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Discovery of X (6900)
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Invariant mass spectrum of .J/«-pair candidates (LHCDb, 2020)

» First fullly-charm tetraquark candidate
» Strong decay to two J/¢, C' =+
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Fully-heavy Tetraquark
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Motivation

» Theoretical investigations on the fully heavy tetraquarks date
back to late 1970s (Iwasaki, 1976; Chao, 1981).

» Phenomenological studies of spectra and decay properties:
Badalian et al., 1987; et al., 2006; Wang, 2017,2020; W. Chen
et al., 2017,2018; Wu et al., 2018; Liu et al., 2019; Wang, Di,
2019; H.-X. Chen et al., 2020; Jin et al., 2020; Guo, Oller,
2020.... See W.Chen, Huang, Z.-H. Guo, J. Wu, Liang

» Search for the fully-bottom tetraquark on Lattice NRQCD:
found no indication of any states below 27, threshold in the
0T*,17= and 27+ channels (Hughes et al., 2018).
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Production Mechanism
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Motivation

» Duality relations: Berezhnoy et al., 2011, 2012; Kaliner et al.,
2017

» Color evaporation model: Carvalho et al., 2016; Maciula et
al., 2020
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Production Mechanism
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Motivation

» Duality relations: Berezhnoy et al., 2011, 2012; Kaliner et al.,
2017

» Color evaporation model: Carvalho et al., 2016; Maciula et
al., 2020

» NRQCD-inspired: Y.-Q. Ma, Zhang, 2020; Feng et al., 2020;
R.-L. Zhu, 2020
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NRQCD Factorization




QCD Factorization Theorem

The inclusive production of high-P, hadrons in the high-energy producton of T

. . . . . ZHANG Jia-Yue
hadron collision experiments is dominated by the fragmentation
mechanism (Collins et al., 1989).

do[A+ B — H(P)+ X]

_ng {A#—B—)L(PZ >+X} ® Diu (2, u)+@<;z)

0. partonlc cross section, D,y (z, ) : fragmentation function

QCD Factorization

perturbative non-perturbative

4 : L 4

PARTICLEBITES, 2016
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Fragmentation Function
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Gauge-invariant operator definition for the fragmentation function
(Collins, Soper, 1982)

Fragmentation
Function

*g/wzdig +o0 L ikte
Dy sm (2,p8) = 2k+(N2—1)(d—2)/ dr”e Z
- X

(O]GE(0)ET(0,0,01) | H (P) + X))
(H(P)+ X|€(0,27,0.), G (0,27,0L)|0)

G': field-strength tensor of gluons,
k: momentum of G,

&: gauge link,

d := 4 — 2¢: spacetime dimension,
2= PT/kT
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DGLAP Equation
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Fragmentation

Fragmentation function follows () ragmer
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evolution

equation

0 d
M@ HHT4C(Z ,u Z / yPQFJ < 7”) DQHTM(yvﬂ)

Jj€{g,c}

P, ; is the splitting kernel.
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NRQCD FaCtOrlzatlon ( Bodwin, Braaten, Lepage, 1995)
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» Quarkonium energy scale (Braaten,

1997)
cé bb tt
wf Qch M [ 15GeV  47GovV 180 GoV
l Muv | 0.9GeV  1.5GeV 16 GeV
Mv]l NRQCD ]\/['U2 0.5 GeV 0.5 GeV 1.5 GeV
l » Integrate out the heavy(~ M) degrees of
My freedom
pNRQCD
@ - [ xowm
Vairo, Hadron 2011
QCD NRQCD

Qiu, 2011
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NRQCD Factorization
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» For the fragmentation function D,_,7,,
dsys [g — ccee) 7 2
Dy (o)~ 821600 1)
dexe |9 — ccee!! J J 2 NRQCD Factorization
= [ m? } )<T4(r) Oé"@)é O>‘ @ .

