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1. Introduction

= Nucleon anti-nucleon: one of the most typical strong
iInteractions

= LEAR has done lots of measurements

CMS
——
"'.'-, Morth Area
g o x
LHC o LHCb
- SPS V "
A ATLAS
West Area ° AWAKE
H L i
R TIE
T2
PsB
ISOLDE SeEhitY
< —
v | FP S — |
LINAC 2 * . PS
v { CTF3
g
T
nacs A e
AD  antpraton Deceerator
\ PS Frozon Synchrotron nTOF Flewtron Time OF Fight
== protons antiprotons SPS  Super Pro:mn 53‘7:'“"'0"'0” AWAKE pohvenced Wakefiekl Experiment
w lons B clectrons IHC  Large Hadron Colder CTF3  CLIC Test Facity 3

feutrons = heutrines



"~ Baryon anti-baryon spectrum

= Threshold enhancement of baryon anti-baryon 1s
observed by lots of experiment: pp, AA, 22X, A A,

= Their interactions are important to study the the
structures 1n the baryon anti-baryon spectroscopy.

= BABAR, BESIII, Bellell...
= FAIR: PANDA (pp), PAX (polarized p)?

N

red: anti-baryon




Strategy

= New insights in strong interactions?

New physics?

resonance, EM formfactor

So———(———1

only pp

baryon anti-baryon interaction




2" N scattering amplitudes

= NN scattering amplitude, two parts
= elastic NN scattering: E.Epelbaum et.al., EPJA51 (2015) , 53

= pion(s) exchange: NN Chira/T+G -parity

= LECs of contact term: to be fixed by data

= annihilation: unitarity, fit to the data
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= Up to N3LO, in time ordered ChEFT:

= only irreducible diagrams contributes

* Lippmann-Shwinger equation




= pion(s) exchange potentials:
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= Fourier transformation: change it into corordinat
space to do regularization
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ChEFT: potentials

= Contact terms: short distance

V(18) = Cig, + Cig, (5" + 17) + Dlig 070 + D, (8 + 1Y),
V(*S1) = Csg, + Cag, (0% + 17) + Dlag o' + D5, (6" + 1Y),
V(IA) = Cip, pr + Dip o0 (0° + 17,
V(3P) = Csp, pr + Dap pr'(0* + 57,
V{*R) = Cap pr + Dag pr/(n® + 7).,
V(*R) = Csp, pp' + Dap pr (P2 + 77,

VEDy - 38) =C.,p” + D', p%? + D2, 1,

v(*si— D) = C., p* + Dl p'p? + D1,

= Non-local regularization
f(p'.p) PEP("P J\inﬁ )

= Annihilation terms: short distance physics, around

1 fm or Iess the same form as that of
_____—— contact terms

‘:'um “'I.."Iu +X (:.'{ 11 NN

Ignore the transition between
annihilation channels



ChEFT: potentials

= |Imaginary term: -i, required by unitarity
= Real term: be absorbed into terms of momentum

Vin = —#(Ch +C.p"+ D5 PWCL A\ B+ D7),

Vam = —i(Cap+Dip’)(Cop’ +Dop™),

Vemw = —i(D5YP°p>,

Vom = —i(D7)Y'PP",

Vam® = =i (Cls, +Cig p* + Dig p*) (Cg, + Cl p* + Dig p™),

Vo = =15, +C3g p*Dig p) CE 7 Expansion around
Vou: = —iCLp*(CL, +C p* +D% p™), NN threshold.
Von? = =ilCLY +(C5, 177 For SIS cases,

they have small

X Brs.

