
     

What about RHIC results 

Disagreement STAR-PHENIX  
     factor 2 in cross section 
     measurement.

Data in agreement with binary 
     scaling - negligible initial state 
     nuclear effects.

Charm with non photonic electrons.

High suppression of charm, at the 
     level of light quark. Predictions   

     contradicted!.

EPS2009 - Krakow                                            Alessandro Grelli                                                                              8 03/12/09 - Pavia                                                            Alessandro Grelli                                                                                       8

Heavy flavour production in pp collisions @ 7 
and 2.76 TeV with the ALICE detector

 Alessandro Grelli
on behalf of the ALICE collaboration

                                                        Heavy Flavour production at hadron colliders   - Berkeley                                                                                                                                       



OutlineWhat about RHIC results 

Disagreement STAR-PHENIX  
     factor 2 in cross section 
     measurement.

Data in agreement with binary 
     scaling - negligible initial state 
     nuclear effects.

Charm with non photonic electrons.

High suppression of charm, at the 
     level of light quark. Predictions   

     contradicted!.

EPS2009 - Krakow                                            Alessandro Grelli                                                                              8 03/12/09 - Pavia                                                            Alessandro Grelli                                                                                       8

 Why heavy quarks with ALICE 
 D mesons production 
✓ D0, D*+, D+ and D+s production cross sections 
✓ D mesons ratios
✓ D production vs multiplicity 

 J/ψ production
✓ Production cross section at central and forward rapidity
✓ b fraction
✓ Polarization

 Heavy flavour electrons 
 Heavy flavour muons
 Conclusions
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Why heavy flavours at LHC 

 Heavy flavour production provides a pQCD test tool.

‣  p-p  :  test the pQCD predictions, reference for A-A

‣  p-A :  initial state effects (first LHC run in few days)

‣  A-A : probe the high density medium

 Large Hadron Collider. 

‣ Large cross section, heavy flavour 
    factory
‣ NLO production processes become 
    important

  ALICE pT acceptance: 
• ≥1 GeV/c for charm hadrons.
• ≥ 0 for quarkonium 
• ≥ 1 GeV/c for b decay electrons
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The ALICE experiment

Central barrel: -0.9<η<0.9, 
Field = 0.5 T TOF: PID via

time of flight

TPC: tracking 
and PID via dE/dx

ITS: tracking 
and vertexing

Forward Muon Arm:-4<η<-2.5
   - Front absorber
   - 5 tracking stations
   - Dipole magnet
   - Iron wall
   -2 trigger stations

     15/01/2013                                                               Alessandro Grelli                                                                                3                                                           

TRD: tracking 
and electron ID

 Excellent tracking 
       performances with 
       ITS+TPC  

 PID using ITS+TPC
      +TOF+TRD+EMCAL  

EMCAL: triggering,
electron ID



D+s →   π+→K+K-π+
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[8,12]

D mesons via hadronic decays

6<pt<8

 In this talk:    

D0→K-π+

D+→K-π+ π+

D*+→D0 π+ →K-π+ π+

Except for D*+, the cτ of the other 
D mesons ranges from ~123 to 312 μm
  

→Decay vertices displaced by few hundreds 
    of μm from the primary vertex.

€ 

φ

 Topology of the decay resolved via the reconstruction of the secondary 
       vertex. PID to further reduce the combinatorial. 

       

 Invariant mass analysis    
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[8,12]

D meson cross sections in pp @ √s = 7 TeV

 Large pT coverage [1,24] GeV/c and well described by pQCD predictions.     

D0, D+ and D*+ cross section at √s = 7 TeV,  |y|<0.5

B. I. Abelev et al. [ALICE Collaboration], JHEP 01 (2012) 128.

M. Cacciari, M. Greco and P. Nason, JHEP 9805 (1998) 007; 
M. Cacciari, S. Frixione, N. Houdeau, M. L. Mangano, P. Nason, G. Ridolfi, arXiv:1205.6344

B.A. Kniehl, G. Kramer, I. Schienbein, H. Spiesberger, arXiv:1202.0439, DESY-12-013, MZ-TH-12-07, LPSC-12019
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D+s production cross section D+
s meson production at central rapidity in proton–proton collisions at

!
s= 7 TeV 11
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Figure 3: (colour online) pT-differential inclusive cross section for prompt D+
s meson production in pp collisions

at
!
s= 7 TeV. The symbols are positioned horizontally at the centre of each pT interval. The horizontal error bars

represent the pT interval width. The normalization uncertainty (3.5% from the minimum-bias cross section and
5.3% from the branching ratio uncertainties) is not shown. Theoretical predictions from GM-VFNS [6] and from
kT-factorization at LO [16, 60] are also shown.

The central value of the GM-VFNS prediction corresponds to the default values of the renormalization
(µR) and factorization (µI and µF for initial- and final-state singularities, respectively) scales, i.e. µR =

µI = µF = mT, where mT =
!

p2T+m2c, with mc = 1.5 GeV/c2. The theoretical uncertainties are
determined by varying the values of the renormalization and factorization scales by a factor of two
up and down with the constraint that any ratio of the scale parameters should be smaller than or equal to
two [6]. The central value of the GM-VFNS prediction is higher than the measured point by " 50% in
the first pT interval, while in the other intervals it agrees with the data within " 15%. For D0, D+ and
D#+ mesons measured by ALICE at the same pp collision energy [3], the central value of the GM-VFNS
predictions was found to lie systematically above the data. As mentioned in Section 1, predictions for the
D+
s production cross section within the FONLL framework are not available, due to the poor knowledge

of the fragmentation function for charm-strange mesons.

The prediction from [16, 60] is obtained in the framework of kT-factorization at LO using Kimber-
Martin-Ryskin (KMR) unintegrated gluon distributions in the proton. The measured D+

s cross section is
described by the upper limit of the theoretical uncertainty band.

The ratios of the pT-differential cross sections of D+ and D#+ to that of D0, taken from [3], are shown in
the top panels of Fig. 4. In the bottom panels of the same figure, the ratios of the D+

s cross section
to the D0 and D+ ones are displayed. In the evaluation of the systematic uncertainties on the D
meson ratios, the sources of correlated and uncorrelated systematic effects were treated separately. In
particular, the contributions of the yield extraction, cut efficiency and PID selection were considered
as uncorrelated and summed in quadrature. The systematic uncertainty on the B feed-down subtraction,
being completely correlated, was estimated from the spread of the cross section ratios obtained by varying
the factorization and renormalization scales and the heavy quark mass in FONLL coherently for all

 D+s measured in the pT range 
      [2,12] GeV/c 

 Good agreement with models 
      (LO kT fact (violet) and GM-
      VFNS (blue))

B.A. Kniehl, G. Kramer, I. Schienbein, H. Spiesberger, arXiv:1202.0439, DESY-12-013, MZ-TH-12-07, LPSC-12019

R. Maciula, M. Luszczak and A. Szczurek, arXiv:1208.6126 [hep-ph].

R. Maciula, M. Luszczak and A. Szczurek, private communication
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Table 4: Ratios of the measured production cross section for prompt D mesons in pT > 0 and |y| < 0.5 in pp
collisions at

!
s= 7 TeV.

Ratio ± (stat.) ± (syst.) ± (BR)
D+/D0 0.48 ± 0.07 ± 0.11 ± 0.01
D"+/D0 0.48 ± 0.07 ± 0.08 ± 0.01
D+

s /D0 0.23 ± 0.06 ± 0.08 ± 0.01
D+

s /D+ 0.48 ± 0.13 ± 0.17 ± 0.03
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Figure 5: Left: pT integrated ratios of D meson production cross sections compared with other experiments [17,
22, 29, 68]. Error bars are the quadratic sum of statistical and systematic uncertainties, without including the
uncertainty on the BR which is common to all experiments. Right: strangeness suppression factor γs compared to
measurements by other experiments [18,22,29,68]. Predictions from PYTHIA 6.4.21 with the Perugia-0 tune and
from a canonical implementation of the statistical hadronization model (SHM) [71] are also shown. The gray band
represents the uncertainty on the SHM predictions due to the uncertainty on the volume and on the strangeness
fugacity (see text for details).

measured ratios of D meson cross sections.

