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And the cosmic baryon asymmetry 

Two Numbers
Drive new physics searches 

Why is the cosmic  
energy budget in  
baryons so small? 
(and what is  
everything  
else?!) 

⌘ = n
baryon

/n
photon

= (5.96± 0.28)⇥ 10�10

so large?

[NASA]

2
(And how does the neutrino get its mass?)



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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We interpret the CMB in terms of an inflationary 
model, so that this seems unlikely.  [Krnjaic, PRD 96 (2017)]

A Cosmic Baryon Asymmetry 

By initial condition? 

4

From particle physics? 

Confronting the observed D/H abundance with big-bang 
nucleosynthesis yields a baryon asymmetry: [Steigman, 2012] 

 

The particle physics of the early universe can explain this  
asymmetry if B, C, and CP violation exists in a non-equilibrium  
environment. [Sakharov, 1967]

Non-equilibrium dynamics are required to avoid “washout” of 
an asymmetry by back reactions 

⌘ = n
baryon

/n
photon

= (5.96± 0.28)⇥ 10�10



 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 discovered Higgs particle is of 125 GeV in mass;

for this mass lattice simulations reveal there is no 
electroweak phase transition. [e.g., Aoki, Csikor, Fodor,  Ukawa, 1999]

The baryon asymmetry of the universe (BAU) derives from 
physics beyond the standard model! 

The Puzzle of the Missing Antimatter 

Note BAU estimates even with a light Higgs are much too small
 [Farrar and Shaposhnikov, 1993; Gavela et al., 1994; Huet and Sather, 1995.]

So that the SM mechanism fails altogether 
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η<10-26

Recipes for a Baryon Asymmetry? 
New ν physics might operate!



Our dark-dominated universe and its baryon 
asymmetry speaks to possible hidden (or visible?!)  
particles, interactions, symmetries and more that 

we may yet discover 
Such new physics could arise at either

i) high energies with        couplings to SM particles

– or –
ii) low energies with very weak couplings 

to SM particles
 
 

O(1)

Largely unexplored! Low energy studies 
have unique discovery potential! 

Here low energy & collider studies are complementary

Perspective
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Symmetry Tests with Spin 
“Windows” on New Physics

• Searches for new sources of CP violation: 
permanent electric dipole moments (EDMs); 
time-dependent “EDMs” to probe ultralight 
(axion-like) dark matter

• Precision measurements of magnetic 
moments (esp. μ g-2) and of sin2θW (PVES)

• Searches for baryon number violation: 
      esp. quark probes of Majorana dynamics

• Searches for BSM physics in beta-decay 

Some examples…

Note plenary: F. Rathmann 

Note plenary: D. Hertzog and G. Smith



Enter a ``Mοdel Independent’’ Analysis Framework 
Suppose new physics enters at an energy scale E > Λ 
 Then for E < Λ we can extend the SM as per

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

OD
i , (40)

where the new operators OD
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
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[Buchmuller & Wyler, 1986; 
Grzadkowski et al., 2010]

Effective Field Theory & New Physics

Symmetries guide their construction [Weinberg, 1979]
Here assume SM electroweak symmetry

But what if we introduce new degrees of freedom?

New physics can enter as (i) new operators or             
 as (ii) modifications of ci for operators in the SM
cf. non-V-A tests with tests of CKM unitarity
Can also break SM symmetries & have new operators only 



• Vector Portal

• Higgs Portal

• Neutrino Portal

New High or Low Energy Physics?
With new low energy degrees of freedom (dof) 

new dimension 4 operators appear….  

[Batell, Pospelov, and Ritz, 2009; Bjorken, Essig, Schuster, Toro, 2009]

Much focus on the dark photon  A′ & the vector portal…
note impact on μ g-2 (only simple A′ excluded)

Ldim4 =


2
V µ⌫F 0

µ⌫ �H†H(AS + �S2)� YNLHN

Hunting Hidden Forces….

Including SM dof act as “portals” to a hidden sector

 [Pospelov, 2009]



Gauge Theories of the Hidden Sector
Dark gauge bosons can also couple directly to fermions 

Consider the dark photon…  

LdarkZ = �("eJµ
em + "Z

g

2 cos ✓W
Jµ
NC)Zd µ

Diagonalization and field definition yields

Aµ �! Aµ � "A0µ
but Z �A0

mixing O("m2
A0/M2

Z)

[Davoudiasl, Lee, Marciano, 2014]

[Bjorken, Essig, Schuster, and Toro, 2009…]

Thus the  A′couples to SM fermions. 
Now w/ an extended Higgs sector…

LA0 =
"

2
FY µ⌫F 0

µ⌫ � 1

4
F 0µ⌫F 0

µ⌫ +
1

2
m2

A0A0µA0
µ
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BSM Sessions at SPIN 18
Note, too, talks in other sessions

• Searches for new sources of CP violation 
[Franke, Dietrich, Fierlinger, Franke, Gupta, 
Kirch, Ruiz Vidal, Yamanaka, Zimmer; Paradisi; 
Stadnik; Kononov, Nass,  Nikolaev]

• Searches for novel spin-dependent interactions 
[Heil, Rong]  

• Measurements of PVES [Gal,  Baunack]
• Searches for new S, T degrees of freedom & … 

in beta-decay 
• Searches for baryon number violation: 

      esp. quark probes of Majorana dynamics

Here



Operator Analysis of EDMs
Connecting from high to low scales 

Can all the low-energy CPV sources be determined? 

A single TeV scale CPV source may give rise to  
multiple GeV scale sources

Determining the parameters of the low energy effective 
Lagrangian experimentally is a distinct problem  

[Chien et al., arXiv:1510.00725, JHEP 2016; Cirigliano, Dekens, de Vries, Merenghetti, 2016 & 2016]

12

Explicit studies of operator mixing & running effects are now available  

Need to interpret EDM limits in complex systems: 
atoms, molecules, and nuclei

Lattice QCD studies of single-nucleon matrix elements also exist 
Enter isoscalar & isovector tensor charges…

[Bhattacharya et al., 2015 & 2016; Gupta et al., arXiv:1801.03130]
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Some Thoughts on the Strong CP Problem

L✓ =
g2

32⇡2
✓QCDF

µ⌫
a F̃µ⌫a

The SM has other “fine-tuning” problems
The following term can appear within QCD 

as can a similar term from the quark masses, so that   

✓QCD =) ✓̄ = ✓QCD + ✓Yukawa

Neither term needs to be small but 
the experimental limit on the n EDM implies  

✓̄ ⌧ 10�10 Why is “δ” ~ 1?!
Μany discussed resolutions… note Peccei-Quinn…
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Direct Detection: Ultralight Dark Matter
A new paradigm: axion-like dark matter 

The axion originally appears as a solution to the
strong CP violation (in QCD) and emerges 
from spontaneously broken Peccei-Quinn symmetry

Can consider an axion-like particle 
which is not tied to that origin

An ultralight axion can induce time-varying
T, P odd interactions!

(Axions possess a vast parameter space….)

[Weinberg 1977, Wilczek 1977]

Note Stadnik talk



A nonstatistical excess in a periodogram of R may be
caused not only by a coherent oscillating signal; for example,
fluctuations of a higher-order term in the magnetic field, not
compensated by either the mercury or cesium magnetome-
ters, may cause broadband elevations in LSSA power. We

define strict requirements for an excess to be considered as
one induced by axion DM as follows. Firstly, a significant
(>3σ) excess in amplitudehas to be observed in both sensitive
data sets at the same frequency, but not in the control set.
Secondly, the signals must be in antiphase in the parallel and
antiparallel data sets. Lastly, we require high coherence (a
narrow peak) equal to the spectral resolution of the data set.
None of the significant excesses pass our discovery criteria.
We deliver a limit on the oscillation amplitude similarly

to the long-time-base analysis, with the exception that we
require the product of the two sensitive sets’ CLs statistics
to be 0.05. The limit is shown as the blue curve in Fig. 2.
With the short-time-base analysis, we are most sensitive to
periods shorter than the time span of a sequence (2–3 days),
and lose sensitivity to periods shorter than the cycle
repetition rate (≈5 min). The PSI data set has a higher
accumulated sensitivity than the ILL data set, so the limit
baseline in the sensitive region is slightly better in the case
of the PSI data set.
Following Eq. (2), we can interpret the limit on the

oscillating neutron EDM as limits on the axion-gluon
coupling in Eq. (1). We present these limits in Fig. 4,
assuming that axions saturate the local cold DM energy
density ρlocalDM ≈ 0.4 GeV=cm3 [55]. Our peak sensitivity is
fa=CG ≈ 1 × 1021 GeV for ma ≲ 10−23 eV, which probes
super-Planckian axion decay constants (fa > MPlanck ≈
1019 GeV), that is, interactions that are intrinsically feebler
than gravity.

IV. AXION-WIND EFFECT

We also perform a search for the axion-wind effect,
Eq. (4), by partitioning the entire PSI data set into two
sets with opposite magnetic-field orientations (irrespective
of the electric field) and then analyzing the ratio R ¼
νn=νHg similarly to our oscillating EDM analysis above.
The axion-wind effect would manifest itself through
time-dependent shifts in νn and νHg (and hence R) at three
angular frequencies: ω1 ¼ ma, ω2 ¼ ma þ Ωsid, and
ω3 ¼ jma − Ωsidj, with the majority of power concentrated
in the ω1 mode. Also, the axion-wind signal would have an
opposite phase in the two subsets. We find two overlapping
3σ excesses in the two subsets (at 3.429 69 μHz and
3.32568 mHz), neither of which have a phase relation
consistent with an axion-wind signal. Following Eq. (4), we
derive limits on the axion-nucleon coupling in Eq. (1). We
present these limits in Fig. 4, assuming that axions saturate
the local cold DM energy density. Our peak sensitivity is
fa=CN ≈ 4 × 105 GeV for 10−19 ≲ma ≲ 10−17 eV.

V. CONCLUSIONS

In summary, we perform a search for a time-oscillating
neutron EDM in order to probe the interaction of axionlike
dark matter with gluons. We also perform a search for an
axion-wind spin-precession effect in order to probe the

FIG. 4. Limits on the interactions of an axion with the gluons
(top) and nucleons (bottom), as defined in Eq. (1), assuming that
axions saturate the local cold DM content. The regions above the
thick blue and red lines correspond to the regions of parameters
excluded by the present work at the 95% confidence level (C.L.).
The colored regions represent constraints from big bang nucleo-
synthesis (red, 95% C.L.) [36–38], supernova energy-loss bounds
(green, order of magnitude) [35,39,40], consistency with obser-
vations of galaxies (orange) [15,25–27], and laboratory searches
for new spin-dependent forces (yellow, 95% C.L.) [41]. The
nEDM, νn=νHg, and big bang nucleosynthesis constraints scale as
∝ ffiffiffiffiffi

ρa
p

, while the constraints from supernovae and laboratory
searches for new spin-dependent forces are independent of ρa.
The constraints from galaxies are relaxed if axions constitute a
subdominant fraction of DM.We also show the projected reach of
the proposed CASPEr experiment (dotted black line) [86], and
the parameter space for the canonical QCD axion (purple band).

C. ABEL et al. PHYS. REV. X 7, 041034 (2017)

041034-6
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Direct Detection: Ultralight Dark Matter

[Abel et al., PRX, 2017]

Storage
ring EDMs:
Rathmann, 

plenary, 
this AM!
(see ref)



Theoretical Framework for β Decay 

QCD (hadron matrix elements) play a key role!

BSM Analysis Framework for � Decay

Leff = LSM +
X

i

1
⇤2

i
Oi =) LSM +

1
v2

X

i

↵̂iOi ,

with ↵̂i = v2/⇤i
2. [Buchmuller & Wyler, 1986; Grzadkowski et al., 2010; Cirigliano, Jenkins, González-Alonso, 2010;

Cirigliano, González-Alonso, Graesser, 2013]

Leff = �G(0)
F Vudp

2

h ⇣
1 + ��

⌘
ē�µ(1 � �5)⌫e · ū�µ(1 � �5)d

+ ✏L ē�µ(1 � �5)⌫` · ū�µ(1 � �5)d + ✏̃L ē�µ(1 + �5)⌫` · ū�µ(1 � �5)d
+ ✏R ē�µ(1 � �5)⌫` · ū�µ(1 + �5)d + ✏̃R ē�µ(1 + �5)⌫` · ū�µ(1 + �5)d
+ ✏S ē(1 � �5)⌫` · ūd + ✏̃S ē(1 + �5)⌫` · ūd
� ✏P ē(1 � �5)⌫` · ū�5d � ✏̃P ē(1 + �5)⌫` · ū�5d
+ ✏T ē�µ⌫(1 � �5)⌫` · ū�µ⌫(1 � �5)d + ✏̃T ē�µ⌫(1 + �5)⌫` · ū�µ⌫(1 + �5)d
+ h.c. .

There is a one-to-one map between these operators and
Lee & Yang, 1956.
Note Bhattacharya et al., 2011 for the one-nucleon scalar & tensor
matrix elements in lattice QCD.

S. Gardner (Univ. of Kentucky) T-odd Effects w/o Spin � Decay & the LHC, Solvay, 9/14 5

Radiative correction*! 

*[Sirlin, 1974, 1978, 1982; Marciano & Sirlin, 1986, 2006; Czarnecki, Marciano, & Sirlin, 2004]

Note right-handed neutrinos appear explicitly
[Note Gorchtein talk]



Connecting to Lee and Yang....

The terms appear in  
a one-to-one map.... 

Connecting to Lee and Yang

Hint = ( ̄p n)(CS ̄e ⌫ � C0
S ̄e�5 ⌫) + ( ̄p�µ n)(CV  ̄e�

µ ⌫ � C0
V  ̄e�

µ�5 ⌫)

�( ̄p�µ�5 n)(CA ̄e�
µ�5 ⌫ � C0

A ̄e�
µ ⌫) + ( ̄p�5�µ n)(CP  ̄e�5 ⌫ � C0

P  ̄e ⌫)

+
1
2
( ̄p��µ n)(CT  ̄e�

�µ ⌫ � C0
T  ̄e�

�µ�5 ⌫) + h.c.

