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Abstract: Rare meson decays are among the most sensitive probes of both heavy and light new physics. Among them, new physics searcl
kaons and pions benefit from their small total decay widths and the availability of very large datasets. In this talk, we first give an overview c
opportunities to search for axion-like particles (ALPs) in light meson decays. Second, we revisit the theory and constraints on ALPs interactir
leptons, pointing out the relevance of charged current meson and W decays to ALPs. This is particularly prominent in models where th
couples in an isospin-violating way. Finally, we highlight the role of the future PIONEER experiment in probing these new charged current
decays to ALPs.
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Outline of the seminar

1. Introduction
* Meson factories and axion-like-particles (ALP) from meson decays

Neutral current meson decays Charged current meson decays

2. Neutral current meson decays
* Benchmark: ALPs coupled to W bosons
* Highlight: ALPs at Kaon factories

3. Charged current meson decays

* Benchmark: (1) ALPs mixing with Standard Model pions
(2) ALPs coupled to leptons

* Highlight: ALPs at pion factories

............................................................................

Main references for this talk

Al hofer, SG, Rob 1909.0000 SNpEIANS,
tmannshofer, obinson A 5

St ’ ndm [
SG, Perez, Tobioka, 2005.05170 t - | o::isf
Altmannshofer, Dror, SG, 2209.00665 PAERS SRR DR

| Focus on processes,
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Axion-like-particles (ALPs)

............................................................................................................................................................................................................................................................

Scalar with an approximate shift symmetry
2

(Possibly) connected to the Strong CP problem: £, 5 6 g G
32

why is the QCD 6 parameter so small? m?
Mass can be protected by QCD
a Peccei-Quinn symmetry e . TR r:a
=» ALPs below the EW scale? L ! LA G
general f= | general
ALPs ~Mae | ALPs

S.Gori
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Axion-like-particles (ALPs)

............................................................................................................................................................................................................................................................

Scalar with an approximate shift symmetry

(Possibly) connected to the Strong CP problem: . 50 G G
5 QCD o v
why is the QCD 8 parameter so small? 32m
Mass can be protected by QCD
a Peccei-Quinn symmetry r AAN )
=» ALPs below the EW scale? an ! L
general f= | general
: ALPs ~ M ALPs
i Se aiiGu G;uu .a +c gi A W;;.JJ.A +c giB B;;u ey
GG an Iy WwWw fﬂ v BB47T fﬂ‘ pv

\A / ).
g \% f
a ---AC(J:: a ----CC:: a—---<

g Vv’ f
In particular, a ALP-photon coupling

is generated in the broken phase
by far the most studied

Broad program of ALP searches
at meson factories?

S.Gori
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The precision frontier @ flavor factories

A big jump in luminosity is expected in the coming years

Past/Present Future

PIONEER experiment at PSI
(phase 1 approved. Data in ~2028(?)):
~1012 pi+

NA62 at CERN: ~1013 K+

Pion- PIENU experiment at TRIUMF:
factories ~101 pi+

Kaon- E949 at BNL: ~1072 K+ by the end of its run
factories (decay at rest experiment); (decay in flight experiment);
E391 at KEK: ~1012 K_ KOTO at JPARC: ~1014 K.
by the end of its run
B- LHCb: more than ~ 102 b LHCDb: ~40 times more b quarks will
foctoan quarks produced so far; be produced by the end of the LHC;
Belle (running until 2010): Belle-ll: ~50 times more BB-pairs
~10° BB-pairs were produced. will be produced.
S.Gori 4
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The PIONEER experiment

W. Altmannshofer,! H. Binney,? E. Blucher.? D. Bryman,*? L. Caminada,’
S. Chen.” V. Cirigliano,® S. Corrodi,® A. Crivellin,% %1 S Cuen-Rochin,2
A. DiCanto," L. Doria," A. Gaponenko,'® A. Garcia,? L. Gibbons,'® C. Glaser,'"”
M. Escobar Godoy,! D. Goldi,'® S. Gori,! T. Gorringe,'" D. Hertzog,? Z. Hodge.”?
M. Hoferichter,® S. Ito,?* T. Iwamoto,?? P. Kammel,? B. Kiburg,'® K. Labe,'®
J. LaBounty.? U. Langenegger,® C. Malbrunot,® S.M. Mazza,! S. Mihara,?! R. Mischke,?
T. Mori,? J. Mott,'® T. Numao,” W. Ootani,®® J. Ott,’ K. Pachal® C. Polly,'®
D. Po¢anié,'™ X. Qian,'® D. Ries.”® R. Roehnelt.? B. Schumm,! P. Schwendimann,?
A. Seiden,” A. Sher,” R. Shrock.? A. Soter,' T. Sullivan,”® M. Tarka,' V. Tischenko,"
A. Tricoli,*® B. Velghe.” V. Wong,” E. Worcester,'* M. Worcester,® and C. Zhang'®

