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2. set up
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3. Ap event selection
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3. Ap event selection
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3. Ap event selection
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3. Ap event selection
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3. Ap event selection
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4. Monte Carlo simulations

VZal—Ya3voBM: EET—%% 7+ vk UTBRs(Branching Ratios) & CSs(Cross Sections) =8 % fc &

D %

ZEB UK in 2NA : (1)#IRBEAp w/wo elastic FSIs, (2)#&IR8Ex% — yAp w/wo ela FSls. (3)inelastic
scattering N — AN’ (conversion of the X into A)

L
Residual nucleons
D IEIRREICR S AIREE B H D —M,, BVINE <R D,

NS DORIGDEMNIREIEETHRKR/NT XY,

GEANFI : Monte Carlo simulation® A7 2 Lo > 7Y N (py.p)o Py, =py+p, o ZDDHEEP(py,)IFH

TO&SCERS N, P(py,)dpy, = | T(my,) I*| F(py,) I
Phase space element

T : K multi-nucleon absorption transition amplitudes —> const

F : form factor, containing "all” the nuclear physics




4. Monte Carlo sim
Replace the single proton wave function with two, three and four nucleons wave fur

A= / dr &% (1)@ (F)T(K ~p — Zm)d,(r) S (r) ~ T(Mygx) FP(Pyy)

A : capture amp
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T pairs in nuclear captures of K~ mesons. Acta Phys.
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4. Monte Carlo sim

. at-rest KIZ2p#EICHE S 15,

. 3d,2plciEE = fzat-rest KDOKEENREEI D Ap invariant massikz 4 (X IR T= 5 (Ref.[42]

V.K. Magas, E. Oset, A. Ramos, H. Toki, A critical view on the deeply bound state Kpp
system. Phys. Rev. C 74, 025206 (2000))

. in-flight KD KENBE#E IERef.[57]K. Piscicchia, S. Wycech, C. Curceanu, On the K:-He — &
~He resonant and non-resonant processes. Nucl. Phys. A 954, 75-93 (2016)ZZ&Z&(C U
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. Ref.[60](First measurement of the K-n — m-non- resonant transition amplitude below
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5. Fit of the data
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5. Fit of data
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5. Fit of data
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Table 1 Branching ratios (for the K™ absorbed at-rest) and cross sec-
tions (for the K™ absorbed in-flight) of the K™ multi-nucleon absorption
processes. The K~ momentum is evaluated in the centre of mass refer-

ence frame of the absorbing nucleons, thus it differs for the 2NA and
3NA processes. The statistical and systematic errors are also given

Process Branching ratio (%) o (mb) @ px (MeV/c)
2NA-QF Ap 0.25 = 0.02 (stat.) 79 03 (syst.) 2.8 +0.3 (stat.) 1)) (syst.) @ 128 + 29
2NA-FSI Ap 6.2 + 1.4(stat.) T)2(syst.) 69 + 15 (stat.) £6 (syst.) @ 128 + 29
2NA-QF £% 0.35 £ 0.09(stat.) *0-13(syst.) 3.9+ 1.0 (stat.) "3 (syst.) @ 128 £ 29
2NA-FSI =% 7.2 + 2.2(stat.) 733 (syst.) 80 = 25 (stat.) 750 (syst.) @ 128 +29
2NA-CONV /A 2.1+ 1.2(stat.) 703 (syst.) -

3NA Apn 1.4 + 0.2(stat.) 703 (syst.) 15 + 2 (stat.) +2 (syst.) @ 117 £ 23
3NA 2%n 3.7 + 0.4(stat.) 103 (syst.) 41 £ 4 (stat.) *3 (syst.) @ 117 + 23
4NA Apnn 0.13 £ 0.09(stat.) "0 03 (syst.) -

Global A(Z%p

21 + 3(stat.) F3(syst.)




6. Systematic errors(2 > D LM SBEWVWDTFIREICKE>TUEX - )

6 Systematic errors

The systematic uncertainties for the measurements are
obtained by performing variations of each cut applied for
the Ap event selection described in Sect. 3. The systematic
error to the parameter ¢; introduced by the variation of the
j-th cut is given by:

asjist..i - Ol,?’ =, ®)
where o ,’ is the value obtained from the new fit. The total, pos-
itive and negative, systematic errors are obtained summing in
quadrature, separately, the positive and negative systematics.

In Table 2, the standard selection cuts for the kinematic
variables which are found to significantly contribute to the
systematic errors are summarised.

-y NEUEZELAEZTZREICTTD
Hy NEHEDRE T/INSA—INE
nEFInzhr=8Tnsd?

Table 2 Cuts of the optimised Ap event selection that significantly
contribute to the systematic errors. See Fig. 2 for further details about
the cuts applied to the mass of the protons

Hadronic vertex radial
coordinate:

23.8cm < ppp < 26.2cm

Primary proton mass: 723 MeV/c? < mp < 1093 MeV/c?
Proton from the A decay mass: 771 MeV/c? < mp < 1081 MeV/c?

