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Hadron production at low energy e'e-
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QCD: Asymptotic freedom & Confinement

0.35 \ — : ] 138fb (13Te‘u’)
\ Tzdecay (N;LO) F ' "
03} Heavy Quarkonta (NNLO) = 09 134 1318023&%@,%3{,)—_
HERA jets (NNLO) ++ = - 0o oo 3 TR M
0.25 [ eve’ Jets/seth;('j)'fetﬁ(:gtég 5 °F 95% oxpected 3 g n
- bp/oD Jots (NLO) ot | B 07[ Setetele% = "
S o2} pp top (NNLO) +e— > OSSR LK ] A 0
& pp TEEC (NNLO) < 06— - -
015 | :'%’n 05 —§ K
= o(m)=0.1180200009 TW@\ 0_35_ = OPAL;igapI:f"(1ZOJ—QOQGeVJ _§ -
AUO'OS 10 100 1000 200 a0 600 800 1000 - -
gust 2023 Q [GeV] Mass (GeV) EW Pert. QCD l-:::tgg:- Detector
® QCD coupling constant o (Q) e _
v High Q: asymptotic freedom, perturbative QCD . 5
v' Low Q: non-perturbative QCD o a4 4o
® Confinement: partons do not exist as free particles, badd 3 33 D
but are always confined in hadron — .}s o _—
® Fragmentation function & Energy-energy correlator/ @ Co @ —

v" Understanding hadronization
Understanding hadro 0 Eur. Phys. J. C85 16(2025)



Fragmentation function: integrated D} (z)

® Fragmentation function D! q(Z): probability that hadron h is found in the debris of

a parton carrying a fraction z of parton’s energy QUARKS &
® Consequence of confinement LEPT(]NS
® FF: QCD first principle (NOT YET)

v" FF evolution function: DGLAP

v" Fitting: parametrization & experimental data

v' Universality: e*e, DIS, pp, pp data e
® FFs contribute to virtually all processes

e . h 1 1 p h
PDF FF

FF FF

Y 52 PDF PDF
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FFs with quark/hadron polarization

Hadron Quark polarizatiom @

polarization
Unpolarized

Longitudinally Transversely

Unpolarized D! Hi"
Longitudinally G Hiy'
Transversely DiR G HT Hif
PLB396 (1993) 161 {9

(k x Ppy)-S,

3 >@ e / pT Dth (Z7 Ph-L) - Dtll(zv Plfl) + Hl q(z’ PI?.L) M,

® Theoretically many more, in particular with polarized hadrons in the final state
and transverse momentum dependence (TMD)
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FFs for EIC & EicC

IIIIIIII T llllllll 1 IR

o5 o s o v e

T R R T

U.S.EIC 10X 100 GeV?
EicC 3.5X20 GeV?
JLab 12 GeV

T

: v

N

Fraction of Momentum x

10!

o,
TMD

o (W 1]
Collaboration

Preprints: JLAB-THY-23-3780, LA-UR-21-20798, MIT-CTP /5386

arXiv:2304.03302

TMD Handbook

Renaud Boussarie!, Matthias Burkardt?, Martha Constantinou®, William Detmold?*, Markus Eber

Michael Engelhardt?, Sean Fleming®, Leonard Gamberg’, Xiangdong Ji®, Zhong-Bo Kang®,
Christopher Leel® Keh-Fei Liu!!, Simonetta Liuti'?, Thomas Mehen!?, Andreas Metz>, John Negele4,
Daniel Pitonyakl‘l, Alexei Prokudin’-'®, Jian-Wei Qiu'®'?, Abha Rajanu'ls, Marc Schlegelz'lq,
ain W. Stewart*, Andrey Tarasov?!?2, Raju Venugopalan'®,

Phiala Shanahan?, Peter Schweitzer

Ivan Vitev'?, Feng Yuan®®, Yong Zhao
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—+— EO06010 Preliminary
—— LC-CQM (Pasquini)
LQ-QDM direct (Ma)
LQ-QDM+CTEQSL (Ma)
RS WW.-type (Prokudin)

