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Outline: selected recent results in exotic and conventional spectroscopy

2> Observation of structures in the di-charmonium mass spectrum

[ PRL132(2024) 111901 ] (X = J /Y ] /Y) Confirmation + 15t observation + 15t evidence

> Observation of the transition A} - J /Y E"K™*

[ arXiv:2401.16303, accepted by EPJC] 15t observation

> All results are based on the LHC Run-2 dataset collected by CMS in the years 2016-2018
( pp collisions @ /s = 13TeV; L;,; ~ 135 — 140fb 1)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.111901
https://arxiv.org/abs/2401.16303

1. Peaking structures in J /1 J /1) mass spectrum
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Baseline fit modelling for reconstructed J /vy J /Y mass spectrum

> In 20200bserved a peak in the J /¢ J /Y mass spectrum, the X(6900), which was considered with great
interest as a possible all-charm tetraquark (alternative interpretations have also been advocated). [see backup]

2> After event selection (u"pu~p*u™ final state; refer to the paper) e e
.. a baseline model to fit the di-J /1 spectrum is built with a ...
.. minimal number of potential structures added to the null-hypothesis (background-only)
by adding - @ each subsequent step - the most prominent structure
& keeping it in the baseline... IF local statistical significance > 3o (by standard likelihood ratio method)
This is repeated until no more structures can be added.
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J/Y ]/ mass spectrum : background description

2> Main physical background sources:

_ . - non-resonant single parton scattering (NRSPS)
2 2 genuine J /YPs combined randomly arising from:

— dominant near threshold region
(pr < 10GeV)
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J/Y ]/ mass spectrum : background description

2> Main physical background sources:

. _ o non-resonant single parton scattering (NRSPS)
3 2 genuine J/YPs combined randomly arising from:

double parton scattering (DPS) - in a single pp collision

— dominant from pr > 12GeV
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J/Y ]/ mass spectrum : background description

2> Main physical background sources:

. _ o non-resonant single parton scattering (NRSPS)
3 2 genuine J/YPs combined randomly arising from:

double parton scattering (DPS) - in a single pp collision

2> Shapes from simulation that includes: direct production + feed-down processes (J /i as decay product)
Additional feed-down processes from double-charmonium resonances: generated separately
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J/Y ]/ mass spectrum : background description

2> Main physical background sources:

. _ o non-resonant single parton scattering (NRSPS)
3 2 genuine J/YPs combined randomly arising from:

double parton scattering (DPS) - in a single pp collision

2> Shapes from simulation that includes: direct production + feed-down processes (J /i as decay product)
Additional feed-down processes from double-charmonium resonances: generated separately

2> Residual combinatorial background sources (effects are accounted for as systematics) :

> 1 genuine u candidate(s) not from a deca
3> At least one non-genuine J /4 arising from: { & # (s) /7P Y

> 1 hadron(s) misidentified/misreconstructed as us
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J/Y ]/ mass spectrum : background description

2> Main physical background sources:

. _ o non-resonant single parton scattering (NRSPS)
3 2 genuine J/YPs combined randomly arising from:

double parton scattering (DPS) - in a single pp collision

2> Shapes from simulation that includes: direct production + feed-down processes (J /i as decay product)
Additional feed-down processes from double-charmonium resonances: generated separately

2> Residual combinatorial background sources (effects are accounted for as systematics) :

> 1 genuine u candidate(s) not from a deca
3> At least one non-genuine J /4 arising from: { & # (s) /7P Y

> 1 hadron(s) misidentified/misreconstructed as us

>> Inadequacy of NRSPS near threshold (a resonance? a near-threshold enhancement? feed-down effects?)
135 fo' (13 TeV)
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J/Y ]/ mass spectrum : background description

2> Main physical background sources:

. _ o non-resonant single parton scattering (NRSPS)
3 2 genuine J/YPs combined randomly arising from:

double parton scattering (DPS) - in a single pp collision

2> Shapes from simulation that includes: direct production + feed-down processes (J /i as decay product)
Additional feed-down processes from double-charmonium resonances: generated separately

2> Residual combinatorial background sources (effects are accounted for as systematics) :

> 1 genuine u candidate(s) not from a deca
3> At least one non-genuine J /4 arising from: { & # (s) /7P Y

> 1 hadron(s) misidentified/misreconstructed as us

2> Inadequacy of NRSPS near threshold (a resonance? a near-threshold enhancement? feed-down effects?)
135 fo' (13 TeV)
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[modelled empirically by a B.-W. (BW,) with freexq & I']
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Null-hypothesis (“bkg-only”) model:
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J /¥ ] /Y mass spectrum : fit with 3 non-interfering resonances

2> Signal model: 3 resonant structures - labelled as BW,, BW,, BW; -
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J /¥ ] /Y mass spectrum : fit with 3 non-interfering resonances

