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Introduction and 
physics motivations

Nature Methods 11,1242–1244 (2014)

http://www.nature.com/nmeth/journal/v11/n12/full/nmeth.3173.html


Introduction
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• CKM mechanism introduces CP violation and 
neutral meson mixing phenomena 
‣ The presence of new heavy particles exchanged in 

virtual loops could introduce additional phases 
altering the corresponding measurements  

‣ Constraining these phases put stringent limits on a 
large range of NP models 

• CP violation is needed to explain baryon 
asymmetry in the Universe 
‣ Discovered in 1964 in the kaons, 2004 in the B 

and each time awarded with Nobel Prizes 
‣ Still missing 10 orders of magnitudes! 

• Experimentally, CP violation observables accessed 
through ratios of measured quantities 
‣ Cancelation of many experimental systematics 
‣ Flagship measurements for LHCb and Belle II



‣ CPV in interference between mixing and decay: 

�q = arg
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Introduction
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• 𝝓s and 𝝓d determination via global fit to experimental results 
ignoring contributions from penguin diagrams:

[CKMFitter]

Mixing and decay

fCP

Direct decay
�D

�M ��DB0
q

B0
q

dominant SM 
“tree”contribution

higher order “penguin” contributions 
from non-perturbative hadronic effects 
that are difficult to calculate in QCD

NP could be 
comparable to 
penguins…

[Nierste et al. Phys. Rev. Lett. 115, 061802 (2015)]
[Liu et al. Phys. Rev. D 89, 094010 (2014)]

Very precise theoretical 
predictions!

+|A(B ! J/ X)|2 = "+

2
(?)

�SM
s = �2�s = [�0.0376+0.0007

�0.0008] rad

�SM
d = +2�d = [48.6± 2.6]�[HFAG]

http://ckmfitter.in2p3.fr/
http://arxiv.org/abs/1503.00859
http://arxiv.org/abs/1309.0313
http://www.slac.stanford.edu/xorg/hfag/
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Current experimental status

Simon Akar 6CKM 16' - Measurement of  penguin pollution effects

B𝒔
0
  —B̅𝒔

0
   mixing phase:  𝝓sB0

  —B̅0
   mixing phase:  𝝓d

0.4 0.2 0.0 0.2 0.4

0.06

0.08

0.10

0.12

0.14

ATLAS 19.2 fb
1

CMS

19.7 fb
1

CDF 9.6 fb
1

DØ 8 fb
1

SM

68% CL contours

( )

b

HFAG

Spring 2016

LHCb

3 f
1

Combined

sin(2β) ≡ sin(2φ1)

-2 -1 0 1 2 3

BaBar
PRD 79 (2009) 072009

0.69 ± 0.03 ± 0.01

BaBar χc0 KSPRD 80 (2009) 112001
0.69 ± 0.52 ± 0.04 ± 0.07

BaBar J/ψ (hadronic) KSPRD 69 (2004) 052001
1.56 ± 0.42 ± 0.21

Belle
PRL 108 (2012) 171802

0.67 ± 0.02 ± 0.01

ALEPH
PLB 492, 259 (2000)

0.84 +-0
1

.

.
8
0

2
4 ± 0.16

OPAL
EPJ C5, 379 (1998)

3.20 +-1
2

.

.
8
0

0
0 ± 0.50

CDF
PRD 61, 072005 (2000)

0.79 +-0
0

.

.
4
4

1
4

LHCb
PRL 115 (2015) 031601

0.73 ± 0.04 ± 0.02

Belle5S
PRL 108 (2012) 171801

0.57 ± 0.58 ± 0.06

Average
HFAG

0.69 ± 0.02

H F A GH F A G
Moriond 2015
PRELIMINARY

‣ Golden mode: B0
  → 𝑱/𝝍 KS

0 ‣ Golden mode: B𝒔
0
  → 𝑱/𝝍 𝝓

�e↵
s,cc̄s = [�0.030± 0.033] rad = [�1.7± 1.9]�

�SM
s =

⇥
�0.0376+0.0007

�0.0008

⇤
rad =

⇥
�2.16+0.04

�0.05

⇤�

• New physics contributions, if present, will be small!! 
• Entering a new era of precision physics: Aim to reach a precision of O(0.5○) 

at the end of LHC Run-3 
• Controlling contributions from penguin topologies becomes mandatory! 
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Controlling penguin 
topologies

