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LHCb detector
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[The LHCb Detector at the LHC, JINST 3 (2008) S08005]

v Great Vertex Resolution! Primary/secondary separation, proper time resolution.
v Excellent momentum and mass resolution.
v Outstanding PID (K-π) and μ reconstruction.
v Dedicated Trigger system for beauty and charmed hadrons



LHCb experiment

● LHCb collaboration
– 1500 members  and > 1000 authors 
– 86 institutes, 19 Countries

● Data samples
– Run 1 and 2 with 3 fb-1 and 6 fb-1

● Physics  output
– 575 papers submitted, 558 published
– ~20 new papers for this summer ● LHCb talks at EPS

– Vv

– s
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Rare decays and CP viola1on
Paula Alvarez, Thu 29/7 15:15
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Rare decays
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Electroweak penguin decays

● Flavour changing neutral currents
– b → s ℓ+ℓ-

– Forbidden at tree level in SM

– Branching fracGons at 10-6 to 10-10

– Powerful probe of New Physics

● Significant part of physics programme
– 7 papers already in 2021

– Branching fracGons, angular analysis, Lepton flavour universality or  violaGon
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Report Title Observ
.

Comment

2020

2003.04352 Search for the lepton flavour violating decay B+→K+µ−τ+ using B∗0s2 decays Limit Lepton Flavour Viol.

2003.03999 Search for the rare decays B0
s→e+e− and B0→e+e− Limit Rare decay

2003.04831 Measurement of CP-averaged observables in the B0→K∗0µ+µ− decay P5’ Angular asymmetry 

2010.06011 Strong constraints on the b→sγ photon polarisation from B0→K∗0e+e−
decays

C7’ Wilson coefficient 

2012.13241 Angular analysis of the B+→K∗+µ+µ− decay P5’ Angular asymmetry 

2021

2103.11769 Test of lepton universality in beauty quark decays RK Lepton Flavour Non-Univ.

2105.14007 Differential branching fraction of B0
s→ϕ µ+µ− and search for B0

s→f′2µ+µ− dΓ/dq2 Decay rate

PAPER-2021-007 Improved measurement of B0
(s,d)→µ+µ− decays BR Rare decay

PAPER-2021-008 Measurement of B0
s→µ+µ− and search for B0→µ+µ− and B0

s→µ+µ−γ decays BR Rare decay

PAPER-2021-017 Search for the Ξb→Ξγ radiative decay Limit Rare decay

PAPER-2021-022 Updated angular analysis of the rare decay B0
s→ ϕ µ+µ− FL , AFB Angular asymmetry 

PAPER-2021-030 Measurement of the photon polarization in Λ0
b→Λγ decays C7’ Polarization

Under review

Bd2Kstmumu-Unb Direct determination of Wilson coef C(′)
9 and C(′)

10 with B0→K∗0µ+µ− decays C9 , C10 Wilson coefficient 

RX Test of lepton flavour universality with b→sℓ+ℓ− decays RK* Lepton Flavour Non-Univ.

LFU-RKs_RKstplus Tests of lepton universality using B0→K0
Sℓ+ℓ− and B+→K∗+ℓ+ℓ− decays RKS Lepton Flavour Non-Univ.



Test of lepton flavour universality

● Lepton flavour universality
– B+ → K+μ+μ− vs B+ → K+e+e− decays

– Clean theoreGcal predicGon

– Measuring double raGo with J/ψ modes 
reduces systemaGc uncertainGes 

● Result
– RK = 0.846+0.044

-0.041

– 3.1σ evidence for LFU

– More measurements
and more data needed

– #CauGouslyExcited
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LHCb-PAPER-2021-004, arXiv:2103.11769
99 citations

Lepton flavour universality 
tests at LHCb

Michael McCann

P. Álvarez Cartelle (U. Cambridge)EPS-HEP 2021

LFU test in b→sũ+ũ– decays
• In the SM, couplings of gauge bosons lepton flavour universal 

‣ LFU ratios very well predicted in the SM 

‣ Any significant deviation is a smoking gun for NP 

• Observed tension with the SM at the level of 2-2.5σ 

‣ Aligns well with tensions seen in other b→sµµ observables [modified µ coupling, SM-like electrons]
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b → s ℓ+ℓ- branching fractions

● Differential branching fractions
– Decay rate of b → s ℓ+ℓ- sensitive to BSM

– Branching fractions low for muons (B+, B0,  Bs
0 and Λb

0)

● Bs
0 → ɸμ+μ− 

– dB(Bs
0 → φμ+μ−)/dq2 = (2.88 ± 0.21) × 10−8/(GeV2/c4) 

for q2 ∈ [1.1, 6.0] GeV2/c4

– In agreement with Run 1 result

– 3.6σ deviation tension with SM
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NEW LHCb-PAPER-2021-014
arXiv:2105.14007

Electroweak penguin decays at LHCb
Christoph Langenbruch

Branching fraction 5 / 20
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⌅ Decay rates of b! sµ
+
µ

� processes sensitive to heavy BSM particles

⌅ Central quantity q
2 = m

2
µµ, di↵erent Oi contribute depending on q

2

⌅ SM pred. relies on hadronic form factors from non-pert. calculations
⌅ Low q

2: Light cone sum rules [PRD 71 (2005) 014029] [JHEP 08 (2016) 98]
[PRD 75 (2007) 054013] [JHEP 09 (2010) 089] . . .

⌅ High q
2: Lattice calculations [PRD 89 (2014) 094501] [PoS (LATTICE2014) 372]

[PRD 88 (2013) 054509] . . .

⌅ NEW measurement using full LHCb Run 1+2 data sample [arXiv:2105.14007]

C. Langenbruch (RWTH), EPS-HEP 2021 EWP decays at LHCb

Preliminary
Preliminary



b → s ℓ+ℓ- angular analysis

● Angular observables
– PolarisaGon, asymmetries vs q2

● B0 → K*0μ+μ−

– Local tension 2.5σ and 2.9σ in asymmetry P5ʹ 
with SM in q2 bins [4,6] and [6,8] GeV2/c4

– Global analysis finds tension 3.3σ

– Consistent with ATLAS, Belle, CMS results

● B+ → K*+μ+μ−

– First LHCb measurement

– Local tension with SM up to 3.0σ in P2(∼ AFB)
in q2 bin [6,8] GeV2/c4

– Global tension 3.1σ determined in fit to 
effecGve field theory Wilson coefficient Re(C9)

28/07/2021 Franz Muheim - LHCb highlights 7

PRL 126 (2021) 161802

PRL 125 (2020) 011802

Electroweak penguin decays at LHCb
Christoph Langenbruch



b → s ℓ+ℓ- angular analysis

● Bs
0 → ɸμ+μ−

– First angular analysis in this mode

– Observables FL and coefficients Si

– CompaGble with SM, tension in FL

– CompaGbility 1.9σ using “Flavio” package to fit for shiv 
of EFT coefficient ΔRe(C9) i.e. vector coupling from SM

● Summary
– Internally consistent trends observed for ΔRe(C9) in

B0 → K*0μ+μ−, B+ → K*+μ+μ− and Bs
0 → ɸμ+μ−

– NegaGve shiv of ΔRe(C9) from SM preferred 2 to 3σ level
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NEW LHCb-PAPER-2021-022

Electroweak penguin decays at LHCb
Christoph Langenbruch

Angular analyses 18 / 20

CP symmetries in B0
s
! �µ+µ�
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⌅ Overall good agreement of CP symmetries with SM predictions
⌅ Some tension in FL: Global analysis shows 1.9 � tension
⌅ P

0
5 not accessible as analysis is untagged

C. Langenbruch (RWTH), EPS-HEP 2021 EWP decays at LHCb
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CP symmetries in B0
s
! �µ+µ�
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Updated angular analysis of B0
s
! �µ+µ�
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⌅ Simultaneous fit in three angles and m(K+
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⌅ Combinatorial background described by first order polynomials

C. Langenbruch (RWTH), EPS-HEP 2021 EWP decays at LHCb

B0 → K*0μ+μ−

3.4 σ
B+ → K*+μ+μ−

3.1 σ

Bs
0 → ɸ μ+μ−

1.9 σ
Preliminary

PRL 125 (2020) 011802 PRL 126 (2021) 161802



● Very rare leptonic decay
– Helicity and CKM suppressed
– Sensitive to New Physics

● Bs
0 → μ+μ−

– B(Bs
0 → μ+μ−) = 3.09+0.46

-0.43  
+0.15

-0.11 × 10−9

– Significance > 10 σ
– in agreement with SM

● B0 → μ+μ−

– B(B0 → μ+μ−) < 2.6 × 10−10 at 95% CL

● First search for Bs
0 → μ+μ−𝛄

– B(Bs
0 → μ+μ−𝛄) < 2.0 × 10−9 at 95% CL 

for mμμ > 4.9 GeV/c2
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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: B0
s ! µ+µ� (red solid

line), B0! µ+µ� (green solid line), B0
s ! µ+µ�� (violet solid line), combinatorial background

(blue dashed line), B0
(s) ! h+h0� (magenta dashed line), B0 ! ⇡�µ+⌫µ, B0

s ! K�µ+⌫µ,

B+
c ! J/ µ+⌫µ and ⇤0

b
! pµ�⌫µ (orange dashed line), and B0(+)! ⇡0(+)µ+µ� (cyan dashed

line). The solid bands around the signal shapes represent the variation of the branching fractions
by its total uncertainty.

data are required to pass more restrictive trigger requirements in order to improve control229

over the decay-time e�ciency introduced by the trigger.230

In order to determine the B0
s
! µ+µ� e↵ective lifetime the data are divided into two231

BDT regions [0.35, 0.55] and [0.55, 1.00], whose boundaries are optimised to achieve the232

lowest uncertainty. Fits are performed to the dimuon-mass distribution in each BDT233

bin in order to extract background-subtracted decay time distributions using the sPlot234

technique [53]. The mass fits used in the background subtraction include B0
s
! µ+µ�

235

and combinatorial background components, where the signal is modelled with the same236

function as in the branching fraction analysis and the background with exponential237

functions, with freely-floating slope parameters in each BDT bin. The correlation between238

the reconstructed mass and the reconstructed decay time of the selected candidates is239

consistent with zero in both data and simulation, as required by the sPlot technique.240

A simultaneous fit is then performed to the two background-subtracted decay-time241

distributions, where each distribution is modelled by a single exponential multiplied by242

an acceptance function that models the decay time dependence of the reconstruction243

and selection e�ciency. The acceptance functions are determined in each BDT region244

by fitting parametric functions to the e�ciency distributions of simulated B0
s
! µ+µ�

245

6

B(s)
0 → μ+μ−(𝛄)
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LHCb-PAPER-2021-007
LHCb-PAPER-2021-008
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Figure 11: Two-dimensional representations of the branching fraction measurements for (top)
B0

s ! µ+µ� and B0
! µ+µ�, (bottom left) B0

! µ+µ� vs. B0
s ! µ+µ�� and (bottom right)

B0
s ! µ+µ� vs. B0

s ! µ+µ��. The measured central value of the branching fraction is indicated
with a blue dot. The profile likelihood contours for 68%, 95% and 99% CL regions of the result
presented in this paper are shown as blue contours, while the brown contours on the top figure
indicate the previous measurement [31], which was performed on approximately half of the data
set used for the result presented here. The Standard Model value [6] in the top figure is shown
as the red cross labelled SM.

Rµ+µ� and B(B0

s
! µ

+
µ
�) are floating observables, which allows for the cancellation of783

common uncertainties, while B(B0

s
! µ

+
µ
�
�) is kept as a floating observable. The ratio784

is found to be785

Rµ+µ� = 0.039+0.030+0.006

� 0.024� 0.004
,

where the first uncertainty is statistical and the second systematic. Using the CLs method786

29

Very rare decays at LHCb
Miguel Ramos Pernas



OscillaFons, CPV  and charm
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Bs OscillaFons

● Bs
0  mass difference Δms

– Measured by oscillaGon frequency
with Bs

0 →Ds
∓π ± decays

– Flavour tagging idenGfies 
Bs

0 / anG-Bs
0  at producGon

● Legacy measurement

– Δms = 17.7683 ± 0.0051 ± 0.0032 ps-1

– Precision  3 x 10-4

– Including Bs
0 →Ds

∓h±π±π ∓ et al.

– Δms = 17.7656 ± 0.0057 ps-1
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LHCb-PAPER-2021-005, arXiv:2104.04421
LHCb-PAPER-2020-030,  JHEP 03 (2021) 137

Measurement of the CKM angle gamma at LHCb
Mark Whitehead 



Charm mixing

● Charm D0 Mixing
– Unique: up-type quarks
– Small mixing, sensiGve to 
–

– No measurement of x ≠ 0 unGl this summer
● Charm at LHCb

– Large cross secGon - 𝜎cc ~ 5 mb,  charm rate ~2 MHz
– Run 2 - dedicated Turbo trigger - 15 kHz to tape

● D0 → KS
0 π+π−

– 30.6M  decays  & very  small background 
● Bin-flip method

– Measure asymmetry between D0 and anG-D0

in binned Dalitz plot  m2(KS
0π−) vs m2(KS

0 π+) 
– In each bin approx. constant strong-phase 

difference between D0 and anG-D0 amplitude
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State-of-the-art: Mixing

Mixing and CPV in Charm at LHCb Mark Williams             FPCP Conference, June 2021 5

No mixing

No CPV<3σ from x=0

Neutral charm mesons propagating freely can change (oscillate) into their own antipar-
ticles, as the mass eigenstates are linear combinations of the flavor eigenstates. These
flavor-changing neutral currents do not occur at tree level in the Standard Model (SM),
and allow for hypothetical particles of arbitrarily high mass to contribute significantly
to the process. This can a↵ect the mixing of mesons and antimesons and probes physics
beyond the SM [1].