dsye [g — ccee)
| dxe [g = ccee ] - }QReK
m

» For the exclusive production

0) {oloszs| )]

olete™ 5 T +74) = I::[L:] (2Mr,,) <T4£<J) ‘O;Q:?. >‘
)
+fi (2M,.) [{7£)) |05 o)
+Fi‘s (2Mr, )2Re [<TLJ)‘0(J) >< ‘oggé <;’>>]
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NRQCD Operators
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We construct the NRQCD local operators for the S-wave
tetraquark with JP°¢ = 0+, 1+t— 2++

Ol = =5 ko (o)l i) xal G5

Oa = VL7 I i vl G
Oég; = \/iieijk (wlajio%g‘) (XfiozakXd) C;g%d

Ofas = W 0" (i0™)5 ) (i0%)o" xa) M cgg;d

C;;;d — 2\/} (6ac6bd 5ad6bc)’ C;g@%d — 2\/» (6ac5bd 6ad6bc)

. 2
Fkl,m,n — 5((skrn(sln + 6kn61m o g51@1671177,)
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NRQCD Operators
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» The operators manifest the correct C-parity under the
charge conjugation transformations

Y —ixfo?)', x = —i(wie?)

» We use the basis in which the quark and anti-quark pairs in
the color-triplet and color-sexet, respectively. The operators
can also be constructed from quark-antiquark pairs in the
color-singlet and color-octet.

» These NRQCD operators in can also be inferred by
performing the Foldy-Wouthuysen-Tani transformation from
the QCD interpolating currents(H.-X. Chen et al.,2020).
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Perturbative Matching
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We use the perturbative matching procedure to determine the
short-distance coefficients(SDCs).

» Replace the physical tetraquark state 7}/, with a free 4-quark Perturbative Matching
state

» Calculate both sides of factorization formula in perturbative
QCD and perturbative NRQCD

» Solving the factorization formula to determine the SDCs.
The SDCs are insensitive to the long-distance physics.
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Four-Quark States

Production of T4 .
ZHANG Jia-Yue

For convenience, we use the eigenstates of the angular
momentum, manifesting the same quantum numbers as the
physical tetraquark states.

J,m; 1 1 1 1 1 Perturbative Matching
"7%@3 (Q)> = ESZ); <2/\12)\2 181><2/\32)\4 152><1S1182ij> O,
cabied | <q1>c22 (P~ q1)e(@2)e) (Q — P~ a2) )

‘73%06(@> = ;;< Mo Ag OO><;/\3;>\4 oo>

Cab cd 021 (QI)C;\Q (P _ ql)éi\S((p)Eé‘l(Q — P — Q2)> s

626
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pp — Ty + X via Fragmentation




Feynman Diagrams
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» We employ the self-written program HepLib, which employ
Qgraf and GiNaC internally to generate the Feynman
diagrams (Feng et al., 2021).

» There are about 100 diagrams for the amplitude.

Perturbative QCD
Calculation
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Perturbative QCD Calculation
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To project the QQQQ into correct spin/color quantum number of
tetraquark, we use the following projector

v = (CIL,)Y (1L O) e Ib

viof = (CTo)¥ (IhC) gt

C'is the charge conjugate operator, II,, (IIy) is the
spin-triplet(singlet) projector of quarks (Petrelli et al., 1997), () P oo

Ji'|  are the spin projectors of quark and anti-quark pairs Caluaton
(Braaten, Lee, 2003).

T = ()

() =~ e, Py

T

2p?

IEE) = e { 5 12 (PI(P) £ 1 (P (P)] = g (P () |

\V]
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SDCs
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dsxs (9 —07) :m (186624 — 430272z + 51107227 — 425814%°
+ 2173372 — 619152° + 74662° + 42(1 — 2)(2 — 2)(3 — 2)(—144 + 6342
—3852% 4+ 702°) log(1 — 2) + 36(2 — 2)(3 — 2) (144 — 6342 + 7492° — 3642°

+742%) log (1 - 5) +12(2 = 2)(3 — 2) (72 — 362z + 3612° — 1362° + 232*)

x log (1 - 5)} .

