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Nuclei for Accelerator Neutrinos” Experiments

LBNF 2K
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# Nuclei of 12C, 4047, 100, 0F, ... *
are the DUNE, MiniBoone, T2K, Minerva ... detectors’ active material
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Binding energy (MeV)

Standard Single and Double Beta Decays

31 32 33 34 35 36
Atomic number, Z

J. Menéndez - arXiv:1703.08921v1

single beta decay: (Z,N) = (Z+1,N—1)+e+V,

i

Maria Geoppert-Mayer

double beta decay: (Z,N) — (Z+2,N —2)+2¢+2V,
lepton # L = [ —1 is conserved

Standard ( Decay

Double p Decay

Neutrinoless Double 3 Decay
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Neutrinoless Double Beta Decay

10,000,000,001 10,000,000,000

H. Murayama

0V neutrinoless double beta decay
(Z,N) = (Z+2,N—=2)+2¢
lepton # L = [ —1 is not conserved

Standard f Decay  Double § Decay Neutrinoless Double 3 Decay

Ettore Majorana
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Nuclear Physics for Neutrinoless Double Beta Decay Searches
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Mygeq (EV) A

J. Engel and J. Menéndez - arXiv:1610.06548

OvpB-decay 7y )5 2 103 years (age of the universe 1.4 x 1019 years)
need 1 ton of material to see (if any) ~ 5 decays per year
* Decay Rate o (nuclear matrix elements)? x (mpp )2 %

Standard ( Decay Neutrinoless Double  Decay

Double § Decay



Towards a coherent and unified picture of lepton-nucleus interactions

1 d%
Elastic on dQedw
peak q.e. region
N\ Vd
w
~ >~ ; t t
1 T - e My
Wge. ™~ 5
Discrete  Giant 2m
q levels resonance

* @ ~ few MeV, g ~ 0: EM-decay, -decay, 3 3-decay

* @ ~ few MeV, g ~ 10> MeV: pi-capture, Neutrinoless 8 S-decay
* @ < tens MeV: Nuclear Rates for Astrophysics

* @ ~ 10> MeV: Accelerator neutrinos, e- and v-nucleus scattering

Standard Decay  Double i Decay  Neutrinoless Double [ Decay
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The Microscopic (or ab initio) Description of Nuclei

Develop a comprehensive theory that describes quantitatively and predictably
all nuclear structure and reactions

* Accurate understanding of interactions between nucleons, p’s and n’s
* and between electrons and neutrinos with nucleons, nucleons-pairs, ...
* Electroweak Nucleonic Form Factors are inputs of the ab initio framework

HY =EY¥Y

l11(1'1,1'2, o TAL51,82, oy SA, 11,10, ...,tA)

¥ are spin-isospin vectors in 3A dimensions with
Ay Al
2% % — -2 components

Erwin Schrédinger
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Nuclear Many-Body Interactions

The nucleus is made of A non-relativistic interacting nucleons and its energy is

A
H=T+V=Y t;+Y vj+ Y, Vig+..

i<j<k

where v;; and V;j; are two- and three-nucleon operators based on EXPT data fitting
with fitted parameters subsuming underlying QCD

40f

Phase Shift (deg)

20

Covvnlunnn ey

0 N
0 50 100 150
T, \5(MeV)

SP et al. PRC80(2009)034004

200

Hideki Yukawa

* Contact terms: short-range
* One-pion-exchange: range~ ﬁ

* 3 . 1
Two-pion-exchange: range~ T
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Quantum Monte Carlo Methods

Minimize expectation value of H="T + v + V;

(Wy|H|¥v)

Ey =
YT ey 70

using trial function
ey = | LTI+ Us+ ¥ Ugo) | | TTfelro) | 1@a(IMTT3))
i<j ki i<j

Wy is further improved it by “filtering” out the remaining excited state contamination

Y(1) =exp[—(H — Ep)1|Py = Zexp[—(En —Ey)tlany,
W(1 — ) =apyp

Many-body interactions currently implemented in QMC codes:

