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Production asymmetries

2

proton proton

Lowest-order: b-hadron production symmetric 
Initial state not symmetric: symmetry not perfect

⇤0
b



/\b production asymmetries

• Background for measuring CP violation in /\b decays 
Example: /\b -> p h 

‣ Experimental precision limiting systematic uncertainty 

• Provides insights to the non-perturbative QCD relevant for 
heavy baryon production. Earlier results, e.g. from CMS 
collaboration (Phys. Lett. B 714 (2012) 136-157) sparked interest 
from theory community 

• Expectations: percent-level for y < 4, higher in forward region 
This measurement: Ap as a function of /\b pT and rapidity, at 
7 and 8 TeV (in forward region)
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1 Introduction1

Measurements of production asymmetries allow the dynamics of quarks and gluons in2

high-energy particle collisions to be studied and, consequently, are a tool to test e↵ective3

descriptions of the strong interaction. Beauty quark and antiquark (bb) pairs are produced4

in inelastic proton-proton (pp) collisions at the LHC [1]. In the following hadronisation5

process, the interaction with the proton remnants can lead to a di↵erent production rate6

of ⇤0
b baryons, with udb as their valence quarks, compared to ⇤0

b baryons, consisting of udb.7

The production asymmetry is defined as the relative di↵erence between the production8

rates, �(pp! ⇤0
bY ) and �(pp! ⇤0

bY ), where Y represents other produced particles,9

AP ⌘ �(pp! ⇤0
bY ) � �(pp! ⇤0

bY )

�(pp! ⇤0
bY ) + �(pp! ⇤0

bY )
. (1)

Models of the hadronisation process predict increased production-rate asymmetries at10

small angles with respect to the beam direction. In addition, the production asymmetry11

is expected to decrease with increasing centre-of-mass energy [2–5].12

A precise measurement of the ⇤0
b production asymmetry is crucial to improve the13

precision of CP -violation measurements in the decays of b baryons at the LHCb experiment.14

The production asymmetry appears as background asymmetry in such measurements,15

and is the limiting systematic uncertainty for some of them [6]. There have been several16

measurements of the production asymmetry of ⇤0
b baryons at the LHC [7–9]; in none17

of them any significant e↵ect was observed. In Ref. [8] the ⇤0
b production asymmetry18

is estimated indirectly by assuming that b-hadrons are produced in particle-antiparticle19

pairs and summing the production asymmetries measured in B0, B+ and B0
s decays.20

This paper reports the measurement of the production asymmetry using the semileptonic21

⇤0
b ! ⇤+

c µ
�⌫µX and its charge conjugate ⇤0

b ! ⇤�
c µ

+⌫µX decay, where X denotes possible22

additional particles, for example from decays of excited charm baryons to ⇤+
c X and ⇤�

c X23

final states.1 The chosen ⇤0
b decay modes benefit from a high branching fraction of about24

10% [10], but have the disadvantage that the momentum of the ⇤0
b and ⇤0

b baryons is not25

fully reconstructed. The ⇤+
c and ⇤�

c baryons are reconstructed through their hadronic26

decays to pK�⇡+ and pK+⇡� final states, respectively. In the following it is assumed27

that no significant CP -violating asymmetry is present in the reconstructed ⇤0
b and ⇤+

c28

decays, as both decays are dominated by favoured, tree-level b- and c-quark transitions.29

The asymmetries caused by di↵erent reconstruction e�ciencies for positively and30

negatively charged particles are a challenge in any measurement of particle-antiparticle31

asymmetries. One source of these so-called detection asymmetries is the di↵erence in rates32

of interaction with the detector material for particles and antiparticles. A new method to33

precisely determine the interaction asymmetry of protons and antiprotons, which is of34

general interest, is developed as part of this analysis, and presented in detail. The other35

sources of detection asymmetries are corrected using methods applied in previous LHCb36

measurements.37

1The inclusion of the charge-conjugated decays is implied when not specified otherwise.
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Semileptonic decays

✓ No CP violation (expected) in the decays 
only probe the asymmetry in the baryon production 

✓ High branching fraction: 1.7M signal decays 
not limiting other measurements for CP violation 

