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1 Reminder of CP violation and B mixing

2 Measuring CP violation phases: sin 2β and φs

• B0 → J/ψK0
S

• B0
s → J/ψK+K− + B0

s → J/ψπ+π−

3 Controlling “penguin pollution”

• B0
s → J/ψK∗0(892) NEW!

• B0 → J/ψπ+π−

• B0
s → J/ψK0

S

• B0
s → ψ(2S)K−π+
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CP violation in b→ ccs(d) decays + mixing

|λf | ≡
∣∣∣ qp AfAf ∣∣∣ ≈ 1

φmix = 2 arg(VtbV∗ts)
φdec = arg(VcbV∗cs)

CP violation in interference between
mixing and decay:

φs ≡ −arg(λf ) ≡ −arg

(
q
p

Af

Af

)
6= 0

φs
SM
= −2 arg

(
−VcbV

∗
cs

VtbV
∗
ts

)
≡ −2βs

φs
SM
= −0.0365± 0.0012 rad [CKMFitter]

(†) Assuming we ignore sub-leading
penguin contributions - more later

ACP (t) ≡
ΓB0→f − Γ

B
0→f

ΓB0→f + Γ
B

0→f
=

Sf sin(∆mt)− Cf cos(∆mt)

cosh(∆Γ t/2) +A∆Γ sinh(∆Γ t/2)

Cf ≡
1−|λf |2

1+|λf |2

Sf ≡
2 sinφd,s
1+|λf |2

A∆Γ ≡ −
2 cosφd,s
1+|λf |2 3 / 18



Typical analysis ingredients

1 Decay time resolution (∼ 45 fs)

2 Tagging the B meson flavour (εD2 ∼ 3%)

3 Decay time efficiencies

4 Angular efficiencies (for P → V V decays)

5 Control backgrounds using B sidebands

[NJP 15 (2013) 053021]

∆ms = 17.768± 0.023± 0.006 ps−1

⇒ oscillation period of 350 fs

P(t|σt) ∝
[
Γe−Γt′ 1

2 [cosh(∆Γt′/2) +D cos(∆mt′)]
]
⊗G(t− t′|σt)ε(t) 4 / 18



CP violation in B0 → J/ψK0
S
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ACP (t) = S
J/ψK0

S
sin(∆mdt)− CJ/ψK0

S
cos(∆mdt)

[arXiv:1503.07089]

S
J/ψK0

S
≈ sin 2β

S
J/ψK0

S
= +0.731± 0.035± 0.020

C
J/ψK0

S
= −0.038± 0.032± 0.005

ρ(S,C) = 0.483

sin 2βSM = 0.771+0.017
−0.041

[CKMFitter arXiv:1501.05013].

Dominant systematic from background
tagging asymmetry.

Consistent with world average and
similar precision to B-factories. 5 / 18



φs from B0
s → J/ψφ

J/ψ → µ+µ−, φ→ K+K−

Time-dependent tagged analyses.

B0
s → J/ψφ is P → V V decays so use

angular information to disentangle
CP -odd and CP -even components.

Measure φs,∆ms,Γs,∆Γs, |λf | . . .
[this makes B0

s → J/ψφ special]
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Peaking
backgrounds:

B0 → J/ψK+π−

Λb → J/ψpK−
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φs from B0
s → J/ψφ

J/ψ → µ+µ−, φ→ K+K−

Time-dependent tagged analyses.

B0
s → J/ψφ is P → V V decays so use

angular info to disentangle CP -odd and
CP -even components.

Measure φs,∆ms,Γs,∆Γs, |λf | . . .
[this makes B0

s → J/ψφ special]

φs −0.058± 0.049± 0.006 rad

|λ| 0.964± 0.019± 0.007

Γs 0.6603± 0.0027± 0.0015 ps−1

∆Γs 0.0805± 0.0091± 0.0032 ps−1

∆ms 17.711 +0.055
−0.057 ± 0.011 ps−1
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Consistent with SM. No
sign of |λf | 6= 1

Most precise determine of
lifetime parameters

Dominant systematics
from decay-time efficiency,
angular efficiency and
background subtraction.

