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Outline

e [ntroduction

e 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

e Summary and outlook



Chiral Perturbation Theory—EFT of QCD at low energies

e Facets of QCD — Asymptotic freedom & Color confinement

strong QCD
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o Heavy Quarkonia (NLO)

o e'e jets & shapes (res. NNLQ)
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e Low-energy region — Quarks are glued together by gluons to form hadrons

Lattice QCD

Phenomenological Models Effective Field Theories

@ @ Chiral Symmetry

* Linear Sigma Model . .

. Nambu- J(g)na-Lasinio Model * Chiral Perturbation theory (ChPT)
e Jiilich Model = hadron fields as degrees of freedom

. = Expansion in masses and external momenta
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e Towards faithful scattering amplitudes

Our real world:
experimental data

/\

Dispersion relation

» Unitarity
> Analyticity
—1 > Crossing symmetry

Faithful Amplitude

> Pert. Unitarity
> All possible symmetry

Higher- lculati
) —dner-order Calculation

Various EFTs S-Matrix Theory

Unitarization

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



ChPT beyond one-loop

e Time line
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|. High-order calculations beyond
one-loop



Nucleon mass physics

e High precision determination of the nucleon mass

v

v

v

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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The nucleon mass at two-loop order
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Two-loop chiral extrapolation

e Assess the convergency of the chiral expansion

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

1200

T T ) T |' ) T T T T 'ol T T /' [ T T T T T T T T T
— Up to O(p°) ! / / i - Only O(p®)
— —Up to O(p*) | . a4 - — —=Only O(p*)
— - Upto O(p?) | / e L 400 + — - Ounly O(p?)
— - Up to O(p?) | K _ - — - Only O(p?)
1100 @ Lattice QCD | _ @ Lattice QCD shifted
— v¢ Physical m, I / % % ;
> | / 7, = |
L | — 200 | v
.2 | g | - @ 1
| | e ]
~1000 | S A7 - 4w ]
g | L’ v EZ Y L T | 1
= = — = = == — ]
|' / < | — T - \\\
. ol 1 [ Full EOMS ! T~ ]
900 ~ _ |
! : v | -200
' [ A RS RSP
—_ 0 100 200
0 100 200 300 M M
eV
M [MeV] | ]

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



Nucleon sigma term

e Sigma term via Feynman-Hellman theorem

[Z.-R. Liang, H.-X. Chen, F.-K. Guo, Z.-H. Guo, and DLY, arXiv:2508.11435 [hep-ph]]
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Resolving the tension between lattice QCD and phenomenology!

= See talk by 2 7E5i for more details



ll. Interplay with Dispersion Relations



Gravitational structure of hadrons

» Probes of hadron structure (nucleon as example)

em: 0,J% =0 (N'|JELIN) — Q = 1.602176487(40) x 10~*°C

angular

u = 2.792847356(23)un momentum
weak: PCAC (N, Jv‘:eaklN> — gA = 12694(28) w forces
gp = 8.06(55) -
gravity: 9, Tk, =0 (N'|T¢.IN) — m = 938.272013(23) MeV/c”
J=1
Polyakov & Schweitzer, IJMPA (2018) 1830025 D — ‘.% D_term: “Last unknown g|oba| property”

e Gravitational structure
» Gravity couples to matter via QCD energy-momentum tensor (EMT)
» Impractical probe by scattering off gravitons
v Nucleon as targets: accessible by hard-exclusive reactions like DVCS via GPDs

v Pions: GPDs —GDAs by crossing
v Lattice QCD




Unitarity relation for nucleon GFFs

e Discontinuity
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Nucleon GFFs

Predictions: "}
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Nucleon GFFs: D-term & radii

o D-term: D = D(0)

e Various radii in the Breit frame
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lll. New physics




ChEFT and BSM physics

e EFT at various scalars (e.g. Lepton number violation)
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- [Cirigliano, et al., JHEP12(2018)]
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Hadronic neutrinoless double beta decay

e Nuclear Ov2p

e Hadronic Ov2/?
» Kaons: K* — z7[* l; [Liao, Ma and Wang, JHEP03(2020) ]

» Hyperons

dds] — Xt [uusle”e;
dds] — plduulf— £~ , 2" [dss] = X1 [uusle e ;
=" [dss| — plduu)l= 4.




Hadronic neutrinoless double beta decay

e Hyperon Ov2/ in BChPT Z.-Y. Zhao, Z.-R. Liang, F.-K. Guo, L.-P. He and DLY, arXiv:2602.08453 [hep-ph]]
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Hadronic neutrinoless double beta decay

e Hyperon Ov2f in BChPT [Z.-Y. Zhao, Z.-R. Liang, F.-K. Guo, L.-P. He and DLY, arXiv:2602.08453 [hep-ph]]
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Hadronic neutrinoless double beta decay

e Delta Ov2f in BChPT

*

>~ Towards a deltafull description of nn — ppee

> Pion mass dependence

[He, Zhang, Zhang, Guo, Meissner, DLY, in preparation]
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IV. Generalisation to heavy matter fields



Generalisation to heavy matter fields

e Heavy matter fields: D/B mesons, Charmed baryons, ...

Physics Reports

Volume 1019, 28 May 2023, Pages 1-149

Chiral perturbation theory for heavy
hadrons and chiral effective field theory for
heavy hadronic molecules
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Generalisation to heavy matter fields

e The doubly charmed baryons

~ Very recent observation of ZF_ by LHCb

E 3 » Mass: 3619.97 £ 0.83(stat) £ O.26(syst)ﬂ:28(life time)
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Towards a new paradigm for negative-parity doubly charmed baryons?

= Interactions between Goldstone Bosons and DCB



DCB in ChPT

¢ Interactions between Goldstone Bosons and DCB
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DCB in ChPT and lattice QCD

e Chiral extrapolation
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[ J.-Y.Yi, Z.-R. Liang, L. Liu & DLY, JHEP03(2026) ]
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> Single channels: Good agreement using LECs estimated by HADS
» Coupled channels: new DCB states with negative parity

= First observation of a negative-parity (5,1) Process EOMS HB
doubly charmed baryon on lattice (-2, %) Qe K — Qec K _0-091_8:}:2’, —0.20(1)
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Summary

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

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

o,y = 55.9(2.5) MeV vs oR =59.1(3.5) MeV
* Nucleon static properties:
» Precise determination of D term: DV = — 3.3810-3%

» Suggesting a modern structural view of the nucleon:

(13 = 09708 fm > /(rf,) 2084 fm> /(72 ) =0.70+003 fm

proton electric charge

e Others:

—0.35

Courtesy of Meziani

» New physics: neutrinoless double beta decays, CP violations, ...

» Exotic states,....

Thank you very much!
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