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Introduction
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Structure of Baryons

e Baryons: non-perturbative systems composed of confined quaks and gluons

Strong QCD September 2015
as(Q2) v 1 cl_elc.a}'s (N’LO)
a DIS jets (NLO)
0 Heavy Quarkonia (NLO)
03} o ¢'¢ jets & shapes (res. NNLO)

¢ c.w. precision fits (NNLO)
pp —> jets (NLO)
Pp —> tt (NNLO)

Perturbative QCD

0.1}

1 100 1000

10
Q [GeV]
e Interactions in terms of non-perturbative (long-distance) functions:

Form Factors, Generalized Parton Distributions, Generalized Distribution Amplitudes,
Fragmentation Functions, Parton Distribution Amplitudes, Transverse Momentum
Dependence, Transition Distribution Amplitudes...
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Electro-magnetic Form Factors (FFs)

e Assumption: FFs analytic functions of g?

ot
MCIv E(q°)

B(p,) [(p1,p2) = Y“Fl(qz) +
F1(0)=Q;F>(0) =
Gum(g®) = Fi(g%) + Fz(q )

B(p,) Ge(g®) = Fi(g*) + —MF ,(g°)

(+)
e (kz2)

B=p,n A Z..

Scattering

e (k1)

Annihilation

e Experimental access: angular analysis

Direct annihilation (g°> 0): (1 photon exchange)

4AM?

§ do.Born CKZ,BC ) > L >
) 0 - i [(1 + cos“O)|Guml +7sm alGgl°]
e 9 )
— na“pC 2M
0 a?"" (%) = Sqf 1Gam (g™ + 7|GE(q2)|21
9\ Effective FF: Gl gBorn(g2)
1+ 28 (2

Elastic Scattering (g°< 0) : Rosenbluth separation, polarization transfer
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Electro-magnetic Form Factors (FFs)
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Electro-magnetic Form Factors (FFs)

1o G2/ G, Proton Form Factors
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Hot Topics in Form Factor Research:
Ge/Gwm, Charge Radius, Unphysical Region, Threshold Behaviour,
Radiative Corrections, Two-Photon Exchange, Large Q?)
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BESII@BEPCII
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BESIII @ BEPCII

Double ring e+e- collider: Multi-purpose detector:

1) Zoom into the TP 4

W ~ 4
™, &
R 7
T 27
e et

e Beam eneréy: 1.0 - 2.3 GeV

o(p)/p < 0.5 % for 1 GeV tracks,
o(dE/dx)/dE/dx < 6%, o(xy) = 130 pm

e Time of Flight o(t) ~ 90 ps

e EMCalorimeter o(E)/E < 2.5 %,
o(x) < 6mm for 1 GeV e-

e Muon Counter o(xy) <2 cm
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e Design luminosity: 10°° cm™ s™
e Energy spread: 5.16-10*
e Number of bunches: 93

e Total current: 0.91 A
e Bunch length: 1.5 cm




BESIII Data Samples

s e |l ] _ PDG 2012
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BESIII Data Samples for Baryon FFs

In 2015 world largest scan data sample between 2 and 3.08 GeV!!

World largest J/Psi, Psi(2S), Psi(3770, Y(4260)...
produced directly in e+e- collisions
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Baryon FFs Measurements in BESIII
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+ - | ]
e e - pp Phys. Rev. D91, 112004 (2015)

Based on 157 pb™ collected in 12 scan points between 2.22 — 3.71 GeV in 2011/2012

= p and p from vertex, in time, back to back, Epp =E_, /2 E = 2.4 GeV

= Normalization to e'e—e’e’, e'e’— yy (Babayaga 3.5)

