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OUR GAME 2

➤ Take the Standard Model’s building blocks: 

➤ Build all possible creatures:

ū c̄ t̄

d̄ s̄ b̄

u c t

d s b

c

ū

d s b

 baryonΞ−
b mesonD0

ū c̄

u c

tetraquark?

c̄

c u u d

pentaquark?



OUR GAME 3

➤ Let them decay: 

➤ Search for very rare (in SM) decays: are there other, unknown, interactions at play? 

➤ Can we find decays forbidden in the Standard Model?

d s b

c̄

c u u d

c̄

c u u d
+

c̄

c + d s s

Strong interaction:  
flavour unchanged

Electroweak  
interaction: 

flavour changes

s

b̄

μ+ + μ−B0
s → μ+μ−

Ξ−
b → J/ψΞ−

P+
c → J/ψp

Are properties of 
such decays  

consistent with the SM?



THE KEY PLAYERS 4
➤ We are most interested in states containing b or c quarks. 

➤ Beauty is the popular one: 

➤ Picosecond lifetime – measureable displacement 

➤ Large variety of allowed decay modes; CP violation; …  

➤ ‘Easy’ theoretical description: heavy-quark effective 
limit

Electron-positron colliders:

B-factories: run at the  threshold energy 

➤ clean environment, only  and  in the event 

➤ efficient tagging: knowing the  tags the  

Charm factories: similar ideas at lower energy

e+e− → BB̄

B B̄

B B̄

Hadron colliders:

LHC: collides protons at 13TeV energy, produces  
a lot of everything 

➤ huge (!) cross-sections but large background 

➤ produce heavier states: b-baryons, B+
c

The two complementary approaches to study heavy flavour in 2021:

➤ Charm is for those who need no easy ways: 

➤ Somewhat shorter lifetime 

➤ Small CP violation 

➤ Theoretically challenging: charm quark mass ~ 
QCD scale 

➤ But easier to produce (higher cross-section)



THE           EXPERIMENT IN 2010-2018 (RUNS 1-2) 5

➤ Collected about 9 fb-1 integrated luminosity at 7-8-13 TeV pp collisions with >90% data-taking efficiency 

➤ instantaneous luminosity ~  
➤ shorter runs in other conditions (pPb, PbPb, p-gas fixed-target, etc)

3 × 1032 cm−2s−1

Forward spectrometer

tracking particle ID

neutral 
reco

4 T*m field

σIP ≈ 20μm
at high pT

Δp/p ≈ 0.5 %
at low momentum

Particle identification
 ID rate 1-3% pion misID;

good separation of hadrons 
∼ 97 % (μ, e)

π/K /p



QUICK FACTS

➤ Compared to ATLAS/CMS: forward acceptance; dedicated soft triggers; but lower luminosity 

➤ importantly, LHCb has triggers for fully hadronic decays, and hadron PID 

➤ Compared to B-factories (e.g. Belle II):  

➤ no  entanglement (a  can hadronise to e.g. ); no beam-energy-constraint 
➤ we are less efficient flavour tagging; less efficient for final states with neutrals 
➤ we prefer relative measurements (BF, lifetimes) to absolute ones

BB̄ bb̄ B0
s Λ̄0

b

6

Produce all types of b hadrons: 
➤ Weakly-decaying 

• : 35% each 
• : 8.5% 
•  (udb): 18% 
•  (usb, dsb): ~1.5% each 
•  (ssb): ~0.3% each 

➤ Bottomonia

B+, B0

B0
s

Λ0
b

Ξ0
b, Ξ−

b
B+

c , Ω−
b

Large b-hadron flight distance (~mm-cm)

Huge cross-section of charm and strange hadrons

Cross-section of  production ~150 μbbb̄
� � � �ԣ <Tb>�

����
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good mass resolution  
 resolve  and → B0

s B0

arXiv:2104.04421 

arXiv:2108.04720

We are happy to see so many  
players in flavour physics!

http://arxiv.org/abs/2104.04421
http://arxiv.org/abs/2108.04720


SPECTROSCOPY 7

https://www.nikhef.nl/~pkoppenb/particles.html 
LHCb-FIGURE-2021-001

Conventional spectroscopy:  
charm/beauty baryons & mesons in ground or excited states

Exotic spectroscopy:  
tetra- and pentaquark candidates

https://www.nikhef.nl/~pkoppenb/particles.html


DOUBLY-CHARM SPECTROSCOPY
➤ States with two charm quarks (rather than a  pair): 

➤ Observation of a narrow peak in  at the threshold 

➤ manifestly exotic state: ; expected isospin 0 and  

➤ no signal in  final state 

➤ decays via off-shell 

cc̄

m(D0D0π+)

ccūd̄ JP = 1+

D0D+π+

D*+

8arXiv: 2109.01038 , 2109.01056
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Figure 1: The D0D0⇡+ mass distribution where the contribution of the non-D0 background has
been statistically subtracted. The result of the fit described in the text is overlaid.

