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Finding BSM: energy vs. precision frontier

neutron EDM
@LANL

� SM is (likely) a low-energy EFT of a more complete theory
matter-antimatter asymmetry, origin and nature of neutrino masses, dark matter . . .

1. LHC to directly create new particles at 1-10 TeV
2. search for tiny indirect effects in low-energy precision experiments

0���, EDMs, �! e conversion, muon and electron g � 2, . . . , EIC?
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Finding BSM: energy vs. precision
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a. observables w/o (w. negligible) SM background: violation of SM symmetries, doors to new sectors?
� “naive” scale much larger than the TeV

does the naive picture hold up?
what’s the role of the theory uncertainties?

b. observables w. SM background: need strong experiment/theory synergy to claim BSM discovery
� . 0:5 � 10�3 experimental/theory uncertainties needed to probe > 10 TeV scale
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CP violation
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The EDM landscape
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a. neutron EDM: dn < 1:8 � 10�26 e cm (nEDM PSI) =) 10�27-10�28 e cm

b. atomic EDMs: d199Hg < 6:2 � 10�30 e cm, d129Xe < 4:2 � 10�27 e cm, d225Ra < 2:2 � 10�22 e cm,

c. Molecular EDMs: de < 4:1 � 10�30 e cm (HfF exp.)
� great progress in the last 10 years, best limit on the eEDM
� searches in systems with Schiff or magnetic quadrupole moments under development
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https://arxiv.org/pdf/2001.11966
https://arxiv.org/abs/2212.11841


CP violation in the SM(EFT)

� two CPV sources in SM

L(4)
CPV = ��

g2
s

64�2
"����G��G�� + �ui

L [VCKM]ij 

�d j

LW�

� 53 (1350) CP-even, 23 (1149) CP-odd dimension-6 operators ( O(v2=�2))
Buchmuller & Wyler ‘86, Weinberg ‘89, de Rujula et al. ‘91, Grzadkowski et al. ‘10 : : :

� number flavor-diagonal CPV operators still limited
6 Higgs-gauge, 9 Yukawas, 24 dipoles, 9 right-handed currents, . . . , 4 fermion
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CP violation in the SM(EFT)
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Higgs-gauge operators
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� CP-odd partners of operators contributing to EWPO
� motivated by “universal theories”: BSM couple to SM only via gauge/Yukawa currents

R. Barbieri, A. Pomarol, R. Rattazzi, A. Strumia, ‘04
� C’ ~WB , C ~W : anomalous WW
 and WWZ couplings
� C’ ~W , C’~B , C’ ~WB , C’~G: Higgs production and decay
� C~G: three gluon couplings
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https://inspirehep.net/literature/649700


CPV Higgs-gauge operators. LEP
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� W polarization measurements at LEP2 constrain anomalous WW
 and WWZ couplings

~�Z = �0:12+0:06
�0:04

~�Z = �0:09+0:07
�0:07

� can be mapped onto ’y’ ~WB and WW ~W SMEFT operators

v2C’ ~WB = �0:93+0:47
�0:31; v2C ~W = 0:42� 0:33

� � 250� 350 GeV, sensitive to EW scale physics
7/21/2025 j 7



CPV Higgs-gauge operators. LHC
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h! ZZ ! 4‘ gg ! h + X

� more and more SMEFT analyses of CPV at LHC coming out
ATLAS: 1905.04242, 2202.11382, 2208.02338, . . .

CMS: 1907.03729, 2110.11231, 2104.12152, . . .

� Higgs-gauge couplings probed in WW , WZ , Higgs production and decay
� CPV-sensitive observables via angular correlations
� � . 1� 2 TeV, larger sensitivity for loop-dominated processes

See A. Gritsan et al, 2104.12152, 2109.13363 and 2205.07715
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CPV Higgs-gauge operators. LHC

ATLAS arXiv:2507.03500

� WZ production, sensitive to CP-odd operators via angular correlations
� bounds stable under inclusion of quadratic effects (real sensitivity to CP-violation)
� converting to our conventions

�0:16 < v2C’ ~WB < 0:19 � 0:05 < v2C ~W < 0:04
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2019-26/


EDM constraints on Higgs-gauge operators

� Higgs-gauge operators run into dipoles at one-loop, typical suppression 10�2 - 10�3

� e.g. C’ ~W , C’ ~WB , C’~B and C ~W =) lepton & quark EDM @ 1 EW loop

~c(e;q)

 �

n
10�2C’~X ; 10�3C ~W

o
� gluonic operators =) qCEDM and gCEDM @ O(�s)

