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We investigate the impact of momentum-dependent particle widths and propagators on gauge and Higgs
bosons and the top quark within the Standard Model (SM) and its effective field theory (SMEFT)
extensions near thresholds. By incorporating self-energy corrections via Dyson resummation, we quantify
deviations from the fixed-width approximation and assess their implications for collider observables. 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 constraints on SMEFT Wilson coefficients. We perform a representative case study for the
precision frontier available with a staged future muon collider. Our results highlight that momentum
dependencies can provide additional sensitivity at precision-era experiments, enhancing the potential for

discovering new physics there.
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I. INTRODUCTION

A precise understanding of particle lifetimes is essential
for accurately interpreting high-energy physics experi-
ments that build their investigations around production
cross sections and branching ratios of resonant “‘signals”
compared to irreducible “backgrounds.” In the Standard
Model (SM), fundamental particles such as the W/Z
bosons, the Higgs boson and the top quark are subject
to detailed scrutiny through their interactions. The intrinsic
properties of these particles, such as their masses m, widths
I' and propagators, then play a critical role in shaping
observable distributions at collider experiments.

The finite lifetimes of particles in realistic quantum field
theories such as the SM and its extensions are theoretically
intriguing as they manifestly occur as higher-order effects
in perturbation theory. Yet, they require careful treatment at
the leading order to facilitate adequate comparisons of
experiment and theory, avoiding drawbacks. For instance,
the widely used Breit-Wigner approach in this context
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typically implies gauge symmetry violation already at tree
level, see e.g. [1,2].

Particle widths enter through higher-order effects, espe-
cially highlighted by applying the optical theorem [3-5] to
the theory’s 2-point functions. This links the imaginary part
of the particles’ self-energies X(g?) to the decay width as an
on-shell quantity (with subtleties related to the presence of
additional unstable particles in the spectrum [6]). The full
propagator of an unstable particle, in contrast to its leading-
order version, is therefore characterized by a pole in the
second Riemann sheet of the S-matrix [7], which, in turn,
challenges textbook applications of the Lehmann—
Symanzik—Zimmermann (L.SZ) reduction (although solu-
tions have been proposed [8]). In practice, careful consid-
eration needs to be given to the definition of resonant
“signals” that are naively associated with intermediate lines
in Feynman diagrams to avoid gauge symmetry violation
when moving beyond the tree approximation [9-12].
Theoretical guidance presents itself through the application
of Nielsen identities [13—16], which enable a gauge-invari-
ant definition of the complex resonance pole. Typically,
particle widths are then consistently treated as input (renor-
malized mass) and derived (decay width) on-shell quantities,
e.g., in the complex mass scheme [1,17-20].

A possible dependence of the width on momentum flow
away from the resonance is not necessarily considered in
particle phenomenology. This conventional approach
greatly simplifies analyses, and it can be adequate when
the expected experimental resolution is comparably low or
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the critical-order parameter parametrizing the relevance
of such effects is small, i.e. ['/m < 1. It may, however,
overlook subtle effects that could be relevant, especially in
the presence of new physics or higher-order corrections.
When calculating the full propagator using Dyson-resum-
mation, the resulting expression for the width includes the
momentum-dependent terms from Im[X(g?)]. This behav-
ior arises naturally as the decay phase space, available
intermediate states, and loop corrections can vary with the
energy or momentum of the decaying particle. It enters the
Breit-Wigner propagator, e.g. for a bosonic particle, as (we
will understand the Feynman prescription ie as implicit in
the following)

i

iG(¢*) = :
(4°) q* —m?* +imI'(q?)

(1.1)

with T'(¢?) = Im[Z(¢?)]/m modifying kinematic observ-
ables like the reconstructed mass of decaying resonances
and cross sections of scattering processes. Analyses of
these effects, in particular as part of higher-order correc-
tions and scheme dependencies, have a long history
in phenomenology [14,15,21-27]. Coincidentally, the
heavy masses of the SM are traditionally extracted using
the on-shell scheme; we will therefore employ this scheme
throughout this work."

In this work, we aim to assess whether neglecting
momentum dependence in particle widths is a valid
simplification or whether it introduces discrepancies with
phenomenological implications. By analyzing momentum-
dependent widths within the Standard Model effective field
theory (SMEFT) framework, we explore whether this
commonly adopted simplification has measurable conse-
quences or if the fixed-width approach remains sufficient
within the aforementioned SM-related theoretical uncer-
tainties. This could provide an opportunity to limit new
physics, in particular in cases where the perturbative
SM uncertainties are known to be small, e.g. in Z-pole
analyses [32,33] or ¢7 production [34]. Hence, we apply our
analysis to various collider environments, including both
hadron and lepton colliders, to evaluate the sensitivity of
current and future experimental setups to potential SMEFT-
induced deviations.

