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Abstract. Discrete symmetries played a central role in elucidating the structure of the weak
interactions, and they will probably be equally crucial regarding the interactions of the dark
matter (DM) particle — whose nature remains elusive. In this work we show that signals
in future direct detection experiments can be used to test, in a model-independent way,
for P- and CP-violation in DM-nucleus interactions. The analysis is performed within the
most general effective theory for non-relativistic spin-0 DM-nucleus interactions mediated by
the exchange of a heavy particle. Assuming an idealised xenon detector, we calculate the
expected number of DM signal events required to reject P and CP invariant dark matter-
nucleus interactions. For a DM mass of 30 GeV (or higher), this number lies between about
10 and 300 DM signal events, depending on how P and CP invariance are modeled. Future
direct detection experiments, therefore, have the potential to reveal P- and CP-violation in
DM interactions, making a decisive step toward the identification of the DM particle.
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1 Introduction

One of the priorities in astroparticle physics is detecting the particles forming the cosmo-
logical dark matter (DM) component and interpreting this discovery in terms of particle
physics models [1]. Direct detection experiments [2] are expected to play a major role in
this context [3]. They search for nuclear recoils [4] (or electronic transitions [5]) induced
by the non-relativistic scattering of DM particles from the Milky Way in low-background
detectors located deep underground. Next generation direct detection experiments that will
operate double-phase xenon time projection chambers, such as XENONnT [6] and LZ [7],
are expected to probe standard spin-independent DM-nucleon scattering cross sections of
approximately 1074 cm? for DM particle masses around 50 GeV, and to reach exposures of
about 20 tonxyear [6, 8]. Based on this expected performance, if DM is made of weakly inter-
acting massive particles (WIMPs), a DM particle discovery at direct detection experiments
is within reach.

In this work we are interested in what can be learned about the DM particle properties
from a positive signal in future direct detection experiments such as XENONnT [6], LZ [7],
or DARWIN [9]. While the standard approach to the analysis of results from DM direct
detection experiments focuses on constraining the DM particle mass and cross section, there
has recently been a mounting interest in exploiting the direct detection technique to address
more ambitious questions. These include assessing whether the DM is its own antiparticle
or not [10-12], extracting the DM particle spin [13, 14], and simultaneously measuring the
DM-nucleon scattering cross section and the local DM density [15].

The main purpose of this work is to determine if a positive signal at direct detection
experiments can shed some light on whether the interactions between DM and nuclei are
parity (P) and charge conjugation-parity (CP) preserving or not — a result with major



implications on the fundamental nature of the DM. While this question is too general to be
addressed in the case of DM candidates of arbitrary spin, it can conveniently be formulated
in terms of a simple hypothesis test when focusing on scalar (spin-0) DM. Specifically, if DM
has spin 0, there are only four possible ways, or interaction operators, to couple DM to the
nucleons bound in target nuclei. Two of them preserve both P and CP, one violates P but
preserves CP and the last one violates P and CP. These operators predict signals with distinct
energy spectra so it is feasible to differentiate them and in this way establish P- and CP-
violation. Starting from this consideration, we define a “null hypothesis” corresponding to P
and CP preserving scalar DM-nucleon interactions and two alternative hypotheses according
which DM has spin 0 and interactions violating P, or P and CP, respectively. We then use the
likelihood ratio test statistic to compute the number of signal events that a xenon experiment
has to record in order to reject the null hypothesis (P and CP preserving interactions) in
favour of one of the alternative hypotheses at a given statistical significance. We find that the
number of signal events required to reject the null hypothesis with a statistical significance
corresponding to three standard deviations varies from about 10 to 300 depending on the
specific hypotheses we compare. This means that future direct detection experiments may
indeed reveal P- or CP-violation in DM interactions, a discovery of crucial significance for
the identification of the DM particle.

This paper is organised as follows. In section 2 we review the theory of DM scattering
by nuclei. Specifically, we focus on the transformation properties under P and CP of the
most general non-relativistic amplitude for DM-nucleon scattering. Here, we also review the
formalism of DM direct detection. In section 3, we introduce the statistical methods we
use to test the null hypothesis (P and CP preserving interactions) against two alternative
hypothesis corresponding to P, or P- and CP-violation, respectively. We present our results
in terms of number of signal events required to reject the null hypothesis in section 4, and
finally conclude in section 5. In appendix A, we provide a detailed derivation for some of the
results reported in section 2.

2 P and CP invariance in spin-0 dark matter-nucleus scattering

In this section we review the theory of DM scattering by atomic nuclei and its application to
DM direct detection. Focusing on the most general non-relativistic effective theory for spin-0
DM-nucleon interactions mediated by a heavy particle [16-18], in section 2.1 we classify the
transformation properties under P and CP of the S-matrix and cross section for DM-nucleus
scattering while reviewing the formalism and basic assumptions of the DM direct detection
technique in section 2.2. We provide a derivation for some of the expressions reported here
in appendix A.

