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| Early history of spin

> 100 anniversaries in 2025
Back to 1922, oredietion

What was

Stern-Gerlach experiment, actualy observed "7 %M
to detect OAM N
In January 1925, i)
Kronig first had an idea of spin, g&
: : e e ‘ F
Pauli saying "it is indeed very clever mace
but of course has nothing to do with
rea”tY"- Inhomogeqeous
Pauli proposed four quantum maghelle fieka
numbers Sonderdrudj au’svg‘l: Zagx:missf:g.:sfz%f:w Io.‘{ Jahrg., Heft 47 l
iﬂ,|,m,S) Ersetzung der Hypothese vom unmechanischen]  In a one-page Letter to the Editor of
In Sep ember1 92 5 I} Zwang durch eine Forderung bezdglich des|  Nayyryissenschaften dated 17 October

i jedes einzelne rons. S
. inneren Verhaltens jed na n Elektrons 1925, Samuel A. Goudsmit and 1 propoaed
§ 1. Bekanntlich kann man die Struktur und das % b
U h Ie n be C k a.n d G O u d SI I I It magnetische Verhalten der Spektren eingehend be- the idea that each electron rotates with an
schreiben mit Hilfe des Laxogschen Vektormodelles B, 2 g
K, J und m'). Hierin bezeichnet & das Impulsmoment mﬂu‘ar momentum h/Q and (EBI’I'IES. be
roposed e ectron des Atomrestes — d. b des Atoms ohne das Leucht]  Sides its charge e, a magnetic moment
elektron — K das Impulsmoment des Leachtelektrons, equa] to one Bohr magneton. eh/2me.
J ihre Resultante und m die Projektion von J auf die

. L] L] L] - -
| ntrl NSIC " S Ta " conce t Richtung eines aueren Magnetfeldes. alle i den ge]  (Here, as usual, h is the modified Planck
p p brauchlichen Quanteneinbeiten ausgedrockt. Man mud) constant, m the mass of the electron and
daon in diesem Modell annehmen h d of igh S TR
a) daf fir den Atomrest das Verhdltnis des magne- ct e speed of lig t_-_) am, In his accom-
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| Electron complete description

» Complete set of quantum numbers for electron in the atom

l//nlmsmS (r) — Rnl (r)lllm (9’ ¢)Zs,ms

1 0
X212 = 0l X212 = |

» 1n 1928, Dirac Equation; During 1946-1949, QED by
Tomonaga-Schwinger-Feynman; Lorentz(Poincare) group

(i’}ﬂuaﬂ - m)w — _6’7”1!)‘4,& L= —%FﬂyFw-
(i, — —ej* A
He Lo A e Mep IR
m me

AM generator in Lorentz group
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Spin correlation in heavy flavor physics
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Outline

Spin correlation in beauty—charm meson
fami ly decays

Spin correlation in fully charmed
tetraquark states decays

Summary and Outlook



|  Beauty-charm meson family spectrum
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6



| Detect Bc* meson by EM decays

» Bc* (1S) major (99.99%) electromagnetic decays to Bc(1S):

M1 transition

gk(kx,.k)
H

Py = (M, 0) W\ﬂcz T k)

'

A

A

‘ li=1m=1>

» We generalize the pNRQCD to
unequal mass case and obtain the

effective Lagrangian
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Detect Bc* meson by weak decays

» Bc* decay constants in QCD >

<O ‘Z}Vud B:c(Pa 5)) = fBﬁmBJ;SIJa -
» Bc* decay constants in NRQCD

NRQCD LDMEs

B.(P)) (uy) + O()

= /Ecv(mb,mc,uﬂ (O|yjor %w : .
Braaten-Fleming,PRD52,181(1995);

Lee-Sang-Kim,JHEPO1,113(2011)

» Matching Formulae

P~

1
Wl I

M iJl'—'

! I
2 72 _ 717
212,000 = CoZ;

