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We study the presence of new scalar and tensor interactions beyond the Standard Model at the
TeV scale via high-precision calculations of low-energy observables with lattice gauge theory. We
compute matrix elements of isovector bilinear operators between nucleon states to high precision
using valence clover fermions on dynamical N f = 2 + 1 + 1 HISQ configurations generated by the
MILC Collaboration. These ensembles are available at multiple lattice spacings and sea-quark
masses yielding pion masses as light as 140 MeV, allowing us to remove the large systematic
uncertainties associated with the chiral and continuum extrapolations. In this presentation, we
will show results from 2 lattice spacings, 0.12 and 0.09 fm with pion masses less than 310 MeV.
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Precision measurements of nucleons provide constraints on the Standard Model (SM) and can
discern the signatures predicted for particles beyond the Standard Model (BSM). Knowing the
Standard Model inputs to nucleon matrix elements will be necessary to constrain the couplings of
dark matter candidates such as the neutralino, to relate the neutron electric dipole moment to the
CP-violating theta parameter, or to search for new TeV-scale particles though non-V−A interactions in neutron beta decay. At high energy, the LHC has been built to discover the mechanism for
electroweak symmetry breaking and to probe certain potential new BSM particles which appear
at the TeV scale, such as some candidates for dark matter. Such high-energy colliders in general
are well suited to production of high-mass particles directly at their resonances and for probing
processes with cross-sections that scale with energy. However, there are many low-energy precision experiments that also have the ability to probe BSM physics. These generally fall into two
classes: experiments that can very precisely measure physics that is precisely predicted by the SM,
such as muon g − 2, the proton weak charge, and flavor-changing processes involving the CKM
matrix. Another class of experiments can look for tiny signals in places that the SM says should
be either undetectably small or exactly zero, such as the neutron electric dipole moment, or nonV−A contributions to neutron beta decay. These low-energy experiments, which usually involve
detections through interactions with nuclear matter, will require understanding of the low-energy
nonperturbative properties of QCD. Using lattice gauge theory, we can nonperturbatively calculate
the QCD path integral on a supercomputer; with increasing computational resources and improved
algorithm, we are now entering a new era for precision calculation. In this proceeding, I will
discuss a few representative areas in which lattice QCD (LQCD) can contribute to the search for
BSM physics, emphasizing suppressed operators in neutron decay, and outline prospects for future
development.
There are many opportunities for LQCD to provide important inputs to probe BSM physics
with nucleons. For example, the strange contributions to the proton’s scalar and spin densities are
important inputs for spin-independent and -dependent cross-sections. Recent evidence suggests
that the composition of dark matter must be cold, with velocities that are non-relativistic, giving it
a Compton wavelength above the width of a proton. One promising candidate for dark matter is
the supersymmetric particle called the neutralino. If dark matter is neutralinos, they will interact
with nuclei at low energy through the Higgs particle. Many groups have developed techniques to
investigate σs = ms ⟨N∣s̄s∣N⟩; a recent global fit to current dynamical lattice data (weighted by lattice
spacing, lightest mπ , dynamical strange and other quality factors, shown on the left-hand side of
Fig. 1 in Ref. [1]) gives σsLQCD = 47(8) MeV. The value can be input into theoretical calculations
of cross-section constraints from various models; an example of the application to the CMSSM can
be found in Ref. [2].
The neutron electric dipole moment also plays an important role in constraining many BSM
theories. Although experiments do not have the necessary precision to measure the SM value
(10−30 e ⋅ cm), many BSM models predict values that are higher than the experimental upper
bounds, so these models have been ruled out. This includes some parts of the parameter space
for certain SUSY models. LQCD calculations can study such a dipole moment by adding a CPodd θ -term to the Lagrangian and studying the electromagnetic form factor F3 , by looking at the
energy difference for two different spin states of the nucleon at zero momentum under an external
static, uniform electric field, or by examining the product of the anomalous magnetic moment of
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where GF is the Fermi constant, JV −A indicates the left-handed current of the indicated particle,
and the sum includes operators with novel chiral structure. So in the context of our theory, new
operators will enter with the coefficients ε that are related to the TeV scale of the particles. The
leptonic part is understandable using analytic techniques, but the quark operator in the context of
the nucleon will introduce some unknown coupling constants, gT = ⟨n∣uσµν d∣p⟩, gS = ⟨n∣ud∣p⟩,
which are nonperturbative functions of the nucleon structure, described in the SM by QCD. Any
deviation from the SM V−A current coming from the new scalar and tensor interactions in the
effective theory will require knowledge of the couplings gS and gT to understand. For more details
about experimental and theoretical work on this subject, we refer readers to the proceedings of this
conference, Refs. [4, 5] and an upcoming paper [3], and references within.
To make a precision calculation of these low-energy coupling constants, we need ensembles
with multiple lattice spacings whose lightest pion masses are below 200 MeV, have Mπ L ≤ 4, and
we must collect high statistics with currently available computational resources. The MILC ensembles with N f = 2+1+1 highly improved staggered quarks (HISQ) [6] contain lattice spacings ranging from 0.15 to 0.045 fm and with multiple physical-mass ensembles mu,d /ms = 1/27 [7, 8, 9, 10],
which would help to remove the uncertainties due to chiral extrapolation. We chose to use HISQ sea
ensembles and clover fermion action in the valence sector to work on these nucleon quantities. We
HYP-smeared the gauge fields and the quark sources are Gaussian-smeared. “Coherent” sources
are used to calculate the three-point functions, after checking for consistency with the traditional
approach. The source-sink separation is around 1.2 fm; further investigations on the effects of the
excited-state containmination systematics regarding to the source-sink separation are on the way.
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neutron F2 (q2 = 0) and tan(2α) (by QCDSF) in a CP-violating system. The collected dynamical
lattice-QCD results on dn are shown on the right-hand side of Fig. 1 in Ref. [1], and the combined extrapolation to the physical pion mass gives dnLQCD = −0.015(5)θ e ⋅ fm. More updated and
precise calculations from various groups are currently in progress.
A third example of probing BSM with nucleons (and the main focus for the remainder of this
proceeding) is to look for signatures of contributions due to new scalar or tensor interactions in
neutron beta decay [3]. The notion is quite similar to how Fermi theory led to the discovery of the
electroweak interaction and its bosons. Beta decay was originally explained by Fermi by adding
a new term to the fundamental Lagrangian describing 4-fermion interactions. Such a theory introduces a coupling, the Fermi constant, that has units of inverse-energy squared with an energy scale
around 100 GeV. As it turns out, the Fermi theory is a low-energy effective theory approximating
the electroweak theory, which has 3 vector bosons, the W ’s and Z. The theory was later probed in
high-energy proton-antiproton experiments at CERN, and the new particles were found with resonances around the scale predicted by this interpretation of the Fermi theory. We can imagine that
new particles beyond the Standard Model can be predicted in just such a way: by first detecting the
low-energy effective operators and later directly probing them in a high-energy experiment.
The neutron beta-decay Hamiltonian contains the original V−A current for the leptons and the
quarks, and in addition it will contain terms corresponding to the new BSM physics:
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Figure 1: Summary of the lattice N f = 2 + 1 results on gA and gT as functions of m2π . Our preliminary
results using HISQ lattices are shown in the purple downward pentagons.

