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Electro-weak Reactions



| o Study of nuclear structure
/,"//E N o Study of SM / Behind SM physics
f<f’/ o Input for Astrophysics
uﬁ[‘fqu]uf\u / o A crucial test for the nuclear theory
T kinematic regimes not accessible by
\é\ elastic reactions
I

\ o Probing of underlying degrees of
freedom

o Analysis of high energy experiments
with nuclear targets
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The EW interaction Hamiltonian: Hpw = /dw/lu(m)j“(m)

Example - the photo-absorption cross-section

o(w) = 4mow Z[REJ (W) + R, (w)]
J

Ro(w) = i |<\Pf|é|\1/o>|26<Ef _ By -w)

\»sw.’“ ® B

ground bound 2-body break-up  3.body break-up -~ A-body break-up
state excited state )

nnnnnnnnn o X [<\%/HJN‘\IIO>|2

Exact knowledge limited in
energy and mass number

Exc
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The Lorentz Integral Transform
(LIT)



Integral transforms

The nuclear response function

Rw) = zjdwwf 16 | Wo)8(E — By — w)
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Integral transforms

The nuclear response function

Rw) = zjdwwf 16 | Wo)8(E — By — w)

Integral transform with kernel K (w, o)

L(o) = /dwK(w, o)R(w)
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Integral transforms

The nuclear response function

Rw) = zjdwwf 16 | Wo)8(E — By — w)

Integral transform with kernel K (w, o)

L(o) = /dwK(w, o)R(w)

Some manipulations
£lo) = Y aw K (B - Eo,0) (2 | 6| W)

= Ytws (w0 | 81 | W) (05 | K(H - Bo,) | W0)
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Integral transforms

The nuclear response function

Rw) = zjdwwf 16 | Wo)8(E — By — w)

Integral transform with kernel K (w, o)

L(o) = /dwK(w, o)R(w)

Some manipulations
£lo) = Y aw K (B - Eo,0) (2 | 6| W)

= Ytws (w0 | 81 | W) (05 | K(H - Bo,) | W0)

Closure

L(o) = (Wo|®'K(H — Ey,0)0|¥o)
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The Lorentz Integral transform (LIT) method

The Lorentz kernel

1

K(W,U): m
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The Lorentz Integral transform (LIT) method

The Lorentz kernel

K(w,o)= —
Y= w—o)2+12
The LIT
~ 1 ~
L(o) = (Ty|6F — o|v
(U) (0\ (H—E0—0)2+F2 |0>
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The Lorentz Integral transform (LIT) method

The Lorentz kernel

K(w,o)= —
Y= w—o)2+12
The LIT
~ 1 ~
L(o) = (Ty|6F — o|v
(U) (0\ (H—E0—0)2+F2 |0>

Can also be written as
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The Lorentz Integral transform (LIT) method

The Lorentz kernel

1
K =
The LIT
~ 1 o
L(o) = (|6 — o|v
(©) = (Bol8' s 6l%)
Can also be written as
~ 1 1 ~
L(o) = (T | OT— — = —©O [ V)
H—Eo—U—lFH—Eo—O'—f—ZF
(B |9)
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The Lorentz Integral transform (LIT) method

The Lorentz kernel

1

K(W,U): m

The LIT

£(0) = (V|6 ———

o|w
(B — Ey— )2 +I2 [¥o)

Can also be written as
R 1 1
L(o) = (¥ | O — = :
H—Eo—O'—lF H—E0—0+ZF

(9 |¥)

O | ¥)

L(o) = (T(0) | ¥(0))
Hence, (H — Ey — o + i) |¥(0)) = O|T)
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The LIT method Efros, Leidemann, Orlandini, PLB 238, 130 (1994)

o The Response function
R(w) = Y /16120 *5(E; - B —)
!
o The Lorentz Integral Transform (LIT)
R(w) 5 ()5 r
=] - = = \Ij \II -
£e) = [ do—o s = (B 0)

o The LIT equation

(H — Ey — 0 4 iT)|[¥(0)) = 6]T)
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The LIT method Efros, Leidemann, Orlandini, PLB 238, 130 (1994)

o The Response function
R(w) = Y (1610} PS(Es - o)
!
o The Lorentz Integral Transform (LIT)
R(w) 5 ()5 r
=] - = = \Ij \I/ -
£e) = [ do—o s = (B 0)

o The LIT equation ol o

(H — Ey — 0 4 iT)|[¥(0)) = 6]T)

