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QCD axion

The results are upper limits on | dy|.

» The absence of CP violating effects in QCD,
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PDG data on neutron electric dipole moment, one of the most
precisely measured 8-induced effects (d ~ 8 - 10716 e cm)
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Axion-like particles

>

>

,Cosmological pie” (by Martin Schmaltz)

Our aim is to:

» Improve upon previous analyses by also
including the ALP coupling to electrons
» Significantly extend the ALP search range

and impose more stringent restrictions on

their Couphngs Existing bounds from

https://cajohare.github.io/AxionLimits
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Axion-like particles

The generic ALP-photon and ALP-electron coupling
is given by:

L C —gaz}/ aFWFW — @aﬂ,a ey yre
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ALP-photon interaction was investigated in details by
M. ]J. Dolan and others in: JHEP, 12:094, 2017

P+
2
________ F . gaeema
a = aee — o
87
p— Dominant channel for

lower-mass ALP!

In the absence of interaction with other fields, the total ALP decay
width is assumed to consist of these two contributions
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2- and 3-photon events

ALP contributes to 2-photon events through the
single Feynman diagram:

P+ kq
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However, it is resonant and thus has sensitivity
only around m2 =~ s

For a fixed collider energy, the process does
not provide constraints in a broad parameter
space
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2- and 3-photon events

ALP contributes to 2-photon events through the
single Feynman diagram:

P+ k‘l

However, it is resonant and thus has sensitivity
only around m2 =~ s

For a fixed collider energy, the process does
not provide constraints in a broad parameter
space

Thus, we proceed to 3-photon events
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__éHE%%ytﬂw(k”
= i— . -

X Mey_y~ (k2. k) + crossed

Where the amplitude of ete™ — ay; is
given by:

He+e——>fy*—>a'}/ (kz) = —“i-ega,}/,}, gaﬁ,uf}fqakfef}/ (kia )\2)
v (p—l—a S—I—) F}/Mu (p—a S—)

s ’
And the amplitude of ALP decay to a photon
pair:

X

J\/[a—ryfy (kla k2) — _iga’yvkl,ﬁ:kZ,BgﬁBMV
X 6:9 (kla )\1) 63 (kQa )\2)
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3-photon events

The next contribution arises from ALP-electron coupling:

Z.HeJre——)afy,l (kl) + HeJre——mry,Q (kl)

f y K3, —m?2 4+ imgl,
; X My~ (k2, ks) + crossed,

~y

where Ho+,-_,qy .(k;) denote amplitudes for the corresponding 2 — 2 process

He+e——>(w,1 (ka) — €faee E:; (kia /\L)

_ n Li
X0 (Po54)7 57 w5

He+e——>afy,2 (ka) — €Yqee E; (ki: )\z)
) f Note: no interference between this set of
0 (P+54)7 7 (p—.5-) diagrams and diagrams from the previous slide

Pustyntsev Aleksandr JGU Mainz Frontiers and Careers 2023 5

With the internal electron momenta:
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Background analysis

General assumption: ALPs are very long-lived
particles = decay width I' ; < exp.resolution
(interference is suppressed):

1 T
3 5 (p° —m
(2 —m2)* + (maTa)”  mala v
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particles = decay width I' ; < exp.resolution
(interference is suppressed):

1 7
> § (p2 —m?2
(p2 —m2)” + (mala)®  mala (p )

Due to the resonant behavior of the amplitude, one
photon is always emitted with a fixed energy:
4FE% —m?
1E

W =

Signal detection strategy: a narrow peak in the
photon energies distribution, or a narrow peak in

the squared mass distribution m,,,
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Signal detection strategy: a narrow peak in the
photon energies distribution, or a narrow peak in
the squared mass distribution m,,,
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Total ete™ — yyy cross section has three terms:

OALP+B = OALP T 0B + Oint

» The dominant background: QED 3-photon
annihilation

‘ > 7 Aimed sensitivity is then:
8 OALP N
JQED Lo
. - ; Q@ \/ QED

> N -the number of standard deviations that
determines whether or not a fluctuation is
considered as a signal (N = 2 © 95% c.l.)

