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Dipole moments in QFT

« A particle with spin § can have a magnetic and an electric dipole moment

H=—uS -B+dS- E)/S

. § and ? are axial vectors, while f IS a vector = § . ? and § . fare P and T even and odd respectively
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Dipole moments in QFT

« A particle with spin § can have a magnetic and an electric dipole moment

H=—uS -B+dS- E)/S

. § and ? are axial vectors, while f IS a vector = § - ? and § - fare P and T even and odd respectively

* |n a relativistic guantum field theory, the dipole moments of a fermion are given by the effective Lagrangian

1 | y
07 dip — — 2 W0, (Ue + Tysdp)y; FY

[df] =—1
f ) f [yl =3/2,[F,]1=2,[Z]=4 =

[//if] =—1
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EDMs: experimental bounds
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* Experiments sensitive to much larger values than SM prediction
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= There is ample room for CP violating New Physics
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The need for Beyond SM physics

e Strong CP Problem
* Hierarchy Problem

* Flavour puzzle
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e Strong CP Problem

* Hierarchy Problem

CKM matrix PMNS matrix

* Flavour puzzle

°
normal hierarchy (NH) inverted hierarchy (IH)
" A—ZII/:s Euz Am
Am?2 |
* Neutrino masses s .
Am?,
. Dark matter —_ b
 Baryon asymmetry of the Universe Hp — 1N
n
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Heavy New Physics

 There many good reasons to expect CP-odd New physics (baryogenesis, origin of flavour...)

e But there is also a huge number of NP models in the market

 What if the NP is heavy?



Heavy New Physics

 There many good reasons to expect CP-odd New physics (baryogenesis, origin of flavour...)

e But there is also a huge number of NP models in the market

 What if the NP is heavy?

Muon decay and Fermi theory

Y Ve Vi Ve
p 2 2
%4

v € 7! €

At energies relevant for the muon decay (£ << My), it is well described by a four-fermion contact interaction

2

g
44/2M3,

_ _ Short-distance heavy physics
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Effective Field Theories (EFTs)

Effective Field Theories are QFTs that are the low-energy limit of an ultraviolet theory and
contain only the accessible light degrees of freedom

Cn : Wilson Coefficients = short-distance heavy physics E
(XY, |
L = Lt €O et A
SMEFT = SM —
AN— —4
n>4 L

n . operator dimension

They provide the most general description of NP at energies lower than the heavy states
masses
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The dipole operator (low-energy)

Remember: 0L gipy = —% w0, (e + Tysdyy FFY ————> H = — (//tf§ y §+df§ y f)/ S
.t >

JR % 1
1

Cgﬁ (fi%PRfi)F”” +h.c. =, _» Re(Cg) = u;

*Tensor currents are chiral (connect right-handed and left-
handed fields)

Cl];]??é(),fl?éjj ]§—>fly
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Tower of EFTs

The appropriate EFT to use depends on the energy of the process we want to describe

d 9
uv /
?
' Bw H
A Heavy states are integrated out = Matched
SMEET . : onto the EFT
‘? - dim=6 (4o, Hd)B", (G0, Hr"d)W"+h .
SUB3). ® SUR), ® U(l)y L
w
/
My (H) =v t,h,Z, W Integrated out
LEFT or WET da d
L
X dim=5 (d_LO-,uydR)Fﬂy‘Fh .C
SU3). ® U1, $ ¥
Strong interactions are strong = quarks
2 GeV combine in bound states
~m, P m, P
yPT ~S—o—7"
§ Y dim=5 (76, ,M)F*, (o, ysn)F*

Lexp d, d,



The dipole operator

+.
iR % . OV (Fo PrfF™ +h.c. C,=—C,
'

A2

The dipole operator at low energy must arise from a dimension six SMEFT operator and must be proportional to the Higgs VEV (H) = v
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The dipole operator
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Dipoles in the lepton sector l=e,u,71

Anomalous magnetic
moments

(8= 2eyr

/Clilf (o PRZ.)F/;\

Charged Lepton Flavour
Violation

u—ey,t—ly
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Dipoles in the lepton sector l=e,u,71