2.1 Effective theory expansion of the S-matrix and cross section

In appendix A, we derive the following expression for the T-matrix element, T';, for DM-
nucleus scattering,

_— _i‘: (ﬁ/ &k, ) 050, K, k) . o)
S =RV CEE \J16Ep By, By By X

where kJ = k,,, + q for m = j and kJ, = k,,, otherwise. Here, ¢ = p — p’ is the momentum
transfer, p (p’) is the initial (final) DM particle momentum, while ky,..., k4 are nucleon



momenta. Furthermore, F, (Ey) and Fy (Fy) are the initial (final) DM and nucleon en-
ergies, while we denote by v, and vy the incoming and outgoing nuclear wave functions,
respectively. In order to simplify the notation, in eq. (2.1), we omit the nucleon spin indices
(see appendix A for further details). Assuming that nuclear ground states are eigenstates
of P and CP so that ¢3¢ is even under these transformations, eq. (2.1) shows that the
S-matrix element Sy; transforms under P and CP in a way that is entirely determined by
the amplitude for DM scattering by a free nucleon, M, ;. In the non-relativistic limit, My,
can be written as a function of q and le = (p+p')/(2my) — (k;j + k) /(2my) solely, as out
of the four three-dimensional momenta, p, p’, k; and kg only two are independent [16-18]
due to momentum conservation and the requirement that M, ; is invariant under Galilean
transformations, i.e. constant shifts of particle velocities. At first order in |q|/my and at first
order in ij7 the most general form for the scattering amplitude M, y; in the case of spin-0
DM is [18],!

My, = > Vel 0, (2.2)

¢=1,3,7,10

where my is the nucleon mass and the DM-nucleon interaction operators 01, O3, O7 and
O are defined via [18],

! . !/ q /
Myn, = levg;[s In,& + ey zf;fs Sn,&; - (mN X v]l) + SJT-S Sn, &5 - le

N - Ts/ S q
+C10 ij S]\/Jé-‘7 . (W) . (23)

Here, 5}5/ and §; are two-component spinors arising from the non-relativistic expansion of
nucleon fields, Sy, is the nucleon spin and 1y; the 2 X 2 identity matrix. For the interaction
operators Oy, £ = 1,3, 7,10, we follow the notation introduced in [18]. Contrary to [18], within
our conventions the coupling constants c{v , cév , 017\7 and c% in eq. (2.3) are dimensionless. In
the numerical applications, we assume that they are positive and the same for protons and
neutrons.

The transformation properties of M, y, (and thus of Sy;) under P and CP are therefore
determined by those of the building blocks q, Sy; and ij. The spin operator, Sy;, is even
under P and odd under CP, the transverse relative velocity Vj‘Q is odd under both P and
CP, while the momentum transfer q is odd under P and even under CP. Based on these
transformation properties, we conclude that 07 = 1y, and O3 = Sy, - [(q/mn) X V]L]
preserve P and CP, O7 = Sy; ~vj- violates P but preserves CP while O19 = iSy; - (q/mny)
violates both.

The results reviewed in this section allow us to express the differential cross section for
DM scattering by an atomic nucleus in terms of the T-matrix element in eq. (2.1). It reads
as follows

dO’T mr 1 2
= T, 2.4
dEr 2mv?2 2Jr +1 Z ITril™ (2.4)

spins

'In the case of spin-1/2 and spin-1 DM, the full non-relativistic expansion of M, ~; also involves terms
quadratic in |q|/my [19, 20].
2In the case of elastic DM-nucleon scattering, the velocity VjL is transverse with respect to the momentum

transfer q, i.e. V]-l -q=0



Symbol Properties Operators Hierarchy Label

N)QNSS
c )2/\/’11
CN)2/\/'11
N2 N33
N)2N33
¢ )2/\/’11

7{(()1) P and CP preserving ¢ Op + ¥ O3 =10 “@O; Tyranny”

(e3)2N
(c1
7{(()2) P and CP preserving ¢ Op + ¥ O E =102 “@O3 Tyranny”
’H(()?’) P and CP preserving ¢ Op + ¥ O E =1 “Democracy”
H a1 P violating 0]7\7 Oy

H A2 P and CP violating 611\6@10

Table 1. List of hypotheses, including the corresponding symbols, properties, operators, hierarchies
and labels.

where v is the DM-nucleus relative velocity, Er = |q|?/(2mr), m7 and Jr are the nuclear
recoil energy, mass and spin, respectively, and the sum runs over initial and final nuclear spin
configurations.

2.2 Expected rate of nuclear recoils in underground detectors

The expected differential rate of nuclear recoils per unit detector mass in a direct detection
experiment,

d# px §T/ 3 dor
d3v 2.5
G TP [ sy v G (25)

depends on the local DM density p,, the DM velocity distribution in the rest frame of our
galaxy boosted to the detector rest frame, f(v + vg), where vg, is the Earth’s velocity with
respect to the galactic center, and on the differential cross section for DM-nucleus scattering
ineq. (2.4). In eq. (2.5), the sum is performed over the most abundant nuclear targets forming
the detector material, {7 is the mass fraction of the target T' and vy = |q|/(2ur), where pp
is the reduced DM-nucleus mass, is the minimum velocity required to transfer a momentum
|q| or, equivalently, an energy Eg in the DM-nucleus scattering process. Finally, m, is the
DM mass and F is the detector efficiency, i.e. the expected fraction of signal events passing
all experimental cuts.

