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| Color confinement

> One of Seven Millennium
Prize Problems

¢ $1.000,000 to prove this 3
I

:&\. vf‘; f “ -
» Distinct from other (99) ~ exp (M - 0)?

fundamental interactions; Its
understanding is not clear

1)Quark confining potential is not
derived analytically

Re[V4(r)] [GeV]

2)Heavy quark system provides a vivid
picture to the confining mechanism;
linear confining potential is support
from Lattice QCD
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| Charm family spectrum
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Abstract: (arXiv)

Using proton-proton collision data at centre-of-mass energies of /s = 7, 8 and 13 TeV recorded by the LHCb experiment at the Large Hadron Collider, corresponding to an integrated luminosity of 9 fb 1, the
invariant mass spectrum of .]/1;’) pairs is studied. A narrow structure around 6.9 GeV/cE matching the lineshape of a resonance and a broad structure just above twice the I/tL mass are observed. The deviation of
the data from nonresonant J /v-pair production is above five standard deviations in the mass region between 6.2 and 7.4 GeV/cz, covering predicted masses of states composed of four charm quarks. The mass
and natural width of the narrow X(GQ()O) structure are measured assuming a Breit--Wigner lineshape.

Note: All figures and tables, along with any supplementary material and additional information, are available at https://cern.ch/Incbproject/Publications/p/LHCh-PAPER-2020-011.html (LHCb public pages)
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The first discovery of X(6900): a fully charm tetraquark candidate
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|Current spectrum from LHCb/ATLAS/CMS
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| How to explain these exotic states?

Gluonic Tetracharm Hybrid

c. Cluster model for C-12 nucleus

Similar to alpha cluster;
Different in diquark-
antidiquark (color-confining)
tetraquark

O@

Charmonia Molecule Diquark-antidiquark
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| Current perspectives and challenges

:] Df TEC s
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LHCb 2020; ATLAS 2023; CMS 2023, 2025(>5 sigma)
X(7100)

MA2=[49-52]GeVA2
WP
X(6500) *

MA2=[42-44]GeVA2

X(6200) hints at Belle, 2305.17947

Zhu, 2010.09082
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| 2 3 4
n=1,2.3....
Fully charm tetraquark family: Linear Regge trajectories?




I5

ie)

2
R ~0&Z ot 5
p O sof ; . >
Homix _2 ]
G'I....I....I....I...l...JI. |
-3 -2 -1 0 1 2 3

@ [rad]
135t (13 TeV) CMS 1351 (13 TeV)
L L L B R R AR R B R R BN I
300F 4 300F =
o250 = E ]
- C - j J‘ o
m L m E TN Lt Iabad bty THWY CRRN : N
ono;__ O R s B 6 e Tl ]
o . ® i HFE I*h
?Umof_ {Datla -~ T8&2 E Emof_ {Data - T&2 E
- 082 o f ] 0 &2 ot ]
O sof S 1O sof SE :
N o 0mi:c —2 ] N o 0mi>< —2 ]
0'...|...I...I...I...I...I...I...I...I...' G'...I...I...I...I...I...I...I...I...I...'
1 08-06-04-02 0 02 04 06 08 | 1 08-06-04-02 0 02 04 06 08 1
cos 6, cos 0,

CMS data supports spin-parity 2°++;
However, derivation from the data and MC



I ........... 0* (1) QM

30} _______ 0**(££2) QM d°T
300 ]
3 200 ¢ 1
3 0} J ) : i 0**(£1) DQM
8 ol ¢ ¢ . 9Py P00 20 2
N 0**(:42) DQM 25672 M7
I N R 2** DQM 1
¢ — + Ehﬂ(lJrcosQ 01)(1 + cos™ fs)
e 0 (EH1) QM 1
—————— + —hi1 sin® 0 sin” f cos 20
o 0™ (H2) QM 8
1
S L1l ;
: 2501 ", 2+ QM + 4]10{] Sin 291 Sin 292 COS (I)} (8)
% 200-"
A T s S A A 0**(t1) DQM
150} : the derivation appears
| | o 07"(2) DM from the data and
a0 ws e 05 10 2 DO (diquark)quark model

Cos 61

Chen-Liu-Zhao-Zhong-Zhu-Zou:2412.13455

11
RRERERERERE



(e)

= 900 —
S

—+ s

% 800 LHCb — Tostal fit

e 700 p‘_:'"' ¥ <5.0GeVic S mw
2 600 == Thrcshald BW2
3 500 + E::vs

g ree Py 4 e DPSINRSPS

Weighted candidates / (56 MeV/¢?)