= Higer power appears due to unitarity



"Fits to Nijmegen's phase shifts

= PW projection, Lippmann-Shwinger equation

1
T ("0 Br) = Ve (0", 1) +Z/ _Vf (v P3EoF 7 Lew (09 Bi)
o o ...f'p /

= The total ¥ for dlfferent cutoffs

R=0.Tfm R=08fm R=09m R=10/m R=11fm R=12Mm
Tiab < 25 MeV 0.002 0.003 0.004 0.004 0.019 0.036
Thab < 100MeV 0.032 0.023 0.025 0.036 0.090 0.176
1| Thab = 200 MeV 0.143 0.106 0.115 0177 0.312 0.626
Tab < 300 MeV 2.855 2.012 2171 3.383 5.531 09.470

10°

= Cutoffs: 0.9, 1.0 fm,
ChEFT does not work
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" "Phase shifts of different cutoff

= Lowest partial waves are perfect up to 300 MeV
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= Higher partial waves may be worse above ZOQ MeV
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‘Error bands of different order

= Convergent when increasing orders, even in resonance region
= LO provides very limited description, only S-wave
- N3LO up, to 300 MeV for S- and P ‘waves
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““Error bands of different order

= Higher partial waves are well described at least up
to 200 or 250 MeV




Observables
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de/diy {mibisr) de/di2 (mib/sr)

defde2 {mib/sr)

Differential cross section, analyzing power and correlation

parameters are helpful for PWA
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= Check in low energy region

= The 1/32 (not 1/B) anomalous threshold behaviour is
caused by attractive Coulumn interaction
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=

annihilation cross section

= Purely isospin one components, helpful for PWA
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Energy shifts

= Hadronic shifts and broadenings in hyperfine states of pH
= Energy shifts and widths: Dese-Trueman formula

| NLO N2LO N3LO gﬂf-‘ LO [42] | Experiment

Is 4 ag e o e TR
AEc+i-2 = -— 22 (1 - g) Eig, (eV) —448 —446 —443 —436 —440(75) [98]
E 5 —740(150) [97]
AEp+i—+ = ———— 8y Mg, (eV) 1155 1183 1171 1174 1200(250) [98]

2 8Mpr3 b

1600(400) [97]

Ess, (eV) 42 V766 —770 —756 —785(35) [98]

—850(42) [99]

T.L. Trueman, NP26 (1961) 57 | I's; (eV) 1106 1136 1161 1120 940(80) [98]
J. Carbonell et.al., ZPA 343 / 770(150) [99]
(1 992) 325 Es (meV) 17 12 8 16 139(28) [100]
/ Tsp, (meV) 194 195 188 169 120(25) [100]

Eis (eV) —670 —688 —690 —676 —721(14) [98]

);\(;\;'4'(81';% et.al. JHEP1402 s (eV) 1118 1148 1164 1134 1097(42) [08]
( ) Eop (meV) 1.3 2.8 4.7 2.3 15(20) [100]
I'sp (meV) 36.2 37.4 37.9 27 38.0(2.8) [100]




N FSI: proton FF

= Proton form factor: probe of the inner structure of proton
0 ee—>pp, helpful for determlne the space- Ilke reglon FF
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new measurement

= CMD-3 has excellent measurement in low energy region
= BESIII's in the region near threshold?
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= To analyze ee—pp, we need to consider FSI
= Distorted-wave Born approximation (DWBA):

Tﬁr N—sNN = K“? NoNN T K"TJ N—sNN Go Tﬂ’ N—=aNN;
¥ S 2, s e LY,
T:f: Te——=3NN — Yete——NN + E:"‘ e——=NN G” T:"'JN — NN

P P P P b p

et £ et e” et e

= Vector meson dominance: 3S,-3D),

J.Haidenbauer, X.-W. Kang, U.-G.
Meil3ner, NPA 929 (2014) , PRD91
(2015) 074003.



= NZ2LO result. N3LO's IS coming
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X18357

= The amplitude gives information of structures, vice versa
: There IS a structure around PP threshold In many channels
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= The intermaediate states NN rescattering is included

J/Iv - yNN = yp'nTn~

= We need dlstorted-wave Born approximation (DWBA)
Tyn—iN = Vanosin + VanoanGolay . sn—BR(pp — n'nTn~) = 0.626%

. f == i DR B
T"‘? Noang'tne — "‘i N—=wTrr FINNSNN Gol NN—an'zm:

_ 40 ) 0 i L
AgppsyNN = Ag sy iN T Ay nNGOTRN S AN

A-Ut T T A[}KL S A.[:’;’ti*—wﬂ’ﬂ-' GDTNN—HI’?T?T S Te I
B o R \W.Kang et.al.,
= AJfpsyiynn + ATy BN GDWNV PRD91 (2015) 074003.