In the numerical applications, we set p, = 0.3 GeV cm ™3 and assume for f a Maxwell-
Boltzmann distribution truncated at the escape velocity vese = 550 km s~ with most probable
speed equal 220 kms™!, as in the so-called Standard Halo Model [21]. As far as the detector
material is concerned, we focus on xenon and evaluate the differential cross section in eq. (2.4)
by using the DMFormFactor code [22], which can account for the most abundant xenon
isotopes. We assume an energy independent detector efficiency and set E to the constant
value 0.7.

3 Statistical methods for hypothesis testing

In this section we describe the statistical methods that we use to compare a P and CP pre-
serving hypothesis against P, or P and CP, violating models. In section 3.1, we formulate the
hypotheses that we are interested in comparing. In section 3.2 and section 3.3, respectively,
we introduce the test statistic and Monte Carlo simulations that we use to perform such a
comparison.



3.1 P and CP preserving/violating hypotheses

In our analysis we compare a “null hypothesis” where DM interacts with atomic nuclei via
P and CP preserving interactions, Hg, with alternative hypotheses where P, or P and CP
are violated. In all cases considered in this work, the DM is assumed to consist of spin-
0 particles. Even within the assumption of spin-0 DM, there is not a unique P and CP
preserving model for DM-nucleus interactions, as both the operator O; and the operator O3
are even under P and CP. This implies that when P and CP are conserved in spin-0 DM
models, the scattering amplitude M, y; is in general a linear combination of the O; and Os
interaction operators, and the expected rate of nuclear recoil events in the energy interval,
AFER, can be written as
dZ#

N=¢ dER — = ()N 4 (52N + 2N ) yN'3 (3.1)
AER dER

where £ is the exposure. In eq. (3.1), we introduced N''! = N|c{\’:1,c§,}’:07 N33 = N| —0,eN=

and N3 = (V| NtV =1 — N — A33)/2 to make the dependence of N on c¥ and cy

explicit. Since the relative contribution to the expected rate of nuclear recoils from O and
O3 remains unspecified within the hypothesis of C and CP preserving interactions, we con-
sider three different scenarios separately. In a first scenario, 7{( ). the nuclear recoil rate is
dominated by the Oy operator, i.e. (c})2N33/(cV)2N =10~ 3. We refer to this scenario as
“01 Tyranny”. The second scenario, 7—[(()2), corresponds to models where O3 gives the largest
contribution to the expected rate of nuclear recoils, i.e. (c))2N! /(cd)2N33 = 1073, We refer
to this scenario as “O3 Tyranny”. Finally, in the third scenario, 7—[(()3)’ the O and O3 contri-
bution to the recoil rate is such that (c¥)2N11/(c))2A33 = 1. We refer to this scenario as
“Democracy”. The three realisations of H, 7—[(() ), it =1,2,3, are summarised in table 1. While
considering three versions of Hy allows us to draw rather general conclusions, it is important
to notice that in concrete models for spin-0 DM, O; is expected to generically dominate over
O5 [14].

We compare two alternative hypotheses against each of the three versions of Hg. In
the first alternative hypothesis, DM interacts with atomic nuclei via P violating (but CP
preserving) interactions and M, N, is proportional to the O7 operator. The second alternative
hypothesis corresponds to models where DM interacts with atomic nuclei via P and CP
violating interactions and M, y; is proportional to Oj9. We denote the former by H4; and
the latter by H 40. Table 1 summarises the hypotheses that we compare and the corresponding
properties.

3.2 Log-likelihood ratio

We compare the three versions of Hy with H a1 and H 4o using the log-likelihood ratio test
statistic [23],

Z(219)
alter z(‘@’@) .
Ineq. (3.2),® ={0=cl,0b=c},03=c, 0, =cN)} and Q= {©: 01 >0,02 > 0,05 =
0,6, =0 | T =0}, where I' = 63N/33 /0211 — 1073 for Ho = HS", T = 03N /O3NS — 1073
for Hog = 7—[(()2) and I' = 02N33 /2N — 1 for Hy = 7—[83). Furthermore, Qe = {© : 61 =
0,02 =0,65 > 0,0, = 0} in the case of H 41 and Qujper = {O : 61 = 0,6, =0,05 =0,0, > 0}
in the case of H 9. Finally, we denote by 2 = {#,....4;,} the dataset of hypothetically

maxeecn

null

t=—2In (3.2)

maxecn



observed nuclear recoil energies in n independent energy bins covering the signal region,
AFER. We generate the dataset & via Monte Carlo simulations, as explained in section 3.3. Our
reference value for m, in these simulations is 30 GeV. We comment on this assumption in
section 4. '

For each energy bin AEg), i =1,...,n, we assume a Poisson likelihood, so that the
total likelihood is

2(9/0) = ﬁ (% + ()" —(#i+7(©) (3.3)
i=1 Z
h
o @ = app (3.4)
R N " dER’ ‘

and, as anticipated, £ is the experimental exposure. Here, %; is the expected number of
background events in the i-th energy bin. For the purposes of this study, we set %; = 0,
since we expect .#; to be significantly larger than %; when one of the realisations of Hg can
be rejected in favour of H 4y or H4o. This at least in a sufficiently large number of energy
bins. In all numerical applications, we assume the signal region [5,50]keV, n = 20, and

AEY = 45/20keV.

