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Three motivations 

Muon(g-2) 
3.5 sigma anomaly

Neutron EDM 
Strong CP problem

PQ mechanism→Axion

Current Kaon Factories 

New  
force?

!̄ . 10�10
<latexit sha1_base64="UmxBNU3PgzTpsPyyABK+P78FhpI=">AAACBnicbVDJSgNBEO1xjXEb9ShCYxC8GGZU0GPQi8cIZoHMGHo6laRJz0J3jRCGOXnxV7x4UMSr3+DNv7GzHDTxQcHjvSqq6gWJFBod59taWFxaXlktrBXXNza3tu2d3bqOU8WhxmMZq2bANEgRQQ0FSmgmClgYSGgEg+uR33gApUUc3eEwAT9kvUh0BWdopLZ94AVMZR72AVnuSdBai5C6zn124jp52y45ZWcMOk/cKSmRKapt+8vrxDwNIUIumdYt10nQz5hCwSXkRS/VkDA+YD1oGRqxELSfjd/I6ZFROrQbK1MR0rH6eyJjodbDMDCdIcO+nvVG4n9eK8XupZ+JKEkRIj5Z1E0lxZiOMqEdoYCjHBrCuBLmVsr7TDGOJrmiCcGdfXme1E/L7lnZuT0vVa6mcRTIPjkkx8QlF6RCbkiV1Agnj+SZvJI368l6sd6tj0nrgjWd2SN/YH3+AJ3NmIs=</latexit>
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NA62&KOTO to measure rare Kaon decay

NA62

KOTO

Standard Model

Small Standard Model ÒbackgroundÓ	

Small theoretical uncertainty

7

K + ! ⇡+⌫⌫KL ! ⇡0⌫⌫

!

"

The branching ratio of the CP -violating neutral mode involves the top-quark contri-
bution only and can be written as

Br
!
KL ! ! 0" "̄

"
= #L

#
Im$t

$5
Xt

$ 2

. (4.9)

Again, the hadronic matrix element can be extracted from the Kl3 decays and is now
parametrised by #L [27]. There are no more long-distance contributions, which makes this
decay channel exceptionally clean.

Whereas the CP-conserving contribution to the branching ratio is completely negligible
compared to the direct CP-violating contribution within the Standard Model [34], the
indirect CP-violating contribution is of the order of 1% and should be included at the
current level of accuracy. This can be achieved by multiplying the branching ratio with
the factor [35]

1 "
#
2|%K |

1 + Pc(X)/A2Xt " &
'

, (4.10)

where A = Vcb/$2, and %K describes indirect CP violation in the neutral Kaon system. Tak-
ing this factor into account, and including again the full two-loop electroweak corrections,
we find

Br(KL ! ! 0" "̄ ) = (2.57+0 .38
�0.36 ± 0.04) $ 10�11 . (4.11)

The first error is again related to the uncertainties in the input parameters. Here main
contributions are (Vcb : 49%, '̄ : 43%, mt : 7%, sin2 (W : 1%). The contributions to the
second, theoretical uncertainty are (Xt(QCD) : 56%, Xt(EW) : 22%, #L

⌫ : 21%, )Pc,u : 1%),
respectively. All errors have been added in quadrature.

5 Conclusions

In this paper, we have calculated the complete two-loop electroweak matching corrections
to Xt, the top-quark contribution to the rare decays KL ! ! 0" "̄ , K+ ! ! + " "̄ , and B !
Xd,s" "̄ . This is in particular important for rare kaon decays: future proposals aim at an
experimental accuracy of 3% for the branching ratios, while the leading order electroweak
scheme ambiguity is of similar size. Our calculation reduces the scheme ambiguity in Xt

from ± 2% to ± 0.3%. The resulting theory uncertainty in the branching ratios is rendered
from dominant to negligible.

The absolute corrections are small in a renormalisation scheme where on-shell masses
and MS coupling constants are used for the electroweak sector. In addition, we analyse
the convergence in the MS scheme and the on-shell scheme to estimate the remaining
perturbative uncertainty.

Our analytic results are summarised by an approximate, but very accurate formula.
We also give the leading term in a small sin (W expansion. The full expression can be
obtained upon request from the authors.
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Figure 5: eXt as a function of MH , in two di↵erent renormalisation schemes. The dashed lines
show the LO results, the dashed-dotted lines the LO results including the electroweak corrections
in the large-mt limit. The full two-loop results are represented by the dotted lines. The left panel
shows the results where all parameters are defined in the MS scheme. By contrast, in the right
panel, all parameters apart from ↵ are defined in the on-shell scheme. For comparison, we also
plot in both panels the NLO result, where all masses are defined on-shell and all couplings in the
MS scheme. It is represented by the solid lines.

long distance contributions were calculated in Reference [30] to be

! Pc,u = 0 .04± 0.02. (4.7)

The hadronic matrix element of the low-energy e↵ective Hamiltonian can be extracted
from the well-measuredKl3 decays, including isospin breaking and long-distance QED
radiative corrections [27, 32, 33]. The long-distance contributions are contained in the pa-
rameters" + , including NLO and partially NNLO corrections in chiral perturbation theory.
�EM denotes the long distance QED corrections [27].

Including the two-loop electroweak corrections toXt, we Þnd for the branching ratio of
the charged mode

Br(K+ ! #+ $ø$) = (8 .22+0 .74
�0.65 ± 0.29)⇥ 10�11 , (4.8)

The Þrst error is related to the uncertainties in the input parameters. The main contri-
butions are (Vcb : 49%, ø%: 22%, &s : 9%, mc : 8%, mt : 7%, ø' : 4%, sin2 (W : 1%). The
second error quantiÞes the remaining theoretical uncertainty. In detail, the contributions
are (! Pc,u : 49%,Pc : 21%,Xt(QCD) : 17%, " +

⌫ : 8%, Xt(EW) : 7%), respectively. Here
and below, we determine the QCD error onXt by varying the scaleµc between 80 GeV
and 320 GeV. Correspondingly, our central value ofXt is the average ofXt(µ = 80 GeV)
and Xt(µ = 320 GeV).
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Brod et al., 
1009.0947

3 Simplified Models 6

Figure 1: Illustrations of common correlations in theB(K+ ! ! +" "̄ ) versusB(KL ! ! 0" "̄ )
plane. The expanding red region illustrates the lack of correlation for models with general
LH and RH NP couplings. The green region shows the correlation present in models obeying
CMFV. The blue region shows the correlation induced by the constraint from#K if only LH or
RH couplings are present.

should be kept in mind that usually the removal of the correlation with ! K requires
subtle cancellations between di↵erent contributions to ! K and consequently some
tuning of parameters [29,49].

Unfortunately, on the basis of only these two branching ratios alone, it is not possible
to Þnd out how important the contributions of right-handed currents are, as their e↵ects
are hidden in a single function X e↵ . In this sense the decays governed byb ! s" ø"
transitions, which will also enter our analysis, are complementary, and the correlation
between K ! #" ø" decays andB ! K (K ! )" ø" , as well asBs,d ! µ+µ" , can help in
identifying the presence or absence of right-handed currents.

