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Introduction

Kaon decays: what can be learned on QCD at Low Energy?

Semileptonic decay mode-on* ety (Ked):
e Small BR (4.1x10)
* Only two charged pions, very clean environme=* . .
1.1 Million events analyzed from NA48/2 Preliminary
» Accessible m. range fromrt'tt threshold to (prmy)=my

Hadronic decay mode into 3 piong-ken®rOre: :
e Large BR: (1.7%)
« 60 Millions events now analyzed
e 190 system + nearby hadron
* m_. range fromm’r® threshold to (m-m.)

In press

Two different but complementary approachesit@cattering near
threshold to extract s-wave scattering lengthsjafor =0 and 1=2
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The simultaneus KK -beams

_ =
K*and Ksuperimposed in space s
' Flux ratio:K*/K-~1.8 =
Kaon mmammemtium: Data taking:
60£3 GeV/c 2003 — 50 days
2004 — 60 days
51 66 Gevic Beams coincide wifltinin 1 mm
FDFD ... — 1'""’9""' HEEE %
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The NA48 detector

Magnetic spectrometer(4 DCHSs):
4 views: redundancy efficiency
o(p)/p =1.0% + 0.044% p [GeW)
Charged hodoscope (scintillators):
Fast trigger and precise time
measurement (~250 ps on single track

Liquid Krypton E.M. Calorimeter (LKr
10 m? (~22 1), 1.25 m (27 §, 13212 cells

granularity: 2x2 cry quasi-homogeneous
6(E)/E = 3.2%WE + 9%J/E + 0.42% [E in GeV] e
Then hadronic calorimeter, large angle vetos NN A
and muon counter (scintillators)

M uon veto aytemn
Hadmn a kori meter
Liquid krypton eakrimeter

Hodogeope

Orift ehamber 4
Anti counter 7

Helium tank
Orifteha mberd
Magnet

Drift eha mber 2
Anticounter &

., Driftehamber

- . L1: Hodoscope, DCH multiplicit
Trigger: == )SCOp . PHCTY . Beark
L2: ON-line processing of DCH information
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The Ke4decay

Topology:
3 tracks and 1 vertex
1 elecron (E/Ppcy~1)
Two Tt of opposite charge

P, reconstructior> pick the solution
cﬁ)ser to 60 GeV/c

(or alternatively the mssing mass can
be reconstructed under the=80 GeV/c
assumption)

Background sour ces:
Kf>rm*n*n (dominant) with at>ev
deca)or a misiD i
K> 7*n070 with n°>etey decay and
with elettron misID a%x

Total background is ~0.5%
wrt signal, estimation from
WS events confirmed by MC
simulation

Background estimations::

“wrong sign” selection, with elettron charge
opposite to the charge of the vertex (kaon)
(silggwal suppressed by a factorl2by AS=AQ
rule

Need to be rescaled according to the relative
misID probability:

RS/WS=2 if coming from K> a*n*

¢ RS/WS=1 if coming from K>n*n’n0

50000
| -~ P Kaon
i s
40000 J
30000 - iy 3 RS -2 WS
20000 - H. 1_,
| T .
10000 r .

50 66

L NGS-Perugia, 16-09-2009

WINO9



Analysis procedure

5 kinematic variablefhys.rev. 137, B438 (1965)]:

S,(M2)] [5.(M2)] [cos8,] [coss, |[ 0

3 form factors (F,G,H) — partial waves expansign 9P
[Pais-Treiman1968]-

— s Procedureto fit the form factors:
F = Fsel S 4 Fpe P COS@H Define 10x5x5x5x12 iso populated bins

axial . in (M, M,,, co9., coD,, @
|5 ot ev TT e
G=G " .

