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Low energy QCD preditions
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ππ sattering lengthsIn ChPT the e�etive Lagrangian, whih desribes the ππ interation, is anexpansion in (even) terms:Le� = L(2)
(tree) + L(4)

(1−loop)
+ L(6)

(2−loop)
+ · · ·Colangelo et al. in 2001, using ChPT (2-loop)& Roy equations:a0 = 0.220± 2.3%a2 = −0.0444± 2.3%} a0 − a2 = 0.265± 1.5%These results (preision) depend on the low-energy onstants (LEC) l3 and l4.Lattie gauge alulations from 2006 provided values for these l3 and l4.Beause l3 and l4 are sensitive to the quark ondensate, preisionmeasurements of a0, a2 are a way to study the struture of the QCD vauum.V. Yazkov (SINP) πK atom lifetime and πK sattering length EXA2014, Sept. 15-19 5 / 1



Lattie alulations of l̄3, l̄42006: l3, l4 �rst lattie alulations2012: 10 ollaborations: 3 USA, 5 Europe, 2 JapanJ. Gasser, H. Leutwyler: Model alulation (1985)l̄3 = 2.6± 2.5, ∆l̄3/l̄3 ≈ 1Lattie alulations in near future will obtain
∆l̄3/l̄3 ≈ 0.1 or ∆l̄3 ≈ 0.2− 0.3To hek the predited values of l3 the experimental relativeerrors of ππ-sattering lengths and their ombinations must beat the level (0.2− 0.3)%V. Yazkov (SINP) πK atom lifetime and πK sattering length EXA2014, Sept. 15-19 6 / 1



πK sattering lengthsI . ChPT predits s-wave sattering lengths:L(2), L(4) and 1-loopa1/20 = 0.19± 0.02, a3/20 = −0.05± 0.02a1/20 − a3/20 = 0.24± 0.03 V. Bernard, N. Kaiser,U. Meissner - 1991a1/20 − a3/20 = 0.23± 0.01 A. Roessl - 1999L(2), L(4), L(6) and 2-loopa1/2 − a3/2 = 0.267 J. Bijnens, P. Dhonte,P. Talavera - April 2004II . Roy-Steiner equations:a1/20 − a3/20 = 0.269± 0.015 P. B�uttiker et al. - 2004V. Yazkov (SINP) πK atom lifetime and πK sattering length EXA2014, Sept. 15-19 7 / 1



πK sattering lengths
III . S-wave πK sattering has also been studied extensively in the frameworkof lattie QCDReently preditions for πK sattering have been obtained:a1/20 = 0.183± 0.039, a3/20 = −0.0602± 0.0040 C.B. Lang et al., Phys. Rev.D86 (2012) 054508a−0 = 13 (a1/20 − a3/20 ) = 0.0811± 0.0143 K. Sasaki et al., Phys. Rev.D89 (2014) 054502
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πK satteringWhat new will be known if πK sattering lengths will be measured?The measurement of the s-wave πK sattering lengths would testour understanding of the hiral SU(3)L×SU(3)R symmetry breakingof QCD (u, d and s quarks), while the measurement of ππ satteringlengths heks only the SU(2)L × SU(2)R symmetry breaking (u,dquarks).This is the prinipal di�erene between ππ and πK sattering!Experimental data on the πK low-energy phases are absent.V. Yazkov (SINP) πK atom lifetime and πK sattering length EXA2014, Sept. 15-19 9 / 1



Pionium lifetimePionium (A2π) is a hydrogen-like atom onsisting of π+ and π− mesons:EB = −1.86 keV , rB = 387 fm, pB ≈ 0.5MeVThe lifetime of π+π− atoms is dominated by the annihilation proess into π0π0:PSfrag replaements π+

π− π0π0
Γ = 1

τ
= Γ2π0 + Γ2γ with Γ2γ

Γ2π0 ≈ 4× 10−3
Γ1S,2π0 = R| a0 − a2 |2 with ∆RR ≈ 1.2%

τ = (2.9 ± 0.1) × 10−15s Gasser et al. - 2001a0 and a2 are the ππ S-wave sattering lengths for isospin I = 0 and I = 2.
∆τ
τ = 9% ⇒ ∆|a0−a2|

|a0−a2| = 4.3%V. Yazkov (SINP) πK atom lifetime and πK sattering length EXA2014, Sept. 15-19 10 / 1



