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Motivation

Dark Matter exists! (About 27% of the energy of the universe)

DM direct detection searches and LHC searches for heavy new
physics are giving increasingly tight constraints on WIMP models

This is why people increasingly focus also on other paradigms,
e.g. axions, dark photons, light DM /light dark sectors etc.

Example: axion-like-particles (ALPs) (often flavour-violating) from
a broad class of models with spontaneously broken global U(1)
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Key example: axion-like particles

Pseudo Nambu-Goldstone bosons: naturally light & feebly interacting

Many scenarios motivated by outstanding problems of the SM:

Broken global U(1)

Puzzle PNGB
symmetry
 Neutrino masses — Lepton Number Majoron
e Strong CP problem — Peccei-Quinn Axion

Flavour symmetry Familon

e Flavour problem — (Froggatt-Nielsen)

In general, the couplings to the SM fermions are of the form:

0,a -
@ - Zﬁ}a fﬂM(Cij ™ CﬁfﬂD

Signature at flavour experiments: lepton/meson decays into ALPs

K —ma, D— ma, B— Ka, uw—ea, 7 — ua, ...
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Key example: axion-like particles

Pseudo Nambu-Goldstone bosons: naturally light & feebly interacting

Many scenarios motivated by outstanding problems of the SM:

Broken global U(1)

Puzzle PNGB
symmetry
 Neutrino masses — Lepton Number Majoron
e Strong CP problem — Peccei-Quinn Axion

Flavour symmetry Familon

e Flavour problem — (Froggatt-Nielsen)

Interesting interplay with cosmology/astrophysics:

e ALPs can be DM candidates or serve as portals to a light dark sector:

dark fermion
0.a -

axx 2fa X

 Bounds from star cooling/supernovae (if light and feeble enough)
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Lepton-flavour-violating ALPs

General interactions to leptons (dimension 5 operators):
Shift symmetry (PNGB!) — mass arises mg from (small) explicit U(1) breaking

- 0*a
Lo = 27, (CV Gyl + CA Civuysts)

\U(l)—breaking scale — coupling suppression

In general, these coupling are lepton flavour violating (LFV)
e That’s natural if lepton U(1) charges are flavour non-universal

e Alternatively, flavour-violating couplings can be loop-induced

(for several explicit models see LC Redigolo Ziegler Zupan '20)

This generic Lagrangian induces 2-body LFV decays such as:
2

2
1 m3 mg
[l = 4 a) = e fg (’CEE ?+ 07, \2) ( > )

m&

Feng et al. ‘97
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https://arxiv.org/abs/hep-ph/9709411
https://arxiv.org/abs/2006.04795

Light NP coupling with hadrons




Flavour-violating axions/ALPs couplings to quarks

0,0 -
Lo = _2;} fﬂ“(c}ffj -+ Cﬁfj% fi
a
vector coupling axial coupling

P, — P, +aleg. B— K+al Pr—Vo+4aleg B— K*+a

(because of parity conservation of strong interactions)

Martin Camalich et al. '20

Decay sd cu bd bs

BR(P, = P, +a) 3 x 1071 NAB2 NEW! No analysis 4.9 x 107 [90] 4.9 x 107 [90]
BR(P| = Py + @) ,oeu No need 8.0 x 107° [93] 2.3 x 107> [92] 1 x107° [91

to be updated soon

BR(P, - V, +a) 3.8 x 107 [98] No analysis No analysis No analysis
BR(P; = V) 4+ a),nq No need No data No data 53 % 1073 [91]

News from K — 7+ inv (NA62) and B — K + inv (Belle II)

— talks by Jacopo Pinzino and Roberta Volpe

but there are still gaps...
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https://arxiv.org/abs/2002.04623
https://arxiv.org/abs/2507.17286

Flavour-violating axions/ALPs couplings to quarks

9,0
Lapp = ﬂ fir"(Ch g, + Chp5) 5

vector coupling axial coupling

P, — P, +aleg. B— K+al Pr—Vo+4aleg B— K*+a

(because of parity conservation of strong interactions)

Martin Camalich et al. '20

Decay sd e\ bd bs

BR(P, = P, +a) '3 x 1071 NA62 NEW! No analysis 4.9 x 107 [90] 4.9 x 107 [90]

BR(P| = Py + @) ,oeu No need 8.0 x 107° [93] 2.3 x 107 [92] 7.1 x 107% [91]
BR(P, - V, +a) 3.8 x 107 [98] No analysis No analysis No analysis
BR(P; = Vy +a),q No need No data No data 53 x 107 [91]

Example: No dedicated searches for D to axion decays

Recasting data from DT — 77 (— 7n7v) v (CLEO 2008):

BR(D" — 77a) <8 x 107°% — BESIII ? Belle II ?
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https://arxiv.org/abs/2002.04623
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Flavour-violating axions/ALPs couplings to quarks

o,a
Lo = 2f, fir* (szfj + szfj%)f

Y i
f’i fj C‘?é
F; |GeV]
1013 1012 1011 1010 10° 108 10’ 109 10° A)
: FV
//////
SN198 / v .A — na F‘;‘d
FV
F¢,
Fyq
Fia
Fy,
| Fi,
] ] ] ] Fe FZIV ; Fy (prlosp.) Fy ] ]
106 10> 10— 103 102 10! 10° 10!
m;_eff [eV] Martin Camalich et al. '20
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Another example: a flavour-violating Z’

Flavour non-universal local U(1) symmetry generating the hierarchies of
fermion masses and mixing through the Froggatt-Nielsen mechanism

Smolkovi¢ Tammaro Zupan '19 )

(anomalies cancelled by suitable UV completions Bonnefoy Dudas Pokorski '19

Interactions of the new gauge boson Z’ flavour-violating by construction:

L = gFZZL {ﬂ&/yu(cﬁaﬁpl?—i_c}éaﬁpfi)uﬁ +EO&’7M(C?QQBPL+C%QBPR)CZB+

— -
14 14 _ v
new U(1) gauge Lo (C, af Pr, + CRozﬁ Pr)lg + vay" Cf af Prvg| ,

coupling

f f
f oyt f * f o —wf f * CpxC
CL af = Vi QfLiVBi ORaB = Wi Qmem C’{;’A = &t 2 L
unitary rotations matrices of
to the fermion mass basis U(1) charges
Z’ mediates flavour-violating processes and,
= if light, mesons and leptons can decay into it, e.g.:
Zr
— )
b < << S
BT LIt
U > U
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https://arxiv.org/abs/1909.05336
https://arxiv.org/abs/1907.10063

