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Who cares ? & outline 

The strong CP & Nelson-Barr

Phenomenology, flavor factories vs. nuclear clock 

Challenges 

An island or a continent ?

(i) Different approach to CP violation (non-QCD axionic dark matter (DM))

(ii) It is testable & potentially correlates CKM oscillation \w signal @ clocks



The strong CP problem

3 levels of formulating the strong CP problem: 

(i)  , is it a problem?  

(who knows?) 

(ii)  , is it a problem?  

(not if these are natural/protected and sequestered) 

(iii)  , but , is it a problem?  

(  appears in 7 loops and contains several other suppression factor) 

 We should probably be be cautious [but should reach the  precision] 

θ̄ = θ − arg [ det (YuYd)] ≲ 10−10

θ̄ = ≲ 10−10 ≪ θKM = arg { det [YuYu
† , YdYd

†]} = 𝒪(1)

θ̄ = ≲ 10−10 ≪ θKM θ̄ = θ̄bare + ϵ θKM ln (ΛUV/MW)
ϵ

𝒪 (10−16)

(for alternative view \w gravity see: Dvali (05, 22))
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Solving the QCD problem not with QCD axion
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There’s a class of models where CP is UV-sym' and at tree level we find:    

                

This is realized if:

1.  Yukawas are Hermitian (left-right models or wave function renorm’) 

2. Structure/sym. => det(0), concretely, Nelson-Barr (NB)

We focus on NB, which are easy to control & of higher quality

θ̄ = θ − arg [ det (YuYd)] = 0 & θKM = arg { det [YuYu
† , YdYd

†]} = 𝒪(1)

Georgi; Mohapatra & Senjanovic (78); Hiller & Schmaltz (01); Harnik, GP, Schwartz & Shirman (04); Cheung, Fitzpatrick & Randall (08)

Nelson; Barr (84)



Nelson-Barr ultralight DM (UDM)
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Assume approx’ flavor sym’ =>   with  

Then  is a pseudo-Nambu-Goldstone-boson, with suppressed potential, but 

with 

Furthermore, one can show that         

Also, mixing angles develop quadratic dependence on  (but not masses)

gi ∝ (1,0,0) & g̃i ∝ (0,1,0) Φ =
f + ρ

2
exp ( ia

f ); ⟨a⟩ ≠ 0

a

⟨a⟩ = 0

θKM =
a
f

meff
u meff

u
† ∼ mu 13 + r

1 e
2ia

f 0
e

−2ia
f 1 0

0 0 1

mT
u

a

Involved the 1-2 generation

ℒNB = μ ψc ψ + (gi Φ + g̃i Φ*) uc
i ψ + Yu H̃ Q uc + Yd H Q dc Bento, Branco & Parada (91)

Dine, GP, Ratzinger, Savoray (24)



Nelson-Barr ultralight-DM pheno
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In case another sector breaks the shift sym’ (say Planck suppress or other) then 

the minimum of potential generically would lead to  and spontaneous 

breaking of CP => 

Now if we tip the NB-axion from it’s minimum it’d behave as a new type of 

ultralight DM

⟨a⟩ ≠ 0

θ̄ = 0 & θKM = 𝒪(1) Relaxion: Graham, Kaplan & Rajendran (15)

NB-relaxion - Davidi, Gupta, GP, Redigolo, & Shalit (17)

New type of pheno: time dependent CKM angles 

While the strong CP is always zero

Dine, GP, Ratzinger, Savoray (24)



NB-UDM signature & parameter space
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What is the size of the effect? 

How to search such signal? 

