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Puzzles  
Existing observed and measured effects defy the SM  

New theoretical underpinnings unclear 

The cosmic baryon asymmetry 

Dark matter  

The neutrinos’ masses  

η = nbaryon/nphoton = (6.12 ± 0.04) × 10−10

[Planck, 2020; PDG, 2022]

Particle Masses

“WIMPs” “Exotics’’“Fuzzy DM”

Fits in Galaxy
Elementary

 Particle
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Observational Evidence for Dark Matter 
ranges from “local” to cosmic scales

 Rotation Curve of our Milky Way with Gaia DR2!   
Eilers et al., 2018, “red-clump giants” 

The observed circular speed does not 
track the luminous mass. Most of the cosmic energy budget is of an unknown form!
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The Circular Velocity Curve of the Milky Way 11
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Figure 3. The new measurements of the circular velocity curve of the Milky Way are
shown as the black data points. The errorbars are estimated via bootstrapping and do
not include any systematic uncertainties. We note the systematic error at the location of
the Sun, which influences our results at the . 3% level (see § 5.2). The blue dotted curve
shows a linear fit to our data (Eqn. 7), whereas the red curves show 100 random draws
from the posterior distribution of the fit parameters to the circular velocity modeled as a
sum of stellar components, i.e. bulge, thin and thick disk (grey curves), and a dark matter
halo estimated by an NFW-profile (yellow curves, also showing 100 random draws from the
posterior). The measurements of various other studies of the circular velocity are shown as
colored data points. The light grey shaded region marks the region, where dynamics are
strongly influenced by the Milky Way’s bar.

(2013) or Reid et al. (2014) suggest, who estimate a slope that is consistent with a

flat circular velocity curve, which is excluded by our estimate with > 3� significance.

A declining circular velocity curve has not been observed in many other disk galaxies

in the local universe, which rather show a flat or even increasing circular velocity curve

(e.g. Rubin et al. 1980; Sofue et al. 1999). Galaxies with declining circular velocity

curves have yet only been reported at higher redshift. For instance, Genzel et al.

(2017) studied six massive star-forming galaxies at z ⇡ 2 and found declining circular

velocities curves, claiming that these galaxies are baryon-dominated and their dark

matter content smaller than in disk galaxies in the local universe (see also Lang et al.

2017). They argue that the observations suggest that baryons in the early universe

[PDG, 
RPP, 
2017]



Coupling 
to SM 

particles
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Particle production at colliders!

New Particle Discovery Space  
Dichotomies 

𝒪(1)

Tiny

MW Energy

Probed

Energy vs. Precision
Direct vs. Indirect Detection 

EDM searches!

η decay studies!

Big

Usually assumed

∼ g2/M2
new
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Model Independent Analysis
Assuming new physics scale  heavy cf. to the weak scale Λ v

Λ
new, massive particles…

v

60

in the neutron is needed, and the QCD sum rule calcula-
tion of Ref. [854] has been employed to realize the limits
noted [852]. Stronger limits on the color-blind dipole
moments, however, come from b ! s� and b ! s`+`�

decays [852, 855]. In the face of such constraints, the
new-physics phase space to be explored at the LHC is
significantly reduced [852, 853], and presumably can be
sharpened further, even in the absence of additional ex-
perimental data, if the nonperturbative matrix element
can be more accurately calculated.

4.3. Low-energy framework for the analysis of
BSM e↵ects

The SM leaves many questions unanswered, and the
best-motivated models of new physics are those which
are able to address them. Commonly this is realized so
that the more fundamental theory has the SM as its low-
energy limit. Interestingly we can realize a framework in
which to probe the nature of physics BSM even if we do
not assume a specific theory with a definite ultraviolet
completion. Rather, we need only assume that we work
at some energy E below the scale ⇤ at which new par-
ticles appear. Consequently for E < ⇤ any new degrees
of freedom are “integrated out,” and the SM is amended
by higher-dimension operators written in terms of fields
associated with SM particles [856]. Specifically,

LSM =) LSM +
X

i

ci
⇤D�4

O
D

i
, (40)

where the new operators O
D

i
have dimension D with

D > 4. We emphasize that LSM contains a dimension-
four operator, controlled by ✓̄, which can also engender
CP-violating e↵ects, though they have not yet been ob-
served. The higher-dimension operators include terms
which manifestly break SM symmetries and others which
do not. A prominent example of the former is the Wein-
berg operator, which is of dimension five. This opera-
tor gives the neutrino a Majorana mass and can mediate
neutrinoless double � decay [857], a |�L| = 2 process.
Setting such possibilities aside, the remaining higher-
dimension terms can usefully be organized so that they
remain invariant under SM electroweak gauge symme-
try. This emerges from no fundamental principle but
rather follows from experiment, for flavor physics ob-
servables constrain the appearance of non-SM invariant
operators to energies far beyond the weak scale [858–
860]. Upon imposing SM electroweak gauge invariance
the leading order (dimension six) terms in our SM ex-
tension, prior to electroweak symmetry breaking, can be
found in Refs. [847, 848]. Nevertheless, this description
does not capture all the admissible possibilities in dimen-
sion six because of the existence of neutrino mass. The
latter has been established beyond all doubt[1], though
the need for the inclusion of dynamics beyond that in the
SM to explain it has as yet not been established. To wit,
we can use the Higgs mechanism to generate their mass.

