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The Large Hadron Collider (LHC) at CERN is the ' G
world's largest particle collider. It lies in a tunnel 27
# kilometres in circumference and as deep as 175

metres beneath the France—Switzerland border near
neva.
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CMS dimuon & trigger

13.1 b7 (13 TeV, 2016)
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Excellent detector for quarkonium
* Muon system
— High-purity muon ID, Am/m~0.6% for | /W
e Silicon Tracking detector, B=3.8T
— Apt/pr~1% & excellent vertex resolution
* Special triggers for different analyses at increasing Inst. Lumi.
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« X(3872) studies

— Measurement of X(3872) to J/lwz*tn~  JHEP 04 (2013) 154
— Observation of BY — X(3872)¢ PRL 125 (2020) 152001
— Evidence of X(3872) in PbPb collisions  PRL 128 (2022) 032001
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http://dx.doi.org/10.1007/JHEP04(2013)154
http://dx.doi.org/10.1103/PhysRevLett.125.152001
http://dx.doi.org/10.1103/PhysRevLett.128.032001

Q F
> E
§4500 E_
24000}
m . 50
(] - 00|
53500 - 050
-g — 000
23000 $’s5 384 3.86 3.88 3.9 3.92
8 E JAp 7 invariant mass [GeV/c?] |
2500— 0
2000}
S S Ny (3872) = 548 = 104 (stat.)
15001 & Nyes) = 7346 + 155(stat.)
1000}
8 Vs =7 Tev
500 cMs Preliminary JLdt=40pb"

o b by by b by by by iy
8.6 365 3.7 375 38 385 39 39 4

CMS PAS BPH-10-018 JAp e invariant mass [GeV/c?]

First experiment to observe X(3872) in B% decay
Phys. Rev. Lett. 125 (2020) 1 52001
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experiment to see X(3872) signal in PbPb
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CMS publications on exotic hadrons

« X(3872) studies
— Measurement of X(3872) to J/lwz*tn~  JHEP 04 (2013) 154
— Observation of BY — X(3872)¢ PRL 125 (2020) 152001
— Evidence of X(3872) in PbPb collisions  PRL 128 (2022) 032001

« Searches without showing significance structures

— Upper limit for X(5568)* — BYz* PRL 120 (2018) 202005
— Observation of B® - y(2S)K2z*z~  EPJC 82 (2022) 499
— Observation of A} — J/9E"K* arXiv:2401.16303 (2024)
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CMS publications on exotic hadrons

« X(3872) studies
— Measurement of X(3872) to J/lwz*tn~  JHEP 04 (2013) 154
— Observation of BY — X(3872)¢ PRL 125 (2020) 152001
— Evidence of X(3872) in PbPb collisions  PRL 128 (2022) 032001

« Searches without showing significance structures

— Upper limit for X(5568)* — BYz* PRL 120 (2018) 202005
— Observation of B? —» y(2S)Kdz+z~  EPJC 82 (2022) 499
— Observation of A} — J/9E"K* arXiv:2401.16303 (2024)

« QObservations of new structures
— Observation of X(4140) from J/w¢ PLB 734 (2014) 261-281
— Observation of X(6600) in J/v J/v PRL 132 (2024) 111901
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Selected CMS contributions to exotic states

» First LHC experiment to see new exotic hadrons (Y(4140))
https://www.nikhef.nl/~pkoppenb/particles.html

300

CMS,\S=7TeV, L=5.21b"
> _'"'I""I""l""l""l"'l'l' 0 ] ]
= o T oaaminsg | 1 The fitted mass and width
S E_ —— Global fit | —E
= 0 T eesere | 1 M=4148.0 +/- 2.4 (stat.) +/- 6.3 (syst.) MeV
> - extrapolation | .
“F | 1 [ =28*15_,(stat.) +/- 19 (syst.) MeV
100 + 'l'+ I —
| R AT E
IFJ% . y |
off | | | | —F— s Evidence for an additional peaking structure
1.1 12 1.3 14 15 16 17 at h|gher mass also reported
Am [GeV]

Phys. Lett. B 734 (2014) 261-281
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Progress of Theoretical Physics, Vol. 54, No. 2, August 1975

« First mention of 4c states at 6.2 GeV (1975)  * Fessible Model for New Resonances

