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1.1   Introduction: 1.1  Introduction and Motivation 
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•  Studying η and η’ decays gives an unique opportunity:  
–  Study of beyond Standard Model Physics 
–  Extract fundamental parameters of the Standard Model:  

ex: light quark masses 
–  Test chiral dynamics at low energy 

Decay channel Standard Model Discrete symmetries Light BSM particles

⌘! ⇡+⇡�⇡0 light quark masses C/CP violation scalar bosons (also ⌘0)
⌘(0) ! �� ⌘–⌘0 mixing, precision partial widths
⌘(0) ! `+`�� (g � 2)µ Z0 bosons, dark photon
⌘! ⇡0�� higher-order �PT, scalar dynamics U(1)B boson, scalar bosons
⌘(0) ! µ+µ� (g � 2)µ, precision tests CP violation
⌘! ⇡0`+`� C violation scalar bosons
⌘(0) ! ⇡+⇡�`+`� (g � 2)µ ALPs, dark photon
⌘(0) ! ⇡0⇡0`+`� C violation ALPs

Table 12: Summary of high-priority ⌘(0) decays with emphasis on synergies across Standard Model and BSM investigations.

issues in this field for the coming years, for experiment and theory alike. Table 12 presents our recommended list
of highest-priority ⌘ and ⌘0 decay channels, emphasizing those that allow for simultaneous investigations of high-
precision Standard Model tests and searches for physics beyond, looking either for interesting discrete symmetry
violations or potential new light particles.

Standard Model decays
• ⌘(0) ! 3⇡. Several laboratories plan to measure the ⌘! 3⇡ Dalitz plots with yet improved precision. Combined

with a more accurate determination of the ⌘ radiative width to sharpen the ⌘ ! 3⇡ partial widths, this will
allow for a yet-more-precise extraction of the quark mass double ratio Q. To this end, theoretical issues to be
addressed concern a more precise matching to the �PT representation as the currently dominating theoretical
uncertainty [199], but also an improved implementation of radiative corrections and other higher-order isospin-
breaking e↵ects [197, 209].

In contrast, a comparably fundamental interpretation of measurements of ⌘0 ! 3⇡ requires first of all serious
theoretical advances: while a dispersive representation to describe the Dalitz plot distributions is within reach,
its matching to a systematic e↵ective field theory comparable to the program for ⌘ ! 3⇡ — �PT, even if
supplemented with large-Nc arguments—seems to be working marginally at best, and clearly requires further
developments to extract quark mass ratios also from ⌘0 decays.

• ⌘(0) ! ��. High-precision determinations of the two-photon decay widths of ⌘ and ⌘0 are of utmost importance
for a variety of reasons: they serve as reference channels for many other decays and therefore indirectly impact
the physics goals of those; they yield the normalization of the corresponding transition form factors and thus
contribute significantly to our understanding of hadronic light-by-light scattering in the anomalous magnetic
moment of the muon; and their pattern allows us to extract ⌘–⌘0 mixing parameters to sharpen our understanding
of the U(1)A anomaly and its interplay with chiral symmetry.

• ⌘(0) transition form factors both have a heavy impact on hadronic contributions to (g� 2)µ, and allow us to learn
about hadronic structure. Data in di↵erent kinematic regimes, from all possible decay and production processes,
ought to be analyzed simultaneously, with theoretical representations apt for such analytic continuation. Besides
direct measurements, the statistical leverage of using hadronic decay channels to reconstruct the transition form
factors dispersively should be taken advantage of, in particular via data on decays such as ⌘0 ! 2(⇡+⇡�),
⌘0 ! ⇡+⇡�e+e�, or ⌘0 ! !e+e� (or, in a production reaction, e+e� ! ⌘⇡+⇡�). In all these, detailed di↵erential
information has to be the primary goal.

• ⌘ ! ⇡0�� and similar ⌘0 decays. JEF follows ambitious plans to significantly improve on the precision of
di↵erential decay information of these doubly-radiative ⌘ decays. While the suppression of the ⌘ ! ⇡0��
decay amplitude in the chiral expansion and the intricate interplay between vector exchange and scalar S -wave
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1.1   Introduction: 1.2  New Light Particles beyond the SM  

•  EFT for SM-neutral light dark sector: dominated by “portals”  
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1.1   Introduction: 1.2  New Light Particles beyond the SM  

Dark photons and other hidden vector bosons 
 
 
 
 
 

•  Resonances in the dilepton invariant mass spectrum for 
 

 
 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

  η
(') → ℓ+ℓ−γ

Projected sensitivies for visibly-
decaying A′ from η, η′ decays at 
REDTOP for: 
•  Dashed: expected flux 1017 POT 
•  Solid: : expected flux 1018 POT 

 
Dark shaded band is preferred to 
explain (g − 2)µ anomaly, while other 
shaded regions are exclusions.  

F̄⌘�⇤�⇤
�

q2, 0
�

= F⌘�⇤�⇤
�

q2, 0
�

/F⌘��, discussed in Sect. 6.4, evaluated at q2 = m2
Z0 . In the general case, the terms become

a linear combination of form factors and the methods of Sect. 6.4 could be used to refine theoretical predictions beyond
VMD.

10.1.1. Dark photons
The dark photon is the benchmark model for gauge mediators accessible at low energies [47, 48, 662, 663] (see

[676–678] for recent reviews). We have a U(1)0 gauge boson A0 that couples to electric charge by kinetic mixing with
the photon [664, 665]. The kinetic mixing term is

Lkin.mix. = � "

2 cos ✓W
F0µ⌫B

µ⌫ , (10.4)

where F0µ⌫ (Bµ⌫) is the U(1)0 (hypercharge U(1)Y ) field strength tensor and ✓W is the weak mixing angle. Putting the
gauge Lagrangian in canonical form requires a redefinition of the neutral gauge fields. If mA0 is nonzero, this amounts
to a shift in the photon field Aµ ! Aµ + "A0µ, while the A0µ and Zµ fields are left unchanged (at leading order in
",m2

A0/m
2
Z ⌧ 1). Therefore, even if Standard Model fields carry no U(1)0 charges to begin with, they inherit couplings

to the dark photon of the form
Lint = �e" jµemA0µ . (10.5)

Since the kinetic mixing parameter " is constrained to be small, these couplings are far weaker than electromagnetism.
Dark photons are a feature of many dark sector models where dark matter is charged under a U(1)0 gauge sym-

metry [650, 651, 658, 679, 680]. Its many guises include inelastic [681], light (sub-GeV) [650], mirror [682],
asymmetric [654–656], and self-interacting [659] dark matter models, to name a few. Assuming that dark matter
is neutral under the Standard Model gauge group and vice-versa, the so-called “vector portal” of Eq. (10.4) is one
of the few renormalizable operators for interactions between the Standard Model and dark sector. The couplings
are suppressed by ", which may arise by integrating out heavy states charged under both U(1)0 and U(1)Y . This
framework came to prominence due to several astrophysical electron/positron excesses reported for indirect detection
searches [650, 651, 657, 658, 683]. Provided the A0 is in the MeV–GeV range, dark matter annihilation into dark pho-
tons can yield a flux of e+e� pairs when they decay (without an excess flux of antiprotons). Another motivation for
the A0 has been the apparent discrepancy for (g � 2)µ measurements compared to the Standard Model prediction [26].
The A0 provides one BSM explanation for reconciling this discrepancy, provided " ⇠ 10�2–10�3 [47, 660].