) _ ﬂ'z(yj
552962(2 — 2)2(3 — 2)
+ 3744892 — 1153872° 4+ 143782° — 6(1 — 2)(2 — 2)(3 — 2)(—144 — 21662
+10152% + 702%) log(1 — 2) — 156(2 — 2)(3 — 2) (144 — 12422 + 16932 — 876"
+170z") log ( - 7) +300(2 — 2)(3 — 2) (72 — 7142z + 95327 — 4722° 4 8727)

z

x log (1 — E)} .

2 4
daxg (g — 0FF) = — W"‘)() [186624 — 4302722 + 4907202 — 3944222

dgxe (9 — 07" (186624 — 430272z + 6178242% — 6349022°

SDCs
+ 19952921 — 5754725 + 70822° 4 6(1 — 2)(2 — 2)(3 — 2)(—432 + 33022

—185527 +2102°) log(1 — z) — 12(2 — 2)(3 — z) (720 — 2258z + 23292% — 10522°

+226:") log (1= 2 ) +12(2 = 2)(3 - =) (936 — 48522 + 498927 — 10362° + 3312")
% log (1 — —)}

27



SDCs
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ﬂza‘;
62208022(2 — 2
—11563082° + 5954212 — 1705782° + 212122°) »

+3(1 = 2)(2 — 2)(3 — 2)(—20304 — 317882)(1296 + 1044~
+7303627 — 365742° + 79752%) log(1 — 2)] +33(2 — 2)(3 — 2)(1296 + 25)
—92242? 4 95982° — 394321 + 72527) log (1 - %)} ,
dexe (9= 27) =dsxe (9 — 27F) = 0.

dsxs (g —2tF) =

EEE) [2 (46656 — 4905362 + 11625522°

» There is NO IR divergence.

@ SDCs

0.020)

0.015]

0.004

0.010)

00051 0.002]

0.000] 0.000)

SDCs for T SDG for T2+
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Long-Distance Matrix Elements(LDMESs)

Production of T4 .

» The NRQCD LDMEs should be calculated in lattice QCD in ZHANG JiaYue
principle since they are non-perturbative.

» We use the diquark model to calculate the LDMEs, resulting
in the product of wave functions at the origin.

» The fock component of 6 @ 6 is neglected for simplicity while
there are some results in literature(Lii, et al., 2020; Zhao, et
al., 2020). See Q.-F. L, Zhao

(5.

2,m;
> |(zi
m;

» The phenomenological results we use (GeV?/?)(Kiselev et
al., 2002; Debastiani, Navarra, 2019):
Rp(0) | Ryo(0) | Ry=(0)
The 0.523 2.902 2.583
Tu(Coulomb) | 0.703 | 5.57909 | 5.57909

2 1
05| 0)|" = 75 [Bo )" [R2(0) 7,

@ Phenomenology

k| A\ |2 5
O |0)] = 15 |Ro(0)[! [Rr(0).
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Evolution of Fragmentation Function

Production of T4 .
ZHANG Jia-Yue

Since the process is gluon dominance, the leading order splitting
kernels read (n¢: number of active light quark flavors):

1-2) z 11 ng 1
P, (2)=6 ( + +z1—2)+—=——=1]0(1—=2
99(?) 2 (1—2)4 ( ) 12 18 ( )_
107 X 2Dy, (25 1) 10" X 2Dy, (25 1)
A i
9 \"'- - - i = 60GeV
™ 4 = b0
@ Phenomenology
P o
0.2 04 0.6 08 1.0 0.2 04 0.6 0.8 1.0
z z

