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MEG II DETECTOR

Liquid xenon photon detector 
(εγ~62%, σE/E~2%)

Pixelated timing counter
(σt ≃ 40 ps)

Cylindrical drift chamber 
(~1.6×10-3 X0, σp~90 keV)

Thin-wall SC solenoid
(gradient B-filed: 1.3→0.5 T)

Radiative decay counter 
(identify high-energy BG γ events)

Muon stopping target
(170 μm-thick scintillating film)

μ+

γ

e+

MEG II - SEARCHING FOR  DECAYμ → eγ

Continuous μ+ beam 
(7×107 s-1)

higher intensity
higher resolution
higher efficiency

Search for μ+ → e+γ 
down to
6×10-14  

(90% C.L. sensitivity)
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WHY  ?μ → eγ

BIG PICTURE

SUSY

Leptogenesis

μ → eγ

seesaw mechanism
neutrino masses

grand unification
charge quantization

TeV scale physics
Dark Matter

GUT

≃ 10−12

Flavor violation from 
neutrino Yukawa

Flavor violation from 
quark Yukawa
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WHY  ?μ → eγ

THE CURRENT STATUS: 

the smallest measured 
branching ratio  
for an elementary particle !

μ → eγ
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Wataru OOTANI  “The Latest Results of the MEG II Experiment”, ICHEP2024 Jul. 17-24, 2024, Prague

•Flavour conservation in SM is not protected by gauge symmetry 

•  should occur in SM with neutrino mass but highly 

suppressed with tiny neutrino mass (No SM background) 

•Many well-motivated new physics models predict a sizable rate of 

μ+ → e+γ

μ+ → e+γ

 ℬ(μ → eγ) ∼ 10−54 -ℬ(μ → eγ) ∼ 10−11 10−15
SM(＋neutrino osc.) New Physics

Why to Search for μ+ → e+γ

  search is already sensitive enough to strongly test new physics!μ+ → e+γ
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Normalised to   rate assuming dipole interac=on (à la SUSY)μ+ → e+γ

cLFV search history

MEG II has been leading 
the world’s efforts to 
discover lepton  flavour 
violation in charged 
leptons (cLFV) 



(1) PSI 1.4MW PROTON RING CYCLOTRON

THE UNIQUE FACILITY FOR  SEARCHμ → eγ

HOW TO FIND  μ → eγ

Provides world’s most powerful DC muon beam  > 108/sec
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HOW TO FIND  μ → eγ

‣ Thin-wall SC solenoid with a 
gradient magnetic field to measure 
only high-momentum positrons 
with minimum detector material
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(2) COBRA POSITRON SPECTROMETER

CYLINDRICAL DRIFT CHAMBERPIXELATED TIMING COUNTER



‣ Scintillation light from 900 liter LXe is detected 
by SiPM & PMTs mounted on all surfaces 


‣ Fast response & high light yield provide good 
resolutions of energy, time, & position


‣ Gas/liquid circulation system to purify xenon 

‣ Ultimate uniformity & purity unachievable by 

crystal calorimeter 

(3) 2.7TON LIQUID XENON PHOTON DETECTOR (LXE)
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MEG II DATA
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5Physics Data Acquired So Far
Physics runs for three years 

2021: First physics run where the detector operating conditions were optimised  

             → Recently published (Euro. Phys. J. C(2024)84:216) 

2022: Stable DAQ with optimal detector conditions 

2023: Longest physics run

਋Beamtime 
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Accel. shutdown MEG II beamtime (6.5 mon)
Other exp.
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2012 (MEG best)

This talk
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ANALYSIS

UNBLINDED 2021 PILOT DATA
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4D distribution

cos Θe+γ < − 0.9995, | te+γ | < 0.2ns

49 < Eγ < 55MeV

52.5 < Ee+ < 53.2MeV

66 events in Analysis Region
(Sideband estimate )68.0 ± 3.5
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▸ The first 7-week data in 2021 
achieved a Sensitivity ~60% of 
MEG 2009-2013. 