3 SimpliÞed Models
In studying correlations between various decays it is important to remember that

• Correlations between decays of di↵erent mesons test the ßavour structure of cou-
plings or generally ßavour symmetries.

• Correlations between decays of a given meson test the Dirac structure of couplings.

We will look at the Þrst correlations by comparing those within MFV models based
on a U(3)3 ßavour symmetry with the ones present in models with a minimally broken
U(2)3 ßavour symmetry [50, 51]. In the latter case we will work at leading order in
the breaking of the symmetry, and therefore assume that only the left-handed quark

Buras et al(Ô15)

Grossman-Nir bound

Aim for precision Br~10-11 ! <z NK~1013  >> NB-pair,BelleII~1011! !
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Setup and Status

T1 target (gold)

Vacuum window(SUS)
KL 1st collimator

Magnetic field (2 T) Vacuum region

KL 2nd collimator

Iron
Tungsten alloy

Photon absorber (lead) Tungsten alloy
Iron

x

z

20 cm

10

0

0                                    5                                   10                                  15                                  20                                  25 m

Primary protons 

(30 GeV)

Fig. 2: KOTO collimation scheme in the beam line coordinates [12].

Table 1: Composition and position of materials along the axis of the KL beam line: some

components are part of the K1.1 charged-kaon beam line, which uses the same T1 target

and is at an angle of 7! with respect to the KL beam line. The thickness is listed only for

materials actually crossed by the beam. The regions between the Be vacuum window and the

stainless steel vacuum window, and between the K1.1 front duct and the beam exit window

are in a 2-Pa vacuum. The starting position is in beam line coordinates, whose origin is at

the center of the T1 target. The KOTO detector starts at the front face of the Front Barrel;

detector coordinates are measured with respect to this position.

Name Material
Thickness Starting position

[mm] [mm]

T1 target Au 66 -

Vacuum window Be 8 247

Vacuum window Stainless steel 0.2 3,097

Photon absorber Pb 70 3,730

K1.1 front duct Stainless steel 0.2 4,182

K1.1 tail duct Stainless steel 0.2 5,510

Collimator vacuum window Stainless steel 0.1 6,400

1st collimator Fe and W alloy - 6,500

2nd collimator Fe and W alloy - 15,000

Beam exit vacuum window Polyimide 0.125 20,000

Front Barrel - - 21,507

CsI calorimeter - 27,655

any other detectable particles. The energy and position of the two photons are measured with

a cesium iodide electromagnetic calorimeter (CsI) [13]. Multiple charged-particle and photon

detectors surround the decay volume to form a hermetic veto against any extra particles

except neutrinos. The decay vertex of the K L is reconstructed under the assumption that

the two photons come from a ⇡

0 on the beam axis and that the vertices of the K L and ⇡

0

coincide. Finally the ⇡

0 is required to have a large transverse momentum to balance the

momentum carried by the two neutrinos.

5

30GeV p 
since 2013 (restart ‘15)

*KL decay point is unknown

400GeV p from SPS 
physic run since 2015

75GeV K+

~2GeV KL
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Setup and Status

KOTO NA62
Main Target KL! ! 0("" )vv K+! ! +vv

BG KL! 3!, 2! K+! ! +! 0 , #+v

Signal Photon, invisible Charged particle, invisible

VETO Charged particle (Photon)

# of K now 
in fid. vol.

~10^11 ~10^11

Size& pBeam 30GeV,~30m 400GeV, 250m 

BSM 
opportunity (Visible) Axion, Dark photon Axion, Heavy neutrino,  

Vector portal (dark photon, Z’μ-τ)

In the future, NK~1013



Muon g-2, 
Muonic Force at NA62
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Muon g-2

Dirac’s g-factor

Fermilab g-2 experiment 
already more data than BNL 
>>new result would appear in 2019 
Also J-PARC g-2 experiment 

FSU

Anomalous part

~3.5σ

Precise measurement & Precise calculation 
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Muon g-2 and BSM
Effective operator

�! aµ
e

4mµ
øµL" !" F!" µR + h.c.

<latexit sha1_base64="Xl39dWAnH0pxrrjy6EgOLisjaKA="></latexit>

�Òdimensional analysis for BSM

!
! X f

loop

4"
e

4mµ
øµL #!" F!" µR

<latexit sha1_base64="YBubN9FNVzRp675W9ylZVXkEpL0="></latexit>

X
● ●

↵X f
loop

4⇡
!

↵X

4⇡
min

!

1,
m2

µ

m2

X

"

" 10�9

<latexit sha1_base64="+M/+tD/nGUtv26Ll/5O7YPRnAFc="></latexit>

! X ! ! em
<latexit sha1_base64="OLNFUv9CQL33AqFKq4E8MlA6eW8=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrgqiQq6LLpxWcFeoAnhZDpph84kYWYilJCNr+LGhSJufQx3vo3TNgtt/WHg4z/ncOb8YcqZ0o7zbVVWVtfWN6qbta3tnd09e/+go5JMEtomCU9kLwRFOYtpWzPNaS+VFETIaTcc307r3UcqFUviBz1JqS9gGLOIEdDGCuwjD3g6gqDnKSZKzqkoArvuNJyZ8DK4JdRRqVZgf3mDhGSCxppwUKrvOqn2c5CaEU6LmpcpmgIZw5D2DcYgqPLz2QEFPjXOAEeJNC/WeOb+nshBKDURoekUoEdqsTY1/6v1Mx1d+zmL00zTmMwXRRnHOsHTNPCASUo0nxgAIpn5KyYjkEC0yaxmQnAXT16GznnDvWi495f15k0ZRxUdoxN0hlx0hZroDrVQGxFUoGf0it6sJ+vFerc+5q0Vq5w5RH9kff4ATvSW3Q==</latexit>

mX ! mµ
<latexit sha1_base64="xyKUbFbxRwsU6Fdp29o+N+zW5Ec=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVBIV9Fj04rGC/YA2hM120i7d3YTdjVJif4oXD4p49Zd489+4bXPQ1gcDj/dmmJkXpZxp43nfzsrq2vrGZmmrvL2zu7fvVg5aOskUhSZNeKI6EdHAmYSmYYZDJ1VARMShHY1upn77AZRmibw34xQCQQaSxYwSY6XQrYiw0+OgtWYCi7AnstCtejVvBrxM/IJUUYFG6H71+gnNBEhDOdG663upCXKiDKMcJuVepiEldEQG0LVUEgE6yGenT/CJVfo4TpQtafBM/T2RE6H1WES2UxAz1IveVPzP62YmvgpyJtPMgKTzRXHGsUnwNAfcZwqo4WNLCFXM3orpkChCjU2rbEPwF19eJq2zmn9e8+8uqvXrIo4SOkLH6BT56BLV0S1qoCai6BE9o1f05jw5L8678zFvXXGKmUP0B87nD0hLlAI=</latexit>

mX ⇠ 100GeV
<latexit sha1_base64="ajMMFCycGpelU41nfUMA5pMAlIo=">AAAB+3icbVBNS8NAEN34WetXrEcvi0XwVBIV9Fj0oMcK9gOaEDbbabt0dxN2N2IJ/StePCji1T/izX/jts1BWx8MPN6bYWZenHKmjed9Oyura+sbm6Wt8vbO7t6+e1Bp6SRTFJo04YnqxEQDZxKahhkOnVQBETGHdjy6mfrtR1CaJfLBjFMIBRlI1meUGCtFbkVEnUAzgX3PC5TAt9CK3KpX82bAy8QvSBUVaETuV9BLaCZAGsqJ1l3fS02YE2UY5TApB5mGlNARGUDXUkkE6DCf3T7BJ1bp4X6ibEmDZ+rviZwIrccitp2CmKFe9Kbif143M/2rMGcyzQxIOl/Uzzg2CZ4GgXtMATV8bAmhitlbMR0SRaixcZVtCP7iy8ukdVbzz2v+/UW1fl3EUUJH6BidIh9dojq6Qw3URBQ9oWf0it6cifPivDsf89YVp5g5RH/gfP4ALCyTOQ==</latexit>

