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Top 10 fundamental scientific questions—AlIl overview

What is the universe made of? <

How did life begin? 07

What is consciousness?

Are we alone in the universe?

What is the fate of the universe? <

out of 10 related to physics science

Why is there more matter than <
antimatter?

How do quantum mechanics and <
general relativity unify?

What is the cause of gravity? |

How do we achieve nuclear fusion? <«

How much can human life be
extended?

Top concern—our universe!



Quarks, Gluons, and QCD

Early universe: quarks and gluons confined to nucleons, shrinking to occupy only
about 10745 of the observable universe’s volume

Dark Energy
Accelerated Expansion
Afterglow Light
Pittern Dark Ages Development of
400,00 ) yrs. Galaxies, Planets, etc.

Inflation

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

Later on distant planet(s): off in the
expanding universe, some sentient beings
heard the sounds of this particular tree falling
in the woods and approximated it by the QCD
sector of the Standard Model

From inside nuclei, the quarks speak to the outside world through the rest of the
Standard Model --they got discovered!

Quarks, Gluons, and QCD




Quarks, Gluons, and QCD Success

« Seclusion driven by nonabelian phase invariance: :

Six flavors, three colors each Bound by gluonic excitations

« This is called Quantum Chromodynamics (QCD)

- Experimentally tested at high energies; asymptotic freedom
—Nobel Prize 2004

i
« Success of Conventional Hadrons at low energies: non- . ‘
perturbative quark model (confinement) | : '

—Nobel Prize 1969

@ QUARKS @@ LEPTONS @@ BOSONS @@ HIGGS BOSON

Conventional Hadrons

meson (qq) baryon (qqq)
N\ 3
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Heavy-Flavor Exotic Hadron States (XYZ Particles)

Exotic Hadrons 115
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 Exotic Hadrons (Non-Conventional)-- no definitive conclusion yet — currently a hot topic
« X(3872) (2003), kicked off a boom in (heavy-flavor) exotic hadron, dozens of XYZ found.

* Nature of XYZ remain a mystery, looking for experimental input

* Fully-heavy exotic hadrons, promising and more accessible for theoretical exploration.
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From Strange to Bottom Discovery
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- Standard model important milestones!

« The discovery of X(3872) started the hot discussion of exotic hadrons
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Oops-Leon

Volume 568, number 5 PHYSICS LETTERS 26 May 1975

Oops-Leon is the name?;iven by

particle physicists to what was
OBSERVATION OF HIGH MASS ELECTRON-POSITRON PAIRS

PRODUCED IN PROTON-PROTON COLLISIONS AT THE CERN ISR thought to be a new subatomic Wl
F.W. BUSSER', L. leﬁ?.;fy;vﬁﬁ:;& POPE and A.M. SMITH particle ||discoveredn at Fel’milab in
B.J. BLUMENFELD and S.N. WHITE 1976. The E288 experiment team, a
Columbia University?, N.Y., USA .
/N T”E 865 A.F. ROTHENBERG, S.L. SEGLEK:ATnd M.J. TANNENBAUM grOUp Of phySICIStS led by Leon Ta—‘ |'d’
WNIG ..., , e Rockeflly e .. 054 Lederman who worked on the E288 2
/ M. BANNER, J.B. CHEZE, J L. HAMEL, H. KASHA®, . -g
_— 1P PANSART, G. SMADJA, J. TEIGER, H. ZACCONE and A. ZYLBERSTEIN particle detector, announced that a =
CEN, Saciay, France
\ Received 22 Api 1975 particle with a mass of about 6.0 GeV, %
| ) k E .
! Leregmpw e et s o s T, which decayed into an electronand a  production of electron—positron g%
-3 i 16 :’am:.z\z'::mwmnn for this reaction is estimated and compared with the result obtained at lower positron, was being produced by the pairs as a function of invariant .g_.l_é‘
i :
Au Fermilab particle accelerator.['] The mass (in GeV). The apparent peak =
' (i Poye lonmn @ ey around 6 GeV was initially identified
-3 . G- particle's initial name was the greek as a new particle, ! but named e
" Volume 56B, number 5 PHYSICS LI letter Upsilon (Y'). After taking further Oops-Leon when it turned out not
N ! data, the group discovered that this to exist.
N '
}é -3 y particle did not actually exist, and the
5 g N T "discovery" was named "Oops-Leon" as a pun on the original name and the o
—_— % 5
g first name of the E288 collaboration leader.[?] .
H =35 ° 5| [ bl
.ﬁ é The original publication was based on an apparent peak (resonance) in a g 4]
N = 2 . i : :
8 i M m| histogram of the invariant mass of electron-positron pairs produced by g 3 {
] 1 1 1 1 ] I
§ -3 i i 25 W 35 protons colliding with a stationary beryllium target, implying the existence of E f hl 5 {] Hf“
e'e’) GeV
§ FI6.2 a particle with a mass of 6 GeV which was being produced and decaying FE ofif '11 : Jﬁ_ﬂ o P
. Fig. 2. Invariant mass distribution for the observed e*e™ pairs. into two leptons. An analysis showed that there was "less than one chance Hg |! l[ } ﬂmﬁm‘mw
¥ 1y The curves represent the shapes of the acceptance, as a func- T 5 = [ Bt
i tion of the e*e~ invariant mass value, for the Arm 1 and Arm in fifty" that the apparent resonance was simply the result of a ..grg - L A
triggers, respectively, coincidence.['l Subsequent data collected by the same experiment in 1977 miGe\)
-3 I\ L revealed that the resonance had been such a coincidence after all.l?!
cluded that the 11 e*e~ pairs are genuine and corre- : .
i spond to the occurrence of reaction (1). However, a new resonance at 9.5 GeV was discovered using the same
b The invariant mass of each pair was calculated using basic logic and greater statistical certainty,[®! and the name was reused
-3 L the momenta of the particles as measured in the mag- B 1
2 3 45 6 natin onant Tho Aicteibostine A6 oot (see Upsilon particle).

