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Introduction

Near degeneracy between two quantum states is usually associated with fundamental symmetries and symmetry breakings in complex many-body systems like atomic nuclei. Pseudospin symmetry was introduced to describe energy degeneracy between singleparticle states with quantum numbers (n, l, j = l + 1/2) and (n 1, l + 2, j = l + 3/2) [START_REF] Hecht | Generalized seniority for favored j 6 = 0 pairs in mixed configurations[END_REF][START_REF] Arima | Pseudo ls coupling and pseudo su3 coupling schemes[END_REF][START_REF] Liang | Hidden pseudospin and spin symmetries and their origins in atomic nuclei[END_REF][START_REF] Nowacki | Shape Coexistence in 78 Ni as the Portal to the Fifth Island of Inversion[END_REF]. After proving itself to be critical for many phenomena such as quantized alignment [START_REF] Stephens | Pseudospin symmetry and quantized alignment in nuclei[END_REF], identical bands [START_REF] Zeng | Spin determination and quantized alignment in the superdeformed bands in 152 Dy, 151 Tb, and 150 Gd[END_REF], and pseudospin partner bands [START_REF] Petrache | Observation of a doublet band in the nucleus 128[END_REF], the pseudospin was found to be fundamental as a relativistic symmetry of the Dirac Hamiltonian [START_REF] Ginocchio | Pseudospin as a relativistic symmetry[END_REF]. The concept of pseudospin was first proposed in spherical nuclei and later on extended to axially deformed nuclei [START_REF] Ratna Raju | Search for a coupling scheme in heavy deformed nuclei: The pseudo su(3) model[END_REF][START_REF] Troltenier | Investigations of rotational nuclei via the pseudo-symplectic model[END_REF]. For triaxially deformed nuclei, it has been predicted to remain an important physical concept [START_REF] Beuschel | On the validity of the pseudo-spin concept for triaxially deformed nuclei[END_REF][START_REF] Blokhin | Pseudospin and nuclear deformation[END_REF]. However, this prediction has not been confirmed experimentally.

As for triaxiality, it provides the prerequisite for the well-known chiral symmetry breaking in nuclei [START_REF] Frauendorf | Tilted rotation of triaxial nuclei[END_REF]. So far, more than 60 chiral doublet bands have been reported in A ⇠ 80, 100, 130, and 190 mass regions [START_REF] Xiong | Nuclear chiral doublet bands data tables[END_REF], which are regarded as the fingerprints of triaxial deformation. Therefore, it is possible to observe quartet bands with both pseudospin and chiral symmetries involved. If the e↵ect of one symmetry is much stronger than the other, two well-divided pairs of energetically nearly degenerate bands are expected, otherwise it would behave as quartet bands which are di cult to divide in two groups by excitation energies and interband transitions. Since chiral geometry requires at least one particle and one hole in high-j orbitals which are usually intruder orbitals without pseudospin partner, pseudospin-chiral quartet bands are generally expected to be built on at least 3-quasiparticle configurations. Recently the predicted multiple chiral doublets (M D) [START_REF] Meng | Possible existence of multiple chiral doublets in 106 Rh[END_REF][START_REF] Peng | Search for multiple chiral doublets in rhodium isotopes[END_REF][START_REF] Yao | Candidate multiple chiral doublets nucleus 106 Rh in a triaxial relativistic mean-field approach with time-odd fields[END_REF][START_REF] Li | Multiple chiral doublet candidate nucleus 105 Rh in a relativistic mean-field approach[END_REF] of several multi-energy-degenerate bands built on three or more quasiparticle configurations [START_REF] Alcántara-Núñez | Magnetic dipole and electric quadrupole rotational structures and chirality in 105 Rh[END_REF][START_REF] Ayangeakaa | Evidence for multiple chiral doublet bands in 133 Ce[END_REF][START_REF] Kuti | Multiple chiral doublet bands of identical configuration in 103 Rh[END_REF][START_REF] Petrache | Evidence of chiral bands in even-even nuclei[END_REF][START_REF] Lv | Chirality of 135 Nd reexamined: Evidence for multiple chiral doublet bands[END_REF]. A recent theoretical work reported the coexistence of chiral symmetry and pseudospin symmetry in 105 Ag, and predicted the existence of pseudospin-chiral quartet bands, which has not been reported so far [START_REF] Jia | Coexistence of chiral symmetry and pseudospin symmetry in one nucleus: triplet bands in 105 Ag[END_REF].