2GeV’< Q?< 3 GeV? |
0.40<z<0.45 _’
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Precise knowledge of FFs will be crucial
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Strange quark polarization puzzle

N 0.03 ———— ———— — o.oaE — T
Sroton | e LSS'06(DIS) XAS=XAS | 002 XAs(x,QP=10 GeV?) 3
0.02F | ss'10(DIS+SIDIS) I oot :
001 =~ —Distsibisny A" ) DSS FFs | : :
0.00 — //_,\"’7 .‘ -0.02 i
s -0.01} s :'L‘;_.\_ - g | ::
oy | PR D84 0140027251%) - ot ZNPBS87 276 (2014)
| Y E T e T T e
| X X
® Strange quark density function: As(x)+As(x)
[ O
v" Inclusive DIS: only proton PDF o B
a. negative for all values of x e 0w
v' Semi-inclusive DIS: proton PDF & kaon FF  © o
e 0 Ny e / B SKAO!18
a. DSS FFs: positive for most of measured x = " __ "o510 O’ 2.5 GeV?
o ~0.05 ‘ o = 2.
b. NNPDFE KE: negative S " PR D103 054003 (2021)
c. JAM FFs: negative 5 - - 1

® Reliable FFs knowledge ? Important !!!



Used data set @ FFKs fitting

100
| PEEP2IF6-FF3B04 (2016) -
80 - m TASSO o© SLD x DELPHI
] a4 TPC v ALEPH o Belle
— © HRS o OPAL + BaBar
% 60 1 MR ¢ TOPAZ
S
O 40 ] | . | ] ] [ ]
20 n EE R E n n
0 T ¥ T r T T
0 0.2 04 0.6 08

® Updated HKNS FFs @ 2016

Experiment Process L£[pb~1] Q2[GeV?] Final states
mcizss 291 - PPNPYT 136 (2046)
TASSO
[292-294] ete™ 34 3444 xt KE, p/p. K2, A/A
[205-208] i
SLD [299,300] et 20 M; xt KE, p, K2, A/A
ALEPH [301,302] et 800 My xt KE, p, K2, A/A
DELPHI [303-306] ete 800 M, xt KE, p, K2, A/A
OPAL [307-310] ete” 800 M 5 K5, 0. K2, A/A
H1[311-313] e+p 500 27.5(e) + 920(p) h*, K§
ZEUS [314-316] e+p 500 27.5(e) + 920(p) hE
BELLE [217,318] ete 06 Near 10.58 T K%, p/p
BaBar [319,320] ete” 557 . 10° Near 10.58 T+ K+, n.p/b
HERMES [321,322] e+ p(d) 272 (p) 320 (d) 27 6 fixed target aE0 gE
COMPASS [323] i+ pl(d) 775 160 GeV fixed target h*
PHENIX 16 x 103 624
[324-326] pp 25 200 =0y
[327-329] 128 510
STAR i
[330-332] pp 8 200 %% 0, p/p, K2, AJA
[333-335] )
ALICE [336] op 6x10° 7 x 10° 7 q
TOPAZ [337] ete” 278 52-61.4 x* K* KD,
CDF [338,339] p+p nja 630 (1800) ht, K2 A9
g — : —— 2
102 A A AA A Al AAA ML BLAA & _:10”

v only e*e” (/s > 10 GeV) data sets
® MAPFF1.0 FFs @ 2021

v e*e (/s > 10 GeV) and SIDIS data sets

® Data set at /s <10 GeV e*e collision ?