» L - integrated luminosity
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Distributions

» In the 2018 data run Belle Il achieved an
integrated luminosity of 445 pb-!, which
was used for the ALP searches

Phys. Rev. Lett. 125, 161806 (2020);
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Distributions

» In the 2018 data run Belle Il achieved an
integrated luminosity of 445 pb-!, which
was used for the ALP searches

Phys. Rev. Lett. 125, 161806 (2020);

» LO QED 3-photon distributions for the
softest, middle and hardest photons in

this kinematics are shown below:
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Distributions

» In the 2018 data run Belle Il achieved an 107 107
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Results
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Belle II constraints for g,,, based on the 2018 data set of

445 pb! and projected results for 50 ab'! of integrated
luminosity - improvement by an order of magnitude
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Results

» A good agreement in the higher ALP mass region
(m, = 2 GeV)
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Results

» A good agreement in the higher ALP mass region
(m, = 2 GeV)

1073 » In the lower mass region the invariant mass of a
ol photon pair also becomes low (two photons travel in
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Results

» A good agreement in the higher ALP mass region
(my, = 2 GeV)

» In the lower mass region the invariant mass of a
photon pair also becomes low (two photons travel in
a very narrow cone with each other, oppositely to
the third photon)

» This produces very asymmetric kinematics and the
QED background becomes suppressed

Beam Dump

— Guee = 0(2018)

Ll Ll

» The assumption g,.. = 0 generally leads to an

10~ 10° 107 overestimated g, limit, which may be incorrect if
m, [GeV] the ALP has other decay channels besides the 2-
Belle II constraints for g,,, based on the 2018 data set of phOtOH mode

445 pb! and projected results for 50 ab'! of integrated
luminosity - improvement by an order of magnitude
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Conclusion

The contributions of ALP states to ete™ — yyy annihilation were calculated:

» New constraints acquired for ALPs in the MeV to GeV mass range, which can
be effectively applied in e*e™ colliders
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Conclusion

The contributions of ALP states to ete™ — yyy annihilation were calculated:

» New constraints acquired for ALPs in the MeV to GeV mass range, which can
be effectively applied in e*e™ colliders

» Tested on existing data for Belle II kinematics and projected for the
forthcoming data collection with the integrated luminosity of 50 ab!

» Narrowed down the search area for potential ALPs and constrained the
possible solution of the strong CP problem in the MeV to GeV mass range

There is still some room for improvement, e.g. more sophisticated background
analysis? Investigation of the (g — 2), impact and limitations?

For more details see arXiv: 2309.15106 [hep-ph]
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Thank you very much for your attention!

| wish you a good time during EINN conference and hope to see you during
the poster session!
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Belle 2

» Belle 2 is an asymmetric collider, electron and
positron have energies 7 GeV and 4 GeV. This
requires a boost with a relative velocity f = 0.27
to the CMS frame

» For 2018 analysis we require three resolved
photons with energies higher than 0.65 GeV in
the center-of-momentum frame as a criteria

» These requirements are slightly different from
those used in the Belle I 2018 report, where the
selection of photons with energies above 0.65
GeV form, >4 GeV and 1 GeV form, <4 GeVin
the lab frame was performed

» The difference is negligible since g, is sensitive

—~1/4
to O'QED

JGU Mainz

» Theregion 37.3° < @ < 123.7° provides the
best energy resolution, avoiding regions close
to detector gaps, and offers the lowest beam
background levels - used for both 2018 and
projected analyses

» Following the work of M. J. Dolan and others,
we set the photon energy selection threshold of
0.25 GeV in the CMS frame for projected curves

— ‘, K. and muon detector (KLM):
Electromagnetic calorimeter (ECL): =
Csl(TI) crystals !

waveform sampling (energy, time, pulse-shape)

Resistive Plate Counters (RPC) (outer barrel)
Scintillator + WLSF + MPPC (endcaps, inner barrel)

& . .
s | Trigger:
. - — Hardware: < 30 kHz
Vertex detectors (VXD): y N Software: < 10 kHz
2 layer DEPFET pixel detectors (PXD) Positrons : g
4 layer double-sided silicon strip detectors (SVD) =

. S
Central drift chamber (CDC): |

He(50%):CzHg (50%), small cells,
fast electronics

1 Particle Identification (PID):
Time-Of-Propagation counter (TOP) (barrel)
Aerogel Ring-Imaging Cherenkov Counter (ARICH) (FWD)
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Belle 2
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