2 HEERYES BT AH LRI L

BESIII_ER{ESQCDSEL
iR
AN

hERFHARKY
2023.4.20-23




QCD-studies at BESIII
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QCD-studies at BESIII at low c.m.e
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Inclusive Measurements




R value
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* Running of fine structure constant Aaep

Ac(s) =1— a(0)/x(s) = Actjepton () + Acx,}[é‘]d(s) + Aoop ()

Fractional contribution to A . liL{M“]

Eur. Phys. J. C 80, 241 (2020) Phys. Rev. D 97, 114025 (2018)
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value (error)
Source Contribution(x10~%) 0 m
Aaleptm (M%) 314.979 4+ 0.002 206
Ao (M2) 276.0 + 1.0
Aotop (M%) —0.7180 4+ 0.0054
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+ Aa'>,(s) should be calculated with R value:

(5) (o _ XS o R
Aahad[s] 37_[ R Jth ds s'(s' —s —ie)

* Muon anomalous magnetic moment a,,

PRL126.141801 (2021)
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ED
3 + aﬂ Weak + aHCld

» Hadronic Vacuum Polarization (HVP) and Light-by-Light
(HLbL) in a//*® dominate uncertainty

» SM prediction: a

» HVP contribution is calculated with R value with dispersion

relation: 2
JLO-HVP _ (Lmu) J 4 R(8)K(s)

H 2
37t 4m2. S



R value measurement at BESII I

PRL 128, 062004 (2022)
N 1?:3 —N bkg

consistent ISR-return v's” spectrum.

R = ::
G?Lufgint.ﬁtrigﬁhad“ + 9) 3
» \ery challenging to determine ¢;,,4 _ I | ‘
« Two simulation models developed, result in R + } + $
_}++§{+{+ T . +Uf»" LKL #i'
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: Js = 3.4000 GeV ' | o BESHI(thisLene) o BES 4 CrystaliBall
10" g —LUARLW = KEDR * MARK-I ¢ PLUTO - -+ pQCD+JAY and '
E —HYRBRID i I i | i I i I | I i I 1 | 1
102 b 25 3 3.5
10° E
104 = * R value measured at 14 c.m. energies from 2.2324 to 3.671 GeV.
0.5F ' ’ ) ,  Accuracy better than 2.6% below 3.1 GeV and 3.0% above.
S R S L T L NN - :
s tt ; y 5 :  Larger than the pQCD prediction by 2.7 in 3.4 ~ 3.6 GeV.
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Inclusive ° /K, production

E Fragmentation function Dg(z) . probability that
wed hadron h is found in the debris of a hadron carrying a
x fraction z=2E,/+/s of parton’s momentum.

World data: Pion World data: Kaon
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Inclusive ° /K, production at BESII|

. . . . arXiv: 2211.11253
Normalized differential cross section: :

8 2.2324 GeV 3.0500 GeV 0_35_ 2.2324 GeV i 3.0500 GeV
1 do.no — NHO 1 6 .""FF1'°"NL° ! .NNFF1.0NNLO :
— 4 _ MAPEF NLO 0.2 — +++ - +
Ohad dprro Nhad Apn'o of R~ 0.12—/% =
‘T»G- +; |+."' Ll % i"'....l..,.l,E'ﬁ...l.;..l?"-rhul
- . S 8 : . Ge S :_ 2.4000 GeV :_ 3.4000 GeV
Correction formula: s Omee & o3 ;
= § = o2f LI+ /4
L o . = o I c.!m gé,, - _+_ .
Nob.sewub!e &l a® 4: o | a ! -+ [
: N(?b.&'(?l‘l}t{bl’(? ‘—DE - g S T BV S SRR M
PhySlcal Value _ hadronic 8 0.3k 2.8000 GeV - 3.6710 GeV
— T = hesrnahle 4
N;zdxrh(off) N;;é).sm,ubh (0}’1) 6 O-ZK‘ A
= = 4 -+ /
truth observable 0.1F /~ -+
Nh(.fc.fronic(of f ) Nlmdnmif (0}’!) 2 N = TR
05 .0 0.5 1.0 1.5
p , (GeVic)
KS
Vs (GeV) L (pb™ 1) Nioy Nbkg : f th ical P - iff luti f ot
59354 5 645 23997 5041 > Comparlson of theoretica predlctlons using different evolution o eX|st|ng FF
syl 04 . i 2
2.4000 3.415 96627 2331 world data are made. _ _ _
2.8000 3.753 83802 2075 » BESIII data can be used to improve the determine of FFs at low energy, fill the
3.0500 14.89 283822 7719 i
::.4000 1.733 32202 843 gad with Q°1<10 GeV* . .
3.6710 4,693 75953 6461 » The difference between the components of direct and indirect processes need to

be considered.
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Exclusive Measurements




Timelike-Electromagnetic Form Factors

* Nucleons are composite objects with inner structure. At low Q, perturbative QCD not possible

= Nucleon structure must be measured in experiments!

