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® Hadrons not point-like
® |nternal stucture

= Sum of valence quark masses not hadron mass
® |[nternal dynamics

Form factors as parametrization of structure

© and internal dynamics of hadrons

.
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= 8 -9 layers of RPC
= p>400 MeV/c

B JQRP=14~1.7cm
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t BEPCII

Operated at BEPCII collider in Beljing
m 2.0 <+/s[GeV] <4.6
= Design luminosity achieved
L£=1.0x10¥cm™ s at (3770)

10% g
: 4180
i y(3770)
103 é_ . o. e
Large data sets for Ty ¥(S) \(4040) XYZ
® Charmonium spectroscopy SRS .
. S - s e m, .
® Charm physics - F
= | ight hadrons 10 =
® T-mass and R-scan
PR NN T SRR S SR SN TN SR SN S S SR S R S R
730 3.5 4.0 45
E... (GeV)
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0SS Sections

® Exclusive Cross Sections ® [nclusive Cross Sections
® Direct scan ® Direct scan
e - e -
NG NG
L s = Ecy + LRy
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JG|u e Radiation

® Reduces effective CMS energy

Vs = \/5—2\/§E7

® Radiator function relates to non-radiative process

dOhad+y  2Mhad
— = W(s, E. . 0-)n;
dm,y . (57 v ’y)h d

. Q
® Emission of ISR suppressed by —
7

® | arge integrated luminosity needed for precision studies

= > 10 fb! at BESIII with 3.77 < Vs[GeV] < 4.6 = 10 § ;

8w’
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i

polar angle distribution of ISR photons (MC)

events/0.01

10°F

S

10° |

10°

L I L L L L I L 1 L 1 I

June 26, 2018

- I Lo |
-1 -0.5 0 0.5 1

cos(8, SH)

Tagged analysis

nt Strategy

® Detect hadronic system

= |SR photon detected
= Acceptance from 77~ threshold
= | arge background contamination at high+v/s’

= |SR photon undetected
= High statistics
= Acceptance for Vs’ > 1 GeV
= Small background contamination

Untagged analysis

%
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netic Moment of [

. _Gu—2
Muon anomaly: a, = 5
a, in units of 107*°
Standard Model 11659182.3 £+ 4.3  Dpavieretal. EPIC 77 (2017) 827
Direct Measurement 11659209.1 £+ 6.3  BNL-ES21, PRD 73 (2006) 072003
Difference 26.8 7.6
‘—» More than three standard deviations !
Indication of New Physics?
Theory uncertainty completely dominated New experiments at Fermilab and J-PARC
by hadronic contributions! aim at fourfold improvement of accuracy

Hadronic Vacuum Polarization

HVP (LO): (693.1+3.4) 107 epic77 ot ez
HLBL : (105 + 26) 10—10 Adv. Ser. Direct. High Energy

Phys. 20, 303 (2009)

Use input from experiments!

Hadronic Light-by-Light Scattering
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JG|u m Polarization

Related to hadronic cross sections by optical theorem

W(q}/v e>vCE
q e’ Dispersion integral :

1 ©.@)
hVP,LO _ e
a =13 / K(s)o(eTe™ — hadr)ds

v’
4m?2
1 N
= T K(s) ~ -
g 0L | (- Low energy contributions dominate !
E LI o(ete”™ — hadr) ~ -
= o100 s )
© 107° -
-6 - .,
10 E vy
07 | ahad VP sald VP KeK?
| \\‘ KtK~
W\

10 IIIIII| | 1 L1 1 II|

1 5 /5 [GeV ]

ata—aln

\‘ s
0
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Accounts for 75% of @,

hV P

T
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L R L T T T T T
= TOF » KLOE10 :—g N + OLYA  : KLOE10 ]
« OLYA » SND {1400 13/ = CMD ¢« SND
© CMD =+ DM1 E - M - CMD2  + DM1 ]
+ CMD2 - DM2 +1200 "%+ KLOEO8 ° BABAR —|
» KLOEO8 - BABAR 5 bl: 3 Average

Average ] 1000 _|
: 800] y -
“+ Lﬂmi 3 Py 5
H} \ ] 600 Saf, -
+ ‘L ; A r 1 ]
% 00
ST | B S S | o ey by by by b by
2 25 07 072 074 076 078 08 082 0.84
Ns [GeV] \Ns [GeV]

Cross selction(exp) / Combination - 1

systematic differences

KLOE and BaBar measure

—————
e'e =1

* BABAR
P IR R R

Comb
L

ined

06 0.7 08

0.9

T

\s [GeV]

1

Cross section(exp) / Combination -

T

» Good knowledge important !