Flavour-violating Z’ : flavour bounds

Meson decays into 2’ Lepton decays into Z’

1@ ' tT T T ' ' T ' I 1M ' o T ' ' T ' R
10—25_ E 10—25_ _
: g :
1074F = 1074 .
- - =
1076F - 1076F -
CL;S E| CL)L) E E
10-10F B— T +inv i 10_10§_ 4
10_12§_ K- 7T +inv i 10_125_ 3
: - :
107145 C ] L] L H 10745 ] L N =
0.01 0.1 1 10 0.01 0.1 1 10
mz [GeV] mz [GeV]
U(1) couplin L L
(1) PHHE myr = \/§9F<¢> — JF Vg \. Z’ boson mass

Flavour processes set stringent lower bounds on the U(1) breaking scale

Kt —w7t2': vy2 83x 10" GeV, BT - K"Z': vg> 3.0x10" GeV

Y

—> w—eZ vy 2 1.3 x 10" GeV, T =07 vy 2 7.6 x 10° GeV
K — K mix. : vg > 6.5 x 10° GeV

Blasi LC Mariotti Turbang 24
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https://arxiv.org/abs/2410.08668

Light NP coupling with leptons




Summary of searches for light invisible LFV ALPs

oHa 1 m;i.

_ V7 A7 o
Laee = 21, (Cz'j Livuty + Cjj livpysts) => T4 — lja)= 6ir f2 <|OXej|2 + |Cé?£j|2) <1 - m3

N Mu3e,” ~~. “— ]
10" MEGI-fwd (F=100) %77 T _ couplings
U(1)-breaking / w Eommmmmmmmome oo MEGHEWA (2D ~_ ] all equal
NP scale  Star cooli Jodidio et al. wisT future
_ 1095_ ar cooling : bounds_:
\A %) - |‘. | / E
O, i ‘. l -
y/v |‘| i Belle Il = @
S Il (G0rab)
astrophysical I P RN
bounds 107 SNTIB7A Lo ™ .
: ! !w/\;
106_ I |||||||| 1 |||||||| 1 |||||||| 1 |||||||| 1 |||||||| I :IIIIILJ:l 1 |||||||| |
107 10° 104 10° 10° 107 108 10°
updated from LC Redigolo Ziegler Zupan '20 m, [6V] < ALP mass

 Decays mediated by dimension-5 operators: one can reach NP scales even
larger than u — ey, u — eee etc. (from dim-6 operators — Yamanaka-san talk)

« Mu/tau/astro interplay: it m, > m, constraints mainly come from 7 decays
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https://arxiv.org/abs/2006.04795

u — e a: signal and background

Signal: monochromatic positron with p. = \/ (m“

2 _m2 4+ m2\ 2
a (& L m2
2my, ) )
. . ) m3 2\ * cy, CH,
Differential decay rate: A0t = (ja) _ Eg 1 — mg 1+ 2P, cost = %A
dcos@ 32mEy, my / (CXEj)Q + (CMJ-)Q

signal anisotropy depends on the chirality of the couplings

2pe
. dQF + + o U - To =
Michel spectrum: W’ = e vevy) ~ T, ((3 - 2w.) — P,(2x, — 1) cos ) 2 my
dzedcost -— __ u polarisation

And “surface” muons are highly polarised (produced by pion decays at rest on the
surface of the production target) — the SM background can be suppressed

/—\
mq (MeV) 105. 94. 82,  67. 4T. 0.

3'5f """ - _ o % the bkd goes to zero
3.0f kb MPY e S S - in the “forward”direction
" 1 - g e:zp;r‘:v . 5 (the direction opposite
Sf 2 . 8 to the muon polarization)
(p) [ X
o 20 2 |
e E v X
% 1 5 — 6: \\
B \
— “— 1.0 cosB.=1 \
< T —I— o5 @4 c0s6,=0.8
Yy M+ 00 S e c0s0,=0.6 X
0.0 0.2 04 0.6 0.8 1.0
Xa in the massless case
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Currently strongest limiton u — e a

e Jodidio et al. (TRIUMF) 1986 Search for RH currents with 1.8x10" polarised u*
Ordinary pu — evv
d°T I',((3—2x)— P2z —1)cosb) z?
— — 22 ) — | L — COS xr
dz d cos 6 a ‘
r = 2E./m,
2.0 1 T 1 1
& (@)+6(a? |

8= effects 7]
= | | MUON POLARIMETER
S Berkeley - Northwestern-TRIUMF
° L cosB= -1 e
g (bockwara) B L V:rr;zonode wires
© 12 —
8
o 10 — -
X
Los|- ) -
£ egff(gc’rs ~{t~ /Unpolarized
o 0.6 —
3
© 04 | cosB=1 7]

| (forward)

02— —

00 | L ‘ Ve d e+ luti

055" 52 02 0.6 08 , ry good e+ momentum resolution

Reduced positron energy x (~70 KeV at the e.p.)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.34.1967

Currently strongest limiton u — e a

e Jodidio et al. (TRIUMF) 1986

Ordinary pu — evv

Search for RH currents with 1.8x107 polarised u*

interpreted in terms of u — ea too

d*T : ~ (-
——— =T, ((3 - 22) — P(22 — 1) cosf) 2 @e a signabfor ma~ 0:
L A COS .
r = 2E,/m, monochromatic e* at m /2
2.0 1 T 1 N
g (a)+(a)_ ] o
8= effects ~ /T Unless it couples (V-A) like in the SM:
§ e B ( + + ) CV CA
@ dI’ — et a I
° cosf= -1 © _ lumea 11 L 9P eosl enCep
] 4 (bockward) . dcosf 2 aeos (CY)? +(C4,)?
© 12 —
S of- for the isotropic case, they set the limit
o |
X
S osf- - 4 = BR(uT —eta)<26x107°
£ offects —{ o Unpolarized
q>) 0.6— -
2 L thus one gets
b | (cfos@=l) B
orward
02|~ | - = fa/CVA > 2.4 % 10° GeV
0055 oz 52 5% R c

