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7T scattering lengths

In ChPT the effective Lagrangian, which describes the 77 interaction, is an
expansion in (even) terms:

Lor = JACH Ry CO R () B
(tree)  (1—loop) (2—loop) J

Colangelo et al. in 2001, using ChPT (2-loop)& Roy equations:

ao = 0.220 + 2.3%

2 — —VU. .

These results (precision) depend on the low-energy constants (LEC) 13 and .

Because /3 and I, are sensitive to the quark condensate, precision
measurements of ag, a, are a way to study the structure of the QCD vacuum.
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Lattice calculations of 5, I,

o J. Gasser, H. Leutwyler: Model calculation (1985)
b=26+25 Al/k~1

o 2006: I3, Iy first lattice calculations
o 2012: 10 collaborations: 3 USA, 5 Europe, 2 Japan

o Lattice calculations in near future will obtain
Al/l3~0.10or Alb~02—-03

o To check the predicted values of /3 the experimental relative
errors of mr-scattering lengths and their combinations must be
at the level (0.2 —0.3)%
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wK scattering lengths
I . ChPT predicts s-wave scattering lengths:

1/2 3/2 -
a? =019£002 a/" = —0.05+£002 | B, . Koicer
U. Meissner - 1991
a/* —a/*=024+003 |

2" — /" =023+001 |

A. Roess| - 1999

J. Bijnens, P. Dhonte,
5 - =027 |

P. Talavera - April 2004

IT . Roy-Steiner equations:

1/2
do

ay/? = 0.269 + 0.015 J P. Biittiker et al. - 2004

o
Krand 7t n—

=
atoms
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mK scattering lengths

IIT . S-wave 7K scattering has also been studied extensively in the framework

of lattice QCD

Recently predictions for wK scattering have been obtained:

S.R. Beane et al, Phys. Rev.

1/2 0.0026 _3/2 0.0029
ao/ = 0.172575 0157, 30/ = —0.0574 55060 J D77 (2008) 094507

.B. Lang et al., Phys. Rev.

C
ag/? =0.183 £ 0.039, a3/> = —0.0602 + 0.0040 J D86 (2012) 054508

ay = Y(ay/> — ay/*) = 0.0811 £ 0.0143

K. Sasaki et al., Phys. Rev.
J D89 (2014) 054502
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Gain of mK scattering length measurement

What new will be known if 7K scattering lengths will be measured?

The measurement of the s-wave 7K scattering lengths would test
our understanding of the chiral SU(3), x SU(3)g symmetry breaking
of QCD (u, d and s quarks), while the measurement of 77 scattering
lengths checks only the SU(2), x SU(2)r symmetry breaking (u,d
quarks).

This is the principal difference between 77 and 7K scattering!
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Published results on 77 scattering lengths

DIRAC 715(107155) | a0 — a2 | Reference
data | value stat syst theo™ tot value stat syst theo™ tot
+0.49 +0.033
2001 | 2.9170:45+0.19 0.26410:017+0.022 PL B 619 (2005) 50
038-049 | oo 0.020-0.009 | 1o
+0.28 +0.0106
2001-03 | 3.15+920+0-20 0.253310.9078+0.0072 PL B 704 (2011) 24
019-018 | e 0.0080-0.0077 | 100
* theoretical uncertainty included in systematic error
NA48 | K-decay ap — a» Reference
value stat syst theo tot
2009 Ksr 0.2571 + 0.0048 + 0.0029 + 0.0088 | EPJ C64 (2009) 589
2010 | Kea& K3y 0.2639 4+ 0.0020 + 0.0015

EPJ C70 (2010) 635
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Published results on wK scattering lengths

Experimental data on the 7K low-energy phases are absent.

