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—Exotic hadrons: First observation of doubly-charged tetraquark

• LHCb Detector Upgrade for Run 3
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The LHCb Detector for LHC Run 2

• Forward spectrometer: 2<h<5

• Dipole magnet with 4 Tm 
integrated field

• Momentum resolution: 0.5% 
up to 1.0% at p=200 GeV

• Impact parameter resolution: 
(15 + 29/pT) µm [pT in GeV]
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Cabibbo-Kobayashi-Maskawa (CKM) Matrix & Unitarity

• Quark mixing in SM described by 3x3 complex unitary CKM matrix :

• Can be parametrized by 3 mixing angles and 1 CP-violating phase

• CKM matrix unitarity can be represented by triangle in complex plane:

• Convention: 

• Goal: overconstrain Unitarity Triangle by measurements of sides and angles
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⟹
(divide by VcdVcb*)



Measurement of CKM Angle g

• CKM angle g is only one which does not depend on top-couplings, hence can be 

determined from tree-level B processes, with small theory uncertainty
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• Direct measurements of g 

consistent with but have 

larger uncertainty than value 

inferred from global fits 

assuming Unitarity



Measurement of CKM g from 
B±→ 𝐷 𝐾∓𝜋±𝜋±𝜋∓ ℎ± Decays

• Consider 𝐵± → 𝐷𝐾± and 𝐷 → 𝐾±𝜋∓𝜋∓𝜋± (D is D0 or &𝐷0)

• Decay rates relate to g and other factors: 

• Sensitivity of measured decay rates to g depends on relative magnitude of 

other factors  => strategy: divide D->K3p phase space into regions to enhance 

sensitivity to g
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Measurement of CKM g from 
B±→ 𝐷 𝐾∓𝜋±𝜋±𝜋∓ ℎ± Decays

• Signal yields extracted from mass 
fits in 4 phase space bins

• Determine hadronic params and g:

• One of the most precise 
determinations from a single           
D-decay mode
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LHCb PAPER-2022-017, arXiv:2209.03692

https://arxiv.org/abs/2209.03692


Combined Determination of CKM g

• Combine LHCb CKM g measurements from 

16 different decay channels for 𝐵±, 𝐵#, 𝐵$#

• Combined result: 𝛾 = 63.8%&.()&.* 𝑜

(Still dominated by stat. uncertainty)

• Agrees with global CKM fits: 65.5 ± 1.2o

(CKMFitter 2021)
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LHCb CONF-2022-03

https://cds.cern.ch/record/2838029


Charge-Parity Violation (CPV)

• Violation of Charge-Parity (CP) symmetry required to explain

matter-antimatter asymmetry of universe

• In SM, CPV arises from complex phase in CKM matrix

• CPV observed in neutral K and B meson decays, and most

recently in D mesons (LHCb 2019, arXiv:1903.08726)

•Motivates further study to understand nature of CPV in D system
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Measurement of the time-integrated CP asymmetry in 
D0→K−K+ decays

• Time-integrated CP asymmetry for D0/!𝐷0 decays to final state f=K+K- :         

• D0/!𝐷0 from 𝐷∗" → 𝐷#𝜋"(and charge conjug.); pion charge can tag D0/!𝐷0

• Measured asymmetry:

• But has contributions from production (AP) and instrumental asymmetries (AD):

— estimate and remove by considering related Cabibbo-favored (no CP asym.) decays with similar 
production and instrumental asym.
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where e(t) is reco eff as 
function of D0 decay time

https://arxiv.org/abs/2209.03179


Measurement of the time-integrated CP asymmetry in 
D0→K−K+ decays

•Obtain result: 

• CP violation in final state f has direct (adf) + mixing

components:

where <t>f is mean decay time of D0 mesons in the sample, tD is D0 lifetime, and 

DY represents interference between mixing and decay (assumed equal for f=K+K-

and f=p+p-)
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Measurement of the time-integrated CP asymmetry in 
D0→K−K+ decays

• Combine this result with other LHCb
measurements and D0 data to obtain:

• Deviate from zero by 1.4 and 3.8 s for 
D0→K−K+ and D0→p−p+ respectively

• First evidence for direct CP violation in 
a specific D0 decay
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LHCb PAPER-2022-024, arXiv:2209.03179
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Tests of Lepton Flavor Universality

