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Low energy QCD and w*mr- atoms

Study of long-lived states as a method for energy splitting
measurement

Production yields of long-lived states a*a~ atom
Experimental setup and experimental conditions
Experimental results on the long-lived atoms

Yields of long-lived atoms at proton momentum p,=450GeV/c
and prospect of the Lamb shift measurements



Theoretical motivation

ElectroWeak strong:
I - [ Standard Model | -

EW L J QCD

SU(2) xU(1) local gauge theory SU(3).

Strong interaction: Locp = Leym + Loy preax (Mg # 0)

HIGH energy

LOW energy

(chiral symmetry)
(small distance) @ @ (large distance)

perturbative QCD:
Lyep(a.9)

Interaction — ,weak"” (asympt. freedom)
Method: expansion in coupling

Checks only L, (M, 0)!

non-perturbative QCD:
Leff (GB TC’K’T]); Llattice (q’g)

Interaction — ,strong“ (confinement)
Methods: 1) Chiral Perturbation Theory
2) Lattice Gauge Theory

Checks L as well as l_

sym sym-break !

spontaneously quark-
—|
broken symmetry condensate




Theoretical motivation

T1T scattering length

In ChPT the effective Lagrangian, which describes the nr interaction, is an expansion
in (even) terms:

L,=L?+LY+L["+...
4 (tree)  (1-loop) (2-loop)
G. Colangelo, J. Gasser and H. Leutwyler, Nucl. Phys. B603 (2001) 125,
using ChPT (2-loop) & Roy equations:

— 0
a,= 0.220£2.3% } a,—a,=0.265+1.5%
a, =—0.0444 £ 2.3%

These results (precision) depend on the low-energy constants (LEC) I; and |,
Lattice gauge calculations from 2006 provided values for these l; and I,.

Because |, and |, are sensitive to the quark condensate,
precision measurements of a,, 8, are a way
to study the structure of the QCD vacuum.
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Theoretical motivation

Lattice calculations of I, I,

+2006: I, I, First lattice calculations

«2012: 10 collaborations: 3 USA, 5 Europe, 2 Japan

- J. Gasser, H. Leutwyler: Model calculation (1985)
1,=2.6+2.5, Al/l,~1

« Lattice calculations in near future will obtain
Al,/l;~ 0.1 or Al;~ 0.2-0.3

* To check the predicted values of I the experimental
relative errors of nn-scattering lengths and their
combinations must be at the level (0.2-0.3)%
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Physics motivation

' atom: lifetime & scattering length

_ 0.20 +0.20 +0.28
=% (10 = S) = ) =
13\ 3 . 15_0,19 stat 0-18 syst 3 . 15—0.26 tot
rlsz_zga?’po(ao 8.2) m,2,
T1s 9 i
P +0.0078 +0.0072 +0.0106
— ‘ao —a, ‘ (mﬂ ) = O 2533—0.0080 stat ~0-0077| g - O 2533—0-0“1 tot

... published by DIRAC, Physics Letters B 704 (2011), 24.
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Experimental results

K—3x (scattering length in m_*)

2009 NA48/2 (EPJ C64, 589)
=a,-a,=02571+0.0048|  +0.0025|  +0.0014]| =..+22%

plus additional 3.4% theory uncertainty

Ke4.

2010 NA48/2 (EPJ C70, 635)
= a, =0.2220+0.0128 | + 0.0050] _ + 0.0037 |, =...%6.4%

=a, = —0.0432+0.0086 | +0.0034|  +0.0028|, = ..+22%

T atom:

2011 DIRAC (PLB 704, 24)

+0.0078
—0.0080

+0.0072
—0.0077

stat

+4.2%
T —4.4%

=|a,—-a,| = 0.2533

syst



Experimental results with additional theoretical constrainis

K>3z
2009 NA48/2 (EPJ C64, 589) ...with ChPT constraint between a, and a,:

— 8, a, = 0.2633+£0.0024|  +0.0014| +0.0019| =..+1.3%

plus additional 2% theory uncertainty

Ke4:
2010 NA48/2 (EPJ C70, 635) ...with ChPT constraint between a,and a,:

=a,= 0.2206+0.0049|  +0.0018|  +00064| ~ =..*3.7%

Ke4 & K>3
2010 NA48/2 (EPJ C70, 635) Remark: the results didn’t include theory uncertainty

=a,—-a, = 0.2639i0.0020| i0.0015| =...1£0.9%
2 stat syst
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Method of A, 0bservation ana measurement

Target Ni 98 um

A T
Pl Q"
24 GeV/c (Np)
Interaction point < Ni

N

o I\

>
24 GeV/¢

p

Ap,@,...

