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h decays
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Papers based on KLOE data (I)
Channel Topic Statistics Reference

f ➛ hp0g a0(980) 16 pb-1 PLB 536 (2002) 209
f ➛ p0p0g f0(980) 16 pb-1 PLB 537 (2002) 21
G(f➛hʹg)/G(f➛hg) BR, h-hʹ mixing 16 pb-1 PLB 541 (2002) 45
f ➛ p+p-p0 DP, r params 16 pb-1 PLB 561 (2003) 55
h ➛ ggg UL, C violation 410 pb-1 PLB 591 (2004) 49
h ➛ p+p- UL, P/CP violation 350 pb-1 PLB 606 (2005) 276
G(f ➛ ℓ+ℓ-) Gℓℓ, lepton univ. 17 pb-1 , 3 √s PLB 608 (2005) 199
f ➛ p+p-g f0(980) 350 pb-1 PLB 634 (2006) 148
e+e-➛ p0p0g f0(980) , f0(600) 450 pb-1 EPJC 49 (2007) 473
f➛ hg h mass 410 pb-1 JHEP 12 (2007) 073
G(f➛hʹg)/G(f➛hg) h-hʹ mixing, gluonium 427 pb-1 PLB 648 (2007) 267
h ➛ p+p-p0 DP params, C-inv. 450 pb-1 JHEP 05 (2008) 006

e+e-➛ wp0 w BRs, BR(f➛wp0) 600 pb-1 

1000-1030 MeV PLB 669 (2008) 223

Global fit h-hʹ mixing, gluonium JHEP 07 (2009) 105
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Papers based on KLOE data (II)
Channel Topic Statistics Reference

h ➛ p+p-e+e- BR, CP-viol asimm. 1.7 fb-1 PLB 675 (2009) 283
f ➛ KSKSg UL, a0(980), f0(980) 2.2 fb-1 PLB 679 (2009) 10
f ➛ hp0g a0(980) 400 pb-1 PLB 681 (2009) 5
h ➛ p0p0p0 Slope parameter (a) 420 pb-1 PLB 694 (2010) 16
h ➛ e+e-e+e- First observation, BR 1.7 fb-1 PLB 702 (2011) 324
gg ➛ h G(h➛gg), s(e+e-➛hg) 240 pb-1, 1 GeV JHEP 01 (2013) 119
h ➛ p+p-g BR, decay dynamic 558 pb-1 PLB 718 (2013) 910
f ➛ he+e- BR, TFF 1.7 fb-1 PLB 742 (2015) 1
f ➛ p0e+e- BR, TFF 1.7 fb-1 PLB 757 (2016) 362
h ➛ p+p-p0 DP params, C-inv. 1.6 fb-1 JHEP 05 (2016) 019

24 papers in 15 years

Properties of light scalar, pseudoscalar and vector mesons deeply
investigated
Several state-of-the-art measurements
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The h→ppp decay
JH

EP05 (2008) 006

First large statistics measurement of h→ p+p-p0: KLOE08 (1.34×106 events)

Dalitz plot density parametrized as 
polynomial expansion around X=Y=0:

...1),( 3222 fYeXYdXcXbYaYYXA ++++++

Isospin violating decay, sensitive to light quark mass difference

A precision measurement of the Dalitz plot density allows an accurate 

determination of the light quark mass ratio through dispersive techniques

𝜶 = −𝟎. 𝟎𝟑𝟎𝟏 ± 𝟎. 𝟎𝟎𝟑𝟓*𝟎.𝟎𝟎𝟑𝟓+𝟎.𝟎𝟎𝟐𝟐

h→ p0p0p0 [KLOE, PLB 694 (2010) 16]

Leutwyler,Mod.Ph.Lett.A28(2013)1360014
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Q mass ratio constraints from KLOE08

[Kampf et al., PRD84(2011)114015]

mu = (2.23 ± 0.14)MeV

md = (4.63 ± 0.14)MeV

Dispersive analyses of h→3p based on fits to KLOE08 measurement:

