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Lecture 3: Construction of the low-energy EFTs for BSM probes

From quarks to hadrons: chiral perturbation theory and chiral EFT
BSM processes dominated by one-body operators

Chiral EFT for EDMs

BSM processes dominated by two-body operators: 0v 343

Light new physics: Ov33 with sterile neutrinos

Phenomenology
Neutrinoless double beta decay
Electric dipole moments
CKM unitarity
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From quarks to hadrons: chiral EFT

N h.. "h d w, _._ 4
A o new physics A > v
i A .

vomy A >< SMEFT operators
Ay l ./ >< SU(3)c x U(1)em Operators
my —i I :>< Chiral Effective Theory
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From quarks to hadrons

(=3
<

A3

e LEFT operators are expressed in terms of quark fields
e.g. consider the LNV operators discussed at the end of the last lecture

Loars(v, 6, u,d) = —%(my),-,-ﬂcy" G CTeOr + Cre’ CMe O

quark bilinear: gr'q four-quark: qr1qqraq

® we need to consider processes with nucleons and nuclei
can we match onto an EFT for hadrons? £ = L(w, N, ...)?
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Chiral Perturbation Theory

qiystq

1 v o= _ _ _
L= —ZGi,,G‘“‘ + QuiPqL + QrilPgr — QLMaR — GrMaL
® at the moment, we cannot compute many nuclear observables directly from QCD

® use symmetry once again!
SU.(2) x SUg(2) — SUv(2)

pions are Goldstone boson strong constraints
m; < Ny ~1GeV on pion-N interactions

() 7
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The 1-nucleon sector: (Heavy) Baryon Chiral Perturbation Theory

1. degrees of freedom: pions (Goldstone bosons) and nucleons
2. symmetries: global SU(2), x SU(2)rs — SU(2)y
4. power counting: chiral symmetry & spontaneous breaking allow for an expansion in Q/A,

Qe {p,mﬂ}, Ny ~4rF; ~ my

3. interactions: realize the symmetry non-linearly, encode the pions into a matrix
& build “chiral covariant” objects
S. Weinberg, ‘79

® can be applied only to low-energy processes, Q < 1 GeV!

® to have consistent power counting, is convenient to use non-relativistic formulation
E. Jenkins and A. Manohar, ‘90

® but HBxPT is not a unique choice
infrared regularization T. Becher and H. Leutwyler, ‘99,
extended on-mass-shell scheme T. Fuchs, J. Gegelia, G. Japaridze, S. Scherer, ‘03

see supplemental slides for examples
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https://inspirehep.net/literature/133288
https://inspirehep.net/literature/300913
https://inspirehep.net/literature/494369
https://inspirehep.net/literature/613372

EFT in the 2 nucleon sector: Weinberg’s recipe

¢ -——--—-—-9

S. Weinberg ‘90, S. Weinberg ‘91

e the fact that the nucleon energy is E < m, plays a role!
Diagrams with almost on-shell intermediate nucleons are enhanced
1. identify “irreducible diagrams”
® do not have a purely A-nucleon intermediate state
® internal nucleon energies Ey ~ Q ~ m;

2. the potential V is the sum of irreducible diagrams
® can be calculated perturbatively in a power expansion in Q/A, following xPT counting rules
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o LA-UR-24-27605 7/26/2023 | 7


https://inspirehep.net/literature/28641
https://inspirehep.net/literature/29549

EFT in the 2 nucleon sector: Weinberg’s recipe

S. Weinberg ‘90, S. Weinberg ‘91

the fact that the nucleon energy is E < m; plays a role!
Diagrams with almost on-shell intermediate nucleons are enhanced

. identify “irreducible diagrams”

® do not have a purely A-nucleon intermediate state
® internal nucleon energies Ey ~ Q ~ m;

® .

the potential V is the sum of irreducible diagrams
can be calculated perturbatively in a power expansion in Q/A, following xPT counting rules

calculate the full amplitude by “stitching” together
irreducible diagrams with A-nucleon Green'’s functions

equivalent to solving the Schroedinger or Lippmann-Schwinger equation with V
A-UR-24-27605
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https://inspirehep.net/literature/28641
https://inspirehep.net/literature/29549

Weinberg’s recipe

VO

VO

* steps 1 and 2 are equivalent to integrating out “soft” and “potential” modes
and matching onto a theory with nucleons interacting via instantaneous potentials (chiral EFT)

happens in several other EFTs with > 1 heavy particles: NRQCD, NRQED

* the same recipe can be applied to operators that mediate BSM processes
— calculate matrix elements of BSM operators between nuclear wavefunctions

® the scaling of short-range operators assumes Weinberg’s v (naive dimensional analysis)
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Chiral Potential in Weinberg’s power counting

2N Force 3N Force 4N Force 5N Force
LO .
(@Q/A) >< H _Incredlble progress .
>< H} l in calculation of chiral potentials!
NLO ot
o P from D. R. Entem, R. Machleidt and Y. Nosyk, ‘17

NNLO

L H
(@Q/A)° ++ [ | />K see also:
|

(+ 'l |.b: H | P. Reinert, H. Krebs, E. Epelbaum, ‘18
/\)11?() s ‘ . I I” M. Piarulli et al, ‘16
L, l : A M. Piarulli and I. Tews, ‘19

N‘LO

l
el
(Q/A)° [ + =

N°LO
(Q/A°

P o
I TEH

® |ECs are fit to data in 2- and 3-nucleon systems
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https://inspirehep.net/literature/1517808
https://inspirehep.net/literature/1638390
https://inspirehep.net/literature/1471561
https://inspirehep.net/literature/1778344

Chiral Potential in Weinberg’s power counting

_ and in predicting nuclear properties

- o
1DHC

= —50 9Li

z TN

=) ~60 1 o 320 - g

% Be °Be -5 -1

2 10 10

£ -70] Be B

. _-3/2"
_301 GFMC calculations g
—90 4 = AVIS+IL7
— EXP -0+

~100 4 = NV2+3-la 12C

(coupled to exact/semiexact methods
for solving Schroedinger eq.)