10 independent fits (one fit per M., bin)

vector H = H pe'éh +d-wave... for Fg, Fp, G, Hp, 0in 4D space
Expand mg also I_n terms qF:(STmmﬂ_l) and Se The 4 sets of points are fitted with
[Amoros-Bijnens1999]: polynomials in powers of o? (Taylor
— "9 " 2 expansion valid in isospin symmetry
Fs - 1:s + fsq 2+ fsq + 1:e(Se /4mn)+ limit)
Fo=f +fq +..
G = g+ g' qz + “Model mdependent” analy§|s_ - no
P P P assumption is made on variation of &
H,=h +hqg" +.. and FF from one bin to the next

FindF, F,, G,, H ands = 3.-8, in ¢ bins Without it | ton
itnou e overall normalization Trom
Estract the slopes from thegedependences branching fraction, only relative form

Extract a, from &(g%) dependence factors (F,, G,, H,)/F are measured
LNGS-Perugia, 16-09-2009 WINOQO9 7



Ke4: kinematic variables
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= Data

histogram

= Simulation after fit

Yellow hist

= WS Background (x 10 to be visible)

CP symmetry :
(K™) ¢ distribution is opposite of (K') ¢ distribution
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Form factors measurement

1 15 NA48/2 Ke4 (2003+2004) PRELIMINARY 1 4  NA48/2 Ke4 (2003+2004) PRELIMINARY
. ) ’ 1] ’ G /Fs(o) - g
1.05 - ] - ) l "
1- : 0.9 - 1 + b ey
0.95 5.6 | +
0.9 - Extract: f'y/fs '/t £ /s } o Extract: g /f; g’ /fs ‘
0.85 T E_ ¥ ¥ [ F ¢ ] _F & L7 F L] # T | 0.7 7+ 7 1 T T
0.28 0.3 032 034 036 038 04 028 0.3 032 034 036 038 04
Mo(GeV/c?) Mar(GeV/c)
0.05 _NA48/2 Ke4 (2003+2004) PRELIMINARY j 5 _NA48/2 Ke4 (2003+2004) PRELIMINARY
| /RO , | /O
o) + + + * | _
-0.05 - + T I b 034 | L + L
01 - 0 - * + +
i  Extract: fy/fs l . Extract: h/f, ‘
-0.15 Tt —r—r—r— *(§ O T (. T T r ik & B L& & ¢
0.28 0.3 032 034 036 038 04 028 0.3 032 034 036 038 04
M,(GeV/c?) Max(GeV/c?)
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Results

£ /f. 0.152 + 0.007 4 + 0.005;

f" /1, -0.073 £ 0007, + 0.006,,
0 T/t 0.068 + 0.006,,,; + 0.007,
3 T/t -0.048 + 0.003,,, + 0.004,,
9/ 0.8698+ 0.010,; + 0.010,
g,/ fs 0.089 + 0.017,,, + 0.013
hy/fs -0.398 £ 0.015,,, + 0.008,;

3 First evidence by NA48/2

® Results in agreement with the published 2003 data > EPJ C54 (2008)

® Systematics: mostly from background and from acceptance control, same size as statistical
error or smaller, checked also particles ID, beam geometry and radiative corrections
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From phase space to scattering lengths

Tot phases at threshold can be predicted from dataeah8vGeV usingRoy Equation
(unitarity, analycity , crossing symmetries) .

The S-wave scattering lengthsaad g can be extracted from the variationds®,’-0,*

Numerical solutions have been developed (ACGL, BF@lid in the Isospin
symmetry limit (Universal Band in theja,)] plane), but broken in the experimental

world
Factorization of electromagnetic and mass effects:

Gamow factor x PHOTS generator X Isospin corrections
\ J \ J
| |
Radiative effectancluded in the simulation Mass effects:

*Recently computed as a
correction to the measurements
*Even larger than current

Gamow factor® classial” Coulumb
attraction between the 2 charged pions

PHOTOS generatoreal photon(s) are experimental precision!
emitted and tracked in the simulation (CGREPJ C59 (2009) 77DK
>Effect on event selection + possible bias on ~ Preliminary June 2008, in progress)

reconstructed guantities
LNGS-Perugia, 16-09-2009 WINOQO9 11



Effect of iIsospin correction

30 I ; i ; i ' I i

the phase

| Isospin correction to be applied to
=3 25
i Ke4 fit range [285,390] MeV
— < >
£, 20} I||