Fit: h→p+p-p0 Check: h→3p0

[Colangelo et al. PoS(EPS-HEP2011) 304]

using m and mS from lattice QCD:̂
mu = (2.02 ± 0.14)MeV

md = (4.91 ± 0.11)MeV� Q = 21.3 ± 0.6

⇥ R =
mS � m̂

md � mu
= 37.7 ± 3.3

mS

m̂

mu

md

[Zdrahal NPB(Proc.Suppl)219(2011)]

using m and mS from lattice QCD:̂
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h→p+p-p0 with new KLOE data set
New analysis on an independent KLOE data set:

Larger and data set (1.7 fb-1, ~ 4 times KLOE08)
New analysis scheme
Improved MC simulation

reduced 
systematics

Most energetic photon assigned to gf
Primary photon energy from 2-body kinematics
Decay kinematics to assign  photons from p0

Cuts on:
MM(f-grad-p+-p-) –m(p0)| < 15 MeV
gg opening angle in the p0 rest frame > 165º

✔ Background scaling factors from fit
✔ Signal efficiency 37.6%
✔ Residual background contamination 0.96%

𝒆+𝒆* → 	𝝓	 → 	𝜼𝜸𝝓 	→ 	𝝅+𝝅*𝜸𝜸𝜸𝝓

JHEP05 (2016) 019
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h→p+p-p0: fit to the Dalitz Plot
Fit to the data-bckg ditribution with:

folded with smearing matrix and analysis efficiency. Bin size ~3×sX,Y ~ 0.06,0.1

𝑵𝒕𝒉 	= 		7𝑵	 𝟏 + 𝒂𝒀 + 𝒃𝒀𝟐 + 𝒄	𝑿 + 𝒅	𝑿𝟐 + 𝒆	𝑿𝒀 + 𝒇	𝒀𝟑 + 𝒈	𝑿𝟐𝒀 + 𝒉	𝑿	𝒀𝟐 + 𝒍	𝑿𝟑 	𝒅𝑷(𝑿, 𝒀)
�

�

- a b d f - g Prob(c2)

KLOE08 1.090(5)( +8
-19) 0.124(6)(10) 0.057(6)(+7

-16) 0.14(1)(2) ─

This work 1.104(3)(2) 0.142(3)(+5
-4) 0.073(3)(+4

-3) 0.154(6)(+4
-5) ─ 0.24

This work 1.095(3)(+3
-2) 0.145(3)(5) 0.081(3)(+6

-5) 0.141(7)(+7
-8) 0.044(9)(+12

-13) 0.56

Fit residuals

JHEP05 (2016) 019

In agreement with previous KLOE result

g parameter different from 0 at 3 s level

c, e, h, l parameters consistent with 0 (C-inv. 
condition) when used as free fit parameters 
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h→p+p-p0: comparison of latest exp. results
JHEP05 (2016) 019
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h→p+p-p0: acceptance corrected data
Smearing matrix close to diagonal 
Acceptance corrected data to directly fit theory

Full smearing matrix

Results in agreement 
within 1 sfit

Acc. corrected data

JHEP05 (2016) 019
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Meson transition form factor
Test of low energy QCD

ChPT and low q2 extentions
evolution with q2 predicted by pQCD

Light-by-light contribution to aµ

Search for light dark force mediator

Experimentally:

Annihilation processes Two photon productionDalitz decays
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TFF from Dalitz decays
Naive VMD approach well describes h→gℓ+ℓ-, but fails for w→p0ℓ+ℓ-

Experimental needs:   1. New measurement of w→p0ℓ+ℓ- TFF
2. Study of other V→Pg* transitions

The only existing measurement is from f→he+e- (213 events): 
bfh = Lfh

-2 = ( 3.8 ±1.8 ) GeV-2 VMD:[SND, PLB 504 (2001) 275]   

Several theory papers:
✔ Terschlusen and Leupold, Phys. Lett. B 691 191 (2009)
✔ Ivashyn, Prob. Atom. Sci. Tech. 2012N1 179 (2012)
✔ Schneider Kubis Nieking, Phys. Rev. D86 054013 (2012)
✔ Danlikin, Phys. Rev. D91 094029 (2015) 

bVP ~ Mf
2 ~ 1 GeV-2

h→e+e-g

A2: PLB 701 (2011) 562/arXiv:1309.5648

F (q2) =
1

1 � q2/�2
(q2 = M2

�+��)

h→µ+µ-g

NA60, PLB 757 (2016) 437

w→µ+µ-p0

VMD
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f→he+e-, h→p0p0p0 : BR evaluation   