• Although not protected by a known symmetry of the SM, Lepton 
Flavor Universality (LFU) observed experimentally to high 
degree in W/Z decays; violation of LFU could indicate beyond-
SM physics

• Two recent LHCb results from LFU tests:
— 𝑏 → 𝑠ℓ)ℓ% (ℓ = e,µ )

—𝑏 → 𝑐ℓ𝜐 (ℓ = t,µ )
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Test of Lepton Universality in 𝑏 → 𝑠ℓ#ℓ$Decays

• SM 𝑏 → 𝑠ℓ!ℓ" decays via Penguin diagrams; 

BSM possible with eg Leptoquark or Z’

• LHCb: study 𝐵! → 𝐾!ℓ!ℓ" and 𝐵# → 𝐾∗#ℓ!ℓ"

• Measure double-ratios with resonant 𝐽/𝜓 →
ℓ!ℓ"to cancel detector efficiencies:
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Test of Lepton Universality in 𝑏 → 𝑠ℓ#ℓ$Decays

• Stringent particle ID and 
multivariate selections 
applied to reduce bkg from 
hadronic and partially-
reconstructed B decays

• Good description of data 
obtained

2 May 2023 C. Henderson,  University of Cincinnati 15
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Test of Lepton Universality in 𝑏 → 𝑠ℓ#ℓ$Decays

• RK and RK* in regions of                

q2 = dilepton invariant mass:

• These results are in agreement

with SM predictions and

supersede previous LHCb

measurements
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LHCb PAPER-2022-046, arXiv:2212.09152

https://arxiv.org/abs/2212.09152


Measurement of the Ratios of Branching Fractions 
R(D*)  and R(D0)

• Test Lepton Flavor Universality (LFU) in b→c semileptonic decays by 

measuring ratios:

R(D*) ≡ B( +𝐵 → 𝐷∗𝜏"�̅�%)/B( +𝐵 → 𝐷∗𝜇"�̅�&) 

R(D0) ≡ B(𝐵" → 𝐷#𝜏"�̅�%)/B(𝐵" → 𝐷#𝜇"�̅�&)

• World average from multiple experiments (BaBar, Belle, LHCb) has 

tended to show excess of tau decays relative to SM expectation
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Measurement of the Ratios of Branching Fractions 
R(D*)  and R(D0)

• Dataset = 3 fb-1 from Run 1 at 7 & 8 TeV; final states 𝐷!𝜇" and  𝐷∗$𝜇"

• Combination of signal decays, backgrounds from other (partially reconstructed) 

decays, mis-ID etc; fit data to model of multidimensional templates (data-derived, or 

from simulation validated against data); simultaneous analysis helps constrain 

common parameters in fit model

• Kinematic variables in B candidate rest frame used:                               

missing mass, 𝑚%&''
( = 𝑝𝐵 − 𝑝𝐷 − 𝑝𝜇 2 and muon energy, 𝐸)∗
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Measurement of the Ratios of Branching Fractions 
R(D*)  and R(D0)

•Obtain a very good description of the data:

C. Henderson,  University of Cincinnati 19
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https://arxiv.org/abs/2302.02886


Measurement of the Ratios of Branching Fractions 
R(D*)  and R(D0)

• Results:

R(D*)= 0.281±0.018 (stat.) ± 0.024 (syst.)  

R(D0) = 0.441 ± 0.060 (stat.) ± 0.066 (syst.)

• First measurement of R(D0) at a hadron collider

• Results consistent with current expt. averages; 1.9s deviation 

from LFU SM predictions
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First Observation of Doubly-Charged Tetraquark

• Exotic hadrons: non-minimal meson/baryon states eg
𝑞#𝑞𝑞#𝑞 ‘tetraquark’

