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Experimental Searches
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KamLAND-Zen PRL 130



Landscape of Nuclear Matrix Elements

❖ Sensitive to nuclear matrix 
elements—need to be under 
control theoretically
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Electroweak symmetry 
breaking

Match to ChiPT  
(LECs in Table 1)

Construct             
operators (Eq. 24)

NMEs (Table 2)

Phase space integrals  
(Table 4)
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Effective Field Theory From the Top Down

Cirigliano et al., JHEP 12



Pionless Effective Field Theory
❖ Nucleon degrees of freedom 

❖ Valid for  

❖ Tower of contact terms with desired symmetries, i.e. Galilean, 
gauge, isospin, parity, time-reversal etc.
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Kaplan, Savage, and Wise, 1998; van Kolck, 1999



Chiral Effective Field Theory
❖                                            realised nonlinearly 

❖ Ab initio program: Construct chiral potentials and solve many-
body Schrödinger equation 
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Weinberg, 1968, 1990, 1991; Gasser and Leutwyler, 1983, 1984;  

Gasser et al. 1987; Jenkins and Manohar, 1991
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Chiral forces 
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Electromagnetic Few-body currents
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Bacca et al. PRL 126

Pastore et al. PRC 90

2-body currents required to 
satisfy current conservation



Spurions
❖ Virtual photons/leptons require new counterterms 

❖ Pion mass splitting
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Few-body currents for 0νββ
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Light Majorana Exchange
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Cutoff Dependence
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Renormalization at LO
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Relation to Charge Independence Breaking

❖ CIB isotensor Lagrangian 

❖ Chiral symmetry dictates 

❖ Approximate 
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Epelbaum and Meißner 1999,  
Walzl et al. 2001

Cirigliano et al. 2018a, 2018b, 2019, 
2021
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Impact on Nuclear Matrix Elements
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Cirigliano et al. PRC 100
Wirth et al. PRL 127



Low Energy Coefficients
❖ LECs must be obtained from: 

• fit to data 

- lacking for many low-energy processes 

• Matching calculations 

- lattice QCD 

❖ Theoretical constraints from large-Nc QCD

16
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Large-Nc QCD
❖ One-loop beta function 

❖ Rescale coupling constant  

❖ QCD becomes expansion of planar diagrams 

‣Planar gluons   

‣Single quark along edge with planar gluons  
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Double Line Feynman Diagrams

18

18 A.V. Manohar

Fig. 10. A Feynman graph, and one of its partner double line graphs, representing a
particular color index contraction. This is an example of a planar diagram.

→ −

Fig. 11. The complete three-gluon vertex in double line notation.

representation is a real representation, and the lines do not have arrows.
In this case, it is possible to construct non-orientable surfaces such as Klein
bottles.

To compute the N -dependence requires counting powers of N from sums
over closed color index loops, as well as factors of 1/

√
N from the explicit N

dependence in the coupling constants. It is convenient to use a rescaled La-
grangian to simplify the derivation of the N -counting rules. Define rescaled
gauge fields gA/

√
N → Â so that the covariant derivative is Dµ = ∂µ+iÂµ,

and rescaled fermion fields ψ →
√

N ψ̂ so that the Lagrangian becomes

L = N

[

−
1

2g2
Tr F̂µν F̂µν +

NF
∑

k=1

ψ̂k (i /D − mk) ψ̂k

]

. (3.7)

The Lagrangian has an overall N , but the theory does not reduce to a
classical theory of quarks and gluons in the N → ∞ limit, because the
number of components of ψ̂ and Âµ grows with N .

One can read off the powers of N in any Feynman graph from eq. (3.7).
Every vertex has a factor of N , and every propagator has a factor of 1/N .
In addition, every color index loop gives a factor of N , since it represents
a sum over N colors. In the double line notation where Feynman graphs
correspond to polygons glued to form surfaces, each color index loop is the

⇠ Nc
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Large-N Constraints in Nuclear EFTs

❖ Undetermined coefficients 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: 

❖       degenerate with nucleon 

❖ chiral limit vs. large-N limit 

❖ Fierz transformations can obscure large-Nc scaling
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Mesons
❖ Stable, fixed mass 

❖ Infinite number of meson states 

❖ Weakly interacting 

- 3-meson vertex   

- 4-meson vertex 

❖ Exotics suppressed? 
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Large-Nc Baryons
❖ Baryon must be made of Nc quarks  

❖ Baryon mass  

❖ Meson-baryon amplitude  

❖ Two-baryon interaction 

O(N0
c )

Large N QCD 51

Fig. 36. Baryon-baryon scattering.