The mass eigenstates of charm mesons can be written as |D1,2i ⌘ p|D0i± q|D0i,
where p and q are complex parameters. Mixing of flavor eigenstates is described by
the dimensionless parameters x ⌘ (m1 �m2)c2/� and y ⌘ (�1 � �2)/(2�), where m1(2)

and �1(2) are the mass and decay width of the D1(2) state, respectively, and � is the
average decay width [2]. In D0 and D0 decays to a common final state, f , CP violation
in mixing manifests itself if |q/p| 6= 1 or in the interference between mixing and decay
if �f ⌘ arg(qĀf/pAf ) 6= 0. Here Af (Āf) denotes the amplitude of the decay process
D0 ! f (D0 ! f . In the D0 ! K0

S⇡
+⇡� decay studied in this Letter, CP violation in

the decay (|Af |2 6= |Āf |2) is not considered, as in the SM it is negligible for the doubly
Cabibbo-suppressed (DCS) and Cabibbo-favored (CF) amplitudes contributing to this
process. With this assumption, the CP -violating phase is independent of the final state,
�f ⇡ � ⇡ arg(q/p) [3].

The current world-average of the mixing and CP -violating parameters yields
x = (3.7± 1.2)⇥ 10�3, y = (6.8 +0.6

� 0.7)⇥10�3, |q/p| = 0.951 +0.053
� 0.042, and � = �0.092 +0.085

� 0.079 [4].
Measurements using decays such as D0 ! K+⇡� have resulted in precise measurements of
y and have allowed for the observation of mixing [4]. However, the data remains marginally
compatible with x = 0, and is consistent with CP symmetry. Theoretical predictions
for the mixing parameters are of similar magnitude but less precise, while predictions of
the CP -violating phase are around 0.002 [3] and are well below the current experimental
precision.
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the decay (|Af |2 6= |Āf |2) is not considered, as in the SM it is negligible for the doubly
Cabibbo-suppressed (DCS) and Cabibbo-favored (CF) amplitudes contributing to this
process. With this assumption, the CP -violating phase is independent of the final state,
�f ⇡ � ⇡ arg(q/p) [3].

The current world-average of the mixing and CP -violating parameters yields
x = (3.7± 1.2)⇥ 10�3, y = (6.8 +0.6

� 0.7)⇥10�3, |q/p| = 0.951 +0.053
� 0.042, and � = �0.092 +0.085

� 0.079 [4].
Measurements using decays such as D0 ! K+⇡� have resulted in precise measurements of
y and have allowed for the observation of mixing [4]. However, the data remains marginally
compatible with x = 0, and is consistent with CP symmetry. Theoretical predictions
for the mixing parameters are of similar magnitude but less precise, while predictions of
the CP -violating phase are around 0.002 [3] and are well below the current experimental
precision.

Sensitivity to the mixing and CP -violating parameters is o↵ered by the self-conjugate,
multibody D0 ! K0

S⇡
+⇡� decay [5–9]. Inclusion of the charge-conjugate process is implied

unless stated otherwise. The dynamics of the decay are expressed as a function of two
invariant masses following the Dalitz-plot formalism, in which a three-body decay is
parameterized by a pair of two-body invariant masses [10, 11]. The squared invariant
mass m2(K0

S⇡
±) is denoted as m2

± for D0 decays and m2
⌥ for D0 decays. A mixture of

DCS and CF decay amplitudes results in large variations of the strong phase and, with
mixing, causes a decay-time evolution of the density of decays across the phase space. A
joint analysis of the Dalitz-plot and decay-time distributions may be used to determine
the mixing parameters. Splitting the sample by flavor of the charm meson at production
probes for CP -violating e↵ects. Usage of multibody decay modes is typically challenging,
as it requires knowledge of the variation of the hadronic parameters and excellent control
of e�ciencies, resolutions, and background e↵ects.

This Letter reports on a measurement of the mixing and CP violation parameters in
D0 ! K0

S⇡
+⇡� decays using the “bin-flip” method [12], a model-independent approach

which obviates the need for detailed models of the e�ciency, resolution, and contributing
amplitudes. Mixing and CP violation are parameterized by zCP and �z, which are defined
by zCP±�z ⌘ � (q/p)±1 (y+ix). The results are expressed in terms of the CP -even mixing
parameters xCP ⌘ � Im(zCP ) and yCP ⌘ �Re(zCP ), and of the CP -violating di↵erences
�x ⌘ � Im(�z) and �y ⌘ �Re(�z). Conservation of CP symmetry implies xCP = x,
yCP = y, and �x = �y = 0. The method has already been employed by the LHCb

1

Neutral charm mesons propagating freely can change (oscillate) into their own antipar-
ticles, as the mass eigenstates are linear combinations of the flavor eigenstates. These
flavor-changing neutral currents do not occur at tree level in the Standard Model (SM),
and allow for hypothetical particles of arbitrarily high mass to contribute significantly
to the process. This can a↵ect the mixing of mesons and antimesons and probes physics
beyond the SM [1].

The mass eigenstates of charm mesons can be written as |D1,2i ⌘ p|D0i± q|D0i,
where p and q are complex parameters. Mixing of flavor eigenstates is described by
the dimensionless parameters x ⌘ (m1 �m2)c2/� and y ⌘ (�1 � �2)/(2�), where m1(2)

and �1(2) are the mass and decay width of the D1(2) state, respectively, and � is the
average decay width [2]. In D0 and D0 decays to a common final state, f , CP violation
in mixing manifests itself if |q/p| 6= 1 or in the interference between mixing and decay
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ObservaFon of mass difference

● Observa)on
– of small mass difference 

in neutral charm meson eigenstates

– m1-m2 = 6.4x10-6 eV =  1x10-38 g

– Significance > 7 σ
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The best fit point is

x = (3.98+0.56
� 0.54)⇥ 10�3,

y = ( 4.6+1.5
� 1.4 )⇥ 10�3,

|q/p| = 0.996± 0.052,

� = 0.056+0.047
� 0.051.

In summary, a measurement of mixing and CP violation in D0 ! K0
S⇡

+⇡� decays has
been performed with the bin-flip method, using pp collision data collected by the LHCb
experiment and corresponding to an integrated luminosity of 5.4 fb�1. This resulted in the
first observation of a nonzero value of the mass di↵erence x of neutral charm meson mass
eigenstates with a significance of more than seven standard deviations, and significantly
improves limits on mixing-induced CP violation in the charm sector.
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CKM angle γ and charm mixing

● New method
– First simultaneous determinaCon 

of CKM angle γ and charm mixing 
parameters

– 151 observables, 52 parameters

● CKM angle γ
–

– Most precise measurement

● Comparison
– Excellent agreement with 

indirect global CKM fits
UTfit

● Charm mixing
–
–
– Precision on y improved by factor 2 
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Figure 2: One dimensional 1�CL distribution for � from the combination using inputs from B0
s

(yellow), B0 (orange), B+ mesons (blue) and all species together (green).

4 Results192

The combination uses a total of 151 input observables to determine 52 free parameters,193

and the goodness of fit is found to be about 67%, evaluated using the best-fit �2 and194

crosschecked with Monte Carlo simulation. The resulting confidence intervals for each195

parameter of interest (externally constrained nuisance parameters are not shown) are196

provided in Table 3. The intervals are determined using a frequentist technique, which is197

summarised in Sec. 3, and has been cross-checked in two independent analysis frameworks198

using both frequentist and Bayesian inference. The p-value (or 1� CL) distribution as199

a function of � is shown in Fig. 2 for the total combination and for sub-combinations200

in which the input observables are split by the species of the initial B-meson. The201

corresponding confidence intervals are provided in Table 4. Significant di↵erences between202

initial state B-mesons can be an indication of new physics entering at tree-level, as the203

decay topologies for charged and neutral initial states are di↵erent. Figure 2 shows a good204

level of compatibility between the di↵erent B states although the uncertainties in the205

B0 and B0
s modes are considerably larger than the dominant B+ modes. The sensitivity206

of the B0 and B0
s modes is expected to improve by approximately a factor of 2 with207

analysis of B0
! DK+⇡� with D ! K0

Sh
+h� and B0

s ! D⌥
s K

± decays using the full208

Run 2 data sample. Two dimensional profile likelihood contours in the (x, y) (left) and209

(|q/p|,�) (right) planes are shown in Fig. 3. This demonstrates the improvement of this210

combination over the current world average in the charm system. A breakdown of the211

contributing components in the combination are shown in Figs. 4 and 5. These highlight212

the complementary nature of the input measurements to constrain both � and the charm213

mixing parameters. Figure 6 shows the p-value distribution as a function of � for the214

global fit. A summary of LHCb � combination results as a function of time is given in215

Fig. 7.216

The determined value of � = (65.4+3.8
�4.2)

� from this combination is compatible with, but217

lower than the previous LHCb combination � = (74+5.0
�5.8)

� [21]. This is driven by improved218

treatments of background sources in the major inputs described in Refs. [22, 23]. An219

assessment of the compatibility between this combination and the previous combination220
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A combination of measurements sensitive to the CP violation parameter �, from
the Cabibbo–Kobayashi–Maskawa (CKM) unitarity triangle, and the charm mixing
parameters that describe oscillations between D0 and D0 mesons, is performed.
Results, based on data collected with the LHCb detector at CERN’s Large Hadron
Collider, from the charm and beauty sectors are included together for the first
time. This method provides a factor of two improvement on the precision of the
charm mixing parameter y compared to the world average. The charm mixing
parameters are determined to be x = (0.400+0.052

�0.053)% and y = (0.630+0.033
�0.030)%, which

are the most precise measurements to date. The CKM angle � is found to be
� = (65.4+3.8

�4.2)
�, which supersedes previous LHCb measurements and is the most

precise determination from a single experiment.
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• Results 
• First simultaneous fit for charm and beauty parameters

Table 4: Confidence intervals and central values for � when splitting the combination inputs by
initial B meson species.

Species Value
68.3% CL 95.4% CL

Uncertainty Interval Uncertainty Interval

B+ [�] 61.7 +4.4
�4.8 [56.9, 66.1] +8.6

�9.5 [52.2, 70.3]

B0 [�] 82.0 +8.1
�8.8 [73.2, 90.1] +17

�18 [64, 99]

B0
s [�] 79 +21

�24 [55, 100] +51
�47 [32, 130]

Figure 3: Two dimensional profile likelihood contours for (left) the charm mixing parameters x
and y, and (right) the � and |q/p| parameters. The blue contours show the current charm world
average from Ref. [14], the green contours show the result of this combination. Contours are
drawn out to 5� and contain 68.3%, 95.4%, 99.7%, etc. of the distribution.

The relative impact of systematic uncertainties on the input observables is studied, and259

found to contribute approximately 1.4� to the result for �, demonstrating this combination260

is still in the regime of statistical dominance. Correlations between systematic uncertainties261

from statistically independent measurements are currently neglected.262

In previous combinations, the experimental input from B0
! D⌥⇡± decays was263

included with an external theoretical prediction of rD
⌥⇡±

B0 = 0.0182 ± 0.0038 [33]. This264

prediction requires a modest assumption of SU(3) symmetry, and was the only theory265

input in an otherwise purely experimental measurement. This external input is no longer266

used, and the combination gives an experimental determination of rD
⌥⇡±

B0 = 0.030+0.014
�0.012.267

This is in good agreement with the theory based prediction and provides confidence that268

the assumption of SU(3) symmetry is valid within the current precision. Note that this269

change has a negligible impact on the determination of other parameters.270

5 Conclusion271

In summary, a combination of LHCb measurements sensitive to � and charm mixing, along272

with auxiliary information from other experiments, is performed for the first time. This273
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Observables: 151 
Parameters: 52 
Fit probability: 67%
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Figure 5: Profile likelihood contours for the components which contribute towards the charm part
of the combination, showing the breakdown of sensitivity amongst di↵erent sub-combinations of
modes. The contours shown are the two-dimensional 1� and 2� contours which correspond to
the areas containing 68.3% and 95.4% of the distribution.
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Figure 6: One dimensional 1� CL distribution for � from all inputs used in the combination.

x = (4.0±0.5)⇥10�3 and y = (6.3±0.3)⇥10�3, which are the most precise measurements253

to date including a factor of two improvement for the latter.254
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−0.30) × 10−3

xD = (4.09+ 0.48
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−0.55) × 10−3World average (HFLAV)
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• We’ve been measuring     for a while now  
• Last two results around 65 degrees 

• Lower value mostly driven by  

• Run 1+2 
updated treatment of backgrounds 

• Run 1+2                 
backgrounds and merging of  
degenerate solutions 

• 5D compatibility to 2018 result ~2 sigma 

• Excellent agreement with indirect global  
CKM fitters.
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Figure 7: Evolution of the LHCb combination result for �, with the central values and 1�
uncertainties in black. This result is the 2021 data point, the value and uncertainty are
highlighted by the dashed blue line and band, respectively.
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Charmed Ωc
0 baryon lifeFme

● Charmed  baryon life)mes
– Λc

+ (udc), Ξc
+ (usc), Ξc

0 (dsc), Ωc
0 (ssc)

– Hierarchy (PDG 2018)
𝜏(Ωc

0) < 𝜏(Ξc
0)< 𝜏(Λc

+) < 𝜏(Ξc
+)

– 2018 - LHCb measures longer 𝜏(Ωc
0) 

in semileptonic b-baryon decays

● Promptly produced c-baryons
– Ωc

0 → p K− K− π−

– Ξc
0 → p K− K− π−

–

– y

– Confirms 𝜏(Ωc
0)  is 4x longer

● New life)me hierarchy
– 𝜏(Ξc

0)< 𝜏(Λc
+) < 𝜏(Ωc

0) < 𝜏(Ξc
+)
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Figure 3: The decay-time distributions for (left) ⌦0
c and (right) ⌅0

c modes with the �2 fit
superimposed. The �2/ndf of the fit is 22/23 for ⌦0

c mode and 30/20 for ⌅0
c mode. The

uncertainty on the data distribution is statistical only.

quantity149

Fi(⌧) =

R
i exp(�t/⌧)dtR

i exp(�t/⌧sim)dt
⇥

R
i exp(�t/⌧ consim )dtR
i exp(�t/⌧ con)dt

(2)

is introduced, where ⌧sim = 250 fs is the signal mode lifetime in simulation and ⌧ con = ⌧ consim150

is the known D0 lifetime [33]. The resulting lifetime is ⌧⌦0
c
= 276.5 ± 13.4 fs with151

