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DISCOVERY OF X (6900) at the LHC

Resonance near 6.9 GeV
discovered in the di-J /¢ invariant
mass spectrum: X (6900)

First discovered by LHCb in 2020,
later confirmed by ATLAS and
CMSin 2023

First strong candidate for compact
fully-charmed tetraquark 7.
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FULLY-HEAVY TETRAQUARK: T,

o All heavy quarks: QQQQ
=-light quarks and gluons suppressed
in Fock states

e Easier to deal with theoretically

e Mass spectra and decay properties
thoroughly studied

e Production mechanism less explored: Credit: ATLAS
» Duality relations 1511.05209, 2009.02100 — Rough estimations!
» Color evaporation models 1101.5881,1611.00348
» nonreletivistic QCD (NRQCD) (post-2020): based on rigorous NRQCD
factorization
— LHC 2009.0837s, 2009.08450, 2010.09082, 2304.11142, 2404.13889
— B factory 2011.03039, 2104.03887
— Electron-ion colliders 2311.08292, 2404.13889



NRQCD FACTORIZATION for fully-heavy tetraquarks

e Heavy masses of four quarks means they are produced at shorter distance

e Relative velocity v between quarks are small

P —
mT Perturbative Hard — Production of 00  [pQCD]
Q
moV Non-Perturbative Soft — Relative Momentum [NRQCD]

IR &= Aqcp
mqv?T Non-Perturbative  yitrasoft — Binding Energy [pNRQCD]

e Factorize the cross section

= 3R 012 ()0

e F,(A): Short-distance coefficients (SDCs)
e (0|0 (A)|0): Long-distance matrix elements (LDMESs)



LDMEs & NRQCD OPERATORS FOR S-WAVE T

The nonperturbative vacuum-to-vacuum LDMEs (0|7 (A)|0) are given

NRQCD production operators for JP¢ = 0++, 17—, 2++ tetraquarks

G = ekl Z | T, + X)(T1, + X|OS!

J J J)T
ﬁé,(i) ®)GZ|T4C+X><T40+X|Oé®6

J (J J
ﬁLgG) _ §®)32|T4c+X><T4C+X|Oé®)(:
X

leading order NRQCD local operators for JP¢ = 0++, 17— 2+ states

1 9 0 Ty * ab;ca . .
(’):(;33 = fﬁ[wgﬁ(zaz)o Ul [xLot(ia?)x 3] Cﬁés ! [«— color projection
0 . o * bycd J>0
0% = [T (o)l [xt(i0?)x5] Come?, ol =0
O35 = —\/ie”k (z[):ga]lo'zz[)gT) (XilUZUkXd> C;;;d

;5(2 . . * ; bycd
SO _ [y o)™ o] D0 e



SDCs via matching

SDCs F,(A): insensitive to IR behaviors, perturbatively calculable
» perturbatively calculate both sides of the factorization formula with free
four-quark states i.e. replacing the | 7'1.) hadron state with four free quarks
|ccee)

» then we match both sides to obtain the SDCs



Production of T, at the LHC



Two PRODUCTION MECHANISMS at the LHC

Fixed order: Fragmentation: reng, vH, Jia, Sang, et al, 2009.08450
Tye
do(pp = Tac + X) do (pp = Tac (pr) + X)
1 1 1 1
= Z / dridzafiy, (21, piF) fip (22, pF) = Z / da, / day / Az fayp(Za, 1) foyp(@s, 1)
ij=a,9 70 7 Jo Jo Jo '
X dGijs 7yt x (21728, jur) x dé (ab — i(pr/2) + X, 1) Dissry, (2, 1) + O(1/pr)



TWO PRODUCTION MECHANISMS at the LHC

Fixed order: Fragmentation: reng, vH, Jia, Sang, et al, 2009.08450
Ty
do(pp = Tic + X) do (pp — Tuc (pr
Z / dxydza fiyp (21, WF) fisp (22, W) / dr,,/ dTb/ dz fo/p(Ta, 1) foyp (s, 1)
,j=4,9 0
X d6 i 4o+ x (21228, 4F) x d6 (ab — i(pr/2) + X, 1) Diss 1y, (2, 10) + O(1/pr)

e Dominates at high pr
d6(T4 +X) _ 2Mrse [y i)
di = “m 14 [ 3,3< 3,3>
+2F2( o8 + FR(o8)]

e Only valid when pr > Mr,,



TWO PRODUCTION MECHANISMS at the LHC

Fixed order: Fragmentation: reng, vH, Jia, Sang, et al, 2009.08450
Ty
do(pp = Tic + X) do (pp — Tuc (pr
Z / dz1dvafisp (21, 0F) fi/p (22, r) / dr,,/ dTb/ dz fo/p(Ta, 1) foyp (s, 1)
i,j=4q,9 0
X d6 i 4o+ x (21228, 4F) x d6 (ab — i(pr/2) + X, p) Diss 1y, (2, 10) + O(1/pr)

