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e Scattering Lengths
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At low energy kr << 1: S-wave dominates scattering amplitude.
Isospin | = 0,2 because of Bose statistics.

m Scattering matrix S|r7) = e%|r7) parametrized by two phases:

5(),2 — 40,2 ° k -+ O(kz)
u At low energy S-wave scattering lengths ao, az are

essential parameters of Chiral Perturbation Theory (ChPT).

(In the following: ao,2> quoted in units of my)
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s for ap and a:

T e e —— ——

m Scattering lengths ao, a2 are
directly connected to mx:

Universal band (from Roy equations)

-0.03
-0.04
a2 (Weinberg, PRL 17 (1996) 216)
0
. m Precise prediction within
| Chiral Perturbation Theory:
= Universal Band
/ * :crf/ve,eﬂgfgl;?ct)r?éct)\;\;orrﬁgfsscalar radius — 0220 :|: 0005
2006 — Colangelo, Gasser & Leutwyler 2001 _|
Y = —0.0444 4+ 0.0010
0.16 0.18 0.2 0.22 0.24 0.26
ag (Colangelo, Gasser, Leutwyler,
- PRL 86 (2001) 5008)
ChPT constraint: o

az = -0.0444(8) + 0.236 (ao - 0.22) - 0.61 (ao - 0.22) - 9.9 (ao - 0.22)3
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Measuring it Scattering Lengths
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Three kinds of measurements have been performed:

® Pionium lifetime (t*7)atom: Measurement of |az - ag
=» DIRAC experiment

m Cusp in K — et (K3,:) decays: Measurement of az-ao, az

m K> ata'n’ => NA48/2: ~60 million events
m KL >a'n’n® =» KTeV + NA48/2: (70+100) million events

m K= — a"me*v (Kes) decays: Measurement of ap, az

=» 5118 (Geneva-Saclay, 1977): ~30 000 events
BNL E685 (2003): ~400 000 events
NA48/2 (2009): ~1.1 million events

Rainer Wanke, BEACH Conference, Perugia, June 24, 2010 4



NA48/2 in 2003/2004
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¥ Simultaneous K and K~ beams with p,+ = (60 &= 3) GeV/e.

AN Momentum Beam Beams coincide
f HL\ selection spectrometer within ~Tmm
; i Magnet =W E
: (60+3) GeVie \ Final 212 5
:/ . Quadrupol collimator DCH1 DCH 4™ =
54 60 i
Cleaning
collimator
~7x1011 H Decay volu me
protons/spill [\ KABES 3 ;’ !
N 1: ’f K+
'\\ 4 — B
i !'l K -
[ :
g
e
2-3x 106 N
kaons/spill
First Achromat Second Achromat QYvacuum _ _Hetank+ 10 cm
1 n tank spectrometer
cm | | K | not to scale!
0 50 100" '200 250 m

Trigger: m 3 charged tracks or
.. : o
® 1 charged track + missing pr = Efficiencies > 99 %
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NA48 Detector

Muon veto sytem
Hadron calorimeter
Liquid krypton calorimeter

Hodoscope

Drift chamber 4
Anti counter 7

Main detector components: f i Hemn

= — Drift chamber 3

Magnet

Drift chamber 2
Anti counter 6

¥ Magnet spectrometer

B Two drift chambers each before
and after spectrometer magnet.

B Momentum resolution:

< 1% for 20 GeV/c tracks. Koviarwindon
W Anti-counters for photons, muons ? \ \ A
¥ Liquid Krypton Calorimeter Qﬁ
AFE 3.2% o 90 1\E/IeV o 0.42%

ko v/ E[GeV]
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K — m= 0 ¥ selection:

® 1 charged track +
4 e.m. calorimeter clusters

n 10 — vy selection:

consider all 3 pairings and
minimize vertex difference Az

# invariant ™ 7’ mass M(’nY):

only calorimeter and vertex
information used

=> 100 million events

(mass resolution 1.3 MeV,
negligible background)
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n* 70 0 Decays

— e e e —
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Theoretlcal Approach (CI)

Explanation:

n ot — 0’ rescattering amplitude
® depends on ap - az

(Cabibbo, PRL 93 (2004) 121801,
but predicted earlier: Budini, Fonda, PRL 6 (1961) 419)