The branching ratio to produce one dark photon per ⌘ decay is

B(⌘! A0�) = 2"2B(⌘! ��) ���F̄⌘�⇤�⇤ (m2
A0 , 0)
�

�

�

2 ⇣1 � m2
A0/M

2
⌘

⌘3
. (10.6)

A similar formula can be written for the ⌘0. Branching ratios to two dark photons are suppressed, proportional to "4.
Experimental signatures fall into three classes, depending on how the A0 decays.

• Visible decays: The A0 decays into Standard Model particles via Eq. (10.5), predominantly A0 ! e+e�, µ+µ�,
or ⇡+⇡� in the MeV–GeV mass range.20 The primary strategy is bump-hunting in ⌘, ⌘0 ! `+`�� or ⇡+⇡�� [48].
The q2-dependence of these channels is already of interest for studies of transition form factors and the A0
would appear as a resonance at q2 = m2

A0 . For detectors with vertexing capability, another strategy is searching
for displaced `+`� decay vertices in the case that A0 decays nonpromptly (but not so long-lived that it escapes
the detector invisibly before decaying).

• Invisible decays: The A0 can decay into dark matter particles carrying U(1)0 charge if kinematically allowed.
Since this channel is unsuppressed by ", it is expected to dominate over visible decays unless forbidden kine-
matically. At ⌘, ⌘0 meson facilities, dark matter particles would likely be undetected, yielding a challenging
signature of ⌘, ⌘0 ! � + invisible. The upgraded t-REDTOP detector for REDTOP run-II (and beyond) will
be able to fully reconstruct the ⌘(0) production kinematics and will therefore be sensitive to missing-energy sig-
natures along these lines [102]. There are also constraints from mono-photon searches at B-factories [684], as
well as fixed target experiments able to detect possible scattering of dark matter final states [685, 686].

20Hadronic partial widths are calculated from the experimentally measured ratios �(e+e�!F )
�(e+e�!µ+µ�) , where F is a given hadronic final state [675].
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1.1   Introduction: 1.2  New Light Particles beyond the SM  

Dark photons and other hidden vector bosons 
 

•  Search for protophobic X boson  related to the 8Be anomaly  
5σ for a 16.7 MeV boson in  
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Figure 40: Shaded bands show predicted range from the 8Be anomaly for ⌘, ⌘0 ! X� ! e+e��, detectable as an e+e� resonance at mX = 16.7 GeV.
Per Eq. (10.9), abscissa should be ⇡ 0.01 to fit 8Be signal, while band width corresponds to allowed range in |"p | from ⇡0 ! e+e�� constraints.

of right-handed neutrinos [711]. Previous works have considered this model in the context of MeV–GeV-scale
physics [675, 712–715]. For ⌘, ⌘0 mesons, the phenomenology is very similar to the dark photon, appearing as a
resonance in

⌘, ⌘0 ! Z0B�L� ! `+`�� . (10.7)

However, an important di↵erence between the A0 and Z0B�L is that the latter couples to neutrinos. The dilepton signal is
reduced by the large invisible Z0B�L width to neutrinos, the value of which depends on whether they are Dirac [713] or
Majorana [715]. Also, there are strong experimental constraints from neutrino scattering data [712, 714] and presently
the gauge coupling limited to be gB�L . 10�4 [675, 715]. Taking Q0u = Q0d = Q0s =

1
3 in Eq. (10.7), the branching

ratio for the ⌘ is constrained to be less than 10�8. For the ⌘0, the branching ratio may be as large as 10�8 near the
! mass, but otherwise is a few orders of magnitude smaller. Other anomaly-free Z0 candidates can arise by gauging
various lepton flavor combinations Le � Lµ, Le � L⌧, or Lµ � L⌧ (see, e.g., Ref. [715]). These are less interesting for
⌘, ⌘0 physics without any direct coupling to quarks.

Another important case is inspired by the 8Be anomaly reported by Krasznahorkay et al. [661]. They measured
the decay of an excited 8Be state to the ground state via internal pair creation, 8Be⇤ ! 8Be e+e�. By measuring the
e+e� opening angle spectrum, they found an anomalous resonance that could be fit by a 16.7 MeV boson at > 5�. The
same authors recently reported a similar signal found in 4He transitions [716]. With no compelling nuclear physics
explanation thus far [717], various light mediators have been proposed. One candidate is a so-called “protophobic”
vector boson, dubbed the X boson [718, 719]. Starting from a generic vector boson model in Eq. (10.1), the authors
found that the signal process

8Be⇤ ! 8Be X ! 8Be e+e� (10.8)

could be explained by X boson couplings satisfying

|"p + "n| ⇡ 0.01pB(X ! e+e�)
, |"p| < 0.0012pB(X ! e+e�)

, (10.9)

where "p,n are the X charges of the proton and neutron in units of e.21 The latter constraint on "p comes from null
searches for ⇡0 ! X� ! e+e�� at NA48/2 [702] and is conveniently evaded if the X boson couples predominantly to
neutrons over protons (e.g., X may couple proportional to B � Q) [718].

21Following the notation of Refs. [718, 719], fermion couplings to the X boson are expressed in units of e. To connect with our notation in
Eq. (10.1), we have g0Q0f = e" f . The proton and neutron couplings are "p = 2"u + "d and "n = 2"d + "u, respectively.
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1.1   Introduction: 1.2  New Light Particles beyond the SM  

Dark photons and other hidden vector bosons 
 
•   Leptophobic vector bosons: B boson from gauged U(1)B symmetry  

 

    non-leptonic signatures, e.g., π0γ resonance in η → Bγ → π0γγ 
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Gauged baryon symmetry U(1)B 

Lee and Yang’55 

•  mB<mπ is strongly constrained 
by long-range forces searches 

•  mB>50 GeV investigated by 
collider experiments. 

•  GeV-scale domain is nearly 
untouched:  
          a discovery opportunity! 
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JEF Experimental Reach for B  
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100 days’ beam

1.  Meson decay η→ Bγ →π0γγ 2. Photoproduction γp→Bp 
B 

B 

❏ Searching for a new boson with coupling to quarks 

❏ Vector portal to Dark Sector 

❏ Direct photoproduction search 

B boson 

7

Ph
ys

ic
s 

M
ot

iv
at

io
n

❏ Searching for a new boson with coupling to quarks 

❏ Vector portal to Dark Sector 

❏ Direct photoproduction search 

B boson 

7

Ph
ys

ic
s 

M
ot

iv
at

io
n

γ  
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PL, B221, 80 (1989)
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Striking signature for B-boson in η→π0γγ 
!  B production:   A.E. Nelson, N. Tetradis, Phys. Lett., B221, 80 (1989) 

!  B decays: 

 
 

 

 
!                                               highly suppressed SM background  
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B→π0γ in 140-620 MeV mass range 

S. Tulin, Phys.Rev., D89, 
14008 (2014)  

Γ(η→ π 0γγ ) ~ 0.3eV

η→γB→γ+π0γ 
  
Search for a resonance   
peak of π0γ  for  
mB ~140-550 MeV 

From L. Gan 
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1.1   Introduction: 1.2  New Light Particles beyond the SM  

Scalar particles 
 

•  η(′) decays          the strongest limits on a scalar S coupling to light quarks 
instead of heavy quarks 
–  For leptophobic scalar, signal channels are:  
η(′) → π0γγ or η(′) → 3π with S a γγ or 2π resonance.  

–  For more general models, S can be discovered as a dilepton resonance  
 

in                         channel motivated mainly for C and CP searches 
 
 

         Work remains to be done: 
•  Map out the more general parameter space for these decays 
•  Compute the transition form factors for η′ decays needed to access a 

wider range of mS 
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Axion Like Particles (ALPs) 
 

•  ALP searches in η(′) decays new and potentially rich avenue not widely 
studied in the literature.  

