.,.':% . Ef ults at KLOE-2

qrﬁi' he KLOEZ Collaboration)
Umversﬁy o,f kﬁessma:and H}lFN @,

e

" Catania
Hadron23 — 6 June — Genoa (|ta|y) Istituto Nazionale di Fisica Nucleare




Outline

* KLOE & KLOE-2 experiment at DA®NE

* The 1 — n'yy decay

e €' — n*n‘nOyISR cross section measurement

* Search for ¢p—nn+x— and ¢—nu+u— decays
* Leptophobic B boson search

o yry* s

* Summary



KLOE @ DAONE

: S ST Integrated Luminosity
== . \.} 1400

L Total KLOE int. Luminosity:

1200T w1 [ dt ~ 2500 pb—1 (2001 - 05)
1000 | 2005

2005: 1256 pb
2004: 734 pb!
600 F  2002: 320 pb
2001: 172 pb*

800 | 2004

400

2002
2001

200 F
P

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Peak Luminosity L___= 1.5« 10%cm?s”

* DA®NE: Frascati ¢-factory, e¢'e- collider
@ s 1020 MeV =M, ; ©,.,~3.1 ub * 2001 -2006: KLOE data-taking
= 2.5 b~ '@Vs=M,
* Best performance in KLOE run (2005): + 250 pb' off-peak @ Vs=1000 MeV
L . =15x102cm?s! | Ldt=8.5 pb'/day

pea

peak



KLOE Detector

Magnetic field: 0.52T

S.C. coil

Drift chamber: 90% He-10% iC,H,,
o SpT/pT =0.4% Barrel EMC
° 6,,~150 pm ; 6,2 mm; ¢

~3 mm

vertex

Calorimeter (Pb-Sci.Fi.): 98% of 4n | Drift chamber
« O./E =5.7% / V(E(GeV))
- @, = 54 psN(E(GeV)) D100 ps




scheme: large beam crossing angle +
crabbed waist sextupoles

* Best performance in KLOE-2 run:
L

2014 -2018: KLOE-2 data-taking
= 5.5 fb~" collected @\/s=M‘p

0] - -
7000
6500

sesssesd KLOE-2 lum1nos1ty [pb],

6000

~5500

n

£ 5000 : : :

24500 S— (S— S/ A—

]

2 4000

£ 3 ] 3

5 35 00] s B ol R S ——

b=

£ 3000

B : : :

22500 —— [ — S——

<

= 2000 ‘ : ‘
1500/ e ] [——— S——
1000 ‘ :

1?/14 06/15 01/16 07/16 02/17 09/17 03/18
KLOE-2 Run time (Month/Year)

DA®NE upgrade (2008), new interaction

peaie = 24 X 102 em?s [ Ldt = 14 pb'/day

VAR CCALT — LYSO Crystal
,ﬁ%‘?" @ w/ SiPM - Low polar angle |

ner Tracker — 4layers
of Cylindrical GEMs

@ ~1 m from IP
HET:Scint.hodoscope+PMTs

KLOE + KLOE-2 data sample:

~8fb™" = 2.4 x10'" ¢’s produced

= the largest sample ever collected at
a ¢-factory

pltch 5 mm, @ 11 m from IP

QCALT - Tungsten / Scintillating
Tiles w/ SiPM

Quadrupole Instrumentation

Slide thanks to P. Gauzzi 5




KLOE2 Physics

Light meson Physics:

* 1 decays, ® decays

* Transition Form Factors

 C,P,CP violation: improve limits on
n— yyy, n'n, n'a’, #'aly

* N—oAMee

e ChPT:n — nyy

* Light scalar mesons: £,(500) in ¢—>KKy

vy Physics: yy — @’ and n° TFF

© e'e oYy (' TFF)

Dark force searches:
e Improve limits on
- Uy associate production
e'e — Uy — iy, ppy
- Higgsstrahlung:
e'ee— Uh'—p'p™ + miss. energy
* Leptophobic B boson search:
o—nB, B—-n'y, n—-vy
n—By, B—n'y,
* Search for axion-like particles

