
1

Overview of LHCb Run 2 Results

M. Needham
On behalf of the LHCb collaboration

Virtual XXVII Cracow EPIPHANY 
Conference on the future of particle physics

January 7th – 10th 2021



2

Outline 

The LHC is a heavy flavour factory: Golden Age for precision studies and new 
measurements.  Focus today on selection of recent LHCb results from Run 2

• Updates to 𝛾
• The K𝜋 puzzle
• Rare decays: B → K*𝜇𝜇 and friends
• Spectroscopy

Other LHCb talks in this conference:

Angular observables in the B → K*𝜇𝜇 decay at LHCb, J. Borsuk
Mixing and CP violation in charm mesons, B. Shields
Spectroscopy in beauty decays at the LHCb experiment, T Ovsiannikova
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The LHCb Detector

pp collision Point

Vertex Locator
VELO

Tracking System

Muon System RICH Detectors

Calorimeters

~ 1 cm

B
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Introduction

World largest heavy flavour dataset
(9 fb-1) collected during Run1+Run2

• Precision tracking
• Excellent PID using RICH
• Trigger for fully hadronic decays
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Precision CKM and CP 
measurements
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CKM evolution 
Huge progress over the last decade in measurement of CKM parameters,
largely driven experimentally by LHCb

Here focus on recent measurements of CKM angle 𝛾 and ∆ms using full 
LHCb dataset 

�(�) ⇠ 5.5o
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𝛾 with Bs →Ds
-K+𝜋+𝜋-
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1 Interference between decays 
with/without mixing allows to 
measure 𝛾-2𝛽s via time dependent 
amplitude analysis

Model independent

� = (44± 12)o

<latexit sha1_base64="QGYM/vvHFYwY9MqH2juKb6kwaoU=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSxC3ZSkBNSFUHTjsoJ9QBPLZDpph85MwsxEKLELf8WNC0Xc+hvu/BunbRbaeuDC4Zx7ufeeMGFUacf5tpaWV1bX1gsbxc2t7Z1de2+/qeJUYtLAMYtlO0SKMCpIQ1PNSDuRBPGQkVY4vJ74rQciFY3FnR4lJOCoL2hEMdJG6tqHfh9xjuAlLHse9BMO3erpfdy1S07FmQIuEjcnJZCj3rW//F6MU06Exgwp1XGdRAcZkppiRsZFP1UkQXiI+qRjqECcqCCb3j+GJ0bpwSiWpoSGU/X3RIa4UiMemk6O9EDNexPxP6+T6ug8yKhIUk0Eni2KUgZ1DCdhwB6VBGs2MgRhSc2tEA+QRFibyIomBHf+5UXSrFZcr3Jx65VqV3kcBXAEjkEZuOAM1MANqIMGwOARPINX8GY9WS/Wu/Uxa12y8pkD8AfW5w9w3pPR</latexit>
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Model dependent

Model independent
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Δms with Bs →Ds
- 𝜋+𝜋+𝜋-

Flavour specific channel  Bs →Ds
+ 𝜋-𝜋+𝜋- used to calibrate decay time 

acceptance and flavour tagging

Has excellent decay time resolution (37 fs) and allows measurement of 
Δms

�ms = (17.757± 0.007± 0.008) ps�1

<latexit sha1_base64="YH0NBeCfwI2TG6SbVZL//zD6NmU="></latexit>

Most precise measurement to date

�ms = (17.756± 0.02) ps�1 (PDG20)

<latexit sha1_base64="saQPXDZSAYkSchC7JUua3EB27xQ="></latexit>
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𝛾 from B±→ D0 h±, D → Kshh

[BPGGSZ, arXiv:2006.12404]

Interference between
and                    amplitudes gives
access to 𝛾

b ! cus

<latexit sha1_base64="XqqGKG3S/NzO+wi+sA569jgqoZE=">AAACG3icbVBLSwMxGMzWV62vVY9egqXgqeyWgnorevFYwT6gW0o2zbah2WRJskpZ9n948a948aCIJ8GD/8Zsu1BtHQhMZjLk+8aPGFXacb6twtr6xuZWcbu0s7u3f2AfHrWViCUmLSyYkF0fKcIoJy1NNSPdSBIU+ox0/Ml15nfuiVRU8Ds9jUg/RCNOA4qRNtLArnnC2Fk68VPoSToaaySleIALA6fx4qLSgV12qs4McJW4OSmDHM2B/ekNBY5DwjVmSKme60S6nyCpKWYkLXmxIhHCEzQiPUM5ConqJ7PdUlgxyhAGQprDNZypvxMJCpWahmb4Soj0WC17mfif14t1cNFPKI9iTTiefxTEDGoBs6LgkEqCNZsagrCkZlaIx0girE2dJVOCu7zyKmnXqm69enlbLzeu8jqK4AScgjPggnPQADegCVoAg0fwDF7Bm/VkvVjv1sf8acHKM8fgD6yvHyjLo2U=</latexit>

b ! ucs

<latexit sha1_base64="LIXMzWifeB8odzvlQfQ8YHqsBQA=">AAACG3icbVBLSwMxGMzWV62vVY9egqXgqeyWgnorevFYwT6gW0o2zbah2WRJskpZ9n948a948aCIJ8GD/8Zsu1BtHQhMZjLk+8aPGFXacb6twtr6xuZWcbu0s7u3f2AfHrWViCUmLSyYkF0fKcIoJy1NNSPdSBIU+ox0/Ml15nfuiVRU8Ds9jUg/RCNOA4qRNtLArnnC2Fk68VPoSToaaySleIALI07x4qLSgV12qs4McJW4OSmDHM2B/ekNBY5DwjVmSKme60S6nyCpKWYkLXmxIhHCEzQiPUM5ConqJ7PdUlgxyhAGQprDNZypvxMJCpWahmb4Soj0WC17mfif14t1cNFPKI9iTTiefxTEDGoBs6LgkEqCNZsagrCkZlaIx0girE2dJVOCu7zyKmnXqm69enlbLzeu8jqK4AScgjPggnPQADegCVoAg0fwDF7Bm/VkvVjv1sf8acHKM8fgD6yvHyjvo2U=</latexit>

