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The Standard Model

o Matter particles (quarks and leptons) in three families and mediator particles
(bosons) of three interactions: electromagnetic, strong and weak

e Provides a consistent description of Nature’s fundamental constituents and
their interactions

¢ Predictions tested and confirmed by numerous experiments

examples for higher order QED corrections:

th th
! 5 ae(exp) = 1159652180.73(28) - 1012

2'"‘ 3rft
E é @ /& aQPP (theory) = 1159652181.78(77) - 10~ 12

[T Kinoshita et al., PR L 109, 111808 (2

QED:

Fermions Bosons
Matter Force Carriers

. Quarks [l Gauge bosons
. Leptons D Higgs boson

e Experimental completion
in 2012 (Higgs discovery)

2/26



Beyond the Standard Model

o However, the SM fails to explain several observed phenomena in particle
physics, astrophysics and cosmology:

Atoms

4.6% Dark

Energy

— Dark matter: what is the most prevalent Energy
Dark ’

kind of matter in our Universe? Vorter
24%

Dark Energy: what drives the accelerated
expansion of the Universe?

TODAY

— Neutrino masses and oscillations: why do neutrinos have mass? what makes
neutrinos disappear and then re-appear in a different form?

— Baryon asymmetry of the Universe: what mechanism created the tiny
matter-antimatter imbalance in the early Universe?

— Several anomalies in data: (g — 2),, B-physics anomalies, KOTO anomaly
(K1, — %), ®Be excited decay, ...
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Energy and Intensity Frontier Research

e New Physics would be needed to explain observed phenomena

e Why have not new particles yet been observed?

— Hypothetical new particles are heavy and
require even higher collision energy to be 2 Intensity
observed = Energy Frontier research ) frontier
(LHC@QCERN, Tevatron@FermiLab)

~—— Another possibility is that our inability to
observe new particles lies not in their heavy
mass, but rather in their extremely
feeble interactions = Intensity Frontier research

ol (1/coupling)

mass

e We don’t know in which direction BSM physics might be
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Dark sector physics

¢ Why a dark sector?

— Many open problem in particle physics, e.g. dark matter, neutrino mass
generation or anomalies in data, let us think about dark particles

e« What is a dark sector particle?

Any particle that does not interact through the SM forces (not charged under

the SM symmetries)
Our visible universe The dark universe

o We live in the SM world, how can we access (and test) the dark sector?
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Dark sector portals to the Standard Model

We live in the Standard Model world, how can we access/test the dark sector?
= Portal interactions with the SM, only a few are allowed by the SM symmetries
Standard Model Dark sector

dark quarks?

dark forces?

dark leptons?

Portal Mediators Portal interactions
Vector Dark photon EBHVA;U/

Scalar Dark scalar w|H[?|S|?

Neutrino Sterile Neutrino yHLN

Axion Axion %GWGW
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A broad program of searches of dark particles
e Vigorous effort of the community proposing new experiments & measurements

Energy frontier Flavor-factories Other ongoing/future
LHC High-luminosity e*e™ colliders engjlments
(D / w‘ﬁz_é_
P B, > ¢
Novel search strategies = Unique access to dark GL%SQ “S;':t
are needed! sectors!

e Plenty of dark particles can be produced from meson decays!!

Production modes Decay modes
e~ e e AI é q
Bremsstrahlung Annihilat;
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n/n’ mesons

e The n and 7’ are special:

The 7 is a pNGB, with m,, = 547.862 MeV and I'), = 1.31 keV

The 7': not a pNGB due to U(1) 4 anomaly, m,, = 957.78(6) MeV, I';, = 196 keV
Eigenstates of the C, P,CP and G operators: 1¢JF¢ = 0t0~+

Flavor conserving decays = laboratory for symmetry tests

All their EM and strong decays are suppressed at LO ~ O(a2,) or
O((mu — ma)?)

Window to BSM physics = Dark sector physics:

A e
o Decays to new light dark particles are 2/-or 3-body decays
that mimic 3-,4-, or 5-body final states (often very rare) n

Y

o Perfect laboratory to stress-test the SM in search for BSM physics
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Rich physics program
at n,m’ factories

Standard Model highlights

e Theory input for light-by-light
scattering for (g-2),,

e Extraction of light quark masses

¢ QCD scalar dynamics

Fundamental symmetry tests
e P.CP violation

¢ C,CPviolation

[Kobzarev & Okun (1964), Prentki &

Veltman (1965), Lee (1965), Lee &
Wolfenstein (1965), Bernstein et al (1965)]

Dark sectors (MeV—GeV)

¢ Vector bosons (dark photon,
B boson, X boson)

e Scalars

* Pseudoscalars (ALPs)

(Plus other channels that have
not been searched for to date)

Channel Expt. branching ratio  Discussion
n—-2y 39.41(20)% chiral anomaly, 7—1’ mixing
- 370 32.68(23)% my, =g
_ 2.56(22) x 1074 XPT at O(p°), leptophobic B boson,
light Higgs scalars
n - n'nyy <12x107 XPT, axion-like particles (ALPs)
n— 4y <28x107 <107"[52]
22.92(28)% my, —my, C/CP violation,
light Higgs scalars
4.22(8)% chiral anomaly. theory input for singly-virtual TFF
and (g - 2),, P/CP violation
<2.1x107? YPT, ALPs
6.9(4)x 107 theory input for (g — 2),,.
dark photon, protophobic X boson
3.14)x 107 theory input for (g — 2),.. dark photon
<7x1077 theory input for (g — 2),. BSM weak decays
5.8(8) x 107 theory input for (g — 2),,. BSM weak decays.