M. Piarulli et al, ‘17

® and predict light-nuclear observables

e chiral potentials as successful as high-quality phenomenological potentials (AV18, CD Bonn)

® and nowadays standard input for ab initio calculations
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https://inspirehep.net/literature/1609295

Non perturbative renormalization and scaling of short-distance operators

1. chiral potentials have a singular short-range behavior
5(P), 1/r® potentials
2. which requires the introduction of regulators to solve the Schroedinger equation
the physics should not depend on these regulators, up to the order in Q/A, we are working at
4. there are cases in which renormalization conflicts with the naive power counting scaling of
short-distance operators

w
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‘Q LA-UR-24-27605 7/26/2023 | 11


https://inspirehep.net/literature/418210

Non perturbative renormalization and scaling of short-distance operators

1. chiral potentials have a singular short-range behavior
5(P), 1/r® potentials
2. which requires the introduction of regulators to solve the Schroedinger equation
the physics should not depend on these regulators, up to the order in Q/A, we are working at
4. there are cases in which renormalization conflicts with the naive power counting scaling of
short-distance operators

w

E.g. LO phase shift in the 'Sy channel

1 A mi

pcotd(p) ~ ™ C1so( )+ r |og/\+

D. Kaplan, M. Savage, M. Wise, ‘96;

e the linear A dependence can be absorbed by renormalizing C; So
® but, in Weinberg's counting, Ci g, is independent on the pion mass = cannot absorb the log
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Non perturbative renormalization and scaling of short-distance operators

1. chiral potentials have a singular short-range behavior

5(P), 1/r® potentials

2. which requires the introduction of regulators to solve the Schroedinger equation
the physics should not depend on these regulators, up to the order in Q/A, we are working at

4. there are cases in which renormalization conflicts with the naive power counting scaling of
short-distance operators

w

E.g. LO phase shift in the 'Sy channel

1 A mi
pcotd(p) ~ ™ C1so( )+ r |og/\+

D. Kaplan, M. Savage, M. Wise, ‘96;

e the linear A dependence can be absorbed by renormalizing C; So
® but, in Weinberg's counting, Ci g, is independent on the pion mass = cannot absorb the log

* a N2LO mass dependent operator needs to be promoted to LO

.
2 = 2 [Dekis, (N"Pig,N) NP N
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https://inspirehep.net/literature/418210

Non perturbative renormalization and scaling of short-distance operators

In the construction of chiral EFT operators for BSM physics
1. assume Weinberg’s scaling for short-distance operators

2. check in simple (2- or 3-nucleon) systems that the results can be made regulator independent
(at a given order in Q/A,)

3. if not, adjust the scaling

e failure of doing so leads to underestimate of the theory error

we'll claim O((Q/A,)™") errors while there are missing pieces at O((Q/A,)")
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Nuclear EFTs for BSM physics
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BSM processes dominated by 1-body currents

A

LPM = grr2qX, + GrqXo + 3TsXxs,  q=(u,d)], T ={1,75,7",7"y5,0"}

® non-standard charged-currents in 8 decays Xy =elv
e coherent neutrino-nucleus scattering (CEvNS) Xua,s = Uyuv
® . — e conversion in nuclei Xuags =€l
e dark-matter - nucleus scattering Xuas = Xx
® neutron EDM from gEDM, molecular electric dipole moments

Xu,d,s - é’Yse7 F;LV

() :
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One-body operators

u—d u—d

FIAG2021 84 FIRG2021 & FIAG2021 gy
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S o FRbRE 16 I | PNDME 16 4 oNDNE 13
FLAG average for Ni=2+1 z — PNDME 13
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T REC/UKGCD 888 z | LHPC 19
JLQCD 18 o ™17
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> QCD 14
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N [E=Euie] RQEos ~
! s ﬁ boels I —O—t EM17 N
I 4
= [ ] ngD’séFe]cs z ——0—— RQCD 14 gl e —padais
54
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2 A PDG 3 2 gl Gonzalez-Alonso 13 £ e Pitschmann 14
w 09 1.0 1.1 1.2 13 14 04 08 12 16 2.0 24 04 06 08 10 12

Flavor Lattice Averaging Group nucleon matrix elements

* we typically need
(N[ar {=*1} g, 3TsIN) = (NIT {g{"7*, o, o} NIN),

the r.h.s can be systematically constructed in HBxPT
but the one-body low-energy constants need data/Lattice QCD see Huey-Wen Lin’s Lectures
isovector LECs are known with good accuracy

%S
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http://flag.unibe.ch/2021/Nucleon%20matrix%20elements
https://ceem.indiana.edu/events/nnpss/program2.html

One-body operators

s

FIAG2021

24141

N=241 N

FIAG2021 i

- FLAG average for Ne=2+1+1
H =g PNDME 20
z ETM 19

PNDME 18A

FLAG average for Ny=2+1
R Mainz 19A
3 £QCD 18
* ™ JLQCD 18

2QCD 15

— Engelhardt 12

i —o— ETM 17C

aNscatt. FH+mixed latt. Ne=2

—0.06 -0.03 0.00
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we typically need