▸ A combination MEG + MEG II 
provides the most stringent limit 
on the branching ratio of   

▸ Expect to finish the 2022 data 
analysis this autumn

μ+ → e+γ

ℬ90 = 7.5 × 10−13

ℬ90 = 3.1 × 10−13

SUMMARY AND PROSPECTS 11

Euro. Phys. J. C (2024) 84:216
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AXION-LIKE PARTICLES THAT VIOLATE LEPTON FLAVOUR

μ+

e+

a
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μ+
e+ γ

Ee = mμ/2 Eγ = mμ/2

θeγ = π

KINEMATICS OF ALP SEARCHES

μ → eγ
MEG II optimised  
to measure this event!
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μ+
e+ γ

Ee = mμ/2 Eγ = mμ/2

θeγ = π

μ+
e+

γ

γa

KINEMATICS OF ALP SEARCHES

μ → eγ

(1) μ → ea → eγγ

MEG II optimised  
to measure this event!
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μ+
e+ γ

Ee = mμ/2 Eγ = mμ/2

θeγ = π

μ+
e+

γ
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μ+
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γ
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KINEMATICS OF ALP SEARCHES

μ → eγ

(1)

(2)

μ → ea → eγγ

μ → eaγ

MEG II optimised  
to measure this event!

13



μ+
e+ γ

Ee = mμ/2 Eγ = mμ/2

θeγ = π

μ+
e+

γ

γa

μ+
e+

γ

a

KINEMATICS OF ALP SEARCHES

μ → eγ

(1)

(2)

(3)   extra - "X17"

μ → ea → eγγ

μ → eaγ

MEG II optimised  
to measure this event!
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(1)    μ → ea → eγγ

μ+
e+

γ

γa

A back-to-back 2-body decay 
The photon vertex cannot be measured
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1. Introduction                                                            Mitsutaka Nakao ★ Page:      /42

Introduction (2/2)
●There is no clear evidence of new physics to date (but for some anomalies). 
●Therefore it is important to search any possibility of BSM using existing 
experimental setups. 

‣ Displaced vertex/long-lived particles search in ATLAS/CMS, FCC. 

‣ LHC + X facilities (Codex-b, MATHUSLA, MilliQan, SHiP, FASER) 

‣ Long-lived particles search in KOTO. 

‣ Dark sector search in Belle2 (B2TiP). 

‣ …… 

‣ MEG can do the similar thing! 

●We have started studying a search for μ+→e+X, X→γγ using the MEG full 
datasets.

49

MC

μ+→e+X
X→γγ

Liquid Xe γ detector 

(1)     AT MEG Iμ → ea → eγγ

Euro. Phys. J. C80, 858 (2020)

15

2.  decay                                        Mitsutaka Nakao ★ Page:      /42μ+ → e+X, X → γγ

Signal & Background

16

γμ+e+

γ

X

Background 
●one of γ is accidental 

●e+ is accidental 

●e+, γ, and γ is accidental 

●physics backgrounds are negligible

The photon vertex is not measured but is  
reconstructed to fit the 2-body kinematics



(1)     AT MEG Iμ → ea → eγγ 16

Eur. Phys. J. C (2020) 80 :858 Page 3 of 21 858

Fig. 2 Excluded parameter regions for a scalar X with mass mX and
coupling gγ γ to 2γs from collider, beam dumps, and supernova [34–
36] (from [33]). In black we show contours of the boosted decay length
γ cτX of X → γγ, assuming X to be produced from an at-rest muon
decay µ+ → e+X. The solid black line corresponds to γ cτX = 0.01
cm, the dotted one to 0.1 cm, the dashed one to 1 cm and the dot-dashed
line to 10 cm

Fig. 3 Allowed X particle parameter space (white). The blue region
has already been excluded [35] and the red shaded region on the right
(mX ! 45 MeV/c2) is inaccessible to MEG

In this paper we adopt a Cartesian coordinate system
(x, y, z) shown in Fig. 4 with the origin at the centre of
the magnet. When necessary, we also refer to the cylindrical
coordinate system (r,φ, z) as well as the polar angle θ .

