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The Quark Model

\/

** > 60 years of classical Quark Model

color

charge

meson baryon

[

< “exotic” hadrons remained elusive until the XX century:

tetraquark pentaquark

more quarks?
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The Tetraguark Candidates

Charm and beauty factories of the XX 1 century:
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http://www.arxiv.org/abs/hep-ex/0309032
http://www.arxiv.org/abs/hep-ex/0309032
https://arxiv.org/abs/1303.5949

CMS

Motivation: CMS Background information
« CMS: found 3 tetraquark candidates in 6.5 - 7.5 GeV range:

published: 2016-18 data BPH-21-003

. I1353 fb'l1 (13 TeV
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use only Run2 data Dips: > 50 with Run2+3 data

« interference pattern — consistent with same | pe
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https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=BPH-24-003
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=BPH-21-003

Motivation: Our objective

e Fundamental study of matter at quark level...

— unique all-heavy tetra-quark states —+ “Molecule” a bound
state of two neutral
® Quantum numbers ]PC =7 mesons connected
e by a strong nuclear
' — we know C = +1 from decay  Emewm force, like proton
) — closely related to the structure: and neutron in a
i nucleus
. % (cC) massis 22
\ “True” tetra-quark connects two colored objects (cc) and (cc) heavierthanm
«  through direct strong interactions like quarks in a proton or neutron e—%r
A
.. — .. L . o Vir)=g
x(CC) or (CC) identical = color anti-triplet (bg-gb,..) with L = 0, spin axial vector
- mTTTITNS . — %+ binding would be
(cc) + (CC) = L=0(ns):S =0,2 =7 =0%,2% -~ most likely for = eaker
, - a tetraquark )
L=1(mP):S=1 :]P 1 2 _ than in a nucleus
N —=1234 , ;_ e TTEmm- less likely or light “tetra-
)&= )y 4y L —_— Z(HD)-S i O i] _— 2 R - un“kely quarksn

S=2=]"=0%1",2% 3% 4%
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Motivation: Our objective
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Polarization in production and decay

d Same data sample and event selection criteria in Phys. Rev. Lett. 132 (2024) 111901
Q Characterized by Q = (6% (0'), D, (D7), D, 064,06,)

-~ [ . ~ * .
beam axis

(A) parton collisions

¥ 8@
X o \/\ 8(q
~N .

polarization J,

g(q):

i<— — == X boost axis

Flat for unpolarized

(test in data) 0'*: the angle between boost direction and J /1) momentum in the X rest frame constitute a production plane 7

« @, (P]): the angle between plane P and / /1 — [*]~ decay plane in the X rest frame

« ®@:the angle between two J /1 — [*1™ decay planes defined in the X rest frame

* 6,:the helicity angle between J /1)1 momentum and [ momentum defined in the J /1), rest frame
* 0,: the helicity angle between / /1), momentum and [ momentum defined in the J /Y, rest frame
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{° 6*: the angle between beam line and / /1) momentum in the X rest frame } Polarization axis and J /1) momentum


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.111901
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Decay: Lorentz-Invariant Amplitude: spin-2

]P:2+
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q q * v * * v * q q * (a4
< - P T tan (FH 2+ £ 1) + 90 Tt SR f o)
am - *. *U q o e »
gg — X ';1-171‘2, (295(,2)15#1/6 Fe +ﬂg(2) A2 tu (7765 — €] )+g(2)
P _ - . ; - -*-a- o . —(2‘)‘t o
] 2 ’ +g(2)quq by f ' Bf (’)‘bg(Q)tuaq Cpvpo €l € qg(-i‘ g—m pald

N R &~ <A

2 + _ minimal representative model including all amplitudes:
m

4'--~

basis could be equivalent to 2+ 0,07, 1%

.

2 ~ — minimal 2~ model, kinematics similar to 0~ (A, .

m

2, another 2~ model: kinematics similarto 17 (4.,

-- _." unique

—A__)

Aoy = —A_og = —4o-)

« Unless we find A, _, A_, or polarization: cannot separate spin-2
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CMS

Simulation and Fitting Tools

Pythia8: NRSPS—Non-Resonant Single Parton Scattering
9g(99%) = J/Y] /P - utuputuT
DPS—Non-Resonant Double Parton Scattering

JHUGen:

* 99Qq) > X=>]/Y ]/ - 4u

with different J¥ : 0%,07,1%,17,2%,2~
 Can model interference P, (m,,)
«  Assume three resonances have same J*

o Dips observed in data —— explained by interference which indicates coherent production
process and same J”