0—0
%
\

Ill'u
ll'l,lll
\
\
\\
|

10 | | ! ! | ! |
280 300 320 340 360

M__[MeV]
2 methods for fit:
2p fit > Extraction of gand g
as independent parameter
1p fit = Extraction of gassuming
yPT constraint
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a, 0.244 0.218
+ 0.013 + 0.013
a, -0.0385 -0.0457

+ 0.0084 + 0.0084

j

| | |
380 400

0.4 - NA48/2 Ke4 (2003+2004) PRELIMINARY
i Isospin correction ~10-15 mrad ﬁ
0.3 - - larger than statistical error :
902 -
R0 g 1 -
0 _| : | ' | ‘ | ‘ —F
0.28 0.3 0.32 0.34 0.36 038 , 04
Mrn(GeV/c%)
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Results

Preliminary 2003+2004: NA48/2 Ke4 (2003-2004) PRELIMINARY
— g0.01
2p fit: I i . . .
m.a, = 0.2220 + 0.0128,, 1 No Isospin corrections
£00050,, 0%
L0003y
m,a, = -0.0432 + 0.0086 1
+ 0.0034 |
¥ 0.04 -
+£0.0028, ., : e
1p yPT fit: ﬁ
-0.05 -
M, a, = 0.2206 + 0.0049,, :
+£0.0018yy o6 - | sospin corrections ON
+£0.0064, . ]
L S e e S A S S LA
yPT prediction: 0.19 0.2 021 022 023 024 025 0.2€

(coL NPB 603(2001), PRL 86(200)) _ _ o a0
m a,= 0.220 + 0.005 Systematic error - Main contribution from acceptance

m.a,=-0.0444 00008 J1heoryerror - Control of the isospin corrections &

Inputs to Roy equation numerical solutic
L NGS-Perugia, 16-09-2009 WINO9 13




The K> 111 decay

Assume n°—vyy for each vy : (D,)?
mg = 2EE,(1-cosa) = EE,02 = EE, (zika
ik

accjmr;taj phoion

m,* — mass of n°

Background is
E. E, —energy of v, 1,

neqgligible
D, — distance between
v, and . on LKr K-d y vertex
z, — distance from m'—yy \H,f'"’_*
decay vertex to LKr x

* 10 F selected photon
1B i
1 B00 3“ mass - M L) o= 1.3 ke ST 1.6 - 2
N N = 1.4 { 2" mass resolution T
= 1200 | SPEctrum i 12 5
:E__ 1000 | :D; :_
= 3 >0.8 T
Ben So6 -
200 [ ""g-; ‘E"M ... excellent at low M_,!
= E_ _=-._._‘_r’f-- -"\_‘_’_ .n E| NI S RN SR N NN NN (S TN SN TN AN NN N M |
Dor “0.005 5 o.008 ‘.01 0.0750.080.0850.0 0.005 01 0.1050,110.1150.12
ANT (GeV fe) M), (GeV/icH?

LNGS-Perugia, 16-09-2009 WINOQO9 14



Cusp observation

First observation of soo00—| 2003: ~16 millions events
the cusp was made ot )’—“\
2003 data 1/ \
m: fJ
M) =M6” : il tt"‘-.
Invariant mass between ‘mé i 5
. f 't,"
the two neutral pion N YU NN TR O
v5000. M(n°r), (GeVic?)?
Cusp at M(TOTO)=4m Zisea} =
m o
Confirmed by 2004 data 3% +++*+
(statistics increased by a zspeef—i '
factor 3.7) E l
20000755 57686.077 5 G776 007800786 0.07S05TE D08
M(x"n"), (GeV/c*)?
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« 2004: ~44 millions events