The strangeness suppression factor for charm mesons, γs, was also evaluated. It is defined as the ratio of
the production cross sections of charm-strange mesons (c s) to that of non-strange charm mesons (average
of c d and c u) 5. Since all D"+ and D"0 mesons decay into either a D0 or a D+, and all D"+

s decays produce
a D+

s meson [52], the strangeness suppression factor was computed as

γs =
2 dσ(D+

s )/dy
dσ(D0)/dy+dσ(D+)/dy

. (2)

The contribution to D0 and D+ yield from decays of excited charm-strange mesons heavier than D"+
s was

neglected.

The resulting value of γs, computed from the D+
s , D0 and D+ cross sections per unit of rapidity (dσ/dy),

is
γs = 0.31 ± 0.08(stat.) ± 0.10(syst.) ± 0.02(BR).

5 The same symbol γs is used in the statistical hadronization model to indicate the fugacity, which, as mentioned above, is
usually included in the partition function to account for strangeness suppression. However, the two γs are different. Indeed, in
the statistical hadronization model, the value of the ratio between strange and non-strange charm mesons is proportional to the
fugacity, but not equal to it, due to the different masses of the various D meson species.
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 B. I. Abelev et al [ALICE Collaboration]. arXiv:1208.1948 [hep-ex]. PLB 718 (2012) 279.

charm strange mesons 
suppressed factor ~3.3 
in the fragmentation of 
charm quark
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 D meson ratios 12 The ALICE Collaboration

Table 3: Production cross section in |y|< 0.5 for prompt D+
s mesons in pp collisions at

!
s= 7 TeV, in pT intervals.

The normalization uncertainty (3.5% from the minimum-bias cross section and 5.3% from the branching ratio) is
not included in the systematic uncertainties reported in the table. The average pT of D+

s mesons in each transverse
momentum interval is also reported.

pT interval "pT# dσ/dpT||y|<0.5 ± stat.± syst.
(GeV/c) (GeV/c) (µb GeV$1c)
2–4 2.7±0.4 19.9±6.1+5.8$6.7

4–6 4.7±0.1 5.06±1.03+1.3$1.5

6–8 6.8±0.1 1.02±0.28+0.27$0.30

8–12 9.4±0.1 0.28±0.06+0.08$0.10
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Figure 4: Ratios of D meson production cross sections as a function of pT. Predictions from FONLL, GM-VFNS
and PYTHIA 6.4.21 with the Perugia-0 tune are also shown. For FONLL and GM-VFNS the line shows the ratio
of the central values of the theoretical cross section, while the shaded area is defined by the ratios computed from
the upper and lower limits of the theoretical uncertainty band.

mesons. The uncertainty on the tracking efficiency cancels completely in the ratios between production
cross sections of mesons reconstructed from three-body decay channels (D+, D%+ and D+

s ), while a 4%
systematic error was considered in the ratios involving the D0 mesons, which are reconstructed from
a two-particle final state. The D+

s /D0 and D+
s /D+ ratios were corrected for the different value of pp

minimum-bias cross section used in [3] and in this analysis 3.

3 The preliminary pp minimum-bias cross section value of 62.5 mb, used in [3], was updated to 62.2 mb.

 Model calculations show a good agreement 
      with data. In the case of  the D+s/D0(D+) 
      PYTHIA seems to under-evaluate the 
      pT-differential ratio.
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Table 4: Ratios of the measured production cross section for prompt D mesons in pT > 0 and |y| < 0.5 in pp
collisions at

!
s= 7 TeV.

Ratio ± (stat.) ± (syst.) ± (BR)
D+/D0 0.48 ± 0.07 ± 0.11 ± 0.01
D"+/D0 0.48 ± 0.07 ± 0.08 ± 0.01
D+

s /D0 0.23 ± 0.06 ± 0.08 ± 0.01
D+

s /D+ 0.48 ± 0.13 ± 0.17 ± 0.03
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Figure 5: Left: pT integrated ratios of D meson production cross sections compared with other experiments [17,
22, 29, 68]. Error bars are the quadratic sum of statistical and systematic uncertainties, without including the
uncertainty on the BR which is common to all experiments. Right: strangeness suppression factor γs compared to
measurements by other experiments [18,22,29,68]. Predictions from PYTHIA 6.4.21 with the Perugia-0 tune and
from a canonical implementation of the statistical hadronization model (SHM) [71] are also shown. The gray band
represents the uncertainty on the SHM predictions due to the uncertainty on the volume and on the strangeness
fugacity (see text for details).

measured ratios of D meson cross sections.

The strangeness suppression factor for charm mesons, γs, was also evaluated. It is defined as the ratio of
the production cross sections of charm-strange mesons (c s) to that of non-strange charm mesons (average
of c d and c u) 5. Since all D"+ and D"0 mesons decay into either a D0 or a D+, and all D"+

s decays produce
a D+

s meson [52], the strangeness suppression factor was computed as

γs =
2 dσ(D+

s )/dy
dσ(D0)/dy+dσ(D+)/dy

. (2)

The contribution to D0 and D+ yield from decays of excited charm-strange mesons heavier than D"+
s was

neglected.

The resulting value of γs, computed from the D+
s , D0 and D+ cross sections per unit of rapidity (dσ/dy),

is
γs = 0.31 ± 0.08(stat.) ± 0.10(syst.) ± 0.02(BR).

5 The same symbol γs is used in the statistical hadronization model to indicate the fugacity, which, as mentioned above, is
usually included in the partition function to account for strangeness suppression. However, the two γs are different. Indeed, in
the statistical hadronization model, the value of the ratio between strange and non-strange charm mesons is proportional to the
fugacity, but not equal to it, due to the different masses of the various D meson species.

Good agreement between 
ALICE and LHCb. D ratios 
comparable in ee, ep and pp
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 B. I. Abelev et al [ALICE Collaboration]. arXiv:1208.1948 [hep-ex]. PLB 718 (2012) 279.

SHM = stat. hadr. model
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 D meson @ 2.76 TeV and total charm cross section
Measurement of charm production at central rapidity in proton–proton collisions at . . . 13
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Figure 5: Left: The fraction Pv of c d D mesons created in a vector state to vector and pseudoscalar prompt
D mesons [8, 11, 12, 34–37]. The weighted average of the experimental measurements reported in Ref. [38] and
of the LHC data [11, 12] shown in the figure is Pv = 0.60± 0.01, and is represented by a solid yellow vertical
band. Right: Energy dependence of the total nucleon–nucleon charm production cross section [12, 13, 42–44]. In
case of proton–nucleus (pA) or deuteron–nucleus (dA) collisions, the measured cross sections have been scaled
down by the number of binary nucleon–nucleon collisions calculated in a Glauber model of the proton–nucleus
or deuteron–nucleus collision geometry. The NLO MNR calculation [45] (and its uncertainties) is represented by
solid (dashed) lines.

points denote the extrapolation uncertainties alone, whilst the uncertainty bars are the overall uncertain-
ties. Note that in case of proton–nucleus (pA) or deuteron–nucleus (dA) collisions, the measured cross
sections have been scaled down by the number of binary nucleon–nucleon collisions calculated in a
Glauber model of the proton–nucleus or the deuteron–nucleus collision geometry. At

!
s = 7 TeV, our

result and preliminary measurements by the ATLAS [12] and the LHCb Collaboration [13] are in fair
agreement. The curves show the calculations at next-to-leading-order within the MNR framework [45]
together with its uncertainties using the same parameters (and parameter uncertainties) mentioned before
for FONLL. The dependence on the collision energy is described by pQCD calculations. We observe
that all data points populate the upper band of the theoretical prediction.

