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Charged kaon mass (K*, K™)

493.677 £ 0.013 MeV

Pa. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083CO01 (2020)



Charged kaon mass (K*, K™)

49 : eV

Pa. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083CO01 (2020)



The charged kaon mass discreEancx

discrepancy between the two most accurate measurement

WEIGHTED AVERAGE
493.677+0.013 (Error scaled by 2.4)
Particle Data Group, 2020, VALUE (MeV) DOCUMENT ID TECN CHG COMMENT
083C01 (2020) 493.677+0.016 OUR FIT Error includes scale factor of 2.8.
493.6771+0.013 OUR AVERAGE Error includes scale factor of 2.4. See the ideogram
_below.
L 493.69640.007 I DENISOV 91 CNTR -— Kaonic atoms
1 493.636+0.011 < GALL 88 CNTR - Kaonic atoms
493.640+0.054 LUM 81 CNTR - Kaonic atoms
493.670+0.029 BARKOV 79 EMUL + ete™ —» KTK™
493.65740.020 2 CHENG 75 CNTR —  Kaonic atoms
""" DENISOV 91 CNTR . 493.691+40.040 BACKENSTO..73 CNTR - Kaonic atoms
"""""" GALL 88 CNTR 13.6
"""" LUM 81 CNTR
‘‘‘‘‘‘ BARKOV 79 EMUL 0.1 .
...... CHENG 75 CNTR 1.0 Large uncertainty — 26 pP-p-m,
(Confidence Level=0.0602) Mmyg = 139.57061 + 0.00023 MeV, 1.6 pP-p-m
| | | |

493.55 493.6 493.65 493.7 493.75 493.8 493.85
mc+ (MeV)




The charged kaon mass discreEancz

Severe consequences for nuclear and particle physics

and all the processes in which charged kaons are involved

= The uncertainty on the charged kaon mass leads to an error of 50 keV (o) on the D? mass

= [arge uncertainty on the charmonium spectrum, in particular on precise values of charm-anticharm meson
thresholds

= A particular case is that of D°D*® which lies within the measured width of the best known candidate for a
hadron-hadron molecule, the X(3872), an improved K-mass measurement would lead to a better
interpretation of the X(3872), and of its radius.

C.Amsler, “Impact of the charged kaon mass on the charmonium spectrum”, workshop, Frascati, |9 April 202 |

= |mpact on the K-N scattering lengths and sub eV measurement of K-nuclei interaction (kaonic atoms)

A new kaonic helium measurement in gas by SIDDHARTINO at the DAFNE collider Measurements of Strong-Interaction Effects in Kaonic-Helium Isotopes at Sub-eV Precision
D. Sirghi, F. Sirghi, F. Sgaramella, et al., J.Phys.G 49 (2022) 5, 055106 with X-Ray Microcalorimeters, J-PARC E62 Collaboration, Phys.Rev.Lett. 128 (2022) 11, 112503

Goal: solve the discrepancy and try to improve the kaon mass accuracy



https://inspirehep.net/literature/2054606
https://inspirehep.net/literature/2054606
https://inspirehep.net/literature/2016335
https://inspirehep.net/authors/1423693
https://inspirehep.net/authors/1959130
https://inspirehep.net/authors/1916314

GALLSS

myg = 493.6361£0.01 1 MeV  K.P. Gall et al. Phys. Rev. Lett. 60 (1988)186

HPGe detector; K-Pb (9 -> 8), K-Pb (11 -> 10), KW (9 -> 8),K-W (I 1 -> 10),

Experimental apparatus:
* Brookhaven National Laboratory Alternating Gradient Synchrotron

Kaons of 680 MeV/c momentum

* Laminar target made of Pb and W

3 Ge detectors
57Co, 133Ba, '2Ir and '32Cs used as calibration source

TABLE II. Experimental mass measurements from each transition in megaelectronvolts. If
the 22 per degree of freedom was greater than 1.0, the error listed with the weighted average is
the statistical error scaled up by a factor of (x?/v) "2

