
Luka Leskovec
Jožef Stefan Institute

    Transition amplitudes from lattice QCD


IJS-FMF High-Energy Physics Seminars

Thursday, December 9th 2021









transitions between 
quarks
❖ mass basis vs interaction basis
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but it is not that simple…
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30 9. Quantum Chromodynamics

in this category, removing this pre-average would not change the final result within the quoted
uncertainty.
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Figure 9.3: Summary of measurements of –s as a function of the energy scale Q. The respective
degree of QCD perturbation theory used in the extraction of –s is indicated in brackets (NLO:
next-to-leading order; NNLO: next-to-next-to-leading order; NNLO+res.: NNLO matched to a
resummed calculation; N3LO: next-to-NNLO).

9.4.3 Deep-inelastic scattering and global PDF fits:

Studies of DIS final states have led to a number of precise determinations of –s: a combination [501]
of precision measurements at HERA, based on NLO fits to inclusive jet cross sections in neutral
current DIS at high Q

2, provides combined values of –s at di�erent energy scales Q, as shown
in Fig. 9.3, and quotes a combined result of –s(M2

Z
) = 0.1198 ± 0.0032. A more recent study

of multijet production [373], based on improved reconstruction and data calibration, confirms the
general picture, albeit with a somewhat smaller value of –s(M2

Z
) = 0.1165±0.0039, still at NLO. An
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hadrons…

❖mesons

❖baryons



❖ there are many methods to study QCD:

❖ effective field theories

❖ Chiral Perturbation Theory

❖ quark models

❖ AdS/QCD duality

how to QCD?
❖ lattice QCD:

❖

❖ QFT

❖ systematically improvable

mq, αs

mq, αs



lattice QCD

❖ QFT

❖ UV regulated ( )

❖ IR regulated ( )

❖ quark fields ( )

❖ gauge fields ( )
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lattice QCD so far
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lattice QCD so far
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and so much more….



but most hadrons are resonances

…



how do we study resonances?

unitary! analytic! 
(poles and residues)S = ⟨out | ̂S | in⟩

1 = SS†
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and resonances on the lattice?
Angular momentum on the lattice

Infinite volume:
• ܱ 3 symmetry
• Infinite irreps ܬ௉ = 0±, 1±,…

A lattice QCD study of the mesonȡ 9

Finite volume box:
• ܱ௛ symmetry
• 10 irreducible representations

Many-to-one mapping

[R.C Johnson]
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Finite volume box:
• ܱ௛ symmetry
• 10 irreducible representations
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[R.C Johnson]

infinite volume:
•  symmetry
•infinite irreps ( )

O(3)
JP

finite volume:
•  symmetry
•  irreps 

Oh
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spectrum in a finite volume

• QCD
• flavor quantum numbers
• irreducible representation

EΛ
n



and resonances on the lattice?
det [F−1(E) + T(E)]
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and resonances on the lattice
det [F−1(E)+T(E)]
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the Lüscher Zeta functionClebsch-Gordan coefficients

Briceño et al. 2017 (but really a whole bunch of people)



and resonances on the lattice
det [F−1(E)+T(E)]
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the  resonanceρ(770)
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FIG. 7. Comparison of fitting Breit-Wigner model BW
I versus fitting Breit-Wigner model BW II to the phase
shift data. The bands indicate the 1� statistical uncer-
tainty.

Model �2

dof am⇢ g⇢⇡⇡ (ar0)
2

BW I 0.571 0.4599(19)(13) 5.76(16)(12)

BW II 0.457 0.4600(18)(13) 5.79(16)(12) 8.6(8.0)(1.2)

TABLE IV. Comparison of the parameters for the reso-
nant Breit-Wigner models I and II.

The scattering analysis can be performed in two
di↵erent ways, and in this work we present a com-
parison between the methods:

• In the first approach, Eqs. (49) are used to map

each individual energy level (s⇤,~P
n ) to the cor-

responding value of the scattering phase shift

�1(s⇤,~P
n ). One then fits a phase-shift model to

the extracted values of �1(s⇤,~P
n ).

• In the second approach, a model for the t-
matrix is fitted directly to the spectrum via the
quantization condition [36]. This method has
proven to be quite successful in recent years
[12, 13, 55, 65–68]. Unlike the first approach,
the t-matrix fit method is also well-suited for
more complicated coupled-channel analyses.

VII. THE LÜSCHER ANALYSIS: RESULTS

A. Direct fits to the phases

The discrete P -wave phase shifts determined for
several ~P ,⇤ are listed in Table III next to the
invariant masses. The first uncertainty given is
the statistical uncertainty determined using single-
elimination jackknife. The second uncertainty given
is the systematic uncertainty resulting from the
choice of tmin in the fits to the GEVP principal cor-
relators; it is computed by repeating the extraction
of � with tmin+a, and then applying Eq. (42) to the
two phase shift results.

We then fit the models described in Sec. II to the
phase shift points.

To correctly estimate the uncertainties of the
model parameters, we include the uncertainties in
both

p
s and �1 in the construction of the �

2 func-
tion. To this end, we define

�
2 =

X

~P,⇤,n

X
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�
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�1]ij(y
avg
j � fj), (50)

where i and j are generalized indices labeling both
the data points for

p
s and �1. The covariance ma-

trix C is therefore a 2N ⇥2N matrix, where N = 15
is the total number of energy levels included in the fit
(see the last column of Table III). For i correspond-
ing to a

p
s data point, the function fi is equal to a

nuisance parameter

q
s
⇤,~P
n ; for i corresponding to a

�1 data point, the function fi is equal to the phase

shift model evaluated at the corresponding

q
s
⇤,~P
n .

The total number of parameters in the fit is thus
equal to N plus the number of parameters in the
phase shift model.

When constructing the covariance matrix, we in-
cluded the correlations between all invariant-mass
values and the correlations between all phase-shift
values. We found that the covariance matrix be-
comes ill-conditioned when including also the cross-
correlations between

p
s and �1 as expected when

dealing with fully correlated data. We therefore ne-

T =
sΓi

m2
R − s − i sΓi

ΓI =
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ρππ

6π
p3

s

ΓII =
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ρππ
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s
1 + (kRr0)2

1 + (kr0)2

The strong scattering phase shift

• Breit-Wigner (BW I):

• Modified B-W with barrier 
factor (BW II):

A lattice QCD study of the mesonȡ 16
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FIG. 8. Contribution of nonresonant background models as described in Section II to the resonant Breit-Wigner
BW I. None of the background phase shift models shows a strong sign of deviation away from 0.

Model �2

dof am⇢ g⇢⇡⇡

NR I 0.586 0.4600(19)(13) 5.74(17)(14) A = 0.16(31)(18)�

NR II 0.488 0.4602(19)(13) 5.84(21)(20) A = �2.9(2.7)(3.4)� a
�2

B = 19.2(16.6)(20.1)�

NR III 0.552 0.4601(19)(13) 5.74(16)(13) aa
�1
1 = �19.8(27.4)(98.1)

TABLE V. Parameters of the phase shift model combining the resonant Breit-Wigner model BW I and various
nonresonant models.

glect these contributions in the evaluation of �2. The
cross-correlations are nevertheless accounted for in
our estimates of the parameter uncertainties, which
are obtained by jackknife resampling.

The fit of the simplest possible model, BW I, is
shown as the blue curve in Fig. 7 and the resulting
parameters m⇢ and g⇢⇡⇡ are given in the first row
of Table IV. As before, the first uncertainty given
is statistical, and the second uncertainty is the sys-
tematic uncertainty arising from the choice of tmin.
To obtain the latter, we repeated the Breit-Wigner
fit for the phase shifts extracted with tmin+a for all
energy levels, and then applied Eq. (42) to m⇢ and
g⇢⇡⇡. We follow the same procedure for all other
models.

We then investigate the e↵ect of adding the Blatt-
Weisskopf barrier factors [39] to the decay width
appearing in the Breit-Wigner parametrization of
�1(s), which leads to model BW II. The resulting

fit is shown as the red curve in Fig. 7 (alongside
the blue BW I curve) and the resulting parameters
are given in the second row of Table IV. The BW II
model appears to give a slightly better description of
the data at high invariant mass, but the paramaters
m⇢ and g⇢⇡⇡ are essentially unchanged. Further-
more, the centrifugal barrier radius r0 is consistent
with zero at the 1.1� level, indicating that it is not a
very significant degree of freedom. We note that this
could be related to the high pion mass used in our
calculation, which limits the phase space available
for the decay and suppresses the centrifugal barrier
e↵ect.

We continue by investigating whether there is a
nonresonant contribution to the scattering phase
shift. We first add a nonresonant contribution to
the resonant model BW I. In Fig. 8 we compare
the resonant-only fit (blue curve) with the full fits
for three di↵erent forms of the nonresonant contri-
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FIG. 9. Contribution of nonresonant background models as described in Section II to the resonant Breit-Wigner
model BW II. None of the background phase shift models shows a strong sign of deviation away from 0.

Model �2

dof am⇢ g⇢⇡⇡ (ar0)
2

NR I 0.470 0.4599(19)(26) 5.83(20)(21) 15.8(23.5)(1825.8) A = �0.28(0.73)(12.56)�

NR II 0.452 0.4596(20)(14) 5.77(21)(20) 107.0(440.9)(631.0) A = 1.3(4.5)(5.3)� a
�2

B = �19.8(16.0)(17.0)�

NR III 0.421 0.4595(18)(8) 5.78(20)(9) 109.7(128.7)(117.6) aa
�1
1 = 2.4(1.7)(2.4)

TABLE VI. Parameters of the phase shift model combining the resonant Breit-Wigner model BW II and various
nonresonant models.

butions (red curves). For clarity we also show the
nonresonant contributions obtained from the full fits
separately (orange curves). The fit results are given
in Table V. We find that the parameters of each of
the three parametrizations NR I (constant phase),
NR II (a nonresonant phase depending linearly on
s), and NR III (zeroth-order ERE) are consistent
with zero, and the results for m⇢ and g⇢⇡⇡ also do
not change significantly.

Performing the analoguous analysis for the res-
onant model BW II gives the phase shift curves
shown in Fig. 9 and fit parameters in Table VI.
Again, the parameters of the nonresonant contribu-
tion are consistent with zero, and m⇢ and g⇢⇡⇡ do

not change significantly. When adding the nonres-
onant contributions to the BW II model, the un-
certainty of the centrifugal barrier parameter r0 in-
creases substantially.

Overall, we find that the minimal resonant model
BW I is su�cient for a good description of our re-
sults for the elastic I = 1 ⇡⇡ P -wave scattering.

