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1. Introduction:
Axion like particles & dimension 5 ALP-SM operators

2. The experimental landscape: light meson experiments

* Pion experiments (Pienu, Pibeta)
* Kaon experiments (NA62, KOTO)
* New proposed search

3. Probing the ALP parameter space at pion & Kaon experiments

% Bound on aWW effective coupling
% Bound on aGG effective coupling

Main references for this seminar Focus:
| SG, G. Perez, K. Tobioka, 2005.05170 ALPs with masses
W Altmannshofer, SG, D. Robinson, 1909.00005 : above the MeV scale



Intro

3k What particles do we want to test? Axion-like particles (ALPs)
% What effective theory? Dimension 5 ALP-SM couplings



The QCD axion & axion-like-particles (ALPS)

Strong CP problem: g2

why is the QCD 6 parameter so small? Lqcp D 6 - G, G"

72
QCD axion: elegant way to address this problem.
Dynamical solution to achieve: 8 < 10~° in agreement with EDM constraints

The QCD axion mass is set by its decay constant, fa: mafa = const
The generic expectation is that it couples ~1/f3

At the same time, the QCD axion can be a DM candidate!
The axion window:

10°GeV < f, <102GeV

* 10~ %V < m, < 10~2eV (if the confining group is QCD)

ma.fa ~ mﬂ'fﬂ'

S.Gori



The QCD axion & axion-like-particles (ALPS)

Strong CP problem: g2

why is the QCD 6 parameter so small? Lqcp D 6 - G, G"

72
QCD axion: elegant way to address this problem.
Dynamical solution to achieve: 8 < 10~° in agreement with EDM constraints

The QCD axion mass is set by its decay constant, fa: mafa = const
The generic expectation is that it couples ~1/f3

At the same time, the QCD axion can be a DM candidate!
The axion window:

10°GeV < f, <102GeV

* 10~ %V < m, < 10~2eV (if the confining group is QCD)

ma.fa ~ mﬂ'fﬂ'

‘Several proposed models to go beyond the axion window.
; Solving the strong CP problem with heavy axion-like-particles
uwith a smaller decay constant, f.

S.Gori



Additional motivations for massive ALPs

Beyond the strong CP problem...

ALPs are pretty generic new physics particles!
Pseudo Nambu Goldstone boson in models with a spontaneously
broken global symmetry

Couplings with the Standard Model (SM) particles determined by
the particular UV theory

S.Gori 4



Additional motivations for massive ALPs

Beyond the strong CP problem...

ALPs are pretty generic new physics particles!
Pseudo Nambu Goldstone boson in models with a spontaneously
broken global symmetry

Couplings with the Standard Model (SM) particles determined by
the particular UV theory

O Models to address the gauge hierarchy problem (relaxion)
o SUSY extended models (NMSSM with an approximate PQ symmetry)
o Generic feature of string compactification

o0 Models addressing anomalies in data
((g-2)u, galactic center excess for Dark Matter, ...)

o General (low dimensional) portal to the dark sector

S.Gori 4



Additional motivations for massive ALPs

Beyond the strong CP problem...

ALPs are pretty generic new physics particles!
Pseudo Nambu Goldstone boson in models with a spontaneously
broken global symmetry

Couplings with the Standard Model (SM) particles determined by
the particular UV theory

O Models to address the gauge hierarchy problem (relaxion)
o SUSY extended models (NMSSM with an approximate PQ symmetry)

o Generic feature of string compactification

How to discover
these particles

in our laboratories?
o General (low dimensional) portal to the dark sector ‘s —

o0 Models addressing anomalies in data
((g-2)u, galactic center excess for Dark Matter, ...)
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Effective ALP couplings to the SM

Strong case for looking everywhere for a EFT of a
spin 0 CP-odd particle. At dimension 5:

I q W W —
4

daB

;o B,.,B" +ig.;(0ua)(Fy"vsf)
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i i
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Effective ALP couplings to the SM

Strong case for looking everywhere for a EFT of a
spin 0 CP-odd particle. At dimension 5:

gaw daB

a W:VWGMU - 4 a B;LVB“V + zgaf(aua)(f7u75f)
i i

g\ v o
g A

In particular, a ALP-photon coupling
is generated in the broken phase
JuB cos 0 + JaW sin® @

This is the main coupling that has been
considered for phenomenological studies.

__Ja a apv
£>-""aGy,C

From a phenomenological perspective, the a-ZZ, a-Zgamma, a-WW, and
a-gg couplings have been largely disregarded up to very recently
S.Gori



Effective ALP couplings to the SM

Strong case for looking everywhere for a EFT of a
spin 0 CP-odd particle. At dimension 5:

da g Gaw, gdaB

a Wguv'VW — 1 a BWB“’V + iga,f(aua)(f’)’“’mf)
{ t

BN —
’ -"{:j ’ —"{::v a----<jc

—— *ﬁ

LD —

a G G —

.~ Generically, we expect gag ~ gaw ~ gaB ~ gaf ~ O(1/f2)

However, it is important to study all these dim 5 operators separately.
What’s the scale that can be probed at present and future experiments?

