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Introduction
 At RUN1 the ATLAS and CMS General purpose detector (GPD) LHC experiments, 

collected high statistics of B-hadrons and Onia allowing  variety of measurements in  
¥ rare B-decays, CP violation, production  and polarisation,  
¥ discovery of new states, and other high proÞle topics 

 To benefit from high LHC luminosity B-physics groups at GPD  pay attention to B-
trigger strategies and  track/vertex performance at high pileup. 

 GPD B-physics triggers are dominated by di-muon signatures 
 Number of studies have been published for decays: B±→J/ψ(μ+μ-) K± , Bod→J/ψ KS, 

Bod→J/ψ K*o , Bs→J/ψ ϕ,B±c→ J/ψπ± , Λb→ J/ψ Λ0, including lifetimes, masses, CPV, 
production cross sections, polarisation and decay asymmetry, or discovery of new 
states.

 While all these channels can be used for CPV measurements, since far the CPV has 
been measured in Bs→J/ψ ϕ. GPD cannot contribute to CPV in purely hadronic 
decays - these will remain a domain of LHCb and e+e- experiments.

 Here we present:
  Bs→J/! ϕ results in RUN1

 prediction for RUN2 potential in this channel
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 2010  GPD, LHCb  collected similar integrated luminosities 
  b→J/ψ(μμ)X statistics roughly proportional to the production cross sections in respective 

fiducial volumes of experiments, favoured LHCb.
 2011, 2012 GPD record nearly the full luminosity delivered by LHC.
 To benefit from the high integrated luminosity  B-physics  at GPD must pay 

attention to:
 B-triggers, to maintain increasing rates
 Vertexing performance within growing number of pileup events 

RUN1 data taking conditions in GPD 3
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bb → J/! cross section in GPD 
 Cross sections in phase space covered by GPD B-triggers

 bb→J/ψ cross section is 3 x smaller than in LHCb
 sig/bg ratio  bb→J/ψ / pp→J/ψ   ~ 3.5 x bigger than in LHCb  

4

Fiducial vol 
(relevant for 
Bs → J/ψφ)

bb → J/ψ cross section pp → J/ψ direct cross section R = bb → J/ψ/ 
pp → J/ψ

ATLAS NP B850 (2011)387
CMS JHEP 02 (2012) 011 
*)

pT > 7 GeV        
|y| < 2.4

0.38 ± 0.01 (stat.) ± 0.47 (syst.) ± 
0.03 (spin) ± 0.01 (lumi.) µb

0.98  ± 0.02 (stat.) ± 0.13 (syst.) ± 
0.15 (spin) ± 0.03 (lumi.)

0.39

LHCb
Eur. Phys. J. C (2011) 71: 

1645

pT !  [0; 14] GeV 
y !  [2.0;4.5]

1.14 ± 0.01 (stat.) ± 0.16 (syst.) µb 10.52 ± 0.04 ± 1.40+1.64 µb 0.11

Page 14 of 17 Eur. Phys. J. C (2011) 71: 1645

Table 7 dσ
dy in nb for promptJ/ ψ (assumed unpolarised) andJ/ ψ from b, integrated overpT. The Þrst uncertainty is statistical, the second is the

component of the systematic uncertainty that is uncorrelated between bins and the third is the correlated component

pT range (GeV/c ) y bin PromptJ / ψ J/ ψ from b

0Ð14 2.0Ð2.5 5504± 83± 381± 726 697± 27± 40± 96

0Ð14 2.5Ð3.0 5096± 21± 142± 672 608± 7± 13± 84

0Ð14 3.0Ð3.5 4460± 14± 59± 589 479± 5± 5± 66

0Ð13 3.5Ð4.0 3508± 12± 40± 463 307± 4± 3± 42

0Ð11 4.0Ð4.5 2462± 12± 48± 325 180± 4± 3± 25

Fig. 6 Differential production cross-section as a function ofy integrated overpT, for unpolarised promptJ/ ψ (left) andJ/ ψ from b (right). The
errors are the quadratic sums of the statistical and systematic uncertainties

Fig. 7 Fraction ofJ/ ψ from b as a function ofpT, in bins ofy

colour-octet long distance matrix elements determined
from HERA and Tevatron data (hatched green uncertainty
band) [42], summing the colour-singlet and colour-octet
contributions;

Ð top, right: direct production as calculated from a NNLO#

colour-singlet model (CSM, Þlled red uncertainty band)
[16, 43]. The notation NNLO# denotes an evaluation that
is not a complete next-to-next leading order computa-

tion and that can be affected by logarithmic corrections,
which are however not easily quantiÞable. Direct produc-
tion as calculated from NLO CSM (hatched grey uncer-
tainty band) [12, 14] is also represented;

Ð bottom, left: promptJ/ ψ production as calculated from
NRQCD at NLO, including contributions fromχc and
ψ(2S) decays, summing the colour-singlet and colour-
octet contributions [44];

Ð bottom, right: promptJ/ ψ production as calculated from
a NLO colour-evaporation model (CEM), including con-
tributions fromχc andψ(2S) decays [45].

It should be noted that some of the theoretical models com-
pute the directJ/ ψ production, whereas the promptJ/ ψ
measurement includesJ/ ψ from χc decays and, to a smaller
extent,ψ(2S)decays. However, if one takes into account the
feed-down contribution, which has been estimated to be of
the order of 30% averaging over several experimental mea-
surements at lower energies [46], a satisfactory agreement is
found with the theoretical predictions.

Figure9 shows a comparison of the LHCb measurement
of the differentialJ/ ψ from b cross-section with a calcula-
tion based on the FONLL formalism [39, 40]. This model
predicts theb-quark production cross-section, and includes
the fragmentation of theb-quark intob-hadrons and their de-
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Figure 9: J/! non-prompt to inclusive fractions as a function of J/! transverse momentum. Overlaid is a band representing the variation of the result under various spin-
alignment scenarios (see text) representing a theoretical uncertainty on the prompt and non-prompt J/! components. The equivalent results from CMS [3] and CDF [4] are
included.
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Figure 9: J/ψ non-prompt to inclusive fractions as a function ofJ/ψ transverse momentum. Overlaid is a band representing the variation of the result under various spin-
alignment scenarios (see text) representing a theoreticaluncertainty on the prompt and non-promptJ/ψ components. The equivalent results from CMS [3] and CDF [4] are
included.
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*) ATLAS, CMS cross sect compatible, numbers taken from ATLAS. 
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 Tracking and vertex resolution important for CPV Bs → J/ψφ 
time-dependent analysis

 as pileup was increasing a quality of tracking, vertexing had 
to improve to achieve stability:
 impact parameters (d0) of reconstructed tracks with respect to the 

PV for 2 different average number of interactions per beam 
crossing 

 Resolution (a width of main peak) remained unchanged. The tails 
are potentially sensitive to the rate of secondaries and fakes. No 
significant increase in the fake rate observed. 

Tracking, time resolution in GPD 5

5.15< m(B0
s ) < 5.65 GeV.
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Figure 1 . Left: mass uncertainty distribution for data, the Þts to the background and the signal
fractions and the sum of the two Þts. Right: proper decay time uncertainty distribution for data,
the Þts to the background and the signal fractions and the sum ofthe two Þts.

4.2 SpeciÞc B 0 background

The B0
s → J/ψ(µ+ µ−)φ(K+ K−) sample is contaminated with mis-reconstructedB0 →

J/ψK∗ and B0 → J/ψK+ π− (non-resonant) decays, where the Þnal-state pion is mis-
identiÞed as a kaon. The two backgrounds are referred to asB0 reßections, since the
B0 is reconstructed as aB0

s meson and therefore lies within theB0
s meson mass window

rather than in the usual B0 mass range. The fractions of these components are Þxed
in the likelihood Þt to values (6.5 ± 2.4)% and (4.5 ± 2.8)% respectively. These values
are calculated from the relative production fractions of the B0

s and B0 mesons and their
decay probabilities taken from the PDG values [14] and from their selection efficiencies,
which are determined from MC events. The corresponding uncertainties are dominated by
uncertainties in the decay probabilities.