D → KsK+K-

D → Ks𝜋+𝜋-

To determine 𝛾 need strong phase

Model independent approach

Bin data into regions of Dalitz

Use measurements of phase difference 

from  CLEO, Phys.Rev.D 82 (2010) 112006
And important new inputs from BES3 this year
PRL 124 (2020) 241802 
PRD 102 (2020) 052008) 

�D = arg(A(D0))� arg(A(D
0
))

<latexit sha1_base64="NLCgNZI1m5mm/zsHnWOJMjgkQ8c=">AAACKnicbVC7SgNBFJ31GeNr1dJmMAixMOxKQC2ERFNYKhgTyMYwO7mJQ2YfzNwVw5LvsfFXbFIoYuuHOBtTaPTAwOGc+5h7/FgKjY7zbs3NLywuLedW8qtr6xub9tb2rY4SxaHOIxmpps80SBFCHQVKaMYKWOBLaPiDi8xvPIDSIgpvcBhDO2D9UPQEZ2ikjl31uiCRdWr0jHoIj6iClKn+qFgt1u6cgwN6OCt7kZmXrUtro6yiYxeckjMB/UvcKSmQKa469tjrRjwJIEQumdYt14mxbcaj4BJGeS/REDM+YH1oGRqyAHQ7nZw6ovtG6dJepMwLkU7Unx0pC7QeBr6pDBje61kvE//zWgn2TtqpCOMEIeTfi3qJpBjRLDfaFQo4yqEhjCth/kr5PVOMo0k3b0JwZ0/+S26PSm65dHpdLlTOp3HkyC7ZI0XikmNSIZfkitQJJ0/khbySN+vZGlvv1sd36Zw17dkhv2B9fgHdNaW6</latexit>
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𝛾 from B±→ D0 h±, D → Kshh
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Very clear signals observed: CP observables extracted from fit in bins

Ks decay
in VELO

Ks decay
after VELO

D ! KS⇡
+⇡�

<latexit sha1_base64="aVJXNFGw3TRD9mLvAc/1Ko4jnkY=">AAACBnicbVDLSsNAFJ3UV62vqEsRBosgiCWRgror6kJwU9E+oIlhMp20QyeZMDNRSujKjb/ixoUibv0Gd/6N0zQLrR64l8M59zJzjx8zKpVlfRmFmdm5+YXiYmlpeWV1zVzfaEqeCEwamDMu2j6ShNGINBRVjLRjQVDoM9LyB2djv3VHhKQ8ulHDmLgh6kU0oBgpLXnm9jl0BO31FRKC38NL7xo6Mb3dz/qBZ5atipUB/iV2TsogR90zP50ux0lIIoUZkrJjW7FyUyQUxYyMSk4iSYzwAPVIR9MIhUS6aXbGCO5qpQsDLnRFCmbqz40UhVIOQ19Phkj15bQ3Fv/zOokKjt2URnGiSIQnDwUJg4rDcSawSwXBig01QVhQ/VeI+0ggrHRyJR2CPX3yX9I8rNjVyslVtVw7zeMogi2wA/aADY5ADVyAOmgADB7AE3gBr8aj8Wy8Ge+T0YKR72yCXzA+vgFG+Ze9</latexit>
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𝛾 from B±→ D0 h±, D → Kshh

8 Interpretation

The CP observables are measured to be

xDK
� = ( 5.68 ± 0.96 ± 0.20 ± 0.23) ⇥ 10�2,

yDK
� = ( 6.55 ± 1.14 ± 0.25 ± 0.35) ⇥ 10�2,

xDK
+ = (�9.30 ± 0.98 ± 0.24 ± 0.18) ⇥ 10�2,

yDK
+ = (�1.25 ± 1.23 ± 0.26 ± 0.28) ⇥ 10�2,

xD⇡
⇠ = (�5.47 ± 1.99 ± 0.32 ± 0.14) ⇥ 10�2,

yD⇡
⇠ = ( 0.71 ± 2.33 ± 0.54 ± 0.18) ⇥ 10�2,

(11)

where the first uncertainty is statistical, the second arises from systematic e↵ects in the
method or detector considerations, and the third from external inputs of strong-phase
measurements from the combination of CLEO and BESIII [28,30] results. The correlation
matrices for each source of uncertainty are available in the appendices in Tables 3-5.

The CP observables are interpreted in terms of the underlying physics parameters
�, and rB and �B for each B± decay mode. The interpretation is done via a maximum
likelihood fit using a frequentist treatment as described in Ref. [45]. The solution for the
physics parameters has a two-fold ambiguity as the equations are invariant under the
simultaneous substitutions � ! � + 180� and �B ! �B + 180�. The solution that satisfies
0 < � < 180� is chosen, and leads to

� = (68.7+5.2
�5.1)

�,

rDK±

B = 0.0904+0.0077
�0.0075,

�DK±

B = (118.3+5.5
�5.6)

�,

rD⇡±

B = 0.0050 ± 0.0017,

�D⇡±

B = (291+24
�26)

�.

(12)

Pseudoexperiments are carried out to confirm that the value of � is extracted without
bias. This is the most precise single measurement of � to date. The result is consistent
with the indirect determination � =

�
65.66+0.90

�2.65

��
[6]. The confidence limits for � are

illustrated in Fig. 7, while Fig. 8 shows the two-dimensional confidence regions obtained
for the (�, rB) and (rB, �B) parameter combinations. The results for �, rDK

B ,and �DK
B

are consistent with their current world averages [5, 6] which include the LHCb results
obtained with the 2011–2016 data. The knowledge of rD⇡

B and �D⇡
B from other sources

is limited, with the combination of many observables presented in Ref. [45] providing
two possible solutions. The results here have a single solution, and favour a central
value that is consistent with the expectation for rD⇡

B , given the value of rDK
B and CKM

elements [42]. This is likely to remove the two-solution aspect in future combinations
of � and associated hadronic parameters. The low value of rD⇡

B means that the direct
contribution to � from B± ! D⇡± decays in this measurement is minimal. However the
ability to use this decay mode to determine the e�ciency has approximately halved the
total LHCb related experimental systematic uncertainty in comparison to Ref. [10]. The
new inputs from the BESIII collaboration have led to the strong-phase related uncertainty
on � to be approximately 1�, which is a significant reduction compared to the propagated
uncertainty when only CLEO measurements were available.

