Thomas R. Richardson
Johannes Gutenberg-Universitit Mainz

Few-Body Current in Effective
Fleld The OI’y fOI‘ NGUtI’lIlOlGSS New Physics Searches at the Precision

Frontier

D OUb 1 C B eta D cC ay Institute for Nuclear Theory

May 18, 2023

In collaboration with Matthias Schindler, Roxanne Springer, Saori Pastore

JG ‘ U Cluster of Excellence
P R i S M A+ Precision Physics, Fundamental Interactions
and Structure of Matter




Experimental Searches
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Landscape of Nuclear Matrix Elements

_ NR-EDF A |
7 REDF S
- QRPAJy _ AA .
6 [— e =
==k 1 5 o2 E
2E Bvo oW DL A 5
& diEs . N b T ==
= - SM St-M,Tk @ > b . 1
& I - === P
e S SR A 0 2 9
:— - o 2 A _: T ‘ ‘
cE . - : T1/2 Gou|| Mow maga
EE o - =
0
103 == = e .
g - s ., 1+ Sensitive to nuclear matrix
T L. Xe 2"» | clements—need to be under
> - oy O . = .
= * . S t¥ control theoretically
= = T A A =
3T 102 Ne g
= = =
1028 E | B B s | 5 Engel and Menendez, Rept. Prog. Phys. 80
48 7682 96100 116124130136 150
A



Effective Field Theory From the Top Down
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Pionless Effective Field Theory

> . >
+ Nucleon degrees of freedom | ><
| e
=

+ Valid for p < m,

iy — (iDo | QW%LND2> N — Cy (NTPN)Jr (N"PN) +--

+ Tower of contact terms with desired symmetries, 1.e. Galilean,
gauge, 1sospin, parity, time-reversal etc.

Kaplan, Savage, and Wise, 1998; van Kolck, 1999



Chiral Effective Field Theory

« SU(2)rL x SU(2)g x U(1)v realised nonlinearly

Cermen— e 8 Gy F S =

F? F?
[ — ITI (DMUD“UT) | 7

Tr(XUT+UXT)_|_...
Lrn =N, (iv-D+gaSy-u) N, +O(1/my) + -+

+ Ab initio program: Construct chiral potentials and solve many-
body Schrodinger equation

Weinberg, 1968, 1990, 1991; Gasser and Leutwyler, 1983, 1984;
Gasser et al. 1987; Jenkins and Manohar, 1991



Chiral forces




Electromagnetic Few-body currents
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Spurions

Virtual photons/leptons require new counterterms

L =iqry"0,qr + iqry"0uqr — @M qr — GrMaqy
+ieAy |y ' Qrar + GrY* QrYR] : fwj&i} >

Qr — RQrR!

M+— RML j QL%LQRLT

Pion mass splitting

il 4 Gl i (s0/4/ 55

Urech, 1995; Knecht and Urech, 1998;
Neufeld and Rupertsberger, 1995, 1996;
2 Ecker et al., 1989; Knecht et al. 2000; MeiBner et al. , 1997, 1998, 1999



Few-body currents for Ovff
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Light Majorana Exchange
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Renormalization at LO
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Relation to Charge Independence Breaking

M
+ CIB 1sotensor Lagrangian S i

2 5 =
L8 =5 {((31 e [(NTQ+N)2 Z %Tr (@3) (NTTO’N)ZI

gz o : 5 ,
sk T = = 2 ta Epelbaum and MeiBner 1999,
(€x - Co) [(N Q_N) 6Tr (Q_) (N ‘ N) ]} Walzl et al. 2001

+ Chiral symmetry dictates o
9u = Cl

+ Approximate NENE
gu g (Cl _|_ C2) Cirigliano et al. 2018a, 2018b, 2019,
2021



Impact on Nuclear Matrix Elements
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Low Energy Coetlicients

+ LEC t be obtained from: Dy
S INuUS Cc O0laInNc rom £eff e Z <K> CO On
fit to data s

lacking for many low-energy processes

Matching calculations

lattice QCD

= Theoretical constraints from large-N. QCD

16



Large-N¢. QCD

+ One-loop beta function

dg g |
Hap =  (@an)2 |3
+ Rescale coupling constant

9
e
2.