Focus of this talk: gaw and gag

Frofn a phen—omenological perspective, the a-ZZ, a-Zgamma, a-WW, and
a-gg couplings have been largely disregarded up to very recently
S.Gori



The WW and GG effective couplings

Effective gaw o Tirauw Jag o Famw
coupling: a W,WW a G#VG
. * Coupling with SM EW | |
phenorl:l/I:rI\glogical gauge bosons *ﬁ/lQU_p“ngU:lr\]/ItSI’lN?M gluons
' i *VIIXINg wi mesons
consequences: + LOOp-induced couplings 9

to SM fermions d: uct d e.g. a ......... % p|on .....
(including flavor N
violating) :

S.Gori



The WW and GG effective couplings

Effective Gaw da g

coupling:

a W Warv a G G
v [

* Coupling with SM EW

phenorl:l/leari:c])Iogical gauge bosons *ﬁﬂ?l{pllng.:r\:l’tshlv?M gluons
' i * MIXINng Wi mesons
consequences: + LOOp-induced couplings 9
to SM fermions d: uct d e.g. a ......... % p|on .....
(including flavor N
violating) :

Note on the ALP-pion mixing:

ALPs generically mix with the SM pions.

The mixing is generated by several operators:
Gag

1 a quéa“U zguf (apa’) (f7#75f)

2 2
. m f‘n- . -fTr v
L_, sin O, ™~ a L_' sin@,,. ~

m2 —m?2 f,

Some measurements are more easily interpreted in terms of a bound on the mixing angle.
Then one can re-interpret this bound as a bound on the several operators.

S.Gori 6



ALP EFTs at light meson experiments

Pion experiments

Production of the ALP:

Depends directly on
the ALP-pion mixing angle:
|aP™®) = (cos 9 + ...)|ag) + sin ¥ |7°)

< 7t — 7letv (SM)
t — aeTv (ALP)

Decay of the ALP:

More model dependent
a —yy, a ~ete-, a —invisible, ...

S.Gori



ALP EFTs at light meson experiments

Pion experiments Kaon experiments
Production of the ALP: Production of the ALP:
Depends directly on Different production mechanisms
the ALP-pion mixing angle: depending on the ALP-EFT
|aP™®) = (cos ¥ + ...)|ag) + sin ¥ |w°) K- 1t a
b 0t A LN
< T —Tme v (SM) Penguin Mixing
7_‘.-1— S a e+ v (ALP) diagram effect
Gaw a We Wa,“, Gag a G° éa;.l,l/
4 [ % J72 %
Decay of the ALP: Decay of the ALP:
More model dependent Model dependent
a —yy, a ~ete-, a —invisible, ... a —yy, a ~ete-, a —invisible, ...

S.Gori



Experimental landscape

%k Pion experiments: Pienu (it = e+ v), Pibeta (it = moe+ v)
3k Kaon experiments: NA62 (K+ — 1+ v v), KOTO (KL — 19 v V)
Proposed new search: KL = Oy y



Precision pion experiments

_I_

Several (past and present) small-scale experiments built to measure 7w rare decays
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Precision pion experiments

_|_

Several (past and present) small-scale experiments built to measure 7w rare decays

Among the most interesting:

u—de+v

T s eTv

mg (mz —mg)*

BR ~

my, (m3 —mj})?
Helicity suppressed decay

Most precise measurement:
PIENU experiment @ TRIUMF

BR®*® = (1.234 + 0.004) x 10~
Mainly stat. uncertainty

Theoretical uncertainty
~1 order of magnitude smaller!
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Precision pion experiments

Several (past and present) small-scale experiments built to measure 7

Among the most interesting:

T s eTv

mg (mz —mg)*

BR ~

my, (m3 —mj})?
Helicity suppressed decay

Most precise measurement:
PIENU experiment @ TRIUMF

BR®*® = (1.234 + 0.004) x 10~
Mainly stat. uncertainty

Theoretical uncertainty
~1 order of magnitude smaller!

u—de+v

T rare decays

7T+ — 7TO€+I/

(Mt — Myo)® mfri

BR ~

fﬁmi(mii — mi)z
Phase space suppressed decay

Most precise measurement:
PIBETA experiment @ PSI

BR*® = (1.036 4 0.006) x 10~°
Comparable stat. and sys. uncertainties

Theoretical uncertainty
a factor of ~2 smaller
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Precision pion experiments

Several (past and present) small-scale experiments built to measure 7

Among the most interesting:

T s eTv

mg (mz —mg)*

BR ~

my, (m3 —mj})?
Helicity suppressed decay

Most precise measurement:
PIENU experiment @ TRIUMF

BR®*® = (1.234 + 0.004) x 10~
Mainly stat. uncertainty

Theoretical uncertainty
~1 order of magnitude smaller!

u—de+v

T rare decays

7T+ — 7TO€+I/

(Mt — Myo)® mfri

BR ~

fﬁmi(mii — mi)z
Phase space suppressed decay

Most precise measurement:
PIBETA experiment @ PSI

BR*® = (1.036 4 0.006) x 10~°
Comparable stat. and sys. uncertainties

Theoretical uncertainty
a factor of ~2 smaller

7T+ — ae+1/

L, invisible

S.Gori

7T+ — ae+1/
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Precision Kaon experiments

