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Introduction

QCD-based CSB and Okamoto-Nolen-Schiffer anomaly
CSB in HyperNuclei

Summary




Isospin is one of the most important symmetries which is unique
for nuclear and elementary particle physics.

Concept of Isospin proposed by J. Heisenberg, 1932 and E. P. Wigner, 1937

|sospin Breaking Interactions (ISB)
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The difference between ﬂp'ﬁ and a)" is an evidence of CSB (charge S
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try breaking) nuclear force, while the difference between a;” and the average
(af” +al™) /2 is due to CIB (charge invariance breaking) force. These negative
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Quark Effective theories
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BCS/HF in nuclear physics

QCD sum rule
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Energy weighted sum rule for
Giant resonances (RPA)

Based on a slide of T. Hatsuda
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Operator product expansion (OPE) method
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Derivatives after Borel transformation
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QCD-based CSB interaction

HS, T. Naito, X. Roca-Maza and T. Hatsuda, PRC109, L011302 (2024)
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The in-medium chiral condensate has a general
form in the leading order of Fermi motion
corrections;
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where o, is the 7-N sigma term, m, (my) is the pion
(nucleon) mass, and fr is the pion decay constant. The

Partial restoration of Chiral condensation of quark pairs gq
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T. Nishi et al., Nature Physics, March 23, 2023
Pionic atom experiments

Nuclear medium




The mass difference between (Z+/-1,N)
and (Z, N+/-1) with N=Z
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where o, is the 7-N sigma term, m, (my) is the pion
(nucleon) mass, and f; is the pion decay constant. The
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The Skyrme-type CSB and CIB interactions
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where we have defined the effective coupling strengths,

si=s1(l—wy1), s2=s2(l4+1y2).
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% 600 F SGll TABLE V. The breakdown of the mass difference of mirror
= nuclei AE into each contribution (Coulomb, Extra and CSB
®) Bl Eaua interaction (CSBI) for Case I with Skyrme EDF, SGII. Num-
&3 400 ]  CSBI(Case ) bers are given in the unit of MeV.
<|:] 200 ]  Expt. Nuclei P70 BO-15N #8c-4Ca *9Ca-PK
& i 1 Orbital 1ds /2 (lpug)_l 1f7/2 (1d3,f2)_1
pe AFEp (Coulomb) 3.596 3.272 7.133 6.717
0 AEg (Coulomb) —0.203 0.026  —0.267 0.260
& S ? 3
- A Extra 0.040  0.028 0.102 0.011
< ¥ o L CSBI (Case I) 0.224 0.264 0.287 0.315
— SAMi T Sum (w/o CSBI) 3.432 3.326 6.965 6.985
% 600 F - i Sum (w/ CSBI) 3.656 3.590 7.252 7.300
=, - Expt. [29] 3.543 3.537 7.278 7.307
<! Bl Extra
E:]J 1 CSBI (Case l)
| 200t Il - 2 Expr. TABLE VI. The same as Table V, but with Skyrme EDF,
) SAMi.
< 0 Nuclei F-"T0 PO-"’N *'8e-*'Ca *Ca-*K
-S',\Q' -E‘?Q &\(} -:?'{" Orbital 1d5f2 (].p1 J;g) - 1f7‘;2 (1d3;g) -
SO oF AEp (Coulomb) 3.506 3.242 7.025 6.697
AEg (Coulomb) —0.193 0.022 —0.259 0.281
FIG. 2. Comparisons of the experimental ONS anomaly E}ég? Case I 0.043 0.075 0.104 0.092
AFEgxpt. — AEc (grey hatched bars) and the corresponding (Case 1) 0.206 0.269 0.271 0.321
theoretical estimates in two EDFs (SGII and SAMi). The Sum (w/o CSBI) 3.356 3.339 6.870 7.070
contribution from the QQCD-based CSB interaction (CSBI) in Sum (w/ CSBI) 3.562 3.608 7.141 7.391
Case I and the extra contributions are indicated by the red Expt. [29] 3.543 3.537 7.278 7.307

bars with error bars and the blue bars, respectively.



|Summary|

QCD sum rule approach is adopted to obtain EDF CSB
parameters without introducing any free parameters;
all QCD parameters are determined by experimental observables.

