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Abstract

The production of B* mesons is studied in pp collisions at centre-of-mass energies
of 7 and 13 TeV, using B¥ — J/ KT decays and data samples corresponding to
1.0fb=% and 0.3fb™ !, respectively. The production cross-sections summed over both
charges and integrated over the transverse momentum range 0 < pr < 40 GeV/c and
the rapidity range 2.0 < y < 4.5 are measured to be

o(pp = BEX,\/s= TTeV) =43.0+0.2+2.5+ 1.7 ub,
o(pp — B¥X,\/s =13TeV) = 86.6 £ 0.5 & 5.4 + 3.4 ub,

where the first uncertainties are statistical, the second are systematic, and the
third are due to the limited knowledge of the B* — Jip K* branching fraction.
The ratio of the cross-section at 13TeV to that at 7TeV is determined to be
2.02+0.02 (stat)£0.12 (syst). Differential cross-sections are also reported as functions
of pr and y. All results are in agreement with theoretical calculations based on the
state-of-art fixed next-to-leading order quantum chromodynamics.
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1 Introduction

Precise measurements of the production cross-section of B mesons in pp collisions
provide important tests of perturbative quantum chromodynamics (QCD) calculations,
particularly of the state-of-the-art calculations based on the fixed next-to-leading order
QCD with next-to-leading logarithm large transverse momentum resummation (FONLL)
approach [1,2]. The FONLL predictions have large uncertainties arising from the choices
of the renormalisation and factorisation scales, and from the b-quark mass. Measurements
of the integrated and differential cross-sections can test the validity of these choices. The
ratio of cross-sections between different centre-of-mass energies is of particular interest
due to cancellations that occur in the theoretical and experimental uncertainties.

Previous measurements of B* production have been performed in different kinematic
regions at the centre-of-mass energy /s = 7TeV by several experiments at the Large
Hadron Collider. The CMS collaboration reported the integrated and differential B*
production cross-sections in the range pr > 5GeV/c and |y| < 2.4 [3,4], where pr and y
are the component of the momentum transverse to the beam line and the rapidity of
the B* mesons, respectively. The ATLAS collaboration measured the production cross-
sections in the range 9 < pr < 120 GeV/c and |y| < 2.25 [5]. The LHCb collaboration
measured the integrated and differential cross-sections for B* with 0 < pp < 40 GeV/c
and 2.0 < y < 4.5 using a data sample collected in 2010 that corresponds to an integrated
luminosity of 35pb™* [6]. This result was later updated using a data sample collected in
early 2011, corresponding to an integrated luminosity of 362pb™" [7].

This article updates the previous LHCD results using a larger data sample collected
in 2011 with the LHCD experiment at /s = 7TeV and corresponding to an integrated
luminosity of 1.0fb™*. The first measurements of the integrated and differential cross-
sections of B mesons at y/s = 13 TeV are also presented, using a data sample collected
in 2015 and corresponding to an integrated luminosity of 0.3 fb™'. Following the previous
LHCb measurements [6[7], the B mesons are reconstructed in the B* — J/i K* mode
followed by J/ib — ptp~ and the production cross-sections are measured in the range
0 < pr <40GeV/c and 2.0 < y < 4.5. The ratio of the cross-sections in the 13 TeV and
7TeV data is also measured as a function of pr and y.

2 Event selection

The LHCb detector [81/9] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < n < 5, designed for the study of particles containing b or ¢ quarks. The detector
includes 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. The tracking system
provides a measurement of momentum, p, of charged particles with a relative uncertainty
that varies from 0.5% at low momentum to 1.0% at 200 GeV/c. The minimum distance
of a track to a primary vertex, the impact parameter, is measured with a resolution of
(15 4+ 29/pr) um, where pr is in units of GeV/c. Different types of charged hadrons are
distinguished using information from two ring-imaging Cherenkov detectors. Photons,
electrons and hadrons are identified by a calorimeter system consisting of scintillating-pad



(SPD) and preshower detectors, an electromagnetic calorimeter and a hadronic calorimeter.
Muons are identified by a system composed of alternating layers of iron and multiwire
proportional chambers.

The online event selection is performed by a trigger, which consists of a hardware
stage (L0), based on information from the calorimeter and muon systems, followed by a
two-stage software-based high-level trigger (HLT1, HLT2) [10], where the HLT1 stage uses
partial event reconstruction to reduce the rate and the HLT2 stage applies a full event
reconstruction. At the hardware stage, events are required to have a dimuon candidate
with large pr, while at the software stage the dimuon invariant mass is required to be
consistent with the known J/ib mass [11]. Finally, a set of global event cuts (GEC) is
applied in order to prevent high-multiplicity events from dominating the processing time
of the software trigger, which includes the requirement that the number of hits in the
SPD subdetector should be less than 900.

