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Motivation: possibilities to polarize antiproton beams.
General form of a kinetic equation for spin observables.
Spin evolution in scattering processes — equations and solutions.

Spin evolution for the case when some particles are scattered out of the beam —
equations and solutions.

Kinetics of polarization in pp scattering — predictions within different models.

A possibility to improve theoretical predictions for pp scattering cross sections.
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Polarizing antiproton beams

PAX Collaboration proposed experiments with polarized antiprotons and protons.
Lenisa P., Rathmann F., et. al., arXiv:hep-ex/0505054.

@ The transversity distribution is directly accessible via the double transverse spin
asymmetry Apr in the Drell-Yan production of lepton pairs.

@ The relative phase of the magnetic and electric form factors of the proton in the
time-like region can only be measured in the annihilation pp — e*e™ on a
transversely polarized target.

@ And more.

How to polarize antiproton beam?
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Polarizing antiproton beams

PAX Collaboration proposed experiments with polarized antiprotons and protons.
Lenisa P., Rathmann F., et. al., arXiv:hep-ex/0505054.

@ The transversity distribution is directly accessible via the double transverse spin
asymmetry Apr in the Drell-Yan production of lepton pairs.

@ The relative phase of the magnetic and electric form factors of the proton in the
time-like region can only be measured in the annihilation pp — e*e™ on a
transversely polarized target.

@ And more.

There are two processes that result in polarization build-up: spin flip and spin filtering

However, spin flip cross sections are negligibly small to polarize antiprotons.

Milstein A. I., Strakhovenko V. M., Phys. Rev. E 72, 66503 (2005).
Milstein A. 1., Salnikov S. G., Strakhovenko V. M., NIMB 266, 3453 (2008).
Oellers D., et al., Phys. Lett. B 674, 269 (2009). (COSY experiment with protons)
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Spin filtering
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@ Proposed in 1968 to polarize proton beams.
Csonka P. L., Nucl. Instruments Methods 63, 247 (1968).
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@ Was proved to be applicable to pp scattering at Tiap, = 49.3 MeV.
Augustyniak W., et al., Phys. Lett. B 718, 64 (2012). (COSY experiment)

@ No experiments with antiprotons have been carried out so far.
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Kinetic equation

For arbitrary operator O that doesn’t depend on p and r: %OH =1i[H,Ox|

ikr
ik-r € no = k/k
Average over Y (r) ~ VN <e + TF(n, no)) X1X2 5 n=r/r

271

%«9) =N Sp {p(t) {/dnnwoF—T (F+(O)O—OF(O))]} J

Sp {p(t) U A FF — % (F*(o) - F(O))H =0 - unitarity relation J

o p(t) = p1(t) - p2(t) is the density matrix of the system

@ 1st particle belongs to the beam

@ 2nd particle belongs to the target

@ F(n,no) is the scattering amplitude (matrix in the spin space)
@ N is the density of the target

@ v is the beam velocity

These equations are valid if the number of particles is conserved (Np = const).
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Kinetic equation
For arbitrary operator O that doesn't depend on p and 7: %OH =1i[H,Ox|

=k/k

n=r/r

%(@:msp{ Udg FrOF - 2;” (F*(O)O—OF(O))]} J

Sp {p(t) V A FHF — % (F*(o) - F(O))]} —0 - unitarity relation J

ikr

Average over ¥y (1) ~ VN (eik"" + eTF(n, no)) X1X2,

The kinetic equations can be generalized to the case of filtering (Np # const):

% (O) = vN Sp {p(t) [ /g . 0 FT(0-(0) F

271'7,

2 (14 0) (0~ ©) - (0~ (o) 7))}

dn _ + _2mi (o _ Nsp(1)
= uN Sp {p(t) [/M dQn FTF — =2 (F*0) - F(O))] } . 0=
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Spin evolution for S| = % So =0 (Np = const)

pt)= 3 (+GW o),  p=1

F=fo+ fio1 - v, v =[n X ng|, fo, f1 arescalar functions

@ The unitarity relation reduces to the optical theorem:

/dﬂn (150 +12 0] = T 1m fo(0)

@ The spin relaxation is determined by the following equation:
d
$C1 = -0 |:<1 =+ (C] . no)no:| N Q= vN/dQnV2|f1|2

The general solution of this equation is

Ci(t) = [C1(0) — 10 (¢1(0) - no)] e 4 ng (¢1(0) - mo)e 2

Ltong [l tomo

During relaxation not only diminishing of (1 (t) takes place
but also rotation of the direction of ¢1(t). J

