parameters free. A local p-
value is evaluated with the likelihood ratio test for rejection
of the background-only hypothesis assuming a positive sig-
nal [78,79] and is shown in Figure 2. The largest local signif-
icance, corresponding to 3.1 standard deviations (2.7 stan-
dard deviations after considering systematic uncertainties),
occurs around 3620 MeV/c2. Taking into account the look-
elsewhere effect in the mass range of 3500 to 3700 MeV/c2

following ref. [80], the global p-value is 4.2 × 10→2, corre-
sponding to a significance of 1.7 standard deviations. Since
no excess above 3 standard deviations is observed, upper lim-
its on the production ratios are set using the data recorded at√

s = 8 TeV in 2012 and at
√

s = 13 TeV in 2016-2018 after
applying Selection B.

To measure the production ratios, it is necessary to deter-
mine the yields of the normalisation modes. The yield deter-
mination procedure of the prompt Λ+c decays is complicated
by the substantial secondary Λ+c contribution from b-hadron
decays, and is done in two steps. First, the total number
of Λ+c candidates is determined with an extended unbinned
maximum-likelihood fit to the M([pK→ε+]Λ+c ) distribution.
Then, a fit to the log10(χ2

IP) distribution is performed to dis-
criminate between prompt and secondary Λ+c candidates. In-
formation from the Λ+c mass fit is used to constrain the total
number of Λ+c candidates. The shapes of the prompt and sec-
ondary log10(χ2

IP) distributions are described by a Bukin func-
tion [81]. The shape parameters of the prompt and secondary
components are determined from simulation, except for the
mean and the width parameters of the Bukin function, which
are allowed to vary in the fit. The background component
is described by a nonparametric function generated using the
data from the Λ+c mass sideband regions. As an illustration,
the M([pK→ε+]Λ+c ) and log10(χ2

IP) distributions of the Λ+c nor-
malisation mode candidates in the 2018 data set are shown in
Figure 3. The prompt Λ+c yields are summarised in Table 1.

To determine the Ξ++cc yield, an extended unbinned
maximum-likelihood fit is performed to the m(Λ+c K→ε+ε+)
distribution, which is defined in a similar way to eq. (4). The
same signal and background parameterisations are used as
for the signal mode. For the data sample recorded at

√
s =

13 TeV, a simultaneous fit is performed to the m(Λ+c K→ε+ε+)
distributions of the candidates in the 2016, 2017 and 2018
data sets with the shared mean and resolution parameter. As

an illustration, the m(Λ+c K→ε+ε+) distribution for the 2018
data set is shown in Figure 4 along with the associated fit
result. The Ξ++cc yields are summarised in Table 1.
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mass values evaluated with the likelihood-ratio test, for the data sets recorded
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s = 13 TeV. Selection A is applied,
including the Λ+c mass requirement of 2270 MeV/c2 < M([pK→ε+]Λ+c ) <
2306 MeV/c2.
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Table 1 Signal yields for prompt Λ+c → pK→ε+ and Ξ++cc → Λ+c K→ε+ε+

normalisation modes, split by data-taking period. The integrated luminosity
L is also shown for each data-taking period

Period L ( fb→1) N(Λ+c ) (×103) N(Ξ++cc )

2012 2.1 1175.3 ± 2.5 38 ± 10
2016 1.7 7339 ± 12 121 ± 19
2017 1.7 9883 ± 9 153 ± 22
2018 2.2 11184 ± 13 188 ± 24

SELEX 𝜩𝒄𝒄((
[SCPMA 63(2020) 221062]

https://doi.org/10.48550/arXiv.1911.08594
https://doi.org/10.48550/arXiv.hep-ex/0208014


Observation of the doubly-charmed Ξ!!"
New search performed with 6.9 fb–1 of 2024 data.

 

𝑚 Ξ..: −𝑚 Ξ..:: = −1.77 ± 0.84 ± 0.15;@.B>:@.C> MeV/𝑐D

2.5 ×	higher yield per fb–1 due to removal of hardware trigger and improved 
VELO and RICH performance.
 H. Cliff, IOP APP and HEPP Conference 2026, 9 April 2026 22
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Figure 1: Example Feynman diagram contributing to the decay ω+
cc→ ε+

c K
→ϑ+.

measurement of the momentum, p, of charged particles; and two ring-imaging Cherenkov48

(RICH) detectors [74] that are able to discriminate between di!erent species of charged49

hadrons. The readout of all detectors at the LHC collision frequency and the subsequent50

processing of the data in a full-software trigger [75–78] is a central feature of the upgraded51

detector, enabling the reconstruction and selection of events in real time. Compared with52

Run 2, the trigger e”ciency of hadronic decay modes in the 2024 data taking has been53

improved by a factor of 2 to 4, depending on the number of final-state particles, thanks to54

the removal of the hardware trigger. The online reconstruction incorporates near-real-time55

alignment and calibration of the detector [79], which in turn allows the reconstruction of56

the ω+(+)
cc decays to be performed entirely by the trigger software. The momentum scale is57

calibrated using samples of J/ϖ→ µ+µ→ and B+→ J/ϖK+ decays collected concurrently58

with the data sample used for this analysis [80–82], and the calibration is applied o#ine59

along with the latest detector alignments. The relative accuracy of this procedure is60

estimated to be 2↑ 10→4 using samples of other fully reconstructed heavy-flavor hadrons61

including ϱ and ϖ(2S) mesons.62

Simulated samples of signal and control modes are required to model the e!ects of63

the detector acceptance and the imposed selection requirements. In the simulation, pp64

collisions are generated using Pythia 8 [83] with a specific LHCb configuration [84]. A65

dedicated generator, GenXicc 2.0 [85], is used to simulate the doubly charmed baryon66

production, and is interfaced to Pythia 8 to provide the underlying event, parton shower,67

and hadronization generation. Decays of unstable particles are described by EvtGen [86],68

in which final-state radiation is generated using Photos [87]. The interaction of the69

generated particles with the detector, and its response, are simulated using the Geant470

toolkit [88] as described in Ref. [89]. Simulated ω+
cc→ ε+

c K
→ϑ+ (ω++

cc → ε+
c K

→ϑ+ϑ+)71

samples are generated with a mass of 3621.4MeV/c2 and a lifetime of 45 fs [55, 56]72

(256 fs [57]), and samples with di!erent lifetime hypotheses are obtained using a weighting73

technique. Both ω+
cc and ω++

cc baryon decays are generated uniformly within the allowed74

phase space.75

Candidate ε+
c → pK→ϑ+ decays are reconstructed from three charged particles identi-76

fied as a proton, kaon and pion using information from the RICH detectors. The particles77

are required to form a good-quality vertex and be inconsistent with originating from any78

primary pp collision vertex (PV). The ε+
c candidate is required to have a mass in the79

range from 2270 to 2306MeV/c2, which corresponds to three times the mass resolution80

around its known mass. The ε+
c candidate is then combined with two (three) additional81

2
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Figure 4: Mass distribution of the selected ω+
cc candidates in data, with fit results shown.