[Lee and Yang, 1956; note also Gamow and Teller, 1936]
confronts the �-decay of oriented nuclei (here neutron), namely,

d3�

dEed⌦ed⌦⌫
= ⇠S(pe,Ee)[1+a

pe · p⌫

EeE⌫
+b

m
Ee

+�n ·(A
pe

Ee
+B

p⌫

E⌫
+D

pe ⇥ p⌫

EeE⌫
)]

[Jackson, Treiman, and Wyld, 1957]

to yield the V-A Law: C0
A = CA, C0

V = CV , with all others zero.
[Feynman and Gell-Mann, 1958; Sudarshan and Marshak, 1958]

Searches continue. Note, e.g.,

b⇠ = ±2Re[CSC⇤
V + C0

SC0 ⇤
V + 3(CT C⇤

A + C0
T C0 ⇤

A )]

D⇠ = �2
Im(CV C⇤

A + C0
V C0⇤

A )

|CV |2
+

Im(CSC⇤
T + C0

SC0⇤
T )

|CV |2
+O(↵)

S. Gardner (Univ. of Kentucky) T-odd Effects w/o Spin � Decay & the LHC, Solvay, 9/14 6

factors as follows [?]:

hp(p
p

)| ū�
µ

d |n(p
n

)i = ū
p

(p
p

)


g

V

(q2) �
µ

� i
g̃

T (V )

(q2)

2M
N

�
µ⌫

q⌫ +
g̃

S

(q2)

2M
N

q
µ

�
u

n

(p
n

) (2.16a)

hp(p
p

)| ū�
µ

�
5

d |n(p
n

)i = ū
p

(p
p

)


g

A

(q2)�
µ

� i
g̃

T (A)

(q2)

2M
N

�
µ⌫

q⌫ +
g̃

P

(q2)

2M
N

q
µ

�
�

5

u
n

(p
n

) (2.16b)

hp(p
p

)| ū d |n(p
n

)i = g
S

(q2) ū
p

(p
p

) u
n

(p
n

) (2.16c)

hp(p
p

)| ū �
5

d |n(p
n

)i = g
P

(q2) ū
p

(p
p

) �
5

u
n

(p
n

) (2.16d)

hp(p
p

)| ū �
µ⌫

d |n(p
n

)i = ū
p

(p
p

)
h
g

T

(q2) �
µ⌫

+ g
(1)

T

(q2) (q
µ

�
⌫

� q
⌫

�
µ

)

+ g
(2)

T

(q2) (q
µ

P
⌫

� q
⌫

P
µ

) + g
(3)

T

(q2)
�
�

µ

/q�
⌫

� �
⌫

/q�
µ

�i
u

n

(p
n

) , (2.16e)

where u
p,n

are the proton and neutron spinors, P = p
n

+ p
p

, q = p
n

� p
p

is the momentum transfer,
and M

N

= (M
n

+ M
p

)/2 denotes a common nucleon mass.5 Note that the above spinor contractions
are O(1), except for ū

p

�
5

u
n

, which is O(q/M
N

).
In order to make contact with the standard references on neutron and nuclear beta-decay phe-

nomenology [?, ?, ?, ?], we note that upon neglecting recoil order terms Eq. (2.16) can be viewed as the
matching conditions from our quark-level e↵ective theory Eq. (2.7) to the nucleon-level e↵ective theory
originally written down by Lee and Yang [?]. The Lee-Yang e↵ective couplings C

i

, C 0
i

(i 2 {V, A, S, T})
can be expressed in terms of our parameters as follows [?] 6

C
i

=
G

(0)

Fp
2

V
ud

C̄
i

(2.17a)

C̄
V

= g
V

(1 + �
�

+ ✏
L

+ ✏
R

+ ✏̃
L

+ ✏̃
R

) (2.17b)

C̄ 0
V

= g
V

(1 + �
�

+ ✏
L

+ ✏
R

� ✏̃
L

� ✏̃
R

) (2.17c)

C̄
A

= �g
A

(1 + �
�

+ ✏
L

� ✏
R

� ✏̃
L

+ ✏̃
R

) (2.17d)

C̄ 0
A

= �g
A

(1 + �
�

+ ✏
L

� ✏
R

+ ✏̃
L

� ✏̃
R

) (2.17e)

C̄
S

= g
S

(✏
S

+ ✏̃
S

) (2.17f)

C̄ 0
S

= g
S

(✏
S

� ✏̃
S

) (2.17g)

C̄
P

= g
P

(✏
P

� ✏̃
P

) (2.17h)

C̄ 0
P

= g
P

(✏
P

+ ✏̃
P

) (2.17i)

C̄
T

= 4 g
T

(✏
T

+ ✏̃
T

) (2.17j)

C̄ 0
T

= 4 g
T

(✏
T

� ✏̃
T

) . (2.17k)

Using these relations and the results of Ref. [?] one can easily work out the dependence of beta decay
observables on the short-distance parameters ✏

i

and ✏̃
i

.
Our goal is to identify TeV-scale induced new physics contaminations of typical size ✏

↵

⇠ (v/⇤
BSM

)2 ⇠
O(10�3) to the decay amplitude, so that they are comparable in size to the recoil corrections of
O(q/M

N

) ⇠ 10�3 and the radiative corrections of O(↵/⇡). Thus, it is useful to organize the discussion
in terms of a simultaneous expansion in new physics contributions, recoil, and radiative corrections

5In the case of vector and axial bilinears, the Gordon decomposition can be used to trade the induced tensor term
proportional to �µ⌫q⌫ for an independent scalar term proportional to Pµ. Here we choose to follow the parameterization
of Ref. [?].

6 Various metrics and conventions appear in the literature. Lee and Yang [?] employ the “ict” metric, which in this
case maps to the metric we employ if we let �5 ! ��5 in their e↵ective theory, noting �5 = i�0�1�2�3. Refs. [?] and [?]
employ the metric we do but flip the sign of the �5 terms.

9

Theoretical Framework

factors as follows [?]:

hp(p
p

)| ū�
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p

(p
p

) �
5

u
n

(p
n

) (2.16d)

hp(p
p

)| ū �
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where u
p,n

are the proton and neutron spinors, P = p
n

+ p
p

, q = p
n

� p
p

is the momentum transfer,
and M

N

= (M
n

+ M
p

)/2 denotes a common nucleon mass.5 Note that the above spinor contractions
are O(1), except for ū

p

�
5

u
n

, which is O(q/M
N

).
In order to make contact with the standard references on neutron and nuclear beta-decay phe-

nomenology [?, ?, ?, ?], we note that upon neglecting recoil order terms Eq. (2.16) can be viewed as the
matching conditions from our quark-level e↵ective theory Eq. (2.7) to the nucleon-level e↵ective theory
originally written down by Lee and Yang [?]. The Lee-Yang e↵ective couplings C
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can be expressed in terms of our parameters as follows [?] 6
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Using these relations and the results of Ref. [?] one can easily work out the dependence of beta decay
observables on the short-distance parameters ✏

i

and ✏̃
i

.
Our goal is to identify TeV-scale induced new physics contaminations of typical size ✏

↵

⇠ (v/⇤
BSM

)2 ⇠
O(10�3) to the decay amplitude, so that they are comparable in size to the recoil corrections of
O(q/M

N

) ⇠ 10�3 and the radiative corrections of O(↵/⇡). Thus, it is useful to organize the discussion
in terms of a simultaneous expansion in new physics contributions, recoil, and radiative corrections

5In the case of vector and axial bilinears, the Gordon decomposition can be used to trade the induced tensor term
proportional to �µ⌫q⌫ for an independent scalar term proportional to Pµ. Here we choose to follow the parameterization
of Ref. [?].

6 Various metrics and conventions appear in the literature. Lee and Yang [?] employ the “ict” metric, which in this
case maps to the metric we employ if we let �5 ! ��5 in their e↵ective theory, noting �5 = i�0�1�2�3. Refs. [?] and [?]
employ the metric we do but flip the sign of the �5 terms.
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The “QCD parts” are now clearly 
identified; note, e.g., in n decay

Enter lattice QCD.... 
[Bhattacharya et al., 2012]

n,p!
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Summary Snapshot
Nucleon axial isovector charge

16

on the right hand side. Using CVC in reverse, our predic-
tions for (MN � MP )QCD, using lattice QCD estimates
for mu and md, are given in Table X. The uncertainty in
these estimates is dominated by that in gu�d

S .

MN �MP Nf {md,mu}QCD

(MeV) Flavors (MeV)

2.58(32) 2+1 md = 4.68(14)(7),mu = 2.16(9)(7) [50]

2.73(44) 2+1+1 md = 5.03(26),mu = 2.36(24) [50]

2.41(27) 2+1 md �mu = 2.41(6)(4)(9) [51]

2.63(27) 2+1+1 md = 4.690(54),mu = 2.118(38) [52]

TABLE X. Results for the mass di↵erence (MN � MP )
QCD

obtained using the CVC relation with our estimate gu�d
S =

1.022(80)(60) and lattice results for the up and down quark
masses from the FLAG review [50] and recent results [51, 52].

VII. COMPARISON WITH PREVIOUS WORK

A summary of lattice results for the three isovector
charges for Nf = 2�, 2+1- and 2+1+1-flavors is shown
in Figs. 5, 6 and 7. They show the steady improvement in
results from lattice QCD. In this section we compare our
results with two calculations published after the analysis
and comparison presented in Ref. [3], and that include
data from physical pion mass ensembles. These are the
ETMC [36, 37, 53] and CalLat results [47].

The ETMC results gu�d
A = 1.212(40), gu�d

S = 0.93(33)
and gu�d

T = 1.004(28) [36, 37, 53] were obtained from a
single physical mass ensemble generated with 2-flavors of
maximally twisted mass fermions with a clover term at
a = 0.0938(4) fm, M⇡ = 130.5(4) MeV and M⇡L = 2.98.
Assuming that the number of quark flavors and finite
volume corrections do not make a significant di↵erence,
one could compare them against our results from the
a09m130W ensemble with comparable lattice parame-
ters: gu�d

A = 1.249(21), gu�d
S = 0.952(74) and gu�d

T =
1.011(30). We remind the reader that this comparison
is at best qualitative since estimates from di↵erent lat-
tice actions are only expected to agree in the continuum
limit.

Based on the trends observed in our CCFV fits shown
in Figs. 2–4, we speculate where one may expect to see a
di↵erence due to the lack of a continuum extrapolation in
the ETMC results. The quantities that exhibit a signifi-
cant slope versus a are gu�d

A and gu�d
S . Again, under the

assumptions stated above, we would expect ETMC val-
ues gu�d

A = 1.212(40) to be larger and gu�d
S = 0.93(33) to

be smaller than our extrapolated values given in Eq. (13).
We find that the scalar charge fits the expected pattern,
but the axial charge does not.

We also point out that the ETMC error estimates are
smaller because the lattice values are taken from a single
ensemble and a single value of the source-sink separation
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FIG. 5. A summary of results for the axial isovector charge,
gu�d
A , for Nf = 2- 2+1- and 2+1+1-flavors. Note the much
finer x-axis scale for the plot showing experimental results for
gu�d
A . The lattice results (top panel) are from: PNDME’18
(this work); PNDME’16 [3]; CalLat’18 [47]; LHPC’12 [54];
LHPC’10 [55]; RBC/UKQCD’08 [56]; Lin/Orginos’07 [57];
RQCD’14 [58]; QCDSF/UKQCD’13 [59]; ETMC’17 [37, 53];
ETMC’15 [60]; CLS’12 [61] and RBC’08 [62]. Phenomenol-
ogy and other experimental results (middle panel) are from:
AWSR’16 [63] and COMPASS’15 [64]. The results from neu-
tron decay experiments (bottom panel) have been taken from:
Brown’17 [9]; Mund’13 [10]; Mendenhall’12 [8]; Liu’10 [65];
Abele’02 [66]; Mostovoi’01 [67]; Liaud’97 [68]; Yerozolim-
sky’97 [69] and Bopp’86 [70].

using the plateau method. Our results for gu�d
A and gu�d

T
from the comparable calculations on the a09m130W en-
semble with ⌧ = 14 (see Figs. 10 and 16), are similar to
the ETMC values, but with less than half the errors.
The more detailed comparison we make is against the

CalLat result gu�d
A = 1.271(13) [47] that agrees with the

latest experimental value gu�d
A = 1.2766(20). The impor-

tant question is, since the CalLat calculations were also
done using the same 2+1+1-flavor HISQ ensembles, why
are the two results, after CCFV fits, di↵erent?
To understand why the results can be di↵erent, we first

review the notable di↵erences between the two calcula-
tions. CalLat uses (i) Möbius domain wall versus clover
for the valence quark action. This means that their dis-
cretization errors start at a2 versus a for PNDME. They
also have no uncertainty due to the renormalization fac-
tor since ZA/ZV = 1 for the Möbius domain wall on
HISQ formalism. (ii) They use gradient flow smearing
with tgf/a = 1 versus one HYP smearing to smooth high

!! 

[Gupta et al. [PNDME ’18], 1806.09006]

[Chang et al. [CalLat], Nature 558, 
91 (2018), 1805.12130]

Recent gA result 

of 1% precision in 
agreement w/ expt!

“Deep dive” by 

PNDME ’18 

reveals no serious 

disagreements
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Summary Snapshots 
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FIG. 6. A summary of results for the scalar isovector charge,
gu�d
S , for Nf = 2- 2+1- and 2+1+1-flavors. The lattice
results are from: PNDME’18 (this work); PNDME’16 [3];
LHPC’12 [71]; PNDME’11 [13] and RQCD’14 [58]. The esti-
mates based on the conserved vector current and phenomenol-
ogy are taken from Gonzalez-Alonso’14 [49] and Adler’75 [72].