Several (past and present) small-scale experiments built to measure Kaon rare decays
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Precision Kaon experiments

Several (past and present) small-scale experiments built to measure Kaon rare decays

s—dvv

Kt — ntuvw

NA62 @ CERN:
BR.y, = (11.0757 £ 0.3) x 10~

17 events observed stat.
(expected: 5.3 background events
+ 7.6 SM signal events)

(combination of the 2016, 2017, 2018 runs)
3.50 evidence

Loop and GIM suppressed decays
BRsy = (9.1140.72) x 1071
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Precision Kaon experiments

Several (past and present) small-scale experiments built to measure Kaon rare decays

Kt — ntuvw

NA62 @ CERN:
BR.y, = (11.0757 £ 0.3) x 10~

17 events observed stat.
(expected: 5.3 background events
+ 7.6 SM signal events)

(combination of the 2016, 2017, 2018 runs)
3.50 evidence

s—dvv

0

KL—)Tl'I/Ij

KOTO @ J-PARC:
BREMD— (1.4 4 1.0) x 107°

3 events observed
(expected: 1.05+0.28 background events)

Loop and GIM suppressed decays

BRsy = (9.1140.72) x 1071

BRsy = (3.440.6) x 1071

The two decay modes are related by BR(K; — w°vi)

the so-called Grossman-Nir bound:

S.Gori

< 4.3
BR(K+ — wtup)




Precision Kaon experiments

Several (past and present) small-scale experiments built to measure Kaon rare decays

Kt — ntuvw

NA62 @ CERN:
BR.y, = (11.0757 £ 0.3) x 10~

17 events observed stat.
(expected: 5.3 background events
+ 7.6 SM signal events)

(combination of the 2016, 2017, 2018 runs)
3.50 evidence

s—dvv

0

KL—)TFI/D

KOTO @ J-PARC:
BREMD— (1.4 4 1.0) x 107°

3 events observed
(expected: 1.05+0.28 background events)

Loop and GIM suppressed decays

BRsy = (9.11+0.72) x 107! BRsy = (3.4+0.6) x 10~
K+ = ma K.— n%a
I—V invisible | » invisible

S.Gori

What about a —yy?




K- nyy (charged mode)

K+ —= 1t y y has been searched for at past experiments:

sk E949 with the requirements (hep-ex/0505069)

- Photons originate within 80 cm of the stopped Kaon
- Prt+ > 213 MeV

%k NA62/48 experiment (1402.4334)

0.3

- [-@ NA4s/2
- |- NAG2

- 0_25; Combined |
Q " |4 ChPT O(p% ——

x 106

o

220 MeV S m., S 350 MeV

850 o3 o5 07 045 08
zZ = (m'ry/ mK)2

. ~10° K+ in the fiducial region
S.Gori 10



K- nyy (neutral mode)

K; - n'a — 4~

Our new proposed search

Challenges of < the decay point is unknown (only ECal, no tracker)
the search: « combinatorics of yy pairs

S.Gori
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K- nyy (neutral mode)

K; — m%a — 4| Our new proposed search

Challenges of « the decay point is unknown (only ECal, no tracker)
the search: - combinatorics of yy pairs

Main ingredients :
1. We derive the K. decay vertex location of the 6

possible di-photon pair combinations, assuming K %

mz, = m20
Yi7Yj ™ -

2. Require myy ™~ Mg, KOTO
to find a correct pair ECal

Importance of a good vertex resolution! (~5¢cm) and small energy smearing (~2%)

We simulate the main sources of background:
K; — 7'n% Kp — 7y~
mainly for ma ~ Mpion

S.Gori 11



The KOTO reach

K; — 7a — 4~

0..0 :
1070 T T R Ultimate KOTO
i Ny, =2x107 [~ 10" decays| o3 : .
background i luminosity goal
,""" |'||" 10% systematic |
1077}
S
S \
T, 108
)
&
jas)
10_9:' A
10—10....1.K.1.........1...1.........1
0 50 100 150 200 250 300 350
\ ma|MeV |
‘ —
Branching ratios as small SG, Perez,

as few 10-10 can be tested! Tobioka, 2005.05170
S.Gori



Yag a G° éa/_u/
4 [ %

Bounds on the ALP EFT

3k Recasting pion & Kaon past measurements to set
bounds on the ALP-SM effective couplings
%k What are the future prospects? What scale can be probed?

daw a Y ra




ALP-WW effective coupling

gaw 3
a W:'V Warv 3 wfcft
|4
3v2Gr M2, g.w . \
Gads = — 167‘_2W Z VadVasf(Mcz/M‘%V)
acce,t

2
3 2
'Ky — 71'00,) — ]\;W (1 = E;;r) Im(ga.q)? A\1/2

n0a
L

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

Jay a,FWF‘“’, Ja~y = Gaw SIN 20

According to the Grossman-Nir bound, we expect an effect also in the K+

decay. Indeed: M3 M2, 2
NKt —n* = Kt (1 _
( 7" a) 64r ( M12<+) [asal®

S.Gori

1/2
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WW-coupled ALP pheno

V"

gaW[GeV_l]

