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The charm as probe for QCD 

5

Decay

Xc

• Form factors & CKM 
• Spectroscopy 

(intermediate new states) 
• CP-violation &  

final-state interactions

Charm hadron

• Hadron spectrum of 
heavy quarks 
 
including doubly heavy 

• Lifetime & mixing

Production

• Primary hard probe in  
heavy nuclei collisions  

• Hadronisation in all systems

• Contents of the proton

See talk from  
G. Punzi & others in T07

https://indico.in2p3.fr/event/33627/contributions/154536/
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The LHCb experiment at the LHC
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The LHCb experiment at the LHC
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K/π/p seperation

muon identification

Δp/p = 0.4 - 0.8% 
(5-100 GeV/c)

Experiment with excellent PID & resolution situated at the LHC (abundant charm-hadron production)

neutral-particle ID

Int. J. Mod. Phys. A 30, 1530022 (2015)

The LHCb experiment at the LHC

https://arxiv.org/abs/1412.6352
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Charmed states  
as probe for QCD 
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Completing the puzzle of Ξc states

• Expecting a rich spectrum of c-baryon states, including S/P/D-wave 
excitations; yet many states not observed yet  

• Experimentalist’s task a proper estimation of the masses, widths, and 
quantum numbers (spin & parity) of the different states, 
testing expected patterns (including isospin partners) 

• Risk of overlapping/ambiguous signals make detector resolution & 
sufficient data critical… LHCb well suited for this
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c s u c s dor[Rep. Prog. Phys. 80 (2017) 076201]

Many blanks: 

expected, yet not observed (in ’17)

https://arxiv.org/pdf/2204.02649
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New Ξc state: Ξc(2923)+
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Run 2
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New state observed Ξc(2923)+: isospin partner of Ξc(2923)0

✴  M = 2922.8  ± 0.62 MeV, Γ = 5.3 ± 1.7 MeV
Observed new decay of Ξc(3080)+

✴  Ξc(3080)+ -> Ξc(2645)0π+

Improved the knowledge  of Ξc(2815)+ & Ξc(2970)+

✴ Ξc(2815)+ M = 2816.65 ± 0.23 MeV, Γ = 2.07 ± 0.14 MeV

✴ Ξc(2970)+ M = 2968.62 ± 0.56 MeV, Γ = 31.7 ± 2.3 MeV

LHCb explored prompt Ξc(2645)0 π+ spectrum in Run 2 data of 5.4 fb−1

★ Ξc(2645)0 → π− with ∼400K  → p K− π+ decaysΞ+
c Ξ+

c

2620 2640 2660 2680
�(�+

� ��) � �(�+
� ) + �PDG

�+
�

[MeV]

0

2

4

6

8

C
an

di
da

te
s/

(0
.5

8
M

eV
) ◊104

LHCb
5.4 fb�1

Data
Total �t
��(2645)0

Combinatorial bkg.
��(2815)0 bkg.
��(2790)0 bkg.

[arXiv:2502.18987] 
Submitted to Phys. Rev. Letters

https://arxiv.org/abs/2502.18987
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[arXiv:2502.18987] 
Submitted to Phys. Rev. Letters

Much wider than Ξc(2965)0 - not an isospin partner?

https://arxiv.org/abs/2502.18987
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Spin & parity of Ξc(3055)+/0

• Exploit the weak decay  (  produced in the pp collision)

• Use  and 3 angles to test different JP hypotheses for the Xic (3/2)  
using the helicity formalism.  Hypotheses: 1/2, 3/2, 5/3, 7/2, all with either parity

Ξ0(−)
b → Ξc(3055)+(0)( → D+(0)Λ)π− Ξb

m(D+(0)Λ)

13

[Phys.Rev.Lett. 134 (2025) 8, 081901]
Run 2
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JP = 3/2+ hypothesis favoured over others: 6.5 (3.5) σ for charged (neutral) Ξc(3055)

Marginalised too many details in my talk, please read

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.081901
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New Ξcc++ decay: Ξc π π

14

Run 2 [arXiv:2504.05063] 
Submitted to JHEP

• Doubly charmed baryons can give an insight in hadronic systems 
with 2 ‘heavy’ quarks, relatively unexplored 

•  only one observed so far, and only via 3 decay modes  
(searches for  and  continue, but more challenging…) 

• New: using the Run-2 data, observed a clear signal of  
  

Measured branching fraction:

Ξ++
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Charmed production  
as probe for QCD 

Xc
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uud uud

D0 , D+
s , D+ , . . .