Moo [Gevit]

BNL-1968 CERN ISR-1975 FNAL-1976 FNAL-1977
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Hints before the discovery of X(3872)—J/yn+nx-

CDF internal, 1994 E705, PRD 50, 4258 (1994)
Dec 4934 : - ’ E705 saw y(3836) (2)in 1994, 3.836+0.013
120
_ GeV
100 PRL 115011803,PRL 111 032001
80 :'-_; 120
80 —_ _______________ ,,,,,,,,,,,,,,,, .................. o Gl ------------------ ----------------- E':-Q-I .
o I e ,,..A, T s St SOTE :t:.l
- i ; : : . ! s AN
. e TS SRR N NI B T S i 60
36 365 37 375 38 38 39 395 4
M 2.5Mev c10+minpi+dr.4 | o
BaBar internal, 2003 20 |
[ w(ZS?-+ - M AWG meeting June 2003 { .
| N ;/" " s o motivation: background to a.5 4 . ‘-:.. ::} R
N k o am: cwma | Jhy K test factorization... M%) evsc
I , :
+(3636) CDF saw a hint in 1994, unpublished
. { BaBar saw a hint in 2003, unpublished
k. I| i
[ i‘ ‘}.+?* *i .
R RRR Both CDF and Babar spotted hints of X(3872) before
M(Jhyr) (GeV) . .
From BaBar B-Factory Symposium (C. Hearty) its discovery!
http://www-conf.slac.stanford.edu/b-factory-symposium/talks.asp )
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X(3872) (Belle)--2003

30 T T T T T . . . .
a) sianal ,.,g;on' ' UH Physics emeritus professor wins Panofsky Prize
University of Hawai‘i at Manoa
Contact: Thomas Browder, (808) 956-2936
Professor , Physics and Astronomy
Pui Lam, (808) 956-2988

%)
o Chair, Physics and Astronomy
=
% Posted: Oct 8, 2015
L [ ] The American Physical Society (APS) has awarded the 2016 W.K.H. Panofsky Prize in Experimental Particle Physics to Stephen Olsen,
E II Fumihiko Takasaki, Jonathan Dorfan and David Hitlin. This is APS' highest award for experimental particle physics. It recognizes the B factory
"E - ! = experiments (Belle at KEK and BaBar at SLAC), which observed large CP violation (matter-antimatter asymmetry) in the B meson sector in 2001,
[<b} ! ! and also provided experimental confirmation of the Kobayashi-Maskawa hypothesis for the origin of CP violation, which was later recognized by
> ; \
L PS + \ n the 2008 Nobel Prize in Physics.
A
/
- L4 + ®

| L Steve Olsen was a UHM faculty from 1992-2009. He led the high energy physics group at UHM for many years and was one of the founders of
o} hd T T T | the Belle experiment at KEK in Tsukuba, Japan. In addition to his work on CP violation (matter-antimatter asymmetries), he discovered a series of
[ unexpected new particles referred to as the X, Y and Z mesons. These have revolutionized the field of hadron spectroscopy in particle physics.

Olsen was also one of the first western scientists to do collaborative research in particle physics in Japan and China.
3820 3860 3900 P

5 Upon retirement from UHM, he moved to Seoul National University and is at now working on the AMORE double-beta decay underground
+ - N .
M('IC 7T J/ \]I) (MeV/C ) experiment at the Center for Undergound Physics

in Daejeon, Korea.

Steve Olsen

201 7 La u feates For more information, visit: http://www.phys.hawaii.edu/

“...The X(3872) was discovered by Dr. Sookyung Choi and
Dr. Stephen Olsen with their colleagues in the Belle
experiment among the final states of the decay of B mesons.
The X(3872) was confirmed by seven other experimental
groups thereafter and is the first example of a new type of
XYZ meson and the most well-established state among them.

29

2017 Korean Ho-Am Science Prize
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 Light exotics likely exist, but the light-meson sector is too messy for clear identification.
* Heavy-flavor exotics: larger quark mass relative to Aycp => theoretical treatments more reliable
* The discovery of X(3872), Zc*(3900), Pentaquarks
e Z,*(10610) and Z,,*(10650) two charged bottomonium-like resonances
* Move to all-heavy exotics
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The LHC and CMS Detector

The Large Hadron Collider

o —

The Large Hadron Collider (LHC)
« Smash protons moving at 99.999999% c

« 27 km circular tunnel, located 50-175 m underground
« Currently operates at 13.6 TeV center-of-mass energy

Kai Yi

CMS Detector

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes S
Overall diameter

nnnnnn

g ~18,000A

3 PRESHOWER
~ Silicon strips ~16m* ~137,000 channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Brass

+ Plastic scintillator ~7,000 channels

The Compact Muon Solenoid (CMS) Detector

Exotic Hadrons

A general-purpose detector

14,000 tones, 15 m high x 21 m long

Built in cylindrical layers (inside — outside):

Tracker, ECAL, HCAL, Solenoid Magnet, Muon System

12
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All-charm Tetra-quarks

SLAC-LBL collaboration,1980

oy

310

First mention of 4c states at 6.2 GeV (1975):
Y. lwasaki, Prog. of Theo. Phys. Vol. 54, No. 2

Inspired by 1980 R curve, first calculation of 4c states (1981):
K.-T. Chao, Z. Phys. C 7 (1981) 317

Exotic Hadrons




JIgpJ/y events—first evidence (1982)

PLB114 (1982) 457 PLB158 (1985) 85

. ; o .
‘ y ) JE— ' : |CERN NA3 "
3 |CERN NA3 CERN NA3 3 | i i S | -
15 F =
= : = o | * — adtagh-wp i
8 10 o % 1 L !’ Lw | o = =
> S ey ey s £ A= &5
P P it TR A p e, !
c 51 | | - — R 4 |
2 x[x[x] | . N R P o S
oL 1 (6], el [ofefelxt Eﬁ i | l "' ™
- 05 1.5 2! 3.5 L Y I T U W
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MI*P (Ge '¢2) cos(yy-helicity)

« Lack of statistics in early experiments
« Unclear for any conclusion
« Game changer for LHC experiments

Kai Yi
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Status of of all-charm tetraquark

