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Corrections to the elastic proton-proton analyzing power
parametrization at high energies
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The Polarized Atomic Hydrogen Gas Jet Target polarimeter (HJET) was designed to measure the
absolute polarization of the proton beams at the Relativistic Heavy Ion Collider. In these measurements, the
small scattering angle elastic pp single Ay () and double Ayy /() spin analyzing powers can be precisely
determined. The experimental accuracy achieved at HJET requires corrections to the Ay(f) para-
metrization, conventionally used for such studies. In this paper, we evaluate the corrections to the
analyzing powers due to (i) the differences between the electromagnetic and hadronic form factors and
(ii) the mf, /s terms in the elastic spin-flip pp electromagnetic amplitude. The corresponding alterations of
the evaluated hadronic spin-flip amplitudes are about the same as the experimental uncertainties of the
HJET measurements. The proposed corrections may have implications for the elastic pp forward real-to-
imaginary amplitude ratios p determined in unpolarized pp experiments.
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I. INTRODUCTION

The Polarized Atomic Hydrogen Gas Jet Target [1]
polarimeter (HJET) is employed to measure the absolute
polarization of proton beams at the Relativistic Heavy lon
Collider (RHIC). For that, the vertically polarized proton
beam is elastically scattered at small angles (Fig. 1) on the
vertically polarized target (the jet) with well-determined
polarization |P;| = 0.957 £0.001, and the beam and jet
spin correlated asymmetries of the recoil protons [Eq. (20)]
are studied.

The major upgrade of HJET in 2015, along with the
development of new methods in data analysis, allowed us to
reduce the systematic uncertainties of the beam polarization
measurements to a o-j},ysr /P < 0.5% [2] level. Such a small
systematic uncertainty of measurements, combined with
large statistics of approximately 2 x 10° elastic pp events
per RHIC run accumulated in 2015 (E,;, = 100 GeV) and
2017 (Eyy, = 255 GeV), allowed us to precisely measure
the single Ay and double Ay spin analyzing powers [3] in
the Coulomb-nuclear interference (CNI) region.

Generally, Ax(s.?) and Axn(s,?) are functions of the
invariant variables s, center-of-mass energy squared, and ¢,
4-momentum transfer squared. An important part of the
experimental study of the analyzing power is isolation of

*poblaguev @bnl.gov

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2019/100(11)/116017(7)

116017-1

the hadronic spin-flip amplitudes. The theoretical basis for
such studies was developed in Refs. [4,5]. An update [6] for
the RHIC spin program provided a parametrization of
An(s,t), which was used in all previous experimental
evaluations [7-9] of the hadronic spin-flip amplitudes in
high energy near-forward elastic pp scattering.

Recently, it was pointed out [10] that analyzing power
Apn(t) given in Ref. [6] was derived with some simplifi-
cations, which might be essential for the experimental
accuracy achieved at HJET: (1) it was implicitly assumed
that the electromagnetic form factor is equal to the hadronic
form factor exp(Bt/2), and (ii) the elastic pp electric
form factor, G1”, was approximated, G’ = G%(t), by an
electric form factor Gg(¢) determined in electron-proton

Beam direction

FIG. 1. A schematic view of the p'p" spin correlated asym-
metry measurements at HJET. The recoil protons are counted in
left/right symmetric detectors. The beam moves along the z axis.
The transverse polarization direction is along the y axis.
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scattering experiments. The absorptive corrections, due to
the initial and final state inelastic hadronic interactions
between the colliding protons [10], were not considered
in Ref. [6].

After this paper was accepted for publication, a theo-
retical evaluation of the absorptive corrections in elastic pp
scattering was given in Ref. [10]. These new results were
not taken into account below.

Here, we analyze the effect of the possible corrections to
the An(7) parametrization on the results of the recent HIET
measurements. The evaluated alteration of the measured
hadronic spin-flip amplitudes suggests including the cor-
rections in the data analysis. Also, it was found that the
discussed corrections may be important for experimental
determination of the real-to-imaginary ratio p of the pp
forward elastic scattering amplitude.