Hadronic cross section:
e ISR studies: 2w, 37w, 47 final states
* F_with increased statistics

In red discussed in this talk

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

K—3n’

direct measurement of Im(&'/g)
*cCKMV, :

K, semileptonic decays and Ag

(CP and CPT test)

K,; form factors, K, radiative corrections
*xpT : Kg—yy
* Search for rare K( decays




n2>myy (@ ny

T e S

< [PRC 78 (2008) 015206]
e | | |
E 55 ] ., O Phase Space
E . o e Signal Y VMD, =0.30 eV
Slgnal : Y @l ] 6 A VMD+a, (destr.), Mr=0.27 eV -
oy a 40 » .
o & [ , [ YMD+a, (constr.), 1=0.37 eV
AL » [ ] % % quark box, =0.70 eV

i 10:. Tl —)TCO'TEOTEO *ﬁ._;
- background T#

440 460 480 500 520 540 560 580 600

dr(n — n%y)/dm? [eV/GeV’]

m (47) Mev/c?
: % 0.05 0.1 0.15
n—nyy (from ¢—ny): ChPT golden mode, O(p?) null, |: m*(yy) [GeV’/c]
O(p*) suppressed = sensitive to O(p®) ;
: Invariant mass of non-n°
Br=(22.1+2.4 £4.7)x10° CB@AGS(2008) : photons can be used to

[PRC 78 (2008) 015206] : test theoretical models

Br = (25.2+2.5)x10°5 CB@MAMI (2014) A2 :

[PRC 90 (2014) 025206]

Old KLOE preliminary: (8.4+2.7£1.4)x10
(L =450 pb' ~ 70 signal events)




* L=1.71ftb!'-5 prompty
sample selected

* Main bckg: ¢—ny, n—3n°

Nev /10 MeV

with lost or merged photons

( 5064880

n=>mwyy (= ny)

5475

222

Integrab.0650+006

Normalization to ¢—ny,
n—37a’ (7 prompt clusters,
very clean channel,
low background)
10| m DATA
— MCsum @)
10° ——1"|—>3pi0
— KK, —5n°
10°| — Other bckg
10’_
107
10
%300 300 50 600 700 A0 g

KL

g 800| ® DATA

N — MC neyy signa
= 700 n—-ntyy sig h
2 — MC n—3r°

600..... MC sum: ay,f o
500|—— MC All

400
300
200
100

iI|\IIE|IIIIiIIIIiiII

Entries 50014
Mean 0.5068
RMS 0.06039

é :’i?l‘lu‘: el L !':I.. M :II!\ i) 'l.,. i 1. » 21 --.- Al i
’Ei ] | h I | T ] \;I 11} | I |

Q‘ 03 0.35 0.4 0.45 05 055 0.6 0.65 0.7
m M(n%yy) [GeV/c?]

Sy L~

Recent prediction based on LcM + VMD
Br(n—alyy) = (1.30 £0.08)*x10-
[R.Escribano et al., PRD 102 (2020) 034026]




dI (m—na'yy)/dM?

Separate fits in bins of M?*(yy)

Second bin missing due to the veto for n°a’ events (from ¢—£,(980)y and

e*e —on’ with o—n’y)

Tolal arror minus com

Uncorrelated total amor

Escribano, PRD102(2020)034026
A2 MAMI, PRC90{2014)025206
CB(AGS), PRC78(2008)015206

o o o
o -
® N B

III|III|IIIIIII|I\Illlllllllll{lillllll\|III

Signal efficiency ¢

III|I!II|IIII|IIII|IIII

o

V) dr(n—ryydNP(yy) [eVA(GeV3ic))]

[=}

M(yy) [GeV2ic]

—

J.J.J.J.JlJ.J.lllllllI.JJLJJJJlJ.LLJ.LLLlJ.LI

*

o(dl/dM?)
o0 oo
PO ERE O

III|II|'|II

Efficiency vs M?

01 012 0.4
M (ry) [GeV2ie!)