1074

v

[T R |

s

ma[MeV]

200 2 ?Gogoo 350

S@G, Perez, Tobioka, 2005.05170

S.Gori

ALP lifetime (in meters)
BR(KL— 11 a)
BR(K+— 1+ a) ~ 1.8 BR(KL— 11 a)

X[m]

.1 NAG2

Target KTAG GTK
—=—l e nesans, CHANTI

eter
|cco4| |ccos o6 ||Old BHC\ri

| ﬁ\.u KOTO
| F j_ E
= o\
HINEMOS |BCV | [LCV] IOEV|4ICC$I [BPCV] |New BHCV |
~3m
14
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aW W at past experiments

107 =

107 E

gaW[GeV_l]

107 =

PR U ST (TR SN TN SN [N SN TN SN TR U SN TN (N S S
150 200 250 300 350 400
mq[MeV]

10—6 T .
50 100

SG, Perez, Tobioka, 2005.05170
15
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aW W at past experiments

CDF (Z 2y a — vy)

o 2.1 LEP (ete- —y a or
§ ~—[3.] Z~va~— vl
| 4. A‘;
T 0 WLy
N wo
=
S |
107 E
1 Beam dump
-1 experiments
10—6 e o |y T | R | R | R | B | AP
50 100 150 200 250 300 350 400
mq[MeV]

S

SG, Perez, Tobioka, 2005.05170
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aW W prospects @ KOTO and NA62

KOTO[2y]:
KL — 1m0 a,

a —inv.
(re-interpretation)

NA62[0y]:
K+ — 1+ a,

a — inv.
(re-interpretation)

S.Gori

1073 F

SG, Perez, Tobioka, 2005.05170

-~/ //
L \ A \KOTO[4y]
a: O\ " NAG62[2y E
L \ '\
m | S
- NAG2[0y]
10—6 .......................................
50 100 150 200 250 300 350 400
mq[MeV]

KOTO[4y]:
KL — 10 a,
a — vYy.

(proposed search)

NA62[2y]:
K+ — 11t Qa,

a — vy.
(re-scaling of NA62/48)

16



ALP-GG effective coupling

Qg

aGe Gar
87F, aud . .
— e We can match onto the chiral Lagrangian
ALP interactions iF? @r F?
_ ~ Tpery AN} - T Ty f
with SM mesons: Less = i F [Rq(ZX"DHYE — XD*X")] + 5 BoTr[¥m" + m'3YT]
Kinetic mixing Mass mixing

m = exp (’il{,q@’75> . mq - exp (’i&q@’)’s

~ ) 1 1
2Fa 2Fa F:’q — dlag(’({’Q)7 "\'/q — ;q/ Z

0

0 m 170 + +
St mt 5 0 K
- . -_ — 70 7 7 0
)Y _.exp[2zl'I/F,r], II = 73 T —7+ \}% + \}% K
SM (light) mesons K- KO —22 | m

S.Gori 17




ALP-GG effective coupling

Y aGa Gan
8 F, aud . .
B e We can match onto the chiral Lagrangian

2

ALP interactions iF? % F
| ! Lojp=—m 7y (StD*E — £D*SH] + = ByTe[Sm!t + mtsh]

with SM mesons: 4 F, 2
Kinetic mixinMass mixing
@75 )

: : - : 1
m = exp (znqg'}%) - Mg+ €XP (znq o F ) kg = diag(kq), Kq = ;/ Z (
a a q q’

1
q

m

0., (Ky — Kaq) = 5 Kinetic mixing with the pion of the SM
2F, m?2 — m?2,
0. F, ﬁmi[nu + Kqg — 2Kg|cos 0, — 2 (mg [Ky + Kqg + Ks] — 6Ami0) sin 6,/
" R, 2v/6(m2 — m2

Kinetic mixing and mass mixing with the eta of the SM

(mass mixing is due to the eta-eta’ mixing, 6ny)
S.Gori 17



Pion-ALP mixing & pion decays

mix
at 5 nlety ‘ 7T+ —> ae+1/

Not helicity suppression, nor phase space suppression!

A" o (a]m*) (w0 dytulnT)
= sin9(7*°|dy u|nt)
T-a mixing angle

Other contributions are generically suppressed:

Y (Oldy*ulMt)(M*algp A qlrt)  ~m2/m?
: M+

electroweak
. suppressed

S.Gori W. Altmannshofer, SG, D. Robinson, 1909.00005 18



Pion-ALP mixing & pion decays

mix
at 5 nlety j 7'l‘+ —> ae+1/

Not helicity suppression, nor phase space suppression!

AP = (a]m0) (%) dy Pt
+> :

= sin W(m*°|dy u|n
T-a mixing angle

oo + ALP mass
(m°0ldy ulm®) = ol £ (0 +28) + (fo—£)— (0 — 1}
"~ form factors v— ¥

Theory: better understanding
f+(g?) =~ 1 aslong as g?is small » mo>~10 MeV  of form factors is needed
to probe lighter ALPs!

