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 Δms = 17.768 ± 0.023 ps-1

[New J. Phys. 15 (2013) 053021]
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4.2 βs: the B0
s → J/ψφ decay

The decay B0
s → J/ψφ is the B0

s analogue of the decay B0 → J/ψK0
S, with the spectator

d-quark replaced by an s-quark. However, there are four major differences:

I Vts vs Vtd. Since the spectator d-quark is replaced by an s-quark, the CKM-
element responsible for the CP-asymmetry (in the Wolfenstein parameterization) is
now Vts, instead of Vtd, see Fig. 4.4. In contrast to Vtd the imaginary part of Vts is
no longer of comparable size as the real part, see Eqs. (2.10-2.11), and the predicted
CP asymmetry is therefore small, arg(Vts) ∼ ηλ2.

II No K-oscillations. The final state, containing the mesons J/ψ and φ, is the same
for the B0

s and the B̄0
s -meson, and hence we do not need the extra K-oscillation

step as in the B0 system.

III ∆Γ ≠ 0. In contrast to the B0 case, the B0
s -system has non-vanishing ∆Γ. This

is caused by the existence of a final state common to B0
s and B̄0

s , with a large

branching fraction around 5%, namely the CP-eigenstate D±(∗)
s D∓(∗)

s . Since this
is a CP-eigenstate with eigenvalue +1 this decay channel is only accessible for the
CP-even eigenstate Bs,H and not for Bs,L. Hence the different lifetime for Bs,H and
Bs,L with a predicted value of ∆Γ/Γ ∼ 0.1. (A similar situation for the B0 case
does not occur, because the branching ratio for B0 → D±D∓ is Cabibbo suppressed,
A ∼ |Vcd|.)

IV Vector-vector final state. The final state now contains two vector-particles with
spin-1. As a result the final state is not a pure CP-eigenstate, in contrast to B0 →
J/ψK0

S. The spin of the final state particles J/ψ and φ can be pointing parallel,
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Figure 4.4: The two interfering diagrams of the decay B0
s → J/ψφ, with phase differ-

ence 2βs.
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III ∆Γ ≠ 0. In contrast to the B0 case, the B0
s -system has non-vanishing ∆Γ. This

is caused by the existence of a final state common to B0
s and B̄0

s , with a large

branching fraction around 5%, namely the CP-eigenstate D±(∗)
s D∓(∗)

s . Since this
is a CP-eigenstate with eigenvalue +1 this decay channel is only accessible for the
CP-even eigenstate Bs,H and not for Bs,L. Hence the different lifetime for Bs,H and
Bs,L with a predicted value of ∆Γ/Γ ∼ 0.1. (A similar situation for the B0 case
does not occur, because the branching ratio for B0 → D±D∓ is Cabibbo suppressed,
A ∼ |Vcd|.)

IV Vector-vector final state. The final state now contains two vector-particles with
spin-1. As a result the final state is not a pure CP-eigenstate, in contrast to B0 →
J/ψK0

S. The spin of the final state particles J/ψ and φ can be pointing parallel,

B0
s

φ

J/ψ

W+

s

b

s

s

c

c

V ∗
bc

Vcs
B0

s

φ

J/ψ
u, c, t

W

b

W

su, c, t

W−

b

s

s

s

c

c

Vts Vbc

Vts

V ∗
cs

Figure 4.4: The two interfering diagrams of the decay B0
s → J/ψφ, with phase differ-

ence 2βs.
.

4.2 βs: the B0
s → J/ψφ decay 49

4.2 βs: the B0
s → J/ψφ decay

The decay B0
s → J/ψφ is the B0

s analogue of the decay B0 → J/ψK0
S, with the spectator

d-quark replaced by an s-quark. However, there are four major differences:

I Vts vs Vtd. Since the spectator d-quark is replaced by an s-quark, the CKM-
element responsible for the CP-asymmetry (in the Wolfenstein parameterization) is
now Vts, instead of Vtd, see Fig. 4.4. In contrast to Vtd the imaginary part of Vts is
no longer of comparable size as the real part, see Eqs. (2.10-2.11), and the predicted
CP asymmetry is therefore small, arg(Vts) ∼ ηλ2.