(N[ar {=*1} g, 3TsIN) = (NIT {g{"7*, o, o} NIN),

10 20 30 40 50 60 70

Flavor Lattice Averaging Group nucleon matrix elements

the r.h.s can be systematically constructed in HBxPT

but the one-body low-energy constants need data/Lattice QCD
isovector LECs are known with good accuracy
isoscalar and strange matrix elements are more uncertain

see Huey-Wen Lin’s Lectures
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http://flag.unibe.ch/2021/Nucleon%20matrix%20elements
https://ceem.indiana.edu/events/nnpss/program2.html

Two nucleon contributions: axial current

“
Q® Q®
i 94 X ERz 98 X ER
® we can include subleading corrections, such as two-body currents
® these arise from pion-exchange diagrams and contact interactions

Cp

P - —
w = =op

No'rN NN - <Flv,-7r - a,-)

® cp needs to be extracted from data (no LQCD available)

and contribute at N°LO/N3LO (depending a bit on the counting scheme)

[ ><
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Axial current

o
EaEa
(a) 0]
¢ 5+ ‘ éT ‘ A. Baroni, S. Pastore, R. Schiavilla, M. Viviani, ‘16
@ @ H. Krebs, E. Epelbaum, U. Meissner, ‘16
Al XX
2 &
(e) U] @ ®)
A B AT E
U] é i) IC] w 3 ¢ /

t%‘ L* 1 ‘ 1 2{ >< from A. Baroni et al, ‘16

) W' 47111 fs) m () M (w) r-i

® calculation of SM currents have been carried out at very high order
* like for the potential, need to subtract the “reducible” components
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https://inspirehep.net/literature/1394582
https://inspirehep.net/literature/1491388

Axial current: impact of two-body currents

296 1 1.04 096 1 104 09 1 104 096 1 104
T T T T T T T T T T T T
3.
H B-decay °He B-decay "Be e-cap(gs) "Be e-cap(ex)
i i i i
o ¢ ® oe ® |
=] : ] o : | =] | =] : [
I I |
° o ot
] I |
1 ] |

I

I

I
o

I

1

@

NV2+3-la*
NV2+3-la
AV18+ IL7

G. King, L. Andreoli, S. Pastore, M. Piarulli, R. Schiavilla, ‘20

percent level predictions of 3 decay observables!
LO currents (empty symbols) and N3LO currents (full symbol) differ by a few percent

results still sensitive to extraction of ¢p from triton decay (magenta)
or from trinucleon binding energy and nd scattering (blue)

indication of sensitivity to the next order

for SM background, % level corrections are important,
but they won'’t affect the BSM contrib. that much

LA-UR-24-27605
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https://inspirehep.net/literature/1790905

Impact of better hadronic matrix elements

0.015[ "
094/9s = 10 % 0.004F
09g/9s = 20 % [
0.010) |
0.002
n
w0005 & 0000
0.000 / -0.002
& [ ———— | Current  decays
------- Current LHC
——— | Future g decays
~0004f,  mm====- Future LHC
-0.005 -0.002 ~0.001 0.000 0.001 0.002
-00004 -00002 00000 00002 00004 00006
T
er
projections from T. Bhattacharya et al, ‘11 R. Gupta et al, ‘18

® projection on the extraction of scalar and tensor couplings from 3 decay experiments
® assuming quark model estimates of gs and gr vs. target precisions of LQCD calculations
® factor of 2-3 needed to keep up with LHC!
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https://arxiv.org/abs/1110.6448
https://arxiv.org/abs/1806.09006

EFT for electric dipole moments



Electric dipole moments

® one dim-4 operator: QCD 4 term

Lo = 3g; 0G;, G — mqGLgr — MyaRqL

quark bilinears:

> Imlg, §o*"v5q Fuv + Lrr&Megl'q
q=u,d,s

quark-gluon chiral-breaking operators
L= Z Iqug ao’uu’}/staq Gf“,
q=u,d,s
gluon chiral invariant operators
abc Aa bv ~C
L= Lgf*"G,,G," G

chiral-breaking four-fermion

£ = Lygg™ (" dr) (Aryuua) + -

how do we use measurements of CP-violation in different systems
to identify the underlying mechanism?

LA-UR-24-27605 7/26/2023



Electric dipole moments: theory input.

1. HfF, ThO and YbF
o depend mostly on the electron EDM and scalar semileptonic operators
® at lowest order, same single nucleons parameters as for the scalar charge OxN,y O°
® calculation of precession frequency mostly an atomic/molecular physics problem
...small uncertainties ...