n—oeteete

n—ete
L
n -t a'y
n — rtev,
n-o

n— 21’

n— 4n°

2.68(11) x 107
<3.6x10*

2.40(22) x 107
<1.6x10™*
<3.6x10*
<5x107*

<& TR0
<4.4x107°[53]
<35%x 10
<6.9x%107

P/CP violation

C/CP violation, ALPs

theory input for doubly-virtual TFF and (g - 2),,,
P/CP violation, ALPs

theory input for doubly-virtual TFF and (g - 2),,,
P/CP violation, ALPs

theory input for (g - 2),

theory input for (g - 2),

theory input for (g - 2),

direct emission only

second-class current

P/CP violation

P/CP violation

P/CP violation

Gan, Kubis, Passemar, ST
(2020)




Rich physics program
at n,m’ factories

Standard Model highlights

e Theory input for light-by-light
scattering for (g-2),,

e Extraction of light quark masses

¢ QCD scalar dynamics

Fundamental symmetry tests
¢ P,CP violation

¢ C,CPviolation

[Kobzarev & Okun (1964), Prentki &

Veltman (1965), Lee (1965), Lee &
Wolfenstein (1965), Bernstein et al (1965)]

Dark sectors (MeV—GeV)

¢ Vector bosons (dark photon,
B boson, X boson)

e Scalars

¢ Pseudoscalars (ALPs)

(Plus other channels that have
not been searched for to date)

Channel Expt. branching ratio  Discussion
n—-2y 39.41(20)% chiral anomaly, 7—1’ mixing
— 37 32.68(23)% m, —my
_: 2.56(22) x 1074 XPT at O(p°), leptophobic B boson,
light Higgs scalars
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n— 4y <2.8x 107 < 1071521
22.92(28)% my, —my, C/CP violation,
light Higgs scalars
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<2.1x107° YPT, ALPs
6.9(4)x 107 theory input for (g — 2),,.
dark photon, protophobic X boson
3.14)x 107 theory input for (g — 2),,. dark photon
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5.8(8) x 107 theory input for (g — 2),,. BSM weak decays.
P/CP violation
C/CP violation, ALPs
2.68(11)x 107+ theory input for doubly-virtual TFF and (g - 2),,,
P/CP violation, ALPs
<3.6x10* theory input for doubly-virtual TFF and (g - 2),..

P/CP violation, ALPs

n—eteete | 2.40022) x 107

n—eteutut | <1.6x107
Nt <3.6x107
nontraly  <5x107*

n - r*ev, <17x107*
n-ontn <4.4x107°[53]
n— 210 <35x10*

n— 4n° <6.9x%107

theory input for (g - 2),
theory input for (g - 2),
theory input for (g - 2),
direct emission only

second-class current

P/CP violation
P/CP violation
P/CP violation

Gan, Kubis, Passemar, ST
(2020)




Large n/n’ samples at future facilities
o Previous/current experiments:

Experiment Total n Totaln'
CB atAGS 107 -

CB MAMI-B 2x107

CB MAMI-C 6x107 108
WASA-COSY ~3x107 (p+d), ~5x108 (p+p) -
KLOE-II 3x108 5x10°%
BESIII ~107 ~5x107

o Future experiments:
— JEF at JLab Hall D (approved): 6.5 x 107 5 and 4.9 x 107 5’ per 100 days
— REDTOP (proposed, 2203.07651 [hep-exp]): 103 1 and 10 2/ per year

— Super Tau-Charm Facility (China?), ete™ — J/1, 3.4 x 1012 J /4 /year
Decay mode n/n" events (BESIII) n/n" events (STCF)

J/Y =y 5.2 x107 1.8 x 10™
J/p = m 1.1 x 107 3.7 x 10°
J/p — ¢’ 2.5 x 10° 2.5 x 10°
J/p — ¢m 4 % 10° 1.6 x 10°
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n — 7y decays: Theoretical motivation

. . " 00?). 0"
SM motivation: 5

Reference T'(n — 7°vy) [eV] K
O(p®), O(p*) tree-level YPT 0

7+ K loops at O(p*) 1.87 x 1073

Experimental value (pdg) 0.34(3)

— 1°% sizable contribution comes at O(p°), but LEC’s are not well known

— To test ChPT and a wide range of chiral models, e. g. VMD and LoM
v Y
" f; v ,ﬁ; 0

BSM motivation: search for a B boson via n — By — 70y
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n(P)

n — 7vy decays: VMD calculation

« Six diagrams corresponding to the exchange of V = p% w, ¢

61, QI) 7(627 (12)

P-g2—m2){a} —{b
; ; Ay = 3 v, | Ll O fr o ]
V=p0,w,¢
vy 9vnoy X , , 3 , , , 3
« gy p, couplings: FV%PV = %gg;:/ (W) ) F?{i‘/y = 9:‘3/2? <m}jminv> '
Decay Branching ratio (pdg) lgvp,| GeV?
p° — 0y (4.7+0.6) x 1077 0.22(1)
0% =y (3.0040.21) x 1074 0.48(2)
n — p%y (28.9+0.5)% 0.40(1)
w — w0y (8.40 4 0.22)% 0.70(1)
w =y (4.5+0.4) x 107* 0.135(6)
n — wy (2.62 4+ 0.13)% 0.127(4)
¢ — w0y (1.30 £ 0.05) x 107* 0.041(1)
& — ny (1.303 4 0.025)% 0.2093(20)
& — 'y (6.22 +£0.21) x 107° 0.216(4)
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n — 7y predictions

« Our theoretical prediction BR = 1.35(8) x 10~*
(Escribano, SGS, Jora, Royo, Phys.Rev.D 102, 034026 (2020))

S 6 .
o BRexp, = 2.55(22) x 1074 (pdg) =z — VMD + LoM prediction a KLOE (2021, preliminary)
o Comparison with data O s o A2(2014)
% = Crystal Ball (2008)
~—— Shape of the A2 and T4
Crystal Ball spectra is ~& 11
captured well 3

(normalization offset)

{‘HH{ |

)