Simulated events are used to optimise the selection, determine some of the efficiencies
and estimate the background contamination. The simulation is based on the PYTHIAS
generator [12] with a specific LHCb configuration [13]. Decays of hadrons are described
by EVTGEN [14], in which final-state radiation is generated using PHOTOS [15]. The
interaction of the generated particles with the detector, and its response, are implemented
using the GEANT4 toolkit [16], as described in Ref. [17].

The B* candidates are made by combining J/) and K* candidates. The offline
event selection forms J/i) candidates using pairs of muons with opposite charge. The
muon candidates must have pr > 700 MeV/¢, and satisfy track-reconstruction quality and
particle identification (PID) requirements. The muon pair is required to be consistent with
originating from a common vertex [18] and have an invariant mass, M (uu), within the
range 3.04 < M (uu) < 3.14 GeV/c?. The K* candidates are required to have pr greater
than 500 MeV/c and satisfy track-reconstruction quality requirements. No PID requirement
is applied to select the kaon, as the only topologically similar decay, B* — Jhbn*, is
Cabibbo suppressed.

The three tracks in the final state of the B* decay are required to form a common
vertex with a good vertex-fit quality. In order to suppress background due to the random
combination of particles produced in the pp interactions, the B¥ candidates are required
to have a decay time larger than 0.3 ps. Finally, B* candidates with 0 < pr < 40 GeV/c
and 2.0 < y < 4.5 are selected for subsequent analysis.

3 Cross-section determination

The differential production cross-section of B* mesons is measured as a function of pr
and y using
d20 o NBi
dydpr L X epey x B(BE = JR K*) x B(Jh) — ptp~) x Ay x App’

(1)

where Np+ is the number of reconstructed B* — J/ip K* candidates in a given (pr, y) bin
after background subtraction, £ is the integrated luminosity, e is the bin-dependent total
efficiency, B (B* — J/ip K¥*) is the branching fraction of B* decays to J/y K* [19,220],
B(Jip — ptp~) is the branching fraction of J/i) decays to ptp~ [11], and Ay and
Apr are the bin widths in y and pp. The value of B(B* — Jip K¥) is calculated
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Figure 1: Invariant mass distributions of B* candidates in the range 3.5 < pt < 4.0 GeV/c and
2.5 <y < 3.0 using (left) 7TeV and (right) 13 TeV data. The black points are the number of
selected candidates in each bin, the blue curve represents the fit result, the red-dotted line
represents the B¥ — J/i) KT signal, and the green- and brown-dashed lines are contributions
from the combinatorial and the Cabibbo-suppressed backgrounds. The Cabibbo-suppressed
background contribution B* — J/)7T is only just visible at masses above the signal peak.

to be (1.044 £ 0.040) x 1073 by combining the two exclusive measurements from the
Belle [19] and BaBar [20] collaborations, under the assumption that only the uncertainty
for Jip — ptp~ branching fraction is correlated.

The yield of B* — Jjp K* decays in each (pr, y) bin is obtained independently by
fitting the invariant mass distribution of the B* candidates, M (.J/i) K*), in the interval
5150 < M(Jhp K*) < 5450 MeV/c?, using an extended unbinned maximum likelihood
fit. The M (J/ip K*) distribution is described by a probability density function (PDF)
consisting of the following three components: a modified Crystal Ball (CB) function [21]
to model the signal, an exponential function to model the combinatorial background,
and a double CB function to model the contamination from the Cabibbo suppressed
decay B* — J/ip7m*, where the charged pion is misidentified as a kaon. The modified CB
function used for the signal component has tails on both the low- and the high-mass side
of the peak, which are described by separate parameters. In each bin, the tail parameters
are determined from simulation, leaving the mean and width as free parameters. The
shape of the misidentification background is obtained using simulated B* — Jjp ™
decays that satisfy the selection criteria for the decay B — J/ip K=, and the yield of
the misidentification background is determined according to the branching fraction ratio
B(B* — Jipnt)/B(B* — Jhp K*) from Ref. [11]. Figure [1] shows, as an example, the
invariant mass distribution of the B* candidates in the range 3.5 < pr < 4.0 GeV/c and
2.5 <y <3.0.