* AVI8+UIX / AV18+IL7; Wiringa+Schiavilla+Pieper e al.
NN(N2LO)+3N(N2LO) (7&N); elis+Tews+Epelbaum+Gandolfi+Lynn ef al.
NN(N3LO)+3N(N2LO) (7&N&A); Piarulli er al.; NV2+3 Norfolk potentials

Carlson et al. Rev. Mod. Phys. 87(2014)1067 - Most recent review article
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Energy [MeV]

Energy Spectrum and Shape of Nuclei
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Nuclear Many-Body Currents

1b 2b

¢ v

©
Il

A
Yot Yoyt
i=1

i<j

A
7 i = Yi+Yii+-
i=1

i<j

* Nuclear currents given by the sum of p’s and n’s currents, one-body currents (1b)

I

.

- SU/
3,

* Two-body currents (2b) essential to satisfy current conservation
* We use Meson-Exchange Currents (MEC) or Y EFT Currents

y e a-j=[H,p]= [ti+v;+ Vi, p]
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Electromagnetic Currents from Chiral Effective Field Theory

LO i) ~eQ2

NLO :j-U~eqt . .

N2LO : j(-0) ~ eQ?

* 3 unknown Low Energy Constants:
fixed so as to reproduce d, 3H, and 3He magnetic moments

viost-a Ef B Bl RO XX
unknown LEC's Jl x

SP et al. PRC78(2008)064002 & PRC80(2009)034004 & PRC84(2011)024001 & PRCC87(2013)014006

other derivations by Park+Min+Rho NPA596(1996)315 in Covariant PT
and by Kolling+Epelbaum+Krebs+Meissner PRC80(2009)045502 & PRC84(2011)054008 with UT
Phillips development of the EM charge operator (2005)
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Electromagnetic Decays and e-scattering off nuclei

Electromagnetic Deca;

——T T
. °Be(*/,” - 3/,) B(E2)
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o x " 8B(3* — 2*) B(M1)

® X SB(1* — 2*) B(M1)
ox _ . SLi(B* - 29 BMI)
_® X 8Lt - 2% BMI)
L "Be('/y” - 3,) B(MI)
Y Li(', - 31,) B(E2)
o X Li('7y - 3,7) B(ML)
o X SLi(0* — 1) B(M1)
* EXPT @ GFMC(1b) X GFMC(1b+2b)
P B SR IR RO
1

Ratio to experiment

SP et al. PRC87(2013)035503 & PRC9Y0(2014)024321

3

Electromagnetic Transverse Responses
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Lovato & Gandolfi er al. PRC91(2015)062501 &

arXiv:1605.00248

Electromagnetic data are explained when
two-body correlations and currents are accounted for!
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R(GT) Experiment

Neutrinos and Nuclei: Challenges and Opportunities

Beta Decay Rate Neutrino-Nucleus Scattering
12
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R(GT) Theory "Free—nucleon"

Alvarez-Ruso arXiv:1012.3871

in3< A< 18 — g8 ~ 0.80g,

Chou et al. PRC47(1993)163
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Standard Beta Decay

The “g4 problem”
and
the role of two-body correlations and two-body currents

* Matrix Element (¥¢|GT|¥;) o g4 and Decay Rates o & *
(Z,N)—= (Z+1,N=1)4e+7,

Standard ff Decay ~ Double p Decay Neutrinoless Double f§ Decay
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Nuclear Interactions and Axial Currents

Cp

we use
Norfolk chiral 2— and 3-body interactions by Piarulli eral. and
consistent axial currents up to N3LO (tree-level) by A. Baroni er al.