N . Baryon-baryon scattering can be described by classical trajectories in
the large N limit, since the particle masses are order N , and the scattering
amplitude is also of order N .

The processes considered so far all have an N dependence that is some
power of N . There are also processes that are exponentially small in N ,
such as the cross-section for e+e− → BB. The amplitude to create a quark
pair from the vacuum is some number a < 1. The baryon has N quarks,
so the amplitude to create a BB pair is of order aN , and is exponentially
suppressed in N .

An important observation due to Witten is that all the N -counting rules
mentioned above are the same as in a field theory with coupling constant
1/

√
N , where the mesons are fundamental fields and the baryon is a soliton.

5.2. The Non-Relativistic Quark Model

The non-relativistic quark model treats the baryon as made of three non-
relativistic quarks bound by a potential. The precise details of the potential
will not be important for these lectures. All we need assume is that the
ground state baryon is described by all three quarks in the same spatial
wavefunction φ(x). The wavefunction must then be completely symmetric
in spin and flavor. In the case of three flavors, there are six possible quark
states u ↑, u ↓, d ↑, d ↓, s ↑, s ↓. The potential is assumed to be spin and
flavor independent, so the non-relativistic quark model has an SU(6) spin-
flavor symmetry under which these six states transform as the fundamental
representation. The ground state baryons transform as the completely
symmetric product of three 6’s of SU(6), which is the 56 dimensional
representation.

Figure: Baryon-baryon scattering 
Manohar, 1998 
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Consistency Conditions
❖ Axial current matrix elements 

❖ Baryon-meson scattering amplitude should be  

❖ Baryons transform under contracted 
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Gervais and Sakita PRL 52, PRD 30; Dashen and Manohar PLB 315



Spin-Flavor Symmetry
❖ Large-Nc baryons transform under SU(4)  

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

23
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are suppressed [16]. In order to achieve this, one may start from the QCD Lagrangian for Nf flavors of
quarks,

L =

NfX
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4
F a
µ⌫F

µ⌫
a , (1)

where D
µ is the QCD gauge covariant derivative, and make the replacement

g !
g

p
Nc

. (2)

As a consequence, each interaction vertex comes with a factor of N�1/2
c , and traces over color indices which

are necessary for the theory to be color neutral produce factors of Nc. These observations may be related
to the topology of a given Feynman diagram, from which it may be inferred that the leading order vacuum-
to-vacuum diagrams in QCD start at N2

c and contain only planar gluons, and every quark loop produces a
N�1

c suppression [5].
In a theory with Nc colors of quarks, it is clear that a baryon must be composed of Nc quarks that are

antisymmetric in color indices. From this observation, Witten showed that the mass of a Large-Nc baryon
grows as Nc while the shape of the baryon is independent of Nc [18]. In addition, because of the scaling of
the coupling constant g and some combinatorics from choosing quarks in a baryon, it can be seen that the
baryon-baryon scattering amplitude is O(Nc).

Perhaps the most relevant result from the study of Large-Nc QCD is that the baryon sector possesses an
exact SU(4) contracted symmetry as Nc ! 1 [6]. For finite Nc, corrections for certain baryon properties
may be calculated through the study of the baryon spin-flavor structure [7]. Sometimes, these corrections
actually come in an expansion in N�2

c , which certainly has a smaller error than an expansion in N�1
c . The

key result from the study of baryon spin-flavor structure is the scaling of baryon matrix elements [9, 10],

hB0
|
O
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Nn
c

|Bi ⇠ N�|I�S|
c .