[PRL 114 (2015) 041801]
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φs from B0
s → J/ψπ+π−

Another b→ cc̄s transition.

4D amplitude analysis to understand
structure in π+π− spectrum.

π+π− is > 97.7% CP-odd @ 95% CL

φππs = 0.070± 0.068± 0.008 rad

|λππ | = 0.89± 0.05± 0.01
[PLB713 378 (2012)]
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Sidebands used
for bkg modelling

Main systematic from knowledge of
π+π− resonance model.

Cross-check by measuring φs using
only decay time - consistent result.

Combined K+K−, π+π−[PRL 114 (2015) 041801]

φs = −0.010± 0.039 rad
|λ| = 0.957± 0.017
Assuming CPV in decay is same in both channels
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Penguin pollution in φs and sin 2β
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Controlling penguins pollution

φmeasured
q = φq + δPenguin + δNew Physics

Enhancement could be caused by non-
perturbative hadronic effects that are
difficult to calculate in QCD.
[Nierste et al. arXiv:1503.00859], [Liu et al.

PRD 89, 094010 (2014)]

1 Measure φs/sin 2β for different polarisation states.

2 Measure δPenguin using decays where penguin/tree ratio is not suppressed.
Use SU(3)-flavour relations to link B0

s and B0 (broken at 20-30% level).

A(B
0
s → (J/ψφ)f ) =

(1− λ2
/2)A′f

[
1 + εa

′
f e
iθ′f eiγ

]

Penguin/tree suppressed by ε =
|Vus|2

1−|Vus|2
= 0.05
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A(B
0
s → (J/ψK∗0)f ) =

− λAf
[
1− af e

iθf e
iγ
]

Penguin/tree not suppressed (but overall rate
suppressed)

[Faller et al. PRD 79, 014005 (2009)] [De Bruyn, Fleischer, JHEP1503 (2015) 145]
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Polarisation-dependent φs? PRL 114 (2015) 041801

Penguin pollution and/or CP violation could be different for each
polarisation state, i ∈ (0,⊥, ‖,S) [Bhattacharya et al., IJMP A28 (2013) 1350063].

Relax assumption that λi ≡ ηi qp AiAi is same for all (J/ψK+K−)i
polarisation states.

Measure λi = |λi|e−iφis

Parameter Fitted value
|λ0| 1.012± 0.058± 0.013
|λ‖/λ0| 1.02 ± 0.12 ± 0.05
|λ⊥/λ0| 0.97 ± 0.16 ± 0.01
|λS/λ0| 0.86 ± 0.12 ± 0.04
φ0
s [rad] −0.045± 0.053± 0.007

φ
‖
s − φ0

s [rad] −0.018± 0.043± 0.009
φ⊥s − φ0

s [rad] −0.014± 0.035± 0.006
φS
s − φ0

s [rad] 0.015± 0.061± 0.021

Everything compatible with no polarisation dependence.
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Angular analysis of B0
s → J/ψK∗0 NEW!

NB0 = 208700± 500
NB0

s
= 1800± 60

Angular analysis performed in 4 bins
around K∗(892)0 → K+π− mass, for B0

s
and B0

s.

Use simulation to get angular efficiency
correction (+ correction for lack of
S-wave in MC).

Account for production and detection
asymmetries [PRL 114 (2015) 041601],[PLB

739 (2014) 218], [JHEP 07 (2014) 041].

Parameter Fitted value
f0 0.497± 0.025± 0.025
f‖ 0.179± 0.027± 0.013

ACP0 −0.048± 0.057± 0.020
ACP‖ 0.171± 0.152± 0.028

ACP⊥ −0.049± 0.096± 0.025

B(B0
s → J/ψK∗0) =

(4.13±0.16±0.25±0.24(fs/fd))×10−5

[LHCb-PAPER-2015-034]
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Controlling penguins with B0
s → J/ψK∗0 NEW!

Use results from angular analysis and branching fraction of B0
s → J/ψK∗0 to

measure ∆φ
J/ψφ
s,i for each polarisation i ∈ (0,⊥, ‖, S).