Evolution of g — T}.,4, fragmentation functions.
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Phenomenology at LHC
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» Parameters: /s = 13 TeV; CTEQ14 PDF sets; ZHANG JiaYue
factorization scale p € [pr/2, 2pr]
me = 1.5GeV
2 (o - T+ X) [pb/GeV] Z:?,:;ZZ

Phenomenology

L . . N
15 25 35 45 55
pr(GeV]

1072

pr(GeV]

0++ 2++
pT/GeV U/pb Nevents U/pb Nevents
[15,60] | 3375 [ 9.97713 x 107 | 424757 | 1.2770-0% x 107
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Phenomenology at LHC
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» Parameters: /s = 13 TeV; CTEQ14 PDF sets;
factorization scale p € [pr/2, 2pr]
mpy = 4.8 GeV

do(2++) /dpr
_ do(0%%)/dpr

de
27 (pp = Tu+ X) [pb/GeV]
PT

Phenomenology

L
50 60 20

107 . .
0 30 40
pr(GeV]

2t+

0++

pr/GeV | 0/1073pb | Nevents/10° | /1072pb | Nevents/10*
[20,60] | 1.047072 | 312755 | 1247501 | 3.727538
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Factorization Formula
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The differential cross section can be expressed in terms of the
differential decay rate of a virtual photon.

do [efe™ = v (M) +T1. (A2)] 4710( ) =7 (A1) + Tl (A2)]
$3/2 Z

dcos@ = dcos@

4n psl 3 2 2

s Z 167f194n Mol |5, 0)]

The NRQCD factorization hoIds true at the helicity amplitude
level.

Factorization Formula

3[J] 6[J]

A}q >\2 A/\l A2
M3, = /2N, (T OG1510) + =2 /2N, (T O 5 0)

(& (&
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Feynman Diagrams
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» There are roughly 40 s-channel diagrams in total.

» Due to C-parity conservation, the ¢-channel process in b)
does not contribute.

a) b) (24) Feynman Diagrams
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SDCs
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167°/2 g (10 — 17r + 9r?)
O 2nVBB-r(2-1)
167°/ 2, (10 — 9r + r2)
W3B—r)2-r)

300 3[0
Al,[o] = Af[l],o -

6[0 6[0
-’41,[()] = "4—[1],0 -

A3 g3 128752 qa
1,0 —-1,0 27\/6(3 - 7")’
: 5127% 2y [ me
.A3[2] _ A3[2] _ s c ) ’
11 —1,-1 27v2(3 — 1) <81/2
32 32 20487 2aqy &)2 socs
Az = A 2= 27(3 =) (51/2

At large /s limit, the polarized cross section scales as
o o 2712 which is compatible with the helicity selection rule.
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Phenomenology
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00i0f_—m | ——— ZHANG Jia-Yue
0.008 — (&1) + T}(0)

i 0008 A(1) + TE(0)

Teoss ™
0,004 = (&) + TE(£1)
0.002 — (1) + Ti(+2)
0.000 — unpolarized(T,)
V5 (GeV) cosfl
Total cross sections Angular distributions at /s = 10.58 GeV

We neglect the 6 ® 6 component and adopt the diquark model as
before. The total cross sections for these exclusive processes
decline quite fast with increasing +/s, and at the B factory energy
Vs = 10.58 GeV

+ o= 0 ~
g [6 S T4C + ,y} ~ 00026 fb’ @ Phenomenology at B
olete” — T + 7] ~ 0.020 fb.
There would be 130 T}, + v events and 1020 7%, + ~ events at the

Belle2 experiment since the designed luminosity is about
50 ab71 27



Summary
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» We propose a model-independent approach to study the
production of fully heavy tetraquark, based on NRQCD
factorization.

» The production rates of T,. appears to be significant on the
LHC due to the huge luminosity.

» The production rates at /s = 10.58 GeV are too small to be
observed at Belle 2 experiment.

» Model-independent estimates on the NRQCD matrix
elements are required to make more reliable
phenomenological predictions.
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