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The structure of baryons

Baryons: simplest non-perturvative systems for which non-abelian nature of QCD
IS manifest
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» Different quark masses probe different regions of the strong interaction

» Powerful observables to understand baryon structure (e.g. Form Factors,
Distribution Amplitudes (GPD,TDA)) obtained from electromagnetic processes
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Baryon electromagnetic form factors

All hadronic structure and strong interactions in EM FFs but subject to QED

Space-like: ¢° = (pie — pre)® <0 e -

« Studied in e~ B — ¢~ B (elastic) scattering
* G and G, real functions
* Rigurously studied for nucleons since 1960's

 Related to charge and magnetization distributions

ichvq, B

B M
r Yy + SN F5
Time-like: ¢ > 4M3 et
eln ete” < BB
 Gg and G,; complex functions
* Very few measurements
SL and TL FFs related through dispersion relations e
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Baryon electromagnetic form factors

Angular analysis to extract EM form factors

Space-like: ¢° = (pie — pre)® <0 e e~
[ do ] B OzQEfecosw% 1
dﬂlab 4E§eSiH4Q£—e 1 — 4]%;]29
[7 2 2
2\ ¢ _ 4 20fe Y 2
!‘GE g <1+2(1 4M%)tan > )GMJ
Rosenbluth separation, polarization observables B
Time-like: ¢ > 4M3 et
d 23C 1 !
o | _oF (1 + cos?05)|Gp|* W+ — Sin293|GE|2|
dQcom 4q° ’ g
4M% 1

/

Total cross section does not allow separation of form factors — effective form factor
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Baryon electromagnetic form factors

Playground for theory and experiments:

- From the size of baryons (low g%
... to QCD scaling (at high g°)

* Many hot topics: G_/G , Charge Radius,
Unphysical Region, Threshold Behaviour, %,},

Radiative Corrections, Two-Photon Exchange,
Large Q° ...

PROTON

New value for charge radius
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BESIII experiment at BEPCII

Double ring e*e” collider: Multi-purpose detector: 93% of 41

1Tesla
" Solenoid

W R

« Beam energy: 1.0 — 2.3 GeV .
o(p)/p < 0.5 % for 1 GeV tracks,

« Design luminosity: 10°° cm™@ s™
J y o(dE/dx)/dE/dx < 6%, o(xy) = 130 um

* Energy spread: 5.16-10" + Time of Flight o(t) ~ 90 ps

* Number of bunches: 93 . o(E)E < 2.5 %,
e Total current: 0.91 A o(x) < 6mm for 1 GeV e’

* Bunch length: 1.5 cm  Muon Counter o(xy) <2cm
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BESIIlI data samples

From 2009 until 2016:
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Time-like proton EM form factors

Ratio of |G_| and |G |

Effective form factor

|Geff’
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» Steep behaviour of the effective form factor at threshold
» Structures appeared in BaBar data [PRD 87, 092005 (2013)]

- Resonances

[PRD 92, 034018 (2015)]

- Rescattering processes between few coherent sources [PRL 114, 232301 (2015)]

« At high g* time-like FFs 2 times larger than space-like FFs
 Ratio of absolute vales of form factors: discrepancy between PS170

[NPB 411,3(1994)] and BaBar
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e+e- - pE at B ESI I I Phys. Rev. D91, 112004 (2015)

Based on 157 pb™' collected in 12 scan points with Vs= 2.23 — 3.71 GeV in 2011/2012