The total efficiency, e, is the product of several efficiencies and can be written as

€tot = €acc X Ereco&sel X EPID X Etrack X Etrigger X EGEC - (2)

The acceptance factor, .., is the fraction of signal with all final-state particles within
the fiducial region of the detector acceptance, and is calculated from simulation. The
efficiency of the particle reconstruction and event selection, €,ecowsel, 1S also determined
from simulation. The efficiency of identifying the two muons in the final state, epp, and
the track finding efficiency, 40, are measured using a tag-and-probe method [22,23] on



Table 1: Summary of relative systematic uncertainties on the integrated production cross-sections
at /s = 7 and 13TeV, and the ratio of the cross-sections R(13 TeV /7 TeV).

Uncertainty (%)

Sources 7TV 13TV  R(13TeV/7TeV)
Luminosity 1.7 3.9 3.4
Branching fractions 4.1 4.1 0.0
Binning 2.6 2.7 0.0
Mass fits 2.7 1.3 1.5
Acceptance 0.2 0.1 0.2
Reconstruction 0.1 0.1 0.2
Track 1.6 2.6 1.0
PID 0.4 0.1 0.4
Trigger 3.5 2.6 4.4
GEC 0.7 0.7 1.0
Selection 1.0 1.1 0.1
Weighting 0.2 0.2 0.3
Total 7.1 7.4 5.9

a control data sample of J/ip — pp~ decays. The trigger efficiency, eigger, 1S estimated
in two parts, which are ergenrr1 and egpre. The epogurr efficiency is evaluated by
estimating the fraction of events in a trigger-unbiased data sample that satisfy the trigger
requirements, and the epprs efficiency is evaluated using simulated signal events, as the
effects of HLT2 trigger are well modelled. The GEC efficiency, eggc, is measured to
be (99.2 £ 0.1)% for the 7TeV and (99.3 +0.1)% for the 13 TeV data sample, and is
independent of pr and y. It is extracted by fitting the SPD multiplicity distribution and
extrapolating the function to determine the fraction of events that are accepted.

4 Systematic uncertainties

Sources of systematic uncertainty associated with the determination of the luminosity,
branching fractions, signal yields, efficiencies, along with their effects on the integrated
cross-section measurements, are summarised in Table [l The total systematic uncertainty
is obtained from the sum in quadrature of all contributions. Several uncertainties have
been reduced in the y/s = 13 TeV measurement, due to a larger simulation sample and a
better understanding of the efficiency.

Following the procedures used in Ref. [24], the relative uncertainty on the luminosity
is determined to be 1.7% for the 7TeV data and 3.9% for the 13TeV data sample.
The relative uncertainty on B (B* — Jjip K*) is 4.1% [19,20], while the uncertainty on
B(Jip — ptp~) |11] is negligible.

The variation of the efficiency within a bin induces an uncertainty if the kinematic
distributions of the simulated samples do not match those of the data. This uncertainty,
which is important close to the edges of the fiducial region, is estimated by increasing
or decreasing the bin width in pr and y by a factor of two. The largest variation of
the integrated cross-section measurement is taken as a systematic uncertainty on the
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production cross-sections.

The systematic uncertainty associated with the invariant mass fits is obtained by
performing fits using alternative choices for the signal and background PDFs. The signal
PDF is replaced by a HYPATIA function |25], while the combinatorial background model
is modified to be either a first-order or second-order polynomial function. The largest
resulting variation of the cross-section measurement is taken as a systematic uncertainty.

The efficiencies of the tracking, PID and trigger are estimated using control samples, and
systematic uncertainties arise due to the limited sample sizes. An additional uncertainty
arises on the track-reconstruction efficiency due to limited knowledge of the material
budget of the detector, which induces a 1.1% uncertainty on the kaon reconstruction
efficiency due to modelling of hadronic interactions with the detector material. There
is an additional systematic uncertainty on the tracking efficiency from the method [23],
which amounts to 0.4% (0.8%) at 7TeV (13TeV). For the uncertainty from the PID
efficiency, the binning effect is studied by enlarging or decreasing the number of bins by
a factor of two in the calculation of the PID efficiency, and taking the largest deviation
from the default as the uncertainty. An additional uncertainty on the trigger efficiency
is determined by testing the procedure in simulation and taking the deviation as the
systematic uncertainty.

