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7 AND 77/ PROPERTIES AND METHODS

m The /7’ mesons are special:
» The 7 is a pseudo-Goldstone boson
» The n’ is largely influenced by the U(1) anomaly

» The n/n’ are eigenstates of the C, P, CP and G operators:
IG]PC — o+o—+

» Flavour conserving decays
» All their strong and EM decays are forbidden at lowest order
m 1 and »’ decays offer fantastic opportunities to:
e test low-energy QCD e search for New Physics
m Theoretical methods:
» ChPT and its extensions (large-N¢)

» Vector-meson dominance

» Dispersion theory




(SELECTED) 7/7’ DECAYS

m High priority (") decays for experiment and theory
(L. Gan, B. Kubis, E. Passemar and S. Tulin, 2007.00664)

Decay channel Standard Model Discrete symmetries BSM particles
n") = xtg—x° light quark masses C/CP violation scalar bosons
n) = 4y n-n’ mixing, width — —

Ly A (9 —2)u - 7', dark photon
n") = 7%y~ and higher-order xPT, - U(1)g boson,

n' — nyy scalar dynamics scalar boson

n) — ptp— (g — 2),,, precision tests  CP violation —

) — 7Ot e~ - C violation scalar bosons
n) = xtr=ete— (g —2), - ALP, dark photon
n) — 7Ox0rte— — C violation ALP

m Important experimental activities: A2, Belle-IlI, BESIII, GlueX,
LHCb, KLOE-1I, WASA-at-COSY

m Forthcoming experiments: JLab Eta Factory and REDTOP
(talks by Gan and Gatto)



n— Wo’y’y DECAYS: THEORETICAL MOTIVATION

m SM motivation: o
gl o), 0(p')
Reference I(n — 7°y7) [eV] 2
O(p?), O(p*) tree-level xPT o ' .
7 + K loops at O(p*) 1.87 x 1073 ; !
Experimental value (pdg) 0.34(3) O

v
=

> 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

o Y
n ;jv.fej 70

m BSM motivation: search for a B boson via n — By — 7%y~
(talk by Gan)




n — w7 DECAYS: VMD CALCULATION

m Six diagrams corresponding to the exchange of V = p°, w, ¢

v(er, q1) (e, q0)

\%
n(P) 0
vy v noy
P.gq, —m?){a} — {b YRS
'A:I/EEO’Y"/ - Z Gviy o {( : Dvn()tg } { }JF{ qt2<_> 31 }} )

V=p©,w,é

m gyp, couplings:
> Effective Lagrangian
Lwp = %e“’”“ﬂtr [0,V 0aVsP] , Ly, = —2egf2A tr[QV,] ,

» Measured &% widths (this work)
V(P) &

—P(V)

m The decays ' — {#°, n}y~ are formally identical, with:

er]'ygVﬂ’o'y — gVU’WQV{ﬂ’O MY




n — w9~ PREDICTIONS

m Our theoretical prediction BR = 1.35(8) x 10™*
(R. Escribano, S. G-S, R. Jora, E. Royo, Phys.Rev.D 102, 034026 (2020))

» VMD dominates:
> p:27% of the signal 28 -
. — Our prediction

» 219 i % N e VMD

w: 21% of the signal % 20\ T Mty
> ¢: O% of the signal E Interference
> interference between E

p-w-¢: 52% E

. S
> interference between L

scalar and vector 5

mesons: 7%




n — 7°~7 PREDICTIONS VS DATA

m VMD comparison with A2 and CB data
(R. Escribano, S. G-S, R. Jora, E. Royo, Phys.Rev.D 102, 034026 (2020))

