Production and decay of the fully
heavy tetraquark based on factorization
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1.

Introduction

Observation of structure in the .J /1) -pair mass spectrum

LHCb Collaboration * Roel Aaij (NIKHEF, Amsterdam) et al. (Jun 30, 2020)
Published in: Sct.Bull. 65 (2020) 23, 1983-1993 » e-Print: 2006.16957 [hep-ex]
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1. Introduction

the X(6900) was confirmed in the di-J/y channel by the CMS collaboration and di-
Jy as well as Jy+y(2S) channels by the ATLAS collaboration.

In addition, some new resonances are observed: X(6600) and X(7200) in CMS, and
X(6200), X(6600) and X(7200) in ATLAS.

the mass and decay width of X(6900)

LHCh 950+ 11 + 7 MeV LHCb by A = 6886+ 11+ 11 MeV
Without considering
considering ' = 80+ 19 + 33 MeV NRSPS = 168 £33 £69MeV
NRSPS
M = 6.8740.03709 Gev M = 69274+9+5MeV
CMS ' ATLAS
I' = 0.1240.04700; GeV - ' = 122+£22+19MeV



1. Introduction

Inspired extensive theoretical investigations
Based on various phenomenological models

Citation Summary

constituent quark models Exclude self-citations @
QCD sum rules Citeable ® Published ®
diffusion Monte Carlo Fapers 229 15
Citations 3,914 3,604
h-index ® 38 37
Citations/paper (avg) 171 23.3

Theoretical interpretations for them are still controversial.

Even the quantum number assignments for these states are not yet fully determined.

Due to lack of light quarks, the X(6900) is more likely to be a compact four charm quark state.
6



1. Introduction

It Is both challenging and necessary to understand the nature of these
fully charmed tetraqguark systems in the framework of QCD.

It is worth remarking that, lattice nonrelativistic QCD (NRQCD) has also been used to
investigate the lowest-lying spectrum of the bbbb sector, but found no indication of any

states below 2y, threshold in the 0**, 1*- and 2** channels.

By assuming T,, to be S-wave fully charmed tetraquarks ( the J°¢ quantum number can be
0*+, 1* and 2**), we study T,. production and decay based on NRQCD factorization.

7



2 T4 prOdUCtion at LHC 2009.08450 Feng, Huang, Jia, SWL, Xiong, Zhang
. C |

2304.11142 Feng, Huang, Jia, SWL, Yang, Zhang

Differential cross section of T,. through fragmentation in pp collision:

fa,b/p

denotes the parton distribution

functions (PDFs) of a proton

do (pp—> Ty (pT +X Z/ da:a/ dﬂ?b/ dz fa,/p xaa“)fb/p(xb /LL)

do(ab — i(pr/z) + X, p)Dim,. (2, )

S

The partonic level cross sections are known for a long time.

+O(1/pr)

Fragmentation function



2. T,. production at LHC

The gluon fragmentation is defined by
Collins, Soper, 1981

d—3

+oo
— Y= — —ikta~
D d
9T (%, 1) = 21kt (N2 — 1) (d — 2) /_Oo L€

X Y {0|GH(0)E7(0,0,01),, [Tuc(P) + X)(Tye(P) + X[ (0,27,01), G (0,27,0.)]0),
X

The fragmentation function obeys the renowned DGLAP evolution equation

0 dy z
N_DQ—VDLC < /JJ g—m 7[11 Dl—>T4c (y M)
O

ic{g,c}



2. T,. production at LHC

The fragmentation function may be computed based on NRQCD factorization

Analogous to the case of quarkonium production

\

g = Zz C; X <O>z

RSt

10




2. T,. production at LHC

A key observation is that, prior to hadronization, two charm and two anticharm have to be
created at a rather short distance ~ 1/m,, thus one can invoke asymptotic freedom to
factorize the production rate as the product of the perturbative calculable short-distance
part and the nonperturbative long-distance part

_ N . Scaleas < m,,
Scale as > m_ , perturbative A/ﬂ ] "'.P nonperturbative
calculable 4 | 1 SN
" _“ |II II| 1 !II II| — :
"‘ '\i ‘\fl ! IUF’ ’., "‘ 'J
S ome® Q9
X) ‘ - {X

