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Motivation

▶ Efimov physics: in the unitary regime, for each
three-body Efimov state, one has two corresponding
four-body Efimov states, one tightly bound and the
other with a halo (3 + 1) structure (Wu et al., PRA,
2024)

▶ ATOMKI anomaly: the p+ 3H and n+ 3He systems
play an important role in the ATOMKI anomaly
description, where an excess of events in the angular
distribution of the 3H(p,e+e−)4He reaction could only
be explained by a possible new boson, deemed as a dark
matter candidate (Krasznahorkay et al., PRC, 2021)

3

low-energy p + 3H initial states may populate the fairly
narrow 0+ and 0− resonances of 4He. Furthermore, con-
tributions from farther resonances or from direct (non-
resonant) capture cannot be excluded a priori, and should
be estimated. As a matter of fact, in Ref. [13], the con-
tribution of the direct p+ 7Li capture in different waves
has been found important, if not dominant. For future
reference, the low-energy spectrum of 4He is reported in
Fig. 1. The energies and widths of the various resonances
have been determined in R-matrix analyses [40].
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FIG. 1. The low-energy spectrum of 4He [40]. The dashed
lines indicate the thresholds for the opening of the 1+3 and
2+2 channels, while the solid lines indicate the energies of
the various resonances with corresponding widths, Jπ , and
isospin assignments to the right.

Recently, it was conjectured in Ref. [41] that the effect
of populating higher excited states might cause peaks
in the angular distribution of the final pair, and there-
fore mimic the resonance-like structure observed in the
3H(p, e+e−)4He ATOMKI experiment. However, such a
conjecture does not seem to be borne out by the present
analysis. Instead, our calculations, which are based on a
realistic and fully microscopic treatment of nuclear dy-
namics, indicate the absence of any such structure. In
particular, the Jπ =1− scattering state, which plays a
dominant role, only yields a smooth behavior in the an-
gular correlation between the leptons, although this cor-
relation appears to be rather sensitive to the low-energy
structure of the 4He continuum.
In a more recent paper [42]—see also Ref. [43] for a

similar study—the possibility that the peak seen in the
8Be experiment could be caused by higher-order QED
effects, beyond the one-photon-exchange approximation,
has been investigated. It has been found that the con-
tribution of these corrections increases with the opening
angle θee between the lepton momenta, and could explain
the observed behavior of the cross section. We should
point out that for the 8Be experiment the peak struc-

ture was observed around θee =140◦. It is not clear if
such an explanation will remain valid in the case of the
4He experiment, where a sharper peak is observed at a
considerably smaller opening angle, around 110◦.

B. Interactions and currents

Ab initio studies of few-nucleon dynamics can be car-
ried out nowadays with great accuracy [44], not only
for bound states but also for the low-energy portion
of the continuum spectrum, including the treatment of
resonances. This capability and the availability of con-
sistent models of nuclear electroweak currents—that is,
electroweak currents constructed consistently with the
underlying strong-interaction dynamics—make it possi-
ble to almost completely remove uncertainties associated
with the nuclear wave functions and/or reaction mecha-
nisms, and therefore to unambiguously interpret the ex-
perimental evidence. It is within this context that, in
the present paper, we provide fairly complete analyses of
the 3H(p, e+e−)4He and 3He(n, e+e−)4He processes, with
and without the inclusion of the hypothetical X17 boson.
Below, we briefly outline the theoretical framework, and
refer the reader to the following sections for more ex-
tended discussions of various aspects of this framework.
The nuclear Hamiltonian is taken to consist of non-

relativistic kinetic energy, and two- and three-nucleon
interactions. These interactions are derived from two
different versions of chiral effective field theory (χEFT):
one [45–47] retains only pions and nucleons as degrees of
freedom, while the other [48, 49] also retains ∆-isobars.
Both χEFT versions account for high orders in the chi-
ral expansion, but again differ in that the interactions
of Refs. [45–47] are formulated and regularized in mo-
mentum space, while those of Refs. [48, 49] in coordinate
space. As a consequence, the former are strongly non-
local in coordinate space.
The low-energy constants (LECs) that characterize

