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My career started from IPMU as a Hitoshi’s student
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• I was one of the first IPMU graduate students through UTokyo (2009→2014). 

• IPMU started in 2007. First anniversary in 2008 (Hitoshi convinced me to join).  

• IPMU building, 2009. [LHC started.] 

• Hitoshi’s the first best seller book, 2010. 

• Became “Kavli” IPMU, 2012. [Higgs discovery]



3Admin staff, students, postdocs, in my apartment 

My career started from IPMU as a Hitoshi’s student

chin-up stand

• I was one of the first IPMU graduate students through UTokyo (2009→2014). 

• IPMU started in 2007. First anniversary in 2008 (Hitoshi convinced me to join).  

• IPMU building, 2009. [LHC started.] 

• Hitoshi’s the first best seller book, 2010. 

• Became “Kavli” IPMU, 2012. [Higgs discovery]



Hitoshi’s family from Berkeley (’95-) to IPMU (’09-)
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Andre de Gouvea  

..R. Harnik,.. M.Buckley   

Sourav Mandal 

William Klemm  

Vikram Rentala 

Xiaochuan Lu 

Brian Henning 

• Hitoshi’s mentorship at IPMU did not start from scratch. 

Lawrence&Hitoshi Fest at Berkeley, 2024



Hitoshi’s family from Berkeley (’95-) to IPMU (’09-)
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Andre de Gouvea  

..R. Harnik,.. M.Buckley   

Sourav Mandal 

William Klemm  

Vikram Rentala 

Xiaochuan Lu 

Brian Henning 

… also many postdocs.

• Hitoshi’s mentorship at IPMU did not start from scratch. 

Lawrence&Hitoshi Fest at Berkeley, 2024

Recent Hitoshi’s group



Working with Hitoshi as a graduate student
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Still I wish I had more time… 

But he knows everything & my 2month ~his 30min

• He knows everything, especially for graduate students

• Time was VERY limited!!  
I have to squeeze discussion time between appointments [thanks to Y. Enomoto]

I realize the fact: Hitoshi actually spent a lot of time for students!!

Me Hitoshi

Position Associate Prof. Prof & Founding Director

Family 2 kids 3 kids

Students 2 2(4)+2

Resut Overwhelming!! somehow working..

[twin Hitoshis?]



Working with Hitoshi: Listen to experiments
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Hitoshi launched a reading group 
to prepare for the LHC data

Positron discovery  
by Anderson



Working with Hitoshi: Listen to experiments
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HM:interesting, I didn’t know that!  
[IPMU seminar room C]



Working with Hitoshi: Listen to experiments
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Prepare for the difficult NP signal at LHC such as compressed spectrum 
Build a compelling model with SUSY. Try to explain Higgs mass=125GeV. 
Experimental challenge, measurements→ Pheno work, model, calculation



Exploring Data  
for Heavy QCD Axion



LHC challenge: low mass resonance below 100GeV
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Figure 8: Parameter space of the ALP for 21 = 22 = 23 = 10 (Eq. (2)). The observed and expected lower bounds on the
ALP decay constant derived from this analysis are shown in black solid and dashed lines respectively. BABAR bounds on
⌫ !  0 derived in Ref. [72] are shown in purple; in green the LHC bounds on boosted dÚet resonances [73] and in
blue the LHC searches for diphoton resonances taken from Ref. [67]. The red bounds are derived from Tevatron [74]
and LHC [57, 75, 76] diphoton cross-section measurements, following the method described in Ref. [67]. Weaker
constraints covering lower invariant masses are obtained from LHCb diphoton measurements [77] and from LEP
searches for / ! W0( 9 9) [78], in cyan and yellow respectively. On the right, the H-axis shows the ALP–photon
coupling 60WW ⌘ Uem⇢/c 50 (⇢ = 22 + 5

321), a standard QCD axion notation.

The recasting is done by comparing the theoretical signal yield obtained from the ALP model of Eq. (2), after
applying the particle-level selection described in Section 4, with the bounds on the fiducial cross-section in
Figure 7. The signal cross-section times branching ratio can be written as 1/ 5 2

0 times a weakly varying
function of the ALP mass. The upper limit on the cross-section then results in a lower limit on 50, which is
shown in Figure 8 for a specific choice of the 28 coe�cients.

Figure 8 shows how the expected sensitivity of the search presented here covers a large portion of the
unexplored ALP parameter space where the heavy colour states generating the ALP coupling to gauge
bosons are in the multi-TeV range and therefore unaccessible at the LHC. Any production mechanism other
than gluon–gluon fusion su�ers from a smaller production cross-section, and the decoupling of the heavy
states inducing the ALP coupling to SM states would require further study.

