Polarization effects in the elastic €p'— €p process

Mikhail Galynskii

Joint Institute for Power and Nuclear Research — Sosny
BAS, Minsk, Belarus

Joint HEPD - TPD seminar, NRC KI - PNPI
Minsk — St. Petersburg

25 September 2025



Rosenbluth Method or Rosenbluth Technique (RT)

The Rosenbluth method for measuring of the electric (Gg) and magnetic
(Gar) proton form factors (so-called Sachs form factors) ratio is based on
the measurements of the Rosenbluth cross section of the elastic process

e(p1) +p(q1) — e(p2) +p(ge)-

In the one-photon exchange approximation in the laboratory reference
frame, ¢1 = (m,0) and m. = 0, that is [1]:

do  a’Ejcos?(0./2) 1
Q@ AE3sin®(6./2) 1+ (GE+ G )
Gpg=F —1,F, Gy = F1 + Fy,

e=(1+2(1+7,) tan?(0./2))!
Grg =Gu/pp=Gp(Q*) =~ (1+Q*/0.71) % R=pu,Gp/Gy ~ 1.

Here 7, = Q?/4m?, Q% = —¢®> = 4E1 E> sin2(96/2), q=q — q1,
a = 1/137 — fine structure constant, ¢ is the degree of the linear
(transverse) polarization of the virtual photon, 0 < e <1, p, = 2.79.

[1]. M. Rosenbluth, Phys. Rev. 79, 615 (1950)



Feynman diagrams for the ep — ep process
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Puc. : 1. Feynman diagrams for the ep — ep process:

(a) corresponds to the one-photon exchange or first Born approximation.
(b)—(e) show the first-order bremsstrahlung process £=p — £%p~ in the cases
when the photon is emitted by the initial-state lepton (b),

final-state lepton (c), initial-state proton (d), or final-state proton (e).

(f)=(j) represent the processes contributing to the virtual-photon corrections:
the vacuum polarization correction (f), the lepton (g) and proton (h) vertex
corrections, and the TPE corrections (i), (j).



Typically incorrect terminology in the literature

[1] N. Dombey, Rev. Mod. Phys. 41, 236 (1969).
[2] A. Akhiezer, M. Rekalo, Fiz. Elem. Chast.Atom.Yadra 4, 662 (1973).
[3] M. B. Tanbirckuii, M. U. Jlesuyk, AP 60 (11), 2028 (1997).

[4] M. J. Alguard et al. Phys. Rev. Lett. 37, 1261 (1976).

[5] G. I. Gakh, E. Tomasi-Gustafsson, Nucl. Phys. A 799, 127 (2008).
[6] N. Korchagin, and A. Radzhabov, arXiv: 2106.06883v1 [nucl-th].

[7] F. Gil-Dominguez et al., Phys. Rev. D 108, 074026 (2023).

[8] I. Qattan, J. Arrington, A. Alsaad, Phys. Rev. C 91, 065203 (2015):
“e is the virtual photon longitudinal polarization parameter”.

In [4]: If the scattering is described by the one-photon exchange
approximation, then for unpolarized electrons the virtual photons are
linearly polarized, whereas for polarized electrons the photons are
elliptically polarized (1976).

In [5]: Let us introduce another set of kinematical variables: @2, and the
degree of the linear polarization of the virtual photon, € (2008).

In [6]: € is often erroneously called in literature as a degree of longitudinal
polarization. In fact, it is a degree of linear polarization (2021).
[9] I. A. Qattan et al., Phys. Rev. Lett. 94, 142301 (2005).



The Rosenbluth formula in the arbitrary reference frame

The Rosenbluth formula in the arbitrary reference frame read as [1,2]:

o?do 1
412 1+ 7,
Vi = (p+a+)? + 4 d, Y= p+9+)® — 4(¢° +4mg) ,

pr=p1+p2, ¢+ =q +a, I =(pq)* — mim?.

1
do = (GE Yr+7, Gy YH)E’ (2)

In Mandelstam variables:

s=P+aq) t=(@—q) uv=I(0—p)
Y= (s—u)?+ (4m? —t)t, Yir = (s —u)*> — (4m? — t)(t + 4m?).

[1]. A.l. Akhiezer and V.B. Berestetsky, Quantum Electrodynamics,
Nauka, Moscow, 1969, in Russian, eq.(34.3.3), page 475.

[2] V. B. Berestetskii, E. M. Lifshitz, and L. P. Pitaevskii,
Course of Theoretical Physics, Vol. 4: QED, Nauka,
Moscow, 1989 eq.(139.4), page 700.



My question to the audience
do  a’FEycos?(./2) 1 ® . T
i < Gy + 263, .
dQ) 4E3sin*(0./2) 1+ 1 ( Bt € M)
Ge=F—-1,F, Gy =F +F, 7, =Q%/4m?

There is a question: What is the physical meaning of the decomposition
of the Rosenbluth formula into two terms containing only the squares of
the Sachs form factors?

It is usually stated in the modern literature, in particular, in textbooks on
the physics of elementary particles [1], that the Sachs form factors are
simply convenient because they allow the representation of the Rosen-
bluth formula in the simple and compact form of the sum of two terms
containing only G2 and G ;. These formal reasons for advantages of the
Sachs form factors are included, in particular, in known monographs [2,3],
are not criticized, and are reproduced until now, e.g., in dissertation [4].

[1] F. Halzen and A. Martin, Quarks and Leptons, 1984.
[2] A. I. Akhiezer and V. B. Berestetskii, QED, Nauka, Moscow, 1969.
[3] V. B. Berestetskii, E. M. Lifshitz, and L. P. Pitaevskii,

Course of Theoretical Physics, Vol. 4: QED, Nauka, Moscow, 1989.
[4] A. J. R. Puckett, Thesis, arXiv: nucl-ex/1508.01456v1.



Polarization transfer (PT) method of Akhiezer and Rekalo

In paper [1] A.l. Akhiezer and M.P. Rekalo proposed a method for
measuring of the Sachs form factors ratio in the reaction ep — ep’

e (p1,se) +p(q1) — e(p2) +p (g2, sp).