Multiple intense µ+ beams are available at the πE5 chan-
nel in the 2.2-mA PSI proton accelerator complex. We use
a beam of surface muons, produced by π+ decaying near
the surface of a production target. The beam intensity is
tuned to a µ+ stopping rate of 3 × 107, limited by the
rate capabilities of the tracking system and the rate of acci-
dental backgrounds in the µ+ → e+γ search. The muons
at the production target are fully polarised (Pµ+ = −1),
and they reach a stopping target with a residual polarisation
Pµ+ = − 0.86 ± 0.02 (stat) +0.05

−0.06 (syst) [38].

The positive muons are stopped and decay in a thin target
placed at the centre of the spectrometer at a slant angle of
≈20◦ from theµ+ beam direction. The target is composed of
a 205 µm thick layer of polyethylene and polyester (density
0.895 g/cm3).

Positrons from the muon decays are detected with a
magnetic spectrometer, called the COBRA (standing for
COnstant Bending RAdius) spectrometer, consisting of a
thin-walled superconducting magnet, a drift chamber array
(DCH), and two scintillating timing counter (TC) arrays.

The magnet [39] is made of a superconducting coil with
three different radii. It generates a gradient magnetic field of
1.27 T at the centre and 0.49 T at each end. The diameter
of an emitted e+ trajectory depends on the absolute momen-
tum, independent of the polar angle due to the gradient field.
This allows us to select e+s within a specific momentum
range by placing the TC detectors in a specific radial range;
e+s whose momenta are larger than ∼ 45 MeV/c fall into
the acceptance of the TC. Furthermore, the gradient field
prevents e+s emitted nearly perpendicular to the µ+ beam
direction from looping many times in the spectrometer. This
results in a suppression of hit rates in the DCH. The thick-
ness of the central part of the magnet is 0.2 radiation length to
maximise transparency to γ; 85% of the signal γs penetrate
the magnet without interaction and reach the photon detector.

Positrons are tracked in the DCH [40]. It is composed
of 16 independent modules. Each module has a trapezoidal
shape with base lengths of 104 cm (at smaller radius, close
to the stopping target) and 40 cm (at larger radius). These
modules are installed in the bottom hemisphere in the mag-
net at 10.5◦ intervals. The DCH covers the azimuthal region
between 191.25◦ and 348.75◦ and the radial region between
19.3 cm and 27.9 cm. It is composed of low mass materi-
als and helium-based gas (He : C2H6 = 1 : 1) to suppress
Coulomb multiple scattering; 2.0 × 10−3 radiation length
path is achieved for the e+ from µ+ → e+γ decay at energy
of Ee+ = 52.83 MeV (= mµc2/2, where mµ is the mass of
muon).

The TC [41,42] is designed to measure precisely the e+

hit time. Fifteen scintillator bars are placed at each end of the
COBRA. They are made of 4×4×80 cm3 plastic scintillators
with fine-mesh PMTs attached to both ends of the bars.

The efficiency of the spectrometer significantly depends
on Ee+ as shown in Fig. 5. The e+ energy from the MEx2G
decay is lower than that from µ+ → e+γ depending on mX,
and the efficiency is correspondingly lower. The large mX
search range is limited by this effect as shown in Fig. 3.

The photon detector is a homogeneous liquid-xenon (LXe)
detector relying on scintillation light2 for energy, position,
and timing measurement [43,44]. As shown in Fig. 4, it has

2 In the high rate MEG environment, only scintillation light with its
fast signal, is detected.

123
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The target region is  
   - mass = 20 - 45 MeV/c2 
   - life time < 1 cm 
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Fig. 17 Confidence intervals (90% C.L.) on BMEx2G (blue band) for
τX = 20 ps. The red broken line shows the expected upper limits under
the null hypothesis and the yellow line shows the limits extracted by
Crystal Box analysis

Fig. 18 Local p-value under null hypothesis as a function of assumed
mX

for high mass can be improved up to a factor ∼ 2 if a dedi-
cated trigger is prepared. Basically, MEG II will collect ten
times more µ+ decays and the resolutions of each kinematic
variable will improve by roughly a factor two, leading to
higher efficiency while maintaining low background. It is
therefore possible to improve the sensitivity by one order of
magnitude.

