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 Beyond 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

Global fit 
glosses over whether
S(φKS) ≠ S(ψKS),
etc.

=φ3

=φ2

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

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



Some T-odd Observables

H = �µ
~S

S
· ~B �d

~S

S
· ~E

Maxwell Equations…

“D versus d”  

MDM: P even, T even 
EDM: P odd, T odd 
under CPT,  CP is also broken

3

A permanent electric dipole moment  d ∝ S→ →

In contrast, a “T-odd” decay correlation can only be 
motion-reversal odd: it can be mimicked by FSI….
In β decay these are controlled by electromagnetism
& can be computed
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T-odd Correlations

In neutron � decay, triple product correlations are spin dependent.
Major experimental efforts have recently been concluded.

D term [Mumm et al., 2011; Chupp et al., 2012]

D probes J · (pe ⇥ p⌫) and is T-odd, P-even.
D = [�0.94 ± 1.89(stat) ± 0.97(sys)]⇥ 10�4 (best ever!)
DFSI is well-known (N3LO) and some 10⇥ smaller. [Callan and Treiman, 1967; Ando et al., 2009]

D limits the phase of CA/CV ...

R term [Kozela et al., 2009; Kozela et al., 2012]

Here the transverse components of the electron polarization are measured.
R probes J · (pe ⇥ �̂) and is T-odd, P-odd.
N probes J · �̂ and gives a non-zero check.
R = 0.004 ± 0.012(stat) ± 0.005(sys)
R limits the imaginary parts of scalar, tensor interactions...
In contrast, in radiative �-decay one can form a T-odd correlation from
momenta alone, ~p� · (~pe ⇥ ~p⌫), so that the spin does not enter.

S. Gardner (Univ. of Kentucky) T-odd Effects w/ & w/o Spin DNP 2012, Newport Beach, CA 6

T-odd Decay Correlations



EDMs for New Sources of CPV
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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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Today
What kinds of new physics models 
can generate a “T-odd” decay correlation 
and not an appreciable EDM (nor a signature 
at a high energy collider?) 

To what extent are the two sorts of 
measurements complementary?

How well can the FSI that generate the T-odd        
correlations be calculated? Can new physics 
modify these predictions, too?  



A Common Thinking

In this case, increasing the precision of a low-energy 
measurement translates into ever higher energy reach 

 
 E.g., enter the charged weak current of the SM…

SU(2)L ⇥ U(1)

implying probes for new physics via tests of lepton 
flavor universality or of the V-A law or …. 

W−

d

ū

ν̄

e−

d

ū

ν̄

e−

GF ⇠ g2/M2
W

New physics can (only) appear at high energy  
 

[dim 6
operator]



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]



New High Energy or Low Energy Physics 
(or Neither)?  

Much discussion of nature of new physics at E > Λ, i.e., 
of low energy consequences of ΛCPV  >> ΛSUSY , etc. 
Yet new physics at E < Λ could also be appreciable,
nor need it require a particular energy scale to appear 

E.g., also enter the right-handed ν, or the axion a….  

> θ

E.g., the following term can appear within QCD

L✓ =
g2

32⇡2
✓QCDF

µ⌫
a F̃µ⌫a

as can a similar term from the quark masses, so that 
✓QCD =) ✓̄ = ✓QCD + ✓Yukawa

But the experimental limit on dn implies  10-10



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.

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

Radiative correction*! 

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

Note right-handed neutrinos appear explicitly



Are new particles 
invisible or merely

feeble at low energies?
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• a dimension-five operator (Weinberg)

• introducing a right-handed neutrino  and 
using the Higgs mechanism

Consider the ν mass: it can come from…
How can these possibilities be distinguished?  

 

 But which mechanism operates? 
Or do both?

[Le Dall, Pospelov, and Ritz, 2015]

N.B. not “UV complete” — new high E BSM is required!

This in itself is UV complete.

But only the one with B-L violation allows 0 ν ββ decay  

|B � L| violating!         

New Low or High Energy Physics?



mixing models with no invisible decays 
have now been ruled out [BaBar, 2014 & NA48/2, 2015]

A0

The muon g-2 anomaly  
�aµ ⌘ aexpµ � athµ = (287± 80)⇥ 10�11

~µµ =
e

2mµ
(1 + aµ)~�

could arise for either high or low E BSM

[Jegerlehner and Nyffeler, 2009]

[Czarnecki and Marciano, 2001]

[Fayet, 2001; Gninenko & Krasnikov, 2001; Pospelov, 2009]

Models with new weak scale physics can also be tested at 
the LHC [Freitas et al., 2014]

High or Low Energy New Physics?



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]



Gauge Theories of the Hidden Sector
Minimal (U(1)X) Extensions of the SM 

Consider the dark photon… (with kinetic mixing) 

Diagonalization and field definition yields

Aµ �! Aµ � "A0µ
but Z �A0

mixing O("m2
A0/M2

Z)

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

Thus the  A′couples to SM fermions. 

