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Measurements of the cross section for producing b quarks in the reaction pp — bbX are reported in
7 and 13 TeV collisions at the LHC as a function of the pseudorapidity # in the range 2 < 5 < 5 covered
by the acceptance of the LHCb experiment. The measurements are done using semileptonic decays of
b-flavored hadrons decaying into a ground-state charmed hadron in association with a muon. The cross
sections in the covered 7 range are 72.0 + 0.3 £ 6.8 and 154.3 + 1.5 £ 14.3 ub for 7 and 13 TeV. The ratio
is 2.14 £+ 0.02 £ 0.13, where the quoted uncertainties are statistical and systematic, respectively. The
agreement with theoretical expectation is good at 7 TeV, but differs somewhat at 13 TeV. The measured
ratio of cross sections is larger at lower # than the model prediction.
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Production of b quarks in high energy pp collisions at the
LHC provides a sensitive test of models based on quantum
chromodynamics [1]. Searches for physics beyond the stan-
dard model (SM) often rely on the ability to accurately predict
the production rates of b quarks that can form backgrounds in
combination with other high energy processes [2]. In addition,
knowledge of the b-quark yield is essential for calculating
the sensitivity of experiments testing the SM by measuring
CP-violating and rare decay processes [3].

We present here measurements of production cross sec-
tions for the average of b-flavored and b-flavored hadrons,
denoted pp — H X, where X indicates additional particles,
in pp collisions recorded by LHCb at both 7 and 13 TeV
center-of-mass energies, and their ratio. These measurements
are made as a function of the H, pseudorapidity # in the
interval 2 < 5 < 5, where n = —1In [tan(6/2)], and 0 is the
angle of the weakly decaying b or b hadron with respect to
the proton direction. We report results over the full range
of b-hadron transverse momentum, py. The H,, cross section
has been previously measured at LHCb in 7 TeV collisions
using semileptonic decays to D%u~X [4] and b — J/ywX
decays [5]. Previous determinations were made at the
Tevatron collider in p p collisions near 2 TeV center-of-mass
energy [6]. Other LHC experiments have also measured
b-quark production characteristics at 7 [7], and 13 TeV [8].
The method presented in this Letter is more accurate because
the normalization is based on well-measured semileptonic B°
and B~ branching fractions, and the equality of semileptonic
widths for all » hadrons, in contrast to inclusive J/y
production which relies on the assumption that the b-hadron
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particle species are produced in the same proportions as at
LEP [9], or those that just use one specific b hadron, which
needs the b-hadron fractions to extrapolate to the total.
The production cross section for a hadron H, that
contains either a b or b quark, but not both, is given by

o(pp ~ HyX) = 3[o(B") + o(B%)] + 3 [o(B") +o(B")

+31o(BY) + o(BY)]
146

5 0(A5) + o(A3)), (1)

+

where 6 is a correction that accounts for =, and Qj
baryons; we ignore B, mesons since their production level
is estimated to be only 0.1% of b hadrons [10].

Our estimate of ¢ is based on a paper by Voloshin [11],
in which two useful relations are given:

['(Z; - EXuv) =T (A - AXup),

(5,
oA}

~—

Q

and =0.11 £0.03 £ 0.03, (2)

~—

where the latter is determined from Tevatron data, and the
second uncertainty is assigned from the allowable SU(3)
symmetry breaking. The b-hadron fractions determined
there [9] agree with the ones measured by LHCb for other
b-flavored hadrons [12]. Since the lifetimes of the Ag and
=, are equal within their uncertainties [9], assuming that
the two branching fractions are equal gives us an estimate
of 0.11 for the =5 /AY semileptonic decay ratio. However,
this must be doubled, using isospin invariance, to account
for the =). To this we must add the Q; contribution, taken
as 15% of the Z,, thus arriving at an estimate of § of
0.25 + 0.10, where the uncertainty is the one in Eq. (2)
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TABLEI. Measured semileptonic decay branching fractions for
B® and B~ mesons. The correlation of the errors in the underlying
measurements in the average is taken into account. The CLEO
numbers result from solving Eq. (4).