6 Summary

The measurement of the production of D mesons at mid-rapidity, |y| < 0.5, in pp collisions at
!
s =

2.76 TeV from the hadronic decay channels D0 " K#π+, D+ " K#π+π+, and D$+ " D0π+, and their
charge conjugates, has been reported. The transverse momentum distributions are in agreement with
pQCD calculations, even though the central prediction of FONLL [7, 27] (GM-VFNS [6, 31]) seems to
underestimate (overestimate) charm production. The pt-differential cross sections are also in agreement
with a rescaled reference computed from the cross section measured at a higher collision energy

!
s =

7 TeV with high statistics. The rescaling to the lower collision energy [20] was performed by applying
the collision energy dependence as computed by FONLL calculations. These two measurements, taken
together, validate the

!
s–scaling procedure and provide a reference for studying the QCD matter effects

on charm quark production in Pb-Pb collisions at
!
s = 2.76 TeV [33]. An extrapolation to the full

phase space using the shape of the distributions from FONLL yields the total production cross section of
c c pairs at LHC energies. The dependence on the collision energy is described by the pQCD expectations.
The fraction of c d D mesons produced in a vector state is compatible with values from lower energies

 Total nucleon-nucleon (pp) charm production cross section. In case of proton-nucleus 
        collisions the measured cross section have been scaled down by the number of binary 
        nucleon-nucleon collisions. Results are compared with NLO MNR calculation

 pT differential production cross sections of D0, 
       D+ and D*+ measured @ 2.76 TeV. Good 
       agreement with FONLL and GM-VFNS 
       calculations 

B. I. Abelev et al. arXiv:1205.4007 [hep-ex]. JHEP 1207 (2012) 191.
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4 D meson cross section at
!
s= 2.76 TeV

The prompt D0, D+, and D"+ mesons pt-differential cross sections were derived from the raw yields as
described in section 3.2. The global systematic uncertainties were evaluated summing in quadrature the
various uncertainty sources explained in section 3.2, and reported in Table 2. The results are summarized
in Table 3 and shown in Fig. 3. The top panels of the figures present the measurement together with
the FONLL [7, 27] and the GM-VFNS [6, 31] theoretical predictions, while the bottom panels represent
the ratio of the measured cross section and the calculations. Both calculations use the CTEQ 6.6 parton
distribution functions (PDFs) [32], and vary the factorization and renormalization scales, µF and µR,
around their central values of µF = µR = mt in the ranges 0.5 < µF/mt < 2, 0.5 < µR/mt < 2, with the
constraint 0.5 < µF/µR < 2, where mt =

!

p2t +m2c. The FONLL calculation varies the charm quark
mass within 1.3 < mc < 1.7 GeV/c2 while GM-VFNS assumes mc = 1.5 GeV/c2. The FONLL and
GM-VFNS theoretical predictions are compatible with the measurements within the experimental and
theoretical uncertainties. Nevertheless, it can be noted that the central prediction of FONLL tends to
underestimate charm production whereas the central GM-VFNS calculation seems to overestimate it, as
seen in the lower panels of Fig. 3. This behaviour is in accordance with our results on the prompt D0,
D+, and D"+ mesons pt-differential cross sections at

!
s= 7 TeV [11].

The visible cross sections of prompt D mesons (σDvis), i.e. the pt-integrated production cross sections in
the rapidity range |y|< 0.5, where the measurement was performed, are reported in Table 4 for both the
present result at

!
s= 2.76 TeV and for

!
s= 7 TeV [11].
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Figure 3: Top : pt-differential cross section for prompt D0, D+, and D"+ mesons in pp collisions at
!
s= 2.76 TeV

compared with FONLL [7, 27] and GM-VFNS [6, 31] theoretical predictions. Bottom: the ratio of the measured
cross section and the central FONLL and GM-VFNS calculations.

The measurements in pp collisions
!
s = 2.76 TeV described here provide a baseline for the studies of

the QCD matter created in Pb–Pb collisions at the same centre-of-mass energy [33]. However, since the
statistics is limited and does not allow a comparison with the Pb–Pb measurements for every pt inter-
val, the reference used for comparisons of the Pb–Pb and pp yields was obtained from a pQCD–based
(FONLL) energy scaling of the 7 TeV pt-differential cross sections to 2.76 TeV [11, 20]. The scaling
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FONLL: Cacciari et al., arXiv:1205.6344
GM-VFNS: Kniehl et al., arXiv:1202.0439



What about RHIC results 

Disagreement STAR-PHENIX  
     factor 2 in cross section 
     measurement.

Data in agreement with binary 
     scaling - negligible initial state 
     nuclear effects.

Charm with non photonic electrons.

High suppression of charm, at the 
     level of light quark. Predictions   

     contradicted!.
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Production of D mesons vs multiplicity

 If, at LHC, there is a substantial 
      contribution of Multi-Parton 
      Interactions on an hard scale then 
      D meson yield may be correlated 
      to the event total charged particle 
      multiplicity 

 Different D pT regions

       study the correlation between 
       charm production and event 
       multiplicity as a function of the 
       hardness of the partonic 
       interaction

D*+
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Comparison with J/ψ 

PLB, 712-3 (2012), arXiv:1202.2816

 D0, D+ and D*+ meson, |y|<0.5, 
      2<pT<4 GeV/c

 J/ψ→e+e-, |y|<0.9, pT>0 GeV/c

 J/ψ→µ+µ-, 2.5<y<4, pT>0 GeV/c

 We found a linear increase of the 
      yield with charged particle density, 
      a good consistency of the D0, D*+ 
      and D+ mesons and no evident  pT 
      dependence (within uncertainties)

open and hidden charm 
behave similarly!
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 J/ψ in pp @ 7 TeV 
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Fig. 2: Top panel: invariant mass distributions for opposite-sign (OS) and like-sign (LS) electron pairs (|y|< 0.9,
all pT), as well as for pairs obtained with one track randomly rotated (TrkRot, see text). Bottom panel: the
difference of the OS and LS distributions with the fit to the Monte Carlo (MC) signal superimposed.

electrons from conversions. In the top panel of Fig. 2 we also show the background estimated using
a track rotation method (TrkRot) 2, used later in the estimate of the systematic uncertainties related to
signal extraction. The signal, obtained by subtracting the scaled LS distribution from the OS, is shown
in the bottom panel of Fig. 2 in comparison with the signal from Monte Carlo (MC) simulations (de-
scribed below). A good agreement between data and MC is observed, both for the bulk of the signal
and for the bremsstrahlung tail. Integration of the signal in the mass range 2.92!3.16 GeV/c2 yields
NJ/ψ = 352 ± 32 (stat.) ± 28 (syst.) counts (the systematic uncertainty on this quantity is described
below); the signal to background ratio is S/B = 1.2 ± 0.1 and the significance is S/

"
S+B = 13.9 ± 0.6.

The tagging and corresponding rejection of γ conversions is found to improve S/B by #30%. The MC
simulations 3 show that (66.8± 1.9)% of the signal is within the integration range. The main contribution
to the uncertainty on this quantity was obtained by analyzing MC samples where the detector material
budget was varied by ±6% [29] with respect to the nominal value, and by varying the track-related cuts
(pT and required number of TPC clusters) around their nominal values. A smaller contribution (1 %, in
terms of the relative error) is attributed to the small discrepancies between the invariant mass distribution
as provided by QED at the next to leading order [30] and by the event generator (EvtGen + PHOTOS);
the latter contribution remains even after taking into account the detector resolution. A fit to the invariant
mass distribution after background subtraction with a Crystal Ball function [31] gives a mass resolution
of 28.3±1.8 MeV/c2.

For the dimuon channel, the total data sample available for physics analysis amounts to 1.9·108 MB
events, of which 1.0·107 satisfy the µ-MB condition.

2The method consists in rotating, around the z axis, one of the tracks of the OS pair by a random azimuthal angle. More
pairs can be obtained by applying the method several times to the same pair.

3In the MC simulation the decay of the J/ψ particles was handled by the EvtGen package [26] and the final state radiation
was described using PHOTOS [27, 28].
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Fig. 3: Invariant mass distribution for opposite-sign muon pairs (2.5 < y < 4, all pT), in the mass region 1.5 <
mµµ < 5 GeV/c2 with the result of the fit. The plot refers to the sub-period with the largest statistics (NJ/ψ =

957± 56, corresponding to Lint = 7.9 nb!1). The fitted J/ψ and ψ(2S) contributions, as well as the background,
are also shown.

obtained by fitting the expected mass distribution of a pure MC signal sample. Such a sample was
obtained by generating, for each sub-period, J/ψ and ψ(2S) events with realistic differential distributions
(see below for details). In order to account for small uncertainties in the MC description of the set-up,
the position of the J/ψ mass pole, as well as the width of the Crystal Ball function, were kept as free
parameters in the invariant mass fit. Due to the small statistics, the ψ(2S) parameters were tied to those
of the J/ψ , imposing the mass difference between the two states to be equal to the one given by the
Particle Data Group (PDG) [35], and the ratio of the resonance widths to be equal to the one obtained in
the MC.

This choice of parameters leads to a satisfactory fit of the invariant mass spectrum (χ2/nd f=1.14), as
shown in Fig. 3. The Crystal Ball function describing the J/ψ is peaked at mJ/ψ = 3.118± 0.005 GeV/c2.
Such a value is larger than the one quoted by the PDG group by only 0.6%, showing that the accuracy of
the magnetic field mapping and of the energy loss correction is reasonably under control. The measured
width of the Crystal Ball function is σJ/ψ = 94 ± 8 MeV/c2, in agreement within less than 2% with the
MC, and its FWHM is 221 MeV/c2.