the two-nucleon interaction have been determined by
fits to the nucleon-nucleon scattering database (up to
the pion production threshold), while the LECs in the
three-nucleon interaction have been constrained to re-
produce selected observables in the three-nucleon sector
(see Sec. II). However, the nuclear Hamiltonians result-
ing from these two different formulations both lead to an
excellent description of measured bound-state properties
and scattering observables in the three- and four-nucleon
systems, including in particular the 4He ground-state en-
ergy and 3+1 low-energy continuum [44], germane to the
present endeavor.
Another important aspect of the theoretical frame-

work is the treatment of nuclear electromagnetic cur-
rents. These currents have been derived within the two
different χEFT formulations we consider here, namely
without [50–55] and with [56] the inclusion of explicit
∆-isobar degrees of freedom. They consist of (i) one-
body terms, including relativistic corrections suppressed

Figure 1
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FIG. 1. The low-energy spectrum of 4He [40]. The dashed
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2+2 channels, while the solid lines indicate the energies of
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Partial-Wave Expansion

In two-body scattering in the centre-of-mass (CM) frame, the asymptotic behaviour
of the Schrödinger equation solution for a system subjected to a spherically symmetric
short-ranged interaction potential V (r) is, when expanded in spherical harmonics,

Φk(r) ≈
1

(2π)3

∞∑
ℓ=0

(2ℓ+ 1)

2ik

[
[1 + 2ikfℓ(k)]

e ikr

r
− e−i(kr−lπ)

r

]
Pℓ(cos θ) .

The radial solution defines the ℓ-th element of the S-matrix

Sℓ(k) ≡ 1 + 2ikfℓ(k) .
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Partial-Wave Expansion

Through conservation of flux and angular momentum, which enforces unitarity, we may
define

Sℓ(k) ≡ e2iδℓ(k) ⇒ Tℓ(k) ≡
2π

µ
fℓ(k) =

2π

µ

1

k cot δℓ − ik
.

In the low-energy limit, the first term in the denominator above is analytic in k2 and
has the general expansion, valid for each angular momentum ℓ,

Kℓ(k
2) ≡ k2ℓ+1 cot δℓ(k) = − 1

aℓ
+

1

2
rℓk

2 +O(k4) ,

known as the effective range expansion (ERE ).
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Charged Particles

When working with Coulomb and strong interactions, we may make use of the two-
potential formalism, which states that we can separate the total amplitude as

T (k ′, k) = TC (k ′, k) + TSC (k ′, k) .

By imposing that δℓ = σℓ + δ′ℓ, the partial wave decomposition becomes

TC (k ′, k) =
2π

µ

∞∑
ℓ=0

(2ℓ+ 1)

[
e2iσℓ − 1

2ik

]
Pℓ(cos θ) ,

TSC (k ′, k) =
2π

µ

∞∑
ℓ=0

(2ℓ+ 1)e2iσℓ

[
e2iδ

′
ℓ − 1

2ik

]
Pℓ(cos θ) .
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Charged Particles

Therefore, the S-matrix elements can be written as

Sℓ(k) = e2i(σℓ+δ′ℓ) = 1 + 2ik
[
f Cℓ (k) + f SCℓ (k)

]
= e2iσℓ + i

µk

2π
T SC
ℓ (k) .

In the low-energy limit, we must define the Coulomb-modified effective range function

KC
ℓ (k2) ≡ k2ℓ+1 C

(ℓ)2
η

C
(0)
η

2

[
2ηH(η) + C (0)

η

2
(cot δ′ℓ − i)

]
≈ − 1

aℓ
+

1

2
rℓ k

2 − 1

4
Pℓ k

4 +O(k6) .
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Charged Particles

Therefore, the S-wave (ℓ = 0) Coulomb-modified strong interaction transition ampli-
tude, is given by

T SC
0 (k) =

2π

µ

 C
(0)
η

2
e2iσ0

KC
0 (k2)− 2kCH(η)