Asymmetries between charm and anticharm production  
a probe for hadronisation in pp collisions

Charmed production  
as probe for QCD 
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proton proton

D0 , D+
s , D+ , Λ+

c , . . .

Test of hadronisation models & non-perturbative QCD, sensitive to intrinsic charm of proton 
Measuring these asymmetries valuable for measurements of charm-anticharm differences (CPV)

Valence quarks of the proton introduce a difference between meson & 
antimeson production


e.g. Valence quarks from  baryons can originate from the valence quarks of the colliding protons, 
contrary to 

Λ+
c

Λ−
c

Charmed production  
as probe for QCD 
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Previous measurements (Run 1)
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Expect (different) asymmetries present for all charm mesons & baryons, 
and depending on , , s pT η

Aprod(D+
s ) =

σ(pp → D+
s X) − σ(pp → D−

s X)
σ(pp → D+

s X) + σ(pp → D−
s X)
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LHCb collaboration | Phys. Lett. B. 718 (2013) 902-907 LHCb collaboration | JHEP 08 (2018) 008

7 TeVs =

LHC Run 3: 13.6 TeV
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The LHCb Run 3 detector the king is decommissioned, long live the king
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The upgraded LHCb has arrived!
• Major upgrade of all sub-detectors to handle increased rates 
-  , pile-up 5 

• New readout electronics 
• New DAQ and data center

ℒ = 2 ⋅ 1033cm−2s−1 ≈

12

New pixel-based VELO
New RICH mechanics, optics, photodetectors 
New Silicon strip upstream tracker UT
New SciFi tracker  
New electronics for MUON and CALO  
New luminometer PLUME  

• 5 July 2022: first data at 13.6 TeV! 
• 21 October 2022: first VELO closing - huge milestone for the experiment 
• First mass peaks! 

To good approximation: a brand new detector, operating since 2022 
Paradigm shift significant (~5) simultaneous interactions per crossing, with a real-time full-software trigger

See also: V. V. Gligorov (plenary), D. Vom Bruch, G. Cavallero, M. Diaz, … 

http://www.apple.com/uk
https://indico.in2p3.fr/event/33627/contributions/155243/
https://indico.in2p3.fr/event/33627/contributions/155244/
https://indico.in2p3.fr/event/33627/contributions/155238/
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Charm-anticharm production asymmetries
First measurements of production asymmetries of the D0, Ds+ and D+ at , in 2D intervals of (pT, eta) 
(first measurements of the D0 production asymmetry in pp collisions at LHC energies) 

 
 
 

First measurements with the new detector: using very first datasets (2022 & 2023) 
Excellent test of the techniques for future measurements of CP-violating asymmetries

s = 13.6 TeV

20

[arXiv:2505.14494] 
Submitted to JHEP
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Run 3

D(s)+

Aprod(D+
(s)) = A(D+

(s) → ϕ(1020)π+) − Adet(π+)

Asymmetry in yield 
(counting)

Corrections due to  
instrumental biases

*: CPV in Cabibbo-favoured decays assumed to be negligible, measurements of CP asymmetries used for other decays

Aprod(D0) = A(D0 → K−π+) − Adet(K−π+)

D0

Asymmetry in yield 
(counting)

Corrections due to  
instrumental biases
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Charm-anticharm production asymmetries
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St
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D(s)+

Aprod(D+
(s)) = A(D+

(s) → ϕ(1020)π+) − Adet(π+)

*: CPV in Cabibbo-favoured decays assumed to be negligible, measurements of CP asymmetries used for other decays

Aprod(D0) = A(D0 → K−π+) − Adet(K−π+)

