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Abstract

A search for an extended Higgs sector, characterized by a massive resonance X de-
caying to a pair of spin-0 bosons φ that themselves decay to pairs of bottom quarks,
is presented. The analysis is restricted to the mass ranges mφ from 25 to 100 GeV
and mX from 1 to 3 TeV. For these mass ranges, the decay products of each φ bo-
son are expected to merge into a single large-radius jet. Jet substructure and flavor
identification techniques are used to identify these jets. The search is based on CERN
LHC proton-proton collision data at

√
s = 13 TeV, collected with the CMS detector

in 2016–2018, corresponding to an integrated luminosity of 138 fb−1. Model-specific
limits are set on the product of the production cross section and branching fraction
for X → φφ → (bb)(bb) as a function of mass, where both the X → φφ and φ → bb
branching fractions are assumed to be 100%. These limits are the first of their kind on
this process, ranging between 30 and 1 fb at 95% confidence level for the considered
mass ranges.
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1 Introduction
The discovery [1–3] of a particle consistent with the standard model (SM) Higgs boson (H),
by both the ATLAS and CMS Collaborations, does not preclude the existence of an extended
Higgs sector. Such extensions, proposed in a variety of new physics models [4–10], generally
postulate that an additional approximate global symmetry with spontaneous symmetry break-
ing is a sufficient condition for the existence of new spin-0 particles, X and φ, whose masses mX
and mφ are not constrained. If mX > 2mφ , then X → φφ is the dominant decay of the heavier
particle, and φ couples to fermions similarly to H.

This paper presents a search for the process pp → X → φφ → (bb)(bb) for mX between 1 and
3 TeV, and mφ between 25 and 100 GeV (for which the φ → bb decay is expected to dominate).
The leading Feynman diagram for this process is shown in Fig. 1. In the considered model,
the coupling of the boson X to gluons is evaluated by integrating over N flavors of quarks
that receive all their mass from the X vacuum expectation value f , such that the cross section
depends only on the quantity mX N/ f . The search is based on proton-proton (pp) collision data
at
√

s = 13 TeV collected with the CMS detector [11] at the LHC in 2016–2018, corresponding to
a total integrated luminosity of 138 fb−1 [12–14]. In the mass ranges considered for the X and
φ scalar bosons, the high momentum imparted to the φ boson causes the hadronic showers
of the two b quarks to overlap, such that the signal is best reconstructed as a pair of large-
radius jets each with substructure consistent with the decay to two b quarks. The ATLAS and
CMS Collaborations have previously performed searches [15–19] for the process X → HH →
(bb)(bb) with similar topologies. However, requirements on the jet mass in those analyses
make them less sensitive to mφ below 100 GeV.

X
ϕ

ϕ

b

b

b

b

Figure 1: Feynman diagram of the production and decay of X → φφ → (bb)(bb). The dom-
inant production mechanism occurs via a fermion loop as shown in the diagram. Additional
partons may be present, produced by initial-state or final-state radiation.

This analysis searches for a localized excess in the two-dimensional distributions of average
jet mass and dijet mass for events with two large-radius jets with heavy-flavor jet substruc-
ture. The main background, from SM events composed uniquely of jets produced through
the strong interaction, referred to as quantum chromodynamics (QCD) multijet events, is de-
rived using control samples in data. Additional background from top quark pair (tt) events
is estimated from simulation, with corrections obtained from control regions in data. Other
SM backgrounds, namely single top quark, single vector boson, and paired vector boson pro-
cesses, were found to be negligible. Tabulated results are provided in the HEPData record for
this analysis [20].
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2 The CMS detector
The CMS apparatus [11] is a multipurpose, nearly hermetic detector, designed to trigger on [21]
and identify electrons, muons, photons, and (charged and neutral) hadrons [22–25]. A global
reconstruction “particle-flow” (PF) algorithm [26] combines the information provided by the
all-silicon inner tracker and by the lead-tungstate crystal electromagnetic (ECAL) and brass-
scintillator hadron calorimeters (HCAL), operating inside a 3.8 T superconducting solenoid,
with data from gas-ionization muon detectors interleaved with the solenoid return yoke, to
build τ leptons, jets, missing transverse momentum, and other physics objects [27–29]. Events
of interest are selected using a two-tiered trigger system [21]. The first level, composed of
custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz within a time interval of less than 4 µs. The second
level, known as the high-level trigger, consists of a farm of processors running a version of
the full event reconstruction software optimized for fast (online) processing, and reduces the
event rate to around 1 kHz for use in (offline) analyses. A more detailed description of the CMS
detector, including its coordinate system, can be found in Ref. [11].