FIG. 7. A summary of results for the scalar isovector charge,
gu�d
T , for Nf = 2- 2+1- and 2+1+1-flavors. The lat-
tice and phenomenology results quoted from: PNDME’18
(this work); PNDME’16 [3]; PNDME’15 [1] LHPC’12 [71];
RBC/UKQCD’10 [73] ETMC’17 [36]; RQCD’14 [58] and
RBC’08 [62]. The phenomenological estimates are taken
from the following sources: Kang’15 [74]; Goldstein’14 [75];
Pitschmann’14 [76]; Anselmino’13 [77]; Bacchetta’13 [78] and
Fuyuto’13 [79].

frequency fluctuations on the gauge configurations. This
can impact the size of statistical errors. (iii) Di↵erent
construction of the sequential propagator. CalLat inserts
a zero-momentum projected axial current simultaneously
at all time slices on the lattice to construct the sequen-
tial propagator. Their data are, therefore, for the sum of
contributions from insertions on all time slices on the lat-
tice, i.e., including contact terms and insertion on time
slices outside the interval between the source and the
sink. CalLat fits this summed three-point function ver-

sus only the source-sink separation ⌧ using the 2-state fit
ansatz. (iv) The ranges of ⌧ for which the data have the
maximum weight in the respective n-state fits are very
di↵erent in the two calculations. The CalLat results are
obtained from data at much smaller values of ⌧ , which
accounts for the smaller error estimates in the data for
gu�d
A . (v) CalLat analyze the coarser a ⇡ 0.15, 0.12 and
0.09 fm ensembles. At a ⇡ 0.15 fm, we can only ana-
lyze the a15m310 ensemble due to the presence of excep-
tional configurations in the clover-on-HISQ formulation
at lighter pion masses. On the other hand, computing
resouces have so far limited CalLat from analyzing the
three fine a ⇡ 0.06 fm and the physical mass a09m130
ensembles so far.
A combination of these factors could easily explain the

⇡ 5% di↵erence in the final values. The surprising result,
shown in Table XI, is that estimates on the seven ensem-
bles analyzed by both collaborations are consistent and
do not show a systematic di↵erence. (Note again that
results from two di↵erent lattice formulations are not, a
priori, expected to agree at finite a.) These data suggest
that di↵erences at the 1� level (see also our analysis in
Table IX) are conspiring to produce a 5% di↵erence in the
extrapolated value. Thus, one should look for di↵erences
in the details of the CCFV fit.
We first examine the extrapolation in a. A CCFV fit

keeping our data from only the eight a ⇡ 0.15, 0.12 and
0.09 fm ensembles gives a larger value, gu�d

A = 1.245(42),
since the sign of the slope versus a changes sign as is
apparent from the data shown in the top three panels
of Fig. 2. Thus the three a ⇡ 0.06 ensembles play an
important role in our continuum extrapolation.
Our initial concern was possible underestimation of

statistical errors in results from the a ⇡ 0.06 lattices.
This prompted us to analyze three crucial ensembles,
a09m130, a06m310 and a06m220, a second time with
di↵erent smearing sizes and di↵erent random selection of
source points. The consistency between the pairs of data
points on these ensembles suggests that statistical fluc-
tuations are not a likely explanation for the size of the
undershoot in gu�d

A . The possibility that these ensem-
bles are not large enough to have adequately explored
the phase space of the functional integral, and the re-
sults are possibly biased, can only be checked with the
generation and analysis of additional lattices.
The chiral fits are also di↵erent in detail. In our data,

the errors in the points at M⇡ ⇡ 310, 220 and 130 MeV
are similar, consequently all points contribute with simi-
lar weight in the fits. The errors in the CalLat data from
the two physical mass ensembles a15m130 and a12m130
are much larger and the fits are predominately weighted
by the data at the heavier masses M⇡ ⇡ 400, 350 310
and 220 MeV. Also, CalLat finds a significant change in
the value between the M⇡ ⇡ {400, 350, 310} MeV and
M⇡ ⇡ 220 MeV points, and this concerted change, well
within 1� errors in individual points, produces a larger
dependence on M⇡. In other words, it is the uniformly
smaller values on the M⇡ ⇡ {400, 350, 310} MeV en-
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FIG. 6. A summary of results for the scalar isovector charge,
gu�d
S , for Nf = 2- 2+1- and 2+1+1-flavors. The lattice
results are from: PNDME’18 (this work); PNDME’16 [3];
LHPC’12 [71]; PNDME’11 [13] and RQCD’14 [58]. The esti-
mates based on the conserved vector current and phenomenol-
ogy are taken from Gonzalez-Alonso’14 [49] and Adler’75 [72].
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FIG. 7. A summary of results for the scalar isovector charge,
gu�d
T , for Nf = 2- 2+1- and 2+1+1-flavors. The lat-
tice and phenomenology results quoted from: PNDME’18
(this work); PNDME’16 [3]; PNDME’15 [1] LHPC’12 [71];
RBC/UKQCD’10 [73] ETMC’17 [36]; RQCD’14 [58] and
RBC’08 [62]. The phenomenological estimates are taken
from the following sources: Kang’15 [74]; Goldstein’14 [75];
Pitschmann’14 [76]; Anselmino’13 [77]; Bacchetta’13 [78] and
Fuyuto’13 [79].

frequency fluctuations on the gauge configurations. This
can impact the size of statistical errors. (iii) Di↵erent
construction of the sequential propagator. CalLat inserts
a zero-momentum projected axial current simultaneously
at all time slices on the lattice to construct the sequen-
tial propagator. Their data are, therefore, for the sum of
contributions from insertions on all time slices on the lat-
tice, i.e., including contact terms and insertion on time
slices outside the interval between the source and the
sink. CalLat fits this summed three-point function ver-

sus only the source-sink separation ⌧ using the 2-state fit
ansatz. (iv) The ranges of ⌧ for which the data have the
maximum weight in the respective n-state fits are very
di↵erent in the two calculations. The CalLat results are
obtained from data at much smaller values of ⌧ , which
accounts for the smaller error estimates in the data for
gu�d
A . (v) CalLat analyze the coarser a ⇡ 0.15, 0.12 and
0.09 fm ensembles. At a ⇡ 0.15 fm, we can only ana-
lyze the a15m310 ensemble due to the presence of excep-
tional configurations in the clover-on-HISQ formulation
at lighter pion masses. On the other hand, computing
resouces have so far limited CalLat from analyzing the
three fine a ⇡ 0.06 fm and the physical mass a09m130
ensembles so far.
A combination of these factors could easily explain the

⇡ 5% di↵erence in the final values. The surprising result,
shown in Table XI, is that estimates on the seven ensem-
bles analyzed by both collaborations are consistent and
do not show a systematic di↵erence. (Note again that
results from two di↵erent lattice formulations are not, a
priori, expected to agree at finite a.) These data suggest
that di↵erences at the 1� level (see also our analysis in
Table IX) are conspiring to produce a 5% di↵erence in the
extrapolated value. Thus, one should look for di↵erences
in the details of the CCFV fit.
We first examine the extrapolation in a. A CCFV fit

keeping our data from only the eight a ⇡ 0.15, 0.12 and
0.09 fm ensembles gives a larger value, gu�d

A = 1.245(42),
since the sign of the slope versus a changes sign as is
apparent from the data shown in the top three panels
of Fig. 2. Thus the three a ⇡ 0.06 ensembles play an
important role in our continuum extrapolation.
Our initial concern was possible underestimation of

statistical errors in results from the a ⇡ 0.06 lattices.
This prompted us to analyze three crucial ensembles,
a09m130, a06m310 and a06m220, a second time with
di↵erent smearing sizes and di↵erent random selection of
source points. The consistency between the pairs of data
points on these ensembles suggests that statistical fluc-
tuations are not a likely explanation for the size of the
undershoot in gu�d

A . The possibility that these ensem-
bles are not large enough to have adequately explored
the phase space of the functional integral, and the re-
sults are possibly biased, can only be checked with the
generation and analysis of additional lattices.
The chiral fits are also di↵erent in detail. In our data,

the errors in the points at M⇡ ⇡ 310, 220 and 130 MeV
are similar, consequently all points contribute with simi-
lar weight in the fits. The errors in the CalLat data from
the two physical mass ensembles a15m130 and a12m130
are much larger and the fits are predominately weighted
by the data at the heavier masses M⇡ ⇡ 400, 350 310
and 220 MeV. Also, CalLat finds a significant change in
the value between the M⇡ ⇡ {400, 350, 310} MeV and
M⇡ ⇡ 220 MeV points, and this concerted change, well
within 1� errors in individual points, produces a larger
dependence on M⇡. In other words, it is the uniformly
smaller values on the M⇡ ⇡ {400, 350, 310} MeV en-

Nucleon scalar and tensor isovector charges
[Gupta et al. [PNDME], 1806.09006]

Act to sharpen constraints on non-V-A currents
from decay correlation measurements (esp. b)

Phenom Forecasts (gT; SoLID) have much higher precision 
[Ye et al. , PLB 2017 arXiv: 1609.02449]
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, (3.40)

Assuming log(⇤/µ) ⇠ 10, so that, e.g., ⇤ ⇠ 10 TeV and µ ⇠ 1 GeV, and using the numerical values of
�

SP,TP

, one finds that the individual constraints are at the level of |Re(✏
S

)| <⇠ 8⇥10�2, |Im(✏
S

)| <⇠ 4⇥10�2,
|Re(✏

T

)| <⇠ 10�3, and |Im(✏
T

)| <⇠ 0.5 · 10�3. These bounds become logarithmically more stringent as the
new-physics scale ⇤ grows. It is worth noting that analogous studies are also possible in kaon decays,
and new results are expected from NA62 at CERN [?] and TREK at J-PARC [?].

Constraints on ✏̃
S,T

can be worked out similarly [?], resulting in |Re(✏̃
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)| . 5 ⇥ 10�2, |Im(✏̃
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)| .
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)| . 0.6 ⇥ 10�3, and |Im(✏̃
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)| . 0.3 ⇥ 10�3, which together with ✏̃
P

are the strongest
low-energy bounds on the ✏̃ couplings [?].

4 Decay correlations and non-(V � A) couplings

Di↵erential decay distributions in beta decays are very sensitive to the Lorentz structure of the under-
lying weak interaction, thus enabling searches for small non-(V � A) components. Following Ref. [?],
one writes the di↵erential decay distribution in the nuclear decay P ! D e� ⌫̄ (e+⌫) as a function of
electron (positron) energy and lepton directions as follows,
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(4.41)
where P and D represent the parent and daughter nuclei, h ~Ji/J represents the parent nucleus polariza-
tion, if any, and ~p

e,⌫

are the electron (positron) and antineutrino (neutrino) three-momenta. We have
omitted the additional parity-conserving term which appears if J 6= 1/2, as indicated by the ellipsis.
The coe�cient b is the Fierz interference term, a is the electron-antineutrino correlation, A is the beta
asymmetry, B is the antineutrino asymmetry, and the coe�cient D is T odd in that the associated
triple product of vectors is motion-reversal odd. All these quantities contain combinations of the Lee-
Yang e↵ective coe�cients as delineated in Ref. [?], as does ⇠, and are related to our parameters as per
Eq. (2.17). Additional terms are present if one can measure the polarization of the emitted electron or
positron [?]. Note, too, that the various correlation coe�cients become E

e

dependent once corrections
of radiative and recoil order are included.

The decay correlations can be measured in neutron and nuclear decays, and substantial progress is
expected in the next few years. In neutron decay, both cold and ultracold neutrons, implying distinct
experimental techniques and hence entirely independent sources of systematic error, are used to measure
these correlations. In the future we can expect experiments poised to take advantage of cold neutron
beams of much greater intensity at the FRM-III (PERC) [?], the New Guide Hall at NIST [?], and the
SNS (Nab) [?]. Concerning nuclear decays, the development of atomic trapping techniques has allowed
the precise detection of daughter nucleus recoil momenta, which in turn permits bettered measurements
of the electron-antineutrino correlation parameter a.
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In the absence of radiative corrections, recoil corrections, and BSM contributions, the correlation
coe�cients a(E

e

), A(E
e

), and B(E
e

) reduce to simple expressions, while b,D = 0 vanish. For example,
for a pure Gamow-Teller decay we have the prediction a

GT

= �1/3, whereas for a pure Fermi transition
we have a

F

= 1. For mixed Fermi-Gamow-Teller transitions there is also a precise prediction once the
ratio of Fermi to Gamow-Teller strengths is known—and this can be determined from the lifetime. In
the case of neutron decay, which is a mixed transition, one obtains:

a(E
e

) ! 1 � �2

1 + 3�2

, A(E
e

) ! 2�(1 � �)

1 + 3�2

, B(E
e

) ! 2�(1 + �)

1 + 3�2

, (4.42)

where � ⌘ g
A

/g
V

and the limiting value of B(E
e

), e.g., is termed B
0

.
Going beyond the SM, the dependence of the correlations a, b, A, B, and D on the short-distance

couplings ✏
i

and ✏̃
i

can be determined using their dependence on the couplings C
i

±C 0
i

given in Ref. [?] and
the relations given in Eq. (2.17). The full expressions are quite complicated, but simplify considerably
if one considers the leading linear corrections only. In regards to these, the salient points are:

• As mentioned previously, the right-handed coupling ✏
R

to linear order induces the shift � ! �̃ =
�(1 � 2✏

R

). In order to probe ✏
R

from correlation measurements, one needs to know � ⌘ g
A

/g
V

independently; this can come from a LQCD calculation.

