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Theory — Lecture 1



Overview
Fundamental Symmetry Tests as “Windows” 
on New Physics [Lecture 1] 

The pattern of “fundamental” symmetry violation gave 
rise to the Standard Model of particle 
interactions… we continue to use  
symmetry tests as probes of (“new”) physics beyond the 
Standard Model 
Why would we expect new physics to exist? 
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Neutrons & “Hidden Sectors”: Searching   
for Ultralight Axions and More [Lecture 2] 



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



Cosmic Microwave Background (CMB)

Assessments in two different epochs agree! 
A Cosmic Baryon Asymmetry (BAU)

[George Gamow, AIP]

Big-Bang Nucleosynthesis (BBN)
“↵,�, �”

Lightest Elements are made in the Big-Bang, 
but prediction depends on the BAU

Alpher, Bethe, Gamow, “The Origin of 
the Chemical Elements,” 1948

Pattern of Acoustic Peaks
 reveals baryonic matter

Dicke, Peebles, Roll, & Wilkinson, 1965; 
Penzias & Wilson, 1965
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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]

5



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? 
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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



Small K   μ+μ- rate suggests the “charm” quark
             Glashow, Iliopoulos, Maiani, 1970: discovery of J/ψ @ SLAC and BNL in 1974  

Observation of KL   π+π- (CP violation!) suggests a 
third generation of quarks

Observation of a parity-violating asymmetry in e-2H 
deep-inelastic scattering suggests the Z0 gauge boson

Indirect Detections of New Physics
Past particle discoveries have been presaged by signals  

in low-energy experiments  
Some Examples:

Kobayashi & Maskawa, 1973: direct discovery of b quark in 1977 at Fermilab 

C. Y. Prescott et al., 1978: direct discovery of the Z0 in 1983 at CERN

9
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Fundamental Symmetries & 
The Rise of the Standard Model 

Model Building
The SM is a local quantum field theory based on

an exact local gauge symmetry 

To build it we must choose: 

• The gauge group(s) — here
 SU(3)color X SU(2)left X U(1)Y

• The particle content, its
group representations, and charge
assignments 



On the Discrete Symmetries 
C, P, T and all that 

The Weak Interactions Violate Parity

There is a “fore-aft” asymmetry in the e� intensity in 60 ~Co �-decay....
[Wu, Ambler, Hayward, Hoppes, and Hudson, Phys. Rev. 105, 1413 (1957);

note also Garwin, Lederman, and Weinrich, Phys. Rev. 105, 1415 (1957); http://focus.aps.org/story/v22/st19 .]

Schematically

+ +

NiCo
(J=5) (J=4)

e

ν e

ν

e

e
*60 60

Ie(✓) = 1� ~J·~pe
Ee

P is violated in the weak interactions!
Both P and C are violated “maximally”

�(⇡+ ! µ+⌫L) 6= �(⇡+ ! µ+⌫R) = 0 ; P violation

�(⇡+ ! µ+⌫L) 6= �(⇡� ! µ�⌫L) = 0 ; C violation

S. Gardner (Univ. of Kentucky) Theory of �-decay (1) FNP Summer School, NIST, 6/09 8

Weak interactions violate parity P

Nature can 
distinguish 
L from R: 

  is  
R-handed!

[Wu, Ambler, Hayward, Hoppes, Hudson, 1957]

Intensity: odd under ~pe ! �~pe

⌫̄e



On the Discrete Symmetries 
C, P, T and all that The Weak Interactions Can Also Violate CP

CP could be a good symmetry even if P and C were violated.
Schematically

e

νe

+CP

e

νe

�(⇡+ ! µ+⌫L) = �(⇡� ! µ�⌫R) ; CP invariance!

Weak decays into hadrons, though, can violate CP.
There are “short-lived” and “long-lived” K states:

KS ⇠
1p
2

(K 0 � K
0
)! ⇡+⇡� (CP even)

KL ⇠
1p
2

(K 0 + K
0
)! ⇡+⇡�⇡0 (CP odd)

However, KL ! 2⇡ as well! KS and KL do not have definite CP!
[Christenson, Cronin, Fitch, Turlay, PRL 13, 138 (1964).]

S. Gardner (Univ. of Kentucky) Theory of �-decay (1) FNP Summer School, NIST, 6/09 10

However        

Under charge-conjugation C:
�(⇡� ! e�⌫̄R) �! �(⇡+ ! e+⌫R)

0 : C is violated

[N.B. CP is also 
broken! ]

Enter SM leptons: 
⇣

⌫e
e�

⌘

L
e�R (NO ⌫eR!)

weak doublet (T3=±1/2 ; Y=-1/2) & singlet (T3=0 ; Y=-1)

sterile!

N.B. Engineered to give mν =0 ! (in the SM)
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Enter models with supersymmetry or extended gauge 
groups (“little Higgs”)…  

Theories of New Physics
And how to discover evidence for them 

There was a time when the motivation for new physics 
searches came from theoretical “wants”… e.g.,

With new gauge theories the needed cancellations
could be “natural”… and could be discovered through

the appearance of new, massive particles 

• The Higgs (SM!) could not be too heavy, or the weak 
sector would not be “perturbative”

• The scalar sector of the SM required finely tuned inputs 
to control the impact of loop radiative corrections
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For which there is no evidence as yet

Theories of New PhysicsResolving the Hierarchy Problem with New Physics

N.B. we focus on solutions which make the weak scale “technically natural”.
Supersymmetry
makes a one-to-one correspondence between the boson and fermion
content of the theory, and the quadratic divergences cancel exactly to all
orders in perturbation theory.
Technicolor
makes the Higgs a composite built of heavy “technifermions”, aping
chiral dynamics in QCD.
A Strongly Coupled Higgs Sector
makes the perturbative bounds on the Higgs mass moot.
“Extra” Dimensions
models let gravity see spacetime dimensions which other particles
cannot, explaining why gravity is weak at the TeV scale.
Little Higgs
models give new gauge bosons couplings arranged so that the quadratic
divergences cancel to one loop order.

All predict new phenomena at the TeV scale.
S. Gardner (Univ. of Kentucky) Theory of �-decay (3) FNP Summer School, NIST, 6/09 7

Some “theoretically motivated” examples



Enter a ``Mοdel Independent’’ Analysis Framework 
Suppose new physics enters at an energy scale  E > ⇤

Then for E < ⇤ 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

We can consider all the terms that appear order by order 
to study CP violation or non-standard ν interactions or…
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[Buchmuller & Wyler, 1986; 
Grzadkowski et al., 2010]

Effective Field Theory & New Physics

N.B. targeted searches….

Symmetries guide their construction [Weinberg, 1979]

Here assume SM electroweak symmetry
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The Standard Model 
Glashow-Salam-Weinberg model 

The GSW model has the γ, W±, Z0, g as gauge bosons, a
complex scalar φ and three generations 
of quarks and leptons, organized in (electroweak) left-
handed doublets and right-handed singlets: ⇣

u
d

⌘

L
uR , dR

Since W± carries electric charge, electromagnetism “lies 
across” SU(2)L X U(1)Y : Q = T3 + Y 

φ is in a doublet and has Y=1/2
The exact gauge symmetry can be hidden through the 
choice of vacuum for the scalar potential: this process does 
not give new massless states but rather gives 3 gauge 
bosons mass 
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The Standard Model
Fermion Masses 

We cannot give the fermions mass as in free Dirac theory  
because 
mf  ̄ = mf ( ̄L R +  ̄R L)  L,R =

1

2
(1⌥ �5) with

violates electroweak gauge invariance! (Y is not 0!)
We must use the Higgs mechanism! E.g.,

L = ��eĒL'eR +H.c. =) � 1p
2
�evēLeR +H.c.

me ; 
v =“vev”

For 3 generations of quarks: 

Lq = ��ij
d Q̄

i
L'd

j
R � �ij

u Q̄
i
L✏'u

j
R +H.c.

CP is broken if λu,d are complex!

'0 =
1p
2

�
0
v

�
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The Standard Model
Quark Masses and Mixings

The λu,d can be anything! 
They are only constrained by experiment!
Rotating to a basis in which the quark masses
are diagonal we find

u0 i
L = U ij

u ui
L ; d0 iL = U ij

d diL

Jµ
W+ =

1p
2
ūi
L�

µdiL

=
1p
2
ū0 i
L�

µ(U†
uUd)ijd

0 i
L

at the price of
Note “V-A” law 
is automatic!

This is VCKM!



The Cabibbo-Kobayashi-Maskawa (CKM) Matrix

The decay K� ! µ�⌫̄µ occurs: the quark mass eigenstates mix under
the weak interactions. By convention

0

@
d 0

s0

b0

1

A

weak

= VCKM

0

@
d
s
b

1

A

mass

; VCKM =

0

@
Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

1

A

In the Wolfenstein parametrization (1983)

VCKM =

0

B@
1� �2

2 � A�3(⇢� i⌘)

�� 1� �2

2 A�2

A�3(1� ⇢� i⌘) �A�2 1

1

CA + O(�4)

where � ⌘ |Vus| ' 0.22 and is thus “small”. A, ⇢, ⌘ are real.

S. Gardner (Univ. of Kentucky) Theory of �-decay (2) FNP Summer School, NIST, 6/09 13

The Cabibbo-Kobayashi-Maskawa (CKM) Matrix

The decay K� ! µ�⌫̄µ occurs: the quark mass eigenstates mix under
the weak interactions. By convention

0

@
d 0

s0

b0

1

A

weak

= VCKM

0

@
d
s
b

1

A

mass

; VCKM =

0

@
Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

1

A

In the Wolfenstein parametrization (1983)

VCKM =

0

B@
1� �2

2 � A�3(⇢� i⌘)

�� 1� �2

2 A�2

A�3(1� ⇢� i⌘) �A�2 1

1

CA + O(�4)

where � ⌘ |Vus| ' 0.22 and is thus “small”. A, ⇢, ⌘ are real.