* ¢y and ¢4 are taken them from Krebs et
LO al. EurPhys.J.(2007)A32
* (cp,cg) fitted to:
_- VLo 1. trinucleon B.E. and nd doublet
) scattering length NV2+3 models
or

- 2. trinucleon B.E. and GT m.e. of
N3LO tritium N'V2+3* models

17 /44



Single Beta Decay Matrix Elements in A = 6-10

0.96 1 1.04 09 1 104 09 1 104 09 1 1.04
T T

T T T T T T T T T T
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| | | |
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1 1 1 1
o ¢ oo | o ot
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8 . 8 8 10,
Li B-decay B B-decay He B-decay C B-decay
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| |oe oo ©
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NV2+3-Ia and NV2+3-Ia*; AVI8+IL7 from SP e al. PRC97(2018)022501
1b (empty symbols) and 2b (full symbols) GFMC predictions
King et al. arXiv:2004.05263
* similar results were obtained with MEC currents

* data from TUNL, Suzuki et al. PRC67(2003)044302, Chou et al. PRC47(1993)163
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IOB

E ~2.15MeV

E ~0.72 MeV

*In 'B, AE with same quantum numbers ~ 1.5 MeV
*In A =7, AE with same quantum numbers 2 10 MeV
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Two-body transition densities: A =3 — 10

“He~SLINV2431a | - “Be -+ 7Lilgs) NV2+3a | - 19C - 198 V24312
N2Lo-a

N3LO-OPE .
N3LO-CT B
. Total2o | L
4
“He - ULiNV243ar | - 78e -+ Lilg:s) NV2+3a | 10 - 108 N2+ 32 Lo
(a)
. . | . . . . | N2LO
8- %BeNV2+3a | 5L~ *Be NV2+3-1a SHe -+ %L NV2+3-4a
(b) (c)
Hha,
. . ) | = N3LO
003 98 - 5B NV2+ 3% SHe - 0Li NV2+3-a¥
(d) (e)

r(fm)

King et al. arXiv:2004.05263
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Two-body transition densities: Scaling

3H - 3He

e - L N3LO-OPE
o "Be-'Li :

%8 - 8Be.

NV2+3-Ia empty circles - NV2+3-Ia* stars

different colors refer to different transitions

King et al. arXiv:2004.05263
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Electron and Neutrino Scattering off Nuclei in the Short Time Approximation

Towards a microscopic description of the v-nucleus cross section

LBNF

o Collection plane view
uBooNE 7

3 Cosmic muon

A highty fonizing track

Q

—_
v Beam
‘Interaction
vertex

muon.

Run 3469 Event 53223, October 21%, 2015

uBoone
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Inclusive (e, V) scattering

* inclusive xsecs *

Lo VLRL(q, ®) +vrR7 (g, ®)]
dEIdQ, M [VLIL\], TRT\q,
Ra(q, ) = ). 8 (@ +Eo— Ef) [(/10a(q)|0)
f
Longitudinal response induced by Or = p
Transverse response induced by Or = j
... 5 nuclear responses in V-scattering...

1b 2b
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Lessons learned from exact calculations and electromagnetic data

Longitudinal and transverse responses of '2C

B

-

FO) m
o
e

© q=400 MeV/c
0 g=500 MeV/c
0 > q=600 Mev/c *

) |
‘ f

fhy
L

|

it

e
R

08

Benhar, Day, Sick Rev.Mod.Phys.80(2008)198

]
4::

Gl ) >0

(il dop vm) o (02) >0

SH{a)/S.(@)

3
&~ 1-body
- +—a (1+2)-body
2
15
1

0.5
200 300 400 500 600 700
q(MeV/c)

Carlson et al. PRC65(2002)024002

Fermi Gas prediction Fy=Fr

800

(013" §10) o< (Olj1s" §1510) + (Oljp" Jos]0) + ...

The enhancement of the transverse response is due
to interference between 1b and 2b currents AND
presence of two-nucleon correlations

e 2-body physics essential to explain data e
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QMC Calculations of Lepton-Nucleus Scattering:
Challenges and Opportunities

secksk

1. How to describe electroweak-scattering off A > 12
without losing two-body physics (i.e., two-body correlations and currents)?