Weighted candidates / (56 MeV/¢?)

—

7000 8000
My, (MeV/c?)

[ = T
== ]

T v T v v T

6.0< p‘:"’ ¥ <8.0GeVic

700 8000
My, (MeV/c?)

9.5<pT¥ <120 GeVie

(b)

Weighted candidates / (56 McV/c?) Weighted candidates / (56 MeV/ic?)

Weighted candidates / (56 MeV/c?)

100 50<piY'¥ <60 GeVie

0 "

8200 7000 80(_20 9000 Significance
M di-J/y (MeV/e ') pﬂ‘i"ﬁ ¥_threshold pfi.i"}"r ¥ _binned
340 6.00
10 LSS i T 6.4 6.90
& 6.00 650
8.0<pT”Y<95GeVie : :
60 51 5.4
50

—

20 /’P\"‘} H_

200 7000 8000
Mg 1, (MeVic?)

S0 the signal
significance

120< p‘l"" ¥ < 30.0 GeVie

My, (MeVI/c?)

different

is different for

transverse
momentum cuts

12



Outline

Transverse momentum resummation formulae

for fully charm tetraquarks production at
hadron—hadron coll iders

Extraction of LDMEs and comparison with
exper imental data

Summary and Outlook
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(I)Transverse momentum resummation formulae
for fully charm tetraquarks production at hadron-
hadron colliders
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I Hadronic production cross-section

QCD factorization:

1 1
o (p(K1) + p(K2) — Tye(P) + X) = E /o dﬂ?l_/o defi/p(xlaﬂF)fj/p(xQ: jir)
i

X a-i-l—j—)-Tch-FX(/-LRa HFE, X1, T2, S = 3313528)3

Partonic processes:

LO+NLOvirtual: g + g — Ty and q + q — T}

NLO real: g—|—g—}T4c——gj q_|_g_>T4c_|_g
q+9—Tact+q, a+9—Tac+q
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I NRQCD/pNRQCD factorization

AN
QCD/QED
m-
perturbative matching | perturbative matching
............................................ l_[
mv-p
NRQCD/NRQED
............................................ i
2 non—perturbative perturbative matching
mv=— matching
PNRQCD/pNRQED

ag(muv) ~ v

02~ O._l for the T

Bodwin-Braaten-

Lapage
1995

Pineda-Soto-
Brambilla-Vairo
2000
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I Quark configurations from symmetry

Color-antisymmetry-symmetry basis:
33 —>1+---and6®6 —>1+---.

13,8) =[(Q1Q2)3: (Q3Q4)3). . i
|6:6> =|(Q1Q2)65 (QSQiL)E):

Q Q
Color-singlet-octet basis: Q noQ
1®1 —>14+--- and8®8 -1+ ---.
[1,1) =/(Q1@s)1: (Q2Qu)1).
18,8) =|(Q1Q3)s; (Q2Q4)s), 2C = °,

1)They are equivalent according to Fierz Transformation when deal with local
observables.
2)Heavy diquark is very different to light diquark(isospin symmetry):
good diquark is 1+ for heavy sector but 07+ for light sector

17



I Amplitudes calculation in NRQCD

A=Y (Ty + X|ccceln]) (ceeeln] 110,01 0) Tiju
= (Ty + X|cece[n])Tx [TP™)] .
AP =D Y (T + X|cece[n]) | Tx [TP™]

= > (010 [0} [ MM

m,m/’

]- . y 3 . ao;c
0L, =~ [ (i0") '] [l i) 3] €35

O\24) _ [wg (wQ) Um%} [XI n (3-02) } [idimn pabied

3®3 33’

OV = [vF (i0®) w] [x! (i0®) xi] Cave,

Feng, Huang, Jia, Sang, Xiong and Zhang, arXiv:2009.08450;

Zhu, 2010.09082 .