24 GeV/¢ ,
nn,..

Interaction point \

pm‘\“{‘f"“/

S
24 GeV/c

N\

e
P
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- Atomic pairs

T .
T Coulomb pairs

+

1» Non-Coulomb pairs

- Accidental pairs




Measurement of A,, proauction rate in p-Be interactions

Distribution over |Q | of m= =~ 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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Na,_/p=(5.1+0.5) x 10~1* (2010) s 0 3
Na,_/p = (5.9 +0.5) x 10~ 14 (2011) / U : T
T QL e
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T atom lifetime

n*w atom (pionium) is a hydrogen-like atom consisting of =+ and - mesons:
E;=-1.86 keV, rg =387 fm, Pg = 0.5 MeV/c

mt 0 The lifetime of #*n atom is dominated

T
1 I
. / \Tco F:_:FZEO +F27/ 2y z4><10_3

T I )0

T

F =Rl (0)|a, —a, |7 =(2.9£0.1)x107"s

a, and a, are the . s-wave scattering lengths for isospin 1=0 and 1=2.
£0for 1=0 A, (15, 2s,...,(n-1)s) — 7°x°
" Cotor 120 A, (np) Y A, (1, 2s,...(n-1)s) —> 7°n°

The lifetime of np states depends on transition np ——>1s, 2s,...,(n-1)s probability
This probability is about three orders less than ns —— #%° decay into n° n°



Energy splitting measurement

AZn Energy Levels Schweizer [PL B (2004)]

For Coulomb —Z—
potential E s
depends . 2"

onlyon n
— — 2s Z_p il
— 2s
ns np;nlI>1 ns EI, I>1 EI' I>1
NOtation: Coulomb potential Vacumolarisation Stmpotential

B, —Epy = Ay, AN, =-0.0126V A%, =-0111eV Ay, =-047£0.0lV
Aem+vac+str _ _O 59_|_ O OleV

2S-2p
3 G.V.Efimov et al. A
a'm 1 _
str 25-2p
e — ° SOV-J-NUCI-Ph S- T — 3
AW (Za0 +a ) v A = -— 8

(1986) N

CONCLUSION: one parameter (2a,+a,) allow to calculate all A ,, values
12
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Lamb shijt measurement with external magnefic field

See: L. Nemenov, V. Ovsiannikov, Physics Letters B 514 (2001) 247.

Impact on atomic beam by
external magnetic field B,_, and Lorentz factor y

= o

.. relative distance between

. nt and m~ InA,_system
A o . .... laboratory magnetic field

mtt Aﬂ,ﬁ’:—z
> P . ...electric field in A,_system

E|= Py By~ ¥ By
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Dependence of A, ljefime 1,5 for Zp-states of the electric field E strength

N, =N,(0)-e N, =N,(0)-e ™

Top Top .
Tet = ‘5‘2 , = 14120 ‘5‘2 where: ‘5 ‘2 N ‘E‘Z

1+ 2 E,, — E )’
4 7,

Top

y =20 £|=0.025 = o, =2

B,,, =2 Tesla 1%3
y =40 =005 = r,=—2




Resonant enhancement of the anninilation rate of 4,,

L.Nemenov, V.Ovsiannikov, E.Tchaplyguine, Nucl. Phys. (2002)

j@ﬁmh Mh Blav Eva

lu Nl w

Iy

Io 27T
In Lab. System: TLab =—, W gy = ——
'BC _ TLab E E
7 » " ~ ~ 2p ~ 2
In CM System: @ =Y - @, 4, EZV'ELab-COSa)’[, Q= ph s
dN, S
~ ~ dy,
at resonance: Q= = Vres " O ap

A YA
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x'w atom lifetime and decay lengths

Decay length A, in L.S. (cm)
(%25 for y=16
, (10 sec) (Ans=C * 7Y * Tnl)
S0 ey s peey
Ths—T1s' n®
1 2.9-10% - 1.39-10°° -
2 2.32-1073 1.17 1.11-10 5.6
3 7.83-1073 3.94 3.76-107 19
4 1.86-107 9.05 8.91-102 43
5 3.63-107 17.5 1.74-10% 84
6 6.26-102 29.9 3.01-10* 144
7 9.95-107 46.8 4.77-1071 225
8 1.48-10% 69.3 7.13-107 333

12-Sep-14
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Pt foil
Be target A
100 L i
1
.. _.___af———f”—‘____éoulomb and non—Coulomb pairs
The probability — - —
of A,_ns states /
J Tt o
generation In " 15, 28 - _%
proton-nucleus _E_:.C—;:_—:’:i—“————o——- (s L
interaction: 3 Is, 25... f"”""o annihilation | §
ﬁ«._c-:_—:_;“ﬁ/—/—— T ; |
W, =83% L
— 0 Excitation P "
W23 10.4% 1s, 25=2p, 3p.4p... ! ' 7t
Wy =3.1% /’ij//é —
j— zp; p’ - T n
W>35 =3.5% | i atomic pairs
> / -
Be N,=5% Long-lived states = N,=2.8%
Thick ' [
Breakup foil © 2p 3p 4p 5p 6p 7P Platinum foils:
(1m) The breakup probability for np
states and different thicknesses
ot 1.0 0.4147 | 0.6895 | 0.8553 | 0.9324 | 0.9667 | 0.9828 (A, momentum P,=4.5GeV /c
(Z=78) 1.5 0.6084 | 0.8526 | 0.9446 | 0.9765 | 0.9889 | 0.9944 | and A, lifetime t =3.0-10"s)
2.0 0.7422 | 0.9244 | 0.9743 | 0.9895 | 0.9951 | 0.9975

t2-Sep-1#&
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Events

Events

Simulation of " pairs for long-lived A, observation
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The background reduction with magnetic fila for long-lived A, observation
V. Yazkov

