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The ATLAS Detector Muon Spectrometer:	

!

air core toroids(average 0.5T)	

gas-based muon chambers	


Muon trigger and reconstruction	

Momentum resolution < 10%	


!up to E(µ) � 1 TeV

|�| < 2.7

3-level trigger, 
reducing the rate	


 from 40 MHz	

 to ~200 Hz

Inner Detector:	

Si Pixels, Si Strips, TRT straws	

Precise tracking and vertexing	


pT resolution:	


!
!|�| < 2.5, B = 2T

�/pT ⇤ 3.8� 10�4 pT (GeV )⇥ 0.015

HAD Calorimetry:	

!

Fe/scintillator tiles (central), Cu/W-LAr (fwd)	

Trigger and measurement of jets and MET	


Resolution:	


!

|�| < 5

�/E ⇥ 50%/
⇤

E � 0.03

EM Calorimeter:	

            Pb-LAr accordion	


trigger, identification and measurement	

Resolution:	


e/�

�/E � 10%/
⇥

E
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dN

d cos ✓
=

1

2

(1 + P↵b cos ✓)

Parity violation and helicity amplitudes in ⇤0
b ! J/ ⇤0

parity violation in hadron weak decays not maximal (↵⇤0!p⇡� ⇡ 0.6)

for heavy baryons theoretical predictions are possible (pQCD and FA, HQET)

In ATLAS the average polarisation P = 0
(symmetric interval in pseudorapidity)

use the information of subsequent decays of J/ ⇤0and

Full PDF of
⌦ = (cos ✓,�, cos ✓1,�1, cos ✓2,�2) :

w(⌦) =
1

(4⇡)3

19X

i=0

f1i(A)f2i(P,↵⇤)Fi(⌦)

Helicity amplitudes:

↵⇤ = �0.642± 0.013

CP conservation assumed

Parameters (A): ↵b = |a+|2 � |a�|2 + |b+|2 � |b�|2

k+ =
|a+|p

|a+|2 + |b+|2
k� =

|a�|p
|a�|2 + |b�|2

�+ ��,,,

,

only i = 0, 2, 4, 6, 18 and 19 remain

(normalised to unity)

analysis extracts and helicity amplitudes from measured averages↵b

with a least square fit< Fi >=
1

Ndata

NdataX

n=1

Fi(⌦)

Fi(⌦) orthogonal functions of the decay angles

ATLAS: PRD 89, 092009 (2014)
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Reconstruction⇤b
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Signal

 bkgd
0B

Comb. bkg

ATLAS
-1 L dt = 4.6 fb0 = 7 TeV, s

0
bR+0

bR

7 TeV data recorded in 2011L = 4.6 fb�11400 ⇤̄0
b⇤0

b and baryons in

single-muon and J/ ! µµ triggers

mass constrained cascade fit:

P⇤0
b
> PB0

d
B0

dloose veto:
�2/N

dof

< 3 p⇤
0

T > 3.5 GeV L⇤0

xy

> 10 mm

⌧ > 0.35 ps ,
,,

extended binned maximum likelihood fit
     and      shapes modelled using one-dimensional 
Gaussian-kernel estimation PDFs (MC templates)
⇤0
b B0

d

combinatorial background: first-order polynomial
background subtraction: average of two sidebands: 
[5400, 5520] MeV and [5720, 5840] MeV
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[5560, 5680] MeV
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ATLAS
-1 L dt = 4.6 fb0 = 7 TeV, s

[5340, 5900] MeV [5560, 5680] MeV

Nsig 1400± 50 1240± 40

N
comb

1090± 80 234± 16

NB0
d

210± 90 73± 30___________________

___________________
___________________

2.8 < mµµ < 3.4GeV 1.08 < mp⇡ < 1.15GeV



6

Parameter Extraction
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ij
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j
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j
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Least square fit:

< F
i

>exp =
X

j

f1j(A)f2j(↵⇤)Cij

is the covariance matrix of the measuredVij values< Fi >

expected values of < Fi >

Cij =
1

(4⇡)3

ZZ
Fi(⌦

0)T (⌦0,⌦)Fj(⌦)d⌦
0d⌦where

⇡ ✏T
NMC

NMCX

n=1

Fi(⌦
0
n)Fj(⌦n)

