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Theoretical status

History of Chiral Perturbation Theory (ChPT) :
 S. Weinberg 1966 - 1979
« J. Gasser & H. Leutwyler 1983 — 1985

Colangelo et al. in 2001, using ChPT (2-loop) & Roy equations:

a,= 0.220+2.3%

} a,—a,=0.265+1.5%
a, =—0.0444 +2.3%

These results (precision) depend on the low-energy constants (LEC) /; and /,:
Lattice gauge calculations from 2006 provided values for these /; and /.

Because /; and /, are sensitive to the quark condensate,
precision measurements of a,, a, are a way
to study the structure of the QCD vacuum.




Pionium lifetime
Pionium (A,,) 1s a hydrogen-like atom consisting of ©" and n~ mesons:
Eg=-1.86 keV, 153=387 fm, pzg=0.5 MeV

The lifetime of n"n~ atoms 1s dominated
by the annihilation process into 7% rt*:

: 1 oL -
. e ['=—=TI,, +I, with 7 ~4x107
T ’ Fzﬂo
— o AR
' [..=R|a,—a,| with — ~12%

* Gasser et al (2001)

r=(2.9+0.1)x10"s

a, and a, are the n S-wave scattering lengths for isospin [=0 and [=2.




7K scattering lengths

I. ChPT predicts s-wave scattering lengths:

1/2 3/2
ad, = 0.19+0.2 d, = —0.05+0.02 V. Bernard, N. Kaiser,
U. Meissner. — 1991

1/2 3/2
a, " —a, =0.231£0.01 A. Rossel. — 1999

J. Bijnens, P. Talaver. — April 2004

II. Roy-Steiner equations:

a(1)/2 _ a3/2 —0269+0.015 P.Biittiker et al. — 2004



K*'mn~ and K z* atoms lifetime
Kr-atom (Ay,) is a hydrogen-like atom consisting of K™ and 7~ mesons:

Eg;=-2.9keV rp =248 fm py= 0.8 MeV

o The K7-atom lifetime (ground state 1S), t=1/T is

70 dominated by the annihilation process into K°7°:
—0
A. —>7'K’ A4._ —>r'K
Ko K'r 7 K
=
2 AR,

~ 2%

Lo g0 = Ry ‘al/z — a3/2‘ with

RK

From Roy-Steiner equations: g;'* —a."* =0.269 +0.015

r=(3.7+£0.4)-10"% s

Ala,, —a
If ATrzzo% = 2 ~ s

=10%
‘al/z - a3/2‘



nK scattering

What new will be known if zK scattering
length will be measured?

The measurement of the s-wave 7K scattering
lengths would test our understanding of the chiral

SU(3), x SU(3), symmetry breaking of QCD (u, d
and s quarks), while the measurement of 7z
scattering lengths checks only the SU(2), x SU(2),

symmetry breaking (1, d quarks).

This is the principal difference between 7t and 7K scattering!

Experimental data on the zK low-energy phases are absent



Method of 4, observation

and lifetime measurement
Target Ni 98 um

1(4,,) is too small to be measured directly.
P E. m. interaction of A,,_in the target:

A27T
> - ‘atomic pairs” (n,) o
24 GeV/c o_(N ATO< A Ap—n'n

Q < 3MeVrse, ©,,< 3 mrad

Coulomb from short-lived sources

P N, = K(Qp) Ne(Q<Qy) with known K(Qy)
24 GeVic Breakup probability: P, =n,/N,
_l: non-Coulomb from long-lived sources

24 GeV/c




Break-up probability

Solution of the transport equations provides one-to-one dependence
of the measured break-up probability (7#,,) on pionium lifetime 7
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A - Cross section calculation precision 0.6% ]
F T e A ]
0.7F e ;
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0.5F = .
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Method of 4, observation
and lifetime measurement

Main features of the DIRAC set-up

Thin targets: ~ 7 X107~ X

Nuclear efficiency: 3 x10

Vacuum magnetic spectrometer

Proton beam ~ 10" proton/spill
Momentum of secondaries 1.3 — 7 GeV/c

Resolution on Q:
Q= Qyz 0.3 Mev/c,
Q.= 0.5 MeV/c

The same method is applied to 4_, ,

m

Py =——D,
m

T



DIRAC Spectrometer

Setup features:
angle to proton beam ©=5.7"

channel aperture 0=1.2-1073 sr

magnet 23Tm

momentum range 1.2<p, <7 GeV/c

resolution on relative momentum 644~ 6,y<0.5 MeV/e, o 0.5 MeV/c




Trajectories of z~ and K from the 4, break-up

The numbers to the right of the tracks lines
are the 7 ~and K " momenta in GeV/c

226

13 127 141

The Ay, m " and K *
momenta are shown
in the following table:

Patom Pn' PK

(GeV/e) | (GeVie) | (GeVie)
5.13| 1.13 4.0
5771 1.27 4.5
6.41| 1.41 5.0

10.26 | 2.26 8.0




DIRAC experimental setup

heavy gas +
Cherenkov i1 :' K y P
GEM/ LN
MSGC \
single and |
multilayer a o |
targets
\ MDC IH 1 absorber
P Elilr_ L. i Zj 3 als H ot :
D B 5} i
vacuum vacuum | 7
shield1 3 L LY
shield2 _!—]
magnet
+
=.p.K

MDC, 18 planes

Modifided parts



Upgraded DIRAC experimental setup




Analysis based on MC

Atoms are generated in nS states using measured momentum distribution for
short-lived sources. The atomic pairs are generated according to the evolution of
the atom while propagating through the target

Background processes:

Coulomb pairs are generated according to A (Q)Q? using measured
momentum distribution for short-lived sources.

Non-Coulomb pairs are generated according to Q? using measured
momentum distribution for long-lived sources.
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Atomic pairs (2001)

Coulomb + non-Coulomb
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DIRAC preliminary results with

GEM/MSGC
Q distribution
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DIRAC Experimental results

A, _lifetime
_ +0.45|  +0.19 — [ +0.49
2005 DIRAC (PL B619, 50) T = (291 —0.38],,,, —0.49 Syst) fs ("'—0.62 , Ot)fs

...based on 2001 data (6530 observed atoms)

=|a,—a,| = 0264 £72%| +5% = ..|t5%

tot

syst

2008 DIRAC (SPSC 22/04/08) |7 — (2.82 +0.25 +0.19
~0.23| 3

_ +0.31
Syst)fs = ( .- 7030 mt) fs
...major part 2001-03 data (13300 observed atoms)
= |a,—a,|=0268+4.4%]| +3.7%| =..[£5.5%)

syst

stat tof]

Including GEM/MicroStripGasChambers => number of reconstructed events 1s 17000
=> the statistical error in |a,-a,| 1s 3%, and the expected full error 1s <5%.



Comparison with other experimental results

K—->3x:
2006 NA48/2 (PL B633, 173) ...with ChPT constraint between a, and a,:
= a,—a,=0264+£23%| +1.5%| +£4.9% :-
stat Syst ext
2009 NA48/2 (seminar at CERN) ...without constraint (a, free):

= a,—a,=0257+1.9%| +£0.8%| +0.4%| +3.5%] =..

sta Sys ext

=  a,=-0.024£54%]| +38%| +8.3%| +63%] =.

stat Syst ex th

...with ChPT constraint between a, and a,:

= a,—a,=0263£0.8%| +0.4%| +0.8%| +1.9% =.%2.2%

sta sys ext

tot



Comparison with other experimental results

Ke4:
2008 NA48/2 (EPJ C54, 411) ..without constraint (a, free):
= a,=0.233+£6.9%| +3.0%| =.
stat Syst
= a,= —0.0471+23%]| +8.5%| =
2009 NA48/2 (seminar at CERN) ...without constraint (a, free):
= a,= 0.2220£5.8%|  +2.3%| +1.7%], =

= a, = —0.0432+20%

£7.9%| +6.5%|,

sta Sys

...with ChPT constraint between a, and a,:

+0.8%]| +2.9%| =..+3.7%)|

stat Sys tot

= a,=0.2206+2.2%|



n K" and 7" K~ atom signal

0.8¢
= TK+aK 0-72‘ r,=3.7%10"s
o 100F 06 J It
= 50— 5
N T
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1Q,1 (MeV/c) | | et lennd] el iy
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\L ’C(fS)
In total: .
. . - 0
173+54 nK-atomic pairs are observed 7>0.8*%10""sat 90%CL

with a significance of 3.2c.

B. Adeva et al.,”Evidence for zK-atoms with DIRAC”, Physics Letters B 674 (2009) 11
Y. Allkofer, PhD Thesis, Universitit Ziirich, 2008.



Plans for 2010

Observation of the long-lived states of 4, 1s opening a possibility
to measure the Lamb shift and to determine the new combination of
mr scattering lengths 2a, + a,.

For this observation, which was planed in our addendum, we need
the run in 2010 during around 5 months in the same conditions as in
20009.



