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HADRON SPECTROSCOPY: AN INTRODUCTION
➤ A RENAISSANCE since the discovery of X(3872) in 2003!

➤ >70 new conventional & exotic states have been discovered.


◦ Exotic states are not yet fully explained by theoretical models!

➤ Experimental studies and explorations are crucial to examine the nature of these 

states and extend our understanding of QCD.

➤ With the excellent tracking & muon identification, CMS is contributing too!
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Observation of new structure in the J/ψ mass spectrum in pp 
collisions at 13 TeV

Measurement of the Υ(1S) pair production cross section and 
search for resonances decaying to Υ(1S)μ+μ−
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CMS MUON RECONSTRUCTION
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➤ CMS muon system: 

◦ 3 different devices, with a large 

coverage up to |η|<2.4.

◦ Good dimuon mass resolution: 

~0.6-1.5% (depending on |y|).

➤ Reconstruction algorithms:

◦ Standalone muon:  

reconstructed in muon system only

◦ Global muon:  

standalone muon ⇒ inner track

◦ Tracker muon: 

inner track ⇒ muon system

standalone  

muon track

Global  muon 

inner track

Excellent muon ID:

Fake rate ≤0.1% for π,K; 

≤0.05% for proton

As muon in the name of the detector, 
CMS does have an excellent muon system!



Dimuon invariant mass spectrum

CMS Collaboration Plots with 2018 data - 5

CMS HEAVY FLAVOR TRIGGERS
➤ CMS trigger system: 

◦ Fast hardware trigger (L1) @ 100 kHz

◦ Software trigger with full tracking & 

vertex reconstruction (HLT) @ 1.5 kHz.

◦ Specific triggers were developed for 

various analyses, e.g. J/ψ+μ trigger.

◦ Trigger requirements tightened with 

increased luminosity.

◦ ~15% of bandwidth is given to flavor 

physics; “scouting” & “parking” 
streams for extended capabilities.
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The flavor physics analyses  
rely on displaced/non-displaced 

quarkonia (J/ψ, ψ’ & Υ), B(s),  
non-resonant dimuon triggers.

CMS dimuon triggers



nificance. Considering the sample in the pdi-J=w
T > 5:2 GeV=c region,

the null hypothesis is inconsistent with the data at 3:4 standard
deviations (r). A test performed simultaneously in the aforemen-
tioned six pdi-J=w

T regions yields a discrepancy of 6:0r with the null
hypothesis. A higher value is obtained in the latter case attributed
to the presence of the structure at the same Mdi-J=w location in dif-

ferent pdi-J=w
T intervals. A cross-check is performed by dividing the

data into five or seven pdi-J=w
T regions instead, which results in sig-

nificance values consistent with the nominal 6:0r. The significance
values are summarised in Table 1 (any structure beyond NRSPS
plus DPS).

The structures in the Mdi-J=w distribution can have various inter-
pretations. There may be one or more resonant states decaying
directly into a pair of J/w mesons, or states decaying into a pair
of J/w mesons through feed-down of heavier quarkonia, for exam-
ple Tcc c

!
c
! ! vc ! J=wcð ÞJ=w where the photon escapes detection. In

the latter case, such a state would be expected to peak at a lower
Mdi-J=w position, close to the di-J/wmass threshold, and its structure
would be broader compared to that from a direct decay. This feed-
down is unlikely an explanation for the narrow X 6900ð Þ structure.
Rescattering of two charmonium states produced by SPS close to
their mass threshold may also generate a narrow structure [88–
91]. The two thresholds close to the X 6900ð Þ structure could be
formed by vc0vc0 pairs at 6829:4 MeV=c2 and vc1vc0 pairs at
6925:4 MeV=c2, respectively. Whereas a resonance is often
described by a relativistic Breit-Wigner (BW) function [85], the
lineshape of a structure with rescattering effects taken into
account is more complex. In principle, resonant production can
interfere with NRSPS of the same spin-parity quantum numbers
(JPC), resulting in a coherent sum of the two components and thus
a modification of the total Mdi-J=w distribution.