More complete computation: (Cabibbo, Isidori, JHEP03 (2005) 21)

W rescattering corrections from
ot — W, ot — . 1800}

1600

n two- Ioop level O(a?) corrections 1a00]

1200—

// % 0 <\/< 1000F
800}
600

400

= senS|t|V|ty to a alone

200

m no O(a?®), no radiative corrections " oor oors oors oos0  oom

M(7970)2
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Theoretical Approach (BB)

ey ——
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Approach by the Bern-Bonn group:

-

- (Colangelo, Gasser, Kubis, Rusetsky,
based on an effective PLB 638 (2006) 187

non-relativistic lagrangian Bissinger, Fuhrer, Gasser, Kubis, Rusetsky,
PLB 659 (2008) 576; NPH B806 (2009) 178)

different structure of the
expansion (w.r.t. Cl)

simultaneous fitting of neutral and charged

amplitudes to extract Dalitz plot slope parameters
(modified w.r.t. PDG parametrization)

electromagnetic effects and radiative corrections
outside the cusp point are included

=» provides so far most complete
description of rescattering effect
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Flt to the M(nono) Spectrum (BB Model)

Free fit parameters: ap-a-, as, Dalitz plot parameters, normalizations
(fit also includes K — m* wt+ - decays)

residuals A = (data - fit) / data
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/ bins around
cusp/pionium excluded

pionium fraction fatom
left free In the fit
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a2 and a2

= — = e s

Rad. corr. off

a: pionium fatom fixed
c: with ChPT constraint
a,c: both

(...): statistical error

Rad. corr. on

€ final result

(fatom, do-d2, d2
free in the fit)
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Cusp Results on ap- a2 and a2

— e

Final result: (EPJC 64 (2009) 589)
do-d2 = 0-257(5)stat(3)sys(1 )ext
d2 = '0024(1 3)stat(9)sys(2)ext

(statistical correlation -0.839)

With ChPT constraint:
ao-az2 = 0.2633(24)stat(14)sys(19)ext

ChPT prediction:
ao-az = 0.265(4)
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Rescattermg in K|_ - noﬂsono (NA48/2)

NA48/2 data taking in 2000:
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—> | Evidence for a change in slope near the cusp point.
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Rescattering in KL
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Fit for h,,, and a,—a,
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c o
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(PRD 78 (2008) 032009)

— 101710 (KTeV)

(b)

! —I— Data/MC(phase space)

prediction, best-fit h,
prediction, h,,, = -0.005

7
|III|IIII|IIII|IIII|III

027 028 029 03 0.31

min 7°x° mass (GeV/cz)

M+ (ag — az) = 0.215 = 0.014,, = 0.025,,4 = 0.006,4
hooo = (—2.09 *+ 0.62, * 0.72,5 * 0.284,) X 1073
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e Scattering Lengths from Ke4 Decays

o = === == et o e e e e

S _ _ = = = _ —r e e —Pgm—— = = S

Kes4 decay:
N Ky = KE—>amety

m Very rare: Br(Kes) ~4 x 10

Measurement of 77 scattering in Kq4:

W K., decay amplitude depends on two complex phases:
— 0g = mm scattering phase shiftfor / =0, [ = 0 (S-wave)

— 01 = 7w scattering phase shiftfor / =1,/ =1 (P-wave)
(I = 2 suppressed by AI = 1 rule)

® Decay rate depends on difference ¢ = 5o — 01, With 6 = 6(myr).
W 6 # 0 implies asymmetric distribution of lepton w.r.t. 77 plane.
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Ke4 Selectuon

- Kes Signal | §
Kes selection: - - i

' 3 charged tracks and 1 good vertex
- 2 opposite-sign pions, 1 electron (E/p ~ 1)
' missing transverse momentum

kaon momentum close to 60 GeV/c

K37T Bkg

K3

Background

 KF—>ata"n with Tt — ev or
mis-identified pion

- K - n*n? (n') with n® — efe v and
mis-identified electron

Background estimation from wrong-sign
T e events

4= -
1294,1 ' RS / MC(Ke4) b 4
-> Background ~ 0.6 % | Bt T, -_—I-ﬁ‘—‘LL,' "
0.8 - (RS -2. WS) / MC(Ke4) #

5052545658606264666870
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Kinematic Variables in Ke4

e

e e

e —

K4 1S 4-body decay — 5 independent kinematic variables.
(Cabibbo-Maksymowicz variables)

s, = MZ?_Invariant di-pion mass squared.
se = M2 Invariant di-lepton mass squared.

