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EFFECTS OF SCALAR BOSON IN ELASTIC PROTON-ELECTRON SCATTERING
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The differential cross section for the elastic scattering of unpolarized protons on unpolarized electrons at rest is calculated taking into
account two mechanisms: one-photon and scalar-boson exchange. The spin correlation coefficients, when the proton beam and the
electron target are both arbitrarily polarized, have also been calculated. These observables are calculated in terms of the proton
electromagnetic form factors, namely magnetic and electric ones. Some peculiarities of the inverse kinematics (the mass of the
colliding particle is larger than mass of the target particle) have been discussed. It was shown that all the spin correlation coefficients
in the elastic proton electron collisions are proportional to the proton magnetic form factor. The same behaviour takes place for the
spin correlation coefficients in the elastic electron proton scattering (the electron beam and proton target are both polarized). It was
shown that only the interference of the two mechanisms (one-photon and one-boson) gives nonzero contribution to the spin
correlation coefficients. If the spin vectors of the proton beam and electron target lie in the reaction plane then the corresponding spin
correlation coefficients are zero for the case when scattered electron momentum is in the direction of the proton beam momentum.
KEY WORDS: polarization phenomena, electron, nucleon, form factors, inverse kinematics, scalar boson

E®EKTH CKAJISIPHOI'O BO3OHA Y IIPYKHOMY ITPOTOH-EJIEKTPOHHOMY PO3CISIHHI
A.T. T'ax
Xapkiscokuti nayionanvnutl ynigepcumem imeni B.H. Kapazina
61022, Yxpaina, m. Xapxis, ni. Ceoboou, 4

OO6uncnene audepeHiiHui epepi3 AIs IPY>KHOTO PO3CIIOBAHHS HEMOJSIPH30BAHUX MPOTOHIB HA HEMOJSIPH30BAHUX EJICKTPOHAX Y
CIIOKOIO 3 BpaxyBaHHSM JBOX MeXaHi3MiB: OOMiHy omHMM ()OTOHOM Ta CKaIsapHUM 0o030HOM. Takox oGuucieHi koedilieHTH
KOpeJisILii CITiHiB, KOJM MPOTOHHMH MyYOK Ta eJIEKTPOHHA MillleHb OOHIBI IOBiITbHO nonsipu3oBaHi. i cioctepexyBani obuucieHi y
TepMiHaX NMPOTOHHHUX EJIEKTPOMArHiTHUX (OopM(DaKTOpiB, a caMe MarHiTHHX Ta eJeKTpu4HuX. OOroBOpeHi IesKki ocoOIMBOCTI
1HBEpCHOI KiHeMaTHIll (Maca HeJiTalvol YaCTHHKU OUIbIIe HiX Maca YaCTHHKU MinleHi). [Toka3ano, mo yci koedilieHTH Kopensii
CHIHIB y NpPY>KHOMY IIPOTOH €JISKTPOHHOMY 3iTKHEHHI IPONOpPLiiHI MarHiTHOMYy (opMdakTopy npoTtoHa. Taka » IOBEIiHKA Mae
Micne Juist KoeillieHTiB KOpeNsIii CIiHIB y MPy>XKHOMY €JIEKTPOH IPOTOHHOMY PO3CISIHHI (€IEKTPOHHHH ITyYOK Ta IPOTOH MilIeHi
obuiBi mosspuzoBani). [lokazaHo, MO TUIBKM iHTEpQeEepeHIis ABOX MeXaHi3MIiB (0JHO(GOTOHHOrO i OJXHOOO30HHOTO) HATAIOTh
HEeHYJIbOBHH BHECOK /10 Koe(illieHTiB KOpessLil CIIiHiB. SIKIIo BeKTOopa CIiHIB NPOTOHHOTO ITydYKa Ta eJEKTPOHHOI MillleHi HaJleXaTh
[0 IUIOIIMHHU peakii, TO BiAMOBiAHI KOoe(ilieHTH KOpesii CIiHIB PiBHI HYJIO y BHUIAJIKY, KOJIHM IMIYJIC PO3CISIHOTO €IeKTPOHA
CIIBIIa€ 3 HAMPSIMKOM IMITyJIbCY IPOTOHHOTO MyYKa.

