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The Standard Model of Particle Physics

1. describes nature in a economic and elegant way
(spontaneously broken) local gauge symmetry

2. validated over a wide variety of scales



— 3-v bestfit oscillation  —— Data - BG - Geo'v,

- 2 best-fit oscillation
O
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e neutrino masses

e dark matter

Introduction

Why No Antimatter?

!

e baryogenesis

where can we look
for BSM physics?
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Finding new physics: the energy frontier

1. collide protons at high energy, and see what comes out

® create new particles and/or
study their effects on rare processes
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Finding new physics: the energy frontier
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ATLAS, Standard Model Public Results
1. collide protons at high energy, and see what comes out

® create new particles and/or
study their effects on rare processes
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Finding new physics: the precision frontier

Majorana
demonstrator

2. search for tiny indirect effects,
with no (very precisely known) SM background

® clectric dipole moments ® muon and electron g — 2

® kaon physics ® neutrinoless double /3 decay

® rare B decays, b — sv ® lepton flavor violation p — ey
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Finding new physics: the precision frontier
proton decay - —— ‘ : ‘ \ ! | nl

Oovpp L | -

neutral meson mixing T
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muon g — 2 |

[ decays —

PVES -

log(A/GeV)

1. observables w. SM background

need precise SM background to claim discovery
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Finding new physics: the precision frontier
proton decay o ‘ ‘ ‘ | /m\ | s

BB | o VAN

neutral meson mixing | Lo B
€/e

hadronic EDMs |
eEDM -

muon g — 2 |

[ decays —

PVES -

LHC reach =

log(A/GeV)
1. observables w. SM background

need precise SM background to claim discovery

2. observables w/o (w. negligible) SM background

precision to extract fundamental symmetry violation params (0, mgg,. . .)
& to connect with probes in other frontiers

® hadronic and nuclear theory crucial to this effort
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The impact of hadronic and nuclear uncertainties:
Neutrinoless double beta decay

mgg (eV)
p,
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® in minimal scenario of light Majorana exchange

2

—1 m 2

BB 2 NN 3 /0 2

[ 1/’/2] = Goi m% 84 ( 1olll1g + 8 Mshl;rt) g mgg = ‘E :Ueimi
l

ga, g0 1- and 2-nucleon params, Mﬁf,’,g, M5 . nuclear matrix elements
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The impact of hadronic and nuclear uncertainties:
Neutrinoless double beta decay

mgg (eV)
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[ M. Agostini, G. Benato,
Mightest (€V. . . .
0.001 0.010 0.100 ighiest (6V) J. Detwiler, J. Menendez, F. Vissani ‘22

® in minimal scenario of light Majorana exchange

2
1 2
"5 NN /0 Z 2
[ 1/’/2] = Gor —>- m2 gA (Mlong t8v Mshl;rt) ) msgp = ‘ Ugimi
i

ga, g0 1- and 2-nucleon params, Mkmg, M5 . nuclear matrix elements

® impact of next gen. of experiments on neutrino physics affected by uncertainties

6/42



Effective Field Theories approach to BSM searches
d u
N N We 5
A v new physics A > v
a. d We T u
d u
vomy | SMEFT operators
———— d u
d u
Ay . SU(3)c x U(1)em operators
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My — I :>< Chiral Effective Theory
LE

strong nuclear interactions

Many body
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Chiral EFT

2N Force 3N Force 4N Force 5N Force
Lo from D. R. Entem and R. Machleidt, ‘17
(Q/A)°
NLO see also:
(Q/A,)? I Ill P. Reinert, H. Krebs, E. Epelbaum, ‘18
S M. Piarulli ef al, ‘16
wo | F44 M. Piarulli et al, 14
(Q/A)? =i A. Nogga, R. Timmermans, B. van Kolck, ‘05
D. Kaplan, M. Savage, M. Wise, ‘96
® & ® < 411

N°LO I” bl adent

Q/A

Exploit QCD symmetries & scale separation in hadronic/nuclear physics
Q~mxs <Ay =47F; ~1GeV

expand NN potential and external currents in Q/Ay
LECs are fit to data in 2- and 3-nucleon systems
reproduce well light-nuclear systems

small expansion parameter allow for uncertainty estimation
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External currents in chiral EFT

aﬁw\%i;l\ gA Axial current: gT " ysq
A o

0]