MODEL: [R.Escribano et al., PRD 102 (2020) 034026]
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S0/ KL

e cere—mnnlis the second

largest contribution to the
calculation of the Hadronic
Vacuum Polarization for (g-2),

and to its uncertainty
* Initial State Radiation (ISR)
measurement at KLLOE is
complementary to energy scan
in the range Vs < M,

(SND and CMD-2)

Goals:

+ 5 + e — ()
€ e T T Y isr

KL

EPJ Web of Conferences 234, 01006 (2020)
' ' ' " . SND 2002
« SND 2003
« SND 2015 ]
- BaBar 2004 |
« CMD-2 1995 A
» CMD-2 19958 |
« CMD-22004 A
« CMD-2 2006 1
- DM 1980
- ND 1991

1000 |

100 L

_ax[0b]

10 |

1
U-f-'r

I 1.2 1.4 1.6 1.8
> Vs[GeV]

0.6

<

Current measurement by
CMD-2/SND via energy scan
BES3/BaBar via ISR

* Measure the cross section in the ®(782) region
* Evaluate the product Br(ow—e*e’) X Br(o—n"nn%

10



+ ,— + o — )
e e T

* L=1.7 fb'at ¢ peak x10°
18 N —BW fit
. 16 2
Selection: I,=8.73+0.11 MeV/c y2ndf=1.23
14 BB, x10°=6.38+0.06 L, =1.72 b

* Atleast 2 tracks with opposite curvature
* 3 neutral clusters
* Kinematic fit

M,=782.7310.04 MeV/c?

Signal extraction:
* Fit with Breit-Wigner convoluted with

Events/[2.64 MeV]
S
\II|\II‘II\|I\I|\II‘\II‘II\|I\I|\II‘III

croro O N A~ O o
. fa

. . T - o
smearing matrix > S~
o - [
* ISR correction factor taken into T 10T Tes 710715 780 785 70 %@ 800
account M, [MeV] é
786f— ‘
resE M,=782.74:0.04 MeV/c? (this wors 4 .. PDG
c M,=782.66+0.13 MeV/c? (PDG)
KLOE results* compared with PDG - E - Q
> s % 783?Tww%Mweww?waemwwew**ww%www« e WaWMWwwww%www
Mo [MeV/c] T, [MeV] B, xBi, [10°] Ew o 0T
< 78IE I
KLOE 782.73+£0.04 8.73+0.11 6.38+£0.06 ol ’
PDG  782.66+0.13 8.68+0.13 6.60+0.16 s
778:— mr—

* Only stat. uncertainty

KLOE
BABR
BABR
BESIII
CMD2
CMD2
RVUE
CBAR
CBAR
CBAR
ASTE
KEYNE



€4 PN, PP

* In VMD models e'e—na'n” occurs
through the pn intermediate state
* o¢o—na'n violates the OZI rule and G-parity
= Br(¢—nm'n) < 1.8 x 105@ 90% C.L. [CMD-2, PLB491(2000)81]

* The same sample can be used to search for the Dalitz decay ¢—nu*p-
=  Br(¢—npp) <9.4 x 10°@90% C.L. [CMD-2, PLB501(2001)191]

L=1.6 fb! analyzed

Focus on ¢—nu u process, exploiting both n—yy and n—3n°® decays

Goal: measure the Branching fraction, and extract the Transition Form Factor

3/2
- 2 2
(1+ T ) __Maa

2 2 2

) O )

1 dr (¢ - nutu™) a 1 4MZ ( 2M; )X

2 =
(¢ —yn) dq? = [Fon (@I “sme T M

12



S0/ KL

Selection:

O—oNUP”

2 charged tracks + 2 (n—yy) or 6 (n—3x’) prompt vy
M(nt*n) <480 MeV (tracks are considered pions to reject KK, events)

380 < M(yy) <750 MeV/c2

Kinematic fit with 6 or 10 constraints
Cut on M(yp*p) to veto @—yn, n— ym'n-

n—7YY channel

(aV] -

L0 r — Data

% 2000 T —— TotalMC

> E ¢—nr'T N-YY
N B oo oy
— 1500 __ b=, Mo
(D B +,

@ r T éomnon'ny
E 1000 n others

C

w -

500¢

Continuum backgroundlsv1 fgy(;%(

400 500

¢® —ny, N al, Ay

MeV/c?)

