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Hadron Form Factors

All hadronic structure and strong interactions in form factors but subject to QED corrections.
Hadronic vector current: (2s+1) form factors. For baryons with %2 spin, two electromagnetic FFs.
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»Fundamental properties of hadrons
»Contain information on charge, magnetization distribution
»Crucial testing ground for models of hadron internal structure

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

» Driving renewed activity on theory side:
»Models trying to explain FFs of Nucleons
»Trying to explain data at both low and high g2
»Progress on QCD based calculations
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Rossenbluth separation on Space-like data Fit angular distr. of Time-like data
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time like EM form factor: badly known
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Outline
BESIII detector at BEPC:

Proton FFs;
dNeutron FFs;

A FFs;

JA FFs;

Other hyperons FFs;

dSummary.
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BESIIT

23/09/2015

Drift Chamber (MDC) -
op/p (%) = 0.5%(1GeV )l
Ot (/o) = 6%

Super-conducting
magnet (1.0 Tesla)

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

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

EMC:  GE/VE(Y/,) = 2.5% (1 GeV)
DETECTOR (Csl) cm(cm) =0.5-0.7cm/VE
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Baryon EM FFs at BESII|

Direct annihilation

— B

Effective form factor o « G(q?)
Gl = \J s @)
(1+ £)(4=2C)
Separation of |G| and |G,,| through angular analysis:

dag‘g” _ o?BC
dQcm 4q?

2
q /

[(1 + cos?05M)| G |2 + %[GEFsin?HgM
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Initial State Radiation

dzgﬁﬁfr
dzdo.,

a [2—2z+x* 2
Wio(s, z,0,) = TT ( sin“6 B E)
v

=W(s,z,0,)052"(q*)

r=1-¢*/s =2E,/\/s

Ta 1 T .
= o (TS at threshold 5 alumpat

= { threshold for charged

1, for a neutral BBpair, o = 0
assuming coulomb acts after BB pair are built and
they are as point-like particles.




Proton Form Factors with data 2012

Analysis based on 157 pb collected at 12 scan points between 2.22 — 3.71 GeV in 2011 and 2012

Analysis features:

O

p and p from vertex, in time, back to back, E =E,/2

o Efficiencies 60% (2.23 GeV) ... 3% (~4 GeV)
o Radiative corrections from ConExc (NLO in ISR)
o Normalization to e*e'>e’e’, e'e™—> yy (Babayaga 3.5)
_ Nops — kag Ohorn
OBorn = L-e- (1 + (5) |G| - 1. 4na?pBC
Atz )
CM

N
L :integrated luminosity

obs - OPserved signal events

Nikg estimated background (from MC)
€ : detection efficiency (from MC)

1 +0: radiative factor (from MC)
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Phys. Rev. D 91, 112004 (2015) |-=- BaBar
T T T T T |- BESI
—— FENICE
-~ E835
f(: — E760
&g OL | - BESIII
i

1072 |

2.0

2.5

g (GeV/c?)

» Effective FF consistent with Babar.
* Overall uncertainty improvement by 30%.
» No steps observed in cross section.



B Angular analysis to extract the em FFs:
> 42 ¢ 2)—ﬁm (s)|? [(1+c0526 ) + R? Z sin20 ]
aq 9/ T s 1M P em P

» Ry = Ge(@)IIGu(@?)]
»  0: polar angle of proton at the c.m.system

M Fit function:

dN - [ 2 2 1 - 2
2ol BL [ m3 . . .
» Noorm = TB 1.94 + 5.04 ?pRzl G (s)? is the overall normalization
60 T0
50 J5 = 2400.0 MeV __ ®F /5= (3050.0,3080.0) Me
g 40 . o~ S0k
g Ny =+ = 4
g R S S ) £
20
20
e 10
908 %06 704 702 700 0.2 D4 06 0.8 P06 06 704 702 700 02 0.4 08 0.8 TR TR TR TR T R Y BT I
cosé, cos6,

cosdy,

23/09/2015

PHIPSI15 10




0.5
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(3050.0, 3080.0)

22324
2400.0
(3050.0, 3080.0)

0.95 =045 +0.21

0.83 +=0.24
0.85 = 0.37
0.88 &= 0.46

PHIPSI15

: +:::’| * R__consistent with BaBar and R=1.
L bs170 —* [G,,| extracted for first time! :
g + + fitting method and method of moments
- T ! 27 C
S h ﬁ T ‘} (cos?d, / rap cos*6,[(1 4 cos*0,)|Gy|*
- l'l(_'!l'lTl
E +—P(1 c0s?8,)|R|Gy|*]d cos b,.