* p and p from vertex, in time, back to back, E =E,/2 E., (GeV) Ldt (pb™)
* Background negligible or subtracted 223 2.6
2.40 3.4
* Efficiencies around 60% 280 3.8
* Radiative corrections up to LO in ISR (ConExc) 3.05,3.06,3.08 60.7
« Normalization to e*e'— yy (Babayaga 3.5) 3.40,3.50,3.54,3.56 | 23.3
3.60,3.65,3.67 63.0
Cross section Effective form factor
S EI. ! N .B.Eé||l|]'|][ E Llllll lllllllllllllllll (2) IIIIII -
\% :ﬁ.‘, _ obs bkg ) % G _ o(q
= t[ e(1+9) 7 oo = H o \/<1 22 ) (4metfO)
-4 4 q q
|T102 } * FENICE 3 107" | OF*#F‘*' E
) - * CLEO _+_ _
+ I {’ﬂi\‘ a E760 - \ T
o +L+++ o EB35 i g +‘++++ ]
10 -3 i #_i'_ |
L | overall uncertainty T ' F aF overall uncertainty %" A
- improved by ~30% ? 4 : 102 Himproved by ~60% | (e
22 24 26 28 3.0 32 34 36 22 24 26 28 3.0 32 34 36
q(GeV/c) q(GeV /c)
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e+e- - pE at B ESI I I Phys. Rev. D91, 112004 (2015)

Extraction of electromagnetic form factors from proton angular distribution:

do ma?5C |GEg|? 4M?
= Gul?[(1 + cos?6) + - sin?6
L - dcosb, 2q? Gl ) Gml? @2 |
Proton angular distribution
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Prospects for e'e” = pp at BESIII

From e’e” — ppy at the main charmonium resonances (7.4 fb™)
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Ratio of form factors
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Prospects for e‘e” - nn(y) at BESIII

Measurement of the total cross section and
the effective FF in wide g*-region

‘Geff|

Possibility for a first time measurement of
|Gl and |G, |

Challenges:

 Large background contribution form neutral
channels ( -final state) and beam associated
processes

* Low trigger efficiencies for purely neutral channels
 Current analysis based only on EMC information
— low signal efficiency (few %)

Significant enhancement is expected from using
TOF and MUC information
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Effective form factor

s 1

—e— Fenice Nucl Phys B517,3 (199

—=— SND PrD90, 112007 (2014)

—+— BaBar (ppy _)

ISR

BESIII data region

O e
2 22 24 26 28 3
q(GeV/c)

g)

n/n interactction with BESIII

EMC calorimeter
CsI(TI): 15XO,

— 52% n/n interact in EMC

MUC: Iron + resistive plates
56 cm Fe thickness in barrel
— ~96 % n/n interact in MUC

TOF: 2 plastic scintillator layers
Total width: 10 cm
P_=55%, P =13.5%
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Baryon pair production: the threshold

Annihilation cross section (one-photon exchange)
e C 22 4 2M2
BB T T35 1Gm (@) + =52 |GEe(d®) ]
q
pp Coulomb interaction as FSI — € X ¢ 2
[Sommerfeld,Sakharov,Schwinger,Fadin,Khoze] = Coulomb factor
% 1.75 e i, ............................... -
» Enhancement factor: ¢ = 7wa/3 5 aspn AR S— ]
« Step at threshold: S .
125 ------- 1{ ............................... |
o (4My) s(4M2)|> = 0.85|G.s(4M2)|*nb i
QM - S p/ I WO il S A
3 2 2.2 2.4
: q(GeV/c)
 Resummation factor: R = 1/[1 — e ™/#] 3 pp cross section at threshold
« Few MeV above threshold: 8100
. S [ Expectation (|G E|=|(';‘|M|=1)
C~1—= O'(q2> XX Ble(qz)V . BaBar (p p)
For a wide energy range (200 MeV) proton G _‘|°(';? IM:P\Z?FWHF
behaves like a point-like particle!! si= Iml = Bl =
[Ferroli, R. B., Pacetti, S., & Tomasi-Gustafsson, E. 185 18 195 2 205 2.1
Threshold phenomenology of nucleon form factors,ArxiV:1405.1628v1] (GGV/C)
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Baryon pair production at BESIII: A°A]

Based on 631.3 pb™ collected in 4 scan points around A_production threshold in 2014