= J/y — wpp, ¢pp channels: isospin 0 component does
not contribute to the enhancement near the threshold

T = (T T=0) DT — (LA T2 -+0.6T")
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‘modlfled isospin 1 N amplitude

‘Isospin 1 amplitude is modified slightly to fit to the J/y —

vpp data
= Low energy part is the same as previous analysis

= After modification, we find a isospin 1 resonance:
binding energy ( -50.8-i 40.9) MeV, too wide to be seen
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= Bound state

Threshold effects

= The inteference between background and cusp
constructs the structre around pp threshold

description is not necessary
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Prediction

= We suggest BESIII to study the process of J/y—ywp?

= More narrow bound state has more pronouned
structure N —

dI/dQ (arbitrary unit)
=




A, FSI: A FF

= We need to clarify the resonances appear in A\,
scattering amplitude

= With FSI we study ee—/\A,

B Ml

i e TIAN S LRI
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o e |
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I MHHH‘HJ}HH*}*J,*}*HHHU,,JJ##*#T BABAR, PRDS9 (2014) 111103,
.............. Belle, PRD91 (2015) 112007,
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__ﬁ a’f—ladronic scattering amplitude

= |sospin 0, no OPE contribution
= VMD, 3S,-3D,

Cls' +6351{;‘j2+P2} _i(c‘i’;] +C§5]Pr2}(53351 +C§51P2}!

VES)H(P. p)
VCDy - 3S)(p, p)
VES: - *Dy)(p, p)
VEDy)(P . p)

Ca P* 1G4 p* (G5, + Cig P),
Ca P’ —i(Cy + G PP Co P
0,

= One resonance exchange in ChEFT

Visi(7, B, E) = va(;— my) [£ :1 y E; ) 5 ﬁ;(..'dfﬂihc 2EP')

81D = s (1 B )+ 55 - 7
Vo5, B E) = vasfﬂwj B ﬂ;—i) ’ fv(zgﬁ Mi“
Visisn (P, pE) = va(lfmu] .gu kl i T—t) ¥ fv(.drf‘ihc ¥ EEF'




= Born amplitude, including pole term and non-

pole term
P?ﬂ(p”p;a:_%{cﬁ(l g E;)+ Hw{ge—e my) gw(l " ’JE:)Jr fv(-ﬁlﬂiﬁc " Egp) }(1 : EH;:) ’
im0 a1 )+ s [ - ) e - s - )
Dl 51(15" - EJ__ZYI_“{GEE(I s E;E)Jr Hw(ge_e = gv( = ﬂ;—;)+ fy (“‘gpr = lﬂixf) }(1 + ;;PJ ;
ngl-iﬂl(pf'pi‘gj:_lfa{cﬁ(l J ,?;:)Jr .-Ir.wr{EgEj my) gv(l J E]Jr fi}(4£ﬁn. ® Egp ) } (1 i g_;) ‘
= LS and DWBA
Trop (0", 0 E) = Vi (p" 9" E) + ;[ﬁ é’fﬁ Vier (0”0 E) 5 Qﬁlﬂ - —Tr1(p,p': E)

AYR= ot . : X dpp® : 1 :
Fpip (kykes B) = Fpup(k ke E) + Z /t; 2P Tynp (k. ps B 5 FLpp ke E)
e - Ly




annihilation

= LO A, elastic scattering potential, without

= Varying the cutoffs

0.8

e Belle
B BESII
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'Dﬂ T T T
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0.8

T
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= NLO A\, elastic scattering potential, with
annihilation

