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Introduction 

Caveat emptor 
I am an experimentalist with a passion for heavy flavour at hadron 

colliders.  
My selection of topics will reflect that! 

 
❍ HF in this talk 

❍  Open HF 
❍  Quarkonia 
❍  Exotica 
❍  Polarization 

Where are we? Where do we go from here? 
 

Will not cover (among others): 
 
•  CP violation & rare decays 
•  (most) Heavy Ions 
•  Detailed review of theory advances 
•  Fixed target results 
•  HF jet-ology 
 
Apologies for the neglected areas! 
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HF Production 

❍ Nature provides us with light, 
heavy and super-heavy quarks 
❍  Will focus here on heavy ones 

❍ HF: experimentally produced 
from non-HF states ➜ 
❍  Very interesting QCD process 
❍  BSM physics contributions 

envisageable 
❍  ~less interesting for the 

fundamentalist of flavour (CP/CKM 
dynamics) 
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HF Production and QCD 
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❍ Increasingly accurate predictions from QCD (e.g. 
NLO+PS) 

❍  Wider range and higher precision in experimental 
results ➜ breaking/improving theory possible at 
higher energies: 
❍  Large pT heavy hadrons 
❍  Heavy quarks in high-pT jets 

❍ Besides, there are still things to be understood! 
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Open Heavy Flavour 



Cast of Characters 
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❍ The zoology and spectroscopy of HF  

R. Vogt 



Observables 
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❍ ~total cross-sections 
⇒  Test pQCD convergence, exclude large logs (small-x?) 

❍ Differential distributions 
❍  Heavy mesons/hadrons 
❍  Leptons from HF 
❍  HF from HF  
     (Hb→J/ψX, DxX ) 

The measurement of very high pT (>>20×m) production will test 
NLL resummation 

Test universality of NP: 
•  Decay functions 
•  Fragmentation 

functions 
Ingredients we fit on data! 
 



Total Cross Sections 
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8 Experiment Observable  σ 
(pT in GeV) 

σ 
Measured 

µb 

σ 
FONLL 

µb 

ATLAS 
JHEP 10(2013)042 

B+ 

120>pT>9 
|yB|≤2.25 

10.6±0.9 8.6+3.1 
          -2.0 

ATLAS 
NPB864(2012)341-381 

Hb 
pT>9 

|η|≤2.5 

32.7+4.6 
            -6.9 

22.2+9.3 
            -6.3 

LHCb 
PLB 694, 209-216 (2010)  

Hb 
2≤η≤6 

75.3±11.4 70.8+33.3 
            -24.4 

LHCb 
JHEP 1204 (2012) 093  

B± 

pT<40 
2≤y≤4.5 

41.4±3.4 40.1+19.0 
            -14.5 

CMS 
PRL 106 (2011) 252001  

B0 

pT>5 
|yB|≤2.2 

33.2±4.3 25.5+10.5 
          -7.1 

CMS 
PRL 106 (2011) 112001  

B+ 

pT>5 
|yB|≤2.4 

28.1±4.4 27.2+11.2 
           -7.5 

CMS 
PRD 84 (2011) 052008  

Bs 
50>pT>8 
|yB|≤2.4 

6.9±0.8 nb 4.5+2.3  nb  
-1.9 

LHCb 
EPJC 71 (2011) 1645  

Hb→J/ψ 
pT<14 

2<|yψ|<4.5 

1.14±0.16 1.16+0.55  
           -0.42 

ALICE 
JHEP11(2012)065 

Hb→J/ψ 
pT>1.3 

|yψ|<0.9 

1.26±0.16 1.33+0.59 
            -0.48 

CMS 
JHEP 1103 (2011) 090  

Hb→J/ψ 
pT>6 

|yψ|<2.1 

1.32±0.34 0.855+0.28 
                  -0.19 

AC, mimicking Cacciari 



Differential σ: the pre-LHC Era (Tevatron, RHIC) 
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•  Total & diff. HF σ from NLO 
QCD: accurate prediction 

•   Fragmentation from e+e- 
(CLEO, Belle, LEP) is 
predictive when used in 
hadroproduction 

•  NLL resummation in 
hadroproduction not yet 
probed 
•  Needed to extract NP 

from e+e- data CD
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Charm production 
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❍ Total σ agrees but…  
❍  large uncertainties 
❍  Significant theory-based 

extrapolations 

❍  Differential cross 
sections consistent but 
consistently high wrt 
theory 

AL
IC

E 
JH

EP
07

 (2
01

2)
 19

1  
AT

LA
S-

CO
N

F-
11

-0
17

 



