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• Introduction


•Recent progress in hadron physics with chiral effective field theory

‣ High-order calculation beyond one-loop 


‣ Interplay with dispersion relations


‣ New physics


‣ Generalisation to heavy matter fields


• Summary and outlook



Chiral Perturbation Theory—EFT of QCD at low energies

• Facets of QCD — Asymptotic freedom & Color confinement


• Low-energy region — Quarks are glued together by gluons to form hadrons
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Fig. Courtesy of C. Hanhart 

Lattice QCD

•  Chiral Perturbation theory (ChPT)

➡ hadron fields as degrees of freedom

➡ Expansion in masses and external momenta 

Effective Field Theories

Chiral Symmetry

• Linear Sigma Model 

• Nambu-Jona-Lasinio Model   

• Jülich Model

• …

Phenomenological Models

Meson Octet

Baryon Octet

Hadrons



• Text
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• Towards faithful scattering amplitudes 

Importance of EFT

Faithful AmplitudePerturbative Amplitude

Unitarization

Higher-order Calculation

Matc
hing

Kernel

Various EFTs S-Matrix Theory

‣ Unitarity

‣ Analyticity

‣ Crossing symmetry

‣ Pert. Unitarity

‣ All possible symmetry

Our real world: 
experimental data

Dispersion relation

[DLY, L.-Y. Dai, H.-Q Zheng, and Z.-Y. Zhou, Rept.Prog.Phys. 84 (2021)]



ChPT beyond one-loop

• Time line
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I. High-order calculations beyond 
one-loop



Nucleon mass physics

• High precision determination of the nucleon mass

‣ The proton mass decomposition

‣ Sigma term: tension between lattice QCD and phenomenological results

‣ WIMP dark matter: scalar coupling of the nucleon to dark matter

‣ …
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σπN =
m̂

2mN
⟨N | ūu + d̄d |N ⟩ = M2

π
∂mN

∂M2
π

Feynman—Hellmann Theorem 

[X. Ji, PRL74(1995) & PRD52(1995)]

[Agadjanov et al. PRL(2023)]



(1a) (1b) (1c) (1d) (1e)

(2a) (2c) (2d) (2e)(2b)

(2f) (2g) (2h) (2i) (2j)

(2k) (2l)

The nucleon mass at two-loop order
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‣  “t channel”: incorporating  rescattering effect

‣  “s channel”: incorporating  contribution

ππ
ππN

𝒪(p4) 𝒪(p5)𝒪(p3)

𝒪(p5)

[Liang, Chen, Guo, Guo, and DLY, JHEP(2025)]



• Assess the convergency of the chiral expansion


‣ Two-loop contribution is small, approximately 10 MeV, for pion mass < 300 MeV;

Two-loop chiral extrapolation
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Full EOMS

[Z.-R. Liang, H.-X. Chen, F.-K. Guo, Z.-H. Guo, and DLY, JHEP04 (2025)]



• Sigma term via Feynman-Hellman theorem 


Nucleon sigma term
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æºN [MeV]

Alarcon 12

Chen 13

RS equation 15

ETMC 14

PNDME 21

FLAG 24 (2+1+1)

¬QCD 15

BMW 15

RQCD 22

Mainz 23

FLAG 24 (2+1)

This work (Mº0)

This work (Mº+)

Two-loop BChPT (Mº0)

Two-loop BChPT (Mº+)

FLAG avg. for Nf = 2 + 1

σπN = 55.9(2.5) MeV
σ̄πN = 53.1(2.4) MeV

Resolving the tension between lattice QCD and phenomenology!

[Z.-R. Liang, H.-X. Chen, F.-K. Guo, Z.-H. Guo, and DLY, arXiv:2508.11435 [hep-ph]]

➡ See talk by 梁泽锐 for more details
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II. Interplay with Dispersion Relations



• Probes of hadron structure (nucleon as example)


• Gravitational structure

‣ Gravity couples to matter via QCD energy-momentum tensor (EMT)

‣ Impractical probe by scattering off gravitons

✓Nucleon as targets: accessible by hard-exclusive reactions like DVCS via GPDs

✓Pions: GPDs GDAs by crossing

✓Lattice QCD

→

Gravitational structure of hadrons

-term: “Last unknown global property” DPolyakov & Schweitzer, IJMPA (2018) 1830025



• Discontinuity


• In the region , only  intermediate statet ∈ (tπ, 16tπ) ππ

Unitarity relation for nucleon GFFs
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FIG. 1. Elastic unitarity relation for the pion GFFs F⇡ =
{A⇡, D⇡

}. The blue dashed lines denote pions, the double
wiggly lines represent the external QCD EMT current, and
the red vertical dashed line indicates that the intermediate
pion pair are to be taken on-shell.

