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Generic motivation, the feeble-front
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WHY LONG-LIVED PARTICLES?

1 Recently, a comprehensive collec-
tion of the vast array of theoretical
frameworks within which LLPs nat-
urally arise has been assembled as
part of the physics case document
for the proposed MATHUSLA exper-
iment [2]. Because the focus of the
current document is on the experimen-
tal signatures of LLPs and explicitly
not the theories that predict them,
the combination of the MATHUSLA
physics case document (and the large
number of references therein) and the
present document can be considered,
together, a comprehensive view of the
present status of theoretical motivation
and experimental possibilities for the
potential discovery of LLPs produced
at the interaction points of the Large
Hadron Collider.

1
Introduction

Document editors: James Beacham, Brian Shuve

Particles in the Standard Model (SM) have lifetimes spanning an
enormous range of magnitudes, from the Z boson (t ⇠ 2 ⇥ 10�25 s)
through to the proton (t & 1034 years) and electron (stable).
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Figure 1.1: Particle lifetime ct, expressed in meters, as a function
of particle mass, expressed in GeV, for a variety of particles in the
Standard Model [1].

Similarly, models beyond the SM (BSM) typically predict new
particles with a variety of lifetimes. In particular, new weak-scale
particles can easily have long lifetimes for several reasons, includ-
ing approximate symmetries that stabilize the long-lived particle
(LLP), small couplings between the LLP and lighter states, and sup-
pressed phase space available for decays. For particles moving close
to the speed of light, this can lead to macroscopic, detectable dis-
placements between the production and decay points of an unstable
particle for ct & 10 µm. 1

The experimental signatures of LLPs at the LHC are varied and,
by nature, are often very different from signals of SM processes. For
example, LLP signatures can include tracks with unusual ionization
and propagation properties; small, localized deposits of energy in-
side of the calorimeters without associated tracks; stopped particles
that decay out of time with collisions; displaced vertices in the inner
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• LLP = “long lived particle”

• Travels a macroscopic distance before decaying (& 0.01 mm)
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Shuve, Aspen (19)
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WHEN DOES LHC WIN?
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“Heavy” LLPs:
M & 100 GeV
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• Includes strong/electroweak 
production of LLPs (SUSY, etc)

• Generally lots of energy in 
detector

• Challenging to do, but 
relatively robust program exists

Hidden Valley:

• Low-mass LLPs coupled by 
mediator only accessible at LHC

M ⌧ 100 GeV
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Search for Dark Sector at Collider

Mediator 
+ Dark 
sector 
dynamics

Dark sector 
particles decay 
back to SM

The new dark sector particles can decay 
slowly back to SM particles 
Æ Striking collider signature with
delayed/displaced particles
Æ Exciting new paradigm, but 
experimentally very challenging

If…instead of one type of dark matter 
particle, there is a “dark sector” with 
hidden particles & forces like the SM 
The dark sector may be accessed at a high 
energy collider through narrow “portal”, 
creating new dark sector particles

Energy

Inaccessibility
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• Major challenge!
Strassler, Zurek 2006; Han et al., 2008; …

See Laura and Yangyang’s talks!

B

τ+τ−

SM “hidden valley”: LHCb (17) [B(Bs
0 → τ+τ−) < 6.8×10−3 ] 

 π−π+π−

 π−π+π−

Mw

 The standard model (SM) consists of weakly interacting & long-lived particles. 

 Many SM extensions => ultra weakly (feebly) interacting particles (FIPs).
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Figure 1.1: Particle lifetime ct, expressed in meters, as a function
of particle mass, expressed in GeV, for a variety of particles in the
Standard Model [1].
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particles with a variety of lifetimes. In particular, new weak-scale
particles can easily have long lifetimes for several reasons, includ-
ing approximate symmetries that stabilize the long-lived particle
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• Major challenge!
Strassler, Zurek 2006; Han et al., 2008; …

See Laura and Yangyang’s talks!

Strassler, Zurek (06)  

 The standard model (SM) consists of weakly interacting & long-lived particles. 

 Many SM extensions => ultra weakly (feebly) interacting particles (FIPs).

Mw’

New strong sector spectrum

For reviews see e.g.: 1311.0029; 1205.2671; 1608.08632; 1910.11775  
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Theoretical perspective, the feeble-front

 Heavy FIPs are hard to observe, possibly in energy frontier 

 Light FIPs can be copiously produced & probed across frontiers: 

energy, luminosity, precision  

 Are such light particles motivated by basic principles? Absolutely:                               
pseudo-scalars (Goldstones, axion-like=ALP),                                                       

scalars (SUSY, dilatons, Goldstones+CP violation),                                             

fermions (axial sym’),                                                                                          

vectors (gauge sym’) … 
5



Searching for FIPs => Log crisis/opportunity
 FIPs coupling can be very small & mass result of soft sym’ breaking => model 

dependent => could span many orders of mag’ => log crisis/opportunity                 

6

Example: scalar that mixes \w Higgs (relaxion/ALP+CP violation) 30-decade-open parameter space
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Figure 7. Updated parameter space for relaxion. The region between two solid green lines denotes
the parameter space for relaxion when it stops at the first minimum. The region between the black
solid lines represents the parameter space for relaxion when it stops at a generic minima (see the
discussion in Sec. 5.3). The region above the dashed green line represents super-Planckian decay
constant. The brown triangular region represents relaxion DM parameter space as discussed in [8].
The blue, light yellow, light brown, and the light black shaded regions on the top right corner
describe excluded parameter space from various collider collider experiments and astrophysical
considerations. These are discussed in more detail in Section 5.5 and in Fig. 4. The turquoise, light
orange, magenta, pink, and grey dashed shaded region represents constraints on sub- eV relaxion
scenario from various fifth force and clock-comparison experiments which has been discussed in
Section 5.6 and in Fig. 5. The purple shaded region is excluded by recent clock caparison test with
dynamic decoupling [10], while the darker yellow shaded region is excluded by Cesium clock-cavity
comparison test [74].
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Log crisis /opportunity =>                                                 
diverse approach with searches across frontiers
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Present/near future progress

(i)  Dark sector searches @ the Kaon factories

(ii) The  : call for accelerators (+precision) of muon (e) forces(g − 2)μ

8

(iii) nPOD @ LUXE: new Physics searches with Optical Dump at LUXE
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CERN                                                    J-PARC

The era of Kaon factories

Kaon factories: 1019 protons on target & O(1013) K’s => BR of O(10-11) 

K,s
X

,dπ

Ideal for FIPs searches:  (K → πνν̄) ⇔ (K → π X)

The Grossman-Nir (GN) bound (97) [scalar; Leutwyler and M. A. Shifman (90)]:

 KL → π0νν and K+ → π+νν are related via sym., BR (KL → π0νν̄) ≤ 4.3 BR (K+ → π+νν̄) .

