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MOTIVATION

e any spontaneously broken global symmetry = (p)NGB
e if "light enough" can be DM

e in general couplings to gluons, photons, SM fermions

P Eoaem a ~ 0ua

EeH‘ZS—WﬁGG N 81 faFFI 2F, fir* (Cf,,,fj szfj’75)f
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e our goal: implications of flavor violating couplings
e do FCNC experiments probe interesting parameter space?

® possible improvements on search strategies?
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NAMING CONVENTION

e asidenote on the naming used in this talk

® (QCD) axion - pNGB that obtains mass
from (QCD) anomaly

® any-other-on™ - explicit mass term for
pNGB that breaks the global symmetry

¢ flavon, majoron,...

“almost always: axiflavon/flaxion is a QCD axion
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MOTIVATION

e FV couplings of ALPs arise quite generically

diag

r ) the couplings are

e 1N mass basis (V{TyfV{e =

v,a 1
c: (VAT XV £V xp V)

fzfﬂ 2N ij

0.a —
Lags = 2f fi" (szfg +szfﬂ5)f

o FV unless PQ charge matrices X, aligned with yfy; ; y]j Vr

e note: we will often use

2fa Zfa
FVa = Fypp. =
fi f VA 1]
Loc f VIC 12+ 18,
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OUTLINE

* bounds on ALPs from quark FCNCs
® minimal axiflavon

* bounds on ALPs from lepton FV
® proposal for MEGII-fwd
® several models of LFV ALPs

o LFV QCD axion, LFV axitlavon,
leptonic flavon, majoron
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BOUNDS FROM QUARK
FCNCS



QCD AXION

Martin Camalich, Pospelov, Vuong, Ziegler, JZ, 2002.04623

e in this part will focus on QCD axion
with FV couplings to quarks

® solves the strong CP problem

® can be a cold DM candidate

e effectively massless in FV transitions
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STRONG CP PROBLEM

e Lorentz and gauge invariance allow a CP violating term in

QCD
L=0-2
S

oF

Go Gaw =07

UV ,Ypo

e physically observable is the combination

0 = 0 + arg det(M M)

* experimentally :
d, ~4x1071% 0 ecm i |d,|., <3x107*ecm

e why 6 so small?

< 10—10'

e very puzzling given large CPV phase in the CKM
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Peccei, Quinn, PRL 38, 1440 (1977)
Weinberg, PRL 40, 223, (1978)
Wilczek, PRL 46, 279 (1978)

AX l O N Vafa, Witten, PRL 53, 535 (1984)
e if 6(x) a dynamical field and couples only to
0GG = potential min. at 9(x) = 0 A _ 2fa
fifi = VA
® new ultra-light particle - axion L
as a L~ Foaema ~  0Oya -
off = -5 | ‘m __FE 4 2 M %4 A |
Lef 87Tfa,GG N 87 f, 2fa,fw (Ctogy T Cris 1)
® obtains mass from QCD anomaly
12
Mg = 5.70(7) peV (10 fGeV)

® viable cold dark matter candidate for

107%eV <m, <107 % eV

Y
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THE STRONGEST FV
CONSTRAINTS

Martin Camalich, Pospelov, Vuong, Ziegler, JZ, 2002.04623
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FV DECAYS

d;
R bocymesondecays: @000 R N a
o P; = Pa sensitive to F; i/ d.
: ¢ o ann L
e use exp. searches for K* — n7a, B - Ka, B — na
(most stringent: recasts of B — Kuvv) E787&E949, 0709.1000
CLEO, hep-ex /0106038
e for DT — zntaneed to recast D — (7 — zv)v Belle,1702.03224"
BaBar, 1303.7465
e P, — V,a sensitive to Fl‘;‘, no exp. searches CLEDCS S
e 2-body hyperon decays, sensitive to F lf;.‘ and I l;/ BESS-III, 1612.01775

0

e most sensitive Z° — X% (now), A —» na (future)

. E787, hep-ex /0009055
e 3-body K — nzma decays, sensitive to [, E391a, 1106.3404

® 3-body decays of B, D, could be interesting as well
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Flavors Process Fj; [GeV] Ff; [GeV]