Systematic uncertainties:

0.5%
0.8%
0.8%
1.5%

BaBar
KLOE
CMD

SND } Limited by statistics

ments dominate world average

——————
e'e -

C.F. Redmer - Hadron Form Factors at BESIII

§
AR +KLOEO8 = KLOE12
- - KLOE10 Combined 1
7| L | L L | L L L L | L L L L | L L L L B
0.5 0.6 0.7 0.8 0.9 1
Ns [GeV]

. hV P
» large uncertainty for @,
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JG|U

Phys.Lett.B753 (2016) 629

45;_ : — BESHIfit 7
= Tagged ISR technique - | +BESH

m 1, — wseparation with Artificial Neural Network .
= careful evaluation of systematics B
= Total uncertainty of 0.9% achieved 15 BES]
_ 10F - E
u D0m|nated by SR TS S - 1
. . Is' [GeV]
= Luminosity (0.5%) s e T
® Radiator function  (0.5%) °-‘§ i igees -

0.05+— % 7 J
T ¥

7 AT i'vl [ st I u"vi'ﬂ s T

i e AR K AT AT L Sl Nt |, |

dl..vl.i,i',lgl il'l:l m:.--.llulhul iwf!ﬂ!'i'm_ilﬂﬁi PR Se! (LA
1 I |

|F [/ BESIII fit - 1
o

= evaluation for 0.6 < m.., < 0.9 B
m 70% of total 21t contribution HE ORI R RN

= 50% of a;" “contribution SHNIRING IolooVi e e 0
. Than 3

: : - 03’4“%%%&%&% Liidl. Hlu & :
Comparison to previous measurements: N WWTWTMTTM?; *?#;igwl i%' if
Systematic shift in pion form factor Rt * ﬁ ﬁ# !

= below p/w interference w.r.t. BaBar 017 .
= above p/w interference w.r.t. KLOE AR AN SRR N A |

\s' [GeV]
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e KlOE0s 368.1+04+23:22
. BaBar09 376.7+2.0+1.9
. KLOE 10 365.3+0.9+2.3+2.2
. KLOE 12 366.7+1.2+24+0.8
. BESIII 368.2+2.5+3.3
- (/- S E—:

a;™-°(600 - 900 MeV) [107]
Ablikim et al., Phys.Lett.B753 (2016) 629

® Precision competitive to measurements by BaBar and KLOE

® Good agreement with all KLOE results

theo,SM

m BESIII result confirms a,

exp
a, > 30

hVP

® Reevaluations of a M

including BESIII result improve accuracy by 20% _., ., (2017), 820
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JGU Form Factors

BESIII: Time-like EM form factors (EMFF)

(+) ‘

' = Hadronic vector currents - (2s+1) EMFF
e[

£ = 2 EMFF for baryons

§ = Pauli and Dirac FF

N 2\ 10" q 2

Annihilation " =~*Fi(q°) 9 MBV Fs(q
q2
= Sachs parametrization:  Gg(¢?) = Fi(¢?) + Fy(¢?) Gu(q?) = Fi(¢®) + Fa(q?)

AMp

doBun = a?B2C

. : . 1
= Differential cross section: [(1 + cos? 05™M)|Gar (¢)? + =|GE(¢?)? sin? O5M
T

dQ  4¢?
_ Ara?B2C 1
= Total cross section: OB = 3q§ [!GM(QQ)\2 + Z‘GE(C_F)P
2 opB"
= Effective EMFF: Gerr(¢7)] = iraZEC - assuming |G (¢°)| = |Ge(q?)]