The charges are tree-level tadpole renormalized for the moment, and a nonperturbative renormalization (NPR) procedure is on the way. In this proceeding, we present results from 3 ensembles:
0.12 fm with 310- and 220-MeV pions and 0.09 fm with 310-MeV pions.
Figure 1 shows a world summary of gA and gT from previous N f = 2 + 1 lattice calculations, along with ours (downward purple pentagons). Our charges from the 0.12 fm ensembles
are consistent with the results from RBC/UKQCD (who have used NPR) and LHPC (who use
“scaled” nonperturbative ZA and perturbative renormalization for other operators) whose ensembles has around the same lattice spacing. For the rest of the proceeding, we will focus on the gS,T
and their application to neutron beta decay.
The tensor charge (gT ) is also known as the zeroth moment of transversity; one can study it
experimentally through processes such as SIDIS (semi-inclusive deep inelastic scattering), probing
the nucleon structure. Here is an example of results obtained from HERMES and COMPASS.
Experimentally, one can extract the contribution from individual quarks as a function of the quark
momentum fraction x, at certain Q2 ; in this case Q2 = 2.4 GeV2 . To obtain gT , one needs to
integrate over all possible x, that is, from 0 to 1, through an interpolation of the few available x at
each Q2 . After combining a few experiments, the best experimental estimate (using model inputs)
for this quantity is obtained at Q2 = 0.8 GeV2 (instead of Q2 = 0 as in the correct definition of gT ):
0.77+0.18
−0.24 with combined uncertainty around 25% [11, 12, 13, 14]. Furthermore, the experimental
value is not a gold-plated quantity like the nucleon axial charge. It requires data over a wide range
of x, and the low-x (and high-x) values are not well known, although this could be improved in
the future experiments. There are also theoretical models that attempt to make estimates of the
tensor charge, such as Nambu–Jona-Lasinio model [15] and the chiral quark soliton model [16];
unfortunately, they are not consistent with each other. And using QCD sum rules, still yields a
large uncertainty [17]. The other important ingredient for the new interactions is the scalar charge
gS .There are no experimental measurements of this quantity, and the theoretical estimations (from
different model approximations) give rather loose bounds to the quantity: 0.25 ≤ gS ≤ 1.
Lattice calculation of gT and gS is rather straightforward. The tensor charge has been studied
a few times in the past using N f = 2 + 1 dynamical ensembles in lattice QCD, as summarized in
the left-hand side of Fig. 2. We take the 2+1-flavor results by the RBC [18] and LHPC [19], and re4
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Figure 2: Global analysis of all N f = 2+1 lattice calculations of gT (left) and gS (right). The leftmost points
are the extrapolated values at the physical pion mass. The two bands show different extrapolations in the
pion mass: with and without the lighter PNDME collaboration points from this work; the final uncertainty
due to the chiral extrapolation is significantly improved.