II No K-oscillations. The final state, containing the mesons J/ψ and φ, is the same
for the B0

s and the B̄0
s -meson, and hence we do not need the extra K-oscillation

step as in the B0 system.
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Two components: CP-even and CP-odd 

 Four amplitudes: A|| A⟂ A0 and AS
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φs

Measurement of φs

If φsexp ≉ φsSM 
New Physics!

φsexp ≈ φsSM ≈ -2βs  
φs = −0.0376 ± 0.0008 [rad]  

[CKM fitter] 

NP

https://arxiv.org/abs/1501.05013
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Primary 
vertex

Secondary 
vertext = (SV-PV)⨉MBs /PBs    

ResolutionEfficiency

0

LHCb unofficial LHCb  
unofficial 

~ 45 fs
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B⁰s →J/ψ K⁺K⁻

Combinatorial  
background
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CP-even 
CP-odd 
S-wave

Decay time [ps] φs [rad]

cos(θµ)cos(θK)
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Introduction

!"

#$%
&

'( ')
*(

*)

Figure 1.1: One of the first B0
s
! J/ � candidates as reconstructed by the LHCb detector.

J/ � channel is that the CP-violating phase in this decay is doubly Cabibbo suppressed,
leading to an expectation of CP violation that is practically zero in the SM.

The B0
s
! J/ � decay o↵ers the best sensitivity to the CP violating parameter �s,

which, in the Standard Model, is expected to be small (-0.04 rad). Non-SM new virtual
processes might enhance observable CP-violation e↵ects. In this way this measurement is
both a search for CP violation, a test of the SM, and a probe to new physics, complementary
to direct searches of new particles. Measurements by CDF and DØ have hinted in the
past towards deviations from the value expected in the SM. If new physics contributes
significantly to the amplitude of processes, the measurement allows to determine both the
magnitude and phase of the couplings of these new particles.

Outline

In this dissertation the experimental method to analyze B0
s
! J/ � signal channel is

studied, using events from Monte Carlo simulations.
In chapter 2 the occurrence of CP violation and particle-antiparticle mixing, in particu-

lar in relation to B0
s

and B̄0
s

mesons, is described. Possible deviations from the contributions
expected in the Standard Model, due to new physics, are discussed. The theoretically ex-

2
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LHCb result based on 1 fb-1 

Chapter 6. B
0
s

æ J/Â „ Analysis 129

„s = 0.00 ± 0.10 (stat.) ± 0.02 (syst.)
�s = 0.658 ± 0.005 (stat.) ± 0.007 (syst.) ps≠1

��s = 0.115 ± 0.018 (stat.) ± 0.004 (syst.) ps≠1

In addition, for the transversity amplitudes the following values are found:

|A0|
2

= 0.522 ± 0.007 (stat.) ± 0.032 (syst.)
|A‹|

2
= 0.247 ± 0.010 (stat.) ± 0.018 (syst.)

fS = 0.022 ± 0.011 (stat.) ± 0.005 (syst.) .

The parameter |AÎ|
2 is not a fit parameter, since the sum of the P-wave amplitudes is

normalized to one, see Eq. 6.25. Finally, for the strong phases it is found that

”‹ = 2.89 ± 0.34 (stat.) ± 0.06 (syst.)
”Î = 3.33 ± 0.21 (stat.) ± 0.11 (syst.)
”S = 2.89 ± 0.34 (stat.) ± 0.08 (syst.) .

6.9 Discussion and Outlook
The measurement of „s = 0.00 ± 0.10 (stat.) ± 0.02 (syst.) is the world’s most precise
measurement of „s. In addition, the measurement of ��s = 0.115 ± 0.018 (stat.) ±

0.004 (syst.) ps≠1 is the first direct observation of a non-zero value of ��s. These results
are all in good agreement with the Standard Model.

For most of the parameters, the uncertainties are still statistics-dominated. This is not
the case for |A0|

2 and |A‹|
2, where the systematic uncertainty is dominated by the angular

acceptance correction. In addition, for �s, the dominating uncertainty is the systematic
uncertainty on the large decay-time acceptance.

