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Directly probing light-quark Yukawa couplings and their flavor structure remains a major challenge due
to their smallness and overwhelming QCD backgrounds. In this Letter, we propose a theoretical framework
to access these couplings at lepton colliders through transverse spin dependent azimuthal modulations in
dihadron fragmentation. These modulations arise from the interference between Higgs mediated and
standard model amplitudes in e~e™ — ¢gZ, producing angular structures that are linearly sensitive to the
Yukawa couplings y,, in contrast to conventional observables that scale as yf,. By combining channels with

an identified accompanying single hadron, /' = z*, K*, and p/p, this approach cleanly disentangles the
up- and down-quark Yukawa contributions, yielding typical limits at the O(107-1073) level and
establishing fragmentation dynamics as a novel and complementary probe of the Higgs flavor structure.
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Introduction—The Higgs mechanism is a central element
of the standard model (SM), generating fermion masses
through Yukawa interactions and predicting the relation
y; = V2m;/v with v =246 GeV. The Yukawa inter-
actions of the Higgs boson with third-generation charged
fermions have been firmly established at the Large Hadron
Collider (LHC) [1-11]. Sensitivity to second-generation
couplings is also rapidly improving [11-17], and evidence
for the Higgs boson decays to dimuons has recently been
observed with a significance of 3.4¢ using combined Run-2
and Run-3 data [18]. In contrast, the Yukawa couplings of
first-generation fermions, in particular the light quarks,
remain essentially unconstrained. Current bounds still
allow values that differ from their SM predictions by
orders of magnitude, leaving a major gap in our exper-
imental verification of the Higgs mechanism [19,20]. Such
large modifications are well motivated in many extensions
of the SM [21,22], making it essential to close this gap in
order to confirm the universality of the Higgs mechanism
for all fermion mass generation and to probe potential new
physics (NP) in the Yukawa sector.
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Directly measuring the light-quark Yukawa couplings,
however, is extremely challenging, owing to the over-
whelming QCD backgrounds in hadronic Higgs decays and
the tiny sizes of the couplings. Consequently, most existing
studies rely on indirect constraints derived from precision
measurements of Higgs production rates, kinematic dis-
tributions, rare decays, and global analyses within the
effective field theory framework [23-33]. Current analyses
yield limits of |y,| < 0.030 and |y,| < 0.026, assuming
that all other Higgs couplings agree with their SM values
and only one light quark Yukawa coupling is varied at a
time [19,20]. These bounds are expected to improve at the
high-luminosity LHC, reaching sensitivities of |y, | <
0.007 [34]. However, such constraints do not provide
independent sensitivity to the up- and down-quark
Yukawa couplings because experimentally distinguishing
their respective contributions in any Yukawa sensitive
process is extremely challenging. As a result, the con-
straints effectively apply only to specific combinations of
light-quark flavors.

To address these challenges, we propose in this Letter a
novel strategy for directly probing the up- and down-quark
Yukawa couplings by exploiting interference between the
Higgs induced signal and the SM background. Our approach
leverages the transverse spin effects of light quarks generated
by Yukawa interactions at lepton colliders, which depend
linearly on y,. This linear dependence provides a potential
advantage over conventional methods, which are limited by
cross section or decay rate measurements that scale as y(ZI.
The transverse spin of a final-state quark can be accessed
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FIG. 1. Representative diagrams for the interference between
the Higgs signal and continuum background with identified
fragmentation hadrons in Eq. (2). Gray bubbles indicate addi-
tional fragmentation products. Quark chiralities (L, R) are shown,
and the Yukawa coupling induces a chirality flip.

through dihadron fragmentation process under the collinear
factorization framework [35,36]. Recently, such effects
arising from non-perturbative QCD dynamics have emerged
as a novel tool for improving SM measurements and probing
NP [33,37-47]. In particular, we show that the associated
production of a dihadron with an additional hadron #’ (e.g.,
h' = 7, K*, p/p) provides an effective way to realize the
interference and disentangle the up- and down-quark
Yukawa couplings, thereby enhancing sensitivity and
revealing the flavor structure.