Two different models of the structure lineshape providing a
reasonable description of the data are investigated. The X 6900ð Þ

lineshape parameters and yields are derived from fits to the
pdi-J=w
T -threshold sample. Simultaneous pdi-J=w

T -binned fits are also
performed as a cross-check and the variation of lineshape param-
eters is considered as a source of systematic uncertainties. Due to
its low significance, the structure around 7:2 GeV=c2 has been
neglected.

In model I, the X 6900ð Þ structure is considered as a resonance,
whereas the threshold enhancement is described through a super-
position of two resonances. The lineshapes of these resonances are
described by S-wave relativistic BW functions multiplied by a two-
body phase-space distribution. The experimental resolution on
Mdi-J=w is below 5 MeV=c2 over the full mass range and negligible
compared to the widths of the structures. The projections of the
pdi-J=w
T -threshold fit using this model are shown in Fig. 3b. The mass,

natural width and yield are determined to be
m X 6900ð Þ½ % ¼ 6905' 11 MeV=c2, C X 6900ð Þ½ % ¼ 80' 19 MeV and
Nsig ¼ 252' 63, where biases on the statistical uncertainties have
been corrected using a bootstrap method [92]. The goodness of
fit is studied using a v2 test statistic and found to be
v2=ndof ¼ 112:7=89, corresponding to a probability of 4:6%. The
fit is also performed assuming the threshold enhancement as due
to a single wide resonance (see the Supplementary materials);
the fit quality is found significantly poorer and thus this model is
not further investigated.

A comparison between the best fit result of model I and the data
reveals a tension around 6:75 GeV=c2, where the data shows a dip.
In an attempt to describe the dip, model II allows for interference
between the NRSPS component and a resonance for the threshold
enhancement. The coherent sum of the two components is defined
as

Aei/
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f nr Mdi-J=w

" #q
þ BW Mdi-J=w

" #$$$$

$$$$
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Fig. 3. Invariant mass spectra of weighted di-J/w candidates with pdi-J=w
T > 5:2 GeV=c and overlaid projections of the pdi-J=w

T -threshold fit using (a) the NRSPS plus DPS model,
(b) model I, and (c) model II.

1986 LHCb collaboration / Science Bulletin 65 (2020) 1983–1993

STRUCTURES IN THE J/ΨJ/Ψ MASS SPECTRUM
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➤ In 2020 LHCb observed a significant structure 
near J/ψ J/ψ mass threshold.


➤ A narrow structure at 6.9 GeV was found ⇒ 
X(6900), suggesting a very-charming cc̄cc̄ state!

◦ Fitting model without interference cannot 

describe the dip around 6.8 GeV;

◦ With interference between non-resonant 

single-parton scattering (NRSPS) & X(6900), 
resulting a satisfactory description.


◦ The structure at the threshold, as modeled by a 
sum of 2 BW, is not yet understood.

nificance. Considering the sample in the pdi-J=w
T > 5:2 GeV=c region,

the null hypothesis is inconsistent with the data at 3:4 standard
deviations (r). A test performed simultaneously in the aforemen-
tioned six pdi-J=w

T regions yields a discrepancy of 6:0r with the null
hypothesis. A higher value is obtained in the latter case attributed
to the presence of the structure at the same Mdi-J=w location in dif-

ferent pdi-J=w
T intervals. A cross-check is performed by dividing the

data into five or seven pdi-J=w
T regions instead, which results in sig-

nificance values consistent with the nominal 6:0r. The significance
values are summarised in Table 1 (any structure beyond NRSPS
plus DPS).

The structures in the Mdi-J=w distribution can have various inter-
pretations. There may be one or more resonant states decaying
directly into a pair of J/w mesons, or states decaying into a pair
of J/w mesons through feed-down of heavier quarkonia, for exam-
ple Tcc c
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c
! ! vc ! J=wcð ÞJ=w where the photon escapes detection. In

the latter case, such a state would be expected to peak at a lower
Mdi-J=w position, close to the di-J/wmass threshold, and its structure
would be broader compared to that from a direct decay. This feed-
down is unlikely an explanation for the narrow X 6900ð Þ structure.
Rescattering of two charmonium states produced by SPS close to
their mass threshold may also generate a narrow structure [88–
91]. The two thresholds close to the X 6900ð Þ structure could be
formed by vc0vc0 pairs at 6829:4 MeV=c2 and vc1vc0 pairs at
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described by a relativistic Breit-Wigner (BW) function [85], the
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(JPC), resulting in a coherent sum of the two components and thus
a modification of the total Mdi-J=w distribution.