Z;:NRQCD MS current renormalization constants |



IVector Bc* meson decay constant




ILeptonic decay branching ratios

Branching ratios N°LO
. + 5+0.20-0.07—1.35 -6
B(Brz — e" V) ( —n.4ﬁ+n.ﬂ:-:+m.:ﬁ) x 10
s+ + 5+0.29-0.07-1.35 —6
B(B:" — p'vy,) (3 —0.4640.034-0. iT) x 10
_ + . +0.25—0.06—1.19 —6
B(Bc — T -“1') (3 40 —0.4140.0340. H) x 10
+ + 4+0.15—0.19—0.70 —9
B(B —e've) (1 917y 2340.124-0. 22) x 10
+ + +0.63—0.83—2.99 -5
B(B., — p v,) (8 1877 004+0.5240. '-34) x 10
+ + +0.15—0.20—0.72 —2
B(B., — 17"v;) (1 96", 2440.1240. 25) x 10
V. 2\’
F(B;‘f()\zil)—r,fy)_‘ ool Gt 5 (1— ”:if )
) 127 mps
X M,
miT(B:F (A = £1) — E"Vg)

D(B*(\ = 0) — lu) =

27”3*
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Bc and Bc* decays along with 3 pions

) L R BB B
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Around 10° Bc to Jpsi+X events



| Invariant mass distribution in Bc* decays to J/psi +n h

» Helicity decomposition of weak decay width

dU(BY) — J/i + nh) Ve |*Gai|p'|
= Z J])\1J2)~2/\nh?
Ai

dq? 327 M?

[11110 =2 [1/’12 ((M' — M")Q - qz) ((M’ + f-,j’)2 — .;;2)
+ (A1 (M* = M%) + Axq”) *] p7" (07,

p1
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I Results of invariant mass distribution

Yield/50MeV
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I Polarization Asymmetry(A general law in V(P) to V transitions)

aLT

)

o FJl)\lllknh T FJ1A110)\nh
ar =) T -
Jid11A,, T L a 100,

A 1 3)\nh
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BBT—» Jiprrt

BB‘*.' — It

5

6

Bc decays along with 2 pions

Chang & Chen

Liu & Chao

Colangelo & De Fazio

Abd El-Hadi, Munoz & Vary
Kiselev, Kovalsky & Likhoded
Ebert, Faustov & Galkin
Ivanov, Kdrner & Santorelli
Hernandez, Nieves & Verde-Velasco
Wang, Shen & Lu

Likhoded & Luchinsky
Likhoded & Luchinsky
Likhoded & Luchinsky

iao et al.

Naimuddin ef al.

i & Zou

Issadykov & Ivanov

Cheng et al.

Zhang

Lin

1992

1997

1999

1999

2000

2003

2006

2006

2007

2009

2000

2009

2012

2012

2014

2018

2021

2023

2023

56
|46
58
59

6t

61

o B BI—JApmt a0

R

=2.80£0.154+£0.11 £0.16,
BBj->.1ﬁp«+

— Fitting

e LHCb

0.8

ma

[62]Qiao-Sun-Yang-Zhu, 1209.5859

LHCb, arXiv: 2402.05523

2404.06221, 2310.03425
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| Helicity amplitudes and angular distributions

» weak decay amplitude

ha =(p(p1, N)J /0 (p2, )| Hes s | Be(p))
v ?-(,E;ma,c’:i

bpipY  icehvePp, p;
=e1,(A) €2, (A)" (a,g"“’ + PP n ?1.;0,5);

T TS mame

» Angular distribution

&1 (B, = J/y(ptp~) + p(rm))
d cos 0, d cos Oyde B

gp‘rn
12872 M2

. 1
{0052 0, sin® 6o Hyo -+ Z—lsin2 4 (1 + cos? 92) (Hii + H-1-1)

1 .
~3 sin® @y sin” 0, [cos2¢pRe (Hi-1) — sin2¢ Im (H;-1)]

aaaaaaa

1
—1 sin 26; sin 265 [cos ¢ Re (H1o + H-10) — sin¢Im (Hyp — H_m)]} \

_ hol? ) |
= P+ o+ Rl arr =1-2fr. fo(J/) = fr(p) =~ 0.877,
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| Quantum spin entanglement

> Quantum spin entanglement state
W) =—— [ /0 (+D)p(+1))
]

+holJ/9(0)p(0)) + h_y|J/U(—1)p(-1))],

» Von Neumann entropy

00 0 0 0 0 0 00

U U — _Trloalnoal = —Tr[opIn o).