The GEC efficiency is obtained from data, and the inefficiency of the global event
cuts is taken as a systematic uncertainty. The uncertainty on the offline event selection
efficiencies are estimated from data and simulation by varying the selection criteria,
comparing the ratios of the selection and reconstruction efficiencies between data and
simulation, and taking the largest deviation as the systematic uncertainty.

A weighting procedure is applied to the simulation sample to correct for discrepancies
between data and simulation in the track multiplicities. The weighting factors of the
simulated events are varied within their statistical uncertainties and the largest deviation
of the measured cross-section is taken as a systematic uncertainty.

5 Results

The measured B* meson production cross-sections for the 7TeV and 13 TeV data in the
range 0 < pr < 40GeV/c and 2.0 < y < 4.5 are

o(pp = B¥X,\/s = TTeV) =43.0+£0.2+254+1.7ub,
o(pp — BEX,\/s =13TeV) = 86.6 0.5+ 5.4 + 3.4 ub,

where the first uncertainties are statistical, the second are systematic, and the third are
due to the limited knowledge of the B* — J/i) K* branching fraction. The measured
double-differential cross-sections at 7TeV and 13 TeV as functions of pr and y are shown
in Fig. 2] where the measurements are compared with theoretical predictions based on
FONLL calculations [26]. The corresponding single-differential cross-sections are shown in
Figs. |3 and 4] The single-differential cross-sections and the production cross-section in the
above range of pr and y are calculated from the measured double-differential cross-sections.
All results are in agreement with the FONLL predictions. The results are tabulated in

Appendix [A]
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Figure 2: Measured B* double-differential production cross-sections at (top) 7 TeV and (bottom)
13 TeV as a function of pr and y. The black points represent the measured values, and the cyan
bands are the FONLL predictions |26]. Each set of measurements and predictions in a given
rapidity bin is offset by a multiplicative factor 10~"*, where the offset factor is shown after the
rapidity range. The error bars include both the statistical and systematic uncertainties.

The ratio of the cross-section at 13 TeV to that at 7TeV, R(13TeV/7TeV), is deter-
mined to be

R(13TeV/7TeV) = 2.02 £ 0.02 (stat) £ 0.12 (syst) .

In the ratio calculation, the systematic uncertainties on the luminosities at 13 and 7 TeV
are taken to be 50% correlated, as in Ref. [24]; the systematic uncertainties associated
with the branching fractions, mass fits, event selection and binning are assumed to be
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Figure 3: Measured B* differential cross-section at 7 TeV as a function of (left) pr or (right) y.
The black points represent the measured values, the red-dashed line and cyan band represent
the central values and uncertainties of the FONLL prediction [26]. The error bars include both
the statistical and systematic uncertainties.
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Figure 4: Measured B¥ differential cross-section at 13 TeV as a function of (left) pr or (right) y.
The black points represent the measured values, the red-dashed line and cyan band represent
the central values and uncertainties of the FONLL prediction [26]. The error bars include both
the statistical and systematic uncertainties.

completely correlated; and all other uncertainties are considered to be uncorrelated. The
systematic uncertainty on R is summarised in Table[I} In Fig. 5], the ratio of the cross-
section at 13TeV to that at 7TeV as a function of pr or y is compared with the FONLL
predictions. The measured results agree with the FONLL predictions in both the shape
and the scale.

6 Summary

In summary, the double-differential production cross-sections of B* mesons are measured
as functions of the transverse momentum and rapidity, using pp collision data collected
with the LHCb detector at the Large Hadron Collider. The integrated luminosities of
the data samples are 1.0fb™" and 0.3fb™" at the centre-of-mass energies of 7TeV and
13 TeV, respectively. The measurements are performed in the transverse momentum range
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Figure 5: Ratio of the BT cross-section at 13 TeV to that at 7 TeV as a function of (left) pr or
(right) y. The black points represent the measured values, the red-dashed line and cyan band
represent the central values and uncertainties of the FONLL prediction |26].

0 < pr < 40 GeV/c and the rapidity range 2.0 < y < 4.5. The 7 TeV results are consistent
with previously published results [6,/7], with improved precision in the low y region. This
measurement supersedes previous results. The ratio of the production cross-section at
13 TeV to that at 7TeV is also measured. All results are in agreement with theoretical
calculations based on the FONLL approach.
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A Tabulated results

The measured B* double-differential cross-section in bins of pr and ¥ is given in Tables
and [3] for 7TeV data, and Tables [] and 5] for 13 TeV data. The measured B* single-



differential cross-section as a function of pr or y is given in Tables [6] and [7] respectively.
The limited size of the simulation samples gives relative systematic uncertainties in the
high pr region that are larger than those in the low pr region.

