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LIGHT and HEAVY New Phvsics extensions of the SM

I
Lerr =miyH H + L dima(A, 0, H) + Z Foérfmdimn(ﬂa v, H)

n=3

+ Lportais (W, A, H: ¢ps) + Lps (¢ps).

f LIGHT NP
HEAVY BSM physics

Z | (n) Effective dim>4 operators generated integrating out the
0,

—aY%Mm dimn(A’ r, H) heavy BSM physics at a new
n=5 A * A >> electroweak scale ~ M,,

HEAVY NP

LIGHT BSM phvsi
phvsics Light << M,, “Dark Sector” (DS) weakly

Lpﬂrtals (i,eff A . H; ‘J'ODS) + LDS (QDDS) coupling to the SMfields through the so-
' called portal couplings



Need intensity, precision for the
The quest for new physics production of VIRTUAL new HEAVY

/ PARTICLES with masses >> M,

0
23 NeedEnersy  For the production of real (physical)
g2 Need}i"te'?slim new particles with masses >> M,,
9 + precision
o< E i — BSM
neutrinos  keV MeV GeV  HiggsTeV particle mass

We do not know what will be the next New Physics (NP) scale.

LOW-ENERGY high-precision physics at small- or mid-scale size experiments

Search for NEW LIGHT PARTICLES Search for NEW HEAVY PARTICLES -
FEEBLY coupled to the SM through their VIRTUAL effects > use of SM
EFFECTIVE THEORY (SMEFT) techniques



Electroweak fit
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PRECISION HIGH-ENERGY PHYSICS
LHC: from (purely) discovery = precision physics machine
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Global fit to the EW data in SM
- My determination with

6 MeV uncertainty
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ATLAS, arXiv: 2507.02632

ATLAS

M direct (LHC Run 1, Phys. Rev. Lett. 132 (2024) 261902)
EW fit (Eur. Phys. J. C 78 (2018) 675)

|
otal  stat

mE™ + total [GeV]  Reference

(i) inclusive, NNLO+NNLL

LHC 748 TeV comb. (CT14) 174.0 £ 2.3 JHEP 07 (2023) 213
CMS, 13 TeV (CT14) 173.7 27  EPJC 79 (2019) 368
ATLAS, 13 TeV (CT14) 173.1 37 EPJc 80 (2020) 528

a(ti, ti]) differ., N(N)LO

ATLAS, iij, 8 TeV (CT10) o 171.1 5§ JHEP 11 (2019) 150
CMS, ffj, 13 Tev (CT18) - 1721+ 1.4 JHEP 07 (2023) 077
ATLAS, dilepton, 8 TeV (CT14) =4 173.6 £ 1.3 epic 77 (2017 BO4
CMS, 3D diff., 13 TeV (CT14) = 171.1+ 0.8 epuc 80 (2020) 658

This analysis

ATLAS, ffj, 13 TeV (CT18) = 1709+ 1.5
I | | 1 | 1 | | | | | | | |
140 160 180 200
m, [GeV]

J. Bendavid, EPS-HEP 2025



0.23110 = 0.00010 2HDM « 2025 SM global fit

LEP A2 0.23221 + 0.00029

SLD A 0.23098 + 0.00026

CDF 1.96 TeV 0.23221 + 0.00046
DO 1.96 TeV 0.23095 + 0.00040
ATLAS 7 TeV 0.23080 + 0.00120

LHCb 7+8 TeV 0.23142 + 0.00106

CMS 8 TeV 0.23101 = 0.00053
LHCbh 13 TeV 0.23147 = 0.00050
CMS 13 TeV 0.23152 = 0.00031

This analysis 13 TeV 0.23156 = 0.00024

'0.230 0.231 0.232 0233
sin? 9L A. Bodek, Hyon-San Seo, Un-Ki Yang,
PLB 866 (2025) 139526 CMScoll.



even forthe direct determination of M, LHC starts getting a competitive precision

Total uncertainty
Statistical uncertainty

LEP combination
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LHCDb, arXiv:2505.15582




LHC — High Luminosity LHC

LHC (300fb?) HL-LHC (3ab?)

RUN 2 'Upgrade of accelerator RUN'3 HL-LHC installation RUN 4/5

8M H and experiments 16M H ATLAS Upgrade 170M H
120K HH

2019

2020 2021 2022 2023 2024 2025 2026 2027 2028 e

H couplings to: O(5-10)%
H self-couplingto:  0(50)% (or better)
New physics expectation: i« ~ O(v?/A?) ~ %
(A/TeV)?

thus the reach A ~ O(a few TeV).

Tao Han LP2025
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49 pb .

D =7 gluon fusion

o gegH: 867%
q - = q

38pb 7, - vector boson

520k o fusion (VBF): 6.5%
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) I This analysis ATLAS Preliminary
W’z associated Nature 607 52 (2022) Rum 2: Vs = 13 TeV, 36.1 - 140 fb™

production
WH/ZH: 4%

Run 3: Vs = 13.6 TeV, 165 fb™

Ky =K,

B Run 3 + Run2 combination

g -voooooy—»— 1

- _ o
0.5 pb . trH associated 14%
70k production: 1% -18%
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B

SM Higgs boson pair production at the LHC | - ]
5M Higgs boson pair production (gluon-gluon fusion - ggF): HL+LHeC _ ~28%
~~ch TET h - h HL+LCFaso | -2m%
0200 ---h a0 “h HL+LCFiooo | [T -~
e Ty TUERSTEESRRE - Huecucw | I
S HLACLIG o | I -~
Asm | -28%
.H |
HL+FCC-eez40 || -26%,
Hoveeee] e
HL+Fcc-hh | =
*H
most stringent 95% CLs on Higgs PG -5“ . . . . .
boson self-coupling from HH: . . L " - - -
EQpn [%e]
—1.2 <k; < 7.2 (ATLAS) Higgs self-coupling and ELW BARYOGENESIS

