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Abstract

This paper is the final report of the START student program for the summer session
2023 and includes a consideration of the Glauber theory of multiple scattering, as well
as its application to the calculation of elastic scattering amplitudes in the pd — pd and
dd — dd processes. The objective of the work is to describe elastic dd-scattering according
to Glauber with T-even P-even forces in the S-wave approximation. Analytical results
are presented for the dd-scattering amplitude in terms of d/N-amplitudes and in terms
of nucleus-nucleus scattering. A comparison with experimental data on the differential
scattering cross section at energies of 4.42 GeV/c is presented.



Introduction

SPD NICA at the first phase

The NICA ion collider project, developed at the Joint Institute for Nuclear Research,
represents a step forward in the study of strong interactions and the properties of nuclear
matter. Various types of collisions, including pp-, dd- and pd-collisions, provide the op-
portunity to study the spin dependence of strong interactions of energy regions in the
center of mass NN system of the /syy = 3 — 27 GeV. This will make it possible to
implement a geological program to study the structure of protons and deuterons and find
the role of spin in strong interactions. The Spin Physics Detector (SPD) installation in-
cludes 4m-geometry, precision track and calorimetric detectors for particle identification
2], [1].

Of particular interest is communication in the average evening baryon numbers on
the thresholds of the birth of double strangeness, charm and charm. This opens up new
possibilities for studying multiquark flows and their connections with other structures.

Experiments with polarized beams of protons and deuterons are also of great interest,
since they can provide insight into the development of the deuteron at short distances
and its non-nucleon steps of freedom.

In addition, conducting experiments using the Spin Physics Detector (SPD) makes it
possible to test the Standard Model and look for violations of time and parity invariance
in single-spin scattering [1].

Thus, the NICA project represents an opportunity to conduct extensive nuclear ex-
periments that will help defeat our ideas about the strong forces and the properties of
nuclear matter.

Physics of the dd-channel

Spin observables of elastic dd-scattering can be used to check the spin-dependent
amplitudes of elastic p/N-scattering and to evaluate the influence of inelastic corrections
on the dd-cross section at high energies \/syy = 53 — 63 GeV. In addition, the spin-
dependent amplitudes of elastic pd scattering can be used in the Glauber model to calcu-
late dd scattering at low energies characteristic of the first phase of the NICA experiment,
when the Gribov inelastic corrections are small. This approach will test the consistency
of the model with experimental data and improve our understanding of nuclear structure
and interactions.

At large scattering angles 6., ~ 90° the processes pd — pd and dd — dd are sensitive
to the short-range (six-quark) structure of the deuteron. Thus, measuring any observable
of these processes at large values of 6., will be important for searching for non-nucleon
degrees of freedom of the deuteron [1].

The collision processes of vectorially and tensorly polarized deuterons dd — dd are of
great interest, since they contain information from the collisions pn — pn and nn — nn
(pp — pp) and shed light on the structure of NN interactions. Elastic pp- and pn-
scattering at high energies /s = 5 — 7 GeV and large transferred momentum |[t| = 5 —
10 GeV? is determined by the part of the NN interaction acting at a small distance
between nucleons.

There are several features in the quantum chromodynamics of these processes.
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The first feature is that the differential cross section at the angle 6., ~ 90° obeys
the quark counting rule of pertubative quantum chromodynamics, according to which
dopy/dt ~ s719 but in some region s diverges from the prediction in the form of oscilla-
tions. The second feature is the anomalous polarization asymmetry in hard p/N-scattering
at momentum p = 11.75 GeV /¢ — elastic scattering cross section with proton spins parallel
and perpendicular to the scattering plane, approximately four times larger than the cross
section with antiparallel spins. Thirdly, QCD predictions for hard NN scattering are as-
sociated with the phenomenon of color transparency, that is, a decrease in the absorption
in the nuclear medium of hadrons (and mesons, baryons) produced in hard processes.
The combination of these three effects still raises questions. One explanation is
the formation of octoquark resonances uudssuud and uudccuud in the s channel (which
corresponds to the ¢-meson and .J/v¢ charmonium) near the thresholds of the birth of
strangeness and charm. This is supported by the agreement of the observed large varia-
tions in the spin correlations of elastic pp scattering with the formation of resonant states.
Due to the fact that the elements of the transition matrix for J/v¢ production in pn- and
pp-collisions near the threshold have different spin-isospin structures, spin observables in
elastic pn-scattering can provide valuable information . The task of obtaining these data
in the energy range /sSyy = 3 — 5 GeV can be implemented on the NICA SPD [2], [1].

