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1. Introduction

Chiral Perturbation Theory (ChPT) describes QCD processes atievgies. In ChPT the
effective Lagrangian, which describes thierinteraction, is an expansion in (even) terms:

L@

(tree)

(4 (6)
+L{1 100 + Lo toop - - (1.1)

Letr=
Pion-pionS—wave scattering lengths with isospin 0 and 2 have been predicted, usig 2-lo

terms and Roy-Steiner equation, to fle [1]:

ap = 0.220£ 2.3%, ap = —0.04444-2.3%, ap — ap = 0.265+ 1.5%. (1.2)

These results (precision) depend on the low-energy constants (kBGJI4. Becausds; andl, are
sensitive to the quark condensate, precision measuremesjsapfare a way to study the structure
of the QCD vacuum. Since 2006 lattice gauge calculations provided valudisefgels and | 4.
Lattice calculations in near future will obtain values of low-energy constaiits an accuracy
10%. To check the predicted valueslgthe experimental relative errors afrrscattering lengths
and their combination are to be at the levéd 8 0.3% . It means that improvement of experimental
accuracy forrrrscattering lengths is an actual.

Pionium @zr) is a hydrogen-like atom consisting of andrm~ mesons. Atomic properties of
Ao are:

Eg = —1.86keV, rg = 387Fm, pg ~ 0.5MeV/c.

HereEg is bounding energyg andpg are Bohr radius and Bohr momentum, correspondingly. The
t i atom decays by strong interaction mainly imt®r®. The branching ratio of the alternative
decay modé\,,; — 2y is at the level of 410-3. There is a relatior{]4] 3] between the widthAgf;
decayl ;5,0 andrrrscattering lengths for isospin 0 and 2 (fq] 1.2):

Ms2m = R |ag—ag|?. (1.3)

ChPT at next-to-leading order in isospin breaking provides coeffi@eattEq. {1.B) is known
with accuracyAR/R = 1.2% [4]. It allows to predict,r lifetime to be:

T=(29+0.1) x10 1% (1.4)

Taking into account Eq[ (3.3), a measurement of the pionium lifetime with 6%igioe pro-
vides, in a model independent way, the difference betweerSthveave it scatteringlag — az|,
with 3% accuracy. Therefore, such a measurement will be a sensiak df ChPT prediction
and understanding of chiral symmetry breaking in QCD.

nK-atom @A) is a hydrogen-like atom consisting & (K~) andm (1") mesons. Its
features are:

Eg = —2.9keV, rg = 248m, pg = 0.8MeV/c.

The K-atom lifetime (ground state 1S),= 1/I" is defined by the annihilation process into

KOmO:
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A — TPKO, A — 1PKO.

Width of Amx decayrl 1sko0 is proportional to squared difference Sfwave riK scattering
lengths for isospin 1/2 and 3/P| [5]:

1/2 3/2,2 O
Miskoro = Relag* — a3 "%, 2% = 2% (L5)

At present there are two predictions for pion-kaon scattering lengthBTGn 1-loop approx-
imation predictsS—wave scattering lengths to Hg [, 7]:

a1/2 =0.194+0.2, a.3/2 = —0.054+0.02, al/z — a.3/2 =0.23+0.01.

ChPT withL®, L™, L® in 2-loop approximation predictSs—wave scattering length difference to

be [3]:

a1/2 — 33/2 =0.267.

Another prediction for scattering length difference have been obtaingdg lRoy-Steiner
equations|[o]:

12— 383 = 0.269+ 0.015. (16)
With prediction from Eq. [(1]6) lifetime oA in ground state estimated to be:

T=(37+04)x10 %, (1.7)

From Eq. [1p) it is seen that a measuremenfgt lifetime with accuracy 20% allows to
measure pion-kaon scattering lengths difference with accuracy 10%.

The measurement of tH&-wave K scattering lengths would test our understanding of the
chiral SU(3). x SU(3)r symmetry breaking of QCD (u, d and s quarks), while the measurement
of rrrrscattering lengths checks only tB&J(2),. x SU(2)r symmetry breaking (u, d quarks). This
is the principal difference betweenrrand K scattering. Experimental data on the K low-energy
phases are absent now.

