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» Neutrino-C scattering in Jiangmen Underground Neutrino Observatory (JUNO)
» No-core configuration interaction (NCCI) method
» Daejeonl6 interaction
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Main Physics goal in JUNO

s Determination of the Neutrino Mass Ordering
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Main Physics goal in JUNO

* Mass Ordering Determination — Experiments: Reactor Neutrino Events
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JUNO Detector Concept

JUNO Central Detector

Channel Type Events for different (E,) x’a.ltlgs Composition: 20kt LS : 3g/L PPO
12 MeV 14 MeV 16 MeV +15 ma/L bisbis-MSB in LAB
Totp—o et +n cC I3x10°  50x10°5 57 x10° Mg/L DISDIS- n
v+ip—v+p NC 0.6 x 10° 1.2 x 103 2.0 x 10° HoG(CHy - (CHalyCHs
vte—svte ES 3.6 x 102 3.6 x 102 3.6 x 102 * LAB 5
v+ 120 o4 120 NC L7x 102  32x102  52x102 N
ve+ 12C e+ BN ele 0.5 %102 0.9x10% 1.6 x 102 - PPO (3 g/l) ©/(o)\©

7.+ 120 et 4 12B CC 0.6x102  1.1x102 1.6 x 102

Numbers of neutrino events in JUNO for a Supernova at a * bis-MSB (15 mg/l) Hsccm

typical distance of 10 kpc(about 3.26x10% light-years)

Fengpeng An et al., J. Phys. G 43 (2016)
Wengiang Gu, Status and Prospects of JUNO Shang Hai Jiao Tong University (2019)
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Main Physics goal in JUNO

7/

s Mass Ordering Determination —Theoretical Calculations: cross-sections
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Neutrino events + Neutrino-nuclei scattering cross-sections — Neutrino energy spectra
From detector From theoretical calculations Mass ordering

Fengpeng An et al., J. Phys. G 43 (2016)
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Phenomenological models calculations

% Neutrinos-1?C cross-sections calculations with phenomenological models

(v, )DIF (ve,e )DAR

<o >; (10740 em?) <o >5 (10742 em?)
SM(HO wf) (0+ 1 + 2)hw 0.70 8.42
SM(HF wf) (04 1 + 2)hw 0.65 8.11
SM(WS wf) (0 + 1 + 2)fiw 0.58 8.4
RPA 2.00 49.47
QRPA 1.97 42.92
CRPA 1.06(1.03) 13.88(12.55)
EXP 0.66 + 1.0 + 1.0 [a] 105+ 1.0 £ 1.0 [b]

9.14+0.440.9 [
9.140.540.8 [d]

Neutrinos-12C cross-sections from different models a: C.Athanassopoulos and the LSND
collaboration, Phys. Rev. C (1997),
Shell Model (SM) b: R.C.Allen et al., Phys. Rev. Lett (1990),
Random Phase Approximation (RPA) c: C.Athanassopoulos and the LSND
i_ i collaboration, Phys. Rev. C (1997),
QuaSI _partlcle RPA (QRPA) d: B.E.Bodmann anii the KARMEN
Continuum RPA (CRPA) collaboration, Phys. Lett. B (1994)

The results from RPA calculations are far away from experimental data, while the SM
calculations are much more close to experimental data

Volpe et al., Phys. Rev. C (2000)
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Phenomenological models calculations

\/
0‘0

Neutrino-12C & 13C cross-sections calculations with shell model

]2C (Vea e_) ]2N g.8.
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o~ 40 ° LSND ] BN T E, (MeV)
<t SFO I i 7 —
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o) s
= 20 - i l 3/27  3.50 2.103| 2.14 | 1.64+0.10
2 10 Ny ad 3/27 046 0.500 0.260
% pad B(M1) (1)
S 0 " | BC(3/27: 3.68 MeV) — O (1/27,)]0.878| 1.17 | 0.69840.072
20 30 40 50 60
Neutrino Energy (MeV) B(M1) and B(GT) strengths of 13C from shell

model with SFO & CK interaction were still a

Neutrino-12C charge little far away from experimental data

current cross-sections
from shell model with
SFO interaction had a
good agreement with

experlmental data T. Suzuki et al., Phys. Rev. C (2012)

T. Suzuki et al., Phys. Rev. C (2019)
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Introduction of NCCI/NCSM

% No-Core Configuration Interaction / No-Core Shell Model calculations

» Given a Hamiltonian operator

=5 @i—DPj) A

H=3%;——"+ZijVij + Zicjar Vijie + -

Solve the eigenvalue problem for wavefunction of A nucleons
HYy, . 0,=E¥q,.a,

Expand wavefunction in basis states [¢) = Y @; |¢;)

