I

Hadron physics results at KLOE-2

Elena Perez del Rio for the KLOE-2 Collaboration

QNP2022 - The 9th International Conference on Quarks and N

5-9 September, Florida, 2022




Outline




Frascati ®-Factory complex

e

ﬁ:a

7
lef LINAC
wé] § 550 MeV eq
. 800 MeV e
| %
|
I
| TEST
—— | BEAM
FINUDA e
DAGNEL / i P i" 2

UV#” /L DAGNE ‘
| i ) : "_l ; E _]
La il ACCUMULATOR

510 MeV

140

1200l Integrated luminosity:
2005: 1256 ph-!

YT 2004: 734 pb!

SUOE - 2002: 320 ph!

oo} 2001: 172 ph-!

100 ¢

2K

« ¢ ¢ colliderVs= M, =1019.4 MeV

* 2 interaction regions
* ¢ e separated rings

* 105 + 105 bunches spaced by 2.7 ns

Jan Feb Maoar Apr May

2005

2004

L] 8]
Xy

* Drift Chamber
* Low-mass gas mixture 90% Helium +

10% isobutane
o Op,/p,<0.4% (0>45°)
=150 ym ;6 =2 mm
e 12582 cells

Stereo geometry
* 4m diameter, 3.3m long

Calorimeter

98% coverage full solid angle

6 /E=57%/ VE(GeV)

o, =57 ps /VE(GeV ) ©140 ps

Barrel + 2 end-caps:

* Pb/scintillating fiber read out
by 4880 PMTs

Magnetic field B=052T
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H 'I’llm from IP

* LET (Low Energy Tagger) &
HET (High Energy Tagger)
* ¢te--taggers for yy-physics
* CCALT & QCALT
* 2 new calorimeters (for small
angle ys & quadrupole coverage
from K decays )

* IT (Inner Tracker)
* 4 layers of C-GEM
* better vertex reconstruction and
Track parameters




KLOE/KLOE-2 Experiment

1999: KLOE experiment starts

2000 — 2006: KLOE data-taking campaign
* 2.5 fb'@Vs=M,
* +250 pb off-peak @ Vs=1000 MeV

2008: DAONE upgrade: new interaction scheme
Dec.2012-July 2013: installation of the new detectors
2014-2018: KLLOE-2 data-taking campaign
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A A 5.5 fb™ collected @ Vs=M,

L=17" f

eff=82%,""" 5 fb!
__Run.I___h....___...._L?E.l.ﬁ.tbr!.::::"::... ..........i:::::i;;;;:i{z KLOE + KLOE-2 data sample

s G MG aE o o L=l4f ~ 8 fb'represents the largest sample
,,,,,,,,,,,,,,,,, collected at a ®-factory
__.'_______________é,_______________jﬁ::::.._____________ifﬁ:::ﬁ: About 2.4 x 10*° ¢-mesons
: Y 09/17 o3/s

KLOE-2 Run time (Month/Year)
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Light meson Physics:

» mdecays, o decays

Transition Form Factors

» C,P,CP violation: improve limits on
n— vyy, t'n, n°n’, nondy

* improvemn — n'mwe'e

* xpT:n—alyy

* Light scalar mesons: £,(500) in ¢—K K.y

* vy Physics: yy — n® and n° TFF

e'e” >y (1 TFF)

« search for axion-like particles

Dark force searches:
* Improve limits on
Uy associate production
e'e’ — Uy — mmy, puy
Higgsstrahlung:
e'e— Uh'—p"uw + miss. energy

* Leptophobic B boson search:

¢—nB, By, n—yy

n—By, Bonly, n—nlyy
* Search for U invisible decays

KLOE-2 Physics Program

Kaon Physics:

* CPT and QM tests with kaon interferometry
* Direct T and CPT tests using entanglement
* CP violation and CPT test:

K—3n°

direct measurement of Im(g'/g)
*CKM V

K, semileptonic decays and Ag

(CP and CPT test)

K ; form factors, K;; radiative corrections
* T Kg—vy
» Search for rare K¢ decays

Hadronic cross section:
ISR studies with 3x, 47 final states
« F_with increased statistics

Measurement of @ ''© in the space-like
region using Bhabha process

KLOE-2 Coll., EPJC68(2010)619
http:// agenda.infn.it/event/kloe2ws Proceedings: EPJ WoC 166 (2018)