2> Signal model: 3 resonant structures - labelled as BW,, BW,, BW; -

Each scalar relativistic B.-W. is convoluted

with a Gaussian resolution function [Pythia

(ranging from 10MeV @6.5GeV or JHUGen]
...to 18MeV @7.3GeV )
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2 UML fit model: BKG (NRSPS+DPS+BW, ) ;
+ SIGNAL (BW,+ BW, + BW,) ! /'I
All 3 widths are much larger than i ,."
the detector mass resolution N I — ST
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J /¥ ] /Y mass spectrum : fit with 3 non-interfering resonances

2> Signal model: 3 resonant structures - labelled as BW,, BW,, BW; - found to be statistically S|gn|f|cant

Each scalar relativistic B.-W. is convoluted

with a Gaussian resolution function [Pythia

(ranging from 10MeV @6.5GeV or JHUGen]
...to 18MeV @7.3GeV )

» UML fit model: BKG (NRSPS+DPS+BW, )
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J /W ] /P mass spectrum : fit result with no-interference model

2> Spectrum and fit up to 9 GeV (“signal region”):
Total background: NRSPS + DPS + BW, -----.

BW, BW, BW,

EfMevl: - 124 2083 1920000 18 950 L9
120 78
N 47035 49278 156:

Note: BW, parameters very sensitive to the additional part of the model

didates / 25 MeV

135 fb' (13 TeV)

CMS
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J /W ] /P mass spectrum : fit result with no-interference model

) ‘. Y >2oo....,..............,...‘?5.""."'.‘3.7‘?"1'
2> Spectrum and fit up to 9 GeV (“signal region”): 2 P(x%y) = 9% cMS
W 160 ¢ Data —Fit
.;_) 140 I BW2 — BW1 LA sz
Total background: NRSPS + DPS + BW, -----. R g Background
\\\ g 100
BW, BW, BW, .
{ No-interference | m [MeV] 6552+10+12 6927+9+4 7287*%+5 40
EfMevl: - 124 2083 1920000 18 950 L9 22
N 4701129 190k 156: Z|E -
o =]
[ first error is statistic, second is systematic ] § w E

Note: BW, parameters very sensitive to the additional part of the model mi'sw ) [Gevf

In the signal region P(x2) = 9% only:
2 dips are poorly described

{

Next step is to ... introduce interference
with the aim to increase the agreement

l (see next slic9>
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J /W ] /P mass spectrum : fit result with no-interference model

2> Spectrum and fit up to 9 GeV (“signal region”):
Total background: NRSPS + DPS + BW, -----. .
BW, BW, BW,

EfMevl: - 124 2083 1920000 18 950 L9
N 47035 49278 156:

[ first error is statistic, second is systematic ]

Note: BW, parameters very sensitive to the additional part of the model

\

Under the assumption of no interference between
signal components and between signal(s) & background

2> CONFIRMATION OfX(6900) (BW,) values consistentwith

3> OBSERVATION of X(6600) (BW,)
2> EVIDENCE for X(7100) (BW,)

(model I) :
m(6900) ['(6900)

6905+ 11+7 80+19+33

<

didates / 25 MeV

200 22 0 (13 TeV)
180 CMS
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In the signal region P(x2) = 9% only:
2 dips are poorly described

{

Next step is to ... introduce interference
with the aim to increase the agreement

(see next slic9>
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J /¥ ] /Y mass spectrum : fit result with interference models - |

- 20 e 35 3 TV
2> Interference models based on the 3 found structures: = 1 P(xfi) = 65% cms
W 160 ' ¢ Data —Fit
. ! —BW, «.BW,
2> 3-way interference ...implemented with a term proportional to: 3 :;g BW.  Background
[ three JP = 0% resonances | |riexp(i¢y)BWy + 1o BW, + r3exp(is) BWs)? § o -~ Interfering BWs
g 80
reference 00
40
3> improved fit : P(x?) = 65% (due to improved dips’ description) 20

22  Local statistical significance improved for each signal (BW; @4.70);

Data-Fit
Stat. unc.
" o N D

Global significance for BW, with MC pseudo-experiments: 3.4c.
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J /¥ ] /Y mass spectrum : fit result with interference models - |

>2oo....,....,.............‘?5.P°.'1J3.T‘-?V"

2> Interference models based on the 3 found structures: = 1 P(xfi) = 65% cms
v 160 ' ¢ Data —Fit

. , _ _ & : —BW, ...BW,
2> 3-way interference ...implemented with a term proportional to: @ 140 i BW, - Background
-— 1N ' -
[ three JP = 0% resonances | |riexp(i¢y)BWy + 1o BW, + r3exp(is) BWs)? § o -~ Interfering BWs

§ a0

reference

3> improved fit : P(x?) = 65% (due to improved dips’ description)

22  Local statistical significance improved for each signal (BW; @4.70);

Data-Fit
Stat. unc.

Global significance for BW, with MC pseudo-experiments: 3.4c.