�2/ndf = 22/23 and ⌧⌅0
c
= 148.0± 2.3 fs with �2/ndf = 30/20, where the uncertainty is152

only due to the limited size of the data and simulation samples. The result of the �2 fit to153

data is illustrated in Fig. 3, which shows the signal yield N sig for selected candidates as a154

function of decay time, divided by the width of the corresponding decay-time interval,155

where the fit results are superimposed.156

Several cross-checks are performed to ensure the robustness of the results. The �2 fit is157

performed to data of the D0 ! K+K�⇡+⇡� control mode for each data-taking period to158

validate the analysis procedure. The obtained lifetimes are consistent between data-taking159

periods and with the known D0 lifetime [33]. The data samples are split into sub-samples160

according to data-taking periods and magnetic polarities of the LHCb dipole magnet,161

and the lifetimes are measured for each sub-sample. The resulting lifetimes are in good162

agreement with each other and with the default results. The measurement is repeated163

with two alternative boundaries of decay-time intervals and the obtained lifetimes are164

consistent with the default results within their statistical uncertainties. To ensure that165

the result is independent of the input lifetime used in simulation, the simulated signal166

decays are weighted to have alternative e↵ective lifetimes within seven times the statistical167

uncertainty around the default lifetime. The �2 fit is then repeated. The di↵erence of the168

obtained lifetimes with regard to the default fit is negligible.169

Systematic uncertainty sources are investigated and summarised in Table 1, including170

those due to the fit model, the limited size of the calibration samples, di↵erences between171

data and simulation, and the uncertainty due to the choice of the D0 control mode. The172

systematic uncertainty due to the modelling of log10 �
2
IP is studied with theD0 control mode.173

The e↵ect on the signal yields due to fixed parameters in the Bukin function is studied by174

removing these constraints one at a time in the fit to the (m, log10 �
2
IP) distributions. The175

uncertainty on the signal yield due to the choice of a single o↵set parameter for the peak176

positions of the Bukin functions across di↵erent decay-time intervals is studied by allowing177
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Supplementary material358

In the Supplementary material, an illustration of the LHCb measurements of ⌦0
c and ⌅0

c359

lifetimes and the previous world average is shown in Fig. 5, and the fit projections to the360

invariant mass and log10 �
2
IP distributions in di↵erent decay-time intervals and data-taking361

periods are shown in Fig. 6–29.362
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data distributions with alternate scaling factors. The di↵erence between the default fitted208

lifetime and the lifetime determined with a scaling factor varied by 2% is taken as the209

systematic uncertainty.210

The measurement of the distance between the PV and the charmed-hadron decay211

vertex depends on the relative longitudinal positions of the the vertex locator modules of212

the LHCb detector with respect to the beam axis. The uncertainty on the positions of the213

modules is estimated using survey measurements and the track based alignment [40,41],214

with the latter has the larger contribution, and its uncertainty does not cancel in the215

decay-time ratio and is taken as a relative systematic uncertainty of the measured lifetime.216

The D0 signal decays are reconstructed in a CP eigenstate and D0–D0 mixing is not217

considered in the �2 fit of the lifetime. The impact of D0 mixing is estimated using218

pseudoexperiments in which the D0 decay-time distribution is generated with mixing219

terms and the default �2 fit is performed to obtain the lifetime. The obtained di↵erence220

between the input and resultant lifetime is assigned as a systematic uncertainty.221

The known value of 410.1 fs [33] is assigned as D0 lifetime in the default decay-time222

fit. The uncertainty on the D0 lifetime, 1.5 fs [33], is propagated to the measured lifetime223

using pseudoexperiments. In each pseudoexperiment, the D0 lifetime is varied according224

to its uncertainty. The standard deviation of the distribution for the fitted lifetime is225

taken as the systematic uncertainty.226

In summary, a measurement of the lifetimes of the ⌦0
c and ⌅0

c baryons is reported227

with ⌦0
c and ⌅0

c baryons produced directly in proton–proton collisions at a centre-of-mass228

energy of 13TeV, corresponding to an integrated luminosity of 5.4 fb�1 collected by the229

LHCb experiment. The ⌦0
c lifetime is measured to be230

⌧⌦0
c
= 276.5± 13.4± 4.4± 0.7 fs,

and the ⌅0
c lifetime is measured to be231

⌧⌅0
c
= 148.0± 2.3± 2.2± 0.2 fs,

where the first uncertainty is statistical, the second systematic, and the third due to232

the uncertainty of the D0 lifetime. This result is consistent with the previous LHCb233

measurements of the ⌦0
c and ⌅0

c lifetimes obtained from semileptonic beauty-hadron234

decays [1,2], and confirms the charmed-hadron lifetime hierarchy of ⌧⌅+
c
> ⌧⌦0

c
> ⌧⇤+

c
> ⌧⌅0

c
.235

The precision of the ⌦0
c lifetime is improved by a factor of two compared to that of the236

previous result [1].237

This result is independent of previous LHCb measurements [1, 2] due to the choice238

of independent data sample and analysis technique. Combining this measurement with239

previous LHCb measurements [1, 2], given that both the statistical uncertainties and240

the dominant systematic uncertainties are uncorrelated, results in the weighted average241

lifetimes of242

⌧⌦0
c
= 274.5± 12.4 fs,

⌧⌅0
c
= 152.0± 2.0 fs.

The uncertainty includes both the statistical and systematic uncertainties.243
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If we a s s u m e  that  the s t r o n g  i n t e r a c t i o n s  of b a r y -  
ons  and m e s o n s  a r e  c o r r e c t l y  d e s c r i b e d  in t e r m s  of 
the  b r o k e n  "e igh t fo ld  way"  1 - 3 )  we a r e  t e m p t e d  to 
look fo r  s o m e  f u n d a m e n t a l  exp l ana t i on  of the s i t u a -  
t ion.  A h igh ly  p r o m i s e d  a p p r o a c h  i s  the  p u r e l y  dy-  
n a m i c a l  " b o o t s t r a p "  m o d e l  for  a l l  the s t r o n g l y  in-  
t e r a c t i n g  p a r t i c l e s  wi th in  which  one m a y  t r y  to de -  
r i v e  i so top i c  sp in  and s t r a n g e n e s s  c o n s e r v a t i o n  and 
b r o k e n  e igh t fo ld  s y m m e t r y  f r o m  s e l f - c o n s i s t e n c y  
a lone  4). Of c o u r s e ,  with only s t r o n g  i n t e r a c t i o n s ,  
the  o r i e n t a t i o n  of the a s y m m e t r y  in the u n i t a r y  
s p a c e  cannot  be s p e c i f i e d ;  one hopes  tha t  in s o m e  
way  the s e l e c t i o n  of s p e c i f i c  c o m p o n e n t s  of the  F -  
sp in  by  e l e c t r o m a g n e t i s m  and the weak  i n t e r a c t i o n s  
d e t e r m i n e s  the cho i ce  of i s o t o p i c  sp in  and h y p e r -  
c h a r g e  d i r e c t i o n s .  

Even  if  we c o n s i d e r  the  s c a t t e r i n g  a m p l i t u d e s  of 
s t r o n g l y  i n t e r a c t i n g  p a r t i c l e s  on the  m a s s  s h e l l  only  
and t r e a t  the  m a t r i x  e l e m e n t s  of the weak ,  e l e c t r o -  
m a g n e t i c ,  and g r a v i t a t i o n a l  i n t e r a c t i o n s  by m e a n s  
of d i s p e r s i o n  t h e o r y ,  t h e r e  a r e  s t i l l  mean ing fu l  and 
i m p o r t a n t  q u e s t i o n s  r e g a r d i n g  the a l g e b r a i c  p r o p e r -  
t i e s  of t h e s e  i n t e r a c t i o n s  tha t  have  so  fa r  been  d i s -  
c u s s e d  only  by  a b s t r a c t i n g  the  p r o p e r t i e s  f r o m  a 
f o r m a l  f i e ld  t h e o r y  m o d e l  b a s e d  on f u n d a m e n t a l  
e n t i t i e s  3) f r o m  which  the b a r y o n s  and m e s o n s  a r e  
bu i l t  up. 

If t h e s e  e n t i t i e s  w e r e  o c t e t s ,  we m i g h t  e x p e c t  the 
u n d e r l y i n g  s y m m e t r y  g r o u p  to be  SU(8) i n s t e a d  of 
SU(3); i t  i s  t h e r e f o r e  t e m p t i n g  to t r y  to u se  u n i t a r y  
t r i p l e t s  a s  f u n d a m e n t a l  o b j e c t s .  A u n i t a r y  t r i p l e t  t 
c o n s i s t s  of an i so top i c  s i n g l e t  s of e l e c t r i c  c h a r g e  z 
(in uni t s  of e) and an i so top i c  double t  (u, d) with 
c h a r g e s  z+l  and z r e s p e c t i v e l y .  The  a n t i - t r i p l e t  
has ,  of c o u r s e ,  the  o p p o s i t e  s i g n s  of the  c h a r g e s .  
C o m p l e t e  s y m m e t r y  among the m e m b e r s  of the  
t r i p l e t  g i v e s  the e x a c t  e igh t fo ld  way,  whi le  a m a s s  
d i f f e r e n c e ,  fo r  e x a m p l e ,  be tween  the i s o t o p i c  dou-  
b l e t  and  s i n g l e t  g i v e s  the  f i r s t - o r d e r  v io l a t i on .  

F o r  any va lue  of z and of t r i p l e t  sp in ,  we can  
c o n s t r u c t  b a r y o n  o c t e t s  f r o m  a b a s i c  n e u t r a l  b a r y o n  
s i n g l e t  b by  tak ing  c o m b i n a t i o n s  ( b t t ) ,  C o t t t t ) ,  
e tc .  **. F r o m  ( b t t ) ,  we ge t  the  r e p r e s e n t a t i o n s  1 
and 8, whi le  f r o m  ( b t t t t )  we ge t  1, 8 ,  10, 10, and 
27. In a s i m i l a r  way,  m e s o n  s i n g l e t s  and o c t e t s  can  
be  m a d e  out of ( t t ) ,  ( t t t t ) ,  e tc .  The  quan tum n u m -  

214 

b e r n  t - n~ would be  z e r o  f o r  a l l  known b a r y o n s  and  
m e s o n s .  The  m o s t  i n t e r e s t i n g  e x a m p l e  of such  a 

1 m o d e l  i s  one in which  the t r i p l e t  has  sp in  ~ and 
z = -1 ,  so  tha t  the  four  p a r t i c l e s  d - ,  s - ,  u ° and b ° 
exh ib i t  a p a r a l l e l  wi th  the  l ep tons .  

A s i m p l e r  and m o r e  e l e g a n t  s c h e m e  can  be  
c o n s t r u c t e d  if we a l low n o n - i n t e g r a l  v a l u e s  for  the 
c h a r g e s .  We can  d i s p e n s e  e n t i r e l y  wi th  the  b a s i c  
b a r y o n  b if  we a s s i g n  to the  t r i p l e t  t the  fo l lowing  
p r o p e r t i e s :  sp in  !, z = -~ ,  and  b a r y o n  n u m b e r  -~. 

2 t 1 
We then r e f e r  to the  m e m b e r s  u3, d -~ ,  and s-3- of 
the  t r i p l e t  a s  " q u a r k s "  6) q and the m e m b e r s  of the 
a n t i - t r i p l e t  a s  a n t i - q u a r k s  ~1. B a r y o n s  can  now be  
c o n s t r u c t e d  f r o m  q u a r k s  by us ing  the c o m b i n a t i o n s  
(qqq ) ,  ( q q q q q ) ,  e t c . ,  whi le  m e s o n s  a r e  m a d e  out  
of (qcl), (qq~tcl), e tc .  I t  i s  a s s u m i n g  tha t  the  l o w e s t  
b a r y o n  c on f igu ra t i on  (qqq)  g i v e s  j u s t  the r e p r e s e n -  
t a t i o n s  1, 8, and 18 that  have  been  o b s e r v e d ,  whi le  
the l o w e s t  m e s o n  c on f igu ra t i on  (q q) s i m i l a r l y  g i v e s  
j u s t  1 and 8. 

A f o r m a l  m a t h e m a t i c a l  m o d e l  b a s e d  on f i e ld  
t h e o r y  can  be bu i l t  up fo r  the  q u a r k s  e x a c t l y  a s  for  
p, n, A in the  o ld  S a k a t a  m o d e l ,  fo r  e x a m p l e  3) 
wi th  a l l  s t r o n g  i n t e r a c t i o n s  a s c r i b e d  to a n e u t r a l  
v e c t o r  m e s o n  f i e ld  i n t e r a c t i n g  s y m m e t r i c a l l y  wi th  
the t h r e e  p a r t i c l e s .  With in  such  a f r a m e w o r k ,  the 
e l e c t r o m a g n e t i c  c u r r e n t  (in un i t s  of e) i s  j u s t  

u - d - s} 

o r  ~-3~ + ~8~/J3  in the  no t a t i on  of r e f .  3). F o r  the  
weak  c u r r e n t ,  we can  t ake  o v e r  f r o m  the Saka t a  
m o d e l  the  f o r m  s u g g e s t e d  by G e l l - M a n n  and L4vyT) ,  
n a m e l y  i p 7 ~ ( l + Y 5 ) ( n  cos  0 + h s in  8), which  g i v e s  
in the  q u a r k  s c h e m e  the e x p r e s s i o n  *** 

i u ya (1  + y5)(d cos  0 + s s in  0) 

* Work supported in par t  by the U. S. Atomic Energy 
Commission. 

** This is s imi la r  to the t reatment  in ref. 1). See also 
ref.  5). 

*** The para l le l  with i ~e Ya( 1 + ¥5) e and i ~ ¥~(1 + ¥5)~ 
is obvious. Likewise, in the model with d- ,  s - ,  u °, 
and b ° discussed above, we would take the weak cu r -  
rent to be i(b ° cos e + ~o sin e) ¥~(1 + ¥5) s -  
+ i(u ° cos e - ~o sin e) ya(1 + ¥5) d- .  The par t  with 
n(nt-n~) = 0 is just i T o ¥c~(1 + 75)(d- cos e + s -  sin O). 