With FIPs the relation can be violated by orders of mag.:                                              
makes the searches at KOTO and NA62 independent & interesting

Kitahara, Okui, GP, Soreq & Tobioka (19); Ziegler, Zupan & Zwicky; Liao, Wang, Yao & Zhang; Hostert, Kaneta & Pospelov; Gori, GP & Tobioka (20)



Complementarity of Kaon factories in searching for NP 

10

Searching to 2-photons decay from ALP-gluon coupling: ℒ ⊂
αs

8πFa
a GG̃

Present and future (dashed) bounds 
on the parameter space. Beam-
dumped in gray, present bound; in 
red and purple 4γ & π ++ 2γ 
signatures; light blue & blue we show 
π + + invisibleUpdate by Tobioka; based on discussions \w Gori:

Preliminary: credit to Tobioka

However previous calculation, based on basis-dep.
missed the non-mixed pion-ALP contributions,
Bauer, Neubert, Renner, Schnubel & Thamm (21)

LEP
πβ

Based on Gori, GP & Tobioka (20);



Current status of  (g − 2)μExperimental result(s)
BNL : hep-ex/0602035
Fermilab : 2104.03281aexp

μ = 116592061(41) × 10−11

ΔaR
μ ≡ aexp

μ − aSM,R
μ = 251(59) × 10−11

4.2σ
“Strong” evidence 

for new physics

Δalattice
μ ≡ aexp

μ − aSM,lattice
μ = 109(71) × 10−11 1.6σ

.. bound on 
new physics

{ aNP
µ
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4.2* σ

1.6 σ

* Supported indirectly by the electroweak precision tests used to extract  α(MZ)
e.g.: Crivellin, Hoferichter,  Manzari & Montull; Keshavarzi,  Marciano, & Passera (20) 

For instance:  Aoyama et al  Phys Rep. (20)

Borsanyi et al. (20)

11



 vs. beyond the standard model (BSM) physics(g − 2)μ

 In vanilla models it is induced at one loop (virtual), for instance for a light scalar:

yϕ ≈ or ≲ 4 × 10−4

Scalars and pseudoscalars

a�µ = 3⇥
y2�

16⇡2
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To account for the anomaly

This relation/bound is strong; however, as it comes from one loop, is it robust?  

    Possible to build models that due to symmetry or structural properties the loop vanishes   
12

Balkin, Delaunay, Geller, Kajomovitz, GP, Shpilman & Soreq (21); see also: Arkani-Hamed & Harigaya (21) 



Naturally cancelling the 1-loop  contributions (g − 2)μ,e
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Tree level contributions, say -strahlung are unavoidable =>  may be tested in accelerators:ϕ

ϕ

e, μ e, μ

Balkin, Delaunay, Geller, Kajomovitz, GP, Shpilman & Soreq (21)

Accelerator-implications of custodial symmetry for  (g − 2)μ

impact of  
custodians

Explaining  \w custodians+breaking 

Excluded assuming lattice SM result 

Excluded assuming lattice SM result 
 single pseudoscalar  

Explaining  \w a single scalar 

Projected sensitivities of tree-level searches 

(g − 2)μ

(g − 2)μGalon, Kajamovitz, Shih, Soreq & Tarem (20)
Krnjaic, Marques-Tavares, Redigolo & Tobioka (20)
Kahn, Krnjaic, Tran & Whitbeck (18) 
Chen, Pospelov & Zhong; Chen, Kozaczuk & Zhong (2017/8) 



Naturally cancelling the 1-loop  contributions (g − 2)μ,e
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Tree level contributions, which induce intermediate-range force are unavoidable => tested 

in spectroscopy:

ϕ

e e

e, q /G (n , p) e, q /G (n , p)

Duque-Mesa, Geller, Firstenberg,  Fuchs, Ozeri, GP & Shpilman, in prep. 

King (1963) 
Delaunay, Ozeri, GP & Soreq (16); 
Delaunay,  Fuchs, Frugiuele, Soreq (17) 
Berengut et al. (18) 
Manovitz et al (19) have demonstrated  
that precision below 100 mHz is possible.   

 Counts et al. (MIT), 3sigmas 

Solaro et al. (Aarhus)



nPOD @ LUXE: new physics searches with optical dump at LUXE
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LUXE (Laser Und XFEL Experiment)  proposed experiment to study non-perturbative QED: via  

studying electron-laser and photon-laser collisions See more in poster by: F. Meloni for the LUXE collab. 

LUXE CDR, arXiv: 2102.02032 

Laser

Laser-gun

The strong laser act as a dump for the electron  
                        (LUXE: relevant mean free path is O(1))

For FIPs @ LUXE, let’s consider the electron-laser collision:  

e



Electron strong-laser collision @ LUXE
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LUXE (Laser Und XFEL Experiment)  proposed experiment to study non-perturbative QED: via  

studying electron-laser and photon-laser collisions See more in poster by: F. Meloni for the LUXE collab. 

LUXE CDR, arXiv: 2102.02032 

Nonlinear Breit-Wheeler

Measure positron rate with combined 
pixel tracking detector and EM 
calorimeter.

• " < 1: perturbative regime, rate 
follows power law

• " ≫ 1: non-perturbative regime, 
departure from power law

Contact.
federico.meloni@desy.deGOALS

Nonlinear Compton scattering

Reconstruct Compton edge in electron 
(Scintillator and Cerenkov detector) or 
photon spectrum (Photon spectrometer) 

Compton edge red-shift proportional to the 
laser intensity.

• Can be interpreted as an effective rest 
mass shift

Nonlinear Compton Scattering: Compton Edge
B. King
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2.3 Breit-Wheeler Pair Creation

Breit-Wheeler Process

Breit-Wheeler pair-creation in a background laser pulse corresponds to the decay
of a photon to an electron-positron pair. We first introduce some of the associated
phenomenology of the process, and then give details about the two planned photon
sources – a bremsstrahlung source and an inverse Compton scattering source.

By considering the centre-of-mass energy in the collision of the probe photon with
n laser photons, one can derive the threshold harmonic n⇤ required, such that the pair
can be created. Recalling that the effective mass, m⇤ = m

p
1+x 2, it is clear that a

higher threshold harmonic is required in more intense laser pulses. In the LMA, the
threshold harmonic becomes

n⇤(f) =
2(1+x 2(f))

hg
, (6)

i.e. the threshold is phase-dependent (we recall quantities with subscript g refer to the photon).
The effective mass dependency is a signature of non-perturbativity at small coupling. This only becomes apparent when

x 2 ⇠ 1. When x 2 ⌧ 1, the Breit-Wheeler process proceeds perturbatively, via the “multiphoton” process, where the probability
scales as P µ x 2n⇤ . This is demonstrated by the LMA in Fig. 2.3.