Reduced positron energy x
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.34.1967

Past searches: u — e a

e TWIST 2014 Precise measurement of Michel parameters plus dedicated search

30

for u — ea in the whole m, range considering anisotropy of the signal

Limits (with 5.8x10° u*):

25
20
15
10
5
0
25
20
15
10
5
O
25
20
15
10
5
0

Branching Ratio ( X 10 )

90% C.I., A=0

Mass of XO (in MeV/cz)
— 70 60 50 _ 40 30 20
90% C.l, A=-1|V-A (SM}like) Decay Signal 90% C.L. |p-value
(in ppm)

A=0 Average 9
p=37.03 MeV/c| 26 0.66
Isotropic Endpoint 21 0.81

A=—N Average 10
SM-like >p = 37.28 MeV/c| 26 0.60
Endpoint 0.80

90% C.I., A=+1| V+A (RH curr.) A = +1 Average 6
p =19.13 MeV/c 6 0.59
Endpoint 10 0.90

25 30 35 40 45 50

)

Signal Momentum (MeV/c)

For V-A coupl. and ma= 0: (BR(u — ea) < 5.8 x@

= fo/CLA > 10° GeV
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https://arxiv.org/abs/1409.0638

u — e a: future prospects

Present bounds based on old experiments and/or
moderate luminosities (<109 total muon decays)

Modern facilities, e.g. 7ES beamline at PSI (where MEGII and

Mu3e are located), can deliver >108 muons per second.
next generation experiments must do better!
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u — e a: future prospects

Many ideas and proposals at running and upcoming experiments:

MEG II — Toshiyuki Iwamoto’s talk

e Add a forward calorimeter to perform a Jodidio-like search LC et al. 20
« Run with a dedicated trigger to search for y — eay Jho Knapen Redigolo 22

Mu3e — Tamasi Kar’s talk

e Search performed on e™ momentum histograms filled with online
reconstructed short tracks  Perrevoort (Mu3e) ‘18

e Search for y — 3ea from the internal conversion of virtual photon into ete~
Knapen et al. 23

COMET /Mu2e — Truong Nguyen’s talk

e search for excess over the Michel spectrum, using data from calibration
runs employing positive muon beams Hill Plestid Zupan 23

e enlarge the y — e conversion signal window coping with a large (~100kHz?)
Michel background rate Xingetal. '22

cf. backup slides for details
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https://arxiv.org/abs/2311.17915
https://arxiv.org/abs/2203.11222
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u — e a: future prospects

Many ideas and proposals at running and upcoming experiments:
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Sensitivities up to BR(y — ea) ~ 1078,

f, ~ 10'° GeV seem to be feasible!
1011§ I \\\\H‘ I \\\\H‘ I \\\\H‘ I \\\\H‘ I \\\\H‘ I \\\\H‘ I I \\\\H‘ ; ’-
- 1Cr i |=1C =1 -
i Mu2e-X/COMET-X (fut.) .- ]
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10°= =8 E
§ TWIST 'g;‘\'v -
C .y “ _
108 5O Bt . P _
- WD cooling SN1987A,, - . . e
0 cooling :. :. ] 03
SNID8TAce . il Belle-lI
10% - l: 7
; o ‘\“‘CTa<1 m§
105 | | ||||||| | | ||||||| | | ||||||| | | ||||||| | | ||||||| | ; ||J|l||| I“‘ 1 |||||||
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cf. backup slides for details

Hill Plestid Zupan 23
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Present limitson r — e a, T — u a (invisible q)

A challenging search:

tau momentum / rest frame Pan . .
cannot be exactly reconstructed *
BG: ordinary 7 — fvv “" _s Pseudo-TRF 7*
0.06 T T T T T T e T T x10°°

|§ - 07T — ea o 253_ Belle Il —- Observed UL || Expected UL + 1 std. dev.
= 0.05 = T — ua _*_ = det=62.8 fb - - - Expected UL Expected UL + 2 std. dev.
! 0.04 [ E 2 20f
£ i Do
C\i 0.03 — — 5 15:_
S ow —~ ~ g 1of

- : T
! 001 | - e 5
A : : @ |
Q S EIPI IR IRV BT IRPIPES BN TR PR ob v

0 0.2 0.4 0.6 0.8 H 1.2 14 i.6 0 0.5 0.7 1 1:2 1.4 1.6
2
o Mass [GeV /c?] M, Gexc]
ARGUS 1995 (472 pb) > Belle 11 2023 (62.8 fb1)
up to O(10) improvement!
BR(7 — pa) < 4.7x107* (90% CL) = f./C.:* > 5.1 x 10° GeV
mag= 0 :
* BR(T — ea) < 7.6 x 107% (90% CL) = f,/CYA > 4.0 x 10° GeV
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https://link.springer.com/article/10.1007/BF01579801
https://arxiv.org/pdf/2212.03634.pdf

Present limitson r — e a, T — u a (invisible q)

: [
‘ A challenging search: B / ‘
1 1 7 1 (o P')a-r — ﬂ \an
* NEW! Belle 2025 (800 fb}) — talk by Jing-Ge Shiu
A1OOX103 | | | |
o LT Trryrrrryrrrryrrrry rrrrTry T T Ty TT T T T T T T T T T T T 1] _3
S geflle Ldt = 800 fb” Briz—pa) = 1.0x10° ] 45x10°-
() L ¢ ata . : ]
= 80 — Total background — A~ Belle @ - Expected UL =
o [BGnet ] - Expected UL = 16 3
‘:" -?E]lf&br?qci%r%uen\?/sc 7] 35;_ L =800 fb1 - E P ted UL:2 _;
£ g R e 13 s boorved UL~
§> Eiiﬁﬁ TGV i 2 - 95% CL UL — Observed UL ]
5 40 _ 2 5 — Observed UL at Belle 115
1 1 B [PRL 130, 181803 (2023)] 1
e 2 E
20 - ]
m 3 E
0O 01 02 03 04 O.5I 06 07 08 09 E_ _g
®) 1'15 I . 7 —a =
= 1.05F O"""""""'.-“ i
S 0O 02 04 06 08 1 12 14 16
O 0.95¢ m, [GeV/c?]
0.9

b 01 02 03 04 05 06 07 08 009
p; [GeV/c]
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ALP-mediated tau LFV