Table 1: Signal yield, 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 22
S�mBW<0 4.3

Table 1. The statistical significance of the observed T+
cc! D0D0⇡+ signal is estimated90

using Wilks’ theorem [92] and is overwhelming, see Table 1. The fit suggests that the mass91

parameter of the Breit–Wigner shape is slightly below the D⇤+D0 mass threshold. The sta-92

tistical significance of the hypothesis �mBW < 0 is estimated to be 4.3 standard deviations.93

To validate the presence of the signal component, several additional cross-checks94

3

Full Run1+Run2 dataset

2021: NEW

also: searches for  (ccd)Ξ+
cc
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http://arxiv.org/abs/2109.01038
http://arxiv.org/abs/2109.01056


 PROPERTIEST+
cc

➤ Study partially reconstructed signal in  and  

➤ Mass measurement: relativistic Breit-Wigner lineshape, smeared by resolution, gives  
;  

➤ consistent with some of theoretical predictions (large spread) 
➤ width 

D0D0 D0D+

δm ≡ mT+
cc

− (mD*+ + mD0) = − 273 ± 61(stat) ± 5(syst)+11
−14(J

P) keV/c2

ΓBW = 410 ± 165(stat) ± 43(syst)+18
−38(J

P) keV

9arXiv: 2109.01038 , 2109.01056 Full Run1+Run2 dataset

relative yields of the partially-reconstructed  
signal in agreement with isospin-0 prediction

mass 3874.75±0.11 MeV/c2

the smallest BW width of any known exotic state

curious similarity to the X(3872) state  
(which has a  rather than )cc̄ cc

http://arxiv.org/abs/2109.01038
http://arxiv.org/abs/2109.01056


 PROPERTIEST+
cc

➤ A more physical lineshape model explored as well: 
take into account thresholds openings 

➤ Unitarised Breit-Wigner for  decay, with 
 and  linked by unitarity 

➤ Smeared with the detector resolution function 

➤ : clearly below the  
threshold 

➤ Measured also the pole position and characteristic size. 

➤ This result likely implies existence of a weakly-decaying  
 state (a tetraquark flying some mm before decay?) 

➤

T+
cc → D0/+D*+/0

D* → Dπ0/+ D* → Dγ

δmU = − 359 ± 40+9
−6 keV/c2 D*+D0

bbūd̄

10arXiv: 2109.01038 , 2109.01056 Full Run1+Run2 dataset

0 2 4
0

0.2

0.4

0.6

0.8

1

1.2

500− 400− 300− 200−
0

0.2
0.4
0.6
0.8
1

1.2
1.4
1.6

1− 0 1 2 3
4−10

3−10

2−10

1−10

1

10

F
U

F
U

F
U ����

1

s� ŝ
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 PROPERTIEST+
cc

➤ A more physical lineshape model explored as well: 
take into account thresholds openings 

➤ Unitarised Breit-Wigner for  decay, with 
 and  linked by unitarity 

➤ Smeared with the detector resolution function 

➤ : clearly below the  
threshold 

➤ Measured also the pole position and characteristic size. 

➤ This result likely implies existence of a weakly-decaying  
 state (a tetraquark flying some mm before decay?) 

➤

T+
cc → D0/+D*+/0

D* → Dπ0/+ D* → Dγ

δmU = − 359 ± 40+9
−6 keV/c2 D*+D0

bbūd̄
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arXiv: 2109.01038 , 2109.01056 Full Run1+Run2 dataset

1707.07666  
Karliner, Rosner

http://arxiv.org/abs/2109.01038
http://arxiv.org/abs/2109.01056


OTHER RECENT EXOTIC HADRONS 12all references here
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Understanding and 
systematising the exotic 
states is a major task for 

the coming years.

https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_B_Q.html


EXCITED BEAUTY HADRON SPECTROSCOPY 13

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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all references here

some of these observations are  
currently only possible  

at LHCb: require good PID  
and hadronic triggers

https://doi.org/10.1103/PhysRevLett.124.082002
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_B_Q.html


CHARM BARYON LIFETIMES
➤ PDG’2018: ;  (fixed-target data) 