Figure 2.3. Left: The dependency of probability for the Breit-Wheeler process on the intensity parameter x for a probe photon
colliding at 17.2 degrees with otherwise standard laser pulse parameters. The blue dashed lines indicate multiphoton scaling
and the plot markers are the analytical QED plane-wave results for a photon energy of 16.5GeV. Right: the parameter region
LUXE will probe, compared to the asymptotic scaling of the Breit-Wheeler process at large and small x and c parameters.

As x increases past x ⇡ 1 in Fig. 2.3, the “turning of the curve” away from the perturbative multiphoton scaling dependency,
is a signature of the non-perturbative dependency on field strength. The LCFA result is plotted as a comparison but only
starts to become a good approximation when x is large. When x � 1 and cg ⌧ 1 the Breit-Wheeler process demonstrates
tunnelling-like behaviour. In a constant crossed field, the scaling of the rate for cg ⌧ 1 obeys ⇠ cg exp(�8/3cg), and since
cg µ

p
a , is non-perturbative in the charge-field coupling in an analogous way to the Schwinger effect [18]. However, in the

Schwinger effect pair-creation is spontaneous whereas in the Breit-Wheeler case the process is stimulated by a high-energy
photon. The LUXE experiment will probe an area of parameter space that is somewhere between these different asymptotic
scalings, as illustrated in Fig. 2.3.

For the parameters probed by the LUXE experiment, the Breit-Wheeler spectrum is symmetric around v = 0.5 meaning
that the photon’s lightfront momentum is shared equally by the electron and positron. However, as the intensity parameter
is increased, so too does the width of the spectrum, leading to a broader lightfront momentum distribution of electrons and
positrons as shown in Fig. 2.4 (where v = { ·P0/{ ·K0 is the lightfront momentum fraction of the produced electron where P0

(K0) is the emitted electron (incident photon) momentum). The LMA is found to be significantly more accurate than the LCFA,
particularly when x is reduced below x = 1, as expected.
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Figure 7.9. Left: contours (black) of the expected number of ALP events, NP for LUXE phase-0; Right: the projected LUXE
reach for phase-0 and phase-1 in solid and dashed black compared to current bound (grey) from LEP [130, 133, 225],
PRIMEX [143], NA64 [226, 227], Belle-II [228], and beam-dumps experiments [229, 230]. In addition we compare to the
projection of other future runs of experiments as NA62, Belle-II, FASER, PRIMEX and GLUEX [131, 143, 231–233].

will smear out the Compton edge and the widen the x -distribution. It will need to be taken into account in simulation to
be able compare with data. If the goal of 0.1% is achieved, it will have a negligible impact.

• A jitter of 10–20 fs in the timing of the laser from shot to shot w.r.t. the electron beam is expected. This also contributes
to the uncertainty on the relative intensity shot to shot. Since the electron bunches have a length of ⇠ 100 fs this will
change the xnom value by only about 1–2%.

• Energy scale: for the Compton edge measurement it is important to have an energy scale uncertainty below 2.5% to
see the dependence of the edge position on x , see Fig. 2.1. The main effects that impact the energy scale are possible
misalignments of the detector w.r.t. the magnet and miscalibrations of the the magnetic field. Misalignments of the
detector elements in the transverse plane translate into miscalibrations of the energy. For a magnet with a length of 1 m
the relation the relative energy shift is given by

DE/E = 0.0163⇥ dx
1 mm

⇥ B
2 T

⇥ E
1 GeV

(25)

For instance, for a magnetic field of 2 T, a misalignment of 100 µm results in an energy shift of up to 2.7%. Normally, it
should be possible to achieve an alignment better than 50 µm, i.e. an uncertainty on the energy scale of 1.4%. Based on
Eq. (25) can also be used to determine the impact of a miscalibration in the magnetic field. A 1% miscalibration will lead
to a 1% uncertainty in the energy scale.

• Energy resolution for Compton measurements: the energy resolution will determine the width of the Compton edge.
It is driven by the channel size of the detectors but would also be increased if there is a misalignment between the
individual channels. However, for the Cherenkov detector the channel size (1.5 mm) is large compared to the possible
misalignments (0.1 mmm) and thus this is not expected to be a large effect.

• Energy resolution for Breit-Wheeler measurements: in the tracker the positron energy resolution is expected to be 1%
and would be degraded by misalignments. However, with four layers it is possible to perform an in-situ alignment. In
particular with the additional external constraint from the calorimeter it seems plausible that this can be done, but studies
are ongoing to demonstrate this.

• The measurement of the total particle flux for each detector technology will have an uncertainty that depends on the
technology. For instance, for the Cherenkov detector the observed charge needs to be calibrated in a test beam. Similarly,
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Figure 2.9. A schematic design of the LUXE new physics (NP) search setup. Top: primary production, where the NP is
produced at the IP. Bottom: secondary production, where the high rate Compton photons from LUXE collide with a
target/dump of size LS, to produce ALPs/scalars (denoted as f P/f S in the figure). The detector is located at a distance of LD
from the target.

The production rate is expected to be enhanced due to non-perturbative interactions with the laser.

• Secondary production: leverage LUXE as a GeV photon source. The outgoing Compton photons in the e-laser mode
are used as a high intensity photon source and scatter on a nucleus target, N, to produce ALPs or scalars via Primakoff
production, gC N ! aN or gC N ! f N. For example, assuming the LUXE phase-1 parameters of long laser pulse, for an
initial electron, the number of Compton photons with energy above 1GeV is ⇠ 3, while the number of bremsstrahlung
photons is about ⇠ 0.03, where a Tungsten target of 1% radiation length is considered. Therefore, we expect an
enhancement of O(102) in the photon flux, see also Fig. 5.7 for a comparison of the photon energy spectra.

The maximum mass accessible in the primary production is limited by the centre-of-mass energy of O(MeV). In contrast, in
the secondary production, masses of a few hundred MeV can be probed as the centre-of-mass energy is much higher and it is
determined by the invariant mass available in the collision of the Compton photon with the particles inside the beam dump.

We are interested in new particles with a long enough lifetime ⇠> 1 ns, thus, the detector is shielded and located at a sizeable
distance from the production point, in a beam-dump like setup. Figure 2.9 shows a schematic design of the proposed setup.
Below, we focus on secondary production of ALPs and keep the primary production for future work. All results shown for
ALPs also apply to scalars.

