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Finding BSM: energy vs. precision frontier

neutron EDM
@LANL

® SMis (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

_ 0v33, EDMs, u — 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

_® <05 103 experimental/theory uncertainties needed to probe > 10 TeV scale
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CP violation
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The EDM landscape

ACME. CeNTREX | | Imperial . 3 =

@ UEDM

ThO, HfF, YbF, TIF
@ Hg, Xe, Ra, Yb

a. neutron EDM: d, < 1.8-107% ecm (nEDM PSI) = 10721072 ecm

b. atomic EDMs:  diseyy, < 6.2-107° ecm, dhaoy, <4.2-107% ecm,  dhasy, < 2.2-107* ecm,
c. Molecular EDMs:  de < 4.1-107% gcm (HiF 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)
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CP violation in the SM(EFT)
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Grzadkowski et al. ‘10
® two CPV sources in SM

2
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® 53 (1350) CP-even, 23 (1149) CP-odd dimension-6 operators ( O(v2/A?))
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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Higgs-gauge operators

=—g°C_u e e W, W' — g?C g0 BuB* —99'C e’ W, B
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CP-odd partners of operators contributing to EWPO
e motivated by “universal theories”: BSM couple to SM only via gauge/Yukawa currents
R. Barbieri, A. Pomarol, R. Rattazzi, A. Strumia, ‘04

C_jg» Cyyt anomalous WW+~ and WWZ couplings
C CAB, C. VB C;' Higgs production and decay

U C hree gluon coupllngs
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https://inspirehep.net/literature/649700

CPV Higgs-gauge operators. LEP
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Delphi Collaboration, ‘08

® |V polarization measurements at LEP2 constrain anomalous WW~ and WWZ couplings
Rz =-012"%%  X;=-0.09"5%%
 can be mapped onto ¢ WB and WW W SMEFT operators
VZC, s = —0.93'5%,  v?Cy =042+0.33

N ~ 250 — 350 GeV, sensitive to EW scale physics
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CPV Higgs-gauge operators. LHC
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® 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
e CPV-sensitive observables via angular correlations

o A <1-—2TeV, larger sensitivity for loop-dominated processes

. See A. Gritsan et al, 2104.12152, 2109.13363 and 2205.07715
? 7/21/2025 | 8



CPV Higgs-gauge operators. LHC
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e 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
2 2
= —0.16 < v°C,_p5 < 0.19 —0.05 < v°Cy < 0.04
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2019-26/

EDM constraints on Higgs-gauge operators

g 5
i O A 0,1 0,5, O
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* Higgs-gauge operators run into dipoles at one-loop, typical suppression 1072 -1073
® eg. Cy, C g C,5and Cy = lepton & quark EDM @ 1 EW loop

P9 ~ {1072C 5, 1072Cy
® gluonic operators = qCEDM and gCEDM @ O(«s)

® matching & running links different low-energy observables.
e.g. C_ 5 and Cy, match on flavor-changing dipoles

correlations with B — Xsv, K. — n’ete™

o 7/21/2025 | 10
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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

® eEDM dominates single coupling analysis (since then 2x improvement)
V2C,5l <5.1-107°%, [V?C5l <47-107° |V?C_pgl <22-107° |V2Cypl <4.8-107°
"0 couplings out of reach of LEP, LHC, EIC
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https://arxiv.org/pdf/1903.03625

Constraints on weak Higgs-gauge operators

15! mmm EDM
B HL LHC
i)
5. N
O 210
= 5]
thanks to W. Dekens
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LHC projections of Bernlochner et al, ‘18

® weak operators match and run into photon dipoles
e contribute to atomic EDMs via dy, dp = dh, dug, dxe and dr. largely degenerate
® EDMs only constrain two directions in parameter space

need LEP, B — Xsv or LHC to close free directions

‘? expect strona correlations to avoid EDMs 7121/2025 | 12



Higgs-gauge couplings at the EIC?

e(k)
e(k)