A\

Express Hamiltonian in basis (¢;|H|¢;) = Hj;
Diagonalize Hamiltonian matrix Hj;;
No-Core: All A nucleons are treated the same

Complete basis ---- exact result

YV V.V V VYV V

In practice
1. truncate basis

2. study behavior of observables as function of truncation For application to
hadron structure see
Jiangshan Lan’s talk
1. construct large (101° X 10%) sparse symmetric matrix H;; on BLFQ (Monday

: . : . afternoon)
2. obtain lowest eigenvalues & eigenvectors corresponding to low-

. : P. Maris, NCSM_NICC _YTT(2021)
Iymg spectrum and elgenStateS Barrett et al., Progress in Particle and Nuclear Physics (2013)
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Introduction of NCCI/NCSM

 MFDn (Many Fermion Dynamics for Nuclear Structure ) code

» Calculate the approximate low-lying spectrum (eigenvalues) and
corresponding wavefunctions ¥ (eigenvectors) of a (Z + N) = A-body
system of Z protons and N neutrons using 2-body (and optional 3-body)
interactions in a finite basis in configuration space (sparse matrix)

» Evaluate for the requested number of states (eigenvalues)

1. orbital occupation probabilities
2. One-Body Density Matrix Elements (OBDMES)
3. expectation values of total spin J? and isospin T2
(for T2 assuming proton and neutron radial wavefunctions are the same)
4. expectation values for arbitrary scalar 2-body operators
5. for Harmonic Oscillator (HO) basis
static: quadrupole moments, M > 0: magnetic moments, r2 ...

transitions: M1, E2, and GT(assuming isospin symmetry)

P. Maris, NCSM_NICC_YTT(2021)
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Previous calculations from Ab initio NCSM

s Neutrino-12C cross-sections calculations with NCSM

3

AV8’: NN potential

2.5 —E ] .
e CD-Bonn: NN potential
2 —— CD-Bonn AVS8 + TM’(99)
L NN potential + 3N NN potential

BMI;070->1"1)

1] ; The B(M1) calculated values from
o, AVS’, CD-Bonn, AV8’ + TM’(99) were
' still a little far away from

°, z p s : i experimental data

o

Experimental and calculated B(M1;0*0 — 1*1) values for 12C

CD-Bonn AVS' + TM'(99)
Interaction 2h() A1) 6/() 4hQ) Experiment
(v,, e7) 2.27 3.2 3.69 6.8 8.9+0.3x0.9 [a]
(v, ™) 0.168 0.275 0.312 0.537 0.56 = 0.08 = 0.1 [b]
JL-capture 1.46 2.07 2.38 4.43 6.0 £ 0.4 [c]

a:LSND Collaboration, L. B. Auerbach et al.,
Phys. Rev. C 64, 065501 (2001).
b:LSND Collaboration, L. B. Auerbach et al.,

Predicted weak interaction rates of 12C. The
units are 1042 cm? for the (v,,e~ ) DAR cross

i -42 2 -
sectlor_1, 1042 cm= for the (v, u™ ) DIF cross Phys. Rev. C 66, 015501 (2002).
section, and 103 sec™ for muon capture c: G. H. Miller et al., Phys. Lett. B 41, 50
(1972);

Hayes et al., Phys. Rev. Lett (2003)
Barrett et al., , Progress in Particle and Nuclear Physics (2013)
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Daejeonl6 interaction

¢ Daejeon16 (Daejeon, the name of a city in South Korea,

where the main developments took place. PET tuned up to 16Q)
based on chiral N3LO NN potential

& T
{ N3LO interactions } Hl
. S
SRG o Ll
(similarity renormalization group) A
e 'T‘ L4 [\ ‘
{ SRG-evolved N3LO } ] 414 | 1

‘ PET angles (in degrees) defining the Daejeon16 NN interaction in various NN par-

tial waves.
PET

) _ Wave s *sd 'p1 * po *p1 *pf2 *d;
(phase equivalent transformation)

Angle —2.997 4.461 5.507 1.785 4.299 —2.031 7.833

[ Daejeonl6 }

Kim et al., arXiv:1910.04367 (2019)
Machleidt et al., Phys. Rept. (2011)
Shirokov et al., Physics Letters B(2016)
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Improvements of our calculations