Anomalous magnetic
moments

(8= 2eyr

EDMs D 14 J Charged _Lept_on Flavour
Violation
D ——————————
de U,T
o u—ey,t—ly

The interplay between these observables could shed light on the flavour and CP
structure of New Physics
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Dipole observables in the lepton sector

[I. 7 4m
l 1224 _ f _ I
CDJ (li(;WPle) F Aay = —Re(Cp) d, = — 2Im(C}})

20a, = (g — 2),

« EDMs vs anomalous magnetic moments
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Dipole observables in the lepton sector

] 124 _ 1 I _ I
CD (/ O Ple) F Aay = —Re(Cp) d, = — 2Im(C})
20a; = (g — 2),
« EDMs vs anomalous magnetic moments
d ~ (=24 Y102 (4 olati
e =\ 7701 . e CIn CP violating phase
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Dipole observables in the lepton sector

] L _ 1 I _ I
CD (/ O Ple) F* Aay = —Re(Cp) d, = — 2Im(C})
20a; = (g — 2),
« EDMs vs anomalous magnetic moments
d ~ (=24 Y102 (4 olati
e =\ 7701 . e CIn CP violating phase

 Anomalous magnetic moments vs lepton flavour violation

A 2 p 2
BR(y — ey) ~ 3 X 10~13 (3 - fgg) ( 4 ) Flavour UV alignment
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Dipole observables in the lepton sector

] U _ 1 f _ f
CD (/ O Ple) F* Aay = —Re(Cp) d, = — 2Im(C})
20a; = (g — 2),
« EDMs vs anomalous magnetic moments
d ~ (=24 Y102 (4 olati
e =\ 7701 . e CIn CP violating phase

 Anomalous magnetic moments vs lepton flavour violation

A . 0 .
N —13 '’ en Flavour UV alignment
BR(y — ey) ~ 3 x 10 <3X109) ( )

* Ratios with different flavors probe to the NP flavour structure

d, Aa,
— = Often = m,/my —
dl’ 11 ACZZ/

— ) Often =ml2/ml%



Lepton flavour violation and EDMs

Suppose New Physics only couple to left-handed lepton doublets (subset of neutrino mass models)
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Lepton flavour violation and EDMs

Suppose New Physics only couple to left-handed lepton doublets (subset of neutrino mass models)

Cw - — ~ v
Weinberg operator: (fH)(fCHT) — m,6~ CW v
ALNV ALNV
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Lepton flavour violation and EDMs

Suppose New Physics only couple to left-handed lepton doublets (subset of neutrino mass models)

Cw oz Ve .
Weinberg operator: (fH)(f H ) — m,6~ CW 2%
ALNV ALNV
m.
In this class of models EDMs arise at least at two-loop dl. ~ l . 2’ Im {Hii}
(1672)" Axe
While lepton flavour violation can arise already at one-loop: Cg o~ ’

( 1672'2) A]2\7P



Lepton flavour violation and EDMs

[MA, S. Davidson, N. Valori, 2507.19421]

Suppose New Physics only couple to left-handed lepton doublets (subset of neutrino mass models)

Cw - — ~ v
Weinberg operator: (fH)(fCHT) — m,6~ CW v

ALNV ALNV

10°-

1 m,
di N (167:2)2 AR m {Hii}

% Ch ~ 1622) Aj
H ( 77) NP

101I l
109 - . i

R(p— e) R(T— e) R(T— p)
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Including loops in the EFT

Effective field theories at fixed dimension (= fixed accuracy in E//A) are as renormalizable as any QFT
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Including loops in the EFT

Effective field theories at fixed dimension (= fixed accuracy in E//A) are as renormalizable as any QFT

e. e €. Cea €. Cea
o ) \0/ \g/’/
>\ — £ £ -+ § ¢ ——  Finite
. . o
C, _ ¥
F(eRglm/eL)(f RO" 1)
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Including loops in the EFT

Effective field theories at fixed dimension (= fixed accuracy in E//A) are as renormalizable as any QFT

el. e& el- e&

€. Cea
g 7N , — £ £ -+ § Y ——  Finite
L a g

Cr —
F(eRG/u/eL)(f RO" 1)

