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EWSB and Higgs Mechanism

All fundamental particles get their mass from Higgs boson VEV via Higgs mechanism
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How about light quarks ?

The Higgs mechanism has been verified for the
third-generation fermions and gauge bosons Opportunity and Challenge !
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The Opportunity for Light Quark Case

Most existing studies rely on indirect constraints derived from precision measurements:

> Rare exclusive radiative decays: h — Vy with V = ¢, p, w and J/¥
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» Global analyses and machine learning strategies:
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» Hadronic event shapes
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Yu| < 0.030 and |yq| < 0.026

» Lots of rate-approaches ......
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The Challenges for Light Quark Case

Directly measuring the light-quark Yukawa couplings is extremely challenging
» Tiny couplings

Yoy ~ O(107%) — O(107°)

» The cross sections or decay rates

Yukawa couplings flip chirality
proportional to y2 with y, < 1

» Huge QCD backgrounds

A
Events QCD background >> signal

O Hard Interaction

® Resonance Decays

m MECs, Matching & Merging
W FSR

W |SR*

» QCD confinement

Tiny Higgs peak

|

Huge QCD background

Invariant Mass My,

From PYTHIA 8.3

» No independent sensitivity to up- and down-quark Yukawa couplings
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Solution to the Challenges

» Tiny couplings = Special and Unique Probe to “ZOOM IN”
Yu kaW a couplings flip chirality

» Huge QCD backgrounds = Lepton Collider, Spin Asymmetry ‘

» The cross sections or decay rates: yczl, (yq € 1)

v’ Quark transverse spin < y,

Chiral-flipping Yukawa interactions generate quark chiral-odd transverse spin via the
interference between the different helicity states of signal and background amplitudes
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How to Measure ?

Qing-Hong Cao, Xin-Kai Wen, Bin Yan, and Shu-Tao Zhang, arXiv: 2512.16492
Xin-Kai Wen, Bin Yan, Zhite Yu, C.-P. Yuan, PRL 131 (2023) 241801 , PRD112 (2025) 053004, 2408.07255
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Solution to the Challenges

» QCD confinement - QCD asymptotic freedom and factorization pave an avenue to study

0.35

T decay (NSLO) - QCD factorization:
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and showers
How to probe the spin information of Hard scattering  Hard process in high energy
-~ hard scale
quarks?

Parton shower Transition from high energy to low energy
» Heavy quarks: decay products

hadronization scale

» Light quarks: non-perturbative functions, i.e., S anriiasn Low energy soft regime
v

the PDFs and the fragmentation functions
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QCD Spin Probe and Dihadron FFs

> Spin-dependent Chiral-odd FFs project out Chiral-odd quark transverse spin

Leading Quark IMDEEs (- e ()0 Independent of hadron spin ?
Quark Polarization

Collinear factorization ?
Un-Polarized Longitudinally Polarized Transversely Polarized
(V)

) ) v Dihadron FFs !
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Kang, Prokudin, Sun, Yuan, Phys.Rev.D 93 (2016) 014009;

Zeng, Dong, Liu, Sun, Zhao, Phys.Rev.D 109 (2024) 056002;
TMD Handbook, arXiv: 2304.03302;

.......

» Artru-Collins asymmetry and dihadron FF
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Dihadron FFs and Yukawa coupling

Yukawa interactions generate transverse spin of quark through interference between

different helicity states of signal and backgrounds rising y?I toy,

e (£)+e" (') = [h1(p1) + ha(p2)| + 1/ (@) + Z(Pz) + X

(7.4 X Ry)* = Sq SINOR — S COS PR

Dihadron interference FFs provide a direct azimuthal probe linear in the Yukawa couplings

Single-hadron tagging lifts degeneracies among up- and down-quark Yukawa couplings
Qing-Hong Cao, Xin-Kai Wen, Bin Yan, and Shu-Tao Zhang, arXiv: 2512.16492
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Dihadron FFs and Yukawa coupling

_|_

e'e — chZ three-body kinematics

do 1 /
= ¢,Dl (2
dr,dxzdcosOdpdzdzdMy dpr  64(2m)° Z g (2)

q,9—q
x [[DE2(2, Mp) — (st,4 X RT)ZHglh2 (2, Mp)].

Unpolarized DiFFs Interference DiFFs (transverse spin)

Different spin and CP dependence due to
three-body nontrivial property

(7.4 X R7)* = Sq Singr — s cos Pg

5qCq=2ReHi _ = wqyq + @q g

~ ~ Distinguish CP or not ?
s¥Cq=2ImH_ = 0qyq — wqTq 8

Qing-Hong Cao, Xin-Kai Wen, Bin Yan, and Shu-Tao Zhang, arXiv: 2512.16492
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Dihadron FFs and Yukawa coupling

Collinear and LO: the integration of the hard coefficients and FFs can be factorized
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Qing-Hong Cao, Xin-Kai Wen, Bin Yan, and Shu-Tao Zhang, arXiv: 2512.16492
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Summary

v The light quark Yukawa couplings are poorly measured due to tiny size, QCD

background, quark confinement, and quadratic effect ycf at rate-based methods

v" Chiral-odd dihadron fragmentation projects out the quark transverse spin sourcing from

the linear interference effect y, between Yukawa signal and background amplitudes

v’ Spin-independent single-hadron tagging disentangles the quark flavor structure and

Yl
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==r-198
---sre-2560
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v' Itis flexible to extend to probe the potential CP- LN A ey
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