SUSY, etc

↵X ⇠ 10! 8
<latexit sha1_base64="svXXozB/L8+YEN926YFq1UnVqrw=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCG0uigl0W3bisYB/QxHAznbRDZ5IwMxFqKP6KGxeKuPU/3Pk3Th8LbT1w4XDOvdx7T5hyprTjfFuFpeWV1bXiemljc2t7x97da6okk4Q2SMIT2Q5BUc5i2tBMc9pOJQURctoKB9djv/VApWJJfKeHKfUF9GIWMQLaSIF94AFP+xC0PcUEdp37/LQ6CuyyU3EmwIvEnZEymqEe2F9eNyGZoLEmHJTquE6q/RykZoTTUcnLFE2BDKBHO4bGIKjy88n1I3xslC6OEmkq1nii/p7IQSg1FKHpFKD7at4bi/95nUxHVT9ncZppGpPpoijjWCd4HAXuMkmJ5kNDgEhmbsWkDxKINoGVTAju/MuLpHlWcc8r7u1FuXY1i6OIDtEROkEuukQ1dIPqqIEIekTP6BW9WU/Wi/VufUxbC9ZsZh/9gfX5A0HIlHA=</latexit>

Size of anomaly

(gX ! 4 " 10�4)
<latexit sha1_base64="c8Ati+Fx2H5HZR2TRUIZAolTR8M=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEurAkWtBl0Y3LCvYBTQyT6aQdOjMJMxOhhOLGX3HjQhG3foU7/8Zpm4W2HrhwOOde7r0nTBhV2nG+rcLS8srqWnG9tLG5tb1j7+61VJxKTJo4ZrHshEgRRgVpaqoZ6SSSIB4y0g6H1xO//UCkorG406OE+Bz1BY0oRtpIgX1Q6QcdT1EOa56mnCjoOvfZaW18Ethlp+pMAReJm5MyyNEI7C+vF+OUE6ExQ0p1XSfRfoakppiRcclLFUkQHqI+6RoqkNnmZ9MXxvDYKD0YxdKU0HCq/p7IEFdqxEPTyZEeqHlvIv7ndVMdXfoZFUmqicCzRVHKoI7hJA/Yo5JgzUaGICypuRXiAZIIa5NayYTgzr+8SFpnVfe86t7WyvWrPI4iOARHoAJccAHq4AY0QBNg8AiewSt4s56sF+vd+pi1Fqx8Zh/8gfX5A9UglcY=</latexit>

*Two-loop (Barr-Zee) is relevant for! X ! ! em
<latexit sha1_base64="OLNFUv9CQL33AqFKq4E8MlA6eW8=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrgqiQq6LLpxWcFeoAnhZDpph84kYWYilJCNr+LGhSJufQx3vo3TNgtt/WHg4z/ncOb8YcqZ0o7zbVVWVtfWN6qbta3tnd09e/+go5JMEtomCU9kLwRFOYtpWzPNaS+VFETIaTcc307r3UcqFUviBz1JqS9gGLOIEdDGCuwjD3g6gqDnKSZKzqkoArvuNJyZ8DK4JdRRqVZgf3mDhGSCxppwUKrvOqn2c5CaEU6LmpcpmgIZw5D2DcYgqPLz2QEFPjXOAEeJNC/WeOb+nshBKDURoekUoEdqsTY1/6v1Mx1d+zmL00zTmMwXRRnHOsHTNPCASUo0nxgAIpn5KyYjkEC0yaxmQnAXT16GznnDvWi495f15k0ZRxUdoxN0hlx0hZroDrVQGxFUoGf0it6sJ+vFerc+5q0Vq5w5RH9kff4ATvSW3Q==</latexit>
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Light Muonic Force

g-2 sign ✓: Vector, Scalar

● ●
X

✘: Axial-vector, pseudo-Scalar*

gV µ̄! µ V µ µ
<latexit sha1_base64="Id03T9JAsVoEOZqhPcyW4tb4Qj0=">AAACB3icbVBNSwMxEM3Wr1q/qh4FCRbBU9lVQY9FLx4r2G2hW5fZNN2GJtklyQql9ObFv+LFgyJe/Qve/Dem7R609cGEx3szTOZFKWfauO63U1haXlldK66XNja3tnfKu3u+TjJFaIMkPFGtCDTlTNKGYYbTVqooiIjTZjS4nvjNB6o0S+SdGaa0IyCWrMcIGCuF5cM49IMIVCCyIAYhILQM+/eT11ZYrrhVdwq8SLycVFCOelj+CroJyQSVhnDQuu25qemMQBlGOB2XgkzTFMgAYtq2VIKgujOa3jHGx1bp4l6ibEmDp+rviREIrYcisp0CTF/PexPxP6+dmd5lZ8RkmhkqyWxRL+PYJHgSCu4yRYnhQ0uAKGb/ikkfFBBjoyvZELz5kxeJf1r1zqre7XmldpXHUUQH6AidIA9doBq6QXXUQAQ9omf0it6cJ+fFeXc+Zq0FJ5/ZR3/gfP4As8uZMQ==</latexit>

y! �øµµ
<latexit sha1_base64="jlEhPnJl4fJMWfpByhkDXOmvXdY=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrkqigi6LblxWsA9oQphMp+3QmSTMTIQQCv6KGxeKuPU73Pk3TtostPUwczmccy9z54QJZ0o7zrdVWVldW9+obta2tnd29+z9g46KU0lom8Q8lr0QK8pZRNuaaU57iaRYhJx2w8lt4XcfqVQsjh50llBf4FHEhoxgbaTAPsoCLxkzVBQvxNITqTmBXXcazgxombglqUOJVmB/eYOYpIJGmnCsVN91Eu3nWGpGOJ3WvFTRBJMJHtG+oREWVPn5bP0pOjXKAA1jaW6k0Uz9PZFjoVQmQtMpsB6rRa8Q//P6qR5e+zmLklTTiMwfGqYc6RgVWaABk5RonhmCiWRmV0TGWGKiTWI1E4K7+OVl0jlvuBcN9/6y3rwp46jCMZzAGbhwBU24gxa0gUAOz/AKb9aT9WK9Wx/z1opVzhzCH1ifP15tlb8=</latexit>

