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Low energy πN scattering phase shifts

Estimated both at O(p2) and O(p3) level. (Tree level plotted). L2I 2J convention, W =
√

s, data: green
triangles [SAID: WI 08]
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Low energy πN scattering phase shifts

L2I 2J convention, W =
√

s, data: green triangles [SAID: WI 08]
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Discrepancies in S11 and P11 channels
Large missing positive contributions

P11:
Analytical continuation: SII = 1/SI.
Second sheet poles → first sheet zeros.
Expansion: SI ∼ a/(s − M2

N) + b + · · ·
Arbitrary non-zero b → the virtual state
Perturbation calculation → virtual state at 976 MeV; fit → 980 MeV
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PKU representation

Production representation, or PKU representation: elastic two-body scattering amplitude

S =
∏

i
Si × Scut

Si: pole terms, Scut = e2iρ(s)f(s): left-hand cuts and right hand inelastic cut – background.

f(s) =
s

2πi

∫
L

ds′
discf(s′)
(s′ − s)s′

+
s

2πi

∫
R′

ds′
discf(s′)
(s′ − s)s′

f(0) ≡ 0 [Z. Y. Zhou and H. Q. Zheng 2006 NPA]

QFT version of Ning Hu representation
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Roy-Steiner equation
.Roy-Steiner Equation
[Roy 1971]
..

......

A coupled system of PWDRs.

Analyticity, Unitarity, and Crossing symmetry.

Starting from the twice-subtracted fixed-t dispersion relation:

T(s, t, u) = α(t) + sβ(t) + s2

π

∫ ∞

4m2
π

ds′ Im T (s′, t, u′)

s′2 (s′ − s)
+

s2

π

∫ −t

−∞
ds′ Im T (s′, t, u′)

s′2 (s′ − s)
, (1)

A system of integral equations for the ππ amplitudes:

Re tI
J(s) = kI

J(s) +
∑

I′

∑
J′

∫ ∞

4m2
π

ds′KII′
JJ′

(
s′, s

)
Im tI′

J′ (s′) . (2)

KII′
JJ′ (s′, s) : Analytically calculable kinematic kernel functions.

The only free parameters: S -wave scattering lengths a0
0, a2

0.

An important issue is the range of validity of the Roy equations.
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Roy-Steiner equation
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Lehmann ellipse constraints

Ims T
(
s′, t

)
= 16π

∑
l
(2l + 1) Ims Tl

(
s′
)

Pl
(
z
(
s′, t

))
, (3)

z : CMS scattering angle cosines.
The series of Legendre polynomials converges when z within the corresponding large

Lehmann ellipses[Lehmann 1958]̃.
.Lehmann ellipses
..

......

Focal points: z = ±1.

Boundary: Touching the nearest singularity of Ims T
(
s′, t

)
.

Assuming that the scattering amplitude satisfies Mandelstam’s double spectral representation.

Figure: Domain of validity of the Roy Equation; black points denote the σ(f0(500)).
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Similarly, for πK and πN scattering amplitudes:

Figure: Left:πK systems, points denote the κ(K∗
0(700)); Right: :πN systems, points denote the N∗(890)

.

......Roy equation(fixed-t dispersion relation ): unfit to search for a wide resonance.
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Using the hyperbolic dispersion relations, One can get the Roy-Steiner equations, which looks
like:

Re fl(s) = Nl(s) +
∑

l′

∫
sth

ds′Kl,l′ (s, s′) Im fl(s′) +
∑

J

∫
tth

dt′Gl,J(s, t′) Im g(t′)J ,

Re gJ(t) = ÑJ(t) +
∑

l′

∫
sth

ds′K̃J,l′ (t, s′) Im fl(s′) +
∑
J′

∫
tth

dt′G̃J,J′ (t, t′) Im g(t′)J .

(4)

.

......

fl(s): s-channel PWAs;

gJ(t): t-channel PWAs;

N,K,G: Analytically calculable kinematic kernel functions.
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RS equation analysis of πN scatterings

RS equation has been applied to study πN scatterings[Ditsche:2012,Hoferichter:2015].

[Cao XH, Li QZ, HQZ, JHEP 12 (2022) 073].

S11: √
s = 919± 4− (162± 7)i N∗(920).

P33: √
s = 1213± 2− (50± 3)i ∆(1232).
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Regge Trajectory
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ππ scatterings and chiral symmetry breaking
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The linear sigma model
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ππ phase shift at un-physical pion masses

[Cao XH, Li QZ, Guo ZH, HQZ, Phys.Rev.D 108 (2023) 3, 034009]

Modified Roy equations; Lattice data
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ππ phase shift at un-physical pion masses

[Cao XH, Li QZ, Guo ZH, HQZ, Phys.Rev.D 108 (2023) 3, 034009
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ππ phase shift at un-physical pion masses
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O(N) σ model revisited at different pion masses
[Lyu YL, Li QZ, Xiao ZG, HQZ, Phys.Rev.D 109 (2024) 9, 094026; ibid 110 (2024) 9, 094054]

Figure: Large N method. Pole position with respect to different mπ .

Figure: N/D improved. Pole position with respect to different mπ
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O(N) σ model revisited at different temperatures
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O(N) σ model revisited at different temperatures
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N/D improved calculations
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Temperature properties of N∗(920)
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Tc = 185MeV; [G. Aarts et al., JHEP 06 (2017)]

N∗(920)?!
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Parity Doubling
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Parity Doubling
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Neutron Star

[T. Minamikawa, B. Gao, T. Kojo, and M. Harada, Symmetry 15, 745 (2023)]
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Conclusions and Perspectives

...1 There exists a spin one half, negative parity sub-threshold nucleon pole.

...2 σ becomes a bound state pole at large mπ and high temperature.

...3 Parity doublet model!? EOS Neutron star？

Final goals: fully understanding the role of N∗(920)

— Thanks for patience!
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