Their method relies on the phenomenon of polarization transfer from the
longitudinally polarized initial electron to the final proton and requires
measurement of the spin-dependent cross section. This method is called
by the polarization transfer (PT) method. In paper [1] was shown that
the ratio of the degrees of longitudinal (P;) and transverse (P;)
polarizations of the scattered proton has the form

P GuEea +FEe fe

L= tan — .
P, Gp om0y

[1] A. Akhiezer, M. Rekalo, Fiz.Elem.Chast.Atom.Yadra 4, 662 (1973).



Discrepancy between RT and PT JLab-experiments
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Puc. : 2. The world data on the proton form factor ratio, up,Gr/Gum .
Black symbols — TR (without TPE correction), color symbols — method AR.

R=p,Gr/Gy~1-0.13(Q%—0.04) ~1— gQQ-



3-th Method: 1, Gg/Gas from double spin asymmetry

In the experiment [1], the ratio of R were extracting by the method [2]
from the results of measurements of double spin asymmetry in the process

e (plasﬂl) +p(¢ha$;) —e(p2) +p(q2)
E1=4.725 (5.895) GeV, Q?=2.06 (5.66) GeV2, P; =~ 70 %, P. ~ 73 %.
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Puc. : 3. Ratio R were extracting in [1] by the method [2] from the results of

measurements of double spin asymmetry in the ep'— ep process.

[1] A.Liyanage et. al. (SANE Collab.), Phys.Rev.C 101, 035206 (2020).
[2] T.W. Donnelly and A.S. Raskin, Annals of Physics 169, 247 (1986).




Present status of the question

In order to resolve this contradiction, it was assumed that the
discrepancy in question may be caused by disregarding, in the respective
analysis, the contribution of two-photon exchange (TPE) [1,2]:

[1] P. Guichon, M. Vanderhaeghen, PPL. 91, 142303 (2003).
[2] P. Blunden, W. Melnitchouk, J. A. Tjon, PRL. 91, 142304 (2003).

At the present time, three experiments aimed at studying the
contribution of TPE are known:

1. experiment at the VEPP-3 storage ring in Novosibirsk,

2. the EG5 CLAS experiment at JLab,

3. the OLYMPUS experiment at the DORIS accelerator at DESY.

[expl] I. A. Rachek, et al., Phys. Rev. Lett. 114 (2015) 062005.
[exp2] D. Adikaram et al., Phys. Rev. Lett., 114 (2015) 062003.
[exp3] B. S. Henderson et al., Phys. Rev. Lett. 118 (2017) 092501.



Reanalysis of three experiments taking into account TPE [1]
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Puc. : 4. (a) pp Gr/Gum, versus Q?, extracted using PT and RT separation in
experiments Walker1994, Andivahis1994, Qattan2005. (b) The ratio

wp GE /G extracted from a reanalysis of the RT data using improved
standard RCs together with the TPE effects from [1].

[1] J. Ahmed, P. Blunden, W. Melnitchouk, PRC 102, 045205 (2020).
[2] I. A. Qattan et al., Phys. Rev. Lett. 94, 142301 (2005).
[3] M. Christy et al. PRL 128, 102002 (2022) (E = 10.6, Q% = 15.8).
[4] M. V. Galynskii, Phys. Part. Nucl. Lett. 19, 26 (2022).



Elastic processes ep’ — ep, ep — €p, €P — ep

e(p1) + plaa, sp,) — e(p2) + p(qz, Sp,), published in [2 — 7],

a=4q5/920—q,/q0 (F.IL Fedorov 1970 [1]). (3)

For the process (3), in the frame, where ¢; = (m,0), ¢2 = (g20,9>)

2] M.
[3] M.
[4] M.
[5] M.
[6] M.
[7] M.
[8] M.
[9] M.

C=Cp, = Cp, = Np, = q2/|q2|'

e(p1) +p(q1, $p,) — €(p2, Se;) + p(g2) , published in [8, 9]

e(p1, Se;) +p(q1, Sp,) — e(p2) + p(g2), published in [8,9]
[1] F. I. Fedorov, Theor. Math. Phys. 2, 248 (1970).

<< KL

. Galynskii, E.Kuraev, Yu.Bystritskiy, JETP Lett. 88, 481 (2008).
. Galynskii, JETP Lett. 109, 1 (2019).

. Galynskii and R.E. Gerasimov, JETP Lett. 110, 646 (2019).

. Galynskii, JETP Lett. 113, 555 (2021).

. Galynskii, Phys. Part. Nucl. Lett. 19, 26 (2022).

. Galynskii, JETP Lett. 116, 420 (2022).

. Galynskii, Y. Bystritskiy et al., Phys.Rev.D 108, 096032 (2023).
. Galynskii, V.V. Bytev et al., Phys.Rev. D 110, 096017 (2024).



Helicity spin bases (spin quantization axis ¢ = p/|p|)

The spin 4-vector s = (sg, 8) of the fermion with 4-momentum p
(p? = m?) satisfying the conditions sp = 0 and s? = —1, is given by

cp (cp)p

= = = =-c+ ——2- 4
S (507S)a S0 p S + m(p() +m) ) ( )

where ¢ (c? = 1) is the axis of spin quantization. If the 4-vector s is

known, then the spin quantization axis c is given by
50

C=S8— ; 5
po+m? (5)

At present, the most popular in high-energy physics is the helicity basis
[1], in which the spin quantization axis is directed along the momentum
of the particle (c = n = p/|p|), while the spin 4-vector (4) defined as

s = (s0,8) = (Jv|,von),

where v = (vg,v), v = p/m, v? = 1.
[1] M. Jacob and G. Wick, Ann. Phys. 7, 404 (1959).



Diagonal spin bases for the ep’— ep process |1, 2]

e(p1) +p(a1, sp,) — e(p2) + p(a2, Sp, ), (6)

2_.2_.2_ .92 2_ 92 _ _9
where py = p5 = mg =m;Z, ¢§ = q¢5 = m”.

a=4q,/920—q;/q0 (F.L Fedorov 1970 [1])

[ m2Q2*(Q1¢12)¢11 s — (Q1Q2)Q2*m2(h (7)
" om (@@ —mtT T my/(qige)? — m?

