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Pionium lifetime
Pionium (4, ) 1s a hydrogen-like atom consisting of =" and ©~ mesons:
Eg=-1.86 keV, rg=387ftm, pg=0.5MeV

The lifetime of t"n~ atoms 1s dominated
by the annihilation process into 7° 7:
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a, and a, are the m S-wave scattering lengths for 1sospin [=0 and [=2.

r=(2.9+0.1)x10"s
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Theoretical Status

In ChPT the effective Lagrangian which describes the nm interaction is an expansion in

(even) terms: [, — L(Z) + L(4) + L(6) 4 ...

eff (tree)  (1-loop) (2-loop)
1966 Weinberg (tree): ¥ a,—a,=0.20
1984 Gasser-Leutwyler (1-loop): I a,—a, =0.25%£0.01
1995 Knecht et al. (2-1oop): [ gChPT
1996 Bijnens et al. (2-loop): L a,—a,=0258+(<3%)

2001 Colangelo et al. (& Roy): L a,—a, =0.265+0.004(1.5%)

And the theoretical results for the scattering lengths up to 2-loops are:

Tree 1-loop 2-loop 2loop+Roy
(Weinberg) | (Gass.&Leut.) | (Bijnens et al.) (Colangelo et al.)
a, 0.16 0.203 0.219 0.220 + 2.3%
a, -0.045 -0.043 -0.042 -0.044 £ 2.3%

These results (precision) depend on the low-energy constants (LEC) /; and [,

Because /3 and /4 are sensitive to the quark condensate, precise measurements of a,, a, are a way
to study the structure of the QCD vacuum.

Lattice gauge calculations from 2006 provided values for these /; and /,.



Production of pionium

Atoms are Coulomb bound state of two pions produced in
one proton—nucleus collision

}'(llcl;’l)( )‘ o,=ko.(Q<Q))

do_nlm — (27[)
dP M,

Pi=P_
Nemenov 1985

Background processes:

Coulomb pairs. They are produced in one proton
nucleus collision from fragmentation or short lived
resonances and exhibit Coulomb interaction in the final state

d*o, o 2n_alq

dp, f - AC(Q) Acl)= 1—expE2mn a/q)

Non-Coulomb pairs. They are produced in one proton
nucleus collision. At least one pion originates from a long
lived resonance. No Coulomb interaction in the final state

Accidental pairs. They are produced in two independent
proton nucleus collision. They do not exhibit Coulomb
interaction in the final state

"E! ."'G

=
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Method of 4, observation
and lifetime measurement

Target Ni 98 um ©(A4,,) is too small to be measured directly.
p Pl E. m. interaction of A,,_in the target:

A271
> - “atomic pairs” (n o —
24 GeV/c o_(NA_)K _ (M) AZaz'_) Tr

T
\ Q < 3MeV/e, @lab< 3 mrad

—Y " } Coulomb from short-lived sources
T

(N¢)
pb —p N, = K(Qg) No(Q<Qg) with known K(Qp)
24 GeVlc
~— Breakup probability: P, =n,/N,
.
_E non-Coulomb fiom long-lived sources
24 GeVic J
\




Lifetime and breakup probability

The P,, value depends on the lifetime value, 7. To obtain the precise P, (7) curve a large
differential equation system must be solved: dpnlm ( S) _ Z .,

dS n'l'm'
where s 1s the position in the target, p,, 1s the population of a definite hydrogen-like
state of pionium. The @,, "™ coefficients are given by:

n'l'm'
nlm pn'l'm' (S)

n'l'm' tot
i O N um O DN, |2M | Pcr,  1=0.
q'l" = i PN, ifnlm#=n’l'm’, Clnllm=— mP o _ x/ EC,
A 0 [ #0.

o, '™ being the pionium-target atom cross section, N, the Avogadro Number,

nim

o the material density and 4 its atomic weight.

The detailed knowledge of the cross sections (Afanaser&Tarasov; Trautmann et al)
(Born and Glauber approach) together with the accurate solution of the
differential equation system permits us to know the curves within 1%.
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Break-up probability

Solution of the transport equations provides one-to-one dependence
of the measured break-up probability (#,,) on pionium lifetime t
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DIRAC Spectrometer

targat  wvacuum  SFD yacuum ||

M3GC SFD  IH

Setup features:
angle to proton beam ©=5.7"
channel aperture 0=1.2-1073 sr

magnet 23 Tm
momentum range  1.2<p <7 GeV/c
Thin targets: ~ 7 x10-3 X, Nuclear efficiency: 3 X107

resolution on relative momentum 644~ 64y<0.5 MeV/c, & 5;=0.5 MeV/c
Proton beam ~ 10! proton/spill