II. PARAMETRIZATION OF THE CNI
ANALYZING POWERS AT HIGH ENERGIES

Elastic p'p' scattering is described by five helicity
amplitudes [6]

d1(s. 1) = (++ M| ++),
Pa(s. 1) = (++ M| - -),
P3(s. 1) = (+ = [M| + -),
Pa(s, 1) = (+ = [M| - +),
Ps(s. 1) = (+ + M|+ -). (1)

For scattering in the CNI region, the hadronic and
electromagnetic components of the elastic pp amplitude
should be explicitly indicated,

bi = P! + ¢ exp(idc). (2)

The Coulomb phase is approximately independent of
helicity [5,11],

-2

oc = aln

where y = 0.5772 is Euler’s constant and A> = 0.71 GeV?.
For numerical estimates in Eq. (3) and below, we assume
the HIET measurement values of s and ¢. The differential
cross section slope B(s) depends on energy as By + B Ins
[12] and is about 11.5 GeV~2. To the lowest order in a, the
fine structure constant, the electromagnetic amplitudes
were calculated in Ref. [5].

For very low ¢, the hadronic amplitude is dominated by
the

P (s.1) = [P1(s.1) + ¢3(s.1)] /2 (4)

term. According to the optical theorem,

Imgh (s,0) = Gmé(:)s \/1—4m3/s, (5)

where m,, is proton mass and 6,y (s) is the total pp cross
section. Therefore, gbi(s, t) can be presented as

as

P (5,0) = (p+ i) — (1 —4m3 /s)'/2eB2, (6)

where
pls) = Regh: (s.0)/Imt (5. 0). ™)
t(s) = =8za/o(s) # —1.84 x 1073 GeV?,  (8)
and exp (Bt/2) is the nuclear form factor.

Similarly, hadronic single and double spin-flip ampli-
tudes may be parametrized by the dimensionless factors

m, P} :
I’S(S):m:R5+l15 (9)
and
P :
rz(S) :m:R2+ll2, (10)
respectively.

Using the expression for the elastic pp cross section

do _ 2

dt— s(s— 4m?)

(1% + 2 * + |#3]* + |pal* + 4lbs|*).
(11)
the single spin analyzing power can be presented [6] as

_ —4n(do/dr)™!

Ax(t) = S(s — 4m2) Im[@5(d1 + h2 + 3 — )]
V(ORI
B m, fcs(t) ’ (12)
where
fR(rs) = x(1 = pdc) — 2(Is — 5¢Rs), (13)
fler(’”s) = —2(Rs — pI;s), (14)

Fult) = (’7) 2 re) e (1)

In Eq. (13), x = p,, — 1 = 1.793 is the proton’s anomalous
magnetic moment. The Ay (#) dependence on rs appears in
a linear function of ¢,
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Ix(trs) = R+ fAt/te ® x = 215 = 2Rst/t.,  (16)
while the dependence on r, is negligible.
Similarly [6],
4rn(do/dt)™! . i
Ann(1) = (s —am?) 2[¢ps]* + Re (15 — 3b3))]
_ (tc/t)f(lle +fII\IN’ (17)
fes(1)
fONN(FZ) = —2(R2 + 5cl2), (18)
. xt,
JIan(r2) =215 + 2pR, — (px — 4Rs) (19)

Zm?,
III. ANALYZING POWER
MEASUREMENTS AT HJET

For elastic scattering of vertically polarized beam and
target protons, the recoil proton azimuthal angle ¢ dis-
tribution is given [3] by

d*c 1 do
— Y0l + Aysing(P; + P
dtdg 27rdtx[ +Axsing(P; + Py)

+ (Annsing + Agscosp) P, P,

(20)

Here, ¢ used is defined in accordance with Fig. 1, and P;
and P, are jet and beam polarizations, respectively.

For HIJET detectors, sing = +1, and, thus, three spin
correlated asymmetries AP, AxP),, and AnyP; P, can be
experimentally determined in the momentum transfer range
0.001 < - <0.020 GeV?. Consequently, one can derive
the beam polarization P, (the main purpose of HJET) as
well as analyzing powers An(7) and A (2).