Gauging Lepton(L) or Baryon(B) number
Simple extension of SM

Anomaly free combination

…B � L, B � 3Lµ, Lµ � L e, L ! � L e, Lµ � L !
<latexit sha1_base64="Qrc2+MBIfZ7FNhtI2oGRVU3NMo8=">AAACNHicbVDLSgMxFM34rPU16tJNsAgubJmxgi5L3Qh2UcE+oDMMmTRtQ5OZMQ+hlH6UGz/EjQguFHHrN5i2I9TWA4Fzz7mXm3vChFGpHOfVWlpeWV1bz2xkN7e2d3btvf26jLXApIZjFotmiCRhNCI1RRUjzUQQxENGGmH/auw3HoiQNI7u1CAhPkfdiHYoRspIgX1TzldOoXevURuW88VK4HH9W0+KfCUgM4JC8wrXMD81AjvnFJwJ4CJxU5IDKaqB/ey1Y6w5iRRmSMqW6yTKHyKhKGZklPW0JAnCfdQlLUMjxIn0h5OjR/DYKG3YiYV5kYITdXZiiLiUAx6aTo5UT857Y/E/r6VV59If0ijRikR4uqijGVQxHCcI21QQrNjAEIQFNX+FuIcEwsrknDUhuPMnL5L6WcEtFtzb81ypnMaRAYfgCJwAF1yAErgGVVADGDyCF/AOPqwn6836tL6mrUtWOnMA/sD6/gGsT6fp</latexit>

V can be mediator of sub-GeV DM 
1901.02010,1812.03829, 
1804.03144, 1801.10448, … 

↵X ⇠ 10! 8
<latexit sha1_base64="svXXozB/L8+YEN926YFq1UnVqrw=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCG0uigl0W3bisYB/QxHAznbRDZ5IwMxFqKP6KGxeKuPU/3Pk3Th8LbT1w4XDOvdx7T5hyprTjfFuFpeWV1bXiemljc2t7x97da6okk4Q2SMIT2Q5BUc5i2tBMc9pOJQURctoKB9djv/VApWJJfKeHKfUF9GIWMQLaSIF94AFP+xC0PcUEdp37/LQ6CuyyU3EmwIvEnZEymqEe2F9eNyGZoLEmHJTquE6q/RykZoTTUcnLFE2BDKBHO4bGIKjy88n1I3xslC6OEmkq1nii/p7IQSg1FKHpFKD7at4bi/95nUxHVT9ncZppGpPpoijjWCd4HAXuMkmJ5kNDgEhmbsWkDxKINoGVTAju/MuLpHlWcc8r7u1FuXY1i6OIDtEROkEuukQ1dIPqqIEIekTP6BW9WU/Wi/VufUxbC9ZsZh/9gfX5A0HIlHA=</latexit>
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Light Muonic Force

Excluded

Excluded

Excluded

Some 
Remain

[M. Bauer, P. Foldenauer, J. Jaeckel (’19)]
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Status of Lμ-Lτ gauge boson

2. Neutrino Trident

1. BaBaR (mV>200MeV)

3. v-e scattering 
[solar v+oscillation]

CCFR,  
NuTeV,  

Charm-II 

2.

[W. Altmannshofer, S. Gori,  
M. Pospelov, I. Yavin (‘14)]

3. 

e+ e! ! µ+ µ! V (! µ+ µ! )
<latexit sha1_base64="Fi0xLjSICBYGkGLrnfE3Y+RgOj4=">AAACD3icbVDLSgMxFM3UVx1fVZdugkWplJYZFXRZdOOygn1AOy2Z9E4bmswMSUYopX/gxl9x40IRt27d+TemD1BbDyQczrmX5Bw/5kxpx/myUkvLK6tr6XV7Y3Nreyezu1dVUSIpVGjEI1n3iQLOQqhopjnUYwlE+Bxqfv967NfuQSoWhXd6EIMnSDdkAaNEG6mdOYZWHlqFpo7spkha+fFVqOKcEfCPcNLOZJ2iMwFeJO6MZNEM5Xbms9mJaCIg1JQTpRquE2tvSKRmlMPIbiYKYkL7pAsNQ0MiQHnDSZ4RPjJKBweRNCfUeKL+3hgSodRA+GZSEN1T895Y/M9rJDq49IYsjBMNIZ0+FCQcm7DjcnCHSaCaDwwhVDLzV0x7RBKqTYW2KcGdj7xIqqdF96zo3p5nS1ezOtLoAB2iHHLRBSqhG1RGFUTRA3pCL+jVerSerTfrfTqasmY7++gPrI9vxOealw==</latexit>

[R. Harnik, J. Kopp, P.A. Machado(’12); 
Y. Kaneta, T. Shimomura (‘17)]

V

V

Future experiments

*also DUNE trident 
[1902.08579,  
1902.06765]
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Status of Lμ-Lτ gauge boson

2. Neutrino Trident

1. BaBaR (mV>200MeV)

3. v-e scattering 
[solar v+oscillation]

CCFR,  
NuTeV,  

Charm-II 

2.

[W. Altmannshofer, S. Gori,  
M. Pospelov, I. Yavin (‘14)]

3. 

e+ e! ! µ+ µ! V (! µ+ µ! )
<latexit sha1_base64="Fi0xLjSICBYGkGLrnfE3Y+RgOj4=">AAACD3icbVDLSgMxFM3UVx1fVZdugkWplJYZFXRZdOOygn1AOy2Z9E4bmswMSUYopX/gxl9x40IRt27d+TemD1BbDyQczrmX5Bw/5kxpx/myUkvLK6tr6XV7Y3Nreyezu1dVUSIpVGjEI1n3iQLOQqhopjnUYwlE+Bxqfv967NfuQSoWhXd6EIMnSDdkAaNEG6mdOYZWHlqFpo7spkha+fFVqOKcEfCPcNLOZJ2iMwFeJO6MZNEM5Xbms9mJaCIg1JQTpRquE2tvSKRmlMPIbiYKYkL7pAsNQ0MiQHnDSZ4RPjJKBweRNCfUeKL+3hgSodRA+GZSEN1T895Y/M9rJDq49IYsjBMNIZ0+FCQcm7DjcnCHSaCaDwwhVDLzV0x7RBKqTYW2KcGdj7xIqqdF96zo3p5nS1ezOtLoAB2iHHLRBSqhG1RGFUTRA3pCL+jVerSerTfrfTqasmY7++gPrI9vxOealw==</latexit>

[R. Harnik, J. Kopp, P.A. Machado(’12); 
Y. Kaneta, T. Shimomura (‘17)]

V

V

Can we probe  
in short timescale 
parallel to Fermilab g-2? 
@NA62 this talk 
@Belle II 1904.13053
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Muonic force at NA62

Order estimate

17

!"

"

!"

!"

"

!"

K +

#µ

V

µ+

K +

#µ

!

