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The DIRAC Collaboration

» 1998-2003 Lifetime measurement of 7+ 7 -atoms (Az,)
o 2007-2012 Search for and lifetime measurement of 7 KT-atoms (A,x)

68 physicists from Czechia, Italy, Japan, Romania, Russia and Switzerland
Use double-arm spectrometer at CERN Proton Syncrotron (24 GeV/¢)
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Theory and experimental method

The DIRAC spectrometer
First evidence and lifetime measurement of 7= KT atoms

KT atoms

7K atoms lifetime

Hydrogen-like atoms, formed by 7 and K mesons, ag = 249 fm, pg = 0.79 MeV/c
Lifetime is limited by charge-exchange process
atK™ 5 7°K° or 7K' = 70K°

+
K KO
13 1/2  3/2\2
= ==a%%p (ao/ - ao/ ) (14 6k)
T 9
s Tlo [S.Bilenky et al., Sov. J. Nucl. Phys. 10 (1969) 469]
[J. Schweizer, Phys. Lett. B 587 (2004) 33]

SU(3) ChPT predictions [J. Bijnens et al. JHEP 0405 (2004) 036]:

_ 1
Mrag = Mﬂg (a;/z _ ag/z) =
=0.071 (CA) — 0.0793 (1/) — 0.089 (2/) — 0.090 + 0.005 (dis)

[P.Biittiker et al., Eur. Phys. J. C33 (2004) 409]:

Mrag = 0.090 £0.005, &x =0.040£0.022 = 7=(35+04) 10 s

Lattice calculations +0.002
Mzray, = 0.077 4+ 0.0017 55

[NPLQCD, Phys. Rev. D74 (2006) 114503]
[Z.Fu, Phys. Rev. D85 (2012) 074501] Mzay = 0.0777 4+ 0.0013+7
Mza, = 0.081 4 0.006 £ 0.012

[PACS-CS, Phys. Rev. D89 (2014) 054502]
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KT atoms Theory and experimental method
The DIRAC spectrometer
First evidence and lifetime measurement of =

Experimental way to observe K atoms

o Annihilation: Ay — m°K° or erd

Aanh = BT &~ 20 um at v = 20
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KT atoms Theory and experimental method
The DIRAC spectrometer
First evidence and lifetime measurement of =

Experimental way to observe K atoms

o Annihilation: Ay — m°K° or erd

Aanh = BT &~ 20 um at v = 20

Interaction of A,k with target atoms
[L. Nemenov, Sov. J. Nucl. Phys. 41 (1985) 629]

@ Excitation/de-excitation of A,k

S

int

=~ 50 um B Ni

@ Ao, ionization = characteristic “atomic” pairs 777~ (na):

. E+ ~ E_
gcms < 3MeV/c = in laboratory frame O < 3 mrad
. na .
@ Unique Pjo, = —— = Pion(7) relation
Na
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KT atoms Theory and experimental method
The DIRAC spectrometer
First evidence and lifetime measurement of =

A,k propagation in matter: annihilation/ionisation/excitation

K+ K°

] 9 Total/excitation cross-sections in Born approximation
= [St. Mrowczynski, 1986, Phys. Rev. A33, 1549]
[L. Afanasyev, A. Tarasov, 1996, Sov. J. Nucl. Phys 59, 2130]

9 Glauber approximation 4+ ionization cross-sections
[T. Heim et al., 2001, J. Phys. B34, 3763]

@ Multiphoton exchange

9 Density matrix formulas

| | | | . . . . . [O. Voskresenskaya, 2003, J. Phys. B36, 3293]
2 4 6 8 10 12 14 16 18 f20
T 1s

@ Direct calculation of Pjo,(7)
Pion(7) better than 1% [M. Zhabitsky, 2008, Sov. J. Nucl. Phys 71, 1040]
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KT atoms Theory and experimental method
The DIRAC spectrometer
First evidence and lifetime measurement of =