< U dg L 2N g
e %‘_<3 SN) (4m)?
+ QCD becomes expansion of planar diagrams
» Planar gluons < O(N2)

» Single quark along edge with planar gluons < O(V,)

"t Hooft NPB 72
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Double Line Feynman Diagrams
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Large-N Constraints in Nuclear EFTs

< Undetermined coetficients must be determined for the EFT to
be predictive

+ Chiral EFT and pionless EFT possess symmetries of QCD

» Map scalings to operators with same spin-flavor structure

+ (Caveats:

+ A degenerate with nucleon
My

+ chiral limit vs. large-N limit
maA — TN

+ FKlerz transformations can obscure large-N. scaling

19
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Stable, fixed mass

Infinite number of meson states

Weakly interacting

3-meson vertex = / \/ﬁc

4-meson vertex

Exotics suppressed?

Mesons

Witten NPB 160

Fo ~ v/ Ng

/N
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Weinberg PRL 110, Knecht and Peris PRD 88



+ Baryon must be made of N¢ quarks

Large-N¢ Baryons

« Baryon mass mp ~ O(NV)

100000

+ Meson-baryon amplitude O(Ng )

Figure: Baryon-baryon scattering
Manohar, 1998

« Two-baryon interaction O(N,.)

Witten NPB 160
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Consistency Conditions

+ Axial current matrix elements

(Bl g B - 6N (B|X" B
+ Baryon-meson scattering amplitude should be O(1)

DS
)~
~

. > 2 s
~2
% N2 [, X7 = [X'*, X7] S O(U/N?)

+ Baryons transform under contracted SU(2NFp)

Gervais and Sakita PRL 52, PRD 30; Dashen and Manohar PLB 315
270



Spin-Flavor Symmetry

+ Large-N¢ baryons transform under SU(4)

Si:qT%zq IC”:qT%q Gi"’qu%q
n O s B'|1|1B) ~ O(N
(B'| = |B) ~ N (B'|1|B) ~ O(N,)

N

+ Expand QCD operators in basis of SU(4) generators

q 2 Jo t (yia n—s—t
O(m) — C L i b
n,s,t
Dashen PRD 49, 51; Carone PLB 322;

Luty and March-Russell NPB 426
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Example: Mass Operator

+ Mass operator 1s a spin-1sospin singlet

J2
N
mn =1V | :
N =1V 4N6m2
19
ma =N.mg 4Ncm2

» Mass splitting is O(10%)

24



Large-N Forces and A

p+q1r (4 Jp'q D'+ A AD-(
Fim e = A
N
Pk A A Pk pkeqn < Ak
\

+ Explicit A leads to correct scaling

Banerjee, Cohen, Gelman PRC 65
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< LNV contact term

Large-N Lagrangian

(Mo r NI (Nig"7tN) = -3 (N7t N} (NIt N

+ CIB contact terms

Lot — 0 [(NTUi@+N>2 = %TI‘ (@i) (NTUiTaN)Z]
L’ﬁLO N — {(NTJiQ_N)Q — %Tr (Q%) (NTO'iTaN)2:|

Cs ~ O(N,) Ce ~ O(1)
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Large-N¢ Consistency

+ CIB LECs same size and sign

¢ — ¢ == a0 @i
Co = —3C3+3Cs = —3C3[1+ O(1/N,)

+ LNV and CIB scale the same way

g ~ON,) C1 + C2 ~ O(N,)

1
s s
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Comparison to Cottingham

Cirigliano et al., PRL 126, JHEP 05

+ Central Cottingham values fall within large-N¢ estimate

~ C

Cy (= my) = 1.3(6) == 20 81
e &

C~1 =5 52 (,u o mﬂ) - 2.9(1.2) C~1 = 52 =

28



+ Large-N¢ with experiment

Comparison to CIB Scattering

Cirigliano et al., PRL 126, JHEP 05

E ity a5 C1 Gl ~95
< With room for 30% corrections
TF o 7o rRaC, 34
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Impact on the hali-life: vDoBe

ti [yr]

100 102

Mmin [eV]

Scholer, de Vries, Graf arXiv:2304.05415 [hep-ph]
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Higher dimension operators

Dim 5 n p n p
“ Large-N can be used to L I: ><
v v n Y n p

estimate sizes of other matrix sa) s
elements o
d u n p n p
X = 2K
e n P n p
7a) 7h)
* Higher dimensional operators  oms
u n . p N : p n P
come with suppressions X - k- /
d ’ n ; p N : P n p
9a) 9h) 9c)

31 Cirigliano et al. JHEP 12



Renormalization Past LO?
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Light Majorana Exchange: NLO

+ Are there “exceptional points™ for this correction?

33



Summary

+ Few-body currents have a significant impact in nuclear matrix

elements

» Short range part must be determined from lattice, data, or
something else. ..

+ Large-N QCD indicates patterns/trends based on symmetry

= Estimate size of contact for Ovff and CIB
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