The preliminary analysis of the HIET data acquired in
RHIC runs 2015 and 2017 has been done using the analyzing
power formulas of Ref. [6]. The values of 6,y (s) and p(s)
were taken from Ref. [13] fit. The slope B(s) was derived
from Ref. [14]. Only for numerical estimates below, these
preliminary results could be summarized as

Run 15 (100 GeV): /s = 13.76 GeV,

p =—-0.079, 6, = 38.39 mb, B=11.24+0.2 GeV~2,

Rs = (=15.5 £ 0.9, £ 1.044) x 1073,

Is = (—0.7 £ 2945 £ 3.545) X 1073,

R, = (—=3.65 +0.28,,) x 1073,

I, = (=0.10 £ 0.124,) x 1073

Run 17 (255 GeV): /s =21.92 GeV,

p = —0.009,
Giot = 39.19 mb, B = 11.6 0.2 GeV 2,
Rs = (=7.3 £0.545 & 0.84y4) x 1073,
Is = (21.5 £ 2.5, £ 2.544) X 1073,
Ry = (=2.15 4 0.204,) x 1073,
I, = (=0.35 4 0.074,) x 1073
For r,, systematic errors are small in these measurements.

IV. CORRECTIONS TO THE
ANALYZING POWERS

To calculate corrections to Eq. (12), it is convenient to
use the scaled amplitudes

@i(s,1) = ¢i(s,1)/Img (s, 1). (21)

Since a possible dependence of p, r,, and rs on ¢ may be

neglected in the CNI region, the scaled hadronic amplitudes
can be approximated by

o} = =p(s) + 1.
902 - 2r2(s)5

(22)

For the electromagnetic amplitudes, we should include
the m%, /s corrections, which can be significant for
Er ., = 100 GeV. Using the following expressions for
the proton’s electromagnetic form factors [6,15],

_ Gy —-Gg
1 —1/4m?

Fy = M2
! 1 —t/4my,

s AL (23)

and neglecting the ¢/s terms, one can derive from Ref. [5]

P = @§™ = ™ x (1 —Zm%/s)/ 1 —4m%,/s,

—g5™ = @™ = @F"FL x (1 =2m3/s)/\/1 —4m3 /s,

cm cm v _t 2m%

Ps = Po (F”_%s—4m%, : (24)
The following shorthand was used:

em tC(s) 2
Py =X F3(t) exp(—Bt/2) (25)

1 —p,t/4m?
Fy=—"L" 2P % (147r21/6), 26
= g <RS0

v —txF AVl

*o X (27)

“T2m, Fy 2m, | —p,t/4m3

The proton’s electric form factor Gg(¢) was approxi-
mated in (26) by the proton charge radius rz = (r%)!/2. In
Eq. (27), we did not distinguish between proton electric rg
and magnetic ry; radii.

The electromagnetic and hadronic form factors differ-
ence can be realized by the substitution 7, — . + bt, where
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bt = S IFHO] (28)

Since the electric form factor Gg(#) in the dipole form
[11,16]
Gp(t) = (1—1/A%)2,  A>=0.71GeV>  (29)

was commonly used in the elastic pp data analysis, it is
convenient to explicitly isolate the corresponding term b,
in (28)

b =bp+ by, (30)
where

d

bp/t, = —
D/c dt

@0 a= (35-3) 6D
For the RHIC beam energies,
100 GeV: by = (—=0.06 £0.19) x 1073, (32)
255 GeV: by = (+0.31 +£0.19) x 1073, (33)

The errors here correspond to the systematic uncertainties
in the values of B(s) [14].
For b, one finds

by/t. = r%/3—4/A2—;{/2m%,. (34)

Currently, PDG [17] gives two values of proton charge
radius

rep = 0.8751 +0.0061 fm, (35)
r,p = 0.84086 4 0.00026 £ 0.00029 fm,  (36)

obtained in three kinds of measurements: with atomic hydro-
gen, with electron scattering off hydrogen, and with muonic
hydrogen. The discrepancy between the methods is not
resolvedyet. Assuming r; = 0.858 4= 0.017 fm, one obtains

by = (0.64 £ 0.46) x 1073 (37)

Approximating ™ = (z./1)e”"/"s, one finds a correction
to the denominator (15) of the analyzing power expressions

fes(t.p) = fes(t.p = b+ 5%t /4m3)
+ b = 2bSc — 2px*t.[4m?, + ...
zf(:s([uo_bD_bcs)~ (38)
where

bey = by — x*t./4m% = (2.3 £0.5) x 107, (39)

The term »?t./4m3 here is due to the spin-flip amplitude
@™ contribution to do/dt.