 
                 
 

 
 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

1.2  New Light Particles beyond the SM  
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Figure 43: Branching ratios for ALP production in ⌘ decays (light blue) and ⌘0 decays (dark blue), assuming no direct quark-ALP coupling
(cq = 0). Channels include ⌘, ⌘0 ! ⇡+⇡�a (solid), ⌘, ⌘0 ! 2⇡0a (dashed), and ⌘0 ! ⌘⇡0a (dotted). Branching ratios scale as 1/ f 2

a and here ALP
decay constant is fixed to fa = 10 GeV, equivalent to an e↵ective mass scale ⇡ 3 TeV. Regions around ma = M⇡0 and ma = M⌘ are shaded out
where ALP–meson mixing angles become larger that 0.1. Final states depend on how ALP decays, which include a ! ��, e+e�, µ+µ�, 2⇡�, 3⇡
depending on mass ma and couplings.

where f (x) is defined in Eq. (10.40). The light-quark contribution is described by mixing with pseudoscalar mesons,
which gives
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(10.70)

in the single-angle ⌘–⌘0 mixing scheme with ✓P = arcsin(�1/3) and neglecting isospin breaking. Ref. [797] considered
a purely gluon-coupled ALP (cq = c` = c� = 0), in which case a! �� is the dominant decay. However, in light of the
(g� 2)µ discrepancy, it is worthwhile to search for dilepton decays as well. Whether a! �� or a! `+`� is dominant
depends nontrivially on ALP couplings and mass since the partial widths scale di↵erently with ma [796].

For larger ALP masses accessible in ⌘0 decays, the ALP may also decay a ! ⇡⇡�, 3⇡. For the purely gluon-
coupled ALP, Ref. [797] calculated both channels and showed that they dominate the decay rate when kinematically
allowed. Again, however, the (g�2)µ motivates a more general ALP model and it is worthwhile searching for dilepton
and diphoton final states even for higher-mass ALPs.

Here we summarize possible signal channels and what is known about them:

• ⌘, ⌘0 ! 2⇡a ! 2⇡��: This channel can in principle explore the full range of ALP masses accessible in ⌘, ⌘0
decays, although the region ma . 10 MeV is already excluded [101]. A bump-hunt in the diphoton invariant
mass (M��) spectrum is desirable for separating the ALP signal from the large background from ⌘, ⌘0 ! 3⇡.
Standard Model predictions have been made for the M�� distributions for ⌘ ! ⇡0⇡0�� and ⌘ ! ⇡+⇡���, in
particular, for the nonresonant part away from the ⇡0 pole [811–813]. The charged-pion mode is not interesting
from a �PT perspective, being dominated by bremsstrahlung from ⌘ ! ⇡+⇡��. The only experimental studies,
dating back to 1967 [814, 815], put a limit B(⌘ ! ⇡+⇡���) < 2.1 ⇥ 10�3 for M�� > 195 MeV. The neutral-
pion mode has seen greater interest since the nonresonant part is sensitive to chiral loop corrections [812, 813].
Limits come from the Crystal Ball detector at BNL-AGS [599] and the GAMS-4⇡ experiment [816], the former
giving a stronger limit, B(⌘! ⇡0⇡0��) < 1.2 ⇥ 10�3 with a cut on M�� values near M⇡0 . To our knowledge, no
similar theoretical or experimental work has been done for ⌘0 ! 2⇡�� decay. Since ⌘0 decays access a much
larger range of ALP masses, such studies are strongly encouraged.

• ⌘0 ! ⌘⇡0a ! ⌘⇡0��: This channel is not a good probe for ALPs. According to Fig. 43, B(⌘0 ! ⌘⇡0a) is
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Branching ratios for ALP  
production in 
•  η decays (light blue)  
•  η′ decays (dark blue) 
No direct quark-ALP  
coupling (cq = 0)  
has been assumed 

B~1/ fa2 and  
here fa = 10 GeV,  
equivalent to an effective  
mass scale ≈ 3 TeV. 
 

See e.g. Aloni et al’19, 
Landini & Meggiolaro’20 
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Axion Like Particles (ALPs) 
 

•  ALP searches in η(′) decays new and potentially rich avenue not widely 
studied in the literature.  

 
 
 
•  Key questions: 

–  Which among the at least 4 η and 11 η′ signal channels—all with four- 
and five-body final states, several of which have never been studied 
before in any context—are most promising to measure from both 
theoretical and experimental points of view?  

–  What are the predicted branching ratios in light of existing ALP 
constraints? 

–  LO formulae known for these decay rates but NLO corrections are likely 
large and would need to be included for robust predictions 

                 
 

 
 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

Need collaboration between BSM phenomenologists, χPT theorists  
and experimentalists  

1.2  New Light Particles beyond the SM  
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P and CP violation 
 

•  A large number of P,CP-violating η(′) decays indirectly excluded from 
extremely stringent neutron EDM bounds 
 
 
 
 

 
 
 
 
 

•  The only exception: investigation of the muon polarization asymmetries in 
η→µ+µ− : EDM constraints at 2 loop order 
 

 

 
 
               probe flavour-conserving CP-violation in the second generation 

              possible with REDTOP statistics 
 
 
 

 
 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

1.3  Discrete symmetry tests and lepton flavor violation 
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Figure 38: Left: One-loop contribution to the neutron EDM, induced by a CP-violating ⌘ ! �⇤�⇤ TFF [denoted by the red vertex (⌦)]. The
photon–neutron coupling (black dot) involves the standard electromagnetic form factors. A similar crossed diagram is not shown explicitly. Right:
Two-loop contribution to the neutron EDM, induced by a CP-violating quark–lepton four-fermion operator [denoted by the red vertex (⌦)]. Neither
crossed diagrams nor counterterm contributions at one-loop and tree level required for renormalization are displayed explicitly.

The term in brackets has the same quantum numbers as the field strength tensor ⇢0
µ⌫ = @µ⇢

0
⌫ � @⌫⇢0

µ for the ⇢0 meson.
Through strong dynamics, any BSM operator generating Eq. (9.15) would certainly generate a lower-dimensional
interaction of the form

Le↵ =  ⌘Fµ⌫⇢0
µ⌫ . (9.16)

The coe�cient  can be estimated by dimensional analysis and is likely not much less than O(E⇥F2
⇡). Equation (9.16)

contributes to the neutron EDM at one-loop order, shown in Fig. 37. Qualitatively, this yields dn ⇠ g⇢NNg⌘NN/(4⇡)2,
where g⇢NN ⇠ 3 is the ⇢-meson–nucleon (vector) coupling [594]. It is not possible to be more precise since the
loop integral is logarithmically divergent, which would be cut o↵ around the QCD scale anyway. Nevertheless, this
yields an order-of-magnitude constraint at the level of E/M . 10�11, far beyond present sensitivities for the angular
asymmetry even allowing for the roughness of our estimates.14

Recently, Sánchez-Puertas [40, 41] proposed a new class of symmetry tests in ⌘ decays to dimuon final states:

⌘! µ+µ� , ⌘! µ+µ�� , ⌘! µ+µ�e+e� . (9.17)

CP-odd asymmetries in the first two channels involve the muon polarizations, which will be measurable at the planned
REDTOP experiment [70, 71], while for the last decay, the simplest CP-odd observable is the angular asymmetry
between the two dilepton planes (much like for ⌘! ⇡+⇡�e+e� discussed above). In contrast to electronic final states,
these decays avoid strong constraints from the electron EDM (and other CP-odd electon interactions, e.g., [574]);
also, electron polarizations will not be measured in the proposed REDTOP detector [70, 71].