• The scalar and tensor couplings ✏
S,T

appear at linear order only through the Fierz interference
term b and the analogous term b

⌫

in the antineutrino asymmetry parameter, where b
⌫

is defined
by B(E

e

) = B
0

+ b
⌫

m
e

/E
e

. Di↵erent nuclear transitions probe di↵erent combinations of the
BSM couplings. For example, the Fierz term b in a pure Fermi or Gamow-Teller transition
probes exclusively the scalar or tensor coupling, according to b

F

= ⌥2� g
S

Re(✏
S

) and b
GT

=
±(8�g

T

Re(✏
T

))/�, where � =
p

1 � ↵2Z2 and the sign distinguishes �± emitters [?]. Mixed
transitions such as neutron decay probe a linear combination of scalar and tensor couplings. For
neutron decay one has [?]:
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• Measurements of the correlation coe�cients a, A, and B always include contributions from the
Fierz interference term b, and are therefore sensitive to ✏

S,T

to linear order. This dependence
arises because correlation measurements involve the construction of asymmetry ratios [?], and the
dependence on b does not cancel in the asymmetry denominators. For example, in order to isolate
A(E

e

) one constructs the ratio

A
exp

(E
e

) =
N

+

(E
e

) � N�(E
e

)

N
+

(E
e

) + N�(E
e

)
, (4.44)

where N±(E
e

) are the spectra corresponding to events with ~J · ~p
e

> 0 and ~J · ~p
e

< 0, respectively,
so that sensitivity to b does indeed appear through the denominator. In general, asymmetry
measurements probe

Ỹ (E
e

) =
Y (E

e

)

1 + b m
e

/E
e

+ . . .
, Y 2 {A, B, a, ...} , (4.45)
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If J 6= 1/2

B(Ee) = B0 + b⌫me/Ee

[Jackson, Treiman, Wyld, 1957]
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Current β decays
Current LHC

Future β decays
Future LHC

FIG. 8. Current and projected 90% C.L. constraints on ✏S and ✏T defined at 2 GeV in the MS scheme. (Left) The beta decays
constraints are obtained from the recent review article Ref. [80]. The current and future LHC bounds are obtained from the
analysis of the pp ! e +MET +X. We have used the ATLAS results [81], at

p
s = 13 TeV and integrated luminosity of 36

fb�1. We find that the strongest bound comes by the cumulative distribution with a cut on the transverse mass at 2 TeV.
The projected future LHC bounds are obtained by assuming that no events are observed at transverse mass greater than 3
TeV with an integrated luminosity of 300 fb�1. (Right) Comparison on current LHC bounds from pp ! e+MET +X versus
pp ! e+e� +X.

keeping up to three excited states in the analysis of data
at multiple values of source-sink separation ⌧ . Together,
these two improvements allow us to demonstrate that the
excited-state contamination in the axial and the tensor
channels has been reduced to the 1�2% level. The high-
statistics analysis of eleven ensembles covering the range
0.15–0.06 fm in the lattice spacing, M⇡ = 135–320 MeV
in the pion mass, and M⇡L = 3.3–5.5 in the lattice size
allowed us to analyze the three systematic uncertainties
due to lattice discretization, dependence on the quark
mass and finite lattice size, by making a simultaneous fit
in the three variables a, M2

⇡ and M⇡L. Data from the
two physical mass ensembles, a09m130 and a06m135, an-
chor the improved chiral fit. Our final estimates for the
isovector charges are given in Eq. (15).

One of the largest sources of uncertainty now is from
the calculation of the renormalization constants for the
quark bilinear operators. These are calculated nonper-
turbatively in the RI-sMOM scheme over a range of val-
ues of the scale Q2. As discussed in Ref. [3], the dominant
systematics in the calculation of the Z’s comes from the
breaking of the rotational symmetry on the lattice and
the 2-loop perturbative matching between the RI-sMOM
and the MS schemes.

Our estimate gu�d
A = 1.218(25)(30) is about 1.5�

(about 5%) below the experimental value gA/gV =
1.2766(20). Such low values are typical of most lattice
QCD calculations. The recent calculation by the CalLat
collaboration, also using the 2+1+1-flavor HISQ ensem-
bles, gives gu�d

A = 1.271(13) [47]. A detailed comparison
between the two calculations is presented in Sec VII. We
show in Table XI that results from seven ensembles, that
have been analyzed by both collaborations, agree within

1� uncertainty. Our analysis indicates that the majority
of the di↵erence comes from the chiral and continuum ex-
trapolations, with 1� di↵erences in individual points get-
ting amplified. Given that CalLat have not analyzed the
fine 0.06 fm ensembles and their data on the two physical
pion mass ensembles, a15m130 and a12m130 have much
larger errors and do not contribute significantly to their
chiral fit, we conclude that our error estimate is more
realistic. Further work is, therefore, required to resolve
the di↵erence between the two results.
Our results for the isovector scalar and tensor charges,

gu�d
S = 1.022(80)(60) and gu�d

T = 0.989(32)(10), have
achieved the target accuracy of 10% needed to put
bounds on scalar and tensor interactions, ✏S and ✏T , aris-
ing at the TeV scale when combined with experimental
measurements of b and b⌫ parameters in neutron decay
experiments with 10�3 sensitivity [13]. In Sec. VIII, we
update the constraints on ✏S and ✏T from both low en-
ergy experiments combined with our new lattice results
on gu�d

S and gu�d
T and from Atlas and CMS experiments

at the LHC. We find that the constraints from low energy
experiments combined with matrix elements from lattice
QCD are comparable to those from the LHC.
For the tensor charges, we find that the dependence on

the lattice size, the lattice spacing and the light-quark
mass is small, and the simultaneous fit in these three
variables, keeping just the lowest-order corrections, has
improved over that presented in Ref. [1].
We have also updated our estimates for the connected

parts of the flavor-diagonal charges. For the tensor
charges, the contribution of the disconnected diagram is
consistent with zero [1, 2], so the connected contribution,
guT = 0.790(27) and gdT = �0.198(10) for the proton, is

[Gupta et al. [PNDME], 1806.09006; 
current β decay from 

Gonzalez-Alonso et al, 1803.08752]

Comparison assumes 
ΛBSM > 13 TeV

Analysis & forecast neglect 
second class currents [SG & Plaster, 2013]
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The Neutron Lifetime Puzzle

 [Figure Credit: L. Boussard]

Count

protons 
that 

appear

Count

neutrons 
that 

persistWhat if neutrons also decay invisibly?

[Recall early suggestion: Z. Berezhiani & “mirror neutrons’’]

UCN τn

Serebrov

(8.6 s, 4σ)
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Possible Dark Decays
Modeled to solve the n lifetime puzzle 

[Fornal & Grinstein, PRL, 2018]

Visible Invisible

Thus τnbeam   = τnbottle / Br(n→p + anything)

Select χ mass window to avoid proton decay 
& nuclear constraints

~99%

The operator O generally gives rise to proton decay via
p → n! þ eþ þ νe, followed by the decay of n! through the
channel (a) or (b), and has to be suppressed [20]. Proton
decay can be eliminated from the theory if the sumofmasses
of particles in the minimal final state f of neutron decay, say
Mf, is larger than mp −me. On the other hand, for the
neutron to decay,Mf must be smaller than the neutronmass;
therefore, it is required that mp−me<Mf<mn.
In general, the decay channels (a) and (b) could trigger

nuclear transitions from ðZ; AÞ to ðZ; A − 1Þ. If such a
transition is accompanied by a prompt emission of a state f0

with the sum of masses of particles making up f0 equal to
Mf0 , it can be eliminated from the theory by imposing
Mf0 > ΔM ¼ MðZ; AÞ −MðZ; A − 1Þ. Of course, Mf0

need not be the same as Mf, since the final state f0 in
nuclear decay may not be available in neutron decay.
For example, Mf0 < Mf when the state f0 consists of a
single particle, which is not an allowed final state of the
neutron decay. If f0 ¼ f, then f0 must contain at least
two particles. The requirement becomes, therefore,
ΔM < minfMf0g ≤ Mf < mn. The most stringent of such
nuclear decay constraints comes from the requirement of
9Be stability, for which ΔM ¼ 937.900 MeV; thus,

937.900 MeV < minfMf0 g ≤ Mf < 939.565 MeV: ð2Þ

The condition in Eq. (2) circumvents all nuclear decay
limits listed in PDG [8], including the most severe
ones [21–23].
Consider f to be a two-particle final state containing a

dark sector spin 1=2 particle χ. Assuming the presence
of the interaction χn, the condition in Eq. (2) implies that
the other particle in f has to be a photon or a dark sector
particle ϕ with mass mϕ < 1.665 MeV (we take it to be
spinless). The decay χ → pþ e− þ ν̄e is forbidden if

mχ < mp þme ¼ 938.783 MeV: ð3Þ

Provided there are no other decay channels for χ, Eq. (3)
ensures that χ is stable, thus making it a DM candidate. On
the other hand, if χ → pþ e− þ ν̄e is allowed, although
this prevents χ from being the DM, its lifetime is still long
enough to explain the neutron decay anomaly. In both
scenarios, ϕ can be a DM particle as well.
Without the interaction χn, only the sum of final state

masses is constrained by Eq. (2). Both χ and ϕ can be DM
candidates, provided jmχ −mϕj < mp þme. One can also
have a scalar DM particle ϕwith massmϕ < 938.783 MeV
and χ being a Dirac right-handed neutrino. Trivial model-
building variations are implicit. The scenarios with a
Majorana fermion χ or a real scalar ϕ are additionally
constrained by neutron-antineutron oscillation and dinu-
cleon decay searches [24,25].
Model-independent analysis.—Based on the discussed

experimental constraints, the available channels for the
neutron dark decay are n → χγ, n → χϕ, n → χeþe−, as

well as those involving additional dark particle(s) and/or
photon(s).
Neutron → dark matter þ photon.—This decay is

realized in the case of a two-particle interaction involving
the fermion DM χ and a three-particle interaction including
χ and a photon, i.e., χn; χnγ. Equations (2) and (3) imply
that the DM mass is 937.900 MeV < mχ < 938.783 MeV
and the final state photon energy

0.782 MeV < Eγ < 1.664 MeV: ð4Þ

We are not aware of any experimental constraints on such
monochromatic photons. The search described in [26–28]
measured photons from radiative β decays in a neutron
beam; however, photons were recorded only if they
appeared in coincidence with a proton and an electron,
which is not the case in our proposal.
To describe the decay n → χγ in a quantitative way, we

consider theories with an interaction χn and an interaction
χnγ mediated by mixing between the neutron and χ. An
example of such a theory is given by the effective Lagrangian

Leff
1 ¼ n̄

!
i=∂ −mn þ

gne
2mn

σμνFμν

"
n

þ χ̄ði=∂ −mχÞχ þ εðn̄χ þ χ̄nÞ; ð5Þ

where gn ≃ −3.826 is the neutron g factor, and ε is the
mixing parameter with dimension of mass. The term
corresponding to n→χγ is obtained by transforming
Eq. (5) to the mass eigenstate basis and, for ε≪mn−mχ,
yields

Leff
n→χγ ¼

gne
2mn

ε
ðmn −mχÞ

χ̄σμνFμνn: ð6Þ

Therefore, the neutron dark decay rate is

ΔΓn→χγ ¼
g2ne2

8π

!
1 −

m2
χ

m2
n

"
3 mnε2

ðmn −mχÞ2

≈ ΔΓexp
n

!
1þ x
2

"
3
!

1 − x
1.8 × 10−3

"!
ε½GeV'

9.3 × 10−14

"
2

;

ð7Þ

where x ¼ mχ=mn. The rate is maximized when mχ
saturates the lower bound mχ ¼ 937.9 MeV. A particle
physics realization of this case is provided by model
1 below.
The testable prediction of this class of models is a

monochromatic photonwith an energy in the range specified
by Eq. (4) and a branching fraction ΔΓn→χγ=Γn ≈ 1%.
A signature involving an eþe− pair with total energy
Eeþe− < 1.665 MeV is also expected, but with a suppressed
branching fraction of at most 1.1 × 10−6.
If χ is not a DM particle, the bound in Eq. (3) no longer

applies, and the final state monochromatic photon can have
an energy in a wider range

PHYSICAL REVIEW LETTERS 120, 191801 (2018)

191801-2

Enter Φ = (3, 1, -1/3) and χ a SM singlet  
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Status of Vud

suggests no “χ” needed!
But note most recent bottle τn

[Figure Credit: M. A. P. Brown]
[Czarnecki, Marciano, Sirlin, PRL 2018]
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Dark Aftermaths?  
Particular models are now excluded  

where ρðx; y; zÞ is the UCN density as a function of position,
vmax is the maximum UCN velocity, g is the acceleration due
to gravity, and the integral is over the volume of the vessel. A
v2dv velocity distribution up to a maximum velocity of
600 cm=s (given by the Fermi potential of upstream stain-
less-steel guides [20]) is used to determine the height
dependence of ρ.
The volume integrated detector sensitivity is

88# 9 counts=ðdecay=cm3Þ. The branching ratio for
UCN decay into dark matter needed to explain the differ-
ence in the beam and bottle lifetimes is 1.3%, so the decay
rate is 1.2 × 10−5 s−1. The measured density gives an
expected rate of 11.9# 1.2 mHz, or 0.12 counts=10 s for
a peak at 1333 keV. The uncertainty is taken to be the
uncertainty in the source activity.
In order to estimate the likelihood of a peak with the

predicted signal strength, we have fitted a linear back-
ground to 100 keV wide segments of the spectrum and
integrated the area above the background in a 12 keV wide
region (∼3 Gaussian σ peak widths) centered in the
segment, to obtain the peak yield, Yi. The peak region
was excluded from the background fit. This procedure
was repeated in 4 keV steps across the spectrum for each
bin i. The uncertainties, ΔYi, were calculated assuming
Poisson statistics for the foreground and background
spectra. The number of standard deviations (x) between
each yield, Yi, and the predicted signal was calculated as
xi¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðYi − PiÞ2=ðΔY2

i þ ΔP2
i Þ

p
, where Pi is the predicted

signal and ΔPi is its uncertainty, obtained by adding the
uncertainties in the UCN density and acceptance in quad-
rature. The likelihood for each i is given by the cumulative
normal distribution function. Summing the likelihood over
all of the 4 keV wide bins in the ROI and dividing by 3, to
account for the 12 keV wide integration window, accounts
for the unknown location of a peak [21] (the so-called look

elsewhere effect) and excludes the presence of a mono-
energetic γ ray in the entire ROI with a total confidence
limit of 97%. The largest contributor is the fluctuation at
1130 keV, with a probability of 1.6%.
In Fig. 3, two peaks at 720 and 1779 keVare also shown

to demonstrate the sensitivity of our analysis, even though
they are outside of the ROI. The 720 keV peak could be due
to the decay of 10C, which is a spallation product produced
inside the biological shielding stack. The 1779 keV peak is
due to the γ ray generated from the β decay of 28Al, which
was formed by neutron capture on 27Al. The overlap
between adjacent bins can be observed in the saturated
likelihood for these peaks.
In summary, we have used the Los Alamos UCN source

[13] to search for monoenergetic γ rays from neutron decay
to dark matter, a solution recently proposed to explain the
difference between beam and bottle neutron lifetime
results [11]. Our measurements exclude this possible
explanation [11] with 97% confidence.

