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1. Introduction

The sigma terms encode the quark contributions to the mass of a baryon. They are defined as
the matrix element of a scalar current J times the quark mass such that

σqB = mq 〈B|J |B〉 , (1)

where J = q̄ 1 q and the quark flavour q ∈ {u, d, s}. In order to compare with phenomenological
determinations, the pion-baryon sigma terms are usually constructed, σπB = σuB + σdB. In the
matrix element, B refers to the ground state of a baryon B. Of particular interest are the nucleon
sigma terms (B = N) which appear in the expressions for WIMP-nucleon scattering cross-sections
and are relevant for comparing model predictions to the exclusion bounds obtained from direct
detection dark matter experiments (such as the XENON1T experiment).

In the analysis, we make use of and adjust methods established for the nucleon (see ref. [1]
for a review). We determine the sigma terms of the baryon octet, i.e. of the lambda Λ, sigma Σ
and cascade Ξ baryons. This enables us to investigate SU(3) flavour symmetry breaking and to
determine the SU(3) low energy constants (LECs), that are currently not well known. There have
been relatively few determinations so far, see, for example, refs. [2] and [3], with most previous
studies focusing on the nucleon sigma terms (see ref. [4] for a review).

In addition, discrepancies between results for the pion-nucleon sigma term from Lattice QCD
and phenomenology are still to be resolved (see [4], and e.g., [5–7]). In a recent paper, results more
consistent with phenomenology were obtained by explicitly including Nπ and Nππ excited states
in the analysis [8, 9]. By considering baryons other than the nucleon, we aim to understand excited
state contributions and other issues in more detail so as to help solve this puzzle.

2. Excited state analysis

In order to be able to extract the ground-state matrix element, we need to take care of the
excited state contamination. Two possible approaches are the ratio method and the summation
method (reviewed in [1, 10]) that are both based on spectral decompositions. We consider the
two- and three-point functions of a baryon (from the octet) at rest in the initial and final state. The
spectral decomposition of the two-point function reads

C2pt(tf) =
∑
®x

〈
Osnk(®x, tf)Ōsrc(®0,0)

〉
=

∑
n

|Zn |
2e−En tf , (2)

where Zn ∝ 〈Ω|Osnk |n〉 is the overlap of the interpolator Osnk onto the state n (and Ω the vacuum
state) and tf the source-sink separation. Summation over spin and colour indices and projection
onto positive parity are implied. These indices become apparent when writing down the operators
explicitly. The interpolators for the four octet baryons are set to

O
α,N
snk = ε

abcuαa
(
uβ
b
(Cγ5)

βγdγc
)

and O
α,Λ
snk = ε

abcsαa
(
uβ
b
(Cγ5)

βγdγc
)
,

O
α,Σ
snk = ε

abcuαa
(
uβ
b
(Cγ5)

βγsγc
)

and O
α,Ξ
snk = ε

abcsαa
(
sβ
b
(Cγ5)

βγuγc
)
. (3)
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a, b, c are colour indices, α, β, γ are spin indices and Oαsrc = O
α
snk and Ōsrc = O

†
srcγ4. C stands for the

charge conjugation operator. Note that for the Λ we use a naive interpolator that also has overlap
with the (heavier) Σ0. Turning to the three-point function, its spectral decomposition reads

C3pt(tf, t) =
∑
®x,®y

〈
Osnk(®x, tf)J(®y, t)Ōsrc(®0,0)

〉
−

∑
®x,®y

〈J(®y, t)〉
〈
Osnk(®x, tf)Ōsrc(®0,0)

〉
=

∑
n,n′

Zn′Z∗n〈n
′ |J |n〉e−En te−En′ (tf−t), (4)

where t is the insertion time of the scalar current, J = q̄ 1 q. As J has the same quantum numbers
as the vacuum, the vacuum expectation value needs to be subtracted, see the second term in the first
line of eq. (4). Note that depending on the type of baryon and current, different Wick contractions
(e.g. different currents) contribute that result in connected and disconnected quark-line diagrams.
Ratio method:
Taking the ratio of the two spectral decompositions and truncating after the first excited state
contribution leads to

R(tf, t) =
C3pt(tf, t)
C2pt(tf)

= g
q
S
+ c01e−∆ · t + c10e−∆ · (tf−t) + c11e−∆ · tf + ... (5)

where gq
S
= 〈B|q̄ 1 q |B〉 is the ground-state matrix element of interest. ∆ = E1 − E0 is the energy

gap between the ground and first excited state. The coefficients c01, c10, c11 are made up of matrix
elements for different transitions, B0 → B1, B1 → B0 , and B1 → B1, respectively. Here, B0 refers
to the ground state of the baryon while B1 denotes the first excited state (single- or multi-particle
state). As the baryon is at rest, c01 = c10 ≡ c0↔1. Note that we labelled c0↔1 as c1 in [11].
Summation method:
Summing over the ratio (5) for a range of insertion times leads to

tf/a−c∑
t/a=c

R(tf, t) = g
q
S
(tf/a − 2c + 1) +

2c0↔1

1 − ea∆
(
e∆(c−tf ) − e∆(a−c)

)
+ c11(tf/a − 2c + 1)e−∆ · tf + ...

