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 (with useful input from M. Cacciari, M. L. Mangano, P. Nason)
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B cross-section (absolute)
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 LHCb data from Erratum: Phys. Rev. Lett. 118, 052002 (2017)

 RG: JHEP (2017) 2017: 84 

1) Differential and fiducial rate measurements  
* Test of pQCD predictions, and baseline for other analyses
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B cross-section (normalised)
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 LHCb data from Erratum: Phys. Rev. Lett. 118, 052002 (2017)

 RG: JHEP (2017) 2017: 84 

1) Differential and fiducial rate measurements  
* Test of pQCD predictions, and baseline for other analyses  

2) Normalised cross-section measurement  
* Test of shape of pQCD predictions (generally more precise)
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B cross-section ratio

1) Tests the rate of growth of gluon PDF at both small and large-x 
* See for example:
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Figure 5: Ratio of the B± cross-section at 13TeV to that at 7TeV as a function of (left) pT 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 < pT < 40GeV/c and the rapidity range 2.0 < y < 4.5. The 7TeV 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
13TeV 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-di↵erential cross-section in bins of pT and y is given in Tables 2
and 3 for 7TeV data, and Tables 4 and 5 for 13TeV data. The measured B± single-
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B cross-section:                   data B ! J/ K

Absolute cross-section
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Figure 3: Measured B± di↵erential cross-section at 7TeV as a function of (left) pT 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.

Figure 4: Measured B± di↵erential cross-section at 13TeV as a function of (left) pT 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 1. In Fig. 5, the ratio of the cross-
section at 13TeV to that at 7TeV as a function of pT 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-di↵erential 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 1.0 fb�1 and 0.3 fb�1 at the centre-of-mass energies of 7TeV and
13TeV, respectively. The measurements are performed in the transverse momentum range
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systematic uncertainty on R is summarised in Table 1. In Fig. 5, the ratio of the cross-
section at 13TeV to that at 7TeV as a function of pT or y is compared with the FONLL
predictions. The measured results agree with the FONLL predictions in both the shape
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6 Summary

In summary, the double-di↵erential 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 1.0 fb�1 and 0.3 fb�1 at the centre-of-mass energies of 7TeV and
13TeV, respectively. The measurements are performed in the transverse momentum range

7

Cross-section ratio
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Figure 2: Cross-section at 13 TeV center-of-mass energy (b), and cross-section ratio (c) for
13TeV/7TeV as functions of ⌘ for �(pp ! HbX), where Hb is a hadron that contains either a b

or an b quark, but not both. The smaller (black) error bars show the statistical uncertainties
only, and the larger (blue) ones have the systematic uncertainties added in quadrature. The solid
line (red) gives the theoretical prediction, while the shaded band gives the estimated uncertainty
on the prediction at ±1 �, the cross-hatched at 2 �, and the dashes at 3 �.

Table 5: Cross-sections for pp ! HbX in ⌘ bins for 7 TeV and 13 TeV collisions and their ratio,
where Hb is a hadron that contains either a b or an b quark, but not both. The first uncertainty
is statistical and the second systematic. To get the di↵erential cross-section in each interval
multiply by a factor two.

⌘ 7 TeV (µb) 13 TeV (µb) Ratio 13/7
2.0–2.5 13.6±0.2±1.5 22.6±0.8±2.4 1.67±0.07±0.16
2.5–3.0 15.0±0.1±1.4 28.7±0.4±3.0 1.92±0.03±0.16
3.0–3.5 14.9±0.1±1.4 29.2±0.6±2.9 1.96±0.04±0.16
3.5–4.0 12.9±0.1±1.1 27.3±0.4±2.7 2.12±0.04±0.17
4.0–4.5 9.5±0.1±0.8 21.6±0.5±2.2 2.29±0.06±0.19
4.5–5.0 6.3±0.1±0.6 14.6±0.5±1.5 2.34±0.08±0.22
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B cross-section:                   data B ! Dµ⌫

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 semileptonically
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 [34]. These results are consistent with and
supersede 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
⌘-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
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Figure 2: The cross-section as a function of ⌘ for �(pp ! HbX), where Hb 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 ±1 �, the cross-hatched at ±2 �, and the dashes at ±3 �.
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Figure 2: Cross-section at 13 TeV center-of-mass energy (b), and cross-section ratio (c) for
13TeV/7TeV as functions of ⌘ for �(pp ! HbX), where Hb is a hadron that contains either a b

or an b quark, but not both. The smaller (black) error bars show the statistical uncertainties
only, and the larger (blue) ones have the systematic uncertainties added in quadrature. The solid
line (red) gives the theoretical prediction, while the shaded band gives the estimated uncertainty
on the prediction at ±1 �, the cross-hatched at 2 �, and the dashes at 3 �.

Table 5: Cross-sections for pp ! HbX in ⌘ bins for 7 TeV and 13 TeV collisions and their ratio,
where Hb is a hadron that contains either a b or an b quark, but not both. The first uncertainty
is statistical and the second systematic. To get the di↵erential cross-section in each interval
multiply by a factor two.

