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Beauty baryons at LHCb 
•  Most precise measurement of           using                        decays 

•  First observation of pentaquarks using                            decays 

•  Observation of        and        in           mode 

•  Observation of two orbitally excited        states 

•  Mass, lifetimes and branching ratios measurements 

•  Search for CPV 

•  At LHCb b-baryons are produced in unprecedented quantities 
‣  opens a new !eld in "avour physics for precision measurements 
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Nicola Neri CP violation in baryon decays - CERN 2016

CPV in b-hadrons 
‣ Same underlying short distance physics for b-baryons 

and B mesons but with different spin and QCD structure

5

⇤0
b ! p⇡� B0
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‣ Systematic study of CPV in b-baryons and in B mesons 
for a stringent test of CKM mechanism

V

V

vasF

F

Vub
b

u
u
d u

d

W-
ūd

V

V

F

Vub
b

ud
d

W-
ū

d

V*tdb

uu
d u

d

W-
d

t ū V*tdb

u

W-
d

t ū

vasF

d
d

Vincenzo(Vagnoni(
INFN(Bologna(

(
(

Alla ricerca di asimmetrie!
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a LHCb!
Introduction Physics Motivations 

Physics Motivation 

•  At LHC b-baryons are produced in unprecedented quantities à opens 
a new !eld in "avour physics for precision measurements 
•  Mass, lifetimes and branching ratios measurements 
•  CP violation (CPV) 

•  CP violation (CPV) in b-baryons: 
•  CKM mechanism predicts sizeable  

 amount of CPV in b-baryons that  
 can be precisely measured 

•  Complementary means to test 
Standard Model with respect to 
B mesons 
 
 
 
 
 

•  Same underlying short distance physics as B mesons, with 
different spin and QCD structure 

•  New CPV sources 
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Introduction b-baryons production 

b-baryons production 
•  Production cross-section strongly depends on pT of the hadron: 

‣  measurement of             vs pT of b-quark is cleaner to interpret. 
Expected a slow dependence in that case 

•  Large production of  

 
 
 

 
 
 

•  Production of      is 1/5 the       production from a naive estimate 
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Figure 4: Ratio of production fractions f⇤0

b

/fd as a function of pT of the b hadron from LHCb
data for b hadrons decaying semileptonically [45] and fully reconstructed in hadronic decays [47].
The curve represents a fit to the LHCb hadronic data [47]. The computed LEP ratio is included
at an approximate pT in Z decays, but does not participate in any fit.

fs/fd decreases with pT using fully reconstructed B0
s and B0 decays and theoretical predictions

for branching ratios [46]9. Figure 5 shows the ratio Rs = fs/fu as a function of pT measured by
CDF and LHCb. Two fits are performed. The first fit, using a linear parameterization, yields
Rs = (0.2760 ± 0.0068) � (0.00191 ± 0.00059)[GeV/c]�1 ⇥ pT. A second fit, using a simple
exponential, yields Rs = exp {(�1.293± 0.028)� (0.0077± 0.0025)[GeV/c]�1 ⇥ pT}. The two
fits are nearly indistinguishable over the pT range of the results, but the second gives a physical
value for all pT. Rs is also calculated for LEP and placed at the approximate pT for the b
hadron, though the LEP result doesn’t participate in the fit. Our world average for Rs is also
included in the figure for reference.

In order to combine or compare LHCb results with other experiments, the pT-dependent
f⇤0

b

/(fu + fd) is weighted by the pT spectrum.12 Table 4 compares the pT-weighted LHCb data
with comparable averages from CDF. The average CDF and LHCb data are in good agreement

12 In practice the LHCb data are given in 14 bins in p

T

and ⌘ with a full covariance matrix [45]. The weighted
average is calculated as D

T
C

�1

M/�, where � = D

T
C

�1

D, M is a vector of measurements, C�1 is the inverse
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Phys.Rev.Le>.	  113	  (2014)	  032001	  	  
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Experimental results 

•                           3 body decay, search for CPV with 

‣                   , search for CPV with triple products 

•                               4 body decay, search for CPV with triple products  

•                          !rst searches for charmless         decays 

  Λb →Λh+h '−

 Λb →Λφ

 Λb → pπ −π +π −

 Ξb
− → ph− ′h −

  ΔACP

 Ξb
−
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•  Never observed before 
•  Proceed via tree-level (Vub) or loop-induced 
•  Suppressed decay rates in SM 
•  Potential CPV due to large interference 

•                  transition studied in B0, Bs since new physics 
in the loop could induce non-SM CPV 

J. FU (UNIMI & INFN) CPV in baryon decays at LHCb 2016.09.27     48

u u
d d

s

s
b u

b
0Λ

Λ

+K

)- (K-πu
d

u u
d d

s

s

b d

u

u

b
0Λ

Λ

+K

)- (K-π

Search for CPV in                      decays      

JHEP 05 (2016) 081
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                   &               decays   Λb
0 → Λh+h'−
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The Λ0
b → Λφ decay is observed using data corresponding to an integrated luminosity of 3.0 fb−1

recorded by the LHCb experiment. The decay proceeds at leading order via a b → sss loop transition and 
is therefore sensitive to the possible presence of particles beyond the Standard Model. A first observation 
is reported with a significance of 5.9 standard deviations. The value of the branching fraction is measured 
to be (5.18 ± 1.04 ± 0.35 +0.67

−0.62) × 10−6, where the first uncertainty is statistical, the second is systematic, 
and the third is related to external inputs. Triple-product asymmetries are measured to be consistent 
with zero.