Short summary
o The LIT equation is a Schrédinger equation with a SOURCE
o |¥) has bound-state asymptotic behavior
0 R(w) is obtained inverting the LIT
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Nuclear Polarizability - The Lanczos Sum Rule  zvmmmnmwes }\'
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o Nuclear polarizability
= energy-dependent sum rule of a response function:

S:/O dwR (w)g(w)

o Calculate S directly without explicitly solving R(w).
o Using a compact basis
M
Sar = |(Nim|OINo) P g(Er — Eo)
n#0

©

If g (w) is well behaved Sy, converges rather fast.
If |£(O’) = ,CM(O')| < e, then

©

1S — Sat| < et /da Ih(o,T)|

o)=L [ ao oD

T —0)2 4172
Nevo-Dinur, Barnea, Ji, Bacca, PRC 89, 064317 (2014)
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“He photoabsorption cross-section B aun e

0 (w) = dm*awR p1 (W)

[ L L L B 4
| O Arkatov er al. (1979) |
51" o Shimaerdl (2005) — AV18+UIX (2006) ]
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| e Nakayama et al. (2007)

4l & Tomow er al. (2012) a
= 3L i
E
o [

2F .

[ ni
1 —
07...|....|....|....|....|....7
20 25 30 40 45 50

35
o [MeV]

Nir Barnea (HUJI) 8/31



"Li photoabsorption cross-section o, (w)

0 [mb]

4 T T T T

7 ; AVL —

: Ahrenset al (75) +
3 -
2 —
l -
0
0 20 40 60 80 100
w[MeV]

Bacca, Arenhovel, Barnea, Leidemann, and Orlandini

Phys.
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Lett.

B 603 (2004)
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Coupled Cluster LIT - CCLIT



Example - Electron scattering s o o |
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The CC-LIT method

60(e,e’) differential cross-section

0 E=537 MeV; 6=37.1"; |g| = 330 MeV/c

i
Z 100 — LmcC ]
] ST, & O Connell et al.
= e \ P
o 80 ; \ ¥ Anghinoffietal. |
=
3
S 60 ]
€]
S 40 1
z
=
] 20 ]
oOX & X0
ok =

25 50 75 100 125 150 175 200 225
w [MeV]

Acharya, Sobczyk, Bacca, Hagen, Jiang, PRL 134, 202501 (2025)
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Example - Electron scattering iy aun

The CC-LIT method

Longitudinal response of *°Ca

PHYSICAL REVIEW LETTERS 127, 072501 (2021)

o Poin P
=@ e ars| () -
o1 aNNOuetas)
—oxs i
S =200 Mevic
acn o CRS T
et
ol () S caaf (d) e,
o £ BNNLOG(450) 007] R S0 ANNLOGo(450)
=350 Mevic N o= 200 Mevic
< 0.03]

o thevl o Mev)

Sobczyk, Acharya, Bacca, Hagen, PRL 127, 072501 (2021)
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Coupled Cluster formulation of the LIT

Many-Body Methods in
Chemistry and Physics

MBPT and Coupled-Cluster Theory

Isaiah Shavitt and Rodney ). Bartlett

w
o
z
=
o
a
3
<
=
=
o
pre}
=
=]
=
w
o
=
=3
@
=
<
o

Nir Barnea (HUJI)

Cammar

Topical Review

R. J. Bartlett and M. Musial
Coupled cluster theory in quantum chemistry
Rev. Mod. Phys. 79, 291 (2007).

Motivation

Application of the CC method to study inelastic
reactions on medium size nuclei, A > 10.

Problem

The basic LIT formalism is incompatible with the
CC method. .

The expression L = (1|1)) contains an infinite
number of diagrams !

