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Tt scattering lengths

V2Zm
T ~ o mE At low energy, Kr «1,
@ <T h S-wave dominates the

v scattering amplitudes,
with Isospin =0, 2

m Scattering matrix : S|en> = 2 |pn>
may be parametrized using 2 phases: 9y, = 8y,K + O(k?)

m Atlowenergy S-wave scattering lengths a,, a, are
essential parameters of Chiral Perturbation Theory (ChPT).

B Progress in experimental measurements allows a stringent test
of ChPT predictions.
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Theoretical predictions

m Scattering lengths a, a,
are directly connected to m._:

7m2
32 F2

- 2
= |nivarsal Band mn

& rrH_ e '”f_-'F"- i la0f s a2 &= — '0045

| =4.4+02 I ree

1,=2.8+2 .4, 1, ree 16 &t Fnz

— Colangeln, Gasser & Leutwyler 2001
i (] -_l_ ':l :ﬁ

(Weinberg, PRL 17 (1978) 275)
B Precise prediction within
ChPT constraint: P = 0.220+0.005

a, = -0.0444(8) + 0.236 (a, - 0.22) - a, = -0.0444 + 0.0010
0.61 (3, - 0.22)2— 9.9 (a, - 0.22)?

(Colangelo, Gasser, Leutwyler,

PRL 86 (2001) 5008)
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Measuring nrt scattering lengths

Three different approaches to measure a, and a,

Semileptonic decay mode Ke4
Kf>n"n-e*v
* Measurement of a,, a,

Hadronic decay mode K3rnt

* Measurement of (a,-a,), a,

Cusp in K — 10 0 x*
= large BR =1.7%
= NA48/2: 60 x 10° events

= small BR=4.1 x 10-°
= 5118 (1977): 30,000 events
= BNL E685 (2003): 400,000 events
= NA48/2 (2009): 1.1 x 10° events :
(2009) Cusp in K, — 79 70 0

Pionium I|f€t|me (TC+ TC-)M - |arge BR = 19.6%

* Measurement of |a,- & = KTEV, NA48/2: 70+100 x 106
= DIRAC CERN/PS ~40% data events

analyzed: 6,500 events (PLB 619 (2005)
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nrt scattering lengths
In Ke4 decays
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nr scattering lengths from K, decays

A A\TTY ~TYYTr TY ST TIYTY w > e oF o a8 & o

» Ke4 decay amplitude depends on two complex phases:
* & == 7 Scattering phase shift for 1=0, I=0 (S-wave)
* O ™ nr scattering phase shift for I=1, =1 (P-wave)
(I1=2 is suppressed by the Al=1/2 rule)

= Decay rate depends on difference & = & - 8, , with §=8(m__)

» 3#0 implies asymmetric distribution of lepton w.r.t. tm plane

n* Illcb E-I-
dipion /g X g, | dilepton
\
-

YA
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K., €vents selection

= Ke4 decay event selection:
* 3 charged tracks and 1 good vertex
* 2 opposite sign «t, 1 electron (E/p ~1)
* missing transverse momentum
* kaon momentum close to 60 GeV/c

» Background:
e K*f > m*t*n~ with m— ev or
mis-identified pion
« K — 7t 19(n0) with 70 — etey
and mis-identified electron
 Background estimation from wrong
sign (ws) I.e. K* — w*mt*e” events
m Background ~ 0.6%
®» 1.13x 10 events

Kaon Physics nr scattering lengths in Ke4 decays
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Formalism of K_, decay

» Kes is a 4-body decay = 5 independent kinematic variables
(Cabibbo-Maksymowicz variables, 1965)

S,=m?_;S,=m?,;cosd_;cosd,; P

!

