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X(3872) at CMS
• CMS is a general purpose experiment with a rich physics program in 

B-physics both in pp and Heavy Ion collisions

• Large detector acceptance for muons |η|<2.4 in a complementary 

kinematic region wrt LHCb 

• Very good dimuon resolution

• Highly flexible High Level Trigger system
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• First result of CMS for X(3872) in Run1:  reconstructed ~12.000 X(3872) 
in   with 4.8 fb-1 of 7  TeV pp data collected in 2011


• Studied:

• Non-prompt component vs pT

• Cross section ratio w.r.t. ψ(2S)

• Prompt X(3872) cross section  

• Invariant mass distribution of the ππ system


• Results still relevant and compared to more recent publications from 
ATLAS (JHEP 01 (2017) 117) and D0 (arXiv:2007.13420)

J/ψ( → μ+μ−)π+π− ψ(2S)

X(3872)

CM
S: JHEP 04 (2013) 154



Non prompt fraction (fNP)

• Compatible results:

• For ψ(2S) fNP increases as a function of 

pT whereas those for X(3872) are 
consistent with being independent of pT 


• fNP for X(3872) seems more dependent 
on the collision energy than for ψ(2S)

• Non prompt  X(3872) comes from decays of B hadrons in a secondary vertex 
related to the decay length (lxy) of the B meson.


• Events with X(3872) from B decays are selected by requiring lxy > 0.1 mm  
•  X(3872) prompt fraction with lxy > 0.1 mm is negligible (<0.1%)

• First study of the pT dependence of fNP 

• Measurement dominated by statistics: ~20% stat., 6-10% syst. for each pT interval

• Same study performed by ATLAS and D0 with a full fit of the lxy distribution 

lxy > 100 μm 
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laboration [8].
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FIG. 5: The short-lived component fraction fSL as a function
of pT for the ψ(2S) states. Only statistical uncertainties are
shown.

For all measured fNP values the systematic uncertain-
ties are calculated applying the same procedure and the
same variation intervals as for the whole data sample.
The values of nonprompt fractions for the ψ(2S) and
X(3872) states in different pT or η intervals with the
statistical and systematic uncertainties are given in Ta-
ble III. Figure 6 shows fNP as a function of pT for the
ψ(2S), compared with the ATLAS [8] measurement at
8 TeV, the CMS [16] measurement at 7 TeV, and the
CDF [17] measurement at 1.96 TeV. Figure 7 shows sim-
ilar distributions for the X(3872) obtained in this analy-
sis, together with the ATLAS [8] and CMS [7] measure-
ments. The D0 measurements of fNP are systematically
below the ATLAS [8] and CMS [7] points obtained at
higher CM energies although the LHC measurements are
restricted to more central pseudorapidity regions. The
small differences between the CDF and D0 ψ(2S) mea-
surements can be ascribed to differences in pseudorapid-
ity acceptance. However, the general tendencies are very
similar: the fNP values increase with pT in the case
of ψ(2S) state production, whereas the fNP values for
X(3872) are independent of pT within large uncertain-
ties.
We summarize the measurements of this Section as:
• The nonprompt fractions for ψ(2S) increase as a

function of pT whereas those for X(3872) are consistent
with being independent of pT . These trends are similar
to those seen at the LHC. The Tevatron values tend to be
somewhat smaller than those measured by ATLAS and
CMS.
• The ratio of prompt to nonprompt ψ(2S) produc-

tion, Rp/np = (1 − fNP )/fNP , decreases only slightly
going from the Tevatron to the LHC. As can be seen in
Fig. 6 the fNP value in the 9 –10 GeV range is about 0.3
for Tevatron data and 0.35 for LHC data, resulting in
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FIG. 6: The nonprompt component fNP for the ψ(2S) states
as a function of pT . Red circles correspond to this analy-
sis, magenta boxes to the ATLAS [8] measurement, green
crosses to the CMS [16] measurement, and blue triangles are
from CDF [17]. The uncertainties shown are total uncertain-
ties, except for the CDF points, for which only the statisti-
cal uncertainties are displayed. The D0 and ATLAS analy-
ses are performed using ψ(2S) → J/ψπ+π− decay channel,
whereas the CMS and CDF data are obtained throught the
ψ(2S) → µ+µ− decay.
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FIG. 7: The nonprompt component fNP for the X(3872)
states as a function of pT . Red circles correspond to this
analysis, magenta boxes to the ATLAS [8] measurement and
green crosses to the CMS [7] measurement. The uncertainties
shown are total uncertainties.

∼25% increase in Rp/np. For the X(3872) the D0 mea-
surement gives fNP ∼0.14 in comparison to fNP ∼ 0.33
for ATLAS (Fig. 7), resulting in increase of the Rp/np

ratio by about three times. It has to be noted that this
difference may be partially compensated by the larger ra-
pidity interval covered by D0. This increase of the Rp/np

value indicates that the prompt production of the ex-
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laboration [8].
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Invariant mass distribution of the ππ system
• Studies at CDF and Belle suggested that X(3872) decays in J/ψ and ρ0

• CMS event sample divided into m(π+π-) intervals and X(3872) yields extracted from fits to m(J/ψ π+π-) 
• The spectrum obtained from data is compared to simulations with and without an intermediate ρ

• The assumption with the ρ0 gives better agreement with the 
data. 


• Confirmation of CDF result 


• Same agreement found by ATLAS

14 7 Measurement of the p+p� invariant-mass distribution
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Figure 7: Examples of the J/yp+p� invariant-mass spectrum for the dipion invariant-mass
intervals 0.67–0.69 GeV (left) and 0.73–0.75 GeV (right). The lines represent the signal-plus-
background fit (solid) and the background-only component (dashed).

interval, 0.765–0.78 GeV, where the mean and width of the Gaussian are left free to accommo-
date possible distortions of the signal shape near the upper kinematic limit. The background
shape in m(p+p�) intervals is different from the one for the entire m(p+p�) spectrum, and a
third-order Chebyshev polynomial is used to model it, with the parameters left free in the fit.
The J/yp+p� invariant-mass spectra for two of the p+p� invariant-mass intervals are shown
in Fig. 7.