Transition My - Transition M-

K ~Pb(11—10) 493.675£0.026 Z7Pb(14—13) 1197.731 £0.192
K “Pb(9—8) 493.631 £ 0.007 Z7Pb(13—12) 1197.492 £ 0.098
K~W(11—10) 493.806 £0.095 ZPb(12—11) 1197.412£0.186
K~W(0O—38) 493.709 £0.073 I"W(14—13) 1197.397 £0.396

I"W(U3—12) 1197.388 £0.127

ITW(12—11) 1197.677 £0.109
Average 493.636 = 0.011 Average 1197.532 +0.057

x%/v=2.31

2%/v=0.968

o 200 —
ol o ! E
x L]
4
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2 < 3 o
& '
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© 50} -
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FIG. 1. Untagged Pb x-ray spectrum showing intense kaon-
ic x-ray transitions.



DENISOV 91

m=493.696+0.007 MeV AS. Denisov et al. JEPT Lett. 54 (1991)558

K- 12C, crystal diffraction spectrometer

Experimental apparatus:

* Proton synchroton of the Institute of High-Energy Physics

* Cauchois crystal diffraction spectrometer, high energy resolution (6.3 eV at 22 keV)

* Carbon target (4f—3d transition): negligible e- screening and strong interaction

* Light nucleus to reduce the probability for a superposition of y-ray lines emitted when a K- is absorbed by a
heavy nucleus

. . Intensi
« Pionc carbon measurement was performed to validate the procedure ,, ™™ .
Right Left
TABLE I. Calculated energies of the transitions with M, =493.6960 and M, = 139.5688 MeV. 21t 121
Value of component, Ev 20F I' HII 120
Component of transition energy 4f£3d K ~-'*C 4d-2p m-"C S “l | '
- ol IR L
Coulomb interaction 22033.941 24782.721 ” l “‘ I ' , '
Vacuum polarization, a(Za) 71.110 42,790 ‘l l. l l l] ”
@*(Za) 0.496 0.314 Bl “l[ I“Il ” | II 18
a(Za)® ~ 0012 —0.009 H ' [ I
Strong interaction 0.009 2.850 17t l 1.7
Relativistic correction 0.085 0.047
Electron screening* - 0.016 —0.373 L I S P VG —
Polarization of nucleus 0.018 0.009 31869800 3870200 3870600 6274200 6274600 6275000
Finite dimensions of meson — 0.004 — 0,002
Lamb shift 0.000 — 0.001 Interferometer readings
Nuclear recoil - 0.022 —0.028
Sum 22105.605 24828.318 FIG. 1. Right and left reflections of the 4/~3d transition of the K ~='°C atom. The interferometer readings
are plotted along the abscissa; the detector count rate per 10'? protons is plotted along the ordinate. The
*The correction was calculated for one 1s electron. vertical lines are the experimental values with the corresponding error; the heavy points are the results of a

fit.



|. [...] calculating transition energies in heavy atoms is a complicated task, since the higher-order
quantum electrodynamics corrections must be taken into account, and the relatively large
correction for electron screening must be calculated correctly

2. [...] when a K- meson is absorbed by a heavy nucleus, a rich spectrum of y-ray lines is emitted.
When a semiconductor spectrometer with a resolution of about | keV is used, there is
accordingly a significant probability for a superposition [...]

A.S. Denisov et al. JEPT Lett. 54 (1991)558

The GALL 88 measurement uses a Ge semiconductor spectrometer which has a resolution of about
| keV, so they run the risk of some contaminant nuclear y rays. Studies of y rays following stopped
m~ and X~ absorption in nuclei (unpublished) do not show any evidence for contaminants according
to GALL 88 spokesperson, B.L. Roberts. [...]