Primary proton momentum: pp = 270 MeV /e

The ppp cut variations are performed in order to select
+15% of events. For the proton TOF mass cuts we relied on
the standard deviation of the mass distribution fits (20 ) and
the systematic on the proton momentum cut is evaluated by
removing it. Two important additional contributions to the
systematic errors are also considered, related to the assump-
tions of the event modelling, namely the ansatz on the equal
in-flight/at-rest contribution, which is varied to 40/60% and
60/40%, and the contribution of the single nucleon absorp-
tions, evaluated performing the fit with additional pionic con-
tributions.

- in-flight& at-restDFSDENGEEZTHI

N FIRINDEFESDIREDHZEZTHI:
(additional pionDfit\DEH5)
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7.2. K p coupling to A(1405)

_ BR(K™(pp) > Ap)

. 7° exchange model

R =

~ BR(K™(p) - An")
~ BR(K—(p) » =070 "

BR(K~(pp) — Z%p)

= 0.7 + 0.2(stat.) 793 (syst.)
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Fig. 5 Thetree level (left) and the leading order (right) diagrams of the
processes K~ (pp) — Ap (top) and K= (pp) — E'p (bottom), accord-
ing to the meson exchange model
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7.3. Search for a K pp bound state

2NA L PXHITE

Table 3 Experimental BE and

: 2
I" of the K—pp bound state Experiment BE (MeV) " (MeV/c)
measured by the FINUDA, +6 £8 50 +14 9 s
OBELIX, DISTO, E27 and E15 FINUDA [33] 115 75 (stat.) "7 (syst.) 67 77 (stat.) 3 (syst.)
(first run) cxpcrhncnts OBELIX [34] 160.9 =49 < 2444 8.0
DISTO [36] 103 + 3 (stat.) &35 (syst.) 118 &+ 8 (stat.) 10 (syst.)
E27 [39] 95 112 (stat) 137 (syst.) 162 87 (stat) T58 (syst)

E1S (first runy{41]

15 if{ (stat.) =12 (syst.) 110 i}? (stat.) £27 (syst.)

E'EAwM V #/=110 MeV/c? (E15 first run) o
. = e = e rstrun e - 2
= : ——— BE=115 M) I'=67 MeV/c? (FINUDA) =~ - DD Moy o) Moy,
c 012 - = : 0.14 |- ——— BE=45 MeV T'=50 MeV/c
3 —— BE=103 =118 MeV/c? (DISTO) c - BEC G Sy
o 2 ~—— BE=95MEV I'=162 MeV/c® (E27) 012 |- R I s e
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Fig. 6 Calculated invariant mass distributions of the Ap pairs from
the K~ pp bound state decay, produced in K~ absorption on '2C. The K= + Be — A + p + '”Be, for a bound state hav-
line shape of the 2NA (gray line) is shown for comparison together ing BE = 45 MeV andJ" = 5, 15, 30, 50 and 90 MeV/c? (yellow,
with the shapes obtained for the simulation of a bound state having magenta, red, green and Plue curves respectively). The gray curve is the

binding energy and width selected according to the measurements of shape of the 2NA-QF. Fhe areas of the distributions are normalised to
E15 first run (blue line), FINUDA (red line), DISTO (magenta line), E27 unity

(green line) and OBELIX (cyan line). The areas of the distributions are
normalised to unity

ariant mass distributions for the process
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7.4. FINUDA & D EEER
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Fig. 8 The experimentzl Ap invariant mass spectrum obtained select-
ing back-to-back Ap events (cos 8, < —0.8), in aralogy with the data
analysis performed by FINUDA in Ref [33]




7.4. FINUDA & D EE#R
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the different contributing processes is shown in the figure
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Table 4 The branching ratios of K™ multi-nucleon absorptions for a
back-to-back (ala FINUDA) selection of A and p are reported together
with the statistical and systematic errors

Process

Branching ratio (%)

2NA-QF Ap
2NA-FST Ap
INA-QF ©%
2NA-FSI 2%

2NA-CONV L /A
3NA Apn

3NA ©pn

0.20 & 0.04(stat.) =0.02(syst.)
3.8 =2 3(stat.) 1. 1(syst.)
0.54 + 0.20(stat.) 101 (syst.)
5.4 = 1.5(stat.) flz:g(syst.)

22 + 4(stat.) |, (syst.)

1.1 = 0.3(stat.) £0.2(syst.)

