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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 Tetraquark Candidates

Charm and beauty factories of the XX century:
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Motivation: CMS Background information
 CMS: found 3 tetraquark candidates in 6.5 - 7.5 GeV range:

published: 2016-18 data BPH-21-003 Approved: 2022-24 data BPH-24-003 BPH-22-004
134.8 fb" (13 TeV) + 179.6 fb" (13.6 TeV)
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In this talk use only Run2 data Dips: > 50 with Run2+3 data  Dip between the peaks and

indicates interference
+ linear mZ pattern — consistent n = (1,)2,3,4, .. radial excitations (Regge trajectory)

* interference pattern — consistent with same | pe

« pattern of [;, — also interesting to watch...

— LHCb and ATLAS: only X (6900), cannot state the above...
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Motivation: Our objective

“Molecule” a bound state of
two neutral mesons connected
by a strong nuclear force, like
proton and neutron in a nucleus
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“True” tetra-quark
connects two colored
objects (cc) and (cc)
through direct strong

interactions like quarks
in a proton or neutron

J/Y¥(cc) massis 22
heavier than r°
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q
binding would be much
weaker than in a nucleus or
light “tetra-quarks”

There are other less popular models...
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Motivation: Our objective

® Fundamental study of matter at quark level...

M — unique all-heavy tetra-quark states

® Quantum numbers JF¢ =?

— we know C = +1 from decay
— closely related to the structure:

------

(cc) + (cc) = L=0(nS):S=0,2 =;JP =0, 2+ ‘e====- most likely for
R Lo e a tetraquark

L=1@P):S=1=/" =017 2",
n=12734,.. L—Z(HD) S_O:]P 2-'|—"'"

PR i unlikely
S=2=]"=0%1%,2" 3" 4*

---- less likely

® Production considerations:

— likely gluon fragmentation (collision)= | # 1, but quark fragmentation possible
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Motivation: Our objective
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CMS

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,)

Flat for unpolarized
(test in data)

beam axis

6*: the angle between beam line and / /1) momentum in the X rest frame } Polarization axis and J /1) momentum
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 — [*]~ decay planes defined in the X rest frame
0;: the helicity angle between / /1)1 momentum and [ momentum defined in the J /Y, rest frame
0,: the helicity angle between /1), momentum and [ momentum defined in the J /1, rest frame
Zhiyuan Huang, JHU 9
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e Polarization in Production

(A) parton collisions ¢ ¢ (B) fragmentation
e The production X ‘ ‘\‘ 8(q)
mechanism is \ polarization Jz’ i
unknown ‘ ./
. . &(g) ,.s\
* Possible production _—g o
mechanism for polarization/J,

arXiv:2405.14773

simulating sample
® 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: /, = £ 2
qq — X produce J, = £ 1

e Similar ideas in fragmentation of g or Q

Zhiyuan Huang, JHU 10



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)

S orrrrrmmmm A ‘ _I_ ',' —
O R4 Oh 0

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

A
' found ~50% A+ Ago = AJ,Jr = A__at 2m; y threshold ++’.

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

1
1
1
1
1
1
1
1
1
1
1

: Higgs (12 years): Aoo 'at largemy A, =A__ /'
\ H > 4¢ =0},
.............. 1 ‘¢'
empirical form factors zzzzzzzzz=a==22%c._
5
4 7

A’

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

1~ 17
more for spin-2 Aro = —Aoy =4_o = —4Ao- Arg = —Aoy = —A_¢ = Ap-
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https://pdg.lbl.gov/2024/reviews/rpp2024-rev-b-decays-polarization.pdf

CMS

Decay: Lorentz-Invariant Amplitude: spin-2

Natural to follow Lorentz-invariant amplitude formalism spin-2:
7 N

_l \ A(X—)VV) A —4 291(2)t f*l ,u,o: %2, N7 2g(2)t VQQQEf*l,paf*Zv,ﬁ
J, 0,42} +1 42 % 20t

q q * v * v q q *1.ox *(2 —
~ - +g@ Lt (1 i g2 iy 4 gL et pn @ TP =
‘—-----*. *y “q *U kO *OL kU Q'MN ek

P — _‘—--q-ql/ *1,0 * 04 Olq *:.
] - 2 ’. .'i'gg(;Q) £ p,vf ! Bf (’)’bggz)tﬂaq E;.wpo-fl Ezp ‘+ mA—I;E“upaqpq (6 (QE2)+62 (qel)x

2,;1 — minimal 27 model, kinematics similarto 0~ (A, = —A__)

Zh — another 2~ model: kinematics similarto 1~ (A0 = Ao+ = —A_¢ = —Ap-)

Zhiyuan Huang, JHU
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Decay: Lorentz-Invariant Amplitude: spin-2

