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Probing	dark	maAer	in	atomic	EDM	
and	PNC	measurements.	

	



Dark matter 
 Overwhelming astrophysical evidence for existence 
of dark matter (~5 times more dark matter than 
ordinary matter).                                                          



 – “What is dark matter and how does it interact with 
ordinary matter non-gravitationally?” 



Cosmic	PNC	caused	by	dark	maAer	
	

  

€ 

LPS =κ(∂µϕ)ψγ
µγ 5ψ − ikm f c

2φψγ 5ψ

LPV = bµψγ
µγ 5ψ

Pseudoscalar  field (e.g.axions): 

Pseudovector field: 

dark

matter

  20%

  dark

energy

   76%

ordinary

matter 4%

Assuming	that	dark	ma/er	breaks	parity	
we	consider	pseudoscalar	and		
pseudovector	fields.	

Energy	composi<on	
of	the	Universe:	



Lead	to	oscilla<ng	PNC	and	EDM:	

  

€ 

EPNC
PS = (κ +

k
2
)ωϕ sin(ωϕ t)KPNC

  

€ 

EEDM
PS = −(2κ + k)2ωϕ

2 cos(ωϕ t)KEDM

€ 

EPNC
PV = b0(t)KPNC

EEDM
PV = −2ib0ωb cos(ωbt)KEDM

No static EDM! 
No static PNC for PS field. 

KPNC	and	KEDM	are	electron	
structure	factors	found	from	
atomic	calcula<ons	

These	are	the	first-order	effects!	

Current	searches	for	axions	rely	on	second-order	effects		
(axion-photon	conver<on,	axio-electric	effect).	



€ 

b0 <
Aexprt − Atheor +σ exprt +σ theor

KPNC

Atom Aexprt   
(10-11 a.u.) 

Atheor 
(10-11 a.u.) 

KPNC  
(10-7 a.u.) 

b0  
(10-7 a.u.) 

b0  
(10-5 eV) 

Cs 0.8428(26) 0.8353(42) 2.5 6 1.6 
Tl 25.6(2) 24.8(7) 2.1 800 220 
Dy 2.3(3.0) Hz* 4(4) Hz* 0.08 2 0.54 

* 1Hz = 1.52x10-16 a.u. 

Cs: Wood et al, Science 275, 1759 (1997); Dzuba et al, PRL 109, 203003 (2012); 
Tl:  Vetter et al, PRL 74, 2658 (1995); Dzuba et al, JPB 20, 3297 (1987); 
Dy: Nguyen et al, PRA 56, 3453 (1997); Dzuba and Flambaum, PRA 81, 052515 (2010). 

DM contribution to atomic PNC 

€ 

b0 t( ) = b0 = constIn case of 

limits on b0 can be found from existing PNC measurements: 



PV interaction of dark matter with nuclear protons and neutrons gives 
additional contribution κb to nuclear anapole moment (AM) 

€ 

HAM =
GFK
2
α ⋅ I
I

κa +κb( )ρN r( )
  

€ 

κb =
2 2παµ r2

a0
3mpc

b0
N

AM moment measurements in Cs and Tl can be used to put limits on b0
p 

Atom Exp κa Theor κa b0
p (a.u.) 

Cs 0.364(62) 0.15 – 0.23 1.1 
Tl -0.22(30) 0.10 – 0.24 3.1 

Cs: Wood et al, Science 275, 1759 (1997); Flambaum and Murray, PRC 56, 1641 (1997); 
       Dmitriev and Telitsin, Nuc. Phys. A 613, 237 (1987); Haxon et al PRL 86, 5287 (2001); 
Tl:  Vetter et al, PRL 74, 2658 (1995); Khriplovich, Phys. Lett. A 197, 316 (1995). 



