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Symmetries

Standard Model (SM) “explains” everything, except: -

neutrinoless\
double-beta

: sterile neutrinos? decay:
» neutrino masses

. . ' nn — ppee
Majorana neutrinos €< -2 lepton-number (L) violation _innucleus
_ _ dark matter? fnucleon decay and\
» galaxy rotations, lensing o | neutron-antineutron
modification of gravity? oscillation:

N—o>IX, nen
\free and in nucleusj

time-reversal (T) violation [n

baryon-number (B) violation

» matter-antimatter mbalance

T-violating E&M

ucleon and nuclear
form factors

=) Physics beyond the SM (BSM)

without requiring additional light degrees of freedom




Electromagnetic Form Factors
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EDFF

MQFF

FEl(_qz) =d + S’qz + HEl(_qZ)

EDM  EDFF radius
electromagnetic _p ’
contribution to S'( ) e — eS
Schiff moment (SM) —

Flvlz(_q2) =M+ Hmz(_qz)

MQM

—

nuclear EDMs

N nuclear SMs and MQMs == atomic/molecular EDMs



QA

M ey ~ ? unknown physics
Mew ~v,m;,m,
~100 GeV
P
M.~ f Ur,.m,.. relevant for
~100 MeV precision experiments
with hadrons and nuclei
\ 4
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Euler + Heisenberg 36

f i @ Weinberg ’67 ... '79
Effective Field Theory‘
uv
A regulator
most general Z M If) O(v) (ad N )
g . 7/| A M M v /4
Lagrangian hi « ,
“Iow-energy constants”/ ~ operators
“power counting” l v=v(s,d,N,...) “Wilson coefficients”
most aeneral non-analytic functions, from
gen (finite or infinite number of) loops
S matrix ) .
_ v [ v (M
SY(Q~M, < Mhi)—locz Q F) Q ,Q,’i;yi(_v) o A
v=0 M hi M o A Q A M o
Q |
____________________________________ N"LO J140 Q™ Q™ Q") CONTROLLED
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RENORMALIZATION

MODEL
INDEPENDENCE



The Way of EFT Example: T
Q4

~ unknown physics - - -R XX,
My ~? phy ; A
g
Mew ~ov,m,,m, Standard Model
- - X - ~RRX,
~100 GeV + higher-dim
“SMEFT” > rilin
RG
Moo ~ My, m 4z f ...
| <
Tl 7 match
CWERT? > with
lattice,
MnUC i fﬂ’]/rNN ’mﬂ”" - IHV \J i
~100 MeV ”
(xPT) \




QNMEW

£SMEFT — ‘CSM +‘Cdim:5 +‘Cdim:6 T...t ‘Cdim:9 T...

Weinberg ’67
Salam 68
AL =2
Weinberg ‘79 l
accidental
(approximate) C:leutt)rlincgess
i ouble-beta
symmetries decay
prOper

renormalization

! !

A

P.¥  AB=1 AB=2
nuclear nuclear decay
electric dipole Into mesons
moments (+ lepton)
chiral symmetry systematic

as a filter expansion

Rao + Shrock 82
Buchoff + Wagman ’16
Weinberg ’79°89

Wilczek + Zee ’79
Abbott + Wise 80
Claudson, Wise + Hall ’82

Buchmdtiller + Wyler *86
de Rdjula et al. ’91

Ng + Tulin ‘11



dimension

Q~MEW

Loverr =0 7" [ .= 9,2, W, U, |a, CKM matrix (dim=4) J., =3-10 Jariskog 85
20 -
+0, [ f.oug + fapede ]+ H.C.+1g6‘°’—€2TI’GWGW +... Oterm(dim=4) 0 <10° ‘tHooft'7s
7T
e.g. single Higgs (0& =g (Dsj éﬂv =g WpaGpa small...
L = w[& (a A - quark color-EDM
— "1G U, + d 9
I\/I; q.o [ v (gu% r T 94Py R) (eff dim=6)
+(un B,, + QWUV\~/W2'3)¢UUR +(gBd B,, + ngVVﬂvr3)¢ddR]+ H.c. > quark EDM
" (eff dim=6)
v Mf, GZVGprGZ” - gluon color-EDM (dim=6)
(472') j i 1a jqa - ClI four-quark
TE ig; (0, T\ Ug Gdg + 0, 0/ AU, ) A7 )+ Hoc. contact (dim=6)
(477) S y T - LR four-quark Buchmiiller + Wyler *86
u,y“d ID @, +H.C. . . ,
M2 R Pu 1EuPu contact (dim=6) e Rl}?{’ﬂ‘;e;? 82
Y +..

