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The search for something non-standard

Theoretical
puzzles
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The search for something non-standard

Energy

Energy frontier: produce new states on-shell

Precision frontier: measure effects from virtual
new states (quantum effects)

Both frontiers have played a key role in the development of the Standard Model



The search for something non-standard

» Certain precision experiments probe large energy scales indirectly

» Proton decay, neutrinoless double beta decay, rare B-decays, Kaon mixing, Electric
Dipole Moments, ......

» For many experiments hadronic/nuclear theory Is needed to interpret measurements

‘depth’ ~
scale probed

~A

Collider reach

*just a cartoon




The plan of attack

I. A new look at Electric Dipole Moments

2. Majorana neutrinos and neutrinoless double beta decay



Electric dipole moments 101
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Electric dipole moments 101

@R
transformation

Hoogeveen 90, Khriplovich, Zhitnitsky ‘82, Czarnecki, Krause ’97, Uraltsev ‘13, Seng 14



Electric dipole moments 101

Limit on neutron EDM in e cm
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Strong Dragons

» Gauge + Lorentz symmetries allow for a term

e G ,G" =0, (A F,;+AAA)

» Total derivative and not relevant for QED but relevant for QCD (instantons)

‘t Hooft ’76, ‘78

» New Standard Model parameter: theta-angle Qg“"“ﬂGwGaﬂ

This gap is ‘the strong CP problem’

@ < 0.000000000 |

PSI 20

Driven by neutron EDM experiments

Standard Model CKM prediction Main motivation for axions

1950 1970 1990 2010 2020



Unknown dragons

Example 1:
Bino-Higgsino loop contribution » Many BSM models: EDMs at zero-, one-, or two-loop
to the electron EDM
P N
B LI
w [\ e dy < . > e SN Pepy
v ER eL
<
co-
77715 o If phase ~ O(l),then A >40TeV (n=1),or A > 5TeV (n=2)
Y
- EDMs probe very high energy scales
» Important tests of electroweak baryogenesis
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Traditional Division of Labor

Two classes of EDM experiments
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‘Paramagnetic’ EDMs ‘Diamagnetic’ EDMs

Systems with non-zero electron spin Systems with non-zero nucleon/nuclear spin



Traditional Division of Labor

Two classes of EDM experiments

.

‘Paramagnetic’ EDMs
Systems with non-zero electron spin

Free electron (no experiments)
Paramagnetic atoms (22571 ...)
Polar molecules (YbF, ThO, HfF, BaF)

Interpreted in terms of electron EDM
and semi-leptonic four-fermion interactions
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‘Diamagnetic’ EDMs

Systems with non-zero nucleon/nuclear spin



Traditional Division of Labor

Two classes of EDM experiments

.

‘Paramagnetic’ EDMs
Systems with non-zero electron spin

Free electron (no experiments)
Paramagnetic atoms (22571 ...)
Polar molecules (YbF, ThO, HfF, BaF)

Interpreted in terms of electron EDM
and semi-leptonic four-fermion interactions

\

‘Diamagnetic’ EDMs

Systems with non-zero nucleon/nuclear spin

Free neutrons

Nuclear ions (storage rings, no experiments)
Diamagnetic atoms (128Xe, 199Hg, 225Ra)
Radioactive molecules (Rak, RaOH)

Interpreted in terms of hadronic
CP-violation (Theta term, higher-
dimensional operators)
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Traditional Division of Labor

Two classes of EDM experiments

/ \

‘Paramagnetic’ EDMs

‘Diamagnetic’ EDMs

Systems with non-zero electron spin Systems with non-zero nucleon/nuclear spin

Free neutrons

Free electron (no experiments) Nuclear ions (storage rings, no experiments)
Diamagnetic atoms (128Xe, 199Hg, 225Ra)

Radioactive molecules (Rak, RaOH)

Paramagnetic atoms (22571 ...)
Polar molecules (YbF, ThO, HfF, BaF)

Interpreted in terms of hadronic
CP-violation (Theta term, higher-
dimensional operators)

S _ 9,7 = q €]
. g X
e ST, 2 T 9 %5 oG

Interpreted in terms of electron EDM
and semi-leptonic four-fermion interactions




Molecular revolution

- Last decade: huge progress on EDM measurements with molecules

» Much less progress on neutron or diamagnetic systems (nuclear/hadronic CPV)
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Molecular revolution

- Last decade: huge progress on EDM measurements with molecules

» Much less progress on neutron or diamagnetic systems (nuclear/hadronic CPV)
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o Limit on eEDM is 10.000x stronger than neutron EDM Iimit (used to be 10-100x)



Molecular revolution

- Last decade: huge progress on EDM measurements with molecules

» Much less progress on neutron or diamagnetic systems (nuclear/hadronic CPV)
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o Limit on eEDM is 10.000x stronger than neutron EDM Iimit (used to be 10-100x)

» And the future is bright. \What does this imply for the field ?