At the loop level, operators acquire a dependence on the energy (renormalization) scale ¢ and mix with each
other

d
Renormalization Group Equations (RGEs): y log P [C (//tf)] S [C (,l/ti)] ) l]jk(//tfa //ti)
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Including loops in the EFT

Effective field theories at fixed dimension (= fixed accuracy in E//A) are as renormalizable as any QFT

el.. e& el- e&

€. Cea
g 7N , — £ £ -+ § Y ——  Finite
L a g

Cr —
F(eRG/u/eL)(f RO" 1)

At the loop level, operators acquire a dependence on the energy (renormalization) scale ¢ and mix with each
other

d
Renormalization Group Equations (RGEs): y log P [C (//tf)] S [C (,l/tl-)] jl]jk(/’tf’ //ti)

em u
Solution in our example: CD(ﬂf) ~ C(p;) X J log 7y
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Running up & down the ETFs tower
. ™ / - \ /

o = Matchingat u = A

A\
SMEFT b/ ?\/ Solve the RGEs in SMEFT

SU(3)C & SU(Z)L & U(I)Y £ \/ \'/ - Matching at u = my,
7 / \
mW H B,w s :
LEFT or WET / \?—/ * 2? - Solve the RGEs in LEFT
SU(3)C X U(l)em &\./ . &\./ \/ ><+ -Matching at 1 =2 GeV

% / \‘: §

2 GeV
€a S Solve the RGEs in yPT
YPT ~"

é Calculate d, at y = m,

CXp ’



SMEFT analysis of EDMs

p — P Cn @n Calculate the contribution to d, for each SMEFT operator (at
SMEFT — SM+ A2 dimension six) to EDMs accounting for loop effects (solving the
n=6 F‘(;EaS)

d [Kley et al, 2109.15085]

10-25— A =5 TeV B ACME I

10 £ BN ACME III

W nEDM A =5TeV

10°t W n2EDM 10-3}

10_55

10_6§

90% C.L. Upper Bound on Wilson Coefficient
> ©o o ©o o ©o @
& hooh b b L
Ce -
Ci
—
(-}
-

— — N t S~ — < = ~ .
¥ (?H é?w S QE Y 55 88 =58 =38 & 2733 107
2 8 8§ © O LR S S & O
R EE E 2 B E

ImC, g X 108
11
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Paramagnetic eEDM searches

Paramagnetic molecules (ThO, HfF+,...) have an unpaired electron and can have very large internal electric field
due to relativistic effects.
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Paramagnetic eEDM searches

Paramagnetic molecules (ThO, HfF+,...) have an unpaired electron and can have very large internal electric field
due to relativistic effects.

In the presence of the electron EDM there is a P, T-odd energy shift between two states with flipped “orientation”

P=+1 C Electric Field Plates i( Spin Precession
ﬁ:_]_ \ : L~22cm, 7~ 1.1 ms
/ Preparation/ \

Readout Lasers

Q 2 0 0CDACNRAL DD 4O HD O
@ Beam of ThO
2D g H Molecules ,
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Paramagnetic eEDM searches

But other CP odd interactions between the electron and the nucleus can mimic this energy shift

o - .G
\/g Csi(eyse)(NN) — Hg = i 7; Cs Z PN 1Y

Can also contribute to the energy shift as the electron EDM

Hf’f; — = ﬂ/(dgEeff + WSCS + .. ) W : <lPJV i&
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Paramagnetic eEDM searches

But other CP odd interactions between the electron and the nucleus can mimic this energy shift

lille (eyse)(NN)
I\EV=€
\/5 sI\€Y5

Can also contribute to the energy shift as the electron EDM

X =

eff
HP,T

Eeff9 WS

X(TOTAL) = X (52e-4c-CCSD(T), QZ)

+X (80e-4¢c-CCSD(T), DZ)—
X (52e-4¢-CCSD(T), DZ)

+ X (4c-Dirac-Fock-Gaunt, QZ)—
X (4c-Dirac-Fock, QZ)