MELA (Matrix Element Likelihood Approach):

* create D;; (ﬁ|m4u): Probability computed from ©obl repres?nt different
P, (G[ma,) hypothesis
D (Qmyy,) = —=——t * krepresents sample
P P @lma) + P, @) o P ame
. - . including all kinds of
*  matrix elements(Q = (cosO", ®,, D, cosb4, cosh,)) ,
background and signal

* re-weight to any model and polarization (including unpolarized, polarized Z .
orZ') * D;jis the observable

Combine 2D fit (Follow Higgs analysis):
Pijte(May, Dij) = Pr(may,) Tk (Dijlmay)

*  pdfu(m) = Nygsps - pdfyrsps + Npps - PAfpps + N, * IBWo|*@R(My) + |1y
~exp(i¢y) - BW; + BW, + 15 - exp(i¢h3) - BW;|? 10
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https://spin.pha.jhu.edu/
https://spin.pha.jhu.edu/

Everything mentioned above are just based on MC Simulation
Now ready to look at the datal
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Unblind: production angles

M imi 13567 (13 TeV
CMS Preliminary 13567 (13 TeV) CMS Preliminary 135t (13TeV)
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Unblind: decay angles

CMS Preliminary 1350 (13 TeV) CMS Preliminary 1350 (13 TeV)
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’ . " . +
** Hypothesis test for VS = 2.,
Observed Expected
p-value  Z-score  p-value  Z-score
0- vt O 27X 0% 72  65x107% 74
VSEm oot 42x101 02 0.50 0.0

** Combine 2D fit (Follow Higgs analysis):
* Pijic(May Dij)
= Pr(may) T3k (Dijlmay)

+* Test statistic:
q = _Zln(£]P/L]P)
j i

P(q = CIobsU]l'J"'bkg)
P(q = CIobsUlP"'bkg)

“CL, =
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Hypothesis test result: 0~ vs 27

CMS Preliminary
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Hypothesis test result: all models

CMS Preliminary 135" (13 TeV) CMS Preliminary 135 fb™ (13 TeV)
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Hypothesis test result: summary plot

L 4 ~ IS
2 4 s ~ L
R4 % CMS Preliminary | X=Jly )y | 135fb-1 (13 TeV)
CMS Preliminary % 135 fb! (13 TeV) ( 997 | |
g — Observed I 70- | i,
0.08~ . !
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% Scan mixture of two 0, and <+ Scan mixture of two 2;,, and
0} model amplitudes (11 2;, model amplitudes (11
steps including phase) steps including phase)

— constructive interference
most conservative
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What we achieve?

reject 0~ and 1™ at > 50

reject 27 and J~ with J>2 at > 30
PC=++ very certain

P-wave (L=1) excluded, S-wave (L=0)
most likely

exclude 0% and 17 at 95% CL (> 20)
JPC = 27 most likely

37* or above possible but unlikely
(require L=2)

novel method for exotic hadron study
narrow down the internal structure

Summary

(cc) + (cc) = L=0(S):S=2= JPC =2+

Zhiyuan Huang, JHU
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Thank You!

Zhiyuan Huang, JHU
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Back up

Zhiyuan Huang, JHU
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CMS

‘Compact Muon Solenoid

Motivation: LHC Background information

220 arXiv:2304.08962
2 20 s 3O a1
é) 180 = Resonance g 300‘_ Vs=13 TeV, 140 o' Background _:
g 160 —— = Interference o E di-J/p ---- Bkg. w/o Feed-down E
< 140 @200 . Sig. wfo Int. E
3 120 5 . X(6900)em ]
S 100 T 100 e —+pata :
5 80 , | st ntnen ]
é 60| o: §
S ‘2‘8 ~100;- :
O [ -
= gk 200} @
200 T R R RN B B B
6.5 7 7.5 8 8.5 9

m,, [GeV]

| X(6900) b d bv 3 ) X(6%M‘S-P\AS-BPH-24-OOS 135 fb™" (13 TeV) + 180 fb™ (13.6 TeV)

— on opserve experiments HUU g
’ Y=o w4157 175 X (6900) CMSPneay
> s00F- ¥ 7—168 I+

— X (6600) observed by CMS only (70) ; 80 X(7100)
400 un |l

excess with no claim by LHCb/ATLAS

— X (7100) observed by CMS (> 50)

weak hint by LHCb/ATLAS

Zhiyuan Huang, JHU
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https://arxiv.org/pdf/2006.16957
https://arxiv.org/pdf/2304.08962