Ezxotics and Hidden‘ Char_‘m

— Just one year after the discovery of J/y

Yoichi IWASAKI

Research Institute for Fundamental Physics

We expect at least three exotic mesons with—tridde sarm, cc (pp —nn) [be- , Kyoto University, Kyoto
tween 3.7~4.1 GeV], czil [~4.1GeV] an to. which we refer : :

(Received January 20, 1975)

» First calculation of 4c states (1981): Z. Phys. C 7 (1981) 317

L S JEC Mass {GeV)
1 0 - 6.55 = (CC);* —(&);, ‘.
é ?"fé“ii“ L S JPC Mass (GeV)
2 0 2t 6.78
! I 1 0 1= 6.82
b} 0++ 1++‘2++ 3++‘4++ +
. ’ ’ 2 0 2 7.15
- . K | m—
3 0 - 6.98 (cc)g (cc)g ; 0 1-- T
1 27%.377.4 —.
2 177,277,37 7,47, 5~
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2**four-quark states, PRD29 (1984) 426

TABLE 1. Parameters used in Eq. (8) to calculate the cross sections for vector-meson pair produc-
tion. (+) and (—) denote two degenerate 2** Q2 ? states. Except in the case of JJ, we take

41 /f;*=0.03, due to the fact that the 2** Q?Q ? are expected to lie not far above the threshold. a, is
determined from Eq. (11).

M;
ViV, a{zl yz/a blg / a,%ssaﬂ (GeV) a; my
2 |'”? 4
V73 2| = . Y X
JJ 1/V3 3| 7 7.0 0.18 3.10
Jo'+) 1/V6 =1 4= 4.05 0.2
@ V3 fifa
2 |'"? 4n
Jo'= 1/V12 ) 4.05 0.2
@ 3 flfm
Y+ 1/V6 =1_4x 13.5 0.167
V3 fxfi
2 |'? 4
YJ-) 1/vV12 < S 13.5 0.167
3 Sxfu
B*E*+ 1V =1 _4r 13.5 0.167 6.60
V3 fxfi
2 |'? 4n
BB 1/V12 = 13.5 0.167
3 fxfu
There were other attempts
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Possible explanations of J/PJ/Y states

(ccece)
o++ - M = 5.966 GeV,
1+ M = 6.051 GeV,
2++ . M = 6.223 GeV,
(bbcc)
0t *a: M = 12.350 GeV,
0t+b: M = 12.471 GeV,
[1+_a. : M = 12.424 GeV,
1+t b : M = 12488 GeV,
1++ - M = 12 485 GeV,
2+ - M = 12.566 GeV,
ﬁbbbb)
o++" - M = 18.754 GeV,
1+ M = 18.808 GeV,
9++ . M = 18.916 GeV,

Phys. Rev. D 86, 034004 (2012)

M — M,;, — —228. MeV,
M — My, = —142. MeV,
M — My, = 20.5MeV.

M — My = —191. MeV ]
M — M,;, = —78.7T MeV,
M — My, = —126. MeV

M — Min = —62.5MeV,

M — M, = —64.9 MeV,
M — M,;, = 16.1 MeV.

M — M, — —544. MeV,
M — M, — —490. MeV,
M — Mg, = —382. MeV.

Below double J/y threshold
Search via J/yutyr, Jy”

Above double J/y threshold
Search via J/wJ/yp

Below double B, threshold

JIwY(1S) threshold
?...

Above double B. threshold
J/wY(1S) threshold
Search via the above two channels

Below double Y(1S) threshold
Search via Y(1S)u*u-

« Many recent theoretical studies on (cccc), (bbbb), (bbct):

— controversial on existence of bound states below nyn, (or ncnc) threshold;

— consistent on existence of resonant states above nyn, (or n.Ne) threshold.

NSTAR2024
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Signal and background &)

» Signal: X - J/pJ /i - wruutu” ui }1/¢
- 1

— Generator: Pythia8, JHUGen X K2

ut
i }]/¢z

Ha

« Main background:

— Nonresonant single-parton scattering (NRSPS)

Generator: Pythia8, HelacOnia (next-to-next-to-leading order),
Cascade (next-to-leading order)

— Nonresonant double-parton scattering (DPS)

Generator: Pythia8

— Combinatorial background

%74 Zhen Hu NSTAR2024 Jun 20, 2024 iy
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J. High Enerqy Phys. 09 (2014) 094
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Total cross section, assuming unpolarized prompt J/pJ/p pair production
1.49 £+ 0.07 (stat.) = 0.13 (syst.) nb

(Different assumptions about the J/pJ/yp polarization imply
modifications to the cross section ranging from -31% to +27%)
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http://dx.doi.org/10.1007/JHEP09(2014)094

CMS J/QJ/WP candidates at 13 TeV

135 b (13 TeV)
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135 fb™! (13 TeV)

= 180 . . . - I
é’ 160 CMS Supplementary
0 .
g ‘ I Data — Fit
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@© et
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* Most significant structure 1s a BW at threshold, BW0--what is its meaning?