Constraints from ⌥ ! W0( 9 9) [79], constraints from / boson width measurements [80], and ALP
production in light-by-light scattering in heavy-ion collisions [81, 82] are too weak to appear in the plot.
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• Typical dijet search at LHC 
>O(200) GeV 

• Dijet with monojet trigger 
>50GeV 

• Typical diphoton resonance 
>70GeV (Higgs discovery) 

• LHC diphoton resonance  
can be down to ~10 GeV 

[A. Mariotti, F. Sala, D. Redigolo, KT,  
1710.01743; ATLAS 2211.04172] 

• Challenges in 0.1GeV<mX<10GeV 
⇒B, Kaon, Beam-dump, Cosmology.

αs αEM /α2
s

← 106pb( ∼ pQCD)
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ma ≫ mπ fπ
fa

Heavier than standard mass

to address strong CP

‣Heavy QCD Axion Must: aBB̃, aWW̃, ∂μaf̄γ5γμ fOptional:
cgαs

8π
a
fa

GaμνG̃aμν

ma ∼ mπ fπ
fa

∼ 0.1MeV ( 100GeV
fa )
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→ Strong CP 
can be solved

Why interesting?  
1. Viable with lower fa .  
2. Lower fa. better quality of PQ symmetry  

Models: additional QCD SU(3)’ to raise ma 
Berezhiani et al(‘01); Hook(’04);   

Fukuda, Harigaya, Ibe, Yanagida(‘04).  
Dimopoulos et al(’16); Hook et al(’19); Valenti (’22)… 

Another class: Agrawal and Howe (’17)…

Related to big question: Strong CP& Axion



Low mass edge: kaon and proton beam-dump
• LHC down to 10GeV.  constraints ma<mK-mπ~0.35GeVK+ → π+a
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K+ → π+a(inclusive)
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• Proton beam-dump search ma<0.5GeV  
 due to shorter lifetime. 

lifetime ~10-6secB → Ka
• 0.35-4 GeV, B physics

Phys.Rev.Lett. 127 (2021) 081803 M. 
Bauer, et al. 
[2201.07805] E.Goudzovski, D. 
Redigolo, J. Zupan, KT, et. al.

Proton beam-dump



Heavy Axion from B decays



Production rate of B → Ka
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PRD 104 (2021) 055036 
S. Chakraborty, M. Kraus, V. Loladze, T. Okui, KT
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calculation):

µ
dCqq

dµ
= �6CF

✓
↵s

4⇡

◆2
, (4)

µ
dCbs

dµ
=

✓
3CF

✓
↵s

4⇡

◆2
+ Cqq

◆
↵w

4⇡

X

k

⇠kVkbV
⇤
ks . (5)

FIG. 3. C1, C2 and C3 refers to the first, second and third
contribution in CW respectively, for di↵erent UV scales (see
Eq. (7)).

After running down to µ ⇠ MW using Eqs. (4, 5), we
switch to another EFT in which the top quark and W

boson are integrated out. In the limit of mb,s/MW ! 0,
this new EFT contains only one operator relevant for the
b ! sa phenomenology:

Lbsa = CW
@µa

fa
s̄L�

µ
�5bL + h.c. , (6)

where CW is determined by Cqq(µw) and Cbs(µw) with
µw ⇠ MW and the contributions from integrating out t

and W . We find

CW = Cbs(µw) +
↵w

4⇡
Cqq(µw) g(µw) +

1

2

↵w

4⇡

✓
↵s

4⇡

◆2
f(µw) ,

(7)
where g and f are 1- and 2-loop matching functions given
respectively in Eqs. (B7, B6) in Appendix. In the limit
of mb,s/MW ! 0, CW does not run between MW to mb.
This is because in this particular limit, there is no mix-
ing between aGG̃ and flavor changing axial-vector cou-
pling. In Fig. 3 we show the 1st, 2nd, and 3rd terms
of the right-hand-side of Eq. (7) as well as the net CW ,
all as a function of ⇤UV, assuming the initial condition
A = B = 0 in Eq. (3). We observe that Cbs, i.e., the
b-s-a operator dominates the overall CW and interferes
destructively with Cgg, i.e., a-g-g operator. The dom-
inance of Cbs can be explained by the operator mixing
under the RGE evolution; Cbs acquires leading logarith-
mic contributions ⇠ ln(⇤2

UV/M
2
W ) and ⇠ ln2(⇤2

UV/M
2
W )

