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Motivation and main results
Coherent processes in terms of diagrams. Holography of quantum states

Effective susceptibilities: photon and electron dielectric susceptibilities,
electron mass operator in the presence of the hadron wave packet
Explicit expressions for:
e Single photon susceptibility and the inclusive probability to record a photon in
the light-by-light scattering
o Single electron susceptibility and the inclusive probability to record a photon
the Compton process
o Electron mass operator and the inclusive probability to record an electron in
electron-by-hadron scattering

Radiation due to quantum measurement. Holography of collapsing wave
functions

Conclusions
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Motivation and main results

@ In considering scattering of particles as plane waves, the disconnected contributions
to the S-matrix are excluded. This results in concealing the effects appearing for
real-world quantum states which are not the plane waves.

@ There is a class of processes where the wave functions of particles interact
coherently with other particles even at large energies [P.O. Kazinski, T.V. Solovyev, Eur.
Phys. J. C 82, 790 (2022)]. For coherent scattering, the scattering amplitudes stemming
from different parts of the wave packet add up constructively as if the wave packet
would be a charged fluid.

@ Coherent scattering provides the tool to trace the dynamics of quantum states of
particles and, in particular, to reveal the details of the collapse of the wave function
exposed to a quantum measurement. This gives us the answers to the questions:

o Where is the precise boundary between the system and the detector measuring
and projecting the state of this system?

e How long can we use the Schrédinger equation to describe the quantum
dynamics and when should we apply the projectors corresponding to the
measurements?

o Whether does the measurement of the properties of one particle change
instantaneously the properties of the second particle entangled with the first
one so that the second particle emits photons?
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Main results

Results

The general theory of coherent processes in QFT with wave packets is
developed. This theory can be regarded as the description of holography of
quantum states.

Scattering of electrons by a hadron wave packet at small angles is described.

Scattering of photons by a photon wave packet and by an electron wave
packet at small angles is described.

The effective dielectric susceptibilities of a single photon and a single electron
are introduced and calculated. The effective mass operator of the electron in
the presence of the hadron wave packet is found.

The theory of spontaneous and stimulated transition radiation from particle
wave packets is developed.

Radiation due to quantum measurement is described. For a free particle
measured by the detector, the properties of this radiation are similar to the
properties of transition radiation.
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Main idea in terms of diagrams

Definition of the connected part of the S-matrix
i
Spa = Sfat D (EDShia, Shan (1)
part(S3,a)

Spgq is the S-matrix.
Sfaa is the connected part of the S-matrix.

Process 1 +2 — 1/ + 2/

! /
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P1 P2 P1 P2 b1 P2

@ The stability of the vacuum and of the one-particle states is implied.
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Main idea in terms of diagrams

Differential cross-section for plane-wave states

2
Pl P2

do(p}) ~ [ dv; . ©)

P1 P2

Inclusive probability to record particle 1’ for the initial states of a general form

2
2 PL P ,
P1 b2 P1 P2
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w(p1) Y(p2)
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Main idea in terms of diagrams

Inclusive probability to record particle 1’ for the initial states of a general form

dP(p}) = dPy(p}) + dP.(p}) + dPinc(p}). (5)

dPy(p’) is the probability to record particle 1’ in the initial state.
dP.(p}) is the coherent (interference) contribution to the probability.
dP;nc(p)) is the incoherent contribution to the probability.

> {:f—k i ®
dPy(p}) ~ v ; W, dP.(p}) ~ Cl @ + c.c.,

Y ———t——— P [

<

P
(6)
@ In the coherent contribution, the state of the particle described by the wave
function v is not changed by scattering.
@ The incoherent contribution is the standard contribution to the differential
cross-section for the initial particle states of a general form.
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Main idea in terms of diagrams. Holography

undiffracted light (background) diffracted light

incident ., holagrarm

wave front 5

source

object plane
Zy > Z—

{A) Formation of a hologram by light
diffracted by an object with collinear
background (Gabor’s original method).