Kinematics and observable—We investigate the inclu-
sive associated production of a Z boson with a light-quark
pair in ee™ collisions, e"e™ — ggZ, as a direct probe of
the light-quark Yukawa couplings, which are described by
the effective Lagrangian

Yq 4r- Yy
Lin = —\/—"Equwq - Z%quyswq, (1)

where H denotes the Higgs field, and y, (3,) parametrizes
the CP-even (CP-odd) component. The Higgs-induced
contribution arises from the golden process e"e™ - ZH
followed by H — gg, while the dominant background
originates from continuum process e”et — gg with
initial-state and final-state radiation. Their interference
induces a single helicity flip of light quark, as illustrated
in Fig. 1, leading to a transverse-spin dependent contribu-
tion that is linear in y, and J,.

To isolate this transverse-spin effect and disentangle the
flavor dependence of the Yukawa couplings, we consider
events in which one of the final-state partons fragments into
a dihadron while the recoiling parton produces a single
hadron. In the center-of-mass frame (c.m.), the process is

e (£)+e"(£) = [hi(p1) +ha(p2)] + W (p') + Z(P7) + X,
2)

where the momenta of the corresponding particles are
indicated in parentheses. The hadrons &, h,, and i’ carry
large energies. The pair (%, h,) is required to be collimated
and well separated from /', ensuring that it originates from
the fragmentation of a single parton while 4’ identifies the

FIG. 2. Kinematic configuration of e~e™ — ¢gZ with quark ¢
fragmenting into a dihadron (h/,) and antiquark g producing a
single hadron /'

recoiling parton. This topology provides a clean projection
of the quark transverse spin, and the identity of the tagging
hadron 4’ provides flavor discrimination among light-quark
Yukawa couplings.

To characterize the dihadron kinematics, we construct a
local coordinate system based on the combined momentum
P, = p; + p,. The axes are defined as

. Py . Xz
=7, y:—’

Py £ x2

(3)

=
|

<>
X

20>

The transverse vector Ry is the projection of the relative
momentum R¥ = (p} — p5)/2 onto the % — 9 plane and
defines the azimuthal angle ¢y, as illustrated in Fig. 2. We
further introduce g, = ¢ + ¢’ and define the kinematic
invariants,

:2Pq'%f’:% _:2Pq‘qbﬂ:%

s \/Ea xq s \/E’

where P, and P; denote the quark and antiquark momenta,
and E, and Ej are their energies in the c.m. frame. The
variables x, and x; thus represent the energy fractions of
quarks. Similarly, the hadronic energy fractions are

— 42
S =dp, Xq

,_Piar Py r-as _p°

—, Z: = —
Py-qr E, Py-q, Eg

These variables can be expressed in terms of hadronic-level
observables P9, p”, @, and E; in the c.m. frame from
momentum conservation, where @ and E; denote the angle
between the Z boson and the single-hadron 4’, and the
Z-boson energy, respectively.

In the collinear factorization region, defined by the hier-
archy M), < |P,|, my < |p'|,and M, mjy </ (P}, + p')?,
where M; = P; and m}, = p’* are the invariant masses of the
dihadron (h,h,) and hadron /', respectively [35,36], the

231901-2



PHYSICAL REVIEW LETTERS 136, 231901 (2026)

differential distribution for the process in Eq. (2) can be
expressed as

do 1
dx dxzd cos OdpdzdzdM ,depg 64(27:)

s Y _C,Dl(z)

q.9—q
X [DI" (2, M) = (574 % Ry)*HE™ (2, M},)]. (4)

