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Standard Model (EFT)

\afproximate chiral SU(2); x SU(2)r symmetry of QCD

Lattice QCD

‘ effective chiral Lagrangian £ (7, N) \

YT (ChPT): Q € {M,/A,. |PI/A,)

— S-matrix (zz, ZN, 7zN, ...)

TOPT, MUT, S-matching —> | — nuclear forces and currents
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NLO (Q?)

N2LO (Q3)

N3LO (Q%)

N4LO (QS)

(NDA, chiral EFT with pions and nucleons as the only DoF)
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Variety of N2LO and N3LO NN potentials:
N2LOsat, N2LOopt, A-N2LLO, Norfolk, relativistic, ...

— different DoF, regulators (local vs non-
local) and fitting strategies

Most accurate N4LO+ potentials:

— ldaho: non-locally regularized entem et al, 17

— Bochum: semil-local (SMS) reinert et al., *18
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no long-range finite-cutoff artifacts
= keeps pion physics intact!



(NDA, chiral EFT with pions and nucleons as the only DoF)
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— ldaho: non-locally regularized entem et al, 17

— Bochum: semil-local (SMS) reinert et al., *18
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(NDA, chiral EFT with pions and nucleons as the only DoF)
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Symmetry-preserving regularization (in progress...)




(NDA, chiral EFT with pions and nucleons as the only DoF)
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PVTC and PVTYV interactions




SM DoF

matching
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iral*Cagrangian

NDA: h, ~ GpF, A, ~107°

DDH: &l =4.56 x 1077 (best value)

. . hl=(0-11.4)x 1077 (recommended range)
— pion-nucleon Lagrangian:

LQCD: hl =(1.1£05)x 1077 (M, =390) Wasem *12
@ = (8.08 £0.98) X 10~7 (M, = 260) Petschlies et al. 24
Nilw x 7]°N +

£ = —QNTT *N — @NW#’ - ;@I NireNzb

—@NTUN (7 x Vrl]? ®I NT (wxﬁw]%b + (V%) [wxr]b)N + ...,

= diag(—1, —1,+2)

. 2 -7
Kaplan, Savage '93; Kaplan, Savage, Springer 99;
Zhu et al., '05; Girlanda et al.’08; de Vries et al. '14;
Viviani et al. '14

— nucleon-nucleon Lagrangian:

1 = . . = - -
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X ™
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NDA: C; ~ GpF,A, ~ 107
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Standard Model (dimension-4):

Vie  Vus Vi
w* «— Vekm = |Vea Ves Veb <«— 3 mixing angles
_ Vie#k Vis Vip +1 complex phase d¢p
dj
0 g? uraf Ma a 0 mqymg ~ _.
‘CPVTV — _9@5 GMV af — ‘CPVTV = m@ q17Ysq Baluni’79; Crewther et al.’79

The strong CP problem: 6 < 107!V (bounds on the neutron EDM...)

Both SM mechanisms are insufficient to explain the observed matter-antimatter
asymmetry of the Universe cavela et al., Huet et al.
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Beyond Standard Model physics:

— Dominant effects are expected to be induced by dimension-6 operators

Khriplovich, Lamoreaux; Pospelov, Ritz; Dekens, de Vries; Engel, Ramsey-Musolf, van Kolck, ...

Tree-level matching onto the hadronic scale u = 1 GeV
de Vries et al.’13; Jenkins et al. ’18; Mereghetti ’18

— Most relevant operators:
~(q) ~=(q)
depend on ¢, Cq
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Scaling of the W. coefficients:  C.. Cyles 21’2 » B0

[Higgs VeV v = 246 GeV]2

Scale of new physics

(Remember: G, = 1.17 x 107> GeV ™)



VIV chiral'tagrangian
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Scaling of the LECs:

Mereghetti, Hockings, van Kolck, de Vries, Timmermans, Bsaisou, Hanhart, Liebig, MeiBner, Minossi, Nogga, Wirzba, ...
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Power counting [Q"]: n = -4 + 2N+ 2L + Z VA, where A, =d;+n;/2-2
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suppressed form > Ay,
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Zhu, Maekawa, Holstein, Ramsey-Musolf, van Kolck, de Vries, Li, MeiBner, Nogga, EE, Kaiser, Gnech, Viviani, Baroni, Girlanda, Kievsky, Marcucci, Schiavilla, ...




PV IV nucleartorces

Power counting [Q"]: n = -4+ 2N+ 2L + Z V.A;, where A, =d;+n;/2-2

=

—A— —r— —A— e == ~ —r—
'&‘ +--- X +--- +" +:~
Ay 80,12 Chs gs I, Cl,...4

=

Maekawa, Mereghetti, de Vries, van Kolck, Bsaisou, Hanhart, Liebig, MeiBner, Minossi, Nogga, Wirzba, ...



