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INTRODUCTION

LHCb

LHCb: a forward-arm spectrometer at the LHC

Optimized for heavy flavor physics in pp collisions.

Data collection:
2010 38 pb−1 √s = 7 TeV,
2011 1.1 fb−1 √s = 7 TeV,
2012 2.0 fb−1 √s = 8 TeV.
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INTRODUCTION

FORWARD ACCEPTANCE

Forward acceptance 2 < η < 5.

Takes advantage of the
predominant forward production of
heavy flavored hadrons.
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Pseudorapidity range unique
among the LHC detectors.

Complementary to the GPDs.
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D HADRON PRODUCTION NUCL.PHYS. B871 (2013) 1-20

OPEN CHARM PRODUCTION CROSS-SECTIONS
NUCL.PHYS. B871 (2013) 1-20
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LHCb-CONF-2010-013.

Suite of open charm cross-sections

D0→ K−π+

D∗+→ D0π+

D+→ K−π+π+

D+
s → φ(K−K+)π+

Λ+
c → p+K−π+

Binned in pT and y , differential dσ/dpT

pT < 8 GeV/c, 2 < y < 4.5,

15 nb−1 of 2010 data

Measure prompt production

Production from b-hadron decays
isolated with IPχ2 distribution.

Includes measurements of

Differential cross-sections,
Charm species production ratios,
Total cc cross-section.
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D HADRON PRODUCTION NUCL.PHYS. B871 (2013) 1-20

DIFFERENTIAL CROSS-SECTIONS: D0 AND D+

NUCL.PHYS. B871 (2013) 1-20

dσ/dpT compared to predictions from FONLL and GMVFNS
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FONLL: Fixed-Order-Next-to-Leading-Logarithm, JHEP 1210 (2012) 137
GMVFNS: Generalized Mass Variable Flavour Number Scheme, Eur.Phys.J.C72 (2012) 2082

P. SPRADLIN (GLASGOW) OPEN CHARM AND BEAUTY AT LHCb TUNING WS 2014.10.21 6 / 24



D HADRON PRODUCTION NUCL.PHYS. B871 (2013) 1-20

DIFFERENTIAL CROSS-SECTIONS: D+
s AND D∗+

NUCL.PHYS. B871 (2013) 1-20

dσ/dpT compared to predictions from
FONLL and GMVFNS
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D HADRON PRODUCTION NUCL.PHYS. B871 (2013) 1-20

DIFFERENTIAL CROSS-SECTIONS: Λ+
c → p+K−π+

NUCL.PHYS. B871 (2013) 1-20

dσ/dpT compared to predictions from
GMVFNS
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D HADRON PRODUCTION PHYS.LETT. B713 (2012) 186-195

D+
s -D−s PRODUCTION ASYMMETRY

PHYS.LETT. B713 (2012) 186-195

Measured with decays D±
s → φπ±

∼0.8 million signal decays in 1 fb−1 at√
s = 7 TeV.

Production asymmetry in bins of D±
s (pT, y)

AP =
σD+

s − σD−
s

σD+
s + σD−

s

Includes a precise measurement of the π±

detection asymmetry

With D∗+→ D0π+, D0→ K−π+π−π+ decays,
Incorporated into AP determination.

3 bins in pT range [2,25]GeV,
3 bins in y range [2.0,4.5].

Average asymmetry integrated over full range
AP = (−0.33± 0.22± 0.10)%
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D HADRON PRODUCTION PHYS.LETT. B718 (2013) 902-909

D+-D− PRODUCTION ASYMMETRY
PHYS.LETT. B718 (2013) 902-909

Measured with decays D±→ K 0
S π

±

∼1 million signal decays in 1 fb−1 at√
s = 7 TeV.

Production asymmetry in bins of D± (pT, η)

AP =
σD+ − σD−

σD+ + σD−

Corrected for CP violation in the neutral
kaons and π± detection asymmetry.

8 bins in pT range [2,18]GeV,
6 bins in η range [2.20,4.75].