T (⌦0,⌦) detector effects
(acceptance, efficiency and resolution)

< F0 >exp ⌘ 1✏T determined from
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7

2F
-1 -0.5 0 0.5 1

Ev
en

ts
 / 

0.
1

0
20
40
60
80

100
120
140
160
180
200

 databR+bR
0
bRReweighted 

0
bRPythia 

Background

 test prob: 0.982rATLAS
-1 L dt = 4.6 fb0 = 7 TeV, s

4F
-0.5 0 0.5 1

Ev
en

ts
 / 

0.
05

0

50

100

150

200

250

300

350

 databR+bR
0
bRReweighted 

0
bRPythia 

Background

 test prob: 0.572rATLAS
-1 L dt = 4.6 fb0 = 7 TeV, s

6F
-1 -0.5 0 0.5 1

Ev
en

ts
 / 

0.
04

0

50

100

150

200

250

 databR+bR
0
bRReweighted 

0
bRPythia 

Background

 test prob: 0.802rATLAS
-1 L dt = 4.6 fb0 = 7 TeV, s

18F
-0.4 -0.2 0 0.2 0.4

Ev
en

ts
 / 

0.
02

0

20

40

60

80

100

120

140
 databR+bR

0
bRReweighted 

0
bRPythia 

Background

 test prob: 0.0632rATLAS
-1 L dt = 4.6 fb0 = 7 TeV, s

19F
-0.4 -0.2 0 0.2 0.4

Ev
en

ts
 / 

0.
02

0

20

40

60

80

100

120

140
 databR+bR

0
bRReweighted 

0
bRPythia 

Background

 test prob: 0.642rATLAS
-1 L dt = 4.6 fb0 = 7 TeV, s
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Results

b_

-1 -0.5 0 0.5 1

 v
al

ue
m

in
2 r

0

10

20

30

40

50

60
bR + bR

=0.30best
b_

)=3.15best
b_(min

2r

ATLAS
-1 L dt = 4.6 fb0 = 7 TeV, s

< F2 > = � 0.282± 0.021,

< F4 > = � 0.044± 0.017,

< F6 > = 0.001± 0.010,

< F18 > = 0.019± 0.009,

< F19 > = � 0.002± 0.009.

Fit results
↵b = 0.30± 0.16(stat)± 0.06(syst)

k+ = 0.21+0.14
�0.21(stat)± 0.13(syst)

k� = 0.13+0.20
�0.13(stat)± 0.15(syst)

corresponding to

|a+| = 0.17+0.12
�0.17(stat)± 0.09(syst)

|a�| = 0.59+0.06
�0.07(stat)± 0.03(syst)

|b+| = 0.79+0.04
�0.05(stat)± 0.02(syst)

|b�| = 0.08+0.13
�0.08(stat)± 0.06(syst)

Main systematic uncertainties:

MC statistics

Background shape modelling

intermediate	  between	  pQCD	  (-‐0.17	  to	  -‐0.14)	  
and	  HQET	  (0.78)	  predic>ons

αb value	  consistent	  with	  LHCb:	  
0.05	  ±	  0.17(stat)	  ±	  0.07(syst)	  

(PLB	  724	  (2013)	  27)

large	  |a-‐|	  and	  |b+|	  suggest	  nega>ve	  helicity	  for	  Λ0

(PRD	  65,	  074030	  (2002),	  NPA755,	  435	  (2005),	  PLB	  614,	  165	  (2005))
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Observation of an excited       meson stateB±
c

CDF: PRL 81 (1998) 2432, PRL 96 (2006) 082002, PRL 1000 (2008) 182002!

D0:  PRL 101 (2008) 012001!

LHCb:  PRL 108 (2012) 251802, PRD 87 (2013) 071103 and 112012, !

           JHEP 09 (2013) 075, JHEP 11 (2013) 094, PRL 111 (2013) 181801!

ATLAS:  ATLAS-CONF-2012-028!