Since the neutrinos are all light in mass, to explore the
consequences of this possibility we must include three
right-handed neutrinos explicitly in our description at
low energies [861]. Finally if we evolve our description to
the energies appropriate to the study of the weak decays
of neutrons and nuclei, we recover precisely ten indepen-
dent terms, just as argued long-ago by Lee and Yang
starting from the assumption of Lorentz invariance and
the possibility of parity nonconservation [862].

We now turn to the analysis of particular low-energy
experiments to the end of discovering physics BSM and
the manner in which theoretical control over confinement
physics can support or limit them.

4.4. Permanent EDMs

4.4.1. Overview

The neutron EDM is a measure of the distribution
of positive and negative charge inside the neutron; it is
nonzero if a slight o↵set in the arrangement of the posi-
tive and negative charges exists. Such can exist if inter-
actions are present which break the discrete symmetries
of parity P and time reversal T. In the context of the
CPT theorem, it reflects the existence of CP violation,
i.e., of the product of charge conjugation C and parity P,
as well. Consequently, permanent EDM searches probe
the possibility of new sources of CP violation at the La-
grangian level. The EDM d of a nondegenerate system is
proportional to its spin S, and it is nonzero if the energy
of the system shifts in an external electric field, such that
S · E.

The SM nominally possesses two sources of CP vio-
lation, though the second does not appear to operate.
They are: a single phase � in the Cabibbo-Kobayashi-
Maskawa (CKM) matrix, as well as through the T-odd,
P-odd product of the gluon field strength tensor and its
dual, the latter product being e↵ectively characterized
in the full SM by the parameter ✓̄. The CKM mecha-
nism of CP violation does give rise to nonzero perma-
nent EDMs; however, the first nontrivial contributions
to the quark and charged lepton EDMs come in three-
and four-loop order, respectively, so that for the down
quark |dd| ⇠ 10�34 Ec.m. [863, 864]. The neutron EDM
does possess a well-known, long-distance chiral enhance-
ment; estimates yield estimated to be |dn| ⇠ 10�31–10�33

Ec.m. [865–867], making it several orders of magnitude
below current experimental sensitivity. A table of the
results from various systems is shown in Table 11.

4.4.2. Experiments

The last few years has seen an explosion of interest in
experimental approaches to searches for electric dipole
moments of particles composed of light quarks and lep-
tons. This increased scientific interest has developed

“SMEFT” + invariants

Low energy EFT

Continue to evolve and match to still lower E scales 

& EFTs as needed….

Energy

[Appelquist & Carazzone, 1975; note Buchmuller & Wyler, 1986; Grzadkowski et al., 2010]
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Aspects of SMEFT 
Assumes new physics scale  heavy cf. to the weak scale 


Assumes SM gauge symmetries & particle content

Assumes the scalar sector is weakly coupled

Λ v

(i) How to use it? 

(ii) How to test it (its convergence)? 

(iii) What new issues arise in complex,  

many-body systems? (not today)


Assert T &/or P, or B or L &/or B-L… broken: 

different “SMEFT” operators enter in each case 

Theorem: if EW symmetry is unbroken 

the operators have even (odd) mass dimension  


if  is even (odd)
d

(B − L)/2 [Kobach, 2016]

[cf. Buchalla, Cata, & Krause, 2015]

Revealing?!
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Assuming new physics heavy cf. to the weak scale  

ℒ(d=6)
|ΔB|=1 ⊃ ∑

i

ci

Λ2
|ΔB|=1

(qqqℓ)i + h.c.

Applying SMEFT: Proton Decay ( |ΔB | = 1)

[Buchmuller & Wyler, 1986; 
Grzadkowski et al., 2010]

ℒSM ⟹ ℒSM + ∑
i

ci

Λd−4
𝒪d

i

e.g.: p → e+π0

Local operator: 

 LQCD to compute its


hadronic matrix element

For  work in an explicit BSM model 

or make  — with matrix element

experimental limit bounds  …

here 

ci
𝒪(1)

Λnew
Λ|ΔB|=1 ≃ 1015 GeV

[e.g., Aoki et al., FLAG review,  
2111.09849]

Many?
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Applying SMEFT: Precision W Mass

[CDF: Aaltonen et al., Science 376 (2022), 170] 

Explain with new dim-6 operators?
At odds with global 

EWPO fit by ~7σ

[de Blas et al., 2112.07274]

Enter, e.g.,

[Cirigliano et al., 2204.08440]

OHWB H†⌧ IHW I
µ⌫B

µ⌫

OHD

��H†DµH
��2

O
(3)
Hl

�
H†i

$
DI

µH
� �

l̄p⌧ I�µlr
�

O
(3)
Hq

�
H†i

$
DI

µH
� �

q̄p⌧ I�µqr
�

Oll

�
l̄p�µlr

� �
l̄s�µlt

�

O
(3)
lq

�
l̄p⌧ I�µlr

� �
q̄s⌧ I�µqt

�

Table 1. List of the most relevant SMEFT dimension-six operators that are involved in this analysis.