 2016 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

In the Standard Model (SM), the flavour-changing neutral cur-
rent decay Λ0

b → Λφ proceeds via a b → sss loop (penguin) pro-
cess. A Feynman diagram of the gluonic penguin that contributes 
to this decay at leading order is displayed in Fig. 1. This transi-
tion has been the subject of theoretical and experimental interest 
in B0

s and B0 decays, since possible beyond the SM particles in the 
loop could induce non-SM CP violation [1–3]. The process has been 
probed with decay-time-dependent methods in the B0

s → φφ and 
B0→ K 0

S φ decay modes [4–7], which test for CP violation in the in-
terference between mixing and decay. In addition, measurements 
of CP violation in the decay have been performed with the flavour-
specific B0 → K ∗0φ channel [8]. The results to date are consistent 
with CP conservation in the b → sss process. Model-independently, 
non-SM physics contributions could appear differently in these de-
cay modes, though many models contain strong correlations [9].

Measurements with Λ0
b baryons offer the possibility to look for 

CP violation in the decay, both by studying CP asymmetries and by 
means of T -odd observables. These observables have been stud-
ied in greater detail for B0

s and B0 meson decays than those for 
Λ0

b baryons [4,8,10,11]. Proposed methods to study T -odd asym-
metries of Λ0

b baryons [12] exploit the polarisation structure of 
Λ0

b → ΛV decays, where V denotes a vector resonance [12], and 
can be affected by the initial Λ0

b polarisation if non-zero. An 
LHCb measurement of the initial polarisation in Λ0

b → J/ ψΛ de-
cays has yielded a value consistent with zero, though polarisation 
at the level of 10% is possible given statistical uncertainties [13]. 
No SM prediction exists specifically for the T -odd asymmetries in 
Λ0

b → Λφ decays, though no large asymmetries are expected given 
the prediction of CP conservation in the decays of beauty mesons 
for the same transition. Measurements of CP asymmetries have 

Fig. 1. Feynman diagram contributing to the Λ0
b → Λφ decay.

been performed by LHCb in an inclusive analysis of Λ0
b → Λhh′ de-

cays [14], where h(h′) refers to a kaon or pion, with corresponding 
CP asymmetries measured to be consistent with zero.

In this paper, a measurement of the Λ0
b → Λφ branching frac-

tion is presented using the B0 → K 0
S φ decay as a normalisation 

channel, which has a measured branching fraction of (7.3+0.7
−0.6) ×

10−6 [15]. The selection requirements used to isolate the Λ0
b →

Λφ decay with well-understood efficiencies reject suitable control 
channels for a $ACP measurement. The Λ0

b → Λφ sample is then 
used to perform measurements of the T -odd triple-product asym-
metries, which do not require a control channel. The results are 
based on pp collision data corresponding to an integrated lumi-
nosity of 1.0 fb−1 and 2.0 fb−1 collected by the LHCb experiment 
at centre-of-mass energies of 

√
s = 7 TeV in 2011 and 8 TeV in 

2012, respectively.

2. Detector and simulation

The LHCb detector [16,17] is a single-arm forward spectrome-
ter covering the pseudorapidity range 2 < η < 5, designed for the 

http://dx.doi.org/10.1016/j.physletb.2016.05.077
0370-2693/ 2016 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
SCOAP3.
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0 → Λφ

  Λb
0 → Λφ



Branching fraction measurements 

signal yields 

J
H
E
P
0
5
(
2
0
1
6
)
0
8
1

Mode Run period Yield

Λ0
b Ξ0

b

downstream long downstream long

2011 10.2± 5.5 8.7± 4.7 −0.6± 2.4 4.9± 3.2

Λπ+π− 2012a 9.1± 5.2 13.6± 5.7 5.3± 3.6 1.0± 2.6

2012b 17.2± 7.1 6.2± 4.6 3.9± 4.0 4.1± 2.7

Total 65± 14 19± 8

2011 20.9± 6.4 8.2± 3.5 3.5± 3.7 −0.7± 2.4

ΛK±π∓ 2012a 9.3± 3.7 1.7± 3.6 −0.1± 1.7 0.3± 1.5

2012b 39.7± 8.9 16.9± 5.1 2.9± 4.5 −1.8± 1.5

Total 97± 14 4± 7

2011 32.3± 6.4 20.1± 4.6 0.6± 2.3 0.0± 0.6

ΛK+K− 2012a 22.2± 5.3 15.9± 4.2 0.5± 2.4 0.0± 0.5

2012b 60.5± 8.5 34.4± 6.1 3.0± 2.7 0.0± 0.6

Total 185± 15 4± 4

2011 78.1± 9.1 78.9± 9.2

(Λπ+)Λ+
c
π− 2012a 45.0± 7.0 63.0± 8.3

2012b 115.3± 11.1 90.7± 9.8

Total 471± 22

Table 1. Signal yields for the Λ0
b and Ξ0

b decay modes under investigation. The totals are simple
sums and are not used in the analysis.
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Figure 1. Results of the fit for the (left) Λ0
b → (Λπ+)Λ+

c
π− control mode and (right) Λπ+π−

signal final states, for all subsamples combined. Superimposed on the data are the total result of
the fit as a solid blue line, the Λ0

b (Ξ0
b ) decay as a short-dashed black (double dot-dashed grey) line,

cross-feed as triple dot-dashed brown lines, the combinatorial background as a long-dashed green
line, and partially reconstructed background components with either a missing neutral pion as a
dot-dashed purple line or a missing soft photon as a dotted cyan line.

signal components, are 5.2σ, 8.5σ, and 20.5σ respectively. The effects of systematic

uncertainties on these values are given in section 6. The statistical significances for all Ξ0
b

decays are less than 3 σ.

– 7 –

  Ncontrol (Λb
0 →Λc

+π − ) = 471± 22   N sig (Λb
0 →Λπ +π − ) = 64 ±14, 4.7σ

Control	  sample	  

Cross-‐feed	  

Comb.	  