* n—n'yy (from ¢—ny): ¥PT golden mode,

q)_),rn, With ,n_}ﬂ:ow I.' Yy I

* O(p?) null, O(p*) suppressed = sensitive to O(p®) g 5
* Mass of non-nt° photons can be used as a test of theoretical models _/f..i‘- A= '
F L] This Work: A2, 2007+2009
o 4L v CB(AGS), PRC78(2008)015206 Previous measurements:
N BE o A2 MAMI-B, eC:C070910(2007)159 . _ -
% b | VMD, Ng et al. PRD46(1992)5034 BR - (22'1 + 2‘4 + 4‘7) X 10 > CB@AGS (2008)
Q " _ Oset et al. PRD77(2008)073001 [PRC 78 (2008) 015206]
S o Danilkin et al. EPJC73(2013)2358 e BR=(25.6 +2.4) x 10° CB@MAMI (2014) A2
= = il MAMI [PRC 90 (2014) 025206 ]
£ e Sample of ~6-107 n)’s
-E e ~1200 n—n’yy events found
O * Old KLOE preliminary: (8.4 £2.7 £1.4) x 10
 (L=450 pb"' ~70 signal events) |B. Di Micco et al,
Acta Phys. Slov. 56, 403 (2006)]
0 | ©

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
m2(yy) [GeV?/c']

events/ (6 MeV/c*)

NI
| fﬁfﬂ'

j: Hﬁ_ﬂﬂin"u"n" Lr.H‘
* Latest theoretical studies by Escribano et al. PRD 90 (2020) 034026: ., background Thj

* Calculated BR = 1.30(8) - 10*

* Many previous predictions differ by a factor ~2

m (47) Mev/c®

[B. Di Micco et al, Acta
Phys. Slov. 56, 403 (2006)]



>
2
o

8
=

Data-MCsum/c

m DATA
—— MC n—n®yy signal
— MC n—3n°

MC sum: au,fu,m

01378 £ 0.0085

— MC All

0.6

0.65
M, [MeV/c?]

0.4 0.45 0.5 0.55

Integrated luminosity of 1730 pb-1,
around 7-107 )’s

S/B ~2%
N, ~ 1200
; N
\N\\‘w@
e

n—3n0, n—ayy signal and ) of non-3pil

MC(C’s fitted to data

Fit y2/(ndf=98)=1.033 (fit_prob=39%)

BR normalization to 3z’
Similar analysis as for n—n’yy channel, but this
time ¢p—1(—3n°)y—7y in the final state
(BR~33%)

* Very pure channel, backgrounds well bellow

1%

* When used, can reduce part of systematic

Nev / 10 MeV

effects
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Mean

RMS

S0B4880

Integrab.065a+006

5475

222

— KK —5n°
— Other bckg

3
IIIIITI'I] TT

1 1 ‘ 1 1 Il L L |
700 900

IM, [MeV/c?]

BR(m—m°yy) _ Ngs/&s

BR(M—3m°®)  Nzgo/&zgpe

BR = (1.21 # 0.13,c 0.25,,) -
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dr(n—=yy)/dM?(yy) comparison

A2 MAMI, PRCS0(2014)025206
CB(AGS), PRC78(2008)015206

KLOE 2022 Stat. Uncertainties only

Escribano, PRD102(2020)034026

dr (n—r"yy)idMP(yy) [eV/(GeV3ic)]

NE(yv) [GeViic*]

Separate fits to M?*(yy) slices

Bin 0.011-0.0275 GeV?/c* missing due to
n°n° veto

about 1/2 compared with other
experiments and confirms old KLOE
preliminary result

Latest theoretical prediction by
Escribano et al. From 2020

(BR=1.30(8)-10*) reproduce our data
[PRD 102 (2020) 034026]



Dark Force mediator coupled to baryon number (B-

boson)

1
with the same quantum numbers of the w(782) = 15=0- e
0.1¢
1 _ g123 -5 001k
L = _ng'Y'quu o = 4— 5 10 X (mB/lOOMeV) e
T C
3 103¢
H ] _43
Dominant decay channel (mg; < 600 MeV): B—10% § 107
Can be studied in: 10~ €
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Study on ~1.7 fb' KLOE data sample
Background evaluation from sidebands
Selection of S prompt y’s

Kinematic fit to improve energy resolution

Main residual background

from ¢ — a0y — na’y and @ — ny — 3xn’y with lost

or merged photons.
No signal is observed
Upper limit calculation

Upper limit in number of events at 90% CLs sets
limits on the coupling constant o, at O(107)

' | BbMassfinal
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[ . ° Mean 4
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* In VMD model, ete-—nn+n- proceeds via p resonances,

mainly via p1n intermediate state. KLOE/KLOE-2 data
allow to measure the line shape around ¢

¢—nn+n-violates the OZI rule and G-parity
* VMD predicts the Br~ 0.35x10-6

* Br<1.8x10-5@ 90% CL @ CMD-2 PLB491(2000)81

The same sample can be also used to search for the Dalitz
decay ponpp-

* Br<0.94x10-s@ 90% CL @ CMD-2 PLB501(2001)191
* Investigate the transition form factor

