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1. Introduction

The detailed study of heavy-flavour production provides a crucial testing ground for both per-
turbative and non-perturbative aspects of quantum chromodynamics (QCD) calculations. Various
models that predict the kinematics of heavy hadrons in a wide range of transverse momentum and
pseudorapidy are available. Even if these models predict many features of the production, there are
still many aspects of the mechanisms that require further studies from both the experimental and
theoretical side.

In addition to the understanding of the underlying mechanism for heavy hadron formation,
precise knowledge of the properties and kinematics of the heavy hadrons are crucial for the precise
studies of their decays. For example the knowledge of the polarization of the A, in production is
important for pentaquark analysis using A, — J/ WK™~ p decays [1].

The LHCb detector [2, 3], with its high momentum resolution, great particle identification ca-
pability and flexible trigger strategy, is perfectly suited to study heavy flavour production features.
In this paper the following recent LHCDb results on heavy hadron production are summarized:

e y(2S) production cross-sections [4],
e 1.(1S) production cross-section [5],
e =1t production [6],

e B, and A, production fractions [7] ,
e B, production fractions [8] ,

e =, production rate [9].

The datasets and the integrated luminosity used to obtain these results are reported in Table 1.

2. Heavy quarkonium

The study of heavy quarkonium production plays a central role because it helps in understand-
ing how quarks combine into bound states. Heavy quarkonium production involves two steps: the
production of a heavy quark pair, ¢g, and its following hadronization in a specific quarkonium state.

Table 1: List of the analyses included in this paper with the datasets and the corresponding integrated
luminosity used.

Reference 7 TeV 8 TeV 13 TeV
[4] w(2S) production cross-sections | 614 pb~! - 275 pb~!
[5] N.(1S) production cross-section - - 2.0 fb~!
[6] E,F production - - 1.7 fb~!
[7] B, and A, production fractions - - 1.67 fb~!
[8] B, production fractions 1.0 fb~! - 1.7 fb~!
[9] E, production rate 1.0~ 1.0 fb" 1.6 fb!
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In general the first step can be computed with perturbative QCD, while the hadronization is merely
non-perturbative and must be determined using experimental results. For this reason the underlying
physics process of heavy quarkonium can probe both the perturbative and non-perturbative regime
of QCD.

The nonrelativistic QCD approach [10] (NRQCD) predicts many features of quarkonium pro-
duction and it is widely applicable. In this effective theory, intermediate ¢g states with all possible
colour and spin quantum numbers, have probabilities to fragment into a specific quarkonium. The
transition probabilities are described by long distance matrix elements (LDME) that must be deter-
mined from data. These matrix elements are assumed to be universal and can be applied to different
quarkonium states. Despite the success of NRQCD in the description of quarkonium cross sections,
it predicts a large transverse polarization of the J/y that is not supported by experimental results.
In the following, recent studies of the production of the y(2S) and 1, states are reported.

2.1 y(2S) production at \/s =7 and 13 TeV

In high energy pp collisions, quarkonium states are produced from three different sources:
directly from the hard collision, through feed-down of higher excited states or through the weak
decays of b-hadrons. While the latter contribution can be disentangled exploiting the large life-
time of the b-hadrons, the contamination from the decays of excited states makes the comparison
with the predictions complicated. For example the prompt J/y production is affected by large
feed-down from radiative decays of . states. Instead the feed-down to the y(2S) state is almost
negligible so theoretical predictions can be directly compared with the experimental results.

In this analysis the y(2S) production cross section is studied for both the prompt contribution,
prompt y(2S), and from b-hadron decays, y(2S)-from-b. The y(2S) are reconstructed through the
W (2S) — u'u~ decay mode. The kinematic region in rapidity and transverse momentum analysed
is20<y<45,and3.5 < pr <14 GeV/cat7 TeV,and 2 < pr < 14 GeV /c at 13 TeV. The
variable most useful to separate prompt y(25) and y/(2S) from b-decays is the pseudo decay time
t,, defined as

My 2s)

t: = (2y(2s) — 2PV) - ) 2.1
Z

where zy,(25) and zpy are the z-coordinates of the reconstructed y(2S) decay vertex and the associ-
ated Primary Vertex (PV), respectively; p, is the z-component of the measured y(2S) momentum,
and My (os) is the y/(2S) mass.