The sensitivity to probe the photon-ALP coupling in the secondary production is estimated using the setup shown in Fig. 2.9.
The Compton photons from the primary e-laser collisions collide with a dump of thickness LS, which is located at a finite
distance from the IP. This dump blocks all the Compton photons. However, ALPs can be generated by a Primakoff process,
gC N ! f P N and decay to two photons after a finite distance. A detector is placed at a distance of LD from the target to detect
the decay photons. This setup probes ALPs with masses of order MeV-to-GeV, which is a range that has attracted significant
attention in recent years [129–144].

The expected number of ALP events can be estimated as, e.g. [145, 146]

NP ⇡ NeNpulse
rNX0

ANm0

Z
degC

dNgC

degC

sP

✓
e� LS

LP � e� LD+LS
LP

◆
A , (11)

where egC is the gC energy, the ALP momentum is pP ⇡
q

e2
gC

�m2
P, LP ⌘ ctP pP/mP is the ALP propagation length, and

tP = 1/GfP!gg . sP is the ALP Primakoff production cross section as function of egC (see e.g. [143]) and A is the acceptance
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Search for BSM physics

The high-intensity photon beam can be 
used to search for (pseudo-)scalars or 
milli-charged particles in beam-dump.

Sensitivity competitive with other 
ongoing and planned experiments.
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For FIPs @ LUXE, let’s consider the electron-laser collision:  

Excellent hard  
photon-source

Electron strong-laser collision @ LUXE



Photons strong-laser (effectively no)-collision @ LUXE
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Unlike the electron case, photons free streaming in the strong laser (LUXE: relevant mean free path is O(104))
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Unlike the electron case, photons free streaming in the strong laser (LUXE: relevant mean free path is O(104))

Photons strong-laser (effectively no)-collision @ LUXE
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Unlike the electron case, photons free streaming in the strong laser (LUXE: relevant mean free path is O(104))

Photons strong-laser (effectively no)-collision @ LUXE
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Unlike the electron case, photons free streaming in the strong laser (LUXE: relevant mean free path is O(104))

Photons strong-laser (effectively no)-collision @ LUXE
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Unlike the electron case, photons free streaming in the strong laser (LUXE: relevant mean free path is O(104))

Photons strong-laser (effectively no)-collision @ LUXE
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Unlike the electron case, photons free streaming in the strong laser (LUXE: relevant mean free path is > 104)

Let’s combine both properties to create optical dump to search for FIPs

Photons strong-laser (effectively no)-collision @ LUXE
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FIG. 3: The projected reach of LUXE-nPOD phase-0 (1) is in
solid blue (black) compare to the current bounds (gray region)
on X photon coupling from LEP [35, 38, 82], PrimEx [50],
Belle-II [83], NA64 [84, 85] and beam-dumps [86, 87]. The
dark blue dot-dashed is the projection from on-tape PrimEx
dataset [50]. The dotted lines are future projections of NA62,
Belle-II, FASER, PrimEx and GlueX [36, 47, 50, 88–90].

nologies: time resolution3 of⇠ O(10�100) ps [77–79], en-
ergy resolution of a few percent and finally, position and
angular resolutions of ⇠ O(100) µm and ⇠ O(100) mrad
respectively [77, 79–81].

The X sensitivity projections are shown in Fig. 3 in
the ma–1/⇤ plane. We compare our result to the cur-
rent bounds from LEP [35, 38, 82], PrimEx [50, 91],
NA64 [84, 85], Belle-II [83], and beam-dumps experi-
ments [86, 87]. In addition, the future projections of
NA62, Belle-II, FASER, PrimEx and GlueX [36, 50,
88–90] are presented. We see that already in LUXE
phase-0 can probe unexplored parameter space in the
mass range of 50MeV . ma . 200MeV and 1/⇤ >

7 ⇥ 10�6 GeV�1. Moreover, we see that LUXE phase-
1 is expected to probe 40MeV . ma . 350MeV and
1/⇤ > 2 ⇥ 10�6 GeV�1. The projections from FASER2
and NA62 are compatible with the LUXE phase-1 reach,
while LUXE is expected to conclude within this decade.
[YS: I prefer to avoid any statement about timeline here,
i.e. removing the last part of the sentence]

While leaving this analysis for future work, we note
that the proposed setup can also probe the ALP-gluon
coupling, aGµ⌫

G̃µ⌫ . In this case, the ALP is produce via

3
The ultimate time resolution of the EM calorimeter will deter-

mine the required cosmic muons veto strength and hence the

required arrangement of muon chambers.

Primako↵-like production of photon-vector meson mixing
process with an exchange of a vector meson [50].
An interesting comparison of the LUXE-nPod pro-

posal presented here is with the case of electron beam-
dump. In this setup the electron beam is directly col-
lided with the (same) dump. For electron beam with
Ee = 16.5 GeV the number of photons with E� > 1 GeV
is ⇠ 7 per initial electron. Thus, naively, one can expect
that the X yield will be a factor of ⇠ 2 larger than in
the LUXE setup used as nPOD. However, based on our
Geant 4 simulation, the number of two-photon back-
ground events at the detector is expected to be much
higher. Particularly, we have estimated �� and �n to be
⇠ 20 and ⇠ 4 and times larger than the respective values
for the LUXE nPOD setup. Hence, these estimations
make the X’s search much more challenging in terms of
the requirements on the detector (fn!� and Rsel).

V. OUTLOOK.

[YS: blabla nice words]
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source # photons, E>1 GeV backgrounds

LUXE-0/1 0.12 / 2.5 effectively free

e-beam thin 0.03 effectively free

e-beam thick 6.7 O(100) larger

4

The decay of the X in this MadGraph 5 simulation is
instantaneous. To simulate the distance the X travels
before it decays, a random length parameter is drawn
from the exponential distribution of X propagation. The
decay point is obtained by displacing the X from its pro-
duction point by that random distance according to the
direction dictated by its momentum. The results of the
approximation in Eq. (12) and the MadGraph 5 simu-
lation are found to be in a good agreement.
As a benchmark, we consider a Tungsten (W ) dump

with LS = 1.0m and a radius of at least ⇠ 10 cm. With
this choice, the e↵ective luminosity is written as Le↵ =
NeMBX