From this relation, the scalings for the quark-model operators

Ŝi = q†
�i

2
q, Îa = q†

⌧a

2
q, Ĝia = q†

�i⌧a

4
q (3)

may be deduced, and we find that

hB0
| Ŝi

|Bi , hB0
| Îa |Bi ⇠ O(N0

c )

hB0
| Ĝia

|Bi ⇠ O(Nc). (4)

Additionally, the identity operator scales as O(Nc) since we may insert it on any of the Nc quark lines inside
the baryon. However, the matrix elements do not necessarily begin at these orders, rather these are upper
bounds on the matrix elements since there could be various cancellations in a calculation.

2.2 Pionless E↵ective Field Theory

For more extensive reviews of EFT⇢⇡ , see [2, 3, 4, 8, 14]. Low energy physics is insensitive to high energy
physics, so for nucleons at momenta much smaller than the pion mass the physics should not depend highly
upon meson exchange. Therefore, it is possible to construct an e↵ective theory consisting only of nucleons
organized in powers of

Q ⇠
p

m⇡
, (5)

where p is the external momentum and m⇡ is the pion mass. The most general set of operators may
be constructed such that they are hermitian and possess the desired symmetry properties under Galilean
transformations, gauge transformations, isospin rotations, etc. For example, at lowest order in the e↵ective
theory, there are four operators for two-nucleon interactions.
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<latexit sha1_base64="/6uqtqshCAWzpx2ZZ+G/wBPRusY=">AAACHXicbZDLSgMxFIYzXmu9VV26CRaxbsqMFHRZ6saVVrAX6JThTJq2oUlmSDJCGfsibnwVNy4UceFGfBvTy0Jbfwh8/Occcs4fxpxp47rfztLyyuraemYju7m1vbOb29uv6yhRhNZIxCPVDEFTziStGWY4bcaKggg5bYSDy3G9cU+VZpG8M8OYtgX0JOsyAsZaQa7kc5A9TnHlBD9gvw8GexYq2FdT39dMYF+A6RPg+KZwHZDTIJd3i+5EeBG8GeTRTNUg9+l3IpIIKg3hoHXLc2PTTkEZRjgdZf1E0xjIAHq0ZVGCoLqdTq4b4WPrdHA3UvZJgyfu74kUhNZDEdrO8Zp6vjY2/6u1EtO9aKdMxomhkkw/6iYcmwiPo8IdpigxfGgBiGJ2V0z6oIAYG2jWhuDNn7wI9bOi5xa921K+XJnFkUGH6AgVkIfOURldoSqqIYIe0TN6RW/Ok/PivDsf09YlZzZzgP7I+foBTH6fjw==</latexit><latexit sha1_base64="/6uqtqshCAWzpx2ZZ+G/wBPRusY=">AAACHXicbZDLSgMxFIYzXmu9VV26CRaxbsqMFHRZ6saVVrAX6JThTJq2oUlmSDJCGfsibnwVNy4UceFGfBvTy0Jbfwh8/Occcs4fxpxp47rfztLyyuraemYju7m1vbOb29uv6yhRhNZIxCPVDEFTziStGWY4bcaKggg5bYSDy3G9cU+VZpG8M8OYtgX0JOsyAsZaQa7kc5A9TnHlBD9gvw8GexYq2FdT39dMYF+A6RPg+KZwHZDTIJd3i+5EeBG8GeTRTNUg9+l3IpIIKg3hoHXLc2PTTkEZRjgdZf1E0xjIAHq0ZVGCoLqdTq4b4WPrdHA3UvZJgyfu74kUhNZDEdrO8Zp6vjY2/6u1EtO9aKdMxomhkkw/6iYcmwiPo8IdpigxfGgBiGJ2V0z6oIAYG2jWhuDNn7wI9bOi5xa921K+XJnFkUGH6AgVkIfOURldoSqqIYIe0TN6RW/Ok/PivDsf09YlZzZzgP7I+foBTH6fjw==</latexit><latexit sha1_base64="/6uqtqshCAWzpx2ZZ+G/wBPRusY=">AAACHXicbZDLSgMxFIYzXmu9VV26CRaxbsqMFHRZ6saVVrAX6JThTJq2oUlmSDJCGfsibnwVNy4UceFGfBvTy0Jbfwh8/Occcs4fxpxp47rfztLyyuraemYju7m1vbOb29uv6yhRhNZIxCPVDEFTziStGWY4bcaKggg5bYSDy3G9cU+VZpG8M8OYtgX0JOsyAsZaQa7kc5A9TnHlBD9gvw8GexYq2FdT39dMYF+A6RPg+KZwHZDTIJd3i+5EeBG8GeTRTNUg9+l3IpIIKg3hoHXLc2PTTkEZRjgdZf1E0xjIAHq0ZVGCoLqdTq4b4WPrdHA3UvZJgyfu74kUhNZDEdrO8Zp6vjY2/6u1EtO9aKdMxomhkkw/6iYcmwiPo8IdpigxfGgBiGJ2V0z6oIAYG2jWhuDNn7wI9bOi5xa921K+XJnFkUGH6AgVkIfOURldoSqqIYIe0TN6RW/Ok/PivDsf09YlZzZzgP7I+foBTH6fjw==</latexit><latexit sha1_base64="/6uqtqshCAWzpx2ZZ+G/wBPRusY=">AAACHXicbZDLSgMxFIYzXmu9VV26CRaxbsqMFHRZ6saVVrAX6JThTJq2oUlmSDJCGfsibnwVNy4UceFGfBvTy0Jbfwh8/Occcs4fxpxp47rfztLyyuraemYju7m1vbOb29uv6yhRhNZIxCPVDEFTziStGWY4bcaKggg5bYSDy3G9cU+VZpG8M8OYtgX0JOsyAsZaQa7kc5A9TnHlBD9gvw8GexYq2FdT39dMYF+A6RPg+KZwHZDTIJd3i+5EeBG8GeTRTNUg9+l3IpIIKg3hoHXLc2PTTkEZRjgdZf1E0xjIAHq0ZVGCoLqdTq4b4WPrdHA3UvZJgyfu74kUhNZDEdrO8Zp6vjY2/6u1EtO9aKdMxomhkkw/6iYcmwiPo8IdpigxfGgBiGJ2V0z6oIAYG2jWhuDNn7wI9bOi5xa921K+XJnFkUGH6AgVkIfOURldoSqqIYIe0TN6RW/Ok/PivDsf09YlZzZzgP7I+foBTH6fjw==</latexit>