  Λb
0

  Λb
0

  Ξb
0 = 19 ±8

   B(Λb
0 →Λπ +π − ) = (4.6 ±1.2 ±1.4 ± 0.6)×10−6

   

fΞb
0

fΛb
0

×B(Ξb
0 →Λπ +π − ) <1.7(2.1)×10−6

JHEP	  05	  (2016)	  081	  

Evidence 

Par3al	  recon.	  
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Upper limits at 90 (95)% CL 
Measurements: 

   B(Λb
0 →Λc

+π − )
Control sample 

  Λb
0 → Λh+h'−
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Figure 2. Results of the fit for the (left) ΛK±π∓ and (right) ΛK+K− final states, for all
subsamples combined. Superimposed on the data are the total result of the fit as a solid blue
line, the Λ0

b (Ξ0
b ) decay as a short-dashed black (double dot-dashed grey) line, cross-feed as triple

dot-dashed brown lines, the combinatorial background as a long-dashed green line, and partially
reconstructed background components with either a missing neutral pion as a dot-dashed purple
line or a missing soft photon as a dotted cyan line.
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Figure 3. Background-subtracted and efficiency-corrected Dalitz plot distributions for (left)
Λ0
b → ΛK+π− and (right) Λ0

b → ΛK+K− with data from all subsamples combined. Boxes with a
cross indicate negative values.

As significant yields are obtained for Λ0
b → ΛK+π− and Λ0

b → ΛK+K− decays, their

Dalitz plot distributions are obtained from data using the sPlot technique and applying

event-by-event efficiency corrections based on the position of the decay in the phase space.

These distributions are used to determine the average efficiencies for these channels, and

are shown in figure 3, where the negative (crossed) bins occur due to the statistical nature

of the background subtraction. The Λ0
b → ΛK+K− signal seen at low m2(K+K−) is

consistent with the recent observation of the Λ0
b → Λφ decay [10]. Although the statistical

significance of the Λ0
b → Λπ+π− channel is over 5 σ, the uncertainty on its Dalitz plot

distribution is too large for this method of determining the average efficiency to be viable.

– 8 –

   N sig (ΛK ±π  ) = 97 ±14, 8.1σ   N sig (ΛK +K − ) = 185±15,15.8σ

Cross-‐feed	   Cross-‐feed	  
Par3al	  recon.	  

Comb.	  

Comb.	  

  Λb
0

  Λb
0

  Ξb
0 = 4 ± 4  Ξb

0 = 4 ± 7

   B(Λb
0 →ΛK +π − ) = (5.6 ± 0.8± 0.8± 0.7)×10−6

   

fΞb
0

fΛb
0

×B(Ξb
0 →ΛK −π + ) < 0.8(1.0)×10−6

   B(Λb
0 →ΛK +K − ) = (15.9 ±1.2 ±1.2 ± 2.0)×10−6

JHEP	  05	  (2016)	  081	  

First observation 

Par3al	  recon.	  
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fΞb
0

fΛb
0

×B(Ξb
0 →ΛK −K + ) < 0.3(0.4)×10−6

Upper limits at 90 (95)% CL Measurements: 

signal yields   Λb
0 → Λh+h'−



Search for CPV 

Search for CPV 

  
ACP

raw =
N f

corr − N f
corr

N f
corr + N f

corr ‣         = efficiency-corrected yield 
for              decays 

   

ACP = ACP
raw − (AP +AD )

ΔACP = ACP (Λb
0 →Λh+ ′h − ) = ACP

raw (Λb
0 →Λh+ ′h − )−ACP

raw (Λb
0 → (Λπ + )Λc

+π − )

•  Use                               as control model: 
‣  Negligible CPV effect 
‣  Production asymmetry      cancel at !rst order 
‣  Most detection asymmetry      cancel at !rst order 

  
Λb

0 → (Λπ + )Λc
+π −

   

ACP (Λb
0 →ΛK +π − ) = −0.53± 0.23± 0.11

ACP (Λb
0 →ΛK +K − ) = −0.28± 0.10 ± 0.07

Consistent with CP 
symmetry 

JHEP	  05	  (2016)	  081	  

  Λb
0 (Λb

0 )

  AP

  AD
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Fig. 2. Fit projections to the pπ− K + K − invariant mass in the (a) long and (b) downstream datasets, the K + K − invariant mass in the (c) long and (d) downstream datasets, 
and the pπ− invariant mass in the (e) long and (f) downstream datasets. The total fit projection is given by the blue solid line. The blue and green dotted lines represent 
the φ + Λ and pure combinatorial fit components, respectively. The red and magenta dashed lines represent the Λ0

b → Λφ signal and the Λ0
b → ΛK + K − non-resonant 

components, respectively. Black points represent the data. Data uncertainties are Poisson 68% confidence intervals. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)

certainties in the efficiency of the hardware trigger selections are 
estimated using data-driven methods, for which an uncertainty of 
2.8% is applied. The BDTs used to select signal and control modes 
use the same input variables. Biases could exist if the simulation 
mismodels these variables differently for signal and control modes. 
In order to quantify this effect, the control mode is selected with 
the same classifier as the signal decay. The difference in the mea-
sured branching fraction is found to be 4.1%.

The Λ0
b → Σ0(→ Λγ )K +K − and Λ0

b → pK −φ decay modes 
are found to be the only significant peaking background contribu-
tions. However, for the case of the Λ0

b → pK −φ decay, the result-
ing candidates are reconstructed in the long dataset only. With the 
assumption that the branching fraction for this decay is the same 
size as for the signal, the contribution is < 1% compared to the 
Λ0

b → Λφ decay and far from the Λ0
b signal region, and is therefore 

ignored. In order to determine the shape in the pπ− K +K − spec-
trum of the Λ0

b → Σ0 K +K − decay, a sample of Λ0
b → Σ0 K +K −

simulated events is used with a requirement that the K +K − in-
variant mass is within 30 MeV/c2 of the nominal φ mass. The 
inclusion of an additional fit component using the shape from sim-
ulation is found to have a small effect on the signal yield at the 
level of 0.1%, which is assigned as a systematic uncertainty. For the 
case of the B0 → K 0

S φ control mode, no peaking background con-
tributions have been identified.

The branching fraction ratio is measured to be

B(Λ0
b → Λφ)

B(B0→ K 0
S φ)

= 0.55 ± 0.11 (stat) ± 0.04 (syst)

± 0.05 ( fd/ fΛ0
b
).