« Natural to follow Lorentz-invariant amplitude formalism spin-2:
7 \

* o px2, V0 qO!q * o p*2,v
Jz =' 0, + / +1 AX2VI= A}Eg.(z)t g1 B 3 gD, B e pras
q q * vV pxk * vV pk q q *1,c¢ * —
~ - g @t (g g2 4 g2 )+ g @ L gy P = 2
g m = m = o u,..
gg - X {+m (29'( )t,we e*" +,2 (2) qu tuw (€17 €3 —os"“"ﬁ""’)+g(2)qAZ twe’{ez)

- mom oy, gl -----------

P J— — - q qV *1,a * ~Cx *1 0: B : -
] = 2 ‘< _‘l‘gf) Lt [P F, _(;). 90l €ppo €7 € qo‘+ A2 E#”Pffqpq (€1 (ge3) + € (qel)t

-
----------- -—

2 + _ minimal representative model including all amplitudes:

4 d.o.f. AOO,A++—A_7,¢AJ£O—A0+—A 0=AQ;,«A+_—A_‘for2+

-------------- eeo.-*" unique
basis could be equivalent to 2, 0, 0,7, 1%

- .y
— .~

--- -------
-

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

Zhiyuan Huang, JHU
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Simulation and Fitting Tools

Pythia8: NRSPS—Non-Resonant Single Parton Scattering

g9(99%) = J /Y] /Y - wrumputum oM Pretmnay s 01ey
DPS—Non-Resonant Double Parton Scattering Esoo;— —Model - X(E500
JHUGen: L wachanies <Son
* 99qq) > X ~>J/Y ]/ - 4u S 1L VY
with different J¥ : 0%,07,1%,17,2%,2~ S VAW "
* Can model interference P, (m,,) W N o,
* Assume three resonances have same J* A I
o Dips observed in data —— explained by interference which
indicates coherent production process and same J*
14
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https://spin.pha.jhu.edu/

MELA (Matrix Element Likelihood Approach):
* create D;; (ﬁ|m4u): Probability computed from

Dy (Qlma,) =

* matrix eIements(S_i = (cosB”, ®,, D, cosb4,cosO,))
re-weight to any model and polarization (including

Simulation and Fitting Tools

CMS Preliminary 135 fb™ (13 TeV)

{ Data
= Model

== Signal
wees X(GGOO)
e X(6900)

*+** Background

- Non-resonant ==*

S F X(7100)
. < 200f
:Pi (lel},u) %1502 s 1§
= — B H o
:Pi(ﬂlméw) + ?j(ﬂlmlm) §1°° ¢
sof/#

unpolarized, polarized Z or Z')

Combine 2D fit (Follow Higgs analysis):

* Pijr(may Dyj)

= Pr(may )Tk (Dijlmay)

* pdfm(m) = Nygsps - Pdfnrsps + Npps - pdfpps + Npw, -
|BWO|2®R(M0) + |T'1 . eXp(i¢1) . BW1 -+ BW2 - r3 -

exp(i¢ps3) BW3|2

Zhiyuan Huang, JHU

* i, jrepresent different
hypothesis

* krepresents sample
including all kinds of
background and signal
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(1) My, spectrum

CMS Preliminary

© My, spectrum X — 4u — identical to BPH-21-003

* Polarization J, or J,» of X — assume unpolarized
* ForJ = 0 exactly

* ForJ =1, 2 depends on production mechanism, vary J, or /,/ as systematic

135 b (13 TeV)

5
o
o
o

o
LU BUNLLELE BLBUBLEL SR LA

== Non-resonant

— n
(4] o
o

—_
o

Candidates / 0.05 G
o

o
o

== Signal

“+++ X(6600)
------- X(6900)
==+ X(7100)

600" LA L L e T 7]

'S

w
Q

Candidates / 0.2

n

=]
=]

8.5

> ====)
signal region sideband

(2) Discriminant distribution comparison (systematics)

CMS Preliminary 135 tb" (13 TeV)
AR RRREE IS BERERREE TR

-
T

F — Bkg. MC ! Data ]
BT
oof- sideband E

. 2,6,,6,0|my,) -

. t i
t ! {

Data / MC

0.9

001 02 03 04 05 06 07 08 08 1

Zhiyuan Huang, JHU
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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

17



Everything mentioned above are just based on MC Simulation
Now ready to look at the data!