KJIFOYOBI CJIOBA: nonspusauiiiHi sBuIIa, e1eKTpoH, HYKJIOH, (opM(aKkTopH, iHBEpCHA KiHEMaTHKa, CKaJSIpHUN 0030H

IOOPEKTBI CKAJISIPHOT'O BO3OHA B YIIPYT'OM ITPOTOH-3JIEKTPOHHOM PACCESHHUA
A.T.Tax
Xapvroeckuu nayuonanvhwviil ynusepcumem um. B.H. Kapasuna
61022, Yxpauna, 2. Xapvkos, ni. C60600bi, 4
Beruncrieno  nuddepeHipansHoe  ceueHHWe UL YIPYTOTO  PAcCesiHUSl  HENOJSIPH30BAHHBIX IIPOTOHOB HA  MOKOSIIIMXCS
HETOJISIPU30BAaHHBIX JJICKTPOHAX C YYETOM BKJIaJa JBYX MEXaHM3MOB: OJHO(GOTOHHOrO oOMeHa M OOMEHa CKaJISIPHBIM 0O30HOM.
Taxke BBIYHCICHBI KOI(PPUIMEHThl KOPPEISIIHH CIHMHOB, KOTZA MPOHM3BOJIBHO MOJSIPU30BAaHBI KaK IMPOTOHHBIM IyYOK, Tak U
JIIEKTPOHHAS] MHIICHb. JTH HaOJII0JaeMbIe BBIYUCICHBI B TEPMHHAX MPOTOHHBIX JJIEKTPOMATHUTHBIX (HOPM(PAKTOPOB, a UMEHHO
MarHUTHOTO U AIeKTprIecKoro. OOCYkIeHbl HEKOTOPbIE OCOOEHHOCTH MHBEPCHONW KHHEMATHKH (Macca HAJCTAIONEeH YaCTHIIBI
OorbIie Macchl YacTHIBI MumIeHH). IToka3aHo, 94To Bce KOA((UIMEHTH KOPPESIMU CIMHOB B YIPYTOM IPOTOH 3JIEKTPOHHOM
CTOJIKHOBEHHH IPOIOPIMOHAIBLHEI MArHUTHOMY (opMdakTopy nporoHa. Takoe ke MOBEAECHHE UMEET MECTO I KO PUIMEHTOB
KOPPEJLSIUK CIIMHOB B YIPYTOM 3JIEKTPOH IPOTOHHOM PaccestHuM (JIEKTPOHHBIN ITy4OK M IPOTOHHAsI MUIIEHb 002 TTOJISIPH30BAHBI).
IToka3zaHo, YTO TOJBKO HWHTEpHEpEeHUHUs] NBYX MEXaHH3MOB (OJHO(DOTOHHOTO M OJHOOO30HHOTO) JAlOT HEHYJEBOW BKJIAX B
K02 PUIMEHTBl KOPPEISIIMK CIMHOB. ECIM BEKTOpa CMHMHOB IPOTOHHOTO ITyYKa M AJICKTPOHHOW MHIIEHH JIEKAT B IIOCKOCTH
PeaKIin, TO COOTBETCTBYIOIINE KOI(DPHUIIMEHTHI KOPPEISILUK CIIMHOB PaHbl HYJIIO B CIIy4ae, KOr/la UMITYJIbC PACCESIHHOTO IEKTPOHA
COBIIAJ[a€T C HAMPABICHUEM HMITYJIbCA TIPOTOHHOTO ITyYKa.
KJIFOYEBBIE CJIOBA: nonsipu3anudoOHHBIE SBICHHS, SJIEKTPOH, HYKJIOH, (opM(aKTOpbl, WHBEpCHAsS KWHEMATHKa, CKAJSPHBIA
6030H

As is known, some experimental discoveries, such as the neutrino oscillation, the existence of the dark matter (its
nature and interaction are unknown today) and some astrophysical data, lead to the necessity of the consideration the
physics beyond the Standard Model (SM) (see the reviews [1 -3]). The searches for the particles which are predicted in
the models beyond the SM are ongoing at various laboratories (such as JLab, B factories, LHC). The author of the paper
[4] reviews the current statuses of the theoretical and experimental activity about the search for low-mass scalars,
pseudoscalars, and gauge bosons which appears in the beyond SM physics.
© GakhA.G.,2018
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Some models which introduce new particles, in particular scalar boson, can be motivated by various anomalies:
the excess in the muon anomalous magnetic moment, the proton charge radius puzzle [5] and others. The theoretical
and experimental consequences of these models are considered in [3]. The production of weakly coupled scalar bosons
via nuclear de-excitation of an excited element into the ground state was discussed in [6]. The possibility that a new
interaction between muons and protons is responsible for the discrepancy between the CODATA value of the proton
radius and the value deduced from the measurement of the Lamb shift in muonic hydrogen was explored in [7]. The
cross section and some polarization observables of elastic lepton-nucleon scattering caused by one-photon and one-
scalar-boson exchange have been calculated in [8]. In the paper [9] it was shown that spin-0 Dark Matter particles
annihilating into electron positron pair could be responsible for the bright 511 keV gamma ray observed by INTEGRAL
[10] from the galactic bulge. A recent suggestion proposes that the observed lack of the asymptotic behavior of the
pion-photon transition form factor might be due to the production of new particles or states. Two classes of models are
considered. In the first, scalar or pseudoscalar particles are introduced with a mass within 10 MeV [11]. The authors of
the paper [12] propose to perform the spectroscopy of the mass structure of the rich and complex dark sectors via mono-
photon searches at low-energy lepton colliders.