On the other hand, the coexistence of chirality and octupole correlations has been reported in 78 Br [START_REF] Liu | Evidence for octupole correlations in multiple chiral doublet bands[END_REF]. Octupole interaction is derived from intrinsic reflection symmetry breaking, and reaches maximum for octupole partner orbitals (l, j) and (l ± 3, j ± 3).

For normal deformed systems, strong octupole correlations are achieved when particle numbers are around 34, 56, 88, or 134 [START_REF] Butler | Intrinsic reflection asymmetry in atomic nuclei[END_REF]. In Odd-A Ba isotopes provide ideal circumstances for the existence of the pseudospinchiral quartet bands and direct octupole correlations between chiral systems. As 123 133 Ba are located in the A ⇠130 region of triaxially deformed nuclei, one expects the presence of chiral doublet bands. However, no chiral doublet candidates were reported previously in the Ba isotopes. As the proton Fermi surface for the Ba isotopes with Z = 56 is located between the h 11/2 and (d 5/2 , g 7/2 ) orbitals, one also expects the presence of octupole correlations and octupole soft deformations, as well as pseudospin-chiral quartet bands.

The present letter reports for the first time evidence of pseudospin-chiral quartet bands in the 131 Ba nucleus, linked directly to another chiral doublet bands of opposite parity via a series of E1 transitions enhanced by octupole correlations.

Experimental results

The reported results were obtained in a high-statistics spectroscopic study of Ba nuclei using the 122 Sn( 13 C,xn) reaction with a 65-MeV 13 C beam provided by the Tandem accelerator at the Laboratori Nazionali di Legnaro, Italy, and with a stack of two selfsupporting 122 Sn foils with a thickness of 0.5 mg/cm 2 each. The -rays were detected by the GALILEO spectrometer, which consisted of 25 Compton-suppressed Ge detectors placed on four rings at 90 (10 detectors), 119 (5 detectors), 129 (5 detectors) and 152

(5 detectors). Approximately 1.2 ⇥10 9 triple-or higher-fold events have been collected.

Details of the experiment and the data analysis can be found in Ref. [START_REF] Qiang | Identification of high-k rotation in 130 Ba: Testing the consistency of electromagnetic observables[END_REF]. 
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Discussion

Prior to this work, band D1 based on the ground state has been established and assigned to ⌫(s 1/2 , d 3/2 ) configuration [START_REF] Ma | Competing proton and neutron rotational alignments: Band structures in 131 Ba[END_REF]. Band D2 is built on the 9/2 isomeric state [START_REF] Horen | Characteristics of the decay of ba 131m[END_REF] and has been assigned to ⌫h 11/2 configuration [START_REF] Gizon | Band structure in 131,132,133ba observed by (12c,xn) reactions[END_REF]. Bands D3 and D7 were first reported in Ref. [START_REF] Ma | Competing proton and neutron rotational alignments: Band structures in 131 Ba[END_REF] up to spin 39/2~both, with tentative configuration assignments of ⇡h 11/2 g 7/2 ⌦⌫h 11/2 and ⇡h 2 11/2 ⌦⌫h 11/2 , respectively. Bands D5 and D6 were first identified without spin and parity assignment in Ref. [START_REF] Ma | Competing proton and neutron rotational alignments: Band structures in 131 Ba[END_REF]. Recently, the spins and parities of band D5 have been assigned via linear polarization and angular distribution measurements [START_REF] Navneet Kaur | High spin structure in 130,131ba[END_REF].

