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Nuclear matrix elements for new-physics searches

Neutrinos, dark matter studied in
experiments using nuclei

Nuclear structure physics
encoded in nuclear matrix elements
key to plan, fully exploit experiments

»
0V 3B: (7-10/1/2[35) x g4 |M0uﬁﬁ|2 ng

Dark matter: XN ‘ Z Gi (i }'/

_ doyn
CEWNS: ~0 O(‘XI:CiCI}—i

MO8 Nuclear matrix element
Fi : Nuclear structure factor Nucleas
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Particle, hadronic and nuclear physics

v scattering off nuclei
interplay of particle, hadronic and nuclear physics:

v’s: interaction with quarks and gluons
Quarks and gluons: embedded in the nucleon
Nucleons: form complex, many-nucleon nuclei

General v-nucleus scattering cross-section:

do,
x Ci (i Fi
dq2 ‘z]: i Gi SN

2

¢: kinematics (g2, )

c coefficients:

v couplings to quark, gluons (Wilson coefficients), particle physics

convoluted with hadronic matrix elements, hadronic physics

F functions: F? ~ structure factor, nuclear structure physics
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Coherent elastic neutrino-nucleus scattering

Standard Model contribution: neutral weak current, V — A
Coupling mostly to neutrons: g, = 1, gp ~ (1 — 4sin6y) = o x N?
Qw = ZQ5 + NQJ,
Qb =1—-4sin0y, Q) =-1,

Challenge for nuclear theory:
proton distribution known from e-scattering experiments
neutron distribution difficult to probe, not well known

scattered
neutrino L .
7 Similar to WIMP-nucleus scattering

s v relativistic, much lighter

bZ nuclear = smaller momentum transfer
0SON \ recoil

by COHERENT collaboration
sscondary Science 357, 1123 (2017)

recoils

? J / First measured in Csl

scintillation
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Neutral current v scattering off nuclei: simple form

Standard direct detection analyses consider two very different cases

Vector-Vector interaction:

v’s couple to the nuclear density (1, 1)
For elastic scattering, coherent sum
over (mostly) nucleons in the nucleus

Cross section enhancement by factor
| X NN [ = N2

Axial-Axial interaction:

v spins couple to the nuclear spin (S, - Sy)
Pairing interaction: Two spins couple to S =0
Only relevant in stable odd-mass nuclei

Scale set by single-proton/neutron spin
|24 VIISHIN) P = (Sn)?, (Sp)® ~ 0.1

Javier Menéndez (UB) Nuclear structure for v — A scattering

Mainz, 26 June ‘23

6/33




Neutral current v scattering off nuclei

v-nucleus scattering detailed cross-section:
dO'A . G,Z:mA mAT T > 2y12 G‘,?_-mA mAT T 2
dT ~ ax (12E5E,, QulFul@)[" + == (14 5 — g, ) Fal@)

Dominated by the first term, proportional to the weak form factor:

2\n 2 \N
> 1 (I’E:)p 1 n<rE> +<rEys> M2
Ful@®) = & a4 (1+ - t+ﬂt)+owft FM(q?)
(rg)P + (g SN 1 (r3)"
n = eSS _ E M (g2
+(ow(1+ 5 t*smgt)Jer 5 t)fn (@*)
4 p n(,.n N ,
_ Qu(1 +2x )4+ gow("'i +RS)I]:S> (q2)
My
Qu(1+2kP + 268) + 2Q0K" o
_ w( 4m25) w U_-r? (qZ)}7 t:qZ
N

which depends on the nuclear responses FM, FM, 72", 72"
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Nuclear structure factors

Nuclear matrix elements and nuclear structure factors
needed in low-energy new-physics searches

( Final | Lieptons—nucleons| Initial ) = ( Final |/dxj"(x)J#(x) | Initial )

@ Nuclear structure calculation

of the initial and final states: Sn"é‘ﬁﬁ‘;’.'neé’
Shell model, QRPA, IBM, 7
Energy-density functional & W

Ab initio many-body theory boson'\ recoil

QMC, Coupled-cluster, IMSRG...