Probability to record a photon
K K 2

dP(k') = . = dPy(K') + dP.(K') + dPinc(K'). )

dPO(pll) ~ (1WN\@\/\W{I7 dPC(pll) ~ dd +C'C'7
I I (8)
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Main idea in terms of diagrams. Other processes

Inclusive probability to record a photon in spontaneous radiation

2
P K I

dp(k')~/dp’ \?/ - . . o 9)

#(p) 1

Inclusive probability to record a photon in stimulated radiation

2
P ki P K K,
dP(k}) ~ /dp’ -+ | =dPo(k}) + dP.(k}) + dPine(k}). (10)
w(p) d(k) #(p) d(k)
dPo(p1) ~ d«va»[LZ}wwwd, dP.(p1) ~ d +c.c.,
I I @
R I i £ (11)
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Main idea in terms of diagrams. Other processes

Inclusive probability to record a photon in spontaneous radiation from N charged

particles
2
pi Py_1 PN K
dP(k') ~ /dp’1~~-dp3v = NdPino(K') + N(N —1)dP.(K').
1(P1)  en-1(py-1)  en(PN)
‘ (12)
$1 ‘ P1
dPine(K') o — -
mnc m K
@
: (13)
©“1 Y1
ON-2 ‘ $PN-2
dPC(kl) ~ PN-1 ‘
A
G
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Effective photon susceptibility

@ The properties inherent to single elementary particles such as mass, spin,
charges, magnetic and dipole moments, and others underlie our
understanding of physics.

@ One of such characteristics of particles is their dielectric susceptibility [p.0.
Kazinski, T.V. Solovyev, Eur. Phys. J. C 82, 790 (2022)]. Thus we can talk about a new
property of elementary particles.

@ The susceptibility specifies, in particular, the optical properties of a medium.
Therefore, the color of a photon can be defined.

Definition of susceptibility

1
S -1 / d*cF, F"™ + Sing,
1 (14)
Sint = 5 /d4$EiXijEja

E; is the electric field strength.
Xij is a nonlocal tensor operator in the spacetime (the susceptibility).
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Effective photon susceptibility
kiAo ks A kg, Ay k3, A3
+ A +  perm.

hxs(k2)  sx (ki) hx, (k2) sx, (k1)

Figure: The diagrams describing photon by photon scattering in the leading orders of
perturbation theory. The time axis is directed upwards. The blue lines correspond to a tested
(soft) photon, whereas the black ones are for a probe (hard) photon.

k4, A4 k47 )\4
G bk
hx, (ko) h, (ka)

Figure: The diagrams describing photon scattering by the effective dispersive medium
characterized by the susceptibility tensor x(ka, k2) in the leading orders of perturbation theory.
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Effective photon susceptibility

Weyl symbol of susceptibility

2
Xij (7 K) = %{(Qﬁzws)fﬁj — (il oatba)eizkne—

(15)
— 3 [Whosty)os — (o)), (e0):(K) en);(K) ).
n; = K;/|K|. 6143. = d;; — nynj. e;(K) are the transverse linear polarization vectors.
Notation
dka fs"*(s)
= 1/2 _ 3 zkgx k
1/)57)\(1') fs (S)S)\({IJ) \/W ( 3, T )7
dksfa"’(s)
— 1/2 _ 3 1k3x k 16
¢a,>\($) fa (S)S)\({IJ) \/W ( 3, T )7 ( )

dksg'/?(s)

xT) = 1/2 S)SA\\T) =
tnale) =g e = [ TR

™% g, (ks3; 2°),

s = |ks||K]|(n3 — n)?, n3 = ks/|ks|.
sx(ks;x0) is the wave functions of a single photon in the interaction representation or the
complex amplitude of the coherent state of tested photons.
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Effective photon susceptibility

@ f gives the contribution to the
locally isotropic part of the
susceptibility;

e f, gives the contribution to the
gyrotropic part of the
susceptibility resulting in
circular birefringence;

@ g gives the contribution to the
part of the susceptibility leading

Figure: The d d f , , and . .
& © dependence of fa(s), fa(s), and g(s) on to linear birefringence.

s' = s/m?2. The solid line is fs(s), the dashed line is
fa(s), and the dashed dotted line is g(s).

P.O. Kazinski (TSU) Coherent effects in scattering ... Moscow, 6 September, 2024 14 /26



Effective photon susceptibility. Estimates

Susceptibility of a photon

@ For s < 4m?, a single photon wave packet can be regarded as a transparent
dispersive medium possessing linear and circular birefringences.

@ The circular birefringence (gyrotropy) is suppressed at s < 4m? and is absent
in the Heisenberg-Euler effective Lagrangian.

