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1 Introduction

CP violation: a case for new physics

• baryon asymmetry in the universe requires more
CP violation than Standard Model (SM) can provide

• so far no direct evidence of physics beyond the SM

• two options:
• light new physics is very well hidden (weakly coupled)
• new physics is heavy, with masses well above the

electroweak scale

• focus here on the second option
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1 Introduction

Electric dipole moments
• electric dipole moments (EDMs) are sensitive

probes of CP violation

• SM (CKM) contribution tiny

• current experimental limit: |dn| < 1.8× 10−13 e fm

→ nEDM Collaboration, PRL 124 (2020) 081803

• n2EDM (PSI) will improve sensitivity by two orders of
magnitude
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neutron EDM

excluded by nEDM (PSI) 2020

SM (Seng 2015)
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1 Introduction

Electric dipole moments

• non-observation leads to strong constraints on
CP -violating sources

• observation would be a clear signal of physics
beyond the SM or QCD θ-term
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1 Introduction

Theory challenges

• non-observation: how to turn experimental bounds
into best generic constraints on new physics?

• observation: how to disentangle different possible
sources of CP violation?

⇒ work with generic, model-independent framework

⇒ accuracy of theoretical description needs to match
experimental precision

⇒ control uncertainties, in particular non-perturbative
aspects
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2 A tower of EFTs

Effective field theories (EFTs)

• ideal to deal with widely separated scales:
mN ≪ v ≪ ΛUV

• based on a small set of assumptions

• generic framework, can be used ‘stand-alone’ or in
connection with a broad range of specific models

• work with the relevant degrees of freedom at a
particular energy ⇒ simplify calculations

• connect different energy regimes, avoid large logs
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2 A tower of EFTs

Effective field theories (EFTs)
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3 Leptonic dipole moments

Form factors

γ

ℓ ℓ = ie ū(p′)Γµ(p, p′)u(p) , k = p′ − p

form-factor decomposition of vertex function:

Γµ(p, p′) = γµFE(k
2) + i

σµνkν
2mℓ

FM (k2) +
σµνkν
2mℓ

γ5FD(k
2)

+
k2γµ − kµ/k

m2
ℓ

γ5FA(k
2)

anomalous magnetic moment: aℓ = FM(0)

electric dipole moment: dℓ =
e

2mℓ

FD(0)
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3 Leptonic dipole moments

Dipole operators
• leptonic dipole operators

LLEFT ⊃ Leγ
pr
(ēLpσ

µνeRr)Fµν + h.c.

give tree-level contribution to dipole moments:

aℓ =
gℓ − 2

2
= 4

mℓ

e
ReLeγ

ℓℓ
, dℓ = −2ImLeγ

ℓℓ

• real/imaginary parts of same Wilson coefficients, but
no model-independent relation

• many more operators contribute at loop level:
→ Panico, Pomarol, Riembau, JHEP 04 (2019) 090

→ Aebischer, Dekens, Jenkins, Manohar, Sengupta, Stoffer, JHEP 07 (2021) 107

→ Brod, Polonsky, Stamou, arXiv:2306.12478
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3 Leptonic dipole moments

Leptonic EDMs
→ dedicated talks by Eric Hessels, Lorenz Willmann, Chavdar Dutsov

• tiny SM contributions

• electron EDM: → Roussy et al., arXiv:2212.11841

|de| < 4.1× 10−17 e fm

• best direct limit on muon EDM: → BNL, PRD 80 (2009) 052008

|dµ| < 1.5× 10−6 e fm

• indirect bound on muon EDM from 199Hg and ThO

EDMs: → Ema, Gao, Pospelov, PRL 128 (2022) 13, 131803

|dµ(199Hg)| < 6.4× 10−7 e fm

|dµ(ThO)| < 1.9× 10−7 e fm
16



3 Leptonic dipole moments

Electron anomalous magnetic moment

• as opposed to EDMs, need to control SM prediction:
ae limited by knowledge of αQED

• tension between 133Cs vs. 87Rb recoil measurements
above 5σ: → talk by Pierre Cladé

62 | Nature | Vol 588 | 3 December 2020

Article

accuracy on α by a factor of 2.5 over the previous caesium recoil meas-
urement3 but, most notably, it reveals a 5.4σ difference from this latest 
measurement.