The same fitting procedure, applied to the other sub-periods, gives consistent results in terms of bothmJ/ψ
(within 0.2%) and σJ/ψ (within 4%). The signal to background ratio, in the mass range 2.9<mµµ < 3.3
GeV/c2, varies between 2.3 and 2.9 in the various sub-periods. The total number of J/ψ signal events,
obtained by integrating the Crystall Ball function over the full mass range, is NJ/ψ = 1924±77(stat.)±
144(syst.). The determination of the systematic uncertainty on NJ/ψ is described later in Section 5.

4 Acceptance and efficiency corrections, luminosity normalization

In order to extract the J/ψ yield, the number of signal events must be corrected, with a MC procedure,
for the acceptance of the apparatus and for reconstruction and triggering efficiencies. This procedure

Rapidity and transverse momentum dependence of inclusive J/ψ production in pp . . . 5

a transverse momentum larger than a pre-defined value. Such a ptrigT cut can be used to reject soft muons,
dominated by π and K decays, and is able to limit the muon trigger rate when the machine luminosity
is high. The instantaneous luminosity at ALICE allowed for the choice of the lowest ptrigT threshold
(0.5 GeV/c), leading to a µ-MB trigger rate between 30 and 500 Hz. With this ptrigT , the effect of the
trigger response function on the J/ψ detection efficiency is negligible. Note that the effect of such a cut
is not sharp and that the selection efficiency reaches the plateau value only at pT !1.5 GeV/c. Finally, in
order to limit the systematic uncertainties related to non-uniformities in the detector response, data were
collected by periodically varying the polarities of the solenoidal and dipole magnets.

3 Data analysis

For the dielectron analysis, 3.5·108 minimum bias events (NMB) are analyzed. An event with a recon-
structed vertex position zv is accepted if |zv|< 10 cm. The tracks are required to have a minimum pT of
1.0 GeV/c, a minimum number of 70 TPC clusters per track (out of a maximum of 159), a χ2 per space
point of the momentum fit lower than 4, and to point back to the interaction vertex within 1 cm in the
transverse plane. A hit in at least one of the two innermost layers of the ITS is required in order to reduce
the contribution of electrons from γ conversions. For full-length tracks, the geometrical coverage of the
central barrel detectors is |η |< 0.9.
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Fig. 1: Specific energy loss in the TPC as a function of momentum with superimposed Bethe-Bloch lines for
various particle species. The dashed lines show the pion and proton exclusion bands. The dotted line corresponds
to the +3σ cut for electrons (see text).

The particle identification performance of the TPC is essential for the J/ψ measurement. In Fig. 1 the
specific energy loss in the TPC is shown as a function of momentum in the region of interest for the
present measurement. A ±3 σ inclusion cut for electrons and a ±3.5 σ (±3 σ ) exclusion cuts for
pions (protons) were employed. As seen in Fig. 1, with our current identification strategy, the electron
identification is performed with an efficiency better than 50% for momenta below 7-8 GeV/c.

Electron candidates compatible, together with a positron candidate, with being products of γ conversions
were removed, in order to reduce the combinatorial background. It was verified, using a Monte Carlo
simulation, that this procedure does not affect the J/ψ signal.

The invariant mass distribution for the opposite-sign (OS) electron pairs is shown in Fig. 2. In the
same figure we also show the background contribution, obtained as the sum of the like-sign (LS) pairs,
N+++N"", scaled to match the integral of the OS distribution in the mass interval 3.2"5.0 GeV/c2.
The scale factor, 1.23, originates from the presence of correlated background (mostly from semilep-
tonic charm decays) in the OS distribution, but is also influenced by misidentified electrons and by

 Down to pT = 0 at central and forward rapidity 
 Muons identified via muon trigger stations

 Electrons identified through specific energy 
      loss in the TPC (3σ inclusion cut, 3.5σ and 
      3σ exclusion cut for pions and protons)

J/ψ→e+e-, |y|<0.9, pT>0 

J/ψ→µ+µ-, 2.5<y<4, pT>0
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Cross-sections at 7 and 2.76 TeV
14 The ALICE Collaboration
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Fig. 6: d2σJ/ψ/dpTdy for the midrapidity range and for the forward rapidity data, compared with results from the
other LHC experiments [15, 16, 17], obtained in similar rapidity ranges. The error bars represent the quadratic
sum of the statistical and systematic errors, while the systematic uncertainties on luminosity are shown as boxes.
The symbols are plotted at the center of each bin.

production extends down to zero pT, and that the values vary by less than a factor 1.6 in the analyzed pT
range. A! ε has a stronger y dependence, but its values are larger than 10% everywhere.

The differential cross sections are then calculated with the same approach used for the integrated cross
section, normalizing NcorJ/ψ(y) and N

cor
J/ψ(pT) to the integrated luminosity. The differential cross sections

are affected by the same systematic error sources discussed in the previous section. All except the one
related to the signal extraction can be considered as common, or strongly correlated. Table 2 gives a
summary of the results, including the various sources of systematic uncertainties (correlated, uncorre-
lated and polarization-related).

The results are presented in Fig. 6 and Fig. 7 for the pT-differential cross section d2σJ/ψ/dpTdy and
dσJ/ψ/dy (pT > 0), respectively. For the rapidity distribution, the values obtained in the forward region
were also reflected with respect to y = 0. In both figures, the symbols are plotted at the center of each
bin. The statistical and systematic errors were added in quadrature, apart from the 4 (5.5)% systematic
uncertainties on luminosity for the dielectron (dimuon) channels, shown as boxes. The differential cross
sections shown in Fig. 6 and 7 assume unpolarized J/ψ production. Systematic uncertainties due to
the unknown J/ψ polarization are not shown. Our results are compared with those by the CMS [15],
LHCb [16] and ATLAS [17] Collaborations. Also for these data the uncertainty due to luminosity, which
is 11% for CMS, 10% for LHCb and 3.4% for ATLAS, is shown separately (boxes), while the error bars
contain the statistical and the other sources of systematic errors added in quadrature. Our measurement at
central rapidity reaches pT = 0 and is therefore complementary to the data of CMS, available at |y|< 1.2
for pT > 6.5 GeV/c, and ATLAS, which covers the region |y|< 0.75, pT > 7 GeV/c. In order to compare
our d2σJ/ψ/dpTdy in the forward rapidity range with that of LHCb, we added the LHCb data for prompt
and non-prompt production and integrated in the range 2.5 < y < 4 to match our measurement. The
agreement between the two data sets is good.

In Fig. 7 our results are compared with the corresponding values from the CMS and LHCb experiments,

10 The ALICE Collaboration

Table 2: The !pt" and !p2t " values for inclusive J/ψ production measured by ALICE. Statistical and systematic
uncertainties are quoted separately.

!pt" (GeV/c) !p2T" (GeV/c)2#
s= 2.76 TeV, 2.5< y< 4 2.28 ± 0.07 ± 0.04 7.06 ± 0.40 ± 0.22#

s= 7 TeV, |y|< 0.9 2.72 ± 0.21 ± 0.28 10.02 ± 1.40 ± 1.80#
s= 7 TeV, 2.5< y< 4 2.44 ± 0.09 ± 0.06 8.32 ± 0.50 ± 0.35
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Fig. 6: Differential J/ψ production cross section at
#
s = 2.76 TeV compared to previous ALICE results at

#
s =

7 TeV [5]. The vertical error bars represent the statistical errors while the boxes correspond to the systematic
uncertainties. The systematic uncertainties on luminosity are not included.

Comparison  between 7 and 2.76 TeV

 Comparison at 7 TeV with other experiments show a nice agreement both at forward 
      (LHCb) and central rapidity (ATLAS, CMS)

 In the central rapidity region ALICE is clearly complementary with respect CMS and 
      ATLAS
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Comparison with theory and evolution vs √s  

12 The ALICE Collaboration

The kinematic coverage of the ALICE experiment is unique among the LHC experiments due to the very
good acceptance down to pt = 0 at central rapidity. This feature allows a comparison of the pt-integrated
midrapidity cross sections with those from lower energy collider experiments. The result is displayed in
Fig. 7, where the dσJ/ψ/dy values from ALICE for the two energies are shown together with results from
RHIC [9] and Tevatron [7] experiments, as a function of

!
s.
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Fig. 7:
!
s-dependence of the inclusive J/ψ production cross section dσ/dy, at central rapidity for various collider

experiments.