9⇢WX0

7AWm0
[71], where ⇢W is the W density, AW is

its mass number and X0 is its radiation length, all taken
from [9], and m0 = 1.661⇥ 10�24 g is the nucleon mass.
We further assume a disk-like detector with a minimal

photon-energy threshold of 0.5GeV for detection. The
detector has a radius R = 1m and it is positioned at
LD = 2.5m after the end of the dump. In the Mad-
Graph 5 simulation, the angular acceptance of the de-
tector is calculated as the fraction of events (from the full
sample generated) where the X decays into two photons
(with energy greater than 0.5GeV) after the end of the
dump and before the detector surface.
For the initial electrons, an energy of Ee = 16.5GeV

and bunch population of Ne = 1.5 ⇥ 109 electrons
per bunch are assumed (a typical XFEL [73] operation
mode). We assume one year of data taking corresponds
to 107 live seconds of the experiment and thus, actual
MBX = 107 laser-pulse and electron-bunch collisions
(bunch-crossings, BX) in one year2. A signal event is
initially identified as having two photons in the detector
with E� > 0.5GeV. Further requirements are discussed
below
The di↵erential photon flux per initial electron,

dN�/dE� , includes Compton photons from the electron-
laser interaction at the IP as well as secondary photons
produced in the EM shower which develops in the dump.
With LS & 0.2m, all of the primary Compton photons
from the IP are stopped in the dump.
The Compton photon flux is determined from full

strong-field QED (SFQED) Monte Carlo simulation [?
][YS: add] starting from the two LUXE benchmark
phases (phase-0 and phase-1). We assume a laser pulse
length of 25 (120) fs for phase-0 (1) with a transverse
spot-size of 6.5 (10)µm respectively. These laser pulse
configurations correspond to an intensity parameter of
⇠ ' 2.4 (3.4) for the two phases respectively. The laser
intensity parameter is ⇠ ⌘ eE/(me!L) where E is laser
electric field and !L is the energy of the laser photon.
The sensitivity of the experiment for X searches can be

2
The collision rate is mostly limited by the laser repetition rate at

about 10Hz. LUXE is expecting to operate at 10Hz, broken into

a collision rate of 1Hz plus a rate of 9Hz without laser pulses to

study the background induced by the electron beam itself in the

other parts of the experiment.
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FIG. 2: The Compton photon spectrum for phase-0 (1) in
blue (black) compared to the bremsstrahlung spectrum with
Ee = 16.5GeV and target length of 0.01X0 in red.

maximized by optimizing the pulse length with respect to
the spot-size (within their reasonable ranges), such that
the number of Compton photons with E� & 1GeV will
be maximal. For a dump at distance of ⇠ 13m from the
IP, about 95% of the Compton photons will fall inside a
radius of 5 cm. Thus, the minimum dump cross section
should be larger than that. The Compton photons pas-
sage through the dump material and the evolution of the
shower in it is simulated with Geant 4 v 10.06.p01 [74–
76]. The resulting (Compton and secondary) photons
spectra are shown in Fig. 2. Since the emitted Compton
photon flux was never measured at the LUXE laser pa-
rameters, we advocate to use the measured flux in order
to normalize Na in-situ, i.e. taking dN�/dE� from data.

A tungsten dump of LS = 1.0m is e↵ectively blocking
all incident primary Compton photons. However, the SM
particles produced in the dump generate backgrounds of
three types:

1. charged particles: mostly electrons, muons, pions,
kaons and protons,

2. fake photons: mostly neutrons misidentified as pho-
tons, and

3. real photons: mostly from EM/hadronic interac-
tions close to the end of the dump, or from mesons
decay in the decay volume after the dump.

The rates of these backgrounds are estimated using a de-
tailed Geant 4 simulation in the same way as discussed
above, using the phase-1 benchmark only. The phase-1
spectrum is harder and therefore the number of photons
per initial electron is larger than phase-0. Nevertheless,

The prelim money plot: record sensitivity to scalar/ALP-photon coupling

Photon spectrum for phase-0(1) in blue(black) vs. 
brem spec. \w Ee = 16.5 GeV & target length of 0.01 rad’-length in red. 



Conclusions

 Feebly interacting particles (FIPs) are generically motivated 

 FIPs bring with them log crisis/opportunity calls for experimental diversity 

 Accelerator provided a unique opportunity to look for well motivated FIPs 

 Interesting complementarity \w tabletop @ precision frontier 

 New approach: nPOD @ LUXE, FIPs searches via optical dump
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Observational & theoretical motivation for BSM & its scale

Dark Matter: 
candidates \w mass from 10-22 eV (light feeble scalars)  
                                                   to 1020 GeV (black holes). 
Neutrino masses and oscillations 
explanation: (feeble) RH neutrinos from 10-2 eV to 1015 GeV. 
Matter-antimatter asymmetry:  
 hard to associate scale, solutions of many orders of mag’. 

Fine tuning:  
Sym’ based solutions => TeV partners;  
                       relaxion => light feeble goldstone (ALPs). 
Strong CP problem: 
axion = goldstone mass ~ 10-5 eV;  
spont’ CP, Nelson-Barr = heavy states.
Fermion masses hierarchy 
light feeble familons=ALPS or vector bosons; 
or heavy states (extra dim’ geography) 
Etc …

Ex
pe

rim
en

ta
l f

ac
ts

Th
eo

re
tic

al
 

Unknown mass-scale; 
Feeble light particles are common 
and motivated. 
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Simplified models: relevant/marginal portals 
PBC: Beacham, et al., CERN-PBC-REPORT-2018-007, 1901.09966 

Allowing CP violation => axion acquires scalar couplings (not included). 

the so called hidden sector. Given the exceptionally low-couplings, a high intensity source
is necessary to produce them at a detectable rate: this can be astrophysical sources, or
powerful lasers, or high-intensity accelerator beams. The search for NP in the low-mass
and very low coupling regime at accelerator beams is what is currently called the intensity
frontier.

Hidden Sector particles and mediators to the SM can be light and long-lived. They
interact very weakly with SM fields that do not carry electromagnetic charge, like the Higgs
and the Z0 bosons, the photon and the neutrinos. They are singlet states under the SM
gauge interactions and the couplings between the SM and hidden-sector particles arise via
mixing of the hidden-sector field with a SM “portal” operator. In the following Section
we will present the generic framework for hidden sector portals along with a set of specific
benchmark cases that will be used in this document to compare the physics reach of a large
fraction of proposals presented within this study.