Average asymmetry integrated over full
range

AP = (−0.96± 0.26± 0.18)%

No significant trend in pT or η.
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bb FRAGMENTATION AND INCLUSIVE PRODUCTION INTRODUCTORY REMARKS

FROM INCLUSIVE bb TO HADRON CROSS-SECTIONS

Two LHCb measurements of the inclusive bb production cross-section
for pp

√
s = 7 TeV (extrapolated to 4π)

Using b→ DµνX with 14.9 nb−1 (Phys. Lett. B694 (2010) 209-216)
σ(pp→ bbX ) = 284± 20± 49µb

Using detached J/ψ with 5.2 pb−1 (Eur. Phys. J. C 71 (2011) 1645)
σ(pp→ bbX ) = 288± 4± 48µb

Related to production cross-sections of specific b-hadron species by
fragmentation functions

Here we use fq ≡ B(b→ Bq), fΛ0
b
≡ B(b→ Λ0

b),

In principle, can depend on
√

s and location in b phase space.

Necessary for normalization of B0
s and Λ0

b branching ratio
measurements at LHC

Also useful for sensitivity and background studies.

Two measurements of fragmentation function ratios at LHCb.
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bb FRAGMENTATION AND INCLUSIVE PRODUCTION PHYS.LETT. B694 (2010) 209-216

σpp→ bbX WITH b→ D0µνX
PHYS.LETT. B694 (2010) 209-216

Analysis of D0(K−π+)µ combinations in
14 nb−1 at

√
s = 7 TeV.

Separation of prompt D0 and D0 from b with
log of impact parameter of D0 with respect to
PV.

Differential cross-sections in 4 bins of η,
where η is determined by the displacement
from the PV to the D0 µ− vertex.

Converted to σ(pp→ bbX ) with inclusive
B(b→ D0µ−νµX ).

Integrated over fiducial region
σ(pp→ HbX ,2 < η < 6) = 75.3±5.4±13.0µb.
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bb FRAGMENTATION AND INCLUSIVE PRODUCTION EUR.PHYS.J. C71 (2011) 1645

σpp→ bbX WITH b→ J/ψX
EUR.PHYS.J. C71 (2011) 1645

Analysis of 565,000 J/ψ→ µ+µ− in 5.2 pb−1

at
√

s = 7 TeV.

Separation of prompt J/ψ and J/ψ from b with
pseudo-proper time

tz =
(zJ/ψ − zV )MJ/ψ

pz

Double differential cross-sections in 14 bins of
pT and 5 bins of y

d2σ(J/ψ from b)/dpTdy

Integrated over fiducial region
σ(J/ψ from b, pT < 14 GeV, 2.0 < y < 4.5)

= 1.14 ± 0.01 ± 0.16µb.

Converted to σ(pp→ bbX ) with inclusive
B(b→ J/ψX ).
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bb FRAGMENTATION AND INCLUSIVE PRODUCTION PHYS. REV. LETT. 107 (2011) 211801

fs/fd WITH B→ Dh
PHYS. REV. LETT. 107 (2011) 211801

Three decay modes for two determinations of fs/fd :
B0→ D−K+, B0→ D−π+, B0

s→ D−
s π

+.
Using theoretical expressions for the branching fractions, the ratio from
B0

s→ D−
s π

+ and B0→ D−K+ is

fs
fd

= 0.971
∣∣∣∣Vus

Vud

∣∣∣∣2( fK
fπ

)2 τB0

τB0
s

1
NaNF

(
ε(D−K+)

ε(D−
s π+)

N(D−
s π

+)

N(D−K+)

)
and that from B0

s→ D−
s π

+ and B0→ D−π+ is

fs
fd

= 0.982
τB0

τB0
s

1
NaNFNE

(
ε(D−π+)

ε(D−
s π+)

N(D−
s π

+)

N(D−π+)

)
N(X ) and ε(X ) are the experimental yields and efficiencies, Na
parameterizes nonfactorizable SU(3)-breaking, NF is the ratio of form
factors, and NE accounts for the W -exchange diagram in B0→ D−π+.
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bb FRAGMENTATION AND INCLUSIVE PRODUCTION PHYS. REV. LETT. 107 (2011) 211801

fs/fd WITH B→ Dh
PHYS. REV. LETT. 107 (2011) 211801

Result from B0
s→ D−

s π
+ and B0→ D−K+

fs
fd

= (0.310± 0.030(stat)± 0.021(syst))
1

NaNF

and that from B0
s→ D−

s π
+ and B0→ D−π+ is

fs
fd

= (0.307± 0.017(stat)± 0.023(syst))
1

NaNFNE

Combining the two with substituted theory
parameters

fs
fd

= 0.253±0.017(stat)±0.017(syst)±0.020(theor)
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bb FRAGMENTATION AND INCLUSIVE PRODUCTION PHYS. REV. D 85 (2012) 032008

fs(Λ0
b)
/(fu + fd) WITH SEMILEPTONIC DECAYS

PHYS. REV. D 85 (2012) 032008

Attempt to reduce theoretical input by analyzing the abundances of the
products of semileptonic b-hadron decays.