The X(3872) dipion invariant-mass distribution is extracted from the signal yields obtained
from the fits to the data in each interval, after correction for detector acceptance and efficiencies,
as estimated from the simulation. The resulting dipion invariant-mass spectrum, normalized
to the total cross section in the interval 0.5 < m(p+p�) < 0.78 GeV, is presented in Fig. 8. The
data are compared to X(3872) signal simulations with and without an intermediate r0 in the
J/yp+p� decay (generation details are described in Section 3). The assumption of an interme-
diate r0 decay gives better agreement with the data, confirming previous measurements [7, 20].

Detailed studies are performed to determine the systematic uncertainties. Scenarios with and
without an intermediate r0 provide acceptance and efficiency corrections that are very sim-
ilar. The impact on the acceptance correction from uncertainties in the X(3872) transverse-
momentum spectrum is found by varying the simulated pT spectra and generated pT distribu-
tion to match the data. Variations of the corrected yields by 4–6% are observed and considered
as a systematic uncertainty.

The fits to the invariant-mass distributions are done with both free and fixed X(3872) mass
and width. In addition, for modelling of the background in the higher dipion invariant-mass
bins, a convolution of an exponential and an error functions is used, with a turn-on value con-
strained to be close to the kinematic limit for each m(p+p�) bin. These variations yield maxi-
mal variations of the yields by 10–20%, and constitute the dominant systematic uncertainty in
the measurement of the dipion invariant-mass distribution.
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Figure 9. (a) Normalised differential decay width of ψ(2S) → J/ψ(→ µ+µ−)π+π− in bins of dipion
invariant mass over the range 0.280GeV < mππ < 0.595GeV, fitted with the Voloshin-Zakharov
model. Also shown is the normalised mππ phase-space distribution (red shaded histogram). (b)
Normalised differential decay width of X(3872) → J/ψ(→ µ+µ−)π+π− in bins of dipion invariant
mass over the range 0.28GeV < mππ < 0.79GeV. Also shown is the MC prediction for the decay
X(3872) → J/ψ(→ µ+µ−)ρ0(→ π+π−) (blue histogram) and the normalised distribution of mππ

phase-space (red shaded histogram).

factor multiplying the PDF in equation (8.1). For both the ψ(2S) and X(3872) samples,

the errors from the fits in mππ bins are found to be statistically dominated.

The resulting normalised differential distributions in mππ are shown in figure 9(a)

for ψ(2S) → J/ψπ+π− and in figure 9(b) for X(3872) → J/ψπ+π− decays. The solid

blue curve in figure 9(a) represents a fit to the data points with the Voloshin-Zakharov

distribution [35]
1

Γ

dΓ

dmππ
∝

(
m2
ππ − λm2

π

)2 × PS, (8.2)

where PS stands for the dipion phase-space. The fitted value of the parameter λ is found

to be λ = 4.16 ± 0.06(stat) ± 0.03(sys), in agreement with λ = 4.35 ± 0.18 measured by

BES [36], and λ = 4.46 ± 0.25 measured by LHCb [37]. The shaded blue histogram in

figure 9(b) is obtained from straightforward simulations, assuming the dipion system in

the decay X(3872) → J/ψπ+π− is produced purely via the ρ0 meson, and appears to be

in good agreement with the data. In both decays the measured mππ spectrum strongly

disfavours the dipion phase-space distribution (shown in figures 9(a) and 9(b) by the red

shaded area), with the data clearly preferring higher masses in either case.

9 Summary

The measurement of the differential production cross section of ψ(2S) and X(3872) states

in the J/ψπ+π− final state is carried out using 11.4 fb−1 of
√
s = 8TeV pp collision data

recorded by the ATLAS detector at the LHC. The prompt and non-prompt production

of ψ(2S) and X(3872) is studied separately, as a function of transverse momentum in the

rapidity region |y| < 0.75 and transverse momentum range 10GeV < pT < 70GeV.

– 18 –
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ATLAS: JHEP01(2017)117

Improvement of this 
results is coming just this 
year from the study of 
LHCb on the on ρ0-𝜔 
interference…

LHCb: PAPER-2021-045



X(3872) Cross Section Measurements
• CMS measured the cross section ratio to the ψ(2S)  to cancel out many 

systematic sources


• The ratio showed no significant dependence on the pT of the J/ψ π+π- system


• Using the measured fNP we gave also the prompt X(3872) cross section x BR: 

12 6 Determination of the prompt X(3872) production cross section

6 Determination of the prompt X(3872) production cross section
The cross section times branching fraction for prompt X(3872) production is determined from
the measurement of the cross section ratio and the nonprompt fraction, described above, com-
bined with a previous result of the prompt y(2S) cross section [12]. The latter measurement
was performed using the y(2S) ! µ+µ� decay mode and provides results as a function of
transverse momentum up to 30 GeV and for the rapidity range |y| < 1.2. The prompt X(3872)
cross section times branching fraction into J/yp+p� is given by

s
prompt
X(3872) · B(X(3872) ! J/yp+p�) =

1 � f
B

X(3872)

1 � f
B

y(2S)
· R ·

⇣
s

prompt
y(2S) · B(y(2S) ! µ+µ�)

⌘
· B(y(2S) ! J/yp+p�)

B(y(2S) ! µ+µ�)
,

where s
prompt
y(2S) · B(y(2S) ! µ+µ�) is the measured prompt y(2S) cross section times y(2S) !