The use of the world average value of B(B0 → K 0
S φ) =(3.65 +0.35

−0.30) ×
10−6 [15] gives the final result of

B(Λ0
b → Λφ)/10−6 = 5.18 ± 1.04 (stat)

± 0.35 (syst) +0.50
−0.43 (B(B0→ K 0

S φ))

± 0.44 ( fd/ fΛ0
b
).

6. Triple-product asymmetries

The Λ0
b → Λφ decay is a spin-1/2 to spin-1/2 plus vector tran-

sition. Five angles are needed to describe this decay since Λ0
b

baryons may potentially be produced with a transverse polarisa-
tion in proton–proton collisions [13], as shown in Fig. 4. The angle 
θ is defined as the polar angle of the Λ baryon in the Λ0

b rest 
frame with respect to the normal vector defined through

n̂ =
$p1 × $pΛ0

b

|$p1 × $pΛ0
b
| , (2)

where $p1 is the momentum of an incoming proton and $pΛ0
b

is the 
momentum of the Λ0

b baryon. The angles θΛ and 'Λ are defined 
as the polar and azimuthal angles of the proton from the decay 
of the Λ baryon in the Λ rest frame. The angles θφ and 'φ are 
defined as the polar and azimuthal angles of the K + meson in the 
rest frame of the φ meson.

Triple-product asymmetries, which are odd under time-reversal, 
have been proposed by Leitner and Ajaltouni using the azimuthal 
angles 'ni , i ∈ {Λ, φ}, defined as [12]
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Fig. 2. Fit projections to the pπ− K + K − invariant mass in the (a) long and (b) downstream datasets, the K + K − invariant mass in the (c) long and (d) downstream datasets, 
and the pπ− invariant mass in the (e) long and (f) downstream datasets. The total fit projection is given by the blue solid line. The blue and green dotted lines represent 
the φ + Λ and pure combinatorial fit components, respectively. The red and magenta dashed lines represent the Λ0

b → Λφ signal and the Λ0
b → ΛK + K − non-resonant 

components, respectively. Black points represent the data. Data uncertainties are Poisson 68% confidence intervals. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)

certainties in the efficiency of the hardware trigger selections are 
estimated using data-driven methods, for which an uncertainty of 
2.8% is applied. The BDTs used to select signal and control modes 
use the same input variables. Biases could exist if the simulation 
mismodels these variables differently for signal and control modes. 
In order to quantify this effect, the control mode is selected with 
the same classifier as the signal decay. The difference in the mea-
sured branching fraction is found to be 4.1%.

The Λ0
b → Σ0(→ Λγ )K +K − and Λ0

b → pK −φ decay modes 
are found to be the only significant peaking background contribu-
tions. However, for the case of the Λ0

b → pK −φ decay, the result-
ing candidates are reconstructed in the long dataset only. With the 
assumption that the branching fraction for this decay is the same 
size as for the signal, the contribution is < 1% compared to the 
Λ0

b → Λφ decay and far from the Λ0
b signal region, and is therefore 

ignored. In order to determine the shape in the pπ− K +K − spec-
trum of the Λ0

b → Σ0 K +K − decay, a sample of Λ0
b → Σ0 K +K −

simulated events is used with a requirement that the K +K − in-
variant mass is within 30 MeV/c2 of the nominal φ mass. The 
inclusion of an additional fit component using the shape from sim-
ulation is found to have a small effect on the signal yield at the 
level of 0.1%, which is assigned as a systematic uncertainty. For the 
case of the B0 → K 0

S φ control mode, no peaking background con-
tributions have been identified.

The branching fraction ratio is measured to be

B(Λ0
b → Λφ)

B(B0→ K 0
S φ)

= 0.55 ± 0.11 (stat) ± 0.04 (syst)

± 0.05 ( fd/ fΛ0
b
).

The use of the world average value of B(B0 → K 0
S φ) =(3.65 +0.35

−0.30) ×
10−6 [15] gives the final result of

B(Λ0
b → Λφ)/10−6 = 5.18 ± 1.04 (stat)

± 0.35 (syst) +0.50
−0.43 (B(B0→ K 0

S φ))

± 0.44 ( fd/ fΛ0
b
).

6. Triple-product asymmetries

The Λ0
b → Λφ decay is a spin-1/2 to spin-1/2 plus vector tran-

sition. Five angles are needed to describe this decay since Λ0
b

baryons may potentially be produced with a transverse polarisa-
tion in proton–proton collisions [13], as shown in Fig. 4. The angle 
θ is defined as the polar angle of the Λ baryon in the Λ0

b rest 
frame with respect to the normal vector defined through

n̂ =
$p1 × $pΛ0

b

|$p1 × $pΛ0
b
| , (2)

where $p1 is the momentum of an incoming proton and $pΛ0
b

is the 
momentum of the Λ0

b baryon. The angles θΛ and 'Λ are defined 
as the polar and azimuthal angles of the proton from the decay 
of the Λ baryon in the Λ rest frame. The angles θφ and 'φ are 
defined as the polar and azimuthal angles of the K + meson in the 
rest frame of the φ meson.

Triple-product asymmetries, which are odd under time-reversal, 
have been proposed by Leitner and Ajaltouni using the azimuthal 
angles 'ni , i ∈ {Λ, φ}, defined as [12]

  N sig (Λb
0 →Λφ) = 89 ±13, 5.9σ

   B(Λb
0 →Λφ) = (5.18±1.04 ± 0.35−0.43

+0.50 ± 0.44)×10−6

Stat. unc. Syst. unc. 
Control sample    B(B0 → K sφ)   

f d / fΛb
0

Fragmentation frac. 
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Figure 2. Results of the fit for the (left) ΛK±π∓ and (right) ΛK+K− final states, for all
subsamples combined. Superimposed on the data are the total result of the fit as a solid blue
line, the Λ0

b (Ξ0
b ) decay as a short-dashed black (double dot-dashed grey) line, cross-feed as triple

dot-dashed brown lines, the combinatorial background as a long-dashed green line, and partially
reconstructed background components with either a missing neutral pion as a dot-dashed purple
line or a missing soft photon as a dotted cyan line.
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Figure 3. Background-subtracted and efficiency-corrected Dalitz plot distributions for (left)
Λ0
b → ΛK+π− and (right) Λ0

b → ΛK+K− with data from all subsamples combined. Boxes with a
cross indicate negative values.