� matching & running links different low-energy observables.
e.g. C’ ~WB and C ~W match on flavor-changing dipoles

correlations with B ! Xs
, KL ! �0e+e�
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Constraints on weak Higgs-gauge operators
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V. Cirigliano, A. Crivellin, W. Dekens, J. de Vries, M. Hoferichter, EM, ‘19
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� eEDM dominates single coupling analysis (since then 2� improvement)

jv2C’~Bj < 5:1 � 10�6; jv2C’ ~W j < 4:7 � 10�6; jv2C’ ~WBj < 2:2 � 10�6; jv2C ~W j < 4:8 � 10�5;

� couplings out of reach of LEP, LHC, EIC
7/21/2025 j 11

https://arxiv.org/pdf/1903.03625


Constraints on weak Higgs-gauge operators

LHC projections of Bernlochner et al, `18

thanks to W. Dekens

HL LHC projections from 2205.07715

� weak operators match and run into photon dipoles
� contribute to atomic EDMs via dn, dp =) dn, dHg , dXe and dRa largely degenerate
� EDMs only constrain two directions in parameter space

need LEP, B ! Xs
 or LHC to close free directions

� expect strong correlations to avoid EDMs 7/21/2025 j 12



Higgs-gauge couplings at the EIC?

� can exploit beam (target) polarization to build naively T-odd quantities

Se � (k0 � p j ); Sp � (k0 � p j )

interesting channel to be studied?
enough cross section to be sensitive and compete with LHC?

7/21/2025 j 13



Constraints on gluonic Higgs-gauge operators
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“central”: no theory errors

“R�t”: vary ME in allowed th. ranges

� match and run onto quark EDM, chromo-EDM and Weinberg operator

constrained by dn, dHg , dXe , dRa

� nucleon and nuclear matrix elements are poorly known
� limits depend strongly on how treat hadronic uncertainties
� once we account for theory errors, LHC limits from gg ! h become competitive
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Constraints on gluonic Higgs-gauge operators

� hadronic and nuclear uncertainties severely weaken dHg constraint
� in a 2 couplings scenario, theory uncertainties lead to free directions
� couplings might be hard to study at EIC (jet substructure?)

can nucleon structure info from EIC help on the theory uncertainties?
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Dipoles at the EIC

� single-spin asymmetry (SSA) can probe SMEFT operators with different chiral structure from SM
R. Boughezal, D. de Florian, F. Petriello, W. Vogelsang, `23

� transverse SSAs sensitive to CP-violation via " ���� k � k � 0P � S�
T

� SM contributions to the beam asymmetry suppressed by the lepton mass
� dipole contributions do not suffer from same suppression

� ATU (� ) =
gZ
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7/21/2025 j 16



Dipoles at the EIC

� for � � 1 TeV, measurable asymmetries can be produced.
� leverage y dependence to single out Ce
 and CeZ

orthogonal to eEDM, sensitive to one combination of Ce
 , CeZ

� quark electric and magnetic dipole can be probed via target asymmetry
� other bilinears (Yukawa, RH currents) and semileptonic operators (scalar, tensor) suppressed

are there ways to probe remaining CP-odd SMEFT structures?
7/21/2025 j 17



Lepton-�avor violating dipoles
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V. Cirigliano, et al, `21

� similar analysis can be applied to lepton-�avor-violating dipoles �� � �� eF�� (see Kaori's talk)
� � ! e
 strongly constrain one linear combination
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Lepton-�avor violating dipoles
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V. Cirigliano, et al, `21

� similar analysis can be applied to lepton-�avor-violating dipoles �� � �� eF�� (see Kaori's talk)
� Z dipole has smaller cross section, but it is easier to suppress the background
� EIC can probe percent level couplings =) � � 1 TeV
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Summary 1.

� low-energy precision experiments naively dominate symmetry violation tests (B, L, LF , CP, : : :)

naive BSM scale � � 1 � 10 TeV well beyond the TeV
� in a bottom-up approach, low-energy cannot constrain all directions in parameter space
� relatively easily to engineer scenarios in which LHC/EIC are competitive

multiple Higgs-gauge operators, 
 and Z dipoles, : : :

� can we leverage polarization at the EIC to study T-odd observables?
– transverse SSA in DIS X
– asymmetries in W production or multi-jet �nal states?

� is it worth performing a more detailed comparison of EIC vs LHC vs low-energy sensitivities?
e.g. R. Boughezal, F. Petriello, D. Wiegand, `20 in symmetry conserving or V. Cirigliano, et al, `21 for LFV cases

� can we search for SMEFT operators in parton evolution/jet substructure?
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Theory uncertainties in low-energy experiments and the EIC
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Low-energy EFT for �avor-diagonal CPV.

1149 CP-violating SMEFT operators

42 � F = 0 LEFT operators
with u, d, s and electrons

11 nucleon-level operators
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