Phys. Lett. B 855 (2024) 138774

journal homepage: www.elsevier.com/locate/physletb

Contents lists available at ScienceDirect

Physics Letters B

PHYSICS LETTERS B

Letter

A new purpose for the W -boson mass measurement: Searching for New

Physics in lepton+ MET

Check for

updates

Kaustubh Agashe ?, Sagar Airen?, Roberto Franceschini ™", Doojin Kim©",

Ashutosh V. Kotwal %", Lorenzo Ricci ®

, Deepak Sathyan *™*

%

# Maryland Center for Fundamental Physics, Department of Physics, University of Maryland, College Park, MD 20742, USA

Y Universita degli Studi and INFN Roma Tre, Via della Vasca Navale 84, I-00146, Rome, Italy

¢ Mitchell Institute for Fundamental Physics and Astronomy, Department of Physics and Astronomy, Texas A&M University, College Station, TX 77843, USA

d Department of Physics, Duke University, Durham, NC 27708, USA

ARTICLE INFO ABSTRACT

Editor: G.F. Giudice

We show that the m;;, measurement is a direct probe of New Physics (NP) contributing to £ + MET, independently

from indirect tests via the electroweak fit. Such NP modifies the kinematic distributions used to extract my,,
necessitating a simultaneous fit to my, and NP. This effect can in principle bias the m,, measurement, but only
to a limited extent for our considered models. Given that, we demonstrate that the agreement at high-precision
with SM-predicted shapes results in bounds competitive to, if not exceeding, existing ones for two examples:
anomalous W decay involving a L, — L, gauge boson and ¥,I production in the MSSM.

1. Introduction

The mass of the W boson plays a crucial role in our understanding of
nature. The discrepancy between the recent and most precise measure-
ment by CDF [1] and the SM prediction might already be a hint of new
physics (NP) beyond the Standard Model (BSM). Theoretical explana-
tions commonly invoke new contributions to the electroweak (EW) fit
[2] in order to shift the value of the SM prediction (see for instance
[3,4]) and explain the anomaly. Yet, the more recent re-measurement
by ATLAS [5,6] adds to the puzzle, confirming the SM-predicted value
and the previous measurements by LHCb, D@ and LEP [7-9]. Whether in
the future the CDF anomaly will be confirmed cannot be foreseen. The
only fact that we have today is the striking precision of 10~* of these
measurements and of the corresponding theory SM predictions. This
precision might even improve in the near future due to an ongoing in-
tense experimental [5,10] and theoretical effort (see e.g. Refs. [11-17]
for recent works).

The my, experimental value is extracted from the simultaneous fit
of different measured kinematic distributions (see below) in leptonic
decays of singly-produced W -bosons to the SM predictions. Both ATLAS
and CDF find perfect agreement with their best-fit SM distributions.

* Corresponding author.

We show in this letter that the data used for the mj, measurement
can simultaneously be a powerful direct probe for any NP that con-
tributes to the same final state. The key observation is that NP produces
kinematic distributions that are sufficiently different with respect to
those in the SM. Hence, the same analysis can be used for the extraction
of both my, and NP parameters. The correct procedure thus requires a
global fit, which might in principle shift the measurement of my,,, with
NP providing new nuisance parameters.

This paradigm is general, having already been attempted in [18-24]
for the top quark, in the context of NP copiously produced via strong
interactions. Fainter signals of NP charged only under the electroweak
interaction are more challenging. Yet we will show how the extraordi-
nary precision of the my, measurement can put competitive bounds on
motivated new physics scenarios, and in some cases to exceed present
bounds, e.g. those for long-sought SUSY sleptons. This strategy is in ad-
dition to the classic test based on EW fit of the SM to which we are
accustomed since LEP [25].

In this letter, we focus solely on the my, measurement. More pre-
cisely, in Sec. 2, we classify the possible NP that can contaminate the
measured sample. Then we focus on two concrete, well-known BSM
scenarios (see Fig. 1): (1) L uw—L; leptophilic Z’ and (2) MSSM slepton-
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Fig. 1. NP contributions to the W -boson mass sample in the £ + MET channel.
Left: invisibly-decaying L, — L, Z’-boson. Right: slepton-sneutrino production
in the MSSM.

sneutrino production, respectively. For each scenario, we show in Fig. 2
the sensitivity projections of our analysis compared to the strongest
present constraints. Our results highlight the ability of precision mea-
surements of my, to probe NP. In Secs. 3 and 4 we describe for each
scenario the methodology employed to obtain the main result, and we
further explore the effect of the global fit on the determination of my, .