µ+µ� branching fraction [12], R is the cross section ratio reported in Section 4 , and f
B

X(3872) and
f

B

y(2S) are the nonprompt fractions for X(3872) and y(2S), respectively. In the calculation, the
branching fraction B(y(2S) ! J/yp+p�) is taken from Ref. [14], and B(y(2S) ! µ+µ�) is
taken to be equal to the more precisely known B(y(2S) ! e

+
e
�) [14].

The corresponding differential cross section for prompt X(3872) production times the branch-
ing fraction to J/yp+p� as a function of transverse momentum, in the rapidity region |y| < 1.2,
is listed in Table 7 and shown in Fig. 6. No cancellation of systematic uncertainties is assumed
in the combination. The main sources of systematic uncertainty are related to the measurement
of the ratio R and the background lifetime fit in the measurement of the prompt y(2S) cross
section [12]. A calculation of the predicted differential cross section for prompt X(3872) produc-
tion in pp collisions at

p
s = 7 TeV has been made using the NRQCD factorization formalism,

assuming the X(3872) is formed from a cc pair with negligible relative momentum [11]. This
calculation is normalized using Tevatron measurements [9, 27] with the statistical uncertainty
obtained from the experimental input data. The predictions from Ref. [11] were modified by the
authors to match the phase-space of the measurement presented in this paper. Comparisons of
this prediction with the data, in Fig. 6, demonstrates that, while the shape is reasonably well
described, the predicted cross section is much larger than observed in data.

The integrated prompt X(3872) cross section times branching fraction for the kinematic region
10 < pT < 30 GeV and |y| < 1.2 is also determined. In this kinematic region, the ratio of
cross section times branching fraction for X(3872) and y(2S) is R = 0.0682 ± 0.0032 (stat.) ±
0.0065 (syst.), and the nonprompt X(3872) fraction is 0.260 ± 0.024 (stat.) ± 0.016 (syst.). From

Table 7: Prompt X(3872) differential cross section times branching fraction B(X(3872) !
J/yp+p�) as a function of transverse momentum of the J/yp+p� system. The uncertainties
shown are statistical and systematic, respectively.

pT (GeV) ds
prompt
X(3872)/dpT · B(X(3872) ! J/yp+p�) (nb/GeV)

10–13.5 0.211 ± 0.034 ± 0.035
13.5–15 0.081 ± 0.013 ± 0.010
15–18 0.0390 ± 0.0054 ± 0.0042
15–18 0.0390 ± 0.0054 ± 0.0042
18–30 0.0068 ± 0.0009 ± 0.0009
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was performed using the y(2S) ! µ+µ� decay mode and provides results as a function of
transverse momentum up to 30 GeV and for the rapidity range |y| < 1.2. The prompt X(3872)
cross section times branching fraction into J/yp+p� is given by

s
prompt
X(3872) · B(X(3872) ! J/yp+p�) =

1 � f
B

X(3872)

1 � f
B

y(2S)
· R ·

⇣
s

prompt
y(2S) · B(y(2S) ! µ+µ�)

⌘
· B(y(2S) ! J/yp+p�)

B(y(2S) ! µ+µ�)
,

where s
prompt
y(2S) · B(y(2S) ! µ+µ�) is the measured prompt y(2S) cross section times y(2S) !

µ+µ� branching fraction [12], R is the cross section ratio reported in Section 4 , and f
B

X(3872) and
f

B

y(2S) are the nonprompt fractions for X(3872) and y(2S), respectively. In the calculation, the
branching fraction B(y(2S) ! J/yp+p�) is taken from Ref. [14], and B(y(2S) ! µ+µ�) is
taken to be equal to the more precisely known B(y(2S) ! e

+
e
�) [14].

The corresponding differential cross section for prompt X(3872) production times the branch-
ing fraction to J/yp+p� as a function of transverse momentum, in the rapidity region |y| < 1.2,
is listed in Table 7 and shown in Fig. 6. No cancellation of systematic uncertainties is assumed
in the combination. The main sources of systematic uncertainty are related to the measurement
of the ratio R and the background lifetime fit in the measurement of the prompt y(2S) cross
section [12]. A calculation of the predicted differential cross section for prompt X(3872) produc-
tion in pp collisions at

p
s = 7 TeV has been made using the NRQCD factorization formalism,

assuming the X(3872) is formed from a cc pair with negligible relative momentum [11]. This
calculation is normalized using Tevatron measurements [9, 27] with the statistical uncertainty
obtained from the experimental input data. The predictions from Ref. [11] were modified by the
authors to match the phase-space of the measurement presented in this paper. Comparisons of
this prediction with the data, in Fig. 6, demonstrates that, while the shape is reasonably well
described, the predicted cross section is much larger than observed in data.

The integrated prompt X(3872) cross section times branching fraction for the kinematic region
10 < pT < 30 GeV and |y| < 1.2 is also determined. In this kinematic region, the ratio of
cross section times branching fraction for X(3872) and y(2S) is R = 0.0682 ± 0.0032 (stat.) ±
0.0065 (syst.), and the nonprompt X(3872) fraction is 0.260 ± 0.024 (stat.) ± 0.016 (syst.). From

Table 7: Prompt X(3872) differential cross section times branching fraction B(X(3872) !
J/yp+p�) as a function of transverse momentum of the J/yp+p� system. The uncertainties
shown are statistical and systematic, respectively.

pT (GeV) ds
prompt
X(3872)/dpT · B(X(3872) ! J/yp+p�) (nb/GeV)

10–13.5 0.211 ± 0.034 ± 0.035
13.5–15 0.081 ± 0.013 ± 0.010
15–18 0.0390 ± 0.0054 ± 0.0042
15–18 0.0390 ± 0.0054 ± 0.0042
18–30 0.0068 ± 0.0009 ± 0.0009

Measured by CMS  
in JHEP 02 (2012) 011

Non prompt  
fraction

From PDG 
BR in muons = BR in electrons
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• These results are compared with a theoretical prediction, within an S-wave 
molecular model, by Artoisenet & Brateen [PhysRevD.81.114018] with 
calculations normalized using Tevatron results, modified by the authors to 
match the phase-space of the CMS measurement


• The shape is reasonably well described by the theory while the predicted 
cross-section is overestimated by over 3 σ

• measurement is not supporting an S-wave molecular interpretation



Prompt X(3872) Cross Section

6

• CMS measurement resulted consistent with ATLAS, considering that:


• ATLAS points positioned at the mean pT of the weighted signal 
events


• CMS points positioned at the mean pT of the theoretical predictions 


• ATLAS compared this distribution to NLO NRQCD predictions 
assuming the X(3872) modeled as a mixture of  and a  
molecular state by Meng et al. [PRD96 (2017) 074014]. 