= Partial wave expansion of | “*% S . ;-\‘""""""
: VAV

the amplitude (Pais-Treiman 1968)
F,G are 2 Axial Form Factors: = g° dependence can be studied
* F=Fg e+ F; e cosd, + D-wave term | expanding fitted form factors:
« G= Gp €% + D-wave term (Amoros-Bijens 1999)
H= 1 Vector Form Factor: »Fo= 1t 007+ g+ o (%, /4 m?))+.
« H= H; e'% + D-wave term «F=f+f'g%+...
*G,=g,+ gp'qz +...
F F y F y G1 H) 8:8 _8 .Hp: hp+ hp'q t...
(Fs, Fp) _ e with 2= (m2_/4 m2,)-1
are the fit parameters (this Taylor expansions are valid

in the Isospin symmetry limit)
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K., fitting procedure

w > h 2 o Y a2 b b B Y aYW o Va8 o B B o

= The fit parameters are Fg, Fp, Gp, Hp and 6=04-05
= Full event sample (2003&2004): 1.13 million Ke4 decays

= Fit in 1so-populated boxes in the 5-dim variables:
10(m,) x 5(m,,) X 5(cos ¥,) x 5(cos d,) x 12(¢) = 15,000 boxes

= The form factors and phase shift are extracted by minimi-
zing a log-likelihood estimator in 10 independent m__bins

= K* and K- samples fitted separately and then combined in each
m__Dbin according to their statistical error.
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K., fit results: data/MC comparison
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K., form factor results

= Only relative form factor (F /F;, G /F;, H /F;) are measured
(no overall normalization from BR)

= The form factor structure is studied in 10 bins of g2

Systematics from
acceptance and
background control

£, /f;=  0.152 £ 0.007, % 0.005,
£, /f,= —0.073 % 0.007, + 0.006,,
£, /f,= 0.068 £ 0.006, + 0.007,
f/f; = —0.048 % 0.003, + 0.004,
g,/f, = 0.868 + 0.010,, % 0.010,,,
g, /f,= 0.089 + 0.017, + 0.013,,
h /f,=—0.398 % 0.015,, + 0.008,,

First evidence of non-zero f', and f,

(Submitted to Eur.
Phys. J. - 17 Sept 2010)

In agreement with our
partial data sample

publication: (R.Batley
etal. EPJC 54-3, 411,
2008)
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From phase shift to scattering length

%]
=
T

Corrections to be applied:
= Radiative effects:

(]
Lh

Isospin corrections

[millirad]

Ke4 fit range
285 — 390 MeV

[
o
T

Included in the simulation
(Coulomb attraction, IB)

= Mass effects:
Isospin corrections have to be

0
0

0—-90

—
<

NA48/2 Ke4 (2003-2004)

applied to 6. Developed in close  °*

-] o no isospin corrections

collaboration with NA48/2. 7
(Colangelo, Gasser, Rusetsky, EPJC 59 (2009) 777) °*

‘ o] 2 parameters fit

Size of correction on 8 ~10-15 mrad .., « with isospin correctons
(EXp. stat. precision ~7-8 mrad)

M, (éeV/cZ)
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1par. fit
(ChPT) 001 NA48I2 Ked (2003-2004)
a 0.2206 + 0.0049,,, s
0 +0.0018, a; |
+0.0064,.,, [902 ]
2par. fit
a 0.2220 + 0.0128,,, 0037 yp
0 + 00050, ‘
+0.0037 e J§-0.04
3 -0.0432 + 0.0086,, | 7 Sospin comedtions
- +0.0034, M 505-
+0.0028,, '
> s r - A with isospin corrections
recise ChPT prediction, -0.08 - 1- ter fit
CGL NPB 603(2001), PRL86(2001) : 2-parameters fit s
ao = 0.220 + 0.005 and 02 021 022 023 024 025 028
a, = -0.0444 + 0.0008 a,

or (a0 -a2) = 0.265 + 0.005

D)
a( attering leng e4 0ecao 0 & 010



Comparison with previous Ke4 results

All Ke4 All Ke4
combined combined

NA48/2 NA48/2
Ke4 Ke4

E865 E865
L @ | L
Ke4 Ke4

S118 // S118
Ke4 Ke4

1 N 1
0.25 4,03 -01 -0.05

Two parameters best fit values for agand a, from

each Ke4 experiment and combined.
Vertical bands correspond to the best predictions from ChPT.
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e scattering lengths
In K3n decays

