PHYSICAL REVIEW D 108, 035026 (2023)

Searching for low-mass resonances decaying into W bosons

Guglielmo Coloretti " and Andreas Crivellin

Physik-Institut, Universitdt Ziirich, Winterthurerstrasse 190, CH-8057 Ziirich, Switzerland
and Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland

Srimoy Bhattacharya®*

School of Physics and Institute for Collider Particle Physics, University of the Witwatersrand,
Johannesburg, Wits 2050, South Africa

Bruce Mellado®*

School of Physics and Institute for Collider Particle Physics, University of the Witwatersrand,
Johannesburg, Wits 2050, South Africa
and iThemba LABS, National Research Foundation, PO Box 722, Somerset West 7129, South Africa

® (Received 23 February 2023; accepted 28 July 2023; published 17 August 2023)

In recent years, several hints for new scalar particles have been observed by the Large Hadron Collider at
CERN. In this context, we recast and combine the CMS and ATLAS analyses of the Standard Model Higgs
boson decaying to a pair of W bosons in order to search for low-mass resonances. We provide limits on the
corresponding cross section assuming direct production via gluon fusion. For the whole range of masses,
we consider (90-200 GeV); the observed limit on the cross section turns out to be weaker than the expected
one. Furthermore, at *95 GeV, the limit is weakest, and a new scalar decaying into a pair of W bosons
(which subsequently decay leptonically) with a cross section 0.5 pb is preferred over the Standard Model
hypothesis by =2.5¢. In light of the previously existing excesses in other channels at similar masses, this
strengthens the case for such a new Higgs boson and gives room for the scalar candidate at 95 GeV

decaying into W bosons.

DOI: 10.1103/PhysRevD.108.035026

I. INTRODUCTION

The Standard Model (SM) of particle physics describes
very successfully the fundamental constituents of matter as
well as their interactions. It has been extensively tested
and verified at both the precision and high-energy frontiers
[1-3], with the discovery of the Brout-Englert-Higgs boson
[4-7] at the LHC [8,9] providing the final missing puzzle
piece, as this 125 GeV boson (h) has the properties
predicted by the SM to a good approximation.

However, this does not exclude the existence of addi-
tional scalar bosons as long as their role in the breaking
of the SM electroweak gauge symmetry is sufficiently
small. In fact, searches for new resonances at the LHC
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(see, e.g., Ref. [10] for a recent review), including addi-
tional scalar bosons [11], have been intensified since the
Higgs boson discovery. While the LHC experiments
ATLAS and CMS did not observe unequivocally the
production of such a new particle, interesting hints for a
new scalar with a mass around 95 GeV [12-23], 151 GeV
[24-28], and 680 GeV [15,29-31] arose, as well as
anomalies in multilepton final states [24,32—35].]
Therefore, the question arises, if these hints for new
scalars are accompanied and supported by signals of their
decays into W bosons. While there is even an excess in WW
searches at a mass around 650 GeV in the vector-boson
fusion category, and a weaker than expected limit around

"This includes hints for the enhanced nonresonant production
(i.e., not originating from the direct two-body decay of a new
particle) of different-flavor opposite-sign dileptons which can
be explained by the decay of a neutral scalar with a mass between
130 GeV and 170 GeV [24] decaying into pairs of W bosons
[36,37]. In fact, assuming the decay of a scalar into WW,
Ref. [24] reported a combined best fit of 150 &5 GeV. The
range of interest is widened here in order to accommodate other
decay mechanisms (such as associated production, i.e., the
production in association with an additional particle) and to
cover the interesting range around the 95 GeV.

Published by the American Physical Society
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FIG. 1. Feynman diagram showing the direct production via
gluon fusion of a new scalar H with mass my decaying into a pair
of W bosons that then decay leptonically, resulting in the
signatures studied in Refs. [41,42] in the context of the SM
Higgs boson.

