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RM123: The Story So Far
The method

The observable O[U,A, χ] on the full path integrala:

⟨O⟩ =
∫
dUdχdA e−SIso[U,χ]e−SIB[U,A,χ]e−Sγ [A]O[U,A, χ]∫

dUdχdA e−SIso[U,χ]e−SIB[A,χ,U]e−Sγ [A]

=
⟨
∫
dA e−SIB[U,A,χ]e−Sγ [A]O[U,A, χ]⟩Iso
⟨
∫
dA e−SIB[U,A,χ]e−Sγ [A]⟩Iso

=⟨O ⟩Iso − ⟨S IBO⟩Isoγ,c +
1

2
⟨S IBS IBO⟩Isoγ,c︸ ︷︷ ︸

valence−valence

+ ⟨S IBS IBO⟩Isoγ,c︸ ︷︷ ︸
sea−valence

− ⟨S IBO ⟩Isoγ,c +
1

2
⟨S IBS IBO ⟩Isoγ,c +

1

2
⟨S IBS IBO ⟩Isoγ,c︸ ︷︷ ︸

sea−sea

+ o
(
δm2

ud , e
4, e2δmud

)
.

aDivitiis et al., “Leading isospin breaking effects on the lattice”.
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RM123: The Story So Far
Sea-Sea Diagrams

Considering a pure gluonic observable O the disconnected terms
are:

⟨O⟩ =⟨O⟩Iso − δβ⟨SgaugeO⟩Iso,c +
∑
f

δmf ⟨
f

O⟩Iso,c

+e2

[∑
f

q̂2f

(
⟨

f

O⟩Iso,c + ⟨
f

O⟩Iso,c

)

+
∑
fg

q̂f q̂g ⟨
f g

O⟩Iso,c

 .
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RM123: The Story So Far
Sea-Sea Diagrams
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x
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]
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∑
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J(x, y)D−1

f (y, x)
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J(z,w)D−1

g (w, z)
]
⟩γ

cf cs
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∑
xy,µνρσ

⟨Re tr
[
σµν Âµν (x)D−1

f (x, x)
]
Re tr

[
σρσ Âρσ(y)D−1

g (y, y)
]
⟩γ

cf

16

∑
xyz,µν

⟨Re tr
[
σµν Âµν (x)D−1

f (x, x)
]
Im tr

[
J(y, z)D−1

g (z, y)
]
⟩γ


=

f g

1

4

∑
xyzw,µ

⟨Re tr
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J(x, y)D−1

f (y, z)J(z,w)D−1
f (w, x)
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⟩γ

−
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64

∑
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⟨Re tr
[
σµν Âµν (x)D−1

f (x, y)σρσ Âρσ(y)D−1
f (y, x)

]
⟩γ

−
cf

8

∑
xyz,µν

⟨Im tr
[
σµν Âµν (x)D−1

f (x, y)J(y, z)D−1
f (z, x)

]
⟩γ


=

f
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RM123: The Story So Far
Sea-Sea Diagrams: Results

lattice a [fm] mπ [MeV] mD [MeV] no. cnfg nsrc per lv per cnfg

64× 323 0.05393(24) 398.5(4.7) 1912.7(5.7) 50 400
80× 483 0.05400(14) 401.9(1.4) 1908.5(4.5) 50 100

Table: Configurations usedb.

Parameters used:

δβ = δc
SU(3)f
SW = 0

c
U(1)f
SW = 1

e = ephys

δmf from QCD+QED simulation.

From QCD Nf = 3 + 1 to QCD+QED Nf = 1 + 2 + 1.
bBushnaq et al., “First results on QCD+QED with C∗ boundary conditions”.
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RM123: The Story So Far
Sea-Sea Diagrams: t0

The scale is set using the auxiliary Wilson-flow observable t0:

t20 ⟨E (t)⟩
∣∣
t=t0

= 0.3

Observable Value [lattice units]

tQCD
0 7.36± 0.04

δtMass
0 0.28± 0.21

δtTad0 −0.49± 0.27
δtBubbles0 −0.01± 0.06
δtSelf0 0.12± 0.13
δtTot0 −0.11± 0.13

tQCD+QEDRM123
0 7.26± 0.14

tQCD+QED
0 7.54± 0.05

Table: IBE effects on t0 for A400a00b324.

5 / 23



RM123: The Story So Far
Sea-Sea Diagrams: t0 error on A400a00b324
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RM123: The Story So Far
Sea-Sea Diagrams: t0 error on B400a00b324
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RM123: The Story So Far
Sea-Sea Diagrams: Volume scaling of the variance

For a gluonic quantity like E(t) the scaling of the error is a−1
√
V

for strong isospin-breaking effects and a/2
√
V for electro-magnetic

isospin-breaking effects.
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RM123: The Story So Far
Sea-Sea Diagrams: Volume scaling of the variance
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RM123: The Story So Far
Sea-Sea Diagrams: mπ±

Sea-sea contribution to the pion mass.

Observable Value [MeV]

mQCD
π± 408± 7

δmMass
π± −63± 41

δmTad
π± 50± 60

δmBubbles
π± 7± 9

δmSelf
π± −27± 25

δmTot
π± −32± 20

mQCD+QEDRM123

π± 375± 21

mQCD+QED
π± 401± 7

Table: Sea-Sea IBE effects on mπ± on A400a00b324.