220
i
i N,
7 Y
/ y
\ y
W '
7 T
i 1
B 1
i 1L"
008 000 01 041 012
M(r'n’), (GeVicf
110f o
100f e
'HIE —
HIE " —
7oL il l.:-: thrashold

lH'-.I'I 0,0788 0,077 0,07TE 0,078 0,0786 0.0TH0.0THS 0,08
M2(x"n"), (GeV/cH?
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Full statistics

Uniform conditions x10°3
for selection and 300 F—— =
Data/MC statistics, so 250 | | "'t'€90"
the 2003 and 2004 200 |- \
data were merged for < :Eg | \
a joint analysis E 50 :_-/\L
2003+200: [z ©° " oo0s 008 01 o011 o012
o = 170 _
60.31 millions events|z 160 L

events

. L 140 -
Fit region Is choosen to™ 13p -

reach a minimum total 139 =

error (systematical 100 L \L

' ' i S R I R B
antrlbUtIOn grows 80 0.076 0.077 0.078 0.079 0.08
with upper M) M2, (GeV /¢2)?2
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Theory: final state rescattering
First interpration by N. Cabibbd?RL 93 (2004) 121801

‘r[+
+ 00y — -
M(K+—>J'C+TE T ) — MU 4+ |V|1 ‘ Kaon rest frEIITIEI'. CK* 0
U= E’m,;- (m/3-E_,,/m?

Direct emission (k h << g): _ 2m(E-E,)/m.? 0

M, = A,(1+g,u/2+h,u?/2+K,v?/2)
0 Rescattering amplitude: \/ Neg. interference
M, = A, (1+g,u/2+h uz2+k v2/2)M; = —2/3( }az 1— under threshold

Combination of S wave sattering lenc Amplltude for K* into 3 charged piol

_— = Prediction of the
One looL ot n®  #|_two-loop theory | ﬁ,ﬁ_
dlag am K § +ao0l- GUSﬂipnlr;ﬁf *LH -
<< 1“:_r"'ﬂ'l' scatfering _.r’"‘ SU.JI':E‘d'-Tﬁg
2808 z ampl{;‘tj de ::;?’P : sy
Improvement; two loop diagram B },ﬂ;{/ i
N. Cabibbo, G. IsidoriCl) JHEP 503 (2005) 21 eeef /,f/ g e o e e -
=271 Scatterin : P Ll i 3
= J70 :
alreducible ??Iscattering s ﬁ (I13% depletafign upder thrgshojd)

»Reducible 3rscattering MECreon®. (GoVic)
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An alternative view: effective fields theory

G. Colangelo, J. Gasser, B Kubis, A Rusetsky (Bern-Born giiip,
Phys. Lett. B 638 (2007) 187

Non-relativistic Lagrangian for effective fields:
« Valid in the whole decay region

* Another (in comparison with CI) part of the amplitude is absorb
the polinomial terms

« At two loop, algebraically diffent formulae for amplitudes

Fortran code for numerical calculation provided by authors to NA48/Il
collaboration

L NGS-Perugia, 16-09-2009 WINO9 18



Fitting procedure

1-dimensional fit of the ¢ projection

Detector response matrix Rij obtained with a GEANT3-based
MonteCarlo simulation

Bin width 0.00015 (GeV/c*)® |
| LOG(R;)
© | 420x420 bins

| o 3 Reconstructed

enera istribution ==2=2> = o
Fol distribution:

G(gy:h,,8p:85, M) g -
ﬁ 12 FMe YR G
B I 2!
Hl'.ﬂ-ﬂ- .14
=

0.08 0.1 0,12
Generated s =My{x"x"), (GeV/c*)

Minuit minimization ofy? with data/MC shapes
fixing a, or linking it to g by some relation, gives a more precise resultédpay)
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Amplitude parameters for4 TETUTT

To proceed with the fit amplitude parameters for the decayRrt'TT

must be used.
For theCl fit we take the parameters measured by NA48/2:

M, = A (1+g,u/2+h u?/2+k v?/2):
g.=-0.21117(15); h,=0.00671(26); k,=-0.00477(8)

