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Motivation
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QEC @ BESII
Heavy quarkonium as a probe to study hadronization

-> Foundamental questions to strong interaction:
How does colorful quarks and gluons transform into colorless hadrons — Hadronization?

- Heavy quarkonium — an ideal system for studying the hadronization mechanism, how cc — J/y?
-> Classic method — NRQCD factorization

d |
(27)%2P? de = Y d6,(Py){ 0y« Encodedin (0,), (O5)

PH / \ * Remains largely unkown: amount of energy released? Energy distribution?
n
Production of a heavy quark pair Hadronization — Long Distance Matrix Elements (LDME)
Expansion in «, Expansion in v N

- New insight — Energy-Energy Correlator (EEC) — Z _(,(n _ cos y)do s
dcos;g

® Caron-Huot, Kologlu, Kravchuk,

% Energy-weighted two-particle angular correlation irJ Meltzer, Simmons-Duffin, 2022

< Physics application: CMS a, extraction from EEC ratio, Signature of jet from EEC by reanalyzing LEP data

See Huaxing Zhu's reports in Collaboration Meeting

- Quarkonium Energy Correlator (QEC) — a novel observable arised from theorists = PRL 133, 191901 (2024)
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Quarkonium Energy Correlator

L;
> QEC Definition: ~ ~(“*5X) = / do Z 77 0(cosx — cosb;)

< do: the differential cross section for generating J/y

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

< E: the total energy carried by particles propagating at the angle 0,

QEC @ BESIII

< M: the mass of the J/y EEC

- Advantage of QEC observable |

"y
“¢

Jet-jet-correlation

Quarkonium EC

Artwork by Xiaohui Liu
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“quarkonim-Jet correlation”

In quarkonium rest frame!!

< Clear physical meaning: average energy at the angle y emitted during the hadronization

< Infrared-safe property (theorist’s point of view): Quarkonium-hadron correlator weighted by the energy of light hadrons
< Distinguishing capability between different production mechanisms (Color-singlet (CS) or Color-octet (CO) mechanisms

in the NRQCD)

- Magic trick — boost into J/y/ rest frame

N/

< Hard radiation depopulated at cos y ~ 1

Xudong Yu (Peking University)

% Dead-cone effects: collinear radiation suppression

Y2 /7
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PRL 133, 191901 (2024)
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QEC @ BESII
QEC in e"e™ scenario: ee™ = y* - J/w+ X

Z(cosy) = ZZ%T. (cos x) + Z'p.(cos y),

PRL 133, 191901 (2024)

10°

- Hard radiation contribution >, 1072}

100 | - (b) Set?2

& Color-singlet (CS) mechanism: ete™ — y* — 65[351[1]] +81tg

N/

% Calculate using pertubative theory

2(cosy)

107!

% Dominate when y 2> (m/2)

1072 ¢

- Nonperturbative soft radiation contribution 2, oo

& Color-octet (CO) mechanism: ete™ — y* — C5[1S£8],3 P 1[8]] + &

2(cosy)

10_13
. -

% Physics necessary for comprehending the hadronization mechanism

< Dominate when y < (71/2) 102}
-08 -0.6 -04 -0.2 0.0 0.2
cosy

Theoretical predictions for J/y energy

- Advantages at BESIII correlator in et e collision at Belle energy
<% Lower energy — Nonperturbative contribution more significant than

perturbative contribution “See"” the hadronization energy distribution
% Clean detection environment — better suppress feed-down background

Sizable hadronization effect!

