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We present constraints on the WIMP-nucleon effective interaction from the PandaX-II experiment.
We consider well-motivated dimensional-four interactions consisting of couplings among vector and
axial vector currents, as well as several typical dimension-five and dimension-six operators in effective
field theory. The data set corresponding to a total exposure of 54-ton-day is reanalyzed, and limits
on the effective couplings have been obtained as a function of the WIMP mass, both in isoscalar and
isovector channels. We obtain the most stringent upper limits on spin-dependent WIMP-nucleon
cross section of 9.0×10−42cm2 for neutron-only coupling with mass of 40 GeV/c2 at 90% confidence
level. Similarly, the minimum constraint on WIMP-proton cross section is 2.2× 10−38cm2.

Astrophysical and cosmological observations indicate
that a large amount of non-luminous dark matter (DM)
exists in our universe, constituting ∼ 27% of the closure
density. However, the exact nature of DM remains a mys-
tery. One intriguing DM candidate, a weakly-interacting
massive particle (WIMP), arises naturally in many exten-
sions of the standard model [1, 2]. Many WIMP searches
have been performed, including direct detection of their
scattering off target nuclei, indirect detection of their
decay or annihilation, and their production in collider
experiments. In the analysis of direct detection experi-
ments, it has been standard practice to assume the scat-
tering arises from leading-order vector- or axial-vector-
mediated interactions, generating spin-independent (SI)

or spin-dependent (SD) WIMP-nucleus scattering, re-
spectively. Constraints on the WIMP-nucleon scatter-
ing cross sections σp and σn have been sharpened by
more than an order of magnitude in recent years [3], due
to the stringent null results obtained successively in the
LUX [4, 5], PandaX [6, 7] and XENON [8–10] experi-
ments.

However, there are other candidate interactions besides
the standard SI and SD cases, as has become apparent
from effective field theory (EFT) treatments of direct de-
tection. In particular, a nucleon-level EFT employing
nonrelativistic, Galilean invariant WIMP-nucleon oper-
ators has been developed that includes all interactions
through next-to-next-to-leading-order (NNLO) [11]. The
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operators are the low-energy equivalents of a correspond-
ing set of relativistic, covariant operators. Thus a given
WIMP-nucleon relativistic interaction can be reduced, in
general, to a linear combination of the nonrelativistic op-
erators. The fourteen independent non-relativistic oper-
ators can be constructed from four linearly independent
quantities: the relative perpendicular velocity between
the WIMP and the nucleon (~v⊥), the momentum trans-

fer (~q), and the spins of WIMP and nucleon (~Sχ, ~SN ).
Each EFT operator has independent couplings to protons
and neutrons, and the framework also allows interference
between certain operators. Thus much larger parame-
ter space beyond the standard SI and SD approaches re-
mains to be explored. Previously, direct detection analy-
ses performed by SuperCDMS and XENON100 have de-
duced additional constraints from generalized EFT anal-
yses [12, 13].

In this paper, we study constraints on a number of
WIMP-nucleon EFT interactions from PandaX-II exper-
iment. The experiment, located in the China Jinping
Underground Laboratory (CJPL), has recently reported
WIMP search results for a total exposure of 54-ton-
days [6]. The experiment provided the most stringent
upper limit published to date on the SI WIMP-nucleon
cross section for WIMP masses larger than 100 GeV/c2.
The lowest 90% C.L. exclusion cross section limit, 8.6×
10−47cm2, was obtained at 40 GeV/c2. PandaX-II is a
dual-phase xenon time-projection chamber with 580 kg
of liquid xenon in the sensitive target volume. When
the incoming WIMP scatters off a xenon nucleus, both
the prompt scintillation photons (S1) in the liquid and
the delayed proportional scintillation photons (S2) in the
gas are collected by 55 top and 55 bottom Hamamatsu
R11410-20 3-inch photomultiplier tubes. We use the 54-
ton-day exposure data from PandaX-II experiment to
constrain the coupling coefficients for a number of rel-
ativistic WIMP-nucleon EFT interactions of current in-
terest [14]. These relativistic EFT interactions can also
be probed in high energy collider experiments [15–17].