BW, BW, BW,
No-interference m[MeV] 6552+10+12 6927+9+4 7287130 +5
FMeV] 1247133 199700 18 0509

N 4701129 4_9_2_j_;§ 156:%
Interference | m[MeV] — 6638+5716 ',_"76&7_%‘;%%\_\. “7i34TE

L TMev] 4403000 N\ 191085 [ 97

Semm——

2

60

40
20

|
N o N LD

X(6900) is compatible with the observation
(model II)
m(6900) 6886 =11 £ 11
[(6900) 168 £33 £ 69
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J /¥ ] /Y mass spectrum : fit result with interference models - |

>2oo....,....,.............‘?5.P°.'1J3.T‘-?V"

2> Interference models based on the 3 found structures: = 1 P(xfi) = 65% cms
v 160 ' ¢ Data —Fit

. , _ _ & : —BW, ...BW,
2> 3-way interference ...implemented with a term proportional to: @ 140 i BW, - Background
-— 1N ' -
[ three JP = 0% resonances | |riexp(i¢y)BWy + 1o BW, + r3exp(is) BWs)? § o -~ Interfering BWs

§ a0

reference

3> improved fit : P(x?) = 65% (due to improved dips’ description)

22  Local statistical significance improved for each signal (BW; @4.70);

Data-Fit
Stat. unc.

Global significance for BW, with MC pseudo-experiments: 3.4c.

BW, BW, BW,
No-interference m[MeV] 6552+10+12 6927+9+4 7287130 +5
FMeV] 1247133 199700 18 0509

N 4701129 4_9_2_j_;§ 156:%
Interference | m[MeV] — 6638+5716 ',_"76&7_%‘;%%\_\. “7i34TE

L TMev] 4403000 N\ 191085 [ 97

Semm——

2
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2> 2-way interferences

2 less preferred fits : P(x?) < 30%

X(6900) is compatible with the observation
(model II)
m(6900) 6886 =11 £ 11
[(6900) 168 £33 £ 69
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J /¥ ] /Y mass spectrum : fit result with interference models - I

> 200 R 1 e A Y]
_ 2w P(x%;) = 65% cms
>> Interference between different resonances 1D 160 ; f Data —Ft
is motivated by the idea that ... g ";g ' —BW. ”_.Baci(ground
the states could have the same quantum numbers g :m e L
©
and be coherently produced § a0
sof- b /o ANDT 1 SR
a0
2> NRSPS interfering with BWs (LHCb model II ) is considered 20
0
less probable as it may be mixture of different J¥states EE .
S8 ;

22 LHCb model II investigated [on CMS data with CMS background shape] — no good fit

22 Also: 3-way interference + interference between the 3 signal BW and NRSPS bkg — no improvement
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J /¥ ] /Y mass spectrum : fit result with interference models - I

e pr———————————————— et
_ 2wk P(xd) =65% cms
2> Interference between different resonances 9 1eof ; 4 Dola P2
is motivated by the idea that ... E ;gg— ! m —BW. ”_.Bacf(ground
the states could have the same quantum numbers 8 E Soa RERcHI Khrs
v W
and be coherently produced § a0f-
60~ FACOE A R 8
s0f- »
2> NRSPS interfering with BWs (LHCb model I ) is considered 20E- S AR
0 adsle - R TP W X ——
less probable as it may be mixture of different J”states |e L g R R . } ?& gy :’
! P
8E Wi @hﬂ #{h f;mw %%M§
6.5 7 75 8 85

6 ! 9
my,u. [GeV]

22 LHCb model II investigated [on CMS data with CMS background shape] — no good fit

22 Also: 3-way interference + interference between the 3 signal BW and NRSPS bkg — no improvement

2> Interference between resonances is one possible mechanism: other models may be able to reproduce the dips as well

2> ATLAS [ PRL 131 (2023) 151902 ] also confirmed the X(6900) structure & a near-threshold excess
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.151902

2. First observation of the decay A) — J/P E~K*
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Study of the decay AY — J/Pp E"K*

2> First observation of the A?, — J/YP ETK™ transition through the decay chain :

& l—»Aﬂ'_
i T

LOCAL STATISTICAL l
SIGNIFICANCE ~ 5.80

e signal: t-Student ( y, o free; n fixed from MC)
e background: Exponential

Candidates / 16 MeV

|

’/
’f
-

® Signal yields extracted by means of UML fits with models: ======""""

0

CMS 140 fb™ (13 TeV)
40 é— A(l)) N ]/II} E_K+ + Data
35F — Fit
0,y A} signal
o5 } ----- Background
20 |
15|
tof
SIN(AY) =46+ 11"
C L L L | ! ! L S

5.2 5.4 5.6

58 6
m (=K [GeV]
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Study of the decay AY — J/Pp E"K*

2> First observation of the A?, — J/YP ETK™ transition through the decay chain :

LOCAL STATISTICAL +1 VoA . CMS 140157 (13 TeV)
SIGNIFICANCE ~ 5.80 ey | - S 40F A E-K* t Data
pTt e B el — Fit
— A | A — Al signal
30} b
]/l/)TT[ n 8 I T - B Background
(4] F
. . . 0 '9 o
Normalization channel : A} — Y(25)A e
(more copious, similar topology and kinematics) — reduced systematics © 40 i
y SIV(AY)=46+11"
S Y T ST R
. . e 5, . . .
2> Signal yields extracted by means of UML fits with models: ========C_ m (=K [GeV]
SO -1
e signal: t-Student ( y, o free; n fixed from MC) . > 250 _FMS 14+0 ;bat:“ev)
e background: Exponential a0 | | — Fi
é P - A signal
g150 """ BaCkgI’OUnd
§100 ' A = P(2SA
g100}
50
> e »

U5 5m 56 565 57 575 58
m(y(2S)A) [GeV]
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Study of the decay AY — J/Pp E"K*

2> First observation of the A?, — J/YP ETK™ transition through the decay chain :

!