Entries / 1 MeV/c?

N—3x’ channel

KL

—— Data
- — Total MC
400 [~ I ¢—mu'n-
L — 0—K'K
| ¢—>KSKL
others

B0 540 560
M(6y) (MeV/c?)

Main background:
o0— KK, »n'n n'n'n’

13



g .
sjo/ > [4Ne

O—nup”

—
o
o
o

>Clear ¢—»nr+1- and Nu+U-

signals are observed 500:

Entries / 1 MeV/c?

B0 20 540 560 580

—vy channel N\ M(yy) (MeV/c?)
Lt \& n—3n’ channel

c;c?_ g —— Data Cé? e e Data
D 20000 o o qu‘ & 400] mmooms
oV L W oonwunow ) Q 1§_ L — 0oK'K
S 1500F o s \O) ~ [ 0K K,
g T n I others
E 1 000 — others G:)
c += 200
LL] B LE L
500 -
07200 500 600 700 e
2
M(yy) (MeV/c) M(6y) (MeV/c?)

14



==

w Oo—nuu - preliminary results K&

Nn—3n’ channel n—7y channel
= Fit with MC shape convoluted with Gaussian + 3-rd poly

o - Data x2 /ndf = 1.075
> 4001 Total Fit o N
® i o ¥2/ndf = 1.21426 Data
= | KsKL = 1000 .
- - 2 [ Nsig=4689.3+91.5 Total Fit
290 - _ Signal
@ 200 Other bkgs % - Bllgna
b »n 500 g
— b} -
= =
L c

n LLI [

oF
s O yeliit
o Of = 0 hr HRR. !Illll it :.irxi ath g ;

b N AN ) a S_rm} FEHg *l{t{t{-iétqw

Sh s s e e SO S 70

M(6Y) (MeV/c?) M(yy) (MeV/c?)
+ =) — -6 N(¢p » utu~

Br(¢ - utpn) = (5.76 £ 0.19)X107°  pr(p o utun) = Clnd )

Linto(ete™ = ¢)B( — yy)e
= (5.65 + 0.11)x107®

bn(syy) = (3.011 + 0.104) GeV™2  byp(snoy = (2.903 + 0.198) GeV ™2

- = - = 2 _—1
Systematics under investigation! @) =1z

Agnioyy = (0.576 +0.010) GeV  Agn(oaney = (0.587 £0.020) GeV



Leptophobic B-boson

* Dark Force mediator coupled to baryon number (B-boson) 1 .
with the same quantum numbers of the ®»(782) = 1¢=0" : - ém

* Can have an impact in (g-2) muon anomaly
[S.Tulin, PRD89(2014)114008] s

1 _ g —5
L = gngfyquu aB = E Sj 10 X (mB/IOOMeV)

 Dominant decay channel (m; <600 MeV):
B—nly

* Can be searched for in: g ol
¢—nB = na’y =5 prompty final state § ¢
¢—ny, with n—By = (—n"yy) L ook

E -
(aa]

+ - 0
e'e” —>BY T Yisr

103 =3




Leptophobic B-boson KE

45 EntrinSstass"naéISZZES
L=1.7 fb" analyzed " rhnesr SiBer_ooress
‘ y 3505— Data ..L“.:“*‘f- "';v...“
Selection of 5 prompt photon events so=— Fitted bk B
. . . . 20— Bek e %o
Kinematic fit to improve energy resolution wf o S
4 - 'Y ] .!‘: ! ‘3.
Main background from ¢—a,(980)y—nn’y = ;:.:*W”"' Y
. 1005—‘*_-, .::‘

and ¢—1y— 371"y with lost/merged photons s

° . #U‘IWS‘ DIE IO.IES OIS : IO.BS‘ : ID.4 ‘ ; IEJ.45
Background evaluation from sidebands M,,, [GeV