3.3 Monte Carlo simulations

For each of the hypotheses H(()l), 7—[(()2), 7-[(()3), H a1 and H o, we sample the dataset & from
n Poissonians of mean given by eq. (3.4) with @ = @', where, depending on the underlying
hypothesis,

@':{lea,9225,93:0,9420|F(a,ﬁ):0} y for HO, (35)
@/ = {91 = 0792 = 0, 93 = ’)/,94 = 0} R for HAl s (3.6)
@/ = {01 = 0,02 = 0, 93 = 0,94 = 5} y for HAQ. (3.7)

For a given hypothesis and experimental exposure, £, we can vary «, (3, v or § to obtain
the desired number of expected signal events, St = Y., #(©’). Alternatively, one can
fix a, B, v or 0 to a reference value and then vary the experimental exposure in order to
obtain the desired value for .%.t. Indeed, for a given hypothesis .#, depends on £ times
a squared coupling and a change in the former can always be compensated by a change in
the latter. Finally, notice also that because of the constraint I'(a, f) = 0, a and  are not
independent.

By repeatedly sampling 2 under (one of the realisations of) Hg, we obtain the probabil-
ity density function of ¢ under (that realisation of) Ho, which we denote by f(t|Ho). Similarly,
by repeatedly simulating & under H; or H 42, we obtain the probability density function
of t under H 41 or, analogously, under H 45. We denote these by f(t|Ha1) and f(t|Ha2),
respectively. The significance for rejecting P and CP preserving DM-nucleon interactions in
spin-0 DM models in favour of P (H 1), or P and CP (H,2), violating interactions, Z, is
then

Z=0"11-p), (3.8)

where @ is the cumulative distribution function of a Gaussian probability density of mean 0
and variance 1,

p= [ s ). (39)

tmed
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Figure 1. Nuclear recoil energy spectra predicted for the O, Oz, O7 and O operators in a xenon
detector. We set the DM particle mass to 30 GeV, and the coupling constant ¢V to a value correspond-
ing to a DM-nucleon scattering cross section of 4.1 x 10747 cm?. We set the coupling constants for the
other operators to values producing the same number of signal events in the [5,50] keV energy range
as 07 with parameters set as above. The dashed, vertical line indicates the assumed energy threshold.

is the p-value for rejecting (one of the realisations of) Hg in favour of H a1 or H a2, and tyeq
is the median of f(¢|.741) in the former case, and the median of f(¢|742) in the latter. In
order to obtain the results presented in section 4, we compute f(t|Ho) from about 2 x 10*
Monte Carlo simulations of ¢ under Hg, while we find t,,0q by sampling about 2 x 10* values
for ¢ under H 1 or H a9 and then computing the median of this sample. Notice that since
Ho, Ha1 and H 4o are not nested hypotheses (i.e. they do not coincide when setting to zero
a subset of parameters), we cannot rely on asymptotic formulae for the probability density
function of the test statistic ¢, and Monte Carlo simulations are required to obtain both

f(t[Ho) and f(t[Ha1/42)-

4 Results

4.1 General considerations

In this section, we compute the number of DM signal events required to reject the three re-
alisations of Hy that we consider (O; Tyranny, O3 Tyranny, Democracy) in favour of H 41 or
H 42, separately. The possibility of rejecting P and CP invariant spin-0 DM-nucleus interac-
tions with direct detection experiments relies on the difference between the predicted nuclear
recoil energy spectra under (the three realisations of) Ho, H1 and H 42, respectively. In order
to gain intuition for when rejecting Hg is expected to be simple and when it is expected to be
challenging, in figure 1 we report the nuclear recoil energy spectra associated with the four
interaction operators O1, O3, O7 and Oy, respectively, whereas figure 2 shows the predicted
spectra under the democratic realisation of Hg, Ha1 and Hao with coupling constants set
to produce the same number of signal events in the signal region AER = [5,50] keV. While
the O; and Oy operators are characterised by an exponentially decaying nuclear recoil en-
ergy spectrum, the spectra associated with Os and Oj¢ exhibit a peak at a finite value of
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Figure 2. Same as figure 1, but now comparing the H41(07) and H 42(O19) hypotheses with 7—[83)
(“Democracy”), see table 1.

Er. The exact location of the peak depends on the DM particle mass and moves towards
larger values of Er when increasing m,. Based on these considerations, we expect that the
01 Tyranny should be difficult to reject in favour of P violating spin-0 DM-nucleus inter-
actions. The same applies to the O3 Tyranny and P and CP violating spin-0 DM-nucleus
interactions. In contrast, O3 Tyranny (H(()Q)) and H 41 (corresponding to P-violations) should
be simple to discriminate.