@ ¢‘+" é,"' X ;><7 two-nucleon currents
AR A
%‘ lm’jﬁ 1(}L‘L h{:‘ j[;?] %g %g %L{ %7{1 from A. Baroni et al, ‘16

® derive external currents consistent w. nuclear potential
e.g. vector, axial, scalar, pseudoscalar, tensor
® framework can be applied to symmetry-breaking potentials

e.g. neutrino potential in Ov3/3, P- and T-violating potentials
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Outline

@ One-body currents

@ Two-current insertions

© Electric dipole moments

@ Two-body operators
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One-body currents



BSM processes dominated by 1-body currents

LPM = gr7'gX, + qlgXo +5TsX, g = (u,d), T ={l,7%,7",7"5,0"}
® non-standard charged-currents in 3 decays Xy =elv
® coherent neutrino-nucleus scattering (CEvNS) Xua,s = Uyuv
® ;1 — e conversion in nuclei Nuas =el'p
® dark-matter - nucleus scattering Xias = xXI'x

® neutron EDM from qEDM, molecular electric dipole moments
Xu,d,s = E’YSeg Fy,u
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Ne=2+1+1

Ne=2+1

=2

1-body currents

Expt  N¢

- u—-d
FIAG2021 ga FTAG 2021 g¢
F for N=2+1+1 -
E;a%f‘g;"’ge orti=zs1s T - FLAG average for Ni=2+1+1
] -
S BNDME 18 + —0— ETM 19
% altat 1§ ~ e PNDME 18
SiLat N
o PRDME 16 I ] PNDME 16
FLAG average for Ni=2+1 Z| —o— PNDME 13
NME 21
R || FLAG average for Ny=2+1
I gﬁgg i%A _ Hon NME 21
o D 18 + O QCD 21A
—o {%g% }%A « — RBC/UKQCD 19
gremtiner RECTUKAEB 828 5 (=] Mainz 19
RECIUKG z —— LHPC 19
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5. Il -
P gebor 13 I ETM 17
e Rl z ———— RQCD 14
=0+ QCDSF 06 S
ry POG 4 o Gonzalez-Alonso 13
¢]
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1. isovector charges very well determined on the lattice

QCD

8a

= 1.264 £ 0.009

A. Walker-Loud et al (CalLat collaboration) ‘19
limited by QED and isospin breaking

® chiral EFT construction of the currents at very high order

S. Pastore et al., ‘09; Kolling et al. ‘09, ‘16; A. Baroni et al., ‘16;

H. Krebs et al., ‘17, ‘20; M. Hoferichter et al., ‘15

® most important input from single nucleon charges
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1-body currents

N -
§ & F& s s
Collaboration Ref. Ny § & F & & & g
CalLat 19 (48] 24141 C *  *
ETM 19 [149] 24141 A m *  *
PNDME 18* (0] 24141 A ** * * *
CalLat 18 (51) 24141 A * * *
CalLat 17 (7 24141 P *  x x
PNDME 16° [46] 24141 A T 1.195(33)(20)
NME 21° [150] P : * * * 1.31(6)(5)
LHPC 19 (13] A w x kX 1 9)
Mainz 19 (81 A * * * *o.00)
PACS 18A (1) A . * * * 5)(9)
PACS 18 0] A m = X x om 5)(14)
\QCD 18 (26] A * * * 254(16)(30)°
JLQCD 18 (60] A m * 20)(90)
LHPC 12A° 151) A ! * * *
LHPC 10 (68] A m = x om
RBC/UKQCD 098 (53] A m . * =
RBC/UKQCD 08B A = . * =
LHPC 05 [152] A = = x x om
before ‘15
Mainz 17 (36 2 A * ok ok om 1278(68)(*Ser)
Brv 1 wo: A . . Long Range Plan
ETM 15D (38 2 A m *
RQCD 14 3 2 A * ok k=
QCDSF 13 (32] 2 A * . * .
Mainz 12 (33] 2 A * * . oo
RBC 08 ns3) 2 A m = = % om
QCDSF 06 (3] 2 A = = % om