19

Dalitz bins
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𝛾 in B+ → D(*) h+, h = 𝜋,K
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Update to full Run 1+2 dataset

28 observable from B+ → D(*) h+, h = 𝜋,K
modes

9 parameters determined including 𝛾

Direct CPV in B⌥ ! DK⌥,D ! K+K�

CP
B� [KK ]D K�

Ac

ei(�B��) Au

B+ [KK ]D K+

Ac

ei(�B+�) Au

Updated measurement with full Run 1+2 (9fb�1) data
[LHCB-PAPER-2020-036 (in preparation)]

Decay rates: � / |Ac + e i(�B��)Au|2, �̄ / |Ac + e i(�B+�)Au|2

CP Asymmetry: ACP / rB sin(�B) sin(�) ⇡ 10%

Only two observables but 3 unknowns
) no standalone measurement of � possible with D ! KK only

10th LHCb Implications workshop, d’Argent Measurements of the CKM angle � at LHCb 3 / 14
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LHCb 𝛾 combination
LH

Cb
-C

O
N

F-
20

20
-0

03

� = (67± 4)o

<latexit sha1_base64="DSWem9jiQDUE+oAXM9GR8YGGChs=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWAR6qYkUqwuhKIblxXsA5pYJtNJO3QmE2YmQgnZ+CtuXCji1s9w5984bbPQ1gMXDufcy733BDGjSjvOt7W0vLK6tl7YKG5ube/s2nv7LSUSiUkTCyZkJ0CKMBqRpqaakU4sCeIBI+1gdDPx249EKiqiez2Oic/RIKIhxUgbqWcfegPEOYJXsHxeg17MYfX0IRVZzy45FWcKuEjcnJRAjkbP/vL6AiecRBozpFTXdWLtp0hqihnJil6iSIzwCA1I19AIcaL8dPpABk+M0oehkKYiDafq74kUcaXGPDCdHOmhmvcm4n9eN9HhhZ/SKE40ifBsUZgwqAWcpAH7VBKs2dgQhCU1t0I8RBJhbTIrmhDc+ZcXSeus4lYrl3fVUv06j6MAjsAxKAMX1EAd3IIGaAIMMvAMXsGb9WS9WO/Wx6x1ycpnDsAfWJ8/1Y2UqQ==</latexit>

• Excellent agreement with indirect determinations
• Experimental precision on 𝛼 and 𝛾 now comparable 
• LHCb goal for 𝛾 achieved + more to come, e.g. Bs → Ds K with Run 2 data
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The K𝜋 puzzle
Isospin symmetry expect

ACP (B
0 ! K+⇡�) = ACP (B

+ ! K+⇡0)

<latexit sha1_base64="vhnogphK/dJemxtKn3JQdLMhWu8=">AAACLnicbVBbSwJBGJ21m9ltq8dehiRQJNkNoXoITAmCXgzyAu4qs+Oog7MXZmYLWfxFvfRX6iGoiF77GY26RKkHBg7nnI9vvuMEjAppGG9aYml5ZXUtuZ7a2Nza3tF392rCDzkmVewznzccJAijHqlKKhlpBJwg12Gk7gzKY79+T7igvncnhwGxXdTzaJdiJJXU1q8u21G5MsqUWga0OO31JeLcf4A3rRy0Ato6zsIL+JvJLcwY2baeNvLGBHCemDFJgxiVtv5idXwcusSTmCEhmqYRSDtCXFLMyChlhYIECA9QjzQV9ZBLhB1Nzh3BI6V0YNfn6nkSTtS/ExFyhRi6jkq6SPbFrDcWF3nNUHbP7Ih6QSiJh6eLuiGD0ofj7mCHcoIlGyqCMKfqrxD3EUdYqoZTqgRz9uR5UjvJm4X8+W0hXSzFdSTBATgEGWCCU1AE16ACqgCDR/AM3sGH9qS9ap/a1zSa0OKZffAP2vcPUKOlrg==</latexit>

But Babar and Belle measured these asymmetries to be different at more
than 5𝜎: The ‘K𝜋 puzzle’

𝐾ା

଴ߨ
𝐵ା momentum trajectory

Primary vertex

IP

Dedŝcaƚed Tƌŝggeƌ͗ IP

Ϭϭ/ϭϮ/ϮϬϮϬ Ϯϯ

� NŽ ƐecŽŶdaƌǇ ǀeƌƚeǆ͕ bƵƚ Ɛƚŝůů ƚaŬe adǀaŶƚage Žf 
LHCb͛Ɛ ƉƌecŝƐŝŽŶ ƚƌacŬŝŶg

� ା should be inconsistent with originating from 
any primary vertex

� Cut on ଶ , ଶ when ା is included in 
the primary vertex fit

� Suppresses background from promptly produced 
ା (unlikely to be ା decay productͿ

B+→K+𝜋0 challenging topology at 
hadron collider

• Single displaced track: no vertex

• Many 𝜋0 from PV: bad combinatorics B+ ! K+⇡0

<latexit sha1_base64="qJpJuvorRN2ep/vdVLcm2EwcYEM=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEQSgzUlB3pW4ENxXsA9ppyaSZNjSTDElGKUNx46+4caGIW7/CnX9jpp2Fth64cHLOveTe40eMKu0431ZuaXlldS2/XtjY3NresXf3GkrEEpM6FkzIlo8UYZSTuqaakVYkCQp9Rpr+6Cr1m/dEKir4nR5HxAvRgNOAYqSN1LMPqt1T2JF0MNRISvEAb9J3RLtOzy46JWcKuEjcjBRBhlrP/ur0BY5DwjVmSKm260TaS5DUFDMyKXRiRSKER2hA2oZyFBLlJdMTJvDYKH0YCGmKazhVf08kKFRqHPqmM0R6qOa9VPzPa8c6uPASyqNYE45nHwUxg1rANA/Yp5JgzcaGICyp2RXiIZIIa5NawYTgzp+8SBpnJbdcurwtFyvVLI48OARH4AS44BxUwDWogTrA4BE8g1fwZj1ZL9a79TFrzVnZzD74A+vzB0ddlhg=</latexit>

Run 2 dedicated trigger implemented
Offline analysis exploiting displacement and isolation topologies

ar
X
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9

ACP (B
0 ! K+⇡�) = �0.084± 0.004

<latexit sha1_base64="GLbJAVqnRSnlraHcVrGQuIzIJh0="></latexit>

ACP (B
+ ! K+⇡0) = 0.040± 0.021

<latexit sha1_base64="wd+AONcgTQ8hh4lsdbNZQwlhJUI="></latexit>

PDG
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The K𝜋 puzzle

ACP (B
+ ! K+⇡0) = 0.025 ± 0.015 ± 0.006 ± 0.003

<latexit sha1_base64="csNpasU4IdWv38bJpg9RqT5TpzM="></latexit>
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Figure 1: Invariant-mass distribution of the selected candidates with fit projections overlayed.
The data set is divided by the charge of the B meson, with B+ ! K+⇡0 shown on the left and
B� ! K�⇡0 on the right.

be corrected for in order to extract ACP from Araw. The combined e↵ect of the nuisance
asymmetries is measured with a control sample of B+ ! (J/ ! µ+µ�)K+ decays, using
the same data sample as the signal channel.

