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φs from decay time oscillations.
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Standard Model

Is it the complete story?

Direct searches: ATLAS, CMS... .
Indirect searches: LHCb, Belle... .

Rare decays.

Non SM CP-Violation. ← this talk.

[Dave Goldberg]

”CP-violating effects in the time-dependent angular distribution of

B0
s → J/ψφ play a key role for the search of new physics.”

[R.Fleischer: PhysRevD.79.014005]
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http://dx.doi.org/10.1103/PhysRevD.79.014005


The power of indirect searches

1970: Existence of c quark in KL → µ+µ−. [Phys.Rev.D2,1285,1970]

1987: Top quark mass from B0 oscillations. [Phys.Lett.B192:245,1987]B0 mixing pointed to the top quark:

B0 mixing: t quark  GIM: c quark

ARGUS Coll, Phys.Lett.B192:245,1987

b
d

d
b

d s

μ
μ

K0→μμ pointed to the charm quark:

GIM, Phys.Rev.D2,1285,1970

…

…

…

[Niels Tuning]
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.2.1285


The power of indirect searches

- Oscillations: B0
(s) ↔ B̄0

(s).

- φs from B0
s /B̄0

s → J/ψ(→ µµ)φ(→ KK ).

Relative phase difference → access φs

New
Physic

s?
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The power of indirect searches28 1.8 CP Violation in Interference between Mixing and b → c(cs) Transitions
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Figure 1.4: a) An example of a b → c(cs) transition: Feynman diagram of a B0
s → J/ψ φ

decay without mixing. b) Feynman diagram of a B0
s → J/ψ φ decay including mixing.

|Af /Af | = 1. This leads to Cf = 0, a+ = 2 and a− = 0, causing the decay time-dependent
CP asymmetry from Eq. 1.60 to simplify to

ACP(t) = −Sf sin Δmt

cosh ΔΓt
2 − Df sinh ΔΓt

2
. (1.61)

In the case of B0
s → J/ψ φ decays, an extra complication occurs because the final state

J/ψ φ is an admixture of CP eigenstates with eigenvalues ηf = ±1. The CP asymmetry
then becomes

ACP(t) = −ηf sin φs sin Δmt

cosh ΔΓt
2 − ηf cos φs sinh ΔΓt

2
. (1.62)

In this equation, φs = φM −2 φc(cs) is the relative weak phase di\fference, see \Sec. 1.6, where
φc(cs) is the phase of the b → c(cs) transition. The precise derivation of Sf = ηf sin φs and
Df = ηf cos φs is explained in more detail in Chap. 5. In that chapter, it is also shown that
in the \SM, the parameter φs is related to the angle βs: φSM

s = −2 βs, which is expected to
be small. However, the value of φs can be enhanced by New Physics (NP) models, indicating
that the B0

s → J/ψ φ decay mode is an important probe for New Physics. Before going
into the details of the analysis of B0

s → J/ψ φ decays in Chap. 5 and Chap. 6, it is time to
introduce the LHCb experiment.

1

-

Assuming tree decays only:

φSM
s ' −2βs = −0.0364± 0.0016 [Phys. Rev. D84 (2011)033005],

βs ≡ arg [− (VtsV ∗tb/VcsV ∗cb)] .

Unknown processes: φs = φSM
s + ∆NP
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http://journals.aps.org/prd/pdf/10.1103/PhysRevD.84.033005


LHCb detector

Designed for displaced vertices, like the B0
s .

Movable VErtex LOcator (8mm from the z).

5% of 4π solid angle, 25% of bb̄ production.

Excellent vertex and momentum resolution.

Particle identification.
0

/4π
/2π

/4π3
π

0

/4π

/2π

/4π3

π  [rad]1θ

 [rad]2θ
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b
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LHCb MC
 = 7 TeVs
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CP-Violation and φs

”CP-violating effects in the time-dependent angular distribution....’’ [R.Fleischer]
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/4 π = 
s

φ

hk(t) ∝ e−Γt

{
ak cosh

∆Γ · t
2

+ bk sinh
∆Γ · t

2
+ ck cos(∆m · t) + dk sin(∆m · t)

}
φs is the amplitude of the decay time pdf oscillations. Γ, ∆Γ?
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CP-Violation and φs
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[PhysRevD.87.112010]

Very clean signal.