LHCb ATLAS L avs

SCI BuII 65(23) 1983 2020 Phys. Rev. Lett., 131(15):151902, 2023 Phys. Rev. Lett., 132(11):111901, 2024
a 0 o SAQQF T TTTTTITTTTITITTTITTTTTTTTTTTTT S ML BN B AL BN B B 180 5 13 TeY
= +D' G [ATAS — Sig. + Bkg. 18 S0 artas — SigeBkg ] 160 -
%‘f 3300;:5:/13 TeV, 140 o' Background J® E Vs=13TeV, 140 fb’' —— Background : > 140é s Data —Fit E
3 S L e TR 3 Aoplenes) il | - Do Rty =
Z ‘2200:_ :::: & .\@ r —+ Data s 100 = -‘-Inte?'fering BWs é
2 3 f Deta 8 30 g 80 =
- W1go Rk g F 5 E
2 : 2w :
8 ot < 20 8§ wf ) =
3 - ] 20fif
-ZE," -100F 1 ol S8
= i . ] : Eg 2 :
&0 7000 8000 9000 | —200F 9 g °f ﬂﬁhﬂﬁ%ﬁ iﬁ%ﬁ%ﬁ%ﬁﬁﬁwﬂ% Wﬁﬁﬁﬂ
Moy (MeV/e?) BT e i 1 § |
my, [GeV] my i [GeV]
( N\
« All exp observe X(6900)
« CMS first observed X(6600) & evidence of X(7100)
« All exp use interference, but in different ways
« All exp see a threshold excess, NOT explained! Classified as background
- Many open questions
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Open question 1—X(7100) existence?

CMS v.s. ATLAS * 4.6 LHCb ATLAS

200 Sci. Bull., 65(23):1983, 2020 Phys. Rev. Lett., 131(15):151902, 2023
> 1
o L T I B S S B > AN LN B R N B BN
g s00E- . } CMS Data S 3 50: ATLAS — 8ip. + Bkg. ]
g E o® : ::.l mL g 40: jii‘l:?zzjv, 140 fbo™' — Background ]
- . . . - ; Y -~ - signal =
% BHOES M s ATLAS Data * 4.6 e S . l o :lr;a ]
o - : . B2 ors -og N ]
o ‘. ATLAS X 4.6 L z % E
C o : (] [ ]
30 ° .. l [ ]
C e +++ ¢ o - ‘ :
200 éw ;;: %ﬂ-f% Nl + () :
100: * '3’?3:‘:9{““?‘%‘#%‘““.& PN ]
S AP TR IRPT btk X Yo S 9000 WA u‘{’. L by :
% 65 7 75 8 85 ) Mgy, MeVic?) 05 == 75 8 8.5 9
MJ/wJ/w (GeV) m4p [GeV]
e 3
« CMS has evidence (4.7sigma) for X(7100)
« ATLAS and LHCb have hints of it
*Is it real?
& J

Kai Yi Exotic Hadrons 16



Open question 2—X(6600) a resonance?

CMS

Phys. Rev. Lett., 132(11):111901, 2024

ATLAS LHCb

Phys. Rev. Lett., 131(15):151902, 2023

Sci. Bull., 65(23):1983, 2020

180 13 7 (13 TeV) S 400 T T T T T TN T T T T T T T T T T ~ 220 —r——r —
160:— o _: 8 E ATLAS — Sig. + Bkg. E 'é 200 —!—Il)ulu
> E % Data —Fit 3 = 300F Vs=13TeV, 140" Background £ % LHCb w— Tolal fit
%) 140 |— ;BW| ."sz _E P C di-J/y ---- Bkg. w/o Feed-down 2l 2 180 w— Resonance
n 120 s BW. Background = E Sig. w/o Int. 3 0 160 w— = Interference
C\\J 100 -~-Inte?fering BWs _: %200__—_" S:z::ﬁo & —': g l. } lnlcrlcrvnctB\\'
%) = C . = A k22 rs
% 80 — @ 100 —t— Data - § w— NRSPS
2 = C ] s
= A 2.7} - 3 v " 1 2
S wf f ViING 2 o of < =
: ¥ \ : - ] 5]
20 AT i - r ] -
&g . i ?% it W — . : C,
| R AR oo -
8 (0,‘!; Z W#} éik&{[} k‘ }}%{%§% 1 ﬁ ; 5 §¥+_ i 16 | 51 11 % PRRT ST I S T T S T SO ST U N SN A AR 3
65 ; 75 8 85 9 - GeV M. . (MeV/c?
my, 4 [GeV] My [GeV] di-J/y ( )
( )
« All spectroscopy show excess near threshold
« Only CMS claimed X(6600)
* Is it real resonance?
|\ J
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Open question 3—Interference?

LHCb Model | ATLAS CMS

Sci. Bull., 65(23):1983, 2020 Phys. Rev. Lett., 131(15):151902, 2023 Phys. Rev. Lett., 132(11):111901, 2024

220 . B > 400 T T T . CMS Fre/imingry . I135fb“‘(13TeV7)
D s — Dus 3 - ATLAS —— Sig. + Bkg. ] 3 1801 § Biar—ti =
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p 128 = lef:awl o L di-J/y ---- BKkg. w/o Feed-down ] % 140 ==BW1 ' BW2[X(6900)] -
0 e E ia. wi A = E =
S’ 140 &;’,’;’mmm £200- z::' :;‘t" e . é EEE_ " BW3 — Background  —
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(%] [ 1 [T Y 11 T G IR ] G I i
3 —200F - :‘1§ 1 %Ll.k,ﬁ JI“T;T 7‘[_ ‘, 10, %Y, % %ﬁw m,r. T“. .
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A dip Mdi—J/ 74 (MeV/ 02) 6.5 £ 7.5 8 8.5 9 ° 65 7 75 8 85 o
m,, [GeV] Myypary [GEV]
( A
« All spectroscopy show dip(s)
* Introducing interference improves the data description
* Is the interference real?
& J
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Open question 4—How to interfere?

LHCb Model Il ATLAS CMS
Sci. Bull., 65(23):1983, 2020 Phys. Rev. Lett., 131(15):151902, 2023 Phys. Rev. Lett., 132(11):111901, 2024
eWg—————T7T—————T7 S400F T T T T T T T T T T T[T T 180 i "“"’"""“"‘32;:."5("31'?\”
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CMS using LHCb Model I ( ] o )
__cMS_Proliminary 135107 (13 Tev) « All exp use interference, but in different ways
% ol L T aeeX(osol —nore LHCb: extra BW interfere with SPS, X(6900) NOT interfering’
f: [ aiinnants L B ATLAS and CMS: different multi-resonance interference
A ity - How does the interference actually work?
& e o5 L ~/
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Mass splitting and Regge plot

CMS Run 2 mass spectrum CMS Run 2 Regge plot

Phys. Rev. Lett., 132(11):111901, 2024 Chinese Phys. Lett. 41 111201

1 > Interference imply same J©¢quantum numbers

| > >200 MeV mass splittings ==> Radial excitations ?

