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KLOE-2 detector and DA®NE ®-factory
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. e e collider vs=M = 1019.4 MeV « DA®NE upgrade (2908): new interaction scheme
® e Large beam crossing angle

* 2 interaction regions * Crab waist sextupoles
* e' e separated rings
e 105 + 105 bunches spaced by 2.7 ns
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KLOE detector

Calorimeter

98% coverage full solid angle
o /E=5.7%/ VE(GeV)

o_=57ps/VE(GeV ) © 100 ps

Barrel + 2 end-caps:
» Pb/scintillating fiber readout by 4880 PMTs

=

Drift Chamber

Low-mass gas mixture: 90%
Helium + 10% isobutane

op, /p, <0.4% (0 >45°)
0,7 150 pm; 0 =2 mm

12582 cells

Stereo geometry
4m diameter, 3.3m long
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KLOE detector

* Calorimeter _ .
e 089 coverage full solid angle  KLOE dalta taklng campaign 1999- 2005
. 0/E=57%/VE(GeV) « ~251b 1
. 0 =57 ps/VE(GeV ) & 100 ps * ~260pb off-peak
» Barrel + 2 end-caps: 1400
» Pb/scintillating fiber readout by 4880 PMTs so0l  Integrated luminosity:
2005: 1256 ph-! -
g . YOT 2004: 734 pb! o
,|" 3 5‘ 1"1‘ SO0 002 320 l]h—l 2004

oo b 2001: 172 ph-1
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T KLOE data sample (2.5 fb™): ~8x10° ®

E ~10° n
~5x 10° 1’
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* 4 layers of C-GEM
e better vertex reconstruction and track
parameters

3.___ I

* LYSO Crystal w SiPM
* low angle y’s (down to 10°)

» Scintillator hodoscope +PMTs
e+e--taggers for yy-physics

“HET, 11"m from IP

e Tungsten / Scintillating Tiles w SiPM
« Quadrupole coverage for K decays

calorimeters
LYSO+SiPMs

at ~ 1 m from
[Pe+e--taggers for

yy-physics .



KLOE-2 data taking

 KLOE-2 has started a new data campaign in November 2014
e All KLOE-2 detectors operational
e DA®NE luminosity: peak = 2.2x10%* & daily delivered >10 pb™
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KLOE-2 data taking

 KLOE-2 has started a new data campaign in November 2014
e All KLOE-2 detectors operational
e DA®NE luminosity: peak = 2.2x10%* & daily delivered >10 pb™

Integrated Luminosity (pb

1{}/14 05/15 10/15 04/16 09/16 03/17 08/17
KLOE-2 Run time (Month/Year)




Physics with KLOE-2

KLOE-2 rich physics program
Eur. Phys. J C68 (2010) 619 +
KLOE-2 WORKSHOP @1GeV (https://agenda.infn.it/conferenceDisplay. py”’coand 11722)

* Kaon physics * Discrete symmetries test | T
» High precision tests of CPT and QM '

. : ¢ vy - 1
yy physics « Study of I'(S/P — yy)

e P transition form factor

» Properties of scalar/vector mesons

* Light meson spectroscopy ., n decays

* 1n' physics
 Dark matter searches * Light bosons E .
* Leptophobic searches ot AT N
* ALPs
e Hadronic Physics below 1 GeV n ~ " .
'*’:@m TN
A
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Measurement of the QED coupling

constant a(s) .,

Figure from http://w3.Inf.infn.it/the-variable-constant/?lang=en

W. Krzemien, PANIC 2017
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e “Vacuum Polarization” function IT(g®) can be absorbed

0((5)QED below 1 GeV

« O is a running parameters due to Vacuum Polarization

by redefinition of an effective charge

e’ — ¢° (zf) =

~

e

1+ (I1(¢>) - T1(0))

Aa =-%e(I(g*) - T1(0))

a(q’) =

a(0)
1-Aa

W. Krzemien, PANIC 2017
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0((5)QED below 1 GeV

« O is a running parameters due to Vacuum Polarization

e “Vacuum Polarization” function IT(g®) can be absorbed
by redefinition of an effective charge

Ve
2 2 2 {”2 o
e-—=e (q7)=- . Aa =-Ne(I1(g™)-TI(0)
1+ (II(¢™)-11(0)) ( )
) [I(O) I probing small distance scales (x) —
o(g)= S - :
1-Aa = Ogen(@) Coep(Q }

Landau

i pole

(S T as mptotic

Ao 3 Aoy + Acy g+ Adip confinement e Gl
large momentum transfer (Q%) —

QED non-perturbative QCD negligible at lower energies
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Phys. Lett. B 767 (2017) 485-492