(1 —|— %) 3q2
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JG|U F from Scan

ElllIIH.'llllu.lnll;'B'EISII.I]llll
® ‘pilot scan’ analyzed 2 % j ot T e
= 157 pb-t at 12 scan points 2232.4 < Vs[MeV] < 3671.0 T 10° 3 ? N {_T# . ZEL::SE E
g ﬁ- & E760 ]
= Two tracks, PID by dE/dx and TOF 8 | +t&+++ o E835 1
10 =
. . . w C e 3
= Kinematic constraints to reduce background 8 | ﬁ:‘q: — ]
o |
1 t 4
i '
I ST TN T T T T T T T T A A L1 L 1]
Born _ Nobs — Nokg 22 24 26 28 30 32 34 36
/ﬁs(l + 9) M (GeV/c?)
‘\ LI | LI LI | LI LN I D I I B | I
luminosity \ rad. corrections *oL: | | | | * BESII .
efficiency s +*  BaBar
+ o BESI
_107F *+ . * FENICE =
. . O - - 7
= Cross section and effective EMFF g f T Yl \ o0 ]
o e | W ems ]
® Good agreement with previous measurements g I u - |
m QOverall improvement of uncertainties by ~ 30% - ! %: |
lis
10.2 -_l TR TN T [N T W NN TN T TN N TN T T N O SO T Y N 1 1$1 [iﬂl' -1:
Phys.Rev. D91 (2015) 112004 2.2 2.4 26 28 30 32 34 36

M,(GeV/c?)
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JG|u FF from Scan

Extraction of EMFF ratio R = |Gg|/|Gwm| at scan points with largest statistics

12011 11T 60— 70:"'"'|"'|"'|"'|"'|"'|"':
100F 2.2324 GeV - 503_ 2.4 GeV _ 60 (3.05-3.08) GeV E
N ol T I: | o 50% :
o sof’*\ ——4:1’_;& S 40 P .
-~ 50_} —1 _ ~ 30?"‘ —~ B — 1 3
7] - .. ] 0 r 7} C ]
E : el R ] E . *GC-J' 30 E
S 40 - S 20¢ E > 20 F =
L L. ] w F ] w F 3
20 et T ] 10 eI e, 10F L 3
%8 06 04 02 00 02 04 06 08 %8706 0402 0002 04 06 08 %8706 04 02 00 02 04 06 08
cos6), cosf, cosf,
- Phys.Rev. D91 (2015) 112004
Vs (MeV) |G /Garl |G ar (x1072) y ( )
Fit on cos @), 3 P
2232.4 0.87+0.24+0.05 18424509+ 0.98 18E « BESII 3
2400.0 0.91+0.38+0.12 11.30+4.73+1.53 “F & BaBar 3
(3050.0, 3080.0) 0.954+0.454+0.21  3.614+1.71+0.82 16 3 TL PS170 E
method of moments 1.4 E #— “}L E
2232.4 0.83 +0.24 18.60 + 5.38 EE 1.2F | ‘ ‘ =
2400.0 0.85 + 0.37 11.52 + 5.01 =, 1.0F i | 3
(3050.0, 3080.0) 0.88 + 0.46 3.344+1.72 O os8F ‘ ‘ =
0.6F =
. . . 0.4F -
= EMFF ratio consistent with 1 0.2F E
. P BN B B N B B
= Agreement with BaBar measurement 0055022 24 26 28 30

2
= BESIII result statistics limited M (GeVicT)

= New high statistics scan data under evaluation
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m 7.4 fb1at3.773 < Vs[GeV] < 4.6 analyzed
® Both ISR analysis schemes exploited!

Tagged [large angle(LA)]
= Two tracks, one cluster
® 4C kinematic fit
m 5C veto fit with additional ~

Determination of EMFF ratio:

® Tagged: 6 bins in 1.877 < Vs[GeV] < 3.0
m Untagged: 3 binsin 2.0 <Vs[GeV]<3.0

= Competitive accuracy
= Agreement with BaBar and BESIII scan

FF from ISR

Untagged [small angle (SA)]
® Two tracks, PID by dE/dx and TOF

= Small polar angle of missing momentum

= Missing mass squared

- A BESII Preliminary (ISR-SA)
— v BESIII Preliminary (ISR-LA)
- BaBar
B PS170

FENICE+DM2
* EB35
+ BESII

June 26, 2018 C.F. Redmer - Hadron Form Factors at BESIII QCD@Work, Matera
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F from ISR