> Shape of the A2 and Crystal Ball spectra
is captured well

> Normalization

@

offset Z — VMD + LoM o A2(2014)
g 5 = Crystal Ball (2008)
> GOOd agreement % 2 KLOE (2021, preliminary)
with KLOE data T
(preliminary) s
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n — w°yy PREDICTIONS VS DATA (BR)

m Our prediction, BR= 1.35(8) x 10™%, agrees
with BR= 1.30(13) x 10™* (KLOE prel, del Rio®Chiral

dynamics'21)

m KLOE-II final measurement
is forthcoming

m JEF experiment:
(talk by Gan)
» BR and Dalitz distribution
with ~ 5% precision

» Improved understanding
of the interplay of
meson resonances

> O(p®) LEC's
determination

Eﬁcperimenfs
GAMS-2000 (1984)
— KLOE (preliminary, 2006)
— Crystal Ball (2008)
e A2GMAMI (2014)

e KLOE (prel, del Rio@Chiral Dynamics’21
Theoretical Predictions
L] Chiral Loops (Ametller et.al. 1984)
+——a——  Unitarized ChPT (Oset et.al. 2003)
- from vy — 7’7 (Danilkin et.al. 2017)
—— from vy — 7% (Lu and Moussallam 2020)
- VMD+LoM (This work 2020)

00 02 04 06 08 10
I(n— 7%7) [eV]



n' — w9~ DECAYS

m Our theoretical predictions BR = [2.91(21),3.57(25)] x 1073
(R. Escribano, S. G-S, R. Jora, E. 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%

35F,

[keV/GeV?]
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—— Our prediction

VMD
LoM
Interference
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mZ, [GeV?]



n' — w9~ DECAYS

m Our theoretical predictions BR = [2.91(21),3.57(25)] x 1073
(R. Escribano, S. G-S, R. Jora, E. Royo, Phys.Rev.D 102, 034026 (2020))

m First time m,, invariant mass distribution by the BESIII coll,;
BR = 3.20(7)(23) x 103 (Ablikim et al Phys.Rev.D 96, 012005 (2017))

—— M-B couplings * BESII (2017)
Emp. couplings

dr' (7' ~>n%yy)/dm3, [eV/GeV?]

00 01 02 03 04 05 06
mZ, [GeV?]
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1" — 1y DECAYS

m 15t BR measurement by BESIII, BR = 8.25(3.41)(0.72) x 1075 or
BR < 1.33 x 1074 at 90% C.L. (Ablikim et al. Phys.Rev.D 100, 052015 (2019))

m Our theoretical predictions BR = [1.07(7),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)

200 — Our prediction

Interference

» Substantial scalar
meson effects (16%)

[eV/GeV?]
2

2
Yy
193
=

» Interference between
scalar and vector
mesons (7%)

dT (i —nyy)/dm
o

|
W
=]

0.00 0.05 0.10 0.15
mZ, [GeV?]

m We look forward to the release of the m,, spectrum




LEPTOPHOBIC B BOSON MODEL

m New boson that (predominantly) couples to quarks (Tulin'1s)
1 _ —
Loy = <3QB + ‘Qqe> qy"qB,, — cely"¢B,, ,

> gp new gauge (universal?) coupling, ag = g3 /4w
> Preserves QCD symmetries (C, P, T)
> - = egp/(4m)*: (subleading) y-like

coupling to fermions ;
> Effective Lagrangian: o eter
3 o
1 5 £ o.100 -
Lyg = —25939fﬂ3”tr [V, 2 e
3 |
S 2 T
apOemMp m
I o = —=|1-—= F.,(m2)|?, @ 0010
B— 7Oy 9671'3]?. < 123> ‘ W( B)‘ ’ =
q
2 2 2
QemE“Mp ml ml
r L = 0B (qdigX 1—4—£ 0.001} i
et 3 < * mg hmfg’ 0.0 0.1 02 03 04 05 0.
mp  [GeV]



n— Wo’y’y DECAYS: B BOSON CALCULATION

m Two diagrams corresponding
to the exchange of a B boson !

Bboson __ (P "q2 — m?]){a} - {b} g2 <> Qg
An—wrofy«/ - an'y(t)gBﬂo-y(t) |: m2B a1 tI’B(t) t<u

m ggp, couplings:

Gsroy(t) = ﬁf}?%(o, 9o (1) = e = [(€o = VES0)Fult) + (260 + VES0)Fo(0)]

m Energy-dependent width

:}‘IBHWOW (t)

'T/B—%W—(t) 2
Mg(t) = r —_0(t — 4amy) +
8(t) Bsete— O(t — 4my) Sosmo (M2)