Volume 8, number 3 P H Y S I C S  L E T T E R S  1 February  1964 

A S C H E M A T I C  M O D E L  O F  B A R Y O N S  A N D  M E S O N S  

M. G E L L -  MANN 
California Institute of Technology, Pasadena, California 

Received 4 January 1964 

If we a s s u m e  that  the s t r o n g  i n t e r a c t i o n s  of b a r y -  
ons  and m e s o n s  a r e  c o r r e c t l y  d e s c r i b e d  in t e r m s  of 
the  b r o k e n  "e igh t fo ld  way"  1 - 3 )  we a r e  t e m p t e d  to 
look fo r  s o m e  f u n d a m e n t a l  exp l ana t i on  of the s i t u a -  
t ion.  A h igh ly  p r o m i s e d  a p p r o a c h  i s  the  p u r e l y  dy-  
n a m i c a l  " b o o t s t r a p "  m o d e l  for  a l l  the s t r o n g l y  in-  
t e r a c t i n g  p a r t i c l e s  wi th in  which  one m a y  t r y  to de -  
r i v e  i so top i c  sp in  and s t r a n g e n e s s  c o n s e r v a t i o n  and 
b r o k e n  e igh t fo ld  s y m m e t r y  f r o m  s e l f - c o n s i s t e n c y  
a lone  4). Of c o u r s e ,  with only s t r o n g  i n t e r a c t i o n s ,  
the  o r i e n t a t i o n  of the a s y m m e t r y  in the u n i t a r y  
s p a c e  cannot  be s p e c i f i e d ;  one hopes  tha t  in s o m e  
way  the s e l e c t i o n  of s p e c i f i c  c o m p o n e n t s  of the  F -  
sp in  by  e l e c t r o m a g n e t i s m  and the weak  i n t e r a c t i o n s  
d e t e r m i n e s  the cho i ce  of i s o t o p i c  sp in  and h y p e r -  
c h a r g e  d i r e c t i o n s .  

Even  if  we c o n s i d e r  the  s c a t t e r i n g  a m p l i t u d e s  of 
s t r o n g l y  i n t e r a c t i n g  p a r t i c l e s  on the  m a s s  s h e l l  only  
and t r e a t  the  m a t r i x  e l e m e n t s  of the weak ,  e l e c t r o -  
m a g n e t i c ,  and g r a v i t a t i o n a l  i n t e r a c t i o n s  by m e a n s  
of d i s p e r s i o n  t h e o r y ,  t h e r e  a r e  s t i l l  mean ing fu l  and 
i m p o r t a n t  q u e s t i o n s  r e g a r d i n g  the a l g e b r a i c  p r o p e r -  
t i e s  of t h e s e  i n t e r a c t i o n s  tha t  have  so  fa r  been  d i s -  
c u s s e d  only  by  a b s t r a c t i n g  the  p r o p e r t i e s  f r o m  a 
f o r m a l  f i e ld  t h e o r y  m o d e l  b a s e d  on f u n d a m e n t a l  
e n t i t i e s  3) f r o m  which  the b a r y o n s  and m e s o n s  a r e  
bu i l t  up. 

If t h e s e  e n t i t i e s  w e r e  o c t e t s ,  we m i g h t  e x p e c t  the 
u n d e r l y i n g  s y m m e t r y  g r o u p  to be  SU(8) i n s t e a d  of 
SU(3); i t  i s  t h e r e f o r e  t e m p t i n g  to t r y  to u se  u n i t a r y  
t r i p l e t s  a s  f u n d a m e n t a l  o b j e c t s .  A u n i t a r y  t r i p l e t  t 
c o n s i s t s  of an i so top i c  s i n g l e t  s of e l e c t r i c  c h a r g e  z 
(in uni t s  of e) and an i so top i c  double t  (u, d) with 
c h a r g e s  z+l  and z r e s p e c t i v e l y .  The  a n t i - t r i p l e t  
has ,  of c o u r s e ,  the  o p p o s i t e  s i g n s  of the  c h a r g e s .  
C o m p l e t e  s y m m e t r y  among the m e m b e r s  of the  
t r i p l e t  g i v e s  the e x a c t  e igh t fo ld  way,  whi le  a m a s s  
d i f f e r e n c e ,  fo r  e x a m p l e ,  be tween  the i s o t o p i c  dou-  
b l e t  and  s i n g l e t  g i v e s  the  f i r s t - o r d e r  v io l a t i on .  

F o r  any va lue  of z and of t r i p l e t  sp in ,  we can  
c o n s t r u c t  b a r y o n  o c t e t s  f r o m  a b a s i c  n e u t r a l  b a r y o n  
s i n g l e t  b by  tak ing  c o m b i n a t i o n s  ( b t t ) ,  C o t t t t ) ,  
e tc .  **. F r o m  ( b t t ) ,  we ge t  the  r e p r e s e n t a t i o n s  1 
and 8, whi le  f r o m  ( b t t t t )  we ge t  1, 8 ,  10, 10, and 
27. In a s i m i l a r  way,  m e s o n  s i n g l e t s  and o c t e t s  can  
be  m a d e  out of ( t t ) ,  ( t t t t ) ,  e tc .  The  quan tum n u m -  
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b e r n  t - n~ would be  z e r o  f o r  a l l  known b a r y o n s  and  
m e s o n s .  The  m o s t  i n t e r e s t i n g  e x a m p l e  of such  a 

1 m o d e l  i s  one in which  the t r i p l e t  has  sp in  ~ and 
z = -1 ,  so  tha t  the  four  p a r t i c l e s  d - ,  s - ,  u ° and b ° 
exh ib i t  a p a r a l l e l  wi th  the  l ep tons .  

A s i m p l e r  and m o r e  e l e g a n t  s c h e m e  can  be  
c o n s t r u c t e d  if we a l low n o n - i n t e g r a l  v a l u e s  for  the 
c h a r g e s .  We can  d i s p e n s e  e n t i r e l y  wi th  the  b a s i c  
b a r y o n  b if  we a s s i g n  to the  t r i p l e t  t the  fo l lowing  
p r o p e r t i e s :  sp in  !, z = -~ ,  and  b a r y o n  n u m b e r  -~. 

2 t 1 
We then r e f e r  to the  m e m b e r s  u3, d -~ ,  and s-3- of 
the  t r i p l e t  a s  " q u a r k s "  6) q and the m e m b e r s  of the 
a n t i - t r i p l e t  a s  a n t i - q u a r k s  ~1. B a r y o n s  can  now be  
c o n s t r u c t e d  f r o m  q u a r k s  by us ing  the c o m b i n a t i o n s  
(qqq ) ,  ( q q q q q ) ,  e t c . ,  whi le  m e s o n s  a r e  m a d e  out  
of (qcl), (qq~tcl), e tc .  I t  i s  a s s u m i n g  tha t  the  l o w e s t  
b a r y o n  con f igu ra t i on  (qqq)  g i v e s  j u s t  the r e p r e s e n -  
t a t i o n s  1, 8, and 18 that  have  been  o b s e r v e d ,  whi le  
the l o w e s t  m e s o n  con f igu ra t i on  (q q) s i m i l a r l y  g i v e s  
j u s t  1 and 8. 

A f o r m a l  m a t h e m a t i c a l  m o d e l  b a s e d  on f i e ld  
t h e o r y  can  be bu i l t  up fo r  the  q u a r k s  e x a c t l y  a s  for  
p, n, A in the  o ld  S a k a t a  m o d e l ,  fo r  e x a m p l e  3) 
wi th  a l l  s t r o n g  i n t e r a c t i o n s  a s c r i b e d  to a n e u t r a l  
v e c t o r  m e s o n  f i e ld  i n t e r a c t i n g  s y m m e t r i c a l l y  wi th  
the t h r e e  p a r t i c l e s .  With in  such  a f r a m e w o r k ,  the 
e l e c t r o m a g n e t i c  c u r r e n t  (in un i t s  of e) i s  j u s t  

u - d - s} 

o r  ~-3~ + ~8~/J3  in the  no t a t i on  of r e f .  3). F o r  the  
weak  c u r r e n t ,  we can  t ake  o v e r  f r o m  the Saka t a  
m o d e l  the  f o r m  s u g g e s t e d  by G e l l - M a n n  and L4vyT) ,  
n a m e l y  i p 7 ~ ( l + Y 5 ) ( n  cos  0 + h s in  8), which  g i v e s  
in the  q u a r k  s c h e m e  the e x p r e s s i o n  *** 

i u ya (1  + y5)(d cos  0 + s s in  0) 

* Work supported in par t  by the U. S. Atomic Energy 
Commission. 

** This is s imi la r  to the t reatment  in ref. 1). See also 
ref.  5). 

*** The para l le l  with i ~e Ya( 1 + ¥5) e and i ~ ¥~(1 + ¥5)~ 
is obvious. Likewise, in the model with d- ,  s - ,  u °, 
and b ° discussed above, we would take the weak cu r -  
rent to be i(b ° cos e + ~o sin e) ¥~(1 + ¥5) s -  
+ i(u ° cos e - ~o sin e) ya(1 + ¥5) d- .  The par t  with 
n(nt-n~) = 0 is just i T o ¥c~(1 + 75)(d- cos e + s -  sin O). 

Four, five quark combinations possible, but not experimentally clearly seen 
 
Nature of the a0(980) and f0(980) and possibility these are tetraquark or  
molecular states long discussed 
 
In addition, if we search for the exoitc we shine a light on the non-exotic, 
and discover the unsatisfactory features of predicted and known qq and qqq 
combinations  
    

Why do quarks seem to come in twos or threes ? 

Hot topic in recent years. Many candidates claimed 
2015: LHCb reported two charmed pentaquark candidates 

A puzzle since earliest days of the quark model 

Baryon                Meson            Tetraquark             Pentaquark        



● Overview
– Discovery of X(3872)  - now χc1(3872) - by Belle  

in 2003 started new era in exoGc spectroscopy

– ObservaGon of ccu̅ud pentaquarks
Pc(4312)+, Pc(4440)+ and Pc(4457)+

– ObservaGon of two cc̅us ̅tetraquarks
Zcs(4000)+ and Zcs(4220)+

– Evidence for two cd̅us ̅tetraquarks 
X0(2900) and X1(2900)

ExoFc Spectroscopy 

28/07/2021 Franz Muheim - LHCb highlights 18

LHC > 50 Hadrons Discovered
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• Observation of two ccus tetraquarks and 
two cdus tetraquarks, open strangeness
– Zcs(4000)+, Zcs(4220)+, X0(2900), X1(2900)

• For the 50th anniversary 
of hadron colliders the 
LHC has now 
discovered more than 
50 hadrons !

• 52 discovered by LHCb

LHCb-PAPER-2020-044

LHCb-Figure-2021-001

Chris Parkes,  LHCb Highlights

LHCb-PAPER-2020-024/25
LHCb-PAPER-2020-044
arXiv:2106.03744

PRL 25 (2020) 242001
PRD D102 (2020) 112003

PRL 122 (2019) 222001



ObservaFon of excited Ξb
0 baryons

● Ξb
0 → Λb

0 K− π+ spectrum
– Using 1.6 M Λb

0 → Λc
+ π-

and Λb
0 → Λc

+ π- π+ π- decays

● Observa)on
– Two new excited Ξb

0 states

– Intermediate  structures

– Ξb
0 (6327)                                      Ξb

0 (6333)

28/07/2021 Franz Muheim - LHCb highlights 19

with a mass splitting of �m = 5.41+0.26
�0.27MeV, where the uncertainties are statistical only,119

and the resulting signal yields of ⌅b(6327)0 and ⌅b(6333)0 states are 134± 27 and 117± 24120

respectively.121
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Figure 2: Mass distribution of ⇤0
bK⇡ candidates from (left) RS and (right) WS samples. The fit

result is overlaid. The black dots with error bars correspond to the data distribution, and the
blue dashed line shows the total fit result. Individual fit components are listed in the legend.

To estimate the statistical significance of the two peaking structures, the default method122

is to assume without the existence of these peaks, the value of 2DLL ⌘ 2 log(Lmax/L0))123

follows a �2 distribution. The symbol Lmax indicates the maximum likelihood value124

with both peaks included in the fit model, while L0 is the value obtained from null125

hypothesis with no peak or one peak included. The number of degrees of freedom of the126

�2 distribution is set as the di↵erence of the number of floating parameters in the nominal127

fit and under the null hypothesis. The di↵erence in likelihood of the hypothesis with128

two peaking structures compared to the null hypothesis is estimated, which corresponds129

to a significance of 10.4�, expressed in Gaussian standard deviations. To estimate the130

significance of the two-peak hypothesis with respect to the one-peak assumption, the131

null hypothesis is replaced by a fit model where only one peaking structure is involved,132

resulting in a significance of 6.6 Gaussian standard deviations. Pseudoexperiments are133

performed to validate the significances of the two-peak hypothesis with respect to the134

null hypothesis, including the no-peak and one-peak assumptions. 20000 toy samples are135

generated based on each null hypothesis and the value of 2DLL is estimated for each136

toy sample. The distribution of 2DLL is parameterized as a shape whose tail can be137

modeled using a �2 distribution, with the number of degree of freedom allowed to take138

non-integer values and determined by fitting the 2DLL distributions of the toy samples.139

Then the p value of the two-peak hypothesis is re-estimated, and the result is 10.2� and140

6.6�, with no-peak and one-peak assumptions set as the null hypothesis, respectively.141

The significance from pseudoexperiments is consistent with the default method when142

setting the one-peak assumption as the null hypothesis, but it shows that the default143

method overestimate the significance of the two-peak hypothesis with respect to the144

no-peak hypothesis. So, the number of degrees of freedom of the �2 distribution is set145

as twice the number of floating parameters to feature the two peaking structure, as a146

conservative estimation of significance of the two-peak hypothesis with respect to the147

no-peak hypothesis [44], and the resulting value is 9.5�.148

To study the resonance structure in the excited ⌅0
b decays, several ⇤0

bK
�⇡+ mass fits149

to data samples in 5MeV wide slices of the ⇤0
b⇡ mass regions are performed, based on the150
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nominal fit model described above, and with the mass and width parameters of the two ⌅0
b151

states fixed to the nominal fit values. The signal yield of ⌅b(6327)0 and ⌅b(6333)0 states152

as a function of the ⇤0
b⇡ mass are shown in Fig. 3, where significant peaking structures153

corresponding to the ⌃+
b or ⌃⇤+

b states can be seen, and the binned maximum-likelihood154

fits to the distributions are overlaid. The ⌃+
b and ⌃⇤+

b contributions are modeled using155

RBW functions with a model-dependent width [42, 45], with the three-body-decay phase-156

space density [4] and Blatt-Weisskopf barrier factors [45] considered. The intermediate157

state ⌃+
b !⇤0

b⇡
+ contributes to most of the ⌅b(6327)0 decays. And about half of the158

⌅b(6333)0 baryons decay without ⇤0
b⇡ resonances, while the rest is dominated by the decay159

through the ⌃⇤+
b intermediate structure. The resonance structures are consistent with160

the theoretical predictions to the 1D excited ⌅0
b doublets [5, 9], where the ⌃+

b K
� process161

dominate the decay of the lighter state, while the heavier one mainly decay through the162

⌃⇤+
b K� mode.163
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Figure 3: Signal yield of (left) ⌅b(6327)0 and (right) ⌅b(6333)0 states determined by mass fits
to data samples in 5MeV slices of the ⇤0

b⇡ mass spectrum. The black dots with error bars
correspond to the distribution of the yields of the ⌅b(6327)0 or ⌅b(6333)0 states, the blue solid
lines are the fit projections. Each individual component of the fit model is demonstrated in the
legend.