Q, distribution of “atomic pairs” (signal) above the background of "z~ Coulomb pairs
produced in Beryllium target, without (left) and with (right) magnet used in 2012 run.

| Selected events with the cut: JQZ2 + Q2 <2MeV / c‘

Expected signal (atomic pairs) from broken up long-lived n*n atoms

Events

20

| T i e e e |
Q, [MeV/c] Q, [MeV/c]

Without magnet With magnet .
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Method for observing long-lived =" atom with breakup Pt joil

Be target103 um MagneticField Pt foil 2.1 um

R +]
BRI /
""""""" / Atomic, Coulomb,
g Qv=  non-Coulomb and
24 GeV/c 12.9MeVIel accidental pairs
pP— I~
wam
Interaction point
Excitation | © /oo \ .
Y L A T
24 GeV/c @\]S’ A sl AN MO I
interactiofs goint__ @ B¢ S e

for I(2p) = 5.6 cm, 1(3p) =19 cm, I(4p) = 43 cm, I(5p) = 84 cm
y=16 [(2s) = 0.11 mm, 1(3s) = 0.38 mm, 1(4s) = 0.89 mm, I(5s) = 1.74 mm
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DIRAC upgraded Experimental setup

) \\\ K*
- “;\ ’ o
' -\

f8plares xvyu XXYV

T Y N -
i
MDC SFD IH
Vacuum gap

1 Target station with Ni foil; 2 First shielding; 3 Micro Drift Chambers;

4 Scintillating Fiber Detector; 5 lonization Hodoscope; 6 Second Shielding;

7 Vacuum Tube; 8 Spectrometer Magnet; 9 Vacuum Chamber; 10 Drift Chambers;
11 Vertical Hodoscope; 12 Horizontal Hodoscope; 13 Aerogel Cerenkov; 14
HEaY'Gas Cerenkov; 15 Nitrogen Cerenkovy 16 Preshower; 17 Muon Detector!




DIRAC upgraded Experimental setup

BLUE ... magnet yoke
GREY ... magnet poles
RED ... magnet shimming
PURPLE ... Pt foil

12-Sep-14
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DIRAC setup characteristics ana experimental conditions

The relative angle of the secondary 5741°

channel relative to proton beam T

Solid angle 1.2:103 sr

o] ) B,.,=165T
ipole magne BL<29Tm

Spectrometer

Relative resolution on the particle momentum in L.S. 3-10-3

Precisi -projecti =0.5 MeV
rec131.on on Q-projections Gy = Gy = 0.5 MeV/c Oqr eV/c (nr)

(experimental measurement) Oq = 0.9 MeV/c (1K)




Experimental conditions (run 2012)

Primary proton beam 24 GeV/c
Beam intensity (3.0 +3.3)-10!! proton/spill
Spill duration 450 ms

Secondary particles intensity

~7-10° particle/spill
(single count of one IH plane) particle/sp
Be target
Target thickness 103 pm
Radiation thickness 2.93-104X,
Probablyty of inelastic proton 9 52.10-4
interaction




Distance from the centre [cm]

y-beam position (run 2012)

Pt foil edge position

""""""" Beam 3013 (X and Vpositors) ~~ ™~~~ ~ €= 7.5 mm from the
08— T T T ] beamaxis

Proton beam position
when the IH slabs
single counts increase
on factor 2 due to the
halo beam interaction
with the Pt foil

(no Be target).

o4l e
12500 12600 12700 12800 12900 13000 13100 13200 13300 13400 13500

Run number



Study of long-lived states as a method for energy shift measurement

Layout of the dipole magnet

(arrows indicate the direction Horizontal field distribution along z-axis at X=Y=0mm

|BX(0,0,2)dz = 24.6x10-3 [Txm]

of magnetization)
025
. 130 _
04
i
02
>
< 02
' 018
016
20, 70 20 »
| /2 '
] . ; 012
Glle|. 60 [T
’ 4 01
| 008
S L —3
SN E o 006
I ) 004
1 /- 002
G g |
|
r — Z coord 2500 4500 500 0} 1500 2500
1- PM block Sm2Col7 ~Component; Bx [T), Integral = 24,6426 [mTm]

2- PM block Sm2Co17
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., MeWic

Degradation of the old magnet and the new one behavior

Old magnet (Nd-Fe-B), 2011 New magnet (Sm-Co), 2012

-+ The position of the 8 0004 Q"1 (Q), = A+Bxt; te[0,]]
ol second peak in Qy g B=(1.4+2.2)10"

-, distributions of e*e” pairs % !

