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| Heavy Flavor Physics

»  New physics

Indirect detection

> CP violation

Understand its origin:
Strong phase, new sources

> Exotic hadrons

Inner structure; Exploring Color

confinement mechanism

» Heavy flavor theories
Heavy quark symmetry;

nonrelativistic at Fermi-scale;
test effective theory of QCD;

Ag — pK ntn~

Acp = (2.45+£0.46 £0.10)% 520

[LHCb, Nature 2025]
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Charm family
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| Latest data on fully charm tetraquarks
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Candidates / 0.05 GeV
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| How to explain these exotic states?

‘E o Tetraquark

0"

Diquark-antidiquark

Zhu, Bauer, Yi,
2410.11210

Charmonia Molecule Gluonic Tetracharm Hybrid
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Diquark-antidiquark or charmonium molecule?
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Abstract

Motivated by the observation of exotic structure around 6900 MeV in the J /1 -pair mass spectrum using Q
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 ecé¢ and spin-parity 077 (38) or 277 (35) or an orbitally excited 2P state.
New ccéé structures around 6.0 GeV, 6.5 GeV, and 7.1 GeV are predicted together. Other bbbk and bebé
structures which may be experimentally prominent are discussed. On the other hand, the fully-heavy S-wave
tetraquark production at hadron colliders is investigated and their cross sections are obtained.
@ 2021 The Author(s). Published by Elsevier B.V. This is an opcn‘access article under the CC BY license
(http://creativecommons.org/licenses/by/4.(/). Funded by SCOAP-.
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The masses (6.5GeV, 7.1GeV) are predicted previously and
confirmed by CMS.




oo

of T

Mass squared(GeV?)

Fully charm tetraquark family: Linear Regge trajectories?

ﬁﬂ_
55:
5(}:
a5
4U:

35

X(6900)

X(6500)
M~2=[42-
441GeV 2

c. Cluster model for C-12 nucleus

30

=123 10

Ln



Outline

Fully charm tetraquarks production
properties

Fully charm tetraquarks decay
properties

Summary and Outlook
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» Fully charm tetraquarks production
properties
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| Fully charm tetraquark production

QCD factorization:

U(pp_}T-ﬁlc"‘X)

1
= E / d:l?ld.“l?gfi}/p ($1, ;LF) fjfp (.’I:Q, ;LF) 5‘(1 + 3 —r Last X) (§, ,up)
N 0
t,)=4.9

Partonic processes:

LO+NLOvirtual: g + g — Ty. and g =il — ¥ /e

NLO real: g—l—g—>T4c——g, q+fj_>T4c+g
q+9—dac+q, ¢+9—Tuctq
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I NRQCD/pNRQCD factorization

A
QCD/QED
m-—
perturbative matching | perturbative matching
............................................ H
mv-—
NRQCD/NRQED
............................................ i
2 non—perturbative perturbative matching
MV matching
PNRQCD/pNRQED

ag(mv) ~ v

v2 22 0.1 for the i

Bodwin-Braaten-

Lapage
1995

Pineda-Soto-
Brambilla-Vairo
2000
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I NRQCD Lagrangian

» QCD Lagrangian
Locp = D Pu(@) [(@vuD")ij — mgdis] Woi(x) — %Fﬁu(ﬂi)F*‘”(m) :
q=u.d,s,...

» Rewrite heavy quark field and do the NR expansion

. ~ . . J, o~ gt /
U — oMt _ —iMt (;fé)a U — Mt _ Mt (;fé )’

» Obtain NRQCD Lagrangian
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I Previous studies (selected)

» Fragmentation mechanism (based on NRQCD), equally
considering the NLO real diagrams (valid for large Pt)

F. Feng, Y. Huang, Y. Jia, W. L. Sang, X. Xiong and J. Y.Zhang,
arXiv:2009.08450; F. Feng et al, 2304.11142

Y.Q. Ma, H.F. Zhang, arXiv:2009.08376

|. Belov, A. Giachino, and E. Santopinto, arXiv:2409.12070

» NRQCD LO ( Pt=0)
R.L. Zhu, arXiv: 2010.09082
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I Differential cross section in NRQCD
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| Full NLO calculation in NRQCD

LO:64(gg) , 4(qqbar)
NLO Virtual:2008(gg) , 170(qgbar)

NLO Real: 618(gg) , 98(qgbar, qg)

18



I Exact IR cancellation
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I Collider energy dependence for different spin and scales
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I Rapidity dependence for different diquark configurations

do/dy [pb]
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I Transverse momentum distribution

-e—- 66(0T*) —a- mix(0*T)
107 -m- 33(0tt) —=— 33(2%%)