The DENISOV 91 measurement is supported by their high-precision measurement of the 4d-2p
transition energy in T— 12C, which is good agreement with the calculated energy

Pa. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083CO0I (2020)

While we suspect that the GALL 88 K- Pb (9 - 8) measurements could be the problem, we are unable to
find clear grounds for rejecting it. Therefore, we retain their measurement in the average and accept the
large scale factor until further information can be obtained from new measurements and/or from
reanalysis of GALL 88 and CHENG 75 data.

Pa. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083CO0I (2020)



How can we solve the kaon mass Euzzle?

Kaonic atom X-ray spectroscopy

Repeat the kaonic lead and kaonic carbon Using new state-of-the-art detectors
measurement X-ray and different type of target

with the same technique used by Gall-88

and Denisov-91







The SIDDHARTA-2 experiment
Scientific goal: first measurement ever of kaonic deuterium X-ray transition to the ground state (Is-

level) such as to determine its shift and width induced by the presence of the strong interaction,
providing unique data to investigate the QCD in the non-perturbative regime with strangeness.

e—

Combined analysis of the —20:3/13 1—2a,uc(lna—1
Anger Electron

highly-excited state

K’ kaonic deuterium and kaonic (M reduced mass of the Kp system, o fine-structure constant)
| 1) Initial capture
U.-G. MeiBner, U.Raha, A.Rusetsky, Eur. phys. J. C35 (2004) 349
. - hydrogen measurements :Iex':‘-atg-leadainz ord:r??niludinzrisposypsin breaking

l a zl[a +a a :E[ﬂ +a ]+C:£[ﬂ +3a, ]+C
Kp ) 0 1 - kd HUxp “Kn 440 !

I msmg tlaractio i . oo, i k:4[m,,+mx]
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00
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Kyoto-Munich (KMueo)

Nuclear absorption
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1400 1450 1500
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— pmeasured em
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A. Cieplg, M. Mai, UIf-G. MeiBner, J. Smejkal, https:/arxiv.org/abs/1603.02531v2



Kaon
Trigger

“R
-‘**&“'\\ ¥

® — K K" (48.9%)
Monochromatic low-energy K- (~127 MeV/c ; Ap/p = 0.1%)

Less hadromc background compared to hadron beam line




The kaonic deuterium measurement

optimized setup for
run Autumn — Winter 2023 goal:

— goal:
Calibration runs:

Kaonic deuterium run ongoing

2023/24

Monte Carlo for an integrated
luminosity
of 800 pb!
to perform the first measurement of
the strong interaction induced
energy shift and width of the
kaonic deuterium ground state
(similar precision as K-p) !

integrated luminosity: May — July 2023
on going

counts per 80 eV

1500

ak
o
o
o

500

%.s = (- 800 + 30) eV \achievable SIDDHARTA-2
r18 = ( 750 + 80) eV PreCiSiOH Monte Carlo
Simulation

8 9 10 11 12
energy [keV]




The Kaonic Neon measurement

First measurement of kaonic neon X-ray transitions

counts / 40 eV

8000

6000

4000

2000

Line

Energy [eV]

K-Ne 9—8

4206.35 + 3.75 (stat)

K-Ne 8— 7

6130.86 + 0.71 (stat)

K-Ne7— 6

9450.08 + 0.41 (stat)

K-Ne 6— 5

15673.30 + 0.52 (stat)

K-Ng 8->7

KO 6->5
KC5->4

SIDDHARTA-2

K-Ne 6->5_

—— Data
— fit

Integrated luminosity
120 pb-!

(~ 3 weeks of data taking)

l | KAl 7->6

KAI 8->7 ] KC 6->4 KO 5->4
1 L e | | | N R 1 "J |
4000 6000 8000 10000 12000 14000 16000 18000

E [eV]




The (charged) Kaon mass puzzle

Kaon mass (K-Ne 8 — 7and K-Ne 7 — 6) =

(stat. error ~ 15 keV including the K-Ne 6 — 5))

The kaonic Neon
measurement to determine
the K (K*) mass

l

Less/different systematic
uncertainty with respect to
DENISOV 91 and GALL 88
measurements, thanks to
the use of a low Z gas target

l

It could solve the kaon
mass discrepancy issue

kaonic Ne energy transition as function
of kaon mass

p—

Etot(8K) - Etot(7!