• Search for a ‘4-flavor’ doubly-charged [𝑐�̅�𝑢�̅�] tetraquark 
(and isospin partner) as 𝐷%&𝜋± resonances in 𝐵( → -𝐷(𝐷%&𝜋)

and 𝐵& → 𝐷)𝐷%&𝜋& decays

• Only expected resonant backgrounds from known excited 
-𝐷∗states
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LHCb PAPER-2022-026, arXiv:2212.02716

https://arxiv.org/abs/2212.02716


First Observation of Doubly-Charged Tetraquark

•M(Dsp) shows evidence for peaks attributed to tetraquark states:
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LHCb PAPER-2022-026, arXiv:2212.02716

https://arxiv.org/abs/2212.02716


First Observation of Doubly-Charged Tetraquark

• Full amplitude analysis:

• Extract common mass M and width G for 

[𝑐�̅�𝑢�̅�] and [𝑐�̅�0𝑢𝑑] tetraquark states: 

M = 2.908 ± 0.011 ± 0.020 GeV

G = 0.134 ± 0.023 ± 0.011GeV

• Significance of observation: >9s

• Spin-parity: best likelihood for 0+
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LHCb Detector Upgrade for Run 3
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LHC Run 3

• LHC Run3: collision

energy increased to 

13.6 TeV

• Expecting first

physics running in

2023 very soon
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Summary

• We presented recent LHCb results on:
— Measurement of CKM angle gamma

— First evidence for direct CP violation in neutral D meson decays

— Tests of lepton flavor universality

— Observation of first doubly-charged tetraquark

• LHCb detector upgraded for Run 3 – we look forward to more exciting results!

• All LHCb public results: 
https://lhcbproject.web.cern.ch/Publications/LHCbProjectPublic/Summary_all.html
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Run 3 Event Display: 13.6 TeV p-p collision
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Backup
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LHCb Detector Upgrade for Run 3

• Run3

detector
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Trigger Upgrade - Real Time Analysis

• Full software trigger 

with detector readout at 

30 MHz (non-empty 

bunch rate)

• First HLT stage

implemented in GPUs
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Vertex Locator (VELO) Upgrade

• 26 layers of 50x50 µm2 Si pixels

• Bring closer to beampipe (5 

mm); reduce material budget 

before first hit

• Aim to significantly improve 

impact parameter resolution for 

low momentum particles 
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Upstream Tracker
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Real Time Analysis
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Run 3 Mass Plots

• LHCb Figure 023-002

•D*

•D0 to Kpi

• J/psi to mumu
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LHCb Luminosity
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• LHCb

Cumulative 

Luminosity



Search for rare decays W+→ 𝐷!"𝛾,  Z → D0g

• Radiative hadronic W/Z decays very rare in SM

• Search for W+→ 𝐷!"𝛾,  Z → D0g (2018 data)

• Reconstruct Ds →KKp, D0 →Kp

• Consider Pseudomass of meson M and photon: 
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Search for rare decays W+→ 𝐷!"𝛾,  Z → D0g

• Data-driven background from 
sidebands in meson mass

• No excess seen in data

• B(W+→ 𝐷%&𝛾) < 6.5 e-4 (95% CL); 
strongest limit to date 

• B(Z → D0g) < 2.1 e-3 (95% CL); 
first reported search

1 May 2023 C. Henderson,  University of Cincinnati 37
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A study of CP violation in the decays B±→[K+K−π+π−]Dh± (h=K,π) and 
B±→[π+π−π+π−]Dh±

•Needed external input for 

charm decay parameters 

•Obtained g = 116#$%"$& 𝑜

• (Sub. Jan 2023, so not 

included in 2022 Combo)
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Measurement of CKM g from 
B±→ 𝐷 𝐾∓𝜋±𝜋±𝜋∓ ℎ± Decays

• Coherence: 

• Phase space binning:
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Measurement of CKM g from 
B±→ 𝐷 𝐾∓𝜋±𝜋±𝜋∓ ℎ± Decays
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Measurement of CKM g from 
B±→ 𝐷 𝐾∓𝜋±𝜋±𝜋∓ ℎ± Decays

• B->DK Mass fits in phase space bins 
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Measurement of CKM g from 
B±→ 𝐷 𝐾∓𝜋±𝜋±𝜋∓ ℎ± Decays

• B->Dpi mass fits in phase space bins
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LHCb PAPER-2022-017, 
arXiv:2209.03692

https://arxiv.org/abs/2209.03692
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Combined Determination of CKM g and Mixing/CPV 
Parameters in Charm Sector