2. Invisible New Physics behind the semi-invisible W -boson

The W -boson mass measurement is special. The remarkable preci-
sion, reached by hadron colliders, relies only on the partially visible lep-
tonic decays. The masses of other heavy SM bosons are instead extracted
from fully visible and clean final states (e.g., h — yy, Z — ¢¢~), hence
resonance reconstruction is possible in a narrow region. For hadronic
W -boson decays, resonance reconstruction is plagued by the challenges
of QCD observables. The semi-invisible final state of leptonic W -decays,
namely ¢ + MET, is cleaner, but it presents a good hideout for invisible
NP.

Given that the W -boson decay cannot be fully reconstructed, the
measurement of the my, is a result of the fit to the lepton p? and the
transverse mass my distributions.! Hence, any BSM that contributes to
the same final state, modifying these kinematic distributions, can affect
the my, measurement. Such NP can be classified in three possibilities:

(A) anomalous W -boson decay,
(B) anomalous W -boson production,
(C) 7 + MET not from an on-shell W -boson, £ = (e, y).

The first (second) possibility includes all BSM models that modify the
W -boson decay (production), yet resulting in £ + MET. Option (C) col-
lects all BSM models that can produce an # + MET final state, without
the involvement of any on-shell W -boson. This category includes the
production of new particles, decaying into # + MET, and new interac-
tions among quark/gluons and leptons.>

Here we explore two simple, yet relevant, case studies that cover op-
tions (A) and (C). In Sec. 3, we focus on anomalous W -boson decay in
the invisibly-decaying L, — L, gauge boson scenario (Fig. 1 left). This
represents a proof-of-principle of our idea, highlighting the relevant
points with rather simple phenomenology. Nevertheless, we find that
the my, measurement represents a competitive probe for this model.
We point the interested reader to Fig. 2a (left panel) to see the ex-
pected bounds from our strategy in comparison to the present limits. In
Sec. 4 we focus on category (C), using v production in SUSY as an ex-
ample. This production mechanism is not currently investigated at the
LHC. Our results from the work described in Sec. 4 are shown in Fig. 2b
and clearly indicate that the my, measurement can cover unexplored
parameter space of slepton searches.

In a follow-up paper [31], we will study additional examples of cate-
gory (A) and an illustration of category (B): a Z’-boson gauging baryon
number (see [32] and references therein). Overall, our two papers thus
represent a comprehensive study of probing NP giving ¢ + MET using
my, analysis. Ref. [33] studied a specific example of category (B) only.

1 CDF also fits the missing transverse momentum p;“ss distribution.

2 Examples of this are dim-6 quark-lepton four fermion operators that mediate
qq — ¢ v, processes. The latter is usually very well constrained by high-energy
measurements [28-30].
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Moreover, in the following, we describe a more general approach than
Ref. [33] for the associated analyses.

3. A proof-of-principle: L, — L, gauge boson
The first model that we consider is the L, — L, Z' [34]:

Lin=82Z,J!  +gpZ,J], 1)
where g/ and g, are the couplings of Z’-boson to SM and dark-sector

states, respectively. The U(1) L-L, current reads
J,f_f =W, r’v, + iy u—vyfv, — 7y’1). 2

The term Z'J g describes the interaction of the Z’-boson with some
invisible, unspecified dark-sector states. The key assumptions, that
gp > g and the dark sector contains states sufficiently lighter than
m, guarantee that the Z’-boson decays predominantly invisibly.