We built a dedicated experimental setup and implemented robust 
methods to control systematic effects. By accelerating atoms up to 
6 m s−1 in 6 ms and using typical two-photon Raman transitions as beam 
splitters for the matter waves, we obtained a relative sensitivity on 
the recoil velocity of 0.6 ppb in 1 h of integration (0.3 ppb on α). This 
sensitivity is more than three times better than that obtained using 
the best atom interferometer based on multi-photon beam splitters3, 
although the latter technique is expected to provide a substantial gain 
in sensitivity with respect to Raman transitions15,16.

The unprecedented sensitivity of our atom interferometer enables us 
to experimentally evaluate and mitigate several systematic biases. We 
recorded data with different experimental parameters, reinforcing the 
overall confidence of our error budget. We also implemented a Monte 
Carlo simulation that includes both the Ramsey–Bordé atom interfer-
ometer and the Bloch oscillations process. This code models precisely 
the underlying physics of our interferometer and provides an accurate 
evaluation of systematic effects, consistent with experimental results.

Experiment
Our experimental method is illustrated in Fig. 2. The basic tools of our 
experiment are Bloch oscillations in an accelerated optical lattice, 
which enable the coherent transfer of a precise number of photon 
momenta to the atoms (typically 1,000ħk), and a matter-wave inter-
ferometer that measures the phase shift due to the change in velocity 
of the atoms. As in the optical domain, atom interferometry needs 
tools to split and recombine atomic wave packets; this is accomplished 
by a sequence of light pulses. The probability of detecting atoms in a 
given internal state at the output of the interferometer is a sinusoidal 
function of the accumulated phase difference along the two paths. 
Thus, the measurement of atomic populations enables the evalua-
tion of the phase shift. Using the combination of the Ramsey–Bordé 
interferometer configuration and Bloch oscillations, the phase shift 
is proportional to the ratio h/m (ref. 17).

We produce a cold rubidium sample using an optical molasses in 
the main chamber. Then, atoms are transported to the interferom-
etry area, a 70-cm-long tube surrounded by a two-layer magnetic 

shield. The magnetic field is controlled to within 50 nT. To that end, 
we use an atomic elevator based on two Bloch oscillation pulses 
(acceleration/deceleration)17. These are performed using two vertical 
counter-propagating laser beams, the frequency difference of which is 
swept to create an accelerated standing wave. Atomic trajectories are 
precisely adjusted by controlling this frequency difference. Between 
the two Bloch oscillation pulses of the elevator, we apply two Raman 
pulses to prepare atoms in a well defined atomic internal state (see 
Fig. 2b). Raman transitions occur between the two hyperfine levels 
of the ground state of the rubidium atom and are also implemented 
using two vertical counter-propagating laser beams (with wave vectors 
k1 = −k2 and kR = k1 ≈ k2). Their frequency difference ωR is controlled to 
compensate precisely the Doppler shift induced by the accelerations 
of the atoms.

The atom interferometer is illustrated in Fig. 2c. It is implemented 
with two pairs of π/2 Raman pulses. Each pulse acts as a beam splitter by 
transferring a momentum of 2ħkR to an atom with a probability of 50%. 
The first pair creates a coherent superposition of two spatially sepa-
rated wave packets in the same internal state with the same momentum. 
The second pair recombines the two wave packets. Between the second 
and third π/2 pulses, a Bloch oscillation pulse transfers a momentum 
of 2NBħkB to both wave packets, where NB is the number of Bloch oscil-
lations. The overall phase Φ of the interferometer is given by

Φ T ε k ε
N ħk

m
gT δω φ= 2

2
− − + , (2)R R R B

B B
R LS





















where TR is the time between the π/2 pulses of each pair, T is the time 
between the first and the third π/2 pulses, g is the gravitational accelera-
tion, φLS represents the phase corresponding to parasitic atomic level 
shifts and δωR is the difference of the Raman frequencies between the 
first and the third π/2 pulses. εR and εB determine the orientation of 
Raman and Bloch lasers wave vectors, respectively.