+ X (two-step-2c-20e-CCSDT(Q),CBas)—

X (two-step-2¢-20e-CCSD(T),CBas)

+ X (two-step-1c-52e-CCSD(T),LBasExt)—

X (two-step-1c-52e-CCSD(T),LBas)

16
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- Or
— G5 Z PN 7Y}
\/_
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Paramagnetic eEDM searches

But other CP odd interactions between the electron and the nucleus can mimic this energy shift

I\€Yz€
\/— \) S

Can also contribute to the energy shift as the electron EDM

X =

M. Ardu

efft __
HP,T _

Eeff9 WS

X(TOTAL) = X (52e-4c-CCSD(T), QZ)

+X (80e-4¢-CCSD(T), DZ)—
X (52e-4¢-CCSD(T), DZ)

+ X (4c-Dirac-Fock-Gaunt, QZ)—
X (4c-Dirac-Fock, QZ)

+ X (two-step-2¢-20e-CCSDT(Q),CBas)—

X (two-step-2¢-20e-CCSD(T),CBas)

+ X (two-step-1c-52e-CCSD(T),LBasExt)—

X (two-step-1c-52e-CCSD(T),LBas)
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Paramagnetic eEDM searches

But other CP odd interactions between the electron and the nucleus can mimic this energy shift

GF o — GF
Ci(eyse)(NN) —_—) Hy = 1 —Cg Z PNED 1Y
V2 2

Can also contribute to the energy shift as the electron EDM

H f’fl; — /V ( Eeff + WSCS ) W = 1 <TJV i&;PN(ri)}’?}’f

V2

Which leads to an equivalent EDM as the measurable observable:

Ui ThO ~ 1.5 x 102V
d 1" =d,+#X Cg e-cm
HfFt ~ 0.9 x 10~V
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Paramagnetic eEDM searches

But other CP odd interactions between the electron and the nucleus can mimic this energy shift

G o _ : G
\/g Cii(eyse)(NN) —_— H = \/g Cs Z oNE) VY

Can also contribute to the energy shift as the electron EDM

H ic)fgw — ﬂ ( f —+ WSCS ) W = : <TJV i&ZPN(ri)}’?}’f

V2

Which leads to an equivalent EDM as the measurable observable:

Ui ThO ~ 1.5 x 102V
d 1" =d,+#X Cg e-cm
HfFt ~ 0.9 x 10~V

d°"(exp) ~ 107 = 107 e - cm > dZMV(SM) ~ 107 ¢ - cm > d,
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Interpreting paramagnetic searches in SMEFT

Heavy CP-odd New Physics can contribute both to d, and C at low-energy

d G
— _i_€ 5 v I > \
QCZ——ZEEUIMD}/SEF’M +$CS€Z}/5€NN+o.. Low_energyEFT
which enter in the experimental observable as dﬁ%ﬁv' — de + 0.9 X 10_20 CS e - CIn

dit <4.1%x 107 ¢ - cm
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Interpreting paramagnetic searches in SMEFT

Heavy CP-odd New Physics can contribute both to d, and C at low-energy

d G
_ __€ 5 U I = \
QCZ——ZEEGMD}/SEF’M +$CS€Z}/5€NN+... Low_energyEFT
which enter in the experimental observable as dﬁ%ﬁv’ — de + 0.9 X 10_20 CS e - CIn

dit <4.1%x 107 ¢ - cm

» Previous SMEFT analyses focused on the contribution to d,

 What is the (correct) sensitivities of paramagnetic eEDM searches to SMEFT operators?
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Interpreting paramagnetic searches in SMEFT

Heavy CP-odd New Physics can contribute both to d, and C at low-energy

d G
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dit <4.1%x 107 ¢ - cm

» Previous SMEFT analyses focused on the contribution to d,

 What is the (correct) sensitivities of paramagnetic eEDM searches to SMEFT operators?
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Calculating 4" in SMEFT

uv
?
A Start from C(u) atuy = A
SMEFT
Run in SMEFT
SUB3), ® SUQ2), ® U(1)y
My Match the C;( = my,) to LEFT operators
LEFT or WET
Run in LEFT
SU@B3),. ® U(1),,,
2 GeV Match the LEFT operators to yPT interactions with nucleons
A Run in yPT
uniny x
E€XP Compute dequiv. = d + 0.9 X 10_20 C.e-cm
M. Ardu 18 HfE+ e ' S