Kaon Physics nn scattering lengths in K3n decays C.Biino - HF&L 2010



|

K, events selection I\NH

» Offline Kt — 10 10 ¢ selection:

* Require 1 track and 4 e.m. LKr calorimeter clusters

« 10 — yy cluster pairing: consider all 3 combinations and choose
2-vtx combination with closest vertices (minimize vertex difference AZ)
 Calculate

Moo= M(r° =)
Invariant mass
using only e.m.
calorimeter and
vertex information

60 million events
with mass resolution of 1.3 MeV and negligible background
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Cusp in K= — n*n'n" decays
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Thanks to:

Fit region

===

/
/
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v"Very high statistics

v"Very good calorimeter
resolution

v'Proper M, reconstruc-

tion strategy

My, = M(rP=0) distri-

bution shows a clear
CUSP structure at
M(%z=%) = 2 M(n )

008 009 01 011 012
= | zoom e
3 — 7w 7 threshold
%_ |_—r_|_ 1 1 I 1 1 L 1 1 1 I 1 1
0076 0077 0078 0.079

Mg, (GeV/c*)?

nn scattering lengths in K3n decays

interpreted as due to the final state
charge exchange scattering process

*t'n” decays

't — 1n0 in K - mntn
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Cusp: Theoretical approach (CI)

ot T — 10 7O ph(_anomeno_log_ical approach: One-loop diagrams:
*The no-rescattering term is given by the standard T

PDG expansion m n
*The first-rescattering term is real below threshold K /’/
and imaginary above. Negative interference below T ‘w

threshold arise.
*The amplitude depends on a,-a,

(Cabibbo, PRL 93 121801, 2004 but predicted earlier ** Subleading eifg;,,.f
Budini, Fonda, PRL6, 419, 1961) | =
. #,f”'
*More complete calculation 041
. ' I + 0.0 7
;f;git)t;r;t r:)g corrections from n'n—n’n’, << CUSP point
*Two-loop level corrections, O(a;2) |
*No O(a;%), no radiative corrections |
(Cabibbo, Isidori, JHEPO03, 21, 2005) | |, Leading effect

T, a) 2 scattering B) |rredu|:|b|e 3 scattering ¢ redumble 3 scaﬂermg

K /"A“\ / g =,
h Ll._'_ U275 L 0.285
\_/< NS \ \/’ M(n0r0)
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Cusp: Theoretical approach (BB)

Approach by the Bern-Bonn group:

Different approach based on an effective non-relativistic
Lagrangian

Different structure of the expansion with respect to Cl (kinetic
energy and threshold parameter).

Simultaneous fitting of charged and neutral amplitudes to
extract Dalitz plot slope parameters

*Electromagnetic effects naturally included

*Radiative corrections, outside the cusp point included.

(Colangelo, Gasser, Kubis, Rusetsky, Phys.Lett.B 638, 187, 2006; Bissenger,
Fuhrer, Gasser, Kubis, Rusetsky, Phys.Lett.B 659,576, 2008; Bissenger,
Fuhrer, Gasser, Kubis, Rusetsky, NPH B806, 178, 2009)

Provides so far the most complete description of

rescattering effect
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Fit to the M(nt%=®) spectrum (BB)

= (data-fit) /data

, Residual

Free fit parameters:
¢ ao'a.z, 8.2,
» Dalitz plot parameters,

* normalizations (fit also
Includes K* — nt* = n*
decays).