3 Simulated samples
The benchmark signal model X → φφ → (bb)(bb), where X is produced through gluon
fusion, was generated to leading order with the MADGRAPH 2.6.0 [30] generator. Both the
X → φφ and φ → bb branching fractions are set to 100%. The samples are generated with
up to two additional initial-state or final-state radiation jets. The total production cross section
is calculated numerically at next-to-next-to-leading order (NNLO) in the infinite fermion mass
limit using the HQT 2.0 program [31–33].

The MADGRAPH generator is used to model at leading order the QCD background, which was
used to optimize the analysis procedure. The POWHEG 2.0 [34–36] generator is used to model
tt events at next-to-leading order [37].

The parton showering and fragmentation for all signal and background samples is done with
PYTHIA 8 [38], and matching between the matrix element and parton shower jets relies on
the MLM matching procedure [39]. The CUETP8M1 (CP5) [40, 41] underlying event tune is
used for the simulated samples corresponding to the 2016 (2017–2018) data taking with the
NNPDF3.0 (NNPDF3.1) [42] NNLO parton distribution function (PDF) sets.

The simulation of the CMS detector for all samples is handled by GEANT4 [43]. All samples
include effects of additional pp interactions in the same or adjacent bunch crossings, referred
to as pileup. The pileup distribution in simulation is weighted to match the one observed in
data.

4 Event reconstruction
Jets used in this analysis are clustered using FASTJET [44] with the anti-kT (AK) algorithm [45]
and a distance parameter of 0.4 (AK4 jets) or 0.8 (AK8 jets). Particles produced in additional
collisions within the same bunch crossing are suppressed by applying a weight to each PF can-
didate, calculated by the pileup-per-particle identification [46, 47] algorithm. Jets are corrected
as a function of their pT and pseudorapidity (η) to match the observed detector response [48].

Jets arising from the hadronization of a b quark-antiquark pair are identified using the “double-
b tagger”algorithm [49], which uses a boosted decision tree (BDT) of several vertex- and track-
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related variables to identify jets containing two displaced vertices consistent with decays into
bb. The BDT was trained on simulated samples of boosted Higgs boson jets, where the jet
showering may be different from the behavior of jets in real data. To correct for this, a scale
factor is derived and applied to each jet in the signal simulation as a function of the jet pT [49].
The lower bound on φ masses considered is due to uncertainty in the behavior of this algo-
rithm for jet masses below 25 GeV. The training is sensitive to detector conditions, so the exact
performance of the discriminator differs from year to year. The soft drop mass algorithm (with
angular exponent β = 0 and soft threshold zcut = 0.1) [50, 51] is used to remove soft and wide-
angle radiation from jets before computing a “groomed jet mass” (mj), which better reflects the
mass of the particle that initiated the jet.

5 Event selection
Events are first selected by a trigger based on either the pT of a single AK8 jet, or on the event
HT, defined as the scalar pT sum of all AK4 jets with pT > 30 GeV and |η| < 2.5. In 2016
the HT threshold was set to 800 GeV for the early data-taking period and raised to 900 GeV for
the last 8 fb−1. This threshold was raised to 1050 GeV for data taken in 2017 and 2018. The
AK8 jet threshold was set to 450 (500) GeV in 2016 (2017–2018). The efficiency of this trigger
combination is measured in an orthogonal sample triggered on single-muon candidate events.
To account for differences between the simulated and real responses of the detector, the ratio
of the efficiency of the trigger between data and simulated samples is applied to all simulated
events, with the uncertainty in the efficiencies considered as a systematic uncertainty.

Events are only considered if they pass the trigger for their given year, and if they contain two
AK8 jets with pT > 300 GeV and |η| < 2.4. An offline selection of HT > 900 GeV is applied.
Signals with mX below 1 TeV do not produce events with HT large enough to be considered in
this analysis. The jets are ordered according to their pT.