Several sources of systematic uncertainties are considered for the mass and width164

measurement. The uncertainty related to the momentum scale is evaluated by varying165

the scale factor within its known uncertainty of 3 ⇥ 10�4 [25, 26], and determining the166

e↵ect on the mass and width parameters. To estimate the systematic uncertainties related167

to the choice of the functions used to model the signal and background shapes, several168

alternative fit models are used. RBW functions with mass-dependent widths [42,45] are169

used to model the ⌅0
b peaking structures, where the phase-space factors and barrier factors170

are calculated assuming the ⌅0
b decays occur through the ⌅0

b !⌃+
b K

� or ⌅0
b ! ⌃⇤+

b K�
171

two-body process. For these RBW functions, the orbital angular momentum of the ⌃+
b K

�
172

system is assumed to be between 0 and 3 and the Blatt-Weisskopf barrier radius [45]173

is varied between 1.0 and 5.0GeV�1. The polynomial functions with an order between174

2 and 4 are used as alternative models to describe the background and to estimate the175

corresponding systematic uncertainties. Alternative resolution functions are used to model176

the detector resolution e↵ect, by using the sum of either two Crystal Ball functions or two177

Gaussian functions. To consider the potential di↵erence of mass resolution between data178

and simulation, the resolution constant �MC, is varied by ±10% [16,18,46–48] to estimate179

the impact to the fit result. The statistical significance of the two peaking structures180
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is estimated based on all the alternative fit models, and the smallest value is set as the181

final result. The significance of the two peaking structures is 9.3� and 5.8�, with respect182

to the no-peak and one-peak hypotheses, respectively. As the reconstructed mass of183

the ⌅0
b candidates is defined using m0(⇤0

b) as an input, the corresponding uncertainty184

should be considered. The value of m0(⇤0
b) is taken from the ⇤0

b mass measurement185

performed using LHCb data [41], where the ⇤0
b candidates are reconstructed with several186

⇤0
b decay modes not including the ⇤0

b !⇤+
c ⇡

� and ⇤0
b !⇤+

c ⇡
�⇡+⇡� modes. Among all187

sources of uncertainties of the LHCb result, only the systematic uncertainty related to the188

momentum scale is fully correlated with the corresponding uncertainty in this analysis,189

and the others are assumed as uncorrelated uncertainties of the external input. The190

statistical uncertainty of the ⇤0
b mass measurement is treated as an uncorrelated source of191

uncertainty in this analysis. The total systematic uncertainty on the mass and width is192

calculated as the sum in quadrature of the di↵erent source and is summarized in Table 1.193

The method to set upper limit of width is based on the Bayesian confidence level with194

a flat prior for non-negative width [4, 49]. The upper limits of the widths of ⌅b(6327)0195

and ⌅b(6333)0 states are evaluated by convolving the likelihood profiles with the total196

uncertainty of the width parameters in Table 1, and finding the value of the widths197

covering 90% or 95% of the integrated probability.198

Table 1: Systematic uncertainties on masses (MeV) and widths (MeV) for ⌅b(6327)0 and
⌅b(6332)0 states.

Source ⌅b(6327)0 ⌅b(6332)0

m � m � �m
Momentum scale 0.06 0.06 0.03 0.04 0.03
Signal shape 0.01 0.12 0.00 0.25 0.01
Background shape 0.01 0.17 0.01 0.15 0.00
Resolution model 0.05 0.20 0.01 0.25 0.05
Total (m⌅0

b
) 0.08 0.29 0.03 0.39 0.06

⇤0
b mass (syst, momentum scale) 0.12 - 0.12 - -

⇤0
b mass (syst, excl. momentum scale) 0.05 - 0.05 - -

⇤0
b mass (stat) 0.16 - 0.16 - -

Total (m⇤0
b
) 0.24 - 0.22 - -

In summary, two new structures are observed in the ⇤0
bK

�⇡+ mass spectrum, with199

the ⇤0
b particle reconstructed using ⇤0

b ! ⇤+
c ⇡

� and ⇤0
b ! ⇤+

c ⇡
�⇡+⇡� decays. The200

significance of the two-peak hypothesis is above 9.3� compared to the no-peak hypothesis201

and 5.8� compared to the one peak hypotheses, both expressed as Gaussian standard202

deviations. The masses and widths of these two states are measured to be203

m⌅b(6327)0 = 6327.28+0.23
�0.21 ± 0.08± 0.24MeV,

m⌅b(6333)0 = 6332.69+0.17
�0.18 ± 0.03± 0.22MeV,

�⌅b(6327)0 < 2.20 (2.56)MeV at 90% (95%) CL,

�⌅b(6333)0 < 1.55 (1.85)MeV at 90% (95%) CL,
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This appendix contains supplementary material that will posted on the public CDS record248

but will not appear in the paper. The comparison of masses of beauty baryons with quark249

content bqq0 and bsq between the experimental data and theoretical predictions is shown250

in Fig. 4.251
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Figure 4: Comparison of masses of beauty baryons with quark content (left) bqq0 and (right)
bsq between the experimental data (points) and theoretical predictions (lines). The ⇤0

b and ⌅b

baryons correspond to the light diquark spin sqq0(sq) = 0, while ⌃b and ⌅ 0
b states correspond to

the light diquark spin sqq0(sq) = 1. The figures are modified from Ref. [7] and Ref. [6].
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nominal fit model described above, and with the mass and width parameters of the two ⌅0
b151

states fixed to the nominal fit values. The signal yield of ⌅b(6327)0 and ⌅b(6333)0 states152

as a function of the ⇤0
b⇡ mass are shown in Fig. 3, where significant peaking structures153

corresponding to the ⌃+
b or ⌃⇤+

b states can be seen, and the binned maximum-likelihood154

fits to the distributions are overlaid. The ⌃+
b and ⌃⇤+

b contributions are modeled using155

RBW functions with a model-dependent width [42, 45], with the three-body-decay phase-156

space density [4] and Blatt-Weisskopf barrier factors [45] considered. The intermediate157

state ⌃+
b !⇤0

b⇡
+ contributes to most of the ⌅b(6327)0 decays. And about half of the158

⌅b(6333)0 baryons decay without ⇤0
b⇡ resonances, while the rest is dominated by the decay159

through the ⌃⇤+
b intermediate structure. The resonance structures are consistent with160

the theoretical predictions to the 1D excited ⌅0
b doublets [5, 9], where the ⌃+

b K
� process161

dominate the decay of the lighter state, while the heavier one mainly decay through the162

⌃⇤+
b K� mode.163
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Figure 3: Signal yield of (left) ⌅b(6327)0 and (right) ⌅b(6333)0 states determined by mass fits
to data samples in 5MeV slices of the ⇤0

b⇡ mass spectrum. The black dots with error bars
correspond to the distribution of the yields of the ⌅b(6327)0 or ⌅b(6333)0 states, the blue solid
lines are the fit projections. Each individual component of the fit model is demonstrated in the
legend.

Several sources of systematic uncertainties are considered for the mass and width164

measurement. The uncertainty related to the momentum scale is evaluated by varying165

the scale factor within its known uncertainty of 3 ⇥ 10�4 [25, 26], and determining the166

e↵ect on the mass and width parameters. To estimate the systematic uncertainties related167

to the choice of the functions used to model the signal and background shapes, several168

alternative fit models are used. RBW functions with mass-dependent widths [42,45] are169

used to model the ⌅0
b peaking structures, where the phase-space factors and barrier factors170

are calculated assuming the ⌅0
b decays occur through the ⌅0

b !⌃+
b K

� or ⌅0
b ! ⌃⇤+

b K�
171

two-body process. For these RBW functions, the orbital angular momentum of the ⌃+
b K

�
172

system is assumed to be between 0 and 3 and the Blatt-Weisskopf barrier radius [45]173

is varied between 1.0 and 5.0GeV�1. The polynomial functions with an order between174

2 and 4 are used as alternative models to describe the background and to estimate the175

corresponding systematic uncertainties. Alternative resolution functions are used to model176

the detector resolution e↵ect, by using the sum of either two Crystal Ball functions or two177

Gaussian functions. To consider the potential di↵erence of mass resolution between data178

and simulation, the resolution constant �MC, is varied by ±10% [16,18,46–48] to estimate179

the impact to the fit result. The statistical significance of the two peaking structures180

5
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Evidence for structure in J/ψp

● Amplitude analysis
– using 800 Bs

0 → J/ψpp̅ decays 

– Observe structure in 
J/ψp and J/ψp̅ spectrum

– Significance of 3.1σ to 3.7σ
depending on JP assignment

● Evidence
– For Pc(4337)+  state

– Consistent with a (ccu̅ud) pentaquark

– Mass and width 
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Table 1: Systematic uncertainties associated to mass MPc , width �Pc (in MeV), modulus of
coupling A(Pc), fit fractions f(Pc) (in %) and significance (�) of the P±

c states.

Source MPc �Pc A(Pc) f(Pc) �

Fit model 0.1 1.4 0.013 6.4 4.2
Background 0.1 2 0.001 0.7 4.3
E�ciency 0.2 4 0.012 0.4 4.4
J
P assignment 2 12 0.100 5.5 3.1

Hadron radius 0.7 4 0.034 1.7 3.7
Fit bias +0.2

�0.1
+5
�2

+0.040
�0.040 – –

Total 2 14 0.11 8.6 3.1

J/ p and J/ p invariant masses is observed with a statistical significance in the range202

of 3.1 to 3.7�, depending on the assigned J
P hypothesis. No evidence is seen for either203

a Pc state at mass 4312MeV [2] or a glueball state fJ(2220) predicted in Ref. [10]. In204

addition, unlike in other B decays [40–43], no threshold enhancement is observed in the205

pp invariant-mass spectrum, which is well modelled by a nonresonant contribution.206

The mass and width of the new pentaquark-like state is measured to be:207

MPc = 4337+7
�4(stat)

+2
�2(syst)MeV,

�Pc = 29+26
�12(stat)

+14
�14(syst)MeV,

where the first uncertainty is statistical and the second systematic. The analysis of flavour208

untagged B
0
s
decays is not sensitive to the P

+
c

and P
�
c

contributions separately, therefore209

a single coupling is determined, which has modulus A(Pc) = 0.19+0.19
�0.08(stat)

+0.11
�0.11(syst)210

and phase �(Pc) consistent with zero, corresponding to a fit fraction of (22.0+8.5
�4.0(stat)±211

8.6(syst))% for the Pc states. Due to the limited sample size, it is not possible to distinguish212

among di↵erent quantum numbers.213

The mass and width of this pentaquark-like state, Pc(4337), are not compatible with214

the ones of the states previously observed in ⇤0
b
! J/ pK

�.215
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ExoFc Spectroscopy

● Categories of observed resonance states
– Excited states: bq̅, cq̅,  bqq, cqq

– ExoGc states:      cc(̅qq̅),  ccc̅c,̅ cq̅qq̅, ccq̅qq

– Evidence for two cd̅us ̅tetraquarks

– Natural width varies from  O(1) to O(100)  MeV 

● Heavy quark symmetry
– Predicts doubly heavy tetraquark hadron

ccq̅q̅ or bbq̅q̅ to be long-lived 
with respect to strong interacGon

● Doubly charmed tetraquark Tcc
+

– Ground state Tcc
+  with JP = 1+ 

– Many models predict Tcc
+ mass close to the D*D threshold 

● Observa)on strategy
– Search for narrow exoGc state in same sign doubly charmed mass spectrum 

28/07/2021 Franz Muheim - LHCb highlights 21



Search for Tcc
+ state

● Tcc
+ search

– Expected to decay to D0 D0 π+ with D0 → K− π+ 

– Study D0 D0 π+ mass spectrum

– Mass near D*+D0   and D*0D+ thresholds

– mass difference

● Method
– Unbinned log-likelihood fit 

to 2 dimensional D0 mass combinaGons
of D0 D0 π+ candidates

– to subtract background from 
combinatorial K− π+ pairs

28/07/2021 Franz Muheim - LHCb highlights 22
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Quantum chromodynamics (QCD), the theory of the strong force, describes the for-1

mation of hadronic matter, the so-called mesons and baryons. While QCD makes very2

powerful predcitions at high energies, this theory is not able to describe quark inter-3

actions in hadrons via direct derivations from the QCD Lagrangian due to the highly4

non-perturbative regime at the corresponding energy scale. Hence, the field of hadron5

spectroscopy is driven by experimental discoveries that sometimes surprise and change6

the landscape of the field. Along with baryons formed of three quarks (q1q2q3) and mesons7

formed of a quark-antiquark pair (q1q2), states with other quark content, known as exotic8

states, have been actively discussed since the birth of the constituent quark model [1–5].9