12 /37



The Coupled Cluster method

o The CC transformation

H — H = exp(—T)H exp(T)

o The CC operator
T=T1+To+...+T,

Ty = tfati

ia

1 At An
T = 1 Z t?;’aTbT]z

ij ab

o given by

o The CC amplitudes are fixed by
(@57 |H|®o) = 0

o Ground state energy
Eo = (©o| H|®o)

Nir Barnea (HUJI) 13 /37



The Coupled Cluster method

The eigenvectors

Hlp) = Eu|p)

are mapped into right and left eigenvectors

lw) —  |ur) = exp(=T)|p)
(| — (prl = (ulexp(T)

Specifically
|0r) = |®o) (O] = (Po|(1+A)

Closure

D )l = Zexp T)|pr){ps] exp(+T) = Z\MR Mz =1
m

Nir Barnea (HUJI) 14 / 37



Coupled Cluster formulation of the LIT

o Start from the response

R(w) =) (0167|f){|8|0)5(E; — E; - w)
!

o Perform the LIT

1 1
H—-Fy—oc—iT"H—-Fy—o+:

L(o,T) = (0|6 010)

o Apply the CC transformation

1 1

_ el0
_Ey—0—iTH—FEy—o+il 10r)

L(,T) = (0,16

where

Nir Barnea (HUJI) 15 / 37



Coupled Cluster formulation of the LIT

o Define z=Fy+ o+l

Nir Barnea (HUJI) 16 / 37



Coupled Cluster formulation of the LIT

o Define z=Fy+ o+l
o Rewrite the LIT as
1 1

1 = _
L(o,T) = 500118 (g - = ) 6low)

Nir Barnea (HUJI) 16 / 37



Coupled Cluster formulation of the LIT

o Define z=Fy+ o+l
o Rewrite the LIT as

1 = 1 1 _
L(o,T) = 500118 (g - = ) 6low)

H

o It is evident that the solution of the CCLIT equation

(H - 2)|®r(2)) = ©l0R)
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Coupled Cluster formulation of the LIT

o Define z=Fy+ o+l
o Rewrite the LIT as
1 ~ 1 1 ~
LoT) = — L — =
(0.1) = o (0:/6 (H_Z H_z*)@|oR>

o It is evident that the solution of the CCLIT equation

(H - 2)|®r(2)) = ©l0R)

o leads directly to the transform

L(2) = 5= ({02101 [Ba(2)) — (02161 ("))}
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Coupled Cluster formulation of the LIT

o Define z=Fy+ o+l
o Rewrite the LIT as
1 1

1 ~ _
L(6,T) = 50,16 (H_ —— H_) 610z)

o It is evident that the solution of the CCLIT equation

(H - 2)|®r(2)) = ©l0R)

o leads directly to the transform
1 g .
L(z) = §{<0L|9TI¢R(2)> —(0|07|®R(2*))}

o or setting |Pg(2)) = R(2)|®)

L(2) = 5 [(@ol(1 + A)STR(2)|0) — (@ol(1 + A)BI R(=")| o)

Nir Barnea (HUJI) 16 / 37



The equation of motivation (EOM) method

o Assume a solution in the form,

ij ab

[®r(2)) = R(2)|0) = (R(>+ZR“ z+ZRgfaTBTjE+...> |®o)

Nir Barnea (HUJI) 17 / 37



The equation of motivation (EOM) method

o Assume a solution in the form,

ia ij ab

|Dr(2)) = R(2)|®o) = (Ro +) Reali+ ) Realblji+ .. ) D)

o Substituting |®) in the CCLIT equation,

(H — 2z)R(2)|®0) = ©|®0)
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The equation of motivation (EOM) method

o Assume a solution in the form,

|Dr(2)) = R(2)|®o) = (Ro +) Reali+ ) Realblji+ .. ) D)
ia ij ab
o Substituting |®) in the CCLIT equation,
(H — 2)R(2)|®0) = O|®)

o subtracting the relation

R(Z).H|(b()> = E()R(Z)|(I)0>
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The equation of motivation (EOM) method

o Assume a solution in the form,
|Dr(2)) = R(2)|®o) = (Ro +) Reali+ ) Realblji+ .. ) | D)
ia ij ab
o Substituting |®) in the CCLIT equation,
(H — 2)R(2)|®o) = ©|®o)
o subtracting the relation
R(2)H|®o) = EoR(2)|®o)
o we get the CCLIT equation