•  would play crucial role in the short-distance production


•  would be mainly in charge of the hadronic decays of 
X(3872) into DDπ, DDγ as well as J/ψρ and Jψω. 


• normalization fixed through the fit to CMS data


• good agreement is found

χc1(2P) D̄0D*0

χc1(2P)

D̄0D*0

ATLAS: JHEP01(2017)117

ATLAS: JHEP01(2017)117



X(3872) in PbPb collisions 

• X(3872) production yield in QGP can help to 
shred light on its internal structure

• Molecule are easier to be produced and 

destroyed than tetraquark 
• X(3872) production could be enhanced through 

the quark coalescence mechanism, which 
could depend on the spatial configuration 
(size) of this exotic state 


• Relevant parameter is the ratio of hadron yields 
calculated in the coalescence model to those 

in the statistical hadronization model 
Ncoal

Nstat

PRL 106 (2011) 212001

Expected order of magnitude difference!

MoleculeTetraquark

PbPb collision in CMS



X(3872) in PbPb with CMS
• CMS analyzed 1.7 nb-1 of PbPb collision at  TeV 


• X(3872) and ψ(2S) with   and  fully 
reconstructed in  same hadronic decay chain  


• kept only events with centrality 0-90%

• A boosted decision tree (BDT) algorithm used to suppress the 

combinatorial background 
• signal samples are taken from simulation

• background samples taken from data sidebands of the X(3872) mass 

rage 

• it uses 5 variables:


• χ2 of the 4-tracks vertex


• pT balance of the pions 


• pT,2 of the slow pions

• opening angle between J/ψ and pT,1

• opening angle between J/ψ and pT,2 

sNN = 5.02

15 < pX
T < 50 GeV |yx | < 1.6

J/ψ( → μ+μ−)π+π−

pT,1 − pT,2

pT,1 + pT,2

8

PRL 128 (2022) 032001



First observation of X(3872) in PbPb Collisions
• First evidence of X(3872) production in 

heavy ion collisions!  
    ➡ Statistical significance 4.2 𝜎 

• A clear ψ(2S) signal to the same final state is 
also visible 


• Raw yields ( ) are extracted with a UML fits: 


• 2 Gaussian (from signal MC) for signals


• 4th-polynomial for background

Ni
raw

• This in an inclusive measurement:

• the non-prompt part, coming from b-decays and produced outside of the QGP, is related to the 

medium modification b-hadron production in HI collisions (such as beauty quark energy loss & 
modification of b-jet fragmentation) 


• we are interested in the prompt part produced in QGP:

• measurement of the lxy is used to disentangle the two components 9

PRL 128 (2022) 032001



Corrected prompt X(3872) & ψ(2S) yields 

• As in the 7 TeV pp analysis a b-enriched 
sample is create imposing lxy>0.1 mm 
• b-enriched yield obtained using the 

same fit

• Simulation are used to estimate the 

small prompt contamination in this 
sample


• Cross check performed with lxy template  
fit method

fprompt = 1 −
Ndata

B−enr ⋅ NNP MC
Inclusive

NNP MC
B−enr ⋅ Ndata

Inclusive

10



X(3872)/ψ(2S) Ratio in PbPb 

• Ratio is defined as , where 


• Acceptance (α) and efficiency correction (εtot) are evaluated in PYTHIA MC embedded in HYDJET 
PbPb background

R =
NX(3872)

corr

Nψ(2S)
corr

Ni
corr =

Ni
raw ⋅ f i

prompt

(α ⋅ ϵtot)i

• Indication of R enhancement in PbPb w.r.t. pp 

• Better precision and accuracy needed to draw conclusions 

Jing Wang (MIT), LBNL HF/MVTX Workshop (Berkeley)Jing Wang (MIT), X(3872) in PbPb with CMS detector, HP 2020 (Austin, TX)
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pp (7 TeV, CMS)
|y| < 1.2
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|y| < 0.75Prompt

PbPb (5.02 TeV, CMS)
|y| < 1.6, Cent. 0-90%

Preliminary CMS
 (2018 PbPb 5.02 TeV)-11.7 nb
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p
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ψPrompt J/
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Result: X(3872)/ψ(2S) Ratio in PbPb

• ψ(2S) as reference suppressed in PbPb
➜ RAA(ψ(2S)) ~ 0.1

Eur. Phys. J. C 78 (2018) 509

PbPb

pp

≈ 0.1

! "
"

=
# $

%$
%

# &
&

• R enhancement: 
➜ X(3872) less suppressed than ψ(2S)

!
=

# '
((

)*
+)

# ψ
(+

,)

≈ 0.1
CMS: Eur.Phys. J. C 78 (2018) 509
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• CMS also measured the  
strong suppression of ψ(2S)  
in PbPb collision  

• X(3872) less suppressed 
than ψ(2S) in PbPb



X(3872)/ψ(2S) Ratio: connection to pp collisions
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• For comparisons let’s cite that  
•  Deuteron/proton increases already in pp…

• … while standards in standard quarkonium excited 

over ground states production decreases…
Multiplicity dependence of (anti-)deuteron in pp collisions ALICE Collaboration

| < 0.5
lab

η|
〉

lab
η / d

ch
Nd〈

1 10 210 310

)p
2d

/(p
+

0

0.001

0.002

0.003

0.004

0.005

0.006
 = 7 TeVspp, 

V0M Multiplicity Classes
 = 2.76 TeVNNsPb-Pb, 

pp INEL (d/p)
 = 900 GeVs
 = 2.76 TeVs
 = 7 TeVs

ALICE

Fig. 8: Ratio between the pT-integrated yield of deuterons and protons as a function of charged-particle multiplicity
at mid-rapidity in pp (this work) and Pb–Pb collisions [12] at the LHC. The deuteron-to-proton ratio measured in
inelastic pp collisions at

p
s = 0.9,2.76 and 7 TeV [13] has also been reported.