ﬁ @/’
@ Lepton-nucleus interaction:
Hadronic current in nucleus: /@Semaw

phenom enOIOg |Ca| ’ scintillation fsoils
effective theory of QCD
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Nuclear shell model

Nuclear shell model configuration space
126 only keep essential degrees of freedom

She @ High-energy orbitals: always empty

82 @ Valence space:

4ho where many-body problem is solved

30 @ Inert core: always filled
3hw
1Is 0d3/2 20
w e HW) = E|W) = Heit [V) o = E V) o
lho o - W)err =D Calta), |¢a) = afab...a}|0)
Ohe o *
Shell model diagonalization: H,s includes effects of

~10'0 Slater dets. Caurier et al. RMP77 (2005)

>102* Slater dets. with Monte Carlo SM
Otsuka, Shimizu, Y.Tsunoda @ high-energy orbitals
Phys. Scr. 92 063001 (2017)

@ inert core
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Test of shell-model calculations, 4°Ca

24

Excitation Energy (MeV)

Caurier, JM, Nowacki, Poves, PRC 75, 054317 (2007)
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Coupled Cluster, In-Medium SRG

Coupled Cluster method
Hagen, Papenbrock, Hjorth-densen, Dean, Rep. Prog. Phys. 77, 096302 (2014)

based on a reference state .
and acting particle-hole excitation operators (not in the reference state)

‘\U> _ e—(T1+T2+T3-~) ‘¢>
with Ty => "1 {a};,aa} o= Y. tjg aTa a&aﬂ}
o,& aB,af
solve (®%|e=TiHe= = Ti|®) =0, <¢Zg‘ e TiHe= X Ti|9) =0

In-medium similarity
renormalization group method 0pOh 1plh 2p2h 3p3h 0pOh 1plh 2p2h 3p3h
Hergert et al. Phys. Rep. 621,165 (2016)

use similarity (unitary) transform

to decouple reference state
from particle-hole excitations

H=T+V = H(s) = U(s)HU(s)

dH , 3
o = [n(s). H(S)] with n(s) = [G(s), H(s)] o P

3p3h  2p2h 1plh  OpOh
3p3h  2p2h 1plh  OpOh
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Ab initio many-body methods

Oxygen dripline using chiral NN+3N forces correctly reproduced
ab-initio calculations treating explicitly all nucleons
excellent agreement between different approaches

i_ L

No-core shell model -130
(Importance-truncated) 140
In-medium SRG E 150
Hergert et al. PRL110 242501(2013) <

. , . 20 160
Self-consistent Green’s function p
Cipollone et al. PRL111 062501(2013) = 70
Coupled-clusters -180

Jansen et al. PRL113 142502(2014)

Recent application to 2°8Pb
Hu, Jiang, Miyagi et al. Nature Phys. 18, 1196 (2022)

obtamed in large many-body spaces

b 4

MR-IM-SRG ;
IT-NCSM *nm &
SCGF b4
Lattice EFT

|om

CcC = AME 2012 ]

©
(<4

o[ pb¥komo

18 20 22 24 26
Mass Number A

28
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Chiral effective field theory

Chiral EFT: low energy approach to QCD, nuclear structure energies
Approximate chiral symmetry: pion exchanges, contact interactions

Systematic expansion: nuclear forces and electroweak currents
2N force 3N force 4N force

o ¥ b - | -
wo X

Y
AR - — L kg
e

NLO H =

" et - TP TS

Weinberg, van Kolck, Kaplan, Savage, Wise, Mei3ner, Epelbaum...
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Effective shell-model interactions

Coupled Cluster:

Solve coupled-cluster equations for

core (reference state |¢)), A+ 1 and A+ 2 systems
Project the coupled-cluster solution into valence space
(Okubo-Lee-Suzuki transformation)

Jansen et al. Phys. Rev. Lett. 113, 142502 (2014)

In-medium similarity
renormalization group
decouple

core from excitations
decouple A particles in
valence space from rest

-t
0pon

1pth
tpth

2p2h

Ppan 2p2n

(il H135) (npnh|H (00)[®core) = 0
Stroberg et al.
Annu. Rev. Nucl. Part. Sci. 69, 307 (2019)

In addition to Hey, these non-perturbative methods provide the core energy
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Nuclear shell model