This paper is organized as follows: We begin analyzing
the finite width effects for Standard Model particles in
Sec. II for context. In Sec. II B, we analyze the W boson
propagator, detailing the derivation and implications of a
momentum-dependent width. Section II A transitions to the
Higgs boson, discussing its propagator and the effects of
varying momentum on its width. In Sec. I C, we provide an

'Differences compared to the complex mass scheme can show
scheme dependencies much larger than the experimental un-
certainties, e.g. in case of the W and Z bosons. Furthermore, in
the top quark sector [28,29], additional systematic renormalon
limitations [30,31] are a recurring theme of topical conferences.

in-depth analysis of the top quark propagator for the SM,
discussing the perturbative calculations involved, where
we can identify the potential for cornering physics
beyond the SM scenarios. We then explore how SMEFT
insertions modify the momentum-dependent top width,
which assesses the implications of these findings at hadron
and lepton colliders in Sec. III. Finally, in Sec. IV, we
summarize our key findings and offer conclusions that
underscore the broader impact of SMEFT-induced mod-
ifications on high-energy physics experiments.

II. WIDTHS OF SM PARTICLES

We start by reviewing how 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 us to identify SM particles that are particularly
susceptible to lineshape modifications from new physics.
These modifications can then result in potential experi-
mental consequences, particularly at the high-precision
frontier of future colliders, which we will focus on in
the next section.

A. Higgs

We start by looking at the Higgs boson. Due to its scalar
nature, the concepts become particularly transparent in this
case. The renormalized Higgs one-particle irreducible two-
point function is given by

H@ H =T%(¢%) = —i(¢* = my) —i=H (),

where X denotes the self-energy of the Higgs boson
considered at the one-loop level in the following. The on-
shell renormalization conditions for the Higgs two-point

function T (¢?) are (see e.g. [35])

Re["(4?)

q*=my
1 .

lim ———Re [ (g2

q2—>m§_1q2 - m%, (q )

=1 (2.1)
q*=my

From the equations shown above, we obtain the following
on-shell renormalization conditions for the Higgs self-
energy function ¥ (g?)

azH 2
ReZH()| | | :Re#

=0. (22
- 3 (2.2)

22
q-=my

The Dyson-resummed Higgs propagator is then given in
terms of the renormalized self-energy

i
)

iGy(q?) (2.3a)
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FIG. 1.

Plots showing (a) the momentum-dependent Higgs width, and (b) the corresponding invariant masses of the Higgs using the

propagators constructed with a fixed and a running width. The lower panel on the right shows the ratios between the two propagators.

(a) Higgs width. (b) Higgs propagator.

By construction, this propagator exhibits unity pole
residue when approaching the real on-shell Higgs mass
value, leaving an imaginary component that can be iden-
tified as a running width in comparison with Eq. (1.1)

_ Im =¥ (g?)

FH(qz) m
H

with T'y(¢> = m3) ~ 5.5 MeV
(2.3b)

(for my = 125 GeV a the first relevant order) which is
related to the tree-level computation of H — {SM fields}
due to the optical theorem (this value is also within the
current limits, e.g. tabled by the PDG in [36]).

Equation (2.3) means that close to the on-shell value of
the Higgs boson, the loop-corrected propagator approx-
imates the naive Breit-Wigner form, implying an exponen-
tial decay of the intermediately produced Higgs state from
the squared matrix element. Representative plots illustrat-
ing the ¢ dependence of I'y; and the resulting H propagator
are shown in Fig. 1 for the case of the SM. Given that the
Higgs width is much smaller than its mass, the ratio of the
two propagators shows minimal deviations from unity,
visible in the lower panel of the plot in Fig. 1(b). This
clearly shows in parallel, that the ratio I'/m acts as a figure
of merit for analyses that formulate results from pseudo-
observable cross sections and branching ratios that effec-
tively treat the intermediate particle (here the Higgs boson)
as an asymptotic state of the S-matrix, bearing in mind
scheme dependencies. This also extends to concrete phys-
ics beyond the Standard Model (BSM) scenarios, e.g.
[37,38]. It also becomes clear for a heavy SM Higgs

(for a discussion before the Higgs discovery, see [16]) as
the Higgs mass parametrizes the quality of the electroweak
series’ convergence, highlighted by unitarity constraints,
which then particularly manifests itself in scheme
dependencies in the treatment of the Higgs boson width
as a quantity that is fundamentally sensitive to the
distinction of different orders of the series expansion. In
the SM, supported by current observations, we have
' /my ~107>; any momentum-related modification of
the Higgs on-shell region is therefore difficult to observe
directly in the light of present and expected future reso-
lution capabilities [39,40], and is strongly constrained by
existing pseudo-observable measurements. On the one
hand, scheme dependencies, consequently, are numerically
small [41,42]. On the other hand, the influence of relevant
BSM operators is predominantly constrained by modifica-
tions of these observables directly rather than from their
momentum dependence, reshaping the resonance [43,44].
This makes the Higgs boson not a motivated candidate for
the analysis that we are pursuing in this work.

B. The W boson

Next, we consider the W boson as a proxy for the
massive gauge bosons. This enables us to be brief and
transparent; the treatment of the Z — y mixing, which is
detailed elsewhere in the literature, e.g. [35], yet the
previous discussion of the Higgs boson generalizes to all
massive gauge bosons in broad terms. The renormalized
two-point vertex function for the W field can be written,
already considering Feynman—t Hooft gauge, as
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FIG. 2. Plots showing (a) the momentum dependent W width, and (b) the corresponding invariant masses of the W using the
propagators constructed with a fixed and a running width. The lower panel shows the ratio between the respective propagators. (a) W

boson width. (b) W propagator.