4 Conclusions

The ALICE experiment has measured the inclusive J/ψ production cross section for proton-proton colli-
sions at

!
s= 2.76 TeV, in the rapidity ranges |y| < 0.9 and 2.5< y< 4, down to pt = 0. The measured

values are σJ/ψ(|y| < 0.9) = 7.75± 1.78(stat)± 1.39(syst)+ 1.16(λHE = 1)" 1.63(λHE = "1) µb and
σJ/ψ(2.5 < y < 4) = 3.34± 0.13(stat)± 0.27(syst)+ 0.53(λCS = 1)" 1.07(λCS = "1) µb. Differen-
tial cross sections in y and pt have also been measured for the forward rapidity region. These results
provide an important intermediate point between top Tevatron energy and the current maximum LHC
energy. They also represent a crucial reference for the measurement of nuclear effects on J/ψ production
in Pb-Pb interactions carried out at the same centre-of-mass energy per nucleon-nucleon collision [28].
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 Thanks to the unique kinematic of ALICE with respect the other LHC experiments we can 
      compare the pT integrated mid rapidity cross section with those from lower energy collider 
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Fig. 5: The
!
s-dependence of "pt# for inclusive J/ψ production, for various fixed-target and collider experiments.

For the ALICE points the error bars represent the quadratic sum of statistical and systematic uncertainties. The
points for

!
s= 7 TeV have been slightly shifted to improve visibility.

 The double differential production at 7 and 2.76 TeV was compared with a NLO NRQCD 
      calculation performed in the region pT>3 GeV/c
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[8,12]

 The measurement complements CMS and ATLAS measurement extending the pT reach 
      down to 1.3 GeV/c

Non prompt J/ψ

 In the pT integrated region 1.3-10 GeV/c the we get:

contribution ranges from 
10-30% from low to high pT

 ALICE is able to extract the non-
      prompt fraction of the inclusive J/ψ  
      cross-section in y<|0.9| via 
      simultaneous log-likelihood fit to the 
      invariant mass and pseudo-proper 
      decay length
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[8,12]

J/ψ polarization: method

 Measured through the extraction of the angular distribution of daughter muons in 
      the quarkonium rest frame:

Helicity: J/ψ momentum direction in the collision’s 
rest frame

Collins-Soper: Bisector of the angle between one 
beam and the opposite ot the other beam in J/ψ
rest frame

 Due to the low statistics the parameters λΦ 

         and λθ are not extracted via 2D study but 
      integrating over Φ and cos(θ) 

4 The ALICE Collaboration

The distribution of the J/ψ decay products can be expressed in its general form [21] as

W (θ ,φ) ∝
1

3+λθ

!

1+λθ cos2 θ +λφ sin2θ cos2φ

+λθφ sin2θ cosφ
"

, (1)

where θ (φ ) are the polar (azimuthal) angles in a given reference frame. In this analysis, the Collins-
Soper (CS) and helicity (HE) frames were considered. In the CS frame the z-axis is defined as the bisector
of the angle between the direction of one beam and the opposite of the direction of the other one, in the
rest frame of the decaying particle. In the HE reference frame the z-axis is given by the direction of the
decaying particle in the center of mass frame of the collision. The φ = 0 plane is the one containing
the two beams, in the J/ψ rest frame. Equation 1 contains the three parameters λθ , λφ and λθφ , which
quantify the degree of polarization. In particular, λθ > 0 values indicate transverse polarization, while
a longitudinal polarization gives λθ < 0. In principle the values of the parameters could be extracted
by means of a fit to the acceptance-corrected 2-D distributions for cosθ vs φ . However, the limited J/ψ
statistics (about 6.8 · 103 signal events in the pt range under study) makes a 2-D binning impossible.
Therefore the study of the angular distributions was separately performed on the polar and azimuthal
variables. In particular, λθ and λφ were obtained by studying the distributions

W (cosθ) ∝
1

3+λθ

!

1+λθ cos2θ
"

W (φ) ∝ 1+
2λφ
3+λθ

cos2φ , (2)

obtained by integrating Eq. 1 in the φ and cosθ variables, respectively.

The distributions of the angular variables for the J/ψ decay products were obtained starting from the
study of the dimuon invariant mass spectra. The study was performed in five bins for the |cosθ | variable
(the angular distribution is symmetric with respect to cosθ = 0), in the range 0 < |cosθ | < 0.8. For the
azimuthal variable four bins in |φ | were defined, in the range 0< |φ |< π/2 (values between π/2 and π
were mirrored around |φ | = π/2, due to the period of the cos2φ function). The analysis was carried out
in three transverse momentum intervals (2 < pt < 3 GeV/c, 3 < pt < 4 GeV/c and 4 < pt < 8 GeV/c).
The limits of the explored pt range are related to the strong decrease of the acceptance for large |cosθ |
values at low pt and to the limited statistics at high pt.

The number of J/ψ signal events for the various bins in |cosθ | and |φ | were obtained by means of fits
to the corresponding dimuon invariant mass spectra performed in the range 1.5 < mµµ < 5 GeV/c2, and
in Fig. 1 we show one of them as an example. The J/ψ signal was described by a Crystal Ball function
(CB) [22] while for the background an empirical function, corresponding to a Gaussian with a width
linearly depending on mass, was adopted. The position of the CB peak was left as a free parameter in the
fits, and was found to correspond to the nominal J/ψ pole mass within at most 1%. The width of the CB
function obtained from the data (between 72 and 120 MeV/c2, depending on the kinematics) was found
to be in agreement with the Monte Carlo (MC) within ! 8"10 MeV/c2. In the fits, the width of the CB
function for each bin i (where i represents a certain |cosθ | or |φ | interval for the J/ψ pt bin under study)
was fixed to σ i

J/ψ = σJ/ψ · (σ i,MC
J/ψ /σMC

J/ψ), i.e. by scaling the measured width for the angle-integrated
spectrum with the MC ratio between the widths for the bin i and for the integrated spectrum. The quality
of all the fits is satisfactory, with χ2/ndf in a range between 0.63 and 1.34. Signal over background ratios
in a ±3σ mass window around the CB peak vary between 0.5 and 3.5. The number of signal events per
bin ranges from !100 (for 2 < pt < 3 GeV/c, 0.6 < |cosθCS| < 0.8) to !1000 (for 2 < pt < 3 GeV/c,
0< |cosθCS|< 0.15).

The polarization parameters for the J/ψ were obtained by correcting the number of signal events Ni
J/ψ for

each bin for the product Ai# εi of acceptance times detection efficiency, calculated via MC simulation,

λθ = +1 → transverse polarization 
λθ =   0 → no polarization 

λθ = -1 → longitudinal polarization 
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[8,12]

J/ψ polarization: results

 No significant polarization observed

 Hint of a longitudinal polarization at 
      low pT in the helicity frame 
     (vanishing at high pT)

 λΦ compatible with 0 in both the 
      reference frames

Effect of non-prompt J/ψ <0.05
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Heavy flavour decay electrons
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Heavy flavour decay electrons @ 7 TeV

 High quality tracks in TPC and ITS
 Electron Identification:

            TOF+TPC+TRD+EMCAL
Cross section of electrons from D and 

     B decays in 0.5-8 GeV/c
Complementary to ATLAS 

     measurement
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Beauty decay electrons @ 7 and 2.76 TeV

 Exploit the large displacement of B decay 
      electrons

 Cut on impact parameter
 Complementary method based on e-

      hadron azimuthal correlations. 
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(accepted by PRD)

2.76 TeV

Electrons from beauty hadron decays in pp collisions at
!
s = 7 TeV 5
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Fig. 3: (Color online) (a) pT-differential invariant cross sections of electrons from beauty and from charm hadron
decays. The error bars (boxes) represent the statistical (systematic) uncertainties. The solid (dashed) lines indicate
the corresponding FONLL predictions (uncertainties) [20]. Ratios of the data and the FONLL calculations are
shown in (b) and (c) for electrons from beauty and charm hadron decays, respectively, where the dashed lines
indicate the FONLL uncertainties. (d) Measured ratio of electrons from beauty and charm hadron decays with
error boxes depicting the total uncertainty.

tematic uncertainty due to the extrapolation procedure is quoted separately. The total cross section was
derived as σb b = 280± 23(stat)+81

"79(sys)+7
"8(extr)± 10(BR) µb, consistent with the result of a previous

measurement of J/ψ mesons from beauty hadron decays σb b = 282± 74(stat)+58
"68(sys)+8

"7(extr) µb [9].
The weighted average of the two measurements is σb b = 281± 34(stat)+53

"54(sys)+7
"8(extr) µb. FONLL

predicts σb b = 259+120
"96 µb [20].