Results

Cn@n
fZ SMEFT — ff SM+ Z A2 One-loop RGEs + some two-loop effects
n=~6 :
cquiv.
10‘2—;
10'4—;
8 -
= -
10'8—§
10-10_2
10712 E
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Results

C 0
<L =< —
SMEFT — SM+ A2 One-loop RGEs + some two-loop effects
n=6
. A =10TeV
10°
5 A Ay
102~
— 1073
=)
10—
10'8—5
10-10 :
AP W oW Y
NS VA NAS A
C) \gb \)le* C) \ij C}\@o?
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Conclusions

Electric dipole moments are among the most sensitive observables for new physics.

More broadly, dipole observables and their interplay provide uniquely powerful probes of beyond
Standard Model scenarios

In an effective field theory framework, heavy ultraviolet dynamics can be captured model-
independently through higher-dimensional operators, enabling a systematic charting of the (heavy)
BSM space

Previous EFT studies focused on the SMEFT contribution to the electron EDM, but used
paramagnetic-system sensitivities, I.e. to an “equivalent EDM” that also includes CP-odd semileptonic
interactions

We showed that electron-EDM searches in paramagnetic molecules probe a wider class of EFT
operators than previously recognized
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SMEFT dimension six Basis-|

1: X3 2. HS 3. H4D? 5 : 2 H3 + h.c.
Qc | fAPCGLGPPGS*  Qu | (H'H)>  QmuC (H'H)O(H'H) Qerr | (H'H)(lpe H)
& | FABCGAGErGSH Qup | (H'D,H)" (H'D,H) Quu | (H'H)(Gyu,H)
Qw | /EWirwew <k Qur | (H'H)(qpd, H)
QW eIJKﬁ;l{uWI;]pWPKu
4: X2H? 6: 12X H + h.c. 7:2H2D
Que | HHGAG*  Quw | (o™ e )r'HW!, o (H'i'D  H){T,7"1,)
we | HUHGA GAw Qs | (o e, )HB,, (3) (HYi DL H)(I,r w1,
Quw | HHHWILWIW  Quo | (g0 T4u,)HGA, Qe (H'i'D  H)(e,7 e,)
g | HEWLW Q| (@0 u,)r HW, Q%) (H'$ D ,H)(@"a)
Qus | H'HBLB"™  Qus | (40" u,)H By, QY | (HYDLH)(gr e
ws | H'HBLB"  Quc | (Go*T4d)H G, Qmu | (H'iD ,H)(@"u,)
Quws | HIT'HWLB™  Quw | (go*d )T HW], Qua (H'i'D ,H)(dyy"d,)
Quip | HITTHWL, B* Qaz | (gp0**d,)H B, QHua + hec. | i(H'D,H)(u,7"d,)




SMEFT dimension six Basis-lI

8: (LL)(LL) 8: (RR)(RR) 8: (LL)(RR)
Qu (LpYulr) (sy*1y) Qee (Epyuer)(Esv er) Qe (LpYulr) (Esy
W (@) (@) Que | (e (@sy us) Qu | (yyule) (@ us
& (@Y ar) (@Y qr) Qaa (dpyudy)(dsyhdy) Qud (vl ) (dsyHdy
QY | (Ll @7 e)  Qew | (Epvuer) (@ ur) Qe | (@1ua)@Esrer
QY | Gy )@ @) Qea | (Epvuer)(dsyPdy) W @) (@ uy
Q4 | (pyuur)(dsydy) & | @raTAer) (@  TAuy)
QY) | @pmuTAun)(dsy*TAdy) Q) | (G yuar)(diytde
QL | (@I ) (dsy T Ady)
8: (LR)(RL) +h.c. 8: (LR)(LR) +h.c
Qiedq | (Zer)(dsqy;) Qéi)qd (@ ur)ejn(qedy)
Qéi)qd (@ T ur)ejr(qeTdy)
Qo | @er)eji(@Fur)
Qiory | Bouwer)ejn(@om u)
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C; (10°)

What if we have 2 or more Exps?