From the previous NCSM calculations of neutrino-12C scattering, we can infer that the
precision of neutrino-12C cross-sections with Ab initio NCSM/NCCI, could be improved by
applying new interaction(with the contributions from 3N force), increasing the basis space,
including more reaction channels and excited states.

s Highlights in our calculations

1. New interaction — Daejeonl16

Dimensions of many body matrix in

2. Larger basis space for calculations(up to Nmax=10) Nmax6: 3.26x107 Nmax10: 7.83x10°

3. Higher excitation energy (at least 20 MeV~ 30 states)

4. More channels(neutral current, charged current, nucleon knock-out)

5. Including neutrino-13C scattering(natural abundance of 13C is 1.07%)

6. Under different hw values, to check the convergence of calculated results

7. Cross sections as function of neutrino energy at reactor neutrino energies

Xingbo Zhao (IMP
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Sugon high performance computer

« Hygon CPU node: 32 cores, 128Gb memory
PFIIE) .
« Kunshan center: more than 10,000 nodes

Sugﬂn » Taiyuan center: ~ 7000 nodes

% Scaling test of MFDn code on Sugon high performance computers

10 T T T T T T T T
Ideal speedup

1 N 1 N 1 N 1 N 1 N 1
Ideal speedup

—BE— Construct sparse matrix

8 4 —®— Evaluation of observables -
—&— Total time
1 —a— Lanczos iterations /’ .
/

6 _|—®— Construct sparse matrix
—®— Evaluation of observables
—&®— Total time

—A— | anczos iterations

.\
AN

0 T T T T T T T T T T T T T T T 0 T T T T T T T
100 200 300 400 500 600 700 800 900 0 2 4 6 8 10
Number of Nodes Number of OMP_Threads
OMP_Threads=4, number of nodes up to 790 Number of nodes =790, OMP_Threads up to 8
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Current progress

* Ground state energy from Daejeonl16

T T T T T T T T T T T T T T T T T T -84 T T T T T T T T T
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*, () [} *
= \ S 90} \ E = A\ A
A
G TAF — ——h : ~ sl —~—a— o —a— ]
a . ——a— a4 o, 3 i « *
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L L L L L L L 1'9 2'0 _100 1 1 1 1 1 1 1 1 1 _86 1 1 1 1 1 1 1 1 1
2 13 14 15 16 17 18 12 13 14 15 16 17 18 19 20 12 13 14 15 16 17 18 19 20
fu2 Mev 2 Mev Q2 Mev

NCCIl+Daejeon16 has good performance We use a simple 3-point exponential extrapolation
on the calculations of binding energies from the reference paper

E"(Npax) = B + @ el7b Nmax)

P. Maris et al., Phys. Rev. C (2021)
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Present Progress

* Energy spectra from Daejeon16
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The low lying spectra of 2C & 13C from Daejeon16
have good agreement with experimental data

Zhuhai, July 3, 2022
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Present Progress

s Comparisons on ground state energies and point proton radii
between Daejeonl16 and other Chiral EFT interactions

e EK]). Daejlfi—Extmp. NN-+NNNsqo7 N2L0(4-50)2[)21 N2L0(500)2021
Egs. MeV  -73.441 -73.39(51)

rp fm 2.13(6) 2.36(2)

12(? EKP. DElEjlﬁ-EXtI‘&l}). NN+NNN2007 N2L0(4-50)2021 N2LO(500)2021
Egs. MeV  -92.162 -92.93(64) -95.57 -98.7(4) -101.8(4)

rp fm 2.35(2) 2.30(1) 2.172

=16 Exp. Daejl6-Extrap. NN+NNNggor N2LO(450)0021  NZ?LO(500)2021
Eps MeV  -07.108  -07.53(72) 74.716 “108.3(4) 112.2(4)

rp fm 2.29(3) 2.25(1) 2.135

Ground state energies and point proton radii of Carbon-11, 12, 13 from Deajeon16
in good agreement with experiment, even better than NN + NNN interaction.

P. Maris et al., Phys. Rev. C (2021)
P. Navrétil et al., Phys. Rev. Lett (2007)
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Present Progress

% Comparisons on ground state energies and point proton radii
between Daejeonl16 and other Chiral EFT interactions

