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Abstract

We review the recent results of the CMS experiment in the field of b-quark production, B hadron spectroscopy
and decays. The beauty quark production cross section measurements are performed both in inclusive and exclusive
channels. In addition, we present the observation of a new Ξb baryon and searches for rare charmed hadron decays.
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1. Introduction1

Heavy-Flavor (HF) physics at the Large Hadron Col-2

lider (LHC) is a powerful probe of quantum chromody-3

namics (QCD) at very high energies, providing a critical4

test of next-to-leading-order (NLO) calculations. In ad-5

dition, knowledge of the HF final state properties can be6

used to search for physics beyond the Standard Model.7

The CMS Experiment at LHC has a rich HF physics8

program thanks to the excellent performance of the9

wide-coverage muon system and the tracking system10

consisting of silicon pixels and strips. The CMS muon11

system is interlayered in the return yoke of the 3.812

T solenoid and surrounds the tracking system and the13

calorimeters of CMS up to a pseudorapidity of |η| = 2.4.14

A detailed description of the CMS detector, as well as15

more details on its subsystems and their performance,16

can be found elsewhere [1, 2, 3].17

In 2010 the CMS experiment has collected an inte-18

grated luminosity of 40 pb−1 at
√

s = 7 TeV [4] with19

peak instantaneous luminosity of 2 × 1032 cm2s−1. The20

2011 data taking period was characterized by a steep21

increase of the LHC instantaneous luminosity, reach-22

ing 3.5 × 1033 cm2s−1 with up to fifteen reconstructed23

primary vertices towards the end of the run. The total24

integrated luminosity is about 5 fb−1 [5].25

Thanks to the flexible CMS trigger system the online26

selection algorithms were adapted to the increasing lu-27

minosity in a prompt and intelligent manner, by making28

use of invariant mass, decay length, distance of closest29

approach, transverse momentum, and rapidity.30

This article is structured as follows: in Section 2 we31

summarize the status of B hadron searches and produc-32

tion measurements; in Section 3 we present the mea-33

surements of inclusive b-quark measurements; in Sec-34

tion 4 we review the recent searches for rare D0 decays35

to dimuons. Conclusions are given in Section 5.36

2. B hadrons37

2.1. Observation of a new Ξb baryon38

A new baryon has been observed in the decay Ξ∗0b →39

Ξ−bπ
+ [6]. The reconstruction of such decays involves40

the presence of three secondary vertices, with Ξ−b →41

J/ψΞ−, J/ψ → µ+µ−, Ξ− → Λ0π−, and Λ0 → pπ−. The42

analysis is based on the whole data sample of pp colli-43

sions at
√

s = 7 TeV collected in 2011. The trigger re-44

quires two opposite-sign muons compatible with being45

the decay products of a J/ψ, either promptly produced or46

displaced from the primary vertex (PV).47

The reconstruction of the Ξ−b → J/ψΞ− candidates48

begins by identifying J/ψ→ µ+µ− decays, built by com-49

bining pairs muons satisfying the trigger conditions.50

Candidate Λ0 baryons are reconstructed in decays to a51

pion (πΛ) and a proton (p) with opposite charges, where52

the higher momentum track is assumed to be the proton.53

Candidate Ξ− baryons are reconstructed by combining a54
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Λ0 candidate with a track (πΞ) of the same charge as the55

πΛ. The Ξ− is then combined with the J/ψ to form a Ξ−b56

candidate with a kinematic vertex fit. The Ξ−b signal se-57

lection criteria are chosen by an iterative algorithm that58

maximizes both the signal yield and the significance.59

To search for Ξ∗0b baryons, the Ξ−b candidates are com-60

bined with tracks, assumed to be pions, with a charge61

opposite to the πΞ charge (opposite-sign pairs) using62

the mass difference Q between the measured J/ψΞ−π+
63

invariant mass and the sum of the masses of the decay64

products, Q = M(J/ψΞ−π+) − M(J/ψΞ−) − M(π), where65

M(π) is the charged-pion mass [7].66
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Figure 1: Q distribution in the 0 < Q < 50 MeV range, along with the
result of the signal-plus-background fit (blue solid curve); the back-
ground term is also shown (red dashed curve).