⌘ 7 TeV (µb) 13 TeV (µb) Ratio 13/7
2.0–2.5 13.6±0.2±1.5 22.6±0.8±2.4 1.67±0.07±0.16
2.5–3.0 15.0±0.1±1.4 28.7±0.4±3.0 1.92±0.03±0.16
3.0–3.5 14.9±0.1±1.4 29.2±0.6±2.9 1.96±0.04±0.16
3.5–4.0 12.9±0.1±1.1 27.3±0.4±2.7 2.12±0.04±0.17
4.0–4.5 9.5±0.1±0.8 21.6±0.5±2.2 2.29±0.06±0.19
4.5–5.0 6.3±0.1±0.6 14.6±0.5±1.5 2.34±0.08±0.22
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B cross-section:                   data B ! Dµ⌫
Normalised cross-section
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1) Shape of normalised distributions not well described by pQCD  
 

2) Large `dip’ observed in the region of  
 

3) Such behaviour not observed in B (->J/PsiK) or D-hadron rapidity distributions

⌘B 2 [2.0, 2.5] , PT,B > 0 GeV

See slides in `back-up’
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1) Please always provide systematic bin-by-bin correlations 
* Can then construct normalised distributions  
* Needed to test consistency of theory to data  
* … important when including data in PDF fit 
 

2) Is it possible to clarify the consistency of these two B-hadron measurements?

Cross-checks

Future studies
1) With large data samples, measurement of B hadron production at large-pT 

* Probes region of quasi-collinear gluon emission + sensitivity to large-x gluon 
 

2) Are (can) the bin-by-bin cross correlations between different CoM be provided? 
* Would allow construction of `shifted CoM ratios’, see RG JHEP (2017) 2017:84  

)ix(
10

log
6− 5− 4− 3− 2− 1− 0

) ix(
10

 B
X

)/d
 lo

g
→

(p
p

σ
 d

σ
1/

0

0.05

0.1

0.15

0.2

0.25

0.3
 [2.0,2.5]∈ 

B
, 7 TeV, y1x

 = 7.1 GeVTm, 7 TeV, 2x
y]Δy,2.5+Δ [2.0+∈ 

B
, 13 TeV, y1x

 = 7.2 GeVTm, 13 TeV, 2x

y = ln[13/7]Δ

B
y0 1 2 3 4

] B
BX

)/d
y

→
(p

p
σd[

13
/7

R

1
1.2
1.4
1.6
1.8

2
2.2
2.4
2.6
2.8

3
NLO+PS

PDF uncertainty

 uncertaintybm

 > 0 GeVB
T

p

Figure 10. Left: The LO B hadron cross section as a function of the x1,2 within the LHCb
acceptance for specific B hadron rapidity regions at 7 and 13 TeV. Right: NLO predictions for the
ratio R13/7 of inclusive B production with respect to yB .

can be achieved by introducing the shift

�y = ln


13 TeV

7 TeV

�
= 0.62 . (4.5)

With this shift, one can specifically align (separate) the x̄1 (x̄2) sampling regions by intro-

ducing the observable

R13/7 [d�(pp ! BX)/dyB] =
d�13(pp ! BX)

dy0B

�
d�7(pp ! BX)

dyB
, (4.6)

where the rapidity shift is introduced in the numerator through y
0
B = yB+�y. An example

of this alignment is shown in Fig. 10 (left), where the LO B hadron cross section at 7 TeV is

shown as a function of x1,2, integrated within the region of yB 2 [2.0, 2.5]. The same cross

section is shown at 13 TeV with the shifted integration region of y0B 2 [2.0+�y, 2.5+�y],

demonstrating the alignment of the large-x regions. The benefits of introducing this shifted

ratio are that the dependence on large-x region is eliminated in favour of sensitivity to the

low-x region, since the low-x sampling regions are separated by a factor of x̄132 ⇡ (7/13)2x̄72.

At the same time, the theoretical uncertainties due to scale and mb variation are also

reduced, since very similar values of mT are probed when evaluating the partonic cross

section. This can be seen by examining the NLO+PS accurate predictions for the observable

R13/7, which are provided in Fig. 10 (right). Although no data is currently available for

this ratio (which requires the shifted kinematics), future analyses of the LHCb data would

have access to this observable in the region of yB 2 [2.0, 4.0]. Such a measurement would

be very useful for understanding the tension observed in the ⌘B dependent measurement.

An important feature of the shifted ratio observable is that the partonic kinematics

which enter the evaluation of the partonic cross section become highly aligned. Conse-

quently, the kinematic dependence of the ratio on partonic cross section is extremely mild,

and this observable is essentially only sensitive to the growth of the low-x gluon PDF. This

– 16 –

y0B = yB + ln


13 TeV

7 TeV

�

See for example PROSA analysis (Maria V.’s talk)
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D-hadron rapidity distributions
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1) These are pT integrated D hadron distributions (various pT ranges) 
- Data from 5, 7, 13 TeV measurements in pp collisions  

2) region of (4 < pT < 9) GeV approximately mimics pT inclusive B hadron pred.
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PDF sampling in B production at LHCb
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PDF sampling region: 
 - B hadron production at 7 TeV 
 - LHCb pseudorapidity bins

PDF sampling region: 
 - effect of aligning x-regions 
 - can align either low or high-x regions

y0B = yB + ln


13 TeV

7 TeV
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pT dependent cross-section ratio
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Figure 5: Ratio of the B± cross-section at 13TeV to that at 7TeV as a function of (left) pT 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 < pT < 40GeV/c and the rapidity range 2.0 < y < 4.5. The 7TeV 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
13TeV 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-di↵erential cross-section in bins of pT and y is given in Tables 2
and 3 for 7TeV data, and Tables 4 and 5 for 13TeV data. The measured B± single-
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