As significant yields are obtained for Λ0
b → ΛK+π− and Λ0

b → ΛK+K− decays, their

Dalitz plot distributions are obtained from data using the sPlot technique and applying

event-by-event efficiency corrections based on the position of the decay in the phase space.

These distributions are used to determine the average efficiencies for these channels, and

are shown in figure 3, where the negative (crossed) bins occur due to the statistical nature

of the background subtraction. The Λ0
b → ΛK+K− signal seen at low m2(K+K−) is

consistent with the recent observation of the Λ0
b → Λφ decay [10]. Although the statistical

significance of the Λ0
b → Λπ+π− channel is over 5 σ, the uncertainty on its Dalitz plot

distribution is too large for this method of determining the average efficiency to be viable.

– 8 –

  Λb
0 → Λφ

  Λb
0 →Λh+ ′h −

Dalitz	  plot	  
JHEP	  05	  (2016)	  081	  
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Note that the basis {~eX ,~eY ,~eZ} defines the ⇤b rest frame, in which ~eZ is parallel to ~e3,120

and ~n⇤(V ) is the normal vector to the ⇤(V ) decay plane 1 , defined through121

~n⇤ =
~pp ⇥ ~p⇡

|~pp ⇥ ~p⇡|
, (9)

~n� =
~pK+ ⇥ ~pK�

|~pK+ ⇥ ~pK� | . (10)

Asymmetries in cos�ni and sin�ni , where i 2 {⇤,�}, are defined as122

A

c
i =

N(cos�ni > 0)�N(cos�ni < 0)

N(cos�ni > 0) +N(cos�ni < 0)
, (11)

A

s
i =

N(sin�ni > 0)�N(sin�ni < 0)

N(sin�ni > 0) +N(sin�ni < 0)
. (12)

While Leitner and Ajaltouni provide no predictions for ⇤b ! ⇤�, predictions for ⇤b !123

⇤J/ and ⇤b ! ⇤⇢ are determined to be124

A

c
⇤(⇤b ! ⇤J/ ) = 4.3%, (13)

A

s
⇤(⇤b ! ⇤J/ ) = �5.5%, (14)

A

c
⇤(⇤b ! ⇤⇢) = 2.4%, (15)

A

s
⇤(⇤b ! ⇤⇢) = �2.7%. (16)

It should be noted that Ac(s)
� are found to be zero.125

1Note that ~eX,Y,Z are basis vectors in the ⇤b rest frame, whereas ~e1,2,3 denote basis vectors in the
laboratory frame.
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ûi =

êZ × n̂i

| êZ × n̂i |
i ∈{Λ,φ}

  

cosΦni
= êY ⋅ ûi

sinΦni
= êZ ⋅(êY × ûi )

CPV observables, untagged sample: 
 
 
 
 
   

Ai
c =

Ni (cosΦni
> 0)− Ni (cosΦni

< 0)
Ni (cosΦni

> 0)+ Ni (cosΦni
< 0)

Ai
s =

Ni (sinΦni
> 0)− Ni (sinΦni

< 0)
Ni (sinΦni

> 0)+ Ni (sinΦni
< 0)

Phys.	  Proc.	  Suppl.	  174:169-‐172,	  2007	  
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Consistent with CP symmetry 
  

AΛ
s = 0.13± 0.12 ± 0.05

AΛ
c = −0.22 ± 0.12 ± 0.06

Aφ
s = −0.07 ± 0.12 ± 0.01

Aφ
c = −0.01± 0.12 ± 0.03
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Experimental results 4-body charmless decays 

CPV in 4-body charmless decays 

•  Transitions governed by                tree and                penguin 
amplitudes of similar magnitude. Large relative weak phase in SM from 
the CKM elements, 

•  Potential non negligible CPV effects in the SM 

The asymmetry between matter and antimatter is related to the violation of the
CP symmetry (CPV), where C and P are the charge-conjugation and parity operators.
CP violation is accommodated in the Standard Model (SM) of particle physics by the
Cabibbo-Kobayashi-Maskawa (CKM) mechanism that describes the transitions between
up- and down-type quarks [1, 2], in which quark decays proceed by the emission of a
virtual W boson and where the phases of the couplings change sign between quarks
and antiquarks. However, the amount of CPV predicted by the CKM mechanism is not
su�cient to explain our matter-dominated Universe [3, 4] and other sources of CPV are
expected to exist. The initial discovery of CPV was in neutral K meson decays [5], and
more recently it has been observed in B

0 [6, 7], B+ [8–11], and B

0

s

[12] meson decays,
but it has never been observed in the decays of any baryon. Decays of the ⇤

0

b

(bud)
baryon to final states consisting of hadrons with no charm quarks are predicted to have
non-negligible CP asymmetries in the SM, as large as 20% for certain three-body decay
modes [13]. It is important to measure the size and nature of these CP asymmetries in
as many decay modes as possible, to determine whether they are consistent with the
CKM mechanism or, if not, what extensions to the SM would be required to explain
them [14–16].