‣ Need corrections (“k-factors”) to estimate /\b pT 
needed for differential measurement due to unresolved neutrino
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Figure 1: Dominant Feynman diagrams for ⇤0
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1 Introduction6

This analysis note presents a measurement of the particle-antiparticle asymmetry in the7

production of ⇤0

b
baryons in pp collisions at

p
s = 7 TeV and

p
s = 8 TeV. The results can8

be compared to theoretical or phenomenological predictions to improve the understanding9

of (anti-)particle production, and the tuning of Monte Carlo generators, as mentioned10

in Refs. [1] and [2]. The latter publication underlines the kinematic dependence of the11

production asymmetry. The measurement herein of Aprod(⇤0

b
) is performed in bins of ⇤0

b
12

rapidity and ⇤0

b
transverse momentum. The production asymmetry for these specific values13

of
p

s is interesting in the perspective of the earlier, indirect, measurement of this quantity,14

reported in Ref. [3]. In that measurement, integrated values of (�0.11 ± 2.53 ± 1.08)%15

and (3.44 ± 1.61 ± 0.76)% are reported for
p

s = 7 TeV and
p

s = 8 TeV, respectively,16

determined from the sum of the production asymmetries of other b-hadrons. This analysis17

can confirm the earlier measurement, and improve the overall precision on the production18

asymmetry to the sub-percent level.19

Because of their large branching fraction, semileptonic decays of ⇤0

b
and ⇤0

b
20

baryons are used, i.e. decays of the type ⇤0

b
! (⇤+

c
! pK�⇡+)µ�⌫µ X and21

⇤0

b
! (⇤�

c
! pK+⇡�)µ+⌫µ X, where X can be any additional particle or particles. This22

decay process is Cabibbo favoured, and it is assumed that all CP violation in Cabibbo23

favoured decays is negligible at the current precision. The measured asymmetries between24

observed ⇤0

b
and ⇤0

b
yields should therefore represent the production asymmetry modulo25

detector e↵ects. The dominant Feynman diagrams for this decay are shown in Fig. 1.26

The datasets recorded in 2011 and 2012 are used, the corresponding integrated27

luminosities are 1 fb�1 and 2 fb�1, respectively. A complete detector description can be28

found in Ref. [4]. Details of the detector performance can be found in Ref. [5].29

1.1 Analysis strategy30

Following the quark content of the ⇤0

b
, udb, the production asymmetry, Aprod(⇤0

b
), is31

defined as32

Aprod(⇤
0

b
) =

P(⇤0

b
) � P(⇤0

b
)

P(⇤0

b
) + P(⇤0

b
)
, (1)
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The LHCb detector

5

K/π/p separation Muon identification 
& trigger

Δp/p = 0.4 - 0.8% 
(5-100 GeV/c)Excellent vertex resolution

The /\b lives long,  
easily flies a cm!



Signal in LHCb
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PV
K�

What if the detector is more efficient in 
reconstructing p K- π+ µ- than p K+ π- µ+ ?

Adet =
"+ � "�

"+ + "�

(charge neutral final state, but not all particles have the same efficiency)

⇤0
b

⇤+
c

p

⇡+

µ�⌫µ

4 Formalism118

The measured (raw) asymmetry between the decays ⇤0
b ! ⇤+

c µ
�⌫µX and ⇤0

b ! ⇤�
c µ

+⌫µX119

is defined as120

Araw =
N (⇤+

c (! pK�⇡+)µ�) � N
�
⇤�

c (! pK+⇡�)µ+
�

N (⇤+
c (! pK�⇡+)µ�) +N

�
⇤�

c (! pK+⇡�)µ+
� , (3)

where N denotes the number of observed decays. The raw asymmetry can be expressed121

in terms of the production rates of ⇤0
b and ⇤0

b hadrons, � (pp! ⇤0
bY ) and �

�
pp! ⇤0

bY
�
,122

and the reconstruction e�ciencies ✏(h±) of given particle species h denoting proton, kaon,123

pion, and muon tracks, as124

Araw =
�(pp! ⇤0

bY )✏(p)✏(K�)✏(⇡+)✏(µ�) � �(pp! ⇤0
bY )✏(p)✏(K+)✏(⇡�)✏(µ+)