PR D1047033007

MR LTI

SIA s o o tianeels |
SIDIS i
Not fitted . T‘:";;f
n ‘ L o "_J.
1072 107 1

z



World t & K data on e*e-

| World Data (Sel.) for e”e” — 1*+X Production ‘ World Data (Sel.) for e'e” — K*+X Production ‘ et — X oase
'Iﬂ: T T T T T T T T T .
:_ ¢ ovVs =36 GeV _:
i . eys =5 GeV
& + 19 ;¢ 1
3 1 ¥ L _
3-;_ - ¢ 3
%0 "1 ]
3 4
> T
mm— 1' # _
: S
® Data sets at high z ? I NPB 148 189 1(1979)i B
0] 05 10
® Data sets at /s < 10 GeV e*e collision ? X=2E1V5

® Charged &t data by DASP
v’ stat. uncertainty: 18%
® Chance for BESIII & STCF
v' Precision



Inclusive t%/Ko/n vs. what we know

8- (s-22324Gev | Vs = 3.0500 GeV 0_3?. E::E:E;ZFE;E"V b s = 3.0500 GeV 04_]‘)]5111 |{§1: 30§06V2-1901 (2:065144'3\] - ++ V5 = 3.5000 GeV
A 02 74 o ozf e - & e, SpA LR
o 0 1?N+ e * % r ORI f‘-’-, Y % ooo *"-."n
% + AP B S P g 0.4:: 'E;E.zoooéev N FSZZ'._:)OOOGeV N urs:3.6710-Gev
8- % 035_ V5=2.4000GeV | & %L’ i .+.+ oo
S o STk A SN Rt
4 v f + ¢ [F. o [ . e, *%es
; 8 I8 01:/N Lo BrhL LI T o . |4 L el . ML TS, -
2r 3 | ++ 041= Vs =2.3960 GeV [~ ¥s = 3.0500 GeV 0-5 10
! Y E— of AP b At A
% 0.2 +++ F B ’:.....___..:?'... [ &eroeee, :""_ BESIII fit
4_
of N 0-1'& -
“p.eevie’ PRL'130 231901 (2023) 5 @evia ™ ™ ™
® Inclusive 7' : surprise , disagreement !!!
v" Best known pion FF's A\ 5
® Inclusive Kg : not so bad 1 40152018
® Inclusive 1 : how to understand the discrepancy T
v' NNLO accuracy, hadron mass correction & "

higher twist




Inclusive t¥/K* vs. pQCD

= far j:2502. 16084 fosoocer £ by . G-3e7cev ® Inclusive pion cross section
N *'P $ ', this work F ] . [ NPC NNLO fit for m: v mt o~ o~ 0
6 —:’__ + ° E & w, this work — + L E TC ~ TC ~ n
= - e ! ® 1 BESIN2023 F ¢ : .
gls” °F o - & v Isospin symmetry
e i o 3 "o ® Inclusive kaon cross section
* ™ 00 0y e 1 %" 6 ong ong one.
B S ¥ S Y Y T R S T U ¥ Y S ¥ R R v K+ ~ K = 1.4 KS
P, (GeV/e) . . . .
: — : — v' Large isospin violation ?
= LB 5=3050GeV [ {5 =3.671 Gel
= N 9‘“ | # K, this work - **% ; [JNPC NNLO it for K= 20
5 03 +++ ¢ K, this work - +¢:¥ I:IqucuI_ationlfor K by 18—
= ‘ + +¢ ® KO, BESN2023 i; + + + . +¢; using isospin symmetry w3
g‘% 0_25— + ++¢ — + E +@$¢§¢ 1_4.:.. ............ + ....................................................................... +
_‘UE 01 | A ..& . o X L, q’$$§¢ 12 0
N : - , = @ A -
- . | . | . '.ﬁ! DR T.'.é!.! ELU......+ ................................... 1“ .................. + .............................
02 04 06 08 10 12 14 02 04 06 08 10 12 14 08} S
p, (GeV/c) "3 S TPC
® NPC NNLO: \/§ > 3.0 GeV & Eh > 0.8 GeV @ BESIII $2 = KTK | 2Ks | TDEIFPHI

® arXiv:2502.17837: Validity of QCD factorization and " * © © Mmoo

pQCD calculation at energy scales down to 3 GeV D’ (2:Q) = 3D “(:,Q) @NPB 803 42 (2008)
® Test of isospin symmetry with FF fitting DI (2,Q) = 1D (2,Q) { = dw), J | u(d)

10



Nature of £,(980)

(GeV)

gaoK"K'

® Nature of 2,(980) & f,(980)
v molecule, tetraquark, hybrid ?