Events are divided between several search and control regions based on the mass asymmetry
between the two leading jets j1 and j2 (masym = |mj1 − mj2 |/(mj1 + mj2)), the separation in η

between these jets (|∆η|), and the values of the double-b tagger discriminant (Dbb) for each
jet. Two signal enriched regions are used to extract the signal: the first, called the “tight search
region” (TSR), requires |∆η| < 1.5, masym < 0.1, Dbb

j1
> 0.8, and Dbb

j2
> 0.6. The second,

called the “loose search region” (LSR), differs only in the constraint on the mass asymmetry,
requiring masym ∈ [0.1, 0.25]. This second region, while it has lower sensitivity to the signal,
contains a large contribution from the tt background, allowing for strong constraints to be
placed on that process, thus benefiting both search regions. These selections, including the two
threshold values for Dbb , were optimized by maximizing the signal significance with respect
to simulated backgrounds. Two control regions are defined with respect to each search region:
the “|∆η| sideband”, where the |∆η| requirement is replaced by |∆η| > 1.5, and the “double-b
sideband”, where the double-b discriminant on the leading jet becomes −0.8 < Dbb

j1
< 0.3.

Both control regions are used to estimate the background in the search regions, as they are rich
in background events, have similar kinematic distributions to the search regions, and are signal
depleted. The categorization is summarized in Table 1. The background estimate, described
in the next section, uses events from an additional category: the “failing region”, defined for
each search or control region, consisting of events fulfilling all selection criteria except that the
subleading jet has Dbb

j2
< 0.6.

After all selection criteria are applied, the product of the acceptance and efficiency for the range
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of mX and mφ considered is between 5 and 20%. The efficiencies are lowest for signals with
mX = 1.0 TeV, peak at mX = 1.5 TeV, and fall linearly to approximately 12% for mX = 3.0 TeV.
The signal efficiencies have negligible dependence on mφ .

Table 1: Search and control regions used in the analysis. A selection on the subleading jet
double-b-tagger discriminant Dbb

j2
> 0.6 further separates each region into “passing” and “fail-

ing” categories.

masym |∆η| Dbb
j1

Tight search region <0.1 <1.5 >0.8

Loose search region [0.1, 0.25] <1.5 >0.8

Tight |∆η| sideband <0.1 >1.5 >0.8

Loose |∆η| sideband [0.1, 0.25] >1.5 >0.8

Tight double-b sideband <0.1 <1.5 [−0.8, 0.3]

Loose double-b sideband [0.1, 0.25] <1.5 [−0.8, 0.3]

6 Background processes
The dominant QCD multijet background is modeled by exploiting the fact that the ratio of
events for which the subleading jet passes or fails the Dbb

j2
> 0.6 requirement in each search

region can be modeled by a smooth function of the subleading jet pT and groomed jet mass,
Rp/f(pTj2 , mj2). This pass-to-fail ratio is parameterized as Rp/f = Pn(pTj2)F(mj2), where Pn is a
polynomial of order n and F(mj2) is the function F(x) = p0 arctan(p1x + p2) + p3. The param-
eters of each component of Rp/f are measured in the control regions. The |∆η| sidebands are
used to determine F(mj2), whereas the double-b sidebands are used to determine Pn(pTj2). In
both cases the signal is negligible in the control regions. The QCD background in the “passing”
search regions is estimated by weighting the events in the “failing” search regions by this Rp/f.
This background estimate is also performed in each control region as a closure test.

Each year of data taking, as well as the TSR and LSR, is treated independently. The order of Pn
is determined in the double-b control region by performing Fisher F-tests [52] on progressively
higher-order polynomials. A P2 (P1) is found to be optimal for describing the data taken in
2016 (2017–2018). Uncertainties in the fit parameters for F and Pn are treated as systematic
uncertainties in the shape of the background in the search regions.