�(pp! ⇤0
bY )✏(p)✏(K�)✏(⇡+)✏(µ�) + �(pp! ⇤0

bY )✏(p)✏(K+)✏(⇡�)✏(µ+)
. (4)

The detection asymmetry of a particle h+ is defined as125

AD(h
+) =

✏(h+) � ✏(h�)

✏(h+) + ✏(h�)
, (5)

and similarly for an antiparticle h�. Using the definitions in Eq. 1, Eq. 5, and neglecting126

third-order and higher terms in the asymmetries, the raw asymmetry can be approximated127

as128

Araw ⇡ AP + AD(pK
�⇡+µ�) = AP + AD(p) + AD(K

�) + AD(⇡
+) + AD(µ

�) . (6)

Equation 6 is valid up to corrections of order 10�4, which is well below the statistical129

uncertainty of the measurement.130

The detection asymmetries of di↵erent particle species have di↵erent components.131

All charged particles are a↵ected by the magnetic dipole field which deflects positively132

and negatively charged particles in opposite directions. Thus, left-right asymmetric133

imperfections of the detector in the tracking, particle identification or trigger systems134

produce detection asymmetries for charged particles. These detection asymmetries can135

be studied and e↵ectively reduced by reversing the polarity of the dipole magnet. To be136

detected, a charged particle must traverse the full tracking system without undergoing an137

inelastic scatter or an elastic scatter with a large deflection angle [20]. Therefore, di↵erent138

interaction rates for particles and antiparticles with the detector material are a source139

of detection asymmetries, referred to as interaction asymmetry. This type of detection140

asymmetry is mostly independent of the magnet polarity. A sizable interaction asymmetry141

in the relevant momentum range of 2 to 100GeV/c is expected for kaons and protons, a142

negligible interaction asymmetry is expected for pions, and the interaction asymmetry is143

absent for muons.144

The corrections due to detection asymmetries are determined in separate steps, ap-145

proximating AD(pK�⇡+µ�) in Eq. 6 as146

AD(pK
�⇡+µ�) ⇡ Aint(p) +APID(p) +Atrigger+PID(µ

�) +Atrack(pµ
�) +AD

�
K�⇡+

�
, (7)

where Aint(p) denotes the interaction asymmetry of protons (Section 6.1); APID(p) the147

asymmetry from identifying protons (Section 6.2); Atrigger+PID(µ�) the asymmetry from148
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LHCb’s charge separation
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Dipole 
magnet

Positively 
charged muon

Negatively 
charged muon

Reversing the magnet polarity doesn’t cancel asymmetries of order 10-3

z

x

B field

muon  
stations

Need to understand asymmetries for polarities separately - large tag-and-probe samples

Expected precision measurement: O(0.3)%

Phys. Rev. Lett. 117 (2016) 061803

LHCb-PUB-2014-006

https://cds.cern.ch/ejournals.py?publication=Phys.+Rev.+Lett.&volume=117&year=2016&page=061803


LHCb’s charge separation
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ε(p) < ε( p ) 

Simulation: O(1.5%) effect 
New calibration developed

10 210
]cProton momentum [GeV/

65
70
75
80
85
90
95

100
105
110

To
ta

l c
ro

ss
-s

ec
tio

n 
[m

b]

p-deuterium data
p-deuterium fit
-deuterium datap
-deuterium fitp

LHCb’s charge separation

9

Dipole 
magnet

protonz

x

B field

anti-proton

C. Patrignani et al. (Particle Data Group),  
Chin. Phys. C, 40, 100001 (2016)

https://pdg.lbl.gov/2016/html/authors_2016.html


p

/\

?

π -

PV

Absolute momentum of proton 
resolved by pointing constraint

Measure efficiency 
per charge



p

/\

?