® can exploit beam (target) polarization to build naively T-odd quantities
Se- (k' xpj), Sp- (K xp)

interesting channel to be studied?
enough cross section to be sensitive and compete with LHC?
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Constraints on gluonic Higgs-gauge operators

OocentralloRfitBmLHC

> E ) “central”: no theory errors
@ F 2.7 2.8
< 100 i «Rfitn :
g 0.56 Rfit”: vary ME in allowed th. ranges
I 0.21
0.1
101 ! - !
Co s

® match and run onto quark EDM, chromo-EDM and Weinberg operator
constrained by dy, dig, dxe, dra
® nucleon and nuclear matrix elements are poorly known
® |imits 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
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® hadronic and nuclear uncertainties severely weaken du, 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
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® 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 e, 0 k" k” ' P* S
® SM contributions to the beam asymmetry suppressed by the lepton mass
® dipole contributions do not suffer from same suppression

9z @ y/T—y 34Qf4(x) [gagRe[Coze™'?] — Re[Cere™"][guagal(1 — 2/¥) — gaggul/(swew)]

AAry(9) =
L 2raMq_yy £ g Bla(x)
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https://arxiv.org/abs/2301.02304

Dipoles at the EIC

o Re[C,.] =v/TeV? - Re[C, ;] =v/TeV?
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for A ~ 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?
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Lepton-flavor violating dipoles
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® similar analysis can be applied to lepton-flavor-violating dipoles 70" eF .., (see Kaori’s talk)
® 7 — ey strongly constrain one linear combination
re—2.107%rg| <6.7-10°°

® EIC probes different linear combination

~ Zyp(2y, ) @ 2
O-IL:IIR(L) = Fdip(1 —,V)‘[rg]n, QU+ CR%S%VL 4(02 +m§) [ E]Te
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https://arxiv.org/pdf/2102.06176

Lepton-flavor violating dipoles
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® similar analysis can be applied to lepton-flavor-violating dipoles 7o** eF,.. (see Kaori’s talk)

e Z dipole has smaller cross section, but it is easier to suppress the background
® EIC can probe percent level couplings = A ~ 1 TeV

M5l.e: IF2], 550107
9 7/21/2025 | 19


https://arxiv.org/pdf/2102.06176

Summary 1.

® |ow-energy precision experiments naively dominate symmetry violation tests (B, L, LF, CP, ...)
naive BSM scale A > 1 — 10 TeV well beyond the TeV
® in a bottom-up approach, low-energy cannot constrain all directions in parameter space
o relatively easily to engineer scenarios in which LHC/EIC are competitive
multiple Higgs-gauge operators, v and Z dipoles, ...

® can we leverage polarization at the EIC to study T-odd observables?
— transverse SSA in DIS
— asymmetries in W production or multi-jet final states?

® s 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

e can we search for SMEFT operators in parton evolution/jet substructure?

o 7/21/2025
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https://inspirehep.net/literature/1789394
https://arxiv.org/abs/2102.06176

Theory uncertainties in low-energy experiments and the EIC
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Low-energy EFT for flavor-diagonal CPV.

1TeV —
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90, 9 Cs, Cp, CT Nuclear physws
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&s s
E E
dn, dp dxe, dig, dRa drho, duir

1149 CP-violating SMEFT operators

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

11 nucleon-level operators

7/21/2025 | 21



Low-energy EFT for flavor-diagonal CPV: hadronic couplings

® in 1-nucleon sector, generate N7 and N~ couplings

RTCAE PR B - B
L —N(dnT"—dp 5 >0'~E _2F,TN7T TN 2I__7r7r3NN

e d,, contribute to neutron/proton EDMs
® 0o,1 induce TV NN potentials <= nuclear EDMs, MQMs and Schiff moments

dependence of go,1, dn,, 0N quark-level couplings
very poorly determined!

e.g. in the case of the quark chromo-EDM d, 4
Go = (au + Er’d) [-0.5,0.2] GeV?, G = (au - ad) [-2.2,-0.4] GeV2.
QCD sum rule calculation by M. Pospelov, ‘02

large intervals, and model-dependent uncertainty

0 7/21/2025 | 22
=


https://arxiv.org/abs/hep-ph/0109044

Nucleon EDM matrix elements

LQCDf
QCD sum rules*
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T FLAG ‘24 * Pospelov and Ritz, ‘05, Haisch and Hala, ‘19