In the frame, where g1 = (m,0), g2 = (20, q5), 4-vectors (7) reduces to

spy = (0,m2), 5p, = (|v2],v20 M2) , M2 = q2/[qs], (8)

where vy = (v29,v2) = q2/m.
C=Cp =Cp, =N2 = q2/1q,|- (9)
In high-energy limit at 10, g0 > m, spin 4-vectors s,,, sp, (7) are
q1 qz

[1] F. I. Fedorov, Theor. Math. Phys. 2, 248 (1970).
[2] S. M. Sikach, Vestsi AN BSSR, ser.fiz.-mat.nauk 2, 84 (1984).



Diagonal spin bases for the ép — ép process

e(p1,5e,) +p(q1) — e(p2, 5e,) + P (q2), (11)

2 _ 2 2 __ 2 2 _ 2 2
where pi = p5 = mg =mg, ¢i = g5 = m~,

a =p,/p20 —P1/p1o (F. 1 Fedorov 1970 [1] ).

m2py — — m2
S, = 0P2 (plpz)pl Sey = (p1p2)p2 op14 . (12)

mo (p1p2)2 - mé , mo (p1p2)2 —m

In the frame, where p; = (m0,0), p2 = (P20, P2)

C = Cey = Cey = M, :p2/|p2|' (13)
In high-energy limit at pi1g, p2o > mo, spin 4-vectors s,,, sp, (12) are

_ N _ P2
Sev = 75 Ses =

: 14
_ — (14)

[1] F. I. Fedorov, Theor. Math. Phys. 2, 248 (1970).



Diagonal spin bases for the ep’— €p process [2,3]

e(pl) +p(Q1a Spl) = e(an 562) +p(q2)ﬂ (15)

222 2 2 9
where py = p5; = mg =mZ, ¢§ = q¢5 = m”.

a =p,/po—q/qo (F.L Fedorov 1970 [1] ).

m2ps — (@1p2)@1 . (q1p2)p2 — mgm
2 2,20 2 2,72 (16)
my/(q1p2)? — m?mg moy/ (q1p2)* — m*mg

S =
In the frame, where ¢; = (m,0), g2 = (g20,q2), 4-vectors (16) reduces to
Sp1 = (0, Mey); Sep = ([Ves |, Ves Tres),
where ne, = p2/|Psl, Vey = (Veso, Ves) = P2/ Mo, u§2 =1.
C = Cp, = Cey =M, = P2/|P3]. (17)
In high-energy limit (at p1g, p20 > mo), spin 4-vectors s,,, Se, (16) are

m2p2 - (Q1p2) q1 D2
G = ——————L G, = —, 18
p1 m(q1p2) €2 mo ( )

[1] F. I. Fedorov, Theor. Math. Phys. 2, 248 (1970).

[2] M. V. Galynskii, Y. Bystritskiy et al., Phys.Rev.D 108, 096032 (2023).
[3] M. V. Galynskii, V.V. Bytev et al., Phys.Rev. D 110, 096017 (2024).



Diagonal spin bases for the ép'— ep process [2,3]

e(p1, Se,) + (g1, 8p,) — e(p2) + p(g2) (19)

a=p;/po—q:/q0 (F.IL Fedorov 1970 [1]).

_ m?p— (@p1) @  A@p1)p1 —miq
Spr = 2 22 Se = 2 2,2 ° (20)
my/(qip1)? — m?mj mo+/(q1p1)? — m?mg

In the frame, where ¢; = (m, 0), the spin 4-vectors (20) reduces to

Spy = (07n€1)7 Se; = (|v61|’U€10 nel)7 Ne, :p1/|p1|'

C=Cp, = Ce; = Mg, :p1/|p1|' (21)

In the ultrarelativistic limit, when the electron mass can be neglected
(i.e. at p1g, P20 > Mmy), the spin 4-vectors (20) reduces to

_n

_ m2p1 - (fhpl) q1
mo ’ ’

— m(ap)

[1] F. I. Fedorov, Theor. Math. Phys. 2, 248 (1970).
[2] M. V. Galynskii, Y. Bystritskiy et al., Phys.Rev.D 108, 096032 (2023).
[3] M. V. Galynskii, V.V. Bytev et al., Phys.Rev. D 110, 096017 (2024).
[4] D. Bardin et al., Nucl. Phys. B 506, 295 (1997).

Sey b1 (22)



Matrix element of the ep — ep process
In Born approximation the matrix elements of the ep — ep process

Mep—ep = dmar Tep/q27

Tep = (<]6)H<']p)u c (23)
Lepton (J¢)* and proton (J,), currents read:
(Je)* = a(p2)y"u(pr),
(Jp)u = T(g2)Tu(g*)ula), (24)
Foo .
Tu(@®) = Fiyu+ (4 —7ud);

here u(p;) = u’i (pi, se;) and u(g;) = u’#i (g, sp,) are electron and
proton bispinors that depend on 4-momentum p; and g; respectively,
p; = mg, ¢; = m?, w(pi)u(pi) = 2mo, w(g:)u(g:) = 2m (i = 1,2); P
and F5 are Dirac and Pauli formfactors; ¢ = g_ = ¢o — ¢ is proton
transferred momentum, ¢ = v,¢* and ~, are Dirac matrix.

It is well known that Sach formfactors Gg and G could be expressed
through Pauli and Dirac formfactors:

Gg=I —TpFQ, Gy = Fi + Fs, Tp = —q2/4m2.



Differential cross section of the ep — ep process

Differential cross section of the ep — ep process has the form

dOep sep Ta? |Tep|2

dt A 2

(25)

where A\ = (s — (m +mg)?)(s — (m — mg)?) — is the Killén function,
expressed in terms of Mandelstam variables:

s=m+q)}t=(g—q) u= (g —pm)* (26)
Bennunny |T,,|? B (25) MOXHO CBECTU K NPON3BEAEHUIO TEH30POB
| Tep|* = Hu L, (27)
rae L (H,,) — npon3seAeHne 31eKTPOHHbIX (MPOTOHHBIX) TOKOB!
L = (Je)*(JE)”s Hyuw = (Jp)u(Jp)w, (28)

CUMBON «*» 0DO3HaYaeT KOMMAEKCHOE ConpsixxeHue.