[H, R(2)]|®o) = (z — Eo)R(2)|®o) + ©|P0)
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The equation of motivation (EOM) method

o Assume a solution in the form,

[®r(2)) = R(2)|0) = (Ro +Y Rfati+ ) RZaTBlGi+ .. ) |®o)
ia ij ab
o Substituting |®) in the CCLIT equation,
(H — 2)R(2)|®o) = ©|®o)
o subtracting the relation
R(2)H|®o) = EoR(z)|®o)
o we get the CCLIT equation

[H, R(2)]|®o) = (z — Eo)R(2)|®o) + ©|P0)

o This is just the CC-EOM equation with a source term!

Nir Barnea (HUJI) 17 / 37



Neural network




Dealing with Europe’s hard right
One nation under Modi
Mr Kim goes to Russia

Economist [H

SEPTEMBER 16TH-22ND 2023

NOW AL CANREVOLUTONSE SCEKGE.
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Dealing with Europe’s hard right

The One nation under Mgdi

Mr Kim goes to Russia

Economist [H

HOW M CAN REVOLUTIONISE SEIENCE.

Flexible Model

Efficient Minimization
GPU Tech

Automatic Differentiation
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Dealing with Europe’s hard right

The One nation under Mgdi

Mr Kim goes to Russia

Economist [H

HOW AI GAN REVOLUTIONISE MANY-BODY THEORY?

Flexible Model
Efficient Minimization
GPU Tech

Automatic Differentiation

arnea (HUJI)
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Neural Quantum State WY7YIT AN A TN ‘
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Jane's Talk (Thu. 27/08)

-2
" (a) Exp
3 _-ﬁ;— A Y Model "o’
) w B
¢ CIB-triangle
-4 ¢ GKV-weak
+  GKV-strong
=54
E %%
< . -
< -
o6
-71 -
8

-9 3H SHe 1He hLl 7L| 7Be llc lZC 13C 14(: lSN 150 160 170 180 200 220Zl)NeQHSi40Ca‘l2Ca/l'lcaAlﬁcaél?SCaﬁBNi

Fore, Kim, Lovato, Tropiano, Arxiv 2607.09223
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Neural Quantum State (NQS) Codes (cnatcen o maun e }\'
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o General-purpose NQS / VMC frameworks
o NetKet (Python, JAX)
Spin, Bose/Fermi; RBM, CNN, scalable VMC
o NeuralQuantumStates.jl (Julia)
Early Julia-based NQS; pedagogical and research-oriented
0 Quantum chemistry—focused NQS
o PauliNet (Python, PyTorch)
Fermi w.f. with explicit physical priors (Slater, Jastrow)
o FermiNet (Python, JAX)
Electronic structure
o DeepErwin (Python, TensorFlow/JAX)
Deep-learning-based variational ansatz for molecules
o Hybrid quantum / differentiable programming libraries
o PennyLane (Python)
NQS-like variational w.f. and differentiable quantum models
o TorchQuantum (Python, PyTorch)
Neural-network-driven quantum state representations

Nir Barnea (HUJI) 20 /37



What about
reactions?
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FeW L I T Lem mas WY7YIT AN A TN }\'

o The LIT variational principle
Loss function

o The convergence Lemma
Controlled accuracy

o The Hy;r ground state gap
For fun ...

o The Fidelity and the accuracy of the LIT

Nir Barnea (HUJI) 22 /37
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The LIT variational principle wn s }\'

The LIT equation
(H-2)¥)=|R) ;  |R)=6¥),
Here z = By + o — il

Lemma:
The solution U is unique, and minimizes the functional

I[¥) = |(H - 2)|T) - |R)|?

Proof:

If |To) is the exact LIT WF then Z[¥,] = 0.
Otherwise, for |¥) = | 4 §¥) one has

¥ = |(H - 2)|¥ + 6%) — |R)|?
=|(H — 2)|00) > > T2(5¥|0)|* > 0.