0((5)QED from 0.6 to 0.975 GeV

80

e s F
Nl (O 8o
M 5 - ® pupy Data L
S fE
- Lw — ®
_ H % 60 — ® uuy MC (PHOKHARA)
= 5 - ®
50 ®
e time-like measurement 495 =
- — ®
e L.=1.7 {b*(KLOE data) - °
 Total systematic error ~ 1% e _.-'
— [ ]
20— -...’l..
19@;......!1""""
EI 11 1 | 1 1 1 | 11 1 1 | 1 1 1 | 11 1 1 | 11 1 1 | 11 1 1 | 1 1
t&.Ei- 0.65 0.7 0.75 0.8 0.85 0.9 0.95

Vs (GeV)
e Excellent agreement with NLO theory (PHOKARA MC) with VP inside
(H. Czyz, A. Grzelinska, J.H. Kuhn, G. Rodrigo, Eur. Phys. J. C 39 (2005) 411.)
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Phys. Lett. B 767 (2017) 485-492

Hadronic contribution

o
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e time-like measurement
e L.=1.7 {b*(KLOE data)
 Total systematic error ~ 1%
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Aa, . obtained by dispersive approach with 0.1% accuracy (F. Jegerlerhner):

Bovpad(s) =

_[ i¥s
I

o r
JRe | m2 ds

R(s")
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Phys. Lett. B 767 (2017) 485-492

Hadronic contribution

CE: 1.1
e " % 1.08]—
" %1.053— i " é ;
Yy  1.04 - 9 L1114 L] Q.Q_.._._“
e 1.02— + +
e L=1.7fb 1(KLOE data) 13— Ir? +i-u-++é .iél.l..'..l.lt.ll.....l.
e Total syste oA -

Hadromc contnbutlon with > 5 o significance

Re and Im part of Aa(s) determined for the first time

\s (GeV)
Aa, . obtained by dispersive approach with 0.1% accuracy (F. Jegerlerhner):

atw R(s’
Acrpad(s) = —(22)Re [ ds’ LS

m=. s'(s" — —I'L'.::
W. Krzemien, PANIC 2017 16




Dalitz plot analysis of 1 - 't

W. Krzemien, PANIC 2017

17



The n —» n'n’ Dalitz plot distribution

* N — T isospin violating process (mainly via strong interaction)

e Constraint in the light quark masses
2 2
m.—m
Q=" with=—
md_mu ¥

(my+m,)

» Description of the low energy strong interactions (ChPT)
 Dalitz density distribution in n-rest frame parametrized as a polynomial
expansion around X =Y = 0:

IA(X ,Y)|’~1+aY +bY *+cX +dX *+eXY + Y +gX Y+ hXY +1X °+...
e where: X=v3T=gle= V=202 — 1. Q=T + T+ Tro= my—2m — my
(odd powers of X must be zero tor C-invariance )

* Previous precision measurement KLOE (JHEPO5 (2008) 006)
L= 450 pb™" ==> 1.34 x 10° events

W. Krzemien, PANIC 2017
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0

The n —» n'mm’ Dalitz plot distribution

> 1

0.8

Data sample L = 1.7 fb™ 0.6
ete- —1y 0.4
0.2

0
-0.2
-04
-0.6
-0.8

v by by by A o v by By
gl 8-06-04-02 0 020406 08 1

20000

15000

10000

5000

X
|A(X ,Y)’~1+aY +bY +cX +dX *+eXY + fY’+gX Y+ hXY +IX °+...

a b-10 d - 102 f-10 g-10% ¢ e h,l| x%/dof | Prob
—1.104 £ 0.003 {1.420 £ 0.029 7.26 == 0.27 1.54 = 0.06 0 0 385/366 | 0.24
—1.095 £ 0.003 |1.454 £0.030 8.11 =0.33 1.41 =007 |—4.44+09| 0 360/365 | 0.56

syst. error {xlOd]! Aa| Ab | Ad| Af | Ag
26 | +52 | +50 | 469 [+123
TOTAL 25| T | D50 | Do tmg
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JHEP 1605 (2016) 019
The n — n'nrn’ Dalitz plot distribution
a b-10 d - 102 f-10 g-10% |c,e h,l| x?/dof  Prob

—1.104 = 0.003 |1.420 £ 0.029|7.26 = 0.27 |1.54 = 0.06 0 0 385/366 | 0.24
—1.095 £ 0.003 |1.454 £0.030/8.11 =0.33 |1.41 = 0.07 —4.4=0.9 0 360/365 | 0.56