*10 /\C decay modes independently reconstructed

Vs MeV Lint. (pb™H)
* ~1.6 MeV away from threshold! AS74C 47 67
* Unprecedented statistical uncertainty (~2% at 4.6 GeV) 4580.0 8.545
* First measurement of |G_/G | for Ac extracted at 2 4590.0 &4
energies: test of isotropy (analiticity of the FFs) 15995 5669
~ I L S B S S S S B S S s ey g S -
% 400: le+e._>AjAI; | l S 400:— n | — ’G /G ‘
~ [ -BESIdata : 1] & Mﬁ“hﬁ“ BLM
© 3001 & pelle data 1 = | L10£0.14+£0.07
[ —OPEXFit il 0 4 P ossrasmev
200" Threshold | ? N % 0.5 0 0.5 [
' G| = 1.20£0.03 ° cos9,
- | o s -
B . __ o I |
100 - ] E 6000 W:’E& ’GE/GM’
: { & *or 1 11.23 £0.06 £ 0.03
O-I....I.:,..I..,,I....I_. M 5000k
4.56 4.57 4.58 4.59 4.6 F /5 = 4599.5 MeV
Q(GGV / C) Cd 05 0 0.5 |
cos0
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Baryon pair production at BESIII: AA

Based on 40.5 pb™ collected at \s= 2.2324, 2.4, 2.8, 3.08 GeV in 2012 mini scan

* Lowest energy only 1 MeV above theshold!

* Decay channels at 2.2324 GeV: A — pm & A — pt,

A — nm° & Ainclusive decay

* Decay channels at higher energies: A — pm, A — pmr’

* Annihilation cross section

4’
ons = T )+

20?2
q2

Non-vanishing threshold cross section observed!!
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Baryon pair production at BESIII: AA

Based on 40.5 pb™ collected at \s= 2.2324, 2.4, 2.8, 3.08 GeV in 2012 mini scan

* Lowest energy only 1 MeV above theshold! E., =2.2324 GeV

* Decay channels at 2.2324 GeV: A — pm & A — pt,
A — nm° & Ainclusive decay

* Decay channels at higher energies: A — pm, A — pmr’
« Annihilation cross section

4’ 20?2
OAR = B—/HGM((f)P + =2 Ge(@)|?] > oxz — 0 BESI
q q f—=0 Conexc MC

Non-vanishing threshold cross section observed!!

— more complicated physics scenario underlying:[arXiv:1608.02766v1,1405.1628v1
L 0 ur.Phys.J. A39,315 (2009)]
oM T rrrrrrrrr7

35400:----.----.----.- L 0.8 —
ek —= BESIII 1 U = BESIII _
-2 300: —e— BaBar % 0'6: —e— BaBar
8 —— DM?2 HG_J - —+— DM2
) 200:— — pQCD fit i 041 — pQCD fit
s | [
O 100f ; 0.2

25 80 35 00"

GeV/c)
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Prospects for hyperons FFs at BESIII

What happens if we replace one of the light quarks in the nucleon with one or
many heavier quark(s)?

Can we derive the properties of the hyperons from what we know about nucleons. i.e.
to which extent is SU(3) symmetry broken?

Advantages of hyperons: —_ BESIII scan data
* Easier to trace the heavier quark :g_mq;_ » BESIIN2015 e BESII2014
* Polarization accessible thanks to weak, = * BESII2012 BESII 2011
parity violating decay = 10%k O_other exp. N
O FNN AA IT ZZ QQ A,
BESIII 2015 energy scan: E 102 ", | W% 5
=+ o : : o ¢
* Unprecedented statistics between 5 F T - :
2.23-2.9 GeV — 10f w® . o
I T I A P S
* At 5 energies large enough samples to 12 TR @
extract R"= |G"/G | ! L :
: Q0
* At 2.396 GeV complete spin decomposition 10 1;‘;08 0© oy | ©°
possible: first determination of G-G/\-phase DL | i
* Also accessible: 2 2.9 3 3.5 1 4.5
ete” — AXY, X80 2Ty wmyt 2RV 2T ET, Q70 V'5(GeV/c?)
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e Electromagnetic FFs are fundamental, Lorentz-invariant properties of baryons
that are rigurously defined, and provide a benchmark for theoretical models

e BESIII is unique in its capability to measure baryon form factors, from nucleons to A_and
use two complementary approaches: energy scan and initial state radiation technique:

e Proton Form Factors have been measured using a test energy scan of 2012:

- Effective form factors in good agreement with previous experiments and improving
overall uncertainty by 30%