' » A family of all-charm tetraquarks ?

180 R = F 54

160 = . r —e— CMS No-Interference . Interf
3 140 ¢ Data —Fit é % :_ Run " —— CMS Interference a; 52? CMS No-Interference
E 120 —_ga; mg‘zﬁiground E g E Y Famil —=— Upsilon(18,28,35,48) 8 50; —=— CMS Interference
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oF F1:Y(2s)-Y(1s) 400 ©
g ., 520 Y(3s)-Y(2s), X(6900)-X(6600) FE
5> r 38F o
8 o £ 3: Y(45)-Y(3s), X(7100)-X(6900) -
M 1 3 36—

Resonance Difference Index Resonance Index

Cornell Model: V(r) =—--—=+ or +

Based on CMS result only

Kai Yi
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Open question 5—What is their nature?

Idealized models of potential all-charm structures

Standard Exotic Mesons: Tetracharm Threshold .
Mesons Effects o Found repulsive between two
Molecule Diquark Compact  Hybrid e.g. Triangle charmoniums in Lattice QCD:
(Amorphous) Singularity 2411.11533 [hep—lat]
@ % 7 w3TI0) §  w3TI0)
e W N/
Jhy Jhy
e N

« Models of potential quark configurations for J/yJ/y mesons
Meson-meson “molecule” (cc- c¢¢)
Pair of diquarks (cc-cc)
Hybrid with a valence gluon
Peaks as artifact of di-charmonia production thresholds

Properties such as JPC, cross section, new decay channels if resonance?

Kai Yi Exotic Hadrons 21



The Graduate Students Team from China CMS

With participation from

Yufei Chen Henan Normal University !
NNU incoming PhD

Zhengchen Liang
Liangliang Chen THU PhD
NNU PhD

..' o ‘ -

. p/ Y & . \
XiningWang | = JYilin Zhou g \ 0 8
THU PhD ~ 3 FDUPhD Jinjing Gu

Shiyi Huang _
NNU incoming PhD |

. THU PhD
. S

|

Gerry Bauer

LAY
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J/¥]/¢¥ updated result

CMS Run 2+3

Candidates / (400 MeV?)

Kai Yi

f ™
* Data samples [315 fb]
Run Il: 135 fb! data taken in 2016, 2017 and 2018.
Run Ill: 180 fb! data taken in 2022, 2023 and 2024.
* Luminosity : .
New triggers in parked data
Run 2: 135 fb?
Run 3: 180 fb! * J/WJ/P yield per unit luminosity
« J/WY]/ g vyield Run 2 ~93 events / fb!
Run 2 ~12622 + 165 Run 3 ~177 events / fb!
Run 3 ~31802 £ 476
N\ Y,
> Run 2+3 /Y] /¢ yield is 3.6X of Run 2
» Run 2+3 luminosity is 2.3X of Run 2
J/YJ /¥ updated result
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Run 3 interference fit result

CMS Run 3

180 fb” (13.6 TeV) 135 fb" (13 TeV) + 180 fb™" (13.6 TeV)
500 = 12 70 CMS Preliminary 500~ CMS Preliminary
> 4003— $ % _+_E\j;a __:\IN >400f— —Run3
= 1 . = Run 2 Run 3
l L] —BW, Interfering BWSs. uN) C — Run?2 Parameter
5 oorp -+ -Background ;300 [Interf] [Interf]
Y . 8 +43+16
= S 2ol m(BW;) 6638 T3373° 6588 + 19
8 8 s I(BW;) 440 *+20+770 454 + 74
o0 1001 m(BW,) 6847 T54138 6849 + 12
R . I'(BW,) 191 *5%*% 136 4 18
g, m(BW3) 7134 T3H11 7179 + 10
% = 40429
8z | I'(BW;) 97 *2t2 67 4 18
! 7 75 . 9
J/\uJ/w [GeV]

e Confirm Run Il results with Run lll data only  ---with better precision!

¢ A" states and dipS above 50 ! ---already achieve our goals!

Kai Yi J/YJ /¥ updated result 24



Run 2+3 interference fit result

CMS Run 2+3

135 fb™ (13 TeV) + 180 fb™" (13.6 TeV)

CMS 1350 (13 TeV) + 180 fb™ (13.6 TeV)
600 CMS  Preliminary ¥ Params [MeV] Run lI&IIl Interf. Run Il Interf.
il { Data == X(6600)
- ¢ Data  —Fit > % Al _ M(BW1) 6593115 + 25 6638733118
2 500 --BW --BW 2 of i ¢ —Ft X(6900)
= ' : 7o) 500:_ ¥ r(BW1) 446+66 +87 440+230+110
ﬁ 400 —BW; Interfering BWs. f 400: -~ Background === X(7100) -54 — —-200-240
P 3~ Background 8 M(BW2) 6847 + 10 + 15 6847138758
-— = © [
© 1 ‘ T 300§
2 Y o = r(BW2) 135*1¢ + 14 191+65+28
c I ' S 200
8 200 2 M(BW3) 7173+, + 13 7134+48+41
100
. r(BW3) 7318 1+ 10 9743915
0 | L Pt PTG
o AN T e e e Eg 2F b bdo {
G 4 : : : : : %3 0 . t ? ; f‘l ﬂ{#p# ﬁ%{fﬂﬁl %ﬂnrbl
= ; : : : i © :
S afpde { .......... % b * ................. * ............. §+ ............. : * ................ { Al -2 e 1 5 ? } I+l % m% .
8ls ol b@ {#ﬁ #ﬁ}}** {'H, ﬁ*{-}* #ﬂ%ﬁ ! ﬁ{# 4 ﬁ# \ 5. Run Il result:
S5 MR R VIR R TR U
’ ¢ H ' : ! ¢ ¢ My [GEV] v Statistical uncertainty reduced by a factor of 3
- 6.5 7 7.5 8 8.5 9
My, [GEVI v/ Systematic uncertainty reduced by about a factor of 2

> All states and dips well above 50 !
» Quantum interference among structures validated!