LA0 =
"

2
FY µ⌫F 0

µ⌫ � 1

4
F 0µ⌫F 0

µ⌫ +
1

2
m2

A0A0µA0
µ

In U(1)x extensions there are new currents, too,
with new patterns of X-fermion couplings
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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)
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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
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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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• There are many dim-6 sources in SM EFT

• “dark V” contribution to e EDM is negligibly 
small (e EDM “UV sensitive”) 

• n EDM could be saturated by θ term

Consider the EDM…

How can these possibilities be distinguished?  
 [Le Dall, Pospelov, and Ritz, 2015]

 There are other perspectives….  

New Low or High Energy Physics?
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on T-odd Decay Correlations

New physics which contributes to aV
LR can also generate an EDM, so that

EDM constraints limit D as well. Namely,
[Ng and Tulin, 2012]

Ldim 6 =
c
⇤2 ūR�

µdRiHT ✏DµH + h.c.
[Buchmuller and Wyler, 1986]

couples W to a right-handed current; after integrating out the W
(quark level match (nf = 5)), this yields (setting Vud = 1)

Ldim 6 = � c
⇤2 (ūR�

µdRēL�µ⌫eL + ūR�
µdRd̄L�µuL) + h.c.

Thus Im(c) contributes to aV
LR (D) and OLR (d).

OLR ⌘ i(ūL�
µdLd̄R�µuR � d̄L�µuLūR�

µdR)

/ �ūud̄�5d + ū�5ud̄d
Thus Im(c) / Cud + Cdu
Finally with |dn| < 2.9 ⇥ 10�26 e-cm [Baker et al., 2006] one finds |Dn/| < 3 ⇥ 10�7.
[Ng and Tulin, 2012]

This presumes only certain 4-fermion operators contribute to the EDM; QCD
matching/evolution effects to µ ⇠ 1GeV are likely sizeable.

S. Gardner (Univ. of Kentucky) T-odd Effects w/ & w/o Spin DNP 2012, Newport Beach, CA 10

Model Dependent Connections
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Electromagnetic Simulation of T-Odd Effects

We first compute |M|2T�odd and then the asymmetry. We work in O(↵) and in
leading recoil order.

|M|2 = |Mtree|2 +Mtree · M⇤
loop +Mloop · M⇤

tree +O(↵2)

|M|2T�odd ⌘ 1
2

X

spins

|M|2T�odd =
1
2

X

spins

(2Re(MtreeiImM⇤
loop))

Note “Cutkosky cuts” [Cutkosky, 1960]

Im(Mloop) =
1

8⇡2

X

n

Z
d⇢n

X

sn

MfnM⇤
in =

1
8⇡2

Z
d⇢n

X

sn

MfnMni

There are many cancellations. At tree level

S. Gardner (Univ. of Kentucky) T-odd Effects w/ & w/o Spin DNP 2012, Newport Beach, CA 17

Final-State Interactions 
 Consider, too, role of IR new physics  

[SG and He, 2012]
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The Family of Two-Particle Cuts in O(e3)

S. Gardner (Univ. of Kentucky) T-odd Effects w/ & w/o Spin DNP 2012, Newport Beach, CA 18
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Results
The interference with the tree level amplitude can yield zero. Namely, for the
� � p family

|M|2T�odd [3.01 + 3.02 + 4.01 + 4.02 + 7.2.01 + 7.2.02 + 8.3.01 + 8.3.02]
= 0 +O(M) ,

The e � p � � family includes

|M|2T�odd [7.1.01 + 7.1.02 + 8.1.01 + 8.1.02] = 0 +O(M) ,

For the e � p family adiv
8.2 ⇠ Jdiv

8.2 ⇠ (le · k)Jdiv
6.3/(M!) and adiv

6.3 ⇠ f div
6.3 ⇠ Jdiv

6.3:

|M|2T�odd [6.3.01 + 6.3.02 + 8.2.01 + 8.2.02]

= �↵2g2
V G2

F ⇠64M3(1 � �2)

 
2m2

e
le · k

k6.3 �
2Ee

!
k6.3 �

2Ee

!
a6.3 �

2M
!

i6.3

�M
!

c6.3 �
m2

e
le · k

f6.3 +
2m2

e
le · k

a6.3 �
m2

e
le · k

J6.3 +
2MEe

le · k
a8.2 +

2MEe

le · k
i6.3

�2MEe

le · k
h6.3 +

M2

le · k
c8.2 �

M2

le · k
e6.3

!
.

The infrared divergence cancels in O(M2).
S. Gardner (Univ. of Kentucky) T-odd Effects w/ & w/o Spin DNP 2012, Newport Beach, CA 19
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Electromagnetic Simulation of T-Odd Effects

The asymmetry computed from the “e � p” and “e � p � �” cuts dominate the
numerical results.
For the neutron...

