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Beam energy 1.0-2.3 GeV
Energy spread: 5.16 x 1074

Deéign luminosi‘ry‘/ .
1 x 1033/cm?/s @ y(3770)

Achieved luminosity
~0.85 x 1033/cm?/s
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Compton back-scattering
for high precision beam
energy measurement

BESIII is here

Aug.7, 2015, Kunshan ﬁﬁ Huang: Form factor & Collins effect

Beam energy:
1-2.3 GeV

Luminosity:
1x1033 cm-?s

Optimum energy:
1.89 GeV

Energy spread:
5.16 x104

No. of bunches:
93

Bunch length:
1.5 ¢cm

Total current:
0.91A

SR mode:
0.25A@2.5GeV
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NIM A614, 345 (2010) BES]]I

The BESIII Detector

Super-conducting
magnet (1.0 Tesla)

Drift Chamber (MDC)
op/p (°/,) = 0.5%(1GeV)
G ge/ax (/o) = 6%

Ly
=

Counter
8- 9 layers RPC
OR®=1.4 cm~1.7 cm

Time Of Flight (TOF)
c;: 90 ps Barrel
110 ps endcap

EMC: GE/VE(/,) = 2.5 % (1 GeV)
(Csl) Gz’d)(cm) =0.5-0.7 cm/VE
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The BESIII Collaboration

Political Map of the World, June 1999 http.//bES3.lhep.ac.cn
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&/ BESIIlI Data Sets BES]]I

 July 19, 2008: first e*e collision event in BESIII
* Nov. 2008: ~14M y(2S) events for detector calibration
-2009: 106M y(2S), 42pb'@3.65GeV
225M J /vy
-2010: ~0.9 fby(3770)
«2011: ~2.0 fb'y(3770)
~0.5 fbl! @ 4.01 GeV
*2012: tau scan: ~24 pb; y(2S): 0.4B; J/y: 1B; J /vy
scan; R scan (2.23, 2.4, 2.8, 3.4 GeV): ~12 pb';
« 2013-2014: ~5.0 fb'! @ 4.26, 4.36 GeV, ..., 19 points for
XYZ studies; ~0.8 fb! R scan in 3.8-4.6 GeV, 104 points;
«2015: ~0.5fb'in 2-3.1 GeV, 20 points; 0.1 fb! Y(2175).
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World’s largest samples

3.5XCLEO-c



&) New scanin 2 — 3.1 GeV BES]]I

-El‘m E!.?i L;a'rrﬁﬁ:’ll(.::’ll g Lbeam ) PIII‘]}{)SE}
(GeV) | (GeV) | (pb™!) | (days)
A 2.0 =>8.95 14.6 Nucleon FFs
e 2014.12.30-2015.5.1; 2.1 108 | 1438 Nucleon FFs
2.15 2.7 2.29 Y(2175;
. 2.175 10(+) 8.5 Y(2175;
* From hi g h to |OW; 2.2 E 1 | Nucleon FFs, Y(2175)
22324 | 2.2314 11 4 Hyp threshold (AA)
2.3094 | 2.3084 20 16 Nucleon & Hyp FFs
. [ ] o I
Ad d e d 2 . 05 G eVI Hyp Threshold (X°A)
2.3864 | 2.3853 | 20 87 | Hyp Threshold (X°%)

* 20 energy points, L Hyp FF:

2.3960 | 2.3949 =64 27. Nucleon & Hyp FFs

=1
20

tOta | on I i ne Hyp Threshold (XX )
2.5 0.4895 8h R scan
1 1 -1. 2.6444 | 2.6434 65 18 Nucleon & Hyp FFs
I uminos Ity 5 2 5 p b ’ Hyp Threshold (22 )
2.7 0.5542 | 4.2h R scan
* Allows for form factor | == 06136 | b R scan
2.9 100 18.5 Nucleon & Hyp FFs
measurements, e S R M S
2.981 15 2.8 Me 5 My step
: 3.0 15 2.8 Mpp step
threshold studies, ... e R o
3.08 120 | 13.2 )} Nucleon FFs (430 pb™')