[ versus dates. 1.0002/

I h AQY : —
L, > 50% 1 —
38 y Q, _ —

i H} - //:7

[ ] -

= |h“;” 0.9998 | —T—

i [i i i

Rt

: 1 ““i l[lm}“i I :
25 *] o 0.9996(

i i | i

_ | i RUN time ~ 6 months

-| | i | ‘ | | | | | | | =l | I | | I | I | I | I | |
1506 2206 2906 0607 1307 2007 27/07 (0308 10008 17/08 24108 31/08 0 0.2 0.4 0.6 0.8 1

12-5ep-14 Dal, 16.06.2011- 208 20 Start of Rum End of Run



Maenet influence on Q. distribution for e*e” pairs
g _ 2y : P
Real data

2500 ;— Be
2000 i / e+
e > yete
o 12.9 MeV/c Qy=
500 — ‘L 129MeV/C
Bt oa*’m% ‘ ( éon/ ) \
eV/c
y _
e+e- pairs ‘leg Mev/c / A E
40000 E e+ Q
w00 2.3 MeV/c v=
: —¥ 2 3MeV/c
20000 \‘_
10000 e
oE 500 6.004 " 5.006 0008 0.01 " 0.012 0014 6076 0018 602 ] k
Qu(GeV/c)

Peak at Q,=2.3MeV/c evaluated after subtraction of the mirrored left side part.
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Magnet influence on Q, distribution for e*e pairs

000~ 12.9 MeV/c

i
50000 1*

40000

2.3 MeV/c

Real Data

20000 |

10000 [— |

_______

o 1 I\L_L_IJ I 1 JJ Lol LLLJ I 11 1 I 11 1 I 11 | I 11 | I 11 |
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

Qu(GeV/c)

w0 2.3 MeV/c

200 —

150 |-

Simulation

100 |-

50

1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1
-0.004 -0.002 0 0.002 0.004 0.006 0.008
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Long-lived m*n atoms

0.25 ;— Coulomb pairs ]
0.2 f— non—Coulomb pairs
0.15 f— .
0.1 f—
0.05 f— S
S e T B I
025 O 025 05 075 125 15 175 2
0.25 i— Atomic pairs
0.2 f—
0.15 f—
0.1 f—
0.05 f— —\—\—
S R T T e
1925 ,,0 025 05 075 125 1.5 175 2

Qr IMeV /c]

Simulated distributions
of "Coulomb™, "non-
Coulomb" and atomic
pairs over Q

for |Q,[<2 MeV/c

Qr =+/Q% +(Q, —2.3MeV /c)’
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Long-lived m*n atoms

Atomic pairs

Coulomb pairs

+ non—Coulomb pairs

=1 Egjgizf

8 10 12 14
Q. MeV /]

Experimental (real
data) and simulated
distributions over |Q, |

for Q;<0.5 MeV/c

Qr =+/Q% +(Q, —2.3MeV /c)’
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Long-lived m*n atoms

1600 F Atomic pairs
1400

Coulomb pairs

1200 F—+ .>
S non—Coulomb pairs

1000 F

800 [

600 F

Experimental (real
data) and simulated
distributions over |Q, |

for Q;<1.0 MeV/c

400 |
200 |

. :jf Qr =+/Q% +(Q, —2.3MeV /c)’
00 ;_ N,=410. £535

150 g— ~/.80

100 ;—

52 __ JHFJFJr Jﬁ EEENESES] Jr

I SN A A AT

0
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Long-lived n*n atoms

3500 F Atomic pairs

3000 F Coulomb pairs

2500 F non—Coulomb pairs

: Experimental (real
so0 £ data) and simulated
ol e distributions over |Q, |

for Q;<1.5 MeV/c

300 — \/Qx , —2. 3I\/IeV/c)
250 | Na=435. £7/8.
200 F ~5.90

: Wu thodut
,,,%',WWH HT i

0 2
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Long-lived " atoms

Q. cut n Selection 0 ot Background for

! A |efficiency| A Q,<1.5MeV/c
Q<0.5 MeV/c %fgj;i; 0.365 | 436+74 690
Q,<1.0 MeV/c ?}?jéi:;’ 0.795 | 52267 2775
Q.<L5Mevic| #3358 1 gga5 | 45883 6360

(~5.50)

12-Sep-14
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The ratio of K™, K'n~ and n*n-atom yields at
the proton momentum 450 GeV/c and angle 4°
to the yields at the proton momentum 24 GeV/c

K™ atoms 35
K n~ atoms 27
tHt atoms 17

and angle 5.7°.

12-Sep-14
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Additional slides



A,, (x*x atom) characteristics

A, decay dominated by the annihilation process: —— i+ >+’

A, lifetime depends on the nn 1

—> =a~W,, =Rla,—a,|
scattering length difference |a, — a,| ;N 2 ‘aO a 2‘

Energy shift contributions > AE, =AE" + AE" + AEsltr

str
Strong interaction contribution > AEno — Ah (Zao + a?)

2S—2pP _ ,pStr em _ ,eem vac _.gvac _
AE _AEZO +AE20 AEZl +AE20 AE21 =—-0.59+0.01eV
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Theoretical motivation

ChPT predicts s-wave mr scattering length
[G. Colangelo, J. Gasser and H. Leutwyler, Nucl. Phys. B603 (2001) 125]

a,=0.22042.3%, a,=-0.044442.3%, a,-a, = 0.265+1.5% (in M units)

The expansion of M ? in powers of the quark masses starts with the linear term:

Mj :(mu +md)B_|:(mu +md)B]2 327ZI'3ZF2 +O((mu +md)3)

where B = %‘(m §q|0>‘ is the quark condensate, reflecting the property of QCD vacuum.