µ+

extra V emission 
Br(K+ ! µ+ ! ) = 60%

<latexit sha1_base64="s7lAUl+jRLm7gwT+OPKHV1+RCC4=">AAACB3icbVDLSgMxFM3UV62vUZeCBEuhIpQZFXUjlLoR3FSwD+iMJZOmbWiSGZKMUIbu3Pgrblwo4tZfcOffmLaz0NYDgcM593JzThAxqrTjfFuZhcWl5ZXsam5tfWNzy97eqaswlpjUcMhC2QyQIowKUtNUM9KMJEE8YKQRDK7GfuOBSEVDcaeHEfE56gnapRhpI7Xt/cSTHFbkqHhzf+TpEHo8NkTEh5dnjldo23mn5EwA54mbkjxIUW3bX14nxDEnQmOGlGq5TqT9BElNMSOjnBcrEiE8QD3SMlQgTpSfTHKMYMEoHdgNpXlCw4n6eyNBXKkhD8wkR7qvZr2x+J/XinX3wk+oiGJNBJ4e6sYMmrzjUmCHSoI1GxqCsKTmrxD3kURYm+pypgR3NvI8qR+X3JOSe3uaL1fSOrJgDxyAInDBOSiDa1AFNYDBI3gGr+DNerJerHfrYzqasdKdXfAH1ucPKTyXjw==</latexit>

!
⇣↵V

⇡
" 10�8

⌘

<latexit sha1_base64="z0QPqggAQ69DL2uEoQ5Nk5o05/4=">AAACHXicbVDJSgNBEO2JW4zbqEcvjUGIB8OMBswx6MVjBLNAOoaeTk/SpGehu0YIw/yIF3/FiwdFPHgR/8bOctDEBwWP96qoqufFUmhwnG8rt7K6tr6R3yxsbe/s7tn7B00dJYrxBotkpNoe1VyKkDdAgOTtWHEaeJK3vNH1xG89cKVFFN7BOObdgA5C4QtGwUg9u0JABFxjIrkPJeIrylJCZTykvWaWklhkRIsAu859elbNiBKDIZz27KJTdqbAy8SdkyKao96zP0k/YknAQ2CSat1xnRi6KVUgmORZgSSax5SN6IB3DA2pOambTr/L8IlR+tiPlKkQ8FT9PZHSQOtx4JnOgMJQL3oT8T+vk4Bf7aYijBPgIZst8hOJIcKTqHBfKM5Ajg2hTAlzK2ZDahICE2jBhOAuvrxMmudl96Ls3laKtat5HHl0hI5RCbnoEtXQDaqjBmLoET2jV/RmPVkv1rv1MWvNWfOZQ/QH1tcPpByiOw==</latexit>

Enough to be probed at NA62 with NK~1013

Br( K + ! µ! V ) " O(1) # 10! 8
<latexit sha1_base64="SiZV+RZUnwSe+1fYiaHNVkiBjQA="></latexit>

1mu+multi-invisible 3mu+invisible (mV>2mμ)

V ! µ+µ�
<latexit sha1_base64="2UUB8pGlxZfYVUMFA+JA499+5B8=">AAAB+HicbVDLSgMxFM34rPXRUZdugkUQxDKjgi6LblxWsA/ojCWTZtrQJDPkIdShX+LGhSJu/RR3/o2ZdhbaeiDhcM693HtPlDKqtOd9O0vLK6tr66WN8ubW9k7F3d1rqcRITJo4YYnsREgRRgVpaqoZ6aSSIB4x0o5GN7nffiRS0UTc63FKQo4GgsYUI22lnltpBTqBATcPJ/l32nOrXs2bAi4SvyBVUKDRc7+CfoINJ0JjhpTq+l6qwwxJTTEjk3JgFEkRHqEB6VoqECcqzKaLT+CRVfowTqR9QsOp+rsjQ1ypMY9sJUd6qOa9XPzP6xodX4UZFanRRODZoNgwaG/NU4B9KgnWbGwJwpLaXSEeIomwtlmVbQj+/MmLpHVW889r/t1FtX5dxFECB+AQHAMfXII6uAUN0AQYGPAMXsGb8+S8OO/Ox6x0ySl69sEfOJ8/0RiSiQ==</latexit>

V ! ! ø!
<latexit sha1_base64="JwV1HTpkLpu8CVDv0irmZAE+wDM=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lU0GPRi8cK9gOaUDbbabt0swm7m0IJ/SdePCji1X/izX/jts1Bqw+Wfbw3w8y8KBVcG8/7ckpr6xubW+Xtys7u3v6Be3jU0kmmGDZZIhLViahGwSU2DTcCO6lCGkcC29H4bu63J6g0T+SjmaYYxnQo+YAzaqzUc91WYBISyIwEEVX277lVr+YtQP4SvyBVKNDouZ9BP2FZjNIwQbXu+l5qwpwqw5nAWSXINKaUjekQu5ZKGqMO88XmM3JmlT4ZJMo+achC/dmR01jraRzZypiakV715uJ/Xjczg5sw5zLNDEq2HDTIBLHHzmMgfa6QGTG1hDLF7a6EjaiizNiwKjYEf/Xkv6R1UfMva/7DVbV+W8RRhhM4hXPw4RrqcA8NaAKDCTzBC7w6ufPsvDnvy9KSU/Qcwy84H9/sJpMy</latexit>



15

Invisible decay analysis

[See also M. Ibe, W. Nakano, M. Suzuki (’16)]

! ø⌫ ⌫
<latexit sha1_base64="7ZobXXP2fGn0+WwZFLFi7Vcq/l4=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBhZTECrosunFZwT6gCWUynbRDJ5MwMxFCqL/ixoUibv0Qd/6N0zYLbT0wzOGce7n3niDhTGnH+bZKa+sbm1vl7crO7t7+gX141FFxKgltk5jHshdgRTkTtK2Z5rSXSIqjgNNuMLmd+d1HKhWLxYPOEupHeCRYyAjWRhrYVU/HyAuw9ESKvHOEzD+wa07dmQOtErcgNSjQGthf3jAmaUSFJhwr1XedRPs5lpoRTqcVL1U0wWSCR7RvqMARVX4+X36KTo0yRGEszRMazdXfHTmOlMqiwFRGWI/VsjcT//P6qQ6v/ZyJJNVUkMWgMOXIHDxLAg2ZpETzzBBMJDO7IjLGEhNt8qqYENzlk1dJ56LuNuru/WWteVPEUYZjOIEzcOEKmnAHLWgDgQye4RXerCfrxXq3PhalJavoqcIfWJ8/GVOTwg==</latexit>