B. Fitting a t-matrix to the spectrum

For the t-matrix fit to the spectrum, we define the
�
2 function as

�
2 =

X

~P,⇤,n

X

~P 0,⇤0,n0

✓q
s
⇤,~P
n

[avg]

�

q
s
⇤,~P
n

[model]◆
[C�1]~P,⇤,n;~P 0,⇤0,n0

✓q
s
⇤0,~P 0

n0

[avg]

�

q
s
⇤0,~P 0

n0

[model]◆
, (51)

mπ ≈ 320 MeV
L ≈ 3.6 fm
a ≈ 0.11 fm LL et al. 2017



the  resonanceΔ(1232)
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We select fit GðaÞ to report the central values
and statistical uncertainties of the fit parameters and
derived quantities, but then we estimate a systematic
uncertainty from the maximum variation in the central
value between GðaÞ and the other four global fits G listed
in Table VI. That is, for a parameter or derived quantity y,
we calculate the systematic uncertainty associated with the
fit choices as

σsysy ¼max
i
ðjyGðiÞ − yGðaÞjÞ; i ∈ faþ 1;b;c;dg: ð36Þ

Our final results for the Breit-Wigner parameters and
scattering length in lattice units are then

amBW ¼ 0.8136% 0.0029% 0.0048;

gBW ¼ 13.62% 0.50% 0.43;

a0=a ¼ 0.38% 0.44% 0.30: ð37Þ

The phase shifts δ3=2;1ðP33Þ and δ1=2;0ðS31Þ from the global
fit are plotted as functions of the center-of-mass energy in
Fig. 7. (Recall that a one-to-one mapping of energy levels
to scattering phase shifts is not possible in many of the
irreps due to the mixing between J ¼ 1=2 and J ¼ 3=2. For
the irreps without this mixing, we list the results of the
direct mapping in Appendix A.) Because the P-wave phase
shift rises rapidly in the region of the resonance, we
evaluated separate upper and lower systematic uncertainties
that are included in the outer band in Fig. 7, using the
asymmetric generalization of Eq. (36) corresponding to the
largest shift in each direction.
From the results of the global fit, we also determine the

position of the closest T-matrix pole in the complex
ffiffiffi
s

p

plane, associated with theΔ resonance. Expressing the pole
location as mΔ − iΓ=2, we obtain

amΔ ¼ 0.8124% 0.0027% 0.0045;

aΓ=2 ¼ 0.00484% 0.00061% 0.00084;

mΔ ¼ ð1378.3% 6.6% 9.0Þ MeV;

Γ=2 ¼ ð8.2% 1.0% 1.4Þ MeV; ð38Þ

where the second uncertainty given is the fitting systematic
uncertainty estimated using Eq. (36). Using our result for Γ,
we then additionally determine the coupling gΔ−πN from
the equation for the decay width in leading-order chiral
effective theory [80–82],

ΓLO
EFT ¼ g2Δ−πN

48π
EN þmN

EN þ Eπ

k3

m2
N
; ð39Þ

which gives

gΔ−πN ¼ 23.8% 2.7% 0.9: ð40Þ

The extracted values for the resonance mass mΔ and
coupling gΔ−πN are listed with recent results from the
literature in Table VII.
Our results for the scattering length a0 are generally

consistent with zero within the uncertainties. For the
comparison with the literature, we consider the combina-
tion a0mþ

π . Our result from global fit GðaÞ is

a0mπ ¼ 0.057% 0.067% 0.045; ð41Þ

while the values extracted from experimental data are
−0.0785% 0.0032 from Ref. [85], −0.0894% 0.0017 from
Ref. [86] and −0.101% 0.004 from Ref. [87].

FIG. 7. Energy dependence of the P33 (upper) and S31 (lower)
phase shifts from the global fit GðaÞ. The inner bands show the
statistical uncertainty. The outer bands include our estimate of the
systematic uncertainty associated with the choice of fit ranges for
the two point functions and the selection of energy levels included
in the global fit. The center panel shows, with the same axis range,
the values of

ffiffiffi
s

p
for all 21 energy levels included in fitGðaÞ. The

symbols indicate the irreducible representations of these energy
levels; the dark error bars show the statisticalþ scale-setting
uncertainties, while the lighter outer error bars also include the
estimated systematic uncertainties associated with the fit ranges.

GIORGIO SILVI et al. PHYS. REV. D 103, 094508 (2021)

094508-12

amplitude pole position

mπ ≈ 250 MeV
L ≈ 2.8 fm
a ≈ 0.11 fmLL et al. 2021
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how do we study transitions?

i

' '

𝒜 T

ℋ(q2, E) =
𝒜(q2, E) ⋅ Tl(E)

kl

fixes threshold behavior mismatch!

unitarity! analyticity!



transitions on the lattice?

!
ℛn = lim

E→En

E − En

F−1 + T

|En⟩L ∼ ℛn |φφ(E = En)⟩∞
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transitions on the lattice?
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L3 2En 2E′￼
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transitions on the lattice?
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proof of concept: πγ → ππ

𝒜(q2, s) =
1

1 − q2

m2
P

∑
n,m

An,m sm zn

11

L
2⇡

~P ⇤ (l,m) c
~P,⇤
lm

(0, 0, 0) T1 (0, 0) 1

(0, 0, 1) A2 (0, 0) 1

(2, 0) 2

E (0, 0) 1

(2, 0) �1

(0, 1, 1) B1 (0, 0) 1

(2, 0) 1
2

(2, 1) i
p
6

(2, 2) �
q

3
2

B2 (0, 0) 1

(2, 0) 1
2

(2, 1) �i
p
6

(2, 2) �
q

3
2

B3 (0, 0) 1

(2, 0) �1

(2, 2)
p
6

(1, 1, 1) A2 (0, 0) 1

(2, 1) �i
q

8
3

(2, 2) �
q

8
3 (Re + Im)

E (0, 0) 1

(2, 0) i
p
6

TABLE II. Nonzero values of clm appearing in the quantiza-
tion condition for elastic P -wave ⇡⇡ scattering. Above, the

term with Re and Im means �
q

8
3 (Re[w22] + Im[w22]).

B. Lorentz decomposition of the infinite-volume
matrix elements

The infinite-volume matrix elements
hs, ~P , ⇤, r|Jµ(0, ~q)|⇡, ~p⇡iIV obtained from Eq. (60)

still carry the finite-volume irrep indices ~P , ⇤, r. The
infinite-volume states hs, ~P , ⇤, r| are linear combina-
tions of the states labeled by the continuum polarization
index m in Eq. (3). The coe�cients of these linear
combinations are given by the irrep projection formula
Eq. (25). We form the same linear combinations of the
polarization vectors on the right-hand side of Eq. (1) to
obtain the irrep-projected form-factor decompositions.
Taking this into account, we can determine the values of
the infinite-volume transition amplitude V⇡�!⇡⇡. Most
kinematic points only have a single possible Lorentz-
decomposition factor, but at certain values of (s, q2)
there are two, as shown in Fig. 4. We average over the
two resulting values of V⇡�!⇡⇡, which reduces the full
set of 59 matrix elements to 48 distinct kinematic points
(s, q2).

VII. FITTING THE AMPLITUDE V⇡�!⇡⇡

A. Parametrization of the infinite-volume
transition amplitude

To allow the calculation of observables, the transition
amplitude V⇡�!⇡⇡(q2

, s) determined with lattice QCD
at 48 discrete values of q

2 and s needs to be fitted to an
analytic parametrization. In Sec. II, we factored out the
⇢ pole in s according to Watson’s theorem,

V⇡�!⇡⇡(q2
, s) =

F (q2
, s)

m2
R � s � i

p
s �i(s)

r
16⇡s�i(s)

k
. (65)

What remains is the transition form factor F (q2
, s),

which should not have any additional poles in s

in our region of interest. To obtain a model-
independent parametrization of F (q2

, s), we perform a
two-dimensional Taylor expansion in the variables

S =
s � m

2
R

m2
R

(66)

and

z =

p
t+ � q2 �

p
t+ � t0p

t+ � q2 +
p

t+ � t0

, (67)

after dividing out the lowest expected pole in q
2:

F (q2
, s) =

1

1 �
q2

m2
P

X

n,m

Anmz
n
S
m

. (68)

The variable S was chosen to be dimensionless and small
near the resonance. The definition of z maps the com-
plex q

2 plane, cut along the real axis for q
2

> t+, to
the interior of the unit circle [79–84]. The constant t0

determines which value of q
2 is mapped to z = 0; we

choose t0 = 0. The constant t+ should be set to the low-
est branch point. For the QED current, the branch cut
starts at (3m⇡)2 and the lowest pole is located at m

2
!.

However, because we neglect the disconnected contribu-
tions, we use t+ = (2m⇡)2 and mP = m⇢

2

In practice, the series (68) needs to be truncated. We
organize these truncations into three di↵erent families:

F1) Combined order K:

F (q2
, s) =

1

1 �
q2

m2
P

X

n+mK

Anmz
n
S
m

, (69)

F2) Order N in z, combined order K:

F (q2
, s) =

1

1 �
q2

m2
P

NX

n=0

K�nX

m=0

Anmz
n
S
m

, (70)

2 Because m2
P > t+, it is not actually necessary to factor out the

pole, but there is no harm in doing so.

LL et al. 2018



proof of concept: πγ → ππ
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FIG. 12. The real and imaginary parts of the resonant
form factor F⇡�!⇢(q

2) obtained by analytically continuing
the nominal parametrization “BWII F1 K2” of the ⇡� !
⇡⇡ amplitude to the ⇢ resonance pole. The inner (darker)
shaded region indicates the statistical and systematic uncer-
tainties, and the outer (lighter) shaded region also includes
the parametrization uncertainty, estimated as explained in
the caption of Fig. 10.

Nevertheless, we estimate a systematic uncertainty asso-
ciated with the choice of parametrization as

vuut
NX

i=1

(xi � xchosen)2

N � 1
, (72)

where xi is the photocoupling determined from the i-
th parametrizations, N = 14 is the number of di↵erent
parametrizations, and xchosen is the value obtained from
the nominal parametrization, “BWII F1 K2”. Our final
result for the photocoupling is

|G⇢⇡� | = 0.0802(32)(20), (73)

where the first uncertainty includes the statistical un-
certainty and the systematic uncertainty from the two-
point and three-point function fits, while the second un-
certainty is our estimate (72) of the parametrization de-
pendence.

The kinematic factors in Eq. (17) lead to a strong pion-
mass dependence of the ⇢ radiative decay width. We
can calculate the decay width for the physical pion mass
under the assumption that the pion-mass dependence of
the photocoupling is negligible. This gives

�(⇢ ! ⇡�) = 84.2(6.7)(4.3) keV, (74)

where we used m⇢ = 775 MeV and m⇡ = 140 MeV. For
comparison, the experimental value of the ⇢

± radiative
decay width is 68(7) keV [61].

FIG. 13. The ⇢ meson photocoupling determined from the
fourteen di↵erent parametrizations of the ⇡� ! ⇡⇡ ampli-
tudes. The bands indicate the value and uncertainties ob-
tained from the nominal parametrization “BWII F1 K2”,
where the outer (lighter) band includes (added in quadrature)
the root-mean-square deviation between all parametrizations
and the chosen one.

IX. CONCLUSIONS

We have presented a (2 + 1)-flavor lattice QCD cal-
culation of the ⇡� ! ⇡⇡ process, where the ⇡⇡ system
has I = 1 and J

PC = 1��. The ensemble used has
light-quark masses that correspond to a pion mass of ap-
proximately 320 MeV, while the strange-quark mass is
approximately at its physical value. For the ⇡⇡ system,
we utilized the same moving frames and irreducible repre-
sentations as in our previous study of ⇡⇡ scattering [28].
We determined the transition amplitude V⇡�!⇡⇡(q2

, s)
with few-percent uncertainty in a broad kinematic re-
gion around the ⇢ pole in invariant mass s and around
zero momentum transfer q

2, using model-independent
parametrizations based on a series expansion in the vari-
ables z and S, defined in Eqs. (67) and (66). The re-
sults obtained from several di↵erent truncations of the
series are consistent with each other. We observe the
expected enhancement of the amplitude associated with
the ⇢ resonance, but find that for large

p
s the ampli-

tude falls o↵ slower than expected for purely resonant
behavior. In our analysis, we compared two di↵erent
Breit-Wigner parametrizations of the ⇡⇡ scattering phase
shift (with and without a Blatt-Weisskopf barrier fac-
tor). These parametrizations yield consistent results for
V⇡�!⇡⇡(q2

, s) in most of the kinematic range, but di↵er
for large

p
s.