FIG. 4. We portray the constraints from di↵erent B-decay
measurements in the ma-fa plane. Three curves are drawn for
each constraint corresponding to di↵erent initial conditions
(see Eq.(3)), i.e., the strongest (A = +3, B = �3), weakest
(A = �3, B = +3) and central constraints (A = B = 0). We
choose the UV scale ⇤UV to be 1 and 10 TeV for the top and
the bottom plot, respectively. The grey shaded regions com-
prise bounds from [15, 42, 46, 55–57]. For B ! Ka, we use
[66] for inclusive analsysis and [67–69] for exclusive channels
a ! 3⇡, ⌘⇡⇡,KK⇡,��. For the projection at Belle II, 5⇥1010

B̄B pair is assumed. The right vertical axis is labelled using
the notation of Ref. [42] for comparison.

due to the mixing with a-g-g and a-q-q operators. Since
ln(TeV2

/M
2
W ) ⇡ 5 is a relatively large number, Cbs dic-

tates over others.

The final step is to evaluate the meson level decay B !

aK
(⇤) [62, 70]. We find

�B!Ka =
��CW

��2 m
3
B

64⇡f2
a

✓
1�

m
2
K

m2
B

◆2
�Ka

⇥
f0(m

2
a)
⇤2

, (8)
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the axion to be less than 2 times this standard devia-
tion. We estimate the experimental width (smearing)
of the axion as �a ⇠ �⌘0ma/m⌘0 where �⌘0 ⇠ 13.4
MeV is experimental width of ⌘

0 fitted from the Fig.1
(f) of [69].

IV. CONCLUSION

In this letter, we performed the first 2-loop calculation
for the axion production from B ! Ka process starting
from the minimal interaction of the QCD axion, aGG̃

(Eq.1). Assuming the UV scale to be at 1 TeV, the
constraints on the ma-fa parameter space (see Fig. 4)
turns out to be ⇠ 10 times stronger than the previous
estimate [42]. Increasing the UV scale only increases
this di↵erence. The reason for this enhancement is two
fold. Firstly, in [42] the 2-loop amplitude was approx-
imated from a 1-loop matching using an RGE induced
att coupling, which does not reproduce the complete
logarithmic behaviour. Our improved description pro-
vides roughly a factor of five enhancement in the bound.
Secondly, we perform a detailed bin by bin analysis in-
stead of assuming an overall branching fraction. This
makes our bound even more robust by roughly a factor
of two. Therefore, the bounds on the decay constant is
order of 100 GeV using Belle and BaBar measurements
for ⇤UV = 1 TeV. For the future, although there are
many intensive studies for the heavy QCD axion based
on the (near) future data at kaon factories [46], GlueX
[55], LHC with track-trigger [35, 74], DUNE near detec-
tor [75], or beam-dump type facilities (summarized in
Fig.41 of [76]), the B ! Ka process is particularly im-
portant for GeV mass range of the axion. This is because
the GeV axion is not produced at light meson precision
experiments and also because the lifetime is shorter due
to the hadronic decay channels making the beam-dump
experiments less e↵ective. Belle II will be able to cover
the unique parameter space using B ! Ka(! ⌘⇡⇡) as
shown in Fig. 4, and we expect the other channels and
future data of LHCb will further improve the sensitivi-
ties. Also, B ! Ka(! ��) will be another attractive
channel particularly for ma < 3m⇡ ' 450 MeV, which is
not yet studied in B-factories.
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Appendix A: Renormalization Scheme

We start from the EFT Lagrangian:

L = LSM + La +
X

i

CiOi + . . . , (A1)

where La denotes the axion kinetic and potential terms
and the ellipses represent e↵ective operators irrelevant
for the b ! sa phenomenology of our interest, while i 2

{gg, qq, bs} and

Ogg =
1

8⇡

a

fa
G

a
µ⌫G̃

aµ⌫
,

Oqq =
X

q

@µa

fa
q̄�

µ
�5q ,

Obs =
@µa

fa
s̄L�

µ
�5bL + h.c. .

(A2)

However, we will soon be redefining Oqq and Obs below in
order to take into account the subtleties of dealing with
�5 in dimensional regularization (DR).
To simplify our calculations, we will neglect terms of

order m
2
b,s,a/M

2
W or higher. This in particular means

that we evaluate the diagrams in Fig. 1 at vanishing
external momenta. The Feynman gauge has been used
throughout our calculations and thus the inclusion of an
unphysical Nambu-Goldstone mode accompanying every
W boson is implied in the following discussions. We have
implemented tensor reduction in FORM [77] and used
KIRA [78] to obtain integration-by-parts relations.
We will regulate UV divergences using DR, while we

cut o↵ IR divergences explicitly by introducing fictitious
quark masses. Note that all diagrams in Fig. 1 as well as
all coe�cients in Eq. (7) are O(↵2

s↵w). At this order, the
dependence on the fictitious masses actually cancels out
as the IR theory (6) has no IR divergences even in the
mb,s ! 0 limit at the same order. We have checked this
cancellation explicitly as a validation of our calculations.
The absence of anomalous chiral fermion loops in the

diagrams of Fig. 1 allows us to adopt the following simple
prescription for �5 and ✏