The unpolarized and polarized observables for the elastic scattering of a proton projectile on an electron target at
rest were derived in [13]. The authors of the paper [14] suggested that proton elastic scattering on atomic electrons may
allow a precise measurement of the proton charge radius. The main advantage of this proposal is that inverse kinematics
allows one to access very small values of the transferred momenta, up to four orders of magnitude smaller than the ones
presently achieved, where the cross section is huge. The model-independent QED radiative corrections to the
differential cross section of the elastic scattering of the protons on electrons at rest have been calculated in [15]. The
radiative corrections due to the emission of virtual and real (soft and hard) photons in the electron vertex as well the
vacuum polarization are taken into account. The possibility to build beam polarimeters for high-energy polarized proton
beams on the basis of the elastic scattering of the protons on electrons at rest have been discussed in [16]. It was shown
that polarimeter based on the elastic proton electron scattering gives a good opportunity to reliably measure as the
longitudinal proton beam polarization as transverse. The inverse kinematics was proposed to measure neutron capture
cross section of unstable isotopes [17]. For proton and alpha-induced reactions it was suggested to employ a radioactive
ion beam hitting a proton or helium target at rest.

In this paper we consider the elastic scattering of protons by electrons at rest. The differential cross section for the
elastic scattering of protons on electrons at rest is calculated taking into account the one photon and scalar boson
exchange. The spin correlation coefficients, when the proton beam and the electron target are both arbitrarily polarized,
have also been calculated. These observables are calculated in terms of the proton electromagnetic form factors.

Purpose of our research is to calculate the differential cross section for the elastic scattering of unpolarized protons
on unpolarized electrons at rest taking into account two mechanisms: one-photon and scalar-boson exchange. The spin
correlation coefficients, when the proton beam and the electron target are both arbitrarily polarized, have also been
calculated.

GENERAL FORMALISM

Let us consider the reaction (Figure)
p(p)+e (k) — p(p,)+e (k) 1)
where the particle momenta are indicated in parenthesis, and ¢ =k, —k, = p, — p, is the transferred four momentum.

We consider this reaction in the lowest order, i. e., the interaction between electron and proton is described by exchange
of a scalar boson or photon.

Inverse kinematics
One can show that, for a given energy of the proton beam, the maximum value of the four momentum transfer
squared, in the scattering on electrons at rest, is
Am” | p

—k? - ,
5D M?* +2mE +m*

where m (M) is the electron (proton) mass, E(p) is the energy (momentum) of the proton beam.

(@)

The four momentum transfer squared is expressed as a function of the energy of the scattered electron, &,, as:
K = (k —k,)* =2m(m—&,), where
(E+m)*+|p[ cos* 0,
&=m 2 - 12 2 3)
(E+m) —|p| cos™ 6,

where @, is the angle between the proton beam and the scattered electron momenta.




18
EEJP Vol.5 No.2 2018 A.G. Gakh

p(p1) p(pa) p(py) | p(po)
v (k) - o(k)
|

> > > >

e(ky) e(ks) e(k1) e(ks)

N / \ / N / N /

Figure. The Feynman diagrams for the reaction p( pl) + e(kl) - p( pz) + e(kz) . The transfer momentum of the virtual
photon or scalar boson is k = kl - kz =p,— D

From the energy and momentum conservation, one finds the following relation between the angle and the energy
of the scattered electron:

cosg = EHme,=m)
PIIK |

where [, is the momentum of the recoil electron and this formula shows that cos @, >0 (the electron can never be

; “

scattered backward). One can see from Eq. (3) that, in the inverse kinematics, the available kinematical region is

reduced to small values of £, :