1.8 2 22 24 26 2.8 3

q (GeV/c®)
Vs (MeV) GEe/Gul |G| (x1072)
Fit on cos @,
22324 0.87 &+ 0.24 4+ 0.05 18.42 + 5.09 4+ 0.98
2400.0 091 =038 x+0.12 11.30 £ 4.73 £ 1.53

361 £1.71 +£0.82

Method of moments
18.60 + 5.38
11.52 +5.01
3344+ 1.72
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Prospects forete™ — pp

Tl = [
glp ~ = BaBar
§ 2.5F - BESII
fam B
- - PS170
2| -« BESIII (2015) (stats.,Babayaga MC R__=1)
et
- dﬂﬁ e
0.5
I:I| -IIIIIIIIIIIIIIIIIIIIIIIII

1i8 2 22 24 26 2.8 3

q (GeV/c?®
v' Expected statistical accuracies based on R, =|G|/|G,,|=1
between 9% and 35% (similar to space-like region for the
same q?-region)
v" Expected accuracies for |G,,| between 3% to 9%, 9% to
35% for |G

el
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En | Lo 2015 data

(GeV) | (pb-1)

2.0000 9.306 123 | X5, Nucleon FFs

2.0500 3.01784 42 X5

2.1000 | 11.34794 | 104 | X5, Nucleon FFs

2.1500 | 2.775088 28 X5

2.1750 | 10.05633 102 XS

2.2000 | 13.00509 | 114 | X5, Nucleon FFs

2.2324 | 11.24757 | 111 | X5, Nucleon FFs
' 92.3094 | 20.481 | 137.5 | XS, Nucleon FFs

2.3864  22.05922 89 XS5, Nucleon FFs

2.3960  64.84102 | 2225 | X5, Nucleon FFs

2.5000 1.04406 D X5

2.6444 = 32.530 115 | X5, Nucleon FFs

2.6464 @ 33.730 112 | X5, Nucleon FFs

2.7000 | 0.987445 4 XS

2.8000 | 0.996496 4 X5

2.9000 | 102.096 214 | X5, Nucleon FFs

2.9500 15.696 25 X5

2.9810 15.391 22 XS

3.0000 15.269 21 X5

3.0200 16.605 22 XS
13.0800 | 123.024 | 194 | XS, Nucleon FFs
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Prospects of eTe™ = ppy;cp

<

L)

*

Continuous g2-range available: m?, < g*<s

Full angular distribution in hadronic center-of-mass
Detection efficiency independent of g2 and hadronic
angular distribution

s Acceptance at threshold # 0

X4

L)

(R )

L)

*

Data samples (ECM): w(3770),w(4040), Y(4230), Y(4260),
Y (4360), Y(4420), Y (4600). Total: 7.4 fb

Analysis for each E,, and ¢, then combine statistics

e ISR kinematics: photon and pp-system with small opposite
polar angles

Efficiencies: ~20% -y-untagged, ~6% y-tagged analysis

e From 2.0 GeV up, ISR analysis possible

Final statistics competitive with BaBar

23/09/2015 PHIPSI15

MeV
=)

Lggdt (Pb™) 7 20

—
o

—— BABAR (500 fb™) .