mass, M(ω+
cc), and the mass di!erence between the ω+

cc and ω++
cc baryons,186

”M → M(ω+
cc)↑M(ω++

cc ), include the e!ects of the momentum-scale calibration, the187

energy loss [100], the selection, the invariant-mass fit model, the uncertainty on the188

ε+
c mass, and the unknown ω+

cc lifetime. They are summarized in Table 1. After the189

momentum-scale calibration, an uncertainty of ±0.02% is assigned, which is estimated by190

using samples of ϑ and ϖ(2S) decays. The energy loss is evaluated following Ref. [100] by191

studying the fitted mass of ϖ(2S)↓ J/ϖϱ+ϱ→ decays as a function of the momentum of192

the pair of pions to determine the bias. The bias on the ω+
cc mass due to the selection is193

estimated using simulation, and has a uncertainty due to the limited size of simulation194

sample. Such bias depends on the unknown ω+
cc lifetime, which introduces a further source195

of uncertainty on the correction. This uncertainty is estimated by repeating the analysis196

for other ω+
cc lifetime hypotheses between 15 and 160 fs (adding approximately 20 fs on197

both sides of the predicted range 36–138 fs). The bias is estimated to be +3.3±0.2MeV/c2198

for 15 fs and +0.1± 0.1MeV/c2 for 160 fs, respectively. These correspond to an additional199

correction of ↑1.3MeV/c2 for 15 fs and +1.9MeV/c2 for 160 fs, and are listed separately.200

The dependence of the measurement on the mass fit model is estimated by varying the201

shape parameters that are fixed according to simulation, by using alternative signal and202

background models (a double Crystal Ball function as signal or an exponential function as203

background), and by repeating the fits in di!erent mass ranges. The largest deviation in204

the results is assigned as a systematic uncertainty. Finally, since the ω+
cc mass is measured205

relative to the ε+
c mass, the uncertainty of 0.14MeV/c2 on the world-average value [96]206

of the latter is included. The total systematic uncertainty is obtained as the sum in207

quadrature of these uncertainties.208

In summary, a significant structure that is consistent with the ω+
cc baryon is observed209

in the final state ε+
c K

→ϱ+ in a pp data sample collected with the LHCb Run 3 detector210

during 2024 at a center-of-mass energy of 13.6TeV, with a signal yield of 915± 120. The211

mass of the structure is measured to be212

M(ω+
cc) = 3619.97± 0.83± 0.26 +1.90

→1.30MeV/c2,

where the first uncertainty is statistical, the second is systematic, and the third is due to213

the unknown ω+
cc lifetime, which is assumed to lie in the range 15–160 fs with a baseline214

6

2 Supplementary material for LHCb-PAPER-2026-512

009513

A local p-value is evaluated with the likelihood ratio test for rejection of the background-514

only hypothesis, and is shown in Fig. 6.515

The mass distributions of the selected ω+
cc candidates for the RS and WS data samples516

are shown in Fig. 8, and the one with the fit results is shown in Fig. 7. These plots are517

zoomed in to focus on the data area.518
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Significance >7σ
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Part III
Rare decays
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Probing new physics with rare beauty decays
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Rare b-decay anomalies
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Theoretical interpretation
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Theoretical interpretation
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Global fits
Fits to a range of FCNC observables 
performed to determine shifts in 
Wilson coefficients, especially:

C9 – electroweak vector penguin
C10 – electroweak axial-vector 
penguin

A flavour universal shift in C9 can 
explain the observed tensions.

Combining multiple measurements 
tension with SM reaches 5.8σ–6.3σ

H. Cliff, IOP APP and HEPP Conference 2026, 9 April 2026 29

416 Eur. Phys. J. Spec. Top. (2024) 233:409–428

Fig. 3 Comparison of the results of the global fits of the different collaborations in the Cµ
9 -C

µ
10 plane. Note that assuming

LFU, the differences would be more pronounced and the significance for NP would be higher. We show the LFV case anyway
because the data for comparison is available

3 b → cτν

The charged current b → cτν is already mediated at tree-level in the SM. Therefore, the corresponding decays
have significant branching ratios, up to O(10−2). For light leptons (muons vs electrons) LFU is satisfied at the
level of a few percent, i.e. RD∗

eµ = BB→D∗eν̄/BB→D∗µν̄ = 0.990±0.031 [65] and RD∗

eµ = 1.001±0.023 [66]. However,
the ratios

R(D(∗)) = BB→D(∗)τν/BB→D(∗)#ν , (13)

with # = e, µ are the main drivers of the anomalies. The tension between the average of the measurements of
BaBar [67, 68], Belle [69–73] and LHCb [17, 74–76]

R(D) = 0.356± 0.029,
R(D∗) = 0.284± 0.013,

(14)

and the corresponding SM predictions

RSM(D) = 0.298± 0.004,
RSM(D∗) = 0.254± 0.005,

(15)

amounts to 3.2σ [77]. This situation is illustrated in Fig. 4.
An analogous behavior, i.e. and enhancement w.r.t. the SM prediction, has been observed for R(J/ψ) =

BBc→J/ψτν/BBc→J/ψµν with the measurement [78]

R(J/ψ) = 0.71± 0.17± 0.18, (16)

and the SM prediction [79–82]

RSM(J/ψ) = 0.258± 0.004. (17)

However, LHCb [83] finds

R(Λc) = 0.242± 0.026± 0.040± 0.059, (18)

123
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New physics…?
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Angular analyses of 𝑏 → 𝑠ℓ"ℓ# 
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J. Albrecht, D. van Dyk and C. Langenbruch Progress in Particle and Nuclear Physics 120 (2021) 103885

Fig. 14. Angular observable P →
5 as measured by the ATLAS [173], Belle [175], CMS [176] and LHCb [178] collaborations. Overlaid is the SM prediction

from Refs. [44,189]. The result from Belle combines lepton flavours and isospin partners.

analysis of the rare b ↑ sω+ω↓ mode B0
s ↑ εµ+µ↓ [144]. As the final state of the decay B0

s ↑ ε(↑ K+K↓)µ+µ↓ is not
flavour specific,6 only a subset of the angular observables discussed in this section is accessible. In particular, the angular
observable P →

5 can unfortunately not be measured with an untagged analysis. Determination of the decay flavour would
require an identification of the initial B0

s production flavour and a decay-time dependent analysis (see Ref. [190]) which
is experimentally challenging. The observables FL, S3,4,7 and the CP-asymmetries A5,6,8,9 measured by the untagged LHCb
analysis [144] are found to be in good agreement with SM predictions [33,36,54,147].

4.2.4. Experimental prospects
An active program to study branching fractions and angular distributions of semileptonic rare decays is currently

underway at the LHC. This effort is joined by the Belle II experiment which has started data taking data with the fully
instrumented detector in March 2019.