Use heavy neutrino search
K+ ! µ+N

<latexit sha1_base64="sf71xRpCioXORVUW975h3K7wv9c=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSIIhbKrgh6LXgRBKtgP6G5LNk3b0CS7JFmlLP0fXjwo4tX/4s1/Y9ruQVsfDDzem2FmXhhzpo3rfjtLyyura+u5jfzm1vbObmFvv66jRBFaIxGPVDPEmnImac0ww2kzVhSLkNNGOLye+I1HqjSL5IMZxTQQuC9ZjxFsrNS+bZd8EyFfJO0SuusUim7ZnQItEi8jRchQ7RS+/G5EEkGlIRxr3fLc2AQpVoYRTsd5P9E0xmSI+7RlqcSC6iCdXj1Gx1bpol6kbEmDpurviRQLrUcitJ0Cm4Ge9ybif14rMb3LIGUyTgyVZLaol3BkH51EgLpMUWL4yBJMFLO3IjLAChNjg8rbELz5lxdJ/bTsnZW9+/Ni5SqLIweHcAQn4MEFVOAGqlADAgqe4RXenCfnxXl3PmatS042cwB/4Hz+AN1ekXE=</latexit>
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(pK + ! pµ + )2
<latexit sha1_base64="rH1WqgGsjsN9Fj3aU8IrWVhB4lQ=">AAAB/nicbZDLSgMxFIYz9VbrbVRcuQkWoSKWmSrosuhGcFPBXqCdDpk004YmmSHJCGUo+CpuXCji1udw59uYtrPQ1gMhH/9/Djn5g5hRpR3n28otLa+sruXXCxubW9s79u5eQ0WJxKSOIxbJVoAUYVSQuqaakVYsCeIBI81geDPxm49EKhqJBz2KicdRX9CQYqSN5NsHpdhP77qn4zNzd3hi6KRb8e2iU3amBRfBzaAIsqr59lenF+GEE6ExQ0q1XSfWXoqkppiRcaGTKBIjPER90jYoECfKS6frj+GxUXowjKQ5QsOp+nsiRVypEQ9MJ0d6oOa9ifif1050eOWlVMSJJgLPHgoTBnUEJ1nAHpUEazYygLCkZleIB0girE1iBROCO//lRWhUyu552b2/KFavszjy4BAcgRJwwSWogltQA3WAQQqewSt4s56sF+vd+pi15qxsZh/8KevzB8ajlLc=</latexit>

BG: missed photon  
halo muon

2015  
data 
[NA62]

• Binned likelihood analysis 
A=0.3,  BG reduced by 2, NK=1013

(K+ GTK timing measurement in 2017 data)

Data(BG)  
vs our Signal

[G. Krnjaic, G. Marques-Tavares, D. Redigolo, KT (Ô19)]
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Visible decay analysis

! µ+µ!
<latexit sha1_base64="s0yPcbGbEah92veKWIL6/8wHuCI=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBEEscyooMuiG5cV7AM6bcmkmTY0mQxJRilD/8ONC0Xc+i/u/Bsz7Sy09cC9HM65l9ycIOZMG9f9dpaWV1bX1gsbxc2t7Z3d0t5+Q8tEEVonkkvVCrCmnEW0bpjhtBUrikXAaTMY3WZ+85EqzWT0YMYx7Qg8iFjICDZW6vpG+iLpnqKsn/VKZbfiToEWiZeTMuSo9Upffl+SRNDIEI61bntubDopVoYRTidFP9E0xmSEB7RtaYQF1Z10evUEHVulj0KpbEUGTdXfGykWWo9FYCcFNkM972Xif147MeF1J2VRnBgakdlDYcKRkSiLAPWZosTwsSWYKGZvRWSIFSbGBlW0IXjzX14kjfOKd1Hx7i/L1Zs8jgIcwhGcgAdXUIU7qEEdCCh4hld4c56cF+fd+ZiNLjn5zgH8gfP5A65xkfg=</latexit>

Two µ+ ambiguity 

BG: off-shell photon, ! +! +! -
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�� �� ! ������
�� �� ! ������
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sub-leading µ+

• Pick µ+ to have mμμ~mV,test   
• Bump hunt A=5%,  NK=1013

[G. Krnjaic, G. Marques-Tavares, D. Redigolo, KT (Ô19)]

MG5 simulation

          mµ+
2 µ! (MeV)

<latexit sha1_base64="vcuC+tGlsNFfkUEl7ij0ui8nHqU=">AAACAnicbVDLSgMxFM3UV62vUVfiJliEilhmqqDLohs3QgX7gM50yKRpDU0yQ5IRylDc+CtuXCji1q9w59+YtrPQ1gOXezjnXpJ7wphRpR3n28otLC4tr+RXC2vrG5tb9vZOQ0WJxKSOIxbJVogUYVSQuqaakVYsCeIhI81wcDX2mw9EKhqJOz2Mic9RX9AexUgbKbD3eJB6PAkqnWPTOicjT3JYuiGNo8AuOmVnAjhP3IwUQYZaYH953QgnnAiNGVKq7Tqx9lMkNcWMjApeokiM8AD1SdtQgThRfjo5YQQPjdKFvUiaEhpO1N8bKeJKDXloJjnS92rWG4v/ee1E9y78lIo40UTg6UO9hEEdwXEesEslwZoNDUFYUvNXiO+RRFib1AomBHf25HnSqJTd03Ll9qxYvcziyIN9cABKwAXnoAquQQ3UAQaP4Bm8gjfryXqx3q2P6WjOynZ2wR9Ynz+ZhZZC</latexit>
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leading µ+

MG5 simulation

          mµ +
1 µ� (MeV)

<latexit sha1_base64="U1i+dTernng/pJREGchuR8+5zIk=">AAACAnicbVDLSgMxFM3UV62vUVfiJliEilhmqqDLohs3QgX7gM50yKRpDU0yQ5IRylDc+CtuXCji1q9w59+YtrPQ1gOXezjnXpJ7wphRpR3n28otLC4tr+RXC2vrG5tb9vZOQ0WJxKSOIxbJVogUYVSQuqaakVYsCeIhI81wcDX2mw9EKhqJOz2Mic9RX9AexUgbKbD3eJB6PAnczrFpnZORJzks3ZDGUWAXnbIzAZwnbkaKIEMtsL+8boQTToTGDCnVdp1Y+ymSmmJGRgUvUSRGeID6pG2oQJwoP52cMIKHRunCXiRNCQ0n6u+NFHGlhjw0kxzpezXrjcX/vHaiexd+SkWcaCLw9KFewqCO4DgP2KWSYM2GhiAsqfkrxPdIIqxNagUTgjt78jxpVMruablye1asXmZx5ME+OAAl4IJzUAXXoAbqAINH8AxewZv1ZL1Y79bHdDRnZTu74A+szx+X8JZB</latexit>
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Projection

• Remove prescaling 1/400 
• Control systematics

*assume only stat. error

NA62 can cover 
remaining parameter space!