    (i) Luminosity frontier: oscillating CP violation + oscillating CKM angles:

         oscillating Kaon decay lifetime

         oscillating CP violation

         oscillating semi inclusive b->u decay

δa ∼
ρDM

mNB f
cos(mNBt) ∼ 10−4 ×

1013 GeV
f

×
10−21 eV

mNB
× cos(mNBt)

δVus

Vus
∼ δa ⇒

δθKM

θKM
∼ δa ⇒

δVub

Vub
∼ δa ⇒

Dine, GP, Ratzinger, Savoray (24)



Example: time-dependent decay length
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τ ∝ V2
CKM ∼ (V0

CKM)2 (1 + δ cos mtobs) ⟹ P ∝ exp ( −t
τ0(1 + δ cos mtobs) )

e↵ective lifetime is approximately constant, and extract from each of

them the lifetime using a simple exponential law, that is � = 0. See

fig. 1. As can be seen in eq. (3), the lifetimes obtained from each bin
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Figure 2: ¡+caption text+¿

will oscillate around the mean value with an amplitude that depends

linearly on �. See ?? ¡++¿ The sensitivity to temporal variation of

CKM elements is then set by the minimum uncertainty that can be

obtained by fitting the temporal series of the lifetime. This is, in turn,

determined by the number of bins and their uncertainty.

The statistical uncertainty in each bin is determined again by eq. (8),

where now N is the number of events in each bin, and not the total

number of decays on tape. Systematic uncertainties in the determina-

tion of the lifetime should have a relatively low impact on the final sen-

sitivity: consider, for instance, that a systematic e↵ect shifts the life-

time up or down with respect to its true value; this shift, which would

3

mtobs

Assume that the decay time << oscillation period,  :τ0 ≪ 1/m

\w: Dobrich & Lo Chiatto,  in progress 



NB-UDM signature & parameter space
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Lastly, we also want to mention the possibility of
observing variations in jVudj via oscillations in the lifetime
of β-decays. Since jVudj2 ≈ 1 − jVusj2, the relative oscil-
lations are suppressed by ≈jVusj2=jVudj2 ≈ λ2Cabbibo com-
pared to the observables discussed above. Nevertheless,
radioactive nuclei are abundantly available and one might
therefore hope to accomplish a competitive sensitivity. The
measurements used to determine jVudj currently achieve
relative uncertainties of ≈2 × 10−4 [18], which, taking into
account the reduced sensitivity, leads to a bound with
about the same strength as the search for CP violation we
just discussed and is shown by the same brown line in
Fig. 1. For these measurements, it is, however, imperative
that the sample only consists of one isotope of a given
element. In order to observe oscillations, this is not
required, but in principle any highly radioactive sample
should work.
Further details on the oscillation of CKM elements can

be found in Appendix B. There, we also comment on the
possibility of observing an apparent unitarity violation of
the CKMmatrix when combining results from experiments
that ran over different periods of time. We do not expect
competitive bounds from such time-averaged methods
though.

IV. CHALLENGES AND PROSPECTS

The variation of the absolute values of the CKM matrix
in Eq. (9) leads to a dependence on ϕ of the quark masses
through quantum corrections. Such couplings of ϕ to the
quark masses are strongly constrained by searches for
violations of the equivalence principle. In the near future,
one can expect even stronger bounds from nuclear clocks.
The coupling to the quark masses further generates a mass
correction for ϕ itself. This is used to judge whether the
small masses considered in the previous section are
fine-tuned.
To get an intuition of how the coupling of ϕ to the quark

masses arises, it is instructive to consider the contribution to
the quarks self-energy depicted in Fig. 2. To quantify the
effect we, however, consider the running above the electro-
weak scale of the Yukawa couplings given in Eq. (3),
ỹu ¼ m̃u=v. The field ϕ sets the Yukawa couplings at a high
scale, ΛUV. With the set of parameters chosen in Sec. II, the
eigenvalues of the Yukawa couplings at this high scale are
independent of ϕ, but the effective CKM matrix from
Eq. (5) does depend on ϕ. In Appendix D, we find that the
induced dependence on ϕ of the eigenvalues of the Yukawa
matrices at the low scale is given by

Δm̃iðϕÞ
m̃i

¼ −
3

32π2
X

j

jVijðϕÞj2ỹ2j log
!
ΛUV

v

"