Experiment —a b d f —g
Gormley(70) [16]]1.17 £ 0.02 0.21 +0.03 0.06 £ 0.04 — -
Layter(73)  [17]]1.080 + 0.014 0.03 £ 0.03 0.05 £ 0.03 — -
CBarrel(98) [18]]1.22 = 0.07 0.22 +0.11 0.06(fixed) — -
KLOE(08) [19]]1.090 &+ 0.00575 8% 0.124 + 0.006 + 0.010 0.057 £ 0.006700%%  0.14+0.01+0.02  —
WASA(14) [20]]1.144 + 0.018 0.219 & 0.019 & 0.047 0.086 = 0.018 £ 0.015 0.115 £ 0.037 -
BESIII(15) [21]]1.128 £ 0.015 + 0.008 0.153 & 0.017 = 0.004 0.085 = 0.016 & 0.009 0.173 £ 0.028 £ 0.021 —

Charge asymmetries:

Arp = (—5.0 £ 4.5720) . 104
Q:(+1e~.i4f+43) 1074
Ag = (—04+45131) 1074,

C-violating parameters consistent with zero — sensitive test using integrated charge asymmetries

W. Krzemien, PANIC 2017 20



The n — n'nrn’ Dalitz plot distribution

JHEP 1605 (2016) 019

a b-10 d - 102 f-10 g-10% |c,e h,l| x?/dof  Prob
—1.104 £ 0.003 1.420 £ 0.029|7.26 = 0.27 |1.54 == 0.06 0 0 385/366 | 0.24
—1.095 £ 0.003 1.454 £ 0.030/8.11 £0.33 |1.41 =0.07 —4.4 =0.9 0 360/365 | 0.56
Experiment —a b d f —g
Gormley(70) [16]|1.17 = 0.02 0.21 £0.03 0.06 £ 0.04 — —
Layter(73) [17]|1.080 £ 0.014 0.03 £0.03 0.05 £ 0.03 — —
CBarrel(98) [18][1.22 = 0.07 0.22 +0.11 0.06(fixed) - -

KLOE(08)  [19]]1.090 + 0.00573:05%  0.124 + 0.006 + 0.010 0.057 + 0.00675-37

WASA(14) [20]]1.144 £ 0.018

0.14 =0.01 £0.02

0.219 £ 0.019 £ 0.047 0.086 = 0.018 £ 0.015 0.115 £ 0.037
BESIII(15) [21]]1.128 £ 0.015 = 0.008 0.153 & 0.017 £ 0.004 0.085 £ 0.016 £ 0.009 0.173 £ 0.028 + 0.021

e Statistic uncertainties improved by a factor of ~2
e Systematic uncertainties improved up to a factor of three with

respect to KLOEOS

g parameter extracted for the first time

C-violating parameters consistent with zero — sensitive test using integrated charge asymmetries

W. Krzemien, PANIC 2017
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Searches for dark forces
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JHEP 1605 (2016) 019

Dark Forces searches with KLOE

U boson, with a small kinetic mixing & (<10°%) with SM

* Many searches in the recent years

KLOE measurements in the mass range 5 MeV <m_, <980 MeV
Phys. Lett B 706 (2012) 251-255

® - nUwithU - e" ¢ Phys. Lett B 720 (2013) 111-115
e'e - UywithU - p" Phys. Lett B 736 (2014) 459-464
e" e —» Uh'with h' — invisible Phys.Lett. B747 (2015) 365-372
e'e - UywithU - e" e Phys.Lett. B750 (2015) 633-637
- e e - UywithU - 'm0 Phys.Lett. B757 (2016) 356-361

* Search for dilepton resonances

W. Krzemien, PANIC 2017

|
e e
Dark vector boson U which mixes with photon:
UL
, " pQED oo
L"'??”I _ 2 'F,Lw Fdark & °
o €

A new low energy gauge interaction mediated by a neutral light mass vector particle, usually named the

23



Dark Forces searches W1th KLOE

104

KLOE

(1) Dalitz decay

QU - p'yw

3)U - e'e

U-nm

U-py

e U - pu'y combined with U - ' &

105 [

BABAR

WASA

HADES

APEX 10~7
A1/MAMI

NA48/2

Prel@mmary UL @ 90 C'.L.

200 400 600 800
My (MeV)

e The current limits exclude g-2 favoured regions
A further factor of 2 in sensitivity expected from KLOE-2

l:' T TTTTT]

experiment with respect to full KLOE data




Phys.Lett. B747 (2015) 365-372

Higgsstrahlung process

e IMm >2m
h' U

with decays: e'e” —» Uh' with h'-» UU
thus 61, 2n+4l, 6mt in the final state Yir

e M <2m
h' U

[ L=1.65fb”"

ee — eep'y

[T . e ",
where h' is “invisible": — o

iss MeV)

miss
.
o
o
T

[}
M
=
=
1
-:+
=
b

Life time of the dark Higgs boson
e=10"

X =«
D e

o i
npy
m__~100 MeV 200

b

T>5pus — PByct > 100 m — h'would be
invisible up to € ~ 10 to 10" depending on

.
Ty

0 O 1 1 | | | 1 1

po o byovoe o by ow s by e by by g by s g by a by
th' 100 200 300 400 500 600 700 800