Problem

The first task of the work on the way to describing dd-scattering is to calculate the
scattering amplitude in the case of T-even P-even forces in the s-wave approximation
for the deutron wave function. For this purpose, Glauber’s theory of multiple scattering
in the forward hemisphere is applied: first in relation to the scattering of protons on
deuterons pd — pd, and then for dd-scattering.

System of units and notation

Below, the system of units is used everywhere, where hic = 0.1937 mb - GeV



1 Basic principles of the Glauber theory of diffrac-
tion multiple scattering

An effective method for calculating the characteristics of hadronic processes at high
energies and low momentum transfers is the Glauber — Sitenko diffraction theory of mul-
tiple scattering [3], [4]. This theory is based on the eikonal approximation, which is
applicable at short wavelengths and small scattering angles. The eikonal approximation
is well applicable to the amplitudes of elastic scattering of nucleons on nucleons (NN
scattering), because they have a maximum when scattering at zero angle.

The scattering amplitude in the eikonal approximation can be written in the form
(follows from the Lipmann — Schwinger equation):

ik iqb ix(b
flah) =5 [ @bt e (1)

where the eikonal phase is related to the interaction potential V' (r)

[e. 9]

x(b) = % / V(b 4 2k) d-. (@)

— 00

The assumption about the additivity of the potential energy of interaction of the external
nucleon with the nucleons of the nucleus leads to the additivity of the eikonal phase:

A

X(b;si,...,84) :ZX(b_Si)' (3)

=1

It is usually more convenient to use instead of the eikonal phase x(b) the profile function
v(b) corresponding to the scattering amplitude f(q), which are related to each other
friend using a two-dimensional Fourier transform:

flak) =57 [ dbeab(b), ()
1(b) = 5 [ dPae i f(b) )

When scattering on a compound particle (nucleus), the formula for calculating the scat-
tering amplitude in Glauber’s theory is naturally generalized:

A

Frla) =2 / d?b ¢ / E[ldgrﬂ;(rl,...,m{1—H[1—m<b—sl>]}%<rl,...,rA>, (6)

=1

where W;(ry,...,r4) and Wy(ry,...,r4) — are the initial and final wave functions, and the
expression in curly brackets represents the scattering profile function on a composite
particle, which is the probability of scattering on any of the particles in the nucleus.
Formula (6) is the basic formula for calculating the scattering amplitude in Glauber’s
theory.



2 Formalism for elastic pd-scattering

2.1 Phenomenological parameterization of the N N-scattering
amplitude

Elastic pN-scattering profile function with parameters (o, a, a):

() = Mexp{_bi}. (7)

4ra 2a

Amplitude of elastic pN-scattering with parameters (o, a, a):

Flan = g2 [ aeam) =2+ o] -1, )

The pd-scattering profile function is expressed in terms of the probability that a proton
interacts with at least one nucleon of a deuteron:

L= (1 =7)1=7)=7+%— % (9)

Let’s substitute into the scattering amplitude:

F}i(qap) = _;p /de@iqb/dgrl d3r2|\11(r1,r2)|2><
T
X (71(b —s1) +72(b —s2) — 71(b —s1)72(b —s2)). (10)

2.2 Spherically symmetric deuteron wave function (s-wave)

We will consider the s-wave as the deuteron wave function:

U(p) = YooUo(p) = Yoo Y _ Axe ", (11)
k

where p =ry —ro, Yoo = 1/v471 — angular wave function, Uy(p) — radial wave function of
the deuteron.
The wave function is normalized:

/|\I/ P d2*p /dQYgO/dpp Us(p /AkAle (ortee” p2 dp =
_ Z AA; ]
SOk-FSOz

For simplicity, let’s move on to new coordinates in which

;, i —Tx P




U(r) = VAN (p) = VA Yy Y Ape 1™, (14)
k

where the factor v/ A3, which for the deuteron is equal to V23 (since A = 2), is introduced
to preserve the normalization in new coordinates and is determined by the Jacobian of
the transition:

V23 = g(p), d’p = 2° d*r’. (15)

(')

The pd-scattering amplitude takes the form:

i
Foi(q) = p/deequ/di)’ "W (r, —r)|2{1—(1—71(b—s))(1—72(b—|—s)) —
zp A3Y020/d2b quZAkAl / dz’ /d2 (ko) d(s+2) [71+72 —7172]' (16)

The terms with (y; + 72) are responsible for single scattering, and (—v;72) for double
scattering.

