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Meson oscillations
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︸ ︷︷ ︸
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Beyond SM: Most General ∆F = 2 hamiltonian
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i=1

model dependent︷ ︸︸ ︷
Ci (µ)

from lattice︷ ︸︸ ︷
〈K0|Q̂i (µ)|K0〉︸ ︷︷ ︸
≡B̂i 〈K

0|Qi |K0〉VIA


UT�t Collaboration. M.Bona et al. JHEP 0803 (2008) 049
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[
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Model independent constraints and NP from the UT analysis

The e�ective hamiltonian is parametrized by a Wilson coe�cient of the form:

Ci (Λ) =
FiLi
Λ2
→ Λ =

√
FiLi
Ci (Λ)

→Phenomenological allowed range for each Ci→lower bound of Λ

Fi= NP coupling, depends on the �avor struture of the NP model

MFV: F1 = FSM ∼ (VtqV
∗
tq′)

2 and Fi 6=1 = 0
Generic �avor structure: |Fi | ∼ 1

Li= loop factor:

L=1: tree-level FCNC
L=α2

W : SM
L=α2

NP : NP FCNC at loop level

Λ= scale of NP, typical mass of the NP particles involved in the mixing

UT�t provides lower bounds for the scale of NP

Fi ∼ Li ∼ 1 c1 c2 c3 c4 c5

Λ(×104TeV) from K 0 − K
0 ∼ 1.7 ∼ 22 ∼ 11 ∼ 46 ∼ 27

Λ(×104TeV) from D0 − D
0 ∼ 0.2 ∼ 0.7 ∼ 0.1 ∼ 1.2 ∼ 0.3
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Simulation details

Iwasaki gluon action

Wilson Twisted Mass Action at maximal twist with Nf = 2 + 1 + 1 sea quarks

(details in R. Baron et al. JHEP, 06:111, 2010, 1004.5284)

Osterwalder-Seiler valence quark action → O(a) improvement & continuum like
renormalization pattern

(R. Frezzotti and G. C. Rossi. JHEP, 10:070, 2004, hep-lat/0407002 )

RCs: Nf = 4 Twisted Mass action out of maximal twist.

(B.Blossier et al.PoS, LATTICE2011:233, 2011, 1112.1540 )

Three lattice spacings β =1.90, 1.95, 2.10 which correspond to a =0.09, 0.08, 0.06 fm (
a−1=2.2, 2.5, 3.2 GeV )

Three volumes: 243 × 48, 323 × 64, 483 × 96 →L ≈ 2, 3fm

Unitary setup: µsea = µ`. 1 light valence quark mass for each sea quark mass.

Mπ = [220 : 500] MeV

Three valence �strange� quark masses around the physical strange. Local propagators.

Three valence �charmed� quark masses around the physical charm. Smeared propagators.

T/2 separation between sources for K
0 − K0 while Tsep < T/2 for D

0 − D0

Stochastic propagators
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RI-MOM out of maximal twist

RCs are computed non perturbatively in the RI-MOM scheme.

Dedicated Nf = 4 degenerate sea quark gauge con�gurations

Instabilities in tuning to maximal twist → work out of maximal twist.

O(a) improvement out of maximal twist

We average over RC estimators computed at equal value of µ but opposite θ
(tan θ = ZAmPCAC/µ)

Z [θ] + Z [−θ]

2
is free of O(a) lattice artifacts

R. Frezzotti and G. C. Rossi. JHEP, 10:070, 2004, hep-lat/0407002.

p/m ensembles: for each β, and for each Msea we produce two ensembles with (nearly)

opposite values of θ - positive and negative values of θ (or mPCAC ) - with the same µ
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Extracting B-parameters from lattice correlators

〈P0|Q̂i |P0〉 = B̂i 〈P0|Q̂i |P0〉VIA =

{
B̂1ξ1f

2
PM

2
P

B̂iξi
[

MP
m̂h+m̂`

]2
f 2PM

2
P i ≥ 2

ξi = {8/3,−5/3, 1/3, 2, 2/3}

→



1

ξ1

Ĉ
(3)
1 (t)

Ĉ
(2)
P5A0

(−t)Ĉ
(2)
P5A0

(t − Tsep)

0�t�Tsep−−−−−−−→
〈P0|Q̂i |P0〉

ξ1〈P
0|Â0|0〉〈0|Â0|P0〉

= B̂1

1

ξi

Ĉ
(3)
i

(t)

Ĉ
(2)
P5P5

(−t)Ĉ
(2)
P5P5

(t − Tsep)