» With improved precision, large mass splittings persist

Kai Yi J/YJ /¥ updated result 25



Answers to the Open Questions

Open Questions

- Open question 1—X(7100) existence? X(7100) well above 50!

.+ Open question 2—X(6600) a resonance? X(6600) well above 50!

« Open question 3—Is the interference effect real? All dips well above 50!

« Open question 4—How does the interference actually work?

« Open question 5—What is their nature?

Kai Yi Answers to the Open Questions 26



J/Yy(2S) Run Il & Il interference fit result

CMS Run 2+3

135 b (13 TeV) + 180 tb™" (13.6 TeV)

252_ CMS Preliminary
> g ¢ Data —Fit
E 20 | L BW, - - Interfering BWs.

0 C e &
E § 2;_ ......... %+ SWTR Ry e - ‘u* .....
S5 ofeeee it $, 24, 244044 SIRILINI N }-
Ol j? ............ * * ................................................................ { ..... ** ............... + ..... +

M yes) [GEV]

» Significance of X(6900) = 7.9¢

» Significance of X(7100) = 4.0c

Dominant sources Mx900) T'x(e900) Mx(z100) I'x(7100)
Signal shape +29 +79 122 +131
NRSPS shape +14 +54 +14 +29
Combinatorial background shape +15 +51 +15 +20
Mass resolution +5 +7 +5 +9
Efficiency +7 +27 +7 +10
Add X(6600) peak +104 +14 +61 +31
Fitter bias i = i 0
—_— 110 +120 474  +140
~110 -120 -70  —160
Params JApYP(2S) [MeV] JApIp [MeV]
M(BW2) 6876135110 6847 +10 + 15
r'(BW2) 253+220+120 135115 + 14
M(BW3) 7169125+7% 717343, + 13
T(BW3) 15413101100 73118 + 10

ATLAS only claim X(6900) 4.7c in ] /Y (2S) channel

Kai Yi

J/p(2S) result
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Update of j/yy(2S) from ATLAS

= Simultaneous fit of 3 channels: arXiv:2509.13101

i, » J/ww(2S) [4p+2m]
Model C: Simultaneous fit for J/yy(2S) [4u and 4u+2m] ATLAS 2023 paper
— ) i Ao RALAN LAAA) LM L] RALM RAAM LA, > L B e e e R R L AR R R R R REE ) Phys. Rev. Lett., 131(15):151902, 2023
& - ATLAS — Sig.+Bkg. & 35FATLAS —— Sig.+Bkg. = > g T ]
0 [ Vs =13TeV, 140" v [(s=13TeV, 140" . & T ATLAS —— Sig. + Bkg.
~ L Background r~ . —— Background R [ (5=13 TeV. 140 fb"
o 40—y +y(2S)—4p . — O 30 Jy+y(2S)—4u+2n 7 "‘,;’ [ L ev, —— Background
8 L - Signal J E F Bkg. wio Feed-up 1 O 4ofJ+y(28) - - Signal ]
0 { Data 0 25H Signal | N [ —— Data ]
- " N 2]
5 30-° — CIC) r t Data . <
R @ 20F 3 3
: g E @
20 . 154 E
: 10} ]

10¢ /1R ]
3 5/ -

A 2wt S N J 0';'1,.,.1.“.1,?.. 41 adls ol

7 75 8 85 9 95 10 105 7 7.5 8 85 9 95 10 105
my, [GeV] My, 20 [GeV]

« X(6900) 8.90 from model C
« Set a upper limit of 0.41 @95%CL for X(7200)
« In ATLAS 2023 paper, X(7200) 30 in

Kai Yi J/p(2S) result 28


https://arxiv.org/abs/2509.13101

Answers to the Open Questions

Open Questions

X(7100) well above 50!
- Open question 1—X(7100) existence? Also found X(7100) evidence

.+ Open question 2—X(6600) a resonance? X(6600) well above 50!

All dips well above 50 !
2.50 in JIYp(2S)

- Open question 3—Is the interference effect real?

« Open question 4—How does the interference actually work?

« Open question 5—What is their nature?

Kai Yi Answers to the Open Questions 29



Concept of Analysis: All Input

J Framework
" My, spectrum X — 4L — identical to Phys. Rev. Lett. 132 (2024) 111901

" Pr and Dz of X — 4‘,[1 — match MC to data
= Polarization of X — assume unpolarized

= Production angles [for data test]
* 9" :angle between beam line and J /1) momentum in X rest frame
e @;:azimuthal angle between production plane and decay plane in X rest frame

= Decay angles [for data analysis]
« @ :azimuthal angle between two [T~ decay planes defined in X rest frame
* U7 : helicity angle between opposite of / /1), momentum and [ momentum defined in J /Y rest frame
* U, : helicity angle between opposite of / /1)1 momentum and [ momentum defined in J /1, rest frame

Kai Yi Spin-parity measurement 30


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.111901

CMS

Spin parity analysis

periment at the LHC, CERN
brded: 2016-Aug-13 06:39:34.675328 G
ent/LS:; 278769 / 13873923/ 76
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CMS

J/¢¥ polarizations

® Symmetries:

— P & C conserved , . .. PC
in QCD: X with definite J

— identical J/ybosons A, ;, = (=1)’4, ;. C=+1
A =PE1'A

— angular momentum: |4, — 4,| < J

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

Sy §§++;
A
o z Test 8+ J;, models:
Ago X
AT 0+ 0- A, =-A _
-~ §A+O 0** 04and0F A,, =A__andAy, < note 2d.o.f.
Y 410+ 1= 17 Ag=—Agr =A_g=—Ap_
—0 2=+ 2.and2; A,,=-A__and A j= Ay, =—-A_g=—Ay,_ < note 2d.o.f.
4 A()— 2TF 23 A=A, A, Apg=Agr =A g=Ap,and A, _=A_,
P A A

Il\\/) A_, & note 4 d.o.f. for 27, test one model
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Angular Analysis