900 1000
M, (MeV)

Final state: 2 muons + missing energy — peak inthe M _

miss

VS Muu distribution
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Phys.Lett. B747 (2015) 365-372

Higgsstrahlung process

Combined results on- and off- peak data:

2_N90 1

2__
“ff Lintegrated ‘O (OLD e=1 )

; "
= ' m, =55 MeV = ¢ m_=250 MeV
= 0 m; =100 MeV T | 1“
m, = 205 MeV * m = 500 MeV
i m = 700 MeWV
+ my =430 MeV 4 m_ =900 MeV
- g o+ W
10 10 0 ST
- - e ii
] 9
10 10
M B R T T RS ST BT T r . . . . .o sy,
200 400 a00 800 1000 0 100 200 300 400 500
my; (MeV) my (MeV)
. . ) ..
Limit on O(DE VS HlU at 90% CL Limit on o 82 vs m at 909% CL
D h'

Limits ~ 10”- 10° in a_¢" (translate in 10” to ~ 10 in eifa = a )
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Discrete symmetry tests with kaon pairs

W. Krzemien, PANIC 2017 27



K, semileptonic charge asymmetry

Ks and K, semileptonic charge asymmetry

T CPT viol. in mixing

I‘(K s> x‘e*v)— F(K sp T eV ) J &

I

5

) c=2NRe 2R - 2Ry + 2Nx

LTk, »aev)+ (K, »a'e7)

CPTV in AS=AQ AS=zAQ decays

Ag =0 signals CP violation
Ag=A, signals CPT violation

|AL=( 3.322 + 0.058 + 0.047 ) x 103 | Ag=(1.5£9.6+2.9)x 107

KTEV PRL88,181601(2002)

A, -4, =4

fid

+ 9 )

A; +4, =40y

E
S

-Jy)

input from other experiments

—

—

KLOE PLB 636(2006) 173
Data sample: L=410 pb-'

Ry =(-0.8+2.5)x1073 CPT & AS=AQ viol.

Ry = (0.4 = 2.5) x 1073 CPT viol.

KLOE PLB 636(2006) 173

W. Krzemien, PANIC 2017
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K, semileptonic charge asymmetry

et | _- '1-!
A1 T }}

[
O
::lb-l"

=
- g
kg = 1 =
by j.: !
]| pu |t

K tagged by K; interaction in EmC
Efficiency ~ 30% (largely geometrical)

KLOE (2017) [ +—=— _
Data sample:
L =1.7 fb! KLOE (2006) -
KTeV - ‘ -
] | ]
-0.02 -0.01 0 0.01 0.02
. {(;xﬁaﬂ Lepton charge asymmetry
@ KLOE (2017)

Ag=(-39%57%3, )x1073

It will improve the CPT test ( Imé )
using Bell-Steinberger relationship

with KLOE-2 data: 6Ag(stat) — ~ 3x103

I\ i
Ag— A, = 4R0\+ Rx | —> [ Rx_=(-2.1£1.6) x 103 | CPT & AS=AQ viol.

Ao+ 4 =4Re-By) — | Ry =

(1.8+1.6)x107° CPT viol.

\
input from other experiments
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T and CPT tests in transition

Reference | T-conjug. | CP-conjug. | CPT-conjug.
K' - K, | K - K KD—>K+ K_,_—}KD
K° 5K_ | K. —-K%| K° > K_ K_ — K°
K' =K, | Ki =K | K'—= K, K, — K°
K'Y - K_ | KL K| K'—=K_ K_ — K"
Ri(At) = P[K°0) — K (At)] /P [Ki(0) = KY(AH] | T
Ry(At) = P[K"(0) = K_(At)] /P [K_(0) — K"(At)]
Ry(At) = P[K%0) — K. (At)] /P [K+(0) — K°(A1)]
Ri(At) = P[RY(0) - K_(A#)] /P [K_(0) — K°(At)]
Ricpr(At) = P [K.(0) = K°(At)] /P [K°(0) — K (At)] CPT
Rocpr(At) = P[KY(0) — K_(At)] /P [K_(0) — K°(At)]
Racpr(At) = P [K,(0) = K°(At)] /P [K°(0) — Ky (At)]
Rycpr(At) = P[K?(0) —» K_(At)] /P [K_(0) — K°(At)]