Around 27k candidates with the 1fb−1 of 2011 run.
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CP-Violation and φs

We gain sensitivity to φs from:
Angular analysis (θµ, θK , φh): J/ψφ is a CP-odd/even mixture.
Flavor tagging: J/ψφ came from either B0

s /B̄0
s .
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Figure 7: Definition of helicity angles. For details see text.
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Figure 8: Definition of transversity angles. For details see text.

In order to define the helicity angles in term of the momenta of the decay particles, we
first denote the momentum of particle a in the centre-of-mass system of S by �p S

a . With
this convention, unit vectors along the helicity axis in the three centre-of-mass systems,
and the two unit normal vectors of the K+K− and µ+µ− decay planes can be defined as

êKKµµ
z = +

�p KKµµ
µ+ + �p KKµµ

µ−

|�p KKµµ
µ+ + �p KKµµ

µ− |
, êKK

z = −
�p KK
µ+ + �p KK

µ−

|�p KK
µ+ + �p KK

µ− | , êµµ
z = − �p µµ

K+ + �p µµ
K−

|�p µµ
K+ + �p µµ

K− |
,

n̂KK =
�p KKµµ
K+ × �p KKµµ

K−

|�p KKµµ
K+ × �p KKµµ

K− |
, n̂µµ =

�p KKµµ
µ+ × �p KKµµ

µ−

|�p KKµµ
µ+ × �p KKµµ

µ− |
.

(1)
Finally, the helicity angles can be defined in terms of these vectors,

cos θK =
�p KK
K+

|�p KK
K+ | · ê

KK
z , cos θµ =

�p µµ
µ+

|�p µµ
µ+ |

· êµµ
z ,

cosϕh = n̂KK · n̂µµ, sinϕh = (n̂KK × n̂µµ) · êKKµµ
z .

(2)

The transformation to the transversity angles used in previous publications is given
by (see also Fig. 8):

cosψtr = +cos θK

sin θtr cosφtr = − cos θµ
sin θtr sinφtr = − sin θµ cosϕh

cos θtr = +sin θµ sinϕh

(3)

12
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CP-Violation and φs

We gain sensitivity to φs from:
Angular analysis (θµ, θK , φh): J/ψφ is a CP-odd/even mixture.
Flavor tagging: J/ψφ came from either B0

s /B̄0
s .
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We take good control of:
Time and angular resolution, time and angular acceptances, mass model, peaking backgrounds, reflections, s-wave contributions,

data stability between runs, factorization of acceptances and observables, S-P waves coupling, sFit technique. ...
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Results
[PhysRevD.87.112010]
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Results
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LHCb  1.0 fb –1 + CDF  9.6 fb –1 + ATLAS  4.9 fb 1+ D     8 fb– –1

D Most precise φs measurement.

Determination of the ∆Γs sign.

No sign of NP yet.

φs = 0.07 ± 0.09(stat) ± 0.01(syst) rad

∆Γs = 0.100 ± 0.016(stat) ± 0.003(syst) ps−1

Γs = 0.663 ± 0.005(stat) ± 0.006(syst) ps−1

Near future:

Combine with B0
s → J/ψπ+π−.

Sub-leading penguin contributions to B0
s → J/ψφ .

2fb−1 more analyzed: ∼ 2 improvement on σ(φs).
Run II: Factor ∼ 3 in total.
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Questions
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Thank you for your attention!
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Back up (New Physics)
1 Buras: arxiv:0909.1333v2 [hep-ph]

A.Buras, Beauty2011:

Niels Tuning (25)
2 Chiang et al.: arXiv:0910.2929 [hep-ph]
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