0.05 0.10 0.15
e The experimental situation needs mfw [GeV?]
to be clarified (A2, BESIII, JEF, REDTOP, SCTF)

— Good agreement
with (preliminary)
KLOE data

(B. Cao, PoS EPS-HEP2021 (2022) 409)

dr(n — 7%y7)/dm
N

o -
o
)
i e
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n' — 7%y predictions

« Our theoretical prediction BR = 2.91(21) x 1072 (Phys.Rev.D 102, 034026 (2020))

o First time m., invariant mass distribution by BESIII;
BR = 3.20(7)(23) x 1073 (Ablikim et. al. Phys.Rev.D 96, 012005 (2017))

a4
z
3 = BESIII(2017)
= — VMD + LoM prediction
=
Y 3
=4,
-\
NSF
< 2 .
—
=
=
=)
- |
=
= e
= 8.0 0.1 0.2 0.3 0.4 0.5 0.6
2 2
m,, [GeV7]
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Dark

photon searches

o Broad worldwide effort to search for dark photons (A’)

o Most searches are for A’ coupling to leptons, i.e. in A’ — (T4~ (£ = e, u)
n,n — A — T

kinetic mixing

1072

H
]
b

H
9
L

H
9
g

—6
19 1073 102 107!

dark photon mass m.y (GeV)

al (2020)

101]

REDTOP sensitivities projected for
FNAL/BNL (10%8) or CERN (10%7) POT
Gatto (2019)

Many other experiments targeting
same dark photon parameter space

Worthwhile to also consider
n = atn A — et

since B(n' = ntn ) &~ 10 x B(y' = v7)
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Searches of a leptophobic boson in rare 1) decays

e« What if a new force couples mainly to quarks?
o Simplest model: gauge boson (B) coupled to baryon number

1 ) )
Lint = (393 + qu6> q'y“qB;L — SBE*)W‘@B#,

— ¢gp: flavor-universal coupling to all quarks, preserves QCD symmetries (C, P,T)

e Discovery signals depend on the mass mp and decay channels s. Tuin, PRD 89 (2014) 114008
1

)
=
Departures from £ 0.100)
inverse square law Long range nuclear forces Z
Adelberger et al (2003) Barbieri & Ericson (1975); g
Leeb & Schmiedmayer (1991) =
mg meV ev MeV GeV Tev T 0.010)
ﬁ )
N ’ ) N
Is it possible to discover light =
weakly-coupled forces hiding in
nonperturbative QCD regime? 0.001
0.0 0.2 0.4 0.6 0.8 1.0

e Searches in meson factories are gaining attention mp [GeV]

— n =B — yyn® (JEF), ¢ — nB — nr’y (KLOE-II), n — By — 77w~ (Belle-I1) 1726



n — 7y decays: Limits on ap and mp
¢ Two diagrams corresponding to the exchange of a B boson

Bb
A'q*)?rsoo’?’y = 9Bny (t)gBTrO'y(t)

(P-q2 — mgy){a} — {b} { q2 < q1 }:| 7

m% —t—iViTp(t) L u

« 1 decays sensitive to forces hidden in QCD up to 10° times weaker than

electromagnetism Escribano, SGS, Royo, Phys.Rev.D 106, 114007 (2022)
b
e BRiy < BRexp at 20 0.100L
— BR(n — n%yy)Bd8 = 2.56(22) x 10~* 0010}
— BR(n — 7%y = 1.23(14) x 107* o 000
B. Cao [KLOE], PoS EPS-HEP2021 (2022) 409 104l ]
— BR(1' = m"y7)exp = 3.20(7)(23) x 107° 7 27y (KLOE22)
5 o 0 ) ]
M. Ablikim et.al [BESIII], Phys.Rev. D 96 (2017) 012005 '© | - "f” vy (BESIIL20)
— BR( = 177 )exp = 8.25(3.41)(72) x 107° 10} W 7= oy (BESIIZ) )
M. Ablikim et.al [BESIII], Phys.Rev. D 100 (2019) 052015 0.0 0.2 0.4 0.6 0.8 1.0
mpg [GeV]
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Axion-Like Particles (ALPs)

¢ Pseudo-Goldstone bosons from global symmetry breaking

Example: QCD axion (Peccei-Quinn) — solution of the CP problem, oy

potential dark matter candidate. QCD axion mass: m? o # 55 breaking
2 N

SM +ALP

Signatures: many complicated 4-and 5-body final states
— n/n — 7ra — Yy, TRl (0= e, p)
— 1 = wra — ot Ty, b

— ' = nna — nrOyy, nr0rte-

Most of these have not been studied, can they be searched for?

e ALP-meson Lagrangian

2
LETeLO _ f"T [a UTa“U} Iz [23 ( q(a)UJqu(a)TUT)} - %mg ( ) — 3%?%) + %@Laa“af %Mjff

M, (a) = diag(mueiQ" a/fa : mge'Qaa/ fa s eiQsa/fa )

— diagonalization of the mass matrix = mixing angles 0,4, 0,0, 0,,q
19/26



n/n — mra decay amplitudes at LO

m2 1 — 1 2
A(n — 2m%a)|Lo = 28 (cosf — v2sinb) [ Jr_ QumutQamg 1 ma—muy - g+ ‘[9,,(,”} :

12 2V3fa  Mu+mg 2v/3 My + mg

m2 fr Qumu + Qamg 1 mg—m \/5
Aln —ntr"a = —7 (cos —/2sin@ T xn - —  Orna + 05( + Zbpial,
(77 )|LO f2 ( ) \/gfa M + Mg 3\/3 T + Mg T3a nga noa