FV DE( ..« *ore o

-

Bt 5 Kt% 3.3 x10% -
b— s — ~(‘3 X 109) . - ;
BT 5> nta 1.1 x 10% -
e 2-body meson decays: b—d ‘  (3x10%) B
Dt > nta 9.7 x 107 —

o P; = Pa sensitive to F; I c—u

- gs X 1082 —

e use exp. searches for K — z7a, B — Ka, B — na

(most stringent: recasts of B — Kuvv) E787&E949, 0709.1000

CLEO, hep-ex/0106038

e for DT — zntaneed to recast D — (7 — zv)v Belle, 1702.03224*

BaBar, 1303.7465

e P, — V,a sensitive to Fl‘;‘, no exp. searches CLEO, 0806.2112

e 2-body hyperon decays, sensitive to F lf;.‘ and F l}/ BESS-II, 1612.01775
0

e most sensitive Z° — X% (now), A —» na (future)

. E787, hep-ex /0009055
e 3-body K — nzma decays, sensitive to [, E391a, 1106.3404

® 3-body decays of B, D, could be interesting as well

J. Zupan Flavor violating axions 1 Free Meson Seminar, TIFR, Mar 4 2021



Fv D E C Flavors Process Fz‘; (GeV] F z‘? [GeV]

A — n a (decay) 6.9 x10° 5.0 x 10°
(1x10%) (8 x 10%)

e 2-bod d . s — q e B S
it =0T Cecays: oy B0 3%  1.6x107 2.0 x 107
2 x10%) (3 x 10°
e P, — P,a sensitive to F - R ar/ Fi ( ;,;)‘__LA_; 0)
' ’ ——— ————
e use exp. searches for K* — n7a, B - Ka, B — na
(most stringent: recasts of B — Kuvv) E787&E949, 0709.1000
CLEO, hep-ex /0106038
e for DT — zntaneed to recast D — (7 — zv)v Belle, 1702.03224*
BaBar, 1303.7465
e P, — V,a sensitive to Fl‘;‘, no exp. searches CLEO, 0806.2112
e 2-body hyperon decays, sensitive to F lf;.‘ and F l}/ BESS-II, 1612.01775

0

e most sensitive Z° — X% (now), A —» na (future)

. E787, hep-ex /0009055
e 3-body K — nzma decays, sensitive to [, E391a, 1106.3404

® 3-body decays of B, D, could be interesting as well
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MESON MIXING

e can reliably predict bounds from meson mixing
e ChPT for K — K mixing,
e OPE for Bq — Bq, D—D mixing

* bounds do not depend on ALP decay mode

e but they are UV sensitive

e there could be cancellations with other dim 6 NP ops.

>4
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KAON MIXING

e use ChPT, work to NLO
e at LO, sensitive to F l;/ ,at NLO to F lf;.‘

e results applicable to other light scalar mediators

R S——————— 70, n
B e ——m————
5 |
= in vacuum insertion approx.
v T (N () ma T
Fe \2mx om2 20 EY ) 2 m?2.
M :(F_A) 7{1‘ 7 (0t 2e) m
-|—§ m2Kz (1—log(m—§))}. 2m2
31672 f7 v + — (ao —2a1)}.
E———— ————————— K
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KAOhI R A T QPRI

Flavors Process F}; [GeV] Fy; [GeV]
‘ s | o TG T e e p——
e use ChPT, work to N g K-E(amy) 5.1x10° T 2.0 x 10°
o (ex) 0.9x10°T 4.4x 107
e at LO, sensitive to F ;s at o i e

® results applicable to other light scalar mediators

SRR e ——————— 0, 7
5
— 1n vacuum insertion approx.
FV 2 2\ 2
MY, —i—12 (f_l‘{/) @(1_7”_;) %
A fK mK 2mK 2 Fds 2 mK
M12 — F—A 2 (Oéo + 2(11) m%{ .
ds K X{ 2 £2 (Io(zﬂ) + §10(z77))
8 m2 m 32T fK
ety (s () o
31672 f7 p? + — (a0—2a1)}.
——r—— —— K
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HEAVY MESON MIXING

o since Agcp, My, 4, <K My can use operator product expansion

e s-channel and t-channel exchanges of the same order

e phenomenologically important for bounding cu-a couplings,
otherwise less stringent than decays

e expressions valid for other scalar light mediators

N
S

—v—“w.;,, __“//'\
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SUPERNOVA BOUNDS

e in neutron star A, n, p, e are
in equilibrium

e A — na decays can
cool the proto-neutron star

e A, nhave the same Fermi energy
= at T=0 Pauli blocking forbids
A — na decays

e at finite temperature volume emission
rate (in NR limit)