2.1 Hidden Sector portals

The main framework for the BSM models, the so-called portal framework, is given by the
following generic setup (see e.g. Refs. [21–23]). Let OSM be an operator composed from the
SM fields, and ODS is a corresponding counterpart composed from the dark sector fields.
Then the portal framework combines them into an interaction Lagrangian,

Lportal =
ÿ

OSM ◊ ODS. (2.1)

The sum goes over a variety of possible operators and of di�erent composition and dimension.
The lowest dimensional renormalisable portals in the SM can be classified into the following
types:

Portal Coupling
Dark Photon, Aµ ≠

‘

2 cos ◊W
F Õ

µ‹Bµ‹

Dark Higgs, S (µS + ⁄S2)H†H

Axion, a a

fa
Fµ‹F̃ µ‹ , a

fa
Gi,µ‹G̃µ‹

i
, ˆµa

fa
Â“µ“5Â

Sterile Neutrino, N yN LHN

Here, F Õ
µ‹ is the field strength for the dark photon, which couples to the hypercharge

field, Bµ‹ ; S is a new scalar singlet that couples to the Higgs doublet, H, with dimensionless
and dimensional couplings, ⁄ and µ; a is a pseudoscalar axion that couples to a dimension-4
diphoton, di-fermion or digluon operator; and N is a new neutral fermion that couples to
one of the left-handed doublets of the SM and the Higgs field with a Yukawa coupling yN .

According to the general logic of quantum field theory, the lowest canonical dimension
operators are the most important. All of the portal operators respect all of the SM gauge
symmetries. Even the global symmetries are kept in tact with the only exception being the
(accidental) lepton number conservation if the HNL is Majorana. The kinetic mixing and

– 8 –
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A Custodial Symmetry for Muon g � 2
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Abstract: We discuss the recent results on the muon anomalous magnetic moment in the

context of new physics models with light scalars. We propose a model in which the one-loop

contributions to g� 2 of a scalar and a pseudoscalar naturally cancel in the massless limit

due to the symmetry structure of the model. This model allows to interpolate between two

possible interpretations. In the first interpretation, the results provide a strong evidence of

the existence of new physics, dominated by the positive contribution of a CP-even scalar.

In the second one, supported by the recent lattice result, the data provides a strong upper

bound on new physics, specifically in the case of (negative) pseudoscalar contributions.

We emphasize that tree-level signatures of the new degrees of freedom of the model are

enhanced relative to conventional explanations of the discrepancy. As a result, this model

can be tested in the near future with accelerator-based experiments and possibly also at

the precision frontier.
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Model requires 3 light pseudo scalars & 1 scalar

Scalars and pseudoscalars
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<latexit sha1_base64="Ds5gd7Pc93N2BYgtHqVia2VswsI=">AAACGnicbZDLSsNAFIYnXmu9RV26GSyCG0um1MtGKLpxWcFeoEnDZDpph04uzEyEEPocbnwVNy4UcSdufBsnbRbaemDg4//P4cz5vZgzqSzr21haXlldWy9tlDe3tnd2zb39towSQWiLRDwSXQ9LyllIW4opTruxoDjwOO1445vc7zxQIVkU3qs0pk6AhyHzGcFKS66JsGsHST+zYzaBV/AUQVuxgEpo+wKTLHW10a9NMnQ+A1h2zYpVtaYFFwEVUAFFNV3z0x5EJAloqAjHUvaQFSsnw0IxwumkbCeSxpiM8ZD2NIZYr3ey6WkTeKyVAfQjoV+o4FT9PZHhQMo08HRngNVIznu5+J/XS5R/6WQsjBNFQzJb5CccqgjmOcEBE5QonmrARDD9V0hGWGeidJp5CGj+5EVo16qoXj27q1ca10UcJXAIjsAJQOACNMAtaIIWIOARPINX8GY8GS/Gu/Exa10yipkD8KeMrx8GOZ+a</latexit>

y⇡ . 2.3⇥ 10�4

<latexit sha1_base64="DnzmnejXTy0YAoxc54ZrEJsWclg=">AAACCXicbVC7TsMwFHV4lvIKMLJYVEgsREkpgrGChbFI9CE1IXJct7VqO5HtIEVRVxZ+hYUBhFj5Azb+BrfNAC1HutLROffq3nuihFGlXffbWlpeWV1bL22UN7e2d3btvf2WilOJSRPHLJadCCnCqCBNTTUjnUQSxCNG2tHoeuK3H4hUNBZ3OktIwNFA0D7FSBsptGEW+gn1GVFKUQ6rzhn0NeVEQc+9z09r49CuuI47BVwkXkEqoEAjtL/8XoxTToTGDCnV9dxEBzmSmmJGxmU/VSRBeIQGpGuoQGZZkE8/GcNjo/RgP5amhIZT9fdEjrhSGY9MJ0d6qOa9ifif1011/zLIqUhSTQSeLeqnDOoYTmKBPSoJ1iwzBGFJza0QD5FEWJvwyiYEb/7lRdKqOl7NOb+tVepXRRwlcAiOwAnwwAWogxvQAE2AwSN4Bq/gzXqyXqx362PWumQVMwfgD6zPH3R8mOU=</latexit>

μ

μ

γ �, ⇡

<latexit sha1_base64="lB4ffzYpt2lPXCHltEvLJl0k63Q=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KCWRih6LXjxWsB+QhLLZbtqlm82yuxFK6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzIsmZNq777aytb2xubZd2yrt7+weHlaPjjk4zRWibpDxVvQhrypmgbcMMpz2pKE4iTrvR+G7md5+o0iwVj2YiaZjgoWAxI9hYyQ/kiNWCGgok61eqbt2dA60SryBVKNDqV76CQUqyhApDONba91xpwhwrwwin03KQaSoxGeMh9S0VOKE6zOcnT9G5VQYoTpUtYdBc/T2R40TrSRLZzgSbkV72ZuJ/np+Z+CbMmZCZoYIsFsUZRyZFs//RgClKDJ9Ygoli9lZERlhhYmxKZRuCt/zyKulc1r1G/eqhUW3eFnGU4BTO4AI8uIYm3EML2kAghWd4hTfHOC/Ou/OxaF1zipkT+APn8wc+55CW</latexit>

μ

μ

γ �, ⇡

<latexit sha1_base64="lB4ffzYpt2lPXCHltEvLJl0k63Q=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KCWRih6LXjxWsB+QhLLZbtqlm82yuxFK6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzIsmZNq777aytb2xubZd2yrt7+weHlaPjjk4zRWibpDxVvQhrypmgbcMMpz2pKE4iTrvR+G7md5+o0iwVj2YiaZjgoWAxI9hYyQ/kiNWCGgok61eqbt2dA60SryBVKNDqV76CQUqyhApDONba91xpwhwrwwin03KQaSoxGeMh9S0VOKE6zOcnT9G5VQYoTpUtYdBc/T2R40TrSRLZzgSbkV72ZuJ/np+Z+CbMmZCZoYIsFsUZRyZFs//RgClKDJ9Ygoli9lZERlhhYmxKZRuCt/zyKulc1r1G/eqhUW3eFnGU4BTO4AI8uIYm3EML2kAghWd4hTfHOC/Ou/OxaF1zipkT+APn8wc+55CW</latexit>