The main result of the analysis is the differential cross section d>c /dydpr separately for the
prompt y(2S) and y(2S)-from-b samples. The differential cross section in a given (y, pr) bin,
is obtained from the y(2S) yields, corrected for the total efficiency to reconstruct a y(2S), the
integrated luminosity and the y(2S) — utu~ branching fraction. The yields of prompt y(25)
and y(2S) from b-decay candidates are determined in each (y, pr) bin by a two dimensional fit
to the distribution of the invariant mass m,+,- and the pseudo-proper time 7,. In Fig. 1 is shown
an example of the my+,- and ¢, distributions in a single bin of y and pr. The distribution of ,
is described by a 6 function for the prompt y(2S) and an exponential for the y(2S)-from-b, both
convolved with an appropriate resolution function. The background is described by an empirical
function whose shape is guided by the events in the m,+,- side bands.
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Figure 1: Distributions of the invariant mass -+, (left) and the pseudo decay time ; (right) of selected
y(2S) candidates in a bin of y and py in the 13 TeV data sample. Projections of the two-dimensional fit
result are also shown.

The main result is the double-differential production cross-section d>c/dydpr for prompt
y(2S) and y(2S)-from-b, assuming no polarisation of the y(2S). The distributions of do/dpr,
obtained integrating the double-differential cross section over y, are shown in Fig.2 for both data
at 7 TeV and 13 TeV. The predictions for the prompt y(2S) production based on the NRQCD
[10], and for the y(2S)-from-b obtained with the Fixed Order plus Next-to-Leading Logarithm
(FONLL) calculations [11], are superimposed on the experimental results. The NRQCD calcula-
tion shows reasonable agreement with the data for pr > 7 GeV /¢, while predictions are omitted
at lower momentum where they are not reliable. The FONLL calculation agrees very well with
the measurements in the full range considered. The same good agreement is present for the y
distributions obtained by integrating over pr.

The production cross sections of y(2S) are compared with those of the J/y mesons mea-
sured by LHCb at /s = 13 TeV [12]. These ratios of cross sections, R(y(2S)/J/y), increase
with pr for both prompt and from-b y(2S). The FONLL calculation predicts very well the ratio
R(y(2S)/J /) for y(2S) and J/y from b-hadron decays, while the NRQCD shows only reason-
able agreement for prompt y(2S) and J/y.

The production cross-sections of the y(2S) are also compared for the 13 TeV and 7 TeV
samples. The ratio R;3/7 is about 1.5 for prompt y/(2S) and it increases slightly with the pr; this
behaviour is well predicted by the NRQCD model. For the y/(2S)-from-b the measured ratio R,3;
is well predicted by the FONLL calculation.

2.2 1n.(1S) production at /s = 13 TeV

The NRQCD framework allows to simultaneously treat the J/y (J¥ = 177) and 1. (J¥ =
0~ ") production imposing relations between their LDME, under the assumption of factorization
and heavy-quark spin symmetry. The simultaneous study of 7. and J/y prompt production and
production from b-hadron decays, provides an important test of the basic NRQCD assumptions.

In this analysis the differential production cross-section of the 7. is measured in the region
6.5 < pr < 14.0 GeV /c and 2.0 < y < 4.5. The measurement is performed relative to that of the
J/w meson, in four bins of pr. Both the 7. and the J/y are reconstructed in the pp decay mode.
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Figure 2: Differential production cross-sections as functions of pr for the 13 TeV (top) and the 7 TeV
sample (bottom). The figures on the left are for prompt y(2S) and the results compared with the NRQCD
[10] calculations; the figures on the right are for y(2S5)-from-b and the results are compared with the FONLL
calculations [11].