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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DIRAC results
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Results

Ni,  pbeam xz/ndf A

Nc Nnc Nacc By

94 um, 24 GeV/c | 2127/2079  6020+£216 5460034549 4
98 um, 24 GeV/c | 4288/4149 9321+274 828554+5811 9
98 um, 20 GeV/c | 4257/4144 5886210  496820+4441 6
combined samples 21227+407 18713778613 1

5624+4501 63212+208 0.441£0.018
31485754 984994255 0.452+0.015
0867+4397 59392+144 0.472+0.020
99639+8526  221103+359

as
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0.48
0.46
0.44
0.42

0.40
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—— Ni 98um 24GeV/c
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Systematic Errors

Systematic errors on P,

source c

multiple scattering +0.0077
momentum smearing +0.0026
double-track resolution | +0.0014
K™K~ and pp +0.0011
trigger simulation +0.0004
background hits +0.0001
target impurity +0.0013
finite size +0.0011
calculation of B, (7) +0.0042
Overall error +0.0094




DIRAC T4s (10778) |y — a,|
dat Reference
=l value stat syst theo* tot | value stat syst theo* tot
+0.45 +0.19 0 +0.017 +0.022 0
2001 291 J55 Joue [21%] 026470 e [12%]] PLB 619 (2005) 50
+0.20 +0.20 0 +0.0080 +0.0078 0
200103 |3.15 75 T [9 A] 0.2533 7 "¢ Tooors |4%)] | PLB704(2011)24
* theoretical uncertainty included in systematic error
)
NA48 K-decay Reference
value stat syst theo tot
2009 Ks,. 0.2571+0.0048 £ 0.0029 0.0088 EPJ C64 (2009) 589
2010 Kes & Ks 10.2639+0.0020+0.0015 EPJ C70 (2010) 635




K7~ and K"7" atoms lifetime
Kr-atom (A, is a hydrogen-like atom consisting of K" and 7~ mesons:
Eg=-29keV rz =248ftm p;= 0.8 MeV

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

0 dominated by the annihilation process into K°7":
—0
A, —>7rK' 4. —>7r'K
Ko K'rm 7' K
=
2 AR '
— _ : K

RK
* J. Schweizer (2004)

From Roy-Steiner equations: g,'> —a.’* = 0.269+0.015

r=(3.7+0.4)-10"

Ala,,, — a
If %:20% — s = @

=10%
‘al/z - as/z‘



7K scattering lengths

I. ChPT predicts s-wave scattering lengths:

1/2 3/2
a,” =0.19£02  a;" =-0.05£0.02 v Bermard, N. Kaiser.
L (2)3 L gnd 1-— lOOp U. Meissner. — 1991

/2 _ 32 _ A. Rossel. — 1999
a, a, - =0.23£0.01 085¢
J. Bijnens, P. Talaver. — April 2004

L, L, L and 2-loop

[I. Roy-Steiner equations:

a\? —al* =0.269+0.015 P Biittiker et al. — 2004



K 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 r scattering lengths checks only the
SU(2), x SU(2), symmetry breaking (u, d quarks).

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

Experimental data on the zK low-energy phases are absent



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

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

P P P,

atom

(GeV/e) | (Ge Ii/t/c) (GeV/e)

513 1.13 4.0

577 1.27 4.5

. 6.41| 141| 5.0

10.26 | 2.26 8.0

1.13 127 141



DIRAC experimental setup 2007




Upgraded DIRAC experimental setup

single and
multilayer
targets

vacuum vacuum

shield1

shield2

heavy gas
Cherenkov

aerogel

absorber

MDC, 18 planes SFD IH

Modified parts

1 meter



7~ K" and 77K~ atom signal (2007 data)
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In total:
173+54 nK-atomic pairs are observed
with a significance of 3.2c.

r>0.8%10"sat 90%CL

B. Adeva et al.,“Evidence for zK-atoms with DIRAC”, Physics Letters B 674 (2009) 11
Y. Allkofer, PhD Thesis, Universitiat Ziirich, 2008.
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K" and it K-atoms 2008-2010 data
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Long-lived 7*7r~ atoms, physics motivation

R — 1+ > 7+ 7
1 2
S — L. -l
,Z. T
. em vac Str
‘Energy shift contributions > AE, = AE." + AE) + AE,
AE””—A(Z + )
Strong interaction contribution > AL,y =4,(2a, +a,

2s=2p _ \ pstr em _ A pem vac _ ,pvac _
AE = AE20 +AE20 AE21 +AE20 AE21 =—-0.59+0.0leV