In the calculations, we assume scattering of spin-1/2
WIMPs on a natural xenon target. We consider here four
dimension-four and three higher dimension effective in-
teractions, selected from Table 1 of Ref. [11], defining the
operator dimension as 4 + number of powers of mM in
the denominator, where mM represents mass scale that
would in general be determined from a given ultraviolet
theory. Four dimension-four effective interactions cor-
responding to the possible relativistic the vector/axial-
vector interactions,

L5
int ≡ χ̄γµχN̄γµN → O1

L7
int ≡ χ̄γµχN̄γµγ5N → −2O7 + 2

mN

mχ
O9

L13
int ≡ χ̄γµγ5χN̄γµN → 2O8 + 2O9

L15
int ≡ χ̄γµγ5χN̄γµγ5N → −4O4 . (1)

The vector-vector interaction L5
int reduces to the stan-

dard SI interaction in the nonrelativistic limit appropri-
ate in direct detection, while the axial vector-axial vector
interaction L15

int generates the standard SD interaction.
In each case a nonrelativistic reduction has been per-
formed to yield results in terms of the Galilean-invariant
operators Oi of Ref. [11]. The operators O1 = 1χ1N and

O4 = ~Sχ · ~SN represent the SI and SD interactions, re-

spectively. Operators O7 = ~SN · ~v⊥ and O8 = ~Sχ · ~v⊥
depend on the WIMP-nucleon relative velocity, while
O9 = i(~Sχ × ~SN ) · ~q vanishes in the long wavelength
limit.

The higher dimension operators we choose to study are
the dimension-five operators coupling the WIMP mag-
netic moment or electric dipole moment with the nu-
cleon’s vector current, and the dimension-six operator
coupling WIMP and nucleon magnetic moments, given
respectively by

L9
int ≡ χ̄iσµν

qν
mM

χN̄γµN

→ − ~q 2

2mχmM
O1 +

2mN

mM
O5 −

2mN

mM
(
~q 2

m2
N

O4 −O6)

L17
int ≡ iχ̄iσµν

qν
mM

γ5χN̄γµN →
2mN

mM
O11

L10
int ≡ χ̄iσµν

qν
mM

χN̄iσµα
qα

mM
N → 4(

~q 2

m2
M

O4 −
m2
N

m2
M

O6)

(2)

The electric dipole moment interaction is odd under
both parity and time reversal. The operators O5 =
i~Sχ · (~q × ~v⊥)/mN , O6 = (~Sχ · ~q)(~SN · ~q)/m2

N , and

O11 = i~Sχ · ~q/mN have an explicit dependence on ~q.
Thus the WIMP-nucleus scattering cross sections for the
three selected relativistic operators vanish in the long-
wavelength limit. Consequently the analysis strategy to
constrain such operators can be optimized by weighting
events with higher momentum transfer.

The relativistic interaction densities Liint carry coeffi-
cients of the form

d0i
m2
V

+
d1i
m2
V

τ3 =
dpi
m2
V

1 + τ3
2

+
dni
m2
V

1− τ3
2

where the di are dimensionless, defining the strength of
the interaction relative to the weak scale

mV ≡ 〈v〉 = (2GF )−
1
2 = 246.2 GeV

with 〈v〉 the Higgs vacuum expectation value.
In the numerical work we will describe later, we con-

sider isoscalar (d1i = 0) and isovector (d0i = 0) interac-
tions, for which dpi = dni and −dpi = dni , respectively; as
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well as couplings only to protons (d1i = d0i ) and only to
neutrons (d1i = −d0i ). The choice of isospin coupling is
particularly important for spin-dependent scattering off
odd-A target nuclei, as the response is effectively gov-
erned by whether the unpaired valence nucleon carrying
the nuclear spin is a proton or a neutron.

The differential cross section for elastic scattering can
be expressed as

dσ(v,ER)

dER
= 2mT

dσ(v, ~q 2)

d~q 2

=
2mT

4πv2

 1

2Jχ + 1

1

2JN + 1

∑
spins

|M|2
 (3)

where the square of the Galilean invariant amplitude M
is a product of WIMP and nuclear matrix elements and is
a function of initial WIMP velocity v (dimensionless, in
units of c) and the three-momentum transfer ~q [11]. Here
Jχ is the WIMP spin and JN the nuclear ground state
angular momentum. In the long wavelength limit the
nuclear response functions take relatively simple forms,
depending on nuclear matrix elements of familiar opera-
tors such as 1(i), ~σ(i), ~̀(i), ~σ(i) · ~̀(i), etc. Their relative
magnitudes can vary by orders of magnitude. The corre-
sponding differential event rate with respect to the recoil
energy is

dR

dER
=

ρχ
mχ

∫
dσ(v,ER)

dER
vf(~v)d3v, (4)

where the f(~v) is the normalized velocity distribution of
the WIMP particles. We calculate WIMP signal rates
by evaluating Eq. (4) for a local WIMP mass density
of ρχ = 0.3 GeV/c2/cm3 and assuming a Maxwellian
WIMP velocity distribution with the most probable value
at v0 = 220 km/s, truncated at the galactic escape ve-
locity vesc = 544 km/s.