0~ Angle of 7 w.r.t. 7m direction of flight in =7 rest frame.
O Angle of e w.r.t. ev direction of flight in ev rest frame.
0 Angle of 7w decay plane w.r.t. ev decay plane.
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Kes4 Fitting Procedure

® Full event sample (2003+2004): 1.13 million Kes decays

m Fit in iso-populated boxes in the 5-dim. CM variables:

10(M ) X 5(Me,) X 5(cosbe) X 5(cosb,) x 12(¢p) = 15000 Boxes

m Assuming constant form factors, K* and K- samples fitted
separately in 10 independent Mn bins and then combined in
each Mnr bin.

Data: K+sample: 726 400 events — 48 events/box
K- sample: 404 400 events — 27 events/box

MC: K+sample: 17.4 x 108 events — 1160 events/box
K-sample: 9.7 x 10° events — 650 events/box
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Kes Fit Results

50000 - 30000 -
40000 - Mm.[ 24000 - Mev
30000 18000 - T —> eV
] ; c
20000 1 12000 —
10000 6000 -
0 SN ST AU KPR WL SO [ TP, [N [ O o L L L N B L L WL S
0.25 0.275 0.3 0.325 0.35 0.375 0.4 0.425 0.45 0.475 0.5 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
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R e e — e ——————— 0 P T e
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6000 3000
] + | -
3000 - ¢(K ) 1500 - q)(K ) bkg X 1 O
) B o ) [ e . 7 o e b e o e o e o e e e e )
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d(K*)(rad) O(K™ )(rad)

Rainer Wanke, BEACH Conference, Perugia, June 24, 2010 20



Partial wave expansion
of form factors:

s, .
F=F.,e’ + ch")" cos . +d wave. ..
G = Gpc'df’ +d wave. ..

10
H = Hpcl h + d wave. ..

Single form factors
parametrized in
Taylor expansion:

Fo=fo+ fod + fiq* + foSe/4mi + . ..
Fo=fotfid’+...
Clp:gp+g]')q2+...
Hy=hp+hg*+...

52 =0yt

q° = (SW/4m72T) —1

Kesa FOrm Factor Results

m All form factors measured w.r.t. fs

m Systematics from acceptance and
background control

fl/fs = 0.152 + 0.007gps £ 0.0054y¢
f'/fs = —0.073 £ 0.007gpa; £ 0.006yst
f!/fs = 0.068 + 0.00645; £ 0.0075ys
fo/fs = —0.048 £ 0.0035a; & 0.004qys
gp/fs = 0.868 £ 0.0105a; £ 0.0104yg
g)/fs = 0.089 + 0.0174a; + 0.0134s
hy/fs = —0.398 + 0.01545; £ 0.0084y

-» First evidence of non-zero fe and fp !
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Corrections to be applied:

» Radiative effects:
Included in the simulation
(Coulomb attraction, IB).

» Mass effects:
Isospin corrections have
to be applied to .
Developed in close

collaboration with NA48/2.

(Colangelo, Gasser, Rusetsky,
EPJC 59 (2009) 777)

3

Effect of 10-15 mrad on o
(stat. precision ~7-8 mrad)

From phase shifts to scattering lengths

30 I T T T T 1
Isospin corrections
O 25F i
© :
= Kes fit range -
S 285 - 390 MeV |
o <€ >
© st -
10 ] ] ] ] ] ] ] ] ] ] ] ]
280 300 320 340 360 380 400
M__ [MeV]
T
0.4 NA48/2 Ke4 (2003+2004) PRELIMINARY
0.3 - L
502
“©01
0 7\ ! T T [T [T T
0.28 0.3 0.32 0.34 0.36 0.38 ) 0.4
M.-(GeV/c%)
22
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Two-parameter fit:

One-parameter fit:
(with ChPT constraint)

0.4 - Ke4 Data (with isospin corrections)