- Case study: QCD theta term



Traditional limit on theta term

He g=ud)?!
- Traditional bounds from neutron EDM
» First calculation Crewther et al '/9, essentially leading-order chiral perturbation theory — ,, — Ml
m, fiE mg

ng ng N7 n = /2
Zocp = L — Mqq — emqe’q i i = (m, +m,)

em = (my;—m,)/2
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Traditional limit on theta term

T g=ud)?!
- Traditional bounds from neutron EDM
» First calculation Crewther et al '/9, essentially leading-order chiral perturbation theory — ,, — Ml
m, fiE mg

ng ng N7 n = /2
Zocp = L — Mqq — emqe’q i i = (m, +m,)

em = (my;—m,)/2

m 2 E :
N 7”772 — dmyNe>’N +8oN7 - aN =
80

Nucleon mass splitting l l

P- ion- I :
(strong part, no EM) CP-odd pion-nucleon coupling

2 5mN1—82 i

— =(15.5+2.5)-10730
80 7 2 0 ( )

from lattice-QCD Relation valid up to N2LO corrections

e.g. Borsanyi et al ‘|4 |dV etal'l5
a



Traditional limit on theta term

» Traditional bounds from neutron EDM

» First calculation Crewther et al '/9, essentially leading-order chiral perturbation theory

. 2
i e m
d,=d (u=my) — S0 (ln — —

» The loop part gives

Neutron EDM
at | loop

2 >
dr=F, mg;

g i
.- k
80 8
dilly: Note: loop Is divergent. Short-distance
2my piece not calculable with ChpT

d ~—25-10"1%cm =—p 0§< 1071

o Lattice QCD for a full calculation. First non-zero calculations in recent years (still very uncertain)

dl’l
dl’l

—(1.5+0.8)- 107 '%cm
—(1.4+0.4)-10"1% cm

Shindler; |dV, et al '19

Liang et al 23



Theta limit from paramagnetic systems?

» [heta can induce a small electron EDM at order aezm Choi, Hoing ‘9|

d,~5-107%"ecm > 6 <1073

» But we are not measuring bare electrons! Look at electron-nucleus CP-odd interactions

Flambaum, Pospelov, Ritz, Stadnik, ‘19

P ey oy Mulder, Timmermans, JdV '25
Dekens, JdV, Gialidi, Menendez, Mulder, Romeo 25
CPV
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d,~5-107%"ecm > 6 <1073

» But we are not measuring bare electrons! Look at electron-nucleus CP-odd interactions

Flambaum, Pospelov, Ritz, Stadnik, ‘19
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o Easiest example: a short-distance electron-nucleon interactions Cs NN éiyse N=(p n)!

» Measurements with polar molecules aim to detect a level splitting induced by external E field

Measured > Oy = (1,d, + 1cCy)

\ / Meyer, Bohn '08

. Dzuba, Flambaum ‘09
Molecular matrix elements. Fleig, Jung '18

Computed with molecular many-body approaches Haase cla



Induce Cs from hadronic CP violation

» Easiest example: a short-distance electron-nucleon interactions  Cy NN éi}/se N=(p n)!

» How can we induce from, for example, the QCD theta term?

Flambaum, Pospelov, Ritz, Stadnik, ‘19 Mulder, Timmermans, |dV 25 .I



Induce Cs from hadronic CP violation

Flambaum, Pospelov, Ritz, Stadnik, ‘19

g0
Ny 0y
/ \}\\\‘}

pion anomaly

» Easiest example: a short-distance electron-nucleon interactions

» How can we induce from, for example, the QCD theta term?

Mulder, Timmermans, |dV 25

Cs NN éiy e

N=(pn)'

» Leading diagram = opposite sign from neutrons and protons. Summed over heavy nucleus:

1(Z—N)/A| ~0.2

Suppression.....We should include NLO.



Induce Cs from hadronic CP violation

» Easiest example: a short-distance electron-nucleon interactions  Cy NN éi}/se N=(p n)!

