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Motivation

» Heavy quarkonium

O Bound state of QQ pair under strong interaction
eg: J/Y Y, xcp, Y(S) -+

* The simplest system in QCD: two-body problem
+ “Hydrogen atom in QCD”, “an ideal laboratory in QCD”

O A non-relativistic QCD system: v* « 1
« Charmonium: m~1.3GeV, v? = 0.3

« Bottomonium: m~4.5GeV, v? = 0.1

O Multiple well-separated scales :

—

e Quark mass: M
¢ Momentum: Mv L M > Mv>» Mvi~Aqep

- Energy: Mv?
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O Involving both perturbative and nonperturbative
physics

O Production is ideal to understand hadronization: why
and how quarks become hadrons?

D NRQCD faCtorization Bodwin, Braaten, Lepage, 9407339
do H

(27)32PY, =Y don(Pu){O])
d3 P i
Production of a heavy quark pair Hadronization (LDMEs)
Expansion in: a Expansion in: v

« n:quantum numbers of the pair: ZS“LEC]

* Hadronization: remains largely unknown: amount of energy released?

Energy Distribution?
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»Energy-energy correlator (EEC)

O Angular correlation weighted by energy deposit
in the Calorimeter sasham, Brown, Eliis and Love, Phys. Rev. Lett. 41, 1585 (1978).

 An infrared safe observable

 Nonperturbative effect is supposed to

be small

« Calculable in perturbative QCD

arXiv:1801.02627
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»Quarkonium Energy Correlator

Chen, Liu, Ma, arXiv:2405.10056

P Quarkonium EC P
// * ////jquarkonim-]et correlation”

J&\‘!" Jet-jet-correlation )&\f’
Artwork by Xiaohui Liu In quarkonium rest frame!!

EEC

1 EE; 1 E;
YEEC = — daz—Z(S(cos 0;j — COS)() > Zqec X —J da]/¢2—5(cos 0; — cos y)
a — ¢ 9/ ~ M

~ average energy at the angle y
2qECc = ZQECP.T. T 2QECN.P.

« Hadronization could be large

 Probe the average energy emitted during the hadronization

* Distinguish between different production mechanisms (CS or
CO mechanisms in the NRQCD)
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Quarkonium energy correlator

> Definition
Y (cosx) = /da Z %5(008){ — cosb;),

do : the differential cross
section for generating J/U

x : the angular of detector
relative to the flying
direction of J/y

E;: the total energy carried by
particles propagating at the

GE ...
angle y N %2

M: the mass of the J/Y
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» Generic J/y production configuration
COM frame

M2
r=—<<1

6’>2\/ / \

 dead-cone effects

Dokshitzer, Khoze and Troian, J. Phys. G 17 (1991)

a,Cr dE,  0%d6?
r  E, [0*+ 632

M 2M
O, ~ ~ =2\/r
by Vr

d6y_pq ~

§
“ ~ @(M) EJI’Z ear ~ E‘Iaway ~ @ (%\)
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J/y rest frame

boost factor a~ — \[

—
A [ J ~ JE—
]awva;r 2 — 2A4
o
<:> * l;IneCU”AJC)(jv’)
®)
2 T
- * x200)
§
~E ~OM)E, ~O0|—
E; ~E~OM)E ~0O (2M)
COM frame
* Zqecpr. drops rapidly by a

4, hard radiation

depopulated, E,

—1 0 1

by Xiaohui Liu

~ M

near

COS Y

factor of

O (Ejaay/Enear ) ~0 <z—1r>
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ete"annihilation

Pete oy o /Y4 X
O LeadingXpr :lete” — v — 06[38£11]+g+g

. . . B 4mg B 2p¢ "y o 2k; - = - 2k; " Py
Defining: r = S AT, o mE o AT
5 ol1] 256’71’62 2 2 O/ SSH
81s (2m)3

1—|—fr Ty - 2
/ / dmlf(z,xl)z;5(008)(—(3089@),
2 T — i=1
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(1 =29 —1r)?(1 —a2y —1)?
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O Leading Zyp. :lete™ — v — ce[tSP 3 PP 4 ¢

C ko ~C C
—=> |Z% ., (cosy) :/d‘bgﬂé(cosx—cosﬁ Z h A (0

A)CLh (9, (]5) : the transition amplitude for cc[ch] - J/Y + g

CDg . the gluon phase space
d*k E°dECd3 Q)
2m)o4 (k%) =
(271_)4( ﬂ-) -|-( ) 2(2’71')3 )
~ch

0, " . the total cross section that produces the cc[ch] pair
with polarization A

dd, =
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For 1S channel

 The intermediate Cé[ls(gg]] state is unpolarized

r—> -+ The soft gluon emission should be isotropic
> - A% (0,0) = LGo, £ [dP,Go ~ O(O7('sp)))