This work was supported by the Los Alamos Laboratory
Directed Research and Development (LDRD) office (Grant
No. 20140568DR), the LDRD Program of Oak Ridge
National Laboratory, managed by UT-Battelle, Limited
Liability Corporation (LLC) (Grant No. 8215), the
National Science Foundation (Grants No. 130692,
No. 1307426, No. 161454, No. 1506459, and
No. 1553861), the Indiana University (IU) Center for
Space Time Symmetries (IUCSS), and United States
Department of Energy (U.S. DOE) Low Energy Nuclear
Physics (Grants No. DE-FG02-97ER41042, No. DE-
SC0014622, and No. DE-AC05-00OR22725). The authors
would like to thank the staff of Los Alamos Neutron
Science Center (LANSCE) for their diligent efforts to
develop the diagnostics and new techniques required to
provide the proton beam for this experiment.

FIG. 3. The data (solid circles) plotted are the sum of counts in a 12 keV (∼3 Gaussian peak widths) window above a piecewise fitted
background across the ROI. The integration region is centered in a 100 keV wide fitting window, and it is performed in 4 keV steps. The
unshaded center of the plot is the ROI. The predicted signal (solid line and shaded region) accounts for the energy dependent photopeak
efficiency predicted by GEANT4 [16]. The open circles show the likelihood of the predicted signal in each overlapping bin.
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as explanations of the entire anomaly

[Tang et al., PRL, 2018]

expected
yield
n→χγ

These models also run afoul of the existence of 2 M☉ 
neutron stars (unless χ is self-interacting or heavy)

data

[McKeen et al., 2018; Baym et al., 2018, Motta et al., 2018]



B-L Violation with 
Quarks
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in collaboration with Xinshuai Yan



A neutrino can have a Majorana mass 
if B-L symmetry is broken

The Majorana mass and 0 ν ββ decay 
 

But only B-L violation permits 0 ν ββ decay  
However, 0 ν ββ decay need not mediated by the 

exchange of a light Majorana ν (other sources could act);
though its observation would show it effectively exists

Origins of the Neutrino Mass

Or (and) the neutrino could have a Dirac mass

(Enter the Weinberg operator (vweak2/Λnew) νLT C νL)

(Enter the right-handed neutrino & the Higgs mechanism)

[Schechter & Valle, 1982]
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Why the energy scale of B-L violation matters 
 

Mechanisms of 0ν ββ decay

Why the scale of B-L violation also matters

If we establish that B � L is broken (by neutrinos), then...

Electric charge quantization can be compatible w/ nonzero ⌫ mass
[Babu & Mohapatra, 1989, 1990; note review: Foot et al., 1993]

Leptogenesis may exist (and explain the BAU)
[Fukugita & Yanagida, 1986; note review: Buchmüller et al., 2005]

Even so, we may still not know the mechanism of B � L violation.

If it is generated by the Weinberg operator, then SM electroweak symmetry
yields m⌫ = �v

2
weak/⇤. If � ⇠ 1 and ⇤ � vweak, then naturally m⌫ ⌧ m

f

!
N.B. if m⌫ ⇠ 0.2 eV, then ⇤ ⇠ 1.6 ⇥ 109 GeV!
Alternatively it could also be generated by higher dimension |�L| = 2
operators, so that m⌫ is small just because d � 4 and ⇤ need not be so large.
[EFTs: Babu & Leung, 2001; de Gouvea & Jenkins, 2008 and many models]

Can we establish the scale of B � L violation in another way?
N.B. searches for same sign dilepton final states at the LHC also constrain
the higher dimension (“short range”) operators. [Helo, Kovalenko, Hirsch, and Päs, 2013]

S. Gardner (Univ. of Kentucky) n-n̄ with Spin KITP Seminar 9/30/16 4 / 21Here we consider B-L violation in the quark sector: 
via           transitions u-u
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Neutron-Antineutron Transitions 

1. Introduction. Searches for processes that violate standard model (SM) symmetries

are of particular interest because their discovery would serve as unequivocal evidence for

dynamics beyond the SM. The gauge symmetry and known particle content of the SM

implies that its Lagrangian conserves baryon number B and lepton number L, though it is

the combination B�L that survives at the quantum level. Thus the observation of neutron-

antineutron (n-n̄) oscillations, a |�B| = 2 process, would show that B � L symmetry is

broken and ergo that dynamics beyond the SM exists. The current constraints on |B| = 1

operators from the non-observation of nucleon decay are severe, with the strongest limits

coming from searches for proton decay to final states that respect B�L symmetry, such as

p ! e+⇡0, for which the partial half-life exceeds 8.2⇥ 1033 years at 90% C.L. [1]. Although

particular |�B| = 1 operators, such as those that mediate n ! e�⇡+, e.g., can also give rise

to n-n̄ oscillations, Mohapatra and others have emphasized that the origin of nucleon decay

and n-n̄ oscillations can be completely di↵erent [2–7]. Recently, moreover, simple models

that give rise to n-n̄ oscillations but not nucleon decay have been enumerated [6].

Phenomenological studies of meson mixing are typically realized in the context of a 2⇥ 2

e↵ective Hamiltonian matrix [8]. The seminal papers on free n-n̄ oscillations [9, 10] have also

followed such a framework, and the existing experimental search [11] has, in turn, followed its

guidance. Consequently we briefly review this work before turning to our generalization. The

neutron magnetic moment is well-known, yielding an interaction with an external magnetic

field B of form �µ
n

S

n

·B/S
n

, where µ
n

is the magnitude of the magnetic moment and S

n

is the neutron spin. Nevertheless, the early papers [9, 10] analyze the e↵ect of an external

magnetic field in a 2 ⇥ 2 framework, explicitly suppressing the role of the neutron (and

antineutron) spin. Supposing the neutron spin to be in the direction of the applied B-field

and employing CPT invariance, the mass matrix M takes the form [9]

M =

0

@ M
n

� µ
n

B �

� M
n

+ µ
n

B

1

A , (1)

where we note that CPT invariance guarantees not only that the neutron and antineutron

masses are equal but also that the projections of the neutron and antineutron magnetic

moments on B are equal in magnitude and of opposite sign. We work in units ~ = c = 1

and ignore the finite neutron and antineutron lifetimes throughout. Diagonalizing M yields

2

Pn!n̄(t) '
�2

2(µnB)

2
[1� cos(2µnBt)]

Can be realized in different ways 

• neutron-antineutron oscillations (free n’s & in nuclei)
Enter searches for 

• dinucleon decay (in nuclei)
     (limited by finite nuclear density)
•  neutron-antineutron conversion

“spontaneous”
& thus sensitive to 

environment

[SG & Xinshuai Yan,  arXiv:1710.09292, PRD 2018 (also arXiv:1602.00693, PRD 2016)]

(NEW!)
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Patterns of |ΔB|=2 Violation?
Minimal scalar-fermion models give connections

[SG & Xinshuai Yan, arXiv: 1808.05288]

Note such models of          oscillation without p decay 

Enter new scalars Xi that respect SM gauge symmetry
and interactions XiXjXk or XiXjXkXl 
— cf. “hidden sector” searches: possible 
masses are limited by experiment

[Arnold, Fornal, Wise, PRD, 2013]

Here products of different new scalars give n→n 
oscillation and nn conversion  (e- p →e+ p, …), 
and thus can predict π-π-→ e-e-! 

n ! n̄
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TABLE I. Scalar particle representations in the
SU(3)c⇥SU(2)L⇥U(1)Y SM that carry nonzero B and/or L
but permit no proton decay at tree level, after Ref. [4]. We
indicate the possible interactions between the scalar X and
SM fermions schematically. Note that the indices a, b run
over three generations, that the symmetry of the associated
coupling gabi under a $ b exchange is noted in brackets, and
finally that our convention for Y is Qem = T3 + Y . Please
refer to the text for further discussion.

Scalar SM Representation B L Operator(s) [gabi ?]

X1 (1, 1, 2) 0 -2 Xeaeb [S]

X2 (1, 1, 1) 0 -2 XLaLb [A]

X3 (1, 3, 1) 0 -2 XLaLb [S]

X4 (6̄, 3,�1/3) -2/3 0 XQaQb [S]

X5 (6̄, 1,�1/3) -2/3 0 XQaQb, Xuadb [A,–]

X6 (3, 1, 2/3) -2/3 0 Xdadb [A]

X7 (6̄, 1, 2/3) -2/3 0 Xdadb [S]

X8 (6̄, 1,�4/3) -2/3 0 Xuaub [S]

X9 (3, 2, 7/6) 1/3 -1 XQ̄aeb, XLaūb [–,–]

clude the existence of a Majorana neutrino [41]. Here we
note that such a connection can be demonstrated with-
out requiring the observation of proton decay, or indeed
of any |�B| = 1 process.

Minimal scalar models with baryon number violation
but no proton decay. The minimal scalar models that
give rise to |�B| = 2 and not |�B| = 1 processes while
respecting SM gauge symmetries contain either three or
four scalar interactions. Following Refs. [4, 39, 40, 42]
we consider all the interactions permitted by Lorentz
and SU(3)c⇥SU(2)L⇥U(1)Y gauge symmetry. Models
for processes with both |�B| = 1, 2 have been con-
structed [4, 40, 42, 43], though in this paper we follow
Ref. [4]. The particular scalars that allow B or L violation
to appear but do not admit |�B| = 1 processes at tree
level are enumerated in Table I. We have also noted the
schematic interactions of the scalars Xi to right-handed
leptons and quarks of generation a as ea and ua, da and
to left-handed leptons and quarks as La and Qa, respec-
tively. The symmetries of the scalar representations un-
der color SU(3) and/or weak isospin SU(2) can fix the
symmetry of the associated coupling constant under a, b
interchange, and we have noted that as well in Table I —
the relation gabi = ±gbai indicates S(+) or A(�), respec-
tively, and “–” denotes no interchange symmetry. We
note that X9 cannot generate a B and/or L violating in-
teraction of mass dimension four or less, so that we do
not consider it further, and that interactions denoted by
“A” cannot involve only first-generation fermions.

In what follows we extend the models of Ref. [4] to in-
clude the possibility of |�L| = 2 processes as well. That
earlier work focused on the possibility of |�B| = 2 pro-
cesses without proton decay as mediated by interactions
of the form X2

1X2 or X3
1X2, where X1 and X2 are dis-

tinct scalars, because it turns out not to be possible to

TABLE II. Minimal interactions that break B and/or L from
scalars Xi that do not permit |�B| = 1 interactions at tree
level, indicated schematically, with the Hermitian conjugate
implied. Interactions labelled M1-M9 appear in models 1-9
of Ref. [4]. Interactions A-G possess |�L| = 2, |�B| = 0.
M19, M20, and M21 follow from M8, M17, and M18 un-
der X7 ! X6, respectively, but they do not involve first-
generation fermions only.

Model Model Model

M1 X5X5X7 A X1X8X
†
7 M10 X7X8X8X1

M2 X4X4X7 B X3X4X
†
7 M11 X5X5X4X3

M3 X7X7X8 C X3X8X
†
4 M12 X5X5X8X1

M4 X6X6X8 D X5X2X
†
7 M13 X4X4X5X2

M5 X5X5X5X2 E X8X2X
†
5 M14 X4X4X5X3

M6 X4X4X4X2 F X2X2X
†
1 M15 X4X4X8X1

M7 X4X4X4X3 G X3X3X
†
1 M16 X4X7X8X3

M8 X7X7X7X
†
1 M17 X5X7X7X

†
2

M9 X6X6X6X
†
1 M18 X4X7X7X

†
3

add just one scalar and achieve that end. Here we enu-
merate all the possible B and/or L violating interactions
that appear in mass dimension of four or less without re-
gard to the number of di↵erent scalars that can appear.
With three di↵erent scalars we can produce |�L| = 2
processes that also couple to quarks, and we study the
connections between |�B| = 2 and |�L| = 2 processes
explicitly.
We begin by fleshing out the precise interactions indi-

cated in Table I. Specifically, the possible scalar-fermion
interactions mediated by each Xi are

�gab1 X1(e
aeb) , �gab2 X2(L

a"Lb) ,

�gab3 XA
3 (La⇠ALb) ,�gab4 X↵�A

4 (Qa
↵⇠

AQb
�) ,

�gab5 X↵�
5 (Qa

↵"Q
b
�) , �g0ab5 X↵�

5 (ua
↵d

b
�) ,

�gab6 X6↵(d
a
�d

b
�)"

↵�� , �gab7 X↵�
7 (da↵d

b
�) ,

�gab8 X↵�
8 (ua

↵u
b
�) , (1)

where " = i⌧2 is a totally antisymmetric tensor, ⇠A ⌘
((1 + ⌧3)/2, ⌧1/

p
2, (1� ⌧3)/2), and ⌧A are Pauli matri-

ces with A 2 1, 2, 3. We note "⌧A was used in place of ⇠A

in Ref. [4], but that choice couples a single component
of the scalar weak triplet to fermion states of di↵ering
total electric charge, incurring couplings that break elec-
tric charge conservation. The Greek indices are color
labels, and we employ the SU(3) notation of Ref. [44] for
fundamental and complex conjugate representations. We
adopt 2-spinors such that the fermion products in paren-
theses are Lorentz invariant, and we map to 4-spinors
via (uL,R↵dL,R�) ! (uT

↵CPL,Rd�) where C = i�2�0 and
PL,R = (1⌥ �5)/2 in Weyl representation [45].
Possible baryon-number and/or lepton-number violat-

ing processes. We now turn to the possible minimal
scalar interactions that mediate either baryon and/or lep-
ton number violation but conserve SM gauge symmetries.