Xudong Yu (Peking University) Tau & QCD Group Meeting Jan. 22, 2025 6



Tau & QCD Group Meeting QEC @ BESIII

Analysis method
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Analysis method

- Reconstruct prompt J/yw by J/w — uTu~ and prompt w(2S) by w(2S) = ztx " J/y, Jlw > uTu"lete”

N/

% Only muon channel has been used for preliminary study so far
-> Require additional charged tracks accompanying charmonia

-> Remove the contributions from feed-down effects
< Non-prompt J/y — ISR return return back to J/y and w(2S), prompt w(2S), .,

< Non-prompt w(2S) — ISR return back to yw(2S5)

-> The main event selection basically follows BAM-557
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Data and MC samples
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Data and MC samples

- As a preliminary study, only data at \/E = 4.946 GeV is used
% Integrated luminosity 160.37 £ 0.07 £ 0.85 pb™!

R/

% Boss version: 7.0.7
-> Inclusive and exclusive signal MC samples (200 thousand events for each)
<% J/wyX — ConExc
at Iy, 22Ty, KYK= Ty, KgKgJ/W, KSKSJ/{//, nJly, n’J/w (PHSP); J/w — u*u~ (PHOTOS VLL)
Relative ratios refer to cross section measurement
< Yisrd /Yy — KKMC
yisd/w; Jw — ut = (PHOTOS VLL)
< Ww(25)X — ConExc
7t w(2S), 2’7 w(2S) (PHSP); w(2S) — atrn~J/y, 2°z°J /Iy (JPIPY), nd/yw (HELAMP); J/w — utu~ (PHOTOS VLL)
Relative ratio between 7Tz~ w(2S) and 77w (25) follows 2 : 1 relation
w(2S) decay BFs follow PDG values
< YisrW(28) — KKMC
1isrW (28); w(2S) — JIwX; JIw — puTu~ (PHOTOS VLL)
% Y. ;X — KKMC
1isrW (28); w(2S) — yy.; (P2GC1 or P2GC2); y..; — vJ/yw (AV2GV); J/w — u*u~ (PHOTOS VLL)
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Event selection

Xudong Yu (Peking University) Tau & QCD Group Meeting Jan. 22, 2025 11



QEC @ BESII
Track and Shower selection

-> Good charged tracks
@ |V.I<Ilcm, |V, <10cm, |[cosf@| < 0.93

-> Good photons
< Barrel (|cos@| < 0.8): E > 25MeV
< Endcap (0.86 < [cos@| < 0.92): E > 50MeV
@ 0 < Trpe < 14(X50ns)

< Isolation angle 8 > 20°

Xudong Yu (Peking University) Tau & QCD Group Meeting Jan. 22, 2025 12
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Event selection

>ete” > JIwX,Jly - utu~

N/

% More than one positive or more than one negative reconstructed charged tracks
% For muon identification, require EMC deposited energy < 0.6GeV

‘ ESMC
> eve” = yspt Iy Sy = T

N/

% Exactly one positive and one negative reconstructed charged tracks and less than two photons
> ete” - Y (28), w(2S) — a7 Iy, Jly - utu”

N/

% Exactly two positive and two negative reconstructed charged tracks and less than two photons
< At least one pair of selected charged tracks satisfy J/ys selection

% 1C kinematic fit to J/y mass to choose the only muon pair with minimal y?, y* < 50
> ete” > y2HX, w(2S) - atn Jly, JIy > uTu”

% More than two positive or more than two negative reconstructed charged tracks
< Same J/y kinematic fit requirement

< All other charged track pairs are considered as z*z~ without PID
> e'e” - )(CJX’)(CJ — 7]/1//, ]/'7” — //t_l_//t_

N/

% Exactly one positive and one negative reconstructed charged tracks and at least two photons

N/

% More than one positive or more than one negative reconstructed charged tracks and at least one photon
< Same J/y kinematic fit requirement

One of the configurations

Xudong Yu (Peking University) Tau & QCD Group Meeting Jan. 22, 2025 13



Tau & QCD Group Meeting QEC @ BESIII

Event selection — e"e™ — J/yX

-> Di-muon invariant mass spectrum

- Sideband region: [2.8,3.0] U [3.2,3.4] GeV/c? § 300 (s=4946 MeV
-> Signal region: [3.05,3.15] GeV/c2 = T Data
- — Comb. bkg
S Ny = 5940282
-> Fit sideband region by a quadratic function :m’ 200 N = 128118
< Estimated background yields in the sideband £ Ratio = 0.2220.00
>
s