Nuclear shell model configuration space
126 only keep essential degrees of freedom

She @ High-energy orbitals: always empty

82 @ Valence space:

4ho where many-body problem is solved

30 @ Inert core: always filled
3hw
1Is 0d3/2 20
w e HW) = E|W) = Heit [V) o = E V) o
lho o - W)err =D Calta), |¢a) = afab...a}|0)
Ohe o *
Shell model diagonalization: H,s includes effects of

~10'0 Slater dets. Caurier et al. RMP77 (2005)

>102* Slater dets. with Monte Carlo SM
Otsuka, Shimizu, Y.Tsunoda @ high-energy orbitals
Phys. Scr. 92 063001 (2017)

@ inert core

Javier Menéndez (UB) Nuclear structure for v — A scattering Mainz, 26 June ‘23 9/33



Shell-model spectra for heavy nuclei

Very good general agreement
between the properties of low-energy nuclear states
and nuclear shell-model calculations

However, some nuclei present challenging features
such as "®Ge ground and first-excited state, likely related to deformation

900F ] 127 3 1100
wm I 1000 3
800F  ————— o E 200 E
JE— )
; 700 o 1172y E o 800 E
0 9 %
2 ok w 4 E 3
2 o z; 600 E
S S00f ¥ E 5 500 E
ot =
= 400F — —— E S 400 E
.% 300 -7 g 300 3
= 300F E s
B = E
2 Lok v . EI- R
e & 100 3
= 3 0 A E
100 " - w 100E 2 . 3
oF - sn E -
502 -200E 12 4
Theory Exp Int. 1 Exp Int. 2

Klos, JM, Gazit, Schwenk, PRD 88, 083516 (2013)
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Ab initio spectra for heavy nuclei

While VS-IMSRG calculations high quality in light nuclei (eg Na)
challenges remain in heavier systems, such as 3Ge

Interesting sensitivity to the chiral nuclear Hamiltonian used for 27|

w
o

73 2= 1 ]
30} Ge _— . _ 5o+ —— I
> — S10fF e e—2t 527
2,5 _— i ] —
S 25f . =3 —
N = > 081 b— e
g) 20 B g 2 — =10
c c e —_— T =0 ]
815l ] 5 0.6 —_—
c — c — 2
o kel —r%
o 1.0 2:132) " | 8 04 pr— — 12 )
S —_— e S — —_—
w 05} f— 1 w o2t —_— S g
(572)~
- % N —_—n
0.0 2 ool % 2t
ANNLOg, N4LO+3N;y 1.8/2.0(EM)  Expt. ANNLOgo NALO+3N;y 1.8/2.0(EM)  Expt.

Hu et al. PRL 128, 072502 (2022)
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Low-energy states nuclear properties

Very good general agreement
between the properties of low-energy nuclear states

Charge radii, quadrupole and magnetic moments
electric quadrupole and magnetic dipole transitions

(P12 (fm] Q [efm?] u [n.m.] B(E2) [¢*fm?] B(MI) [n.m.%]
Nucleus State /Transition  Th Exp Th Exp Th Exp Th Exp Th Exp
“OAr 0Ogs 343 3.42703) . o o e
27 +2.6 +1(4) -0.54 —0.04(6)
27 04 50 7303)
05 =2 29 43(7)
25 ﬁ(m 0.7 10(2)
25 -2 55 150(50) 0.016 0.07(1)
47 =2} 36 438)
6 — 4 16 13.6(5)
"Ge 04 4.05 4.0414(12) .- .
2} 423 44(3) 096 0.91(5)
27 = 0 240 360(7)
05 -2/ 36 820(120)
2 =04 80 9
27 -2} 16 1100(190)  0.022 0.003(2)
27 = 0] 270 270(50) v cen
47 > 2] 370 430(90)
Ge Ogs 4.07 4.0576(12) B e e e
27 +16 =13(6) 0.55 0.77(5)
21 = 04 260 418(7)
2/ =05 60 317(5)
2 =0 29 23@)
27 =03 15 0501
2 -2 360 1100(180)  0.023  29(9) x 10~
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Shell-model response functions for heavy nuclei