150 GeV in the gluon fusion category in the latest CMS
analysis [38], the mass range below 300 GeV is not covered
by the corresponding ATLAS analysis [39]. Furthermore,
Ref. [38] stops at 115 GeV and therefore, does not cover the
interesting region around 95 GeV, while Ref. [40] searched
down to masses of 100 GeV, but this analysis was done
with only 35.9 fb~! of integrated luminosity.

Therefore, in this article, we will fill the gap by recasting
the LHC analyses of ATLAS and CMS for the SM Higgs
boson decaying into WW [41,42] and combining them in a
global fit. This has the advantage that it is well suited for
scalar masses in the range of 90 GeV to 200 GeV, and that
for this mode, both ATLAS and CMS analyses with the full
run-2 dataset, corresponding to 139 fb~! and 138 fb~! of
integrated luminosity, respectively, are available. For this
purpose, we will assume that the new neutral scalar H is
produced directly via gluon fusion and decays with a
sizable branching fraction into W pairs that subsequently
decay leptonically (see Fig. 1).

II. SIMULATION AND VALIDATION

We consider a new neutral scalar H with mass my at the
LHC, that is produced directly via gluon fusion and decays
dominantly into a pair of W bosons (one of which can be
off shell), which subsequently decay leptonically. Note that
such a setup can be naturally obtained if the scalar is the
neutral component of an SU(2), triplet [43,44] with
hypercharge 0, which, at tree level, disregarding mixing
with the SM Higgs boson, only decays into a pair of W
bosons. Interestingly, the vacuum expectation value of
this field contributes positively to the W mass at tree level
[45,46] and can thus provide a natural explanation [47-50]
of the CDF II measurement [51], which lies above the SM
prediction [52,53]. Note that the masses of the components
of the real SU(2), triplet scalar field are largely uncon-
strained by LHC searches [54,55].

We simulated in this setup the process pp - H —
WW® = ¢t¢-vp, with £=e, u, 7, and the tau
lepton subsequently decaying, using MadGraph5aMC@NLO
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B MGS: SM simulation with smearing
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FIG. 2. SM Higgs boson signal in the ATLAS analysis and our
simulation with and without smearing (and shift) normalized to
the total number of events of the respected simulation. One can
see that once smearing and a shift are included, the agreement is
very good between the two distributions. While the correspond-
ing CMS plot is not shown, the results are very similar.

(MGS5) [56], pYTHIA 8.3 [57], and DELPHES [58]. For each
point in parameter space that we will consider in the
following, we generated a sample containing one million
events. In order to validate and correct our fast simulation,
we first simulated the SM Higgs boson signal, i.e.,
g9 = h - WW® = £t¢-1p, and compared the result to
the ATLAS one for the SM Higgs boson signal given as a
function of the transverse mass my in Fig. 11 in Ref. [42].2
For this, we normalized the events per bin N; to the total
number of events N and then calculated the sum of the
square of the differences between the two simulations of
all bins A = >~ (NATEAS — NMGS)2 where MGS5 stands for
our MadGraph5aMC@NLO simulation. It turns out that to better
match the my distribution of ATLAS with our fast
simulation, a smearing on the missing transverse energy
Er to broaden the my spectrum is necessary, as well as a
shift of the my to adjust the position of the peak. We thus
uniformly generate random numbers r and ¢ on a disk in
the x—y plane, i.e., k X r(cos ¢ + sin ¢) with k in units of
GeV, r between 0 and 1 and ¢ between 0 and 2z. We then
add the resulting values to the missing E; generated. In
fact, we found that the best fit, i.e., minimal value for A is
obtained for k ~ 20 GeV. In addition, a shift of ~3.5 GeV
on the transverse mass leads to a very good agreement
between our simulation and the one of ATLAS (see Fig. 2).