Mis-reconstructed B0 decays are treated as part of the background and are described
by dedicated PDFs of the form:

FB 0 (mi , ti ,Ωi ) = PB 0 (mi ) áPs(σm i
) áPB 0 (ti |σti)

á PB 0 (θT ) áPB 0 (ϕT ) áPB 0(ψT ) áPs(σti) áPs(pT i ) (4.4)

The mass is described by thePB 0(mi ) term in the form of a Landau function due to
the distortion caused by the incorrect mass assignment. Thedecay time is described in
the term PB 0(ti |σti ) by an exponential smeared with event-by-event Gaussian errors. The
transversity angles are described using the same functionsas the other backgrounds but
with di fferent values for the parameters obtained from the Þt to MC data. The terms
Ps(σm i

), Ps(σti ) and Ps(pT i ) are described in section4.4. All the PDFs describing these
B0 reßections have Þxed shapes determined from the MC studies.

Ð 7 Ð

LHCb-
CONF-2011-006

 per candidate proper decay time 
errors δτ  for Bs → J/ψφ candidates:

 In the ATLAS 2011 data selected for 
Bs analysis the average δτ for signal 
evts was ~90 fs 

 In the 2012 data of CMS ~ 70 fs
 In dedicated LHCb detector this error 

in 2011 was 45 fs
 δτ precision is important for 

sensitivity to CPV
 on other side a precision of lifetime  

measurement depends on statistics 
and how well we know δτ

JHEP 1212 (2012) 072

CMS PAS 
BPH-13-012

http://link.springer.com/article/10.1007/JHEP12%282012%29072
http://link.springer.com/article/10.1007/JHEP12%282012%29072
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6CMS ID performance tracking 201138 5 Track reconstruction performance
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Figure 15: Resolution, as a function of pT, in the five track parameters for single, isolated muons
in the barrel, transition, and endcap regions, defined by ! intervals of 0–0.9, 0.9–1.4 and 1.4–
2.5, respectively. From top to bottom and left to right: transverse and longitudinal impact
parameters, " , cot # and pT. For each bin in pT, the solid (open) symbols correspond to the
half-width for 68% (90%) intervals centered on the mode of the distribution in residuals, as
described in the text.

5.2 Resolution in the track parameters 37
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Figure 14: Resolution, as a function of pseudorapidity, in the five track parameters for single,
isolated muonswith pT = 1, 10, and 100 GeV. From top to bottom and left to right: transverse
and longitudinal impact parameters, φ, cot θ and transverse momentum. For each bin in η,
the solid (open) symbols correspond to the half-width for 68% (90%) intervals centered on the
mode of the distribution in residuals, as described in the text.

CERN-PH-EP/2014-070 
2014/05/27

 d0 resolution, as a function of pT, for single, 
isolated muons in the barrel, transition, endcap, 
defined by η of 0–0.9, 0.9–1.4 and 1.4– 2.5. Solid 
(open) symbols correspond to the half-width for 
68% (90%) intervals in the distributions in residuals

d0-resolution, as a function of η for single, 
isolated muons with pT = 1, 10, and 100 GeV. 

Simulation  based on pp 
collision data in 2011 and 
typical pileup conditions, 
using the reconstruction 
software from the same 
period. The algorithms have 
been steadily evolving since 
then, but still have a similar 
design now.

2011 CMS ID d0-resolution achieves  plateau of  10-15 "m at ultimate p T, 
at very low pT (1GeV) is dominated by material , the d0 resolutions varies ~ 
80-200 "m depending on #
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CERN-LHCC-2010-013 / 
ATLAS-TDR-019, IBL

ATLAS d0-resolution, as a function of η for 
single, isolated muons with pT = 1, 5, and 100 
GeV. Simulation for RUN1 conditions compared 
to RUN2 with IBL

ATLAS Bs → J/ψφ time resolution as a function of 
pT, simulation at 2012 conditions and at RUN2 
conditions with IBL

at RUN1 ATLAS ID d0-resolution achieves  plateau of  10-15 "m at ultimate p T, 
at very low pT (1GeV) is dominated by material , the d0 resolutions varies ~ 110 
-200 "m depending on #

at RUN2 ATLAS will run with IBL,  details in slides 23-25
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Figure 19. Track parameter resolutions for single muons at 1, 5 and 100 GeV as a function ofη . Com-
pared are the expected resolutions: (top-left) transverse impact parameterd0; (top-right) longitudial impact
parameterz0sinθ ; (middle-left) angleθ ; (middle-right) angleφ ; (bottom) relative error on the curvature
pT/σ(q/pT) for the current ID and for the ID with IBL. No pileup was added to the events.

unchanged. The reduction in the number of 3 associated clusters in the innermost layer with IBL
reßects the missingz overlap of the modules in a stave, leading only to occasional splitting of
clusters across 2 adjacent modules inz in the very forward region. The number of associated SCT
clusters and TRT drift circles is unchanged, as expected.

2.3.4 Improvements in tracking for single particles and particles in jets

The gain in the precision of the reconstructed tracks from the IBL is demonstrated using single 1,
5 and 100 GeV single muon events. Figure19shows the resolution as a function ofη for the Þtted
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Figure 1:B0
s proper decay time resolution"! as a function of transverse momentumpT of theB0

s meson,
shown for three detector layouts: current ATLAS layout and pileup conditions of 2012 (red), IBL AT-
LAS layout with average number of pileup events,<µ>=60 (magenta) and ITK layout with,<µ>=200
(blue). The vertical axis gives an average value of per-candidate proper decay time errors forB0

s candi-
dates within thepT bin. Left and right plots are equivalent; the horizontal axis showspT in the left plot,
and 1/pT in the right plot.

in prompt production varies withpT in the same way at both 7 TeV and 14 TeV energies. The ATLAS
analysis does not apply a decay time cut to theB0

s → J/#$ candidates, so thepp→ J/#X background
is kept and taken into account in the Þt.

5.2 Signal yield

Estimation of the signal yield is based on a combination of real data from 2012 and simulated events
for future layouts. Firstly, three subsets of 2012 data werecreated: all recordedB0

s candidates (ÒallÓ);
candidates withpT of both muons> 6 GeV (Ò6-6Ó); and Þnally candidates withpT of both muons> 11
GeV (Ò11-11Ó). For each subset the number of signal events Nsig is determined by applying a Þt to the
B0
s mass distributions. Secondly, each Nsig is corrected by a factor taking into account signal efÞciencies

from MC simulated with future layouts, relative to the efÞciencies in the 2012 MC simulation. Each
Nsig is then multiplied by a factor 2 to account for the differencein cross sections at centre-of-mass
energies of 14 TeV and 7 TeV, as described above. The Nsig values extracted for each period, expressed
as the number of signal events per fb−1, are shown in Table 3. Finally, Nsig values are calculated for the
integrated luminosities expected in each period, and are given in the same table.

5.3 Background level

Since the background rejection is high, background events were not simulated due to limited computing
resources; however the background level is estimated usingthe combinatorial background in the signal
event samples. To validate this method, it was applied to 2012 MC simulated signal events and the
estimated background level was found to be consistent with that determined from 2012 data. The combi-
natorial background in the signal events consists ofJ/# candidates combined with two charged hadrons
not originating from the signal decayB0

s → J/#(µ+µ−)$(K+K−). These background candidates were
required to pass the same selection criteria as the signal, described in section 3. The fraction of combina-
torial background found in the signal samples was then scaled using the cross sections forpp→ J/#X

5

ATL-PHYS-PUB-2013-010



Smizanska, CPV in GDP experiments, 50 years of CPV, July 2014 Queen Mary University of London

Bs → J/!$ analysis

We present GPD B0s → J/!$ analysis of : 

 ATLAS: Flavour tagged time dependent angular analysis of 
the Bs → J/!$ decay and extraction of %& s and the weak 
phase $ s in ATLAS,CERN-PH-EP-2014-43, ArXiv, ID: 
1407.1796, submitted to PRD, using 2011 data, 4.9 fb-1.