BR(f→he+e-) = ( 1.075 ± 0.007 ±0.038 ) ×10-4

13

PLB 742 (2015) 1

Lint = 1.7 fb-1

15% global efficiency

∼ 30000 signal events

Bckg contribution < 3%

h-e+ angle in the e+e- rest frame

✘ VMD: 1.1  

✘ SND:        ( 1.19 ± 0.31 ) ×10-4

✘ CMD-2: ( 1.14 ± 0.16 ) ×10-4

[PLB 504 (2001) 275]

[PLB 501 (2001) 191]
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f→he+e- : transition form factor 

✘ VMD: ~ 1.0  GeV-2

✘ SND:  ( 3.8 ± 1.8 ) GeV-2

14

Prob(c2) = 12.6%

bfh = ( 1.17 ± 0.10 +0.07 
-0.11 ) GeV-2

[PLB 504 (2001) 275]

In agreement with VMD

PLB 742 (2015) 1

Fit to Mee distribution from PR128 (1985) 301 to extract transition form factor

|Ffh|2 from data-MC ratio. No syst. errors           
✘ bfh = ( 1.25 ± 0.10 ) GeV-2

Fit residuals
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f→p0e+e- : BR evaluation

No data available for Ffp(q2)

30-40% errors on BR

15

[SND, JETP 75 (2002)  449]
[CMD-2 PLB 503 (2001)  237]

PLB 757 (2016) 362

Background from radiative Bhabha
scattering events and V→Pg : 
several orders of magnitude larger

Global efficiency from 15% at low 
Mee to 2% @ 600 MeV

Lint = 1.7 fb-1

∼ 9500 signal events
*|θ|cos
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• Data
⎯ MC all

◼ Signal
◼ V→ Pg
◼ Bhabha’s

BR(f→p0e+e-) = ( 1.35 ± 0.05 +0.05 
-0.07 ) ×10-5
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f→p0e+e- : transition form factor 

16

PLB 757 (2016) 362
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Background evaluated for each Mee
value with a fit to the e+e- missing 
mass

Systematics dominated by analysis 
cuts and background subtraction 
procedure

bfp = ( 2.02 ± 0.11 ) GeV-2
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Dispersive analysis 

Dispersive analysis                  

One-pole VMD

Ivashin, Prob. Atomic Sci. Tech., 2012N1 (2012) 179

Schneider/Kubis/Niecknig PRD 86 (2012) 054013

Danilikin et al, PRD 91 (2015) 094029
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Perspectives with KLOE-2 data

17

Lint (KLOE-2) = 5 fb-1 @ √s = Mf

Large data sample will allow deeper investigation of light meson 
properties, decay dynamics, transition form factors

≈ 1.5×1010 f mesons to complete and extend the study of TFF from 
Dalitz decays of vector mesons

f ➛ he+e- KLOE result can be improved
f ➛ hp+p- BR < 1.8× 10-5 @ 90% C.L.

f ➛ hµ+µ- BR < 9.4× 10-6 @ 90% C.L.

≈ 2.5×106 w mesons produced through e+e-➛ wgISR

w ➛ p+p-p0 decay dynamics with high statistics

Not enough for TFF studies:  
2k evts produced for  w ➛ p0e+e-
➡ 𝑂(102) events reconstructed

[CMD-2, PLB 491 (2000) 81]

[CMD-2, PLB 501 (2001) 191]
KLOE, ∼ 300 pb-1

Kin. fit, no bckg rejection
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The h sample @ KLOE-2 

18

Decay Test UL (PDG2014) UL (KLOE) Statistics Scaled @ 5+2 fb-1

h ➛ ggg C violation 1.6 × 10-5 1.6 × 10-5 410 pb-1 3.9 × 10-6

h ➛ p+p- P, CP violation 1.3 × 10-5 1.3 × 10-5 350 pb-1 2.9 × 10-6

h ➛ p0p0 P, CP violation 3.5 × 10-4 ⎯⎯⎯

h ➛ p0p0g C violation 5.0 × 10-4 ⎯⎯⎯

h mesons produced through f➛ hg decays

Clean sample tagged by means of the monochromatic recoil 
photon, 363 MeV

2.5×108 h’s produced in 5 fb-1

Could be used to improve C, P, 
CP violation tests

h ➛ p0p0p0
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Perspectives for  h → p0gg @ KLOE-2