W, m®m W, = f%(q)

= —iguu((f :

and the renormalization conditions for the W two-point
function for on-shell external physical fields are given by

Rel (q)e* (q)

1 N
——Rel} ()¢ (q)
My,

where €(q) is the polarization vector of the external W
fields. Gauge invariance and its manifestation in the gauge-
fixed effective theory in terms of Slavnov-Taylor identities
[45,46] ensure that the longitudinal part of the propagator
does not affect physical observables through the quartet
mechanism [47]. Therefore, only the imaginary part of =,
contributes directly to the decay width pseudo-observable.
From the equations shown above, we obtain the following
on-shell renormalization conditions for the transverse part
of the self-energy function

= =027 (¢°)
Re ZTW(qZqu:mﬁ, = RCTQZ L =0. (26)

q =my,

The Dyson-resummed W propagator, involving only the
renormalized transverse part ¥, is then given by

. mew; .qudv
—mw>—z<guu——;2 )EqW (@) -2 (),

iGhy (q%)

_i qﬂq”
- o ) (2.7)
q* — my, + 2 (¢%) < 7

From the propagator shown in Eq. (2.7), the g*>-dependent
running width of the W boson can be identified as

_ ImEj(q)

with Ty (g* = m¥) ~1.99 GeV
my

Fw<q2)

(2.8)

similar to the Higgs boson. The dependence of I'y, on ¢>
and the corresponding W propagator are shown in Fig. 2.
We observe variations at the percent level in the W boson
invariant mass lineshape as illustrated in Fig. 2(b). It is of
interest, however, to explore whether the running width has
implications for the precise W-mass measurements re-
ported by CDF [48], ATLAS [49], and very recently
CMS [50], where each analysis measured the reconstructed
transverse mass of the W (ml,). By following the meth-
odology in Ref. [48], we obtain the differential m?,
distribution for both fixed and running I'y,, as shown in
Fig. 3. As expected, the percent level differences in the W
propagator do not offer significant deviations in the trans-
verse mass differential distribution. Of course, this mo-
mentum dependence should be viewed against the
complete set of electroweak corrections, which are scheme

055017-4
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and process dependent. The conclusion for us at this point
is that the W propagation does not provide significant
a priori potential to constrain the momentum dependencies
away from the peak observables, resulting in a subleading
effect for phenomenological analyses [51]. It can be
checked that the momentum-dependent width of the Z
boson exhibits a behavior similar to that of the W boson,
with quantitatively distinct contributions from fermion
loops. Despite these differences, the variations in the
momentum-dependent width of the Z boson are even
smaller than those observed for the W boson. Conse-
quently, any potential impacts on the invariant mass or
transverse mass distributions of the Z boson are negligible,
offering even reduced potential compared to our discussion
of the W boson.

C. The top quark

Finally, we extend our analysis of calculating the
momentum-dependent width to the top quark. As for the
discussion of the previous sections, the study of the top
resonance characteristics provides valuable insights into
possible BSM effects. Again most analyses so far have
relied on peak pseudo-observables (e.g. ATLAS analyses
like [52] used in the EFT analyses like [53-59]). Recently,
there has been a resurgence in the literature on hypothetical
bound states of top and antitop quarks, toponium [60-62]
triggered by anomalies of LHC data. While toponium itself
remains a short-lived entity due to the rapid decay of the top
quark (before the bound state is formed), it can alter
distributions at threshold production in, e.g., top pair
production. Therefore, this currently evolving situation
can be considered an additional source of uncertainty for
the topics discussed in this section.
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FIG. 3. Differential distribution of the reconstructed transverse

mass of the W boson in 13 TeV pp collisions comparing results
for fixed and running widths. The lower panel shows the ratio of
the two distributions.

Building upon the framework established in the previous
sections for the W boson and the Higgs, we delve into the
unique features of the top quark width and the correspond-
ing propagator, whose calculations are comparatively more
involved than the previous cases. We begin by looking
at the renormalized 1PI two-point function for the top
quark,

! 4>_®_F t =i(d—me) +i [qw T(q%) + gwi DR(g?) + miDs(e?)] |

where @, = (1 4 y3)/2 are the chiral projectors. The on-shell renormalization conditions for the two-point functions read

ReXj(q)| ,  +ReZ()| =0
q-=mj g =m
ReSp(4)| , ,+ReZh(q?)|, =0,
q*=m; q*=m
0
Re X! (¢%) , T Re Xk (q%) , T Zm%ﬁ [Re X! (¢*) + Re Zk(g?) + 2 Re Z(q?)] =0.
7m, q 7”1, q qzzm%

The plot of the imaginary parts of X;, Xz, and Xg that are relevant for the top width calculations in the SM are depicted in

Fig. 4. Defining

iX5(g. %) = ilgo-Z1(¢%) + g T (q?) + m,Zs(q?)],

we obtain the full top propagator, including the sum of all 1PI insertions.
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iGlga) =t >t + t = Qt + ¢ = OOt

1

~ et et [

1

B ¢ —me +35(d, q%)

The full expression for the top quark propagator is

thzEt (g q ) 122(91 q ) + ...