 Electromagnetic Form Factors are fundamental properties of the nucleon

« Connected to charge, magnetization distribution

« Crucial testing ground for models of the nucleon internal structure

F v

FFs are real FFs are complex

A

0

Unphysical
region

4M=

q2

o
=
o

Threshold effects observed in
various BB thresholds

G.S.Huang, R.B. Ferroli,
Natl.Sci.Rev. 8 (2021) 11, nwab187
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Experimental Access and Data Set at BESII|
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"n  E e BESNZ2015
% [ m BESHI2012 .
I TR N
E 10: ® "" "1 g
- LI . [ .
1 L ie e "
_ - 1073 25 3 3!8IV./
Energy Scan Initial State Radiation q (GeVic)
discrete fixed S [ ' ' ' ' ?
" [ Y] . Aroundthepeakof w .. .
low at each beam energy high at one beam energy = F e iow oUE
do,; 28C doppy _ 1 2 E [ - xvzem N
d(coﬁ‘}’;) = ﬂgqg [|GM|2(1+C032 0) d;éy - EW(Sax)O-pﬁ(q ) 10 F ) | |
4o 1 2 2L
+—|Gg[* sin” ] Wis.x) = 5(ln S =1)(2=2x+x%) | oo~ 00
single at each beam energy fl/'ém threshold to s | |
BESIII, CMD-3, ... BaBar/BESIII, Belle, Belle-1I, ... S L L e
/ 1 2.0 2.5 3.0 3.5 4.0 4.5 5.0
ISR suppresion factor: - ~ ﬁ 's (GeV)
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Proton Form Factors

> ISR method with detected photon and undetected using 7.5 fb-! data with /s = 3.773 GeV.

I I -1 i i SA-ISR: PRD 99, 092002 (2019)
» Scan technique from 2.0 to 3.08 GeV, using 688.5 pb-! integrated luminosity. LAISR. PLB 517, 136328 (2020
> |GE/Gyl, |Gy are determined with high accuracy, comparable to data in SL. Scan: PRL 124, 042001 (2020)

Scan: PRD 91, 112004 (2015)
- Bl BESII 2020 & BaBar(Tagged)
e BESIII (LA-ISR) BESIII 2020 2? e BESII 2015 « CMD3
BESIII (SA-ISR) BESIl(unTagged) PS170
BESIII 2015 . B
s BABAR o 1.5 :‘H#‘*?L +
Fenice —
ot 1 ; = I
it o [P | ]
+ DM2 — ‘| - 1 4
} e T 1 # ] T
! v CLEO =
1 o 5
A ADONE73 —_
'+]H' v CMD-3 0.5 :_ + + l
Ttﬁ;:p:ﬁ I::Ji - | I |
|||=.=:rr-%-l=v='+'l-u+|-¢ 0 2 2.5 3
4 5 6 7 8 9
l(GeV/cf] \s[GeV]

» From threshold to g?=4.0 GeV?, average cross section 840 pb.

> |G¢/G,,| measured, consistent with BaBar near threshold, oscillation with /s is observed.
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Neutron Form Factors

O Cross section measurement of ete™ - nn
» vy — p coupling larger than y — n coupling
» Oscillation of reduced-|G| observed in neutron with

a phase orthogonal to that of proton
Cross section: NP 17, 1200 (2021

a BESII b 008 BESI: i ]
10 FENICE: Nucl. Phys. B, 517, 3 (1998) [9] _ r o ]
Foovmemmmnnnn Prediction: Phys. Rept. 112, 173 (1984) (1] ] 0.06 v BaBarppy, (2013)[13] —
|&m Prediction: Phys Rept. 550-551 (2015) [12] ] o Simultaneous Fit: Proton ]
© : 0.04 . / I — — Simultaneous Fit: Neutron—|
E ] o Fre\ L 1
o) 2002 [ W5 ] *{'\ i 7
nooo1E ] o A R /( X L _‘..‘:‘..Q{BL‘
2 f ity f 5 oOf M IEA iRy ol
o t H R 1N S L]
{ ; ] ~0.02j i 1L .
................ dﬁ}._ i{,{ M ]
-0.04 .
10—1 Lo v b b b IR | PN IR 1 P | - 1 "
18 2 22 24 26 28 3 2 22 24 26 28 3
(s (GeV) Is (GeV)
Vs (GeV) L (pb™") Rem |Gy (x107?) |G|(x1072)
ggggg ;0331 09+07+04 18.6 £5.0+3.1 172+83+4.7
gtggg 21?51 13404403 874+£124+08 112+1.74+1.1
2.1750 10.6
géggﬁ }?; 1.54+06+0.2 65+154+04 98+ 1.9+0.6
2.3094 21.1
gggg?} éég 094+03+0.2 83+£09+04 734+214+1.0
gg:gé ?Z; 0.6+09+0.7 444+08+03 25429429

|G E|

> Differential cross-sections measured and the
separated electric and magnetic FFs of the
neutron is obtained