Aug.7, 2015, Kunshan 6-month plan, finished in ~4 months. 8



 Fundamental properties of the nucleon
» Connected to charge, magnetization distribution

» Crucial testing ground for models of the nucleon
internal structure

» Necessary input for experiments probing nuclear
structure, or trying to understand modification of
nucleon structure in nuclear medium

* Driving renewed activity on theory side

» Models trying to explain all four electromagnetic
form factors

» Trying to explain data at both low and high Q?
» Progress in QCD based calculations
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Electromagnetic Form Factors

eN — eN ete™ «— NN, AN, ...
Time-like:
Space-like:
EF real FF complex

Vector current, two form factors (F 1 and Fz)

Jiqx

/ 2 K 2y - v
. =eu(p )[Fi (q))7'u+mf2(q2)ig;wq Ju(p)e

Dirac Pauli
Fl(¢®=0)=1 3% =1
Fi'(¢*>=0)=0 F3(q%) =1

Sachs
Kq® _
Gp=Fi+ 355 Gy = Fi + kF;

GE(4M3) = GM(4ME)
Aug.7, 2015, Kunshan G.S. Huang: Form factor & Collins effect 10



There have been many measurements of the proton form factors in the space-
like region. At JLab, the proton factor ratio was measured precisely with an
uncertainty of ~1%, based on which the proton electronic and magnetic radii
could be extracted.

Earlier measurements
Punjabl et al,
Crawiford et a, Sick
Paolone st al,

Hon et al, (uodate)

JLab

105

=
]
e
[ ]

Bernauer et al. o

100 =
hE I I
< JLab 'y
#m 095 . | !
=~ Il e I I
o N b

) r CODATA ._;_-*_;_.

0.90 Miller LECBM i |

Balfi e1 al. PFCCOQM
Faessler e al, LOQM

Pohl et al. #*

1 1 1 | 1 1 1 | 1 1 1 | 1 1 i 1 | i 1 1 1 | 1 1
I 'ﬂ.l.: Mnllu v HII. I I | I —I—-——-I I'pdaledlglnhlal Fit , ,l L {]82 0;8"1 0‘86 [}88 ﬁ‘}[}

L1 1 ]
0.0 0.2 0.4 0.6 08 Proton charge radius [fm]
Q* [GeV/c}

0.85+ Belushkin, Hammer & Meissner  ——-—— Friedrich & Walcher G
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. do a3
Eep: — =
df) ds
Gl
Ge(q)| =
Most experiments assumed G.=G,,:
dra® 3 2M*= .
To=——(1+ )G (s)[*
- s S

1 - O EFeolisasy
F 4 Eman(ieead
s =¥ ph
m W1 /Do a7
A D200 9AX)

% + FENICE(1904)
=« BES
?\ H» —  fitting PACD G{a)
?kﬁ

" QCD predict |
'"’_n__ _ _';1

C -['-_1-'-.!-:.'1 —

C G ()] s2In*(s/A%)

19

L L L
-] 7 B 2 1o

.'. 5
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[Ge/Cyl

1.5

0.5

D _I 1
20 ) 2
G.SsganayForm factor & Collins effect

1+ (¢* — 4Mr2 ) /q5] 2

Gu(a)|[1+ (¢° = 4M;) /ai] ™

; . J- P r:-
Cl|Gar(5)|*(1 +cos?8)+ —|Gg(s)|*sin” ]

Only two experiments measured

|G¢/G,,|, with inconsistent results:

L | —.—
LY

i
}

® BABAR
¢ PS170

The precision of BaBar -
is 10%~24%.

2.25 2.5 2.75 12
q (GeWc)



How to measure TL Nucleon em FFs

® Extraction of R = |G_/G,,| independent from normalisation through angular
analysis

Gu(@®| [(1 +cos’6) +R_ 2 Lsine

em T

dG 2
10 (g°,0)

= Ge(a%) / Gy(@?) | T = 4m*/q*
g? : 4-momentum transferred by the virtual photon
0 : polar angle of nucleon at the CM

We need to collect data at different Vs of the collider and fit with:
f(cos@) = Norm -[tau (1+cos?0)+ R, -(1-c0s?0)]

@ Extraction of |G| and |G,,| with the knowledge of the absolute normalisation
(Luminosity, rad. corr., systematics, etc.)