V. Efros, W. Leidemann, and G .Orlandini, PLB 238, 130 (1994).
Nir Barnea (HUJI) 23 /37



The convergence lemma E. Parnas, et al. (PRL 2026)

Lemma: The relative accuracy of the LIT function L is given by

AL = (T|¥) — (To|To)

‘ VI .
VL ’

In the limit ' - 0, c ®w, and £ — (7/T)R
Hence, we may further suggest that

ar|_ (718
N 'R

Implication:
For a desired relative accuracy in R, we need to calculate Z with a
precision proportional to T'.

Nir Barnea (HUJI) 24 /37



The LIT Hamiltonian E. Parnas, et al. (2026)

EI"7WI'|‘:\J'|"|JLIT| MTINNT ‘ X,
THE HESREW UNIVERSITY OF JERUSALEM /

Given the LIT equation

(H-2)¥)=|R) ; |R)=6|¥),

we introduce the LIT Hamiltonian:

Hprr = (H — 2°)(1 — Pr)(H — 2) :

5 _ |R)(E|
(R|R)

Observations:

o Hy;r is Hermitian
o The LIT w.f. |¥) minimizes Hy 7

o |\i/) is the zero energy eigenstates of Hy ;1

o The spectrum of Hyjr has a gap above the ground state.

Nir Barnea (HUJI)

25 /37



FIDELITY and the LIT accuracy = parnas, et a1. (PRL 2026)

The Lorentz Integral Transform is obtained from the solution of the
inhomogeneous equation:

(H - 2)|¥) = 0|
—_——— ——~
|L) |R)

We solve the LIT equation maximizing the FIDELITY

(LIR)(R|L)
(LIL)(R|R)

Upper bounds on the LIT uncertainty:
N7YR) [1-F
A <D
£lo D) < r V F

(1= Pr) s 19

Nir Barnea (HUJI) 26 / 37
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D= min(‘(l — Pg)|)
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Deuteron LIT Benchmark

x1072

—— Exact

I NGs

x10-°

Error (MeV~2)
w
o

00000’
oo
0o
Jeeccccecccee®

-30 -20 -10 0 10 20
wo (MeV)

Nir Barnea (HUJI)
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UPPER PANEL:

LIT of the 2H
photo-absorption dipole
response

I' =10 MeV

LOWER PANEL:
NQS errors

Statistical - MC sampling

Systematic - LIT
error-bound lemma

Total - sum of the two

27 /37
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[
NQS-EIHH “He LIT Benchmark }\.

x1072 © UPPER PANEL:
0.5 — Exact 4
T NOS LIT of the “He
0.4 4 photo-absorption dipole
& response
3031 P
2 o I' =10 MeV
E 0.2
-
0.1
0.0 1
) o LOWER PANEL:
10~
1.5 % NQS errors
¢ Ostat
& Osys O Statistical - MC sampling
%) 1.01 Otot
TE_’ : . [EIHH - NQS| O Systematic - LIT
E 0.5 1 '.:::’ '--,._ ¢ LR T - error-bound lemma
-:-" "-.-"u o
G _,._muulf"" | | ] 220400t rvansd O Total - sum of the two
-20 0 20 40 60 80 100
wo (MeV)
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Deuteron photoabsorption, . parnas, et a1. (pRL 2026) DU i TN }\

Pionless EFT inspired potential [A]
Excellent accuracy at the LIT level

Inversion - Basis expansion + regulation, Maximum entropy

© ©0 0 o

Error bars - sys+stat+inver

2.5 1 —— Basis expansion
—— Maximum entropy
@ Experiment

0 10 20 30 40 50 60
w (MeV)

[A] R. Schiavilla, et. al., Phys. Rev. C 103, 054003 (2021).
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e photoabsorption, . rarnas, et a1. (PRL 2026)

© 06 0 o

Nir Barnea (HUJI)

Pionless EFT inspired potential [A]
Comparison with highly accurate EIHH calculations