The configurations of bands D5 and D6 were tentatively assigned as ⇡h 11/2 g 7/2 ⌦ ⌫h 11/2 with the unfavored signature of the g 7/2 proton orbital occupied, and as ⇡h 11/2 d 5/2 ⌦⌫h 11/2 [START_REF] Ma | Competing proton and neutron rotational alignments: Band structures in 131 Ba[END_REF], respectively, which is similar to the assignment to the corresponding bands in 133 Ce [START_REF] Ma | Rotational bands in 133 Ce[END_REF]. For a few weak ones, it is assumed to be -0.2 [START_REF] Hecht | Generalized seniority for favored j 6 = 0 pairs in mixed configurations[END_REF], which is close to the deduced values. Bands N1, N2 are two negative-parity bands in 130 Ba published in Refs. [START_REF] Navneet Kaur | High spin structure in 130,131ba[END_REF][START_REF] Sun | Excited states in 130 Ba[END_REF], which are built on the ⇡h 11/2 (g 7/2 , d 5/2 ) configuration. Band S1 of 130 Ba is built on the configuration ⇡h 2 11/2 [START_REF] Petrache | Diversity of shapes and rotations in the -soft 130 Ba nucleus: First observation of a t-band in the A=130 mass region[END_REF]. The Harris parameters used to obtain the alignments are J 0 = 11 ~2MeV 1 and J = 20 ~4MeV 3 for bands in 131 Ba, and J 0 = 10 ~2MeV 1 and J = 55 ~4MeV 3 in 130 Ba.

Interpretation based on experimental information

The bands D5 and D6 have been interpreted as based on the ⇡h 11/2 g 7/2 ⌦ ⌫h 11/2 configuration di↵ering by the occupation of the favored and unfavored signature of the g 7/2 proton orbital [START_REF] Ma | Competing proton and neutron rotational alignments: Band structures in 131 Ba[END_REF]. However, such an interpretation does not hold: the interband I = 1 transitions would be not hindered, since the quasiparticle configurations are identical and di↵er only by signature, leading to much stronger interband than intraband I = 1 transitions. This is opposite to the experimental observation.

Since the four nearly degenerate bands in 131 Ba involve one quasiparticle located in the ⇡(g 7/2 , d 5/2 ) orbital, the straightforward interpretation should involve the pseudospin symmetry. In neighboring 125,127,129 Cs, the lowest-lying two branches with positive parity have been reinterpreted as based on the favored signatures of the ⇡g 7/2 and ⇡d 5/2 orbitals, respectively [START_REF] Sihotra | Band structures in 129 Cs[END_REF][START_REF] Sun | Bandhead energies in 125 Cs[END_REF]. The energy di↵erence between these two branches is small (<300 keV for most spins) and their ordering varies at low spin. From the data of the present experiment, four branches are identified and assigned to the ⇡h 11/2 (g 7/2 , d 5/2 ) negative-parity configuration in 130 Ba [34], with the two lowest-lying branches interpreted as dominated by the favored ⇡h 11/2 g 7/2 and ⇡h 11/2 d 5/2 signature branches. The energy di↵erence between the two branches is similar to those in the Cs isotopes. Such an energy di↵erence is similar to those between chiral doublet bands in A ⇠130 mass region, in particular to those in 133 Ce [START_REF] Ayangeakaa | Evidence for multiple chiral doublet bands in 133 Ce[END_REF] and 135 Nd [START_REF] Lv | Chirality of 135 Nd reexamined: Evidence for multiple chiral doublet bands[END_REF]. The energy degeneracy caused by the pseudo-spin doublet ⇡d 5/2 and ⇡g 7/2 at the Fermi surface can compete with that caused by chirality, leading to the observation of quartet bands.

Nevertheless, these four bands cannot be easily grouped in two pairs based on their energies and interband transitions, because the excitation energies do not show a distinct pattern and the ordering of bands D4-D6 varies with spin. Interband transitions are observed linking any two bands among them. In the present work, the deduced B(M 1)/B(E2) ratios are similar for the four bands, despite large uncertainties for several states. Apparent signature staggering has been observed for states with spin > 29/2~, while the phase of bands D4 and D5 are opposite to that of band D3.