By analytically continuing V⇡�!⇡⇡(q2
, s) to the ⇢ pole,

we also determined the ⇡� ! ⇢ resonant form factor and
the ⇢ photocoupling. All truncations of the series used
for V⇡�!⇡⇡(q2

, s), and both Breit-Wigner functions, lead

4.0 % 2.5 %



what about more complicated systems?
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<latexit sha1_base64="EZQX5egnwCre74tRNPuTCtHnVPg=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwoSEJBd0IRTcuW7APaNMwmU7aoTOTMDMRaumXuHGhiFs/xZ1/47TNQlsPXDiccy/33hOljCrtut/W2vrG5tZ2Yae4u7d/ULIPj5oqySQmDZywRLYjpAijgjQ01Yy0U0kQjxhpRaO7md96JFLRRDzocUoCjgaCxhQjbaTQLtV7/s2l71S6Fzz0en5ol13HnQOuEi8nZZCjFtpf3X6CM06Exgwp1fHcVAcTJDXFjEyL3UyRFOERGpCOoQJxooLJ/PApPDNKH8aJNCU0nKu/JyaIKzXmkenkSA/VsjcT//M6mY6vgwkVaaaJwItFccagTuAsBdinkmDNxoYgLKm5FeIhkghrk1XRhOAtv7xKmr7juY5Xr5Srt3kcBXACTsE58MAVqIJ7UAMNgEEGnsEreLOerBfr3fpYtK5Z+cwx+APr8wfGpJE1</latexit><latexit sha1_base64="EZQX5egnwCre74tRNPuTCtHnVPg=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwoSEJBd0IRTcuW7APaNMwmU7aoTOTMDMRaumXuHGhiFs/xZ1/47TNQlsPXDiccy/33hOljCrtut/W2vrG5tZ2Yae4u7d/ULIPj5oqySQmDZywRLYjpAijgjQ01Yy0U0kQjxhpRaO7md96JFLRRDzocUoCjgaCxhQjbaTQLtV7/s2l71S6Fzz0en5ol13HnQOuEi8nZZCjFtpf3X6CM06Exgwp1fHcVAcTJDXFjEyL3UyRFOERGpCOoQJxooLJ/PApPDNKH8aJNCU0nKu/JyaIKzXmkenkSA/VsjcT//M6mY6vgwkVaaaJwItFccagTuAsBdinkmDNxoYgLKm5FeIhkghrk1XRhOAtv7xKmr7juY5Xr5Srt3kcBXACTsE58MAVqIJ7UAMNgEEGnsEreLOerBfr3fpYtK5Z+cwx+APr8wfGpJE1</latexit><latexit sha1_base64="EZQX5egnwCre74tRNPuTCtHnVPg=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwoSEJBd0IRTcuW7APaNMwmU7aoTOTMDMRaumXuHGhiFs/xZ1/47TNQlsPXDiccy/33hOljCrtut/W2vrG5tZ2Yae4u7d/ULIPj5oqySQmDZywRLYjpAijgjQ01Yy0U0kQjxhpRaO7md96JFLRRDzocUoCjgaCxhQjbaTQLtV7/s2l71S6Fzz0en5ol13HnQOuEi8nZZCjFtpf3X6CM06Exgwp1fHcVAcTJDXFjEyL3UyRFOERGpCOoQJxooLJ/PApPDNKH8aJNCU0nKu/JyaIKzXmkenkSA/VsjcT//M6mY6vgwkVaaaJwItFccagTuAsBdinkmDNxoYgLKm5FeIhkghrk1XRhOAtv7xKmr7juY5Xr5Srt3kcBXACTsE58MAVqIJ7UAMNgEEGnsEreLOerBfr3fpYtK5Z+cwx+APr8wfGpJE1</latexit><latexit sha1_base64="EZQX5egnwCre74tRNPuTCtHnVPg=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwoSEJBd0IRTcuW7APaNMwmU7aoTOTMDMRaumXuHGhiFs/xZ1/47TNQlsPXDiccy/33hOljCrtut/W2vrG5tZ2Yae4u7d/ULIPj5oqySQmDZywRLYjpAijgjQ01Yy0U0kQjxhpRaO7md96JFLRRDzocUoCjgaCxhQjbaTQLtV7/s2l71S6Fzz0en5ol13HnQOuEi8nZZCjFtpf3X6CM06Exgwp1fHcVAcTJDXFjEyL3UyRFOERGpCOoQJxooLJ/PApPDNKH8aJNCU0nKu/JyaIKzXmkenkSA/VsjcT//M6mY6vgwkVaaaJwItFccagTuAsBdinkmDNxoYgLKm5FeIhkghrk1XRhOAtv7xKmr7juY5Xr5Srt3kcBXACTsE58MAVqIJ7UAMNgEEGnsEreLOerBfr3fpYtK5Z+cwx+APr8wfGpJE1</latexit>

Q2 = 2.4m2
1

<latexit sha1_base64="CiyGTFSkUhLezbEirdnCdK8RfMs=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4kJCEgl6EohePLdgPaNOy2W7apbtJ2N0oJfR/ePGgiFf/izf/jds2B219MPB4b4aZeUHCmdKO822trW9sbm0Xdoq7e/sHh6Wj46aKU0log8Q8lu0AK8pZRBuaaU7biaRYBJy2gvHdzG89UqlYHD3oSUJ9gYcRCxnB2ki9es+78exK91L03Z7XL5Ud25kDrRI3J2XIUeuXvrqDmKSCRppwrFTHdRLtZ1hqRjidFrupogkmYzykHUMjLKjys/nVU3RulAEKY2kq0miu/p7IsFBqIgLTKbAeqWVvJv7ndVIdXvsZi5JU04gsFoUpRzpGswjQgElKNJ8Ygolk5lZERlhiok1QRROCu/zyKml6tuvYbr1Srt7mcRTgFM7gAly4gircQw0aQEDCM7zCm/VkvVjv1seidc3KZ07gD6zPH+LOkM0=</latexit><latexit sha1_base64="CiyGTFSkUhLezbEirdnCdK8RfMs=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4kJCEgl6EohePLdgPaNOy2W7apbtJ2N0oJfR/ePGgiFf/izf/jds2B219MPB4b4aZeUHCmdKO822trW9sbm0Xdoq7e/sHh6Wj46aKU0log8Q8lu0AK8pZRBuaaU7biaRYBJy2gvHdzG89UqlYHD3oSUJ9gYcRCxnB2ki9es+78exK91L03Z7XL5Ud25kDrRI3J2XIUeuXvrqDmKSCRppwrFTHdRLtZ1hqRjidFrupogkmYzykHUMjLKjys/nVU3RulAEKY2kq0miu/p7IsFBqIgLTKbAeqWVvJv7ndVIdXvsZi5JU04gsFoUpRzpGswjQgElKNJ8Ygolk5lZERlhiok1QRROCu/zyKml6tuvYbr1Srt7mcRTgFM7gAly4gircQw0aQEDCM7zCm/VkvVjv1seidc3KZ07gD6zPH+LOkM0=</latexit><latexit sha1_base64="CiyGTFSkUhLezbEirdnCdK8RfMs=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4kJCEgl6EohePLdgPaNOy2W7apbtJ2N0oJfR/ePGgiFf/izf/jds2B219MPB4b4aZeUHCmdKO822trW9sbm0Xdoq7e/sHh6Wj46aKU0log8Q8lu0AK8pZRBuaaU7biaRYBJy2gvHdzG89UqlYHD3oSUJ9gYcRCxnB2ki9es+78exK91L03Z7XL5Ud25kDrRI3J2XIUeuXvrqDmKSCRppwrFTHdRLtZ1hqRjidFrupogkmYzykHUMjLKjys/nVU3RulAEKY2kq0miu/p7IsFBqIgLTKbAeqWVvJv7ndVIdXvsZi5JU04gsFoUpRzpGswjQgElKNJ8Ygolk5lZERlhiok1QRROCu/zyKml6tuvYbr1Srt7mcRTgFM7gAly4gircQw0aQEDCM7zCm/VkvVjv1seidc3KZ07gD6zPH+LOkM0=</latexit><latexit sha1_base64="CiyGTFSkUhLezbEirdnCdK8RfMs=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4kJCEgl6EohePLdgPaNOy2W7apbtJ2N0oJfR/ePGgiFf/izf/jds2B219MPB4b4aZeUHCmdKO822trW9sbm0Xdoq7e/sHh6Wj46aKU0log8Q8lu0AK8pZRBuaaU7biaRYBJy2gvHdzG89UqlYHD3oSUJ9gYcRCxnB2ki9es+78exK91L03Z7XL5Ud25kDrRI3J2XIUeuXvrqDmKSCRppwrFTHdRLtZ1hqRjidFrupogkmYzykHUMjLKjys/nVU3RulAEKY2kq0miu/p7IsFBqIgLTKbAeqWVvJv7ndVIdXvsZi5JU04gsFoUpRzpGswjQgElKNJ8Ygolk5lZERlhiok1QRROCu/zyKml6tuvYbr1Srt7mcRTgFM7gAly4gircQw0aQEDCM7zCm/VkvVjv1seidc3KZ07gD6zPH+LOkM0=</latexit>