Here, 0 is the polar angle between the incoming electron and
the produced Z-boson, and ¢ denotes the rotation of the event
plane around the Z-boson axis (see Fig. 2). Together with the
energy fractions x, and x;, these angular variables fully
determine the three-body kmematlcs of the hard scattering.
Consequently, all final-state momenta can be reconstructed
using the spherical law of cosines and the momentum
conservation [48]. For example, the polar and azimuthal
angles of the quark in the c.m. frame are given by

cos, = cosfcos,; +sindsind,; cos,

sing, sin ¢ 0 x%—i—xg—x?,—ﬁ 5)
: =———, cosf=—"—"1 -9 —
sind, 7 sing, q 2,/ P

where x; = 2 — x, — x; is the energy fraction of the Z boson
and = 4m%/ s, while 8, denotes the opening angle between
the quark and the Z boson. The corresponding angles for
the antiquark (6, ¢;) can be obtained by the replacements
X, <> xz and ¢ — 7 + ¢.

The hard coefficient C, and the quark transverse spin

= (s3.5y) in Eq (4) are determined from the
Mo
2z
denoting particle helicities. Their spin structure is encoded
in the quark density matrix,

q

vector sz,

helicity amplitudes M’Y? for 6/116/12 - 4,4;Z,,, with 4;

C o
HZ — _M/l Ao (Mbﬁz )* = 7‘1 (5/11’ + sgaju,), (6)

Wiy N A,

where repeated indices are summed and ¢' = (6%, 6, 67)
are the Pauli matrices. A transversely polarized quark
generated by the Yukawa interaction subsequently frag-
ments into a dihadron, producing the distinctive azimuthal
modulation

(57,4 % Ry = 53 Sin hg — 5y COS ¢he, (7)
where R; = R;/|R7|. The associated cos ¢y and sin ¢y
terms thus provide clean and robust signatures of quark

transverse polarization. At the leading order (LO), the
transverse spins are given by

Sch — ZRCHq_ — (quq + a~)q?q7
59Cq =2ImHL_ = @y, — 0,5, (8)

where w, and @, are real functions of the hard scattering
kinematics. This structure reflects the linear dependence of

H?_on Y4 — i¥4- In contrast to the two-body case where s;,
is purely CP even and sy purely CP odd [49], both
components here receive linear contributions from y,
and y,, generating intrinsic CP mixing. Consequently,
CP-violating effects cannot be extracted from ¢y distri-
bution alone. Analogous results hold for the antiquark
under a CP transformation.

The hadronization process is described by fragmentation
functions (FFs), which encode the probability of a parton
producing specific hadrons [5S0-52]. For a dihadron system,
D" (z, M}) and H)'™ (z, M) in Eq. (4) correspond to the
unpolarized dlhadron FF (DiFF) and the interference DiFF,
respectively. The function DZ‘h2 determines the production

rate, while the ratio H, o hz/ Dh ihz quantifies the transverse
spin analyzing power. Slmllarly, the fragmentation of the
antiquark into a single hadron is described by the unpo-
larized FF D! (z). All FFs depend on the factorization scale
u, which we take to be the Higgs mass and whose scale
dependence is suppressed here for simplicity.

Numerical results and discussion—Below, we investi-
gate the sensitivity of future lepton colliders to light quark
Yukawa couplings through azimuthal asymmetries in the
process of Eq. (2). As a benchmark, we consider /s =
250 GeV and an integrated luminosity of £ = 50 ab™!
[53], which is representative of proposed facilities such as
the Circular Electron-Position Collider (CEPC) [54,55],
International Linear Collider (ILC) [56], and the Future
Circular Collider (FCC-ee) [57]. Currently, only the

(hyhy) = (z*z~) DiFFs are available [58-60], which
satisfy isospin and charge conjugate symmetries:
DE* =D5*,  HET =-H5™, HIZ =0,
+ + = + +
Dy ™ =D7 " Hy "™ =-Hp " . (9)

As a result, only the u and d quarks contribute to the
azimuthal modulations in Eq. (4), providing a clean probe
of their Yukawa couplings.