The actual measurements are the ratios of cross sections, (doy, /dpr)/(doypsi/dpr), separately
for prompt 1, and 7 -from-b decays. Because the pp pairs from 7, and J/y decays have compa-
rable kinematics, they have similar reconstruction, trigger and selection efficiencies. The prompt
7N and J/y are distinguished from the b-hadron decays using the pseudo-proper time #, defined as
in Eq.2.1. A prompt-enriched sample is defined requiring #, < 80 fs, while a b-hadron enriched
sample is selected by 7, > 80 fs. The small cross-feed between the two samples is evaluated with
simulation.

The J/y yields and the ratio of 1, and J/y are extracted from a simultaneous fit to the pp in-
variant mass distribution in the prompt-enriched and b-hadron enriched samples. The pp invariant
mass distributions are shown in Fig.3 with the result of the fits, integrated over pr, superimposed.

The ratio of prompt production of 1. and J/y as a function of pr is shown in Fig.4 (left). Af-
ter integration over pr, the relative prompt production cross section oy, /6y /y, is 1.69 £0.155,, +
0.104y5 £ 0.18pF where the last uncertainty is due to the J/y — pp and 1. — pp branching frac-
tions. This measurement supports the conclusions of the LHCb measurement at /s = 7 and
8 TeV, reported in [13], that 1, production is enhanced compared to that of the J/y. Using
oyy = 0.749 4+ 0.047 ub for the prompt J/y production [12], the prompt 7. production cross
section in the considered fiducial region is

GT]";‘mmpl — 1.26i0.1151a[ :l:O.OSSys[ i0-14(7]/v .u'b7

c

which is in good agreement with the colour-singlet model prediction, 1.561’8:231’8:?3 ub [14]. The
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Figure 3: Invariant-mass distribution of the pp candidates for (top left) prompt-enriched with 7, < 80 fs and
(top right) b-hadron enriched with ¢, > 80 fis samples. Signal distributions with the background components
from the fit subtracted are shown on the bottom plots for the two samples.
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Figure 4: (Left) Ratios of 1, to J/y differential production cross-sections for prompt production. The
result of a fit with a linear function is overlaid. (Right) Absolute 1), (black rectangles) and J/y (blue circles)
prompt production cross-sections.

LHCDb result confirms the theoretical analyses [15, 16, 17] that follow the LHCb first measurements
at /s =7 and 8 TeV. It is worth mentioning that these theoretical analyses do not predict the slope
observed in Fig.4(left) that shows pr dependent differences between the J/y and 1. production
cross sections. Further studies are needed, for example extending the pr region analysed.

The 1, production cross-section dependence on /s is shown in Fig.4 (right) with the results
on the prompt J/y cross section superimposed for reference. The relative 7. production rate from
b-hadron decays is measured to be Z(b — n.X)/%A(b — J/yX) = 0.484 £ 0.035, +0.055F,
which is the most precise measurement of the inclusive b — 1.X branching ratio and is in good
agreement with a previous LHCb measurement [13].
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3. Open charm and beauty

The measurements of branching fractions of specific decay channels of b-hadrons are often
needed to make quantitative comparisons with theoretical predictions. The absolute branching frac-
tion measurements at hadron colliders are difficult without external inputs. In general the branching
fraction of a decay channel is measured relative to a channel with similar decay topology, that often
is a decay of a B or B~ meson whose absolute branching ratio is known well from B-factories.
These measurements require the knowledge of the production fraction of any specific heavy hadron
Hp, called fp,, which is the probability that a b-quark fragments into the Hj hadron. For exam-
ple the probabilities that a b-quark hadronize into a B, B?, Ag or a Bj, are fy, fs, fa, and f;
respectively.