If the ALP is not that light nor long-lived, it can decay on-shell
(or off-shell) back to leptons: T — pa'™ — ¢

(or mediate radiative processes)

109§_I IIIIII| I I IIIIII| I I IIIIII| : III| 1I4I IIII|‘/ AIII| Ivl_gl
085 Cm = Cm =Cy=Cyp -
10~ . : E
107 . e E
_ : (e eI et ! :
6 IAVAVA VARV Y= /5l . | B
5 10 B ' g
O of }
— 100 7 jee ) E
> s H :
< li 104:_ :: IE
@) o
\@ - ;: ~‘~'~
= 103 I < ~ R _
'E T fy "
1025— E: e~ N —
1;_I IIIII| | | IIIIII| | | IIIIII| :E | IIIIII| | | IIIIII| | | IIIIII| | I_
1072 10! 1 10! 102 10
Mg [G@V] adapted from LC Li Mukherjee Yang '24

(see also Cornella Paradisi Sumensari '19)
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ALP-mediated tau LFV

If the ALP is not that light nor long-lived, it can decay on-shell
(or off-shell) back to leptons: T — pa'™ — ¢

(or mediate radiative processes)

Belle Il prospects for long-lived/displaced ALPs

10'° / 1010 A
/ ci'=Ci=C,=1 CL=Ch= Oy=1
10°E\ p - e+inv 10° Ci,=Ch=C4V=0

»
15710 (displ. 1 cm </, < 1 m)

L T = LYY

Interplay between visible, invisible, and displaced searches!
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What about Dark Matter?




ALP dark matter

* Obvious requirement, cosmological lifetime

e More stringent bound: extragalactic background light (from a—yy)

aem CL ~
—F'F
A fa

Coupling to photons (m, < my,) :  Leg = Eyv

depends on UV completion, *J
e.g. anomaly coefficient (QCD axion: Eyyv = E/2N)

e Production: misalignment mechanism

2 2 1/4
. v, 90
QT—lndep.hQ — 012 10—2 ma fCL _0
. 8 \V eV \ 1010GeV T Gx(Tosc)

— misalign. angle

it can be enhanced if ALP mass suppressed at
finite temperature (e.g. QCD axion)
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ALP dark matter

axion/ALP
DM searches everywhere here ALP can be DM
(Euv =1)
[
| IIIIIIII | IIIIIIII || IIIIII| ULLBLLLLL LLLLRLLLL UL | IIIIIII| || IIIII| ULLBLLLLL ULLBLLLLL LLLLRLLLL | IIIIIII| | llllg
|Cl,'/j|=|Cl,'l,'|=/I E
" T -
13 L AN >
100\ & 8-
B > Y/ .
12| il @ g -
10'“ X AlLp .
%’ 1] 5 AN - dey,,
O 10" < 20 (7> Aleny ) :
[ S - > PS) Q ~ =
© - xQ 00\4 ey, ]
A " Z (DOM QIGOL‘) SPHEREX XENON1T=20 -
—_ Mu3e-online N i
1010 MEGII—fwd (F=100) v / -
i 1 N | MEGII-fwd (F=1) ) I XENON1T-S2 5
10 5_ g stack X—rays § _§
- RG cooling Eyuy=0 AS ]
1 08 L1 IIIIII| L1 Illlll| L1 IIIIII| | | IIIIII| L1 IIIIII| L1 IIIIII| L1 Illlll| || IIIIII| L1 IIIIII| L1 IIIIIII 11 II'III
10~ 10° 10~ 10 1032 102 10" 1 10" 10% 10° 10* 1
m, [eV] excluded by extragalactic

LC Redigolo Ziegler Zupan '20 background light/X-rays
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LFV dark matter production?

What if p¢ — ea, 7 — pa also produce DM ALPs in the early universe,
via the freeze-in mechanism? Panci Redigolo Schwetz Ziegler '22

Freeze-in: a production mechanism for DM that was never in thermal
equilibrium with the Standard Model bath (because too feebly-coupled),
but can be produced via scattering or decays of bath particles
Hall Jedamzik March-Russell West ‘09

Dark Matter Freeze-out VErsus Freeze-in
density |
-4+ 4
D
|
el ol £ i increasing
s s - DM-SM
12} 1 coupling
-14}
-16}
0.0
review by Bernal et al. ‘17 mDM/T mp /T
Lorenzo Calibbi (Nankai)
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LFV dark matter production?

What if 4 — ea, 7 — pa also produce DM ALPs in the early universe,
via the freeze-in mechanism?

—._ Y Y51 +- TV 5T —- iy s — —. 1
N/ T

overall coupllng strength relative coupling strength ALP mass
ALP mass / couplings fixed by matching the observed DM abundance:
DM
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ALP portal to DM for the Belle II excess

Belle II observed a ~2.70 excess over the SM prediction for BT — K Tvw

— talk by Roberta Volpe Belle II '23

Despite some tension with previous limits from BaBar,
the contribution of a two-body decay into an invisible ~ 2 GeV boson
is somewhat preferred to the SM alone

1.0
— Best fit B—)KX
+20 e e e ‘
0.8 iy 15+ Belle II [x2,,=107] -
Belle [1+BaBar SR [128] |
P4 v ‘
X 06 S |
1 0. 5 |
= 5 |
m + 7}
* 04| " |
% : ~
— S 0.5 |
SN J
0.2 J
|
00 e & 1 . . |
16 1.8 20 22 24
0.0
0.0 my [GCV]
Altmannshofer et al. '23 Fridell et al. '23
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ALP portal to DM for the Belle II excess

Belle II observed a ~2.70 excess over the SM prediction for BT — K Tvw

A 2 GeV ALP can not be dark matter itself
but can act as portal to DM:

0.100f y

0.001

1072|;

