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Match the following:

Paramagnetic systems

non-zero total electron spin

@ Diamagnetic systems

zero total electron spin
non-zero nucleon/nuclear spin

Electron EDM | d.

Semi-leptonic
e-N operator

Hadronic dp
CP Violation ||4,

higher-
QCD 6 dimensional
operators
EDMs 2026




Match the following: E\ﬁéﬂfﬂ

Paramagnetic systems

non-zero total electron spin

@ Diamagnetic systems —

zero total electron spin —
non-zero nucleon/nuclear spin

Electron EDM | d.

Semi-leptonic
Csp

e-N operator
Hadronic dp

CP Violation ||4,

higher-
QCD 6 dimensional
operators
EDMs 2026



Match the following:

Paramagnetic systems Electron EDM | 4.
N e
non-zero total electron spin S = - . . |
Mo Semi-leptonic
L, S ~ Csp
— —_— " e-N operator
& e il s \\\
T e .
Diamac§ s :
@ S \ | N Hadronic dp |~
zero total ¢ : m— Jo1

CP Violation ||4,

higher-
QCD 6 dimensional
operators
EDMs 2026

NON-Z€ro N & { e




non-zero EDM o =
measurement K

MIRAC

SM CP Violation
/ N\

CKM-phase QCD 06 term

Y.Emaetal. (2022)

BSM sources of
CP Violation

EDMs 2026 n
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Paramagnetic systems [See Anastasia’s talk] 5

What do they measure?
€ e

Electron EDM
L purely leptonic

d operator
e

[Paramagnetic EDM = Csp +

7
EDMs 2026



Paramagnetic systems [See Anastasia’s talk]

What do they measure?
€ e

Electron EDM
purely leptonic

d operator
e

[Paramagnetic EDM = Csp +

e\\ /e
Semi-leptonic operator

Effective electron-Nucleon interactions
N // \\N

L= &éi%eﬁ (CSp + Csp®) N .

V2

EDMs 2026 n



H. Mulder, R. Timmermans,

Effective e-N interactions S st
How are they induced by hadronic CPV?
m/n B
4 gn/n
SN

p/n

‘CX — goNTaNﬂ_a, + gl NN’}TO —|— gonNNT} Meson Exchange Pion Loops
+2N(do + d17°)v*SYNF,, ,

EDMs 2026 n



° ° ~ H. Mulder, R. Timmermans,
- and J. de Vries (2025).
Effective e-N interactions

How are they induced by hadronic CPV?

EX — QUNT(LN?TH, 1+ gl NN’}TO 4+ ggnNNT} Meson Exchange Pion Loops
+2N(do + 173 )v* S NF,, ,

[ Nucleon EDMs ]

dn/dp n/p Tl/p

10
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CSP induced by We need both the nucleon EDM
nucleon EDMs and the herell

Photon Momenta
4, = (a5, 9y)

11
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Cp induced by We need both the nucleon EDM

nucleon EDMs and the herell

Potential

Ultrasoft
Photon Momenta

. e

a = (a%q,) 5 N N
i qo ~q_’2/mN /\:) — 2

¥ 14 ay Nl%/l ~Mmg”/my

ﬁ |q_]/’| ~ My

(& (& (&

Y Y

nuclear excited states

() |

Flambaum, Pospelov, Ritz, Stadnik, ‘19

Dekens, JdV, Gialidi, Menendez, Mulder, Romeo 25 EDMs 2026



POtential- Region Sensitive to nuclear scales %

expand in small scales ' Two-nucleon effects \
like q{,’/|@’|

Apor = (kg |VIh) (L) (1 _ v (Pe —pe) ;6) ivsu(pe)

2Me

Nuclear Matrix Element (NME) of the two-body potential V

13
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What changes here?

yo®

ay ~|‘Ty| ~mg? /my

A lot of scales enter

this diagram:

Mg, Pe , My,  En

)

E,: nuclear excited states

BUT!