* BWO parameters very sensitive to SPS and DPS model assumptions
* Aregion populated by feed-down from possible higher mass states
* Possible coupled-channel interactions, pomeron exchange processes...

NSTAR2024 Jun 20, 2024 17



Candidates / 25 MeV

135 fb™! (13 TeV)

! 1
CMS Supplementary

- = BW,
— NRSPS x* prob =79%
"o DPS [6.2,15] GeV

* Most significant structure 1s a BW at threshold, BW0--what 1s its meaning?

* Treat BWO as part of background due to:

* BWO parameters very sensitive to SPS and DPS model assumptions
* Aregion populated by feed-down from possible higher mass states
* Possible coupled-channel interactions, pomeron exchange processes...

* SPS+DPS+BWO as our background

NSTAR2024
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x? Prob. = 1%

[6.2,7.8] GeV

Statistical significance based on:

2 In(Lo/Lns)

Phys. Rev. Lett. 132 (2024) 111901

6552 = 10 £ 12

r 124 +32,,. + 33
N 470 *120_
o(stat.) 6.5
o(stat. + syst.) 5.7
Observation
598 Zhen Hu NSTAR2024
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http://dx.doi.org/10.1103/PhysRevLett.132.111901
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» Possibility #1:
* Interference among structures?

» Possibility #2:

* Multiple fine structures to reproduce
the dips?

* Mentioned in PAS

NSTAR2024

* More secrets to dig out
* We explored possibility #1

1n detail
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180 135 fb” (13 TeV)
> LA L L L
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New Structures in the J/4J /v Mass T $ Data — Fit E
Spectrum in Proton-Proton Collisions at ~ =Rak/ —BW, ---BW, 3
V8 =13 TeV :q’j 120 989 + [ o A70 BW, - Background —
A. Hayrapetyan et al. (CMS Collaboration) g 100 \ ] ; W --= Interfering BWs =
Phys. Rev. Lett. 132, 111901 (2024) — Published 15 March 2024 © - F ]
% 80 * —
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P o= 60 =
P é? 1
40 ety
: S
OP: é? 20
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U? é? Lll- g 2 ) S £ TR
A s> o
TS
Ol 2
Three structures, X (6900) and two new ones around 6.64

65 7 75 8 85 9

and 7.13 GeV, are seen in the J/vJ /1y mass spectrum that mJ/l//J/l// [GeV]

are consistent with being part of a family of radial excitations.
Show Abstract +

« Fit with interf. among BW1, BW2, and BW3 describes data well
« Measured mass and width in the interference fit
X(6600) X(6900) X(7100)

43416 44148 48-+41
Interference ~ m [MeV] 6638 ;2720 6847 55 oy 713475210
[[MeV] 44005575 191155755 9755075

First observation First evidence
NSTAR2024 Jun 20, 2024 o1




Events / 0.028 GeV

Disclaimer: comparison plots in this page are not made by ATLAS/CMS/LHCb
(taken from https://indico.cern.ch/event/1158681/contributions/5162594/ )
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Similar number of final events, but
much less DPS

2X yield @CMS for X(6900)

8.5 9
My (GEV)

» Comparing with CMS, ATLAS has:
1/3 —1/2 of CMS data (trigger?)
* dR cut—remove high mass events
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Fit CMS data with LHCb model | : 2 auxiliary BWs + X(6900) + bkg
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Fit CMS data with LHCb model | :
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Fit CMS data with LHCb model | :

2 auxiliary BWs + X(6900) + bkg

CMS Preliminary 135 fb' (13 TeV)
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* LHCD did not give parameters for BW1