CMS:  CMS-PAS-BPH-11-003

first observed at the Tevatron, now by the LHC experimentsB±
c

H!
s:o: " # 1

4

!

4

3

!s
r3

! b
r

"!

1

m2
Q
! 1

m2
!Q

"

~S! $ ~L (10)

where ~S! " ~SQ ! ~S !Q. Consequently, the physical j " 1
P-wave states are linear combinations of 3P1 and 1P1
which we describe by:

P0 " 1P1 cos"nP # 3P1 sin"nP
P " !1P1 sin"nP # 3P1 cos"nP (11)

with analogous notation for the corresponding L " D, F,
etc., pairs. In Eq. (11) P % L " 1 designates the relative
angular momentum of the Q !Q pair and the subscript J "
1 is the total angular momentum of the Q !Q pair which is
equal to L. Our notation implicitely implies L! S cou-
pling between the quark spins and the relative orbital
angular momentum. In the heavy quark limit in which
the heavy quark mass mQ ! 1, the states can be de-
scribed by the total angular momentum of the light
quark, j, which couples to the spin of the heavy quark
and corresponds to j! j coupling. This limit gives rise to
two doublets, one with j " 1=2 and the other with j "
3=2 and corresponds to two physically independent
mixing angles " " !tan!1&

###

2
p

' ’ !54:7( and " "
tan!1&1=

###

2
p

' ’ 35:3( [41]. Some authors prefer to use
the j! j basis [2] but since we solve our Hamiltonian
equations assuming L! S eigenstates and then include
the LS mixing we use the notation of Eq. (11). It is
straightforward to transform between the L! S basis
and the j! j basis. It will turn out that radiative tran-
sitions are particularly sensitive to the 3LL ! 1LL mixing
angle with predictions from different models in some
cases giving radically different results. We also note that
the definition of the mixing angles are fraught with
ambiguities. For example, charge conjugating c !b into
b !c flips the sign of the angle and the phase convention
depends on the order of coupling ~L, ~SQ and ~S !Q [41].

The Hamiltonian problem was solved using the follow-
ing parameters: the slope of the linear confining potential
is 0:18 GeV2, mc " 1:628 GeV, and mb " 4:977 GeV.
The predictions of our model are given in Fig. 1 and are
compared to the predictions of other calculations in
Table I. Because the mixing angles defined in Eq. (11)
are important for predictions of radiative transitions
those predictions are also given in Table I. Although I
have attempted to consistently give the masses and the
mixing angles of the predicted eigenstates in the con-
vention of Eq. (11), because not all authors have unam-
biguously defined their phase conventions I cannot
guaranty that these results are free of inconsistencies.

The different models are in remarkable agreement with
the differences, for the most part, within the expected
accuracy of the models. This almost certainly indicates
how the various models have converged to using similar
confining potentials and including a strong running cou-

pling constant in the Coulomb piece of the potential. The
only significant difference is the larger spread ( )
70 MeV) for the 1D multiplet center of gravity predic-
tions. The spin-dependent splittings are also in reasonable
agreement. Potential models can therefore be used as a
reliable guide in searching for the Bc excited states. An
important difference in the predictions is that in the
Eichten-Quigg calculation [2] the 1P1 states are almost
pure 3P1 and 1P1 with little mixing while in other models
there is significant mixing. This arises from the much
smaller expectation value of the off-diagonal mixing
term [Eq. (10)] in the Eichten-Quigg calculation [2] com-
pared to the other models. Since, after rotating from the
j! j basis to the L! S basis, the L! S mixing term
given by Eichten and Quigg is in agreement with Eq. (10),
the differences in expectation values can only be attrib-
uted to differences in the cancellations between the short
and long distance pieces in Eq. (10), i.e., between the 4

3
!s
r3

and b
r pieces. This reflects subtle differences in the q !q

potentials of different models. Because the E1 radiative
transitions are sensitive to the 3P1 ! 1P1 mixing, the
measurement of radiative transitions can be used to dis-
tinguish between the different models. The study of Bc
spectroscopy will help test and refine the quark potential
models but more importantly will test Lattice QCD,
NRQCD, and pNRQCD, etc., which are more directly
connected to QCD.