4.2 Rejecting P and CP invariance quantitatively

We now move from the qualitative considerations to the calculation of the number of DM sig-
nal events required to reject P and CP invariance in favour of P, or P- and CP-violations. This
calculation is based on the Monte Carlo simulation of probability density functions for the
log-likelihood test statistic under the hypotheses of interest. As illustrative examples, fig-
ure 3 reports two selected Monte Carlo generated probability density functions for ¢. The
left panel shows the probability density functions f(t|H) for Ho = ’H(()l) (O Tyranny) and
f(t|H 41). We obtain both histograms from about 2 x 10* Monte Carlo simulations of nuclear
recoil events setting the DM particle mass to the reference value of 30 GeV. Under both hy-
potheses, we set the free coupling constants and the exposure to a value producing about
10 signal events in a xenon detector. In this particular case, the statistical significance with
which the O; Tyranny can be rejected in favour of P-violations in spin-0 DM-nucleus inter-
actions is of about 3.1. Similarly, the right panel of figure 3 shows the probability density
functions f(t|Ho) for Ho = 7—[62) (O3 Tyranny) and f(t|H.a1). In this second example, we set
the free coupling constants and the experimental exposure to values producing about 180
signal events assuming a xenon detector, and the associated statistical significance is again
Z ~ 3.1. As one can see from figure 3 (left and right panel), the probability density function
of ¢t under the alternative hypothesis H 41 (the same would apply to H 42) is rather narrow
and peaks at a value of ¢t just below zero. This means that when data are sampled under
H a1 the likelihood ratio in eq. (3.2) is about one in most of the Monte Carlo simulations,
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Figure 3. Histograms representing the probability density function of the log-likelihood ratio ¢t sam-
pled under the null hypothesis, O; Tyranny in the left panel (’H((Jl), pink) and O3 Tyranny in the right
panel (7—[(()2), pink), as well as under the alternative hypothesis, H 41 (P-violations, blue) both in the left
and right panels. In both panels, the probability density function of £ under the alternative hypothesis
is rather narrow and peaks at a value of ¢ just below zero. However, the probability density function of
t peaks at large negative values when data are sampled from the null hypothesis (both in the left and

right panel). This evident separation of histograms implies that the functions f (t|’Hél)) (f (t|’Hé2))) and
f(t|Ha1) are clearly distinguishable if about 10 (180) signal events are recorded in a xenon detector.

with a slight preference for values just below one. Notice that ¢ = 0 implies that null and
alternative hypotheses fit the data simulated under the alternative hypothesis equally well,
whereas t < 0 indicates that the null hypothesis (the wrong model in this case) can fit the
data sampled from H a1 even better than the alternative hypothesis itself. This behaviour is
expected and reflects the fact that the null hypothesis has two free parameters, ¢ and c¥,
and is therefore more flexible than H 41, where the only free parameter is cJ7V . At the same
time, the left and right panels of figure 3 show that the probability density function of ¢ peaks
at large negative values when data are sampled from the null hypothesis (we find a peak at
large negative values of ¢ independently of the specific realisation of Hg). This implies that
f(t]?—[[()l)) (f(t\?-[(()2))) and f(t|H 1) are clearly distinguishable if about 10 (180) signal events
are recorded in a xenon detector, as in the present examples. We find similar probability
density functions for all pairs of hypotheses in table 1.

We now move to one of the main results of this work. Figure 4 shows a plot of the
statistical significance for rejecting P and CP preserving DM-nucleus interactions under Oy
Tyranny (H(()l)), O3 Tyranny (H(()Q)), and Democracy (7—[(()3)) in favour of P-violations (Ha1)
or P- and CP-violations (# 41) in spin-0 DM-nucleus interactions as a function of the number
of DM signal events observed in a xenon detector. In figure 4, different lines correspond to
distinct pairs of tested hypotheses (see table 1) and m, = 30 GeV. As expected based on the
predicted nuclear recoil energy spectra (see figure 1), rejecting the O3 Tyranny in favour of
P violating DM-nucleus interactions is relatively simple, requiring only about 10 DM signal
events to reach a statistical significance corresponding to three standard deviations. On the
contrary, rejecting the O3 Tyranny with a statistical significance of Z = 3 in favour of P-
and CP-violations in DM-nucleus interactions is rather challenging and requires more than
300 DM signal events.

The top x-axis in figure 4 shows the exposure corresponding to the number of signal
events in the bottom x-axis when coupling constants are set to match the current XENON1T
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Figure 4. Statistical significance for rejecting P and CP in spin-0 DM-nucleus interactions as a
function of the observed number of DM signal events in a xenon detector. We statistically compare

three P and CP preserving hypotheses, H((Jl), 7-{82) and H((Jg), against two alternative hypotheses, H 1
(P-violations) and H 42 (P- and CP-violations). We set the DM particle mass to the reference value
of 30 GeV.

