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We investigate excited state contaminations in a directegation of the nucleoo-terms. This
is an important source of systematic effects that needs woh#olled besides the light quark
mass dependence and lattice artefacts. We use maximadietivinass fermions with dynamical
light (u,d), strange and charm degrees of freedom. Employing an eifistechastic evaluation
of the disconnected contribution available for twisted snfesmions, we show that the effect of
excited states is large in particular for the stramggerms, where it can be as big @2 40%).
This leads to the unfortunate conclusion that even with acsesink separation of 1.5 fm and

a good statistical accuracy it is not clear, whether exdtete effects are under control for this
quantity.
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1. Introduction

The various evidences for the existence of dark matter hexvéol the development of exper-
iments dedicated to detect dark matter directly. The dietectlies on the measurements of the
recoil of atoms hit by a dark matter candidate. One popubsscbf dark matter models involve an
interaction between a WIMP and a Nucleon mediated by a Higgsamge. Therefore, the scalar
content of the nucleon is a fundamental ingredient in the WANucleon cross section. In this
way, the uncertainties of the scalar content translatettijranto the accuracy of the constraints on
beyond the standard model physics. Since the coupling aflihgs to quarks is proportional to
the quark masses, it is important to know how large scalarixnelements of the nucleon are, in
particular for the strange and charm quarks.

One common way to write the parameters entering the relevass section are the so-called
sigma-terms of the nucleon:

o = M(N|Gu+dd/N) and s = ms(N|SYN) , (1.1)

where m denotes the light quark mass and the strange quark mass. To quantify the scalar
strangeness content of the nucleon a paranygtées introduced,

2(N|sgN)
(N|uu+dd|N)’
which can be also related to the sigma terms of the nucleoq.iff€]).

The direct computation of the above matrix elements is knmare challenging on the lattice
for several reasons. First, it involves the computationsaiglet” or "disconnected” diagrams that
are very noisy. Second, discretisations that break chyrahsetry generally suffer from a mixing
under renormalization between the light and strange sesfoich is difficult to treat in a fully
non-perturbative way.

However, as has been shown [h [1], twisted mass fermions tfie advantages here: they
provide both an efficient variance noise reduction for disexted diagramg][2] and avoid the
chirally violating contributions that are responsible floe mixing under renormalization.

A great effort has been spent developing techniques to atiefficiently the relevant dis-
connected contribution (see for instanfe[13[]4[] 5, 6]). Adzoited state contributions to nucleon
matrix elements connected to deep inelastic scatteringivext a lot of attention during the past
years [J[B]. However, the determination of systematicotff@and in particular the excited state
contaminations of the nucleam-terms are so far quite limited and it is the main goal of tlus-c
tribution to investigate these excited state effects.

(1.2)

2. Lattice Techniques

In this study we used a single set of gauge configuration pexlby the ETM collaboration.
We used aNs = 2+ 1+ 1 ensemble with a pion mass of 390MeV, a voluvhe- 328 x 64 and a
lattice spacin@~ 0.078 fm. We refer to[[]9] for details on the gauge ensemble uséus work. In
order to compute matrix elements involving strange quasksyork within a mixed action setup
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introducing an additional doublet of degenerate twistegsmguarks of masg, in the valence
sector.

The scalar matrix elements involved in Ef.]1.1) can thendmeputed using the asymptotic
behaviour of a suitable ratio of three and two-point funasialefined as

O
Caps(ts: top)

C2pts(ts)

whereQy refers to the operator in which we are interested in, nar@eky uu+ dd andOg=ss In

eq. (2.1 xs refers to the source-sink separation &pdo the source-operator separation. In addition,
A represents the mass gap between the nucleon and its firetcestate. From e[ (2.1) it is clear
that large times,, andts are needed to suppress the so-called excited state caintin&uHowever,
due to the exponential decrease of the signal-over-notgeatlarge times, it is numerically very
expensive to obtain a good signal for increasinor top.

The nucleon states themselves are created using smeaggablating fields, which have al-
ready been optimized themselves to suppress excited statenginations in the two point func-
tion. Using the same gauge field ensemble and interpolataigsfiit was shown in[]8] that the
axial coupling of the nucleorga, can be safely extracted with= 12a ~ 0.9 fm.