—— BESIII (7.4 fbY) 3
Eq>3.77G

- N Simulationswith—;.
Visible luminosity! Phokharav8.0 -

05 1 15 2 25 3

g (GeV/c?)
simulation for u* U~y
beheavior of ppy;sp very similar
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Prospects for ete™ - nn/nny;sp

@ 0.9; —e— Fenice Nudl. Phys B517,3 (1998)
0.8F
0.70 —e— SND  eroso, 112007 (2019
0.6[- —e— BaBar (ppy )
0.5F
0.4 BESII data region
0.3f {
0.2[- ~
0-12_ ..*MWW
| e

| 1 | 1 | 1 | | | | | 1 | l | 1 |
2 22 24 26 28 3
a=E_ (GeV)

Only two direct measurements of neutron
effective FF

Very challenging: energies of n, nn are not fully
deposited in EMC, bkg from y, K?, beam, ...

BESIII sub-detector
EMC calorimeter
CsI(Tl): 15X,,A=171.5g/cm? p=4.53 g/cm’
- 52% n, nn interact in EMC

MUC: Iron + resistive plates (under study)
A, =132.1g/cm? p=7.874 g/cm?, 56 cm Fe thickness in
barrel - ~96 % n,n interactin MUC

Expect the first measurement of R_, with BESIIl unprecedented statistics

23/09/2015
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Prospects for eTe™ - nin/nny;sp
Strateqgy:

> First identification of 7 and y,gg: X s TV Sqrd g sl T
»EMC shower information (for e¥e™ — nny,;gg Neural Network) 2 577 sackground estsample) | « Background raning sample)

i 1Fi i U 7 Rolmogorov-Smimov test: signal (background) probability = 0.778 (0, ]
for neutron identification g poreemmme gy 0RO

»event kinematics (geometry)

ete” > nn

»n /ndetection efficiencies of ~20/30% (efficiencies up to % level)
»Main background from beam background processes

o Unprecedented statistics above 2.0 GeV (~300 evts at 2.4 GeV)

| I T T N N N N N A I O B B B B |
U/O-flow (S, B): (0.0, 0.0)% ! (0.0, 0.0)%

ete” - nny,sp "06 04 02 0 02 04 06 08 1 12
> Only tagged analysis possible (efficiencies at per mil level) L
» Increase detection efficiency using TOF, MUC

> Main background from ete™ - nim®and ete™ - yyy
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"What happens with the baryon structure when

a light quark is replaced by a heavier one?”

Hyperon

@ @ ‘ ) mm\:'-.___
® @ -

Proton (p) Lambda (A) Xi ()

M, =1115MeV
M= 11915

QO D -

Neutron (n) Sigma () Omega (Q)
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Status of ete™ » AA FFs

> From Babar, ete™ — AA measured from threshold to 2.27 GeV,
non-zero cross section (204 + 60 + 20) pb.

ATta®C 1
R G (@DI? + 52 1Ge ()]

Coulomb factor C= 1 for neutral BB pair assuming coulomb acts
after BB pair are built and they are as neutral point-like particles.

op5(q°%) =

» Expected to increase with the velocity near the threshold starting
from ZERO.

>Gp = |Gg(q)]e"®E, Gy = |Gy (q)|e"®M, relative phase @ =
®,, — ®; can be extracted fromA/A polarization.

23/09/2015 PHIPSI15

b)

Cross section (p

W
=
=

100 —

ﬂ

2.6 2.8 5 3
MAE (GeV/c™)

02— T

Will data be like this?

+

2.4 2.5 2.6

W, (GeV) g
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ete™ - AAFFs from 2012 data

Data /s =2232.4 MeV, 1.0 MeV above AA threshold.
Strateqy for ete” > AALA > pn~ ,A> pr™

1)  The momentum of final states are too low to leave message
In the detector.

_veats /(0.2cm)

i) Antiproton interacting on the beam pipe will produce 1 5
secondary particles, whose vertex is around 3 cm. 10 3
iii) The yield of AA eventsis 43 + 7. ° ydd” T 1

00 05 1 15 2 253 35 4 45 =

vr distribution (7))

Strategy for eTe™ — AA, A - nn®.

p 16;—IIIIIIII_'—;‘_;W_ 3
i) Multiply Variable Analysis tool (Boosted Decision Tree) g MF T D 3
Is applied to separated from large background. > 12_ :

i) The final states of =° has a mono-momentum around
105 MeV. B
1) The yield of AA eventsis 22 + 6.