S. Gardner (Univ. of Kentucky) Theory of �-decay (2) FNP Summer School, NIST, 6/09 13

CP violation in the SM
Observed effects appear through quark 

mixing under the weak interaction 

Cabibbo-Kobayashi-Maskawa (CKM) has hierarchical mixing

[Wolfenstein, 1983]
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The CKM Matrix is a unitary 3x3 matrix with 4 parameters in 
the Standard Model   

What is also possible but not seen is CP violation from 
QCD — because the n EDM has not been observed!



CP violation in the SM
How phases are necessary for CP violation 

20

uLi
dLj

~Vij*

Im Vij distinguishes the 
amplitude for              from 

its Hermitian conjugate 
(   … decay) 

b ! suū

b̄



Testing the CKM Paradigm 
The CKM matrix describes the flavor and  

CP violation observed in charged-current processes

N.B. lattice QCD  
plays a key role!

[CKM Fitter: Charles 
et al., 1501.05013]
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FIG. 4. Constraints on the CKM (⇢̄M , ⌘̄M ) coordinates with M = db, sb, ds, ct, ut, uc, from the global SM CKM-fit. Regions
outside the coloured areas have 1� p > 95.45 %. For the combined fit the yellow area inscribed by the contour line represents
points with 1� p < 95.45 %. The shaded area inside this region represents points with 1� p < 68.3 %.

β=φ1

=φ3

=φ2

δ(sin2β) to be reduced ~10x at Belle II!

[Golob, Trabelsi, & 
Urquijo (Belle II), 2015]

The single CP phase  
is decidedly nonzero



Direct Observation of T violation in the B system 
via “quantum entanglement”

[BaBar, 2012, http://physics.aps.org/articles/v5/129]

On the Discrete Symmetries 

CP:  B+ & B-

Flavor: B0 & B0 
_

http://physics.aps.org/articles/v5/129%5D


Standard Model Scorecard 
  The Standard Model, save for the established 
existence of neutrino masses (and nagging anomalies 
such as the muon g-2, the proton radius puzzle, and 
apparently violations of lepton flavor universality in 
B physics), is consistent with all known terrestrial 
experiments 

The patterns of fermion mass and mixings (and 
indeed the value of the weak scale itself) find no 
explanation within the SM
Generally the SM leaves many questions unanswered  
— and cannot address the BAU nor the existence of dark 
matter or energy

23

Hadronic parity violation (w/i the SM) is a last poorly 
understood sector 
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Symmetry Tests with Neutrons 
“Windows” on New Physics

• Searches for new sources of CP 
violation: namely, permanent electric dipole 
moment (EDM); time-dependent EDMs as 
probes of ultralight dark matter 

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

• Searches for new S, T degrees of 
freedom in beta-decay 

Some examples…



Analysis Framework 
Suppose new physics enters at energies beyond a scale  

Then for E < ⇤ we can extend the SM as per

where the new operators have mass dimension D>4

We impose                                 gauge invariance 
on the operator basis (flavor physics constraints)

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

SU(2)L ⇥ U(1)

⇤

Symmetries guide their construction

New physics can enter as (i) new operators or             
 as (ii) modifications of       for operators in the SMci

cf. non-V-A tests with tests of CKM unitarity

!!

 [Weinberg, 1979]

CP,  B-L breaking searches involve new operators 



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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 Operator Mass Dimension Memo
Predictive power in QFT demands than D cannot be > 4 

To make S dimensionless, we must have dim[  ] = 4. 

S =

Z
d

4
xL

L

SThe action

Thus FμνFμν                 

Recall Fµ⌫ = @µA⌫ � @⌫Aµ

dim[Aμ]=1 also dim[ψ]=3/2 

dim[ ̄�µ⌫ Fµ⌫ ] = 5
Note in chiral basis

m ̄ = m( ̄L R +  ̄R L)  L
R
⌘ 1

2
(1⌥ �5)

m ̄ and

 ̄�µ = ( ̄L�
µ L +  ̄R�

µ R)
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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

29

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]



Expected Physics BSM?

• can explain “why” the weak scale              
is so much lower than the Planck scale

• can possess a dark-matter candidate

• can potentially explain the cosmic baryon 
asymmetry

• ...

Models with weak scale supersymmetry have been very 
popular…  

Here every fermion has a boson partner (and vice versa) 

MZ ,MW

Because they...

But the predicted effects 
have not yet been seen....
31Many new CP phases!



EDMs & the SUSY CP Problem

32

Models with O(1) CP phases & weak scale supersymmetryThe SUSY CP Problem

(Hisano @ Moriond EW 2014)

EDM bounds push SUSY particles
far above the TeV scale

assumptions:

no cancellations between
various contributions

order 1 CP violating phases

Wolfgang Altmannshofer (PI) Electric Dipole Moments April 1, 2014 36 / 39

[Figure: W. Altmannshofer]

EDM bounds push  
super partner masses  
far above the TeV scale!
Different models can make  
the pertinent CP phases  
effectively small…

An EDM can now 
appear at one loop!

LHC results now suggest 
“decoupling” is a partial 
answer 



EDM Summary  
  EDMs are sensitive to new sources of CP violation at 

the TeV scale and beyond
Although CP is not a symmetry of the Standard 
Model, the SM “background” is completely negligible 
for the planned new generation of experiments
EDMs of nucleons, light nuclei, atoms, molecules  
can probe different new sources of CP violation 

EDM experiments can also be used to limit the  
appearance of ultralight (axion-like) dark matter &…. 
(stay tuned!)
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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]

34



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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B-L Violation & n-   TransitionsuB � L Violation and n-n̄ Oscillations

It has long been thought that n-n̄ oscillations could shed light on the
mechanism of

Baryogenesis [Kuzmin, 1967]

Neutrino mass [Mohapatra and Marshak, 1980]

The observation of n-n̄ transformations would reveal that B � L is indeed
broken.
Extracting the scale of B � L breaking from such a result can be realized
through a matrix element computation in lattice QCD. There has been much
progress towards this goal.
[Buchoff, Schroeder, and Wasem, 2012; Buchoff and Wagman, 2016; Syritsen, Buchoff, Schroeder, and Wasem, 2016]

In contrast to proton decay, n-n̄ probes new physics at “intermediate” energy
scales. The two processes can be generated by d=6 and d=9 operators,
respectively.
Crudely, ⇤

p decay

� 1015 GeV and ⇤
nn̄

� 105.5 GeV.
B-L violation at such intermediate energy scales can have rich implications;
e.g., in left-right symmetric models, successful leptogenesis requires that n-n̄
oscillations be unobservably small.
[e.g., Dev, Lee, Mohapatra, 2014]

S. Gardner (Univ. of Kentucky) n-n̄ with Spin KITP Seminar 9/30/16 5 / 21

Observing a neutron-antineutron transition
would show that B-L violation does exists at an
intermediate (~100 TeV) scale…. 36



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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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]

Since the quarks carry electric charge, 
a BSM model that generates neutron-

antineutron oscillations can also 
generate conversion

“spontaneous”

Qej⌫ = @µF
µ⌫[                     ]
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• The discovery of B-L violation would reveal the existence of 
dynamics beyond the Standard Model

• 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)

• Neutron-antineutron conversion is not sensitive to medium effects 
and can also yield limits on the neutron’s Majorana mass. It can 
also lead to the discovery of B-L violation in its own right

• Experiments with intense low-energy electron or neutron beams 
can also be used to search for B-L violation

39

Summary 
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The Trouble with Scalars...

The Standard Model is theoretically consistent to arbitrarily high energy
scales. However, its incompleteness makes us think that new physics – i.e.,
physics not included in the SM – must enter at some energy scale ⇤.
Theories with fundamental scalars (the Higgs) are particularly sensitive to the
value of ⇤. Let’s look at the quantum corrections to the Higgs mass MH .

VHiggs = �µ2�†� + �
4!(�

†�)2

[Schmaltz, hep-ph/0210415]

The � term, e.g., yields

�µ2 / �

Z ⇤

d4k
1

k2 �M2
H
⇠ +�⇤2

thus =) M2
H = µ2 � �c⇤2

For perturbation theory to make sense
� cannot be too large; this limits MH to
few⇥ 100 GeV. [Dicus, Mathur, Phys. Rev. D7, 3111

(1973); Lee, Quigg, Thacker, Phys. Rev. D16, 1519 (1977)]

For ⇤ ⇠ MGUT the required
tuning of µ is to 1 part in 1026!!

S. Gardner (Univ. of Kentucky) Theory of �-decay (3) FNP Summer School, NIST, 6/09 3

“Fine Tuning” in the SM 
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“Naturalness” Suggests New Physics at a TeV...

Once again we suppose Standard Model is an effective theory, valid for
scales E  ⇤. What is ⇤? At one-loop level, we have found large corrections
to the tree-level Higgs mass µ.

[Schmaltz, hep-ph/0210415]

N.B. fermion and boson loop
contributions have opposite sign.
As ⇤ is reduced from the Planck (or
GUT) scale, the fine tuning required to
yield the Higgs mass required by
perturbative arguments mitigates.
At ⇤ = 10 TeV, µ must be tuned to
merely one part in 100.
Thus we have a theoretical argument
for new physics at ⇤ ⇠ O(1TeV )

New physics can make the cancellations natural. Thus
we stabilize the numerical value of MH under radiative
corrections, even if we cannot answer why MH ⌧ MP .