Two different models of the structure lineshape providing a
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T -threshold sample. Simultaneous pdi-J=w

T -binned fits are also
performed as a cross-check and the variation of lineshape param-
eters is considered as a source of systematic uncertainties. Due to
its low significance, the structure around 7:2 GeV=c2 has been
neglected.

In model I, the X 6900ð Þ structure is considered as a resonance,
whereas the threshold enhancement is described through a super-
position of two resonances. The lineshapes of these resonances are
described by S-wave relativistic BW functions multiplied by a two-
body phase-space distribution. The experimental resolution on
Mdi-J=w is below 5 MeV=c2 over the full mass range and negligible
compared to the widths of the structures. The projections of the
pdi-J=w
T -threshold fit using this model are shown in Fig. 3b. The mass,

natural width and yield are determined to be
m X 6900ð Þ½ % ¼ 6905' 11 MeV=c2, C X 6900ð Þ½ % ¼ 80' 19 MeV and
Nsig ¼ 252' 63, where biases on the statistical uncertainties have
been corrected using a bootstrap method [92]. The goodness of
fit is studied using a v2 test statistic and found to be
v2=ndof ¼ 112:7=89, corresponding to a probability of 4:6%. The
fit is also performed assuming the threshold enhancement as due
to a single wide resonance (see the Supplementary materials);
the fit quality is found significantly poorer and thus this model is
not further investigated.

A comparison between the best fit result of model I and the data
reveals a tension around 6:75 GeV=c2, where the data shows a dip.
In an attempt to describe the dip, model II allows for interference
between the NRSPS component and a resonance for the threshold
enhancement. The coherent sum of the two components is defined
as
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Fig. 3. Invariant mass spectra of weighted di-J/w candidates with pdi-J=w
T > 5:2 GeV=c and overlaid projections of the pdi-J=w

T -threshold fit using (a) the NRSPS plus DPS model,
(b) model I, and (c) model II.

1986 LHCb collaboration / Science Bulletin 65 (2020) 1983–1993

LHCb Science Bulletin 65 (2020) 1983

Model I: w/o interference

Model II: w/ interference

https://doi.org/10.1016/j.scib.2020.08.032


J/ΨJ/Ψ PROD CROSS SECTIONS
➤ CMS has already measured double 

J/ψ production cross sections in 
total and differentially with  
7 TeV data. 


➤ Covers a phase-space at higher pT 
and central y (complementary to 
LHCb coverage!).
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Total cross section @ 7 TeV: 
σtot = 1.49 ± 0.07 (stat) ± 0.13 (syst) nb
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J/ψ #1 
higher pT

J/ψ #2 
lower pT

Not yet enough to study the 
structure; need statistics!

https://doi.org/10.1007/JHEP09(2014)094
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MORE J/ΨJ/Ψ EVENTS AT 13 TEV
➤ CMS analyzed 135 fb–1 of 13 TeV 

data recorded during LHC Run-2.

➤ Trigger: 3μ with a J/ψ mass window.

➤ Selection and reconstruction:

◦ pT(μ) > 2 GeV, |η(μ)|<2.4; 

pT(J/ψ) > 3.5 GeV;

◦ 2μ & 4μ vertex fits;  

J/ψ mass constraint applied;

◦ Resolving 4μ multiple  

combination by minimizing  
.(Δm1/σm1

)2 + (Δm2/σm2
)2
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Very clear J/ψ J/ψ signals!

J/ψ #1 
higher pT

J/ψ #2 
lower pT

CMS arXiv:2306.07164

https://arxiv.org/abs/2306.07164


EXAMINATION OF J/ΨJ/Ψ MASS SPECTRUM
➤ The starting point: null model –– NRSPS + DPS

➤ Add potential structure(s)/peak(s) step-by-step:

◦ Add new structure/peak and calculate the corresponding local significance;

◦ Keep the new model if and only if the significance >3σ;

◦ Repeat until no more >3σ structures.
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NRSPS: non-resonant 
single parton scattering

DPS: (non-resonant) 
double parton scattering

To better constrain SPS & DPS 
backgrounds, fit up to 15 GeV!