4 Conclusions

The transverse-momentum spectra of deuterons and anti-deuterons in pp collisions at
p

s = 7 TeV have
been presented in five multiplicity classes. They are combined with the primary proton spectra to extract
the coalescence parameter B2. The latter exhibits an approximately constant behaviour with the trans-
verse momentum per nucleon in multiplicity classes in the measured pT/A range, in agreement with a
simple coalescence model, where uncorrelated particle emission from a point-like source is assumed. A
simple coalescence picture cannot, however, explain the multiplicity dependence of the B2 parameter at
fixed transverse momentum (pT/A = 0.75 GeV/c), observed also in Pb–Pb collisions. Instead, these ob-
servations point toward a dependence of the coalescence process on the volume of the particle-emitting
source. In fact, the increasing volume of the particle-emitting source with multiplicity plays an effective
role in reducing the coalescence probability as predicted by more elaborate models. These models are
able to describe data even in the smallest colliding system at the LHC, as reported in this letter, where
the spatial extension of the source is comparable to the deuteron size. Coalescence model calculations,
precisely correlating the size of the hadronic emission region with the multiplicity, need to be performed
to quantitatively support the current interpretation of the results.

The mean transverse momentum of deuterons has been measured as a function of the charged-particle
multiplicity. In pp collisions, the hydrodynamic-inspired Blast-Wave model, which assumes that the
particles are emitted thermally from an expanding source, does not describe the production of nuclei with
identical freeze-out conditions as lighter hadrons. While in central Pb–Pb collisions there is evidence
that nuclei and anti-nuclei participate in the expansion of the fireball together with non-composite light
hadrons, in pp collisions such evidence is missing.

All presently available measurements of the pT-integrated d/p ratio at the LHC have been discussed as a
function of the charged-particle multiplicity. The observed multiplicity dependence of the d/p ratio sug-
gests that the rise with multiplicity of the number of nucleons available for coalescence is faster than the

14

ALICE: Phys. Lett. B 794 (2019) 50-63 CMS: JHEP 11 (2020) 001

• LHCb measurement showed  X(3872) is more suppressed than ψ(2S) in high multiplicity pp collisions


• In pp breakup by coming particle (which suppress X(3872) production) seems to dominate 

• CMS results suggests on the other side that coalescence with diffusing constituent particles 
(which enhances X(3872) production) has an important role in PbPb environment

LHCb: Phys.Rev.Lett. 126 (2021) 9, 092001



→ X(3872)φ DecayB0
S

• Additional measurements of b hadron decays involving X(3872) production can provide important inputs for 
understanding its internal structure and creation dynamics. 


• CMS looked for the decays B0s → X(3872)φ and B0s → ψ(2S)φ with 140 fb-1 at =13 TeV

• Event Selection: 

• HLT trigger of 2 muons compatible with J/ψ coming from a displaced vertex  
plus a track with pT > 1.2 GeV 


• :   GeV,   GeV,    


• Track assignment for the  candidates:


• 3.60 <  < 3.95 GeV

• 1.00 <  < 1.04 GeV


• 5.32 <  < 5.42 GeV

• if more than one combination passes these selections,  

the candidate is discarded. 

• 1.5 and 2.2 GeV


•  > 0.7 GeV

s

B0
s 5.32 < m(J/ψK+K−π+π−) < 5.42 pT(B0

S) > 10 lxy/σlxy
> 15

B0
S → J/ψπ+π−K+K−

m(J/ψπ+π−)
m(K+K−)
m(B0

S)

pT(K) >
pT(π)

B0
S

lxy ϕ

J/ψ

π+

π−

μ+ μ−

K+

K−

X(3872) or ψ(2S)

PRL 125 (2020) 152001
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ψ(2S) signal

• The signal yields  are extracted using a 2D  maximum 
likelihood fit to the m(J/ψ π π ) and m(K K ) distributions 
of B0S with a 4-components model made of:


• ψ(2S) signal: double Gaussian


• Φ signal: Breit–Wigner function convolved with 
detector mass resolution 


• background in m(KK): threshold function multiplied 
by a 1st polynomial 


• background in m(J/ψππ): modified threshold 
function 


• Fitted yield: 15 359 ± 171 ψ(2S)

14



X(3872) Signal

• First observation of the decay  
B0s → X(3872)φ! 
• Significance > 6σ 

• Same fit function of the ψ(2S) with 
additional constrain:

• X(3872) signal shape fixed to ψ(2S) one 

with a parameter for the resolution 
scaling


• X(3872) yield: 299 ± 39 


•

15



Production Ratios
• Evaluated in Simulation

• Takes into account detector 

acceptance, trigger, and 
candidate reconstruction 
efficiencies


• Resulted:1.136 ± 0.026 Mass fit yields

6

Using Eq. (1), together with the measured signal yields of the B0
s ! X(3872)f and B0

s !
y(2S)f decays and the corresponding efficiency ratio, the product of the branching fractions,
with respect to that of the B0

s ! y(2S)f decay, is measured to be

R = (2.21 ± 0.29 (stat) ± 0.17 (syst))%.