Dashen PRD 49, 51; Carone PLB 322;  
Luty and March-Russell NPB 426

O
(m)
QCD = Nm

c

X

n,s,t

cn

✓
Si

Nc

◆s ✓
Ia

Nc

◆t ✓Gia

Nc

◆n�s�t



Example: Mass Operator
❖ Mass operator is a spin-isospin singlet 

❖ Mass splitting is O(10%)
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<latexit sha1_base64="qImYhoOTEgOMPGCqNLWgE+B/dks=">AAACC3icbVDLSgMxFM3UV62vUZduQosgCGWmFHUjFN2IoFSwrdCOQybNtKFJZkgyQhlm78ZfceNCEbf+gDv/xvSx0NYD93I4516Se4KYUaUd59vKLSwuLa/kVwtr6xubW/b2TlNFicSkgSMWybsAKcKoIA1NNSN3sSSIB4y0gsH5yG89EKloJG71MCYeRz1BQ4qRNpJvF6/gKbz2MeS+Aw9Nr8BOKBFOL+8rWWqMDPp2ySk7Y8B54k5JCUxR9+2vTjfCCSdCY4aUartOrL0USU0xI1mhkygSIzxAPdI2VCBOlJeOb8ngvlG6MIykKaHhWP29kSKu1JAHZpIj3Vez3kj8z2snOjzxUiriRBOBJw+FCYM6gqNgYJdKgjUbGoKwpOavEPeRiUKb+AomBHf25HnSrJTdo3L1plqqnU3jyIM9UAQHwAXHoAYuQB00AAaP4Bm8gjfryXqx3q2PyWjOmu7sgj+wPn8A5DSYeQ==</latexit>