Q2 = �2.4m2
1

<latexit sha1_base64="EZQX5egnwCre74tRNPuTCtHnVPg=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwoSEJBd0IRTcuW7APaNMwmU7aoTOTMDMRaumXuHGhiFs/xZ1/47TNQlsPXDiccy/33hOljCrtut/W2vrG5tZ2Yae4u7d/ULIPj5oqySQmDZywRLYjpAijgjQ01Yy0U0kQjxhpRaO7md96JFLRRDzocUoCjgaCxhQjbaTQLtV7/s2l71S6Fzz0en5ol13HnQOuEi8nZZCjFtpf3X6CM06Exgwp1fHcVAcTJDXFjEyL3UyRFOERGpCOoQJxooLJ/PApPDNKH8aJNCU0nKu/JyaIKzXmkenkSA/VsjcT//M6mY6vgwkVaaaJwItFccagTuAsBdinkmDNxoYgLKm5FeIhkghrk1XRhOAtv7xKmr7juY5Xr5Srt3kcBXACTsE58MAVqIJ7UAMNgEEGnsEreLOerBfr3fpYtK5Z+cwx+APr8wfGpJE1</latexit><latexit sha1_base64="EZQX5egnwCre74tRNPuTCtHnVPg=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwoSEJBd0IRTcuW7APaNMwmU7aoTOTMDMRaumXuHGhiFs/xZ1/47TNQlsPXDiccy/33hOljCrtut/W2vrG5tZ2Yae4u7d/ULIPj5oqySQmDZywRLYjpAijgjQ01Yy0U0kQjxhpRaO7md96JFLRRDzocUoCjgaCxhQjbaTQLtV7/s2l71S6Fzz0en5ol13HnQOuEi8nZZCjFtpf3X6CM06Exgwp1fHcVAcTJDXFjEyL3UyRFOERGpCOoQJxooLJ/PApPDNKH8aJNCU0nKu/JyaIKzXmkenkSA/VsjcT//M6mY6vgwkVaaaJwItFccagTuAsBdinkmDNxoYgLKm5FeIhkghrk1XRhOAtv7xKmr7juY5Xr5Srt3kcBXACTsE58MAVqIJ7UAMNgEEGnsEreLOerBfr3fpYtK5Z+cwx+APr8wfGpJE1</latexit><latexit sha1_base64="EZQX5egnwCre74tRNPuTCtHnVPg=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwoSEJBd0IRTcuW7APaNMwmU7aoTOTMDMRaumXuHGhiFs/xZ1/47TNQlsPXDiccy/33hOljCrtut/W2vrG5tZ2Yae4u7d/ULIPj5oqySQmDZywRLYjpAijgjQ01Yy0U0kQjxhpRaO7md96JFLRRDzocUoCjgaCxhQjbaTQLtV7/s2l71S6Fzz0en5ol13HnQOuEi8nZZCjFtpf3X6CM06Exgwp1fHcVAcTJDXFjEyL3UyRFOERGpCOoQJxooLJ/PApPDNKH8aJNCU0nKu/JyaIKzXmkenkSA/VsjcT//M6mY6vgwkVaaaJwItFccagTuAsBdinkmDNxoYgLKm5FeIhkghrk1XRhOAtv7xKmr7juY5Xr5Srt3kcBXACTsE58MAVqIJ7UAMNgEEGnsEreLOerBfr3fpYtK5Z+cwx+APr8wfGpJE1</latexit><latexit sha1_base64="EZQX5egnwCre74tRNPuTCtHnVPg=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwoSEJBd0IRTcuW7APaNMwmU7aoTOTMDMRaumXuHGhiFs/xZ1/47TNQlsPXDiccy/33hOljCrtut/W2vrG5tZ2Yae4u7d/ULIPj5oqySQmDZywRLYjpAijgjQ01Yy0U0kQjxhpRaO7md96JFLRRDzocUoCjgaCxhQjbaTQLtV7/s2l71S6Fzz0en5ol13HnQOuEi8nZZCjFtpf3X6CM06Exgwp1fHcVAcTJDXFjEyL3UyRFOERGpCOoQJxooLJ/PApPDNKH8aJNCU0nKu/JyaIKzXmkenkSA/VsjcT//M6mY6vgwkVaaaJwItFccagTuAsBdinkmDNxoYgLKm5FeIhkghrk1XRhOAtv7xKmr7juY5Xr5Srt3kcBXACTsE58MAVqIJ7UAMNgEEGnsEreLOerBfr3fpYtK5Z+cwx+APr8wfGpJE1</latexit>

Q2 = 2.4m2
1

<latexit sha1_base64="CiyGTFSkUhLezbEirdnCdK8RfMs=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4kJCEgl6EohePLdgPaNOy2W7apbtJ2N0oJfR/ePGgiFf/izf/jds2B219MPB4b4aZeUHCmdKO822trW9sbm0Xdoq7e/sHh6Wj46aKU0log8Q8lu0AK8pZRBuaaU7biaRYBJy2gvHdzG89UqlYHD3oSUJ9gYcRCxnB2ki9es+78exK91L03Z7XL5Ud25kDrRI3J2XIUeuXvrqDmKSCRppwrFTHdRLtZ1hqRjidFrupogkmYzykHUMjLKjys/nVU3RulAEKY2kq0miu/p7IsFBqIgLTKbAeqWVvJv7ndVIdXvsZi5JU04gsFoUpRzpGswjQgElKNJ8Ygolk5lZERlhiok1QRROCu/zyKml6tuvYbr1Srt7mcRTgFM7gAly4gircQw0aQEDCM7zCm/VkvVjv1seidc3KZ07gD6zPH+LOkM0=</latexit><latexit sha1_base64="CiyGTFSkUhLezbEirdnCdK8RfMs=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4kJCEgl6EohePLdgPaNOy2W7apbtJ2N0oJfR/ePGgiFf/izf/jds2B219MPB4b4aZeUHCmdKO822trW9sbm0Xdoq7e/sHh6Wj46aKU0log8Q8lu0AK8pZRBuaaU7biaRYBJy2gvHdzG89UqlYHD3oSUJ9gYcRCxnB2ki9es+78exK91L03Z7XL5Ud25kDrRI3J2XIUeuXvrqDmKSCRppwrFTHdRLtZ1hqRjidFrupogkmYzykHUMjLKjys/nVU3RulAEKY2kq0miu/p7IsFBqIgLTKbAeqWVvJv7ndVIdXvsZi5JU04gsFoUpRzpGswjQgElKNJ8Ygolk5lZERlhiok1QRROCu/zyKml6tuvYbr1Srt7mcRTgFM7gAly4gircQw0aQEDCM7zCm/VkvVjv1seidc3KZ07gD6zPH+LOkM0=</latexit><latexit sha1_base64="CiyGTFSkUhLezbEirdnCdK8RfMs=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4kJCEgl6EohePLdgPaNOy2W7apbtJ2N0oJfR/ePGgiFf/izf/jds2B219MPB4b4aZeUHCmdKO822trW9sbm0Xdoq7e/sHh6Wj46aKU0log8Q8lu0AK8pZRBuaaU7biaRYBJy2gvHdzG89UqlYHD3oSUJ9gYcRCxnB2ki9es+78exK91L03Z7XL5Ud25kDrRI3J2XIUeuXvrqDmKSCRppwrFTHdRLtZ1hqRjidFrupogkmYzykHUMjLKjys/nVU3RulAEKY2kq0miu/p7IsFBqIgLTKbAeqWVvJv7ndVIdXvsZi5JU04gsFoUpRzpGswjQgElKNJ8Ygolk5lZERlhiok1QRROCu/zyKml6tuvYbr1Srt7mcRTgFM7gAly4gircQw0aQEDCM7zCm/VkvVjv1seidc3KZ07gD6zPH+LOkM0=</latexit><latexit sha1_base64="CiyGTFSkUhLezbEirdnCdK8RfMs=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4kJCEgl6EohePLdgPaNOy2W7apbtJ2N0oJfR/ePGgiFf/izf/jds2B219MPB4b4aZeUHCmdKO822trW9sbm0Xdoq7e/sHh6Wj46aKU0log8Q8lu0AK8pZRBuaaU7biaRYBJy2gvHdzG89UqlYHD3oSUJ9gYcRCxnB2ki9es+78exK91L03Z7XL5Ud25kDrRI3J2XIUeuXvrqDmKSCRppwrFTHdRLtZ1hqRjidFrupogkmYzykHUMjLKjys/nVU3RulAEKY2kq0miu/p7IsFBqIgLTKbAeqWVvJv7ndVIdXvsZi5JU04gsFoUpRzpGswjQgElKNJ8Ygolk5lZERlhiok1QRROCu/zyKml6tuvYbr1Srt7mcRTgFM7gAly4gircQw0aQEDCM7zCm/VkvVjv1seidc3KZ07gD6zPH+LOkM0=</latexit>
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what about more complicated systems?

(a) (b)m1L
<latexit sha1_base64="A7KKmZZL3iSAfoykwbPtxzQMaAg=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiFw8eKtgPaJeSTbNtaJJdkqxQlv4FLx4U8eof8ua/MdvuQVsfDDzem2FmXpgIbqznfaPS2vrG5lZ5u7Kzu7d/UD08aps41ZS1aCxi3Q2JYYIr1rLcCtZNNCMyFKwTTm5zv/PEtOGxerTThAWSjBSPOCU2l+TAvx9Ua17dmwOvEr8gNSjQHFS/+sOYppIpSwUxpud7iQ0yoi2ngs0q/dSwhNAJGbGeo4pIZoJsfusMnzlliKNYu1IWz9XfExmRxkxl6DolsWOz7OXif14vtdF1kHGVpJYpulgUpQLbGOeP4yHXjFoxdYRQzd2tmI6JJtS6eCouBH/55VXSvqj7Xt1/uKw1boo4ynACp3AOPlxBA+6gCS2gMIZneIU3JNELekcfi9YSKmaO4Q/Q5w+UA43r</latexit><latexit sha1_base64="A7KKmZZL3iSAfoykwbPtxzQMaAg=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiFw8eKtgPaJeSTbNtaJJdkqxQlv4FLx4U8eof8ua/MdvuQVsfDDzem2FmXpgIbqznfaPS2vrG5lZ5u7Kzu7d/UD08aps41ZS1aCxi3Q2JYYIr1rLcCtZNNCMyFKwTTm5zv/PEtOGxerTThAWSjBSPOCU2l+TAvx9Ua17dmwOvEr8gNSjQHFS/+sOYppIpSwUxpud7iQ0yoi2ngs0q/dSwhNAJGbGeo4pIZoJsfusMnzlliKNYu1IWz9XfExmRxkxl6DolsWOz7OXif14vtdF1kHGVpJYpulgUpQLbGOeP4yHXjFoxdYRQzd2tmI6JJtS6eCouBH/55VXSvqj7Xt1/uKw1boo4ynACp3AOPlxBA+6gCS2gMIZneIU3JNELekcfi9YSKmaO4Q/Q5w+UA43r</latexit><latexit sha1_base64="A7KKmZZL3iSAfoykwbPtxzQMaAg=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiFw8eKtgPaJeSTbNtaJJdkqxQlv4FLx4U8eof8ua/MdvuQVsfDDzem2FmXpgIbqznfaPS2vrG5lZ5u7Kzu7d/UD08aps41ZS1aCxi3Q2JYYIr1rLcCtZNNCMyFKwTTm5zv/PEtOGxerTThAWSjBSPOCU2l+TAvx9Ua17dmwOvEr8gNSjQHFS/+sOYppIpSwUxpud7iQ0yoi2ngs0q/dSwhNAJGbGeo4pIZoJsfusMnzlliKNYu1IWz9XfExmRxkxl6DolsWOz7OXif14vtdF1kHGVpJYpulgUpQLbGOeP4yHXjFoxdYRQzd2tmI6JJtS6eCouBH/55VXSvqj7Xt1/uKw1boo4ynACp3AOPlxBA+6gCS2gMIZneIU3JNELekcfi9YSKmaO4Q/Q5w+UA43r</latexit><latexit sha1_base64="A7KKmZZL3iSAfoykwbPtxzQMaAg=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiFw8eKtgPaJeSTbNtaJJdkqxQlv4FLx4U8eof8ua/MdvuQVsfDDzem2FmXpgIbqznfaPS2vrG5lZ5u7Kzu7d/UD08aps41ZS1aCxi3Q2JYYIr1rLcCtZNNCMyFKwTTm5zv/PEtOGxerTThAWSjBSPOCU2l+TAvx9Ua17dmwOvEr8gNSjQHFS/+sOYppIpSwUxpud7iQ0yoi2ngs0q/dSwhNAJGbGeo4pIZoJsfusMnzlliKNYu1IWz9XfExmRxkxl6DolsWOz7OXif14vtdF1kHGVpJYpulgUpQLbGOeP4yHXjFoxdYRQzd2tmI6JJtS6eCouBH/55VXSvqj7Xt1/uKw1boo4ynACp3AOPlxBA+6gCS2gMIZneIU3JNELekcfi9YSKmaO4Q/Q5w+UA43r</latexit>