LOCAL STATISTICAL R | ATT™ . Cwms 140 b (13 TeV)
SIGNIFICANCE ~ 5.8 N | _ O 40F A0 K } Data
o u u pn E 35; b =]/ e
_ A | — Al signal
30 ¢ b
]/l/)TT[ n 8 I T R © Background
(4] F
. . © F
Normalization channel :A?, - P(25)A S 20¢
© 15}
(more copious, similar topology and kinematics) — reduced systematics © 40 i
o) =61t 1T
, _ , L e %2 5.4 5.6 5.8 6
2> Signal yields extracted by means of UML fits with models: ========C_ m(Jw=K") [GeV]
~, -1
e signal: t-Student ( u, o free; n fixed from MC) * > 250 CMS 14+0 ;bat:aTeV)
e background: Exponential 32005_ .
> Y & T Agsignal
%1 sof Fy Background
: : . 50 |
2> Branching fraction ratio measurement (with slightly tighter selection): P W
%.5 5.55 5.6 5.65 5.7 5.75 5.8

B(AY - J/PE"K™) m(y(2S)A) [GeV]
— B(A) - p(2S)A)
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Study of the decay AY — J/Pp E"K*

2> First observation of the A?, — J/YP ETK™ transition through the decay chain :

LOCAL STATISTICAL +1 | ATT™ . Cwms 140 b (13 TeV)
SIGNIFICANCE ~ 5.8¢ uru~ _ © 40F A0 =K+ } Data
l—> pTt e B el — Fit
_ A | R A signal
]/l/)TT[ n 8 22 ----- Background
@ “OF
Normalization channel :A?, - P(25)A 5 20|
© 15}
(more copious, similar topology and kinematics) — reduced systematics © 40 i
o @) =sex1r 1T
F _ , e %2 5.4 5.6 5.8 6
2, Signal yields extracted by means of UML fits with models: =======2__ m(JwEK*) [GeV]
SO -1
i e signal: t-Student ( y, o free; n fixed from MC) . > 250 ?MS 14+O ;bat:ﬂev)
E e background: Exponential 32005_ ‘, — Fit
: é i i - A signal
O & T— Background
i ... corrected by total efficiency (evaluated on MC) §150 | Acraronn
e e — e —————— E——— ; 100 | A) = P(2S)A
) o
] ; .
. . . I SOt 4 R
2> Branching fraction ratio measurement (with/slightly tighter selection): Mg Wy
H Y5 555 56 565 57 575 58
B B(AY - J/P E-KY) N - J/PEKY) | g(AY - P(25)A) m(y(23)A) [GeV]

- BAY - @A) N(A) - Y(2S)A)  e(A) — J/PEKH)
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Study of the decay AY — J/Pp E"K*

2> First observation of the A?, — J/YP ETK™ transition through the decay chain :

LOCAL STATISTICAL | | AT~ - CMS 140 b (13 TeV)
SIGNIFICANCE ~ 5.8¢ urp” _ 2 40F A S j/pE Kt i Data
pTt © 35f — Fit
_ A | A — Al signal
]/l/)TT[ n 8 22 ----- Bbackground
T “OF
Normalization channel : - P(25)A 5 20|
@ 154
(more copious, similar topology and kinematics) — reduced systematics © 10 i
o opag) =61t 1T
M. _ e %2 5.4 5.6 58 6
2 Signal yields extracted by means of UML fits with models: ========___ m (Jw=K*) [GeV]
SO -1
i e signal: t-Student ( y, o free; n fixed from MC) . >250 CMS 1401 (13 Tev)
i ) . s [ t Data
: e background: Exponential 200 it
: é A I T A signal
S 2 T— Background
i ... corrected by total efficiency (evaluated on MC) §150 | Acraronn
e e e e e ————————————————— T ________ J §100 Aj - P(2S)A
. . . " 50 ,_,'i "‘,
2> Branching fraction ratio measurement (with,’slightlytighter selection): Wiy W
q55 """ 55656 565 57 575 58
B JAEKD NS - S EKY) (A - p(zs)A) B@ES) - j/prtay, MVEINIG]
B(AY - P(25)A) N(AQ - P(25)A) s(AO = J/PEKT) . BE ~ATT)
____________________ from PDG