0�t�Tsep−−−−−−−→
〈P0|Q̂i |P0〉

ξi 〈P
0|P̂5|0〉〈0|P̂5|P0〉

= B̂i i ≥ 2

P P

h

l l

h

Q

t0 (~x, t) t0 + Tsep

Meson walls
P5(t0) =

∑
~y

h̄(~y , t0)γ5l(~y , t0) =
∑
~y

P5(~y) ;P5(t0)|0〉 = P0

Three- and two-point correlators

C
(2)
P5A0

(t) =
∑
~x

〈0|A0(~x , t))P5(t0)|0〉

C
(2)
P5P5

(t) =
∑
~x

〈0|P5(~x , t))P5(t0)|0〉

C
(3)
i

(t) =
∑
~x

〈0|P ′5(Tsep)Qi (~x , t)P5(0)|0〉
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Plateaux of bare correlators

C
(3)
i

ξiC (2)C ′(2)
→ Bi (a;µ`, µh)

B5 + 0.1
B4

B3

B2

B1 − 0.1

β=2.10 aµsea = aµℓ = 0.0015 aµ“s” = 0.0151

2t/T

1.00.90.80.70.60.50.40.30.20.10.0

1.60
1.50
1.40
1.30
1.20
1.10
1.00
0.90
0.80
0.70
0.60
0.50
0.40

B5 + 0.1
B4

B3

B2

B1 − 0.1

β=2.10 aµsea = aµℓ = 0.0015 aµ“c” = 0.17

t/Tsep

1.00.90.80.70.60.50.40.30.20.10.0

2.00
1.90
1.80
1.70
1.60
1.50
1.40
1.30
1.20
1.10
1.00
0.90
0.80
0.70
0.60
0.50

Example for the smallest lattice spacing (a ∼ 0.06fm) with the lightest sea mass (Mπ =220MeV)
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Extracting R-parameters from lattice correlators

R̂i =
〈P0|Q̂i |P0〉
〈P0|Q̂1|P0〉

∼ BSM

SM
i = 2, 3, 4, 5 → C

(3)
i (t)

C
(3)
1 (t)

0�t�Tsep−−−−−−−→ Ri

To compensate the chiral vanishing of the 〈P0|Q̂1|P0〉 we de�ne the rescaled quantity

(R.Babich et al Phys. Rev. D74(2006)073009 hep-lat/0605016)

R̃i =

(
fP
MP

)2

exp

[(
Mhl

Fhl

)2

Ri

]
lat

R5

R4

R3

−R2

β=2.10 aµsea = aµℓ = 0.0015 aµ“s” = 0.0151

2t/T

1.00.90.80.70.60.50.40.30.20.10.0

70
65
60
55
50
45
40
35
30
25
20
15
10
5
0

R5

R4

R3

−R2

β=2.10 aµsea = aµℓ = 0.0015 aµ“c” = 0.17

t/Tsep

1.00.90.80.70.60.50.40.30.20.10.0

8.0
7.5
7.0
6.5
6.0
5.5
5.0
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

Example for the smallest lattice spacing (a ∼ 0.06fm) with the lightest sea mass (Mπ =220MeV)
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Renormalization pattern

〈P0|Qi |P0〉 = cw (µ)〈P0|Q̂i (µ)|P0〉 = cw (µ)Zij (aµ)〈P0|Qj (a)|P0〉
On the lattice, the Wilson term induces explicit chiral symmetry breaking → mixing with

operators of the same dimensionality but with the wrong naive chirality.

OS valence action

Sval,OS =
∑

f =h,h′,l,l′

∑
x

qf (x)

γ∇̃ − iγ5a
rf
2

∑
µ

∇∗µ∇µ − iγ5Mcr (rf ) + mf

 qf (x)

→Continuum-like renormalization pattern for four fermion operator, with absence of
wrong chirality mixing, if (R.Frezzotti and G.C. Rossi. JHEP,2004)

rh = rh′ = rl = −r ′l

Q̂ = Zχ[I + ∆]Q

Zχ =


Z11 0 0 0 0
0 Z22 Z23 0 0
0 Z32 Z33 0 0
0 0 0 Z44 Z45
0 0 0 Z44 Z55

 ∆ =


0 ∆12 ∆13 ∆14 ∆15

∆11 0 0 ∆24 ∆25

∆31 0 0 ∆34 ∆35

∆41 ∆42 ∆43 0 0
∆51 ∆52 ∆53 0 0

∼ O(a2)