K, K pure CP + and - states

Neglecting direct CP/CPT violation:
(K_[K+) =0

Any deviation from R =1
violation of T/CPT symmetry

J. Bernabeu, A.D.D., P. Villanueva JHEP 10 (2015) 139, NPB 868 (2013) 102

W. Krzemien, PANIC 2017
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Data sample:

t=17n” T gnd CPT tests in transition

J 700 - 1000 % ad . . . . .
B ook |{R‘ 'E".-' 3?ﬁu .ﬁ t:} *;.5 900 '-_q_ I(m*, T eV; At)
£ [ -E 800
S W‘NW 5 R (Al I(¢-,37% At)
F son - Raw data " = —
b ; ' so0 £ MC efficiency mrrecteﬂ“ T CET I (:'T?T-.- E ?&t}
=0 \ i Iw 400 "'h“
o00 | o F | Preliminary
| | preliminary 200 I[f+ 3P &t}
100 P _ 1 ¥
| ) prt e W 100 R At) =
! AN i, N S 4,C!PT[ t) (7, 6+, AL
] 5{1 1|:|D EI:I El:llj EED 3.|:|I:| 35[| a a0 1o 150 200 260 a0 350
A ] A

3.0 ! ] 1 —r v 1 rrr 1 rr 717 T 7

- RSler | :
25 [ ’ relimina ]

| Ricpr P Y :
=0 r —
1.5 + + {. ¢ N} I _f
- J‘: 4 L] ++ LT Yot !!-.. 1) I!!.l_l i. . 5"' ]

: e T ¥ : I I
1T R H"'ﬁ
o c; 5'9 16::3 1éﬂ zﬂlnn 25'1:3 au:ln-n 35'1:3

Attt ]
5
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Data sample:

t=17n” T gnd CPT tests in transition

jo 700 - 1000 % ad ; ; ; ; .
¢ e b I(vev, 31% A1) g w0 w (x*n, 7* eV; At)
£ ; -E 0
: ¥ o0 I(¢~,37% At)
400 MNW soo - Raw data e H”E.,EPT{&ﬂ = i i _.!&
: ' soE MC efficiency corrected =, ' (7, £ At)
A0 \ i Iw &0 *"\..“
200 [ 300 F’"E'"m'nm':f
| | preliminary aan I[F+ 370 ﬂ-ﬂ
100 - P . S y ;
T . 100 R At) =
o bk i’“h""""" i, o b 4,C1PT|[ ﬂ II{T[’?T.,E"':ﬂ.ﬁ:J
] 5{1 1I:ID EI:I El:llj EEI] 3.|:||] a50 a a0 1an 150 200 260 Ell] _ 350 :

e Analysis in progress
» With all KLOE-2 statistics expected sensitivity of R /R, <=10"

_,.___

. | I -]
1.':' -_u- s EL u '" Ik 11 ik - = L ." v H .
| b ' ¥ H L
0.5 [ @
0.0 a i 1 i 1 1 1 i
o s 100 180 200 250 240 250
A t_:s]
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Summary

> The KLOE experiment has provided among others results on:

> Measurement of the QED coupling constant e (S)s

> Dalitz plot analysis of n - ',
> Searches for dark forces,

> Tests of discrete symmetries

> Several analyses with the KLOE and KLOE-2 data sets are in
progress

> New data taking period is ongoing:
> expected data sample of at least 5 fb* (by the end of March 2018)
> Upgraded detector — improved sensitivity

W. Krzemien, PANIC 2017 33



Thank you for your attention

W. Krzemien, PANIC 2017
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Backup slides

W. Krzemien, PANIC 2017
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K, tagged by K tagged by
Ks — e vertex at IP K, interaction in EmC

W. Krzemien, PANIC 2017 36



Neutral kaon interferometry

e’ e
@ > O et e-0®
K. K
< g ) _ oK _K,
o Antisymmetric quantum state
JPC =1-
Quantum entanglement (EPR) EXa:
3

2

B s 1 Lo o Loy o b ) Gn enl g el o e L o e

\\ 2 [H] .5 g 15 10 12.5 % 175 20 225 25
W. Krzemien, PANIC 2017 - At/tg7

Destructive interference




T and CPT tests in transition

» Entanglement to prepare the state
* Decay of orthogonal “CP” states for filtering:
o CP and T conjugated Processes: K - K° and K° - K

reference process: K° -

<+ 1 m°
t-t

2

CPT conjugated process: K - K°

TUTT » TV

One can separate the tests of CPT and T

J. Bernabeu, A.D.D., P. Villanueva JHEP 10 (2015) 139, NPB 868 (2013) 102
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_ CRAB Cptics——
o

211272004 SIDDHARTA

001 KLOE?

.