III. RADIATIVE TRANSITIONS

Radiative transitions will likely play an important role
in the discovery and identification of Bc states. In this
section we calculate the E1 and M1 radiative widths. The
partial width for an E1 radiative transition between states
in the nonrelativistic quark model is given by [43]

"&n2S#1LJ ! n02S
0#1L0

J0 # #'
" 4

3
heQi2!!3Cfi$SS0 jhn02S

0#1L0
J0 jrjn2S#1LJij2;

(12)
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FIG. 1. The Bc mass spectrum.

SPECTROSCOPY OF Bc MESONS IN THE . . . PHYSICAL REVIEW D 70 054017

054017-3

DOI: http://dx.doi.org/10.1103/PhysRevD.70.054017

BD 
threshold

spectrum and properties predicted by non-relativistic 
potential models, pQCD and lattice calculations

mBc(2S) ⇠ 6835÷ 6917 MeV

mBc(2S) �mBc(1S) ⇠ 600 MeV
⇠ 50 keVwidth

Bc(2S0) ! Bc(1S0) ⇡⇡

Bc(2S1) ! Bc(1S1) ⇡⇡

! Bc(1S0) �

invisible

m2S1 �m2S0 ⇠ 20÷ 50MeV
cannot be separated by this analysis

Q = m(B±
c ⇡⇡)�m(B±

c )� 2m(⇡±)

Peak observed in the mass difference distribution

B±
c ! J/ (µ+µ�)⇡±ground state channel:
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Data selection and reconstruction
J/ ! µµ

trigger7 TeV data   andL = 4.9 fb�1 L = 19.2 fb�1 8 TeV data  recorded in 2011/2
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p
µhigh

T > 6GeV pµlow

T > 4GeVJ/ reconstruction: ±3 �, � : 40÷ 90MeVmass window:

B±
c reconstruction: p⇡T > 4GeV mass constrained vertex fit

d0 defined w.r.t primary vertex PV

7 TeV PV: highest sum of      of tracks in vertexp2T
8 TeV PV: vertex closest to       vertex in 3DB±

c

extended unbinned maximum likelihood fit
signal: Gaussian function, background: exponential

fitted mass consistent with the world average

stability of the       yield checked through its normalisation toB±
c

B± ! J/ K±decays reconstructed with similar requirements

7 TeV 8 TeV

d0/�(d0) > 5 4.5

�2/N
dof

< 2 1.5

(GeV)

cut

pT (B
±
c ) > 15 18

combinatorial background reduced using IP cut
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   Data
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 5 MeV± = 288 //cBQ
 4 MeV ± = 18 //cBm
 13± = 35 //cBN

B±
c candidates within         of the fitted mass combined±3�

with 2 tracks from the corresponding PV,
p⇡T > 400 MeV

cascade fit:         mass constraint,J/ 

B±
c Bc(2S)pointing to             vertex

�2best      candidate kept

unbinned maximum likelihood fit to right-charge combinations
signal: Gaussian function, background: third-order polynomial

ReconstructionBc(2S)

background shape consistent with wrong-charge combinations

B±
c (2S)/B±

cthe relative                     yield ratio statistically 
consistent between 7 TeV and 8 TeV data

7 TeV 8 TeV
mass (MeV) 288.2± 5.1 288.4± 4.8

width (MeV) 18.2± 3.8 17.6± 4.0
(statistical uncertainties only)

systematic uncertainties: uncertainty on the mass 
of the ground state,  pion momentum scale, signal 

and background models, selection of best candidate

total averaged systematic uncertainty: 4.1 MeV
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Results

A new state observed in the ATLAS detector with  
7 TeV data  andL = 4.9 fb�1 L = 19.2 fb�1 8 TeV data

Q = 288.3± 3.5(stat)± 4.1(syst)error weighted mean mass 
of the observed structure:

the significance of the new structure evaluated with 
pseudo-experiments using the parameters from the fit

the mean mass value of the signal contribution is not constrained within 
the theoretically motivated range to account for a “look elsewhere effect”

significance: calculated as the fraction of the pseudo-experiments in which the difference of 
the logarithms of the fit likelihoods            with and without signal is larger than in the data� lnL