—1.39 <x; < 7.02(CMS) A, dictate EW phase transition & impact on early universe cosmology:

CMS-PAS-HIG-20-011 Ay ™ 0.13 implies a cross-over change.
ATLAS: PRL 133 (2024) 101801




$& CKM Triangle — present and future

+ Update from the European Strategy for Particle Physics, June 2025, Venice meeting
« Measured uncertainties on selected key observables (arXiv:2503.24346v2)

Experiment ATLAS CMS LHCb Belle 11
Assumed data sample 20.3-99.7fb™" | 116-140fb~" 2-9fh™" 364-1075 fb~
CKM angles
3 0.57° [15] 1.2° [16]
a 6.6° [17]
¥ 2.8° (18] 13° [17]
&, [mrad] 42 [19] 23 [20] 20 [21] -

WA: HFLAV, August 2025

Parameters: (5, 7) apex of Unitarity Triangle
p=0.139 £+ 0.014
7j = 0.360 + 0.008

« Sensitivity to selected key observables (arXiv:2503.24346v2)

Experiment ATLAS CMS LHCb Belle 11
Assumed data sample 3000 ! 3000 " [ 300 50ab "
CKM angles
3 — = 0.08° 0.3°
0 0.6°
4 0.3° 1.0°
&« [mrad] (4-9) 3 3 —

 Alot of additional work in the experiments beyond the ESPPU
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Great progress of the precision achieved in LATTICE QCD computations of non-
perturbative QCD contributions for the hadronic inputs in flavour measurements

figure from A. Jiittner's ESPPU Venice slides rG
I~ LA
Flaveur Latthce Averaging Group

b
EXAMPLE: leptonic B decay B_‘@_
P U
W%—‘

Lattice QCD Perturbation |

kinematics / theory
2 2
5

mg [ )
l__ Jg | Vio|*GF

[(B~=[p)=
a7

h-]
EE

Ml

Ml
.| 3GeV)

Under the assumption that this is dominated by SM, can then
compare with measured decay rate to extract V,,
S. Renner, EPS-HEP 2025 JB



Hints of LEPTON FLAVOR NON-UNIVERSAL New Physics

M. Calvi, A. Juttner, ESPPU2026 Symposium, Venice 2025

B B(B — D®1v) 04
D) — N )
B(B = }ﬂ.b") 4
Is the fermionic 3™ generation 0.35
somewhat “special”? 2>
03
Due to HEAVY New Physics
coupled only or mostly to 3™
generation
0.25

qg\
q;/,/

/

>
02

\ .

But getting R(D) and R(D") from different
B and D decay modes globally exceeds
the SM prediction by about 3.8 ¢
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R(H,) =

LHCb
4 HFLAV SM Prediction R(D) = 0347 + 0.025,,
R(D) = 0.296 + 0.004 R(D*) = 0288+00 l?_mh
R(D*) = 0.254 + 0.005 p=-039
P(x?) = 41%
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Br(B* — K*iv) = (2.3 £0.5(stat)*)>(syst)) x 107 2.76 above SM prediction Belle 112311.14647

Br(K* — ztov) = (13.033) x 107! 1.7 above SM prediction  NA62 2412.121015

: & [limimal U{Z], é
" & Clemesnl |..:'."|,| E
= n :
= Tttty i ------
= iy — ;5-: j .
I:-:l .'llllll ,r.-"lll.} IJ % &1,
= e | Freeerrssseesieadaeonaaas
ne 101 ' T =
T sl
- BN LU region = = £ ='
) 4 EFT region o /
E o B excl. B (8" <+ K""wi) I
B(B* = Kub)p ' " SM e
| s M . 81 R ,
n T T T I Yoy . E E r__.-'
0 10 20 30 al T e
B(BY —» K'vi) - 10° 0 1 2 3
B{KY = 7t
BIRT = atullgu
R.Bause, H.Gisbert, G.Hiller PRD 109 (2024) 1, 015006 L.Allwicher, M.Bordone, G.Isidori, G. Piazza, A. Stanzione,

PLB 861 (2025) 139295



Prospects for cLFV searches

A. Papa, cLFV, ESPPU2026 Symposium
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UL (90% CL)
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Relativistic generalization of EDMs and MDMs

Interaction of a fermion f with the photon field A,, F.. = 0,A, — 0,A,

3 T violation
£ I = | " Salpeter (1958)
a2 —(fo,,vsf)F! P
df|8| — dfz( T Y5 }
B P violation
S = i
—Hf@ B — (f"}’ﬁf}fqﬁ -+ ﬂf4m (fg,e.wf}F

the usual minimal coupling of fermions with the photon give rise to a
magnetic moment with gyromagnetic factor g = 2

the dimension 5 operators induce an electric dipole moment dy and an
anomalous magnetic moment ay

e
=Qr2—mf , (gr — 2) = 24y

dr and ar are described by non-renormalizable interactions of fermions

with the photon. They are absent for elementary fermions at the classical
level, but can be induced by loop corrections.