DAFNE upgrade

Crab Waist Scheme: beam crossing at
large angle, sextuple correction

Implemented in DAFNE and
tested in 2008 on
SIDDARTHA experiment
(no magnetic field)

Crabbed waist is realized with a sextupele in
phege with the IP in ¥ and at a/2 in ¥

In KLOE B=0.52T require

]"‘ ] 1
| A e - Ty Y
Froa

W i 111 ]
S uﬂ1 g T S X - specific tuning and
TPt s e New coll. scheme + KLOE det. background control
,,/r.. i 16ARI0035 Kloe best
..-11_ e O 02 Kloe beut \“h
S TR T T '|I:.:~ SR Old eollision scheme

Taken from A. Selce’s talk SIF 2016

W. Krzemien, PANIC 2017
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KLOE-2 Upgrade

 KLOE-2 new data taking campaign started in November 2014
* It will collect more than 5 fb™ up to March 2018
» New detectors fully operational

 Tagging system LET & HET
e e+e--taggers for yy-physics
e CCALT & QCALT
* 2 new calorimeters )/ 3
e CCALT for low angle y’s (down to 10°) s
« Quadrupole coverage for K decays G

e Inner Tracker
e 4 layers of C-GEM
e better vertex reconstruction and track |
parameters



000

800

600

400

200 4

High Energy Tagger (HET)

 HET stations located approximately at 11m from IP
after bending dipoles
» Strong energy-trajectory correlation
 Scintillating hodoscope + PMTs

e ¢,=550(1)ps

P2 =16%
)(

:1 7834 £

23t

.6953E-02
2,701+ .9867E-03
.2171E-02

Tdiff between stations

10

ns

i
20 25 30 35 40 45

H" | H 'i ‘Il

i \li“ o
: il | .
;JH ‘i il ‘r\ “ i

\s ii" | il [

Blue measurement
Red expectation
cona b b b b by

20 25 30 35 40 45
min

5 10 15

W. Krzemien, PANIC 2017

Nominal orbit (E___ = 510 MeV)
3 r_

| Scattered
lepton
| trajectory

bwam

Scattered e* of E > 400 MeV escape
beam pipe after first bending dipole
of DA®NE - spectrometer
 fast feedback on machine
operation

e Rates dominated by single arm
Bhabha’s

R ..~R_(aL + BI?)

trig

41



a(s)  between 600 MeV and 975 MeV
QED :

Phys. Lett. B 767 (2017) 485-492

e

e Analysis performed with data sample of L. = 1.7 fb™ A
» Event selection: 2 opposite charge tracks + undetected photons (small angle)

e Excellent agreement with NLO theory (PHOKARA MC) with VP inside
(H. Czyz, A. Grzelinska, J.H. Kuhn, G. Rodrigo, Eur. Phys. J. C 39 (2005) 411.)

do/d Vs (nb/GeV)

] [} P on 1) =] ] 1]
[=] (=] =) =] (=] =] =) =]

[] IIIllilII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

=i
(=]

[ ]

® upyData

® uuy MC (PHOKHARA)

L
so000 000000 se00®

¢y 1
=

o T 108

]

T 1.06

. o

=
5 1.04

b 1.02

e 1

0.98

0.96

0.94

0.92

| N N N I [N N A I |
0.65

[ [
0.9 0.95 U-E

¥Z/ndf=40.6354/37

p0=1.0006 +/- 0.0008

Total systematic error ~ 1%

o III|III|III|III|I

W. Krzemien, PANIC 2017
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| |
0.75 0.8 0.85

0.9

0.9
/s (GeV)
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a(s)  between 600 MeV and 975 MeV
QED

® Th.pred. for als)=ct(0)
Th.pred. for o:{s}=c::(s}|ap

Aa(s) = Aayep(s) + Aapag(s) 0.4
(we neglect the top
contribution)

—o— Thopred. for a(s)=as)_, .

0.92

o 110
S [ Phys. Lett. B 767 (2017) 485-492
do TSH S 1'08:_
| D'{'S} |E o d*;."'-fp:-p:- % 'I.GE:— ﬁ‘;ééé §
a(0) T doMC = L oal T§8g0%%e ¢
(0) T 1045 ®
1.02— + +
dﬁ."‘.rf-f . . . . L
g, With the VP contribution 1= l? +i-usﬁéé-'féo.ou.o.oocto-otccoooo
removed. -
0.98—
22 = 11/(1 = Aa(s)) 2 o6 o Epaaa

I|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
0-9 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

Energy (GeV)
Aa, . obtained by dispersive approach using data in time-like region provided by F. Jegerlerhner

(with 0.1% accuracy)

- —_— R(s")
Borraa(s) = —(E2)Re 35 ds' Rl
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a(s)  hadronic component behaviour
QED

0.15 - - . . ) . . . . . -
0. 1[::' L 0,05
| 0.04 ]
0.0 | .
300 o AN —y |5
'{:'."JE-: rww 1{ e N
-{}'UE{ ee- had™ 0.1
: i I . 1,804
D.Iﬂ I E.Il: o _I 0 . 5_II:| ' S.IE i 1|:I. 0 Ha om0 -0 ) ,E;,:f'“ i o —
E (GeV) B/ E=n‘||.-t
Time-like =Vs Space-like