The production cross section of electrons from heavy-flavor hadron decays was measured as 37.7 ±
3.2(stat)+13.3

"14.4(sys) µb for 0.5 < pT < 8 GeV/c in the range |y| < 0.5 [12]. After subtraction of the
contribution from beauty hadron decays (see above) the resulting production cross section of elec-
trons from charm hadron decays was converted into a charm production cross section applying the
same extrapolation method as for beauty. With the branching ratio BRHc#e = 0.096 ± 0.004 [22],

arXiv:1205.5423

7 TeV
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Beauty decay electrons @ 7 TeV

 Weighted average of displaced J/ψ and heavy flavour beauty electrons compared with 
      other experiments at different center of mass energies. The solid line represent the 
      central value of FONLL
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 M. Cacciari, S. Frixione, M.L. Mangano, P. Nason, and G. Ridolfi, J. High Energy Phys. 07, 033 (2004).
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Heavy Flavour muons (-4<η<-2.5)

 Analysis strategy:
        - remove hadrons and low pT secondary muons by requiring a muon trigger signal
        - subtract π/K-decay muons
        - what remain are charm and beauty muons

 π/K-decay muon subtraction:
        - use PYTHIA/PHOJET normalized to inclusive yield below 1 GeV/c

Muon sources:
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Heavy Flavour muons @ 7 TeV

Heavy flavour decay muon production in pp collisions at
p

s = 7 TeV 9

– background subtraction: from about 5% (3.7 < y < 4) to a maximum of 35% (2.5 < y < 2.8,
pt = 2 GeV/c), see Section 3.2 and Table 1;

– detector response: 5% (Section 3.3);

– residual mis-alignment: 1% ⇥ pt (Section 3.3);

– luminosity measurement: 3.5% (Section 3.4).

The resulting systematic uncertainty, in the rapidity region 2.5 < y < 4, varies between 8-14% (the 3.5%
systematic uncertainty on the normalization is not included).

4 Results and model comparisons

The measured differential production cross sections of muons from heavy flavour decays as a function
of pt in the rapidity region 2.5 < y < 4 and as a function of y in the range 2 < pt < 12 GeV/c are
displayed in Fig. 3 (circles), left and right panels, respectively. The error bars (which are smaller than

Fig. 3: Left: pt-differential production cross section of muons from heavy flavour decays in the rapidity range
2.5 < y < 4. Right: y-differential production cross section of muons from heavy flavour decays, in the range
2 < pt < 12 GeV/c. In both panels, the error bars (empty boxes) represent the statistical (systematic) uncertainties.
A 3.5% normalization uncertainty is not shown. The solid curves are FONLL calculations and the bands display
the theoretical systematic uncertainties. Also shown, are the FONLL calculations and systematic theoretical un-
certainties for muons from charm (long dashed curves) and beauty (dashed curves) decays. The lower panels show
the corresponding ratios between data and FONLL calculations.

symbols in most of the pt and y bins) represent the statistical uncertainties. The boxes correspond to the
systematic uncertainties. The systematic uncertainty on sMB is not included in the boxes. The results are
compared to FONLL predictions [2, 27] (black curve and shaded band for the systematic uncertainty).
The central values of FONLL calculations use CTEQ6.6 [42] parton distribution functions, a charm
quark mass (mc) of 1.5 GeV/c2, a beauty quark mass (mb) of 4.75 GeV/c2 and the renormalization
(µR) and factorization (µF) QCD scales such that µR/µ0 = µF/µ0 = 1 (µ0 = mt,q =

q
p

2
t +m

2
q). The

theoretical uncertainties correspond to the variation of charm and beauty quark masses in the ranges

 FONLL describes the data well, both vs pT and vs y
 FONLL indicates beauty dominance above 5 GeV/c (central values)
 Same analysis performed at 2.76 TeV (see backup)
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2.5<|y|<4

Heavy flavour decay muon production in pp collisions at
p

s = 7 TeV 11

Fig. 4: Upper panel: pt-differential production cross section of muons from heavy flavour decays in five rapidity
regions mentioned in the figures. The error bars (empty boxes) represent the statistical (systematic) uncertainties.
A 3.5% normalization uncertainty is not shown. The solid curves are FONLL calculations and the bands display
the theoretical systematic uncertainty. Lower panel: ratio between data and FONLL calculations.

Phys.Lett. B708 (2012) 265-275 
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Heavy flavour in pp
as reference for Pb-Pb 
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Heavy flavours in Pb-Pb 
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 Heavy quarks produced at the 
      early stage of the collision
      (large mass requires high Q2)

 Heavy quarks are expected to lose less energy than light quarks and 
      gluons due to color-charge and dead cone effect → higher 
      penetrating power into QCD medium.

time

probe IN

Yu. Dokshitzer and D.E. Kharzeev, Phys.Lett. B 519 199-206 (2001). N. Armesto, C. 
A. Salgado and U. A. Wiedemann. PRD 69 (2004) 114003
M. Djordjevic, M. Gyulassy, Nucl. Phys. A733 (2004) 265.

Eloss(light) > Eloss(D) > Eloss(B)

1.3. Heavy ion collisions and QGP CHAPTER 1. Heavy ion physics

Heavy quarks are scattered in the early stages of the collisions. In particular,556

they experience primary partonic interactions with large virtuality Q. This is557

equivalent with small time scale scales, since !t ! 1/Q. As the minimum value558

of Q for the production of a heavy quark-antiquark pair with mass mq suggest a559

timescale of about 1/(2mq), this is about 0.1fm/c for charm quarks and 0.02fm/c560

for beauty. These values are much lower than the QGP expected lifetime. As561

such, these heavy quarks have the ability to cross the medium and experience562

interactions with it, forming an e"ective probe of the medium. Therefore, they563

probe the entire lifetime of the QGP. This makes these heavy quarks valuable564

tools to study the QGP.565

Figure 1.7: Sketch of the four phases of a typical heavy ion collision. This is a
model simulation performed for Au-Au collisions, but also indicative for lead-
lead events. From left to right, initial approach of two Lorentz contracted nuclei.
Note the presence of sea-quarks denoted in purple. Next, first impact of the two
nuclei. Here hard scattering takes place, also for the heavy quarks. Then comes
the creation of the QGP as deconfinement occurs. Finally, hadronisation takes
place when the quarks become confined in hadrons once again [15].

If one were to disregard the notion of the QGP (and cold nuclear e"ects),566

the evolution of the system in many particle collisions (like in heavy ion col-567

lisions) is very similar to that of proton-proton collisions, also performed at568

the LHC. To describe the former, the so-called Glauber model of a heavy ion569

collision regards the system as a superposition of many independent inelastic570

nucleon-nucleon collisions, called binary collisions. This means that the cross571

section (the interaction probability) for hard processes in heavy ion collisions can572

be extrapolated from proton-proton collisions by scaling the number of binary573

collisions of the two processes [16].574

The presence of the QGP will result in radically di"erent behaviour com-575

pared to a system of independent single hadron-hadron collisions, as the cre-576

ated medium will interact with the partons involved in the collision, resulting577

in medium e"ects. Heavy quarks which were created in the early stages of the578

collisions will experience the entire evolution of the system and interact with579

it, resulting in changes to their observables. As such, any measurable di"er-580

ence from a superposition of binary collisions will provide information about581

the medium. It is important to note that the medium of the QGP is not the582

only nuclear e"ect which can influence the observables. There are also e"ects583

which are a result of the imbedding of partons in a nucleus, which are di"erent584

from the physics of the hot and dense QGP medium. These are called cold585

nuclear e"ects.586

Cold nuclear e"ects include phenomena like the Cronin e"ect, which causes587

an enhancement to the nuclear modification factor for high-pT partons due to588

18

Pb

Pb

hot and dense QDC medium

probe OUT



What about RHIC results 

Disagreement STAR-PHENIX  
     factor 2 in cross section 
     measurement.

Data in agreement with binary 
     scaling - negligible initial state 
     nuclear effects.