Δm̃jðϕÞ
m̃j

¼ −
3

32π2
X

i

jVijðϕÞj2ỹ2i log
!
ΛUV

v

"
: ð11Þ

We expect additional contributions from running below the
electroweak scale to be of the same order as the result
above. To get conservative estimates of the effects caused
by this coupling, we take logðΛUV=vÞ ∼ 1 in the following.
The strongest current bounds on such couplings stem

from the MICROSCOPE mission [19,20], searching for
violations of the equivalence principle [21].MICROSCOPE
constrains the differential acceleration between a platinum
and a titanium test mass relative to the common gravitational
acceleration caused by earth to be less than η ¼ ð−1.5$
2.7Þ × 10−15 [20]. Using Eq. (11), one can easily verify that
the largest variations in mass occur for the down and the
strange quarks with the charm in the loop.We follow [22] to
estimate the resulting variations of atomicmasses, where for

FIG. 2. Left: contribution to the up-type quark self-energy
leading to a dependence of the quarkmasses onϕ. Right: correction
to the scalar potential induced by quark mass dependence.

FIG. 1. Potential reach of various collider searches for oscil-
lations of the CKM matrix elements. Straight lines indicate
quoted sensitivities, while dashed lines assume that for a relative
measurement, an Oð1Þ fraction of the events that an experiment
has on tape N0 can be used. In green, we show measurements of
jVusj obtained from Kaons, in purple of jVubj from B-mesons,
and in blue of jVcdj from D-mesons. The brown line refers to both
oscillation of CP violation in the Kaon system as well as lifetimes
in β-decays, which happen to be of the same strength. The orange
region is excluded from fifth-force searches, while the gray line
refers to the potential fine-tuning of the scalar mass.

DINE, PEREZ, RATZINGER, and SAVORAY PHYS. REV. D 111, 015049 (2025)

015049-4

Dine, GP, Ratzinger, Savoray (24)



Correlation with the precision front
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    (i) Equivalence principle (EP) + (nuclear) clocks, at 1-loop scalar coupling to mass is induced:  

                       

•             

•            Nuclear clock (1:1024) 

Δmu

mu
≈

3
32π2

y2
s |VSM

us |2 a
f

EP ⇒ f ≳ 1016 GeV

⇒ f ≳ 1019 GeV ×
mNB

10−15 eV

3

systematic errors don’t vary over time there is however
no need for such cuts when searching for oscillations. As
an optimistic benchmark we may therefore assume that a
relative statistic error ⇡ 2/

p
N0 can be achieved, where

N0 is the number of events an experiment has collected.
Concerning availability of data |Vus| determining the

decay width of Kaons is perhaps one of the most promis-
ing candidates, given the large number of Kaons pro-
duced in experiments like KLOE, NA48 and NA62. For
the determination of |Vus| e.g. the absolute branching ra-
tio ofK+

! µ+⌫(�) is used. It has been determined with
a relative statistical error of ⇠ 2⇥ 10�3 using N0 ⇡ 106

Kaons by the KLOE experiment [5]. For our purposes
however every observable proportional to |Vus| will work
independent of whether it is suited to extract the matrix
element. This perhaps makes the measurement of the Ks

lifetime the leading candidate with a relative statistical
error of ⇠ 3⇥ 10�4 [6]. To be optimistic one might con-
sider such a study involving the N0 ⇠ 1010 Kaons KLOE
recorded or even the N0 ⇠ 1012 recorded by NA62. The
Kaons produced by NA62 are however strongly boosted
perhaps further complicating the determination of abso-
lute widths. The bounds one might obtain from these
observables are shown in green in Figs. 1 and 2.

Similarly |Vub|
2 can be determined from the decay of

B-mesons although such decays are rare compared to the
ones involving Vcb. The number of decays involving |Vub|

2

is suppressed by ⇡ |Vub|
2/|Vcb|

2
⇡ 0.006. Given that

Babar, Belle, Belle II and LHCb have produced N0 ⇠

5⇥108 , 109 , 5⇥1010 and 1012 bb-pairs they however might
still be able to come close to e.g. KLOE in sensitivity to
our model as one can see from Fig. 2, where we show the
resulting reach in purple.