1
Doy (2 00) = —5 {d:x.s [9 — Ti”} <f/§?>
+ d@_ﬁ [g — Téfj)] <07(5]b)>

+dso [9 - T{P]2Re [(052)] ]+

d6(T4 +X) _ 2Mrse [y i)
4 = Tt 3,3 3,3>
+2F2( o8 + FR(o8)]



SDCS FOR FIXED-ORDER PRODUCTION at the LHC

Feng, YH, Jia, Sang, et al., 2304.11142
e Results of SDCs
ot 22097tmSal (5t + §* +?2)4 ml
F33 = - 3 (%L 3\3 +0 7 )
155528° (— ) 5+1) Pr
1 = el vo (1),
Pr

7
Ry = F3§*+0<” )

3 5
o 60025mimBal (31 + 8 + 1)’ m?
33 = ) +0 (=5 |,
349925412 (5 + 1 Pt
F;Jj _ 1761774 méas A(s + 32:i-jz)4 Lo <m73> 7
3888035 (—1)3 (3 + 1) P7

e Scaling:
» C-even states 0+ &2++: ~ p.°
» C-odd state 177: ~ p7.8
» Comparing with fragmentation which scales as p;4, fixed-order for C-even
states are suppressed by pZ,
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LDMEs

o NRQCD LDMEs are nonperturbative quantities and need lattice input
e in this talk we use potential models to estimate the LDMEs
» LDMEs in terms of wave functions at the origin:

(09 ¢,) = 1690 )" 0),
(08) o) ~ 4895 )88)" ),
(08 c,) ~ 80uG O ©).

» ¢ (0) denotes the four-body Schrédinger wave function at the origin;
» the color structure labels C and C> can be either 3 or 6, representing the 3 ® 3
and the 6 ® 6 diquark-antidiquark configuration.

LDME 0++ 1+* 2++
GeV? :
GV Lo@m) (o) (0R) (o) (o)
Model |

0.0347 0.0211 0.0128 0.0780 0.072
Li et al. 2020
Model I

0.0187 —0.0161 0.0139 0.0480 0.0628
Liu et al. 2020

1




pT DISTRIBUTIONS w/two models

o pp — Tye+ X at/s=13TeV, |y(Tsc)| < 5, CT1410 PDF

e Theoretical uncertainties: scale variations M7 /2 < u < 2Mr
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Feng, YH, Jia, Sang, et al., 2304.11142

e Possible to identify a better model with future measurements
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LO FIXED-ORDER AND FRAGMENTATION PRODUCTION at the LHC

Model | Model Il

— 0" L0 = 0" FF \— 0*LO = 0" FF
2*'L0 = 2" FF 100 L0 = 27 FF

> =
[0 3
Q 100 Q
= 2
= 10 s
g £ 001
3 S
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LO/FF
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&l
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o
/
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Feng, YH, Jia, Sang, et al., 2304.11142

e Comparing w/ fragmentation contributions reng, vu, Jia, sang, et al, 2009.08450

o Fragmentation mechanism is enhanced by p?% comparing to LO fixed-order
and overtakes fixed-order at large pr
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INTEGRATED X-SECTIONS AND EVENT YIELDS

o Luminosity: 3000 fb™*

JPC Model | Model Il
’ o [nb] Nevents/10° o [nb] Nevents/10°
S A 12+8 37425 0.002 £ 0.001  0.006 + 0.004
5 T 17~ 0.074+0.04 0214+0.12 0.0444+0.025 0.1340.07
- Diad 23+ 16 70 4 49 20414 61+ 43
gluonfrag.  0** 0.24 0.71 0.43 1.3
pr>20GeV 2tt  16x107%  47x1071 0.37 1.1
o [fb] Novents/10% o [fb] Nevents/10*
charm frag. (Oka 93 + 56 28 4+ 17 0.077 +0.047  0.023 £ 0.014
o > 20 eV 1= 60 & 36 18+ 11 37+ 22 11+7
- Zo 76 + 47 234+ 14 66 + 41 20412

Feng, YH, Jia, Sang, et al., 2304.11142

Feng, YH, Jia, Sang, et al., 2009.08450

Bai, Feng, Gan, YH, et al., 2404.13889
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Photoproduction of T,
at electron-ion colliders



LARGE p7 PHOTOPRODUCTION OF T4,

e Low-virtuality photon
=effective photon approximation (EPA): photon is treated
as on-shell,2 — 3 reducedto 2 — 2

m



LARGE p7 PHOTOPRODUCTION OF T

Inclusive cross section of T4, production with EPA

2Ip do(y +i— Tac+7;
—Z/m.n L byl il ) ST T LI

dzde z) dit
Photon flux
o 1L 4 (1 - \737)2 r2nax 2 ( 1 1 )
e (zy) = — In + 2mg = o
v/ ( ’Y) 21 Ty Qfﬂm (x’y) o 12nax Ql2l"liﬂ (x"/)

where Q2 (z) = mZa2 /(1 — zv).