-9
10 01 0.10 1 10

o.a

Laxx 2f C X)ny V5 X

dark fermion

/ b <

B+

Belle IT '23
e
/// X
. a
// < g
K+
> U

ALP decays into light fermion DM can explain the excess at the same
time yielding 100% of the observed DM abundance via freeze-in:

Value of m, yielding Q, h? = 0.12 for m, = 2 GeV

mg =2 GeV,m, =3 MeV

1077 |i

C,lfa= CL/lf=6x10"" GeV™

100
x=mp/T

1000

1074
10-5 _ WDM excl. ]
T SRS s
'-|> 10_7? — m, =50 keV
i 10"8;»; — m, =500 keV
@ 109/ 1 — m,=5MeV
&]0_]0 e | e ] — m, = 50 MeV
O R Belle IT — m, = 500 MeV
10—11 B - K inv *
12//’ =
107 m, > m, /7 !
10_]3 ] | I I | I -
10~° 3><10-9 6x107° 1078
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Summary

A wide class of new physics models entails light new
physics with flavour-violating couplings to SM fermions

Past (upcoming) searches for muon/kaon decays into
invisible ALPs can test new physics scales up to 10'Y/10'? Gev

Interesting complementary to tau and B decays, as well as
astrophysical /cosmological bounds

Models of light dark matter (accounting for 100% of the
measured density) can give rise to observable signals in
lepton, kaon or bottom decays

Huge room for improvement over old limits: next generation
flavour experiments may discover light new physics

Probing light NP with flavour violation Lorenzo Calibbi (Nankai)



Cam on!
Thanks!

Questions?




Additional slides




Past searches: u —» ey a

e Crystal Box 1988

PHYSICAL REVIEW D

VOLUME 38, NUMBER 7

1 OCTOBER 1988

Search for rare muon decays with the Crystal Box detector

STOPPING
TARGET

Nal(T) i
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at e
j’\\\
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4 ‘J‘
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N

TABLE I. Types of events generated with the Monte Carlo

program.
Process Trigger
put—ety e-y
pt—etyvy e-y, 1-y
pt—etyy e-y-v, e-
ut—etete” Ye?/e-e !
ut—etete vw e-e-e
ut—etvy 1-e
ut—etyf (f=familon) e-y
T Yy Y-v, 1-y
T p—ny l-y
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Past searches: u —» ey a

e Crystal Box 1988 2000 F°
Analysis for massless familon ma=~ O 500 T |
(with 1.4x10'# stopped u*) yields: 1000 !
500 |
QR(,LL —eay)<1.1x107? (90% CLD o L
Corn | uery | (b) ]

I(Qjmina ymin)BI{(,u — € a)
Hirsch et al. ‘09

1
—1)(2 — _
I(a;minaymin) — / d.CL’dy (:U 5 )( LY y)
Lmins»Ymin y (]- — X — y)

S
o

BR(p —eavy) ~ 5

o)
S

o
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S
o

r=2E./m, y=2E,/m,

lgr

o
I

— e m— — — — —

Crystal Box energy thresholds:

NUMBER OF EVENTS / (50 MeV?)
2
o
I

T ]

Ee>38—43 MeV , E,>383MeV = xyn=0.72-0.81, ymin =0.72

|
|
|
= F., > (5.1-28.3)x10° GeV 500 |- :
Ok,.ll.l.Al..14
weaker but independent —900 —600 -300 0O 300
of V/A nature of the couplings M2 (MeV?)
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Future prospects: MEG II

Signature
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Future prospects: MEG II

LC Redigolo Ziegler Zupan '20
e Prospect at MEG Il for u — e a ” S

What about a Jodidio-like search at MEG II for mq= O with a forward calorimeter?
We propose a modified setup of MEG II (“MEGII-fwd”) and ~2 weeks dedicated run

idea from discussions with A. Papa and G. Signorelli, thanks!

Liquid xenon photon detector

COBRA A I CRe e Muon beam already polarized
superconducting magnet Saagee : :
\ A2, ! e A suitable magnetic field can

¢ reduce depolarization effects
“ e Reconfiguring the field we can
also increase the acceptance
/ (“magnetic focusing” up to F~100)
7  Two weeks of run after MEG I
main run are enough to improve

1% RRRN the bound (even with F=0)
—— BV | Pixelated timing counter

(PTC)

,"I’.;I"' ) PN_ ] == A
: Muon Stopplng target A oMU j
\ 0
Cylindrical drift chamber € ' ccal)
LYSO calorimeter (CDCH) a ® pet 1.5 m 2
e

~1.5 m from the target, diameter ~ 10 cm v

wo O]
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Future prospects: MEG II

e Prospect at MEG Il for u — e a
What about a Jodidio-like search at MEG II for mq= O with a forward calorimeter?
We propose a modified setup of MEG II (“MEGII-fwd”) and ~2 weeks dedicated run

idea from discussions with A. Papa and G. Signorelli, thanks!

LC Redigolo Ziegler Zupan '20

Our estimate of the sensitivity of a dedicate run (2 weeks with 10° u*/s):

. 14
| MEGIL-fwd : 10
magnetic F=0
focusing o no focusing OXe = (Pp)+1
| M | ’ ’ | | i ' L | ’ ' ' T
™ worst than Jodidio et al. 103 i BR(uoea)x 10° @ 90% C.L. i
' 0.02 f
101k better than Jodidio et al. - /
0.05 1
1.66 2L _
Lé'sys<0.9-10‘6 10 *
o 0.13
lé 1.1 -
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L /6T
0.5¢ 0.95 " 99
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10_3‘1 . .....(llj_>ea>>.< @| = 100_] * ...|2'6 i
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BR ~ 1077
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_ 2Pe
my,

S

Le
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Future prospects: MEG II

Jho Knapen Redigolo 22

* Prospect at MEG Il foru — eavy

Search sensitive to V-A couplings too, requires a dedicated trigger:

1011 N ] ] ||||||| 1 1 ||||||| 1 T rrrrm
- V-A
|C6|=|C/Je |=1
>
D A\
= .
< pir i
o2 n ¥
| <
10 N \LLf - ALP-DM

40 ALPLbasin

MEG II-ALP (1 month) ><I‘ ) X
my’ 2

. Z »

