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Part 1: hadronic CPV 1n
paramagnetic EDMs



The state o:

- Big problems: nc
neutrino masses
anti-matter asyr
dark matter, grs
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a How can EDM re
P

robe of CP violation

-0

* Need BSM CPV to explain
matter anti-matter asymmetry

 EDMs probe this (in case of
electroweak baryogenesis)

“Model killer”

* Many BSM scenarios predict
larger EDMs than SM .
* Precise EDM bounds rule out °

large part of parameter space
* Probe high NP energies A

Plot by Adam Falkowski




Dipole moments: magnetic & electric

1_
L= ——%W iySd)WFE,,

2 ©
Magnetic dipole moment (MDM) Electric dipole moment (EDM) g
aa]
Non-relativistically: H = —uS - B oo Non-relativistically: H = —dS - E o E
Magnetic dipole moment SpinMagnetlc field Electric dipole moment Electric field ]
=
\Even under T: —u (—§) : (—§) = —u§ B Odd under T: —d (—§) - (E) = +dS - E } E
| e
- Also: MDM comes in at tree- g
Through CPT-conservation: level in SM, EDM only at T

EDM violates CP, MDM doesn’t higher loop level > MDM

much larger than EDM in SM




Pospelov & Ritz 0504231v2 (2005), Konstantin Gaul ECT*
4/3/24, Jordy de Vries SLAC 13/8/19

Paramagnetic: total electron spin non-zero
Diamagnetic: total electron spin = zero
Systems: atoms, molecules

Tracing the CP violation

hope to one day : : _
Vi . : Paramagnetic Diamagnetic
W? measure EDMs of: [REJYLIE Nuclel Neutron e systems

[Molecular, atomic,

nuclear theory F

Heavy-baryon

chiral perturbation
Quark Gluon 4-quark Lepton-quark Lepton
[ Quark EDM } [chromo-EDM chromo-EDM | operators operators EDM (d,)
Elementary

particle level: SM,
& | SMEFT, other BSM

From these fundamental CKM phase QCD 6 term
sources of CPV:

Higher energy
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Pospelov & Ritz 0504231v2 (2005), Konstantin Gaul ECT*
4/3/24, Jordy de Vries SLAC 13/8/19

Paramagnetic: total electron spin non-zero
Diamagnetic: total electron spin = zero
Systems: atoms, molecules

Tracing the CP violation

hope to one day

[Molecular, atomic,

nuclear theory F

Diamagnetic
systems

Paramagnetic
systems
1
I
I

, -

Heavy-baryon

chiral perturbation
theory (T[’ p, n, y, e)

-

Quark
L s 18Dl } [ chromo-EDM }

Elementary
particle level: SM,
& | SMEFT, other BSM

From these fundamental QCD 6 term
sources of CPV:

Higher energy

Gluon 4-quark Lepton-quark Lepton
chromo-EDM | operators operators EDM (d,)
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£9 — Q_m* C]i'}/ﬁ

QCD 6 term /
Quark EDM >» L

aramagnetic EDMs: Csp and d,

Hadronic CPV

\

Semileptonic operator

dn/dp}

-

N

chromo-EDM

n/p n/p

Quark }

"

L=2N(dy + d,7°)v*SYNF,,

\
v\

o

N N

ﬁ NN:goNTaNﬂ'a

™/n

+ g1 NN7° + go, NN

RN

Negligible ~ ( -~ _ Leptonic operator
Paramagnetic EDM = a CSP—+_b—dZ T )[
Usually, bounds on paramagnetic EDMs [ Lepton } EDMs of
are interpreted as bounds on d, D) Y paramagnetic
But! Paramagnetic EDM bounds are now systems
so stringent, that we can derive relevant > >

e e

bounds on 6, d,, d;,, from them too \_
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Precision development R

10-19 ‘
o
Last ~20 years: 10200
. ~ O

- nEDM bounds improved by factor ~4 107 .
O N
220 S
- eEDM bounds (from paramagnetic systems) improved . 10 o ;;
by factor ~400 < s HfF*, ThO, YbF, Tl .. S 107 ae
. . . -24 | & r:?
Diamagnetic atoms, e.g. *’Hg and ?2°Ra, improve slowly = 1° o'. 2
.~ £ .2 E
c‘-/vv = 107+ ‘ @9 Q.D ® (;:3
Currently: Z ool : o o :
(W] O ﬁ
- |d,| S107%% e cm I , 1027} ek - Som =
Paramagnetic T
- 0] oy S 10710 bounds are now 107 | / == =
| TO6eTHER 2 - 3orders less  10®|r ¢ et ..l =
PSI 2020, J. Liang et al. 2301.04331 stringent. But: || o _serrweom o E
10° T

d | S 107 ecm Q\/Fﬁo 1960 1970 1980 1990 2000 2010 2020
PlHg year

Graner et al. 2016, Dmitriev & Sen’kov 2003 g Disentangling - next slide...

e




Disentangling
or
Suppose: non-zero nEDM[and]paramagnetic EDM measurements.
What can we say about the underlying CPV?
- We know d,, = ¢; 8 and w = ¢, 8 from theory
- Can check d,;/w from theory against experiment

- Same for other CPV sources: d, = ¢3 d; and w = ¢, dg, gives

different d,,/w
Hadronic CPV:
So: disentangle possible sources! 0, dg...