Q >~ n, (’m,A — mn)F(A — na) e T see also Camalich et al, 2012.11632

I ———- S —
e assuming this is below neutrino emission rate 1sec after the collapse of

SN1987A
e bounds on |Féz| and |FSZ| in the range 10° — 10'° GeV

J. Zupan Flavor violating axions 15 Free Meson Seminar, TIFR, Mar 4 2021



PROSPECTS
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EXPLICIT MODEL -
AXIFLAVON

Calibbi, Goertz, Redigolo, Ziegler, JZ, 1612.08040

tr heavy Q O,

— | ~—>
—[ul; ' | ! | la]i # —[ul;
- ‘ , A 4 4
l | l I
X X X X X
e FN mechanism involves Froggatt, Nielsen, NPB 147, 277 (1979),...

® vector-like fermions (no QCD anomaly)
® scalar flavon fields

e effective Yukawas governed by flavon insertions (so that
invariant under flavor symm.)

Lers ~ (%) hq;u; €

® hierarchy from powers of small parameter ¢

9
Ap
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AXIFLAVON

* ingredients for axion mechanism

® need a global PQ symmetry that is spontaneously broken
= Goldstone boson is the axion

® global symmetry needs to be anomalous under QCD

e flavor symmetries that explain Yukawa hierarchies have a
QCD anomaly

e axiflavon mechanism: identify PQ symmetry with FN U(1)y

e the phase of the flavon is the QCD axion = axiflavon

H — f T (/5(513) 6710,(:13)/]"

\/§ Wilczek, PRL 49, 1549 (1982)
Calibbi, Goertz, Redigolo, Ziegler, ]Z, 1612.08040

Ema, Hamaguchi, Moroi, Nakayama, 1612.05492
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SEARCHING FOR AXIONS/
AXIFLAVONS

e axiflavon

¢ flavor violating couplings to fermions

® in addition to flavor diagonal
couplings to electrons, nucleons,
couplings to photons, gluons

® in the minimal FN axiflavon model

........... a -~ VTt ~ Mq /Ml
fa ueV 1012GeV
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SEARCHING FOR AXIONS/
AXIFLAVONS

minimal axiﬂavon 0/n Calibbi, Goertz, Redigolo, Ziegler, JZ, 1612.08040
-3 -2 -1 0 f prmernn, .
" 10 0 gl ™, natural axion
' ! 1 fl 3 .
d 4 U as DM window
11 : 3 : : i : 1" Superradiance
U e — o 2n | 2sN19sTA
-4 i : T / 3HESS., Fermi-LAT
— H ‘ 4 Globular Cluster
-13 | . [
- 10 NA®62 future: ] / 4 Globul
8 | Br(K+e AR 6 White dwarfs
: 10—15 B | | ’ e ‘ 6
N | r ] K-> n"a
N - ! l ; ADMX-II
T L T --."""J I §
Rl 1) i A Ly < | ‘
! . CASPEr-1II
________ H | o
=T ! 3 [AXC
10719F° ! ] ABRA-Res
i KSVZ+DFSZ | ABRA-Broad
| ‘ Axiflavon | Y
10721} o b4 LN E787 & E949:
10710 10°F 10°  10* Br(K+—mta)<7.3-10-1
m, (eV) R i f
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LFV ALPS

Calibbi, Redigolo, Ziegler, JZ, 2006.04795

e assume ALP with (predominantly) FV
leptonic couplings

e will allow for varying ALP masses

* main question

e what does O(10"° — 10'7) muons at
MEG-II, Mu3e, MuZ2e buy us?

e compare with 2 X 10’y @ Jodidio et al.
(1986), and 6 X 10° u @ TWIST (2015)
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THE UPSHOT