The decay processes studied in this article, ⇤0

b

! p⇡

�
⇡

+

⇡

� and ⇤

0

b

! p⇡

�
K

+

K

�, are
mediated by the weak interaction and governed mainly by two amplitudes, of expected
to be of similar magnitude, from di↵erent diagrams describing quark-level b ! uud

transitions, as shown in Fig. 1. Throughout this paper the inclusion of charge-conjugate
reactions is implied, unless otherwise indicated. CPV could arise from the interference of
two amplitudes with relative phases that di↵er between particle and antiparticle decays,
leading to di↵erences in the ⇤

0

b

and ⇤

0

b

decay rates. The main source of this e↵ect in
the SM would be the large relative phase (referred to as ↵ in the literature) between the
product phases of the CKM matrix elements V

ub

V

⇤
ud

and V

tb

V

⇤
td

V

ub

and V

td

, which are
present in the di↵erent diagrams depicted in Fig. 1. Parity violation (PV) is also expected
in weak interactions, but has never been observed in ⇤

0

b

decays.
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Figure 1: Dominant Feynman diagrams for ⇤0
b ! p⇡�⇡+⇡�

and ⇤0
b ! p⇡�K+K�

transitions. The two diagrams show the transitions that contribute most strongly to ⇤0

b

!
p⇡�⇡+⇡� and ⇤0

b

! p⇡�K+K� decays. In both cases, a pair of ⇡+⇡� (K+K�) is produced by
gluon emission from the light quarks (u,d). The di↵erence is in the b quark decay that happens
on the left through a virtual W� boson emission (“tree diagram”) and on the right as a virtual
W� boson emission and absorption together with a gluon emission (“loop diagram”). The
magnitudes of the two amplitudes are expected to be comparable, and each is proportional to
the product of the CKM matrix elements involved, which are shown in the figure.

1

  arg VtbVtd
* /VubVud

*( ) =α
 b → udu  b → duu

!!∝Vub
*Vud ~λ3Tree 

!!
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x=u ,c ,t
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CPV in                        decays 

•  Use 4-body topology to build P-violating asymmetries 
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Experimental results Asymmetries measurement 

Asymmetries measurement 

!!
AT̂ =

N(−CT̂ >0)−N(−CT̂ <0)
N(−CT̂ >0)+N(−CT̂ <0)
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‣  P-odd,    -odd asymmetry:   T̂
!!Λb

0 CT >0( ) !!Λb
0 CT <0( )

!!Λb
0 −CT >0( ) !!Λb

0 −CT <0( )

  

aP
T̂ -odd = 1

2
A

T̂
+ A

T̂( )
aCP

T̂ -odd = 1
2

A
T̂
− A

T̂( )

‣  P-odd,    -odd asymmetry: 
  T̂

•  P violating 
observable 

•  CP violating 
observable 

arXiv:	  1609.05216,	  accepted	  for	  publicaSon	  in	  Nature	  Physics	  



Scheme B to exploit 
        dependence 

Scheme A to exploit 
resonant structures 

Binning de!nition 

Binning de!nition                     phase spase regions

J. FU (UNIMI & INFN) CPV in baryon decays at LHCb 2016.09.27     34

∆++

N*

ρ(770) peak

1) Scheme A:  division based on dominant resonant structures

⇤0
b ! p⇡�⇡+⇡�

∆++ ρ(770)

N*

!!Λb
0→ pπ −π +π −
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!!
10!bins!in!|Φ| i−110 π , i10π

⎛
⎝⎜

⎞
⎠⎟
, i =1,2,...,10( )!|Φ|
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First evidence 

First evidence for CPV in baryons 

Combined results of 2 binning 
schemes: 
CP symmetry p-value=9.8x10-4 

3.3σ deviation 
P symmetry compatible at 2.2σ 
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•  Integrated results compatible with 
CP & P conservation 

•  Largely insensitive to AP & AD à 
low systematic uncertainties <1% 

•  Already triggered some theorists 
JHEP	  10	  (2016)	  005	  
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Decays of b hadrons to final states that do not contain any charm quark provide1

fertile ground for studies of CP violation, i.e. breaking of symmetry under the combined2

charge conjugation and parity operations. Significant asymmetries have been observed3

between B and B partial widths in the B0 ! K�⇡+ [1–4] and B0
s

! K+⇡� [3, 4] decays.4

Even larger CP violation e↵ects have been observed in regions of the phase space of5

B� ! ⇡+⇡�⇡�, K�⇡+⇡�, K+K�K� andK+K�⇡� decays [5–7]. A number of theoretical6

approaches [8–18] have been proposed to determine whether the observed e↵ects are7

consistent with the Standard Model, i.e. being solely due to the non-zero phase in the8

quark mixing matrix [19,20], or whether additional sources of asymmetry are contributing.9

Matter-antimatter asymmetry has never yet been observed above the 5� significance10

level in the properties of any baryon. Recently, however, the first evidence of CP violation11

in the b-baryon sector has been reported from an analysis of ⇤0
b

! p⇡�⇡+⇡� decays [21].12

Other measurements of CP -asymmetry parameters in ⇤0
b

! p⇡�, pK� [3], K0
Sp⇡

� [22],13

⇤K+K� and ⇤K+⇡� [23] channels are consistent with zero within the current precision;14

these comprise the only charmless hadronic b-baryon decays that have been observed to15

date. It is therefore of great interest to search for additional charmless b-baryon decays16

that may be used in future to investigate CP violation e↵ects.17

In this Letter, the first search for decays of the ⌅�
b

and ⌦�
b

baryons, with constituent18

quark contents of bsd and bss, to the charmless hadronic final states ph�h0�, where h(0)
19

is a kaon or pion, is presented. The inclusion of charge conjugate processes is implied20

throughout the Letter. Example decay diagrams for the ⌅�
b

! pK�K� mode are shown in21

Fig. 1. Interference between tree and loop diagrams may lead to CP violation e↵ects. The22

⌅�
b

! pK�⇡� and ⌦�
b

! pK�K� decays may proceed by tree-level diagrams similar to23

that of Fig. 1 (left). Diagrams for ⌦�
b

! pK�⇡� and both ⌅�
b

and ⌦�
b

! p⇡�⇡� require24

additional weak interaction vertices and rates of these decays are therefore expected to be25

highly suppressed.26

The analysis is based on a sample of proton-proton collision data, recorded by the27

LHCb experiment at centre-of-mass energies
p
s = 7 and 8TeV, corresponding to 3 fb�1

28

of integrated luminosity. Since the fragmentation fractions, f
⌅

�
b
and f

⌦

�
b
, which quantify29

the probability for a b quark to hadronise into these particular states, have not been30

determined, it is not possible to measure absolute branching fractions. Instead, the product31

of each branching fraction multiplied by the relevant fragmentation fraction is determined32

relative to the corresponding values for the topologically-similar normalisation channel33
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Figure 1: (Left) tree and (right) loop diagrams for the ⌅�
b

! pK�K� decay channel.