.
--------------

Decay: Symmetry Constraints

by /Y I/ geer -
X (O

l’l ..'h.e =" l/l
@mnnnnnnn ¢ mmm === = mmmmm- S 6 ........ »
.—"‘ @ ...‘~. +
—a=" = ,u
U
A4 .
Symmetries:

Test 8+ J& models:

0+ 0" A, =—-A__
0t 0fand0S A,, =A_ _andAy < note 2 d.o.f.
1-+ 1 Ag=—Ag, =A_og=—Ay_
1++ 1+ Ag=—Ay =—A o= Ay
27t 2,and2;, A, =-A__andA,j=Ay =—-A_y=—-A, < note 2d.of
o+ of A=A Ag A=Ay, =A g=A, ,andA, =A_,
Ly

\_ note 4 d.o.f. for 277, test one model

Zhiyuan Huang, JHU
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CMS

‘Compact Muon Solenoid

Decay: Symmetry Constraints

. / o
ur o]él/) b ) / lP_. 2

4“ %6 S 6 .........p

~
- o. +
_A‘—'. ..'L H

U derived on CMS
Fo(0%) x [4|Am,|2 sin® 0 sin” 03 + 2| A4 || A—_|sin® 01 sin” 6 cos(2® — ¢ — +¢>++)J 15 years agO

4 AL|® (1 +2Ay, cos; + cos® 91) (1 + 2A¢, cos O3 + cos? 92)

F 1AL [ (1= 24y, cos 6 + cos? ;) (1 — 24, cos 0z + cos? 0s) spin =0 & >1 in preparation

+ 4| Aoo|| Ay |(Ay, + cos i) sinbr(Ay, + cos 2)sin Oz cos(P + ¢4 )

AOO T 4)Aooll A |(As, — cos:) sin 01 (Ag, — cos6) sin 02 cos(® — ¢ _) for Higgs discovery

YT TR AN +F1{1(6*) X [2|A+n|2(1 + 2A¢, cos @y + cos® 6,)sin® 0z + 2| Ay |?sin® 6, (1 — 24, cos f2 + cos® 0)

+2|A_0|*(1 — 2Ay, cos 61 + cos® 01) sin® B2 + 2| Ao |* sin® 1 (1 + 2Ay, cos 02 + cos” 02) arXIV: 100 1 . 339 6

+ 4| A o||Ao—|(Af, + cosb)sin@ (As, — cosBy)sin by cos(P + ¢ro — Po-—)

N
I
L.

-+ 4|14()_|_||14_()|(.Af1 — cos 61) sin 01 (Afz -+ cos 02) sin @2 COS(@ + o+ — gb_())jl spin > 1

—l—FlJ,_l(G*) X [4|A+0||A0+|(Af1 + cos @) sin @y (A s, + cos 62) sin O3 cos(2W — ¢ 1o + doy) M E LA
+ 4| Ao ||A—o|(Af, — cos01)sinf1(Ay, — cosB2)sinbz cos(2W — ¢o— + ¢ o)
+4| A o]|A_o|sin? 0, sin® 02 cos(2W — & — 0 + @) + 4| Ao || Ao | sin® 0, sin® O cos(2W + B — ¢o + ¢U+)}

SN EEEEEEEEEEEEEEEEEEEEEEEEEEE,
Yassssssssssssnsnnnnnnnnnnnnns®

AO_ +F55(0%) x [|A+,|2(1+2Af1 cos 01 + cos® 01)(1 — 2Ay, cos 02 + cos® 02) Va.I Id
1 +|A_|*(1 — 245, cos 01 + cos® 01)(1 + 2Ay, cos 02 + cos® 62)] spin > 2
+ - +F2{_2(9*) X [2|A+_||A_+| sin® 0 sin® 2 cos(4¥ — ¢ + ¢—+)} + other 26 interference terms for spin fo r any ]
A where W =1+ ®/2 and  FHO0) = S foudim(0")d]n(07)
— + m=0,£1,+2
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https://spin.pha.jhu.edu
https://arxiv.org/abs/1001.3396

S,

3 ST
£ & AR
HIWS o)
5 O
EHY 2
gl |E b

< 8§ = N

The production

mechanism is |
unknown \’

Possible production
mechanism for
simulating sample

polarization J,

Polarization in Production

500
n‘..
0

(B) fragmentation

polarization /.,

Q
Q
0".
Q9

arXiv:2405.14773

® Helicity amplitudes appear in production. For parton collision:

— spin-0: unpolarized in any case, e.g. gg — X

— spin-1: gg — X produce J, = £ 1 (not 0!)