Bkg. model: NRSPS+DPS+BW0

BW0: BW at threshold, treated as 
background due to:

➡BW0 parameters very sensitive  

to NRSPS and DPS models;

➡A region with feed-down from 

possible higher mass states;

MJ/ψJ/ψ 
fit w/o interference



➤ CMS baseline model = background(NRSPS+DPS+BW0) + BW1 + BW2 + BW3

➤ Model the signal structures by relativistic BW, convolved with resolution functions.

➤ No correction of acceptance & trigger/selection efficiencies ⇒ systematics.
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m [MeV]
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N
signif.(stat.) 6.5σ 9.4σ 4.1σ
(stat.+syst.) 5.7σ 9.4σ 4.1σ

BW1 BW2 BW3

No-interference m [MeV] 6552 ± 10 ± 12 6927 ± 9 ± 4 7287+20
�18 ± 5

G [MeV] 124+32
�26 ± 33 122+24

�21 ± 18 95+59
�40 ± 19

N 470+120
�110 492+78

�73 156+64
�51

Interference m [MeV] 6638+43+16
�38�31 6847+44+48

�28�20 7134+48+41
�25�15

G [MeV] 440+230+110
�200�240 191+66+25

�49�17 97+40+29
�29�26

Observatio
n!

Confirm
ed  

LHCb X(6900)

Evidence!

BW1

BW2

BW3

Poor dip(s) too!

χ2 prob = 9% up to 7.8 GeV

CMS BASELINE MODEL: FITTED PARAMETERS

CMS arXiv:2306.07164

https://arxiv.org/abs/2306.07164


➤ Interference among various 
combinations of BWs have been tested;


➤ Our pick-up –– three-way interfered  
BW1/BW2/BW3: 

➤ This model significantly improves the 
fit quality, both dips are now described.


➤ Masses and widths of BWs are shifted 
w.r.t. the non-interference fit:
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BW1

BW2

BW3

CMS MODEL WITH INTERFERENCE

6.5 7 7.5 8 8.5 90

20

40

60

80

100

120

140

160

180

C
an

di
da

te
s 

/ 2
5 

M
eV

Data Fit
1BW 2BW
3BW Background

Interfering BWs

 (13 TeV)-1135 fb

CMS

6.5 7 7.5 8 8.5 9
 [GeV]ψ/Jψ/Jm

2−

0

2

St
at

. u
nc

.
D

at
a-

Fi
t

BW1 BW2 BW3

m [MeV]
Γ [MeV]

BW1 BW2 BW3

No-interference m [MeV] 6552 ± 10 ± 12 6927 ± 9 ± 4 7287+20
�18 ± 5

G [MeV] 124+32
�26 ± 33 122+24

�21 ± 18 95+59
�40 ± 19

N 470+120
�110 492+78

�73 156+64
�51

Interference m [MeV] 6638+43+16
�38�31 6847+44+48

�28�20 7134+48+41
�25�15

G [MeV] 440+230+110
�200�240 191+66+25

�49�17 97+40+29
�29�26

p ∝ |r1 exp(iϕ1)BW1 + BW2 + r3 exp(iϕ3)BW3 |2

better described dips now!

BW1 BW2

BW3

χ2 prob = 65% up to 7.8 GeV

CMS arXiv:2306.07164

https://arxiv.org/abs/2306.07164


ALTERNATIVE FITS WITH LHCB MODELS
➤ In order to make a direct comparison to the results 

from LHCb, we also used LHCb models (I and II) to 
fit the CMS data.