= [3.38 + 1.02(stat) +£ 0.61(syst) + 0.03(B)]|% Large statistical uncertaities due to small signal yield
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Exploring two-body invariant masses

2> Hidden-charm exotic states reported by %{? inJ/Yp and J/Y A systems

(e.g. pentaquarks candidates in Ay, — J/Y p K~ and E) — J/YP AK™)

2 In principle this new decay represents the first 3-body decay allowing to access the J /1 E~ sub-system

>> Background-subtracted mass distributions (sPlot), to be used to search for intermediate
resonances, are compared with the phase-space model (from simulation):

Candidates / 160 MeV

N
o

—_
[6)]

—_
(&) o
T

o
T

- O MC

CMS 140 fo' (13 TeV)
- { Data l + |

O

|
()]

4 ‘ 4!2 ‘
mJyK?) [GeV]

Candidates / 160 MeV

CMS

140 fb (13 TeV)

$ Data

N
o

oMC

ary
(&)
T

—_
o
T

o (&)
T T
L £l

.......

—_
(o]

. 2.6
m(EK") [GeV]

Candidates / 160 MeV

CMS 140 fb' (13 TeV)
20¢ $ Data
15F o MC
10 l
L {
5F ——
| \ J/Y E !
0 - L L " l L L L 1 L L L l L L "
4.4 4.6 4.8 5 5.2

m(JyZ") [GeV]
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Exploring two-body invariant masses

2> Hidden-charm exotic states reported by %{? inJ/Yp and J/Y A systems

(e.g. pentaquarks candidates in Ay, — J/Y p K~ and E) — J/YP AK™)

2 In principle this new decay represents the first 3-body decay allowing to access the J /1 E~ sub-system

>> Background-subtracted mass distributions (sPlot), to be used to search for intermediate
resonances, are compared with the phase-space model (from simulation):

Candidates / 160 MeV

N
o

—_
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—_
o (&) o
T

|
()]

CMs

140 fb' (13 TeV)

§-+Data
- O MC

)

O

L | s L 1

3.6

3.8

4 ‘ 4.2 ‘
m (JyK*) [GeV]

Candidates / 160 MeV

CMS

140 fb (13 TeV)

$ Data

N
o

oMC

ary
(&)
T

—_
o
T

o (&)
T
L £l

.......

2.4 2.6
m(EK") [GeV]

Candidates / 160 MeV

CMS 140 o' (13 TeV)
20;_+Data
15F 0 MC
|

m]

g { J/ E”

L ]
0'_

44 48 48 5 52

m(JyZ) [GeV]

These distributions do not show any relatively narrow peak and agree,
within uncertainties, with the predictions from the phase space simulation

3 The sensitivity of this analysis to potential pentaquark signals in the J /Y £ intermediate invariant
mass distributions is limited by the low signal yield for the time being.
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Conclusions & Outlook

2> Explored J /1 ] /1 mass spectrum finding a likely 3-way structures pattern,
confirming the X(6900) observed by LHCb, observing the X(6600) and having an evidence for X(7100),

possibly hinting at a new spectroscopy of all-charmed tetraquarks.

> The measurement of the production Xsections (in a fiducial region) is in our plans as well.

3> Ingeneral CMS has good sensitivity to all-muon final states

(see also the triple-J /4 result [NATURE Physics 304 (2023) 1], and the J /i = 4u decay). (see S. ’s talk)
N " [ Q&LV 19.07 @ 15.45 ]
Thus, it is worthy to explore J/¥ Y (2S) and di-y(2S) spectra.
Run-3 will be certainly useful to afford more or enough statistics.
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Conclusions & Outlook

2> Explored J /1 ] /1 mass spectrum finding a likely 3-way structures pattern,
confirming the X(6900) observed by LHCb, observing the X(6600) and having an evidence for X(7100),

possibly hinting at a new spectroscopy of all-charmed tetraquarks.

> The measurement of the production Xsections (in a fiducial region) is in our plans as well.

3> Ingeneral CMS has good sensitivity to all-muon final states
(see also the triple-J /4 result [NATURE Physics 304 (2023) 1], and the J /i = 4u decay). (see S. ’s talk)
™ " [ Q&LV 19.07 @ 15.45 ]

-

-
-
-
-
Y=

Thus, it is worthy to explore J/¥ Y (2S) and di-y(2S) spectra.
Run-3 will be certainly useful to afford more or enough statistics.

2> CMS has demonstrated to be very competitive also in beauty baryon rare decay chains;
we presented here the first observation of the decay A) — J/Yp Z"K*. oo . (see YYang’s talk)
At ICHEP we presented also the first observation of the decay £, = Y (25)E". [Strong Int. 19.07, 08.45 ]
These are the two most recent results of a raw of analyses dedicated to this sector!  [PRD 110 (2024) 012002 ]
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Conclusions & Outlook

2> Explored J /1 ] /1 mass spectrum finding a likely 3-way structures pattern,
confirming the X(6900) observed by LHCb, observing the X(6600) and having an evidence for X(7100),

possibly hinting at a new spectroscopy of all-charmed tetraquarks.