® 2,(980)-f,(980) mixing (@ BESIII
® Inclusive £,(980) production

Tetraquark picture for f,(980) 7 = (iss + ddss) /2

L @

Jo

-~

u, s (favored)
f() g u

. % ) . '&g
O ,(j:l“% 5 ] f O (g%
il || B8
u ‘é‘s u d

O (g% MPL A23 2226 (2008)
g g i ]
u .
E f()
g Mo .‘ﬁ
O (g%

<|
S I e

+ six O (g%) terms
of gluon radiation

0

L LU

g ryoee

O (g%

Table 1. Possible fp(980) configurations and their relations to the second moments
and the peak positions for the fragmentation functions of fy(980).

Type Configuration Second moments  Peak positions

max max
Zu < Zg

Strange qq 85 M, < Mg < My
Tetraquark (or KK)  (utiss + dds3)/\/2 My ~ Ms < M, 2%~ pInax

11



To do list

Theoretically many more, in particular with polarized hadrons in the final state
and transverse momentum dependence (TMD)

® TMD FFs: "HIERARCHY" OF FINAL MESONS
v reliable thrust axis @ 5.0 GeV s 3 2 11 - RANK
® Hadrons with spin: spin effect O (EGS)OME -
v" hyperon: polarization, weak decay \/ ’ \/ MEONS DAY
3 2 | = RANK
v' vector states: spin alignment , strong decay @ @) B0
. . . $ ARE FORMED
® Inclusive di-hadron production .
v’ di-hadron FFs, thrust axis ? NEW QUARK PAIRS
. 43 ce op | bB, ¢C, ... ARE FORMED
® Event shape variables
v’ Thrust & energy-energy correlator NP B136 1 1(1978)
® Polarization electron beam @ STCF 1 om1GINAL QUARK

OF FLAVOR "o"

v" MC generator ? what could we do ?
® More ideas

12



TMD FFs: D"(z) = D"(z, pr)

TMD FF Dy(z, kr) .
NI ¢ D eﬁD?a/q(za, kar) & D?b/q(zb, kyr) | back-to-back production =
v +{q < ¢} of hadron pair
ete” — ;
(h, jet/thrust axis)X >, 3Dy (= kr) can access 2, hr

PRD78 03201142008) PRD99 11200620

® Traditional 2-hadron FF
v Use transverse momentum between two hadron
v efe — an+ X: 0_>120°, back-to-back pions

® Signal-hadron FF with thrust or jet axis




Thrust axis: more is different

thrust @
T | =
. 'F"-H, N

® Jet structure at BESIII & STCF

v can reconstruct thrust axis correctly ?

® Phase space model vs. Jet model
v /s >5 GeV ? reliable ?
v" evidence for jet structure ?
® Advantage of thrust axis
v Two hadron € same q/q ?
v' back-to-back hadrons
v' di-hadron FFs

1-10 GeV? 25 GeV?

T=1-1=max,

100 GeV?

jet2

D _ilpi-m]

> ilpil

<1=T>
N -

%Biﬁ 2002

Ecm (Ge V)

OBSERVED MEAN SPHERICITY

040 Rr—71 7 1 71 7
_ PRL 35 1609 (1975) i
0.38 | / .
- s
L /// ]
0.36 |- ,/Phase space -
!
— / 7
| /¢
0.24 ‘ﬁ
0.32 — | —
0.30 Jet —

o

A

w
-

Ll

2.0 4 O 6.0 8.0
m. (GeV)

MeP = Z Pl (. 8=1,23)