➤ LHCb, 2018-2019: measurement of lifetimes of charm baryons produced in semileptonic 
decays of beauty baryons 

➤ Lifetimes of  and  changed significantly, new hierarchy: ; 
 four times larger than the world average 

➤ Now: we measure the lifetimes of  and  with prompt production 
➤ larger signal, but higher backgrounds 
➤ relative measurement:   

vs 

τ(Ξ+
c ) > τ(Λ+

c ) > τ(Ξ0
c) > τ(Ω0

c) τ(Ω0
c) = 69 ± 12 fs

Ω0
c Ξ0

c τ(Ξ+
c ) > τ(Ω0

c) > τ(Λ+
c ) > τ(Ξ0

c)
τ(Ω0

c)

Ω0
c Ξ0

c

Ξ0
c, Ω0

c → pK−K−π+

D0 → K+K−π+π−

14arXiv: 2109.01334 

Supplementary material361

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

c362

lifetimes and the previous world average is shown in Fig. 5, and the fit projections to the363

invariant mass and log10 �
2
IP distributions in di↵erent decay-time intervals and data-taking364

periods are shown in Fig. 6–29.365
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Figure 5: An illustration of the LHCb measurements of ⌦0
c and ⌅0

c lifetimes (2018/19) obtained
from semileptonic beauty-hadron decays [1,2] and (2021) prompt signals, and (2018) the previous
world average [3]. The combined LHCb results are shown in coloured bands.

Figure 6: The (left) invariant-mass distribution and the (right) log10 �
2
IP distribution in the mass

region of [2683, 2707]MeV/c2 for the decay-time interval of [0.52, 0.57] ps in the ⌦0
c data sample

collected in 2016, along with the fit results. The contributions of the signal, the secondary
decays, and the combinatorial background are shown in red (solid), green (dashed), and gray
(dash-dotted), respectively.

12

(udc) (dsc)(usc) (ssc)

New hierarchy confirmed!

Run 2 dataset

Average of LHCb results: τ(Ω0
c) = 274.5 ± 12.4 fs

τ(Ξ0
c) = 152.0 ± 2.0 fs

Preliminary

PRL 121 (2018) 092003; PRD 100 (2019) 032001

It would be great to have a confirmation from another experiment.

http://arxiv.org/abs/2109.01334
https://doi.org/10.1103/PhysRevLett.121.092003
https://doi.org/10.1103/PhysRevD.100.032001


RARE DECAYS
➤ What is ‘rare’?

15



RARE DECAYS
➤ What is ‘rare’?

16

- electroweak decay with small BF (≤10-4) 
- (usually) penguin or box SM diagram 

- or: forbidden in SM (LFV, etc) 
- dilepton or photon in the final state

- tree-level 
- fully-hadronic 
- …



RARE DECAYS
➤ We are mostly interested in  processes: 

➤  is muon or electron. Or the tau.  

➤ Flavour-changing neutral current, rare in the SM (decay rate  or smaller) 

➤ Sensitive to non-SM contributions 

➤ Theoretically clean: can construct observables where QCD uncertainties cancel  

➤ Can be studied in meson or baryon decays: , ,  
and so on 

➤ Crossing:  decay 

➤ even more rare due to helicity suppression

b → sℓ+ℓ−

ℓ

10−6

B → Kℓ+ℓ− B0
s → ϕℓ+ℓ− Λ0

b → Λℓ+ℓ−

bs̄ → ℓ+ℓ−

17



B0
(s) → μ+μ−

➤ vv

18arXiv: 2108.09284 ; 2108.09283 Run1+Run2 dataset
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τ(B0
s → μ+μ−) = (2.07 ± 0.29 ± 0.03) ps
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LEPTON UNIVERSALITY
➤ Couplings to SM gauge bosons are identical for , e.g.  

 or  

➤ Challenged in B decays:  and  transitions 

➤ I will focus on . 

e/μ/τ
Γ(Z → μ+μ−)
Γ(Z → e+e−)

= 1.0009 ± 0.0028
Γ(W → eν)
Γ(W → μν)

= 1.004 ± 0.008

b → sℓ+ℓ− b → cℓν

b → sℓ+ℓ−

19Run1+Run2 dataset
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worse resolution 
due to 

bremsstrahlung

muon final state electron final state

ψ(2S) + X

J/ψ + X

signal  
window

1.1 < q2 < 6 GeV2

q2 ≡ m2
ℓ+ℓ−
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LEPTON UNIVERSALITY
➤ What we measure: (to cancel detection asymmetries) 

 

➤ The  single ratio consistent with unity in any considered region of phase-space 

➤ We measure:   

➤ Similar measurement in  decays:  

➤ Other final states in the pipeline (  etc).