Hi ∝
1

ε

∣∣∣∣A′iAi
∣∣∣∣2 B(B0

s → J/ψK∗0)

B(B0
s → J/ψφ)

fi

f ′i
=

1− 2ai cos θi cos γ + a2
i

1 + 2εa′i cos θ′i cos γ + ε2a′2i

ACPi = − 2ai sin θi sin γ

1− 2a′i cos θ′i cos γ + a′2i

SU(3): ai = a′i, θi = θ′i∣∣∣A′iAi ∣∣∣ computed with

LCSR [Barucha et al,

arXiv:1503.05534]

γ = 73± 7◦ [CKM]

[LHCb-PAPER-2015-034]

LHCb preliminary

Extract penguin parameters from χ2

fit to Hi and ACPi information for each
polarisation i ∈ (0,⊥, ‖, S).

Translate to penguin phase shift:

Param. Value ± (stat) ± (syst) ±(|A′i/Ai|)
∆φ

J/ψφ
s,0 0.001+0.087

−0.011
+0.013
−0.008

+0.048
−0.030

∆φ
J/ψφ
s,‖ 0.031+0.049

−0.038
+0.013
−0.013

+0.031
−0.033

∆φ
J/ψφ
s,⊥ −0.046+0.012

−0.012
+0.007
−0.008

+0.017
−0.024

Compare to current experimental precision: σ(φs) = ±0.035 rad, σ(φd) = ±0.028 rad 13 / 18



CP violation in B0 → J/ψρ0(770) PLB 742 (2015) 38-49
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for bkg modelling

K0
S

veto [PRD 90, 012003 (2014)]

Use ρ0(770) component to measure:

φeff
d = (41.7± 9.6+2.8

−6.3)◦, αCP ≡
1−|λf |
1+|λf |

= (−32± 28+9
−7)× 10−3

⇒ ∆φd = (−0.9± 9.7+2.8
−6.3)◦ (equivalent to 0.016± 0.169+0.049

−0.110 rad)
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Controlling penguins with B0
s → J/ψK∗0 + B0 → J/ψρ0 NEW!

[L
H

C
b
-P

A
P

E
R

-2
0
1
5
-0

3
4
]

Now fit for |A′i/Ai| to limit
sensitivity to hadronic
uncertainties.

Assume |A′i/Ai|(B0
s → J/ψK∗0) =

|A′i/Ai|(B0 → J/ψρ0)

Parameter Fitted value

∆φ
J/ψφ
s,0 0.000+0.009

−0.011(stat)+0.004
−0.009(syst)

∆φ
J/ψφ
s,‖ 0.001+0.010

−0.014(stat)+0.007
−0.008(syst)

∆φ
J/ψφ
s,⊥ 0.003+0.010

−0.014(stat)+0.007
−0.008(syst)

Penguin parameters effectively constrained from CP asymmetry measurements.
Combined results dominated by B0 → J/ψρ0 (access to mixing-induced asymmetry

not available in flavour-specific B0
s → J/ψK∗0 channel).

Penguins are small!
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CP asymmetry in B0
s → J/ψK0

S
JHEP 06 (2015) 131
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ACP (t) ≡
Smix sin(∆ms t)− Cdir cos(∆ms t)

cosh(∆Γs t/2) + A∆Γ sinh(∆Γs t/2)

Use B0
s → J/ψK0

S to constrain penguin pollution in sin 2β from B0 → J/ψK0
S .

Suppressed mode, use neural net to remove B0 → J/ψK∗0 + combinatorial.
Trained on data using B0 → J/ψK0

S as proxy.
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Param Fitted value

A∆Γ 0.49+0.77
−0.65 ± 0.06

Cdir −0.28± 0.41± 0.08
Smix −0.08± 0.40± 0.08

Really just proof-of-principle, not able to constrain penguins yet...
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Observation of B0
s → ψ(2S)K+π−

Use 4D amplitude fit to understand
resonant structure.