B (%) By (%) Source
10.49 £+ 0.27 11.31 £ 0.27 CLEO [17]
9.64 +0.43 10.28 +0.47 BABAR [18]
10.46 + 0.38 11.17 £ 0.38 Belle [19]
10.31 £ 0.19 11.09 + 0.20 Average

added in quadrature to our estimate of the uncertainties
from assuming isospin and lifetime equalities.

To measure these cross sections we determine the signal
yields of b decays into a charm hadron plus a muon for a
given integrated luminosity £ and correct for various
efficiencies described below. Explicitly,

o(pp = H,X)
n(D°u)

_ b n(D*p)
a 2£ €D0 X BDO

1
€p+ X BD+> B(B - DXuv)

n(Dip) 1
ep+ X Bp+) B(B; = D Xuv)

n n(Afp) 1+6
ens X Byr ) B(A) — A Xpuw)|

(3)

where n(X, p) means the number of detected charm hadron
plus muon events and their charge conjugates, with
corresponding efficiencies denoted by ey . The charm
branching fractions, BX(_, used in this analysis, along with
their sources, are listed in the Supplemental Material [13].
The PDG average is used for the D° and D} modes [9]. For
the D" mode there is only one measurement by CLEO III,
so that is used [14]. For the AJ we average measurements
by BES III [15] and Belle [16]. The expression
B(B - DXuv) denotes the average branching fraction
for BY and B~ semileptonic decays.

The B° and B~ semileptonic branching fractions are
obtained with a somewhat different procedure than that
adopted by the PDG, whose actual estimate is difficult
to derive from the posted information. We take three

measurements that are mostly model independent and
average them. The first one was made by CLEO using
inclusive leptons at the Y (4S) resonance without distin-
guishing whether they are from B® or B~ meson decays
[17]. The Y(4S), however, does not have an equal
branching fraction into B’ B® and B~ BT mesons. In fact
the fraction into neutral B pairs is a = 0.486 =+ 0.006 [9],
with the remainder going into charged B pairs. Therefore,
to compute the B® and B~ semileptonic branching fractions
we need to use the following coupled equations

aBY + (1 —a)Bg, = (10.91 + 0.09 + 0.24)%,

B, /By = 1"/t =0.927 £ 0.004, (4)
where 7/ are the lifetimes [9]. The numbers extracted from
the solution are listed in Table I, along with direct
measurements from CLEO [17], BABAR [18], and Belle
[19]. These latter two analyses measure the semileptonic
decays of B” and B~ mesons separately. They do not cover
the full momentum range so a correction has to be applied;
this was done by the PDG [9]. Since D° and D* mesons are
produced in both B® and B~ decays, we sum their yields
and use the average semileptonic branching fraction for B°
and B~ decays, (B° + B7).

The semileptonic B branching fractions we use are listed
in Table II. Since we are detecting only » — cuv modes, we
have to correct later for the fact that there is a small 1%
b — upuv component [9].

The semileptonic widths I'g;, are equal for all H,, species
used in this analysis except for a small correction for AY
decays (Bg;, = I’y /" =T x 7). This has proven to be
true in the case of charm hadron decays even though the
lifetimes of DY and D™ differ by a factor of 2.5. The decays
of the Ag are slightly different due to the absence of the
chromomagnetic correction that affects B-meson decays
but is absent in b baryons [20-22]. Thus I'g; , and also Bg; ,
are increased for the A9 by (4 +2)% [12].

The input for the BY lifetime listed in Table II uses only
measurements in the flavor-specific decay BY — Dz~
from CDF [23] and LHCDb [24]. Other measurements
can in principle be used, e.g., in J/w¢ or J/yfy(980)
final states, but they then involve also determining AIL.
Older measurements involving semileptonic decays are

TABLE II.  Measured semileptonic decay branching fractions for B mesons and derived branching fractions for BY and AY based on

the equality of semileptonic widths and the lifetime ratios.

Particle 7 (ps) measured Bsi (%) measured Ig (ps~') measured Bsi. (%) to be used
B° 1.519 +0.005 10.31 £0.19 0.0678 +0.0013 10.31 £0.19
B~ 1.638 4+ 0.004 11.09 +0.20 0.0680 + 0.0013 11.09 +0.20
(B + B™) 10.70 £ 0.19 10.70 £ 0.19
BY 1.533 +0.018 10.40 £+ 0.30
A9 1.467 +0.010 10.35 +£0.28
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suspected of having larger uncontrolled systematic uncer-
tainties [25]. Finally, the Ag lifetime is taken from the
HFAG average [26].

