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Incorporating self-energy corrections via Dyson resummation can quantify the deviations from the
fixed-width approximation, to an extent such that one can assess their implications on the myriad
of collider observables. This proceeding highlights the BSM reach of momentum-dependent
particle widths and propagators of gauge and Higgs bosons, and the top quark using the SMEFT
framework. While effects on the Higgs boson are negligible and the W boson shows percent-
level deviations in reconstructed transverse mass distributions, the top quark exhibits significant
sensitivity near its mass threshold. Future lepton colliders, e.g., electron-positron machines or
muon colliders, can offer sensitivity to these effects, enabling a novel avenue of constraining
SMEFT Wilson coefficients. Momentum dependencies can indeed provide additional sensitivity

at precision-era experiments, enhancing the potential for discovering new physics there.
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1. Introduction

Collider observables are determined by production cross-sections and decay rates, both of
which depend on particle masses, widths, and propagators. A precise treatment of finite lifetimes
is essential for accurate interpretation of high-energy data. At leading order, including particle
widths requires care to preserve gauge invariance: the commonly used Breit-Wigner prescription
can violate this at tree level [1, 2]. The optical theorem relates the imaginary part of a particle’s
self-energy to its total decay width [3, 4], but unstable particles complicate this relation [5]. Their
propagators have poles on the second Riemann sheet of the S-matrix [6], making the direct use of
the Lehmann-Symanzik-Zimmermann (LSZ) reduction formula non-trivial.

Gauge-invariant width treatments can be formulated using Nielsen identities [7-9], while the
complex-mass scheme [10, 11] provides a self-consistent framework for loop-level calculations. The
narrow-width approximation (NWA), assuming a constant width, is common in phenomenology but
may miss momentum-dependent effects, especially in physics beyond the Standard Model (BSM)
or higher-order contexts. Dyson resummation incorporates a running width from the one-loop
self-energy (gq?),
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modifying both masses and cross-sections. These effects can be relevant in precision studies [12],
where W and Z mass determinations may show scheme-dependent shifts exceeding current experi-
mental uncertainties [13-15].

This proceeding highlights the important results of Ref. [16], testing whether neglecting
momentum-dependence in widths leads to measurable discrepancies. The validity of fixed-width
treatments and possible deviations relevant for precision SM measurements are assessed, along with
the sensitivity to effects induced by the Standard Model Effective Field Theory (SMEFT) at future
lepton colliders.

2. Running widths of SM particles

Widths naturally enter the propagators of unstable particles through higher-order effects, giving
rise to poles in the second Riemann sheet of the S-matrix. This discussion introduces concepts
and enables identifying SM particles that are particularly susceptible to lineshape modifications
from new physics. These modifications can then result in potential experimental consequences,
particularly at the high-precision frontier of future colliders.

2.1 Bosonic fields

The treatment of unstable bosons follows a common structure, here illustrated for the scalar
Higgs and the charged gauge boson W. The renormalised one-particle-irreducible (1PI) two-point
function for a generic boson X (X = H or W) can be written as
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(a) Higgs width. (b) Higgs propagator.

Figure 1: Momentum-dependent Higgs width and corresponding invariant masses computed using fixed
and running widths. The lower panel in (b) shows the ratio between the two propagators.

where X" and E‘TV denote the renormalised self-energies. For the W boson, the longitudinal
component Z‘LV does not contribute to physical observables due to gauge invariance and Slavnov-
Taylor identities [17—19]. The corresponding Dyson-resummed propagators are

i
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The momentum-dependent decay widths follow from the imaginary parts of the self-energies,

Im = (4?) Im =¥ (¢?)
Tn(q?) = — 2 Twlgh = —1=.

mw

“)

At ¢* = m%, these give I, ~ 5.5 MeV for mj, = 125 GeV [20] and Ty ~ 1.99 GeV for
my = 80.4 GeV, both values consistent with SM predictions.

Near the pole, the propagators approach the Breit-Wigner form, with the imaginary term
generating exponential decay of the intermediate state. For the Higgs, I',/mj; ~ 107> in the
SM [21, 22], so deviations between fixed- and running-width propagators are negligible within
current experimental resolution [23, 24]. For the W, variations are at the percent level in the
invariant mass lineshape, and the impact on reconstructed transverse mass distributions ma, [25—
27] remains subleading once full electroweak corrections are included [28].

In both cases, the momentum-dependence of the width has minimal phenomenological impact
in SM-like scenarios. While BSM physics could modify pseudo-observables directly [29, 30],
finite-width effects alone are unlikely to offer strong constraints, especially for narrow resonances
like the Higgs. The discussion extends analogously to the Z boson, where variations are even
smaller than for the W [31, 32].

2.2 The Top Quark

The momentum-dependent width analysis extends to the top quark, whose resonance properties
are sensitive to BSM effects. While most studies rely on peak pseudo-observables [33—40], the full
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(a) W boson width. (b) W propagator.

Figure 2: Momentum-dependent W width and corresponding invariant masses computed using fixed and
running widths. The lower panel in (b) shows the ratio between the propagators.

propagator treatment allows us to incorporate the ¢> dependence. The renormalised 1PI two-point
function reads

I'(q) = i(p = me) +i [pw-Z7 (¢°) + pwsZi(47) + m 25 (47)] (5)
with ws = (1 +v°)/2. Summing the geometric series of 1PI insertions gives the full propagator
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The running width follows as
Ty (q%) =m; Im(EL + Zg +25s), (7

yielding T, (m?) ~ 1.44 GeV in the SM, consistent with the Particle Data Group (PDG) [20]. The
sharp change in I'; (¢?) across threshold, driven by gluonic self-energy contributions via the optical
theorem, significantly modifies the propagator behaviour beyond g> = m? (see Fig. 3). BSM effects
entering the two-point functions can thus leave detectable imprints in invariant-mass spectra at
present and future colliders.