Another DM contribution to atomic  
EDM and PNC 

V12 r( ) = i
gp1g

s
2

4π
e−mar

r
γ 0γ5

There	might	be	a	contribu<on	to	the	P-odd	electron-nucleon	
interac<on	due	to	exchange	of	axion-like	DM	par<cle	of	mass	ma.	
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FIG. 2. (Color online) Limits on the P,T -violating scalar-
pseudoscalar nucleon-electron (top figure) and electron-
electron (bottom figure) interactions mediated by a generic
axion-like particle of mass ma, as defined in Eq. (1). The re-
gions in red correspond to regions of parameters excluded by
the present work from consideration of atomic and molecular
electric dipole moment experiments. The regions in grey cor-
respond to existing constraints from torsion-pendulum and
co-magnetometry experiments [19, 21, 24, 29, 37–39]. In
extrapolating the limits on gseg

p
e from the published limits

on gsNgpe in [19, 21, 24, 29, 37–39], we have assumed that
Ā ⇡ 2.5Z̄ for the mean nuclear contents of the unpolarised
test bodies.
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Numerical	analysis	using	exis<ng	
EDM	measurements	leads	to	
constrains	on	the	mass	and	the	
strength	of	the	interac<on.	
(Stadnik,	Dzuba,	Flambaum,	
arXiv:1708.00486)	

V12 r( ) =
gA1g

V
2

4π
e−mar

r
γ5

-	CP-odd	interac<on	leading	to	EDM	

-	P-odd	interac<on	leading	to	PNC	
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TABLE II. Summary of derived limits on the combinations of parameters gAe g
V
N/m2

Z0 for mZ0 � Z↵me, g
A
e g

V
N for mZ0 ⌧

1/R
atom

, gAp g
V
N/m2

Z0 for mZ0 � 1/r
0

(r
0

⇡ 1.2 fm), and gAp g
V
N for mZ0 ⌧ 1/R

nucl

, from the consideration of vector-mediated
P-violating interactions in atoms. We have also summarised the experimentally measured and theoretically predicted (within
the standard model) nuclear-spin-independent PNC amplitudes used in deriving the limits on the electron-nucleon interaction.

Atom Eexp

PNC

(i10�11 a.u.) Etheor

PNC

(i10�11 a.u.) |gAe gVN |/m2

Z0 limit (GeV�2) |gAe gVN | limit |gAp gVN |/m2

Z0 limit (GeV�2) |gAp gVN | limit
133Cs 0.8353(29) [8] 0.8428(38) [14] 3.9⇥ 10�8 3.1⇥ 10�14 2.3⇥ 10�5 6.0⇥ 10�8

174Yb 87(14) [33] 110(14) [30] 1.1⇥ 10�6 1.4⇥ 10�12 — —
205Tl 24.8(2) [34] 25.6(7) [35] 1.5⇥ 10�7 3.6⇥ 10�13 — —

where ↵ = e2 ⇡ 1/137 is the electromagnetic fine-
structure constant.

The interaction (10) induces nuclear-spin-dependent
PNC e↵ects in atoms and molecules, allowing the deter-
mination of the parameter a. The only successful mea-
surement of a nuclear anapole moment to date was per-
formed in Ref. [8]. The experimentally measured value
of a for the 133Cs nucleus is [8, 18]:

a = 0.364(62) . (13)

Single-particle nuclear shell-model calculations of a for
the 133Cs nucleus have been performed in Refs. [17, 18]
using nucleon interaction constants from Ref. [36], while
many-body corrections have been considered in Refs. [37–
41]. For consistency with the single-particle approach
adopted in the present work, we likewise use the results
of single-particle calculations [18]:

a = 0.27(8) . (14)

Comparing the measured and predicted values of a

in Eqs. (13) and (14), and using expressions (11) and
(12), we place the following constraints on the interaction
parameters in Eq. (1):

��gAp gVN
��

m2

Z0
< 2.3⇥ 10�5 GeV�2 for mZ0 � 1/r

0

, (15)

��gAp gVN
�� < 6.0⇥ 10�8 for mZ0 ⌧ 1/R . (16)

