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The Karlsruhe Nuclide Chart
A nuclide chart is a two dimensional representation of the nuclear and radioactive properties of all known
atoms. A nuclide is the generic name for atoms characterized by the constituent protons and neutrons. The " 'ﬂr
nuclide chart arranges nuclides according to the number of protons (vertical axis) and neutrons (horizontal
axis) in the nucleus. Each nuclide in the chart is represented by a box containing the element symbol and
mass number, half-life, decay types and decay energies, etc.

“Magic” numbers
In nuclear physics, a magic number is a number of protons

or neutrons (e.g. 2, 8, 20, 28, 50, 82, 126) which give rise to
a complete shell in the atomic nucleus. Lead 208 for exam-

ple, which consists of 82 protons and 126 neutrons, is called
“doubly magic” since both the proton and neutron numbers
are “magic”.

Number of

rotons (Z)
3 @ Examples of

the nuclide

Number of
neutrons (N)

Z=20Calcium  Black squares represent stable atoms. Other colours indicate the modes of radioactive decay,
e.g. by emission of alpha particles (a), beta particles ((), neutrons (n), etc.

doi:10.1051epjn/2019004
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The Karlsruhe Nuclide Chart
A nuclide chart is a two dimensional representation of the nuclear and radioactive properties of all known

atoms. A nuclide is the generic name for atoms characterized by the constituent protons and neutrons. The " ‘:r
nuclide chart arranges nuclides according to the number of protons (vertical axis) and neutrons (horizontal
axis) in the nucleus. Each nuclide in the chart is represented by a box containing the element symbol and
mass number, half-life, decay types and decay energies, etc.
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Z=20Calcium  Black squares represent stable atoms. Other colours indicate the modes of radioactive decay,
e.g. by emission of alpha particles (a), beta particles (B), neutrons (n), etc.

Periodic table of the elements

[] Alkali metals [[] Halogens
3 group [] Alkaline-earth metals [ ] Noble gases
§ . 4 [ Transition metals [[] Rare-earth elements (21, 39, 57-71) 18
; 1 [ Other metals and lanthanoid elements (5771 only) 2
H 2 13 14 15 16 17 | He
3 |2 [ Other nonmetals [J Actinoid elements 5 6 7 8 |9 10
2l L | Be B|C|N|[O|F|Ne
1 |12 13 |14 |15 |16 |17 |18
3| Na Mg| 3 4 5 6 7 8 9 10 1 12| A |[Si|P|S|Cl|Ar
19 |20 |21 |22 |23 |24 |25 |26 |27 |28 |29 (30 |31 |32 |33 |34 (35 |36
“'k |ca|sc|Ti|Vv|cr|Mn|Fe|Co|Ni|cCu|zn|Ga|Ge|As|Se|Br|kr
37 |38 |39 |40 |41 |42 |43 |44 |45 (46 |47 |48 |49 |50 |51 |52 |53 |54
5 Rb | Sr| Y | 2Zr |Nb [ Mo | Tc |Ru|Rh |Pd ([Ag |Cd | In [Sn |Sb |Te | I | Xe
55 |56 |57 |72 |73 |74 |75 |76 |77 |78 |79 |80 |81 |82 |83 |84 |85 |86
g Cs|(Ba|La|Hf ([Ta| W Re|Os | Ir | Pt [Au | Hg | Tl [Pb | Bi | Po | At | Rn
87 |88 |89 [104 [105 [106 [107 [108 [109 (110 [111 [112 [113 [114 (115 [116 [117 [118
" Fr |Ra | Ac | Rf [ Db | Sg |Bh |Hs |Mt|Ds|Rg|[Cn|Nh| FI [Mc|Lv | Ts |Og
o 50 |60 |61 |62 |63 |64 |65 |66 |67 |68 |69 |70 |71
lanthanoid series 6 | ‘ae | pr | Nd [ Pm [Sm | Eu | Gd | Tb | Dy | Ho | Er | Tm | Yb | Lu
— o1 (92 |93 (94 |95 |96 (97 (98 |99 (100 [101 [102 [103
Th |Pa| U |[Np|Pu |Am |Cm | Bk | Cf | Es [Fm | Md | No | Lr

doi:10.1051epjn/2019004

PDG 2018 (PhysRe9B.030001)

*Numbering system adopted by the International Union of Pure and Applied Chemistry (IUPAC).
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The Karlsruhe Nuclide Chart

A nuclide chart is a two dimensional representation of the nuclear and radioactive properties of all known
atoms. A nuclide is the generic name for atoms characterized by the constituent protons and neutrons. The
nuclide chart arranges nuclides according to the number of protons (vertical axis) and neutrons (horizontal
axis) in the nucleus. Each nuclide in the chart is represented by a box containing the element symbol and
mass number, half-life, decay types and decay energies, etc.

