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Heavy Quark Production  
•  Heavy Quark production is an important 

process for the study of QCD 
•  Previous measurements at other colliders 

(Tevatron, HERA, LEP, …) 
 - reasonable agreement with  NLL/NLO 
         QCD predictions 
 - sizeable uncertainties 

•  Large bb production cross section in pp 
collisions at ! s = 7 TeV at LHC 

 - provides access to new regions in phase space   
 - b events present important background to 
         many searches 

•  b production at LHC 
 - LO: Flavor creation (FCR) 
 - Large NLO contributions: Flavor excitation 
         (FEX) and Gluon splitting (GSP) 

_ 

Lea Caminada                    ICHEP 2010                      2 

g 

g 

g 

g 

g 

g 

b 

b 

b 

b 

b 
b 
_ 

_ 

_ FCR 

FEX 

GSP 

arXiv:0705.1937 [hep-ph]  

b-jet pt [GeV] 

Introduction
• Open heavy flavour in p+p

– Test of QCD

– b-quark production important background for 
new physics searches

– Reference for heavy ions

• Open heavy flavour in heavy ions

– Hard probe of the medium

– Sensitive to same initial state conditions as closed 
heavy flavour

– Interesting results (disagreements) seen at RHIC:

• Charm suppressed at high pT as light quarks

• Charm flows

• Role of bottom still unclear (as suppressed as 
charm?) 2



The Compact Muon Solenoid
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~76k scintillating PbWO4 crystals

Silicon strips
  ~16m2   ~137k channels

~13000 tonnes

MUON CHAMBERS 
Barrel:   250 Drift Tube & 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip & 432 Resistive Plate Chambers

STEEL RETURN YOKE 

HADRON CALORIMETER (HCAL)
Brass + plastic scintillator
~7k channels

SILICON TRACKER

FORWARD
CALORIMETER 

PRESHOWER

SUPERCONDUCTING
SOLENOID 

CRYSTAL ELECTROMAGNETIC
CALORIMETER (ECAL)

Total weight 
Overall diameter 
Overall length
Magnetic field

: 14000 tonnes
: 15.0 m
: 28.7 m
: 3.8 T

Niobium-titanium coil
carrying ~18000 A

Pixels (100 x 150 m2)
  ~1m2      ~66M channels
Microstrips (80-180 m)
  ~200m2   ~9.6M channels

Steel + quartz fibres
~2k channels

CMS Detector
Pixels
Tracker
ECAL
HCAL
Solenoid
Steel Yoke
Muons



The Compact Muon Solenoid
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CMS Phase Space Coverage
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• CMS: full ! and almost full " acceptance at the LHC

• Charged tracks and muons: |"| < 2.4

• Electrons and photons: |"| < 3

• Jets: |"| < 6.7
(plus |"| > 8.3 for neutrals, with the ZDC)



Identifying B mesons with CMS
• Heavier and longer life time than light mesons (B ± c# = 491.1 ± 3.2 $m, B0 c# = 457.2 ± 

2.7 $m)

• Semi-leptonic and hadronic decays

• CMS is very well suited for b physics due to excellent tracking and muon detectors:

– reconstruct secondary vertex with inner tracker

– trigger and reconstruct muons with muon detectors down to low pT

• Three results:

– CMS BPH-10-002 PAS: ÒJ/ψ prompt and non-prompt cross sections in pp collisions at
!s = 7 TeVÓ
the reconstructed dimuon vertex is used to identify non-prompt J/ψ from B decays

– CMS PAS BPH-10-007: ÒOpen beauty production cross section with muons in pp collisions
at !s = 7 TeVÓ
uses the relative muon pT with respect to the jet direction

– CMS PAS BPH-10-009: ÒMeasurement of the inclusive b-jet production in pp collisions at
!s = 7 TeVÓ
tags jets with secondary vertex

6



Lifetime Þt of prompt J/ψ and B → J/ψ
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• Separate prompt and non-prompt 
contributions with a 2d unbinned 
max. likelihood fit to invariant 
mass and pseudo proper decay 
length:

• Prompt contribution:
pure resolution function (triple-
Gaussian)

• Non-prompt contribution:
exponential convolved with 
resolution function
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B → J/ψ in p+p at √s=7 TeV
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• Good agreement with other LHC experiments and CDF

• There seems to be no strong " or 's dependence

• (ATLAS points were converted from ÒB/promptÓ to
ÒB/inclusiveÓ)
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Semi-leptonic b decays
• Trigger on single µ (pT > 3 GeV/c)

• Require offline reconstructed µ with 
pT > 6 GeV/c and |"| < 2.1

• Cluster all tracks into jets using anti-
kT algorithm (R=0.5)