The fluorescence signal collected in the detection zone gives the 
number of atoms in each atomic level at the output of the interferom-
eter. Atomic fringes are obtained by measuring the fraction of atoms in 
a given internal state for varying δωR. Using a mean-square adjustment, 
we calculate δωR,0, the frequency for which Φ = 0. Gravity is cancelled 
between upward (εB = 1) and downward (εB = −1) acceleration (see Fig. 2). 
Constant level shifts φLS are mitigated by inverting the direction of the 

8 9 10 11 12
(D–1 − 137.035990) × 106

LKB 2011

Harvard 2008
RIKEN 2019

Berkeley 2018

This work

Stanford 2002

Washington 1987

h/m(87Rb)

h/m(87Rb)

h/m(87Rb)

h/m(87Rb)

h/m(133Cs)

h/m(133Cs)
h/m(133Cs)
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aeae

8.9 9.0 9.1 9.2

Fig. 1 | Precision measurements of the fine-structure constant. Comparison 
of most precise determinations of the fine-structure constant so far. The red 
points are from ge − 2 measurements and QED calculations, and the green and 
blue points are obtained from measurements of caesium and rubidium atomic 

recoils, respectively. Errors bars correspond to ±1σ uncertainty. Previous data 
are from ref. 34 (Washington 1987), ref. 10 (Stanford 2002), ref. 18 (LKB 2011),  
ref. 9 (Harvard 2008), ref. 2 (RIKEN 2019) and ref. 3 (Berkeley 2018). Inset, 
magnification of the most accurate values of the fine-structure constant.

→ Morel, Yao, Cladé, Guellati-Khélifa, Nature 588 (2020) 7836, 61
17



3 Leptonic dipole moments

Muon anomalous magnetic moment

• as opposed to EDMs, need to control SM prediction:
aµ limited by knowledge of hadronic contributions

• multiple tensions:
• BNL/FNAL vs. SM 2020 White Paper: 4.2σ
• BMWc lattice QCD vs. BNL/FNAL: 1.5σ
• pre-2023 e+e− hadronic cross-section data vs.

BMWc lattice QCD: 2.1σ
• intermediate Euclidean-time window: 3.7σ
• pre-2023 e+e− hadronic cross-section data vs.

CMD-3 (dispersive fit below 1GeV): 3.7σ
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3 Leptonic dipole moments
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3 Leptonic dipole moments

Muon anomalous magnetic moment

• as opposed to EDMs, need to control SM prediction:
aµ limited by knowledge of hadronic contributions
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4 Neutron EDM in the low-energy EFT

Neutron EDM in LEFT

• contribution schematically given as

dN ∼ =
∑
i

Li ⟨N |Oi|Nγ⟩
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4 Neutron EDM in the low-energy EFT
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20



4 Neutron EDM in the low-energy EFT

Neutron EDM in LEFT

• contribution schematically given as

dN ∼ =
∑
i

Li ⟨N |Oi|Nγ⟩

• calculate matrix element in LEFT at a renormalization
scale of µ ∼ 2 . . . 3GeV

• at present, large uncertainties on matrix elements
dilute experimental sensitivity

• aim for 10− 25% precision to avoid cancellations
→ Alarcon et al., arXiv:2203.08103
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4 Neutron EDM in the low-energy EFT

Neutron EDM in LEFT

• hadronic EDMs (nEDM) complicated: QCD is
non-perturbative at low energies

• any P -odd, CP -odd flavor-conserving operator
contributes non-perturbatively to nEDM:

• QCD θ-term
• dimension-five quark (C)EDM operators
• dimension-six three-gluon operator
• dimension-six P/CP -odd four-fermion operators
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4 Neutron EDM in the low-energy EFT

Neutron EDM in LEFT

dN =− (1.5± 0.7)× 10−3 θ̄ e fm

− (0.20± 0.01)du + (0.78± 0.03)dd + (0.0027± 0.0016)ds

− (0.55± 0.28)e d̃u − (1.1± 0.55)e d̃d + (??)e d̃s

+ (50± 40)MeV e d̃G + (??) four-quark

→ Alarcon et al., arXiv:2203.08103

• ideally use lattice QCD to compute matrix elements

• problem with lattice and EFT: dN ∼ ∑
i Li(µ)⟨N |OMS

i |Nγ⟩
MS cannot be implemented on the lattice!