2E(E+m)+m* —M> )
M?*+2mE +m’

which is proportional to the electron mass. From the momentum conservation, on can find the following relation

gZ,max =

between the energy and the angle of the scattered proton £, and 9p :

. (E+m)(M?*+mE)+M | p[ cos,,|*—sin’ 0,
2 (E+m)*=|p[ cos’ 6,

and this relation shows that, for one proton angle, there may be two values of the proton energies, (and two

; (6)

corresponding values for the recoil-electron energy and angle as well as for the transferred momentum Ak : ). This is a
typical situation when the center-of-mass velocity is larger than the velocity of the projectile in the center of mass,
where all the angles are allowed for the recoil electron. The two solutions coincide when the angle between the initial
and final hadron takes its maximum value, which is determined by the ratio of the electron and scattered hadron

masses M, sin®, . .=m/M,.

DIFFERENTIAL CROSS SECTION
In the considered approximation, the matrix element M of the reaction (1) can be written as a sum of two terms

M=M +M, %)

where the first (second) term describes the ¥ (@) exchange mechanism.

Matrix element M , can be written as:

2
e

M}' :Pj/l]ﬂ’ ®

where J u (J #) is the leptonic (hadronic) electromagnetic current. The leptonic current is

j/u = ﬁ(kZ)y//uu(kl)’ (9)

where u(k1 2) is the spinor of the incoming (outgoing) electron. The hadronic electromagnetic current can be written as



19
Effects of Scalar Boson in Elastic Proton-Electron Scattering EEJP Vol.5 No.2 2018

_ 1
J/u :u(p2)|:E(k2)7/‘u 2MF(k2) uv v u(pl)_ (10)

(p,)| Gy (k)y, = (k)P |u(p,),
where F(k’) and F,(k?) are the Dirac and Pauli proton electromagnetic form factors,

G, (k*)=F,(k*)+ F,(k?) is the Sachs proton magnetic form factor, P, =(p+p,),/(2M), and M is the
proton mass.
Matrix element M 4 can be written as:

8.8
M¢ = k2 —

where m " is the scalar boson mass and the 1nteracti0n between the scalar boson and electron or proton has the

u(pz)u(pl)u(k Ju(k,), (1n

following form: gi¢1,7,-ul., (i=e, p), &, is the corresponding coupling constant, @ is the wave function of the scalar

boson.
The matrix element squared is written as

2

2 2 2
M*=16x F(A}/ +2,A}/¢+l AW)’ (12)
where
. ok * k2 gegp
A L WHV,L#V=]#]V,W :JHJV,JV:—Z—2 > (13)
e k™ —my
and o =e” /(47)=1/137 is the electromagnetic fine structure constant.
The leptonic tensor, L v for unpolarized initial and final electrons has the form:
0 2
qunz = 2k g,uv + 4(kl,uk2v + klkay)' (14)
The contribution to the electron tensor corresponding to the polarized electron target is
(P) —_n;
Ly =2ime,, k.S, (15)

where S 5 is the initial electron polarization four vector.

The hadronic tensor, W;S) for unpolarized initial and final protons can be written in the standard form, through

two unpolarized structure functions:

(0) kﬂkv 2 2
Wy =| =8+ e W\(k™)+ P, BW,(k"). (16)
The structure functions W, ,i = 1,2, are expressed in terms of the nucleon electromagnetic form factors
2,72 2
W) = —202GE (), W, () = s> Gek )1+TG A0, 4
+7

where G,.(k*) = F,(k?)—tF,(k?) is the proton electric form factor and7 = —k* / 4M*.
The second term in Eq. (12) has the following form

A, = —2Re{Splu(k, )u(k,)y u(k, )u(k)Splu(p,)u(p,)B,u(p)u(p)]}, (18)

=[G, (), —F,(k)P,].
The third term in Eq. (12) is
A¢¢ = Splu(k, u(ky yu(k, )u(k)1Splu(p,)u(p,)u(p)u(p,)] (19)
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The differential cross section is related to the matrix element squared by
4 2 3 3
do = (27) |M| d'k, d'p,
3 3
4(k, - p —m*M* (27)"2¢, (27)'2E,

where p,(E,) is the momentum (energy) of the final proton, &, is the energy of the scattered electron and the bar