Roussy et al.,hep-ph/2212.11841

4
doys =~ = de +# Cge-cm
2 [ [ ]
Two experiments with different
Can disentangle eEDM and Cs.
0 S
ThO ~ 1.5 x 102
HfFT ~ 0.9 x 1072
-2
4 -2 0 2 4

-4
Combined fit

d, (10
e d.| < 2.1 x10"*? e cm

HfFJr ThO Cg| < 1.9 x 1077



https://arxiv.org/abs/2212.11841

Heavy Baryon ChPt

[Jenkins, Manhoar, 1991]

EFT below AX where nucleons are treated as non relativistic
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Heavy Baryon ChPt

[Jenkins, Manhoar, 1991]

EFT below AX where nucleons are treated as non relativistic

Relevant CP-odd interaction:

— e — _ _ e e . > ) _

|
N~°N ée | _Non rel. fimit
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Heavy Baryon ChPt

[Jenkins, Manhoar, 1991]

EFT below AX where nucleons are treated as non relativistic

Relevant CP-odd interaction:
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[Courtesy of Nicola Valori, SMEFT meets ChiPT 2025]
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Non-perturbative matching at the confinement scale: connecting quark and gluons to nucleons

Relevant LEFT operators: Oxy = (éPxe) (iPrq) — %Im (CRL + CFL] (evse) (qq) = Cl(eiyse)(qq)



Matching at the nucleon scale

Non-perturbative matching at the confinement scale: connecting quark and gluons to nucleons

Relevant LEFT operators: OXY = (ePxe) (qPyq) — §Im (CRL + CRRl (evse)(dq) = Ci(eivse)(qq)

‘; L/ght quarks contr/but/on !

N,
(Nlggl N) ~ GS( N|NN|N) |

| g=u|q=d|q=s |
G| 9 | 8.2 | 042 ;

!\ Gg? | 8.1 9 | 0.42 u
| Hoferichter et al., 2015] {

w Alarcon et al. 2012]
| Junarkar et aI 2013]

|




Matching at the nucleon scale

Non-perturbative matching at the confinement scale: connecting quark and gluons to nucleons

2
‘; Light quarks contribution: ( | Heavy quarks contribution:

(N|gq| N ~G§’Q<N\NN|N> %
i‘ |
l’ q=—1u q:d q—=—=S

Relevant LEF T operators: OXY = (ePxe) (qPrq) — —Im CRL +CRR] (evse)(qq) = Cq(éi’yg,e)(_q)

- | 1-loop match to O.c = (€ivse)(Gy,GY) |

1272mo

Cug = = 3 5222 C2(mq)
|

!
] Gy | 9 | 82 | 042 | | j

- G| 81 9 | 042 |

{ S ” f a y B STMN —

; Hoferichter et al., 2015] n‘ D . | (NG G N) = 9043(;1)<N|NNUV>
| Alarcon et al. 2012] { " [Shifman et al., 1978]

| Junarkar et aI 201 3]
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Relevant LEFT operators: OXY =

‘4
|

Matching at the nucleon scale

Non-perturbative matching at the confinement scale: connecting quark and gluons to nucleons

L/ght quarks contr/butla l !
(N|gg| N ) ~

q=u|q=4d |
Gg’q 9 8.2 0.42 ;
Gg? | 81 9 0.42 |
Hoferichter et al., 2015] {

Ggq(N\NMN)

q—=S§

Alarcon et al. 2012]
Junarkar et aI 2013]

e —— il _—

AGF

(ePxe) (¢Pvq) — 5 Im

[Cry, + CRR] (e7se)(qq) =

Cq(éwse)(‘q)

| Heavy quarks contribution:

| 1-loop match to Oecc = (&iyse)(GE,GHY) |

| _as(mq) ~g

“ Cear = 127r2moc (ma)

\ l STMN —
! N a HY N - N NN N '
(N [GLGEIN) = —g (N INNIN) |

:» [Shifman et al., 1978]