/\12/\22A3 At +H =1

14



Quark polarization

Leading Quark TMDFFs O—o Hadron Spin @ Quark Spin

Quark Polarization

Un-Polarized Longitudinally Polarized Transversely Polarized
(V) (L) (m

Dy =(+) Hf -(0-O S -05

Unpolarized Collins

G1=@"—@" HILL=®_‘_@_’
Helicity F=—Uu 1
-- PRDY5 034009 (2017), _5/3 eAs (1 _ 8 )

gl T T s wam i

3@14,4@3@ 0O 20 40 60 8 100 16 mZc2p 3

Polarizing FF

® Quark polarization @ e'e- — y*/Z. — qq BEPCII beam polarization
/ q/(_lz longitudinally pOlarization . Contribution from previous injections Electron beam

v’ q/q: transversely polarization suppressedby | | 1] . :

factor mq/Vs

v unpolarized q/q @ [2, 7] GeV: Yes or No ? l I l I ‘ | I I I” - S
® Sokolv-Ternov effect: transverse polarization of " " "~~~ e Bl B o
electron/positron beam in storage rings 15



Inclusive A production

N
® Spin density matrix p of spin 2 hyperon o s 4 cm. frame

A rest frame

1 '« ¥ S: polarization vector e
=TI+ 5> N
P=3 i v’ Yi=¢g/2, Pauli matrices

® Polarization vector of hyperon with parity / / % \ / /

violating decay
® Daughter proton preferentially decays in
direction of A’s spin (opposite for A)

2
/ Decay parameter o Ey = 12 ToIDA(2) + ATy (3)AD 1L 2)
AN 1(1+ Sleos0) ’ Z4M
— — 8 COS
dcosf 2 ‘Sﬂ\/" (1 =y)[T2(y)Dr(z) sin ¢,

® Cross section of inclusive A
7 For A FFs ~T3(y)ADy (2) cos ] }

16



Inclusive A production

Group Reaction Vs/GeV Measurements | Result
BES et+e” > A+ X ~5 P? ~ DJ} Furture
Belle [44] | e +e™ — AJA+X 10.58 P) ~ DA ~ —0.06

et+e” > AJA+h*+X P} ~D"'D 1~ 0.1
BelleIl [45] | et+e” > A+ X 10.58 Polarization Furture

A =2 A+et+v Polarization —0.86 + 0.04

A = A+nt Polarization —-091 +£0.15
OPAL [46] et +e” 5 AJA+X 91.2 P? ~ D]L:;‘ ~0

et+e” 5 AA+X P} ~ G -0.329
ALEPH [47] | et +e~ = A/JA+ X 91.2 P} ~ DA ~0

et+e” > AJA+X P} ~G%, -0.32
TASSO [49] | e* +e” - A/A+X 14,22, 34 | P} ~ D ~0

et +e” -5 AJA+X P’2~G’]\L ~0

3
o»
|

® Energy dependence of A polarization

® Thrust axis — z axis @ experiment

® Beyond A

v' ground state X, =

v" exotic hyperon A(1405)

PaL

A 4

PL B818 136371 (2021)

17



Spin alignment of vector meson

S: (S},S},SL),

p=1(I+ 385 +37050)
2

'011 )010 pl’_l —3Su+ ST STr Sir
_ e T: polarization tensor

p01 poo po’ 1 P Tzl Str —éSLL—S’}YT Sir

P-1,1 P-1,0 P-1,-1 o YU = (XX + 3N — 215% 2 )

S S _
LT LT 3 LL

® Spin density matrix p of vector states PRD62 114004 (2000)
; S, = m> UoSu S Si—iShr Sioisy S¥r—iStr
. . 33 2 242 242 2
v’ poo # 1/3: spin alignment B B V2 2 B B
. SirtiSiy  Sp+isy 1 28, =878y ST—18%
® Angular of decay particle @ rest frame =~ —a Ta 3773 Y
v' extract some elements, e.g. p,, SEHiSE  —ShiSh ity 1 Su S
N 2 2.\5 2\5 3 3 2
Y '&Z e'e” c.m. ¢ rest frame
’ r %k / 1 1 2 #
e* b e - Wicos0*, 0") = (3/4m) E(l — poo) + 5(3;:)90 — 1) cos*“ ¥
$ ' )
P —Rep11 sin® §* cos 2% — TERB (p10 — po—1) sin 260" cos ¢
\%