The measured Q distribution is displayed in Fig. 167

showing a clear excess in the region 12 < Q < 18 MeV.68

An unbinned maximum-likelihood fit is performed to69

the opposite-sign Q distribution with a Breit–Wigner70

distribution convolved with a Gaussian function, added71

to the background function. The fitted parameters of the72

peak are Q = 14.84±0.74 (stat.) MeV and Breit–Wigner73

width Γ = 2.1 ± 1.7 (stat.) MeV.74

To evaluate the significance of the signal, the like-75

lihood Ls+b of the signal-plus-background fit is deter-76

mined. The fit is then repeated using the background-77

only model to obtain a new likelihood Lb. The loga-78

rithmic likelihood ratio
√

ln(Ls+b/Lb) results in a sta-79

tistical significance of 6.9 standard deviations (σ). The80

background fluctuation probability, including the “look-81

elsewhere effect” in the range 0 < Q < 400 MeV, has a82

significance of 5.3σ.83

The systematic uncertainty on the measured Q value84

is evaluated with a detailed MC simulation. Two other85

sources of systematic uncertainties have been consid-86

ered: the likelihood fit method and the choice of the se-87

lection requirements applied to the pT of the tracks used88

for the measurement.89

Given the charged-pion and Ξ−b masses [7], the result-90

ing b-baryon mass is 5945.0 ± 0.7 (stat.) ± 0.3 (syst.) ±91

2.7 (PDG) MeV . While the width of the new baryon is92

not measured with good statistical precision, it is com-93

patible with theoretical expectations [8]. Given its mea-94

sured mass and decay mode, the new baryon is likely to95

be the Ξ∗0b , with JP = 3/2+.96

The observation of this resonance, corresponding to97

the one observed in the charm sector [9], and its mass98

measurement add valuable information to the under-99

standing of the interactions between quarks within a100

baryon.101

2.2. Observation of B+
c decays to J/Ψπ and J/Ψπππ102

The B+
c meson is the ground state of the bound b̄c103

system. It carries two different HF, complementing the104

studies performed with cc and bb-quarkonia. The pro-105

duction mechanism for the b̄c meson differs in an essen-106

tial way from that of a bb state, since two heavy quark-107

antiquark pairs must be created in a collision. In the B+
c108

weak decays, both c and b quark decays compete: the109

b quark decays with the c quark as a spectator or the c110

quark decays with b as a spectator.111

The experimental studies of branching ratios and112

form factors would help understanding the hadronic113

matrix elements affected by non-perturbative physics.114

The first observation of approximately 20 B+
c events115

has been performed by the CDF Collaboration [10]116

in the semileptonic decay channel B+
c → J/ψ l+ν , fol-117

lowed by B+
c → J/ψ π+. At the LHC a third mode118

B+
c → J/ψ π+π+π− has been recently observed [11].119

The CMS analysis [12] is based on the whole 2011120

data sample considering unprescaled triggers with a dis-121

placed J/psi decay vertex It starts with the selection of122

the J/ψ candidates. B+
c candidates are then formed by123

combining the dimuon with one or three charged tracks124

in the event, assuming that they are pions. The signal125

cut selection has been optimized as a compromise be-126

tween the yield and S/
√

(S + B), where S is the signal127

and B the background.128

The corresponding B+
c → J/ψ π+ candidate mass dis-129

tribution is shown in Fig. 2, fitted with a Gaussian for130

the signal and a second order polynomial function ac-131

counting for the background.132

The measured mass is 6.272 ± 0.003 (stat.) GeV/c2
133

and its width is 0.026 ± 0.004 (stat.) GeV/c2. The134

S/
√

(S + B) ratio is 10.5.135
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Figure 2: Left: B+
c → J/ψ π+ candidates invariant mass distribution.

Right: B+
c → J/ψ π+π−π+ candidates invariant mass distribution.