NA48/2 Fit of Phase

e T e e — ——

Shift d = 0o - 01

0.2220 == 0.0128tat &= 0.0090syst = 0.0037¢heo
—0.0432 = 0.008064t4t £ 0.0034gyst = 0.0028pe0

ap = 0.2206 == 0.0049t4t £ 0.00184yst = 0.0064¢pe0

NA48/2 Ke4 (2003-2004) PRELIMINARY

0.3 -

01 717

| red line: fit of NA48/2 data only

¢

y ‘ * NA48/2 all data

0.01
S

.0.02 universal band

theory
-0.03

1 -0.04 g =
] -0.05 i
0 - = E865 PRD67(2003)

T ‘ T T
0.28 0.3 0.32 0.34

T ‘ T T
0.36

f ChPT
° S118 PRD15(1977) b two-parameter fit one-parameter fit
038 04 049 02 021 022 023 024 025 026
M,.(GeV/c?) a0
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Comparison with pr

O —————— — -~

evious Kes Results

T e e —— —— -

Comparison of Kes measurements
(without ChPT constraint, old experiments isospin corrected):

d2
All Ke4 a AllKed o
combined combined
NA48/2 1 N NA48/2 | o
Ke4 Ke4
E865 o E865 o
Ke4 Ke4
S1 ]8 . §1 18 .
Ke4 Ke4
0.15 0.2 0.25 e 0.3 -0.1 -0.05 0

Theory prediction

(not combination of measurements)
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m NA48/2 dominates
Ke4 measurements

B Perfect
agreement with
ChPT prediction!
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of Cusp and Kes

— B

Two independent measurements with different samples,
different systematics and different theory:

ag = 0.2210 = 0.0047¢4; £ 0.00404y;

a; = — 0.0429 £ 0.0044,; + 0.0028,
ag —az = 0.2639 = 0.00204¢,; = 0.001 54y
0.01 0.01
a, 1 NA48/2 combined Ke4 + Cusp a NA48/2 combined Ke4 + Cusp
o (stat. +syst.) errors 0 - (stat. + syst.) errors
1 68% CL contour ] 68% CL contour
0.01 —
0.02 -
0.03
0.04 -
0.05 | ..
0.06 -
02 021 022 023 024 025 026 024 025 026 027 028 029 03
Jdo Jdo — Q3
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Combination with other Measurements

— ——————e EESIRS B - T e e e — ——

All experiments:

DIRAC | | _
pionium Experimental data

has reached
theoretical precision

NA48/2
Combined

Perfect agreement
AP with ChPT prediction

NA48/2 Theory prediction
Ke4 (not combination of measurements)

0.2 025 4 _ g, 0.

(no uncertainty from theory on cusp result)
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Conclusion

e T S —— = = = — —
= = = g = _ _—r—— =< =

m Kaon decays give unigue possibility to study
low-energy hadronic interactions with high precision

®m Due to very high statistics, NA48/2 can check ChPT
predictions with high accuracy using both
K= — n*n'n’ and K* — n" - e*v (Ke4) decays.

m Achieved experimental precision has
reached theoretical precision.
=» very strong test of the theory

B Very good agreement with theoretical prediction
from ChPT.

Rainer Wanke, BEACH Conference, Perugia, June 24, 2010
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K+ — 7t n"n” Nl(nono) Reconstructlon

W Decays in two photons: (z.B. ¥ — )
m2, =2F; Ey (1 —cosf) =

If mass .0 known:

dikr = ml - Es d3,

B Decays in many photons: (z.B. 7’7" — 4~) X

\/Z ey Bi By d,

dikr = WOWO

W Turning it around:
Vertex d kg always the same!
— Invariant mass m o0 only from LKr information:

MzpO7r0 = T30 \/Z .7 7,>]E E d2 /2 (\/E1 EQ 12 T \/E3 Ly 34)
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Resolution on m2,_,:

W Determined by
LKR resolution.

W Best at low m?2,_,

(due to kinematical constraints).

o = 0.0031 GeV~

Acceptance:

W Acceptance = linearly
varying around (2 m+ )?.

W Modelled by

Monte Carlo simulation.
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K* = m*1%7® Acceptance and Resolution
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NA48/2 data taking in 2000:
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