≈ 2π

µ

C
(0)
η

2
e2iσ0

−1/a0 + r0k2/2 + · · · − 2kCH(η)
,

where

C (0)
η

2
=

2πη

e2πη − 1
, η(k) =

Z1Z2αemµ

k
≡ kC

k
, H(x) = ψ(ix) +

1

2ix
− ln(ix) .
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Vińıcius Bruno Bet Ader Renato Higa Bira van Kolck Gautam RupakPhysics Institute - University of São Paulo 11 / 41



Motivation Quantum Scattering Theory Effective Field Theory p+3H and n+3He Scattering Simultaneous Fitting Final Remarks

Effective Field Theory

Effective field theories (EFTs) describe the overall behaviour of the low-energy degrees
of freedom in a compatible way with the desired symmetries.

In nuclear physics, the underlying theory is QCD, whose symmetries are well-known.
Instead of working with quarks and gluons, one uses hadrons instead. An effective
Lagrangian has the form (Hammer et al., RMP, 2020)

L =
∑
i

gi (Mlo,Mhi, κ)Oi (ϕj) .

Observables are computed through expansions in Q/Mhi andMlo/Mhi, which are dictated
by a scheme known as power counting.
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Few Nucleon Systems

Below pion production, i.e., Mhi ∼ mπ ≈ 140MeV, we can construct an EFT with
nucleons as the only degrees of freedom. With the strong interaction symmetries, the
effective Lagrangian reads as

L = Ψ†
(
i∂0 +

∇2

2mN

)
Ψ+ σd†

[(
i∂0 +

∇2

4mN

)
− ξ

]
d − g

[
d†ΨΨ+ h.c.

]
+ · · · ,

where d is the auxiliary dimeron field.
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Few Nucleon Systems

To add physical meaning to the effective Lagrangian, we must establish a power counting
by connecting the low-energy observables, related to the ERE parameters, to the EFT
ones. The ERE description of the scattering amplitude is given by

T (k) =
4π

mN

1

−1
a +

1
2 rk

2 + · · · − ik
.

Whilst from QFT the LO scattering amplitude is computed via the Feynman diagram

+ . . .+= +

Figure 2
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Few Nucleon Systems

From QFT, the scattering amplitude is proportional to the dressed interaction field
(dimeron) two-point function. In leading order, it goes as

T (LO)(k) = −g2D(LO)

(
k2

mN
, 0

)
,

where

iD(LO)(q0,q) =
iσ

−ξ − g2I0(
√
mNq0 − q2/4) + iϵ

,

and I0(k) is the two-body “bubble integral”.
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Few Nucleon Systems
To incorporate electromagnetic interactions, we perform the minimal substitution, where
∂µ → ∂µ + ieAµ and add to the Lagrangian the appropriate Coulombic terms. The LO
amplitude, from the figure below, is given by (Higa et al., NPA, 2008)

T
(LO)
SC (k) =

2π

µ

 C
(0)
η

2
e2iσ0

σ 2πξ
µg2 − iε+ 2π

µ J0(kC , k)

 ≡ 2π

µ

 C
(0)
η

2
e2iσ0

σ 2πξ(R)

µg2 − 2kCH(ηk)

 ,
where, by using the power divergence subtraction (PDS) (Kaplan et al., PLB, 1998)
scheme, we have

J0(β, x) =
µβ

π

[
1

4− D
+ ln

(
κ
√
π

2β

)
+ 1− 3

2
γE − H

(
β

x

)]
− µκ

2π
.

+ . . .+= +

Figure 3
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p+3H and n+3He Scattering

To study of the 0+2 state we consider two channels:

▶ Channel I: p+ 3H

▶ Channel II: n+ 3He

Therefore, we have Q ≪ mπ. The breakdown scale is set by
the average three-nucleon binding energy

Mhi ∼
√
mNB3N ≈ 86.7MeV ,

The low-momentum scale is set by the unnaturally small
threshold difference ∆ ≈ 0.764MeV, which yields

Mlo ∼ Q ∼ γ∆ ≡
√
2µ1∆ ≈ 32.783MeV .