◦ Fit with model I (w/o interference) shows a good 
agreement of X(6900) parameters;


◦ CMS finds wider BW1 from the fit with model II 
(w/ interference).  
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MBW1 ΓBW1 MX(6900) ΓX(6900)

Model I
LHCb 6905±13 80±38

CMS 6550±10 112±27 6927±10 117±24

Model II
LHCb 6741±6 288±16 6886±16 168±76

CMS 6736±38 439±65 6918±10 187±40

...but both fits have rather poor χ2 prob (0.9% and 0.8%)
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Model II: w/ interference

Model I: w/o interference



INVESTIGATION BY ATLAS
➤ ATLAS investigated J/ψ J/ψ and ψ(2S) J/ψ mass spectra:

◦ Structures have been seen, two models with 

interference are introduced in the fits; 

◦ X(6900) is significant (>5σ) ⇒ triple confirmation!
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Comparison CMS vs LHCb vs ATLAS
ATLAS investigated not only J/ψ J/ψ, but also ψ(2S) J/ψ mass spectrum
Several structures are “seen”, two models with interference are applied
But only X(6900) structure is above 5σ → confirmation

Comparison of X(6900) mass in MeV:

arxiv.org/abs/2304.08962

arxiv.org/abs/2304.08962

Model LHCb ATLAS CMS

1 6905±11±7+ 6860±30+
−

1
2

0
0+ 6927±9±5

2 6886±11±11 6910±10±10 6847 +
−

4
2

4
8 

+
−

4
2

8
0

(see next slide)

Models are different between experiments! (see backup) 
Not exactly “apples-to-apples” comparison, 
but the masses still agree with each other.
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Figure 1: The fit to the mass spectra in the signal regions in the di-�/k (a,b) and �/k+k(2S) (c,d) channels. Fit
results for models A (a), B (b), U (c) and V (d) are shown. The purple dash-dotted lines represent the components of
individual resonances, and the green short dashed ones represent the interferences among them.

In conclusion, the results of a search for potential 222̄2̄ tetraquarks decaying into a pair of �/k charmonium
states, or into a �/k and k(2S), in the 4` final state are presented based on ?? collisions data collected
by the ATLAS experiment at

p
B = 13 TeV corresponding to an integrated luminosity of 140 fb�1. A

significant excess of events (far exceeding 5f) in data above the expected background is observed in
the di-�/k channel. Analogous to LHCb observations, a broad structure at lower mass and a resonance
around 6.9 GeV are observed. A three-resonance model with interferences, or a model with the lower
broad structure interfering with the SPS background, describes the excess better than models with fewer
interfering resonances or with no interferences. In the �/k+k(2S) channel, a 4.7f excess of events is
observed when considering a model involving two resonances, one of which is near the 6.9 GeV threshold.
In both channels, details of the lower-mass structure cannot be discerned directly from the data, and other
interpretations (e.g. multiple non-interfering resonances, reflection e�ects and threshold enhancements)
cannot be excluded. More data are required to better characterize the excesses observed in both channels.

We thank CERN for the very successful operation of the LHC, as well as the support sta� from our
institutions without whom ATLAS could not be operated e�ciently.

We acknowledge the support of ANPCyT, Argentina; YerPhI, Armenia; ARC, Australia; BMWFW and
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Figure 1: The fit to the mass spectra in the signal regions in the di-�/k (a,b) and �/k+k(2S) (c,d) channels. Fit
results for models A (a), B (b), U (c) and V (d) are shown. The purple dash-dotted lines represent the components of
individual resonances, and the green short dashed ones represent the interferences among them.

In conclusion, the results of a search for potential 222̄2̄ tetraquarks decaying into a pair of �/k charmonium
states, or into a �/k and k(2S), in the 4` final state are presented based on ?? collisions data collected
by the ATLAS experiment at

p
B = 13 TeV corresponding to an integrated luminosity of 140 fb�1. A

significant excess of events (far exceeding 5f) in data above the expected background is observed in
the di-�/k channel. Analogous to LHCb observations, a broad structure at lower mass and a resonance
around 6.9 GeV are observed. A three-resonance model with interferences, or a model with the lower
broad structure interfering with the SPS background, describes the excess better than models with fewer
interfering resonances or with no interferences. In the �/k+k(2S) channel, a 4.7f excess of events is
observed when considering a model involving two resonances, one of which is near the 6.9 GeV threshold.
In both channels, details of the lower-mass structure cannot be discerned directly from the data, and other
interpretations (e.g. multiple non-interfering resonances, reflection e�ects and threshold enhancements)
cannot be excluded. More data are required to better characterize the excesses observed in both channels.