 CMS: Flavour tagged measurement of the decay width %&s 
and the CP-violating phase $ s in the Bs → J/!$ decays at 
CMS, CMS PAS BPH-13-012, using 2012 data, 20 fb-1.
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Bs → J/!$ candidate selection, ATLAS 
 no displaced vertex or 

time cuts applied in 
trigger nor offline 

 J/ψ mass window 
adapted to barrel, 
endcap  

 φ mass window 22 MeV
 Kaons pT > 1 GeV
 B-vertex χ2/d.o.f. < 3
 In total 131k Bs 

candidates within 5.15 < 
m(Bs) < 5.65 GeV used 
in the fit

 Number of signal Bs 
candidates extracted 
from the fit  22690 ± 160

9
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Bs → J/!$ candidate selection, CMS 
 CMS J/ψ-trigger Lxy/σLxy> 3
 J/ψ mass window 150 MeV
 φ mass window 20 MeV
 Kaons pT > 0.7 GeV
 Bs-vertex probability>2%
 proper decay length [0.02 

− 0.3] cm.
 5.24  < m(Bs) < 5.49 GeV 
 Number of signal Bs 

candidates extracted from 
the fit  49000

10
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 ATLAS analysis: Signal pdf 11

 9 physics variables to describe Bs → J/!$ and S-wave 
component extracted from Þt: 

 %&s, $ s, &s, |A0(0)|2, |A!(0)|2, ' ||, |AS(0)|2 , ' S" ,  ' "

Table 2: Table showing the ten time-dependent amplitudes,O(k)(t) and the functions of the transversity
anglesg(k)(θT ,ψT ,φT ). The amplitudes|A0(0)|2 and|A! (0)|2 are for the CP even components of the
B0

s " J/ ψφ decay,|A(0)# |2 is the CP odd amplitude, they have corresponding strong phasesδ0, δ!
andδ# , by conventionδ0 is set to be zero. TheS$ wave amplitude|AS(0)|2 gives the fraction ofB0

s "
J/ ψK+ K$ ( f0) and has a related strong phaseδS. The± and% terms denote two cases: the upper sign
describes the decay of a meson that was initially aB0

s , while the lower sign describes the decays of a
meson that was initiallyB0

s .

k O(k) (t) g(k) (θT ,ψT ,φT )

1 1
2|A0(0)|2

�
(1+ cosφs) e$ ! (s)

L t + ( 1$ cosφs) e$ ! (s)
H t ± 2e$ ! st sin(" mst) sinφs

�
2cos2 ψT (1$ sin2 θT cos2 φT )

2 1
2|A! (0)|2

�
(1+ cosφs) e$ ! (s)

L t + ( 1$ cosφs) e$ ! (s)
H t ± 2e$ ! st sin(" mst) sinφs

�
sin2 ψT (1$ sin2 θT sin2 φT )

3 1
2|A# (0)|2

�
(1$ cosφs) e$ ! (s)

L t + ( 1+ cosφs) e$ ! (s)
H t %2e$ ! st sin(" mst) sinφs

�
sin2 ψT sin2 θT

4 1
2|A0(0)||A! (0)| cosδ|| $ 1&

2
sin2ψT sin2 θT sin2φT�

(1+ cosφs) e$ ! (s)
L t + ( 1$ cosφs) e$ ! (s)

H t ± 2e$ ! st sin(" mst) sinφs

�

5 |A! (0)||A# (0)|[ 1
2(e$ ! (s)

L t $ e$ ! (s)
H t ) cos(δ# $ δ|| ) sinφs sin2 ψT sin2θT sinφT

± e$ ! st (sin(δ# $ δ! ) cos(" mst) $ cos(δ# $ δ! ) cosφs sin(" mst))]

6 |A0(0)||A# (0)|[ 1
2(e$ ! (s)

L t $ e$ ! (s)
H t ) cosδ# sinφs

1&
2

sin2ψT sin2θT cosφT

± e$ ! st (sinδ# cos(" mst) $ cosδ# cosφs sin(" mst))]
7 1

2|AS(0)|2
�
(1$ cosφs) e$ ! (s)

L t + ( 1+ cosφs) e$ ! (s)
H t %2e$ ! st sin(" mst) sinφs

�
2
3

�
1$ sinθT cos2 φT

�

8 |AS||A! (0)|[ 1
2(e$ ! (s)

L t $ e$ ! (s)
H t ) sin(δ! $ δS) sinφs

1
3

&
6sinψT sin2 θT sin2φT

± e$ ! st (cos(δ! $ δS) cos(" mst) $ sin(δ! $ δS) cosφs sin(" mst))]
9 1

2|AS||A# (0)| sin(δ# $ δS) 1
3

&
6sinψT sin2θT cosφT�

(1$ cosφs) e$ ! (s)
L t + ( 1+ cosφs) e$ ! (s)

H t %2e$ ! st sin(" mst) sinφs

�

10 |A0(0)||AS(0)|[ 1
2(e$ ! (s)

H t $ e$ ! (s)
L t ) sinδS sinφs

4
3

&
3cosψT

�
1$ sin2 θT cos2 φT

�

± e$ ! st (cosδS cos(" mst) + sinδS cosφs sin(" mst))]
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ATLAS  analysis: method

 Components of the fit: 
 ti , σti - proper decay time and its error, used in per-candidate convolution, with scale 

factor 
 mi , σmi  mass and its error used in per-candidate convolution, with scale factor
 Ωi (θ, φ, ψ)  transversity angles
 A(Ωi,pTi)  4-D binned acceptance, applied an event-by-event (θT,ψT,φT) and pT of the 

event,  measured from simulations
  a per-candidate probability to the 

 ʻBsʼ to be a Bs or Bs-bar

12

 per-candidate ML fit using PDF with signal Fs and two background 
components FB0       and Fbkg

For eachB0
s meson candidate the proper decay timet is determined by the expression:

t =
Lxy M

B

c pTB

,

wherepTB
is the reconstructed transverse momentum of theB0

s meson candidate andM
B

denotes the world average mass value [14] of the B0
s meson (5366.3 MeV). The transverse

decay lengthLxy is the displacement in the transverse plane of theB0
s meson decay vertex

with respect to the primary vertex, projected onto the direction of B0
s transverse momen-

tum. The position of the primary vertex used to calculate this quantity is [14] reÞtted
following the removal of the tracks used to reconstruct theB0

s meson candidate.
For the selected events the average number of pileup interactions is 5.6, necessitating

a choice of the best candidate for the primary vertex at whichthe B0
s meson is produced.

The variable used is a three-dimensional impact parameterd0, which is calculated as the
distance between the line extrapolated from the reconstructed B0

s meson vertex in the di-
rection of the B0

s momentum, and each primary vertex candidate. The chosen primary
vertex is the one with the smallestd0. Using MC simulation it is shown that the fraction
of B0

s candidates which are assigned the wrong primary vertex is less than 1% and that the
corresponding effect on the Þnal results is negligible. NoB0

s meson lifetime cut is applied
in the analysis.

4 Maximum likelihood Þt

An unbinned maximum likelihood Þt is performed on the selected events to extract the
parameters of theB0

s ! J/ψ(µ+ µ−)φ(K+ K−) decay. The Þt uses information about the
reconstructed massm, the measured proper decay timet, the measured mass and proper
decay time uncertaintiesσm and σt, and the transversity angles (collectively labelledΩ) of
eachB0

s ! J/ψφ decay candidate.
The likelihood function is deÞned as a combination of the signal and background

probability density functions as follows:

ln L =
N!

i=1

{wi · ln(fs · Fs(mi, ti,Ωi) + fs · fB0 · FB0 (mi, ti,Ωi)

+(1 " fs · (1 + fB0))Fbkg (mi, ti,Ωi))} + ln P (δ⊥)

(4.1)

whereN is the number of selected candidates,fs is the fraction of signal candidates,fB0 is
the fraction of peaking B0 meson background events (described in section4.2) calculated
relative to the number of signal events; this parameter is Þxed in the likelihood Þt. The
massmi, the proper decay time ti and the decay anglesΩi are the values measured from
the data for each eventi. Fs, FB0 and Fbkg are the probability density functions (PDF)
modelling the signal, the speciÞcB0 background and the other background distributions,
respectively. A detailed description of the PDF functions and other terms in the equation
4.1 is given in sections4.1 " 4.5.

Ð 4 Ð

For eachB0
s meson candidate the proper decay timet is determined by the expression:

t =
Lxy MB

c pT B

,

wherepT B is the reconstructed transverse momentum of theB0
s meson candidate andMB

denotes the world average mass value [14] of the B0
s meson (5366.3 MeV). The transverse

decay lengthLxy is the displacement in the transverse plane of theB0
s meson decay vertex

with respect to the primary vertex, projected onto the direction of B0
s transverse momen-

tum. The position of the primary vertex used to calculate this quantity is [14] reÞtted
following the removal of the tracks used to reconstruct theB0

s meson candidate.
For the selected events the average number of pileup interactions is 5.6, necessitating

a choice of the best candidate for the primary vertex at whichthe B0
s meson is produced.

The variable used is a three-dimensional impact parameterd0, which is calculated as the
distance between the line extrapolated from the reconstructed B0

s meson vertex in the di-
rection of the B0

s momentum, and each primary vertex candidate. The chosen primary
vertex is the one with the smallestd0. Using MC simulation it is shown that the fraction
of B0

s candidates which are assigned the wrong primary vertex is less than 1% and that the
corresponding e! ect on the Þnal results is negligible. NoB0

s meson lifetime cut is applied
in the analysis.