» How can we induce from, for example, the QCD theta term?

Flambaum, Pospelov, Ritz, Stadnik, ‘19 Mulder, Timmermans, |dV 25 .I

o~ %
% 77__ Sy % \27 , / \ R / \\7 R \J/
‘ @m : 72 e s
i , \ ,"Z/t §S
v Ay N /' TN
pion/eta anomaly Two-loop pion-photon loops

» NLO includes isospin-breaking, strangeness corrections (eta), and two-loop
» Jotal nucleus-averaged contribution

Cs(0) = (0.75[10] — 0.72[22] + 0.74[33] + 0.86[20]) - 10720 = (1.6 £0.5) - 10726

» No nuclear structure needed except for neutron and proton number



Induce Cs from hadronic CP violation

» Easiest example: a short-distance electron-nucleon interactions

» How can we induce from, for example, the QCD theta term?

Flambaum, Pospelov, Ritz, Stadnik, ‘19

pion/eta anomaly

Mulder, Timmermans, |dV 25

Cs NN éi}/Se =(p n)!
: ﬂ.O,i : JZ'O

. .

80 81

%h_

NN

77

e

Two-loop pion-photon loops

» Strong CP problem from molecules

» Limit is only 2 orders weaker than neutron EDM bound

10157

<15-10°8




Induce Cs from hadronic CP violation

» Easiest example: a short-distance electron-nucleon interactions  Cy NN éi}/se N=(p n)!

» How can we induce from, for example, the QCD theta term?

Flambaum, Pospelov, Ritz, Stadnik, ‘19 Mulder, Timmermans, JdV '25 e ey e
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What about nucleon EDMs?

- Nucleon EDM (dy ) induce €s in combination with nucleon magnetic moments (fiy)

.

My dy

L ] Dekens, JdV, Gialidi, Menendez, Mulder, Romeo 25

» Loop-momentum is ultrasoft (no pion mass) and photons couple to entire nucleus

» Diagrams are sensitive to nuclear structure



What about nucleon EDMs?

- Nucleon EDM (dy ) induce €s in combination with nucleon magnetic moments (fiy)

ﬂé EdN
|

L1 |

Dekens, JdV, Gialidi, Menendez, Mulder, Romeo 25

» Loop-momentum is ultrasoft (no pion mass) and photons couple to entire nucleus
» Diagrams are sensitive to nuclear structure

» EFT with ground-state nuclel, excited-state nuclel, electrons, and ultrasoft photons

¢ =

My 7 An

E da’m A m2 A, = Excitation energies (few MeV)
C.= °Y | 3log—= -1
4A A, ~ (W] dy5]n) - (n| uyi | W)

n



What about nucleon EDMs?

- Nucleon EDM (dy ) induce €s in combination with nucleon magnetic moments (fiy)

ﬂé EdN
|

L1 |

Dekens, JdV, Gialidi, Menendez, Mulder, Romeo 25

9

Loop-momentum is ultrasoft (no pion mass) and photons couple to entire nucleus

®

Diagrams are sensitive to nuclear structure

o

EFT with ground-state nuclel, excited-state nuclel, electrons, and ultrasoft photons

¢ =

My 7 An

E da’m A m2 A, = Excitation energies (few MeV)
C.= °Y | 3log—= -1
44, A ~ (¥|dyc|n) - (n|uyo|P)

J

Transitions and excitations computed with Nuclear Shell Model for BaF molecule

C(ultrasoft) ~ 70d, (e fm)™'

o

Significant nuclear uncertainty ~ 40% because depends on spectrum details



What about nucleon EDMs?

- Nucleon EDM (dy ) induce €s in combination with nucleon magnetic moments (fiy)

'MN dN % Flambaum, Pospelov, Ritz, Stadnik, ‘19
| = " Dekens, |JdV, Gialidi, Menendez, Mulder, Romeo 25

» Two-nucleon contribution sensitive to nuclear binding momentum ¢q ~ 100 MeV

» Very similar to ‘neutrinoless double beta decay (Ovbb)' nuclear matrix elements

C(potential) = (‘P | Vo, |'¥) Vy, = o' - o’



What about nucleon EDMs?