Table 2: Measured B* double-differential cross-section (in units of nb) at 7 TeV, as a function
of pr and y, in the rapidity regions of 2.0 < y < 2.5, 2.5 <y < 3.0, and 3.0 < y < 3.5.

pr [GeV/e | 20<y <25 25 <y <3.0 30<y<35

0.0 — 0.5 664.5£103.3£ 99.9 519.8£35.0+ 50.3  462.64+30.4+ 37.5
0.5 — 1.0 1652.94160.94180.6 1544.9459.84142.0 1248.84+51.6+ 94.4
1.0 — 1.5 2204.8+171.74345.8 2381.14+71.0£212.8 2046.24+62.4+£147.1
1.5 — 2.0 2879.5+191.34£311.6 3175.6+76.2+260.1 2665.7+£65.1£192.5
2.0 — 25 3378.94£192.0£592.5 3193.0£80.1+£257.7 3017.24+64.1£214.6
25 — 3.0 3261.74£179.84321.9 3605.84£69.9+256.6 3056.61+60.7£220.0
3.0 — 3.5 3627.84+182.84290.3 3263.8£66.61+263.4 2977.64+54.6+194.2
3.5 — 4.0 3491.74£175.64£419.5 3304.0£57.94246.3 2767.24+49.8+167.7
4.0 — 4.5 2976.6+146.4+£240.0 3224.0450.94233.4 2545.6+44.7+173.3
4.5 — 5.0 3216.9+141.14£255.9 2773.24+44.1+£185.0 2258.6+39.7£134.8
5.0 — 5.5 2795.0£127.6£308.6 2408.0£41.3+158.0 2063.84+36.1+£128.5
5.5 — 6.0 2183.84101.3£160.2 2145.34£34.4+136.9 1740.5+31.3£108.4
6.0 — 6.5 2194.24 94.84200.1 1834.6+£28.84124.7 1437.9427.3+ 85.9
6.5 — 7.0 1694.1£ 75.0£166.0 1645.1£24.4+109.0 1219.0+23.74+ 69.7
70 — 7.5 1517.7£ 65.6+£102.6 1329.8£21.9+ 84.9 1039.8£21.4% 59.3
7.5 — 80 1200.0£ 54.2+£134.2 1101.1+£18.7+ 73.8  842.3£18.1+ 484
8.0 — 8.5 1036.94+ 46.2+ 91.2  950.4£16.7+ 55.4  744.6+16.7+£ 41.3
85 — 9.0 943.14 42.44124.1 851.6%£14.1+ 50.5  614.3+14.9+ 33.3
9.0 — 9.5 782.04 36.7+ 57.8  687.3£13.9+ 39.6 554.84+13.5+ 30.0
9.5 — 10.0 617.0£ 30.0£ 49.2  559.9£11.94+ 32.8 448.5+£11.9+ 27.1
10.0 — 10.5  594.6+ 29.4+ 799  487.7£10.2+ 26.9 371.0+10.7£ 21.6
10.5 — 11.5  502.1+ 17.6+ 55.1 4099+ 5.9+ 25.7 287.9+ 6.4+ 15.3
11.5 — 12,5 349.3+ 13.5+ 38.7 278.0+ 5.0+ 14.7 212.3+ 5.4+ 11.6
12.5 — 14.0 24154+ 8.4+ 20.0 204.5+ 3.1+ 11.5  142.1+ 3.5+ 9.9
14.0 — 16.5 1469+ 4.6+ 9.2 1154+ 1.7+ 6.3 79.24+ 2.0+ 6.5
16.5 — 23.5 499+ 144+ 29 40.0£ 0.5+ 2.9 248+ 0.6+ 1.9
23.5 — 40.0 6.1+ 0.3+ 04 5.1+& 0.1£ 04 2.7+ 0.1£ 0.3



Table 3: Measured B* double-differential cross-section (in units of nb) at 7 TeV, as a function

of pr and y, in the rapidity regions of 3.5 <y < 4.0 and 4.0 < y < 4.5.