54(k1 +p —k, - p,), (20)

denotes averaging over the spins of the proton beam and electron target. From this point, formulas will differ from the
elastic electron-proton scattering, as we introduce a reference system where the electron is at rest. In this system, the
differential cross section can be written as:

do 1 | M)
= > 21
de, 327 mp
where b is the momentum of the proton beam. Using the relation k” = 2m(m —&,) one can write
do 1 M
dk> Ghr m’ @
The differential cross section over the solid angle can be written as
do 1 1 5 M
A0, 27 mp (k) E+m’ *)
where dQ, = 27rd cos @, (due to azimuthal symmetry). We used the relation
de, =L k> 49 24)

E+m m(e,—m) 2rx

The expression of the differential cross section for unpolarized proton-electron scattering (averaged over the initial
electron and proton spins), in the coordinate system where the electron is at rest can be written as:

do  ma’® D
W:WF, D :(D;/ +ﬂD}/¢ +/12D¢¢), (25)

where

P 2
D, =k (k> +2m*)Gy, (k*) +2 k2M2+$(2mE+%j [GL() +7G;, (k)] (26)

D, =—4mMG(k*)(4mE +k*), D, =4M*(1+7)(2m’* —k?).

POLARIZATION OBSERVABLES
Let us consider the spin correlation coefficients when both initial particles have arbitrary

polarization, p +¢€ —> p +e. These polarization observables were considered in [16], in view of using the polarized

proton-electron scattering for the measurement of the longitudinal and transverse polarizations of a high energy proton
beams.

Let us calculate the hadronic tensor, when the initial proton is polarized. The contribution of the proton
polarization to the hadronic tensor is:

W/uv (771) = _2IGM (k2 ) |:MGM (kz )gyvaﬂkanlﬂ - FZ (k2 )P ' nlgluvaﬂp]apzﬂ :| s (27)

where the four vector 77, stands for initial proton polarization. One can see that all the correlation coefficients in pé

collisions are proportional to the proton magnetic form factor. This is a well known fact for €p scattering [18]. The
dependence of the different polarization observables, namely the spin correlation coefficients, on the polarization four
vector of the initial proton is completely determined by the spin dependent part of the hadronic tensor Wuv ().
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Let us choose an orthogonal system with the z axis directed along the proton beam momentum p , scattered
electron momentum f , lies in the Xz plane and the y axis is directed along the vector p X ,. Therefore, in this

system £ ||z, t||x and n|| y.

In the considered frame, where the target electron is at rest, the polarization four vector of the initial proton
(electron) has the following components

PS5 . PBS) !
= 5 aS: 05 5 28
m ( M S1+M(E+M)J 0,$) (28)

where § l(f ) is the unit vector describing the polarization of the initial proton (electron) in its rest system.

Applying the P-invariance of the hadron electromagnetic interaction, one can write the following expression for
the dependence of the differential cross section on the polarization of the initial particles:

do
(é 1) = [ j |:1 + C€€§[S1€ + Cttétslt + CnngnSln + Cfté:(S + Cég Slé:| (29)

dkz K’ )

where Cl.k , I,k =/,t,n are the corresponding spin correlation coefficients which characterize elastic proton-electron

scattering in the case when the proton beam and electron target are both arbitrarily polarized.
The spin correlation coefficients can be written as follows

C, =CP +ACT + 2°C#, (30)

where i, j =/,t,n.
The expressions of the spin correlation coefficients due to the ¥ exchange mechanism are

DC = 4mMKk*G,(k*)G,, (k*), 31)

nn

AM?

Dy = amek: Stk ){(1— : —1)GM(k2)},

max

max

DCt(zy):8mMp|:_k2(l—kkzz j:| G (k ){ I:G (kz) G (kZ):'_

2

k2

: RE M\ o B G :
DCY = —2mM (ﬁ——j{—k (1— ﬂ |G, () +G,(k)],

P m k.. 1+7

M[ Gy (K)+ G, (k) J,

DC}) =4k Glikz){( E—tM*)G,(k*)+7(M* +mE)G,, (k*) -

k? m(E+m)[

~(M? +mE)—— G, (k) +G, (k) ]},

max

where s = M? +m* + 2Em.