Scary Integrals

EFT saves us

E,>m,

14
EDMs 2026



So far so good!

_ 2 |[ 402m, — A, 2
ogflf,:_f [ > ey~ 2n (3111 Me —1) + (hi| V| hs)

15
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y ®

So far so good! %

G* A\ 4&»‘*

mp

Parama agn etic EDM [ e
Nucleon EDM
measurements “ ucleon S

Compute NMEs

16
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Nuclear side

ot __ V207 e Jfusoft 3 (hsIDOFn) - (nlu®5lhi) (1—|—31n 4A’21)
—_———] 2
SP 3mNGF SpP A, m?2

17
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2
~usoft — \/EO’, Me

SP

Nuclear side

usoft khf|D(i
— Mgsp >
3mNG'F n /
Excitation energies
E, > m, A, = E, — E;
100 [ GoN
—QX
— 80 Sn100pn
|
% 60
=,
= 40
A,
20
0 3 4 5 6 7
E,(MeV)

)ln) (nlu(”r?lh«)](l P
A,

Transition elements

18
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_V2aPm,

Cusoft —
3mN GF

Nuclear side

Musoft

E,>m,

@ ln) - OFily
» OE 7)oy a|hq,>](1+31n4

/

Excitation energies

magic neutron number

13733

A, =E,—E; Transition elements Ba

— GCN
—QX

Sn100pn

[dp(efm)_l}

usoft
CS’P

Barium

ot — (67 = 28) d, (efm) ™!

~40% nuclear
uncertainty!!

1

only d,, contributes!

19
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]

Nuclear side

Coordinate space potential

/@R

~pot _ V2
Cg; = —G—F<h@@hz> V(r) = etm, Zu(% D(J 7] l o) + S(w (r)

187rm

20
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]

. DOMINANT CONTRIBUTION
Nuclear side [ }

Coordinate space potential

/@R

- V2
Cgp? = —G—F<hz‘@hi> V(F) = e'me Zﬂ(z DY) |7 l j)+ S(” (r )]

1871'm

Ba | O3y = [(—433£5)d, + (387 £0.4) dy] (e frn) "

Barium

=  Both core and valence nucleons = NME scales with A
contribute to the potential NME » = Potential NMEs > Ultrasoft NMEs
= Coherent structure =  Smaller uncertainties

*NMEs computed using modified Shell Model codes for Ovbb EDMs 2026



ot ot, ot,n
Mgp =mgp™ dp +migp™ dn .

Can we go heavier? <107

Lighter nuclei confirm linear Z/N scaling

mPw® = —9.74 X px(fm/e)

X =(Z,p) or(N,n)

s /| ]

0 20 40 60 80 100
Z or N

22
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Can we go heavier?

MgoPt = mg‘(;’p dp +m

x10?

pot,n
sp’ dn -

op
on

Lighter nuclei confirm linear Z/N scaling T: 0.8
=
mgc;;“’x = —9.74 X px(fm/e) :r? 06
>~ 04
X =(Z,p) or(N,n) s
£ 0.2
0o~
_ _ 0 20 40 60 80 100
dgd™ = 1y Csp /A ZorN
. V2etm. Tmol fm
: ' | (_9 {4) [Zf""'j” dﬂ + N pp|dy
I8tGrpmpy A e

Experimental Limit == Limiton d, ordy

23
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Our limits

c Recall the best current limit from paramagnetic molecules 9 Use scaling function
e < 41-1073% e cm

Roussy et al. 2023 |de

|dp| e <16-1072 ecm |dp |yt < 1.6-10723 e cm
x100 weaker than x1000 weaker than
—-25
[ |dp|Hg < 2.0 x10 e ] [ |dn| < 1.8 X107 26 ¢ ]
CM Graneret al. 2016 cm pg| 2020