π -

PV

1100 1110 1120 1130
]2c) [MeV/−πp(m

2000
4000

6000
8000

10000
12000

14000
16000)2 c

C
an

di
da

te
s p

er
 (0

.5
4 

M
eV

/ -1fbData 0.7
Fit
Signal
Comb. bkg.
Reflection

LHCb
V = 13 Tes

Measure efficiency 
per charge

Absolute momentum of proton 
resolved by pointing constraint



(Anti)Proton interaction calibration
Complication protons from /\ lower pT than protons from b-hadrons 

Ansatz: approximate detector as deuterium, use precise p-deut. cross-
sections collected by COMPASS group, published in PDG 

➡ [Cross-sections] + [Detector material map]
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used. The measured proton-interaction asymmetries as a function of proton momentum313

and pseudorapidity are given in Fig. 6.314

The measured asymmetries are compared to the expected proton-interaction asymmetry315

from (anti)proton-deuterium cross-sections according to Eq. 16. The coe�cients Csim
~p are316

determined with simulation in momentum ranges of [5, 15], [15, 30] and [30, 75] GeV/c to317

be 0.91±0.02, 0.85±0.02 and 0.73±0.05. Using the proton momentum and the last hit of318

the proton track in the VELO, the path of the proton through the detector is determined319

and the expected proton-interaction asymmetry is calculated according to Eq. 13. A test320

with simulated data shows good agreement between the asymmetry determinations with321

⇤! p⇡� decays and (anti)proton-deuterium cross-sections when the parameter Fdata is322

fixed to 1. Using ⇤! p⇡� decays in data, the parameter Fdata is determined from a fit323

to be 0.967 ± 0.017. The fit has a �2 of 20.8 with 19 degrees of freedom, showing a very324

good statistical agreement of the asymmetry between measurement and estimation from325

(anti)proton-deuterium cross-sections. The resulting correction factor Fdata is subsequently326

used in the determination of the proton-interaction asymmetry of ⇤0
b ! ⇤+

c µ
�⌫µX decays.327

As a test, the same procedure is repeated with ⇤ and K0
S candidates with the proton328
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Figure 6: Proton-interaction asymmetry measured as di↵erence in detection asymmetries between
protons originating from ⇤ ! p⇡� and pions from K0

S ! ⇡+⇡� decays in 2017 and 2018 data,
split in three intervals of pseudorapidity. The ⌘ ranges are [2, 3], [3, 4] and [4.00, 4.25] from top
left to bottom. Also shown are the predictions from the proton-deuterium cross-sections. Model
uncertainties shown here are a constant 10% uncertainty due to the knowledge on the material
budget [25]. These uncertainties are not used in the �2 values reported in the text. The vertical
line shows the lower cuto↵ in momentum used in the fit.
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Test using calibration data



Resulting correction

13

Resulting relative precision for LHCb 
about 10%, with still room for 
improvement.  

Gives rise to a correlated systematic 
uncertainty across rapidity bins.  

Comparable in size, but opposite in 
sign, to the sum of all other 
nuisance asymmetries.

reconstructed in the first two tracking detectors, VELO and TT, instead of the VELO329

only. By restricting the method to such tracks, the overall material a↵ecting the inferred330

e�ciency is reduced, but the average composition is di↵erent, making it a complementary331

test of the method. The predicted asymmetries are about two times smaller. Using the332

previously determined parameter Fdata, a very good agreement with a �2 of 18.8 with 19333

degrees of freedom is observed between measurement and prediction from (anti)proton-334

deuterium cross-sections.335

6.1.6 Application to signal decays336

The measurement using ⇤! p⇡� decays presented in the previous section probes the337

interaction asymmetry of material downstream of the VELO, which is about two-thirds of338

the total material budget of the tracking system [26]. Additionally, protons from ⇤ decays339

have a relatively soft momentum spectrum compared to the protons from ⇤0
b decays.340

Therefore, the formalism given in Eq. 16, which explicitly accounts for the momentum341

dependence and the full detector geometry, is used to determine the proton-interaction342

asymmetry for ⇤+
c (! pK�⇡+)µ� candidates.343

For ⇤+
c ! pK�⇡+ decays, the e�ciency correction of hadronic scattering is smaller344

compared to ⇤ decays as the ⇤+
c decay has a larger Q value. The correction factors Csim