DIRAC 71s(107155) | ag | Reference
data value stat syst tot value tot
+3.0

2008-10 | 2.5739193

—0.18

0.09
0.11+99%

PL B 735 (2014) 288

V. Yazkov (SINP)

Kn and 777~ atoms

MESON 2016, June 6

12 / 54



K+tn~ and 77K~ atoms lifetime

nwK-atom (A;k) is a hydrogen-like atom consisting of K* and 77 mesons:

Eg = —29keV, rg =248 fm, pg ~ 0.8 MeV /c

The mK-atom lifetime (ground state 1S), 7 = & is dominated by the annihilation
process into m°K©: -
K+ Ko AK*W* — 7T0K0, Aﬂ.+K— — TI‘OKO

rlsmoKo = Rk | 3(1)/2 = 83/2 |2 with % ~ 2% J

e us

J. Schweizer - 2004

From Roy-Steiner equations:

1/2  3/2
if AL—10% = Al -l “"0":5%J

1/2  3/2
4’ —9p

(=] = = = = o
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Method of and wK atom observation
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Coulomb pairs and atoms

For the charged pairs from the short-lived sources and small relative momentum
Q there is Coulomb interaction in the final state. This interaction increases the
production yield of the free pairs with Q decreasing and creates atoms.

tr—, KTk, (=t=7), (KTK™),
T e (=) ()

Coulomb pairs Atoms

There is precise ratio between the number of produced Coulomb pairs (N¢)
with small Q and the number of atoms (N4) produced simultaneously with
these Coulomb pairs:

Na = K(Qo) - Ne (Q < Qo), % <1072 J
na - atomic pairs number, Pp, = ;\’,—: J
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Break-up probability

Solution of the transport equations provides one-to-one dependence of the
measured break-up probability (Pp,) on wK atom lifetime for Nickel target
with thicknesses 108:m and 98um

o5 0.5
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Experimental setup

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 Heavy Gas Cerenkov; 15 Nitrogen
Cerenkov; 16 Preshower; 17 Muon Detector
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Experimental conditions

SFD

Coordinate precision | ox = 60um | oy =60um | oy = 120um

Time precision o% =380ps | o}, =512ps | o}, = 522ps

DC VH

Coordinate | 0 = 85um Time precision | o = 100ps

Spectrometer

Relative resolution on the particle momentum in L.S. 3.1073

Precision on Q-projections | og, = 0g, = 0.5MeV /c | o, = 0.5MeV /c (7)
oqg. = 0.9MeV /c(7K)

Trigger efficiency 98% | for pairs with Q. < 28 MeV /¢
Qx <6MeV/c
Qv <4 MeV/c
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Measured difference of K™ and 7~ generation time
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Background suppression for K7~
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K*tn~ and 77K~ atoms - run 2007-2010

Statistics with Platinum (2007) and Nickel (2008-2010) targets

Atomic pairs
700 pal
600 Coulomb pairs
500
non-Coulomb pairs
400

ﬁﬂ

Q[Mevid

Criterion QT < 4MeV /c. x?/ndf = 36/37.
In absense of “atomic pairs” x?/ndf = 56/38
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K atoms - run 2007-2010

Statistics with Platinum (2007) and Nickel (2008-2010) targets

1000 Atomic pairs

800 | Coulomb pairs

non-Coulomb pairs

J( =349, +61.

Q [Mevlc]

I
2

GL\\Z\\\\\\

Criterion QT < 4MeV /c. x?/ndf = 41/37. In absense of “atomic pairs’ x?/ndf = 73/38
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Statistics mK atomic pairs

Analysis T KT Tt K~ 7 KT and 7T K7

Q 243+ 52 (4.70) | 106 £32 (3.30) | 349 %61 (5.70)

QL] | 164 £79 (2.10) | 67 £47 (1.40) | 230+ 92 (2.50)

[QLl, Qr | 237 £50 (4.70) | 7832 (250) | 314+59 (5.30)
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Systematic errors

H syst syst syst
Sources of systematic errors 09 o9 %QLl.Qr
Uncertainty in A width correction 0.8 3.0 2.0
Uncertainty of multiple scattering in | 4.4 0.7 2.7
Ni target
Accuracy of SFD simulation 0.2 0.0 0.1
Correction of Coulomb correlation | 0.0 0.2 0.1
function on finite size production
region
Uncertainty in 7K pair laboratory | 3.3 5.4 7.8
momentum spectrum
Uncertainty in laboratory momentum | 6.6 1.6 5.4
spectrum of background pairs
Total 8.6 6.4 10.1
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Observation of 7K atoms

Analysis with Qr, Qt:

5.2 standard deviations
Analysis with Q:

J

5.6 standard deviations

J

CERN-EP-2016-128 ; arXiv:1605.06103.
To be sent to Phys. Rev. Lett

[m] = = =
Kn and 777~ atoms

DA
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Break-up probability of 7K atoms

Year | Q \ QL | Q. Qr
Ktn—

2007 | 1.09 +0.52 1.42 +0.95 1.44 £+ 0.59

2008 | 0.32 £0.20 0.41+0.34 0.44 +0.22

2009 | 0.23£0.16 0.04 +0.22 0.16 £0.15

2010 | 0.41 +£0.17 0.15+0.20 0.33£0.16
Tt K~

2007 1.2+12 09+16 0.27 £0.56

2008 | 0.52 £0.39 0.50 £0.62 0.42 £0.38

2009 | 0.29 £0.20 0.49 £0.37 0.33£0.24

2010 | 0.33£+0.22 | —0.13+0.20 0.21 +£0.20

V. Yazkov (SINP)

Kn and 777~ atoms

MESON 2016, June 6

290 / 54



Systematic errors for break-up probability

Sources of systematic errors Nickel target
syst syst syst
9@ 9QL 71QLl.QT
Uncertainty in A width correction 0.0006 | 0.0013 | 0.0006

Uncertainty of multiple scattering in | 0.0051 | 0.0006 | 0.0036
Ni target

Accuracy of SFD simulation 0.0002 | 0.0001 | 0.0003

Correction of Coulomb correlation | 0.0001 | 0.0000 | 0.0000
function on finite size production
region

Uncertainty in wK pair laboratory | 0.0052 | 0.0031 | 0.0050

momentum spectrum

Uncertainty in laboratory momentum | 0.0011 | 0.0010 | 0.0011
spectrum of background pairs

Total 0.0074 | 0.0036 | 0.0063
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Systematic errors for break-up probability

Sources of systematic errors Platinum target
syst syst syst
9@ 9QL 71Q.l.Qr
Uncertainty in A width correction 0.011 0.099 0.0732

Uncertainty of multiple scattering in | 0.0087 | 0.0086 | 0.0141
Ni target

Accuracy of SFD simulation 0. 0. 0.

Correction of Coulomb correlation | 0.0001 | 0.0002 | 0.0002
function on finite size production
region

Uncertainty in mK pair laboratory | 0.089 0.27 0.25
momentum spectrum

Uncertainty in laboratory momentum | 0.22 0.068 0.21
spectrum of background pairs
Total 0.24 0.29 0.34
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K atom lifetime estimation

Analysis with @, Q7: preliminary, to be published.

L(t), MK & K'1t, Pt & Ni, (1Q.1.Q)

°
&
A

CL=0.68

°
>

°
=
T

e
I
T

CL=0.90

| L L Ix10™ L L H
5 10 15 2 0.0 0.08 0.1 0.12 0.14 0.16 0.18 0.2

Likelihood function for 7K atom lifetime Relation between measured value 7K atom
measurement lifetime (7) and a S-wave isospin-odd 7K

scattering length |ag |

7 = (38553 lstat LG leyst) f5 = (38533 feot) f5 |

a1 = 00871885 |
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K atom lifetime estimation

Analysis with @: preliminary, to be published.

L(r), TK &K', Pt & Ni, (Q), total errors

°
T T

CL=0.68|

°

°
=

CL=0.90|

e

| L L 11x107
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Likelihood function for 7K atom lifetime
measurement

T= (5 5+4 2 |stat tgg

T
0 e e e s =
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I I
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Relation between measured value 7K atom
lifetime (7) and a S-wave isospin-odd 7K
scattering length |ag |

lsyst) s = (5.57530r) f5 J

g 1My = 0072758 |
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Increasing of statistic with 450 GeV/c proton beam