The systematic uncertainty is accounted for by vary-136

ing the fit function, the background model, the binning137

and the ranges of the fitted histograms. The B+
c → J/ψ138

π+ yield is 330 ± 36 (stat.) ±23 (syst.).139

The B+
c → J/ψ π+π+π− decay is the third and most140

recent experimentally observed mode. The first prelim-141

inary estimate of the ratio of branching ratios between142

decays with one and three pions has been presented by143

LHCb [11]. The search for this decay in CMS is per-144

formed by adding three charged hadrons to the J/ψ can-145

didate in the event. Tighter selections are necessary to146

reduce the larger combinatorial background for the five-147

track compared to the three-track final-state.148

The J/ψ π+π+π− signal, shown in Fig. 2, is fitted with149

a Gaussian for the signal and a third order polynomial150

function accounting for the background. The measured151

mass is 6.265 ± 0.004 (stat.) GeV/c2 and its width is152

0.021 ± 0.005 (stat.) GeV/c2. The S/
√

S + B ratio is153

6.1 when evaluated in a mass range of ± 3 σ within the154

mass peak.155

Systematic uncertainties include various histogram156

binnings, polynomial functions of different order for the157

background model, and different invariant-mass win-158

dows to perform the fit. The B+
c → J/ψ π+π+π− yield159

is 108 ± 19 (stat.) ±14 (syst.).160

2.3. Measurement of the Λb → J/ΨΛ cross section161

CMS reported the first measurement of the Λb baryon162

production cross section from fully reconstructed J/ψΛ163

decays in pp collisions at
√

s = 7 TeV. This result164

complements the measurements of B+ [13], B0 [14],165

and B0
s [15] production cross sections also performed166

by CMS. The comparison of baryon production rela-167

tive to meson production resulting from the same initial168

b-quark momentum spectrum allows for tests of differ-169

ences in the hadronization process. Furthermore, the pp170

initial state at the LHC allows tests of baryon transport171

models [16, 17].172

Events with Λb baryons reconstructed from their de-173

cays to the final state J/ψΛ, with J/ψ → µ+µ− and Λ →174

pπ, are used to measure the differential cross sections175

dσ/dpΛb
T × B(Λb → J/ψΛ), dσ/dyΛb × B(Λb → J/ψΛ),176

andσ(Λb)/σ(Λb) with respect to the transverse momen-177

tum pΛb
T and the rapidity |yΛb |, as well as the integrated178

cross section. The cross section times branching frac-179

tion measurements are averaged over particle and an-180

tiparticle states, while the ratio is computed by distin-181

guishing the two states via decays to p or p, respectively.182

The data sample used in this analysis was collected183

by the CMS experiment in 2011 and corresponds to an184

integrated luminosity of 1.9 fb−1.185

Events are selected by requiring two oppositely186

charged muons. Displaced muon pairs from long-lived187

b-hadron decays are preferentially selected by further188

requiring a transverse separation from the mean pp col-189

lision position (”beamspot”). Opposite-sign muon pairs190

are fit to a common vertex to form J/ψ candidates, while191

Λ candidates are formed by fitting oppositely charged192

tracks to a common vertex. The Λb candidates are then193

formed by combining a J/ψ candidate with a Λ candidate194

with q vertex-constrained fit.195

The efficiency for triggering on and reconstructing196

Λb baryons is computed with a combination of tech-197

niques using the data and large samples of fully sim-198

ulated Monte Carlo (MC) signal events and is 0.73%.199

To measure the ratio of antiparticle to particle cross200

sections σ(Λb)/σ(Λb), only the ratio of the Λb and201

Λb detection efficiencies is needed. Many of the ef-202

ficiency contributions cancel in the ratio, including all203

the J/ψ and µ efficiencies since the particle and antipar-204

ticle states are indistinguishable. However, the Λ and205

Λ reconstruction efficiencies differ because of different206

interaction cross sections with the detector material.207

The backgrounds are dominated by non prompt J/ψ208

from B hadron decays. The Λb proper decay length dis-209

tribution in data confirms that the background events210

arise from long-lived b hadrons, and therefore offers211

no additional discriminating power between signal and212

background. The measured mpπ distribution shows a pu-213

rity of 77% genuine Λ events after applying the full se-214

lection criteria.215

The Λb yields are extracted from unbinned extended216

maximum-likelihood fits to the mJ/ψΛ distribution in217

bins of pΛb
T and |yΛb |. The ratio of antiparticle to par-218

ticle yields is obtained by simultaneously fitting the Λb219

and Λb mass distributions, with resolution parameters220

fixed from the fit to the combined Λb and Λb simulated221
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sample and common mean allowed to float. The total222