“Magic” numbers
In nuclear physics, a magic number is a number of protons

ar neutrons (e.g. 2, 8, 20, 28, 50, 82, 126) which give rise to Lead Z=82
a complete shell in the atomic nucleus. Lead 208 for exam-
ple, which consists of 82 protons and 126 neutrons, is called
“doubly magic” since both the proton and neutron numbers
are “magic”.
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2| Li | Be B|C|[N|O|F | Ne
11 12 13 14 15 16 17 18
3| Na Mg | 3 4 5 6 7 8 g 10 1 12 |A [Si|P|[S|ClI|Ar
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
“'k |ca|sc|Ti| Vv |cr|Mn|Fe|Co| Ni|Cu|zn|Ga|Ge| As|Se|Br| kr
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SIRb|sr| Y |zr [ Nb|[Mo|Tc |Ru|Rh|Pd|Ag|cCd|In|sn|sb|Te| I | Xe
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6/ cs|Ba|La|Hf [Ta| W |Re|Os| Ir | Pt |Au|Hg| T |Pb| Bi | Po | At | Rn
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" Fr |Ra|Ac | Rf | Db | Sg |Bh |Hs | Mt |Ds |Rg|Cn|Nh| FI [Mc|Lv | Ts|oOg
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*Numbering system adopted by the International Union of Pure and Applied Chemistry (IUPAC). © Encyclopeedia Britannica, Inc.
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Molecular Dipole Moments are not Permanent

é =3 Theenergyeigenstates are:
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Al OKA F T Qihe field Su2 tdBNYEDM induces a displacement of
the bound charges, which exactly cancels it*

2
D
Hy = 5— + U(r) Hamiltonian of the chargeystem (no EDM)
(g’

*Schiff: Phys. Re%32, 2194 (1963)
Engel etal., Prog. PartNucl Phys. 71, 21 (2013)



EDMs should not be observable

Al OKA F T Qihe field Su2 tdBNYEDM induces a displacement of
the bound charges, which exactly cancels it

2
P Add constituent EDMs d — d. (sum over constituents)
Hy = — 4+ U(r) | 8 NI tot 1
| l'a I LIS NI dzND |
2m i



EDMs should not be observable

Al OKA F T Qihe field Su2 tdBNYEDM induces a displacement of
the bound charges, which exactly cancels it

9 | .
Je P n U(I‘) Add constituent EDMs dtut — E d:i (sum over constituents)
[] pm— e
1

- : S 3
I, ' a | LJS NI dzND |
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EDMs should not be observable

Al OKA T F Qdhe fieK
the bound charges, whic

H LR
= — r
0 2m

H:H{)—Zd-E

gu2 tdJBNYEPM induces a displacement of
N exactly cancels it

Eigenstates receive an energy shift due to the perturbation:

n) (|32, [d - p, Hol |0)
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EDMs should not be observable

AWhat is the total, observable, dipole moment after this shift?
a:ZdJr <6 qu|6>
. ) 0 .
_ d-+ (01— ~-d- |1+ —-d - 0
e 01 (1= 350 p) S (1250 0
o 1
=>» d+i{0 IEqerqd-p} 10)




But some detalls can save us!

Pal

Al OKAFTTQa UKS2NBY | aadzysay

Apomtllke particlesY incorrect for nuclel Nuclear structure enhancements

2A§ 3
~ nB1B83 A3y

S = 5 (r*d) — &5 (r*) (d) S E,—E_

10 62

X & $Hg Part.Nucl Phys71, 21 (2013)
Anon-relativistic treatmentY incorrect for atomic electrons

Y
Ua — _d;:l. .E — _dres * E - * d .E
lab lab t + T+ f}/(ﬁ ) (B )

XaSS ! YSNAOF Y TED82NII7E 2
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(ps| 3% [pi) = u(py) [Fl(QQ)A!“u cf. electron ¢2