Multiplying the measured ratio R by the known branching fractions B(B0
s ! y(2S)f) and

B(y(2S) ! J/y p+p�) [4], we obtain

B(B0
s ! X(3872)f)B(X(3872) ! J/y p+p�) = (4.14± 0.54 (stat)± 0.32 (syst)± 0.46 (B))⇥ 10�6,

where the last uncertainty is related to the uncertainties in the aforementioned world-average
branching fractions.

This branching fraction product can be compared to similar ones in B0 and B+ decays [4]:
B(B0 ! X(3872)K0)B(X(3872) ! J/y p+p�) = (4.3 ± 1.3) ⇥ 10�6 and B(B+ !
X(3872)K+)B(X(3872) ! J/y p+p�) = (8.6 ± 0.8) ⇥ 10�6. The measured value for B0

s is
consistent with that for B0, but about two times smaller than the one for B+:

B(B0
s ! X(3872)f)

B(B+ ! X(3872)K+)
= 0.482 ± 0.063 (stat) ± 0.037 (syst) ± 0.070 (B).

This ratio is significantly lower than the corresponding one for decays to the charmonium state
y(2S) of B(B0

s ! y(2S)f)/B(B+ ! y(2S)K+) = 0.87 ± 0.10 [4].

In summary, using a data sample corresponding to an integrated luminosity of 140 fb�1 of
proton-proton collisions collected by the CMS experiment at

p
s = 13 TeV in 2016–2018, the

B0
s ! X(3872)f decay is observed for the first time. The comparison with similar decays of B0

and B+ mesons indicates that the X(3872) formation in B meson decays is different from y(2S)
formation, suggesting that X(3872) is not a pure charmonium state and supporting similar
conclusions derived from other experimental measurements [2, 5, 8–12]. This observation may
shed new light on the nature of the X(3872) particle.
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Figure 3: Background-subtracted y(2S)f (left) and X(3872)f (right) invariant mass distribu-
tions obtained by sP lot weighting. The result of each fit and its components are shown by the
lines.

are tested. Uncertainties related to the choice of the signal and background models are calcu-
lated separately.

The systematic uncertainty in the modeling of the f ! K+K� signal is estimated by varying
the f natural width and the m(K+K�) resolution within their uncertainties. The correspond-
ing changes in the ratio R are negligible. The systematic uncertainty in the m(K+K�) and
m(J/y p+p�) background model is estimated by testing alternative models. Instead of the
baseline model, either a second-order polynomial or a threshold function multiplied by this
polynomial is used. The systematic uncertainty in the J/y p+p� signal model is estimated by
replacing the DG function with a Student’s t-distribution [33] or, for the X(3872) channel, by
conservatively scaling the resolution obtained in the y(2S) channel by the ratio of the resolu-
tions of the two channels observed in the simulation.

The systematic uncertainty related to the non-B0
s background is estimated using the sP lot tech-

nique to subtract the contributions from nonresonant K+K� and J/y p+p� combinations from
the m(B0

s) distribution, as described above and shown in Fig. 3. A systematic uncertainty
of 1.2% is assigned, based on the fit results to the background-subtracted m(y(2S)f) and
m(X(3872)f) distributions.

The uncertainty related to the simulation sample size is 2.2%, as evaluated above. Changes
in the detector and trigger conditions in the course of the 2016–2018 data taking are shown to
have a negligible effect on the measured ratio, as the signal and normalization processes are
very similar. The ratio R is found to be stable across different years of data taking, therefore no
related systematic uncertainty is assigned.

Table 1 summarizes the systematic uncertainties described above, together with the total sys-
tematic uncertainty, obtained by adding the effects from the different sources in quadrature.

Table 1: Relative systematic uncertainties in the ratio R.

Source Uncertainty (%)
m(K+K�) signal model < 0.1
m(K+K�) background model 2.5
m(J/y p+p�) signal model 5.3
m(J/y p+p�) background model 4.3
Non-B0

s background 1.2
Simulated sample size 2.2

Total 7.7
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The uncertainty related to the simulation sample size is 2.2%, as evaluated above. Changes
in the detector and trigger conditions in the course of the 2016–2018 data taking are shown to
have a negligible effect on the measured ratio, as the signal and normalization processes are
very similar. The ratio R is found to be stable across different years of data taking, therefore no
related systematic uncertainty is assigned.

Table 1 summarizes the systematic uncertainties described above, together with the total sys-
tematic uncertainty, obtained by adding the effects from the different sources in quadrature.
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Comparison  of BRs indicates that the X(3872) 
formation in B meson decays is different from ψ(2S)

The X(3872) tetraquarks in B and Bs decays.

Luciano Maiani, Antonio D. Polosa, Veronica Riquer
Dipartimento di Fisica and INFN, Sapienza Università di Roma, Piazzale Aldo Moro 2, I-00185 Roma, Italy.

⇤

(Dated: July 27, 2020)

We discuss how the latest data on X(3872) in B and Bs decays speak about its tetraquark nature.
The established decay pattern, including the up to date observations by CMS, are explained by the
mixing of two quasi-degenerate, unresolvable, neutral states. The same mechanism also explains
isospin violations in X decays and strongly suggests that the lurking charged partners are required
to have very small branching fractions in J/ ⇢±, well below the current experimental limits. In
addition, a new prediction on the decay into J/ ! final states is attained. The newest experimental
observations are found to give thrust to the simplest tetraquark picture and call for a definitive,
in-depth study of final states with charged ⇢ mesons.