Nature Methods 11,1242–1244 (2014)

http://www.nature.com/nmeth/journal/v11/n12/full/nmeth.3173.html


‣ Decay topologies: 

‣ Decomposition: 
- B0

  → 𝑱/𝝍 KS
0 :  T + P 

- B𝒔
0
  → 𝑱/𝝍 𝝓:   T + P + E +PA  

‣ Assumptions: 
- Given the current experimental sensitivities, exchange and annihilation topologies 

can be ignored (control channels to cross-check this assumption : B𝒔
0
  → 𝑱/𝝍 π0,   B𝒔

0
  → 𝑱/𝝍𝝆0) 

- Up to now, only penguin contributions are being studied from analyses involving 
SU(3) counterparts where T ~ P: B𝒔

0
  → 𝑱/𝝍 KS

0  ,   B0
  → 𝑱/𝝍𝝆0,   B𝒔

0
  → J/𝝍 K̅ *0 

- Ignore non-factorisable SU(3) breaking

General framework
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‣ B𝒔
0
  → 𝑱/𝝍 𝝓: 

- a′i and 𝜃′i: magnitude and phase of the penguin contributions 

- Amplitudes are polarisation dependent: i ∈ {0, ∥, ⊥}  

- Penguin contributions are doubly Cabbibo-suppressed  
- Will ignore Exchange and Penguin-Annihilation contributions 
- Differences in hadronisation dynamics: Δ∆𝝓s can be polarisation dependent  

(but so far no indication of that in the data)

The penguin shift Δ∆𝝓s
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‣ Ignoring non-factorisable SU(3) breaking: 
- There is one universal set of a and 𝜃:   ai = ãi = a′i ;   𝜃i = 𝜃~i = 𝜃′i 
- The penguin shift can be expressed in terms of the penguin parameters:

‣ Partner 2: B0
  → 𝑱/𝝍𝝆0 

- Access to both AC
d
P
ir and mixing induced 

CP violation AC
m
P
ix 

- Branching fraction information is 
optional 

‣ Partner 1: B𝒔
0
  → J/𝝍 K̅ *0 

- Reconstructed using flavor specific final 
state, only access to direct CP violation, AC

d
P
ir 

- Need additional information from 
branching fractions

The penguin shift Δ∆𝝓s
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d d
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« tree » « penguin »

(similar picture for B0
  → 𝑱/𝝍𝝆0)



‣ Analysis overview: 
- Perform an angular analysis using full Run-I data 

sample and measure the polarisation dependent 
fractions fi, the direct CP asymmetries, and the 
branching fraction 

‣ Results: 

‣ Accessing penguin parameters: 

Analysis of B𝒔
0
  → J/𝝍 K̅ *0 decays
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[JHEP 11 (2015) 082]
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Ratio of hadronic amplitudes calculated using latest results from QCD LCSR [arXiv:1503.05534]
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Analysis of B0
  → J/𝝍 π+π− decays

‣ Analysis overview: 
- Perform a time-dependent flavor-tagged 

angular analysis using full Run-I data sample 
and measure the direct and mixing-induced 
CP violation parameters 

- 𝞺0 disentangled from the π+π− spectrum using 
technique from [Phys. Lett. B719 (2013) 383] 

‣ Results: (using 𝜌0 events) 

‣ Accessing penguin parameters: 
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[Phys. Lett. B742 (2015) 38]
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Combining B𝒔
0
  → J/𝝍 K̅ *0 & B0

  → J/𝝍𝞺0

‣ Using the extended fit method proposed in: [JHEP 1503 (2015) 145] 
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[JHEP 11 (2015) 082]
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Combining B𝒔
0
  → J/𝝍 K̅ *0 & B0

  → J/𝝍𝞺0

‣ Using the extended fit method proposed in: [JHEP 1503 (2015) 145] 
- Assuming: 
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[JHEP 11 (2015) 082]
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Combining B𝒔
0
  → J/𝝍 K̅ *0 & B0

  → J/𝝍𝞺0

‣ Using the extended fit method proposed in: [JHEP 1503 (2015) 145] 
- Assuming: 
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[JHEP 11 (2015) 082]
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Penguin effects in B𝒔
0
   mixing are under control!
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Combining B𝒔
0
  → J/𝝍 K̅ *0 & B0