F3(0 |
i =0 Q = F1(0)
+ 5 0. (%) 2m 5
'?;E#VZOJO- oqu '3 2 F U F 0 H - H * f‘y d
+ 1 pad Ij(q ) ’U, _ l( ) + 2( ) a4 = F4(0)

2
P H —_ J—AHU‘ ’ F 2 . .
T om (q om ) 1(q7) | u(pi)
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cf. electron g2

(psl 3" Ipi) ={ulPr| F1(g*)7" F5(0
i= -5 Q=F(0)
+-2m q;,:FQ(q 2m c 5
e 3,59, F3(q°) F1(0) + F5(0) a = Fy(0) SR

1 q’ 2 = 9
gt = LAt A F m
+i5— (q v )’}5 1(q7)

u(pi)




C2NXY ClFOuU2NBR O6y20 2yf

cf. electron g2

(psl 3" |ps) ={ulPR] Fi(g* )" .00
ioh” =50 Q = F1(0)
+l2WZ%J%(q ZTR .
+ " 5,00, F3(q%) = Fi (O) + FQ(O) Y F4([)) u— pu+iyd
+ % (Q” - Qq—m"Y”) 75F4(q2)] u(pi) 2m

Further structures, e.g. Schiff moment: £, ,, ~ d,, ,, + QQSn’p a2YSyita UKIFdG @GAa2flL 4GS 1

Bxcluded,

Do not
Mention

Reflection
asymmetry

I=1

Q>0 Q<0



Broadcategories, sources, and sensitivity

Openshellatoms and molecules Closedshellatoms and molecules Particless Yy R 2 (i K S NX
AaLI N YIFIYySiAOE AGRALFYFIYySUAOE A various properties

A Cs, TIYbEThQ HfF A Yb, Xe, Hg, R&IF An, ),> _, = X
Malin sensitivities: Malin sensitivities: Main sensitivities:
A electron EDM Anucleon EDMs A system dependent

!

’ A n constrains the QCBterm
_ _ N N
e e dN
de

A nuclear forces \ \ A May need to look at higher
. . . ' T I
A semileptonic(nuclear spin ' ;c;a}leﬁs éo:\la\]:f)\]rﬁ\%t%n}_ GAzy
independeny N .: N €.,
e e- G Gn ok y
A semileptonic(nuclear spin
X dependent) e,
SN < & \ N
A others strongly suppressed >(< 'g" g‘ﬂ
PT &



Reality: many parameters, many experiments

1 GeV 246 GeV Sources

10 MeV

Standard Model physics New physics System i | Measured d; [ecm] Upper limit on |d;| [ecm] Reference

@ 2°1] (—4.0%4.3)-10°% 11-10 [70]
133 (—1.8+6.7 1_85),5t}- 1024 1.4-10°2 [71]

Left-Right
symmetric?

quark ’rk quark-lepton HEF" (—1.3 %205 +0.65) - 107 4.8-107%° [72]
‘ § < = . L1030 .10-29
color-EDMs interactions ThO (43 +3. lsl:at + 26mt} 10 28 L1-10 27 [73]
= quark-Higgs YbE (—2.4+5.7,, £1.5,,)-10 1.2-10 [74]
color-EDM i i
"' interactions 190 (2.20+£2.75, £1.48_)- 10 % 7.4-1073° [75,76]
’ 129%e (—1.9 4 4.6, £2.0,,) - 10728 1.0-10°% [77,78]
‘ nucleon-meson \ /nucleon-nucleon) / nucleon-lepton YD (—6.8£5. 155 £ 1.2,) - 10 7 L5-107% [79]
. . y 225 24 23
interactions interactions interactions Ra (4% 6515 £0.255) - 10 1.4-10 [80]
TIF (—-1.7+£2.9)-107% 6.5-107% [81]
| Measured w; [mrad/s] Rescaling factor x; for d; Reference
HfF* (—0.0459 +0.0716,,, £ 0.0217,,)" 0.999 [72]
ThO (—0.51040.373,, £0.3104,) 0.982 [73]
YbF (5.30 £ 12.60,, + 3.304,) 1.12 [74]

Directly measurable
in experiments

Table 1: Measured EDM values and 95% CL for upper limits on their absolute values.
For 1%°Xe we combine two independent results with similar precision, using inverse-

4 . . x _ , -z N\ 5 variance weighting. For the open-shell molecules, we also provide the measured
95aa _ I a | af A 3_ KU y 'K \MtEOUtN‘E R iangul.ar frequencies and the rescaling factor which allows us to use x;d; for each
assumptions about the underlylng model experimentally reported d;. For the definition of x;, see text. 'The frequency for

HfF* is scaled by a factor of 2 relative to Ref. [72], to consistently use Eq.(30) for all

systems.