The LHCb collaboration continues to explore the combined Run 1 and 2 data sample, and updated analyses for several
modes (e. g. B0 ↑ K ↔0µ+µ↓, B0

s ↑ εµ+µ↓) using the full data sample are expected. Also new approaches to the analysis
of b ↑ sω+ω↓ decays are being discussed. Following a first q2-unbinned analysis of the decay B+ ↑ K+µ+µ↓ [135],
similar q2-unbinned approaches to the more complicated vector mode B0 ↑ K ↔0µ+µ↓ are being explored [137,191–193].
In the longer term future, the LHCb upgrades [17] will provide large samples of rare b-hadron decays7 that will allow to
study b ↑ sω+ω↓ and b ↑ dω+ω↓ transitions with unprecedented precision. While measurements of branching fractions
would be limited by the knowledge of the branching fractions of the normalisation modes B ↑ (K , K ↔, . . .)J/ϑ , the
precision of measurements of ACP and AI is expected to be at the percent level with the LHCb Upgrade II data sample [17].
The uncertainty for angular observables of the decay B0 ↑ K ↔0µ+µ↓ is expected to reach ↭1% for the q2 binning currently
in use, for exclusive b ↑ dµ+µ↓ decays angular analyses with a precision similar to the current precision for b ↑ sµ+µ↓

modes are expected to be feasible [17]. The ATLAS (CMS) experiments expect the P →
5 uncertainties with the 3000 fb↓1 data

sample to reduce by up to a factor of 9 (15), compared to their Run 1 results [194].
The Belle II collaboration expects sensitivities to the B0 ↑ K ↔0ω+ω↓ angular observables of a few percent with the full

50 ab↓1 data sample [83], uncertainties of similar size also are expected for exclusive b ↑ sω+ω↓ branching fractions. The
Belle II data sample would furthermore allow to significantly improve the current knowledge on the branching fractions
of the normalisation modes B ↑ (K , K ↔, . . .)J/ϑ . The very similar performance for b ↑ se+e↓ and b ↑ sµ+µ↓ decays
at Belle II will be particularly beneficial for the lepton flavour universality tests discussed in Section 4.3 below.

4.3. Lepton flavour universality tests in rare B decays

4.3.1. Lepton flavour universality tests Rh
Lepton universality constitutes a central property of the SM and is well established in decays of mesons [195–197],

leptons [76,198] and gauge bosons [199]. Any differences in decay rates originate purely from lepton mass effects in the
SM. The ratios

Rh = ϖ (B ↑ hµ+µ↓)
ϖ (B ↑ he+e↓)

(67)

constitute precise probes of the SM, as hadronic uncertainties arising from form-factors and charm-loop contributions
largely cancel in the ratio. In the intermediate q2 region 1 < q2 < 6GeV2/c4 the ratios RK ,K↔ are therefore precisely

6 Note that this is also the case for the decay B0 ↑ ϱ0(↑ ς+ς↓)ω+ω↓
7 The yields for the decay B0 ↑ K ↔0µ+µ↓ are projected to be of O(400 k) for the LHCb Upgrade II [17]
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Figure 4: Comparison of current measurements of P2 and P
→
5 to a previous P2 measurement by

LHCb [16] and previous P
→
5 results from ATLAS [15], Belle [7], CMS [14], and LHCb [16]. The

inner vertical bars represent the statistical uncertainties, while the outer vertical bars give the
total uncertainties. The horizontal bars show the bin widths.
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Persistent tensions 
with SM in angular 
coefficients:

𝑃,-: (2.1–2.7)σ

𝐴./: (1.7–2.5)σ

depending on q2 region 
and SM predictions used

A. Kauniskangas, ASPEN 2026

 angular analysesb → sℓ+ℓ−
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New results for B0 → K*0ν+ν− [LHCB-PAPER-2025-041]
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Non-local effects from 𝐵$ → 𝐾∗$𝜇"𝜇# data
Fit to entire q2 and angular spectrum, 
including local and non-local effects 
and interference:

ü𝑐 ̅𝑐 loops
ülight hadronic resonances
ü𝐷(∗)K𝐷(∗) loops
ü𝜏:𝜏; loops

Tension persists in fit for Wilson 
coefficients at 2.1σ in C9.

Non-local effects cannot account 
entirely for tension with SM.
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Fit to entire q2 and angular spectrum, 
including local and non-local effects 
and interference:

ü𝑐 ̅𝑐 loops
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Non-local effects from 𝐵" → 𝐾"𝜇"𝜇# data
Fit to the dimuon mass spectrum, floating one- and two-particle non-local 
contributions.

Hadronic form factors from theory.
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Figure 4: Likelihood profiles of CV and CA resulting from a fit to the data using the B+ → K+

local form-factor determination from (left) the HPQCD collaboration [36] and (right) the
FNAL/MILC collaboration [37]. The di!erent curves correspond to the 68.3%, 95.4% and 99.7%
confidence intervals that include systematic uncertainties. The SM point is shown as a star.

Figure 5: Likelihood profile of (left) C9 while fixing C10 to the SM value, and (right) C10 while
fixing C9 to the SM value. In both cases, C →

9 and C →
10 are set to their SM value of zero, and

the HPQCD local form-factor computations are used. The 68.3%, 95.4% and 99.7% confidence
intervals are indicated as green bands and include systematic uncertainties. The SM point (star)
is also shown.

data [8] as shown in Fig. 6. A good agreement is seen between the two determinations.
Figure 6 also shows the e!ect of the nonlocal amplitude and its interference with the local
part in the B+→ K+µ+µ↑ decay rate. In the region 1.5 < q2 < 8.0GeV2/c4 the nonlocal
e!ects are minor, but become important outside this region.

16

HPQCD FNAL/MILC

Tension depends on theory 
input:

HPQCD: 4σ
FNAL/MILC: 1.6σ

HOT OFF THE PRESS!



Search for 𝐵" → 𝜋"𝑒"𝑒#
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Figure 2: Invariant-mass distribution of selected B+→ ω+e+e→ candidates in each of the eight
signal categories. The results of the fit are also shown.

fraction is determined to be203

B(B+→ ω+e+e→) = (2.4 +0.9
→0.8

+0.4
→0.2) ↑ 10→8,

where the first uncertainties are statistical and the second are systematic. This result204

should be interpreted as a measurement of the total branching fraction in the entire205

q2 range accessible, including the regions of q2 not measured in this analysis. The206

extrapolation to the full q2 range is performed using B+→ ω+e+e→ simulation in which cc̄207

resonances are not included [26]. The significance of the signal contribution is estimated208

using Wilks’ theorem and found to be 3.2ε, taking into account systematic uncertainties.209

This constitutes the first evidence for the B+→ ω+e+e→ decay. The profile-likelihood210

function is shown in the Supplemental Material [36].211

The fit is also repeated by allowing the branching fraction to vary independently in212

the low-q2 and high-q2 regions, and the results are found to be consistent with each other.213

The branching fractions are determined to be214

B(B+→ ω+e+e→)[0.045,6]GeV2/c4 = (0.76 +0.30
→0.27

+0.14
→0.08) ↑ 10→8,

B(B+→ ω+e+e→)[15,25]GeV2/c4 = (0.40 +0.52
→0.45

+0.24
→0.22) ↑ 10→8.