JlenTonHbIii u apgporHbIi TeHsopsl, LMY v H),

B cranpapTHoMm nopxope BbluncieHne Tensopos LMY v H,, ceoputca K
HaXOXAEHUIO LUMypa OT NMPOU3BEAEHUS ANPAKOBCKMX ONEPATOPOB:

LHV = Tr(T627HT€17V)a
HMV = TI‘(T;M FMTIH fl’) . (29)

3pech e, 1 Tp, (i =1,2) — nonsipusaLMoHHbIE MATPULLbI MAOTHOCTH
3/1EKTPOHOB U MPOTOHOB (Je, 1 Jp, — NX CTEMEHU MONSPU3ALNL):

Te; = (pAZ + mo)(l - 5€i75‘§€i)/27

Tp; = (‘jl + m)(l - 6Pi75‘§17i)/2' (30)
B pabote Hapsify co cTaHAapTHLIM MOAXOAOM AJsi pacyeTa TeHsopos LAY
w H,, 6bin ncnonssosaH n Apyroii bonee adphekTUBHBIN cnocob,
OCHOBaHHbIi Ha MeToge BbiuncneHns M npoueccos K3/ s ACH [1].

LM = (M) Huw = (T)u(T)s

[1] M.B. TanbiHckuin, C.M. Cukay, IHAA 29 (5), 1133 (1998).



MaTpuytble anemenTbl npotoHHoro Toka B J1CH

MaTpuyHble anemeHTbl npoToHHoro Toka B CB nmetot Bug: [1]

Opq 50py
A = 2mGg(bo)y, (31)

—08p1 ,0pq
(Jp)u ™ = —2mép,/Tp Gl\ff(b%l)uv (32)

rae Gg v Gy — dopmdpakTopsl Cakca:
Gg=F -1, F, Gy =F + F, 7, = Q*/4m?,

(bs,, )u = (b1)u +i0p, (b2), — Kpyrosoii 4-sexTop, obpasosaHHbIi 13
opToe by u by TeTpagsl ba (33), A=0,1,2,3, b§p1 =0,dp, = %1,

bo=q4/7\/q% b3 =q-/\/—4* , ¢+ = @2 T qu, (33)
(b2) 1 = Eurabobs T /o (b1)p = Epwrabpbsds -
COOTHOLLIEHNS NOJHOTHI U HOPMUPOBKM

bo, boy — b1, 01, — b2y b2y, — b3, b3, = guvs
b2 = —b3 = —b2 = —b2 =1.

[1] S.M. Sikach, Vestsi AN BSSR, ser.fiz.-mat.nauk 2, 84 (1984).



Helicity-conserving (F1) and the helicity-flipped (F3) FF 777

[1]. Long-Bin Chen, et al., https://arxiv.org/abs/2406.19994v3.

-
io qu}N’

ST (34)

(litular) = 7 | (@) - F2(@)
The scalar functions F; and F5 are referred to as the helicity-conserving
Dirac form factor, and the helicity-flipped Pauli form factor, respectively.

3a nepexofbl NpoToHa be3 nepeBopoTa cnuHa (C M3MeHeHeEM 3Haka
cnupanbHocTn) oTBedaet dopmdakTtop Gg, Ho He Fh,

a 33 NepexoAbl C NEPEBOPOTOM CMMHA (C COXpaHEHUEM CMMPaibHOCTH)
oTBe4vaeT dopmdakTop G, HO He Fi.

@+ gt

o = (@ - LI g2y, (3)

[2]. B. Pire, K.S-T-S, et al., https://arxiv.org/pdf/2506.04961.



AmMnanTtyabl npoTtoHHoro Toka B Cucteme bpeiita
In the Breit system ¢1 = (g0, —q) and ¢2 = (q0,q), ¢ = (0, 2q).
(M) = 2m Gl () = —2A gl GurBa)s (36)
where m is the proton mass, 2|g| = \/@ by = by +i\by, \ = £1,
(bo)" = (1,0,0,0), (b1)"* = (0,1,0,0), (b2)* = (0,0,1,0), (bs)* = (0,0,0,1).
Jh = (p,J),p= (T ), J =T

/////////////////////////////////////////////////

J’\’\ JN, JJ,—(S J AN JLL?J 8,—6

Puc. : 5. Cuctema BpeiiTa Ha4anbHOro N KOHEYHOro MPOTOHOB, g, + g, = 0.
JnuHHble (KOPOTKME) CTPenKn N306paxkatoT MMMYAbChl (CNUHbI) NPOTOHOB.
PucyHok (a) cooTBeTcTBYeT nepexopy C COXpaHEHMEM CMMPasbHOCTU

(A2 = A1 = +1), npn aTom cnuH y npoToHa nepesopaymnsaercs. Pucyrok (b)
COOTBETCTBYET Mepexofy NPOTOHAa C N3MEHEHWEM 3HAKa CANPaNbHOCTY

(A1 = +1,A2 = —1), npu KOTOPOM CMUH NPOTOHA He MEPEBOPAYMNBAETCS.



CtpykTypa cnuHogoii 3aBucumoctu | M (dy, ds)[?

M((Sl, (52) = MF02.01 — ﬂiéz(

BBe,qu NONAPN3aUNOHHBIE MHOXUTENN W

KoTopble npu 01,2 = £1 obnagatoT cBoiicTBamMu:

Wy = (1 + 5152)/2, w_ =

wi = w4, wrwz = 0.

qQ)antu (fh )

(1 - 5162)/25

[Jns maTpnyHbix anemeHToB (37) cnpaBeAnnBbl COOTHOLIEHUS

M((Sl, (52) =S w+M+62’61 + w_M_62’61.

B cuny ceoiicTe nonsipusaynoHHsix MHOXUTENeR w (39) umeem

ecnn |[MH T2 =

M(61,0)] =
|M(61,02)2 = [MTT]?