\_Also: cleaprediction thatthere is a signal to detect

arXiv:2403.0205:
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Neutron EDM within the Standard Model (CKM): Naive estimate for generic new physics

m
q
dy, X @L_»—e * OcpV
St 0eN
Pospelov & Ritz, Annals of Physics 318 (2005): 119-169 Statistical sensitivity, cousrate limited:
In more detail (work in progress / broad effort): d.) > h
d _ (nau)d (nad)d ("’L,S)d 20& ‘E‘ T N
n =97 Gutgp "ad+gp "ds FANRG al GdNIF GS 6Ot
- - XUKSY ySg | LILINZI O
—(0.55 £ 0.28)ed,, — (1.1 £ 0.55)edy PRL124, 081808 (2020)
. . Current limit (PSI): constraint diluted by 23 orders
+ Welnberg + 4_ferm10n 2.2x1026e cm, 555%)(:_|_ of magnitudein global analysis!
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Neutron EDM within the Standard Model (CKM):

J{f’ \\\‘ 1 1
. -

n

S S T T G

Pospelov & Ritz, Annals of Physics 318 (2005): 119-169

Current experimental limit: & ecm
Standard Model CKM: #8ecm
Standard Model QCD: 10ecmx d[??7]
Standard Model PMNS

— Insufficient for baryogenesis

Naive estimate for generic new physics

m
q
dyp X QTL‘i' Pcpv
st oeN
Statistical sensitivity, coumite limited:

h
o(dy) 2
(en) 20 |E| TV N

l FANBG al GdzNF 0SS a Of
XUKSY ySg | LLINERI O

PRL124, 081803 (2020)

Current limit (PSI): constraint diluted by 23 orders

2.2x1026 e cm, 95% C.L| of magnitudein global analysis!
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https://doi.org/10.1146/annurev.nucl.55.090704.151611
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Example:European) Neutrons mglobal context

Neutron EDM Upper Limit (e.cm)
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Example: (European) Neutrons in a global cont
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How doelectronand atomic/ molecularEDMs compare toeutron?
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What would a finteeDMmean?

ACP violation from BSM and three SM sources (if we ignore neutrinos):

Lopyv = Lesm + Loxkm + L

ACKM CRiolation (Standard Model):
Lokm = —733 ZquUpWJrD% + H.c.
AStrong CRiolation (Standard Model):

L = g3 9 Tr(G‘“’G ) details: arXiv:2403.0205and eatrlier:

07 322 Rev. Mod. Phy§1, 015001 (2019)
Phys. Rev. @1, 035502 (2015)
Prog Part.Nucl Phys71, 21 (2013




Nearlydecoupled subspaced, and C;

2051 (—4.0+4.3)-107% 1.1-107% [48]
133¢s (—1.8£6.75, £ 1.845) - 1072 1.4-107% [49]
HfF* (—1.3 £2.04,, £ 0.65) - 107 4.8-1073° [50]
ThO (4.3 £ 3.1, £ 2.6,,) - 107 1.1-107% [51]
YbF (—2.4+ 5.7, £ 1.5.,)- 10728 1.2-107% [52]

arXiv:2403.02052

Global result:
5 i [
— Sk
= _
] B |
L,
o U \
S N
X
<=5
—9 0 5

ThO

neglecting theory uncertainties

cf. arXiv2212.11841

including theory uncertainties

d; = Z Qic;Cj= a;g,de +aic,Cs+...
.

