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'AD INItIO" nuclear physics
- Main input: nucleon-only Hamiltonians and consistent currents

H = 57:&71 | ijJr Z Viik : J:ZjiJijz‘j

0 1<) 1<g<k 1<)

. Sophisticated guantum many-body methods solve the corresponding Schrodinger equation

H|\V,)=E,|¥,) : Mpn = <\Ijm|J|\Ij’n>

- The “active” Hilbert space comprises the coordinates of the nucleons only (spatial plus spin/isospin)

v,(R,S,T)=(R,S,T|V,) : R=A{ry,...,ra}, S=A{s7,...,s5}, T={t7,....t5}



'AD INItIo" nuclear physics

. Pion effects are typically encoded in interactions and currents.

NN 3N

[151,152] 2

LO
O(Q°/A”) >< ~>* -

[164,165] 7 1992,1994>  [166-169]

NLO 4k
O(Q*/A%) >< H H H —

[164,165] 0 [167,170]

oI H +:1:l H H }H +>< >+<

2000-2002 > [179-182] 12 2008-2011 [183-185]

| X ] | LB B X

[188,189] 0| | C2011- > [190-192]

o F b | I OK o -




'AD INItIO Nuclear pnysics
(this work)
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Why treat pions explicitly?
Goal: include pions as active degrees of freedom in the Hilbert space

U,(R,S,T)=(R,S,T|V,) =—p U, (R,ST;7%) =(R,S,T;7%0,)

- Test the “conventional” potential chiral-EFT power counting

- Automatically obtain the long-range part of nuclear interactions and currents
- Study pion-nucleus scattering

- Additional insights in the EMC effect

- Real pion-production in lepton-nucleus scattering experiments

Few-Body Sys. 61, 40 (2020), Phys. Rev. C 101, 035202 (2020), Phys. Rev. C 53, 3097 (1996)
Phys. Rev. C B0, 2761 (1994), Phys. Rev. C 70, 014007 (2004)
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ow to Include pions?

- Nucleons are heavy; they can be treated as non-relativistic, point-like particles.
- Pions are light, need to treat them as relativistic quantum fields.

- Start from leading-order chiral-EFT Lagrangian in the heavy-baryon formalism

1 1 |
Lo = 5 Mm@“m — §m72T7Ti7T7; —I—J\fr 10p

V? 1 gA

oM, 4f? €iikTiT; 00T 2F 707 0;m;

1 1
— My N — 505(NJr N)(NTN) — 50T(.i\fr o;N)(NTo;N).



ow to Include pions?

- To leverage a variational principle, we need the Hamiltonian

8»60 : aﬁo (3[,0 1
=iNT Myt = = - I, = =0
d(GN) ’ N (9 NT) ! ’ E T 9(0omy) R 42

I[Iy = €ijk T NTTiN.

he Hamiltonian splits into three components
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PuUre plonic sector

- In the Cartesian basis, the pion fields are Hermitian

\/ Z T cos(k-x) 4 7 sin(k-x)]

k68_|_

“LS Z 9 cos(k-x) + 117 sin(k-x)] .

k65_|_

- The Hamiltonian is a collection of harmonic oscillators

’ 1 1 1 '
= Z | Z 2H5k2 T QH“‘ T 2W12<( G+ )| -
keSS, i=x,y,2 - -

11




PuUre plonic sector

- Let us quantize the fields

[77-73 (X)7 4y (Y) — [Hi (X>7 Hj (Y)] — 07
(%), L (y)] = i 6:; 047 (x — y).

[ __C C .
T Wi ] = 1045 0k ket

. |
Tk jk’ | = 10;5 0k

F___C S L S —
ik jk/ = [Tk jk’]_()'

- Analogously to the guantum harmonic oscillator

/ -
L 0 100 10 1,
Hzi< > —1 : A o H7T7T: Z Z . | 2wk

C,S
(97rz.k

- The ground-state is a product of gaussians

Wo(mre%) ox exp

kES—I— i:x7yaz -

o Z Z wk zk +7Tfk2)

keSS, 1=x,y,2
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Adding nucleons

- The axial-vector part of the Hamiltonian reads:

Hay = 2f \/ L3 Z .-k Ta°7'l'is<) cos(k-ry) — (7o 7) sin(k-ra)]
a=1 "

