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Jets associated with the production of bottom quarks in pp, pPb, and PbPb collisions are identified by a variety of algorithms developed by CMS. These algorithms exploit the long lifetime and high mass of
bottom quarks by using the impact parameters of charged-particle tracks, the properties of reconstructed decay vertices, the presence of a lepton, or combinations of these quantities. In this poster, the
performance of these algorithms including their e�ciency and purity are discussed by the data measurements and their comparison with expectations based on simulations.

Introduction
Lead-lead collisions at the LHC are expected to reach su�-
cient energy densities to form quark-gluon plasma (QGP) [1].
Hard-scattered partons in QGP are predicted to lose energy
through elastic and inelastic interactions as they travel through
the medium (a phenomenon known as jet quenching), and the
energy loss is expected to depend on the flavor of the parton [2].
Bottom quarks are characterized by their relatively long lifetime,
high mass, and hard fragmentation functions. Identification of
b-jets typically exploits observables relating to properties such as
charged tracks, secondary vertices, and identified leptons. CMS,
with its high precision silicon pixel tracker and its lepton detection
facilities, is well suited for “tagging” b-jets.

b-Tagging Algorithms
CMS has developed several b-tagging algorithms that perform
similarly in data and simulation. While the discriminator values
cannot be compared across tagging algorithms, all tagging algo-
rithms share the property that a higher discriminator value shows
a higher likelihood that the jet is a b-jet [3].
The impact parameter of a track with respect to the primary ver-
tex of an event can help distinguish tracks that come from the
decay of b hadrons from prompt tracks. The 3D impact parame-
ter significance of a charged track is defined to be the 3D impact
parameter divided by its uncertainty. The Jet Probability (JP)
tagger examines the 3D impact parameter significance of each
track in a jet to determine the likelihood that the jet is a b-jet.
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Figure 1: Secondary vertex mass of PbPb data and simulation at
2.76 TeV. The plot is for jets with 80 < pt < 90 GeV/c for events
in the entire centrality range. The di�erent colors represent the
di�erent flavor contributions to each bin in the simulation. The
overall normalization of the three flavor categories in simulation
is varied by a greatest likelihood fit to approximate the relative
flavor contribution in data. [4].

The presence and properties of secondary vertices (SV) provide
discriminating power between b-jets and non b-jets. Flight dis-
tance is defined to be the distance between the primary vertex and
the secondary vertex. The Simple Secondary Vertex (SSV)
tagger looks at the flight distance significance (flight distance di-
vided by its uncertainty) to determine the likelihood that a jet
is a b-jet. The High E�ciency (SSVHE) version of the tagger
examines vertices with at least 2 associated tracks. Figure 1 is
an example plot of the secondary vertex mass distributions over
a specific jet pt range after a tagger has been applied. The good
matching shows that the tagger performs similarly in data and
simulation.
SSV is chosen to be the primary tagger for these analyses due to
its robustness against a combinatorial background, as it requires

a secondary vertex to be present [5]. JP is used a a cross check
for SSV.

Performance of b-Taggers
B-tagging e�ciency is defined to be the fraction of b-jets that
are identified by the tagger and is an important quantity for cal-
culating the number of b-jets in a sample. Misidentification
rate is the fraction of light/c-jets tagged. Figure 2 shows the
performance curves of SSV on pp and pPb simulation. The plot
shows that a >99% ( 90%) rejection of light-jets (c-jets) gives a
b-tagging e�ciency of approximately 50%. From such a plot, a
“working point” (a maximum threshold on the misidentification
rate of light jets) for a tagger is used to select/reject jets.
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Figure 2: SSV b-tagging e�ciency vs. misidentification rate of
light/c-jets in pp and pPb simulation at 5 TeV. Performance is
similar for pp and pPb due to identical reconstruction methodol-
ogy [5].

The e�ciency and purity of the tagged sample is calculated once
a jet selection on the working point is made. B-tag purity is
defined to be the number of b-jets divided by the total number of
jets in the tagged sample; the b-jet fraction is obtained by fitting
the simulation SV mass to the data, per jet pt bin. The left panel
in Figure 3 is an example of such a fit from which the relative
flavor contributions in data is extracted. The purity as a function
of pt is shown in the right panel of Fig. 3 and is used to calculate
the total number of b-jets in a sample.