]

0 0 0
cie{d,cc,c g® ¢M, 4, }

TT ?gﬂ

at ~1 GeV Vv~ 246 GeV
I(0) @V | (1)
C'S — &8s F Im (Cfedq B Cﬂequ)

’ (1)
F Im (Cfedq -+ Cﬁequ)
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2051] (—4.0+£4.3)-107% 1.1-107%

[48]
133¢s (—1.8 £ 6.7 £ 1.845) - 1072 1.4-107% [49] Hadronicstructure
HfF* (—1.3 £2.04,, £ 0.65) - 107 4.8-107%° [50]
ThO (4.3 3. 15 £2.64) - 107 1.1-107% [51] (0) _ =
YbF (—2.4£5.7,, + 1.5,) 10728 1.2-10727 [52] ”LPNIPN = <N |uu + dd | N)
1 _ _
| ()szrng_—( N |au—dd|N)
arXiv:2403.02052 cf. arXiv2212.11841
Global result: ' '
5 i 1 ]
T Sk
3 i 1 ]
=~ 0 L. | HF at ~1 GeV vV~ 246 GeV
% N . I\\\\ E_ E_
= \ ThO >< 1 2 I
X ) C(O) (0) (C . C(l) )
~—5 N Cs N S —&s A2 tedq fequ
—9 0 D 1 1)V 1
CgO) % 10%9 neglecting theory uncertainties Cé ) — 8 Lg )F Im (C ledq + C[ge; )

including theory uncertainties



Constructing, and deconstructing, an EDM

d; = 2 :ai,cjcj: ajg,de +ajcCs+...
C.
J

0 0 0
Cj = { de, Cé ); CE ): ng ): gg]): 851-1): dn }

Schiff Momentparameterization

kisSi = E : Qi c.Cj

Cje{dn,p:ggto,l’m}
~ My &a 0 1 2
~kis |:si,ndn +8ipdp + F (af,ogﬁ ) + '511',18,,(.I )+ ai,2g;{¢ ))
Tt

MNEA [~ . -
=kis [Si,ndff + Si,pd;r + F (ai,ogfﬁ” + ai,lgfﬁ) + 05,28:(,[2)

T

Contours correlations likelihoods

2
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Global analysis: 11 experiments / 7 parameter

Theoryuncertaintiesmostlylack astatisticalinterpretation

A Assumdiat likelihood Hadronic scale global analysis: arXiv:2403.02052
A Coefficientscompatiblywith zerodo notconstrain 20 20
Correlationsare automaticallybuilt into the analysis 10 ‘ 10

A Comagnetometemeasurementsofar neglecta . ! l I, .
sub-dominantEDMby construction ! I

A DeliberatelycorrelatedEDMexperimentscould offer 10 10
complementaryconstrainingoower

single-parameter

~20 _Q_ I 1o theory uncert, |2
- itter no theory uncert.

theory uncert.

Flatdirectionsappearalreadywith 4 or 5 parameters a0 a2

A Dependson treatment of neutrory proton, andpion loops "ff-’%ﬁ;@Jr Sy Cm Y Gy G

Y e s T o0 Mo b@%
Formally 7 parametersare overconstrainedy 11 experiments A K
Reality:the experimentsare insufficiently complementary ) _ A B
A Wellconstrainedsubspace2 parameters d,, Q) a! Dt2olt *ASeo 2%
A Poorlyconstrainedsubspace5 parameters/ 5 measurement}
A Otherparametersshouldreallybe includedaswellX SMD Nina Elmer, Tanmdylodak

MargareteMuhlleitner, TilmanPlehn
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Theoryuncertaintiesmostlylack astatisticalinterpretation

A Assumdiat likelihood Hadronic scale global analysis: arXiv:2403.02052
A Coefficientscompatiblywith zerodo notconstrain 20 20
Correlationsare automaticallybuilt into the analysis 10 ‘ 10

A Comagnetometemeasurementsofar neglecta . ! l I, .
sub-dominantEDMby construction ! I

A DeliberatelycorrelatedEDMexperimentscould offer 10 10
complementaryconstrainingoower

single-parameter

~20 _Q_ I 1o theory uncert, |2
- itter no theory uncert.

(Flatdirectionsappearalreadywith 4 or 5 parameters ) L feomet |
: 2 Cu Cn Cn 9w 9y P
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Formally 7 parametersare overconstrainedy 11 experiments Y v
\_Reality:the experimentsare insufficiently complementaryt ) - _ A .
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A Poorlyconstrainedsubspace5 parameters/ 5 measurement} _
A Otherparametersshouldreallybe includedaswellX SMD Nina Elmer, Tanmdylodak
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New constraints: complementaggoms/nuclel

H
S = swdy + a0z + ag o]

I

We donot expect large Schiff moments 1#PXe/1%°Hg But deformed nuclei can actually haehancedEDMs:
(suppressed by the screening effect)

— dy(dia) = kg8 — [k CY) + ke Ty — dy(dia) = ksS — kS Y + ke )