2.2.1 Single pd scattering

e}

Flgl) = ;—pAgn%/d2b gab ZAkAl / dz e~ (ortend=?
T

k,l e

o 1—3 _(b=s)?
X/d25/6—(¢k+wz)4s lw}e 2a, —AgonAkAl VTRy)? F/f;l)a (17)

dma
p k,l

where

0 2

2 N2
) 1—1 1 , _z= _s?  (b=s’)
Fk(ll) _ 2 |:0'p( ZOép):| ( ) /dzb equ / ds e RZ, /dQS/B Rzle 2a, (18)

2 47rap ﬁRkl 3
d R !
an =
. 2voe + @
Integrating (18) we obtain the amplitude:
(
F = pall) ebu'e®, (19)

where

(D) z[w]

R R DY
! 4 4 { P A(or + @) 16(or, + 1)

Thus, the amplitude of single scattering in the case of an s wave is expressed as follows:

) — PZ ol =B, (21)



where

. . 3
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2.2.2 Double pd scattering

F® = ;—pA:SYOQO/d2b eiqbZAkAl / Az’ e~ 4entenz? o
T
k.l .
. . 7Sl 2 S/ 2
% /dQS/ 6—4(9%-1-%)5’2 UPU - ZO‘p) 0n<1 - Zan) 6_%_% _
4ra, dmay,
= Y3 AA(VTR)FY, (23)
k.l
where
o _ @ [op(l —iay) ] fon(l —ian) |
M 2m 4ma,, dray,
1 2 iqb I ! 713;22 2./ 715%;22 _(bis/)Q_(bJrSl)Q ( )
X | ——=——— [ d°be' dz'e i [ d°s'e Thie 20 2an 24
(VTRp)? / / / 7
and

s (b—s¢)* (b+s)*
R,%l 2a,, 2a,,

11 111 11
b2~ )2 ) hbe [——— ). (25
<2ap+2an> S (zap+2an+Rzl)+ S (Qap 2an) (25)

Integration over 2’ gives the factor \/m Ry, and integration over s’ gives:

1 1 1 1 1 1 1
2f — 4 =\ _ 2 = 4 = = ) S
) / d%b e'aP / e (557207 )~ (o - ) oo (3 2“")] -

(V7 Ry)?

. 1,1
- (ﬁ; 2 / b (3
kl

-1
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Integration over b:

. 1 1 \,b*/ 1 1 V(1 1 1\
©= 20yt / a2be " (553 )+ (52 ) (2275
2a,a, + (a, + a,) R,
(26)
Let’s simplify the factor before b? in the exponent argument:
pr( L, LY, PP 121+1+1‘1_
2a, 2a, 4 \2a, 2a, 2a, 2a, Ril n
_ 2@ +an 1(2% — 2a,)? 2a,2a, R, _
2a,ay, 4 (2%2@”)2( 2a,2a, + 2(a, + a,) R,
— _p2 1 8ayan(ap + an) +4(ap + an)* R} — (an — ay)* R, _
da,ay, 2a,2a, + 2(a, + a,) Ry,
_ 1 8ala, + 8aia, + (3a2 + 10apa, + 3a2) Ry, @)
dayay, 2a,2a,, + 2(a, + a,)R2, '

Finally, integrating over b, we obtain

2 2
q? (4apan)(2ap2an+2(ap+an)RE,) 9
e ! (8“12:an+8“%ap+(3a§+10apan+3a%)Ril T ( (4apan)(2a52an + 2(a, + an) Ry) )

8aZa, + 8a2ay, + (3a2 + 10a,a, + 3a2) Ry,

(28)
In this way,
q? (4apan)(2ap2an+2(ap+an)R2))
6_ 4 \ 8aZan+8a2ap+(3a2+10apan+3a?) R,
oo | = 16ma’a? - : 29
o] P 8a2ay + 8aay + (3a2 + 10apa, + 3a2) Ry, (29)
The amplitude of double pd scattering in the case of an s wave is equal to:
FO = pyaff e W, (30)
k,l
where
3
i
AkAl . 167TCLpCln . ( W)
k 1

2) 1 O'p(l — iOép) O’n(l — ian) A3 9
Y 22 Yoo Z 2 2 2 2\ 2
2 27 2m 2 — 8aga, + 8aza, + (3a; + 10aya, + 3a3 ) Ry,

50 _ 1 (4ayan)(2a,2a, + 2(a, + a,)RY)
Mo 4\ 8a2ay, + 8a2a, + (3a2 + 10a,a, + 3a2)RY

(31)

In the case a, = a, = a we have:




Similarly, for the amplitude of double scattering in the case of an s-wave under the
condition a, = a, = a we obtain:

O _ PZ o Al (33)
where
_ . : 3 3
a;(j) - _% [Up(w;jr_ 1)} [0”@0‘2:; )} ;12 Yoo Ak 4(90:+ ©1) ‘ [4a(<ﬂk "‘1901) ™ 1] ’
@ _ %' (34)