- The nucleonic part is given by:

A _
P2
:Z : |Mp+5KP?+5M +25k ri—r;)|Cs+Cro;oj

1 2Mp / \K]

Kinetic mass counter-term Rest mass counter-term
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Solve the many-oody proplem (‘old” way)

- Goal: solve the Schrodinger equation for the full Homiltonian

H=H.. +Hy+H.n +—> <R,S,T;7r H

\If()> — E() \IJQ(R, S, T; 7T)
- Trial wave function: collection of shifted harmonic oscillators

Ur(R, S, T;7%") = <R, S, Ty |exp | — 3 % (|%ii|2+ I%iiIQ) <I>>

A A

c 2 ga . . 2
By = I3 f E 7o sink-ry) (o.k) 5 Bj =-— 73 ?A E T4 cos(k-r,) (04-k)
T a=1 T

a=1

- Exact ground state is obtained by means of imaginary-time projection

Wo) o lim exp|— (H — Er) ] [¥r)

T— 00

Phys. Rev. C 98 (2018) 3, 034005
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Solve the many-body proplem ((NQS” way)

- We represent the guantum many-body wave function with artificial neural networks

Nucleon inputs

| 5
Pion modes

S

/)

o (R, S, T;7%%) = exp | —> 2 4 | Pf[ipg (X))

\Ifg (R, S, T; 7TC’8)

A. Di Donna, in preparation



Mass renormalization

- The momentum cutoft is not Lorentz invariant ——» §M and Sx must be fixed independently

1
2M p

Ex(P) = Mp + 6M + ( : 5K> P2+ Yy (Ex(P),P)

- The renormalization conditions are

8EN(P) 1 P2
En(0) = Mp, — . — En(P) = Mp - - O(P?
oP? |, . 2Mp v(P) = Mp (P7)

- At one-loop level:

(A) 1 9
3/ga)\" 1 k 1
“w(B,P)=2(24) = |
P Q P v 2<2fw) L‘“’%:wkE—EJ(@AP,k)HO
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Mass renormalization

Total energy of a single nucleon is equal to the physical mass of the nucleon

/70 '
GFMC
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Mass renormalization

- Including fourth-order irreducible contributions largely accounts for the di

one-pion

nested

crossed

A. Di Donna, In preparation

Vacuum-subtracted pole energy

ference from the NQS result.
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['ne pion cloud

- Define the pion annihilation field in the Cartesian isospin basis

hi(x) = /I3 zk: Qi €%
The corresponding isospin fields are given by
s () = L2V ERSR) ()

- So that the pion clouds can be expressed as

pre () = (U 9l ()tore ()| W), a=+,—,0
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['ne pion cloud

- Compute the densities at a proton sitting at the center of the simulation box

Charge-resolved pion density
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Vope [MeV]

“WO-Nnucleon case

- Minimize the energy of two nucleons fixed at relative distance r

60

(a) T=1 and S=0

Vope [MeV]
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['wo-nucleon case
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H1X the contacts

- Fix the NN LECs to reproduce the deuteron and the two-neutron state in a box

Binding energy [MeV]
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Conclusions

- Dynamical pion modes can be included directly in continuum nuclear wave functions.

» Renormalization tested against explicit self-energy calculations

» Two-nucleon sector validated against explicit OPE calculation

- NQS reproduce one-nucleon self-energy and two-nucleon OPE benchmarks, including higher-
order pion effects.

- Two-body LECs fixed against deuteron and two-neutron state in a box
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Perspectives

- Compute pion-cloud contributions to the nucleon electromagnetic and axial form factors.
- Study pion production on the single nucleon
- Extend the framework to calibrated few- and many-nucleon calculations.

- Include NLO terms in the Hamiltonian and study the convergence against conventional EFT
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Solve the many-oody proplem (‘old” way)

- The exact ground state is obtained by means of imaginary-time projection technigques

Wy) x lim exp|— (H — Ep) 7| V)

T—>00

- Compared to “conventional” QMC:

» Extra a set of boson field amplitudes (i.e. harmonic oscillators) to diffuse

al
C

Ne nucleonic ¢

Narge Is conse

narge is not conserved separately; the total nucleon-plus-pion

ved.

- Very accurate approach, but limited to light nuclei (exponential scaling)

Phys. Rev. C 98 (2018) 3, 034005
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