CMS has a shoulder before BW1
* helps make BW1 distinct

/ Zhen Hu
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* Does not describe 2 dips well
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Fit CMS data with LHCb model Il : “X(6700)” interferes with NRSPS + X(6900) + Bkg
https://doi.org/10.1016/j.scib.2020.08.032
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x’p 80
....... 60 f
- 40 ¢
20
£200
85 9
My [GeV]
Exp. Fit m(BWI) T(BWI) m(6900) T'(6900)
LHCb [15] ModelII | 6741 +6 288416 | 6886 11 +11 168 +-33 +69
CMS Model II | 6736 £ 38 439465 6918 + 10 187 =40
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Fit CMS data with LHCb model Il : “X(6700)” interferes with NRSPS + X(6900) + Bkg

CMS Preliminary 135 fb™' (13 TeV)
>80~ L T3 ~220
STE i BW2[X(6900)] NRDPS 3 & 180
5%°F —NRSPS 3 & 160
2200 i L === (X(6700)+ Interf. 4 = 140
S_E ‘ ‘ 4 £ 120
= S
x? prob=1Q4F 5
.................................... !
mJJN[GeV]
Exp. Fit m(BW1) | T(BW1) m(6900) T'(6900)
LHCb [15] ModelII | 6741 +6 |288+16 | 6886 +11+11 | 168 +33 £ 69
CMS  ModelII | 6736+38 |439+65| 6918+ 10 187 + 40

* CMS obtained larger amplitude and wider width for X(6700)

Zhen Hu
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—+— Data
= Total fit
= Resonance
=== = [nterference
m Interference BW

B ors

.I. = NRSPS

.................

7000 8000
M 51, MeV/c?)
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Fit CMS data with LHCb model Il : “X(6700)” interferes with NRSPS + X(6900) + Bkg

CMS Preliminary 135 fb™' (13 TeV)
>80~ L T3 ~220
s E A { Data — Fit 3 S 200
STF i e BW2[X(6900)] - NRDPS 3 2 180
5%°F —NRSPS § X 160
2 2001 i ---(X(6700)+ Interf. 4 ~ 140
S_E ! 3, & 120
= S
x? prob=1Q4F 5
.................................... 9
mJJN[GeV]
Exp. Fit m(BW1) | [(BW1) m(6900) T(6900)
LHCb [15] ModelIl | 6741+6 |288+16 | 6886+ 11+ 11 | 168 +33 + 69
CMS  ModelIl | 6736 +38 |439+65| 6918+10 187 + 40

* CMS obtained larger amplitude and wider width for X(6700)
* Does not describe X(6600) and below

..........

7000

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

= Total fit

MeV
o o
2 ®
S o

Candidates / 25 Me

lll"lllllu‘II||||||I|||||||||||||||I|||||||||

CMS _Preliminary

= Resonance

== = [nterference
m Interference BW

B ovs

.I. = NRSPS

8000
M 51, MeV/c?)

13517 (13 Te

154
g
Ll

* Does not describe X(7100) region
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- ATLAS —— Sig. + Bkg. o [ ATLAS —— Sig. + Bkg.
o (s=13TeV, 140" Background A g 300 (s=13TeV, 140" BW, + Bkg. + Int.
C di-Jhp ---- Bkg. w/o Feed-down | © C di-diyp ---- Bkg. w/o Feed-down 1
- . ~ r i
/ ---- 8ig. w/o Int. ] 200 -~ Sig. w/o Int.
rrrrrr Sig. Int. S == Interference
—— Data 1 G —t— Data

I_: %400|_IIIIIIIIII

Interf. Among BWO0-1-2 4 -100
: : b
@ . -200f (b) .
65 7 75 8 85 9 “65 |7 75 8 85 9
m,, [GeV] m,, [GeV]
di-J /y model A model B
mo 6.41 +0.08*0:9% | 6.65+0.02*0-0
Iy 0.59 +0.357055 | 0.44+ 0.05":8-_?)2
mi 6.63 + 0.05700%
I 0.35+0.1170-1)
X(6900) > 5 my 6.86 + 0.03*0:0"  6.91 +0.01 +0.01
( ) g I 0.11 +0.05*0-92  0.15 +0.03 + 0.01
As/s 15.1"70‘:%5.7;; —

/ Zhen Hu
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Phys. Rev. Lett. 131 (2023) 151902
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ATLAS model A: analogous
to LHCb model |, but 2

auxiliar
X(6900

BWSs interfere with

ATLAS Model B: analogous
to LHCb model Il, one

auxiliary BW interferes with
NRSPS

Both models describe the
data well

®* the broad structure at
the lower mass could
result from other
physical effects, such
as the feed-down