In the hardware trigger events with a B+ ! (J/ ! µ+µ�)K+ decay are required
to trigger on particles other than the kaon, in order to avoid introducing additional
trigger asymmetries. At the software stage the event must trigger on the kaon in the
same manner as signal events. The o✏ine selection requires that the B-meson lifetime be
greater than 0.1 ps and that the kaon and muons have a significant IP with respect to all
PVs. Additional requirements on the momentum of the kaon and B candidates as well as
kaon particle identification are imposed to match the signal selection. The momentum
distributions of the B+ and K+ candidates are weighted to match those of the signal
candidates using the GBR technique [33], as the production and detection asymmetries
may depend on kinematics of the decay.

The raw asymmetry in the B+ ! J/ K+ signal yields is determined via an unbinned
maximum-likelihood fit in which the invariant-mass distribution of the B+ ! J/ K+

candidates is modeled by the sum of two Gaussian functions sharing a common mean,
while the combinatorial background is modeled by an exponential distribution. The total
yield of B+ ! J/ K+ decays is measured to be 372874 ± 776 for Magnet Down and
306821± 699 for Magnet Up data samples with a purity of approximately 99%. The raw
asymmetry is found to be �0.009± 0.002 for Magnet Up, and �0.012± 0.002 for Magnet
Down samples. The CP asymmetry for the decay B+ ! (J/ ! µ+µ�)K+ is taken to be
ACP (B+ ! J/ K+) = 0.002± 0.003 from Ref. [38]. After subtracting ACP , the remaining
asymmetry is attributed to the combination of production, detection, reconstruction, and
triggering e↵ects, which can then be determined from

AB
prod. + AK

det. = Araw(B
+ ! J/ K+)� ACP (B

+ ! J/ K+). (5)

This estimate of the nuisance asymmetry is then used in Eq. 4 to determine ACP (B+ !

5

stat          syst     ext

Use B+ → J/𝜓 K+ as control channel to cancel detection/production asymmetries 

Around 16k 
candidates 
selected

Consistent with previous measurements + more precise. Reinforces K𝜋 puzzle 

�ACP (K⇡) = 0.115± 0.014

<latexit sha1_base64="0H9LLenSAhQLVB4jR+chqoV29g0=">AAACD3icbZDLSsNAFIYn9VbrLerSzWBR6qYkUlEXQrUuBDcV7AWaECbTSTt0MgkzE6GEvoEbX8WNC0XcunXn2zhts9DWHwY+/nMOZ87vx4xKZVnfRm5hcWl5Jb9aWFvf2Nwyt3eaMkoEJg0csUi0fSQJo5w0FFWMtGNBUOgz0vIHtXG99UCEpBG/V8OYuCHqcRpQjJS2PPPQuSZMIXjppbX6qHTrxPQIXkCrbNsn0IlDTZZdgZ5Z1DARnAc7gyLIVPfML6cb4SQkXGGGpOzYVqzcFAlFMSOjgpNIEiM8QD3S0chRSKSbTu4ZwQPtdGEQCf24ghP390SKQimHoa87Q6T6crY2Nv+rdRIVnLkp5XGiCMfTRUHCoIrgOBzYpYJgxYYaEBZU/xXiPhIIKx1hQYdgz548D83jsl0pn99VitWrLI482AP7oARscAqq4AbUQQNg8AiewSt4M56MF+Pd+Ji25oxsZhf8kfH5A5rlmJM=</latexit>

New WA 8𝜎 from zero
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Rare decays
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Electroweak Penguins
Branching ratios and angular distribution sensitive to New Particles
in the loop

Introduction 2 / 33

Rare decays as indirect probes for BSM physics

b s(d)

µ+

µ�

W

t

Z0, �

SM penguin diagram

b s(d)

µ+

µ�

H±

t

Z0, �

NP penguin diagram

⌅ Rare FCNC decays are loop-suppressed in the Standard Model (SM)

⌅ New heavy particles in SM extensions (NP) can appear in competing
diagrams and a↵ect B and angular distributions

⌅ NP does not need to be produced on-shell
! masses up to O(100 TeV) accessible [A. Buras, arXiv:1505.00618]

C. Langenbruch (Warwick), LIO 2015 EW penguin and rare B decays

Different regions of dilepton mass
allow to probe new physics in 
different Wilson coefficients
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Electroweak Penguins: Recap
Puzzling deviations: B0 → K*0 µ+µ� 

•  Ratios of observables show reduced dependence on form factors  
à construct observables like 
 
                                           Form factor free at leading order  

•  LHCb sees puzzling deviation in observable P5’ 
•  Adding ATLAS, CMS, Belle data does not make picture conclusive  

Johannes Albrecht 16. July 2019 17/25 

LHCb:   JHEP 02 (2016) 104 
BELLE: PRL 118 (2017) 
ATLAS ATLAS-CONF-2017-023 
CMS PLB 781 (2018) 517541 

P5
' =

S5
FL (1− FL )

Branching fractions of b → s µ+µ- 

Johannes Albrecht 16. July 2019 14/25 

•  Analysis of large class of b → s µ+µ- decays 
–  Tendency measure lower BR than SM prediction 

à intriguing hint or theoretical issue in prediction? 

•  SM predictions suffer from sizeable uncertainties   

Branching fractions of b → s µ+µ- 

Johannes Albrecht 16. July 2019 14/25 

•  Analysis of large class of b → s µ+µ- decays 
–  Tendency measure lower BR than SM prediction 

à intriguing hint or theoretical issue in prediction? 