We thank CERN for the very successful operation of the LHC, as well as the support sta� from our
institutions without whom ATLAS could not be operated e�ciently.

We acknowledge the support of ANPCyT, Argentina; YerPhI, Armenia; ARC, Australia; BMWFW and
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Fitting models are different 
among 3 experiments / Not 

an apple-to-apple 
comparison!


However the X(6900) masses 
still (more-or-less) agree…

(S. Polikarpov @ LHCP)

Model 2

Model 1

ATLAS, arXiv:2304.08962, Submitted to PRL

J/ψ+J/ψ

J/ψ+ψ(2S)

https://arxiv.org/abs/2304.08962
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A candidate event  
for X(6600) 



FROM “FULL CHARM” TO “FULL BEAUTY”
➤ Heavy bottom tetraquarks [bbb̄b̄ states] are predicted by theoretical models too!

➤ Look for narrow resonances in Υ(1S)μ+μ–, around b-quark mass × 4.

➤ LHCb searched for such a signal without finding a hint (yet):

14

CMS can probe for a different kinematic region!

Perform a generic search of narrow resonances in 

Υ(1S)μ+μ– in an extended mass window 16.5–27 GeV.
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Figure 3. Distributions of m(2µ+2µ−) for the signal datasets at pp centre-of-mass energies of (a)
7TeV, (b) 8TeV, (c) 13TeV and (d) all combined, using a bin size comparable to the expected X
mass resolution. In each case the region around the corresponding Υ (1S) peak has been selected.
The background-only fit function (solid blue line) is shown overlaid. The dotted black lines indicate
the range in which limits are set on the product of the X production cross-section and branching
fractions. The dash-dotted red and long-dashed green lines show the positions of the ηbηb and
Υ (1S)Υ (1S) thresholds, respectively.

differences between data and simulation in the tracking efficiency of the additional muons.

The geometric and selection efficiencies are determined from simulated samples, while the

PID efficiency is determined from calibration data samples. The ratio of efficiencies between

the signal and normalisation samples is determined to be 31.7 ± 0.6% (35.2 ± 1.2%) for

the 7, 8TeV (13TeV) dataset, where the same efficiency is used for 7 and 8TeV collisions

due to the similar performance of the LHCb detector during these operational periods.

Uncertainties on these quantities give rise to systematic uncertainties in the fits to the

signal datasets and enter these fits as a Gaussian function constraining the value of fnorm.

These systematic uncertainties are detailed further in section 6. In the case of the combined

dataset, averages of the efficiency ratio and normalisation cross-section, weighted by the

integrated luminosity of each subset, are used to calculate fnorm. The values of fnorm are

11.1 ± 1.5, 6.49 ± 0.25, 3.27 ± 0.24 and 1.82 ± 0.10 fb for the 7, 8, 13TeV and combined

datasets, respectively.
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Figure 4. The 95% CL upper limits on S ≡ σ(pp → X)×B(X → Υ (1S)µ+µ−)×B(Υ (1S) → µ+µ−)
as functions of the X mass hypothesis at pp centre-of-mass energies of (a) 7TeV, (b) 8TeV and (c)
13TeV and (d) all combined.

8 Conclusions

In conclusion, a search is performed for the decay of the beautiful tetraquark,

X, to the Υ (1S)µ+µ− final state. No significant excess is seen for any mass

hypothesis in the range [17.5, 20.0]GeV/c2. Upper limits are set on the value

of σ(pp → X)× B(X → Υ (1S)µ+µ−)× B(Υ (1S) → µ+µ−) at centre-of-mass energies√
s = 7TeV, 8TeV and 13TeV as functions of the X mass hypothesis (see appendix).

An upper limit is also set on the combined dataset using the average of the Υ (1S) cross-

section, weighted by the integrated luminosity of each subset, resulting in upper limits of

O(10 fb). Improved sensitivity for this state will be obtained using data collected during

future running periods of the LHC using an updated LHCb detector [41–43].
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MEASUREMENT OF Υ(1S) PAIR PRODUCTIONS
➤ Y(1S) pair production is the standard reference for the 

tetraquark bound state or generic narrow resonance 
searches, with the target mass close to Y(1S) mass×2.