Lastly one may also consider CP violating observables.
Again the Kaon system promises to be the most percise,
with e.g. the decay rate of KL ! ⇡+⇡� relative to the
rate of KL ! ⇡±e⌥⌫e determined with a relative statisti-
cal error of ⇠ 5⇥10�3 [7]. The resulting bound is shown
in brown in Fig. 2. Due to the CP violation being small
one has to expect this sensitivity to scale poorer though
than to |Vus| when considering a sample of Kaons with
fixed size N0.

Further details on the oscillation of CKM elements can
be found in Appendix C. There we also comment on the
possibility of observing an apparent CP-violation when
combining results from experiments that ran over dif-
ferent periods of time. We do not expect competitive
bounds from such time averaged methods though.

IV. CHALLENGES OF THE MODEL

The variation of the absolute values of the CKMmatrix
Eq. (9) leads to a dependence on � of the quark masses
through quantum corrections. Such couplings of � to the
quark masses are strongly constrained by searches for the
violation of the equivalence principle. In the near future,
one can expect even stronger bounds from nuclear clocks.

FIG. 1. Bounds on the new light scalar in terms of its
mass and decay constant. The orange area is excluded from
searches for violation of the equivalence principle. The area
above the green lines can potentially be probed through os-
cillations in the CKM matrix. See Fig. 2 for details. Above
the blue line the model can be tested by the nuclear clock.
The gray lines indicate the cut-o↵ for which the mass of the
scalar is naturally small.

FIG. 2. Potential reach of various collider searches for oscil-
lations of the CKM matrix elements. Straight lines indicate
quoted sensitivities, while dashed lines assume that for a rel-
ative measurement an O(1) fraction of the events that an
experiment has on tape can be used. In green we show mea-
surements of |Vus| obtained from Kaons.

V (�) V †(�) mq(�)

u d u

W

FIG. 3. Left: Contribution to the up-type quark selfenergy
leading to a dependence of the quark masses on �. Right:
Correction to the scalar potential induced by quark mass de-
pendence.

i



NB-UDM signature & parameter space 
nuclear clock reach
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the strange quark we only take into account the variation of
the nucleonmasses [23,24]. In this way, we arrive at a bound
1=f < 9 × 10−17 GeV−1 for masses mϕ < 10−13 eV, as
shown in orange in Figs. 1 and 3. From Eq. (11) it also
becomes clear why we constructed the model in such a way
that theCKMmatrix elements involving the top quark do not
depend on ϕ. The large top Yukawa would lead to much
stronger bounds stemming from the variation of the down-
type quark masses.
In the future, nuclear clocks are expected to drastically

improve the sensitivity to variations in the quark masses
[25–28]. Through the coupling discussed above, our model
would introduce periodic oscillations in the quark masses,
just like in the CKM entries, if the scalar constitutes dark
matter. In Fig. 3, we have indicated the expected reach in
blue, assuming that the scalar is all of dark matter and using
the clock parameters from [21,29].
Note that in our discussion of the limits from the

coupling to matter, we have linearized the full dependence
of Δmq on ϕ in Eq. (11). In principle, the scalar also has
quadratic and higher-order couplings. Quadratic couplings
of scalars have received a large amount of attention
recently, since they introduce the phenomena of screening
by earths density [21,30] as well as new signatures in
experiments [31–33]. In our case, the linear couplings,
however, dominate the prospects of detection. Further, we
have ensured that screening effects are negligible in the
considered parameter space, as a rough estimate gives
1=fcrit ∼ 10−9 GeV−1 for the critical coupling [21].
A coupling of the type L ⊃ ΔmqðϕÞq̄q additionally

introduces a correction to the scalar potential of ϕ through
a tadpole, as shown in Fig. 2,