Ark generation

p+Ni— ... at24GeV/c

@ Atoms are generated in nS-states

: ﬁg&m
|W,5(0)]% o 3
n

——X

S
1S: 83%, 25: 10%, ... P A~ x
0 2 q, MeV/c
Other sources of inclusive 7+ KF-pairs:
. K*
@ Coulomb pairs
Na = kNc(q < qo) T
~—
Ac(q) = —Amizro/a P A X -
¢ 1—exp(—4mprkc/q) 0 2 4, MeV/c

@ Non-correlated pairs

Kt
na na / T
Pion = — = _’_p <7
A\éx

Nay ~ kN¢

= Pion = Pion(T) 0 ‘ é ‘ 1‘7, MeV/c
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KT atoms
The DIRAC spectrometer

The DIRAC spectrometer

Resolution in momentum op/p~3-1073

Momentum range pr € [1.2,2.5] GeV/c
pk € [4.0,8.9] GeV/c

Rel. momentum resolution in c.m.s.  oq, = 0g, ~ 0.2MeV/c
0@, ~ 0.85MeV/c
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KT atoms Theory and experimental method
The DIRAC spectrometer
First evidence and lifetime measurement of 7= KT atoms

First evidence for 7= KT atoms

Thin Pt target 28um, 2007:

na(m”K'Y) =143 £53, nu(ntK™)=29+15

Evidence for mK-atoms observation with DIRAC
[Adeva et al. (DIRAC Collaboration) Phys. Lett. B674 (2009) 11]

0.8

0.7

na(mn~ KT +7tK~) =173 + 54
Na(m— K+ + 7t K—) = kN¢ = 280 + 70

7> 0.8-10"1%s (CL=0.9)
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KT atoms Theory and experimental method
The DIRAC spectrometer
First evidence and lifetime measurement of 7= KT atoms

Lifetime measurement of 7£KT atoms

Ni targets 98 pum and 108 pm, 2008—2010
Two-dimensional (Qt, Q) fit of experimental data:

T~ KT K~
Atomic pairs 180 i + Atomic pairs
160 F
Coulomb pairs 140 f—+ + Coulomb pairs
250 non-Coulomb pairs 1;0) : ++
200 80 ™
wo Bl eRTET + +H ok
100 Tttt e, 0 E
50 20 E
0 L 0 1 I L L L I I
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
60 =
o N,,=465. +37. ok N,=188. +21.
o L 1,=96. +41. E n,=82. +26.
Pg,=0.207 £0.101 = Py, =0.44+0.18
il b H M
20 B + ‘H‘ “» FL ‘hﬂ ‘H—w‘\‘% ‘(»\ “‘ ! s
o 2 4 6 8 10 12

[Q I [Mevic] |QL| [Mevlc]

M Zhabitsky for DIRAC First 7K atom lifetime measurement



KT atoms Theory and experimental method
The DIRAC spectrometer
First evidence and lifetime measurement of 7= KT atoms

Lifetime measurement of 7£KT atoms

Year | Na [ na [ Phr r
7~ K" over Qr, Q 08l
2008 132 £ 16 14+ 19 0.11 +£0.15 C
2009 169 + 24 33 +26 0.20 £ 0.17 r CL=0.68
2010 | 164+23 | 49+26 | 0.30+0.19 o8
All 465 + 37 96 + 41 L
T K™ over Qr, QL 04
2008 51 +11 21 +£13 0.41 £0.33 [l CL=0.90
2009 78 £ 13 26 + 16 0.34+£0.24 O-Zz’
2010 60 £+ 12 351+ 16 0.58 +0.36 F
All 188 + 21 82+ 26 ol Lol b | | T
0 1 2 3 4 5 6 7 9 (’flsD

na(n— K+ + 7t K=) =178 + 49
_ +3.0 10-15¢ +3.0
= (2.5 30 syst> 10155 = (25 *“‘Lot) fs

[DIRAC Collaboration, subm. Phys. Lett. B (2014), CERN-PH-EP-2014-030, arXiv:1403.0845]