Antonio Masiero & Paride Paradisi (University of Padoy Misure EDM e fisica beyond Standard KModel




Probing NP in the leptonic sector

Anomalous

magnetic i ’ Violation of lepton-universality
momeaenits

of leptons
\ZP\#’ interactions

EDMs of

LFV interactions I

Charged

LFV
processes

charged
leptons

)

CP violation in
LFY interactions

o M p U LN W Ty | P Y . Y o Yo | =



LFV, (g — 2),.,; and (EDM),.,,, correlations in Effective Theories

* BR(4 — £) VS. (g — 2), Giudice, Paradisi and Passera JHEP 2012
. _ — —13 i 2 E}E',u ’
BR(g — ey) = 3x10 (me_g) (m_ﬁ

. —_— —8 ﬂa“_ ’ 'E‘I.uT ’
BR(T = pvy) = 4x10 (me_g 102

 EDMsvs. (g — 2),.

L Bay o (6
% = (3 » 1n—9)m (1::1—5 e
d, =~ (%) 2 % 1072 c:'J:”:F“ e cm,

* Main messages:

Aa, =~ (3 £ 1) x 10— requires a nearly flavor and CP conserving NP
Large effects in the muon EDM d,, ~ 10—22 g cm are still allowed!

Paradisi, muEDM Workshop Pisa, 2022 Aae _ me s Ag. — Aa, 0.7 x 10~ 12
Aa, m2 c=\3x10¢) """

i



[WP20, 2006.04822]
B R RN L B R N R

CLEO - -
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SND : . i
3750 7 1T
N R — The “old” (2020) muon g-2 problem
682:=42
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3724:30 | | | | | | |
BABAR b " &
376.7T=27 BNL
KLOE e r » .
| 3089+ 21 I l I FNAL((run 1)
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HVP LD [+~ 10 -
a [nnll[ﬂﬁ.ﬁﬂl - [x10™] ) 5.0 o _
I+I
Fxp. Avg.
*I
White Paper
Standard Model
| l | l | | |
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The “NEW” (2025) muon g-2 problem

(% of 2x measured)

T | | T | | T I |
SNDOG | (93.8%) H O H
CMD-2 | (B8.6%) H—{—
Ty
BABAR 09 | (99.99) H—O— f_f
Combined | (100%) 00— H
BABAR 25 | (99.9%) — O — =
Il
KLOE | (97.2%) — O - o
LLd
BESIII | (72.89%) ———
SMND20 | (80.334) H—{—
CMD-3 | (98.9%%) H—D—:l—l
Tau | (100%) H — -
‘ WP 25 | (Lattica based HVP LO) i - 3
1 I 1 1 1 L 1 I |

=20 -15 -10 -5 0 =

Zhiging Zhang, LP 2025 22 30 -25
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ms S o! tHe HVP contribution to the muon g-2

| : %(1 — )
HVE .t _

m

at large energy, s>m, 2 K;~ my
The KNT19 data replaced by compilation by the
the CDM3 data only in its KNT coll. in 2019
available energy range without the CMD-3 data

EGEMDE S (&H\-’F)EMDE { [-I".-"F']I{HT].EI'

m ete— = (21.7£3.6) x 10~ 1Y  6.10 tension

5DCL1D:} — (DH‘H’F_ )GMES L (GEIE_JENTIQ

eTe
Di Luzio, Keshavarzi, A.M. , Paradisi PRL 134 (2025) 1

the Electron g-2 (a,)

Observables to consider the Muonium HyperFine Splitting (HFS)
the Taug-2 (a,)

the low-energy weak mixing angle sin%6,,(0)
the running of a,,



Model independent tests of the HVP contribution to the muon g-2

aHivE: ——e—— | -
el
20 @ ——— |
u
=
21
5 v —— | . |
L
=
=
g
2 Ady(M3)] | . | | > :
=
S
2 sin By (0)1 | . | | . |
T
JHNP ———— | :

—1 0 1 2 3 4 5 6
Statistical significance of §“PM ()
Di Luzio, Keshavarzi, A.M. , Paradisi PRL 134 (2025) 1



o' (1) KNT19 |(2) KNT19/CMD3|Correlation, p;s | Difference, §O“™"* | Significance (o)
afvF x 1010 602.8 + 2.4 714.5 + 3.4 0.280 21.7 + 3.6 6.1
afVFP % 10 186.1 + 0.7 192.0 + 0.0 0.257 6.0 + 1.0 6.2 J—
afVF x 108 332.8 + 1.4 340.2 + 2.1 0.546 74 + 1.8 4.2
Aa® (M2) x 10*| 276.1 + 1.1 277.5 + 1.2 0.008 1.4 + 0.5 2.8
sin? @y (0) x 10* |2386.0 + 1.4 | 23864 + 1.5 0.006 0.4 + 0.1 2.0
viv> (Hz) 540.5 + 1.9 557.0 £ 2.7 0.207 16.5 + 2.8 5.0 <u—

. 4

Muonium HFS one of the most sensitive probes of 6a,“MP* 2 to be sensitive to this s
of O(1) Hz
Current measurement v, "= (4463302776 +51) Hz

needs a precision

MuSEUM at J-PARC plans t
the uncertainties by ~ one or
hence going well below the shift
Other sources of uncertainty: (Strasser et al. Hyperfine Interact. 2016)

i) uncertainty on v, fully dominated by m,/ m, = induced error onv; ~ 4 x 10* Hz

Mu-MASS at PSI to improve the precision on the measurement of vis_,s (from which m,/ m, is extracted)

by 3 orders of magnitude (P. Crivelli Hyperfine Interact. 2018);

ii) Theory uncertainty in v, from unknown 3-loop QED contributions to 6,%P amounting to ~ 70 Hz = need
for a complete 3-loop QED calculation (Eides and Shelyuto Int. J. Mod. Phys A 2016; Eides PLB 2019)