> The measurement of the production Xsections (in a fiducial region) is in our plans as well.

3> Ingeneral CMS has good sensitivity to all-muon final states
(see also the triple-J /4 result [NATURE Physics 304 (2023) 1], and the J /i = 4u decay). (see S. ’s talk)
N " [ Q&LV 19.07 @ 15.45 ]

Thus, it is worthy to explore J/¥ Y (2S) and di-y(2S) spectra.
Run-3 will be certainly useful to afford more or enough statistics.

2> CMS has demonstrated to be very competitive also in beauty baryon rare decay chains;
we presented here the first observation of the decay 4) - J/Y " K*. .. . (see YYang’s talk)
At ICHEP we presented also the first observation of the decay £, = Y (25)E". [Strong Int. 19.07, 08.45 ]
These are the two most recent results of a raw of analyses dedicated to this sector!  [PRD 110 (2024) 012002 ]

2> The Run-3 data being collected will help to achieve very interesting new/updated results, in Heavy Flavour
Spectroscopy & Production, integrating and/or complementing LHCb (& ATLAS) results (mainly pp collisions)
and ALICE (HI collisions), in spite of , trigger constraints, particle identification limitations.
However, Run-2 data have not yet been fully explored as well.
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Backup: The CMS detector @LHC

2> General purpose detector with cylindrical symmetry and (almost) full coverage of the solid angle

Strengths (for the discussed analyses):

3> muon reconstruction and identification

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes
Overall diameter :15.0m

i e )
Oveclengen 28 m. e o o 5 3 large muons’ acceptance
Magnetic field  :3.8T
SUPERCONDUCTING SOLENOID
- Niobium titanium coil carrying ~18,000A

O » high-performance tracking & vertexing

Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

SILICON TRACKERS

. PRESHOWER
/< Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER

ce + Quarts s 2,000 Channels 0 L=3.0fb" (Vs = 13 TeV, 2018)
7] > 10 Trigger paths
‘ 8 .- CMS K
< 10°E Preliminary _—
i | * Jhp —
W € 10° "
TN o Y
CRYSTAL
FLECTROMAGNETIC u>_] 1 07 Y I low mass double muon + track
CALORIMETER (ECAL) double muon inclusive
~76,000 scintillating PbBWO, crystals
10° 4
HADRON CALORIMETER (HCAL) 1 05
Brass + Plastic scintillator ~7,000 channels
10*
3
10
1 1 1 1 I 11 I

1 10 10°
u*u invariant mass [GeV]
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LHCb models fitting the J/1 J /1 mass spectrum [ sci. Bull. 65 (2020) 23 ]

> 1n 2020 observed a peak in the J /Y J /3 mass spectrum, the X(6900), which was

considered with great interest as a possible all-charm tetraquark (even if also alternative

interpretations have been advocated). reported two alternative fit models:

~ 220

2 Model-I : 5 20
180

160

140

120

3 B.-W.s: - 1 for the signal peak X(6900)

- other 2 auxiliary “threshold” B.-W.s
for the initial raise and first “bump”

Weighted candidates / (28 MeV/
S

60,

;g % Different acceptance — - Tl
o X Different BKG-shape in CMS : * = “E

&00 7000 . 9000 =====lll| t

2000
Mdi-.//],l/ (MCV/C2)~ " oy

ey s

" It poorly describes the dip, suggesting to try

2 Model-I1 ;: a destructive interference of a “virtual” B.-W. with
Z the NRSPS bkg. component, while getting rid of
g the “threshold B.-\W.s'. .
:
X(6900), 3 iigd  Masses & natural widths for the X(6900)
renamed ® - result to be compatible in the two models.
= 3 . . . .
Tyy(6900) w00 LHCD is agnostic on which one is to prefer.

Mg s, MeV/c?)
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J/Y ] /P mass spectrum : background description - |

2> Major physical background sources:

2> 2 genuine J /s combined randomly, i.e. not from a resonant decay, arising from:

- single parton-parton collision:

non-resonant single parton scattering (NRSPS) [~ dominant near threshold region (py < 10GeV)

[Pythia8,

CASCADE (NLO), HELAC-ONIA (NNLO) ]

135 " (13 TeV)
> T T T Y T g
g CMS Supplementary
q { Data =it
0 —BW, i BW,
g -«BW, ==NASPS
g W,  *+DPS
m
Q

/ d o4 * .. i (A
. . vy 24 4

Data-Fit
Stiat. unc.
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J/Y ] /P mass spectrum : background description - |

2> Major physical background sources:

2> 2 genuine J /s combined randomly, i.e. not from a resonant decay, arising from:

- single parton-parton collision:
non-resonant single parton scattering (NRSPS) dominant near threshold region (py < 10GeV)

[Pythia8, CASCADE (NLO), HELAC-ONIA (NNLO) ]

- a pair of parton-parton interactions in a single pp collision: dominant from p; > 12GeV
double parton scattering (DPS) [see above]

/ 1350 (13 TeV)
> L Al T ] T L L l T T T ]/Ir L L L S“I&{ r"
S CMS Sspeneriay
Q " {Dala =i
g —~BW, =1 BW,
8 -«BW, ==NASPS
2 BW, *=DPS
o)
0

/ o & 4 i .. [ O

Data-Fit
Stiat. unc.