3

low-energy p + 3H initial states may populate the fairly
narrow 0+ and 0− resonances of 4He. Furthermore, con-
tributions from farther resonances or from direct (non-
resonant) capture cannot be excluded a priori, and should
be estimated. As a matter of fact, in Ref. [13], the con-
tribution of the direct p+ 7Li capture in different waves
has been found important, if not dominant. For future
reference, the low-energy spectrum of 4He is reported in
Fig. 1. The energies and widths of the various resonances
have been determined in R-matrix analyses [40].
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FIG. 1. The low-energy spectrum of 4He [40]. The dashed
lines indicate the thresholds for the opening of the 1+3 and
2+2 channels, while the solid lines indicate the energies of
the various resonances with corresponding widths, Jπ , and
isospin assignments to the right.

Recently, it was conjectured in Ref. [41] that the effect
of populating higher excited states might cause peaks
in the angular distribution of the final pair, and there-
fore mimic the resonance-like structure observed in the
3H(p, e+e−)4He ATOMKI experiment. However, such a
conjecture does not seem to be borne out by the present
analysis. Instead, our calculations, which are based on a
realistic and fully microscopic treatment of nuclear dy-
namics, indicate the absence of any such structure. In
particular, the Jπ =1− scattering state, which plays a
dominant role, only yields a smooth behavior in the an-
gular correlation between the leptons, although this cor-
relation appears to be rather sensitive to the low-energy
structure of the 4He continuum.
In a more recent paper [42]—see also Ref. [43] for a

similar study—the possibility that the peak seen in the
8Be experiment could be caused by higher-order QED
effects, beyond the one-photon-exchange approximation,
has been investigated. It has been found that the con-
tribution of these corrections increases with the opening
angle θee between the lepton momenta, and could explain
the observed behavior of the cross section. We should
point out that for the 8Be experiment the peak struc-

ture was observed around θee =140◦. It is not clear if
such an explanation will remain valid in the case of the
4He experiment, where a sharper peak is observed at a
considerably smaller opening angle, around 110◦.

B. Interactions and currents

Ab initio studies of few-nucleon dynamics can be car-
ried out nowadays with great accuracy [44], not only
for bound states but also for the low-energy portion
of the continuum spectrum, including the treatment of
resonances. This capability and the availability of con-
sistent models of nuclear electroweak currents—that is,
electroweak currents constructed consistently with the
underlying strong-interaction dynamics—make it possi-
ble to almost completely remove uncertainties associated
with the nuclear wave functions and/or reaction mecha-
nisms, and therefore to unambiguously interpret the ex-
perimental evidence. It is within this context that, in
the present paper, we provide fairly complete analyses of
the 3H(p, e+e−)4He and 3He(n, e+e−)4He processes, with
and without the inclusion of the hypothetical X17 boson.
Below, we briefly outline the theoretical framework, and
refer the reader to the following sections for more ex-
tended discussions of various aspects of this framework.
The nuclear Hamiltonian is taken to consist of non-

relativistic kinetic energy, and two- and three-nucleon
interactions. These interactions are derived from two
different versions of chiral effective field theory (χEFT):
one [45–47] retains only pions and nucleons as degrees of
freedom, while the other [48, 49] also retains ∆-isobars.
Both χEFT versions account for high orders in the chi-
ral expansion, but again differ in that the interactions
of Refs. [45–47] are formulated and regularized in mo-
mentum space, while those of Refs. [48, 49] in coordinate
space. As a consequence, the former are strongly non-
local in coordinate space.
The low-energy constants (LECs) that characterize

the two-nucleon interaction have been determined by
fits to the nucleon-nucleon scattering database (up to
the pion production threshold), while the LECs in the
three-nucleon interaction have been constrained to re-
produce selected observables in the three-nucleon sector
(see Sec. II). However, the nuclear Hamiltonians result-
ing from these two different formulations both lead to an
excellent description of measured bound-state properties
and scattering observables in the three- and four-nucleon
systems, including in particular the 4He ground-state en-
ergy and 3+1 low-energy continuum [44], germane to the
present endeavor.
Another important aspect of the theoretical frame-

work is the treatment of nuclear electromagnetic cur-
rents. These currents have been derived within the two
different χEFT formulations we consider here, namely
without [50–55] and with [56] the inclusion of explicit
∆-isobar degrees of freedom. They consist of (i) one-
body terms, including relativistic corrections suppressed