T

The estimates indicate values in the range 0 < I, <5
Measurement of | ;= improved the value of (m,+m, )|(0lzu|0)|

0.35—

025 =

025 =

P T T T O T S ISR | P T TN I T TR T S BN
0'13.13 0.135 0.14 0.145 015 0.155

e.g.a,—a,=0260+3%= 1<Il,<1lor 1.00<M/M_<1.06
12-sep-14  EB65: a,=0.216+6% = —4<1l,<12 or 0.98<M /M _<1.06 39
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Experimental conditions

SFD
Coordinate precision | &y =60 pum oy =60 pm oy = 120 pm
Time precision oty = 380 ps cty =512 ps oty =522 ps
DC VH
Coordinate precision | o =85 um Time precision c =100 ps
Spectrometer
Relative resolution on the particle momentum in L.S. 3-103

Precision on Q-projections

Oqx = Oqy = 0.5 MeV/c

Oq = 0.5 MeV/c (nr)
Oq = 0.9 MeV/c (1K)

Trigger efficiency 98 %

for pairs with

Q. <28 MeV/c
Q<6 MeV/c
Qy <4 MeV/c




Experimental conditions

Secondary particles channel (relative to

the proton beam) >7
Angular divergence in vertical and +1°
horizontal planes -

Solid angle 1.2-103 sr

Dipole magnet

B, =165T,BL=22Tm

Time resolution [ps]

VH IH SFD
plane 1 1 2 3 4 X Y W
2008 112 713 728 718 798 379 508 518
2010 113 907 987 997 | 1037 | 382 517 527




Magnet — mechanical structure

= 'S

1) Permanent block Type 1
(Sm2Col7)

2) Permanent block Type 2
(Sm2Col7)

1

3) Pole (AISI 1010)
4) Return yoke (AISI 1010)
5) Central insert (stainless steel)

6) Cover plates
(aluminum)
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Magnet - main parameters

Magnet Type Permanent Magnet Dipole
Quantity 1+1(spare)

Magnet Height x Width x Length 170 mm x 130 mm x 66 mm
Magnet mass 8.6 kg

Full horizontal aperture 60 mm

Good Field Region(GFR) Horizontal x \ertical

20 mm x 30 mm

Magnetic field characteristics

Nominal integrated horizontal field IBX(O,O,Z)dZ

24.6 <103 Txm

Horizontal field in magnet center By o ) 0.255T
Magnetic length IBX(O,O,Z)dZ ! By0.00) 96.5 mm
Integrated field homogeneity inside GFR AlB,dz / [B, 70z < +2%

Components

Permanent magnet blocks

Sm2Col17, “Recoma 30S” or equivalent

Pole and Return Yoke

Low carbon steel: AISI 1010

Central inserts

Stainless steel; 316L+N

Cover plates

Aluminum:; EN-AW-6082

12-Sep-14
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Production yields of A,, 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 > 1): total yield of long-lived states including states with n <7

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

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

Target | Thickness | Breakup | X (I=1) | 2pg 3po 4po | X(I=1,m=0)
V4 pm

Be 04 100 6.3% 5.5% 1.18% | 0.46% | 0.15% 1.90%

Ni 28 5 9.42% 9.69% | 2.40% | 0.58% | 0.18% 3.29%

Pt 78 2 18.8% 10.5% | 2.70% | 0.55% | 0.16% 3.53%
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Simulation of all *™x pairs at experimental conditions

Population of A, long-lived states at the Be target exit and at the Pt foil entry,
(percentage from total number of produced atoms)

at the Be target exit at the Pt foil entry

N2 3 4 5 6 7 8| []2 3 4 5 6 7 8

032 043 020 0.09 004 002 0.01

229 082 027 010 004 0.02 0.01
000 065 027 011 0.05 002 0.01 000 050 024 011 005 0.02 o0.01
000 000 025 012 0.06 003 0.01 0.00 000 024 012 005 0.03 0.01
0.00 000 000 011 006 0.03 0.01
000 000 000 000 006 003 0.01 0.00 0.00 000 0.00 006 0.03 0.01

0.00 000 0.00 0.00 0.00 0.03 0.01

n
1

2

3

4 |000 000 000 011 006 003 001
S

6 0.00 000 000 000 000 003 001
7

~N oo o A W DN

000 000 000 000 0.00 000 0.01 0.00 0.00 000 0.00 0.00 0.00 o0.01




Simulation of all x"x pairs at experimental conditions

Number of atomic pairs produced by breakup in
the 1um Pt foil from states with specific n and I.
(percentage from total number of produced atoms)