...........................................................................
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J /¢ J /P mass spectrum : background description - i

2> Major physical background sources:

2> 2 genuine J /s combined randomly, i.e. not from a resonant decay, arising from:

- single parton-parton collision:
non-resonant single parton scattering (NRSPS) dominant near threshold region (py < 10GeV)

[Pythia8, CASCADE (NLO), HELAC-ONIA (NNLO) ]

- a pair of parton-parton interactions in a single pp collision: |_, dominant from p; > 12GeV)
double parton scattering (DPS) [see above]

2> Simulation includes: direct production + feed-down processes (J /1 as decay product)

Additional feed-down processes from double-charmonium resonances: generated separately [Pythia8]
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J /¢ J /P mass spectrum : background description - i

2> Major physical background sources:

2> 2 genuine J /s combined randomly, i.e. not from a resonant decay, arising from:

- single parton-parton collision:
non-resonant single parton scattering (NRSPS) dominant near threshold region (pr < 10GeV)

[Pythia8, CASCADE (NLO), HELAC-ONIA (NNLO) ]

- a pair of parton-parton interactions in a single pp collision: |_, dominant from p; > 12GeV)
double parton scattering (DPS) [see above]

2> Simulation includes: direct production + feed-down processes (J /1 as decay product)

Additional feed-down processes from double-charmonium resonances: generated separately [Pythia8]

>> Residual combinatorial background sources: (these residual effects are accounted for as systematics)

> At least one non-genuine J /4 arising from:

- one or more genuine u candidate(s) not from a J /¢ decay

- one (or more) hadron(s) misidentified as u candidate(s) or misreconstructed
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J /¥ ] /Y mass spectrum : background description - Il

- -
= ~
-
, ~

~

4
~ Ps
-
Ssao ——

Shapes from Pythia8 distributions, parametrized by : |
- SPS: threshold func. * poly2 * exp. (1 floating param.) i
- DPS: sqrt * poly2 * exp. i
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J /¥ ] /Y mass spectrum : background description - Il

_________________________________________________________________________________________________________________________________________________
- LTS
- ~
-
) So

N

Sl -

Shapes from Pythia8 distributions, parametrized by : |
- SPS: threshold func. * poly2 * exp. (1 floating param.) i e e p e e e e e e ——— ‘
- DPS: sqrt * poly2 * exp. i

135 fo 1!3 TeV)
CMs Supp(en\?nrary

3> Spectrum visualization

Candidates / 25 MeV

Data-Fit
Stat. unc.
'
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J /¥ ] /Y mass spectrum : background description - Il

-

\\‘

- DPS: sqrt * poly2 * exp.

- a genuine resonance

3> Spectrum visualization

Shapes from Pythia8 distributions, parametrized by :

____________________________________________________________________________________________________________________________________

LTS
‘\

Pid
Prag

- feed-down of partially reconstructed higher mass states (/v ¥(2S), ... ) [checked from MC]
- near threshold enhancements as those in mass spectra of VV final states (¢¢, pw, ] /Y ¢,] /Y w)

Candidates / 25 MeV

: 1350 (13 TeV)
CMS Suwem?nra')
{ Data  ==Fit
~BW, =1 BW,
==BW, ==NRSPS
“vBW,  ==DPS

.

Data-Fit
Stat. unc.

- SPS: threshold func. * poly2 * exp. (1 floating param.) i e R [ ----------------------------------------- ‘
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J/¢¥ ] /Y mass spectrum : fit with LHCb models

2> The LHCb signal models are also tested: similar results, but no improvement on the fit quality

LHCb signal models + CMS background . _ . 3513 T80

CMS Suplplsmeﬂrary

60

0 { Data ==Fit
120 " = BW, =BW,
00 -+BW, ==NRSPS

e Modell (top):
[NRSPS + DPS + X(6900) + 2BW below 6900]

Candidates / 25 MeV
- 2
3

@

L L [
hhene o 8 & &

o X(6900) parameters in agreement
o but dip at 6.7 not well described

Data-Fit
Slal. unc.