(mg+m3)

BR[7t — ae' 5 sin” 9 mom
[ ae" V| N myg sin __ / Imom (w? — 1% 2dw
BR[nt+ — etV] f2m2(1 — m2/m3 )2 1

2 2 2
my +mg—q
w =

2m_ my

S.Gori W. Altmannshofer, SG, D. Robinson, 1909.00005 18



ALPs at PIENU

The production of the ALP will affect
the energy spectrum measured by the PIENU calorimeter

S.Gori

-7T+ — €+I/

7T+ — ae"'u
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ALPs at PIENU

The production of the ALP will affect
the energy spectrum measured by the PIENU calorimeter

1. Invisible regime: the energy spectrum of
the positron depends on the ALP mass.

W. Altmannshofer, SG, D. Robinson, 1909.00005 v
| = Residuals [[7,3] /T[] = 5x 1074 |
w40 MeV (Inv.) - T

PI‘—‘ 4.0 | e 80 MeV (Inv.)
= s |

<

S B ol B 1 - B T
3 o N AR
a 1 My
= T

X
K
£
~
<
(=
i

\Ud

—4.0
10 20 30 40 50

S.Gori Bea [MeV]

T — ety

t — aeTv

= >

19



ALPs at PIENU

The production of the ALP will affect

the energy spectrum measured by the PIENU calorimeter

1. Invisible regime: the energy spectrum of
the positron depends on the ALP mass.

2. Prompt regime: the energy measured by the

calorimeter can get a contribution from the
photons produced from the ALP decay.
W. Altmannshofer, SG, D. Robinson, 1909.00005

| = Residuals [[m,3]/T[mes] = 5 x 1074
40 L7 40 MeV (Inv.) T |

'-T' : = 80 MeV (Inv.) - -
Z | — 40 MeV (Pr.) |
= — 80 MeV (Pr.)

E 2.0 | 4 710
- T u
T r l.-I-|'I""‘=t:
% n - nl
x 0 111
K
£
-
s> —2.0F

S

i

&8

—4.0 -
10 20 30 40 50
S.Gori Eca [MeV]

19



ALPs at PIENU

The production of the ALP will affect
the energy spectrum measured by the PIENU calorimeter

N
1. Invisible regime: the energy spectrum of : |
the positron depends on the ALP mass. . “
2. Prompt regime: the energy measured by the (\"’\/\,\ T | V. X
calorimeter can get a contribution from the . o "]
photons produced from the ALP decay. -
W. Altmannshofer, SG, D. Robinson, 1909.00005 7
e Residuals | | Dfmeg]/Tmal = 5 10 ] |
e 40 MeV (Inv. - T
= 40" 50 Mev Ehw.i B B - o .
RN S At S - |+ | 1 Wecancompare these distributions
= 2l . IR R with the PIENU residuals:
S T RE T i | a—
S LT [ 3vE
0 Swl
S % E o 36 Y oy
= a1
> =20 . -
2@ lOZE—
—4.0 | N R . i 10;
IllO‘IIIQOIII‘30llll4()llll50-ll 1

S.Gori Bt [MeV]




ALPs at PIBETA

The production of the ALP will affect
the photon spectrum measured by PIBETA

7T+ — 7708_'_1/ VS. ﬂ'+ — ae+y

T — vy a— vy
will be produced will have a smaller
~ back to back opening angle

m2, — m2)2
us a

2 2
m> .+ m:;

—1<cosb,, < -1+ 2(

S.Gori 20



ALPs at PIBETA

The production of the ALP will affect
the photon spectrum measured by PIBETA

fY
o5 5——m—™m@ ™ ——
® Data Tlr,)/Tirg] =1 |
— e (Pr) [Tas]/T[mg] L ot
| == 130 MeV (Pr.) I .4
[ m— 120 MeV (Pr.) 5 .
w110 MeV (Pr.) ° - ] mt
L | 'l
i b 4
Y 7
| ] ™
14

m2, —m?\2
—ISCOSH.Y.,S—I—FZ( T )

2 2
m_ . + m;

160 165 170 175 180

Unfortunately the PIBETA collaboration does not report residuals. %

We require that the integrated contribution in (160-180) deg
is smaller than the experimental uncertainty in the BR(w* — w’e™v)
S.Gori 20



ALP bounds at pion experiments

102
104
B
R
2 F
107° é
pion-ALP :
mixing =1 PIENU (invisible)
- 3 PIENU (prompt)
10_8 _: PIBETA (prompt)
10 30 50 70 90 110 130
m, [MeV]
T —
W. Altmannshofer, SG, Possibility to go to lower masses

D. Robinson, 1909.00005 .
at future experiments

(data at smaller angles!)
S.Gori



2b.
SM meson-ALP mixing & Kaon decays

The ALP-pion and ALP-eta mixing will induce

* an effective K-i-ALP coupling (K — arm)
* an ALP coupling to photons (a—vyy

S.Gori
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2b.
SM meson-ALP mixing & Kaon decays

The ALP-pion and ALP-eta mixing will induce

* an effective K-m-ALP coupling (K — an) S
* an ALP coupling to photons (a— vy ‘—\
At low energy, the two operators responsible for s = d transitions are

2
LAS:l = GSF:T‘I'[ASdDNZTD“E] + G27F: (L“23Lil'1 + gLNZILfl%) + h.c.

0 o«\\ / 000

T = .+ 0..a measured
phy ma™phy L,=i'D,®, Au=]0 0 1

N — Tphy T 01)aaphy 000

S.Gori 22



2Db.