New Scalars in SM EFT?
Scalar-fermion couplings Possible SM gauge invariant

models

Eliminating p decay gives severe constraints!

[SG & Xinshuai Yan, arXiv: 1808.05288]
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TABLE III. Suite of |�B| = 2 and |�L| = 2 processes gen-
erated by the models of Table II, focusing on states with
first-generation matter. The (⇤) superscript indicates that a
weak isospin triplet of |�L| = 2 processes can appear, namely
⇡0⇡0 ! ⌫⌫ and ⇡�⇡0 ! e�⌫. Models M7, M11, M14, and
M16 also support ⌫n ! n̄⌫̄, revealing that cosmic ray neutri-
nos could potentially mediate a |�B| = 2 e↵ect.

nn̄ ⇡�⇡� ! e�e� e�p ! ⌫̄µ,⌧ n̄ e�p ! ⌫̄en̄/e
+p e�p ! e+p̄

M1 A M5 M7 M10

M2 B(⇤) M6 M11 M12

M3 C(⇤) M13 M14 M15

M16

guish the possibilities, detecting both the appearance of
an antinucleon and the electric charge of a final-state
charged lepton is necessary. For context, we note that M3
has scalar content X7X7X8 but A has X1X8X

†
7 , that M2

has X4X4X7 but B has X1X4X
†
7 , that M1 has X5X5X7

but D has X5X
†
7X2 — and finally that C has X3X8X

†
4 .

If n � n̄ oscillation occurs, then e�n ! e�n̄ can appear
also, if the mediating operator is not (O1)RRR [36]. Thus
the latter process acts as a diagnostic of the possible n�n̄
model. Possible patterns of |�B| = 2 discovery are shown
for the di↵erent n� n̄ models in Table IV. For example,
observing a n� n̄ oscillation and the process e�p ! e+p̄
in the absence of e�n ! e�n and e�p ! ⌫̄X n̄ would
point to model M3 and the existence of X1. Thus model
A should also exist because there would be no reason
that it should not. In contrast, observing a n � n̄ os-
cillation and e�n ! e�n would reveal that either M2
or M1 operate. If e�p ! ⌫̄X n̄ and e�p ! e+p̄ are also
both observed, then it would point to the existence of
X3 and thus models M2 and B. However, if e�p ! e+p̄
were instead absent, this would point to the existence of
X2 and thus models M3 and D. Note that the various
model possibilities cannot combine to show that only X8

exists, even if the noted |�B| = 2 processes are observed,
so that we cannot show that model C operates. The ob-
served patterns would establish the existence of |�L| = 2
processes from new short-distance physics, but the con-
nections we argue would not exclude the latter possibility
if no |�B| = 2 processes were observed.

The connections we consider exist regardless of
whether the neutrino also has a Dirac mass. Note that if
⌫R fields existed in the low-energy theory, not only could
the neutrino have a Dirac mass, but the X6 scalar could
also induce proton decay. Thus this possibility would rule
out models M4, M9, M19-M21, but they are not perti-
nent to our arguments. We also note that independent
constraints on X7 and X8 can be had from studies of KK̄
and DD̄ mixing, respectively. Thus the discovery of new
physics in DD̄ mixing could also help anchor evidence
for Model C and 0⌫�� decay from new short-distance
physics.

Observability. The non-observation of n � n̄ oscil-

TABLE IV. Possible patterns of |�B| = 2 discovery and
their interpretation in minimal scalar-fermion models. Note
that only n � n̄ oscillations and e�n ! e�n̄ break B-L
symmetry and that the pertinent conversion processes can
be probed through electron-deuteron scattering. The lat-
ter are distinguished by the electric charge of the final-state
lepton accompanying nucleon-antinucleon annihilation. Note
that the 0⌫�� query refers specifically to the existence of
⇡�⇡� ! e�e� from new, short-distance physics. Note that
we can possibly establish model D and |�L| = 2 violation,
but that model does not give rise to ⇡�⇡� ! e�e�. In con-
trast we cannot establish X8 alone and thus cannot establish
model C.

Model nn̄? e�n ! e�n̄? e�p ! ⌫̄X n̄? e�p ! e+p̄? 0⌫�� ?

M3 Y N N Y Y [A]

M2 Y Y Y Y Y [B]

M1 Y Y Y N ? [D]

– N N Y Y ? [C?]

lations [48, 49] can be interpreted as a limit on the
neutron’s Majorana mass of 2 ⇥ 10�33 GeV at 90%
CL [49], with greatly improved sensitivity anticipated at
a new experiment proposed for the European Spallation
Source [50]. Such limits do not preclude the observation
of processes associated with the dimension-12 operators
we have considered, because di↵erent scalars can have
di↵erent masses. The scalar self-interactions we consider
do not select a particular mass scale; rather, the allowed
masses and couplings should be determined from exper-
iment, as in hidden-sector searches [51]. Existing col-
lider constraints on color-sextet scalars (of O(500GeV)
with O(1) couplings) come from studies of t-quark final
states [52–55], and flavor-physics constraints, while more
severe, also involve second- and third-generation quark-
scalar couplings [4, 56–59]. Models that support e�p !
e+p̄ have low-energy operators whose quark parts corre-
spond to those found in n � n̄ oscillations under u $ d
exchange. Exploiting this and a MIT bag model [60, 61]
computation of hn̄|(O1)RRR|ni [46, 62] yields

� ⇠ 1.5⇥10�5(g117 )6(�8g
11
1 )2

✓
5GeV

MX7

◆12✓1GeV

MX1

◆4

ab (6)

in model M8 for an electron beam energy of 155 MeV
with a fixed target [63]. A broad range of possible scalar
masses and couplings exists.
Summary. We have considered di↵erent physical pro-

cesses that could reveal |�B| = 2 violation, both n � n̄
oscillation and conversion, and we have considered their
interrelationships within minimal scalar-fermion models
that support |�B| = 2 processes without proton de-
cay. In this context, we have shown how their patterns
of observation could be used to infer the existence of a
|�L| = 2 process, 0⌫�� decay in nuclei, speaking to the
Majorana nature of the neutrino and to new dynamics at
accessible energy scales.
Acknowledgments. We acknowledge partial support

Patterns of |ΔB|=2 Violation
Discovery implications for 0ν ββ decay

Note high-intensity, low energy PVES experiments
(P2, e.g.) can be used to broader purpose

[SG & Xinshuai Yan, arXiv: 1808.05288]



• The long-standing gA problem in LQCD appears to have been 
finally solved!

• The possibility of light, dark physics in neutron decay has 
generated intense interest — with no end as yet!

• The energy scale of B-L violation speaks to different explanations 
as to why the neutrino is light (A “TeV scale” mechanism could also 
generate B-L violation in the quark sector)

• We have noted neutron-antineutron conversion, i.e., neutron-
antineutron transitions as mediated by an external current (as via 
scattering)

• Experiments with intense low-energy electron beams, e.g., can 
also be used to search for B-L violation & help solve the ν mass 
puzzle
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Figure 4: Obtained upper limits at 90% CL on the mixing parameter ε2 versus the DP mass
mA′ , compared to other published exclusion limits from meson decay, beam dump and e+e−

collider experiments [16–22]. Also shown is the band where the inconsistency of theoretical and
experimental values of muon (g − 2) reduces to less than 2 standard deviations, as well as the
region excluded by the electron (g − 2) measurement [2, 23,24].

the mass range 2me < mA′ < mK − mπ. The expected branching fraction value is B(K± →
π±A′) < 2 · 10−4ε2 over the whole allowed mA′ range [24], in contrast to B(π0 → γA′) ∼ ε2

for mA′ < 100 MeV/c2. In the NA48/2 data sample, the suppression of the DP production
in the K+ decay with respect to its production in the π0 decay is partly compensated by the
favourable K±/π0 production ratio, lower background (mainly from K± → π±ℓ+ℓ− for ℓ = µ
or mA′ > mπ0) and higher acceptance [25,26].

For the A′ → e+e− decay, the expected sensitivity of the NA48/2 data sample to ε2 is
maximum in the mass interval 140 MeV/c2 < mA′ < 2mµ, where the K± → π±A′ decay is not
kinematically suppressed, the π0

D background is absent, and B(A′ → e+e−) ≈ 1 assuming that
the DP decays only into SM fermions. In this mA′ interval, the expected NA48/2 upper limits
have been computed to be in the range ε2 = (0.8 − 1.1) × 10−5 at 90% CL, in agreement with
earlier generic estimates [2, 24]. This sensitivity is not competitive with the existing exclusion
limits.

Conclusions

A search for the dark photon (DP) production in the π0 → γA′ decay followed by the prompt
A′ → e+e− decay has been performed using the data sample collected by the NA48/2 experiment
in 2003–2004. No DP signal is observed, providing new and more stringent upper limits on the
mixing parameter ε2 in the mass range 9–70 MeV/c2. In combination with other experimental
searches, this result rules out the DP as an explanation for the muon (g − 2) measurement
under the assumption that the DP couples to quarks and decays predominantly to SM fermions.
The NA48/2 sensitivity to the dark photon production in the K± → π±A′ decay has also been
evaluated.

12

[NA 48/2, Raggi (2015)

 Dark Photon Constraints 
Assuming A’ does not decay to the hidden sector
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Figure 4-4. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for U.S.-led direct
detection experiments that are expected to operate over the next decade. Also shown is a band indicating
the cross sections where WIMP experiments will be sensitive to backgrounds from solar, atmospheric, and
di↵use supernovae neutrinos.

the solar neutrinos give way to the more energetic atmospheric neutrinos and di↵use supernovae background.
The flux of these neutrinos is much lower, and exposures with sensitivities to WIMP-nucleon cross sections
of ⇠ 1 ⇥ 10�48 cm2 are required to be sensitive to this neutrino component. Depending on the particular
WIMP mass under consideration, these neutrino backgrounds can have a recoil spectrum that is very similar
to an authentic WIMP signal. Given the Poisson fluctuations from the neutrino signal and their relatively
large total flux uncertainties, this creates a challenge to improving the sensitivity of WIMP searches much
beyond such cross sections [39]. Figure 4-4 shows not only the current landscape, but also the projected
sensitivities of proposed experiments superimposed on the neutrino background, where coherent neutrino
scattering will begin to limit WIMP sensitivity. This will eventually require either background subtraction
or techniques such as directional or annual modulation to press beyond this background in the absence of a
positive WIMP sighting.

Community Planning Study: Snowmass 2013

Direct Detection: Dark Matter “WIMPs”
Limits rely on local DM density and velocity distribution 

[arXiv:1401.6085]



Dark Matter & the CMB 
Opening the axion window….

Observations of the CMB power spectrum 
constrain the ratio of tensor (gravitational wave) to  

scalar (density fluctuations) power r 
[Ade et al., PRL 116 (2016) 031302]  

(BICEP2 + Keck + Planck)]
r < 0.07 at 95% C.L.

This quantity has not been detected  
making ultralight (axion-like) dark matter (ma ~ 10-22 eV)

“fuzzy (quantum wave) dark matter” possible….
[Hu, Barkana, Gruzinov, PRL 85 (2000) 1158;  

Schive, Chiueh, Broadhurst, Nat. Phys. 10 (2014) 496…;  
Graham & Rajendran, PRD 84 (2011) 055013,… for direct detection prospects ]
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Ultralight Axion Window
A new pseudoscalar boson (not connected to QCD) can 

explain the “dark matter”!

up to linear order in the field fluctuations. Identifying this
with the scalar DM isocurvature perturbation Sϕγ using
(3.11) and further multiplying with the DM fraction yields
the effective CDM isocurvature power spectrum,

PcγðkÞ ¼ F2PϕγðkÞ ¼
!
FHk

πϕ⋆

"
2

: ð3:13Þ

Given that the Hubble rate during inflation is nearly
constant, the isocurvature spectrum is nearly scale invari-
ant. Moreover, the scalar ϕ does not contribute to curvature
perturbations, and hence there is no correlation between the
isocurvature and curvature perturbations.
Since the scalar DM compatible with the Lyman-α

analysis behaves similarly to CDM on large scales, the
CMB constraints on CDM isocurvature perturbations also
apply to scalar DM. Parameterizing the isocurvature power
spectrum in terms of the curvature power as

PcγðkÞ ¼
βisoðkÞ

1 − βisoðkÞ
PζðkÞ; ð3:14Þ

uncorrelated and scale-invariant CDM isocurvature is
constrained by Planck [41] at the pivot scale kpiv=a0 ¼
0.05 Mpc−1 as

βisoðkpivÞ < 0.038 ð95%C:L:;TT;TE;EEþ lowPÞ;
ð3:15Þ

with PζðkpivÞ ≈ 2.2 × 10−9.
The Planck upper bound on the isocurvature translates

into a bound on the inflation scale through (3.13); elimi-
nating ϕ⋆ using (3.10), we obtain an upper limit on the
Hubble rate when the pivot scale leaves the horizon as

Hkpiv < 4 × 1012 GeV
!
g%osc
3.36

"−3=8!gs%osc
3.91

"
1=2

F−1=2

×
!

m
10−22 eV

"−1=4
: ð3:16Þ

This can also be expressed as a bound on the tensor-to-
scalar ratio,3

rðkÞ ¼ PTðkÞ
PζðkÞ

¼ 1

PζðkÞ
2H2

k

π2M2
p
; ð3:17Þ

as

rðkpivÞ < 2 × 10−4
!
g%osc
3.36

"−3=4!gs%osc
3.91

"
F−1

×
!

m
10−22 eV

"−1=2
: ð3:18Þ

Alternatively, in terms of m and ϕ⋆, the bound is
written as

rðkpivÞ < 4 × 10−4
!
g%osc
3.36

"−3=2!gs%osc
3.91

"
2

×
!

m
10−22 eV

"−1! ϕ⋆
1017 GeV

"−2
: ð3:19Þ

These constraints become weaker for a smaller m. On the
other hand, the Lyman-α forest sets a lower bound on m.
Thus by combining the Lyman-α and CMB constraints, an
upper bound on the inflation scale can be obtained. This is
presented in Fig. 3, where each colored region represents
the values allowed for the scalar DM mass m and the
tensor-to-scalar ratio r or the inflation scale Hinf when
the scalar DM constitutes a certain fraction F of the total
DM. Here we combined the 2σ limit on scalar DM from
the Lyman-α forest analysis (cf. Fig. 1) with the Planck 2σ
limit on isocurvature perturbations [i.e. (3.18) with
g%osc ¼ 3.36, gs%osc ¼ 3.91]. The former sets the left
boundaries of each region and the latter the upper
boundaries.4 One clearly sees that scalar DM is incom-
patible with an observably large r, with the upper limits
on r becoming stronger for a larger F. In particular if
the scalar DM constitutes more than 20% of the total DM,
the tensor-to-scalar ratio would be as low as r < 10−3.