µ⌫⇢�. We first redefine Oqq and
Obs as

Oqq =
i

6

@µa

fa
✏
µ⌫⇢�

X

q

q̄�⌫�⇢��q ,

Obs =
i

6

@µa

fa
✏
µ⌫⇢�

s̄L�⌫�⇢��bL + h.c. ,

(A3)

which is equivalent to their original forms in d = 4 but
we use these new forms in d = 4 � 2✏ because what we
directly obtain from diagrams in Fig. 1 is actually the
product of three � matrices multiplied by the ✏ tensor
from the a-g-g vertex. Therefore, all we need is the total
antisymmetric property of the ✏ tensor, which we assume
as part of the definition of our scheme, and the property
{�5, �

µ
} = 0, which is valid as we have no anomalous

chiral fermion loops. We do not use any explicit form of

BR[B→Ka]~10-5 (fa/100GeV)-2

• Robust production is from gluon coupling: leading is at 2-loop! 
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FIG. S1: ALP decay (left) widths and (right) branching fractions to all final states considered. For ma . 1.84GeV, we take
the total width to be the sum of the exclusive decay widths, whereas for ma & 1.84GeV we take the total width to be �a!gg.

A. a ! ��

Even though the ALP does not couple directly to the electromagnetic field when c� = 0, as shown in Eq. (S16)
the chiral transformation generates a coupling at low masses. In addition, ALP–pseudocalar mixing—followed by
P ! ��—will also contribute. Finally, at high masses and at the two-loop order, pQCD contributions from quarks
become important. The total decay rate for a ! �� is given by

�a!�� =
↵2
EMm3

a

(4⇡)3f2
a

��C�
� + C

VMD
� + C

pQCD,uds
� + C

pQCD,cbt
�

��2 . (S25)

The contribution from the chiral transformation is

C
�
� = NchQQi⇥(m⌘0 �ma) ⇡ ⇥(m⌘0 �ma). (S26)

We turn this contribution o↵ above the ⌘0 mass, since the chiral rotation is no longer valid (see discussion in the main
text on the U(3) representation). We calculate the VMD-based contribution as a ! V V (0)

! ��, where the vector
mesons mix with the photons, which predicts the pseudoscalar P ! �� rates to O(10%) accuracy. This contribution
is given by

C
VMD
� = �F(ma)⇥(2.1GeV�ma)


3ha⇢⇢i+

1

3
ha!!i+

2

3
ha��i+ 2ha⇢!i

�

= �F(ma)⇥(2.1GeV�ma)
2↵̃s(ma)

3
p
6

(4Cu + Cd + Cs) , (S27)

where the phenomenological suppression of the VMD amplitude at higher masses—obtained in the Letter using
e+e� data—is contained in the function F(ma). As we will show below, the pQCD-based contribution from light
quarks surpasses the VMD-based one at ma ⇡ 2.1GeV. This is expected since, due to the suppression of the V V P
vertex at higher masses, contributions involving quark loops become dominant in the perturbative regime; therefore,
we transition from the VMD-based light-quark contribution to the pQCD-based one at the point where the pQCD
contribution is larger. The full pQCD-based result has contributions from both light and heavy quarks [26]

C
pQCD,uds
� ⇡

↵2
s(ma)

6⇡2


5 log

⇤2

m2
⇡

+ log
⇤2

m2
K

�
⇥(ma � 2.1GeV), (S28)
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1
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m2
b

+
4

m2
t

log
⇤2

m2
t

#
⇥(ma � 1.6GeV). (S29)

These expressions are simplifications of those in Ref. [26], and even though they are accurate to O(10%) in the mass
range that we use them, our numerical results are obtained using the full expressions.

Figure S2 shows the various contributions to �a!�� compared to those from Ref. [26]. As expected, our result
agrees with that of Ref. [26] for ma . 0.2GeV and for ma & 2.1GeV, but is significantly di↵erent between these two

,a → (π0π+π−, ηπ+π−, KKπ, ϕϕ, γγ, . . . )
• Various decay modes combined with production rate.



New search  with displaced  B → Ka a → 3π

17

• Displaced decay (τ~ns→cτ~cm) is also possible: 2 π± reconstruct vertex.  