Calculated at linear order in SMEFT, the shift to W mass from the SM prediction due to
dimension-six operators is given by [23, 24]

�m2
W

m2
W

= v2
swcw

s2w � c2w


2CHWB +

cw
2sw

CHD +
sw
cw

⇣
2C(3)

Hl
� Cll

⌘�
, (2.2)

where v ' 246 GeV is the vacuum expectation value of the Higgs field, sw = sin ✓w and
cw = cos ✓w. The Weinberg angle ✓w is fixed by the electroweak input parameters {GF ,mZ ,↵EW }

[25]. Here we define �m2
W

= m2
W
(SMEFT)�m2

W
(SM). The mass of the W boson receives cor-

rections from four Wilson coefficients, namely CHWB, CHD, C(3)
Hl

, and Cll. For the corresponding
operators, see Tab. 1.

CHWB and CHD are related to the oblique parameters S and T [10]. They have been
thoroughly studied for constraining ’universal’ theories [11, 26] with electroweak precision ob-
servables as well as in light of the W -boson mass anomaly [5–8]. The linear combination of
Wilson coefficients shown in Eq. (2.2),

⇣
2C(3)

Hl
� Cll

⌘
, is related to the shift to Fermi constant

in SMEFT.

3 EWPO fits and CKM unitarity

Under the assumption of flavor universality, 10 operators affect the EWPO at tree level, but
only 8 linear combinations can be determined by data [12]. Following Ref. [12], these linear
combination are written with Ĉi notation and given by Ĉ(1)

Hf
= C(1)

Hf
� (Yf/2)CHD, where f runs

over left-handed lepton and quark doublets and right-handed quark and lepton singlets, and
Ĉ(3)
Hf

= C(3)
Hf

+ (cw/sw)CHWB + (c2w/4s
2
w)CHD where f denotes left-handed lepton and quark

doublets, and Ĉll = (Cll)1221. Here Yf is the hypercharge of the fermion f .
Ref. [12] reported the results of their fits including the correlation matrix from which we can

reconstruct the �2. For concreteness we use their ‘standard average’ results but our point would
hold for the ‘conservative average’ as well. To investigate the consequences of CKM unitarity
on the fit, we will assume the flavor structures of the operators follow Minimal Flavor Violation
(MFV) [27, 28]. That is, we assume the operators are invariant under a U(3)q⇥U(3)u⇥U(3)d⇥

– 3 –

OHWB H†⌧ IHW I
µ⌫B

µ⌫

OHD

��H†DµH
��2

O
(3)
Hl

�
H†i

$
DI

µH
� �

l̄p⌧ I�µlr
�

O
(3)
Hq

�
H†i

$
DI

µH
� �

q̄p⌧ I�µqr
�

Oll

�
l̄p�µlr

� �
l̄s�µlt

�

O
(3)
lq

�
l̄p⌧ I�µlr

� �
q̄s⌧ I�µqt

�

Table 1. List of the most relevant SMEFT dimension-six operators that are involved in this analysis.

Calculated at linear order in SMEFT, the shift to W mass from the SM prediction due to
dimension-six operators is given by [23, 24]

�m2
W

m2
W

= v2
swcw

s2w � c2w


2CHWB +

cw
2sw

CHD +
sw
cw

⇣
2C(3)

Hl
� Cll

⌘�
, (2.2)

where v ' 246 GeV is the vacuum expectation value of the Higgs field, sw = sin ✓w and
cw = cos ✓w. The Weinberg angle ✓w is fixed by the electroweak input parameters {GF ,mZ ,↵EW }

[25]. Here we define �m2
W

= m2
W
(SMEFT)�m2

W
(SM). The mass of the W boson receives cor-

rections from four Wilson coefficients, namely CHWB, CHD, C(3)
Hl

, and Cll. For the corresponding
operators, see Tab. 1.

CHWB and CHD are related to the oblique parameters S and T [10]. They have been
thoroughly studied for constraining ’universal’ theories [11, 26] with electroweak precision ob-
servables as well as in light of the W -boson mass anomaly [5–8]. The linear combination of
Wilson coefficients shown in Eq. (2.2),

⇣
2C(3)

Hl
� Cll

⌘
, is related to the shift to Fermi constant

in SMEFT.