Build model from coherent sum of K+π−

resonances and NR components.

No sign of exotic Z+ → ψ(2S)π+ with
current data sample.

Future: understand penguin pollution in
B0
s → ψ(2S)φ.

K∗(892)0 parameters:
fit fraction = 0.605± 0.046± 0.041

f0 = 0.532± 0.057± 0.035 ]2c) [MeV/−π+(2S) Kψm(
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Summary

Run-1 analysis of B0
s → J/ψK+K− and B0 → J/ψK0

S for precision
measurement of CP violating phases φs and sin 2β.

Contribution from “penguin pollution” shown to be small!
Important as precision of CP violation measurements continues to
improve (LHCb upgrade).

[Latest HFAG combination]

[See next talks for information about ATLAS/CMS results]
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Backup
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The LHCb detector 2008 JINST 3 S08005

https://ideas.lego.com/projects/94885
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The LHCb detector 2008 JINST 3 S08005

https://ideas.lego.com/projects/94885
21 / 18
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The LHCb detector 2008 JINST 3 S08005

22 / 18

Covers 4% of solid angle, but
accepts 40% of heavy quark
production cross section.



A typical LHCb event 2008 JINST 3 S08005

b
~1cm

p p
b

〈nPV s〉 ∼ 2.0
〈nTracks〉 ∼ 200

σ(pp→ bbX) ∼ 80µb
σ(cc) ∼ 1500µb

HLT2 DiMuon trigger
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Run-1 data sample

∼900 physicists from 64
universities/laboratories in 16
countries.

Running since 2010, Link to
> 240 papers.

O(100k) bb pairs produced/sec.
2010

2011

(1 fb−1 @7TeV)

2012

(2 fb−1 @8TeV)

Efficiency > 93%

LHCb designed to run at lower luminosity

than ATLAS/CMS.
LHCb tracking/PID is sensitive to pile-up.

LHC pp beams are displaced to reduce
instantaneous luminosity - stable running
conditions.

〈L〉2011 ∼ 2.7× 1032cm−2s−1

〈L〉2012 ∼ 4.0× 1032cm−2s−1

24 / 18
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CP violation in B0
(s) mixing (|B0

L,H〉 = p|B0〉 ± q|B0〉)
[P

R
L

1
1
4
,

0
8
1
8
0
1

(2
0
1
5
)] ACP = asl =

Γ(B → B → f)− Γ(B → B → f)

Γ(B → B → f) + Γ(B → B → f)

=
1− |q/p|4
1 + |q/p|4

[Lenz arXiv:1205.1444] - tiny in SM

adsl = (−4.1± 0.6)× 10−4

assl = (+1.9± 0.3)× 10−5

assl = [−0.06± 0.50± 0.36]% (LHCb, 1 fb−1)

adsl = [−0.02± 0.19± 0.30]% (LHCb, 3 fb−1)

[PLB 728 (2014) 607, PRL 114 (2014) 041601]

∼ 3σ tension with SM from D0 not
confirmed or excluded by LHCb.
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[LHCb-PUB-2014-040]]
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New physics prospects [J. Charles et al. PRD 89, 033016 (2014)]

Assume that NP only enters B0 and B0
s mixing: Md,s

12 = (Md,s
12 )SM(1 + hd,se

2iσd,s ).

2013

NP < 30% SM

2023

NP < 5% SM

h ≈ |Cij |2

|V ∗tiVtj |
2

(
4.5 TeV

Λ

)2
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φs prospects

-1L(Run-II) fb
0 1 2 3 4 5 6 7
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B0
s → J/ψK+K−

B0
s → J/ψK+K− +B0

s → J/ψπ+π−

In future, use other channels:

B0
s → ψ(2S)φ

B0
s → J/ψη

B0
s → J/ψ (ee)φ

B0
s → J/ψK+K− (high

K+K− mass)

Control of penguins essential!

B0
s → J/ψK0

S ,
B0
s → J/ψK∗,

B0 → J/ψρ0

[NPB 873 (2013) 275-292,

PRD 86 (2012) 071102]

φs error Run 1 Run 2 Upgrade Theory
(rad) (2010–12) (2015–18) (2019–??)

