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Until now: produced vortex states have small energy (photons, electrons, neutrons and atoms)

Why consider p and even p?
e high p mass — access to many hadronic reactions
e a milestone on the road to use vortex states in DIS to probe of nucleon structure (spin

crisis, OAM of quarks and gluons)



Proton electromagnetic form factors

Form factors describe non-point-like interaction: 42 = (42) 2 I F(@))?

Space-like (¢% < 0) Time-like (¢*> > 0)

e Real valued function e No intuitive meaning

e Has intuitive interpretation: Fourier e Complex valued: sources of imaginary part
transform of electric and magnetization — intermediate particles and excitations
distributions e Relative phase is unknown. Can be

B e . o measured in experiments with polarized
p(Z) = (2m)2 /d qaF(q)e beams (not done). 2




Simple scalar Bessel state

Coordinate space

In cylindrical coordinates (p, ¢, z) for a scalar
particle propagating along z direction:
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Momentum space

NBes ko —ik-7
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where the Fourier amplitude is
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Vortex fermion

e Vortex Bessel fermion can be constructed using plane wave basis.
PW basis: A plane wave fermion with k* = (E, k, k,), where k = |k|(cos ¢y, sin ¢y,),
k. = |k|cos 0, and helicity A = +1/2:
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where ¢; = cos(0;/2), s; = sin(0;/2).

e Construction of Bessel vortex state using PW basis:
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Kinematics of final 2 particle state

Double vortex scattering

Plane wave scattering

Transverse momenta plane Transverse momenta plane
Y
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Scattering of two scalar Bessel states

1st particle: k1 = (E1, ki, k1,) with OAM my; 2nd particle: ko = (Fa, ko, ka.) with OAM ma

Vortex scattering amplitude:

J = / A%y d? koM P17 m282) 5 (| | — 3¢1)0(|ka| — 32)8 P (k1 + ko — K)M(ky, kg, ks, ka)

The integral in J is nonzero when:
‘Iﬁ)l — I{2| < |K‘ < K1 + K2

configuration a:  ¢1 — ¢x + 61 P2 = o — 9

K configuration b:  ¢1 — ¢ — 01 P2 — PK + 2
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Cross section: do o | J|?d?ksd?ky



Proton electromagnetic form factors

The plane wave amplitude is product of hadron PO F1) 1y € (€3, ks)
J# and lepton L, currents. K_
o2
M= ?JMLH’ ;3(/\2,#;2)/ N e (€, ka)

Nucleon current J* is

Fy(s)
2M

YHGar(s) + EM uy, (k1),

7 1%
Oxa (k2) {7 Fi(s) + oM 17

"' K, Uxy (kl) = Uy, (kQ)

GEZFl—FTFQ, Gy =F + Fs.

where 0, = [V, W]/2, K = k1 + ko, s = K?, P =ky — k1, and 7 = K?/4M?.



Proton electromagnetic form factors

Pt Gy(s) —Gge(s
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Parameters:

Ei =1.2 GeV, Ey = /K3 + M2+ p3,
k1 = 0.2 GeV, ko = 0.1 GeV;
K, =0, k3| = 0.8 GeV

_ [ d6x|TP sin(d — 63)
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Few observations:

e number of fringes is defined by angular
momenta of initial states (mq,ms)

e Different Mandelstam s in one setup
8§ = (El + E2)2 —K?



Helicity structure

M = M” + My
TP =19+ T0 P = |93 + 170 + 2Re{7). 7).

¢t = cos(mydy + mada), xg::¢fTE;j:¢E;E;, w;::¢EfE;ﬂ:¢E;E;.
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Helicity structure
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Numerator, RR/LL keeping only terms
o sin(dr — P3)

S Re{J|J1}  16E Ey sin(205)| G| sin(gxc — 3P0 \/
3

<|k1\ + k) —0-02
— T

0.02¢

><2)\|K|(¢m1 A) Im{Gr/Gu}

WLQ/\

-0.04+

in approximation K < k34 0 ‘10 0 ‘15 0 ‘20 0 ‘25 0 ‘30
K], GeV




Non-relativistic regime
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Parameters:
my = 7/2, ma = 3/23
FE1 =939 MeV, Egzy/%g—i—]V[?—&—kfz,
) = 40 ].VIGV, My — 20 MGV,
K, =0,

The asymmetry is not suppressed by the
hadron mass in non-relativistic regime, but
defined by how non-paraxial are initial vortex
states. Therefore, this method is feasible in low
energy experiments.
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Conclusions

e It was shown that it is possible to extract the relative phase shift of proton
electromagnetic form factors in pp annihilation. Analytical calculation in paraxial limit are
in agreement with numerical calculation

e The asymmetry of differential cross section is proportional to relative form factor phase
e allows measurement at different Mandelstam s in one setup, useful if phase changes rapidly

e The asymmetry is not suppressed in non-relativistic limit, therefore can be measured in
experiments with low energy vortex hadrons.
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referring to yesterday discussion

is it feasible?
Penning trap

F = ) A
Ao 7D (ES Dt 72N

although extremely low energies can be used, but s ~ 4M2, GE’M(ZLM'I?) — 1
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