The significance of the signal in these two regions is 3.2ε and 0.8ε, respectively. As215

no signal is observed in the high-q2 region, an upper limit to the branching fraction is216

computed to be B(B+→ ω+e+e→)[15,25]GeV2/c4 < 1.25 (1.49) ↑ 10→8 at 90 (95)% CL. All of217

the results above are in good agreement with the SM expectation [8].218

In summary, a search for the B+→ ω+e+e→ decay has been performed using the219

full dataset collected by the LHCb experiment during Run 1 and Run 2 of the LHC,220

corresponding to an integrated luminosity of 9 fb→1. The signal is observed with a221

significance of 3.2ε and the branching fraction is determined for the first time. The result222

is in good agreement with the SM expectation and represents the first evidence for a223

b → de+e→ transition.224

6

First evidence 
for a 𝒃 → 𝒅𝒆:𝒆; 
decay at 3.2σ

ℬ 𝐵: → 𝜋:𝑒:𝑒; = 2.4;>.M	;>.D:>.C	:>.O ×10;M

Consistent with SM and Lepton-Flavour Universality.

EVEN HOTTER OFF THE PRESS!
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𝐵 &
$ → 𝐾∗$ /𝐾∗$ decays

𝐵> → 𝐾∗>K𝐾∗> and 𝐵H> → 𝐾∗>K𝐾∗> decays proceed via 𝑏 → 𝑑𝑠𝑠̅ 
and 𝑏 → 𝑠𝑑𝑑̅ gluonic loop transitions.

Highly suppressed à sensitive to NP. The quantity:

𝐿P∗" QP∗" = 𝒢
ℬ 𝐵H> → 𝐾∗>K𝐾∗>

ℬ 𝐵> → 𝐾∗>K𝐾∗>
𝑓RH

𝑓R+

Is of interest - hadronic uncertainties largely cancel. 
Previous measurements by LHCb show tension with 
theory:
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Standard Model

1 Introduction

In the Standard Model (SM) of particle physics, the B0→ K→0K→0 and B0
s → K→0K→0

decays proceed predominantly via the b→ dss and b→ sdd gluonic loop (penguin) transi-
tions, respectively, as illustrated in Fig. 1(a).1 Because of their loop-suppressed nature,
these processes o!er a sensitive probe for New Physics (NP), as contributions from particles
beyond the SM, for example those shown in Fig. 1(b), can lead to sizeable deviations from
the SM predictions for certain observables [1–8].

Quantities of particular interest are those for which theoretical uncertainties from
nonperturbative hadronic interactions can be well controlled. The B0→ K→0K→0 and
B0

s → K→0K→0 decays provide a set of such quantities and are thus considered in the
literature as golden channels for NP searches [9,10]. Given the identical final state of both
decays, U-spin symmetry, which reflects the approximate invariance of the amplitudes under
the interchange of s and d quarks, may be applied. One particular theoretically motivated
quantity is the amplitude-squared ratio of the longitudinal components contributing to
B0

s and B0 decays [10–12], defined as

LK→0K→0 ↑ GB(B0
s → K→0K→0)

B(B0→ K→0K→0)

f s
L

fd
L

, (1)

where B denotes the branching fraction of the indicated decay, fd
L and f s

L represent the
longitudinal polarisation fractions forB0→ K→0K→0 andB0

s → K→0K→0 decays, respectively,
and G = 1.014± 0.004 is a factor accounting for the di!erences in the measured mass and
lifetime between the B0 and B0

s mesons [10]. Hadronic uncertainties largely cancel in this
ratio in theoretical calculations. From an experimental perspective, the observable LK→0K→0

b s
t, c, u

d

d

ss

(a)

g
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b s

d

d
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g
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B0
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Figure 1: (a) Hadronic penguin diagrams contributing to B0
s → K→0K→0 decays in the SM, and

(b) an example of a NP contribution mediated by particles — gluinos (g̃) and squarks (b̃, s̃) — in
a supersymmetric model, where + indicates an squark transition. The interchange of all s quarks
for d quarks, and vice versa, results in the corresponding diagrams for B0 → K→0K→0 decays.

1Throughout this paper, the inclusion of charge-conjugate processes is implied, and the symbol K→0

specifically denotes the K→(892)0 state.
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1

LHCb: 𝐿P∗" QP∗" = 4.43 ± 0.92

Theory: 𝐿P∗" QP∗" = 18.34;S.MB:T.OT or 26.08;O.TD:S.T>

JHEP 04 (2021) 066

JHEP 09 (2025) 188



New measurements of 𝐵 &
$ → 𝐾∗$ /𝐾∗$ decays

New time and flavour-integrated amplitude analysis to determine longitudinal 
polarisation fractions and branching fractions, using 9 fb–1 Run 1+2 data.
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This result: 
𝐿P∗" QP∗"
= 4.92 ± 0.55 stat ± 0.47 syst
± 0.02 ext ± 0.10 𝑓H/𝑓+

Tension confirmed at 4.4σ

Figure 5: Background-subtracted distributions and fit results for the B0
s → (K+ω→)(K→ω+) data

candidates in the transversity basis of (top) the angular variables and (bottom) theK±ω↑ masses.

Figure 6: Background-subtracted distributions and fit results for the B0 → (K+ω→)(K→ω+) data
candidates in the transversity basis of (top) the angular variables and (bottom) theK±ω↑ masses.
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LHCb Upgrade II

Global changes:
• Fast timing to reduce backgrounds
• Radiation hardness
• New silicon tracker to replace central region of SciFi
• Removal of HCAL,
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Detector for the HL-LHC era
Most physics statistically rather than 
systematically or theoretically limitedà 
motivates high luminosity experiment. 

Aim to record 300fb–1 by end of HL-LHC.

For more see talk by Silvia tomorrow.

https://indico.global/event/16271/contributions/148747/


LHCb Upgrade II
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Targeting huge improvements in precision on key flavour observables
Table 1: Anticipated uncertainties at future upgrades of LHCb for some key flavour observables,
modified and updated from Refs. [5, 6]. 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. [6] 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
ω (B → DK, etc.) 2.8↑ [20, 21] 1.3↑ 0.8↑ 0.3↑

εs (B0
s → J/ωε) 20 mrad [24] 12 mrad 8 mrad 3 mrad

|Vub|/|Vcb| (ϑ0
b → pµ→ϖµ, etc.) 6% [56,57] 3% 2% 1%

Charm
!ACP (D0

→ K+K→, ϱ+ϱ→) 29 ↑ 10→5 [27] 13 ↑ 10→5 8 ↑ 10→5 3.3 ↑ 10→5

A! (D0
→ K+K→, ϱ+ϱ→) 11 ↑ 10→5 [31] 5 ↑ 10→5 3.2 ↑ 10→5 1.2 ↑ 10→5

!x (D0
→ K0

Sϱ
+ϱ→) 18 ↑ 10→5 [58] 6.3 ↑ 10→5 4.1 ↑ 10→5 1.6 ↑ 10→5

Rare decays
B(B0

→ µ
+
µ
→)/B(B0

s → µ
+
µ
→) 69% [32,33] 41% 27% 11%

Sµµ (B0
s → µ+µ→) — — — 0.2

A
(2)
T (B0

→ K↓0e+e→) 0.10 [59] 0.060 0.043 0.016
Sωε(B0

s → εω) 0.32 [60] 0.093 0.062 0.025
ϑε(ϖ0

b → ϖω) +0.17
→0.29 [61] 0.148 0.097 0.038

di”erent scoping scenarios on many LHCb Upgrade II physics measurements.