The yield w of charged particles, and 7+7 -, 77K - and K7~ - atoms into DIRAC setup

acceptance.
01ab 5.7° 4° 2° 0°
E, 24 GeV | 450 GeV | 450 GeV | 450 GeV
Yield charged particles
W 0.022 0.14 0.50 2.9
wh 1 6.4 22.7 132
Yield of 7" 7~ atoms
Wa x 10° 1.94 34. 69. 89.
wy 1. 17.3 35.4 45.9
(Wa /W) 1. 2.4 1.2 0.27
Yield of 7" K~ atoms
Wa x 10° 0.217 8.1 16.3 23
wy 1. 375 75. 106.
(Wa/ W)V 1. 10.6 5.8 1.2
Yield of K7~ atoms
Wa x 10° 0.52 8.5 19. 30.
wy 1. 16.4 37.6 57.4
(Wa/ W)V 1. 4.9 3.0 0.66
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Accuracy of a, measurement with 450 GeV beam

On the base of experimental data, estimation of time needed for measurement a;, with

statistical accuracy 63; for present DIRAC setup and beam condition (Nickel target only);
Mod1 is for DIRAC setup at E, = 450 GeV beam (small modification due to another
geometry of secondary particle beam); Mod2 is for essentially modified DIRAC setup at 450
GeV beam with higher intensity (/g). It is assumed that at 450 GeV beam setup would

obtain 3000 spills (4.5s) per day.

Setup E, Iy 01ap | Solid angle | Beam time | Run time .

GeV p/s sr s months %

Present | 24 [ 2.7-10"™ [ 5.7 | 1.2.1073 1.2-10° 145 | 43.

Present | 24 | 2.7-10* | 5.7 | 1.2.1073 6.0 -107 715.6 | 5.

Mod1l | 450 | 1.0-10 | 4.0 | 0.6-1073 5.8 -10° 143 | 5.

Mod2 | 450 | 1.0-10'* | 40 | 0.6-1073 7.4-10° 1.9 | 5.

Work under LOI for experiment at 450 Gev proton beam is started.
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Pionium lifetime

Pionium (A,) is a hydrogen-like atom consisting of 7+ and 7~ mesons:

Eg = —1.86 keV, rg = 387 fm, pg =~ 0.5 MeV /c

The lifetime of 777~ atoms is dominated by the annihilation process into 7%7x°
. °

[= 1 = Fang + T2y with 225~ 4% 1073

- " I'ls’z,,o = R| ao — a2 |2 with A—r{" ~1.2% J

ao and a» are the w7 S-wave scattering lengths for isospin / =0 and | = 2.

V. Yazkov (SINP)
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Kn and 777~ atoms
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Properties of long-lived 777~ atoms

Decay length (cm) of Ay, with different principal quantum
number n and orbital momentum / for v = 16.

/ n=1 n=2 n=3 n=4 n=5
0/139-1073]111-1002[3.76-102[891-10°2 | 1.74-101
1 5.6 19 43 84

Fraction of atoms with non-zero orbital momentum (e,(Be)) on the exit
of Be target (100 um) and €,(Pt) in the entry of Pt foil (10 cm downstream)

for v = 16.
n=2 n=3 n=4 n=>5
en(Be) x 10 | 2.48 4+ 0(1073) 1.54 £0.01 0.86 £0.03 0.56+0.06
en(Pt) x 102 | 0.52+ 0(10%) 1.014+ O(1073) 0.7840.03 0.54 +0.06

en>a(Be) = (7.11 £ 0.77) - 1072, €,>»(Pt) = (4.59 +0.76) - 10~ 2.
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Energy splitting measurement

A, Energy Levels

For Coulomb —Z—
potential, - ‘ J. Schweizer
E depends 2 [PL B (2004)]
onlyon n b =
2p 2p

. . 2
- = -_ 25 -
ns  np;nl, b1 ns E‘L I>1 i ﬂﬂ. I>1
Coulomb potential Vacuum polarisation Strong potential higher order QED
Notation: AN, =—0.111eV Ay, =-047+001eV A7, =-0.012eV
By =By =haray vac+str+em __ +
:> A2S—2p - _0.59_0.016\]
3 G.V.Efimov et al. str
am_ 1 B
o= i ... Sov.J.Nucl.Phys. stro _ T2s72p
25-2p (2(10 F a, ) + (1986) Ans—np n3 8

CONCLUSION: one parameter (2a,+a,) allows to calculate all A,;_,, values

V. Yazkov (SINP) Kmand 7t n—

atoms MESON 2016, June 6 39 / 54



Dependence of A, lifetime on electric field E strength

J t

N,=N,(0)-e ™ N,=N,0)e
Ty = Top _ Do |E‘2
e 2 2 2
1+|§|r2p 1+120]&"  where: [¢] “EET
4 7, !