8k-7i 7i-6h
T
1
5 9450.5
130.4 1 =
6130 & 9450.4
S
w
61303 - - 94503
S
S 9450.2
w
61202 9450.1 :
1

493.68 493.69

AM [ppm]

493.68 493.69 493'.67

AM [ppm]

493.67

Santos, J. & Parente, F. & Indelicato, Paul & Desclaux, J.. (2005).
X-ray energies of circular transitions and electron screening
in kaonic atoms. Physical Review A. 71.
10.1103/PhysRevA.71.032501.

VALUE (MeV)

GALL 88

&

DENISOV 91

——

SIDDHARTA-2

| BACKENSTO 73
CHENG 75

BARKOV 79

493.56 493.58 493.6

LUM 81

493.62 493.64 493.66 493.68 493.7 493.72 493.74

Kaon mass [MeV]

DOCUMENT ID

TECN  CHG COMMENT

493.677+0.016 OUR FIT Error includes scale factor of 2.8.

493.677+0.013 OUR AVERAGE Error includes scale factor of 2.4.

See the ideogram

below. .

493.606 +0.007 TDENISOV 91 CNTR — _ Kaonic atoms Particle Data Group,
493.636 L 0.011 ZGALL 88 CNTR —  Kaonic atoms 2020, 083C01 (2020)
493.640+0.054 LUM 81 CNTR -— Kaonic atoms

493.670+0.029 BARKOV 79 EMUL + ete™ —» KTK—

493.657+0.020 2 CHENG 75 CNTR -— Kaonic atoms |5
493.691+0.040 BACKENSTO..73 CNTR —  Kaonic atoms



Exploiting DA®NE

DAO®NE delivers almost 47t K-
We want to exploit this unique beam as much as possible to perform important physics

measurements

_ SDDs (4-15 keV) - Light Kaonic Atoms

CdZnTe
HPGe (30-300 keV)
(0,1-1 MeV)
. Intermediate
Heavy Kaonic Kaonic Atoms

Atoms




Kaonic Lead Measurement at DA®NE with HPGe

HPGe provided by Zagreb University (Croatian Science Foundation project 8570)

to perform the kaonic lead measurement
in parallel with the SIDDHARTA-2 kaonic deuterium measurement

3.1. Detection unit GCD-30185 characteristics

# Parameter Value
| Relative efficiency (with respect to 3°” x 3°* Nal detector and Co-60 30 %
© | source mounted 25 ¢cm above the detector) at 1.33 MeV y-photon R
Energy resolution® at
o 122 kc\f’ 875eV
5 o 477.6 keV 1400 eV
o 133 MeV 1850 + 30 eV
*Measured with spectrometric device MS Hybrid at input count rate 1000
pulses/sec, shaping time constant = 6 usec
Pcak shape:
3. o FWTM/FWHM <1.9
o FW.02M/FWHM < 2.65
4. | Spectral Broadening of FWHM up to 100,000 counts/sec for 1.33 Mev <8 %
5. | Peak position shift <+/-0.018 %
g 6. | Peak to Compton ratio, not worse 58:1
- § F
) H P G { d 7. | Energy range of detector operation 40 keV — 3 MeV
€ active detector 8. | Material of input window Al
sy ' diameter ~60 mm, 9. | Cooling time < § hours
: v helght ~6O mm 10. | Liquid nitrogen holding time in Dewar vesscl =15 days
4 : o 11. | Dewar volume 301
10,' - _ i &l Preamplifier (built — in detector capsule) with cooled FET and transistor reset preamplifier
12. | (TRP)
o Preamplifier power supply is =12 V with 9 pin connector compatible with NIM
standards
e TTL signal to shut down the HV: - detector warm -0V - detector cold: +5V
e HVINHIBIT BNC




