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Introduction General information on DIRAC

Experiment DIRAC

DIRAC= DImeson Relativistic Atomic Complex
using the proton beam (24GeV/c) from PS at CERN
detector : a double-arm magnetic spectrometer

over 90 physicists from 24 institutes and universities

data collection from 2001 (since that time several upgrades)

the main goals:
measurement of the lifetime of 7+ 7~ atom in the order of 3 fs with
an accuracy of 10%
after upgrade in 2006 — first observation of K7 atoms, their lifetime
and scattering length measurement
long-lived atom observation
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Introduction DIRAC setup

DIRAC experimental setup

heavy gas
Cherenkov

Schematic top view

aerogel

single and
multilayer
targets :
pri MCD IH | | absorber
] 1 meter
vacuum vacuum |
shield 1 L2 -
shield 2
magnet
R K* e
==zzzzzz=: _— - Mu
MCD, 18 planes SFD W K

10.-14.09. 2012

Stara Lesna, Slovakia




ChPT predictions

ChPT predicts s-wave scattering lengths

T ag = 0.220 £ 0.005 a, = —0.0444 £ 0.0010

ap — az = 0.265 + 0.004 *
G. Colangelo et al., Nucl. Phys. B 603 (2001) 125

=7=(29+£01)fs (F=121 ~klag — a2|?)
mK:

1-loop approx.

a;, = 0.19 £ 0.02 az/; = —0.05£0.02

V.Bernard, N. Kaiser, U. Meissner 1991

Ai/p —ag/p = 0.238 + 0.002

B. Kubis, U.G. Meissner 2002
2-loop approx. ay/» —ag, = 0.267
J. Bijnens, P.P. Dhonte, P.Talavera 2004
(Roy-Steiner equations) ay/p —azs; = 0.269 £ 0.015
P. Bttiker et al. 2004

=7 =(3.7+04)fs

1the indices 0 and 2 refer to the isospin of the wr-system (1/2 and 3/2 refer to the isospin of the 7K -system)
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A 4 ,.— atom

Production of pionium

Production

7w+ 7= atom - Coulomb bound state of
two pions produced in one
proton-nucleus interaction (Na).

Atomic pairs - ionised 77~ atoms
(na).
Background processes:

Coulomb pairs -produced in one
proton-nucleus collision from
fragmentation or short-lived
resonances (p, w, A) and exhibit
Coulomb interaction in the final state
(Nce).

Non-Coulomb pairs - produced in one
proton-nucleus collision. At least one
pion originates from a long-lived
source (n,n"). No Coulomb interaction
in the final state (Nnc)-

Accidental pairs - produced in two
independent proton-nucleus collisions.
No Coulomb interaction in the final
state (NAC)'

Target Ni 98 um

Interaction point

r Atomic pairs ()
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A L _ atom Detection
o

Method of measurement

7(A2-) is too small to be measured directly.
When pionium (Az.) moves through the target, following processes can occour:

Annihilation ... (strong interaction)

— Azﬂ- = 7T0 + 7T0 (decay ratio 99.6%, T = 3fs, Ay, — ~ contributes 0.36%)

Excitation/Deexcitation ... (electromagnetic interaction)
— transition between atomic levels

Break-up (ionisation) . .. (electromagnetic interaction)
— A, — m + 7 ; characteristic “atomic pairs” (na)
— Qcws <3MeV/c
— inLAB E; = E_, small opening angle © <3mrad
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A L _ atom Detection
o
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Caption:

|Qy | fit projections of the w7~ spectrum from
data (dots) and simula- tion (MC lines). The top plot
shows the experimental spectrum compared with
the simulated background components (no pionium
signal), with (solid line) and with-out (dotted line)
Coulomb pairs (Ncc). The bottom plot shows the
experimental |Q, | spectrum after background
subtraction and the simulated pionium spectrum.
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A_ _ atom Detection
L

Break-up probability
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04F A R . . q
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A_ _ atom Results
L

Published results on w7 atom: lifetime & scattering length

e the analysis of 2001-2003 data leads to the A, lifetime 7 = (3.15 £+ 0.28) fs
o the derived scattering length difference is |ap — ay| = (0.2533 + 0.011)m;*

DIRAC T1s (10-15s) [a0 — a2|
data Reference
value stat syst theo* tot value stat syst theo* tot
+0.45 +0.19 049 +0.017 +0.022 0,033
2001 1391l e e mﬂzl 0264 5 oot _0_020] PL B 619 (2005) 50
o 1z 10.20 +0.20 wg_s] £nn+0.0078 +0.0072 00106
200108 315 "1 olg 102602533 00000 oo [Si] e s r0a00mmy20

* theoretical uncertainty included in systematic error

a0 — a2
NA48 K-decay Reference
value stat syst theo tot
2009 K3n 0.2571%0.0048+0.0029 0.0088 EPJ C64 (2009) 589
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7K atom Observation

7K atom - motivation

— the study of electromagnetically bound hadronic pairs allows us to
probe the low energy QCD

— the low energy interaction between the pion and the kaon (which
contains the strange quark) is a proper tool to study the 3-flavour
(u,d,s) structure of hadronic interaction or quark condensate in
Chiral Perturbation Theory

— a measurement of the 7K -atom lifetime is an important tool to
determine the difference |a;/, — as/»| of the s-wave 7K -scattering
lengths 2

2the indices 1/2 and 3/2 refer to the isospin of the 7K -system
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Observation

7K atom signal
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and =~ K. A Gaussian fit has been applied (solid line) to 7T+ K - 120:]:29
illustrate the distribution of atomic-pairs.

