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Why is this important?

Iriggering data that would otherwise get lost

Example @ -

Squeezing the data as much as we can

D
Example @ €/

Belle I
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Where is the theory?

Peccei-Quinn charges can be flavor dependent

Calibbi-Goertz-Redigolo-Ziegler-Zupan 2016

Ema-Hamaguchi-Moroi-Nakayama 2016
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Ema-Hamaguchi-Moroi-Nakayama 2016

The hierarchy FLAVOR-DIAGONAL vs FLAVOR-VIOLATING
depends on the UV flavor theory

AIA\

Feng-Murayama-Moroi-Shnapka 1998

/‘\ Minimal Flavor Violation:
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Iriggers

Enormous luminosities poses trigger challenges

We need to know what to look for in advance

MEG Il as an example



Iriggers

Enormous luminosities poses trigger challenges

We need to know what to look for in advance

MEG Il as an example

see arXiv 2006.04795
with L. Calibbi, J. Zupan, R. Ziegler

see arXiv 2203.11222 B
with Y. Jho, S. Knapen = =




MEG I

BR(pu — ev) < 4.2 x 10~ MEG 2016

Liquid xenon photon detector
"‘s.,"\\ 8 (Lxe)

COBRA

“““““

Pixelated timing counter
(PTC)

Muon stopping target

Cylindrical drift chamber

Radiative decay counter (CDCH)

(RDC)

Trigger level info:

1) Photon energy by liquid Xenon scintillator

2) hit on the timing counter

Offline:

3) full mesure of the positron momentum
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Trigger Selection

BR(p — evy) <4.2x 107" MEG 2016 <« 1) very high intensity
2) very exclusive trigger targeted at u — ey

The trigger maximize the efficiency to back to back positron-photon of

Positron energy >45 MeV hardware

MEG-RMD
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E=m,/2

See Galli et al. JINST 9 (20714)

Photon >45 MeV @ trigger level

back to back topology @ trigger level

‘ 1.0 :
‘ — E_. =45 MeV
MEG-RMD MEG-RMD - e i
: P N, P - = 49 MeV
0.8 s R Nl ki E.. =53 MeV
06 =
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Taken from MEG-RMD measurement 1312.3217




p. |

In humbers...

RMEG

u+ =9 X 107,u+/sec intensity

Besides

Very little data can be saved on disk or analysed offline at MEG ||

The maximal allowed stream Is around 10 Hz

Online the trigger should select 1 “interesting” muon event out of 107




p. |

In humbers...

RMEG

u+ =9 X 107,u+/sec intensity

Besides

Very little data can be saved on disk or analysed offline at MEG ||

The maximal allowed stream Is around 10 Hz

Online the trigger should select 1 “interesting” muon event out of 107

“interesting” = 4 — €7 back to back positron-photon of E=m,/2




NG

In humbers...

RMEG

u+ =9 X 107,u+/sec intensity

Besides

Very little data can be saved on disk or analysed offline at MEG ||

The maximal allowed stream Is around 10 Hz

Online the trigger should select 1 “interesting” muon event out of 107

“interesting” = 4 — €7 back to back positron-photon of E=m,/2

All the rest of the data is lost!




Light new physics vs Lepton Flavor

Accidental symmetries of the Standard Model might be broken by light new particles feebly coupled to the SM

These light particles naturally emerges in models where Lepton Flavor is broken spontaneously at high scale
(familon, axion, axion-like particles, majorons)

See. L. Calibbi, D.R., R. Ziegler, J. Zupan 2006.04795

Light pseudo-Goldstone bosons (or ALP) m, < m,,

LFV @ dimension 5

0,,a 0,a
L' D 2’} Ay (Cpe + CpieYs)e +—5—e"yse +4a® -
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Accidental symmetries of the Standard Model might be broken by light new particles feebly coupled to the SM
These light particles naturally emerges in models where Lepton Flavor is broken spontaneously at high scale

(familon, axion, axion-like particles, majorons)

See. L. Calibbi, D.R., R. Ziegler, J. Zupan 2006.04795
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not accessible
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Light new physics vs Lepton Flavor

Accidental symmetries of the Standard Model might be broken by light new particles feebly coupled to the SM
These light particles naturally emerges in models where Lepton Flavor is broken spontaneously at high scale

(familon, axion, axion-like particles, majorons)

See. L. Calibbi, D.R., R. Ziegler, J. Zupan 2006.04795

Light pseudo-Goldstone bosons (or ALP) m, < m,,

LFV @ dimension 5 Hteavy Sca'lte)|
0..a 0. a 2 | __—hot accessible
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Interplay between flavor experiments and