FIG. 3. Upper bound on the inflation scale Hinf and tensor-
to-scalar ratio r at the pivot scale kpiv=a0 ¼ 0.05 Mpc–1, as a
function of the scalar DM mass m (2σ C.L.). Differently colored
regions represent the allowed parameter space when the scalar
DM constitutes a certain fraction F of the total DM.

3Here we assume that the sound speed of the tensor fluctua-
tions is unity.

4Isocurvature perturbations can also impact the Lyman-α forest
[42], thus for a rigorous treatment, the isocurvature should also be
included in the Lyman-α analyses. However since the scalar DM
isocurvature is nearly scale invariant, its effect on the Lyman-α
should be tiny; hence here we simply combine the result of Sec. II
with the Planck limit.

TAKESHI KOBAYASHI et al. PHYSICAL REVIEW D 96, 123514 (2017)

123514-6

the scalars, then the scalar DM density would increase and
the constraints would become more stringent; in this sense
our bounds are conservative.
The results of this paper are summarized in Fig. 5,

which shows the allowed values for the mass m and initial
displacement of the scalar field ϕ⋆. The field displacement
is generically bounded as jϕ⋆j≲ 1016 GeV; otherwise the
scalar would either lead to too much DM in the universe or
suppress structure formation and contradict the Lyman-α
forest measurements. (If the scalar is an axion-like field, the
bound on ϕ⋆ corresponds to that on the product of the axion
decay constant and the initial misalignment angle, faθ⋆,
when anharmonic effects are negligible.) By combining the
Lyman-α constraints with the CMB bounds on DM iso-
curvature perturbations, we further derived upper limits on
the scale of cosmic inflation in the presence of scalar DM.
These are shown in Fig. 5 as dashed lines, indicating the
parameter regions that will be ruled out if primordial
gravitational waves are detected in the future. A dotted
white line is also overlaid to indicate where the fraction
of the DM in scalar DM is 20%; this value serves as the
fraction threshold below which the Lyman-α forest
becomes insensitive to the presence of scalar DM.
We also estimated how well scalar DM can solve the

small-scale crisis of CDM. The cyan band bounded by
dashed lines in the figure corresponds to that shown in Fig. 4,
indicating the parameter region where the missing satellite
problem is solved without the aid of baryonic physics. With
the tiny overlap between the solving region and the allowed
window, our analyses suggest that ultralight scalar DM

cannot solve the missing satellite problem without spoiling
the Lyman-α forest. However we should also remark that we
have used rather simple analytic approximations for esti-
mating the satellite number, hence it would be important to
verify this conclusion with numerical simulations.
In this paper we have discussed cosmological implications

of light scalars that follow from the Lyman-α constraints
with minimal assumptions about the scalar field theory.
Thus, theories with light scalars in general are subject to our
constraints.We focused in particular on gravitational effects,
without making assumptions about the coupling of the scalar
to other matter fields (except that the couplings are small
enough so that the scalar DM survives until today). Other
possible gravitational consequences of light scalars we did
not discuss include super-radiance of black holes [6,65] and
effects on pulsar timing observations [66] or binary pulsars
[67]. We also remark that concrete models of scalar DM
can contain couplings with other fields, such as axion-type
couplings to photons. In such cases the model parameters
can further be constrained from various experiments [7].
It would also be interesting to combine such coupling
constraints with the results of this paper to systematically
analyze specific classes of scalar DM models.
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APPENDIX A: EXACT SOLUTION OF
THE KLEIN-GORDON EQUATION

In this appendix we provide the exact solution of the
homogeneous Klein-Gordon equation (3.1) in a radiation-
dominated universe whose Hubble rate redshifts as

H ∝ a−2: ðA1Þ

Here we should note that the redshifting of the Hubble
rate can depart from ∝ a−2 when the effective number
of relativistic degrees of freedom gðsÞ# changes in time;
however as long as gðsÞ# stays constant while the scalar
makes the transition from vacuum energy-like (non-
oscillatory) to matter-like (oscillatory), then the solution
under (A1) can be used to accurately compute the scalar
density in the asymptotic future.
The solution of (3.1) with (A1) is given in terms of a

Bessel function of the first kind as

ϕ ¼ ϕ⋆Γ
!
5

4

"!
4H
m

"
1=4

J1=4

!
m
2H

"
; ðA2Þ

FIG. 5. Summary of constraints on the scalar field mass m and
the initial displacement ϕ⋆. (For an axion-like field, ϕ⋆ ¼ faθ⋆.)
The 2 and 3σ C.L. regions allowed by Lyman-α forest data are
shown in red. The upper-right corner is excluded by the
overabundance of DM. The dashed lines indicate the parameter
regions that will be ruled out by a detection of a tensor-to-scalar
ratio r. The cyan band bounded by dashed lines shows where the
missing satellite problem can be solved. On the white dotted
contour, scalar DM constitutes 20% of the total DM.
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N.B. φ* = faθ*

But this is ruled out if  “r” is found to be too big!
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Electric & Magnetic Dipole Moments

af is an anomalous magnetic moment  

Taken relativistically for fermion f with charge -e 

µf = gf
e

2mf

Fµ⌫ = @µA⌫ � @⌫AµAµphoton field

gf = 2 + 2af

H = e ̄f�
µ fAµ + af

1

4
 ̄f�

µ⌫ Fµ⌫+df
i

2
 ̄f�

µ⌫�5 Fµ⌫

For an elementary fermion af and df can only be 
generated through loop corrections (N.B. D>4)
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By dimensional analysis we infer the scaling 

EDMs & Sensitivity to New Physics

 ̄�µ⌫ = ( ̄L�
µ⌫ R +  ̄R�

µ⌫ L)

 The electric and (anomalous) magnetic moments change chirality 

 ̄�µ⌫�5 = ( ̄L�
µ⌫�5 R +  ̄R�

µ⌫�5 L)

df ⇠ e
↵

4⇡

mf

⇤2
sin�CP

dd quark ⇠ 10�3e
md(MeV)

⇤(TeV)2
⇠ 10�25 1

⇤(TeV)2
e� cm

Note ILL limit on neutron EDM: 
dn < 3x10-26 e-cm @ 90%CL [Pendlebury et al., 2015]

EDM experiments have (at least) TeV scale sensitivity

New Physics 
Scale
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EDMs in the SM

40

The contribution from the CKM matrix first appears in 
three-loop order! 

The EDM is flavor diagonal, so that…
at one-loop order no “Im V…” piece survives 
at two-loop order the “Im V…” piece vanishes
at three-loop order the gluon-mediated terms dominate  

[Shabalin, 1978]

[Khriplovich, 1986]

Quark EDMs from the CKM Matrix

first non-vanishing contribution to quark EDMs arises at the 3-loop level

d t

b

c d

γ

g

W W

dd ∝
e

(16π2)2
g2s
16π2G

2
Fm2

cmd

×Im(VtdV ∗
tbVcbV ∗

cd ) ̸= 0

! two electro-weak loops
! one additional gluon loop

dd ≃ 10−34ecm

(Khriplovich 1986,
Czarnecki, Krause 1997)

Wolfgang Altmannshofer (PI) Electric Dipole Moments April 1, 2014 14 / 39

[figure: W. Altmannshofer]

|dd| ~ 10-34 e-cm
[Czarnecki & Krause, 1997]

Inaccessibly small! 
Strong interaction effects can 

enhance but only by 102 or 3 in neutron 
[Gavela et al., 1982: Khriplovich & Zhitnitsky, 1982; Mannel & Uraltsev, 2012;… Seng, 2015]
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Lepton EDMs in the SM
The contribution from the CKM matrix first appears in 

four-loop order!
de ~ 10-44 e-cm 

Majorana neutrinos can enhance a lepton EDM

but not nearly enough to make it “visible”

[Khriplovich & Pospelov, 1991]

γ

W W

e f2ef1 e

γ

W W

e f2ef1 e γ

W W

e f2
e

f1 e

(1) (2) (3)

Figure 2: Contributions to the electron EDM in a model with Majorana masses of neu-
trinos. f1,2 denote all possible neutrinos (see text). Crosses denote insertions of lepton-
number violating mass parameters. Note that the direction of the internal electron line
is opposite to the external ones.

2 Description of the model

We take one standard model generation:

!

νL
eL

"

, eR, and two singlet heavy neutrinos

N1,2. The latter do not participate in electroweak interactions; in particular, the charged
current sector is described by the Lagrangian

Lcc =
g√
2

#

ν̄LW/
+eL + (H.c.)

$

(1)

The mass sector Lagrangian for fermions is

−LM = me (ēLeR + ēReL)

+
M1

2

#

N̄ c
1N1 + N̄1N

c
1

$

+
M2

2

#

N̄ c
2N2 + N̄2N

c
2

$

+m1

#

eiφ1N̄1νL + e−iφ1 ν̄LN1

$

+m2

#

eiφ2N̄2νL + e−iφ2 ν̄LN2

$

. (2)

Here ψc ≡ γ0Cψ∗; M1,2 and m1,2 are defined in terms of real positive Yukawa couplings
y1,2 and the electroweak vacuum expectation value v,

m1,2 ≡
y1,2v√

2
. (3)

We use the freedom of phase choice for νL and eR,L to redefine

νL → e−iφ2νL. (4)

We see that there is only one physical CP violating phase η ≡ φ1 − φ2.

Before we explore the physical manifestation of η, we determine the mass eigenstates of
neutrinos. We will use them to compute the EDM of the electron. We use the identity

ν̄LN =
1

2

#

ν̄LN + N̄ cνcL
$

N̄νL =
1

2

#

N̄νL + ν̄cLN
c
$

(5)

4

[Ng & Ng, 1996]

For “fine tuned” parameters

de ≲10-33 e-cm
[Archambault, Czarnecki, & Pospelov, 2004]

Look to CPV in ν oscillations  
to probe leptogenesis!

cf. de
eff from CPV e-N

[Pospelov & Ritz, 2013]



Permanent EDMs in Complex Systems 

Applied electric fields can be enormously enhanced  
in atoms and molecules  

A fundamental EDM points along the particle’s spin,  
breaking both T and P

H = �d ~E ·
~S

S
� µ ~B ·

~S

S

[Purcell and Ramsey, 1950]

Searches in different systems:
paramagnetic & diamagnetic & the neutron 

Hg [Graner et al., 2016]

               Xe [Rosenberry & Chupp, 2001]

Ra [Bishof et al., 2016]             

ACME (ThO) [Baron et al., 2014]

YbF [Hudson et al., 2011]

Tl [Regan et al., 2002]

n [Pendlebury et al.,
2015]

with many more (& more methods) under development!
[Pospelov & Ritz, 2005; Engel, Ramsey-Musolf, & van Kolck, 2013; Jung, 2013; Chupp et al., 2017]
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Theoretical Framework

Also each extracted         can  
contain BSM effects

G
(0)

F

can be expressed in terms of the Fermi constant G
µ

= 1.166371(6)⇥10�5GeV�2 precisely measured
in muon decay [?]. In order to do so, one has to consider the low-energy e↵ective Lagrangian describing
muon decay [?],

L
µ!e⌫̄e⌫µ = �4 G

(0)

F

(1 + �
µ

+ ✏
µ

) ēL�µ

⌫
eL · ⌫̄µL�

µµL + h.c. , (2.8)

where G
µ

⌘ G
(0)

F

(1 + �
µ

+ ✏
µ

). Here �
µ

represents the SM electroweak radiative corrections [?] to purely

leptonic transitions and ✏
µ

encodes possible new physics contributions, so that G
(0)

F

= G
µ

(1 � �
µ

� ✏
µ

)
up to small corrections 3.

The BSM e↵ective couplings in Eq. (2.7) are denoted by ✏
↵

and ✏̃
�

, using the self-explanatory
notation ↵, � = L, R, S, P, T . These couplings can be expressed in terms of the weak-scale couplings
↵̂

j

[?, ?, ?]. In the e↵ective Lagrangian of Eq. (2.7), e, u, and d denote the electron, up-, and down-quark
mass eigenfields, whereas ⌫

`

represents the neutrino flavor fields. In general we can have ` 6= e—in what
follows, we suppress lepton flavor indices. Finally, identical CC e↵ective operators appear for other
quark flavors. For example, the operators obtained by replacing the d quark with the strange quark s
describe |�S| = 1 semileptonic processes.

Next, we discuss some noteworthy points in regards to the e↵ective Lagrangian of Eq. (2.7):

• The e↵ective couplings denoted by ✏
↵

involve L-handed neutrinos, whereas ✏̃
�

involve R-handed
neutrinos. Therefore, the ✏̃

�

appear in decay rates and distributions either quadratically or linearly,
but the latter appears multiplied by the small factor m

⌫

/E
⌫

, as it is realized through interference
of the SM and BSM couplings. In constrast, the ✏

↵

couplings contribute linearly to the decay
rates without m

⌫

/E
⌫

suppression. As a consequence, the bounds on the ✏’s are much stronger
than the bounds on the ✏̃’s.