10 / 23



RM123: The Story So Far
Sea-Sea Diagrams: mπ± error on A400a00b324
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RM123: The Story So Far
Sea-Sea Diagrams: mπ± error on B400a00b324
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RM123: The Story So Far
Sea-Sea Diagrams: Achievements and Future Plan

Achievements:

✓ The gauge noise can be achieved for the sea-sea diagrams;

✓ The O(a) improvement term reach faster the gauge noise;

✓ The precision in the RM123 method is worse than the full
simulations for the same number of gauge configurations;

Future plan:

• To compare stochastic and exact photon;

• To study the scale of the error in a → 0, V → ∞ and
mπ → mπphys. ;
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RM123 The Story So Far
Valence-Valence for mesons

∑
z

Re tr
[
γ5D

−1
s (x, y)γ5D
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f (z, x)
]
=
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s
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∑
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f (z,w)σρσ Âρσ(w)D−1
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
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RM123 The Story So Far
Valence-Valence: Mass and Tadpole on A400a00b324

0

2

4

6

8

10

M
as

s

0 5 10 15 20 25 30
x0/a

0

2

4

6

8

10

Ta
dp

ol
e

Valence IBE to the K0 effective mass [Lattice units]

Figure: Valence-Valence IBE correction to the effective mass mK 0 (only
from the mass and tadpole) with 30 random sources [Preliminary].
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RM123 The Story So Far
Valence-Valence on A400a00b324

Looking at what Paola already computed for mK0 we have:

δamK0 = (δamd + δams)4.7(2) + e20.22(1)

Compatible inside of 2σ.
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RM123 The Story So Far
Sea-Valence for mesons

The Sea-Valence effects to compute are:
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RM123 The Story So Far
Sea-Valence: Noise problem

0 5 10 15 20 25 30
x0/a

0.0

0.1

0.2

0.3
Cu

rre
nt

 A
ng

le
r

Sea-valence IBE to the K0 effective mass [Lattice units]

Figure: Sea-Valence IBE correction to the effective mass mK 0 (only from
the current) with 30 random sources on A400a00b324 [Preliminary].
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RM123: The Story So Far
Sea-Valence and Valence-Valence Diagrams: Plans

Plans:

• Strict test with numerical derivatives;

• Use the analytic photon for the sea-valence to recycle the
sea-sea bubble;

• Extend to the complete ensembles A400a00b324 and
B400a00b324;
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Nf = 3 Project
New Ensembles

We plan to generate the following ensembles:

ensemble lattice β csw n.cnfg. κu,d,s Mπ [MeV] a [fm] MπL

C420a00b370 64 × 323 3.70 1.70477 2000 0.137 420 0.049 3.3

B420a00b346 48 × 243 3.46 1.915595 2000 0.13689 420 0.075 3.8

D270a00b346 96 × 483 3.46 1.915595 500 0.136994 270 0.075 4.9

A420a00b334 32 × 163 3.34 2.066858 2000 0.1365716 420 0.098 3.3

B420a00b334 48 × 243 3.34 2.066858 2000 0.1365716 420 0.098 5.0

C420a00b334 64 × 323 3.34 2.066858 2000 0.1365716 420 0.098 6.7

Table: Nf = 3 ensembles that we plan to generate in the project, for all
the ensembles we will use CLS tuned parametersc.

cBali et al., “Scale setting and the light baryon spectrum in Nf = 2 + 1
QCD with Wilson fermions”.
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Nf = 3 Project
New Ensembles
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Nf = 3 Project
Objective

The steps of the project are:

• To generate of Nf = 3 with different a, V , mπ;

• To measure sea-sea, sea-valence and valence valence diagrams.

The main objective is to study the scaling of the sea-sea,
sea-valence and valence-valence contributions in the limits a → 0,
V → ∞ and mπ → mphys.

π .
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What is next?

• Can these configurations be useful for HVP, Baryons and
other observables?

• What is the effect of these sea-sea diagrams on other
observables?
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Thank you for your attention!
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Backup
Mass Term Estimator

The mass term has been estimated using the following method:
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Backup
Tadpole Term Estimator

The tadpole term has been estimated using the following method:

Tr
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Backup
Bubbles Estimator

Due to SU(3) flavour symmetry, the only bubbles contributing are
the charm bubbles:
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a
µνSW

−1
3∑

n=0

(
−HSW−1

)n
sj

+ ξ†i σµνÂ
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The stochastic estimator will be:
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Backup
Self-Energy Estimator

The tadpole term has been estimated using the following method:

Tr
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RM123: The Story So Far
Valence-Valence Diagrams: mK0

Valence-Valence contribution to the kaon mass.

Observable Value [MeV]

mQCD
K0 408± 7

δmMass
K0 −26± 1

δmTad
K0 69± 5

δmSelf
K0 −18± 1

δmExch.
K0 0.54± 0.06

δmAngl.
K0 37± 19

δmTot
K0 62± 20

mQCD+QEDRM123

K0 470± 22

mQCD+QED
K0 405± 8

Table: Valence-Valence IBE effects on mK 0 on A400a00b324.
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