•  SM predictions suffer from sizeable uncertainties   

Long-standing anomalies from 
Run 1 in electroweak penguin decays

Muon BF for many modes low
compared to SM predictions

LHCb Angular analysis of B0 → K*𝜇𝜇
shows tension in P5

’ variable

Data points to new physics in Wilson 
coefficients  C9 (vector coupling) or 
C9+C10 (axial vector) 

Parallel hints of LFU violation 
(RK, RK*)

Picture as of 2019



19

Angular analysis of B→K*𝜇+𝜇-
PR

L 
12

5 
(2

02
0)

 0
11

80
2

Update to Run 1 result including
data from 2016

Local tensions at 2.5 and 2.9𝜎
with Standard Model in P’5

Fits using the FLAVIO package
give 3.3𝜎 discrepancy with Standard
Model for Re(C9)

Best fit give shift in 
C9 of  �0.99+0.25

�0.21

<latexit sha1_base64="YnJDrR+XuOGvm3v9aEdNzyfMlRE=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIghiSUtHuim5cVrAPaGOYTKft0MmDmYlQQsBfceNCEbd+hzv/xmmbhVYPXDhzzr3MvcePOZPKtr+MwtLyyupacb20sbm1vWPu7rVklAhCmyTikej4WFLOQtpUTHHaiQXFgc9p2x9fT/32AxWSReGdmsTUDfAwZANGsNKSZx6c2Vatdp+e2lblPPNS/aw4mWeWbcueAf0lTk7KkKPhmZ+9fkSSgIaKcCxl17Fj5aZYKEY4zUq9RNIYkzEe0q6mIQ6odNPZ+hk61kofDSKhK1Ropv6cSHEg5STwdWeA1UguelPxP6+bqMGlm7IwThQNyfyjQcKRitA0C9RnghLFJ5pgIpjeFZERFpgonVhJh+AsnvyXtCqWU7Vqt9Vy/SqPowiHcAQn4MAF1OEGGtAEAik8wQu8Go/Gs/FmvM9bC0Y+sw+/YHx8AycKkxE=</latexit>
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Angular analysis of B+→K*+𝜇+𝜇-

Sensitive to the same physics 
as B0 →K*𝜇+𝜇-

Smaller dataset (737 events) in Run 1+2

4-d fit to extract angular observables

Similar tensions seen as for B0 →K*𝜇+𝜇-

in P’5

Favour shift with respect to SM of 
Re(C9) = -1.9. Tension with SM is 3 𝜎

arXiv:2012.13241
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Spectroscopy
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Spectroscopy
Studies of spectrum of hadronic resonances tests predictions of 
quark model and QCD

• Map out conventional states with two or three quarks

• Look for exotic states: tetraquarks, pentaquarks

• Study dynamics: diquarks, molecules
•
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Spectroscopy
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Large datasets collected at LHC led to new golden age for spectroscopy
Many new states discovered, 80 % by LHCb

https://www.nikhef.nl/~pkoppenb/particles.html
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X(6900) in J/𝜓J/𝜓 final state

!(#$%%) in di-'/) system
n Search for di-*/+ structure using full data

q DPS + NRSPS cannot well describe data
q A di-*/+ resonance ,(6900) significantly improves the fit
q Two fit models: both has > 52 significance of ,(6900)
q A first candidate for the 34 ̅44 ̅4 tetraquark state

10

[arXiv:2006.16957]
To appear in Science Bulletin

Model 1: No interference between NRSPS and BW

6 6900 = 6905 ± 11 ± 7MeV

Γ 6900 = 80 ± 19 ± 33MeV

Model 2: Interference between NRSPS and a broad BW

6 6900 = 6886 ± 11 ± 11MeV

Γ 6900 = 168 ± 33 ± 69MeV

c
c
_

c
c
_

Model 1

Model 2

• Study J/𝜓J/𝜓 system with full dataset
• DPS + NRSPS do not describe data well
• Adding resonance, X(6900) improves fit

• Significance > 5𝜎 in models considered    

Candidate for fully charmed tetraquark

Model 1: No interference between 
NRSPS and BW 

Model 2: Interference between NRSPS 
and broad BW 

m[X(6900)] = 6905± 11± 7MeV

<latexit sha1_base64="hUoOrHMCVDIh65l/6Rg/in8uP/Q=">AAACGXicbZDLSgMxFIYz3q23qks3wSJUkDIjau1CEN24ERTsBTpDyaSnGkxmhuSMWIa+hhtfxY0LRVzqyrcxrV1o64GQj/8/h+T8YSKFQdf9ciYmp6ZnZufmcwuLS8sr+dW1molTzaHKYxnrRsgMSBFBFQVKaCQamAol1MPb075fvwNtRBxdYTeBQLHrSHQEZ2ilVt5VzUbxoOK62wE9ohb2qZ8o6nmDq0z9Heoj3KNW2TnUejTXyhfckjsoOg7eEApkWBet/IffjnmqIEIumTFNz00wyJhGwSX0cn5qIGH8ll1D02LEFJggG2zWo1tWadNOrO2JkA7U3xMZU8Z0VWg7FcMbM+r1xf+8ZoqdwyATUZIiRPznoU4qKca0HxNtCw0cZdcC41rYv1J+wzTjaMPsh+CNrjwOtd2St1eqXO4Vjk+GccyRDbJJisQjZXJMzsgFqRJOHsgTeSGvzqPz7Lw57z+tE85wZp38KefzG/o8nAI=</latexit>

m[X(6900)] = 6886± 11± 11MeV

<latexit sha1_base64="l9bnhuUP6uCn2gRKWc0AuP1U/aw=">AAACGnicbVBNS8NAEN34WetX1aOXxSJUkJJIqfUgiF68CBVsLSShbLZTXbqbhN2JWEJ/hxf/ihcPingTL/4b01pEqw+Gebw3w+68IJbCoG1/WFPTM7Nz87mF/OLS8spqYW29aaJEc2jwSEa6FTADUoTQQIESWrEGpgIJl0HvZOhf3oA2IgovsB+Dr9hVKLqCM8ykdsFRbqtUPbDtHZ8e0mqtVqVerKjjfLdd6iHcolbpGTQHNN8uFO2yPQL9S5wxKZIx6u3Cm9eJeKIgRC6ZMa5jx+inTKPgEgZ5LzEQM95jV+BmNGQKjJ+OThvQ7Uzp0G6kswqRjtSfGylTxvRVkE0qhtdm0huK/3lugt2an4owThBC/vVQN5EUIzrMiXaEBo6ynxHGtcj+Svk104xjluYwBGfy5L+kuVd2KuWD80rx6HgcR45ski1SIg7ZJ0fklNRJg3ByRx7IE3m27q1H68V6/RqdssY7G+QXrPdPeHecPw==</latexit>