= FB o g(t = mzo) 9
Ap—ste— (M3) o "




n— Wo’y’}/ SENSITIVITY TO A B BOSON
KLOE27 1

0.100¢
0.010¢
m Preliminary results 2 000l
. I
(Escribano, G-S, Royo) ol
! Lgeost
m Fit to Crystal Ball: 1 1 0
1076
0.0 0.2 0.4 0.6 0.8 1.0
ag = 0.39(15), s [GV]
mg = 581(50) MeV e
Z K — VMD + LoM o A2(2014)
o O s\ —— Fit to CB = Crystal Ball (2008)
| Flt to KLO E: E \ -« Fit to KLOE 4 KLOE (2021, preliminary)
ag = 0.056(34),
mg 1215 MeV




n— Wo’y’y SENSITIVITY TO A B BOSON

m Preliminary results ki
(Escribano, G-S, Royo) 0.100} OB 20
m Fit to Crystal Ball: o010
§ o001
ag = 0.39(15), 1o
ms = 581(50) MeV od  pae n
n— 1Yy
m Fit to KLOE: 107;.70 02 0.4 06 08 70
mp [GeV]
ag = 0.056(34), T
mg = 14275 MeV o
* ag =1
108 .
| Extremely narrow resonance oy
m m2 < mg < m,notallowed? T .
100/ eeesees "".Douoou-ouo’
> No signalin
n—yB— ’Y’WTO 0.0 02 04 06 08 1.0
mp [GeV]
’




7' — w7 SENSITIVITY TO A B BOSON

.
0.100} KLOE20
0.010
.. g“ 0.001
m Preliminary results !
(Escribano, G-S, Royo) ° | ot
10°% | T
m Sharp dip when mg ~ m,, s RS
0.0 02 0.4 06 08 1.0
m Bounds 4 orders of magnitude mp [GeV]
weaker than n — 7%y~ !
m 1= Oy not DU Q0D
010, BESIII 20 ]
as useful as n — 7%y oo N/
for constraining B bosons < °®'
1074
10°°
7' = 70y
1005 02 04 06 08 7.0

mp [GeV]




n\") — {7° n}* ¢~ DECAYS (¢ = e, 1)

m In the SM: o
> ) — 7°y* — 7°¢T¢~ forbidden by C and CP

U y ¢
> n — w0/~ proceed via C-conserving ; ;
l

two-photon intermediate state

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

n — nete~ 2.1(1)(2) x 1079 < 7.5 x 10~° (CL=90%)

n—mutu~  1.2(1)(1) x 1079 < 5x107% (CL=90%)

n — n%ete”  4.6(3)(7) x 107° < 1.4 x 1073 (CL=90%)

n — Pt 1.8(1)(2) x 1072 < 6.0 x 1075 (CL=90%)

n — nete- 3.9(3)(4) x 1071 < 2.4 x 1073 (CL=90%)

n = nutuo 1.6(1)(2) x 107° < 1.5 x 1075 (CL=90%)
m Background for BSM searches, e.g. C-violating ; ’

virtual photon exchange or new scalar mediators ¢+

m REDTOP can improve the experimental state -



OTHER INTERESTING 7) AND ’77/ DECAYS

m Standard Model decays:

» 1 — 3m: Dalitz plot measurements with improved precision
(GlueX, REDTOP) = more precise extraction of Q

» 1’ — 3m: theoretical advances = extraction of Q also possible

» () — 7tr—¢*t¢—: detailed differential information = access
to the doubly-virtual transition form factors = (g — 2),

m Discrete symmetry tests:

» 1 — 't~ high-precision experimental test (REDTOP) can
probe CP violation

» ;) — 7r: improved experimental bounds are welcome
» ) — 7Ox%¢t¢—: test of C-violation
m New light BSM particles:
» dark photon appears as a resonance in () — ¢+¢/=~ (REDTOP)

» Axion-like particles searches in n") decays, e.g. n) — 27a




OUTLOOK

m A lot of interesting physics to be done in the n/7 sector
m Within the VMD and LoM frameworks we have described

» 1 — w°vy: the situation is not conclusive

~ 1/20f BR = 2.54(27) x 10~ (A2, 2014)
BR =1.35(8)x10™*{ ~ 1.60 from BR = 2.21(24)(47) x 10~ * (CB, 2008)
agreeswith BR = 1.30(13) x 10~ * (prel. KLOE, del Rio CD'21)

» 1’ — w%y: in fair agreement with BESIII data
» 1’ — ny~: in line with BESIII data
m B boson searches in /1 — 7%y~ out of the game?
» requires robust SM predictions and precise experiments

m Important experimental activity: A2, Belle-II, BESIII, KLOE-II,
GlueX, WASA. The contribution of new experiments (JEF,
REDTOP), will be very welcome!