educe
f magnitude,



Electron g-2

2
relating a,"" and a."" — daMP? =~ r_’i{lﬁmm (mﬂ) ~ (5+1) x 1014
m

in good agreement with the numerical results H /
o (1) KNT19 |[(2) KNT19/CMD3|Correlation, p12 | Difference, &GCMDE/é{gﬂiﬁcaﬂce (o)
aiv'® x 101 692.8 + 2.4 714.5 + 3.4 0.280 21.7 + 3.6 / 6.1
afvVF x 10 186.1 + 0.7 192.0 + 0.0 0.257 6.0 = 1.0 6.2
Aa. error source Value % of Aa. error
Five-loop QED, 6a95%° 6 x 10-* 5% (Cs)/13% (Rb) If the.experlmental resolution on o, .and
_ HAD Y a.®* improve by ~ one order of magnitude
Hadronic, da, 1x10 < 1% - uncertainties on Aa, ~ 0(10'4) >
a(Cs), da2‘" 22 x 10~ 70% sensitivity to the increase of a,"Pdue to
'I:]'.'[:H-h}, ﬁﬂ?{Rb} Q 5 ]_D—].ﬁ]: 28% CMD'3 (and BMWC)

Experiment, daZ*P 13 x 10~** 24% (Cs)/59% (Rb)




Why EDMs are a good probe of BSM physics

 EDMs - AMPLITUDE-level observables = enhanced sensitivity to
BSM physics w.r.t. CROSS-SECTIONS

 EDM searches = absence of a significant SM (CKM) background
(like, e.g., in the case of proton-decay searches or cLFV processes)

 EDM searches in atomic and molecular systems = enhanced
sensitivity through macroscopic effects magnifying the internal
electric field and possibility of an extended coherence time 2>
NONLINEAR response of such systems to external parameters such as
the electric field

M. Pospelov and A. Ritz, EDMs and New Physics, arXiv:2509.2353



CP Violation in the SM : 1.the CKM phase

1 — )‘2/2 A Akg(p — i’q) = 12— UTf,‘vt
VCKM — —)\ 1 - AQ/Q A)\2 -|— 0(}\4) : summen23
AA3(1 —p— m) —A}\Q 1 1_— SM fit
0.8 :.—
0.6:—

o

i

ﬁ
\

0.2
0,0) (1,0) -
: : : : H o PR PR X BRI
CP violation observed in K and B physics. °02° 0 02 04 06 08 1 12
parametrized by the P

Jarlskog invariant J = ¢ ,cy5¢2, 519523513 5in 6

Im [VEij; iEVk:}] - szikmfﬂﬂ = (3.08+g:%g) x 10~ = 0(5%) accuracy



CKM induced EDMs in the SM

® quark EDM (for nucleon EDM see later)

I.,-i_.-'

b

w W
dfcﬁt]{Jj ‘:‘,Ilrﬂa:a,uiiI 4 mf < 10-34 d grl\l\qq‘% gw\:’%
B ECII1.
d (4m)3 mi, mi % ?
g

[Khriplovich, Phys. Lett B 173, 193 (1986)

Czarmechs, Krause, Phys. Rev. Lett 78 (1 997)]

® electron EDM (for paramagnetic EDM see later)

2.2 3 -
dL(J:I o Ejmumt:._m# g - D{,I ﬂ_qdj —
my  (dr)d

[Pospelov, Khriplovich, Sov. | Nudl. Phys. 53 (19321)
Pospelov, Ritz, Phys. Rev. D89 no. 5 (2014)]

L. Di Luzio, The Low-Energy Frontier of particle Physics, LNF, Febr. 2025



SM LONG-DISTANCE contributiTon to the CHARGED I.TEPTON EDMs

o o

W, ¢ prw, @ i
AS = 1 hadronic interaction _.__ - | _il __K*
ﬁ;"‘"’#' uhp’w___[-p H"i"-‘# "-..
;r ‘1 ’f % Pr""-‘l1¢'
I ) i |
e > 37, O > -
AS = 1 semileptonic interaction (a)

d™™ = 58 %107 e cm,

do™ =14 %107 e cm,

dM = _73%107* e cm.

1 D'EG .q r

1035} L‘_'—'—'i—.

10'30’ -
g 35
e 10
< 1070F ‘
®  Experimental upper limit
SM (quark level, 4 loop)
104 —— SM (hadron level, 1 loop)
EEE Prospective experimental sensitivity
o0 | | | : | |
1960 1970 1980 1990 2000 2010 2020

Year
Yamaguchi and Yamanaka, Phys. Rev. Lett. 125, 241802 (2020)



PARAMAGNETIC EDMs

* Paramagnetic atoms and molecules (e.g. ThO) have UNPAIRED electrons
- sensitive to the electron EDM and to the electron-nucleus scalar
and pseudo-scalar interaction

Semi-leptonic CP-odd operators
G

1 - i
Lop = —EdﬁéFtryEE — ﬁﬂspNNEtiaﬁ

Coherently enhanced by the number of nucleons

- shift of atomic/molecular energy levels (under external E field)

[ =0 = fuld, +rﬂsp}]
ext

10 zatl'em - - . . . .
- [ = T2 i1 O(10273) enhancement factor due to relativistic violation of Schiff th.