2. How to incorporate (more) exclusive processes?

3. How to incorporate relativistic effects?
skeksk
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Factorization

R(q,0) = 25 (0+Eo—E;) (00" (a)[f){fl0(a)[0)

/dt (0]0% (q) =) 0(q)|0)
At short time, expand P(r) = ¢!1=®)! and keep up to 2b-terms

HNZti+vaj

i i<j
and
O[ P(1)0; + O] P(1)0; + O] P(1)0;; + O}:P(1)0;;

1b 2b

o Ya
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The Short-Time Approximation (STA)

Response functions are given by the scattering @ ~1f >

off pairs of fully interacting nucleons that propagate into a correlated

pair of nucleons

R(go) = Y d(o+E—E) {00 (a)l){/10(a)[0)
f

o(q) = 0W(q)+0%(q)=1b+2b

If) ~ Wy p s rsag (. R)) = correlated two — nucleon w.f.

* We retain two-body physics consistently in the nuclear interactions and electroweak currents
* Rq/(g, ) requires only direct calculation of g.s. |0) w.f.’s *
* STA can describe pion-production induced by e and v

* Definition: Response Density 7 *

Rq.0) ~ [8(@+E~E)d2d0, dPdp [ P (00 @)y’ P) (5 P|0(@)0)]
~ /5(aH—Eo—E,)dP’dp’Q(p’AP’;q)

has info on the nucleus soon after the probe interacts with the pair of nucleons;
provides more “exclusive” info in terms of nucleon-pair kinematics;
correctly accounts for interference terms
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D(e, E) [MeV~2

Short-Time Approximation: Response Densities

Transverse Density ¢ = 500 MeV /c

2,000

E [MeV] 0 e [M eV]

Transverse “response-density” 1b + 2b for *He
20, P';q)

SP & Carlson et al. Phys.Rev.C 101 (2020) 4, 044612
2R /44



Short-Time Approximation: back to back scattering

[ “—

Correlated partner
proton or neutron

Transverse Response Density [MeV'z]

2500

Scattered
electron

=

Knocked-out
proton

SRC Pair Fraction (%)
T

peinp tom Clepp) Cle.p) 12

03

Missing Momentum (GeVic]

Tl.ah Subedi et al Science320(200R)1475

Back to Back Kinematics g=500 MeV

Transverse Response

pp pairs

all pairs 4

He

1 tot
1b diagonal

1b+2b - all pairs
1b+2b - pp pairs
1b+2b - nn pairs

CM Energy of the Pair E=66 MeV

200 300
Relative Energy of the Pair e [MeV]

400
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Short-Time Approximation: Two-body Physics

4He Transverse Response Density ¢ = 700 MeV

Transverse Response q = 700 MeV
ratio 10*2b/full %

300

250
Relative Energy Mevh’go\, WM
M E MeV
100100 M Eneroy e

Transverse “response-density” 7 (p’, P'; q)

Ratio ( 1bx2b+2b ) / tot

SP & Carlson et al. Phys.Rev.C 101 (2020) 4, 044612
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STA: The Propagator

--» Plane Wave Propagator vs — Correlated Propagator

T
L Transverse |
0025 q=500 MeV/c
_— 0.02 1b diag -
> L — Iboffdiag| ]
§ — 2b
2 0015 — 1b*2bint
~ L — tot
=)
32 o0l
m L
0.005-
0
0 400

tot

one-body diagonal
one-body off-diagonal
pure two-body
interference one-body x two-body

SP & Carlson et al. Phys.Rev.C 101 (2020) 4, 044612
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STA: Back to back scattering and particle identity

4He Longitudinal and Transverse Responses, g = 700

Back to Back Kinematics q=700 MeV

Longitudinal Response

g

Back to Back Kinematics =700 MeV

Transverse Response

1200 T

o Tb tot 1000 all pairs
Ib diagonal
— Ib+2ball pairs
— Ib+2b- pp pairs

8
T

all pairs

100

PP pairs

Longitudinal Response Density [MeV"’]