- Nucleon EDM (dy ) induce €s in combination with nucleon magnetic moments (fiy)

'MN dN % Flambaum, Pospelov, Ritz, Stadnik, ‘19
| = " Dekens, |JdV, Gialidi, Menendez, Mulder, Romeo 25

Two-nucleon contribution sensitive to nuclear binding momentum q ~ 100 MeV

®

®

Very similar to ‘neutrinoless double beta decay (Ovbb)’ nuclear matrix elements

C(potential) = (‘P | Vo, |'¥) Vy, = - o' - o’

J

Shell Model codes for Ovbb modified for EDM purposes (Menendez + Romeo)
C(potential) ~ (430, +390d, ) (e fm)™!

®

Larger than ultrasoft because nuclear matrix elements scale with atomic number A
This scaling agrees with a naive nuclear Fermi gas model Thanks to Jon Engel for pointing this out

D



What about nucleon EDMs?

- Nucleon EDM (dy ) induce €s in combination with nucleon magnetic moments (fiy)

;i > é;
x 103
1 ——
g,’PL Flambaum, Pospelov, Ritz, Stadnik, ‘19
T 0.8 — s, |dV, Gialidi, Menendez, Mulder; Romeo ‘25
@ !
o [wo-nuclec é 0.6 Q - jum q ~ 100 MeV
» Very smilal >~ (.4 K elements
) £ 0.2 09/ e
Cq(poten o' - o’
0 20 40 60 80 100
» Shell Mode 7 or N + Romeo)

Cy(potential) ~ (430, +390d, ) (e fm)™!

» Larger than ultrasoft because nuclear matrix elements scale with atomic number A
» This scaling agrees with a naive nuclear Fermi gas model Thanks to Jon Engel for pointing this out



Limits on nucleon EDMs from molecules

J

VWe can now combine everything to read off limits on nucleon EDMs

®

Best limrits from ThO and HIfF (require A-scaling argument)

|d, <107 ecm

D

This is still 1000x weaker for neutron (direct) and |00x weaker for proton (from Hg)

® Bllt.......
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- Novel type of nuclear structure calculations for EDMs ! A lot to be explored !



The plan of attack

. A new look at Electric Dipole Moments

2. Majorana neutrinos and neutrinoless double beta decay



Neutrino masses

» Original Standard Model (Weinberg |967) neutrinos were massless particles

» But neutrinos do have mass!

2
- Am~L
"« Data-BG-GeoV, P(D — L/ ) ~ S1nN
- —— Expectation based on osci. parameters ‘ //l € 2E
1:_ determined by KamLAND
Eoost t
o Q-0
A 0.6 ¢
g 04 /
| 0.2
<
LO/EVA (km/MeV)
» Biggest mass splitting: |Am| ~ 0.05eV Smallest: |om | ~ 0.008 eV
- Direct limits: ™, < 08¢V ) esmeory (DI D, m, < 0.15eV(IH)

KATRIN experiment 2024)

Y m, <0.11eV(NH)



Dirac or Majorana?

» Most promising way: look at ‘neutrinoless’ processes < ' Light Majorana mass? |
K- >rnt+e +e- pp—oet+et +jets -
LNV = . €
e [
BaasslE S (L 2N —2)te +e —— ol
\ ; Vi 2 :
e i : ?




Dirac or Majorana?

» Most promising way: look at "neutrinoless’ processes o 5”“'L'i'g‘,;;'“',;;;;,;;,‘,;;;;;‘;;5‘“;
gy - = 15 e N : Wi
K 75 SR 10 DN A AR [ 1 - _ s
; ®
XZN)—>YZ+2N—-2)+e +e” —— : Qe—

» Neutrinoless double-beta decay has never been seen but very tight limits !

Lifetime Experiment
76Ge 80-10% y GERDA 2018
130Te 3.2-10%y CUORE 2019
136Xe  3.8-10%°y KamLAND-Zen 2024

Note: age of universe ~ 1010 year




Impgg| (€V)

Interpreting 1026 years....

e | Light Majorana mass? |
B i w,l
¢ _ ¥ 59 S o
LNV - v, ‘ € 1/T |MOI/ | mﬂﬂ mﬂﬂ — 2 Ueiml'
- Ve Y e~ : i
s 3 W
€ PR SR

o 20 PRk D7) D AT b , ,
107"+ | .
Vary the lightest mass and the ordering

102 Band from varying unknown phases

3 How close are experiments ?
1077

Inverted \ Normal
0% 10° 102 107 10 102 10° 1

m{/ightest (CV) m%}ightest ( GV)



Impgg| (V)

Interpreting 1026 years....