2. neutron EDM
® sensitive to Ly, and hadronic operators
e for Lg4y, just need the tensor charges

dn = (n|go"” qn)e""*° Fop o gr
...small uncertainties . ..
e for fully hadronic operators, typically need

(nlaQe"q / & XOcrv (X))

challenging in Lattice QCD

() 76
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Electric dipole moments: theory input

3. EDMs of light ions (deuteron, 3He)
® receives contributions from the EDMs of the constituent nucleons
® and from corrections to the wavefunctions induced by CP-violating NN potentials

(A Ver|A
da = (AlG(AnPs + doPo)|A) +Z%
- n

® the relative size of the two depends on specific CP-odd operator

4. EDMs of diamagnetic atoms: '**Hg, '*Xe, 2*°Ra
e the EDMs of the constituent nucleons are screened
e depend on the Schiff operator

S (AIF(rP = 5(r%)en) n)(n| Ver|A)
da = zn: En—E,
Need:
1. dnp(CLEFT) 2. Vop(CLerT) 3. nuclear matrix elements

[ ><
‘Q LA-UR-24-27605 7/26/2023
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Lattice QCD calculations of nEDM. 0 term

Neutron £© 4, (a,m,) Fit

0.002,
0.000
~ 0.10 T 3 241005
-E a12m310 +@+  a09m310 +e~  a06m135 -+ 3 24010
al2m220 =&+ a09m220 e+ Extrap ¥ —0.002
Continuum ~ a12m220L ++  a09m130 < & 241020
1® 0.05 ¥ -0.00148(14)(31)
Z E -0004
= ‘}’ H
S 0.00 =
>~ 3 -0006
=
S
. -0.05 1 ~0.008
£
= ?/dof = 1.21
' of = 1.. —
= g0 X 000G, o o o
0 0.03 0.06 0.09 0.12 m? (GeV?)
2 2,
- My [GeV'
0-0125—155 200 300 400 500 600 70 x(GeV]
m,[Me
J. Dragos, T. Luu, A. Shindler, et al ‘19 T. Bhattacharya, et al, ‘21 J. Liang, et al (xQCD Coll.), ‘23

® baseline for all NEDM calculations
e EDM from QCD @ term extremely challenging

vanishing signal at small m,, large excited state contamination, ...
® published results compatible with zero at ~ 20

e approaching d, ~ 1072 4§ efm, size of “chiral log”
Crewther, Di Vecchia, Veneziano and Witten, ‘79

_* need more work to control all systematics
‘:9 LA-UR-24-27605 7/26/2023 | 22


https://inspirehep.net/literature/1719324
https://inspirehep.net/literature/1841539
https://inspirehep.net/literature/2622244
https://inspirehep.net/literature/142325

nEDM from dimension-6 operators

8 : : ‘
al2m310 ~@+ a09m310 +e- Extrap =¥+
w O al2m20L - a06m310 -m-
Z 4| |
Z
~ 2 r ]
S :
R I !
o 2 ]
<=
L 4 I
ISR |
x?/dof = 0.44
-8 ! ! ! !
0 0.03 0.06 0.09 0.12
M [GeV?]

e preliminary results for gCEDM and gCEDM
e error still a factor of 5 larger than QCD sum rule estimate

® no studies of 4-fermion operators yet

(>~
‘g LA-UR-24-27605

qrso éq
power div. subtracted

QCD sum rules

thanks to T. Bhattacharya and B. Yoon

best results still from QCD sum rule calculations

Pospelov and Ritz, ‘05, Haisch and Hala, ‘19

7/26/2023
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https://inspirehep.net/literature/681325
https://inspirehep.net/literature/1755113

Calculation of the CP-violating potential

PO Ly VR VR WBNN gzN(ﬂ':gT _

e all pion-nucleon interactions break chiral symmetry,
® g, and g also break isospin by 1 and 2 units
® we can write down 5 S-P transition operators

- 6331 _1p, and 61(03)073/30 conserve isospin (and chiral symmetry)
- 6351 _sp, and 61(13)073,,0 break isospin by 1 unit
- é1(2s) , break isospin by 2 units

q LA-UR-24-27605 7/26/2023 | 24



Calculation of the CP-violating potential

the relative importance depends on the chiral symmetry properties of CPV operators
° 0 9o > O

qCEDM: go ~ g1

LL RR 4-fermion: go < g4

® 4-nucleon operators are usually neglected, but this is not always justified!
see J. de Vries, A. Gnech, S. Shain, ‘20

* only go(#) is known well, for other LEFT operators only order of magnitude estimates

[ ><
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https://inspirehep.net/literature/1806013

EDMs of light nuclei: chiral calculations

ap op | a(efm) | a; (efm) | a» (e fm)
d 0.9 | 0.9 0 —0.100 0
SHe | 0.9 0 —0.027 —0.079 —0.060
3H 0 0.9 0.027 —0.079 0.060

using the calculation of A. Gnech and M. Viviani, ‘19

dAX: (andn+apdp+aof_ +a1%+a2gi>

for light ions, the nuclear theory input is under control (at the ~ 10% level)
® o, agree with PC expectations
® g, and ay are a bit smaller then expected
light nuclei can be important filters, singling out different isospin structures
e.g. N = Z nuclei single out g

[ ><
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https://inspirehep.net/literature/1740937

Diamagnetic atoms and Schiff moment calculations

Aschiet an ap ap (e fm) ay (e fm) ap (e fm)
%Hg || —(240+£0.24)- 1074 1.9+0.1 0.2040.06 | 0.13%9%, | 02579% | 0.097% 1)
129%e || —(0.364 +0.025)-10~4 | —(0.29 +0.10) - 0.1079%3 | 0.0767923,
225Ra (6.34+0.5)-10~4 - - 25475 —65 440 14+6.5

dAx = Aschiff <Olndn + Oépdp + ao

9o
Fr

= +a

9,2
o

e for diamagnetic atoms, at the moment, no EFT calculations exists

Schiff moments have similar expressions (though the operators are more complicated)

)

Schiff moments have been calculated with pheno models and have large nuclear theory errors

see J. Engel, M. Ramsey-Musolf, U. van Kolck, ‘13, T. Chupp, P. Fierlinger, M. Ramsey-Musolf, J. Singh ‘17
e similar hierarchies as for light nuclei, except large enhancement for Ra