The experimental determination of the real to imaginary
ratio p at high energies is based on an analysis of the
do/dit(t) < f(t,p). The proton-proton electromagnetic
form factor was approximated by G%(¢) in almost all
experimental studies of p. Therefore, a biased value of p
was measured in these experiments, p®*P = p — b.,. The
bias is small compared to the uncertainty of measurements
in any of the experiments listed in PDG, but it may be
substantial for the global fit [18]. Since the values of p from
the global fit are used in the analyzing power measure-
ments, we should replace

p = p+be (40)
in (38) as well as in the expressions for £, fL, and fly

above. Thus, the leading order corrections to the analyzing
power Ay /() from Ref. [6] can be approximated in (12) as

fes(t.p) = fes(t.p = bp), (41)
fR= fR=2m3/s, (42)
fh = fa+x(bp + bog +b,). (43)
where
b, = pyt. [Lz = ﬂ ~(=14+07) % 107 (44)
4m;, 6x

reflects the spin-flip contribution [see Eq. (27)] to the
electromagnetic form factor. The specified error is domi-
nated by the experimental uncertainties in the value of
proton magnetic radius ry; = 0.851 £ 0.026 fm [19].

For Ann(f), the corrections are small compared to
uncertainties of the measurement at HIJET. Also, we can
neglect the correction to the Coulomb phase 5¢(rg, B).

V. NUMERICAL ESTIMATES OF THE
CORRECTIONS

The effect of the substitution (41) can be parametrized by
the effective correction bpAfy(z) to the linear function

(o)

1 L+ DbpAfn(1)

fcs(tuo_bD) fcs(tuo) . (45)
The dependence of Afy(7) on p and by can be neglected.
The calculated value of this correction is shown in Fig. 2.
For the HJET values of b given in Egs. (32) and (33), the
nonlinearity is not experimentally observable, and, thus, we
can approximate
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FIG. 2. Calculation of the correction function Afy(z) (blue
points). The displayed error bars o ;(f) correspond to the
HJET measurement statistical uncertainties if bp = 0.1. The
error dependence on bp can be approximated by o(t,bp) =
60.1(t) x 0.1/bp. The red line is a linear fit.

Afn(t) = co +cit/t, (46)

or, equivalently,

S = [ +exbp, i=0,1. (47)

Obviously, the values of ¢y and ¢; depend on the z-range
and experimental uncertainties. The HJET data analysis
leads to ¢y ~ —1.0 and ¢; ~0.1.

Combining (42), (43), and (47), we find the corrections
to the measured hadronic form factors as follows:

Als = (x/2) x cobp — m3 /s, (48)

ARs =(x%/2) x [(1 4 ¢1)bp + by + b, | + pAls.  (49)

For HIET measurements, the calculation gives

T

——
60? V52200 GeV
3o 40*
o L
—
X [ s=21.92 GeV
<7 201 Q)
é L
| 5=13.76 GeV
0_’§ ””””””””””””””””””
L L L L L | L L L L ! L L L
-20 -10 0 10
Re r5 x 10

FIG. 3. Ay? =1 correlation (stat + syst) contours for rs with
(solid lines) and without (filled areas) corrections to Ay. The
absorptive corrections are not included. To display the /s =
200 GeV contours, we used the data from Ref. [9].

100 GeV: ARs = (—04+0.25 +£04, £0.6,, )x 1073,
Als = (—4.6 £0.25) x 1073,

255 GeV: AR5 = (—0.4£0.25 £ 04, +0.6, ) x 107,
Als = (=2.1£0.25) x 1073, (50)

The errors here are due to uncertainties in values of B, rp,
and r,,. Each error is strongly correlated through Eqs. (50).
The large corrections to /5 are due to the term m,z7 /s in (48),
which is 0.0047 for 100 GeV and 0.0018 for 255 GeV.
Alterations of the measured rs are comparable with the
experimental uncertainties (see Fig. 3) and, thus, should not
be neglected.