Coherent response functions correspond to M, ¢’ operators

Shell-model calculation as function of momentum transfer q

~~

FY —1
coherent (charge)

=~

structure factor

]-"I”—)SN~(q><P)~SN~IN

10°¢
semi-coherent
(spin-orbit,
| I § B TAY attractive mean field
0 0.04 0.08 0.12 0.16 0.20 in nuclear potential)
lq| [GeV]

Hoferichter, JM, Schwenk, PRD102 074018 (2020)
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Elastic neutrino scattering off nuclei

Calculation of nuclear structure factors

for coherent elastic v scattering off Csl, Ar, F, Na, Ge, Xe

10— R 10— E
R R 70
oz 10 oot TG E
= <4 — “Ge
. 73Ge
. 74GQ
76GO
10'2 PR L P L P | 10'2 L L - P - - L - L \/
0 004 008  0.12 0 004 008 012 016 020
lal [GeV] lal [GeV]

Hoferichter, JM, Schwenk, PRD102 074018(2020)

These are similar to structure factors for beyond Standard Model interactions

Also similar to dark matter-nucleus (WIMP-nucleus) structure factors
relativistic v's instead of nonrelativistic WIMPs
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Elastic neutrino scattering off argon

Nuclear structure factors for coherent elastic v scattering off 4°Ar

Ab initio band

from nuclear Hamiltonians
built with no information about
charge radii of nuclei

Other calculations include somehow

et &EDII\{%(P“'A) 1 this information in their
r - sat \ . .
[ — ANNLOgo(450) \ Hamiltonian/parameters
[ -- RMF 1

| — This work
Hoferichter, JM, Schwenk
PRD102 074018(2020)

T S S S S E S S S B SR
0 0.04 0.08 0.12 0.16 0.20 Payne et al. PRC100 061304 (2019)
laf [GeV]
Yang et al. PRC100 054301 (2019)

Good agreement within uncertainties between calculations
nuclear shell model, ab initio coupled cluster and relativistic mean field
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Nuclear weak radius

v-nucleus scattering thus sensitive to weak radii of nuclei
similar to e-nucleus scattering sensitive to charge radii:

o = 230 (g + 2 + B ) + 2" )

NQJ .
+ O (R 2P+ R+ Qe ) + o + (P

>SO)

Q\ﬁ Qw "
ﬁ,aw(1+2“p+2ax(“ +ns)>}"¢ (0)
\’A’, Qb

Qn

(P)so =

(1 +2kP 42N 42w )f;‘;”(O).

To a first approximaction
Ry ~ Ry,

Nuclear weak radius also probed in pariry-violating electron scattering
usually measured at a single kinenamical point (g2 value)
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Nuclear neutron radius from v — N scattering

Use sensitivity to nuclear weak (nucleon) radius
to determine the distribution of neutrons in nuclei

Difficult to obtain from nuclear reactions because of model dependence
(reaction theory) in extracting results from experimental data

T 7 T T
25 ? Csl E } COHERENT, Data Release t+E
2.0 ]
= F ] } COHERENT, Our Fit t+E D
< 1.5F =
SI:“ 10b E } COHERENT, Our Fit t+E C
E Ge 1 —--
E;:ﬁ 0.5F 7 _ Xe Pbi v ESS
TR S - 331 il
0.0F™% : v E
Eol * E I PREX + Ref. [66]
e U] i B R B
0.16 0.18 0.20 OAOV Model predictions

(N=-2)/A
Coloma, Esteban, JM, Gonzalez-Garcia, JHEP 08, 030 (2020)

It may be difficult to tell apart neutron radii from different nuclear structure
calculations with expected sensitivity of ESS measurements
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Ab initio predictions for nuclear neutron radius

Theory — experiment

Very notable progress , ‘°"”":"°’ R e
ab initio calculations of I | w z
. . QCH) — 3.9%
(relatively uncorrelated) heavy nuclei ., L oo
reaching 2°®Pb i - .
1
un:e ::vk) ECH) ! 2.0%
R,(*He) -I_ 1.1%
E(*He) — 1.9%
R (°0) 1.6%
:_,.82 ° I
BE es E("°0) - J 11%
e § R,(*Ca) 3.3%
RS E,, (°Ca) R 19%
Frolong >, 8 —— 6.9%
05, > Teutrons, N EIA(*Ca) x 9%
. . ap(**Ca) 13%
Determine 2%8Pb neutron skin oy I
using Bayesian approach - a%
; 9 it 1
based on sampling of 10 . — o
(parameters of) nuclear Hamiltonians
Hu, Jiang, Miyagi et al. j_h ;