51

¢ —me

i

Gld.q4°) = : (2.9)
gl + 0_X] (%) + 0, Zk(q)] = mi[1 = Z4(g%)]
The Breit-Wigner form then follows from Eq. (2.9) as
1 Zt it 2 1 =31 2
[l +Zi(q )][1 + Zk(g)] = mi[1 - Zs(q7)]
Starting from our result in Eq. (2.10), isolating the ¢ term in the denominator, the propagator takes the form,
1 i 2 i 2 1 =3¢ 2
iG(g. q) = i AT O-ZUT) F 0 ZRl(q) +m’z[[1 = (qszgg U (2.11)
2 2 T
(1+Z7(¢%)(1 + k(g ))(CI —W>
|
We can then express, see e.g. [63], From this the pole mass and the width can then be derived
[63] (for m; = 172.7 GeV [36])
m; (1 = Xg)?
M e = iMporels = 75— (2.12) L
P (1+Z)(1 + Zg)| o2 M, poge =m, (1 =25, —2 5 —Xg ~172.7 GeV,
’ 2 2 F=m?
Eo ;)ne-loop order, Eq. (2.12) can be expanded perturba- T(q?) =mIm(S, +Zp+25), T,(q?=m?)~1.44GeV.
ively
(2.13)

Mtzpole iMf»POICFf = m’z(l R AR I 225) P=m2
10°
I IHl(Zw)
107y —— Im(Dp)

1 — —Im(XZy)

10—3,

100 120 140 160 180 200
q [GeV]

FIG. 4. The imaginary parts of the different two-point ampli-
tudes associated with the top quark self-energy.

This result is consistent with the current PDG value for
I; [36]. In the narrow-width approximation, where
I, < m,, the top quark propagator can be written up to
one-loop order as

q-+m,
m? +im?Im (T, + Xz +2%)°

iG'(¢4,9%) —l (2.14)

The g>-dependent running width described by Eq. (2.13)
and the corresponding propagators constructed from the
fixed and the running top width have been plotted in Fig. 5.
We observe a pronounced change in the running width after
g* = m?, discernible from the two-point amplitudes char-
acterized by X;, X, and notably X¢ as shown in Fig. 4. The
marked increase in the imaginary parts of these amplitudes
at g> = m? arises due to the top quark self-energy con-
tributions, specifically from the gluonic diagrams turning
on at m, due to the optical theorem. This behavior is further
reflected in the top propagator as depicted in Fig. 5, where
we observe a significant deviation from the propagator
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FIG. 5.

Plots showing (a) the momentum-dependent top width and (b) the corresponding invariant masses of the top using the

propagators constructed with a fixed and a running width (right). The lower panel on the right represents the ratio of the two plotted
propagators. (a) Top width as detailed in the text. (b) Top propagator for different approximations.

constructed with the fixed width, as illustrated in the lower
panel on the right. Thus, any new physics scenarios that
modify the top quark two-point functions may leave a
substantial imprint on the running width and, consequently,
on the invariant mass, which may be detectable by the
extensive array of current and future colliders. It should
again be noted that these effects will be part of a larger set
of electroweak corrections. Especially when dealing with
the massless fields that shape distributions as detailed
above, the matching of infrared singularities becomes
relevant, see e.g. [33] for a detailed discussion. In this
context, however, it is worth stressing that, by construction,
EFT deformations do not modify the soft and collinear
behavior of the SM [64]. So, while the presence of virtual
massless states requires care from the point of view of the
dimension-four interactions, the relation of dimension-six
interactions to the SM is not sensitive to such an interplay.
However, the emission of hard photons or gluons certainly
poses a direct avenue to limit interaction modifications. We
will comment on this relation at the end of the next section.

III. NEW PHYSICS EFFECTS IN RUNNING TOP
QUARK WIDTHS AND PROPAGATORS

We use the Standard Model effective field theory
framework to examine the effects of new physics on the
g*-dependent running width and the resulting propagator of
the top quark. We modify the top two-point function by
introducing dimension-six SMEFT operators in the Warsaw
basis [65], which alter the top quark vertices that appear in
self-energy diagrams. The SMEFT operators considered in
our analysis are listed in Table I, all in the top quark sector.
The corresponding Wilson coefficients hold significant
BSM potential due to the currently relatively loose con-
straints on them [O(0.1-1) TeV~2 [58,66]]. Firstly, we
only consider the SMEFT operator O,s, which modifies the
ttg vertex to capture the effects of the gluonic topologies

contributing to the top self-energy. This operator, therefore,
does not affect I',(¢?) directly, contributing solely to the
tails of the top invariant mass lineshape. However, this
scenario changes with the inclusion of additional effective
operators, specifically Oy, O, and O. A notable
subtlety arises here, as the operator O, directly modifies
I',(t - Wb); any phenomenologically relevant momentum
dependence therefore could enhance the new physics
potential, but unlikely drive it.

We follow the same renormalization procedure as
described in the previous section to derive expressions
for the perturbative width up to one-loop order

Ft =Im [m,(ZL + ZR + 225)}

The g>-dependent widths and the corresponding propaga-
tors for both scenarios are presented in Fig. 6. Additionally,
we depict the fixed width and the corresponding propagator
obtained by examining the direct contribution of O,y on
the t » Wb decay. As anticipated, inserting only O,; does
not alter the width calculated at ¢g> = m?. However, by
observing the running width at higher ¢, a slight diver-
gence from the Standard Model running width is apparent
for the selected value of the associated Wilson coefficient.
The running width computed with multiple operator
insertions, assuming equal values for the relevant Wilson
coefficients, deviates significantly from the Standard
Model running width and the modifications induced by
the direct alteration of + — Wb. This difference can also be

TABLE 1. Dimension-six SMEFT operators [65] in the top
quark sector that modify the top quark two-point function. ¢ is
the charge conjugated SM Higgs doublet.