2N Exp. Dacjeon16-Extrap. N?LO  NZLO,¢
Eoo (17) MeV  -74.041 -73.99(56)
r, fm 2.49(7) 2.49(2)
3N Exp. Daejeonl16-Extrap. LO LO™
Eos(1/27) MeV  -94.105 -94.62(46)
rp, (1/2,7) fm NA 2.47(4) 2.52 5.85
1B Exp. Daejeonl6-Extrap. N2L0(450)2021 N2L0(500)2021
Egs (3/27) MeV  -76.205 -75.99(51) -79.8(4) -82.3(4)
rp, fm 2.21(2) 2.27(1)
2B Exp. Daejeonl16-Extrap. NZLO(450)500;1  NZLO(500)209;
Eg . (17) MeV  -79.575 -79.30(59) -84.8(4) -87.5(4)
I, fm 2.31(7) 2.27(1)
3B Exp. Dacjeonl6-Extrap. N2LO(450)2021  NZLO(500)2021
E, s (3/27) MeV  -84.454 -83.97(69) -92.8(5) -95.4(5)
rp, fm 2.48(3) 2.28(1)

Ground state energies and point proton radii of Boron 11, 12, 13 & Nitrogen 12, 13 from
Daejeon16 in good agreement with experiment, even better than chiral N3LO interaction.

P. Maris et al., Phys. Rev. C (2021)
M.Mosavi et al., New Astronomy (2018)
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Present Progress

< Comparisons on M1 and E2 transitions between The CK-POT CK. SFO

NCCI-Daejeonl16 and other calculations interactions were performed in
shell model calculations

12C (1900) Daejeonl6 Chiral NN4+3N  Chiral NN+3N  CK-POT  SFO

Model space Extrapolation 612 8hf2 2h{) 2h()
B(M1:170—070) 0.0145(21) 0.074(1) 0.006 0.0078 0.0048 0.0044
B(M1;171—=070)  0.951(20) 0.712(5) 0.913 1.109 0.771 0.838

B3C Daejeonl6  Chiral NN4+3N Chiral NN CK  SFO

Model Space 6h 2 6 2 6N 2 2h§)  2hQ2
B(M1:3/27:3.68 MeV—1/27. )  0.698(72) 0.969 0.402 1.148 1.17  0.878
B(E2:3/27:3.68 MeV—1/27, ) 6.4(8) 5.388 2.659 2.659

Hw = 15 MeV in Daejeonl16 and chiral interactions

Electromagnetic transitions of Carbonl12 & 13 from

Daejeonl16 are not so close to experiment, but reasonable.
T. Suzuki et al., Phys. Rev. C (2012)
P. Navratil et al., Phys. Rev. Lett (2007)
H. Sagawa et al., EPJ Web of Conferences (2018)

Xingbo Zhao (IMP Zhuhai, July 3, 2022 18



Next plan

1. The Semi-leptonic weak nuclear operators are one body and can be expressed
as a product of space-spin and isospin operators (7 basic operators)
M} (gx).

1 -
Af,m(qx) EMT,J (gx) - QV,
V=1 [=1PMYL 0 + U+ DM o] - =V

-

K -
M’(qx)=—z|: v xMN(qx):|

-

2 gx =M (g% -6,

: I - -
EJM"(qx)——J[ vV xm) (qx)] =1 =M@ + 7+ DM g% -6
" 1 —

EJM"’(qX)=[EVMj"“(qx)} & = [T+ DM g+ 1M o] -6

I
Qj,"“(qx)EMﬁ"f(qx)a;V,

2. Write the operators in the basis used in NCCI
3. Convolute with A-body wave functions from NCCI and obtain scattering matrix element

4. Calculate scattering cross sections

Haxton et al., Comput. Phys. Commun(2008)
Zhuhai, July 3, 2022 19
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Next plan

R/

% From A-body wave functions to cross sections

[ A-body wave functions for 12C 13C 12B 13B from NCCI ]

Single particle matrix element of nuclear operators
(7-operators) in Semi-leptonic electroweak interactions

4

[ Neutral current & charged current scatterings ]
[ A-body wave functions for 11C 1B from NCCI ]
[ Nucleon knock-out ]

Xingbo Zhao (IMP

Zhuhai, July 3, 2022



Conclusions

» Ground state energies and spectra of stable p-shell nuclei from Daejeon16 in
good agreement with experiment; electromagnetic transitions are reasonable

» Increasing the basis space can significantly improve the accuracy of calculations

» Expanded the application of NCCI from electromagnetic interactions to
electroweak interactions, to establish a wider connection between theoretical and
experimental work

» The study of electroweak interaction can be treated as a test of Daejeon16
calculations

» Achieving world-leading scale computing on China's supercomputers

Thank you!

Xingbo Zhao (IMP
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Present Progress
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We get the estimations and uncertainties of point proton radii from the “crossing points”
The point proton radii values from Deajeonl16 quite close to experimental data

Xingbo Zhao (IMP

Zhuhai, July 3, 2022
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