3 Elastic dd-scattering

3.1 Amplitude of dd-scattering in terms of Nd-scattering ampli-
tudes

We look for the scattering amplitude dd — dd in the usual way:

Fu(q) = 27r/d2b “’b/d?’rl dPro| U (ry, o) > %
X (Ty(b—s1) +Ta(b—s3) —T'1(b —s1)T2(b —s5)). (35)

Again we consider the s-wave (14). The scattering amplitude is calculated using a formula
similar to (16):

Fyi(aq) = %Agybzo / d*b e’ Z ARA / dz’ / A28’ e Herten) (s +2"2) o
k,l
x [[i(b =) +Ta(b +8) = I'i(b — s\l (b+ )] (36)

The incident particle this time is a deuteron, so as I'(b) we should consider the amplitude
profile of Nd-scattering in the case of an s-wave (see (21), (33)):

FNd(Q) _ F(l) + F(2) — pz Z g €_Bqu2 (37>

k.l (agi,Bri)

1(:) _3 |:O'p(ZOép ):| ASYE)OAk:Al( )
2 21 4(pr + 1)
o onlion T ysya 4
an;kl 2|: o :| 004 1k44 4 k+g0l
1 |o,(tay, — 1 onltay, — 1
it = _‘{ 2 )} { ( Yo%AkAz }
; 2 27 21 90k+801 aler + @) +1

1) a0 8a(<ﬁk+901 )+1
Bp;kl — Bn;kl - :

where

Q
z
I

16(¢r + 1)
2 a
By = - (38)
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Nd-scattering amplitude profile in the case of an s-wave:

F(b) - 27rp d_2 lpz Z Qe —Bria le—qu _ __Z Z %6 45kz (39)

k.l (oni,Br1) (Oékl,ﬁkz)

Contribution of I'y + I['s to the amplitude of dd-scattering

o0

ip i (i)
FY = %A3Y020/d2 e " AA; /dz'e Apites)=
7] 7“)
)2
Oékl -
X dZS/ e Apite)s™ | __ 4/8kl =
[ e T ]
ag,Br1)
—A3YOZAA (V7R;;)? Z > F (o B, (40)
U (ok1,Bk1)
where
o0 / , —S/ 2
W _ P % : /dzbeiqb/dz’e%/dzs’ezgj(b45kl) =
UK A B | (VERy )
45kl+R 4B+ R 2 Y08kl tpj)+1
= P %l MM - = PO €—q2 4 ’ = POy € 4 16(j+;5) . (41)

AT

In total, the contribution of I'y to the amplitude of dd-scattering in the case of an s-wave
is equal to:

3 1 5
Y :pA3%2(]ZAiAj( A( ; )) > age e 166 (42)
isj

i + ¥j kL (or,Bri)
FY=p Z Eijla) e )
where
1
£.(q :A3Y2A¢A‘(\/7) Qe ﬁqu Nij = ————. 44
i(a) 00 J (i + ©;) Z (a%kz) j ol en) v

Contribution of —I';I'; to the amplitude of dd-scattering

FO — ;—pA3}%%/d2 e'ab ZA A; / dz e 4eite;)="” /d2s’ e~ 4(pites)s” o
T

(b+s')?
1 Xkyly 45 QXkaly —77
X — —e k1l1 k2 Ak, | —
i 2 5 > > 5

k1,ly (eeq iy 5By iq) k2.l (aky1y,Bkels)

2
= AsYE]ZO Z A; A Z Z Fz&,?ﬂh,kgh( Qi ly /Bklll 1 Akl Bkzlz)v (45>

k1l (akqig »Brqty)
k2.l (g iy Brgty
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zp A1y Oyl
F(Q) _ 1 1 202 R
1j,kil,kale 87T /Bk1l1 Bk2l2 (\/_ )

( 1 3 oo B 2/22 B 5/22 7&7 (b+s)2
d’be'® [ de M [ d®e e Prmun Pmn | (46)
ﬁRij> / /

—0o0

The integral in square brackets is calculated and equal (compare with (24) and (29), where
Rkl — Rij? Qp — 2/8k1117 Ap — 26’6212):

@? ( Bryty 8oty H168r 1y Brgly (Pite))
4 14+4(Bry 1y +Bkqty) (witej)

L+ 4(Bryty + Brotn) (05 + ©5)

(&

[ ] = 167 Bk, 1, Brot - 4(i + %') ’

)

In total, the contribution of —I'1I's to the amplitude of dd-scattering in the case of an
s-wave is equal to:

@2 [ Breyty oty +16Bky 1 Brgty (0ite;)
e 4 14+4(Bry 11 +Brqts) (Pite;)

