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Where is the anti-matter?
❖ Big bang cosmology determines the baryon asymmetry 

❖ Why??? 

❖ Three deal-breakers (Sakharov): 

1. Baryon number violation 

2. Out-of-equilibrium interactions 

3.  and C CP
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CP Violation in the quark sector
❖ Many options—quark EDM,  term, chromo-EDM, higher-dim operators… 

❖ Chromo-EDM is related to chromo-MDM by chiral symmetry

θ
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 Pion-Nucleon Couplings from cMDMCP
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Need to fix LECs: Lattice, sum rules, hadron structure, large-Nc

4 de Vries et al. PRC 92, PLB 766



Consistency Conditions
❖ Axial current matrix elements 

❖ Baryon-meson scattering amplitude should be  

❖ Baryons transform under contracted 

O(N0
c )
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hB0| q̄�i�5⌧aq |Bi = ĝANc hB0|Xia |Bi

Gervais and Sakita PRL 52, PRD 30; Dashen and Manohar PLB 3155



Spin-Flavor Symmetry
❖ Infinite tower of degenerate baryons transforming under SU  

❖ Expand QCD operators and take baryon matrix elements 

❖ Map scalings onto EFT operators: electroweak currents, neutrinoless double beta decay, dark 
matter direct detection

(2Nf)

Si = q†
�i

2
q
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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

f

 ̄f

�
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�
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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
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|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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Twist-3 Chiral Odd PDF and the cMDM
❖ Nucleon matrix element of cMDM parameterized by 2 

form factors 

❖ Third (Mellin) moment of twist-3 distribution
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Spin-flavor constraints for CMDM
❖ Both isoscalar form factors are ! 

❖ Relative scaling of isoscalar and isovector PDFs in agreement with model 
calculations

O(Nc)
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Extraction from CLAS12 and Models
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Strong CP from Spin-Flavor Symmetry
❖  arises from instantons in QCD vacuum and induces neutron EDM 

                   

           … but it’s tiny 

❖ Intimate connection to  anomaly 

❖ Rich history of neutron EDM estimates 

               with large-  

               but no spin-flavor symmetry!

θ̄

U(1)A

→ Nc

⟹
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Chiral Perturbation Theory at Large-N*c
❖ Axial anomaly is suppressed additional Goldstone mode→

*Nc = 3 ≫ 1
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Chiral Perturbation Theory at Large-N*c
❖ Larger spin-flavor symmetry in baryon sector 

❖  baryon-pion couplings are proportional to SU(4) generatorsCP

*Nc = 3 ≫ 1
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Electric Dipole Moments
❖ Diagonal nucleon and  EDMs given by “universal” formula to one-loop 

❖ Conventional wisdom: tree  one-loop 

❖ Large-  wisdom: loops are  suppressed 

❖ Isospin relations can be tested on the lattice
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Electric Dipole Moments
❖  transition moments are easier to handle in this framework 

❖ Identical to diagonal moments when  

❖ More isospin relations

Δ → N

Δ = MΔ − MN → 0
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Summary
❖ The large-  limit leads to a spin-flavor symmetry that can constrain baryon matrix 

elements 

❖ Combined effort with hadron structure can provide new constraints for cMDM/cEDM 

❖ New relations between  and  EDMs from —could be tested on lattice 

❖ Next: role of  in  nuclear forces, higher-dimensional sources of CP violation

Nc

N Δ θ̄

Δ CP

15