• requires a matching calculation
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4 Neutron EDM in the low-energy EFT

Neutron EDM in LEFT

???

SMEFT

LEFT

energy

input: Li

E
FT

m
ac

hi
ne

ry

∑
i

Li(µ)
︷ ︸︸ ︷
⟨N |OMS

i |Nγ⟩︸ ︷︷ ︸
experimental nEDM constraint

lattice QCD

matching
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5 Matching to lattice QCD

General procedure

• MS: subtraction of 1/ε poles in dimensional
regularization

• define renormalized operators in a scheme
amenable to lattice computations

• compute their matrix elements in lattice QCD

• calculate relation between MS and lattice scheme in
perturbation theory (at µ ∼ 2 . . . 3GeV)

• use this matching to derive matrix elements of MS

operators
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5 Matching to lattice QCD

RI schemes

• Regularization-Independent
(Symmetric) MOMentum-subtraction scheme
→ Martinelli et al. (1995), Sturm et al. (2010)

• impose renormalization conditions on truncated
off-shell Green’s functions for Euclidean momenta

• RI-SMOM: insert momentum into operator to
suppress unwanted IR effects

• calculation in a fixed Rξ gauge
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5 Matching to lattice QCD

Matching MS and RI-SMOM

• matching for dimension-5 quark (C)EDM operators:
→ Bhattacharya et al., PRD 92 (2015) 11, 114026

• dimension-6 three-gluon operator GGG̃:
→ Cirigliano, Mereghetti, Stoffer, JHEP 09 (2020) 094

• complications:
• huge set of operators (34 for three-gluon operator),

including unphysical ones
• requires calculation of many matrix elements
• power divergences in lattice spacing difficult to

tackle
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5 Matching to lattice QCD

A more promising scheme: gradient flow
→ Lüscher, JHEP 08 (2010) 071, JHEP 04 (2013) 123

• gradient flow: introduce new artificial dimension:
flow time t (not related to ordinary time)

• boundary condition: ordinary QCD at t = 0,
Bµ(t = 0) = Gµ, χ(t = 0) = ψ

• gauge-invariant flow equations:

∂tBµ = DνGνµ , ∂tχ = D2χ

• flow acts as a UV regulator

28



5 Matching to lattice QCD

Gradient flow: advantages

• “flowed operators” automatically UV finite, apart from
quark-field (+ coupling & mass) renormalization

• connect flowed operators with MS operators in
perturbation theory

• gauge-invariant results

• on the lattice: continuum limit for fixed t possible

• power divergences no longer in 1/a, but in 1/t

⇒ disentangled from continuum limit
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5 Matching to lattice QCD

Gradient-flow matching: current status

• dimension-5 quark (C)EDM matched at one loop:
→ Mereghetti, Monahan, Rizik, Shindler, Stoffer, JHEP 04 (2022) 050

• dimension-6 four-quark operators:
→ Bühler, Stoffer, arXiv:2304.00985 [hep-lat]

• dimension-6 CP -odd three-gluon operator:
→ Lara Crosas, Mereghetti, Monahan, Rizik, Shindler, Stoffer, in progress

30
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5 Matching to lattice QCD

Quark CEDM matching coefficient
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5 Matching to lattice QCD

Four-quark matching coefficient (scalar singlet)
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6 Summary

Theory challenges

low-energy precision searches pose interesting
theory challenges:

• given the experimental progress: reach appropriate
theoretical accuracy

• model-independent and robust connection
between low-energy physics and UV theories: EFT
provide ideal framework, need to control
(perturbative) running and mixing effects

• problem at low energies are (huge) hadronic
uncertainties
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6 Summary

Theory challenges

• if using lattice QCD for matrix elements
⇒ matching calculation to appropriate scheme

• traditional RI-SMOM schemes very challenging

• recent progress with gradient flow: dimension 5 and
dimension-6 four-quark completed at one loop

• matching equations up to dimension 6 nearly
completed at one loop

• in some cases, two-loop coefficients would be useful
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