number of signal events extracted from an inclusive fit223

is 1252 ± 42, where the uncertainty is statistical only.224

The measured differential cross sections times225

branching fraction versus pΛb
T is shown in Fig. 3. com-226

pared to predictions from QCD calculations at LO and227

NLO accuracy. The measured pT spectrum falls faster228

than predicted, while the |y| spectrum shape is in agree-229

ment with the predictions within uncertainties.230

The world-average b-quark fragmentation results as-231

sume that the fractions are the same for b jets originating232

from Z decays at LEP and directly from pp collisions at233

the Tevatron. However, measurements of fΛb performed234

at LEP [18, 19] and at the Tevatron [20] show discrep-235

ancies. A recent result [21] from the LHCb Collabora-236

tion measures a strong pT dependence of the ratio of Λb237

production to B-meson production, fΛb/( fu + fd), with238

fΛb ≡ B(b → Λb) and fq ≡ B(b → Bq). Larger fΛb239

values are observed at lower pT, which suggests that240

the discrepancy observed between the LEP and Teva-241

tron data may be due to the lower pT of the Λb baryons242

produced at the Tevatron.243

A comparison of this and previous CMS results for244

b-hadron production versus pT is shown in the bottom245

plot of Fig. 3, where the data are fit to the Tsallis func-246

tion [22]. The fit indicates a more steeply falling pT dis-247

tribution than observed for the mesons, also suggesting248

that the production of Λb baryons, relative to B mesons,249

varies as a function of pT, with a larger Λb/B ratio at250

lower transverse momentum.251

The ratio σ(Λb)/σ(Λb) is found to be consistent with252

unity and constant as a function of both pΛb
T and |yΛb |,253

within the uncertainties, as predicted by MC. Therefore,254

no evidence of increased baryon production at forward255

pseudorapidities is observed within the available statis-256

tical precision for the kinematic regime investigated.257

3. Inclusive b quark measurements258

3.1. Measurement of the bb→ µµ cross section259

The measurements of the cross section for the inclu-260

sive process pp → bbX → µµX′ allow for a com-261

parison with QCD predictions in a kinematic domain262

where NLO calculations are more reliable because of263

the suppressed contribution of the gluon-splitting pro-264

duction mechanism (as discussed in [23] and the refer-265

ences therein).266

In the CMS analysis [24] discrimination of the back-267

ground is accomplished using the two-dimensional dis-268

tribution of the two muon impact parameters (dxy), de-269

fined as the distance of closest approach of each muon270
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Figure 3: Top: measured differential cross sections times branching
fraction dσ/dpΛb

T × B(Λb → J/ψΛ) compared to the theoretical pre-
dictions from pythia and powheg. Bottom: comparison of production
rates for B+, B0, B0

s , and Λb versus pT; fits to the Tsallis function for
each distribution are also shown.

track to the interaction point projected onto the plane271

transverse to the beam axis.272

The data employed for this measurement were col-273

lected during the 2010 running period corresponding274

to an integrated luminosity of 27.9 pb−1. A sample of275

events with two muons, each with transverse momen-276

tum pT > 3 GeV were selected at the trigger level. Fur-277

ther requirements, designed to increase the purity of the278

muon candidates and to increase the fraction of muons279

from b decay in the sample, are applied at the analysis280

stage.281

Reconstructed muons in the simulated events are sep-282

arated into four different classes, defined according to283

their origin: muons produced in the decay of a B hadron284

(B); muons from the semileptonic decays of charmed285

hadrons produced promptly (C); candidates originating286

from the primary vertex (P) muons produced in decays287
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of charged pions or kaons (P)288

The single-particle distributions of the transverse im-289

pact parameter dxy are obtained for each class from sim-290

ulation and fit using analytical functions, from which291

the 2D templates are built symmetrically. The fractions292

of the individual contributions to the observed distribu-293

tion are determined with a binned maximum-likelihood294

fit. Projections of the dxy distributions with the results295

of the fits are shown in Fig. 4 for the two pT selections.296

In the data, the single-muon selection and trigger ef-297

ficiencies are measured in intervals of pT and η with the298

“tag-and-probe” method [2, 25].299

The sources of systematic uncertainties are divided300

into uncertainties due to the model dependencies for301

both the signal and the backgrounds, the effects related302

to the impact parameter resolution, the fit method, and303

the measurement of the efficiency. They sum up to 8.9%304

(9.4%) for muon pT > 4 (6) GeV.305

The measured cross sections are: 26.4 ±306

0.1 (stat.) ± 2.4 (syst.) ± 1.1 (lumi.) nb and307

5.12 ± 0.03 (stat.) ± 0.48 (syst.) ± 0.20 (lumi.) nb.308

for muon with pT > 4 GeV and pT > 6 GeV,309

respectively. The predicted cross sections with310

mc@nlo are: 19.7 ± 0.3 (stat.) +6.5
−4.1 (syst.) nb and311

4.40 ± 0.14 (stat.) +1.10
−0.84 (syst.) nb. Both predictions312

are compatible with CMS measurements within the313

experimental and theoretical uncertainties314
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Figure 5: Ratio of measured and predicted b-quark cross sections.