I Complete NLO calculation

e el

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

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

19



IExact IR cancellation and no additional renormalization at NLO

3 1  \2 my 11 3 i\
LH 3 L IR IR Ry Iy S
Kgg,wrtu al = €2 c (d log (4?nrr) 3 * 2 ) 2 log (’17”(:)

2 C
(G - T Y rog (1) 4 S50 (Lia (2v2 - 2) + Lis (—2v2 - 2))
2 3 Me 256

There are soft divergences when k, 0 or z 1, and collinear divergences when
g — COS Gknk_q +1 with k,, = ky. ko, by .

e 4~T(1 - T (—¢)
g § 3 T — 5(1—z Gz =1,
Osont (i+37 > Tae + k) (“'z(mé( ) T —20) B;; ( Yp)
47 2. 2
0+ (2E) 22050 -) (- - ) s
T m 3
Ohard col. yo—+1 (i +F — Tac + k) 1. F A2\ €
~ AP—CT Ys HR - ~ (0
4 (1 . (log(1 - 2) 7 = o <—2) L(1+¢)6(V2Py (=),
C- 2¢ Bij (z,yp = £1) €27 2
.2(.[11 1 z + 1 z +

—e bc:u]l]uear
. 4 1 2 log(1 — =z) Bi; (= = 1,0) =
2¢m 1—=2 + 1-2=z + z3

I'(1+e¢) 4?1"!‘” Ea@)(ﬁ(l z) | —20;;beellinear 1 1 9 log(1 — 2)
T u ij%; 1-z), ar 1— = N

The renormalization constant for four heavy quarks in a color singlet is 1 at NLO
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I Soft and collinear gluon radiation produces singularities

do [NLO.R do 27 __|NLOR
dydpf Singular dydpz‘ L0

dr, [ dzs M2 oyos(ir)
/ /_fz Tlaqu)fj (TZ :UF) g 7ij o |

PQ [ 73’ (52)‘555 5(1 T 51) + Py s(§1)5? J5( 52)

PZ

20;’?’6: ?6.}';3 ].I]. (Afz

) s - st - e

At low transverse momentum P_\perp, the soft and collinear gluon
radiations generate the divergence, which should be resumed for a
reliable prediction.
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I Transverse momentum resummation in various processes

R. Field, Appl. of pQCD, p195 ff

2 1 -
fﬂ 5 = i o ':i’* L} dzr, pLis ; Antreasyan PRL 48 p302 (1982)
dM2dydp 27 M? p2, | min Ty, — X1 10" .
- yapy 47 & a 1 = dgo [om? ] {a)
-2 T’;" — dP7 | Gew?® -
1 + 3 T . : 1 :
(Taxp) 2L aXh Ry
Al — __ COMPTON TERM
. e — T 3L ® l'L. 1 — o ANMIHILATION TERM —
@ with pmin _ Ta’2 - . 0CD CONVOLUTED
e - u :
Tq — 1 - A WITH GAUSSIAN 3
o tu —
by = —

5 jo-35— -
2py : E
Ty = ——= N ’

\/g 5 .

nDrs __ 2 - 25 2

P — Z ﬁq (qi‘ {‘l'f:? Q )qi (*LFH Q )—i_ 108 = =
= (. 2 . )2 - .
Gi (Ta, Q7)gi(xp, Q )} - A
B S<mefGeY o

@ |arge pt .

ge p . .
i0-37 [T N R N S N SRR SN M
O | £ 2 4 5
PriGey]

Drell-Yan, vector boson production, DIS processes, Higgs production,...
Collins, Soper 81; Collins, Soper, Sterman 85

CP Yuan 1992; Ji-Ma-Yuan 2004; CS Li, HX Zhu, DY Shao, P Sun, Gao, Wang,
Cao, Liu, Li, Yan, et al, 2010s,....... 22