Fglo(67) x [4 | Ago|? sin® 0, sin® 6, + 2|A . ||A__|sin® @, sin® B, cos(2® — ¢ + ¢++)]
+ |Ass)? (1 + 2A;, cosb; + cos® 01) (1 + 2Ay, cos 0, + cos® 02)
=S [E (1 — 24y, cos 0 + cos” 01) (1 — 2Aj, cos B2 + cos’ 92)
+ 4| Aoo||A+ 4 |(Af, + cosBy)sinb;(Af, + cos2)sin O, cos(P + ¢44)
+ 4| Aoo||A-—|(Af, — cosbr)sinBi(Ay, — cosb2)sin b cos(P — ¢—_)

spin=0& >1

+F1(0%) x [2|A+o|2(1 + 24y, cosfy + cos” 01) sin® 02 + 2| Ao |* sin” 61 (1 — 24, cos B2 + cos” 62)
+2|A_0|*(1 — 2Ay, cos 01 + cos® 01)sin® B2 + 2| Ao |? sin® 61 (1 + 24y, cos B2 + cos® 62)
+ 4| Avo||Ao—|(Af, + cosB1)sinby(Af, — cosb)sin B2 cos(P + ¢+o0 — Po-)

+ 4| Ao+ ||A—o|(Af, — cosby)sinb;(Af, + cosBs)sin b2 cos(® + poy — ¢_0)] spin > 1

+F_1(0%) x [4|A+0||A0+|(Af1 + cos 01) sin 01 (Ay, + cos 02) sin 2 cos(2¥ — ¢10 + Po4)
+ 4| Ao—||A-o|(Af;, — cosb1)sinb1(Ays, — cosB2)sin Oz cos(2¥ — ¢o— + ¢—0)
+4|A 1 o||A—o|sin® 6 sin® B2 cos(2¥ — ® — 0 + d_o) + 4| Ao || Ao+ | sin? 6; sin? B2 cos(2W + & — o + ¢o+)]

+F3,5(0*) x [|A+_ [>(1 4+ 24y, cos8; + cos? 6;)(1 — 24y, cos B, + cos® 65)

Valid
for any J

+|A—[>(1 = 244, cosf: + cos” 01)(1 + 24y, cos B2 + cos” 02)] spin > 2

+F5 _5(0%) x [2|A+_ ||A_+|sin® 6, sin® 02 cos(4¥ — ¢ + ¢_+)] + other 26 interference terms for spin
F;(07) = frm dimn (67) i (6) .
’ 2 ’ arXiv:1001.3396

m=0,+1,+2 34

where ¥ =®; +®/2 and




CMS

Lorentz-Invariant Amplitude

e Expect three X resonances to have the same tensor structure:

- -
_________
-

\~

l’ * * s q q * *
A(X]=2 ¢ VIVZ) :‘gcl (qz)tyvf l,wxf 2’W¢!+ 2C2(q2)t;¢v;\—zﬁf waf Ak

- -
-~ -
---------

GP G« g' gt *
eg(q) R gty (R £ ) + eald) Rt SRS

ey . i G

“my (2es(Potwees” 3 26y T b (6765 = ) + ) T b
= i z22lll_ Laer- T e

2 (El—cg(qz)q”qvt {2y e

arXiv:1001.3396

-
=

________________________________________ unique
"4 . ~~"¢_- _ _ _ ~~,¢' e Bl
4 d.o.f.kéoo, A++ —_ A—_j"’A;l'_O_ — A0+ — A—O —-éo_g:,fj{*__ — A _'i'" f0r 2
"""""""""""""""""""" (orJ > 2)

basis of 2" could be equivalentto 2,7, 0,0/, 1"

if data consistent with 27 = unambiguously 27" (or J > 2)
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CMS

Simplification in Angular Analysis

— BwW1

¢ Full model possible, but very complex = — o

JHUGen —
‘@((Da 919 92’ m4/,¢)

BW1/BW?2 Interference

(1) Same properties of 3 resonances:

1001

Py, @) = P(my,) - T(Q |my,) -

empirical angular | | Mgy (GeV)

(2) Pairwise tests of J)}; hypotheses i and J: _ arXiv:1208.4018

PAQ | my,) + PAQ | my,)

MELA D,(Q|my,) =

1 optimal observable

e Final 2D model: | LMy, D)) = P(my,) - T (D;; | my,)
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Decay Angles

decay angles (consistency check): distinguish models

135 b (13 TeV)
LR FLIE SN (L W R

Candidates / 0.1
3

|

s signal %% T COS 91_

mix
| | |

PRI IR PPEP EPPE AP TIPS IR I B B
-1 -08-06-04-02 0 02 04 06 0.8

Ccos0,
background-subtracted

CMS 135fb™ (13 TeV)

B I ISP PSR UL B P LR BT PR U

300 il
— [eaaseang O Zassvas]
O 250 l -
=~ - { """" : i A
H0 ZT..ZZZf':':':""iﬁ‘...+"..'3'fof!?-f:;;;::::::::.:::.57.??-'75;:'.-_ .-_-_. ‘-‘-‘-{‘-‘-‘15::7:2
®© ol é } 5 }:
he 1501 } ........ pnneens : .
e N R S— _ ]
S 100 tData - 1&2 -
& .- 0 &2, -1 ]
S0-signal .o+ ..o COS 92 :
;...I...l...l..\\m.lxﬂI...I...I...\...I...;

0 08060402 0 02 04 06 08 1

coso,,

135 b

Production angles not use
Consistent with unpolarized (backup)

13 TeV)
RS 7

LI S P TR LT D B B (i G T PO P PR B e |

1D projections from 4D
= limited information
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Results of spin-parity measurement

% Combine 2D fit P (my4,, D;;)
e PC =+ + very certain, very certain =>
at 99% CL
at 95% CL
 J > 2 unlikely, require L = 2, L = 0 most likely

> JP = 2% model survives

90CMS Xl Jly 135fb~1 (13 TeV
70t
-~ 30
N30 . .—., ll
J - 'i_.—- 11 I‘[ 1 ==
3 1 g—°—+|+|»[hrr| H
£ -0t il = = =
~ . e
| -30t
g. —50¢ -----é —— Observed --- Expected
—70} — 2+ 10 JPxlo
o0l | 2+ *20 JP 20
2} +30 JP£30
-110
0~ 03 07ix of 1- 1* 25 25 25

p-value Z-score

reject J{

Kai Yi Spin-parity measurement



Answers to the Open Questions

Open Questions

X(7100) well above 50!
- Open question 1—X(7100) existence? Also found X(7100) evidence

.+ Open question 2—X(6600) a resonance? X(6600) well above 50!