(6)

where a refers to the lattice spacing and c > 0 to preserve reflection positivity (we set c = 2). An
advantage of this method is that, in principle, the slope, d

d(tf/a)
∑tf/a−c

t/a=c
R(tf, t) = g

q
S
+ O(tf/a · e−∆ · tf ) ,

approaches the asymptotic value faster compared to the ratio method. However, a large number of
source-sink separations is required and due to the the numerical setup we use (discussed in the next
section) we can only employ this approach for the disconnected three-point functions.

3. Numerical Setup

We utilise the CLS gauge field ensembles [12], which are generated employing the Lüscher-
Weisz gluon action and the Sheikholeslami-Wohlert fermion action with Nf = 2 + 1 (ml = mu =

md ≤ ms). The pion-baryon and strange sigma terms are determined on the seven ensembles
highlighted in red (diamonds) in fig. 1. This includes five lattice spacings in the range from
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Figure 1: Overview of a subset of the CLS
ensembles which lie on a trajectory which starts
at a symmetric point (ml = ms , Mπ ∼ 410MeV)
and extends to the physical point, along which
the flavour average of the quark masses is held
constant. So far the ensembles highlighted in
red (diamonds) have been analysed.

a = 0.08528(49) fm down to a = 0.03875(22) fm. The pion masses vary from 411 MeV down to
222 MeV, see also [13] 1.

To compute the connected three-point correlation functions on the ensembles with ml =

ms and Mπ = 410 MeV, we used the standard sequential source method [15]. On the other
ensembles we employed the stochastic method described in [16, 17] (see also [18–21]). This
approach enables us to obtain measurements for all baryons of interest at multiple source and
insertion positions, simultaneously. Four different source-sink separations, corresponding to tf ≈
[0.71 fm,0.9 fm,1.03 fm,1.22 fm], are employed. Two measurements are performed for each tf on
every configuration except for the ml = ms ensembles (that we used the sequential source method
for) where ten measurements are typically performed (one, two, three and four measurements for
tf ≈ [0.71 fm,0.9 fm,1.03 fm,1.22 fm], respectively).

The disconnected three-point functions are constructed by correlating a quark loop with a
baryon two-point function. The loop is estimated stochastically on every timeslice (within the bulk)
leading to additional noise on top of the Monte-Carlo gauge sampling. In order to reduce the
noise, the truncated solver method [22], the hopping parameter expansion technique [23] and time
partitioning [24] are utilised. Between twenty and thirty measurements of the two-point functions
(at different temporal source positions) are performed on each configuration. A reasonable signal for
the disconnected three-point function is obtained for a source-sink separation of up to tf ≈ 1.22 fm.
For the analysis of the statistical errorswe employ the Γ-method [25] (that is based on autocorrelation
functions) using the pyerrors python package [26].

When constructing the sigma terms for Wilson-type fermions, one needs to take the mixing
between different quark flavours into account, which arises due to the singlet and non-singlet
combinations of the scalar current renormalising differently as a result of chiral symmetry breaking
(see , e.g., [11] for the renormalisation pattern). For the ratio of renormalisation factors, rm, we use
rm(β = 3.4) = 2.335(31), rm(β = 3.46) = 1.869(19), rm(β = 3.55) = 1.523(14), rm(β = 3.7) =
1.267(16) and rm(β = 3.85) = 1.149(18)(27)[33], determined non-perturbatively in [27].

1In [11] we investigated the quark mass dependence by performing a preliminary chiral extrapolation at a ≈ 0.064 fm
(including preliminary SU(3) LECs from [14]).
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Figure 2: The connected and (summed) disconnected ratios contributing to the unrenormalised scalar charges
of the Ξ baryon on ensemble S400 (Mπ ≈ 350 MeV) for the ūu current (left) and the s̄s current (right):
Simultaneous fits to the connected and summed disconnected ratios are indicated by the coloured shaded
regions. The resulting connected ground state scalar matrix elements are displayed as horizontal grey bands.

4. Fitting Analysis

In order to extract the ground-state matrix elements of interest while taking the excited state
contamination into account we perform multi-state fits, applying the ratio method, eq. (5) and, for
comparison, for the disconnected contribution also the summation method, eq. (6) (as noted in
sect. 2, there are not enough source-sink separations available to apply this method to the connected
contributions). For each baryon, we fit the connected and disconnected ratios for all currents
simultaneously, with the energy gap to the first excited state ∆ as the common fit parameter. As an
example, the ratios (and fits) relevant for determining the sigma terms of the Ξ baryon on the S400
ensemble (Mπ ≈ 350 MeV) are displayed in fig. 2 (see fig. 2 in [11] for an example of the ratio
method being used for both the connected and disconnected contributions). While we were able
to resolve the first excited state term, with the coefficient c0↔1, with both methods, the B1 → B1

transition term (see sect. 2) was not resolved when employing the ratio method and we set c11 = 0
in the analysis when using this method. The χ2/χ2

expected were mostly below 1.5 (and always below
two), where χ2

expected provides an estimate of the effective degrees of freedom expected taking into
account autocorrelations, see [28].