– Jet finding efficiency from 74% to 
almost 100% depending on µ pT

– Very good angular resolution (2Ð8%)

• Due to large B mass, muons from B 
decays have larger pTrel (pT of µ 
relative to jet axis) than muons from 
c or light jets (udsg)

• Measurement of total cross section 
and differential cross section as a 
function of µ-p T and " with
Lint  = 8.1 nb&1

9

Open b Production with Muons 
•! Semi-leptonic b decays into muons 

•! Measurement of total cross section 
and differential cross section as a 
function of muon pT and pseudo-
rapidity with an integrated luminosity 
of L = 8.1 nb-1 
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��! Single muon trigger (pT > 3 GeV)  
��! Muon pT > 6 GeV, |η| < 2.1 
      (Efficiency: trigger ~82%, reconstruction ~97%) 
��!  Signal events discriminated from background 

events based on muon pT
rel (on average harder 

in b events due to larger b mass) 
��!  b direction reconstructed from tracks only 
      ! Tracks clustered by anti-kT (R=0.5) algorithm 
      ! very good angular resolution (2-8%) 
      ! Efficiency of 74% to almost 100% depending 
            on muon pT    
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Inclusive b cross section at √s = 7 TeV
• Binned maximum likelihood fit

of pTrel distribution

• MC templates for b and c
(signal template validated by b 
enriched data)

• Data driven template for udsg
contribution (mostly from in-flight
decays)

• Combined template for c and udsg 
contribution

• Templates for each µ-pT and " bin

• Inclusive b cross section in kinematic range: 

10

σ(pp→ bb + X → µ + X ! , pµ
T > 6 GeV, |ηµ | < 2.1)

= 1 .48± 0.04(stat.) ± 0.22(syst.) ± 0.16(lumi.) µb

σMC@NLO = 0.84+0.36
! 0.19(scale) ± 0.08(mb) ± 0.04(pdf)µb



Differential b cross sections
• Measurement in agreement with MC@NLO for pT > 12 GeV/c 

integrated over "

• Above MC@NLO at mid-rapidity at low p T

11
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• Events collected with minimum bias 
and jet trigger

• Jets with 18 < pT < 300 GeV/c and
|y| < 2 reconstructed with anti-k T 
algorithm (R=0.5) using calorimeter 
and tracker information (Particle Flow)

• b-tagging based on secondary vertex 
reconstruction

– Require secondary vertex with at least 3 
tracks

– b-tagging efficiency from MC, verified in 
subsample by measurement of scale 
factor using pTrel

– Mistag rate from MC, constrained by 
data-driven negative tag discriminator

εData
b /εMC

b = 0.98± 0.08± 0.18

Double b-jet candidate
(CMS DPS-2010/015)

Inclusive b-jet production

12
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13

 (GeV)
T

b-jet p
20 30 40 50 100 200

D
at

a 
/ N

LO
 th

eo
ry

0
1
2
1
2
1
0
1
2
3
4
5

 (GeV)
T

b-jet p
20 30 40 50 100 200

D
at

a 
/ N

LO
 th

eo
ry

 = 7 TeVs-1CMS preliminary, 60 nb
|y| < 0.5 

 |y| < 1!0.5  
 |y| < 1.5!1  

 |y| < 2!1.5  

MC@NLO
Pythia
Exp. uncertainty
(centered on ansatz)

 (GeV)
T

b-jet p
20 30 40 50 100 200U

nc
er

ta
in

ty
 o

n 
b-

je
t p

ro
du

ct
io

n 
(%

)

-40

-20

0

20

40

60

80 Total uncertainty
b-tag efficiency (20%)
Jet energy scale (5%)
Charm mistag (20%)
Light mistag (50%)

|y| < 0.5

 = 7 TeVs-1CMS preliminary, 60 nb

 (GeV)
T

b-jet p
20 30 40 50 100 200U

nc
er

ta
in

ty
 o

n 
b-

je
t p

ro
du

ct
io

n 
(%

)

-40

-20

0

20

40

60

80

d2σb! jets

dpT dy
=

Ntagged f b Csmear

εjet εb ! pT ! yL
Csmear: unfolding correction
fb: jet fraction containing b-hadrons
εjet: jet reconstruction efficiency
εb: b-tagging efficiency



b-jet/inclusive jet ratio
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Full B and D meson reconstruction 
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Open heavy ßavour in heavy ion collisions
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• High-mass µ+µ& continuum dominated by correlated semi-leptonic 
b decays

• Non-prompt J/% are very sensitive to b-quark energy loss

• b-tagged jets may provide another observable

• Challenge for the latter two lies in the secondary vertex 
reconstruction in the high multiplicity environment

2402 CMS Collaboration

c/VeG ,Tp
4222028161412101

-1
, (

G
eV

/c
)

T
dN

/d
p

301

401
ssol ygrene on ,bPbP

ssol ygrene NEUQYP ,bPbP

)-µ
+

µ!( "/J !B

Figure 6.13. Left: Transverse distance, ! r , distribution of µ+µ− pairs from secondary (solid
histogram) and primary (dashed histogram) J/" decays. Right: Transverse momentum distribution
of secondary J/" dimuons, with pµ

T > 5GeV/c and |#µ| < 2.4, in minimum bias PbPb collisions,
with (dashed histogram) and without (solid histogram) bottom energy loss [180].