10 Conclusions

We have searched for a lepton-flavour-violating muon decay
mediated by a new light particle, µ+ → e+X,X →
γγ decay, for the first time using the full dataset (2009–2013)
of the MEG experiment. No significant excess was found in
the mass range mX = 20–45 MeV/c2 and τX < 40 ps, and
we set new branching ratio upper limits in the mass range
mX = 20–40 MeV/c2. In particular, the upper limits are
lowered to the level of O(10−11) for mX = 20–30 MeV/c2.
The result is up to 60 times more stringent than the bound
converted from the previous experiment, Crystal Box.
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Appendix A: Detailed results for different lifetimes

The detailed results for different lifetimes τX are summarised
in Tables 3, 4, 5.
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A total of 5 events were found, but  
the significance is 1.3σ including  
the look-elsewhere effect.

90% C.L.

Best upper limits for 20-40 MeV/c2  
exceeding the Crystal Box result  
that searched for a more generic  
3-body decays
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Appendix A: Detailed results for different lifetimes

The detailed results for different lifetimes τX are summarised
in Tables 3, 4, 5.

123

A total of 5 events were found, but  
the significance is 1.3σ including  
the look-elsewhere effect.

90% C.L.

Best upper limits for 20-40 MeV/c2  
exceeding the Crystal Box result  
that searched for a more generic  
3-body decays

MEG II will bring 10x statistics and better photon reconstruction 
to reject the background by better kinematical constraints
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    - much lower photon energy 
    - no back-to-back topology 
 
They just look like radiative muon decays (RMD):
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Study the RMD!
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(2)       AT MEG IIμ → eaγ

Our theorist friends kindly pointed out*  
that MEG’s RMD study cannot exceed the  
existing TWIST’s upper limit;   
i.e. a dedicated run with loosened trigger  
conditions at lower beam rates might be  
needed. 

*Y. Jho, S. Knapen, D. Redigolo, arXiv:2203.11222

MEG, Eur. Phys. J. C76 (2016) 108

TWIST, Phys. Rev. D91 (2015) 052020
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NEED TO RUN AT LOWER BEAM RATE & LOWER  THRESHOLDEγ

(2)       AT MEG IIμ → eaγ

MEG II Preliminary

photon energy (GeV)

ALP acceptance
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FIG. 3. Missing invariant mass distribution of signal and backgrounds after kinematic selection, detector e�ciency and ac-
ceptance and resolution e↵ects are taken into account. The ALP is fixed to ma = 10�4 MeV, which is e↵ectively massless
within the m/E resolution. Left: missing mass distribution at MEG. Right: Missing invariant mass distribution with the MEG
II-ALP data taking strategy proposed in Sec. III.

Search scenarios N total
µ+ Rµ+ [µ+/s]

Trigger
Trigger rate (Hz)

Optimized
FV �A
µe @ 95% C.L.

selection �m2
/E

MEG-RMD, • 1.8⇥ 1014 3⇥ 107 Eq. 2 ⇠ 0.77� 10.37 27 MeV2 3.4⇥ 108 GeV
MEG II-RMD 1.8⇥ 1015 7⇥ 107 Eq. 2 ⇠ 0.21� 25.19 14 MeV2 (6� 7)⇥ 108 GeV
MEG II-ALP, ? 1.8⇥ 1014 (1.6-5.8)⇥106 Eq. 11+✏Ee(Ee) 10 35 MeV2 (5.8� 10.3)⇥ 109 GeV