M= =

w+|M+52,51|2 + LU_|M762761|2.

|MTT|2 |M ,+|2

+|M1T|2

|M+7)? =

| M,

(39)

(40)

(41)



AgpoHtblii TeHsop 8 ACH

(o)™ = W (T by (), (42)
(T = Wl (T ey () (43)
3A€Cb w;t — NONAPU3ALNOHHbIE MHOXNTENN
+ + + +
wp = (1£6p,0p,)/2, (w, )2 = Wy, Wy w;f =0. (44)

Mepemuoxas Tokm (Jp), n (Jy), (42) n (43) n nonbaysce ceoiicTeamu
MHOXXUTeNe wpi (44), pns agpontoro Tewsopa H,,, nony4qum:

Hy = wfHPP+w H?, (45)
HEP = 4m® G (bo)u(bo)v,
HuTﬁp = 4m2 Tp GJ\% (bOHbOV - b3;,¢b31/ — Guv (46)

+ ’L'(Spl Epvpo (bo)p(bz;)g).



JlentoHHbiii Tensop 8 ACH

Gg — 1, Gy — 1, m — mg, by — ao, 0p, — bey, bs,, — as, , T,
1 eq p
66 766
(Je)u* 7 = 2mg(ao)y,
—deq ;0
(Je)u 7 = =20e,mo V/Te (as,, s
rae 7o = —p? /4mg, as,, = a1 +ibe, a2, (as,,)* =0, b, = £1.

MaTpuytblie anemeHTbl aekTpoHHoro Toka B JCB

(Je)u

e =

VlCI'IOJ'Ib3y$| CBOIiCTBa noNApn3auNOHHbIX MHOXXUTENEN We

L.

p,p
LE

m,p
LW’

£00y,0

)

Seqs0c _ —0eq50c
= (T gy (L)

)

Y

(1 £ 8¢, 0e,)/2, (u}ﬁ:)2 :w;t, weiwe:F =0.

€

+7 DD —7 mp
w, LW’ + w, LW’ ,

4mg (ao)u(ao)w,

2
4mg 7. (ao,, ao, — as,, az, —

10e; Epvpo (a0)’(az)?).

+

1

Guv

NnMeem:



[ndbdepeHumnansHoe cedenmne npotecca €p — €p

dogpzg _  7ma? [Tepl®
dt As 127
Tepl? = 4m*(wf GEZ1 +w, 7, G )1 Z5),
A wrZy +w; Z123
Zy = wlZy +w;(Zag+ 6e,0p,Z23),
Zin = 4mj(aoho)?, Z12 = Q*((aoho)? — 1),
Zy = 4m3 ((apbo)® — 1), Zao = Q* ((apho)* + 1),
Zys = 2Q%(agho),
(aobo) Pea) 1= (p+q+)22 fpiqi .
- e
Q% > 4mj.

me = 0.511 MeV, 4m? = 1.044 - 1075 GeV?,
m,, = 106.66 MeV, 4m” = 4.5-10"> GeV”
my, = 0.938 GeV, 4m = 3.521 GeV>.



[ndbdepeHumnansHoe cedenmne npotecca €p — €p

B Tepmutax p2, (p+q+), ¢, p2 = ¢2 =t = —Q? nmeer Bua:
dozz—_.az T T2
i As(1+7) |t—2| ’ (59)
IT)? = wiGEX1+w,nGXo, (60)

X1 = wlXi 4w, X, (61)
Xy = ijgl + w, (Xa2 + 0e, 0p; Xo3), (62)
Xu = o1 (pras)?, X1z = a2 ((pras)® — PAd}),
X = o1 ((pra4)? —Pha}), Xoo = a2 ((p+a4)® +PLd}),
Xos = 2Q%B(p+qy),
wE = (1£65,0p,)/2, wF = (1%6,0,)/2, 7 = Q*/4m?,

4m? Q? q?
QZl:TOaQQZ_Qaﬁ: _;,Oé1+052:1’Q2:—t’
P yLut y 2z

pi =4mi—t, ¢4 =4m? —t =4m’(1+7), (p1qs) = s —u.



[BoiiHble cnnHoBble kKoppensunn (MaccuBHbIA Caydaii

|T g;pe,7 = wy GV + Wy, Tp Gyt Ya,
|T|epﬂep GEYL + T G2 (Ya + e, 0p, Y3),

T2 5 = (GE Y1 + 7 Gy (Ya + 8¢, 05, Y3)) /4,
|T|2pmses = (GE Y1 + 7 Gp7 (Yo — 66,8, Y3)) /2,

|T|ep—>fp (GE Yi + Tp GM (5/2 66251?15/3))/2’

T2 = G (wf X114+ w7 X12) + 7 Gpf (0 Xo1 + w Xa2).

IT|2)—ep = G5 Y1+ 7, G} Ya.

ep—ep
Y1 = (p+a+)’ + @42,

Y2 = (p+9+)° — 4 (2 +4mg),
Y; = 2Q°B(p+q4 ).

B nepementbix Mangenbwrama dyrkuum Y; @ = 1,2, 3) umetot Bug;

Y1 = (s —u)? + (4m? — )¢,
Yo = (s — ) — (4m® — t)(t + 4mg) ,
Ys = —2t(s — u)p.

(68)

(69)

(70)



YnbTpapensTUBMCTCKNA be3maccosblii ciy4aii
B cnyuae, korga pio, p2o > mo, Q% > 4mi (YPN), umeem:

Ty = wi (o GEYs+wym G (Y2 +00,0,,Y8)). (71)

|T’|2 = w;; (W;FGEQ, Yi +w;7'p GJ\%(YQ*/\el(Spl}/S))ﬂ (72)

ep—ep

roe wlh = (14 X, Xes ) /2, Ae;r Ae, — CAMPANBHOCTN 3/1EKTPOHOB.
ex 17'€e2 1 2

(o e o + (., 2 - 2 :
dt = )\s(l-f—Tp)wex (“’p G Y1 +w, 7 Gp(Yz *Aelé’“YS))tj’

dosz— a5 B ol (GQ PY; + G2 PY, + P Y})l (73)
= = 4)\8(1—1—7})) L1111 MTp 1212 313 t27

P1 = (1 + )‘61)‘62)(1 + 61016102)5
P, = (1 + )‘61)‘62)(1 - 6?15P2)ﬂ (74)
P3 = 7(>‘€1 + >‘€2)(5P1 - 5172)'