This model has been extensively studied as a possible portal to
dark matter or as an extension to SM. The 2-dimensional parame-
ter space (g,,mys) is tested by a variety of searches, from K-/B-
factories, g — 2, and especially by neutrino beam-dump experiments
such as the Chicago-Columbia-Fermilab-Rochester (CCFR) experiment
[43] which has been shown to provide strong bounds on this type of
model [26,35].% In this model belonging to category (A), the W -boson
has a 3-body decay into uv, Z’ (Fig. 1 left), modifying the kinematic
distributions of # + MET final state.*

We obtain the kinematic distributions through a Monte Carlo (MC)
simulation via MADGRAPH5_AMC@NLOvV3.42 [37] + PYTHIAS8.212
[38] + DELPHESV3.4 [39] (ATLAS card). We employed LHAPDF [40],
PDF 1D:244800 [41]. The 3-body decay (versus 2-body) softens the
pr and my distributions, as seen in Fig. 3 for a benchmark value of
(mzr,g2)=(10 GeV,0.12).5

As shown in Fig. 3, for g, ~ O(0.1), the expected S/B ratio
is O(1073). Sensitivity to these effects strongly relies on the various
sources of uncertainties, which is exactly the main target for the exper-
imental collaborations that reached percent [1] and even sub-percent
uncertainties [5,6], aimed at measuring my, . In all of our results, we
show variations on the systematic uncertainties, taking as baseline the
reported uncertainty, e.g., in Fig. 25 of Ref. [6]: the uncertainty on
my is estimated to reach few 0.1% around the peak region at about
80 GeV. Also backgrounds are extensively studied and they are only a
few% in the region of interest. In this letter we will not attempt a com-
plete study of the various sources of uncertainties in the presence of
NP. We just comment on the possible effect of our NP hypothesis on
the sample of Z — £¢ events which are heavily used for detector cali-
bration [1,6] and for tuning the boson production model on data [15].
Thus a contamination of NP in the Z — £¢ sample might affect the cal-
ibration of the MCs, “calibrating away” signs of NP [42]. However, by
isolating pure Z-boson events with appropriate kinematic cuts, such as
those imposed by ATLAS [6]: 80 < m,,/GeV < 100, the possible con-
tamination of NP in the calibration sample is limited to @(10~%), still
for g, ~ 0(0.1).

We estimate the sensitivity and the impact of our NP hypothesis
on the my, measurement through a binned y? analysis for the p? and
my distributions. Our analysis is aligned as much as possible with the
ATLAS measurement [5,6], only slightly extending the fit range aiming
at maximal sensitivity (see Table 1). We then construct the following

1

3 Additional constraints arise when m 2 is of Stuckenberg origin [36].

4 Additional signal events come from 7 — Z'u v, V,. For simplicity we don’t
include them in our analysis.

5 NP also modifies W -boson total decay width. This effect is expected to be
negligible given the projected bound on the NP parameters. Therefore we fix
the width to its SM value. The effect of the width on the my, determination
within the SM is only a few MeV. [5,15].
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Fig. 2. LHC 95% CL projected sensitivity to (a) L, — L, and (b) MSSM slepton-sneutrino production from our proposal. All of our projections include detector
simulations. Pileup ({u) = 50), simulated through the dedicated DELPHES ATLAS card, is included unless indicated otherwise. Panel (a): present bounds (solid black
line) are obtained from the Chicago-Columbia-Fermilab-Rochester (CCFR) experiment [26]. Our results are the blue, green, red lines, for 0.5%, 0.1% and 0%
systematics, for £ =139 fb! (solid) and £ =3 ab~! (dashed). Panel (b): present bounds (gray and orange shaded areas) from the ATLAS experiment are adapted
from Ref. [27]. Our results are the green shaded area, for the present £ = 139fb™! integrated luminosity and 0.1% systematics. We also present results under
several different pile-up and integrated luminosity options in colors and dashed or dotted lines, as indicated in the plot.
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Fig. 3. (top) Normalized transverse mass distributions for y + MET at the LHC
for the SM (green), and for pure BSM in two scenarios to show the shapes of
the BSM events. Blue line: m,, = 10GeV, g = 0.12. Red line: m; = 115GeV,
m; = 83GeV, my = 70GeV. (bottom) Signal-over-Background ratios for the
BSM signals over SM background are shown in the lower panel. The dashed
gray lines indicate the ATLAS fitting range for the measurement of my;, .
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where N o8y, - Onp) is the expected number of events in the bin i as
function of my,, through the combination A,, == my, —my, and the NP
parameters, collectively labeled by 6yp. The value my, denotes the fixed
value of the W boson mass that we have used to generate our samples,®
thus it represents the true value realized in Nature. We centered our y?2
atfyp=0and A, =~ = 0 because we are assuming data to realize the
SM expectation for the W-boson mass my, . We stress that we are testing

6 Namely, for our simulation we used my, = 80.419 GeV. This value is close
to the measured W -boson mass, and it is the default value in the SM model file
we employed in MADGRAPH5_AMC@NLOV3.42.

the New Physics hypothesis with no prior on my;, as both Oyp and my,
are floated.