90% C.L exclusion limit on ¢}¥ [24]. Dashed vertical lines indicate the expected exposure for
LZ [7], XENONnT [6] and DARWIN [9]. This figure demonstrates that rejecting P and CP
invariance in spin-0 DM-nucleus interactions is within the reach of next generation DM direct
detection experiments.

So far, we focused on 30 GeV as a benchmark value for the DM particle mass, because
the strongest exclusion limits on the coupling constants for DM-nucleon interactions set by
the XENONIT experiment are associated with comparable values of m, [24]. We now ex-
tend our analysis to other DM particle masses. For m, below 30 GeV, nuclear recoil energy
spectra corresponding to different operators are similar above the assumed energy thresh-
old (5keV). Consequently, below m, = 30 GeV rejecting P and CP invariance is extremely
difficult based on the analysis of nuclear recoil data. On the contrary, when increasing the
DM particle mass, differences in the nuclear recoil energy spectra persist, as one can see from
figure 5 where we focus on two representative cases corresponding to m, = 100 GeV (top pan-
els) and m, = 1TeV (bottom panels), respectively. Quantitatively, we find that P and CP
invariance can be rejected in favour of P, or P- and CP-violations with a comparable number
of signal events for m, above our benchmark value of 30 GeV (see table 2). This means that
over a wide range of DM masses, it is in fact feasible to test for P- or CP-violation in future
direct detection experiments.

From the expected number of DM signal events that are required to reject P and CP
preserving interactions in favour of P- and CP-violations, we can estimate the UV scale

~10 -
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Figure 5. Nuclear recoil energy spectra for different DM particle masses. Top left panel. Same as
figure 1, but now for m, = 100 GeV. Top right panel. Same as figure 2, now with m, = 100 GeV. Bot-
tom left panel. Same as figure 1, now for m, = 1TeV. Bottom right panel. Same as figure 2, but now
with m, = 1TeV.

at which violations of P and CP should arise. In the last column of table 2 we map the
number of events reported in the fifth column of the same table to a UV cut-off scale,
A. For concreteness, we perform such mapping by assuming that the dimensionless coupling
constants in our eq. (2.3) and the cut-off scale A are related as in the relativistic effective
theories of ref. [25],

N = gITIN 3 AM

A? q=u,d,s !
m3; (1 m
q=u,d,s

For m, AgN) and C3, we assume the numerical values reported in ref. [25] and references

therein.

So far, we focused on two alternative hypotheses corresponding to maximal P, or P- and
CP-violation, respectively. We now explore scenarios where P and CP preserving operators
coexist with P or CP violating operators and perform two additional analyses focusing on a
DM particle mass of 100 GeV. In the first analysis, we compute the number of signal events
that are required for a Z ~ 3 discovery of a model where a P and CP preserving operator
coexists with a P violating operator: My, = 6[w£}sl07gj + (1 - w)&}s/olﬁj, where ¢ is
an overall coupling constant and w a weight parameter. In the second analysis we compute
the number of signal events that are required for a Z ~ 3 discovery of a model where

- 11 -



DM mass Null . Alternative Significance Number Cross section (cm?) UV-cutoff A
hypothesis of events
my, =30GeV  H Ha Z=308 1802 0=214-100%  21.9GeV
my, =30GeV  HY H s Z=298 250 0=296-10"%  346.0GeV
my =100GeV  HV Hoa Z=300 2278 0=285-100"7  19.6GeV
my, =100GeV  H{ H as Z=318 996 0=124-10  173.9GeV
my, = 1TeV HY Ha Z=311 489  0=481-1007  16.9GeV
my, = 1TeV Y Hoao Z=316 1836 o=181-10"7  528GCeV

Table 2. Statistical significance (fourth column) and corresponding number of DM signal events (fifth
column) to reject the null hypothesis in the second column in favour of the alternative hypothesis in
the third column for the DM particle mass in the first column. The sixth column shows the values of
the DM-nucleon scattering cross section that are required to obtain the number of events reported in
the fifth column in the future XENONnT experiment. In the seventh column, we map the number
of events reported in the fifth column to a UV cut-off scale, A. This table partly extends figure 4 to
other masses.

a P and CP preserving operator coexists with a P and CP violating operator: M,y; =
é[w{}sl(’)mfj + (1 — w){}sl(’)l{;’. In both analyses the null hypothesis is 7—[((]1) (O; Tyranny),
corresponding to P and CP preserving interactions. Figure 6 shows the results of these two
analyses in terms of number of events to reject the null hypothesis as a function of the weight
parameter w. As expected, an 7 Tyranny is more difficult to reject when the alternative
hypothesis involves a linear combination of O and O7 (P violating interaction) than when
the alternative hypothesis consists in a linear combination of O; and Oy (P and CP violating
interaction), as the Oy operator generates a nuclear recoil energy spectrum radically different
from the one of the O; operator.

In this work we assumed that the DM particle has spin-0, but it should be clear that
an analogous analysis can be done for spin-1/2 DM (or spin-1 DM). Such a study would,
however, be significantly more involved and time-consuming than the one presented here, due
to the larger number of operators that can contribute to the interaction. In fact, both the
number of operators that violate P and CP as well the number of operators that are invariant
under them increase in such a case. We will address this possibility in a separate work.