=
‘Q LA-UR-24-27605
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https://inspirehep.net/literature/1223363
https://inspirehep.net/literature/1223363

Disentangling CP-violating mechanisms

dy (efm)

_6.0 0.5 1.0 1.5 2.0 2.5 3.0
d, + dj, (¢ fm) le-13

How do we use this info? Suppose we can measure d,, dp, and dy
® dy > d,+dp isospin-breaking sources
® dy~d,+dp, QCDG@term
® dy=dr+d, qEDM, Weinberg operator
... but swamped by current theory uncertainties

[ ><
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Disentangling CP-violating mechanisms

5

dy (efm)
~N

~b0 05 10 15 2.0 25 3.0
d, +d, (efm) le-13

How do we use this info? Suppose we can measure d,, dp, and dy
® dy > d,+dp isospin-breaking sources
® dy~d,+dp, QCDG@term
® dy=dr+d, qEDM, Weinberg operator
... but swamped by current theory uncertainties

_* O(20%) uncertainties sufficient to discriminate!
‘:9 LA-UR-24-27605 7/26/2023 | 28



Processes dominated by two-body operators
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Neutrinoless double beta decay in SMEFT + chiral EFT

® as discussed in Lecture 2, in SMEFT we can have several sources of LNV
a. Majorana masses of active and sterile neutrinos

MLVLTCI/L, MF;ZI,AZ;CZ/R,
b. [ decay operators with neutrinos vs antineutrinos
urdv/Cr'e,  ord viCr'e
c. four-quark two-lepton operators
(urd) (ur'd) e’ ce
accurate predictions for each mechanism?

= differentiating between different mechanisms?
‘g LA-UR-24-27605 7/26/2023 | 29



Neutrinoless double beta decay in chiral EFT. Standard Mechanism

< < ;

P s |

® in the “standard mechanism”, Ov34 is induced by the exchange of Majorana neutrinos
® the lepton tensor combines in a form that looks like a boson propagator
2
J R g‘“’éLefiz U‘“;’m’ _
@ —m?+ie
® at lowest order, neutrinos couple to the nucleons via the weak axial and vector currents

e the leading contrib. comes from “potential modes” gy ~ ¢°/my < |d]|
neutrino exchange gives rise to a weak potential, on top of the QCD potential

(@ +may

_* in Weinberg'’s counting, this is the only LO contribution

K

LA-UR-24-27605

2 =2
v = perer 1 {1 iy [a(a) o® @ G0 5 2T+ G ]} .
G
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Neutrinoless double beta decay in chiral EFT

/ 7 / T 7 T 7

% P [} i
@ O ® © > o ®

_~ _ _ g

— .

L] - \ \'\/ \'V
(F) ~© o)

[ ] 'E: +:: E<

TS w® ™)
®) @)

® beyond LO, we can consider pion-neutrino-nucleon loops + local counterterms

()
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Usoft corrections to 0v 53

¢ and contributions from neutrinos with very small momentum (qo, G) ~ Q
® they see the nucleus as a whole, and yield expressions very similar to “standard” QM

T, ft:_Tlepr Z d” 'k 1 (Fldulminl™liy _ {fdulminld”]i)
C) k| | K|+ E2+En—E —in  |K|+E +En—E —in

= Tiews X 5o ALY {(E+ - ) (08 gL — 5 +1) + (1 221

® where E; > are the electron energies,
E;, E¢, E, the initial, final and nuclear intermediate state energy

® the corrections scale as E/kr, similar to “closure corrections” in pheno approaches
g LA-UR-24-27605 7/26/2023 | 32




0v35 at N2LO

1. correction to the one-body currents (magnetic moment, radii, . ..)

~o(%)

2. pion-neutrino loops, local counterterms

3. ultrasoft contributions (“closure corrections”)

AE
© (47‘rk;:>

all these corrections should be fairly small

3. two-body corrections to V and A currents

() s
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Neutrinoless double beta decay beyond Weinberg
® s this picture consistent?

- should check that the local counterterms follow Weinberg’s counting
- the neutrino potential might cause problems similar to the OPE potential in ' So
Consider the 2-to-4 process nn — ppe~ e~

(>~
‘&9 LA-UR-24-27605
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Ov 34 in renormalized chiral EFT

A, (MeV~?)

0.060\\»

0.055 \\k“

0.050) \\.

0.045 S

0.040 ‘ N

0.035 \.“-\ ‘

0.005 0.010 0.050 0.100 0.500 Fs (i)
® need to solve the Schrédinger equation with the LO chiral potential
2m2 —Mgr
_ (3) gA x €
Vetrong (1) = Crsy (;F'S(F) + 167F2 4xr

® take the matrix element and check that it is cut-off independent

A, (nn — ppe~e”) = (pp|V,.o|nn)

()
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Ov 34 in renormalized chiral EFT

A, (MeV~?)
0.060f,

0.055;
0.050¢
0.045;

= gO™N — 1(1 +292) log Rs

0.040;

0.035;

~- Rs (fm)

0.005 0.010 0.050 0.100 0.500

V. Cirigliano, W. Dekens, J. de Vries, M. Graesser, EM, S. Pastore, U. van Kolck, ‘18

® the matrix element of the long-range neutrino potential is UV divergent!
* need to promote the N2LO counterterm to LO!
unexpected systematic only diagnosed with EFT tools!