0.1

Nature Phys. 18, 1196 (2022)

I T
0.2 0.3

Riyan°°Pb) (fm)
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Modified “weak” structure factor with new physics

v-nucleus scattering can probe new physics as well

With vector and axial currents
different Wilson coefficients than Standard Model ones
lead to a modified “weak” structure factor

dO'Aiﬂ 7mAT7I 0| 242 % mATil L 2
dT_27r<1 2E?2 EV>QW’FW(°' W2z 1+ 22 ~ & )@

which depends on the same nuclear responses F¥, FM Fo" Fo"

P
but that is distinguisable from the Standard Model one
because of the different couplings

P P n n
~ 1 . gv+29v,2 . 9v+29v,2
Fu(e?) = a Kgﬁ +gpt+ Wt)fﬁ”(qz) + (gﬂ +opt+ e )fﬁ”(qz)
gV +2d), o (62) 9 +29, o (qz)}
4m?, P 4m3, n ’

Hoferichter, JM, Schwenk, PRD102 074018(2020)
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Modified “weak” structure factors

Different Standard Model and Beyond Standard Model structure factors

W T 10
87 lSSCS
S
% , <7
= o — =6 =0 i
~ — eX :e}l' =0.25 va v -
— €/ =—€ =-025 < 4r i 0.25
— €V =—€ =025 - — &= =-025
e =ef =-0.25 ol — e =—€ =025
& = =025 A
102 % 004 008 012 016
0 0.04 0.08 0.12 0.16 0.20 . . : .
laf [GeV]

laf [GeV]
Relatively small difference for possibly large BSM parameters
comparable to nuclear structure uncertainties between calculations
unless close to the diffraction minimum

Other BSM couplings (eg tensor) lead to different responses
similar to axial-axial SM ones
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Axial contribution to v — N scattering

Precision studies such as BSM searches require correction to
Standard-Model cross-section from non coherent axial-axial interaction

dT  4rn

do G2m maT T 2 GZm maT T
2o G (g2l D+ E2 (14 20 - L))

8r

Fae®) = 5 < ((95")°Sho(a®) — 0ag5"'S3,(a) + (94)°ST: (aP))

4 ,Jd+1

Fa(0) = 505 ™—((Sp) — (Sn)".

which is transverse and (dominated by) isovector response
proportional to expectation value of spin of protons/neutrons in the nucleus

No direct proble of spin distribution of nucleons in nuclei

Vanishes for even-even systems
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Chiral effective field theory

Chiral EFT: low energy approach to QCD, nuclear structure energies
Approximate chiral symmetry: pion exchanges, contact interactions

Systematic expansion: nuclear forces and electroweak currents
2N force 3N force 4N force

o ¥ b - | -
wo X

Y
AR - — L kg
e

NLO H =

b 7 S

Weinberg, van Kolck, Kaplan, Savage, Epelbaum, Kaiser, Mei3ner...
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Axial 1b and 2b currents

One-body currents recieve contribution from two-body currents
N e v N 2

G3(a®)
am2

;
S Fip= 57'13 (G,?Z\(q2)0'i - (a- U'i)CI)

N N x

Approximate in medium-mass nuclei:
normal-ordered 1b part with respect to spin/isospin symmetric Fermi gas

N N e \ N [Ne v

T3 saP(g?
o (p,q) = ga > {6a(q2)m + q(zq )(q . ai)q]
N N N N

Normal-ordered two-body currents modify structure factor

Si1 =%+ 85 = [ +o'@)F @] + X [ + 6@ @)
L L

§'(sa),  &8'"(a,6a")
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p—decay Gamow-Teller transitions: “quenching”

5 decays (e~ capture): phenomenology vs ab initio

1.0 ——

0.8

T(GT) Exp.