Conclusions. — We have derived limits on the
P -violating vector-pseudovector nucleon-electron and
nucleon-proton interactions mediated by a generic vec-
tor boson of arbitrary mass from atomic PNC exper-
iments (see Table II for a summary of limits). Our
derived limits on the electron-nucleon interaction im-
prove on existing bounds from torsion-pendulum exper-
iments [42, 43] by many orders of magnitude for mZ0 &
10�16 eV (see Fig. 1). For non-isotopically-invariant
interactions of a vector boson with nucleons, our con-
straints on the proton-nucleon interaction are comple-
mentary to existing bounds from magnetometry experi-
ments on the neutron-nucleon interaction [44], while for
isotopically-invariant interactions of a vector boson with
nucleons, our derived limits on the nucleon-nucleon in-
teraction improve on existing bounds from magnetom-
etry experiments [44] by many orders of magnitude for
mZ0 & 10�5 eV (see Fig. 1).
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FIG. 1. (Color online) Limits on the P-violating vector-
pseudovector nucleon-electron (top figure) and nucleon-
proton (bottom figure) interactions mediated by a generic
vector boson of mass mZ0 , as defined in Eq. (1). The re-
gions in red correspond to regions of parameters excluded by
the present work from consideration of atomic parity noncon-
servation experiments. The regions in grey correspond to ex-
isting constraints from torsion-pendulum and magnetometry
experiments [42–44].

Ongoing and future PNC experiments with atoms [45–
49] and molecules [50, 51] may improve on the level of
sensitivity demonstrated in the present work. In partic-
ular, atomic PNC experiments that involve the mixing
of atomic states of high angular momentum (e.g., in Dy
[46]) may be particularly sensitive to the electron-nucleon

Limits	on	the	P-viola<ng	
nucleon-electron	interac<on.	
	
	
	
	
	
	
Limits	on	the	P-viola<ng	
nucleon-proton	interac<on.	
	
(Dzuba,	Stadnik,	Flambaum,	
arXiv:1709.10009,		
accepted	to	PRL)	

PNC	

Atomic	calcula<ons	are	the	same	as	for	the	SM	PNC	but	with	a	different	PV	
operator.	



Atom	 State	 J	 E	
(cm-1)	

TransiPon/	
Δ	E	(cm-1)	

Nd	 4f4	5d6s	 7	 13708.860	 d-f	

4f3	5d26s	 7	 13799.780	 0.920	

Gd	 4f7	5d6s6p	 4	 19507.332	 p-d	

4f7	5d26s	 4	 19507.992	 0.660	

Gd	 4f8	6s6p	 6	 25658.055	 d-f	

4f7	5d6s6p	 6	 25661.340	 3.285	

Dy	 4f9	5d26s	 10	 19797.961	 d-f	

4f10	5d6s	 10	 19797.961	 0.000	

V12 r( ) =
gA1g

V
2

4π
e−mar

r
γ5

Long-range	PV	interac<on	at	ma	~	me	,	
i.e.	the	p-d	and	d-f	mixings	are	as	good	as	
the	s-p	one.	

Dy:	Expt.:	HW=|2.3±2.9±0.7|	Hz		(Nguyen,	et	al,	PRA	56,	3453	(1997));	
	
							Theory,	SM	PNC:	HW=|4±4|	Hz	(Dzuba	&	Flambaum,	PRA	81,	052515	(2010))	

There	are	dozens	
of	pairs	with							
Δ	E	<10	cm-1.	

Experimental	work	
with	Dy	con<nues	at	
Mainz	(D.	Budker	et	al)	



Low	mass	limit	

gA1g
V
2 < 3×10

−14

EExpt
PNC = 0.8353(29)i×10−11a.u.

ETheor
PNC(SM) = 0.8428(38)i×10−11a.u.

Cs:	

Dy:	 HW
Expt = 2.3± 2.9± 0.7  Hz

HW
Theor(SM) = 4± 4  Hz

gA1g
V
2 < 6×10

−14

Nguyen,	et	al,	PRA	56,	3453	(1997)	

Dzuba	&	Flambaum,	PRA	81,	052515	(2010)	

Wood	et	al,	Science	275,	1759	(1997)	

Dzuba	et	al,	PRL	109,	203003	(2012)	

Great	poten<al	for	improvement!	



CalculaPons	for	open-shell	atoms	
are	needed	for	many	problems	of	modern	

physics.	

•  PNC	in	lanthanides	for	probing	DM	and	
neutron	distribu<on.	

•  Spectra	and	proper<es	of	SHE,	Z=104	to	118;	
6dn7sm,	7s27pn	configura<ons.		