The minimal framework to generate CP-odd asymmetries in decays (9.17) is to introduce CP violation in the
⌘–two-photon coupling. The usual ⌘ transition form factor (6.1) is generalized to
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2
2) , (9.18)

to include new P- and CP-violating TFFs FCP1,2
⌘�⇤�⇤ that couple to scalar—instead of pseudoscalar—Lorentz structures

(the contribution of FCP2
⌘�⇤�⇤ vanishes as long as one of the photons is real). However, such new ⌘�⇤�⇤ interactions induce

contributions to the neutron EDM at the one-loop level via an ⌘� intermediate state, shown in Fig. 38 (left) (similar to
the bounds on ⌘(0) ! ⇡⇡ discussed above). To evaluate the loop integral, the q2

i -dependence of the CP-violating TFFs
is modeled in a simple way motivated by the high-energy asymptotics of scalar TFFs in QCD [595]. The resulting
indirect constraints on all dimuon asymmetries are several orders of magnitude stronger than projections for REDTOP
based on a proposed statistics of 2 ⇥ 1012 produced ⌘ mesons [40].

Alternatively, CP-violating dimuon asymmetries can also arise via CP-odd four-fermion operators between quarks
and leptons in the Standard Model E↵ective Field Theory framework [596, 597]. In the notation of Ref. [597], the

14The foregoing argument excludes CP-violating ⌘ ! ⇡+⇡��⇤ operators (as suggested in the literature) at an observable level, but strictly
speaking does not preclude the contribution of local e↵ective quark–lepton operators inducing CP-violating ⌘ ! ⇡+⇡�`+`� decays. We expect
significant constraints from EDM searches in paramagnetic atoms and molecules, which are sensitive to CP-odd electron–nucleon couplings [574].
The consequences of similar quark–dimuon operators, as discussed in the following, have not been discussed for this specific decay yet.
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Figure 38: Left: One-loop contribution to the neutron EDM, induced by a CP-violating ⌘ ! �⇤�⇤ TFF [denoted by the red vertex (⌦)]. The
photon–neutron coupling (black dot) involves the standard electromagnetic form factors. A similar crossed diagram is not shown explicitly. Right:
Two-loop contribution to the neutron EDM, induced by a CP-violating quark–lepton four-fermion operator [denoted by the red vertex (⌦)]. Neither
crossed diagrams nor counterterm contributions at one-loop and tree level required for renormalization are displayed explicitly.

The term in brackets has the same quantum numbers as the field strength tensor ⇢0
µ⌫ = @µ⇢

0
⌫ � @⌫⇢0

µ for the ⇢0 meson.
Through strong dynamics, any BSM operator generating Eq. (9.15) would certainly generate a lower-dimensional
interaction of the form

Le↵ =  ⌘Fµ⌫⇢0
µ⌫ . (9.16)

The coe�cient  can be estimated by dimensional analysis and is likely not much less than O(E⇥F2
⇡). Equation (9.16)

contributes to the neutron EDM at one-loop order, shown in Fig. 37. Qualitatively, this yields dn ⇠ g⇢NNg⌘NN/(4⇡)2,
where g⇢NN ⇠ 3 is the ⇢-meson–nucleon (vector) coupling [594]. It is not possible to be more precise since the
loop integral is logarithmically divergent, which would be cut o↵ around the QCD scale anyway. Nevertheless, this
yields an order-of-magnitude constraint at the level of E/M . 10�11, far beyond present sensitivities for the angular
asymmetry even allowing for the roughness of our estimates.14

Recently, Sánchez-Puertas [40, 41] proposed a new class of symmetry tests in ⌘ decays to dimuon final states:

⌘! µ+µ� , ⌘! µ+µ�� , ⌘! µ+µ�e+e� . (9.17)

CP-odd asymmetries in the first two channels involve the muon polarizations, which will be measurable at the planned
REDTOP experiment [70, 71], while for the last decay, the simplest CP-odd observable is the angular asymmetry
between the two dilepton planes (much like for ⌘! ⇡+⇡�e+e� discussed above). In contrast to electronic final states,
these decays avoid strong constraints from the electron EDM (and other CP-odd electon interactions, e.g., [574]);
also, electron polarizations will not be measured in the proposed REDTOP detector [70, 71].

The minimal framework to generate CP-odd asymmetries in decays (9.17) is to introduce CP violation in the
⌘–two-photon coupling. The usual ⌘ transition form factor (6.1) is generalized to
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to include new P- and CP-violating TFFs FCP1,2
⌘�⇤�⇤ that couple to scalar—instead of pseudoscalar—Lorentz structures

(the contribution of FCP2
⌘�⇤�⇤ vanishes as long as one of the photons is real). However, such new ⌘�⇤�⇤ interactions induce

contributions to the neutron EDM at the one-loop level via an ⌘� intermediate state, shown in Fig. 38 (left) (similar to
the bounds on ⌘(0) ! ⇡⇡ discussed above). To evaluate the loop integral, the q2

i -dependence of the CP-violating TFFs
is modeled in a simple way motivated by the high-energy asymptotics of scalar TFFs in QCD [595]. The resulting
indirect constraints on all dimuon asymmetries are several orders of magnitude stronger than projections for REDTOP
based on a proposed statistics of 2 ⇥ 1012 produced ⌘ mesons [40].

Alternatively, CP-violating dimuon asymmetries can also arise via CP-odd four-fermion operators between quarks
and leptons in the Standard Model E↵ective Field Theory framework [596, 597]. In the notation of Ref. [597], the

14The foregoing argument excludes CP-violating ⌘ ! ⇡+⇡��⇤ operators (as suggested in the literature) at an observable level, but strictly
speaking does not preclude the contribution of local e↵ective quark–lepton operators inducing CP-violating ⌘ ! ⇡+⇡�`+`� decays. We expect
significant constraints from EDM searches in paramagnetic atoms and molecules, which are sensitive to CP-odd electron–nucleon couplings [574].
The consequences of similar quark–dimuon operators, as discussed in the following, have not been discussed for this specific decay yet.
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relevant operators are
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The important observation here is that neutron EDM contributions from Eq. (9.19) are comparatively suppressed
since they begin at two-loop order, shown in Fig. 38 (right) [40]. This is because the muon (pseudo)scalar bilinears
cannot couple to only one photon via a single lepton loop, as the Green’s functions h0|T {Vµ(x)S (P)(0)}|0i vanish in
QCD+QED as a result of C conservation. The resulting constraints were estimated to be

�

�

�Im c(1)2211
`equ

�

�

� < 0.002 ,
�

�

�Im c2211
`edq

�

�

� < 0.003 ,
�

�
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`edq

�

�

� < 0.04 , (9.20)

assuming no cancellations between terms [40]. Taking advantage of S U(2)L symmetry, a comparable limit
�

�

�Im c2222
`edq

�

�

� <
0.02 was determined from Ds ! µ⌫µ decays [41].