S. Gardner (Univ. of Kentucky) Theory of �-decay (3) FNP Summer School, NIST, 6/09 5

“Fine Tuning” in the SM
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“Fine-Tuning” does exist in Nature

[Hoyle, 1953; Dunbar, Pixley, Wenzel, Whaling, 1953]

S. Gardner (Univ. of Kentucky) Theory of �-decay (3) FNP Summer School, NIST, 6/09 6

 “Fine Tuning” Exists in Nature 



Electric & Magnetic Dipole Moments

H = �µ
~S

S
· ~B �d

~S

S
· ~E

Maxwell Equations…

A permanent EDM breaks P & T 

~B
P ! ~B ~E

P ! � ~E ~S
P ! ~S

~B
T ! � ~B ~E

T ! ~E ~S
T ! �~S

MDM: P even, T even 
  EDM: P odd, T odd 

under CPT,  CP is also broken
44



Operator Analysis of EDMs
The flavor-diagonal effective Lagrangian at ~1 GeV 

Many sources: note effective hierarchy imposed by     
gauge invariance (chirality change!)SU(2)⇥ U(1)

[Ritz, CIPANP, 2015]

can appear in the IR even if an axion 
acts [Chien et al., arXiv:1510.00725, JHEP 2016]

Limits on new CPV sources often taken “one at a time”
45



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]

46

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]

[See M.J. Ramsey-Musolf next week!]



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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[Engel, Ramsey-Musolf, & van Kolck, 2013; Chupp, Fierlinger, Ramsey-Musolf, Singh, 2017]

11

C. Low-Energy Parameters

As indicated in Fig. 1, the Wilson coe�cients are con-
nected to the experimental observables at the hadronic
scale, ⇤had ⇠ 1 GeV, through a set of low-energy pa-
rameters involving pions, and nucleons in place of quarks
and gluons as well as photons and electrons. Consider-
ing first purely hadronic interactions, the starting point
is a T-odd/P-odd (or TVPV) e↵ective, non-relativistic
Lagrangian containing pions and nucleons (Engel et al.,
2013):

LTVPV
⇡NN =�2N̄

�
d̄0 + d̄1⌧3

�
SµNv⌫Fµ⌫

+N̄
h
ḡ(0)

⇡ ~⌧ · ~⇡ + ḡ(1)
⇡ ⇡0 + ḡ(2)

⇡

�
3⌧3⇡

0 � ~⌧ · ~⇡�
i
N,

(22)

where Sµ is the spin of a nucleon N having velocity v⌫ .
A set of four-nucleon interactions that are currently be-
ing studied and are not considered in this discussion.
The combinations d̄0 + d̄1⌧3 = d̄0 ⌥ d̄1 correspond to
the short-range contributions to the neutron and proton
EDMs. The quark EDMs generate contributions to the
d̄0,1 while the quark CEDMs, the three-gluon operator,
and the CP-violating four-quark operators (including the
operator induced by Q'ud) will generate both the d̄0,1

and the ḡ1,2,3. In practice, the sensitivity of the isotensor

coupling ḡ
(2)
⇡ is significantly suppressed compared to that

of ḡ
(0)
⇡ and ḡ

(1)
⇡ . The T-odd/P-odd pion-nucleon interac-

tions parameterized by the couplings ḡ
(i)
⇡ , contribute to

nucleon EDMs as well as to nucleon-nucleon interactions
that generate the Schi↵ moment.

The semi-leptonic operators O`edq and O(1,3)
`equ induce an

e↵ective nucleon spin-independent (NSID) and nuclear
spin-dependent electron-nucleon interactions, described
by the scalar (S) and tensor (T) interactions:

LS = �GFp
2

ēi�5e N̄
h
C

(0)
S + C

(1)
S ⌧3

i
N (23)

LT =
8GFp

2
ē�µ⌫e v⌫N̄

h
C

(0)
T + C

(1)
T ⌧3

i
SµN + · · · ,

(24)

where the Dirac matrices act on the electron wave func-
tion, GF is the Fermi constant and N is a nucleon spinor,
the sum over all nucleons is implied, and where the
+ · · · indicate sub-leading contributions arising from the
electron-scalar–nucleon-pseudoscalar interaction.

The coe�cients C
(0,1)
S,T can be expressed in terms of

the underlying semileptonic operator coe�cients and the

nucleon scalar and tensor form factors:

C
(0)
S = �g

(0)
S

⇣ v

⇤

⌘2

Im C(�)
eq

C
(1)
S = g

(1)
S

⇣ v

⇤

⌘2

Im C(+)
eq

C
(0)
T = �g

(0)
T

⇣ v

⇤

⌘2

Im C
(3)
`equ

C
(1)
T = �g

(1)
T

⇣ v

⇤

⌘2

Im C
(3)
`equ (25)

where

C(±)
eq = C`edq ± C

(1)
`equ . (26)

and the isoscalar and isovector form factors g
(0,1)
� are

given by

1

2
hN | ⇥ū�u + d̄�d

⇤ |Ni ⌘ g
(0)
�  ̄N� N , (27)

1

2
hN | ⇥ū�u � d̄�d

⇤ |Ni ⌘ g
(1)
�  ̄N�⌧3 N , (28)

where � = 1 and �µ⌫ , respectively (Engel et al., 2013).

D. EDMs in the Standard Model

CP violation in the CKM matrix leads to non-
vanishing coe�cients of the d = 6 CP-violating sources
at the multi-loop level. The primary theoretical interest
has been the elementary fermion EDMs. The CKM la-
grangian for mixing of left-handed down-type quarks to
up-type quarks is

LCKM = � ig2p
2

X

p,q

V pqŪp
L 6W+Dq

L + h.c. . (29)

Here g2 is the weak coupling constant, W+
µ is the charged

weak gauge field Up
L = u, c, t and Dp

L = d, s, b are a
generation-p left-handed up-type and down-type quark
fields, V pq denotes the element of the CKM matrix. The
constraints from unitarity and quark-field rephasing for
the three quark generations allow four free parameters:
three magnitudes and a CP-violating phase. Writing

VCKM =

2

4
V ud V us V ub

V cd V cs V cb

V td V ts V tb

3

5 (30)

the CP violating e↵ects are proportional to the Jarlskog
invariant �̄ = Im(VusV

⇤
csVcbV

⇤
ub) ⇡ 5 ⇥ 10�5. The value

of �̄ is derived from global analyses of a variety of CP-
violating observables in the neutral kaon and B-meson
systems (Charles et al., 2015; Olive et al., 2014). (Note
that in the literature, �̄ is sometimes expressed to leading
order in the three CP-conserving mixing angles and CP-
violating phase in the CKM matrix.)

Permanent EDMs: Heff
BSM at nucleon and NN scales

CPV πNN  
coupling constant  
source of non- 
perturbative  
enhancement 
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n p+n 

π�
γ

FIG. 10 Representative long-range, pion-exchange contri-
butions to the neutron EDM. The cross represents the CP-
violating vertex, while the closed circle is the CP-conserving
vertex. Adapted from Pospelov and Ritz (2000).

Table IV provides the coe�cients for the dependence of

ddia
A on ḡ

(0)
⇡ , ḡ

(1)
⇡ , and d̄sr

n .
In summary, contributions to the EDM’s systems ac-

cessible to experiment can be expressed in terms of the
following set of low-energy parameters:

1. The lepton EDMs; the electron EDM de contributes
in first order to the EDMs of paramagetic atoms
and molecules.

2. Two isospin components of the nuclear-spin-
independent eN coupling C0,1

S ; since most of the
heavy-atom systems have a roughly equal ratio of
neutrons to protons this can be reduced to a single
average C̄S = C0

S � (N�Z)
A C1

S ⇡ C0
S .

3. The nuclear-spin-dependent eN coupling labeled

by C
(0,1)
T , most important in diamagnetic atoms

and molecules.

4. The short-range contribution to the nucleon EDMs
d̄sr

n,p.

5. The pion-nucleon couplings labeled ḡ
(i)
⇡ that con-

tribute to the nucleon and nuclear EDMs and to
the Schi↵ moments of nuclei. Given that the sen-
sitivity of ḡ

(2)
⇡ to the CP-violating interactions is

highly suppressed, we will omit it in the following.

We therefore separate paramagnetic atoms and
molecules from diamagnetic systems and also separate
nucleon and fundamental-fermion EDMs, as follows:

Paramagnetic atoms

dpara = ⌘dede + kCS C̄S (65)

Polar molecules

�! 6P 6T
para =

�deEeff

~ + k!
CS

C̄S (66)

Diamagnetic atoms

ddia = SS(ḡ0,1
⇡ , dN ) + k

C
(0)

T
C

(0)
T + ... (67)

Nucleons

dn,p = dlr
n,p(ḡ

0,1
⇡ ) + d̄sr

n,p (68)

Charged leptons

de, dµ, (d⌧ ) (69)

The coe�cients ⌘, k and  are presented in Tables III, IV
and V.

Note that the other contributions enter the atomic
and molecular systems at higher order, but are less im-
portant; however due to the exquisite sensitivity of the
199Hg EDM measurement, the higher order contribution
of the electron EDM de does have an impact.Additionally,
experiments in paramagnetic solid-state systems with
quasi-free electrons are directly sensitive to de.

III. EXPERIMENTAL TECHNIQUES

The crux of any EDM measurement is to project the
e↵ect of the coupling to an electric field in the back-
ground of much larger magnetic e↵ects using the unique
P-odd/T-odd signature. Most EDM experiments using
beams or cells are magnetic resonance approaches that
measure the energy or, more commonly, frequency given
in Eq. 5 of transitions between magnetic sub levels in
the presence of a well-controlled magnetic field B, and
electric field E aligned either parallel or anti-parallel to
B. Storage-ring experiments with charged particles mea-
sure the result of the additional torque on the spin due
to ~d ⇥ ~E, where ~E may arise in part from the motional
field ~v ⇥ ~B. In solid-state electron-EDM experiments,
the observable is proportional to ~B · ~E, where only one
field is applied and the other measured - for example a
strong electric field ~Eapplied would polarize electron spins
in the material giving rise to an observable magnetic field
~Bobserved.