6.2.3. Secondary J/ψ production

Another process which also carries information about medium-induced rescattering and
bottom energy loss is secondary J/" production from the B→ J/" X decay (1.15% branching
ratio). The J/" subsequently decays to dimuons with a 5.9% branching ratio so that the whole
process reads gg → bøb → BB X→ J/" Y→ µ+µ− Y. A leading order pQCD calculation
with muon kinematical cuts imposed to take into account the region where CMS is efficient
(pµ
T > 5GeV/c and |#µ| < 2.4) yields 13 000 dimuons from secondary J/" decays in a

nominal one month PbPb run. Primary J/" ’s produced at the nucleus-nucleus interaction
point can be rejected using the secondary vertex information (see figure 6.13-left), as
previously discussed. Figure 6.13-right shows the pT distribution of the J/" mesons resulting
from B meson decays in two cases: as generated by pythia and after including energy loss
effects (according to the pyquen [180, 211] model). It is clear that the measured secondary
J/" yields will be very sensitive to the suppression of open bottom yields.

6.2.4. B-jet tagging via energetic muons

The possibility to observe the medium-modified fragmentation of hard b quarks tagged by a
leading muon in ultrarelativistic heavy ion collisions has been analysed in Ref [209], using
pythia 6.2 [165] with CTEQ5L PDFs to calculate the cross section of b-jet production at√sNN = 5.5 TeV, scaled by A2 to obtain the corresponding PbPb spectra. The event rate has
been estimated for the central CMS acceptance, |#jet| < 3 and |#µ| < 2.4, where the muon is
considered as a leading particle if it belongs to a hard jet and carries at least 20% of the jet
transverse momentum. More specifically, the jet energy is determined as the total transverse
energy of the final particles collected around the direction of a leading particle inside a cone
R =

�
$# 2 +$%2 = 0.5, where # and % are the pseudorapidity and the azimuthal angle,

respectively. The pp cross section to have a leading muon from a B meson is∼0.7 pb, with the
kinematical cuts pµ

T > 5GeV/c and E jetT > 50GeV. This gives a 0.7 pb× (208)2 ≈ 0.03mb
PbPb cross section. The corresponding event sample collected in one month of PbPb running
is high enough, 2× 104, for detailed B-jet energy loss studies. Naturally, increasing the
minimal jet energy threshold reduces the measured rates; but even for E jetT > 100GeV we
still expect around 103 events.

CMS PTDR Addendum 1
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Figure 6.11. Expected contributions to the dimuon mass distribution, forpµ
T > 5 GeV/c and

|! µ| < 2.4, after one month of PbPb running [163].

forming B and D mesons by capturingu, d or s quarks during the hadronization stage.
Heavy mesons decay subsequently with mean lifetimesc" = 496, 464, 315 and 124µm,
respectively for B±, B0, D± and D0, with muon branching ratios of about 20% (12%) for B (D)
mesons. However, not all the produced muons are expected to pass the CMS acceptance cuts
pµ

T ! 4 GeV/c and|! µ| < 2.4. Firstly, about half of the muons from B decays are produced
through an intermediate D [210] and populate the softer part of the muonpT spectrum.
Secondly, dimuon production from single B decays, B→ Dµ+X → µ+µ−Y (which have
comparable yields tobb̄ pair decays), are concentrated at masses below the B meson mass
and, therefore, outside of the region under consideration here.

Figure 6.11 shows the expected dimuon mass spectra within the CMS acceptance
corresponding to one month of PbPb running at a luminosityL = 1027 cm−2 s−1 with 50%
efÞciency [163]. The PbPb production cross sections of all processes contributing to the high-
mass dimuon yield55 (heavy ßavours, Drell-Yan,Z0,W ) were obtained from thepythia [165]
values for pp interactions at

√
s = 5.5 TeV, scaling them with#AA = A2#pp. Uncorrelated

muon pairs from hadronic$ andK decays were obtained from PbPb events generated with
hijing [161], as described in Section6.1.2. The dimuon detection efÞciencies have been taken
into account. In the mass range 10< Mµ+µ− < 70 GeV/c2, the dominant contribution comes
from bb̄ fragmentation. Hence, the dimuon yield in this mass region should be sensitive to the
in-medium bottom quark energy loss. The combinatorial background contribution, where one
muon is from beauty decays and the other from$/K decays, is about 16%. The contributions
from $/K and charm decays are 5Ð6%. In addition, a clear signal fromZ0 → µ+µ− decays

55 The dimuon rates from other massive sources (t t̄ , WW , WZ0, Z0Z0) are found to be negligible.

CMS PTDR Addendum 1



Summary
• Very good tracking and muon detector performance allow rich quarkonia and B-Physics program 

at CMS.