Fit range

7 points excluded from fit

bA 1 0
DDTE 0.08 0.085 0.09 0.095 0.1 0.105

Fit range
0.01 i

ﬂlnﬂg I||| i'lllu I.|lll ”“II'IT."'liw“"'ml:’= ln"u II=I|-I i ’=-i- ]l !=" :

-0.005 I AL iiH b) Pionium fraction

- left free In the fit

. i
-0.015
! }]/|

-0.02 A 1 | L | | | i| L
0.075 0.08 0.085 0.09 0095 0.1 {].1{]5

Jf{%l] GE“Y /f_'.’ 2

atom
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Cus

N>

P

fittin

TICCTTT

1% ndf

gre

esults

201117

4,74,

206.3/195
201.6/189
210.6/196
207.6/190

4,

atom

0.2727(46)
0.2689(50)
0.2749(21)
0.2741(21)

462.9/452
458.5/446
467 .3/453
459.8/447

205.6/195
202.9/189
222.1/196
219.7/190

-0.0392(80)

-0.0344(886)

-0.0413
-0.0415

0.0533(91)
0.0533
0.0441(76)
0.0441

0.2815(43)
0.2775(48)
0.2737(28)
0.2722(27)

0.2483(45)
0.2461(49)
0.2646(21)
0.2645(22)

-0.0693(1386)
-0.0593(142)

-0.0417
-0.0421

-0.0082(91)
-0.0061(98)
-0.0443
-0.0444

0.0530(95)
0.0542
0.0647(76)
0.0647

0.0625(92)
0.0625
0.0420(77)
0.0420

477.4/452

0.2571(48)

-0.0241(129)

0.0631(97)

Kaon Physics

474.4/446
479.8/453
478.1/447

0.2544(51)
0.2633(24)
0.2627(25)

-0.0194{132)

-0.0447
-0.0445

0.0631
0.0538(77)
0.0538

nre scattering lengths in K37 decays (cusp)

(...) stat error
no(...) = fixed par.

Rad. Corr. Off
a) Pionium f
fixed
c) with ChPt

constraint
a,c) both

atom

Final result

(fatom’ dp-dy, dy
free in the fit)
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nrt scattering lengths
In Ke4 and K3rn decays
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Ke4 and Cusp results combined

NA48/2 combined Ke4 + Cusp
(stat. + syst.) errors

68% CL contour
correl. =0.92

DIRAC 77z atom lifetime
(Phys.Lett. B 619 (2005).
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NA48/2 combined Ke4 + Cusp
(stat. + syst.) errors

68% CL contour
correl. =0.21

Very good agreement with ChPT prediction: (a,-a,) m, = 0.265 + 0.004
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Comparison with other exp-results

DIRAC
pionium

NA48/2 NA48/2
Combined Combined

NA48/2 NA48/2
Cusp Cusp

NA48/2 NA48/2

Two parameters best fit values for ag-a, and a, from

both NA48/2 channels and combined result.
Vertical bands correspond to the best predictions from ChPT.
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Kaon decays give unique possibility to study low-energy hadronic
Interactions with high precision.

Two statistically independent measurements by NA48/2 of the
nx scattering lengths in Ke4 and K3r decays:

1.15-10° Ke4 and 60-10° K3z (Cusp) events
v Different systematics: K3 : calorimeter and trigger; Ke4: electron
misID and background
v" Different theoretical inputs: K3r : rescattering in final state and
ChPT expansion; Ke4: Roy equation and isospin breaking connection

@ Large overlap in the (a,-a,, a,) plane

@ mw scattering lengths results from Ke4 and K3 are fully consistent

@ the experimental results are in very good agreement with ChPT

@ the achieved experimental precision on a, iIs now competitive with
the theoretical precision (£0.005) in both decay modes

aon P attering leng e4 and Oeco Biino L 010







Comparison with previous Ke4 results 8

S ] Ked Data with isospln corrections 05 - Ked Data with isospin comrections
202 ay
025 ] I 04 - {
0.1.5—3 0.2—2 3 ] i h{{l 1}f 3 !{I :

01 ] 01 - |
“'“5_2 r I o S118 n—; " > S118

0 = E865 o014 a E885
.D.DE—; - NS uz—- o NA48/2

028 03 032 034 036 038 04 028 03 032 034 03 038 04
M., (GeV/c?) M, (GeV/c?)