The tt contribution to the total background is obtained from simulation, after a correction is
applied to account for the differences [53–55] between the top quark pair transverse momentum
distribution in fixed-order simulations and data. This variable is highly correlated with the dijet
mass of the tt system. The correction is applied by weighting the simulated events with a term:
W = exp[α(pt

T + pt
T)], where α, initialized at 5× 10-4/GeV, controls the shape of the resulting

tt distribution. The normalization of the tt background and the value of α are obtained by
a simultaneous maximum likelihood fit of the TSR and LSR. The best fit values for both the
overall normalization and the value of α may vary from year to year, so both are allowed to
vary within large uncertainties (20 and 100%, respectively), separately for each year.
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7 Fitting procedure
A two-dimensional mass spectrum is examined for localized excesses of events, since both mφ

and mX for a potential signal are unknown. The two dimensions of this spectrum are the aver-
age jet mass m̂ = (mj1 + mj2)/2 and the dijet mass Mjj (the invariant mass of the sum of the two
jet four-momenta). The signal is modeled analytically using a multivariate normal distribution
whose five parameters (the mean and width of the distribution in m̂ and Mjj, and the correlation
between the two masses) are fit to the values observed in the generated signal samples. The
signal is sharply peaked in both variables, with root-mean-square values of 12–16% and 6–9%
of the resonance mass for the reconstructed φ and X masses, respectively. The range of average
jet masses considered is m̂ ∈ [15, 200]GeV, while Mjj between 0.9 and 5.0 TeV are considered.
These ranges go beyond the signal masses considered in this analysis, with the events at high
masses providing constraints on the tt and QCD components. Both mass distributions use
variable binnings to ensure that the background estimate prediction is nonzero in each mass
interval.

The final fits, for both the background-only and signal-plus-background hypotheses, simulta-
neously maximize a binned maximum likelihood over the TSR and LSR in all years. When
fitting for signal and background, the signal strength is the same in all regions. To validate the
robustness of the fit, a goodness-of-fit test and bias tests are performed, where the bias tests
use simulated data with a variety of simulated signals injected. No significant bias is observed
for any φ and X mass combination. The results of the fit for the combined search regions are
shown in Fig. 2 as projections onto the individual m̂ and Mjj distributions, and in Fig. 3 as
average jet mass distribution in consecutive dijet mass intervals, showing also the difference
between the data and the background estimate. The largest excess corresponds to mφ and mX
of about 75 GeV and 1 TeV, respectively, with a local significance of 3.1 standard deviations and
a global significance of 1.3 standard deviations. Here the global significance takes into account
the look-elsewhere effect, using pseudo-experiments to measure the probability that the back-
ground hypothesis produces a signal-like effect with at least the observed local significance,
anywhere within the sensitive range of mφ and mX .

8 Systematic uncertainties
Systematic uncertainties are treated in the fit as nuisance parameters affecting the shapes and
the normalization of signal and background processes. All uncertainties are quantified in Ta-
ble 2. The dominant uncertainty is from the double-b tagger scale factor, which is described in
Ref. [49] and applied as a function of the jet pT. Differences between simulation and data on
the jet energy calibration and pT resolution of jets are corrected by applying scale factors to the
simulation, derived from control regions in data [48]. The jet energy scale (JES) and resolution
uncertainties are considered as uncertainties in the shape of the signal and tt background. The
JES uncertainties take into account correlated and uncorrelated components between all three
years. Uncertainties pertaining to the trigger efficiency, the pileup distribution, the PDFs, and
the integrated luminosity determination [12–14] are applied to the signal and tt process sim-
ulations. The tt background is additionally affected by the uncertainties in the normalization
and the α parameter. The data-driven QCD background has two sources of uncertainty, from
the determination of Rp/f, and from the statistical uncertainty in the failing regions. The lat-
ter dominates for high dijet and average jet masses where the number of events in the failing
region is low.
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Fi g u r e 2: Di st ri b uti o n s of a v e r a g e j et m a s s (l eft) a n d dij et m a s s ( ri g ht), a n d b a c k g r o u n d e s-
ti m at e of t h e c o m bi n e d s e a r c h r e gi o n s aft e r t h e fi n al fit i s p e rf o r m e d. T h e bl u e ( s oli d) li n e
r e p r e s e nt s t h e s u m of t h e e sti m at e d Q C D a n d t t b a c k g r o u n d s, a n d t h e r e d fill e d hi st o g r a m
s h o w s t h e t t c o nt ri b uti o n al o n e. T h e s h a d e d a r e a s a r o u n d t h e b a c k g r o u n d e sti m at e i n t h e u p-
p e r p a n el s r e p r e s e nt t h e t ot al u n c e rt ai nt y i n t h e t ot al b a c k g r o u n d e sti m at e i n t h at bi n. T h e
s h a p e s of t w o r e p r e s e nt ati v e si g n al s, e a c h n o r m ali z e d t o c r o s s s e cti o n s of 5 0 f b, a r e i n di c at e d
b y s oli d c ol o r e d li n e s. T h e l o w e r p a n el s h o w s t h e diff e r e n c e b et w e e n t h e o b s e r v e d d at a a n d
t h e b a c k g r o u n d p r e di cti o n, di vi d e d b y σ d at a , t h e st ati sti c al u n c e rt ai nt y of t h e d at a i n e a c h bi n.