To translate the experimental results to the constraints
on the couplings of different interactions, we need to use
theoretical calculations of nuclear matrix elements. We
employ full-basis shell-model (SM) calculations using the
GCN5082 [18] interaction (so named because the SM
valence space resides between the shell closures at nu-
cleon numbers 50 and 82). The basis for 129Xe contains
about three billion Slater determinants, while those for
the even-A xenon isotopes that play roles in the other
response functions we consider below range up to about
nine billion Slater determinants. The full GCN5082 re-
sponse functions are contained in the updated Mathe-
matica script of [19] that we employ. In the case of the
SI isoscalar interaction, the use of the Helm form factor is
a standard practice [20]. As the form factor is determined
by A at ~q 2 = 0 and as the slope is effectively governed
by the known nuclear radius R, there is little difference
between the SM calculation and Helm form factor until
one approaches the diffraction minimum of the former
appearing at high ~q 2 ∼ 1/R2.

For the case of SD couplings, related proton-only
or neutron-only chiral EFT matrix elements by Klos
et al. [21] are available. This calculation also employs the
GCN5082 interaction, though with certain basis trunca-
tions to reduce the size of the SM space. It includes,
in addition to the dominant SD operator O4, contribu-
tions from a pseudoscalar interaction having the form
of O6 of [11] and a pion exchange current, in which
the WIMP scatters off a two-nucleon correlation. The
odd-A isotopes of xenon would be described naively as
a single unpaired neutron residing above of spin-paired
core. As this neutron carries the nuclear spin, a strong
neutron-coupled SD response is expected. In fact the SD
calculations we carried out confirm this naive expecta-
tion, finding that the neutron-coupled SD cross section
is about three orders of magnitude larger than the cor-
responding proton-coupled response. Consequently the
SD and chiral EFT calculations agree well, with both
spin-dominated, despite the more complicated operator
structure of the latter and despite some differences in the
SM calculations, as described above. However, when the
coupling is only to protons, the SD response is highly
suppressed by the valence isospin structure, and signifi-
cant differences appear between the SD and chiral EFT
results.

In Fig. 1 we give the recoil energy spectra in SM cal-
culations for the four vector-axial vector spectra corre-
sponding to L5

int (SI), L7
int, L13

int, and L15
int (SD) (two top

panels), comparing these with the magnetic and electric
dipole moment interactions of L9

int, L10
int, and L17

int (bot-
tom two panels). We set the interaction between the nu-
cleon and WIMP at the weak scale, setting dpi = dni = 1
for isoscalar and dpi = −dni = 1 for isovector cases
seprately, where as noted before we measure the cou-
plings in units of the weak scale 1/m2

V , mV = 246.2
GeV. The results are approximate accord with expecta-
tions. The SI interaction L5

int should generate a scat-
tering probability of relative size (N ± Z)2 for isoscalar
or isovector couplings, coherent over the valence nucle-
ons. For the magnetic and electric dipole interactions, we
set mM = mN . Thus the nuclear scattering is governed
by the familiar scattering off constituent nucleon mag-
netic moments, while the WIMP moments are governed
by the same scale. This produces an operator hierarchy
in powers of (q/mN )2, a scale that naturally arises in the
nonrelativistic effective theory from a proper treatment
of the relative velocity operator ~v⊥, as discussed in [11].

To constrain WIMP EFT couplings, we use two low-
background physics runs of the PandaX-II experiment
with a total exposure of 54-ton-days, Run 9 with 79.6 live
days in 2016 and Run 10 with 77.1 live days in 2017. The
S1 and S2 signal distributions from the standard SD and
EFT models are obtained using the NEST model [22],
which takes into account the PandaX-II detector param-
eters including the photon detection efficiency, electron
extraction efficiency, single electron gain and the elec-



4

10 20 30 40 50 60 70 80 90

 [
1/

kg
/d

ay
/k

eV
]