Sergey Salnikov (BINP) Kinetics of polarization and filtering



Spin evolution for S; = % Sy = % (Np = const)

(1+¢2-02)

D] —

1+ ¢i(t)-o1), p2 =

N | =

pi(t) =

F = fo+4 (fior + f200) - v+ T"0l0], v = [n X no
T = f36" + f4 (ngn{) + ninj) + f5 (nénj +nin6)
@ Unitarity relations:

ab*a 4
[ 0 (15 + 25 + 02100 + 77 = Tt £o(0)

/ A [2 Re ( ng“”) + 2Re(ff fo)r" v — T”*T"‘ﬁem“éﬁb] = 4% Im T°*(0)
@ Spin evolution is determined by the following equation:
d
Z6 =416+ B (€1 -mo)mo
+ A2 [C1 % €2] + B2 (¢2 - mo) [€1 X no]
+ A3C2 + B3 (¢2 - no) mo

The coefficients A;, B; can be expressed via f;. A1 <0, A1 +B1 <0

Sergey Salnikov (BINP) Kinetics of polarization and filtering



Spin evolution for S; = % So = % (special solutions)

¢=0
¢i(t) = [Cl(O) =m0 (€1(0) - no}] e 4 mg (1(0) - mg) TPV (asfor Sz = 0) J
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Spin evolution for S; = 1, S» = % (special solutions)

G2=0
¢i(t) = [C1(0) —no (¢1(0) - no)} e 4 ng (€1(0) - ) ATV (asfor Sa = 0)
¢ [l mo

¢Gi(t) = (e(A1+Bl)t — 1) ij I g‘j Co |+ et [cos(wt)Cl(O) + sin(wt) [¢1(0) x 'n,o]]

+ [e(A1+B“t -t COS(wt)} no (€1(0) - mo) , w= (42 + B2) 2
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Spin evolution for S; = % So = % (special solutions)
¢=0
Gi(t) = [Cl(o) —no (¢1(0) - no)} et + g (€1(0) - mg) e BV (asfor Sy = 0)
G2 || mo

Gi(t) = (e(AﬁBﬂt - 1) iji gi’ o |+ e [cos(wt)gl(o) + sin(wt) [¢1(0) x no]]

+ [e(‘“*B”t —efitt COS(W)] o (€1(0) - mo) w= (42 + B2) 2

@)= (et = 1) %Cg + eA1HBL/D 05(Q1)¢1(0) + eA1TBY/2 gin(Qt) x
1

x {% [G1(0) % Cal + 22 [(cl(o) o) M0 — W G2 no]} }
T (6A1t _ A1 +B1/2)t cos(SZt)) WCQ, Q= \/m

v

e e T T— RS € i ) (el

8



Spin evolution for S; = 1, S» = % (special solutions)

¢=0
Git) =
G2 [l mo
Ga(e) = (erm 1) | 25 g,
G2 L ng
a = (1) £
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Kinetics of polarization in e™p scattering

@ All of the coefficients were calculated analytically. For the most interesting case

&= N
v
2 2
A, = —2xNw (ﬂ> (71'252 (§ - 61n2) +1n l‘“a") . As = 4rNv (%) 22 (1 + 21n2)
mp 3 €] mp 3
2 2
By = 27 Nw (%) (Tr252 (2In2—1) +In l"‘a") , Bj = 47 Nv (%) 7262 (7 - 101n2)
mp €] mp
72
C1(t) = PG (1 - 67&“) ) Q=wNIf .o
Ve
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Kinetics of polarization in e™p scattering

@ All of the coefficients were calculated analytically. For the most interesting case

&= N
v
2 2
A, = —2xNw (%> (71'2§2 (§ - 61n2) +1n l’"a") . As = 4rNv (%> 22 (1 + 21n2)
mp 3 €] mp 3
2 2
By = 27 Nw (%) <7r252 (2In2 — 1) +In lma") i B3 = 47N (%) 7262 (7 - 101n2)
mp €] mp
72
C1(t) = PG (1—64“) ; Q:”levf o
Py = 0.75, o =0.8mb, if C2 || o
Po=0.8, o =0.72mb, if o L mo

Time of polarization is about 10° years J

v/c=0.0019, V,/c=0.95, N=14-10"cm ™3, 1=2m, p=2mm, f=0.71MHz
Milstein A. 1., Salnikov S. G., Strakhovenko V. M., NIMB 266, 3453 (2008).
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Spin evolution in pp (pp) scattering (Np # const)

Particles are scattered out of the beam if the scattering angle 6 > Oacc (face <K 1).