® same applies to the nucleon EDM
e gEDM contributions are mediated by nucleon tensor charges v

related to 15 moment of transversity distribution hy  C. Cocuzza et al, JAM coll, 23
 contributions from @ term and hadronic operators has large and (uncontrolled) errors

9 7/21/2025
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https://arxiv.org/pdf/2306.12998

Lattice QCD calculations of the nEDM
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e EDM from QCD 6 term extremely challenging
e preliminary results for gCEDM and gCEDM
o statistical and systematic error still a factor of 5 larger than QCD sum rule estimate

GrsoGq
power div. subtracted

QCD sum rules

thanks to T. Bhattacharya and B. Yoon
T. Bhattacharya et al, ‘23
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https://inspirehep.net/literature/2652843

Strategies for the determination of = — N couplings

’ (a) ) T ©

e chiral symmetry relates = — N couplings induced by qCEDM to corrections to the baryon spectrum
induced by qCMDM (generalized o terms)

= ~ d d 1 -2 -

g = d <7d53 + rid(r'na)) omn + dMn.qep 5 — (0 = bina)
_ ~ d d

g = —20; <7d60 — ridr_n) Amy ,

® relation is stable under loop corrections in chiral perturbation theory
J. de Vries, C. Y. Seng. EM, A. Walker-Loud, ‘16

® can be translated into matrix elements of a CP-even chromo-magnetic operator
d _ d _

d—~AmN = (N|gsqo - Gq|N), —3dmy => (N|gsqo - Graq|N)
Co dCs
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https://arxiv.org/pdf/1612.01567

Extracting 7-N couplings via twist-3 parton distributions

v
l xt
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P

o chiral-odd twist-3 distributions can shed light on chiral-odd matrix nucleon matrix elements
e e.g. € contains info on nucleon sigma term

1 a\ -

aq _ YA Jixx q q

() = 5 | 5@ (P00, Anlu(An) ).

e third moment of &9 is related to the NME of a twist-3 chromo-magnetic operator

2

1 . .
[ et Molefus] = o * S (PLI(0)gsr G (0)7(0)1P)

i=1

Mle]

M. Burkardt and Y. Koike, ‘02
9 7/21/2025 | 26


https://arxiv.org/pdf/hep-ph/0111343

Extracting 7-N couplings via twist-3 parton distributions

C. Y Seng suggested the decomposition C.Y Seng, '18

(PI(0)gs G (0)ol b(0)|P) = Ay (mig™” — P*P") + B'myP"P",

_ %g”"mﬁ,(SAq + B%) + myP" P (BY — AY)

® |eading to
_ 1 /- ~ 1 5 u—d u—d ro3
g0 = 5 (d+ ) (fEmN [aa-d 8] + 1),
= ~ bt 1 5 u+d u+d ﬂ
g1——<du—dd> (4mN[3A + B ]— )
A9 — B9
Mg[efwg] = 2 .

® in general, go,1 and M3 depend on different linear combinations
if B7 ~ 0, the 3rd moment of e9(x) determines go 1

] 7/21/2025 | 27
s


https://arxiv.org/abs/1809.00307

Extracting 7-N couplings via twist-3 parton distributions

84 —— Mean Prediction 121 —— Mean Prediction
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S. Bhattacharya, K. Fuyuto, EM, T. Richardson, ‘25

e ¢(x) contributes to SSA in SIDIS with 7" 7~ production = analogous to hy
® extraction is somewhat model dependent because of twist-3 fragmentation function at same order

® new extraction from CLAS + CLAS12 data A. Courtoy et al, ‘22
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https://inspirehep.net/literature/2907176
https://arxiv.org/pdf/2203.14975

Extracting 7-N couplings via twist-3 parton distributions

84 —— Mean Prediction 12 —— Mean Prediction
1o Confidence Interval 104 1o Confidence Interval
61 ¢ Experimental Data ¢ Experimental Data
8
B4 N DN
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x
S. Bhattacharya, K. Fuyuto, EM, T. Richardson, ‘25

e use extraction from CLAS + CLAS12 data to get 3" moment

— Gaussian fit:
Ms[e¥] + Ms[e?] = 0.2078 + 0.1356,

— Polynomial fit:
Mas[e’] + Ma[e?] = 0.2606 + 0.1750.