R
dR

/d
E

-210

10

410

710

1010

1310

1610

1910  isoscalar5
intL

 isoscalar7
intL

 isoscalar13
intL

 isoscalar15
intL

isovector

isovector

isovector

isovector

=40GeVΧm

10 20 30 40 50 60 70 80 90

-210

10

410

710

1010

1310

1610

1910
 isoscalar9

intL

 isoscalar10
intL

 isoscalar17
intL

isovector

isovector

isovector

=40GeVΧm

10 20 30 40 50 60 70 80 90

-210

10

410

710

1010

1310

1610

1910

=400GeVΧm

 [keV]RE

10 20 30 40 50 60 70 80 90

-210

10

410

710

1010

1310

1610

1910

=400GeVΧm

FIG. 1: Recoil energy spectra of EFT operators for spin-
1/2 WIMPs on xenon nuclei. Top: dimension-four EFTs,
including L5

int, L7
int, L13

int and L15
int. Two WIMP masses

40 GeV/c2 and 400 GeV/c2 are chosen for illustration. Bot-
tom: dimension-five and dimension-six EFTs, including L9

int,
L10

int and L17
int. Unit isoscalar and isovector couplings are as-

sumed.

tron lifetime. We adopt the same selection criteria as
in Ref. [6]: events must have S1 from 3 to 45 PE and
S2 from 100(raw) to 10000 PE, while also satisfying the
quality cuts.

For heavy mass WIMPs and certain of the momentum-
dependent EFT operators, a significant portion of the
recoil energies ER lie above ∼ 40 keV. The current SI-
oriented data selection is not fully optimized for such
high recoil energies. It could be beneficial to extend the
PandaX selection range for such operators, especially the
S1 cut. Such an analysis change is beyond the scope
of this letter, but will be explored in future PandaX-II
analyses.

In the current analysis, no significant deviation in
Run 9 and Run 10 data sets is observed from the es-
timated background. For the EFT models, we calcu-
lated the upper limits on the WIMP-nucleon isoscalar
and isovector couplings at 90% confidence level (C.L.)
from the CLs+b approach [23, 24], following the same
procedure as in Ref. [6]. The results are shown in
Fig. 2. Among the dimension-four EFT interactions, the
strongest constraint is for the SI vector-vector interac-
tion with an isoscalar coupling. The limit on the isovector
coupling is weaker because the coherence is limited to the
valence neutrons. The constraints on vector-axial vector
interactions are approximately five orders of magnitude
weaker than those obtained for the SI interaction, reflect-
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FIG. 2: The exclusion limits on the coefficients of relativistic
EFT models. Top: dimension-four EFT models. Bottom:
dimension-five and dimension-six EFT models.

ing the coherence of the latter and the WIMP-nucleon
relative velocity dependence of the former, which gener-
ates a q2/m2

N suppression in the rate. For higher dimen-
sion EFT interactions, the constraint on electric dipole
moment term is much stronger than that on the magnetic
dipole moment interaction.

We also placed constraints on the standard SD inter-
action for both neutron and proton couplings – equiva-
lent to the relativistic interaction L15

int, or equivalently the
nonrelativistic operators O4. As SD scattering requires a
target JN > 0, the participating isotopes are the odd-A
xenon nuclei 129Xe(J = 1/2) and 131Xe(J = 3/2) with
natural abundances of 26.4% and 21.2%, respectively.
The 90% C.L. upper limits for the SD WIMP-nucleon
cross sections are shown in Fig. 3. The lowest cross-
section limits obtained are 9.0 × 10−42cm2 for WIMP-
neutron only coupling and 2.2 × 10−38cm2 for WIMP-
proton only coupling at a WIMP mass of 40 GeV/c2.
Results are given for both the standard SD interaction
(red solid lines) and its chiral EFT analog (red dashed):
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FIG. 3: The exclusion limits on the WIMP-nucleon cross sec-
tion from the standard SD calculation. Top: neutron-only
coupling. Bottom: proton-only coupling. Selected recent
world results are plotted for comparison, including LUX [5],
XENON100 [9], ATLAS [16], CMS [17], PICO-2L [25],PICO-
60 [26, 27], IceCube [28] and Super-K [29]. The 1-σ bands are
shown in green.

as discussed previously, as the odd isotopes of xenon have
an unpaired neutron, the proton SD cross section is sup-
pressed, leading to significant differences between the SD
and chiral EFT exclusions in this case. The neutron limit
is improved compared with existing best results [5].

In conclusion, we derive new limits on WIMP couplings
for EFT interactions, using PandaX-II Run 9 and Run 10
data with an exposure of 54-ton-days. We have deter-
mined tightest constraints so far on a number of new
interactions between WIMPs and nucleons. In addition,
the most stringent upper limit to date on the SD WIMP-
neutron cross section above WIMP mass of 40 GeV/c2

is set, with a lowest excluded value of 9.0× 10−42cm2 at
a WIMP mass of 40 GeV/c2. The minimum constraint
on WIMP-proton cross section is 2.2× 10−38cm2 at 90%
confidence level at WIMP mass of 40 GeV/c2.
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