3 fb−1 8 fb−1 50 fb−1

B0
s → J/ψK+K− 0.049 0.025 0.009 ∼ 0.003

B0
s → J/ψπ+π− 0.068 0.035 0.012 ∼ 0.01

B0
s → φφ 0.15 0.10 0.018 < 0.02

Upgraded detector will be read out at 40MHz.
Factor-10 increase signal yields.
Existing design will saturate at higher luminosities. 27 / 18



∆Γs − φs global combination

Combination
φs = −0.015± 0.035rad
∆Γs = 0.081± 0.006 ps−1

New physics not a
large effect

⇒ need to control SM
effects (penguins).

Mode σ(φs)[rad] Ref. Exp

B0
s → J/ψφ −0.058± 0.049± 0.006 PRL 114 (2015) 041801 LHCb (3 fb−1)

B0
s → J/ψφ −0.030± 0.110± 0.030 CMS-PAC-BPH-13-012 CMS (20 fb−1)

B0
s → J/ψφ +0.120± 0.250± 0.050 PRD 90 (2014) 052007 ATLAS (4.9 fb−1)

B0
s → J/ψπ+π− +0.070± 0.068± 0.008 PLB 736 (2014) LHCb (3 fb−1)

B0
s → D+

s D
−
s +0.020± 0.170± 0.020 PRL 113, (2014) 211801 LHCb (3 fb−1)

Combination doesn’t include latest ATLAS result!

Expect σ(φs)LHCb ∼ 0.010 rad after LHCb upgrade [LHCb-PUB-2014-040]
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Controlling penguins with B0
s → J/ψK∗0 NEW!

[LHCb-PAPER-2015-034]

Almost no dependence if SU(3)

breaking allowed: a′i = ζ × ai, θ′i = θi + δ

Nominal result assumes perfect SU(3) symmetry ai = a′i, θi = θ′i.

Extract penguin parameters from χ2 fit to Hi and ACPi information for each
polarisation i ∈ (0,⊥, ‖, S).

Translate to penguin phase shift:

Param. Fitted value

∆φ
J/ψφ
s,0 0.001+0.087

−0.011(stat)+0.013
−0.008(syst)+0.048

−0.030(|A′i/Ai|)
∆φ

J/ψφ
s,‖ 0.031+0.049

−0.038(stat)+0.013
−0.013(syst)+0.031

−0.033(|A′i/Ai|)
∆φ

J/ψφ
s,⊥ −0.046+0.012

−0.012(stat)+0.007
−0.008(syst)+0.017

−0.024(|A′i/Ai|)

Compare to cur-
rent expt. precision:
σ(φs) = ±0.035 rad
σ(φd) = ±0.028 rad
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New ATLAS B0
s → J/ψφ result (as of 7th July 2015)
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Maximum likelihood fit PRL 114 (2015) 041801

Simultaneous fit in 6 bins of mKK to
account for K+K− S-wave.

Background subtracted fit
(sFit, sPlot [Xie, arXiv:0905.0724]).

Measure φs,∆ms,Γs,∆Γs, |λf | . . .
[this makes B0

s → J/ψφ special]

C ≡ 1−|λf |2

1+|λf |2
, S ≡ 2Im(λf )

1+|λf |2
, D ≡ − 2Re(λf )

1+|λf |2
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φ dominates
∼ 2% S-wave
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Maximum likelihood fit PRL 114 (2015) 041801

Simultaneous fit in 6 bins of mKK to
account for K+K− S-wave.

Background subtracted fit
(sFit, sPlot [Xie, arXiv:0905.0724]).

Measure φs,∆ms,Γs,∆Γs, |λf | . . .
[this makes B0

s → J/ψφ special]

C ≡ 1−|λf |2

1+|λf |2
, S ≡ 2Im(λf )

1+|λf |2
, D ≡ − 2Re(λf )

1+|λf |2
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Decay time resolution PRL 114 (2015) 041801

Use prescaled sample of prompt-J/ψ
events to determine resolution model.