5 Conclusions

We computed the number of DM signal events required to reject P and CP invariance in favour
of P, or P- and CP-violations in the scattering of spin-0 DM particles by nuclei in a xenon
detector. We considered three distinct realisations of the P and CP preserving hypothesis:
O; Tyranny (’H(()l)), O3 Tyranny (”H(()Q)), and Democracy (’H(()g)). We denoted the P violating
hypothesis by H 41 and the P and CP violating scenario by H 42. See table 1 for a summary of
the hypotheses we compared. We performed this calculation by using the log-likelihood ratio
as a test statistic and Monte Carlo simulations of nuclear recoil events to compute the median

p-value for rejecting H(()i), i =1,2,3. The outcome of this analysis is summarised in figure 4.

- 12 —
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Figure 6. Number of signal events that are required for a Z ~ 3 discovery of: 1) a model with
amplitude M, y, = é[w{;s O7£j+(17w)§;5 O1€j, where P and CP preserving interactions coexist with
a P violating interaction (orange line); 2) a model with My, = é[w&}s/(’)lofj +(1- w)ﬁjs/(’)lf;- where
P and CP preserving interactions coexist with a P and CP violating interaction (green line). In both

cases the null hypothesis is 7—[(()1) (01 Tyranny), corresponding to P and CP preserving interactions. In
these analyses, ¢ is an overall coupling constant and results are presented as a function of the weight
parameter w.

We found that the number of DM signal events required to reject P and CP invariance
depends on how we model the hypothesis of P and CP preserving spin-0 DM-nucleus interac-
tions, and on whether the alternative hypothesis implies P, or both P- and CP-violations. For
example, rejecting P and CP invariance under the “O3 Tyranny” in favour of P violating
DM-nucleus interactions is relatively simple, as it requires only about 10 DM signal events
to reach a statistical significance of Z = 3. In contrast, rejecting the O3 Tyranny with a
statistical significance corresponding to three standard deviations in favour of P- and CP-
violations in DM-nucleus interactions is rather challenging, as it requires more than 300
DM signal events. The other hypotheses we compared in this analysis require a number of
DM signal events to reach the threshold Z = 3 that lies in between about 10 and 300 (see
figure 4 for a summary). Expressing the number of signal events associated with a given
significance in terms of a corresponding experimental exposure, we found that rejecting P
and CP invariance in spin-0 DM-nucleus interactions is within reach of next generation DM
direct detection experiments. Qualitatively, our results remain valid for DM particle masses
above about 30 GeV.

Summarising, our analysis shows that a signal in a direct detection experiment can
be used to extract information of the discrete symmetries that underly the spin-0 DM-
nucleus scattering, and in this way provide decisive clues about the fundamental nature
of the DM particle.
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A T-matrix element derivation

Let us consider the scattering of a DM particle by an atomic nucleus consisting of A bound
nucleons. We denote the initial state for this process by the tensor product, |i) = |T}) ® a}|0),
between a nuclear state |T;) and a DM particle state, an\O>, where an (ap) is the creation
(annihilation) operator of spin-0 DM quanta with three-dimensional momentum p and |0) is
the vacuum. Similarly, we denote the final state for this process by |f) = [T}) ® aL,\O>, where
|Ts) is the state of the outgoing nucleus and p’ the three-dimensional momentum of the final
state DM particle. Notice that the norm of the DM particle state a;r,|0> is divergent and equal
to V = (27)36®)(0) = <O]apaL]0>. However, any measurable quantity will be independent of
the volume V. The S-matrix element associated with this scattering process can be written
as follows

+oo t1
sz = —/d3X1 /d3X2/ dtl dtz <f’%(t1,xl)%(t27x2)|i>7 (Al)

where J(t1,x1) (A (t2,%x2)) is the Hamiltonian density for DM-mediator and A nucleons-
mediator interactions at the space-time point 1 = (t1,%1) (2 = (t2,X2)). For example, in the
case of spin-0 DM-nucleon interactions mediated by a scalar particle, 72 would read as follows

A
H = gy dx X + 118> U, (A.2)
=1

where g1 and hy are coupling constants, m, is the DM particle mass, x (¢) is the DM (me-
diator) scalar field and, finally, ¢y, is a spinor field for the i-th nucleon. By inserting the
identity operator 1 = %", |m)(m/| between the two Hamiltonian densities in (A.1), where |m)
are eigenstates of the Hamiltonian, Hy, for the A nucleons-DM system with 7 set to zero,
we obtain

Sy = —2/013><1/d3><2 /_:odtl /_t:odtg P11, x0) [m) (m| A (t2, %2)]d) . (A.3)

We now translate J#(t1,x1) and J(t2,%2) to t; =ty = 0 via the time translation operators
e~ ot and e~*Hot2 respectively. Denoting by E;, E + and E,, the solutions to the eigenvalue
equations Hyli) = E;|i), Ho|f) = E¢|f) and Ho|m) = E;,|m), we can rewrite eq. (A.3) as
follows