Published results on ππ sattering lengthsDIRAC τ1s(10−15s) | a0 − a2 | Referenedata value stat syst theo∗ tot value stat syst theo∗ tot2001 2.91+0.45+0.19
−0.38−0.49 



+0.49
−0.62 0.264+0.017+0.022

−0.020−0.009 



+0.033
−0.020 PL B 619 (2005) 502001-03 3.15+0.20+0.20

−0.19−0.18 



+0.28
−0.26 0.2533+0.0078+0.0072

−0.0080−0.0077 



+0.0106
−0.0111 PL B 704 (2011) 24

∗ theoretial unertainty inluded in systemati errorNA48 K-deay a0 − a2 Referenevalue stat syst theo tot2009 K3π 0.2571± 0.0048± 0.0029± 0.0088 EPJ C64 (2009) 5892010 Ke4&K3π 0.2639± 0.0020± 0.0015 EPJ C70 (2010) 635V. Yazkov (SINP) πK atom lifetime and πK sattering length EXA2014, Sept. 15-19 11 / 1



K+π− and π+K− atoms lifetime
πK -atom (AπK ) is a hydrogen-like atom onsisting of K+ (K−) and π− (π+)mesons: EB = −2.9 keV , rB = 248 fm, pB ≈ 0.8MeVThe πK -atom lifetime (ground state 1S), τ = 1

Γ
is dominated by the annihilationproess into π0K 0:

0

π0

Κ
+

π

Κ

-

PSfrag replaements0 AK+π− → π0K 0, Aπ+K− → π0K̄ 0
Γ1S,π0K0 = RK | a1/2 − a3/2 |2 with ∆RR ≈ 2%J. Shweizer - 2004From Roy-Steiner equations:a1/20 − a3/20 = 0.269 ± 0.015 → τ = (3.7 ± 0.4)10−15sIf ∆Γ

Γ = 20% ⇒
∆|a1/2−a3/2|
|a1/2−a3/2| = 10%V. Yazkov (SINP) πK atom lifetime and πK sattering length EXA2014, Sept. 15-19 12 / 1



Method of π+π− and πK atom observation and investigation
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Method of and πK atom observation and investigation
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Coulomb pairs and atomsFor the harged pairs from the short-lived soures and small relative momentumQ there is strong Coulomb interation in the �nal state. This interation inreasesthe prodution yield of the free pairs with Q dereasing and reates atoms.
π

+
π
−, K+K−,

π
+K−, K+

π
−,

π
+

µ
−, µ

+
π
−

(π+
π
−), (K+K−),(π+K−), (K+

π
−),(π+

µ
−), (µ+

π
−)Coulomb pairs AtomsThere is preise ratio between the number of produed Coulomb pairs (NC )with small Q and the number of atoms (NA) produed simultaneously withthese Coulomb pairs:NA = K (Q0) · NC (Q ≤ Q0), δK(Q0)K(Q0) ≤ 10−2nA - atomi pairs number, Pbr = nANAV. Yazkov (SINP) πK atom lifetime and πK sattering length EXA2014, Sept. 15-19 15 / 1



Break-up probabilitySolution of the transport equations provides one-to-one dependene of themeasured break-up probability (Pbr ) on pionium lifetime τ

All targets have thesame thikness inradiation lengths6.7 · 10−3X0.There is an optimaltarget material for agiven lifetime.
V. Yazkov (SINP) πK atom lifetime and πK sattering length EXA2014, Sept. 15-19 16 / 1



Break-up probabilitySolution of the transport equations provides one-to-one dependene of themeasured break-up probability (Pbr ) on πK atom lifetime for Nikel targetwith thiknesses 108µm and 98µm
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DIRAC setup
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Experimental setup