1.9 +=().7(stat.) fgzg(syst-)

Table 1 Branching ratios (for the K™ absorbed at-rest) and cross sec-
tions (for the K™ absorbed in-flight) of the K™ multi-nucleon absorption
processes. The K~ momentum is evaluated in the centre of mass refer-

Process Branching ratio (%)

2NA-QF Ap 0.25 = 0.02 (stat.) *0-0 (syst.)
INA-FSI Ap 6.2 + 1.4(stat.) *03(syst.)
2NA-QF =% 0.35 =+ 0.09(stat.) 792 (syst.)
2NA-FSI £% 7.2 4 2.2(stat.) *33(syst.)
2NA-CONV E/A 2.1 % 1.2(stat.) F)3(syst.)
3NA Apn 1.4 £ 0.2(stat.) *0-3(syst.)
3NA £%n 3.7 £ 0.4(stat.) T)Z(syst.)
4NA Apnn 0.13 =+ 0.09(stat.) 79 05 (syst.)
Global A(Z%)p 21 + 3(stat.) fg(syst.)

- 2NA-CONV Z/ANEFHy hDOREZRELLXRITT, T7—DHKRELB>TULE T

g E LT, BWMEBEZEFEDAPEEDARY N EATHK pp bound statez&ZZX 5 2 & 4R
<. ZRFRIUNZNFTTARY NLDFRBENTE Tz,
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20| 74338 8.2604 95008  10.8508 124426 136039 145784 154518 162659 17.045¢ 178088 185687  19.3374  20.1272 209514
21 80337 83972  10.2829 115913  13.33¢6 144393 154446 163444 171823  179€43 187683 195485 203372  21.1470  21.9915
22| 86427 05426 100823 123380  14.0416 152788  16.3140  17.2306  18.1007 180242 107288 2065288  21.3370 221663  23.0307
23| 92604 10.1957 115886  13.0905  14.6460 151219  17.1865  18.1373  19.0211 198657 206902 215096 223339  23.1852  24.0689
24| 98862 103554 124012  13.8484 156567 159686 180618  19.0373 199432 208084 216525 224908 233357 242037  25.1063
25| 105197 115240  13.1197 146114 164754 17.8184 189398  19.9393 208670 21.7524 226156 234724 243366  2522'8  26.1430
26| 111602 121931 138439 153792  17.2919 136714 198202  20.843% 217924 226575 235794 244544 253335  26.2395  27.1769
27| 118076 123735 145734  16.514  18.1159 135272 207030  21.7494 227192 236437 245440 254368 263353  27.2569  28.2141
28| 124613 135647 153079 169279  18.3€2 203857 215880 226572 236475 245808 255093 264195 273352 282740  29.2486
29| 131211 142555 160471  17.7084  19.7677  21.2468 224751 235666 245770 255391 264751 274025 2833561 292908  20.2825
30| 137867 143535 167908 184927 205992  22.1103  23.3641 244776 255078 264881 274416 283858 293350 303073  31.3159
00| 573276 700649 742219 1779295 823581 854406 879453  90.1332  92.1289 940046 958078 975744 993341 101.1149 102.9459
120 838516 863233 915726 957046 1006236 1040374 1068056 109.2197 1114186 1134825 1154645 1174041 119.3330 121.2850 123.2890
140 1006548 1040334 109.1369 1136593 119.0283 122.7476 1257581 1283800 130.7657 1330027 1351490 1372475 139.3339 1414473 1436043
160| 1176793 1213456 1263700 131.7561 137.5457 1415475 1447834 1475983 150.1582 1525564 1548555 157.1019 159.3338 1615868 163.8977
180| 1348844 1383204 1447413 1499688 156.1526 1604206 1638682 166.8653 169.5879 1721373 1745799 1769652 1793338 181.7234 184.1732
200 1522410 1564320 162.7280 168.2786 1746353 1733550 1830028 186.1717 189.0486 191.740¢ 1943193 1968359 1993337 2018526 204.4337
240| 1373243 191.38%9 198.9839 2(5.1354 2123856 2173736 2213936 2248819 2280458 231.0041 2338348 2365955 239.3337 2420928 2449181
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1ZFERINDANY N ZTOFTHRDINKHED RS T & T RELBERFERNDOT—FIhE 5N,

. HOYX—=%TDprotonD:EHFHEthresholdidp>240MeV/c, pion production T TE dproton®
EFELDHEKREV, INTHE - LI FRIEsys erroric &1z,

- QFEFSIHYID 2 lF Tt TE 7o

. Total BRIZEEDT—4% (bubble chamber) & AV Y XF Y N> T,

. Phase spacefJICIE2NA-QFICE WTIRIRREIZZ pE D B ApD AL FEN S (R'=1.22)H%. EFRICH
ESNTER=0.715TF BIc. ERIFKIRREIZZp> Ap EEZXBIENTES, TNIEA(1405)h F
FREEUVLTEELTWT, FIORBERREZ (1385) KD H XN THD I &EZzRET %,

. K pp bound state B’ ApERNDEFES %= FNT,

. 2NA-QFIZK ppE < DI QM RBREDZRWVWT, BRICERSZ ZEN DM o, 77