Behaviour characterized by the

: VVery smooth behaviour
opening of resonances

5}0 t::: U
2y Mz pe | R(s) D _
A (M2)=-2MiRe [gs— K8 —— RGs)
3m 4'}[{ s(s—M; —ig) Acti(—qg) =— 37 Re4_£! ds s+ fjé}

Taken from G.Venanzoni’s Phi2Psi 2017

W. Krzemien, PANIC 2017
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Event selection

7 2 7
Ny

S.C.| COIL

Muon tracks at large angles
500< EIH{:ZISO']

Photons at small angles
B'-.-' <15%or B',I,L‘} 165°

=2 Photon momentum from
kinematics:

7m

I_i'?' =iin]jss =_®+ +f)—)

- High statistics for ISR photons
* Very small contribution from FSR
* Reduced background contamination

NN\

]

Taken from G.Venanzoni’s Phi2Psi 2017

W. Krzemien, PANIC 2017
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The n — n'rrn’ Dalitz plot distribution

e Dalitz plot parameters: JHEP 1605 (2016) 019
Fit /set# a b-10 d-10° f-10 g-10* ee h,l x?/dof Prob
(1) —1.005 4+ 0.003 1.454 £0.030 8.11 £ 0.32 1.41 £ 0.07 —4.4+0.9 free 354/361 0.60
(2) —1.104 + 0.002 1.533 +0.028 6.75 + 0.27 0 0 0  1007/367 O
- (3) —1.104 + 0.003 1.420 + 0.029 7.26 +0.27 1.54 + 0.06 0 0 385/366 0.24
— (1) —1.095 +0.003 1.454 +£0.030 8.11 +£0.33 1.41 £ 0.07 —4.44+09 0 360,365 0.56
(5) —1.002 +£0.003 1.45+0.03 81+03 1.37+0.06 —44+00 0 360/365 0.43
(6) —1.101 £0.003 1.41+0.03 72403 1.50+0.06 0 0 397/366 0.13

Experiment —a b d f —q
Gormley(70) [16]{1.17 + 0.02 0.21 +0.03 0.06 + 0.04 - -
Layter(73)  [17]|1.080 + 0.014 0.03 +0.03 0.05 +0.03 - ~
CBarrel(98) [18]|1.22 +0.07 0.22+0.11 0.06(fixed) s —
KLOE(08) 1.090 + 0.00550 088 0.124 %+ 0.006 £ 0.010 0.057 +£0.00670 007  0.14+£0.01 £0.02 —
WASA(14) [20]|1.144 + 0.018 0.219 + 0.019 + 0.047 0.086 + 0.018 £ 0.015 0.115 £ 0.037 £
BESIII(15) [21]{1.128 £ 0.015 + 0.008 0.153 & 0.017 & 0.004 0.085 £ 0.016 £ 0.009 0.173 £ 0.028 £ 0.021 —

W. Krzemien, PANIC 2017 46



The n — n'rrn’ Dalitz plot distribution

Experiment —a b d f —q
Gormley(70) [16]|1.17 £0.02 0.2140.03 0.06 +0.04 - -
Layter(73)  [17]{1.080 +0.014 0.03 +0.03 0.05 4 0.03 - -
CBarrel(98) [18](1.22+0.07 0.2240.11 0.06(fixed) - -
KLOE(08) [19](1.000 +£0.00575058 01244 0.006 £0.010 0.057 £ 00067001F  014+001+£002 -
WASA(14)  [20]|1.144 +0.018 0.219 +0.019 + 0.047 0.086 + 0.018 £0.015 0.115 +0.037 -
BESITI(15) [21]|1.128 +0.015 + 0,008 0.153 +0.017 +0.004 0.085+ 0.016 +0.009 0.173 + 0,028 + 0.021 —
Calculations

ChPT LO  [10](1.039 0.27 0 0 -
ChPT NLO [10]|1.371 0.452 0.053 0.027 -
ChPT NNLO[10]|1.271 +0.075 0.304 £ 0.102 0.055 + 0.057 0.025 + 0.160 -
dispersive  [22](1.16 0.26 0.10 — -
simplified disp [5]|1.21 (.33 0.04 — -
NREFT  [12]{1.213+0.014 0.308 £ 0.023 0.050 + 0.003 0.083 +0.019 0.039 £ 0.002
UChPT  [11]{1.054 +0.025 0.185 £ 0.015 0.079 + 0.026 0.064 +0.012 -

W. Krzemien, PANIC 2017
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n— w+n-n° DP parameters KE

: i 025 [ v
1 E . E wio
L1 | ; 02 b
115 F } 015 F i @
i - ¢
N T (e Y R T A 01 [ T T T A T R
a b
0.12 ¢ -
o = T
008 : . - 0.15 | { b
0.06 ¢ T 01 E
D-D4 :_l 1 I I I 1 1 | 1 1 1 :l 1 1 | 1 I I I 1 1 1

d f

KLOEO8 - [THEP 0805 (2008) 006] WASA - [PRC90 (2014) 045207]
BESIII - [PRD92 (2015) 012014] KLOE16 - [JHEP 1605 (2016) 019]
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Comparison of results for Q

n-—3m
. tPT O(f) (Gasser, Leutwyler)
. tPT O(f) (Bijnens,Ghorbani)
—— dispersive (Anisovich et al.)
—e— dispersive (Kambor et al.)
F—e— dispersive (Kampf et al.)