19

CB@AGS:   BR = ( 22.1 ± 2.4 ± 4.7 ) ´ 10-5

CB@MAMI: BR = ( 25.2 ± 2.5 ) ´ 10-5

ChPT “golden mode”: p2 null, p4 suppressed, p6 dominates 

KLOE prel. 2006, 450 pb-1 : 70 signal events, 3s signal

BR(h→p0gg) = ( 8.4 ± 2.7stat± 1.4syst ) × 10-5

BR & dG/dMgg

h→p0p0p0

15% error with full KLOE data sample

Signal events comparable with CB@MAMI 
using KLOE+KLOE-2

CCALT calorimeter at low polar angle 
will substantially improves h→p0p0p0

background suppression
✔ 83% of h→p0p0p0 events has 1 or 2 g lost     
✔ half of them has 1-2 photons in CCALT

acceptance

PRC 78 (2008) 015206, ∼500 signal events

PRC 90 (2014) 025206, ∼1200 signal events

U
si

ng
 K

LO
E 

BR
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CB@MAMI: PRC 90 (2014) 025206

h → p0gg @ KLOE-2: Mgg spectrum 

Test of theoretical models

First measurement from CB@MAMI 

KLOE+KLOE-2 data will provide 
same sensitivity, with a completely 
different production mechanism 
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The h→ p+p-e+e- decay

[D.Gao, Mod.Phys.Lett.A17 (2002) 1583]
Test of non-CKM CP violation

SM constrained by BR(h→ p+p-)
✔ Experim. upper bound: Af < 10-4

✔ Theoretical prediction:  Af ∼ 10-15

Unconventional CPV term increases Af up to 10-2

KLOE results with 1.7 fb-1

Af=(-0.6 ± 2.5stat± 1.8syst ) ´ 10-2

𝑨𝝓 = 	
𝑵JKL 𝝓 MNJ𝝓	O	𝟎 −𝑵JKL 𝝓 MNJ𝝓	P	Q

𝑵JKL 𝝓 MNJ𝝓	O	𝟎 +	𝑵JKL 𝝓 MNJ𝝓	P	Q

BR(h→p+p-e+e-(g))=(26.8 ± 0.9stat± 0.7syst ) ´ 10-5

[PLB 675 (2009) 283]
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The h→ p+p-e+e- decay

[D.Gao, Mod.Phys.Lett.A17 (2002) 1583]
Test of non-CKM CP violation

SM constrained by BR(h→ p+p-)
✔ Experim. upper bound: Af < 10-4

✔ Theoretical prediction:  Af ∼ 10-15

Unconventional CPV term increases Af up to 10-2

KLOE results with 1.7 fb-1

Af=(-0.6 ± 2.5stat± 1.8syst ) ´ 10-2

𝑨𝝓 = 	
𝑵JKL 𝝓 MNJ𝝓	O	𝟎 −𝑵JKL 𝝓 MNJ𝝓	P	Q

𝑵JKL 𝝓 MNJ𝝓	O	𝟎 +	𝑵JKL 𝝓 MNJ𝝓	P	Q

BR(h→p+p-e+e-(g))=(26.8 ± 0.9stat± 0.7syst ) ´ 10-5

[PLB 675 (2009) 283]

@ KLOE-2 :

BR statistical error of 1.7%   [KLOE+KLOE-2 data]

Asymmetry: statistical sensitivity from 2.5×10-2 to 1.2×10-2

Systematics easily reduced at the same level of accuracy

Inner Tracker will increase acceptance

Same h→ 4-tracks final state can be used also to improve the 
knowledge of: 
✔ h→ e+e-e+e- BRKLOE,1.7fb-1= ( 2.4 ± 0.2 ± 0.1 ) × 10-5