The expressions of the spin correlation coefficients due to the interference of the ) and scalar boson exchange
mechanisms are



22

EEJP Vol.5 No.2 2018 A.G. Gakh
k2 K
DCY = 4G, (K ){E*k; +(E + m);[Eez + E(E +m)]}, (32)
k* mE_ k*

DCY? =—-4(E +m)G,,(k*) Ek; + Eé, —+ (E+m)(1- 7)4—mz],

DC =2G,, (kz)%kzkz(E +m)siné,,

2
DCétW) =4k,G,, (k2 )sin@,[ pE(m + &,) + ;{—m(E +m)(p+ mg],

2 2
DCZ"}) = —LGM(kZ){4E(M2kz2 + 2p2822) + Zk—(E —+ m)[4E2<92 + mE(k2 - gz)k—Mz] +
' M m 2m
1 £ 2 2 2
+——(E+m) (mM* +2Ep~)}.
p m
And at last we have
DC* =0, i,j=/(,tn. (33)

CONCLUSION
The elastic scattering of protons from electrons at rest was investigated in a relativistic approach in the one photon

and scalar boson exchange approximation.

The differential cross section and the spin correlation coefficients, when the proton beam and the electron target

are both arbitrarily polarized, have been calculated in terms of the proton electromagnetic form factors.

Sk W

10.

11.

12.
13.

14.

15.

16.

17.

18.

REFERENCES
Fundamental Physics at the Intensity Frontier, Report of the Workshop held December 2011 in Rockville, MD, Workshop
Chairs: J.L. Hewett, and H. Weerts, arXiv:1205.2671v1 [hep-ex].
Essig R. et al. Dark Sectors and New, Light, Weakly-Coupled Particles // arXiv:1311.0029v1 [hep - ph].
Alexander Jim et al. Dark Sectors 2016 Workshop: Community Report // arXiv: 1608.08632v1 [hep - ph].
Soffer Abner. Searches for light scalars, pseudoscalars, and gauge bosons // arXiv: 1507.02330v1 [hep-ex].
Pohl et R. al. Laser spectroscopy of muonic deuterium // Science. — 2016. - Vol. 353. — P. 669-673.
Izaguirre Eder, Krnjaic Gordan, Pospelov Maxim. Probing New Physics with Underground Accelerators and Radioactive
Sources // arXiv: 1405.4864v1 [hep-ph].
Tucker-Smith David, Yavin Itay. Muonic hydrogen and MeV forces / Phys. Rev. — 2011. — Vol. D83. — P.101702, arXiv:
1011.4922v1 [hep-ph].
Liu Yu-Sheng, Miller Gerald A. Polarized lepton-nucleon elastic scattering and a search for a light scalar boson // Phys. Rev. —
2015.—Vol. C92. —P.035209, arXiv: 1507.04399v1 [nucl- th].
Fayet P. Light spin-1/2 or spin-0 Dark Matter particles // Phys. Rev. — 2004. — Vol. D70. — P.023514, arXiv: hep-ph
/0403226v1, 2004.
Boehm C., Fayet P., Silk J. Light and Heavy Dark Matter Particles// Phys. Rev. —2004. — Vol. D69. — P.101302, arXiv: hep-ph
/0311143, 2004.
Lees J.P. et al. Search for new 7z’ -like particles produced in association with a z - lepton pair / Phys. Rev. — 2014, —
Vol. D90. —P.112011, arXiv:1411.1806 [hep-ex]
Hochberg Yonit et al. Dark spectroscopy// arXiv: 1706.05008v1 [hep-ph].
Gakh G.I., Dbeyssi A., Marchand D., Tomasi-Gustafsson E., Bytev V.V. Polarization effects in elastic proton-electron
scattering // Phys. Rev. - 2011. - Vol. C84. — P. 015212.
Gakh G.I.,, Dbeyssi A., Tomasi-Gustafsson E., Marchand D., Bytev V.V. Proton-electron elastic scattering and the proton
charge radius // Physics of Particles and Nuclei Letters — 2013. — No.5. - P. 393-397.
Gakh G.I., Konchatnij M.I, Merenkov N.P. Tomasi-Gustafsson Egle. Radiative corrections to elastic proton-electron scattering
measured in coincidence // Phys. Rev. 2017. — Vol. C95. —P. 055207.
Glavanakov L.V., Krechetov Yu.F., Potylitsyn A.P., Radutsky G.M., Tabachenko A.N., Nurushev S.B. A proton polarimeter
based on the elastic pe - scattering, //Nucl. Instrum. Meth. — 1996. — Vol. A381. — P. 275 - 279.
Reifarth Rene, Litvinov Yuri A. Measurements of neutron-induced reaction in inverse kinematics / Phys. Rev. ST Accel.
Beams. —2014. — Vol. 17. - P. 014701, arXiv:1312.3714v1 [nucl-ex].
Akiezer A.L, Rekalo M.P. Hadron Electrodynamics . - Naukova Dumka: Kiev — 1977. — Chapter 4.



