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Bs mass eigenstates

Flavour basis B0
s , B̄0

s :

b̄

b

s

s̄

s

b

Bs

B̄s

e−i φs

e−i φs

Oscillate before decaying

'

&

$

%

“Normal” modes

Mass basis: Bs,H, Bs,L

∣∣∣BH
L

〉
= p|B0〉 ± q|B̄0〉, q

p
= −e−i φs

(assuming |q/p| = 1

i.e. no CPV in mixing)

Well defined masses and lifetimes
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Bs decay width difference

KS ≈ K+ → ππ

yK =
ΓL − ΓS

ΓL + ΓS
≈ −1

analogously
=⇒

CP|Bs,±〉 = ±|Bs,±〉
Bs,+ → D

(∗)
s D̄

(∗)
s , . . .

ys ≡
ΓL − ΓH

ΓL + ΓH
= ?

In Standard Model expect φs ≈ −2◦:(
|Bs,L〉
|Bs,H〉

)
= e−iφs/2

(
cos(φs/2) i sin(φs/2)
i sin(φs/2) cos(φs/2)

)(
|Bs,+〉
|Bs,−〉

)

ys|SM =

{
0.067± 0.016
0.074± 0.007

A. Lenz, U. Nierste,
arXiv:1102.4274

Talk of L. Silvestrini

Indeed non-vanishing: LHCb collaboration, arXiv:1304.2600

LHCb Bs → J/ψ φ analysis : ys|LHCb = 0.075± 0.012

See talks of F. Dupertuis and C. Heller
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The untagged decay rate

〈Γ(Bs(t)→ f )〉 =
1

NBs

dNe(Bs → f )

dt
= . . .

Flavour basis

0

time
0

D
ec

ay
ra

te

Γ(B0
s (t)→ f ) + Γ(B̄0

s (t)→ f )

Mass e-state basis

0

time
0

D
ec

ay
ra

te

Bs,H

Bs,L

Γ(Bs,H → f ) e−ΓHt +Γ(Bs,L → f ) e−ΓLt

〈Γf 〉 = (Γ(Bs,H → f ) + Γ(Bs,L → f )) e−t/τBs

{
cosh (ys t/τBs ) + Af

∆Γ sinh (ys t/τBs )
}

Af
∆Γ =

Γ(Bs,H → f )− Γ(Bs,L → f )

Γ(Bs,H → f ) + Γ(Bs,L → f )
(a.k.a Df )
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Time-integrated untagged rate

Experiment measures:

BR(Bs → f ) ≡ 1

2

∫
〈Γ(Bs(t)→ f 〉 dt

=
1

2

[
Γ(Bs,H → f )

ΓH
+

Γ(Bs,L → f )

ΓL

]
0

time
0

D
ec

ay
ra

te

Bs,H

Bs,L

Theoretical calculation in flavor basis:

Γ(B0
s → f ) + Γ(B̄0

s → f ) = 〈Γ(Bs(t)→ f )〉|t=0

BR(Bs → f ) ≡
〈Γ(Bs(t)→ f )〉|t=0

1
2

(ΓH + ΓL)
=

1

2

[
Γ(Bs,H → f )
1
2

(ΓH + ΓL)
+

Γ(Bs,L → f )
1
2

(ΓH + ΓL)

]

Dictionary : BR(Bs → f ) = BR(Bs → f )

[
1 + ys Af

∆Γ

1− y 2
s

]
K. Bruyn, R. Fleischer, RK, P. Koppenburg, M. Merk, N. Tuning, Phys.Rev.D 86 (2012)
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Af
∆Γ: mass eigenstate rate asymmetry

• Final state dependent, sensitive to New Physics

Consider: Bs → f with CP|f 〉 = ηf |f 〉

B0
s –B̄0

s Mixing Decay Mode

b̄

b

s

s̄

s

b

Bs

B̄s

e−i φs

e−i φs

b̄Bs

s̄

ss

ss

c̄

bc

ys , φs ∆φf , Cf (direct CPV)

Af
∆Γ = −ηf

√
1− C 2

f cos(φs + ∆φf )

Probe NP with untagged time-dependent measurements?
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The Effective Lifetime
Approximate untagged rate 〈Γf〉 with single exponential 1

τf
e−t/τf

0

time
0

D
ec

ay
ra

te

Bs,H

Bs,L

Maximum likelihood fit gives:

τf =

∫∞
0 t 〈Γf〉 dt∫∞

0 〈Γf〉 dt

=
τBs

1− ys2

(
1 + 2Af

∆Γ ys + ys
2

1 +Af
∆Γ ys

)

Recover theoretical BR:

BR(Bs → f ) =

[
2− (1− ys

2)
τf

τBs

]
BR(Bs → f )

︸ ︷︷ ︸
all measurable quantities
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Contours in the φs–∆Γs plane

CP|f 〉 = ηf |f 〉 =⇒ Af
∆Γ = −ηf

√
1− C 2

f cos(φs + ∆φf )

τf =
τBs

1− ys2

(
1 + 2Af

∆Γ ys + ys
2

1 +Af
∆Γ ys

)
= function(∆Γs , φs + ∆φf , Cf )

Assuming:

∆φf = 0, Cf = 0

Af
∆Γ =

{
− cosφs : feven

+ cosφs : fodd
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φs [deg]
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∆
Γ
s
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1
]

τf+
= 1.38 ps

τf− = 1.58 ps
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Measured Effective Lifetimes
Final state:

• CP Even Bs → K +K− : LHCB, arXiv:1207.5993

τK+K− = [1.455± 0.046± 0.006] ps

(see talk of A. Martens)

• CP Odd Bs → J/ψf0(980) : LHCb, arXiv:1207.0878

τJ/ψf0 = [1.700± 0.040± 0.026] ps

τJ/ψπ+π− update in arXiv:1304.2600 (see talk of F. Dupertuis)

• CP Odd Bs → J/ψKS : LHCb, S. Playfer’s talk

τJ/ψKS
= [1.75± 0.12± 0.07] 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−

Bs

Bs

K+

K−
K−

K+

b

s

u

u

s

W

s

b

W

u

u

s

G

u, c, t

eiγ

∆φK+K− = −
(
10.5+3.1

−2.8

)◦

CK+K− = 0.09± 0.05

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

R. Fleischer, Phys.Lett.B 459 (1999) 306

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

Extract CP violating phase:

γ =
(

68+5
−6

∣∣
input

+5
−4

∣∣
U−spin

)◦
= (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)

Phenomenology with a non-zero Bs lifetime difference Rob Knegjens (Nikhef) 11



Controlling the CP Odd Decay Mode

Bs → J/ψ f0(980)

Quark-antiquark

ss

s̄ What is
f0(980)?

Tetraquark

s̄
ss

ūu

• Decay amplitudes may vary:

(ss̄)

B0
s

J/ψ

(ss̄)
u, c, tB0

s
(ss̄)

B0
s

A
(q)
PA

(c)
T

Colour-suppressed Tree Penguin Penguin Exchange

ExchangeExchange

A
(q)
PA

J/ψJ/ψ

(uū)
B0
sJ/ψ

(

uū, dd̄, ss̄
)

B0
s

(

uū, dd̄, ss̄
)

W

W

WW

u, c, t

B0
s W

s

b

c

s

c

f0

f0

f0

f0 f0

f0

A
(c)
E A

(u)
E

J/ψJ/ψ
u, c, t W

Penguin Annihilation

A4q



[su][ūs̄]√

2




B0
s

s

u

b

s

u

J/ψ

f0
W
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Controlling the CP Odd Decay Mode

• With SM CP violation and unknown decay amplitudes:

∆φJ/ψf0 ∈ [−3◦, 3◦] , CJ/ψf0 . 0.05

• Proposed control channel: Bd → J/ψ f0(980)

Predict : BR(Bd → J/ψ f0; f0 → π+π−)

∼ (1− 3)× 10−6 ×
{ [ tanϕM

tan 35◦

]2
: qq̄

1 : tetraquark

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

So far:

BR(Bd → J/ψ f0; f0 → π+π−)LHCb < 1.1× 10−6 (90% C.L)

LHCb, Phys. Rev. D87 (2013) 052001
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Lifetime contours in the φs–∆Γs plane

τf = function
(

∆Γs , φs + ∆φ , C
)

• CP Even : τK+K− , ∆φK+K− = −
(
10.5+3.1

−2.8

)◦
, CK+K− = 0.09

• CP Odd : τJ/ψ f0 , ∆φJ/ψ f0 ∈ [−3◦, 3◦], CJ/ψ f0 ≤ 0.05
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0.4
∆

Γ
s

[p
s−

1
] SM

τJ/ψf0
= [1.700± 0.040± 0.026] ps

τK+K− = [1.455± 0.046± 0.006] ps

68% CL of χ2 fit

R. Fleischer and RK, Eur.Phys.J. C71 (2011) 1532

RK, C12-06-11.2, arXiv:1209.3206
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Comparison with tagged measurements