Phase shift measurements for all Ke4 available results. The line
corresponds to the two-par. fit of NA48 data alone. On the right

values obtained for each individual result from the inverted ChPT
constraint. The yellow band is from the global fit of NA48 data.
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K, events invariant mass

o= 13Mev/e| DIstribution of the
difference between
the 70 70 7=
Invariant mass and
the nominal K #
mass for the
selected

Kt — 70 0 mz
: decays

-0.01 -0.005 0 ' w
AM (GeV/&?)

-
-
[
-

'
=
-
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Fit of phase shift 6=5,— 9,

a, = - 0.0432 + 0086, * 0.0034,, + 0.0028,,

1-parameter fit (with ChPT constraint):

a,= 0.2206 + 0.0049,,, + 0.0018,

Theoretical error computed from isospin corrections and Roy equation
INPULS (Gasser et al. Eur.Phys.J. C59:777, 209).
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* Final result:
68% confidence level (EPJC 64 (2009) 589)
ellipse stat. error only || a0-a2 =

to illustrate rad. corr. 0.257(5)stat(3)sys(L)ext

a2l =
- 0.024(13)415(9)sys(2)ext

e with ChPT constraint:
Solid ellipse = rad. corr ON *, 20-a2 =
dashed ellipse = rad corr. OFF *,  *
dashed line = CHPT constraint bb O'2633(24)stat(l4)sys(19)ext

0.24 0.2% 0.26 0.27 0.28 o= §* ChPT pI’EdiCtiOHZ
ao'az aO'az — 0265(4)
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e scattering lengths
in K, —n7%7% decays
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NAA48/2 data taking in 2000:
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0.09
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Evidence for a change of slope
near the cusp point.
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nre scattering lengths in K, — %00

(KTEV, Phys.Rev. D78, 032009, 2008)  Fit for hy  and a-a,

1.02
(@) (b)

—>

o
IV

1.015 7

1.01 o

e
o
—he

1.005

—
e
o
Qo
o
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o o
o ©

5]

e
©
©
w

-I— Data/MC(phase spa&*e} | -I— Data/MC(phase space)
—— prediction, best-fit h ] — prediction, best-fit h

000 , 000
---- prediction, h,, =-0.005 Ao prediction, h,,, = —0.005

IIII|IIII|IIII|IIII|IIII O.gallII|IIII|IIII|IIII|III
0 0.5 1 1.5 2 2.5 027 028 029 03 0.31

R3 min °’n° mass (GeV/c?)

m..(ag-a;) = 0.215 £ 0.014,,, + 0.025 ., + 0.006,,
hooo = (-2.09+ 0.624; + 0.72,; + 0.28,,; )

Kaon Physics nn scattering lengths in K3n decays C.Biino - HF&L 2010

9
©
©
Q
©
Q
D
D
®
©
L
a
O
=
3
©
a




NA48/2 combined Ke4 + Cusp . . ]
(stat. + syst) errors v Two statistically independent

68% CL contour measurements by NA48/2:
60 M K3n; 1.13 M Ke4
v Different systematics:
Cusp: calorimeter and trigger
Ke4: electron misID and
background

v" Different theoretical inputs:
Cusp: rescattering in final
state and ChPT expansion

nd i Ke4: Roy equation and

a,-a, Isospin breaking connection

v Large overlap in the (ay-a,, a,) plane
v" Impressive agreement with ChPT predictions
v" Also shown DIRAC results: |a,-a,| extracted from pionium lifetime PLB619(2005)
v Cusp effect in K| —n° n0 n0 KTeV (68-10°) [PRD 78, 032009 (2008)]
NA48 (100-10°)
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The NA48/NA62 experiment EE——
p 1998 g'fe run K +Kg
A fixed target
experiment at the <@ NaT 099 €/ run s
CERN SPS dedicated g 4 NA31 NA48 | < SR s ,:'t
the study of CP g [ b NAGS ke
=2 K_ High
violation and rare ' 7§ Vo s gy 07 2000 ;‘;‘:"‘ intensity
. = trometer
decays in the kaon “ Woods T 731 < pect
_2 -.!I-' . K
sector 3 E731a 2001 tl(,t+1:11 High
e LS Int,