BESIII
From o®™(ee — pp) extract effective form factor: XY- event display
| = BES
O_Born _ Nobs — kag Gl = O'Born(qZ) g [ BaB:r
L-e(1+6) (1+ 2M2)(4ﬂa2,3C) U3 = BES2
q° 3q* 1 CMD3
Overall uncertainty improved by 30% Z *"“ +E?_fgge
No steps observed in cross section 107 T'l"i_ * —= E760
= E835
— Steep rise at threshold _ bl
— Asymptotic behavior in SL and TL regions differ: 154 '['?F
G, (10 GeV?)| = 2|G,_°<(10 GeV?)
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+ - | ]
e e - pp Phys. Rev. D91, 112004 (2015)

From proton angular distribution extract R__ = |G /|G, | and |G |:

dN 50\ 4M2 ,
= Nnorm [(1+cos”0) + R2 ——sin?60]
dcos, cosf, Y 6]
120'_"'I"'I"'"'I"'I"""I"'_ 56_|||||7 70.----"|"'G|"'|"'|"'|"'|"'
- . . ] F S term
100F . 50 - E °0F ||GM|I term
— r n — C . — L o E
N 80 ::*: ——Aorj*/‘%—i N 40k o SOFS
o 60F s - 1] @ ank ]
40+ - 2 C ]
@ “OF 22324 GeV I T 20f 3.05-3.08 GeV
20:‘_'_ """""""""""""""""" ‘ 10; . 102— _______________________________ —
0'...|...|...|...|...|...|...|...' 0:...|...|...|...|...|...|...|...‘ OE..—.-:I...I...I...I...I...I...I.-.~.-=
-0.8 -0.6 -0.4 -0.2 -00 02 04 0.6 08 0.8 -0.6 -0.4 -02 -0.0 0.2 0.4 06 08 -0.8 -06 -0.4 -0.2 -00 02 0.4 0.6 0.8
cos6, cosh, cosf,
Vs (MeV) IGE/Gul |Gy | (x1072) CI)LU”QE i —e— BaBar
Fit on cosd E o5 ; —*— BESII PRD91,112004(2015)
2232.4 0.87 +0.24 + 0.05 18.42 + 5.00 + 0.98 - | —* PS170 Nucl. Phys. B411,3 (1994)
2400.0 0.91 + 0.38 + 0.12 11.30 + 4.73 + 1.53 o i —* CMD3 Anxiv:1507.08013 (2015)
(3050.0, 3080.0) 0.95 +0.45 4 0.21 3.61 +1.71 +0.82 -
15
= |G_l/|G | consistent with 1 3 a0 ]
. . 1 1
IG, | (and |G_|) extracted for first time - h the
- 0.5-
— Precision between 11% and 28% -
— Strong tension between Babar and PS170 18 2 22 24 26 28 3

q (GeV/c)
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e*e = A BEesii Preliminary!!)

Based on 40.5 pb™ collected in 4 scan points between 2.2324 — 3.08 GeV in 2012

eatE_ =2.2324 GeV (1 MeV from threshold!!) E., =2.2324 GeV
From A —pm and A —pm* (BR = 64%)

From A —nt° (BR, , =36%) 1
= n-annihilation and well defined p_
eatkE_ 224 GeV, from A —pm and N —ptr*
= p, P, T and 1" from interaction vertex, in xv-BeEZIr:tl display

time, A\ back to back, E/\,/\ = ECM/2

Results: | /5 (GeV) Channel B (ph) G| (x10~2)
22324 |A—>pr,A—prt | 325+53+46
A — nn® 300 & 100 =+ 40
combined 318 £47+37 | 632+4.7+3.7
24000 |A—pr,A—prt| 1334+£20+£19 | 1294+1.040.9
2.8000 1534+544+20| 42+0.7+0.3
3.0800 39+1.14+0.5 | 221+0.31+0.14
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e+e- - AA (BESIII Preliminary!!)

No Coulomb term for neutral baryon pairs — cross section should vanish at threshold

Born 47[&2,3
(@) =—— |IG
3q

3400:-|---|--1|"'|'"|"'|"'|'*'|": L O.BZ'I"'I"'I"'"'I"'I"'I"'I":
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c 3 L . ] = E ]
S 300t ~-BaBar 5 06¢ ~BaBar *
O 250F i £ o05F B
O - —-— ** . L E 3
o 200F H+ DM2 = 0.4F .