• Very low background due to >1cm DV. 

1cm

80cm

-40cm 120cm

a

π+

π−

π0(γγ)

 B → Ka

Phys.Rev.D 105 (2022) L071701 
E. Bertholet, S. Chakraborty, V. Loladze, T. Okui, A. Soffer, KT

• Can be done at LHCb

a(γγ) a(ηπ+π−)

a(displaced 3π)
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Next proton beam dump experiments 
for long-lived axion with lifetime of microsecond. 
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FIG. 1. A schematic illustration of the KOTO layout for Step-1 (Step-2). See text for details.

Promising probes based on the future experiments were
also proposed [3, 33–43]. Hereafter, we collectively refer
to the heavy QCD axion and ALPs as axions, where the
mass and the couplings are independent parameters.

In the following, we discuss the KOTO experimental
setup and data-taking modes in Sec. II. In Sec. III, we
describe the axion production and decay. The quantita-
tive impact of this analysis is shown in Sec. IV, where
we derive the bounds from current data and estimate the
projection for future data-taking. We conclude in Sec. V.

II. KOTO SETUP AND DATA-TAKING

In this work, we exploit several past and future setups
of the KOTO experiment while accounting for the avail-
able information on the experimental conditions. These
setups fall into two independent categories: one regarding
the experiment layout and one regarding the data-taking
mode.

We consider two experimental layouts as follows:

• Step-1: the present 2022 layout, which was also
used in the 2015 data-taking [44].

• Step-2: the proposed setup for the future as de-
scribed in Ref. [45].

A schematic view of the setups is found in Fig. 1. For
both steps we consider two data-taking modes:

• Kaon mode: the standard mode with a KL beam.

• Beam-dump mode: a special run in a beam-dump
mode, which includes a shield that blocks the beam
(beam plug) and different selection cuts.

A. The experimental setups

In both setups, the experiment uses a primary 30GeV
proton beam from the J-PARC Main Ring. The proton
beam impinges on a golden target T1 and generates a
secondary hadronic beam which, besides other particles,
consists of KL. In the present setup, Step-1 [44], the
experiment axis is under 16� angle with respect to the

primary proton beam, and its front-end is located 21m
from the T1 target with a set of collimators, sweeping
magnets in between for forming the neutral KL beam,
and veto detectors for upstream background suppression.
The CsI calorimeter (ECAL), located 27m from the T1
target, has a 2m diameter with 15 cm ⇥ 15 cm central
hole for the beam. The decay volume is 2.9m long and
precedes the ECAL.

The proposed KOTO Step-2 setup [45] with a higher
intensity beam assumes a 5� angle between the detector
and the primary beam. We assume the beginning of the
decay volume to be 45.75m away from the target. The
calorimeter size is increased to a 3m diameter with a
20 cm⇥ 20 cm central hole for the beam and it is located
64m far from the target.

In a special beam-dump mode during the operation
with the Step-1 setup [46], a beam plug was placed to
close the KL beamline, however, the sweeping magnet
was not functional. The dataset of this run is smaller
than in the Kaon mode. We do not know if the back-
grounds stated in [46] could be further reduced at the
analysis level, but without a functioning sweeping mag-
net, a 0-background setting with the acquired data seems
unlikely to us. With a functional sweeping system or a
dedicated run with optimized magnet sweeping, one may
be optimistic that a small background can be achieved.

The above-described experimental layouts and modes
are implemented in the Alpinist framework [47] to-
gether with specific selection conditions, such that sim-
plified simulations of axions production and decays can
be performed for the interpretation of KOTO sensitiv-
ity for axion detection. The updated code and datasets
are publicly available at https://github.com/jjerhot/
ALPINIST. Details of the datasets and selection condi-
tions are given in the following Sec. II B.

B. KOTO data-taking modes and their

interpretation

While operation in the beam-dump mode can poten-
tially allow a direct search for particles beyond the SM
in a background-clean environment, the majority of the
data is collected in the Kaon mode, with the main aim
to measure the extremely rare KL ! ⇡0⌫⌫̄ decay.

High intensity GeV+ proton source is at limited labs: CERN, Fermilab, J-PARC, Oak Ridge?

• Proton beam on fixed target + distant detector 

J-PARC 
Fermilab 
CERN

KOTO, T2K Near-Detector
DUNE Near-Detector
FASER, MATHUSLA, SHiP

• Last proton beam dump experiment was in ‘90s. CHARM/NuCal 

Proton 
beam Detector
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Main target at KOTO is inside the solid 
Long-lived axion signal is colored (pT>mK)

Projection at KOTO Step-2
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FIG. 4. Axion signal event distributions Nsig as could be found in the ⇡⌫⌫̄ analysis at KOTO Step 2 for specific axion models.
For the analytic understanding of the distributions, we show the lines corresponding to Eq. (11) with ⇢a = 0.175, 1.35 m and a
specific Ea as dashed magenta lines.