1

Study of   Ξb
− → ph− ′h −

•  First charmless       decays  
•  Promising modes where to search for CPV in the future 
•  Signi!cant CP asymmetries have been observed in regions of phase 

space of 

•  Do the equivalent b-baryon decays exhibit similar behaviour? 
  B

− →π +π −π − ,K −π +π − ,K +K −K − ,K +K −π −

Phys.	  Rev.	  Le>.	  111	  (2013)	  101801,	  Phys.	  Rev.	  Le>.	  112	  (2014)	  011801,	  Phys.	  Rev.	  D90	  (2014)	  112004	  

Not only  ! Λb
0
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Figure 2: Mass distributions for b-hadron candidates in the (top left) pK�K�, (top right)
pK�⇡�, (bottom left) p⇡�⇡� and (bottom right) K�K+K� final states. Results of the fits are
shown with dark blue solid lines. Signals for ⌅�

b

and B� (⌦�
b

) decays are shown with pink (light
green) dashed lines, combinatorial backgrounds are shown with grey long-dashed lines, cross-feed
backgrounds are shown with red dot-dashed lines, and partially reconstructed backgrounds are
shown with dark blue double-dot-dashed lines.

pK� structures seen in the amplitude analysis of ⇤0
b

! J/ pK� [47], there appear to be171

smaller contributions from the broad ⇤(1600) and ⇤(1810) states. A detailed amplitude172

analysis will be of interest when larger samples are available.173

For channels without significant signal yields the e�ciency averaged over phase space is174

used in Eq. (1) and a corresponding systematic uncertainty is assigned from the variation175

of the e�ciency over the phase space; this is the dominant source of systematic uncertainty176

for those channels. The quantities entering Eq. (1), and the results for R
ph

�
h

0� , are177

reported in Table 1. When the signal significance is less than 3 �, upper limits are set178

by integrating the likelihood after multiplying by a prior probability distribution that is179

uniform in the region of positive branching fraction.180

The sources of systematic uncertainty arise from the fit model and the knowledge of the181

e�ciency. The fit model is changed by varying the fixed parameters of the model, using182

alternative shapes for the components, and by including components that are omitted183

in the baseline fit. Intrinsic biases in the fitted yields are investigated with simulated184

pseudoexperiments, and are found to be negligible. Uncertainties in the e�ciency arise185

due to the limited size of the simulation samples and possible residual di↵erences between186

data and simulation in the trigger and particle identification e�ciencies. Possible biases187

in the results due to the vetoes of charm hadrons are also accounted for. The e�ciency188
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Figure 2: Mass distributions for b-hadron candidates in the (top left) pK�K�, (top right)
pK�⇡�, (bottom left) p⇡�⇡� and (bottom right) K�K+K� final states. Results of the fits are
shown with dark blue solid lines. Signals for ⌅�

b

and B� (⌦�
b

) decays are shown with pink (light
green) dashed lines, combinatorial backgrounds are shown with grey long-dashed lines, cross-feed
backgrounds are shown with red dot-dashed lines, and partially reconstructed backgrounds are
shown with dark blue double-dot-dashed lines.

pK� structures seen in the amplitude analysis of ⇤0
b

! J/ pK� [47], there appear to be171

smaller contributions from the broad ⇤(1600) and ⇤(1810) states. A detailed amplitude172

analysis will be of interest when larger samples are available.173

For channels without significant signal yields the e�ciency averaged over phase space is174

used in Eq. (1) and a corresponding systematic uncertainty is assigned from the variation175

of the e�ciency over the phase space; this is the dominant source of systematic uncertainty176

for those channels. The quantities entering Eq. (1), and the results for R
ph

�
h

0� , are177

reported in Table 1. When the signal significance is less than 3 �, upper limits are set178

by integrating the likelihood after multiplying by a prior probability distribution that is179

uniform in the region of positive branching fraction.180

The sources of systematic uncertainty arise from the fit model and the knowledge of the181

e�ciency. The fit model is changed by varying the fixed parameters of the model, using182

alternative shapes for the components, and by including components that are omitted183

in the baseline fit. Intrinsic biases in the fitted yields are investigated with simulated184

pseudoexperiments, and are found to be negligible. Uncertainties in the e�ciency arise185

due to the limited size of the simulation samples and possible residual di↵erences between186

data and simulation in the trigger and particle identification e�ciencies. Possible biases187

in the results due to the vetoes of charm hadrons are also accounted for. The e�ciency188
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  N sig (Ξb
− → pK −K − ) = 82.9 ±10.4, 8.7σ

Study of  

  Ncontrol (B
− → K +K −K − ) = 50490 ± 250

   

fΞb
−

fu

B(Ξb
− → pK −K − )

B(B− → K +K −K − )
= N (Ξb

− → pK −K − )
N (B− → K +K −K − )

ε(B− → K +K −K − )
ε(Ξb

− → pK −K − )
= (265± 35± 47)×10−5

Estimated from !t Estimated from MC + 
Data driven for PID cuts 

Control sample 

First observation 
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Figure 2: Mass distributions for b-hadron candidates in the (top left) pK�K�, (top right)
pK�⇡�, (bottom left) p⇡�⇡� and (bottom right) K�K+K� final states. Results of the fits are
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) decays are shown with pink (light
green) dashed lines, combinatorial backgrounds are shown with grey long-dashed lines, cross-feed
backgrounds are shown with red dot-dashed lines, and partially reconstructed backgrounds are
shown with dark blue double-dot-dashed lines.