T a bl e 2: S o u r c e s of s y st e m ati c u n c e rt ai nti e s c o n si d e r e d i n t h e a n al y si s. T h e u n c e rt ai nt y i n t h e
i nt e g r at e d l u mi n o sit y o nl y aff e ct s t h e n o r m ali z ati o n; f o r t h e r e st, b ot h t h e s h a p e a n d n o r m al-
i z ati o n a r e aff e ct e d. T h e p a r a m et e r s aff e cti n g o nl y t h e n o r m ali z ati o n h a v e l o g- n o r m al p ri o r s,
a n d t h o s e aff e cti n g t h e s h a p e ( o r b ot h t h e s h a p e a n d n o r m ali z ati o n) h a v e G a u s si a n p ri o r s, e x-
c e pt f o r t h e st ati sti c al u n c e rt ai nt y i n t h e f aili n g r e gi o n, w h o s e p a r a m et e r s w e r e s a m pl e d f r o m
a Γ di st ri b uti o n. U n c e rt ai nti e s m a r k e d wit h R a r e c o r r el at e d b et w e e n t h e T S R a n d L S R f o r a
gi v e n y e a r of d at a-t a ki n g, a n d t h o s e m a r k e d wit h Y a r e c o r r el at e d b et w e e n b ot h s e a r c h r e gi o n s
i n all t h r e e y e a r s. All ot h e r u n c e rt ai nti e s a r e u n c o r r el at e d b et w e e n s e a r c h r e gi o n s. T h e v al u e s
i n di c at e d i n t h e t a bl e r e p r e s e nt t h e p r e- fit v al u e s of t h e u n c e rt ai nt y i n t h e p a r a m et e r. W h e n a
r a n g e i s gi v e n, it i n di c at e s t h e t y pi c al v a ri ati o n of t h e si z e of t h e u n c e rt ai nt y o v e r t h e a v e r a g e
j et m a s s a n d dij et m a s s di st ri b uti o n. We n ot e t h at all tt u n c e rt ai nti e s a r e p r o p a g at e d t o t h e
Q C D e sti m at e.

Si g n al
B a c k g r o u n d

C o r r.
tt  Q C D

I nt e g r at e d l u mi n o sit y 1. 2 – 2. 5 % 1. 2 – 2. 5 % R
D o u bl e- b s c al e f a ct o r 1 9 – 4 6 % R
Tri g g e r ef fi ci e n c y 1 – 5 % 1 – 5 % R
P D F 4 % 4 % R
Pil e u p 1 – 1 0 % 1 – 1 0 % R
J et e n e r g y s c al e ( c o r r el at e d) 2 % 2 % R Y
J et e n e r g y s c al e ( u n c o r r el at e d) 2 % 2 % R
J et e n e r g y r e s ol uti o n 1 0 % 1 0 % R
tt s h a p e (α ) 1 0 0 % R
tt n o r m ali z ati o n 2 0 % R
R p /f fit 5 – 3 0 %  —

St ati sti c al u n c e rt ai nt y (f aili n g r e gi o n) < 1 – 1 0 0 %  —
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b y s oli d c ol o r e d li n e s. T h e l o w e r p a n el s h o w s t h e diff e r e n c e b et w e e n t h e o b s e r v e d d at a a n d
t h e b a c k g r o u n d p r e di cti o n, di vi d e d b y σ d at a , t h e st ati sti c al u n c e rt ai nt y of t h e d at a i n e a c h bi n.