!min(MeV) A⇠
SM

0.01 1.76 ⇥ 10�5

0.05 3.86 ⇥ 10�5

0.1 6.07 ⇥ 10�5

0.2 9.94 ⇥ 10�5

0.3 1.31 ⇥ 10�4

0.4 1.54 ⇥ 10�4

0.5 1.70 ⇥ 10�4

0.6 1.81 ⇥ 10�4

0.7 1.89 ⇥ 10�4

The nuclear radiative �-decay calculation can readily be reduced to “neutron”
form.
Let’s look at this explicitly for 19Ne �-decay.
There are many more graphs, but they all cancel in leading recoil order.

S. Gardner (Univ. of Kentucky) T-odd Effects w/ & w/o Spin DNP 2012, Newport Beach, CA 20Note new (CP conserving!) IR physics
 can contribute in O(ε2)….
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Anomalous interactions at low energies

What sort of interaction gives rise to a

~p� · (~pe ⇥ ~p⌫) correlation at low

energy?

Harvey, Hill, and Hill: Gauging the axial anomaly of QCD under
SU(2)L⇥U(1)Y makes the baryon vector current anomalous and gives rise to
“Chern-Simons” contact interactions (containing "µ⌫⇢�) at low energy.
[Harvey, Hill, and Hill (2007, 2008)]

In a chiral Lagrangian with nucleons, pions, and a complete set of
electroweak gauge fields, the requisite terms appear at N2LO in the chiral
expansion. Namely, [Hill (2010)]

L(3) = ...+
c5

M2 N̄i"µ⌫⇢���⌧aTr({Aµ, [iD⌫ , iD⇢]})N + ...

Thus the weak vector current can mediate

parity violation on its own.

Our correlation probes the Im part of the interference with the leading vector
amplitude. Existing constraints are poor.
Note EMIT II limits Im gV < 7 · 10�4 (68%CL).
First row CKM unitarity yields Im gV < 2 · 10�2 (68%CL).

S. Gardner (Univ. of Kentucky) T-odd Effects w/ & w/o Spin DNP 2012, Newport Beach, CA 13

New CP-Violating Interactions?
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A T-odd Correlation in Radiative �-Decay

In n(pn) ! p(pp) + e�(le) + ⌫e(l⌫) + �(k) decay interference with the V � A
terms yields to leading recoil and radiative order

|M|2 = 512M2 e2G2
F

2
Im (c5 gv )

Ee

le · k
(le ⇥ k) · l⌫ + . . .

The pseudo-T-odd interference term is finite as ! ! 0.
Defining ⇠ ⌘ (le ⇥ k) · l⌫ we partition phase space into regions of definite sign:

A ⌘ (�⇠>0 � �⇠<0)

(�⇠>0 + �⇠<0)

To leading recoil order, where !min is lowest detectable photon energy,

A(!min= 0.01 MeV) = �1.2 · 10�2Im
c5gv

M2 (MeV�2) ,

Br(!min= 0.01 MeV) = 3.5 · 10�3 and

A(!min= 0.3 MeV) = �1.0·10�1Im
c5gv

M2 (MeV�2) ,Br(!min= 0.3 MeV) = 8.6·10�5

S. Gardner (Univ. of Kentucky) T-odd Effects w/ & w/o Spin DNP 2012, Newport Beach, CA 15
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What new physics can enter?

The LEC c5 need not be real in theories beyond the SM.

To illustrate, hidden-sector fermionic matter can appear via

and interfere with SM contributions to yield Im(c5 gv ).
The notion of new matter with QCD-like interactions is not new. Note, e.g.,
“quirks” [Okun (1980); Kang and Luty (2008)] “dark quarks” [Blennow et al. (2011)].
Here we imagine the matter to be light and weakly coupled. We probe CP
phases associated with hidden-sector interactions.
Direct constraints (and H ! ��) can be evaded via light masses and/or small
mixing angles.

S. Gardner (Univ. of Kentucky) T-odd Effects w/ & w/o Spin DNP 2012, Newport Beach, CA 14



Summary  
  Weakly coupled physics at low energies  

is its own frontier!
Neutron experiments, even if devoted to other 
“primary” missions, can play an important role
Dedicated efforts to detect new long range  
forces (& using neutrons) are also ongoing

T-odd correlations can also used to  
limit light, weakly coupled physics  
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Backup Slides  
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The limits anticipated 
in next generation EDM 

experiments give 
 decisive tests of EWB  

in popular models

EDMs: Broader Impacts
Low or high energy physics?  

 
The discovery of the  

electron EDM at  
anticipated sensitivity  
would reveal weak scale  

new physics
[Le Dall, Pospelov, and Ritz, 2015]

[Cirigliano et al., 2010; Chao and Ramsey-Musolf, 2014]



• 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.

30

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]



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….



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 
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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]



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.
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CP violation in the SM
Observed effects appear through quark 

mixing under the weak interaction 

Cabibbo-Kobayashi-Maskawa (CKM) has hierarchical mixing

[Wolfenstein, 1983]

34

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!



 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 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 TeV scale sensitivity

“New Physics 
Scale” 
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