B, ,, =2 Tesla

T2
y=20, |£=0025 = r,=-2%
y=40 , |¢=005 = 1, _ P
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Method to observe long-lived atoms

Be target 103um Magnetic field Pt-foil 2.1um
/7?*
Coulomb,

&= L non-Coulomb &
12.9MeVie | atomic pairs
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Influence of permanent magnet on Qy distribution

10°
s ”
i3 Distribution ~ of  eTe”
ol pairs generated in the Be
ol woue | target  (before permanent
3 | | magnet), Pt foil (after main
ST e part of permanent magnet
field) and in upstream
sooof- detector  region  (after
» permanent magnet field).
30000 2.3 MeVic
Qr = /Q% +(Qv —23MeV/c)?

16‘ 18 2
Qy, MeV/c
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Long-lived 77~ atoms - run 2012

Run 2012, statistics with low and medium background. Two-dimensional
distribution over | Q; |, Q- have been fitted with x?/ndf = 138/140.
Projections to | Q, | and Q% are presented.
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Qf <2 MeV/c. | QL |< 2 MeV/c.

V. Yazkov (SINP) Kn and 777~ atoms MESON 2016, June 6 44 [ 54



Statistics of “atomic pairs” from long-lived atoms

QY cut nk nk et Back- X*/n
(MeV/c) ground
Fit over |QL], QT
20 | 436457 488+ 64 | 16790 | 138/140
Fit over |QL]
0.5 152 £29 467 + 88 971 29/27
1.0 349 £ 53 489 £ 75 3692 | 19/27
1.5 386 £ 78 454 +91 9302 22/27
2.0 442 4+ 105 495 £+ 117 16774 22/27
Analysis with “Coulomb pairs” generated at Platinum target
20 | (-08+13)x10° | | | 238/140
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Observation of long-lived atom

Systematic errors of number of long-lived “atomic pairs”

Sources of systematic errors ot
Uncertainty in correction on A-width 4.4
Uncertainty of Platinum foil thickness 22.
Total 23.

Expected number — 653 + 110 (453 = 845)

B.Adeva et al., Phys. Lett. B 751 (2015) 12
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Conclusion

o In the experiment DIRAC at CERN, the dimesonic Coulomb bound
states involving strangeness, the K*n~ and 7 K~ atoms have
been observed with reliable statistics: 314 4 60 events (5.2 o).

o Value of mK atom lifetime preliminary has been expracted to be
7 = (3.8733|t0t) fs. It provides a measurement of the S-wave

isospin-odd mK scattering length |ay | = (0.08773933) - M L.

o Simulation, based on results of experiment DIRAC, shoes that a
S-wave isospin-odd 7K scattering length |a; | could be measured
with accuracy 5% in a reasonable time, using 450 GeV proton
beam.

o Analysis of data collected in 2012 with Be-Pt target allows to
make observation of “atomic pairs” from 777~ atoms in long-lived
states: n§ = 436 & 61. It provides possibility to plan experiments
for measurement of “Lamb shift like” effect in 777~ system.
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Experimental conditions

Primary proton

beam

24 GeV/c

Beam intensity

(10.5 = 12) - 10 proton/spill

Single count of one IH plane (5 +6) - 10° particle/spill
Spill duration 450 ms
Ni target
Purity 99.98%
Target thickness (year) | 98 £ 1 um (2008) | 108 £ 1 pm (2009 — 2010)
Radiation thickness 6.7-1073 X, 74-1073 X,
Probability of inelastic 6.4.10-* 21.10-4

proton interaction
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Experimental conditions

Secondary particles channel 5 70
(relative to the proton beam) '
Angular divergence in vertical 110
and horizontal planes
Solid angle 1.2-10 3 sr
Dipole magnet Bnax =165T,BL=23Tm

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
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Admixtures in distributions of 77K~ and 7~ K™ pairs
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Background suppression for 77K~
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