Also useful if precision is not (yet) the same.
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- EDMs are a powerful probe of CP-violation

- The EDM field spans over a wide range of energies,
from fundamental CP-violating sources to
experiments

* Measurable EDMs can be sourced by multiple CP-
odd sources, through different ‘avenues’
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- Hadronic CP-violating sources are e.g. d,, d, 0

- Paramagnetic EDM searches have improved a lot in

sensitivity over the past decades
> as opposed to leptonic

HEP Theory Semin

Mulder,

- We want to investigate hadronic CP violation in
paramagnetic EDMs. Why? © 5ound
oun

Heleen

oo, ...

ek
ek

@ Disentangle possible sources



Part 2:

electron-nucleus
Interactions

12



Our papers: 2502.06406, 2510.14933. EDMs of

A closer look at Cep aramagmetic

systems

Recall the ‘chain’ of CP violation we want to investigate:

= Hadronic CPV Q Semileptonic operator

dn/dp} ,

QCD 6 term

Quark EDM

\ /P n/p
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Tackling boxes b

°photon momenta q, ~|q,|~ ms/my < -

 Probe nuclear structure

\__"/p n/p J

 Difficult integrals... use EFT: E,, » m,

* Integrate out nuclear excited states
e e (&

|
e o
| |

L) |
Nuclear matrix element

Y

Another relevant momentum region:

- BTSNt M photon momenta g, ~ q_y’2 /my, |q_y’| ~ M,
» Expand in small scales like gy /|q,|
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* Only two-nucleon contributions




See chapter 5 Energy U
A

1n Manohar
1804.05863v1.
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Ultrasoft region:
EFT approach

Matching

contribution gives

C_'SP(:U = En)

RG from E,
down to m,

25 +
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Ultrasoft region
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Nuclear matrix element

©

We obtain:

Results from the nuclear side

Cusoft \/§Q2m€ usoft . EDM

. Calculate M¥5°™ and A, for Ba-138
1n nuclear shell model

« Check approximation A,, >» m,

- Ba-138 has magic neutron number
- only d,, contributes

Csoft — (67 £28) d,, (e fm) ™

C ot [d, (efm) "]

Heleen Mulder, HEP Theory Seminar Bonn, 29-6-2026



Results from the nuclear side

We obtain:

I
; ; c Csp = —G—(hq;|V|h@-)
Csp éf)/ e*m
e (4) p(d) (4)
-\ Vi 187rm ZI«L 7 [a

- Again: calculate NME for Ba-138 in nuclear shell model

« Valence and core nucleons contribute

- Coherence: count p and n pairs. Consequences:

© 1. NME~c¢;Zd,+c¢,Nd,

2. Potential > M‘c

3. Potential less dependent on nuclear structure - small error

CEp = [(—433 £5)d, + (387 £0.4)d,] (efm)~’

Heleen Mulder, HEP Theory Seminar Bonn, 29-6-2026




Scaling! <10

- Explore scaling of potential NME with Z and N

pot pot.,p pot.n
Mgp =mgp™ dp +mgp" dn

- Lighter nuclei confirm scaling (up to ~20%)

- What about heavier nuclei: Th, Hf?

t,x _
mip™ /| [fm e ™)

0 20

Connect to experiments:

dequiv — ~ A
w=aCsp+bdy > 7 = d @ = "mol CUsp/
’

V2etm. Tmol fm

equiv __
de

- 187Grmy A

(_9°74) [Zﬂp dp + N piy, dn] —

40 60 80 100
Z or N

Extrapolate from
BaF to HfF*
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P. Aggarwal et al. (NL-eEDM), 1804.10012
T. S. Roussy et al. (JILA), 2212.11841.

Results: bounds

|dp|,. . <84-107%* e cm

- Projected: |d,|gar < 1073% e cm
o |d,,|gar < 8-107%% e cm

. 10-23
CERUEN . it scaling function & |d,lyps < 41-10-0 ecm o | @plygpe < 16107 eem
bounds |d, |+ < 1.6 - 107%3 e cm

o < —-25
« Recall current limits |dp|Hg 10 e cm
|d,,| S 107%% e cm

\'\ e

. Unfortunate cancellation between @,

> 0 limit weaker? More precision needed
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Results: disentangle

dgquiv ( ) 104)

ET T T T T T T T T T T T T T -
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Recall: i ] d >
— — U E’
d,=c;8andw=c, 0 0.00 1 dn :
<
L i 7 e
I | =
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i -0.02 - .
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Part 1: hadronic CPV in paramagnetic EDMs

©

- CP-odd e-N interactions - paramagnetic molecule EDMs probe hadronic CPV

- Paramagnetic experimental precision advance = independent bounds crucial
for disentangling possible CP-odd sources

Outlook . : :
. NME elealations ATt 2: electron-nucleus interactions

in heavier )/ . . . . )
systems (Th, Hf) - - ' —  Results: i
- Higher-order v v - Independent bounds on d,, d,, 0
chiral corrections, ! ! -« Disentangling of _ £ 0t
|
) i/

e.g. to potential . CP-odd sources ;
Ultrasoft: EFT Potential: coherent N \é L
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expression
without nuclear scaling withZ & N
excited states - dominant

DO
DO




Thank you for listening!
Any questions?