(Z)t(7
O

(1,0 T 1g)pGl,
(P79 (1L1r)

Ow
O

(;Lo-ﬂbtR)T[éEW/[w
(tLGﬂbtR)¢Bﬂb
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FIG. 6. Plots showing (a) the momentum-dependent top width, and (b) the corresponding invariant masses of the top quark using the
propagators constructed with a running width for different SMEFT insertions, and a fixed width corresponding to a direct modification
of t - Wb decay. In both plots, C,y = C;y = C,; = Cip = Cix = 1.5 TeV~2. (a) Modified top width. (b) Modified top propagator.

visualized by examining the dependence of the running
width on the Wilson coefficients at g*> = m? and contrast-
ing this with the modification of the fixed decay width, as
illustrated in Fig. 7. Given that new physics affecting the
Wilson coefficients under consideration may lead to
observable changes in the running width of the top quark,
it is crucial to explore whether observables sensitive to
running width effects could provide constraints on these
Wilson coefficients comparable to those achieved through
global fit methodologies. This will be the focus of the
subsequent sections.

A. Hadron colliders

For instance, the ATLAS Collaboration has conducted
a direct measurement of the top quark decay width [67]
at /s=13TeV, with an integrated luminosity of
L£=139fb~!. This measurement utilized a profile-
likelihood template fit applied to the invariant mass

2.50
— T = M)
— T(Cix)

2.25+

— I, =1.44 GeV
PDG bounds

-2 -1 0 1 2
Cix [TeV™?
FIG. 7. Wilson coefficient dependence of I', computed from

(i) running width with SMEFT insertions at ¢> = m?, and
(ii) from t — W+b. Here, C,y = C,y = C,; = C,p = Cyx.

distribution of a charged lepton and its associated b-jet
(M,;,) in the dileptonic decay channel of ¢7 production.
Consequently, it is essential to employ their search strategy
to assess the impact of running widths on the kinematic
properties of the top quark. Following the approach outlined
in Ref. [67], we derive differential distributions for the
kinematic observable M,, comparing the Standard Model
fixed and running top quark widths. Our findings, displayed
in Fig. 8, indicate that hadron colliders exhibit limited
sensitivity (variations only at the percent level) to running
width effects of the top quark, feeding into a low BSM
potential along the lines we pursue in this work.

0.10
—0.08 1
%
@
~
é 0.06 A
(4
22
< 0.041
RS
2
§0.02— [ R
(I I
0.00 T . .
50 75 100 125 150
Mlb [GGV]
1.05
.2
45 1.0() -f-m— S -—_
~ 0.95 T T .
50 75 100 125 150
Mlb [GGV}
FIG. 8. Differential distribution of the reconstructed invariant

mass of a lepton and the corresponding b-jet (M) in the
dileptonic decay of ¢7 production in 13 TeV pp collisions, for
fixed and running top widths.
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B. Lepton colliders

Unlike hadron machines, future lepton colliders offer
unique advantages by providing cleaner environments for
precision studies due to the absence of hadronic initial
states and smaller experimental uncertainties. This struc-
tural simplicity is particularly beneficial when analyzing
processes such as top quark pair production, which yields a
cleaner signal in hadronic final states. Lepton colliders are
thus well suited for precise measurements of the top quark
mass and electroweak couplings via the s-channel pair
production process. Proposed electron-positron machines
like FCC-ee [68,69], ILC [70], CEPC [71], and CLIC [72]
hold significant potential for probing the top quark invari-
ant mass lineshape should relevant centre-of-mass energies
be achieved there, leveraging high luminosity and advanced
detector capabilities. While the FCC-ee excels near the
s-channel #7 production threshold due to its precise energy
calibration, at higher energies, such as CLIC running at
\/E = 3 TeV, becomes competitive, with its high luminos-
ity potentially allowing a more detailed exploration of the
lineshape over a wide range. However, significant beam-
strahlung in CLIC can broaden the energy spectrum and
reduce the precision in reconstructing the top invariant
mass lineshape [72—74]. Muon colliders [75], on the other
hand, offer distinct, exciting advantages over electron-
positron colliders, as they can achieve higher center-of-
mass energies without significant synchrotron radiation
losses, effectively making them vector boson colliders. This
enables muon colliders to probe top quark physics not only
through s-channel pair production but also via weak boson
fusion (WBF) processes, whose cross section grows with
center-of-mass energy (see also [76-78]). This makes
muon colliders ideal for capturing subtle variations in
the top invariant mass lineshape influenced by the
SMEFT operators discussed previously, hence potentially
identifying new physics effects.

1. Event simulation details

We use SmeftFR [79-81] interfaced with FeynRules [82] to
generate a Ufo [83] output containing the relevant Wilson
coefficients, which we then link to MadGraph5_aMC@NLO
[84]. Events are generated by combining the processes
uru~ — tt and ptu~ — tiv,p, to include both s-channel
production of 77 as well as top quark pair production
through vector boson collisions (see Fig. 9). The top quark
pairs are subsequently decayed semileptonically into light
leptons (e, p), jets from the resulting W bosons, and b
quarks. To incorporate the effects of a ¢>-dependent
running top quark width, we modify the top propagator
as part of the Helas routines [85] entering the matrix element
calculations for each value of the Wilson coefficients we
examine (refer to Appendix B for implementation details).