= varying the number of LECs

0.8 . , ; , ; , . , 0.8

® Belle — LEC with non-pole term —_—1 LEC

m BESII -2 LECs S Bals ——2 | ECa
0.6~ = BESuI _'__'_2 tgg:_

0.2 4

0.0 : : : ; : : . : ; : ; : : : :
455 460 465 470 4.75 455 4,60 465 470 475




-

“poles and scattering lengths

* Poles and scattering lengths are stable with non-

pole term
| A(GV) 0.45 0.50 0.55 0.65 0.75 0.85
with pole term. see Eq.
Cis, 191.8 110.1 61.27 7.853 ~19.17 —34.48
gy —8.734 ~8.123 —7.625 —6.837 —6.218 —5.706
my (GeV) 46344 4.6364 4.6383 4.6419 4.6448 4.6472
2.(x10-3GeV?) 1.052 1.067 1.081 1.102 1.116 1.126
» 0.1 03 0.4 0.6 0.7 0.8
pole (GeV) 4.6550 4.6534 4.6514 4.6482 4.6462 4.6451
~10.0264 —i0.0311  -i0.0343 —i0.0376 -i0.0389 —i0.0394
a (fm) —0.269 —0.485 —0.634 —0.818 —0.927 -1.002
with pole and non-pole contribution. see Eq. (4)
Csy: 1919 1119 65.65 —0.0100  -11.76 ~26.96
gv —8.808 —7.964 —7.356 —6.490 —5.899 —5.415
my (GeV) 46328 4.6398 4.6443 4.6473 4.6542 4.6572
e (3107 GeV?) 1.055 1.052 1.042 1.045 1.004 0.987
Goe(x1073) 0272  -0.578(658) —1.035 ~1.100 ~1.672 ~1.787
v 0.1 0.1 0.2 02 0.2 0.2

4.6543 4.6552 4.6554 4.6532 4.6550 4.6549

-10.0276 —-10.0284 -10.0295 -100304 -10.0314 -10.0319




-

“poles and scattering lengths

| 1 LEC | 2 LECs | 3 LECs | 4 LECs
with pole term.
f."-'.-+,.;1 (GeWV—2) -19.17 -19.23 —0 1A -49. 78
Cag, (GeV—4) . - -191.3 ~146.4
{:-T.‘:'. (GeVv—1) L 01661 -0.5353 -1150
{-:T."-T. (Genv—3) - - - 4567
gy -G.218 -6.218 -5.071 -4 . 705
ey [GeV) 4.6448 4 _Gdds 46386 46362
Fee{ =103 GeWV2) 1.116 1.116 1.079 1.171
x? 0.7 0.7 0.3 o1
pole ((GeV) 4.6462 — i0.0389 | 4.6455 — 10.0390]|4.6501 — i 0.0396 14,6506 — 1 0.0397
e [(f1m) —D.927 —D. 928 —0.726 —0.916 — i0.844
with pole and non-pole contribution.
1 LEC 2 LECSs 3 LECs 4 LECs
Cy = (CGeWv—2) -11.76 -11.74 -0.0135 —GO.T6
Clag, (GeW—1) - - -187.9 -74.23
(_'_:'_*:SI (GelV—1) - 065095 0.050:3 -1185
Cgg, (GeV—#) = = = 5455
Qv -5.809 ~G_ROT -5.012 _4. 858
ey (GeW) 4.6542 4 B547 4.6414 4.6342
Gee{ 103 GeV2) 1.0k 1.003 10063 1.200
(Fee(=10—2) -1.672 -1.678 -0.455 0.512
1'2 &
e [(fim) B s s T = o :

m Poles are not sensitive to the strength of annihilation

reaction

e — AZA]

Belle [8]

Belle [7]

BABAR [6]

e e — ATA]

e e — a a W(25)

e e — ot W(25)

mass M (MeV)
width I (MeV)

4652.5+3.4+1.1

62.6 +5.6+43

B+5
46347575

9"}1—4"] +10

<34 31

4652 + 10+ 8
68 £11 +1

4669 +21 +13
104 £48 = 10




= Effective form factors for LO, NLO
= BESIII's has a different trend comparing to Belle's

= The future measurement of BESIII up to 4.65 GeV
IS Important
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Up to N3LO, we fit ChEFT amplitude to PWA's. It works
“Agplelliitlelsy well at PLab<300 MeV for S- and P-waves, and a bit
lower for higher partial waves. Its low energy part is also
consistent with the antiprotonic hydrogen phenomenology.

We are studying the proton FF from ee —pp up to N3LO, with

N LS equation and DWBA method. The structure around pp
threshold exhibits a cusp-like behavior.

We study e+e— —/\ /. process close to the theshold. the

N\ C/\C pole location of X(4630/4660) is obtained.The A FF is
predicted.
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Amplitude analysis, analytical continuation to obtain the FF
in unphysical region?
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