Several improvements on the measurement of „s are foreseen. First of all, inclusion of
the same-side tagger will improve the e�ective tagging power and thus the sensitivity to „s.
In addition, a di�erent trigger strategy can increase the event yields.

The weak phase „s is measured in other decays as well, for instance in B
0
s

æ J/Â fi
+

fi
≠

decays [73], which also allows for the combination of the results from separate independent
analyses. Finally, to ensure that the zero value of „s is a genuine SM e�ect, instead of
possible New Physics e�ects that are cancelled by penguin contributions, the latter should
be taken into account as described in Sec. 5.9.

6
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Latest result by LHCb based on 3fb-1 
[PRL 114, 041801]
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Run 1 
- m(J/ψ K˖K˗) w/o PV constraint 
- Fit with Ipatia function 

Run 2 
- m(J/ψ K˖K˗) w/ PV constraint 
- Per-event mass error as conditional observable 
- Additional fit component for B⁰ →J/ψ K˖K˗

Signal model: Double-sided Crystal Ball function (CB2) with per-event mass error as a conditional observable  
Quadratic dependence on the per-event mass error: σ = s1σi + s2σi2 (s1~0.8; s2~0.05) 

- Tails of the CB2 and scale factors are fixed from the fit to MC 
- Fit in 6 m(K˖K˗) bins [990, 1008, 1016, 1020, 1024, 1032, 1050] MeV/c2 

Background: Exponential for the combinatorial and gaussian for the B⁰ →J/ψ K˖K˗ contribution

Mass fit
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Projections of the total fit in 3 bins of cos(θµ) 
Using the per-event mass error as a conditional observable accounts for the observed  

correlation between the mass shape and one of the helicity angles

Run 1 
|cos(θµ)|<0.25

Run 1 
|cos(θµ)|>0.7

2016 
|cos(θµ)|<0.25

2016 
|cos(θµ)|>0.7

Run 1 
0.25<|cos(θµ)|<0.7

2016 
0.25<|cos(θµ)|<0.7

Mass fit

LHCb  
unofficial 

LHCb  
unofficial 

LHCb  
unofficial 

LHCb  
unofficial 

LHCb  
unofficial 

LHCb  
unofficial 
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Run1: 
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Run1: 
2010-2012

Run2: 
2015-2018

Trigger flow evolution
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Run1: 
2010-2012

Run3:  
2021 +

30 MHz

Trigger flow evolution



Turbo and Turbo++  
available from 2015

PV
SV

D0 π+

K-
Turbo

PV

SV

π+
K-

Turbo ++

D0

tracks from  
another PV

other tracks from 
triggered PV

Persist triggered candidate 
+ 

all reconstructed objects in the event 
Typical event size ~ 70 kB

Persist triggered candidate 
Typical event size ~ 15 kB 

(not enough information for many analyses)

Raw data
Persist all the raw banks in the event 

Typical event size ~ 60 kB 

 24Katya Govorkova Jamboree@Utrecht                                                            17 December 2018

Turbo species



Measurement of J/ψ production cross-section 
at 13 TeV [JHEP 10 (2015) 172] 

• Analysis finds ~ 106 candidates directly from 
the trigger  

• Mass resolution 12 MeV/c2 consistent with 
best previously  achieved resolution  

• Presented at EPS conference 18 days after 
data were taken

Direct output of one of the 
trigger lines in Turbo stream

PV
SV

D0

K-

π+
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Turbo performance
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http://link.springer.com/article/10.1007/JHEP10(2015)172
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TurboSP

PV
SV

π+

K-TurboSP
π+

D*+
π+

D0

Choose what to persist: 
selectively persist raw information and/or reconstructed objects 
Typical event size depends on the requirements ~ 15-70 kB

PV
SV

D0 π+

K-Turbo

Already successfully operates in the trigger! 

TurboSP is considered as the primary data flow model for the 
planned LHCb upgrade in Run 3 
 
Current work: Adapting selection of B⁰s →J/ψ K˖K˗  for TurboSP
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Turbo Selective Persistence (SP)