(n 0O 0 0 0 0 0 0 0\ © rloatnoq) rlesIn o)
00 h{lh'”;l 0 h.lhﬁ 0 h}lh*l 00
oo 0o 0 0 0 0 00
0=—5 |00 hohiy 0 hohy O hoh*; 00 )
H oo 0o 0o 0 0 0 00 1 [ hrhia fﬂh* 0
00 hoyh®y 0 hohi 0 h_yh*y 0 0 QIv = 8 = 2 3 ok Oh* :
00 0 0 0 0 0 00 - 1hZy

\00 0 0 0 0 0 00)
e = 0.405.
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| Test of Bell inequality

; : 1
» Bell inequality |s) = (> —ur>).

) P(d,B) - PG, )| Sfdﬂ,p(ﬁl)(l AW, ) Ale, D)
P(d,b) = j dAp(1)A(a, ))B(b,1).

= fd;t,au) —fdAp(A)A(b,A)A(c,A) =1+ P(b,é).

» Collins-Gisin-Linden-Massar-Popescu qutrits inequality
A1,A2,B,By=0,....d — 1.

Is=P(A1 =By)+P(Bi1=A3+ 1)+ P(Ay = By) + P(By = Ay)
—P(Al=Bl—l)—P(Bl=A2)—_P(A2=Bg—1)—P(BQ=A1—l)E2

I; = tr(pB) = tr(|[yX¢|B) = (YIBly).

I, =|—291| =291 >2

CGLMP inequality breaks down.
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| Charm family
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| Latest data on fully charmed tetraquarks

Exp. Fit Mpw, I'pw, M (6900 I'x(6900) Mpw, I'sw,
LHCb No interf. - - 6905 £ 11 +£7 80+ 19 £ 33 - —
CMS  No interf. 65524+ 104+12 124752 £33  69274+9+4 122737 +184 7287110 +5 95729 4+ 19
LHCb  Interf. 6741 £ 6 288+ 16 6886+ 11+ 11 168 + 33 & 69 - -
CMS  Interf. 663875370 4407300750 6847TIITIE  101790TR  7134TETH 9770

ATLAS  Fit-A 6630 50150 350 +1101,,° 6860 +3075) 110450130 722043010 90 4 60750
ATLAS  Fit-B 6650 £20155 440 £ 50720 6910 £ 10+ 10 150 + 30 £ 10 - -

SqooF T g SqooF T g

3 ATLA — Sig. + Bkg. 1 § pAmas —— Sig. + Bkg.

2300 (5=13TeV, 140" — Background E 53001_1’5=13 TeV, 140" B, + Bkg. + Int.

o di-Jhy ---- Bkg. wio Feed-down | o© [ di-dhy ---- Bkg. wio Feed-down J

3200 --- Sig. wlo Int. _: :-5200:— ---- Sig. wlo Int. _:

g L {5 nerrence ATLAS, 2304.08962; 140fb-1 data;

P t(mu1,2,3,4)>4,4,3,3GeV; |eta(mu1,2,3,4)|<2.5;

IR

o

S

P
L

®) 2.94(3.56)GeV<M(dimuon)<3.25(3.80)GeV
—200F -
I R TR TR Y
m4u[GeV]
T ‘ =3 CMS, 2306.07164; 135fb-1 data;
S A . /i Y P t(muon)>2GeV;|eta(muon)|<2.4;
gy e Y P t(di muon)>3.5GeV;
Ty e )

.5 5
my, y, [GeV] My, [GeV]

20



| How to explain these exotic states?

oe Tetraquark

0"

Diquark-antidiquark

Charmonia Molecule Gluonic Tetracharm Hybrid

21



diquark-antidiquark model?

m Available online at www.sciencedirect.com _
o ScienceDirect B PHYSICAL REVIEW LETTERS 132, 111901 (2024)
——
Nuclear Physics B 966 (2021) 115393 _
www.elsevier.com/locate/nuclphysb

