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1. Introduction

In these proceedings I shortly describe some of the most recent results published by the CMS
Collaboration in the field of heavy flavor production. A detailed description of the CMS detector
can be found in Ref. [1]. The analyses shown in the following sections use proton-proton collision
data collected by the CMS experiment at the CERN LHC from 2011 to 2018 at center-of-mass
energies of 7, 8, and 13 TeV, and include both cross-section and polarization measurements.

The proceedings are organized in two parts, dedicated respectively to open heavy flavor and
quarkonium results.

2. Measurements of open heavy flavor production

2.1 BT cross section at 13TeV

CMS measured the B cross section in pp collisions at 13TeV using 48.1pb~! of data col-
lected at low instantaneous luminosity [2]. The measurement is based on the inclusive channel
pp — B*X — J/yK*X, withJ/y — puu~, and is conducted in the fiducial phase space defined
by: ly(B™)| < 1.45 for 10 < pr (B™) < 17GeV and |y (B1)| < 2.1 for 17 < pr(B") < 100GeV.

The main background contributions are from combinatorial dimuons, B™ — J/wz™, and
Bt — J/y + hadrons decays. The signal component is extracted through a maximum-likelihood
fit to the J/wK™ invariant mass distribution.

The main sources of systematic uncertainties are the muon trigger, identification, and recon-
struction, the likelihood fit model, and the kinematic distributions of BT events in simulation. The
results are not statistically-limited.

The differential BT production cross-sections are extracted in bins of pt (B™) and |y (B™)| and
can be seen in Fig. 1.
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Figure 1: The B™ differential production cross sections at /s = 13TeV measured by CMS as a function of
pr (BT) (left) and |y (B™)| (right) [2], compared with the theoretical predictions and with 7TeV results [3].
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The cross sections measured by CMS at /s = 13TeV are compared with Pythia [4] and
FONLL [5, 6] predictions and with CMS results at 7TeV [3], rescaled to match the same phase
space of the new measurement. CMS data at /s = 13 TeV (red points) are compatible with FONLL
(yellow bands) at high pr (B™) while they tend to favor higher cross sections at low pp (B™). Re-
sults at 7 TeV are in good agreement with FONLL (blue bands) at low pt (B™).

The total BT cross section at /s = 13 TeV in the fiducial phase space is extracted from the sum
over all bins and is found to be 6(pp — BT +X) = 15.3 + 0.4 (stat) & 2.1 (syst) 4= 0.4 (lumi) pb.

2.2 Ag polarization at 7 and 8 TeV

The polarization parameters of Ay baryons were measured by CMS on 5.3fb! of 7TeV and
19.8fb~! of 8 TeV pp data [7], through the decay Ay, — J/w (— u*u~) A(— pz~). This decay can
be described as a function of the helicity amplitudes T}, ;,, where A; and A, refer to the helicities
of the A and J/y particles, respectively. Four physical parameters of interest are measured by
CMS, which depend on T}, ;,: the Ay polarization P, the asymmetry in A, — J/ WA decay o, the
longitudinal A polarization ¢, and the parameter ¥, which is related to the J/y longitudinal and
transverse polarizations.

The four parameters (P, a;, &, ) are measured through an unbinned maximum likelihood fit
to the invariant mass m (J/wA) and the three angular parameters ®3 = (cos (65 ), cos (6,) , cos (6,)).
The three angles appearing in ®3 are defined as shown in Fig. 2.

Figure 2: A graphical depiction of the Ay, — J/y(— utu~) A(— pm~) decay, showing the definition of
the three angles 6,, 6,, and 6, [7].

The fit is performed separately for Ay and Ay, candidates. As an illustration, Fig.3 shows
the distributions of the four variables m (J/ywA) and @3 for the Ay candidates with the fit results
superimposed.

The analysis precision is limited by the statistical uncertainty. The main systematic uncertainty
is related to the reconstruction bias, evaluated in the simulation by comparing the generated and
measured values of the polarization parameters.

The four physical parameters are measured to be:

P =0.00+£0.06 (stat) +=0.06 (syst) ,
o =0.14+0.14 (stat) £ 0.10 (syst),
op = —1.11+£0.04 (stat) +-0.05 (syst),

1 = —0.27+0.08 (stat) £0.11 (syst).
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Figure 3: The distributions of the four variables m (J/yA) and ®3 = (cos(6,), cos (6;), cos (6y)) for
the case of the Ay candidates. The results of the fit used to extract the Ay polarization parameters are
superimposed [7].

The measured values are inconsistent at more than 5 standard deviations with the heavy-quark
effective theory prediction [8, 9], but are consistent at less than one standard deviation with other
predictions from quark model techniques [10-14] and from perturbative quantum chromodymam-
ics calculations [15]. These values are also consistent with previous measurements by LHCb [16]
and ATLAS [17].

3. Measurements of quarkonium production

3.1 J/y production from jet fragmentation

The production of J/y mesons within jets can be used to probe the long-distance matrix ele-
ments (LDMEs) contributions to jet fragmentation. CMS studied it on 19.1fb~! of pp collisions at
\/s = 8TeV, considering the possible contributions from four different LDMEs: g (8), 3S§8), 3S(ll),
and 3P*) [18,19].