Effective Form Factor

1000 B a BESII Preliminary (ISR-SA) o 071 : E§§O°
. v BESIII Preliminary (ISR-LA) el | : gmm\‘
B + BESII C i EmloE
o 8001 BaBar osf | @‘
--9-- : - Fenice Eo @&R (LA)
C - ] DM1 0.4:— :*w \\ ° geg?l? Fslpécan
9 600_ - DM2 E ii ‘e o BESIIIISR (LA)
o - ~ BES 03F [ Hi | \?
@ i v CLEO 02; Wi,
wn B + ADONE73 2 Nt o,
2 400_ ‘ « CMD-3 0.1$ . {
o - - i g
O 200F ﬁ*fj]
- 0.45
B . - BESIII Preliminary (ISR-SA)
0_|4|. L |6| L |8 |10| 12 14| 1 |1|6 0.4_— gEgl“
- aBar
*{(GeVIo)’ 3 e
q [(GeV/c) ] 0.3F ~ PS170
- E760
: . —. 025K DM1
® Measurement of cross section and effective EMFF % c DM2
= Tagged: 31 bins in 1.877 < Vs[GeV] < 3.0 S o 2; - BES
= Untagged: 30 bins in 2.0 < Vs[GeV] < 3.8 0.15F ‘ ADONE73
0.1F o,
= Consistent with previous measurements 0.05F e T
® Untagged ISR competitive in statistics with BaBar T s e

4 6 8 10 12 14 16
q’1(GeV/c)]
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JG|U ective Proton FF

Effective EMFF as a function of three-momentum of the relative motion of the protons

. . . O
" Damped oscillation pattern in F%¢ = ‘Geﬂ’| —F A. Bianconi, E. Tomasi-Gustafsson

Phys.Rev.Lett. 114 (2015) 232301

m Fo: regular behavior of |G.4| over long range of M5 Phys.Rev. C93 (2016) 035201
W E 0.06
035_ a BESIII Preliminary (ISR-SA)
F 0.04 v BESIII Preliminary (ISR-LA)
02
0.15— 0.02 L
g |
C 1 | 8 ™
0.04F w 0 + g
002t -0.02 N
(=] uf_
002} -0.04
-0.043—
PN S [ SN S SN S N TR S SR N S S S T - |III|IIII|IIII|IIII|IIII|III
0 1 2 p [GeV] 0'060 05 1 15 2 25 3 35

P [GeV/c]

m Observed in BaBar results of |G|
® Confirmed by BESIII result
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JG|U Jerons

Phys. Rev. D97 (2018) 032013

ete” — AA

T T T T T
. 10°F (a) 2 E
® Four scan points: 2232.4, 2400, 2800, 3080 MeV ¢ & * E
= 1 MeV above threshold: A — pr, A — fr° 8 [ 3"% gsz =H T
= 10°F # S " 13
. . . . c E - , 1 3
® |ndirect reconstruction (nucleons stopped in beam pipe) .2 - = w0 h}_% .
_ (&} L _T'\\ AKX threshald |
m Other: A = pn,A — pr™ 3 10E . .
2] 3 s 3
- N 5
. . . 1FE \""‘x E
® Cross section and effective EMFF determined E) L R T I

1.0 1.2 1.4 1.6

M,.-._K’fMthreshold

= Unexpected enhancement at threshold! 1
i (b) i o8f ' 7

g ]
s EUE_ l 1
b D o4f 1 3
_ w f ot +
V'S (GeV) Lo (pb™H N o e(l +8) (%) a® (pb) |G| (x10-2) . " . ' 1A
22324, 2.63 43+7 12.9 31245147 o - 0.0 1000 1,008 .
2.2324, 2.63 2+6 8.25 288 + 9616 5.4 .‘k* M Muesnas
2.2324, 305 +£45'%° 61.9 465! Q@ 10 2 - E
2.400 342 45 £7 25.3 128 £ 19 = 18 127+£09+09 L C _?"‘ i
2.800 375 B+3 36.1 148 +52+1.9 410072 +£0.26 B '""h.*_‘ 1
3.080 30.73 13+4 24.5 42+ 12205 2294+033+£0.14 - AT’ | = ~— -