1 1
prt) =5 A+ G(t)-01),  p2=5(1+¢-02)
F= fc +fo+ /1 (01+02)~V+Tijaiaé, v = [n X ng
~~ ——
singular S
(filtl =—vNo-n
o=o00+01({1-C2)+ (02 —01) (€1 - no) (€2 - no) oi=0f +op +a™

Kinetic equation

%Cl = A [(Cl -¢2) ¢ — CQ] + Bi(no - ¢2) [(C1 -m9) C1 — no]
+ Az [¢1 x C2] + B2 (no - ¢2) [¢1 x no]

A1=’UN~0’1, A2=’UN~R1
31=UN~(0'2—0'1), BQZUN-(RQ—Rl)

e e T T— R € i ) (el A



Spin evolution in pp (pp) scattering (special solutions)

(=0 == ¢1 = const

@ (2 || moorxLlng
%Q = ((Cl &) —52) +w [Cl X 62] ; (o =¢2/Co
A:UNCQ'U—l, w:vNC2~R1, ifCQJ_’nO
A:UNCQ'UQ, UJ:'UNCQ‘RQ, ifCQ || no
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Spin evolution in pp (pp) scattering (special solutions)

(=0 == ¢1 = const

@ (2 || moorxLlng
%Cl = ((Cl &) —f2> +w [Cl X 62] , =C/G
A:UNCQ'Ul, w:vNC2~R1, ifCQJ_’nO
A:UNCQ'UQ, UJ:’UN<2~R2, ifCQ Hno

€1(0) =00r ¢1(0) || &2

%Q =X(¢G-1) — ¢1(t) = —tanh (At — artanh ¢;(0))

G(0) f ¢
¢1(t) = —tanh ()\t — artanh (¢1(0) - 52)) &
sin (wt) - [€2 x ¢1(0)] + cos (wt) - [62 x [z x Cl(O)]]

cosh ()\t — artanh (¢1(0) - é’z)) 1— (¢1(0) - 52)2
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Kinetics of polarization

¢i(t) = —tanh (At) - Co

A::{Phjfg-al, if ¢2 L no
NofCa-oa, iféa| mo

n(t) =n(0)-e ¥/

75 ~ 1/ (Nafoo)

to (h)

N, is the areal density of the target,
f is the beam revolving frequency.

The optimum ratio between the beam
polarization and the number of particles
att = tg =~ 273.

—26 7L if¢a L mg
Ci(to) =~ 70

g .
202, iféa | mo
o0

n(to) ~ 0.14 - n(0)

in pp scattering

35
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0

0 50 100 150
Tiab (MGV)

— Bacc = 10 mrad
— Gace = 20 mrad
— acc = 30 mrad
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Jilich A, D models (facc = 10 mrad)

,Tlab (MeV)
0.03 0.00 : : :
0.02 , ! !
0.01 ! !
~0.05F SR
4= 0.00 = :
-0.01 |
-0.02 Sl ;T T .
-0.03 | | i
-0.04 -0.15 ' ; '
0 50 100 150 200
T, (MeV) Tiap, (MeV)
Uzikov Y., Haidenbauer J., Phys. Rev. C 79, 24617 (2009).
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Paris model (2009)

25
20
=
2 15
~ 10
S 5
0
-5
y T‘lab (MeV) y
0.06 0.0 ' l l
0.04 : :
0.02 At NS S
e =% !
7 0.00 —02F----- T
-0.02 03k--—-- LTS
-0.04 e ; , ,
-0.06 —0.4 : : :
0 50 100 150 200
Tiap (MeV) | Tiap, (MeV) )
Dmitriev V. F., Milstein A. I., Strakhovenko V. M., NIMB 266, 1122 (2008).
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Nijmegen model (1994)

30
20
=) = 10
£ E 0
g € -10
-20
-30
) ﬂab (MeV)
0.00 0.0 ' l l
-0.05 —01k- L o
Tl = ==
iz —0.10 ool N
-0.15 |
@3 ----- ISEEEE
-0.20 :
_0.4 I I I
0 50 100 150 200

Dmitriev V. F., Milstein A. I., Salnikov S. G., Phys. Lett. B 690, 427 (2010).
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Nijmegen model (2012)

0.00 l l l 0.10
—0.05F W\ N\ T~
| ' | 0.05
25 —0.00F A\ N - oo -5

N5 R e = S 0.00

—0.200 N = T ~0.05
0 50 100 150 200 0 50 100 150 200
J—iab (Mev) T’lab (MEV) y

Zhou D., Timmermans R. G. E., Phys. Rev. C 87, 54005 (2013).
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How to improve the theoretical predictions?