m1L
<latexit sha1_base64="A7KKmZZL3iSAfoykwbPtxzQMaAg=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiFw8eKtgPaJeSTbNtaJJdkqxQlv4FLx4U8eof8ua/MdvuQVsfDDzem2FmXpgIbqznfaPS2vrG5lZ5u7Kzu7d/UD08aps41ZS1aCxi3Q2JYYIr1rLcCtZNNCMyFKwTTm5zv/PEtOGxerTThAWSjBSPOCU2l+TAvx9Ua17dmwOvEr8gNSjQHFS/+sOYppIpSwUxpud7iQ0yoi2ngs0q/dSwhNAJGbGeo4pIZoJsfusMnzlliKNYu1IWz9XfExmRxkxl6DolsWOz7OXif14vtdF1kHGVpJYpulgUpQLbGOeP4yHXjFoxdYRQzd2tmI6JJtS6eCouBH/55VXSvqj7Xt1/uKw1boo4ynACp3AOPlxBA+6gCS2gMIZneIU3JNELekcfi9YSKmaO4Q/Q5w+UA43r</latexit><latexit sha1_base64="A7KKmZZL3iSAfoykwbPtxzQMaAg=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiFw8eKtgPaJeSTbNtaJJdkqxQlv4FLx4U8eof8ua/MdvuQVsfDDzem2FmXpgIbqznfaPS2vrG5lZ5u7Kzu7d/UD08aps41ZS1aCxi3Q2JYYIr1rLcCtZNNCMyFKwTTm5zv/PEtOGxerTThAWSjBSPOCU2l+TAvx9Ua17dmwOvEr8gNSjQHFS/+sOYppIpSwUxpud7iQ0yoi2ngs0q/dSwhNAJGbGeo4pIZoJsfusMnzlliKNYu1IWz9XfExmRxkxl6DolsWOz7OXif14vtdF1kHGVpJYpulgUpQLbGOeP4yHXjFoxdYRQzd2tmI6JJtS6eCouBH/55VXSvqj7Xt1/uKw1boo4ynACp3AOPlxBA+6gCS2gMIZneIU3JNELekcfi9YSKmaO4Q/Q5w+UA43r</latexit><latexit sha1_base64="A7KKmZZL3iSAfoykwbPtxzQMaAg=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiFw8eKtgPaJeSTbNtaJJdkqxQlv4FLx4U8eof8ua/MdvuQVsfDDzem2FmXpgIbqznfaPS2vrG5lZ5u7Kzu7d/UD08aps41ZS1aCxi3Q2JYYIr1rLcCtZNNCMyFKwTTm5zv/PEtOGxerTThAWSjBSPOCU2l+TAvx9Ua17dmwOvEr8gNSjQHFS/+sOYppIpSwUxpud7iQ0yoi2ngs0q/dSwhNAJGbGeo4pIZoJsfusMnzlliKNYu1IWz9XfExmRxkxl6DolsWOz7OXif14vtdF1kHGVpJYpulgUpQLbGOeP4yHXjFoxdYRQzd2tmI6JJtS6eCouBH/55VXSvqj7Xt1/uKw1boo4ynACp3AOPlxBA+6gCS2gMIZneIU3JNELekcfi9YSKmaO4Q/Q5w+UA43r</latexit><latexit sha1_base64="A7KKmZZL3iSAfoykwbPtxzQMaAg=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiFw8eKtgPaJeSTbNtaJJdkqxQlv4FLx4U8eof8ua/MdvuQVsfDDzem2FmXpgIbqznfaPS2vrG5lZ5u7Kzu7d/UD08aps41ZS1aCxi3Q2JYYIr1rLcCtZNNCMyFKwTTm5zv/PEtOGxerTThAWSjBSPOCU2l+TAvx9Ua17dmwOvEr8gNSjQHFS/+sOYppIpSwUxpud7iQ0yoi2ngs0q/dSwhNAJGbGeo4pIZoJsfusMnzlliKNYu1IWz9XfExmRxkxl6DolsWOz7OXif14vtdF1kHGVpJYpulgUpQLbGOeP4yHXjFoxdYRQzd2tmI6JJtS6eCouBH/55VXSvqj7Xt1/uKw1boo4ynACp3AOPlxBA+6gCS2gMIZneIU3JNELekcfi9YSKmaO4Q/Q5w+UA43r</latexit>
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E? = 2.6m1
<latexit sha1_base64="g/Q3g1lhnw2UYXmdEamBFICGrHE=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkJSRN0IRRFcVrAPaGKYTKft0JlJmJkoJfZT3LhQxK1f4s6/cdpmoa0HLhzOuZd774kSRpV23W+rsLS8srpWXC9tbG5t79jl3aaKU4lJA8cslu0IKcKoIA1NNSPtRBLEI0Za0fBq4rceiFQ0Fnd6lJCAo76gPYqRNlJol6/vfaWRvKg6p/4x5KEX2hXXcaeAi8TLSQXkqIf2l9+NccqJ0JghpTqem+ggQ1JTzMi45KeKJAgPUZ90DBWIExVk09PH8NAoXdiLpSmh4VT9PZEhrtSIR6aTIz1Q895E/M/rpLp3HmRUJKkmAs8W9VIGdQwnOcAulQRrNjIEYUnNrRAPkERYm7RKJgRv/uVF0qw6nut4tyeV2mUeRxHsgwNwBDxwBmrgBtRBA2DwCJ7BK3iznqwX6936mLUWrHxmD/yB9fkDA3WShg==</latexit><latexit sha1_base64="g/Q3g1lhnw2UYXmdEamBFICGrHE=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkJSRN0IRRFcVrAPaGKYTKft0JlJmJkoJfZT3LhQxK1f4s6/cdpmoa0HLhzOuZd774kSRpV23W+rsLS8srpWXC9tbG5t79jl3aaKU4lJA8cslu0IKcKoIA1NNSPtRBLEI0Za0fBq4rceiFQ0Fnd6lJCAo76gPYqRNlJol6/vfaWRvKg6p/4x5KEX2hXXcaeAi8TLSQXkqIf2l9+NccqJ0JghpTqem+ggQ1JTzMi45KeKJAgPUZ90DBWIExVk09PH8NAoXdiLpSmh4VT9PZEhrtSIR6aTIz1Q895E/M/rpLp3HmRUJKkmAs8W9VIGdQwnOcAulQRrNjIEYUnNrRAPkERYm7RKJgRv/uVF0qw6nut4tyeV2mUeRxHsgwNwBDxwBmrgBtRBA2DwCJ7BK3iznqwX6936mLUWrHxmD/yB9fkDA3WShg==</latexit><latexit sha1_base64="g/Q3g1lhnw2UYXmdEamBFICGrHE=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkJSRN0IRRFcVrAPaGKYTKft0JlJmJkoJfZT3LhQxK1f4s6/cdpmoa0HLhzOuZd774kSRpV23W+rsLS8srpWXC9tbG5t79jl3aaKU4lJA8cslu0IKcKoIA1NNSPtRBLEI0Za0fBq4rceiFQ0Fnd6lJCAo76gPYqRNlJol6/vfaWRvKg6p/4x5KEX2hXXcaeAi8TLSQXkqIf2l9+NccqJ0JghpTqem+ggQ1JTzMi45KeKJAgPUZ90DBWIExVk09PH8NAoXdiLpSmh4VT9PZEhrtSIR6aTIz1Q895E/M/rpLp3HmRUJKkmAs8W9VIGdQwnOcAulQRrNjIEYUnNrRAPkERYm7RKJgRv/uVF0qw6nut4tyeV2mUeRxHsgwNwBDxwBmrgBtRBA2DwCJ7BK3iznqwX6936mLUWrHxmD/yB9fkDA3WShg==</latexit><latexit sha1_base64="g/Q3g1lhnw2UYXmdEamBFICGrHE=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkJSRN0IRRFcVrAPaGKYTKft0JlJmJkoJfZT3LhQxK1f4s6/cdpmoa0HLhzOuZd774kSRpV23W+rsLS8srpWXC9tbG5t79jl3aaKU4lJA8cslu0IKcKoIA1NNSPtRBLEI0Za0fBq4rceiFQ0Fnd6lJCAo76gPYqRNlJol6/vfaWRvKg6p/4x5KEX2hXXcaeAi8TLSQXkqIf2l9+NccqJ0JghpTqem+ggQ1JTzMi45KeKJAgPUZ90DBWIExVk09PH8NAoXdiLpSmh4VT9PZEhrtSIR6aTIz1Q895E/M/rpLp3HmRUJKkmAs8W9VIGdQwnOcAulQRrNjIEYUnNrRAPkERYm7RKJgRv/uVF0qw6nut4tyeV2mUeRxHsgwNwBDxwBmrgBtRBA2DwCJ7BK3iznqwX6936mLUWrHxmD/yB9fkDA3WShg==</latexit>

E? = 3.2m1
<latexit sha1_base64="lWjwjkN7YNEdt7wr5Grgzve1k4U=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkJSBd0IRRFcVrAPaGKYTKft0JlJmJkoJfZT3LhQxK1f4s6/cdpmoa0HLhzOuZd774kSRpV23W+rsLS8srpWXC9tbG5t79jl3aaKU4lJA8cslu0IKcKoIA1NNSPtRBLEI0Za0fBq4rceiFQ0Fnd6lJCAo76gPYqRNlJol6/vfaWRvDhxqv4x5KEX2hXXcaeAi8TLSQXkqIf2l9+NccqJ0JghpTqem+ggQ1JTzMi45KeKJAgPUZ90DBWIExVk09PH8NAoXdiLpSmh4VT9PZEhrtSIR6aTIz1Q895E/M/rpLp3HmRUJKkmAs8W9VIGdQwnOcAulQRrNjIEYUnNrRAPkERYm7RKJgRv/uVF0qw6nut4t6eV2mUeRxHsgwNwBDxwBmrgBtRBA2DwCJ7BK3iznqwX6936mLUWrHxmD/yB9fkD/sqSgw==</latexit><latexit sha1_base64="lWjwjkN7YNEdt7wr5Grgzve1k4U=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkJSBd0IRRFcVrAPaGKYTKft0JlJmJkoJfZT3LhQxK1f4s6/cdpmoa0HLhzOuZd774kSRpV23W+rsLS8srpWXC9tbG5t79jl3aaKU4lJA8cslu0IKcKoIA1NNSPtRBLEI0Za0fBq4rceiFQ0Fnd6lJCAo76gPYqRNlJol6/vfaWRvDhxqv4x5KEX2hXXcaeAi8TLSQXkqIf2l9+NccqJ0JghpTqem+ggQ1JTzMi45KeKJAgPUZ90DBWIExVk09PH8NAoXdiLpSmh4VT9PZEhrtSIR6aTIz1Q895E/M/rpLp3HmRUJKkmAs8W9VIGdQwnOcAulQRrNjIEYUnNrRAPkERYm7RKJgRv/uVF0qw6nut4t6eV2mUeRxHsgwNwBDxwBmrgBtRBA2DwCJ7BK3iznqwX6936mLUWrHxmD/yB9fkD/sqSgw==</latexit><latexit sha1_base64="lWjwjkN7YNEdt7wr5Grgzve1k4U=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkJSBd0IRRFcVrAPaGKYTKft0JlJmJkoJfZT3LhQxK1f4s6/cdpmoa0HLhzOuZd774kSRpV23W+rsLS8srpWXC9tbG5t79jl3aaKU4lJA8cslu0IKcKoIA1NNSPtRBLEI0Za0fBq4rceiFQ0Fnd6lJCAo76gPYqRNlJol6/vfaWRvDhxqv4x5KEX2hXXcaeAi8TLSQXkqIf2l9+NccqJ0JghpTqem+ggQ1JTzMi45KeKJAgPUZ90DBWIExVk09PH8NAoXdiLpSmh4VT9PZEhrtSIR6aTIz1Q895E/M/rpLp3HmRUJKkmAs8W9VIGdQwnOcAulQRrNjIEYUnNrRAPkERYm7RKJgRv/uVF0qw6nut4t6eV2mUeRxHsgwNwBDxwBmrgBtRBA2DwCJ7BK3iznqwX6936mLUWrHxmD/yB9fkD/sqSgw==</latexit><latexit sha1_base64="lWjwjkN7YNEdt7wr5Grgzve1k4U=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkJSBd0IRRFcVrAPaGKYTKft0JlJmJkoJfZT3LhQxK1f4s6/cdpmoa0HLhzOuZd774kSRpV23W+rsLS8srpWXC9tbG5t79jl3aaKU4lJA8cslu0IKcKoIA1NNSPtRBLEI0Za0fBq4rceiFQ0Fnd6lJCAo76gPYqRNlJol6/vfaWRvDhxqv4x5KEX2hXXcaeAi8TLSQXkqIf2l9+NccqJ0JghpTqem+ggQ1JTzMi45KeKJAgPUZ90DBWIExVk09PH8NAoXdiLpSmh4VT9PZEhrtSIR6aTIz1Q895E/M/rpLp3HmRUJKkmAs8W9VIGdQwnOcAulQRrNjIEYUnNrRAPkERYm7RKJgRv/uVF0qw6nut4t6eV2mUeRxHsgwNwBDxwBmrgBtRBA2DwCJ7BK3iznqwX6936mLUWrHxmD/yB9fkD/sqSgw==</latexit>