Corrections due to cross feeds among the modes, for
example, from BY —» DKu~X events or A) - DNu~X
decays are well below our sensitivity, and thus we do
not include them.

The data used here correspond to integrated luminosities
of 284.10 4 4.86 pb~!' collected at 7 TeV and 4.60 &
0.18 pb™! at 13 TeV [27], where special triggers were
implemented to minimize uncertainties. The LHCb detector
[28,29] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < < 5. Components include a
high-precision tracking system consisting of a silicon-strip
vertex detector surrounding the pp interaction region, a
large-area silicon-strip detector located upstream of a
dipole magnet with a bending power of about 4 Tm, and
three stations of silicon-strip detectors and straw drift tubes
placed downstream of the magnet. Different types of
charged hadrons are distinguished using information from
two ring-imaging Cherenkov detectors (RICH). Muons
are identified by a system composed of alternating layers
of iron and multiwire proportional chambers.

Events of potential interest are triggered by the identi-
fication of a muon in real time with a minimum p; of
1.48 GeVin the 7 TeV data [30], and 0.9 GeV in the 13 TeV
data (further restricted in the higher level trigger to
pr > 1.3 GeV) [31]. In addition, to test for inconsistency
with production at the primary vertex (PV), the y2, for the
muon is computed as the difference between the vertex fit
x? of the PV reconstructed with and without the considered
track. We require that y% be larger than 200 at 7 TeV (16 at
13 TeV), and in the 7 TeV data only, the impact parameter
of the muon must be greater than 0.5 mm. There is a
prescale by a factor of 2 for both energies and an additional
prescale of a factor of 2 for the D%~ channel in the
7 TeV data.

These events are subjected to further requirements in
order to select those with a charmed hadron decay which
forms a vertex with the identified muon that is detached
from the PV. The charmed hadron must not be consistent
with originating from the PV. We use the decays
D’ - K-nt, D' - K atzt, D} - K'K z", and
A — pK~n". (The related branching fractions are given
in the Supplemental Material [13]). The RICH system is
used to determine a likelihood for each particle hypothesis.
We use selections on the differences of log-likelihoods
(L) to separate protons from kaons and pions, L(p) —
L(K)>0 and L(p)—L(z)> 10, kaons from pions
L(K) — L(x) > 4, and pions from kaons L(K)—L(z) <4
for 7 and < 10 for 13 TeV. In addition, in order to suppress
background, the average py of the charm hadron daughters
must be larger than 700 MeV for three-body and 600 MeV
for two-body decays, and the invariant mass of the charm
hadron plus muon must range from approximately 3 to

5 GeV. Furthermore, the charm plus p vertex must be
within a radius less than 4.8 mm from the beam line to
remove contributions of secondary interactions in the
detector material due to long-lived particles, and the charm
hadron must decay downstream of this vertex.

Since detection efficiencies vary over the available phase
space, we divide the data into two-dimensional intervals in
pr of the charm plus u system, and 7, where the latter is
determined from the relative positions of the charm plus u
vertex and the PV. We fit the data for each charm plus
combination in each interval simultaneously in invariant
mass of the charm hadron and In(/P/mm) variables, where
I P is the measured impact parameter of the charmed hadron
with respect to the PV in units of mm.

As an example of the fitting technique consider Dy~
candidates integrated over pr and 5 for the 7 TeV data.
Figure 1(a) shows the K™K~ z" invariant mass spectrum,
while (b) shows the In(/P/mm) distribution. The invariant
mass signal is fit for the D] yield with a double-Gaussian
function where the means of the two Gaussians are con-
strained to be the same. The common mean and the widths
are determined in the fit. (A second double-Gaussian shape
is used to fit the higher mass decay of D** — z7DO,
D’ — K*K~, an additional consideration only in this
mode.) The In(/P/mm) shape of the signal component,
determined by simulation, is a bifurcated Gaussian where
the peak position and width parameters are determined by
the fit. The combinatorial background is modeled with a
linear shape. (The other modes at both energies are shown
in the Supplemental Material [13].) The signal yields for
charm hadron plus muon candidates integrated over # are
also given in the Supplemental Material [13].