1g18] A1 k G . 1gl8] MU
— ENP (cosx) =0 S /dq)gﬂogé(cosx —cosf) =G ((9‘]/”[’(15[8 ) 2M0
15([)8}
average energy emitted during hadronization
\4 j /

O’le[JS] _ 32712 asez( . T)(oJ/w(ls([}S]»

3s52me
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For 3P channel

 The intermediate CE[BP}S]] state with S =1 and L = 1 is transmitted

into the J/y through one electrical dipole (E1) interaction,

pl8] kY _3pl¥] o
ZNP(COS X) = /dq)g—é(cosﬁ —cosx) ) 0,7 {S=1L= 11®)]
AL
SP 8]

X Ay 1. {S=1,L=1} 8)](9761’)-

_______________________________________________________________________________________________________________

AT S = 1,L = 1}9](0,0) |
X Z Alce[(1L,;1N)] — J/w(S.) + g|A%[ce[(1L.; 1N)] — J/4(S.) + g],

________________________________________________________________________________________________________________
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3pls] kY Gy 1+ cos? 0 _splsl

(
EAI:.'ED‘(COS X) :/dq)gﬂgé(cosx —cosfl) X 3 (TO’T

1 + cos? X 3pl® 1 — cos? X 3pl®]
(o) (g e ).
« with \_yaverage energy emitted during hadronization

8] 9
J;PO = — F—(1 E (37“5 +rt 4+ 120° — 160 —4(r* + 3r + 2)r% Inr + 1 — 1);
—r
(8] 1
szo = — Fﬁ (7"4 —22r% + 167 + 8(r + 2)r°Inr + 61 — 1) :

F = 32m°a‘ases <OJ/¢(3PO[8])>

23
3s54m3
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> Predictions

Z(cosy)

Z(cosy)

Z(cosy)

100

1071 3

1072 ¢

100

1071

1072t

T

107t

1072 E

10°F  (c) Set3

—08 -06 -04

02 00

cosy

02

04 06 08 1.0

(©7/%(3511)) = 1.16 GeV?
93 =13 =025

TABLE I. NRQCD LDMEs used in this Letter.

(O (A SENY O (BSEN (07 (B Py jm?
1072 GeV? | 1072 GeV? 1072 GeV?

Set 1[41]| 8.9+£0.98 0.30£0.12 0.56 £0.21

Set 2[42]| 5.66 +0.47 |0.177 +£0.058| 0.342 £+ 0.102

Set 3 1.0 0.25

Eichten , Quigg, 9503356,
Chao, Ma, Shao, Wang, Zhang, 1201.2675,
Feng, Gong, Chang, Wang, 1810.08989.

« Theoretical predictions for
J/P energy correlator in
e+e- collision with /s=10.6

GeV
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pp collision

» The gluon fragmentation mechanism

|
do s+ B /p+x (Py) ;:5/ dzdo a4 Bg+x (D)%, pr)Dg—s1/p(2, bF)
0

d & : partonic production cross section for hadrons A and B to
produce parton g

D: gluon fragmentation function

Dg—>J/1[) < MF ng—mcn] < MF)(OJ/QP(H»

O Leading Zp 7 : one hard gluon is emitted in 1S and *P;
channels

1
ZP.T. (COS X) — Z / dZda—A—i—B—m—l—X (]3/2, MF)Dg%cé[n] (Z, COS X, /J”F) (OJ/%b (n)),
0
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« with
A ( ) ha? 1 (1—z)?
_ < =
gl 1SV ) =6 63 (1 1) ((y — Dz + 2)2

Do) =22 1
A
g PPV ) = e s D) (g — 1)z + 2)2

+ (3y° — 1y +25) 2° + (y — 1)*(2y + 5)2" + 2(by — 7)z + 6),

X (—2(y3—10y—|—9)z3

Y = COS X
O Leading Xy p : the soft radiation in the 35 channel

1
Yn.p.(cosx) _/ d2d6 a1 Bsgix (D)2, 7)) D, sty (2, €O X 1e) (O (3PN,
0

 with

2k° LO
Dg—ma[fﬂSFH(Z’COS X 1bF) /dq)gg Yy d(cos x — cos Q)d e 8]](2 [p)

1
§ g—cc| 3S[S Z HJF)

~—-average energy emitted during hadronization ;g0

1
(O (357))

~




> Predictions

10?

(a) Set1 mm s mmm isP e cpf¥ @ Total
n
o]
2
N

——t———+—+——+ —t———t—

(b) Set 2 [ Total
o
o
2
N

0.8 -06 -04 -02 00 02 04 06 08 10
cosy

« Theoretical predictions for J/ energy correlator in pp collision.
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Summary

The quarkonium energy correlator measures the energy flow at an
angle distance y from the quarkonium in its rest frame.

The hadronization effect leads to a correction to the energy correlator

comparable to that of the perturbative hard radiation in the region where
cosx = 0.

Quarkonium energy correlator provide a new insight to quarkonium hadronization.

Thank you!
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