4 Maximum likelihood Þt

An unbinned maximum likelihood Þt is performed on the selected events to extract the
parameters of theB0

s ! J/! (µ+ µ−)" (K+ K−) decay. The Þt uses information about the
reconstructed massm, the measured proper decay timet, the measured mass and proper
decay time uncertainties#m and #t, and the transversity angles (collectively labelled" ) of
eachB0

s ! J/!" decay candidate.
The likelihood function is deÞned as a combination of the signal and background

probability density functions as follows:

ln L =
N!

i=1

{wi áln(fs á Fs(mi, ti, " i) + fs áfB0 á FB0 (mi, ti, " i)

+(1 " fs á(1 + fB0))Fbkg (mi, ti, " i)) } + ln P ($⊥)

(4.1)

whereN is the number of selected candidates,fs is the fraction of signal candidates,fB0 is
the fraction of peaking B0 meson background events (described in section4.2) calculated
relative to the number of signal events; this parameter is Þxed in the likelihood Þt. The
massmi, the proper decay time ti and the decay angles" i are the values measured from
the data for each eventi. Fs, FB0 and Fbkg are the probability density functions (PDF)
modelling the signal, the speciÞcB0 background and the other background distributions,
respectively. A detailed description of the PDF functions and other terms in the equation
4.1 is given in sections4.1 " 4.5.

Ð 4 Ð

For each B 0
s meson candidate the proper decay time t is determined by the expression:

t =
L xy M B

c pT B

,

where pT B is the reconstructed transverse momentum of the B 0
s meson candidate and M B

denotes the world average mass value [14] of the B 0
s meson (5366.3 MeV). The transverse

decay length L xy is the displacement in the transverse plane of the B 0
s meson decay vertex

with respect to the primary vertex, projected onto the direction of B 0
s transverse momen-

tum. The position of the primary vertex used to calculate this quantity is [14] refitted

following the removal of the tracks used to reconstruct the B 0
s meson candidate.

For the selected events the average number of pileup interactions is 5.6, necessitating

a choice of the best candidate for the primary vertex at which the B 0
s meson is produced.

The variable used is a three-dimensional impact parameter d0, which is calculated as the

distance between the line extrapolated from the reconstructed B 0
s meson vertex in the di-

rection of the B 0
s momentum, and each primary vertex candidate. The chosen primary

vertex is the one with the smallest d0. Using MC simulation it is shown that the fraction

of B 0
s candidates which are assigned the wrong primary vertex is less than 1% and that the

corresponding e! ect on the final results is negligible. No B 0
s meson lifetime cut is applied

in the analysis.

4 Maximum likelihood fit

An unbinned maximum likelihood fit is performed on the selected events to extract the

parameters of the B 0
s → J/ ! (µ+ µ! )" (K + K ! ) decay. The fit uses information about the

reconstructed mass m, the measured proper decay time t , the measured mass and proper

decay time uncertainties #m and #t , and the transversity angles (collectively labelled " ) of

each B 0
s → J/ !" decay candidate.

The likelihood function is defined as a combination of the signal and background

probability density functions as follows:

ln L =
N
∑

i =1

{ wi áln(f s á Fs(mi , t i , " i ) + f s áf B 0 á FB 0 (mi , t i , " i )

+(1− f s á(1 + f B 0 ))Fbkg(mi , t i , " i ))} + lnP($" )

(4.1)

where N is the number of selected candidates, f s is the fraction of signal candidates, f B 0 is

the fraction of peaking B 0 meson background events (described in section 4.2) calculated

relative to the number of signal events; this parameter is fixed in the likelihood fit. The

mass mi , the proper decay time t i and the decay angles " i are the values measured from

the data for each event i . Fs, FB 0 and Fbkg are the probability density functions (PDF)

modelling the signal, the specific B 0 background and the other background distributions,

respectively. A detailed description of the PDF functions and other terms in the equation

4.1 is given in sections 4.1 − 4.5.

– 4 –

for the event, then the probability of 0.5 is assigned. A summary of the tagging performance is given in
Table 1.

Table 1: Summary of tagging performance for the different tagging methods described in the text. Un-
certainties shown are statistical only. The efÞciency and tagging power are each determined by summing
over the individual bins of the charge distribution. The effective dilution is obtained from the measured
efÞciency and tagging power, as shown in the table. For the efÞciency, dilution, and tagging power, the
corresponding uncertainty is each determined by combining the appropriate uncertainties on the individ-
ual bins of each charge distribution.

Tagger EfÞciency[%] Dilution [%] Tagging Power[%]

Segment Tagged muon 1.08± 0.02 36.7± 0.7 0.15± 0.02
Combined muon 3.37± 0.04 50.6± 0.5 0.86± 0.04
Jet charge 27.7± 0.1 12.68± 0.06 0.45± 0.03
Total 32.1± 0.1 21.3± 0.08 1.45± 0.05

5 Maximum Likelihood Fit

An unbinned maximum likelihood Þt is performed on the selected events to extract the parameters of
the B0

s → J/! (µ+ µ−)" (K+ K−) decay. The Þt uses information about the reconstructed massm, the
measured proper decay timet, the measured mass and proper decay time uncertainties#m and#t, the
tag probability, and the transversity angles! of eachB0

s → J/!" decay candidate. There are three
transversity angles;! = ( $T , ! T , " T) and these are deÞned in section 5.1.

The likelihood function is deÞned as a combination of the signal and background probability density
functions as follows:

ln L =
N

"
i= 1

{ wi áln( fsáF s(mi , ti , ! i ) + fsáfB0 áF B0(mi , ti , ! i )

+( 1− fsá(1+ fB0))F bkg(mi , ti , ! i )) }

(3)

whereN is the number of selected candidates,wi is a weighting factor to account for the trigger efÞ-
ciency, fs is the fraction of signal candidates,fB0 is the fraction of peakingB0 meson background events
calculated relative to the number of signal events; this parameter is Þxed in the likelihood Þt. The mass
mi, the proper decay timeti and the decay angles! i are the values measured from the data for each
eventi. F s, F B0 andF bkg are the probability density functions (PDF) modelling the signal, the spe-
ciÞcB0 background and the other background distributions, respectively. A detailed description of the
signal PDF terms in equation 3 is given in sections 5.1. The terms describing the background PDFs are
described in the previous analysis [6] and are unchanged.

5.1 Signal PDF

The PDF describing the signal events,F s, has the form of a product of PDFs for each quantity measured
from the data:

F s(mi , ti ,! i ,P(B|Q)) = Ps(mi|#mi ) áPs(#mi ) áPs(! i , ti ,P(B|Q)|#ti ) áPs(#ti ) áPs(P(B|Q)) áA(! i ,pTi) áPs(pTi)
(4)
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ATLAS tagging for CPV measurement 13

for the event, then the probability of 0.5 is assigned. A summary of the tagging performance is given in
Table 1.

Table 1: Summary of tagging performance for the different tagging methods described in the text. Un-
certainties shown are statistical only. The efficiency and tagging power are each determined by summing
over the individual bins of the charge distribution. The effective dilution is obtained from the measured
efficiency and tagging power, as shown in the table. For the efficiency, dilution, and tagging power, the
corresponding uncertainty is each determined by combining the appropriate uncertainties on the individ-
ual bins of each charge distribution.

Tagger Efficiency [%] Dilution [%] Tagging Power [%]

Segment Tagged muon 1.08 ± 0.02 36.7 ± 0.7 0.15 ± 0.02
Combined muon 3.37 ± 0.04 50.6 ± 0.5 0.86 ± 0.04
Jet charge 27.7 ± 0.1 12.68 ± 0.06 0.45 ± 0.03
Total 32.1 ± 0.1 21.3 ± 0.08 1.45 ± 0.05

5 Maximum Likelihood Fit

An unbinned maximum likelihood fit is performed on the selected events to extract the parameters of
the B0

s → J/ψ(µ+µ−)φ(K+K−) decay. The fit uses information about the reconstructed mass m, the
measured proper decay time t, the measured mass and proper decay time uncertainties σm and σt , the
tag probability, and the transversity angles ! of each B0

s → J/ψφ decay candidate. There are three
transversity angles; ! = (θT ,ψT ,φT) and these are defined in section 5.1.