• Very good b-tagging performance from early stage already! Measurement of inclusive b-
production cross section has been possible with this method

• First measurements of the b cross section in p+p collisions at 's = 7 TeV

– with non-prompt J/%:

• good agreement with other LHC experiments and CDF: no strong 's and " dependence of non-
prompt J/% fraction

– from p Trel measurement with muons:

• Measurement for muon pT = 6Ð30 GeV/c, |"| < 2.1 with stat. error of 5Ð20% and syst. uncertainty of 16Ð20%

• Good agreement with MC@NLO at muon pT > 12 GeV/c, while data are above the prediction in the central 
rapidity at low p T

– b-tagging of jets:

• Measurement for jet pT = 18Ð300 GeV/c, |y| < 2

• Overall good agreement with PYTHIA within ~2% stat. and 21% syst. uncertainty

• Reasonable agreement with MC@NLO for overall cross section, but shape differences in pT and y

• Looking forward to the heavy ion run
17
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LHC & CMS Performance
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• March 30 th, 2010: First p+p collisions at 's = 7 TeV
• Since then:

– LHC delivered integrated luminosity of L int  = 22.7 pb&1

– CMS recorded Lint  = 20.83 pb&1

– Maximum instantaneous luminosity:
Linst = 144 $b&1 s&1 = 1.4 1032 cm&2 s&1 (→ goal for 2010 achieved)

• Results shown today were approved for ICHEP 2010:
Lint  ~ 10 Ð 300 nb&1

• Current plan foresees:
– p+p: deliver integrated luminosity of L int  = 1 fb&1 at 's = 7 TeV with 

Linst  up to few 1032 cm&2 s&1

– Pb+Pb: 4 weeks in November/December at 's NN = 2.8 TeV( 2013
– p+p at 's = 14 TeV: only after longer shutdown (( 2013?)

ICHEP



• Good agreement between data and MC: data/MC = 0.976 ± 0.022

• Central values taken from MC to properly take into account pT and 
y dependence

Estimating the b-tagging purity

20
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b-tagging efÞciency
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Muon momentum resolution
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1.5. CMS: the overall concept 11

tor was manufactured in twenty continuous lengths, each with a length of 2.65 km. Four
lengths were wound to make each of the 5 coil modules. These modules were assembled
and connected together in SX5 at Point 5.

1.5.2 Muon system

Centrally produced muons are measured 3 times: in the inner tracker, after the coil, and in
the return ßux. Measurement of the momentum of muons using only the muon system is
essentially determined by the muon bending angle at the exit of the 4 T coil, taking the in-
teraction point (which will be known to ≈ 20 µm) as the origin of the muon. The resolution
of this measurement (labelled Òmuon system onlyÓ in Figure1.5) is dominated by multiple
scattering in the material before the Þrst muon station up to pT values of 200GeV/c , when
the chamber spatial resolution starts to dominate. For low-momentum muons, the best mo-
mentum resolution (by an order of magnitude) is given by the resolution obtained in the
silicon tracker (Òinner tracker onlyÓ in Figure 1.5). However, the muon trajectory beyond the
return yoke extrapolates back to the beam-line due to the compensation of the bend before
and after the coil when multiple scattering and energy loss can be neglected. This fact can be
used to improve the muon momentum resolution at high momentum when combining the
inner tracker and muon detector measurements (Òfull systemÓ in Figure1.5).
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Figure 1.5: The muon momentum resolution versus p using the muon system only, the inner
tracker only, or both (Òfull systemÓ). a) barrel,|! | < 0.2; b) endcap,1.8 < |! | < 2.0.

Three types of gaseous detectors are used to identify and measure muons [4]. The choice
of the detector technologies has been driven by the very large surface to be covered and
by the different radiation environments. In the barrel region ( |! | < 1.2), where the neutron
induced background is small, the muon rate is low and the residual magnetic Þeld in the
chambers is low, drift tube (DT) chambers are used. In the 2 endcaps, where the muon
rate as well as the neutron induced background rate is high, and the magnetic Þeld is also

• Excellent momentum resolution )1% for |"|)0.7; )3% for |"|)2.5