3.2. Summary of inclusive cross section measurements315

A summary of the inclusive cross sections measured316

in CMS, integrated over the measured pT and y ranges,317

and their ratios of with the NLO predictions are shown318

in Fig. 5. The measurements, probing b-quark produc-319

tion in different kinematic regions, are in agreement320

with the NLO QCD expectations although NLO predic-321

tions are often below the measurements. Theoretical un-322

certainties are always larger than the experimental ones.323

4. Rare decays324

In the SM, the flavour-changing neutral current325

(FCNC) decay D0 → µ+µ− is highly suppressed, the326

branching ratio predicted by the standard model is about327

10−13 [26]. However, other models can enhance these328

estimates by several orders of magnitude [27]. Since329

charm is an up-type quark, the search for FCNC in the330

charm sector is complementary to searches for FCNC331

decays of B and K mesons. The current best limit is set332

by the LHCb collaboration [28] to 1.3 × 10−8(95% CL).333

The CMS search for D0 → µ+µ− [29] used a data334

sample corresponding to an integrated luminosity of 90335

pb−1, collected during 2010 and 2011. The strategy of336

the analysis is to measure the ratio of branching frac-337

tions, (D∗+ → D0π+ → µ−µ+π+)/(D∗+ → D0π+ →338

K−µ+νπ+), so that most of the systematic uncertainties339

cancel out.340

The D0 → µ+µ− analysis requires two opposite-sign341

muon candidates, which must form a secondary vertex,342

which are combined with tracks which is given the pion343

mass to form a D∗+ candidate. The reconstruction of the344

semileptonic decay mode, developed by E691 [30], is345

based on the decay chain D∗+ → D0π+ → K−µ+νπ+. In346

this case a kaon candidate is combined to an opposite-347

sign muon candidate to form a secondary vertex. Once348
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the direction between the primary and the secondary349

vertices is known, the E691 technique is used to deter-350

mine the ν momentum. Due to the charge relation, each351

D0 candidate can select a right-sign (RS) D∗ candidate352

with K−µ+π+ and a wrong-sign (WS) D∗ candidate with353

K−µ+π−. The WS sample is used to model the back-354

ground of the RS sample.355

Figure 6 shows the ∆M = M(K−µ+νπ+)−M(K−µ+ν)356

distribution. The result of an unbinned fit is shown by357

the solid line in Figure 6. The fit returns 16 458 ± 204358

D0 → K−µ+ν candidates.359
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The D0 → µ+µ− search region is defined as the µ−µ+
360

invariant-mass distribution obtained from the ∆M =361

M(µ+µ−π+) − M(µ+µ−) distribution with the additional362

requirement |∆M − ∆MPDG | < 3 MeV, as shown in Fig.363

6. No evidence for the D0 → µ+µ− decay in the distri-364

bution is found.365

The MC simulation is used to determine the accep-366

tance and efficiency ratios for the signal and normalisa-367

tion modes.368

An exclusion limit on N(µµ) is determined by as-369

suming that the number of events found in the sig-370

nal region is the sum of signal and background events371

(both obeying Poisson statistics). The upper limit on372

the D0 → µ+µ− branching fraction depends on the373

statistical and systematic uncertainties, the latter be-374

ing dominated by the determination of the trigger ef-375

ficiency. The exclusion limit at 90% CL is computed376

using the CLs approach [31, 32]. The final result is:377

B(D0 → µ+µ−) ≤ 5.4 × 10−7(90% CL).378

Although the present result is not the most stringent379

upper limit for this decay, it is the first analysis to use380

the semileptonic D0 decay as normalisation mode.381

5. Conclusions382

In the past two years, the CMS experiment has car-383

ried out a a rich program of measurements in field of384

heavy flavour physics. Among the latest results, the first385

observation of a new baryon with beauty, the Ξ∗0b , and386

the confirmation of two B+
c decay modes have been car-387

ried out. The Λb → J/ΨΛ cross section has been mea-388

sured and compared to the results previously obtained389

for the B mesons, finding differences in the pT behavior390

which suggest a dependence of the b fragmentation on391

the transverse momentum. The inclusive cross sections392

for bb̄ pair production into muons based on impact pa-393

rameter have been measured and compared to QCD pre-394

dictions. Lastly, a sarch for the rare decay D0 → µ+µ−395

using for the first time the semileptonic D0 as the nor-396

malisation mode has been performed.397
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