The likelihood function is defined as a combination of the signal and background probability density
functions as follows:

ln L =
N

"
i=1

{ wi áln( fs áFs(mi , ti , ! i)+ fs áfB0 áFB0(mi , ti , ! i)

+(1− fs á(1+ fB0))Fbkg(mi , ti , ! i))}

(3)

where N is the number of selected candidates, wi is a weighting factor to account for the trigger effi-
ciency, fs is the fraction of signal candidates, fB0 is the fraction of peaking B0 meson background events
calculated relative to the number of signal events; this parameter is fixed in the likelihood fit. The mass
mi , the proper decay time ti and the decay angles ! i are the values measured from the data for each
event i. Fs, FB0 and Fbkg are the probability density functions (PDF) modelling the signal, the spe-
cific B0 background and the other background distributions, respectively. A detailed description of the
signal PDF terms in equation 3 is given in sections 5.1. The terms describing the background PDFs are
described in the previous analysis [6] and are unchanged.

5.1 Signal PDF

The PDF describing the signal events, Fs, has the form of a product of PDFs for each quantity measured
from the data:

Fs(mi , ti ,! i ,P(B|Q))=Ps(mi|σmi )áPs(σmi )áPs(! i , ti ,P(B|Q)|σti )áPs(σti )áPs(P(B|Q))áA(! i ,pTi)áPs(pTi)
(4)
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 ATLAS uses opposite side tagging, OST
 muon-cone-charge

¥  the separation power of tag muons enhanced by a weighted sum Q"  of the 
charge of the tracks in a cone of %R < 0.5 around the muon

 OST jet-charge: 
¥ b-tagged jet is required, jet-charge Qjet 

 tagging was calibrated with B± → J/!K ± events
 tagging improved $ s  statistical error from 0.41 to 0.25  using same data statistics
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Figure 1: The invariant mass distribution forB± → J/ψK± candidates. Included in this plot are all events
passing the selection criteria. The data are shown by points, the overall result of the Þt is given by the
blue curve. The combinatorial background component is given by the dashed line, and the contribution
of the background from partially reconstructed decays is shown in the dotted curve. The red vertical
dashed lines indicate the left and right sidebands while the blue vertical dashed lines indicate the signal
region.

4.2 Tagging methods

Several methods are available to infer the ßavour of the opposite-side meson, with varying efÞciencies
and discriminating powers. Identifying the charge of a muon through the semi-leptonic decay of theB
meson provides strong power of separation, however theb → µ transitions are diluted through neutralB
meson oscillations, as well as by cascade decaysb → c → µ which can alter the sign of the muon relative
to the one coming from direct semi-leptonic decaysb → µ. The separation power of tag muons can be
enhanced by considering a weighted sum of the charge of the tracks in a cone around the muon. If no
muon is present, a weighted sum of the charge of tracks associated to the opposite sideB meson decay
will also provide some separation. The tagging methods are described in detail below.

An additional muon is searched for in the event, having originated near the original interaction point.
Muons are separated into their two reconstruction classes:combined andsegment tagged. In the case of
multiple muons, the one with the highest transverse momentum is selected. A muoncone charge variable
is constructed, deÞned as

Qµ =
∑N tracks

i qi á(pi
T )κ

∑N tracks
i (pi

T )κ , (1)

where the value of the parameterκ = 1.1, which was tuned to optimise the tagging power, and the sum
is performed over the reconstructed ID tracks within a cone of∆R < 0.5 around the muon momentum
axis, withpT > 0.5 GeV and|η | < 2.5. The value of parameterκ has been determined in the process of
optimisation of the tagging performance. Tracks associated to the signal-side of the decay are explicitly
excluded from the sum. In Fig. 2 the distribution of muon cone charge is shown for candidates fromB±

signal decays, for each class of muon.
In the absence of a muon, a b-tagged jet [16] is required in the event, with tracks associated to the

same primary interaction vertex as the signal decay, excluding those from the signal candidate. The jet is
reconstucted using the Anti-kt algorithm with a cone size of 0.6. In the case of multiple jets, the jet with
the highest value of the b-tag weight reference is used.
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Figure 1: The invariant mass distribution forB± ! J/! K± candidates. Included in this plot are all events
passing the selection criteria. The data are shown by points, the overall result of the Þt is given by the
blue curve. The combinatorial background component is given by the dashed line, and the contribution
of the background from partially reconstructed decays is shown in the dotted curve. The red vertical
dashed lines indicate the left and right sidebands while the blue vertical dashed lines indicate the signal
region.

4.2 Tagging methods

Several methods are available to infer the ßavour of the opposite-side meson, with varying efÞciencies
and discriminating powers. Identifying the charge of a muon through the semi-leptonic decay of theB
meson provides strong power of separation, however theb ! µ transitions are diluted through neutralB
meson oscillations, as well as by cascade decaysb ! c ! µ which can alter the sign of the muon relative
to the one coming from direct semi-leptonic decaysb ! µ. The separation power of tag muons can be
enhanced by considering a weighted sum of the charge of the tracks in a cone around the muon. If no
muon is present, a weighted sum of the charge of tracks associated to the opposite sideB meson decay
will also provide some separation. The tagging methods are described in detail below.

An additional muon is searched for in the event, having originated near the original interaction point.
Muons are separated into their two reconstruction classes:combined andsegment tagged. In the case of
multiple muons, the one with the highest transverse momentum is selected. A muoncone charge variable
is constructed, deÞned as

Qµ =
∑N tracks

i qi · (pi
T )"

∑N tracks
i (pi

T )"
, (1)

where the value of the parameter" = 1.1, which was tuned to optimise the tagging power, and the sum
is performed over the reconstructed ID tracks within a cone of∆R < 0.5 around the muon momentum
axis, withpT > 0.5 GeV and|# |< 2.5. The value of parameter" has been determined in the process of
optimisation of the tagging performance. Tracks associated to the signal-side of the decay are explicitly
excluded from the sum. In Fig. 2 the distribution of muon cone charge is shown for candidates fromB±

signal decays, for each class of muon.
In the absence of a muon, a b-tagged jet [16] is required in the event, with tracks associated to the

same primary interaction vertex as the signal decay, excluding those from the signal candidate. The jet is
reconstucted using the Anti-kt algorithm with a cone size of 0.6. In the case of multiple jets, the jet with
the highest value of the b-tag weight reference is used.
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Figure 2: Muon cone charge distribution for B± signal candidates for segment tagged (left) and combined
(right) muons.

A jet charge is defined

Qjet =
∑N tracks

i qi · (pi
T )

!

∑N tracks
i (pi

T )
!

, (2)

where ! = 1.1, and the sum is over the tracks associated to the jet, using the method described in [17].
Figure 3 shows the distribution of charges for jet-charge from B± signal-side candidates.
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Figure 3: Jet-charge distribution for B± signal candidates.

The efficiency " of an individual tagger is defined as the ratio of the number of tagged events to the
total number of candidates. A probability that a specific event has a signal decay containing a b̄ given the
value of the discriminating variable P(B|Q) is constructed from the calibration samples for each of the
B+ and B! samples, defining P(Q|B+) and P(Q|B! ) respectively. The probability to tag a signal event
as a b̄ is therefore P(B|Q) = P(Q|B+)/(P(Q|B+)+P(Q|B! )) and P(B̄|Q) = 1 ! P(B|Q). The tagging
power is defined as " D 2 = ∑i " i · (2Pi(B|Qi) ! 1)2, where the sum is over the bins of the probability
distribution as a function of the charge variable. An effective dilution D is calculated from the tagging
power and the efficiency.

The combination of the tagging methods is applied according to the hierarchy of performance. The
single best performing tagging measurement is taken, according to the order: combined muon cone
charge, segment tagged muon cone charge, jet charge. If it is not possible to provide a tagging response
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Figure 2: Muon cone charge distribution for B± signal candidates for segment tagged(left) and combined
(right) muons.

A jet chargeis defined

Qjet =
∑N tracks

i qi · (pi
T)

κ

∑N tracks
i (pi

T)
κ , (2)

where κ = 1.1, and the sum is over the tracks associated to the jet, using the method described in [17].
Figure 3 shows the distribution of charges for jet-charge from B± signal-side candidates.
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Figure 3: Jet-charge distribution for B± signal candidates.

The efficiency ε of an individual tagger is defined as the ratio of the number of tagged events to the
total number of candidates. A probability that a specific event has a signal decay containing a b̄ given the
value of the discriminating variable P(B|Q) is constructed from the calibration samples for each of the
B+ and B− samples, defining P(Q|B+) and P(Q|B−) respectively. The probability to tag a signal event
as a b̄ is therefore P(B|Q) = P(Q|B+)/(P(Q|B+)+P(Q|B−)) and P(B̄|Q) = 1−P(B|Q). The tagging
power is defined as εD2 = ∑i εi · (2Pi(B|Qi)− 1)2, where the sum is over the bins of the probability
distribution as a function of the charge variable. An effective dilution D is calculated from the tagging
power and the efficiency.