To investigate whether the excited state contributions are sufficiently controlled when extracting
the ground state matrix elements, we vary the fit range for both the connected and disconnected
contributions and for the latter also the fit method. In addition, we consider the impact on the fit
of a narrow-width prior for ∆. The fit range is varied by removing insertion times symmetrically
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Figure 3: Effect of the fit form and range variation on the energy gap ∆ = E1−E0 (top) and the disconnected
scalar charge gdis

S
for J = s̄s (bottom) for the Ξ baryon on the ensemble S400 (Mπ ≈ 350 MeV). The blue

and red-dashed horizontal lines indicate an energy gap corresponding to a Ξ(1)π(−1) and Ξ(0)π(0)π(0)
excited state, respectively. The numbers in brackets stand for the momentum as a multiple of the lowest
lattice momentum 2π/L. Each of the three panels displays results of simultaneous fits to the connnected and
disconnected contributions where the fit range is fixed for the former and varied for the latter, while across
the different panels, the fit range for the connected ratio is varied. The insertion times included are always
symmetric w.r.t. the source and sink. This leads to a minimal tf for the fits to the disconnected ratios (for
which all tf are, in principle, available). For the connected contributions only the ratio method (with c11 = 0)
is employed, while for the disconnected results both the ratio and the summation method are shown. Results
for the ratio method, using a prior (Gaussian with σ = 1%) for the energy gap corresponding to a Ξ(1)π(−1)
(non-interacting) excited state, are also displayed. The first (black) pentagon corresponds to the fit in fig. 2.

for each source-sink separation. The results for the example of S400 are displayed in fig. 3. We
find that the energy gap is mostly determined by the connected data: in the first row of fig. 3 the
error on ∆ increases as more connected data points are excluded from the fit. We also observe that
the energy gap ∆ = E1 − E0 is compatible with that for a Ξ(1)π(−1) or Ξ(0)π(0)π(0) first excited
state so that a narrow-width prior corresponding to a Ξ(1)π(−1) excited state has almost no effect
on the ground-state matrix elements (second row of fig. 3). This is also true for the other members
of the baryon octet (when comparing to the energy of a B(1)π(−1) or B(0)π(0)π(0) excited state).
However, as the pion mass decreases, with the exception of the nucleon, we find E1 to be larger
than the energies of these levels. This may be related to the fact that the spectrum (for the nucleon)
is denser at smaller pion masses [10] making it more difficult to separate the first excited state
contributions from others. However, we can enforce the first excitation to have the energy of a
non-interacting B(1)π(−1) state by using a narrow-width prior and the sigma terms are usually only
mildly affected, see fig. 4.
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Figure 4: Preliminary results for the pion-baryon and strange sigma terms as a function of the pion mass
squared obtained utilising the ratio method (with c11 = 0) for both contributions (with and without a prior
for the energy gap) and utilising the ratio method for the connected contribution and the summation method
(with c11 , 0) for the disconnected contribution. The prior width is set to 1% centered around an energy gap
compatible with a B(1)π(−1) excited state. We also compare our results to those of BMW 2012 [3].

5. Preliminary results and consistency with indirect determinations

The ground-statematrix elements of interest are extracted from the fits presented in the previous
section and combined with the corresponding quark masses and renormalisation factors (see [11]) to
form the pion-baryon and strange sigma terms for all four octet baryons. Our preliminary results are
displayed as a function of the pion mass squared in fig. 4. We see that the different fitting methods
employed lead to compatible results for the sigma terms. In addition, we compare our results
from the ratio method (extracted at finite lattice spacing) in fig. 5 to the quark mass dependence
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Figure 5: Results for the pion-baryon and strange sigma terms as a function of the pion mass squared
obtained using the ratio method (blue squares). The shaded regions show the quark mass dependence of σB

π

and σB
s determined via the Feynman-Hellmann theorem utilising a fit to the octet baryon masses evaluated

on 47 CLS ensembles [13]. Finite-volume effects are accounted for and NNLO baryon chiral perturbation
theory is used to describe the quark mass dependence.

in the continuum limit obtained from an indirect determination via the Feyman-Hellmann theorem
and a fit to the octet baryon masses, see [13]. Almost all our preliminary results (from our direct
determination) lie within the error bands of the indirect determination suggesting that, after having
taken the continuum and infinite volume limits, the results will remain consistent.

6. Conclusion and outlook

Our aim is to determine the strange and pion sigma terms for the baryon octet. In these
proceedings we reported on the progress made in controlling excited state contaminations. We find
that the ratio and summation methods give compatible results for the sigma terms. Although these
methods do not always result in a first excited state compatible with a B(1)π(−1) or B(0)π(0)π(0)
state (for octet baryons other than the nucleon), when a narrow-width prior is used for the energy
gap, consistent results for the sigma terms are, nonetheless, obtained. The next steps will include
analysing additional ensembles so as to allow for an extrapolation to the physical point and an
investigation of cut-off and finite-volume effects.
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