Subtracted N. . =573+47

signal

region: 5940 + 82
—> Extrapolate to signal region

2 (O
02070522267 % % % %%} v,
<, . . . - 100 QRXRARXHUXRLRLIARRY
< Estimat round yields in the sign
£ ) 07020702070 202 %020 %0 % % %%
0207670226567 % %% %% %%
0.20%67%6% %2676 % % % %% %
- QRRRRRIHIIKRRRRS
n
. QRRRRRRIHRRIRKKS
—I— 0207670226567 % %% %% %%
reglon . 0.20%0%6% %2626 % % % %% %
= 5
- Sj | vields In the si | ' ft
[ |

e IS 5
. 0205076722626 % % % %% %
subtracting backqground 5 7 3 I 4 7 OSSR
. e 0207020226267 % %26 %% %%

| 05070205 % %656 % %% % % %% |
0 | | | ) 0.0,0.0,0,0.9 0,0.9,0.0,0,0, | | |
2.8 3 3.2 34

M (uW*w)(GeV/c?)
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Event selection — e e™ — yopJ/W

-> Di-muon invariant mass spectrum

-> Sideband region: [2.8,3.0] U [3.2,3.4] GeV/c?

-> Signal region: [3.05,3.15] GeV/c? 1000 —

-> Fit sideband region by a quadratic function

N/

% Estimated background yields in the sideband
region: 27007 £ 190

—> Extrapolate to signal region

< Estimated background yields in the signal
region: 6507 x 46

9 Signal yields in the Signal regiOn a.fter o::::0020,0,0:0,::0:0,0,0:0

RRRRRRRRS 5
- 07070 20567 %05 % % % % 2% %%
1902050702567 %% % % %% %

. . QRRRRRIIXHRHRKRHHHKS
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Event selection — e"e™ — w(29)X

> 777 u T~ invariant mass spectrum U 20 V5=4946 MeV
. . > -
- Sideband region: [3.45,3.60] U [3.77,3.90] GeV/c?2 § - T Data
_ _ B — Comb. bkg
- S|gna| I’egIOn: [365,372] C:\leV/C2 ;‘/ 15 __ N;fgeband: 19514 1
~ i N =514 T
@ I
L . . . = i S
-> Fit sideband region by a linear function 2 - Ratio=0.26x0.03 .
. _ _ _ _ = 0 — Subtracted N; ., = 36x10] | 1
% Estimated background yields in the sideband I I o T il
region: 195 £+ 14 - o 1
—-> Extrapolate to signal region <[ ™1 hTllT
< Estimated background yields in the signal region: - L] LI ket
51 =4 - iyl §;:§:§:§:=§3§§3:g: sl NI
- Signal yields in the signal region after subtracting o LLIMINTUTE I, - 0 Gl ~ .\, , .
background: 36 =+ 10 3 30 37 38 39

M (T utu)(GeV/c?)
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Event selection — e"e™ — y;cpp(29)

> 777 u T~ invariant mass spectrum
-> Sideband region: [3.45,3.60] U [3.77,3.90] GeV/c2
-> Signal region: [3.65,3.72] GeV/c?