In Fig. 6, we show the current and projected results for
several fixed masses for variable cGG vs cBB couplings,
which is expected to be similar to the case of cGG vs
cWW , up to the FCNC production.

We compare our KOTO bounds and projections to the
existing bounds from different experiments. We consider
electron beam dumps E137 [35] and E141 [56], where we
use the Alpinist framework for the interpretation of the
data provided in Ref. [57], implementation that has been
already done for Ref. [58], and we perform a dedicated
analysis to derive the proton beam dump bounds based
on CHARM [33] and NuCal [36], as done in Ref. [47]
(bounds in gray shade).

The axion can be produced by flavor-changing me-
son decays, especially in the presence of cWW and cGG

(the corresponding bounds are shown in the blue shade).
We adopt the results of K+

! ⇡+a from Ref. [43] and
apply the bounds of E949 [34, 59] and NA62 [3, 60].
The scheme of the recast is found in Ref. [61]. For
B ! Ka(! ��), the BABAR bound can be used [42, 62].
The two-loop production calculation with cGG is found
in Ref.[41]. The contribution from cWW at one loop is
calculated in [54], but it is numerically subdominant for
the benchmark (iii), so for simplicity, we approximate
B ! Ka by the cGG contribution. The total width K+

would be modified significantly for low fa/cGG, which
leads to a relevant bound at ma ⇠ m⇡0 . Requiring
BR(K+

! ⇡+a) < 3 ⇥ 10�3, based on Sec. 2.2.2 of
Ref. [6] results in the bound fa/cGG . 5 GeV. The
cBB-only scenario is not significantly constrained by the
meson decays, since the production originates from elec-
troweak two-loop diagrams. Therefore, in Fig. 6, the me-
son decay bounds are omitted because the corresponding
bounds in the limit of the benchmark (ii) are unknown.
Finally, the shown SN1987A bounds are those derived
in Ref. [51] but are plotted with a dashed line as their
robustness is under debate [55].

We find that at Step 1, KOTO cannot probe new re-
gions in the parameter space, and it is sensitive only in
regions already covered by other proton beam dump ex-
periments for all coupling scenarios. The non-observation
of additional signal on top of the expected backgrounds
in the past KOTO KL ! ⇡0⌫̄⌫ analyses only confirms
the results of these past experiments. While for sce-
narios with photon coupling domination in the future,
KOTO Step 2 cannot compete with the past electron
beam dump experiments E137 and E141 either, it can
probe new regions of parameter space for larger masses
(ma & m⇡0) for scenarios with gluonic coupling thanks
to enhanced axion production through mixing with other
neutral pseudoscalars.

V. CONCLUSIONS

In this paper, we show that the KOTO experiment,
beyond its conventional purposes, can perform long-lived
particle searches in its two different data-taking modes,
the kaon and the beam dump. In both modes, NP parti-
cles are produced at the proton target interaction point
and can decay in the whole decay volume of the detector
(see Figs. 1 and 3). We show that the future KOTO runs
will explore the uncharted parameter space of sub-GeV
axions, which may address the strong CP problem.

First, we show that the kaon mode, where the major-
ity of the KOTO data are taken, is sensitive not only
to KL ! ⇡0⌫⌫̄ and KL ! ⇡0a [61] but also to axions,
which are originating from the interaction in the pro-
ton target and mimic the rare kaon decay signal. The
main difference between the two signals is that the axion
events extend the distribution of p⇡

0

T greater than mKL ,
as shown in Fig. 4. This region is unphysical for the
diphoton events from the kaon decays; thus, we assume

KOTO

Bounds 
J-PARC &KOTO 
Fermilab &DUNE 
CERN&SHiP

[arXiv:2303.01521] 
Y. Afik, B. Dobrich,  
J. Jerhot, Y. Soreq, KT

lifetime ~10-6sec

Next proton beam dump experiments 
for long-lived axion with lifetime of microsecond. 

https://arxiv.org/abs/2303.01521


Pushing the lifetime limit 
with CMB and BBN



Axion to hadron decays: Neff, BBN and 4He
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• Neff using CMB bound covers the large mass range. Lifetime >0.1sec [Planck]

• Big Bang Nucleosynthesis probes long-lived particles decaying to hadrons. 
In particular 4He which is determined by neutron abundance. 

