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Symmetries

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

neutrinoless\
double-beta

. sterile neutrinos? SleeEly
» nheutrino masses | | . nn — ppee
Majorana neutrinos €< -2 lepton-number (L) violation \_ in nucleus

dark matter? /nucleon decay and )

» galaxy rotations, lensing o | neutron-antineutron
modification of gravity? oscillation:

N—o>IX, nen
baryon-number (B) violation \free and in nucleusj

» matter-antimatter mbalance

time-reversal (T) violation ‘nucleon and nuclear

electric dipole
moments

=) Physics beyond the SM (BSM)



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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uv
A regulator

Lagrangian

l “power counting”

iInvariance dA

Effective Field Theory

aka Modern S-Matrix Theory

hi

Euler + Heisenberg 36
Weinberg ’67 ... ’79

2
most general Lo =194 M ro . M £,
FT — 2

hi

most general ol O M. o Q
- S(Q~M,_ <M .)—1ocs”( +—log®f = {0
S matrix lo hi
M lo M hi M lo
CONTROLLED
renormalization-group  dS(Q ~M,, < M) MODEL UNCERTAINTY
=0 INDEPENDENCE



Example: L Q..

Mgy ~0,m,, m,
~100 GeV

Moo ~My.m 4zt ...

~1GeV

Q

Ivlnuc N fﬁ’:I?/rNN ’mﬂ""'
~100 MeV

The Way of EFT

unknown physics

Standard Model
+ higher-dim
“SMEFT”

“WEFT”

(XPT)

run
RG

match
with
lattice,



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

Weinberg 67 —/\ 1 1 ‘/\ Rao + Shrock ’82

Salam ’68
A Buchoff + Wagman ’16
f \
AL=2 T violaton AB=1 AB=2
: . Weinberg ’79°89
iiclilersite Sk Wilczek + Zee *79
1 1 Abbott + Wise ’80
Claudson, Wise + Hall ’82
neutrinoless nuclear nuclear decay Buchmiiller + Wyler "86
Examples: o . o ,
P double-beta electric dipole into mesons de RULISIENS RS
decay moments (+ lepton) Ng + Tulin “11
: . roper chiral symmetr systematic
illustrating Proper ymmetry ySleme
renormalization as a filter expansion




Weinberg ’90°91°92

Rho 91

Ordodiez + vK 792

vK 94

Ordodiez, Ray + vK ’94,”96

Q< m,, Loy = ocp T

nucleons and pions (and Deltas, Ropers?)

Q~m <My, Chiral EFT {

SM symmetries (including approximate chiral symmetry)

Loger = %[(aﬂ“)z - minz] T

2 g N
+N* (8 Ato--Vrm+.. jN I r——-
rnN
__ZN N c:o,+c:2,v +MZyg +...)NN X %
1=0,1

projector on isospin |

more derivatlves,
more fields,
Isospin violation



> distorted-wave
perturbation
theory

> DWPT




Cirigliano, Dekens, De Vries, Graesser,

Mereghetti, Pastore + vK 18
OVZB decay Cirigliano, Dekens, De Vries, Graesser,
" " Mereghetti, Pastore, Piarulli, vK + Wiringa ‘19
& renormalization 9 3
m 3 Z)2
pp T _ 2
Q < I‘n\N,Z Ldim=5 Vel CVeL t+... mﬂﬂ = Zuei m, o M
2 i—1 %
@ bad news: unknown
\'/ calculable with lattice QCD
=) Cl Davoudi + Kadan ‘21
renorm ‘
@ good news: no new unknown

parameter at NLO

T 3 3 1 2
+ ~> ocjd|jd |2 |2 (Il_lz)zoclenA



Ov2i3 decay
& renormalization

Q<xm,,

v

- C,
renorm

m

_ BT
Liim_s = 5 Vel

Cv, +

Cirigliano, Dekens, De Vries, Graesser,
Mereghetti, Pastore + vK ’18

Cirigliano, Dekens, De Vries, Graesser,
Mereghetti, Pastore, Piarulli, vK + Wiringa ‘19