» Results is compared with various models
EMFF: PRL 130. 151905 (2023)

0.8 ; :
—(a) « BESIII (this work)
i pQCD [37] |
0.6F - Modified Dipole [38]
- VMD [39] 1
I — DR Mainz Model [40] ]
0.4_— - Production threshold 7]
02 -~ .
L ! .
: h ’ F‘\{h?i-;.‘?j-z___ i
O PRI I ORI POV MUY AUl ol e Aot K e i s sl
1.8 2 22 24 26 28 3
Vs (GeV)
FrorJgrrT L L
13 (C) - TL|G,| (this work) 4
: - SL G, World Data 1
T -
f#’-{r -----------
102 g, |
3L | | . P - \"I'“. ----------
107772 6 8 10 12 14
lq°| (GeV?)

0.8 :
L i « BESIII (this work)
(b) : = FENICE [20]
= QCD [37 .
0.6~ : - Eﬂodiﬁe[d Dipl:ole[SS] 7
I : vMD [39] )
L ' — DR Mainz Model [40] |
0.4 n - Production threshold |
T ]
O + .
i s
G_' Ll .T-" R . s e e
1.8 2 22 24 26 28 3
(s (GeV)
FT0T T rerrrrrTr T T T T T TS
1‘5;((1) - TL|G, | (this work)
E ""-._ .
" st - SL G, World Data 1
2 10T e ':F;F,_{' 3
E i E
) I .. |- Ly v v by b by g
™24 76 8 10 12 14
g7 (GeV?)



Lambda EMFFs

OUsing scan method, cross section of ete™ — AA at+/s = 2.2324 GeV is 305 + 45758 pb

OUsing ISR method (11.9 fbY), cross section in [2.231, 2.250] GeV and [2.25, 2.27] GeV is 245 + 56 +
14 pb and 28322 + 15 pb

O Threshold effects observed in both scan and ISR methods

¢—AA) (pb)

o(e"

400,

L o o o

300 ;
200 f

100 |

—+— This work
=— BESIII (2019)
BESIII (2018)
—#— BaBar
DM?2
— - Fit with Eq. (10)
— Fit with Eq. (11)
------ Threshold

M - (GeV/c?)

24 2.6 28 3 32

Scan: PRD 97, 032013 (2018)
ISR: PRD 107, 072005 (2023)

Lineshape is fitted with:
» pPQCD prediction

o(s) = co-p(s)-C

(Vs =)'
» Consider strong interaction near threshold
0( ?) B E'HUJTZ{IB

s[l _ e_f_] [1 4 (f—z)]

» Relativistic Breit-Wigner with a mass-dependent witdh

1

BW(MpR) &+ >
M-z —m~ —iml'y
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Sigma/Xi EMFFs

OBorn cross sectionsof ete™ - 227, 2 2%, 2920 are
measured from threshold to 3.02 GeV
» The cross sections can be well described by pQCD-motivated
functions
BC . 2m? Co
S s (s—c)m? + ln2(3/AéCD))2

» An asymmetry in cross sections for X isospin triplets: 9.7 + 1.3 :

3.3+£0.7:1

OBorn cross sections of ete™ —» 5259 and £~ 51 are measured from

threshold to 3.08 GeV
» No obvious threshold enhancement observed.

» The ratio of Born cross sections for both modes agrees with the
expectation of isospin symmetry.