™

fr Qumuy + Qgmyg 1 mg—my 1 V2

A — 2 = 2'7 % 6 = 971- a —Onga 7()7 a |

7%a)|Lo = 7 (\[cos + sin ) Ve . S O + 50ns + = b
o Ja d d

m2 fr Qumuy + Qgmyg 1 mg—my 1 V2
A / — ta == 2 (% in 0 e 0 =0Onga ——0Onga )
n" = 7t7"a)|Lo 72 (fcos + sin ) VTR —— 373 mu T g (r°a) + 3 + 3 Onoa
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Effects of pion-pion final-state interactions (FSI)

. . ™ s 7T
o Unitarity: disc[n(/) : ]:n(’) : :
s e T
a a Y
discA(s) = 2iA(s)ox(s)TY (s) = 2iA(s)sin 63(s)e 000 |
1 e’} d /
As) = 5 | gy JCAE)
2T Janmz 8 — s —ie

e Analytic solution:

S o} 0 s
A(s) = A(n — 2ma) Lo x Q0(s),  QQ(s) = exp {/ ds,do()} ’

™ Janmz  S'(s — s —ig)

o Diagrammatic interpretation:

0/ D<
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Solution of the Omneés function Qg(s>

(s)]

0
0

Re[Q

Vs [GeV]

Vs [GeV]

LN
' p
g 200 u
[eS) & L
0 S / 68 (5,) iﬂ 150) i
Qo(s) = expq — ds - .
T Janz S'(s" — s —ie) =1 2 Somina
50 - Solution b
0.0 ovs‘ 10 15 20
Vs [GeV]
— T — T T 10 —
B [k I |
£ <) < , 5 |
| w 0 |
I . — I
— 1 > A —> . co —n—ara— v,
| v E ! "/
— Central I \ ! 1 & -5- — Central I v
| \ I
—— Solution a i 1 = wma ! ! = —— Solution a ‘ n — nma
i ! i
+++ Solution b I ‘\: +++ Solution b I
| Yy 1 -10} !
‘ ‘ L ‘ | s 1
0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0



Branching ratio predictions for n — nma

o Two scenarios: Quark-dominance ()¢ = 0 or Gluon-dominance @), =0
D. Alves and S. Gonzalez-Solis, 2402.02993 Today!

T 1T ‘ T 1T ‘ T 17T ‘ T T ‘ T T ‘ T
LO w/ 7z pgp

\\\\‘\\\\‘\\II‘\\\\‘\\\\‘\\
LO w/ 7 gy

L N
= = Quark-dominance (Q ) = 107" Quakdominance (@ = Q) > A -5
m B E e
F == Gluondominance (Q = Qo) | & F == Gluondominance @= Q) | & NE
10710 - ‘ - ‘ I | ‘ I ‘ I - 10_10 I I - I I - ‘ I | ‘ I ‘ I ‘ L
g T T ‘ 1T ‘ T ‘ T g T T ‘ T ‘ T ‘ T ‘ 1
e 3 e 3 ]
/A /a
= =
@ 251 B @ 251 -
ot ot
/M oL L L 11 ‘ Ll ‘ I | ‘ L] ‘ L1 1 M oL L 1L 1 | ‘ L1 ‘ I | ‘ | ‘ |
0 50 100 150 200 250 0 50 100 150 200 250
mg [MeV] mg [MeV]

o We encourage searches in n — wma — 7nyy and n — wra — 7wl (BESIII,
KLOE, CMS. JEF, REDTOP) 23/26



Branching ratio predictions for ' — 7rwa

o Two scenarios: Quark-dominance ()¢ = 0 or Gluon-dominance @), =0

L L L B BN B I B T
107 yi ]
U %/
SIS ﬁ N M | 3
Jr w0t T e - - y -
SEE N E
'T' 1079:_ 1y LO w/ 7wz FSI , _:
R T - E
E N 4
% 10—1o§_ \
T E \
EE 10l == Quark-dominance (Q = Q,)
= E == Gluon-dominance (Q = Qg)
107120 ] § T I IR A il \“)T
o BFT ™1
5 4.5 -
g1 ]
\5 3.5 -
£ 50 ]
2.5 —
m2\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\‘\M\
0 100 200 300 400 500 600

mq [MeV]

D. Alves and S. Gonzalez-Solis, 2402.02993 Today!

L L L L Y B % A B
oo TN o )
SIS SN g
Iz 10 LO ’
== E w,r
— = O w/ mr FS
LA F < )
X 10*9;\ - Pid
= E N o TTTTT7
.: E
e 10—1o§_
T E
= 101k == Quark-dominance (Q = Q,)
[~ E )
A E == Gluon-dominance (Q = Qq)
10_12_\\\\‘\2’H‘HH‘HH‘HH‘\g\\‘\h‘ﬂf_
9 43_\ 1]
g 1
\5 3.5 -
Z 3 |
£ 25 :
2HH\\H\\HH\HH\HH\H\H\
0 100 200 300 400 500 600

mq [MeV]

o We encourage searches in ' — wra — wryy and ' — 7wra — wwlteT

(BESIII: 2402.01993 Today!, KLOE, CMS, JEF, REDTOP)
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Multiple production of ALPs in n/n decays

e 0/ — 7aa, aaa decays

« Extra power of 1/f, suppression, BR ~ O(1/f%),0(1/f5)
o fo~O(1—10) GeV to be sensitive probes of ALPs

— T T T T T E=|
L Jo
T/
Ef \ =R
\ 3
o2 8 107° - e ' - %
> E - ERall@]
— S — = —
gt — = — J—
. 3 X
i _ \ AN 4 —
I 10 \ . — <]
od —-— Quark-dominance (Q = Q) \ \‘ E| g
}F 1078 _ — Gluon-dominance Q=Qs) _~ - N \_g T
- 1 =
E 10— -~ - 5 . =
= £ 13 m
107001 Lo v v by ey | D I
0 50 100 150 200
mq [MeV]

D. Alves and S. Gonzalez-Solis, 2402.02993 Today!

107!
1072
10°°
10
10°°
1076
1077
1078

107
0

—+— Quark-dominance (Q = Q,)

I\l

— — Gluon-dominance (Q = Q¢) 7/ \

L

—
IIIIIII‘ IIIIIII| IIIIIII‘ IIIIIII‘ IIIIIII| IIIIIIII| IIIIIII‘ IIIIIII‘ LU

g, [MeV]

no
o=l

0



Conclusions

o Exploring dark sectors is an important and growing element of BSM physics

o A wealth of exciting ongoing/future experiments to search for dark sector
particle signatures exist/planned

« 1/n' mesons are an interesting place to look for dark particles because probe
coupling to light quarks and gluons

o BSM searches in parallel with SM /7" decay studies

o Progress on this front requires collaboration!