Because every system of interest has a magnetic mo-
ment, the magnetic environment is crucial and the mag-
netic field must be characterized in space and time. Mag-
netic shielding, magnetic sensors external to the EDM
volume and comagnetometers that monitor the magnetic
field within the EDM volume during the EDM measure-
ment are all essential elements of past and future ex-
periments. Comagnetomter species are chosen because
they are less sensitive to P-odd/T-odd e↵ects than the
key species. For example the comagnetometer for the
neutron-EDM experiment of Baker et al. (2006) was
199Hg, and for Cs and Tl beam experiments Na was
used (Regan et al., 2002a; Weisskopf, 1968). The mea-
surement of the 129Xe EDM utilized 3He as the comag-
netometer species.



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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Neutrons and 
“Hidden Sectors”

Susan Gardner
Department of Physics and Astronomy

University of Kentucky
Lexington, KY

51

R
es

ea
rc

h 
su

pp
or

te
d 

by
 th

e 
U

.S
.  

D
ep

t. 
of

 E
ne

rg
y 

O
ffi

ce
 o

f N
uc

le
ar

 P
hy

si
cs

 
un

de
r D

E-
FG

02
-9

6E
R

40
98

9

Theory — Lecture 2

Fundamental Neutron Physics 
Summer School (FNPSS)

North Carolina State University 
 [July, 2018]



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

Galactic Rotation Curves:   
[e.g., from Begeman, Broeils, and Sanders, 1991]

The observed circular speed does not track 
the luminous mass. Most of the cosmic energy budget is of an unknown form!

52



 Dark-Matter (DM) Knowns

• stable or effectively on Gyr time scales

• not “hot” - i.e., not relativistic at the time it decoupled 
from matter in the cooling early Universe

• have no substantial strong or electromagnetic charge

We do know DM must be... 

It has long been thought that if DM were produced as a 
“thermal relic” that it would be a Weakly Interacting 

Massive Particle or “WIMP”
Such candidates appear in models with 
weak-scale supersymmetry (MSSM)



Direct Detection: Dark Matter “WIMPs”
[from cdms.berkeley.edu; note Drukier & Stodolsky, 1984; Goodman & Witten, 1985]
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MWIMP ~
100 GeV
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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]



Broader Search Strategies?
Complementarity is important!

4.4 Dark matter complementarity 21

Dark Matter 

Nuclear Matter 
quarks, gluons 

Leptons 
electrons, muons, 

taus, neutrinos 

Photons, 
W, Z, h bosons 

Other dark 
particles 

Astrophysical  
Probes 

DM DM 

DM DM 

Particle 
Colliders 

SM DM 

SM DM 

Indirect 
Detection 

DM SM 

DM SM 

Direct 
Detection 

DM DM 

SM SM 

Figure 4-9. Dark matter may have non-gravitational interactions with one or more of four categories of
particles: nuclear matter, leptons, photons and other bosons, and other dark particles. These interactions
may then be probed by four complementary approaches: direct detection, indirect detection, particle
colliders, and astrophysical probes. The lines connect the experimental approaches with the categories
of particles that they most stringently probe. The diagrams give example reactions of dark matter (DM)
with Standard Model particles (SM) for each experimental approach. From Ref. [130].

suggested by the WIMP miracle. Experimental sensitivities are expected to improve greatly on several
fronts in the coming decade but some modes require good understanding of astrophysical backgrounds.
Further, the signals are typically subject to uncertainties in the spatial distribution of dark matter (which
is often not directly constrained) and may be absent altogether whenever the dark matter annihilation is
insignificant now, e.g., in the case of asymmetric dark matter or P -wave suppressed annihilation.

• Particle Colliders. Particle colliders, such as the Large Hadron Collider (LHC) and proposed future
lepton colliders, produce dark matter particles that escape the detector, but are discovered as an excess
of events with missing energy or momentum. LHC experiments are sensitive to the broad range of masses
favored for WIMPs (especially if they couple to quarks and/or gluons), but are relatively insensitive to
dark matter that interacts only with leptons. Collider experiments are also unable to distinguish missing
momentum signals produced by a particle with lifetime ⇠ 100 ns from one with lifetime above 1017 s, as
required for dark matter.

• Astrophysical Probes. The particle properties of dark matter are constrained through its impact on
astrophysical observables. Dark matter distributions and substructure in galaxies are unique probes of the
“warmth” of dark matter and hidden dark matter properties, such as its self-interaction strength, and they
measure the e↵ects of dark matter properties on structure formation in the Universe. Examples include
the self-interaction of dark matter particles a↵ecting central dark matter densities in galaxies (inferred
from rotation velocity or velocity dispersion measures), the mass of the dark matter particle a↵ecting dark
matter substructure in galaxies (inferred from strong lensing data), and the annihilation of dark matter
in the early Universe a↵ecting CMB fluctuations. Astrophysical probes are typically unable to distinguish
various forms of CDM from one another or make other precision measurements of the particle properties
of dark matter.

Community Planning Study: Snowmass 2013

Possible DM couplings to different SM particles can be revealed in 
different ways....

[arXiv:1401.6085]“shake it, break it,  bake it”



Hunting Hidden Forces 
 “Early” e+ and e- excesses in the gamma-ray sky  

from dark matter annihilation 

[Arkani-Hamed, Finkbeiner, Slatyer, Weiner, 2009; 
also Fox & Poppitz, 2009,…Pospelov 2009 (μ g-2)]

new gauge boson
is a “portal” to
a hidden sector

N.B. Fermi LAT results (& others), 2008-9

Could explain size of  
excesses if new GeV-scale  
gauge bosons exist

Plausible conventional explanations  
now exist, but the possibility 
was opened nonetheless….
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FIG. 3. The positron fraction above 10GeV, where it begins to increase. The present measurement extends the energy range to 500GeV
and demonstrates that above ∼ 200GeV the positron fraction is no longer increasing. Measurements from PAMELA [21] (the horizontal
blue line is their lower limit), Fermi-LAT [22], and other experiments [17-20] are also shown.
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Excess Positrons? 
Hunting the high-energy sky for dark matter annihilation 

[Accardo et al. (AMS), PRL, 2014]

•  But the determined spectrum (thus far) is smooth…
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Dark Photons
Hunting new forces in fixed target experiments 

The interactions that generate DM annihilation 
could also be discovered at accelerators: 

But different gauge symmetries (& portals) are possible!

The new gauge boson 
could stem from a 
dark electromagnetism, 
and the photon and 
dark photon could mix

[E.g., Bjorken, Essig, Schuester, Toro, 2009]
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New Gauge Bosons
We may only be able to probe part of a rich dark sector 

E.g., let A′ be the gauge field of a U(1)′ group

But Coulomb-like DM-DM forces do not appear to 
exist, so that the A′ must have mass… 

L = LSM +
"

2
FY,µ⌫F 0

µ⌫ � 1

4
F 0µ⌫F 0

µ⌫ +M2
A0A0µA0

µ + . . .

Aµ ! Aµ � "A0
µWith the A′ couples to SM fermions

with strength Qeε [Holdom, 1986]

Note “kinetic mixing” of visible & hidden sectors



• Vector Portal

• Higgs Portal

• Neutrino Portal

Only a Few “Sizeable” Portals Exist  

[Batell, Pospelov, and Ritz, 2009; Le Dall, Pospelov, Ritz, 2015]

All deserve systematic study; 
N.B. low E Higgs portal & rare B 

and K decay constraints!

Focus: the dark photon  A′ and the vector portal

Ldim4 =


2
V µ⌫F 0

µ⌫ �H†H(AS + �S2)� YNLHN

Gauge Theories of a Hidden Sector



A0 with ! * 10!4 and mass above"200 MeV, particularly
in sectors with multiple light states [41–45]. Their reach in
! is limited by luminosity and irreducible backgrounds.
However, an A0 can also be produced through bremsstrah-
lung off an electron beam incident on a fixed target [43].
This approach has several virtues over colliding-beam
searches: much larger luminosities, of Oð1 ab!1=dayÞ,
can be achieved, scattering cross sections are enhanced
by nuclear charge coherence, and the resulting boosted
final states can be observed with compact special-purpose
detectors.

Past electron ‘‘beam-dump’’ experiments, in which a
detector looks for decay products of rare penetrating par-
ticles behind a stopped electron beam, constrain * 10 cm
vertex displacements and ! * 10!7. The thick shield
needed to stop beam products limits these experiments to
long decay lengths, so thinner targets are needed to probe
shorter displacements (larger ! and mA0). However, beam
products easily escape thin targets and constitute a chal-
lenging background in downstream detectors.

The five benchmark points labeled ‘‘A’’ through ‘‘E’’ in
Fig. 1 (right) require different approaches to these chal-
lenges, discussed in Sec. IV. We have estimated the reach
of each scenario, summarized in Fig. 1 (right), in the
context of electron beams with 1–6 GeV energies, nA–
"A average beam currents, and run times "106 s. Such
beams can be found, for example, at the Thomas Jefferson
National Accelerator Facility (JLab), the SLAC National
Accelerator Laboratory, the electron accelerator ELSA,
and the Mainzer Mikrotron (MAMI).

The scenarios for points A and E use 100 MeV–1 GeV
electron beam dumps, with more complete event recon-
struction or higher-current beams than previous dump ex-
periments. Low-mass, high-! regions (e.g. B and C)
produce boosted A0 and forward decay products with
mm–cm displaced vertices. Our approaches exploit very
forward silicon-strip tracking to identify these vertices,
while maintaining reasonable occupancy—a limiting fac-
tor. At still higher !, no displaced vertices are resolvable
and one must take full advantage of the kinematic proper-
ties of the signal and background processes, including the
recoiling electron, using either the forward geometries of B
and C or a wider-angle spectrometer (e.g. for point D).
Spectrometers operating at various laboratories appear
capable of probing this final region. Table I summarizes
the various experimental scenarios.
We focus on the case where the A0 decays directly to

standard model fermions, but the past experiments and
proposed scenarios are also sensitive (with different ex-
clusions) if the A0 decays to lighter Uð1Þ0-charged scalars,
and to direct production of axionlike states.