The major components of the total efficiency are the
off-line and trigger efficiencies. The latter is measured with
respect to the off-line, which has several components from
tracking, particle identification, event selection, and overall
event size cuts. These have been evaluated in a data-driven
manner whenever possible. Only the event selection effi-
ciencies have been simulated. Samples of simulated events,
produced with the software described in Refs. [32-34], are
used to characterize signal and background contributions.
The particle identification efficiencies are determined from
calibration samples of D** — z7D° D° — K~z" decays
for kaons and pions, and A — pz~ for protons. The trigger
efficiencies including the muon identification efficiency are
determined using samples of b — J/yX, J/w = utu~
decays, where one muon is identified and the other used
to measure the efficiencies. For the overall sample they are
typically 20% for the 7 TeV data and 70% for the 13 TeV
data, only weakly dependent on 7. The difference is caused
primarily by the impact parameter cut on the muon of
0.5 mm in the 7 TeV data. The efficiency for the overall
event size requirement is determined using B~ — J/w K~
decays where much looser criteria were applied. These
efficiencies are all above 95% and are determined with
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Fits to the K™K~z invariant mass (a) and In(/P/mm) (b) distributions for data taken at 7 TeV data integrated over 2 < 5 < 5.

The data are shown as solid circles (black), and the overall fits as solid lines (blue). The dot-dashed (green) curve shows the Dy signal
from b decay, while the dashed (purple) curve D from prompt production. The dotted curve (orange) shows the D** component. The
dashed line (red) shows the combinatorial background. The same fits using a logarithmic scale are shown in (c) and (d).

negligible uncertainties. The total efficiencies given as a
function of # and p; for both energies are shown in the
Supplemental Material [13].

There is dwindling efficiency toward small p; values of
the charmed hadron plus muon. Data in the regions with
negligible efficiency are excluded, and a correction is made
using simulation to calculate the fraction of events that fall
within inefficient regions. These numbers are calculated for
each bin of 5 for 7 and 13 TeV data separately, and the
averages are 38% at 7 TeV and 46% at 13 TeV. The pr
distributions from simulation in each x bin have been
checked and found to agree within error with those
observed in the data in bins with sufficient statistics.

The signal yields are obtained from fits that subtract the
uncorrelated backgrounds. There are, however, two back-
ground sources that must be dealt with separately. One
results from real charm hadron decays that form a vertex
with a charged track that is misidentified as a muon and the
other is from b decays into two charmed hadrons where one
decays either leptonically or semileptonically into a muon.
In most cases the requirement that the muon forms a vertex
with the charmed hadron eliminates this background, but
some remains. The background from fake muons combined
with a real charmed hadron, and a real muon combined with
a charm hadron from another b decay as estimated from
wrong-sign muon and hadron combinations is 0.7% at
7 TeV and 2.0% at 13 TeV. The fake rates caused by b
decays to two charmed hadrons where one decays semi-
leptonically have been evaluated from simulation and are
about 2% when averaged over all charmed species.

The inclusive b-hadron cross sections as functions of # are
given in Fig. 2, along with a theoretical prediction called
FONLL [35]. These results are consistent with and super-
sede our previous results at 7 TeV [4]. The ratio of cross
sections is predicted with less uncertainty, and indeed most
of the experimental uncertainties (discussed below) also
cancel, with the largest exception being the luminosity error.
In Fig. 2(c), we compare the 1-dependent cross-section ratio
for 13 TeV divided by 7 TeV with the FONLL prediction.
We see higher ratios at lower values of # than given by the
prediction, which indicates that the cross section at # values
near 2 is growing faster than at larger values.

The results as a function of 5 are listed in Table III.
The total cross sections at 7 and 13 TeV integrated over
2<np<S5Sare720£03+6.8and 1543 £ 1.5+ 14.3 ub
for 7 and 13 TeV. The ratio is 2.14 £0.02 £ 0.13. This

agrees with the theoretical prediction at 7 TeV of 62f22§ ub,

and is a bit larger than the 13 TeV prediction of lllfﬂ ub.
While the measured ratio is consistent with the prediction
of 1.79J_r8"1251, it disagrees with the combination of shape and
normalization.