N=24141

N=241

Isoscalar and strange matrix elements

t
u J
FIAG2021 84 FIAG2021 8a
T
—=— FLAG average for Nj=2+1+1 = FLAG average f
O PNDME 20 z O PNDME 20
Ho ETM 19 z =l ETM 19
- PNDME 18A Rt PNDME 18A
- FLAG average for Ny=2+1 - FLAG average for Ny=2+1
T Mainz 19A i o Mainz 19A
[ xQCD 18 [ xQCD 18
=0 ETM 17C i =l ETM 17C
0.7 0.8 0.9 -0.5 -0.4 —0.3

® needed for neutral current processes (u — e, CEVNS, ...)
if BSM has generic couplings to quark flavors

. sensitivity to disconnected diagrams increases uncertainties in u, d

3. s matrix elements not (yet) satisfactory

g € [~0.061,-0.026], g = —0.0027(16)
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N=24141

Isoscalar and strange matrix elements

FIAG2021 g4 FIRG2021 g7
FLAG average for Nj=2+1+1
¢ ' i FLAG.
PNDME 20 T
ETM 19 % q PNDM
PNDME 18A b J—
FLAG average for Ny=2+1 PNDME 100
b—o——
Mainz 19A PNDME 15
2QCD 18
™ Jacp 18 T O Mainz 19A
xco1s L L Al JLQcp 18

—

Engelhardt 12

—0—

ETM 17C

-0.06 —-0.03 0.00

ETM 17

® needed for neutral current processes (u — e, CEVNS, ...)

if BSM has generic couplings to quark flavors

2. sensitivity to disconnected diagrams increases uncertainties in u, d

3. s matrix elements not (yet) satisfactory

g\ € [0.061,—0.026],

g5 = —0.0027(16)
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The nucleon o term

209m130 ANt 3%y
OxN
o —— This Work
prd e BMW 20
< < ETM 19
Jaiae? HM%@@ L ——— ETM 14A
w—lﬁetlﬁ»a-lngOA 8 ! T JLQCD 18
-10 -5 [ 5 0 (ﬁ XQCD 15A
————y 5 HH BMW 15
a09m130 {4,3*} z
" —o— Ruiz de Elvira 17
® gl Hoferichter 15
22 & —e—i Alarcon 11
3 z —e— Pavan 02
M;m 1”‘11m fq) s —e—i Gasser 91
o gx¥x, % D
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10 5 0 5 10

R. Gupta, et al, 21

matrix element of the scalar charge, important for Higgs-mediated BSM

long-standing discrepancy between LQCD and extractions from 7N scattering

very sensitive to low-lying excited state (N7 and N77r)
oxn compatible with TN scattering with narrow priors around N7

need better ESC control at small m!
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The nucleon o term

1g |-209m130 £4NT 3%y
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R. Gupta, et al, 21

matrix element of the scalar charge, important for Higgs-mediated BSM
long-standing discrepancy between LQCD and extractions from 7N scattering
very sensitive to low-lying excited state (N7 and N7)

oxn compatible with TN scattering with narrow priors around N7

need better ESC control at small m!

new strategies for signal-to-noise problem?

M. Wagman and M. Savage, ‘17; W. Detmold, G. Kanwar, H. Lamm, M. Wagman, N. Warrington, 21;

variational methods?
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Nuclear matrix elements

® ANNLOgo
L e 1.820(EM
— & N°LO+3Niy

=<

+ LSSM
—SPM

o

l
L

19 23Nz 27a] 295 73Ge

127

129y 131xg

B. S. Hu, J. Padua-Arguelles, S. Leutheusser, T. Miyagi, S. R. Stroberg, J. D. Holt, 21

® several new shell-model calculations for DM, CEvNS and px — e
M. Hoferichter, J. Menéndez, A. Schwenk, ‘20; W. C. Haxton, E. Rule, M. J. Ramsey-Musolf, ‘22;

M. Hoferichter, J. Menéndez, F. Noél, 22

® first ab initio calculation in good agreement with shell-model
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Two-current insertions
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0.950