⇡⇡ and KK̄ intermediate states and deriving the rele-
vant unitarity relations. These are then combined with
ChPT predictions on the normalizations and slopes of
meson GFFs. By integrating constraints from analytic-
ity, unitarity, and sum rules, we provide a comprehensive
description of the nucleon GFFs below |t|  2 GeV. In-
sights into the internal static spatial distribution of nu-
cleons follow.

MESON FORM FACTORS

Pion has two GFFs which are defined as [18, 20, 56–58]
D
⇡a(p0)

���T̂µ⌫
���⇡b(p)

E

=
�ab

2

⇥
A⇡(t)PµP ⌫ +D⇡(t)

�
�µ�⌫

� gµ⌫�2
�⇤

, (2)

where a, b = 1, 2, 3 are isospin labels. We work in the
isospin limit. Elastic unitarity gives the imaginary part
from ⇡⇡ intermediate states via the Cutkosky cutting
rule [59] (see Fig. 1),

ImA⇡(t) = ⇢⇡(t)
�
t02(t)

�⇤
A⇡(t) , (3)

ImD⇡(t) = ⇢⇡(t)


1

3
⇢2⇡(t)

�
t00(t)� t02(t)

�⇤
A⇡(t)

+
�
t00(t)

�⇤
D⇡(t)

i
, (4)

where ⇢i(t) ⌘
p
1� 4m2

i /t (i = ⇡,K and N) and
t00(t) (t02(t)) are the S-(D-)wave ⇡⇡ partial-wave am-
plitudes related to the phase shifts �0` (t) according to

t0`(t) = ei�
0
` (t) sin �0` (t)/⇢⇡(t). In practice, the phase of

the ⇡⇡ D-wave scattering amplitude �0
2(t) instead of �02(t)

is used in order to include inelastic e↵ects.1

1 The D-wave data are taken from latest crossing-symmetric dis-
persive analysis [60] instead of Ref. [61] used in [62]. The main
di↵erence lies in the fact that the phase shift and inelasticity
from Ref. [60] are consistent with the commonly used results [61]
below 1.4 GeV and cover a larger energy range up to around
2 GeV. The di↵erence turns out to be moderate.

One gets the Omnès representation [63, 64] for A⇡(t),

A⇡(t) = (1 + ↵t)⌦0
2(t) , (5)

⌦0
2(t) ⌘ exp

(
t

⇡

Z 1

4m2
⇡

dt0

t0
�0
2(t

0)

t0 � t

)
. (6)

Notice that the coe�cient ↵ cannot be zero [65], and its
value can be estimated using the ChPT O(p4) result and
the tensor meson dominance model [56], ↵ = 1/m2

f2
�

d
dt⌦

0
2(t)

��
t=0

and mf2 = (1275± 20) MeV [66] is the mass
of the f2(1270) resonance.
However, Eq. (4) is notably more complicated because

the GFF D⇡ mixes the JPC = 0++ and 2++ quan-
tum numbers, where J is angular momentum (AM) and
P,C are parity and charge conjugation, respectively. We
can define the pion trace GFF, namely [67, 68] ⇥⇡(t) =
�
�
4p2⇡A

⇡(t) + 3tD⇡(t)
�
/2, where pi =

p
t⇢i(t)/2. Then

Eq. (4) leads to a standard single-channel Muskhelishvili-
Omnès (MO) problem Im⇥⇡(t) = ⇢⇡(t)

�
t00(t)

�⇤
⇥⇡(t), in

analogy to Eq. (3).
To account for the strong ⇡⇡-KK̄ interactions in the

0++ channel due to the f0(980) resonance, we consider
the coupled-channel unitarity relation [65]