< . Light Majorana mass?
LNV = WLi e | 1/t ~ |M |2m2 Mppy = Uzm-
- “ o E Ovt g pp el i
¥ ) Ve (T_ge_ i ;
o 2
;—,—

2 i) Do)

_ 2 D 2 i ' ,
Mg = My C5C13 + My S{HC e 7" + my sise Effective neutrino mass

107"

Quite close !!

Ton scale

107 Next-generation discovery possible if
inverted hierarchy or mightest >0.0 |

.| 2
Inverted Normal

1074 1073 1072 107" 1073 1072 10~ 1
m{/lghtest (CV) myghtest ( CV)



Anatomy of a decay

2
F()”Nm/?ﬂ-gj- My, |” - G

Energy
? mﬂzﬁ Lepton-number-violating source (not necessarily neutrino mass)
(Particle Physics)
GeV gj From quarks to hadrons (Hadronic Physics)
100 MeV |M,, > = | (0" vV 107) | Nuclear transition matrix element

(Nuclear Physics)

MeV G Phase space factor ~ (Atomic Physics)



Light Majorana neutrinos (standard mechanism)

» Neutrinos are still degrees of freedom in low-energy chiral EFT V) ——l—>

» Basically just use low-energy chiral Lagrangian with weak interactions g

n p Lx,Fermi =G.f, ((9“.717_ ELYMVL ) E

1%
Vi € +G, ﬁ()’u T gAyMYS)n e, YVt L/A\e



Light Majorana neutrinos (standard mechanism)

» Neutrinos are still degrees of freedom in low-energy chiral EFT V) ——l—>

» Basically just use low-energy chiral Lagrangian with weak interactions g

n p Lx,Fermi 4l GFth (a,uﬂ;_ EL)/MVL )
) 71 B0 il V
Vi € +G, p()’ T 47 e )neL}’ Vi Eers

u

1 gAm
V.(S) = 2G2ma )ttt — | (1 +2¢2) + i R e, e’
I/( 0) ( F ﬂﬂ) 1 "2 q2 ( gA) (q2 + m]%)_ 15b,

» This Is the leading-order ‘neutrino potential



Light Majorana neutrinos (standard mechanism)

» | eads to long-range’ nn = pp + ee

» Contributions from virtual hard neutrinos  q ~ A, ~ 1 GeV

» Naive-dimensional analysis tells us this 1s NNLO

Mg
P
A)(

V;hort 1



Light Majorana neutrinos (standard mechanism)

e | eads to long-range' nn = pp + ee

i » Loops at N2LO are divergent: come with counter terms
I“. '/(
*~“’V/( n P , m2
, N2LO icd 5
; v, no_- P ‘ Vv 0 Vﬁnite + VUV log /42 - VCT ® eLeZ
ol | [
- ‘\'“\( {!" n p
| . €
— » Divergences absorbed by counter terms
n p P |
e
Cirigliano, Dekens, Mereghetti, Walker-Loud ‘| / n p

» At higher orders also ‘closure corrections’ and three-body effects e.g Engeletal 'I8
Chambers-Wall et al 25



Leading-order transition currents

n —>—¢<—\Pe
|
n—»—olpe

» [Leading-order Ovbb current is very simple

1
V, = QGEmyp)rioy —

q2

(1+2g3) +

» No unknown hadronic input | Only unknown is 77144

» Many-body methods disagree significantly

» Oniginal Idea: study simpler nuclear systems

» Not relevant for experiments but as a

theoretical laboratory

2
gAmﬂ'

4

C

(q% + m2)

X e e

From: Menendez et al review 22

EDF
IBM
QRPA
NSM
IMSRG

- cc

| 2

H e |

HH |




Neutron-Neutron @ Proton-Proton

» Study simplest nuclear process:nn = pp + ee

o Derive wave functions from chiral effective field theory T=V+VG,T

G i,
SR V = C, — il Weinberg 90’9 |
LO + * X strong 0 4f7% q2 £ m% 3

» Contact term low-energy constant fitted to 'So scattering length

» Starting point of all ‘ab initio” nuclear calculations



Leading-order transition currents

» Insert long-distance neutrino exchange into scattering states

0.07 ‘ | .
; — Pem =50 MeV |
0.06-___ Pem =25 MeV |-
: M O — Pem =10 MeV |-
n A0.05? — sl — Pem = 1 MeV |
> 0.04- ‘
@ L
S ol
= 0.03"
= :
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0.005 0.010 0.050 0.100 0.500
2 Rs (fm)
2
~ (1 +2g%) — + log .
A € p2 New divergences