2
ud
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CKM unitarity and the Cabibbo anomaly

0*=0*
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us
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BN Experiment WM Radiative corr.

e [ IO

x
i
neutron decay  pion decays K- ntv
mmm Nuclear corr. Lattice

e improved radiative corrections to 0T — 0" Fermi decays

C. Y. Seng, M. Gorchtein, H. Patel, M. Ramsey-Musolf, ‘18;
A. Czarnecki, W. Marciano, A. Sirlin, 19; J. C. Hardy and I. S. Towner, ‘20

® high-precision lattice QCD calculations of fx /f» and f; (0)
A=1— |Vl = |Vis|" = |Va|* = (1.5£0.7) - 10>

® theory driven, needs to be validated

0.0010
0.0008
0.0006
0.0004
0.0002
0.0000

20 deviation!
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Radiative corrections to nucleon decay

5024.7 s @ mz
v 2 — s Z&V = — (4—1 — 4+ A )
| Md|neu1mn Tn(l + Sgi)(l + 6R(EO) T AX) R 2 n mp np

® Sr(Eo) (universal soft photon emission) and ptb. log dominate EM corrections
® A, is nonperturbative and small, but dominates the error
e for Fermi decays, Ay, proportional to the W — ~ box

u]

|
1
ul

i
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Radiative corrections to nucleon decay
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5024.7
2 s _ AK:&QIH%JFA@)
a1+ 3g3) (1 + 6r(Eo) + Ag) 2m mp

2
‘ Viud | neutron

0r(Eo) (universal soft photon emission) and ptb. log dominate EM corrections
Ayp is nonperturbative and small, but dominates the error

for Fermi decays, Ay, proportional to the W — - box

new dispersive analysis

Ak = 0.02361(38) — 0.02467(22)

C. Y. Seng, M. Gorchtein, M. Ramsey-Musolf, ‘18; + H. Patel, ‘18.

can be validated with LQCD?
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Radiative corrections to g4

o — 3 3 " mfr mfro =27, F%¢?

b) ) +

[} 9) h) i) )}
o e
[} m)

® chiral EFT analysis pointed out overlooked pion-mediated EM corrections
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Radiative corrections to g4

4 ocD A FLAG21
o CalLat19
a1 =88 (14 5= > a8)
— PNDME18 A = g, o em
e PDG20
PERKEO3
! UCNA
A OCD(l + 6re) —¢ i 1.271(30) V. Cirigliano, J. de Vries, L. Hayen,
ey 1:289(12) EM, A. Walker-Loud, ‘22
— 1.242(40)
1.20 1.25 1.30 1.35

® chiral EFT analysis pointed out overlooked pion-mediated EM corrections
® sizable, % level correction to ga
= (Al +aR) =19% + -G
27 2w
e improved LQCD-data agreement, but need Cy!
—> 2- and 3-current insertions
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W — ~ box in Lattice QCD

/ \om

JE(0,0) W
AT

A B

1/’"”\(] 0)
L
WA 14
JE0,0)  JWA(x, 1) I A1)

thanks to B. Yoon and J. Yoo

e first calculations for 7° — 77 ev & K — wlv
® extra current insertion in C, D significantly raises the cost
® good agreement between LQCD & dispersive approach



W — ~ box in Lattice QCD

0.08 T T

L I

]

2/ dof = 0.24

Cont. Limit, Iwasski
Cont. Limit, DSDR
F PT (n=4 match with n=3)
— 24D — PT (n=4downt01 GeV)
— 641, type(A) only | || o = 2
0.02 =2GeV
— 24D, type (A) only Qut

O0 ‘1 ‘2 3 0 ‘1 2 ‘3 4
Q" [Gev] Q@ [Gev]
thanks to B. Yoon and J. Yoo X. Feng, et al, 20; C. Y. Seng, et al, ‘20

e first calculations for 7° — 77 ev & K — wlv
® extra current insertion in C, D significantly raises the cost
® good agreement between LQCD & dispersive approach
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W — ~ box in Lattice QCD

0.08 T T

L I

]