() :
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https://inspirehep.net/literature/1746510

Determination of g and interplay with Lattice QCD

o

T T
aBE™ (AIC avg)
== a®A® x 200 (AIC avg)

el
4

I l + 1.m7,=806MeV

. n »
N 1 :e 1.0
) e | QBB
v 1 ‘off
d % 087 W A% x 200
115 0.6
Wf110 f 0.4 1
105 0.2 ‘
0.0
1.00 . PT 1 Pred.
81 241 w3210 024
0.95 + T T T
0.00 0.05 0.10 0.15 0.20 0.25 o 1 2 3
m? (GeV?)

W. Detmold and D. Murphy, ‘20

0. data driven extraction?

® no LNV data x

Z. Davoudi et al, ‘24

o chiral symmetry relation to isospin-breaking photon exchange processes

NN CIB
9 =g

only true at the order-of-magnitude level

=
kg LA-UR-24-27605
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https://inspirehep.net/literature/2758519

Determination of g and interplay with Lattice QCD

" , e
— Y O
N w X/ (o) P Se 10 T
) ,/} N T aE® aE® (AIC avg)
: ! O | 089 W 2A® x200 =2 oA x 200 (AIC avg)
115 0.6 T T \ J
s -
v:i 1.10 1 044 o
‘ m, = 806 MeV
105 029 ! l ‘
. 0.0
1.00 . PT 1 Pred. T
| 81 241 w3210 -0.2
0.95+—" — T
0.00 0.05 0.10 0.15 0.20 0.25 0o 1 2 3 4 5 6 T 8
m? (GeV?) t/a
W. Detmold and D. Murphy, ‘20 Z. Davoudi et al, ‘24

1. Lattice QCD offers the most direct avenue

® |ong distance contributions to = Ov33 already computed
X.-Y. Tuo, X. Feng and L.-C. Jin, ‘19, W. Detmold and D. Murphy, ‘20

e first calculation of the nn amplitude!

2. model the forward W*nn — W~ pp amplitude with chiral EFT + OPE

N (= mz) = 1.32(50)ine1(20): (5) par = 1.3(6) compares well with “naive” CIB assumption
‘5 LA-UR-24-27605 V. Cirialiano, W. Dekens. J. de Vries. M. Hoferichtervgé\/éuégq 37


https://inspirehep.net/literature/2758519
https://inspirehep.net/literature/1756700
https://inspirehep.net/literature/1791482
https://inspirehep.net/literature/1837807

Impact on Ov 35 nuclear matrix elements

0 L %He —»°Be
4 L+s K ) EM(1.8/2.0)
o ¢ EMN(2.0)
I 3 LNL(2.0)
o 4 AN?LOGo(2.0)
8He »8Be o 4 AN?LOgo(w)
I EM(1.8/2.0)
Y EMN(2.0)
o4 LNL(2.0)
04 AN?LOGo(2.0)
AN2LOgo()
o4 IT-NCSM
4Ca »>®Ti  IM-GcMm
o ¢ EM(1.8/2.0)(ewax = 6)
o ¢ EM(1.8/2.0)(epax = 8)
o EM(1.8/2.0)(emsx = 10)
o4 EM(1.8/2.0)(extra.)
0 1 2 3 4 5 6 7

MOV

R. Wirth, J. M. Yao, H. Hergert, 21

o fit the “synthetic” amplitude to 3 different chiral potentials
® SRG-evolve strong and weak potential & calculate **Ca NME

=
‘g LA-UR-24-27605

43% shift in ©Ca

7/26/2023
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Ov 3 transition operators from dim-7 operators

" gA=1.27
s =1.02+0.10
gr = 0.99 + 0.03

" gr=0(1)

2Gr | _ _ _ _ _ _
©=-= {un“ a [eﬁ’m COlr v+ CllL "] + Gy dn [eR Y COhr v + B9 Oy, "]

VY

+u, dp [éL Césl;){Rl/ + €ér CéGI)RL } + Upd, [eL CSLRD + ér CSLL ] + L_ILO'MUC’R éLO',“, C(T§%{R v+ URUMUdL éRUHVC(g%AL l/} + h.c.

® need axial, vector, scalar, pseudoscalar and tensor one-body currents
® nucleon matrix elements are well determined experimentally or in LQCD (with one exception)

e the diagrams can be computed exactly as in the “standard case”.
The final result is a bit of a mess V. Cirigliano et al, “18; W. Dekens et al, ‘20

=
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https://inspirehep.net/literature/1676798
https://inspirehep.net/literature/1781277

Ov3p from dimension-9 operators

n p n p
< ) :

: e e

n P n P

® need to study the hadronization of 4-quark 2-electron operators

once the chiral analysis is done, very large =7 couplings for most operators
G. Prezeau, M. Ramsey-Musolf, P. Vogel, ‘03;
A. Faessler, S. Kovalenko, F. Simkovic, J. Schwieger, ‘97

® renormalization then requires NN couplings @ LO
® factorization is a bad approximation!
e.g Os
(pp|ULy" d. U v dr|nn) # (p|Uy" di|n) (plUg v.dr|n)

error from neglecting 7 couplings >> than from NME

=3
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https://inspirehep.net/literature/615654
https://inspirehep.net/literature/427438

7 matrix elements

¥ a~012fm ® a~0.15fm

9™ = —(1.8GeV)?

gi" = —(1.7GeV)?

000 001 002 003 0D4_ 005 006 007
= (m:/(4nF.))?

