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The search for New Physics
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A sensitive probe of New CP Violating Physics
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Time-dependent tagged CP measurement

Tag ≡ identify if Bs or B̄s

ACP =
Γ (Bs(t)→ f ) − Γ(B̄s(t)→ f )

Γ(Bs(t)→ f ) + Γ(B̄s(t)→ f )
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CP violation in interference

B0
s –B̄0

s Mixing Decay Mode
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ACP = function
(

∆Ms ,∆Γs , φs + ∆φ , C
)
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The flagship Decay Mode: Bs/ B̄s → J/ψ φ

tagged analysis : ACP = function
(

∆Ms ,∆Γs , φs + ∆φ , C
)
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eiγ

∆φ ∼ λ2
︸︷︷︸

3◦

sin γ

(
APenguin

ATree

)
+O(λ4) in SM : γ ∼ 70◦

and similarly C ∝ λ2

S. Faller, R. Fleischer and T. Mannel, Phys.Rev. D79 (2009) 014005
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The flagship Decay Mode: Bs/ B̄s → J/ψ φ

Latest results from Moriond 2012:

φs + ∆φλJ/ψφ

−60◦ −40◦ −20◦ 0◦ 20◦

LHCb

D0

CDF

CP observables → SM predictions

• Possible to distinguish

smallish New Physics? ∆φ ∈ [−3◦, 3◦]
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CP observables → SM predictions

Disentangle New Physics

from SM Hadronic Physics

and
Find Complementary Analyses

for determining φs

• In pursuit of new physics with Bs → K+K− R. Fleischer, RK (arXiv:1011.1096)

• Anatomy of B0
s,d → J/ψ f0(980) R. Fleischer, RK, G. Ricciardi (arXiv:1109.1112)

• Effective lifetimes of Bs decays and their constraints on the B0
s –B̄0

s mixing

parameters R. Fleischer, RK (arXiv:1109.5115)

• Exploring CP Violation and η–η′ Mixing with the B0
s,d → J/ψη(′) Systems

R. Fleischer, RK, G. Ricciardi (arXiv:1110.5490)
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A time-dependent untagged analysis?

〈Γ〉 ≡ Γ(Bs(t)→ f ) + Γ(B̄s(t)→ f )
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Fitting 1
τ e−t/τ - effective lifetime:

τf ≡
∫∞

0 t 〈Γ〉 dt∫∞
0 〈Γ〉 dt

= function
(

∆Γs , φs + ∆φf , Cf

)
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Contours in the φs–∆Γs plane

Assume : ∆φf = 0, Cf = 0 =⇒ τf = function (∆Γs , φs)

Different contours: CP |f+〉 = + |f+〉, CP |f−〉 = − |f−〉
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= 1.38 ps

τf− = 1.58 ps
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Measured Effective Lifetimes

Final state:

• CP Even Bs → K +K− : LHCB-CONF-2012-001

τK+K− = [1.468± 0.046] ps

• CP Odd Bs → J/ψf0(980) : LHCb, 1204.5675

τJ/ψf0 = [1.71± 0.03] ps

But. . .
∆φ 6= 0, C 6= 0

. . . CP violation in Decay Modes
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Controlling the CP Even Decay Mode

Bs → K+K−
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∆φK+K− = −
(
10.5+3.1

−2.8

)◦

CK+K− = 0.09± 0.05

• Use U-spin flavour symmetry (subgroup SU(3)F ):

interchange s ↔ d quarks Related to Bd → π+π−

Extract CP violating phase: γ = (68± 7)◦

R. Fleischer and RK, Eur.Phys.J. C71 (2011) 1532
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Controlling the CP Odd Decay Mode

Bs → J/ψ f0(980)

Quark-antiquark

ss

s̄ What is
f0(980)?

Tetraquark

s̄
ss

ūu

• With SM CP violation and unknown decay amplitudes:

∆φJ/ψf0 ∈ [−3◦, 3◦] , CJ/ψf0 . 0.05

R. Fleischer, RK, G. Ricciardi, Eur.Phys.J. C71 (2011) 1832
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Lifetime contours

τf = function
(

∆Γs , φs + ∆φ , C
)

• CP Even: Bs → K +K− 3 τK+K− , ∆φK+K− , CK+K−

• CP Odd: Bs → J/ψ f0(980) 3 τJ/ψ f0 , ∆φJ/ψ f0 , CJ/ψ f0
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Untagged determination of Bs mixing parameters
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D0: 68%, 95% CL (8 fb−1)
CDF: 68%, 95% CL (10 fb−1)
LHCb: 68%, 95% CL (0.3 fb−1)
LHCb: 68%, 95% CL (1 fb−1)
Lifetimes: 68% CL

Note : φs + ∆φλJ/ψφ 6= φs + ∆φJ/ψf0(980)

Recent Theoretical Studies of Bs Physics Rob Knegjens (Nikhef)



Summary

• CP observables → SM predictions

Disentangle New Physics

from SM Hadronic Physics

• Probe Bs mixing phase with untagged analysis:

Pair of CP odd and even effective lifetimes
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† Values and errors are for illustration

SM

τSM
J/ψf0

= 1.58 ps ± 1%†

τSM
K+K− = 1.39 ps ± 1%†

End of
2012 ??
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† Errors are for illustration

SM

τJ/ψf0
= 1.71 ps ± 1%†

τK+K− = 1.468 ps ± 1%†
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Backup
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Hadronic uncertainties
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Effective Lifetime