j=l= R SR S T
/| rrrygi

Momentum , (GeV/c)
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ete™ - AA FFs from 2012 data

Vs (MeV) Reconstruction TBorn (Pb) 1G] (x1072)
2232.4 A= pr™, A — prt 325 £ 53 £46 Surprisingly, large cross
A — ar’ (3.0£1.040.4)x 10° section near threshold!
combined 320 £ 58 63.4£5.7

2400.0 3. 0+ 19 12.93 +0.97 +0.92

2800.0 153+£54+20 416 £0.73 +£0.27

3080.0 39+1.14+05 2.21+0.31+0.14
2 3505—} - BESIII % “F"‘_f_r U gEsm 3
[ E Y J.6 —
'E 300 * BaBar ' = BaBar ]
g 2s0F - DM2 = 00 E
2 200F + 3 = o4 E
=} o 3
S 150F + 0.3 + E
100 ++ 02F '4 =
: +h ;
S0 —+— 0.1 + -
Y ;T P | :_*_}_*_T A T AR T oob— | i o T

23 3.0 35 2.5 3.0 3.5

M _ (GeV/c?) M, _ (GeV/c?)

Cross section does not vanish at threshold —> Coulomb interaction at quark level?
Will be clarified with more data of 20152

23/09/2015
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Prospects of AA FFs

Parity violating decay: A =2>pmn, emission of proton depends on
A- polarisation

(*) Angle between proton and
o< 1+ aﬁR‘ cos 9.0 polarization axis in mother's

d cos ep rest frame

Imaginary part of FFs leads to polarization observables:

P =_ sin 20 sin A¢ /T — i(cosg > i o
! Rsin? 9/\/1'+ (1 +cos’ 9/\)/ R o, g 35_ + BES I (2015) MC R=1
— ; © BESIIL (2015) MC R=2
0 7
From BESIII 2015 data: 15 points above AA threshold! S % %
Expected statistical accuracies for P_between 6% and 17% v 15F |
Expected statistical accuracies for R = |G.|/|G,,| =1 w '}» $ '}»
between 14% and 29% 0-52—
9._2I - l2{31 = I2?4l = I2I.5I - I2-‘6I = I2{7"I - I2.|E5I = 12.9
q=E,, (GeV)

Complete determination of TL FFs possible!!
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A KL stat. error  versus \GEIGMF (200 pb™' at W = 4575 MeV)

Prospects for AcAc at threshold i
G¢ and G, in S/D wave form: vVt G; = G5 - 2G,, G,,= G, + G 003::
At threshold, only S wave in principle. 002:
o = T2 |Gs(4M?)|2 = 0.15|Gs(4M?)[2 nb "E
[Belle PRL101, 172001] 005?
E L 00_""0,|5"”%'"'1,|5""1|)"”2,|5"":!a""|'|G'EI'Gh‘AF
:%‘u_ﬁ— =
© 1 ] Assuming the same total number of events, the statistical

error in retreiving |G¢|/|G,,| , from the angular distribution

04 ] depends almost linearly on |G¢|?/|Gy,|?
M‘_ | } ] O W=4.575GeV at BESIII,
i # + } ﬁ } H } F L =42 pb!-> dR/R~23% (done)
S ' ' } '* ¥ Assuming R~2 (like BaBar)
4.6 4.7 48 4.9 5

W, 1o (GeV) =200 pb* = dR/R~10%

Belle ISR process with A —» pK,,pK ", An

Proposal have been made to collect more L,
oy, = 0.15nb — no D wave? g !
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Prospects for other hyperon TL-FFS (2015, 2014, 2011 data)

ete™ - AX0, 3030 previously measured by BaBar, no

R, extraction possible

ete™ - AX0, 3030 3—3+ 3+3~,E0R0 E+E-, Q00 :