2
0

3
_ 2
My, = E Uei m . ocM—
i=1 %

N N
g DR
<) C. +C <) “ +
(';r;/irrr?l % 1 2 renorm 5 @
N N



50 100 150 286 s 12C

80
| : 1.5 chiral pot (* )
——————— - assuming C, ~C, ;} iral pot (FxEFT
___________ m) C +C, =) ¢ ; |
- See~llliee ] } M _ j dr C(r)
el i ¢ =
S ) other charge- o Ovep
Numegen SSsi, : oo e |
3 iIndependence . . .
partial-wave analysis P ] L ' <— partial cancelation
] data needed SO T (
to disentangle 0.0pe! "l " R
: C,and C, t o
0 5|0 160 1%{1 . iﬁi ;ﬂ; |
Ipl (MeV) M ) Fa
S QMC
M 0.75 <4mm ; 5 i ; 5
Jokiniemi, Soriano + Menéndez ‘21 L r (fm)
[ O B S N N o L ®He —»°®Be chiral pots
robust feature — (L . Al 0 e
— in heavier nuclei --=-Cg max |- o ¢ NL(2.0)
] AN?LOgq(2.0)
_|E T I CS,min ] 8He —»8Be g : AN?LOgo( =)
= il ] but ab initio - (180
n.;t;: . - - . o EMN(2.0)
z - calculations 04 NLG.0)
f;'-jl T ] ] ) AN2LOgo(2.0)
i I/ N i needed for o4 e ML=
U mQrPA| | NSM | heavier nuclej/ & s T
| L1 | ] ] L1 ] ] L ] | EM(1.8/2.0)(emax = 6)
0 5 10 0 5 10 A EM(L 8720 vy =
EM(1.8/2.0)(emax = 10)
M S 0 15 0 80 (?: EM(1.8/2.0)(extra.)
R - s Wirth, Yao + Hergert'21 0 1 2 3 4 5 6 7 8

L MOU



Oosterhof, De Vries, Timmermans + vk ‘21

Deuteron decay
& systematic expansion
(AB=1)

Q<xm,, Weinberg *79°89
Wilczek + Zee ’79

4 2 6 2
AB=1) (i) 5 A() e
£Ehm =6 ZZCIOI Qd * ZZ id Qd M H'C' CIaudsoArkla,k\)/\(/)i'r[ste++V\IfIIZﬁl gg

=1 d=1 =1 d=1
5 1
Ggs G @ M—; :é‘l) = (sphCugg) [(H-L»]):C@Ld) - (dL$CF/Ld)] Eafy ;
((12) (st C’uLB)(uRy CeRra)Eapy
(1) (dRaC’uRﬁ) [(uLgC?eLd) — (dLgc;de)] Eafy 5 N((f) = (st;CuLﬁ) [(QI-L$CG?L(1) — (dL?;CI/Ld)] EaBy »
Qd)) (dLQC’fuLg)(11.3308126;)8@5’7 : Ngl) = (ngCfuRB)(uR7 Cera)apy -
o = (draCury) [(ury Cera) = (di5 Cvia)] casy | 2 = (drkCung) (51T Cvpa)eapy |
(4) = (drlCurg)(ur’ Cega)eapy . Ngj) = (dpLCurg) (st C’J/Ld)ea,%



N

NLO

nucleon decay

T, =(rp+rn)(1

vs. 0.02—-0.5 in pot models

5
QCD

(47)°

NLO NP scattering

lattice QCD:

=0 C? |~107*C% GeV’

VS.

experiment:

unknown
two-nucleon decay

Dover, Goldhaber, Trueman + Chau 81
Alvarez-Estrada + Sanchez-Gémez ‘82

o > 1" + meson ~3-10%C? GeV°® Aokietal. ‘17
F;l_) by 0 >1.6-10* y Abe et al. ‘17



Deuteron decay

& systematic expansion
(AB=2)