PACS numbers: 14.40.Rt, 12.39.-x, 12.40.-y

The discussion on the nature of X(3872) has been going on, with conflicting conclusions, for about two decades
since its first observation at Belle [1].
The X(3872) is first of all a remarkable example of fine tuning realized in physics. Its mass is nearly equal to the

sum of D0 and D̄0⇤ open-charm mesons masses, whose composition of quantum numbers matches the JPC = 1++

assigned to the X(3872). This feature is not met at the same level by any one of the so called ‘exotic’ resonances
discovered over the years. Reviews on exotic hadrons can be found in [2–8].
Despite its decay modes involving the J/ , X(3872) cannot be interpreted as a pure charmonium state. One of the

simplest reasons for this is due to the fact that it decays in J/ ⇢ and J/ ! with similar rates, thus violating isospin.
The proximity of the X(3872) to the D0D̄0⇤ threshold, isospin violations, and the lack of evidence so far of a

complete multiplet of charged and neutral states, has convinced a large part of the community working on this
problem that the X(3872) should be a sort of deuteron made of neutral D mesons, namely a D0D̄0⇤ molecule, with
a very small binding energy, which is still unknown because of the uncertainties in the determination of the X(3872)
mass value. On the other hand the X(3872) is produced, with a very large cross section, at proton-(anti)proton
colliders in regions of transverse momenta of final state hadrons, which are too high (above pT ⇠ 15 GeV) for the
formation of such a loosely-bound molecule [9, 10], see also [11].
Alternatively one might suppose that only color forces determine the structure of the X(3872), which is often

referred as to the compact tetraquark interpretation. Loosely bound molecules and compact tetraquarks are the
two opposite extrema of a spectrum of more complex solutions that the problem may have. This not to mention
that some authors consider the possibility that the X might simply be a threshold kinematical e↵ect, a cusp, as
detailed in [12]. Another interesting suggestion, pursued by Voloshin and collaborators (see for example [13]), is that
of hadrocharmonia, i.e. relatively compact charmonia embedded in a light quark mesonic excitation.
The compact tetraquark model was developed in [14–16]. It proposes that X(3872) belongs to a complex of four-

quark bound states: Xu, Xd and X± = [cu][c̄d̄], [cd][c̄ū] where parentheses mark diquark correlations.
Such states are expected to be very close in mass to each other. In a first estimate, Ref. [14] gave a Xd � Xu

separation close to 2(md�mu) ⇠ 7 MeV. However, a second state close to X(3872) has not been observed, and upper
bounds have been given for the branching ratios of B meson decays into X± [20, 21]. Building on the analysis of
isospin breaking hadron masses [22, 23], which takes into account the e↵ect of the electromagnetic interactions, it
was suggested [16] that Xu and Xd are much closer in mass than expected, so as to be two unresolved lines inside
the J/ ⇡+⇡� peak. This quasi-degeneracy is reached assuming a separation of scales between the diquark size and
the size of the whole diquark-antidiquark composite state, also considered in [24]. To the best of our knowledge,
the possibility of a diquark-antidiquark repulsion was first mentioned by Selem and Wilczek in [25]. Another result
obtained in [16] was that Xu �Xd mixing, estimated from the branching ratios of X(3872) ! J/ +2⇡ or 3⇡, would
push the branching ratio for the production of X± in B meson decays well below the experimental limits of [20, 21],
thus calling for more refined searches.

CMS has recently reported [17] a determination of the branching ratio of the weak decay

B(B0
s ! �X(3872) ! � J/ ⇡+⇡�) = (4.14± 0.54 (stat.)± 0.32 (syst.)± 0.46 (B))⇥ 10�6 (1)

Comparing to other similar decays, the following pattern is observed [17, 18]

B(B0
s ! �X ! � J/ ⇡+⇡�) ' B(B0 ! K0X ! K0 J/ ⇡+⇡�) ' 1

2
B(B+ ! K+ X ! K+ J/ ⇡+⇡�) (2)
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We will show how this pattern clearly emerges from the simplest decay diagram in Fig. 1 in the compact tetraquark
picture of the X(3872). In addition, the pattern in (1) and (2), combined with our previous analysis [16] of the
branching fractions of X(3872) ! J/ + 2⇡/3⇡, allows to determine uniquely mixing and couplings of the two
tetraquarks Xu = [cu][c̄ū], Xd = [cd][c̄d̄]. From these results we derive two new predictions

1. The branching ratio of the decays of B mesons into J/ + 3⇡

R+0
3⇡ =

B(B+ ! K+X(3872) ! K+J/ ⇡+⇡�⇡0)

B(B0 ! K0X(3872) ! K0J/ ⇡+⇡�⇡0)
= 0.87± 0.06 (3)

2. A definite range for the production of the charged tetraquark X± in B decays 1

0.05 < R�
2⇡ =

B(B0 ! K+X(3872)� ! K+J/ ⇡0⇡�)

B(B0 ! K0X(3872) ! K0J/ ⇡+⇡�)
< 0.57 (4)

to be compared with the present limit R�
2⇡ < 1 [19].

These predictions can be tested experimentally and, if supported, would provide a decisive clarification on the nature
of the X(3872).

FIG. 1: The valence quarks in B and Bs decays. A pair of sea quarks is formed in the blob to generate the X tetraquarks.