3 EWPO fits and CKM unitarity

Under the assumption of flavor universality, 10 operators affect the EWPO at tree level, but
only 8 linear combinations can be determined by data [12]. Following Ref. [12], these linear
combination are written with Ĉi notation and given by Ĉ(1)

Hf
= C(1)

Hf
� (Yf/2)CHD, where f runs

over left-handed lepton and quark doublets and right-handed quark and lepton singlets, and
Ĉ(3)
Hf

= C(3)
Hf

+ (cw/sw)CHWB + (c2w/4s
2
w)CHD where f denotes left-handed lepton and quark

doublets, and Ĉll = (Cll)1221. Here Yf is the hypercharge of the fermion f .
Ref. [12] reported the results of their fits including the correlation matrix from which we can

reconstruct the �2. For concreteness we use their ‘standard average’ results but our point would
hold for the ‘conservative average’ as well. To investigate the consequences of CKM unitarity
on the fit, we will assume the flavor structures of the operators follow Minimal Flavor Violation
(MFV) [27, 28]. That is, we assume the operators are invariant under a U(3)q⇥U(3)u⇥U(3)d⇥

– 3 –

δGF !
CKM unitarity!
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LECs of natural size?

Convergence? 

Processes with leading higher dimension operators?


Stress testing the SMEFT framework

Enter : study angular distribution to fit all 
LEC’s; is the scale of d=6 suppression universal?

b → cτν̄τ

Weakly coupled scalar sector? 

Probed via experiment!

Enter Dalitz asymmetry in η → π+π−π0

[Burgess et al., 2111.07421]

[Gardner & Shi, 2020 & in prep,
note 2203.07651 (REDTOP)]
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Hadronic CP violation
C versus P violation

“What do we really know about T-odd, P-even 
interactions?” 

Answer: the strength of a T odd, P even interaction

can be estimated: dress it with a P odd radiative 
correction to yield a T odd, P odd interaction and

cf with an EDM limit. They’re tiny! 

[Khriplovich & Lamoreaux, “CP Violation without Strangeness”, 1997]

No, the answer depends on whether parity is a symmetry 
of the high energy theory. If it is not, then the argued 
connection does not follow! [Ramsey-Musolf, 1999]

Thus in SMEFT we can expect them to be independent
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+

-

u =
t

s = (pπ+ + pπ−)2, t = (pπ− + pπ0)2, u = (pπ+ + pπ0)2

ALR =
N+ − N−

N+ + N−
(N+ : u > t, N− : u < t)

Features of η → π+π−π0

π+π−π0 : C = − (−1)I

C conserving |ΔI | = 1
C breaking |ΔI | = 0
C breaking |ΔI | = 2

⋯

I = 1, C = + 1
I = 0, C = − 1
I = 2, C = − 1

. . .

final states decay amplitude

Dalitz Plot (Charge) Asymmetry in η to 3π
Breaks C (and CP) symmetries

mirro
rNote old “C odd” papers 

[TD Lee & L Wolfenstein,1965; Lee, 1965;  Nauenberg, 1965]
[ Bernstein, Feinberg, & Lee, 1965; Barshay ,1965]

[TD Lee, 1965]

J=0 3π state of even 

parity: here, then, 

C and CP are broken
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Dalitz Plot Asymmetries
E.g., enter C and CP violation in  via a 

momentum asymmetry about the mirror line in the Dalitz plot
η → π+π−π0

13

Pros and cons of Dalitz plots

● Pros

● More observables (B & A
CP

 at each Dalitz plot point)

● Using isobar formalism, can express total amplitude as coherent sum of 
quasi-two-body contributions

– where c
r
 & F

r
 contain the weak and strong physics, respectively

– n.b. each c
r
 is itself a sum of contributions from tree, penguin, etc.

● Interference provides additional sensitivity to CP violation

● Cons

● Need to understand hadronic (F
r
) factors

– lineshapes, angular terms, barrier factors, ...

● Isobar formalism only an approximation

● Model dependence 

Am
12

2
,m

23

2 =∑
r
cr F r m12

2
,m

23

2 

Tim Gershon
Introduction to Dalitz Plot Analysis

Can occur in both heavy and light flavor decays 

mirror line

ss- = ss+

D → Ksπ+π−

ss-

ss+
Image: Tom Latham [Tim Gershon]

If the initial and final states are 

C definite, then mirror symmetry 

is also a CP test [SG & Jusak Tandean, 2004]

 In  the Dalitz plot asymmetry
is a C odd and CP odd observable 

η → π+π−π0

[SG & Jun Shi, 2020]Note old “C odd” papers 
[TD Lee & L Wolfenstein,1965; Lee, 1965;  Nauenberg, 1965]
[ Bernstein, Feinberg, & Lee, 1965; Barshay ,1965]

If , then  

If , then  

|ΔF | = 0 d = 8
|ΔF | = 1 d = 6
[Jun Shi, Ph.D UK 2020; SG & Jun Shi, ….]