RK =
ℬ(B+ → K+μ+μ−)

ℬ(B+ → K+J/ψ(μ+μ−))
×

ℬ(B+ → K+J/ψ(e+e−))
ℬ(B+ → K+e+e−)

J/ψ

RK = 0.846+0.042
−0.039

+0.013
−0.012

Λ0
b RpK = 0.86+0.14

−0.11 ± 0.05

RK*, RKS
, RΛ

20arXiv 2103.11769 Run1+Run2 dataset
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where only  
is considered for the rare mode

1.1 < q2 < 6 GeV2

more results coming soon.
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 ANGULAR ANALYSISB0 → K*μ+μ−

➤ Neutral and charged modes analysed, CP-averaged angular observables measured:

21
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the tension  
persists

+many others…

need  
more data

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

https://doi.org/10.1103/PhysRevLett.125.011802
https://doi.org/10.1103/PhysRevLett.126.161802


B0
s → ϕμ+μ−

➤ Differential BF measurement: 

➤ \ 

➤ This is clearly not a stat. fluctuation, but could be some bias in theory estimate.

22Phys. Rev. Lett. 127 (2021) 151801
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A side study: observation of  
 

(spin-2 meson!)

B0
s → f′�2(1525)μ+μ−

https://doi.org/10.1103/PhysRevLett.127.151801


B0
s → ϕμ+μ−

➤ Angular analysis performed  
with untagged B0

s

23arXiv: 2107.13428 Run1+Run2 dataset
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INTERPRETATION
➤ Interpretation of recent LHCb results in terms of the  

Wilson coefficient  (vector coupling in the EFT) 

➤ The three recent LHCb angular analyses consistently favour a negative shift in 
:

C9

ΔRe(C9) ≡ Re(C9) − Re(CSM
9 )

24
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B0
s → ϕμ+μ− B+ → K*+μ+μ− B0 → K*0μ+μ−
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INTERPRETATION: GOING GLOBAL
➤ The theory community regularly updates the “global fits” to hundreds of  

observables in EFT framework: 

➤ One example from [2104.08921] (Alguero et al): 

➤ something funny is going on with muons 

➤ electrons are closer to the SM (for now?) 

➤ Possible explanations: vector leptoquark [1808.08179] 
or colourless bosons 

➤ Search for LFV decays ( …) is important to 
close down the window 

➤ Precise inputs from other experiments are hoped for.

b → sℓ+ℓ−

B0
s → μτ

25
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PHOTON POLARISATION
➤ SM:  transition produces almost always a left-handed photon 

➤ Angular analysis of  in  
➤ region dominated by the virtual photon 

➤ good resolution on the angle  between the dielectron and  planes 

➤ World’s best constraint on right-handed photon polarisation in 

b → sγ

B0 → K*0e+e− 0.0008 < q2 < 0.257 GeV2

ϕ Kπ

b → sγ
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SELECTED OTHER RESULTS 27 
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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).

Fig. 2 for the total combination and for sub-combinations in which the input observables220

are split by the species of the initial B-meson. The corresponding confidence intervals221

are provided in Table 4. Significant di↵erences between initial state B mesons could be222

an indication of new physics entering at tree-level, as the decay topologies for charged223

and neutral initial states are di↵erent. Figure 2 shows a moderate tension (2.2�) between224

the charged and neutral B states although the uncertainties in the B0 and B0
s modes are225

considerably larger than the dominant B+ modes. The sensitivity of the B0 and B0
s modes226

is expected to improve by approximately a factor of 2 with analysis of B0
! DK+⇡�

227

with D ! K0
Sh

+h� and B0
s ! D⌥

s K
± decays using the full Run 2 data sample. Two228

dimensional profile likelihood contours in the (x, y) (left) and (|q/p|,�) (right) planes are229

shown in Fig. 3. This demonstrates the improvement of this combination over the current230

world average in the charm system. A breakdown of the contributing components in the231

combination are shown in Figs. 4 and 5. These highlight the complementary nature of232

the input measurements to constrain both � and the charm mixing parameters. Figure 6233

shows the p-value distribution as a function of � for the global fit. A summary of LHCb �234

combination results as a function of time is given in Fig. 7.235

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

� from this combination is compatible with, but236

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

� [22]. This is driven by improved237

treatments of background sources in the major inputs described in Refs. [23, 24]. An238

assessment of the compatibility between this combination and the previous combination239

which considers the full parameter space and the correlation between the current set of240

inputs and the previous set of inputs finds they are compatible at the level of 2.1�. The241

new result is in excellent agreement with the global CKM fit results of � = (65.6+0.9
�2.7)