3.1 £, production at /s = 13 TeV

Since the observation of the " baryon into the A7 K~ 77w decay mode [18], many studies
have been published to study its property: the lifetime has been measured and found consistent
with a weak decay, the decay mode E " — EF 7" has been observed, and a search for the single
charmed decay 1+ — D* pK~ 7" has found no signal. The data sample corresponding to 1.5 fb~!
taken at /s = 13 TeV is used to study E" production. In this measurement the " production
cross section times its branching fraction into A K~ ntnt, 6(E} ") x B(ELT = AJK ntn™),
is measured relative to the A;" prompt production cross section, o(A;"), in the kinematic region
4 < pr<15GeV/cand 2.0 <y<4.5.

The A, reconstructed in the pK~ 7" decay mode, is required to form a good vertex well-
separated from the PV. The additional tracks have to be well identified, and have to form a vertex
with the A candidate. The formed E7" candidates are required to have a pr greater than 4 GeV
and to originate from a PV. The combinatorial background is suppressed using a multivariate clas-
sifier using vertex and kinematic information of the ' decay products.

After all the selection requirements, the distribution of the invariant mass of £} candidates

is shown in Fig. 5 for two different trigger lines used.
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Figure 5: Invariant-mass distributions of E." candidates (left) triggered by particles belonging to the signal
and (right) triggered exclusively by particles unrelated to the signal.

The prompt A" production sample requires particular care, because of the contamination from
A}’s from b-hadron decays. A powerful variable useful to disentangle these two source of A is
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the Ay;p which is defined as the difference in the 2 of the PV fit with and without the particles

from the A} decay candidate. The prompt A, are characterized by lower values of A7, while A

=1 *’s depends strongly

=+

“cc

from other processes have larger Ay;p values. The efficiency to reconstruct
on E} " lifetime, and assuming the measured central value [19], the resulting production cross
section ratio is
CEIMNXBETTAK nrn)
o(AL)

= (2.2240.27 4 £0.29,5) x 107*.

This is the first measurement of the production of a doubly charmed baryon in pp collisions and
gives important input to improve our understanding on its production mechanism.

3.2 A, and B, production at /s = 13 TeV

In this analysis the ratios f;/(f, + f4) and fa0 /(fu+ fa) are extracted in the pseudorapidity
range 2 < 1 < 5 and transverse momentum range 4 < pr < 25 GeV /c using the data at /s =
13 TeV. Because these ratios can depend on pr and 1, a two- dimensional fit is performed in these
variables.

This measurement exploits the theoretical prediction that the inclusive semileptonic decay
widths, I'sy, are nearly the same for all b-hadrons with light or strange quark spectators [20]. As a
consequence, the inclusive semileptonic branching ratio for the B and the A, can be related to the
precisely measured inclusive branching ratio (B — X.¢v;) = t3's1 (B +B*) = (10.70£0.19)%
obtained at the B-Factories [21] through the following relations,

H(By — X.) = t(Usp(B) + 1),
B(A) = Xe) = tp,(Tsi(B) +1a,), 3.1)

where 7, and 7, are the known lifetimes of B; mesons and A, baryons respectively, and 7, and
Na, are small corrections to I'sz, for By (—1.0£0.5)% and A, (+3.041.5)% taken from [20]. The
yields of the inclusive semileptonic decays of B” and B* are obtained as mixtures of decays B"* —
DuvX and B*+ — D*uvX, properly corrected for the selection and reconstruction efficiencies,
and for the presence of a small component of B — DE*HK uv decays that do not give D* or D°
in the final state. Similarly in the semileptonic decays of the By, mostly there is a D] in the final
state. However there is also a non-negligible contribution that gives DK™ and D* K pairs through
excited D;* decays or from non-resonant DK pairs. These contributions are evaluated on data
reconstructing explicitly DK uvX events. Analogously, the Ag decays semileptonically mainly
with a A in the final state, but there can also be D°p or D1 pairs produced. These are determined
studying the D°puvX sample.