: ] - » PRD76,092006 (2007
2 1so0b 't BESIII : 03t BESIII Bb7s, (2007)
© 100F ++ Preliminary 3 0.2F |'¢ Preliminary =~ ZPhys C48, 23
= : : E | % (1990)
o S0F - _: 0.1¢ “_._—Q—
m 0_| I +—H.-.|..1,.. ] 00- R a== ==L 3

22 24 26 28 30 32 34 36 22 24 26 28 30 32 34 36
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Precision increased by at least 10% for low g° and even more above 2.4 GeV

— Origin of unexpected behavior? Coulomb interaction at quark level?(***)

— Precison measurement forseen by BESIII with 2015 data
** Eur. Phys. J. A39:315-321(2009)
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Prospects and Summary

Cristina Morales (Helmholtz-Institut Mainz) Moriond QCD 2016 14



Prospects in BESIII

From energy scan From initial state radiation
_ > S L L L B AL L
_0104 m BESIII 2015 e BESIII 2014 @ ; 7
2 e BESII2012 e BESIII 2011 =021 —— BABAR (500 fb™) -
_-.?103 o other exp. 8 - E
2] —_ —— — 3 B 7]
© ENN AA ST EE Q0 A ~ 10¢ — BESIII (7.4 fb™") E
210 " e 0 o® " = o f E.\ >3.77 -
E B iL0m e i ¢ 2 cM” = N
IRT ST R A , = :
: , o i o i e ® T, 1l
1 0 o 'd:sl o) o %10-1 E
f@ ' -1 A= rad ]
foeae (0% L -dt=L-dtW ?
10 ggo o 00 ; %
I TR I B PRI BP0 BT B 08—
2 25 3 35 4 45 0.5 1 15 2 25 3
q (GeVic ) g (GeV/c )
e Protons: 9 to 35% accuracy on RP, e Visible luminosity comparable
3-9%on|G" | to BaBar's

e Neutrons: unprecedented statistics.

Possible measurement of |G| and R" e Protons: Tagged and untagged

photon analysis possible. Expected
e Hyperons: full determination of A-FFs. accuracies on R? between 10-40%

14 — 29% accuracy for R", 6 - 17% for P,. Neut v t d ph
e Neutrons: only tagged photon

Similar for other hyperons ; :
e analysis. Extraction of |G| from
o N\ :13% accuracy for R™ at threshold threshold to 3.0 GeV possible
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e BESIII excellent laboratory for Baryon form factor measurements: energy scan
+ initial state radiation

e Proton Form Factors have been measured using a fraction of available scan data
e Preliminary results on A cross section based on fraction of scan data just released

e High statistics energy scan between 2.0 and 3.08 GeV will significantly
improve FFs measurements for protons, neutrons, lambdas and other hyperons

e Very exciting results from ISR on nucleon FFs expected very soon!

Thank you!
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Prospects fore*e = pp, ppy

S

ISR

[ +BaBar PRDS87,092005(2013)

—2 5"_—.—BES||| PRD91,112004(2015)

E ©9 4 pg170 Nucl. Phys. B411,3 (1994)
BESIII 2015: 21 scan points between 2.0 and 3.08 GeV (552 pb™) C | «CMD3 Amiv:1507.08013 (2015)

2'_ - BESIII (2015) (stats.,Babayaga MC Hem=1)