135 fo ' (13 TeV)
T
CMS Supplementary

g 8

{ Data - Fit
—BW, - BW,
=NRSPS «:DPS

= Interfering components

g

e Model Il (bottom):
[NRSPS + DPS + X(6900) + 1BW below 6900 interfering with NRSPS]

o Larger X(6700) amplitude
o X(7300) region not well described

Candidates / 25 MeV

g g 8

o

e o &

Data-Fit
Stat. unc.
hbeo
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Backup: Di-charmonum spectrum @ ATLAS

[ PRL 131 (2023) 151902 ]

2} J/QI/P and J/P+P(2S) in 4 final state studied at ATLAS using 140 fb! of pp collisions at Vs = 13 TeV

Prompt (SPS, DPS) and non-prompt ( bb — J/J /1 + X ) background contributions are considered

Feed-down included only for di-J/ channel
4 mass data vs background predictions before fit for J/{+J/Y and J/ P+ (2S)

Signal model: interfering BWs @ Gaussian resolution (introduced gradually to improve the fit)

e di-J/Y signal:

o A) 3 interfering scalar BWs

o B) 2 interfering scalar BWs, the first interferes also with SPS

o J/P+P(2S) signal:

o A’) 3interfering BWs from A (fixed) + stand-alone 4t resonance

o B’) single resonance

2> Statistically significant excesses with respect to SPS-dominated backgrounds
are seen in the di-//y channel consistent with a narrow resonance at 6.9 GeV
and a broader structure at lower mass.

A statistically significant excess is also seen in the J/y+1(2S) channel.

..... L B o e e

>
> F ]
S 500 _—?_T’-AS : + Data -
e C Vs=13TeV, 140 fo-
; o X(6900)
e C di-J/iy u ]
© 400— Feed-Down —|
2 _ ]
:>J’ r + . IsPs ]
300 4 Mors -
Fot bb—JyJAy+X ]
200 + [ others
C¢ ]
100~ p.F ]
Ch N 'i ] ]
L N’*xv
C, -
. E[TTT | )
hel E
o 1'5: |
S R 1y : ,|+ |
8 F ‘
6 65 7 75 8 85 9 95 10 105 11
m,, [GeV]
% (LR B DAL LR B BN LI BRI B BLRLL AL LR
8 o[ ATLAS 4 pata
= EVs=13TeV, 140 fb” W s ]
° EJ 2s .
P 50 y+y(2S) -DPS -
2 E ]
L%’ 402 bB—>J/w+w(ZS)+X£
C H -Others
30 H —
20 * +
o s\\\\i*\} 1
oF gt fy E
: SRS
S 4sb bl ' E
£ TS
£ ook T
g 0.5F T

6 65 7 75 8 85 9 95 10 105 11

my, [GeV]
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Backup: Di-charmonum spectrum @ ATLAS [PRL131(2023) 151902 ]

> In detail:

2>  di-J/Ww: models A and B describe the spectrum mOdel_A - N mOdeI_B |
%’400: ATLAs I | _g Bk[ E 8400;ATLAS —— Sig. + Bkg. E
better than models with fewer/no interference. S0 BTV O casgoms ] Ta00L 5= 13TV 101" bW g e
= [ di-Jy ---- Bkg. wio Feed-down ] o [ di-Jiy ---- Bkg. w/o Feed-down 7]
; F --= Sig. w/o Int. ] ; :_ --=- Sig. w/o Int. b
i ifi 5200; Co zlg |”/t- " 5200: Intgerference
Significance for all resonances and for X(6900) i + Daa E 100 ~+ Data
alone greater than 50 ok
~100 . —100; g
The broad structure at low mass could result from ~200- ] ~200- ]
. . ol b b b by 107 Lo b b b b b 107
other physical effects (e.g. feed-down from higher BT TS B e 8T TS BB e
di-charmonium resonances)
. . V4
> J/W+WP(2S): significance for all resonances model-A’: model-B’:
. . > CrrorrrrrrrT T T T T T T T T T T A N L B B B
with model A’ (B’) is 4.70 (4.30) 8 %0 aras — sig +Bis. § 0 amas e
10 :V§=13TeV,14O i’ — Background ] 10 [ Vs=13TeV, 140 fb" — Background
g 40,_J/W+W(ZS) ---- Signal _, g 40:_J/w+\41(28) - Signal _:
. ; r —4— Data ] ; L — Data
Structure at 7.2 GeV alone in model A’: 3.00 g - £ "
4 [ ] i
— . 20k N
More statistics will help to better il + ;
understand the structures in both channels of 7 | ]
i“ ! \\‘tv s LJ+\ TR 1 !
075 "% 85
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Systematic uncertainties

2> Systematic uncertainties for masses & widths of the 3 peaking structures in the J /Y J /1 spectrum

Fit Dominant sources MBW1 MBW2 MBW3 FBWI I-'sz rBw3 :
No-interference Signal shape 3 3 3 10 5 5|
NRSPS shape 3 1 1 18 15 17 |
Feed-down 1. 1 I 25 8 6
Total uncertainty 12 4 S 35 18 19
Interference Signal shape 7 1174 7 56 8 /
DPS shape 1 S 2 18 6 2
NRSPS shape 9 14 13 85 9 20 |
Mass resolution 8 4 1 24 7 13 |
Combinatorial bkg. 7 2 =1 5 & 2
+0 +44 458 i 19 2
s e L 8 e o )
- ; +16 +48 Al e 2 00
(in MeV) Total uncertainty _31 ~90 e s o

Note: acceptance & trigger/selection efficiencies varying very slowly in the search region: considered as systematics
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