Selected results




selected results

e PV longitudinal asymmetry in np — dy

do, (0) —do_(0)
do(6) + do_(0)

A (0) = a, cosf Data from Oak Ridge: a, = (—3.0 = 1.4 +0.2) - 10~°

Blyth et al. [NPDGamma Collab.], PRL 121 (18)

Insensitive to short-range interactions [Desplanques’75,’80, McKellar '75, Schiavilla et al.’04] = good probe of h;

NLO calculation (including 2-body PC and PV currents): a, = (=0.11 +0.05)4) = h; = (2.7+1.8)x 107’
de Vries, Li, MeiBner, Nogga, EE, Kaiser, PLB 747 (15)

e PV pp scattering

o, (0,FE)—0_(0,F)

A (E,0) = E (MeV) A, (1077) (61, 65)
’ o, (0,E)+0_(0,F)
13.6 —-0.97 £0.20 (20°,78°)
Several measurements exist: 45 —-1.568+0.21 (23°,52°)
Nagle et al. ’79; Kystrin et al. '87; Eversheim et al. '91; 221 +0.84 £ 0.34 (5°,90°)

Berdoz et al. '03

Chiral EFT calculations:
— NLO de Vries, MeiBner, EE, Kaiser ’13; de Vries, Li, MeiBner, Kaiser, Liu, Zhu "14; Viviani, Baroni, Girlanda, Kievsky, Marcucci, Schiavilla 14

— NZ2LO de vries, EE, Girlanda, Gnech, Mereghetti, Viviani *20;
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data do not allow to fix all 3 LECs... C [uits o 107]

e PV longitudinal asymmetry in 77 °He — p°H

Recent data from Oak Ridge: a, = (1.58 £0.97 (stat) + 0.24 (sys)) X 1078 Gericke et al. [n3He Collab.] PRL 125 (2020)

NLO calculation vivianietal., PRC 89 (2014): @, = h;a(g”h) + Clal(”h) + Czaz(”h) + C3a3(”h) + C4aj”h) + C5a5(”h)

h h h h h h
ag’ )(TOT) a(1" ) ag’ ) ag' ) af{' ) ag' )

—0.1444 0.0061 0.0226 —0.0199 —-0.0174 —0.0005




d" eecte resu _

e Electric dipole moments of light nuclei

>

S
Experimental searches for EDMs Chupp, Fierlinger, Ramsey-Musolf, Singth, RMP 91 (2019) aﬂw E ‘-14'
— neutron & nuclear: PSI, TRIUMF, SNS@QORNL, ILL, COSY, LANL, ... 5 :11.
— experiments with muons, atoms, ions, molecules, ... TR

(image from Wikipedia)

S— |

Theory de Vries et al., PRC 84 (2011); Bsaisou et al., EPJA 49 (2013), JHEP 03 (2015); Yamanaka, Hiyama, PRC 91 (2015)

s bbb bl Z TS gy N e ST

1 1

P—even

= (v}

= dpay, +dpa, + goao + grai + Geas + C1A; + CoAy + C3Az + C4 Ay + C5As + Aan

Y gl o~ \ )
nucleon EDM 7N PVTV LECs NN PVTV LECs 37 PVTV LECs
Numerical results:
’H SH 3He
an 0.939 —0.033 0.908
ap 0.939 0.909 —0.033
ao [fm] — —0.053 0.054
ai [fm] 0.200 0.158 0.158
az [fm] — —0.119 0.119
Aj [fm] — 0.006 —0.006
As [fm] — —0.010 0.010
As [fm] 0.013 —0.008 —0.008
Ay [fm] —0.013 0.013 0.013
As [fm] — —0.022 0.022
aa [fm] —0.304 —0.343 —0.339

de Vries, EE, Girlanda, Gnech, Mereghetti, Viviani, Front.

In Phys. 8 (2020)



Chiral EFT and the A(1232) isobar

Is the glass half empty or haldf full for you?

A = my-thy




n [Th:'Hemmert et al. ”98]

The strategy: Re-sum 1/A"-contributions from p ~ A by including A(1232) in & & and counting
A ~M_= 0O(e) while y/myA = O(1) (no coupled channels)

Potential concern: slow(er) convergence of xEFT due to A/A, being twice as large as M /A7

The Appelquist-Carrazone decoupling Theorem: Effects of heavy particles go into local terms in
an EFT, either in renormalizable or in non-renormalizable suppressed by powers of the heavy mass

O(e) O(e)
r—% ~ = B
o’ , '0' "
Small-scale expansion: " . <«—— enforce decoupling through
. . N finite subtractions
4 4 R4 4
¢ e’ el L4
. . P ¢ e L’ ¢
Chiral expansion: + + . " + ... +
Ci Y. di Y. Ci . ei S
A Y A Y ~ A Y
— — — —