Past relevant works
Gravitino
Dark photon
Higgs portal scalar
Sterile neutrinos

A. Fradette, M. Pospelov, J. Pradler, A. Ritz 1407.0993

A. Fradette, M. Pospelov 1706.01920

A. Boyarsky, M. Ovchynnikov, O. Ruchayskiy, V. Syvolap 2008.00749

M. Kawasaki, K. Kohri, T. Moroi [astro-ph/0408426];  
K. Kohr i[astro-ph/0103411], +Y. Takaesu [1709.01211]

 [2205.11540] D. I. Dunsky, L. J. Hall, K. Harigaya
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Standard neutron decoupling (→4He)
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• Neutron weak interaction decouples  
from the bath at T~0.7MeV (t~1sec). 

• Some neutron decays,  
Neutrons convert to 4He at T~70keV

nn/np ≃ 1/7

Rate is tiny:   
neutron to proton ratio: 

nν,eσv ∼ T5G2
F

nn/np ≃ 1/6

p + e− ↔ n + νe

– 10 –

H

n Y

He/H

p

3

H/H

D/H

Li/H7

Be/H7

3

Fig. 3.— Time and temperature evolution of primordial light-element abundances during the BBN

era. The solid and dotted lines indicate the results for the classical MB distribution (q = 1) and the

non-extensive distribution (q = 1.0755), respectively.
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Fig. 4.— The time-integrated fluxes for primary reactions involved in BBN, as calculated using a

non-extensive velocity distribution with q = 1.0755.

YP =
ρ4He

ρbaryon
≃

2(nn/np)
1 + nn/np

≃ 0.25

16 Matsumoto et al.

Figure 6. Comparison of our YP values with those reported in recent literature. The blue circles with errors show the 1�
confidence regions derived from He emission line analyses (Izotov et al. 2014; Aver et al. 2015; Peimbert et al. 2016; Fernández
et al. 2019; Valerdi et al. 2019; Hsyu et al. 2020; Kurichin et al. 2021) and an analysis of a quasar absorption system (Cooke &
Fumagalli 2018). The gray region shows the constraint from CMB observations with 2� confidence limit (Planck Collaboration
et al. 2020). The red circle represents our result with the 1� limit. The result with the sample from Hsyu et al. (2020) using
our likelihood function given by Equation (9) is denoted with the black circle.

To constrain ⇠e as well as Ne↵ and ⌘, we minimize

�
2(⌘, Ne↵ , ⇠e) =

(YP,obs � YP,mod(⌘, Ne↵ , ⇠e))
2

�
2
YP,obs

+ �
2
YP,mod

+
(DP,obs �DP,mod(⌘, Ne↵ , ⇠e))

2

�
2
DP,obs + �

2
DP,mod

+
(⌘ � 6.132)2

0.0382
,

(15)

allowing ⇠e, Ne↵ , and ⌘ to vary independently of each
other as input parameters of PArthENoPE. In the equa-
tion (15), in order to break the degeneracy between the
parameters, we impose a Gaussian prior of ⌘ ⇥ 1010 =
6.132 ± 0.038, which comes from the marginalized con-
straint on the baryon density by Planck Collaboration
et al. (2020) where Ne↵ and YP are treated as free pa-
rameters. Figure 9 presents 2-dimensional marginalized
constraints on the three parameters of ⇠e, Ne↵ , and ⌘.
The gray contours show the constraint obtained without
the prior of eta, illustrating a degeneracy between the

three parameters. The vertical dotted lines correspond
to the Planck measurement of ⌘. In the left two panels
of Figure 9, the gray and dotted contours intersect in a
region of the parameter spaces. With the full combined
results from the YP, DP, and ⌘ measurements, we break
the parameter degeneracy, and find

Ne↵ = 3.11+0.34
�0.31, (16)

⌘ ⇥ 1010 = 6.08+0.06
�0.06, (17)

⇠e = 0.05+0.03
�0.02. (18)

The derived ⇠e value is higher than 0 at the ⇠ 2� level.
This may be a hint of the lepton asymmetry with an
excess in the number of ⌫e to that of ⌫̄e. To realize the
universe with ⇠e ⇠ 0.05, new physics for lepton number
generation may be required (Kawasaki & Murai 2022).
As shown in the right panel of Figure 9, there is a cor-

relation between ⇠e and Ne↵ . This is because the e↵ects
of Ne↵ and ⇠e on the BBN compensate for each other.