�[X(6900)] = 80± 19± 33MeV

<latexit sha1_base64="BrfDs41u0+sXeKbmva+Flb8kITQ="></latexit>

�[X(6900)] = 168± 33± 69MeV

<latexit sha1_base64="14pe+WE3vw2ZZCXc8HsOn9IOXiA="></latexit>

Science Bulletin,  Vol 65, Issue 23, 2020
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Amplitude analysis of B+ → D+D-K+

Around 1300 candidates selected in
full Run 1+2 dataset

Full amplitude analysis performed

Significant enhancement seen in 
m(D-K+) around ~ 2900 MeV

 (3770)

<latexit sha1_base64="cPA5KzYmokoZ2Z6g9QqSzTFhZ3s=">AAAB8nicbVBNSwMxEM36WetX1aOXYBHqpexqoXorevFYwX7AdinZNNuGZpMlmRVK6c/w4kERr/4ab/4bs+0etPXBwOO9GWbmhYngBlz321lb39jc2i7sFHf39g8OS0fHbaNSTVmLKqF0NySGCS5ZCzgI1k00I3EoWCcc32V+54lpw5V8hEnCgpgMJY84JWAlv5cYXrmq192LYr9UdqvuHHiVeDkpoxzNfumrN1A0jZkEKogxvucmEEyJBk4FmxV7qWEJoWMyZL6lksTMBNP5yTN8bpUBjpS2JQHP1d8TUxIbM4lD2xkTGJllLxP/8/wUoutgymWSApN0sShKBQaFs//xgGtGQUwsIVRzeyumI6IJBZtSFoK3/PIqaV9WvVr15qFWbtzmcRTQKTpDFeShOmqge9RELUSRQs/oFb054Lw4787HonXNyWdO0B84nz8BHY/I</latexit>

�c2(3930)

<latexit sha1_base64="XVwpirz+W5FKrfVY62GO7yNesbQ=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahXkrSFrS3ohePFewHtCFstpt26WYTdjeFEvpPvHhQxKv/xJv/xqTNQVsfDDzem2FmnhdxprRlfRuFre2d3b3ifung8Oj4xDw966owloR2SMhD2fewopwJ2tFMc9qPJMWBx2nPm95nfm9GpWKheNLziDoBHgvmM4J1KrmmOSQT5iaktqjUm3XruuSaZatqLYE2iZ2TMuRou+bXcBSSOKBCE46VGthWpJ0ES80Ip4vSMFY0wmSKx3SQUoEDqpxkefkCXaXKCPmhTEtotFR/TyQ4UGoeeGlngPVErXuZ+J83iLV/6yRMRLGmgqwW+TFHOkRZDGjEJCWaz1OCiWTprYhMsMREp2FlIdjrL2+Sbq1qN6rNx0a5dZfHUYQLuIQK2HADLXiANnSAwAye4RXejMR4Md6Nj1VrwchnzuEPjM8fDLmR/Q==</latexit>
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Amplitude analysis of B+ → D+D-K+

Table 5: Lineshape parameters for the �c0,2(3930) and X0,1(2900) resonances determined from
the fit. The first uncertainty is statistical and the second is the sum in quadrature of all
systematic uncertainties.

Resonance Mass (GeV/c2) Width (MeV)

�c0(3930) 3.9238 ± 0.0015 ± 0.0004 17.4 ± 5.1 ± 0.8

�c2(3930) 3.9268 ± 0.0024 ± 0.0008 34.2 ± 6.6 ± 1.1

X0(2900) 2.866 ± 0.007 ± 0.002 57 ± 12 ± 4

X1(2900) 2.904 ± 0.005 ± 0.001 110 ± 11 ± 4
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Figure 11: Comparison of the data and fit projection in the �cJ(3930) region, shown for the
(a) D+

D
� invariant-mass squared and (b) helicity angle. The di↵erent components are shown

as indicated in the legend of Fig. 10.

the �cJ(3930) region, however it has usually been assumed to arise from the �c2(3930)
resonance. The mass and helicity-angle distributions of candidates in this region, shown
in Fig. 11, clearly demonstrate that both spin-0 and spin-2 contributions are necessary.
The masses and widths of these two components are completely free to vary in the fit;
they are found to have consistent masses while the fit prefers a narrower width for the
spin-0 state. If both spin-0 and spin-2 states are present at the same mass, one would
generically expect the spin-0 state to be broader since its decay to a D

+
D

� pair is in
S wave, as compared to D wave for the spin-2 state, and therefore is not suppressed by any
angular momentum barrier. This expected pattern is seen in some explicit calculations of
the properties of the �cJ(2P ) states [11], however the observed pattern is consistent with
other theoretical predictions [13]. Moreover, the fitted �c0(3930) parameters are consistent
with those of the X(3915) state.

The �c0(3930) state is the only component in the D+
D

� S wave in the baseline model.
The broad �c0(3860) state, reported by the Belle collaboration [53], has been included
in alternative fit models but is disfavoured. Fits in which additional S-wave structure
is introduced e.g. through a nonresonant component, have been attempted but tend
to destabilise the fit, which is understood as a consequence of there being too much
freedom in the S wave. In fact the nonresonant component in the D�

K
+ projection covers

most of the m(D+
D

�) range, as can be seen in Fig. 10 top row, but only allows a small
contribution at low m(D+

D
�) values.
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Data well described by two 
states X0(2900) and X1(2900) 
with high significance

Conclusion supported by model 
independent analysis
PRL 125 (2020) 242001)

Amplitudes analysis also requires
both a spin 0 and spin 2 state decaying
to D+D- in the mass region around 
3930MeV

Deepens puzzle of what states are 
present in this region

Observation of !"#$ states
n Amplitude analysis of %$ → '$'"($ decays

q ~1300 signals with purity 99.5% 
n Enhancement is seen in )* '"($ ~8.5GeV"*
n Described by 23(2900) and 29(2900)
n Combined significance of two are overwhelming

q Improve 2 ln ℒ by >300 units
q Supported by model-independent investigation

n A new charmonium =>9(3930) is needed 

9

=>*(3930)
@(3770)

A new resonance?