- r :ratio of atomic matrix elements of Cgp and d, operators ( rrho = 1.33 x 10" *"ecm )

- Equivalent EDM : d29Y = rCgp



CKM-induced C,,
contribution dominates
w.r.t. the direct
contribution d,

In 2022 Ema, Gao and Pospelov
showed that d_®“" is enhaced by

~ 3 orders of magnitude (!)

dIY( 7)) ~ 10 %%ecm

Pospelov, Rz, Phys. Rev. D89 no. 5 (2014)]

to be compared with d, ~ 6 x 107% ¢ cm

[Yamaguchi, Yamanaka, Phys. Rev Lett. 125 (20207]
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Y.Ema, T. Gao and M. Pospelov,

PRL 129(23) (2022) 231801 N
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Fundamental Physics in Small Experiments, Communiyy Planning Exercise :
Snowmass 2021, contribution to the 2023 P5 Report, Blum and Winter, 2209.08041




Sensitivity to
CP violating
NEW PHYSICS

(|dp|) Limits [e*cm]
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[Courtesy of A. Keshavara]
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UHU—ey MEGI > % 10 xperiments < 10—

Shut Duwn
Mu3e - Mu3e -
COMET Phase-I 3x 1075 0(10~*7)
Fermilab —17
: 0(10

uN — eN

2020 2025 2030 2035

REDM: FNAL, PSI, JPARC 2% 107%° ecm 4 % 1072t ecm 6 x 10-22 ecm

nEDM: n2EDM, panEDM, LANL, TUCAN 2x107*7 ecm 5% 10722 ecm m

proton EDM 1 x 107 ecm

Hadronic EDMs  Hg, TIF, Xe, Yb




Hierarchy of effective field theory operators linking CP-violating sources to observable EDMS

/ CP vitl}Iatinn \

Energy
A

nuclear

Lepton EDMs
(€,1.T)

NNee

|

semi-leptonic ///

semi-leptonic
Jqee

B-term, quark EDMs,
color EDMs etc.

l

l

pion-nucleon

Nucleon

NN and NNNN
¥

EDMs (1.p)
]

EDMs, MQM, Schiff
moment of nuclei (and ions)

ERR {

atomic

Paramagnetic atoms &
molecules (TI,YbF,ThO,
HfF+,Rb,Fr,..)

Diamagnetic atoms &
molecules (Hg,Xe,Ra,
Rn,TIF, RaX,FrAg,...)

M. Pospelov and A. Ritz, arXiv:2509.23531



CP violating operators

¢ (CP-odd Lagrangian at the GeV scale

33; HGA G~ QCD theta term
O‘fé(?%u’}’sf)f:“ v EDMs of quarks and leptons
dg 5 9s [:qa.:;r‘”’” T ﬁ»}(ﬁqﬁ)eﬂy chromo EDMs (CEDMs) of quarks
gfﬂﬂceﬁu GV 5(;#: c Weinberg three gluon operator
C;i(fif,)(Ffiivsf) CP violating 4 fermion operators

- terms at dimension 4, dimension 5, dimension 6

L. Di Luzio, The Low-Energy Frontier of particle Physics, LNF, Febr. 2025



EDMs through non-CKM SOURCES OF CPV
STRONG CPV (theta term)

2
gs =
0Lqep =055 GG 6 =6 — arg detY, )Y},

9] < 1071 (bound from nEDM)

Bound on theta term from paramagnetic EDMs: \%ﬁ_f/
d®" ~ 4 x 1077220 - 0o <3x107% T

N N
[Flambaum, Pespelov, Ritz, Stadnik, Phys. Rev. D 102 (2020)] /'/?\\



Theta term in the SM

* Inthe SM, theta is a FREE parameter: even if one (arbitrarily) sets theta = 0 (when the theory is
renormalized at some “relaxation” scale y,), since theta is the coefficient of a dim = 4 operator, the

renormalization of theta is expected to be infinite.

* Indeed, an infinite renormalization (though, only log divergence!) of theta first occurs at O(a’):

[Ells, Gaillard NPB 150 (1379)

Khriplovich, Vainshtein NPB 414 (1994)]

_ 1 _
6.~ {4r}14§ 2 [Y*(ug) — Yzfd.fﬂ]lﬂg Auv ~ 107 log Apv << 10 10

[m Det [F{_rl"{t_. I’}_;FE,] s 10~

In conclusion, UNNATURALLY assuming © =0, the SM 6-induced
contribution to the EDMs turns out to be smaller than the (already small)

SM CKM-induced contribution to the EDMs -> hence, B¢y is
TECHNICALLY NATURAL, i.e. itremains small under radiative corrections



Possible paths to get 6=0 in a NATURAL way

* One of the light quark masses = 0 = excluded by several ChPT and lattice
QCD results suggesting m,/my4~ 0.5

* The fundamental UV theory is P, CP conserving - P, CP are
SPONTANEOUSLY broken in such a way that 60, but the CKM phase is

O(1) = technically possible, but very contrived models

* Imposing the Peccei-Quinn symmetry = the vacuum angle is promoted
to a new dynamicalfield 6 - a/f, driven to zero at its minimum energy.



NATURAL 6=0 through the PQ path

* PQ symmetry = axion field a which does NOT completely relax to zero

.._..+ O = {? prﬂjcmi ~ 1018 [Georgi, Randall, NPB276 (1986)]
d=¥on 1071 o e cm dSM ~107% ecm |deXP| < 1026

€ CIn

Possibility of testing the axion ground state via axion mediated forces arising from the

CcP-odd non-derivative axion-nucleon coupling o o
Z > glaNN + gl aNiysN

New macroscopic forces [Moody, Wilczek, Phys. Rev. D 30 (1984)

from Barbier, Romanino, Strumia, Phys. Lett. B 387 (1996)
Pospelov Phys. Rev. D 58 (1998)
Bertolini, Di Luzio, Nesti, Phys. Rev. Lett. 126 (2021)
Okawa, Pospelov, Ritz, Phys. Rev. D 105 (2022)
Dekens, de Vries, Shain, [HEP 07 (2022)]

non-relativistic potentials

9; """" iys3p
\ Y,
(b)
Kmonopole—dlpolej
ARIADNE, QUAX-gpgs, ...