1 dr(¢—nutp)

rL [ ]
g 25 xz / ndf 99.39 /90 P
= "t | Prob 0.2338 H
- | Norm 1.009+ 0.007 1
21 A 0.8964+ 0.0353 } A
1
15 [

E 4
C ® Data
0% =

= Fit io ithe Data

+ Terschluesen/Leupold model
r VMDD muodel
A e |

0 005 0.1 0.15 020I25 0.3 0350404505
KLOE: Phys. Lett. B742 (2015) 1 MelG¢V]

aM2 [ 2M2 2\ aMiq? i
(¢ - F T |F¢=’?[qz)| Xc;__z L= ( 2 ) X(\1+3m—m ] =
¢ —yn) q wq q 3 — MZ

(MG —M3)’
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1.7 fb-1 data analyzed

Clear signals for both e*e-—nm+n- and P—np+p-

Ongoing analysis

clear —na+r-and nu+p- signals
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Bernstein & Holstein, Rev. Mod. Phys., 85 (2013) 49

* Precision measurement of I'(n0—yy)

e Transition form factor Fm*(qz,O) at space-like g
(Ig%[< 0.1 GeV?), impact on value and precision of g, LbyL:m0

Ty - n®
t & \
w r .
0.25 — *ﬂ '
C '+:\ _F_r‘”. [m_.:r ,0,0)= I,f"l:-lrr:!"_-,}
0.2 |
015~ . LMD+V model

+

0.1 KLOE simul. +,

- err. bars -H
0.05— corresponding to a t.
- stat of 5fb! .,

vl N L1 aaaaal I L uaaal

o

CELLO
CLEO

" 10" 1 10

_—y -
o FTI

. 5 T Measurement concept:
R S S S N Eur Phys. J. C 72 (2012) 1917

*® * +

to taggers 4;7,,,_7«// V/
in KLOE

‘ Nominal orbit (Ebeam =510 MeV)

Scattered
lepton
trajectory

E<E

beam

First bending dipoles of DA®NE act as spectrometers
for scattered leptons (420 <E <495 MeV)

Scintillator hodoscope + PMTs, inserted in Roman pots
pitch: S mm, ~ 1 m from IP (6p~2.5 MeV 0~500 ps)

HET 1s acquired asynchronously w.r.t. the KLOE-2 DAQ
(Xilinx Virtex 5 - FPGA),synchronization with the "Fiducialy»
signal from DA®NE (each 325 ns)and the KLOE trigger

HET acquisition window corresponds to about 2.5 DAONE
revolutions, data are recorded only when a KLOE trigger is asserted

The analysis is based on the HET-KLOE coincidences and the

accidental-pure samples used for background modelling (shape and number) 4



y*v*_ 1t° Analysis

Accidental-pure data (A sample)

hdtre
_1 03 ;nel::s 1‘5441274:0*?;);

Single-arm selection: 250~ A+ O M
-Sample of 2 clusters associated with the same bunch - A0
crossing in the KLOE barrel calorimeter 2001~
-Selected bunch crossing, and, independently selected HET :
signal, are in a time window of 40 ns around the KLOE L A2
trigger -

100 —

50 :_Ac ideptal-pure + HET-KLOE coincidenges (A+ sample)
Analysis Strategy: n
-ML fits of A+/A samples. oL L A AT

1 I 1 1 1 i I 1 1 1 1 | 1 1 1 1 1 1 1 1
. . . -250 -200 -150 -100 -50 n R0
-Fit to accidental—pure samples used to constrain the

number of accidentals in A+
-Time coincidence window : 4 <+ 5 bunch crossings Simultaneous fit of A+ signal rich and A samples
depending on the period

ABunchypr 1g

[} Data
= Fit Sum
-Accidental pure sample (A) used to model background pdf gmg S g%?f;ﬂ'%‘:; - A
d0000 = L

-Signal pdfs by Ekhara simulation, control samples 000
and BDSIM transport of the leptons through the beam line mf

2000
FoL PN I PR B = PSP PN BT G'.I....I....I....I....I....I....i....l....l.
-2 1.5 -1 0.5 0 0.5 1 1.5 2 - =15 -1 05 0 0.5 1 1.5 2
Dt Signal from Fit Ot

Example of fit on one HET readout channel 5



Tagged m° in 3 fb? of data

N_o unweighted
N_o weighted HET Ele

Counts
g
L rr

Ilgll

* Number of ° candidates counting: final checks on weights ongoing
* Normalize to Radiative Bhabha at very small angle
« o™ is measured at few % level

* Luminosity measurement from KLOE online and cross-checks with e+e— —yy
« ¢ Analysis efficiency evaluation completed