3
'Lp 312 T
F® = AY g A A; E Oy ly Okl :
% TNV A+ e) T+ 4ABkn + Brw) (@i + ¢;)
&) (@t :Bryiy)
2;5; (Qkyly Bryly)

(47)

Amplitude of dd-scattering
The dd-scattering amplitude is equal according to (36), (42), (47)

Fyy=2FY + F® —
PR — 2
= pA’Y, Z AiAj( —> Z Z e e (%ﬂ"]) +
i,J 4(901 + SOJ kb (oukrsBri)

@ [ Bryty 8oty +168k 1y Broty (0ite))
e 4 14+4(Bry 1y TBkqoty) (Pite;)

3

zp 5 T
A Y E A A E ALy 11 Vel :
0 A )1 AN A+ ) L+ 4(Brity + Brat) (01 + ;)
1417 11

(Qkgly Brols

by T
ka,l2

(48)
Let us take into account the relations (38) for the coefficients ay; and By and introduce
the coefficients &£;, Af; using the formulas (66):

O {M} L 9¢0

ij 8w CA
. 2 0 —1
@ _ {%(“FO‘) o [
R e ] L
1) 1T\
_ ij
5;']' = Z{ 4 + QG]a
(2) a
Bij - Zv (49)
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0 ﬁ COlCOJ 0 1

0 _ e 50
K 4 (A0; + A0,)327 7 A0 + A0, (50)
where the previous notations A;, A;, ¢;, ¢; correspond to C0;, C0;, A0;, AO;.
Let’s rewrite the expression (48)
Fuu=p Y & [
ijkl
. aq® AN
[a(z + a)} R
8
. 2 2 A0 o2 0 -1 0. g2 0 -1
aq” q Al ’L]q >\
87 4 4
+p Z AR AN [
ijk1ly kala
A21l1 A%zlz )\?.72
a)? N 2[_”“_”]_
o(i+ ) e 1 exp g | 8 8 16
8 Ay AN A, 4 NG A T A,
Ty Tl T Tkl g T4y T kel
4 16 4 16
A AV A9 ( A AN )
0’(2—}—04) 3 e B(IJ+CZ>—|—_J 4k111 9 —a|:I]+G:|+_Jl6kll1
2 4 exp 4 G 5 T ¢t
FI \ )T
2O, A0 4 )\O ( A0, OO )
iy i kolo . 7 1 Vkala
+3<4+a>+—4 ) q a{4+a]+—16
X —_—
A P 4 /\?j A?j + Ay
—L +a 3(—+a)|+——2
4 \ 4 4 Vs
. 4 2 0 —11r1y0 =110 -1
o(i+a) _aa® TG kal kol
4 s | 4 1l 202
{87?1(2)6 {24—][44— 4—|—a
(51)
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3.2 Nucleus-nucleus scattering

In the paper of G. Alberi [11], an expression was obtained for the amplitude of dd-
scattering, expressed in terms of the form factor and amplitude of nucleon-nucleon scat-
tering:

Far = 87(@)5* () + 215 (ba) [ S@)f (@ + da) £ (- + ba) dPart

2/52(ql)f (a1 + 2q) f (a1 + 3q) dai |-

/S(Gn)S(qz)f (2qa—a1) f (a1 +a2) f (3a — q2) d’qy d*qa—

o r2k2
_leig /S(Cll)s((h)f (%q —q1 — QS) flas) fai+as+as) f (%q —q2 — Q3) d*q; d*qe d*qs.
(52)
Form factor:
S(q) = So(q) — S2(a)[3(J - &)* — 2], (53)

Where

@) = [120) + w*)in(ar) (54)

0

s 7 w(r) {u(r) - %]ya(qr) dr, (53)

where s- and d- wave functions are expanded into series:

5 5
=100, w(r) =Y 02 e (56)

k=1

Form factor calculation

Let us calculate the amplitude, limiting ourselves to the contribution of Sy.