measurements of effective FF and R__ and relative phase A®

at single energy points possible

ete™ > AZAY:
measurements of effective FF,

R, and |G,,| at threshold possible

23/09/2015

.__'3_-. E -o—- BESIII high luminosity scan (2015)
T 10% -« BESIII scan (2014 + 2012 + 2011)
- yy EE AA AcAg
10%E_ i
AR i
1% . .
= : o ]
CieT - .
10 % | . »
F i ° e
SR .
1 —FE\':I 'En'r [ ] -r.i-"._- " S| L |“.E:|
2.5 3 3.5 4.5
q=E_, (GeV)
Ee+e— (GBV) L (pb_l) € x0 (%) T \50 (pb) NAﬁ Esxov0 (%) Os030 (pb) Ngﬁ
2.309 20 4 374 123
2.386 20 8 40 26 4 351 115
2.395 55 8 40 72 7 100 158
2.644 65 15 6 24 15 25 100
2.9 100 17 2 14 17 3.4 24
2.981 15 17 1.5 1.6 17 3.0 3

10 fold more events of the world data could be get!!!

PHIPSI15
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Summary

L BESIII excellent laboratory for hadron form factor measurements: scan data + ISR tecnique.
O Proton Form Factors and their ratio have been measured using a small amount of data.
O Results on AA just released.

O New high statistics data between 2.0 and 3.1 GeV will significantly improve FFs measurements
for p,n, A E Q,Z,A.. Also from ISR measurements exciting results for nucleon FFs expected.
O Other related topics being studied (not reviewed here):

O ISR technique allows access to energies below 2 GeV: the first result is the charged pion (see Yagian Wang*s report)

O Space-like transition FFs of mesons ( di-y contributions to (g“-2) (see Christoph Redmer*s report))
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sES

THANKS FOR YOUR ATTENTION/
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Jhe PDG 2012

Time-like FFsat BESIII - = AL T+ 7
0 ® DA®NE M i
e vEemn S
1° KEKB, ™ T
Data collected at BESIII 0”7 PEP4 p;;‘**/ .
" PETRA  EP ™
Data Lint Energy 1 10’ Gev
sample
J ~0.45 fb-1 3.097
/v 1;{“'1’ ” um.sutPJ 04:’::_1 :420
v ~0.8 fb 3.686 s © = i =
= - ® BESO8 PRL 84(2000)594 4 M e, =
= i ® BES99 PRLS83(2002)101802 | _
v 2.9 fb-1 3.773 I A CrystalBall e e
O GammaZz ——
O nork y(3770) |
Xyz (0.5+1.9+0.5+ (4.2-4.6) . g < pluto 2.9fb1 | | A
1.0+0.5) fb! i N ||l L i
scan ~12 pbt! 2.23, 2.4, s | | ] d
(3.05-3.08) ; } % #‘ ﬂ}
0.85 fb- (3.85-4.60) “F H,
I : —
525.5pb®  2.00-3.08 Tr AT 1 ’TF
~130p01nts for R Scan (~1.3 fb) 5| =
o :
2 Ecm {GES‘IU')
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Prospects of eTe™ = ppy;cp

Y (q)

«» Continuous qz'range available: mzth < q2 <S§ To get the same result as BABAR, the luminosity needed at BESIII:
« Full angular distribution in hadronic center-of-mass
< Detection efficiency independent of ¢? and hadronic angular E=4260 MeV L= 64.8 pb-

distribution E=4040 MeV L =56.6 pb'!
¢ Acceptance at threshold # 0 23770 MeV L =47.0 pbt

E=3686 MeV L=44.1 pb?

Data samples (ECM): w(3770),w(4040), Y(4230), Y(4260), E=3100 MeV L =256 pb?
Y (4360), Y (4420), Y(4600). Total: 7.4 fb-1 e T

Analysis for each E,, and ¢, then combine statistics

T heoretical calculation

e ISR kinematics: photon and pp-system with small opposite Z ol
polar angles d: 012
Efficiencies: ~20% -y-untagged, ~6% y-tagged analysis g oosk
e From 2.1 GeV up untagged-photon analysis possible 0.06]
Final statistics competitive with BaBar zz:
0

PR T TR T N T T T TN AN TN TR SR T N T T SR T N T

’ 00 25300 3000 3500 4000
W, (MeV)
23/09/2015
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