1.2 Machine considerations

The HL-LHC has been optimised to deliver ↓ 250 fb→1 per year to ATLAS and CMS
starting from Run 4 until the end of the machine operations, presently foreseen in 2041.
The baseline HL-LHC configuration is already compatible with operating LHCb at the
Upgrade I nominal luminosity of 2 ↑ 1033 cm→2 s→1, as is planned until the end of Run 4.
The main operational parameters of the accelerator during Run 5, which is the period of
interest for LHCb Upgrade II, and the collision figures expected for ATLAS and CMS are
listed in Table 2. The quoted numbers of pp operation days per year and machine e#ciency,
which are crucial to achieve the target integrated luminosity, are based on solid experience
of LHC operation together with a robust plan of support for the accelerator infrastructure
until the end of the LHC lifetime. On the other hand, the total number of colliding
bunches, which is a critical parameter to maximise the instantaneous luminosity while
limiting the pile-up in the experiments, is estimated assuming that a larger margin can be
gained in the cryogenics by solving the electron cloud problem. This problem is a limiting
factor during Run 3, with direct implications on the per-bunch proton population and
the total number of bunches injected into the machine. A complete plan of interventions
is already scheduled during LS3 to address the limiting electron cloud e”ects. Possible
additional interventions in LS4, after evaluating the experience of LS3, are likely to be
useful, in particular to study e”ects around IP8 given the anticipated increase of peak
instantaneous luminosity described in this document.

In addition, operation above 2 ↑ 1033 cm→2 s→1 requires physical modifications to the
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Experiment ATLAS CMS LHCb Belle II

Assumed data sample 3000 fb→1 3000 fb→1 300 fb→1 50 ab→1

CKM angles

ω — — 0.08↑ 0.3↑

ε — — — 0.6↑

ϑ — — 0.3↑ 1.0↑

ϖs [mrad] (4→ 9) 3 3 —

CP violation in loop-dominated decays

S(B0 ↑ ϱ↓K0
S) — — — 0.015

ϖs(B0
s ↑ ϖϖ) [mrad] — — 9 —

ϖs(B0
s ↑ K↔0K↔0) [mrad] — — 8 —

CP violation in B0
(s)–B

0
(s) mixing

assl — — 3 —

adsl — — 2 6.2

CP violation in the charm sector

!ACP [10→5] — — 3.3 60

ACP (D+,0 ↑ ς+,0ς0) [10→5] — — 100, — 130, 70

A!(KK, ςς) [10→5] — — 1.2 —

!x(D0 ↑ K0
Sς

+ς→) [10→5] — — 1.6 40

Semileptonic B decays

|Vub| — — 1% 1.2%

|Vcb| — — — 1.0%

R(D), R(D↔) — — 3.3%, 3.0% 1.4%, 1.0%

Leptonic B decays

B(B0
s ↑ µ+µ→) [10→9] (0.33→ 0.40) 0.22 0.16 —

B(B0 ↑ µ+µ→) [10→10] (0.32→ 0.48) 0.12 0.12 —

φe”(B0
s ↑ µ+µ→) [ps] +(0.07→0.11)

→(0.05→0.08) 0.05 0.05 —

S(B0
s ↑ µ+µ→) — — 0.2 —

B(B+ ↑ φ+↼ω ) — — — 6%

B(B+ ↑ µ+↼µ) — — — 5%

Flavour-changing neutral current b → sωω decays

P ↓
5(B

0 ↑ K↔0µ+µ→) [10→3] † (47→ 82) 23 12 —

B(B+,0 ↑ K+,↔0↼↼) — — — 8%, 23%

B(B+,0 ↑ K+,↔0φ+φ→) [10→4] — — — < 0.9, < 1.5

Flavour-changing neutral current b → sε decays

B(B ↑ Xsϑ;Eε > 1.6GeV) — — — (4.7→ 8.8)%

S(B0 ↑ K0
Sς

0ϑ) — — — 0.04

S(B0
s ↑ ϖϑ) — — 0.025 —

A(2)
T (B0 ↑ K↔0e+e→; very low q2) — — 0.016 0.08

εε(!0
b ↑ !0ϑ) — — 0.038 —

Lepton flavour violation in ϑ decays

B(φ+ ↑ µ+ϑ) [10→8] — — — < 0.7

B(φ+ ↑ µ+µ+µ→) [10→8] < (0.13→ 0.64) < 0.39 < 0.26 < (0.02→ 0.17)
† The sensitivity for the P ↓

5 variable is quoted for the range q2 ↓ [4.0, 6.0]GeV2 for ATLAS

and LHCb and q2 ↓ [4.3, 6.0]GeV2 for CMS.

Table 3: Sensitivity to the selected key observables from the di!erent experiments with their final

data samples, recorded by the early 2040s. Uncertainties quoted as % are relative to the mea-

sured or SM central value. Upper limits, indicated by <, are at 90% confidence level assuming

negligible signal yield.
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Exciting and unique physics programme 
underway at LHCb:

• World-leading measurements of CP 
violation
• Discoveries of new exotic hadronic states
• Intriguing anomalies in suppressed beauty 

decays
• And much more besides that I couldn’t 

cover: charm, electroweak, exotica, mixing

Only scratched the surface so far – collected 
just 10% of our target data set.

Stay tuned for many 
more Run 3 results in the 

near future

Recording 1 fb–1 
per week!
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Lepton universality in charged-current decays
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68% CL contours
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Tests of lepton universality in charged-
current B decays

𝑅 𝐷 =
ℬ 𝐵 →  𝐷 𝜏 𝜈0
ℬ 𝐵 → 𝐷 ℓ 𝜈ℓ

𝑅 𝐷∗ =
ℬ 𝐵 → 𝐷∗ 𝜏 𝜈0
ℬ 𝐵 → 𝐷∗ ℓ 𝜈ℓ

Combined tension with the arithmetic 
average of SM predictions at 3.8σ.

b c

⌫̄e, ⌫̄µ

e�, µ�

W�
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⌫̄⌧
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Branching ratios
Tensions with the SM in differential branching ratios of several 𝑏 → 𝑠𝜇(𝜇& processes

o Multiple measurements are below SM predictions at low dilepton mass squared (𝑞3)
o SM predictions suffer from (shrinking) hadronic uncertainties
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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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𝐵)* → 𝜙𝜇(𝜇+
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Figure 1: Results for the CP -averaged angular observables →Sc
2, AFB and dB/dq2 from fit

configuration (i), and P →
5 from fit configuration (ii), in bins of q2. In the approximation of

massless leptons, →Sc
2 is equivalent to the longitudinal polarisation fraction FL. The data

are compared to the SM predictions described in the text. The error bars show the total
uncertainties.