/uz(r)jo(qr) dr = /TZ Z COiCOj 6_(A0i+A0j)T2  Sner dr =
r
0 0 bJ 1
= Z C0;C0,~ / —(A0+A0)* i g Ay =
——
1d
~ 7 dq osar
:—ZC’OC’O —(A0+A0) oo ar dr =
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[e.o]

1 1d 2
= —— C0,C0,—— / e (A0HAL (g g dr =

\\(-/
—o0 Re eiar
o0 (57)
— = Z C0; CO T 6*4(A0?+A0j) _
(A0; + A0,)

2

1 AVT s
_/_ Z C0; CO'Q4(AO fAO 7 ¢ A(A0;+A0)

Thus,
i Ve C0,.C0; gt
— v (A0;+A0;)
u(r)jo(gr) d e i) (58)
[ Y s
/UJZ(T)jO(QT / Z C2k02 —(A25+A2;)r2 Sln qr dr —
0 k.l ar
qr
0
= ZC’2kC21—/ 5 o (A2 A2)r? sinqrdr = (59)
- - = 02,02 — (A2, +A2;)r2+igr dr =
e z (2 / r=
1 d .
= —2— ZCQkCQl d—](n =4, a= A2k + AQl,ﬁ = Zq) = ®,
q ol q
where
oo o B ﬁ2
I(n,a, ) = / e g = / r" e_o‘(’" ) Yo dr = e4a ( 5 ) —oa? Qg =

o0

RN () =y Z]()(%) [

k=0,2... k=1,3...

—0o0 —00

(60)

If £k =2m + 1 is odd, then the integral with symmetric limits will contain the product of
an odd function and an even exponential, so the integral will be equal to zero. Therefore,
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we are only interested in the case of even exponent k£ = 2m:

o oo

/ 22 e dg = 2/x2m e dy = ‘5 = az?, df =20z dr = 2\/a§dx‘ =

_ i f — m 717 1 .
2z | e taes f/f e ﬁa_mr( “3) =
0

(2m — )Nl
em=2" /T (61
UBs \f (61)

a\

The integral I(n, «, ) is equal to

1 d ,
& = —Q—qZCQkOQZd—qI(n:4,Oz:AQk—f-AQl,ﬂ:’Lq) =
k.l

d —Ge* 2 iq 4-2m (2m, — 1)
- 9. (2, L oA(A2+A2)) < )( )
ZC C ldqe k+A2) Z 2m/) \2(A2, + A2) omam A2k+A2l

m=0
- _ﬁ Z C2:C2 A2k+A21) q + 12
+ 12 }

2
_ _ﬁ Z CQkCQl d e—m q4
(A2, + A2))5/2 d(¢?) (A2; + A2))? A2k + A2,

4

VT 2,02
= Z (A3, 1Ao7 [q* — 2047 (A2), + A2)) + 60(A2;, + A2,)*] e 4<Azk+AQZ)

/ w?(r)jo(qr) dr =
0
C2k02[ B q?
Z (A2, + Az 1~ 200 (A2 + AZ) + 60(AZ + A2)] e 1242 (64)

The total form factor is

o) = [ )+ i) ar = 1Y

2

C'0,C0; - 4(A0?+Aoj) +

€
(A0, 1 A0, )72

o= 4 00q2(A2; + A2.) + 60(A2; + A2,)?] ¢ HAZHAZ)
T 16 (A2; + A2;)11/2 [q q( + A2;) + 60( + A2;) ] e

A0 g2 A2

= Z[ i &5 [(\5a*)? = 2007 ¢° +60] e T] (65)
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where

VT C#,C#; #_ 1
& = # . amE N T AR AR (66)
A - 4% (A#, + A#;) A#+ A#;
Contribution to the s-wave form factor
00 )\?ij
Su(q) = / u?(r)jo(qr) dr = E ?je* 4, (67)
0 ij

Contribution to the d-wave form factor

Sw(a) :/0 w?(r)jo(ar d’”—zfm (\2gh)? — 2005 ¢ +60] e 1 =

)\2.(1 2

—Z@] (Na)? = 20\5¢" e 7o +6OZ L (o)

Let’s return to the formula

2)

Fu=8f(a)S” (3q

2

(5
{ (39) 5(011)f (a1 +1q) f (—a1 + 2q) a1+
S

S

- % / S(anS(ae)f (3a—ai) f (a1 +a2) f (39— q2) I’q; d*qa—

(a1 +39) f (—a1 + 39) d2q1} —

—%/5(‘11)5(%” (3a—ai —as) flas) f(ai+aetas)f (3a — a2 — g3) d*q; d*gs d*qs.
(69)
o(i +a “q XA q2
f(a)s? (%Q) = k{ ] Zf Sue 16 )
ijkl
/S(ql)f (a1 + 1) f (—a1 + 2q) d®q; = & [%} o Zﬁ [ J +a}_ ,
aq? )\0 )\ -1
/52(q1)f(q1+%q)f(—q1+%q) Lqp = K2 [M] e A Z sz{ + +a] 7
/S(Ch)s((h)f (%q— Cll) f(Ch +Q2)f (%q— Q2) d2011 d2(12 =
MY+ AN N
_ 1.3 o(i+a) e’ 2 ?jfl(c]l ( a)
_k{&r]e”%% X, 22 0 2 [
e R
/S(Q1)S(Q2)f (lq —q1 — (I3) flas)f(ar + 92 +aqs3)f (lq —q2 — (I3) d? 1 d? q2 d2(13 =
y|olita a] TN el
el Fopoalio] [y
(70)
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Substituting (52) into the formula, we obtain in the case of the s-wave approximation the
following expression for the amplitude F,:

Fuu=k)Y ?jﬁgz[

[o(i +a)]

8

[o(i +a)]

8

[o(i +a)]

8

[o(i +a)]

8

ijkl

aq? Aua? TAY -1 259?10 -1 A0 4 70 -1
PP o8 P vl A B ) I ' Y O
4 4 4
a?q? (A + N
aq? 1 12 ( 1 li”L)
e 4 ex "
4 4 4 4 1 1
| )\?J al™t N, a -t
(=ie E{T 2} {4 +§]
(71)
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4 Results

Experiment & theory

To compare with experimental data, we need to move from amplitude to differential

cross section: 4 2 40 )
= =05 = IFuP (72)
When calculating the differential scattering cross section, we use the CD-Bonn model
to describe the s-wave function of the deuteron with the parameters presented in the
Appendix (see also [9]). As parameters o, «, a of the NN amplitudes (8) we use the values
from the papers of Bassel R., Willkin C. [8] and Alberi G. at al. [11]. The work compared
theoretical expressions for differential interaction cross sections, specified by amplitudes
using the formulas (51) and (71), with experimental data from the paper of Devensky

12].

Table 1: Differential cross sections of elastic d-d scattering at 4.6 GeV/c

(Ge\/)2 do GeV'Y

|t], —,mb/( )

c dt c
0.0275 232 + 15
0.0287 216 + 16
0.03 205 + 14
0.032 167 + 10
0.0353 136 + 7
0.0381 107 + 7
0.0411 84.4 + 5.2
0.0456 69.3 + 4.6
0.0485 67.6 + 6.3
0.0518 54.4 + 34
0.0539 44 + 24
0.0552 40.6 + 2.1
0.0605 29.3 + 1.6
0.0646 24.6 + 1.8
0.0699 19.8 + 1.1
0.0764 14.7 + 1.3
0.0821 10.3 + 0.7
0.0952 5.1 + 04
0.105 2.7 + 0.9
0.114 2.5 + 0.5
0.119 1.5 + 0.4
0.123 1.6 + 0.5
0.126 1.3 + 0.2
0.13 078 £+ 0.13
0.146 0.32 + 0.1
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Figure 1: Differential cross section
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Conclusion

As a result of the work, analytical expressions were obtained for the amplitude of
deuteron-deuteron scattering (dd — dd) in the formalism of the Glauber diffraction mul-
tiple scattering theory in the s-wave approximation: calculation in approximation of Nd-
amplitudes (51) and calculation (71) in terms of nucleus — nucleus (approach of papers
[6], [7], [11]).

The paper compared theoretical expressions for differential interaction cross sections
with experimental data at energies of 4.42 GeV /¢ from the paper of Devensky [12]. A good
description of the experimental data at small momentum transfers (¢t < 0.15 GeV/c) was
obtained by both formulas (51), (71), obtained from different approaches. A comparison of
the expressions (51) and (71) shows that there is a complete coincidence of the contribution
of single scattering and a partial coincidence of analytical expressions of the contribution of
double scattering. In addition, the diffraction cross section at zero transferred momentum
t = 0 is the same. But in the region of transferred momentum ¢ after the first minimum
(t > 0.15 GeV/c) the Nd-amplitude approximation gives underestimated values of the
differential cross section compared to (71), the discrepancy increases with increasing t.
The value of the transmitted momentum itself, at which the first minimum is reached,
also shifts towards a larger momentum. (¢ ~ 0.21 GeV/c for calculations using (51) and
t ~ 0.18 GeV/c for calculations using (71)).

Despite these deviations, the formula (51), like the formula (71), is in agreement with
the experimental data in the range ¢t < 0.15 GeV/ec.
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Appendix

CD-Bonn model

We use the CD-Bonn model to describe the s-wave function of the deuteron. Pa-
rameters taken from the paper of Platonova M. N., Kukulin V. I. [10], parameters were
obtained in the original paper Machleidt R. [9].