(fit region 5 o with 1o exclusion region, 6 ~2 MeV) Ea"m.\“ary

A
—— Upper Limit at 90% c:j i 0E—2 Q: —— Upper Limit at 90% CLs
120 ]
2093 CL  method
| 1077 A
— ]
80
'J' s
Lg 60 -
N 3
(—]
"
Z
Z. 20
0 T T T T . . 10-% - T T T T . .
0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.15 0.20 0.25 0.30 0.35 0.40 0.45
Bmass [GeV]
M_. [GeV
y [GeV] M, [GeV]

Upper limit on the coupling constant a are set around O(107) at 90% CLs 17



y*y*_)n()

Nominal orbit (Ebeam =510 MeV)

HET: e*/e” tagger

/ ’, J S-.cat.t-ered
T - lept
2 Goal: measurement - B ajectory
E<
.__P_ of I'(r*—vyy) @ few % level { oo
€ | PrimEx-11
°I Science 368 (2020) 506
=
é 8 10.0CD sa KM/| NNLO AM. NLO GBH, J\LU-
*  Transition Form Factor ; _ chinl 1'11 P
F...-(q%0) at space-like ¢’ 78 } 1 1
(l9%|< 0.1 GeV?), relevant for L Cole. o2 £ _ )
the Light-by-Light scattering . BogE o BEE ¥ OE =
COntributiOIl tO (g-z)ll Theory and Experiments I
High energy tagger (HET) located 11 m o, ~2.5MeV

away the IP after the bending dipoles acting
like spectrometer for scattered e+/e-
(420<E<495 MeV)

PMTs
(Q.E. = 35%)

Plastic scintillators Plastic scintillator
5x3x6 mm® 5x3x130 mm’®
(28 ch. for each arm) (1 ch. for each arm)

18



y ¥y ¥ g0

v’ Hits in HET station and at least one bunch in KLOE associated with only 2 clusters in EMC
v HET acquisition time 2.5 times larger than KLOE -

- A sample: outside overlapping time window HET-only Accidental-pure data (A sample)

- A+ sample: overlapping KLOE-HET time window «10° e S
. . - s
v" Simultaneous fits of A+ and A samples 250[- A+ M o ™,
® Data : - 200~
Saooef ggcskurrnaund Fit -
= S Signal Fi A 1o AZ
H0000) #m000) i
ﬂsooﬂ: U;DW 100:— \
60001 8000 505_ Accidental-pure + [ HET-KIL.OE coincidgnces|
so00L 4000 E (Ar+ sgmple)
[ R | e/ R R
o5 - #of bunches
L S v e T s = S Y T O
Otr Signal from Fit Dtr

Example of fit on one HET readout channel

19
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y ¥y ¥ g0

The number of tagged m° with 3 fb~1 data

g

B F N_o unweighted o 1200 N _o unweighted
gm,'_ N_o weighted HET Ele g - HET Pos N .0 weighted
5 r . Cc) 1D00(—
rmeas . [
o0 N ABha T Preliminary =t
o T ¢ ymeas 4 ol I["v ﬂ.JL.L']IlL@lJIj’
Bha ana < YBha w0 f_ + i
. B i : |
- e

g8

i % - T ﬂf
Npeas = omess [ Ldt : i . gf ﬁ ++ bl T + +
q;”lllzl é_] 2|2 : ql;”llzlll

HET channel HET channel

N0 counting: final checks on weights ongoing

Normalize to Radiative Bhabha at very small angle

OBha® is measured at few % level

Luminosity measurement from KLOE online and cross-checks with e*fe™—yy

€ana- Analysis efficiency evaluation completed

Apbna’/Ano: Full simulation of signal and control sample, evaluated from Ekhara/BBBREM generator +
BDSIM for lepton transport, evaluation of systematics in progress

20



KL

Summary

KLOE-2 data-taking succesfully completed on March 30, 2018
~ 20 years after the first events collected in KLOE

KLOE + KLOE-2 sample = ~ 8 fb! — unique sample worldwide
= ~2.4 x 10! ¢’s produced

The data sample collected by KLOE provided important results on decay dynamics
of light mesons, Transition Form Factors, discrete symmetries of the nature, and
also on searches for New Physics in the Dark Sector

High precision investigation on light hadron physics and on fundamental
symmetries with KLOE/KLOE-2 data are in progress...

21
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