Assuming a tetraquark X(3872), in the blob of Fig. 1 one has to create a light quark pair from the sea. The overall
weak decay is

⇣
b̄+ u, d, s

⌘

B+,B0,Bs

�! c̄+ cs̄+ (dd̄ or uū)sea + u, d, s

The decays B0,+ ! X K0,+ are then described by two amplitudes: A1, where the s̄ forms the Kaon with the spectator
u or d quark, and A2, where it forms the Kaon with a d or u quark from the sea. In terms of the unmixed states

A(B0 ! Xd K
0) ⇠ A1 +A2

A(B0 ! Xu K
0) ⇠ A1 (5)

A(B0 ! X� K+) ⇠ A2

and

A(B+ ! Xd K
+) ⇠ A1

A(B+ ! Xu K
+) ⇠ A1 +A2 (6)

A(B+ ! X+ K0) ⇠ A2

With near degeneracy of Xu,d, even a small qq̄ annihilation amplitude inside the tetraquark could produce sizeable
mixing. We consider the mass eigenstates in the isospin basis, namely

X1 = cos�
Xu +Xdp

2
+ sin�

Xu �Xdp
2

X2 = � sin�
Xu +Xdp

2
+ cos�

Xu �Xdp
2

(7)

1 In the loosely bound molecular model, X(3872) has no charged partners, see e.g. Ref. [5].
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Using Eq. (1), together with the measured signal yields of the B0
s ! X(3872)f and B0

s !
y(2S)f decays and the corresponding efficiency ratio, the product of the branching fractions,
with respect to that of the B0

s ! y(2S)f decay, is measured to be

R = (2.21 ± 0.29 (stat) ± 0.17 (syst))%.

Multiplying the measured ratio R by the known branching fractions B(B0
s ! y(2S)f) and

B(y(2S) ! J/y p+p�) [4], we obtain

B(B0
s ! X(3872)f)B(X(3872) ! J/y p+p�) = (4.14± 0.54 (stat)± 0.32 (syst)± 0.46 (B))⇥ 10�6,

where the last uncertainty is related to the uncertainties in the aforementioned world-average
branching fractions.

This branching fraction product can be compared to similar ones in B0 and B+ decays [4]:
B(B0 ! X(3872)K0)B(X(3872) ! J/y p+p�) = (4.3 ± 1.3) ⇥ 10�6 and B(B+ !
X(3872)K+)B(X(3872) ! J/y p+p�) = (8.6 ± 0.8) ⇥ 10�6. The measured value for B0

s is
consistent with that for B0, but about two times smaller than the one for B+:

B(B0
s ! X(3872)f)

B(B+ ! X(3872)K+)
= 0.482 ± 0.063 (stat) ± 0.037 (syst) ± 0.070 (B).

This ratio is significantly lower than the corresponding one for decays to the charmonium state
y(2S) of B(B0

s ! y(2S)f)/B(B+ ! y(2S)K+) = 0.87 ± 0.10 [4].

In summary, using a data sample corresponding to an integrated luminosity of 140 fb�1 of
proton-proton collisions collected by the CMS experiment at

p
s = 13 TeV in 2016–2018, the

B0
s ! X(3872)f decay is observed for the first time. The comparison with similar decays of B0

and B+ mesons indicates that the X(3872) formation in B meson decays is different from y(2S)
formation, suggesting that X(3872) is not a pure charmonium state and supporting similar
conclusions derived from other experimental measurements [2, 5, 8–12]. This observation may
shed new light on the nature of the X(3872) particle.
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Summary

• After many years from its discovery the X(3872)  
remains “exotic”

• it’s exact nature is still not univocally determined

• many models are proposed and profit from the increasing number of 

experimental results

• CMS has greatly contributed in this experimental effort 

• First measurement of the non-prompt component dependence on pT


• First evidence of the X(3872) in Heavy Ions collisions


• First observation of the decay → X(3872)φ


• The start of LHC Run3 will open the possibilities for additional studies

B0
S

?
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The X(3872)
• Discovered by Belle (PRL 91, 262001 2003) in 2003 in the  

decay:  


• First “exotic” states: narrow peak with a mass strikingly on 
the  threshold and incompatible with the standard 
charmonium expected value


• Quickly confirmed in protons collision at Tevatron and at  LHC


• In 2013 LHCb measured the quantum numbers: 


• Nowadays still open the debate on X(3872) nature:


• A compact (~1fm) diquark-anti-diquark 4q state


•  hadron molecule (loosely bound ~10 fm)


• Quantum mixture of an hadron molecule and  

a charmonium state:

B → K X(3872) → K (J/ψπ+π−)

D̄0D*0

JPC = 1++

D̄0D*0

D̄0D*0 + cc̄[χc1(23P1++)]
LHCb: PRL 110 (2013) 222001
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Table 5: Systematic uncertainty on the measurement of the Flatté parameters.

Systematic g f⇢ ⇥ 103 �0 [MeV]

Model + 0.003 �0.004 + 0.6 �0.5 + 0.5 �0.4
Momentum scale + 0.003 �0.003 + 0.1 �0.2 + 0.1 �0.2
Threshold mass + 0.003 �0.003 + 0.2 �0.2 + 0.2 �0.3
D⇤0 width �0.001 �0.2

Sum in quadrature + 0.005 �0.006 + 0.7 �0.6 + 0.6 �0.6
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Figure 4: Comparison of the Flatté (solid, red) and Breit–Wigner (dotted, black) lineshapes.
The left plot shows the raw lineshapes for the default fits. The location of the D0D⇤0 threshold
is indicated by the blue vertical line. On the right the distributions are shown after applying
smearing with the resolution function and adding background.

quality with a log-likelihood di↵erence of 0.1. The width �0 is reduced by 0.2 MeV, which
is the smallest systematic uncertainty on this parameter.

7.3 Comparison between Breit–Wigner and Flatté lineshapes

Figure 4 shows the comparison between the Breit–Wigner and the Flatté lineshapes.
While in both cases the signal peaks at the same mass, the Flatté model results in a
signifcantly narrower lineshape. However, after folding with the resolution function and
adding the background, the observable distributions are indistinguishable.

To quantify this comparison the fit results for the mode, the mean and the full width
at half-maximum (FWHM) of the Flatté model and their uncertainties are summarised
in Table 6. The mode of the Flatté distribution agrees within uncertainties with the
Breit–Wigner solution, discussed in Sec. 6. However, the FWHM of the Flatté model is
a factor of five smaller than the Breit–Wigner width. To check the consistency of these
seemingly contradictory results, pseudoexperiments generated with the Flatté model and
folded with the known resolution function are analysed with the Breit–Wigner model.
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