TABLE I. Summary of the searches for µ+ ! e+a� at MEG and MEG II. The markers (•,?) correspond to the lines in Fig. 1.
The expected limits are given for an e↵ective massless axion (i.e. with mass below the experimental resolution). MEG II-RMD
limits vary depending on the normalization of the RC background, which can be reduced by 50% w.r.t. the measured value at
MEG [14]. The trigger rate is estimated in more detail at the end of Sec. II A, with a factor of 1/cRC ⇡ 14 uncertainty. The
latter a↵ects the reach of the dedicated MEG II-ALP data taking run, where we fix the trigger rate to be 10 Hz and derive two
optimal benchmark choices for the beam intensity. These di↵erent beam intensities each result in a slightly di↵erent projected
bound, shown by the width of the purple bands in Fig. 1.

we use a double-sided binned log-likelihood ratio on the
(✓e� , �e�) distribution of the events passing the m2

/E
cut

⇤(S) = �2
X

i

ln
Li(Si)

Li(Ŝ = 0)
, (9)

where Si (Bi) is the number of signal (background) events
in ith bin of a grid with binsize 20 mrad ⇥ 20 mrad. The
likelihood is defined as the poisson distribution

Li(Si) =
(Si + Bi)Bi

Bi!
e�(Si+Bi), (10)

where we estimated the number of observed events in
each bin with the expectation value of the background,
Bi. Demanding ⇤(S) < 4, we obtain the 95% confidence
level projected limit on FV �A

µe , as shown in Fig. 1.
The projected bound from MEG data is slightly weaker

than the most conservative bound from Crystal Box
derived in Ref. [8] for an e↵ectively massless ALP.3

3
The Crystal Box collaboration gives a bound on the measured

branching ratio Br(µ+ ! e+a�) < 1.1 ⇥ 10
�9

at 90% C.L. [15]

This is due to the larger angular acceptance of Crys-
tal Box which compensates for its smaller luminosity
(NCrystal Box

µ+ = 8 ⇥ 1011) and its worse detector resolu-
tion.

C. Parasitic analysis: MEG II projection

We now look into the future, assessing the MEG II pro-
jected sensitivity on µ+

! e+a�. We consider the MEG
kinematical selection in Eq. 4 and derive the expected
reach at MEG II accounting for i) the larger luminos-
ity, which we take to be N MEGII

µ+ = 1.8 ⇥ 1015, ii) the
improved o✏ine energy and angular resolution. As de-
tailed in Appendix B, we rescale the MEG resolutions
using the resolution information at Ee,� ' mµ/2 [13]

with measured energies E�,e+ > 38 MeV and ✓e� < 0.7. Trans-

lating this to the theory prediction is subject to a large uncer-

tainty from the energy loss of the positron before reaching the

detector. This was estimated to be at most 5 MeV by the collab-

oration. The most conservative theory bound is then obtained

assuming a truth-level positron energy cut of 43 MeV.

*Y.J., S.K., D.R., arXiv:2203.11222
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accidental dominant

signal RMD
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Actually we already have such data samples.

(2)       AT MEG IIμ → eaγ

Taken for a total of 8-9 days in 2021-2023 for calibrations: 
 /sec,    MeVRμ = (0.9 − 2.0) × 106 Eγ > 18 − 20

evaluation by toy MC

missing mass squared (MeV2)
time coincidence (nsec)

RMD

accidental

accidental

RMDsignal
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TWIST (µ ! ea)

STATUS for left-handed LFV ALP

Bound from Crystal Box
suffers from uncertainty 


in the positron energy measurement

It is remarkable that present experiments  are 

already stronger than cooling bounds!

TWIST bound suffers from large 

systematic uncertainties 

See. TWIST 1409.0638 

A preliminary analysis indicates we can probably exceed TWIST with this sample!