The measurement is conducted in different bins of the J/y energy fraction z, defined as:

:=E(I/y) /E(jet).
The sensitive variable used to disentangle the different LDMEs contributions is & (E, z;):

o N E 7Z d&
E(En )= 08( 1,21) = .
03 N(Ey,z)dz  dEdz|Ei, zy

3.1
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The second term of Eq. (3.1) describes how E (Ej, z;) can be measured experimentally, with
N (Ej, z1) being the number of events having jet energy E; and z within an interval A; = +0.025
around z;. The integration interval has been chosen in such a way as to be within the acceptance of
the CMS detector.

To measure Z (Ej, z;), the J/y mesons reconstructed by CMS are matched to jets in AR,
considering both single- and double-jets events. Data distributions are corrected for efficiencies
and unfolded with the D’Agostini method from the RooUnfold package [20]. Three z bins are
considered: 0.4 < 7 < 0.45,0.5 < z<0.55, and 0.6 < z < 0.65. The main systematic uncertainties
of the measurement are related to the efficiency determination and to the association between J/y
mesons and jets.

The third term of Eq.(3.1) depends on theoretical predictions. In general, this term is the
sum of the contributions of all the LDME:s to the differential cross section, including interferences.
However, if just one LDME dominates at a given z value, then one can obtain a good description of
the jet energy dependence in data by just considering its contribution alone in Eq. (3.1). Otherwise,
it is unlikely that any single LDME will be a good match for the energy dependence observed in
data.

The theoretical predictions in the last term of Eq. (3.1) are obtained within the Fragmenting
Jet Function (FJF) approach [21], with two different sets of LDMEs being tested, respectively from
Bodwin, Chung, Kim, and Lee (BCKL) [22], and from Butenschoen and Kniehl (BK) [23].

The prediction of each LDME is tested against the CMS results by evaluating the x> and
x? probabilities of the match between the distributions of data points and the theory curves as a
function of E (jet) in each z bin. The CMS results for the first z bin, compared with the theoretical
predictions for the 8 LDMEs tested, can be seen in Fig. 4.
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Figure 4: The = (E, z;) distribution for the 0.4 < z < 0.45 bin measured by CMS as a function of E (jet)
[18], compared with the theoretical predictions from the BCKL (left) and BK (right) LDME sets.

In general, one finds that the only LDME providing an acceptable match to the CMS data
distributions in all z bins is BCKL 'S®), with 2 probabilities in the range between 4.6% and 18%.
The 3§ 58) and 3P}8) LDMEs are highly disfavored at all z for both sets. For the second and third
zZ bin, the 3S§1) LDME of the BK set also provides acceptable matches to the data points, creating
a possible degeneracy between this term and BCKL 1S(()8) for z > 0.5. However, the 3S 51) LDME
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is disfavored by past polarization measurements (see e.g. Refs. [24,25]). In fact, a dominance of
this term would imply a significant transverse polarization of the J/y meson, which has never been
observed in data.

3.2 Quarkonium production at central rapidity

The production cross sections of J/y, y(2S), and Y (nS), with n = (1, 2, 3), at central rapidity
(ly| < 1.2) were measured by CMS on 2.3-2.7fb~! of pp data at /s = 13 TeV [26]. All quarkonium
states are reconstructed through their decays to u* = pairs. The analysis measures both single-
and double-differential cross sections times branching fractions as a function of pt and rapidity for
the five quarkonia considered.

The signal yields are obtained through an extended unbinned maximum-likelihood fit to the
dimuon invariant mass distribution in the case of the Y (nS) states, and to the dimuon invariant mass
and the decay length distributions for the J/y and y(2S) mesons. The raw yields returned by the
fit are then corrected for acceptance and efficiency.

Cross section results are shown in Fig. 5, compared with non-relativistic QCD (NRQCD) pre-
dictions [27,28] and with past CMS measurements at /s = 7TeV [29,30]. CMS data is in reason-
able agreement with NRQCD predictions, within uncertainties. The 13TeV /7 TeV ratios show a
slight increase with p for all quarkonium species.
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Figure 5: The production cross sections times branching fractions measured by CMS at /s = 13 TeV for
J/y and y(2S) (left) and Y(nS) (right) [26]. Ratios with respect to theoretical predictions [27,28] and to
CMS results at /s = 7TeV [29,30] are shown in the two bottom pads of each panel.

The analysis also extracts the ratios of cross sections as a function of pr for y(2S), Y(2S),
and Y(1S) relative to their respective ground states. These are shown in Fig. 6. The prompt y/(2S)
to J/y cross section ratio is constant as a function of pr, while the cross sections of the excited Y
states relative to Y(1S) show a slight increase with pr.
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Figure 6: The y(2S)/J/y (black), Y(2S)/Y(1S) (red), and Y(3S)/Y(1S) (blue) production cross section
ratios as a function of pp measured by CMS at /s = 13 TeV [26].

4. Conclusions

Although the CMS detector is not currently taking new data due to the planned long shutdown
2 of the LHC, new measurements of heavy flavor production are still being published by the CMS
Collaboration at a steady rate. These measurements are based on the more recent data at /s =
13TeV from LHC Run-2 but also on the older data at /s = 7 and 8 TeV from LHC Run-1.

Among the most recent CMS results, these proceedings describe production cross section
measurements for quarkonia and open beauty at 13 TeV, a study of J/y production inside jets, and
a measurement of the Ay, polarization at 7 and 8 TeV.

Other interesting results not treated here include a measurement of open beauty cross sections
at 7TeV [31] and the first observations of the mass splits of the Y1 2 (3P) [32] and of the B (2S)
doublets [33]. The last measurement is described in the proceedings by L. Cristella.
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