Q«m,,

Oosterhof, Long, De Vries, Timmermans + vk 19

Buchoff + Wagman ’16

Operator Notation of Ref. [16]|Chiral irrep
= Q:1|-DrDrD}, T44% /4 Ofrr (1L,3R)
L((lerE:g) n ch QI + H.c. Qs |~ DLDpDj, T44°/4 O kR (1£,3r)
i=1 Q3| ~Dr DDy, T44%/4 OlLr (12,3r)
Q| —Dp*T5%)4 (Ohpr +40%kp) /5] (11.7r)

DLTR = q%TC-*PLFR '2172(]‘7 .

wn

iSr JS‘

T
TAAS

= Eikm&jin =+ EiknEjlm -

D} p=qtCPLRiT? ¢,

= SikmE jin + Eikn€ jlm + € jkmEiln + € jknEilm

abe a h c 1 NG d c cac d d cbe a _
DLE,)R = DJ{L.RDEL,RDL}:R —E (O bDE.RDE.RDL]iR +0 _DE,RDE,RDL];R + 6" DE,RDﬂRD



mesons \

\

v \\...//'
o g |
d N\ W NN

plain NN oscillation NLO NP scattering Np scattering unknown

R,

-1
(Ty 5, )2{ ﬂImanp(1+0.40+0.20—O.13i0.4)} =(1.1£0.3)-10%s™

~ 2.5 smaller than pot models
experiment: I;'>1.18-10%y == 7, >1.6-10%s Dover, Gal + Richard '83
Aharmin et al. (SNO) ‘17 vS. T > 0.86-10°s (invacuum)
Baldo-Ceolin et al. (ILL) ‘94

mesons ‘
Q Sy o |
4 -—mb - | o [y =-4Jm,B; Ima, +... can be

separated

approximately independent of 7 __




Hockings + vK ’05
Merehetti, Hockings + vK ‘10

N u Clear ED MS De Vries, Timmermans, Mereghetti + vK ’10
- . . . Maekawa, Mereghetti, De Vries + vK ‘11
& the Chlral fllter De Vries, Mereghetti, Timmermans + vK ’11 12

De Vries, Higa, Liu, Mereghetti, Stetcu, Timmermans + vK 13

< . :
Mz giem aciDM Sl e 8
m —~ . 1 _ - 1 - -
53{22416 :”'+E(1_82)9 quSq'_Eq(d(gO)+dc(11)z-3)0ﬂvq E u _Eq(cém_'_cél)rg)aw@u q Ng + Tulin “11
c abc ~a ~bwe~c C i~ = & C—a—- AN Fael2N A a
+§ o G;,G"G,” +j(qq qI75q—qrq-qwq)+78(qﬁ q iysA®q—qrA’q-TiystA%q)
gCEDM
D, - D, - a
+7183ij qrir’a q717ﬂ7/5q+78‘93ij qry"A°qQr;y,rsA aq+... PSC
i i l
LRC dé)’cé)’CG’Ca’DaocMz
V4

Possibility of disentangling symmetry-violating sources:
each breaks chiral symmetry in a particular way,
and thus produces different hadronic interactions
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A\

\/
\/ .
T AANEEN - VYN t,\t\/\/\ s 3 i'w

-
LO for all sources order depends on source o
\f
/ /

- N v +

W_J J
generically LO, but LO f LRC I
or only

vanishes for 6 when N=Z y



Q i Mnuc O term gEDM qCEDM gCEDM, PSC LRC
‘H d,/d, | 0 O(1) O(1) O(1) O(1)
M. M 2
*H dy/d, | 01 O(1) 0[ (52”} o) 0=
*He dh/dn @(M%D O(1 O MSCDJ O(1 O MéCD
2| ow oM M of"
'Hod/dy o) O(1) o(1) o(1) o(1)
. (d, +d, =0.84(d, +d,) GEDM and 6 term
+ specific B
relations eg. §d,~d = 0-94(dn —dp) qEDM

Ldh +d, =3d, qCEDM and LRC

storage-ring measurements (COSY? CERN?) | Farley et al. *04
could teach us about sources!




Conclusion

EFTs connect symmetry 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
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