Bxcluded,
Do not
Mention

Reflection
asymmetry

Q>0 Q<0



Caveats

+0.03 +1.38
0.14 —0.38+1 38

System i (o,) (Up) (o,)©
Tl 0274  0.726 1 Still missing/challenging:
Cs —0.206 —0.572 —0.778 A
g | —0302 —0.032 —0.334 Some nuclear structure
Xe | 073 027 1 | AValence nucleon EDMs
171y, —0.3 —0.034 —0.334 Shellmodelestimates _ _ _
250 | 072 008 . for deformednucleX A Sign of some pion couplings
TIF 0.274  0.726 1 Residualnconsistenciex AShortrange forces
s = = AHadronic matrix elements
System i k; s | cm/fm Si n | fm Si p | fm _ o
- 27109 [5] 0147008 Sssnm  ASubleading coefficients for
Cs —9.99'25. 10718 [35] 0.1 openshell molecules
lggHg —92. 26:E0 23 10—17 [115] 6+1 33 0.06+0'20
129X€ 3. 62:h0 25 10—18 [115] 0. 63+0 %% 0'14;88%
171y —2.10%222.107"7 [66,116] 0. 54+g }f 0.054*)0r
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So what can we do/attempt now?

AWork upwards i5 Y SNH & 6 [ 9 C ¢gijll misbing/challenging:

AAdd new experiments ASome nuclear structure

Alnclude more parameters, and effects AValence nucleon EDMs
Aava 00Seé2yR /[ axuy A Sign of some pion couplings
AMuon and tau lepton (also indirect limits) A Shortrange forces
AShortN} y3 S y dzOf S+ NJ F 2 NODBHadrorid Mk 8lements

AEvaluate impact of improvements ASubleading coefficients for
ATheory coefficients openshell molecules

A Experimental bounds
Al 2NNBf I GSR SELISNRAYSy(iax ySg ARSIEAK
AConstrain specific BSM scenarios



Thematic Recap

invariant mass

"unknown"

Weak Scale

(coupling) ~*

Write down theLagrangiarfHamiltonian)!
Make(l KS O2y OSY(A2Yya

More experiments is good,;
complementary ibetter;
correlated mightbed S a u X

Theoryvalues and especially
uncertainties can alsomprove a lot




Questions?

Seeking students and Pofiocs!

ANALYSIS

OUR NEW TEHESERE (JILL Special thanks to:
ANSWER TWO KEY QUESTIONS:

%&Hﬂigmﬁfugﬂiwr m N. EImerT.Plehn T.Modak(HD)

Y, M. Miihlleitner (KIT)
\% Many, manycolleagues who helped
T

answer guestions and pinpoint errors
(see acknowledgements in 2403.020¢

what-if.xkcd.com



EDMs 2026 dtesHouches

March 16, 2026
WEHeraeusfundingto coverparticipantroom & board

Scientificprogram

A Experiments targeting EDMs of the neutron,
charged particles in storage rings, atoms,
molecules...

A Theory for interpreting EDM, including hadronic,
ydzOf SIFNE F02YAOkY2ft SOdz |

A Phenomenological models and global analysis for
CRviolating physics

A Connections between EDMs and other observables

OrganizersSMD, StéphaniBoccia GuillaumePignol



Global analysis: 11 experiments / 7 parameter

Standard Model physics New physics

Left-Right @
symmetric? @

quark " — quark-quark
color-EDMs

= gluon quark-Higgs
" color-EDM

’\ ’

interactions

—

Directly measurable
in experiments

r——-

LA AL L L L L L LI L L L L LA L L L LI L LI L LLELLLLLELLLELLLLL L L1

Sources

quark-lepton
interactions

Cooer Craad1.8), Cir

888> 4999

=

246 GeV

("c Ccom)

[ —

1 GeV

18 2 (&)1

N g ——————

10 MeV

Solid state

Rev. Mod. Phys. 91, 0150(®019)



Effective HadroniScald_agrangian

ASemileptonidnteractions at the weak scale:

Larr DCreqa (Ler) (drQj) + ng:)u (LVer) €5 (Q ug) + Cg;u (Lo pver) €k (Q 0y tig)

+ C;Llu)]d (Q'ug) € (Q¥dg) + c® (Q'Tug) €, (Q*Tdg) +h.c.