NRQCD factorization for T}, photoproduction

do(vg = Tf) + X) _ 2Mz,, F{) o)
di ml4 & )< 33

e Dominant partonic channel v + ¢ — T4. + g can only produce 17~ due to
C-parity conservation



pr DISTRIBUTION at HERA and EicC

e Adopting the same LDMEs as before

da/dpy [fb/GeV]

e |y| < 5,CT1410 PDF

e cuts on elasticity z to remove diffractive and resolved photon contributions

K
&

107

s =319 Gev
Q? < 2.5 GeV?
03<z<09

dao/dp; [fb/GeV]

s =20 Gev
Q? <1 GeV?
- 0.05<z<0.7

—— Model | IR Model |
Model Il Model Il
L L L . . . . I I I . .
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(a) HERA: /s = 319 GeV

pr [GeV]

(b) EicC: /s = 20 GeV

Feng, YH, Jia, Sang, et al., 2311.08292
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pr DISTRIBUTION atEIC

/s = 45 GeV Js = 63 GeV
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X-SECTIONS AND EVENT YIELDS

e Luminosity: 468 pb~* for HERA
assume 100 fb~! for EIC and 50.5 b~ for EicC

pr range Model | Model Il
Vs [GeV]

[GeV] o [fb] N o [fb] N

447 6-20 0.022 2.2 0.014 1.4

i 63.2 6-20 0.069 6.9 0.043 43

104.9 6-20 0.25 25 0.15 15

140.7 6-20 0.45 45 0.28 28

HERA 319 6-20 0.7 31 0.94 0.4
EicC 20 6-9 0.00002 0.0008 0.000009 0.0005

e Possible at EIC

o Small event yields at HERA (low lumi) and EicC (low energy)
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EFFECT OF CHARM FRAGMENTATION

Model | Model Il
s [GeV rrange[GeV]  JF¢
V3[GeV]  pr range[GeV] . ]
0t 1.1x107% 83x107"
HERA 319 > 20 1t~ 6.6x107% 4.1x 1074

2t 6.4x107* 56x1074
0t 82x107° 6.4x10°°®
EIC 140.7 > 20 17~ 50x107° 3.1x107°
2t 45%x107° 3.9x107°

Bai, Feng, Gan, YH, et al., 2404.13889

e Effects from charm fragmentation are extremely small

20



SUMMARY

e Introduced the model-independent NRQCD factorization framework for T,

production

e Predicted the pr distributions of various S-wave T, states within the
NRQCD factorization framework at the LHC and electron-ion colliders such
as HERA, EIC and EicC

e Compared the pr scaling of fixed order and fragmentation mechanism at
the LHC

e The prospect of T4, production at the LHC is promising

e Estimated the event yields at HERA, EIC and EicC: only EIC has shown
potential

e Charm fragmentation is in general very small

21



Thanks for your attention!
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NRQCD oOPERATORS & LDMEs

J J (J
O§3) = OZE(Z)JZ‘TM + X><T4< + X‘O.}(x);v

087 = Ofge > _ | T + X)(TS. + X|OGN

X
O = O, S| TP + X)(TY. + X| O,
X

1 T/. 7 Q. * ab;cd
Osgs = ——=lwa (") pulllo ()il Cigi™,

4 . i 37 0 * ¢ ab;c
(936213) == [dJ(T(ZUQ)U‘}wb] {xiok(wQ)xd] ik C3§3d7

;_7@(32) [7/} 7(72)07’L¢b}[XZU"(iUQ)XZ] F'i_/j;'nm C;l%; (]7

O = W7 (io*)nl [ i0*)xa] Cii”

where

FkLmn, 5krr1,()ln + 6kn5lm o 75/&107 )7

N[~

~(
Cab cd 1 (6aL5bd+Oad§b().

o f(6QL5bd adéb() cg@%ﬁcd = \/—



MATCHING THE SDCs

e Vacuum-saturation approximation (VSA): drop summation over X in the
state projection P = > | T4c(P) + X)(Tuc(P) + X|
color

0) = |{olo|7i2)]

1. Replace physical (bounded) tetraquark state | T4JC> with a free 4-quark state

ULLEDD (0|0,

TP + x) (18 + X|0%,

|ecee):

MK T o) +---

(VSA applied) D,_, ..~ (2, ua) = o 303

ds,3 [g — cccc('])]

= Dyosecre (2, ) = (ceedl 0D 10} +

m9

e For simplicity, we choose the angular momentum eigenstates of the free 4-quark
states.
2. Perturbatively calculate both sides of the factorization formula (with QCD and
NRQCD)
3. Solve the factorization formula to determine the SDCs



COMPARING T;. WITH DIFFERENT JS
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Feng, YH, Jia, Sang, et al., 2304.11142



DISSECTING THE 0T CONTRIBUTION

Model | Model Il
104 —— 33:-::36===66 10t — 33 :=:. -36==-66
3 1% x 102 =— 2+ 3 197 x 102 — 2
9 10 S 10
Qo o
s s
~ ~
é_ 0.01 é_ 0.01
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Feng, YH, Jia, Sang, et al., 2304.11142

e large cancellation from 0" state in model Il



EFFECT OF CHARM FRAGMENTATION
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Bai, Feng, Gan, YH, et al., 2404.13889
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