ZtZ+:PLB 814, 136110 (2021)
2030:PLB 831, 137187 (2022)

oBorn (pb)

0Z0:pLB. 820, 136557 (2021)
“E*:PRD103, 012005(2021)

30 =g

=) (pb)
[
[
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10— +++++ —
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B
|
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=0
6B(="=)/o8(
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Omega EMFFs

PRD 107, 052003, 2023

OBorn cross sections of ete™ — O~ O at 8 energy points between 3.49 2 | w225 f paa
and 3.67 GeV *é J — Fit result —
> No threshold effect observed 3 ! y ——
» Upper limit of the effective FF is consistent with theoretical prediction R N
Gu ()P +1GE()P |GE(s)]? = 2|Gol? +3 (Lyh@ & : m|4l """"""" TNI "
|Geff(s)‘ _ \/ 4”; S E\ | E\: - EQ ) 4.'??2 E2| » 348 35 332 354 3\75 ?ése‘sl)s 3.62 364 366 368
i 10 2/ s \2 i
GyIP =3 Gl + % (o) 16wl —
0.03 CLEO-c data
o i — Theory
é’% 0.02}
CIMore studies of EMFFs on spin 3/2 baryon are undergoing: - . |
A(1232), A(1520), 2(1385), A%... ; __'___“"""T—'—W_————
Il|lllllll2llllll3llllll4 15

s [GeV?]
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Light flavor mesons

O Experimental information of ¢p(2170)
» Limited decay modes
» Inconsistence on Mass & Width

0 Theoretical explain of ¢(2170)
» s5g hybrid
> 23D, or 33S; s§
» Tetraquark
> Molecular state AA
>

O Rich vector resonances around 2.0 GeV:
» At BESIII, ¢(2170) is systematically studied

by K¥K=, K,K;, KYK i, ¢pn, K¥YK~n°...

> w*isobserved in wn, wr’m® and wr ...
> p*isobservedin wr®, n'mtr...

0(2170) width (MeV)

PDG2018

Mode

#(2170) DECAY MODES

Fraction (I';/T)

ete”

on

G

@ 15(980)
KtK—at#n~

seen

seen

K+K_f0(980)—> KTK ntn~ seen

KTK 7070

Mg KT K™ 1(980) — KTK 700 seen
g KOK*7x¥ not seen
Mo K*(892)0K*(892)° not seen
B —8— PDG 0(2170) ere =y, 0 080)
250 - e oy 0nT e =y KTK f,(980)
B ete — Ve 1 —— Jy = of“(l)mn
200
- | of"(980)
150 —
100 | —'I —
- '_E_'
*F $(2170) |

| I R

ISR S SN N ST ST N N N NI

0 L L 1 |
2060 2080 2100 2120 2140 21

60 2180 2200 2220 2240

®(2170) mass (MeV)
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o (nb)

ete” > K"K and K,K;

1 resonance observed in KK~ and K.K; lineshapes:

» Differs from the world average parameters of ¢(2170) over 35 In
mass and over 2¢ in width

» Interpreted as isoscalar : w*, ¢(2170) or isovector : p(2150)
» The width of I, ,Br of K*K~ is about 10 times that of K.K;

Width (MeV)

K*K~: PRD 99, 032001 (2019)

K,K,: PRD 104, 092014 (2021)

—.— PG &2170) «
209 [
[~ e
4 vy
200 [ -
150 - [
100 [— I :J‘
50| I
0 L | IR R S N MR S T NN S S N T A M P
1950 2000 2050 2100 2150 2200 2250

Mass (MeV)

2 . —$— BESII 008

: e" (@; BABAR 0.07 __ \ B
0.3 HE : 0.06 |— | —

N ELL E Mass 2239.2+7.1+11.3 2273.7+5.7+19.3

C AN m =2239.2 +7.1 MeV/c = | )
02 @ i %1 r=139.8+123Mev %rw oorE E (MeV/c?)

- S oo Width (MeV) 130.8+12.3+20.6  86+44+51
0.1—

' e g | TeeBr(eVv) 0.9+0.6+0.7

é 22 24 26 28 3 3.2 - 3.2
/s (GeV)
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ete” - KK n®

Oete” > K*K n® measured at 19 energy points
> Intermediate processes ete™ - ¢ K*+(892)K and K2+(1430)K are measured by PWA
> Improved precision for cross section of ete™ - K*K~w° and ¢r®

—. 400¢g 400¢
8 350f (a) + Baar 5z [ O z
& 300% } +BESIN = 300F :
« 25010 b i s
e |
L 200§ ” 200} J[
'T‘ 150 ]| M IT -f-BaBar 15 (Gev)
@
‘o 100} o 100 { + H
m SOE M dk@uﬂh = -L % BESIII
t 0- i
1 5 16 18 2 22 24 26
F(GeV) Is (GeV)
Mass (MeV/c?) 2208+19+24
Width (MeV) 168+24+30
G,.Br (eV) 12.6+2.4 1.0£0.3
161.1+20.6 7.1+0.9

K, (1430)K) (pb)

oM
(=]
=

o
B
o
=

‘. 200}

o(e
(=]

LR L B R R

—4— BESII Data
— Fit

JHEP 07, 045 (2022)