2. Method of " m~ and 7K atom observation and investigation

The Ao are produced by Coulomb interaction in the final stateroft pairs generated in
proton-target interactions from fragmentation and strong decay (t‘dlkred” sources). For this
cases the region of production being small as compared to the Bohr rddhesatom [1]].

Othermr™ i pairs from short-lived sources are generated in free state. Such(f@oulomb
pairs”) are affected by Coulomb interaction, too. The number of pratlatems Np) is propor-
tional to the number of “Coulomb pairsNg) with low relative momentumNa = K- N¢). The
coefficientK is calculated with an accuracy better than 1%.

Also there aregrt im pairs from long-lived sources (electromagnetically or weakly decaying
mesons or baryons), n’, K?,...). Such pairs, which are not affected by final state interaction, are
named “non-Coulomb pairs”.
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Figure 1. Dependence of the breakup probabiliy Bn Ay, lifetime for three targets used in the DIRAC
experiment: platinum of 26m, nickel of 94um and titanium of 24um thickness.

Another type of background is “accidental pairs” consisted of piomegged in two different
proton-nucleus. They are also not affected by final state interaction.

After production,Ay,; travel through the target and some of them are broken up due to their
interaction with matter: “atomic pairs” are produced, characterized by sragllcom. relative
momentumQ < 3 MeV/c. These pairs are detected by the DIRAC setup. Other atoms annihilate
into 1°7°. Using experimentally measured number of “Coulomb” pairs it is possible toureas
breakup probability,(T) = na/Na = na/(K-Nc).

Breakup probability is defined by a two competition process: annihilation seakbp. Prob-
abilities of breakup (ionisation), excitation, de-excitation at interaction afipio with atoms of
the a target matter and annihilation (taking into account current atomic stagg)odire calculated
for any path length interval. It allows to define a system of differentialsppant equationg1 1, 12].
Solving of this system has provided the dependend®&,adn the lifetimet. In Fig.[1 the lifetime
dependence ¢y is presented for three different targets used in the DIRAC experimestnithel
target provides the best statistical accuracy for the same running time.

The same method is applied X atoms. In FidP dependence Afx breakup probability is
shown for two nickel target are used in experiment.

3. DIRAC setup

DIRAC setup was created to detett m with small relative momentd []L3]. In 2004-2006 it
has been modified in order to detect bathrt~ and7iK pairs from broken atoms. New detectors for
particle identification have been added: Cherenkov counters with heavgirgl Aerogel. Taking
into account kinematic oftk “atomic pairs”, new detectors cover only internal parts of each arm

(see Fig[R).
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Figure 2. Dependence of the breakup probability, Bn Ay lifetime for 108:/m (solid blue line) and
98um (dashed red line) nickel targets used in the DIRAC expetiméh an example how lifetime could be
obtained from experimentally measured breakup probafiitnomentum rangé.8-- 7.6 GeV/c.
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Figure 3: Upgraded DIRAC setup: MDC are microdrift gas chambers, S&8 scintillating fiber detector
and IH is a scintillation ionisation hodoscope. Downstreéhenspectrometer magnet there are drift chambers
(DC), vertical (VH) and horizontal (HH) scintillation hodoopes. Cherenkov detectors contain nitrogen
(CH), heavy gas C4F10 and aerogel radiators. Shower dete@&h) and scintillation muon detectors
(MU).
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Properties of coordinate detectors of DIRAC setup provides high resoltor relative mo-
mentumQ of pair in pair center of mass system:

0oy = 0g, = 0.5MeV/c (3.1)
ol ™ =0.5MeV/c (3.2)
ol = 0.9MeV/c (3.3)

It is seen that resolution over relative moment@rand its projection is compatible with
Bohr momentum of corresponded atoms, which character parameter foltta of “atomic” and
“Coulomb” pair distributions. This allows to investigate “atomic” and “Coulombirpavithout
big losses in effect-to-background ratio.

Trigger system provides efficiency better than 98% for events in reglmreveffect is inves-
tigating: Qx < 6 MeV/c, Qy < 4 MeV/c, Q. < 28 MeV/c and suppress flux of events with high
by factor more than 7.