WD cooling % gﬁ
10° RG cooling 5 s

TWIST
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Future prospects: Mude

Mu3e: The ,u"' — etete” search slide borrowed from A. Papa

e The Mu3e experiment aims to search for y+ = et e+ e with a sensitivity of ~10-15 (Phase |)
up to down ~10-16 (Phase Il). Previous upper limit BR(u+ = etete ) <1 x 1012@90 C.L. by
SINDRUM experiment)

e Observables (Es, te, vertex) to characterize u— eee events

Signature Background

07 @ e’
eyt g
0—_)

N\

vo @5

Recurl pixel layers

ERRRRRRERRRRRERR R EERRRRRRRRRRR R

Scintillator tiles Inner pixel layers

M Beam Target “

i

YYYYY

Scintillating fibres

\

/
\ / Outer pixel layers
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Future prospects: Mude

e Mu3e prospect for u — e a

Perrevoort (Mud3e) ‘18

Potential search performed on positron momentum histograms
filled with online reconstructed short tracks

Events per 100keV
o =
oo —_— [\
| T T 1 | T T 1 | T T 1 | T T T | T T T | X

S
o

04

0.2

0 20 40 60

-
-
[@))

+ BG: SM decays

\

\_

p [MeV]

(a) Simulated background events.

| | | | |
80 100

Events per 100keV

x10°
: ‘ * Signal: mX=6OMeV
1_— T N
0.8- r
I }
0.6 |
i f'%
0.4 j 1
0.2/ ' %
0'_ e

80 100
p [MeV]

(b) Simulated 4 — eX signal events.

20 40 60

)
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Future prospects: Mude

P M 1
e Mu3e prospect foru — ea errevoort (Mu3e) 18

Potential search for performed on positron momentum
histograms filled with online reconstructed short tracks

Expected limit for phase I (2.6x10%° u*):

] 1072

Mu3e Phase I SIM: 2.6><10'5u stops
—f— TWIST 2014

=—}— Mu3e online reco. (ext.calib.)
=—f—Mu3e online reco. (sim. calib.)

[
<
N

Branching Fraction at 90% C

N\

~ Mu3e: Work in progress
10_9|IIII|IIII|IIIIIIIII|IIII|IIIIIIIIIIIIIIlIIIIlII

0 10 20 30 40 50 60 70 80 90
my, [MeV]

e ""'r'l L R R B

me~0: BR(p—ea)<7x107% = FMQZZleOlOGeV
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Future prospects: Mude

Knapen Langhoff Opferkuch Redigolo 23

e Mu3e prospect for u — 3e a

Search for 3e + invisible from the internal
conversion of virtual photon into a e*e pair:

T T T T 1011 ———y ————r
] . 9 ] 1
fa_5><10 GeV ILL_>36_|_2V ]
1074 N, = 2.5 x 10" Background - —
% l_@‘ - - = - R L W
S~ 1010 i Mu2e-X §
109 - = ] MEG IFALP~__ | -k
§“ é { MEG TT fwd 1
O 7 ]
g ; | Jodidio et al. - =
n
g g — SN1987A (uf — efa) o
= 10° | g s N s RN
Z@ - ] . TWIST ‘x“ LN
g 2 Weocing T\ eodagt \ L
s \
| |
104 T T T T 108 T — — ,,“‘,,,,l — -\‘-----1 —— — .....‘*., i :‘.... —
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Missing invariant mass my [MeV] Axion mass m, [eV]
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Future prospects: COMET/MuZ2e

U — e conversion in nuclei experiments

M’roton beam

Spectrometer

Secondary beamline

Proton Beam

Production Solenoid Detector Solenoid

Production Target A
Tracker

Muon
Stopping Target

David Hitlin soacor tor o nspon Sl skt
Beijing CLFV School \ .
June 3-7, 2019
Lecture 1
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Future prospects: COMET/MuZ2e

e Prospect at u — e conversion experiments

Garciai Tomo et al.’11

Spectrum of u — ea emission in orbit (for Al):
015" Mg = O ﬂ
HQ, 0.10} ] '
% i
5|4 | oslg —
~1= o o-le Muon decay
i j K i 1071 in orbit \
0.00;“““““““““““7 _18“HMHHMHMHHMH“‘\‘M
0 20 40 60 80 100 10 100 101 102 103 104 105
E.(MeV) E.(MeV)
Sensitivity in terms of the u — e conv. limit:
v
7 (in Al -17
Phase-space 27 ) . 10
correction factor <\N R . \N R /
R capture R
B(u — eJ) ~ —Btne ptur

~——"15 |::> -6
fJ F(:u — el/,upe) fJ 2X10
Fraction of u — ea A/

/
events in the signal region

2x1071 (E. > 100 MeV)
Possible bound at the level of Jodidio et al.

Limited by the u — e conv. signal region (only the tail included):(dedicated sea@
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Future prospects: COMET/MuZ2e

e Prospect at u — e conversion experiments

Hill Plestid Zupan 23

Conversion experiments employ u- beams to form muonic atoms: in the signal

window for u — e conversion, the SM bg is suppressed, but u—ea would be too

Idea: search for a mono-energetic positron excess over the Michel spectrum,
using data from calibration runs employing positive muon beams (1013 -1014u*)

103

[—
<
a

BR(90% CL)

— u > e X Mu2e-X (u)
- eX Mu2e-X (7)
— u—->eX COMET-X (p)
n—>eX COMET-X (7)

1077

fa (GeV)

1011§ T T TTTTT HH‘ T T \\HH‘ T T \\HH‘ T T \\HH‘ T T \\HH‘ ;
- 1Cr i |=1C =1
Mu2e-X/COMET-X (fut.) .
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107 - .
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Future prospects for ALP searches: a COMET study

e Prospect at © — e conversion experiments Xing et al. '22

One can try to lower the lower limit of the signal window
(very large background from muons decaying in orbit)

Significance factor

55

D Y I 5 i
= o i :| —— With flat blockers
ks s I NG e s ~— |
& 50—, —=—— With circular blockers
_2 .......................................................................................................................................... %\ |
5 ‘/1\’ B ——— Ideal ladder acceptance without blocker
3 45p
-4 2 = :
- Ry NN GURINEIR | I RTRR CORER RN RN . (8 -
40—
| mNORORUOONS o ORI |/ SHL USRNSSRt SUVUOITIORE SOOIV o B
B 5 it — Acceptance of 100% 35:—
1 7 A S ——— COMET Phase-| B
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e ———— COMET Phase-ll with flat blocker 30—
10 - T COMET Phase-Il with circular blocker — : : : : : i i : !
_0 20 40 60 80 100 25_IllillllillllillllillIlilllliIIIIiIIIIiIIIIiIIII
__— E(MeV) 0 01 02 03 04 05 06 07 08 09 i

lower limit of

signal window \

——> COMET Phase II can reach ~10-® coping with a bg rate ~O(100)kHz

Event rate (MHz)
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What about heavier ALPs?