The ultimate goal of the DIRAC experiment is to measure the lifetime
of K7 atoms with a precision of 20% (or better).
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Long-lived atom EIEREL]

Long-lived atom - observation

— ~ 6% of the atoms Ay, generated in the target, exit the target in a long-lived state AJ
(mainly 1s — np)

— the main part of these atoms are in the 2p-state

— the A3_(np) decay into two =¥ is forbidden 3 and A5 — «® 4~ is also strongly suppressed

— the lifetime of the A} atom in the 2p state (2, = 1.17 x 10~!1s) is determined by the

2p — 1s radiative transition with subsequent annihilation from 1s state (715 = 3 x 10— 1°s)
= the lifetime in np-states is about 10° times larger than for ns-states
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Long-lived atom EIEREL]

Long-lived atoms - “Lamb shift” measurement

— itis possible to measure the 2s — 2p energy splitting by exerting a magnetic
field (= an electric field F) on the atom = measurement of the decay probability
dependence on the field (mixing of ns and np-states in the electric field) *

Magnetic field — Electric field — mixing 2p,-2s, .. Pt foil
P N
v o P ‘ i decreased number
P—H'.?=T©.\ =1 (F|<1 o of atomic pairs
! Sy [
" i
Blab e Li
|

[F = BYBL,~YB.,

— electric field influences A3, lifetime 7o = “Lamb shift” AEs_p
=-S-wave pion-pion scattering length combination 2a, + a,

4 . . .
a small admixture of the 2s-state in the 2p-state — faster decay; for By=4 T and ~ = 20 the decay rate increases more than
a factor of two
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Conclusion
Conclusion

e the lifetime of A, atoms and the absolute value of difference of
77 scattering lengths were measured
T7=(3.15+0.28)fs
lag — a,| = (0.2533 4+ 0.011)m !
e the number of 7K atoms detected by DIRAC corresponds to more
than 50 effect
e our goals for future:

a measurement of the 7K atom lifetime
till the end of 2012 an observation of the 77 long-lived atoms A}
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Thank you for your attention!
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Conclusion
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Conclusion

Published results on w7 atom: lifetime & scattering length - II.

e based on more than 21000 breaking A,, atoms
= statistical accuracy better than 10%

e to decrease systematic error, multiple scattering and an admixture
of K*K~ and pp pairs are measured

e systematic error due to detector response is estimated
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Conclusion

Long-lived atoms - few numbers

e as the best target has been found 100um thick Be target

e the corresponding decay length is 5.7 cm for 2p-state, 19 cm for 3p-state, 44 cm for
4p-state, 84.5 cm for 5p-state (y=16.1 in DIRAC)

e as the break-up foil has been chosen Pt foil with thickness of 2 um °

e the shortest distance between the Be target and the Pt foil can be around 10 cm to avoid
interactions of the primary beam halo with the foil

Be target Pt foil

Excitation
1s, 25 ~2p, 3pdp...
Ms <1< Azp R n*

3s,3p, 4P

w
atomic pairs

Is, 25, 2p,

1s, 2s... /
a0 ihilati
g 1s, 2s-.. 0 ation
=1

=

1:+ i .
Isey o Semicps

5the breakup probability of long-lived states is 0.94
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Conclusion

Production of A, in the Be target

2010 Na = 736£75
2011 Na = 368:|:32J

Distribution over | Q| of w7~ pairs collected in 2010 (left) and in 2011 (right) with Beryllium
target with the cut Qr < 1 MeV/c. Experimental data (points with error bars) have been fitted
by a sum of the simulated distribution of “Coulomb” and “non-Coulomb” pairs (dashed line).
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Conclusion

The dependence of Ay, lifetime in 2p-state 7.4 from a strength

of the electric field F

_ T2p 2 ~ F2
Teff = HTO!SIZJ where |£]|° & (Ezp—E2s) J

Ny
=

v=20, [{|=01 = 7 =

N
N

BLap = 4 Tesla
v=40, [(|=0.2 = 7o :%

SPS(450GeV): yield of Ay, and Ak will increase of a factor 20 per
proton-nucleus interaction.
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Conclusion

Simulation of the permanent magnet influence

Simulated “atomic pairs” from long-livea atoms (light area) over Qy above the background of
a T~ pairs produced in Beryllium target with cuts |Qx| < 1 MeV/c, |Q| < 1 MeV/c (hatched
area). In left side without the magnet and in right side with magnet used in 2011

1400
1200

1000

Qy IMeV Qy IMevie]

Simulated distribution of =+ pairs over Qy =

Events

mnlY T T T e
T
H
L

produced in Beryllium target with cuts
|Qx| < 1 MeV/c, |Qu| < 1 MeV/c. The

events without magnet (solid line) are

distributed around 0 and events with the new
magnet are shifted by 15 MeV/c (dashed

line)
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