The combination of the tagging methods is applied according to the hierarchy of performance. The
single best performing tagging measurement is taken, according to the order: combinedmuon cone
charge, segment taggedmuon cone charge, jet charge. If it is not possible to provide a tagging response

5
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 CMS : Signal pdf 14

 |(| includes possible contribution from CP violation in direct decay,  assumed |(| 
= 1 and  assigned a systematics.

 9 physics parameters extracted from Þt: %&s, $ s, &s, |A0(0)|2, |A" (0)|2, ' ||, |AS(0)|
2 , ' S" ,  ' "  

µ+

µ!

" +

" !

d
4Γ(Bs (t))

dΘdt
= X (Θ,α, t) =

10�

i=1

Oi (α, t).gi (Θ),

Oi (α, t) = Ni e
−Γs t

�
ai cosh(

1

2
∆Γs t) + bi sinh(

1

2
∆Γs t)+ci cos(∆ms t)+di sin(∆ms t)

�

i gi (θT ,ψT ,φT ) Ni ai bi ci di

1 2 cos2 ψT (1 ! sin2 θT cos2 φT ) |A0(0)|2 1 D C ! S

2 sin2 ψT (1 ! sin2 θT sin2 φT ) |A�(0)|
2 1 D C ! S

3 sin2 ψT sin2 θT |A⊥(0)|2 1 ! D C S

4 ! sin2 ψT sin 2θT sinφT |A�(0)A⊥(0)| C sin(δ⊥ ! δ�) S cos(δ⊥ ! δ�) sin(δ⊥ ! δ�) D cos(δ⊥ ! δ�)

5 1√
2
sin 2ψT sin2 θT sin 2φT |A0(0)A�(0)| cos(δ� ! δ0) D cos(δ� ! δ0) C cos(δ� ! δ0) ! S cos(δ� ! δ0)

6 1√
2
sin 2ψT sin 2θT sinφT |A0(0)A⊥(0)| C sin(δ⊥ ! δ0) S cos(δ⊥ ! δ0) sin(δ⊥ ! δ0) D cos(δ⊥ ! δ0)

7 2
3 (1 ! sin2 θT cos2 φT ) |AS (0)|2 1 ! D C S

8 1
3

"
6 sinψT sin2 θT sin 2φT |AS (0)A�(0)| C cos(δ� ! δS ) S sin(δ� ! δS ) cos(δ� ! δS ) D sin(δ� ! δS )

9 1
3

"
6 sinψT sin 2θT cosφT |AS (0)A⊥(0)| sin(δ⊥ ! δS ) ! D sin(δ⊥ ! δS ) C sin(δ⊥ ! δS ) S sin(δ⊥ ! δS )

10 4
3

"
3 cosψT (1 ! sin2 θT cos2 φT ) |AS (0)A0(0)| C cos(δ0 ! δS ) S sin(δ0 ! δS ) cos(δ0 ! δS ) D sin(δ0 ! δS )

2

!"#$%&'(")%*+,%-("%+.%"'%/+

| | ! ! !

C =
1 ! |λ|2

1 + |λ|2
, S = !

2|λ| sinφs

1 + |λ|2
, D = !

2|λ| cosφs

1 + |λ|2

includes possible contribution from CP violation in direct decay, we assume |λ| = 1 and we assign a systematics.
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CMS analysis: method

 Components of fit: 
 Ps(Θ, ct,α) signal PDF contains also angular and time efficiencies 
 ε(Θ) the angular efficiency 3D function, determined from MC, Θ 

(θ, φ, ψ)  transversity angles
  G(ct,σct ),  gaussian resolution with per-event error with scale 

factor
 signal mass PDF - given by a sum of 2 Gaussians
 Ps(σct) proper time uncertainty PDF 
 tag decision (histograms)

15

 per-candidate ML fit using PDF with signal Fs and background Fbkg

µ+
! +

! "L = Lsignal + Lbackground ,

Lsignal = Ns á(PS(Θ, ct ;α) ⊗ G(ct , σct )]) áPS(mBs ) áPS(σct ) áPS(ξ) ,
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CMS tagging for CPV measurement 16

 CMS uses opposite side tagging, OST
• opposite side leptons: " and e

 tagging performance was measured with B± → J/!K ± events and 
validated for Bs by comparing the tagging performance of Bs and B+ 
simulations.

 Averaged performance of the combined (" and e) tagger: 
 ω = 32.2±0.3%,     εtag = 7.67±0.04%,    Power of tag = 0.97±0.04% ;
 the mistag ratio )  parametrised as function of the pT of the lepton.
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Bs → J/!$ analysis

Results summary

17
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CMS results, 20 fb-1 18
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Parameter Fit results

|A0|2 0.511 ± 0.006

|AS|2 0.015 ± 0.016

|A! |2 0.242 ± 0.008

∆Γs [ps" 1] 0.096 ± 0.014

δ# [rad] 3.48 ± 0.09

δS! [rad] 0.34 ± 0.24

δ! [rad] 2.73 ± 0.36

φs [rad] ! 0.03 ± 0.11

cτ [µm] 447 ± 3

�T�Z�T�U

 ± 0.0116

 ± 0.022

 ± 0.0117

 ± 0.0073

 ± 0.685

 ± 1.12

 ± 0.66

 ± 0.032

 ± 3.5
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ATLAS results 4.9 fb-1 19
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ATLAS previous untagged
JHEP 12 (2012) 072 the weak phase $ s and %&s and consistent with SM

8

Tag method Signal Background

f+1 f−1 f+1 f−1

Combined µ 0.106± 0.019 0.187± 0.022 0.098± 0.006 0.108± 0.006

Segment tag µ 0.152± 0.043 0.153± 0.043 0.098± 0.009 0.095± 0.008

Jet charge 0.167± 0.010 0.164± 0.010 0.176± 0.003 0.180± 0.003

TABLE III. Table summarizing the obtained relative probabilities between tag charges +1 and −1 for signal and background

events for the different tagging methods. Only statistical errors are quoted. The asymmetry in the signal combined-muon

tagging method has no impact on the results as it affects only 1% of the signal events (in addition to the negligible effect of

the tag-probability distributions themselves).

Tag method Signal Background

Combined µ 0.0372± 0.0023 0.0272± 0.0005

Segment tag µ 0.0111± 0.0014 0.0121± 0.0003

Jet charge 0.277± 0.007 0.254± 0.002

Untagged 0.675± 0.011 0.707± 0.003

TABLE IV. Table summarizing the relative population of the tagging methods in the background and signal events. Only

statistical errors are quoted.

VI. RESULTS

The full simultaneous maximum likelihood fit contains
25 free parameters. These include the nine physics pa-
rameters: ∆Γs, φs, Γs, |A0(0)|2, |A�(0)|2, δ||, δ⊥, |AS |2

and δS . The other parameters in the likelihood function
are the B 0

s signal fraction f s, the parameters describing
the J/ ψφ mass distribution, the parameters describing
the B 0

s meson decay time plus angular distributions of
background events, the parameters used to describe the
estimated decay time uncertainty distributions for signal
and background events, and scale factors between the es-
timated decay time and mass uncertainties and their true
uncertainties.

The number of signal B 0
s meson candidates extracted

from the fits is 22670± 150. The results and correlations
for the measured physics parameters of the simultaneous
unbinned maximum likelihood fit are given in tables V
and VI. Fit projections of the mass, proper decay time
and angles are given in figures 5 and 6 respectively.

Parameter Value Statistical Systematic

uncertainty uncertainty

! s [rad] 0.12 0.25 0.05

∆Γs [ps
−1

] 0.053 0.021 0.010

Γs [ps
−1

] 0.677 0.007 0.004

|A�(0)|2 0.220 0.008 0.009

|A0(0)|2 0.529 0.006 0.012

|AS (0)|2 0.024 0.014 0.028

"⊥ 3.89 0.47 0.11

"� [3.04, 3.23] 0.09

"⊥ − "S [3.02, 3.25] 0.04

TABLE V. Fitted values for the physical parameters with

their statistical and systematic uncertainties. For the param-

eters "� and "⊥ − "S a 68% confidence level interval is given.