_(ql g) = QJ'BC [(1 + cos? E) |GM(42)|2 + %s.in2 9|GE(q2)|2

/
|G| is supressed at high s by 1/s !!

Aug.7, 2015, Kunshan G.S. Huang: Fotm factor & Collins effect 13



Phys. Rev. D 91, 112004 (2015)

Analysis Features:
* Radiative corrections from Phokhara8.0 (sc

* Normalization to e*e” — e*e’, ete” >yy
(BABAYAGA 3.5)

* Efficiencies 60% (2.23 GeV) .... 3% (~4 GeV)

* | G/Gy, | ratio obtained for 3 c.m. energies

an)

L o

Form factor

1071 - <+ o BESII
" ++ # FENICE
[ +¢+ x CLEO
- + + A E760

++ O E835

11

e,

22 24 26 28 30 32 34 36

Mpﬁ(GeV/cz)

G, /Gyl

1.6
14

12F
10E
0.8F

0.6
04

= Proton Form Factors from 2012 test run

BESII

E../GeV L./ pb?

1.8

2.23 2.6
2.40 3.4
2.80 3.8
3.05, 3.06, 3.08 60.7
3.40, 3.50, 3.54, 3.56 23.3
3.60, 3.65, 3.67 63.0
- | |
- o BESII -
o & BABAR K
__J ++ PS170 _
| + l E
| l ]
3 ’ T ] :
3 | 1 1 | ?
20 30
Mp_p(GeV/cz)
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BESI

~— Proton FF: expectation from 2015 data

Based on the new scan data in 2-3.1 GeV:

(GeV) (pb—lj qE; 164 . Babar 469fb™ data (stat)
20 3 05 9.2% 3% 9% o . B . BES3 energy scan 2-3 GeV proposal
. . &S0 0 0 1.4—_
2.1 10.8 10% 3% 10% i
2.2 13 9.5% 3% 11% 121 ‘
2.3084 20 9.7% 3% 10% L { ][ H J} a !
2.3950 35 8.8% 3% 9% - T [
2.644 65 14.6% 5% 16% 0.8 | |
2.9 100 24% 15% 6% 25% o6l ., ., . 15%
3.1 150 ~ 35% 8.5% 35% 1.8 2 22 2.4 2.6 2.8 3
’ ’ - m_. GeV/c?
pp
O|Rl/IRgyl — 9% - 35% Will top BaBar result

3IGIIG,,| ~ 3% -9% [ First time extraction without any assumption!
O|G|/|Gg| ~ 9% - 35%

Aug.7, 2015, Kunshan G.S. Huang: Form factor & Collins effect 15



form factors

Two measurements: Fenice with 74 e*e- — nn events and recently SND

N = SND (2011) FENICE: Assumption G, = 0,
E 2 | © FENICE (1988) - SRR
s b motivated by angular distributions
I } } of nn events;
T Result from FENICE
“? 1 1 Nucl.Phys.B517,3(1998);
T SND preliminary Confirmed by SND (two years a
osk - +hs 5 eCONF110613(11);
V2 (GeV)
0.8
2 ok No Coulomb * FENICE
E 0.65— correction e extr. from GM
S - |GF(a?) - Qg/Qul Goal: extract em form factors and ratio
S o ||N for the first time with an uncertainty
ERCEI M as similar as possible to the proton case
< azf
0.15— e
0" I3|5 -:I 4.5I .IS | 55 tIS
g% GeV/c

Aug.7, 2015, Kunshan G.S. Huang: Form factor & Collins effect 16



BESII

Hyperon TL Form Factors

Key question:
“What happens with the baryon structure when
a light quark is replaced by a heavier one?”