Final NA48 result :

2002 Kg High Intensity

NA48/1

NA48/2

2004 K* High Intensity

NA62

{2003 K* High Intensity
.
L

NAG62 phase 11

measurement of the decay

- + =
K™"—>rxvy
(2008-2010 R&D
& construction
2011 start of data taking)
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1997 evern KoK

The NA62 experiment

1999 £'/e run ':“3
CERN Accelerators NA48< K+ Kg
(not to scale) SO K High
- Ly IrSOmity
‘ NO Spectrometer
€/€ run 'fs
9 2001 Ko Kq ,::

NA48/1{ 2002 Kg High Intensity

NA48/2

NAG62 phase |
Dedicated 2007 run to
measure:

B F(Ki — eive)
UK - pvy)

R

LHC: Large Hadron Collider
SPS: Super Proton Synchrotron
AD: Antiproton Decelerator 1y
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NA48/2 simultaneous K* beam 8

NA48-2 beams: simultaneous K*/K-, focused, high momentum, narrow band

designed to precisely measure K* — wtrnn® (n® n° «*) Dalitz-plot density to search for direct CPV
and tuned for K_, measurement.

Y+ TAX 17,18 = 4 59 B
Final et e =
‘ l FDFD colli.::::tor DCH 1 a'gn DCHfL = T =
Defining £] | Protecting .
 collimator ! ! collimator Cleaniing \
! ] E B 5 g collimator i :
, : ‘ .— Decay volume :
Target /\\y\_— .§ zm
£
= 1 3 | K iz l
FRONT-ENDXE:HR(*MAT Quadrupole ACHROMAT He tank + 10em
1cm I' Quadruplet : cs o ltank \ Spectrometer
0 50 1007 © 200 250m

P

Kaon Physics QCD tests with Kaons C. Biino — LNF 2010



NA48 detector

> Magnetic spectrometer (4 DCHbs)
e 4 views : redundancy = high efficiency;

> Hodoscope

The NA48 Detector

| Liquid
o fasttrigger; Liguid krypton
e precise time measurement
(o, = 150 ps) .

> Liquid Krypton EM calorimeter (LKr)
e Quasi-homogeneous ionization chamber

e 27 electromagnetic radiation lengths long
active volume

Segmented transversally 13248 cells, 2x2 cm2
Energy resolution (E in GeV):

Cambridge, CERN, Chicago, Dubna, Edimburgh,
Ferrara, Firenze, Mainz, Northwestern, Perugia, Pisa,

Saclay, Siegen, Torino, Vienna
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The NA48/NAG2 experiment

Muon veto sytem
Hadron calorimeter
Liquid krypton calorimeter

Hodoscope

Drift chamber 4
Anti counter 7

Helium tank

Drift chamber 3

Magnet

Drift chamber 2

Anti counter 6

Vacuum beam pipe:
non-decayed kaons

‘Resolution — Drift chamber 1

10%0.9 MeV/c2 -  Kevlar window

10 ’b*
P e
FEL
&P
B A &
109 mwdx0 inv. mass, GeV/c? X
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NA48/2 Data taking I\}s@
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s Unprecedented statistics in many channels
s Two years of data taking (2003 and 2004) .
s Main purpose was to measure direct CP violation in

charged kaon decays, through asymmetry in Dalitz plot -
distribution

s New limits on CP violation in charged kaon decays ol
A= (-1.5+2.1) x 10 A= (1.8+1.8)x 10*
Kaon Physics

QCD tests with Kaons

. Biino — LomLNF 2010