Systematic uncertainties are considerably larger than
the statistical errors. The ones that are independent of #
are listed in Table IV. The luminosity and muon trigger
efficiency uncertainties in the ratio are each obtained by
assuming a —50% correlated error [36]. The uncertainty in
the tracking efficiency is given by taking 0.5% per muon
track and 1.5% per hadron track [37]. The various final
states used to simulate the efficiencies can contribute to an
overall efficiency change. This is estimated by taking the
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FIG.2. The differential cross section as a function of  for ¢(pp — H,X), where H,, is a hadron that contains either a b or a b quark,
but not both, at center-of-mass energies of 7 TeV (a) and 13 TeV (b). The ratio is shown in (c). The smaller error bars (black) show the
statistical uncertainties only, and the larger ones (blue) have the systematic uncertainties added in quadrature. The solid line (red) gives
the theoretical prediction, while the solid shaded band gives the estimated uncertainty on the predictions at +10, the cross-hatched at

120, and the dashes at +30.

difference between the efficiencies of the higher multi-
plicity D*u~v states and D**u~v states, where D** refers to
excited states that decay into a charmed particle and pions,
and taking into account the uncertainties on the measured
branching fractions. These are then added in quadrature
and referred to as the b decay cocktail in Table I'V.

The fraction of higher mass b-baryon states with respect
to the A) is given by 6 = 0.25 + 0.10, which represents a
40% relative uncertainty that affects only the baryon
contribution to Eq. (3).

There are also 5-dependent systematic uncertainties in
the cross section that arise from the trigger efficiency,
the event selection, the hadron identification, and the
corrections for the low py region with low efficiencies.
When added in quadrature with the #-independent uncer-
tainties, the total errors range from (8.5-11.0)% at 7 TeV to

TABLEIIl. pp — H,X differential cross sections as a function
of n for 7 and 13 TeV collisions and their ratio. The first
uncertainty is statistical and the second systematic. To get the
cross section in each interval divide by a factor of 2.

n 7 TeV (ub) 13 TeV (ub) Ratio 13/7

20-25 272+05+30 686424467 2.53+0.10+0.18
2530 299+02+28 634+09+62 2.12+0.03+0.13
3.0-3.5 298+02+27 583+£1.0+53 1.96+0.04+0.11
3540 258+02+22 51.9+07+47 2.01+003+0.11
4045 189+0.1+1.6 393+06+3.6 2.08+0.04+0.12
45-50 125401413 2724+07+26 2.17+0.06+0.16

(8.7--9.7)% at 13 TeV. There is some cancellation in the
ratio giving a range of (5.6-7.3)%.

In conclusion, new results for the bb production cross
section at 7 TeV are in good agreement with the original #-
dependent cross-section measurement previously reported
[4], and are in agreement with the theoretical prediction
(FONLL) [35]. The 13 TeV results are somewhat higher in
magnitude than the theory, and generally agree with the
shape and magnitude measured using inclusive b — J/yX
decays [36]. The cross-section ratio of 13 to 7 TeV as a
function of # differs from the FONLL model by 5 standard
deviations, including the systematic uncertainties. This
discrepancy is mainly the difference in the low # bins.
To get an idea of the cross section in the full 4 range we use

TABLE IV. Systematic uncertainties independent of # on the
pp — H,X cross sections at 7 and 13 TeV and their ratio.

Source 7 TeV 13 TeV Ratio 13/7
Luminosity 1.7% 3.9% 3.8%
Tracking efficiency 3.8% 4.3% 2.5%
b semileptonic B 2.1% 2.1% 0
Charm hadron B 2.6% 2.6% 0
b decay cocktail 1.0% 1.0% 0
Ignoring b cross feeds 1.0% 1.0% 0
Background 0.2% 0.3% 0
b — u decays 0.3% 0.3% 0
) 2.0% 2.0% 0.2%
Total 5.9% 7.1% 4.6%
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multiplicative factors derived from Pythia 8 simulations of
4.1 at 7 TeVand 3.9 at 13 TeV [33,34] and extrapolate the

total bb cross sections as & 295 ub at 7 TeV and ~ 600 ub
at 13 TeV.
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