A. Nicholson et al., CalLat collaboration, ‘18

* 77 matrix elements well determined in LQCD good agreement with naive chiral counting
* NME differ dramatically from factorization
o (9)
9" C, 9 3g5—1m (e 9
My = — 42m§4 (ZMAP o + M sd) ~ —0-600:(1 ) Vs Miaer = —72/49/4 2, Co C( )Mk 54 ~ 0. 04C( )

_® which becomes a factor of 225 in the rate!

‘g LA-UR-24-27605 7/26/2023 | 41



Ab initio calculations of 0v53 ME

IBUTe 136xe
1 —e— abinitio (this work)
7 T —4 QRPA
T—« nsm
v T BM
6 Phen. v EDF
1~ ocr
T o8- EFT
G I
5 1
¥ T v
. 1 12
. I
g s 1
S > 1
ae
= 5 >
3 S
b 44
< 3
‘4
aq
2
‘1
e +
)
w e, | wem tmomens | n wew
b inito Nuclear Models o nito Nuclear Models

A. Belley, S. Stroberg, J. Holt, ‘23

—— Mean NME

|
Y~

68% confidence interval including eem
68% confidence interval including eew and ,err

68% confidence interval including eew, £xe¢r and eop

68% confidence interval including €ew, &xerr, £op and st

MO8 — 26018

N ]
4 s
o, “a, %, %,
% % % L
F RS & S > & @ o 00 05 10 15
&8 & & & & & L P E
°© AT

A. Belley, J. M. Yao et al, ‘23

e first ab initio calculations in “3Ca, "®Ge, Se, '*Te and *¢Xe
promising step towards controlled calculations with solid estimate of theory systematics

® nuclear matrix elements for BSM mechanisms can be evaluated in the same way

(>~
kg LA-UR-24-27605
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https://inspirehep.net/literature/2683143
https://arxiv.org/abs/2308.15634

Light new physics



Nuclear physics with light new particles

we mostly focused so far on heavy new physics
but there are several scenarios in which BSM particles are light and weakly coupled
axions, dark photons, light dark matter, ...

EFTs can still provide a useful framework, but

a. new degrees of freedom need to be added to the theory

Y
<l

. their masses and couplings are additional free parameters

. we care about production or scattering of the new particle & there are no light mediators

— nuclear physics treatment is the same as for other non-strongly interacting probes
examples: YA — xA A. Fitzpatrick, W. Haxton, E. Katz, N. Lubbers, Y. Xu, 12,
M. Hoferichter, P. Klos, J. Menendez, A. Schwenk, ‘16

. the new particle mediates rare processes, such as Ov35 or uA — eA

— nuclear and hadronic matrix elements will depend on the particle mass
examples: sterile neutrinos, axion-like-particles with LFV couplings

LA-UR-24-27605 7/26/2023 | 43


https://inspirehep.net/literature/1094068
https://inspirehep.net/literature/1465797

Phenomenology



Neutrinoless double beta decay



Bounds on effective operators

DoHyvarinenetal. ‘15 [DEMenéndezetal. ‘17

103

350590 300 270

220200

102

A (TeV)

10!

6 6 6 7 9 9 9
o S O S R R

6
Csm
® Ovpg puts strong limits on dim. 7 operators no way 1o probe at LHC
e dim. 9in the TeV range

pattern can be understood from effective dimension & chiral properties of Ov 35 operator

(<
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Bounds on effective operators

UoMenéndez et al. ‘17

1
10 5.7
2.5
S
e
<
C(9) C(g) C(9) Cég) Cé9)

® Ovpg puts strong limits on dim. 7 operators 10 iy 18 prelie S A
e dim. 9in the TeV range

pattern can be understood from effective dimension & chiral properties of Ov 35 operator
7/26/2023 | 44
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Ov3p in the left-right symmetric models

0.100¢

[mpgg| in eV
o
2
o

0.001¢

1074+

...>
S
Future ton-scale _g
MWR =7 TeV experiments 8
(5
My, = 500 GeV ‘QE)
Vo=V 5
: g . ] O,
0.06 0.08 0.10 0.12 0.14
> myineV

enhancement from
mm operators

G. Li, M. Ramsey-Musolf, J. C. Vasquez, 20

Having the right hadronic and nuclear physics is important for pheno! E.g. LR symmetric model

® W,-Wg mixing contribution enhanced by g7 ™, g5 ™

® possible signal in tonne-scale experiments even with NH

=
kg LA-UR-24-27605
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Electric dipole moments



Constraints on weak gauge-Higgs operators

JoLHCUEEDM + B — Xsv + LEP

00,505

“h

B 8.7 9 3
10! E 'i
— - O o
~
% 100 | =
= -
(. 4
101 i
< B -2 —  LHC36.1fb!
102 %J — LHC 300 fb~!
Hl - LHC 3000 fb~!
10_3 — EDMs + B-X,y + LEP
-4
ng wa CLPV'VB Cw -3 -2 -1 0 1 2 3
2
v C«pW
V. Cirigliano, A. Crivellin, W. Dekens, J. de Vries, M. Hoferichter, EM, ‘19 LHC projections of Bernlochner et al, ‘18

e eEDM dominates single coupling analysis

® hadronic EDMs constrain 2 directions Strong correlations to avoid EDMs
dh, diuge and dra largely degenerate

‘5 .8 heed LEP, B — X5y or LHC to close free directions oo | a6


https://inspirehep.net/literature/1724479
https://inspirehep.net/literature/1688866

Identifying right-handed charged currents

2OOY
150,
[Chud) g

50

0

dp X 1026 ecm

=50

-100
assuming factor of 3 improvement

-150
on theory errors

—2003 =2 -1 0 1 2 3
dn, X 1026 ecm
® u— d RHCC can explain Cabibbo anomaly
e eEDM is very small (two loop and light quark mass suppression)
* 7-N contributions to nuclear and atomic EDMs enhanced
® an observation of d, should lead to large expected deuteron EDM (or Hg and Ra)
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Identifying right-handed charged currents

0.005

[ Chiud ] ud

g'le

assuming factor of 3 improvement
on theory errors

0.000!