Proposal in 2203.01981

Calorimeter (CALOQ)

/

/

Tracker—w——  10°

@ ~ Target (ATAR)

Experiment approved

S.Gorl last summer for PSI

! University of California Santa Cruz
Z Dpt Phys. University of Washington
® University of Chicago

* University of British Columbia

> TRIUMF

® Paul Scherrer Institute

" Tsinghua University

? Argonne National Laboratory

19 University of Zurich

4 CERN
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 Brookhaven National Laboratory

4 PRISMA+ Cluster of Excellence, University of Mainz

5 Fermilab

¥ Comnell University

7 University of Virginia
2 ETH Zurich

¥ University of Kentucky
* University of Bemn

4 KEK

# University of Tokyo

2 University of Mainz

% Stony Brook University
* University of Victoria
% Inst. Div, BNL

Phase I: ~2 X 1012 pions
Phase Il/Ill: ~7 X 1013 pions

® Institute for Nucl. Theory, University of Washington
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Neutral & charged current meson decays to ALPs

Flavor changing neutral current

They arise in models with
* ALPs mixed with SM neutral pions
eg. KT osntn’ = Kt = nra)

* ALPs coupling to W or tops

r O
WL

t

* ALPs coupling to leptons

(higher loop)
” < K; — 7%
. ¥ Kt — =wta
“ vy d B — Ka

* Flavor violating ALPs

s.Gori Somewhat studied in the literature but pieces are missing 6
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Neutral & charged current meson decays to ALPs

Flavor changing neutral current Charged current
They arise in models with They arise in models with
* ALPs mixed with SM neutral pions - ALPs mixed with SM neutral pions
eg. KT sntn’ = Kt = nra) (e.g. #7 - £tun® = 7t > £tva)
* ALPs coupling to W or tops - ALP coupling to leptons
& ".-L‘b w Q«r
) >~’m/‘-q’
5 ( 3 d = w \
£ * v
T 5 altv P
* ALPS coupling to leptons Kt — aftu
(higher loop) ¥ i
w . K, — =% BT — afTv
€
o _ K+ +
T R Not studied in the literature
" N d B — Ka
* Flavor violating ALPs

s.Gori Somewhat studied in the literature but pieces are missing 6
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ALP coupling to W bosons

ERACA S T

—

W V.W\j\3

2

_ 3V2Ge My, gaw x 2 "
Gads = — 16‘]1‘2 Z VadV M / ) \\\

aEcce,t

3 2 B
wd['(Ky = 7°a) = A(;IM (1 — E#) Im(gasa)? )\1/2

This coupling will induce the decay of the ALP into two photons:

%GF;Luﬁﬂya Gay = Gaw Sinz 0

Due to isospin, we expect an effect also in the K+ decay. Indeed:

2
M3 M?2 1/2
C:> F(K+ — 7T+a.) = WK,:_ (1 — J\I??::-) |gusd|2 Aﬂ--i-a

S.Gori 7
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A side note: the Grossman-Nir (GN) bound

Beyond the Standard model theories can easily induce a New Physics (NP)
effect in these very rare Kaon decays.

Generically, the NP effects in the K+ and in the K. decay are highly correlated.