CM Energy of the Pair E=130 MeV

pp pairs
nn pairs

Transverse Response Density [MeV ]
o
2
T

Tb tot
1b diagonal | _|
1b+2b - pp pairs
1b+2b - nn pairs
1b+2b all pairs

CM energy of the Pair E=130 MeV

200 400
Relative Energy of the Pair e [MeV]

tot all pairs

tot proton-proton pairs
tot neutron-neutron pairs

200 X
Relative Energy of the Pair e [MeV]
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Longitudinal Response Density [10°MeV ]

w
S

STA: back to back scattering and particle identity

4He Transverse Responses, g = 500

B
S

9
=)

)
=)

30 T 30
‘ " Longiudi 0 2 Transverse
— all pairs 2500 MeV/c Zos Q=500 MeV/ic |5
— pppairs E, =66MeV 40 5 E;y=66 MeV
— nn pairs om =
(pp/all)% hd 2201 (pp/al)%| 420
- (nn/all)% 30 5 g -+ (an/al% E
- - (pplall)% MD = a5k — allpairs | 1153
2 2 — pp pairs 2
g § — mnpairs | | £
4120 £ 5 10 10 £
. @ & %
v 5 15
[ -10 g
---- Z —-o~=L
. & | | | |
100 200 300 400 506 100 200 300 400 500
e [MeV] e [MeV]
tot all pairs

tot proton-proton pairs
tot neutron-neutron pairs
(tot proton-proton pairs/tot all pairs)%
(tot neutron-neutron pairs/tot all pairs)%
(tot proton-proton pairs/tot all pairs)% from two-body momentum distributions

SP & Carlson et al. Phys.Rev.C 101 (2020) 4, 044612

23 /44



STA: Comparison with “He GFMC exact calculations

4 . .
He Electromagnetic Transverse Response Function

T T T T
0.03 — —

STA 1b diagonal
r STA 1b tot b

= STA 1b+2b
0.025[= — GFMC 1b+2b ||
0.02— —
r q=500MeV

R(wq) [MeV]
=
|

o
2
T
1

0.005 — —

| | | | | | i ]
0 50 100 150 200 250 300 350 400 450 500
w [MeV]

GFMC tot
STA tot
STA one-body

GFMC results for “He courtesy of A. Lovato

SP & Carlson et al. Phys.Rev.C 101 (2020) 4, 044612
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Short-Time Approximation Comparison with data: Responses

R (@) [MeV']

R (@) [MeV']

0.015 ——————— 0.015 — —
r q=300 MeV/c
0.01 — 0.01
0.005 0.005
0 0 |
0 50 100 150 200 0 50 100 150 200 250

0.015

0.01

0.005

0

©[MeV] @ [MeV]
T 0.0I5 T
r =500 MeV/c q r g=600 MeV/c
= — 0.01— =
= u%“fo.oos—
T S Y RPN e S RN -, N RO PO N RO
0 50 100 150 200 250 300 0 50 100

w[MeV]

150 200 250 300 350
w[MeV]

SP & Carlson et al. Phys.Rev.C 101 (2020) 4, 044612
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STA Comparison with data: cross sections

222, A= 4, Beam Energy = 0.40000000000000002 GeV’, Angle = 60° 22, A= 4, Boam Enorgy = 0.96099999999999957 GV, Anglo = 37.5°
s s
5 a— § wo —
£ 3 0 .
g g .
g E g 2500/
S o0 2
8 8 2000
3000}
E 1500
20001 1000
1000} 50
of

5 . “os. oe
o, Energy Transfer (Gev) o, Energy Transler (Gev)

* PRELIMINARY RESULTS *
by Josh Barrow & Steven Gardiner (FNAL)
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o
w