1 Target station with Ni foil; 2 First shielding; 3 Miro DriftChambers; 4 Sintillating Fiber Detetor; 5 Ionization Hodosope;6 Seond Shielding; 7 Vauum Tube; 8 Spetrometer Magnet; 9 VauumChamber; 10 Drift Chambers; 11 Vertial Hodosope; 12 HorizontalHodosope; 13 Aerogel �Cerenkov; 14 Heavy Gas �Cerenkov; 15 Nitrogen�Cerenkov; 16 Preshower; 17 Muon DetetorV. Yazkov (SINP) πK atom lifetime and πK sattering length EXA2014, Sept. 15-19 19 / 1



Experimental onditionsSFDCoordinate preision σX = 60µm σY = 60µm σW = 120µmTime preision σtX = 380ps σtY = 512ps σtW = 522psDCCoordinate σ = 85µm VHTime preision σ = 100psSpetrometerRelative resolution on the partile momentum in L.S. 3 · 10−3Preision on Q-projetions σQX = σQY = 0.5MeV / σQL = 0.5MeV / (ππ)

σQL = 0.9MeV / (πK )Trigger e�ieny 98% for pairs with QL < 28MeV /QX < 6MeV /QY < 4MeV /V. Yazkov (SINP) πK atom lifetime and πK sattering length EXA2014, Sept. 15-19 20 / 1



Status of πK atom investigation
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Bakground suppression for K+π−

0

2000

4000

6000

8000

10000

12000

14000

16000

-0.05 0 0.05

a) CHF

QL [MeV/c]

N

0

200

400

600

800

1000

1200

1400

1600

-0.05 0 0.05

b) CHF+CHA

QL [MeV/c]

0

20

40

60

80

100

120

140

160

180

-0.05 0 0.05

c) CHF+CHA+VH

QL [MeV/c]V. Yazkov (SINP) πK atom lifetime and πK sattering length EXA2014, Sept. 15-19 22 / 1



Bakground suppression for π+K−
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π+K− atoms - run 2008-2010Run 2008-2010, statistis with low and medium bakground (2/3 of allstatistis). Point-like prodution for all partiles.
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K+π− atoms - run 2008-2010Run 2008-2010, statistis with low and medium bakground (2/3 of allstatistis). Point-like prodution for all partiles.
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Break-up probability of πK atomsYear NA nA PbrK+π− over QT ,QL2008 132± 16 14± 19 0.11± 0.152009 169± 24 33± 26 0.20± 0.172010 164± 23 49± 26 0.30± 0.19All 465± 37 96± 41 0.21± 0.10
π+K− over QT ,QL2008 51± 11 21± 13 0.41± 0.332009 78± 13 26± 16 0.34± 0.242010 60± 12 35± 16 0.58± 0.36All 188± 21 82± 26 0.44± 0.18nK+π−A + nπ+K−A = 178± 49V. Yazkov (SINP) πK atom lifetime and πK sattering length EXA2014, Sept. 15-19 26 / 1



Systemati errorsSystemati errors in Pbr ommon to all data olleted from 2008 to 2010Soures of systemati errors σsystQL,QT σsystQLUnertainty in orretion on Λ-width 0.0039 0.0071Unertainty of multiple sattering 0.0032 0.00054in the Nikel targetAuray of SFD detetor 0.00075 0.00029response simulationCorretion of Coulomb orrelation funtion 0.000058 0.000058on �nite size of prodution regionUnertainty in a dependene Pbr (τ ) 0.0050 0.0050Auray of a target thikness measurement 0.00030 < 0.00030V. Yazkov (SINP) πK atom lifetime and πK sattering length EXA2014, Sept. 15-19 27 / 1



Systemati errorsSystemati errors in Pbr spei� to the data samples olleted in 2008, 2009 and 2010Year σsyst
πK σsystbakgrK+π− over QT ,QL2008 0.0028 0.00152009 0.0044 0.00252010 0.0036 0.0022K+π− over QL2008 0.0030 0.00282009 0.0053 0.00442010 0.0046 0.0036