All dips well above 50 !
2.50 in JIYp(2S)

- Open question 3—Is the interference effect real?

« Open question 4—How does the interference actually work?

Kai Yi Answers to the Open Questions 39



Discussion and Interpretation

= Large X-mass splittings (> 250 MeV)
X(6900)-X(6600)~254 MeV
X(7100)-X(6900)~326 MeV

= Imply radial, rather than L/S excitations
= Regge trajectory: n = gm? + g,
« Squared masses of X triplet (stat. uncert. only)

» Upsilon families versus radial indices n=2, 3, 4

» Trajectories from diquark model of spin-0 and spin-1

> Also, 2** trajectory comparable with X’s

Kai Yi J/YJ /¥ updated result

Regge trajectory of CMS Run 2+3

135 fb™' (13 TeV) + 180 fb ™" (13.6 TeV)
——— Jhp JAp Interference Model
2"*(spin-1 diquarks)
0"*(spin-0 diquarks)
Y(1S, 2S, 3S, 4S) PDG

2]
o

a
a

A
o

—
(=}
a

F
a

o
o
Upsilon(Y) Mass Squared (G

X Mass Squared (GeV?)
S
o

(%)
a

N & O

0000000
T T T T]7

AMass (MeV

D BN

Radial Index



= Additional family members ?

Extrapolate n = 1 state ~6240 MeV

Y (1S) lies below the line, tightly bound in Coulombic
part of potential

an excess uninterpreted near-threshold reported by
three experiments

better understanding of threshold is necessary to
draw a conclusion

Next higher family member, ~7453 MeV

data offer no visual hint of such a state

Predicted mass is well above E}.5-. and £} 5. thresholds

c “ccC

J/¢¥J /¥ updated result

Discussion and Interpretation

Regge trajectory of CMS Run 2+3

135 fb™" (13 TeV) + 180 fb' (13.6 TeV)

——— Jhp JAp Interference Model
2"*(spin-1 diquarks)
0"*(spin-0 diquarks)
—— Y(1S, 2§, 3S, 4S) PDG

2]
o

a
a

A
o

F
a

X Mass Squared (GeV?)
S
o

(%)
a

—

N & O

AMass (MeV

D BN

Radial Index

—
(=}
a

o
o
Upsilon(Y) Mass Squared (G




Discussion and Interpretation

Width trend of CMS Run 2+3

» The X widths systematically decrease CMS 135 " (13 TeV) + 180 o™ (13.6 TeV)
can be described by exponential function —— JAp Jhy Interference Model ]
j08| 7t Y(1S,28,38) — All[PDG]

. . S e s Y(18, 28, 3S) — ggg [PDG]
= Widths known to decrease with radial for qq mesons - :

f
-
o

N

particularly decays dominated by quark-antiquark annihilation % [ N S A %
= =
« Similarity of width slopes for X and Y E= 3
= S
=

n+1 [3,(n+1 10?

Mt D 36940067 26D 641140021 > g
F(Tl) 1_‘3g (n)
39 partial widths of Y
=  “Diquark-onium” ? 1 2' é 4

Radial Index

*  Quasi-2-body (cc)(cc) ~3 GeV €=> (bb) ~5 GeV
similar dynamics, tetraquark decays may similar to bb annihilation of Y

decrease in Y widths due to spatial spreading of their wave functions with radial excitation
may also occur for diquark/antidiquark systems

Kai Yi J/YJ /¥ updated result 42



Discussion and Interpretation

Regge trajectory of CMS Run 2+3 Width trend of CMS Run 2+3
CMS 135 fb™ (13 TeV) + 180 fb™" (13.6 TeV) CMS 135 b (13 TeV) + 180 fo”" (13.6 TeV)
——— Jhy Jhp Interference Model P —— JAp JIy Interference Model i
_ (11| S 2++(spin_1 diquarks) ....................................... _115% 103 meen Y(1 S, 2S, SS) — All [PDG]
| 0*(spin-0 diquarks) = A R s Y(18, 28, 38) — ggg [PDG]
g55 Y(1S’ 23’ 3S, 4S) PDG vvvvvvvvvvvvvvvvv ,_110 % ,
el - =] < - 10 —
B0 10553 > 1 3
=] %] E X
A 3 = 1 =
P a5 ‘ 100= = : £
g R = S {1 2
S ol s E = =
e B < 102 >~
JAp JAp threshold =
3514 20 i
T U R o 110
% 60F .
2 af
@ OF ; i
& 20 ;
S Zf 1 2 3 4
<0 5 3 ! Radial Index
Radial Index
- N

» Diquarks seems suited to from their patterns of masses and decreasing widths
» Molecular or threshold interpretations are problematic, since numerous charmonia pairings possible
» Cannot rule out amorphous/unstructured system, unless detailed theoretical calculations are done

» Hybrid models predict ccccg near X(6900, 0++) & X(7100, 0-+), but not X(6600).

& J

Kai Yi J/YJ /¥ updated result 43



A preliminary picture

Kai Yi

Looks like
Tightly bound diquark pairs

Any other family?

J/¢¥J /¥ updated result
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Three states with same JPC in J[Y¢ system

Regge plot: M2 v.s. n,. Regge plot:T v.s. n, Structures in Jl¢ system

28 15

in the J/1¢ mass spectrum.