— spin-2: gg — X produce J, = 0, &= 2, minimal coupling: J, = £ 2

qq — X produce J, = £ 1

e Similar ideas in fragmentation of g or Q

Zhiyuan Huang, JHU
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--------------

Decay: Symmetry Constraints

by /Y I/ geer -
X (O

l’l ..'h.e =" l/l
@mnnnnnnn ¢ mmm === = mmmmm- S 6 ........ »
.—"‘ @ ...‘~. +
—a=" = ,u
U
A4 .
Symmetries:

Test 8+ J& models:

0+ 0" A, =—-A__
0t 0fand0S A,, =A _andAy < note 2 d.o.f.
1-+ 1 Ag=—Ag, =A_og=—Ay_
1++ 1+ Ag=—Ay =—A o= Ay
27t 2,and2;, A, =-A__andA,j=Ay =—-A_y=—-A, < note 2d.of
o+ of A=A Ag A=Ay, =A g=A, ,andA, =A_,
Ly

\_ note 4 d.o.f. for 277, test one model

Zhiyuan Huang, JHU
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CMS . 3, Decay: Lorentz-Invariant Amplitude: spin-0,1

Natural to follow Lorentz-invariant amplitude formalism:

1) ~% 1) ,«
AX =g = ViVy) = (al(q2>mve1ez + ay (q2>f,n§ Jfr@m a NCRI™ ) (@) w)

ST rrrmmmmm A ‘ _I_ ',' —
O R4 Oh 0

: recall (22 years):
' B — @K™ expect Ay — a4

A
, found ~50% A++ Ago = A++ =A_at Zm]/¢ threshold +-L|

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

1
1
1
1
1
1
1
1
1
1
1

: Higgs (12 years): Aoo 'at largemy A, =A__ /'
L4
\ H > 42 = 0, .
.............. . ‘¢'
empirical form factors szzzzzzzz=s==2220o
4 7

A’

¥ UV
AX)j—y = ViV5) = (b (@D)(ei ) (e36x) + (E9) (E1€0)] + o (4D equpeler e5” 0P )

1~ I
more for spin-2 Aro=—Aoy = Ao = —Ao- Ayo = —Ags = —A_g = Ao

Zhiyuan Huang, JHU 25


https://pdg.lbl.gov/2024/reviews/rpp2024-rev-b-decays-polarization.pdf

Simulation and Fitting Tools

Pythia8: NRSPS—Non-Resonant Single Parton Scattering

CMS Prelimi 135 fb' (13 TeV)
gg(gg%) - ]/lp]/lib - :u+:u_:u+:u_ . 3505_ Y ‘ Data == Signal
DPS—Non-Resonant Double Parton Scattering 3 300 — Model + X(6600)
. o - *+++ Background e X(6900)
JHUGen: 32505 — Non-resonant == X(7100)
* 99@D > X ]/ b ]/ - A A
with different J* : 07,07, 1%,17,2%, 2~ F0H oha VW
* Can model interference Py (my,) E100H A A1
O
« Assume three resonances have same J” S AD WEma

o Dips observed in data —— explained by interference which indicates coherent T I h 85 @
production process and same J*

[A+B+CI>= A+ |B|*+|C[’

T T AN A T ™
—— interference:2.63e+08 |

BW1
-~ BW2
— total

S — w1

’ BW2 X+Y—>Wlf—’4f
— BwW3

—— BW1/BWH Interference

—— BW2/BWS3 Interference JP —_ O+

—— BWI/BWS3 Interference

* Interference between
resonances with different
guantum numbers
integrates out to zero

0.8~

0.6

0.4

0.2~

0.0~
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https://spin.pha.jhu.edu/

MELA and Combine Tools

MELA (Matrix Element Likelihood Approach):
* create D;; (ﬁlmM): Probability computed from
P, (Amay)
_Pu@pmay) + Py (AUmay)
* matrix elements() = (cosf8”, &, D, cosb, cosh,))
* re-weight to any model and polarization (including unpolarized,