11

10 E | | LU LA 1 | L L L LA | | L L LA 1 I T T1rnl | | IIIII|| | | IIIIII| 1 | IIIIIII §
- 1Cy;|=1Cy 1=1 -
0 - Mu3e—on|i% -
107 MEGII—fwd (F=100) E
5 MEGII-fwd (F=1) :
10° ::ﬁﬁﬁﬁﬁﬁm"""'"""'""""""""""'\"': N _
= | \ 7 :
O 108 R < z -
o i Wb cooling 24 Belle-| ]
= i cooling o i
L s i
107 & 3 A
] SN1987A E -
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u"T — e"a SEARCHES

e two types of searches for u™ — e™a positron line

e suppress the SM bckg., 4 — evv

Jodidio et al. 1986
e use polarized muons (P,) ~ — 1, in the forward region

SM suppressed
S m, [MeV]
® sensitive only to RH ALP 05 o4 8 6 47 0o
i calibration with ~ .="""""~., .
- 1.5} utoet+v+v 22 TS ~
Uy ' endpoint

BR-10°
o
Pe<10 MeV

calibration challenge

cosB=1
————— c0s6,=0.8
-------- c0s8,=0.6

..._-4.’........

e
—

e do not suppress the SM, also sensitive to LH ALP, TWIST

TWIST, 2015
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MEGII-FWD

e MEGII could be repurposed for u™ — e*a search
= MEGII-fwd

e already has polarized muons

e place a Lyso ECAL downstream

A
: A
ST
- ..
=
= +
°
=
Ot
5 2
Lyso-ECAL
wo Of

e need to reconfigure the magnetic field
® most conservative no focusing, F=1
® possibly more realistic F=100

e interesting reach already with 2weeks of running

J. Zupan Flavor violating axions 25 Free Meson Seminar, TIFR, Mar 4 2021



MEG-II, 1801.04688
Liquid xenon photon detector
(LXe)

COBRA
ducti
superciuc Ing magnet o
®
Xek
e MEGII co
e place a Ly Fy
Pixelated timing counter
(PTC)
P,=-1,+ ;
DA o/ Muon stopping target
DR I4 Cylindrical drift chamber
a De+ Radiative decay counter (CDCH)
(RDQ)
L S —W

e need to reconfigure the magnetic field
® most conservative no focusing, F=1
® possibly more realistic F=100

e interesting reach already with 2weeks of running
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MEG-II, 1801.04688
Liquid xenon photon detector
(LXe)

COBRA
superciducting magnet

e MEGII co
= MEGII 7
e already h
e placeal
B ) Pixelated timing counter
P,=-1, + (PTC)
<@ Muon stopping target
DR I4 Cylindrical drift chamber
a Do+ LYSO calorimeter (CDCH)
W

e need to reconfigure the magnetic field
® most conservative no focusing, F=1
® possibly more realistic F=100

e interesting reach already with 2weeks of running

J. Zupan Flavor violating axions 25 Free Meson Seminar, TIFR, Mar 4 2021



Callibll)i{ Redigolo, Ziegler, |7, 2006.04795
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Mu3e-online

; : A.-K. Perrevoort , PhD thesis
e Mu3e-online: a dedicated search strategy at Mu3e

* online event reconstruction E
: L
with fgpa's .

~§" Michel spectrum (leading order)
e p’ on tape from reduced info &8 -~ eX signal (m,=60MeV)

et
("short tracks"=4 hits in 4 layers) 5

0.6

e bump hunt on Michel spectrum

® sensitive to both LH and RH AL Ps 0.4

0.2

T T T l T T T I T T T l T T T I T T T l

L1 l | I N I I I — | | I I I I I |

10 20 30 40 50
P. [MeV
B e Aan S ———
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Mu3e-online

e Mu3e-online: a dedicated search strategy at Mu3e

A.-K. Perrevoort, PhD thesis

* online event reconstruction 5 -
with fgpa's = |
§" - Michel spectrum (leading order)

e p’ on tape from reduced info £08" -~ eXsignal (m,=60MeV)
("short tracks"=4 hits in 4 layers) g
0.6
e bump hunt on Michel spectrum :
® sensitive to both LH and RHALPs  o4f-