< i <0.25
% - —— T JA ¢ Resonance A % % - —— 1" J/ Resonance Mass Width J¥  Significanc
o 26 - - 1o} & C W ¢ ass idt i ignificance
> “PF V(s 2s, 38, 45) A = 02F Lidd Llid =
7] B a L
B DA 105 & L 4146.5 £ 4.5 3§ 83+ 21%3) 1t 84
s B S 0.15F 4273.3 £8.37 372 56+ 1113, 1* 6.0
- - - O +12 O +21 +
[0 on K OSSR - 100 b L 4506 £ 117,35 9275, 0 6.1
2 22 r 4704 + 10F)? 120 = 31+52 ot 5.6
© . 0.1~ 4118 + 11747 1+ 13
S 20 [ 95 r 4146 + 18 + 33 2- 48
3 - - 4204 + 4F3 1+ 18
C 18 __‘ ......................................... e —1 90 0.05F ¢ 4474 + 3 fl 3 . ot 20
C . . L 4626 + 16717, 174 4+ 27735 1= 57
16_. RIOUgh’y a”gn ’lneal" i r % | 4684 + 7:{1; 126 + 1?‘,*_*3"1' 11 15
‘ ' 0 ' 4694 4 4718 87 + 8116 o 17
1 2 3 4 1 2 3 4274+ 6 ;39 g2t+a2 _Ll57 43
Resonance Index Resonance Index 45125759 £ 3.0 652 4 32 55

4 . . . )
% X(4140), X(4274), and X(4685) with same ~ * Potential width increase ?

OR
PC _ 1++
J7¢ =177 from LHCb result - Potential trend of decrease then increase ?

Mass splitting ~200 MeV ==> From radial excitation?
N J

Kai Yi Review article of B* - J/yppK* 45



Candidates per 20 MeV
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Connection with other VV final states--BESIII

0]

CMS,\'s=7 TeV, L=5.2 &'
PBOFE T T T e T

PN R

L b by

ft WY

= Observed near V(I=0)V (I1=0) threshold enhancement. Strong decay. Above (qq’+q’q) threshold

Jar
#

L P
12 13 1.4 15

mln+ta WO _mlu+a\ RaV

2 BaBar, B*—JhyoK*

383M‘BB Jiyw
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\
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-

My, (GeVich
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o

o

id((n)(bz)'s(GeV?c:)

N
o
I

enies 002(eove)  EVENLS/(40 M?}'/ Cz)w
o

-
[=]
[

$éP--BES

1
2

1 2 1 L 1
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(@) M(99) (GeV/ic?)

Events/10MeV/c’

- N W
OChh=ONOGLNI

=]

pd--BES

1.75 2 2.25 2.5 2.75
M, (Gev/c")
PRD 77, 012001(2008)

o) Side—bands

Is there similar structures at J/YY, YY threshold? Re-investigate J/y to ddp+gamma

Kai Yi

Review article of Bt - j/yp¢pK™*
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Remaining open questions

« Do the triplet interfere with background?

« |s X(6600) a real resonance?

« Does X(7100) decay into j/y1)(2S)

 Determine each state JPC?

« What is their nature? A decision answer?

Kai Yi J/YJ /¥ updated result 47



Summary

¢ A family of all-charm tetraquarks identified
» X(7100) well above Ssigma, join previously identified X(6600) and X(6900)
» X(6900) well above S5sigma in J /Y (2S) channel

» Inteference effect well above 5sigma
% JPC measured as 21

> First JP¢ analysis of exotic hadrons not from B decay at LHC

» First spin-2 for well-established exotic hadrons

¢ Another family structures in J /Y ¢ system ?

** More to come...

Kai Yi Summary 48
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Results of spin-parity measurement

<+ Comparison of CMS X trajectory with theoretical calculations

CMS 135 fb™ (13 TeV) + 180 fb™! (13.6 TeV)
——e—— CMS Interference Measurement
——— Indian.J.Phys 97, 943 (2023)

60~ . Nucl.Phys.B 973, 115393 (2020)
< ——— Phys.Rev.D 102, 114001 (2020)
> el Eur.Phys.J.C 80, 1004 (2020)
8 —=— Phys.Rev.D 103, 116027 (2021)
ye]
® 50—
©
2
(o3
0 45
7))
(2]
©
= 40—

Y Jhp Jhp threshold
35
| ! \ | . |
1 2 3 4
Radial Index

CMS 135 fb™ (13 TeV) + 180 fb™! (13.6 TeV) CMS 135 fb™! (13 TeV) + 180 ib™ (13.6 TeV)
e CMS Interference Measurement —=—— CMS Interference Measurement
60— 60 Indian.J.Phys 97, 943 (2023)
——+—— Nucl.Phys.B 973, 115393 (2020) ——— Nucl.Phys.B 973, 115393 (2020)
‘\; ‘\">\ —¥—— Eur.Phys.J.C 80, 1004 (2020)
8 55~ ——=— Phys.Rev.D 103, 116027 (2021) 8 95 . PhysRev.D 103, 116027 (2021)
E 50— g 50— 0++
S S [spin-1]
O O
o 45 N 45
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» The Regge trajectories for spin-1 diquark-antidiquark model,
++ ++ 1 1t 1
for both 0°" and 277 states, are indistinguishable from X data.
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Results of spin-parity measurement

+*Optimal Observable
o 1 optimal observable
= 1D projection of data /\ MELA Higgs discovery and spin-parity
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The rich structures in J/YypK system

CDF 2009 CMS 2013 LHCDb: Full amplitude analysis
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Structures in J/P¢p system

Table 1: Structures reported in the .J/1¢ mass spectrum.

‘:‘ X (4 1 4 0) ’ X (4 2 74) ’ and X (4’ 6 8 5 ) WIth same Year  Experiment  Luminosity Process/Yield Mass Width JT Significance

[fb~'] B — J/YoK [MeV] [MeV] (o]

]PC = 1++ from LHCD result 2006 LHCb [21] 3 4289 & 151 41465 £ 45730 83+ 2112) 1+ 54

4273.3 £ 83777 56117, 1+ 6.0

4506 £ 11112 92+7F21 ot 6.1

4704 £ 1017 120 £ 31132 ot 5.6

2021 LHCb [4] 9 24220 + 170 118 £ 1113 162 =21+ ‘j.‘, 1* 13
4146 + 18 + 33 135 = 2&' 30 2” 48

4294 + 473 53+5+5 1t 18

4474 £ 3+ 3 77+ 610 ot 20

4696 + 168118 - " 1~ 57

1684 + 7713 126 4 15137 14 15

1694 + 4715 87 4 st}f ot 17

2024 LHCb [22] 5 pp —> JfPd + anything 4274 £6 £ 9 ‘)2+l; + 5 43
4512.5759 £ 3.0 65130 L.u 5.5
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