In light of these constraints, CP violation between strange quarks and muons—sourced by Im c2222
`edq —remains

an open possibility within REDTOP sensitivities that is not excluded by EDMs [40]. The most promising channel is
⌘! µ+µ�. From Eq. (9.19), the hadronic matrix elements of the pseudoscalar quark bilinears between ⌘ states and the
vacuum can be evaluated in terms of rather well-known meson decay constants, as well as quark and meson masses.
The e↵ective CP-odd interaction is represented as

L = �C ⌘ µ̄µ , C =
h

1.57
�

Im c(1)2211
`equ + Im c2211

`edq
� � 2.37 c2222

`edq

i

⇥ 10�6 , (9.21)

which interferes with the CP-even Standard Model amplitude discussed in Sect. 6.9. The actual CP-odd asymmetries
that are to be measured for this purpose rely on the polarized muon decays; most promising is a forward–backward
asymmetry of the electron/positron relative to their decaying parent muons’ line of flight (in the dimuon rest frame),
which turns out to be more sensitive than an asymmetry in the relative electron/positron azimuthal angles by about an
order of magnitude. While the planned REDTOP statistics suggest a sensitivity for the various coe�cients of O(1)
in the Dalitz decay or worse in the four-lepton final states, the sensitivities of O(10�2) in ⌘ ! µ+µ� imply that in
particular Im c2222

`edq might induce CP violation in this decay not yet excluded by EDMs and other constraints [40, 41].

9.2. C violation
The ⌘, ⌘0 mesons are C = +1 eigenstates and provide one of the few opportunities to test C conservation in

flavor-conserving strong and electromagnetic decays. C is violated for ⌘, ⌘0 decaying into an odd number of photons
(including o↵-shell photons) and any number of neutral pions. For the ⌘0, C-violating channels may include an ⌘
meson as well. Table 11 lists all channels that have been tested experimentally and no evidence of C violation has
been found so far. Other possibilities, such as ⌘0 ! ⌘�, ⌘0 ! 2⇡0�, or ⌘0 ! ⌘⇡0� to name a few, have not been
searched for.

Additionally, we discuss decays that are C,CP-violating only as single-photon processes at leading order in QED.
Some of these decays have been searched for experimentally, such as

⌘, ⌘0 ! ⇡0`+`� , ⌘0 ! ⌘`+`� , (9.22)

where ` = e, µ, while no experimental data exists for other channels such as

⌘, ⌘0 ! ⇡0⇡0`+`� , ⌘0 ! ⌘⇡0`+`� . (9.23)

These decays are also relevant for searches for new (C,CP-conserving) light particles. Decays in (9.22) can arise for
a new light scalar S , e.g., ⌘, ⌘0 ! ⇡0S ! ⇡0`+`� [49]. Alternatively, decays in (9.23) arise for a new light axion-like
pseudoscalar a, e.g., ⌘, ⌘0 ! 2⇡0a! 2⇡0`+`�. We discuss these models further in Sect. 10.

For the most part, these tests have been framed within the context of T -odd, P-even (TOPE) interactions (class II
in Table 10), which is equivalent to C violation by the CPT theorem. This idea was proposed in the 1960s, following
the discovery of CP violation [39], to be either a new electromagnetic-strength “semi-strong” force [34–36] or related
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C and CP violation 
 

•  Not much work done in this direction:  
                               theoretical studies remain to be done to motivate experimental 

 searches:  
–  BSM operators need to be identified 
–  their contributions to η(′) decays, as well as indirect limits from EDMs, 

need to be quantified. 

•  η(‘)→3γ : C, P-violating but CP-conserving.  

 
  
 
 
 

 
 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

1.3  Discrete symmetry tests and lepton flavor violation 
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C and CP violation 
•  η(‘)→3γ : C, P-violating but CP-conserving.  

 
  
 
 
 

 
 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

1.3  Discrete symmetry tests and lepton flavor violation 

16 

Experimental Improvement on η�3γ

u  SM contribution: 
    BR(η→3γ) <10-19 via P-violating
    weak interaction.

u  A new C- and T-violating, and 
    P-conserving interaction was 
    proposed by Bernstein, Feinberg
    and Lee  
     Phys. Rev.,139, B1650 (1965)

u   A calculation due to such new 
     physics by Tarasov suggests: 
     BR(η→3γ)< 10-2  

      Sov.J.Nucl.Phys.,5,445 (1967)

 

Proj. JEF

Improve BR upper limit by one 
order of magnitude to directly 
tighten the constraint on CVPC 
new physics

(100 days’ beam)

JEF could Improve the  
BR upper limit  
by one order of magnitude 
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C and CP violation 
 

•  Not much work done in this direction:  
                               theoretical studies remain to be done to motivate experimental 

 searches:  
–  BSM operators need to be identified 
–  their contributions to η(′) decays, as well as indirect limits from EDMs, 

need to be quantified. 

•  η(‘)→3γ : C, P-violating but CP-conserving.  

•  C- and CP-violating asymmetries in the η→π+π−π0 Dalitz-plot 

•  C- and CP-violating channels used to search for new light particles: 
 η(′) → π0l+l− and η(′) → 2π0l+l−  

  
 
 
 

 
 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

1.3  Discrete symmetry tests and lepton flavor violation 

Gardner & Shi’20 
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Lepton Flavour Violation 
 

•  In light of strong constraints on µ→e conversion on nuclei, further theoretical 
study is needed to motivate searching for η(′)→e±µ∓ 

•  But decays that violate charged lepton flavour by two units, η(′)→e±e±µ∓µ∓ are 
worth investigated since they are not similarly constrained 

 
 
 

 
 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

1.3  Discrete symmetry tests and lepton flavor violation 
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•  Extraction of fundamental parameters of the SM: light quark masses 
from η(′)→3π.  

•  Inputs for our understanding of hadronic light-by-light scattering in the 
anomalous magnetic moment of the muon from  
–  η(′)→γγ 
–  Transition form factors from η′→2(π+π−), η′→π+π−e+e−, η′→ωe+e− 

•  Understanding of QCD dynamics η→π0γγ and similar η′ decays 
 

 
 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

1.4  Standard Model studies 

46 Seminar, LAPP-Annecy, 2011 Andreas Hoecker   –   Charged-Lepton Flavour Physics 

Loop contributions: 
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“Light-by-light 
scattering” 

… or no effect on aµ, 
but new physics at the 
LHC? That would be 
interesting as well !! 

Exp. inputs for evaluation of aµ(had, l-by-l)

e+e− → e+e−π0 γπ → ππγπ → ππ

e+e− → π0γe+e− → π0γ ω,φ → ππγ e+e− → ππγ

ππ → ππ

Pion transition form factor

Fπ0γ∗γ∗

(

q2
1
, q2

2

)

Partial waves for

γ∗γ∗
→ ππ e+e− → e+e−ππ

Pion vector

form factor F π
V

Pion vector

form factor F π
V

e+e− → 3π pion polarizabilitiespion polarizabilities γπ → γπ

ω,φ → 3π ω,φ → π0γ∗ω,φ → π0γ∗

Fig. from G. Colangelo et al, arXiv:1408.2517

D. Nomura (YITP) g − 2: Theory Oct 30, 2014 20 / 21

Colangelo et al.’15 
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•  The ongoing JLab Eta Factory experiment will open a new avenue for  
precision measurements of various decays of η and η′ in one setting, with 
unprecedented low backgrounds in rare decays, particularly in neutral modes. 

 
 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

2.  JEF program 
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2.  JEF program 

2 

Proposed JEF experiment 

Simultaneously measure η/ηꞌ decays:  η→π0γγ, η→3γ, and … 

2 

barrel
calorimeter

time-of
-flight

forward calorimeter 

photon beam

electron
beamelectron

beam

superconducting
magnet 

target

tagger magnet

tagger to detector distance
is not to scale

diamond
wafer

GlueX

central drift
chamber

forward drift
chambers

u  η/ηꞌ produced on LH2 target with 8.4-11.7 GeV tagged photon beam: 
      γ+p → η/ηꞌ+p 
u  Reduce non-coplanar backgrounds by detecting recoil protons 

with GlueX detector
u  Upgraded Forward Calorimeter with High resolution, high granularity 
     PWO insertion (FCAL-II)  to detect multi-photons from the η decays

FCAL-II
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•  The  ongoing JLab  Eta  Factory  experiment will  open  a  new  avenue  for  
precision measurements of various decays of η and η′ in one setting, with 
unprecedented low backgrounds in rare decays, particularly in neutral modes. 