Charm with non photonic electrons.

High suppression of charm, at the 
     level of light quark. Predictions   

     contradicted!.

EPS2009 - Krakow                                            Alessandro Grelli                                                                              8 03/12/09 - Pavia                                                            Alessandro Grelli                                                                                       8

D sector as example
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€ 

RAA
D (pT ) =

dNAA
D /dpT

TAA × dσpp
D /dpT

D nuclear modification factor

pp production cross section

Pb-Pb yield

Scaling to account for number 
of binary collisions

 In case of no QCD medium effects we should 
      expect and RAA ~ 1

 We see a strong suppression, factor 5 at pT =10 
      GeV/c

BDMPS-ASW: N. Armesto, A. Dainese, C. A. Salgado and U. A. Wiedemann, Phys. Rev. D71 
(2005) 054027.

Rad+dissoc: R. Sharma, I. Vitev and B. -W. Zhang, Phys. Rev. C80 (2009) 054902.  Y. He, I. 
Vitev and B.-W. Zhang, arXiv:1105.2566 [hep-ph] (2011).

WHDG rad+coll: W. A. Horowitz and M. Gyulassy, J. Phys. G38 (2011) 124114.BAMPS:  O. Fochler, J. Uphoff, Z. Xu and C. Greiner, J. Phys. G38 (2011) 124152
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... and J/ψ
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 Sequential suppression of the quarkonium states.  
      Digal, Petreczky, Satz, PRD 64 (2001) 0940150 

 Enhancement via regeneration of quarkonia, due 
      to the large heavy-quark multiplicity
      Andronic, Braun-Munzinger, Redlich, Stachel, PLB 571(2003) 36

Charmonia detection (Pb-Pb) in ALICE 

 Electron analysis: background  
   subtracted with event mixing 
     Signal extraction by event    
        counting 

|y|<0.9 

 Muon analysis: fit to the invariant  
    mass spectra  signal extraction by  
    integrating the Crystal Ball line shape 

9 
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 Primary goal of the ALICE pp studies is to build a solid reference for the 
      Pb-Pb analyses. However ALICE can complement the other LHC 
      experiments accessing the low pT region both for charm and beauty 

 D meson production cross section measured down to 1 GeV/c. D meson 
      ratios agrees with LHCb and ee experiments 

 J/ψ down to pT = 0 both in central barrel and at forward rapidity

 D mesons and J/ψ production vs charged event multiplicity studied. 
      Agreement between open and hidden charm

J/ψ polarization investigated. Results are challenging for the models
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Quarkonium production

 Quarkonium production:
       - qqbar formation is an hard process
       - binding of the constituents and
         evolution of the bound state is softer

 Theoretical models assume 
      factorization:

Long distance matrix elements:

 - Non perturbative part embedded
 - Assumed to be universal

Short distance coefficients:

 - perturbative cross section for
   the production of a qqbar pair

 In the Color Singlet Model (CSM) the color of the ppbar pair neutralizes in the hard 
      process 

 Nonrelativistic QCD (NRQCD): the color can be neutralized also in the long distance 
      part the perturbative cross section can create singlet and octet qqbar systems

N.	  Brambillaet	  al.,arXiv:hep-‐ph/0412158v2
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Tracking stations:
10 planes of MWPC (resolution ˜70μm in the bending plane)

trigger stations
4 planes of RPCs

Forward muon spectrometer
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Figure 2: Invariant mass distributions for D0 (top) and D+ (middle) candidates, and mass difference distribution
for D!+ candidates (bottom), for three pt intervals. The curves show the fit functions as described in the text. The
values of mean (µ) and width (σ ) of the signal peak are reported (for D0 and D+ they are expressed in GeV/c2).

The D!+ candidates were filtered by applying kinematical selections on the final decay products and cuts
on the topology of the D0 decay. The single track minimum transverse momentum was set to 0.4 GeV/c
for the D0 decay tracks and 80 MeV/c for the soft pion track. The variables used to select the topology
of the D0 decay are the same as for the D0 analysis described above. However, a selection with higher
efficiency could be applied in this case, because the background in the region around Δm" 145 MeV/c2,
which is close to the phase space boundary, is much lower than that around the D0 mass. In particular,
for D!+ candidates with pt > 6 GeV/c, the topological cuts could be opened so as to select about 90%
of the signal passing single track cuts.

The particle identification selection used the specific energy deposit and the time-of-flight from the
TPC and TOF detectors, respectively. In order to assign the kaon or pion mass to the decay tracks,
compatibility cuts were applied to the difference between the measured and expected signals. For both
dE/dx and time-of-flight, a 3σ compatibility cut was used. Tracks without a TOF signal were identified
using only the TPC information, and tracks with incompatible TOF and TPC indications were treated as

D invariant mass analysis

D0

D+

D*+
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D*+ invariant mass analysis vs multiplicity
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Ongoing ....

D-hadron correlations

Λc→pK-π+ Λc→Ks0p

What about RHIC results 

Disagreement STAR-PHENIX  
     factor 2 in cross section 
     measurement.

Data in agreement with binary 
     scaling - negligible initial state 
     nuclear effects.

Charm with non photonic electrons.

High suppression of charm, at the 
     level of light quark. Predictions   

     contradicted!.

EPS2009 - Krakow                                            Alessandro Grelli                                                                              8 03/12/09 - Pavia                                                            Alessandro Grelli                                                                                       8                                                                               a.grelli@uu.nl

mailto:a.grelli@uu.nl
mailto:a.grelli@uu.nl


What about RHIC results 

Disagreement STAR-PHENIX  
     factor 2 in cross section 
     measurement.

Data in agreement with binary 
     scaling - negligible initial state 
     nuclear effects.

Charm with non photonic electrons.

High suppression of charm, at the 
     level of light quark. Predictions   

     contradicted!.

EPS2009 - Krakow                                            Alessandro Grelli                                                                              8 03/12/09 - Pavia                                                            Alessandro Grelli                                                                                       8

[8,12]

Signal extractionRapidity and transverse momentum dependence of inclusive J/ψ production in pp . . . 13
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Fig. 5: Invariant mass spectra for OS muon pairs (2.5< y< 4), in bins of pT. The results of the fits are also shown.

The systematic uncertainties related to the unknown polarization are quoted for the reference frame
where they are larger.

In the dielectron channel, the dσJ/ψ/dpT differential cross section was measured in five pT bins, between
0 and 7 GeV/c. In each bin, the signal was extracted with the same approach used for the integrated
invariant mass spectrum. In Fig. 4 the OS invariant mass spectra are shown, together with the LS and the
TrkRot backgrounds. The corrections for acceptance and reconstruction efficiency and the systematic
errors are given in Table 2. Some of the contributions to the systematic uncertainty do not depend on pT,
thus affecting only the overall normalization, and they are separately quoted in Table 2. The contributions
which depend on pT, even when they are correlated bin by bin, were included among the non-correlated
systematic errors.

For the analysis in the dimuon channel, a differential study of J/ψ production was performed in the two
kinematic variables y and pT separately. In particular, dσJ/ψ/dpT was studied in seven bins between 0
and 8 GeV/c, and dσJ/ψ/dy in five bins between 2.5 and 4. The event sample used for the determination
of the differential cross sections is slightly smaller (by about 15%, corresponding to Lint=13.3 nb!1) than
the one analyzed for the integrated cross section. This is due to the fact that the statistics in one of the
three sub-periods of the data taking is too small to allow a satisfactory fit of the differential invariant
mass spectra.

The J/ψ signal was extracted, for each y or pT bin, with the same fitting technique used for the integrated
invariant mass spectra. Since the ψ(2S) yield is rather small and cannot be safely constrained by the data
themselves, its contribution was fixed in such a way as to have the same ψ(2S)/(J/ψ) ratio extracted
from the integrated spectrum. Anyway, the results of the fit, for what concerns NJ/ψ , are quite insensitive
to the precise level of the ψ(2S) contribution. It has been verified, for example, that fixing for each pT
bin the ratios ψ(2S)/(J/ψ) to the values measured (in the range pT > 2 GeV/c) by CDF [42], NJ/ψ varies
by less than 1%. In Fig. 5 the OS invariant mass spectra are shown, together with the result of the fits.