0.2
090 o2

Martinez-Pinedo et al. PRC53 2602(1996)

<F| Z[gA a-iTii]eff |l> ) [UIT]eﬂ ~ 0.70iT
i

0.6

0.4

>

Mgyl experiment

P
04
T(GT) Th.

Standard shell model
needs o7 “quenching”

Ll
0.6

0.8

1.0

4 This work
[ Shell model

,,,,,, g=1
—— g=082(4)
—— §=0.75(3)

Mgyl theory (unquenched)

Ab initio calculations including

meson-exchange currents
and additional nuclear correlations

do not need any “quenching”

Gysbers et al. Nature Phys. 15 428 (2019)
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Origin of 5 decay “quenching”

Which are main effects missing in conventional g-decay calculations?
Test case: GT decay of '°°Sn

Relatively similar
O ESPM ® Correlations only d |
@ 2BConly @ Full anda comp ementary
impact of
F 1.8/2.0 (EM)
@ nuclear correlations
F 2.0/2.0 (EM)
L 2272.0 M) @ meson-exchange
- currents
| R =l - O F2.0/2.0 (PWA)
Gysbers et al.
e O | 2820EM
= -ore Nature Phys. 15 428 (2019)
.4:95}0 F NN-N3LO + 3N 4wt
® 1:.‘5‘:_0_‘___——_—=- Q[ NN-N'LO + 3Ny h A
Bl r——r———0 .
4 6 8 10 12 14 16 18
|Mer|? N N
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2b currents in Ov3 3 decay

In Ov 33 decay, two weak currents lead to four-body operator
when including the product of two 2b currents: computational challenge

Approximate 2b current as L
effective 1b current normal ordering i ]
with respect to a Fermi gas z 05|

JM, Gazit, Schwenk, PRL107 062501(2011)

Normal-odering approximation works

har(p?)(1b + 2b) /har (p?)(

remarkably well for 5 decay (g = 0) 04| = |
t 2BC: (p(fm™7), ¢p) ||
Gysbers et al. Nature Phys. 15 428 (2019) r — (0.9, —1.70) i
0.2 ----(0.9, —6.08) H
Some reduction of quenching o %293)2)
due to 2b currents at p ~ m; R T R T TR
relevant for Ov 35 decay P(MeV)

Hoferichter, JM, Schwenk

Jokiniemi, Romeo, Soriano, JM, PRC 107
PRD102 074018 (2020)

044305 (2023)
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Axial-axial neutrino scattering off nuclei

Calculation of nuclear structure factors
for axial-axial elastic v scattering off Csl, Ar, F, Na, Ge, Xe:

‘*500| Na ‘*SUT 133C |

) ‘Sﬂ QgNa 10-1 ‘ST‘ 133(/% E

10°F _ \Sg” 2Ng E \ST 133 (g 3
F & ‘5()0 il
|S7,| 1271

|ST| 1271

| I L - L - Ly L - L L - L - P i L - L - ]
0 0.04 008 012 016 020 0 0.04 008 012 016  0.20
laf [GeV] laf [GeV]

Hoferichter, JM, Schwenk, PRD102 074018(2020)

Uncertainty bands from uncertainty in chiral EFT couplings
needed to describe shell-model quenching
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Ab initio calculation of structure factors

Recent ab initio calculation using VS-IMSRG
(valence-space in-medium similarity renormalization group method)

Consistent with nuclear shell model results
still show larger uncertainties, interesting discrepancy in 271

.S, IMSRG Sp LSSM mamS,, IMSRG S, LSSM

q (MeV)
Hu et al. PRL 128, 072502 (2022)
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v — N cross-section depends on nuclear
structure factors than need to be calculated
with nuclear structure methods

Ab initio and more phenonomelogical
approaches good agreement

for dominant coherent structure factor:
sensitivity to radius of neutrons in nuclei

BSM searches in general
sensitive to different structure factors
due to different Wilson coefficients

Precision studies need to take into account
axial-axial cross-section as well:
1b+2b currents

(EM)-(PWA)
— NNLOy
— ANNLOGo(450)
-- RMF
— This work

I I
0.04 0.08 0.12 0.16

| \ , \
004 008 012 0.6
la| [GeV]

0.20
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