pK� structures seen in the amplitude analysis of ⇤0
b

! J/ pK� [47], there appear to be171

smaller contributions from the broad ⇤(1600) and ⇤(1810) states. A detailed amplitude172

analysis will be of interest when larger samples are available.173

For channels without significant signal yields the e�ciency averaged over phase space is174

used in Eq. (1) and a corresponding systematic uncertainty is assigned from the variation175

of the e�ciency over the phase space; this is the dominant source of systematic uncertainty176

for those channels. The quantities entering Eq. (1), and the results for R
ph

�
h

0� , are177

reported in Table 1. When the signal significance is less than 3 �, upper limits are set178

by integrating the likelihood after multiplying by a prior probability distribution that is179

uniform in the region of positive branching fraction.180

The sources of systematic uncertainty arise from the fit model and the knowledge of the181

e�ciency. The fit model is changed by varying the fixed parameters of the model, using182

alternative shapes for the components, and by including components that are omitted183

in the baseline fit. Intrinsic biases in the fitted yields are investigated with simulated184

pseudoexperiments, and are found to be negligible. Uncertainties in the e�ciency arise185

due to the limited size of the simulation samples and possible residual di↵erences between186

data and simulation in the trigger and particle identification e�ciencies. Possible biases187

in the results due to the vetoes of charm hadrons are also accounted for. The e�ciency188
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Figure 2: Mass distributions for b-hadron candidates in the (top left) pK�K�, (top right)
pK�⇡�, (bottom left) p⇡�⇡� and (bottom right) K�K+K� final states. Results of the fits are
shown with dark blue solid lines. Signals for ⌅�
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and B� (⌦�
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) decays are shown with pink (light
green) dashed lines, combinatorial backgrounds are shown with grey long-dashed lines, cross-feed
backgrounds are shown with red dot-dashed lines, and partially reconstructed backgrounds are
shown with dark blue double-dot-dashed lines.

pK� structures seen in the amplitude analysis of ⇤0
b

! J/ pK� [47], there appear to be171

smaller contributions from the broad ⇤(1600) and ⇤(1810) states. A detailed amplitude172

analysis will be of interest when larger samples are available.173

For channels without significant signal yields the e�ciency averaged over phase space is174

used in Eq. (1) and a corresponding systematic uncertainty is assigned from the variation175

of the e�ciency over the phase space; this is the dominant source of systematic uncertainty176

for those channels. The quantities entering Eq. (1), and the results for R
ph

�
h

0� , are177

reported in Table 1. When the signal significance is less than 3 �, upper limits are set178

by integrating the likelihood after multiplying by a prior probability distribution that is179

uniform in the region of positive branching fraction.180

The sources of systematic uncertainty arise from the fit model and the knowledge of the181

e�ciency. The fit model is changed by varying the fixed parameters of the model, using182

alternative shapes for the components, and by including components that are omitted183

in the baseline fit. Intrinsic biases in the fitted yields are investigated with simulated184

pseudoexperiments, and are found to be negligible. Uncertainties in the e�ciency arise185

due to the limited size of the simulation samples and possible residual di↵erences between186

data and simulation in the trigger and particle identification e�ciencies. Possible biases187

in the results due to the vetoes of charm hadrons are also accounted for. The e�ciency188

5

  N sig (Ξb
− → pK −π − ) = 59.6 ±16.0, 3.4σ

Study of  

   

B(Ξb
− → pK −π − )

B(Ξb
− → pK −K − )

= 0.98± 0.27 ± 0.09

Evidence 

  Ξb
− = 33.2 ±17.9

  Ωb
− = 20.1±13.8

  Ωb
− = −7.6 ± 9.2

   

fΩb
−

fu

B(Ωb
− → pK −K − )

B(B− → K +K −K − )
<18(22)×10−5

fΩb
−

fu

B(Ωb
− → pK −π − )

B(B− → K +K −K − )
< 51(62)×10−5

fΩb
−

fu

B(Ωb
− → pπ −π − )

B(B− → K +K −K − )
<109(124)×10−5

Upper limits at 90 (95)% CL 
Measurements: 
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B(Ξb
− → pπ −π − )

B(Ξb
− → pK −K − )

< 0.56(0.63)



Conclusion 

Conclusions 
•  LHCb opens a new window to search CPV in baryon decays. Many 

b-baryon decays are observed for the !rst time 

•  First evidence for CPV in baryons is found in decays with a statistical 
signi!cance of 3.3 σ

•  CPV is searched for in many decays using Run1 data. With Run2 data, 
new b-baryons and new decays will be studied. 

•  Interesting to 
COMPARE THE RESULTS WITH MESONS 

‣  theoretical predictions are needed and more than 
welcome 
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•  Detector is made of matter 
‣  is not CP symmetric 

•  AD can be measured using “ad hoc” abundand control sample 

Experimental issue Reconstruction asymmetry 

Experimental issue 
Detector reconstruction asymmetries 
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Figure 5: Relative detection e�ciency in bins of detected pion momentum: (red) circles
represent data taken with magnet polarity up and (blue) squares show data taken with
magnet polarity down. Only statistical errors are shown.

The relative pion e�ciencies are consistent with being independent of p and pT. The
tracking acceptance does depend, however, on the azimuthal production angle of the
particles, '. This is mostly because tracks can be swept into the beam pipe and not be
detected by the downstream tracking system. Therefore, for purposes of the production
asymmetry analysis we determine ✏(⇡+)/✏(⇡�) as a function of ' in two momentum
intervals: 2 � 20 GeV, and above 20 GeV. The r.m.s. resolution on the inferred ' is
0.25 rad, much smaller than the ⇡/4 bin size. The correction factors are shown in Fig. 7.
The average correction for magnet up and magnet down is consistent with unity. Thus
any residual biases in the D±

s

yields due to ⇡+/⇡� asymmetries will also cancel in the
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