REDTOP: 2203.07651
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Analyzing method

4

example

start at new physics energy scale and 
pick operators that are CPV

at , integrate out , E < MW W± Z

analyzing procedure

analyzing operators with definite P, C

list the lowest C&CP odd operators

Higgs acquires VEV,

express  gauge bosons


in terms of physical ones 

list the CP odd pieces

SU(2)L × U(1)Y
(W±, Z, γ)

P odd C even

(q̄LσμνΓd
WdR)τiφWi

μν + h . c .

viIm(Γd
W)[(ūLσμνdR)∂μW+

ν

−(d̄RσμνuL)∂μW−
ν + . . . ]

iIm(Γd
W) gv

2m2
W

[(ūLσμνdR)∂μ(d̄′ LγνuL)

−(d̄RσμνuL)∂μ(ūLγνd′ L)] + ⋯

⋯v[(ūσμνγ5d)∂μ(d̄′ γνu) + (d̄σμνγ5u)∂μ(ūγνd′ )]⋯

⋯v[(ūσμνd)∂μ(d̄′ γνu) − (d̄σμνu)∂μ(ūγνd′ )]⋯
C odd P even

(SMEFT)

=
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Flavor-changing vs flavor-conserving interactions

5

flavor changing flavor conserving

P-odd and CP-odd 6 6

C-odd and CP-odd 6 8

patterns of P-odd 
and CP-odd vs C-
odd and CP-odd

one-to-one 
corresponding 
with different 
combinations 
of LEC

only one similar, 
others totally 

different

lowest mass dimension{

flavor-changing example: 
1
4 iIm(C(1)prst

q4 + C(3)prst
q4 + Cprst

u4 + C(1)prst
q2u2 )[(ūpγμur)(ūsγμut) − (ūtγμus)(ūrγμup)]

1
4 iIm(−C(1)prst

q4 − C(3)prst
q4 + Cprst

u4 − C(1)prst
q2u2 )[(ūpγμγ5ur)(ūsγμut) − (ūtγμus)(ūrγμγ5up)]

C&CP odd

P&CP odd

only connection in flavor-conserving with same LEC: 

− 2v2GFc1ϵμναβ[∂α(ūγβγ5u) − ∂α(d̄γβγ5d)]Fμν C&CP odd
2v2GFc1ϵμναβ∂α[− 1

2 (ūpγβup) + 1
2 (d̄pγβdp)]Fμν P&CP odd

dimension-8  
but numerically dimension-6 

only one connected to EDM 

Results

Distinct
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Results
Sample C odd, CP odd operators

1a
v2

2 ✏
µ⌫↵�@↵(ūp���5up)Fµ⌫ � 4GFp

2
[2cwsw(CW 2'2 � CB2'2)� CWB'2(cw2 � sw2

)]

1b
v2

2 ✏
µ⌫↵�@↵(d̄p���5dp)Fµ⌫

4GFp
2
[2cwsw(CW 2'2 � CB2'2)� CWB'2(cw2 � sw2

)]

2a
vp
2
(ūp�µ⌫�5up)@µ(ūr�⌫�5ur) �GF iC

pr
quZ'

2b
vp
2
(ūp�µ⌫�5up)@µ(d̄r�⌫�5dr) GF iC

pr
qdZ'

2c
vp
2
(d̄p�µ⌫�5dp)@µ(ūr�⌫�5ur) �GF iC

pr
quZ'

2d
vp
2
(d̄p�µ⌫�5dp)@µ(d̄r�⌫�5dr) GF iC

pr
qdZ'

3a
vp
2

⇥
Vurdp(d̄p�

µ⌫ur)@µ(ūr�⌫dp) 2GF i[Im(Cpr
quW')� Im(Crp

qdW')]

�V ⇤
urdp

(ūr�µ⌫dp)@µ(d̄p�⌫ur)

i

3b
vp
2

⇥
Vurdp(d̄p�

µ⌫�5ur)@µ(ūr�⌫�5dp) �2GF i[Im(Cpr
quW') + Im(Crp

qdW')]

+V ⇤
urdp

(ūr�µ⌫�5dp)@µ(d̄p�⌫�5ur)

i

4a
vp
2

⇥
Vurdp(d̄p�

µ⌫ur)(ūr�µdp)A⌫ 2GF gsw[Im(Cpr
quW')� Im(Crp

qdW')]

+V ⇤
urdp

(ūr�µ⌫dp)(d̄p�µur)A⌫

i

4b
vp
2

⇥
Vurdp(d̄p�

µ⌫�5ur)(ūr�µ�5dp)A⌫ �2GF gsw[Im(Cpr
quW') + Im(Crp

qdW')]

�V ⇤
urdp

(ūr�µ⌫�5dp)(d̄p�µ�5ur)A⌫

i

Table 3. Lowest mass-dimensional C-odd and CP-odd operators contributing to flavor conserving
interactions

operators and list the C-odd and CP-odd flavor-conserving operators as follows.

5.2.1 Additional C- and CP-odd mass-dimension 8 operators from SMEFT

Lehman and Martin [12] and Henning et al. [13] gave the operators with possible class
types and listed their constituents of fundamental fields using SMEFT, but did not show
the explicit structures of these operators. Lehman and Martin [12] had 931 operators for
Nf = 1 when including hermitian conjugates. Henning et al. [13] found 895 B-conserving
operators for Nf = 1 and 36971 for Nf = 3, with Nf the generation number. We will try to
pick the possible mass-dimension 8 flavor-conserving operators that are C-odd and CP-odd.