~p345

vary between 0.9 and 0.95 for proton momenta from 10 to 150GeV/c. The asymmetry due346

to the proton-interaction asymmetry is then estimated for the protons in the ⇤0
b signal347

decays by averaging Eq. 16 over the hypothetical paths through the detector material348

given by the ⇤+
c decay vertices and the proton momenta. Di↵erences between data and349

simulation are accounted for by the e↵ective correction of the material map Fdata of350

0.967±0.017. The proton-interaction asymmetry varies between 1% and 2% depending on351

⇤0
b kinematics, and is shown as a function of ⇤0

b rapidity and pT in Fig. 7 for
p
s = 8TeV352

data. The small di↵erence between the results for the two magnet polarities is due to an353

asymmetric material distribution in the tracking stations. The results for
p
s = 7TeV are354

almost identical, as the material density is the same.355

The systematic uncertainties on the proton-interaction asymmetry are summarised356
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Figure 7: Proton-interaction asymmetry versus ⇤0
b (left) rapidity and (right) pT for data taken

at a centre-of-mass energy of
p

s = 8TeV. The results are shown separately for (red upward
triangles) magnet up, (blue downward triangles) magnet down and (black dots) their average.
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Promising technique for other baryon-asymmetry measurements



Results

14

• Not compatible with zero (> 5 sigma) 
• Significant trend as a function of rapidity (4.1 sigma) 
• No significant variation as a function of pT 
• Hint for difference 8-7 TeV, not significant (2.6 sigma) 
• Compatible w/sum of production asymmetries of other b-

hadrons in the LHCb acceptance [Phys. Lett. B 774 (2017) 139-158] 
(uncertainty: ~1.8%)

y (pT) distribution, the obtained �2 value is 12.9 (5.2) with 14 (10) degrees of freedom,517

corresponding to a p-value of 54% (88%).518

The production asymmetries are found to be incompatible with zero for both 7 and519

8TeV data, with �2 = 51.1 and �2 = 51.7 with 7 degrees of freedom each, corresponding520

to p-values of 8.9 ⇥ 10�9 and 6.6 ⇥ 10�9. To test whether the production asymmetry is521

independent of rapidity, the asymmetries observed in
p
s = 7TeV and 8TeV data are522

fitted separately with a constant; the minimized �2 values are 13.3 and 30.4, respectively,523

with 6 degrees of freedom each, corresponding to p-values of 3.8 ⇥ 10�2 and 3.3 ⇥ 10�5.524

As a di↵erence between the production asymmetries at
p
s = 7TeV and

p
s = 8TeV is525

expected, the compatibility between the measurements at both energies is calculated. The526

�2 is 18.6 with 7 degrees of freedom corresponding to a p-value of 9 ⇥ 10�3.527

In summary, an asymmetry between ⇤0
b and ⇤0

b production is observed at the 5.8528

standard deviations (�) level for both
p
s = 7TeV and

p
s = 8TeV data.3 There is an529

evidence for a dependence of this asymmetry on the ⇤0
b rapidity at the 4.1 � level at530 p

s = 8TeV, 2.1 � at
p
s = 7TeV. The asymmetries at

p
s = 7TeV and

p
s = 8TeV are531

found compatible at the 2.6 � level. No significant variation in the production asymmetry532

is observed as a function of pT. To illustrate typical production asymmetries for ⇤0
b decays533

reconstructed at the LHCb experiment, the asymmetries observed across pT intervals are534

averaged, which implicitly takes the observed y and pT distributions into account. The535

results are (1.92 ± 0.35)% for
p
s = 7TeV and (1.09 ± 0.29)% for

p
s = 8TeV.536
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Figure 9: Measured ⇤0
b production asymmetry versus (left) rapidity and (right) transverse

momentum. The uncertainties are the quadratic sums of statistical and systematic uncertainties.
The results in neighbouring intervals are correlated.

