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The SU(2) gauge group with two fundamental flavors is a candidate for a composite Higgs extension
of the Standard Model. Central to Higgs phenomenology is a non-perturbative determination of
observables of the theory, such as the decay constant of the pseudo-Nambu-Goldstone Bosons.
We present preliminary results for the continuum limit of the pseudoscalar decay constant using a
mixed-action setup, with non-perturbatively improved stabilized Wilson Fermions on the sea, and
maximally twisted valence quarks. Pivotal to this study is the recent porting of our simulation suite
HiRep to GPU architecture.
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1. Motivation

Due to the Higgs boson’s scalar nature, radiative corrections to its mass are not renormalizable
unless one uses a fine-tuning procedure of parameters. However, the idea that the universe is indeed
a realization of the exact necessary fine-tuned parameters seems unnatural. It stands to reason that an
underlying mechanism or principle should fix the Higgs mass where we find it experimentally.

One promising proposal is the existence of an underlying strongly coupled sector of massless
quarks that replaces the weak sector. In this case, the Higgs boson arises as a composite particle in the
spectrum of this theory, depending on the concrete realization of the vacuum alignment in the strong
symmetry breaking, either as a light resonance or a pseudo-Nambu-Goldstone boson.

The number of candidates for such an additional sector is rich; one can explore different gauge
groups, flavor symmetries, representations, and embedding mechanisms into the Standard Model. We
rely on phenomenological constraints to select promising candidates and provide predictions for the
spectrum from the lattice as input for experimental physicists. While the strongly coupled dynamics
of this additional sector guarantee asymptotic freedom and the existence of the scalar singlet in the
spectrum that could act as the Higgs boson, we can constrain the parameter space by requiring the
preservation of a custodial symmetry that fixes the value of the p parameter. A theory with a SU(2)
gauge symmetry and two mass degenerate fermions in the fundamental representation given by

L= —%F;",F“’”’ +a(iy"D, - mu+d(iy*D, —m)d, (1)
with the u# and d fields acting as the additional mass-degenerate up- and down-quark analoga in the
new sector in the chiral limit is the minimal scenario expressing this property and is, therefore, a
promising candidate for a composite-Higgs theory that could replace the weak sector in the Standard
Model while preserving its features, see [1] for a review.

In this proceedings, we aim to precisely evaluate the pseudoscalar decay constant, which is
central to setting the scale for phenomenological predictions for this composite-Higgs model from
lattice calculations.

2. Simulation strategy

We aim to generate ensembles at masses that are lighter than all available studies for this the-
ory, requiring the use of state-of-the-art lattice techniques. For this, we are using HiRep, a highly
optimized codebase with recently added support for GPU acceleration [2—4], offsetting the additional
computational expense at fine lattices and Dirac inversions at low condition numbers. Apart from
increasing the computational resources available, we are employing Hasenbusch acceleration to lower
the condition number on ensembles at very light masses during ensemble generation, exponential
clover improvement to increase stability and lower discretization effects, and a mixed action approach
during measurements to achieve additional automatic O(a)-improvement, improvement of chirality
properties of the action and a reduction in statistical uncertainties for obtaining the renormalized
results.
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2.1 Hasenbusch Acceleration

We use Hasenbusch acceleration [5], with two additional levels. This acceleration relies on the
fact that we can split the fermion determinant

e’y [ DuDY exp(-1m7uP) @
for an operator M with a small condition number into more integrations
det(y') ¢ [ DYDY DIDY exp(—{11™w Prexp(-11m ™ o) 3)

yielding two separate operators M and MM ~' defined over a new bare mass and mass shift whose
inversion is better conditioned. Repeating this with more levels can reduce the Hamiltonian violations
at small masses at a fixed number of steps and, therefore, reduce total trajectory execution times.

2.2 Non-perturbative O(a)-improvement in ensemble generation

The previous study in [6] shows that using unimproved Wilson Fermions yields results that are
strongly affected by discretization effects. To reduce these effects, improving the stability of the
simulations and minimizing exceptional configurations, we are employing Wilson Fermions with a
non-perturbative exponential clover improvement, as proposed in [7], defined by the full Dirac operator

1 . . Cow 1 A
Doy = 3 > (y,,(vu +V,) - avuv,,) + (4 + mo) exp (4 +‘:10 ZO'I,VF,,,,) : @)
u

Here, cy is tuned using Schrodinger functional ensembles, matching the renormalized quark
mass and mass shift to its tree-level values [10], Fig. 1 is also published as part of the work in [8, 9].
In the scaling regime, we find a smooth curve for the value of cg,, depending on the coupling 3. This
indicates that we are in a suitable regime to extrapolate to the continuum. In this work, we examine
the three coarsest points in Fig. 1, which have autocorrelation times in the topological charge of 5 to
50 trajectories. This is the first study that examines the behavior in stability and O(a?) effects using
and exponential clover improvement for an SU(2) gauge group.

2.3 Chirally-improved measurements and renormalization

While highly performant, Wilson fermions break chiral symmetry and are therefore not ideal
for targeting simulations close to the chiral limit. To combine computational feasibility and good
chiral properties [11] originally proposed to generate ensembles with a cheap action and then perform
measurements with a chirally improved setup. For this, we add a chirally rotated, twisted mass [12—15]
term

Dexp,TM(mO’ Mo) = Dexp (mo) + i')’57'3,‘10 > )

and tune the parameters mg and po to maximal twist, i.e. tuning the PCAC mass to zero and the
pseudoscalar mass in the valence sector to the pseudoscalar mass in the sea. In addition to the
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Figure 1: Tuning of the ¢y, parameter depending on the coupling 3 to achieve the non-perturbative O(a)
improvement, see also [8, 9].

improved chiral properties, this yields automatic O(a) improvement through the symmetries of the
action. This improvement is in addition to the exponential clover improvement.