Next, we look at the production cross section and the
efficiency of our simulation compared to the ATLAS one.
First, note that in the ATLAS graph, the fitted signal (i.e.,
the one that agrees best with data, not taking into account
the overall normalization from the SM theory prediction) is

Note that the my definitions of ATLAS and CMS are slightly
different (for instance, they contain details on the missing energy)
and that we do not use the dilepton invariant mass here as it is
fully correlated to the transverse mass, the latter, however,
containing more information.
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FIG. 3. Dependence of the efficiency of our simulation,

normalized to the one at 125 GeV, as a function of the mass
of the new scalar for the ATLAS analysis and the two CMS
categories.

shown, such that one has to rescale the number of events by
dividing by 1.21. We then corrected for the leading order
MGS5 simulation using an effective ggh coupling. The
resulting production cross section is 17.62 pb, while includ-
ing NNLO corrections,” the CERN yellow report [59] quotes
48.57 pb. We also corrected for the simulation efficiency,
i.e., the percentage of events left after applying the cuts,
which in our analysis is €ygs =~ 0.017 while ATLAS finds
eatas = 0.011, being in reasonable agreement.

We proceeded in a similar way for the CMS analysis,
both for the py, < 20 GeV and the py, > 20 GeV cate-
gories (where pr, stands for the transverse momentum of
the subleading lepton) shown in Fig. 1 of Ref. [41]. Here, a
smearing of k = 30 GeV gives the best fit, while a shift is
not necessary. For the production cross section, the same
correction factor applies, while for the combined effici-
ency (prr <20 GeV and pr, > 20 GeV category), we
find epgs ~ 0.019 while CMS finds ecyg ~ 0.012, again in
reasonable agreement.4 The dependence of the efficiency
(relative to the SM) on my is shown in Fig. 3.

For the BSM analysis, we will then apply the correction
factors, as well as the smearing, determined from the SM
Higgs boson. For the shift in m7, we assumed that it is
proportional to the scalar mass my.

III. ANALYSIS

For the ATLAS analysis [42], we digitized the data
points as well as the backgrounds and the SM Higgs

3Since we consider the 0-jet category, hard jet emission is
vetoed. Therefore, @, corrections are only relevant for the
production cross section, which is however fitted in our approach.

The difference in the efficiency of our fast simulation
compared to the full simulation of ATLAS and CMS can be
explained by pileup reducing the (unrealistically) high electron
and muon efficiency of 95% in DELPHES, compared to the one of
ATLAS and CMS for medium energetic leptons [60] as well as
the full jet veto used.

boson signal for the O-jet category5 as a function of the
transverse mass (Fig. 11 in the ATLAS paper). Concerning
the latter, ATLAS scaled the theory prediction by 1.21 in
order to obtain the best fit. As we study BSM effects, we,
therefore, divided this contribution by this factor. For the
statistical errors, we used the square root of the measured
number of events per bin. Concerning the systematic error,
one can see that there is a strong anti-correlations among the
different background signals (including the SM Higgs boson
signal) in Table 5 of the ATLAS paper. As the details of the
(anti)correlations are not given in the ATLAS paper, and the
error on the Mis-Id background matches the total error, we
chose this to be the experimental systematic error, also
because it is reasonably the least correlated one with respect
to the other backgrounds (which depend mostly on the
detector efficiencies for leptons). Concerning the theory
uncertainty, we included a 7% error on the SM Higgs boson
signal (see Table 6 in Ref. [41]). Furthermore, we assumed
both systematic errors to be uncorrelated from each other
but fully correlated among the different bins.

Analogously to the ATLAS procedure, we digitized the
my distributions for the py, < 20 GeV and py, > 20 GeV
categories in Fig. 1 of Ref. [41]. However, CMS uses a
different method for determining background and signal,
namely a combined fit to data. Therefore, in the presence of
a BSM signal, we allowed for refitting the SM background
(including the SM Higgs boson signal) by a common factor
Upkg, Which can however be different for the two catego-
ries pr, <20 GeV and the py, > 20 GeV. This at the
same time takes into account the experimental systematic
uncertainties of the main WW background and the SM
Higgs boson. Since for CMS, the systematic error on the
nonprompt background is not given, we used 13% as for
the ATLAS analysis. On top of this, we included 7%
systematic theory error of the SM Higgs boson signal, the
latter fully correlated among the pr, < 20 GeV and the
pr2 > 20 GeV categories and with the theory uncertainty
for the ATLAS analysis.