Double-Gaussian, with width scaled
by per-event error.

Simulation: 〈σsignal〉 ≈ 〈σprompt〉
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〈σ〉 ≈ 46 fs

If 〈σ〉 ≈ 45 fs⇒ D ∼ 0.73; If 〈σ〉 ≈ 90 fs⇒ D ∼ 0.28
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Decay time efficiency PRL 114 (2015) 041801 & JHEP 04 (2014) 114

Use B0
s → J/ψK+K− events with no lifetime cut to understand trigger efficiency.
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LHCb
1-track muon trigger ∼ 20%

VELO track reconstruction
efficiency depends on distance of
track from beam line (ρ).

Understand this using control
sample of B+ → J/ψK+.

Correct in final fit by weighting
each B0

s candidate.
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Angular efficiency arXiv:1304.2600
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Detector geometry and implicit momentum cuts introduce efficiency in angles.

Knowledge of acceptance is dominant source of systematic error for φs and
amplitudes.

Describe non-factorised 3D efficiency using spherical harmonics [from simulation
corrected to look like data].

ε(cos θK , cos θµ, ϕh) =
∑
a,b,c

cabcPa(cos θK)Ybc(cos θµ, ϕh).

cabc =
1

NMC

NMC∑
i

2a+ 1

2
Pa(cos θKi)Ybc(cos θµi, ϕhi)

1

gi
,
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Flavour tagging PRL 114 (2015) 041801

Tagger ε(1− 2ω)2

OS-only 1.19± 0.06%
SSK-only 0.84± 0.11%
OS&SSK 1.70± 0.08%
Overall 3.73± 0.15%

Tagging decision made on statistical
basis, with ε ≈ 60%; ω ≈ 30%.

Effective size of dataset:
Neff = Nall × ε(1− 2ω)2

Calibrate tagging response using
control samples: B+ → J/ψK+,
B0 → Dsµν, B0

s → Dsπ.

ω = p0 + p1(η − 〈η〉).
c

η
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 = 7 TeV Datas

Preliminary
LHCb

B+→ J/ψK+
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sin 2β systematics NEW!! LHCb-PAPER-2015-004
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Resonant structure of B0
s → J/ψπ+π− PRD 89 (2014) 092006

B0
s → J/ψπ+π− is another b→ cc̄s transition.

4D amplitude analysis to understand structure in
π+π− spectrum.

π+π− is > 97.7% CP-odd @ 95% Conf. Level
Measure φs using the decay time [PLB713 378 (2012)].
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Resonant structure of B0
s → J/ψπ+π− PRD 89 (2014) 092006

B0
s → J/ψπ+π− is another b→ cc̄s transition.

4D amplitude analysis to understand structure in
π+π− spectrum.

π+π− is > 97.7% CP-odd @ 95% Conf. Level
Measure φs using the decay time [PLB713 378 (2012)].
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(1525)2f’
(1270)2f
(1500)0f
(1790)0f

Sum over π+π− resonances: A(mππ ,Ω) =
∑
R

∑
λ=0,‖,⊥ A

R
λ (mππ ,Ω)

ARλ (mππ ,Ω) is Breit-Wigner or Flatte (f0(980)) amplitude × barrier factors.
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φs from B0
s → J/ψπ+π− PLB 736 (2014) 186
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Main systematic from knowledge of π+π− resonance model.
Cross-check by measuring φs using only decay time - consistent result.

φππs = 0.070± 0.068± 0.008 rad

|λππ | = 0.89± 0.05± 0.01

Combined K+K− + π+π−

φs = −0.010± 0.039 rad
|λ| = 0.957± 0.017

(†) Assuming CPV in decay is same in both channels

φSM
s = −0.0365± 0.0012rad

C
om

bi
na

tio
ns

/ (
0.

1 
ps

)

0

200

400

600

800

1000

1200

1400

1600

Decay time [ps]
0 2 4 6 -5

0

5

LHCb

8

40 / 18



B0 → J/ψπ+π− PLB 742 (2015) 38-49

K0
S

veto

[PRL 90 (2003) 091801]
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Compare with B-factories PLB 742 (2015) 38-49

Convert 2βeff , αCP to Sf and Cf .