➤ CMS analysis with 35.9 fb–1 recorded in 2016:

◦ Final state of 4μ paired in Y states, J/ψ→μ+μ– 

candidate vetoed.

◦ 4μ vertex fit, pT(μ)>2.5 GeV

◦ Fiducial region: |y(Y(1S))|<2.0

◦ Events are then corrected by efficiency and 

acceptance derived from MC.

15

Fiducial cross section @ 13 TeV: 
σfid = 79 ± 11 (stat) ± 6 (syst) ± 3 (BF) pb

CMS PLB 808 (2020) 135578
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➤ Mass difference is introduced to improve the 
mass resolution (~50% better in resolution): 
 

➤ mμμ ∈ [mΥ(1S) – 2σ, mΥ(1S) + 2σ]

➤ Background components: 

◦ Υ(1S)Υ(1S): from simulation, nominal model is 

an average between the DPS and SPS templates;

◦ Combinatorial: fit to data with sets of several 

generic functions.

➡ Verified using a control region where the 

vertex fit χ2 probability of the 4μ is in the 
range of [10–10, 10–3].
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Table 3
Variation of the measured fiducial Y(1S) pair production cross section for several λθ

coefficient values.

λθ −1.0 −0.5 −0.3 −0.1 +0.1 +0.3 +0.5 +1.0
#σfid −60% −22% −12% −3.7% +3.4% +9.4% +14% +25%

reweighted to have the angular distributions corresponding to var-
ious λθ values, without changing the overall simulated yield. The 
same efficiency and acceptance corrections as in Eq. (2) are used to 
calculate Ncorr for these different polarization scenarios. The varia-
tions in the measured Y(1S) pair production cross section are given 
for different λθ coefficients in Table 3. The effect of different po-
larizations can be substantial, changing the measured cross section 
by −60 to +25%.

5.5. Measurement of the DPS-to-inclusive fraction

The DPS and SPS mechanisms lead to different kinematic dis-
tributions for the Y(1S)Y(1S) events. The DPS production is char-
acterized by a larger separation in rapidity between the mesons, 
|#y(Y(1S),Y(1S))|, as they are largely uncorrelated, and by a larger 
invariant mass of the meson pairs, mY(1S)Y(1S) . The distributions of 
#φ(Y(1S), Y(1S)), #R(Y(1S), Y(1S)), and pT(Y(1S)Y(1S)) also dif-
fer for the SPS and DPS mechanisms, but they are very sensitive to 
the choice of model parameters in the simulation and are subject 
to large theoretical uncertainties [37]. Measuring the Y(1S)Y(1S)

fiducial cross section in bins of |#y(Y(1S),Y(1S))| or of mY(1S)Y(1S)

can give a measurement of the fraction of DPS events, fDPS, de-
fined as:

fDPS = σ DPS
fid

σ SPS
fid + σ DPS

fid

, (4)

where σ DPS
fid and σ SPS

fid are, respectively, the DPS and SPS cross sec-
tions in the fiducial region. We measure the fiducial cross section 
in five bins of |#y(Y(1S),Y(1S))| and five bins of mY(1S)Y(1S) . The 
signal and background models are the same as for the inclusive 
measurement, except that the width of the function describing 
the Y(1S) invariant mass shape is allowed to float between its 
best-fit values for the inclusive selection and for the selection in 
the relevant exclusive bin. This allows for a potential degradation 
(improvement) of the muon momentum resolution at high (low) 
pseudorapidity to be taken into account, since the muon pseudo-
rapidity is correlated with both |#y(Y(1S),Y(1S))| and mY(1S)Y(1S) . 
The systematic uncertainties are identical to those presented in 
Section 5.2.