Here for simplicity we will not consider lepton interactions. Since we finally focus on
effective operators just below the weak scale, where the weak gauge bosons W±, Z are
integrated out, we just need to investigate the operators with quarks, gluons and photons.
Applying the fundamental fields’ transformation properties listed in Appendix A, we found
quark flavor conserving C-odd and CP-odd operators from  4X,  2X2',  2X2D,  2X'D2,
 4D2,  4'D, 4'2,  2'2D3,  2'3D2 and  2'4D. We show the complete list with some
useful notes in the Appendix E. Each low energy operator can come from some different SM
gauge invariant mass-dimension 8 operators. For simplicity, we just show their compositions
of fundamental fields and omit their coefficients there. Operators without the imaginary
unit i indicates the operator is C-odd and CP-odd with the real part of coefficients, for

– 20 –
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Summary

The flavor conserving C and CP odd operators start in mass-
dimension 8 in SMEFT, while for P and CP odd ones the 
lowest mass-dimension is 6. 

The new physics sources of a Dalitz asymmetry in 

decay and of a (neutron) EDM can be 

completely different. 

Thus the empirical study of this process can point to physics 

beyond SMEFT


η → π+π−π0

We have considered the C and CP violation in η decay  
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https://ligo.northwestern.edu/media/mass-plot/index.html

A Surprise: GW190814
A object — neutron star or black hole?2.6M⊙
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New Short-Range Force?*
E.g., a  gauge boson …U(1)B B

•Can be heavy ( ) and not so weakly coupled 
with little impact on NN phenomenology

•Generates a repulsive force between neutrons

•Need to work within non-relativistic many-body physics 
for connection to NN physics

• Can modify neutron star properties to yield a larger 
maximum neutron star mass

≳ 600 MeV

[Berryman & SG, 2021]
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the horizontal arrows, and the maximum neutron star mass is increased, as reflected by the
vertical arrow. This figure also shows the 68% (dark) and 95% (light) credible regions (C.R.)
for J0030+0451 [408] and J0470+6620 [410] in cyan and pink shading, respectively. Moreover,
the dark red violin plot depicts the posterior probability distribution [6] for the radius of
a 1.4M� neutron star, R1.4, conditioned on a combination of data (“d”) from (1) heavy
pulsar masses, (2) the binary neutron star gravitational wave events GW170817 [412] and
GW190425 [413], and (c) the same NICER observations of J0030+0451 and J0740+6620.
The red shading represents the 90% C.R. (The vertical extent of the violin plot does not
reflect a mass constraint. The mass is fixed to be 1.4M�, and the height of the curve is
related to the (relative) likelihood of a given R1.4. The reader can imagine that this curve
extends into and out of the page or screen.) Taken together, these observations indicate
that the neutron star EoS is required to be relatively stiff compared to the landscape of
possible equations of state. The APR EoS that we have shown as an example is certainly
compatible with existing data, but as more data become available in the coming decades
from gravitational wave observatories, the nuclear EoS may end up being remarkably stiff.
New repulsive interactions are one possible route to this outcome.

Figure 14. The neutron star mass–radius diagram. The blue line shows the predicted mass–radius
relationship for the APR EoS [411]; the orange line adds to this a new, repulsive interaction with
mX = 600 MeV and g2

X = 4p. The thin, dashed portion of either curve represents the points for which
the sound speed in the core of the star exceeds c; these points are unphysical. The pink and cyan
regions, respectively, represent inferences for J0030+0451 [408] and J0740+6620 [410] from NICER
and XMM-Newton; the dark (light) shading corresponds to 68% (95%) C.R. The red violin plot
represents the posterior on the radius of a 1.4M� neutron star, calculated in Ref. [6]. The black curve
represents the mass–radius relation for black holes (i.e., the Schwarzschild radius), while the gray
curve represents a constraint from causality [414].

One effect not represented in Figure 14 is rotation: for a fixed baryonic mass, a rotat-
ing neutron star will have a larger gravitational mass than a nonrotating one [415–417].

Neutron Star Structure 
U(1)B1

with gauged
Symmetry 2022, 14, 518 36 of 62

Figure 13. Similar to Figure 12, except that first-generation baryon number (B1) has been gauged
instead of total baryon number (B). The most important effect is to remove constraints from U(1S)
and y(1S) decays.

Apart from its tree-level couplings to quarks, the new vector state can kinetically mix
with the SM photon. Limits on the kinetic mixing parameter # have been compiled in,
e.g., Refs. [380,381]. Usually, however, limits on # are derived from searches for minimal
dark photons, in which the new vector only couples to the SM through this kinetic mixing.
One must reinterpret these constraints with the tree-level couplings to quarks from the
outset; Figure 6 of Ref. [380] has recast these searches in terms of limits on gX and mX.
However, these limits assume that the kinetic mixing is given by # = e2/(4p)2—otherwise,
none of the constraints would be operative. We will not discuss these constraints in depth,
but we note that, in the region 100 MeV . mX . 1 GeV, the kinetic mixing is most strongly
probed by searches at LHCb for dimuon final states [382,383].