The different combinations analysed are D°uvX, DT uvX, D} uvX and A7 uvX. In all cases,
well reconstructed D — Kz, D — K37, D} — K*K~xn" and A] — pK~z", are required to
form a good vertex well separated from the PV and not pointing to the PV itself. These hadrons
are combined with a well identified p with large pr and coming from the same vertex.

The remaining component of B decaying into DK must be added into the B yields and sub-
tracted from the B® and B* yields. For the A, the Dp component has to be added to the Ag
yields and subtracted from the fractions f;, and f;. These signal components are evaluated adding
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Figure 6: (Left) Projections of the two-dimensional fits onto the m(D°K*) for DK™ uvX candidates (left).
The two peaks correspond to the excited states Dy (2536)" and D*,(2537)". The non-resonant component
(long-dashed, green) corresponds to about 50% of the DK™ sample. (Right) Projection of the m(D° ) mass
distribution for D puvX candidates. The peaks due to A} (2860), A} (2880) and A (2940) are visible. The
non-resonant component is about 76% of the D°p sample.

a further well identified K or a proton, to the D°uvX samples. The resonant and non-resonant
B? — D°K*uvX and Ag — DpuvX components are isolated from the large combinatorial back-
ground, through a two-dimensional fit to the distribution of the constrained DK invariant mass,
defined as m(DK)c = m(DK) —m(D) + m(D)ppc (analogously m(Dp)¢ mass, with an identified
proton), and the Ayy, which is defined as the difference between the vertex x> formed by the
added hadron track and the Dy system and the vertex y? of the Du system. The variable Ayy
is smaller for events where the DK and Dp combinations come from resonant or non resonant
B; — DK+ uvy and Ay — Dopuvu semileptonic decays, and it takes a larger value if the addi-
tional track (kaon or proton) is not associated with the Du vertex. The projection of these fits
on m(DK) and m(Dp) distributions are shown in Fig.6 where, for both samples, the presence of
excited states are clearly observed together with large non-resonant components. The unmeasured
DTK? and D" n are properly accounted using isospin conservation.

The production of the h-hadron Hj, (B? or Ag) is evaluated in bins of 1 and pr(H,). The pseu-
dorapidity is determined by measuring the angle of the Hj; hadron, whose direction is determined
from the PV and the H,, decay vertex, with respect to the beam direction. Because of the presence
of the neutrinos the pr(H,) cannot be reconstructed directly. Instead pr(H,) is inferred from the
visible H . systems applying a correction factor, k-factor, that is the ratio of the average recon-
structed pr(H.1) to the true pr(Hjp), as a function of the invariant mass m(H, ). For illustration,
the distribution of this ratio and the k-factor correction for the B, — J/yuv decay mode is shown
in Fig. 8 (right).

The distribution of f;/(f,+ fa) and fa,/(fu+ fa) as a function of pr are shown in Fig.7 (left).
The distribution of f;/(f, + f4) is fitted with a linear function and the slope is significantly different
from zero. The ratio fy,/(f, + fa) shows instead a large pr dependence, already observed in other
LHCb analyses [22, 23]. The average values of the two ratios, obtained by integration over the
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Figure 7: (Left) The B, and A, production fractions relative to B® + B, in bins of pr (Hp). (Right)
Efficiency-corrected B‘S) — J/y¢ and B" — J/wK™ yield ratios, R, at different pp collision energies as
reported from LHCb in [24]. The ratio R is proportional to f;/ f,.

kinematic range 4 < pr <25 GeV /cand2 < n <5, are

ko _oi2t0006 2
f ut f d f ut f d
where the dominant sources of uncertainty are systematic and mainly due to external parameters.
For f;/(fu+ fs4) the dominant systematic is the branching ratio of the decay D — K*K 7w+
that gives a contribution of 3.3% to the systematic uncertainty. For fa,/(f, + fz) the dominant
uncertainty is due to the branching ratio of the A7 — pK* 7~ decay, which gives a contribution of
5.3% to the total systematic.