11



2. T,. production at LHC

The factorization formula for the fragmentation function at lowest order in velocity

Q—>T4

Short-distance coefficients L ong-distance matrix elements

12



2. T,. production at LHC

The complement operators (S-wave) are built in the diguark-antidiquark basis
1 . 7 v * ab;c
O = = v i) il Lo (io*)x) C35

O32®) = W7 (i0%)o™ iy (xS (i0?) ) THmm cabcd,

0 . . * ab;cd
Ogins = [Ya (i0”)n] X (i0°)x5] Comig
the spin configuration and color configuration of the diquark are correlated due to Fermi statistics

mn
abm Ecdn 5 1

(v2)? V3 2V,

- ) ? ; i $ ab;c 1 ac a c
i) | =~ | i) Ca = (g 4 515
3

-wc’l;(ioj)wb] _ [w?(ZOQ)wa] Cg%;d — (6ac6bd L 5ad6b6)




2. T,. production at LHC

The complement operators (S-wave) are built in the diguark-antidiquark basis
1

Osis = =~ 5 lWa (10)7 bl [ler'(i0°)xi) €555 ) Je=0"
Ogggm — [wg(i02)0m¢b] [Xlo-n(i(T?)X;] Paﬂ;mn nggd’ |:> JPC = ++
O%0s = i (o el (io)x] Com .

wa(t; ZE‘) <£> wa (t, _33)

Ya(t,z) S —ioy: (¢, z) ﬁ

Xa,(t, ZU) = _Xa(ta _QU)

Xa(t,2) & io?k(t, z)

14



2. T,. production at LHC

Determine the short-distance coefficients

d3,3 [g — CCEE(J)} (J)
DQ(Z’“A) N m9 KO‘O:‘%@S

ds 6 [g — ccEE(J)}

2

A fictitious tetraquark state with the same quantum number as T,

15



2. T,. production at LHC

Relate the LDMES to the phenomenological wave functions at the origin

J J J)+ *

(05 = (0105, | Tae) (Tue| 057 10) & 16(2 + 1)bs(0)¢:5 (0)

(0.0) = (010§ 06| Tue)(T1c| 0505 10) & 1616(0)15 (0),

(0570) = Re[(0]0§ )| Tuc) (Tuc| O E10)] & 1643(0)3)5 (0),
TABLE I. Numerical values of the LDMEs in models 1, II, and I11.

O+ 2+
(053)[GeV”] (050)[GeV?] (040)[GeV] (053)[GeV?]

Model 1 [24] 5.77 5.01 4.35 17.4
Model 11 [25] 0.0347 0.0211 0.0128 0.072
Model III [26] 0.0187 —-0.0161 0.0139 0.0628

PRD102,114001(2020); EPJCB80,871 (2020); arXiv: 2006.11952

16



2. T,. production at LHC

Phenomenological prediction

do do
E(PP —T4+X)[pb/GeV] E(Pp —T3+X)[pb/GeV]
T
10° 10°
o+t gt
== Model 1 == Model I
10* g8 Model II , multiplied by 107 10° E= Model II , multiplied by 10?

g== Model III, multiplied by 10° gE== Model 111, multiplied by 10*

108 10°

102 102

10120'2'5'3'0‘3'5'4'o°4'5'5'o’5'5'o 000 “ 25 " 30 ~ 35 40 45 50 ~ 55 = 60
pr|GeV] pr|[GeV]
Whether is the fragmentation mechanism By roughly estimation, the

fragmentation is suppressed by
an extra o, however enhanced

17 by p*/my?

enough at low p; range?



2. T,. production at LHC

We expect the fragmentation mechanism will denominate the large p; distribution.

The fixed order T,, production will dominate the lower p distribution.

A
M/Q Tie At small p; , the gluon-gluon scattering will

¥ denominate the cross section.

™

FIG. 1: One typical Feynman diagram for gg — Ty + g.

18



2. T,. production at LHC

At fixed order, the J7¢=1* S-wave T, can also be produced.