Events are simulated for hypothetical future muon
colliders with center-of-mass energies of \/E = 3,10 TeV.

FIG. 9. Representative Feynman topologies for s-channel and
WBF {7 production in uu~ colliders.

To reconstruct the top quark candidates, we closely follow
the analyses performed in Refs. [86—88] for semileptoni-
cally decaying ¢f candidates. We require exactly four jets
for the final states, of which two are b-tagged, and exactly
one light lepton with p} > 10 GeV. To reconstruct the
lineshape of the top quark candidate, we calculate the
invariant mass of the two non-b-tagged jets and the b-jet
that is farther from the lepton.

2. Bounds from top invariant mass lineshape

We utilize the lineshape of the reconstructed top invari-
ant mass distribution (M,) to obtain a combined bound on
the relevant SMEFT Wilson coefficients. The binned y?
statistic for our analysis is constructed as

)(z(CtX> - (béM+EFT(CtX) - béM)V;jl (béM+EFT(CtX) _béM)7
(3.1)

where bl prr(Cix) denotes the combined number of
events in the ith bin of the M, distribution, incorporating
a running top quark width in the SMEFT framework and
weighted by the cross section, for a given value of C,y, and,
bgM corresponds to the number of events when considering
only the SM running width. The covariance matrix V;; is
constructed using the statistical Poisson uncertainty asso-
ciated with each bin by, along with a fully correlated
relative fractional uncertainty (e,). Thus, the covariance
matrix can be expressed as

The 95% confidence level bounds on C;y = C;yy = Cip =
C,c = C,y were calculated for €, = 10% and 25%. Our
results for different center-of-mass energies and integrated
luminosities are presented in Table II.

How do these bounds compare to global fit analyses?
The operators Cy;, and C,y are well constrained in hadron
collider processes [66]; however, C,y and C,z can be
directly probed at lepton colliders near the f7-production
threshold. We adopt the methodologies employed in
Refs. [89,90] and TopFitter [53] for e™e™ colliders (see also
91]]), adapting them for muon colliders to assess whether
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TABLE II. 95% CL bounds on the relevant SMEFT Wilson
coefficients (C,x) from the top invariant mass lineshape at a future
muon collider.

L € Vs =3 TeV Vs =10 TeV

5ab!  25% (—0.83,1.12) TeV2 (-0.52,0.48) TeV~
10%  (-0.54,0.60) TeV=2  (—0.23,0.21) TeV~2

10 ab™!  25%  (-0.72,091) TeV=2  (—0.42,0.41) TeV~>
10%  (-0.51,0.57) TeV=2  (-0.20,0.18) TeV~2

the top invariant mass lineshape can effectively constrain
these operators more robustly than global fit analyses.
Firstly, we evaluate the sensitivity of both the total cross
section (o) and the forward-backward asymmetry (Agg) to
the effective operators influencing 7 production at muon
colliders. The forward-backward asymmetry is defined as

OFB

Apg =—, 33
=" (33)

where the forward-backward cross section ogg is given by

1
Opg = / dcos 0,sign(cos b,) (3.4)

1 dcos 0,
with @, representing the scattering angle in the center-of-
mass frame. Events are generated in MadGraph5_aMC@NLO
for various initial beam polarizations of the y™u~ states.
From the resulting events, we compute the SM, linear, and
quadratic dependences of the effective operators on the
respective observables.

The sensitivity of an observable o to a Wilson coefficient
C; (87) is calculated as per Ref. [89], as its normalized
variation around the SM point:

1 do 0; .
S? - =—1_  with
00C; =0 OsMm
0 = OSM+CiOi+CiCjOij+”" (35)
o(ptu™ — tt — bblvjj)
107!
e —
=3
b
31073 M PO (it ) = (0%,80%)
W PO (pt, o) = (0%, —80%)
W PO () = (0%, 80%) — L=5ab’
(e ) = (0% 80%) === L£=10ab”"
1074 ~ ' ; . : '
3 4 5 6 7 8 9 10

Vs [TeV]

Here, we have conveniently set the cutoff scale A = 1 TeV,
which can also be absorbed into the definitions of o;, 0;;,
etc. We then derive 95% confidence limit constraints on C,p
and C,y from the sensitivities of the cross section and
forward-backward asymmetry as functions of center-of-
mass energy for different initial beam polarizations and
integrated luminosities. Figure 10 shows that these con-
straints offer substantially stronger bounds on the respec-
tive effective operators compared to those obtained from
the top invariant mass lineshape. We also apply the
methodology of TopFitter [53] to cross-check the above-
mentioned bounds. Following Ref. [53], and motivated by
the dependence of the total cross section of the process
utu~ — 1t on the Wilson coefficients (¢[Cx]), we fit a
polynomial of degree greater than two. Without systematic
uncertainties, each observable would ideally follow a
second-order polynomial in the coefficients; higher-
order terms account for bin uncertainties that introduce
deviations from this ideal form. To determine constraints
on the Wilson coefficients, we construct a y* distribution as

(3.6)

where 6 = og\(1 + X). Here, o5y represents the SM cross
section for the same process and X represents the combined
theoretical and experimental uncertainties associated
with the cross section. Assuming a 10% combined uncer-
tainty in the SM cross section, we obtain 95% confidence
limit constraints for C,y and C,z at various center-of-
mass energies /s and integrated luminosities, as presented
in Table III. These bounds further demonstrate that
direct constraints from global fit analyses are more
effective in constraining the relevant Wilson coefficients
than those derived from the top invariant mass
lineshape.