1 May 2023 C. Henderson,  University of Cincinnati 43



Combined Determination of CKM g and Mixing/CPV 
Parameters in Charm Sector

•Updated LHCb

combination for CKM g

(and mixing/CPV params. 

in charm sector)

•Measurements used in the 

combination:
4 May 2023 C. Henderson,  University of Cincinnati 44



Combined Determination of CKM g and Mixing/CPV 
Parameters in Charm Sector
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Combined Determination of CKM g and Mixing/CPV 
Parameters in Charm Sector
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Combined Determination of CKM g and Mixing/CPV 
Parameters in Charm Sector
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Combined Determination of CKM g and Mixing/CPV 
Parameters in Charm Sector
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Combined Determination of CKM g and Mixing/CPV 
Parameters in Charm Sector
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Measurement of the time-integrated CP asymmetry in 
D0→K−K+ decays

3 May 2023 C. Henderson,  University of Cincinnati 50
LHCb PAPER-2022-024, arXiv:2209.03179

https://arxiv.org/abs/2209.03179


Measurement of the time-integrated CP asymmetry in 
D0→K−K+ decays

• 'Calib’ procedure:
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Measurement of the time-integrated CP asymmetry in 
D0→K−K+ decays
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Test of Lepton Universality in 𝑏 → 𝑠ℓ#ℓ$Decays

• SM: 

• BSM:
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Test of Lepton Universality in 𝑏 → 𝑠ℓ#ℓ$Decays

•Definitions of R(K,K*):

•Double-ratios to cancel detector eff:
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Test of Lepton Universality in 𝑏 → 𝑠ℓ#ℓ$Decays

• Evolution of eff-corrected 

ratios as function of 

corrections applied to 

simulated data

• (For double-ratios, impact of

calib chain less than few %)

1 May 2023 C. Henderson,  University of Cincinnati 55
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Test of Lepton Universality in 𝑏 → 𝑠ℓ#ℓ$Decays

• Results (in regions of q2 = dilepton invariant mass):

• SM predictions (Flavio package):

• The results are in agreement with SM predictions and supersede previous
LHCb measurements
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Test of Lepton Universality in 𝑏 → 𝑠ℓ#ℓ$Decays
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Test of Lepton Universality in 𝑏 → 𝑠ℓ#ℓ$Decays

•Difference to previous R(K,K*) measurements:
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Measurement of the Ratios of Branching Fractions 
R(D*)  and R(D0)
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Search for rare decays W+→ 𝐷!"𝛾,  Z → D0g
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Search for rare decays W+→ 𝐷!"𝛾,  Z → D0g

• Pseudomass distributions:

• B
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Search for rare decays W+→ 𝐷!"𝛾,  Z → D0g

• pT distributions:
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Search for rare decays W+→ 𝐷!"𝛾,  Z → D0g

• Systematic 

uncertainties: 
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First Observation of Doubly-Charged Tetraquark

•Dalitz plots:
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First Observation of Doubly-Charged Tetraquark

• Invariant mass from 

non-Dspi combos: 

well described by 

bkg
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First Observation of Doubly-Charged Tetraquark

•M(Dspi) in absence of tetraquarks:  
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First Observation of Doubly-Charged Tetraquark

• Spin analysis:
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First Observation of Doubly-Charged Tetraquark

•Argand diagram:
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VELO Upgraded IP Resolution

• Simulation of 3D Impact 

Parameter resolution expected 

for new VELO (red) compared 

to old (Black)

[VELO TDR (LHCb-TDR-013), Fig 31]

1 May 2023 C. Henderson,  University of Cincinnati 69
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Cabibbo-Kobayashi-Maskawa (CKM) Matrix

•Quark mixing in SM described by 3x3 complex unitary CKM 

matrix :

• Can be parametrized by 3 mixing angles and 1 CP-violating 

phase (or Wolfenstein param.: l,A,r,h)
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CKM Unitarity Triangle

• CKM matrix unitarity can be represented by triangle in complex plane

• Conventional to use: and , divide all sides by VcdVcb
*

⟹

• Goal: overconstrain Unitarity Triangle by measurements of sides and angles
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