Im⇥S(t) = T ⇤(t)⌃(t)⇥S(t) , (7)

where ⇥S(t) =
�
⇥⇡(t), 2⇥K(t)/

p
3
�T

, and the defini-
tions of T -matrix T (t) and phase-space factor ⌃(t) can
be found in Refs. [65, 69]. Using Eq. (7), the trace FFs
can be written as [65]

✓
⇥⇡(t)
2p
3
⇥K(t)

◆
=

✓
2m2

⇡ + �⇡t

2m2
K + �Kt

◆
⌦0

0(t) (8)

by virtue of the S-wave Omnès matrix ⌦0
0 [69]. The pa-

rameters �⇡ and �K are related to the slopes of GFFs at
t = 0, i.e., ⇥̇⇡(0) = 0.98(2), ⇥̇K(0) = 0.94(14), matching
to the prediction of ChPT [56].
The predictions for the pion GFFs are shown in Fig. 2,

where the uncertainties are obtained from the variations
inmf2 and the slopes ⇥̇⇡(0) and ⇥̇K(0) mentioned above.
We have checked that errors caused by those of the D-
wave phase and the S-wave Omnès matrix are negligi-
ble. Our results not only agree with ChPT predictions
at small |t| but also comply with analyticity and unitarity
constraints at moderate |t|. Furthermore, they remark-
ably agree with LQCD calculations at an unphysical pion
mass of 170 MeV, and have considerably smaller uncer-
tainties.

NUCLEON FORM FACTORS

The above dispersive treatment can be generalized to
the nucleon case, for which the unitarity relation is de-
picted in Fig. 3. Following the notation of Refs. [71, 72],

 scatteringππ

(A, J, Θ)(t) =
1
π ∫

∞

4m2
π

dt′￼
Im(A, J, Θ)(t′￼)

t′￼− t

1
π ∫

∞

4m2
π

dt′￼
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t′￼
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1
2

, mN)

Dispersion relations：



Nucleon GFFs
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D.C. Hackett et al., PRL 132 (2024) 251904 
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Predictions：

[X.-H. Cao, F.-K. Guo, Q.-Z. Li and DLY, Nature Communications (2025)]



Nucleon GFFs: D-term & radii

• D-term: 


• Various radii in the Breit frame 

‣ From the trace FF:





‣ Radius of energy density:





‣ Mechanical radius





‣ Radius of the density 


D ≡ D(0)

⟨r2
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Quantity Result Error budget

D-term
+(0.18)ChPT(0.12)PWA(0.26)ef

-(0.16)ChPT(0.12)PWA(0.29)ef

+(0.01)ChPT(0.01)PWA(0.03)ef

-(0.02)ChPT(0.01)PWA(0.26)ef

+(0.02)ChPT(0.01)PWA(0.02)ef

+(0.02)ChPT(0.01)PWA(0.03)ef

+(0.02)ChPT(0.00)PWA(0.09)ef

-(0.03)ChPT(0.01)PWA(0.07)ef

+(0.01)ChPT(0.01)PWA(0.01)ef

-(0.01)ChPT(0.00)PWA(0.02)ef

0.97+0.03
−0.03

0.70+0.03
−0.04

−3.38+0.34
−0.35

0.72+0.09
−0.08

0.70+0.02
−0.02

 [fm]⟨r2
Θ⟩

 [fm]⟨r2
Ener⟩

 [fm]⟨r2
Mech⟩

 [fm]⟨r2
J ⟩

‣ ChPT: NLO ChPT inputs


‣ paw: 


‣ eff:  effective poles 
ππ /KK̄ → NN̄

mS, mD[X.-H. Cao, F.-K. Guo, Q.-Z. Li and DLY, Nature Communications (2025)]
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III. New physics



• EFT at various scalars (e.g. Lepton number violation)

[Cirigliano, et al., JHEP12(2018)]

ChEFT and BSM physics
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• Nuclear  

• Hadronic ? 