 
•  Highly boosted η and η′ by a∼12 GeV photon beam will help reducing the 

experimental systematics, offering complementary cross checks on the 
results from A2, BESIII, KLOE-II, WASA-at-COSY, and future REDTOP 
experiments, where the produced mesons have relatively small kinetic 
energies in the lab frame.  

 

 
 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

2.  JEF program 
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Time line 
•  The data collection for non rare decays has been in progress since fall 2016. 

A significant improvement on the light quark mass ratio will be achieved in the 
next 3-4 years by a combination of a new Primakoff measurement of the η 
radiative decay width and the improvements in the Dalitz distributions of 
η→3π for both charged and neutral channels.   

•  The second phase of JEF will run with an upgraded forward calorimeter: 
–  2018 - 2023, development of an upgraded forward calorimeter (FCAL-II) 

with a PWO crystal insert 
–  2024: first run with an upgraded FCAL-II for rare decays expected 

•  Within 100 days of beam time for the phase II, JEF will have sufficient 
precision to explore the role of scalar meson dynamics in chiral perturbation 
theory, to search for sub-GeV dark gauge bosons (vector, scalar, and axion-
like particles) by improving the existing bounds by two orders of magnitude 

 
 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

2.  JEF program 



3.   Redtop Program 

Emilie Passemar 

See: https://redtop.fnal.gov/ 
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•  Proposed REDTOP experiment at FNAL: 
Projected η production rate at the level of 2×1012 (a factor of ten more 
forphase II) per year. 

•  Expected backgrounds in REDTOP about several orders of magnitude higher 
than in the JEF experiment compensated for by an enormous η yield. 

•  The recoil detection technique considered for phase II will help further 
reducing the backgrounds.  

•  The proposed muon polarimeter (and an optional photon polarimeter) for the 
REDTOP apparatus will offer additional capability to measure the longitudinal 
polarization of final-state muons (and possibly photons), which are not 
available in most other experiments, including JEF. 

•  In the foreseeable future, REDTOP will offer the most sensitive probes for the 
rare charged decay channels, while the JEF experiment will remain leading in 
the rare neutral decays because of lower backgrounds and higher 
experimental resolutions  
 

•  The JEF and REDTOP experiments are complementary to each other, 
promising a new exciting era for η(′) physics. 

 
 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

3.  REDTOP program 



4.   First-row CKM unitarity tests 
 

Emilie Passemar 
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•  Stringent test of the SM and new physics with unitarity of the first row of CKM 
matrix 

•  In the SM, W exchange ⇒ V-A currents, universality 

 
 

•  Broad sensitivity to BSM scenarios :  

 
 

 

 

 
 
 

     
 
 

     
 

 
 

 

Emilie Passemar 9 

1.1   Introduction: 1.1  Test of New Physics : Vus 

Ø  BSM: sensitive to tree-level and loop effects of a large class of models 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Ø  Look for new physics by comparing the extraction of Vus from different 
processes: helicity suppressed Kµ2, helicity allowed Kl3, hadronic τ decays 
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2 2 2 1ud us CKMubV V V + Δ+ + =

9 

1.2  Constraining New Physics 

Matthew Moulson & Emilie Passemar 

SUSY, Z’, 
Charged Higgs 
Leptoquarks… + 

Semileptonic processes: SM and beyond

• In the SM,  W exchange  ⇒  V-A currents,  universality

1/Λ2  GF ~ g2Vij/Mw2 ~1/v2

,τ

WR, H+, 
leptoquarks, 
Z’, SUSY,…

• Broad sensitivity to BSM scenarios

• Experimental and theoretical precision at or approaching 0.1% level 
Probe effective scale Λ in the 5-10 TeV range

SUSY analyses:  

Bauman, Erler, 
Ramsey-Musolf,  
arXiv:1204.0035, 

… 
Kurylov & 

Ramsey-Musolf 
hep-ph/0109222.  

… 
Hagiwara et 

al1995 
… 

Barbieri et al 
1985 

…  Vud

2
+ Vus

2
+ Vub

2
= 1 + ΔCKM
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1.1   Introduction: 1.1  Test of New Physics : Vus 

Ø  BSM: sensitive to tree-level and loop effects of a large class of models 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

         BSM effects :  
 

 

 
 
 

 

 

2 2 2 1ud us CKMubV V V + Δ+ + =★ Only V-A structure

★ Universality relations 

Lepton 
universality

Cabibbo 
universality 

★ Sensitivity to BSM scale: Λ~1-10 TeV

€ 

Δ ~
cn

g
2

MW

2

Λ
2

≤ 10
−2
−10

−3

Semi-leptonic decays 
• Mediated by W exchange in the SM

Emilie Passemar 8 

1.2  Constraining New Physics 

Matthew Moulson & Emilie Passemar 

Vus and Unitarity of the CKM matrix 
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•  Recent discrepancy with CKM unitarity: 
 
 

 

1.1   Introduction: 4.5  Vus and CKM unitarity: All data, New Vud 

45 

Fit results, no constraint

Vud = 0.97368(14)
Vus = 0.22450(35)
χ2/ndf = 7.2/1 (0.7%)

ΔCKM = −0.00154(32)
−4.8σ

|Vud| = 0.97370(14)
|Vus| = 0.2233(6)

|Vus|/|Vud| = 0.2313(5)

Nf = 2+1+1: Fit to results for |Vud|, |Vus|, |Vus|/|Vud|
 f+(0) = 0.9698(17),  fK/fπ = 1.1967(18) 

V us/V ud 

Vus

fit with 
unitarity

68%CL ellipse
Without scaling S = 2.7

With scale factor S = 2.7
Vud = 0.97368(38)

Vus = 0.2245(9)
Vud 

Vus 

unitarity
fit

Vud 
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Vus and Unitarity of the CKM matrix 

Kl3 

Kl2/ πl2 

0+ à 0+  
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•  Recent discrepancy with CKM unitarity: -4.8σ 

 
•  Due to change in theory inputs: 

–  f+(0) from lattice QCD:  
2σ inconsistency between Kl3 and Kl2 results for Vus  
Vus from Kl2 consistent with unitarity up to new Vud evaluation 

–  Vud side: new radiative corrections to 0+ à 0+ superallowed beta 
decays: 2.9σ - 4.8σ discrepancy with unitarity  

 
 

 

Vus and Unitarity of the CKM matrix 



 

 
 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

 

 
 

 
 
 
 

•  New calculation based on Dispersion Relations 

1.1   Introduction: 2.1  Vus from Kl3 decays 
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Vud from 0+     0+  
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Coulomb distortion 
of wave-functions

Nucleus-dependent 
rad. corr. 

 (Z, Emax ,nuclear structure)

Nucleus-independent 
short distance rad. corr. 