Forthe BB case theparametel aresimilar but not the samg¢, dueto

presence of additional rescattering terms on M

To redefine and measure th~ simultaneus fit of the NA48/2
Kt->3mand K-> 1¢ 1 Dalitz plots implemented with the BB code:

g.=-0.1894(4); h,=0.0003(20); k,=-0.0077(19)

BB radiative corrections to pion rescattering ampktfior 3tdecay also included
(M. Bisseger, A. Fuhrer, J. Gasser, B. Kubis, As&sky Nucl. Phys. B 806, 2009, 178.
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Pionium signature

7 data points excluded from the fit around theshotd due to absence of

electromagnetic correctloniln the model
0.02

Combined 2003+2004 data

"I‘u.ms ;m;
4 0.01 ||':E
Eu'ms lllllh”'gl Eﬁl ll%l |I ”|%'|| i i R X
Lmlid e -I'-||"'-| Iy s bt s |-||-.I ||| 1l |IIII
5 o H|-|+-THI|E"§HTTHJW'|1H1| |'”||'|'L1'I”|i lHH”JlI 1 i hl itk 1“”' ﬂ i
o ik ||| L ool i i ||I [ |I il IIIII
-0.005 [ | I ] | P | %T |
N ! | N l : |
001 5075 0.08 21:1(1335‘\'/2 0.09 0.095
Moo (e
Excess of events in the excluded intervlfit), interpreted as due to
pionium decaying as A>1Pr® and giving: Discrepancy explained

by additiontt't
B=I'(K*=n'A )T (Ke=—mr'n) = (1.8£0.3)x10> |unbound states with

resonance structure
Prediction [Z.K. Silagadze, JETP Lett. 60 (199491R=0.8x102| Phys. Lett. B649 (2007)
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Systematics for independentand 3

Source go | ho | ag az | ap —az | fatom
Acceptance(Z) 31 | 21 | 16 20 4 0
Acceptance(V) 6 1 7 8 1 4
Trigger efficiency | 26 | 22 | 29 39 10 13
LKr resolution 10 9121 29 9 60
LKr nonlinearity | 34 | 36 | 56 67 12 1
P spectrum 12 | 11 | 18 32 13 10
MC(T) 2 1 4 1 5 25
e error 5 5 4 6 2 1
Hadronic showers 2 4 8 18 10 20
Total systematic a6 | 50 | 72 94 25 70
Statistical 47 | 46 | 92 | 129 48 97
In units of 1¢¢
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Systematics from reconstructed vertex

x 103

Good agreement 2s00
between data and MC

2000
1500

1000

events/ 180 ¢m

500

Trigger effect 0

symbols : Data
Histogram : MC

MC normalized
to Data

Data/MC ‘

] ] 10.10 “MW
Difference in forward b ooy ol *
decays acceptance | >
(cut on radius track | ®%%xgo0 0 2000 2000 6000 8000
and beam shape) Z(cm)
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NA48/2 results for independeniand g

m,(ay-a,)= 0.2571+0.0048,0.0025,,+0.0014,,
m,&=-0.024+0.013,:+0.00,,,+0.002,,,

External uncertainty:

» From the knowledge of the ratio of the decay rates ®bKeET T and K-> e
» Additional theoretical uncertainty is estimed from th#afience between th€l fit
and theBB ong, assumin different nex-ordel contribution:

0(85-8,)=0.088  09(a,)=0.015

The relative errors for,are essentially larger than{a) ones,
as g corresponds to second order contributions to cusp shape

LNGSPerugia, 1609200  wIiNo® 24



Systematics withhPT constraint

Source go | ho | ap | az | ao — a2 | fatom
Acceptance(Z) 24 | 14 4 1 3 9
Acceptance(V) 8 4 1 2 0
Trigger efficiency | 14 | 16 2 T 8
LKr resolution 0 1 1 2 46
LKr nonlinearity 12 | 13 | 13 3 10 31
Py spectrum 0 0 1 2 51
MC(T) 2 2 1 4 24
kp error 7 7 0 0 2
Hadronic showers 5 3 4 1 3 17
Total systematic 33 | 26 | 18 4 14 64
Statistical 9 9 | 32 8 24 7T
In units of 10¢