We also note that baryon number is anomalous within the SM—it is a symmetry of
the Lagrangian, but not of the corresponding action. This is an acceptable state of affairs for
global symmetries, but must be remedied for gauge symmetries by introducing additional
fermions. From a model-building perspective, there is significant freedom in choosing
how to resolve the anomalies, but in general, the existence of new fermions charged under
baryon number (or some generalization thereof) can be probed at colliders [329]. If these
new fermions are heavier than the electroweak scale, then integrating them out of the theory
at low energies leads to three-gauge-boson interaction terms, XBB, where B is the gauge
boson of hypercharge in this context [384–390]. These interactions enhance the emission of
longitudinal X in decays such as Z ! Xg [391–393]. Aside from this, there are also terms
involving the charged Ws, XWW; these give rise to nonstandard flavor-changing neutral
currents (FCNCs) such as b ! sX at the quark level or B ! KX at the hadron level [391,392].
Limits from these anomalous decays, however, depend on #, so we have not shown them
in Figures 11–13. We further note that FCNCs can also appear in models with generation-
dependent couplings, such as the U(1)B1 model discussed above: if the three left-handed
quark doublets are charged differently under the interaction, then K � K or B � B mixing
contributions at odds with experimental constraints are induced. Ref. [329] estimates that in

Test with rare eta decays!

[Berryman & SG, 2021; Berryman, SG, & Zakeri, 2022]

[Tulin, 2014]
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Extending the SM (QCD) with 

Gauged Baryon Number (or B-L)

Can be probed through observed breaking effects 

• BNV can be explicit. 
 ….       


• BNV can be apparent (entrained with dark sectors).
 ….               


• BNV can be spontaneous.                                     
massive mediator of gauged  or ….      

nn̄ oscillations ; nn → νν ; e−p → e+p̄

n → χγ; n → χχχ; nn → χχ

B or B − L
Implications for origins of the BAU, neutrino mass….

Enter neutron stars — as a BNV laboratory!

cf.  anomaly

Enter “mesogenesis” (Elor er al.)!

τn



Operator Analysis of EDMs 
Multiple sources with  exist  d ≤ 6

Can all the low-energy CPV sources be determined? 

Even a single TeV scale source can give rise to 
multiple GeV scale sources through QCD effects

22

Need to interpret EDM limits in nuclei, atoms, molecules 

LQCD studies of apropos neutron matrix elements
exist (e.g., tensor charges) and is ongoing

[Chien et al., 2016]

[note FLAG review; Snowmass white paper 2203.08103]

ℒd≤6 ⊃ θ̄αsGG̃ + ∑
i∈u,d,s

i(diq̄i(Fσ)γ5q + d̃iq̄i(Gσ)γ5q) + dGGGG̃
[Pospelov & Ritz, 2005]

Note  can act as axion portalsaGG̃ , ∂μaN̄γμγ5N
[Batell, Pospelov, & Ritz, 2009]
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A Cosmic Baryon Asymmetry 
Via (MSSM) electroweak baryogenesis3

<ϕ> = 0
<ϕ> = 0

<ϕ> = 0

<ϕ> = 0

Figure 1. Expanding bubbles of the electroweak-broken phase within the
surrounding plasma in the electroweak-symmetric phase.

Figure 2. Baryon production in front of the bubble walls.

2. These asymmetries diffuse into the symmetric phase ahead of the bubble wall, where they
bias electroweak sphaleron transitions [15, 16] to produce more baryons than antibaryons.

3. Some of the net baryon charge created outside the bubble wall is swept up by the expanding
wall into the broken phase. In this phase, the rate of sphaleron transitions is strongly
suppressed, and can be small enough to avoid washing out the baryons created in the first
two steps.

We illustrate these three steps in figure 2.
These EWBG steps satisfy explicitly the three Sakharov conditions for baryon

creation [17]. Firstly, departure from thermodynamic equilibrium is induced by the passage
of the rapidly expanding bubble walls through the cosmological plasma. Secondly, violation of
baryon number comes from the rapid sphaleron transitions in the symmetric phase. And thirdly,
both C- and CP-violating (CPV) scattering processes are needed at the phase boundaries to
create the particle number asymmetries that bias the sphalerons to create more baryons than
antibaryons.

All the ingredients required for EWBG are contained in the Standard Model (SM).
Unfortunately, EWBG is unable to explain the observed baryon asymmetry within the SM alone.
The first impediment is that the SM EWPT is first-order only if the mass of the Higgs boson

New Journal of Physics 14 (2012) 125003 (http://www.njp.org/)

3

Figure 1. Expanding bubbles of the electroweak-broken phase within the
surrounding plasma in the electroweak-symmetric phase.

CP

χ
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χ
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χ
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Sphaleron

B
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Sphaleron

Figure 2. Baryon production in front of the bubble walls.

2. These asymmetries diffuse into the symmetric phase ahead of the bubble wall, where they
bias electroweak sphaleron transitions [15, 16] to produce more baryons than antibaryons.

3. Some of the net baryon charge created outside the bubble wall is swept up by the expanding
wall into the broken phase. In this phase, the rate of sphaleron transitions is strongly
suppressed, and can be small enough to avoid washing out the baryons created in the first
two steps.