M = Ncm0 +m2
J2

Nc
<latexit sha1_base64="ha4y2gq3543xJ5E76HtH+XQi03A="></latexit>

mN =Ncm0 +
3

4Nc
m2

m� =Ncm0 +
15

4Nc
m2



Large-N Forces and Δ

❖ Explicit  leads to correct scalingΔ
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Banerjee, Cohen, Gelman PRC 65



Large-N Lagrangian
❖ LNV contact term 

❖ CIB contact terms
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g
NN
⌫ ⇠ O(Nc)

C̄3 ⇠ O(Nc) C̄6 ⇠ O(1)



Large-Nc Consistency
❖ CIB LECs same size and sign 

❖ LNV and CIB scale the same way
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C1 = �3C̄3 � 3C̄6 = �3C̄3 [1 +O(1/Nc)]

C2 = �3C̄3 + 3C̄6 = �3C̄3 [1 +O(1/Nc)]

C1 + C2 ⇠ O(Nc)g
NN
⌫ ⇠ O(Nc)

gNN
⌫ =

1

2
(C1 + C2))



Comparison to Cottingham
❖ Central Cottingham values fall within large-Nc estimate

28

<latexit sha1_base64="RipyzzUbZ7H5LNkhOV5HUHcoqng="></latexit>

C̃1 + C̃2 (µ = m⇡) = 2.9(1.2)

<latexit sha1_base64="qZMw69p9lMefXm4jV+xs1Bu/zuQ=">AAACIXicbVBNSwMxFMz6WetX1aOXYBHaS9lVqb0IxV48KlgVumXJpm/bYLK7JG+FsvSvePGvePGgSG/inzGtPah1IDCZeY9kJkylMOi6H87C4tLyymphrbi+sbm1XdrZvTFJpjm0eSITfRcyA1LE0EaBEu5SDUyFEm7D+9bEv30AbUQSX+Mwha5i/VhEgjO0UlBq+ChkD3JfMRxwJmlrFHjUlxBhhfoqo2dUBX4qqK9Ff4BVe/dqx5V6NSiV3Zo7BZ0n3oyUyQyXQWns9xKeKYiRS2ZMx3NT7OZMo+ASRkU/M5Ayfs/60LE0ZgpMN58mHNFDq/RolGh7YqRT9edGzpQxQxXayUkQ89ebiP95nQyjRjcXcZohxPz7oSiTFBM6qYv2hAaOcmgJ41rYv1I+YJpxtKUWbQne38jz5Oao5tVr3tVJuXk+q6NA9skBqRCPnJImuSCXpE04eSTP5JW8OU/Oi/PujL9HF5zZzh75BefzCzHooPQ=</latexit>

C̃1 (µ = m⇡) = 1.3(6)

<latexit sha1_base64="bsg0PLatYmgO5clo3LZIx3kJ5mk=">AAACJ3icbVDLSsNAFJ3UV62vqEs3g0VwFZIi2pUUu3FZwT6gCWEymbRDJw9mJmIJ+Rs3/oobQUV06Z84abPQtgcuHM65l3vv8RJGhTTNb62ytr6xuVXdru3s7u0f6IdHPRGnHJMujlnMBx4ShNGIdCWVjAwSTlDoMdL3Ju3C7z8QLmgc3ctpQpwQjSIaUIykklz92g44wpktKfNJZodIjjFisJ27Vr5KbeTQRknC40doGk3L1eumYc4Al4lVkjoo0XH1N9uPcRqSSGKGhBhaZiKdDHFJMSN5zU4FSRCeoBEZKhqhkAgnm/2ZwzOl+DCIuapIwpn6dyJDoRDT0FOdxcli0SvEVd4wlUHTyWiUpJJEeL4oSBmUMSxCgz7lBEs2VQRhTtWtEI+RCk6qaGsqBGvx5WXSaxjWpWHdXdRbN2UcVXACTsE5sMAVaIFb0AFdgMETeAHv4EN71l61T+1r3lrRyplj8A/azy9Qq6Yh</latexit>