The reason for this is described in section 8.
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http://link.springer.com/article/10.1007/JHEP12%282012%29072
http://link.springer.com/article/10.1007/JHEP12%282012%29072


Smizanska, CPV in GDP experiments, 50 years of CPV, July 2014 Queen Mary University of London

• Experimental measurements and SM predictions for 
∆Γs-Γs with 68% CL boundaries. http://
atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/
BPHY-2011-05/

• Statistical and systematic errors are added in 
quadrature. 

• The ellipses are from Bs -> J/psi Phi studies: ATLAS[1]
(red), LHCb[2](blue), CDF[3](green) and D0[4](yellow). 

• The bands are from: Bs -> J/psi f0 studies by LHCb[5] 
and CDF[6] (assuming phi_s=0); Bs -> K+K- study by 
LHCb[7] (assuming A_DeltaGamma_s=-0.972[8]); Bs -
> Ds pi study by CDF[0]; Bs->Ds mu X study by D0
[10]. 

• The prediction is by Lenz and Nierste[11]. 

• [1]ATLAS-CONF-2013-039; [2]LHCb-CONF-2012-002;
[3]CDF note 10778; [4]D0, PRD 85,032006 (2012) and 
http://www-d0.fnal/gov/Run2Physics/WWW/results/
final/B/B11C/; [5]LHCb, arXiv:1207.878; [6]CDF, PRD 
84, 05012 (2011); [7] LHCb, arXiv:1207.5993; [8] K. De 
Bruyn et al., arXiv:1204.1735; [9]CDF, PRL 
107:272001(2011); [10]D0, PRL 97, 241801 (2006); 
[11]Lenz and Nierste, arXiv:1102.4274.

20%&s-&s  overview

New measurements & updates since this plot was released

•  CMS CMS PAS BPH-13-012  ∆Γs = 0.096 ± 0.014 (stat.) ± 0.007 (syst.) ps−1, cτBs = 447 ± 3 (stat.) ± 3.5 (syst.) μm
• [2] LHCb-CONF-2012-002" replaced by more precise, published: PHYSICAL REVIEW D 87, 112010 (2013)
• - http://arxiv.org/abs/arXiv:1312.1217, lifetimes of Bs->DsDs (CP-even, measures GL), flavour specific lifetime tau(Bs->DsD)
• - http://arxiv.org/abs/arXiv:1406.7204, lifetimes of Bs->KK (CP-even, measures GL) and flavour specific lifetime tau(Bs-->Kpi)

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/BPHY-2011-05/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/BPHY-2011-05/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/BPHY-2011-05/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/BPHY-2011-05/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/BPHY-2011-05/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/BPHY-2011-05/
http://www-d0.fnal/gov/Run2Physics/WWW/results/final/B/B11C/
http://www-d0.fnal/gov/Run2Physics/WWW/results/final/B/B11C/
http://www-d0.fnal/gov/Run2Physics/WWW/results/final/B/B11C/
http://www-d0.fnal/gov/Run2Physics/WWW/results/final/B/B11C/
http://arxiv.org/abs/arXiv:1312.1217
http://arxiv.org/abs/arXiv:1312.1217
http://arxiv.org/abs/arXiv:1406.7204
http://arxiv.org/abs/arXiv:1406.7204
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%&s-$ s  overview 21

• CMS 20 fb-1 (2012 data)                              φs = - 0.03 ± 0.11 (stat) ± 0.03 (syst)
• ATLAS 4.9 fb-1 (2011 data)                          φs =   0.12  ± 0.25 (stat) ± 0.05 (syst)                                         

(2012 data will  be published soon) 
• GPD results consistent with SM and with LHCb 
• LHCb 1fb-1 (2011 data) only Bs → J/ψφ      φs =   0.07 ± 0.09 (stat) ± 0.01 (syst)
• LHCb 1fb-1   combined with J/ψππ               φs =   0.01 ± 0.07 ± 0.01 
• LHCb  1fb-1 combined with J/ψππ  (3 fb-1)   φs =   0.070 ± 0.055
• Theory value in SM of φs ~ -0.0363 + 0.0016 - 0.0015 has a small uncertainty and there 

is still room for non-SM CPV - however a potential of Future LHC should be used 
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Future potential of Bs → J/!$ 

RUN2 expectations 

22
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Basic parameters of HL LHC RUNs

Backups

23
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24ATLAS Bs → J/!$ with  IBL at RUN2 compared to 2012

 Simulations for Bs → J/ψφ at conditions of RUN1 and for RUN2 with IBL:  ATL-PHYS-
PUB-2013-010 were performed to make prediction of future potential of Bs → J/ψφ

 Time resolution for Bs → J/ψφ improves at RUN2 by factor of  ~30% comparing to 
RUN1 (for the same pT values)
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25ATLAS resolution with  IBL at RUN2  and LHCb upgrade
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LHCb: the 3D resolution of the IP black 
before red after VELO upgrade. 
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Figure 31: The left figure shows the x resolution and the right figure shows the 3D resolution of

the IP. Long tracks with 2 < ! < 5 from a primary vertex are used for both. The tracks were

fitted with a Kalman filter using the momentum measured in the spectrometer. The current

VELO is shown in black circles and the upgrade VELO in red squares, both are evaluated at

" = 7.6,
√
s = 14TeV. The resolutions in x and y are similar. The light grey histogram shows

the relative population of b-hadron daughter tracks in each 1/pT bin.

thicknesses.

The four di! erent RF foil thicknesses make no di! erence for the upgrade VELO model

at large pT . The slopes for the di! erent thicknesses (0mm to 0.25mm) of the upgrade

models should roughly scale with the square root of the amount of traversed material

before the first measured point, this includes the RF foil and the first station silicon. This

depends on the average impact angles on the foil and silicon.

4.5 Decay time resolution

The most stringent requirement for the vertex resolution is that it is su" ciently good to

resolve B0
s meson oscillations. For a Gaussian decay time resolution ! t the dilution on the

amplitude of an oscillation with frequency # m can be written as [9]

D = exp
�
−! 2

t # m2/2
�
. (5)

The current resolution for a benchmark channel such as Bs → J/" # is about 50 fs which,

with a mixing frequency of ∼ 17.7 ps−1 [10], leads to a dilution of ∼ 0.7. This should be

interpreted as an e! ective loss in the statistical uncertainty on an asymmetry of 30%, or an

e! ective loss in e" ciency of 50%. As the dilution drops quickly with worse resolution, the

resolution of the upgraded detector should not be worse than that of the current VELO.

Figure 33 shows distributions for the error on the z of the B vertex and on the decay time

40

CERN/LHCC 2013-021 LHCb TDR 13

• CMS also has plans to do the RUN2 measurement with better 
statistics, since they are still much statistically limited.
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26ATLAS stability with increasing pileup: time resolution 

 Time resolution στ  does not deteriorate 
with increasing pileup
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Figure 11. (left) Impact parameter resolution for tracks in 500 GeV di-jets events in bins of η as a function
of the average number of pileup interactions. (right) Rate of tracks at η < 1.0 with d0 offsets (with more
than 3σ ) in 100 GeV and 500 GeV di-jets events as a function of pileup events. Shown are the results for
different track selections for track candidates accepted in the pattern recognition.

Fig. 11 shows as well the rate of tracks in the barrel (η < 1.0) with an impact parameter signifi-
cance larger than 3σ w.r.t. the primary vertex, which is sensitive to such non-gaussian tails. The
difference in jet energy scale between 100 GeV and 500 GeV jets as well as the collimation of
those jets defines the rate of significant impact parameters at low luminosity. For nominal tracking
cuts, requiring 7 Pixel plus SCT clusters, a fast rise in the rate of such tracks is seen for both jet
energy scales. Such offsets directly affect the primary vertex reconstruction as well as the b tag-
ging performance. Cutting hard on the number of Pixel plus SCT clusters and Pixel holes again
mitigates the problem.

The integration of the IBL in the ID not only improves the impact parameter resolution, but
as an additional low occupancy layer it helps the robustness of the tracking against detector prob-
lems and pileup. It therefore improves the primary vertex reconstruction and b tagging at Phase I
luminosities, as will be demonstrated in the following.