The 3rd peak mass is
consistent with the LHCb
observed X(6900), with

significance > 50
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Comparison with some theoretical calculations

% 180: . . . . 135cl':|s(13TeV: % 180: . . . . ’13;:-‘5(13Te\2
S 160~ - = 160 =
Q wb ¢ Data —Fit 4 8 wkE ¢ Data —Fit =
> E —BW, ---BW, E R~ = —BW, ---BW, E
8 120F «.BW, - Background = @ 120N At TN 0000 .. BW, - Background —
< Fi 94 = F -.- Interfering BWs 3
T 100F 4 © 100F k 3
2w N - < [ interf E
o 60 3— (@] 60 3Z N
40 o 40 ai e
20 P Y S N
o 0 5 0 + -
= =l
Gls o g -
2 o 82 [k 4, Mlnl M W &{-H#T w*{i@w} L
85 5 o[Frety A W P
85 6.5 7 75 85
My, y, [GeV] My, [GEV]
1Py 17— 363.9 320.3 -366.7 337.5 -14.4 0 0 -2.6 6553 - -
T°P0 O T 300.7 3202 -300.7 337D -2 -hoyg 43T 2% © 6398.1  1mc(1S)xc0(1P)
18P, 1+ 356.6 320.3 -366.7 337.5 -7.2 -284 215 -27 6554) 6494.1 n.(1S)xc1(1P)
13P, _2-+ 356.6 3202 -366.7 337.5 -7.2 284 21 24 6539.6  n.(1S)xc2(1P)
1P, 17—~ 3424 3204 -366.7 337.5 7.2 -85.3 -30.2 -2.7 64% 65088 n.(1S)hc1(1P)
15P, 27— 342.2 3202 -366.7 337.5 7.2 -284 30.2 -2.5 657§ 6607.6 J/1(1S)xc1(1P)
15P3 37~ 3423 320.3 -366.7 337.5 7.2 56.9 -8.6 -2.5 6623 6653.1 J/9(1S)xc2(1P)
21 P, 1 4147 688.7 -263.4 548.6 -11.2 0 0 -1.6 : HYS
: arXiv:2108.04017 [hep-ph]
Po 0 T 410.0 680.6 -263.4 548.6 -5.6 -46.2 -345 -1.7 - -
23 P, 1-+ 410.0 689.6 -263.4 548.6 -5.6 -23.1 17.2 -1.6 -
23P, _2—+ 4100 6896 -263.4 5487 56 231 .34 17 :
25P; 17— 398.7 689.5 -263.4 548.6 -5.6 -69.3 -24.2 -1.7 P-wave
25P, 277 398.7 689.5 -263.4 548.6 5.6 -23.1 24.2 -1.5  § = [
25P; 37— 3988 689.7 -263.4 548.6 5.6 462 -6.9 -1.6 6982 - M[BW1] =6552 += 10 * 12
31p; 17— 479.8 9822 -2155 727.8 -93 0 0 1.1 7221 - MeV i
% O 4152 O82.7 -215.5 120.7 46 -419 310 -1.2 7153 I I .
3P 1-+ 475.1 982.6 -215.5 727.7 -4.6 -20.9 15.5 -1.2 7220 M[BWZ] 6927 9 S
3P, 22—+ 4751 982.6 2155 7278 4.6 20.9 -3.1 -10 T - - MeV
35P; 17— 4659 982.8 -215.5 727.7 4.6 -62.8 -21.7 -1.2 7150 - M[BW3]= 7287 + 19 + 5
35P; 277 465.7 982.6 -215.5 7278 -4.6 -209 21.7 -1.1 7236 - - MeV
35P; 37~ 465.8 982.6 -215.5 727.8 4.6 419 -6.2 -1.1 7271 [
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Table 1. Predictions of the masses (MeV) of S-wave fully heavy T4(nS) tetraquarks. Only 0**
and 2** are considered for 7} ;.. The uncertainty is from the coupling constant

Nucl. Phys. B 966 (2021) 115393

a;=0.35+0.05.

T4(nS) states J*
Tecee o
o+
Tece o
TbCBE o+
2+
1“1)’(‘55 o
Touss o
o+
T o+

bbbb

Jun 20, 2024

Mass(n=1)

69
6055759

62
6090752

S
36
6555758
.