e'e — pp

e Expected statistical accuracies or R__=|G_[/|G, |=1 between -
9 % and 35% (similar to space-like region for same g*-region) 151 &1 ++
- O7:
e Expected accuracies for |G | between 3 to 9%, 9 to 35 % for |G | 1' % W] g ﬁ- J I l { { {
9: L N T L e @
[ 5.
e‘e  — ppy e
'SR 0-78 2 22 24 26 28 3
Data samples (ECM): w(3770),p(4040), 4230, 4260, 4360, 4420, q (GeV/c)
4600. Total: 7.4 fb-1
e Analysis for each E_ and g, then combine statistics Eou = 4.230 GeV, Phokhara MC v8.0
. . — . . 10° Photon tagged
e ISR kinematics: photon and pp-system with small opposite 5 lcosO | < 0.93
polar angles [ lcos®_ | <0.93 100 |
53%
e Efficiencies: ~20% -y-untagged, ~6% y-tagged analysis 105% :chs’ﬁg?;‘g_tggged /J
Ch o "
e From 2.1 GeV up untagged-photon analysis possible i H“a\ 41% //f
e Remaining e*e’— pp° subtracted from data i —

e Final statistics competitive with BaBar

—
o
m
o
(]
o
&
=]
M
o
o
n
=3
B
o
2]
o
o




Prospects fore‘e” = nn, nny

Only two direct measurements of neutron effective FF

BESIII data cover wide range (1.87 — 3.08 GeV) with
unprecedented statistics

— measurement of cross section and |G| in wide g?-region
— could provide the first measurement of Rem

Strategy:
@ First identification of nand y !
EMC shower information

2 neutron identification
: event kinematics (geometry)

e'e — nn

e n/n detection efficiencies of ~20/30% (efficiencies up to % level)

e Main background from beam background processes

e Unprecedented statistics above 2.0 GeV (~300 evts at 2.4 GeV)
e'e’ — nny,
e Only tagged analysis possible (efficiencies at per mille level)
e Increase detection efficiency using TOF, MUC

e Main background from e*e” — nnm®and e+e- — yy(y) (Neural
Network)

ISR

: e i

—eo— Fenice Nucl. Phys .B517,3 (199

—=&— SND PRD90, 112007 (2014)

—e— BaBar (ppy _ )

ISR

BESIII data region

Ll |- | L1 | | | | | L1
2 22 24 26 28 3
q (GeVic )

BESIII

EMC calorimeter
Csl(TI): 15X0,

A =171.5 g/lcm?, p = 4.53 g/cm®
— 52% n/n interact in EMC

MUC: Iron + resistive plates
A =132.1 glcm? p = 7.874 g/cm’

56 cm Fe thickness in barrel
— ~96 % n/n interact in MUC




Prospects foree” -» Hyperons

From 2015 scan full determination of lambda- FFs possible:

: . O]
e Imaginary part of FFs leads to polarization observables: =
o )
Parity violating decay: A —ptr 0
<1+, F,cosé, and P = 8in20smAf /7 =—(cos€ )
dcosé, ~ Rsin® 0/t+(1+cos’°0)/R «,
@p : Angle between proton ©,: /A polar angle in CM
and polarization axis in A-CM @ : relative phase between G_and G|

Expected statistical accuracies for P_between 6 and 17%

Expected statistical accuracies for R _ = |G_|/|G | =1 between 14 and 29%

e Also available from threshold (2015, 2014, 2011 data):

ee — NI, X'E0T T I'T, 02, EE, Q0L AN, s
measurements of effective FF and measurements of effective FF
R__and P_at single energy points R__and |G | atthreshold
possible possible

ee — NX°, 2°%°previously measured by
BaBar, no R__extraction possible

e
o
w

10

® BABAR
3E 4 BESII, MCR #1
o BESI, MCR E2

| |
1_ - %

- | | | Phokhara v8 0
0232495 26 27 28 29

q (GeV/c )

| —e— BESIII high luminosity scan (2015)
| —o— BESIII scan 2014

- —s— BESIII scan 2012 °
" —e— BESIII scan 2011

?Z [ ] cC C
W B

_‘|. AVAR\ AN I /A B B




BEPCII Collider

Symmetric e*e-collider
Beam Energy: 1.0 — 2.3 GeV
Design Luminosity 10** cm? s™

| BESIII
detector

& mb

v 16 (el PDG 2012
v(25)
P d "