dispersive (Guo et al.) 2017

dispersive, (Colangelo etal) 2017

kaon mass splitting
Weinberg 77
Kastner, Neufeld

lattice, FLAG 16’
I * i jﬂl'r." = 2

" Ne=2+1

= . = Nr=2+1+1

W. Krzemien, PANIC 2017



The n

 New independent measurement (JHEP 1605 (2016) 019)

e 1.7 fb' ==>4.48 x 10° events
e New analysis scheme
e Overall efficiency 38%

e Fit including also the g parameter

. DATA
] MC SUM

103 NHRR \\\\\\\\\\\\\\\
10°

0 20 40 60 80 100 120 140 ‘(I_}@O (10?0

— n'rtn’ Dalitz plot distribution

JHEP 1605 (2016) 019
EE « DATA
10° 5 —mc sum
5 | Signal
10 g ® n°bkg
= = sum other bkg
10* :E
3f e
10 A
10
15 .
x10°
-250 -200 150 -100 -50 50
0 (MeVz)
50
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Branching Ratio

0.8

0.6

0.4

0.2

e'e - UywithU - n'mr

Counts / (1 MeV)

Tt/p separation
L L L

g — data g
[ zTy ]
---------- Huy
103 E E
10°: E
E 820 MeV < M < 840 MeV ]
80 100 120 140 160 180
M, (MeV)

Phys.Lett. B757 (2016) 356-361

YOKE
S.C.[COIL
Barrel EMC
LA £
;
Tn
_— < Y
two opposite sign charged tracks 50°<8 <130° LA
4 N
undetected small angle photon 6y<15°, By>165° :
%10° T+ T- mass spectrum fim
PR B B
2501 ae g
% 200 E
E :180;775 078 0785 079 0795 Fii..i
150 :
2 1001 .
3| L ]
L I mObserved spectrum ]
50 ¥ oy PHOK. GS IF F* smeared | fb
r + residual background ] -_ -1
O: A L1093
0.6 0.7 0.8 0.9
M .. (GeV)
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Search for CP-violating K — m’r®n’

3 m° is a pure CP=-1 state . Any observation of K — m’n’n’ is a sign of CP violation

.. a'xx® \T\K
SM prediction BR(K_ - n’n’n’) = 1.9 * 10° Tooo — Eﬂnﬂﬂ“ui 71‘1{ ; =€ +Elyp

Direct CP-violating term
expected << ¢

Best upper limit by KLOE with 1.7 fb- PLB 723 (2013) 54
BR(K —3n%)< 2.6 x 108 @ 90% CL Moool< 0.0088 @ 90% CL

KLOE-2 data: L= 300 pb'analyzed

“K, crash” (K, in the EMC) + 6 prompt photons
Analysis based on y counting and kinematic fit in
the 2x° and 3x° hypothesis

Main bckg: Ks—21m? (4 prompt photons),

also used for normalization

W. Krzemien, PANIC 2017
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Search for CP-violating K - m°n’n’

Track Veto I e | —_—

AE/og I—r

Sbox —F —

W. Krzemien, PANIC 2017

SIGNAL BACKGROUND
[ @ Y @
o =r. . D —d =r. 1 D SIGNAL :
] —'fi =22 ffz:fi = U.22 0
| g il -
S o e Al K; =310 = 6
] i \ y - i I P -
P || 4] I I A (| |47
Mo, 1l BACKGROUND:
» v Ks — 2n? + accidental/splitted clusters
_ EJ N i NA; a K; — 3n? K;— n*m ( ,fake K;crash”)
e ‘\, | T ral L
I I \ _?‘?' .i: — l _?‘
NH | Y H NH | | H
S HL gl [ FL~ S HL g| LH1LF
H’H‘_’-:_ & _:_-_d"’—. Hhﬂa_’-:_ n ;5 _d""—
. g -j“"w clusters
Signal box definition: X2, vs X% Rpin - minimum distance between clusters
g 100 < < 200 :
80 | £ 180 i
80 || JF 160
ek 140
B0 - 120
sof|" " 100
N « After all analysis cuts ®
wf v €5, = 19.2 % w0
10 _« "'-‘:w'-_ 20
D S PP P PRI PP P TP ] T n

counting I
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Search for CP-violating K - m°n’n’

SIGNAL
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e 100 3
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!‘-‘_—ﬂ i M)
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A
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= 200 :
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