App(ptyu= — tt — bblvjj)

&
s
1072
65 B PO (it o) = (0%, 80%)
W PO (ut, ) = (0%, —80%)
B PO (ut, ) = (0%,80%) —— L£=5ab!
W PO (ut ) = (0%, —80%) === L£L=10ab"!
1073 - - - - - -
3 4 5 6 7 8 9 10
Vs [TeV]

FIG. 10. 95% CL upper bounds on C,y, and C,z from (left) cross section and (right) forward-backward asymmetry [89,90] for different

initial beam polarizations.
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TABLE III.  95% CL individual bounds on the relevant SMEFT
Wilson coefficients from the TopFitter [53] analysis.
Wilson
L coefficient Vs =3 TeV Vs =10 TeV
5 ab~! Cis (=0.02,0.15) TeV™2 (=0.02,0.04) TeV~2
Cow (=0.02,0.24) TeV=2  (=0.03,0.05) TeV~2
10 ab~! Cis (=0.02,0.14) TeV=2 (=0.02,0.03) TeV~2
Cw (=0.02,0.23) TeV™2 (=0.02,0.05) TeV~2

IV. CONCLUSIONS

Width pseudo-observables are hallmarks for past, present,
and future particle collider experiments. Peak values of cross
sections and branching ratios are essential to verify the
Standard Model hypothesis further, measure SM particle
properties, and, most importantly, inform the search for new
physics beyond the SM by revealing deviations from precise
SM theory predictions. Momentum dependencies of widths
in the SM are often not considered in full in such inves-
tigations, and for a good reason, as these play a subdominant
role given the past and current experimental sensitivity. With
future precision machines under increasing discussion and
consideration, the extent to which such nuances are missed is
less clear. In parallel, informed by the sensitivity expect-
ations for future hadron or precision lepton machines, the
impact of heavy physics reshaping the SM’s behavior in this
context is poorly understood. Our investigation aims to close
this gap and provide a quantitative estimate of the relevance
of lineshape deviations in the light of expected direct
sensitivity. To this end, we have parametrized new heavy
physics by means of SMEFT, focusing on electroweak-scale
particles of the SM, such as the W boson, the Higgs boson,
and the top quark.

For bosonic particles, e.g. the Higgs boson or the W
boson, the running width in the SM deviates slightly from
the fixed-width approximation, with percent-level effects
visible in the reconstructed transverse mass distribution, see
Fig. 3. The momentum-dependent W width introduces
corrections to the invariant mass lineshape, which, while
subtle, could become relevant for precision measurements
of the W boson mass, such as those reported by the ATLAS
and CMS collaborations. For the Higgs boson, due to its
much smaller intrinsic width relative to its mass, the impact
of momentum dependence is negligible, as is evident from
the close agreement between the fixed and running propa-
gators shown in Fig. 1. These findings suggest that
momentum dependence is not critical for Higgs boson
analyses under current experimental sensitivities. However,
the W boson could serve as a more sensitive probe for such
effects in the precision era. As new physics needs to be
considered a perturbation within the theoretical boundaries
of our analysis, the relevance to BSM physics of the Higgs
and W boson width momentum dependencies is not

directly clear; measurements of the related pseudo-observ-
ables will likely be more sensitive as they currently are
already pursued.

The top quark analysis revealed significantly larger
effects due to its relatively broad width and dynamic
self-energy contributions. We observed pronounced devia-
tions between the fixed-width and running-width propa-
gators, particularly above the top quark mass threshold, as
shown in Fig. 5. These deviations arise from the energy
dependence of the imaginary parts of the self-energy
components (i.e., X;, Xg, and Xg), which exhibit notable
changes near g> = m?. These effects become significantly
pronounced when SMEFT operators are introduced, as they
modify the self-energy contributions and, consequently, the
top quark’s invariant mass lineshape, as illustrated in Fig. 6.
This highlights the top quark yet again as an outstanding
candidate for a new physics discovery if its SM hypothesis
can be brought under sufficient theoretical control.

Therefore, we further explored this in the context of
collider experiments. At hadron colliders, such as the LHC,
the reconstructed invariant mass distributions for the top
quark exhibited limited sensitivity to running-width effects,
with percent-level deviations observed in Fig. 8. This is
primarily due to the challenging experimental environment,
where detector effects and uncertainties dominate.
However, future lepton colliders, such as proposed muon
colliders operating at center-of-mass energies of 3 and
10 TeV, present a much cleaner environment for such
studies. Our simulations demonstrated that lepton colliders
could achieve significantly improved constraints on
SMEFT-induced deviations in the top propagator and
running width. Our constraints pass quality checks related
to perturbative unitarity (see Appendix A). The bounds
obtained through the impact of the top quark’s running
width on the invariant mass lineshape can complement
those derived from global fit analyses (Table III), providing
another avenue to probing new physics. The observed
deviations in the running width at high g2, particularly
when including operators like O,; and Oy, emphasize the
potential of collider experiments to detect subtle effects
beyond the SM.