Sirlin-Zucchini ‘86
Jaus-Rasche  ‘87 

Towner-Hardy
Ormand-Brown  

Marciano-Sirlin ‘06

Vud from 0+→ 0+ nuclear β decays 
2.  Total decay rates

For nuclei, rate traditionally written in terms of  “corrected FT values”

Nucleus-dependent radiative &                
Isospin Breaking correction

“Inner” radiative correction                  
ΔR V= (2.36 ± 0.04)%

[Marciano-Sirlin 2006]

How do we probe the εα?  (2)

4.3  Vud from 0+� 0+ 

From V. Cirigliano 

 ΔR

Vud from 0+     0+  
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Coulomb distortion 
of wave-functions

Nucleus-dependent 
rad. corr. 

 (Z, Emax ,nuclear structure)

Nucleus-independent 
short distance rad. corr. 

Sirlin-Zucchini ‘86
Jaus-Rasche  ‘87 

Towner-Hardy
Ormand-Brown  

Marciano-Sirlin ‘06

Vud from 0+→ 0+ nuclear β decays 

Inputs needed: DIS of neutrino on 
nucleon but also quasi elastic neutrino 
nucleon data 

  
Vud = 0.97418(10)Ft (18)

ΔR
V   

Vud = 0.97370(10)Ft (10)
ΔR

V

~1.8σ smaller 
Marciano & Sirlin’06 Seng, Gorchtein, Patel & Ramsey-Musolf’18 

Vud and New Radiative Corrections 
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•  With new calculation of radiative corrections: 2.9σ - 4.8σ discrepancy with 
unitarity            calculations need to be checked and model dependence 
understood 

 
•  Quantity can be computed on the lattice, see Seng & Meissner’19 
      e.g. by Roma-Southampton group, CalLat 
 
•  Can we extract Vud differently?  
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Vud and New Radiative Corrections 



1.1   Introduction: Extraction of  Vud : summary 

32 

Hardy@Amherst’19 

Emilie Passemar 

Pocanic  
et al.’04 



5.   Summary 

Emilie Passemar 
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•  Studying η and η’ decays gives an unique opportunity:  
–  Study of beyond Standard Model Physics: 

•  New Light Particles beyond the SM: vector, e.g. B boson, scalar, ALPs 
•  Discrete symmetries and lepton flavor violation:  
    Potential in η(′)→µ∓µ∓  and η(′)→e±e±µ∓µ∓ 

–  Extract fundamental parameters of the Standard Model:  
ex: light quark masses 

–  Test chiral dynamics at low energy, TFF inputs for g-2 of the muon 

•  2 very interesting experimental proposals: JEF and Redtop pushing the 
intensity frontier 

•  Work remains to be done theoretically 
 
 

•  First-row CKM unitarity tests: discrepancy at the level of ~4.8σ driven by th:  
–  Vus from Kl3, f+(0) 
–  Vud: new radiative corrections  
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Summary 

to be investigated 



6.   Back up 

Emilie Passemar 



Experimental determination of Vus from kaon decays – M. Moulson (Frascati) – CKM 2014, Vienna, 8 September 2014"

K(P) π(p) 

ℓ"

ν 

Kℓ3 form factors"

17!

Ke3 decays: Only vector form factor:"

t = (P − p)2 

Hadronic matrix element:!

For Vus, need integral over phase space of squared matrix element:"
Parameterize form factors and fit distributions in t (or related variables)"

Kµ3 decays: Also need scalar form factor:!

2.1  Vus from Kl3 decays 

•  Master formula for K → πlνl: K = {K+,K0}, l={e,µ} 

 
 
 
 

 
 
 
 
 

            Integral of form factor over  
              phase space:   s parametrize 
             evolution in t=q2 
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Experimental inputs: 
 

                            Rates with well-determined  
              treatment of radiative decays 

•  Branching ratios 
•  Kaon lifetimes 

  Γ Kl 3( )

 IKl λKl( )
λ

Inputs from theory: 
 

                                Universal short distance  
 EW corrections  

 
                 Hadronic matrix element  

 (form factor) at zero  
 momentum transfer (t=0) 

 
 Form-factor correction for  
 long-distance EM effects 

 
 Form-factor correction for 
 SU(2) breaking   

 SEW
K

  f+
K 0π −

(0)

  δEM
Kl

  δ SU(2)
Kπ

  
Γ K →π lν γ⎡⎣ ⎤⎦( ) = Br(Kl 3 )*τ = CK

2 GF
2 mK

5

192π 3 SEW
K Vus

2
f+

K 0π −

(0)
2

IKl 1 + δEM
Kl + δ SU(2)

Kπ( )2
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Γ K →π lν γ⎡⎣ ⎤⎦( ) = Br(Kl 3 ) / τ = CK

2 GF
2 mK

5

192π 3 SEW
K Vus

2
f+

K 0π −

(0)
2

IKl 1 + 2ΔEM
Kl + 2ΔSU(2)

Kπ( )

  ΔEM
Kl

  ΔSU(2)
Kπ

2.1  Vus from Kl3 : Master Formula 



Nf  = 2+1 f+(0) = 0.9636(+62
-65)  PRD96 (2017) 

JLQCD: Overlap, mπ → 300 MeV
Exact chiral symmetry, one lattice spacing

Nf = 2+1+1 f+(0) = 0.9709(44)(9)(11) PRD 93 (2016)
ETM 16: TwMW, 3sp, mπ → 210 MeV
Full q2 dependence of f+, f0 
f+(0) = 0.9696(15)(11) PRD 99 (2019)
FNAL/MILC update 13E

Nf  = 2+1 f+(0) = 0.9677(27)
Uncorrelated average of:
RBC/UKQCD 15A: DWF, mπ → 139 MeV
FNAL/MILC 12I: HISQ, mπ ~ 300 MeV

Nf = 2+1+1 f+(0) = 0.9704(32)
FNAL/MILC 13E: HISQ, mπ → 135 MeV

1.1   Introduction: 2.5   Determination of  f+(0)   

37 

Recent updates:

FLAG ’19 averages:

ChPT:
Nf  = 2+1 f+(0) = 0.970(8)      Chiral Dynamics 15

Ecker 15: According to Bijnens 03
New LECs from Bijnens, Ecker 14

The status of Vus – V. Cirigliano, M. Moulson – Status of First-Row CKM Unitarity – UMass Amherst, 17 May 2019

Evaluations of f+(0) 
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ChPT, etc.

Nf = 2

Nf = 2+1+1

JLQCD17
RBC/UKQCD 15A

RBC/UKQCD 13
FNAL/MILC 12I

JLQCD 12
JLQCD 11

RBC/UKQCD 10
RBC/UKQCD 07

ETM 10D
ETM 09A

0.95 0.97 0.99

Kastner 08
Cirigliano 05
Jamin 04
Bijnens 03
L&R 84

Nf = 2+1

Recent updates:
Nf = 2+1+1 f+(0) = 0.9696(15)(11)   1809.02827

FNAL/MILC 18: HISQ, 5sp, mπ � 135 MeV,
new ensembles added to FNAL/MILC 13E 

Nf = 2+1+1 f+(0) = 0.9706(27)
Uncorrelated average of:
FNAL/MILC 13E: HISQ, mπ � 135 MeV
ETM 16: TwMW, 3sp, mπ � 210 MeV,

Full q2 dependence of f+, f0 

Nf  = 2+1 f+(0) = 0.9677(27)
Uncorrelated average of:
FNAL/MILC 12I: HISQ, mπ ~ 300 MeV
RBC/UKQCD 15A: DWF, mπ � 139 MeV

FLAG ’19 averages:FLAG ’19
1902.08191 FNAL/MILC 18

ETM16
FNAL/MILC 13E

FNAL//MILC 13C

ChPT:
Nf  = 2+1 f+(0) = 0.970(8)      Chiral Dynamics 15

Ecker 15: According to Bijnens 03,
with new LECs from Bijnens, Ecker 14



2019 averages for f+(0) 