Q2 = �2.4m2
1

<latexit sha1_base64="EZQX5egnwCre74tRNPuTCtHnVPg=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwoSEJBd0IRTcuW7APaNMwmU7aoTOTMDMRaumXuHGhiFs/xZ1/47TNQlsPXDiccy/33hOljCrtut/W2vrG5tZ2Yae4u7d/ULIPj5oqySQmDZywRLYjpAijgjQ01Yy0U0kQjxhpRaO7md96JFLRRDzocUoCjgaCxhQjbaTQLtV7/s2l71S6Fzz0en5ol13HnQOuEi8nZZCjFtpf3X6CM06Exgwp1fHcVAcTJDXFjEyL3UyRFOERGpCOoQJxooLJ/PApPDNKH8aJNCU0nKu/JyaIKzXmkenkSA/VsjcT//M6mY6vgwkVaaaJwItFccagTuAsBdinkmDNxoYgLKm5FeIhkghrk1XRhOAtv7xKmr7juY5Xr5Srt3kcBXACTsE58MAVqIJ7UAMNgEEGnsEreLOerBfr3fpYtK5Z+cwx+APr8wfGpJE1</latexit><latexit sha1_base64="EZQX5egnwCre74tRNPuTCtHnVPg=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwoSEJBd0IRTcuW7APaNMwmU7aoTOTMDMRaumXuHGhiFs/xZ1/47TNQlsPXDiccy/33hOljCrtut/W2vrG5tZ2Yae4u7d/ULIPj5oqySQmDZywRLYjpAijgjQ01Yy0U0kQjxhpRaO7md96JFLRRDzocUoCjgaCxhQjbaTQLtV7/s2l71S6Fzz0en5ol13HnQOuEi8nZZCjFtpf3X6CM06Exgwp1fHcVAcTJDXFjEyL3UyRFOERGpCOoQJxooLJ/PApPDNKH8aJNCU0nKu/JyaIKzXmkenkSA/VsjcT//M6mY6vgwkVaaaJwItFccagTuAsBdinkmDNxoYgLKm5FeIhkghrk1XRhOAtv7xKmr7juY5Xr5Srt3kcBXACTsE58MAVqIJ7UAMNgEEGnsEreLOerBfr3fpYtK5Z+cwx+APr8wfGpJE1</latexit><latexit sha1_base64="EZQX5egnwCre74tRNPuTCtHnVPg=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwoSEJBd0IRTcuW7APaNMwmU7aoTOTMDMRaumXuHGhiFs/xZ1/47TNQlsPXDiccy/33hOljCrtut/W2vrG5tZ2Yae4u7d/ULIPj5oqySQmDZywRLYjpAijgjQ01Yy0U0kQjxhpRaO7md96JFLRRDzocUoCjgaCxhQjbaTQLtV7/s2l71S6Fzz0en5ol13HnQOuEi8nZZCjFtpf3X6CM06Exgwp1fHcVAcTJDXFjEyL3UyRFOERGpCOoQJxooLJ/PApPDNKH8aJNCU0nKu/JyaIKzXmkenkSA/VsjcT//M6mY6vgwkVaaaJwItFccagTuAsBdinkmDNxoYgLKm5FeIhkghrk1XRhOAtv7xKmr7juY5Xr5Srt3kcBXACTsE58MAVqIJ7UAMNgEEGnsEreLOerBfr3fpYtK5Z+cwx+APr8wfGpJE1</latexit><latexit sha1_base64="EZQX5egnwCre74tRNPuTCtHnVPg=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwoSEJBd0IRTcuW7APaNMwmU7aoTOTMDMRaumXuHGhiFs/xZ1/47TNQlsPXDiccy/33hOljCrtut/W2vrG5tZ2Yae4u7d/ULIPj5oqySQmDZywRLYjpAijgjQ01Yy0U0kQjxhpRaO7md96JFLRRDzocUoCjgaCxhQjbaTQLtV7/s2l71S6Fzz0en5ol13HnQOuEi8nZZCjFtpf3X6CM06Exgwp1fHcVAcTJDXFjEyL3UyRFOERGpCOoQJxooLJ/PApPDNKH8aJNCU0nKu/JyaIKzXmkenkSA/VsjcT//M6mY6vgwkVaaaJwItFccagTuAsBdinkmDNxoYgLKm5FeIhkghrk1XRhOAtv7xKmr7juY5Xr5Srt3kcBXACTsE58MAVqIJ7UAMNgEEGnsEreLOerBfr3fpYtK5Z+cwx+APr8wfGpJE1</latexit>

Q2 = 2.4m2
1

<latexit sha1_base64="CiyGTFSkUhLezbEirdnCdK8RfMs=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4kJCEgl6EohePLdgPaNOy2W7apbtJ2N0oJfR/ePGgiFf/izf/jds2B219MPB4b4aZeUHCmdKO822trW9sbm0Xdoq7e/sHh6Wj46aKU0log8Q8lu0AK8pZRBuaaU7biaRYBJy2gvHdzG89UqlYHD3oSUJ9gYcRCxnB2ki9es+78exK91L03Z7XL5Ud25kDrRI3J2XIUeuXvrqDmKSCRppwrFTHdRLtZ1hqRjidFrupogkmYzykHUMjLKjys/nVU3RulAEKY2kq0miu/p7IsFBqIgLTKbAeqWVvJv7ndVIdXvsZi5JU04gsFoUpRzpGswjQgElKNJ8Ygolk5lZERlhiok1QRROCu/zyKml6tuvYbr1Srt7mcRTgFM7gAly4gircQw0aQEDCM7zCm/VkvVjv1seidc3KZ07gD6zPH+LOkM0=</latexit><latexit sha1_base64="CiyGTFSkUhLezbEirdnCdK8RfMs=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4kJCEgl6EohePLdgPaNOy2W7apbtJ2N0oJfR/ePGgiFf/izf/jds2B219MPB4b4aZeUHCmdKO822trW9sbm0Xdoq7e/sHh6Wj46aKU0log8Q8lu0AK8pZRBuaaU7biaRYBJy2gvHdzG89UqlYHD3oSUJ9gYcRCxnB2ki9es+78exK91L03Z7XL5Ud25kDrRI3J2XIUeuXvrqDmKSCRppwrFTHdRLtZ1hqRjidFrupogkmYzykHUMjLKjys/nVU3RulAEKY2kq0miu/p7IsFBqIgLTKbAeqWVvJv7ndVIdXvsZi5JU04gsFoUpRzpGswjQgElKNJ8Ygolk5lZERlhiok1QRROCu/zyKml6tuvYbr1Srt7mcRTgFM7gAly4gircQw0aQEDCM7zCm/VkvVjv1seidc3KZ07gD6zPH+LOkM0=</latexit><latexit sha1_base64="CiyGTFSkUhLezbEirdnCdK8RfMs=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4kJCEgl6EohePLdgPaNOy2W7apbtJ2N0oJfR/ePGgiFf/izf/jds2B219MPB4b4aZeUHCmdKO822trW9sbm0Xdoq7e/sHh6Wj46aKU0log8Q8lu0AK8pZRBuaaU7biaRYBJy2gvHdzG89UqlYHD3oSUJ9gYcRCxnB2ki9es+78exK91L03Z7XL5Ud25kDrRI3J2XIUeuXvrqDmKSCRppwrFTHdRLtZ1hqRjidFrupogkmYzykHUMjLKjys/nVU3RulAEKY2kq0miu/p7IsFBqIgLTKbAeqWVvJv7ndVIdXvsZi5JU04gsFoUpRzpGswjQgElKNJ8Ygolk5lZERlhiok1QRROCu/zyKml6tuvYbr1Srt7mcRTgFM7gAly4gircQw0aQEDCM7zCm/VkvVjv1seidc3KZ07gD6zPH+LOkM0=</latexit><latexit sha1_base64="CiyGTFSkUhLezbEirdnCdK8RfMs=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4kJCEgl6EohePLdgPaNOy2W7apbtJ2N0oJfR/ePGgiFf/izf/jds2B219MPB4b4aZeUHCmdKO822trW9sbm0Xdoq7e/sHh6Wj46aKU0log8Q8lu0AK8pZRBuaaU7biaRYBJy2gvHdzG89UqlYHD3oSUJ9gYcRCxnB2ki9es+78exK91L03Z7XL5Ud25kDrRI3J2XIUeuXvrqDmKSCRppwrFTHdRLtZ1hqRjidFrupogkmYzykHUMjLKjys/nVU3RulAEKY2kq0miu/p7IsFBqIgLTKbAeqWVvJv7ndVIdXvsZi5JU04gsFoUpRzpGswjQgElKNJ8Ygolk5lZERlhiok1QRROCu/zyKml6tuvYbr1Srt7mcRTgFM7gAly4gircQw0aQEDCM7zCm/VkvVjv1seidc3KZ07gD6zPH+LOkM0=</latexit>