At the LO [61], the integration of the hard coefficients C,
and the transverse spin components can be factorized from
the FFs in Eq. (4). Consequently, we can separately
integrate over the hard-scattering variables
(x4, X5,c08 0, ¢) for object Oy, and over the fragmenta-
tion variables (z,z, M},) for Opp, which we denote as

(0) = / dx,dxzd cos 0dp Oy (x,, X5, €08 0, @),

<O> E/dZdZthOFF(Z,Z,Mh), (10)

so that the hard-scattering and fragmentation contributions
can be calculated independently and combined to yield the
full observable,
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2r———=> (C,)(Dg"*)(DY + D)
q=u,d

— [y singr + 3, cos () (Hy ™) (DY - DI
— [3gsinbr — yq cos ) (@) (Hg ™) (DY + DY),

(11)

where the isospin and charge conjugate symmetries of the
DiFFs in Eq. (9) have been applied. The choice of the
tagged hadron /' is crucial for separating up- and down-
quark Yukawa couplings. For identified charged hadrons
with isospin symmetry, taking 7/ = h* 4+ h~ ensures that
Dg/ — DZ’ ~ (), yet the ¢y distribution remains sensitive to
the CP structure, analogous to the two-body system [49],
allowing a well-defined CP transformation. However, this
cancellation reduces the overall sensitivity to the couplings.
Therefore, in this Letter, we present predictions for A"
and h~ separately, focusing on the CP-conserving inter-
actions and leaving the full phenomenological analysis
for future work [48]. In the numerical analysis, we consider
the production channels with h' = 7=, K*, and p/p.
Sensitivity could be further improved by employing more
differential observables with explicit z dependence in the
DiFFs, since the spin analyzing power increase at large z,
while a detailed analysis is beyond the scope of this Letter.

To simplify the numerical analysis, we rewrite the single-
differential ¢, distribution in Eq. (11) as

h/
%;%R: 1+ S" singg + S cos g, (12)
where ¢”' is the total cross section in the chosen kinematic
region. The coefficients (Sf;/, Sif’) represent the linear
combinations of the light-quark Yukawa couplings
(Y4, y4) weighted by the relevant FFs. To extract these
coefficients, we define the “up-down” and “left-right”
asymmetries with respect to the incoming plane in Fig. 2,

w 0" (singg>0)—o" (singy <0) 2w
UP " 6H (singpg > 0) + 6" (singpp <0) 7
AQ,R:aZ/(cosqu>0)—a’;l(cos¢R<0) :35;1’, (13)
o" (cospg > 0)+ 0" (cospp <0) =«

where the 6" (sin¢x=0) denotes the integrated cross
section with sin ¢p=0, etc. Since these asymmetries are
defined as ratios, common systematic uncertainties cancel
and can be neglected. The statistical uncertainties of the
asymmetries are

1= (Afgop)® 1
Nevents Uh/ . ﬁ

5AZ/R.UD = ’ (14)

where Nyeys = 0/ £ is the number of events after kin-
ematic selections at a given collider energy and integrated
luminosity £. We take the approximation AZ/RUD ~0 in
Eq. (14), which is consistent with the negligibly small light-
quark masses.

Global extractions of DiFFs and single-hadron FFs are now
available from several groups [58—60,65-74]. In our numeri-
cal analysis, we utilize the DiFFs from the JAM fits [58-60]
and the LO single-hadron FFs D from the NNFF global
analysis [68,75]. We estimate that the relative uncertainties
from DiFFs and FFs in the spin asymmetries are below the
20% level, with statistical errors being dominant. The asso-
ciated uncertainties thus have negligible impact on our
conclusions, and are expected to improve with forthcoming
data from the EIC and future lepton colliders [76]. We impose
the following optimized kinematic selections in the analysis.
The allowed region for the energy fractions x, and x; is
determined by momentum conservation and can be written as:
Xq € (vamax)7 Xg € (xmax — Xg» 1- (1 - xmdx)/(l - xq))’
where x,,,, = | — m%/s, together with the full (6, ¢) angular
range. For FFs, we impose the kinematic cuts z € (0.25,0.9),
z€(0.1,0.9), and M, €(0.3,2.0) GeV, chosen to be con-
sistent with existing global fits and to minimize uncertainties
[58-60,68]. Events are identified using the recoil-mass
method by selecting the reconstructed Z-boson energy in
the window (109.2, 111.2) GeV. Since the sin ¢ modulation
for the CP-even y, coupling flips sign across the Higgs boson
threshold, we split the Z-boson energy into two bins below
and above the threshold to enhance sensitivity, while the
cos ¢ distribution remains unaffected. To reconstruct the Z
boson, we include both leptonic and hadronic decay modes,
Z - /)jjwithd = e, p,t.

