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The role of the strange quarks on the low-energy interactions of the proton can be probed through
the strange electromagnetic form factors. Knowledge of these form factors provides essential input
for parity-violating processes and contributes to the understanding of the sea quark dynamics. We
determine the strange electromagnetic form factors of the nucleon within the lattice formulation of
Quantum Chromodynamics using simulations that include light, strange and charm quarks in the
sea all tuned to their physical mass values. We employ state-of-the-art techniques to accurately
extract the form factors for values of the momentum transfer square up to 0.8 GeV2. We find that
both the electric and magnetic form factors are statistically non-zero. We obtain for the strange
magnetic moment µ

s = −0.017(4), the strange magnetic radius 〈r2M 〉s = −0.015(9) fm2, and the
strange charge radius 〈r2E〉

s = −0.0048(6) fm2.

Introduction: Strange quarks are the lightest non-
valance quarks in the nucleon and thus the most likely
constituents to contribute to sea-quark dynamics. The
study of strange-quark contributions to nucleon struc-
ture observables allows to uniquely identify sea-quark
effects and understand virtual particle dynamics in the
non-perturbative regime of Quantum Chromodynamics
(QCD). A possible difference in the spatial distribution
of strange and anti-strange quarks reflected by a non-zero
strange electric form factor Gs

E(Q2), and a finite strange
magnetic moment µs ≡ Gs

M (Q2=0) are key quantities
describing the non-trivial composite structure of the nu-
cleon. Parity violating electron-proton elastic scattering
events probing the interference of photons and Z-bosons
exchanges enable the measurement of the strange form
factors and weak charge of the proton. An accurate
determination of the neutral-weak vector form factor in
combination with the electromagnetic form factors of the
nucleon are needed in order to put constraints on new
physics beyond the standard model (SM).

A number of major experiments have been measuring
the parity violating form factors of the proton seeking to
detect beyond the SM physics. The experimental pro-
gram to study the strangeness in the proton has a long

history beginning with the SAMPLE experiment [1, 2]
and continuing with the series of A4 experiments at the
Mainz Microtron accelerator facility (MAMI) [3–5] and
the HAPPEX [6–9] and G0 experiments [10, 11] at JLab.
However to date, the experimental results, although in-
dicating non-zero values, carry large errors that make
them inconclusive. This is confirmed by a recent global
analysis of parity-violating elastic scattering data [12],
where although a negative magnetic strange form factor
is indicated, the large error still makes it consistent with
zero. A review of the experimental program and results
can be found in Ref. [13]. In addition, a number of phe-
nomenological studies have been devoted to the study of
the strangeness in the proton [14–20].

Given the current status of the experimental results,
where there is no agreement even on the sign of the
strange electromagnetic form factors, a first principle
calculation of these key quantities is crucial. Lattice
QCD provides a rigorous framework to compute non-
perturbatively these quantities. However, it is only re-
cently that efficient algorithms enable us to simulate the
theory with physical values of the light quark masses and
to evaluate disconnected quark loops to sufficient accu-
racy [21–24]. In this work, we use simulations generated
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with physical values of the light quark masses to evaluate
accurately the strange quark loops and extract the elec-
tromagnetic strange form factors directly at the physical
point.
Lattice methodology: The final results of this work are

based on the analysis of an ensemble simulated with two
mass degenerate light quarks, a strange and a charm
quark (Nf = 2+1+1) with masses tuned to their physical
values [25]. We use the twisted mass formulation [26–28]
including a clover term [29] for the simulations. The lat-
tice volume is 643×128, mπL = 3.62, where L is the spa-
tial lattice length and the pion mass mπ = 0.1393(7) MeV
and the lattice spacing a = 0.0801(4) fm determined from
the nucleon mass [30]. We will refer to this ensemble as
the cB211.072.64 ensemble. We use Osterwalder-Seiler
strange and charm quarks with mass tuned to reproduce
the Ω− baryon mass and the mass of Λc respectively.