—4— BESII Data
— Fit

2 22 24 26 28 3
(s (GeV)

T

—+— BESIIl Data

(C) — Fit
===+« Resonance
inum

7
L
2

»'(1430)K) (pb)

Is (GeV)

! .‘":";--r--..... wl I *
22 24 26 28 3

K
—_
=]
o
=]

2

22 24 26 28 3
(s (GeV)

—+— BESIIl Data
— Fit

el T
22 24 26 28 3

(s (GeV)

The fitted mass is consistent with ¢(2170) and deviates from p(2170) and w(2170) over 3o
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ete” - wm

O ete™ —» wnm measured at 19 energy points
> Structure around 2.20 GeV observed in cross section of ete~™ —» wn%?, and in intermediate states
ofete” » wn™n™: wfy(500), wf,(980), wf,y(1370),wf,(1270),b,(12235)7

400
» BESII
— N —— Fitting
S 300[ T Continuoue
: - Interference
og -
T 200
3 C
T -
k) g
o -
o C
or
| I
2.5 3
/s (GeV)
Parameter Solution (a) Solution (b)
M, (MeV/c?) 2222 +7
[ (MeV) 59 £+ 30
b, 24+03 —-1.7+0.1
I7,Br(eV) 0.3+0.1 13.8 6.6
a(x10?) 1.34+0.2
b 50+0.1
Significance 536

0

0 and ot

wm®m®: PRD 105, 032005 (2022)
wmtr: JHEPOL, 111 (2023)

—=300

"_g_ . 2 '-gzw—
=100 (a) =asof- (b) =isof
S = Seof
g w N boEn . S
= 60 AR 2 150} 4 \‘\N :‘6“_:0—
;]; 4—*"'1']/ ™ — ‘o 100f | \ ? 80P
+2 40 I + ‘o 60F
g I ‘ | a sof — ‘o 40f
[=] (] m 20F
2.‘0 2.‘] 2 4 o 2.‘0 2.‘] 2.‘2 2.‘3 2.‘4 0 !
g 12f
f 101
E s
T ef
@
2.
%® sz :
oOF t +
2.‘0 2.‘] 2.‘2 2.‘3 2.‘4 2.‘0 2!] 2.‘2 2!3 2.‘4 2.‘() 2!] 22 2.‘3 2.‘4
Vs (GeV) Vs (GeV) Vs (GeV)
Parameter Solution 1 Solution IT
m, (MeV /&2) 2250 + 25
', (MeV) 125 4= 23
rse - Br(eV) 0.9 &= 0.4 52.9 & 17.0
¢ (rad.) 2.4 4+ 0.3 —1.8 &= 0.1
a(103) (pb'/?) 1.1 + 0.2
b 4.4 + 0.1
Significance 10.30 20




ete” o't

« ete” - n'mtm measured at 19 energy points, dominant component pn’

» Resonance structure observed around 2.1 GeV with significance over 6o, with parameters consistent
with e*e™ — wm” by BESIII 't PRD103 072007 (2021)

wm?: PLB 813, 136059 (2021)

@

L

L L

LI L

—»— BESIII

= 300F e~ BABAR E
2 r — Total fit ]
— 200 --- Resonance B Parameter Solution 1 Solution 2
o "o Interference Mz (MeV/c?) 2111 +£43 £ 25
AN et (MeV) 135 + 34 + 30
= 100 BpI'é¢ (eV) 0.64 + 0.49 + 0.42 2334+53+33
T [ ¢ (rad) 224 +0.73 £0.48 4.46 = 0.06 =0.10
o ok . n(n') 442 +0.22 4+ 0.20 (1.66 & 0.12 £ 0.07)
._g, - 1y i Co(Ch) 921 4240 + 114 (53.0 + 13.2 +0.1)

'100_| Jl.i.ll..ll..I.JI.Jl.Jl_

2 22 24 26 28 3 32 34
/s (GeV)

e More analysisonete” - nrtr~andete™ - n* '~ are undergoing
« The intermediate results will give an impact in the theoretical calculation of muon g-2
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Summary

OlInclusive measurement at BESIII show great potential
» R value has been measured with best precise in 2.0 to 3.671 GeV
> Inclusive ° /K production are measured with |Q?<10 GeV/?

OFruitful physics results of exclusive hadronic channels in /s = 2.0t0 3.0
GeV at BESIII

»SU(3) octet baryon: cross section near threshold, electromagnetic form
factor

»Light flavor vectors: improved knowledge for excited light flavor vector
states
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Summary

: Could affect the indirect and
Light flavor direct contributions in FF

vectors

Baryon EMFFs
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