@ The general formula (15) for susceptibility is applicable for both beams of
photons in a coherent state and single photon states.

Estimate for the beam of tested photons

2ak

— —S K2, K2 :=e2A?/m? ~ an,/(|ks|m?). (17)

Xij ™~

K, is the undulator strength parameter. ng is the photon number density in the tested state s .
Estimate for the single photon wave packet

|k3|05 k4
~ 8a? < 8a 2m4 (18)

o5 is the standard deviation of momenta in the wave packet of a soft photon s,.

P.O. Kazinski (TSU) Coherent effects in scattering ... Moscow, 6 September, 2024 15 /26



Inclusive probability to record a photon in light-by-light scattering

Inclusive probability to record a probe photon scattered by paraxial beam of tested

ones for sufficiently small |Ak|

1 (s)
dPp =3 3 DMLM{/)(I +¢o)—

P YA

— 256(60 + €C) Im /i — 2x[(€ + §0¢) Imj + (€ x Q) Replo}  dks.

4N
D() is the projector to a certain spin state of the recorded photon.

(2m)3 (1 +<¢o)ayn

PBE = "y 3 p(ka; kb) — initial state of the probe photon,
pimplisks), = plicagike) = [ dicaspli e[,
‘=
(ka(ng — n3)) o?
ky = — —_ = —
4= (e mms) S T 272[Ka[ng — ng0)
dk dk
&b = [ =2 fu(s)sT (k3)s(ks), &= / 2 g(s)s" (ks)o1s(ks),
ks 2/ks|
dk dk
eh = [ 22 1,(s)sT (ks)oas(ks), &= 7/ 2 g(s)s" (ka)oss(ks),
ks 2/ks|

si(ks) are given in the basis of linear polarization vectors.
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Inclusive probability. Particular cases

Unpolarized probe photon, { =0

O 1P o126l 0 = —2%51“;” (22)

@ The hard probe photon being initially in the state with the Stokes vector
¢ = 0 becomes polarized with the Stokes vector proportional to the vector &.

The case Imp =0

¢ ¢ =¢-2a(Ex )= (23)

R
|
:U |
@

@ The Stokes vector ¢ precesses around the vector €.

@ The polarization degree of a hard probe photon, ||, is conserved up to the
terms of higher order in the coupling constant.
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Inclusive probability. Estimates

Relative magnitude of the effect for tested beams of photons

k| L k3

a k2
ik L~——3K2k L=231x108K2—=
7~ Xij|Kal " w1kl X moamev?

(24)

L is the length of the path traveled by the probe photon wave packet in the tested one.

Relative magnitude of the effect for a single tested photon

_=S80
7 ~ 6.60 x 10 7m—z. (25)

L~1/os.
s = |k3||ka|(n4 — n30)?.
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Effective electron susceptibility

/

K’ p p’ Kk’ p k'

dk) o(p) dk) ©(p) d(k) ¢(p)

Figure: The diagrams describing the Compton process in the leading orders of the perturbation
theory (the time axis is directed upwards).

k' k’

Figure: The diagrams describing photon scattering by the effective potential determined by the
polarization operator in the leading orders of perturbation theory.
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Effective electron susceptibility

Susceptibility of a photon

o Coherent scattering of photons by an electron wave packet is the same as
scattering of photons by a fluid with plasma dielectric permittivity.

Density matrix at the instant of time z°

p(p,p';2°) = e 7% p(p, p')em"". (26)
Relativistic density matrix in the coordinate representation

dpdp'm

plxiat) = [ T VEeER) e @)

Weyl symbol of the dielectric susceptibility of the electron wave packet in the
small recoil limit
drap(x, X; xo)(S

Xij (7 K) =

Ko = |K|.
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Electron mass operator in the presence of a hadron wave packet

/ / ’ / ’ /
p,s K., r /s K. r

: il
oup) k) o:(p) o lk)
Figure: The diagrams describing electron hadron scattering in the leading orders of the

perturbation theory (the time axis is directed upwards). The blue lines correspond to hadrons,
whereas the black ones are for electrons.

oy p,s
() Mol
(PS(P) O,(p)

Figure: The diagrams describing electron scattering by the effective potential determined by the
mass operator in the leading orders of perturbation theory.
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Holography of a hadron wave function