VNnbTpapensTuBNCTCKII be3mMaccoBbIi cy4aii
B nepementbix Mangenswrtama dyHkunn Y; (i = 1,2, 3) umetot Bug:

Vi = (s—u)®+ (4m* — t)t,

Y = (s —u)® — (4m? — )¢, (75)
Y3 = —2t(s —u)p,

B=1/2/p%, & =4m*(1 + 1), Pt = —t = Q%

B VP (pio, p20 > mo, Q2 > 4m3) 8 JICO dyHkuun Y; (75) ecTs:

Y1 = 8m?(2E Ey —mE_),
Y = 8m*(EZ+ Ef+mE_), (76)
Yz = 8m?\r(1+71)2mE,, Ex = By + E.

|T|§p~>§p = Gg (W X1 +w; X12) + 75 Gy (wf Xo1 + w; Xa2). (77)
B VP (koraa pio, pao > mo, Q° > 4mg) umeewm:

|T ??p—»e?p = wg |T€pﬂep|2 = w;;\ |Tepﬂep|2 ’ (78)
- _ +
We = (1 - 661562)/2’ We, = (1 -+ )‘61 )‘62)/2’ (79)

TA€ Aeys Ae, — CMNPASIBHOCTU S/IEKTPOHOB.



Differential cross section of the ep’— ep process
e(p1) + p(ar, sp,) — €(p2) + p(q2, $p2);

da€]7—>e]7 o + 2 _ 2 1
— GLY, +w 1,G2,Y,) —. 80
dt >\s(1+7p)( pY1+ w0, G Y2) q* (80)
Vi = (pra4)’+d5d%,
Yo = (p4a1)* - A(d% +4md), (81)
vy = (1 Op10p2)/2,

P
where ), is the Kéllén function, p+ = p1 +p2, ¢+ = @2 £ @1, g—
Longitudinal polarization degree of the final proton has the form
7112 Y1G2 Y1 R?
| | _ 1 p 1 (82)

(R, —1)
o = g = 2Ty 2
|77 YeGy Yoy i

Pr = Pt(R +1)’

7|TTT|27EG_2E7EL 2 gfﬁ (83)
TR T, G nppd T Yo

Yo1+ R P,
2 2 2 P _-r _ _
R = Hp T le —Rp Rp*Eth*ApnPr*Alj;




MeToa nepesayn nonsipusaumm B npoiecce ep — ep

MeTog ocHOBaH Ha ncnosib30BaHUM cevenusi npouecca ep — ep B JICO, B
chyyae, Korfa ¢ = €1 = €3 = Ng = q2/|q,| (me = 0) [1,2]:

Ao e e _
Lol — wfel ot o = (1 66)/2,  (8)
ol = oum GZ, ol = UM LGy, (86)

a? B cos?(6./2) 1
4E3sin*(0./2) 1+ 7

oM

Popmyna Posenbntora (1) B Apyrom npescrasneHnu:
or=0T+oll. (87)

[1] M.B. TanbiHckuii, Mucema 8 XKITP. 109 (1), 9 (2019).
[2] M.B. TanbiHckuit, Mucbma 8 XKITP. 113 (9), 579 (2021).



MapameTpusauuns oTHoweHNst 011/01| B npouecce ep — ep’

OrtHolweHune cedennii R, mMoxeT bbiTb BbipaxeHo Yepes R = uGg/Gr:

g _ott_<cGy eR -
o - 2 = 5 ° ( )
oty T Gy Tp My
MNonsipusaunorHHas acummetpust A:
T _glt R _1
o o' R, (89)

T ol toll R, +1°

B cayyae gunonsHoii 3asucnmoctn R = Ry = 1, npu ee HapyLlieHun
ncrionb3oBaHbl Ase napamerpusayun (R = R;) [1] n (R = Ry) [2]:

1
TR = :
77 1+0.1430 Q2 — 0.0086 Q* + 0.0072 Q°

(90)

SBHbiii BuA napametpusauun Kelly [2] (R = Ry) Mbl onyckaem.

[1] I. A. Qattan et al., Phys. Rev. C 91, 065203 (2015).
[2] J. J. Kelly, Phys. Rev. C 70, 068202 (2004).



TpexyacTuyHble cnHoBble koppensuun (e€p — ep )

ik

ep—ep

:w:G}ng +w;TpG1V21(}6_Ae15p15%)- (91)

W3 (91) cnepyert, 4To Npu paccesHUn NOAsiPU30BAHHOTO SIEKTPOHA Ha
NONIAPN30BAHHOM MPOTOHE CTeneHb MPOAObHON NOASPU3aLUN,
nepefiaHHasi KOHEYHOMY NPOTOHY, OMPEAENAETCs BblpaXKEHNEM:

6?1 (GE2 Y1 — Tp GIEI}/Q) T >\61Tp G1v21Y3
G Y141, G 7 (Yo — Ay 0y, Y3)

-
51727

Pasgenune yncantens v 3HameHaTeNb B NOCAEAHEM BbIPAaXKEHUN HA
T GJ@YQ n BBOAS oTHoweHne R = 1, Gg/Gar, nonyuum:

§f — Opy (Ro — 1) + A¢, Yo Voo — Ys G R2
2 , Y39 = &, lg = ——5 .
P2 Ry 41— Ae,0p, Yaz Ya S




TpexyacTuyHble cnuHoBble koppensunn (€p — ep)

Jns npouecca €p — ep nmeem:
T 1252 = @& (GE Y1+ 75 Gy (Y2 = Ae, 6, Y3)), (93)

OTKyAa cneayeT, 4To npn paCCeAHNN NONAPUN30BAHHOIO N1EKTPOHA Ha
NONAPN30BAaHHOM MPOTOHE CTENEHb I'IpO,qOJ'IbHOVI nonsapmnsauynn,
nepefgaHHasAs KOHEHHOMY SN1EKTPOHY, ONpeaenAaeTca Bblpa>keHNEM:

f Aot D=0V Y o R
“ Ra’+17>\615p1Y32 ’ Tp M%

Y,



3aBUCUMOCTI YrOB PacCesiHUsA 3NeKTpoHa @, 1 npoToHa 6,
B npolecce ep — ep oT (Q°

180 T T T T T
160 - O,y 6., 1
140+  ____. E

0p4 0&5
< 120F . ]
3 100 - e5 E

P A 9

80 '\\‘ p5 -
60 \\\\ E
40 | \\QN‘\*¢~ = _
20 = ~‘:::;-::\f?pf ]

0 1 1 P4 o8 LT
0 2 4 6 8 10

Q@ (GeV)?