This is the reason that it is hard to get huge NP effects at KOTO (K — w’iv)
while being consistent with measurements at NA62 (K+ — nTow)

o
=
L

> E
% I KOTO Exclusion 90% CL
T FRRREEE T
§- 10° :—Grossman-Nlr Exclusion Grossman-Nir bound
2§ (~model independent):
NAG2 Run1 0
10 | E787/E040 BR(KL — VV) > 4.3
BR(K+ — wtup)
hep-ph/9701313
10—11 L i I i 1 1 | ' [ ' | L
10 15 20 23 30 35
Br(K*—a*vv) x 10"
Marchevski talk @ ICHEP, 2020
S.Gori 8
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aW W at Kaon experiments

\ SR
- “:\/ | | | LEP (e*e- »yaorZ —ya — yy(y)
- j] | : + CDF (Z =y a — vy)
e
[ 2N
KTEVIK ¥
mEEw ]
(AL = = . . .
Ky — m'a, 7 ALP lifetime (in meters)
— - a — ; +
0 g L2 K* > n"a, BR(KL— 1 a)
2 a— vy _
= | KOTO[K;] '\ 8 —¥ sl N\ o
e | K — wa, | Ll AN - Ml
i NAG2[K*] a — inv : . Lo
T o7y E
Beam dump : 5| o
experiments 107 b £
50 100 150 200 250 300 350 400 [\ 1ot 1 L
mq | MeV | o ™ 00 150 200 250 300 3%0
] nt,[MeV]
SG, G. Perez, K. Tobioka, 2005.05170
BR(K+— 1+ a) ~ 1.8 BR(KL— 1t a)

using measurements of K — wvo 9

S.Gori
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Additional searches for NA62 and KOTO?

K — 7°X — 4v| Our new proposed search for KOTO

o

Challenges of . the decay point is unknown (only ECal, no tracker) ECal
the search: - combinatorics of yy pairs g
Main ingredients : . 2 B

I ==

1. We derive the KL decay vertex location of the 6

possible di-photon pair combinations, assuming
2 2

=m
YiYi ™

-
|
==

0 10-¢

T T
K1—+ n%— 4y

2. F{eguire Myy = mKL |
to find a correct pair

Importance of a good vertex resolution!
(~6cm) and small energy smearing (~2%)

BR(K - %)

AW
27" Future Sensitivity

10-%+

We simulate the main sources of background:
KL ‘_> WOWU’ KL —) WO’Y'-Y 10-10

0 50 100 150 200 250 300 350

mainly for ma ~ mpion ma[MeV]
S.Gori SG, G. Perez, K. Tobioka, 2005.05170 10
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Future prospects to test aWW

¥ KOTO

{ proposed

X search:

I K; — 7la,
. O Ol4y] A a — vy

T .\ /’% Kt 3 «ta,

*"’\Ix — Ta, a“—>'y‘y

X 5 f,/ 'a — inv
10 5£QTOI 4t e 'K/

[ NA62[0y]

e g el

_J Beam dump

experlments
10-6 P ST IR I LTI e o v o e ] o T o o2 8 i e W el

50 100 150 200 250 300 350 400
Mg MeV|]

SG, G. Perez, K. Tobioka, 2005.05170
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Sec. 1: ALP-pion mixing scenario

A"~ (a|r®* V(7 |dy u|rT)
)

_ I ALP mass
= sin {7 |dy u|m

r_/"
L B ) mi —mj }
= sind ¢ | f+(P} +p5) + (fo — f+)T(p+ — pp)
\ form factors / N et

fol%
Theory: more understanding
of form factors would be
needed to get precision
constraints for lighter ALPs

f+(g*) ~ 1 aslong as g2 is small * mo>~10 MeV

. BR[rT — aeTv] my sin” U Fmom ) -
5 X w* — 1)"“dw
1

BR[rt — etv] 2m2(1 — m2/m?2)?
no helicity suppression

Once produced, the ALP can Signatures

off ﬂa

* decay to photons: g,- = sin 1)8

v = (yy)etv

+
a T — ae
= + Ga~y :> %k
* be invisible to our detectors Possible % nt — aetv — et + inv
S.Gori UV contribution 13
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ALPs at PIENU

PIENU experiment @ TRIUMF: Most precise measurement of the SM =™ — e v

The production of the ALP will affect the measured energy spectrum |7+ — ae™v

1. Invisible regime: the energy spectrum of
the positron depends on the ALP mass. a
1
I ]
—— H*I'hif!\li\[?* . l_[i"r‘,_.j':.-'l_iﬂl_,\ — :';‘ X lllll_':I v
1o |8 M0
2.0