VI. POSSIBLE EFFECT OF THE
ABSORPTIVE CORRECTION

A dependence of the measured rs on the absorptive
corrections could be readily estimated if the corresponding
modification of the electromagnetic form factor 7 (z) of
an elastic pp amplitude can be approximated in the CNI
region by a linear function of ¢,

Fe(t) = Fom (1) x [1 + a(s)t/t.]. (51)

Generally, a(s) is spin dependent. It can be effected by
the substitutions by — by + ay, b, — b, + ag — ayy,
where a,¢(s) and ag(s) are absorptive corrections to
nonflip and spin-flip amplitudes, respectively. The
dominant absorptive corrections to r5 and r, can be
written as

ARs = ayx/2, A s = —anbex/2 =0, (52)
}fztc
AaRZ = O, AaIQ = anf—2 ~ 0. (53)
4dm

P

As it was underlined above, the correction, such as given in
Eq. (51), does not modify f.(z,p) but specifies the
systematic errors in the experimental determinations of
p. In case of large corrections, say |ays + bes| = 0.003, the
results of all forward unpolarized proton-proton scattering
measurements should be revised, and, consequently, a new
global fit of p(s) and 6, (s) should be carried out.

VII. CONCLUSIONS

In this paper, the corrections to the analyzing powers
given in Ref. [6] were studied. For the experimental results
already published, Egs. (48) and (49) allows one to evaluate
with sufficient accuracy the corrections to the measured
single spin-flip amplitude parameter rs.

The improved expressions for Ay(#) and Axy(7) could be
written in the same form as in Ref. [6] (if neglecting the
absorptive correction terms Af; = Afy = 0),
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m

) (1= p'dc) = 2(Is = 5¢Rs)]te/t = 2(Rs — p'ls) + Afx

—AN(I> - 2 ~ ~2 ) (54)

V=t (tc/1)? =2(p +c)t/t + 1+ p

—2(Ry + 6chy)tl/t 4+ 2(Iy 4 p'Ry) — (p' — 4Rs)xt. [ 2m3 + At/ m3,
ANN(t) = 2 ~ -2 ’ (55)
(tc/t) - Z(p + 5C)tc/t +1+p
|
but with the following modification of some parameters: may be introduced by the following substitutions:
to/t=t./t+ (rg/3 = B/2 = x/2mp)1,, (56) r2/3 = 12/3 + an/te, (60)
r_ 22 _ 2 _ 2 24502

pr=p+(rg/3-4/A %/2mp x /4mp)tw (57) AL = ay — ayy, (61)

p=p—(4/N - B/, (58)
x =x/(1 —y,,t/4m%) —2m%/(s—4m%). (59)

The published HJET results [20] were obtained using
Eqgs. (54)—(59) without absorptive corrections.

The double spin-flip amplitude terms in (54) and the
term |pP?> in (55) were dropped off because they are
negligible for the HIET experimental accuracy and, also,
are comparable with the omitted corrections of order of
(m2/s)* and t/s. The (m3/s)* corrections (24) to nonflip
amplitudes ¢, 3 were neglected in Eq. (54). It should be
noted that for experimental uncertainties similar to those at
HIJET these corrections become noticeable if /s <5 GeV.

The absorptive corrections are currently undetermined
[no values of a(s) are published yet] but once calculated

AItilN = 4R; (asf - anf) - p}((adf - anf)? (62)

where agy¢(s) is the absorptive correction (51) to the double
spin-flip electromagnetic form factor. The absorptive cor-
rections may also affect the results of determination of p in
unpolarized elastic pp scattering.

ACKNOWLEDGMENTS

The author thanks N. H. Buttimore, B. Z. Kopeliovich,
and M. Krelina for stimulating discussions. N.H.
Buttimore read the manuscripts and made many valuable
comments. This work was supported by Brookhaven
Science Associates, LLC, under Contract No. DE-AC02-
98CH 10886 with the U.S. Department of Energy.

[1] A. Zelenski et al., Nucl. Instrum. Methods Phys. Res., Sect.
A 536, 248 (2005).

[2] A. Poblaguev, E. Aschenauer, G. Atoian, K. O. Eyser, H.
Huang, Y. Makdisi, W. Schmidke, A. Zelenski, I
Alekseev, and D. Svirida, Proc. Sci., PSTP2017 (2018)
022.

[3] J. Ashkin, E. Leader, M.L. Marshak, J.B. Roberts,
J. Soffer, and G.H. Thomas, AIP Conf. Proc. 42,
142 (1978); E. Leader, in Spin in Particle Physics
(Cambridge University Press, Cambridge, England, 2001),
p- 119.

[4] B.Z. Kopeliovich and L.I. Lapidus, Yad, Fiz. 19, 218
(1974) [Sov. J. Nucl. Phys. 19, 114 (1974)]; Report
No. JINR-P2-72-34 [CERN-Trans-73-7].