  → J/𝝍𝞺0

‣ Accessing Hadronic Parameters : 

- Using the branching ratio information and solutions for (ai , θi) as inputs 
- Get information on hadronic amplitudes as a nice byproduct of the fit:
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[JHEP 08 (2016) 098] [JHEP 11 (2015) 082]

[JHEP 11 (2015) 082]

http://www.arxiv.org/abs/1503.05534
http://arxiv.org/abs/1509.00400
http://arxiv.org/abs/1509.00400


‣ Strategy: 
- Similarly as for Δ∆𝝓s , the decay mode B𝒔

0
  → 𝑱/𝝍 KS

0  can be used to control Δ∆𝝓d 

The penguin shift Δ∆𝝓d
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‣ Analysis overview: 
- First flavor-tagged time-dependent analysis of 

B𝒔
0
  → 𝑱/𝝍 KS

0  decays 

‣ Results: 

Analysis of B𝒔
0
  → 𝑱/𝝍 KS

0  decays
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[JHEP 06 (2015) 131]

• Successful proof of concept waiting for more 
statistics 

• Can be used to estimate the penguin shift Δ∆𝝓d

http://arxiv.org/abs/1503.07055
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Prospects and 
summary

Nature Methods 11,1242–1244 (2014)

http://www.nature.com/nmeth/journal/v11/n12/full/nmeth.3173.html


‣ Illustration the era of the LHCb Upgrade: 
- Results from [JHEP 1503 (2015) 145] using the following extrapolated inputs: 

Prospects on penguin shift Δ∆𝝓d
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‣ Illustration the era of the LHCb Upgrade: 

Prospects on penguin shift Δ∆𝝓d
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From Kristof De Bruyn

We will be able to control the penguin effects in B0
   mixing!

WA band



‣ Modes to be investigated in the future: 

- Control Modes for B𝒔
0
  → 𝑱/𝝍 𝝓:  

(1) High precision CP analysis of B0
  → 𝑱/𝝍𝝆0: Determination of penguin parameters 

(2) Search for B𝒔
0
    → 𝑱/𝝍𝝆0 and/or B0

  → 𝑱/𝝍𝝓:  Control contribution from E + PA 

(3) High precision CP analysis of B𝒔
0
    → 𝑱/𝝍K̅ *0: Cross-check 

- Control Modes for B0
  → 𝑱/𝝍 KS

0 :  

(1) High precision CP analysis of B𝒔
0
    → 𝑱/𝝍KS

0 : Determination of penguin parameters 

(2) High precision CP analysis of B0
    → 𝑱/𝝍π0:  Determination of penguin parameters 

(3) Search for B𝒔
0
    → 𝑱/𝝍π0: Control contributions from E + PA in B0

    → 𝑱/𝝍π0

Prospects on penguin pollution 
measurements
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• We entered in the era of high-precision for the measurement of 
the B0

  —B̅0
   and B𝒔

0
  —B̅𝒔

0
   mixing phases 

• Controlling higher order corrections to 𝝓d and 𝝓s becomes mandatory 

• Demonstrated that we can control the penguin effects sufficiently 
well for the Upgrade Era:  

• …but more work might still be needed for a 300 fb−1 Upgrade 

•

Summary
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Observable Mode Run 1 Run 2 Upgrade 1 Upgrade 2 CKMFitter
(2010-12) (2015-18) (2020-30) (2031-34) (2015)

3 fb�1 8 fb�1 50 fb�1 300 fb�1

�d [�] B0 ! J/ K0
S 2.2 1.2 0.4 ⇠ 0.2 ⇠ 2.6

�s [rad] B0
s ! J/ K+K� 0.049 0.025 0.008 ⇠ 0.004 ⇠ 0.001

B0
s ! J/ ⇡+⇡� 0.068 0.035 0.012 ⇠ 0.005

Combination 0.039 0.020 0.007 ⇠ 0.003

�e↵
s,cc̄s = �0.030± 0.033 rad��s ⇠ 0.001± 0.020 rad



Additional material
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‣ 𝝎-𝝓 mixing: 
‣ Octet and Singlet Contributions: 
- 𝜙 being a pure ss ̅state, hence an admixture of octet and singlet state  
- In the current framework, only the octet contribution is considered:  
‣ Only needed for the H observable to relate the form factors of B𝒔