\%/ dof = 0.24

i
68 Mz F Explae

Cont. Limit, Iwasski

Cont. Limit, DSDR

F PT (n=4 match with n=3)

— 24D — PT (n=4downt01 GeV)
— 641, type(A) only | || o = 2

0.02 =2GeV

— 24D, type (A) only Qut

0.10 0.12

O0 ‘1 ‘2 3 0 1 2 3 4
Q" [Gev] Q@ [Gev]
thanks to B. Yoon and J. Yoo X. Feng, et al, 20; C. Y. Seng, et al, ‘20

first calculations for 7° — 7 ev & K — wlv

extra current insertion in C, D significantly raises the cost
good agreement between LQCD & dispersive approach
first calculations for neutron decay are coming:

signal to noise?

. excited state contamination?
. beyond W — ~ box for GT ME?
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W PJ —

Towards an EFT for radiative corrections

|

(d)

Ay, 6k Ons dc

log2 =3 1

Vaal? =
I ud|0+~>0+ ft G%.mg 1+AX+6IIQ+‘SC+(S\S

nuclear corrections dys and d¢ are mostly computed with nuclear models

difficult to quantify uncertainties, can we use EFTSs and ab initio methods?

. construct EFT representation for dys

test the formalism in simple systems, e.g. pp fusion, *H decay

. use in lightest 07 — 07 (1°C — '°B and 'O — '*N) with almost exact methods

. extend to 23 transitions used by Towner and Hardy
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Electric dipole moments



Electric dipole moments

A permanent Electric Dipole Moment (EDM) I s
® signal of T and P violation ( CP) / < ‘~
® insensitive to CP violation in the SM ‘ 7 ‘]'S E
E

® BSM CP violation needed for
baryogenesis

neutron

current bound
|da| < 1.8-107" ¢ fm
nEDM Collaboration, ‘20

SM
dy ~ 107" e fm
M. Pospelov and A. Ritz, ‘05

® Jarge window & strong motivations for new physics!
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Electric dipole moments

@ PEDM, dEDM
@ uEDM

ThO, HfF
® Hg, Xe, Ra

® Jarge worldwide experimental program

de < 1.0- 10*166fm dn < 1.8 10713efm
dnsg, < 1.2- 107" ¢ fm divoy, < 6.2- 107" ¢ fm

Anaive ~ 10-100 TeV
® orders of magnitude improvements in next generation of experiments

nEDM@SNS, RaEDM at ANL/FRIB, LANL nEDM,; ...
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Low-energy EFT for flavor-diagonal CPV

® one dim-4 operator: QCD @ term

® 9 (+ 10 w. strangeness) hadronic operators @ O(v*/A?):

A o

gluon CEDM quark (C)EDM  LL RR 4-quark LR LR 4-quark
@ oldss) =(1,8) (L) $01.8)

&Y —ud,us,ds ud,us> “us,S

® 3 lepton EDM + 3 semileptonic operators (hadronization well understood)
1. nucleon EDM?
L) [ 0

2. nucleon-nucleon TV potential?

(NN|O;NN)
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Nucleon EDM matrix elements

= LQCDf
me= (QCD sum rules

*

v2E(W“) 4‘;‘—\ T S
~(d
vzcgY ) -l o -
e [ —
vzééd) n e "
Vzéik; 47\\\ Lol Lol I 7-7-1\ Lol | | | !
107° 10-8 107 106 02 04 0.6 038
dy(e fm) 5d,/d,
T FLAG 21 * Pospelov and Ritz, ‘05, Haisch and Hala, ‘19

® nucleon EDM from qEDM prop. to gr

® Jarge (uncontrolled) errors on purely hadronic operators
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Lattice QCD calculations of EDMs

F5(0)

Neutron 2%, 4, (a,m,) Fit ~ 0.10 " ; i i
0.002, B E a12m310 @+ a09m310 e+  a06m135 M-
= al2m220 &+ a09m220 e+ Extrap =¥+
0.000 ~ al2m220L =+ a09m130 =<
- Continuum ©® 005 1
-0.002] Z. {7
£ =
L. _0.004 N 0.00
= =
II'| = ~0.006] o
S35 !
=| -0.008] 5 005 ¢ 1
i -
b 2
— o =
0.010] = o410 x“/dof = 1‘.21 ‘ ‘ ‘
-0.01 100 200 300 400 500 600 70 0 0.03 2006 5 0.09 0.12
m,[MeV) M;[GeV]
J. Dragos, T. Luu, A. Shindler, et al ‘19 T. Bhattacharya, et al, 21