-> Fit sideband region by a linear function

N

% Estimated background yields in the sideband
region: 43 £ 7

—> Extrapolate to signal region

N/

% Estimated background yields in the signal region:
112

-> Signal yields in the signal region after subtracting
background: 221 = 15

Xudong Yu (Peking University)

Events / (5.0 MeV/c?)
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bkg
Ratio = 0.26+0.06

Subtracted NSignal =221+15 1. J'].
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QEC @ BESII!
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E_ —I— Data -I-'I'
- — Comb. bkg
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- NI = 1122

Q P
9.0.0.90.0.0.9.0.0 0.0

38 3.9
M (Trmutu)(GeV/e?)
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® —I— — _
Event selection —e"e¢™ — y , X (J = 1,2)

- yutu~ invariant mass spectrum
- Sideband region: [3.36,3.47] U [3.60,3.90] GeV/c?
-> Y. signal region: [3.65,3.72] GeV/c?

n Vs=4946 MeV
| —~+ Data

T — Comb. bkg

Ny = 732276

Nio = 15116
TN T | N =115+12

-> Y., signal region: [3.53,3.60] GeV/c?

signal2
bkg

Events / (6.0 MeV/c?)
=

Ratiol =0.21+0.03

Ratio2 =0.16x0.02
Subtracted N . = 38+21

signal 1
= 42+17

-> Fit sideband region by an exponential function - D IN

< Estimated background yields in the sideband 20 — 1
region: 732 =76 .

-> Extrapolate to signal region -

< Estimated background yields in the y,.; signal i
region: 151 = 16

» Estimated background yields in the y,., signal
region: 115 £ 12 M (yn w)(GeV/e?)

-> Signal yields in the signal region after subtracting
background: 38 £ 21 (y.(), 42 £ 17 (y.,)
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J/Iw QEC analysis
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JIw QEC — sideband subtraction

3 = =
§ N Sideband region ; 103 Sideband region
= - Signal region Z Signal region
3 N
10 = Subtracted signal = , Subtracted signal
- . = 10 I—|_|_I
- - 197.2 _|_ _|—|_I | : —
2 |- ' 10 —+- '—I‘.—|
VE —I— — —+ +
- 297 T T4+ T +_|_
, | 1 E
10 E
- 107! E
- 1|7 -
1 + I I I _4_4 I I '6-4_ 10_2 I ] ] ] ] I ] ] ] ] I ] ] ] ] I ] ] ] ]
0 1 2 3 4 5 6 7 -1 ~0.5 0 0.5 1
n-prong COSY
* Pion assumption on all other good charged tracks
» Number of charged tracks acconpanying J/y » Boost to J/y rest frame
» Assuming sideband scale factor is independent on n-prong » Angular distribution weighted by pion energy

« Assuming sideband scale factor is independent on coS y
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J/y background analysis

S N;l;gISR = ‘%lj)ﬁlSR X N})/l;jsISR = 8.4 +£0.6 Contamination rates and efficiencies are studied by MC simulation
obs _ bkg _ -3
2 Njpisr = 1709 + 102, ‘%J/WISR =(4.94+0.19) x 10
obs P bkg
kag . N, w(25)ISR X ‘%w(ZS)—d/ny X %W(ZS)ISR —351.0 4239
->  w2SISR - LT e

€y(25)ISR X B w(2S)— Ty

. obs _ 9 _ _ _ —
@ w(2S)ISR 221+ 15, ‘ggl/f(2S)—>J/l/fX N ‘ggl/f@S)—ﬂ/l/fX %W(zS)_)V)(cl X ‘gg)(cﬁﬂ/l/f ggl//QS)—W)(cz X ‘ggxcﬁﬂ/t/f =56.2%,