9 R e s ult s

T h e r e s ult s of t h e fit a r e u s e d t o s et 9 5 % c o n fi d e n c e l e v el ( C L) u p p e r li mit s o n σ ( p p → X ) , a s-
s u mi n g a 1 0 0 % b r a n c hi n g f r a cti o n f o r X → φ φ → ( b b ) ( b b ) . U p p e r li mit s a r e c o m p ut e d u n d e r
a m o di fi e d f r e q u e nti st a p p r o a c h, u si n g t h e C L s c rit e ri o n [ 5 6, 5 7] wit h t h e p r o fil e li k eli h o o d r a-
ti o u s e d a s t h e t e st st ati sti c wit h t h e a s y m pt oti c a p p r o xi m ati o n [ 5 8]. O b s e r v e d li mit s a r e s h o w n
a s a f u n cti o n of m φ a n d m X , a n d c o m p a r e d t o t h e t h e o r eti c al e sti m at e s of σ ( X → φ φ ) f o r a s et

of ( m X N ) / f v al u e s i n Fi g. 4. T h e u p p e r li mit s o n t h e p r o c e s s X → φ φ → ( b b ) ( b b ) p r o c e s s
r a n g e f r o m 3 0 t o 1 f b, d e p e n di n g o n m φ a n d m X .
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[
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Fi g u r e 4: U p p e r li mit s at 9 5 % C L o n t h e c r o s s s e cti o n of t h e p r o c e s s p p → X → φ φ →
( b b ) ( b b ) , a s a f u n cti o n of t h e m a s s of m X , f o r diff e r e nt v al u e s of m φ . B ot h t h e X → φ φ a n d

φ → b b b r a n c hi n g f r a cti o n s a r e a s s u m e d t o b e 1 0 0 %. E a c h s u b p a n el s h o w s t h e li mit s f o r a
fi x e d v al u e of m φ . T h e o b s e r v e d li mit s a r e s h o w n a s s oli d bl a c k li n e s wit h m a r k e r s, w hil e t h e
e x p e ct e d li mit s a r e d ott e d. T h e y ell o w ( o ut e r) a n d g r e e n (i n n e r) b a n d s r e p r e s e nt o n e a n d t w o
st a n d a r d d e vi ati o n i nt e r v al s. T h e t h e o r eti c al c r o s s s e cti o n f o r diff e r e nt v al u e s of t h e p a r a m et e r
m X N / f a r e s h o w n wit h d ott e d a n d d a s h e d c u r v e s.
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10 Summary
A search for massive resonances (X) decaying to pairs of spin-0 bosons (φ) that themselves
decay into b quark-antiquark pairs has been presented. The analysis is restricted to the case
where the mass ratio of the resonance and the scalar bosons is such that each pair of b quarks
is reconstructed as a single large-radius jet. Data from proton-proton collisions at the LHC at√

s = 13 TeV collected in 2016–2018 with the CMS detector, corresponding to an integrated
luminosity of 138 fb−1, have been used. Upper limits are set at 95% confidence level on the
product of production cross section and branching fraction as a function of mass for X →
φφ → (bb)(bb), where both the X → φφ and φ → bb branching fractions are assumed to be
100%. These are the first limits on this process, and range between 30 and 1 fb for a φ mass in
the range 25–100 GeV and an X mass in the range 1–3 TeV.
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G. Barbaglia , A. Cassesea , R. Ceccarellia,b, V. Ciullia,b , C. Civininia ,
R. D’Alessandroa,b , E. Focardia,b , G. Latinoa,b , P. Lenzia,b , M. Lizzoa,b,
M. Meschinia , S. Paolettia , R. Seiditaa,b, G. Sguazzonia , L. Viliania

INFN Laboratori Nazionali di Frascati, Frascati, Italy
L. Benussi , S. Bianco , D. Piccolo

INFN Sezione di Genova a, Genova, Italy, Università di Genova b, Genova, Italy
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V. Rodrı́guez Bouza , A. Soto Rodrı́guez, A. Trapote, N. Trevisani , C. Vico Villalba