Challenges

[G. Krnjaic, G. Marques-Tavares, D. Redigolo, KT (Ô19)]
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Projection for other scenarios

ScalarVector+DM

E137, beam dump [L. Marsicano, M. Battaglieri,  
A. Celentano, R. De Vita, Yi-Ming Zhong (‘18)]

[e.g. 1804.03144, Y. Kahn, G. Krnjaic, N. Tran, A. Whitbeckb]

�� ! V ⇤ ! 2µ, 2⌧, 2⌫
<latexit sha1_base64="OF+vJNzHxZ8OV2xT6CFONnZvM+A=">AAACD3icbVA9T8MwEHXKVylfAUYWiwqEEKqSggRjBQtjkeiH1ITKcZ3Wqu1EtoNURf0HLPwVFgYQYmVl49/gpBmgcNL5nt7d6fxeEDOqtON8WaWFxaXllfJqZW19Y3PL3t5pqyiRmLRwxCLZDZAijArS0lQz0o0lQTxgpBOMr7J+555IRSNxqycx8TkaChpSjLSh+vahh0c0S+jpCLbvjvNa93hyYl6N8iKSvl11ak4e8C9wC1AFRTT79qc3iHDCidCYIaV6rhNrP0VSU8zItOIlisQIj9GQ9AwUiBPlp7meKTwwzACGkTQpNMzZnxsp4kpNeGAmOdIjNd/LyP96vUSHF35KRZxoIvDsUJgwaCRn5sABlQRrNjEAYUnNXyEeIYmwNhZWjAnuvOS/oF2vuac19+as2rgs7CiDPbAPjoALzkEDXIMmaAEMHsATeAGv1qP1bL1Z77PRklXs7IJfYX18A5acmnc=</latexit>

s-channel annihilation if mV>mχ

[G. Krnjaic, G. Marques-Tavares, D. Redigolo, KT (Ô19)]
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Belle II Prospect
[Y. Jho, Y. Kwon, S. C. Park, P. Tseng(Ô19)]
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Figure 10 : Sensitivity limit corresponding to S/
!

S + B = 3 with kinematically optimized

signals at
!

L dt = 1, 10, 50 ab! 1 search in the Belle II experiment with the photon de-

tection ine! ciency 1 " !
�

= 10! 6 for µ! µ+ (" ) backgrounds (red, green, black solid lines).

Other photon detection ine! ciency cases 1 " !
�

= 10! 4, 10! 8 are also shown for compari-

son (magenta, light red dashed lines). Expected sensitivities of future coming beam-dump

experiments such as M3 [22] (orange, purple dashed lines) NA64µ [56] (brown dashed line),

and NA62 [36] (yellow dashed line) are also shown for comparison.
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Figure 2 : The bounds from the previous muon-philic gauge boson searches (purple, ma-
genta, green and yellow), the indirect bound from BBN constraint (orange), and (g � 2)µ

desired parameters (blue).

missing transverse energy (/ET ) and missing-mass-squared (m2

miss

). Since the cross section
of e

+

e

� ! µ

+

µ

�
X is proportional to g

2

X = 4⇡↵X ⇠ 8⇡2�a

X
µ so that we can almost

directly check whether the X boson would be responsible for the anomalous magnetic
moment of muon from the measurement at Belle II experiment. We provide some details
about the expected sensitivity of muon-philic X boson search in theµ�

µ

++INV channel
at the Belle II experiment.
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Figure 3 : The X gauge boson production ine+e� ! µ

+

µ

�
X channel.
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Figure 6 : /E
T

distribution for µ�µ+
� backgrounds and µ�µ+ X signal events. We only

choose events with /E
T

> 1.67 GeV. We show µ�µ+ + unobserved � (|⌘! | < 1.94) back-

ground events with photon detection ine�ciency 1� ✏! = 10�1 for demonstration. The /E
T

cut is shown as vertical dotted line. Each event set contains 1⇥ 105 events.
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Figure 7 : m2
miss distribution for muonically decaying ⌧

�
⌧

+ background (with and without

missing transverse energy cut /E
T

> 1.67 GeV) and µ�µ+ X signal events. All signal events

are obtained after /E
T

cut. We only choose events with m2
miss < 0.4 GeV2/c 4. The missing-

mass-squared cut is shown as vertical dotted line.

where the signal and the background rates S, B are given by

S =

"Z p
s/2

/

E

cut
T

d/E
T

Z (m2
miss )cut

�(m2
miss )cut

dm2
miss [✏(p

µ

±)]2
d2
�

signal
µµX

(s)

d/E
T

dm2
miss

#
·
Z

L dt, (3.17)

B =

2

4
Z p

s/2

/

E

cut
T

d/E
T

Z (m2
miss )cut

�(m2
miss )cut

dm2
miss [✏(p

µ

±)]2
d2
�

background
µµ! ," " ,W ⇤

/Z

⇤(s)

d/E
T

dm2
miss

3

5 ·
Z

L dt, (3.18)

– 13 –

Main BG: non-detection of photon
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Strong CP problem and Axion

Simply low fa~

Phase promoted to axion field, and settled at minimum 

Constraints(e.g. Astro,SN1987) push to very high f a

*Over DM abundance&problem in inflation with fa>1012GeV

Axion window

[Peccei, Quinn][Weinberg; Wilczek; Kim-Shifman-Vainshtein-Zakharov; Dine–Fischler–Srednicki–Zhitnitsky]

!̄ . 10�10
<latexit sha1_base64="UmxBNU3PgzTpsPyyABK+P78FhpI=">AAACBnicbVDJSgNBEO1xjXEb9ShCYxC8GGZU0GPQi8cIZoHMGHo6laRJz0J3jRCGOXnxV7x4UMSr3+DNv7GzHDTxQcHjvSqq6gWJFBod59taWFxaXlktrBXXNza3tu2d3bqOU8WhxmMZq2bANEgRQQ0FSmgmClgYSGgEg+uR33gApUUc3eEwAT9kvUh0BWdopLZ94AVMZR72AVnuSdBai5C6zn124jp52y45ZWcMOk/cKSmRKapt+8vrxDwNIUIumdYt10nQz5hCwSXkRS/VkDA+YD1oGRqxELSfjd/I6ZFROrQbK1MR0rH6eyJjodbDMDCdIcO+nvVG4n9eK8XupZ+JKEkRIj5Z1E0lxZiOMqEdoYCjHBrCuBLmVsr7TDGOJrmiCcGdfXme1E/L7lnZuT0vVa6mcRTIPjkkx8QlF6RCbkiV1Agnj+SZvJI368l6sd6tj0nrgjWd2SN/YH3+AJ3NmIs=</latexit>
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Peccei-Quinn symmetry quality problem

• With !<12  operators, strong CP problem is not solved 
• Standard scenario requires complex UV

Simply low fa~

Even gravity breaking with Δ=12 shifts min. (fa~1012GeV)  
δθ>10-10

PQ quality should be extremely good 
(global symmetry explicitly broken by gravity or cutoff)

[S. M. Barr, D. Seckel ('92); M. Kamionkowski, J. March-Russell ('92)]

[Dine(’92); R. Holman et al(’92); Randall (‘92); E. Chun and A. Lukas(‘92); HC Cheng, D.E.Kaplan(’01),  
Dias, Pleitez, Tonasse (’12),… K. Harigaya, et al (’13); M. Redi, R. Sato(’16), Fukuda, Ibe, Suzuki(‘17)…]

Extended gauge group, discrete symmetry, extra dimension… 

spires-search://a%20redi,%20michele
spires-search://a%20sato,%20ryosuke
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Axion 
window