Metastable Atoms

(1,,=29 10%s, A, =17 103 cm
T,,=23x10M%s, A, =14%x10"2cm
! T =117 x107s, Ay, =7cm
Ay, ~ 23 cm
Ay, = 54 cm
\
Be target Ptﬂpﬂ
100p Excitation

1s, 25 =2p, 3p,4p...

: . Ms <1< hp T
] 33’ 3p, 4p A0 i | ‘JI_
Is, 2s... Is, 25, 2P c atomic pairs
0
% . annihilation

1s. 28 " atomic pairs
s "'ﬁfﬁ =

A

:=I+=l

a

ke

[Mlustration for observation of the 4, long-lived states with breaking foil.



Metastable Atoms

2(I=1)
Target | Thickness | Br 2 2P 3P, 4p, 2
Z n (/=1) (=1, m=0)
04 100 4.45% | 5.86% | 1.05% | 0.46% | 0.15% 1.90%
06 S0 5.00% | 6.92% | 1.46% | 0.51% | 0.16% 2.52%
13 20 5.28% | 7.84% | 1.75% | 0.57% | 0.18% 2.63%
28 S 9.42% | 9.69% | 2.40% | 0.58% | 0.18% 3.29%
78 2 18.8% | 10.5% | 2.70% | 0.54% | 0.16% 3.53%




Energy splitting between np - ns states in 7%z~ atom
AE,=E, -E,_

n

AE ~ AE' + AE® AE’ ~2a, +a,

n

For n=2
AE" =-0.107 eV from QED calculations

AE, =-0.45eV numerical estimated value from ChPT

a, =0.220+0.005
a, =-0.0444+0.0010

(2001)
= |AE, =—0.56 eV

(1979) (2000)
(1983) (2004)
(1986)
(1999)




Prospects of DIRAC

Creation of an intense source of
, 7/~ and other exotic atoms at
SPS proton beam and using them
for accurate measurements of all
S-wave 77 and 7/ scattering length
to check the precise low energy
QOCD predictions



DIRAC prospects at SPS CERN
Yields of atoms at PS and SPS

Yield of dimeson atoms per one proton-Ni interaction,

detectable by DIRAC upgrade setup at ©,=5.7°
24 GeV 450 GeV

AK+TC_ An+K_ A2n AK+TC_ A7t+K_

Ay

T

Wa 1.1-10% 0.52:10-1° 0.29-10-° 0.13-107 0.10-10® 0.71:10°

W, N 1. 1. 1. 12. 19. 24.

w,/w, 34108 161010 9.10-°  1.3-107  1.10%  7.1-10°

woNwN 1, 1. 3.8 6.2 8.

A multiplier due to different spill duration ~4

Total gain 1. 1. 1. 15. 25. 32.

29




DIRAC prospects at SPS CERN

Present low-energy OCD predictions for zzr and zK scattering lengths

wrw oa, =2.3% oa,=2.3% o(a,—a,)=1.5%

...will be improved by
Lattice calculations

K 6a,, =11% day, =40% 6a,, =10% Oay, =17% ...wil be significantly
N -~ AN ~ ~  improved by ChPT
ChPT Roy-Steiner
Planned results of DIRAC ADDENDUM at PS CERN after 2008-2009
(A, )—> o(a,—a,)==x2%(stat) £ 1% (syst) £1% (theor)
(A ) —>0(a,, —a,,)=x10%(stat) £.......... +1.5% (theor)

2010-2011 Observation of metastable n*n~ atoms and study of a possibility to measure
its Lamb shift.

Study of the possibility to observe K*K~and 7~ ¢ atoms using 2008-2009 data.

DIRAC at SPS CERN beyond 2011
7(A, )= o(a, —a,) =10.5%(stat)

(A )= o(a,, —a,,)=12.5%(stat)
(Enp _Ens)mr _)5(2610 +a2) (Enp - Ens)ﬂK — 5(2611/2 + a3/2)



Thank you for your attention

31



Estimation of relative
errors for break-up
probability measurement

Statistical

Multiple scattering

Heavy particles
admixture

Finit size effects

Double track
resolution
Background
particles

Trigger simulation

All systematic

0.031 0.044 0.031
0.018 0.008 0.014
0.001 0.008 0.001

0./ 0./ 0./
-0.006 -0.004 -0.005/

0.009 0.001 0.003

0.002 0.003 0.002

0.002 0.002 0.003 Estimation of
+0.021/ +0.015/

0022 9012 441a relative errors for
Statistical  ||=)iT:i:7 - 0.122

Systematic 0.033 - 0.060
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