Dy (Qlma,) =

polarized Z or Z")
Combine 2D fit (Follow Higgs analysis): * I, Jrepresent different
Piie(May, Dii) = Pr(myy)T; i (Dy11may) hypothesis
l]k( 4” U) k( 4#) AT * krepresents sample
*  pdfm(m) = Nygsps - Pdfnrsps + Npps - Pdfpps + Npw, * |BW,|>*®R (M) including all klnds.of
+ |1y - exp(ihy) - BWy + BW, + 75 - exp(icps) - BW;|? background and signal

27
Zhiyuan Huang, JHU


https://spin.pha.jhu.edu/

CMS

Systematics

Systematic

Mass
shapes

Signal parameterization

Statistical uncertainty of nominal shapes

Mass resolution

Efficiency correction

DPS shape

NRSPS shape

Feed-down contribution

Combinatorial background

Discriminant
shapes

pr reweigting

Discriminant reweighting

Difference between pre-UL and UL MC

Polarization

Zhiyuan Huang, JHU

—

same with BPH-21-003

Get a set of alternative shapes due
to a source of systematic

e Alternative mass shapes

e Alternative discriminant

shapes

All sets of alternative shapes are
input in Combine to estimate
systematic

28



Discriminant distribution

CMS Preliminary 1357 (13 TeV) CMS Preliminary 135 b (13 TeV)
= T T T T T T T T e 1600 = T T T T T T 1 T T i
al E_ _5 E I ﬁ =
i 1400E ] - E
E ; j E — } D‘alta —Model 251 7 :
S 800f t g.ata I —mﬂge: ? 3 8 soop --Signal —Model 0} -
S eo0f olgnal —hModelS, 5 R 00 S T ]
8 400f I = (_‘3 400? A
200F- = 200f =
. O Coon 1 1 1 | 1 . . 0 Ty 1 | 1 1 1 ]
oF 12 oF 42
g 15 5 15 ]
é 1.05 é 1.05- -
< 0095 < 0095;: TS
O 05770203 04 05 06 07 08 09 1 0 %0702 03 04 05 06 07 08 09 1
D2Eq0+m D2§10E
CMS Ppreliminary 135 b7 (13 TeV) CMS Ppreliminary 135 b (13 TeV)
(LELELAL BLELELAL BRI B BLULELELE LELELELE S w e AL LRI LA BN AL BLELELEL BURLELNLE B o m s mn B IS
2500 3 2500 E
o - tData —Model 2, 1 o - tData —Model 2, ]
2 2000 --Signa-Model T & 2, -4 22000 --Signal —Model 1 =
3 B 18 E ]
= 1500 = & 1990
= E 1 B C ]
2 1000f- 4 21000 e E
o] F oz 1 @ e L 1
O 500F I boed O 500F T
Co ooz | . :::::::::::::::::::::::::::::: E
. 0 i {irishir (i 1 1. 1 | 1 . . 0 L 1 | | 1 1
oF 13 oF 13
o 1.2 T 1.2F
B 11 B 1.t
~ 0.9 ~ 0.9
S 08 i £ o8
S O GT 0T 03 04 05 06 07 08 09 1 O 00T 05 03 04 05 08 07 08 09 1
D,. 4 Dy ¢
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Hypothesis test result:

summary plot

Observed Expected
p-value  Z-score  p-value  Z-score
o vent 07 27x107B0 72 esx 107 74
moo2h 42x1070 02 0.50 00 .
0cvenr  Oh 43x10° 39 56x10° 57 '
mESEmo b 72x10°2 15 0.50 0.0 \
05 vsor Omx 14x1072 22 84x107* 31 | 1, N
mix VS Zn - " 47 1071 1.0 0.50 00 . ; ** Full set of results, compared to 27,
0fvent  Of  31x10° 58  85x10° 38 S PC = 2%* possible but highly
A _ . .
heemmme2n 0 9.0x100 —1.3 0.50 0.0 / unlikely require L > 2
wept 1 80x108 52 64x10° 57 | 7 % J#0at>95%CL
DT 2 381071 03 050 00 .\ % ]#lat>99%CL
\ \J/ . —+
et 1T 47x10% 26 27x10% 40 \ * P # 1verycertain (exclude J
moo2r 52x1072 16 0.50 0.0 | including ] = 3)
- e " o . _- ————— :1? --------- _—14- — o N '
et  2m  41x10 68  3.9x10 75
memsme28 28x1070 06 0.50 00 -
|
- 4 4 /
2 vezt Zmx 65107 832 15x10 36 .,
mix T2 o4 3] % 10 0.5 0.50 0.0 1
-yt 2 22x100% 55 63x1077 57 |
CShEEm s 43x 107002 0.50 0.0,
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