Hyperon

4 N
@ ‘ 0 @ P £ =
0‘ -7 0 @ FW My ‘n ) ;xp .- =0
@ e @ ‘ B )

Sroton (p) Lambda (A) Xi () /
%9 (2a \ /
@ @ 1318MeV { - - a5=2

Neutron (n) 9 Sigma (%) Omega (Q2) D 0=-1 Q=0 O=+1

+

Spin > SU(3) octet

Aug.7, 2015, Kunshan G.S. Huang: Form factor & Collins effect 17



© Example: ete>AA BESI

Cross section and effective form factor from 2012 test run

~ 7 7 | I B T [ —r r 1 ' r r T ' r " ' T '3
2 »so—| - BESII = ME’ - BESIII E
= : > 0.6 =
.g 300 ;— * BaBar E - = BaBar 3
2 250§—H DM2 20 E
2 200F =04p E
S 1sof ++ - 03F E
S e Y : 1 _
100 ,H’ 02F '} 3
= - ]
sg_ +_+_+' 0.1F tl**++ 3
T 0.0B———I— S SR
M, _ (GeV/c) M _ (GeV/c)
o35
C ® BABAR .
s | Expectation from the new
3= < BES I, if R=1 .
- o BES I ifR=2 scan datain 2 - 3.1 GeV,
250 \ ¢mm R=|G./G,,| can be measured
| % } at several points and with
: unprecedented precision.
1.5
i % $ % We shall also be able to
ok measure efe > AX0 Y030
F | | | | 2, 22T, etce.

2 23 24 25 26 27 28 29
Aug.7, 2015, Kunshan Ein GeV 18



Y BESII

Initial State Radiation (ISR)

Rev. Mod. Phys. 83, 1545-1588 (2011)

ISR spectra measured by

0 C
H ;1035—
g+ Hra Yisr €
1077
w
Ecm Miadr @
Hadrons ° F
e 1=
* Needs no systematic variation of _1:_
beam energy 10°E
* High statistics thanks to high 102
integrated luminosities

* Precise knowledge of radiative
corrections mandatory (H,,)
-> Entire E range <E_,, accessible
PHOKHARA event generator, Czyz, Kuhn, et al.

Aug.7, 2015, Kunshan G.S. Huang: Form factor & Collins effect 19



Ldt (pb’)

Aug.7, 2015, Kunshan

Data Samples for ISR Physics

10°

10°

Integrated luminosities at BESIII
B I HL v "'.ILD(3'77O)I"' "I':

] XYZ !
— P(2S) ¢ . =

{)(4040)

3 32 34 368 38 4 42 44 48
E... (GeV)
+ _
* T Yisr
o T %r
* PDVisr

Yisr

ISR luminosity = Ldt x H,_4

adrons

BESII

T T 7 T | L

— BABAR (500 fb™)

— BESIII
Ecpv >3.77 GeV

G.S. Huang: Form factor & Collins effect

n—
E.,. (GeV

“—'m I L it
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© IR Analysis: e*e™ — 'y cp BESII

Event yield after acceptance cuts only
The most relevant Channel

>
- 25000 — , vy MC
- KLOE and BABAR dominate the = | ' 0 oY MG
world average Ry - 4 :;:;
- Relatively large systematic %2““““__ .
differences, esp. above p peak > i ]
] had - a
Knowledge of a,"* dramatically 15000 .
limited due to this difference i [ L I
1unun_— ﬁj L<—
5 i |1 initial publication
- 02f T e [ &/ | 600-900MeV
£ b BABARFit § |- [%% 1
= UF © KLOEO5 7 %001~ |
:::l: 0.1E + KLOEO8 i L
3 - - + KLOE10 .
0'05: _d"""»'- . KL0E12 _: u_llllllllIIIIIIIIIIlIIIIlIIIIIIII|IIII
0 1 "o 0.5 1 15 2 25 3 3.5 4
T Tadbbtalel] = Features: m,. [GeV]
-0.05 %— | =
JT . * (3770) data only (2.9 fb?)
'0'15 ] * no dedicated background subtraction
0I5E" Note: KLOEOS5 super-seded by KLOEOS E * tagged ISR photon
-0.2 bbb o e o e o e s - large statistics of e*e" > nny events
05 055 06 065 07 075 0.8 085 09 095 1

—> background dominated by ete” — uuy

- data — MC differences visible
Aug.7, 2015, Kunshan G.S. Huang: Form factor & Collins effect 21
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) Measurement of u*u-y. Data vs. QED BES]]I