The discussion has been revived because of the numerous tetraquark q1q2q3q4 and pen-10

taquark q1q2q3q4q5 candidates observed recently [6,7]. Due to the closeness of their masses11

to known particle-pair thresholds, many of those states are likely to be predominantly12

hadronic molecules where color-singlet hadrons are bound by some residual nuclear forces13

similar to the electromagnetic van-der-Waals forces attracting charge-neutral atoms and14

molecules. An elementary example of the hadronic molecule is a deuteron formed by15

a proton and neutron. On the other hand an interpretation of these states as compact16

multiquark structures is also possible.17

All exotic hadrons observed so far decay via the strong interaction and their widths18

vary from a few to a few hundreds of MeV. A long-lived exotic state stable with respect to19

the strong interaction would be intriguing for the particle physics community. A hadron20

with two heavy quarks Q and two light antiquarks q, Q1Q2q1q2, is a prime candidate21

to form such a state [8–13]. In the limit of a large heavy quark mass, mQ ! +1,22

the two heavy quarks Q1Q2 form a point-like color-antitriplet object, i.e. analogous to23

an antiquark, and the corresponding ground state should be bound. In practice, a b-quark24

is considered heavy enough to sustain the existence of a stable bbud state with binding25

energy of about 215MeV [14] with respect to the BB⇤ mass threshold. In the case of26

the bcud and ccud systems, the conclusions are less clear and there is currently no27

consensus in the literature whether such a state exists and is narrow enough to be detected28

experimentally. The theoretical predictions for the mass of the ground ccud state with29

quantum numbers JP = 1+, denoted hereafter as T+

cc
, relative to the D⇤+D0 mass threshold30

31

�m ⌘ m
T

+
cc
� (mD⇤+ +mD0) (1)

lie in the range �250 < �m < 260MeV/c2 [14–45], where mD⇤+ and mD0 denote the known32

masses of the D⇤+ and D0 mesons [7].33

In this Letter, the observation of a narrow state in the D0D0⇡+ mass spectrum1 near34

the D⇤+D0 mass threshold compatible with being a T+

cc
tetraquark state is reported.35

The study is based on proton-proton (pp) collision data, corresponding to integrated36

luminosities of 1, 2 and 6 fb�1, collected with the LHCb detector at centre-of-mass energies37

of 7, 8 and 13TeV, respectively. The LHCb detector [46, 47] is a single-arm forward38

spectrometer covering the pseudorapidity range 2 < ⌘ < 5, designed for the study of39

particles containing b or c quarks and is further described in Methods.40

The D0D0⇡+ final state is reconstructed using the D0 ! K�⇡+ decay channel from41

D0-mesons and a pion produced promptly in pp collisions. The selection criteria are42

similar to those used in Ref. [48] and described in detail in Methods. To improve43

the mass resolution and to make the determination of �m insensitive to the precision of44

1Throughout this Letter, charge conjugate decays are implied.

1

D0! K�⇡+ signal303

The D0! K�⇡+ signal in data is shown in Fig. S2.304

1.8 1.85 1.9
0

200

400

600

800

1000

1200

1400
310×

C
a
n
d
id
a
t
e
s
/
(
1
M
eV
/
c2
)

LHCb
9 fb�1

+• data
D0! K�⇡+

background
total

mK�⇡+
⇥
GeV/c2

⇤

Figure S2: K�⇡+ mass distribution for selected D0! K�⇡+ candidates. A fit with modified
Novosibirsk function [78] is overlaid.
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Background subtraction305

Two-dimensional distribution for the mass of one D0 candidate versus the mass of another306

D0 candidate from selected D0D0⇡+ combinations are used to subtract the background from307

fake D0 candidates, see Fig. S3. The sPlot technique [70], based on an extended unbinned308

maximum-likelihood fit to the two-dimension distribution using the function described in309

Ref. [48], was used for background subtraction. The projections of this two-dimensional310

fit are also shown in Fig. S3. The alternative layout of the two-dimensional distribution is311

shown in Fig. S4.312
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Figure S3: (top) Two-dimensional distribution for the mass of one D0 candidate versus the mass
of another D0 candidate from selected D0D0⇡+ combinations. (bottom) Projections of the
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ObservaFon of Tcc
+ state

● First observa,on of a same-sign
doubly charmed tetraquark Tcc

+

– Very narrow state in 
D0 D0 π+ mass spectrum 

– Consistent with ccu̅dU tetraquark
– Mass very close to D*+D0  

mass thresholds
– Manifestly exoCc

● Parameters of Tcc
+

– Fit structure with P-wave  
relaCvisCc Breit-Wigner

– UncertainCes stat, syst and due JP = 1+  assumpCon
– Significance for signal > 10 σ
– Significance for δmBW < 0  4.3 σ

28/07/2021 Franz Muheim - LHCb highlights 23
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Figure 1: The D0D0⇡+ mass distribution where the contribution of the non-D0 background has
been removed. The fit described in the text is overlaid.

Table 1: Signal yields, N , Breit–Wigner mass relative to D⇤+D0 mass threshold �mBW and
width �BW parameters obtained from the fit to the D0D0⇡+ mass spectrum. The uncertainties
are statistical only. The last two rows show the statistical significance S of the observed signal
and the significance of the hypothesis �mBW < 0 in units of standard deviations.

Parameter value

N 117± 16
�mBW �273± 61 keV/c2

�BW 410± 165 keV

S 21.7�
S�mBW<0 4.3�

Systematic uncertainties for the �mBW and �BW parameters are summarised in Table 292

and described below. The largest systematic uncertainty is related to the fit model and is93

studied using pseudoexperiments with alternative parameterisations of the D0D0⇡+ mass94

shape. Several variations in the fit model are considered: imperfect knowledge of the de-95

tector resolution model, an uncertainty in the correction factor for resolution taken from96

3
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Table 2: Systematic uncertainties for the �mBW and �BW parameters. The total uncertainty is
calculated as the sum in quadrature of all components except related to JP qauantum numbers
assignment.

Source ��mBW [keV/c2] ��BW [keV]

Fit model
Resolution model 2 7
Resolution correction factor 1 30
Background model 3 30
Model parameters < 1 < 1

Momentum scale 3 —
Energy loss corrections 1 —
D⇤+ �D0 mass di↵erence 2 —

Total 5 43

JP quantum numbers +11

�14

+18

�38

control channels, parameterization of the background component and the additional97

model parameters of the Breit–Wigner function. The model uncertainty that arises when98

the assumption of JP = 1+ quantum numbers of the state is removed is estimated and99

listed separately. The measured parameters are e↵ected by the overall detector momen-100

tum scale, which is known to a relative precision of �↵ = 3⇥ 10�4. The corresponding101

uncertainty is estimated using simulated samples where the momentum-scale is shifted by102

factors of (1± �↵). In the reconstruction, the momenta of charged tracks are corrected for103

energy loss in the detector material, the amount of which is known to 10% accuracy [56].104

To access the resulting uncertainty, the magnitude of the energy-loss corrections is varied105

by ±10%. As the mass of the D0D0⇡+ combinations is calculated with the mass of106

each D0 meson constrained to the known value of the D0 mass, the �mBW parameter is107

insensitive to the precision of the D0 mass, however, the small uncertainty of 2 keV/c2 for108

the D⇤+ � D0 mass di↵erence [7, 57, 58] directly a↵ects the values of these parameters.109

The corresponding systematic uncertainty is added.110

In summary, using the full dataset collected by the LHCb experiment during the 2011–111

2018 period, a narrow peak is observed in the mass spectrum of D0D0⇡+ candidates112

produced promptly in pp collisions. The statistical significance of the peak is overwhelm-113

ing, i.e. exceeding ten standard deviations. Using the Breit–Wigner parameterisation,114

the location of the peak relative to the D⇤+D0 mass threshold, �mBW, and the width,115

�BW, are determined to be116

�mBW = �273± 61± 5 +11

� 14
keV/c2 ,

�BW = 410± 165± 43 +18

� 38
keV ,

where the first uncertainty is statistical, the second systematic and the third is related to117

the JP quantum numbers assignment. The minimal quark content for the newly observed118

state is ccud and the measured mass and the width are consistent with the expected values119

4
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Spectroscopy at the LHC

● Status 28 July 2021
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~~ In obtaining the expression (11) the mass difference
between the charged and neutral has been ignored.
~2M. Adernollo and R. Gatto, Nuovo Cimento 44A, 282
(1966); see also J. Pasupathy and H, . E. Marshak,
Phys. Rev. Letters 17, 888 (1966).
~3The predicted ratio I.eq. |,'12)] from the current alge-

bra is slightly larger than that (0.23%) obtained from
the p-dominance model of Ref. 2. This seems to be
true also in the other case of the ratio &(t) ~+m y}/
&(VV} calculated in Refs. 12 and 14.
L. M. Brown and P. Singer, Phys. Rev. Letters 8,

460 (1962}.

A MODEL OF LEPTONS*

Steven Weinberger
Laboratory for Nuclear Science and Physics Department,

Massachusetts Institute of Technology, Cambridge, Massachusetts
(Received 17 October 1967)

Leptons interact only with photons, and with
the intermediate bosons that presumably me-
diate weak interactions. What could be more
natura, l than to unite' these spin-one bosons
into a multiplet of gauge fields? Standing in
the way of this synthesis are the obvious dif-
ferences in the masses of the photon and inter-
rnediate meson, and in their couplings. We
might hope to understand these differences
by imagining that the symmetries relating the
weak and electromagnetic interactions a,re ex-
act symmetries of the Lagrangian but are bro-
ken by the vacuum. However, this raises the
specter of unwanted massless Goldstone bosons. '
This note will describe a model in which the
symmetry between the electromagnetic and
weak interactions is spontaneously broken,
but in which the Goldstone bosons are avoided
by introducing the photon and the intermediate-
boson fields as gauge fields. s The model may
be renormalizable.
We will restrict our attention to symmetry

groups that connect the observed electron-type
leptons only with each other, i.e. , not with
muon-type leptons or other unobserved leptons
or hadrons. The symmetries then act on a left-
handed doublet

and on a right-handed singlet

R = 4(i-},)le.
The largest group that leaves invariant the kine-
matic terms -I-yI" 8&L -R yI" 8&B of the Lagrang-
ian consists of the electronic isospin T acting
on L, plus the numbers NI„Ng of left- and
right-handed electron-type leptons. As far
as we know, two of these symmetries are en-
tirely unbroken: the charge Q =T3 NR 2NL—, —
and the electron number N=N~+NL. But the
gauge field corresponding to an unbroken sym-
metry will have zero mass, ' and there is no
massless particle coupled to N, ' so we must
form our gauge group out of the electronic iso-
spin T and the electronic hyperchange F=—Ng
+ 2NL.
Therefore, we shall construct our Lagrang-

ian out of L and B, plus gauge fields A& and
B& coupled to T and ~, plus a spin-zero dou-
blet

whose vacuum expectation value will break T
and ~ and give the electron its mass. The on-
ly renormalizable Lagrangian which is invar-
iant under T and & gauge transformations is

2=-g(6 A —6 A +gA xA ) -«(6 B -6 B ) -R}' (& ig'B )R Ly (6 igt—~ A —i2g'B )L-p. V V p, P, V P V V P P

1 1 2 —4 2 2igA ~ ty-+i ,g'B yl ——G (LcpR+Ry L)—M y y+h(y y) . (4)p, p, p, 1

We have chosen the phase of the 8 field to make Ge real, and can also adjust the phase of the L and
Q fields to make the vacuum expectation value A.

—= (y') real. The "physical" p fields are then p



W mass measurement

● W boson mass
– Fundamental parameter of Standard Model

– SensiGvity to new physics limited 
by direct mW measurements

– Most precise results  from ATLAS, CDF and D0 

● LHCb parton distribu)ons
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Sensitivity to BSM physics is primarily limited by precision of direct 
measurements of mW.

Global electroweak fit by the gFitter group  EPJC 78, 675 (2018)

Global electroweak fit 
EPJC 78, 675 (2018) GFi�er
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Parton Distributions and QCD at LHCb

R.S. Thorne1∗, A.D. Martin2, W.J. Stirling2 and G. Watt1

1- Department of Physics and Astronomy, University College London, WC1E 6BT, UK

2- Institute for Particle Physics Phenomenology, University of Durham, DH1 3LE, UK

We consider the impact that can be made on our understanding of parton distributions
(PDFs) and QCD from early measurements at the LHCb experiment. The high rapidity
values make the experiment uniquely suited to a detailed study of small-x parton
distributions and hence will make a significant contribution towards the clarification of
both experimental and theoretical uncertainties on PDFs and their applications.

1 Introduction
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Figure 1: The kinematic range of x and Q2

which is probed at the LHC.

The kinematic range for particle production
at the LHC is shown in Figure 1. The x val-
ues of the PDFs are x1,2 = x0 exp(±y), where
x0 = M/

√
s. Smallish x ∼ 0.001−0.01 parton

distributions are therefore probed by the stan-
dard production processes at the LHC, e.g.
W,Z, at central rapidity. However, LHCb,
which has a rapidity coverage of 1.8 < y <
4.9, automatically probes the PDFs at very
low (and high) values of x. At the low val-
ues the experiment constraints begin to run
out and there are also potentially significant
theoretical uncertainties.