Zhiyuan Huang, JHU 18



Unblind: production angles

. 1
CMS Preliminary 135 b (13 TeV) CMS Preliminary 1351 (13 TeV)
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Unblind: decay angles

CMS Preliminary 1350 (13 TeV) CMS Preliminary 1350 (13 TeV)
L L BN BN BN BN BN B L L 5] 0 L L B B L B
300 - . - ]
S | gao- { —:
© 250 - : - ]
N 1 2250k .
wn 200 - A ‘] T
% - L3 @e0op | L ___1’___ f—:
% 150; . E 8 150; PEPPPPIY S S AN U { |'-'"-"-" é
- ) 4 © - ) .
%mo: '}Data 1&2 1 2 100E '}Data 1&2 E
O _f -0 &2, 1 1 8 -0 &2, 1 .
50__ 0+ 2+ = O 50 0+ 2+ -
L mix ] r mix a
O_I L1 I 11| I | - I - I L1 1 I | - | L1 1 ‘ | - | L1 ‘ 11 \_ 07| 1 1 1 I 1 1 1 Il ‘ Il Il Il 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 |7
~1 -08-06-04-02 0 02 04 06 0.8 1 -3 -2 -1 0 1 2 3
cosb, LA 4@ s 07 and 27 are visually
S . .
.. ' not consistent with data
CMS Preli 135" (13 TeV I
C reliminary |w-|w-|r--w--|r( e:) . from the angular
e E projections alone.
S 250F =
~ C i
wn . -
9200_
_-8 150 5
2100 ]
@© .
O 50 ) =
PRI AR | .
012082060402 0 02 04 06 08 1

COSG
‘.- mm -

20

Zhiyuan Huang, JHU



Hypothesis test result: 0~ vs 27

CMS Preliminary 135 fo' (13 TeV)
: — Observed
0.08 _
: 0
g 0.07 .2;-l
. . . + 0.06-
** Hypothesis test for vVsi = 2., £
o
@ 0.041
Observed Expected S ¢
p-value  Z-score  p-value  Z-score 3 003
[72] r
0ovept 07 27x107 72 65x10M 74 o 0% observed
moook 42% 1070 02 0.50 0.0 0.01-
S [ 50 100
o, P -2 In(L,/L..
% Test statistic: Lo/lz)
CMS Preliminary 135fb™ (13 TeV)
— FIIIIII\I\|\III|I|TI‘I\IIIIII\l\l\l[lll'\l\l\l‘lfll,
g =—2In(L;p/L,p) ; g
l C ]
J 1600~ ; ' 3
Ni400- 1 <+ Discriminant
P g — 5 ] . . . .
P(qg = " +bk 1200 . distribution in 1D
&CL. — (q CIobsU] g) P ; e
0 s — P(q = qopsl )P +bkg) 151000 | Data —Model 2. =95 projection for
= ; © L ]
obslJi 5 800f T separate
& 6ok " Signal " Model 0 & z, illustration
400F g f """"""" . -
200- -
Oi-l-l--l'l--l'l‘-\-l--\-l 1111 I 1111 ‘ 111l I L1l | L1l { Ll I L1l ‘ 111 I:

0.1 02 0.3 04 05 06 0.7 0.8 09 1
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Hypothesis test result: all models

CMS Preliminary 13517 (13 TeV) CMS Preliminary 135 fo™' (13 TeV)

0.08— — Observed 08l — Observed
JX p-value  Z-score oo B gl s
. P éo.oei— @ E’o.oaé - -
1'6] ect ]X kS 0.052—0 + '§ °'°5§_0 ;IL_
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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
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< 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
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2 1000f- 4 21000 e E
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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~ . !
: 0 I 50 I
2 007 : |
T: @2, —~ | 30
B 005 J1 w0 —L AL LaTH | T
g 0-05¢ < =2
S ol ST i Tl
_8 . E E I I ______ | B | -
> 0.03 ~ 7399
N F [ I g ———— .. i
& 002 1-501 . i —— Observed ~--- Expected
0015_ |_70. i — 2;, +1lo jPi].O'
i | | I_go_ | 2} +20 JP+20
0™~ 50 0 50 [ : 2+ +30 P30
- 110
2In(Ly/Ly) 3 T . . ] ) - i i
| 0 ) Om Omix Oh 1 1 2m mix 2h

% 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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Hypothesis test result: summary plot

Observed Expected
p-value  Z-score  p-value  Z-score

- +
R T S L ¥ 0.50 00 | N,
0t veot On  43x107° 39 56x107° 57 \\
mEEEmo gt 72x10°2 15 0.50 0.0 \
(. 0n. 14x102 22 84x10* 31 |
Omix V8 2 ins -1 :
2o 2, 17X 100 L0 020, . 00 !
- - !
0 vs 2 0, 31x 1079 58  85x10° 38 , % ] # 0at>95%CL
h 26 90x10' 13 0.50 0.0 .
............................. — “ J#1at>39%CL
(e 1 80x10% 52 64x107 57 & P # —1 very certain (exclude /=%
: VESm ot 38x1071 03 0.50 00 . « : :
1 e < e & — \ |nc|ud|ng]23)
oy 1T 47x103 0 26 27x107° 40 \
17 vs 2, + 2
25 52x10 1.6 0.50 0.0 |
G T W o o W e R o W e W e e R e B e R e R e W e W — N '
[ - yeot 2w A1x1072 68 39x107% 75,
memsme28 28x1070 06 0.50 00 -
|
2. 65x10*% 32  15x10* 36 /
| - + mix .
Zmix VS2m o™ 31,1071 05 0.50 00 1~
L went 2 22x10°% 55 63x107° 57
ST TEAm ol 43x1071 02 0.50 0.0,
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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!
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Back up