L NGS-Perugia, 16-09-2009 WINO9 25



Results withyPT constraint

r T ki ] .
. 2 — _ 0444 + 0008 + .236 (al — .22
vPT constraint - "o ' %“i,h o b.T 2 Ifr”.. ) 9
(Colangelo et al., PRL 86 (2001) 5008 —0.61 (g — .22)" — 9.9 (g — .22}

M (8g-8)= 0.2633+0.0024,+0.0014, +0.0019,,

External uncertainty from theory is estimated tc
d(a,—a,)m = 0.0053 (29%) (S.Gallorini 2008)

xPT prediction: &a,=0.265+0.004

Experimental precision is comparable with the theoretical one!
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Cusp on K->t

Cusp also visible on k> 1ereme 1.02
(suppressed by a factor 3) 1.015

KTeV has collected 68.3 M decays 1.01
between 1996 and 1999 1 005
Phys. Rev. D 78, 032009 (2008)

.1
m ,(a,—a,)=0215+£0014_, +0.025  +0.006,, #
. 0.995
il/ndma-;-iﬂﬁéE—lgjli G EDI0OE—D03
b s e a2 099
1 DatatoMCrato - Data/MC{phase space)
2 Pure phase s ac:ié: in MC 0.985 prediction, best-fit h
T SN W TTOOL e L ok e e e 1P === prediction, h,, = —0.005
— Mﬁ%%%ﬁﬂ __________________ ; oy 098 L LA LN NLEL R B
BN 027 028 023 03 0.3
o i Y - 0_0 2
] T R UM SOV WO RSN S min T T mass [' GeV/e ]
b b N | <4=m FromNA48 100 M events collected

on 2000, work in progress
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Combined results from ke4 and cus

0.01 —
a, - NA48/2 combined Ke4 + Cusp a; NA48/2 combined Ke4 + Cusp

0- (stat. + syst.) errors 0 (stat. + syst.) errors
68% CL contour 68% CL contour

o
o
—

Cusp -0.01 —
-0.02 -
- ]
-0.03 -
ChPT ! i) 2
— 0.04 - =il |
-0.05 |
-0.06 -
02 021 022 023 024 025 026 029 03
_ Qo _ Jo — Q;
a; = 0.2210 £0.0047 £ 0.0015 = 0.0049 Qg - Q; = 0.2639 * 0.0020 £ 0.0004 £ 0.0021
a, =-0.0429 £ 0.0044 £ 0.0016 * 0.0030 a; =-0.0429 £ 0.0044 £ 0.0016 £ 0.0030
Correlation 0.912 Correlation 0.277
Total errors A ag. £ 0.0070 ( 3% rel. precision) Total errors A (ay - a5): £ 0.0030 ( 1% rel. precision)
A a,: £ 0.0055 (13% rel. precision) A ay- + 0.0055 (13% rel. precision)
Including the ChPT constraint: stat syst theo
a, =-0.0444 £ 0.007 £ 0.005 £ 0.0012
ap = 0.2196 £ 0.0027 £ 0.0021 £ 0.0048 or a; - a; =0.2640 £ 0.0020 £ 0.0017 £ 0.0035
Total error A ag: +0.0059 Aas:+0.0015 A (ag - az) - + 0.0044
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Conclusions

Measurements from the data collected Cusp Data

in 2003 and 2004 by the NA48/2 NAdB2BB b el
experiment have been shown:

o Ke4 form factors " Pror
o Tutscattering lenghts from ke4 ph NA48/2 e

o Tt scattering lenghts from cusp eff

E865 P

Good agreement of the measured valu S118 o

with XPT predictions (yellow band): nr atoms
DIRAC .

| 1 X X 1
0.15 0.2 O% 0.25

m. a, = 0.220 + 0.005

The experimental error on the values of the scattering amplitudes is now
at the same level of the theoretical one
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