105 -

103 4

Divergence
when pt -> 0

101 4

dao/dp: [pb/GeV]

101 4

1072+
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I Soft gluon radiation produces large logarithms

do |99 " ;1 QCA
dyd?p; | ps< M ”U(l-ch ff( de(T )dT
1 2(1—_1+{§1)5 B 2(1—2+§2)2 B
37 | e 0 - )+ g o - &)
12
-+ (2111 %) 5(1 —52)5(1 —-51)] .
P

At low P_perp, the soft gluon radiations
generate the divergence, which should be
resumed to obtain reliable predictions.
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I Collins-Soper-Sterman resummation

do (L+1)
dp; %

{o:s Sl S W g ad d

OW (b, M?) ,
+0? +a3L?+ oL TSV (K + G"YW (b, M?) ,

3 472
Tl gl }’ Collins, Soper 81

Collins, Soper, Sterman 85

dydp;

X Z‘/ dgAfafA £A:1/b Z/ ng fbe £Bﬁl/b)

e <:- / j B [ () 4t + B o@)] }

(A
X Cq \; :g( 1/5)) Cijb ( ;g(1/t ))

+Y(p;Q,TA,TB).
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I NLL Resummation results
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» Fully charm tetraquarks decay
properties
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I Major decay modes
i e
g
g

Q

DD

(9) (h)
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I Cascade decay angles
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I Helicity amplitudes

<ﬁ1)\a1 y T )

Symmetry constraint:
Parity conservation;
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I Polar angular distribution

0.5,

-------- 0**(6908) |
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01 /
[ —— 2**(6890) Il
0'0:| F G A E O R R R R Y E R EE R Y b
0.0 05 1.0 1. 20 25 3.0
0

Model I: quark model (QM);
Model Il: diguark model+heavy quark effective
theory(HQET) 30
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I Plane angular distribution

0-170 r -~ 1+ v Ffr v [ r & r | & & ] 1T 1T T F [ ¥ & T T 1T
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0.165::-“,,‘: SO 1 v S 74, B 0**(7018) |
. Z — 2**(6927) |
L 0.160] )
L= _ 0+*(6883) Il
0.155 ----- 0**(6795) Il
I ] ——— 2**(6890) Il
0.150/ i

31



| Charmed meson pair channel

0.20( >, (,j'.f-"-'""-'i’;a“ 4 ... 0"*(6883)
018 % 0 F % 4 ] eeee 0**(6795)
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a4 & w0000 0w  00® 0 ] s 0*(6795)
r ‘:L‘ 1 «*:* 2 ';L::l. ,f::' ++ . - .
0.12} e 1 T #®¥0  The §; and & distributions
R A fOI' Va-riO'llS tetraquarks near

6.9 GeV into D*(— D)
and D*(— D)
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drir
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I Quantum entanglement

1.25
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If assume quantum entanglement as a basic principle,

then a constraint formula for helicity amplitudes.
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Summary and outlook

v" The full NLO calculation for T4c production
spectrum is given.

v" The angular distribution and entanglement are
studied in T4c decay processes

Outlook: measuring the (differential) cross section (or)
and the decay angular distribution shall tell us the
inner structure of fully charm tetraquarks; a lot of
tasks in there

Thank you a lot!
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LDME  Model I [I5] Model II [I
(0§2) [Gev®]  0.0347 0.0187
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Ifully charmed tetraquark decay widths

Exp. Fit method ﬂ-'fﬁﬁ,ﬁ,-'l FB“!] ﬂf]j,wz FB“’E ﬂfnw:i FBWH
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Ifully charmed tetraquark

major decay modes
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where m;, p; and ¢; are the mass, momentum and polar-
ization vector for the two daughter particles, respectively.
The relationship between the parameters a,b,c and the
helicity amplitude can be expressed as

an = —ar — n’J(:r: - 1), (A.30)
where
2 ,IUIE
2 _ Pypivyp
= ——=+1L (A.31)
THITHE
(0 0 0 0 0 0 0 0 0\
00 0 0 0 0 0 00
L loo 0o 0 0 0 0 00 V) =
=——5 100 hohiy 0 hohij 0 hoh*y 00 VIH
H oo 0o 0o 0 0 0 00
00 hoyh%y 0 h hi 0 h_th®, 00
00 0 0 0 0 0 00
\o0 0 0 0 0 0 00

C = /2(1 - Tip),

[h1 |/ (+1)p(+1))

+holJ/1(0)p(0)) + h_1|J /4 (-

Dp(=1))],



W(b) = W(b.)W™"(b)

be = b/\/1+ (b/baz)?.
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