B̂1 =
Z11

ZVZA
B1 B̂i =

Zij

ZPZS
Bj R̂i =

Zij

Z11
Ri

This setup has been successfully used in the ETMC Nf = 2 B-parameter analysis
ETMC, Phys Rev. D83 (2011) 014505 1009.5606 and ETMC. JHEP, 1303:089, 2013, 1207.1287
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RC Analysis
ZV from WI

M.Constantinou et al. JHEP1008(2010)068) hep-lat:1004.115

ZV ∂0C
(2)
P5V0

(t) = (µ1 + µ2)C
(2)
P5P5

(t)

2F RCs

ZΓZ
−1
q VΓ = 1

VΓ = Tr[PΛΓ]

tree-level projector: PΛ
(0)
Γ = 1

amputated 2F GF: ΛΓ = S−1GΓS
−1

4F RCs

Z = Z2
q

[
DT
]−1

dynamical matrix: D = PΛ
tree-level projector: PΛ(0) = I

amputated 4F GF: ΛΓ1Γ2 = S−1S−1GΓ1Γ2S
−1S−1

Two types of p2-�t to subtract the residual
O(a2p2) lattice artifacts:

M1: linear combined �t in

(full symbols)

1.5 ≤ a2p̃2 ≤ 2.2

M2: constant �t in

(open symbols)

p2 ∈ [11 : 14]GeV2

β = 2.10

β = 1.95

β = 1.90

(ap̃)2

Z
R
I

1
1
(µ

2 0
=

a
(β
)−

2
,a

2
p̃2
)

3.002.502.001.501.000.500.00

0.48

0.47

0.46

0.45

0.44

0.43

0.42

0.41

0.40

0.39

0.38
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Chiral �ts in valence: GBP subtraction

p p

p p

q=p’-p=0

GB-pole

Speci�c care must be taken in the chiral extrapolation of VP
and Dij due to the coupling with the GB-pole ∝ M−2

PS

Dij

(
M; a2p2

)
= D

(0)
ij (a2p2) + Bij (a

2p2)M +
Cij (a

2p2)

M2
PS

Dsub
11

D11

aMval

D
1
1
((
a
p̃
)2

=
1
.5
6
5
)

0.0350.0300.0250.0200.0150.0100.0050.000

1.35

1.34

1.33

1.32

1.31

Dsub
23

D23

aMval

D
2
3
((
a
p̃
)2

=
1
.5
6
5
)

0.0350.0300.0250.0200.0150.0100.0050.000

-0.60

-0.70

-0.80

Example of GBP subtraction for D11 and D23 at the lightest sea quark mass of β=1.95 (a ∼0.08fm)
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Extrapolation to the physical point

Quark masses extrapolation/interpolation

µ` → µu/d

µh → µs or µh → µc

Preliminary ETMC values of the quark

masses (see talks by Paolo Lami and Lorenzo

Riggio on Friday)

Combined chiral and continuum extrapolation

Linear �t:B̂i = A + Bµ̂` + Da2

ChPT �t ansatz
(Phys.Rev.,D70:094036,2004,hep-lat/0408029)

HMChPT �t ansatz

(JHEP, 0706:003, 2007, hep-ph/0612224)

ChPT. Fit
Lin. Fit
β = 2.10
β = 1.95
β = 1.90

µ̂ℓ (GeV)

B
1
(M

S
(3

G
eV

))

0.060.050.040.030.020.010.00

0.65

0.60

0.55

0.50

0.45

ChPT. Fit
Lin. Fit
β = 2.10
β = 1.95
β = 1.90

µ̂ℓ (GeV)

B
2
(M

S
(3

G
eV

))

0.060.050.040.030.020.010.00

0.60

0.55

0.50

0.45

0.40

0.35

Example of B1 and B2 (K0 − K
0
) chiral and continuum extrapolation
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Preliminary results, error budget and comparison

Results in MS (Buras et al., Nucl.Phys., B586:397�426, 2000, hep-ph/0005183) at 3 GeV:

K 0 − K
0

D0 − D
0

B1 B2 B3 B4 B5 B1 B2 B3 B4 B5

0.51(2) 0.46(2) 0.81(5) 0.76(3) 0.47(4) 0.76(4) 0.64(2) 1.02(7) 0.92(3) 0.95(5)

K 0 − K
0

D0 − D
0

source of error (%) B1 B2 B3 B4 B5 B1 B2 B3 B4 B5

stat. 2.4 2.0 2.5 2.1 4.2 4.2 2.2 5.7 2.4 2.7

(corr+RC+µs/c)

syst.