The statistical model for the combined analysis is
then built up with binned templates from observed data
and expectations, including a possible BSM signal. In order
to obtain the best-fit value of BSM signal strength, a
simultaneous fit based on y? distribution is performed.
For this, we calculate a common y? depending on the
BSM signal,

Fhow = [N = NSl vie - N (1)

Here, we do not include the 1-jet and 2-jet categories. This is
motivated by the fact that the multilepton anomalies include the
production of opposite-sign leptons in association with b jets,
thus contaminating the control samples used to normalize the 77
backgrounds in the 1-jet and 2-jet categories [24,32]. Note that
these categories are anyway less sensitive than the O-jet one for
the gluon-gluon fusion signal considered here.
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TABLE L.

Fit results for the two cases my = 95 GeV and my = 150 GeV, motivated by the existing hints for new scalars at the LHC.

The significance is reported both with (Sig.™/") and without (Sig.) refitting the background and the SM signal for the CMS analyses. The

same notation is employed for ;(éﬁﬁt

case is due to the very small efficiency.

and ;(%M. Note that the sizable value of pggy; in the CMS py > 20 GeV category for the 95 GeV

my =95 GeV PhRs" PhRG” HpsM Tisu T Sig "™ Zu Sig.
ATLAS 0.7 49.0 57.7 3.00 57.7 3.00
CMS pry <20 GeV 1.01 0.0 5.5 5.5 0.0 6.8 1.20
CMS pry > 20 GeV 1.01 -35 6.2 9.0 9.1 e
Combined fit 1.00 1.00 0.5 65.4 72.2 2.60 73.3 2.80
my = 150 GeV PhRs" PhRG" HBSM Lism S Sig.reM Xim Sig.
ATLAS 0.1 54.5 57.7 1.8¢0 57.7 1.8¢0
CMS pry < 20 GeV 0.97 0.6 15 55 2.06 6.8 236
CMS py, > 20 GeV 0.99 0.2 8.0 9.0 1.06 9.1 1.06
Combined fit 1.01 0.99 0.1 67.2 72.2 220 73.3 2.5¢
where X;; is the covariance matrix, N{* is the number of
measured events per bin, and
theory SM BKG BSM
N = NM 4 N + NBSM 2
i perG(N; i)+ uesmN; (2) oo ATLAS
is composed of the background (BKG) events, the number ' e R 'Dm : :
of even'Fs expected wi.thir% the SM, and the BSM compo- 20001 ® Big
nent, with each contribution weighted by a respective fit B SM Higgs ]
parameter. We normalized the number of BSM events to the % 1500% B BSM[95 GeV] 1
number of events within the SM, i.e., >, N°M = S, NBSM 5 ® Bikg + SM + BSM[95 GeV] | |
such that * 1000} ]
_olpp—>H— WW) = £+pe-1] 3) 500%
HBsm = olpp > h > WW* > £tof ] - ]
0 : : :
While in Table I, we will give uggy also separately 0 50 100 150 200 250 300 350
for ATLAS, CMS with pr, <20 GeV and CMS with mfl [GeV]
pr2 > 20 GeV, in our final combined fit, we will require it CMS: pr; < 20 GeV
to be equal for all three categories. ' ' ' ' ' ]
— ® Data
|> 200} B Bke 1
IV. RESULTS @ B SM Higes
. > . < 1501 —+ B BSM[95 GeV] 1
By minimizing the global y5), function, a best-fit value 3 —
: ‘ 5 ) 2 5 B Bkg + SM + BSM[95 GeV]
of uggym can be derived, and the corresponding y* value is z 100—
then compared to the SM value y%,,. For the latter, a £
subtlety arises in the case of the CMS analyses: one can 2 +
either use the value obtained directly from the CMS plots or % S0r o ]
allow for refitting the backgrounds, as done for the BSM
analyms’. While the latter optlop is more conservative, the %0 80 100 120 140 160 180 200
first option seems more appropriate in the case of a nonzero mt [GeV]
T

BSM signal. We will therefore give both numbers in the
following.