The projected constraints on the light-quark Yukawa
couplings (y,,y,) are estimated from the azimuthal asym-
metries in Eq. (13) through a y? analysis,

A?’,th _A?/.exp 2
2= Z(igm’ > : (15)

i

where the uncertainties are dominated by the statistical
errors from Eq. (14) and the i runs over all independent bins
and observables to combine the constraints.

Figure 3 shows the 68% confidence level limits for the
7+ (red), K* (blue), and p/p (green) associated production
channels, along with the combined result in gray. The limits
indicate that the K* channel is primarily sensitive to the up-
quark Yukawa coupling, while the z* and p/p channels
yield constraint bands with opposite slopes, as determined
by the combination (D% — D¥). For pions, e.g., 7 (ud),
this term has opposite signs for # and d quarks, whereas for
protons, e.g., p(uud), it has the same sign for both flavors,
leading to the observed opposite slopes between the 7 and
p/p channels. Combining all single hadron channels is
therefore essential to disentangle the flavor dependence,
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FIG. 3. Expected 68% CL limits on light-quark Yukawa
couplings from the channels (z*z7)z* (red), (z* 27 )K* (blue),
and (z"77)p/p (green), with their combination in gray, assum-
ing CP conservation and extracted from the azimuthal asymme-
tries Ag up.-

leading to typical upper limits of O(107*~1073), and with
slightly stronger sensitivity to the down-quark Yukawa
coupling. This is primarily driven by partonic hard scatter-
ing in the z* channel, while in the p/p channel it receives
additional contributions from wu-d differences in FFs,
further enhancing the sensitivity to y, relative to y,, under
the assumption of charge-conjugation and isospin sym-
metry [68]. The overall sensitivity is dominated by the 7+
mode because the statistical uncertainties of A%, for the

K* and p/p final states remain larger. These results
complement existing constraints from other approaches,
which often suffer from degeneracies in flavor space and
thus cannot fully resolve the underlying quark flavor
structure.

Conclusion—In this Letter, we demonstrated that trans-
verse spin dependent observables in dihadron fragmenta-
tion provide a previously unexplored avenue for probing
the light-quark Yukawa couplings. The relevant azimuthal
modulations arise from transverse spin effects of light
quarks induced by Yukawa interactions through the inter-
ference between the Higgs induced signal and the SM
background in the process e"e™ — ggZ, followed by quark
fragmentation into hadrons. These angular structures
depend linearly on the Yukawa couplings y, and y,,
offering a sensitivity pattern fundamentally different from
rate-based approaches, which scale as yé. By exploiting
identified single hadrons from the recoiling quark as flavor
tags, we showed that the associated channels z*, K*, and
p/p provide complementary information that cleanly
separates the up- and down-quark contributions. Their
combination yields stringent constraints on the flavor
structure of the Higgs Yukawa sector, reaching the
O(107#-1073) level for the light-quark couplings. In
contrast to the quark Boer-Mulders fracture function

approach proposed in Ref. [33], our method does not rely
on forward hadron identification in pp collisions, thereby
avoiding the associated challenges from pileup and limited
detector acceptance at the LHC [77-79]. These findings
demonstrate that spin-dependent fragmentation offers a
viable and powerful method for resolving light-quark
Yukawa interactions beyond the reach of conventional
probes, opening new directions for precision test of the
flavor structures of the SM and for exploring potential new
physics.
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