[f muons can not decay to on-shell ALPs (i.e. mq > my),
constraints on LFV ALPs are much weaker

We have two possible strategies to test the u-e interaction:

Indirect tests through processes they induce:
e.g. muonium-antimuonium conversion

Direct production in muon beam collisions,
e.g. u'e- — ay at the proposed uTRISTAN project

Hamada et al. '22
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Low-energy test: muonium to antimuonium conversion
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Limits on the conversion probability:

P, <83x 10711  x1000 P < 7x10-4
MuM . MuM
o improverr;ent Future: B

MACS '98 MACE '24

Present:
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High-energy option: the uTRISTAN proposal

uTRISTAN proposal : "' and e colliders

p@ Prog. Theor. Exp. Phys. 2022 053B02(16 pages)
DOI: 10.1093/ptep/ptac059

uwTRISTAN

Yu Hamada', Ryuichiro Kitano', Ryutaro Matsudo', Hiromasa Takaura'*, and
Mitsuhiro Yoshida™?

'KEK Theory Center, Tsukuba 305-0801, Japan

Graduate University for Advanced Studies ( Sokendai ), Tsukuba 305-0801, Japan

"KEK Accelerator Department, Tsukuba 305-0801, Japan

*E-mail: takaura.phys@gmail.com

!
Received January 21, 2022: Revised March 18, 2022; Accepted March 28, 2022; Published March 30, 2022 Hamada et al. '22

v,
@ The idea is to cool and focusa technology developed at JPARC
[Abe et al., 1901.03047]
@ The u™ beams could be accelerated up to 1 TeV and made to collide with :
30 GeV e~ beam 1 TeV 1™ beam
— "“Higgs factory” with OR — “Discovery machine” with
Vs ~ 346 GeV Vs =2 TeV
— Expected integrated — Expected integrated
luminosity £ =1 ab™! ) luminosity £ = 100 fb™* )

slide borrowed from L. Mukherjee
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High-energy option: the uTRISTAN proposal

uTRISTAN proposal : "' and e colliders

P@ Prog. Theor. Exp. Phys. 2022 053B02(16 pages)
DOI: 10.1093/ptep/ptac059

L TRISTAN

a

ute- collisions would make uTRISTAN

an ideal environment to study cLFV!
o Tk
A

o For possible applications see
Q

Fridell et al. 23, Lichtenstein et al. 23 jth -

— "Higg +h
Vs ~ 346 GeV Vs =2 TeV

— Expected integrated — Expected integrated
luminosity £ =1 ab™" ) luminosity £ = 100 fb™* )

slide borrowed from L. Mukherjee
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ALP production and decay at uTRISTAN

Most promising production mode
(see backup for other processes): € Y

m2 |C2,|* + |CY |2
fc% s wmax

003 1b (200 GeV)2 (346 GeV)2 (yn\max) ............
| Fe, Vs 2.5 @Cﬁgv E
LC Li Mukherjee Yang '24 ‘w

Heavier ALPs can decay promptly through the same LFV interactions

Charge combination virtually background-iree:

Signal: e ut — vya— yuer

ole ut = ay) ~ «

SM bg: e put = YW ,W (= u v, )WT(— etre) [op~2x107°b]

However, asymmetric beams reduce signal efficiency:

About 70% (50%) of ALP decay products fly outside the
geometric acceptance for a detector with |7 |<2.5 (3.9)
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Future sensitivity to ALP u-e interactions

@ LFV couplings@

1071 '; Vi . »
already 1072 i P e U — ya — yu~e
excluded %:E i T |
—4 / 3 | T :
107" » HTRISTAN 3
100° T (10 ab-1) ! .
S 1076 " MACE : :
<(“3‘ EF i \: ?
» -7 l l ]
> 1077 : - future
1078} | ‘bounds;
. 10-°f : : r
ALP coupling - < — et > ya(- etu) | ]
A 107%F u — e+inv | . | : N
m., OV : ] — e u* - ya(inv) | :
AV  THTep 10-11 L i | .
ep = 2f : Mu3e --"’i i :
a 1072 i el A
1072 107" 1 10 102 10°
ALP mass » m, [GeV] LC Li Mukherjee Yang '24

Interesting interplay between MACE and uTRISTAN

What if there are also substantial flavour-conserving (LFC) couplings?

One can also search fora — u* p~ but low-energy LFV becomes stronger
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ALP-induced muon LFV decays

Other interactions (LFC ones, in particular) lead to muon LFV decays:

N l

L

>

? >
|
y ' a
|
:
0/a ¢ Cr

see e.g. Cornella Paradisi Sumensari '19

< <

10° T T T
Stringent limits from: | o=
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A

104} i o

lj/ % 6,7/ -§ 106} .:, AAK Belle/BaBar
g '5J A, A
» L 10 A

//L % 666 § - 9 Belle Il expec.

mop—ey '
107 ® |— 3 i':'\;!‘

10" & 1— py ® A
A T— 3y SINDRU SINDRUM II -
107 MEG plénj
For a pedagogical introduction (exp + th) 1ol Mu3eO)
) . Comet/Mu2e /A
cf. LC and Signorelli ‘17
1940 1 9’60 1 9'80 20IOO 2020-'2030
Year adapted from A. Schoning
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Future sensitivity to ALP u-e interactions