Figure 4
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p+3H and n+3He Scattering
The free non-relativistic effective Lagrangian is written as

L0 = Ψ†
p

[
i∂0 +

∇2

2mn

]
Ψp +Ψ†

n

[
i∂0 − (mn −mp) +

∇2

2mn

]
Ψn

+Ψ†
t

[
i∂0 +

∇2

2mh

]
Ψt +Ψ†

h

[
i∂0 − (mh −mt) +

∇2

2mh

]
Ψh .

Using scalar S-wave dimeron interactions, the interaction Lagrangian is (Higa et al.,
PRC, 2022)

Lint =
∑
ζ,ζ′

χ(ζ)†

[
Ξ(ζζ′) + τ (ζζ

′)

(
i∂0 +

∇2

2M

)(ζζ′)
]
χ(ζ′)

+

√
2π

µ

[
χ(1)†ΨT

p σ2Ψt + χ(2)†ΨT
n σ2Ψh + h.c.

]
.
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p+3H and n+3He Scattering

As shown earlier, electromagnetism can be added straightforwardly to the Lagrangian.
The Sommerfeld parameter η(k) dictates its strength, which in turn is related to the
inverse Bohr radius

kC = αemZpZtµ1 ≈ 5.132MeV .

However, only the first channel has both scatterers charged. To this end, the Coulomb-
subtracted T -matrix is written as

T (k) = −2π

µ

[
C

(0)
η e iσ0 0

0 1

][
D11(E , 0) D12(E , 0)
D21(E , 0) D22(E , 0)

][
C

(0)
η e iσ0 0

0 1

]
.
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p+3H and n+3He Scattering

The propagator matrix is obtained from the following equation

D−1(E , 0) = D−1
0 (E , 0)− Σ(E , 0) ,

where the free propagator matrix is given by

D−1
0 (E , 0) =

[
Ξ(11) + τ (11)E Ξ(12) + τ (12)E

Ξ(21) + τ (21)E Ξ(22) + τ (22)E

]
.

and the self-energy matrix by

− Σ(E , 0) = −2π

µ

[
J0(kC , k) 0

0 J0(0, k⋆)

]
,

with k⋆(k) =
√
k2 − γ2∆ + i0+.
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p+3H and n+3He Scattering
To rid the T -matrix of κ-dependencies, proper renormalisation group conditions are
imposed, introducing ERE parameters analogues. This way, the inverse propagator
matrix becomes

D−1(E , 0) =

[ 1
a11

+ 2kCH(ηk)
1
a12

1
a12

1
a22

+ ik⋆

]
− 1

2
k2

[
r11 r12
r12 r22

]
,

which when the inverse is taken yields

D(E , 0) =
1

G (k)

[ 1
a22

− 1
2k

2r22 + ik⋆ − 1
a12

+ 1
2k

2r12
− 1

a12
+ 1

2k
2r12

1
a11

− 1
2k

2r11 + 2kCH(ηk)

]
,

where

G (k) =

[
1

a11
− 1

2
k2r11 + 2kCH(ηk)

][
1

a22
− 1

2
k2r22 + ik⋆

]
−
[

1

a12
− 1

2
k2r12

]2
.

Vińıcius Bruno Bet Ader Renato Higa Bira van Kolck Gautam RupakPhysics Institute - University of São Paulo 22 / 41



Motivation Quantum Scattering Theory Effective Field Theory p+3H and n+3He Scattering Simultaneous Fitting Final Remarks

p+3H and n+3He Scattering

Therefore, the T -matrix elements are

T11(k) =
2π

µ

C
(0)2
η e2iσ0

[
1
a22

− 1
2k

2r22 + ik⋆
]