B. Outline

In Sec. II, we summarize the properties of A0 production
through bremsstrahlung in fixed-target collisions.
Constraints from past experiments and from neutrino emis-
sion by SN 1987A are presented in Sec. III. In Sec. IV, we
describe the five new experimental scenarios and estimate
the limiting backgrounds. We conclude in Sec. V with a
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FIG. 1 (color online). Left: Existing constraints on an A0. Shown are constraints from electron and muon anomalous magnetic
moment measurements, ae and a", the BABAR search for !ð3SÞ ! #"þ"!, three beam-dump experiments, E137, E141, and E774,

and supernova cooling (SN). These constraints are discussed further in Sec. III. Right: Existing constraints are shown in gray, while the
various lines—light green (upper) solid, red short-dashed, purple dotted, blue long-dashed, and dark green (lower) solid—show
estimates of the regions that can be explored with the experimental scenarios discussed in Secs. IVA, IVB, IVC, IVD, and IVE,
respectively. The discussion in Sec. IV focuses on the five points labeled ‘‘A’’ through ‘‘E.’’ The orange stripe denotes the ‘‘D-term’’
region introduced in Sec. II A, in which simple models of dark matter interacting with the A0 can explain the annual modulation signal
reported by DAMA/LIBRA. Along the thin black line, the A0 proper lifetime c$ ¼ 80 "m, which is approximately the $ proper
lifetime—see Eq. (11).

BJORKEN et al. PHYSICAL REVIEW D 80, 075018 (2009)

075018-2

Dark Photon Parameter Space is Vast  
Different experimental strategies for different regions 

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

“Beam dump” (displaced production & detection vertices 
in matter) studies yield powerful constraints



Dark Photon Parameter Space is Vast  
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Studies also possible through SeaQuest/E906 at Fermilab                                    

Proton bremsstrahlung Radiative          decays ⇡0, ⌘

[SG, Holt, Tadepalli, 2015; Gori et al., 2018]

[Bluemlein and Brunner, 2011 & 2013][Batell, Pospelov, and Ritz, 2009; 
Gninenko, 2011] Also in Drell-Yan…

Offering distinct windows on a vector portal…



Dark Photon Decays to Visibles (Only)
 Exclude a “dark” explanation of the muon g-2 anomaly 

But this may only 
speak to our 

assumptions…

[Pospelov, 2009]



• U(1)Y or U(1)em  : enter the dark photon and A-A′ 
mixing [Holdom, 1986…]

• U(1)Y  with an extended Higgs sector : now mixing 
with both the photon and Z occurs – enter the Zd

• U(1)B but not anomaly free [Nelson & Tetradis, 1989;  Tulin, 2014; 
Dobrescu & Frugiuele, 2014…]

• U(1)μ-τ [Altsmannshofer, Gori, Pospelov, & Yavin, 2014]

Gauge Theories of the Hidden Sector
There are many possible vector portals  

– but only some are ``anomaly free’’ 
Typical to consider Abelian groups as Fμν is gauge invariant

[Davoudiasl, Lee, Marciano, 2014]



• Gauge the U(1)B-L global symmetry of the SM 

• This is anomaly-free with the addition of 3 sterile neutrinos 

• Generically the B-L boson mixes with the photon: 

• For ε + εB-L ≈ 0, we get both εu ≈ ε/3 and εd ≈ -2ε/3 (protophobia) and εe 
<< εu,d ! 

• The neutrino X-charge is too large. This problem is mitigated if X is 
heavier, then εΒ-L can be smaller. It can be remedied in different ways –
e.g., by mixing with X-charged sterile neutrinos.

66

Model for the Be-8 IPC anomaly  
There’s no unique choice, but here’s one:

Other model possibilities are being developed….

[Feng, Fornal, Galon, SG, Smolinsky, Tait, Tanedo, 2016]
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Opportunities in Neutron β Decay? 
Dark bremsstrahlung could impact the β spectrum….

cf.  NA64 (2017)
“invisibles” search 

3

the CERN SPS. The experimental signature of events
from the A0 ! invisible decays is clean and they can
be selected with small background due to the excellent
capability of NA64 for the precise identification and mea-
surements of the initial electron state.

The rest of the paper is organised as follows. Section
II outlines the method of search and theoretical setup for
the A0 production in an electron- nuclei scattering, and
the signal simulation. Here, we mainly focus on the ex-
perimental signature of the A0 ! invisible decays and A0

production rate. We also attempt to provide an estimate
of the experimental uncertainties associated with the A0

cross section calculation required for the sensitivity es-
timate. We revisit here the calculations of Refs.[44–46]
and clarify the apparent disagreements in the numeri-
cal factors in the cross section of A0 production in the
Weizsäcker-Williams framework and exact computations
at tree level. We also discuss additional experimental in-
puts that would be useful to improve the reliability of the
calculated sensitivity of the NA64 experiment. The H4
beam line and experimental set-up is presented in Sec.
III, followed by a description of the event reconstruction
and analysis in Sec. IV. The results on the benchmark
process of dimuon production are presented in Sec.V. In
Sec. VI and VIII the signal e�ciency and background
sources are discussed. The final results on the searches
for invisible decays of dark photons and light thermal DM
are reported in Sec. IX and X, respectively. We present
our conclusions in Sec. XI.

II. METHOD OF SEARCH AND THE A

0

PRODUCTION

As seen from the Lagrangian (1), any source of pho-
tons will produce all kinematically possible massive A0

states according to the appropriate mixing strength. If
the coupling strength ↵D and A0 masses are as discussed
above, the A0 will decay predominantly invisibly.

The method of the search for the A0 ! invisible decay
is as follows [44, 45]. If the A0 exists it could be pro-
duced via the kinetic mixing with bremsstrahlung pho-
tons in the reaction of high-energy electrons absorbed in
an active beam dump (target) followed by the prompt
A0 ! invisible decay into DM particles in a hermetic
detector:

e�Z ! e�ZA0; A0 ! ��, (7)

see Fig. 1. A fraction f of the primary beam energy
EA0 = fE0 is carried away by � particles, which pene-
trate the target and detector without interactions result-
ing in zero-energy deposition. The remaining part of the
beam energy Ee = (1 � f)E0 is deposited in the target
by the scattered electron. The occurrence of the A0 pro-
duction via the reaction (7) would appear as an excess
of events with a signature of a single isolated electro-
magnetic (e-m) shower in the dump with energy Ee ac-
companied by a missing energy Emiss = EA0 = E0 � Ee

e− A’

γ

Z

e− Dark 
Sector 

FIG. 1: Diagram contributing to the A

0 production in the
reaction e

�
Z ! e

�
ZA

0
, A

0 ! dark sector. The produced A

0

decays invisibly into dark sector particles.

above those expected from backgrounds. Here we as-
sume that in order to give a missing energy signature the
�s have to traverse the detector without decaying visi-
bly. No other assumptions are made on the nature of
the A0 ! invisible decay . In previous work [38, 46],
the di↵erential cross-section A0-production from reaction
(1) was calculated with the Weizsäcker-Williams (WW)
approximation, see [47, 48]. The cross-sections were im-
plemented a Geant4 [49, 50] based simulations, and the
total number nA0 of the produced A0 per single electron
on target (EOT), depends in particular on ✏, mA0 , E0

and was calculated as

nA0(✏, mA0 , E0) =
⇢NA

APb

X

i

n(E0, Ee, s)�
A0

WW (Ee)�si

(8)
where ⇢ is density of Pb target, NA is the Avogadro’s
number, APb is the Pb atomic mass, n(E0, Ee, s) is the
number of e± with the energy Ee in the e-m shower at
the depth s (in radiation lengths) within the target of
total thickness T , and �(Ee) is the cross section of the
A0 production in the kinematically allowed region up to
EA0 ' Ee by an electron with the energy Ee in the el-
ementary reaction (7). The energy distribution dn

A

0
dE

A

0
of

the A0s was calculated by taking into account the di↵er-
ential cross-section d�(E

e

,E
A

0 )
dE

A

0
, as described in Ref.[46].

The numerical summation in Eq. (8) was performed with
the detailed simulation of e-m showers done by Geant4
over the missing energy spectrum in the target, see Fig. 4.
According to the simplified WW approximation [47] the
e�N scattering total rate can be written as

�A0

WW =
4

3

✏2↵3�

m2
A0

· log ��1, � = max


m2

e

m2
A0

,
m2

A0

E2
0

�
,

(9)
where � is the e↵ective flux of photons

� =

Z t
max

t
min

dt
(t� tmin)

t2
⇥
Gel

2 (t) +Ginel
2 (t)

⇤
. (10)

Here, tmin = m4
A0/(4E2

0) and tmax = m2
A0 are approx-

imated values of the A0 momentum transfer. For most
energies the elastic form-factor G2,el(t) dominates and
can be approximated as

G2,el(t) =

✓
a2t

1 + a2t

◆2 ✓
1

1 + t/d

◆2

Z2 , (11)

17

FIG. 14: The sensitivity, defined as an average expected limit,
as a function of the ECAL energy cut for the case of the A

0

detection with the mass mA0 ' 20 (blue) and 2 (green) MeV.

varying the extrapolation functions, as previously dis-
cussed. An example of the optimization curves obtained
for the mA0 = 2 and 20 MeV is shown in Fig. 14. It was
found that the optimal cut value depends very weakly on
the A0 mass choice and can be safely set to EECAL < 50
GeV for the whole mass range.