(T +X) _ 2t [ (o) + 284 (02) + B (0fD)]

dt mk4

Asymptotic expressions:

220974 mSa? (5t + 52 + 12 ! m!
FY, = (A — ) +O( ;) , (1a)
155528%(—1)3 (5 + 1) pr
7
Ry = VORS00 (). (1b)
Pr
2 m!
R = SE 0 (). (1c)
Pr

| 600257t mBal (5i+ 8% 4 2)° 9
pr L B002mimea; (t+ 5" + 1) +0("§“), (1d)

’ 349925412 (5 + 1) Pt

e 17617mtmba’ (3 + 82 + 12)° Lo (mg
3,3 — . - —
3888035 (—£)3 (8 + 1) PT

the production rate of C-odd
tetraquark is severely suppressed with
respect to the C-even ones due to the
extra power of 1/p;?

19



2. T,. production at LHC

Comparison of the p; distributions of the T,. between fixed order and fragmentation
mechanism

Model | Model Il
105:"|"'|"'|"'|"'|_ — T T T
\ — 0* LQ = 0" FF . 104} — 0" L0 = 0** FF -
% 100 | 2**LO = 2**FF | E 1007 e 2% L0 —— 2" FF |
e - o) 1t ]
< ' < o001
~ ~ . -
g 01 &
5 - 5 10
© L)
10~ -~ 107
w I | I T T] " E T L — 1 1 T T
- . - 100f‘$-_-.__, | B
O 1 - O 0.1} — . ]
80 100 50 100 150 200

20



2. T,. production at LHC

By assuming the integrated luminosity of 3000 fb.

Model 1 Model II
o [Ilb] ]Vevemts/lo9 o [l’lb] J\]events/lo9
0F 37 £ 26 110 = 80 96 27119

1T~ 0.28+£0.16 0.8x0.5 0.17+0.10 0.52 £0.29
2+ 93 = 65 280 = 200 81 £ 57 240 £ 170

Table 1: The integrated production rates for various S-wave Ty, states (6 GeV <
pr < 100 GeV) and the estimated event yields.

Remarks:

1. The cross sections and event numbers for 1*- and 2** are not insensitive to the
Model. The condition for 0** is different.

2. The cross section for 17 is two order-of-magnitude smaller than the other two
channels. 21



2. T,. production at B factory

2011.03039 Feng, Huang, Jia, SWL, Zhang
2104.03887 Huang, Feng, Jia, SWL, Yang, Zhang

++
Only for o4+
Vs (GeV)
Fig. 2. The total cross sections of e*e~ — y + T;‘c (] =0,2) as a function of the center-of-mass energy.

10 =

1E

o (fb) 0.100

14~ Only for 1% -

0.010 3

0.001

Vs (GeV)



3. T,. electromagnetic and hadronic decay

In preparation, Feng, SWL, Wang, Zhang
To verify the factorization formalism at next-to-leading order in oy

> >
] Y —
A
ff—
< <

The viable decay channels

0+ The = vy, Tae — 0L Tae = 99, Tac — 999, Tac— gqq
1+ T4C — Y T4c — 39949, T4c — gqg
A Tac = vy, Tue — 00 Tye = 99, Tac = qq,  Tac — 999, Tac — 999

23



3. T,. electromagnetic and hadronic decay

It is straightforward to convert the factorization formula into the counterpart for
T,o electromagnetic and hadronic decays

0 0 0
rre," —LH = 9%, x 2mH<Oé@)}6> +c% . x 2mH<Oé@)}§> + 9 x 2mH<O§ni)Xing>
4Q —  “LH,1 42(2mQ)4 LH,2 42(2mQ)4 LH,3 42(2mQ)4 ’
_ QmH(O(l)—)
1t L (1) 3®3
ZmH(O(Q)—>
21+ _ (2 3®3

Our main task Is to compute the SDCs up to NLO in a .

24



3. T,. electromagnetic and hadronic decay

For T,. electromagnetic decay:
The SDC is perturbative calculable, we can expand it in powers of o, :

B 2
o _ 1 1 00 s (|1 Z (0),1 )
S T amperor [V 2501“@+CW)+0(%)’
1 1 a1 2
(2) _ (2),0 % (12 Hl @ 2
cyy o= ST oy 1+ - 2folnm2Q + ¢ )—I—O(as) ,

The explicit In x? terms are deduced from the renormalization-group invariance.