I Fourier transformation to impact-parameter b space

NLO,R 2 do NLO,R
W(b)|3ingu£m' o /d PJ—P d?jdz ‘Suagum’r
d&; dfz T M? (o) aes(per)
——1'(1 47)°
= [ [ ) 2 ) Yo e+ amyn
1 de~2E . . y
X | Py (€2)0rid(1 — &) { —— +1n o + (& &,i e )0 < )
' R
1 ,iZR L. 5 HQR
+2C1104;0 J(5(1 —&)o(1 — &) (— - —In (MZ) + —ln Ve
2 1212 .29E
_?T__lln2 ﬂ.Ibe )] (
6 2 4
; st do
W (b NLOV _ /dZP —iP b : NLOV
(b) L Py

M? o as(pr)
S R

['(1+¢€)(dn)n

[ d& dég
/:,:A §1 Jon 2 (5 LF)fJ(
x K7Y6(1— &)1 — &).

t]:9n
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I Collins-Soper evolution equation

V ) —W b)|NLOR lV(b)'NLOV 4+ [V( ) PDF's

Smgufa'r

! Hd M?
/ ﬁl ﬁz (&-1 J,,ufF)jJ (_ ,L[F) (;13 é{;F)

&2
4de~2E 4e~2E

X [ij’ (€2) In (W) 0pi0(1 — &) + P (1) In (W) 0jri0(1 — &2)

(1 +¢€)(dm)nm
g 52

2 212 27E
+2C3000;1,,0(1 — €1)5(1 — &) (_l — —In? (M b e ) + Fin), (gJ))] ?

6 2 4

0 M
0ln M? W(bj M) - [K(bﬂ, CES(,U,)) +G (;w as(ﬂ))] W(b: M)
d
H'@K(b‘u” as(p) = —vr(as(p), Separation of scales around

1/b and M respectively

d Collins, Soper 81
dHG(bﬂ“’ as(p)) = +yrc(os(p)- Collins, Soper, Sterman 85
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I Sukakov form factor

J1In M? 2 Jor e W (b, M).

W(M,b) /'Q2 ) /‘C’%qg dﬁz i
In — = dIngq —— A(ag(1)) + Blas(Coq
W(Q[hb) S C‘f/b? ”2 ( ( )) ( ( 2 ))

OW (b, M) _ [_ 1 /C 2 a;_if"‘ﬁ((@s(ﬁ)) + K(Cy, as(Ch /b)) + G(1/Cy, as(CoM))

T s “f C
Wi(b. M) = ’—b(b,ﬂaf,CLCg)IV b 1
(b, M) =e oY

where the Sudakov exponent is

50,M,0,C5) = [ e e (55 + o)

2 2
cz2/p2 M H
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I Nonperturbative Sukakov form factor

: , C
v ] ’_b(b,ﬂi’-]c;l‘( 2 ]_
W (b, M) = e W (b 026)

where the Sudakov exponent is

CIM? ;-2 202
S(b, M, Cy,Cy) =/ d_i [A(as(ﬁ))ln (CQM ) + B(as(ﬁ.))}

2 2
cz/ppz M H

Solve the nonperturbative problem when b > 1 / AQCD

W (b, M) = W(b,, M)W (b, M) = W (b,, M)e 5xrb:M),

b
\/ 1+ (b/bmax)?

SV I, M) = g1b% 4+ g2b?* In(M/(2Q0)) + g5b* In(1002125).
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I Transverse momentum resummation formula for T4c

do(p+p— Ty + X)
dydP?

d°b 57 . do
=/ (271_)2{13 1 W(b, 11”1) + Wlﬁfegu!a‘r

&b 55 dé, [ d v M
[ 250> J R T CRYC e R

Irp 62 61 &-2
(‘*z‘kf dii?