4. Published resultsof " lifetime and scattering lengths

Analysis of data collected by experiment DIRAC in 2001-2003 allows to ol#gjirlifetime
to be [14]:
7= (31592 gtar T35y Fs = (3150 B)iq0) . (4.1)

It follows with a measurement of pion-pion scattering length difference withetative accuracy
4.3%:

[0 — 2| = 0.2533 5050 sat *0.00771syst= 0253300191 %0ltor - (4.2)

Alternative way of pion-pion scattering length difference with “cuspeeff. In this approach
NA48/2 collaboration present value of difference to pg [15]:

ap — & = 0.25714-0.0048;5: £+ 0.002%yst3- 0.0088heor- (4.3)

Later these data have been analysed together with an experimental datéfraecay. It
provides the next scattering length difference measurerpgnt [16]:

ag —ap = 0.2639+ 0.002Qt5¢ + 0.001 5yt (4.4)

It is seen that present experiments provide measurement of pion-mtergry length with
compatible accuracy but in different approaches. This increasediligyiaof ChPT prediction
check.
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5. Statusof 1" 71 atom investigation

Main aim of current work is investigation afik atoms. But in parallel essential amount
of m"mm pairs have been collected. These pairs are analysed in order to awmkstruction
procedure, comparing results with analysis of previous data [14].

Experimental data have been fit by a sum of simulated distributions of “atoh@oylomb”
and “non-Coulomb” pairs. Contributions of each distribution are freapaters of fit. Proce-
dure, which creates simulated distributions, takes into account resolutiba sétup detectors and
multiple scattering in a nickel target, detector planes and partitions in ordeprodeces distribu-
tion of experimental pairs over relative moment@rand its projections. Analysis has been done
for one-dimensional distribution (ové&),_ projection) and for two-dimensional distribution (over
Qu,Qr). From previous analysi§ [[L4] it is known that analysis of one-dimemsiand analysis
of two-dimensional distributions have different sensitivity to differentrses of systematic errors.
Comparing them, it is possible to obtain more information about quality of analystegure.
Results of fit are presented in FigH]4,5.

In Fig.[4 it is seen that estimation of breakup probability is close to expectad 0245 [1H].
Some difference is induced to an admixture of non-recognikél ~ and g pairs which pro-
duces systematic shift of breakup probability value, which is differentafalysis of one- and
two-dimensional distributions. This admixture has not been subtractedifecarrent version
of analysis procedure is tuned faiK pairs. For them admixture &K~ and g is not essen-
tial. Comparison ofdr distributions in Fig[b shows that procedure finds signal of “atomic pairs”
in a region|QL| < 2 MeV/c, where it is expected, and provides absence of signal in a region
2 < |QL| < 15 MeV[, where it is not expected. It proves correctness of procedure.

Despite analysis aff" 71~ pairs is preliminary, it allows to give estimation of accuracy for final
result. Tablg]1 presents accuracymfrscattering length measurements based on data collected
in 2001-2003 [[I}], an estimation of accuracy for data collected in 2@0% Z&nd for common
results. Estimations of statistic, systematic and total errors are shown. Systematiénduced
by uncertainty of multiple scattering in a nickel target (main component of s\te error), is
separately shown. Now average angle of multiple scattering is known witlhrayc1%. During
runs of 2011 and 2012, experimental data for improving accuracy of neuigattering description
have been collected. After analysis of these data, accuracy of @aanage of multiple scattering
is expected to be 0.5%. Corresponded improvement of systematic and totalisrpresented in
Table[].

6. Statusof m"K~ and K* 7~ atom investigation

Experimental distributions oft" K~ and K*r pairs have been obtained using criteria on
amplitudes of heavy gas and aerogel Cherenkov detectors and ardiféeof time generation at
the target, calculated with time mesured by arms of vertical scintillation hodogste Time
measurements take into account time-of-flight of pions and kaons fronget tar planes of VH.
These criteria allow to suppress backgroundroft—, prr— and7r™ p pairs, generated in one proton-
nuclear interaction and admixture of “accidental pairs”.
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Figure 4: Distribution of 7" 17~ pairs over Q (upper pictures), shown by points with error bars, is fitted b
a sum of simulated distributions of “atomic” (red), “Couldst (blue) and “non-Coulomb” (magenta) dis-
tributions, using parameters of fit for one-dimensionatriisition over Q (in left pictures) and parameters
of fit for two-dimensional distribution over QQy (in right pictures). A sum of background distributions
(“Coulomb” and “non-Coulomb”) is shown by a solid black lineDifferences of experimental and back-
ground distributions are shown on lower pictures togethéhwimulated distributions of “atomic pairs”.