+

0.3
—0.1
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KT atoms Theory and experimental method
The DIRAC spectrometer
First evidence and lifetime measurement of 7= KT atoms

wK scattering lengths

@
RERREE)

| L i
2 4 6 8 10 0.06 0.08 0.1 012 014 016 018 02 022
T, fs M

1 8
o= 504311217 (212 — a3/2)2 (1+ k)

_ 1
|30 |m7\— = 5‘31/2 — 83/2|m7\— = Olltooooa

[DIRAC Collaboration, subm. Phys. Lett. B (2014), CERN-PH-EP-2014-030, arXiv:1403.0845]

M Zhabitsky for DIRAC First 7K atom lifetime measurement



KT atoms Theory and experimental method
The DIRAC spectrometer
First evidence and lifetime measurement of 7= KT atoms

wK scattering lengths: experimental results

Inelastic Kp or Kn-scattering with wK in a final state:

ay /oMy asz /oMy

0.237 —0.074 [Nuovo Cimento 41A (1977) 73]
0.240 +0.002 | —0.05 £ 0.06 | [Nuovo Cimento 43A (1978) 376]
0.13+0.09 —0.13 4+ 0.03 | [J.Phys.G6 (1980) 583]

- — 1 =0 11+0.09 .
lag |max = §|31/2 —az/p|mx = 0.1175 0% [DIRAC, arXiv:1403.0845]
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Better precision for K scattering lengths
Further work Progress in pionium lifetime measurement
Long-lived 77 7~ atoms

Work towards better precision in A,k lifetime measurement

2 1
10|
8-
o
4
2=
| | | | I o S A O O A
2 4 6 8 10 06  0.08 0.1 012 014 016 018 .2 022
1,fs a;My

+0.09

lag |mz = 0.1175705.

@ to include events with high background in forward detectors (~ 1/3 of statistics)

@ Combination of Pt and Ni measurements
Pt: 7 > 0.8 - 10155 (CL=0.9)

Ni: 7 = (25 33, ) -10-155
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Better precision for 7K scattering lengths
Further work Progress in pionium lifetime measurement
Long-lived T~ atoms

Progress in pionium lifetime measurement

20011 2001-20032 2008-2010

A 6530 21277 >22000
stat. error +204 4407

T,107155 2.91 3.15

stat. error, 10715 s 1045 +0.20

syst. error, 107 1% s t%igg t%zlg *

tot. error, 107155 1049 +0.28

|ag — gl m 0.264 0.253

tot. error, m;+1 t%%i’é% t%%ﬁ

1 [DIRAC Collaboration, Phys. Lett. B619 (2005) 50]

2 [Adeva et al. (DIRAC Collab.), Phys. Lett. B704 (2011) 24]

* Systematic uncertainty is dominated by multiple scattering in
the target and in forward detectors — we have performed a direct
measurement of scattering in them
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Better precision for TK scattering lengths
Further work Progress in pionium lifetime measurement
Long-lived T~ atoms

Experimental results on (ag, a2)

@ Keg decay (KT — ntr—etue)
ao = 0.233 + 0.016 + 0.007(syst)
ap = —0.0471 + 0.011 = 0.004(syst)
[NA48, Eur. Phys. J. C54 (2008) 411]

o Cusp-effect K+ — 7E 7070

ag — ap = 0.2571 £ 0.0048(stat) 4 0.0029(syst) + 0.0088(theor)
[NA48/2, EPJ C64 (2009) 589]
o mhn~ atoms
a0 — 23| = 0.2533 *%%033%‘ t
[DIRAC, Phys. Lett. B704 (2011) 24]
o Ke4 & K — 3w
ap — a2 = 0.2639 £ 0.0020(stat) £ 0.0015(syst))
[NA48/2, EPJ C70 (2010) 635]
e ChPT
ap = 0.220 £ 0.005, ap = —0.0444 + 0.0010
[G. Colangelo et al., Nucl. Phys. B 603 (2001) 125]