✔ h→ µ+µ-e+e- BR < 1.6×10-4 @ 90% C.L.        BRth = 1.6÷2.2×10-5

✔ h→ p+p-µ+µ- BR < 3.6×10-4 @ 90% C.L.        BRth = 8×10-7

WASA, PRD 77 (2008) 032004
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Perspectives on f→ K0K0g @ KLOE-2

23

⎯

Expected to proceed mainly through f→ [f0(980)+a0(980)]g→ K0K0g

Never been observed

UL with KLOE data, 2.18 fb-1

Selected channel: KSKSg➛ p+p-p+p-g

Signal MC according to phase space and radiative decay dynamics

Selection cuts optimized on MC (bckg: KSKL(g), e+e-→ p+p-p+p-(g) )

5 events in data

2.5 + 0.7 bckg events (MC)

Sensitive to a0/f0 interference

BR(f→K0K0g) < 1.9×10-8 @ 90% C.L. 

Green band: KLOE couplings from 
f→ ppg, f→ hpg in the Kaon Loop 

model, neglecting interference

[PLB 679 (2009) 10]
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Perspectives on f→ K0K0g

24

⎯

Expected to proceed mainly through f→ [f0(980)+a0(980)]g→ K0K0g

Never been observed

UL with KLOE data, 2.18 fb-1

Selected channel: KSKSg➛ p+p-p+p- g

Signal MC according to phace space and radiative decay dynamics

Selection cuts optimized on MC (bckg: KSKL(g), e+e-→ p+p-p+p-(g) )

5 events in data

2.5 + 0.7 bckg events (MC)

Sensitive to a0/f0 interference

BR(f→K0K0g) < 1.9×10-8 @ 90% C.L. 

Green band: KLOE couplings from 
f→ ppg, f→ hpg in the Kaon Loop 

model, neglecting interference

[PLB 679 (2009) 10]

@ KLOE-2 :

BR(f→K0K0g) < 1.1×10-8 @ 90% C.L.     [KLOE+KLOE-2 data]

Factor of ∼2 improvement in background rejection expected 
from IT

KLOE allowed region largely covered

First observation possible

Charged kaon final state could also be exploited
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TFF from gg interactions

Transition form factors crucial 
for hadronic light-by-light 
contributions to g-2
Ggg should be known precisely

gg physics @ KLOE/KLOE-2:

KLOE: no e± tagging

KLOE-2: tagger to reduce background 
from f and to close kinematics                   

√s = Mf

√s = 1 GeV

		𝝈𝜸𝜸→𝑹 𝒒𝟏, 𝒒𝟐 ∝ 𝚪𝑹→𝜸𝜸
𝟖	𝝅𝟐

𝑴𝑹
	𝜹 𝒒𝟏 + 𝒒𝟐 𝟐 	−	𝑴𝑹

𝟐 	 𝑭 𝒒𝟏𝟐, 𝒒𝟐𝟐
𝟐
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G(h→gg) @ KLOE JHEP 01 (2013) 119

From gg→h events. No e± tagging
Data sample: 240 pb-1 @ Ös = 1 GeV (reduced background from f)
Selected channels: h → p+p-p0/p0p0p0

Main background: f → hg with undetected recoil photon
2D fit to Mmiss2-pL/T plane with signal and background MC shapes

h → p0p0p0:
ü e+e-→ f → hg 

contribution free

h → p+p-p0:
ü e+e-→ f → hg measured
ü Background weights 

checked in control 
regions

c2/d.o.f.  =
2670.3/2994

c2/d.o.f.  =
1139.9/2398

most precise measurement to date
G(h→gg) = (520 ±20±13) eV
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Perspectives for  gg→ p0 @ KLOE-2
G(p0 → gg) width

G(p0 → gg) : best	measurement from	Primakoff-process,	
PrimEX @	Jlab,	at 2.8%:		PRL	106(2011)162303

G(p0 → gg) at 1%		feasible at KLOE-2	with		5	fb-1
The	coincidences between KLOE	central
detector	and	HET	taggers SELECT	a	very
clean sample	of	~	1900	events per	fb-1
(seff =	3.4	pb)
The	radiative	Bhabha-scattering events
fully cut out	by	KLOE-HET	coincidence