The nucleon matrix element of the electromagnetic op-
erator decomposes into two CP-even form factors given
by

〈N(p′, s′)|jfµ |N(p, s)〉 ∝ ūN (p′, s′)Λf
µ(q2)uN (p, s) (1)

with

Λf
µ(q2) = γµF

f
1 (q2) +

iσµνq
ν

2mN

F f
2 (q2), (2)

where F f
1 (q2), F f

2 (q2) are the Dirac and Pauli form fac-
tors with the upper index “f” indicating quark flavors.
N(p, s) is the nucleon state with initial (final) momentum
p(p′) and spin s(s′), with energy EN (~p) (EN (~p ′)) and
mass mN . The momentum transfer squared is q2 = qµq

µ

where qµ = (p′µ−pµ) and uN is the nucleon spinor. Since
we are interested in the strange quark contributions we
take jsµ = ess̄(x)γµs(x), where es = −1/3. The elec-
tric and magnetic Sachs form factors can be expressed as
linear combinations of the Dirac and Pauli form factors
given in Euclidean space via the relations,

Gs
E(Q2) = F s

1 (Q2) −
Q2

4m2
N

F s
2 (Q2) (3)

Gs
M (Q2) = F s

1 (Q2) + F s
2 (Q2) (4)

where Q2 = −q2. In order to extract the electric and
magnetic strange form factors Gs

E and Gs
M in lattice

QCD we need the evaluation of two- and three-point cor-
relation functions, given by

C(Γ0, ~p; ts) =
∑

~xs

Tr
[

Γ0〈JN (ts, ~xs)J̄N (0,~0)〉
]

e−i~xs·~p

(5)

Cs
µ(Γν , ~q, ~p

′; ts, tins) =
∑

~xs,~xins

e+i~xins·~q−i~xs·~p
′

×

Tr
[

Γν〈JN (ts, ~xs)j
s
µ(tins, ~xins)J̄N (0,~0)〉

]

, (6)

where x0 = (0,~0) is the position at which the nu-
cleon is created (source), xs the lattice point at which
the nucleon is annihilated (sink) and xins denotes the
lattice site at which the current couples to a quark.
We use projectors Γν taking for the unpolarized Γ0 =
1

2
(1 + γ0) and for the polarized Γk = Γ0iγ5γk. JN (x) =

ǫabcua(x)[ubT (x) Cγ5 dc(x)] is the standard interpolating
field of the nucleon where u, d are the up/down quark
fields and C is the charge conjugation matrix. We use
Gaussian smearing [31, 32] for the quark interpolating
fields with APE-smeared [33] gauge links in the hopping
operator in order to increase the overlap with the ground
state. The parameters are optimized to yield a nucleon
mean square radius of about 0.5 fm which ensures an
early plateau in the two-point nucleon correlator [30].

The electromagnetic strange current js necessarily cou-
ples to a vacuum strange quark. The contribution of the
strange quark loop is given by

∑

~xins

e+i~q·~xinsTr[γµ G(xins;xins)]. (7)

To evaluate Eq.(7) we need to compute the sum over the
diagonal spatial components of the strange quark propa-
gator G(x; y) that would require 12 × L3 inversions cur-
rently not feasible. Therefore, stochastic approaches [34]
combined with dilution methods [35] are employed to
compute such quark loops [36]. We perform a full di-
lution in spin and color [37] to avoid any stochastic con-
tamination in that subspace. The elements of the propa-
gator decay exponentially with the distance |x− y| thus
dilution in space-time up to a specific distance reduces
stochastic contamination entering from off-diagonal ele-
ments. This is implemented by employing the hierarchi-
cal probing technique [38] using a four dimensional col-
oring of distance-23 resulting in NHad = 512 Hadamard
vectors. The coloring ensures an exact cancellation of up
to 4 closest neighbors to the diagonal. We also exploit
properties of the twisted mass fermions in the so-called
one-end trick [39, 40], which provides an increased noise-
to-signal ratio [41, 42]. We compute the quark loops for
every time-slice tins and construct the disconnected three-
point function at every value of ts and tins by correlating
it with 200 nucleon two-point functions using randomly
distributed source positions per gauge configuration. We
use 750 configurations, averaging over proton and neu-
tron and forward and backward propagators to reach in
total 600,000 measurements. We utilize the multi-grid al-
gorithm implemented on GPUs through the QUDA soft-
ware [43–45] to accelerate the calculation of the quark
propagators.

The nucleon matrix element is extracted from an opti-
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