25



3. T,. electromagnetic and hadronic decay

-

<+

AtLO: 40 Feynman diagrams

At NLO: 856 Feynman diagrams
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3. T,. electromagnetic and hadronic decay

AtNLO c(“)’lz{—inH[nw — 32+ 56In’ ( +x/§)+121n2 (2—\/5)—16\/§1n(1+\/§)]

" 32

_ %(ﬁz - 4)f1}LBL - gnﬂ 10+ 3v2In(1 + v2)| + %nL (6In2 —5) + 2114645L12 (%)

——f2+%7r +1i8+1n (2—\/5) _ %m (\/§+1) _ %m 5+ %11123

- %11121113—1— ?—211&21115—{— ?—61n31115+ Ve (V2 1) - % In2,

Numerical results

A = ( 3.779ny — 1467y —j) — 3.053n — 0.093ny, + 38.440,
;. €@/ LBL

Ay = ( —0.420ny — 0.163 ) é) ~ 0.16Tng — 0.093n;, — 2.422,
i ‘Q/LBL

iy = ( —~2.100ng —0.815) i) —~ 1.610n — 0.093n; + 18.009,
i “Q/LBL

27



3. T,. electromagnetic and hadronic decay

———>———(TOTTTEE ) 666585 ————"OOBEEEEE0000"

>ﬁ' } \ > > T4c — g9

DN N ' _4_:”8%1, " LO: 72 Feynman diagrams
NLO: 2394 Feynman diagrams

) g; 5 ,._'_ T4c — qq—
LO: 14 Feynman diagrams

NLO: 444 Feynman diagrams

T4c — 9499
682 Feynman diagrams
>mm< wfz% ( T4c — gqq

128 Feynman diagrams




3. T,. electromagnetic and hadronic decay

A A )

Numerical results for the virtual corrections

0),1 3 1 ny, 7.273

Ayl = ~ G b g " — 43380y + 14340y, +10.256,
0),1 3 1ny 15.818

diys = R —— — 1.653ny — 1.372ny, — 34.102,
(0),1 3 1 nry, 4.272

29



3. T,. electromagnetic and hadronic decay

Special treatment for the real corrections

The following approaches are invalid:

>mw A. Reverse unitarities

d%k. dk. 1 1
< L o i 6(k2)O (KD :f ’ —
@ /(27r)d miokD)OR) = | Gy (kfﬂs k.2—i5>

(

B. Subtraction

The propagator may be on-shell at certain points inside

the kinematic invariants of the phase space. 20



3. T,. electromagnetic and hadronic decay

Special treatment for the real corrections

T — /00 d3m ($0$1$2)65(1 — Xy — X1 —.562)
0 (o + 21 — 229 + i€)(x9 — 1 — T2 — i€)

the key point is to divide the integration domain with x; > 0 into sub-domains, and the
both denominators (X, + X; =2 X,) and (X, — X; — X,) have definite sign, I.e., always
positive or negative in each sub-domain.

31



3. T,. electromagnetic and hadronic decay

Special treatment for the real corrections

T — /OO dSCB (513033133’2)65(1 — Xy — X1 —.582)
0 (o + 1 — 229 4+ 16)(T0 — T1 — T2 — iE)
1. We decomposed the integration domain into several parts.
2. An additional regulator is required to handle the singularities.
3. Use sector decomposition to separate the divergence.

4. Make Taylor expansion and perform the numerical integration.

32



3. T,. electromagnetic and hadronic decay

Numerical values for the real corrections

0.1 3 lnp  7.273142924189747196

01 _

R A :
—13.89907309078159655335027518512524601420753012728681 (5)n
+60.51621244784152969208544391372181607743260813589614(7),

3 1 7.273
a0t = -S4 gn—L - — 4.338ny + 1.434n;, + 10.256,
’ € € €

The SDCs are finally finite. \We verify the factorization formula for the T,

hadronic decay.
33



4. Summary

1. We propose a factorization formula for T,. production and
decay In the NRQCD framework.

2. We study T,. production at LHC and B factory. The cross
sections at LHC are considerable, and very small at B factory.

3. To verify the factorization, we carry out the NLO corrections for
T, electromagnetic and hadronic decay.

34



Thank you for your attention!