24
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Our limits

Recall the best current L

d
Ide HfF*
€
(8]
@
|d'P|HfF+ N £
-
=
[m]
[N
x100 s
3
Q@
W]

o

FAR

AWAYI

NOT THAT

1E-18 - d o' I E
1E194 o 4
1E-20 + 1
_1E-21 4 1
s 3 oTIF
8152 o ®TIF 1
*EDM contribution to Snowmass 2021 X 1E-23 4 CSO o} y
b= < o
T T T T T T ﬁ 1E-24 4 Cs <;(e % (0] @Hg E
! o]
E QO 1E-25 CS@@ o) o G)@Hg 1
E ’é & electron By o
E1E264 1 o neutron T on @ E
e 1E-274 | @ proton OTl o6 @ ]
1025 E O muon YbF
o7 1E-28 + mercury ®1ho 1
10 ] 1E-29 |_© xenon OTQO ]
1028 ¢ 1E-30 : , : e
: 1960 1980 2000 2020
1029 3 Year of publication
C - . - :'_. :")-
40-30 £ Improvements to existing experiments — ""??F'o,, 1than Bennett et al. 2009
)
New trapping technologies —>‘~~.\ “--._‘g% .

Advanced quantum control —>

Year

095 2000 2005 2010 2015 2020 2025 2030 2035 204
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L1 E:CL EDO
‘. ¢ Which source did it? PART 3

uark chromo
[ ] : EDM QCD®

26
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Quark chromo
=Bl\Y

27
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: A
> j e‘ e » ~ f \\ //
i =
K __ S
gl Y . :
[ + T, T *
: ; ..a:I___ ///; £ om0 '|S_-__{\ \
e a x A{ Y .

28
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C|. E:CL E°

Suppose QCD 06 or quark (color)
operators as the underlying CPV

source:

dTl - #1 9_ and dgCIUIV - #2 9_

d, = #5d, and dS" =

!

equiv
de” " /dy

Ratio Plot

#y dg

0.02

0.01

0.00

-0.01

-0.02

diqulv ( .1 04)

\ Helps to solve the mystery

-1.0 -0.5

0.0

0.5

1.0

29
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Example:
Say we measure

d, =10"%"ecm

Then we expect:

for up color EDM

dST . — (10732 -10733) ecm

e

equiv
de

&

N\

even smaller for 6

0.02

0.01

0.00

-0.01

-0.02

Which source did it?

dgqulv ( 10% )

-1.0 -0.5

0.0

0.5

1.0

30
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Summa ry s Connect paramagnetic EDM measurements to nucleon
EDMs and hadronic CPV. _J

Match the following:

(11 i - Electron EDM
“ Semi -leptonic

% Meson exchange and pion loop diagrams.

9 NEW ANSWER
Dla
= s Potential and ultrasoft diagrams.

+* Nuclear model calculations and
use of EFT.

=
P

I 1

% Potential dominates: linear scaling

< 2
o

0 20 40 60 80 100
Zor N

s If there is a measurement, help to solve the CPV source @
mystery. (10 ‘

< What next? ...

EDMs 2026



Questions?

Thanks for listening!




The magic of matching

Full Theory
above w

IR scale =

EFT just
below w

Low energy
EFT at

Mm<<w ™

[r(w) —

Same IR behaviour

/

— C(u~w) = Ip(w) — Igpr (@) =——

lgpr (W) —

Contributions

RGE '

A

y

from
the Low energy + C(u~m) —
EFT atm

*Introduction to EFT , Manohar 2018

IR SAFE

33
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Energy scales
A

¢ Ultrasoft Region
Matching:

Integrate out nuclear OS'P (/.L ~ En) = Box — Matching Triangle (3,

En T excited states

8 2P Tl
Run down to p~m,
[ )

B, :Nuclear Polarizability

Csp(p ~ me)

TS+ N

“physical low-energy

triangle”
) 34
(keep low-energy scales me,pe) EDMs 2026




Power counting

€

\

y @

Y

35
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