- |G l/|G, | and |G, | extracted at three energy points with 25% to 50% uncertainty
(dominated by statistics)
e Very exciting results from ISR on protons expected very soon
e Preliminary results on cross sections and FFs from Aand A_close to threshold

e The measurements of baryon FFs will be significantly improved and extended
with the 2014 and 2015 high luminosity scan data: full determination of

A\ and I\c FFs possible, effective FFs accessible for neutrons, hyperons and

multi-strange hyperons, neutron and Z FFs accessible for the first time, and
proton FFs with accuracies better than 10%

Cristina Morales (Helmholtz-Institut Mainz) Bormio 2017 17



Cristina Morales



Hyperons EM form factors

Hyperons unstable — cannot serve as targets: only TL EM FFs accessible

e+e- collisions are currently the best way to study hyperon structure

Through weak hyperon decays polarization observables accessible

Very little data published so far:
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0.25F
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+ [PRD 76,09006(2007)]
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» Total error on |G"_/G" |: 33-100%
« Relative phase: -0.76 < sin@" < 0.98



Structure of Hadrons

Electromagnetic probes allow to factorize hadronic interactions in terms of 'non-perturbative'

objects: Form Factors, Distribution Amplitudes ...

- 0% Y . e
;Hp p QX

Scattering

Elastic scattering

Annihilation
/

Annihilation into
pair of
proton/antiproton
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Inverted wide angle
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Electroproduction

Deep Inelastic
Scattering
D . e Dy Tl
Drell-Yan Annihilation into
gamma star



Experiments: Now and Future

AM o G! at-q? = 1.5 GeV? (Pol. °He)

Space-like Mainz
region
J)eff;?son Lab
e [Hall A] GY/G?, up to 14 GeV?
e [Hall A] G! up to 18 GeV*
I\ at VEPP-2000
. . e*e collider
Time-like o
region C’WD IGYI/IGY IGY| (scan)

9% < (4.0 GeVY?

g nda atFAR
( F: ) pp collider

G|, |G|, GB/G® phase (?)
(2.4 GeV)? <g?< (3.7 GeV)?
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e G? and G? for-g* < 2.0 GeV*

e [Hall A]G/G, up to 10.2 GeV?
e [Hall B] G| (*H) up to 14 GeV?
e [Hall C] Gl up to 7 GeV?

at BEPCII
e'e collider

BESII

G|, IG,|. G./G phase (scan and ISR)
q°> < (3.5 GeV)?

D
/O
Belle IT

at SuperKEKB
e'e collider

9% < (4.5 GeV)?
?



Two photon exchange

e Experimental access: angular distribution of Nucleon in e*e’-center-of-mass

~~ exchange

y~y exchange interfere
with the Born term

\

Asymmetry in
angular distributions
[PLB659, 197]

do.Bo’rn,l’Y 04260 4M2
= 1 4 cos?0)|Guml? + sin6|Gg|?
dS 4q2 I i ) | q? |GE|”]
do17®2y , ; : 2 4
= cosf|co(M,5) + c1(M5)cos”0 + ca(M5)cos™0 + ...
E (COS 9, Mpﬁ) — E (_ CcoS 3, Mpﬁ)
A(cos 0, M,,) = 9% dQ
»TPPTT do M do M

Also interference between ISR and FSR could cause an asymmetry!
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Periodic interference near threshold

[Phys. Rev. Lett. 114, 232301]

5 — Ae PP
i | +BABAR (13) Fosc1(p) = Ae”PPcos(Cp + D)
031 —Tripole fit Fyi(p) A<<1 B damp. par.
- C=r<1fm D thresh. shift
0.21-S. Pacetti
[ (PhiPsi'15)
0.1} p = proton momentum in p rest frame
e Periodical behavior suggests an
0.04 | +Data - Fri(p) interference du_e to rescatteri_ng c_)f
- —Fit proton and antiproton at low kinetic
& 002 energy and distance ~1fm
g 0 Proton and antiproton interact when
0 _0.02: they are almost phenomenological
-0.045 Unitarity implies a large imaginary

' ' part of form factors
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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
, |G_,,| and P_at single energy R_and|G_, |at threshold
points possible possible

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