= compatible with model calculations of M3, and with C. Y. Seng’s extraction

<

A. Courtoy et al, ‘22
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https://inspirehep.net/literature/2907176
https://arxiv.org/pdf/2203.14975

Extracting 7-N couplings via twist-3 parton distributions
is B ~ 0?

® the non-relativistic argument does not apply
— 0i= 1 _ 1
N 0/ _ 0/
(Niae"aiN) =0 (1) # (Mao*aGoiM =0 (o)

e statement is not RGE invariant: 3A + B and A — B have different RGE. In MS

Jiog s Bq)—(1ocp_4cA)( )(3Aq+Bq)
d
m(A"qu):fZ (CA+§CF> @n )2(A" BY)

difference is even more pronounced in lattice schemes (gradient flow, RI-MOM)
® go"¥ G, q has power-divergent mixing with gq

g Cr6
(G0 Gl () = =3 [GGlys +

® the symmetric and traceless part mixes only logarithmically
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Extracting 7-N couplings via twist-3 parton distributions
® large N, arguments support the conclusion A ~ B

‘A(qud)‘ ~ ‘B(uw)‘ ~ O(N), ‘A(u—d)) - )B(u—d)‘ ~ O(N?),
¢ thus we restore the B9 contrib. and assume large N

Py (3 (Ms[e"] + Ms[e]) + B + Bd> ,

%

0%~ —2mf (3 (Ma[e"] — Ms[e]) + BY — Bd) .

e putting everything together

o (o) [T v o)« 12 oo

most of the range determined by large N, estimate of B?

® larger errors than in QCD sum rules . ..

e started a collaboration with D. Pefkou (CallLat) to compute both M3 and (N|go - gsGq|N) in LQCD
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e(x) at the EIC

ALy(x) Au(x)
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e(x) will be studied at the EIC, especially at small x

EIC Yellow Report, ‘21

LQCD calculations of M3 (and higher moments) can help reduce uncertainty bands

& we can use EIC data to validate extraction of go 1

7/21/2025 | 31


https://arxiv.org/abs/2103.05419

EDMs and higher twists

(a) (b) (c) Y. Hatta, ‘20

® other possible correlations between nucleon structure and nucleon EDM have been pointed out
Y. Hatta, ‘20, Y. Hatta, ‘20
o for the chiral-even Weinberg operator,

dh = pnw (N|Ow|N) + dh|
® the nucleon matrix element Oy is bound by the twist-4 NME
(N1ggsG"7,qIN)
map correlations for all dim-6 operators & study EIC sensitivity?
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https://arxiv.org/abs/2012.01865
https://arxiv.org/pdf/2009.03657
https://arxiv.org/abs/2012.01865

Conclusion

® we should explore all possible avenues to look for BSM physics

® EIC can play a direct role, complementary to LHC and low-energy searches
see talks by Kaori and Sebastian for more examples

® and an indirect one, by improving knowledge of nucleon structure

more ways to exploit the interplay between hadron structure
and matrix elements for BSM searches?
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Lattice QCD calculations of nEDM.

Fy(0)

Neutron =—, d,,(a, m,) Fit
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) = 3 -0006
Il (=)
o I
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= 010 X : ) o1 o o Iy
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J. Dragos, T. Luu, A. Shindler, et al ‘19 T. Bhattacharya, et al, ‘21 J. Liang, et al (xQCD Coll.), ‘23

* EDM from QCD 6 term extremely challenging
vanishing signal at small m,, large excited state contamination, ...