VðϕÞ ⊃ ΔmqðϕÞ
mqΛ2

UV

16π2
; ð12Þ

where ΛUV is a UV cutoff. The minima of this potential are
CP-conserving, as one can see from the exact expressions
for ΔmqðϕÞ ∝ jVUDðϕÞj2 given in Appendix B, where all ϕ
dependence is ∝ cos 2ðθ0 þ ϕ=fÞ. This is expected since
our effective Lagrangian Eq. (1) is CP-conserving [34].
The part of the potential that generates the CP-violating
VEV θ0 is, therefore, necessarily due to additional new
physics. The term above gives a correction to the scalar
mass, Δmϕ, which is dominated by the charm and bottom
quark contributions,

Δmϕ ≃
ffiffiffiffiffi
12

p

16π2
jVcbjjVubj sin 2θ12 cos 2θ0ycyb

vΛUV

f
; ð13Þ

a model where mϕ ≪ Δmϕ would be considered fine-
tuned. Saturating mϕ ∼ Δmϕ, we can in fact work out the
amplitude of oscillation for a given UV cutoff, as in
Eq. (10),

ΔO
Ō

∼ 1.1 × 10−6
eV
ΛUV

: ð14Þ

In Figs. 1 and 3, we have indicated the maximal cutoff in
gray. We conclude that, while corrections to the scalar mass
are suppressed by the smallness of the Yukawa couplings,
by the smallness of the off-diagonal entries of the CKM
matrix, and by only arising at two loops, the amplitudes that
we highlighted as detectable in the previous section still
require a decent amount of fine-tuning. The mirror models
discussed in Refs. [35–37] can account for cutoffs as low as
the MeV scale through the introduction of a hidden QCD
sector. As shown in Fig. 3, nuclear clocks will be able to
probe both natural regions and regions consistent with a
minimal misalignment scenario for UDM production [38],
satisfying the relation f ≳ 1018 GeV ð10−27 eV

mϕ
Þ1=4, indicated

by the black line.
Let us finally remark on corrections introduced by

Planck suppressed operators that may lead to a quality
problem [8,39–45]. Consider corrections to the scalar
potential of the form

L ⊃ c
Φn

mn−4
Pl

þ H:c:; ð15Þ

where mPl ¼ 2.4 × 1018 GeV is the Planck mass and
c ¼ Oð1Þ is a complex coefficient. Such operators lead
to a correction of the scalars mass

Δmϕ ≃ n
fn=2−1

mn=2−2
Pl

: ð16Þ

FIG. 3. Bounds on the new light scalar in terms of its mass and
decay constant. The orange area is excluded from searches for
violation of the equivalenceprinciple. The area above thegreen lines
can potentially be probed through oscillations in the CKM matrix.
See Fig. 1 for details. Above the blue line themodel can be tested by
the nuclear clock. The gray lines indicate the cutoff for which the
mass of the scalar is naturally small. The black line corresponds to
the minimal misalignment UDM model (see the text).

NELSON-BARR ULTRALIGHT DARK MATTER PHYS. REV. D 111, 015049 (2025)

015049-5

Th-229 line shape

Dine, GP, Ratzinger, Savoray (24)

Fuchs, K
irk, Madge, Paranjape, Peik, GP, Ratzinger & Tiedau (24)



Successes and Challenges 
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Minimal misalignment DM bound, can’t be satisfied:  , works nicely!

Naive naturalness => currently only probing sub-MeV cutoff , 

Is  this model the only possibility to get CKM oscillation? 

    We think that the answer is negative, working now on alternative realization 

                                                                   (Hiller-Schmaltz (01), twisted-split fermions …)

Rely on NB construction, \w Z2  and a (non-anomalous) U(1)

f ≳ 1015 GeV ( 10−19 eV
mϕ )

1
4

Δma ≈
yb |Vub |muΛUV

16π2f

QU(1) (Φ, u1, Q1, d1, u2, Q2, d1) = (+1, + 1, + 1, + 1, − 1, − 1, − 1)

QU(1)(η, Φ, ψ, ψ c, ū1) = + 1, + 1/2, − 1/2, − 1/2, + 1

Two models:
(η additional flavon)



Conclusions
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Nelson-Barr models account for the smallness of the strong CP phase & the fact 

the KM phase is order one, which requires spontaneous CP violation

Spontaneous breaking may lead to the presence of a light axion-like field 

If this field consist of ultralight dark matter it’d lead to new type of pheno’,  

with time-dependent CKM angles

Might be probed by the K/B-factories & (nuclear)-clocks/229Th line-shape

Is it a unique model or just a 1st example of a broad class?