Puc. : 6. 3aBucumocTu yrnoe paccesiHus anekTpoHa 0. u npotoHa 0, B
npoLiecce ep — ep OT KBaApaTa NepPesaHHOro NpoToHy uMnyibca Q2 B
kuHemaTuke akcnepumenTa SANE. Jntun Oca, Ops (Oes, Ops) nocTpoerbl ans
Ey = 4.725, 5.895 3B (Q2,4 = 8.066 3B Q2,5 = 10.246 3B?).



[NonsapusauunoHHas acCMMETPUst B NpoLecce ep — ep

1.0 T T T T T T T T 1.0

0.5 osf —Ad4

0.0

003

05F

10 PR n
9 0 1 2 3 4 5 6 7 8 9 10 1"

@ (GeV?) @ (GeV?)

Puc. : 7. 3aBucumocts acummetpun A (89) 8 JICO ot Q? (M'3B?) ans sHepruii
anekTpoHHoro nydka B = 1,2,...6 3B. Jlunun Adl, Ad2,... Ad6 n Ajl, Aj2,
...Aj6 otBevatoT oTHoweHusim R = Ry (90) u R = R; (90)

Tabnvua : 3Hauenns Q2,,,, ONPEAENSIOWNX rPaHILLbI CMIEKTPOB 3aBUCUMOCTH

R, oT Q? n 3Hauenus (Qo)%d,]-}. npu kotopbix o1 = o1, npu stom
nonsipusayunoHHast acummetpus A (89) pasHa Hysto
E, (I'B) 1.0 2.0 3.0 4.0 5.0 6.0

Q2,0 (T3B?) | 1.277 | 3.040 | 4.868 | 6.718 | 8.578 | 10.443
(Q3)a (TaB?) | 0.358 | 0.424 | 0.435 | 0.446 | 0.446 | 0.446
(Q3); (TsB?) | 0.336 | 0.380 | 0.391 | 0.402 | 0.402 | 0.402




[Tonspusaumm KOHe4HOro NPOTOHa B Npolecce ep — ep

2.0 25 3.0 35 4.0 4.5 5.0 55
Q? (GeV?) Q? (GeV?)

Puc. : 8. Q?-3aBMCUMOCTbL CTEeNeHN NpPooLHON NONSAPU3ALNN KOHEHHOO
NpoToHa 5{;2 (82) B npouecce ep’ — ep. Jlunum d4, d5, j4, j5 v k4, k5
nocTpoeHbl Ans otHowenuii R = Ry, R = R; u R = Ry. lNpwn aTom nuHun d4,
j4, k4 (d5, 75, k5) cooTBETCTBYIOT 3Hepruu 31eKTpoHHOro nyyka 4.725 (5.895)
5B B akcnepumenTe konnabopauun SANE. nsa Bcex nuHnii creneHb
noisipu3aLym NpoTOHHON MuweHn Bpanacs oguHakosoii (P, = 0.70).

N3 rpacdhukos Ha puc. 7 cnepyeT, 4TO nepegaHHas NpOTOHY NOAAPU3aLNs
BECbMa CyLLECTBEHHO 3aBUCUT OT BUAA 3aBUCMMOCTM OTHOLWeHNs R oT
Q?, npu 3ToM UMeloT MecTo cooTHoweHus: |d5| < |k5| < |55,

|d4| < k4] < |j4].



Vrnoeas 3aBUCUMOCTb nepe,u,aHHoM MPOTOHY NONIAPU3aLLN

L L L L L L L f

9 80 70 60 50 40 30 20 10 O 45 40 35 30 25 20
6, (deg) 6, (deg)

Puc. : 9. (a) 3aBucuMocTb nepefsaHHoON NPOTOHY MOASPU3aLMm 6,@ (82) ot
yrna paccesiHusi npotoHa 6, B npouecce ep — ep anst F1 n P; B akcnepumeHTe
konnabopaunu SANE Bo Bceii obnactu nsmerexus yrnos 6. (b). Ta xe
3aBUCUMOCTb B KnHematuke skcnepumenta SANE, rge 18° < 6, < 46°

(2.06 MB? < Q? < 5.66 I'aBQ). Jlnvun d4, d5, j4, 75 v k4, k5 noctpoeHsi
ans otHoweHnii R = Ry, R=R; n R = Ry.



OTHocuTenbHasn pa3Hunua NonApn3alMmoOHHbIX 3C|3CbeKTOB

KonnuecTBeHHas oLeHKa OTHOCUTENIbHOW PasHULbl MOASPU3ALNOHHBIX
aphbekTOB B npouecce ep — €p BblHUCASETCS C MOMOLLbIO:

Pd — PJ Pd — Pk Pk — Pj
- ‘ I ‘ Pk I’
Py, P; n Py, — nonsapusauyun 552 (82), nony4eHHbIe NpW MCNOB30BaHWMN
napametpusauuii Rq, R;j v Ry.

Ay = g = ] (95)

Q? (GeV?) Q? (GeV?)

Puc. : 10. Q?-3aBUCMMOCTb OTHOCUTENBHON PasHMLibI Agi, Aak, Aji (95) pnst
SHepruii snekTpoHHoro ny4yka 4.725 n 5.895 3B B skcnepumeHTe
konnabopauun SANE [1]. Ons Bcex nnHWii cTeneHb NOASPU3aLMmn NPOTOHHOM
MuLleHn bpanack oanHakosoi, dp, = P; = 0.70.

[1] A.Liyanage et al. (SANE Collab.), Phys.Rev.C 101, 035206 (2020).



