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Nuclear Physics for the Neutrino Program

Vi

* Accurate calculations of v-nucleus cross-sections
in a wide range of energy/momentum transfer

* Targets: from d to “*Ar and more

* (More) Exclusive Channels

) Am? L
P(vy—Ve) = sin*20sin® ( ZEZI )

v

* In this talk: The Quantum Monte Carlo community’s effort *
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Towards a coherent and unified picture of neutrino-nucleus interactions
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* @ ~ few MeV, g ~ 0: B-decay, B B-decays

* @ ~ few MeV, g ~ 10> MeV: Neutrinoless 3 3-decays

o < tens MeV: Nuclear Rates for Astrophysics

® ~ 102 MeV: Accelerator neutrinos, V-nucleus scattering <
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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

W(r,12, ...,TA, 51,52, -y SA, 11,825 -0 24)

Erwin Schrédinger
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Nuclear Interactions

The nucleus is made of A non-relativistic interacting nucleons and its energy is
A
H=T+V=Y t+Yvj+ ¥ Vi+..
i=1 i<j i<j<k

where v;; and Vjj; are two- and three-nucleon operators based on EXPT data fitting
and fitted parameters subsume underlying QCD
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Quantum Monte Carlo Methods

Solve numerically the many-body problem
HY =EY¥Y

\P(rler, < XA, 51,82, .., 84,11, 12, '“,IA)

W are spin-isospin vectors in 34 dimensions with 24 x 7 ?—!Z)!
4He : 96
OLi: 1280

8Li: 14336

12C 1 540572

components

using Variational and Green’s Function MC Methods
one '2C energy calculation takes ~ 15k core hours in VMC
and ~ 75k core hours in GFMC
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Energy Spectrum and Shape of Nuclei
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Nuclear Currents

1b 2b
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* Nuclear currents given by the sum of p’s and n’s currents, one-body currents (1b)

A
Yot Yoyt
i=1

i<j

A
Yii+Y i+
i=1

i<j

I

g

- SU/
S,

* 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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EM Moments, EM Decays and e-scattering off nuclei

Pastore et al. PRC87(2013)035503

Electromagnetic data are explained when
two-body correlations and currents are accounted for!

Lovato et al. PRC91(201
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Inclusive (e, V) scattering

* inclusive xsecs *

d*c

e R R
TN, oM [VLRL(q, ®) +vrR7 (g, ®)]

Ro(q,0) =Y. 8 (0+Eo—Ef) |(/]0a(q)|0)?
!
Longitudinal response induced by Oy = p

Transverse response induced by Or = j
... 5 nuclear responses in V-scattering...

* Sum Rules *
Exploit integral properties of the response functions +
closure to avoid explicit calculation of the final states

S(q,7) = /0 " 40K (,0)Ra(q, ®)

o: Coulomb Sum Rules *
Su() = [ doRa(q,0) < (0/04(@)0u(@)0)
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Sum Rules and Two-Body Physics

& —- 1-body
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Carlson et al. PRC65(2002)024002
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Recent Developments on Inclusive Electron Scattering off 12C

Electromagnetic Transverse Responses
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Lovato & Gandolfi et al. PRC91(2015)062501 & arXiv:1605.00248

Electromagnetic data are explained when
two-body correlations and currents are accounted for!

12/2)



Recent Developments on Inclusive Neutrino Scattering off '>C

NC Inclusive Xsec
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Lovato & Gandolfi et al. PRC97(2018)022502

~ 100 million core hours
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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

Sanford
Underground
Research

Facility

Fermilab
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The Present and Future of Quantum Monte Carlo Calculations

VMC CVMC GFMC AFDMC

. - (C)VMC
GFMC
| AFDMC
CVMC
B AFDMC
E>E, E — Ey
minimization T propagation AFDMC

figure by Lonardoni

light systems A<12

light to medium-
A~ 50

mass nuclei

infinite matter A— oo

Use of Quantum Computers is being also explored - Roggero, Baroni, Carlson, Perdue et al.

One-body momentum distributions

K ()

Lonardoni er al. to appear on PRC arXiv:1804.08027

=0) (fmd)

Ppn(@Q

Two-body momentum distributions

q(fm™®)

Wiringa et al. PRC89(2014)024305

One-body momentum distributions http://www.phy.anl.gov/theory/research/momenta/
Two-body momentum distributions http://www.phy.anl.gov/theory/research/momenta2/
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Factorization: The Short-Time Approximation

R(q,0) = Z‘S (@+Eo—E;) (00" (a)[f){f]0(a)[0)

/dt (0|0 (q) M=) 0(q)|0)
At short time, expand P(¢) = ¢/7=®)" and keep up to 2b-terms

H ~ Zt,‘ +Z‘Dij
i i<j
and

O[ P(1)0; + O] P(1)0; + O] P(1)0;; + O}:P(1)0;;

1b 2b

¢ ”

WITH
Carlson & Gandolfi (LANL) & Schiavilla (ODU+JLab) & Wiringa (ANL)
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Factorization up to two-body operators: The Short-Time Approximation (STA)

. . . ~lr >

Response functions are given by the scattering off @

pairs of fully interacting nucleons that propagate into a Y
correlated pair of nucleons

R(g,0) = ;5(w+Eo—Ef)<0|0*(q)lf><f|0(q)|0>
o(q) = 0W(q)+0?(q)=1b+2b
f) o~

|W,.pgm.L5,7M; (r,R)) = correlated two — nucleon w.f.

* We retain two-body physics consistently in the nuclear interactions and
electroweak currents
* STA can describe more two-body physics, e.g., pion-production induced by e and v

R(q,0) ~ /5 (@ +Eo— E¢) dQp d, dPdp [p* P*( 0|07 () |p.P) ( p.P|O(q) 0)]
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The Short-Time Approximation
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Transverse “response-density” 1b + 2b for *He

R(q, ) ~ / 8 (0 +Eo — Er)dQpdQ, dPdp [ p* P*( 0|07 (q)|p. P)( p.P|0(q)|0)]

* Preliminary results *
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* Preliminary results *
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The Short-Time Approximation
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Longitudinal Response function at ¢ = 500 MeV

* Preliminary results *
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Quantum Monte Carlo Studies for the Neutrino Program

Two-nucleon correlations and two-body electroweak currents
are crucial to explain available experimental data

* Exact GFRMC calculations of inclusive NC xsecs off 2C are available
* Quantum Monte Carlo Calculations extended to nuclei with A < 40
* Short-Time-Approximation developed to evaluate v-A scattering in A > 12 nuclei
* STA retains two-body physics in the inter-nucleon interactions and currents
* STA is in excellent agreement with both exact calculations and data
* STA susceptible of describing exclusive processes, e.g., pion-production
* We are joining the efforts of Betancourt et al. and Perdue et al.

o
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Nuclear Physics for the Neutrino Program

’

UNVERSAL NEUTRINO GENERATOR.
& GLOBALFT

* Accurate calculations of v-nucleus cross-sections
in a wide range of energy/momentum transfer

* Targets: from d to “*Ar and more
* (More) Exclusive Channels
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