The s- and d- wave functions are represented as:

5 5
u(r)=r Z C0; e A% w(r) =1 Z C2), A%
i=1 k=1

Table 2: Parameters of the deuteron wave function in the CD-Bonn model [9],[10]

C0;, fm /2 A0;, fm ™ C2;,fm~ "2 A2;, fm ™2

0.2735080 x 10~* 0.1248299 x 10~* 0.1748384 x 1073 0.3229171 x 107!
0.2134582 x 10° 0.1633824 x 10° 0.1908814 x 10! 0.1911095 x 10°
0.1044782 x 10° 0.4765748 x 107! 0.2391706 x 10° 0.8486950 x 10°
0.2476300 x 10° 0.5146949 x 10° —0.2814899 x 10° 0.9955802 x 10!
—0.2901292 x 10° 0.2412550 x 10* —0.5504276 x 10° 0.6477437 x 102

U W N | .

25



Referenses

[1] Abramov V. V. et al. Possible studies at the first stage of the NICA collider operation
with polarized and unpolarized proton and deuteron beams // Physics of Particles
and Nuclei. — 2021. — V. 52. — Ne. 6. — P. 1044-11109.

[2] Uzikov Yu. N. Possible Studies at the First Stage of the NICA SPD Physics Program
/ Yu. N. Uzikov // Physics of Atomic Nuclei. — 2022. — V. 85. — Ne. 6. — P. 1034-1044.

[3] Sitenko A. G. Nucleon—nucleus diffraction scattering and nuclear structure. — Institute
of Theoretical Physics, Academy of Sciences, Ukrainian SSR, // Physics of Elementary
Particles and Atomic Nuclei. — 1973. — V. 4 — Ne. 2 — P. 546-584

[4] Glauber R., In: Lectures in Theor. Phys. (Interscience, New York, 1959), p. 315

[5] Czyz W., Maximon L. C. High energy, small angle elastic scattering of strongly inter-
acting composite particles / W. Czyz, L. C. Maximon // Annals of Physics. — 1969. —
V.52, — Ne. 1. — P. 59-121.

[6] Czyz W., Le$niak L. Elastic scattering of very high energy particles from nuclei /
W. Czyz, L. Ledniak // Physics letters B. — 1967. — V. 24. — Ne. 5. — P. 227-229.

[7] Franco V. High-energy nucleus-nucleus collisions. I. general theory and applications
to deuteron-deuteron scattering / V. Franco // Physical Review. — 1968. — V. 175. —
Ne. 4. — P. 1376.

[8] Bassel R. H., Wilkin C. High-energy proton scattering and the structure of light nuclei
/ R. H. Bassel, C. Wilkin // Physical Review. — 1968. — V. 174. — Ne. 4. — P. 1179

[9] Machleidt R. High-precision, charge-dependent Bonn nucleon-nucleon potential /
R. Machleidt. // Physical Review C. —2001. — V. 63. — Ne. 2. — P. 024001.

[10] Platonova M. N., Kukulin V. I. Description of spin-dependent observables in elas-
tic proton-deuteron scattering on the basis of a generalized diffraction model /
M. N. Platonova, V. I. Kukulin // Physics of Atomic Nuclei. — 2010. — V. 73. —
P. 86-106.

[11] Alberi G., Bertocchi L., Biatkowski G. High-energy deuteron-deuteron elastic scatter-
ing and quadrupole deformation / G. Alberi, L. Bertocchi, G. Biatkowski. // Nuclear
Physics B. — 1970. — V. 17. — Ne. 3. — P. 621-633.

[12] Devensky P. A. et al. Elastic d-d Scattering to Small Angles at 4.6 GeV/c. // Dubna:
JINR, 1981. — 5 p. — (Preprint of the Joint Institute for Nuclear Research; 1-81-82).

[13] L. S. Azhgirey et al. Spectra of deuterons emitted with large transverse pulses in
collisions of deuterons with hydrogen, deuterium and carbon nuclei at 9 GeV/c. //
Dubna : JINR, 1988. — 19 p.: graph.; 22 cm. — (Preprint of the Joint Institute for
Nuclear Research; P1-88-23).

[14] Uzikov Yu. N. Izbrannye glavy kvantovoj teorii stolknovenij: Uchebnoe posobie (in
Russian) / Yu. N. Uzikov. — M.: KDU, Universitetskaya kniga, 2017. — 260 p. — ISBN
978-5-91304-720-5.

26



	Abstract
	Introduction
	1 Basic principles of the Glauber theory of diffraction multiple scattering
	2 Formalism for elastic pd-scattering
	2.1 Phenomenological parameterization of the NN-scattering amplitude
	2.2 Spherically symmetric deuteron wave function (s-wave)
	2.2.1 Single pd scattering
	2.2.2 Double pd scattering


	3 Elastic dd-scattering
	3.1 Amplitude of dd-scattering in terms of Nd-scattering amplitudes
	3.2 Nucleus-nucleus scattering 

	4 Results
	Conclusion
	Appendix
	Referenses