Phenomenologists
What is the theory landscape?
XPT theorists hat are constraints from other
Better quantify BSM physics earches?

(NLO corrections/form factors)?

Experimentalists
What final states are most accessible?
What input is needed from theory?
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Vector meson exchange contributions

« Six diagrams corresponding to the exchange of V = p% w, ¢
Y(er q) vl o)

P- gfm?7 a} —{b 5 1
v )A; , AN = Y 9Vnwgvﬂov[( ! DV();;} {}+{qt::f H

V=p0,w,¢p

n(P)

vy 9vnoy
e Mandelstam variables and Lorentz structures given by:
t,u=

(P
{a} = (e1-e2)(q1 - q2) — (e1- q2)(e2- qn) ,
(

{b} = (e1-q2)(e2- P)(P - q1) + (€2 - q1)(e1 - P)(P - g2)
—(e1-e)(P-q1)(P-q2) — (e1- P)(e2- P)(q1 - g2)

—q21)° =mp —2P g2,

o The decays ' — {7, n}~y are formally identical: gvn\gv 0, = g9y (=0 mby
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LoM for the scalar resonance contributions

e xPT loops complemented by the exchange of scalar resonances,
ao(980), k, o, fo(980), e.g.:

20 1

LoM o == LoM
A myy = ™ om? Llox)al AR F K= m0y )
e Scalar amplitudes:
ALoM 1 o Mk~ May 1 5m2 2 _ g
K+ K= —m0n(") —m{(s - m,,(w)m cospp + 5 [( Mmooy T My — s)cospp

- \/ﬁ(mi(,) +4m?2 +m?2 — 3s)sin gop} } ,

o Complete one-loop propagator for the scalar resonances:

Dr(s) = s —m% + Rell(s) — Rell(m%) + iImII(s) ,
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n — 7’y predictions

« Our theoretical prediction BR = 1.35(8) x 10~*
(Escribano, SGS, Jora, Royo, Phys.Rev.D 102, 034026 (2020))

VMD dominates: 2.5~ . : .

= Our prediction

— p: 27% of the signal S N VMD
— w: 21% of thesignal & | \  T7U°¢TC LoM
----- - Interference

— ¢: 0% of the signal
— interference between
p-w-¢: 52%

— interference between
scalar and vector
mesons: 7%

1.5

10

05

dr(n-n"yy)/dm, [eV/GeV?]

00}-




n' — 7%y predictions

« Our theoretical prediction BR = 2.91(21) x 1073
(Escribano, SGS, Jora, Royo, Phys.Rev.D 102, 034026 (2020))

— VMD completely dominates:
— w: 78% of the signal

p: 5% of the signal
— ¢: 0% of the signal

— interference: 17%

dr(p7—n"yy)/dm2, [keV/GeV?]

35,
30F
25E

20F

05F
00F-

— Our prediction
————— VMD
-------- LoM
----- - Interference ]
0.0 0.1 0.2 0.3 04 0.5 0.6
m3, [GeV?]
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n' — nvyy predictions
« 1°* BR measurement by BESIII, BR = 8.25(3.41)(0.72) x 10~° or
BR < 1.33 x 107* at 90% C.L. (Ablikim et. al. Phys.Rev.D 100, 052015 (2019))

o Our theoretical predictions BR = 1.17(8) x 10~%
(R. Escribano, S. G-S, R. Jora, E. Royo, Phys.Rev.D 102, 034026 (2020))

VMD predominates
(91% of the signal)

Substantial scalar
meson effects (16%)

— Our prediction ====~ VMD
........ LoM -=-=-= Interference

[\ ]
(=3
(=}

—_

W

S
T

- N
-
-

—_

(=3

S
T

Interference between
scalar and vector
mesons (7%)

w
S
T

(=)
i
1
:
i
]
1
i
i
1
:
i
}
b,

dry »nyy)/dm3,, [eV/GeV?]

|
%)
(=}

T

\

0.00 005 0.10 0.15
o We look forward to the release of the m., spectrum 2, [GeV?]
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Selected 7/n' decays

BSM particle Decay mode Signal channel Search strategy
Dark photon (A’) n/n = yFA A St Bump-hunt in dI"/dmg,
A > atr— Bump-hunt in dI'/dm -
Leptophobic boson (B) 17— B B — qn? Enhancement in m o,
B —ntn— Isospin suppressed
n — B B = yr%,ata~  77n~x",4n  Enhancement in m o0,
ALPs (a) n — Twa a— Y, 0T~ (E=e,p) Bump-hunt in dI'/dm-
n' — wra a— v, 0t~ mtr—~, 37 Bump-hunt in dI'/dm~
") — ete— 1n)-a mixing
Scalar boson (S) n/n’" — 708 S = v, 0T~ 7w Bump-hunt in dI’/dm~~
n —nS S — Y, 070~ 7w Bump-hunt in dI'/dm~
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Other meson decays

BSM particle

Decay mode

Signal channel

Search strategy

ALPs (a)