[5] N. H. Buttimore, E. Gotsman, and E. Leader, Phys. Rev. D
18, 694 (1978); 35, 407 (1987).

[6] N. H. Buttimore, B. Z. Kopeliovich, E. Leader, J. Soffer, and
T. L. Trueman, Phys. Rev. D 59, 114010 (1999).

[7] H. Okada et al., Phys. Lett. B 638, 450 (2006).

[8] I. G. Alekseev, A. Bravar, G. Bunce, S. Dhawan, K. O.
Eyser, R. Gill, W. Haeberli, H. Huang, O. Jinnouchi et al.,
Phys. Rev. D 79, 094014 (2009).

[9] L. Adamczyk et al. (STAR Collaboration), Phys. Lett. B
719, 62 (2013).

[10] B.Z. Kopeliovich and M. Krelina, arXiv:1910.04799v3.

[11] R. Cahn, Z. Phys. C 15, 253 (1982).

[12] G. G. Beznogikh et al., Phys. Lett. B 30B, 274 (1969).

[13] D. A. Fagundes, M. J. Menon, and P. V.R. G. Silva, Nucl.
Phys. A966, 185 (2017).

[14] V. Bartenev et al., Phys. Rev. Lett. 31, 1088 (1973); 31,
1367 (1973).

[15] E.J. Ermnst, R. G. Sachs, and K. C. Wali, Phys. Rev. 119,
1105 (1960).

[16] L.H. Chan, K. W. Chen, J.R. Dunning, N.F. Ramsey,
J.K. Walker, and R. Wilson, Phys. Rev. 141, 1298
(1966).

[17] M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98,
030001 (2018).

116017-6


https://doi.org/10.1016/j.nima.2004.08.080
https://doi.org/10.1016/j.nima.2004.08.080
https://doi.org/10.22323/1.324.0022
https://doi.org/10.22323/1.324.0022
https://doi.org/10.1063/1.31281
https://doi.org/10.1063/1.31281
https://doi.org/10.1103/PhysRevD.18.694
https://doi.org/10.1103/PhysRevD.18.694
https://doi.org/10.1103/PhysRevD.35.407
https://doi.org/10.1103/PhysRevD.59.114010
https://doi.org/10.1016/j.physletb.2006.06.008
https://doi.org/10.1103/PhysRevD.79.094014
https://doi.org/10.1016/j.physletb.2013.01.014
https://doi.org/10.1016/j.physletb.2013.01.014
https://arXiv.org/abs/1910.04799v3
https://doi.org/10.1007/BF01475009
https://doi.org/10.1016/0370-2693(69)90438-9
https://doi.org/10.1016/j.nuclphysa.2017.06.057
https://doi.org/10.1016/j.nuclphysa.2017.06.057
https://doi.org/10.1103/PhysRevLett.31.1088
https://doi.org/10.1103/PhysRevLett.31.1367
https://doi.org/10.1103/PhysRevLett.31.1367
https://doi.org/10.1103/PhysRev.119.1105
https://doi.org/10.1103/PhysRev.119.1105
https://doi.org/10.1103/PhysRev.141.1298
https://doi.org/10.1103/PhysRev.141.1298
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1103/PhysRevD.98.030001

CORRECTIONS TO THE ELASTIC PROTON-PROTON ... PHYS. REV. D 100, 116017 (2019)

[18] J.R. Cudell, V. V. Ezhela, P. Gauron, K. Kang, Yu.V. [19] G. Lee, J.R. Arrington, and R.J. Hill, Phys. Rev. D 92,

Kuyanov, S.B. Lugovsky, E. Martynov, B. Nicolescu, 013013 (2015).
E. A. Razuvaev, and N. P. Tkachenko (COMPETE Collabo- [20] A.A. Poblaguev et al., Phys. Rev. Lett. 123, 162001
ration), Phys. Rev. Lett. 89, 201801 (2002). (2019).

116017-7


https://doi.org/10.1103/PhysRevLett.89.201801
https://doi.org/10.1103/PhysRevD.92.013013
https://doi.org/10.1103/PhysRevD.92.013013
https://doi.org/10.1103/PhysRevLett.123.162001
https://doi.org/10.1103/PhysRevLett.123.162001