[NonsapusauunoHHbie acbdekTsl B NpoLecce €p — ep

07 T T o B y T T T L
. dk5
06 | 7 - A ° k- N
=7 N - dk4
05| %% ,," — B & 6 7(,4/:5 B
s04f A —d4 =50 so--d4
%o e —eej5 <4 y j_k5
03 a5 1 5 MM <o jk4
SN AN N
02 7 1 ol \ AN ]
7 T 0 A\ \,
01+ & 4 < b \ N
@) PO\ N ]
0.0 L L n n 0 v e L N
0 2 4 6 8 10 0 2 4 6 8 10
Q@ (GeV?) Q? (GeV?)

Puc. : 11. (a): Q*-3aBNCUMOCTbL CTeNeHM NPOAOALHON NONASPU3ALNN KOHEYHORO
NMpoTOHa 6,{2 B mpouecce €p — ep aasi aHepruii £1 = 4.725 n 5.895 3B.

(b): Q*-3aBucumocts Agj, Agr n Ajy, (95) ans &;,. Mapkuposka nutuii Ha
pucyHkax (a) u (b) coBnagaet ¢ mapkuposkoili nHuli Ha pucyrkax 8 n 9. [Ins
BCeX JIMHNIE Ha pucyHkax (a) u (b) cTeneHb npogonbHol nonsipusauun
HAYaJIbHOrO My4Ka 3JIEKTPOHOB BbIOpaHa ofuHakosoi Ae; = P, = 0.70



[Monsipr3saymoHHble 3peKThl B NPOLLIECCE EP — €D

1.0 T T T 1.0 T T T T T T T T
O8F P=0.7,P=0.7 —d5 ] 08F p=0.7, Py=-0.7 d5 ]
06 ] 06 A
—J5 B
04 ] 04 w5 1
02 & k5 1 502 & ]
% 00 % 0.0
02} M ] 02| ]
04 f ] 04 f ]
06 ] 06 ]
o8l @ ] o8l ® ]
10 P S S S S S S ! -1.0 L O S Wi =T
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Q@ (GeV?) @ (GeV?)
a f 2 _ 2 2
Puc. : 12. 67, (Q%) (92), B = 5.895 3B, 0 < Q% < 10.247 '3B2.
(a) P, =0.7, P, =0.7; (b) P, = 0.7, P, = —0.7.
90 T T T T T T T 20 T T T T T T T T
. 8'F pe07,P0.7 dk5 = BT p=07.pP=-07 —— dk5
X 72 ! o 16 o
& e3f 1 G
= s4fF q < 12
< sl ] < 10
F 6| ] 4%
5 27f ] . 6
< 18l 4 g 4
9f (@) ] 2
o N o .
3 4 5 6 7 8 9 2 3 4 5 6 7 8 9 10
Q% (GeV?) @ (GeV?)

Puc. : 13. Q?-3aBMCUMOCTb OTHOCUTENBLHOM PasHULbI Agj, Adk, Nji (95).

P, =07, P,=0.7; (b) P, =0.7, P,

=—-0.7.



I_Ionﬂpm3au,|/|0HHb|e 3cbcbeKTb| B npou,ecce ep — ep

08 1.00
0.7 K Pb-a 7, P=0.7
06

05F S
< oaf *****
03f
02f
01t (a)
0.0

oss | P,=0.7, P=-0.7

Q? (GeV?)
Puc. : 14. A, (Q?) (94); E1 = 5.895 B, 0 < Q* < 10.247 3B
(a) P,=0.7, P, =0.7; (b) P, = 0.7, P, = —0.7.

100 1T T T T

—
< zg P,=0.7, P=0.7 k5 =
g G
= 60 =
T e =
F 40 <1%
L 3 =
< 0 <“
10fF (a)
ol B e X
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Q@ (GeV?) @ (GeV?)

Puc. : 15. Q2—3aB|/|CV|MOCTb oTHocUTENbHON pasHuubl Agj, Agr, Aji (95).

E1 = 5.895 B, Q? npunagnexut uxtepsany 0 < Q% < 10.247 'sB?.
(a) P,=0.7, P =0.7; (b) P, =0.7, P, = —0.7.



3akaro4eHune

B npubnunxernnn ogHodpoToHHOro obmeHa NposBefeH pacyeT
AnbepeHUnanbHOro CeHeHnst NpoLecca ynpyroro paccesitHust 3J1eKTpoHa
Ha npotoHe B JJCH B npou3BosibHOl cucTemMe oTCcHeTa B Clydae, Korga
HayvasibHble N KOHEYHble HacTULbl NONSPNU30BaHbl (€ — €p), Npu 3ToM
Macca 3/IEKTPOHOB y4TeHa ToYHbIM obpa3om. CeveHue npouecca
pasbuBaeTcs Ha CyMMYy [BYX C/laraeMbix, COAEPXKALLNX TOJbKO KBaApaThbl
dopmdakTopos Cakca. PaccmoTpeHbl ABe Tpex4acTuyHble U BCe
BO3MOXHble ABYXHaCTUYHbIE CMIMHOBbIE KOPpensLunmn. PacyeTsl oCHOBaHbI
Ha BbIYMC/IEHNN MATPUYHbIX 37eMEHTOB npoToHHoro Toka B JICH, B
KOTOpPOM peann3yetcs Manas rpynna JlopeHua, obas gas Ha4anbLHOro u
KOHEYHOro COCTOSIHWI NPOTOHOB, Bnarofapst Yemy 3/1EKTPUYHECKUT 1
MariuTHbili PDC dhakTopn3yoTCsA B aMMInTygax NpOTOHHOrO TOKa,
oTBevaloWmx nepexonamM bes nepeBopoTa U C NEPEBOPOTOM CrUHA.

B ynbTpapensTuencTckom npegene, Korga Maccoli 371eKTPOHa MOXXHO
npeHebpeyb, ceyeHune npouecca ¢p — € 3HaYUTENbHO YNPOLLAETCS,
COXpaHsisi CBOKO CTpyKTypy. B aTOM npegene npouecc €p — €p ngert ¢
COXpaHEHNEM CANPANbHOCTU, OAHAKO CMUH SEKTPOHA NpU 3TOM
nepeBopaynBaeTcs.



THANK FOR YOUR ATTENTION