LIT reproduced at percent-level accuracy
Photoabsorption cross-section:

o Good agreement with the experimental data

WY7YIT AN A TN l
‘THE HEBREW UNIVERSITY OF JERUSALEM

3.5
3.0 1
2.5
5 2.0
£
B 1.5
1.0 1
0.5 A

0.0 A

—— Basis expansion
—— Maximum entropy
@ Experiment

20 25 30
w (MeV)

35 40 45
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®Li photoabsorption cross-section o, (w) gl i e

x1072
i —— EIHH 4-5
1.0 —— EIHH 6-7
—— EIHH 8-9
] — EIHH 10-9
_ 08 t NQs
7
2 0.6 4
2
'_
504+
0.2 1

-10 0 10 20 30 40 50 60 70
wo (MeV)

Comparison between NLIT and EIHH

EIHH - Effective Interction Hyperspherical Harmonics method

Nir Barnea (HUJI) 31/37



Can we improve the kernel?

Get better results at the same costs?




Fourier analysis

The LIT is a transform with a convolution kernel
L(o) = [ dw k(o - ) Rw) = (K + B) (0

Considering the Fourier transform F

Fo) = FU10) = [ do ) e

The convolution theorem turns the LIT into a product, with formal

L(k)
fa)©

inversion

R(w)=F*

Comments:

o lll-posed - The error in L(k) are amplified by 1/|K(k)|.
o Stability of the inversion is governed by the tail of |K (k)| at large k.

Nir Barnea (HUJI) 32/37



Three different kernels

EI"7WI'|‘:\J'|"|JLIT| MTINNT l X,
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Different kernels that can be constructed from solutions of the LIT

equation

Here |®) = O|W,) stands to the rhs of the LIT equation.

Kernel K(w;o,T) Computed as K(k)
Standard LIT o 012 = (U ()| T (o)) % ¢TIkl
LIT-GS — (52 — _% (@) Te
Comp. Stieltjes —% ﬁ —%<<I>|\~I/(a)> ? Tk 9 (k)
Double-pole K, m (U(o, -D)|[¥(0,T)) 27ke Tk O(k)

Nir Barnea (HUJI)
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Three different kernels - LIT,

WY7YIT AN A TN

‘THE HEBREW UNIVERSITY OF JERUSALEM

K(w) 1073 MeV 2]

=75 —-50 —25 0 25 50 75

Nir Barnea (HUJI)

Kw—o0)ato=0

' =10 MeV.

The standard LIT kernel
coincides with Im{K¢g}.
Re{Kcs} - antisymmetric
and carries sign information
absent from the LIT.

K5 has narrower central
structure, and an
antisymmetric imaginary
part.
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Noise test

T
0.25 - —— Standard LIT o
LIT-GS
—— Complex Stieltjes
z 0.20 —— Double Pole (Ka2) ]|
= Exact
=}
S 05 B
8
=
=R
30101 B
3
81
0.05 - B
0.00
0 20 40 60 80
w [MeV]
10° F —— Standard LIT E
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—A— Complex Stieltjes
~#— Double Pole (K2)
1071 E E
8
<
1072 ¢ E
i L
102 1071

Nir Barnea (HUJI)

Noise level e

EI"7WI'|‘:\ T2 TTIINT l
THE HESREW UNIVERSITY OF JERUSALEM /

Noise model:

U(r;) — ¥(ry) [1 + €7, +ienﬂ

o Inverted R(w) from 10
independent realizations at
noise level e = 0.2.

o Thin lines - individual
realizations

o Thick line - mean

o band - £20 spread.

o LOWER PANEL: Integrated
standard deviation o of the
inverted response.
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Summary




Conclusions and Outlook Y17 KA T TN
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©

LIT provides a useful framework for nuclear responses
Applied with HH, NCSM, and CC
see talks by Sobczyk, El Batchy

(]

©

(]

NQS-LIT an accurate and scalable framework for nuclear responses

(]

Robust propagation of statistical and systematic uncertainties

©

Successful description of 2H and *He photoabsorption data
Outlook:

o Extension to nuclei with A < 20
o Improved interactions (local xEFT)

©

o Exclusive reactions
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Thank you !
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