τ =
τBs

1− y 2
s
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1 + 2A∆Γ ys + y 2
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1 +A∆Γ ys
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A∆Γ = −η
√

1− C 2 cos(φs + ∆φ)

y 3
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Fitting an effective lifetime

ftrue(t) ≡ A(t) 〈Γ(t)〉∫∞
0 A(t) 〈Γ(t)〉 dt

, ffit(t; τ) ≡ A(t) e−t/τ∫∞
0 A(t) e−t/τ dt

Minimise : − log L(τ) = −n

∫ ∞

0
dt ftrue(t) log [ffit(t; τ)]

∫∞
0

t A(t)e−t/τdt∫∞
0

A(t)e−t/τdt
=

∫∞
0

t A(t)〈Γ(t)〉dt∫∞
0

A(t)〈Γ(t)〉dt

Limit that A(t) = 1 :

τ =

∫∞
0

t 〈Γ(t)〉dt∫∞
0
〈Γ(t)〉dt

≡ τeff ,
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Notation

The CP asymmetry:

Γ (Bs(t)→ f )− Γ(B̄s(t)→ f )

Γ(Bs(t)→ f ) + Γ(B̄s(t)→ f )
=

C cos(∆Ms t)− S sin(∆Ms t)

cosh(∆Γs t) +A∆Γ sinh(∆Γs t)

Observables for CP|f 〉 = η |f 〉 :

ξf ≡
q

p

A(B
0
s → f )

A(B0
s → f )

= −η e−iφs
√

1− C

1 + C
e−i∆φ

A∆Γ − i S =
2 ξf

1 + |ξf |2
= −η

√
1− C 2 e−i(φs+∆φ)
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U-spin determination
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Decay Mode CP violation: γ = (68± 7)◦
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, CK+K− = 0.09± 0.05

Robert Fleischer, RK (arXiv:1011.1096)
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Tetraquarks

• diquark–antidiquark (colour) bound states

σ = [ud ][ūd̄ ]

κ = [su][ūd̄ ]; [sd ][ūd̄ ] (+c.d)

f0 =
[su][s̄ ū] + [sd ][s̄ d̄ ]√

2

a0 = [su][s̄ d̄ ];
[su][s̄ ū]− [sd ][s̄ d̄ ]√

2
; [sd ][s̄ ū]

diquark ≡ [q1 q2], colour 3, flavour 3, S = 0

• Issues: f0 → ππ coupling too small, a0 → ηπ too large.

• Solved by adding instanton-induced effects

A Theory of Scalar Mesons, G. ’t Hooft, G. Isidori, A.D Polosa, V. Riquer,

(arXiv:0801.2288)
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Decay Amplitudes: General Formalism

In reality:

Tree Exchange

W

W

u, c, t

Penguin

W

. . .

e.g. A(B → f ) = AT + Au
P + Ac

P + At
P + . . .

= |AT|e iδT e iϕT + |Au
P|e iδue iϕu + |Ac

P|e iδc e iϕc + . . .

= |A1|e iδ1

(
e iϕ1 + e iϕ2 h e iδ

)

h e iδ ≡ A2

A1
e i(δ2−δ1), ξ = −η e−iφs

[
e−iϕ1 + e−iϕ2 h e iδ

e iϕ1 + e iϕ2 h e iδ

]
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Untagged observable: General Formalism

ξ = −η e−iφs
[

e−iϕ1 + e−iϕ2 h e iδ

e iϕ1 + e iϕ2 h e iδ

]

2 ξ

1 + |ξ|2 = −η
√

1− C 2 e−i(φs+∆φ)

C =
2 h sin δ sin(ϕ1 − ϕ2)

1 + 2 h cos δ cos(ϕ1 − ϕ2) + h2

∆Φ = arctan

(
sin 2ϕ1 + 2 h cos δ sin(ϕ1 + ϕ2) + h2 sin 2ϕ2

cos 2ϕ1 + 2 h cos δ cos(ϕ1 + ϕ2) + h2 cos 2ϕ2

)

A∆Γ = −η cosφs → A∆Γ = −η
√

1− C 2 cos(φs + ∆φ)
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The Decay Width Difference

∆Γs ≡ ΓL − ΓH

' 2|Γ12| cos(ΘM −ΘΓ)

• No absorptive New Physics: Grossman (hep-ph:9603244)

ys =
∆ΓTh

s

2 Γs
cos φ̃s , φ̃s = 0.22◦ + φNP

s

• Theoretical calculation: Lenz & Nierste (1102.4274)

∆ΓTh
s

Γs
= 0.133± 0.032
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Bs → J/ψφ hadronic uncertainties

Measure : φs + ∆φfJ/ψφ

• Numerical example compatible with ∆φd analysis
S. Faller, R. Fleischer and T. Mannel, Phys.Rev. D79 (2009) 014005

• Future control channels: Bs → J/ψK̄ ∗0 and Bd → J/ψρ0
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Hadronic uncertainty of B0
d –B̄0

d mixing

Measure : 2β + ∆φd

Probe using Bd → J/ψKS and Bd → J/ψ π
S. Faller, R. Fleischer, M. Jung, T. Mannel (arXiv:0809.0842)

See also: Extracting gamma and Penguin Topologies through CP Violation

in B0
s → J/ψKS , K. De Bruyn, R. Fleischer and P. Koppenburg (arXiv:1010.0089)
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