Backups



Line shape analysis - no need to wait for nuclear clocks
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Using Th-229 to search for oscillating signal

36
with: Elina Fuchs, Fiona Kirk, Eric Madge, Chaitanya Paranjape, Ekkehard Peik, Wolfram Ratzinger & Johannes Tiedau 
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Nelson-Barr (crash course, just flashing for followups)
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Assume that theory is real + only    breaks CP, then:

1.   => 

2. At low energy , effective  satisfies  , 

     which if gi isn’t parallel to   ,  and  lead to  

Φ =
f + ρ

2
exp ( ia

f ); ⟨a⟩ ≠ 0

ℳd = (μ Bi

0 md); md ≡ Ydv; Bi ≡ (giΦ + g̃iΦ*) det [ℳd] ∈ Real

(v ≪ μ, Bi ) md meff
u meff

u
† = mu (13 +

B*i Bj

μ2 + Bf B†
f ) m†

u

g̃i μ ≲ Bi θKM = 𝒪(1)

    ℒNB = μ ψc ψ + (gi Φ + g̃i Φ*) uc
i ψ + Yu H̃ Q uc + Yd H Q dc (with ψ, ψc, Φ ⊂ Z2 − odd)

Bento, Branco & Parada (91)
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Ultralight scalar => simplest dark matter (DM) model

A sub-eV misaligned homogeneous scalar field => viable DM model 

Its amplitude oscillates with frequency equal to its mass,  

However, this field has no coupling to us (apart from gravitational), how can we search for it?  

A minimal plausible assumption is that it’d couple to us suppressed by some very high scale      

(Planck suppressed?),  which are extremely weak, for instance: 

w ∼ Hz ×
mϕ

10−15 eV

ℒPl ∈ dg
αs

π
ϕ

MPl
GG +

a
32π2f

GG̃ ⟹ dg
mn

MPl
ϕ n̄n +

mn

f
a n̄γ5n

scalar coupling 
effecting energy levels

pseudo-scalar axial coupling 
magnetic/spin-observables



Planck suppression for ultralight spin 0 field

Let’s consider some dimension 5 operators, and ask if current sensitivity reach the 
Planck scale (assumed linear coupling and that gravity respects parity): 

For updated compilation see: Banerjee, Perez, Safronova, Savoray & Shalit (22) 

m� = 10�18 eV

operator current bound type of experiment
d
(1)
e

4MPl
�F µ⌫Fµ⌫ d(1)e . 10�4 [58] DDM oscillations

d̃
(1)
e

MPl
�F µ⌫F̃µ⌫ d̃(1)e . 2 ⇥ 106 [68] Astrophysics

���d(1)me

���
MPl

�me e c

e

���d(1)me

��� . 2 ⇥ 10�3 [58] DDM Oscillations

i

���d̃(1)me

���
MPl

�me e c

e

���d̃(1)me

��� . 7 ⇥ 108 [63] Astrophysics

d
(1)
g �(g)
2MPl g

�Gµ⌫Gµ⌫ d(1)g . 6 ⇥ 10�6 [67] EP test: MICROSCOPE
d̃
(1)
g

MPl
�Gµ⌫G̃µ⌫ d̃(1)g . 4 [69] Oscillating neutron EDM

���d(1)mN

���
MPl

�mN N c

N

���d(1)mN

��� . 2 ⇥ 10�6 [67] EP test: MICROSCOPE

i

���d̃(1)mN
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Table 3. Strongest existing bounds on various DM couplings for a mass of the order of
m� = 10�18 eV.
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DDM = direct dark matter 
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