Overall optimization and improvement of the signal
selection and background rejection criteria resulted in
roughly more than a factor 10 reduction of the expected
backgrounds per EOT and an increase of a factor 2 in the
e�ciency of A0 ! invisible decay at higher beam rate for
the run III compared to those obtained in the analysis
reported in Ref.[38]. For the full 2016 exposure, the esti-
mate of the number of background events expected from
the sources discussed above per 1010 EOT was nb = 0.03,
while for the run of Ref.[38] it was nb = 0.5.

mA0 , MeV 90% C.L. upper limit 90% C.L. upper limit
on ✏, 10�4 , no k-factors on ✏, 10�4with k-factors

1.1 0.22 0.19
2 0.23 0.24
5 0.43 0.49

16.7 1.25 1.33
20 1.29 1.6
100 5.5 8.2
200 13.0 22.6
500 38.7 97.8
950 94.20 362.0

TABLE V: Comparison of upper bounds on mixing ✏ at 90 %
CL obtained with WW and ETL calculations for the Pb-Sc
ECAL target for Emiss > 0.5E0 at E0 = 100 GeV.

FIG. 15: The NA64 90% C.L. exclusion region in the (mA0
, ✏)

plane. Constraints from the BaBar [39], E787 and E949 ex-
periments [34, 35], as well as the muon ↵µ favored area are also
shown. Here, ↵µ =

g
µ

�2
2 . For more limits obtained from indi-

rect searches and planned measurements see e.g. Ref. [13, 14].

After determining and optimizing all the selection cri-
teria and estimating background levels, we examined the
events in the signal box and found no candidates, as
shown in Fig. 7. We proceeded then with the calculation
of the upper limits on the A0 production. The combined
90% confidence level (C.L.) upper limits for the corre-
sponding mixing strength ✏ were determined from the
90% C.L. upper limit for the expected number of signal
events, N90%

A0 by using the modified frequentist approach
for confidence levels (C.L.), taking the profile likelihood
as a test statistic in the asymptotic approximation [70–
72]. The total number of expected signal events in the
signal box was the sum of expected events from the three
runs:

NA0 =
3X

i=1

N i
A0 =

3X

i=1

ni
EOT ✏

i
totn

i
A0(✏,mA0 ,�Ee) (26)

where ✏itot is the signal e�ciency in the run i given by
Eq.(23), and the ni

A0(✏,mA0 ,�EA0) value is the signal
yield per EOT generated by a single 100 GeV electron
in the ECAL target in the energy range �Ee. Each i-
th entry in this sum was calculated by simulating the
signal events for corresponding beam running conditions
and processing them through the reconstruction program
with the same selection criteria and e�ciency corrections
as for the data sample from the run-i. The expected back-
grounds and estimated systematic errors were also taking
into account in the limits calculation. The combined 90%
C.L. exclusion limits on the mixing strength as a function
of the A0 mass can be seen in Fig. 15. In Table V the
limits obtained with the ETL and WW calculations for

4

occur in the last layers of the WCAL with decay photons
escaping the dump without interactions and accompanied
by poorly detected secondaries is another source of fake
signal. To evaluate this background we used the extrap-
olation of the charge-exchange cross sections, � ⇠ Z2/3,
measured on di↵erent nuclei [65]. The contribution from
the beam kaon decays in-flight K� ! e�⌫⇡+⇡�(Ke4)
and dimuon production in the dump e�Z ! e�Zµ+µ�

with either ⇡+⇡� or µ+µ� pairs misidentified as e-m
event in the ECAL was found to be negligible.

Table I summarizes the conservatively estimated back-
ground inside the signal box, which is expected to be
0.07 ± 0.034 events per 5.4 ⇥ 1010 EOT. The dominant
contribution to background is 0.06 events from the K0

S

decays, with the uncertainty dominated by the statisti-
cal error. In Fig. 2 the final distributions of e.m. neutral
events, which are presumably photons, and signal candi-
date events that passed the selection criteria (i)-(iii) and
(v)-(vii) are shown in the (EECAL;EWCAL) plane. No
candidates are found in the signal box. The conclusion
that the background is small is confirmed by the data.

The combined 90% confidence level (C.L.) upper limits
for the mixing strength ✏ were obtained from the corre-
sponding limit for the expected number of signal events,
N90%

A0 , by using the modified frequentist approach, tak-
ing the profile likelihood as a test statistic [66–68]. The
NA0 value is given by the sum :

NA0 =
2X

i=1

N i
A0 =

2X

i=1

ni
EOT ✏

i
totn

i
A0(✏,mA0) (2)

where ✏itot is the signal e�ciency in the run i (30 X0 or
40 X0), and ni

A0(✏,mA0) is the number of the A0 ! e+e�

decays in the decay volume with energy EA0 > 30 GeV
per EOT, calculated under assumption that this decay
mode is predominant, see e.g. Eq.(3.7) in Ref. [55].
Each i -th entry in this sum was calculated by simu-
lating signal events for the corresponding beam running
conditions and processing them through the reconstruc-
tion program with the same selection criteria and e�-
ciency corrections as for the data sample from the run-i.
The A0 e�ciency and its systematic error were deter-
mined to stem from the overall normalization, A0 yield
and decay probability, which were the A0 mass depen-
dent, and also from e�ciencies and their uncertainties
in the primary e�(0.85 ± 0.02), WCAL(0.93 ± 0.05),
V2(0.96± 0.03), ECAL(0.93± 0.05), V3(0.95± 0.04), and
HCAL(0.98± 0.02) event detection. The later, shown as
an example values for the 40 X0 run, were determined
from measurements with e� beam cross-checked with
simulations. A detailed simulation of the e-m shower
in the dump [63] with A0 cross sections was used to cal-
culate the A0 yield [64, 69, 70]. The . 10% di↵erence
between the calculations in Ref.[64] and Ref.[69, 70] was
accounted for as a systematic uncertainty in nA0(✏,mA0).
In the overall signal e�ciency for each run the acceptance

FIG. 3. The 90% C.L. exclusion areas in the (mX ; ✏) plane
from the NA64 experiment (blue area). For the mass of
16.7 MeV, the X � e� coupling region excluded by NA64
is 1.3⇥ 10�4 < ✏e < 4.2 ⇥ 10�4. The allowed range of ✏e ex-
plaining the 8Be* anomaly (red area) [2, 3], constraints on the
mixing ✏ from the experiments E141 [22], E774 [25], BaBar
[40], KLOE [45], HADES [48], PHENIX [49], NA48 [51],
and bounds from the electron anomalous magnetic moment
(g � 2)e [71] are also shown.

loss due to pileup (' 7% for 40 X0 and ' 10% for 30 X0

runs) was taken into account and cross-checked using re-
constructed dimuon events [57]. The dimuon e�ciency
corrections (. 20%) were obtained with uncertainty of
10% and 15%, for the 40 X0 and 30 X0 runs, respectively.
The total systematic uncertainty on NA0 calculated by
adding all errors in quadrature did not exeed 25% for
both runs. The combined 90% C.L. exclusion limits on
the mixing ✏ as a function of the A0 mass is shown in
Fig. 3 together with the current constraints from other
experiments. Our results exclude X-boson as an expla-
nation for the 8Be* anomaly for the X � e� coupling
✏e . 4.2⇥ 10�4 and mass value of 16.7 MeV, leaving the
still unexplored region 4.2 ⇥ 10�4 . ✏e . 1.4 ⇥ 10�3 as
quite an exciting prospect for further searches.
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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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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

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

An ultralight axion can induce a time-varying
EDM!

(Axions possess a vast parameter space….)

[Weinberg 1977, Wilczek 1977]
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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… here Peccei-Quinn…



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.
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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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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).
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Higher-Mass Dimension Portals
These generate “long distance” effects in that  

they are mediated by new, light degrees of freedom 
cf. with the axion: long range effects from  

a dimension 5 operator
1

F
(@µa)f̄ i�5�

µf  ! gPf af̄i�5f with gPf =
mf

F30 NEW MACROSCOPlC FORCES? 131

7sg~p 1759p 1759p

couple to quarks only through a T-conserving pseudosca-
lar vertex:

mq
Q ql p5q

(0) (b) (c)

FIG. 1. Graphs for the potentials of Eqs. (4), (5), and (6). (a)
(Monopole), (b) monopole-dipole, (c) (dipole).

Spero et a/. performed a Cavendish experiment to test
deviations from the Newtonian 1/r potential over the dis-
tance range 2 to 5 cm. Their experiment established an
upper bound for additional Yukawa-type interactions
given by

V(r) =- 6m ~m2 (1+ac ' );—r/A.
r

at their scale of greatest sensitivity A, -3 cm, a was found
to be less than 10 . Since the dimensionless coupling
constant for the gravitational interaction between two nu-
cleons is (mz/mp~) =10, we see that any anomalous
Yukawa coupling at a scale of 3 cm must have a dimen-
sional magnitude of 10 ' or smaller.
The measured g factor of the electron provides a limit

on nonelectromagnetic electron spin-spin interactions.
Since the experimental findings agree with the predictions
of QED to eight digits for experiments using ferromag-
nets, we get a limit for any nonelectromagnetic spin-spin
coupling at a scale of 1 cm of 10 Xa(A,,/1 cm)
=10 ', where A,, is the electron Cornpton wavelength

1and cx:
A limit on photon spin-spin tensor interactions is pro-

vided by Ramsey, based upon studies of the hydrogen
molecule. Ramsey finds that any nonmagnetic interac-
tion must be 4&10 " smaller than that between proton
magnetic moments. Extrapolated to a distance of 1 cm,
this establishes an upper limit on the dimensionless cou-
pling for an r tensor force of 10
Of these various limits, only the anomalous (mono-

pole) interaction limit of 10 ' obtained by Spero et al.
comes close to testing the range of possible strengths for
axion-mediated forces. Furthermore, we know of no obvi-
ous experimental limit on the macroscopic P- and T-
violating monopole-dipole interaction. Thus, the oppor-
tunity is ripe for pushing past known limits and perhaps
finding something new. We shall shortly discuss some ex-
periments which may do so.

arid

H „,=m„ut ug+mgdLdg+ +H.c.