I
N
T
E
N
S
I
T
Y
INTENSITY BY
RUTHERFORD’S FORMULA
Rutherford formula
9«
do = (ﬁ) W (29) @ In the domain where the wave packet of the initial electron
mw2/ sin(6/2) interferes with the scattered wave, the coherent scattering
. dominates and the hadron wave packet can be regarded as a
6 and ¢ are the spherical charged fluid.
Cofdmatesj he fi @ Out of this domain, the standard incoherent contribution
a=1/137 1s the Tine structure dominates. The hadron wave packet can be considered a gas
constant. Z is the charge number. of point charged particles scattering incoherently the incoming
m is the electron mass. v is the electrons. For sufficiently narrow in momentum space electron
electron velocity. wave packets, the scattering probabilities are summed up
rather than the scattering amplitudes.
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Electron by hadron scattering. Some results

@ The effective mass operator of the electron determining the coherent scattering is
M(q) =ev" A (@), 577 (0) = -4 (g),

e dq iqx e dkdk/ prr
i (@ )'—/(%)4@‘1 (g

k, k) ei(kbk)xar/ (k')FuuT(k)A

/

(30)

I'* is a nonlocal electromagnetic vertex.

@ The inclusive probability to record an electron in electron-by-hadron scattering
contains the infrared divergence at the order o of the perturbation theory. It
resides in the modulus squared of the standard connected part of the S-matrix. It
stems from the fact that the electron wave packet is nonzero for the momentum of
the electron recorded by the detector, i.e., for such a momentum that the
transferred momentum vanishes. The incoherent contribution to the spin density
matrix of the recorded electron reads

Z2€46/ ’ d d~ dk/
(4) 51182 qLaq.r ’ 0 = ’ o~
rr — B = _ e T ,p + n (K — 7k — °
w5152 2(27()4’3/62 (qzl — 10)(qi + ’LO)p (p q.,p CIJ_)p ( qL QJ_)
(31)

q =k, -k;,q, = l~<’l — k__are the transferred momenta transverse to (3.
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Radiation due to quantum measurement

Initial state . X R
R = Rpn @ Re ®0)c+(0]+- (32)

@ The measurement is performed at the instant of time ¢y < tout. As a result, one of
the electrons is detected in one of the states distinguished by the projector D. in
the one-particle Hilbert space of electron states. The projector in the Fock space is
f[De. At the instant of time ¢ = t,u:, a single photon is recorded in one of the
states singled out by the projector D in the one-particle Hilbert space of photon
states. The corresponding projector in the Fock space is IIp. The probability of
such a chain of events is

P(Ilp < Ip,) = Sp(Ip Uty 0110, Utg s RU, 10 T1D, Ut e )- (33)

Ut, +, is the evolution operator of QED and all the operators are given in the Schrédinger
representation.

Conditional probability
P(llp|Mlp,) = P(Tlp « Ip,)/P(Ilp,). (34)

Probability to detect the electron at the instant of time ¢y in the states distinguished by
the projector D,

P(llp,.) = Sp(Ip, Uty 1, RUL,, 10)- (35)
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Radiation due to quantum measurement. Free Dirac particle

Amplitude of stimulated radiation from a single free Dirac particle due to
measurement of its state

B f Zkezkw
’Y:—ze/ da® /dxap )()‘)\/(2‘)/7]% +

in(z) S (K)etn"
/ d:c/ F111() <A)m }

() is the free evolving state of the Dirac particle.
() is the free evolving state coinciding at t = 0 with the state which the detector projects to.

(36)

@ The first term in this expression describes the radiation from the classical

current of a Dirac particle after the reduction of the wave function of this
particle.

@ The second term in this expression defines the normalized amplitude of

photon radiation due to transition from the state v to the state ¢ during the
time interval ¢t € (—o0, 0].
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Conclusion: Photon and electron

@ The wave packet of any particle interacting with electromagnetic field possesses a dielectric
permittivity that is revealed in coherent scattering of a photon by the wave packet of this particle.

@ The photon wave packet has a dielectric permittivity of a transparent medium possessing frequency
and spatial dispersions and linear and circular birefringences. The susceptibility of a beam of
photons is proportional to the particle number density of photons at a given point.

@ The wave packet of an electron has the same dielectric permittivity as a plasma. In this sense, it is
metallic in color.
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