Light new physics experimental paradigm

Hunt for rare muon decays with missing energy

See. TWIST 1409.0638
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U — ea

Light new physics experimental paradigm

Hunt for rare muon decays with missing energy

bkd suppressed in the
fwd region

See. TWIST 1409.0638
1F
Huge irreducible background from Michel (@ — €VvV 038
0.6
0.4

: : : C . . o 02
Muon polarization can help discriminating the signal :

See L. Calibbi, D.R., R. Ziegler, J. Zupan 2006.04795 'g-i
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U — ea

Light new physics experimental paradigm

Hunt for rare muon decays with missing energy

Huge irreducible background from Michel [ — evv

Muon polarization can help discriminating the signal
See L. Calibbi, D.R., R. Ziegler, J. Zupan 2006.04795

For left-handed couplings the limitation are large systematics
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bkd suppressed in the

20 30 40
Momentum (MeV/c)

fwd region

See. TWIST 1409.0638

Collected Events

—15000
= 0

bkd enha‘ﬁced in the
bkwd region



Light new physics experimental paradigm

Hunt for rare muon decays with missing energy

bkd suppressed in the
fwd region

See. TWIST 1409.0638

U — ea Huge irreducible background from Michel [t — evv 0.8}
0.6
0.4 2
Muon polarization can help discriminating the signal P O%,: %
See L. Calibbi, D.R., R. Ziegler, J. Zupan 2006.04795 'gi;: f’.:
. L . 06E
For left-handed couplings the limitation are large systematics pedd 5000

70 20 30 40 so% 9

Momentum (MeV/c)

bkd enha‘ﬁced in the
bkwd region

The extra photon helps constructing a missing mass distribution

'u 604/ which is not used for calibration
. . , Qo 2E7
The price to pay is a reduced signal by ~ — log ——
2T my,

See Jho, Knapen, D.R. 2112.07720



Looking forward for right-handed ALPs ﬁ

1.0 m

L. Calibbi, D.R., R. Ziegler, J. Zupan 2006.04795 =

Pe+




} 5 Looking forward for right-handed ALPs

<P“:_.1 /[" j AH
\ O o |O©
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—

<

L. Calibbi, D.R., R. Ziegler, J. Zupan 2006.04795

Background suppression in the fwd direction requires: {

1) good momentum resolution

2) purely polarized muon beam

0T, ~ %

6P, ~ 1077




7/ 5 Looking forward for right-handed ALPs

no focusing OXe = (P)+1
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L L . 1) good momentum resolution  dz. ~ %
Background suppression in the fwd direction requires:

2) purely polarized muon beam P, ~ 107
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Looking forward for right-handed ALPs

no focusing OXe = (P)+1
N Il\'/\]/orse'tha'nJlocliildi‘c;leJtal. | 103k E* R o
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- - | 1) good momentum resolution  dz. ~ %
Background suppression in the fwd direction requires:
2) purely polarized muon beam P, ~ 107
[ 3) magnetic field focusing F F ~ 102
A good signal reach requires turther: { 4) |arge luminosity N, ~ 10%,+
. 5) very low systematics
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. Looking forward for right-handed ALPs

no focusing OXe = (P)+1

| '\IAI/orse ‘tha‘n J'ocliildi'ol Ie[t al. | 103 .
P, = —1 10~} better than Jodidio et al.
4’1 .......... 0 lj,+ j 4 [
— i
‘l 98 O O ‘ €sys<0.9-10-8 10° i
[ ] m O Lé L
a De+ 1.5 m $ - 107
>} 10° 3
oy . — | o}
L. Calibbi, D.R., R. Ziegler, J. Zupan 2006.04795 v 9
1034 A AN o 10°h .. S A R
10-3 102 101 103 1072 101
(P)+1 OXe

L L . 1) good momentum resolution  dz. ~ %
Background suppression in the fwd direction requires:

2) purely polarized muon beam P, ~ 107

[ 3) magnetic field focusing F F ~ 102
A good signal reach requires turther: { 4) |arge luminosity N, ~ 10%,+
. 5) very low systematics

These conditions have been realized before in the lodidio’s exp.
lodidio et al. (1986)

Can it be done again?



?‘. Towards a new data taking strategy

Logic: the trigger requirements are Killing the ALP signal
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Towards a new data taking strategy

Logic: the trigger requirements are Killing the ALP signal

1.0

1.0 ‘ 1.0

MEG-RMD

MEG-RMD . —— E. =45 Mev

: - E.+ =49 MeV
0.8 / ....... v B+ =53 MeV

MEG-RMD

0.8 0.8

o6l A S— A S S— — 0.6 0.6

€e,.(Ee')
eEy(Ey)

€s,,(6ey)

1 — 2 3 - 04| A NN

N \ )