X 7

27 22
6883727 7154722

5984751

12887 00
124017157
123001199
18475" 1%
184831152

183837149

S-wave

4!
1291474

1281625
19073133
1907573

1897659

— —22

6621
34297329
13430735
18333433
1956632
19567132

19468731

M[BW1]-1\4¢+ 10 * 12

MBW2] = 6447 + 9 +
MeV

M[BWS3] = 7134 + 19 + 5
MeV
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Radial excited p-wave states (like J/i series)?
Or Radial excited S-wave states?
Theoretical situation difficulty & confusing

« Important next step: measure JC to clarify

Natural question: what about YY, JY final state?
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https://arxiv.org/abs/2108.04017

* Spin-2:

g9 — X produce J; = 0, %2, minimal coupling: J, = £2

Polarization in production
* Spin-0: gg = X
* Spin-1: q@ = X produce J, = +1

qq — X produce J, = *1

12000

10000

8000

6000

4000

2000

original 0*
0*->0
original 0
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e 1, A*

Polarization in decay
* Spin-0: 0%, 0~
* Spin-1
* Spin-2: 2%, 2~

14000

12000

10000

8000!

6000!
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2000

original 0*
0*->0
original 0
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pPb data sample collected at

Vsyn = 8.16 TeV during 2016
— Integrated luminosity: 174.56 nb™"

Channels considered

= Jy(—=pp)d/w(—pp)
- Jy(—pp)diy(—ee)
Signal Yield

— JY(—=pp)d/y(—py) : 8.5 £ 3.4

— JIy(—pp)d/p(—ee): 5.7 £ 4.0

Significance is 4.9 sigma for the

4 muon channel (Likelihood ratio of
the fits + asymptotic formula under Wilks

theorem)

5.30 (combination with Fischer

Formalism)

CMS Preliminary pPb 174.6 nb™' (8.16 TeV
— T T T T

Events / 20 MeV
Events / 20 MeV

4
[ —e
"

.

™

Events / 20 MeV
Events / 40 MeV

NO W N W N ol o N o

SRR

K/

JIY(—up)d/g(—pp)

CMS Preliminary pPb 174.6 nb™" (8.16 TeV
T T T T T
10-— ¢ Data 4

- == Total
7y Iy 7]

> Background |

J/y(—pp)J/y(—ee)

CMS Proliminary__oPb 1746 b (8.16 Te

pPb 174.6 nb™' (8.16 TeV
L

N »
T
7
7y
N —

o7
%7
7
%
i
%Y
%%

oGNS Prelminary
[ ¢ Data ]
8 = Total =
[ 7 Jhy Jhy ]
6-— b\ Background ]

X

CMS-PAS-HIN-23-013
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-23-013/index.html

Significance > 5o

o(pp—J/wd/wd/wX)
=272 +141_104 (Stat) + 17 (SySt) fb

Signal yield: 51%4§events

Nature Physics 19 (2023) 338

=
o

133 fb' (13 TeV

>
©
=
o
T}
~
12
82
e
[}
>
L

¢ Data

RN AN

— Total fit
Jhy Jhy Jly signal

s
o

Ry

1”4

133 b (13 TeV
2 L2 18V,

CMS Experiment at the LHC, CERN
Data recorded: 2017-Oct-18 16:07:04.866439 GMT
Run / Event / LS: 305237 / 1277785997 / 682

CMS
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Events / 50 MeV
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“6c’” search in future?
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http://dx.doi.org/10.1038/s41567-022-01838-y

11.0
i 23 new exotic hadrons at the LHC
10.5 1L -
-~ -~
8.0 Observed by CME[
waiting for confirmation
rom other experiments
7.0 n wy L
°
Observed by LHCDb, o X(6600) >
confirmed by ATLAS & CMS
6.0 A -
N
~
>
()
2507 Observed by CMS X(4700) X(4685) I
0 y Pl (4450)* .X(4500) P%(4457)+ @ x(4630) A o
g N(43g,)+ o *7"Y IZ%Ejgig .Tw51(4220) m 3% .
4.01 ~(ad ' y(3842) @ v (4000 T5:1(4000)
® cc(qq) ° r.Ge7sy  X(3960)
® ccqq
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Summary