bk
a%w(gs)ISR — (453 + 02) % ] GI,U(ZS)ISR — (461 + Ol) % ; ‘@1/1(25)—”1""71'_]@” — 3468 %
b bk b 7 bk
bke (NyGs)x — ‘%z//@gS)ISR X Ny2sisr) X Bs)—anx X 9?1,/(55))(
S Nw(zs)x = - = 88.6 £ 26.6
€y 25X X B 28V =t n-Jhy
obs _ obs _ i . bk . bk .
& Ny/(zs)x = 36 + 10, NWS)ISR =221 £ 15, B (25 jux = 56.2 % |, %w(ZgS)ISR = (1.22+0.04) %, %wés)x = (67.5%£0.2) %,
él//(2S)X . (411 + 02) % . %W(z‘g)_)ﬂ_l_ﬂi]h// — 3468 %
NOb;( % %bk%( NObg( % {%bk%(
R N;k}g} — Ael el — (1.8 i 1.0), ka)g( — Ae2 A2 — (2.0 i 0.8)
‘! 6)( C IX Ae2 6)( 6‘2X
o NP =38%21, R =(22£00)%, ¢, x=(46.7£0.2)%
o Ny =42+17, R =20£00)%, €, x=@11£0.)%
5 NSig  — pobs _ arbkg _ arbkg _ nbke _ abkg  _ asbke

JhyX JIpX JWISR w(25)ISR JhyX 7.1ISR 7.-ISR
. obs __
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E.

l

MJ/

5 Zopc(Cos y) = Jd(aj/wX)Zi 0(cos @; — cos y)

l. Final J/y QEC distribution @ 4946 MeV
= 23 Jd(ff O jhyx) i o(cos 6, — cos y) » Background subtracted

W » Consider experimental efficiency
d(NJ/l//X) L.

1 1
I
= — 2 o(cos 0; — cos y)—
A @J/l//_)/fl_ﬂ_ MJ/llf €;
S =
S T S
> T >t
)
= R DU SR SRS S SES Sy g & g
i N - J/p QEC 4946 MeV
0.5 — 2
i JpsiX 4946 MeV 0 ++ _|_ _|_—|——|—‘|‘_|_ 4 _|_—|— _|__|_—I——|—_,_ —
0 REEE T T TR NN SRR TR T SN NN TR SR T T SN T T S | TR TN T TN NN TR TN S T SN SN S TN SR RN TR S T
-1 0.5 0 0.5 1 -1 0.5 0 0.5 1

Efficiency curve COSX COSX
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w(2S) QEC analysis
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w(2S) QEC — sideband subtraction

m =
=
= Sideband region
S 10 5
= = Signal region

B Subtracted signal

_ 1

13.4 1.-8
10 |
i 2l6
0{9
1
10~ ' ' | _ pp— g0
0 1 2 3 4 5 6 7

n-prong

» Number of charged tracks acconpanying w(235)
« Assuming sideband scale factor is independent on n-prong

Xudong Yu (Peking University)

Counts / (0.10)

—
&

QEC @ BESIII

Sideband region

Signal region

Subtracted signal
I
.
N N
| L L L L | | I | L
0 0.5 1
COSY

* Pion assumption on all other good charged tracks

» Boost to y(25) rest frame

* Angular distribution weighted by pion energy
« Assuming sideband scale factor is independent on coS y

Tau & QCD Group Meeting
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w(2S) background analysis

RN Nl/l;}{ZgS)ISR — ‘%}/)/%S)ISR X Nl/(;?ZSS)ISR —27+072 Contamination rates and efficiencies are studied by MC simulation
. obs _ + bkg _
& Nobgise = 221 £15, B = (12220.04) %

S1g — pjobs  _ asbkg
- Ny/(zs)x w(25)X Nl//(ZS)ISR

b —
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w(2S) QEC

5 ZQEC(COS
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QEC @ BESIII

Final w(2S) QEC distribution @ 4946 MeV

» Background subtracted
» Consider experimental efficiency
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Summary
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Summary

-> Energy-energy correlator sheds light on hadronization
-> A new observable — Quarkonium Energy Correlator (QEC)

> We perform the first study on J/y and w(2S) QEC at BESIII using 4946 data ‘\

=> Next to do:

% Improve analysis strategy, e.g. Mis-ID correction, COS y-denpendent scale
factor, contamination rate and efficiency

N/

% Ultilize more data at high energy points

N
%

Thawnks for Your attention!
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Backup
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JIy —w(2S) QEC ratio
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