8.1 Comparison with theory537

In this section, theoretical predictions for the ⇤0
b production asymmetry as a function of538

y and pT are compared to the measurements. Di↵erent models of colour reconnection539

implemented in Pythia are considered [13], along with results from the heavy-quark540

recombination model [4] applied to ⇤0
b production in pp collisions [5]. The predictions541

3The compatibility in units of Gaussian standard deviations, n �, is derived from the p-value via
n(p) =

p
2 erf�1(1 � p) where erf is the error function.
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Theory comparisons: Pythia

15

uncertainties on the Pythia models shown here are only due to the limited sample size556

of about 12.5 million events. The results of the Pythia hadronisation model describing557

the data best, along with the predictions of the heavy-quark recombination model are558

presented in Fig. 11. The uncertainties on the heavy-quark recombination model are the559

systematic uncertainties given in Ref. [5]. Overall, the predictions from the heavy-quark560

recombination model are consistently higher than the 8TeV measurements, but remain561

within uncertainties. For Pythia, only the model CR1 shows a good agreement with562

the
p
s = 7TeV measurements but it is also consistently higher at 8TeV. The two other563

tested settings predict asymmetries that are too large, exhibiting the strongest deviation564

at low transverse momentum.565
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Figure 10: Comparison of the ⇤0
b production asymmetry predicted by the various Pythia

models, where CR1 refers to the QCD-inspired model and CR2 refers to the gluon-move model,
and the measured production asymmetries. Results versus ⇤0

b (left) rapidity y and (right) pT are
shown for centre-of-mass energies of (top)

p
s = 7TeV and (bottom)

p
s = 8TeV. Uncertainties

on the predictions are due to limited simulation sample sizes.

9 Conclusions566

The most precise measurements of the ⇤0
b production asymmetry in

p
s = 7TeV and 8TeV567

proton-proton collisions have been presented. A new method to estimate asymmetries in568

the interaction of protons and antiprotons with the detector material has been developed.569
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Pythia: various 
models for colour 

reconnection 

“CR1”: introduced in 
JHEP 08 (2015), 003 

“CR2”: “Gluon-move”: 
introduced in  

JHEP11 (2014), 043

“CR1” preferred



Theory comparisons: HQR
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Figure 11: Comparison of the measured ⇤0
b production asymmetry (points with error bars)

with the predictions by the most compatible Pythia model and the heavy-quark recombination
model (HQR). Results versus ⇤0

b (left) rapidity y and (right) pT are shown for for centre-of-mass
energies of (top)

p
s = 7TeV and (bottom)

p
s = 8TeV. Uncertainties for the CR1 Pythia

model are due to limited simulation sample sizes. Those from the heavy-quark recombination
model are systematic as provided by the authors, and have the results in the lowest pT interval
hatched as the authors claim their results are reliable only for pT > 5GeV/c [4, 5].

The ⇤0
b production asymmetry has been measured in intervals of rapidity and transverse570

momentum, covering the ranges 2.15 < y < 4.10 and 2 < pT < 27GeV/c. A significant571

asymmetry in b-hadron production has been observed for the first time with strong evidence572

for a dependence on ⇤0
b rapidity. The results for

p
s = 7TeV and

p
s = 8TeV proton-573

proton collisions are compatible at the 2.6 � level, with asymmetries on average being574

lower at
p
s = 8TeV. The measured values are consistent with the less precise indirect575

determinations presented in Ref. [8]. A comparison of the obtained results with several576

theoretical predictions has been performed. The measured asymmetries as a function577

of rapidity and pT disfavour the Pythia Monash and CR2 tunes, but are compatible578

with other colour-reconnection models implemented in Pythia and predictions from579

heavy-quark recombination.580
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“HQR”: heavy-quark 
recombination,  

A. Leibovich & W-K Lai 
Phys. Rev. D 91, 054022 (2015)

Impressive agreement 
8 TeV data slightly lower than expectations



Conclusion
• Observed particle-antiparticle asymmetries in b-hadron production at 

the LHC energies: slightly more /\b than /\b are produced in forward 
region. Large improvement in precision (from 1.8%1 to 0.3%). 

• A strong evidence for a dependence on the rapidity is seen; no 
trend in pT.  

• Predictions from heavy-quark recombination and one of the colour-
reconnection models in Pythia8 provide a reasonable agreement 

• Technique to estimate the nuisance asymmetry due to the proton 
interactions applicable to other measurements of CPV as well. 

17
1: [Phys. Lett. B 774 (2017) 139-158] 

https://arxiv.org/abs/1703.08464
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