« CMS played important roles in some exotic hadron studies

 All-heavy quark exotic structures offer a system easier to understand
— A new window to understand strong interaction VS Experiment at he LHC, CERN

« CMS found 3 significant structures in di-J/ |
mass spectrum
—  X(6900) consistent with LHCb

— First observation of X(6600) and evidence of a
third resonance in di-J/y

— Dips in data show possible interference effects

— A family of structures which are candidates for
all-charm tetra-quarks! X(6600) event display

« Spin parity analysis, cross-section measurement ongoing
« Tri-J/Y in pp and di-J/y in pPb observed for the first time

NSTAR2024 Jun 20, 2024 35



Outlook for Run 3

« New trigger at CMS for Run 3, new possibilities!
- JY + (295)
— Y(2S) + Y(29)
— J/Y + Upsilon
— Y(2S) + Upsilon

CMS Preliminary L=02fb" (Vs =136TeV, 2023) ,
IIIIIIIIIIIIIIIIIIII l T T T T I T T T T I T T T T l T T T T I T l: T l T T T T l T T T L) T T |

L B Inclusive low mass dimuon trigger E Y(nS) trigger 7]

= W Displaced low mass dimuon trigger https://cds.cern.ch/record/2868780
I | Y

1 MeV
3

—

o

(6]
AL N

Y(2S)

Candidates /
2

108

—
o
w
L R

S 10 11
m(u*u-) [GeV]

Thank you!
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Backup
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Associated quarkonium production

 Study interplay of soft QCD with (semi)hard QCD and EW physics

« Sensitivity to perturbative heavy flavor generation and
nonperturbative initial and final state effects

+ Initial state: e.g. sensitivity to the concepts of
single (SPS), double (DPS) and triple (TPS) parton scattering

. ) ' A_B
parameterized by O AB Y

Opps —
Ee

» Final state: e.g. sensitivity to heavy flavour hadron formation (colour
singlet vs. colour octet), sensitivity to resonant multi-heavy-flavor states

Zhen Hu NSTAR2024 Jun 20, 2024 38



CMS blind mass window for 13 TeV

We saw hints at Run I data (7 TeV & 8 TeV) Blinded mass windows for Run II:
Proposed three signal regions for Run II data

2. [6.8,7.1] GeV

3. [7.2,7.8] GeV
(for potential wide structure)

N These mass windows will be windows
for LEE for potential structures

<> (> >
1 2 3 Run I data will be ignored for

< > significance calculation
6.2 GeV 7.8 GeV

CMS eventually decide to blind the whole region: [6.2, 7.8] GeV after LHCD released their result (13 TeV, 2020)
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Event selections

Muon selection J/y selection
=295 < <3.25GeV
= pr(pt)> 2.0 GeVic My ©
n "pr(J/y) > 3.5 GeV/c
" n(uH)] <24 svtxprob(Jiy) >0.5%
= All muons are soft »Constrained vtxprob(J/y) >0.1%

= For 2017-18 years: pp(ut) > 3.5 GeV/c for at least
one utu~ pair, which has vtxprob(ptp™) >0.5%
and 2.95 <m+,- <3.25GeV

JhyJhy selection
sptxprob(4p) > 0.5%
sptxprob(J/yly) > 0.1%
"Proper HLT is fired in event

Multiple candidates

. . : .. MJ/y1)-MJ/Yppe)\2 , MI/Y2)-MJ/Wppe)y 2
Choose the best candidate with minimum ( s MOVL)) ) +( M) )
value if there are 4 muons in event, but more than one candidate (~0.2%)

=Keep all candidates if there are more then 4 muons in event (~0.2%)

Baseline mass variable — invariant mass of two constrained J/y candidates

NSTAR2024 Jun 20, 2024 40



« To include systematics, alternative resonance/background shapes applied in the
fit.
« Calculate signal- and null-hypothesis NLL syst including systematic using:
NLL (syst—sig) = MIn{NLL (nom-sig), NLL (alt—i-sig)+0.5+0.5-Adof}

O NLL (nom-sig): the NLL of nominal ‘signal hypothesis’ fit.
O NLL (alt-i-sig): the NLL of i-th alternative fit of ‘signal hypothesis’

O Adof: the additional free parameters comparing to the nominal ‘signal
hypothesis’ fit.

* NLL (syst—null) = MIin{NLL (nom—-null), NLL (alt—j—-null)+0.5+0.5-Adof}

« Significance including systematics as usual from NLL (syst—null)-NLL (syst—sig)

_ Significance with syst.