3. New physics effects in running top quark widths

In the SMEFT framework, dimension-six operators in the top-quark sector modify the ver-
tices entering the self-energy diagrams and hence alter the running width and propagator. The
chromomagnetic dipole O, = (t_Lo"‘VTAtR)ﬁ)G;‘V changes the t7g coupling, affecting gluonic
contributions to the self-energy without altering the on-shell width Ft(m?). Electroweak dipoles
Ow = (fLO"thR)TIqBWlIW and O;p = (t_Lo'”"tR)dBBW, together with O, = (DTD)(frtrD),
provide additional modifications, with O,w directly shifting I;(t — Wb). The current bounds on
the relevant Wilson coefficients are at O(0.1-1) TeV~2 [39, 41]
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Figure 3: Plots showing (a) the momentum-dependent top width, and (b) the corresponding invariant masses
of the top using the propagators constructed with a running width for different SMEFT insertions, and a fixed
width corresponding to a direct modification of 1 — W*b decay. In both plots, Ciw = Cip = Cig = Crp =
Cix =15TeV™2

The computation of I'; (¢2) follows the same on-shell renormalisation procedure outlined in the
previous section, see Eq. (7). SMEFT insertions modify the self-energy form factors X g s(g?),
introducing a distinct g>-dependence. For O;, deviations from the SM width arise only at ¢ = m%,
whereas simultaneous insertions of multiple operators with equal Wilson coefficients yield sizeable
departures from both the SM and a fixed-width modification of t — Wb. The resulting changes
in I'; (¢°) propagate directly into the invariant-mass distribution via the Breit-Wigner form of the
propagator. Furthermore, the scaling of I';(m?) with the Wilson coefficients differs markedly
between the running-width and fixed-width cases, suggesting that observables sensitive to the

momentum dependence of the width could provide competitive constraints on these operators.

Future lepton colliders provide clean environments for precision top-quark studies due to
the absence of hadronic initial states and reduced experimental uncertainties. Electron-positron
machines such as FCC-ee [42, 43], ILC [44], CEPC [45], and CLIC [46] can probe the invariant
mass lineshape in s-channel ¢7 production, with FCC-ee excelling near threshold via precise energy
calibration, and CLIC reaching higher energies albeit with beamstrahlung limitations. Muon
colliders [47], benefiting from negligible synchrotron losses, extend the reach through both s-
channel and WBF 7 production, enabling sensitivity to SMEFT-induced running-width effects at
multi-TeV scales [48-50].

Events are generated for y*u~ — ¢f and utu~ — tfv,v, at y/s = 3 and 10 TeV using
FeynRules [51], SmeftFR [52-54], and Madgraph5_alMC@NLO [55], incorporating qz—dependent
top widths via modified Helas [56] routines. Events are reconstructed for semileptonic decays
following [57-59], requiring four jets (two b-tagged) and one light lepton ( p’T > 10 GeV), with the
top candidate mass M, obtained from the two non-b jets and the b-jet farthest from the lepton.

Bounds on C;x = Cyw = Cip = Cig = C; ¢ are extracted via a binned )(2 fit:

XH(Cix)) = (Plnpprr(Cix) — bi)Vir (bdyuper (Crx) — bly) (8)



The BSM potential of momentum-dependent widths and propagators Wrishik Naskar

£ [ & [ =37V | 5=10Tev |
s ap-! 25% | (—0.83,1.12) TeV=2 | (-0.52,0.48) TeV 2
10% | (=0.54,0.60) TeV~2 | (-0.23,0.21) TeV 2
10 ab-! 25% | (-0.72,0.91) TeV=2 | (-0.42,0.41) TeV 2
10% | (-0.51,0.57) TeV=2 | (-0.20,0.18) TeV 2

Table 1: 95% CL bounds on the relevant SMEFT Wilson coefficients (C;x) from the top invariant mass
lineshape at a future muon collider.

with the covariance matrix

Vij = blSM 51’]’ + €, blSM béM (9)
Here bgM grr Includes SMEFT and running-width effects, bgM is the SM prediction, and €, is a

fully correlated fractional uncertainty. The resulting 95% CL bounds for €, = 10% and 25% are
given in Table 1.

Compared to global fits, where C; and C,q are tightly constrained at hadron colliders [41],
lepton colliders can directly probe C;w and C;p near threshold. Analyses following [34, 60-62]
indicate that cross-section and Apg measurements can yield stronger bounds than those from the
top invariant mass lineshape.

4. Conclusions

Width pseudo-observables are well established in collider physics, but the momentum depen-
dence of widths in the SM has often been neglected due to limited experimental sensitivity. With
future precision colliders, such effects and their potential BSM enhancements merit closer scrutiny.
This report has examined these effects for the W boson, Higgs boson, and top quark within the
SMEFT framework.

For the W boson, SM running-width effects are at the percent level in transverse mass distri-
butions, potentially relevant for future my, determinations. For the Higgs boson, the narrow width
renders momentum dependence negligible. The top quark exhibits the largest deviations: energy-
dependent self-energy contributions cause substantial differences between fixed- and running-width
propagators above threshold, further amplified by SMEFT operators. These modifications distort
the invariant-mass lineshape, offering a sensitive probe of heavy physics.

While current hadron-collider sensitivity is limited, future lepton colliders provide a cleaner
environment to measure such effects and constrain SMEFT coefficients. Momentum-dependent
widths therefore constitute a relevant ingredient in precision predictions, with the top quark sector
offering the greatest potential.
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