Event yield puy after n-u separation and
all efficiency corrections

- -
2 9000 — -
@ TN
IEI ?Dﬂﬂf_ - M HT
s b + data
5“'““;— Features:
"mé_ * background from mmy very small
40001 * PHOKHARA accuracy <0.5%
2000 | * luminosity measurement based
1000 on Bhabha events, 1.0% accuracy
o= 1I IIS — i 2|5 n|1 I[-EIE'U]
2u
aAp— —— 7 excellent agreement with QED
:-:Em TRl =TS >
1.2~ £ e A(MC QED'data -
B PR TAN o
= n; e AL Lo LR L 2 o L (0'51 T 0'28) %
B B e e
::E_ ................................................................................................................................................. —> accuracy on 1% level as needed
ﬂ‘.E: i i i il i i i a L i L " M L i i i i L i i i a 1 i L

to be competitive !

Aug.7, 2015, Kunshan G.S. Huang: Form factor & Collins effect 22



O'(e e~ — 7 )and form factor

arXiv:1507.08188, submitted to PLB a few days ago.

BESII

D
a" LC‘[ED{J 900 MeV) [107"7)
Aug.7, 2015, Kunshan '

G.S. Huang:

Form factor & Collins effect

agf— T T L LA L 15— ' L -

= .ﬁt&. _+_ BESII =1 : — EESIN i :

va00— i&’ﬁgf "f‘, KLOE 08 - aof- T e =

= C " \~ KLOE 10 ] - — vier E

iﬂ 104]4}:— ¥§ ‘|:' KLOE 12 _: :35:— : BESIN _:

.-E B *tto- * —— BaBar 5 anf— =

F s .pfﬁ *'-’-"."i:“ f cmD-2 - o F i

IT. : j;}.i ¥1-:* : 255 E

o T “,p&*' *, ] anf— —

EH N ¥ 7 E 3

L N - o E

2“?};_' : : ID&E ’ GI]' : !‘E Dlﬂ ’ DlﬂE ’ &f '}; 0.Ees 0. ! 0.73 : : : : [1:} : : 0.83 : : : (18]

N L Em N L LA
BaBar Exp. auZ“'LO (600 — 900 MeV) [101°]
—_— KLOE 12 BaBar 376.7 Z'Ostat + 1'9sys
KLOEO8 368.9+ 0.4, 2.3, +22 .
—_— KLOE 10
KLOE10 366.1+0.9,, %23, 04 2.2 o
- - KLOE 08
KLOE12 366.7+1.2,,, +2.4, +08 .
. BES BESII 371926, +52,,
J60 I I -3-E|i5 S I : * ﬂél:l — I‘ = 39||:| = 385
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— Meson Transition Form Factors

F(Q,%.Q5%)

Important to (g-2), HLbL.

Extract Space-Like FFs using y y * — P

Selection criteria Single Tag Method
e 1 electron (positron) detected /
e 1 positron (electron) along beam axis (p)

* Meson fully reconstructed

= cut on angle of missing momentum

Form Factor ', n,n
F(Q%) $ 77

Momentum transfer
* tagged: Q’=-q,>=-(p-p’)?
— Highly virtual photon

* untagged: g% =-q,2~ 0 GeV?
- Quasi—real phOton EKHARAIeveEt generator
zyz, Ivashyn

Aug.7, 2015, Kunshan G.S. Huang: Form factor & Collins effect 24



— Existing Data on SL Transition FFs

BESII

ete” vete n?

S! 0.3_\ T | T TTT | T T | T 1T | T 1T | T T T T T I_
O B — T
O I i
—0.25~ l —
g r | ]
o | ] ++ l ]
- 02— + ]
o {+++41
C ol gt ]

0.15 “'l —
3 ;
s CELLO -
T —~+ CLEO ]

0050 —+ BaBar b
Belle ]

O |1 i | | L 111 | || | || | || | L 111 | L 111 | [ 11 I_l

GI) i 5 10 15 20 25 30 35 40

o Q? [GeV7]

initial BESII| publication
< 3.1 GeV?