4 3 Analysis Details
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Figure 1: Distributions of the JP-tagger both before (left) and after (right) applying the working
point selection of the primary b-tagger.
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Figure 2: The left plot shows the distributions of the b-jet efficiency as a function of the like-
lihood of misidentifying a light (solid line) or charm (dashed line) jet as a b jet. Shown is the
SSV b-jet tagger for pPb (purple) and pp (green) collision species. On the right is a template fit
to the SV invariant mass distribution in pPb collisions for jets of 90 < pT < 110 GeV/c.

calculations are compatible within 10-18% (pT dependent), where the difference is taken as a134

systematic uncertainty.135

After tagging, the jet resolution effects are unfolded using an iterative Bayesian unfolding pro-136

cedure, as implemented in the RooFit package [22]. The unfolded b-jet pT spectra in pPb are137

shown in Fig. 3 for several �CM selections. The spectra are normalized by the total integrated138

luminosity observed by the trigger with the highest jet energy threshold, since all other trig-139

ger spectra are combined in such a way that the integrated luminosity is scaled to this trigger.140

In addition, most analyses that calculate RpA or RAA scale the heavy-ion spectra by the ratio141

of the two species’ cross sections, along with some nuclear overlap parameter TpA or TAA, re-142

spectively. TpA is the expected enhancement due simply to the heavier collision species and143

is calculated from a Glauber model [23]. However, instead of depending on Glauber model144

uncertainties, the calculation method of 1/TpA � �pp/�pA is equivalent to scaling by A�B =145

1�208, so no Glauber uncertainties are required. Finally, the PYTHIA cross-sections are also146

drawn on the plot.147
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Figure 3: Left: template fit of simulation to data for SV mass,
for jets with 90 < pt < 110 GeV/c in pPb. The di�erent colors
are the di�erent flavor contributions in simulation. The overall
normalization of the three flavor categories in simulation is varied
by a greatest likelihood fit. Right: b-tag purity as a function of
jet pt for pPb [5].

Muon-triggered Jets

Muons are much more likely to come from b-jets than from lighter
flavored jets due to the bottom quark’s large semi-leptonic branch-
ing ratio; thus a sample requiring the presence of a jet with a muon
in every event will be enriched in b-jets. Additionally, the relative
pt of the muon with respect to its jet’s axis (pRel

t ) tends to be
higher in b-jets compared to lighter-flavored jets due the bottom
quark’s high mass, which makes it a good discriminator for b-jets.
Figure 4 is an example fit of Pythia simulation to pp data showing
very good performance of a b-tagger on muon-triggered events.
The fraction of tagged light/c-jets is very small here, which shows
that high purity samples can be created from muon-triggered

events [6].

4 5 Cross section measurement

identification efficiency, and the efficiency of tagging b jets. For the muon analysis, the muon129

reconstruction efficiency is also included.130

In the jet analysis, the efficiency is about 0.1% to mistag light-quark and gluon jets as b jets,131

and the b-tagging efficiency is between 5% at pT � 18 GeV and 56% at pT � 100 GeV. The132

efficiency rises at higher pT as the average b-hadron decay length increases. To moderate the133

statistical fluctuations in the simulation, the b-tagging efficiency in each rapidity bin is fitted134

to a functional parameterization versus pT accounting for various effects such as the b-hadron135

proper time and the boost of secondary vertex decay products. The fit result is used in the136

analysis. In the muon analysis, the average b-tagging efficiency is about 60% in the barrel137

region (|y| < 0.9) and about 55% for the endcap region (1.2 < |y| < 2.4). It increases from 50%138

to 75% for b-jet transverse momenta from 30 to 100 GeV. The data/simulation scale factor for139

the b-tagging efficiency applied in the analysis is 0.95, with an uncertainty of 10% [35].140

In the jet analysis, the distribution of the invariant mass of the tracks originating from the141

secondary vertex is fitted with probability density functions corresponding to vertex mass dis-142

tributions for light-, charm-, and b-flavor jets taken from simulated events. The relative nor-143

malizations for the combined light- and charm-flavor distribution and the b-flavor distribution144

are free parameters in the fit. The resulting estimates of fb from data and simulated events are145

shown in Fig. 1 (left). The overall relative data/simulation scale factor is consistent with unity146

within uncertainties. Given the good agreement between data and simulation for pT > 37 GeV,147

the latter is used to predict the pT and y dependence of the purity, with no additional correc-148

tions, and to extrapolate it to pT < 37 GeV.149
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Figure 1: The b-tagged sample purity obtained using fits to the secondary vertex mass from
data and simulated events as a function of the b-jet pT (left). The distribution of the muon
transverse momentum prel

T with respect to the closest b-tagged jet in data for pT > 30 GeV and
|y| < 2.4, together with the maximum-likelihood fit (solid line) and its components (dashed
lines) (right). The light-flavor (udsg) distribution is not visible in the figure since its contribu-
tion from the fit is consistent with zero.