[
1
a12

− 1
2k

2r12
]2

−
[

1
a11

− 1
2k

2r11 + 2kCH(ηk)
][

1
a22

− 1
2k

2r22 + ik⋆
] ,

T12(k) =
2π

µ

C
(0)
η e iσ0

[
− 1

a12
+ 1

2k
2r12

]
[

1
a12

− 1
2k

2r12
]2

−
[

1
a11

− 1
2k

2r11 + 2kCH(ηk)
][

1
a22

− 1
2k

2r22 + ik⋆
] ,

T22(k) =
2π

µ

[
1
a11

− 1
2k

2r11 + 2kCH(ηk)
]

[
1
a12

− 1
2k

2r12
]2

−
[

1
a11

− 1
2k

2r11 + 2kCH(ηk)
][

1
a22

− 1
2k

2r22 + ik⋆
] .
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p+3H and n+3He Scattering

To connect our theory with the observables, the S-matrix is defined as

S ≡

[
e2iσ0 + i µkπ T11(k) i µ

√
kk⋆
π T12(k)

i µ
√
kk⋆
π T21(k) 1 + i µk⋆π T22(k)

]
.

In multichannel scattering, there are several ways of defining phase shifts. We’re going
to use the one due to Stapp, Ypsilantis and Metropolis (Stapp et al., PR, 1957)

SSYM =

(
e2iδ1 cos 2ϵ ie i(δ1+δ2) sin 2ϵ

ie i(δ1+δ2) sin 2ϵ e2iδ2 cos 2ϵ

)
,

where δi are the total phase shift.
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Fitting Scheme

We first define the data that we will use, along with the uncertainty of the data

In[1]:= Chan1Data = {{x10,y10},{x
1
1,y

1
1},...,{x

1
n,y

1
n}};

Chan2Data = {{x20,y20},{x
2
1,y

2
1},...,{x

2
m,y

2
m}};

FullData = Sort[Join[Chan1Data,{#1 106, #2} & @@@ Chan2Data]];

Uncertainty = Table[1/(Error)2, i, Length[FullData]];

If you wish to plot the data with error bars, run the following code:

In[2]:= Chan1WithUncert = {#1, Around[ #2, YourUncertainty]} & @@@ Chan1Data;

Chan2WithUncert = {#1, Around[ #2, YourUncertainty]} & @@@ Chan2Data;

Chan1DataPlot = ListPlot[{Chan1WithUncert}];
Chan2DataPlot = ListPlot[{Chan2WithUncert}];
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Fitting Scheme

If your first (or any) channel function is composed of different functions, you may use

In[3]:= Chan1Function[x_, ci_] := Piecewise[{
{Func1[...], x ≤≤≤ Threshold},
{Func2[...], x > Threshold}

}];

The function that will be used to fit is the following:

In[4]:= CombinedFuncs[x_?NumericQ, ci_?NumericQ] := Block[{result},
Which[x < 200, result = Chan1Function[x, ci];,

x ≥≥≥ 1000, result = Chan2Function[x/106, ci];

];

Return[result];

];
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Fitting Scheme

For the curve fitting, we are going to use
In[5]:= nlfSimultaneous = NonlinearModelFit[FullData, {CombinedFuncs[x, ci]},

{{c1},{c2,c02},{c3,c03,cinf.3 ,c
sup.
3 },...,{cN}}, x, Weights →→→ Uncertainty];

The fitted parameters can be found via

In[6]:= Print[nlfSimultaneous["BestFitParameters"]];

while the adjusted curves are shown by running

In[7]:= Chan1FittedPlot = Plot[nlfSimultaneous[x],{x,xinf.1 ,x
sup.
1 }];

Chan2FittedPlot = Plot[nlfSimultaneous[x * 106],{x,xinf.2 ,x
sup.
2 }];

GraphicsGrid[{{Show[Chan1DataPlot,Chan1FittedPlot],
Show[Chan2DataPlot,Chan2FittedPlot]}}]
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p+3H and n+3He Fitting

Below the second threshold, we have single-channel scattering for the first channel,
whilst the second is completely closed:

δ′1(k) = − i

2
ln

1−
2ikC

(0)
η

2[
1
a22

− 1
2k

2r22 + ik⋆
]

G (k)

 ,

δ′2(k) = 0 .
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p+3H and n+3He Fitting
Above the second threshold, the SYM nuclear phase shifts are given by