M/ “
DA®NE | M. ;
VEPP-II ' t
ADONE BEPQHI

KEKB, ™.
PEP-II I
=P pEp T 2o
PETRA = %
1 10 102 GEV



BESIII Detector

Csl(Tl) EMC

SC Magnet

Beam pipe

R inner: 63mm
R outer: 810 mm
Length: 2582 mm

6240 CsI(Tl) crystals: 28cm (15X )
Barrel: |cos0|<0.83

43 Layers Endcap: 0.85 < |cos®| <0.93
o(p)/p=0.5% o(E)/E = 2.5%
O e/ = 6.0% 0,,(E)=0.5-0.7 cm

RPC MUC TOF

BTOF: two layers;
ETOF: 48 crys. for each

o(t) = 80ps (barrel)
o(t) = 120ps (endcap)

8 — 9 layers of RPC
p>400 MeV/c
SRO=14~1.7cm




Electro-magnetic Form Factors (FFs)

EM processes: all hadronic structure and strong interactions in FFs but subject to QED

1o G/ Gy

i
" g

0.50 — . |
| 4

0.00 ‘
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s PRCT! osez02ls) 8 brrLos 142301(05)
080 o 20 e0 5o D 1o
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/ \L

_ -Gy : oGfy =/ EEIGE
2 BaBaR (05) | | @ =
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.y 13 ecipo) o o
Form " % + 30! o=
factor i ! 3
!/ \ k- 5 ‘. (] 'vg
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S| ") I [} o
250 \g: ) +% y . ¢ 5
q2 Qs 24 10
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I I

7 6 -5

.
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| ;)-.-I.-* | | | |
2 3 4.5 67
| qa°[(GeV /c)?]

Y
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Hadron Form Factors

e All hadronic structure and strong interactions in form factors but subject to QED corrections

Hadronic vector current: (2s+1) form factors. For spin 1/2-baryons 2 electromagnetic FFs:

Vector current. Dirac and Pauli FFs:

\ , wohq .
I = *Fy(¢° “Fy(q?
| Y Fi(q°) + oM, 2(q%)
g Sachs parametrization:
= 2
< Gold?) = F (a2 L o
g e(¢”) = Fi(q°) + M 2(q%)
Cu(®) = Fi(¢®) + Fo(g?
Annihilation B m(@) = Fiq) + B()
B=p,n AZ
Fi(q?
space like time like 2) — 2
p 7 G (4M) = G (4M)
PQCD and analiticity: My PQCD and analiticity:
asymptotic behaviour 1 ; ; : 1 ? ‘[ I I 1 1 w»

76 5 4 3 2 -1 |0 1/2 3 4 5 6 7
q-[(GeV /)]

Form Factors real unphysical region  gqrm Factors complex

cross section (Rosenbluth) _ _ . cross section (angular Distr.)
no single spin observables connected by dispersion relations  single spin observables (Py)

double spin observables double spin observables




+ " T oy
e e — T[ T[YISR arXiv:1507.08188 (submitted to PLB)

(g -2) e AL AL
e Goal: hadronic vacuum polarization contributiontoa = " Z 0U5F Eﬁ‘éé@;“ E
SM QED k had ” q"? 015 : Etgg?g 3
— + gweak 4 adr - ull B . 3
ap qp qp qp 0.05F l KLOE12 S
— 1lan | i
— most relevant contribution to a:adrbelow 1 GeV: o(e’e” —»1r'm) 0 E
-0.05 =
|F ‘2((12) _ 3q2 dressed(q2) 0.1 | —f
2.8'3 Cwtx -0.]52— (note: KLOEOS superseded by KLOE(S) —;
Disagreement between existing measurements limits knowledge of a R YEYRY] '6_'7'5"6_13'"6_'35”65“6_;5';'_1
q (GeVic')
e Features of BESIII analysis: S pEsH S
. s —* aBar =
2 2.9 fb-1 from Y(3770) = aoros E
% —h— KLOE10 =
..... =+ studied range between 600 — 900 MeV o mf 4 KLOE2 E
"k F —4— BESII ]
""" onIy tagged analysis possible below 1 GeV L b
< main background from e'e —u"yy ., prefectly understood (<1% )
<: luminosity from BhaBha events — 0.5% accuracy (Babayaga NLO) ,
2: FF fit function: Gounaris-Sakurai parametrization e ‘q‘ (&WC';B
: radiative corrections from Phokhara v8.0 —
————— KLOE08 368.1:0.4:23+:22
Syst. uncertainty in cross section 0.9% e BaBar0y 67-20:19
Compatible with prev. measurements (10) CLOE 10 3653209223222
More than 3o deviation wrt (g -2)*™ prediction confirmed
M —_— KLOE12 366.7+12:24:08
Data from untagged analysis and above W(3770) will be used
BESIII 368.2+25+3.3