3.0 <y <40

40<y<45

pr (GeV/e)
0.0 — 0.5
05 — 1.0
1.0 — 1.5
1.5 — 2.0
20 — 25
25 — 3.0
3.0 — 3.5
3.5 — 4.0
4.0 — 45
45 — 5.0
5.0 — 5.5
2.5 — 6.0
6.0 — 6.5
6.5 — 7.0
70 — 75
75 — 8.0
8.0 — 85
85 — 9.0
90 — 95
9.5 — 10.0
10.0 — 10.5
10.5 — 11.5
11.5 — 125
12,5 — 14.0
14.0 — 16.5
16.5 — 23.5
23.5 — 40.0

396.4+29.2+ 344
1069.6£43.9+ 83.6
1581.2+50.0£121.1
2132.1£53.8+161.0
2256.6£52.1+£165.1
2241.9£48.6+158.9
2265.2445.6£157.5
2094.9442.24147.0
2002.04+39.2+133.4
1642.0£34.0£101.1
1569.5+32.0£108.9
1223.2£27.2£ 75.1
1038.0£23.7£ 62.5
861.0+£20.8E= 53.3
704.6£18.2+ 40.9
628.7£16.6£ 37.2
465.3£13.4+ 28.3
403.4£12.2+ 22.3
330.0x=11.0£ 20.8
286.9+£10.2+ 17.7
230.0& 8.8+ 13.8
186.7£ 5.44 10.5
1277+ 43+ 7.3

84.4+ 2.8+ 4.8

447+ 1.6+ 2.7

12.4+ 0.5 0.8

1.0£ 0.1£ 0.1
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283.7+£37.9+ 35.3
820.54+57.0+ 83.9
1115.7£63.6£102.2
1447.6£65.7£146.7
1570.9£63.2+£145.3
1627.4+58.5£133.5
1566.6£55.1£134.3
1465.1£52.1£113.5
1259.9+£45.5£114.5
1144.0+£42.8+101.4
961.9+37.0£ 76.5
734.2+£29.8+ 73.7
652.5E£27.6 48.4
048.6£24.1+ 44.0
390.1+£19.2+ 28.5
326.4£17.4+ 27.7
280.7+15.3£ 21.2
241.0£13.5£ 17.7
190.6+11.4+ 17.6
163.9+10.2+ 14.2
136.7+ 9.5+ 15.3

87.0£ 4.9+ 8.2

65.0+ 4.0+ 5.5

404+ 2.6 3.5

21.8+ 14+ 1.8

4.4+ 03+ 04

0.3+ 0.1£ 0.1



Table 4: Measured BT double-differential cross-section (in units of nb) at 13 TeV, as a function

of pr and y, in the rapidity regions of 2.0 <y < 2.5, 2.5 <y < 3.0, and 3.0 < y < 3.5.

pr [GeV/e | 20<y <25 25 <y <30 3.0<y <35

0.0 — 0.5 794.44228.1+130.0 905.74+152.44+ 85.6 1013.94183.2+ 81.1
0.5 — 1.0 2384.0£362.6£322.3 3371.6£178.9+£267.2 2221.2+194.6+152.5
1.0 — 1.5 4503.0+493.34+419.1 4211.5+232.84321.1 3557.84+223.24+236.1
1.5 — 2.0 6378.3£557.84£939.8 4846.7+297.1+356.4 5255.54+236.44+370.7
2.0 — 2.5 5543.94518.5+501.1 6186.64+236.4+465.9 5136.24+214.9+347.9
2.5 — 3.0 7517.24555.3+£695.2 6739.7£217.1+£477.0 5519.84203.8+369.2
3.0 — 3.5 6848.8£534.6£738.4 6152.6£228.5+412.6 5903.7£189.0+419.3
3.5 — 4.0 6382.6+£475.5£509.5 6321.5£187.5+£452.4 5560.9£167.3+368.1
4.0 — 4.5 5900.14449.84543.6 5525.84+162.8+371.3 4824.64+144.4+315.7
4.5 — 5.0 6185.44412.54503.8 5259.54+150.0£368.0 4657.9+£131.8+£318.8
5.0 — 5.5 5353.04+349.54+402.2 4735.54+119.44313.3 3900.24+113.6+256.2
5.5 — 6.0 4168.6£279.7£357.4 4300.4£105.7£290.2 3535.4+£101.0£245.1
6.0 — 6.5 3532.0£237.5£326.4 3865.7+£ 92.1£256.5 3158.4+ 88.8+211.9
6.5 — 7.0 3111.74203.9£259.2 3107.7+ 77.0+£227.6 2544.5+ 77.0+167.0
7.0 — 7.5 2891.4+174.3+282.1 2662.1+ 63.4+177.2 2086.4+ 66.54+143.7
7.5 — 8.0 2270.44149.5+182.8 2450.3+ 54.9+164.1 1788.4+ 58.2+122.9
8.0 — 85 2467.84143.94213.3 2034.04+ 52.1+149.6 1638.54+ 53.44+109.7
85 — 9.0 1947.3£118.9£195.0 1710.1+£ 44.0+£118.7 1320.5+ 46.2+ 87.5
9.0 — 9.5 142444 98.0£115.2 1472.0+ 41.9+ 99.1 1227.2+ 42.8+ 83.0
9.5 — 10.0 1283.7+ 84.4+ 96.4 1243.8+ 36.7+ 86.2 1039.0+ 38.0+ 74.6
10.0 — 10.5 1313.6£ 78.7£100.9 1189.3+ 31.3+ 79.5 883.8+ 34.3+ 59.3
10.5 — 11.5  870.54+ 43.3+ 67.7 936.94+ 18.1+ 68.1 666.8+ 20.5+ 44.4
11,5 — 125 802.2+ 38.1£ 66.1 6323+ 17.1+ 424  541.7+£ 17.9+ 36.4
12.5 — 14.0  518.54 22.4+ 36.2 487.14+ 10.1£ 32.1  365.3+ 11.6+ 24.7
14.0 — 16.5 333.0& 12.5+ 23.2 289.2+ 5.8+ 196 2164+ 6.7+ 14.3
16.5 — 23.5 123.1+4 4.0+ 9.3 101.0+ 1.8+ 6.6 7244+ 2.2+ 5.1
23.5 — 40.0 199+ 09+ 14 14.3+ 04+ 1.1 9.84+¢ 0.5+ 0.7
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Table 5: Measured BT double-differential cross-section (in units of nb) at 13 TeV, as a function