We illustrate these three steps in figure 2.
These EWBG steps satisfy explicitly the three Sakharov conditions for baryon

creation [17]. Firstly, departure from thermodynamic equilibrium is induced by the passage
of the rapidly expanding bubble walls through the cosmological plasma. Secondly, violation of
baryon number comes from the rapid sphaleron transitions in the symmetric phase. And thirdly,
both C- and CP-violating (CPV) scattering processes are needed at the phase boundaries to
create the particle number asymmetries that bias the sphalerons to create more baryons than
antibaryons.

All the ingredients required for EWBG are contained in the Standard Model (SM).
Unfortunately, EWBG is unable to explain the observed baryon asymmetry within the SM alone.
The first impediment is that the SM EWPT is first-order only if the mass of the Higgs boson

New Journal of Physics 14 (2012) 125003 (http://www.njp.org/)

[Morrisey & Ramsey-Musolf, 2012]

EWSB
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Scaling the n to Earth’s size implies a charge 
separation 

of < 4μm 


(cf. human hair width 40 μm)

+
−

EDMs to Probe CPV for a BAU? 

|dn | < 1.8 × 10−26 e-cm [90 % C.L.]Neutron: 

Current limits for the electron and neutron 
strongly constrain models of EW baryogenesis 

[Abel et al., 2020]

For a sense of scale: 

Expts under development reach for 10-100x sensitivity
Applied electric fields can be enormously enhanced  

in atoms and molecules  [Purcell and Ramsey, 1950]

ACME II, 2018 (ThO): 
Roussy et al., 2212.11841 (HfF+): 

|de | < 1.1 × 10−29 e-cm [90 % C.L.]
|de | < 4.1 × 10−30 e-cm [90 % C.L.]

New CPV sources not yet observed….



A Cosmic Baryon Asymmetry 
From particle physics? 

The particle physics of the early universe can explain this 

asymmetry if B (baryon number), C (particle-antiparticle), 

and CP (matter-antimatter) violation all exist in a non-
equilibrium environment. [Sakharov, 1967]

25

 The SM almost has the right ingredients: 
B? Yes, at high temperatures

C and CP? Yes, but CP is “special”
Non-equilibrium dynamics? No. (!)

The Higgs particle is about 125 GeV in mass;
lattice simulations reveal the electroweak phase transition is 

NOT of first-order. [Kajantie, Laine, Rummukainen, Shaposhnikov, 1996; 
Rummukainen et al., 1998; Csikor, Fodor, Heitger, 1999]

But what is the mechanism?

Thus the SM cannot explain it 
And we seek new sources of CPV….
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Limits on  Decays|ΔB | = 1
Mediated by mass dimension 6 operators in SMEFT 

!

ℒ(d=6)
|ΔB|=1 ⊃ ∑

i

ci

Λ2
|ΔB|=1

(qqqℓ)i + h.c.

[Berryman, SG, & Zakeri, 2022]

But the origin of 

 processes 


can be distinct! 
|ΔB | = 2

ℒ(d=9)
|ΔB|=2 ⊃ ∑

i

ci

Λ5
|ΔB|=2

(qqqqqq)i + h.c.

 [Marshak & Mohapatra, 1980; 
Babu & Mohapatra, 2001 & 2012;
Arnold, Fornal, & Wise, 2013….]

nn̄ expt’l limit yields 
Λ|ΔB|=2 ≳ 105.5 GeV

dim 6

dim 9

Λ: take one operator at a time (!) 
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EDM Measurement Principle
Much simplified!

Consider the precession frequency

ν =
1

2π
dφ
dt

=
2 ⃗μ ⋅ ⃗B ± 2 ⃗d ⋅ ⃗E

h
and its change under  field reversal 
B must be very well determined!

⃗E

The experimental sensitivity to the energy  is set by  ⃗d ⋅ ⃗E

σd ∼
ℏ

| ⃗E |Tm N
measurement time
number of counts

Tm

dn < 1.8 × 10−26 e-cm [90 % C.L.]
N

Neutron: 
 [Abel et al., 2020]

d ∼
2
3

eℓ ∼ 6 × 10−15 e-cm if ℓ ∼ 0.1rp

u

d d

ℓ

Estimate: (!)



A Cosmic Baryon Asymmetry 

[PDG, RPP, 2017]

BAU from BBN &  
observed D/H & 

4He/H 
concordance 

BAU from CMB  
is more precise

24. Big-Bang nucleosynthesis 3

Figure 24.1: The primordial abundances of 4He, D, 3He, and 7Li as predicted
by the standard model of Big-Bang nucleosynthesis — the bands show the 95%
CL range [5]. Boxes indicate the observed light element abundances. The narrow
vertical band indicates the CMB measure of the cosmic baryon density, while the
wider band indicates the BBN D+4He concordance range (both at 95% CL).

predictions and thus in the key reaction cross sections. For example, it has been suggested
[31,32] that d(p, γ)3He measurements may suffer from systematic errors and be inferior to

December 1, 2017 09:35

[Both @ 95% CL]
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Theory requires 

n lifetime value