[arXiv:2009.00025]

[arXiv:2009.00026]

(9fb-1)

BC(DEFF)

BF(DEFF)new

new
new

d
c
_

u
s
_

 (3770)
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�c2(3930)
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Evidence for a J/𝜓Λ resonance

⌅(1690)

<latexit sha1_base64="k2TCH7woYTNZ7ySdrCMZWTIZn4s=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsquFLW3ohePFeyHtEvJptk2NMkuSVYoS3+FFw+KePXnePPfmLZ70NYHA4/3ZpiZF8ScaeO6305ubX1jcyu/XdjZ3ds/KB4etXSUKEKbJOKR6gRYU84kbRpmOO3EimIRcNoOxrczv/1ElWaRfDCTmPoCDyULGcHGSo+9Dit7lzX3vF8suRV3DrRKvIyUIEOjX/zqDSKSCCoN4VjrrufGxk+xMoxwOi30Ek1jTMZ4SLuWSiyo9tP5wVN0ZpUBCiNlSxo0V39PpFhoPRGB7RTYjPSyNxP/87qJCa/9lMk4MVSSxaIw4chEaPY9GjBFieETSzBRzN6KyAgrTIzNqGBD8JZfXiWti4pXrdTuq6X6TRZHHk7gFMrgwRXU4Q4a0AQCAp7hFd4c5bw4787HojXnZDPH8AfO5w/MU48e</latexit>

⌅(1820)
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Hidden-charm pentaquark with strangeness predicted in Ξb → J/𝜓Λ K decays 
(JJ Wu PRL 105 (2010) 232001; HX Chen PRC 93(2016) 064203)

Possible structure?
Elucidate with 
amplitude analysis

• Full Run 1+ Run 2 dataset
• LL events: decays in VELO
• DD event: decays after vertex detector

arXiv: 2012.10380 

Run 1: DD Run 1:LL

Run 2: DD Run 2: LL
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Evidence for a J/𝜓Λ resonance

Table 2: Mass (M0), width (�0) and fit fraction (FF) of the components involved in the default
fit. The masses and widths of the P 0

cs, ⌅(1690)�, and ⌅(1820)� resonances are free parameters,
while those of the other ⌅⇤� resonances are constrained by the known uncertainties [12]. The
quoted uncertainties are statistical and systematic. When only one uncertainty is given, it is
statistical.

State M0 [MeV] �0 [MeV] FF (%)

Pcs(4459)0 4458.8± 2.9 +4.7
�1.1 17.3± 6.5 +8.0

� 5.7 2.7 +1.9+0.7
� 0.6� 1.3

⌅(1690)� 1692.0± 1.3 +1.2
� 0.4 25.9± 9.5 +14.0

� 13.5 22.1 +6.2+6.7
� 2.6� 8.9

⌅(1820)� 1822.7± 1.5 +1.0
� 0.6 36.0± 4.4 +7.8

� 8.2 32.9 +3.2+6.9
� 6.2� 4.1

⌅(1950)� 1910.6± 18.4 105.7± 23.2 11.5 +5.8+49.9
� 3.5� 9.4

⌅(2030)� 2022.8± 4.7 68.2± 8.5 7.3 +1.8+3.8
� 1.8� 4.1

NR � � 35.8 +4.6+10.3
� 6.4�11.2

system, defined as the angle between the direction of the J/ particle and the opposite
direction of the K� particle in the J/ ⇤ rest frame. The Pcs(4459)0 state is more visible
when the dominant contributions from ⌅⇤� with low masses are suppressed by requiring
m⇤K� > 2.2GeV. As shown in Fig. 4 (right), a significant improvement of the fit quality
is also found in the cos ✓Pcs distribution when including the Pcs(4459)0 state.

No evidence for any other P 0
cs state is found in the considered mass range. This is also

clear when examining the mJ/ ⇤ projections in three intervals of m⇤K� , shown in Fig. 5.
The measured mass, width and fit fraction (FF) of all components involved in the default
fit are shown in Table 2. Systematic uncertainties on these results are discussed below.

The measured Pcs(4459)0 mass is about 19MeV below the ⌅0
cD

⇤0 threshold. In this
region, Ref. [10] predicts two states with JP = 1/2� and 3/2� and a mass di↵erence of
6MeV. This is similar to the two Pc(4440)+ and Pc(4457)+ pentaquark states, which
are just below the ⌃+

c D
⇤0 threshold. Thus the hypothesis of a two-peak structure with

the predicted JP values is tested. The fit provides a good description of the data. The
result is shown for the P 0

cs enhanced region in Fig. 6. The masses and widths of the two
states are 4454.9± 2.7MeV and 7.5± 9.7MeV, and 4467.8± 3.7MeV and 5.2± 5.3MeV,
respectively, where the uncertainties are statistical only. The fit improves 2 lnL by 4.8
units for 4 additional free parameters, compared to the fit using one Breit-Wigner function
to model the structure. Therefore, the analysis of the current data sample cannot confirm
or refute the two-peak hypothesis.

Systematic uncertainties are summarised in Table 3. Due to the limited number
of candidates, JP for the P 0

cs state and for the ⌅(1690)�, ⌅(1950)� and ⌅(2030)�

states cannot be reliably determined. To estimate the systematic uncertainty related
to the choice of JP assignments, all possible JP assignments for these states resulting
in �2 lnL di↵erences less than 9 units are compared to that from the default fit. The
largest variation, with respect to the values in the default fit, is taken as an asymmetric
systematic uncertainty. The uncertainty related to the fit model is estimated by: varying
the hadron-size parameter in the Blatt-Weisskopf barrier factor [2] between 1.0 and
5.0GeV�1; modifying the orbital angular momenta L in ⌅�

b decays that are used in the
treatment of the ⌅⇤� resonances by one or two units; using all allowed couplings, instead
of a limited number of L couplings, for ⌅⇤� or Pcs(4459)0 states; using alternative models