Standard Axion

Heavy Axion 
• Non-minimal 
• No quality problem 
¥Testable

• Severe quality problem 
→UV model building  

• DM candidate

Astro
fa(GeV)

PQ quality problem motivates Heavy Axion

ma(GeV)

$=6 (%=mpl)

$=6 (%=mGUT)

too much DM

10MeV

Beam
 dum

p
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Axion 
window

Standard Axion

Heavy Axion 
• Non-minimal 
• No quality problem 
¥Testable

• Severe quality problem 
→complex UV models  

• DM candidate

Astro
fa(GeV)

PQ quality problem motivates Heavy Axion

ma(GeV)

$=6 (%=mpl)

$=6 (%=mGUT)

too much DM

10MeV
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Figure 4 : Limits on axions in the (ma, f a) plane for an axion with couplings to gluons and photons
given by equations (2.7) and (4.1). The black solid line is the standard QCD axion, with mass
given by equation (1.3). Parallel to this line from left to right are the lines for a1 and a2 (red)
in the SU(3) ! SU(3) benchmark parameters described in the text, anda2,3 and a1 (blue) for the
SU(3) ! SU(3) ! SU(3) benchmark parameters. The solid segments on these lines indicate where they
could be realized as dark matter from the misalignment mechanism. The shaded regions show current
constraints, and the regions bounded by solid lines are sensitivities of future experiments (see text for
details).

bounds on models of heavy QCD axions including couplings to gluons as well as photons and other
SM particles.

Laboratory experiments: Laboratory experiments such as the haloscope ADMX constrains
the QCD axion in the region where it can be the dark matter. We show regions of parameter space
that can be covered by future experiments. The upgraded cavity experiment ADMX2 [77] will cover a
larger range of QCD axion masses with higher sensitivity. The CASPEr experiments [78Ð80] propose
using NMR techniques to measure time-varying EDMs induced by the axion, which will be sensitive for
low-mass axions. The ABRACADABRA [ 81] experiment can also cover the low mass axion parameter
space for axion-photon couplings. These experiments all rely on the axion being all of dark matter.
The upgraded light-shining-through-wall experiment ALPS II [ 82] will be sensitive to larger couplings
of axion-like particles with the photon.

We have included in Þgure4 some dashed gray lines motivated by theoretical considerations.
The line in the upper right corner signals the invalidity of the e! ective axion theory when ma !
4! f a. The reduced sensitivity to quality of the PQ symmetry through Planck suppressed higher

Ð 12 Ð

[P. Agrawal, K. Howe(‘17)]
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Heavy Axion Model
Mirror QCD (QCD’x Z2)

[V. Rubakov (Õ97);…Fukuda, K. Harigaya, M. Ibe, T. T. Yanagida(’15); 
S. Dimopoulos, A. Hook, J. Huang, G. Marques-Tavares(’16)]

Heavy Axion EFT=ALP EFT

+mass term

the Strong CP problem extra source of mass

Induce KL/K+ decay to axion by π-a mixing or   
KL! π0a      K+! π+a

E. Izaguirre,T. Lin,B. Shuve (‘16)
if a! 2γ, KOTO can search with KL
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Heavy Axion hunt at KOTO

¥decay point unknown (only Ecal, no tracker ) 
¥combinatorics of ""  pairs 

Challenges

Physics target: KL! π0a! 4γ and  ma<mπ

1. assumption for reconstruction

θ1

θ2
KL

! 0

! 0/a

2. Require m4! ! mK L
<latexit sha1_base64="IuVzbDjEy9fxc2Prc0ns+IodLWI=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiRa0GXRjaCLCvYBTQiT6aQdOjOJMxOhhODGX3HjQhG3foU7/8Zpm4W2HrhwOOde7r0nTBhV2nG+rYXFpeWV1dJaeX1jc2vb3tltqTiVmDRxzGLZCZEijArS1FQz0kkkQTxkpB0OL8d++4FIRWNxp0cJ8TnqCxpRjLSRAnufB1nN6yPOUe4pysk9NMp1cJMHdsWpOhPAeeIWpAIKNAL7y+vFOOVEaMyQUl3XSbSfIakpZiQve6kiCcJD1CddQwXiRPnZ5IUcHhmlB6NYmhIaTtTfExniSo14aDo50gM1643F/7xuqqNzP6MiSTUReLooShnUMRznAXtUEqzZyBCEJTW3QjxAEmFtUiubENzZl+dJ66Tqnlbd21qlflHEUQIH4BAcAxecgTq4Ag3QBBg8gmfwCt6sJ+vFerc+pq0LVjGzB/7A+vwBQG+XVA==</latexit>

to find a correct pair

m2
! 1 ! 2

! E1E2(1 " cos✓12) # m2
" 0

<latexit sha1_base64="Q4Yr+lhiuQrqyre0YnXofkzyq2E="></latexit>

[G. Perez, S. Gori, KT (Preliminary)]
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! "!! #!! $!! %!!
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KL generator+ detector simulation

Heavy Axion hunt at KOTO

ma=30MeV

ma=270MeV

BG ! 0! 0

A
.N

.

m�3�4 (MeV)
<latexit sha1_base64="MGICtkLsIdEQxAPFJiu5MiE3tr4=">AAACBnicbVDLSgMxFM3UV62vUZciBItQN2XGFnRZdONGqGAf0BmGTJppQ5PMkGSEMnTlxl9x40IRt36DO//GtJ2Fth643MM595LcEyaMKu0431ZhZXVtfaO4Wdra3tnds/cP2ipOJSYtHLNYdkOkCKOCtDTVjHQTSRAPGemEo+up33kgUtFY3OtxQnyOBoJGFCNtpMA+5kHmDRDnKKjlvT6peJLDW9I+C+yyU3VmgMvEzUkZ5GgG9pfXj3HKidCYIaV6rpNoP0NSU8zIpOSliiQIj9CA9AwViBPlZ7MzJvDUKH0YxdKU0HCm/t7IEFdqzEMzyZEeqkVvKv7n9VIdXfoZFUmqicDzh6KUQR3DaSawTyXBmo0NQVhS81eIh0girE1yJROCu3jyMmmfV91a1b2rlxtXeRxFcAROQAW44AI0wA1oghbA4BE8g1fwZj1ZL9a79TEfLVj5ziH4A+vzBwP3mCs=</latexit>

[G. Perez, S. Gori, KT (Preliminary)]

Expected bound on Br(KL→πa)~10-8
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Benchmark and previous work
E. Izaguirre,T. Lin,B. Shuve (‘16)
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KOTO Projection

KOTO

KTeV(KL)
NA48/2(K+)

E949 
K+

KL

Br(KL! π0a)>10-8

Preliminary Preliminary
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[G. Perez, S. Gori, KT (Preliminary)]
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Summary

• Great potential for BSM physics at NA62 and KOTO 
with large number of NK~1013 

• NA62 can probe muonic force  in a similar 
timescale of new muon g-2 experiment at Fermilab.  

• KOTO can probe the heavy QCD axion  motivated 
by the quality problem. This axion is testable. 

• Similar physics cases can be probed at Belle II  
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…

Thank you!
�E�Ž�ä�ä�î