Aug.7, 2015, Kunshan

G.S. Huang:

Features:

* recent high-Q? data from BABAR and BELLE Q?> 4 GeV?
 above 1.5 GeV?data from CLEO
* below 1.5 GeV? data from CELLO, very poor accuracy

- low Q? range not covered
most relevant for HLbL contribution to (g-2),
—> most relevant channels: 7°, n, ', ©rw

+ - + -
e‘e” >e‘e n

S O3 T T
> ]
o)

—0251 -
2

'

NI ]
o bbb
PI] CELLO

0.1

& + CLEO

0051 + BaBar

O%I\ ‘ \‘\\ ‘\\\\ll\\\‘\\\\ll\\ ‘ \\I%
0 5 10 15 20 25 30 40

Q? [GeV2]

Form factor & Collins effect

0.25

QF(Q%)] [GeV]

o
N

0.05f

ee éeen

;h +
o E

0.15-

T |\Hi

+I+
%r++l

0.1

CELLO
+CLEO
+ BaBar

o b b b b B e e

15 20 25 30 35 40
Q? [GeV?
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© BES Il Analysis: ete~— e*e™ n¥ BESI

Only,
0.35 Cshp —
- r
% - ed errorb OWI)
(.') - COf‘re Ve, ars
g 03¢ CELLO 91 BES///Staiéd to
— - IStjc . :
“gn_%z B - Full Simulation
- ' .
& | —— BEsii Simulation - L :2.921fb
c 0'25 - Single Tag with both, e*
0 15:_ I - Extract TFF for 0.3 < Q?[GeV?] < 3.1
- : I;F]:-'::—' SElan
- |—[—| L
0.1 n-xa
C T > Unprecedented
-05E Q2< 1.5 GeV?
D:| | | | | I | | I | | I I | | I | | | I | | InpUt for (g-z)u
0 0.5 1 15 2 2.5 3

Q? in GeV?
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R
© BESIT
N

Collins Fragmentation Function(FF)

o SIDIS e+ e-
pr Transversity (< Collins FF Collins FF (X Collins FF
e \/e’
et _ 7 h
J. C. Collins, Nucl.Phys. B396, 161 (1993) ) v ; h,
, . X e
N P. Sun, F. Yuan, PRD 88. 034016 (2013)
e le)(k X Pi1) -8y arXiv1505.05589
! M, Predicted Collins asymmetries for BESIII:
D,: unpolarized FF
Hl: CO“”’]S FF 2:2:; 015<z<02 [ 02<7<03 [ 03<z <04
—> describes the fragmentation of a L ol : ; /
transversely polarized quark into a A E'EZi = | / i
spinless hadron h. o
- dependson : = 2E,/\/s, Py, A :
—leads to an azimuthal modulation of o /

hadrons around the quark momentum. o es o e e e os or o o o -

) Z Z;



RS
(‘ .
= Method && Technique BESII
D. Boer Nucl.Phys.B806:23(2009)  * Collins effect: cosine modulation
ete” - qq - m it X |0 1 sin” 0y |:H1L(31)Hf_(272)]

+ 1 + cos? 65 D+ (Zl)Dl(Zg)

cos(2¢)

Double Ratio to cancel detection effects
Unlike-sign (=7 T) ; Like-sign: (g&7%)
Charged: (7r77)

RU
Avre) = Lrey = Acos(29) + B

R Value

* Ay, Ayc denote asymmetries for UL and
UC ratios, respectively

1.5 ' z1=[0.5,0.9],zz=l[0.5,0.9]'_

' | :

> Ll o S oty Neuily ]
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Collins effect at BESIII
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Nonzero Collins effect at BESIII

Basically consistent with predictions from
arXiv1505.05589.

important inputs for understanding the spin
structure of the nucleon combining SIDIS

valuable to explore the energy evolution of the
spin-dependent fragmentation function.
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Summary

* Excellent data at BESIII offer opportunities for QCD studies;

* The proton form factors and their ratio have been measured
using a small amount of data;

* Preliminary results of A were just released;

 The new high statistics data in 2 — 3.1 GeV will significantly
improve FF measurements, not only for proton, but also for
neutron and other baryons;

* ISR technique allows access to energy below 2 GeV: the first
result is charged pion FF, more to come;

* Nonzero Collins effect was observed.
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