B0 → J/ψπ0 and
B0 → J/ψρ0(770) have same
diagrams, so same CPV.

Sf ≡ 2Im(λf )

1+|λf |2 =
−2ηf sin 2βeff

f

1+|λf |2

Cf ≡ 1−|λf |2
1+|λf |2
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CP violation in charmless B0
s decays PRD 90 (2014) 052011

B0
s → φφ: b→ s penguin decays

sensitive to NP in the loops.

φ→ KK: 5 different polarisation
amplitudes ⇒ angular analysis.

Decay time resolution: 43fs.

Tagging power:
ε(1− 2ω)2 = 3.04± 0.24%

Angular efficiency from MC.

Literature Review - 8

models based on the framework of Minimal Falvour Violation3 (MFV) represent some
of the most pessimistic extentions of the Standard Model. The work of Lenz, A. &
Nierste, U.(2011)[9] represents a recent example of a MFV study. MFV assumes all
flavour changing interactions are governed by the same CKM matrix and that the one
independent phase in the CKM matrix is the only source of CP violation[10]. In general,
the MSSM and models involving MFV are plagued by the SUSY CP problem4. A class of
models that does not in general suffer from the SUSY CP problem and does not involve
MFV is given by supersymmetric flavour models (the interested reader is directed to the
work of Altmannshofer et al. (2010)[11]).

2.3 CP Violation in Bs → φφ

The decay B0
s → φφ is an example of a flavour changing neutral current (FCNC) and

hence, is forbidden at tree level in the standard model. The decay is only permitted
through penguin diagrams (shown in figure 5)[12].
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Figure 5: Feynman diagrams contributing to the Bs → φφ decay[12]: a) Gluonic penguin,
b) singlet penguin, c) colour allowed penguin, d) colour supressed penguin.

The weak phase structure found due to mixing in the previous section for the Bs → J/ψφ
decay will also hold for the Bs → φφ decay.

In the penguin diagrams of figure 5, the CKM structure remains the same throughout all
amplitudes due to the very high mass of the top quark in the propogators. If the QCD
structure is naively assumed to be the same for both B0

s and B̄0
s , the ratio of the decay

amplitudes will be of the form

3MFV models can be accommodated in the Minimal Supersymmetric Standard Model (MSSM), for
further details (specifically relating to B meson observables), see the work of Ellis et al. (2007)[8].

4This arises from neutron electric dipole moment and FCNC predictions constraining CP violating
phases.

School of Physics and Astronomy Date: 24-6-11

SM: |φs| < 0.02 rad
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CP violation in charmless B0
s decays PRD 90 (2014) 052011
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φs = −0.17± 0.15± 0.03 rad.

|λ| = 1.04± 0.07± 0.03.

Background subtracted fit using
sWeights.

Dominant systematic from
understanding of angular and
decay-time efficiencies.

K+K− S-wave under the φ(1020)
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φs from B0
s → D+

s D
−
s arXiv:1409.4619 , accepted by PRL

]2c) [MeV/s
− Ds

+M(D
5300 5350 5400 5450

)2 c
C

an
di

da
te

s 
/ (

5 
M

eV
/

0

200

400

600

800
s
−

 Ds
+ D→s

0
B

−π+K
−

 K+
s D→s

0
B

s
−*

 Ds
+ D→s

0
B

−
s D+ D→

0
B

−
s D+

cΛ →0
bΛ

Combinatorial

LHCb

(a)

3.3k signal

]2c) [MeV/s
+ D

−
M(D

5250 5300 5350 5400 5450

)2 c
C

an
di

da
te

s 
/ (

5 
M

eV
/

0

2000

4000

s
+ D

−
 D→0B

s
+ D

−
 D→s

0
B

+π−
K+K

−
 D→

0
B

s
+ D

*
 D→0B

Combinatorial

LHCb

(b)

21k control

Important to measure φs in b→ ccs decays with different penguin amps.