E? = 2.6m1
<latexit sha1_base64="g/Q3g1lhnw2UYXmdEamBFICGrHE=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkJSRN0IRRFcVrAPaGKYTKft0JlJmJkoJfZT3LhQxK1f4s6/cdpmoa0HLhzOuZd774kSRpV23W+rsLS8srpWXC9tbG5t79jl3aaKU4lJA8cslu0IKcKoIA1NNSPtRBLEI0Za0fBq4rceiFQ0Fnd6lJCAo76gPYqRNlJol6/vfaWRvKg6p/4x5KEX2hXXcaeAi8TLSQXkqIf2l9+NccqJ0JghpTqem+ggQ1JTzMi45KeKJAgPUZ90DBWIExVk09PH8NAoXdiLpSmh4VT9PZEhrtSIR6aTIz1Q895E/M/rpLp3HmRUJKkmAs8W9VIGdQwnOcAulQRrNjIEYUnNrRAPkERYm7RKJgRv/uVF0qw6nut4tyeV2mUeRxHsgwNwBDxwBmrgBtRBA2DwCJ7BK3iznqwX6936mLUWrHxmD/yB9fkDA3WShg==</latexit><latexit sha1_base64="g/Q3g1lhnw2UYXmdEamBFICGrHE=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkJSRN0IRRFcVrAPaGKYTKft0JlJmJkoJfZT3LhQxK1f4s6/cdpmoa0HLhzOuZd774kSRpV23W+rsLS8srpWXC9tbG5t79jl3aaKU4lJA8cslu0IKcKoIA1NNSPtRBLEI0Za0fBq4rceiFQ0Fnd6lJCAo76gPYqRNlJol6/vfaWRvKg6p/4x5KEX2hXXcaeAi8TLSQXkqIf2l9+NccqJ0JghpTqem+ggQ1JTzMi45KeKJAgPUZ90DBWIExVk09PH8NAoXdiLpSmh4VT9PZEhrtSIR6aTIz1Q895E/M/rpLp3HmRUJKkmAs8W9VIGdQwnOcAulQRrNjIEYUnNrRAPkERYm7RKJgRv/uVF0qw6nut4tyeV2mUeRxHsgwNwBDxwBmrgBtRBA2DwCJ7BK3iznqwX6936mLUWrHxmD/yB9fkDA3WShg==</latexit><latexit sha1_base64="g/Q3g1lhnw2UYXmdEamBFICGrHE=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkJSRN0IRRFcVrAPaGKYTKft0JlJmJkoJfZT3LhQxK1f4s6/cdpmoa0HLhzOuZd774kSRpV23W+rsLS8srpWXC9tbG5t79jl3aaKU4lJA8cslu0IKcKoIA1NNSPtRBLEI0Za0fBq4rceiFQ0Fnd6lJCAo76gPYqRNlJol6/vfaWRvKg6p/4x5KEX2hXXcaeAi8TLSQXkqIf2l9+NccqJ0JghpTqem+ggQ1JTzMi45KeKJAgPUZ90DBWIExVk09PH8NAoXdiLpSmh4VT9PZEhrtSIR6aTIz1Q895E/M/rpLp3HmRUJKkmAs8W9VIGdQwnOcAulQRrNjIEYUnNrRAPkERYm7RKJgRv/uVF0qw6nut4tyeV2mUeRxHsgwNwBDxwBmrgBtRBA2DwCJ7BK3iznqwX6936mLUWrHxmD/yB9fkDA3WShg==</latexit><latexit sha1_base64="g/Q3g1lhnw2UYXmdEamBFICGrHE=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkJSRN0IRRFcVrAPaGKYTKft0JlJmJkoJfZT3LhQxK1f4s6/cdpmoa0HLhzOuZd774kSRpV23W+rsLS8srpWXC9tbG5t79jl3aaKU4lJA8cslu0IKcKoIA1NNSPtRBLEI0Za0fBq4rceiFQ0Fnd6lJCAo76gPYqRNlJol6/vfaWRvKg6p/4x5KEX2hXXcaeAi8TLSQXkqIf2l9+NccqJ0JghpTqem+ggQ1JTzMi45KeKJAgPUZ90DBWIExVk09PH8NAoXdiLpSmh4VT9PZEhrtSIR6aTIz1Q895E/M/rpLp3HmRUJKkmAs8W9VIGdQwnOcAulQRrNjIEYUnNrRAPkERYm7RKJgRv/uVF0qw6nut4tyeV2mUeRxHsgwNwBDxwBmrgBtRBA2DwCJ7BK3iznqwX6936mLUWrHxmD/yB9fkDA3WShg==</latexit>

E? = 3.2m1
<latexit sha1_base64="lWjwjkN7YNEdt7wr5Grgzve1k4U=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkJSBd0IRRFcVrAPaGKYTKft0JlJmJkoJfZT3LhQxK1f4s6/cdpmoa0HLhzOuZd774kSRpV23W+rsLS8srpWXC9tbG5t79jl3aaKU4lJA8cslu0IKcKoIA1NNSPtRBLEI0Za0fBq4rceiFQ0Fnd6lJCAo76gPYqRNlJol6/vfaWRvDhxqv4x5KEX2hXXcaeAi8TLSQXkqIf2l9+NccqJ0JghpTqem+ggQ1JTzMi45KeKJAgPUZ90DBWIExVk09PH8NAoXdiLpSmh4VT9PZEhrtSIR6aTIz1Q895E/M/rpLp3HmRUJKkmAs8W9VIGdQwnOcAulQRrNjIEYUnNrRAPkERYm7RKJgRv/uVF0qw6nut4t6eV2mUeRxHsgwNwBDxwBmrgBtRBA2DwCJ7BK3iznqwX6936mLUWrHxmD/yB9fkD/sqSgw==</latexit><latexit sha1_base64="lWjwjkN7YNEdt7wr5Grgzve1k4U=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkJSBd0IRRFcVrAPaGKYTKft0JlJmJkoJfZT3LhQxK1f4s6/cdpmoa0HLhzOuZd774kSRpV23W+rsLS8srpWXC9tbG5t79jl3aaKU4lJA8cslu0IKcKoIA1NNSPtRBLEI0Za0fBq4rceiFQ0Fnd6lJCAo76gPYqRNlJol6/vfaWRvDhxqv4x5KEX2hXXcaeAi8TLSQXkqIf2l9+NccqJ0JghpTqem+ggQ1JTzMi45KeKJAgPUZ90DBWIExVk09PH8NAoXdiLpSmh4VT9PZEhrtSIR6aTIz1Q895E/M/rpLp3HmRUJKkmAs8W9VIGdQwnOcAulQRrNjIEYUnNrRAPkERYm7RKJgRv/uVF0qw6nut4t6eV2mUeRxHsgwNwBDxwBmrgBtRBA2DwCJ7BK3iznqwX6936mLUWrHxmD/yB9fkD/sqSgw==</latexit><latexit sha1_base64="lWjwjkN7YNEdt7wr5Grgzve1k4U=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkJSBd0IRRFcVrAPaGKYTKft0JlJmJkoJfZT3LhQxK1f4s6/cdpmoa0HLhzOuZd774kSRpV23W+rsLS8srpWXC9tbG5t79jl3aaKU4lJA8cslu0IKcKoIA1NNSPtRBLEI0Za0fBq4rceiFQ0Fnd6lJCAo76gPYqRNlJol6/vfaWRvDhxqv4x5KEX2hXXcaeAi8TLSQXkqIf2l9+NccqJ0JghpTqem+ggQ1JTzMi45KeKJAgPUZ90DBWIExVk09PH8NAoXdiLpSmh4VT9PZEhrtSIR6aTIz1Q895E/M/rpLp3HmRUJKkmAs8W9VIGdQwnOcAulQRrNjIEYUnNrRAPkERYm7RKJgRv/uVF0qw6nut4t6eV2mUeRxHsgwNwBDxwBmrgBtRBA2DwCJ7BK3iznqwX6936mLUWrHxmD/yB9fkD/sqSgw==</latexit><latexit sha1_base64="lWjwjkN7YNEdt7wr5Grgzve1k4U=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkJSBd0IRRFcVrAPaGKYTKft0JlJmJkoJfZT3LhQxK1f4s6/cdpmoa0HLhzOuZd774kSRpV23W+rsLS8srpWXC9tbG5t79jl3aaKU4lJA8cslu0IKcKoIA1NNSPtRBLEI0Za0fBq4rceiFQ0Fnd6lJCAo76gPYqRNlJol6/vfaWRvDhxqv4x5KEX2hXXcaeAi8TLSQXkqIf2l9+NccqJ0JghpTqem+ggQ1JTzMi45KeKJAgPUZ90DBWIExVk09PH8NAoXdiLpSmh4VT9PZEhrtSIR6aTIz1Q895E/M/rpLp3HmRUJKkmAs8W9VIGdQwnOcAulQRrNjIEYUnNrRAPkERYm7RKJgRv/uVF0qw6nut4t6eV2mUeRxHsgwNwBDxwBmrgBtRBA2DwCJ7BK3iznqwX6936mLUWrHxmD/yB9fkD/sqSgw==</latexit>
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what about more complicated systems?
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E? = 2.6m1
<latexit sha1_base64="g/Q3g1lhnw2UYXmdEamBFICGrHE=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkJSRN0IRRFcVrAPaGKYTKft0JlJmJkoJfZT3LhQxK1f4s6/cdpmoa0HLhzOuZd774kSRpV23W+rsLS8srpWXC9tbG5t79jl3aaKU4lJA8cslu0IKcKoIA1NNSPtRBLEI0Za0fBq4rceiFQ0Fnd6lJCAo76gPYqRNlJol6/vfaWRvKg6p/4x5KEX2hXXcaeAi8TLSQXkqIf2l9+NccqJ0JghpTqem+ggQ1JTzMi45KeKJAgPUZ90DBWIExVk09PH8NAoXdiLpSmh4VT9PZEhrtSIR6aTIz1Q895E/M/rpLp3HmRUJKkmAs8W9VIGdQwnOcAulQRrNjIEYUnNrRAPkERYm7RKJgRv/uVF0qw6nut4tyeV2mUeRxHsgwNwBDxwBmrgBtRBA2DwCJ7BK3iznqwX6936mLUWrHxmD/yB9fkDA3WShg==</latexit><latexit sha1_base64="g/Q3g1lhnw2UYXmdEamBFICGrHE=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkJSRN0IRRFcVrAPaGKYTKft0JlJmJkoJfZT3LhQxK1f4s6/cdpmoa0HLhzOuZd774kSRpV23W+rsLS8srpWXC9tbG5t79jl3aaKU4lJA8cslu0IKcKoIA1NNSPtRBLEI0Za0fBq4rceiFQ0Fnd6lJCAo76gPYqRNlJol6/vfaWRvKg6p/4x5KEX2hXXcaeAi8TLSQXkqIf2l9+NccqJ0JghpTqem+ggQ1JTzMi45KeKJAgPUZ90DBWIExVk09PH8NAoXdiLpSmh4VT9PZEhrtSIR6aTIz1Q895E/M/rpLp3HmRUJKkmAs8W9VIGdQwnOcAulQRrNjIEYUnNrRAPkERYm7RKJgRv/uVF0qw6nut4tyeV2mUeRxHsgwNwBDxwBmrgBtRBA2DwCJ7BK3iznqwX6936mLUWrHxmD/yB9fkDA3WShg==</latexit><latexit sha1_base64="g/Q3g1lhnw2UYXmdEamBFICGrHE=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkJSRN0IRRFcVrAPaGKYTKft0JlJmJkoJfZT3LhQxK1f4s6/cdpmoa0HLhzOuZd774kSRpV23W+rsLS8srpWXC9tbG5t79jl3aaKU4lJA8cslu0IKcKoIA1NNSPtRBLEI0Za0fBq4rceiFQ0Fnd6lJCAo76gPYqRNlJol6/vfaWRvKg6p/4x5KEX2hXXcaeAi8TLSQXkqIf2l9+NccqJ0JghpTqem+ggQ1JTzMi45KeKJAgPUZ90DBWIExVk09PH8NAoXdiLpSmh4VT9PZEhrtSIR6aTIz1Q895E/M/rpLp3HmRUJKkmAs8W9VIGdQwnOcAulQRrNjIEYUnNrRAPkERYm7RKJgRv/uVF0qw6nut4tyeV2mUeRxHsgwNwBDxwBmrgBtRBA2DwCJ7BK3iznqwX6936mLUWrHxmD/yB9fkDA3WShg==</latexit><latexit sha1_base64="g/Q3g1lhnw2UYXmdEamBFICGrHE=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkJSRN0IRRFcVrAPaGKYTKft0JlJmJkoJfZT3LhQxK1f4s6/cdpmoa0HLhzOuZd774kSRpV23W+rsLS8srpWXC9tbG5t79jl3aaKU4lJA8cslu0IKcKoIA1NNSPtRBLEI0Za0fBq4rceiFQ0Fnd6lJCAo76gPYqRNlJol6/vfaWRvKg6p/4x5KEX2hXXcaeAi8TLSQXkqIf2l9+NccqJ0JghpTqem+ggQ1JTzMi45KeKJAgPUZ90DBWIExVk09PH8NAoXdiLpSmh4VT9PZEhrtSIR6aTIz1Q895E/M/rpLp3HmRUJKkmAs8W9VIGdQwnOcAulQRrNjIEYUnNrRAPkERYm7RKJgRv/uVF0qw6nut4tyeV2mUeRxHsgwNwBDxwBmrgBtRBA2DwCJ7BK3iznqwX6936mLUWrHxmD/yB9fkDA3WShg==</latexit>