C̃1
C̃2

⇡ 0.81
<latexit sha1_base64="n7b22BJmynRsvnOwbK7HbGybAqQ=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cq9gPaUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8HoZuq3Hrk2QsUPOE64H9FBLELBKFqp070XgyFSrdVTr1xxq+4MZJl4OalAjnqv/NXtK5ZGPEYmqTEdz03Qz6hGwSSflLqp4QllIzrgHUtjGnHjZ7OTJ+TEKn0SKm0rRjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvmZiJMUeczmi8JUElRk+j/pC80ZyrEllGlhbyVsSDVlaFMq2RC8xZeXSfOs6l1UvbvzSu06j6MIR3AMp+DBJdTgFurQAAYKnuEV3hx0Xpx352PeWnDymUP4A+fzB5MTkXM=</latexit>)

<latexit sha1_base64="Xd/wiU4cG+k1EqvH9OzWtgwtD0g=">AAACVHicbVHNS8MwHE07p3PqrHr0EhyCIJZ2iHoc7uJxgvuAtZQ0Tbew9IMkFUfpH6kHwb/EiwfTbQfd+iDweO/9yC8vfsqokJb1pem1nfruXmO/eXB41Do2Tk6HIsk4JgOcsISPfSQIozEZSCoZGaecoMhnZOTPe6U/eiVc0CR+kYuUuBGaxjSkGEklecbcCTnCuSMpC0juREjOMGKwV3g2vIEVcqeoDl9Xh6GD0pQnb9Aybc9oW6a1BNwm9pq0wRp9z/hwggRnEYklZkiIiW2l0s0RlxQzUjSdTJAU4TmakomiMYqIcPNlKQW8VEoAw4SrE0u4VP9O5CgSYhH5KlluLDa9UqzyJpkMH9ycxmkmSYxXF4UZgzKBZcMwoJxgyRaKIMyp2hXiGVItS/UPTVWCvfnkbTLsmPadaT/ftruP6zoa4BxcgCtgg3vQBU+gDwYAg3fwrQFN0z61H72m11dRXVvPnIF/0Fu/kUWypw==</latexit>

C̃1 � C̃2
C̃1 + C̃2

⇡ 0.1

Cirigliano et al., PRL 126, JHEP 05



Comparison to CIB Scattering
❖ Large-Nc with experiment 

❖ With room for 30% corrections
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<latexit sha1_base64="YnnAp8DjRd55YSbMdZRgWMkC1vE="></latexit>

C̃1 + C̃2 (µ = m⇡) = 5.1

<latexit sha1_base64="ONk2BavFUIgaEIutOwPbKlpT51I=">AAACF3icbVDLSgNBEJyNrxhfUY9eBoPgadlRMR6DuXiMYB6QDWF2tjcZMvtgZlYIS/7Ci7/ixYMiXvXm3zibBNTEgoaiqpvuLi8RXGnH+bIKK6tr6xvFzdLW9s7uXnn/oKXiVDJosljEsuNRBYJH0NRcC+gkEmjoCWh7o3rut+9BKh5Hd3qcQC+kg4gHnFFtpH7ZJnYVuwKUUjzErubCh8wNqR4yKnB90ic/7rl93i9XHNuZAi8TMicVNEejX/50/ZilIUSaCapUlziJ7mVUas4ETEpuqiChbEQH0DU0oiGoXjb9a4JPjOLjIJamIo2n6u+JjIZKjUPPdOYXq0UvF//zuqkOrnoZj5JUQ8Rmi4JUYB3jPCTscwlMi7EhlElubsVsSCVl2kRZMiGQxZeXSevMJpc2ub2o1K7ncRTRETpGp4igKqqhG9RATcTQA3pCL+jVerSerTfrfdZasOYzh+gPrI9vx1qebg==</latexit>