At the Pt foil exit
N2 3 4 5 6 7 8

0.05 0.07 0.04 0.02 0.01 0.01 0.00

0.00 0.08 0.06 0.04 0.02 0.01 0.01

0.00 0.00 0.06 0.04 0.03 0.02 0.01

0.00 0.00 0.00 0.05 0.03 0.02 0.01

0.00 0.00 0.00 0.00 0.03 0.02 0.01

0.00 0.00 0.00 0.00 0.00 0.02 0.01

~N oo o1 A W DN -

0.00 0.00 0.00 0.00 0.00 0.00 0.01
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Generating A,, in long-ived states on Bery!lium target

Be Al Ni Pt
L{pm) 100 20 5 2
iﬁax 107 2.84 2.24 3.53 6.57

E,,c X 104 2.45 0.48 0.34 0.23

Target thickness L in microns, radiation length (X/X,), and
nuclear efficiency (probability for proton-nucleus interaction)

The proton-target beam interaction will generate A, in ns states as follows:

W, =83%, W,.= 10.4%, W, =3.1%, W., =3.5%

12-Sep-14 47



[
(aa]

3p

12-Sep-14

0.04 F

0.03

0.02

0.01

0.004

0.002

Ao x 10 T
W

0.1

0.075

0.05

0.025

O :IIII L L L LLH

10~ 10 10
||||| - ||||| |||||
0 10 10°
ol mi !
10 10 10°
su

Production yi

0.01

0.0075

0.005

0.0025

€

s

-
=
'

10

107

10

10°

10

10°
su

lds of A,, long-lived states

Probability of A,_breakup (Br)
and production yields of the long-
lived states 2p, 3p, 4p, 5p, 6p
(m=0) as a function of the target
thickness, for Beryllium (Z=4)
target.

The A, ground state lifetime is

assumed to be 3.0-1015s and the
atom momentum 4.5 GeV/c.
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Production yields of A,, long-lived states

0.4 i— 0.02 |
0.3 i— E
0.2 i— 0.01 :—
0.1 f— B -
) Eu | o L | | Probability of A,_breakup (Br)
0! 1 100 107 Lt 1o 0® o and production yields of the long-
“ 0006 [ ¥ X ;‘}2 - lived states 2p, 3p, 4p, 5p, 6p
- TE (m=0) as a function of the target
0.004 1 e thickness, for Nickel (Z=28)
- 0.1
o b ! : target.
i 0.05 |
e grgmsl el ol The A ground state lifetime is
} 10 1 10 10 x 10 10 1 10 10
mXI0 T & o6 D assumed to be 3.0-10"1°s and the
S N [ atom momentum 4.5 GeV/c.
0.075 ;— 0.4 :—
0.05 f— i
C 0.2 —
0.025 _ B
Fl ul | il Gl il | A
10" 1 10 10 10" 1 10 10°
S s
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Production yields of A,, long-lived states

- “ 0025 &
0.6 — E
- 0.02
04 - -
C 0015
0.2 :— 0.01 i—
o bl i | 0005 Foul+ ol ool .. Probability of A, breakup (Br)
107 ! 10 ; 10" ! 10 and production yields of the long-
% 0.006 [ N % x .g - lived states 2p, 3p, 4p, 5p, 6p
I " 3 (m=0) as a function of the target
0004 T 05 F thickness, for Platinum (Z=78)
I 01 E target.
0.002 — C
= ' 0.05 &
T T The A,_ ground state lifetime is
5 X10F = 06 [ assumed to be 3.0-10%°s and the
oL atom momentum 4.5 GeV/c.
0.075 04 -
005 : N
C 02 N
0.025 i ‘
Cl | ul ol L il
10~ 1 10 10" 1 10
S s
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Production yields of A,, long-lived states

Production yield of the A,_long-lived
state 2p (m=0) as a function of the
atom momentum for the Nickel (Z=28)
target.

Target thickness is given in microns on
the right side. The A,_ground state
lifetime was assumed to be 3.0-10-15s,

12-Sep-14
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&mulaﬂon of all zt’"‘a' pmm pmductwn Jrom long-tived 4,, states

Be target Magnetic Pt foil
103 pm Field 2.1 um

Z..Z'/

<

-»—e)%

Be

>4 6 8 10 wz‘w 6 18 20
L(cm)
L — position of the Pt foil from Be target
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Simulation of all ™% pairs at experimental condifions

The relative exit of pairs from metastable atoms: Be 100 wand Pt 1p | The relative exit of pairs from metastable atoms: Be 100 p and Pt 2u

S S0 S T *

"'ﬁﬁﬁﬁﬁﬁﬁﬁ"_:i]ﬁﬁ,’ﬁ!ﬁiOﬁ:ﬁﬁfﬁ::::ﬁﬁfﬁ?ﬁﬁfﬁfﬁfﬁﬁﬁffﬁﬁﬁﬁ:ﬁﬁ::?ﬁ::ﬁﬁffﬁf'@ﬁﬁﬁfﬁfﬁ::"5""""""""'""""'""J

10IIIIIIIIIIII:IIIIIIIII:IIIIII'"I':'I::" III|III|III|III|III|III|III|III|III|II

20 40 60 80 100 120 140 160 180 200 20 40 60 80 100 120 140 160 180 200
Platinum foil position, mm Platinum foil position, mm

Part of the atoms, which were created in the Be target and then broken up in the Pt foil, as a function of
the distance between Be target and Pt foil for all metastable states (n >1, |1 >0) and for some individual
states with | =1. The foil thickness is 1p and 2p.