+3(

<latexit sha1_base64="FBVAhiMUW2Q1jM5Sve8NPMCuNms=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHhRHYNRo9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9wvltyKuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpcVr1q5alRLtdssjjycwTmUwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AG+RjLQ=</latexit>

(

<latexit sha1_base64="FBVAhiMUW2Q1jM5Sve8NPMCuNms=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHhRHYNRo9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9wvltyKuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpcVr1q5alRLtdssjjycwTmUwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AG+RjLQ=</latexit>

)

<latexit sha1_base64="rgSG2OkDKQcczhFXsB7rTVi9wBI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoOgl7ArET0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvUr5ql4pVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3EVjLU=</latexit>

)

<latexit sha1_base64="rgSG2OkDKQcczhFXsB7rTVi9wBI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoOgl7ArET0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvUr5ql4pVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3EVjLU=</latexit>

12

yϕ

yϕ

+    3                          =   0

Scalars and pseudoscalars

a�µ = 3⇥
y2�

16⇡2

<latexit sha1_base64="TJAWYjR0cWbMXwmIekTcnRTbydM=">AAACG3icbZDLSsNAFIYnXmu9RV26GSyCq5LUetkIRTcuK9gLNGmYTCft0JkkzEyEEPoebnwVNy4UcSW48G2ctFlo64GBj/8/hzPn92NGpbKsb2NpeWV1bb20Ud7c2t7ZNff22zJKBCYtHLFIdH0kCaMhaSmqGOnGgiDuM9Lxxze533kgQtIovFdpTFyOhiENKEZKS55ZQ57Dk37mxCM6gVfwFDqKciKhEwiEs9TLjX5tktnnTpwDLHtmxapa04KLYBdQAUU1PfPTGUQ44SRUmCEpe7YVKzdDQlHMyKTsJJLECI/RkPQ0hkjvd7PpbRN4rJUBDCKhX6jgVP09kSEuZcp93cmRGsl5Lxf/83qJCi7djIZxokiIZ4uChEEVwTwoOKCCYMVSDQgLqv8K8QjpUJSOMw/Bnj95Edq1ql2vnt3VK43rIo4SOARH4ATY4AI0wC1oghbA4BE8g1fwZjwZL8a78TFrXTKKmQPwp4yvH0EKoEk=</latexit>

L � y��µ̄µ

<latexit sha1_base64="SlaPz6cxhvKF22ey9E4iFVUru+0=">AAACFXicbVDLSsNAFJ34rPUVdelmsAgupCRS0WXRjQsXFewDmhAm00k7dDIJ8xBKyE+48VfcuFDEreDOv3HSZqGtB+5wOOde7twTpoxK5Tjf1tLyyuraemWjurm1vbNr7+13ZKIFJm2csET0QiQJo5y0FVWM9FJBUBwy0g3H14XffSBC0oTfq0lK/BgNOY0oRspIgX3qxUiNMGLZbQ49qVNJFJwEXjqicPaESGRerHNTgV1z6s4UcJG4JamBEq3A/vIGCdYx4QozJGXfdVLlZ0goihnJq56WJEV4jIakbyhHMZF+Nr0qh8dGGcAoEaa4glP190SGYikncWg6ixvkvFeI/3l9raJLP6M81YpwPFsUaQZVAouI4IAKghWbGIKwoOavEI+QQFiZIKsmBHf+5EXSOau7jfr5XaPWvCrjqIBDcAROgAsuQBPcgBZoAwwewTN4BW/Wk/VivVsfs9Ylq5w5AH9gff4ANBqffA==</latexit>

y� ⇡ 3.6⇥ 10�4

<latexit sha1_base64="e9MsMLMTIioGRmzJh2A/qwjqc0c=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiIUqgPMYKFsYi0YfUhMhxndaqk1i2g4iiriz8CgsDCLHyB2z8DW6bAVqOdKWjc+7VvfcEnFGpbPvbKC0sLi2vlFcra+sbm1vm9k5LJqnApIkTlohOgCRhNCZNRRUjHS4IigJG2sHwauy374mQNIlvVcaJF6F+TEOKkdKSb8LMd/mAuohzkTzAE+sMuopGRELHvsuPaiPfrNqWPQGcJ05BqqBAwze/3F6C04jECjMkZdexufJyJBTFjIwqbioJR3iI+qSraYz0Mi+ffDKCB1rpwTARumIFJ+rviRxFUmZRoDsjpAZy1huL/3ndVIUXXk5jnioS4+miMGVQJXAcC+xRQbBimSYIC6pvhXiABMJKh1fRITizL8+T1rHl1KzTm1q1flnEUQZ7YB8cAgecgzq4Bg3QBBg8gmfwCt6MJ+PFeDc+pq0lo5jZBX9gfP4AfcaY6w==</latexit>

L � iy⇡⇡µ̄�5µ

<latexit sha1_base64="9snmemt/KXz+oYNpdrjAq4akRis=">AAACHHicbVDLSsNAFJ3UV62vqks3g0VwVRJt0WXRjQsXFewDmhJuptN26EwSZiZCCf0QN/6KGxeKuHEh+DdO0iy09cCFwzn3MnOOH3GmtG1/W4WV1bX1jeJmaWt7Z3evvH/QVmEsCW2RkIey64OinAW0pZnmtBtJCsLntONPrlO/80ClYmFwr6cR7QsYBWzICGgjeeVzV4AeE+DJ7Qy7Ko4U1ZhNPTdiOBsfZOKKeOaOQAjw6oZ75YpdtTPgZeLkpIJyNL3ypzsISSxooAkHpXqOHel+AlIzwums5MaKRkAmMKI9QwMQVPWTLNwMnxhlgIehNBNonKm/LxIQSk2FbzbTKGrRS8X/vF6sh5f9hAVRrGlA5g8NY451iNOm8IBJSjSfGgJEMvNXTMYggWjTZ8mU4CxGXibts6pTq9bvapXGVV5HER2hY3SKHHSBGugGNVELEfSIntErerOerBfr3fqYrxas/OYQ/YH19QOUnaJO</latexit>