® published results compatible with zero at ~ 2¢

e approaching d, ~ 10729 efm, size of “chiral log”
Crewther, Di Vecchia, Veneziano and Witten, ‘79

® need more work to control all systematics



Higgs-gauge operators

/
/
N

e induced at tree level in models with new vector bosons
® but more often at one loop

> 2 families of vector-like fermions, vector-like fermions + scalars
J. de Blas, J. C. Criado, M. Pérez-Victoria, J. Santiago, ‘17 ; G. Guedes, P. Olgoso, J. Santiago, ‘23, G. Guedes, P. Olgoso ‘24

® correlated with CP-even corrections to EW propagators


https://inspirehep.net/literature/1639289
https://arxiv.org/pdf/2303.16965
https://arxiv.org/abs/2412.14253

Nuclear EDMs and Schiff moments

Aschiff an ap ap (e fm) a; (efm) ap (e fm)
Hg || —(21+£05)-10* | 1.9+£0.1 | 020£0.06 | 0.137%5, | 025798 | 0.09%% 1"
129%e || —(0.33£0.05)-10~* - - 0.1079%3, | 0.07679%3,
225Ra 7.7-10~* - - 25475 —65 440 14+£6.5

d 1 0.9 0.9 0 —0.100 0
SHe 1 0.9 0 —0.027 —0.079 —0.060
SH 1 0 0.9 0.027 —0.079 0.060
® nuclear physics adds another layer of uncertainty
day = Ascnift (andn + apdp + ao%)r + a % + a %)

e for light ions, the nuclear theory input is under control (at the ~ 10% level)
e for diamagnetic atoms, Schiff moment calculations have large nuclear theory errors




Low-energy EFT for flavor-diagonal CPV

® dim-5 LEFT operators

LOer = LeyBio" enFu + > LeyGo" qaFuv+ Y LogQo™ °qa Gi, + hec,
g=u,d,s q=u,d,s

e dim-6 LEFT operators

1. 3-gluon operator:
ES%FT = LéfachiV GprGg#

2. semi-leptonic:

L= > Log"(8en)(raL) + Leg " (8rer)(GLaR) + Lag (810" €R)(TLownqr) + hoc.
q=u,d,s

3. 4-fermion:
L) o = Lugaa™ (0" o) (dryutr) + Lo ™™ (Uur) (Tur) + - .-

® 24 operators, 6 of the LL RR type, 18 of the LR LR type



Low-energy EFT for flavor-diagonal CPV

® to calculate EDMs, need to matching to a nucleon-level theory
® “easy” in the leptonic/ semileptonic sector

L= gmeégé_a’w’}gf F;w —

5 3 (CLNWN/’%N + CMinst NN + CN 76" Nicr s N)

N=n,p

G
V2
® the dependence of ¢, Cp, Cs, Cr on CPV at the EW scale is well understood

® e.g. semileptonic tensor operators (contributing to dx. and dk,)

v2 u d
C(To) --Z { gr 42' gr [ImLeTuRR n IngdRR:| I g?ImLEdRR}

o L% are quark-level couplings at p ~ 2 GeV,
® non-perturbative input captured by nucleon tensor charges

g% =0.784(30), g% =-0.204(14), g3 = —0.0027(16)

FLAG Lattice Averaging Group, ‘24


http://flag.itp.unibe.ch/2024/Media?action=AttachFile&do=get&target=FLAG_NME.pdf

Tensor charges from PDFs
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102 0103 05 072 1072 0.1 0.3 05 07X 0.4 0.6 08 du S5 L0 L5 20 gr

C. Cocuzza et al, JAM coll, ‘23

® tensor charges related to the first moment of the transversity distribution

1 ] ]
g = /O ax( (x) — hi(x) — h(x) + hi(x))

¢ fits to data (eTe™ — wr X, SIDIS and pp — 7w X) alone prefers smaller tensor charges

® but data are in a small x range, including constraint on the first moment does not spoil x?
EIC data could reduce error by a factor of 10 EIC Yellow Report, ‘21


https://arxiv.org/pdf/2306.12998
https://arxiv.org/abs/2103.05419