(2)       AT MEG IIμ → eaγ

by courtesy of D. Redigolo
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(2)       AT MEG IIμ → eaγ

by courtesy of D. Redigolo

preliminary MEG II expectation

22



(3)     EXTRA - ATOMKI’S "17MEV BOSON"

The beryllium anomaly
• Hint for the production of a neutral, 17 MeV boson, potential mediator ad a fifth force: X17 (ATOMKI collaboration)  

• Observed in the 7Li(p, e+e-)8Be reaction at 1100 keV  
• Observed in the 3H(p,e+e-)4He

3

Phys. Rev. Lett. 116, 042501
arXiv:2205.07744

Phys. Rev. C 104, 044003

Phys. Rev. D 95, 035017

 Excess consistent with  
• Light boson mass = 16.95 MeV/c2 
• Branching ratio (X17/gamma) = 6 x 10-6

Ep [MeV]
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arXiv:2205.07744

Phys. Rev. C 104, 044003

Phys. Rev. D 95, 035017

 Excess consistent with  
• Light boson mass = 16.95 MeV/c2 
• Branching ratio (X17/gamma) = 6 x 10-6

Ep [MeV]

23



(3)     EXTRA - ATOMKI’S "17MEV BOSON"

The beryllium anomaly
• Hint for the production of a neutral, 17 MeV boson, potential mediator ad a fifth force: X17 (ATOMKI collaboration)  

• Observed in the 7Li(p, e+e-)8Be reaction at 1100 keV  
• Observed in the 3H(p,e+e-)4He

3

Phys. Rev. Lett. 116, 042501
arXiv:2205.07744

Phys. Rev. C 104, 044003

Phys. Rev. D 95, 035017

 Excess consistent with  
• Light boson mass = 16.95 MeV/c2 
• Branching ratio (X17/gamma) = 6 x 10-6

Ep [MeV]

The beryllium anomaly
• Hint for the production of a neutral, 17 MeV boson, potential mediator ad a fifth force: X17 (ATOMKI collaboration)  

• Observed in the 7Li(p, e+e-)8Be reaction at 1100 keV  
• Observed in the 3H(p,e+e-)4He

3

Phys. Rev. Lett. 116, 042501
arXiv:2205.07744

Phys. Rev. C 104, 044003

Phys. Rev. D 95, 035017

 Excess consistent with  
• Light boson mass = 16.95 MeV/c2 
• Branching ratio (X17/gamma) = 6 x 10-6

Ep [MeV]

We’re using this process for calibration

dedicated Cockcroft-Walton 
accelerator & beam line
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BR ∼ 6 × 10−6



X17 analysis: a typical reconstructed e+ e- event [DATA]

6

• Examples of 
events from the 
pivotal DATA 
sample 2022 

• Reconstruction 
algorithm for e+e- 
pairs 

• Transversal view 
of the apparatus 
wrt to the beam 
direction

DATA

DATA

e+

e−

targettarget

e+
e−

(3)     EXTRA - ATOMKI’S "17MEV BOSON"

The Strength of MEG II 
  - reconstruct  trajectories 
  - measure background photons 
  - properly normalise events

e+e−
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(3)     EXTRA - ATOMKI’S "17MEV BOSON"Signal and Backgrounds [Monte Carlo]

8

• Example of Simulated Signal (ATOMKI BR) and Backgrounds in MEGII

MC

The beryllium anomaly
• Hint for the production of a neutral, 17 MeV boson, potential mediator ad a fifth force: X17 (ATOMKI collaboration)  

• Observed in the 7Li(p, e+e-)8Be reaction at 1100 keV  
• Observed in the 3H(p,e+e-)4He

3

Phys. Rev. Lett. 116, 042501
arXiv:2205.07744

Phys. Rev. C 104, 044003

Phys. Rev. D 95, 035017

 Excess consistent with  
• Light boson mass = 16.95 MeV/c2 
• Branching ratio (X17/gamma) = 6 x 10-6

Ep [MeV]

Physics run in 2023 after Pilot run in 2022 
Analysis at the final stage 
Another run foreseen focusing on 1030keV
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signal

internal pair conversion

two resonances occur 
for thicker target



CONCLUSION

STAY TUNED FOR UPCOMING RESULTS OF MEG II !
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