ALowenergy constants at GeV energies, from weafile Wilson coefficients:

2 2
©_ Vv (1) (1) _ (1) v (1)
¢ = 4! Im(c q—Ceequ) ¢V =g m(c +c€equ)
2 2
©_ __ oV (3) W__ mv (3)
C —81 3 A2 Im (Cﬁequ) C 8T A2 A2 Im (Cfequ)

p = &p E M Ceedq lequ p = 8p A2 M| Credq lequ



Effective HadroniScald_agrangian

ASemileptonidnteractions at thehadronicscale (w/ nonrelativistic nucleons):
__Gr .. 7 (c© 4 o 8Gr y (0) | A1)
Loy =— E (eiyse) N (CS +Cg 7 )N + E v, (ec"”e) N (CT +C; TS)SMN

-2 o) T [+ cr) 5]

ALowenergy constants also depend on hadronic matrix elements:

(0) Yy = —< ﬂu+dd|N> (O) ‘/)NGW‘/’N - _< |agwu+&0“”d|N>

|
1 _
gé” Yy T3Py = _< | | > gf(Fl) ‘/’NUWTB‘/’N = §< |ﬂomu—damd|N>
(O) YNYsPn = —<N |11y5u A &Y5d|N>

gp 11/31\1}’5’531/)1\/ = 5<N |ﬂY5U—&Y5d|N>



Effective HadroniScald_agrangian

ASemileptonidnteractions at thehadronicscale:
8GF

Gr
Loy =— T (éiyse) N (C(O) + C(l) )N +—v, (ec"”e) N (C(O) + C(l)TB)S N

v

0) 1
- T = (66) _ (‘C( \l‘c( )|[ S N gj(ao)’i/;NYS‘PN:%(NlﬂY5H+&T5d|N)

- 1 _
gpl) YNYsT3YPN = E(N |ﬂ}’5u—dy5d|N)

' replaces ; factor m,y/m.f 1/20 I

. 1

2 (& > e . .
o _ _(0V (1) N|qiysq|N) < g.nnv —5 (0|qiysq|n
cW= FIm(c +c£equ) w (NIgirsqlN) o gavw 5 (Olairsql)

: 5 (0|g40)

2 ' ~ GzNN
m__ oY (1) X [z
CP — gP A2 Im(Cgedq Cﬂequ) N > : > N -~ 0(100)




Effective HadroniScald_agrangian

Ad[ 2NITy 3 S ¢ y dzOf S| NJ -AldGD Soeplingsh y 92t G A
Loy =N[g0% - 7+ g0+ g@ (3757°— 7 7) [N
+C; (NN) 8,(NS"N)+C, (NZN)- 8, (NS'NZT)+---
Ad{ KBRINJ3S¢ f STU2OSNR 60Oy oS FoazN

1+71 1—71
3+d,ir 3

L =—2N [d;r ]SMNWF“” — éFWde (ZUWYSE)
(

ANuclear Schiff moment (and MQM for 1>1/2):

My &a
ki,SSi — ki,S’ |:5i,ndn + Si,pdp + r (ai,OgSTO) + ai,lgq(zl) + ai,2g§[2)):|

TT




Effective HadroniScald_agrangian

Ad[ 2NITy 3 S ¢ y dzOf S| NJ -AldGD Soeplingsh y 92t G A
Loy =N[g0% - 7+ g0+ g@ (3757°— 7 7) [N
+C; (NN) 8,(NS"N)+C, (NZN)- 8, (NS'NZT)+---
Ad{ KBRINJ3S¢ f STU2OSNR 60Oy oS FoazN

1+71 1—71
3+d,ir 3

L =—2N [d;r ]SMNWF“” — éFWde (ZUWYSE)
(

Assume

ANuclear Schiff moment (and MQM for 1>1/2): d5" ~ —d

My &a
ki,SSi — ki,S’ |:5i,ndn + Si,pdp + r (ai,OgSTO) + ai,lgq(zl) + ai,2g§[2)):|

TT




Effective Field Theory

General Effectiveagrangian

c® C}”
L= Lou+ 09+ 50" + ..