eEDM through CP violation the NEUTRINO sector

1 Dirac phase + 2 Majorana phases

va) = ) Uailvi)
i=1

- Ocp from 3v oscillations

- 11 from OvpBp

1 0 0 c13 0 sy3e "cp c1o S12 0 e'mn 0 0
U=10 c¢93 s93]" 0 1 0 - | —812 c12 0] - 0 €= 0
0 —S8923  Ca3 _5138151’3? 0 C13 0 0 1 0 0 1
* lypically too small and model-dependent [Ng Ng, Mod,. Phys. Lett A 11 (1996)

Archambault, Czarnecki, Pospelov, Phys. Rev. D 70 (2004).
de Gouvea, Gopalakrishna Phys. Rev. D 72 (2005)]

- Pure Dirac neutrino contribution vanishes at 2-loops (as for gE[DM)
- Pure Majorana contribution utterly small (as for g — ey)
- SMEFT expectation very small

- Type-| seesaw contribution also small (but model-dependent)
L. Di Luzio, The Low-Energy Frontier of

Particle PhySiCS, LNF, Febr. 2025
do not E){[}ect enerically) a measurable effect,

ik et entireby Frileaed a1k il o Ferrtain mer Frine rrace el el



EDMs and electroweak baryogenesis

* Sakharov’s necessary conditions to generate a cosmic matter-antimatter
ASYMMETRY starting from a matter-antimatter symmetric universe:

* = Baryon number violation (in SM B+L violation through sphalerons at T>M,,)
« - C and CP violation (but in SM CP violation from CKM is NOT sufficient) *

- Departure from thermal equilibrium (but in SM, being Mpises™ 60 GeV, the
electroweak phase transition is NOT a first-order phase transition, rather itis just a
smooth crossover = no departure from thermal equilibrium))

* To achieve baryogenesis at the electroweak phase transition > new physics is
required to i) enhance the strength of the transition and ii) provide new sources
of CP violation

* New interactions responsible for an efficient electroweak baryogenesis
generally induce observable EDMs



amount of SM CKM from Big Bang Nucleosynthesis
CP violation and CMB data

$

Hg — N

Im DET[MUMEHMBME}] - 10_2{} L Np =
~ B =

B 6 x 10710
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J. de Vries, CP2023, Les Houches



DM sensitivity to light NP

X : : : _ [Marciano, Masiero, Paradisi, Passera, Phys. Rev. D 94 (2016)
* CP-violating axion-like particles (ALPs) Di Luzio, Grisber, Paradisi, Phys. Rev. D 104 (2021)

Di Luzio, Levati, Paradisi, JHEP 02 (2024) ]

— —

C ~ C ~ .V i =z
Ly = egf.sﬁFF + gffqﬁG’G + zﬁyﬁtﬁfmfj

C C Vi =
+52f¢FF+g§f¢GG+ Ey;ﬁbﬁfj

- different scaling/sensitivity w.rit. heavy NP + new short-distance contributions to EDMs

(= [ [ =
—_— —_—
1 1 1
: ® L 7 . g 2! |
X ) ) @
i Y. g Y. g i it,t'
S S — TOOOYOO00> TOCOYOO00® ru@m
q q q q q g g g g g g
Y. g T, 9 Y. g 1.9
t,b __®
Sr Jr @ Y. a i Y. g ’v-.gé":ﬁg Y. g
f

L. Di Luzio, The Low-Energy Frontier of Particle Physics, LNF, Febr. 2025



some final thoughts ...

The experimental and theoretical high-precision low-energy physics community has
entered an era of unprecedented great potentialities:

While relatively small in size and cost compared to their energy
frontiers cousins, they are large in reach and discovery potential

Report of the 2023 P5 (Particle Physics Project Prioritization Panel)

i) SYNERGY between small/mid-scale (LOW-ENERGY) & large-scale (HIGH-

ENERGY) experiments = casting a wider and tighter net for possible effects of BSM
physics

ii) SYNERGY among the various communities operating in precision physics in

(very) different experimental, technological and theoretical environments

(particle physics, spin physics and polarimetry, modelling and simulation,
magnetometry, surface physics, atomic laser spectroscopy, high-voltage techniques,
vacuum techniques, ...)



BACKUP SLIDES



Reach in scale of new physics (TeV)

108

10?.

Observable

. Current bound with chiral
suppression




A diverse eco-system of experiments

% m
Belle-ll

Different sizes

Small size dedicated experiments (charged LFV, EDM:s)
Medium size experiments focussing on a type of particle (K/m physics)

Large experiments 100% focussed (or not!) on Flavour physics

ECDDIITMNATSYL, ™M e & - AT - . i TIOTIEY O AR



G. PignolEDMs
ESPPU2026 Symposium

EDMs of atoms & molecules

BaOH

r

\.

Large internal E-field in molecules

NL-eEDM
199Hg
-
'?"Xe
W Heidelberg
Y 4

OPEN SHELL

paramagnetic atoms/molecules CLOSED SHELL
o diamagnetic atoms/molecules
sensitive to the electron EDM

sensitive to hadronic CPV

J \.

not shown on the map:
R&D for radioactive atoms/molecules: Pa, Rn, RaF...

15
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G. PignolEDMs

EDM limit/ e
=)
..