Full tagged Bs → J/ψφ analysis:

-3 -2 1 0 1 2 3
φs [rad]

-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

∆
Γ
s

[p
s−

1
] τK+K−

τJ/ψf0

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

'

&

$

%

Branching ratio
(time−integrated untagged rate)

Effective lifetime
(time−dependent untagged rate)

Full tagged analysis
(time−dependent tagged rate)

ev
en

ts
Decays where untagged time-dependent measurements upcoming?
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The Rare Decay Bs → µ+µ−

Hot topic: had it’s own session at this conference!

BR(Bs → µ+µ−)LHCb =
(
3.2+1.5
−1.2

)
×10−9

LHCb, Phys.Rev.Lett. 110 (2013) 021801

• Standard Model: only Bs,H → µ+µ−

• Including ys effects with Aµµ∆Γ

∣∣
SM

= 1:

BR(Bs → µ+µ−)SM = (3.56± 0.18)×10−9

A.J. Buras, J. Girrbach, D. Guadagnoli, G. Isidori,

Eur.Phys.J. C72 (2012) 2172

A.J. Buras, R. Fleischer, J. Girrbach, RK, arXiv:1303.3820

'

&

$

%

Effective lifetime
(time−dependent untagged rate)

Full tagged analysis
(time−dependent tagged rate)

Branching ratio
(time−integrated untagged rate)

ev
en

ts

For convenience define:

R ≡ BR(Bs → µ+µ−)

BR(Bs → µ+µ−)SM
, RLHCb = 0.90+0.42

−0.34, RSM = 1

K. Bruyn, R. Fleischer, RK, P. Koppenburg, M. Merk, A. Pellegrino, N. Tuning, Phys.Rev.Lett 109 (2012)
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Bs → µ+µ− beyond the Standard Model

See W. Altmannshofer’s talk

Heff ∝
{10,S ,P}∑

i

Ci Oi+C ′i O′i

#

"

 

!

O10 = (s̄γµPLb)(µ̄γµγ5µ)

OS = (s̄PRb)(µ̄µ)

OP = (s̄PRb)(µ̄γ5µ)

(and PL ↔ PR for O′)

In Standard Model only O10 =⇒ only Bs,H → µ+µ−

Z

µ

µ
b̄

s

b̄

s

O10

µ

µµ

Beyond the SM:

H0, A0

µ

µ
b̄

s

b̄

s

OS, OP , . . .

µ

µµ

Non-vanishing Bs,L → µ+µ− ?
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Bs → µ+µ− time-dependent measurement

Define for convenience:

P ≡ C10 − C ′10

CSM
10

+
m2

Bs

2mµ

(
mb

mb + ms

)(
CP − C ′P
CSM

10

)
S ≡

√
1−

4m2
µ

m2
Bs

m2
Bs

2mµ

(
mb

mb + ms

)(
CS − C ′S
CSM

10

)
In SM: P → 1, S → 0

'

&

$

%

Branching ratio
(time−integrated untagged rate)

Effective lifetime
(time−dependent untagged rate)

Full tagged analysis

ev
en

ts

(time−dependent tagged rate)

Γ(Bs,L → µ+µ−) ∝ |P|2 sin2(ϕP − φNP
s /2)︸ ︷︷ ︸

new CP phases

+ |S|2 cos2(ϕS − φNP
s /2)︸ ︷︷ ︸

scalar operators

Probe NP with : Aµµ∆Γ ≡
Γ(Bs,H → µ+µ−)− Γ(Bs,L → µ+µ−)

Γ(Bs,H → µ+µ−) + Γ(Bs,L → µ+µ−)

e.g. with Bs → µ+µ− Effectve Lifetime
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Bs → µ+µ− untagged observables

0

time
0

D
ec

ay
ra

te

Bs,H

Bs,L

'

&

$

%

R =
(1 + ys Aµµ∆Γ)

1 + ys

(
|P|2 + |S|2

)
Aµµ∆Γ =

|P|2 cos
(
2ϕP−φNP

s

)
− |S|2 cos

(
2ϕS−φNP

s

)
|P|2 + |S|2

K. Bruyn, R. Fleischer, RK, P. Koppenburg, M. Merk, A. Pellegrino, N.

Tuning, Phys.Rev.Lett 109 (2012)

Solvable scenarios:

• A: |P|, ϕP free (S = 0)

• B: |S|, ϕS free (P = 1)

• C: S = ±[1− P]

• D: ϕP = ϕS = 0: −→
A.J. Buras, R. Fleischer, J. Girrbach, RK,

arXiv:1303.3820
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

|P |
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

|S
|

A ∆
Γ

=
−0
.9

0

A ∆
Γ

=
−0
.5

0

A∆
Γ
=

+
0.