SM predictions are also shown, obtained using: the Flavio package [93], where local
form factors and long-distance e!ects are parameterised according to Ref. [27] (BSZ)
and Ref. [13], respectively; the EOS package [94], where form factors are taken from
Ref. [25,31,95] (GRvDV); or directly from Ref. [19] (ABCDMN). Taking into account the
overlap between the data samples, the results of the fit configuration (v) are in excellent
agreement with those reported in Ref. [5].

Considering the observables individually, the results are largely in agreement with the
SM predictions. However, tensions with SM predictions in localised regions of phase space
have broadly increased relative to the levels reported in Ref. [5]. The P →

5 observable in the
4.0 < q2 < 6.0GeV2/c4 and 6.0 < q2 < 8.0GeV2/c4 bins is discrepant with the the GRvDV
(ABCDMN) predictions at 2.6 and 2.7 standard deviations (ω) (2.1 and 2.4ω), respectively.
Additionally, P →

5 is in tension with the same predictions in the 1.1 < q2 < 2.5GeV2/c4

bin at the level of 2.7ω (1.6ω). The forward-backward asymmetry, AFB, shows dis-
crepancies with the BSZ (GRvDV) SM predictions in the 2.5 < q2 < 4.0GeV2/c4 and
4.0 < q2 < 6.0GeV2/c4 bins, with tension at the level of 2.5 and 1.9ω (2.2 and 1.7ω). The
di!erential branching fraction is also 2.1ω (1.5ω) below the BSZ (GRvDV) SM predictions
when considered in the q2 bin 1.1 < q2 < 6.0GeV2/c4.

The Flavio [93] and EOS [94] software packages are used to fit the configuration (i)
results, varying the parameter Re(C9). For the Flavio package, the default values of
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Branching ratios
Improved SM predictions for 𝐵((,6) → 𝐾((,6)𝜇(𝜇& using using form factors from lattice QCD
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observe the progress of experimental results, in comparison
with our own numbers. In the discussion of branching
fraction B (for l ∈ fe; μg) that follows, we will group
experimental data by B=K charge, as our results are
sensitive to this. We will not group results by e or μ lepton
flavor because our results (in the SM) are not sensitive to
this (see Appendix C for tables including our results for
different l). In the case of lepton flavor, experiments
sometimes give e and μ values separately and sometimes
both together. In this latter scenario we will call the lepton l
and take an average of e and μ. All these will be treated
together for a givenB=K charge. Similarly, results are given
for a fixed meson charge, as well as for the average of the
charged and uncharged case. We will use the following
labeling conventions, which are adopted in many exper-
imental papers. Where a charge is specified, it will be
labeled, with the unlabeled case indicating the average
of the charged and neutral cases. Similarly, e and μ leptons
will be labeled explicitly, with l indicating an average of
the two. Where possible in plots comparing values with
experiment, one set of charges or lepton flavors will be
given in red, the other in blue, and the average in purple.

1. Differential branching fraction and integrals over
low- and high-q2 regions avoiding cc̄ resonances

Figures 3, 4, and 5 show our calculation (as a blue band)
of the differential branching fractions for the cases of
positively charged mesons, neutral mesons, and the average
of the two, respectively, across the full physical q2 range.
Note that the different charges give shapes which vary not
just because of the overall factor of the lifetime τB0=þ , but
also because of the charge dependence of the corrections
to Ceff;0

9 detailed in Appendix B. The black vertical bands
indicate regions vetoed because of the J=ψ and ψð2SÞ
resonances, not included in our calculation. As discussed

in Sec. II A 3, our result is interpolated across these regions
and the gap between them.
Experimental results for decays to electrons, muons or

both (averaged) are displayed in each case as colored
points, with the results shown for each experimental q2 bin.
The horizontal error bars on the experimental results reflect
the width of the bin. Some of the experimental results are
for l ¼ e and some for l ¼ μ; our results are insensitive to
the difference. The experiments ignore data taken in the
black vetoed regions, but there are results in between these
regions. However, we cannot make a reliable comparison
between our short-distance SM results and the experimental
results between the vetoed regions.
Figures 3, 4, and 5 show that our results are somewhat

higher than experiment in most cases, particularly in the
region 4 ≤ q2=GeV2 ≤ 8.68. This is most clearly visible in
Fig. 3, where the tension between our result and the most
precise data from LHCb is obvious.

FIG. 3. Differential branching fraction for Bþ → Kþlþl−,
with our result in blue, compared with experimental results
[15,16,18,19,21,23]. Note that Belle ’19, and LHCb ’14C and ’21
have l ¼ e, while otherwise l ¼ μ. Horizontal error bars indicate
bin widths.

FIG. 4. Differential branching fraction for B0 → K0lþl−, with
our result in blue, compared with experimental results [16,17,19].
All experimental results take l ¼ μ. Horizontal error bars
indicate bin widths.

FIG. 5. Differential branching fraction for B → Klþl−, with
our result in blue, compared with experimental results [12,14,16].
CDF ’11 takes l ¼ μ, while Belle ’09 and Babar ’12 do not
differentiate e from μ. Horizontal error bars indicate bin widths.
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9 detailed in Appendix B. The black vertical bands
indicate regions vetoed because of the J=ψ and ψð2SÞ
resonances, not included in our calculation. As discussed

in Sec. II A 3, our result is interpolated across these regions
and the gap between them.
Experimental results for decays to electrons, muons or

both (averaged) are displayed in each case as colored
points, with the results shown for each experimental q2 bin.
The horizontal error bars on the experimental results reflect
the width of the bin. Some of the experimental results are
for l ¼ e and some for l ¼ μ; our results are insensitive to
the difference. The experiments ignore data taken in the
black vetoed regions, but there are results in between these
regions. However, we cannot make a reliable comparison
between our short-distance SM results and the experimental
results between the vetoed regions.
Figures 3, 4, and 5 show that our results are somewhat

higher than experiment in most cases, particularly in the
region 4 ≤ q2=GeV2 ≤ 8.68. This is most clearly visible in
Fig. 3, where the tension between our result and the most
precise data from LHCb is obvious.

FIG. 3. Differential branching fraction for Bþ → Kþlþl−,
with our result in blue, compared with experimental results
[15,16,18,19,21,23]. Note that Belle ’19, and LHCb ’14C and ’21
have l ¼ e, while otherwise l ¼ μ. Horizontal error bars indicate
bin widths.

FIG. 4. Differential branching fraction for B0 → K0lþl−, with
our result in blue, compared with experimental results [16,17,19].
All experimental results take l ¼ μ. Horizontal error bars
indicate bin widths.