3 -2 -1 0 1 2 3
d, x 1026 ecm

u — d RHCC can explain Cabibbo anomaly

® ¢EDM is very small (two loop and light quark mass suppression)

m-N contributions to nuclear and atomic EDMs enhanced

® an observation of d, should lead to large expected deuteron EDM (or Hg and Ra)
but could lead to too large corrections to €’ /¢!

once again, important to reduce errors!

() :
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CKM unitarity



SMEFT interpretations of the Cabibbo anomaly

AAIC

N

0 @ A Cug € Model
*AA
Ciua & Model 2 {Csr, Cu}
0 Rest of the models
0
A
A LH12
e
olo® ’ﬁgfgaf
Qo HRAAA »
° e Qﬂgﬁgéﬁw .
888 Ot_"‘ﬂ § :
. cBRBckHRARRRs
a§a~g‘:w~*§gagag
go & 3N
°0gYRa¥ARORR gu S
° UgoSR35844%,
0 8¢, 82,5, Baalds
o 8 o° 24%%
8 A 8
© A
A
00 10 20 30

Number of Parameters

40

Ury"dr W, couplings win!

V. Cirigliano, W. Dekens, T. Tong et al, ‘23

B decays + EWPO constraints + Drell-Yan crucial for interpretation of CAA

consider 1024 choices of combinations of SMEFT couplings
perform a simultaneous fit to low-energy, Z-pole and collider data

and organize the “models” according to their AIC score

(>~
kg LA-UR-24-27605
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https://inspirehep.net/literature/2716244

Assessing the error on 0" — 0+ decays

® but even more important is to develop EFT for radiative corrections and validate estimates of the
theory error

® “Nuclear Theory for New Physics” topical collaboration,
to address all aspects of the problem, from LQCD, to EFT, to nuclear structure

(<
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Conclusion

2N potential 3N potential 4N potential

LO S /
0(G%) [ ><
NLO X % i

O(GEQ/A)

N’LO % L, .
O(GHQ?/A%)

* EFTs + LQCD + ab initio methods promise to deliver predictions of nuclear processes from QCD
particularly important for the interpretation of “fundamental symmetry” experiments

_® plenty of work to do on all three fronts!
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Nuclear physics with light new particles

my = my 2 my: integrate out X in perturbation theory, match onto LEFT
500 MeV = myx = my: trickiest region, as no perturbative tools available
myx ~ my: treat X as a pion, typically only soft and potential regions matter
myx < m;: soft, potential and ultrasoft contributions to be expected

W w o~

One example: sterile neutrinos and Ov 33
e singlet under SU(2),, can be treated in vYSMEFT
® retaining only dim-4 interactions, and after EWSB

M/:; T 4
=—|—= — h.c.
L [ > vpCrg + \/EVLVH—&— c

® 3+ nmassive neutrinos, interactions parameterized by a (3 + n) x (3 + n) unitary matrix U
® which satisfy
3+n

Zm;U§,:O L=e, u,
i—1



Ov3p with sterile neutrinos

e i i

® naively

3
1
Vo = 3o mUr @50 [ L (1 ot o) 23]
i=1
3+n 1
— 3 U@ O

(1~ @ o) - ZQyN} A
i=1

A 2
g2+ m;

only true if m; ~ m;!



Ov3p with sterile neutrinos

L=<

if m; > few GeVs, integrate out at the quark level

4GF

L— Ue/UL'Y a.u Urvyu d.eCe,

which then hadronizes like a 4-fermion operator

L_JL’)/M dL UL’Yde éLCéL = g{VN,l_)n [)néL Cé[_

and the double beta operator becomes

3+n

a)+_(b)+ {Zmlugl {T (1 — Qo a(b)) —2gyN} Z U§h4gi\m}

In the factorization assumption 4g{ = 1 + 3g3 = large m; limit of the naive expressions
.. but we know factorization can be deeply wrong



Ov3p with sterile neutrinos

e if m; < m,, we can drop it from the neutrino potential
e butif mi ~ Ef — E;, will affect the usoft integrals

d’ 'k 1
(2m)d-1 E, [E, + AEy — €]

A (m) — 871 2 D00 I 10)(171710]) T(BE AR,

® which gives

uso R
A = 25 3 (O] 1T [13) (1717410 ) (F(m, AE:) + Fm, AE))
A n
with
—mm itm> E,
(mE) =32,
Eloggg, ifMKE.

® in both regions, these are larger than what one would get taking the limit of the naive expression



Ov3p with sterile neutrinos

10%

“naive” lifetime

1089} - -

10%

(1*Xe) [v1]

L — EFT approach

Ov
/2

iy

101

1027

my [MeV]

® so the Ov 33 amplitude

3+n
Z m/'Ugi ( ;ot(o) + AZsoft(mI'))

i=1

(7] " = ghGn Vi

* but remember S>%" m; U2 = 0!

usoft is the leading contribution surviving for sterile neutrino!
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