a⇡µ = �1⇥ y2⇡
16⇡2

<latexit sha1_base64="Ds5gd7Pc93N2BYgtHqVia2VswsI=">AAACGnicbZDLSsNAFIYnXmu9RV26GSyCG0um1MtGKLpxWcFeoEnDZDpph04uzEyEEPocbnwVNy4UcSdufBsnbRbaemDg4//P4cz5vZgzqSzr21haXlldWy9tlDe3tnd2zb39towSQWiLRDwSXQ9LyllIW4opTruxoDjwOO1445vc7zxQIVkU3qs0pk6AhyHzGcFKS66JsGsHST+zYzaBV/AUQVuxgEpo+wKTLHW10a9NMnQ+A1h2zYpVtaYFFwEVUAFFNV3z0x5EJAloqAjHUvaQFSsnw0IxwumkbCeSxpiM8ZD2NIZYr3ey6WkTeKyVAfQjoV+o4FT9PZHhQMo08HRngNVIznu5+J/XS5R/6WQsjBNFQzJb5CccqgjmOcEBE5QonmrARDD9V0hGWGeidJp5CGj+5EVo16qoXj27q1ca10UcJXAIjsAJQOACNMAtaIIWIOARPINX8GY8GS/Gu/Exa10yipkD8KeMrx8GOZ+a</latexit>

y⇡ . 2.3⇥ 10�4

<latexit sha1_base64="DnzmnejXTy0YAoxc54ZrEJsWclg=">AAACCXicbVC7TsMwFHV4lvIKMLJYVEgsREkpgrGChbFI9CE1IXJct7VqO5HtIEVRVxZ+hYUBhFj5Azb+BrfNAC1HutLROffq3nuihFGlXffbWlpeWV1bL22UN7e2d3btvf2WilOJSRPHLJadCCnCqCBNTTUjnUQSxCNG2tHoeuK3H4hUNBZ3OktIwNFA0D7FSBsptGEW+gn1GVFKUQ6rzhn0NeVEQc+9z09r49CuuI47BVwkXkEqoEAjtL/8XoxTToTGDCnV9dxEBzmSmmJGxmU/VSRBeIQGpGuoQGZZkE8/GcNjo/RgP5amhIZT9fdEjrhSGY9MJ0d6qOa9ifif1011/zLIqUhSTQSeLeqnDOoYTmKBPSoJ1iwzBGFJza0QD5FEWJvwyiYEb/7lRdKqOl7NOb+tVepXRRwlcAiOwAnwwAWogxvQAE2AwSN4Bq/gzXqyXqx362PWumQVMwfgD6zPH3R8mOU=</latexit>

μ

μ

γ �, ⇡

<latexit sha1_base64="lB4ffzYpt2lPXCHltEvLJl0k63Q=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KCWRih6LXjxWsB+QhLLZbtqlm82yuxFK6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzIsmZNq777aytb2xubZd2yrt7+weHlaPjjk4zRWibpDxVvQhrypmgbcMMpz2pKE4iTrvR+G7md5+o0iwVj2YiaZjgoWAxI9hYyQ/kiNWCGgok61eqbt2dA60SryBVKNDqV76CQUqyhApDONba91xpwhwrwwin03KQaSoxGeMh9S0VOKE6zOcnT9G5VQYoTpUtYdBc/T2R40TrSRLZzgSbkV72ZuJ/np+Z+CbMmZCZoYIsFsUZRyZFs//RgClKDJ9Ygoli9lZERlhhYmxKZRuCt/zyKulc1r1G/eqhUW3eFnGU4BTO4AI8uIYm3EML2kAghWd4hTfHOC/Ou/OxaF1zipkT+APn8wc+55CW</latexit>

μ

μ

γ �, ⇡

<latexit sha1_base64="lB4ffzYpt2lPXCHltEvLJl0k63Q=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KCWRih6LXjxWsB+QhLLZbtqlm82yuxFK6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzIsmZNq777aytb2xubZd2yrt7+weHlaPjjk4zRWibpDxVvQhrypmgbcMMpz2pKE4iTrvR+G7md5+o0iwVj2YiaZjgoWAxI9hYyQ/kiNWCGgok61eqbt2dA60SryBVKNDqV76CQUqyhApDONba91xpwhwrwwin03KQaSoxGeMh9S0VOKE6zOcnT9G5VQYoTpUtYdBc/T2R40TrSRLZzgSbkV72ZuJ/np+Z+CbMmZCZoYIsFsUZRyZFs//RgClKDJ9Ygoli9lZERlhhYmxKZRuCt/zyKulc1r1G/eqhUW3eFnGU4BTO4AI8uIYm3EML2kAghWd4hTfHOC/Ou/OxaF1zipkT+APn8wc+55CW</latexit>

+3(

<latexit sha1_base64="FBVAhiMUW2Q1jM5Sve8NPMCuNms=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHhRHYNRo9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9wvltyKuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpcVr1q5alRLtdssjjycwTmUwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AG+RjLQ=</latexit>

(

<latexit sha1_base64="FBVAhiMUW2Q1jM5Sve8NPMCuNms=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHhRHYNRo9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9wvltyKuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpcVr1q5alRLtdssjjycwTmUwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AG+RjLQ=</latexit>

)

<latexit sha1_base64="rgSG2OkDKQcczhFXsB7rTVi9wBI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoOgl7ArET0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvUr5ql4pVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3EVjLU=</latexit>

)

<latexit sha1_base64="rgSG2OkDKQcczhFXsB7rTVi9wBI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoOgl7ArET0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvUr5ql4pVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3EVjLU=</latexit>

12

yϕ

yϕ

π

31



Experimental status, NA62 vs KOTO

32

BR (K+ → π+νν̄)NA62
= (11.0 ± 4.0) × 10−11 ⟹ 3.5 σ ! [SM : (9.1 ± 0.7) × 10−11]

Kohsaku Tobioka (FSU) 21

KOTO2019

��%

��%

��%

��������
-�	� 
��

��

���� ��

��
���� ���� ��	� ��	� ��
� ��
� ����
�

	




�

�

�



�

�(�+� �+��)�	��

�
(�

��
��
��
)�
��
�

Combine NA62&KOTO, ICHEP2020 
ICHEP2020

(A) K+ BG based on MC (B)K+ BG MC x3 [special run]
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1.7σ 
0.9σ

SM: 3+σ 
GN tension: 2.1σ

B=0.39±0.10 B=1.05±0.28

●SM: 
●GN tension:

2.6σ 
1.5σ
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Kitahara, Okui, GP, Soreq & Tobioka (19)


Tobiaka, POST ICHEP 20: 

′ ′ BR (KL → π0νν̄)KOTO
≲ 4 × 10−9 ′ ′ [SM : (3.0 ± 0.3) × 10−11]

Update (this year) 2012.07571:

BR (KL → π0νν̄)KOTO
≲ 5 × 10−9

BG ∼ 1.22



Luminosity & precision: the era of Kaon factories
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star cooling bounds

XENON1T

SN1987A

B DecaysK → π + inv.

Banerjee, Kim, Matsedonski, GP & Safranova (20)

Region probed via  
Kaon factories 2020 

Power of Kaons: scalar that mixes with the Higgs.