The result obtained using 7 TeV data [25], fs/(fu + fa) = 0.1295+0.0075, is consistent with
the present result at 13 TeV. A recent LHCb measurement [24] studied the ratio f;/f, using the
efficiency-corrected ratio (R) of yields between B — J/y¢ and B* — J/wK™" decays. The result
confirms a dependence of BY production on pr(H}), but also shows a significant dependence of

=0.259+0.018,

fs/ fu with /s as shown in Fig.7 (right). This requires further studies, in particular an analysis with
semileptonic decays as presented here should be repeated with data at 7 and 8 TeV using all the
updated analysis strategies and external inputs.

3.3 B. production at \/s = 13 TeV

In this analysis, the B, production fraction, f,, is measured relative to the sum of B® and B~,
fa -+ fu» using a technique similar to the one used for BY and A(b) production. However, for the B,
the inclusive semileptonic decay width is not equal to the other b-hadrons with light or strange
quarks as in Eq.3.1, because both the b and ¢ quarks can decay. Instead this analysis relies on
the theoretical predictions of the branching fraction (B, — J/yu~v). The ratio f./(fu+ fa) is
obtained as function of the transverse momentum of the B, and 7.

The B, — J/yuv events are selected from J/y — u*u~ candidates with good vertex quality
and a large flight distance from the PV. The other muon must be well identified and has to form
a good vertex with the J/y. The variable used to extract the signal yields is the corrected mass

defined as m,, = \/ m(J/yu)*+ p> +p1, where p, is the magnitude of the J/yu momentum
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transverse to the B, candidate direction of flight. The variable m,,, is useful to suppress the con-
tamination from B, — J/yt V(1 — u~v;v), B — y(2S)u~v and B, — x.u~ Vv with the
subsequent decay of the y(2S) and y. into a J/y. The shape of m,,, for the 13 TeV data sample is
shown in Fig. 8(left). There are about 4000 signal candidates in the 7 TeV sample and about 15000
in the 13 TeV sample.

The ratio f./(f, + f4) can vary as function of py and 1 of the B, as observed in the Ag and
B? production. Hence the measurement is performed in bins of 1) and p7. Because of the presence
of the neutrino, the pr is inferred using the k-factor as described in Section 3.2. The distribution of
the ratio between the visible py and the true one in simulation is shown in Fig.8 (right).
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Figure 8: (Left) Fitted m,,, distributions in the 13 TeV sample. The signal and the backgrounds are shown
as orange and grey areas. (Right) The k-factor corrections as a function of invariant mass of m(J/wu) in
simulation. The points (magenta) are the average k-factor corrections.

The ratio f./(f, + fa) does not show significant dependence on pseudorapidity 1 in the range
2.5 < mn < 4.5, as can be seen in Fig.9(left). Instead f./f,+ f; clearly decreases as a func-
tion of pr(Hy). The slope of this dependence is similar to the one measured for the BY me-
son. The average production fraction times the B, — J/yuv branching fraction, in the interval
4 < pr(Hp) < 25 GeV /c and for the 13 TeV sample, is

fe
fu +fd

where the dominant source of systematic uncertainty is due to the shapes of the signal and back-

B(B; — J/wuv) = (7.3640.0854 £ 0.304,) x 1072,

ground components used to fit the m,,, distribution, which are obtained from the simulation.

The predicted branching fraction of Z(B. — J/yuv) available in the literature vary from
1.3% to 2.7% (see references in [8]). Using as the branching fraction an average value of 1.95%,
the B, production fraction ratio at 13 TeV is

fe
f u+ f d
where the third uncertainty, which is 24%, is due to the spread of the theoretical predictions of
AB(B. — J/yuv). The HPQCD collaboration provided a first prediction of the B, — J/yuv
decay width [26], which has an uncertainty of only 6.5%.