—f— ij (s In (JQM +B;(as C
X WNP(ba ﬂi‘f)f’ fp?ﬂ} A2 [ () ( Az ) j( (#)}} Ci’i (513 b*s 513 ,LL)
2

C
X Cj'j (£Qab*: 51711) + Y(P_J_aﬂ’{? :BA::BB):
2

and
do
d dP2 |R€gu£a‘r

_Z/ dél @fa Ny F)fj(:z—f ,tiF)jo(PJ_,ﬂj,ﬂ:A:mB)'

rp &2

Y(PJ_ ﬂc/lr A, ’L‘B)
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(2)Extraction of LDMESs and comparison with
experimental data
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I Extraction of LDMEs

Jj

Table 5: Differential cross-sections do/dpy of di-J/i) production. The first uncertainties are

statistical, and the second systematic.

h " [GeV/(] da/dpf}i"l/v nb/(GeV/c)]

0-1 1.408 + 0.089 + 0.083
1-2 2.523 + 0.126 + 0.150

2-3 2.858 & 0.158 & 0.164 LHCDb, 2311.14085
3-4 2.542 +0.110 + 0.146

4-5 2.017 £ 0.081 £ 0.120

5-6 1.527 4 0.073 £ 0.091

67 1.085 + 0.048 + 0.065

7-8 0.738 £ 0.038 £ 0.044

8-10 0.424 £ 0.018 + 0.027
10-12 0.200 £ 0.011 £ 0.013
12-14 0.093 = 0.007 £ 0.005
14-24 0.017 = 0.001 + 0.001

R =o0(Ty)/o(2J/¢Y)B(Ty, — 2J/1)  LHCb, 2006.16957
REHCE = [1.1 + 0.4(stat) + 0.3(syst)]%.

Using the 2J/\psi cross section and R-value data from LHCb, we extracted
the LDMEs based on the NLO+NLL QCD formula

(O33) (*52,2%7) B(Tse) = (0|035 55,3 0) B(Lic)
= (2.224+0.807 ;270 00) x 107'GeV?,

29
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G(Télc)B(Td,c_)zj/w)/U(ZNW)

R=

I A test of the predictive power of our formula

10° 4
: A This work ¢ LHCb 20
107! 3
1073
107* . r .
No Cuts P'i =5.2GeV P’ =8.0GeV

P’V > 52GeV case

RTheo — 3.2 4+ 2.0|1%,

RLHCLF) —

2.6 £ 0.6(stat) £ 0.8(syst)]%

Well agreement with
LHCb measurement
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I Another test but currently lack of decay information

400

350 A1

300 A1

D T T T T T T T
-1.00 =075 =0.50 =0.25 0.00 0.25 0.50 0.75 1.00

cos8’”

FIG. 6. Distribution of the polar angle 8 between the
J/¢ and the fully charm tetraquark momenta. The CMS
25 data are from the very recent measurement by the CMS
experiment [7].

dN/dcos0™ = ¥ | L; cos[(i — 1)0"],
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I Transverse momentum distribution results at NLO+NLL
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I Rapidity distribution results
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I Total cross section dependence on center-of-mass energy
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Summary and outlook

v" QCD resummation formulae for T4c production at
LHC are established.

v' The LDMEs are extracted from the LHCb data,
then the transverse momentum, rapidity
distributions are predicted.

Outlook: 1) production differential cross section and
decay angular distribution; 2J/ps1 entanglement
2)EM and hadronic transitions between T4c

3)T4c near threshold? T4b, T {2b2c}?

Thank you a lot!

35




	幻灯片 1
	幻灯片 2
	幻灯片 3: Charm family spectrum 
	幻灯片 4: Discovery of X(6900) 
	幻灯片 5: Current spectrum from LHCb/ATLAS/CMS
	幻灯片 6
	幻灯片 7:   How to explain these exotic states?
	幻灯片 8:   Previous theoretical studies
	幻灯片 9
	幻灯片 10
	幻灯片 11
	幻灯片 12
	幻灯片 13
	幻灯片 14
	幻灯片 15
	幻灯片 16:        NRQCD/pNRQCD factorization
	幻灯片 17:   Quark configurations from symmetry
	幻灯片 18
	幻灯片 19
	幻灯片 20
	幻灯片 21
	幻灯片 22
	幻灯片 23
	幻灯片 24
	幻灯片 25
	幻灯片 26
	幻灯片 27
	幻灯片 28
	幻灯片 29
	幻灯片 30
	幻灯片 31
	幻灯片 32
	幻灯片 33
	幻灯片 34
	幻灯片 35: Summary and outlook