Zhiyuan Huang, JHU
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CMS

‘Compact Muon Solenoid

Motivation: LHC Background information

0 arXiv:2006.16957 arXiv:2304.08962

a ! ! ! 1 ! ! ! ! I ! ! ' '

b > 4007 L l L B I T T T 7 | T T 17 | LI B | | LI B |7
= 200 —i— Daa @ - ATLAS i i
> LHCb —— Total fi (O] r —— Sig. + Bkg. b
é') 180 X (69 0 O) Rezom;ce g 300 /s=13Tev,140f0" Background .
g 160 Interference o E dI-J/l]J ---- Bkg. w/o Feed-down E
: 140 %] Interference BW 2 200:— .” “‘ ______ Sig. w/o Int. _:
2 120 5 . X(6900)em ]
% 100 T 100:_ . —4+—"Data _:
;2 80 H ]
3 ol W i
"g 60 L 1
2 40} - ]
:-ED 20 R -100 :_ _:
o - - a ]
N : —200F @) -

1 1 1 1 1 1 Il | 1 1 Il 1 | Il 1 1 1 | 1
6.5 7 7.5 8 8.5 9
my, [GeV]

\AS-BPH—24—003 135fb™ (13 TeV) + 180 b (13.6 TeV)

CMS-
—only X(6900) observed by 3 experiments X (6 400

600 | 150' 176 X(6900) CMS Preliminary
— X (6600) observed by CMS only (70) %m h a X(7100)
excess with no claim by LHCb/ATLAS 8 o K Pt X 3.6 yield
i hai 106 7, Tt
-8200 g
— X(7100) observed by CMS (> 50) 8% P
weak hint by LHCb/ATLAS T Wi s
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https://arxiv.org/pdf/2006.16957
https://arxiv.org/pdf/2304.08962
https://arxiv.org/pdf/2304.08962

I,

U o e
@rnnnnnns Q ¢ === % ...... > 6 ........ >
o © ot
H A decay helicity amplitudes Ay
<« §A++ — g‘
— A__ «— =
0 Ago, 0 |-
«— §A+O O <
0 Aoy — (=< \
—> %A—o 0 l ~
0 Ao “—
“— A “—
— A_, —
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.
--------------

Decay: Symmetry Constraints

by /Y I/ geer -
X (O

l’l ..'h.e =" l/l
@rrnnnnns ¢ mm === = mmmma- S 6 ........ >
.—"‘ @ ...‘~. +
—a=" = ,u
U
A4 A
Symmetries:

Test 8+ J& models:

0+ 0" A, =—-A__
0"t 0fand0S A,, =A _andAy < note2d.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 A A=Ay, =A g=A, ,andA, =A_,
Ly

\_ note 4 d.o.f. for 2**, test one model
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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
Fio(0") x {4|A(m|2 sin? 0, sin? 05 + 2| A, ||A__|sin? 0; sin® 0 cos(2® — ¢ +¢>++)J 1 5 years ago

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

+1A__[2 (1 — 247, cos 6 -+ cos? 6:) (1 — 2A;, o8 0 + 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) a rXIV: 1 OO 1 . 3396

+ 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) Val Id
1 +|A_|*(1 — 245, cos 01 + cos® 01)(1 + 2Ay, cos 02 + cos® 62)] spin > 2
+ - +F2{_2(9*) % [2|A+_||A_+| sin® 0 sin® 2 cos(4¥ — ¢ + ¢_+)} + other 26 interference terms for spin fo r a n y ]
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
https://arxiv.org/abs/1001.3396

Candidates / 2 GeV

D 0~
o
o

o
o

®

CMS Preliminary

MC simulation and tuning

4

We do not know the production mechanism

— empirical model to reproduce p%( and pg in data

135 fb' (13 TeV)

800F

{ Data

— Simulation

p (wnuw) [GeV]

Candidates / 8 GeV

600

CMS
——

Preliminary

135 fb’ (13 TeV)

\ T \ ]
s+ Data — Simulation ;

| { L1 | - J |

Ll | |-
—QISO -100

1 Ll 1 | L1 { [
-50 0 50 100 150
p(wwpw) [GeV]
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tune Pythia to match P4 in
sideband and signal region

fine-tune re-weighting p%(

residual p7)~( and pé(
consistency tests
coverage in systematics
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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/
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