AE%’” —_0.447¢eV



Observation method

The 4,_decay in the p-state is forbidden by angular momentum conservation. So the lifetime of
the 4, atom in the 2p state (t,,=1.17 1011 s) is determined by the 2p—1s radiative transition
with a subsequent annihilation in 1s state (1, =3 -10-°s): n*+ 7 = 70+ n"

Be target Pt foil The lifetime of the np-states is
100u . 100 mm o 2R about 10° larger than the ns-
T states, so it 1s possible to
| 1828 //J_/jg o o pus measure the energy difference
Y o of these levels by exerting an
e (Ol s SR ) electric field (Stark effect) on
;f) o the atom and tracking the field
. % 9 annihilation dependence of the decay
S o probability.
= ]Exzc“agon3 J T The influence of an magnetic
s, 25=2p, 3p,4p... L L2
MIC_PMS field on the A,_atom lifetime
2p, 3p. 4 - e ——— T e
Is, 25.- é; , // opens the possibility to
— measure the splitting between
2s and 2p levels.
7,,=29x10Bs, A, =14%x10"3cm
Forp, =4.5 GeV/c T;: 3 x 10—14S: }L;: 1.1%x102cm
(y=16.1) T,,= 1.17x10 s, X)) =57cm, %, =19 cm,
A, =43 cm



Production yields of 4,_long-lived states

Target material characteristics for production of long-lived atomic states

- target thickness, chosen to provide maximum production yield of long-lived states
- A, breakup probability

- X (I =2 1): total yield of long-lived states including states with n <7

- 2py» 3Py 4Py, production yield of p-states with magnetic quantum number m = 0

- X (I =1, m = 0): sum of the p-states up ton =7

Target | Thickness | Br )y 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%




Simulation of long-lived 4,_observation
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Simulated distribution of m* Tt pairs over Q, with criteria: |Qy| < 1 MeV/c,
|Q, | < 1 MeV/c. “Atomic pairs” from long-lived atoms (light area) above
background (hatched area) produced in Beryllium target.



Arrangement of Beryllium target, permanent magnet and Platinum foil.

—:;_\b
W Y Pt fil
Beafl |~
\\—\\
—_— T



500

400

300

200

100

Simulation of long-lived 4,_observation
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Simulated distribution of m*m
pairs over Q,, with criterion
Q<1 MeV/c. “Experimental”
data (points with error bars)
are fitted by a sum of “atomic
pairs” from long-lived states,
“Coulomb pairs” and “non-
Coulomb pairs”.

The background sum is shown

by the solid line.

The number of atomic pairs
are found to be

long

= 281148

32
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atomic pairs from
long-lived states

e =327 +37

-1 .

Coulomb pairs

non-Coulomb pairs

-[&T T
0.50 0.32 0.56

&

Simulated distribution of t*m
pairs over F, with criterion Q< 2
MeV/c. “Experimental” data
(points with error bars) are fitted
by a sum of “atomic pairs” from
long-lived states, “Coulomb
pairs”, “non-Coulomb pairs”. The
background sum is shown by the
solid line.

where 0.50, 0.32 and 0.56 Mev/c
are RMS'’s of the atomic pairs
distribution over corresponding
components of the relative
momentum (). Now,

o nE=327+37; 14 -88

O

ny




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

AZn AK+7|:_ AZTE

1.1-10° 0.52:10-"° 0.13-107

1. 1. 12.

3.4:10% 16.-10-19

A multiplier due to different spill duration ~4

34



DIRAC prospects at SPS CERN

Present low-energy OCD predictions for 7zzr and zK scattering lengths

wr oa, =2.3% da,=2.3% o6(a,—a,)=1.5%

...will be improved by
L attice calculations

K 0a,, =11% Say, =40% 6a,, =10% Oay, =17% ...wil be significantly
- ~ v ~ ~ improved by ChPT
ChPT Roy-Steiner
Planned results of DIRAC ADDENDUM at PS CERN after 2008-2009

7(A,,)—> o0(a, —a,)==x2%(stat) £ 1% (syst) £ 1% (theor)
(A )—>0(a,,—a,,)=t77%(stat) t.......... +1.5% (theor)

2011-2012 Observation of metastable n*n~ atoms and study of a possibility to measure
its Lamb shift.

DIRAC at SPS CERN beyond 2012
7(A, ) > o(a,—a,) =%0.5%(stat)

(A, ) —>0(a,, —a,,)=12.5%(stat)
(Enp _Ens)mr _)5(2610 +a2) (Enp _Ens)ﬂ'K — 5(2a1/2 + a3/2)



Thank you for your attention
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