FIG. 5. Differential branching fraction for B → Klþl−, with
our result in blue, compared with experimental results [12,14,16].
CDF ’11 takes l ¼ μ, while Belle ’09 and Babar ’12 do not
differentiate e from μ. Horizontal error bars indicate bin widths.
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Anatomy of 𝑏 → 𝑠ℓ"ℓ# decays
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Angular analyses of 𝑏 → 𝑠ℓ"ℓ# 
Angular analyses of 𝑏 → 𝑠ℓ(ℓ& decays provide NP sensitivity via angular coefficients
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The differential decay 
rate is described in 
terms of the decay 
angles and angular 
coefficients

Ratios of angular coefficients 
are often constructed to 
reduce hadronic 
uncertainties. e.g.

𝑃,- =
𝑆,

𝐹8 1 − 𝐹8



Figure 1: Illustration of the !0
b production in a pp collision and decay into the

pK→ω+ω→ final state. The two inset diagrams on the left illustrate the fundamental tree-type
and loop-type quark-level processes that mediate the ω0

b → pK→ε+ε→ decay. The quarks in
these processes eventually form p, K→, ε+, and ε→ particles, combined with further uū and
dd̄ quark pairs created from the vacuum. The final states may also arise through intermediate
hadronic resonances. The resulting hadrons are directly detected by the LHCb detector.

oppositely charged pions, represented as ω0
b → pK→ε+ε→. This decay proceeds through

b → u or b → s quark-level transitions, and the measured final-state particles include
contributions from various possible intermediate hadronic resonances. In the following,
CP -conjugated particles or decays are included if not otherwise specified. The constituents
of the ω0

b baryon are like those of the proton (made of uud quarks), with one of the u
quarks replaced by a b quark. The amount of CP violation in ω0

b decays is quantified
by the asymmetry, ACP , defined as the relative di!erence between the rates, ” of the ω0

b

decay and the CP -conjugated ω0
b decay,

ACP ↑ ”(ω0
b → pK→ε+ε→)↓ ”(ω0

b → pK+ε→ε+)

”(ω0
b → pK→ε+ε→) + ”(ω0

b → pK+ε→ε+)
. (1)

Our experimental procedures are detailed in Methods.
According to the Standard Model, this asymmetry arises from the interference between

the ‘tree’ and ‘loop’ quark-level amplitudes [22] of the ω0
b baryon decay, which is mediated

by the weak interaction, as illustrated by the Feynman diagrams in Fig. 1. These two
complex amplitudes [23] are associated with phases (referred to as weak phases) derived
from the products of CKM matrix elements VubV

↑
us and VtbV

↑
ts. The di!erence in weak

phases between the two amplitudes plays a crucial role in CP violation. Additionally, strong
interactions between quarks can introduce a possible strong-phase di!erence between the
two amplitudes. The weak phases change sign from ω0

b to ω0
b decays, whereas the strong

phases are the same. For a sizeable CP violation to occur, the two amplitudes must have
similar magnitudes and substantial di!erences in both weak and strong phases. However,
although the weak phases are defined by the CKM mechanism, the strong phases and
magnitudes of the amplitudes depend on the process and are challenging to calculate due to

2

First observation of CP violation in baryons!

𝒜%9 =
Γ Λ:6 → 𝑝𝐾&𝜋(𝜋& − Γ Λ:6 → 𝑝̅𝐾(𝜋&𝜋(

Γ Λ:6 → 𝑝𝐾&𝜋(𝜋& + Γ Λ:6 → 𝑝̅𝐾(𝜋&𝜋(
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Two interfering 
amplitudes with 
different weak 
and strong 
phases lead to 
CP violation

Nature 643 (2025) 1223

https://doi.org/10.48550/arXiv.2503.16954


First observation of CP violation in baryons
Performed using Run 1 and Run 2 dataset: 9 fb–1

Production and detection asymmetries controlled using Λ;6 → Λ<( 𝑝𝐾&π( π– decays.
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Nature 643 (2025) 1223

𝒜%9 = (2.45 ± 0.46 ± 0.10)%

CPV at 5.2σ
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Figure 2: Mass distributions together with the fittedprojections. Mass distributions
for the signal channel: ω0

b → pK→ε+ε→(a) and ω0
b → pK+ε→ε+(b). The di!erent components

used in the fit are described in detail in Methods and listed in the legend. The area under a curve
represents the yield of the corresponding component. Comb. bkg., combinatorial background.

production cross section of the ω0
b baryon is slightly higher than that of the ω0

b baryon [34],
resulting in a production asymmetry. Second, because particles and antiparticles behave
di!erently when they interact with the detector material, which is made of matter rather
than antimatter, a small detection asymmetry arises. These e!ects, collectively referred
to as nuisance asymmetries, were measured to be around 1%, depending on the momenta
of the beauty baryon or the final-state particles, and must be subtracted from AN .

The decay ω0
b → ω+

c ε
→ with ω+

c → pK→ε+ was used as the control channel when
subtracting the nuisance asymmetries. It proceeds through a single dominant quark-level
process. Therefore, CP violation was not expected. Consequently, the yield asymmetry
in the control channel was primarily due to the nuisance asymmetries, measured as
AN = (1.25± 0.23)%. Mass distributions for the control channel are shown in Extended
Data Fig. 1. The di!erence between nuisance asymmetries in the signal channel and
the control channel was measured to be 0.01%, demonstrating the e!ective cancellation
between the two decays. Details on the measurement of nuisance asymmetries are given
in Methods.

The CP asymmetry of the signal decay was obtained from its yield asymmetry by sub-
tracting the control-channel yield asymmetry and the di!erence in nuisance asymmetries,
leading to the measurement

ACP = (2.45± 0.46± 0.10)% .

The first uncertainty arises from the sample sizes of both the signal and control channels,
whereas the second is due to nuisance asymmetries and the choice of mass-fit models for
ω0

b and ω0
b . This CP asymmetry di!ers from zero by 5.2 standard deviations, marking the

observation of CP violation. The robustness of the measurement was confirmed across
di!erent data collection periods, LHCb magnetic-field configurations, which a!ect the
trajectory of charged particles, various event-selection scenarios, di!erent momentum

4

https://doi.org/10.48550/arXiv.2503.16954


New measurements of 𝐵 &
$ → 𝐾∗$ /𝐾∗$ decays

New time and flavour-integrated amplitude analysis to determine longitudinal 
polarisation fractions and branching fractions, using 9 fb–1 Run 1+2 data.
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Figure 2: Distributions and fit results of the K+ω→K→ω+ mass for the (top) signal modes,
(bottom left) B0 normalisation mode and (bottom right) B0

s normalisation mode. Equivalent
plots on a logarithmic scale are shown in Fig. 7 in Appendix A.