00

A∆Γ
= +0.5

0

A∆Γ = +0.90

SM

R̄ = 0.90+0.42
−0.34

Illustration for A∆Γ(ϕP,S = 0, π)
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No scalar operators OR only new scalar operators

Γ(Bs,L → µ+µ−) ∝ |P|2 sin2(ϕP − φNP
s /2)︸ ︷︷ ︸

scenario A

+ |S|2 cos2(ϕS − φNP
s /2)︸ ︷︷ ︸

scenario B

Scenario A: S = 0

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

R̄ ≡ BR(Bs→ µ+µ−)/BRSM(Bs→ µ+µ−)

−1.0

−0.8

−0.6

−0.4

−0.2

0.0

0.2

0.4

0.6

0.8

1.0

A
∆

Γ
(B

s
→

µ
+
µ
−

)

SM

|P̃ | =
1

|P̃ | = 0.75

|P̃ | = 0.5

ϕ̃P = π/4

ϕ̃
P = π/2

ϕ̃
P

=
3π
/4

P = 1 + |P̃ | eiϕ̃P , S = 0

|P̃ | ≤ 1, ϕ̃P ∈ [π4 ,
3π
4 ]

|P̃ | ≤ 1, ϕ̃P ∈ [0, π4 ] ∪ [3π
4 , π]

R̄ = 0.90+0.42
−0.34

E.g: CMFV, Z ′ Models,
A0 dominant (2HDM)

Scenario B: S 6= 0 (P = 1)

0.8 1.0 1.2 1.4 1.6 1.8 2.0

R̄ ≡ BR(Bs→ µ+µ−)/BRSM(Bs→ µ+µ−)

−1.0

−0.8

−0.6

−0.4

−0.2

0.0

0.2

0.4

0.6

0.8

1.0

A
∆

Γ
(B

s
→

µ
+
µ
−

)

SM

|S| = 1

|S| = 0.5

|S| = 0.75

ϕS = π/2

ϕS = π/4

ϕ
S = 0

|S|, ϕS free; P = 1

R̄ = 0.90+0.42
−0.34

Excluded at 95% C.L.

E.g: H0 dominant (2HDM)
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New scalar and pseudoscalar operators on same footing

Scenario C: P = 1 + P̃, S = ±P̃

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

R̄ ≡ BR(Bs→ µ+µ−)/BRSM(Bs→ µ+µ−)
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−0.4

−0.2
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0.2

0.4

0.6

0.8

1.0

A
∆

Γ
(B

s
→

µ
+
µ
−

)

S = −0.35

S = 1.43

S = 0.25

S = 0.5

S = 0.75

S = 1

ϕS = π/4

ϕS = π/8

ϕS = 0

SM

S = 1− P
Excluded at 95% C.L.

Realised for:

C
(′)
S = ±C

(′)
P

E.g: Decoupled
2HDM/MSSM
(MH0 ≈ MA0 � Mh0 )

• Full range of Aµµ∆Γ without CP violating phases

• Strict lower bound R ≥ (1− ys)/2
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Compatibility with Bs mixing constraints

Consider Specific Models:

X ∈ { Z′, H0, A0, H0 + A0 },

MX = 1TeV

b

X

s

Including ∆F = 2 NLO corrections: A.J. Buras, J. Girrbach, JHEP 1203 (2012) 052

• Apply Bs mixing constraints: (see J. Girrbach’s talk)

∆Ms ∈ ∆Mcent. val.
s,exp ± 5%, φs ∈ φcent. val.

s,exp ± 2σ

A.J. Buras, F. De Fazio, J. Girrbach, RK, M. Nagai arXiv:1303.3723

A.J. Buras, F. De Fazio, J. Girrbach, JHEP 1302 (2013) 116
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Models in the R-Aµµ∆Γ parameter space

X

µ

µ

b̄

s

• Lepton couplings left free

• ∆Ms,th > ∆Ms,exp =⇒
Z ′, H0, A0 require
deviation from φSMs

• H0 + A0 independent of
φs

0.5 1.0 1.5 2.0
R̄ ≡ BR(Bs→ µ+µ−)/BRSM(Bs→ µ+µ−)