Instead of using the time dependencéri), of eq. (2.1) and looking for a plateau behaviour,
another way to extract the desired matrix element is to denshe so-called summed ratio method.
Integrating Eq.[(2]1) over the time of insertion of the operave are left we the following asymp-
totic behaviour:

Ro, (ts; top) = = (N|OgIN) 2@ + &/(e780) 4 6 (&) | (2.1)

ts
Poy(ts) = 3 Roy(ts,top) = A+ (N|Og|N)P2%ts 4 6/(e72%) . (2.2)
tOp:O
For the precise expression of the operatOgs their multiplicative renormalization and our
computational techniques we refer the readefJto [1]. Asqmiesi in [B] part of the computation
has been done making intensive use of a modified version @tHeA library [L4,[1]].

3. Excited state contaminations: o-terms

We first concentrate on the computation NfSgN) (P29 Note that once multiplied by the bare
strange quark mass, we obtain the straogeterm of the nucleoros defined in Eq.[(1]1). Since
(N|5gN) P8 only involves disconnected diagrams, with our techniquescan freely change the
source-sink separatidg

In the following we will refer to a small statistics sampke 800 configurations) as sample
while a large statistics sample:(3000 configurations) will be referred to as sample Note that
we checked that the number of noise vector used to estimatiitbonnected loops is large enough
to ensure that the statistical errors are dominated by gaoige.

In Fig. [l we show the ratiko, obtained at a fixed value ¢f as a function ot,,. We show
the results fots = 12a on the samplé\ and forts = 18a on the sampld3. In the graph we show
constant fits of the rati®o, as function oftop choosing a fitting intervatly, € [ts/2 — 1,ts/2+ 1]

IThe exact number of configurations used is 853 and 2921, athaglg.
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Figure 1: The ratiosRo(ts = 12a,top) andRo(ts = Figure 2: Values for the plateaux ityp of eq )
18a,top) measured with a statistics ef 800 and~ as a function ofg, for the two sets of measurements
3000 configurations as a functiontgf for fixedts. A andB. The points have been shifted vertically for

better readability for the sampk

(top € [(ts/2+ 3) — 2, (ts/2— 3) + 2] in casets is odd). Comparing samplesandB, we observe

an increase of the so fitted plateaux values-agf0%. This indicates that source-sink separations
of ~ 0.9 fm are not large enough to have negligible systematic &tfirom excited states. It is
important to note that although we have chosen a quite lavgecs-sink separation for sample
B (ts = 18a) we reached a statistics giving comparable statisticalreo the one of samplé&

(ts = 18a). In order to obtain a better understanding of the systemetiors coming from the
excited state contaminations, we analyze the strange aquautent of the nucleon using both the
ratio and and the summed ratio method.

As mentioned above, our fit interval gy for Ro, is always chosen symmetrically aroutgd?2.
Therefore, for each choice tfwe obtain different plateaux values providing in this wayadtion
F(ts). Ideally, when effects of excited states are sufficientlppsessedF (ts) reaches a plateau
value which would correspond to the true bare matrix eleniifggN) 2%, We show in Fig[]2
F (ts) as a function of the source-sink separatighor the sampleé andB. For better readability we
shifted vertically the results obtained from sampleLooking first only at samplé, it seems that
F (ts) indeed reaches a plateau valuetfor, 11 from which we would conclude that the asymptotic
value has been found. However, going to santpighich has a higher statistics, it becomes clear
thatF (ts) still increases beyontd > 11a and may only reach a plateau like behaviourtfor 16.
This finding provides a serious warning. In fact, we cannotwge that even with a larger statistics
the required value df would be larger to observe a clear plateau.

Let us now look at an analysis of the strange quark contemgussie plateau summation
method (see Eq[(3.2)). We show in Fipy. 3 the summed pldgadefined in Eq.[(2]2) as a function
of the source-sink separation for the two samples of measneA andB. For better readability
we shiftedPo, vertically in the case of the sample of measuremént8Ve recall that for largé,
the bare matrix element can be extracted from the slog®0fWe also show using black dotted
lines linear fits ofPo, choosing the fitting intervak € [t1,t2] such that we obtain a confidence level
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Figure 3: Summed ratioPo, as a function of the Figure 4: Fits of the summed ratio for a fixed value
source-sink separation for the two sampleandB. ~ of t = 20 as a function of; for the two sample#\
The results on sampl@ have been shifted vertically andB.

for better readability.

larger than 90%. The corresponding slopes a#2(@) and 060(10) respectively in the case of
samplesA andB.