•  HCI,	4fn5pm,	4fn5sm	configura<ons	(atomic	
clocks,	varia<on	of	α,	LLI	viola<on,	etc.)	

•  And	many	more…		
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Open-shell	atoms:		
	

Z	
At	



0

i |H | j → i |H | j +
i |H |m m |H | j

E −Emm
∑

The	CIPT	method		
(configura<on	interac<on	with	perturba<on	theory	

Dzuba	et	al,	PRA	95,	012503	(2017))	

The	structure	of	the	CI	matrix	
Ψ = ci

i
∑ Φi + cm

m
∑ Φm

Small	correc<on	

Has	small	number	of	terms	

Should	work	well	for	low-lying	states	of	atoms	and	ions	if	there	is	no	strong	
mixing	with	higher	states.	



Hole-parPcle	(Fock	space)	approach	to	
core-valence	correlaPons.	

4 f 146s6p→ 6s6p,
4 f 136s2 5d→ 4 f −16s2 5d,

Replace	

etc.	
And	work	with	configura<ons	containing	electrons	and	holes.	

Double	benefit:	
	
•  Fewer	par<cles	=	more	efficient	calcula<ons																					

(e.g.	16	electrons	->	2	electrons	or	3	electrons	and	1	hole).	

•  Core-valence	correla<ons	can	be	included	by	considering			

5s−16s2 6p, 5p−16s2 5d, 5p−16s5d 2, etc.		



LimitaPons	of	the	CIPT	method		

Ψ = ci
i
∑ Φi + cm

m
∑ Φm

Small	correc<on	

Has	small	number	of	terms	

•  Only	low-lying	states	can	be	
calculated.	

•  Calcula<ons	are	sensi<ve	to	the	
ini<al	approxima<on.	This	may	
lead	to	different	accuracy	for	
different	states.	

	

These	limita<ons	can	be	eased	by	increasing	the	size	of	
the	effec<ve	CI	matrix.	
	



YAerbium				Nobelium	(Z=102)	

CI+MBPT	 Expt.	

Hfs	(MHz)	 -750	 -214.173(53)	

E1	(a.u.)	 4.825	 4.148(2)	

CalculaPons	for	the	1P1	state	of	Yb	

Measurements	for	the	1P1	
state	of	No:	
hω (E1),	hfs,	isotope	shin	
(Laa<aoui	et	al,	Nature	
538,	495	(2016)).	
	
Can	we	trust	the	CI+MBPT	
calcula<ons	to	extract	
nuclear	parameters?	
	
-Not	for	Yb!	
	
	

Expt. CI+MBPT CI+MBPTExpt.

E1 E1

4f   6s 5f   7s14214 2S1 0

P3 1

P1 1

4f   6s  5d213

10000

20000

30000

40000

50000

6s6p
7s7p



YAerbium				Nobelium	(Z=102)	

Expt. CIPT CIPTExpt.
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CI+MBPT	 CIPT	 Expt.	

Hfs	(MHz)	 -750	 -265	 -214.173(53)	

E1	(a.u.)	 4.825	 4.31	 4.148(2)	

CalculaPons	for	the	1P1	state	of	Yb	

Measurements	for	the	1P1	
state	of	No:	
hω (E1),	hfs,	isotope	shin	
(Laa<aoui	et	al,	Nature	
538,	495	(2016)).	
	
Can	we	trust	the	CI+MBPT	
calcula<ons	to	extract	
nuclear	parameters?	
	
-Not	for	Yb!	
	
-But	No	is	okay.	

Journal	ar<cle	is	under	
prepara<on.	



Conclusion	

•  Oscilla<ng	EDMs	and	PNC	amplitudes	would	
be	a	signature	of	interac<ng	with	DM.	

•  Exis<ng	EDM	and	PNC	measurements	put	
strong	constrains	on	the	DM	parameters.	

•  New	more	sensi<ve	experiments	are	
proposed	using	close	states	in	lanthanides.		

•  New	methods	of	atomic	calcula<ons	are	in	
development	for	planning	and	interpre<ng	
the	PNC	measurements.	