-30

[ ]
fe

Fal

Tha

| ® neutron EDM Hg

@ closed-shell atoms :ThG
g

electron EDM HfF

y of the quest for EDMs of various systems

Belle (2022)
d, = (—0.6 +0.6) X107 ecm

COLLIDER

Muon g-2 (2009)
d, = (0.0 £0.9) x 107 e cm

STORAGE RING

PSI nEDM (2020)
d, =(0.0+11)x 10 2°ecm

ULTRACOLD
NEUTRONS

Seattle 1°°Hg (2016)
dyg = (-2+3)x 1073 e cm

CLOSED-SHELL
ATOMS

1950 1960 1970 1980 1990 2000 2010 2020
year

ESPPU2026 Symposium

Boulder HfF*(2023)
de=(—1+2)x10"%%ecm

OPEN-SHELL
MOLECULES

10



Prospects on muon EDM:

With the g-2 experiments at FNAL and JPARC,
sensitivity ~107 %1 e cm

Dedicated pnEDM project at PSI
A\

Phase 1 — commissioning
4%x10 %t ecm

Phase 2 — post 2030
6% 1072 e cm

Prospects on heavy flavour EDMs at colliders

ALLADIN: a fixed-target experiment at LHC
MDM and EDM of charmed baryons A} =7}
Super Tau-Charm Factory expects to improve

e e oo rranon . L o s



|.EDM of paramagnetic systems: atoms (11, Fr; ...) and molecules (ThO,YbF, ...)
2. EDM of diamagnetic atoms (Hg, Ra, Rn, ...)

3. EDM of the neutron, proton, deuteron

4. EDM Df -the mUE}ﬂJLtEI,U L. Di Luzio, The Low-Energy Frontier of particle Physics, LNF, Febr. 2025

1. PARAMAGNETIC systems = EDM in atoms and molecules with
uncompensated electron spins = sensitive to the electron EDM

2. DIAMAGNETIC systems = EDM in atoms and molecules with vlosed electron
shells = testing the coupling of the electric field to the NUCLEAR SPIN



10-13}
10-15|
10-17}

’ 10-19}

. 10-21}

i 10-23}

' 10-25}
10-27}

10—29.

System |upper limit [ecm|, 95% C.L.|Reference| Comment
n 2.2 x 1072 9] |direct limit
I 1.9 x 1071 [10]  |direct limit
99Hg 7.4 x 107 8] |best indirect (single-source) limit for proton:
|dy| < 5.4 %1072 ecm, 95% C.L.
HIF* 4.8 x 10730 5] lowest EDM bound for any system; best in-
direct (single-source) limit for the electron:
|de| < 4.8 x 107 ecm, 95% C.L.
@ g :::; 1D—13 b 1= > iy tau
. gs:f ® 10 B muon
an 1072
[ :-:: E 10-22 ... * E 10-16
e W ° o
< <] Cs ) O ® W -
<< @ He sc.:t:_zrlng -, . .. E
> = o ° :arr:rbt:rlﬂ = 1077 @ neutron LN = 107V @
<m ® by a Hg %0 o4 ° -
< 5 ¢ 10725 m Xe - a © e
" m' TIF = 10 1@ >
o 10-48L = Ra
1060 1970 1980 1990 2000 2010 2020 1950 1960 1970 1980 1990 2000 2010 2020 101950 1960 1970 1980 1990 2000 2010 2020
Year Year Year

(a)

Community input to the European Strategy on particle physics:
Searches for Permanent Electric Dipole Moments

arXiv:2505.22281c




[WP20, 2006.04822]
B R RN L B R N R

CLEO - -
376983
SND : . i
3750 7 1T
N R — The “old” (2020) muon g-2 problem
682:=42
CMD-2 ——
3724:30 | | | | | | |
BABAR b " &
376.7T=27 BNL
KLOE e r » .
| 3089+ 21 I l I FNAL((run 1)
355 360 365 370 375 380 385 Fﬂgm_gj
HVP LD [+~ 10 -
a [nnll[ﬂﬁ.ﬁﬂl - [x10™] ) 5.0 o _
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*I
White Paper
Standard Model
| l | l | | |
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Sensitivity of other physical observables to

[5apHVP]NP = [auHVP]LQCD,CDM3 - [auHVP]DR,WPZO

which exp. and th. accuracy should be reached for the above observables to probe 6a,"'*

* the Electron g-2 (a.)

. . L. Di Luzio, Keshavarzi, A.M. , Paradisi PRL 134 (2025) 1
e the Muonium HyperFine Splitting (HFS)

e theTaug-2 (a,)

* the low-energy weak mixing angle sin?0,,(0)

* the running of a,,

€, T € 1, T e e w ér.%zr u pt '
> > > > - - A =4
L § e, N é e, N e ! g e e é ! g -
> > > > >
(@) Leptonic g-2 (b)  sin%@,, and (c) Muonium HFS

running of o,



Community input
to the EU Strategy

on particle physics:

Searches for
Permanent EDMs

arXiv:2505.22281c

Collaboration Species Method Sensitivity Status Duration | Ref
(1029 £CII ) (vears)
PanEDM I n UCN 320 Commissioning 5 [43]
PanEDM II n UCN 79 Commissioning 8 [43]
Beam EDM n beam 500 proof-of-principle ? [44]
n2EDM n UCN 110 Start data-taking 4 [45]
n2EDMagic n UCN 50 Construction 5 [45]
nEDMsf n UCN 20 Development 7 [42]
ACME III | ThO (3A1) Beam 0.1 Commissioning [93]
JILAIII |ThFT (*A;) Ion trap Commissioning [94]
Imperial 11 YbF (?%) nK beam 0.1 Commissioning 3 [47]
Imperial IIT | YbF (2X) Lattice 0.01 Construction 6 [47]
NL-eEDM I | BaF (2%) Slow beam 0.5 Commissioning 3 [48]
NL-eEDM II | BaOH (?%) Lattice 0.1 Construction 6 [50]
PolyEDM | SrOH (%) Lattice Construction [51]
EDM? BaF (?%) Matrix Construction [52]
DOCET BaF (?%) Matrix Construction 3 [53]
CeNTREX 205TIF Beam Commissioning (58]
HeXe 129% e *He-comagnetometer 10 Construction 4 [67]
guMercury 19 g ultracold atoms 1 Construction 5 [61]
ALADDIN Al EF collider 1 x 1013 Development 7+2  |[64]
muEDM I In frozen-spin 4 % 108 Commissioning 3 [67]
muEDM IT In frozen-spin 6 x 106 Conception 10 [67]
pEDM I P frozen-spin 1 Development 5 [69]
pEDM II P frozen-spin 0.01 Conception 5 [69]