of pr and y, in the rapidity regions of 3.5 <y < 4.0 and 4.0 < y < 4.5.

3.5 <y < 4.0

4.0 <y <45

pr (GeV/e)
0.0 — 0.5
05 — 1.0
1.0 — 1.5
1.5 — 2.0
20 — 25
25 — 3.0
3.0 — 35
3.5 — 4.0
4.0 — 4.5
45 — 5.0
5.0 — 5.5
5.5 — 6.0
6.0 — 6.5
6.5 — 7.0
70 — 75
75 — 8.0
8.0 — 85
85 — 9.0
9.0 — 95
9.5 — 10.0
10.0 — 10.5
10.5 — 11.5
11.5 — 125
12,5 — 14.0
14.0 — 16.5
16.5 — 23.5
23.5 — 40.0

814.7+£111.2+ 83.4
2037.6£161.1+£165.9
3120.6£186.1£288.9
3980.7+202.0£266.5
4187.1+185.7£288.7
4869.24+179.4£332.8
4898.3+£168.1+£327.0
4336.9+149.4+£343.3
4118.0+140.2+£283.3
3690.84£121.84£249.0
3248.0£108.5£213.2
2910.9+ 96.54193.3
2381.8+ 83.6+157.1
1907.1+£ 70.2£126.9
1661.2+ 63.4£119.0
1364.5+ 54.1+ 96.8
1238.8+ 49.7+ 83.7

961.2+ 41.8+ 64.3

848.9£ 38.4+ 57.0

732.8+ 34.6£ 50.4

635.7£ 30.9£+ 60.2
474.4+ 18.4+ 33.1

343.0£ 14.7£ 248

242.6£ 10.2+ 16.3

131.0£ 5.6 8.8

459+ 19+ 3.2

5.2+ 04+ 04
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369.7+£156.1+ 48.4
1235.7£197.9£107.4
2649.34+249.5+£236.6
2605.74+236.3+238.8
3079.7+£240.3£232.1
3237.0£224.2£252.6
3246.0+£210.9£257.8
2807.44£185.1+£268.8
2804.3£171.0+£225.4
2611.44+153.9+187.4
2013.2£133.7£151.5
1886.3£123.0£207.7
1610.8£105.5£129.0
14159+ 93.2+£112.7
1095.4+ 76.5+ 83.1

910.1£ 66.1+ 74.4

826.1+ 60.3+ 63.9

981.5£ 50.7£ 50.9

028.5+ 44.7£ 43.7

018.6+£ 43.0£ 43.7

350.2+ 33.9+ 32.1

308.7+ 21.6+ 25.2

235.5+ 18.0£ 19.1

1479+ 11.1+£ 13.1

71.8& H.7£ 5.7
228+ 1.9+ 2.0
23+ 04+ 0.3



Table 6: Measured B* differential cross-sections (in units of nb) at 7TeV and 13TeV as
functions of pr in the range 2.0 < y < 4.5. The cross-section ratio between 13 TeV and 7 TeV is

also presented.