In addition to the four positive-parity bands D3-D6, we also identified the negativeparity bands D7 and D8 which are suggested as chiral doublet bands with the ⇡h 2 11/2 ⌦ ⌫h 11/2 configuration, based on the similar experimental features (excitation energy, signature staggering, reduced transition probability ratios and quasiparticle alignment shown in Fig. 4) to the chiral doublet bands observed in 133 Ce [START_REF] Ayangeakaa | Evidence for multiple chiral doublet bands in 133 Ce[END_REF] and 135 Nd [START_REF] Lv | Chirality of 135 Nd reexamined: Evidence for multiple chiral doublet bands[END_REF]. Unlike the corresponding bands in 133 Ce and 135 Nd which predominantly decay to the h 11/2 band, more than half of the intensity of band D7 decays to bands D3-D6 by a series of E1 transitions. The observation of these E1 linking transitions implies the existence of octupole correlations between the negative-and positive-parity bands with configurations di↵ering by one quasiparticle on ⇡h 11/2 and ⇡(g 7/2 , d 5/2 ) orbitals, respectively.

Support from theoretical calculation

With these configuration assignments, calculations based on the reflection-asymmetric triaxial particle rotor model (RAT-PRM) [START_REF] Wang | Multiple chiral doublet bands with octupole correlations in reflection-asymmetric triaxial particle rotor model[END_REF]39] have been performed. The deformation parameters 2 = 0.22 and = 27.1 for the configuration ⇡h 11/2 g 7/2 ⌦ ⌫h 11/2 are obtained from the tilted axis cranking covariant density functional theory (TAC-CDFT) [START_REF] Zhao | Antimagnetic rotation band in nuclei: A microscopic description[END_REF][START_REF] Zhao | Novel structure for magnetic rotation bands in 60ni[END_REF][START_REF] Meng | Progress on tilted axis cranking covariant density functional theory for nuclear magnetic and antimagnetic rotation[END_REF][START_REF] Zhao | Impact of pairing correlations on the orientation of the nuclear spin[END_REF][START_REF] Zhao | Rod-shaped nuclei at extreme spin and isospin[END_REF] calculations with PC-PK1 parametrization [START_REF] Zhao | New parametrization for the nuclear covariant energy density functional with a point-coupling interaction[END_REF]. The octupole deformation 3 = 0.05 is tentatively adopted to include the e↵ect of octupole correlations. The details will be given in Ref. [39].

The excitation energies, energy staggering parameters S(I) = [E(I) E(I 1)]/2I, and B(M 1)/B(E2) ratios calculated by RAT-PRM are shown in Fig. 4, in comparison with the data. It is found that for bands D3 and D4, the dominent component of the intrinsic wavefunctions is ⇡h 11/2 g 7/2 ⌦ ⌫h 11/2 , while for bands D5 and D6, the valence particle wavefunction mixes up with many ⇡d 5/2 components. And for the negativeparity doublet bands D7 and D8, the dominent component of the intrinsic wavefunctions is ⇡h 2 11/2 ⌦ ⌫h 11/2 . The small energy di↵erences among quartet bands D3, D4, D5, and D6, as well as the di↵erence between the doublet bands D7 and D8 are well reproduced.

Especially, a band crossing between bands D4 and D5 has been reproduced, with a crossing spin (I ⇠ 27/2~) in good agreement with the observation. The magnitude and trend of the energy staggering parameters and B(M 1)/B(E2) ratios agree with the available experimental data, which supports the present configuration assignments. The chiral geometry for these three pairs of chiral doublet bands will be further demonstrated by azimuthal plots and components of the angular momentum in Ref. [39], where a detailed discussion of the results obtained within the RAT-PRM formalism will be given.