BW1 5.70
BW2 no sensible changes
BW3 no sensible changes
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Line shape

« S-wave relativistic Breit-Wigner (used in default fit):

m qmo

,whereI'(m) =T, —,
mg — m? — imI'(m) (m) =To gom

g is the momentum of a daughter in the mother particle rest

BW(m, mo, Fo) =

frame; g, means the value at peak position (m = m,).

« NRSPS and NRDPS:

fnrsps (X, X0, @, D1, D2, D3)

_ a 1 P1 (x — x¢)P3
= (=) (1- ((15 —x)? 1) a5 -?); eXp<_ 2P )

fvrops (X, @, Do, D1, D2) = Xt - exp(—a - x¢) - (po + 01 - X¢ + Dy - XE),

where xo = 2m; /y, Xt = X — X

NSTAR2024 Jun 20, 2024 42




Explored fit with interference among various combinations of BWs
Pdf for three BW interference

Interf. term
Pdf(m) = Ny, - |BWo|* ® R(My) /

+ NX and inters *||71 - €xp(igpy) - BWy + BW, + 13 - exp (i¢h3) - BW, |

T Nygsps fSPS(m) + Nyrpps fDPS(m) ’

Studied many ways interference due to possible J°¢ and quantum
coherence

— 2-object-interference among BWO, BW1, BW2, BW3

— 3-object-interference among BWO, BW1, BW2, BW3

— 4-object-interference among BWO, BW1, BW2, BW3

Final CMS choice: interference among BW1, BW2, BW3
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Significance with systematics

Source AMpw1 AMpwo, AMpws Al'pw1 Al'pw2  Al'pws
signal shape 3 4 3 14 7 7
NRDPS 1 <1 <1 3 3 4
NRSPS 3 1 1 18 15 17
momentum scaling 1 3 4 - - -
mass resolution <1 <1 <1 <1 <1 1
combinatorial background <1 <1 <1 2 3 3
efficiency <1 <1 <1 1 <1 1
feeddown shape 11 1 1 25 8 6
total 12 5 5 34 19 20

 Investigated effects of systematics on local significance by a profiling procedure

« Adiscrete set of individual alternative signal and background hypotheses tested in minimization
« Significant change: BW1 significance changed from 6.5¢ to >5.7¢
» No relative significance changes for BW2 and BW3

M[BW1]=6552 = 10 == 12 MeV T[BW1]=124 £ 29 * 34 MeV >5.7¢

M[BW2]=6927 = 9+ 5MeV T[[BW2]=122 22 * 19MeV >94¢

M[BW3] = 7287 + 19 = 5MeV  [[BW3]= 95 *+ 46 = 20 MeV  >4.10

NSTAR2024 Jun 20, 2024 1



Dominant sources

Fit AMpwi AMpwy AMpws Al'gwi  Al'gwy  Al'pws
Interference Signal shape 7 12 7 56 8 7
NRDPS 1 3 2 18 6 2

NRSPS 9 14 13 85 9 20

Resolution 8 4 1 24 7 13
Combinatorial bkg. 7 2 <1 5 3 2

Feeddown shape —27 +44 +38  —208 +19 +12

+16 +48 +41 +109 +25 +29

Full uncertainty

—31

—20

—15

—235

—26

Total systematic uncertainty is quadrature sum of each

source

Systematic uncertainties from feeddown contribution are

asymmetric

Systematic uncertainties from other sources are symmetric

B/,
9
¢ Zhen Hu
&
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LHCb collaboration /Science Bulletin 65 (2020) 1983-1993

(3)43900""""""' (b) T
= 800F LHCb 5Bl 100 = 5.0<pi'¥ <6.0 GeVie 7
SO pvesoceve Tk
: 600 == === Threshold BW2

= NRSPS
== === DPS+NRSPS

Weighted candidates / (56 MeV/c?)
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a i I .. —
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g 80 E 40
:a g S
o [ - ) 3
9 Lae - s 8 -
3 40 3 2F AT ,
S 20 5105 :
i ; o -
= i 2
200 7000 8000 9000 8200 7000 8000 9000
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Fig. 4. Invariant mass spectra of weighted di-J/{/ candidates in bins of pﬂi'” ¥ and overlaid projections of the p?i'” Y_binned fit with model 1.
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