® < 12—
The Kaonic L.ead Measurement S 5E~3eVneeded for
2 10 dmy = 5 keV
: , - A
First run performed in June - July 2023 (109 pb™') g o
s [ KPb(9—8):290 keV
g o
= (10->9):906 events in peak (integration of fitting function gaus+linear) 8 ‘r 5 6 K
s [ o — K 110" oEy y
position 209.191 £ 0.171 keV; a/vVN = 0.0057 keV S e N N 27266 ({5 — &)
e L
00 - 2|0|06 | 4|10|0(|) é0|0(|) | 8|0|0(|) I1|0(|)0|0|1|2(|)0|O|1|4(|)_0|0|1|6(|)0|0|1|8(|)0|0|2|O(|)0|0
= (9 ->8):947 events in peak (integration of fitting function gaus+linear) 1400 Precision on K’ mass determination (eV)
position 292.939 + 0.134 keV; o /v/N = 0.0044 keV 12005_
1000[— 7 H
" (8 ->7):943 events in peak (integration of fitting function gaus+linear) - § 2 N
| 800 — £ e ©
position 427.2 + 0.152 keV; o /N = 0.0049 keV 3| F 3 S g
O| 600 9 9 X
- : 400
Ivica Frisci¢ (and SIDDHARTA-2 collaboration) - -
Mini workshop on kaonic atoms: present status and future plans, 200 - w
|8t July 2023 -
0=—"900 200 300 400 500 600

Energy [keV] 8



The Kaonic Carbon Measurement

3 different option:

HAPG crystal

epalics e G L e VOXES spectrometer

(mosaic blocks) -

HAPG mosaic crystals in Von Hamos configuration:

mosaic focusing

- Higher intrinsic reflectivity wrt standard crystals
i - VH configuration to exploit sagittal focusing

intrinsic reflection

i 4 broadening .
s Kagore magepane —* - Optical optimisation to work with milli/centimetric sources
~2000 —
o B So=Esim E(Cu Ka,) : 8047,90 +/- 0,19 eV
~1800—  A0'=0.27 E(Cu Ka) : 8027,48 +/- 0,36 eV
o =
2 1600F _ o(CuKa, ) : 5,15 +/- 0,13 eV
21000 s, gk E(Ni KB) : 8264,64 +/- 0,21 eV
S1400F 20702 o(Ni Kp) : 6,02 +/-0,24 eV
8 - E(Zn Ka,) : 8639,07 +/- 0,52 eV
1200 P =103,4mm E(Zn Ka,) : 8615,49 +/- 0,66 eV
- o(Zn Ka, ) : 6,20 +/-0,34 eV
1000 = ¥¥ndf : 1,34
800
600
400 it —
= | 3
200 ||| N
Ol: I _,I,\,\ | I | | i I 1 | I I 1 A k i

X-ray energy (eV)



The Kaonic Carbon Measurement

3 different option:

CdZnTe detectors,

developed in collaboration with University of Palermo

“’{\CO
P;C\n’t'\\\aw‘

‘. nce
CdznTe \ncia®

Degrader

~Z-elements target

Detector Key Points:

- High efficiency in the 20-100 keV
region

- Reasonable efficiencies up to 300 keV

- Good resolution (FHWM/E ~ %)

- Fast response and time resolution (< 50
ns)

- No need for cooling

- Compact readout and installation

package

" SampleA 7
© 4xdx3 mmé

Element |Transition |E (keV)

K*2C 3-->2 63
K2C 4-->2 85
K*2C 5-->2 95
K2C 6-->2 101
K*2C 7-->2 104
K*C 5-->3 32
K*2C 6-->3 38
K*C 7-->3 41




counts / 40 eV

The Kaonic Carbon Measurement

3 different option:

SIDDHARTA-2 Silicon Drift Detectors

r»
— K*He 3->2
- SIDDHARTA-2 Mylar_entrarice
2500 B . Selected SDD Spectrum
" Sgargmella F, Tuchler M., et al., 2023, Eur. . Daa Wme —
B Ph A, 59 (3) 56 — ReoricHel y
o )’S- J ) ( ) — Kaonic He lines
2000 — — Kaonic C lines
* — Kaonic O lines
[ . — Kaonic N lines
C KAI&>7 —— Kaonic Al lines
1500 — _ 4
- K0 65 I Lt=76 pb
B | e | ¥2ndf=1.15
L K*He 5->8 KC|5-
1000 — '
— KC7->5
| kO7->6 K*He 4->2
500 kc6->5
0 7& 1 J I | L I ) | ) L L L
6000 8000 10000 12000 14000

Table 2. Kaonic carbon, oxygen, nitrogen and aluminium
transition energies from the fit of the data in Fig. 6.

Transition Energy (eV)
K C (6—5) 5541.7 £ 3.1 (stat) £ 2.0 (syst)

KO (7—6) 6016 0 % 60.0 (stat) £ 2.0 (syst)
KO (6—5) 9968.1 + 6.9 (stat) + 2.0 (syst)

K™N (6—5) 7577.0 £ 17.0 (stat) £ 2.0 (syst)
K™N (5—4) 14010.6 + 8.2 (stat) £ 9.0 (syst)

K Al (8—7) 10441.0 + 8.5 (stat) + 3.0 (syst)
K—Al (7—6) 16083.4 + 3.8 (stat) + 12.0 (syst)

Required precision on Kaonic atoms transitions (eV)

0.3

0.25

0.2

0.15

0.1

0.05

—— Kaonic carbon 6 --> 4 transition

——— Kaonic carbon 5 --> 4 transition

Kaonic carbon 6 > 5 transition

Kaonic carbon 7 --> 5 transition

|
0 2000 4000 6000 8000 10000

|
12000
Precision on K mass determination (eV)
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Conclusion

» The two most precise measurement of the charged kaon mass are not compatible

» The discrepancy of 60 keV leads to an error of 13 keV on the kaon mass
with consequences on:
|. The D° mass (error of 50 keV)
2. The charmonium spectrum and the X(3872)
3. High precision (<| eV) measurement of kaonic atoms transition

» Nowadays we have state-of-the-art X-ray detectors, and high quality
kaon source (DA®NE and |J-PARC), to solve the kaon mass puzzle

» The SIDDHARTA-2 collaboration is performing 3 new kaon mass
measurements in parallel with the kaonic deuterium measurement :
» Kaonic Neon = my = 493.671 + 0.021 (stat) MeV (preliminary)
» Kaonic Lead with HPGe — data taking on going
» Kaonic Carbon with CdZnTe — detectors successfully tested in DADNE, the data taking will start soon
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SDD energy calibration

with ML and Differential Programming

Loss function for the gradient: log likelihood

Derive calibrated The method can correct for
Take new E = (ADC |P) dataset miscalibration improving the systematic
calibration error
constants \
(Do Py Do
: . s 350 VIP-2 Experiment
P= p?’i p.l,i p?,i % (E) 200 mEm reference
: & 5 s 5 optimized
B Piw Do Compute likelihood
- - -— 250
Update P to minimize 2
the likelihood ' 200
Position [eV] | FWHM [eV] | x*/ndf a0
Reference 8050 £ 1 185 &+ 2 1.64 oo
Optimized 8048 + 1 176 £ 2 1.25 il il
50 I At
F. Napolitano et al. paper accepted for i s

publication on Meas. Sci. and Tech.
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SDDS INCLUSIVE ENERGY SPECTRUM

- x10°
o B Bi L, Bi L, h_sdd_sum_ct3
8 9000 — Entries  8.663431e+09
1) B Mean 1.031e+04
§ L Std Dev 4096
® 8000
— TiK
7000 —
6000 —
5000 —
4000 —
_l | | 1 | | | | | | | | | | | | | | | | | | | | | | | 25
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