' ' ' ' ' A ' \ . '
R \ K

0.2 : : 0.2 : 0.2 - : ; b :
. . . ’ N
’ \
\
’ \

O'%O 42 44 46 48 50 52 0.0 40 45 50 0.0 -0.4 -0.2 0.0 0.2 0.4

E,[MeV] E,MeV] 80y lrad]

W_/

1) Eliminating the matching of the TC hit which assumes back to back topology

2) Lowering the photon trigger threshold reducing the beam intensity

*
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Towards a new data taking strategy

Logic: the trigger requirements are Killing the ALP signal

1.0 1.0 1.0
! — FE . =45 MeV
MEG-RMD MEG-RMD MEG-RMD | B, = 45 MoV
0.8 ‘ 0.8 0.8 e ............ E.. =53 MeV
_ 08 0.6 08 -
. = 5
Y ol Y 04 Y 0.4
0.2 0.2 0.2
%% 42 44 46 48 50 52 o 40 45 50 0.05——57 ~0.2 0.0 0.2 o
E,[MeV] E,[MeV] Bey[rad]

W_/

1) Eliminating the matching of the TC hit which assumes back to back topology

2) Lowering the photon trigger threshold reducing the beam intensity

The RC dominates the trigger rate but it can be suppressed by reduéing the intensity

RC ~ R; RMD~ R,

*many thanks to Luca Galli for teaching us all this!




lowards a new data taking strategy ﬁ

Max trigger rate 10 Hz

fixes the intensity vs photon cut

RMD becomes the dominant bed

below a certain intensity

(harder to suppress RMD online)

x

Benchmark fixed to the highest intensity
for photon energy of 10 MeV given our
estimate of the trigger rate

Logyo(R,+/sec™)



lowards a new data taking strategy ﬁ

Max trigger rate 10 Hz

fixes the intensity vs photon cut

RMD becomes the dominant bed

below a certain intensity

(harder to suppress RMD online)

*e——>K
Uncertainty in trigger rate results in two

different benchmark for the same photon

6.5
Logyo(R,+/sec™)

energy



lowards a new data taking strategy ﬁ

— F,." @ 95%C.L. |
1 yr running time |

Max trigger rate 10 Hz

fixes the intensity vs photon cut

RMD becomes the dominant bkd

below a certain intensity

(harder to suppress RMD online)

Reach extracted at each point!

Logyo(Ry+/sec™)



Final reach

25 . .
Signal (F,E;“A =2 x 108 GeV)
RMD bkd '
20 RC bkd - -
- Total bkd
> O . . .
S 5 ot sienalibid Bump hunt in missing mass*
1
310 *for a massless object we are close to a cliff of the bkd
o (systematics has to be taken into account)
0

-400 -200 0 200 400

mg [MeV?]
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0 0. 0 -
-1, -1 " -1 o . .
0.00026 2" RMD bkd 0.0004 2 2 Slgnal LOg' I | kel | hOOd on
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000010 \ angular variables
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\What can we test?

Jho, Knapen, D.R. 2112.07720

@ 95% C.L.

0 A X109.' ,,,,,,, T WIST(M%Q@) ,,,,,,,,,,,,,,,,,, 777777777777777777 fffffffff

0.001 0.010 0.100 1 10
m, [MeV]

MEG-II ALP is the best way to explore ~ a decade of
unconstrained parameter space ~ NOW



\What can we test?

Jho, Knapen, D.R. 2112.07720

@ 95% C.L.

| MEG II-ALP can improve
on TWIST with only
1 month of data taking®

MEG II-RMD

Crystal Box (u — ea) MEG-RMD (')
SNI9STA,

T T T I K T\ B B—T
m, [MeV]

1x1q%_4--

MEG-II ALP is the best way to explore ~ a decade of
unconstrained parameter space ~ NOW



Different chiral structures

- FytA (p,~—)ea JOdlle at al.) Y
-------------------------------------------------------------------------- Esssssapend
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MEG-II ALP is the best way to explore ~ a decade of
unconstrained parameter space ~ NOW



Different chiral structures

MEG lI-ALP can improve
on TWIST with only
1 month of data taking”

4.x10%}- - mmememee e 'FYA (n éea Jodrc:a at a.}) SRRt RS ER I Riiat £
e - . R | e R
1074 0.001 0.010 0.100 1 10
m, [MeV]

MEG-II ALP is the best way to explore ~ a decade of
unconstrained parameter space ~ NOW



Different chiral structures

.— Mu3e online. Perrevoort 2018

'\A dedicated fwd experiment

under optimal experimental conditions
F=100, % level precision, 10A14 muons

MEG lI-ALP can improve

on TWIST with only
1 month of data taking®

b - X
A2 0 ] wome s 'FYA {7 éea Jodrcnq at al) Bommimpmme e
R .““.; e .A.“; - ‘..“.i PPN | AP | R
1074 0.001 0.010 0.100 1 10
m, [MeV]