Searches for Charged-Lepton Flavor Violation in Experiments using Intense Muon Beams

Sensitivity: 10" 10" 107

Sensitivity: 10" 10" 107 10" or smaller
-13
(42x10™) Sensitivity: 10™ 10 or smaller
20 200 20 20>
Data Taking -
- : Proposed Future Running
(Approved Experiments) 1910.11775




ALPS IN TAU DECAYS

o for 7 — Za the challenge is the extra
missing energy
ece >t (>C"a)yr (- pv,)

e can only boost to pseudo-rest frame of tau

e current bound from ARGUS 1995

BR(T — pa) <45x107° (95% C.L.) = Fy, >3.3x10° GeV.
Belle (1/ab) prospect: BR(7 — pa) <1.1x107* = F,, >2.1x 10" GeV .
Belle, 2017
== R ———
6 x 10" GeV.

Belle-II (50/ab) prospect: BR(7 — pa) <1.4x107° = F,, > 5. | ]
our naive rescaling
28 Free Meson Seminar, TIFR, Mar 4 2021
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ASTROPHYSICS BOUNDS

Raffelt, Weiss , hep-ph /9410205
* bounds on massless ALP-electron from red giants and

white-dwarf cooling well known
e duetoe "+ N—-> e +N+a
® we rescale to nonzero ALP masses

e above m, 2 0.1 MeV SN bounds become important (new!)

* also bounds on couplings to muons, but less severe
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ASTROPHYSICS BOUNDS

11 10205
10 E | | LU LA 1 | L L L LA | | L L LA 1 I T T1rnl | | IIIIIII | | IIIIII| 1 | IIIIII| §
- 1C;1=1Cy =1 7
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107 MEGII—fwd (F=100) E
5 MEGII-fwd (F=1) ;
10° _ R A N
;‘ ) \‘| —
O, 10°F R6 s | B -
o i Wb cooling 24 Belle-| ]
= ] cooling ol \
©
10" & 2 =
: SN1987A.c - E
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5 1 1 Illllll 1 1 llllll| | 1 Illllll 1 1 IlIIIII 1 1 lIIlllL 1 lIllI| I" 1 IIIlIII
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LFV ALP DARK MATTER

e (-th order condition for ALP to be a DM: be stable
on Hubble time

e assume a — yy dominates

H, 1 \2 /10 keV\” fa 2
= Hot, > 1, h Hor, ~ 54 :
Do 107> L where HoTo =5 (ngf) ( Ma ) (1010 GeV)

e if ALP is observed in a LFV process = m_, S 10 keV
e LFV experiments most sensitive for some m,,

¢ need other experiments to confirm it is DM
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1013 | i
O |Cl,'lj|=|C/,'/,'|=1 ,;
10" Epv=1 &
[ I’ i
i > < r\/hd /ll j
% 1011 g = i Dsn £ =
: r EBL / :
O, 2 %, SPHEREX / -
W 10 [ Mu3e-hysto O ’ /I i
107 1 | MEGII-fwd (F=100)-. / y E
- MEGII-fwd (F=1) £ :
I WD cooli ., Jodidio et al. Y. i
10° = % oo stac 4 Mot/Ho>1 —
- { u

E RG cooling /I 4 2

1 08 Ll ||||||| Ll |II||I| | | ||||l|| Ll IIIIII| | IIIIII| Ll IIIIII| 11 ||||||| 11 IIIIII| | | IIIIII| 11 IIIIl"l L1 ||||||| | | ||||||| Ll LI )
10~ 10° 10°10* 102102 10" 1 10" 104 10 10* 10° 10°
m, [eV] g
served in a LI VPTOCQSS o

e LFV experiments most sensitive for some m,,

¢ need other experiments to confirm it is DM
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SAMPLE LFV ALP
MODELS