cently by PNDME (this work), and make a global plot as a function of pion mass squared. gS , on the
other hand, has not been much studied; we collect new calculations, shown on the right-hand side
of Fig. 2 using various N f = 2 + 1 lattice actions. All of these results, by different collaborations,
using different fermions actions, (but at the same lattice spacing) are generally in good agreement,
although the errorbars shown here contain only statistical error. We further globally analyze all the
available lattice data (with a pion mass cut at 550 MeV), including (excluding) the lightest available from PNDME, around 220 MeV, shown as the purple (orange) band in Fig. 2, using the chiral
formulation given in Ref. [20] and linear ansatz for tensor and scalar charges respectively extrapolation to the physical pion mass. We see that the PNDME points greatly constrain the uncertainty
due to chiral extrapolation in both cases and obtain gLQCD
= 0.95(5) and gLQCD
= 0.69(9).
T
S
Finally, we can combine the low-energy tensor and scalar charges with experimental data to
determine the allowed region of the parameter space for scalar and tensor BSM couplings (denoted
ε). We can combine the current knowledge of gS,T and the existing experimental data for the nuclear
beta decay 0+ → 0+ transition and others, such as β symmetry in Gamow-Teller 60 Co, longitudinal
polarization ratio between Fermi and Gamow-Teller transitions in 114 In, positron polarization in
polarized 107 In and beta-neutrino correlation parameters in nuclear transitions. Using the gS,T
from the model estimations and combining with the existing nuclear experimental data, we get
the constraints shown the outermost band on the right-hand side of Fig. 3. There is an ongoing
ultra-cold neutron (UCN) experiment studying neutron beta decay at LANL to look for deviations
from the SM in the Fierz term and the neutrino asymmetry parameter to the level of 10−3 by 2013.
Combining those expected data and existing measurements, and again, using the model inputs of
gS,T , we see the uncertainties in εS,T are significantly improved. This shows the importance of
the precision experimental inputs. Finally, using our present lattice-QCD values of the scalar and
tensor charges, combined with the expected 2013 precision of experimental bounds on deviation of
these neutron-decay parameters from their SM values, we found the constraints on εS,T are further
improved, shown as the innermost region. These upper bounds on the effective couplings εS,T
correspond to lower bounds for the scales ΛS,T at 2.9 and 5.6 TeV, respectively, for new physics in
these channels.
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Figure 3: (left) εS,T using currently available lattice calculations on gS,T with anticipated bBSM and BBSM −
bBSM within 10−3 expected from UCNB/b at LANSCE by 2013. (right) εS -εT allowed parameter region
using different experimental and theoretical inputs. The green and purple dashed lines are the constraints
from LHC current bounds and near-term expectation.

How do the constraints from high-energy experiments compare? As demonstrated in Ref. [3],
neither CDF nor D0 are sufficient to provide useful constraints. We can estimate the εS,T constraints
from LHC current bounds and near-term expectations through effective Lagrangian
L =−

ηS
ηT
Vud (ud)(ePL νe ) − 2 Vud (uσu,d d)(eσu,d PL νe )
2
ΛS
ΛT

(2)

where ηS,T = ±1.By looking at events with high transverse mass from CMS/ATLAS in the eν + X
channel and comparing with the SM W background, we estimated 90%-C.L. constraints on ηS,T
√
based on the current LHC run, s = 7 TeV L = 1 fb−1 (the green line) and for a near-future run
√
s = 7 TeV L = 10 fb−1 (the purple dashed line) on the right-hand side of Fig. 3. More details
can be found in Ref. [3].
If experiments can measure these BSM signals to be nonzero, combining with our precision
gS,T calculations, we will be able to set a range of possible masses for potential new particles that
may be probed directly by high-energy colliders, such as the LHC. If experiment cannot rule out
the SM, then we will provide lower bounds for the scale of new physics in these channels, which
will help to rule out certain classes of BSM models. As experimental precision on these quantities
improve, it is important that the precision of these neglected lattice matrix elements do not become an obstacle to probing the precision frontier for new physics. We will accomplish this in the
future by improving our calculation with physical pion masses, nonperturbative renormalization,
improved statistics and continuum extrapolation.
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