−1.0

−0.5

0.0

0.5

1.0

A
µ
µ

∆
Γ

SM

H0 (LHS)

A0 (LHS)

Z ′ (LHS)

H0 + A0 (MFV)

R̄ = 0.90+0.42
−0.34

Very possible that NP hidden within BR(Bs → µµ) bounds.
Expose with time-dependent measurement!
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Bs → µ+µ− tagged analysis

Eventually also tagged measurement:

Γ(B0
s (t)→ µ+µ−)− Γ(B̄0

s (t)→ µ+µ−)

Γ(B0
s (t)→ µ+µ−) + Γ(B̄0

s (t)→ µ+µ−)

=
Sµµsin(∆Mst)

cosh(yst/τBs ) + Aµµ
∆Γ sinh(yst/τBs )

.

• Sµµ indepedent if scalar operators:

|Aµµ
∆Γ |

2 + |Sµµ|2

= 1−
[

2|P||S | cos(ϕP − ϕS)

|P|2 + |S |2

]2

• Sµµ sensitive to small CP phases

'

&

$

%

Branching ratio
(time−integrated untagged rate)

Effective lifetime
(time−dependent untagged rate)

Full tagged analysis

ev
en

ts

(time−dependent tagged rate)
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Summary
ΓL 6= ΓH implies:

• Access to mass-eigenstate rate asymmetries(
Af

∆Γ

)
from time-dependent untagged

measurements
e.g. effective lifetimes

• Branching ratio dictionary:

BR(Bs → f )
Af

∆Γ/τf←→ BR(Bs → f )

• B0
s –B̄0

s mixing constraints from effective
lifetimes (τf+ , τf−)

• New topic for LHC upgrade: Af
∆Γ for Rare

decays e.g Bs → µ+µ−

Overview of references at Paperscape.org : http://pscp.me/Qg7DrE1n
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Helicity dependent time-dependent rates

Γ(B0
s (t)→ µ+

λ µ
−
λ ) ∝

{
Cλµµ cos(∆Ms t) + Sµµ cos(∆Ms t)

+ cosh

(
ys t

τBs

)
+Aµµ∆Γ sinh

(
ys t

τBs

)}
× e−t/τBs ,

Cλµµ = −ηλ
[

2|PS | cos(ϕP − ϕS)

|P|2 + |S |2
]
,

Sµµ =
|P|2 sin(2ϕP − φNP

s )− |S |2 sin(2ϕS − φNP
s )

|P|2 + |S |2 ,

Aµµ∆Γ =
|P|2 cos(2ϕP − φNP

s )− |S |2 cos(2ϕS − φNP
s )

|P|2 + |S |2 .
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Parameter space with Bs → µ+µ− tagged analysis

0.5 1.0 1.5 2.0
R̄ ≡ BR(Bs→ µ+µ−)/BRSM(Bs→ µ+µ−)
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−0.5

0.0

0.5
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S µ

µ
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A0 (LHS)

Z ′ (LHS)

R̄ = 0.90+0.42
−0.34

Phenomenology with a non-zero Bs lifetime difference Rob Knegjens (Nikhef) 27



Mass dependence of Af
∆Γ in H0 + A0 model

500 1000 1500 2000 2500
MH [GeV]
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A
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∆
Γ

MFV with H+A and ∆̃µµ=-0.05
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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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yS

0.995
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0.999

1.001

1.003
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τ M
L
/τ

eff

tmin = 0.5 ps

tmax = 15 ps

A∆Γ = −0.9

A∆Γ = −0.5

A∆Γ = 0.0

A∆Γ = +0.5

A∆Γ = +0.9

LHCb 1 σ CL

LHCb 3 σ CL
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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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Tagged analysis

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 〉 :

λf ≡
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 λf

1 + |λf |2
= −η

√
1− C 2 e−i(φs+∆φ)
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U-spin control ob Bs → K+K−

Bs

Bs

K+

K−
K−

K+

b

s

u

u

s

W

s

b

W

u

u

s

G

u, c, t

eiγ

A(B0
s → K +K−) = λ C

[
e iγ +

1

ε
d e iθ

]
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γ = (68± 7)◦, d = 0.50+0.12
−0.11, θ =

(
154+11
−14

)◦

R. Fleischer, Phys.Lett.B 459 (1999) 306, R. Fleischer and RK, Eur.Phys.J. C71 (2011) 1532
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