PHENOMENOLOGICAL VP~ COUPLINGS

1
gpomoy = gga

9pony = GZNs COS pp,
9pon'y = 9ZNS sin p,

Jumoy = g COS Py,
L m_ . :
Guny = 39 (zNS COS Yp COS Yy — 2——Z5 SiN Yp Sin (pv> :
3 ms
1 . m _
Gun'~ = 59 (ZNS SIn ©p COS Yy + 2——Zg COS pp SIn SOV) ,
3 msg
Gproy = gsinpy,
1 . m_ .
9oy = 59 (zNS cos ppsin py + 2m—zs sin p cos (pv> :
S|

1 : : m
g¢77/'7 = gg (ZNS SIin @p SN Yy — 2m—szs COS pp COS QDV) 9




INPUT FOR THE gvpy COUPLINGS

m gyp, couplings fixed from the measured widths (P = 7°, 7, 7)

exp 1 g\z/P’Y m\2/ - m%’ ’ rexe g\z/P'y m% - m\2/ 3
V—Py 3 327 my ’ P—V~y 327 mp ’

Decay Branching ratio (pdg) |gw,| Gev~’

p° — 7oy (4.7 +0.6) x 107% 0.22(1)

p° =y (3.00 £0.21) x 1074 0.48(2)

n — p°y (28.9+0.5)% 0.40(1)

w— 7wy (8.40 +0.22)% 0.70(1)

w—ny (454 0.4) x 1074 0.135(6)

n — wy (2.62 £ 0.13)% 0.127(4)

¢ — 7oy (1.30 +0.05) x 1073 0.041(1)

¢ — 0y (1.303 + 0.025)% 0.2093(20)

o —n'y (6.22 +£0.21) x 1073 0.216(4)




LoM FOR THE SCALAR RESONANCE CONTRIBUTIONS

m \PT loops complemented by the exchange of scalar
resonances, ap(980), x, 0, fo(980), e.g.:

2a 1
LoM _ = LoM
A77(/)_>7r0,y,y - e m2 L(SK){G} X AK‘K_ _H.ron(/) E)
K+

e

m Scalar amplitudes:

ALO’M 1 2 mI2< — mf,o 1 2 2
K+K— —7mOn(/) _2f7-er (S - m”(,)) Dag (S) €os pp + 8 [(sm,,l(/) +mz — 35) COSL2P

_ ﬁ(mf](,) + 4my + m% — 3s)sin App} } ,

m Complete one-loop propagator for the scalar resonances:

Dr(S) = s — m + Rell(s) — Rel(m3) + iTmM(s) ,




n — 7°~7 PREDICTIONS VS DATA

m VMD comparison with A2 and CB data
(R. Escribano, S. G-S, R. Jora, E. Royo, Phys.Rev.D 102, 034026 (2020))

» Shape of the spectra
is captured well

» Normalization offset

> Good agreement . —— M-B couplings ® A2(2014)
with the (preliminary)y st Emp. couplings ~ © A2(2009)
KLOE data 5 A2 (2007)

s = CB (2008) |

dI'(7-7°yy)/dm2, [eV/G




n — 7°~~ PREDICTIONS VS DATA (SPECTRA)

m Comparison with KLOE preliminary results (see talk by Elena P. del
Rio, figure taken from her talk)

> Good agreement

* [ A2 MAMI, PRCH 2014025206

b -

a s CBIAGS), PRCTS(2008)015206

£

I | " KLOE 2021

= L

= i Escribano, PRD102{20200034026
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L el I |1
2= —~ ——— e |
F L ] 1
= —— .—‘—- — 1
E — I
2 002 004 006 008 01 012 014 016

ME(rT) [GeVic’)




n' — w9~ DECAYS

R. Escribano, S. Gonzalez-Solis, E. Royo in progress
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