5 Amplitude analysis

Following the convention in Ref. [69], the di!erential decay width of the B0
(s) meson can

be expressed as

d2”(#4, t, qtag)

d#4 dt
→ e→t/ω

[(
|A(#4)|2 + |A(#4)|2

)
cosh

($”

2
t
)

↑2Re
(
A↑(#4)A(#4)

)
sinh

($”

2
t
)

+qtag
(
|A(#4)|2 ↑ |A(#4)|2

)
cos

(
$mt

)

+2 qtag Im
(
A↑(#4)A(#4)

)
sin

(
$mt

)]
,

(2)

where #4 is the set of four-momenta of the final-state particles characterising the phase-
space position of the four-body B0

(s) ↓ K+ω→K→ω+ decay, t is the decay time, and qtag
denotes the initial-state flavour: +1 for B0

(s), and ↑1 for B0
(s) states. The amplitudes

A(#4) and A(#4), detailed in Sec. 5.1, are the static decay amplitudes of the B0
(s) and

6

ℬ 𝐵>6 → 𝐾∗6𝐾∗6 = 0.932 ± 0.025 ± 0.018 ± 0.036 ×10&, 

ℬ 𝐵6 → 𝐾∗6𝐾∗6 = 4.69 ± 0.29 ± 0.43 ± 0.16 ×10&? 
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Search for 𝐵" → 𝜋"𝑒"𝑒#
Experimentally challenging:
1. Poor mass resolution due to 

bremsstrahlung of electrons
2. Low predicted branching fraction ~2×10–M
3. Significant backgrounds:

• Combinatorial
• b → se(e& decays with K → π misID
• Misidentified hadronic decays

Approach:
• Stringent PID selection
• Extensive background studies
• Complex multi-region fit
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Figure 45: Stacked invariant mass distributions of signal and physical backgrounds in the
combined signal regions (low and high q2, both brem categories and with BDT> 0.225). Each
decay mode is plotted using a Double Crystal Ball PDF determined from a fit to simulated events,
and normalised to the estimated number of candidates from the background estimation procedure
given in Table 29. The signal B+

→ ω+e+e→ is shown plotted on the top of the stack, with
its yield determined assuming lepton universality and based on the measured B+

→ ω+µ+µ→

branching fraction. Only backgrounds with a predicted yield greater than 0.1 candidates and
with an estimated yield divided by its error larger than 2ε are plotted.
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Search for 𝐵" → 𝜋"𝑒"𝑒#

Extremely rare 𝑏 → 𝑑ℓ:ℓ; transition, 
supressed vs 𝑏 → 𝑠ℓ:ℓ; by a factor:

V*& D

V*' D
~23

Sensitive to NP in branching ratio, CP 
asymmetry, and LFU observables, and to NP 
that doesn’t preserve flavour structure of SM.
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ū ū
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Search for 𝐵" → 𝜋"𝑒"𝑒#

Extremely rare 𝑏 → 𝑑ℓ:ℓ; transition, 
supressed vs 𝑏 → 𝑠ℓ:ℓ; by a factor:

V*& D

V*' D
~23

Sensitive to NP in branching ratio, CP 
asymmetry, and LFU observables, and to NP 
that doesn’t preserve flavour structure of SM.

𝐵: → 𝜋:𝜇:𝜇; discovered by LHCb in Run 1 but 
no 𝑏 → 𝑑𝑒:𝑒; transitions yet observed.
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Figure 2: The fit to the invariant mass distribution of (left) selected B+! ⇡+µ+µ� candidates
and (right) selected B+! K+µ+µ� candidates, with the total model and separate components
as described in the legend.

Table 1: The yields of B+! ⇡+µ+µ� decays in bins of dilepton invariant mass squared, with
statistical uncertainties.

q2 bin (GeV2/c4) B+! ⇡+µ+µ�

0.1 – 2.0 22.5 +
�

5.5
4.8

2.0 – 4.0 7.5 +
�

4.9
4.0

4.0 – 6.0 11.1 +
�

4.2
3.5

6.0 – 8.0 9.5 ± 3.9

11.0 – 12.5 10.5 ± 3.7

15.0 – 17.0 9.7 ± 3.3

17.0 – 19.0 6.2 ± 2.9

19.0 – 22.0 7.8 ± 3.4

22.0 – 25.0 2.3 +
�

2.1
1.5

0.0 – 25.0 93.6 ± 11.5

1.0 – 6.0 28.8 +
�

6.7
6.2

15.0 – 22.0 24.1 +
�

6.0
5.2

The choice of models used for the partially reconstructed backgrounds, the semileptonic
backgrounds, the misidentified K+µ+µ� background, and the combinatorial background
could all contribute as potential sources of systematic uncertainty. The dependence
of the fitted yields on these models is assessed by replacing the relevant component
with an alternative model, as follows, and evaluating the change in yield in simulation
studies and in the fits to data. The largest change in yield is assigned as the systematic
uncertainty. Changing the models for the B+! ⇢+(⇡+⇡0)µ+µ� and B0! ⇢0(⇡+⇡�)µ+µ�
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Figure 2: Invariant-mass distribution of selected B+→ ω+e+e→ candidates in each of the eight
signal categories. The results of the fit are also shown.

fraction is determined to be203

B(B+→ ω+e+e→) = (2.4 +0.9
→0.8

+0.4
→0.2) ↑ 10→8,

where the first uncertainties are statistical and the second are systematic. This result204

should be interpreted as a measurement of the total branching fraction in the entire205

q2 range accessible, including the regions of q2 not measured in this analysis. The206

extrapolation to the full q2 range is performed using B+→ ω+e+e→ simulation in which cc̄207

resonances are not included [26]. The significance of the signal contribution is estimated208

using Wilks’ theorem and found to be 3.2ε, taking into account systematic uncertainties.209

This constitutes the first evidence for the B+→ ω+e+e→ decay. The profile-likelihood210

function is shown in the Supplemental Material [36].211

The fit is also repeated by allowing the branching fraction to vary independently in212

the low-q2 and high-q2 regions, and the results are found to be consistent with each other.213

The branching fractions are determined to be214

B(B+→ ω+e+e→)[0.045,6]GeV2/c4 = (0.76 +0.30
→0.27

+0.14
→0.08) ↑ 10→8,

B(B+→ ω+e+e→)[15,25]GeV2/c4 = (0.40 +0.52
→0.45

+0.24
→0.22) ↑ 10→8.

The significance of the signal in these two regions is 3.2ε and 0.8ε, respectively. As215

no signal is observed in the high-q2 region, an upper limit to the branching fraction is216

computed to be B(B+→ ω+e+e→)[15,25]GeV2/c4 < 1.25 (1.49) ↑ 10→8 at 90 (95)% CL. All of217

the results above are in good agreement with the SM expectation [8].218

In summary, a search for the B+→ ω+e+e→ decay has been performed using the219

full dataset collected by the LHCb experiment during Run 1 and Run 2 of the LHC,220

corresponding to an integrated luminosity of 9 fb→1. The signal is observed with a221

significance of 3.2ε and the branching fraction is determined for the first time. The result222

is in good agreement with the SM expectation and represents the first evidence for a223

b → de+e→ transition.224

6

EVEN HOTTER OFF THE PRESS!