In the muon analysis, the b-tagged sample purity is obtained from a fit to the distribution of150

the relative muon momentum prel
T with respect to the b-jet axis, which effectively discriminates151

between b events and background. Figure 1 (right) shows the result of the prel
T fit, using the ex-152

pected shapes from the simulated events for the muons from b-hadron decays and background153

Figure 4: Template fits of the muon ptRel simulation spectra to
pp data (7 TeV) after a tagger (SSV) selection has been applied.
The di�erent colors show the contributions of di�erent flavored
jets in the simulation [6].

Results and Outlook
The suppression of b-jets in PbPb collisions is shown in the RAA

plot on the left panel of Figure 5. However, a more detailed
understanding of the parton mass and flavor dependence of jet
quenching will require a reduction in the systematic uncertain-
ties of the analysis methods, including those related to b-tagging.
There may be slight enhancement of b-jets in the right panel of
Fig. 5, which would be consistent with cold nuclear matter pre-
dictions [7], though more details about parton energy-loss models
will require higher precision measurements.
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Figure 3: The centrality integrated (0–100%) b-jet RAA as a function of pT, integrated over
collision centrality. Statistical uncertainties are shown as error bars, while filled boxes represent
systematics uncertainties. The normalization uncertainty from the integrated luminosity in pp
collisions and from TAA is represented by the green band around unity.

all collision centralities, b jets are found to be suppressed over the 80–250 GeV/c pT range ex-
plored in this study. For the 80–110 GeV/c pT range, RAA is found to decrease with collision
centrality. At larger pT, the trend is less evident due to the reduced statistical precision. The
b-jet suppression is found to be qualitatively consistent with that of inclusive jets [24]. The
absence of a strong dependence of the jet suppression on the mass of the fragmenting parton
would favor a perturbative model in which mass effects are expected to be small at large pT, as
in Ref. [39], when compared against a model based on strong coupling (via the AdS/CFT cor-
respondence) [17], in which mass effects could persist to large pT. A weaker mass dependence,
such as the one predicted in Ref. [43], cannot be ruled out with the present uncertainties.

We congratulate our colleagues in the CERN accelerator departments for the excellent perfor-
mance of the LHC and thank the technical and administrative staffs at CERN and at other CMS
institutes for their contributions to the success of the CMS effort. In addition, we gratefully ac-
knowledge the computing centres and personnel of the Worldwide LHC Computing Grid for
delivering so effectively the computing infrastructure essential to our analyses. Finally, we ac-
knowledge the enduring support for the construction and operation of the LHC and the CMS
detector provided by the following funding agencies: BMWF and FWF (Austria); FNRS and
FWO (Belgium); CNPq, CAPES, FAPERJ, and FAPESP (Brazil); MES (Bulgaria); CERN; CAS,
MoST, and NSFC (China); COLCIENCIAS (Colombia); MSES and CSF (Croatia); RPF (Cyprus);
MoER, SF0690030s09 and ERDF (Estonia); Academy of Finland, MEC, and HIP (Finland); CEA
and CNRS/IN2P3 (France); BMBF, DFG, and HGF (Germany); GSRT (Greece); OTKA and NIH
(Hungary); DAE and DST (India); IPM (Iran); SFI (Ireland); INFN (Italy); NRF and WCU
(Republic of Korea); LAS (Lithuania); CINVESTAV, CONACYT, SEP, and UASLP-FAI (Mex-
ico); MBIE (New Zealand); PAEC (Pakistan); MSHE and NSC (Poland); FCT (Portugal); JINR
(Dubna); MON, RosAtom, RAS and RFBR (Russia); MESTD (Serbia); SEIDI and CPAN (Spain);
Swiss Funding Agencies (Switzerland); NSC (Taipei); ThEPCenter, IPST, STAR and NSTDA
(Thailand); TUBITAK and TAEK (Turkey); NASU (Ukraine); STFC (United Kingdom); DOE
and NSF (USA).

 (GeV/c)
T

b-jet p
0 100 200 300 400

PY
TH

IA
pA

b-
je

t R

0

0.5

1

1.5

2

2.5
<1.6

CM
η, -2.4<PYTHIA

pAb-Jet R
Reference Uncertainty
Luminosity Uncertainty
Unfolding Uncertainty

 = 5.02 TeVNNsCMS Preliminary       

-1 L dt = 35 nb∫pPb 

Figure 5: b-jet nuclear modification factor for PbPb and pPb col-
lisions as a function of jet pt. Left: RAA between PbPb data and
pp data at 2.76 TeV [4]. Right: RpA between pPb data and pp
simulation at 5.02 TeV (no pp collision data exists at 5.02 TeV)
[5].

Future use of muon-triggered data, which require a lower mini-
mum jet pt, will allow for more precise measurements of b-jets in
the low jet pt region.
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