Ng + Tulin “11
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: . hiral rotati .
QGS:Z TrG,quluv cnira l’OtE’i’Clon> Il Baluni 79 -
g
Q/M; i 3 (i) Dekens + d® =0 eg _m EDM
X__./VZ\IB dq {\/\}l, T De Vries ’13 a TMIZ/ 9
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X--axxx, —> c) AR+ + .. ) =0 =— CEDM
(o)~m/t ¥ f My
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Leee Herzog + Ruijl ’20
W
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Buchmuller + Wyler 86
de Rdjula et al. ’91
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O term q= q
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much work in specific models
see J. Engel et al., PPNP (2013)

lattice
simulations
needed!



Weinberg ’90°91°92
Rho 91

Chiral EFT i

Ordodiez, Ray + vK ’94,”96

nucleons and pions (and Deltas, Ropers?)

Q~m <My Chiral EFT {

SM symmetries (including approximate chiral symmetry)

D
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m
_|
1
~
D
=
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projector on isospin |
more derivatlves,

more fields,
Isospin violation
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This Photo by Unknown Author is licensed under CC BY-NC

Most applications of
chiral potentials and kernels
to date
violate RG invariance

We will return
to this


https://flickr.com/photos/peplop/4541043923
https://creativecommons.org/licenses/by-nc/3.0/

Mereghetti, Hockings + v.K. ’10
De Vries et al, ‘13

Key to disentangle TV sources:
each breaks chiral symmetry in a particular way,
and produces different hadronic interactions

0 term a chiral pseudo-vector: same as quark mass difference
== |ink to P,T-conserving charge symmetry breaking

qCEDM a chiral vector

LRC a rank-2 chiral tensor
qEDM another rank-2 chiral tensor
gCEDM
Cl chiral invariants: cannot be separated at low energies
PSC

W, o }—)W
(w0 y



short-range EDM contribution

T

Loger =...—2N(dy +d,7;)S,N v, F*

2
+C,NN 8, (NS“N)+C, NN -0, (N S“7N)

—h

L N(gOT i glﬂ3) N PV, TV pion-nucleon coupling \, .

T

PV, TV two-nucleon contact

2 —
m
i ﬂQO 7T27Z'3
2f. (M, —m ) K
n three-pion coupling - - —(
.
\
N terms related by
chiral symmetry
+ hi : :
e orders six LO couplings cf. Barton 61
for EDMs and nuclear followers

V¥ = (1,6) velocity
5 Where are the differences?
(O,—j spin

® Sﬂ:




There are differences!

1 = _
For example, Ly o :_ﬁN [0, -7+ 0, | N+...
T
2 _ 2 2 3
g.=0| 0 g M Mg g/Of\mﬁMQCD M. Maco ggMQCD
0~ 2 ! 2 ! 2 ! 2
f M 7 flrz| M 7 M M 7
M2 2 2 3
-0 g mﬁMQCD 0 « ﬂMQCD sz QCD MQCD
= f My flg) M3 R YRR VE:
¥ ¢ 7 7 7
different orders; pion physics compara‘]ble.to
two-derivative interactions suppressed two-der.lvatlve
also appear at higher order interactions
\B 1) 0, NﬂgrgN iIn high orders for all sources up to dim 6
~2) foré, linkto CSB, e.g. 0 . ,
g, = 2—5mN Mereghetti, Hockings + v.K. ’10
g

A §mN = (mn —m, )qm — ~360 MeV using lattice QCD (Beane et al "06)



Crewther et al ’79
Thomas 95

Nucleon EDFF (to NLO) Hockings + v, 105

Narison ‘08
Otthad et al 10
De Vries et al 10’11

S '\\ //
19 VW = BN+ | VW +
J
H_J . ~
short-ranged, long-ranged;
LO for all sources order depends on source
= ensures RG invariance = can provide estimates in terms of
= brings in two parameters pion parameters at “reasonable”

renormalization scale



De Vriesetal ’10’11

Example: gCEDM

_ . 2
( d,=d, + “9a% [Z+2Inij+5—”mﬂ [1+ glj_5mﬁ+0£ m? )