Note that an alternative interpretation of two pairs of chiral doublet bands with the same configuration [START_REF] Ch | Chiral bands in odd-odd nuclei with rigid or soft cores[END_REF][START_REF] Chen | Chiral geometry of higher excited bands in triaxial nuclei with particle-hole configuration[END_REF][START_REF] Hamamoto | Possible presence and properties of multi-chiral-pair bands in odd-odd nuclei with the same intrinsic configuration[END_REF], which was employed to explain a similar structure in 103 Rh [START_REF] Kuti | Multiple chiral doublet bands of identical configuration in 103 Rh[END_REF], has been excluded since the calculated quasiparticle configurations are di↵erent in 

Figure 1 :

 1 Figure 1: (Color online) Partial level scheme of 131 Ba deduced from the present work. Transition energies are given in keV and their measured relative intensities are proportional to the widths of the arrows. The labels of the newly identified transitions are on white background, while those of the previously known transitions are on a clolored background. Levels and intraband transitions are colored in group by bands. The energies and ends of linking transitions are colored by their initial states while the tips are colored by their final states. Uncertain spin and parity assignments are given in brackets.

Figure 2 :

 2 Figure 2: (Color online) Sum of background-subtracted spectra constructed by doubly-gating using any combination among strong transitions in bands D4 and D7 shown in panels (a) and (b), respectively. Energies used for gating are marked with capital letter "G". Colors of peak energies are consistent with Fig.1.

Figure 1

 1 Figure1shows a partial level scheme of131 Ba obtained in the present work. Two bands (D4 and D8) are newly established, and four bands (D3, D5, D6, D7) have been significantly extended. Representative double-gated spectra supporting the level-scheme are shown in Fig.2. A two-point angular-correlation ratio, R ac , was deduced from a normalized ratio of -ray intensities extracted from spectra measured in the detectors at 152 and 90 , obtained by gating on transitions observed in all detectors. The R ac ratio, which is independent of the multipolarity of the gating transition, was established to be ⇡1.5 for stretched-quadruple and ⇡0.8 for stretched-dipole transitions. Some R ac ratios

Figure 3 :

 3 Figure 3: (Color online) R ac ratios of some typical transitions deduced in the present work. Estimated values for streched I = 2 and I = 1 transitions are shown with green and yellow continuous lines, respectively. /I = 0.24 is adopted in the estimation. Colors of transition energies are consistent with Fig.1.

Fig. 4 .

 4 Fig. 4. The alignments for bands D3-D6 are around 8-10 ~, which is approximately equal to the sum of the alignments of the ⇡h 11/2 (g 7/2 , d 5/2 ) bands [31, 33, 34] (⇠ 5 7~) and of the ⌫h 11/2 band [35] (⇠ 3~).

Figure 4 :

 4 Figure 4: (Color online) The excitation energies minus a rigid-rotor reference, energy staggering parameters S(I) = [E(I) E(I 1)]/2I, B(M 1; I ! I 1)/B(E2; I ! I 2) ratios in comparison with the RAT-PRM results, and quasiparticle alignments for the positive quartet bands D3-D6 (left panel) and negative doublet bands D7, D8 (right panel). The abscissas of the lowest figures are marked in the bottom, while those for the other figures are marked in the top. To deduce the B(M 1)/B(E2) ratios, the mixing ratios for in-band I=1 transitions are deduced by angular distribution for most transitions.

Figure 5 :

 5 Figure 5: Experimental relative B(E1) ratios for transitions from the same initial state in band D7 to the pseudospin-chiral quartet bands (bands D3-D6) in comparison with the RAT-PRM results. For each series, the deduced ratios are normalized to their geometric mean.
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  78 Br two chiral systems built on the ⇡g 9/2 ⌦ ⌫g 9/2 and ⇡f 5/2 ⌦ ⌫g 9/2 configurations, are linked by E1 transitions, which are enhanced by octupole correlations between the ⇡g 9/2 and mixed ⇡(p 3/2 , f 5/2 ) orbitals, showing that chirality can be robust against the octupole correlations in nuclei. It is worth noting that the non-chiral ⇡p 3/2 ⌦ ⌫g 9/2 configuration in 78 Br plays an important role in the link between two chiral systems built on ⇡g 9/2 ⌦ ⌫g 9/2 and ⇡f 5/2 ⌦ ⌫g 9/2

	configurations. It is therefore interesting to search for chiral systems linked by "direct"
	octupole correlations without any intermediary non-chiral configuration involved.