New Structures in the J/y.J/w Mass Spectrum in Proton-Proton
Collisions at /s=13 TeV

A. Hayrapetyan et al.’

Fully-heavy tetraquark spectra and production at hadron (CMS Collaboration)

colliders
Ruilin Zhu*
Department of Physics and Institute of Theoretical PH_EE';LNinng Normal University, Nanjing, Jiangsu 210023, Our meas ured masses appear Compatlble Wlth reCEnt
Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA Calculatlons Of the C CE- E Spectrum [2 1 ,7 1 ] s whlch Would
Received 27 October 2020; received in revised form 21 March 2021; accepted 1 April 2021 . . . .
Avilable orline 7 April 2021 indicate that these three structures may be a family of radial

Editor: Hong-Jian He

excitations of the same JXC. This is the case for both no-
interference and interference masses, albeit for different
theoretical models.

Abstract

Motivated by the observation of exotic structure around 6900 MeV in the J /4 -pair mass spectrum using
proton-proton collision data by the LHCb collaboration, we study the spectra of fully-heavy tetraquarks
within Bethe-Salpeter equation and Regge trajectory relation. The X (6900) may be explained as a radially
excited state with quark content cc&¢ and spin-parity 071 (38) or 277 (35) or an orbitally excited 2 P state.

New ccéé structures around 6.0 GeV, 6.5 GeV, and 7.1 GeV are predicted together. Other bbbb and bebe .
structures which may be experimentally prominent are discussed. On the other hand, the fully-heavy S-wave [2 ]' ] R Zhu’ Fully_heavy tetraquark SPCC[I'H. aﬂd pIOdUCtlon at

tetraquark production at hadron colliders is investigated and their cross sections are obtained. hadron Colliderq NUC1 Phyq B966 1 1 5393 (202 1) (
Dy - D, - .

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP.

These masses are predicted correctly and confirmed by CMS.
Next, are their spin-parities correct?

22
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| spin-correlated amplitudes will tell the truth
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| polar angular distribution

0.5 -------- 0**(6908) |
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01 /
L —— 2*%(6890) Il
o0 05 10 15 20 25 3.0
6,

Model I: quark model (QM);
Model II: heavy quark effective theory(HQET)
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| plane angular distribution
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I fully charmed tetraquark decays to charmed meson pair

0.18
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0.12}
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The 6; and ® distributions
for various tetraquarks near
6.9 GeV into D*(— D)
and D*(— D)

using Model II (HQET).
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Summary and outlook

v" Spin-correlation effects are involved in heavy
flavor physics

v' Polarization analysis are helpful to detect the vector

peauty-charm meson and to determine the spin-

parity of fully charmed tetraguarks

Outlook: Spin-correlation effects leads to quantum
entanglement; What can quantum entanglement tell
us In QCD/QFT/SM?

Thank you a lot!
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Backup
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II\/Iatching coefficients up to three loops

> for vector current

o) o (70) 2 (70 3
C=1-2.29 ( — ) — 35.44 ( il ) — 1686.27 < — ) +O(a?),
for mii =:3.n, =10 ==20,
Sang-Zhang-Zhou, arXiv:2210.02979
» for pseudoscalar current
(n1) (m 2 (n1) s
C(Tphys) = 1 — 1.62623 (“ L(m”)) — 6.51043 (“ ;(m")) ~1520.59 (a ﬂ(m’")) +O(al)
Feng-Jia-Mo-Pan-Sang-Zhang, arXiv:2208.04302
29



Ifor axial-vector and scalar currents

» Matching coefficients for axial-vector and scalar up to three
loops

1.5 1.5

Nonconvergence behaviors also in other two currents

Multi-loop integral calculation performed by AMFlow (Ma et al)

30
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I Sub-leading Contribution

» Relativistic corrections
'::[”Q_lﬂ:-](gﬂ IQEE}{E{_‘D

— /2My [c‘:’{ <[} ‘:'ﬁ;’['@i‘-}}fQQE{P}>HRq{TD +C3 <[]‘{D:m' _ Dt.g,ﬁf?zﬁ(l})%mm +