π+K− over QT ,QL2008 0.0072 0.00672009 0.0048 0.00282010 0.0017 0.0043
π+K− over QL2008 0.0093 0.00722009 0.0047 0.00482010 0.0021 0.0017V. Yazkov (SINP) πK atom lifetime and πK sattering length EXA2014, Sept. 15-19 28 / 1



πK atom lifetime estimation
, sτ
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|a−0 |Mπ = 0.107+0.093

−0.035 = 0.11+0.09
−0.04Analysis with QL:
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Inreasing of statisti with 450 GeV/ proton beamThe yield of π+π−-,π+K−- and K+π−- atoms WA into DIRAC setup aeptane.
θlab 5.7◦ 5.7◦ 4◦ 2◦ 0◦Ep 24 GeV/ 450 GeV/ 450 GeV/ 450 GeV/ 450 GeV/The yield of π+π− atomsWA 0.11E-8 0.10E-7 0.18E-7 0.27E-7 0.29E-7WNA 1 9.74 17.17 25.82 27.57WA/Wπ 0.70E-7 0.23E-6 0.20E-6 0.83E-7 0.15E-7

(WA/Wπ)N 1 3.32 2.90 1.20 0.21The yield of π+K− atomsWA 0.26E-10 0.20E-9 0.93E-9 0.23E-8 0.25E-8WNA 1 7.48 35.41 86.85 95.99WA/Wπ 0.17E-8 0.44E-8 0.10E-7 0.70E-8 0.13E-8
(WA/Wπ)N 1 2.55 5.98 4.02 0.73The yield of K+π− atomsWA 0.44E-10 0.21E-9 0.12E-8 0.30E-8 0.34E-8WNA 1 4.71 27.17 68.73 78.15WA/Wπ 0.29E-8 0.47E-8 0.13E-7 0.92E-8 0.17E-8(WA/Wπ)N 1. 1.61 4.59 3.18 0.59V. Yazkov (SINP) πK atom lifetime and πK sattering length EXA2014, Sept. 15-19 30 / 1



ConlusionThe analysis of πK pairs statisti with low and mediumbakground, olleted from 2008 to 2010, allows to evaluate thenumber of atomi πK pairs (178± 49) as well as the number ofprodued πK atoms (653± 42) and thus the breakup (ionisation)probability.Value of πK atom lifetime has been exprated to be
τ = (2.5+3.0

−1.8) fs. It provides a measurement of the S-waveisospin-odd πK sattering length |a−0 | = (0.11+0.09
−0.04) ·M−1

π .Using of statisti with higher bakground (1/3 of total statisti)and analysis of data olleted with Pt target in 2007, givespossibility for further improvement of auray.V. Yazkov (SINP) πK atom lifetime and πK sattering length EXA2014, Sept. 15-19 31 / 1



Thank you for your attention!
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Supplementary slides
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Experimental onditionsPrimary proton beam 24 GeV /Beam intensity (10.5÷ 12) · 1010 proton/spillSingle ount of one IH plane (5÷ 6) · 106 partile/spillSpill duration 450 msNi targetPurity 99.98%Target thikness (year) 98± 1 µm (2008) 108± 1 µm (2009− 2010)Radiation thikness 6.7 · 10−3 X0 7.4 · 10−3 X0Probability of inelasti 6.4 · 10−4 7.1 · 10−4proton interationV. Yazkov (SINP) πK atom lifetime and πK sattering length EXA2014, Sept. 15-19 34 / 1



Experimental onditionsSeondary partiles hannel 5.4o(relative to the proton beam)Angular divergene in vertial
±1oand horizontal planesSolid angle 1.2 · 10−3 srDipole magnet Bmax = 1.65T ,BL = 2.2TmTime resolution [ps℄VH IH SFDplane 1 1 2 3 4 X Y W2008 112 713 728 718 798 379 508 5182010 113 907 987 997 1037 382 517 527V. Yazkov (SINP) πK atom lifetime and πK sattering length EXA2014, Sept. 15-19 35 / 1



Admixtures in distributions of π+K− and π−K+ pairs
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