The acceptance times efficiency was calculated differentially in y and pT and the values are reported in
Table 2. It can be noted that as a function of pT, the A" ε coverage of the muon spectrometer for J/ψ

 Several pT bins available for both the analyses.In the muon channel, signal extracted in 5 
      rapidity bins

 Signal extraction: 
         - forward rapidity: Crystal Ball + sum of 2 exponential
         - mid-rapidity: events counting after background subtraction in the region 
            2.92-3.16 GeV/c

2012	  ALICE	  Coll.,	  Phys.Le0.B	  704:442-‐455,2011

J/ψ→µ+µ-, 2.5<y<4, pT>0
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Table 1: Systematic uncertainties (in percent) on the quantities associated to the integrated J/ψ cross section
measurement.

Channel e+e! µ+µ!

Signal extraction 8.5 7.5
Acceptance input 1.5 5
Trigger efficiency 0 4

Reconstruction efficiency 11 3
R factor ! 3
Luminosity 4 5.5
B.R. 1

Polarization λ =!1 λ = 1 λ =!1 λ = 1
CS +19 –13 +31 –15
HE +21 –15 +22 –10
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Fig. 4: Invariant mass spectra for OS electron pairs (|y|< 0.9), in bins of pT. The background calculated using LS
and TrkRot approaches are also shown.

 J/ψ at central rapidity

J/ψ→e+e-, |y|<0.9
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Non prompt J/ψ

JHEP 1211 (2012) 065
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Prompt J/ψ and beauty hadron production at mid-rapidity in pp collisions at
!
s=7 TeV 13
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Fig. 4: dσprompt J/ψ
dptdy as a function of pt compared to results from ATLAS [8] and CMS [10] at mid-rapidity (left panel)

and to theoretical calculations [12–14] (right panel). The error bars represent the quadratic sum of the statistical
and systematic uncertainties.

0.5 < µR/mt < 2, with the constraint 0.5 < µF/µR < 2, where mt =
!

p2
t +m2

b. The beauty quark mass
was varied within 4.5 < mb < 5.0 GeV/c2.

The same FONLL calculations were used to extrapolate the cross section of non-prompt J/ψ down to
pt equal to zero. The extrapolation factor, which is equal to 1.212+0.016

"0.038, was computed as the ratio of
the cross section for pJ/ψ

t > 0 and |yJ/ψ | < 0.9 to that in the measured region (pJ/ψ
t > 1.3 GeV/c and

|yJ/ψ | < 0.9). Using the PYTHIA event generator with Perugia-0 tuning instead of FONLL provides
an extrapolation factor of 1.156. The measured cross section corresponds thus to about 80% of the
pt-integrated cross section at mid-rapidity. Dividing by the rapidity range Δy= 1.8 one obtains

dσJ/ψ#hB

dy
= 0.98±0.26(stat.)+0.18

"0.22 (syst.)+0.01
"0.03 (extr.) µb.

In figure 6 this measurement is plotted together with the LHCb [7] and CMS [6] data at forward rapidity.
For CMS the values for 1.2 < |y| < 1.6 and 1.6 < |y| < 2.4 were obtained by integrating the published
d2σJ/ψ#hB/dptdy data [6]; the value for 1.2 < |y|< 1.6 was also extrapolated from pmin

t = 2.0 GeV/c to
pt = 0, with the approach based on the FONLL calculations as previously described. The extrapolation
uncertainties are shown in figure 6 as the slashed areas. The central FONLL prediction and its uncertainty
band are also shown. A good agreement between data and theory is observed.

A similar procedure was used to derive the b b quark-pair production cross section

dσb b
dy

=
dσ theory

b b
dy

$
σJ/ψ#hB(p

J/ψ
t > 1.3GeV/c, |yJ/ψ |< 0.9)

σ theory
J/ψ#hB

(pJ/ψ
t > 1.3GeV/c, |yJ/ψ |< 0.9)

, (12)

where the average branching fraction of inclusive b-hadron decays to J/ψ measured at LEP [44–46],
BR(hb% J/ψ+X) = (1.16±0.10)%, was used in the computation of σ theory

J/ψ#hB
. The extrapolation with

the FONLL calculations provides

dσb b
dy

= 43±11(stat.)+9
"10(syst.)+0.6

"1.5(extr.) µb.

14 The ALICE Collaboration
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Fig. 5: dσprompt J/ψ
dy as a function of y. The error bars represent the quadratic sum of the statistical and systematic

errors, while the systematic uncertainties on luminosity and branching ratio are shown as boxes around the data
points. The symbols are plotted at the center of each bin. The CMS value was obtained by integrating the published
d2σprompt J/ψ/dptdy data measured for 1.6< |y|< 2.4 [6]. The results obtained by LHCb [7] and CMS are reflected
with respect to y= 0 (open symbols).

Using the PYTHIA event generator with Perugia-0 tuning (with the EvtGen package to describe the par-
ticle decays) instead of FONLL results in a central value of 40.4 (40.9) µb. A compilation of measure-
ments of dσb b/dy at mid-rapidity is plotted in figure 7 as a function of

!
s, with superimposed FONLL

predictions.

Finally, the total b b cross section was obtained as

σ(pp" b b+X) = α4π
σJ/ψ#hB(p

J/ψ
t > 1.3GeV/c, |yJ/ψ |< 0.9)

2 · BR(hb" J/ψ +X)
, (13)

where α4π is the ratio between the yield of J/ψ mesons (from the decay of b-hadrons) in the full phase
space and the yield in the measured region |yJ/ψ | < 0.9 and pJ/ψ

t > 1.3 GeV/c. The FONLL calcula-
tions provide α4π = 4.49+0.12

$0.10, which produces σ(pp" b b+X)= 282±74(stat.)+58
$68(syst.)+8

$7(extr.) µb.
The extrapolation factor α4π was also estimated using PYTHIA with Perugia-0 tuning and found to be
αPYTHIA

4π = 4.20. This measurement is in good agreement with those of the LHCb experiment, namely
288 ± 4(stat.)± 48(syst.) µb and 284 ± 20(stat.)± 49(syst.) µb, which were based on the measured
cross sections determined in the forward rapidity range from b-hadron decays into J/ψX and D0µνX ,
respectively [7, 24].

5 Summary

Results on the production cross section of prompt J/ψ and J/ψ from the decay of b-hadrons at mid-
rapidity in pp collisions at

!
s = 7 TeV have been presented. The measured cross sections have been

compared to theoretical predictions based on QCD and results from other experiments. Prompt J/ψ
production is well described by NLO NRQCD models that include color-octet processes. The cross

Prompt J/ψ

 Down to 1.3 GeV/c.
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What about RHIC results 

Disagreement STAR-PHENIX  
     factor 2 in cross section 
     measurement.

Data in agreement with binary 
     scaling - negligible initial state 
     nuclear effects.

Charm with non photonic electrons.

High suppression of charm, at the 
     level of light quark. Predictions   

     contradicted!.
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Electrons from beauty hadron decays in pp collisions at
!
s = 7 TeV 5
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Fig. 3: (Color online) (a) pT-differential invariant cross sections of electrons from beauty and from charm hadron
decays. The error bars (boxes) represent the statistical (systematic) uncertainties. The solid (dashed) lines indicate
the corresponding FONLL predictions (uncertainties) [20]. Ratios of the data and the FONLL calculations are
shown in (b) and (c) for electrons from beauty and charm hadron decays, respectively, where the dashed lines
indicate the FONLL uncertainties. (d) Measured ratio of electrons from beauty and charm hadron decays with
error boxes depicting the total uncertainty.

tematic uncertainty due to the extrapolation procedure is quoted separately. The total cross section was
derived as σb b = 280± 23(stat)+81

"79(sys)+7
"8(extr)± 10(BR) µb, consistent with the result of a previous

measurement of J/ψ mesons from beauty hadron decays σb b = 282± 74(stat)+58
"68(sys)+8

"7(extr) µb [9].
The weighted average of the two measurements is σb b = 281± 34(stat)+53

"54(sys)+7
"8(extr) µb. FONLL

predicts σb b = 259+120
"96 µb [20].

The production cross section of electrons from heavy-flavor hadron decays was measured as 37.7 ±
3.2(stat)+13.3

"14.4(sys) µb for 0.5 < pT < 8 GeV/c in the range |y| < 0.5 [12]. After subtraction of the
contribution from beauty hadron decays (see above) the resulting production cross section of elec-
trons from charm hadron decays was converted into a charm production cross section applying the
same extrapolation method as for beauty. With the branching ratio BRHc#e = 0.096 ± 0.004 [22],
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