pr [GeV/e | 7TeV 13 TeV R(13/7)

0.0 — 0.5 1163.54+ 62.1£101.8  1949.2+187.7+182.4 1.6840.18+0.17
0.5 — 1.0 3168.4%& 99.0+£237.0 5625.1+277.6+£444.3 1.7840.1040.14
1.0 — 1.5 4664.6+£108.1+£383.1  9021.1£341.3+£676.1 1.93£0.09£0.16
1.5 — 2.0 6150.2£118.6£459.3 11533.4£367.0£972.4 1.88+0.07+0.16
20 — 25 6708.3£117.1+£566.0 12066.84+349.4£856.8 1.804+0.06%0.15
25 — 3.0 6896.7£110.2+454.0 13941.5+354.5+£978.2 2.024+0.06+0.13
3.0 — 3.5 6850.5+108.2+442.2 13524.7+335.7£981.9 1.974+0.0640.13
3.5 — 4.0 6561.5£103.2£462.6 12704.7+£298.44+881.2 1.944+0.05+0.14
4.0 — 4.5 6004.1& 88.3+388.6 11586.5+277.0£794.5 1.93+0.0540.12
45 — 5.0 5517.3%& 82.8+338.2 11202.5+252.3£761.9 2.03+0.05%0.12
5.0 — 5.5 4899.1+ 74.7+335.9  9625.0+215.4+628.0 1.964+0.05%0.13
5.5 — 6.0 4013.5% 60.5+238.5  8400.84+179.9+£594.3 2.0940.0540.13
6.0 — 6.5 3578.64& 55.7£222.7  T274.4+£154.2+494.3 2.03+0.05+£0.13
6.5 — 7.0 2983.94& 45.5£189.6 6043.4+132.2+£415.3 2.03+0.05%0.13
70 — 7.5 2491.0f£ 39.5+137.1  5198.3+113.2+£369.3 2.0940.06%0.13
75 — 8.0 2049.2+ 33.3+£141.3  4391.84& 98.3£297.9 2.144+0.06%0.15
8.0 — 85 1738.94+ 28.6+104.5 4102.6+ 92.0£286.4 2.36+0.07£0.15
8.5 — 9.0 1526.7£ 26.2£104.5 3260.3+ 77.2+£233.3 2.144+0.06+£0.16
9.0 — 9.5 127234 228+ 73.1  2750.5+ 66.0+£183.0 2.16+0.06+0.13
9.5 — 10.0 1038.1%& 19.2+ 62.6 2408.9+ 58.2£160.6 2.32+0.07%0.14
10.0 — 10.5 909.9£ 18.2+ 65.8  2186.3+ 53.0£148.1 2.4040.08+0.18
10.5 — 11.5  736.8& 10.9+ 51.2  1628.7+ 30.6£113.0 2.214+0.05%0.16
11.5 — 12,5 516.24+ 854 32.7 1277.4+ 26.0+ 87.0 2.4740.06+0.16
12.5 — 14.0 356.5+ 5.4+ 22.3 880.7+ 16.1+ 57.2 2.474+0.06+£0.15
14.0 — 16.5 204.0&£ 3.0+ 11.8 520.7 9.0£ 33.9 2.55+£0.06+0.15
16.5 — 23.5 65.8= 09 3.9 182.6+£ 2.9+ 124 2.784+0.06£0.17
23.5 — 40.0 7.6 0.2+ 0.6 25.7+ 0.6£ 1.8 3.3840.1240.25

Table 7: Measured BT differential cross-sections (in units of ub) at 7TeV and 13TeV as

functions of y in the pr range 0 < pp < 40 GeV/c. The cross-section ratio between 13 TeV and
7TeV is also presented.

y 7TeV 13 TV R(13/7)
2.0 — 2.5 23.540.3£2.0 45.6+0.843.6 1.940.04%0.19
25 — 3.0 22.140.1%1.4 43.140.4+2.9 1.9540.0240.12
3.0 — 35 18.240.14£1.0 36.440.342.4 2.00+0.0240.10
3.5 — 4.0 13.440.1+0.8 28.9+0.3+1.9 2.16+0.0240.12
40 — 45  8840.140.6 19.320.4+1.4 2.21:0.0540.16
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