® EDM from QCD @ term extremely challenging
small matrix element, vanishing signal as m, — 0, large excited state
contamination
e published results compatible with zero, approaching d, ~ 107> § e fm
“chiral log” prediction Crewther, Di Vecchia, Veneziano and Witten, ‘79
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EDM from the QCD 6 term

0-008 =08 +E~ =10 ~o~ =12 o+ 1=14 ro— 0.01 =08 B =10 o =12 b 1=14 re=
0.005 0.005 | . 3 P ¥
A 0t
~ 0.004 & ¢ s 2
™ . 4 = L
S o003 | z 0.005
¢ , £ 001 : é 3
& 0.0 £ o015l PG Pk
£ 0001 £ 4o 0)
.| = ~ L —
0.02 Freverererererinreiaaanas Poa T K .0
0 0.025 [ oo I |
,0001 L L L L L L L ,003 L L L L L L L
6 4 2 0 2 4 6 6 4 2 0 2 4 6
209m130; ¢=(0,0,1)2n/La t x2/dof = 1.04 a09m130; ¢=(0,0,1)2n/La t x%/dof = 0.73

e even for @ = 0.2, signal is small < Re(R*(7,t,q)) = O(1)

® EFT calculations predict O(1) corrections from N (k)7 (—k) and
N(0)7(—k)m (k) states

¢’ not enough to discriminate, leading to large error on extrapolated nEDM

5 more statistics coming soon
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9(q*=0) / aMye

u-
F3y
A

EDMs from dimension-6 operators

8 . . . ,
a12m310 @«  a09m310 e~ Extrap =¥+ - ~
6 aflom220L v+ a06m310 +m- i’ qr30Gq
41 |
ol | power div. subtracted
0
T BY
2 NA
YRELXN{

N x%/dof = 0.44 | thanks to T. Bhattacharya and B. Yoon
-8 n n L L

0 0.03 0.06 0.09 0.12

M [GeV?]

® preliminary results for qCEDM and gCEDM

complicated by power divergences on the lattice

error still a factor of 5 larger than QCD sum rule estimate

ideas for LQCD calculations of TV (and PV) 7-N couplings

J. de Vries, EM, C. Y. Seng, A. Walker-Loud, ‘16; X. Feng, F. K. Guo and C. Y. Seng, ‘17

29/42



Observables dominated by two-body operators
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Neutrinoless double beta decay

F KamLAND-Zen (**Xe)

(mgg) €V)

1072
NH _ 772
ok mgp = Ugimi
L 1l L Fo I ]
10* 107 107 10" 50 100 150
Myeq (V) A

® Ovfp violates lepton number L by two units

possible iff s have a Majorana mass

® relation between m, and Ovf3( depends on:

1. assumptions on BSM physics

2. nuclear matrix elements, e.g. ("°Ge|Vo,s5|"°Se)
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Consistent construction of the neutrino potential

® Jong range v-exchange, mediated by V, A 1-nucleon weak current
® Coulomb-like neutrino potential

v, = vamBBT(I)+T(2)+${1(a)Xl(b) 20 g<">+...}.

F. Simkovic er al, ‘99
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Consistent construction of the neutrino potential

A, (MeV2)
0.060N.,
\\

0.055 ‘\\\ <PP | Vo |nn>

0.050 pa -

0.045 A )

0.040] ‘-. ¢ <

0.035 k\“\\. <PP | Vu = ﬁN (RS ) |nn>
Y

0.005 0.010 0.050 0.100 o500 1 (M)

V. Cirigliano, et al, ‘18

long range v-exchange, mediated by V, A 1-nucleon weak current
Coulomb-like neutrino potential

v, = vamBBT(l)-s-Tﬂ)-&-%{l(a)Xl(b) 20 g<">+...}.