Six inclusive final states

Λ+
c µ

+νX and D0pµ+νX to determine
abundance of Λ0

b, ncorr(Λ
0
b→ Dµ),

D−
s µ

+νX and D0K−µ+νX to determine
abundance of B0

s , ncorr(B0
s→ Dµ),

D0µ+νX and D−µ+νX with corrections from
the other final states to determine the
combined abundance of B0 and B+,
ncorr(B0→ Dµ) + ncorr(B+→ Dµ).

b-hadron semileptonic decays separated from
prompt D production with characteristic
distribution of D impact parameter.
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bb FRAGMENTATION AND INCLUSIVE PRODUCTION PHYS. REV. D 85 (2012) 032008

fs(Λ0
b)
/(fu + fd) WITH SEMILEPTONIC DECAYS

PHYS. REV. D 85 (2012) 032008

From these,

fs
fu + fd

=
ncorr(B0

s→ Dµ)
ncorr(B0→ Dµ) + ncorr(B+→ Dµ)

τB+ + τB0

2τB0
s

and

fΛ0
b

fu + fd
=

ncorr(Λ
0
b→ Dµ)

ncorr(B0→ Dµ) + ncorr(B+→ Dµ)
τB+ + τB0

2τΛ0
b

(1− ξ)

where the factor ξ accounts for the chromomagnetic correction that
affects b mesons but not b baryons.

Analyzed as a function of Dµ pT in two bins of Dµ η to investigate
variations in phase space.

P. SPRADLIN (GLASGOW) OPEN CHARM AND BEAUTY AT LHCb TUNING WS 2014.10.21 17 / 24



bb FRAGMENTATION AND INCLUSIVE PRODUCTION PHYS. REV. D 85 (2012) 032008

fs/(fu + fd) WITH SEMILEPTONIC DECAYS
PHYS. REV. D 85 (2012) 032008
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bb FRAGMENTATION AND INCLUSIVE PRODUCTION PHYS. REV. D 85 (2012) 032008

fΛ0
b
/(fu + fd) WITH SEMILEPTONIC DECAYS

PHYS. REV. D 85 (2012) 032008
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Expressing the result as a best-fit linear function of pT:[
fΛ0

b
/(fu + fd )

]
(pT) = a× [1− b × pT],

a = 0.404± 0.017(stat)± 0.027(syst)± 0.105(BF)

b = 0.031± 0.004± 0.003 GeV−1

(1)
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RELATIVE PRODUCTION OF B∗∗s STATES
PHYS.REV.LETT. 110 (2013) 15, 151803

Analysis of excited B0
s statues in the B+ K− mass spectrum,

Total ∼1 million B+ in four decay
modes in 1 fb−1 at

√
s = 7 TeV.

Three mass peaks identified as

Bs1→ B∗+K−

B∗
s2→ B∗+K−

B∗
s2→ B+K−

where the γ in B∗+→ B+γ is not
observed.
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Includes the first observation of B∗
s2→ B∗+K−.

Analysis includes several properties of the observed states, and the relative
production of Bs1 and B∗

s2

σ(pp→ Bs1X )B(Bs1→ B∗+K−)

σ(pp→ B∗
s2X )B(B∗

s2→ B+K−)
= 0.232± 0.014± 0.013.
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B± PRODUCTION CROSS-SECTION
JHEP 04 (2012) 039

Measured in the mode B±→ J/ψK±

∼9100 signal events in 35 pb−1
√

s = 7 TeV data,

Total cross-section and dσ/dpT
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Differential dσ/dpT compared to
FONLL predictions (JHEP 03 (2001)
006),

fb→ B+ = (40.1± 1.3)%.