. : 1 . .
/L) /\ +Im py_q sin®#*sin 20™ + ﬁIm (p10 — po—1) sin 20* sin o™

18



Poo

Spin alignment of vector meson

* o(yl<1.0and 1.2 <p;<5.4 GeVc) 1.1
- p =13
040= © Kbl T0ad 10 <pres0 Gl = ® ’u":muz,"(a OPAL
) —GY=464+073m} 10— B oot
0.9 — A p'@OPAL
- ¢ @ DELPHI
0.8 - K*3892)" @ DELPHI
0.35
0.7 l
o 06 } |
0.5 I + | * QU
0.30 — T
oy [ | |
0.3 # I ‘l"‘ :
o ¥ STAR (Au+Au and 20-60% centrality) Py =
0.25 —
LICE (Pb+P -
‘NaureET¢?¢4(2023) P P I I T P I PP NI NP
L 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
10! .
F(G ev) P

® Heavy ion collision: QGP & spin-orbital coupling
v" STAR: for phi unexpectedly large than 1/3

® ¢'e collision: fragmentation, Z° dominant
v X, < 0.3, pgy = 1/3; x,> 0.3, pyy > 1/3

® pp collision: PDF & fragmentation

® BESIII: e"e collision, fragmentation, y* dominant

— Production plane

¢

® Pb—Pb (10-50%)

Opp
+Kg, Pb—Pb (20-40%)

(0)-

.

Hﬂ’ﬂﬁ %aﬁ slnﬁ .H@_
[ PRL 125 012301(202
0.8 T I
[ e oPAL

|| === Q =5GeV
— Q= 91.2GeV
0.6 " - - @ =500Gev
S
IS -

0.4

0.2

PRDYS 034009 (2017)

0.4

0.6 0.8

Z
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Vector meson: FFs, TMD & spin alignment

do 202 |

Bp = ZQ4Z< To(y)Dy(z) + To(y)SeDirr(zs) + AnT 1 (y)AD 1 (2)]
AIM -  ~ ~
+ ) S |[T2(y) sin @;Dy(z) — T3(y) cos ¢,AD7(z)] e

M = . - Y
+75 1S, 71 [=T»(y) cos @, 7D, 7(z) + T5(y) sin prrADm(Z)}}

® Cross section of vector states - S
v FFs of vector meson | g
v’ p/o/dp/K*(892) FFs: not yet &GO'S e
® Using thrust axis S ol > _
v Combine TMD & spin alignment
® ¢te — Vector + T+ X 02| PRD9Y5 034009 (2017)
v' Back-to-back vector & &t 02 04 06 08

s



di-hadron FFs

Di-hadron FFs

ete” — (hl, hg)X

5, DM, )

for large M,

also D]f/ ‘() contribute

ete” —
(hala ha?) (hbh hb?)X

2

q 49

2
q 4

Zq engllalhﬂ/Q(Zm Mha) DTblhbg/q(Zb, Mhb)

+q < ¢}

Hf{hmhﬂ/Q(Zm Mha,) Hf hblth/é(Zb, Mhb)

+q « ¢}

Glihalhc&/Q(Zm Mha) thblth/q(Zb,Mhb)

+q < ¢}

back-to-back production
of di-hadron pair

® Fragmentation of a parton into two hadrons
v' Hadrons emerge from same q or q

v" Thrust axis or 6,, < 60° ?
® Possible results @ BESIII

v Around 5.0 GeV with thrust axis
v' TMD di-hadron FFs

v With 0,,< 60° method

PRD96.4832005 (2017)

W & @
S © ©

n
o o

<<<<<<<<<

e I )
o o o

<<<<<<<<<

00000000

- oW o o

o /dzdm [ub/GeV] o/ dzdm [ub/GeV] o /dzdm [ub/GeV] o/ dzdm [ub/GeV]
» o o )
T T Z A e e