R(w,q) x 10 [MeV™]
I
5]

o

STA: Preliminary results for 3H and He

* PRELIMINARY RESULTS *

N T T ]
Transverse
L _,~\ =500 MeV/c 3
R
I SN 3 ]
1 \ He =
[ =3 &
[ .. = H —H02 =
11 ! — 3.3 .
i ‘\'\ H/ He —_
r = L 3.3 .1 o
n W\ H/ He pwia
z A —o
AT i S SOU ey
I 7 ’ |
”//
-l ! ! ! ! T —
50100 150 200 250 300 350 400
w[MeV]

work is in progress in collaboration with N. Rocco and A. Lovato to derive A = 3 cross sections within the
STA, SP, and GFMC frameworks
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Neutrinoless Double Beta Decay

“The average momentum is about 100 MeV, a scale set by the average distance
between the two decaying neutrons” cit. Engel&Menéndez

* Decay rate o< (nuclear matrix elements) 2 x (mﬁ B )2 %

Standard ff Decay ~ Double p Decay Neutrinoless Double f§ Decay

2R /44



Neutrinoless Double Beta Decay: STATUS

IJR-EDF

E A E
7 REDF ¥ =
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[ QRPACH + | IV i v 3
S B2 W gk Y oa E
N I R A
'SM st-M, . = L] E
B I = -
3 n " =
E Y ¢, ® be "
b A :_ ® A ]
_— T 3
r + 1
LN —
E [ ) [ [

0 T T T T T T T
109 -t -
F I ° E
F e e 4 E
< [ T i ]

() [ s [ ]

£ 10 = 4 3 : .: —
= E " L L4 E
& EY ¢ L = Af‘ A 7
£ B 4 1 "
82100 - Ae T
E v 3

108 ! L1 L | !

48 7682 96100 116124130136 150

A

Jon Engel and Javier Menéndez - Reports on Progress in Physics 80, 046301 (2017)
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C@) [fm’]

Double beta-decay Matrix Elements

T T T T T T T T T T T
0.8 £ e GT-v -
~ GT-AA
¢ T F-v 1
0.6 P - v Tv —
G + + FNN | 4
04 . 1 x GT-tot | _|
) v - <« GT-N

N y Tom 1
02 o . - + T-TN =
5 T & ]
0 Y }
-0.2 ——§ + -
T+ 1
0.4 . .
1 & 1
06 4 % -

r | | | L | l |

08 2 4 6 0 2 4 6

r [fm] 1 [fm]
| <
N
E/ 'r<
v T ped NN

SP et al. PRC97(2018)014606
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Momentum Dependence

— T T T T — T T 1
L IR ] ]
[ - \ g
[ |— crm T \ —12.0%10”
r - —16x10°
— r - — 1.2x10°
2 [ T ] 4
ﬁ [ - —18.0x10”
T T —4.0x10*
1© r o T i
7 J
£t
0 200 400 600 0 200 00 600
q[MeV] q[MeV.
Peaks at ~ 200 MeV

A = 10 highly suppressed w.r.t. A = 12 (clusterization matter?)
© A =10 small overlap between initial diffuse w.f. (r,, ~ 3.66 fm) and final compact w.f. (r, ~ 2.32 fm)

© A =12 large overlap between initial compact w.f. (r,, ~2.99 fm) and final compact w.f. (r,, ~ 2.48 fm)
*

A =12 ‘most similar’ to experimental cases
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Sensitivity to ‘pion-exchange-like’ correlations
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Benchmark with Shell Model
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Summary

* Two-body currents can give ~ 30 —40% contributions and improve on
theory/EXPT agreement

* Calculations of B— and B —decay matrix elements in A < 12 indicate
two-body physics (currents and correlations) are required

* Short-Time-Approximation developed to evaluate v scattering off A > 12
nuclei is in excellent agreement with exact calculations and data

* We are developing a coherent picture for neutrino-nucleus interactions *

Standard ff Decay ~ Double p Decay Neutrinoless Double 3 Decay
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