D0

Controlled using tag-and-probe method 
(partially reconstructed tracks from  decays)K0

S

 
                   
Adet(K−π+) = A (D*+ → (D0 → K−π+)π+)

−A (D*+ → (D0 → K−K+)π+)

[arXiv:2505.14494] 
Submitted to JHEPRun 3

First measurements of production asymmetries of the D0, Ds+ and D+ at , in 2D intervals of (pT, eta) 
(first measurements of the D0 production asymmetry in pp collisions at LHC energies) 

 
 
 

First measurements with the new detector: using very first datasets (2022 & 2023) 
Excellent test of the techniques for future measurements of CP-violating asymmetries

s = 13.6 TeV
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Production asymmetries: results (pT)
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Data
Herwig 7

Pythia 8 (Monash)

Pythia 8 (CR2)

Pythia 8 (Forward)

 - 2D measurements reported in the paper, along with 
exact measured distributions.  
 
 - 1D projections used to compare with common event 
generators: Herwig7 (cluster hadronisation), Pythia 8.3 (string)
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Pythia8 Monash standard, based on e+ e- data 
Pythia8 CR2 “QCD inspired” beam remnant+colour reconnection 
Pythia8 Forward Recent tuning using LHCf data

Overall scale OK; high & low pT behaviour most difficult to replicate

[arXiv:2505.14494] 
Submitted to JHEPRun 3
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Production asymmetries: results (η)
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Data
Herwig 7

Pythia 8 (Monash)

Pythia 8 (CR2)

Pythia 8 (Forward)

 - 2D measurements reported in the paper, along with 
exact measured distributions.  
 
 - 1D projections used to compare with common event 
generators: Herwig7 (cluster hadronisation), Pythia 8.3 (string)

Pythia8 Monash standard, based on e+ e- data 
Pythia8 CR2 “QCD inspired” beam remnant+colour reconnection 
Pythia8 Forward Recent tuning using LHCf data

Reasonable agreement with Pythia. Best agreement with Pythia8 CR2 model (also observed for b-baryons[2])
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[arXiv:2505.14494] 
Submitted to JHEP

[2]: JHEP 10 (2021) 060

Run 3
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Production asymmetries: integrated results
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Reached the same precision as Run-1 measurements that used 1 fb-1, using only 1/10th of luminosity 
demonstrates the potential of the Run-3 experiment for charm

[arXiv:2505.14494] 
Submitted to JHEP

Integrating over LHCb phase-space, indication for typical size in LHCb analyses:

Run 3

Comparing the statistical precision… 

   in Run 3 with 0.056 fb-1 

 

    in Run 1 with 1fb-1 

σstat(AP(D+)) = 0.29 %

σstat(AP(D+)) = 0.26 %
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Summary
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A snapshot of charmed hadron results from the LHCb collaboration

- New excited Ξ+c state Ξc(2923)+ 
- Improved parameters for Ξc(2815)+ and Ξc(2970)+,   
- A new decay of Ξc(3080)+ 

- First observation of the Ξcc++ -> Ξc0 π+ π+ decay 
- First determination of the spin & parity of the Ξc(3055)+,0 states 

Charm hadrons 
& decays

Production- Production asymmetry of D0, D+ and Ds+ mesons in pp collisions

Run-3 LHCb on track to record an unprecedented data set 
already more data than Run 1+2 

 
First measurements confirm charm benefits massively from the new detector 

Exciting times ahead!
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Helicity angles 
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Phys.Rev.Lett. 134 (2025) 8, 081901
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Pion asymmetries
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Secondaries

29

-5 0 5 10

ln(�2
(IP))(D+

)

0

200

400

600

800

1000

Y
ie
ld

/
0
.2
5

Data

Fit

Prompt

Secondary

LHCb

2023

Velo open 

-5 0 5 10

ln(�2
(IP))(D+

)

0

20

40

60

80

100

120

140

160

180

Y
ie
ld

/
0
.2
5

Data

Fit

Prompt

Secondary

LHCb

2022 Magnet Up

Velo closed 