=

1% residuals from
x"  PIENU collaboration, 1712.03275
(search for sterile neutrinos: 77 — e™N')

|
b
[=

€, 10° /T [m ] x dT/dE,,, [MeV—1]

|
=
o

] 30 10 50
. B, MV
S.Gori car [MeV] 14
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ALPs at PIENU

PIENU experiment @ TRIUMF: Most precise measurement of the SM =™ — e v

The production of the ALP will affect the measured energy spectrum |7+ — ae™v

1. Invisible regime: the energy spectrum of

the positron depends on the ALP mass. a
2. Prgmot regime: the energy measured by the L AT
calorimeter can get a contribution from the ol B
photons produced from the ALP decay. o ] €
ot Bpcidiuals I ‘ r|$”:‘i,'r|n,._,| _ 5x 104 v [Ny i
. 0 MeV (Inv.) - I
4.0 — ill MeV :In\.:]
40 MeV (Pr.)
— 80 MeV (Pr.)

20

|

o ettt N 7]~ residuals from

[4 ‘ (|1 H[' PIENU collaboration, 1712.03275
| [

(search for sterile neutrinos: 77 — e™IN)

€,10° /T[] x dU/dE,,; [MeV™!]

—4.0 L

10 20 30 10 50
Frar MeV]

S.Gori 14
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ALP bound from PIENU

Fitting the residuals...

This bound
corresponds to

1 BR(r" = aetv) ~ 0(107%)
B e

10—4
1Uf~(i ;
.?\ i " v

g Life time in
1078 Seic=— 1 the mixing scenario

; R e i . V2a

N gsl =sind
1 L L L 1 I L L L 1 1 h i i | ay 87Tfﬂ-
10 30 50 70 90 110 130
m, [MeV]
S.Gori 15
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ALPs at PIBETA

PIBETA experiment @ PSI: Most precise measurement of the SM #+ — =T

The production of the ALP will affect the measured photon angle |7t — aetv

a7 — w7letr ~A

K pure|
(\ / \es1| /

S
70is produced (almost) at rest ¢ / \\ il /ﬂ}/

Y will be produced ~ back to back e,

?JQ ot C1l """'; mufw T e
GQ;\{LQ @ Byt

s\(O«\ ~aczam StODDed h JWPcz
w I T T T ; I . 5
= + 0_+
§ 6000~ T TTev " ]
L y1y2
O 4000F _ GEANT MC
2 2000- HALA | [ Sen— ]
5 ' i smearing : ]
= [ u_..—o—c—‘—'_'_{_._‘ i i o | .

960 165 170 175 180

O(y1y2) (deg)

S.Gori
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Photon distribution at PIBETA

7t — aetv | The spectrum of the photons will change:

T T T i T T T T T T T T + —

o
u
o
‘
»

1/T[mg] x dT /6.,

0.05

2 3 2
oo~ — m., —m;\2
0 1 L cosll, L0142 = @
160 165 170 175 180 - - m,2+ + m?2
(. [deg] T a

-

Unfortunately the PIBETA collaboration does not report residuals. ™%/

We require the integrated contribution in (160-180) deg
is smaller than the experimental uncertainty in the BR(m+ — n%eTv)

S.Gori

17
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ALP bound from PIENU and PIBETA

sinZy

10 30 50 70 90 110 130

m, [MeV]
Possibility to go to lower masses Reach at PIONEER?
at future experiments Phase I: ~2 X 102 pions
(data at smaller ang|eS!) Phase II/lll: ~7 X 1013 pions
S.Gori 18

Pirsa: 22110056 Page 21/31



Comparison with other experiments
(model dependent!)

* If we assume a theory with no extra contribution to the diphoton

(szs
a

32w f2
(decay & production of the ALP depend only on the mixing angle and on its mass)

coupling (mixing regime) then T, = sin®

* We can directly compare the
PIENU, PIBETA bounds with
LEP and old fixed target
experiments:

sin?¥

S.Gori
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(aﬂa’) L = P —
T [ 7’1 (gE'E . gLE"YS) e+ gpy"y PLU] nt — aetv
e 7T+

E@ Because of the conservation of lepton number,
one combination of couplings does not contribute at LO to pion decays

3k It is not true that the vector coupling is “unphysical”

...........................................................................................................................................................................................................................................