• There are twelve SU(2)
L

⇥U(1)-invariant operators that contribute to beta decays, though there
are only ten quark-level U(1)

EM

-invariant operators. This is because the correction ✏
L

to the SM
operator encodes contributions from three weak-scale operators of Eqs. (2.4) and (2.5), namely,

the contact operator O
(3)

lq

and the quark and lepton vertex corrections, O
(3)

'q

and O
(3)

'l

. All other
low-energy operators are in one-to-one correspondence with the TeV scale SU(2)

L

⇥U(1)-invariant
operators. It is interesting to note that SU(2) gauge invariance implies that the same couplings
mediate not only charged-current processes but also “neutral current” processes such as ēe $
ūu, d̄d.

• While the physical amplitudes are renormalization scale and scheme independent, the individual
e↵ective couplings ✏

S,P,T

(✏̃
S,P,T

) and the corresponding hadronic matrix elements display a strong
scale dependence in quantum chromodynamics (QCD) already at one-loop order (see Ref. [?] and
references therein). Throughout the paper, we quote estimates and bounds for the ✏

i

(✏̃
i

) at the
renormalization scale µ = 2 GeV in the MS scheme, unless otherwise specified.

The Lagrangian of Eq. (2.7) mediates all leading, low-energy charged-current weak processes in-
volving up and down quarks. In some charged-current processes involving first-generation quarks the
theoretical and experimental precision has reached, or will soon reach, a level that allows stringent
bounds on new-physics e↵ective couplings. To set the stage for this discussion, we now provide an
overview of how the various BSM couplings of Eq. (2.7) can be probed experimentally—we explore
these points in detail in the following sections. For context, we note that detailed expressions of the
non-(V � A) contributions to neutron and nuclear beta decay correlation coe�cients can be found in
the papers by Jackson, Treiman, and Wyld [?, ?], where one can re-express the Lee-Yang couplings [?]
they employ in terms of the ✏

↵

and ✏̃
�

using the expressions given in Eqs. (2.17) below.

3Our notation in Eqs.(2.7) and (2.8) corresponds to that of Ref. [?] if we replace �� ! �r̂� and �µ ! �r̂µ.

5

Thus testing CKM unitarity probes 
weak universality! 

Fixing the Fermi constant
is fixed from muon decayG(0)

F /
p
2 = g2/8M2

W

Gµ ⌘ G(0)
F (1 + �µ + ✏µ)

[van Ritbergen & Stuart, 2000]

New physics!

Vij

N.B. explicit studies in the MSSM...  
[Kurylov & Ramsey-Musolf, 2002; Bauman, Erler, 

Ramsey-Musolf, 2012]
-0.002

-0.001

 0

 0.001

 0.002

-0.002 -0.001  0  0.001  0.002

�
C

K
M

�e/µ

Figure 6: Correlation between �
CKM

and �
e/µ

in the MSSM. The red points (dark grey) arise
from a generic parameter space scan. The green points (light grey) arise after applying the con-
straints from precision electroweak tests. The black points arise after applying the constraints
from direct searches at the LHC. The three branches correspond to the following scenarios for the
sfermion spectra: the vertical branch corresponds to light squarks, which are been largely ruled out
by the LHC, and heavy sleptons; the right branch corresponds to light smuons and heavy selec-
trons and squarks; the left branch corresponds to light selectrons and heavy smuons and squarks.
Figure reprinted with permission from S. Bauman, J. Erler, M. Ramsey-Musolf, “Charged current
universality and the MSSM”, atXiv:1205.0035 [hep-ph] [?].
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n - n Transitions & Spin
Spin can play a role in a “mediated” process

n-n̄ Oscillations and Spin

Upon including ⌘2
cpt

= �1

No n+ ! n̄� or n� ! n̄+ transitions

Quenching of nn̄ transitions irrespective of transverse magnetic fields

However, spin-dependent effects appear in n-n̄ transitions. Consider

O4 =  T

C�µ�5 @
⌫
Fµ⌫ + h.c.

n(+) ! n̄(�) occurs directly because the interaction with the current flips the
spin.
This is concomitant with n(p1, s1) + n(p2, s2) ! �⇤(k), for which only L = 1
and S = 1 is allowed via angular momentum conservation and Fermi
statistics. [Berezhiani and Vainshtein, 2015]

Here e + n ! n̄ + e, e.g., so that the experimental concept for “nn̄

conversion” would be completely different.
BSM theories that generate nn̄ oscillations support nn̄ conversion as well.
[SG and Yan, in preparation, 2016]

S. Gardner (Univ. of Kentucky) n-n̄ with Spin KITP Seminar 9/30/16 17 / 21

A neutron-antineutron oscillation is a spontaneous 
process & thus the spin does not ever flip
However, 
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Neutron-Antineutron Conversion
Different mechanisms are possible

u-u 

u-u

❋ conversion and oscillation could share 
the same “TeV” scale BSM sources 

Then the quark-level conversion
operators can be derived noting 
the quarks carry electric charge

❋ conversion and oscillation could come 
from different BSM sources

Then the neutron-level conversion
operators could also be different

Note studies of scattering matrix elements 
of Majorana dark matter [Kumar & Marfatia, PRD, 2013]
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Effective Lagrangian 

Le↵ � �1

2
µnn̄�

µ⌫nFµ⌫ � �

2
nTCn� ⌘

2
nTC�µ�5njµ + h.c.

Neutron interactions with B-L violation  & 
electromagnetism

magnetic moment
n ! n̄

n ! n̄

oscillation
conversion

[SG & Xinshuai Yan, arXiv: 1710.09292, PRD 18]
Since the quarks carry electric charge, 
a BSM model that generates neutron-

antineutron oscillations can also 
generate conversion ( here e- n → e- n)

“spontaneous”

Qej⌫ = @µF
µ⌫[                     ]
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On non ``V–A” currents 
 

Theoretical Framework

BSM Analysis Framework for � Decay

Leff = LSM +
X

i

1
⇤2

i
Oi =) LSM +

1
v2

X

i

↵̂iOi ,

with ↵̂i = v2/⇤i
2. [Buchmuller & Wyler, 1986; Grzadkowski et al., 2010; Cirigliano, Jenkins, González-Alonso, 2010;

Cirigliano, González-Alonso, Graesser, 2013]

Leff = �G(0)
F Vudp

2

h ⇣
1 + ��

⌘
ē�µ(1 � �5)⌫e · ū�µ(1 � �5)d

+ ✏L ē�µ(1 � �5)⌫` · ū�µ(1 � �5)d + ✏̃L ē�µ(1 + �5)⌫` · ū�µ(1 � �5)d
+ ✏R ē�µ(1 � �5)⌫` · ū�µ(1 + �5)d + ✏̃R ē�µ(1 + �5)⌫` · ū�µ(1 + �5)d
+ ✏S ē(1 � �5)⌫` · ūd + ✏̃S ē(1 + �5)⌫` · ūd
� ✏P ē(1 � �5)⌫` · ū�5d � ✏̃P ē(1 + �5)⌫` · ū�5d
+ ✏T ē�µ⌫(1 � �5)⌫` · ū�µ⌫(1 � �5)d + ✏̃T ē�µ⌫(1 + �5)⌫` · ū�µ⌫(1 + �5)d
+ h.c. .

There is a one-to-one map between these operators and
Lee & Yang, 1956.
Note Bhattacharya et al., 2011 for the one-nucleon scalar & tensor
matrix elements in lattice QCD.

S. Gardner (Univ. of Kentucky) T-odd Effects w/o Spin � Decay & the LHC, Solvay, 9/14 5

Table 1: Summary of the most sensitive low-energy probes of non-standard charged-current
couplings. Left column: combination of couplings. Right column: probe. The e↵ective
couplings are defined in Eq. (2.7). The decay parameters a, b, B, A are defined in Eq. (4.41).
If the new interactions originate at mass scales above the TeV, the LHC provides constraints
on all non-standard couplings through the process pp ! e + ⌫ + X.

Non-standard coupling Probe

✏
L

+ ✏
R

CKM unitarity

✏
L

� ✏
R

, ✏
P

, ✏̃
P

R
⇡

✏
S

b, B [a, A]

✏
T

b, B [a, A], ⇡ ! e⌫�

✏̃
↵ 6=P

R
⇡

2.2 Hadronic and nuclear matrix elements

Hadronic and nuclear transition amplitudes always involve products of short-distance couplings, evolved
to the appropriate matching scale, and hadronic matrix elements. Thus in order to extract information
on the former, we need to know the latter. Specifically, we need to match the quark-level e↵ective theory
of Eq. (2.7) to a low-energy e↵ective theory written in terms of meson and baryon degrees of freedom.
In QCD, this e↵ective theory is Chiral Perturbation Theory (ChPT) [?, ?, ?]. In the baryon sector, the
low-energy structure of the theory is more complicated, and heavy baryon chiral perturbation theory
is employed [?], where we refer the reader to Ref. [?] for a review. Di↵erent systematic approaches to
remedy its limitations have been developed, improving the theory’s convergence, notably the “small
scale expansion” of Refs. [?, ?, ?, ?], as well as Ref. [?]. As we have discussed, the precision with
which we know the matrix elements of the SM operators limits our ability to constrain new physics.
If we wish to probe scales such that (v/⇤

BSM

)2 ⇠ 10�3, we need to know the SM matrix elements
with commensurate precision. This requires including all of the electromagnetic, isospin-breaking, and
recoil-order e↵ects in the calculation. Since the operators appearing in Eq. (2.7) have the factorized
structure J

quark

⇥ J
lepton

, we need not present the ChPT framework but rather can describe the purely
hadronic e↵ects in terms of meson and nucleon matrix elements of quark bilinears. Nevertheless, the
full ChPT machinery should ultimately be employed to compute long-distance radiative corrections.
In the case of neutron decay, this has been done in Ref. [?], finding results consistent with non-ChPT
based calculations [?, ?, ?, ?, ?, ?, ?]. In this review, we will not further discuss long-distance radiative
corrections to neutron decay and refer the reader to Refs. [?] and [?] for recent detailed accounts.
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✏S , ✏T enter 
in linear order!

• The combinations (✏
L

± ✏
R

) a↵ect the overall normalization of the e↵ective Fermi constant in
processes mediated by the vector and axial-vector current, respectively. As discussed below, the
hadronic matrix elements of the vector current are known very precisely up to corrections due to
QCD flavor symmetry breaking, that is, quark mass di↵erences, whereas the axial-vector matrix
elements require non-perturbative calculations. Therefore, while the di↵erence (✏

L

� ✏
R

) remains
relatively unconstrained, the sum (✏

L

+ ✏
R

) is strongly constrained by quark-lepton universality
tests, which are tantamount to CKM unitarity tests. These tests involve a precise determination
of V

ud

and V
us

from processes mediated by the vector current, such as 0+ ! 0+ nuclear decays
and K ! ⇡`⌫. An extensive analysis of the constraints on (✏

L

+ ✏
R

) from universality tests
and precision electroweak observables at the Z-pole was performed in Ref. [?]. In this context
it was shown that constraints from low-energy are at the same level or stronger—depending on
the operator—than those from Z-pole observables and e+e� ! qq̄ cross-section measurements at
LEP.

• The right-handed coupling ✏
R

a↵ects the relative normalization of the axial and vector currents.
In all beta decays ✏

R

can be absorbed in a redefinition of the axial coupling, and, up to calculable
radiative corrections [?, ?, ?, ?, ?, ?], experiments determine the combination (1 � 2✏

R

)g
A

/g
V

,
where g

V

and g
A

are the vector and axial form factors at zero momentum transfer, to be precisely
defined below. Disentangling ✏

R

requires precision measurements of (1� 2✏
R

)g
A

/g
V

and precision
calculations of g

A

/g
V

in lattice QCD, which, unfortunately, are not yet at the required sub-percent
level.

• The e↵ective pseudoscalar coupling ✏
P

contributes to the leptonic decays of the pion. It is strongly
constrained by the helicity-suppressed ratio R

⇡

⌘ �(⇡ ! e⌫[�])/�(⇡ ! µ⌫[�]). Moreover, as
discussed in Refs. [?, ?, ?], the low-energy coupling ✏

P

receives contributions proportional to ✏
S,T

through electroweak radiative corrections.

• Both the scalar and tensor couplings ✏
S

and ✏
T

contribute at linear order to the Fierz interference
term b in the beta decays of neutrons and nuclei, as well as to the neutrino-asymmetry correlation
coe�cient B in polarized neutron and nuclear decays. The empirical determination of the beta-
asymmetry correlation coe�cient A and the electron-neutrino correlation a in neutron and nuclear
beta decays, as well as positron polarization measurements therein, entrain sensitivity to the Fierz
interference term as well. Thus bounds on ✏

S

and ✏
T

can also be obtained from these observables.
Moreover, the quadratic dependence on these couplings is useful in limiting their imaginary parts
as well. Finally, the tensor coupling ✏

T

can also be constrained through Dalitz-plot studies of the
radiative pion decay ⇡ ! e⌫�.

• Neglecting neutrino masses, all the ✏̃
�

couplings contribute to decay rates as per / |✏̃
�

|2, so that
it is more challenging to set limits on their appearance at low energies.

• All of the operators of Eq. (2.7) can produce collider signatures. Before the advent of the LHC,
collider bounds on the chirality-flipping scalar and tensor couplings ✏

S,P,T

and ✏̃
S,P,T

were very
weak, because their interference with the SM amplitude appears with factors of m

f

/E
f

, where m
f

is a light fermion mass with f 2 {e, u, d}, which at collider energies strongly suppresses the whole
e↵ect. At the LHC, however, the contributions which appear as |✏

�

|2 or |✏̃
�

|2 can be boosted by
a factor involving the energy in the numerator, noting that we replace (v/⇤

BSM

)4 ! (E/⇤
BSM

)4,
thus increasing the sensitivity to these couplings. We will discuss these bounds and show that with
higher center-of-mass energy and integrated luminosity they become competitive with low-energy
searches for ✏

S,T

or stronger than low-energy bounds for ✏̃
R,S,T

. This analysis, of course, makes
sense only for ⇤

BSM

>⇠ few TeV.

The above considerations and more are summarized in Table 1.
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