δ′1(k) = − i

2
ln


1− 2ikC

(0)
η

2[
1
a22

− 1
2k

2r22 + ik⋆
]

G (k)


√√√√

1 +
4kk⋆C

(0)
η

2

f (k)

[
1

a212
− 1

2
k2r12

]2 ,

δ′2(k) = − i

2
ln


1− 2ik⋆

[
1
a11

− 1
2k

2r11 + 2kCH(ηk)
]

G (k)


√√√√

1 +
4kk⋆C

(0)
η

2

f (k)

[
1

a212
− 1

2
k2r12

]2 ,

where

f (k) =

{
G (k)− 2ikC (0)

η

2
[

1

a22
− 1

2
k2r22 + ik⋆

]}
×
{
G (k)− 2ik⋆

[
1

a11
− 1

2
k2r11 + 2kCH(ηk)

]}
.
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Figure 5: 6 parameters fit.
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6 parameters fit

Pre
lim

ina
rya11 [fm] a12 [fm] a22 [fm] r11 [fm] r12 [fm] r22 [fm] χ2

red

6 param. 17.6316 14.6473 4.91499 4.43759 -0.735538 4.91578 0.299296

Table 1: Parameter values obtained from the 6 parameters fit.

a11 a12 a22 r11 r12 r22
a11 1. 0.77678 0.45989 -0.96549 -0.18913 -0.69455
a12 0.77678 1. 0.90042 -0.71620 -0.66858 -0.85771
a22 0.45989 0.90042 1. -0.37018 -0.71838 -0.82498
r11 -0.96549 -0.71620 -0.37018 1. 0.25363 0.62622
r12 -0.18913 -0.66858 -0.71838 0.25363 1. 0.48159
r22 -0.69455 -0.85771 -0.82498 0.62622 0.48159 1.

Table 2: Correlation matrix for the 6 parameters fit.
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5 parameters fit
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Figure 6: 6 and 5 parameters fit.
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5 parameters fit

Pre
lim

ina
rya11 [fm] a12 [fm] a22 [fm] r11 [fm] r12 [fm] r22 [fm] χ2

red

6 param. 17.6316 14.6473 4.91499 4.43759 -0.735538 4.91578 0.299296
5 param. 17.0013 12.5768 4.68341 4.6593 0 5.07597 0.59096

Table 3: Parameter values obtained from the 6 and 5 parameters fits.

a11 a12 a22 r11 r22
a11 1. 0.90816 0.48354 -0.96945 -0.62379
a12 0.90816 1. 0.79579 -0.79377 -0.79834
a22 0.48354 0.79579 1. -0.30233 -0.84921
r11 -0.96945 -0.79377 -0.30233 1. 0.49932
r22 -0.62379 -0.79834 -0.84921 0.49932 1.

Table 4: Correlation matrix for the 5 parameters fit.
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5 parameters fit

Figure 7: 6 and 5 parameters fits and residues.

Plot a11 a12 a22 r11 r12 r22 χ2
red.

17.00 12.58 4.68 4.66 0 5.08 –

67.00 16.24 4.88 3.08 0 4.79 0.83

117.00 17.01 4.91 2.84 0 4.75 0.90

167.00 17.35 4.92 2.74 0 4.73 0.93

217.00 17.53 4.93 2.69 0 4.72 0.95

267.00 17.65 4.93 2.66 0 4.72 0.96

Table 5

▶ a11 enters as a higher order correction!Pre
lim

ina
ry
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4 parameters fit
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Figure 8: 6,5 and 4 parameters fit.
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4 parameters fit

Pre
lim

ina
rya11 [fm] a12 [fm] a22 [fm] r11 [fm] r12 [fm] r22 [fm] χ2

red

6 param. 17.6316 14.6473 4.91499 4.43759 -0.735538 4.91578 0.299296
5 param. 17.0013 12.5768 4.68341 4.6593 0 5.07597 0.59096
4 param. 1010 18.1906 4.95336 2.51666 0 4.69215 1.01797

Table 6: Parameter values obtained from the 6, 5 and 4 parameters fits.

a12 a22 r11 r22
a12 1. 0.960538 0.762616 -0.758696
a22 0.960538 1. 0.664053 -0.846256
r11 0.762616 0.664053 1. -0.517207
r22 -0.758696 -0.846256 -0.517207 1.