� [18]242

using a frequentist framework, and � = (65.8± 2.2)� [19] with a Bayesian approach.243

The charm mixing parameters, x and y, are determined in this combination for the244

first time. The precision on x is driven by the recent input analysis described in Ref. [48].245

The result for y = (0.630+0.033
�0.030)% is significantly more precise than the world average,246

y = (0.603+0.057
�0.056)% [16], by approximately a factor of two, driven entirely by the improved247

measurement of �K⇡
D from the beauty system and the simultaneous averaging methodology248

employed in this note. The correlation between �K⇡
D and �DK±

B± is -57%, highlighting249

8

γ ≡ ϕ3 = (65.4+3.8
−4.2)∘

average of LHCb results  
consistent with global CKM fits

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,272

along with auxiliary information from other experiments, is performed for the first time.273
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x = (0.400+0.052
−0.053) %

first observation of non-zero  
mass difference of  mass eigenstates D0
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COMING SOON  UPGRADE I (2022-…): 28

new  
scintillating 

fibre 
tracker

new  
silicon pixel 

tracker

new  
silicon strip 

tracker

all subsystems: 
replaced  

electronics

new optics; 
new photodetectors

removed M1, PS, SPD  
detectors

Pretty much a brand new 
detector! 

- 40 MHz readout 

- Fully software trigger 

- Instantaneous luminosity  
up to 2 × 1033 cm−2s−1

Upgrade II is  
being planned 
(run in 2030s)



COMING SOON  UPGRADE I (2022-…):
➤ With removal of the hardware trigger, we hope to get rid of the main bottleneck for final states 

without muons 

➤ The software trigger is much more flexible 

➤ We still need to make sure our new software trigger is not introducing any similar bottleneck :) 

➤ Even for final states with a dimuon, we can achieve better efficiency at low q2.  

➤ Complete rewrite of the reconstruction software (incl. electrons)  

➤ Keeping the PID performance at a similar level  

➤ dedicated work on improvements of muon ID 

➤ The hope is to collect up to ~50 fb-1 until the end of Run 4 -> ~5x current dataset 

➤ The yields should scale better than 5x  

➤ But the backgrounds scale too – incl. pile-up 

➤ For official projections on physics channels, check our Physics case for Upgrade II.

29

https://arxiv.org/abs/1808.08865


OUTLOOK
➤ Collecting harvest from our flavourful Run 1 + Run 2 datasets 

➤ Flavour anomalies keep intriguing us 

➤ LFU and angular observables in  processes 

➤ Precision on the UT angle  improved from  to   
during the years of LHCb operation 

➤ Important contributions to hadron spectroscopy 

➤ LHCb Upgrade I is in its crucial phase 

➤ the detector is being assembled as we speak now 

➤ Mapping the future of flavour physics with our planned Upgrade II

b → sℓ+ℓ−

γ ∼ 20∘ ∼ 4∘
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Figure 1: The D0D0⇡+ mass distribution where the contribution of the non-D0 background has
been statistically subtracted. The result of the fit described in the text is overlaid.

Table 1: Signal yield, 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 22
S�mBW<0 4.3

Table 1. The statistical significance of the observed T+
cc! D0D0⇡+ signal is estimated90

using Wilks’ theorem [92] and is overwhelming, see Table 1. The fit suggests that the mass91

parameter of the Breit–Wigner shape is slightly below the D⇤+D0 mass threshold. The sta-92

tistical significance of the hypothesis �mBW < 0 is estimated to be 4.3 standard deviations.93

To validate the presence of the signal component, several additional cross-checks94
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Challenges with electrons
❖ Hardware trigger:

❖ efficient for final states with muons (~90 %)
❖ a bottleneck for final states without muons

❖ calorimeter has a high occupancy, tight thresholds
❖ final states with electrons can be triggered in several ways:

❖ Electrons emit a large amount of bremsstrahlung  
in interactions with the detector material
❖ If a photon is emitted before the magnet:

❖ electron momentum measured after bremsstrahlung; 
❖ photon ends up in a different ECAL cell

❖ dedicated procedure to search for these photons and correct the electron momenta 
❖ not a perfect correction, affects the resolution

32JINST 14 (2019) P04013

trigger on a hadron 
in the signal decay  

(if any)

trigger  
independent  

of signal

trigger on a signal 
electron

Electron cat     Muon cat

https://doi.org/10.1088/1748-0221/14/04/P04013