MEG-II ALP is the best way to explore ~ a decade of
unconstrained parameter space ~ NOW



Back to theory

axions coupled to leptons anarchically: flavor diagonal = flavor off-diagonal Panci, Redigolo, Schwetz Ziegler 2209.03371
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Back to theory

axions coupled to leptons anarchically: flavor diagonal = flavor off-diagonal Panci, Redigolo, Schwetz Ziegler 2209.03371
8; aéfy“ Y5€ g" - gy (Cl, + Civs)e oM [GeV]
’ 10°
107
L |Cel=IC" -1 ' 2 2
Loz =
o“ ¢=; —
& Mu3e-online . ‘| | :
= : O
5 DO
& 1072+ "‘ : |
. | Wi
MEG II-ALP (1 month) 1 ':: |
WD cooling é <,‘r’ni- ' E
oL - s .
10 : RG cooling TWIST b & pL-F;‘Za : :
| T-‘. ‘—%-Fut. X-Ray
c v vl e v v v e v el '
-3 | P R S S LT
10€ 10 10% 102 102 10" 1 10" 102 10° 10* 1070 102
m, [eV] m, [MeV]

MEG-Il can surpass bounds
from star cooling!



Back to theory

axions coupled to leptons anarchically: flavor diagonal

flavor off-diagonal
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MEG-Il can completely test
Freeze-in model based on LFV decays



New searches

Maximising the experimental reach...

Looking at final states where the separation between
signal and bkd Is sharper

D>
o

Belle II

Belle Il as an example



ALPs production @ Belle Il

ALP cross sections at Belle Il

Dolan, Ferber, Heary, Kahlhofer, Schmidt-Hoberg 1709.00009
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ALPs production @ Belle Il

ALP cross sections at Belle Il

Sayy = 10~ GeV™!
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ALPs production @ Belle Il

ALP cross sections at Belle Il

Sayy = 10~ GeV™!
— EPA ALP-strahlung
v +a
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ALPs production @ Belle Il

ALP cross sections at Belle Il
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ALPs production @ Belle Il

ALP cross sections at Belle Il

Sayy = 10~ GeV™!
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If the ALP mediates the DM freeze-out and the DM is lighter The ALP decays purely invisibly
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QED
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Fusing photons into nothing
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Fusing photons into nothing

Signal vs QED?
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The signal has LARGE missing energy + it is CENTRAL
+ SMALL missing mass

Fusing photons into nothing

Signal vs QED? x10-3
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A large separation from QED background
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Fusing photons into nothing

invisible
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A large separation from QED background
can be obtained @ small masses The separation holds at higher masses because the

MET in the signal event grows

The signal has LARGE missing energy + it is CENTRAL
+ SMALL missing mass



Fusing photons into nothing
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The separation from the tau-tau background is achieved using the antler topology of tau-tau
Han, Kim, Song 0906.5009, Franceshini et al. 2206.13431



Fusing photons into nothing
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The separation from the tau-tau background is achieved using the antler topology of tau-tau
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The tau-tau background is peaked



Fusing photons into nothing

invisible
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The tau-tau background is peaked

The signal is spread for small masses but less for high masses



What more can be squeezed?

Acanfora, Franceschini, Mastroddi, D.R. 2307.06369
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Photon-fusion is a complementary probe of the invisible ALP!



What more can be squeezed?
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What more can be squeezed?

Acanfora, Franceschini, Mastroddi, D.R. 2307.06369
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Photon-fusion is a complementary probe of the invisible ALP!
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What more can be squeezed?

Acanfora, Franceschini, Mastroddi, D.R. 2307.06369
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Photon-fusion is a complementary probe of the invisible ALP!



Diphoton resonances produced in photon fusions
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Fusing photons into diphoton resonance

Diphoton resonances produced in photon fusions

e_l_ +e +a (V’Y)res

min|6,- — 6, |

@ small diphoton mass the background photons tend to be soft
and collinear with the electron/positron



Fusing photons into diphoton resonance
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@ small diphoton mass the background photons tend to be soft @ high diphoton mass the background photons tend to be
and collinear with the electron/positron widely separated and still collinear with the electron/positron
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What more can be squeezed?

Acanfora, Franceschini, Mastroddi, D.R. to appear
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Photon-fusion is a unique probe of the visible ALP!
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What more can be squeezed?

Acanfora, Franceschini, Mastroddi, D.R. to appear
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PRELIMINARY | @(10) Improvement in the reach compared to previous studies
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What more can be squeezed?

Acanfora, Franceschini, Mastroddi, D.R. to appear
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. The gain is still sizeable at high masses

~ The search is essentially background-free @ small masses

@(10) Improvement in the reach compared to previous studies

Photon-fusion is a unique probe of the visible ALP!



Dark Matter & Flavor Factories
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