2

HT——0 GG .
32m2

(7a)

(7b)

Under a Peccei-Quinn transformation,
—ig/2 i g/2mq~mqe, ql. ~e qL, , qR~e qg,

the phase of the 't Hooft vertex varies as
r

arg g k, gg
q

hence, e' becomes e' + "', where N = number of quark
flavors. Similarly, under chiral U(1),

and the 't Hooft vertex changes as e'e~e'e+ '. Thus, a
combined Peccei-Quinn and chiral U(1) transformation
with v= —q leaves 0 invariant.
To calculate the mass of the axion, we imagine per-

forming a Peccei-Quinn transformation; this leaves the
quark mass terms unchanged, but changes 0 to 0+60.
We now undo this change of 0 by reabsorbing b,8 into the
quark mass sector by the combined chiral SU(N))&U(1)
transformation which minimizes the energy. This gives

where F is the scale of Peccei-Quinn symmetry breaking.
However, a pure Peccei-Quinn transformation changes

the phase multiplying the 't Hooft vertex. It is energeti-
cally unfavorable to change this phase (which requires en-
ergies of the order of the mass of the g'), so the Peccei-
Quinn transformation is compensated for by a combined
chiral U(1) and chiral SU(N) transformation which leaves
the phase invariant and minimizes the energy. Since the
quark masses are not zero, these combined (Peccei-
Quinn) [U(1)q ] [SU(X)~ j transformations cost energy,
and the axion acquires a small mass. If, in addition, the
effective 8 parameter Hcff is not zero, the axion will also
couple to the quarks with T-violating scalar vertices.
To see how this all works, consider the quark-mass and

T-violating sectors,

AXIONS H „=m„uu cosh'„+ m~dd coshO~+ . (10)

A particularly well-motivated proposal for a very light
spin-0 boson is the axion. It arises in models to explain
the smallness of a potentially large P- and T-violating
coupling in QCD.
The axion is the quasi-Nambu-Goldstone boson of a

spontaneously broken Peccei-Quinn quasisymmetry. If
the Peccei-Quinn symmetry were not broken by the
t Hooft vertex associated with fermion emission in in-
stanton fields, the axion would be massless and would

i&q

mj

subject to the constraint 40„+40~+48, +.. . =60.
Since the quark bilinears acquire the vacuum expectation
value (uu)=(dd)= . =V&0, the minimum is found
to be at

Vdd ⇠
g2Pf

m2
fr

3


�̂1 · �̂2

⇣
1 +

r

�

⌘
� 3(�̂1 · r̂)(�̂2 · r̂)

✓
1 +

r

�
+

r2

3�2

◆�
e�r/�

[Moody & Wilczek, 1984; Terrano,  Adelberger, Lee, & Heckel, arXiv:1508.02463]



New Spin-Dependent Forces?
Such outcomes have long been associated with  

the effects of ultralight pseudo-Goldstone bosons (pGB) 4

FIG. 4: Bottom: exotic dipole-dipole limits from this work
and Ref. [5]. Arrows indicate the infinite-range constraints
from Refs. [12, 13]. Electron g−2 constraints are at the 10−10

level[14]. Top: limits on the symmetry-breaking scale from
this work and Refs. [15, 16]. The shaded areas are excluded
at 2σ.

absolute value occurs because of the 4-fold ambiguity in
the attractor angle inferred from the 4ω signal. Our Amd

bound is dominated by the systematic uncertainty in δφ.
Alignment microscope measurements showed that phase
of the magnet ring relative to the calibration cylinders
was only fixed to ±0.17◦. An estimated 50µm accuracy

FIG. 5: Monopole-dipole constraints from this work and
refs.[18–21] The shaded region is excluded at 2σ. The mb = 0
limit from Ref. [4]is 2×10−36. (We doubled the 1σ limits given
in refs.[18, 21].)

in positioning the gravitational shims, revealed by the be-
havior of φ10ω in our centering data, contributed an addi-
tional error of ±0.29◦ and increased the uncertainty in δφ
to ±0.34◦. This gives a 1σ result Amd = (18± 12) aNm
with a 2σ limit, Amd ≤ 38 aNm. Our |(gepg

N
s )|/h̄c con-

straint, shown in Fig. 5, improves upon previous work by
up to a factor of 1000 for 1.5 ≤ mb ≤ 400 µeV/c2. The
most sensitive limit on (gnpg

N
s )/h̄c is also at the 10−28

level[22].
Stellar cooling rates[23] constrain Vdd interactions of

simple pseudoscalar particles at a level well below our
bound, and the astrophysics bound on gep, combined with
bounds on gNs from gravitational experiments, set very
tight limits on Vmd interactions between electrons and
nucleons[24]. However, a chameleon mechanism could
invalidate these astrophysical bounds while having a neg-
ligible effect in cooler, less dense lab environments[25]. In
this case Vdd and Vmd can only be constrained by labora-
tory experiments such as this work which reveals that any
hidden symmetry involving electrons must be broken at
an energy scale F > 70 TeV and, if it is explicitly broken
as well, that scale Λ must be > 0.1 MeV. These set the
highest laboratory bounds on the minimum energy scale
of new hidden symmetries involving leptons. Extensions
of general relativity that include torsion as well as curva-
ture predict infinite-range dipole-dipole interactions[26]
and are also constrained by this work.
We thank T.S. Cook, S.M. Fleischer and H.E. Swan-

son for assistance with the apparatus, C.A. Hagedorn
and Amol Upadhye for helpful conversations. This
work was supported by NSF Grants PHY0969199 and
PHY1305726 and by the DOE Office of Science.
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And w/ T, P-violating forces 
from an axion-like boson

[Moody & Wilczek, 1984]

[Terrano,  Adelberger, Lee, & Heckel, arXiv:1508.02463] 

N.B. new, strong limits on 
spin-dependent 

forces from pGB exchange
N.B. new physics scale F
mb  500µeV ; � ⇠ 1/mb

gp = mf/F ; mb = ⇤2/F



Summary  
  Weakly coupled physics at low energies  

is its own frontier!
Neutron experiments, even if devoted to other 
“primary” measurements, can play an important role
Dedicated efforts to detect new long range  
forces (& using neutrons) are ongoing
EDM experiments can be also used to limit the  
appearance of ultralight (axion-like) dark matter &….
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Backup Slides  
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A Matter-Dominated Universe
[http://www.nasa.gov/vision/universe/starsgalaxies/wmap_pol.html]
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Gauge Theories of the Hidden Sector
Enter kinetic mixing 

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



A Cosmic Baryon Asymmetry 

[https:wiki.cosmos.esa.int/planckpla2015/index.php/CMB_spectrum_%26_Likelihood_Code]

Enhanced by baryons

Patterns of acoustic waves reveal net baryon number! 
`(
`
+
1)

2⇡
C

`
⌘

Planck, 2015
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Beta Decay Searches 
for new S, T degrees of freedom  



BSM Searches at Low Energies 
The interplay of precision and energy reach  

 
 That the charged weak current of the SM  is 

universal and respects a “V-A” law is captured by

SU(2)L ⇥ U(1)

New physics searches at low energy trade on the 
ability to test the pattern of the SM through 

precision measurement 

W−

d

ū

ν̄

e−

d

ū

ν̄

e−

GF ⇠ g2/M2
W



Analysis Framework 
Suppose new physics enters at energies beyond a scale  

Then for E < ⇤ we can extend the SM as per

where the new operators have mass dimension D>4

We impose                                 gauge invariance 
on the operator basis (flavor physics constraints)

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

SU(2)L ⇥ U(1)

⇤

Symmetries guide their construction

New physics can enter as (i) new operators or             
 as (ii) modifications of       for operators in the SMci

cf. non-V-A tests with tests of CKM unitarity

!!

 [Weinberg, 1979]



Theoretical Framework

QCD (hadron matrix elements) also 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.
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Radiative correction*! 

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

Note right-handed neutrinos appear explicitly



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]
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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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Alejandro Garcia for discussions and correspondence. We also thank Doug Bryman, Geo↵rey Greene,
Brad Plaster, and Fred Wietfeldt for comments on the manuscript. SG acknowledges partial support
from the U.S. Department of Energy under contract DE-FG02-96ER40989. The work of VC is supported
by the U.S. Department of Energy and the LDRD program at Los Alamos National Laboratory.
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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.
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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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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(↵)
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factors as follows [?]:
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)i = ū
p

(p
p

)
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V

(q2) �
µ

� i
g̃

T (V )

(q2)

2M
N

�
µ⌫

q⌫ +
g̃

S

(q2)

2M
N

q
µ

�
u
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(p
n

) (2.16a)

hp(p
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)| ū�
µ

�
5

d |n(p
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p

(p
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g
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(q2)�
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� i
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T (A)

(q2)

2M
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P

(q2)

2M
N
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�
�
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u
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(p
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) (2.16b)

hp(p
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)| ū d |n(p
n

)i = g
S

(q2) ū
p

(p
p

) u
n
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) (2.16c)

hp(p
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)| ū �
5

d |n(p
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(q2) ū
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(p
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u
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) (2.16d)

hp(p
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p

(p
p
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h
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T

(q2) �
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+ g
(1)

T

(q2) (q
µ

�
⌫

� q
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�
µ

)
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(2)

T

(q2) (q
µ

P
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� 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
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S

) (2.17g)

C̄
P

= g
P

(✏
P
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C̄ 0
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= g
P
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P
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P

) (2.17i)

C̄
T

= 4 g
T
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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.
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µ

�
5

d |n(p
n

)i = ū
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are the proton and neutron spinors, P = p
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+ p
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� p
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is the momentum transfer,
and M

N

= (M
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are O(1), except for ū
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, which is O(q/M
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).
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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Using these relations and the results of Ref. [?] one can easily work out the dependence of beta decay
observables on the short-distance parameters ✏
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.
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 [?]
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The “QCD parts” are now clearly 
identified; note, e.g., in n decay

Enter lattice QCD.... 
[Bhattacharya et al., 2011]



Decay Correlations

where ↵
1

= ↵/ cos2 ✓
W

and ↵
2

= ↵/ sin2 ✓
W

are the U(1) and SU(2)
L

weak couplings, expressed in terms
of the fine-structure constant and the weak mixing angle. Setting ✏ee

P

(⇤) = 0 and neglecting the small
O(↵/⇡) fractional di↵erence between ✏

S,T

(⇤) and the observable ✏
S,T

(µ) at the low scale, the constraints
on ✏

S

and-✏
T

using R
⇡

at 90% C.L. read

�1.4 ⇥ 10�7

log(⇤/µ)
< �

SP

Re(✏
S

) + �
TP

Re(✏
T

) <
5.5 ⇥ 10�4

log(⇤/µ)
, (3.39)

and

|�
SP

Im(✏
S

) + �
TP

Im(✏
T

)| <
2.75 ⇥ 10�4

log(⇤/µ)
, (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(✏̃
S

)| . 5 ⇥ 10�2, |Im(✏̃
S

)| .
2.5 ⇥ 10�2, |Re(✏̃

T

)| . 0.6 ⇥ 10�3, and |Im(✏̃
T

)| . 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,

d3�
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i ·
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E
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+ D
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e

⇥ ~p
⌫

E
e

E
⌫

�
+ . . .