SM meson-ALP mixing & Kaon decays

The ALP-pion and ALP-eta mixing will induce

* an effective K-i-ALP coupling
* an ALP coupling to photons

(K — an)
@— vy

—

At low energy, the two operators responsible for s = d transitions are

7,‘_0

Lps—y = GgFiTr[A\4D*E'D, 3] + Gy, F?

0

-+ Oﬂ-a Uphy

N —r Tlphy + 01)aaphy

BR[K*—r*a)(10 GeV/F, F
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10-2

104}

105+

1078

10-10

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

BR(K"‘ — a l'[+)— Full result, BRG,, fy]

— BR[f,65:=0]
— BRIK*-x* 7| G| pel/ o)

no ALP-eta mixing

/
................................

BR[K;-x%](10 GeV/F, )

measured

/

A

10~

10-7}

10t

101}

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

—— BR[6rsf5=0]
— BRIE 2R pellpm]) |

10713

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

L,=i¥'D,2, Ag=

2
(L“23Lil'1 + gLNZILiL3> —l— h.c.

0 0O
0 01
0 0O

Note:
possible additional
UV contributions
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GG-coupled ALP pheno

104

l\ LA

ALP lifetime (in meters)

>
[ 4
< : BR(KL— 1 a)
[{? A ‘—__-_,10-:_' o ]
P T3 BR(K+— i+ a)
\'l,' BRIK*=10° ]
! CT[‘I}I’]?_J.«O-_-'Q"'__—:-:
pe
_ 7 BRIK]=10"% The charged BR is typically larger
2104 ) 10T -8 — but there are regions where
o1l—a. . i et e s T e 1077 0
10 50 100 150 200 250 300 350 BR(Ky —» 77a)
+ )
mg[MeV] BR(K* — 7Ta)
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aGG at past experiments

105
104 = —
103 'E_ —3

10 - | E

F,GeV]

10 B

0.1t D DS DO R
10 50 10 150 200 250 300 350 400

mq,[MeV|]
SG, Perez, Tobioka, 2005.05170
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aGG at past experiments

10%
10 i
g ’ Beam dump :
r *1 experiments
10° = E
S | NAG2/48 -
R 3| Kt > mryy
10 -
: 2. Pibata 5. E
[Eoag ™™V ep N
§K+ — Tt vV 2| (ere-—ya, °
o Mo ALl o amyy) ]
710 50 100 150 200 250 300 350 400
mq,[MeV|]

SG, Perez, Tobioka, 2005.05170
S.Gori



aGG prospects @ KOTO and NA62

KL — 10 a, 105§ E
a — inv. j
K+ = 1+ 3, 10* - ~
a — inv. \ E
aren’t powerful 103 L | ]
(below the I
beam-dump) > 0 .
% 102;‘ 1 NA62[2y]:
o ,,.;e:ﬁ? 1 K+ = 1t a,
OF E a—vy.
L { | | .
KOTO[4y]: N A== E (re-scaling of NA62/48)
KL = 10 a, { A :
a_’YY 0.1-....1..,.1. e ) |,
(proposed search) 10 50 100 150 200 250 300 350 400

mqy|MeV|

SG, Perez, Tobioka, 2005.05170
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Conclusions & Outlook

Interesting times for flavor physics:
several experiments ramping up!

Plenty of opportunities to test dark sectors
at these experiments

For this seminar:
testing ALPs @ pion & Kaon experiments

* The several effective ALP-SM couplings lead to
different production mechanisms.

* New proposed search (K- ma,a—vyy)

and its model interpretation

% Complementarity with other experiments

S.Gori 26




High intensity experiments & dark sectors

1. Several flavor experiments are coming online/will collect
very large datasets in the coming years.

2. Several fixed target experiments are proposed for the near future.

All of these facilities can be used to search for light dark sector particles

---------------------------------------------------------------------------------------------------------------------------

Many Standard Model (SM) flavor violating processes will be
measured for the first time in the coming years:

i For example:
i K- mnvv(KOTO and NA62)
+ B = KOvv (Belle-ll)

Ba = pp (LHCD)

As we will demonstrate, (some of) these decays can be easily affected
: by the presence of MeV and above axion-like-particles (ALPs)