7

Allowing for systematic uncertainties
+ LEE 3.1𝜎 evidence for a P0

cs state

Measurements of Ξ* mass and width 
consistent with PDG

Masses determined with significantly
higher precision
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Beyond Flavour
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Beyond flavour
LHCb has also demonstrated its capabilities beyond flavour in forward 
Electroweak physics  + direct searches

e.g. search for dark photons decaying to a dimuon pair
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The future
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The Future 

A lot of important results over next couple of years updating either Run 1 
results or results only including a fraction of Run 2 data

• 𝛾 with Bs → Ds
+ K-, Δms with Bs →Ds

+ 𝜋-

• Angular analysis of K*𝜇+𝜇- with full dataset
• RK with full dataset
• Bs → 𝜇+𝜇- with full dataset
• CP violation in Bs mixing (𝜙s)
• Unique measurements in proton-lead/fixed-target mode
• mW
• More new states ?
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The Future 
Major upgrade to LHCb for Run 3:

• Collect 50 fb-1 in Run 3/Run4

• Run at luminosity of up to 2 × 1033 cm2 s-1

• 40 MHz readout of detector

• Full software trigger (gain factor two for 
hadronic channels by removing L0 trigger)

• SMOG2 for fixed target running

• Installation progressing despite the 
difficulties of the pandemic

RICHes
[LHCb-TDR-014]

I RICH 1 Gas enclosure arrived from Oxford and installed.

! thanks to all involved in covid related arrangement!

I RICH 1 quartz window installed and leak tight!

I RICH 2 mechanics installed as well as services.

I RICH 1 first column assembled and ready to be tested

Victor Coco (CERN) LHCb Status November 18th, 2020 5 / 20

Installation @ the pit

I Consolidation work on the magnet finished
I Thanks to the help from EN-MMI
I work on power converter on-going ! test in January

I Infrastructure work on services (cabling, cooling) almost finished

! resources to help further sub-detector integration

Victor Coco (CERN) LHCb Status November 18th, 2020 7 / 20
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Summary 
• Many important results from LHCb Run 2 dataset over last year

• Improved precision on 𝛾 to 4o

• Anomalies in K*𝜇+𝜇- continue
• New conventional and exotic hadrons 

• A lot more results to come from Run 1+2 dataset over the next couple of 
years

• From 2022 LHCb upgrade will increase dataset by factor 5-10 depending 
on mode

• Plans progressing for phase-2 upgrade in to fully exploit heavy flavour
potential of high luminosity LHC in 2030s. Aims to collect 300 fb-1Upgrade II

[LHCC-2018-027]

...Consolidation Full detector

I Upgrade II to be installed during LS4 and aim at collecting 300fb�1

I FTDR for Upgrade II in preparation.

I Detector planned for consolidation more advanced.

I Test-beam for ECAL and Mighty tracker @ DESY these weeks.

Victor Coco (CERN) LHCb Status November 18th, 2020 11 / 20
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Backup 
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𝛾 combination: inputsTable 1: List of the LHCb measurements used in the � combination. Those that have changed
since the previous combination [3] are highlighted in bold. Measurements denoted by (*) include
only a fraction of the Run 2 sample, corresponding to data taken in 2015 and 2016.

B decay D decay Method Ref. Dataset Status since

Ref. [3]

B+ ! Dh+ D ! h+h� GLW/ADS [16] Run 1+2 Updated

B+ ! Dh+ D ! h+⇡�⇡+⇡� GLW/ADS [24] Run 1 As before

B+ ! Dh+ D ! h+h�⇡0 GLW/ADS [25] Run 1 As before

B+ ! Dh+ D ! K0
Sh

+h� BPGGSZ [17] Run 1+2 Updated

B+ ! Dh+ D ! K0
SK

±⇡⌥ GLS [20] Run 1+2 Updated

B+ ! D⇤h+ D ! h+h� GLW/ADS [16] Run 1+2 Updated

B+ ! DK⇤+ D ! h+h� GLW/ADS [26] Run 1+2(*) As before

B+ ! DK⇤+ D ! h+⇡�⇡+⇡� GLW/ADS [26] Run 1+2(*) As before

B+ ! DK+⇡+⇡� D ! h+h� GLW/ADS [27] Run 1 As before

B0 ! DK⇤0 D ! h+h� GLW/ADS [21] Run 1+2(*) Updated

B0 ! DK⇤0 D ! h+⇡�⇡+⇡� GLW/ADS [21] Run 1+2(*) New

B0! DK+⇡� D ! h+h� GLW-Dalitz [22] Run 1 Superseded

B0 ! DK⇤0 D ! K0
S⇡

+⇡� BPGGSZ [28] Run 1 As before

B0! D⌥⇡± D±! K⌥⇡±⇡± TD [29] Run 1 As before

B0
s ! D⌥

s K
± D±

s ! h±h⌥⇡± TD [30] Run 1 As before

B0
s ! D⌥

s K
±⇡±⇡⌥ D±

s ! h±h⌥⇡± TD [23] Run 1+2 New

• B+ ! D⇤h+, D ! h+h�:2 The analysis of the D ! K+K� and D ! ⇡+⇡�

modes is extended to the full Run 2 data sample, and the full Run 1 and 2 data
samples for D ! K±⇡⌥ decays are included for the first time [16].

• B0 ! DK⇤0, D ! h+h� and D ! h+⇡�⇡+⇡�: The analysis uses the Run 1,
2015 and 2016 data samples [21]. This update supersedes the results of Ref. [22]
for the D ! K+K� and D ! ⇡+⇡� modes in Run 1. The measurements using
D ! h+⇡�⇡+⇡� decays are included for the first time.

• B0
s ! D⌥

s K±⇡±⇡⌥, D+
s ! h+h�⇡+: The time-dependent analysis of

B0
s ! D⌥

s K
±⇡±⇡⌥ decays using the full Run 1 and 2 data samples [23] is included

in the combination for the first time, where the results from the model-independent
approach are used. This is the second input from decays of B0

s mesons ever used in
the combination.

There are updates to the following auxiliary inputs used in the combination. An
updated measured value of �s = (�0.021± 0.031) rad [31] is used, where the uncertainty
includes both statistical and systematic e↵ects. Updated measurements of the charm
inputs for the ratio and strong-phase di↵erence for D0 ! K�⇡+ and D0 ! ⇡�K+ decays

2Here D⇤ implies an admixture of D⇤0 and D⇤0 decaying to D⇡0 and D�, in which the � or ⇡0 is not
reconstructed.
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