29/07/14 A. Cerri - U. of Sussex 

11 

Fragmentation 



Fragmentation Universality? 
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❍ Input to many BR 
(including rare decays) 

❍ Precision (Bd, Bu) 
dominated by B 
factories 

❍ Several universality 
assumptions: 
❍  e+e- vs hadroproduction 
❍  Y vs the rest of the world 
❍  pT 
❍  η 

LH
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Exotica 



Charmonium Spectroscopy 

September 6th 2013 Alessandro Cerri - University of Sussex 

14 

Significant feed-down to onia 
production, e.g. J/ψ: 



Charmonium Spectroscopy 
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Significant feed-down to onia 
production, e.g. J/ψ: 



Exotics 

❍ Known knowns:  
❍  3 quantum numbers (JPC) 
❍  Nice agreement between 

prediction and 
observation… 
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Exotics 

❍ Known unknowns:  
❍  X, Y, Z… 
❍  Charmonium in the final 

state, but what are they?!? 
❍  Present in several 

production mechanisms 
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Exotics 

❍ Some not so clearly 
seen… 
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X(4140,4274?) 
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Exotics 

❍ Some are definitely 
here to stay! 
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Zc(3900) 

X(3872) 



Exotics: what model? 
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❍ e+e- results give no clear 
indication on “best 
model” 

❍ Hadroproduction of 
exotics with mass 
precision is needed! 
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Quarkonia 



Quarkonia: HI 

❍ Spectroscopy predictions very consistent 
❍ Quarkonia used as probe through matter: 
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Suppression depends on binding energy! 

“Nuclear Modification Factor” 



Quarkonia: HERA 

❍  Spectroscopy predictions very consistent 
❍  Quarkonia used as probe through matter 
❍  Production mechanisms probed in most environments (DIS, photoprod., …) 
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PDF fits from HERA/onia data better constrain 
LHC predictions (e.g. W and Z production)! 

DIS production mechanisms: 
general agreement, more 
precision (e.g. full NNLO) sought 
[expt@5%, theo @10-30%] 



Quarkonia PRODUCTION: LHC 

❍ New exciting data available: better coverage, more detailed 
studies of prompt/non-prompt/direct/indirect 
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Quarkonia PRODUCTION: LHC 

❍ New exciting data available: better coverage, more detailed 
studies of prompt/non-prompt/direct/indirect 
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Quarkonia PRODUCTION: LHC 

❍ New exciting data available: better coverage, more detailed 
studies of prompt/non-prompt/direct/indirect 

September 6th 2013 Alessandro Cerri - University of Sussex 

26 



Quarkonia PRODUCTION: LHC 
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Quarkonia PRODUCTION: LHC 

❍ New exciting data available: better coverage, more detailed 
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Quarkonia PRODUCTION: LHC 

❍ New exciting data available: better coverage, more detailed 
studies of prompt/non-prompt/direct/indirect 
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Quarkonia PRODUCTION: LHC 

❍ New exciting data available: better coverage, more detailed 
studies of prompt/non-prompt/direct/indirect 
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Quarkonia PRODUCTION: LHC 

❍ New exciting data available: better coverage, more detailed 
studies of prompt/non-prompt/direct/indirect 

Stay tuned for more! 
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QUARKONIA: production mechanisms 

❍ Global fits are available on the market, looking rather 
nice across experiments for cc 

September 6th 2013 Alessandro Cerri - University of Sussex 

32 



QUARKONIA: production mechanisms 

❍ …and bb 

September 6th 2013 Alessandro Cerri - University of Sussex 

33 

Accounting for direct and non-
direct contributions 

[M. A. Nefedov, V. A. Saleev, A. V. Shipilova, Phys. Rev. D88 (2013) 014003]  
 



A Variety of Techniques… 
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Not one technique able to describe all details: rates, polarisations… 



Quarkonia: the polarization puzzle 
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Quarkonia 

❍ Not always a matter of theory predictions, but also 
experimental techniques! 
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…nevertheless, the 
polarization problem 
persists! 



Conclusions 
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❍ QCD works pretty well! 
❍ Our predictive tools (NLO+PS, FONLL, CEM, CSM, 

COM…) aren’t perfect 
❍ Our experimental data isn’t fully consistent with them 

❍ Measure more and better! 
❍ Predict more and better! 
  

“If it ain’t broke don’t fix it” 
❍  …but it is 
❍  “If it ain’t broke, break it first” 