F. Simkovic ef al, ‘99
NMEs from V, diverge logarithmically with the cut-off in nuclear interaction
need to modify LO neutrino potential!
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Evaluation of g\

1.00 . \PT ® Pred.

241 @ 32

\ / 0.00 005 0.10 015 0.20 025
\ L m?2 (GeV?)

W. Detmold and D. Murphy, ‘20

 we know the RG evolution, not finite part of gh™

® LQCD offers the most direct avenue

® long distance contributions to 7 Ov3/3 already computed
|g3”(u)|#:mp = —10.89£0.79 X.-Y. Tuo, X. Feng and L.-C. Jin, ‘19
|g,7,”r(,u)|uzmp = -10.78+0.52 W. Detmold and D. Murphy, 20
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Evaluation of g\

a) iMunospp = Q

b) iMUDy, = @H +

d) § :: +Q €) Q :>< +><><+ e | (T-Bge-Berla

Z. Davoudi and S. Kadam, 20, ‘21 A. Grebe, W. Detmold, Z. Fu, D. Murphy, P. Oare, in progress

® need two nucleon matrix element!
A, (nn — ppee™)

® formalism to match LQCD (euclidean, FV) to pionless EFT developed (at LO)

® preliminary calculations at heavy quark mass underway
A. Grebe, W. Detmold, Z. Fu, D. Murphy, P. Oare in progress

® accuracy requirements on LQCD two-nucleon MEs not too steep
Z. Davoudi, S. Kadam, ‘21
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Evaluation of g\
Apg = 1%, Ap = 1% Agg =10%, Agp = 10%
20 “Cottingham” model
%g 1.5
1.0
0.5 )
8 10 12 14 16 8 10 12 14 16
L [fm] L [fm]

LQCD projections
® need two nucleon matrix element!

Z. Davoudi and S. Kadam, ‘20, 21

A, (nn — ppe”e™)

® formalism to match LQCD (euclidean, FV) to pionless EFT developed (at LO)
® preliminary calculations at heavy quark mass underway

A. Grebe, W. Detmold, Z. Fu, D. Murphy, P. Oare in progress
® accuracy requirements on LQCD two-nucleon MEs not too steep

=

Z. Davoudi, S. Kadam, ‘21
o = =

) A v

34742



“Cottingham” method

IS
[}
&)
= -10
A T
Av = [ dwa<(K) 15
0
—+o0o -
+/ dk|a> (|k|) 05 10 15 2.0
A Ikl (GeV)

V. Cirigliano, W. Dekens, J. de Vries, M. Hoferichter, EM, ‘20, 21
® model the “forward Compton” scattering amplitude W nn — W~ pp
at small |k|, and large |K|
SN (= my) = 1.32(50)ine1(20):(5)par = 1.3(6)

® translate in scheme-independent amplitude and provide “synthetic datum”
can be fit to any potential and used in ab initio calculations
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Impact on O35 nuclear matrix elements

o L 6He —tBe
4 L+s K EM(1.8/2.0)
<> ’ EMN(2.0)
o * LNL(2.0)
<> ‘ AN2LOgo(2.0)
8He -»%Be o ¢ AN*LOGo()
<>’ EM(1.8/2.0)
O’ EMN(2.0)
0 LNL(2.0)
<>‘ AN2LOgo(2.0)
AN2LOgo(®)
M mNeSM___
¥Ca ->*Ti  M-Gem
<> ’ EM(1.8/2.0)(emax = 6)
o ’ EM(1.8/2.0)(emax = 8)
0o EM(1.8/2.0)(emax = 10) R. Wirth, J. M. Yao, H. Hergert, 21
<> ‘ EM(1.8/2.0)(extra.)