We can gain useful information on PDFs
and QCD from both total cross-section mea-
surements and ratios of cross-sections at
LHCb [1]. The 90% confidence level limit un-
certainies using the preliminary MSTW 2007
PDFs [2] are shown in Figure 2. The re-
sults are exact but they can be understood
more easily using some simplifications. Since
x1 > x2, particularly at high values of y, and
since sea quarks die away at high x, we assume q1(x1)q̄2(x2) + q̄1(x1)q2(x2) ≈ q1(x1)q̄2(x2).
Also at small x2 we assume that ū(x2) = d̄(x2). We finally assume that the cross-sections are
dominated by up and down contributions, which is reasonable for obtaining general results.
Using these simplifications we obtain for the cross-section ratios the expressions

RZ/W ≃
Au u(x̃1) + Ad d(x̃1)

u(x1) + d(x1)
, A± ≃

uV (x1)− dV (x1)

u(x1) + d(x1)
, R± ≃

d(x1)

u(x1)
,

where Au = v2u + a2u and Ad = v2d + a2d, i.e. the sum of the squares of the vector and axial-
vector couplings. The use of x̃1 illustrates that x values are slightly higher for Z production

∗Royal Society University Research Fellow

DIS 2008



W mass measurement

● Method
– W+ → μ+ νμ decay mode
– Transverse momentum pT of muon 

with charge q peaks at ~mW/2
– Shiv in mW distorts q/pT spectrum
– Muon pT depends  on transverse 

momentum pT
W of W boson

– Z→ μ+μ- decays measured simultaneously

● mW determina)on
– Simultaneous fit to q/pT and φ* of W and Z
– Precision: 23 MeV stat. uncertainty
– SystemaGc uncertainGes from 

PDF, theory and experiment
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particles, as selected by a particle-flow algorithm described in e.g. Ref. [42], within142

(�⌘)2 + (��)2 < 0.42 around the muon where �⌘ and �� denote the separation in ⌘ and143

azimuthal angle around the beam direction (�), respectively. In order to suppress hadronic144

backgrounds the muon must have an isolation of less than 4GeV. The muon is required to145

be within the region 2.2 < ⌘ < 4.4, in which the detector is detector is fully instrumented146

in the isolation cone. The impact parameter of the muon must have a significance of147

less than three standard deviations (�) and the transverse energy associated with the148

muon in the hadronic calorimeter must be less than 5GeV. Background from Z boson149

events is suppressed by rejecting events that contain a second muon with pT > 25GeV150

and opposite charge to the signal muon.151

Candidate Z ! µµ events are reconstructed from combinations of two oppositely152

charged identified muons associated to the same PV with an invariant mass within ±14GeV153

of the known Z boson mass [7]. At least one muon must be matched to a single muon154

selection at all stages of the trigger. Both muons must have pT > 20GeV and an isolation155

value below 10GeV. Both muons are required to have an impact parameter significance156

of less than 10�.157

Candidate J/ ! µµ and ⌥ (1S) ! µµ events, which are primarily used to calibrate158

the modelling of the momentum measurement, are required to have a pair of oppositely159

charged identified muons. In addition to the generic identified muon requirements already160

listed, both muons must have a transverse momentum above 3GeV and satisfy a tighter161

muon identification requirement. In order to specifically select J/ ! µµ candidates162

originating from b-hadron decays the decay vertices must be displaced from the nearest163

PV by more than three standard deviations.164

3 Momentum calibration and modelling165

The momentum scale can be precisely determined from the mass measurements of various166

resonances, including those that decay to muon pairs. However, charge dependent curvature167

biases that are additive in q/p are challenging to estimate because, to first order, their168

e↵ect cancels in the position of the resonances. They are also particularly important for169

the high momentum muons from W and Z boson decays. In Ref. [43] it was proposed to170

determine corrections using the pseudomass variable in Z ! µµ events171

M
± =

s

2p±p±
T

p⌥

p⌥
T

(1 � cos ✓), (3)

where p± and p±
T
are the momenta and transverse momenta of the µ±. The opening angle172

between the two muons is denoted ✓. Crucially, the value of M
± is independent of the173

magnitude of the momentum of the µ⌥ and is therefore directly sensitive to curvature174

biases a↵ecting the µ± candidate. The pseudomass is an approximation of the dimuon175

mass under the assumption that the dimuon system has zero momentum transverse to176

the bisector of the two lepton transverse momenta [44]. The �⇤ variable [30], defined as177

�⇤ =
tan((⇡ � ��)/2)

cosh(�⌘/2)
⇠

pZ
T

M
, (4)

where �� is the azimuthal opening angle between the two leptons and �⌘ is the di↵erence178

between the pseudorapidities of the negatively and positively charged lepton, is used to179
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W mass measurement

● W boson mass
– Using 2016 data sample 1.6 �-1

– Xxx

● Discussion and outlook
– First LHCb measurement 

of W boson mass mW

– Pathfinder analysis: 32 MeV precision
using ~1/3 of Run 2 data sample 

– Expect LHCb precision < 20 MeV 
with full Run 1&2 data set

– Average LHCb with ATLAS
could profit from –ve PDF correlaGons

28/07/2021 Franz Muheim - LHCb highlights 28

Conclusions and outlook

First measurement of mw from LHCb with 32 MeV uncertainty is consistent with 
previous measurements and with the prediction.


A total uncertainty of ≲ 20 MeV looks achievable with existing LHCb data.

EPJC 79 (2019) 6 encourages us to upgrade to a double-differential fit.


We look forward to working with the other LHC experiments, and the theory 
community, to fully exploit LHCb’s unique/complementary rapidity coverage to 
achieve the ultimate precision on mW.
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Unblinding of mW
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LHCbTotal uncertainty
Stat. uncertainty

mW = 80364 ± 23stat ± 11exp ± 17theory ± 9PDF MeV

preliminary

EPJC 75 12, 601 (2015) 
Measurement of the W boson mass with the LHCb detector 

Ross Hunter



Intrinsic charm of proton

● Z boson and charm jets 
– σ(Zc)/σ(Zj) fraction of Z+jet events 

where jet originates from a charm quark

● Charm-jet
– Displaced vertex DV,   corrected mass mcor

– Calibrated with tag and probe

● Result
– Sizable enhancement of c-jets  at high Z rapidity
– Consistent with 1% intrinsic charm in proton
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Figure 3: Example (left) mcor(DV) and (right) Ntrk(DV) distributions for all DV-tagged can-
didates in the Zj data sample reconstructed in the fiducial region with the DV fit results
superimposed.

The tracks used as inputs to the DV-tagger algorithm are required to have pT > 0.5GeV98

and to be inconsistent with originating directly from a pp collision. A DV is associated99

to a jet when �R < 0.5 between the jet axis and the DV direction of flight, defined by100

the vector from the pp interaction point to the DV position. Requirements that reject101

s-hadron decays and particles formed in interactions with material [56] are placed on102

the mass, m(DV), and momentum, p(DV), of the particles that form the DV, along103

with the DV position. In addition, only DVs with at most four tracks are used, since104

higher-multiplicity DVs are almost exclusively due to b-hadron decays. More details about105

the c-tagging algorithm are provided in Ref. [38].106

Two DV properties are used to separate c jets from b and light-parton jets:107

the number of tracks in the DV, Ntrk(DV); and the corrected mass, mcor(DV) ⌘108 p
m(DV)2 + [p(DV) sin ✓]2 + p(DV) sin ✓, where ✓ is the angle between the momentum109

and direction of flight of the DV. The corrected mass, which is the minimum mass that110

the long-lived hadron can have that is consistent with the direction of flight, peaks near111

the c-hadron mass for c jets, and consequently, provides excellent discrimination against112

other jet types. The DV track multiplicity provides additional discrimination against b113

jets, since b-hadron decays often produce many displaced tracks. These two distributions114

are fitted simultaneously to obtain the DV-tagged c-jet yields. The templates for c, b, and115

light-parton jets are obtained from calibration data samples that are each highly enriched116

in a given jet flavor [38]. Figure 3 shows the results of an example DV fit; such fits are117

performed in each [y(Z), pT(j)] interval to obtain the reconstructed Zc yields.118

The e↵ects of [y(Z), pT(j)] interval migration are corrected for using an unfolding119

technique [54, 55]. The detector response is studied using the pT-balance distribution120

of pT(j)/pT(Z) in nearly back-to-back Zj events using the same data-driven technique121

as in Refs. [49, 57]. Small adjustments are applied to the pT(j) scale and resolution in122

simulation to obtain the best agreement with data. In addition, for the Zc and Zj samples123

the pT(j) and pT(DV) distributions in simulation are adjusted to match those observed in124

data. The unfolding matrix for jets that contain a reconstructed DV is shown in Fig. 4,125

while the corresponding matrix for inclusive Zj production is provided in Ref. [36].126

The dominant systematic uncertainty is due to limited knowledge of the c-tagging127

e�ciency, which is measured in pT(j) intervals from data in Ref. [38] and briefly summarized128

4

2 4 6 8 10
0

20

40

60

80

100

120

mcor(DV) [GeV ]

C
an

d
id
at
es

/
0.
1
G
eV

LHCb

20 < pT(j) < 100GeV

2.0 < y(Z) < 4.5

R
Ldt = 6 fb

�1

Data
Fit
Charm
Beauty
Light

2 3 4
0

200

400

600

800

1000

1200

Ntrk(DV)

C
an

d
id
at
es

LHCb
R
Ldt = 6 fb

�1

Figure 3: Example (left) mcor(DV) and (right) Ntrk(DV) distributions for all DV-tagged can-
didates in the Zj data sample reconstructed in the fiducial region with the DV fit results
superimposed.

The tracks used as inputs to the DV-tagger algorithm are required to have pT > 0.5GeV98

and to be inconsistent with originating directly from a pp collision. A DV is associated99

to a jet when �R < 0.5 between the jet axis and the DV direction of flight, defined by100

the vector from the pp interaction point to the DV position. Requirements that reject101

s-hadron decays and particles formed in interactions with material [56] are placed on102

the mass, m(DV), and momentum, p(DV), of the particles that form the DV, along103

with the DV position. In addition, only DVs with at most four tracks are used, since104

higher-multiplicity DVs are almost exclusively due to b-hadron decays. More details about105

the c-tagging algorithm are provided in Ref. [38].106

Two DV properties are used to separate c jets from b and light-parton jets:107

the number of tracks in the DV, Ntrk(DV); and the corrected mass, mcor(DV) ⌘108 p
m(DV)2 + [p(DV) sin ✓]2 + p(DV) sin ✓, where ✓ is the angle between the momentum109

and direction of flight of the DV. The corrected mass, which is the minimum mass that110

the long-lived hadron can have that is consistent with the direction of flight, peaks near111

the c-hadron mass for c jets, and consequently, provides excellent discrimination against112

other jet types. The DV track multiplicity provides additional discrimination against b113

jets, since b-hadron decays often produce many displaced tracks. These two distributions114

are fitted simultaneously to obtain the DV-tagged c-jet yields. The templates for c, b, and115

light-parton jets are obtained from calibration data samples that are each highly enriched116

in a given jet flavor [38]. Figure 3 shows the results of an example DV fit; such fits are117

performed in each [y(Z), pT(j)] interval to obtain the reconstructed Zc yields.118

The e↵ects of [y(Z), pT(j)] interval migration are corrected for using an unfolding119

technique [54, 55]. The detector response is studied using the pT-balance distribution120

of pT(j)/pT(Z) in nearly back-to-back Zj events using the same data-driven technique121

as in Refs. [49, 57]. Small adjustments are applied to the pT(j) scale and resolution in122

simulation to obtain the best agreement with data. In addition, for the Zc and Zj samples123

the pT(j) and pT(DV) distributions in simulation are adjusted to match those observed in124

data. The unfolding matrix for jets that contain a reconstructed DV is shown in Fig. 4,125

while the corresponding matrix for inclusive Zj production is provided in Ref. [36].126

The dominant systematic uncertainty is due to limited knowledge of the c-tagging127

e�ciency, which is measured in pT(j) intervals from data in Ref. [38] and briefly summarized128
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QCD physics measurements at the LHCb experiment 
Lorenzo SesLni

Dijet tag and probe

tag probe
calibration sample

�� > 2
ApT

< 0.25

probe
backwards-DV sample

m < 2 GeV/c

Ntrk = 2
tag probe

c-enhanced sub-sample

m > 2 GeV/c

Ntrk > 2
tag probe

b-enhanced sub-sample

Dan Craik (MIT) Z bosons produced in association with charm 2021-07-06 5 / 20

Preliminary

Preliminary

Preliminary



Heavy Ion Physics

● PbPb collisions at √s = 5 TeV
– Coherent producGon of 

J/ψ ultraperipheral lead-lead collisions 

– J/ψ → μ+μ- rapidity 2.0<y<4.5 

– Cross-secGon σ = 4.45±0.24±0.18±0.58 mb 

– Comparison to phenomenological models

● Charged par)cle produc)on at √s = 5 TeV
– Comparison of pPb and pp data samples

– Nuclear modificaGon factor

– ConGnuous evoluGon of RpPb vs xexp

between forward, central and backward η
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LHCb-PAPER-2021-013
arXiv:2107.03223

Charged hadron producLon at LHCb
Oscar Boente

Óscar Boente García Charged hadron production at LHCb 28/07/2021

Results of  - dependence with RpPb (xexp, Q2
exp)

15


Q2
exp ≡ m2 + p2

T and xexp ≡
Qexp

sNN
e−η

 LHCb-PAPER-2021-015 (in preparation)

• Continuous evolution of  with  at different , between forward, central and backward  regionsRpPb xexp Q2
exp η

- experimental proxies for 

- with  and  the center of each bin and  


- indirect study of the evolution of  with  and 

(x, Q2)
η pT m = 256 MeV/c2

RpPb x Q2

6−10 5−10 4−10 3−10 2−10 1−10

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6

2c/2<0.85 GeVexp
2Q0.75<

6−10 5−10 4−10 3−10 2−10 1−10
0

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6

2c/2<10 GeVexp
2Q7<

=5.02 TeVNNsLHCb preliminary 
Prompt charged particles

5−10 4−10 3−10 2−10 1−10

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6

2c/2<4 GeVexp
2Q3<

5−10 4−10 3−10 2−10 1−10
0

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6

2c/2<50 GeVexp
2Q45<

Pbp
R

Pbp
R

expx expx

2.5−<η3.0<−,    pPb <3.0η2.5<−Pb, p
3.0−<η3.5<−,    pPb <3.5η3.0<−Pb, p
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0.3−<η1.3<−ALICE, <1.0η1.0<−CMS, 
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Óscar Boente García Charged hadron production at LHCb 28/07/2021

Prompt charged particle production in ,  at pPb pp 5 TeV

10

 LHCb-PAPER-2021-015 
(in preparation)

• Datasets at :