Similar to pion-mass dependence of Cq in Kaplan/Savage/Wise ‘98
Phillips/Valderrama PRL ‘|4

Cinigliano, Dekens, |JdV, Graesser, Mereghetti, Pastore, van Kolck PRL ‘|8



Leading-order transition currents

» Insert long-distance neutrino exchange into scattering states

0.07; o : -
, — Pem =50 MeV ||
0.06-___ Pem =25 MeV |1

i T —— — Pem =10 MeV |;

_ 0.05? S —~——— — Pem = 1 MeV [
> 0.04 ]
D E |
E [ i
= 0.03 .
= ]
0.02- .
0.01" ]
0.00-— S — e —— ‘ =

0.005 0.010 0.050 0.100 0.500

Rs (fm)

New divergences

Similar to pion-mass dependence of Cq in Kaplan/Savage/Wise ‘98
Phillips/Valderrama PRL ‘|4

» Logarithmic regulator dependence

» Divergence indicates sensitivity to short-distance physics (hard-neutrino exchange)

n p
e
» Suggest to add a counter term: a short-range nn = pp + ee operator

Cinigliano, Dekens, |JdV, Graesser, Mereghetti, Pastore, van Kolck PRL ‘|8



A new leading-order contribution

‘Short-distance’ neutrino exchange

Long-range’ neutrino-exchange required by renormalization of amplitude

- Short-distance piece depends on QCD matrix element g

» This was inttially unknown but has now been determined (long story for a technical talk)

Cirigliano, Dekens, |dV, Hoferichter, Mereghetti PRC "|9 PRL 2| Richardson, Schindler; Pastore, Springer 2 |
Davoudi, Kadam PRL 21 Briceno et al "9 20 Tuo etal '19; Detmold, Murphy 20 22
Van Groffier JHEP 24 Yang, Zhao 23 24 PRL 25 (using relativistic NN theory)

» The renormalized nn-> pp amplitude is now used as starting point for many-body

nuclear calculations (‘fake data’)
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Impact on realistic nuclei

» Some results from last year (230/.15156 Belley et al) using VS=IMSRG
» See also: Belley et al PRL "24 for detailed 76Ge analysis
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» Ab Initio calculations find small long-distance NMEs compared to other methods
» Partially compensated by new short-distance interaction (50-100% effect)
- More work needed to see where this will go




Higher-order corrections in the nuclear shell model

» Soft loops (Cirigliano et al ' /) and ultrasoft (Dekens et al "24) calculated in chiral EFT
» Implemented by Javier Menendez and collaborators (2408.03374) in Shell Model

7~ bound state




Higher-order corrections in the nuclear shell model

» Soft loops (Cirigliano et al ' /) and ultrasoft (Dekens et al "24) calculated in chiral EFT
» Implemented by Javier Menendez and collaborators (2408.03374) in Shell Model

¢
/W Ve
4—/ ¢ Nucleus NSM
hgigibe = 1. p
=1 . LO N2LO
[ ] /, n -
LY ’ -7 : L S usoft loops
P S
( {" 18Ca 0.92(14) 0.43(20) 0.01(3) 0.05(7)
P 6Ge 3.07(25) 0.97(48) -0.26(0) 0.05(16
n !
‘ %2Ge  3.38(20) 0.91(43) -0.24(1) 0.05(15)
7r
100Mo
V. ll(iCd
m 12486n  [2.79(63) 1.06(52) -0.21(5) 0.06(16)
4 | 130Te  12.68(79) 1.07(50) -0.20(7) 0.06(16)
~// boundstate 136Xe [2.26(53) 0.86(41) -0.17(5) 0.05(13)

» Confirms that these effects are relatively small (usoft -10% corrections roughly)
» Comforting that no other supposedly small corrections are found to be large !

- Combination of EFT + lattice+ few-body + nuclear structure community
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Conclusions/Summary

e e e
7 e
Particle physics at a cross roads —> new colliders long time away .
| T
A lot of room for precision experiments V\\N

Often requires nuclear and hadronic theory
Scale separation implies that EFT methods are very powerful

Two examples: molecular EDMs where theory is still in infancy
Neutrinoless double beta decay where theory is mature but still surprises

Very exciting to connect different communities (particle - hadronic -
nuclear - cosmology) and study new ideas (heavy ion collisions for Ovbb !?