@)Z/ M + My °% m, Maco
A2 In 4 izat] sm =(m?. —m?,)
:r—yE+ 7 renormalization 7 7= 7 Jem




Crewther et al ’79
Thomas ‘95

Hockings + v.K. 05
Narison ‘08

6 term qgCEDM LRC gEDM Cl Ottnad et al ’10

De Vriesetal 11

’ 2 2
(2m_ )2 0 0[ iL. J o OL i J ol | o
d n M QCD M QCD M QCD M QCD M QCD

SM patrtially sensitive to sources



Nuclear EDFFs & MQFFs (at O)

v Y+
:DW = A2 y #V\/\
7
\/ < De Vries, Mereghetti,
J ; + \

—

<

W — H\/\/\ " \f\/\/\ Higa, Liu, Stetcu,

/ 7\ _ t. Timmermans + v.K. "11
- ~——— . De Vries, Mereghetti, Liu,
Analogous for ‘]7 Timmermans + v.K. ‘12
LO for all sources order depends on source
227
DA /
v i N/ P _-.7
7 7/\ = b L 5N I S (PO tolm--e 4 +
—— i\ J
_ Y
generically LO, but LO for LR nl
® vanishes for 8 when N=7 Maekawa, Mereghetti, De Vries + v.K. 11 Qfo Co y S

De Vries, Mereghetti, immermans + v.K. ’13



De Vriesetal ’10
Example: gCEDM cf. Khriplovich + Korkin ‘00

deuteron EDFF; pert pions - full EFT calculation
m 1 m m
egAglm +y/m, ~F, (_qz/(47/)2) |:1+0( ﬂ ﬂ

Fera (-07) = -
E1d 6m_ W(H Z@mﬁ) -
=M = /My By k} scale of

F,(X)=1+0(x) momentum ~ 4y ~180 MeV

variation

= d, = 0129 ¢ fm
fﬂ'
deuteron, helion, triton EDMs; non-pert pions De Viles eLE e
cf. Liu + Timmermans 04
Gudkov, Lazauskas + Song ‘12

d :—010?1efm

T

_ T T g g “hybrid” calculations
d, =0.83d,-0.93d, —[0.08f°+ O.14f1]e fm assuming

T T

naive dimensional analysis

d, =0.85d,-0.95d, +

0.08 ?0 0.1431}, fm

T T



De Vries et al ’10

_ cf. Khriplovich + Korkin 00
deuteron MQFF; pert pions

Fuza (—0°) :{1+ K +3(1+K,) 3:0} Fea(-0°) {1+O£ m_ ﬂ

rnN I\/INN
5 M 1) B aromio
d 1

De Vries et al 12

deuteron MQM; non-pert pions of Liu + Timmermans 04

°+04

1

mjj/\/ld 21.6|:1+K1+1.4(1+K‘0)

d

| |(Q|
L 1



Q~M,. | ©term  GQEDM  QCEDM gCEDM,PSC  LRC
‘Hod/d, 0@ O(1) 0(1) O(1) o)
M2 2
‘Hody/d, | O() O(1) 0[ (§§Dj o1 O M(§§D
*He dh/dn O(M%D O(1 O MSCD O(1 O MéCD
0 (1) % () S
°H dt/dh (9(1) (9(1) O(1) 0(1) @(1)
+ specific 0= 0'84(dn * dp) qEDM and O term
relations eg. §d,~d = 0-94(dn —dp) oEDM

 d, +d, =3d,

gCEDM and LRC

storage-ring measurements Farley et al. 04
could teach us about sources! | -




Potential (references) d,, d, Go/Fx qi/F. CF? CoF? AJ/Fymy

Perturbative pion (135,147 1 1 —  —0.23 — — —
dg Av18 [87,/131,/136-138 0.91 0.91 —0.19

N-LO 87,137 0.94 0.94 — —0.18 — — —
Av18 [132,136,138 —0.05 0.90 0.15 —0.28 | 0.01 —0.02 n/a
d, Av18+UIX [87,134 —-0.05 090 0.07 —-0.14 0.002 —0.005 0.02
N2LO |87 —0.03 0.92 0.11 —-0.14  0.05 —0.10 0.02
Av18 132,136,138 0.88 —0.09 —0.15 —0.28 —0.01 0.02 n/a
dp, Av18+UIX |87, 134 0.88 —0.05 —-0.07 —0.14 —-0.002 0.005 0.02
N2LO [87 0.90 —-0.03 —-0.11 —-0.14 —0.05 0.11 0.02

Table 3: Dependence of the deuteron, triton and helion EDMs on 7' LECs for various PT
potentials. Entries are dimensionless in the first two columns and in units of efm in the
remaining columns. “ 7 indicates very small numbers.