• Measure  in common  range 

sNN = 5 TeV
RpPb η

    
d 2σ

dpTdη
pPb, pp

= 1
ℒ ⋅ Nch(η, pT)

ΔpTΔη

: prompt charged particle yieldNch

: bin sizeΔη, ΔpT
: integrated luminosity of the datasetℒ

•  measured with reconstructed tracks, covering ,  


• Events selected with minimum-bias trigger


• Reconstructed tracks corrected from background and reconstruction and selection 
efficiencies, measured with simulation and corrected with data

Nch p > 2 GeV/c 0.2 < pT < 8 GeV/c

Nuclear modification factor     ,      → RpPb(η, pT) = 1
A

d 2σpPb(η, pT)/dpTdη
d2σpp(η, pT)/dpTdη

A = 208

Beam Acceptance Luminosity
pp 2 < ⌘ < 4.8 3.49± 0.07 nb�1

pPb 1.6 < ⌘ < 4.3 42.73± 0.98µb�1

Pbp �5.2 < ⌘ < �2.5 38.71± 0.97µb�1
<latexit sha1_base64="u+wrrd3HN/Lc0Tv0m7u/a/l27Xo="></latexit>



Upgrades present and future
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LHCb upgrade I

● LHCb upgrade 
– = new detector

– InstallaGon ongoing

– Huge challenge 

– intensified due to 
Covid

● Status of Installaton
– Significant progress

under difficult circumstances

– Travel restricGons are 
sGll a concern

– Commissioning has started
RICH, CALO, Muons
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Kruger 2018 – LHCb Upgrades (17/52) O. Steinkamp6 December 2018

LHCb Upgrade I

p p
B⃗

New silicon
pixel detector

New optics and
photon detectors

New electronics

New silicon
strip detector

New scintillating
fibre detector

New electronics 2 < η < 5



VELO and UT

● VELO modules
– 40 of 52 modules produced

– Assembly of half-VELO
starGng

● UT modules
– producGon nearly complete

– Module mounGng next

28/07/2021 Franz Muheim - LHCb highlights 33

VELO Assembly

LHCb Upgrade I: Tracking [VELO, UT, SciFi]

15

VELO
VELO Modules: first half 
completed 
Half Assembly: expected 
to start soon
Travel & quarantine 
delays to problem solving 
and components

UT
Modules: main type production nearly 
complete
Mounting to start mid-July
Travel restrictions & issues delayed 
mounting

SciFi
Four (of 12) assembled 
frames & cable chains 
installed
Travel of significant part of 
team resumed despite 
restrictions

VELO module 

UT stave

SciFi Assembly

Chris Parkes,  LHCb Highlights
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SciFi
Achieved
9 Supporting rails and alignment
9 Vacuum system, novec manifolds, dry air 

…
9 Cable chain carriers, services support 

structure.
9 C-frame installation dry test
9 Cabling C-side
9 Installation of 4 C-frames C side

Next steps:
• Cabling A-side (Ongoing)
• C-frame 1-2 C side (12/07/2021)
• C-frames A-side (end 2021)

SciFi tracker

● SciFi half detector installed 
– Happened 10 days ago – a major milestone

– 6/12 C-frames installed

28/07/2021 Franz Muheim - LHCb highlights 34



RICH, CALO, Muons Commissioning

● RICH 2 installed
– 1st detector in commissioning

– A side switched on 
– DCS and DAQ

● CALO
– Front-end board installa?on 

progressing well

● Muons
– Electronics 

installed
– Commissioning ongoing

28/07/2021 Franz Muheim - LHCb highlights 35



LHCb Upgrade I – Online & Trigger

● Soeware High Level Trigger
– 30 MHz event rate

– 10 GB/s to Storage

● Online installa)on
– Event builder PC servers & FPGA DAQ cards completed 

– Event builder network > 100 Tb/s achieved
(200 x Run2,                      32 Tb/s required)

– Commissioning of Muon, RICH, CALO underway 

● GPU HLT1 trigger
– Event reconstrucGon In trigger 

achieved in single GPU card 

– Full reconstrucGon in trigger 
achieved required CPU event rate

28/07/2021 Franz Muheim - LHCb highlights 36



LHCb Upgrade II

● LHC flavour physics facility 
– Fully exploit HL-LHC luminosity 

for flavour physics & beyond

– Expression of interest (2017)

– Physics Case (2018)

– Strong support in European Strategy (2020) 

● Framework TDR
– Draving in progress, delivery later this year 
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Conclusions

● LHCb is producing lots of exciting physics results 
– in many areas - rare decays, CP violation, charm, spectroscopy, electroweak, 

QCD, exclusive production, heavy ion, fixed target,           > 30 papers in 2021

● Flavour anomalies 
– Cautious excitement 
– More results on lepton flavour universality, and under way 

● Highlights of highlights this week
– First observation of a doubly charmed same-sign tetraquark Tcc

+

– Measurement of W mass
– Indication of intrinsic charm in proton

● LHCb upgrade 
– Huge progress during last year despite difficult circumstances
– RICH, CALO and Muon in commissioning
– Planning for future upgrade in ~2030 is gaining momentum
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Backup
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Excited Ωc
0 baryons

● Discovery of 5 excited Ωc
0 states

– In prompt Ξc
+ K− producGon

● Observa)on in b-baryon produc)on
– Ωb

- → Ξc
+ K− π−

– Observe 4 of 5 states 
and a structure at threshold

– Measure quantum numbers

– Spin ½ excluded at 2.5σ and 3.9σ
for Ωc

0(3050) and Ωc
0(3065)

28/07/2021 Franz Muheim - LHCb highlights 40
Sara Mitchell HADRON 2021

Observation of the Excited  StatesΩ0
c

7

• Four signals are consistent with 
those of the previously observed 

 
and  baryons. 

• Modelled with a relativistic Breit 
Wigner (S-wave) convolved with a 
Gaussian. Threshold modelled 
with S-wave Breit Wigner. 

• Production fraction:

Ωc(3000)0, Ωc(3050)0, Ωc(3065)0

Ωc(3090)0
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 [MeV]−Km − +

cΞ
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1− 9 fb

Data
Total fit
Background

Ωc(3000)0

Ωc(3050)0

Ωc(3065)0

Ωc(3090)0

Resonance Mass [MeV]        [MeV] Mass [MeV]        [MeV] P
 3000.4 ± 0.2 ± 0.1 4.5 ± 0.6 ± 0.3 2999.2 ± 0.9 ± 0.9 4.8 ± 2.1 ± 2.5 0.11 ± 0.02 ± 0.04

3050.2 ± 0.1 ± 0.1 0.8 ± 0.2 ± 0.1 3050.1 ± 0.3 ± 0.2 < 1.6 @ 95% CL 0.15 ± 0.02 ± 0.02

3065.6 ± 0.1 ± 0.3 3.5 ± 0.4 ± 0.2 3065.9 ± 0.4 ± 0.4 1.7 ± 1.0 ± 0.5 0.23 ± 0.02 ± 0.02

3090.2 ± 0.3 ± 0.5 8.7 ± 1.0 ± 0.8 3091.0 ± 1.1 ± 1.0 7.4 ± 3.1 ± 2.8 0.19 ± 0.02 ± 0.04

Γ Γ
Ωc(3000)0

Ωc(3050)0

Ωc(3065)0

Ωc(3090)0

Prompt analysis:

P ≡ ℬ(Ω−
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LHCb results in charm baryons
Ao Xu 



B(s)
0(+) → K*0(+)µ+µ-&Λb→ Λµ+µ-

● Branching fraction measurements 
– consistently below Standard Model predictions
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Figure 2. Differential 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.

and 1.50 for B→ Kµ+µ− and B0→ K∗0µ+µ−, respectively. No uncertainty is assigned

to these corrections. Summing the q2 bins and applying the extrapolation, the integrated

branching fractions become

B(B+→ K+µ+µ−) = (4.29± 0.07 (stat)± 0.21 (syst))× 10−7,

B(B0→ K0µ+µ−) = (3.27± 0.34 (stat)± 0.17 (syst))× 10−7,

B(B+→ K∗+µ+µ−) = (9.24± 0.93 (stat)± 0.67 (syst))× 10−7.

These measurements are more precise than the current world averages [26].

Table 3 compares the B+ → K+µ+µ− and B0 → K0µ+µ− branching fractions inte-

grated over the q2 region of 15− 22GeV2/c4, and the B+→ K∗+µ+µ− branching fraction

integrated over the 15 − 19GeV2/c4 region to the lattice QCD predictions [1, 2, 46, 47].

While the measurements are all individually consistent with their respective predictions,

they all have values below those.

8 Isospin asymmetry results

The assumption of no isospin asymmetry in the B→ J/ψK(∗) modes makes the isospin

measurement equivalent to measuring the difference in isospin asymmetry between B→

– 9 –
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● Very rare leptonic decay
– Helicity and CKM suppressed
– SensiGve to New Physics

● Bs
0 → μ+μ−

– B(Bs
0 → μ+μ−) = 3.09+0.46

-0.43  
+0.15

-0.11 × 10−9

– Significance > 10 σ,  in agreement with SM

● B0 → μ+μ−

– B(B0 → μ+μ−) < 2.6 × 10−10 at 95% CL

● First search for Bs
0 → μ+μ−𝛄

– B(Bs
0 → μ+μ−𝛄) < 2.0 × 10−9 at 95% CL 

for mμμ > 4.9 GeV/c2

● Effec)ve life)me 
– τ(Bs

0 → μ+μ−)
= 2.07 ± 0.29 ± 0.03 ps
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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: B0
s ! µ+µ� (red solid

line), B0! µ+µ� (green solid line), B0
s ! µ+µ�� (violet solid line), combinatorial background

(blue dashed line), B0
(s) ! h+h0� (magenta dashed line), B0 ! ⇡�µ+⌫µ, B0

s ! K�µ+⌫µ,

B+
c ! J/ µ+⌫µ and ⇤0

b
! pµ�⌫µ (orange dashed line), and B0(+)! ⇡0(+)µ+µ� (cyan dashed

line). The solid bands around the signal shapes represent the variation of the branching fractions
by its total uncertainty.

data are required to pass more restrictive trigger requirements in order to improve control229

over the decay-time e�ciency introduced by the trigger.230

In order to determine the B0
s
! µ+µ� e↵ective lifetime the data are divided into two231

BDT regions [0.35, 0.55] and [0.55, 1.00], whose boundaries are optimised to achieve the232

lowest uncertainty. Fits are performed to the dimuon-mass distribution in each BDT233

bin in order to extract background-subtracted decay time distributions using the sPlot234

technique [53]. The mass fits used in the background subtraction include B0
s
! µ+µ�

235

and combinatorial background components, where the signal is modelled with the same236

function as in the branching fraction analysis and the background with exponential237

functions, with freely-floating slope parameters in each BDT bin. The correlation between238

the reconstructed mass and the reconstructed decay time of the selected candidates is239

consistent with zero in both data and simulation, as required by the sPlot technique.240

A simultaneous fit is then performed to the two background-subtracted decay-time241

distributions, where each distribution is modelled by a single exponential multiplied by242

an acceptance function that models the decay time dependence of the reconstruction243

and selection e�ciency. The acceptance functions are determined in each BDT region244

by fitting parametric functions to the e�ciency distributions of simulated B0
s
! µ+µ�

245

6

B(s)
0 → μ+μ−(𝛄)
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decays that have been weighted in order to improve the agreement with the data. The246

correction for the acceptance is validated by measuring the lifetimes of B0! K+⇡� and247

B0
s
! K+K� decays in data. The resulting values are 1.510±0.015 ps and 1.435±0.026 ps,248

respectively, where uncertainties are statistical only. These are consistent with the world249

averages [38]. The statistical uncertainty on the measured B0
s
! K+K� lifetime is taken250

as the systematic uncertainty associated with the use of simulated events to determine251

the B0
s
! µ+µ� acceptance function.252

A number of sources of systematic bias are evaluated using a large number of simulated253

pseudoexperiments. The fit procedure is found to produce an unbiased estimate of the254

lifetime with uncertainties that provide the correct coverage probability. The e↵ect of255

the contamination from B0! µ+µ�, B! h+h0� and semileptonic b-hadron decays in the256

mass fit is found to introduce a small bias of up to 0.012 ps. The e↵ect of the acceptance on257

the relative admixture of light and heavy mass eigenstates in the decay-time distribution258

is found to be negligible. Likewise, the uncertainty in the decay-time distribution of the259

combinatorial background, the production asymmetry between B0
s
and B0

s
mesons and260

the mismodelling of the acceptance function in simulation is found to have a small e↵ect261

on the final result. Together, these sources result in a systematic uncertainty of 0.031 ps,262

which is dominated by the uncertainty on the measured B0
s
! K+K� lifetime.263
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Figure 2: Dimuon-mass distributions with the fit models used to perform the background
subtraction superimposed (top) and the background-subtracted decay-time distributions with
the fit model used to determine the B0

s ! µ+µ� e↵ective lifetime superimposed (bottom). The
distributions in the low and high BDT bins are shown in the left and right columns respectively.
Empty bins are shown with zero entries.

The mass distributions of the selected B0
s

! µ+µ� candidates are shown in264
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Figure 11: Two-dimensional representations of the branching fraction measurements for (top)
B0

s ! µ+µ� and B0
! µ+µ�, (bottom left) B0

! µ+µ� vs. B0
s ! µ+µ�� and (bottom right)

B0
s ! µ+µ� vs. B0

s ! µ+µ��. The measured central value of the branching fraction is indicated
with a blue dot. The profile likelihood contours for 68%, 95% and 99% CL regions of the result
presented in this paper are shown as blue contours, while the brown contours on the top figure
indicate the previous measurement [31], which was performed on approximately half of the data
set used for the result presented here. The Standard Model value [6] in the top figure is shown
as the red cross labelled SM.

Rµ+µ� and B(B0

s
! µ

+
µ
�) are floating observables, which allows for the cancellation of783

common uncertainties, while B(B0

s
! µ

+
µ
�
�) is kept as a floating observable. The ratio784

is found to be785

Rµ+µ� = 0.039+0.030+0.006

� 0.024� 0.004
,

where the first uncertainty is statistical and the second systematic. Using the CLs method786
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