+oo .
Spi=-3" / dx, / Bxs (170, x1)|m) (m|. A0, x2) i) / dt, &(Bs—Em)t

—0o0
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t
" 1 dtQ ei(Emeifie)tz 7 (A4)
—0o0
where we introduce the parameter £ (to be set to zero at the end of the calculation) to en-
sure the convergence of the second time integral in the o — —oo limit. Performing the time
integrals, we find

Spi = —2mid(Ey — Ej) / &x, / &xs (170, x1) A0, x)|1).  (AS5)

1
Ei — H() + ie
From eq. (A.5) one can read the explicit form of the T-matrix element associated with S¢;
by noticing that
Sfi = —27['(5(Ef — EZ) inz’ . (AG)

By inserting in eq. (A.5) the identity operator expressed in terms of free initial A-nucleon
states,

> (L

S1,0-,8A

d3k
H/ iy 51k, sa) (K, 1500k, sal = 1, (A7)
=1

and final A-nucleon states

dSk/ / / / / / /
H/ K, s K K sl K s = 1, (A8)

8y

where |k;, si) = |k;) % |s;), k; and s; (k] and ), ¢ = 1,..., A are the initial (final) con-
stituent nucleon three-dimensional momenta and spin third component, and }_, [s;)(si| = 1,
we obtain

Spi=—2mid(By—-E) Y. % (H/ d’k; > (H/ dgk/) YA iree

8] yeens8’y S1resSA
x 7Ky, 83 Ky, sl Yk, sk, sa) (A.9)
Here, we denote by ¥, (ki, s1;...5ka,s4) = (K1, 51;...;ka,s4|T;) the initial nuclear wave
function and by ¢} (kj, s1;. .. 1 k), s4) = (Tylky, 815 . .. 1K)y, 84), the associated final state nu-

clear wave function. Furthermore, we denote by Tgee the T-matrix element for the scattering
of a DM particle by a nucleon in a system of A free nucleons. By analogy with (A.5), we can
write

1
Tf“ee =V" /d3x1/d3x2 (ki,s1;--., Ky, 5459|200, xl)
Ho+Z€
x H#(0,x2)k1,81...,ka,s4;P), (A.10)
where, |ki,s1;,...,ka,54;p) = |k1,...,ka) X [s1,...,84) X aI,\O) and the A-nucleon state

lki,...,k4) is normalised as follows (ki,...,kalki,...,ka) = V4. Here, Hy is the Hamil-
tonian of the A free nucleon-DM system with .77 set to zero and E; is the solution to
Holki,...,ka,p) = Eilki, ..., ks, p). Notice that, if |72) is an eigenstate of Hy and |m) is
an eigenstate of Hy such that Em — E,, = E}, where Ej is the nucleon binding energy, then
(m|(E; — Hy + i)~ i) = (m|(E; — Hy +i¢) "' |m) = (E; — E,, +i¢) ™", as the binding energy
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contribution to the energies F; and F,, cancels in the difference E; — E,,. In order to investi-
gate the properties of the S-matrix element Sy; under P and CP, it is convenient to relate the
T-matrix element T;riee in eq. (A.10) to the amplitude M, y, for DM scattering by the j-th nu-
cleon in the sample of A free nucleons of initial (final) momenta ki, ..., ka (kj,..., k). We
obtain this relation by matching the S-matrix element, S;rfe, for the A+1 — A+ 1 pro-
cess where DM scatters on one free nucleon while leaving the remaining A — 1 free nucleons
unscattered,

A
e
Sfrieei E _ _|_k/._p_k- M(]) , (A1
( f Jz::l J J)\/16EpEk /Ek/V4 XN1,...,Na ( )

on to the definition St = —(27)8(E; — E;) iT;riee. Here, M>(<J1‘\)/1,.~,NA is the scattering ampli-
tude associated with Sfree for which an explicit expression as a function of M,y reads as
follows,
M n =My, H V2m)36@) (K — ky) 8% (A.12)
1#3

where V150 (k! —k;), My n; (see eq. (2.3)) and therefore M>(<]J‘\)/1,.A.,NA are dimensionless. The
V factor in the numerator of eq. (A.11) arises when rewriting a;r,|0> as VV. aI,|O) /V/V. Indeed,
the scattering amplitudes M, and M U ) ., are dimensionless only if evaluated between

unit-normalised DM particle states of the type a;r,|0> /v/V, and analogously for nucleons. This
leads us to

V My,
\/16EpEk b B V1

A
The = Z p'+Kk;—p—k;j) Hv L2m)30®) (k] — k;)o%s

#J

(A.13)
Combining eqgs. (A.13) and (A.9) with eq. (A.6), we obtain our final expression for the T-
matrix element T';,

&, .. Kk, ..k
H/ wf 1 A)w (k1 A) MXNja (A.14)
\/16EpEkjEp/Ek3_

where k! = k,, +q for m = j and kJ, = k,, otherwise. In order to simplify the notation,
in eq. (A.14) we omit the nucleon spin indices in the scattering amplitude M, and in the
initial and final nuclear wave functions. Furthermore, the two sums 23’1 sy and > . o,
are understood.
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