E? = 3.2m1
<latexit sha1_base64="lWjwjkN7YNEdt7wr5Grgzve1k4U=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkJSBd0IRRFcVrAPaGKYTKft0JlJmJkoJfZT3LhQxK1f4s6/cdpmoa0HLhzOuZd774kSRpV23W+rsLS8srpWXC9tbG5t79jl3aaKU4lJA8cslu0IKcKoIA1NNSPtRBLEI0Za0fBq4rceiFQ0Fnd6lJCAo76gPYqRNlJol6/vfaWRvDhxqv4x5KEX2hXXcaeAi8TLSQXkqIf2l9+NccqJ0JghpTqem+ggQ1JTzMi45KeKJAgPUZ90DBWIExVk09PH8NAoXdiLpSmh4VT9PZEhrtSIR6aTIz1Q895E/M/rpLp3HmRUJKkmAs8W9VIGdQwnOcAulQRrNjIEYUnNrRAPkERYm7RKJgRv/uVF0qw6nut4t6eV2mUeRxHsgwNwBDxwBmrgBtRBA2DwCJ7BK3iznqwX6936mLUWrHxmD/yB9fkD/sqSgw==</latexit><latexit sha1_base64="lWjwjkN7YNEdt7wr5Grgzve1k4U=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkJSBd0IRRFcVrAPaGKYTKft0JlJmJkoJfZT3LhQxK1f4s6/cdpmoa0HLhzOuZd774kSRpV23W+rsLS8srpWXC9tbG5t79jl3aaKU4lJA8cslu0IKcKoIA1NNSPtRBLEI0Za0fBq4rceiFQ0Fnd6lJCAo76gPYqRNlJol6/vfaWRvDhxqv4x5KEX2hXXcaeAi8TLSQXkqIf2l9+NccqJ0JghpTqem+ggQ1JTzMi45KeKJAgPUZ90DBWIExVk09PH8NAoXdiLpSmh4VT9PZEhrtSIR6aTIz1Q895E/M/rpLp3HmRUJKkmAs8W9VIGdQwnOcAulQRrNjIEYUnNrRAPkERYm7RKJgRv/uVF0qw6nut4t6eV2mUeRxHsgwNwBDxwBmrgBtRBA2DwCJ7BK3iznqwX6936mLUWrHxmD/yB9fkD/sqSgw==</latexit><latexit sha1_base64="lWjwjkN7YNEdt7wr5Grgzve1k4U=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkJSBd0IRRFcVrAPaGKYTKft0JlJmJkoJfZT3LhQxK1f4s6/cdpmoa0HLhzOuZd774kSRpV23W+rsLS8srpWXC9tbG5t79jl3aaKU4lJA8cslu0IKcKoIA1NNSPtRBLEI0Za0fBq4rceiFQ0Fnd6lJCAo76gPYqRNlJol6/vfaWRvDhxqv4x5KEX2hXXcaeAi8TLSQXkqIf2l9+NccqJ0JghpTqem+ggQ1JTzMi45KeKJAgPUZ90DBWIExVk09PH8NAoXdiLpSmh4VT9PZEhrtSIR6aTIz1Q895E/M/rpLp3HmRUJKkmAs8W9VIGdQwnOcAulQRrNjIEYUnNrRAPkERYm7RKJgRv/uVF0qw6nut4t6eV2mUeRxHsgwNwBDxwBmrgBtRBA2DwCJ7BK3iznqwX6936mLUWrHxmD/yB9fkD/sqSgw==</latexit><latexit sha1_base64="lWjwjkN7YNEdt7wr5Grgzve1k4U=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkJSBd0IRRFcVrAPaGKYTKft0JlJmJkoJfZT3LhQxK1f4s6/cdpmoa0HLhzOuZd774kSRpV23W+rsLS8srpWXC9tbG5t79jl3aaKU4lJA8cslu0IKcKoIA1NNSPtRBLEI0Za0fBq4rceiFQ0Fnd6lJCAo76gPYqRNlJol6/vfaWRvDhxqv4x5KEX2hXXcaeAi8TLSQXkqIf2l9+NccqJ0JghpTqem+ggQ1JTzMi45KeKJAgPUZ90DBWIExVk09PH8NAoXdiLpSmh4VT9PZEhrtSIR6aTIz1Q895E/M/rpLp3HmRUJKkmAs8W9VIGdQwnOcAulQRrNjIEYUnNrRAPkERYm7RKJgRv/uVF0qw6nut4t6eV2mUeRxHsgwNwBDxwBmrgBtRBA2DwCJ7BK3iznqwX6936mLUWrHxmD/yB9fkD/sqSgw==</latexit>

Q2 = �2.4m2
1

<latexit sha1_base64="EZQX5egnwCre74tRNPuTCtHnVPg=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwoSEJBd0IRTcuW7APaNMwmU7aoTOTMDMRaumXuHGhiFs/xZ1/47TNQlsPXDiccy/33hOljCrtut/W2vrG5tZ2Yae4u7d/ULIPj5oqySQmDZywRLYjpAijgjQ01Yy0U0kQjxhpRaO7md96JFLRRDzocUoCjgaCxhQjbaTQLtV7/s2l71S6Fzz0en5ol13HnQOuEi8nZZCjFtpf3X6CM06Exgwp1fHcVAcTJDXFjEyL3UyRFOERGpCOoQJxooLJ/PApPDNKH8aJNCU0nKu/JyaIKzXmkenkSA/VsjcT//M6mY6vgwkVaaaJwItFccagTuAsBdinkmDNxoYgLKm5FeIhkghrk1XRhOAtv7xKmr7juY5Xr5Srt3kcBXACTsE58MAVqIJ7UAMNgEEGnsEreLOerBfr3fpYtK5Z+cwx+APr8wfGpJE1</latexit><latexit sha1_base64="EZQX5egnwCre74tRNPuTCtHnVPg=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwoSEJBd0IRTcuW7APaNMwmU7aoTOTMDMRaumXuHGhiFs/xZ1/47TNQlsPXDiccy/33hOljCrtut/W2vrG5tZ2Yae4u7d/ULIPj5oqySQmDZywRLYjpAijgjQ01Yy0U0kQjxhpRaO7md96JFLRRDzocUoCjgaCxhQjbaTQLtV7/s2l71S6Fzz0en5ol13HnQOuEi8nZZCjFtpf3X6CM06Exgwp1fHcVAcTJDXFjEyL3UyRFOERGpCOoQJxooLJ/PApPDNKH8aJNCU0nKu/JyaIKzXmkenkSA/VsjcT//M6mY6vgwkVaaaJwItFccagTuAsBdinkmDNxoYgLKm5FeIhkghrk1XRhOAtv7xKmr7juY5Xr5Srt3kcBXACTsE58MAVqIJ7UAMNgEEGnsEreLOerBfr3fpYtK5Z+cwx+APr8wfGpJE1</latexit><latexit sha1_base64="EZQX5egnwCre74tRNPuTCtHnVPg=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwoSEJBd0IRTcuW7APaNMwmU7aoTOTMDMRaumXuHGhiFs/xZ1/47TNQlsPXDiccy/33hOljCrtut/W2vrG5tZ2Yae4u7d/ULIPj5oqySQmDZywRLYjpAijgjQ01Yy0U0kQjxhpRaO7md96JFLRRDzocUoCjgaCxhQjbaTQLtV7/s2l71S6Fzz0en5ol13HnQOuEi8nZZCjFtpf3X6CM06Exgwp1fHcVAcTJDXFjEyL3UyRFOERGpCOoQJxooLJ/PApPDNKH8aJNCU0nKu/JyaIKzXmkenkSA/VsjcT//M6mY6vgwkVaaaJwItFccagTuAsBdinkmDNxoYgLKm5FeIhkghrk1XRhOAtv7xKmr7juY5Xr5Srt3kcBXACTsE58MAVqIJ7UAMNgEEGnsEreLOerBfr3fpYtK5Z+cwx+APr8wfGpJE1</latexit><latexit sha1_base64="EZQX5egnwCre74tRNPuTCtHnVPg=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwoSEJBd0IRTcuW7APaNMwmU7aoTOTMDMRaumXuHGhiFs/xZ1/47TNQlsPXDiccy/33hOljCrtut/W2vrG5tZ2Yae4u7d/ULIPj5oqySQmDZywRLYjpAijgjQ01Yy0U0kQjxhpRaO7md96JFLRRDzocUoCjgaCxhQjbaTQLtV7/s2l71S6Fzz0en5ol13HnQOuEi8nZZCjFtpf3X6CM06Exgwp1fHcVAcTJDXFjEyL3UyRFOERGpCOoQJxooLJ/PApPDNKH8aJNCU0nKu/JyaIKzXmkenkSA/VsjcT//M6mY6vgwkVaaaJwItFccagTuAsBdinkmDNxoYgLKm5FeIhkghrk1XRhOAtv7xKmr7juY5Xr5Srt3kcBXACTsE58MAVqIJ7UAMNgEEGnsEreLOerBfr3fpYtK5Z+cwx+APr8wfGpJE1</latexit>

Q2 = 2.4m2
1
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outlook: D → ρ( → ππ)ℓν
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Figure 1: Numerical results for the ratios defined in Eq. (5), for source-sink separations

t/a = 20 (charm) and t/a = 16 (bottom).

factor

q
Z

(qq)
V Z

(QQ)
V accounts for the bulk of the renormalization of J�(y). The remaining

correction factors ⇢� are equal to 1 at tree-level, and must be computed using lattice per-

turbation theory. Experience shows that the loop corrections to ⇢� are very small (typically

less than 5 percent for b ! q and less than 1 percent for c ! q), and we will set ⇢� = 1 until

the lattice perturbation theory calculation becomes available.

For Z
(qq)
V , we can use the value determined previously by the LHP collaboration using

nucleon three-point functions (based on the renormalization condition F1(0) = 1),

Z
(qq)
V = 0.79700(24). (4)

This value can be used for both light and strange quarks.

To determine Z
(QQ)
V , I computed Ds and Bs meson two-point and three-point functions

with V
(QQ)
0 = Q̄�0Q and formed the ratios
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(here, Hs denotes a Ds or Bs interpolating field). Plots of the ratios are shown in the Fig. 1,

and the resulting values for Z
(QQ)
V obtained from constant fits are

Z
(cc)
V = 1.30680(94), (6)

Z
(bb)
V = 9.500(25). (7)

The term with coe�cient d
(Q)
1 in Eq. (3) eliminates O(a) heavy-quark discretization errors

at tree level. In that term, the �
i
are Euclidean gamma matrices, and
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ri is the symmetric
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summary
❖  tetraquark

❖  scattering and the 

❖  scattering and the  
and 

❖  scattering and the 

❖ transitions , toys

❖ heavy meson transitions

❖ chiral, continuum 
extrapolations

bbūd̄

ππ ρ(770)

Kπ K⋆
0 (700)

K⋆(892)

Nπ Δ(1232)

πγ → ππ
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