Analysis will be extended below 600 MeV and above 900 MeV I N N PC I
a™ (600-900 MeV) [1079]



Baryon EM FFs in BESIII

e BESIII @ BEPCII: e+e- -annihilation: access to time-like form factors from

Direct annihilation

e B
-
e vy (q)
B
dra®BC 1
BG_?‘n. 2 2y 12 - 2
55"(@) = —5 (16m(@) + 5/1Gx(d)|
Coulomb correction factor:
C— mx

13(1 - EIP{WCE/,{S')) (if Qs #0), C=1 (if qg = 0)

Initial State Radiation

P B=p,nAZ..
JBB'}‘ _ Borng 2
ddeT — W(S:‘Tﬁﬂ }JBB (q )

P
Wio(s,z,0,) = | (2 2m2+;1: = )
?r} sin“6, 2

r=1-¢*/s=2E,[\s
Effective form factor (assume |G_| = |G_|):
o) = || 2 L)

do o™ _ o?BC
dQdcm 4¢°
with 7 =

4M2,ﬁ

(1_{_ %)(%&30)

Separation of |G | and |G | through angular analysis:

(1 4 cos?05M) |G|

3q°

1
+ —|GE|2511129§M

v1—-1/7




Prospects fore'e” = ppy,

S

4]

=

o

= 3
=10
a
=

=

=]

o

%]
I

Available data samples (E_ ): y",y(4040), Y(4230), Y(4260),
Y(4360), Y(4420), Y(4600). Total: 7.4 fb-1

dN(ppy)/dq

Efficiencies, background, radiative
factor, (functions dependent on q)

Add all corrected data from
different E_ for each g-bin

Strategy:
foreach E_
tagged and

untagged analysis

Normalize with LISR

Born cross section,
Effective form factor

Extraction of R
and |G_, |

) Angular analysis:

For q > 2.1 GeV: Large efficiencies (~20%) from untagged photon analysis

provide large statistics and better |G_|/|G | accuracies

For q <2.1 GeV: Only tagged measurement possible for E_ 2 3.773 GeV.
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o BABAR 469 fb

BABAR pp visible
BESIII E,,, = 3.773 GeV (7.4 fb™)
BESIII E,,, = 3.773 GeV pp visible
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MC simulations
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C

E v 4.230 GeV, MC simulation

|cos® |<0.93
p.p

53%

Photon tagged
|cosG)y| <0.93

12%
Photon untagged )

|cos@y| >0.93
41% ;

Low efficiencies (~6%), lower statistics than BaBar. Perhaps untagged analysis of J/y and @ (3686) possible ?!




@ Dispersion relations connect space and time-like regions

@ Perturbative QCD constrains the asymptotic behaviour [Matveev,Muradyan, Tevkheldize,Farrar,

Brodsky-Lepage,... |
- _ —2.1735
i) — (10 [n ()

QcbD

|Ge,m(—oo)| = |Ge,m(+o0)|
(analiticty)

Why time-like (TL) form factors (FFs)?
+~ To test theory relations beween space-like and time-like processes

~ Precise knowledge of FFs needed by many experiments and phenomenological models

~ To test pQCD expanding the Q* kinematical domain up to soft-hard transition region (10
— 15 (GeV/c)?)
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