E. Mereghetti, U. van Kolck, Ann. Rev. Nucl. Part. Sci. 65 (2015) 215

sensitive to inconsistency



TV NN Scattering

mixing of partial waves with different parity

-
(

channels isospin
'S, —°P, | =1
*(s,D},-'R, 1 =0
'S, - °P, |, =+1
°S,—°P, |, =0

mixing angle

Eosp

&10sp 1 E10DP

O&ygp

&115p



6 term

(0)

1 f7r2 M SCD
—_ m2
LO v
Q fﬂz M QCD

appears only beyond deuteron

In principle accessible in charge-symmetry-breaking |

pion production, e.g. dd - az’

(NDA)

0 (.f}n flﬂ:j)

C

J. de Vries, A. Gnech, S. Shain,
Phys. Rev. C 103 (2021) L012501

gOSP/gO

1.5+ ]
E, =50 MeV
1.0 7 e AN
0.5} ]
o) =25 MeV
%f E.,, =50 MeV
-05 e To
E, =50 MeV
10 20 30 40 50
A (fm™)
003 Eosp (5MeV)/g, =0.01 |
0.02
0.01f
0.00
=0.01F
-0.02
-0.03F
-0.04
10 20 30 40 50

A (fm™1)



gCEDM, PSC, gEDM potential relevant for EDMs only at subleading orders

qCEDM, LRC
/\/}i = Jo ¥--¢ X C,.=C,-3C,
&11sp  converges with cutoff
+ 0 -9 4 >< Co =Cy5 +Cyy O€,p Similar cutoff dependence
Loger =-..+C, NN 0, (NS“7N)+Cy NogN -0, (N'SN )+

= appears beyond deuteron
» not directly obtained from other experiments

explains at least in part the dependence
of matrix elements on short-range physics




What’s needed?

» Fully consistent triton and helion EDFFs;
additional LECs at LO?

» Revised organization of interactions

» Other nuclear EDFFs and MQFFs in same framework;

additional work on strong interactions and ab initio methods needed

cf. Yang, Ekstrom, Forssén, Hagen, Rupak + v.K. ‘23



The promise of nuclear ab initio methods ] WE i
E as EL

ARTICLES

3
nature 37t
https://doi.org/10.1038/541567-022-01715-8 thSICS 3.6} I 'D'D4 fm t-1 :%

M) Check for updates
L 1 L L L L L L L

- experiment

1.0 o Coupled Cluster
o SCGF NNLO,, 7 ¥
[}

VE-IMSRG

Ab initio predictions link the neutron skin of 2°2Pb _
to nuclear forces E

Baishan Hu®"", Weiguang Jiang ©2", Takayuki Miyagi®©'**", Zhonghao Sun>¢", Andreas Ekstrom?,
Christian Forssén©2%3, Gaute Hagen ®'5%, Jason D. Holt©®'7, Thomas Papenbrock ®5¢,
S. Ragnar Stroberg®® and lan Vernon™

Heavy atomic nuclei have an excess of neutrons over protons, which leads to the formation of a neutron skin whose thickness
is sensitive to details of the nuclear force. This links atomic nuclei to properties of neutron stars, thereby relating objects that
differ in size by orders of magnitude. The nucleus 2°*Pb is of particular interest b it exhibits a simple structure and is
experimentally accessible. However, computing such a heavy nucleus has been out of reach for ab initio theory. By combining
advances in quantum many-body methods, statistical tools and emulator technology, we make quantitative predictions for the
properties of 2°*Pb starting from nuclear forces that are consistent with symmetries of low-energy quantum chromodynamics.
We explore 10° different nuclear force parameterizations via history matching, confront them with data in select light nuclei and
arrive at an importance-weighted ensemble of interactions. We accurately reproduce bulk properties of 2°°Pb and determine
the neutron skin thickness, which is smaller and more precise than a recent extraction from parity-violating electron scattering
but in agreement with other experimental probes. This work demonstrates how realistic two- and three-nucleon forces actina
heavy nucleus and allows us to make quantitative predictions across the nuclear landscape.