7 TeV: 3.7� 8 TeV: 4.5�

Combined: 5.2 �
local significance (fixing the mean value of the signal component): 5.4 �

consistent with the predicted mass: mBc(2S) ⇠ 6835÷ 6917 MeV

corresponding to a mass of 6841± 4(stat)± 5(syst)MeV
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Summary

The parity-violating decay asymmetry parameter and the helicity amplitudes in
⇤0
b ! J/ ⇤0 decays have been measured by ATLAS

↵b = 0.30± 0.16(stat)± 0.06(syst)

A new state has been observed in the ATLAS detector with a mass 

6841± 4(stat)± 5(syst)MeV

consistent with            predicted as: mBc(2S) ⇠ 6835÷ 6917 MeVBc(2S)
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Backup slides
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3

TABLE I. The coefficients f1i, f2i and Fi of the probability density function in Eq. (3) [15].

i f1i f2i Fi

0 a+a
∗
+ + a−a

∗
− + b+b

∗
+ + b−b

∗
− 1 1

1 a+a
∗
+ − a−a

∗
− + b+b

∗
+ − b−b

∗
− P cos θ

2 a+a
∗
+ − a−a

∗
− − b+b

∗
+ + b−b

∗
− αΛ cos θ1

3 a+a
∗
+ + a−a

∗
− − b+b

∗
+ − b−b

∗
− P αΛ cos θ cos θ1

4 −a+a
∗
+ − a−a

∗
− + 1

2
b+b

∗
+ + 1

2
b−b

∗
− 1 1

2
(3 cos2 θ2 − 1)

5 −a+a
∗
+ + a−a

∗
− + 1

2
b+b

∗
+ − 1

2
b−b

∗
− P 1

2
(3 cos2 θ2 − 1) cos θ

6 −a+a
∗
+ + a−a

∗
− − 1

2
b+b

∗
+ + 1

2
b−b

∗
− αΛ

1
2
(3 cos2 θ2 − 1) cos θ1

7 −a+a
∗
+ − a−a

∗
− − 1

2
b+b

∗
+ − 1

2
b−b

∗
− P αΛ

1
2
(3 cos2 θ2 − 1) cos θ cos θ1

8 −3Re(a+a
∗
−) P αΛ sin θ sin θ1 sin2 θ2 cosφ1

9 3Im(a+a
∗
−) P αΛ sin θ sin θ1 sin2 θ2 sinφ1

10 − 3
2
Re(b−b

∗
+) P αΛ sin θ sin θ1 sin2 θ2 cos(φ1 + 2φ2)

11 3
2
Im(b−b

∗
+) P αΛ sin θ sin θ1 sin2 θ2 sin(φ1 + 2φ2)

12 − 3
√

2
Re(b−a

∗
+ + a−b

∗
+) P αΛ sin θ cos θ1 sin θ2 cos θ2 cosφ2

13 3
√

2
Im(b−a

∗
+ + a−b

∗
+) P αΛ sin θ cos θ1 sin θ2 cos θ2 sinφ2

14 − 3
√

2
Re(b−a

∗
− + a+b

∗
+) P αΛ cos θ sin θ1 sin θ2 cos θ2 cos(φ1 + φ2)

15 3
√

2
Im(b−a

∗
− + a+b

∗
+) P αΛ cos θ sin θ1 sin θ2 cos θ2 sin(φ1 + φ2)

16 3
√

2
Re(a−b

∗
+ − b−a

∗
+) P sin θ sin θ2 cos θ2 cosφ2

17 − 3
√
2
Im(a−b

∗
+ − b−a

∗
+) P sin θ sin θ2 cos θ2 sinφ2

18 3
√

2
Re(b−a

∗
− − a+b

∗
+) αΛ sin θ1 sin θ2 cos θ2 cos(φ1 + φ2)

19 − 3
√
2
Im(b−a

∗
− − a+b

∗
+) αΛ sin θ1 sin θ2 cos θ2 sin(φ1 + φ2)