‣ Kaons:  


‣ Hyperons

0ν2β

0ν2β
K± → π∓l±

α l±
β

Hadronic neutrinoless double beta decay
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[Liao, Ma and Wang, JHEP03(2020) ]



• Hyperon  in BChPT 0ν2β

Hadronic neutrinoless double beta decay
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⋯

[Z.-Y. Zhao, Z.-R. Liang, F.-K. Guo, L.-P. He and DLY,  arXiv:2602.08453 [hep-ph]]



• Hyperon  in BChPT 0ν2β

Hadronic neutrinoless double beta decay
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‣ Complementary to nuclear 

‣ Future hyperon factory

0ν2β

[Z.-Y. Zhao, Z.-R. Liang, F.-K. Guo, L.-P. He and DLY,  arXiv:2602.08453 [hep-ph]]

➡ See talk by 赵⼦赢 on Monday



• Delta  in BChPT 0ν2β

Hadronic neutrinoless double beta decay
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‣ Towards a deltafull description of   

‣ Pion mass dependence

nn → ppee smax
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[He, Zhang, Zhang, Guo, Meissner, DLY, in preparation]

Long range contribution
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IV. Generalisation to heavy matter fields



• Heavy matter fields: D/B mesons, Charmed baryons, …

24

Generalisation to heavy matter fields



Generalisation to heavy matter fields
• The doubly charmed baryons

25

‣ Very recent observation of  by LHCb

‣ Mass: 

Ξ+
cc

3619.97 ± 0.83(stat) ± 0.26(syst)+1.90
−1.30(life time)

Towards a new paradigm for negative-parity doubly charmed baryons? 
➡ Interactions between Goldstone Bosons and DCB



• Interactions between Goldstone Bosons and DCB

DCB in ChPT

26

[ P.-C. Qiu & DLY, PRD103(2021) ][ DLY, PRD97(2018) ]

[ Z.-R. Liang, P.-C. Qiu & DLY, JHEP07(2023) ]

Heavy Diquark-Antiquark Symmetry



DCB in ChPT and lattice QCD
• Chiral extrapolation

27

100 200 300

Mº (MeV)

°0.3

°0.2

°0.1

0.0

a 0
(f

m
)

M
p
hy

s
º

=
13

5
M

eV
Polynomial extrapolation

LQCD (This work)

ChPT EOMS

ChPT HB

100 200 300

Mº (MeV)

0.00

0.25

0.50

0.75

1.00

1.25

a 0
(f

m
)

M
p
hy

s
º

=
13

5
M

eV

Polynomial extrapolation

LQCD (This work)

ChPT EOMS

ChPT HB

100 200 300

Mº (MeV)

°0.6

°0.4

°0.2

a 0
(f

m
)

M
p
hy

s
º

=
13

5
M

eV

Polynomial extrapolation

LQCD (This work)

ChPT EOMS

ChPT HB

100 200 300

Mº (MeV)

°0.4

°0.3

°0.2

°0.1

0.0

0.1

a 0
(f

m
)

M
p
hy

s
º

=
13

5
M

eV

Polynomial extrapolation

LQCD (This work)

ChPT EOMS

ChPT HB

‣ Single channels: Good agreement using LECs estimated by HADS 

‣ Coupled channels: new DCB states with negative parity

➡ First observation of a negative-parity 
doubly charmed baryon on lattice

J.-Y. Yi, Z.-R. Liang, L. Liu, DLY, in 
preparation

➡ See talk by J.-Y. Yi on Sunday

[ J.-Y. Yi, Z.-R. Liang, L. Liu & DLY, JHEP03(2026) ]



• The nucleon mass and sigma term with two-loop accuracy:


‣ Resolving the long-standing tension between lattice QCD and dispersive determinations


• Nucleon static properties:


‣ Precise determination of   term: 


‣ Suggesting a modern structural view of the nucleon:


• Others:


‣ New physics: neutrinoless double beta decays, CP violations, … 


‣ Exotic states,….

D DN = − 3.38+0.34
−0.35

Summary

Thank you very much!

⟨r2
Θ⟩ = 0.97+0.03

−0.03 fm ⟨r2
Ener⟩ = 0.70+0.03

−0.04 fm> ⟨r2
E,p⟩ ≃ 0.84 fm >

proton electric charge

Courtesy of Meziani

σπN = 55.9(2.5) MeV σRS
πN = 59.1(3.5) MeVvs