σ(pp→ B±X ) = 41.4± 1.5(stat)± 3.1(syst)µb for
0 < pT < 40 GeV/c, 2 < y < 4.5.
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B±c PRODUCTION CROSS-SECTION
PHYS.REV.LETT. 109 (2012) 232001

B±
c → J/ψπ± production at

√
s = 7 TeV,

162± 18 signal in 370 pb−1,
Measurement range: pT > 4 GeV/c,
2.5 < η < 4.5

Rc/u =
σ(B+

c )B(B+
c → J/ψπ+)

σ(B+)B(B+→ J/ψK+)

= (0.68± 0.10(stat)± 0.03(syst)± 0.05(lifetime))%

Measurement includes the most precise
measurement of M(B+

c )

M(B+
c ) = 6273.7± 1.3(stat)± 1.6(syst)MeV/c2

M(B+
c )−M(B+) = 994.6± 1.3(stat)± 0.06(syst)MeV/c2

]2c) [MeV/±πψM(J/
6200 6300 6400 6500

)2 c
C

an
di

da
te

s 
/ (

10
 M

eV
/

0

10

20

30

40

50

60 Data
Total
Signal
Background

LHCb
(a)

]2c) [MeV/±KψM(J/
5200 5300 5400 5500

)2 c
C

an
di

da
te

s 
/ (

5 
M

eV
/

210

310

410 Data
Total
Signal
Background

±πψ J/→±B

LHCb
(b)

P. SPRADLIN (GLASGOW) OPEN CHARM AND BEAUTY AT LHCb TUNING WS 2014.10.21 22 / 24



B HADRON PRODUCTION LHCb-CONF-2012-031

Λ0
b PRODUCTION CROSS-SECTION

LHCb-CONF-2012-031

Λ0
b→ J/ψΛ production at

√
s = 7 TeV,

Measurement range: pT > 13 GeV/c,
2.2 < η < 4.5,
2010 data, 36 pb−1

Analyzed in eight subsets divided by

Λ0
b and Λ0

b

Magnet polarity,
Whether the Λ decays in the VELO,

Cross-section of conjugates measured
separately

σ(Λ0
b)B(Λ0

b→ J/ψΛ) = 4.19± 0.61(stat)± 0.37(syst) nb

σ(Λ
0
b)B(Λ

0
b→ J/ψΛ) = 2.63± 0.48(stat)± 0.27(syst) nb
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Figure 2: The measured σ(pp → Λ0
bX)B(Λ0

b → J/ψΛ) in nb for the eight samples. The black
vertical bars represent the statistical error, the red limits represent the systematic uncertainty.

The green horizontal band represents the average for the two species Λ0
b and Λ

0
b . The red

horizontal line represent the predictions from the LHCb simulated sample. (1)&(2) stand for the
measurement using Λ0

b reconstructed with Λ daughters as long tracks using data recorded with
different polarity of the magnetic field, while (3)&(4) stand for the case in which the Λ daughters
are reconstructed as downstream tracks.

Systematic uncertainties due to the errors on �trig, to the limited statistics of the
simulated samples used to determine �rec, as well as to the differences between data
and simulation are evaluated using a series of pseudo-experiments. The difference in
the material description in data and simulation is treated separately and an additional
systematic uncertainty is assigned to each track to account for it. Further contributions to
the systematic uncertainties are introduced by the statistical error on the GEC efficiency
determined from data, the difference between data and the simulated samples in the primary
vertex reconstruction efficiency, muon and proton particle identification efficiencies and
the beam collision geometry.

The uncertainty introduced in the production measurement by the lack of knowledge on
the Λ0

b polarization is estimated considering a transverse polarization [19] and comparing
the two extreme cases for the polarization, ±1, with the nominal measurement where the
Λ0

b is assumed to be unpolarized.
The complete list of systematic uncertainties considered in this analysis, including the

errors on the luminosity and on the theoretical values for the branching fractions of the
decays considered, is shown in Table 2. All uncertainties are combined to provide a final
systematic uncertainty. Where correlation is possible, maximum correlation is assumed.

6
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SUMMARY

SUMMARY

LHCb has made precise measurements of forward production of heavy
flavored hadrons at

√
s = 7 TeV, including

Production cross-sections of ground state b and c hadrons.
Inclusive bb cross-section and form factor ratios,
Production asymmetries of charmed mesons.

Results of several of these measurements with the
√

s = 8 TeV data
collected in 2012 are in preparation.

LHCb has created an Early 2015 Measurements Task Force with the
goal of rapid publication of production measurements at

√
s = 13 TeV.
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