The extracted fiducial cross sections as a function of
|#y(Y(1S),Y(1S))| and mY(1S)Y(1S) are compared to the expected 
distributions for SPS and DPS production, as obtained in the fidu-
cial region using pythia for the DPS process, and from HELAC-Onia
with the NLO* CSM predictions for the SPS process. The frac-
tion fDPS is measured with a binned maximum-likelihood fit of 
these two simulated distributions with floating normalizations to 
the measured fiducial cross sections in bins of |#y(Y(1S),Y(1S))|
and mY(1S)Y(1S) . As determined from pseudo-experiments, the best 
precision is expected to be achieved using |#y(Y(1S),Y(1S))|. 
Theoretical uncertainties coming from the choice of parton distri-
bution functions and the factorization and renormalization scales 
are taken into account for both the SPS and DPS predicted dis-
tributions. The fraction fDPS is measured to be (39 ± 14)% using 
|#y(Y(1S),Y(1S))| as the discriminative distribution. This results 
includes both statistical and systematic uncertainties, where the 
former strongly dominates. The result using mY(1S)Y(1S) is com-
patible with this measurement, but with much lower precision: 
(27 ± 22)%. The uncertainties are strongly dominated by the 

Fig. 4. Measured fiducial cross section (black dots) in bins of |#y(Y(1S),Y(1S))| (up-
per) or mY(1S)Y(1S) (lower). The last bin includes the overflow. The SPS and DPS 
distributions predicted from simulation are overlaid using the fDPS value extracted 
from the fit to the |#y(Y(1S),Y(1S))| distribution. The shaded areas around the SPS 
and DPS predictions indicate the theoretical uncertainties, which are often smaller 
than the thickness of the dashed lines. The shaded area around the total distri-
bution corresponds to the uncertainty in the measurement of fDPS. The solid line 
shows the sum of the SPS and DPS contributions with the best-fit fDPS.

uncertainties in the measurements of the cross section in the 
|#y(Y(1S),Y(1S))| and mY(1S)Y(1S) bins, with theoretical uncertain-
ties in the predicted SPS and DPS distributions playing a role at 
the percent level. The measured differential fiducial cross sections 
are shown in Fig. 4, together with the SPS and DPS predictions.

6. Search for resonances

6.1. Methodology

We search for a narrow excess of events above an expected 
smooth four-muon invariant mass spectrum. Assuming that the 
resonant state decays into two muons and a Y(1S) meson that fur-
ther decays to a pair of muons, the signal mass resolution can be 
improved by using a mass-difference observable [38]:

m̃4µ = m4µ − mµµ + mY(1S), (5)

where m4µ is the invariant mass of the four leptons, mµµ the in-
variant mass associated with the Y(1S) candidate, and mY(1S) the 
nominal mass of the Y(1S) particle (9.46 GeV [31]). This estimated 
mass, denoted as m̃4µ, has a resolution about 50% better than the 
four-muon invariant mass m4µ for signal events. The m4µ and m̃4µ
distributions are similar for the combinatorial background.



SEARCH FOR Υ(1S)μ+μ– RESONANCE
➤ Scanning over Υ(1S)μ+μ– mass spectrum, no significant narrow excess of events is 

observed above the background expectation.
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An example signal is shown for the 
tetraquark model with a mass of 19 GeV, 

which has a significance of about 1σ.

Largest excess at 25.1 GeV  
w/ a local significance of 2.4σ  

for the scalar signal hypothesis.

 
CMS PLB 808 (2020) 135578

Limits are also set 
for pseudoscalar 
and spin-2 models.

https://doi.org/10.1016/j.physletb.2020.135578


SUMMARY
➤ Thanks to the great muon performance and dynamic 

trigger configurations, CMS play a key role in exotic 
hadron spectroscopy searches too!


➤ CMS found 3 significant structures in J/ψ J/ψ mass 
spectrum, as full-charm tetra-quark candidates:


◦ X(6900) consists with LHCb and ATLAS results.


◦ Two new structures X(6600) and X(7300) seen for the 
first time.


➤ No excess of narrow resonance observed in Υ(1S)μ+μ– 
mass spectrum between 16.5–27.0 GeV.

18

First observation of triple J/ψ production too! 

N =  (~1 bkg), significance > 5σ.  

Future potential “6 charm” state?
5.0+2.6

−1.9 
CMS Nature Physics 19 (2023) 338

http://dx.doi.org/10.1038/s41567-022-01838-y
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