2.3 IBL in the ATLAS Full Simulation and Reconstruction

The IBL detector has been fully integrated in the ATLAS ID software chain in order to facilitate
performance studies. In the ATLAS software framework a central geometry model, the GeoModel
[18] description, is used to implement the IBL as part of the full detector. This implementation in
GeoModel provides a very detailed description of the actual detector geometry, including support
and cooling structures and correct material properties. The detailed simulation geometry is derived
from GeoModel for the full detector simulation using the Geant4[10] toolkit. A reconstruction ge-
ometry description (TrackingGeometry[19]) is the second model derived from GeoModel, which
provides an abstract detector model built from layers and surfaces. It is optimized for an accurate
overall material description and CPU performance. The detector response is modelled in a digiti-
zation package, which in the case of the IBL is based on the existing Pixel digitization algorithm.
Similarly, the Pixel clustering package has been used to reconstruct the IBL. Tracks are recon-
structed using the standard ATLAS track reconstruction NewTracking, taking full benefit from the
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27Bs time resolution RUN1, RUN2 

 Improvement of  an average time resolution <* + >  in RUN2 will also be 
connected with increased pT thresholds of triggers

 On the other side this will reduce statistics
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Figure 1 . Left: mass uncertainty distribution for data, the Þts to the background and the signal
fractions and the sum of the two Þts. Right: proper decay time uncertainty distribution for data,
the Þts to the background and the signal fractions and the sum ofthe two Þts.

4.2 SpeciÞc B 0 background

The B0
s → J/ψ(µ+ µ−)φ(K+ K−) sample is contaminated with mis-reconstructedB0 →

J/ψK∗ and B0 → J/ψK+ π− (non-resonant) decays, where the Þnal-state pion is mis-
identiÞed as a kaon. The two backgrounds are referred to asB0 reßections, since the
B0 is reconstructed as aB0

s meson and therefore lies within theB0
s meson mass window

rather than in the usual B0 mass range. The fractions of these components are Þxed
in the likelihood Þt to values (6.5 ± 2.4)% and (4.5 ± 2.8)% respectively. These values
are calculated from the relative production fractions of the B0

s and B0 mesons and their
decay probabilities taken from the PDG values [14] and from their selection efficiencies,
which are determined from MC events. The corresponding uncertainties are dominated by
uncertainties in the decay probabilities.

Mis-reconstructed B0 decays are treated as part of the background and are described
by dedicated PDFs of the form:

FB 0 (mi , ti ,Ωi ) = PB 0 (mi ) áPs(σm i
) áPB 0 (ti |σti)

á PB 0 (θT ) áPB 0 (ϕT ) áPB 0(ψT ) áPs(σti) áPs(pT i ) (4.4)

The mass is described by thePB 0(mi ) term in the form of a Landau function due to
the distortion caused by the incorrect mass assignment. Thedecay time is described in
the term PB 0(ti |σti ) by an exponential smeared with event-by-event Gaussian errors. The
transversity angles are described using the same functionsas the other backgrounds but
with di fferent values for the parameters obtained from the Þt to MC data. The terms
Ps(σm i

), Ps(σti ) and Ps(pT i ) are described in section4.4. All the PDFs describing these
B0 reßections have Þxed shapes determined from the MC studies.
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ATLAS potential for CP-violation in Bs → J/!$ in future 

 Estimated ATLAS statistical precisions  for φs for RUN2 and future LHC periods: ATL-
PHYS-PUB-2013-010
 Values for 2011 and 2012 in this table are derived using the same MC-based method as for 

future periods. The method has been validated  vrt 2011  data analysis ATLAS-CONF-2013-039
 Geant MC simulation was used  to extract performance variables, that were used in pseudo-

experiments

 ATLAS IBL layer has been installed -  improves time resolution by 30%
 Triggers are under preparation: 6 and 11 GeV pT thresholds shown here for RUN2 

represent optimistic and conservative scenarios.

28

2011 2012 2015-17 2019-21 2023-30+
Detector current current IBL IBL ITK
Average interactions per BX<µ> 6-12 21 60 60 200
Luminosity, fb−1 4.9 20 100 250 3 000
Di-µ trigger pT thresholds, GeV 4 - 4(6) 4 - 6 6 - 6 11 - 11 11 - 11 11 - 11
Signal events per fb−1 4 400 4 320 3 280 460 460 330
Signal events 22 000 86 400 327 900 45 500 114 000 810 000
Total events in analysis 130 000 550 000 1 874 000 284 000 758 000 6 461 000
MC ! (" s) (stat.), rad 0.25 0.12 0.054 0.10 0.064 0.022

Table 3: Estimated ATLAS statistical precisions" s for considered LHC periods. Values for 2011 and
2012 in this table are derived using the same method as for future periods. The result for 2011 has been
validated by the analysis of the collected data [2].

7.1 Systematic uncertainties

The systematic uncertainties will beneÞt from the larger data samples, since some of them arise due to
limited number of events available for data-driven techniques. The systematic error of the 2011 data
measurement [2] comprises of: uncertainties in initialB0

s ßavour charge tagging, likelihood Þt modeling,
trigger efÞciency determination, contribution ofB0

d → J/# K∗ decays and Inner Detector alignment.
The tagging is calibrated usingB+ decays from data, thus a larger dataset improves its uncertainty.
Also the Þt model can incorporate a more detailed description with more input data, namely in the
description of combinatorial background angles andpT(B) dependence. Eventually the contribution
of B0

d → J/# K∗ decays can be extracted from the Þt instead of being Þxed withlarge uncertainty on
its branching ratio. The trigger efÞciency determination and Inner Detector alignment systematics are
both data-driven, however their sizes rather depend on the changes in the trigger tracking and alignment
algorithms related to the ATLAS Inner Detector upgrades, which cannot be estimated now.

A conservative upper bound on the total systematic uncertainty would arise when assuming that all
but the tagging systematics remain unchanged, while the onerelated to the tagging scales down with the
size of the data sample. Such an estimate would set an upper limit on the total" s systematic of 0.04.

8 Conclusions

The ATLAS sensitivity for measuring the CP violating phase" s from B0
s → J/#" decay is estimated

for future LHC periods. This sensitivity is expected to improve from 2015 onwards with the new IBL
layout of the ATLAS Inner Detector. Two muon trigger menu options given for 2015-2017 represent
optimistic and conservative estimates. Subsequent improvements in sensitivity will depend strongly on
the actual trigger menus, that are being still optimised. The estimated gain from the data-taking in the
high-luminosity LHC period is an improvement by a factor of nearly 3 in" s precision compared to the
measurements in the preceding LHC periods.

References

[1] LHCb Collaboration,Measurement of CP violation and the B0
s meson decay width difference with

B0
s → J/# K+ K− and B0

s → J/#$ + $− decays, Phys.Rev.D87 (2013) 112010.

8



Smizanska, CPV in GDP experiments, 50 years of CPV, July 2014 Queen Mary University of London

Conclusions

 GPD CPV measurement in ßavour tagged time dependent angular analysis 
of Bs→ J/!$ using  2012 data (CMS) and 2011 (ATLAS) showed the weak 
phase $ s  consistent with SM and with LHCb measurement , also all other 
measured parameters %&s,  &s, |A0(0)|2, |A#(0)|2, ' ||, |AS(0)|2 , ' S,  ' "  are 
consistent with LHCb.

 Remaining data of RUN1 are analysed to be published soon (ATLAS, 
LHCb) however it is expected that  in order to measure deviations from SM 
a  future LHC potential is needed.

 Future RUN2, RUN3/4 ATLAS simulations show important improvements 
of ID performance for Bs→ J/!$ relative to RUN1.

 Despite very high luminosities the time resolution is not degrading with 
increasing number of pileups - is stable.

 GPD experiments are ready  to contribute to CPV measurements at future 
LHC RUNs in J/! channels 
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ATLAS B-triggers in 2011 for J/!
 2011 di-muon triggers with pT thresholds 4&4 GeV or 4&6 GeV 
 HLT tracking & vertexing, accepting only good quality vertices, mass (2.5-4.3 GeV)
 J/ψ trigger rates low enough - no need for displaced J/ψ  vertex cuts during whole 2011 Trigger menu  
 No lifetime cut  simplified Bs → J/ψφ analysis and systematics 
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B-J/! trigger in 2012, CMS

 A trigger optimised for the detection of B-hadrons decaying to J/ψ 
selects a pair of reconstructed muons with transverse momentum pT(μ
+μ−) > 7 GeV, with pT > 4.0 GeV  |ημ|<2.1 for  each muon.

 The two muon trajectories are fit to a common decay vertex, with a 
transverse decay length significance Lxy/σLxy> 3, where Lxy is the 
distance between the primary and secondary vertices in the transverse 
plane and σLxy the relative measured uncertainty.

 The 3D distance of closest approach for two muons is required to be 
smaller than 0.5 cm. 

 Dimuon vertex-fit quality selection is also applied which requires that 
the vertex-fit probability is larger than 15%.
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