QCD-based CSB interactions are applied to solve ONS anomaly of
A=16+/-1 and 40+/-1 mirror nuclei and cured all experimental
observed values within the theoretical uncertainties.

Empirical evidence of CSB in hypernuclei is pointed out by RMF
calculations.

I Future perspectives

CIB interaction in nuclear medium
QCD based A — N CSBinteraction for hypernuclei

CSB and CIB effects of Isobaric Analogue states
CSB in Exotic nuclei near proton drip lines




Collaborators

Skyrme CSB,0CD-CSB

T. Naito, iTHEMS, RIKEN
T. Hatsuda, iTHEMS, RIKEN
Xavi Roca-Maza, INFN, University of Milano, ltaly
Gianluca Colo, INFN, University of Milano, Italy

Hypernuclei

E Hiyama, RIKEN/Tohoku University
T.T. Sun, Zhengzhou University, China
Y. Tanimura, OMEG, Soongsil University, Korea




2 5 | | L} L} L} | | 23.9 I r I 1 1
= F . " - a8 1
' Wllexp P | — with CSB Al i
a-; Co — -
201 | with cSB e ' 225 wlo €SB 480 -
" | w/o CSB VA A a 1
S 15} : - |A=48 - ]
@ . i i
-~ L 48 -
% iy 3 o 20 nSe :
m 06Fry.7 - = .
He-.Be = ) -
* V'm’ s Soc, = 215k AT L k
0.4 : T -
0.2 210 -
0.0 . — — —_ —_— -
A=T7 A=10 A=12 A=40 A=48 205 i I . 1 . ] . I '
3/2 5/2 712 9/2
Figure 1: The differences of the single-A binding energy AB, be- T
tween the mirror hypernuclei (1He, " Be), (}].,E'Be, 10B), (EB, 120),
and ({"K, 3’Ca), obtained by the RMF model with and without the Figure 5: The single-A binding energies B, for the A = 48 hypernu-
AN charge symmetry breaking (CSB) interaction, in comparison with clei, i.e., fTi, f‘Sc, fCa, iEK with isospin T = 3/2,5/2.7/2,9/2,
the experimental data. obtained by the RMF model with and without AN CSB interaction.

J-PARK and Jefferson Labs
Future experiments




|Isospin Breaking Strong interactions Coulomb interaction

Skyrme type ISB interactions

Charge symmetry breaking (CSB) interaction
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ch : : : CIB Lo Tz1T22
arge Independence breaking (CIB) interaction VSky F) = up (1 + z0Ps) 6 (F) -
Vip & (Van + V) /2 =
Hadrons: Nucleon and Pion mass difference Energy density functionals
m,-m,=1.29MeV. r*-r9=4.6MeV ‘
_Soll —=Yo) s » 0
o | EcsB = — ¢ (02 - p2).
Quarks: explicit chiral symmetry breaking
lQ 20 2
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Nolen-Schiffer anomaly
Observables Energy of IAS
mass differences in isobar and isotriplet nuclei
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Nuclei TR 175 150 15  4lg.4lc, 390, 39K TABLE V. The breakdown of the mass difference of mirror
Particle (hol Td 1 — ] 7 d. — nuclei AE into each contribution (Coulomb, Extra and CSB
particle (hole) sz ( Pld’ﬂﬂ)m fija ( 3520}32 interaction (CSBI) for Case I with Skyrme EDF, SGIT. Num-
mnite size —0.05 s e o bers are given in the unit of MeV.
Center-of-mass 0.023 0.030 0.014 0.018
ﬁgm 0.014 0.006 0.034 0.021 Nuclei TFATO  130-15N 418c-*Ca %9Ca-*K
8 0.050  —0.136 0.134 —0.176 : =T =1
Spin-orbit —0.065 0.080 —0.126 0.142 g%:;taglcﬂmﬂmb) 1?'?96 (1p g?m 1“’;7%3 (1%;;)17
pn mass difference 0.034 0.024 0.040 0.031 AEw (Coulomb 0'203 0‘026 0.267 0‘260
bpol 0.018 0.073 0.036 0.020 e (Coulomb)  —0. ' e '
Vacuum polarization  0.019 0.021 0.036 0.037 Extra 0.040 0028 0102 0.0l
S 0040 NE 0103 0011 CSBI (Case I) 0.224  0.264 0.287 0.315