1.7 . C̃1 . 3.3

<latexit sha1_base64="C6vLvAMGVsbwG6Abub9PT6YxrnM="></latexit>

C̃1
���
Large-Nc

⇡ 2.5

<latexit sha1_base64="Ck2lDXq67+0dAnQFxd6Ja0MenVs=">AAACF3icbVDLSsNAFJ3UV62vqks3g0VwFZJatMtiNy4r2Ac0JUwmt+3QmSTMTIQS+hdu/BU3LhRxqzv/xukD1NYDFw7n3Mu99wQJZ0o7zpeVW1vf2NzKbxd2dvf2D4qHRy0Vp5JCk8Y8lp2AKOAsgqZmmkMnkUBEwKEdjOpTv30PUrE4utPjBHqCDCLWZ5RoI/lF27Wr2OOglGICe5rxEDJPED2khOP6xC//uBd2xS+WHNuZAa8Sd0FKaIGGX/z0wpimAiJNOVGq6zqJ7mVEakY5TApeqiAhdEQG0DU0IgJUL5v9NcFnRglxP5amIo1n6u+JjAilxiIwndOL1bI3Ff/zuqnuV3sZi5JUQ0Tni/opxzrG05BwyCRQzceGECqZuRXTIZGEahNlwYTgLr+8Slpl27203dtKqXa9iCOPTtApOkcuukI1dIMaqIkoekBP6AW9Wo/Ws/Vmvc9bc9Zi5hj9gfXxDcwennE=</latexit>

1.8 . C̃2 . 3.4

Cirigliano et al., PRL 126, JHEP 05



Impact on the half-life: DoBeν

30
Scholer, de Vries, Graf arXiv:2304.05415 [hep-ph]



Higher dimension operators
❖ Large-N can be used to 

estimate sizes of other matrix 
elements

❖ Higher dimensional operators 
come with suppressions
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Renormalization Past LO?
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<latexit sha1_base64="Q7jfyWELZF/ALRJ3kmBi5U3MxyM=">AAACCHicbVDJSgNBEO2JW4zbqEcPNoaApzCjQb0IQS9ehAjZIAmhp1NJmvQsdNeIYcjRi7/ixYMiXv0Eb/6NneWgiQ8KHu9VUVXPi6TQ6DjfVmppeWV1Lb2e2djc2t6xd/eqOowVhwoPZajqHtMgRQAVFCihHilgvieh5g2ux37tHpQWYVDGYQQtn/UC0RWcoZHa9mG53UR4wEQyb0QvqXvq0CadSrdQHbXtrJN3JqCLxJ2RLJmh1La/mp2Qxz4EyCXTuuE6EbYSplBwCaNMM9YQMT5gPWgYGjAfdCuZPDKiOaN0aDdUpgKkE/X3RMJ8rYe+uTTnM+zreW8s/uc1YuxetBIRRDFCwKeLurGkGNJxKrQjFHCUQ0MYV8LcSnmfKcbRZJcxIbjzLy+S6knePcsX7grZ4tUsjjQ5IEfkmLjknBTJDSmRCuHkkTyTV/JmPVkv1rv1MW1NWbOZffIH1ucP/6OYsw==</latexit>

Tlab = 130 MeV

Epelbaum and Gasparyan PRC 107

<latexit sha1_base64="UB8vz040RHVletzCPAoacTDZa6k=">AAACIHicbZBNSwMxEIazftb1q+rRS7AIHqTs1mr1IBS9eFBQsLXQLSWbTmsw+0EyK5alP8WLf8WLB0X0pr/GtBbU1hcCD+/MMJnXj6XQ6Dgf1sTk1PTMbGbOnl9YXFrOrqxWdZQoDhUeyUjVfKZBihAqKFBCLVbAAl/ClX9z3K9f3YLSIgovsRtDI2CdULQFZ2isZrbknZrmFqOH1C3sOs429QwUigf5vYMfLu0Y9BDuMD2Das+2aTObc/LOQHQc3CHkyFDnzey714p4EkCIXDKt664TYyNlCgWX0LO9REPM+A3rQN1gyALQjXRwYI9uGqdF25EyL0Q6cH9PpCzQuhv4pjNgeK1Ha33zv1o9wfZ+IxVhnCCE/HtRO5EUI9pPi7aEAo6ya4BxJcxfKb9minE0mdomBHf05HGoFvLuXr54UcyVj4ZxZMg62SBbxCUlUiYn5JxUCCf35JE8kxfrwXqyXq2379YJazizRv7I+vwC3SWcpg==</latexit>

⇤ = 12500, 12249.69, 12249.73 MeV



Light Majorana Exchange: NLO

❖ Are there “exceptional points” for this correction?
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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  and CIB0νββ
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