Kaon rare decays inthe SM: K - ntv v

Hov = gin D [ViaVeaX (@) + ViiViaX (20)] (51vuds) (Fey"ve)
e:eaNaT ﬁ_/

Only operator in the SM

. . - S e d
Very clean decays (mainly short distance contribution) = >
ts td U
VvV, Ve [ X (. 2 _
(B(KY = i) ~ Ky fisth(a;t) + =5 4 ( ;‘f ) +6P) . U
CP-conserving Long-distance + box diagrams
< 0 contributions T
0,, - ‘/t’;‘/;d ;
B(Kp —»mvo)~kpIm 5 X () 5 B(K}, — i)
. CP-violating :
|Vcb|
7.0%
BR(KT —» ntov) = (9.1140.72) x 10~ | Very rare! X;
BR(K, — m0v) = (3.440.6) x 1011 |—> Access to NP  other

Brod, Gorbahn, Stamou 1009.0947;
Buras, Buttazzo, Girbach-Noe, Knegjens, 1503.02693
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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.
From an EFT perspective:

C C
Her = A—;(éwudL)(Dw“w) + A—i(émdm(mw)
SM operator

A, Re(\.) 1
X = ;X(wt) + \ Pc,u + F(Cl + CZ)
Grossman-Nir bound
. BR(K; — 7°vi) o Fo(ImX)? pafp (Model independent):
BR(KT™ — mTvi) oc F | X|? BR(K; — ©vi) <43
. because of the isospin symmetry, BR(K* — wtvp) .
. the form factors: Fo~ F, hep-ph/9701313
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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.

From an EFT perspective:

C C
Her = A—;(gmdn(mww) + A—i(gmudR)(ﬁw“w)
SM operator

20
. MFV : ;
37 asf ] e a, - Grossman-Nir bound
= arg Vi,V .
= (model independent):
S of - BR(Kp — wvi) <43
l: .
T BR(K+ — mtvp)
A or Ap only:
< 9 s e 7 o Ay / 22 | hep-ph/9701313
‘ ~ AL +Ag| X|AT
\(zcn(‘ral NP o« ——F—
00 5 10 1I5 2IO 2|5 30
B(K" - ntvr) [1071] Buras, Buttazzo, Knegjens, 1507.08672

E—

S.Gori ™ Backup



Brief look: NA62 & KOTO

Only calorimetry, no tracking

Csl calorimeter

X [m] MUVO FB NCC MB cv CCo4||ccos cco6 ||Old BHCV
1 HOD ‘ i f a
[ — ] i 1 i ! 1 1 ' 13 .

Vacuum— 3 g /

— HINEMOS [BCV [[Lcv] [OEV] |ccos| [BPCV| |New BHCV

[NA62 — =
KOTO

future goals

NA62 KOTO

POT 1019 (400 GeV) 1021 (30 GeV)
In comparison,
10 107 CHARM
K-Energy 75 GeV 1.5 GeV (beam dump experiment):
~1018 POT
Length 300 m 10 m
Decay region 150 m 3-4m
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Status of the NA62 experiment (K+)

* E949 experiment: 0903.0030

BR(KT — ntvi) = (17.3%]53) x 1071

g 3n
. Nl L ¥ o |
*Ar\gly3|s of the full 2016 data E 01 | /_>7 o l 10*
Optimized to suppress backgrounds from =0 ' oy J
leading Kaon decay modes «20.05 B | resion2 5 M 5 10°
15<P_.<35GeV/c i — y
2 S 2 o [ Lregion ks e - = 102
mmiss_(PK_Pﬂ+) | > ]
1 event seen! (0.3 expected) ~0.05 SRRt et 10
Published analysis, 1811.08508 o L I-i';l I T .
T 10 20 30 40 50 60 70
: 7t momentum [GeV/c
+ Analysis of the 2016-2017 data (GeVie]

(preliminary)

3 event observed : Final NA62 goal:

BR(K™ — 7T+I/I7.) < 1.85 x 107 90% C.L. measurement of the SM BR

BR(K+ — ﬂ-+,,,7) — (4,73-3) x 10~ 11 with ~10% uncertainty
_ see e.g. talk by Volpe, pheno 2020
S.Gori



Status of the KOTO experiment (KL.)

Experimental challenges associated to the signature (2 photons+nothing)

* |nitial physics data taken in 2013

BR(K; — nvp) < 5.1 x 107°
(1609.03637)

*2015 run: ~ 20 times more data

BR(K; — 7viz) < 3.0 x 107
(1810.09655)

*2016-2018 run: ~ 50% more data

:
-
K

oy

2000 3000 4000 5000 6000

PiORecZ

£500;
SAS0:
400
=E, 350;
T 300:
“E’ 250
o 200
E 150
S 100;
o 50¢
0
S.Gori

Reconstructed vertex

* Indirect bound:
(using Grossman-Nir)

BR(K; — m’vir)en < 7.96 x 1071

4-events in the signal region!
Expected number of events: 0.05+0.02

i Final KOTO goal (~100 times more data)

measurement of/evidence for
: the SM BR with ~?% uncertainty

i BR(K;, — %) = (3.440.6) x 10711




Compatibility NA62/KOTO?