(0] 1 2 3 4 5 6 7 8
MOv

® short-range potential induces 40% - 50% shift
determination of gh™ matters!
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Nuclear matrix elements

54
sof S 7250 e
46 I :
42:
38+
34
30F
26+
22+
18] 02010
ol 02012
= 2014
10p ®2016
6 : =2018
N=20 2020

3 6 10 14 18 22 26 30 34 38 42 46 50 54 58 62 66 70 74 78 82 86 90 94
N
from H. Hergert, arXiv:2008.05061

® tremendous advance of ab initio methods




o Multi-method Study of NMEs N CRM Y e
o IM-GCM, VS-IMSRG - maybe more? Sl s A _L—
Ez et i b; 4 EEA’ 2
S s g5 22 458
* Status Y Z%f_ﬂ; > L s
 short-range contact v’ it SN O o
° triaxia| deformation J (a) Exp. (b) IM-GCM (triaxial) {(€) IM-GCM (axial) 2
6 E ! 0‘ gC”“’:O‘JO,/‘/‘I“":‘l%‘(ﬂE E
SE - ¢ N =053 = 1.90(5)] =
e convergence of many-body L4E T E S
- >+ C | ] ]
expansion EE N -, El ©
e parameter sensitivity analysis 2 b L
¢ uncertainty quantification s ]
e currents, other mechanisms easy (can 4 q 12
. €max
reuse computed wave functions)
—— EM(1.8/2.0) —— Ao NALOLw
— EM(2.0/2.0) —— N3LOuu

¢ Needs / Opportunities o \ \ ‘ —
¢ accelerate calculations BE

<

&

¢ emulators for sensitivity analysis & UQ E _——— | =

) (7]

. . b »  Parent ref. s

 Disclaimer: Status snapshot, changes T rege " ot o
with parameter analysis & UQ R

MSU, UNC-Chapel Hill, U Notre Dame, Sun Yat-Sen University, TRIUMF, CEA Saclay, UA Madrid
thanks to H. Hergert 38/42



BSM mechanisms

* a~0.09fm ¥ a~012fm ® a~015fm

-0.02

- ()eoe + 02 + Or
+ O + 0; - Oy

0.05 0.06 0.07 0.0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

000 001 002 003 004
&2 = (m./(4xF.)? &

A. Nicholson et al., CalLat coll., ‘18 W. Detmold et al., ‘22

BSM mechanisms captured by dim-7 and dim-9 operators
many-body input substantially the same

but need several more meson, 1-nucleon and 2-nucleon matrix elements

(n~ |aldald|x )

lots of unjustified assumptions in the literature . . .

and lots of progress on the lattice
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Schiff moments of diamagnetic atoms

Nucl. Best value Range
ap a [ ag ay [
- l I ™Hg [ 0.01  £0.02 0.02 [ 0.005-0.05 -0.03-+0.09 0.01-0.06
129%e | -0.008 -0.006 -0.009 | -0.005 —-0.05 -0.003 —-0.05 -0.005 —-0.1
25Ra | -1.5 6.0 -4.0 -1--6 4—24 -3--15

from M. Ramsey-Musolf, J. Engel, U. van Kolck, ‘13

® EDM depends on screening factor A and the Schiff moment

m _ _ _
S = —;7;% <a0§—i +a11% +az§i) efm’® + (and, + apd,) fm?

® 7-N contribs. affected by large theory uncertainties
e complicate interpretation of '*’Hg and ' Xe bounds
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Intrinsic S ¢ (e fm3)

30

20
10

A
2 SkoO'
o s 29p, - SkM*
Y 25Ra 1 skx. %
Y 23 o UNEDFO
D 23R o s 225Ra
ZRn ATV -
06 08 10 12 14 0.8 1.0 1.2 14

Intrinsic Q 3(1000 e fm3)

224Ra Intrinsic Q 3 (1000 e fm3)

e.g. ***Ra octupole moment

ar € [4,24] = [1,5]

. can ab initio methods be applied?

Schiff moments of diamagnetic atoms

J. Dobaczewski, J. Engel,
M. Kortelainen, P. Becker, ‘18

error in ?Ra reduced by correlations w. nuclear properties

can TV NN scattering amplitude be computed on the lattice?
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Conclusion

Interpretation of next generation of Fundamental Symmetry experiments
® smooth connection between quark and hadron level pictures
® non-perturbative evalution of meson, 1-, 2-, . . ., n-nucleon matrix elements
® progress in many-body calculations
® deeper understanding of nuclear EFTs (convergence, renormalization)
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