In order to study the excited state contaminations we defifumetion S(t1,t,) as the slope
of a linear fit of Po, in the fitting window(ty,t;]. By construction, fot; large enoughsS should
be constant as a function tf and then will give the bare matrix elemefi|S§N) ¢ |n the
following discussion we will fixt, to t, = 20a, which appears to be large enough. We show in
Fig. 4 S(t1,t2) as a function of; for fixed t, = 20a and for the two sample& andB. While the
results obtained for samplke seem to saturate fdg = 6, the results for samplB are constant
only fort; 2 14. Thus we reach a very similar conclusion as discussededothe ratioRo, of
eq. (2.1L) that a too small source-sink separation and it statistics can be misleading and
that a true plateau has not been reached yet. Even with theshgployed high statistics to obtain
a signal at large values b, it is not clear whether the excited state contributionsnagligible.

Thus, in order to have a convincing evidence that a sourdesgiparation o, = 18a~ 1.5 fm
is sufficient, it would be necessary to analyze for an evegelasource-sink while keeping a similar
statistical accuracy as the one obtained here. We stressithaur choice of nucleon interpolating
fields we do not find a similarly large contribution of excitsethtes for other observables, for
instance the nucleon axial coupligg.

In the light quark sector we observe an effect of excitedestantamination of the same order
of magnitude in the corresponding disconnected part. Heweéere the disconnected part con-
tributes only about 10% of the bare matrix element. In ordechieck the size of excited state
contributions in the connected part, we have analyzed thexweement for two source-sink sep-
arations,ts = 12a andts = 16a. We show in Fig[ the results for the bare matrix element for
these two values of the source-sink separation. We obseariarage of the plateau value by about
~ 10%. Note that even if the effect of excited states is thudlenmthan in the strange sector, it is
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still large compared to our statistical errors.

4. Excited states contamination : yy parameter
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Figure 5. The ratioRp, (ts = 12a,top) andRg, (ts = Figure 6: Plateau value for the strangeness content
16a, top) for the light quark content of the nucleon on of the nucleon for two different source-sink separa-
samplesA andB. tion. The large source-sink separation results have

been obtained using a larger statistics in the light sec-
tor (connected and disconnected contributions) and in
the strange sector.

Finally, we have also analyzed the contribution of excitedes in the determination of the
yn parameter. This quantity can be obtained directly by coinguhe ratio of two three-point
correlators, sed]1]. As shown in F[d. 6, the-parameter obtained for a source-sink separation of
ts = 16a on the sampl® is compatible with the fit result obtained i} [1] at a sourge«separation
of 12a with the sampleA (represented by a grey band). Thus, in the ratio correspgndi the
yn-parameter a cancellation of systematic effects seemsto and the total systematic error is at
most of the order of the statistical error, namely0%.

5. Conclusion

As shown in a recent papd] [1] twisted mass fermions at mabtimist offer an efficient setup
to compute the three point correlators relevant for theagtion of the nucleon sigma-terms. In
this proceedings contribution, we have performed a deelicstidy of excited state contaminations
on a single gauge field ensemble corresponding to a pion niagpmximately=~ 390MeV. We
have shown that the strangg term is particularly sensitive to excited state contanamest that
can contribute an about 40% systematic uncertainty. Sieprioblem is not seen in other nucleon
observables, this large effect cannot originate from owiaghof the nucleon interpolating fields.
Thus, we suspect that our finding is true in general, also tleeroformulations of lattice QCD.
We therefore conclude that studies of excited state contatioins are essential to obtain reliable
results. As a consequence of our study, we are presentlyatdyto provide a lower bound of the
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systematic error in the direct determination of the stramgerm of size> 40%. In the light quark
sector, the systematic effects is of the the order di0%. We observe a cancellation of the effects
of excited state contributions in the ratio that determitiesyy-parameter which lead to a safer
determination of this quantity.

In our analysis, we have used two approaches, the standatehplmethod and the summed
ratio method. Independently of these two analysis methadsfind it to be necessary to use
approximately constant statistical errors while the setsink separation is increased to detect the
real size of the excited state contributions. Such a stydtag, of course, the drawback to increase
exponentially the number of measurements needed, butrisée us to be a mandatory step to
provide reliable values of the scalar quark content of thelean.
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