Year Na | Olao— azfstat | Olao— azlsyst | Olao—az¥5 | Olao— azltor
% % % %
2001-2003 | 21000 3.1 3.0 2.5 4.3
2008-2010 | 25000 3.1 3.0 2.5 43
2001-2003+| 46000 2.2 3.0 2.5 3.7
2008-2010 2.1 1.3 3.0

Table 1: Number of “atomic pairs”ifa), and estimation of relative statistical|@ — ay|star), Systematical
(8]ag — a|sysp and total §lag — azior) errors of mrrscattering length difference for different data sample
and accuracy of measurement of multiple scattering in aahigkget, which induces main contribution to
systematic errord|ag — ap|M5.



Investigation ofrt 71—, K™~ and ™K~ atoms at DIRAC Valeriy Yazkov

r x1027
35000 = 1600 [
30000 a 0 |
25000 F 1200 - "
20000 = Atomic pairs 1000 [~ Atomic pairs
g 800 - "
0 £ Coulomb pairs 60 |- Coulomb pairs =
10000 |- , w b
5000 non-Coulomb pairs i non-Coulomb pairs
g 0 F | _
0: "-'\-"T'T‘T'r~r-»»\--\.,\.1.L\ I S I e e T L LT ey

0 1 2 3 4 5 6 0 1 2 3 4 5 6

n,=21684.£459. 50 F

mE %ﬁ P,=04140.010 °“++JHL """""""""""" f't

00 JFJF 250 [

D | 3T

70 -
3000 E’ :'+‘_-{>' NA:52396i225 500 ; <\> ++
smE o i

0 [ E_.T Ll ‘ I ‘ | ‘ L \‘\ .-\.W"\':%T-L ﬁ»’—hﬂﬂk\ L ‘ | ‘ Ll ‘ Ll ‘ Ll
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Q; [MeVig] Qr [MeVic]

Figure 5: Distribution of " rm~ pairs over G (upper pictures), shown by points with error bars, is fitted
by a sum of simulated distributions of “atomic” (red dottddshed), “Coulomb” (blue dashed) and “non-
Coulomb” (magenta dotted) distributions, using paramstef fit for two-dimensional distribution over
QL,Qr. A sum of background distributions (“Coulomb” and “non-domb”) is shown by a solid black
line. Differencies of experimental and background disttibns are shown on lower pictures together with
simulated distributions of “atomic pairs”. Left picturesgsent distributions with criteriofQ, | < 2 MeV/c,
right pictures — distributions with criterio < |Q_| < 15MeV/c.

Final distributions have been fitted by a sum of simulated distributions of “atef@culomb”
and “non-Coulomb” pairs, with the same procedure which have been dpple" 7~ data (see
sectior[p). Result are presented in F{gf. 6,7.

Statistic of produced atomslf) and “atomic pairs”fia), and breakup probability estimations
are presented in Tablg 2

Comparison of experimental results with theoretical dependence of lppgadobability on
nK atom lifetime (Fig[R) shows possibility to obtain estimation of atom lifetime, following by
estimation of pion-kaon scattering length difference. This is planned todsepted in close future.
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Figure 6: Distribution of K~ pairs over Q (upper pictures), shown by points with error bars, is fitted
by a sum of simulated distributions of “atomic” (red dottddshed), “Coulomb” (blue dashed) and “non-
Coulomb” (magenta dotted) distributions, using paramstef fit for one-dimensional distribution over. Q
(in left pictures) and parameters of fit for two-dimensiodistribution over Q, Qy (in right pictures). A sum
of background distributions (“Coulomb” and “non-Coulompls shown by a solid black line. Differences of
experimental and background distributions are shown orelguictures together with simulated distributions
of “atomic pairs”.