Another central advantage is the property that the pseudoscalar decay constant does not need
renormalization at maximal twist, see [16], avoiding a source of error and allowing a more precise
scale setting of the theory as previously achieved in [17]. This is because the pseudoscalar decay

constant defined as
2MR(0|P|m)

fos = Z A fps (6)
Mg

depends on the renormalized quark mass MR, which, for Wilson fermions without a twisted mass
term, is given by the PCAC mass, which needs to be renormalized multiplicatively. However, when

including the twisted mass term, the renormalized quark mass is M R_ \/ (Zampcac)? + (app)?. Asa
result the tuning to maximal twist at mpcac = 0 implies M R _ Ho- This simplifies the formula, as no
renormalization constants appear in the formula

2u0(0|P|mr)
fos="—= (7)
Mg
which only depends on the bare twisted mass g, the pseudoscalar mass Mpg and the matrix element
(O|P|m). As [17] points out, any inexact tuning can be corrected using the formula

ZamR

fos = fosq| 1+
PS a0

requiring the renormalization constant Z 4.
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Table 1: Overview of ensemble parameters

Lattice B m wo/a aMpg afps
48 x 243 2.15 -0.2645 3.028(11)  0.3390(14)  0.05051(14)
48 x 243 2.15 -0.2624 2.962(9) 0.3572(18)  0.05220(19)
48 x24% 2.2 -0.269 3.558(18)  0.2804(13)  0.04154(19)
48243 22 —02657 3.498(15)  0.3036(16)  0.04348(17)
48x 243 22 —026  3.341(14) 0.3377(16)  0.04695(21)

36 2.3 —029  5201(39) 0.2004(9)  0.02827(14)
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Figure 2: Comparison of the average plaquette of the CPU and GPU ensembles

3. Ensemble generation

Generated ensembles are available in Tbl. 1. Here, we generated one ensemble at 8 = 2.3, the
finest ensemble for which the decorrelated statistics are sufficient to this date, and two more ensembles
at 8 = 2.2 and 8 = 2.15. The results of these ensembles will be interpolated to the pseudoscalar mass
of the reference ensemble to take the mass-dependent continuum limit. A chiral extrapolation will
then rely on taking this mass to zero, which will be done in the future.

The ensembles used in [18] were not chiral enough to reach the regime where we can fit the
prediction from chiral perturbation theory. We aim to generate ensembles at lighter quark mass than
in this paper. To control the chirality of our ensembles, we use the ratio n’f—;’s, which is 1 in the limit
of infinite quark mass and goes to infinity towards the chiral limit. To reach these low quark masses
on fine lattice spacings with sufficient MpgL, we need to rely on GPU acceleration. One ensemble
presented in this work was generated on LUMI-G AMD MI250X GPUs. We found that, depending
on the concrete lattice size and parameters, a single GPU node replaces 10-14 CPU nodes on DIal.3
(DiRAC Data Intensive service at the University of Leicester) with 128 AMD EPYC 7742 cores. More
benchmarks and tests can be found in [3, 4].
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Figure 3: Interpolation to reference mass of the pseudoscalar decay constant (left) and lattice spacing (right) in
units of wy
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Figure 4: Continuum extrapolation of wy fps

4. Continuum Extrapolation

We now interpolate the values for the pseudoscalar decay constant and the lattice spacing in units
of wq for the ensembles with 8 = 2.2 and 8 = 2.15 to the pseudoscalar mass of the reference ensemble
at 8 = 2.3. We expect finite-volume effects to be negligible, since MpgL is between 6.7 and 8.4 and
for the determination of wg we are using a smearing radius of » < 0.4L.

Both the ensemble generation with the exponential clover improved action and the twisted mass
measurements feature an O (a) improvement, so, if the improvement is exact enough, we should see an
O(a?) behavior in the continuum limit. The behavior of our points resembles this behavior. However,
we need one more point with finer lattice spacing to confirm that the O(a) effects are eliminated.
Nevertheless, the result from a linear fit is only in slight tension with the actual continuum result at
wo fes = 0.1436(19) that we find for a reference mass of (woMps)? = 1.09(2).

This is because the discretization effects are very small and in the region of less than 10% for the
given lattice spacings. The study previously published in [6] using a non-perturbatively renormalized
evaluation of the pseudoscalar decay constant using unimproved Wilson fermions showed discretization
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effects in a comparable region of around 30%.

5. Conclusion and outlook

We took the continuum limit for the pseudoscalar decay constant at a fixed reference mass at
n’f—;’s ~ 1.5 using exponential clover improvement in ensemble generation and a twisted mass evaluation
of fps at maximal twist and achieved high precision with small O(a?) effects. This is the first study
showing the size of discretization effects for exponential clover improvement for SU(2).

However, we need more data towards the continuum limit to be sure that the O (a) effects are truly
eliminated, and we need many more chiral points to extrapolate to the chiral limit. GPU acceleration
is central for these simulations since configuration generation times are already high. More ensembles

closer to the chiral limit and a full scattering analysis will be completed in the future.
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