e show several examples of LFV ALP
e LFV QCD axion

e LFV axitlavon
® leptonic familon

® majoron
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LFV QCD AXION

o DFSZ-like model: 2HDM+S: Xg = 1.Xy =2+ Xy

o flavor universal U(1)p charges in quark sector, non-

universal in leptonic
Yukawa coupl. to H, Yukawa coupl. to H,

0 B 0 0 0
W o0oO) vy o & B8
0 0 0 B

Ve
('i' ® e

W= X ,ydzL

Il o

e hierarchy of entries external input

= gives lepton FV

coupl.s of axion

= axion-quark couplings
flavor diagonal
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LFV QCD AXION

e two benchmarks, assume just 1-2 mixing

Benchmark V+A fa [GeV]
1083 1012 101 101 10° 108 107

HB / CAST

’
|
I

/

10710,

BEEN | | K;SVZ/
10~11. P A DFSZ-1I
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;. Stack

____________
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10°14.

1015 xuasu /7 ~capp

/" "ADMX (fut.)
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LFV AXIFLAVON

Calibbi, Redigolo, Ziegler, JZ, 2006.04795
see also, Linster, Ziegler, 1805.07341

e the PQ symmetry is part of SU(2) X U(1)
flavor group

e all FV couplings need to go through 3rd
generation

e for leptons 1-2 and 1-3 mixings are larger
(in LH sector to reproduce PMNS matrix)

e = unlike minimal axiflavon, K — ma suppr.

e the observation mode is u — ea
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LEPTONIC FAMILON

e separate Froggatt-Nielsen U(1) for quarks
and leptons

e leptonic f, scale assumed lighter = these
couplings dominate

e familon mass a free parameter

e two benchmark charge assignments

(IL]1, (L2, [L|3) = (L, L, L), [Pure Anarchy|. = RHALP

(i oyl

([L]1, [L]e, [L]3) = (L+2, L+1, L), [Hierarchy] .

“M S —— T~

= LH and
RH couplings
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LEPTONIC FAMILON

Anarchical familon model
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LEPTONIC FAMILON

Ar Hierarchical familon model
10"": 10"
10 10 :Star cooling ;
10 EStarcooIing 10 ; M/u?g ;
. 109; 10" o .
% 8 3 % - MEGII—fwd (F=100) wisT :
oS 10° O 108 MEGIH-fwd F=1) -
s ] ME o - SN1987A -
) . 7_ Y 7_ ‘\ J
107 107 f Belle 1IN\
C C |

106; 106; |‘ cr<1m

| ARGUS

105_| 2' """'3' S 105_1 AN T I T Y NI AU W I AN B A I WA N 1‘111|1|| L
102 10° 1 102 10% 10* 10°> 10° 10’ 10® 10°

m, [eV]

. e — T
J. Zupan Flavor violating axions 37 Free Meson Seminar, TIFR, Mar 4 2021



MAJORON

* majoron- PNGB due to spontaneous
breaking of the lepton number

e neutrino masses m, «x y, y!vZ/my
e majoron couplings, C;; V)
e if m suppressed by global U(1)

® = majoron observable

® "low energy see-saw"
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CONCLUSIONS

e FCNCs a powerful tool to search for axion like
particles

* many transitions were not systematically
included in BSM searches

e B> K% D— ma, A - na,..

e advocated for MEGII-fwd phase of MEG-II
experiment

e reach well above previous experiments and
above astrophysics bounds

J. Zupan Flavor violating axions 39 Free Meson Seminar, TIFR, Mar 4 2021



40



s <0 it
1 ST S T S ot A

no focusing OXe = (P)+1

/
103} BR(u-»ea)x 10° @ 90% C.L. -

/

BR(u—ea)x 10° @ 90% C.L.'
\ |

10_3 | o N =
10-3 102 101
(Pu)+1




EXPLICIT MODEL -
AXIFLAVON

Froggatt, Nielsen, NPB 147, 277 (1979),...
e Large hierarchies in quark + lepton masses and in CKM matrix
® can be addressed via horizontal U(1)gy symmetry

e SM LH and RH fermions have different U(1)y charges

e hierarhical Higgs Yukawas after U(1)y broken via vev of
scalar field, the flavon @

t heavy Q O;
" - —r >
—[u]; | | | | | [q]i # —[u];
‘ : : : . .
U(1), charge | | | | |
X X X X X
> 4 p
Insertions of VEV (P vp > U = 174 GeV

figure due to F. Goertz