Instituto de Fı́sica de Cantabria (IFCA), CSIC-Universidad de Cantabria, Santander, Spain
J.A. Brochero Cifuentes , I.J. Cabrillo, A. Calderon , J. Duarte Campderros , M. Fernan-
dez , C. Fernandez Madrazo , P.J. Fernández Manteca , A. Garcı́a Alonso, G. Gomez,
C. Martinez Rivero, P. Martinez Ruiz del Arbol , F. Matorras , P. Matorras Cuevas ,
J. Piedra Gomez , C. Prieels, A. Ruiz-Jimeno , L. Scodellaro , I. Vila, J.M. Vizan Garcia

University of Colombo, Colombo, Sri Lanka
M.K. Jayananda, B. Kailasapathy67, D.U.J. Sonnadara, D.D.C. Wickramarathna

University of Ruhuna, Department of Physics, Matara, Sri Lanka
W.G.D. Dharmaratna , K. Liyanage, N. Perera, N. Wickramage

CERN, European Organization for Nuclear Research, Geneva, Switzerland
T.K. Aarrestad , D. Abbaneo, J. Alimena , E. Auffray, G. Auzinger, J. Baechler,
P. Baillon†, D. Barney , J. Bendavid, M. Bianco , A. Bocci , C. Caillol, T. Camporesi,
M. Capeans Garrido , G. Cerminara, N. Chernyavskaya , S.S. Chhibra , S. Choudhury,
M. Cipriani , L. Cristella , D. d’Enterria , A. Dabrowski , A. David , A. De Roeck ,
M.M. Defranchis , M. Deile , M. Dobson, M. Dünser , N. Dupont, A. Elliott-Peisert,
F. Fallavollita68, A. Florent , L. Forthomme , G. Franzoni , W. Funk, S. Ghosh , S. Giani,
D. Gigi, K. Gill, F. Glege, L. Gouskos , E. Govorkova , M. Haranko , J. Hegeman ,
V. Innocente , T. James, P. Janot , J. Kaspar , J. Kieseler , M. Komm , N. Kratochwil,
C. Lange , S. Laurila, P. Lecoq , A. Lintuluoto, K. Long , C. Lourenço , B. Maier,