Table 7: Correlation matrix for the 4 parameters fit.
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Conclusion

▶ The theory is capable of describing the data with all it’s details;

▶ Considering both scattering lengths and effective ranges, there is a clear
overparameterisation of the theory;

▶ A systematic reduction on the number of parameters leads to a better
understanding of the theory’s power counting.
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Future Prospects

▶ One might study the evolution of the 0+2 resonance to a bound Efimov descendant
as one artificially turns off the isospin-breaking terms;

▶ We intend to calculate the radiative capture of the reactions 3H(p, γ)4He∗ and
3He(n, γ)4He∗, as it may shed light on the ATOMKI anomaly.

Vińıcius Bruno Bet Ader Renato Higa Bira van Kolck Gautam RupakPhysics Institute - University of São Paulo 40 / 41



Motivation Quantum Scattering Theory Effective Field Theory p+3H and n+3He Scattering Simultaneous Fitting Final Remarks

Future Prospects

▶ One might study the evolution of the 0+2 resonance to a bound Efimov descendant
as one artificially turns off the isospin-breaking terms;

▶ We intend to calculate the radiative capture of the reactions 3H(p, γ)4He∗ and
3He(n, γ)4He∗, as it may shed light on the ATOMKI anomaly.
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Thank you!

Vińıcius Bruno Bet Ader Renato Higa Bira van Kolck Gautam RupakPhysics Institute - University of São Paulo 41 / 41



Pre
lim

ina
ry

Residues

10 20 30 40

-4
-2
0
2
4
6

k [MeV]
δ
1′
R
es
id
ue

γΔ

30 40 50 60 70

-4
-2
0
2
4
6

k [MeV]

δ
2′
R
es
id
ue

γΔ

Figure 9: 6, 5 and 4 parameters fits and residues in red, black and blue respectively.
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3 parameters fit (with a)
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Figure 10: 6, 5, 4 and 3 parameters fit.
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3 parameters fit (with a)

Pre
lim

ina
rya11 [fm] a12 [fm] a22 [fm] r11 [fm] r12 [fm] r22 [fm] χ2

red.

6 param. 12.544 11.158 4.54173 4.9517 -0.475504 4.70458 0.1327
5 param. 11.9718 10.2827 4.41197 5.21726 0 4.83437 0.2721
4 param. ∞ 16.4758 4.77115 2.37467 0 4.29 0.97711
3 param. 7.20 ×108 14.2843 5.95597 0 0 0 115.109

Table 8: Parameter values obtained from the 6, 5, 4 and 3 parameters fits.

a11 a12 a22
a11 1. -0.999808 -0.915999
a12 -0.999808 1. 0.907956
a22 -0.915999 0.907956 1.

Table 9: Correlation matrix for the 3 parameters fit (using aij).
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3 parameters fit (with α = a−1)
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Figure 11: 6,5,4 and 3 parameters fit.
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3 parameters fit (with α = a−1)

Pre
lim

ina
rya11 [fm] a12 [fm] a22 [fm] r11 [fm] r12 [fm] r22 [fm] χ2

red.

6 param. 12.544 11.158 4.54173 4.9517 -0.475504 4.70458 0.1327
5 param. 11.9718 10.2827 4.41197 5.21726 0 4.83437 0.2721
4 param. ∞ 16.4758 4.77115 2.37467 0 4.29 0.97711
3 param. -14.053 -2.27 ×109 13.032 0 0 0 33.477

Table 10: Parameter values obtained from the 6, 5, 4 and 3 parameters fits.

α11 α12 α22

α11 1. 0.254501 -2.05 ×10−9

α12 0.254501 1. -5.23959 ×10−10

α22 -2.05 ×10−9 -5.23959 ×10−10 1.

Table 11: Correlation matrix for the 3 parameters fit (using αij).
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