-3

P

o SCGF NN43N(Inl) T I T
I

PHYSICAL REVIEW LETTERS 128, 022502 (2022) 1.5

= 1.0} o VSIMSRG EM 1.8/2.0
g A DFT Fv(Ar, HFB)
Nuclear Charge Radii of the Nickel Isotopes 3~ %7Nj ~ 0.5 v DFT 5V-min
S. Malbrunot-Ettenauer,”” S. Kaufmann,*' S. Bacca 24 C. Barbieri®,”® J. Billowes,® M. L. Bissell,® K. Blaum®,’ - 0.0
B. Cheal,"" T. Duguel,""2 R. F. Garcia Ruiz*"* W. Gins,'** C. Gorges,2 G. Hagen Ay He_ylen,q" 1.D. Holto,'>'¢
G.R. Jansen®,""7 A, Kancllakopoulus,n‘" M. Kortelainen®,'® T, ]\s/liyalgi,'S P. Navritil®," W. Nazarewicz®,"”

(d)

=

t

e W
¥

R. Neugart,””® G. Neyens,""'> W. Nortershiuser®,>" S. J. Novario,'"*" T. Papenbrock®,"*"® T. Ratajczyk,” 56 58 60 62 64 EIE 68 70 70

P-G. Reinhard,”' L. V. Rudrl’_a_:ut:)-r,,]""22 R. Sdnchez®,” S. Sailer,” A. Schwenk ,2‘?‘1‘9 J. Simonis,” V. Soma,"

mass number (A)
S.R. Stroberg,” L. Wehner,”® C. Wraith,'’ L. Xie,® Z. Y. Xu,"” X. F. Yang®,””"> and D. T. Yordanov™

FIG. 2. Nuclear charge radii R, (ac) and differentials
8(r2)y®-A (b,d) of Ni isotopes with respect to ®Ni as reference.
Experimental data are compared to theoretical results. See text for
details.




J. Dobaczewski, J. Engel, M. Kortelainen, P. Becker,
Phys. Rev. Lett. 121 (2018) 232501

> M ean'fleld methOdS TABLE 1. (Color online) Coefficients ao, a1, az, b1, and bz (in
i cf_'1113) (from Eq. ), determined by regression analysis. For
N terms Of the same LECS’) 22IRn and ?**Rn we show values propagated to the experi-

mental octupole moment of ?*°Rn, whereas for ***Fr, **°Ra,

and ?2°Pa we show averages of those propagated to ??'Ra

Cf and **°Ra. Details are in the Supplemental Material [33].
) Values determined with a precision better than 25% are in
(red) boldface and those compatible with zero are in (blue)

italics.
_ 9.My ~ ~

2 f 2 (aO go + algl + a‘2 qz ) + m; (b].Cl + bZCZ) ao a as by by

221Rn|—0.04(10) —1.7(3) 0.67(10) —0.015(5) —0.007(4)
*23Rn|—0.08(8) —2.4(4) 0.86(10) —0.031(9) —0.008(8)
223k | 0.07(20) —0.8(7)  0.05(40) 0.018(8) —0.016(10)
25Ra| 0.2(6) —5(3) 3.3(1.5) —0.01(3)  0.03(2)
229Pa | —-1.2(3)  0.9(9) —0.3(5) 0.036(8) 0.032(18)

» More comprehensive analysis of SMs Dekens, De Viies, Jung + Vos 19
= _ — _ 0,1
L cer =...+Eye N (CSO +C5173) N+4eoc,eN (CTO +CTlr3)v“SVN +€e —”‘[N (CPO +Cplr3)S“N ] E
mN
= LECs in terms of SMEFT sources t
= hierarchy for each source eS’

= SMs for nuclei



Conclusion

EFTs connect symmetries violation
from beyond the Standard Model to nuclear physics
In a controlled and systematic way

Renormalization requires
short-range physics missed by nuclear models

Power counting leads to
organization of interactions in nuclear environment

Chiral symmetry allows
partial separation of symmetry-violating sources

But still...
plenty for PhD students to do with nuclear EDMs, MQMs, and SMs
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