« A, /A_ :Full simulation of signal and control sample, evaluated from Ekhara/BBBREM
generator + BDSIM for lepton transport, evaluation of systematic uncertainties in progress

g

HET Pos

Counts
8

Preliminary =

N_o unweighted

N;:" weighted

800
L o3 -
PO T e M T T e o IEPRPN T R W N e | |
0 2= M 8 28 T T
HET channel

€ana {VBha

HET channel



e‘e—3m 1s the second largest contribution on auHVP at the EPJ Web of Conferences 234, 01006 (2020)

. SND 2002

leading order, both in absolute values and uncertainties. 1000 ¢ i ! + SND2003
b :
Current cross section measurement of e+e-— 37 comes from _ 100} + CMD-2 1908 |
CMD-2/SND measurement with energy scan and by 3 ;&i - CMD-22006
Babar/BES with ISR technique. Dl ) ; P NDI99L ]
. - :
For s < M¢ this measurement is feasible using ISR |
technique in KLOE/KLOE-2
. . 0.6 I {l,l8 | i | 1.2 | 1.4 I 1.6 | 1.8
ISR KLOE measurement in low energy region, Vi GeV]
complementary to direct energy scans.
Further physics goals:

- to extract the peak cross section of the process e'e—V—3m,
involving vector resonances V = ¢, ®

1.0 GeV

—o0ew . - to measure cross section of non-resonant process
. aicw e e— y*—> 3m.
b T - to measure product of branching fractions

B(o—e'e) x B(o—3n)

§520HVPLO
L
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* Analysis on ~1.7 fb"! on-peak and ~246 pb! off-peak data samples.
* Selection based in at least 2 tracks with opposite curvature + 3 neutral clusters

* Kinematic fit to improve resolution

KLOKE results (Only stat. uncertainty ) compared with PDG

M, [MeV/c?] T, [MeV] B, xBi, [107]
KLOE 782.73+0.04 8.73+0.11 6.38 +0.06
PDG 782.66+0.13  8.68+0.13 6.60+0.16

o x10°
E M,=782.74+0.04 MeV/c? (this work) ﬁ%pDG =
785\ B - B !
F M,=782.66:0.13 MeV/c? (PDG) fac +N§; —BW fit
7841 —
G sl P _ = 16; I,=8.73+0.11 MeV/c? JFndf=1.23
S T ey — —— T : © 145 BB, x10°=6.38+0.06 L, =1.72 b
$ m i 14 2 2f M,=782.73:0.04 Mev/c? e
29 81— : - © C
780[ sl | % 105
F o o — 8—
e = -
= | || Preliminary S o
78 L - o o
w [t = o o w T o w w 41—
- Preliminary
m e [~
0 0: cl
T 10— ;
. . . . . . 55 ; i
* After considering the radiation correction, a simple B | e o Y O i
@ -10%g0~ 765770 775 780 785 790 795 800

used to fit the background-free M(n"n n°) distribution
* Systematics evaluation ongoing

* Recent result from BaBar [PrRD104(2021)112003] in agreement
with our result B_x BR, =(6.56 +0.10) - 10

Vs' [MeV]
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Summary

KLOE and KLOE-2 experiments have collected ~ 8 fb', which represents the largest sample
collected at a ¢-factory.
* Rich KLOE-2 program for Kaon and Hadron Physics.

We are studying the golden y-PT process ¢ — ny, n — alyy
* Preliminary BR is ~1/2 of previous best measurements and in agreement with the most recent

theory calculation.

We are studying 5 photon final state to set the first limit on the leptophobic B-Boson searching
for the decay chain ¢ — nB, B — .

We have observed for the first time, clean signals for § — nm+n— and ¢ — nu+p- decays.
We are using n”’s produced with y*y*-fusion and tagged with our small angle tagging system

(HET) to determine the I'(w" — yy) .
A clean signal of 37 final state in the ® region through ISR method is established.

19



YY cross section measurement, concept and status

0.0 N0 ABha

Measurement concept: meas

OBha  €ana ORpg f Ldt Ao
Status of the measurement:

Number of 70 tagged events. Preliminary results on the whole reconstructed
Nﬂ.[} =P data sample (electron station) obtained, 10% precision level.

€ang =— Anagy(slis efficiency evaluation completed, only small refinement
needed.

Full simulation of signal (yy — m° triggering KLOE DAQ and one lepton
AEha =P 1N the HET) and normalization channel (low angle e*e-y with one lepton reaching
A ~0 HET) events, obtained with EKHARA/BBBREM generators + BDSIM

for lepton transport, completed.

meas Obtained from the KLOE online luminosity measurement.
OBha f Ldt Product independent from luminometer scale, scaling behavior
checked along data-taking periods.

20
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