K+ — nta
K* - 7£70
KL —>7TO(Z
K — m97%
K; —»ntr—a

a— 7, 0T (E=e,p)
a =y, (E=e, )
a— 3y, (E=e,p)
a— 7, 0T (E=ep)
a =y L0 (E=e p)

Bump-hunt in dI'/dm., ¢
Bump-hunt in dI'/dm.y ¢
Bump-hunt in dI'/dm.., ¢
Bump-hunt in dI'/dm.~, ¢
Bump-hunt in dI"/dm~ ¢

BT 5 nFq
B — K*a
B — K*a

a— 070 3n,nnn, KK7
a— 0T 3m,nan, KK
a— 00 3n,mnn, KKn

Higher ALP masses
Higher ALP masses
Higher ALP masses

w/d/I[b — 7070

a—, 00 (U=e,p)

Bump-hunt in dT'/dm., ¢

w/¢/J/p = 1%7% a— 7wty 37
Dark photon (A”) 70— y A’ AT — ete~ eTe™ resonance
w0 — y* A * s ete A — ete™ eTe™ resonance

w/d/I[p — w0 A

8l
AT 0T~ (L=e,p)
A — gtn—

(T ¢~ resonance
77~ resonance

w/¢/J )b — wOA
w/¢ —nB

Leptophobic boson (B) B — 7V Enhancement in m o,
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Individual contributions
Escribano, SGS, Roxo, Phys.Rev.D 106, 114007 (2022)

6
N — Total % — Total
3 5 —— VMD - Interference VMD-LoM & s —— VMD  —— Interference VMD-LoM
= LoM -+ Interference VMD-B boson = LoM - Interference VMD-B boson
< g —— Bhoson —-— Interference LoM-B boson Lg —— Bhoson - Interference LoM-B hoson
oF S
£3 £
= =
= =
= -
=(‘ s:l(s
N (3
T T
E £
ja =
= ~=
0.00 0.05 0.10 0.15
m? [Gev?) m?, [GeV?]
by M€ byy L€
n; 30 — Total o; 30| — Total
3 —= VMD - Interference VMD-LoM 3 —= VMD - Interference VMD-LoM
= 25 e LoM -+ Interference VMD-B boson { = 2.5 o LoM -+ Interference VMD-B boson
I — Bhoson  —— Interference LoM-B boson | 2. —— Bhoson —— Interference LaM-B boson
2,0 2,0
oF oF
15 515
= =
= 10 = 19
O(\ CD(
= 05 & 05
T T
= 00 = 00
= g
S ¥ = o5
00 0.05 0.10 0.15 0.20 0.25 0.30 000 0.05 0.0 0.15 0.20 025 0.30
mZo, [GeV?) m2o, [GeV?]
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Individual contributions
Escribano, SGS, Royo, Phys.Rev.D 106, 114007 (2022)

2 [keV/GeV?]

2

dr (i — wyy)/dm

4 ‘
— Total
—— VMD —_ Interference VMD-LoM
3N - LoM Interference VMD-B boson |
N —-— B boson —_ Interference LoM-B boson
-1t ]
_o[. ]
0.0 0.1 0.2 0.3 0.4 0.5 0.6
2 2
m?, [GeV7]
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Interference phase between VMD and LoM

S 6

% — VMD + LoM prediction (¢ =0°) 4 KLOE (2021, preliminary)
O sl | —p=00) o A2(2014)

Z - (6 =180°) = Crystal Ball (2008)
T4l | —— 0 =210%)

s

w

1
|
;‘l
——

dl'(n — 7y7)/dm
7
¥ [Sl—
/I
.
.
——

0.05 0.10 0.15
m?, [GeV?]

So
o
)
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) — {70 nHte~ decays (¢ = e, p)

e In the SM: o
n — m0y* = 7%+~ forbidden by C and C'P noeeo - ,
— n — 7% ¢~ proceed via C-conserving two-photon ;: ;
intermediate state 7

Decay channel BRth (Escribano&Royo 2007.12467) BReXp (pdg)

n— mlete” 2 1(1)(2) x 1077 < 7.5x107% (CL=90%)
n— moutu 1.2(1)(1) x 107° < 5x107% (CL=90%)

n — nlete” 4.6(3)(7) x 107 < 1.4 x107% (CL=90%)
0 — 7outp 1.8(1)(2) x 107? < 6.0 x 107° (CL=90%)
n — nete” 3.9(3)(4) x 10719 < 2.4 x 1073 (CL=90%)
0 — nutpT 1.6(1)(2) x 10719 < 1.5 x 107 (CL=90%)

o Background for BSM searches, e.g. C-violating virtual photon
exchange or new scalar mediators n -

« REDTOP can improve the experimental state 1129




Fits to the n — 7’yy decays
o Crystal Ball: ag = 0.40f8:8;,m3 = 583f§g MeV,x3,;=0.4/5=0.1
o KLOE: ap = 0.049732 /mp = 1357}, MeV ,x2; = 4.5/5 = 0.9

o signatures outside mro S mp < m, may be visible

[\
% \ — VMD + LoM prediction a KLOE (2021, preliminary)
Q 5\ —— Fit to Crystal Ball o A2(2014)
i \ .. Fit to KLOE = Crystal Ball (2008)
41 \
N

W

-

dr(n — wyy)/dm!

o
o
S

0.05 0.10 0.15
2 2
mZ, [GeV~] 12/29



Previous limits on ap and mp
Assuming the Narrow-Width Approximation (NWA)

BR(n — n%yy) = BR(n — B) x BR(B — %),

S. Tulin, Phys.Rev.D 89 (2014) 114008

1

QCD contribution off e / \ | T T LU
0.1k ) vashad |\ | / \ ¥ §
BR(n — 71%97) < BRexp, at 20 ot =" L\
R ! Ll 'er/nny
| N\ A
—_— Ge

BR(n — 7%y )exp = 2.21(53) x 107* AT
= v
BR(7 = 7°97)exp < 8 x 107*(90% C.L.) © \ 1T,
=1ty Mooy

BR(n" = ny7)exp nodata

[ —
1077 - WOTeY T 3

¢ >cm

& = egy/(4m)?