)
,

(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 [?]:

b =
2�

1 + 3�2

"
g

S

Re(✏
S

) � 12� g
T

Re(✏
T

)

#
, (4.43a)

b
⌫

=
�2�

1 + 3�2

"
g

S

Re(✏
S

) � � 4g
T

Re(✏
T

) (1 � 2�)

#
. (4.43b)

• 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]

4.2 Limits on real scalar and tensor couplings

The most stringent limits on scalar couplings obtained from nuclear and neutron � decays arise
from the contribution of the Fierz interference term to the Ft-values of super-allowed pure Fermi
transitions [23]. The value of the Fierz term extracted from this set reads

bF = �Re

✓
CS + C 0

S

CV

◆
= �0.0022(43) (90% CL) , (26)

and the constraints are shown by the light blue lines in Fig. 2. The error on this value is
determined by the individual errors of the Ft-values which are fitted to search for a possible
deviation from a constant. The QEC values in these transitions increase with the mass of the
parent nucleus so that transitions in lighter nuclei have a stronger weight in the extraction of bF
due to the hm/Eei factor. The contributions to the error on bF given in Eq.(26) are then due to
the experimental data and to theoretical corrections which have here an important e↵ect. The
opportunities for improving the errors of the Ft-values have recently been discussed in Ref. [3]
in connection with the determination of Vud from pure Fermi transitions for the unitarity test
of the CKM matrix.

Figure 2: Constraints on real scalar couplings obtained from most precise observables in nuclear
� decay. The straight lines are deduced from the Fierz interference term in super-allowed pure
Fermi transitions [23]. The circular bounds are deduced from the measurement of the �⌫ angular
correlation in 38mK decay [26]. The limits are calculated at the 90% CL.

The other measured observable providing complementary constraints to those resulting from
the Ft-values is the �⌫ angular correlation a. The most precise result obtained so far was in the
pure Fermi decay of 38mK. The experiment used the TRIUMF Neutral Atom Trap setup [26]
which is a Magneto Optical Trap (MOT) system composed of two traps. The �⌫ correlation was
determined from the shape of the time-of-flight spectra of recoil ions measured in coincidence
relative to the � particle. Since 38mK is a positron emitter, the detection of positively charged
recoil ions relies on the double or multiple shake-o↵ of electrons following � decay. The statistical
precision of the result is 3 ⇥ 10�3 and the systematic error is comparable, arising from several
instrumental sources [26]. A similar precision has been achieved with an indirect method, by
measuring the energy spectrum shape of the delayed proton in the decay of 32Ar [27]. The
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Best limits on scalars come from  
superallowed Fermi transitions: 

[Hardy & Towner, 2009; for update see J. Hardy’s talk!]

[Gorelov et al., 2005]



Figure 6: 90% CL limits on the scalar and tensor NP couplings Re(✏S,T ) from super-allowed
nuclear decays [23] (green), radiative pion decay [56] (yellow) and measurements of the ratio
PF/PGT [30, 28] (red), along with the expected bound from future measurements of the Fierz
term b in neutron decay (purple).

5.3 CP-violating interactions

The three CP-violating phases with a linear e↵ect on the nuclear � decay observables are repre-
sented in the quark-level e↵ective Lagrangian by the imaginary parts of the coe�cients ✏R,S,T .
They parameterize the relative phase between the purely vector interaction in the hadronic
bilinear and axial-vector, scalar and tensor interactions, respectively.

The 90% CL bounds on the imaginary parts of scalar and tensor interactions obtained from
measurements of the R parameter in neutron and in 8Li decays were given in Eqs.(31) and (32).
They can be trivially re-expressed as

gS Im(✏S) + 4.7 gT Im(✏T ) = �(0.9± 3.0)⇥ 10�2 (38)

gT Im(✏T ) = �(0.4± 1.7)⇥ 10�3 . (39)

Using the recent lattice QCD determination of the form factors gS,T [9] we obtain the bounds
shown in Fig 7.

Likewise, the bound on the relative phase between CV and CA given in Eq.(33) from the
measurement of the D correlation coe�cient in neutron decay [48] can be casted in the quark-
level language as

Im(✏R) = �(1.1± 4.0)⇥ 10�4 (90% CL) . (40)

It is worth mentioning that additional T-odd correlations with potential NP sensitivity can
be constructed in the radiative � decay of nuclei and neutron, as shown in Refs. [59, 60].

Like for the CP-conserving coe�cients, the ratio R⇡ = �(⇡ ! e⌫)/�(⇡ ! µ⌫) o↵ers strong
constraints on Im(✏S,T ) since they generate radiatively a non-zero Im(✏P ) [11].

Using the high-energy e↵ective Lagrangian of Eq.(18), it is possible to show that the same
SU(2)L ⇥U(1)Y invariant e↵ective operators that generate at low-energy the coe�cients ✏R,S,T
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Connecting to the BSM low-energy constants 
requires QCD matrix elements 

Decay Correlations

Lattice QCD calculations of BSM matrix elements of 
O(30%) precision already helpful!
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Figure 4: Projected joint 90% CL constraints on Re(✏
S

) and Re(✏
T

) from future beta decays
measurements and the LHC at

p
s = 14 TeV. The low-energy constraints correspond to 0.1%

measurements of B, b in neutron decay and b in 6He decay, under two di↵erent scenarios for the
lattice QCD uncertainties in g

S,T

. The LHC bounds are obtained by requiring less than 3 e⌫-
produced signal events with: (i) m

T

> 2.5 TeV and 10 fb�1 of integrated luminosity (solid, red
ellipse); and (ii) m

T

> 4 TeV and 300 fb�1 (dashed, yellow ellipse). Cuts are chosen to reduce the
expected leading background to be below 1 event. To obtain the projection it is assumed no events
are found. Note that the e↵ective couplings ✏

S,T

are defined in the MS scheme at 2 GeV. Figure
adapted from Ref. [?].

non-standard amplitudes do not interfere with the SM amplitude (except for terms proportional to ✏
L

),
the LHC probes at the same level both the real and imaginary parts of the new couplings. In Ref. [?]
bounds are derived on ✏

S,T

by analyzing LHC data in the pp ! e⌫ + X channel at
p

s = 7 TeV and
1 fb�1 integrated luminosity. In Ref. [?] the analysis has been extended to all non-standard charged-
current couplings with integrated luminosity of 5 fb�1, using both the pp ! e⌫ +X and pp ! e+e� +X
channels through SU(2)

L

gauge invariance.
The pp ! e⌫+X channel is directly related to beta decays, since the parton-level process is ūd ! e⌫̄.

In order to put bounds on the BSM couplings one uses the (cumulative) transverse mass distribution [?],
noting that the transverse mass of the lepton pair is defined as m

T

⌘ p
2Ee

T

E⌫

T

(1 � cos ��
e⌫

. At high
m

T

the SM background falls o↵ while the BSM interactions would produce events and thus increase
their number. Similarly, for pp ! e+e� + X one uses the dilepton invariant mass distribution [?],
dubbed m

ee

, to constrain the presence of possible contact interactions.
A comparison of the best bounds available for each interaction from low- and high-energy exper-

iments is shown in Tables 2, 3 (for Re(✏
↵

) and Im(✏
↵

)) and 4, 5 (for Re(✏̃
↵

) and Im(✏̃
↵

)). All of the
tabulated results refer to a bound on the absolute value of the parameter unless a range is specified.
The main points can be summarized as follows [?] (see also Ref. [?]). For the pseudo-scalar couplings ✏

P

and ✏̃
P

the low-energy constraints from pion decay are at the 10�4 level, which are very hard to reach
at the LHC in the near future. The same applies to the vector interactions ✏

L,R

, for which both the
CKM-unitarity bound (Re(✏

L,R

)) and the emiT bound (Im(✏
R

)) are at the 0.5 ⇥ 10�3-level.
For scalar and tensor interactions with left-handed neutrinos, low-energy experiments have tradi-
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N.B. beta decay forecasts: |b| < 10�3 [n, 6-He]



Summary (β Decay)  

Although we have focused on real BSM couplings, 
imaginary ones are also possible and offer new 

windows on CP violation at low energies....

If new physics exists beyond some high scale, an EFT     
framework links low-energy precision observables                      

with QCD and new physics

The control of non-perturbative QCD (including 
ab initio nuclear matrix elements) immensely 

sharpens our probes of BSM 
physics through beta decay

But both the lifetime and correlation constants in neutron 
decay are essential to finding the limits of the V-A law