0(qg*) O(q°) 0(q") 0(q")
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Kaiser, Gerstendorfer, Weise '98

Krebs, EE, MeiBner '07

Krebs, Gasparyan, EE, in prep.

small-scale expansion

N3LO
BT MO
= N2LO
NLO
= LO




Searches for CP-violation in/beyond

the SM with light nuclei (e.g., EDMs)
Bsaisou, MeiBner, Nogga, Wirzba, de Vries, Gnech, Viviani, ... @ ==
LO time-reversal violating vertices:
' " IS A
AC%]]T“(,O) = MA37T37T2 ¢ 1 l
7N (0) T =2 - N .
Liry = VT -TY + @1¥ym3y + @Y m3tsyr
-9 Q== S .o -
+ 5 NN contact terms >< N 1 Iiu1 +9'

no sense to go beyond N2LO (more LECs...)

No LO CP-violating mNA-couplings
= re-sum the 1/An-contributions to the PVTV nuclear forces without introducing additional parameters

E.g., suppose the main source of 0 0 0
CP violation is the QCD 8-term | .57
Al 1 -0.2
= 03,818 X & I T
d the | tential invol z 3 14
and the long-range potential invol- S ol i , =
ves Just two structures: = / + N2LOnugi —
> = 1 -0.6
V() 7+ Gy - 3) g ]
ryr-\o; —o -30 | -3
: ’ + N2LOa 1-08
-40 -4 -50 -1
1 2 3 1 2 3



Chiral EFT and lattice QCD




Lattice QCD studies for few-B systems: HAL acb, NPLQCD, PACS, CalLat, BaSc

— truly first-principles approach

S
H

AEs(t) [MeV] T
[=]
== i

— finite-volume energies from 2-point correlators

C(1) = (0] O(t + 1,) 0" (,) | 0) = Z 10| O |n) > e 5
n=0

fi effective energy shift L+ —

.. ) , _15 || —— plateau fitti
Lischer’s method: det [Mlgli)’ — 01170y COL 51} =0 15 ! péeau I |Ing |
D 00 05 1.0 15 20 25
?nown matrix (depends on FV energie:; t [fm]

from: Iritani, LATTICE2018

: : . 3
— Signal-to-Noise ratio: ~ exp[ = (mB . EmM> tl Parisi ‘84

— An alternative method [HAL acp): potentials from Nambu-Bethe-Salpeter wave functions
(derivative expansion under control? see e.g. 1808.06299)

— Situation in the NN sector starts becoming less controversial



Lattice QCD studies for few-B systems: HAL acb, NPLQCD, PACS, CalLat, BaSc

0.03) « 0.03
| | adapted from: Davoudi et al., Phys. Rept. 900 (2021) 1 | | |
| 2015,20 ] > a | 201520
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— HAL QCD sees NO bound states for all M, —values
— also Callat [2009.11825] strongly disfavors bound states at M, ~ 714 MeV

— BaSc: ,Di-nucleons do not form bound states at heavy pion mass®, [2505.05547]

— Situation in the NN sector starts becoming less controversial




chiral’ EFlTandiattice™QCL

Lattice-QCD (Hyper-) nuclear physics,
input for few-B systems neutron stars, ...
(crucial for S # 0, BSM MEs and
variable mq)

Experiment Chiral EFT

Data for 2B & 3B

(Hyper-) nuclear interactions
& current operators derived from
the effective chiral Lagrangian

observables at
physical m,

_ ”
FAR Jefferfontab [ 4.%.....

Finite volume energy spectra as an efficient interface between lattice-QCD and chiral EFT
Lu Meng, EE, JHEP 10 (21); Lu Meng, Baru, EE, Filin, Gasparyan, PRD 109 (24); Lu Meng et al., PRD 111 (2025) 3, 3

— infinite-V extrapolations without Luscher Jknown function of FV energies.
— solves the t-channel cut problem
— partial wave mixing included

n,l’'n’

P
det [Ml( ) — 5ll’5nn’ cot (51} =0
N —
Lischer’s quantization condition is not valid
below the left-hand cut




Lu Meng, EE, JHEP 10 (2021) 051
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e Good progress in describing few-nucleon P- and CP-violating observables in
chiral EFT to N2LO (at this level already ~ 2 x 10 LECs...)

e PVTC LECs estimated from complementary observables, would be great to
have data on longitudinal asymmetries in n-2H scattering

e PVTV LECs have been translated to EDMs of light nuclei — waiting for signals...

Future:

More ab-initio studies of P-violating observables (also beyond few-N systems)
Symmetry-preserving gradient flow regularization from the PC sector krebs, EE
More reliable uncertainty quantification see talk by Christian

Matching to lattice QCD



