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Abstract

The estimation of the cross sections of certain dark matter interactions with nuclei requires a correct evaluation
of the couplings between the scalar or pseudoscalar Higgs boson and the nucleons. Progress has been made in two
aspects relevant to this study in the past few years. First, recent lattice calculations show that the strange-quark sigma
term o; and the strange-quark content in the nucleon are much smaller than what are expected previously. However,
in view of the conflict between lattice and experimental results for the pion-nucleon sigma term oy, the quark sigma
terms o, 4 s are still not well determined. Second, the pseudoscalar Higgs coupling with the nucleon is customarily
expressed in terms of the axial-vector couplings g4 (a = 0, 3, 8) or the quark spin components Au, Ad and As. Lattice
calculations, semi-inclusive deep inelastic scattering data, and the small AG/G obtained by RHIC, COMPASS and
HERMES all indicate a smaller As = O(-0.02 ~ —0.03), which in turn implies sizable SU(3) breaking effects in
the determination of gfi and gg. We re-evaluate the relevant nucleon matrix elements and compute the scalar and

pseudoscalar couplings of the proton and neutron.
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1. Introduction

Knowledge of scalar and pseudoscalar Higgs boson
interactions with the nucleons at low energies is an im-
portant ingredient for computing certain dark matter—
nuclei interaction cross sections. To evaluate the effec-
tive scalar and pseudoscalar couplings with the nucleons
given by

gaw = (V2GR Y (NigmgggiNy, (1)
q

8NN

(V2GR)'? Y (NIEm,GiysqINy,
q

it amounts to computing the nucleon matrix elements
of quark scalar and pseudoscalar densities, namely,
(N|mygq|N) and (N|m,giysq|N), where , and &, are the
couplings of the scalar ¢ and the pseudoscalar o with
quarks, respectively. While in the standard model {;, = 1
for all ¢’s, they may have values different from unity be-
yond the standard model.
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The coupling ggw was first studied by Shifman, Vain-
stein and Zakharov (SVZ) [1] who assumed a negligible
strange quark contribution to the nucleon mass. Con-
sequently, their scalar-nucleon coupling was dominated
by heavy quarks. Based on the pion-nucleon sigma term
available in late 80’s which implied a sizable strange
quark content in the nucleon, it was shown in [2, 3]
that the effective coupling ggmw was dominated by the
s quark rather than by heavy quarks. As a result, the
scalar-nucleon coupling was enhanced by a factor of
about 2.5 [3].

As for the pseudoscalar-nucleon coupling, it is con-
ventional to express gony in terms of the axial-vector
couplings g4 (a = 0, 3, 8) or the quark spin components
Ag with ¢ = u,d, s. A thorough discussion of generic
pseudoscalar-nucleon couplings was given in [3] based
on the relation

(N|aiysu + diysd + Siyss|NY =0, )

derived from the large-N, and chiral limits. Contrary to
the case of scalar-nucleon couplings, g,ny does receive
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significant contributions from light quarks even in the
chiral limit.

Recently, there is some progress in topics relevant
to the interactions between the scalar or pseudoscalar
Higgs boson and the nucleons. First, there have been
intensive lattice calculations of the pion-nucleon sigma
term oy, the quark sigma term o, = my(plgqlp), and
the strange quark content in the nucleons characterized
by the parameter y. Especially, the lattice calculation
of o7 is not available until recent years. The lattice re-
sults indicate that the strange quark fraction in the nu-
cleon and o are getting smaller than what we had one
or two decades ago. For example, the new lattice aver-
age of oy = (43 = 8) MeV [4] is much smaller than the
value of ~ 390 MeV in the late 80’s and ~ 130 MeV
in the early 90’s. Second, recent lattice and model cal-
culations [5, 6] hint at a size of gi about 20% smaller
than the canonical value 0.585 determined from the hy-
peron -decays supplemented by flavor SU(3) symme-
try. Since gg is extracted from the measurement of the
first moment of the proton polarized structure function
gf , a decrease in gi will lead to an increase in gg. This
in turn implies a As reduced in magnitude by a factor of
2 to 3.

Motivated by the above-mentioned developments, in
this work we would like to revisit the couplings of scalar
and pseudoscalar bosons with the nucleons to incorpo-
rate the recent progress. Moreover, we wish to inves-
tigate if it is possible to evaluate the matrix elements
(N|GG|NY and (N|giysq|N) without invoking the large-
N, chiral relation Eq. (2) as this relation is presumably
subject to 1/N, and chiral corrections.

2. Scalar Higgs Couplings to the Nucleons

Consider the effective scalar couplings with the nu-
cleons given by Eq. (1), the relevant nucleon matrix el-
ements are related to the trace of the energy-momentum
tensor © - Under the heavy quark expansion [1]

2 a, 2
madngn — —= 266 +0o| L |, 3)
3 87 mﬁ

where u is a typical hadron mass scale, the energy-
momentum tensor becomes

_ 9,
©", = myiiu + mydd + mss — Sa GG. 4)

T

Under the light quark mass expansion, the baryon
mass has the general expression

mg = mgy+ Z bymgy + Z cqmz/2 (@)
q q

+ Samnl 24 O(md)
,my In egm, m,),
q Mo q

where the coeflicients by, ¢4, d, and e, are baryon state-
dependent. To the leading order, the masses of octet
baryons can be expressed in terms of the proton matrix
elements

B, = (plaulp), Ba ={pldd|p), B ={(pl5slp).
Under SU(3) symmetry we have

B _p = _Hm=—my) s,
o 2mg —my, —mg
2(my — my)
Bi-B, = =T 564 6
¢ 2ms —my —my ()
atu =2 GeV.

To determine the parameters B,, B; and B; we need
additional information. To proceed, we define two
quantities:

2By
B, + B, ’
which characterizes the strange quark content in the pro-
ton and

oo = MNlau + dd — 25s|N) , (8)

y= )

with m = (m, + mg)/2, which is related to the pion-
nucleon sigma term

o = PN|au + dd|N) 9)
by
o = —2 (10)
-y
At the leading order,
3
oo = — (mz — mp). (11
ms —m

Numerically, o is of order 24 MeV. The experimen-
tal and theoretical information of o will enable us to
determine the strange quark fraction y which puts an ad-
ditional constraint on the parameters B,, B; and By.

Based on the sigma term oy = 55 ~ 60 MeV ob-
tained in the early 80’s, one has a large strange quark
content y ~ 0.55 and

o, ~20MeV, o0,;=~33MeV,
oy ~ 394 MeV, (12)

The strange quark content y and the sigma term o are
both unexpectedly large. Nevertheless, they are signif-
icantly reduced in 90’s. Based on heavy baryon chi-
ral perturbation theory to order O(mé), Borasoy and
Meifiner [7, 8] obtained

op=36+7MeV, y=0.21+0.20, (13)
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