Variable | Distribution K™ Kt pitK™ +K*m
over

Na QL 215+25 511+43 726+49
Na QL,0r 207421 532+ 36 7394 42

Na QL 53+ 39 83+ 65 136+ 76

A QL. 0Qr 72426 61441 133449
Bor QL 0.25+0.21| 0.16+0.14 0.19+0.12
Py Q.,Qr | 0.35+0.15|0.114+0.083| 0.180+0.073
P 02787908

Table 2: Number of produced atom$g), “atomic pairs” fa) and estimation of breakup probability for
K~ andK™ T pairs, collected in 2008-2010. Values have been obtaintdfitvof one-dimensional@, )
and two-dimensional(, , Qr) distributions.

10
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Figure 7: Distribution of K" rm~ pairs over Q (upper pictures), shown by points with error bars, is fitted
by a sum of simulated distributions of “atomic” (red dottddshed), “Coulomb” (blue dashed) and “non-
Coulomb” (magenta dotted) distributions, using paramstef fit for one-dimensional distribution over, Q
(in left pictures) and parameters of fit for two-dimensiodistribution over Q, Qt (in right pictures). A sum
of background distributions (“Coulomb” and “non-Coulompls shown by a solid black line. Differences of
experimental and background distributions are shown orelguictures together with simulated distributions
of “atomic pairs”.

7. Generation of K1, m"K~ and " i~ atomsat proton-nuclear interaction at
proton beam momentum 24 GeV/c and 450 GeV/c

Analysis of presentiK data shows that statistic is less than it is needed for measurement
of S—wave K scattering lengths with accuracy compatible with accuracy of theoreticdicpre
tion. To find a way to achieve needed accuracy, simulation of atoms yieldhegproton-nuclear
interaction YWa) at different momenta of beam protons and angles between proton behsee-
ondary beam channe®(p) have been performed. Statistic, taken in certain time, also depends
on beam intensity, which is limited by a flux of single particles through detecfaaissetup. To
take into account this limitation, yield of mesons\\V;;) per one proton-nuclear interaction have
been simulated. Their combinatiowy/W;) provides gain from experiment at certain experimen-
tal conditions. Results of simulation are shown in T@Ie 3, together with norrdalersion 01W,§l

11
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N
Atom W WY Vwijr VWTﬁ, total

gain

24 GeV
Apnr | 11-20° | 1. | 70108 | 1. 1.
Apk- | 26-10011 | 1. | 1.7-10°° :
Acip | 441011 1. | 29.10° | 1. 1.
450 GeV,Q\gp =5.7°
Apr | 1.0-108 | 9.7 | 23-107 | 3.3| 13.
Ark- | 20-101°| 75 | 44.10°| 2.6 | 10.
Acip | 21-1010| 47 | 47108 | 16| 6.
450 GeV,Q\yp = 4.0°
Apn | 1.8:108 | 17.2]20-107 | 29| 12.
Ark- 931010 354|1.0-108 | 6.0 | 24.
Acipe | 1.2-10° | 27.2]1.3-108 | 46| 18.
450 GeV,0ap = 2.0°
Apnr | 27108 | 258/83-108|1.2| 5.
Ark- | 23-10° | 86.9| 7.0-10° | 4.0 | 16.
Acip | 30-10° | 68.7]9.2.10° | 3.2 | 13.

=
[EEN

Table 3: Yield of dimeson atoms per one proton-Ni interactith], detectable by DIRAC upgrade setup at
different proton beam momentum a setup ar@lg; yield of atoms normalized on yield at proton beam 24

N
GeVic (VV,L“); ratio of Wx to inclusive cross-section of charged partidlég normalized ratiqvlz—AN; total gain
with SPS beam relatively PS beam, taking in to account sgifjdency and duration. "

andW} are assumed to be 1 for present conditions of experiment DIRAC.

8. Summary

Statistic ofriK pairs are processed and analysed. It gives possibility to make estimatih of
atom lifetime and to measuf&-wave K scattering length difference.

Data collected in 2007-2010 doubles statisticwfrr atoms and improve accuracy of mea-
surement folS—wave rtrrscattering length difference.

Simulation shows that investigation aK atoms in experiment at SPS beam allows to improve
accuracy ofiK scattering length measurement.
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