0
    → 𝜙  

and B𝒔
0
    → K̅ *0 or B0

  → 𝜌0 (+ E & PA contributions are ignored)  

‣ Mixing: 
- Can mix with the orthogonal 𝜔 state: parametrised by mixing angle 𝛿 
- Relation between branching ratios: [Phys. Lett. B666 (2008) 185] 

- Challenging, but LHCb should be able to perform a measurement of this 
branching fraction allowing to get insight on the mixing angle 𝛿
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SU(3) assumption

http://arxiv.org/abs/0806.3584


‣ Penguin pollution in 𝝓s with B𝒔
0
    → 𝑱/𝝍K̅ *0 

Allowing for SU(3) flavor symmetry breaking: 
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SU(3) assumption

a0i = ⇠ ⇥ ai , ✓0i = ✓i + �
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[JHEP 11 (2015) 082]

http://arxiv.org/abs/1509.00400


‣ Penguin pollution in 𝝓s with B0
  → 𝑱/𝝍𝝆0 

Allowing for SU(3) flavor symmetry breaking: 
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SU(3) assumption
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[Phys. Lett. B742 (2015) 38]

http://arxiv.org/abs/1411.1634


‣ π+π− invariant-mass spectrum: 
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B0  → 𝑱/𝝍π+π−:  Resonance contant
[Phys. Lett. B742 (2015) 38]
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http://arxiv.org/abs/1411.1634
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The LHCb experiment

Vertex detector
reconstruct vertices 
decay time resolution: 46 fs 
IP reconstruction: 20 𝜇m

~12 MHz 
visibles 

interactions 
(2012)

Collisions
@ 40 MHz

RICH detectors
K/π/p separation

Calorimeters
energy measurement 
particle identification

Muon system

Tracking system
momentum resolution 
∆p/p = 0.4% — 0.6%

Dipole magnet
4 Tm 
normal conducting 
regular polarity 
switches 

• Forward General-Purpose Detector at the LHC 
• ~30 % of heavy quark production cross-section with just 4% of solid angle



‣ Time-dependent CP asymmetry: 

‣ Mixing parameters:                           

‣ CP observables: 
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Measurement ingredients

ACP (t) =
(B0

s(t) ! f)� (B0
s (t) ! f)

(B0
s(t) ! f) + (B0

s (t) ! f)
=

Sf sin (�mt)� Cf cos (�mt)

cosh

�
��t
2

�
+A��sinh

�
��t
2

�ACP (t) =
�
�
B0

q(t) ! f
�
� �

�
B0

q (t) ! f
�

�
�
B0

q(t) ! f
�
+ �

�
B0

q (t) ! f
�

�� = �L � �H�m = mH �mL

Sf = �⌘f
2|�f | sin(�s)

1 + |�f |2
, A�� = ⌘f

2|�f | cos(�s)

1 + |�f |2

�f = ⌘f
q

p

A(B0
s(t) ! f)

A(B0
s (t) ! f)

= ⌘f |�f |ei�s

Sf =
2=(�f )

1 + |�f |2
, Cf =

1� |�f |2

1 + |�f |2
, A�� = � 2<(�f )

1 + |�f |2 [Nucl.Phys. B873 (2013) 275-292]

qq

q

[New J.Phys. 15 (2013) 053021]

https://indico.cern.ch/event/312481/contribution/2/material/paper/0.pdf
http://arxiv.org/abs/1304.4741


‣ Tagging, resolution and other nuisance effects: 

‣ Decay time resolution (~45 fs):                           

‣ Tagging dilution:  

- Initial B flavor efficiency: 
- Wrong tag rate:  
- Effective reduction in statistical power: 

‣ Also need to account for detection/production asymmetries, acceptance 
effects on time and angular variables (P → VV), …
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Measurement ingredients

A
meas

(t) = ACP (t) ⇥ D
res

⇥ D
tag

± A
det/prod

Dtag = (1� 2!)

Dres = e�
�m2�2

t
2

!
✏tag

�stat(�s) / 1p
✏effN

✏e↵ = ✏tag(1� 2!)2 ⇠ O(%)