https://orcid.org/0000-0003-0528-341X
https://orcid.org/0000-0001-6673-7273
https://orcid.org/0000-0001-5197-046X
https://orcid.org/0000-0001-8178-2494
https://orcid.org/0000-0001-5493-1773
https://orcid.org/0000-0002-1844-5433
https://orcid.org/0000-0002-3685-0635
https://orcid.org/0000-0002-5862-7397
https://orcid.org/0000-0002-8407-3236
https://orcid.org/0000-0001-7132-3550
https://orcid.org/0000-0001-8486-4604
https://orcid.org/0000-0003-0914-7474
https://orcid.org/0000-0001-8057-9152
https://orcid.org/0000-0002-6245-6535
https://orcid.org/0000-0002-6076-4083
https://orcid.org/0000-0002-3656-0259
https://orcid.org/0000-0002-8511-7958
https://orcid.org/0000-0002-0122-313X
https://orcid.org/0000-0003-2688-8047
https://orcid.org/0000-0003-2950-976X
https://orcid.org/0000-0002-4532-6464
https://orcid.org/0000-0001-6508-5090
https://orcid.org/0000-0001-6436-7547
https://orcid.org/0000-0002-4985-6964
https://orcid.org/0000-0002-4156-6460
https://orcid.org/0000-0003-3606-1780
https://orcid.org/0000-0003-3036-7965
https://orcid.org/0000-0001-7390-1457
https://orcid.org/0000-0003-3737-4121
https://orcid.org/0000-0002-7865-5010
https://orcid.org/0000-0001-7767-4810
https://orcid.org/0000-0001-5080-0821
https://orcid.org/0000-0002-6469-3200
https://orcid.org/0000-0002-5213-3708
https://orcid.org/0000-0001-7191-1125
https://orcid.org/0000-0002-8087-3199
https://orcid.org/0000-0001-8264-0287
https://orcid.org/0000-0002-7225-7310
https://orcid.org/0000-0002-5223-9342
https://orcid.org/0000-0003-2093-7856
https://orcid.org/0000-0002-7205-2040
https://orcid.org/0000-0003-0687-5214
https://orcid.org/0000-0002-4824-1087
https://orcid.org/0000-0001-9748-4336
https://orcid.org/0000-0003-2566-7496
https://orcid.org/0000-0002-7737-5121
https://orcid.org/0000-0003-4295-5668
https://orcid.org/0000-0001-7481-7273
https://orcid.org/0000-0002-9157-1700
https://orcid.org/0000-0002-3639-0368
https://orcid.org/0000-0002-4974-8330
https://orcid.org/0000-0002-6823-8854
https://orcid.org/0000-0002-6366-837X
https://orcid.org/0000-0002-7671-243X
https://orcid.org/0000-0001-6030-3191
https://orcid.org/0000-0002-4927-4921
https://orcid.org/0000-0002-8336-3282
https://orcid.org/0000-0002-6515-5666
https://orcid.org/0000-0001-7727-9175
https://orcid.org/0000-0002-2264-2229
https://orcid.org/0000-0002-1643-1388
https://orcid.org/0000-0002-0151-4439
https://orcid.org/0000-0002-4279-1221
https://orcid.org/0000-0002-5754-4303
https://orcid.org/0000-0003-2570-9676
https://orcid.org/0000-0001-5854-7699
https://orcid.org/0000-0002-9228-5271
https://orcid.org/0000-0001-9573-3714
https://orcid.org/0000-0001-5085-7270
https://orcid.org/0000-0002-8502-2297
https://orcid.org/0000-0001-6544-3679
https://orcid.org/0000-0002-3302-336X
https://orcid.org/0000-0001-9179-4253
https://orcid.org/0000-0001-6717-0803
https://orcid.org/0000-0002-9547-7471
https://orcid.org/0000-0003-1920-6618
https://orcid.org/0000-0002-9376-9235
https://orcid.org/0000-0002-2938-2263
https://orcid.org/0000-0003-3209-2088
https://orcid.org/0000-0001-7339-4272
https://orcid.org/0000-0001-5639-2267
https://orcid.org/0000-0003-1644-7678
https://orcid.org/0000-0002-7669-4294
https://orcid.org/0000-0002-3632-3157
https://orcid.org/0000-0002-3198-0115
https://orcid.org/0000-0003-0664-1653
https://orcid.org/0000-0003-0885-6711


25

L. Malgeri , S. Mallios, M. Mannelli, A.C. Marini , F. Meijers, S. Mersi , E. Meschi ,
F. Moortgat , M. Mulders , S. Orfanelli, L. Orsini, F. Pantaleo , E. Perez, M. Peruzzi ,
A. Petrilli, G. Petrucciani , A. Pfeiffer , M. Pierini , D. Piparo, M. Pitt , H. Qu , T. Quast,
D. Rabady , A. Racz, G. Reales Gutiérrez, M. Rovere, H. Sakulin, J. Salfeld-Nebgen ,
S. Scarfi, C. Schwick, M. Selvaggi , A. Sharma, P. Silva , W. Snoeys , P. Sphicas69 ,
S. Summers , K. Tatar , V.R. Tavolaro , D. Treille, P. Tropea, A. Tsirou, J. Wanczyk70,
K.A. Wozniak, W.D. Zeuner

Paul Scherrer Institut, Villigen, Switzerland
L. Caminada71 , A. Ebrahimi , W. Erdmann, R. Horisberger, Q. Ingram, H.C. Kaestli,
D. Kotlinski, U. Langenegger, M. Missiroli71 , L. Noehte71, T. Rohe

ETH Zurich - Institute for Particle Physics and Astrophysics (IPA), Zurich, Switzerland
K. Androsov70 , M. Backhaus , P. Berger, A. Calandri , A. De Cosa, G. Dissertori ,
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32: Also at MTA-ELTE Lendület CMS Particle and Nuclear Physics Group, Eötvös Loránd
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48: Now at INFN Sezione di Bari, Università di Bari, Politecnico di Bari, Bari, Italy
49: Also at Italian National Agency for New Technologies, Energy and Sustainable Economic
Development, Bologna, Italy
50: Also at Centro Siciliano di Fisica Nucleare e di Struttura Della Materia, Catania, Italy
51: Also at Scuola Superiore Meridionale, Università di Napoli Federico II, Napoli, Italy
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