A 2
DimensionSix terms for the neutron: Prog Part.Nucl Phys71, 21 (2013)

?: Wilson coefficient ~ Operator (dimension) Number

éf;({—{}?) — —— E dqggﬂy"}/'SF”Vq 0 Theta term (4) 1

2 Lq de Electron EDM (6) 1

o Im Cé;éij, Im Cgega Semi-leptonic (6) 3

/) ~

—_ ~ 5 v dq Quark EDM (6) 2

2 Z dqgquw’}f G q 8¢ Quark chromo EDM (6) 2

q C: Three-gluon (6) 1

B ImC é;;?? Four-quark (6) 2

_|_ dW %GGG _|_ E Of4f) O£4f) Im Cyyq Induced four-quark (6) 1

6 : Total 13

(!




Complementary atoms/nuclel

Hip (g - g
S = sydy + ;"r“}‘ﬂ' _H{}g’?) + a gy +>‘ﬁ§21
T

We donot expect large Schiff moments 1#PXe/1%°Hg But deformed nuclei can actually haeehancedEDMs:
(suppressed by the screening effect)

(0 1 1), (0 1 1),
—— dy(dia) = k¢S — ke Cy + kg Cy] —— da(dia) = k¢S — [ke Cy + kg CF)
" Excluded,
4 Do not : .
’ 4 ] - (a 1t b y —
Mention ~ 40:_( ) EE _:_( ) 5 ;l;ﬁ {12 2
E £ I l1o &
< T & % 200pg || i 229pg | 2
& ol ? it E {08 =
0 - g E 225R3 1T 225Ra T 8
e | [ : E 106 8
:.E 10;' [] 223Fr ® from 220Rn E 223Fr ' e
= : 223Rn ® from 226Ra 223Rn 104 3
0 221Rn ® from 224Ra | 22'Rn 1 =
I=0

Q=0 Q>0 Q<0 Phy Rev. Lett121, 232501 (201¢



Complementary atoms/nucleli

s (0 _ _
S = sydy + NIA [u{}ggf} + ulgfrl) + &>y |
i
We donot expect large Schiff moments 1#PXe/1%°Hg But deformed nuclei can actually hasgehancedEDMs:
(suppressed by the screening effect)
. 0) ~(0 . (0
— dy(dia) = kg8 — [k CY) + ke Ty — dy(dia) = ksS — kS Y + ke )
S o nB.B A1, §:~ «e| 2IRp (ISOLDE) o bl
E.-E 50kev L. 4 “
S S S 2 AE 4 3 . s :, 2
Rn _ “Ra ~Rn ~1000 ﬁZ ﬂ3 50 100 :j l,”‘ z»o:ol s ><-2 :
SHg SHg SRa ﬁZ ﬁ3 \n OE,_ ,ﬂr* INWM Hh,tﬂ ;’IAH«.\,,WWM -4 -4
| 400 keV e B et B S e
500-1000 R e L A

(J. Engel et al.) 223Rn: TBD O



More nuclear structure
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deformed g
2000 - a
226R A
¥ 228p, )
224R4
1500 - g, B -
":«5 2423 : E_
S 1000 5 o 113457 . "
Q‘)\' E_|_ — E_ -
®
) 2 a
500 - .
"
O 1 L] I . | . | £ |} L I | :
208 212 216 220 224 228 252

A

3000
2500

12000

1500

1000

500

%)

i

Q, (efm



Phase | characterization
Measurement agrees with expectation (48 MW)
cf. EPJ Conf. 219, 02006 (2paadarXiv2504.13030

Total UCN output: 3:8.0° (integral of blue peak)
Sourcedensity: 270 UCN/cn

Long storage times: 126000 UCN remaining after 20mi
Expected density iRanEDM3.9 UCN/crii(58 MW)

Phase Il expectation

Peak field: 21T
Source density: 1670 UCNi¢md gain)
Density inPanEDM 40 UCN/ci(x10 gair)

I Photo credit:
Ecliptiqueg LaurentThion

Source characterizatio®anEDMommissioning ongoing

Comparison to the prototype source SUN2
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https://doi.org/10.1051/epjconf/201921902006
https://arxiv.org/abs/2504.13030

.L SuperSUNHighcdensity UCN sourc

Phase | characterization Comparison to the prototype source SUN2
Measurement agrees with expectation (48 MW)
cf. EPJ Conf. 219, 02006 (20&aaparXiv:2504.13030 | —— superSun

600001 iz

Total UCN output: 38.(° (integral of blue peak)

Ongoing work: spectrum, transfer s 2000 3m00 o0 3200

efficiency and storage in external | | Time [s]
volumesgtcX

3.8x10° UCN measured (fihnd-empty)
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