95%

N
IAI!IAII

68%

~ theory
_ 2.1+2.0(+4-1) % 1072 _ ( )
)JKOTO ~1.1(~1.7) interpretation)

(o8}

hoy

=
h

{

3

<

|

BK - 1Ow)x10°
o~

~20 tension (interference with the SM)
~30 tension (no interference with the SM)

000 005 010 015 020 025 030
B(K*- ntw)x10°

Kitahara et al.,1909.11111
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Class of models addressing the anomaly

* Heavy New Physics described by a EFT framework x

- Xis “long-lived enough” for KOTO, but not for NA62  (based on the observation
K — Tt (X —invisible) for KOTO, but NOT for NA62 that NAG2 is effectively
Preferred lifetime: O(0.1-0.01)ns larger than KOTO:

Lnae2/Pnas2 > Lkoro/Pxoto)

- X has amass in (100-160) MeV (close to the pion mass)
NAG2 has large K+ — 11+ 110 in this region. (Fuyuto et al, 1412.4397)

* Light New Physics (X) that breaks the GN bound: (see next slide)

%k Exotics:

e.g. New particle, ¢, produced at the target and that
decays ¢ —yy inside the KOTO fiducial

An incomplete list of pheno interpretations:
Kitahara et al. 1909.11111; Egana-Ugrinovic et al. 1911.10203; Dev et al. 1911.12334
Jho et al. 2001.06572; Liu et al. 2001.06522; He et al. 2002.05467; Ziegler et al. 2005.00451 Liao et al.

2005.00753; Hostert et al. 2005.07102; Datta et al. 2005.08920; Altmannshofer et al. 2006.05064 Backup



(Strongly) Breaking the GN bound

One can avoid the Grossman-Nir bound in models with only
neutral New Physics particles. Based on an idea by M. Pospelov

Let us suppose to have a new decay:

K; — ox, x=1Im(¢), o = Re(9)

This would dominate the 3-body final states of the charged Kaon:

A working model based on an approximate strange flavor symmetry:

P(KL —)XO') ~ MK

S.Gori

KT > ntxx, KT — ntoo

( y1 HQ15¢*/A? and/or 1y, HQ2d¢?/A* + h.c.
KL

"y

(invisible)

X I SG, Perez, Tobioka
el [.Ll/ y y ’
[’X - F‘“’F 2005.05170

\ X

0 Depending on the ¢ mass,
F - this decay can
fall into the KOTO signal region

See also Hostert et al. 2005.07102; Altmannshofer et al. 2006.05064
Backup



Predictions for Kaon experiments

v__ 2 F7Bo v__ +2F2Bo
A2 ¢ ﬂ2 T‘r[ylksdz] I A2 ¢ ﬂTTr[yzAle] -|— h.c.
GNV GNV
. =+ ot K+ 000
3 = exp[2:11/ Fy] M=—2| « R+ K |, Ae=[001
K- R 000

[
S
d

(S,
<
N

10—5_

Efficiency

[
9
(o))

= Lt
T 3
= ©

Expected Branching Ratio
)

10—15H

10—17_

" L 5|O "

100 150

nqdhde\q

SG, Perez, Tobioka, 2005.05170
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More new measurements coming up?
PrimEX, GlueX

beam 7 A~ a. rr'J Proposed upgrades for the PrimEX and
"‘LL GlueX experiments at JLAB
K calorimetry YN — alN

D
= :
_ < ‘DarkQuest
I PIENU+PIBETA ¥ . _ ]
L ] PIENU ‘(\;/\C.&_\ Ny
e T i The parameter space for ALPs with
107° - T 3 I
o MIXING REGIME: ¢ ~sinvg,, ~- -+ Mass below the pion mass
10 30 50 70 90 110 130 (and above a feW MeV)
My, (MeV] could be fully covered!

S.Gori Aloni et al., 1903.03586 Backup



ALP-pion & ALP-eta mixing

F2 9 F?
Lops = "4" LU (R (STDPS — =DPSh) + —ZBoTr[Em' + m'f],

a

r a a
m = exp (i,{,q Ya 75) - My + eXp (’I:I’\',q oF ’)’5)

<” diag(rq) —I/Eﬁ(1>
Kqgq =— dlag\ K K., —
\ q ql/’ q a ” o
70 m 0 + +
AT T T K
Y = exp[2ill/F,], = T -;‘;_+3%+3°§ K°
— 7l n 1o
K K _2\/%+\/§

cos 0, —sinb,,, n
( "7, ) _ ( . m m ) ( 8 ) 0"", C _(10 _ 20)0
Tl\ Sin @y €OS Oy "o Large uncertainties

this is decoupled
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The precision frontier @ flavor factories

A big jump in luminosity is expected in the coming years

Past/Present Future
LHCb: more than ~ 1012 b quarks ~40 times more b quarks will be
B-factories produced so far; produced by the end of the LHGC;
Belle (running until 2010): ~50 times more BB-pairs
~10° BB-pairs were produced. will be produced by Belle-Il.
_ H NA62 at CERN: ~1013 K+
Kaon- E949 at BNL: ~10™2 K~ | by the end of its run
factories (decay at rest experiment); (decay in flight experiment);
E391 at KEK: ~10T2 KL KOTO at JPARC: ~10™ K,
by the end of its run
Pion-  PIENU experiment at TRIUMF: o

factories ~1011 pi+ (still analyzing data)
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