0 200 400 600 800
mp [MeV] 13/29



Present limits on ap and mp
Assuming the Narrow-Width Approximation (NWA)

BR(n — n%yy) = BR(n — B) x BR(B — %),

QCD contribution off

BR(n — m™97) < BRexp, at 20

BR(n — my7)be& = 2.56(22) x 10~*

BR(n — myy)KEOF = 1.23(14) x 1074
B. Cao [KLOE], PoS EPS-HEP2021 (2022) 409

BR(1' — 7°9%)exp = 3.20(7)(23) x 1073
M. Ablikim et.al [BESIII], Phys.Rev. D 96 (2017) 012005

BR(n' — 177)exp = 8.25(3.41)(72) x 1077
M. Ablikim et.al [BESIII], Phys.Rev. D 100 (2019) 052015

1

0.100¢

0.010¢

0.001¢

ap

1074L

10—5,

Escribano, SGS, Royo, Phys.Rev.D 106, 114007 (2022)

n =ty \ [0 —=m
(BESIII) (BESIIT)

)
n— Pkl (KLO )

0.2 0.4 0.6 0.8 1.0
mp [GGV]
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New limits on ap and mp

e Not assuming the NWA Escribano. SGS. Royo. Phys.Rev.D 106, 114007 (2022)
¢ QCD contribution on

* BRyMD+Bboson < BRexp at 20

— BR(n — n%y7)Bd = 2.56(22) x 10~* §

— BR(n — m°y7)50" = 1.23(14) x 107*

B. Cao [KLOE], PoS EPS-HEP2021 (2022) 409

10_67 L L L L 3
0.0 0.2 0.4 06 0.8 1.0

mp [GGV}

o Limits strengthened by one order of magnitude
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Conclusions

Exploring dark sectors is an important and growing element of BSM physics
A wealth of exciting ongoing experiments exist
Meson decays offer a unique opportunity to look for New Physics

Within the VMD and LoM frameworks we have described

— 1 — 7%y~ the situation is not conclusive
n Y

~1/20f BR = 2.54(27) x 10~* (A2, 2014)
BR =1.35(8) x 10" *{ ~ 1.60 from BR = 2.21(24)(47) x 10~* (CB, 2008)
agrees with BR = 1.23(14) x 10™* (KLOE prel., 2022)

— 1" = 7%n)yy: in line with BESIII data
Constraints on apg, mp have been strengthened by one order of magnitude
from n — 70y
We have tested ALPs with /7" — nma decays

— We encourage searches in n/n’ — wwa — wryy, nnlT¢~ (BESI, KLOE,CMS,
REDTOP) 16/29



New limits on ap and

e Not assuming the NWA
¢ QCD contribution on

e BR < BRoy, at 20

mp

BR(17 — 7°97)exp = 3.20(7)(23) x 1073

M. Ablikim et.al [BESIII], Phys.Rev. D 96 (2017) 012005

BR(n' — ny7y)exp = 8.25(3.41)(72) x 107°
M. Ablikim et.al [BESIII], Phys.Rev. D 100 (2019) 052015

e Sharp dip when mp ~ my,

e Bounds 4 orders of
magnitude weaker than

n — w0yy

ap

ap

0.100¢

0.010

0.001}

0.500

0.100-
0.050F

0.010-
0.005F

0'006

L BESIII 20

7 — 'y

0.2

0.4 06 038 1.
mp [GeV]

F BESIII 20 y
1=y
.0 0.2 0.4 0.6 0.8 1.0
mp [GeV]
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7%y mass distribution

e These constraints would make a B boson signature suppressed

a% dt . a
IDe(t)[* = mplp(m3)

T(n — 7%yy) o

— VMD + LoM prediction
1.4} —— VMD + LoM + B boson (ap = 107, mp = 250 MeV)
-+ VMD + LoM + B boson (ap = 1072, mp = 540 MeV)

[éV/GeV?)

2
70y
=)

o o
o ®

1N
»

o
N

dT(n — 7yy)/dm

0.0 0.2 04 06 08 1.0 800 0.05 0.10 0.15 0.20 0.25 0.30
mg [GeV) m2., [GeV?]

o Experimental 7%y distribution will be very welcome (JEF?)
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Leptophobic B boson model

o New boson arising from a new U(1)p gauge symmetry

Lint = (;93 + »:Qqe> "qB, — »:effyﬂéBM ,
— Couples (predominantly) to quarks
— gp new gauge (universal?) coupling, ap = g%/4r
— Preserves QCD symmetries (C, P,T')
— B is a singlet under isospin:
I€(JPY) =07(177) = B is w meson like
— = =egp/(4n)?: (subleading) y-like coupling to fermions
o Searches depend on the mass mp and decay channels

e Searches on meson decays are gaining attention
— ¢ — nB — nr¥y (KLOE-II), n — 7%y (JEF), n — 77~ (Belle-11)
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Calculation of hadronic processes

« Following the conventional VMD picture, Ly, — Lyp
e—gp and Q =1/3,

— H H
AF — BH |
7
s
s
w s

B — Lyyp

v 0

Lyp 7 — Ly

FB—>7r0'y

BR(B — final state)

Lyp = —23gpgf2B"tr[VF],

OfBaemmgB m721' ’ 242
0 m o (1= =3 | [Fu(mp)|®,

9673 f2 m%

S. Tulin, Phys.Rev.D 89 (2014) 114008

0.100¢

0.010¢

0.001}

0.0

mp [GeV]



n — 7y decays: B boson calculation
o Two diagrams corresponding to the exchange of a B boson

Bb
Ang)?rso'\?'y = 9By (t)gBWO'y(t)