.0 N B TRt

10° 70 1.2 1.4 16

MAEthreshﬂld
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JG\U JEIronNs

+,— +A-
ete” = ATA,

® Four scan points: 4574.5 , 4580.0, 4590.0, 4599.5 MeV

= 10 Cabbibo-favored decay modes (+c.c.) Phys. Rev. Lett. 120 (2018) 132001
4{'}0 — T T 'E L
® Cross section as weighted average [ ee oAk
[ —e BESIII data : ]
= Plateau at threshold observed 0w Belb e B
. : |~ PHSPmodel ]
= Tension with Belle result 2 gl Tweshad  FF 7 | +
o -
100 - _
= EMFF ratio extracted for the first time! B
L R N N |
: . . . : r . . . 0 4.56 4.57 4.58 4.59 4.6
400 £ : : s (GeV
g 300 ] g 6000 m '8 (GeV)
D100 4574.5MeV | D200 45995 MeV
e S T ST AR Ge/ G
cosh, cosh, 4574.5 —0.13+0.12 4 0.08 1.14 +0.14 £ 0.07
) ’ 4599.5 —-0.20 £ 0.04 £+ 0.02 1.23 +£0.05 £ 0.03
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JG\U erons

= \Weak decay of A self analyzing: Access to phase information!
® High statistics sample at 2.396 GeV
mete” 5 AA 200,

® Four charged tracks, PID by momentum

100

Events / 1MeV

B Mass windows to select A

oK U a2 113 97 T a2 1.13
M(px) GeV/c? M({pr*) GeV/c®

[ | O_BO’I”’I’L = 119 O :I: 5 Ssawﬁ%syst
® [Gogr| = 0. 123‘?—,1501\8038tat 1 0.004,s¢

= Compatible W|th previous measurements by BaBar and BESIII

= Relative phase from fit to decay distributions
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se of A EMFF

%;(g) :%(é)_{_n%(é) Faldt, Kupsc Phys. Lett. B772 (2017) 16
a3 (F1(8) + VT 7 cos(a®) T3(8) +1.%(8))

+oav 1 — nESiI'l(:ﬁ(b) (37;,(5) — ﬁ(é]) i ‘>_/(;1-‘Pl)
P nwATp
) =1

Zh(&)

Z1(E) =sin”@ sin @) sin 6 cos @ cos Py +cos-0 cos B; cos B + A/' 0
(&) —sinOcos O (sin G cos €, cos ¢ + cos O; sin 62 cos 1) € )
Z3(&) —sin O cos O sin @y sin ¢ :,T+_;/E

Z3(&) —sinOcos B sin B, sin ¢

Fs5(E) =cos’ 8 K’,(ezrﬂpz)
Zo(E) =cos B) cos B, —sin” > @'sin 0 sin @, sin 0; sin

2

Unbinned maximum log likelihood fit with relative phase A® and n = i s
100 7-

soF

as free parameters

R =094+ 0164, + 0 o+ 0.02,,
(@] ‘ O
|A(I)| = 42 %@a’c i syst + 6aA

60[-

Events/0.02

40

20

s 8 >

<sin@sing -sind,sing >
= [=]
o B %

[ T T

0 1 1 | Y AN S S T SN ENNT SN SN TR SR NN SU SR SR S NN S S S
=1 .5 0 0.5 1 - -0.5 0 0.5 1

c0s6, cos8, First measurement!
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JG|U mmary

® Form factors contain valuable information on hadron structure

m BESIII perfect laboratory to study hadron FF’s
® Scan, tagged, and untagged ISR

EMesons

= Important input to calculations of a;""

® Precision measurement of eTe™ — 7"

T Phys. Lett. B753 (2016) 629

' 7SR o e L | S e R B | W '
= Higher multiplicities (777~ 7%, 777~ 7%, ...} in internal review

mBaryons
y Phys. Rev. D91 (2015) 112004
® First measurements of p, A, A, Phys. Rev. D97 (2018) 032013
® |ntriguing enhancements at threshold Phys. Rev. Lett. 120 (2018) 132001

m Oscillating behavior of p effective FF

® High statistics scan data available
® First measurement of relative phase of EMFF in A
= Measurements of nucleon (p andn!) form factors in internal review

® Prospects for A Potential energy upgrade of the accelerator
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