On the contrary, the authors of [33] fixed my, in the hypothesis
to the EW fit prediction. The simultaneous fit to my, and NP that we
perform here is thus a more general test of NP and has the added value
to be independent of the EW fit results and the assumptions therein.

The qualitatively new aspect of Ay being a floated parameter in
Eq. (3) implies that with the same analysis we extract my, and test
NP. The 2-dimensional fit in the (A, ,6yp) is reported in Fig. 4 for
myz =10 GeV. By assuming 0.5% per-bin uncorrelated systematics and
including the effect of pileup through DELPHES, the ATLAS measured
uncertainty is roughly reproduced.” Pileup has an impact on the m;
distribution and on the resulting my, sensitivity. The p? distribution,
on the contrary, is largely insensitive to pileup, hence we use it to draw
more firm conclusions on features of our 2D-fit.

The systematics on the kinematic distributions shown in [5] are be-
low 0.5%. Therefore, we also consider per-bin systematics of 0.1%. The
expected sensitivity to my, (at zero g,/) is slightly stronger than the cur-
rent ATLAS 7 TeV £ = 4.6 fb~! measurement [5]. This is mainly because
we are not including any source of correlated systematics, and we are
assuming much larger statistics from a 13 TeV run with £ =300 fb™".

The distortion of the pi exclusion line (blue) at large values of g,/
implies a preference towards positive A,, . This suggests that NP might
in principle impact the sensitivity to my,, possibly producing a shift
in the extracted value and/or affecting the estimate of the associated
uncertainty on my,. Yet, the effect shown in Fig. 4 is limited to only
~ 10 MeV. However, a quantitative assessment of this effect requires the
inclusion of the proper experimental setup and is beyond the scope of
this letter. The sensitivity to g,/ at A, =0 is only marginally affected
by pileup, showing the robustness of the sensitivity to NP.

For completeness, we report in the supplemental material an anal-
ogous study for CDF [1]. In this case, the effect of the NP in the my,
determination is less pronounced, due to a sharper Jacobian peak re-
lated to the better control of the hadronic activity at CDF which anchors
the my, fit more robustly.

7 The average number of pileup events per bunch crossing is () = 50.
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Fig. 4. 68% CL projected sensitivity to L u— L, at LHC (ATLAS) (my = 10GeV)
in the plane of coupling of the new boson g, and the shift from the true value
of the W boson mass.

We now turn to the test of the NP hypothesis. Assuming no prior
knowledge on my;,, the correct procedure to put bounds on NP is to
marginalize on Amy, for each value of the NP parameters. This is shown
in Fig. 2a for LHC (£ = 300 fb~!) sensitivity projection. Prior knowledge
on my, (either from other measurements or from theory predictions)
might impact the sensitivity to NP, as shown in Fig. 4.

For this analysis, positively and negatively charged-muon events are
added together, and 2 for pi and mp are combined without corre-
lation. Here, the sensitivity projections for CDF are also reported. The
reach for mz» ~ 10 GeV is competitive with the best probe for this model
from a dedicated experiment (CCFR) [26,43]. Yet, it is remarkable that
for a 10 GeV Z'-boson, the my, measurement has the power to probe
couplings ~ few X 0.01, provided sufficient control of the systemat-
ics. Interestingly, less constrained models such as the “neutrinophilic
scalar” of [44] or the “Dirac neutrino portal” [45] fall in category (A).
For the neutrinophilic scalar, we expect the my, measurement to be the
best probe [31].

4. MSSM: slepton-sneutrino production

We now turn to the minimal supersymmetric standard model
(MSSM) [46], which offers a simple irreducible “background” for the
my, measurement: “left-handed” SU(2); doublet slepton-sneutrino
production, with subsequent decay into lepton plus only invisible par-
ticles (see Fig. 1 right),

== 7). )

In this scenario, both the sneutrino and neutralino are invisible, and
either one could be the lightest stable particle (LSP).® For simplicity,
we assume that the other superpartners, including SU(2); singlet — or
right-handed sleptons — are heavy, thus having negligible cross-sections
at the LHC.