C om0 faon }} |

m% —t—iVtIp(t) L u

* gpp~ couplings:

\/5693 €9B [ (

gBTrO’y(t) = 47T2f Fw(t)v gB'rw(t) = 127r2f \/»

¢ Energy-dependent width

co — V2sg) Fu(t) + (2c + V239) Fy ()] ,

Voot (@%) 2 2
T'r(d?) = —L=2 T _0(q* —4m
B(q7) VB ete (m ) Boet+e—0(q 2) ]
2 =
v 0, q < 001
+ L’y(Q)I‘B_M_O’yQ(QQ _ mio) o
7B—>w0w(m3) § 107
2 s
+ ,YBAPTI'TI'(q2) FB_MWQ(q2 _4m3r) % 10-6
’\/B*)ﬂ'ﬂ'(mB) ~ 108
2
+ PYBLW((]Q)FBHS.K@((IQ — 9m727) 10705 02 04 06 08 7.0
73*}37\'("7‘3) mp [GeV]
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Limits on ap and mp

Escribano, SGS, Royo, Phys.Rev.D 106, 114007 (2022)

0.100

0.010

0.001

ap

1074 4
n — 7°yy (KLOE 20)

1075 9 — 7%y (BESII20)

. M 7 — nyy (BESII20)
107°¢ E

0.0 0.2 0.4 0.6 0.8 1.0
mp [GeV]
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Lagrangian for ALPs coupled to QCD

e “Derivative basis”: ALPs with gluon and derivative couplings

1 1
Lap = Lqcp+ 3 (O,a) (0"a) — 5M§a?
oua Qg
Qe + L GG+ “Lgyk~Pq,
(G R AL AP L

M?2: PQ contribution to the mass, f,: axion decay constant, Qq,c: PQ charges
o “Yukawa basis” (this work, at GeV scale): ALP with gluon and mass couplings

1 ) e
ﬁALP = ‘CQCD + 5 (a,ufa) (aﬂa) 2 a - Q 7f7GuyGMV + Z mqq (6 Qq fa 75) q,

o Equivalent bases (related via chiral rotations of the quarks) if weak
interactions are neglected

q=u,d,s

o The heavy-flavor c, b, t quarks contributions are absorbed in Qg — Qg + Qrp.c
23 /29



Solution of the Omnes function 2)(s)

= 5(s") B
W) = expd s [ ay— 060 L g
0(5) Xp . S S/(S/ s — ZE) ﬁ 200)

T Jan2

)

10

Im[5(s)]

-5 — Central

Re[62)(s)]

/
\ '
—-5F — Central : } !
\i —— Solution a
|
|

——Solution a | \
1 1 . '
\ +++ Solution b ' ‘

«++ Solution b

1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

V5 [GeV] 24 /29

-15 A
0.0 0.2 0.4 0.6 0.8

Vs [GeV]



mg [MeV]

T T T T | I 'I' T T \l T T T T | T
/ ) N
F s (RN =
= \ ~ —
- < N ~ .
= 7 / ~ T .
= 7 P T~ o N =
-7 -7 S<. N o
=/ e DN
= . , N
!/, A
o/ \.
L . o
/ —-— Quark-dominance (Q = Q,) v
I / 2 — — Gluon-dominance (Q = Q¢) ‘
/ .
/I | | I I | | T I | | L1 11 | I I | | L1 ‘ |
0 50 100 150 200 250
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Multi production of ALPs

. 107 e+ I — ——
S 0 m e L
% 107
3|0 =
S 1078
_ BT T T = —————_ _____ 7
X 1OQE
S of
g 10 =
T 10~ 1L —-— Quark-dominance (Q = Q)
S 10-12 — — Gluon-dominance (Q = Q¢)
= 0
pQ10—13|||||||||||||
0 50 100 150 200
mg [MeV]
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Axion-Like Particles (ALPs)

Unknown UV
Theory

e Pseudo-Goldstone bosons from global symmetry breaking -

o Example: QCD axion (Peccei-Quinn) — solution of the CP problem,
potential dark matter candidate. QCD axion mass: m7 o< 7. s breairg

SM +ALP

o “Yukawa basis” (at GeV scale): ALP with gluon and mass couplings

1 O
EALP—£QCD+ (0 a)(@“a)—§M3 2 _ Q¢ 87f7G’“’G + Z mq( %qua%)q’

q=u,d,s

M?2: PQ contribution to the mass, f,: axion decay constant, Q,.c: PQ charges

o Equivalent to the “usual” derivative basis (related via chiral rotations of the quarks)
if weak interactions are neglected

o The heavy-flavor ¢, b,t quarks contributions are absorbed in Qg — Q¢ + Q¢p.c
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Lagrangian for ALPs coupled to mesons =

SM+ALP

Chiral Symmetry

e Step 1: map Larp into yPT at leading order
2
e = fﬂT [a“UTa“U} L [230( (@)U + My(a )*U*)} N %mé (no - \Q/%?Ta> +L9.00ma - %Mgaz

My(a) = diag(mueiQua/fa,mdeiQda/fa’ mseiQsa/fa) 7

Nols %773 + %778 + %170 ot Kt
U =exp : b = o _%7@ + Lns+ Lno KO
f P 2 ﬁg V3

— 518 + 510
« Step 2: diagonalization of the mass matrix = mixing angles 0,4, 0,0, 00

2 2 2 2
Mzxg  Mzang  Mrpg  Mrga
2 2
]\42 = Mg Mngno Mnga
= m2 m ,
70 noa
ma
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1]6

Ja
1GeV Q

BR(n — aaa) x [

Triple production of ALPs in 7/n' decays
e n/n — aaa decays

BR ~ O(1/f7)

o fo~ O(1) GeV to be sensitive probes of ALPs

D. Alves and S. Gonzalez-Solis, 2402.02993 Today!
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