B0
s → D+

s D
−
s is CP -even, no angular analysis needed.

4 final states: combination of Ds → KKπ,Kππ, πππ. 45 / 18



φs from B0
s → D+

s D
−
s arXiv:1409.4619 , accepted by PRL
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〈σeff〉 = 54 fs

σeff = q0 + q1δ
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Use B0 → D−D+
s to determine decay

time efficiency (τB0 from PDG).

Simulation to calibrate the decay time
uncertainty (δ) for resolution.

Tagging: ε(1− 2ω)2 = (5.33± 0.25)%

Constrain Γs,∆Γs from
B0
s → J/ψK+K−.

φs = 0.02± 0.17± 0.02 rad, |λ| = 0.91+0.18
−0.15 ± 0.02
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B0
s → J/ψK+K− systematics

Source Γs ∆Γs |A⊥|2 |A0|2 δ‖ δ⊥ φs |λ| ∆ms

[ps−1] [ps−1] [rad] [rad] [rad] [ps−1]

Total stat. uncertainty 0.0027 0.0091 0.0049 0.0034 +0.10
−0.17

+0.14
−0.15 0.049 0.019 +0.055

−0.057
Mass factorisation – 0.0007 0.0031 0.0064 0.05 0.05 0.002 0.001 0.004
Signal weights (stat.) 0.0001 0.0001 – 0.0001 – – – – –
b-hadron background 0.0001 0.0004 0.0004 0.0002 0.02 0.02 0.002 0.003 0.001

B+
c feed-down 0.0005 – – – – – – – –

Angular resolution bias – – 0.0006 0.0001 +0.02
−0.03 0.01 – – –

Ang. efficiency 0.0001 – 0.0011 0.0020 0.01 – 0.001 0.005 0.002
Ang. efficiency (stat.) 0.0001 0.0002 0.0011 0.0004 0.02 0.01 0.004 0.002 0.001
Decay-time resolution – – – – – 0.01 0.002 0.001 0.005
Trigger efficiency (stat.) 0.0011 0.0009 – – – – – – –

Track reco. (simul.) 0.0007 0.0029 0.0005 0.0006 +0.01
−0.02 0.002 0.001 0.001 0.006

Track reco. (stat.) 0.0005 0.0002 – – – – – – 0.001
Length and mom. scales 0.0002 – – – – – – – 0.005
S-P coupling factors – – – – 0.01 0.01 – 0.001 0. 002
Fit bias – – 0.0005 – – 0.01 – 0.001 –

Quadratic sum of syst. 0.0015 0.0032 0.0036 0.0067 +0.06
−0.07 0.06 0.006 0.007 0. 011
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Use B0 → J/ψρ0(770) arXiv:1411.1634, submitted to PLB

Decay amplitude is sum of tree + 3 penguins. a′, θ′ are magnitude and phase of
penguin relative to tree.

−
√

2A(B0 → (J/ψρ)f ) = λA′
[
1− a′f e

iθ′f eiγ
]
, f ∈ (0,⊥, ‖)

In B0 → J/ψ K0
S , penguins are suppressed by ε = λ2

1−λ2 = 0.05 (λ = |Vus|).

A(B0 → J/ψK0
S) =

(
1− λ2

2

)
A
[
1 + λ2

1−λ2 ae
iθeiγ

]
Aim: measure 2βeff in B0 → J/ψρ and compare to 2β from B0 → J/ψKS

(B-factories).

∆2βf ≡ 2βeff
f − 2β = −arg

(
1−a′f e

iθ′f e−iγ

1−a′
f
e
iθ′
f eiγ

)
48 / 18



Resolving the ambiguity arXiv:1304.2600

Expressions are invariant under the transformation, giving rise to a
two-fold ambiguity.

(φs,∆Γs, δ0, δ‖, δ⊥, δS) 7−→ (π − φs,−∆Γs,−δ0,−δ‖, π − δ⊥,−δS)

Physical solution: ∆Γs > 0
⇒ the heavy B0

s eigenstate lives longer than the light one!
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