Sleptons lighter than 100 GeV are excluded by LEP [47-51]. Slep-
tons heavier than the LEP bound have negligible cross-section at the
Tevatron so we do not consider CDF in this section. LHC searches for
di-sleptons [27,52] are sensitive to sleptons above the LEP bounds but

8 When the lightest neutralino 7! is the LSP, £ — # #°, and ¥ — v 7V, as
illustrated in Fig. 1, produces the # + MET final state. If the sneutrino is the LSP
(not shown), then ;?? — Vv also maintains the # + MET final state.
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Table 1

Kinematic range considered for our fit. ii; is the hadronic
recoil vector. The range with s is considered when we in-
clude no pileup effects. We construct bins of 2 GeV for m;
and 1 GeV for p? [51.

ATLAS [5,6] () 2,79, L,-L,
P4 (GeV) > 30 (analysis) >30 >20
> 18 (trigger)
pimiss > 30 > 30 >20
my (GeV) > 60 > 60 > 40
iy | (GeV) <30 <30 <30
my range (GeV)  [60,100] [60,120]*  [40,100]
[60,140]
p} range (GeV)  [30,50] [30, 601 [20,50]
[30,70]

suffer when the sleptons and 7° are similar in mass. In particular, when
the mass gap m; —mg ~ my;,, the lepton py resembles that of the lepton
from SM W -boson decay. This compressed region of parameter space is
dominated by SM events and requires a dedicated analysis. In [53,54] it
has been proposed to use precision measurements to disentangle W W
events from di-slepton production. Yet, there is still some uncovered
gap in the parameter space in the experimental results (see our sum-
mary of present constraints in Fig. 2b). Addressing this shortcoming of
the present searches by filling this gap is a main result of this letter.

The phenomenology of the process in eq. (4) belongs to category
(©), since no on-shell W-boson is produced (see Fig. 1). As shown in
Fig. 3, NP produces a rather flat and extended my distribution with a
rising S/B ratio at “high-m”, since the process is not initiated by the
decay of a resonance. The contamination in the Z-boson sample due to
pp— CF — ¢ jy 7, is limited to O(107).

For this model, we follow the same procedure as in Sec. 3 of
marginalizing on A, for varying NP parameters. For each point on
the m; —m 2 plane, my, is varied as an input in the template, and the

minimum y? is obtained from the fit. The my, determination is largely
governed by the peak positions of p? and mq spectra. Therefore, the
rather flat kinematic distributions of NP contributions make a milder
impact on the my, measurement than what is shown in Fig. 4. Sensi-
tivity projections are reported in Fig. 2b as functions of (m;,m 70" The
sneutrino mass is fixed at the lowest allowed value in the MSSM, as-
suming the large tan g limit [46].

Two sets of expected sensitivities are reported in Fig. 2b, correspond-
ing to the inclusion or not of pileup. In both cases, the fitting range (see
Table 1) is chosen to cover part of the unexplored parameter space. Ex-
tending the range to “high-m;”, still keeping sufficient control of the
systematics, might improve the sensitivity, as shown in Fig. 3. How-
ever, far from the “my,” region, systematics becomes more challenging.
This is caused, for instance, by the limited Z-boson sample available
for calibrations, or by the increasing backgrounds. The study of system-
atics outside of the range presently used for each kinematic distribution
employed in the my, measurement can only be carried out by the ex-
perimental collaborations. Here we are pointing out the huge gain in
sensitivity to NP that can be obtained by enlarging the fitting range.
Ideally ATLAS and CMS experiments will find the best range of each
kinematic variable for which the experiment can keep systematics un-
der control so as to maximize the sensitivity to NP.

A major result of ours is that the same analysis used for the my,
measurement, with only a slightly extended fitting range, can put new
bounds and potentially discover new physics in an unexplored parame-
ter space of MSSM.

5. Conclusion
In summary, NP resulting in ¢ + M ET is an irreducible “back-

ground” for the my, measurement. We demonstrate, using two exam-
ples of such NP, that a fit to this data can simultaneously extract my,
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and bound NP, with the extracted value of my, being possibly different
than that determined assuming only SM contribution.
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