-1 —— — —rrrrTT—eT
10 : MlIJ—MU | L. - é
1072} =
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107 ;
107° | ;

S 107 | : :

<3 , : |

S 1077F i i 7
10_8;5 U — 3e i — e ut syal-ptuT) i ?
1079} | — eut oya-etu) | .
10—1OE- ________ i — e ut s ya(- ete) i _EI
1011EJ — e-lii.h-\r",?: — e u* - ya(inv) i :
1072 A

1072 10" 1 10 102 108
m, [GeV] LC Li Mukherjee Yang '24

UTRISTAN sensitivity could go beyond low-energy LFV
constraints, only for very heavy ALPs, ms =z O(100) GeV
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Muon and electron g-2 constraints

m
[sp]
IV — 0
1 v
(V]
=
L 1o
1
oy ()} |u4|
(4]
4
.................... uq
= 4 O
=
q
F - O
1 ™
| n_lnrnn | oo [linrn U
T 8 ? Y 9 {
o o o o o o
™ h ™ h ™ h
| 6|
NY
I
[ep]
— - O
=
Al
=
L 1o
o
= 0} -
®©
4
[DENR——— | 147
41 O
=
q
E - O
1 v
| [ | o [l w7
T 8 ? Y ? <
o o o o o o
™ ™ ™ h ™ h

1
_\:w@_

m, [GeV]
(b) LFV (e-u) and LFC couplings

m, [GeV]

(a) LFV (e-u) couplings only

I
o
g - 0
I~ 1 ™
(aV]
m b ol
= J1o
- / o
©
<
= =R
.................... |u1_
£ EK=)
5
q
£ -4 O
1
| e hanhn | | . honn . |
T 9 D Y D ?
o o o o o o
™ ™ ™ ™ ™ ™
| op)
ViW 4
I
[¢2]
— - O
5
Al
| \( 1%
E ™
i ||4|0
S
. ﬂ -
(]
<
s v sl _____________ A
£ 1 O
S
9
— EX=
1
| e I henkis | e ., e i
T 9 ? Y P ¢
o o o (@] o o
b sl b el b el b sl b el b sl
| ep|
ViW 4

m, [GeV]
(d) LFV (e-u) and LFC couplings

m, [GeV]

(¢) LFV (e-u) couplings only
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Probing light NP with flavour violation



Froggatt-Nielsen flavour models

« SM fermions charged under a new horizontal symmetry Gp Froggatt Nielsen 79
Leurer Seiberg Nir 92, 93

e G forbids Yukawa couplings at the renormalisable level

e Gpspontaneously broken by the vev(s) of one or more scalars (the “flavons”)

 Yukawas arise as higher dimensional operators

A

N Q;
flavour-anarchica fL fR

O(1) coefficients

I
n. nd. <§b>‘ ‘\ : ,". (@)
c=at (2) " Quit +ad () " Qa1 N
—hA =45 | v Q;u; T Ay, A Q;d; ) :

<€b> <A —> e= <¢> / A small expansion parameter (A=UV scale)

f :
nij dictated by the symmetry

Gy could abelian or non-abelian, continuous or discrete, local or global
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The simplest option: Froggatt-Nielsen U(1)

Quark sector

FN charges
o | Qi | u | di | H
U || 1]Qq,| Qu,| Qa,| O

Rotation matrices Y/ = VfTYfo —> V;?”d ~ Qi 2q;l

—>

)/Z] — a’ij € J
d__ d 2qg,—%d.
YI,] — aij € J

WU’)d AU E‘Q’u’i’d’i _Quj,dj |
t]

Successful predictions for Vogny = V' Var.

Vub ~ ‘/td ~ Vus X Vcb

(independent of charge assignment)

Vud%Vcs%V;fb%1

Y“ ~

/67 65 63\

b ¢ €2

\64 €2 1)

?

Example:

(QQ17 QQ27 QQ3) — (37 2, O)a (Qu17 QUQ? QU3) —

Ve ~

/67 65 65\

b et ¢

(_47 _27 0)7 (lea ng) ng) —

\64 62 62/

(—4, =2, —2)

/1 663\

e 1 €2

\63 €2 1)

e = (¢p)/A ~0.2

VCKM ™~
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FN U(1): Lepton masses and mixing

Lepton sector

Qr.—9Qe. * Or.+9r . c 17\( T
0 (D))" - y (@ )\ (L§H)(H Ly)
A v Q ’I,_Q ; Qei_Qe-
A R A U i O ]

LH charges can chosen to give a (quasi-)anarchical Upyyng = V” V“

RH charges then responsible for charged leptons hierarchy

Examples: Altarelli Feruglio Masina Merlo ‘12
i AnarChy (QL17 QLQ) QLg) — (QL) QL) QL)
e Mu-tau anarchy  (9r,, 9r,, Qr,) = (Qr+1, 9r, Q1)
e Hierarchy (QLl, QLQ, QL3) — (QL +2, Qp + 1, QL)

Charged lepton hierarchy, e.g. : (Qel, Qe s Qe3) — (QL — 4,97 — 2,091 — 1)
(withey & e ~ 0.04)
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https://arxiv.org/abs/1207.0587

Local Froggatt-Nielsen U(1)

Flavour non-universal local U(1) symmetry generating the hierarchies of
fermion masses and mixing through the Froggatt-Nielsen mechanism

Smolkovi¢ Tammaro Zupan '19

(anomalies cancelled by suitable UV completions Bonnefoy Dudas Pokorski '1

@ow the cutoff A, only two new particD

Ve H :)
¢ — ¢ z@/v¢ longitudinal

/ \ omponent of

Physical flavon U(1) gauge boson, Z’
1
m;, = §>\¢U§5 mz = V2gr(d) = gr v
m! _ _
L=n] U: fiPrfj¢ LD gr fy*(Qs. Pr + Qsa PR)f Z,,

— both fields decay into SM fermions and are produced in the early universe by
thermal interactions (O(1) couplings with the fields at A)

— we have to require their lifetime < 0.1 s in order not to affect BBN
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https://arxiv.org/abs/1909.05336
https://arxiv.org/abs/1907.10063