Sum (w/o CSBI)  3.432  3.326 6.065 6.085

Sum (w/ CSBI)  3.656  3.590 7.252 7.300

Expt. [29] 3.543 3.537 7.278 7.307
TABLE S.II. The same as Table S.I, but for SAMi EDF.
. 17 17 15 15 41 41 39 a9
Nuclei 20 O N Sc Ca Ca’ K TABLE VI The same as Table V, but with Skyrme EDF,
Particle (thE}I 1!‘.?!'.5",.'2 (1p1||.-'2) ].f'?}.fz [:].Efg;.fz::l SAMI.
Finite size —0.050 —0.068 —0.063 —0.080 —————————
Center-of-mass 0.021 0.029 0.014 0.018 Nuclei F-'O "70O-"’N "'Sc-"" Ca ""Ca-"K
Sun 0.014 0.007 0.031 0.021 Orbital Ids;s  (1pi2)”  1fra (dsp) ™
0% 0.047 —0.090 0.131 —0.098 AEp (Coulomb)  3.506 3.242 7.025 6.697
Spin-orbit —0.061 0.078 —0.121 0.140 AEg (Coulomb) —0.193 0.022  —0.259 0.281
pn mass difference 0.035 0.026 0.041 0.034 Extra 0.043 0.075 0.104 0.092
dpol 0.018 0.073 0.036 0.020 CSBI (Case I) 0.206  0.269 0.271 0.321
Sum 0.043 0.075 0.104 0.092 Sum (w/ CSBI)  3.562  3.608 7.141 7.301

Expt. [29] 3.543 3.537 7.278 7.307

bars with error bars and the blue bars, respectively.



TABLE IV. Contributions from the Skyrme CSB interactions
to dons in Case I and Case II with theoretical uncertainties.
The values are given in unit of keV. The core density and the
wave function of valence orbit are calculated by HF model

with Skyrme EDFs, SGII and SAMi. All the values are ob-

tained self-consistently.

Nuclei YF-170 PO-"" N *8c-*Ca PCa-*K
Orbital 10{5‘;2. (1p1fg)_1 1fT;2 (1d3‘;g)_
3o 2207108 269775:  29277¢ 3227 1%¢
31 (82 =0) =5.0735 —5673L —6.672% —6.0773
SGII |55 (51 =0) —ﬁ.4i 5 —3. 3+1§. —5. 3+29 —5. n+§§
Case I 224i113§ 2641398 287”45 3151952
Case I 2257152 266+§§; zsgtfgg 316+§?.§
3o 211“{{3 2747350 2787T] 3247780
5 (82 =0) =5.2755 —54730 73720 —84T3¢
SAMi| 3, (51 =0) —4. 1+§-§ —3. 2+1 5y 7+3§ —5. 2+§g
Case 1 206717 269”25 2711380 3211358
Case II 207ﬂ'{§ 271+§§3 mﬁgg 322+§‘§3

Hatsuda et al. (QCD sum rule; PRL66,2851 (1991))
290.4+/-70.530.+/-140. 420.+/-110.570.+/-150.

M. Kimura et al.(p — w coupling in RM; PLB367,5 (1996))
70-290 keV
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QCD-based CSB interaction HS, T. Naito, X. Roca-Maza and T. Hatsuda, PRC109, L011302 (2024)

1. QCD sum rule approach to evaluate mass difference of proton and neutron in

nuclear medium
2. Partial restoration of Spontaneous symmetry breaking (SSB) in nuclear medium

The mass difference between neutron and proton is formulated in nuclear matter by
the QCD sum rule approach in leading order of the quark mass difference and QED

effect

Anp (p) = C1G (p) = Co, IN VACUUM,
G[: )= ( (QQ} )1.-*'3 &RP{D} = my, —m, =~ 1_2? MeV.
({E}D

Here, (gq) and (qq), are, respectively, the isospin aver-
aged in-medium and in-vacuum chiral condensate. The
coefficient ' is proportional to the u-d quark mass

difference dm !, through the isospin-breaking constant T. Hatsnda, W Tpgassen, and M. Prakash, QCD
= <dd> X{ﬂu}l} — 1 as C; = —avy with a positive sum rules in medium and the Okamoto Nolen-Schiffer
0 anomaly, Phys. Rev_Lett 66, 2851 (1991).

numerical constant a determined by the Borel QSR

method
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