Our study demonstrates the relevance of momentum-
dependent widths in theoretical predictions, particularly
as the field moves toward higher precision in both mea-
surements and theoretical calculations. While some effects
remain below current experimental sensitivities, the next
generation of lepton colliders will likely probe these
phenomena with unprecedented precision. This will refine
our understanding of SM particle properties and enhance
the discovery potential for physics beyond the Standard
Model.
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APPENDIX A: PERTURBATIVE UNITARITY
BOUNDS ON THE SMEFT WILSON
COEFFICIENTS

Unitarity provides a suitable tool to gauge whether
bounds obtained on the SMEFT Wilson coefficients are
within the perturbative regime. We consider partial
wave unitarity constraints from yt — y¢ scattering to
calculate the unitarity bounds on the Wilson coefficients,
considering (dim —6)? insertions. The zeroth partial wave
for iyi, — ff, scattering is given by

1 |
0 _ 2 2 2 2
@ri= 327”,31(& My s miz)ﬂz(s, mfl’mfz)

i
X / dcos OM(\/s,cos0),

1

(A1)

where /s represents the center-of-mass energy, 6 is the
scattering angle for the 2 — 2 process described by M in
the center-of-mass frame, and S is defined as

Blx,y,z) = x> +y* + 22 — 2xy — 2yz — 2zx.

In the case of yt — yt, we construct a matrix of zeroth
partial waves, restricting ourselves to states with helicity
equal to zero. The unitarity condition on the S-matrix then
translates to

1
[Re(al, ) < 5. and

> ITm(a%, )| < 1.

eig.

(A2)
(e)ig' is the largest eigenvalue of the matrix con-

structed from the zeroth partial waves. We use the former
|

where a

Vs =3TeV
1.0
0.81
"% 0.6
(e <)
=
~ 04
0.2
0.0 " " "
—4 -2 0 2 4
Cyip [TeV™?]
FIG. 11. Perturbative unitarity bounds on C,p.

condition to obtain the unitarity bounds. Figure 11 shows
Re(al, ) as a function of the Wilson coefficient Cyp for

\/E =3 TeV, from which we infer that the constraints
obtained in previous sections are indeed within the pertur-
bative regime.

APPENDIX B: IMPLEMENTATION OF THE
RUNNING TOP QUARK WIDTH ON Helas
ROUTINES

The Helas (helicity amplitude subroutines) routines [85]
are responsible for generating matrix elements from
Feynman rules in Monte Carlo event generators like
MadGraph5_aMC@NLO. By modifying the Helas routines
directly, their gauge invariance properties (i.e. unitary
gauge) at the considered leading-order approximation
extend to our modifications. In the standard Helas imple-
mentation, the top quark propagator follows the fixed-
width Breit-Wigner form

q+m,

G (4,q*) = i——————. Bl
G (gt =i (B

As discussed in Sec. II C, in the narrow-width approxima-
tion, the momentum-dependent width affects only the
denominator of the full propagator. The relevant propaga-
tor-denominator information in the subroutines is encoded
in the DENOM variable. For example, in the fixed-width
case, the implementation in a subroutine appears as

DENOM = COUP/(P1(0) % x2-P1(1) * *2-P1(2) * %2 — P1(3) x x2 —M1 x (M1 — CI * Wl)).

Here, the fixed Breit-Wigner width is encoded in the “W1” variable. To incorporate the dynamic momentum-dependent
width across all top quark propagators, we followed a systematic approach:
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FIG. 12. Plots showing the cross-section dependence of top quark pair production on the fixed and momentum-dependent top quark
widths across the different center-of-mass energies at a (a) pp hadron collider and a (b) muon collider. The muon collider process

includes both the s-channel and WBF {7 production modes.

(1) We searched for subroutines where the top quark
width is explicitly passed as an argument. Since we
focus on the + — Wb decay, the relevant subroutines
belong to the class “FFVXXX.f,” which governs
fermion-fermion-gauge boson interactions.

(2) We replaced the fixed-width parameter (for example,
W1) with the g*>-dependent width, which can be
computed either directly from the analytical expres-
sion in Eq. (2.13) or via polynomial interpolation as
a function of ¢°.

(3) Additional conditional statements were introduced to
correctly handle cases where the propagator appears
in the #-channel or when the same subroutine is used
for different particles (e.g., the b-quark).

This implementation ensures that the running width is

consistently applied in all relevant interactions in a

numerically stable way. The same approach can be applied
to incorporate momentum-dependent running widths in the
presence of SMEFT insertions. To validate our implemen-
tation, we cross-checked the computed cross sections using
the SM fixed and running widths for the relevant processes
at both hadron and muon colliders, ensuring that no
unphysical behavior emerged. We verified that the inclu-
sion of the momentum-dependent width does not introduce
spurious effects in the total cross-section calculations. The
results, shown in Fig. 12, demonstrate consistency across
both pp and muon colliders (including the WBF channel).
Furthermore, we observe no unitarity-violating growth in
cross sections at high center-of-mass energies, confirming
the stability of our implementation.
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