A4,, level scheme and 2s - 2p energy splitting

J. Schacher

_AE,

S-2p

— &p = AE, = ZAE;, L&, =—4.807eV; &,, =—0.593eV; &, =—0.008eV

= AE, ,, =& —&,, =—0.585eV

2s level shifted below 2p level
by ~0.6eV ..... "Lamb" shift

— T, El“n(iroﬂo)zrrjl: 7, =2.9f1s;7,, =8-7,, =23.21s
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Values for energy shifts and lifetimes of x*n atom

[J. Schweizer, PL B587 (2004) 33] - Schacher
(. () AET[eV] | AE™[eV] | AE¥[ev]” r [1075s)
(.0) -0.065| -0.942| -38£01| 2901
(2,0) -0.012|  -0.111|-0.47+0.01| 23.3+0.7
(2.1) -0.004| -0.004| ~1.10° | =1.2-10°

_ ApStr em _ ,gem vac _,gvac _
L’AEZS—Zp_AEZO +AE20 AE21 +AE20 AEZl =-0.59+0.01eV

— selection rules: An=0, Al =41, Am=0

{<nlm’\/Op n'I'm'> #0 =  Stark mixing

*) AE™ ~ A (23, +a,)



The lifetime of =& atom in electric field

L. Nemenov, V. Ovsiannikov (P. L. 2001)

3Fh?
M =
K,

m.0 » F — strength of electric field in A, c.m.s.

F = ByB;, B,inlab. syst.

- m must be 0

E, . —E
g 2M 2 (n=2) ="
Q"
1 g
§(2s —2p) = §yB, §, ~ £, = 5 n3yBy
Ezs — Egp 8
ceff — ___'n
" 1412082

CONCLUSION: the lifetimes for long-lived states can be calculated using
only one parameter - E,-E, .

The probability W(m=0) of A, to have m=0 on F will be calculated by

L. Afanasev. The preliminary value is W (m=0) =~ 50%.
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Resonant enhancement of the annihilation rate of 4,,

P(v)

06 T T T T T T T T T T
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Resonant enhancement of the annihilation rate of A,,

| Resonators

| Proton beam

Charged secondary

yresl YreSZ yresS Yres4

12.-Sen-14
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H=0.0 T £&=1 N,=330 # 40
H=0.1 T &=1 N,=330 (1-0.7%)

EEETE
11 15 13

21 25 23

32 32 32

41 35 38

49 36 46

H=14T 307 251 215

56 36 46

61 35 48

12-Sep-14

V. Brekhovskikh

A,s.op CaN be measured
atH=1.4+ 1.6 T with
60% precision using
low level background
events and with 50%
precision using low
level and medium level
background events.
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Magnetic Field -1.0T

Magnetic Field 1.0 T E=40%  317.273
2% 1 3 | 4 | 5 | 6 | 7 | 8 [ 5 |

V. Brekhovskikh

n,% 0.42 0.27 0.15 0.079 0.046 0.025 0.012 1.002

7101, 1.17 3.94 9.05 17.5 29.9 46.8 69.3 177.66

Lcm 5.64 19.02 43.68 84.47 144.32 225.89 334.49 857.50

0.0075 0.0254 0.0603 0.1177 0.2034 0.3231 0.4822 1.2197

T1071L,s 1.162 3.656 6.302 6.571 5.011 3.461 2.397 28.561

5.609 17.647 30.418 31.715 24.188 16.703 11.572 137.85

0.0714 0.1595 0.1193 0.0701 0.0429 0.0239 0.0116 0.499

0.0710 0.1557 0.1124 0.0624 0.0349 0.0171 0.0070 0.4605

Magnetic Field 1.0 T =100% 276.147

_“‘i“ e | 7o | 8 | 5

n,% 0.42 0.27 0.15 0.079 0.046 0.025 0.012 1.002

110115 1.17 3.94 9.05 17.5 29.9 46.8 69.3 177.66

5.64 19.02 43.68 84.47 144.32 225.89 334.49 857.50

0.0188 0.0636 0.1507 0.2943 0.5086 0.8076 1.2056 3.0492

T 1011, 1.122 2.653 2.429 1.535 0.933 0.590 0.395 9.659

5.416 12.806 11.726 7.412 4.504 2.849 1.907 46.622

0.0714 0.1595 0.1193 0.0701 0.0429 0.0239 0.0116 0.499

0.0683 0.1369 0.0821 0.0335 0.0118 0.0030 0.0005 0.3362

Magnetic Field 1.0 T §=160% 240.908
- 2» ! 3 | 4 | s [ e | 7 | 8 | 5

n,% 0.42 0.27 0.15 0.079 0.046 0.025 0.012 1.002
710115 1.17 3.94 9.05 17.5 29.9 46.8 69.3 177.66
L,cm 5.64 19.02 43.68 84.47 144.32 225.89 334.49 857.50
€, 0.0301 0.1017 0.2411 0.4709 0.8137 1.2922 1.9289 4.8788
To1071,s 1.055 1.757 1.135 0.634 0.372 0.233 0.155 5.339
L.sCm 5.092 8.483 5.476 3.059 1.793 1.122 0.747 25.774
0.0714 0.1595 0.1193 0.0701 0.0429 0.0239 0.0116 0.499
N_eff 0.0637 0.1079 0.0458 0.0106 0.0016 0.0001 3.87-10° 0.2296
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DIRAC prospects at SPS CERN