2σ-band: 
~2%

2203.09617

1701.04149



Neutron decoupling with Hadron injection
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• Hadrons from axion decays participates in  with high rate (σ~fπ-2~4mb). p ↔ n

p + π− → n + π0

p + K− → n + X

p, n + p̄(n̄) → X

p(n) + KL → n(p)

n + π+ → p + π0

π±

K±

γ

γ
γ

KL
a

n, p, n̄, p̄

~1mb

~30mb

~40mb
~10mb

Decay pp
p

pp p
n

Hadrons immediately  
slow down in the plasma 
except KL

NP Rate:  
  na→Kσv ∼ (BRe−tBBN/τa)(T3/g*)10mb

 ∼ 10−12GeV(BRe−1s/τa)14 orders larger!

Standard Rate:  
 nν,eσv ∼ T5G2

F ∼ 10−26GeV

• Probe down to 0.02sec



Importance of KL
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• Many hadronic cross sections updated.  
Proper partial wave analysis, Coulomb correction, tedious isospin analysis

• KL was not included or assumed to be thermal.  
Account KL mom. spectrum from axion decay.

11

FIG. 6. Number of meson/anti-baryon and errorbar as a function of axion mass

KL branching ratio is not enough for our purpose. We have energetic KLs interactions. Thus, we combine the KL

momenta spectrum with momentum-dependent cross-section to calculate the e↵ective cross-section averaged by the
spectrum.

We find an abnormal peak of KL spectrum in Pythia for ma . 2.5GeV. For majority of axion mass, no matter using
Pythia or Herwig, KL spectrum has a peak near KL momentum of 600MeV. However, for 2GeV axion mass in Pythia,
the peak is at 700-800MeV. The peak comes from the events that are from a direct 2 body decay of a ! K0K⇤. The
energy of K0 is determined by axion mass completely. For some reasons, Pythia doesn’t generate 3 body decay at
2GeV mass, even when it’s kinetically allowed to decay into KK⇧ at such mass. The abnormality smoothly fades
away as the axion mass increases. At 3GeV mass, the peak is at 600MeV again.
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FIG. 7. KL Spectrum of Axion Decay

• Known (old) kaon data to obtain the relevant 
KL n/p scattering cross sections. Validated!
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FIG. 6. Number of meson/anti-baryon and errorbar as a function of axion mass

KL branching ratio is not enough for our purpose. We have energetic KLs interactions. Thus, we combine the KL

momenta spectrum with momentum-dependent cross-section to calculate the e↵ective cross-section averaged by the
spectrum.

We find an abnormal peak of KL spectrum in Pythia for ma . 2.5GeV. For majority of axion mass, no matter using
Pythia or Herwig, KL spectrum has a peak near KL momentum of 600MeV. However, for 2GeV axion mass in Pythia,
the peak is at 700-800MeV. The peak comes from the events that are from a direct 2 body decay of a ! K0K⇤. The
energy of K0 is determined by axion mass completely. For some reasons, Pythia doesn’t generate 3 body decay at
2GeV mass, even when it’s kinetically allowed to decay into KK⇧ at such mass. The abnormality smoothly fades
away as the axion mass increases. At 3GeV mass, the peak is at 600MeV again.
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FIG. 7. KL Spectrum of Axion Decay

TH Jung, T. Okui, KT, J. Wang (in pareparation)



Preliminary Results
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TH Jung, T. Okui, KT, J. Wang (in pareparation)

• First study for axion hadronic decays.  

• Dominant effect is from KL 
due to long lifetime, and boost factor. 

KL

K+/-

Pion

Baryon

Total



• Better than Neff bound,  
comparable to CMB-S4 projection. 

✴the updates can be implemented to 
other particles  
(sterile ν, dark γ, Higgs portal)

Preliminary Results
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TH Jung, T. Okui, KT, J. Wang (in pareparation)

• First study for axion hadronic decays.  

• Dominant effect is from KL 
due to long lifetime, and boost factor. 



Preliminary Results
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TH Jung, T. Okui, KT, J. Wang (in pareparation)

• First study for axion hadronic decays.  

• Dominant effect is from KL 
due to long lifetime, and boost factor. 

Neff > 2.6
Planck

BBN (4He)
• Better than Neff bound,  

comparable to CMB-S4 projection. 

✴the updates can be implemented to 
other particles  
(sterile ν, dark γ, Higgs portal)



Landscape of heavy axion searches
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CMB

BBN (4He)

Kaon

B physics

Proton beam dump 
[KOTO, SHiP]



Hitoshi, Happy 60th Birthday!! 
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Thank you for your hard work for the community 
and for mentoring the younger generation!

• IPMU started in 2007. 

• … 

• Stepped down in 2018. 

• 2022- Leading P5! 

• 2024 Elected DPF Vice chair, to be the DPF chair (2027)

• In 203x, Hitoshi is ?? [Of course something great and unexpected!] 