= (3.78+£0.044 +0.1554 +0.89pr) x 107,

The first measurement of f. summarized here, allows to extract the absolute branching frac-
tions of the B, meson decays.
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Figure 9: Ratio of production fractions as a function of 1 (left) and pr(Hj) (right) in 13 TeV data.

3.4 E, production at \/s =7, 8 and 13 TeV

Recently LHCb has made some first observations of specific decay modes of various b-baryons
like 32, E;f and Q;’ [27, 28, 29, 30]. However the absolute branching fractions cannot be accessed
because there are no measurements of the ng, fEE and fgg fragmentation fractions. The same
approach used to extract f;/f; could in principle be used to access fz, using the semileptonic
inclusive decays 32 —EZfuvX and B, — =%uvX. However the absolute branching fractions for
the decays of Z} and E? are not known well, so this approach is not feasible.

The alternative approach employed in this analysis, is to use the decays Ag —J/yAand E, —
J/WyE~, with E= — An~. Charge-conjugate processes are implicitly included. These processes
are related through SU(3) flavor symmetry, I'(E,)/I(A)) = 3/2. The ratio R of the yields of
E, — J/WE" and A) — J/yA, corrected for the detection efficiency, is connected to fz; / Tao
through

Sz, BE, - IWET) 5y BE, - IYET) 12

Ep
Ty BIN) = T/WA) [0 B(A) =T/ WA) T,

which depends on the assumptions on the ratio of decay widths and the known ratio of lifetimes.
The decays E, — J/WE (E~ — Aw~) and A) — J/WA both have a J/y and a A in the final
state, and have very similar kinematics. This feature allows strong cancellations in the detection
systematic uncertainties. Because the &~ and A have long lifetimes, most of the A from E~ do not
decay in the vertex detector and are reconstructed only from information from the trackers before
and after the dipole magnet. To equalize the selection efficiencies, the A from A, decays are also
required to decay after the vertex detector. This reduces the yields of the reconstructed Ay, but
allows a better control of the systematic uncertainties. Using data collected at /s = 7 and 8 TeV
the ratio of production rate is R = (10.8 £0.944 £ 0.8 ) X 1072, and at /s = 13 TeV the ratio is
R= (1314 1.1g444 £ 1.05) X 10~2 where the uncertainties are statistical and experimental. The
largest source of uncertainty is the assumption on the polarisations of the A, and &, at production,
and the detection efficiency of the 7~ from the &~ that enters directly into the ratio R. The results
are obtained in the kinematic range pr < 20 GeV /c and 2 < 1 < 6. Assuming SU(3) symmetry,
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the ratio of fragmentation fractions at 13 TeV is

f; = -2

— = (8.2£0.750 +0.65p5 £2.553)) x 1077, 3.3
ng

which is consistent with the results at 7 and 8 TeV obtained in the same analysis, fs; / ng =
6.7 +0.550r £ 0.55y £2.05y(3)) X 102 The last uncertainty of 30% is the typical size of SU(3)
breaking effects. These results are consistent with the predictions of [31]. To summarize, in the
forward direction, assuming an equal production of =, and 32, the b-quark fragments into =, at a
rate of about 15% of the rate of A; production.

4. Conclusions

Several recent results on heavy flavour production in pp collisions have been reported. In
general the differential cross-sections and the ratio of cross-sections at different centre of mass
energies are described by predictions within uncertainties. But there are still inconsistencies that
require further efforts from both theory and experiment. The precisions on f; and ng production
fractions have been greatly improved, this will allow precise measurements of absolute branching
fractions of various decay modes. The presented measurement of f. opens various opportunities
with B, decays. All the measurements presented provide important input for the tuning of simula-
tions which are needed for precise evaluation of the detector acceptance of many decay processes,
for all the LHC experiments.
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