> o ® o

o
N
N

o: 9 O O

<<<<<<<<<<

T T T T L bAbbl hhbA) bkl bkl biddd | Lhdddd Abdd MAAAS hAdAd | [ T T T T
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-3 -] =] =)
A A A A
N ~ N N
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0040608 112141618 2 22040608 1
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|, S, .
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Event shape variables: thrust

1/0y, doldt

— NPLL+NNLO
— NPLL+NNLO+NP |

g Pow. Corr.: | pert. | non>pert 1 %B 1:_
0.09;~ PYTHIA: H pert. [ nonspert = . N i /‘]-\‘ 2002
" OPAL ] 0.25
] ®

« DELPHI ‘ 0-032—

as(m;*)=0.118120.0018, Q=m;

Gyp=0.0071£0.0007, onp=0.0060£0.0013

<(1-T)">

« ALEPH
L3
SLD

PRL 134 251904 (2025)

007? pOCD (NLO) & Power correction
0.06}

0.05F

0.04]
0.033

.
pQCD (NLO) Tremaa

0.023

0.05

0.01F

5

0
(x5) (x50)  (x200)  (x1000) " ° Ecm (GeV)

® Event shape explore geometry of hadronic energy-momentum flow

v' Interplay between perturbative and non- perturbative dynamics
® Thrust: how compatible an event is with two back-to-back objects
® Thrust analysis around 5.0 GeV: important analysis

v Shape: experimental data vs. theory prediction

v' Moment: o,,(Q) running (cross check)
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Energy-energy correlator (EEC)

6; = opening angle in radians E2C(61,) = - dJEi‘gjjg o1, — 65 N 6 —AbL /2 Bl
\ pening ang 2C(6L) ;/ E ( ) EEC(QL) _ i Z L/ Z EzEJ 5(9—933)6%)
- EiEj By N events AQL 0p—A0L/2 1j beam
Ajet with AR = \/ar? + ag? E3C(6L) =”Zk/ do—5—0 (01, — max(8y, Oix, k)
® EEC describes energy flux in e*e” collision
. R ALEPH e'e’, s = 91.2 GeV
® Angular scale resolve and characterize behavior L AP (P
o L] . Transition ° { |
in different QCD regions o~
v Small angle: collinear limit of QCD, EEC inside _ | o £\
E_ e “.' uarks an N
Jets, o, measurement g™ g Giugre L=
o [J [ d [ d Cg :' :
v' Large angle: back-to-back, limit, soft recoiling, =|, : L%
. 1 F COJIinofar S;uja:gv ‘ llj’l
TMD physics i L ]
v' Intermediate angle: fixed-order perturbative e
cxpansion LT R B =

Rich physics @ EEC

23



f (8)

Energy-energy correlator (EEC)

13.0 GeV

T T T ° -

3

PLUTO

N
1 X, "2Ey Ep 1

Y12 (21 7)

1

Vs vs  Npga A6

Npaa

A

® Energy dependence of EEC

v" Results with \/s <7 GeV: not yet
® Single inclusive EEC :
® Azimuthal dependence of energy correlators
® Energy correlator around ¢, mesons ?

v" Strange quark, almost free of resonances decay

1e plane generated by the direction 79 and the beam (referred to as

igure 1: Illustration of EEC for eTe™ annihilation

between the two detectors pointing along 7y and 79 and ¢ is the

AcosOA@

the plane formed by these detectors (referred to as “detector plane”, shown as yellow) anc
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STCEF with polarized beam

TR F AL AR Tep 5 D IEMAL A e IR HICH T 20 3 9 -

dUL 1

At 16782 {'ILQ |Grr(s) + GLL(t)|2 + ¢ |GLR(=5’)|2 + 57 |GLR(U’2} ) Ar
do 1 = : ; :
d_f " 1672 {u? |GRrr(s) + Grr(t)]” + 7 |GRro(s)[ + 5* |Gro(t)[*} -

® Longitudinally polarized e beam @ STCF
v' Effect on fragmentation function ?

® Single-spin asymmetry
v" What could we obtain ?

® We need theorist’s help.

Large-x, spin asymmetry in n" production
by 200-GeV polarized protons*

FNAL E704 Collaboration
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