Nf = 2+1+1
f+(0) = 0.9698(17)

FNAL/MILC18 replaces FNAL/MILC13E in FLAG average

ETM16 0.9709(44)(9)(11)ext

FNAL/MILC18 0.9696(15)(11)

Nf = 2+1
 f+(0) = 0.9677(27)

FLAG average, Nov 2016 update
JLQCD17 not included because only 1 lattice spacing used

FNAL/MILC12I 0.9667(23)(33)
RBC/UKQCD15A 0.9685(34)(14)

Emilie Passemar 38 
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3.  REDTOP program 

charged tracks detection
� Use Cerenkov effect for tracking 

charged particles

� Baryons and most pions are below Č
threshold

� Electrons and most muons are 
detected and reconstructed in an 
Optical-TPC

� Incident proton energy ~1.8 GeV (3.5 GeV for h’) 
� CW beam, 1017-1018 POT/yr (depending on the host laboratory)
� h/h‘ hadro-production from inelastic scattering of protons on Li or Be targets 
� h-production rate: 106 Hz (total: 1013/yr) (h ‘ : 1011/yr) 

6

g detection
� Use ADRIANO2 calorimeter 

(Calice+T1015) for reconstructing EM 
showers 

� sE/E < 5%/�E
� PID from dual-readout to disentangle 

showers from g/m/hadrons
� 96.5% coverage

4/19/2020 C. Gatto - INFN  & NIU

� Fiber tracker (LHCB style) for rejection of background from g-conversion and 
reconstruction of secondary vertices (~70mm resolution)
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� Use Cerenkov effect for tracking 
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threshold
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6

g detection
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(Calice+T1015) for reconstructing EM 
showers 

� sE/E < 5%/�E
� PID from dual-readout to disentangle 

showers from g/m/hadrons
� 96.5% coverage

4/19/2020 C. Gatto - INFN  & NIU

� Fiber tracker (LHCB style) for rejection of background from g-conversion and 
reconstruction of secondary vertices (~70mm resolution)

From C. Gatto@APS2020 
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3.  REDTOP program 

� Full use of ~1 GeV – CW proton beam 
provided by PIP-II.

p + De → η + 3He+

� η-meson tagging by detecting the 3He+ ion 
(higher QCD background rejection)

� Measuring the momentum of the 3He+ the 
kinematics is fully closed. 
� Long lived, dark particle escaping detection could be 

identified using the missing 4-momentum technique. 

� The latter is considerably more powerful than 
the, missing pt or missing energy (proposed at 
beam-dump or e--fixed target experiments)

4/19/2020 C. Gatto - INFN  & NIU 9

tREDTOP

Detector upgrades
New Target: Li foils  -> gaseous De

New Central tracker: Optical-TPC -> LGAD tracker

New 3He+ ion detector

From C. Gatto@APS2020 
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3.  REDTOP program 

� Once approved and funded, REDTOP needs:
� 2-3 years detector R&D +  detector design

� 2 yrs construction

� Accelerator mods required:
� CERN: need further studies – but beam structure is sub-optimal

� FNAL-DR: ~1yr (add a SC cavity to the DR and build an extraction line

� FNAL-PIPII: new experimental hall required (PIP-III)

� R&D required

� ADRIANO2: ongoing

� Fiber tracker: none

� LGAD  tracker: piggy-back on existing R&D (ATLAS, EIC)

� O-TPC: very late

104/19/2020 C. Gatto - INFN  & NIU

From C. Gatto@APS2020 
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3.  REDTOP program 

� The Collaboration is currently engaged in the ESPP and the 
Snowmass2021-P5 processes

� Current activities aiming at the preparation of a full proposal in a 
timeframe consistent with Snowmass2021-P5

� Montecarlo campaign ongoing for Snowmass (Run-I and II) 

� ~1010 events being generated and reconstructed (GenieHad+slic+lcsim)

� (Almost) full reconstruction in place (include track and vertex fitting)

� Competition from several other experiments (LHCB, LDMX, etc.)

� But, REDTOP experimental techniques is unique (i.e., missing 4-momentum)

More details: https://redtop.fnal.gov

134/19/2020 C. Gatto - INFN  & NIU

From C. Gatto@APS2020 



1.1   Introduction: |Vus| f+(0) from world data: Update 

43 

% err BR τ Δ Int

KLe3 0.2164(6) 0.26 0.09 0.20 0.11 0.05

KLµ3 0.2167(6) 0.29 0.15 0.18 0.11 0.07

KSe3 0.2156(13) 0.61 0.60 0.02 0.11 0.05

K±e3 0.2169(8) 0.35 0.27 0.06 0.21 0.05

K±µ3 0.2167(11) 0.50 0.45 0.06 0.21 0.07

Approx. contrib. to % err from:|Vus| f+(0) 

Average: |Vus| f+(0) = 0.21652(41)      χ2/ndf = 0.98/4 (91%)
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The status of Vus – V. Cirigliano, M. Moulson – Status of First-Row CKM Unitarity – UMass Amherst, 17 May 2019

Prospects for new measurements

45

NA48/2 Can measure BRs and form-factor parameters for K+ 

NA48/2 (2003-2004) recently measured Kℓ3 form factors
NA62-RK (2007) has O(10M) Kℓ3 decays
NA62 has O(few M) Ke3 from minimum bias runs (2015-16)

Relative to NA48/2, NA62 has
•  Better particle identification π/µ
•  Better systematics for t reconstruction:

−  full beam tracking, better σp in spectrometer

NA62

ISTRA+ Fixed target experiment at U-70 (Protvino), like ISTRA+
• New beamline with RF-separated K+ beam

Can measure BRs and form-factor parameters
• Need more analysis of systematics for Ke3 form factors

Runs from 2010-2013: ~17M K+
e3 events

•  Additional runs in 2016-2018; more planned in future 

OKA
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Prospects for new measurements

46

LHCb

Can measure all observables: BRs, τs, FFs: K±, KL, KS 

5.5 fb−1 of data from KLOE-2 running (2015-2018)
•  +2 fb−1 of original KLOE data not yet analyzed for Vus 

Measurements that can be improved with KLOE-2 statistics:
•  KS BRs (KS � πeν, but also KS � πµν)

See e.g. KLOE-2 measurement of AS  1806.08654
70k KS � πeν decays

•  K±, KL form factors (particularly Kℓ3), KL mean life?

KLOE

Proven capability to measure KS decays to muons
•  1013 KS/fb−1 produced
•  EPJC 77 (2017): BR(KS � µµ) < 1.0 × 10−9 95%CL

Limited by hardware trigger efficiency (εtrig ~ 1%)
Can LHCb measure BR(KS � πµν) to < 1% in Run III?
• Would require dedicated software HLT line 

KS � πµν never yet measured – a new channel for Vus
•  τS known to 0.04% (vs 0.41% for τL, 0.12% for τ±)

KLOE-2
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Prospects for new measurements

47

Primary focus is BR(Ke2/Kµ2) to 0.25%
+  Invisible heavy neutrino searches
+ T violation in Kµ3 (as E06)

Upgraded KEK-246 setup, moved to J-PARC
•  Stopped K+ in active target
•  Toroidal spectrometer surrounding target
•  e/µ particle ID by time of flight, Cerenkov counters, 

lead-glass calorimetry
KEK-246 measured BR(Kµ3/Ke3) and Ke3 FF, so TREK 
could potentially use calibration data to measure at 
least some BRs and FFs of interest for Vus 

KEK-246

TREK E36