HET	(e+)HET	(e-)
g

g

Theory	and				
KLOE-2	precision

EPJC 72 (2012) 1927
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Perspectives for  gg→ p0 @ KLOE-2

HET	(e+)HET	(e-)
g

g

Fp0 gg* at	5-6%			feasible	at	KLOE-2	with	5	fb-1

The	coincidences	between	KLOE	central	detector	
and	one	of	the	HET	stations	are	used

Light-by-light	term	to	muon	
anomaly :	both	measurements,	
width	and	Fp0 gg* contribute	to	
a	factor	of	∼2		reduction	in	the	
theoretical	error,	dominated	by	
pseudoscalar	(p0	)	contribution

p0 → gg* transition form factor in the space-like region at low Q2
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Conclusion

Large data sample of light mesons available at KLOE
provides important results on decay dynamics and
transition form factor, together with limits on new physics,
giving the most precise measurements for:
ü h→p+p-p0

ü TFF in f→he+e- , f→p0e+e-

KLOE-2 run in progress
ü Rich physics program [Eur. Phys. J. C 68 (2010), 619]
ü We will continue high precision investigation of light 

meson properties
ü Ideal tool for p0/h TFF @ |q2|<1 GeV2
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Physics at a f-factory

f (1020)
a0(980)

f0(980)

h(550)

h'(960)

r(770)

KK

0- 1- 0+

p0

BR = 83%

BR = 15%
BR = 1.3%

BR = 6.2´10-5

BR = 1.3´10-3

BR ~ O(10-4)

f decay Produced ev/fb-1

K+K- 1.5´109

KLKS 1.0´109

h 5´107

hʹ 2´105

h/hʹ tagged with recoil monochromatic photon
(363 and 60 MeV respectively)

S. Giovannella – FF and VPg* transitions at KLOE – CD2015 – Pisa, 30 June 2015
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G(h→gg) @ KLOE

most precise measurement to date

JHEP 01 (2013) 119

G(h→gg) = ( 520 ± 20 ± 13 ) eV

s(e+e-→e+e- h,√s =1 GeV) = 
( 32.0±1.5stat±0.9syst±0.2FF±0.2BR(h→3p) ) pb

s(e+e-→e+e- h,√s =1 GeV) = 
( 34.5±2.5stat±1.0syst±0.7FF±0.4BR(h→3p) ) pb

Neutral channel: ( 723 ± 32 ) signal events

Charged channel: ( 394 ± 29 ) signal events

s(e+e-→e+e- h,√s =1 GeV) = ( 32.7 ± 1.3stat±0.7syst ) pb
Combined:

S. Giovannella – FF and VPg* transitions at KLOE – CD2015 – Pisa, 30 June 2015
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Measurement of s(e+e-→hg) @ 1 GeV
JHEP 01 (2013) 119e+e- → hg→p+p-p0g :

Ø 3 photons + 2 tracks
Ø p0 ID
Ø Kin. cuts to suppress bckg from kaons
Ø kinematic fit
Ø Signal events from 2D-fit to Eg3--Mpp

s(e+e-→hg) = (856 ± 8stat± 12syst±11BR)  pb

s(e+e-→hg) = (853 ±25stat ± 5syst±6BR ) pb
In agreement with the result from h→p0p0p0

▬ hg
▬ wg
▬ wp0

S. Giovannella – FF and VPg* transitions at KLOE – CD2015 – Pisa, 30 June 2015
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BR(h→p0gg) measurements before 2005

333333

p- + p ® h + n 
(CERN, Brookhaven, GAMS, 
Crystal Ball)

p+ + d ® p + p + h (67)

p+ + p ® p+ + p +h (67,69)

K- + p ® L + h (70 AGS)

p+ + n ® h + p  (71)

p- + n ® p- + n + h (80)

f ®hg  (SND 01)
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Data sample: 1.73 fb-1

PID with ToF EMC info
Fit on Mppee side bands for background
Photon conversions on Beam Pipe rejected
Counting on Mppee in the signal region:

Nppee = 1555 ± 52 (368 bckg evts)
Analysis efficiency: 8%

PLB 675 (2009) 283
The h→ p+p-e+e- decay