Yield of dimeson atoms per one p-Ni interaction,

detectable by DIRAC upgrade setup

Ep PS - 24 GeV SPS - 450 GeV

Atoms | nttm | Kot | K |t | Kot | K'n | it | Kot | Ko | it | Ka™ | K
W, 1.1E€-9 | 2.6E-11 | 4.4-11 | 1.06-8 | 2.0E-10 | 2.1E-10 | 1.86-8 | 9.36-10 | 1.26-9 | 2.7e-8 | 2.3E-9 | 3.0E-9
WAN 1 1 1 9.7 7.5 4.7 17.2 35.4 27.2 25.8 86.9 68.7

WA/Wn 7.0E-8 1.7E-9 2.9E-9 2.3E-7 4.4E-9 4.7E-9 2.0E-7 1.0E-8 1.3E-8 8.3E-8 7.0E-9 9.2E-9

LAVAVA i | 1 1 (3326 |16|29|6.0|46|1.2 4.0]|3.2

A multiplier factor due to spill duration: ~ 4

Total gain 13| 10 | 6 |12 | 24 18| 5 | 16 | 13
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dimulation of long-lived A,, observation

F<2

12-Sep-14

Q and F for Be

y Qy Q<IMeV/c

QL

Qx

Q=/Q2 +QZ +Q?

F:\/Qi L Qf

2 2 2
Oq, ©Oq@  ©9%q

—

Oo, = 0.5MeV /c
- Og, = 0.32MeV /c

Oq = 0.56MeV /c

—
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dimulation of long-lived A,, observation

Iong

2500 = 327437

2000

1500

1000
atomic pairs from

long-lived states

Coulomb pairs
non-Coulomb pairs

L

Simulated distribution of z*7z~ pairs
over F, with criterion Q; < 2MeV/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.

(S (T (]
0.50 0.32 0.56
where 0.50, 0.32 and 0.56 Mev/c

are RMS's of the atomic pairs
distribution over corresponding

500 j components of the relative
............................................................... momentum Q. Now,
] n'"™ =327 +37; —8.8
O - 1 1 1 P 1 1 L G
0 8 10 12 14 16 18 20 NA
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Method for observing long-lived n"x with breakup P foil

The observation of long-lived z*z atom states s00 | n,=281.1 +48.4
opens the future possibility to measure the ' +
energy difference between ns and np states -
AE(ns-np) and the value of z*z scattering 00t
lengths |[2a,+a,|. _
300
If a resonance method can be applied for the :
AE(ns-np) measurement, then the precision of 200 L[ Coulomb pairs
77 scattering length measurement can be | atomic pairs from
improved by one order of magnitude relative " | metastable states \ non-Coulomb pairs
to the precision of other methods. 100 ¢ x \
Be target Pt foil I
100 pm 2 um 0 25 20 .15 .10 5 0 5 10 15 20 25
. 7Z_+ - Q, [MeV/c]
lonization /1 Atomic
Excitation pairs Simulated distribution of z*x- pairs over Q,, with
5, 25 32} 3p, 4p, ww,--' ——5__ cut Q<1 MeV/c. Experl.ment'al data (crosses? are
2 atom 3 fitted by a sum of “atomic pairs” from long-lived
Production ¥ states (dash line), “Coulomb pairs” (dot-dash
line) and “non-Coulomb pairs™ (dot line). Total
P background shown by solid line.
24 GeVlc
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DIRAC prospects at SPS CERN

Present low-energy QCD theoretical predictions for ntrr scattering lengths

o, oa, o(a,-a,)
(%) | () (%)
ChPT 23 23 15 Will be improved by

Lattice calculations

DIRAC Expected results

04, o, d(a,-a,)
(%) | (%) (%)
T(A,,)PS 2008-2010 (2011) 3.8(3)

2011:Observation of metastable n*7~ atoms and study the possibility to measure its Lamb shift
Study the possibility to observe at SPS the K*K- and . atoms based on 2008-2010(2011) data

T(A,,) SPS beyond 2013

<2

o(2a,+a,)
(%)

(Enp~Eng)rr SPS beyond 2013

Possible higher precision order relative to present methods
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DIRAC prospects at SPS CERN

Present theoretical predictions for nK scattering lengths

08y, | 08y, 8(ay/,-8/,)
(%) | (%) (%)
Will be significantly
ChPT 1 40 10 improved by ChPT
Roy-Steiner 10 17

DIRAC expected results

6(ay/,-a3,)

(%)
T(A,) PS 2008-2010 (2011) 26
T(A) SPS beyond 2015 5 (stat)
6(2ay,+a3),)
(%)

(Enp-Ens)ni SPS beyond 2015
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