First, let us look at the results for the particularly
interesting case of my =95 GeV and my = 150 GeV,
which are motivated by the anomalies mentioned in the
introduction. The result is illustrated in Fig. 4 for a mass of

FIG. 4. Results of the fit to the ATLAS and CMS analyses of
pp = H - WW® = £+ ¢-up for the case of a new scalar with a
mass of 95 GeV. Only the 0-jet category is used here (see text)
and the CMS category with p; > 20 GeV is not shown, due to
the very small efficiency.
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FIG. 5. Left: Preferred range for o[pp — H — WW) — £+0¢~1] from the combined fit to ATLAS and CMS data as a function of
my, covering the range from 90 GeV up to 200 GeV. The largest cross section is allowed at around 95 GeV. Right: Significance for a
BSM signal using the two different methods for treating the SM background of CMS analyses.

my = 95 GeV, and the numbers for both cases are given in
Table I, where both the individual as well as the combined
fit results are shown. In the first three columns of the table,
one can find the best-fit values for the parameters. The fifth
and sixth (seventh and eighth) columns correspond to
results in which the y? for the SM hypothesis is obtained
with (without) refitting the background and the SM signal
for the CMS analyses.

Finally, we show the preferred range of the cross section
of pp - H— WW® = £tuf~D as a function of my, from
90 GeV up to 200 GeV in Fig. 5, where we scanned over the
mass in steps of 5 GeV and then interpolated. The black line
denotes the best fit while blue and red correspond to the 1o
and 20 regions, respectively. The largest possible cross
section is allowed for £95 GeV and also at larger masses
there is room for a BSM signal. Note that in the left plot of
Fig. 5, we defined the 1o and 20 regions w.r.t. the best-fit
values of the BSM scenario, allowing for a refit of the SM
background for CMS even in case of a vanishing signal.
Therefore, these regions correspond to the conservative
approach discussed above.

V. CONCLUSIONS AND OUTLOOK

Motivated by the existing hints for new scalar particles
with masses around ~95 GeV and ~151 GeV, we recast
and combine the CMS and ATLAS analyses of the SM
Higgs boson decaying into W boson pairs to constrain light
new scalars with a mass between 90 GeV and 200 GeV.
In Fig. 5, we show the preferred 1o and 20 ranges for
the corresponding cross section. Note that for the whole
range, the observed limit is weaker than the expected one,
resulting in a preference for nonzero BSM contribution.
While the allowed cross section is largest around 95 GeV,

the global significance is only below =~2¢. However,
taking into account the existing hints for a 95 GeV scalar
in yy, the look-elsewhere effect is removed, and the global
significance of our WW signal coincides with the local one
of 22.50. Note that while for a 151 GeV scalar there is
already room for a positive signal in our setup with direct
production, its production in association with missing
energy is suggested by Refs. [25,61] (H — yy) and
Refs. [62,63] (H - WW — 4q,¢1v2q). While such an
associate production will broaden the values for my, further
increasing the significance, the quantification of this effect
is outside the scope of this paper.

Due to the absence of a ZZ — 4¢ signal in the LHC
analyses, our results suggest that the new scalar could be
the neutral component of an SU(2), triplet with hyper-
charge 0, that, at tree level and in the absence of mixing,
only decays to a pair of W bosons. This observation is
interesting in light of the fact that this field can at the same
time naturally account for the W mass measurement of the
CDF II Collaboration, in case its vacuum expectation value
is around a few GeV.
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