Employlng EOM: 0 (D?ﬂ DUQ‘QEQI )>=—2m E< ‘lllﬂz‘sz(P))
d EB* 8 3
o =2 [ (5 - =) ] ez
Nc d E
= B ] 5 (0)],
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I Wave function scale dependence

» Wave function at origin

For Power-law potential V(r)=Ar*4+C
Exact solution |¢E (0) |2 — f(n, (L)(AM)B/(2+Q)
Scale relation |lIJBg (0)| = |\IJJ/¢(())|1—3/ [T (0)]Y,

y = Ye = In((1 +mc/my)/2)/ In(mc/my)
Collins-Imbo-King-Martell, PLB 393 (1997) 155-160

2

W0 -

1
0 _— _ Emb(CFf.l's )2,

Beneke et al., PRL. 112, 151801 (2014) 32

(mpCras)?
8

41 (0)% = 1" (0)[? (1 + ka“f?) '
k=1

E|




| fully charmed tetraquark decay widths

Exp. Fit method ﬂ-fBﬁ,ﬁ,-'l Fn“.rl ﬁfﬁwz FB\H,-'E JFLIB“.-'H an:i
LHCb [3 No interf. - - 6905 £ 11+£7 80+£19+33 - -
LHCbD [3 Interf. 6741 + 6 288 + 16 6886+ 11+ 11 168 + 33 + 69 - -

ATLAS [: Fit-A 6630 £ 50750 350 £ 110F11° 6860 £ 30150 110 +£50F50 72204 301%0 90 £ 60150
ATLAS [: Fit-B 6650 + 20750 440 :I: n{]+.=m 6910 + 10 4+ 10 150 4+ 30 + 10 - -
CMS [5] No interf. 6552+ 10+£12 124732 £33 6927 +9+4 122731 +£184 7287130 £5 95750 £ 19
CMS [5] Interf. 66387510 4407 %EE} a0 6847755 L, 1917957 71 51*23 it g7t
Theo. ,25‘4—1 L_;.. JPC J‘if-]" PT ﬂ-f']" FT ﬂ-f']" FT
1,18y, 07 6455 20.5 - - - -
1,18, 0t 6550 7.5 - - - -
1,°85, 2%+ 6524 31.0 - - - -
QM 2, i So, u: - - fg}t;m 487' - -
2,750,0 - - 6957 83.3 - -
2,185,007+ - - - - 7018 34.6
2,185,007+ - - - - 7185 36.9
2,°8,,2F+ - - 6927 27.1 - -
2,°8,,2TF - - - - 7032 670.9
2,585.07F 6555 50 15.5 - - - -
3,150, 0+ - - 6883121 16.2 . .
4,18,,0t+ - - - - 7154%22 15.9
2,18y, 0t 6468132 23.6 - . - -
HQET 3,'Sp. 0" - - 6795730 21.3 -
4,18, 0Tt - - - T[}hfr*zl 27.1
2,58, 2%+ f:E-f}h“’ 39.4 . . . .
3,585, 2+ - - 6890737 36.0 - -
4,°8,, 2+ - - - - 7160723 29.0
33



| fully charmed tetraquark major decay modes

Theo. 0>t L;, JPC My JjvJ/ H.H! D™ pt plrpir g vy(x107%)
71 1
1.150.0°+. 6455 0.7 1.45 9.6(52)2 6.9(32+)? 1.9({n)? 1.3{{},1%}2
1,180,07+,6550  1.78 0.12 30(5%)° 21(3%8)° 05(dg)° 03(dp)°
1,°82,2*F, 6524 - - 15(£5) 142{%”1} 1-8(55};}2 1-3(559)2
QPM®  91g) 0++ 6008  0.12 23.75 7.6(52)> 55(’5—%} 1_7(%}2 1-3(?@}2
2,'50,071,6957  4.66 74.03 24(52)% 1.8(%2:)? fl4[1—f*’§}2 u.a{li'{@}?
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If assume quantum entanglement as a basic principle, then a constraint
formula for helicity amplitudes.
That may make sense because we have no strict solution in QCD.
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