chiral �t 1.2 1.0 1.0 1.2 1.2 0.1 0.1 0.1 0.7 0.7

RI-MOM 1.8 0.5 4.9 1.5 6.0 1.3 1.2 0.5 1.2 4.0

discr. e�ects 0.5 2.4 2.4 2.5 2.4 3.9 2.2 3.3 2.0 0.8

total 3.3 3.4 6.0 3.7 7.8 5.6 3.7 6.7 3.7 5.1



(c.l.)OS/TMETMC-Lat.13 (Prelim.)
Nf = 2+ 1 + 1

(c.l.)Domain WallLaiho et al (2011)
(c.l.)StaggeredSWME (2011)
(c.l.)Improved WilsonBMW (2011)
(c.l.)Domain WallRBC-UKQCD (2011)

Nf = 2+ 1
(c.l.)OS/TMETMC - (2012)
(c.l.)OS/TMETMC (2010)

OverlapJLQCD (2008)
Domain WallY. Aoki et al. (2005)

Nf = 2
(c.l.)OS-TMALPHA (2009)
(c.l.)Domain WallCP-PACS (2008)
(c.l.)TMALPHA (2007)
(c.l.)Domain WallY. Aoki et al. (2006)

Nf = 0

B̂RGI
K

1.31.21.11.00.90.80.70.60.50.40.30.2

K
0 − K0 MS(3GeV)

This work ETMC [1] RBC-UKQCD [2]

Nf = 2 + 1 + 1 Nf = 2 Nf = 2 + 1

c.l c.l a ∼ 0.086fm

B1 0.51(2) 0.51(2) 0.517(4)

B2 0.46(2) 0.47(2) 0.43(5)

B3 0.81(5) 0.78(4) 0.75(9)

B4 0.76(4) 0.76(3) 0.69(7)

B5 0.47(4) 0.58(3) 0.47(6)

D
0 − D0 MS(3GeV)

This work ETMC [3]

Nf = 2 + 1 + 1 Nf = 2

c.l c.l

B1 0.76(4) 0.75(2)

B2 0.64(2) 0.66(2)

B3 1.02(7) 0.97(5)

B4 0.92(3) 0.91(4)

B5 0.95(5) 1.10(5)

[1] ETMC. JHEP, 1303:089, 2013, 1207.1287
[2] RBC and UKQCD Phys.Rev., D86:054028, 2012, 1206.5737
[3] ETMC. To be published
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Preliminary results, error budget and comparison:
K 0 − K

0
R-parameters

Results in MS (Buras et al., Nucl.Phys., B586:397�426, 2000, hep-ph/0005183) at 3 GeV:

R2 R3 R4 R5

-15.1(6) 5.4(3) 30.1(1.5) 6.0(3)

source of

error (%) R2 R3 R4 R5

stat. 3.3 3.5 3.3 5.4
(corr+RC+µs/c)

syst.

chiral �t 0.1 0.3 2.7 2.9

RI-MOM 0.1 3.5 1.1 4.8

discr. e�ects 2.7 2.7 2.8 2.3

total 4.3 5.7 5.2 8.1

This work ETMC [1] RBC-UKQCD [2]

Nf = 2 + 1 + 1 Nf = 2 Nf = 2 + 1

c.l c.l a ∼ 0.086fm

R2 -15.1(6) -15.6(5) -15.3(1.7)

R3 5.4(3) 5.3(3) 5.4(0.6)

R4 30.1(1.5) 28.6(9) 29.3(2.9)

R5 6.0(3) 7.8(4) 6.6(0.9)

[1] ETMC. JHEP, 1303:089, 2013, 1207.1287
[2] RBC and UKQCD Phys.Rev., D86:054028, 2012, 1206.5737
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Conclusions

Using data from Nf = 2+ 1+ 1 Twisted Mass simulations

with a ∼ [0.06 : 0.09] fm
and Mπ ∼ [220 : 500] MeV

we have computed the SM and BSM contributions to K 0 − K
0

and

D0 − D
0

(complete basis of Bi parameters and BSM Ri parameters)

Nf = 2 and Nf = 2+ 1+ 1 results are compatible → There is not

signi�cant dependence in the number of dynamical sea quarks.

OUTLOOK

Systematic e�ects due to the chiral extrapolations have to be
considered with more accuracy → Results are still preliminary

We plan to extend the analysis to B0 − B
0

and B0

s − B
0

s system
with Nf = 2+ 1+ 1 dynamical sea quarks by applying the ratio
method (See talk by Petros Dimopoulos with Nf = 2)
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