+0.0072
—0.0077

syst
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Better precision for TK scattering lengths
Further work Progress in pionium lifetime measurement
Long-lived T~ atoms

Experimental results on (ag, a2)

@ Keg decay (KT — ntr—etue)
ao = 0.233 + 0.016 + 0.007(syst)
ap = —0.0471 + 0.011 = 0.004(syst)
[NA48, Eur. Phys. J. C54 (2008) 411]

o Cusp-effect K+ — 7E 7070

ag — ap = 0.2571 £ 0.0048(stat) 4 0.0029(syst) + 0.0088(theor)
[NA48/2, EPJ C64 (2009) 589]
o mhn~ atoms
a0 — 23| = 0.2533 *%%033%‘ t
[DIRAC, Phys. Lett. B704 (2011) 24]
o Ke4 & K — 3w
ap — a2 = 0.2639 £ 0.0020(stat) £ 0.0015(syst))
[NA48/2, EPJ C70 (2010) 635]
e ChPT
ap = 0.220 £ 0.005, ap = —0.0444 + 0.0010
[G. Colangelo et al., Nucl. Phys. B 603 (2001) 125]

+0.0072
—0.0077

syst

We expect progress both by experiments and in theory
[see Peter Stoffer, MESON 2014]
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Better precision for TK scattering lengths
Further work Progress in pic nium lifetime measurement
Long-lived 7 7~ atoms

Method to observe long-lived 77~ atoms

Be target 100 um Magnetic Field Pt foil 2 um

100
77'.+
/ for v =17:
| I(1s) = 0.02 mm
/ L Atomic, Coulomb I(2s) = 0.14 mm
/ and Non-Coulomb /(2 ) =5.7cm
24Gev/c g pairs 1(3s) = 0.46 mm
LA Lt | | I(3p) = 19 cm
Interaction po'ml/ : s T
o Kink in Qy
Excitation > lonigation for all charged
24Gev/c e N ] pairs, but not for
p .O 0 T O m : : Ao pabe neutral atoms
Interaction point T J

The observation of long-lived states of 777~ atoms opens the possibility to measure
the energy difference between ns and np states AE("—"P) and the value of 7w
scattering lengths |2ag + a2|.
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Better precision for TK scattering lengths
Further work Progress in pionium lifetime measurement
Long-lived 7" 7~ atoms

Ao and A,k production on PS and SPS at CERN

The ratio of yields at the proton momentum 450 GeV//c and angle 4°
(CERN SPS) to the yields at the proton momentum 24 GeV/c and
angle 5.7° (CERN PS):

Arik- | 35
Axine | 27
Asr | 17
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Results and Outlook

Results and Outlook

o Evidence for 7* KT atoms on Pt and Ni targets
Pt: na =173 £54, Ni: ng =178 449
o First measurement of A,k lifetime

T=(25738].)f

Main tasks for DIRAC:
o Analysis of Pt and Ni data to achieve A,k observation
o Improve precision in pionium lifetime measurement
o Observation of long-lived states of 77~ atoms
» Looking forward higher beam momenta (SPS 450 GeV/c)
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Results and Outlook

(a3, a3) mm scattering lengths

a,m

-0.014
-0.02
ChPT:

O(p2): Fr, mx
O(p*): h, b, 13, lg

-0.03

-0.04

-0.05 =+

-0.06 =

-0.07

-0.08
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Results and Outlook

Quark condensate in ChPT

O|au|0
M,zr:(mu—i-md) lim 7‘< |Guj0)]

2y 2 2
my,my—0 F2 * O(mq) =M O(mq)

[M. Gell-Mann, R.G. Oakes, B. Renner, Phys. Rev. 175 (1968) 2195]

I3
M2=M>— —_M*+ O(M®
T 3272 F2 (M°)
1
0.8;
L CL=0.68
0.6
0.4;
0.2;
0 ! | Ll | | L |
40 30 -20 10 0 10 20 30 40
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