0 if SU(2) conservation

-2
1 m? 'm.% 4 o m?
13}?('3"'1'+ — €+(H/) = = (1 —_ - ) |ﬁg~_— — Qe + gu)zf[] (?’n;)

38472 m2m?=
e ™

4m? m? 2
o (3600210 (222) + 300 — 00Fa (2 )

2 3
Helicity suppression is lifted only + 2ge(Gee — u) s (7 : ) e (m;) ]
in the case of SU(2) violation me my

SU(2) (or weak) violation: {SU(2) vinlation.can be
generated e.qg. by

Gee — Gee — Gu # 0 d"a(HL)'y,(HL))
20

S.Gori
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A change of basis for the ALP interactions

£ = —aB,j%

“Standard” |the one considered By

‘ . L . n . €
BuJpq = Gee(Livst) vertex in the literature e
T = e =
e? Gee — Ger + g,,,“-_ ﬁ'—-m'

1672my 482, al \ W+
€ Gu—gu(l—4sy) . . e f»f-'; Anomaly _—
167%m, 2ew Sw i o terms -
e Gu(l —4s%,) — gu(1 — 483, + 8s,) + g,,Z G
1672my, Bai el a
€
g g i~ PLy)W - Weak
=+ gﬁm.g(gﬂ _gff+gr)£)( Y LV) [ ea W -
vertex
v
(only present for
weak violating models)
Our work: =
. .a
- importance of the weak vertex ) [EY" (Gee + GeeVs) € + g PY* Pry]
- new bounds on the “standard” vertex i
S.Gori 21
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Rate for pion to ALP decays

+
Standard & Weak
vertex .
+ "
vy
1
(only term in) weak preserving models (most important term in)
(d,.a) weak violating models
€.0.2gce £ év" Pre 9
m, (Opa) _ it
Gee—V"5€
o T mi , mif
FW+—)€+VG X 96874 FTI.'+_)‘B+UCE X 2988 4
My m27% my,
BR(7" — eTva) Gee . BR(n* — e*va) ( Gee )2
10— ~ \3.1.10-° 10-11 ~ \4.6-10-7
S.Gori 22
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The past search for 7™ — etv(a — ete™)
In the late ‘80s, Reach at PIONEER?
the SINDRUM experiment at CERN:

improvement by an order of magnitude?
Almost background free search G S,

100+— R e
ez
e T 3
G
3e107" /’
v — e F
. 35v10" / i
% E
= e / ; >
— 10 1 ’ / /o 5 weak
R ; / 10k ;
S -ty { / i 3 preserving
2 [ n P | L Loow vl n PR
CQ‘ _____ s g ! / F 10 100 10
g -1 i / '
8410 / |
/ | I
/ ‘ 3
| / / ‘ ! 4

!
10‘: 3*107°) 107 34107, |

e T ———

1079 1072 ot 00

7, [s]

Eichler et al. Physics Letters B 175 (1986), no. 1 101-104 |
weak |

10 violating 3

T T T

S.Gori g [MeV] 23
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' Kaon decays A
10k |
Gee E weak "? ]
BR(Kt — etva) (3'3 - 10_7‘) violating :
10-10 - gee \>  weak i
79.10-5 preserving :
hep-ex/0204006, E865 at BNL: No dedicated L oliE weak |
. BR measured for mee < 150 MeV ~ search .  preserving
e [MeV]
1073 -
(g~ D= BABAR

S.Gori

Riordan
et al

E137
weak
SN 19874  violating
10 100
my, [MeV]

24
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Complementarlty with other c harged current decays

Kaon decays

10 E

gtftj 2 Weak : ‘3
BR(Kt — etva) (W) violating gE

1010 . gee \?  weak |,
7 Q.10-5 preserving 4, ”*a @?‘// 3

. hep-ex/0204006, E865 at BNL: No dedicated | | weak ]
: BR measured for mee< 150 MeV  search LA ki,

.................................................................................................................................................

W boson decays

 BR(W* = ftya) 3 md,
. BR(W+ — etr) 102472 m?

(Qé’[ — Ggue + gm)

(only for)

: 2
::> BR(W' = eTv.a) ~ ( 9”'3) weak : [
10~ violating .t il
No dedicated search 137
: i . weak
We impose: foowte svelwa violating]
the new width < exp uncertainty on W width * 10 =

................................................................................................................................................. #a [MeV]

S.Gori 24
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