TABLE II: Sensitivity goals of planned EDM measurements. All values are reported as

I I e A (NS NNty (B Dy [N [ [




Limit on neutron EDM 1n e cm

10—20 O

d™P < 1.8-1072°ecm

O PSI 20

?—‘é?”o‘B“’
107 %_ 5 i

10—25
2_©o

Standard Model CKM prediction

1950 1970 1990 2010 2020 Year

J. de Vries, CP2023, Les Houches



EDMs sensitivity to HEAVY New Physics
Since EDMs require a helicity flip 2> EDMs are actually dim=6 operators:

1 —_— vV = v (=] é e
EH(ff_D‘HHfﬁ)F‘["’F — E(ﬂ_c}'ﬁyﬁq)F”u \ df - F b e B

- typical NP contributions at |- and 2-loops

eg’ m,

1672 A2

2
sin Pepy (I-loop)

50 TeV
sin hepy ~ 107 ecm ( - )

|d,|

g

2
e 2 2
g m, 1029 25T1eV\" |
e ( 1 2) v sin Pepy ~ 107 ecm ( x SIN Prpy (2-loops)




EDMs of DIAMAGNETIC ATOMS

* Diamagnetic atoms (e.g.,'®?Hg, %°Xe) = no unpaired electrons

* the induced dipole moment due to an applied external field = 0 since
electron spins cancel out > Diamagnetic atoms have NO permanent
electric dipole moment

* Any measurable EDM must come from NUCLEAR EFFECTS (due to the
nucleus finite size 2 not perfect electron shielding - evasion of the Schiff
theorem)

* Atomic EDM is SUPPRESSED w.r.t. nucleus EDM by ~ (R, c/Raiom)?~ O(1073)
* CKM contribution via CP-odd nucleon potential

Lo = Flgﬂpr]ﬂpf';fﬁfﬁifrgﬁf > dieg(J) < 10~ 3*%ecm




The Muonium HyperFine Splitting (HFS)

Muonium HFS of the 1S ground state

Muonium: bound state of p* and e~

Pure lepton VHFS
=1+a, + Afps + AFFS + Afips

= point particle

Vg

HVP m;, s 15

Ahps = Qﬂ_g/ ds KMu(S) 0had(s)  Kwmu(s ]N? (zlﬂg +I) -
fors>>m, 2 P' g

2
Afips = 6 mPHMu(m ) (@, " )ete-
Lt
~ 0.63(a,"") -
HVFP

Av : Muonium Hyperfine Structure
P. Strasser, Workshop of the Muon g-2 Tl, HVP HVF —
Vars = (ﬂ- + ﬂHFS ) VEp ~ 1.63 Vr ﬂ'#

Bern, Sept. 2023 \
CMDS ~ (16 + 3) Hz f‘% S

Av ~ 4463 MHz

=
+

A

OVEFS
§ . ®

5.90 discrepancy in the comparison!

L
L




A diverse eco-system of experiments

u—e

Belle-Il

Different sizes

Small size dedicated experiments (charged LFV, EDMs)

Medium size experiments focussing on a type of particle (K/m physics)

Large experiments 100% focussed (or not!) on Flavour physics

ESPPU2026 - Open Symposium (Venice, June 2025) - Marie-

Helene Schune - Flavour WG report 3



Orders of magnitude
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. Bounds on effective scales for generic (unit) couplings
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Nucleon EDMs from CKM

* gEDM is not the dominant source of the CKM-induced EDM of nucleons

- 4-quark CP-odd operators + chirally enhanced contributions

i - —(32=31)
dV™(T) ~ ec, TGEm 4 ey dy ~ 10 ecm
_ag Mpad \3 [Khriplovich, Zhitnitsky, Phys. Lett. B 109 (1982)
< 107 ecm X ¢ | 5o o Gavela, Le Yaouane, Oliver, Pene, Raynal, Pham, Phys. Lett. B 109 (1982
300 MeV
Mckellar, Choudhury, He, Palovasa, Phys. Lett. B |97 (1 987)
Mannel, Uraltsev, Phys. Rev. D 85 (2012)]
I- J _._-“'\. '\._._. 1_‘___- "'-__." _}’ i :
) 5 y i
! i t:,t.xx Aot
aT i e ., f:-_.--'
9
n - Lon w, d = u,d
R
W"n .-d"'-f

[Pospelov, Ritz, Annals Phys. 318 (2005) | 19-169]

Fig. 6. A leading contribution to the neutron EDM in the Standard Model, arising

via a four-quark operator generated by a strong penguin, and then a subsequent
enhancement via a chiral 7 loop.



UV

SMEFT

WET

Nuclear

Atomic

Molecular

Solids

[Chupp, Fierlinger; Ramsey-Musolf, Singh, Rev. Mod. Phys. 91 (20197]

Fundamental theory [ CKM, 6, SUSY, Multi Higgs, LR-symmetry ]

l
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