TABLE II. The coefficients f1i of the remaining six terms of the simplified PDF expressed using the five free parameters defined
in Eq. (5).
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hit patterns then serve as seeds for the HLT muon re-
construction. When the rate from the low-pT muon trig-
gers exceeded the allotted trigger bandwidth, prescale
factors were applied to reduce the output rate. The
transverse momentum threshold for unprescaled single-
muon triggers was 18 GeV. The J/ψ → µ+µ− triggers
are dimuon triggers that require the muons to have op-
posite charge and the dimuon mass to be in the interval
2.5 < mµµ < 4.3 GeV. Most of the sample was collected
by the J/ψ → µ+µ− trigger with a pT threshold of 4 GeV
applied to both muons. This is the lowest pT threshold
trigger unprescaled in the 2011 data-taking period.

IV. MONTE CARLO SAMPLES

A Monte Carlo (MC) sample of signal events is used to
study the efficiency and acceptance of the detector. In-
clusive inelastic events are generated using the Pythia

6.4 MC generator [23] and filtered such that each event
contains a signal decay, Λ0

b → J/ψ(µ+µ−)Λ0, with the

muons having transverse momenta above 2.5 GeV. In ad-
dition to the Λ0

b MC sample, B0
d → J/ψ(µ+µ−)K0

S and
bb̄ → J/ψ(µ+µ−) + X MC samples are also generated
with the same generator-level muon cuts in order to op-
timize the selection cuts and understand the sources of
background. The MC events are passed through the AT-
LAS simulation and reconstruction software [24] based
on the Geant 4 [25] package for the detector simulation.
The MC simulation and reconstruction software is con-
figured to reproduce the detector conditions during data
taking.

V. RECONSTRUCTION AND SIGNAL
SELECTION

A. Muon Reconstruction

Two types of muons are used in the analysis, known
as tagged muons and combined muons [26]. A charged-
particle track reconstructed in the MS is matched to one
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gers exceeded the allotted trigger bandwidth, prescale
factors were applied to reduce the output rate. The
transverse momentum threshold for unprescaled single-
muon triggers was 18 GeV. The J/ψ → µ+µ− triggers
are dimuon triggers that require the muons to have op-
posite charge and the dimuon mass to be in the interval
2.5 < mµµ < 4.3 GeV. Most of the sample was collected
by the J/ψ → µ+µ− trigger with a pT threshold of 4 GeV
applied to both muons. This is the lowest pT threshold
trigger unprescaled in the 2011 data-taking period.

IV. MONTE CARLO SAMPLES

A Monte Carlo (MC) sample of signal events is used to
study the efficiency and acceptance of the detector. In-
clusive inelastic events are generated using the Pythia

6.4 MC generator [23] and filtered such that each event
contains a signal decay, Λ0

b → J/ψ(µ+µ−)Λ0, with the

muons having transverse momenta above 2.5 GeV. In ad-
dition to the Λ0

b MC sample, B0
d → J/ψ(µ+µ−)K0

S and
bb̄ → J/ψ(µ+µ−) + X MC samples are also generated
with the same generator-level muon cuts in order to op-
timize the selection cuts and understand the sources of
background. The MC events are passed through the AT-
LAS simulation and reconstruction software [24] based
on the Geant 4 [25] package for the detector simulation.
The MC simulation and reconstruction software is con-
figured to reproduce the detector conditions during data
taking.

V. RECONSTRUCTION AND SIGNAL
SELECTION

A. Muon Reconstruction

Two types of muons are used in the analysis, known
as tagged muons and combined muons [26]. A charged-
particle track reconstructed in the MS is matched to one
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FIG. 1. The decay angles, as defined in the text.

the decay angles Ω = (θ,φ, θ1,φ1, θ2,φ2) is [15, 17, 18]:

w(Ω, A⃗, P ) =
1

(4π)3

19
∑

i=0

f1i(A⃗)f2i(P,αΛ)Fi(Ω), (3)

with the 20 terms f1i, f2i and Fi listed in Table I. A⃗
represents the four helicity amplitudes and P is the po-
larization of Λ0

b . Under the assumption of CP conserva-
tion in Λ0 → pπ− and Λ̄0 → p̄π+ decays, αΛ̄ = −αΛ =
−0.642± 0.013 is used in this analysis, because the value
αΛ = 0.642 ± 0.013 is measured with better precision
than its counterpart αΛ̄ = −0.71± 0.08 [19]. The Fi(Ω)
are orthogonal functions of the decay angles.
The αb parameter is related to the helicity amplitudes

as follows [15]:

αb = |a+|
2 − |a−|

2 + |b+|
2 − |b−|

2. (4)

There are nine unknown real parameters in the PDF
(Eq. (3)): four complex helicity amplitudes, a+ =
|a+|eiρ+ , a− = |a−|eiρ− , b+ = |b+|eiω+ , b− = |b−|eiω− ,
each with a magnitude and a phase, and the polarization
P . However, only six out of the eight helicity amplitude
parameters are independent, taking into account the nor-
malization constraint (Eq. (2)) and, due to the arbitrary
value of the common phase, only differences between the
four phases are relevant.
The angular PDF is further simplified due to the sym-

metry of the initial state at a pp collider. Since the
arbitrary choice of the beam direction cannot bear on
the physics result, the polarization must be an odd func-
tion of the Λ0

b pseudorapidity: P (pT, η) = −P (pT,−η).
Therefore, for a sample of Λ0

b produced over a symmetric
interval in pseudorapidity, which is satisfied in the AT-
LAS detector, the average polarization must be zero. As
a result, only six terms in Table I which are not depen-
dent on P are retained in the PDF and they depend only

on five independent parameters: three magnitudes of the
helicity amplitudes and two relative phases. The remain-
ing phase cannot be resolved with a zero-polarization
sample, but αb can be determined from the magnitudes
of the helicity amplitudes as in Eq. (4). The following
choice of the fit model parameterization is found to have
only a small correlation of uncertainties and is used in
this analysis:

αb = |a+|
2 − |a−|

2 + |b+|
2 − |b−|

2,

k+ =
|a+|

√

|a+|2 + |b+|2
,

k− =
|b−|

√

|a−|2 + |b−|2
,

∆+ = ρ+ − ω+,

∆− = ρ− − ω−. (5)

Table II shows the explicit dependence of the f1i func-
tions on the chosen parameters.
If CP is conserved, the PDFs of the Λ0

b and Λ̄0
b decays

have exactly the same form. Therefore, assuming CP
conservation, the Λ0

b and Λ̄0
b samples are combined to

measure αb and the helicity amplitudes.

III. DATA SAMPLES AND TRIGGER
SELECTION

ATLAS [20] covers nearly the entire solid angle around
the interaction point with layers of tracking detectors,
calorimeters, and muon chambers. This analysis uses
two sub-systems: the inner detector (ID) and the muon
spectrometer (MS). The ID consists of three types of de-
tectors: a silicon pixel detector (Pixel), a silicon micro-
strip detector (SCT) and a transition radiation tracker
(TRT). These detectors are surrounded by a thin su-
perconducting solenoid providing a 2 T axial magnetic
field. The MS measures the deflection of muons in a
magnetic field produced by three large superconducting
air-core toroid systems, each with eight superconducting
coils, and it consists of four sub-detectors. Monitored
drift tube chambers and cathode strip chambers are used
for precision muon measurements, while resistive plate
chambers (RPCs) and thin gap chambers (TGCs) are
used by the muon trigger system. The MS and ID pro-
vide a pseudorapidity coverage up to |η| = 2.5. Tracks
reconstructed in the ID with pT > 400 MeV are used in
this analysis.
This analysis uses 7 TeV collision data collected in 2011

with single-muon triggers and the dimuon triggers used
to select J/ψ → µ+µ−. The corresponding integrated
luminosity is 4.6 fb−1 [21]. The ATLAS trigger system
[22] has three levels: the hardware-based Level-1 trigger
and the two-stage High-Level Trigger (HLT). At Level-
1, the muon trigger uses RPCs and TGCs to search for
patterns of hits corresponding to muons passing different
pT thresholds. Regions of interest around these Level-1
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