There are several optical potential models describing NN interaction at low energies.

The parameters of these models were obtained by fitting the experimental data
mainly for scattering of unpolarized particles and some single-spin observables.

The predictions for some spin-dependent observables are essentially different.

No experiments with polarized antiprotons have been carried out so far.
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How to improve the theoretical predictions?

There are several optical potential models describing NN interaction at low energies.

The parameters of these models were obtained by fitting the experimental data
mainly for scattering of unpolarized particles and some single-spin observables.

The predictions for some spin-dependent observables are essentially different.

No experiments with polarized antiprotons have been carried out so far.

4

Idea

Try to include other available experimental data in fitting procedures.
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NN production near the threshold

NN production at small distance NN interaction at large distance
(QCD) = (optical potential)

Possible states of NN pair: 3S; — 3D, coupled by the tensor forces => ! (r), u(r)

;%@wﬂ

M _ g {u{ (0) — V2 u£(0>}

G&=G4Mm+

Q
2 5 R
ol = 27;52& ‘Gﬁ Uu{(O)‘ + ué(()) } — "elastic”
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NN production near the threshold

NN production at small distance NN interaction at large distance
(QCD) = (optical potential)

Possible states of NN pair: 3S; — 3D, coupled by the tensor forces => ! (r), u(r)

;%@wﬂ

M _ g {u{ (0) — V2 ué(O)}

G&=G4Mm+

Q
2 2 2 2
o= Z2 ot [l + o] —reastc

NN contribution to the total hadronic cross section

;o 2ma’
Otot = M2 Q2 s

2
Sp |:ImD((J,0\E)] —"total”

o Valid also below the NN threshold
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J /v decays

J/ — ppr’(n): 2Sy — 2Dy NN states dominate near
the threshold of pp production
ar Gipk® (‘ I

2

dM,; ~— 25 37r3m4j/w

u1(0)

+ ‘ué(o)

Kinetics of polarization and filtering
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J /1 decays

J/ — ppr’(n): 2Sy — 2Dy NN states dominate near
the threshold of pp production
ar Gipk® <‘ I

2

dM,; ~— 25 37r3mj“,/w

u1(0)

+ ‘ué(o)

)

J/ — ppy(p,w): 'Sy NN state dominates near the
threshold of pp production

2,13
ar  Grpk ’uI(O)

dMpp — 24373mS

‘ 2
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Simple optical potential model of NV interaction

o Long-range pion-exchange potential, short-range potential well for each partial wave.

o Experimental data taken into account include:
NN scattering cross sections (elastic, charge-exchange pp > n@ and annihilation)
pp and n#a production in ete™ annihilation
ratio of electromagnetic form factors of the proton |G%/Gg/[|

pp invariant mass spectra of the decays J/v — ppr®(n) and J/v — ppy(w)

>

vvyy

Cross sections of eTe™ — pp and ete™ — ni

and the ratio |G, /G|

1200 I
1000 I
= 800 3
B S 1.0
~— 600 N o R
S 400 e pp (BABAR) (O]
_ ' 05
200 o pp (CMD-3) o BABAR
o nn (SND)
0 0.0
0 50 100 150 200 1.9 2.0 2.1 2.2 2.3
2E (MeV) 2e (GeV)
Dy
Dmitriev V. F., Milstein A. I., Salnikov S. G., Phys. Rev. D 93, 34033 (2016).
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pp invariant mass spectra of ¢ decays (35 — 2D)

20¢ J/v — ppn

15

events/(30 MeV)

e BES2001

0 50 100 150
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200
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: o
= 30 i
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> 20 . !
g A
5 10fy f « BES2003
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= |
=
= >__£__<_ _ ]
N s
<
wn
g
z o CLEO2010
o BES2013
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200

Dmitriev V. F., Milstein A. I., Salnikov S. G., Phys. Lett. B 760, 139 (2016).
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pp invariant mass spectra of 1 decays (1Sp)

wof T 35 -
= T/ — I/ —
Z 6ot /1 — ppw ] 30 /4 — ppp
= 50} = : = 25
g 40} aCk £ z 2
Z 30} ] g 15
= =
% 20 « BES2008 s 10
18  opESa g ‘ ‘ ‘
0 20 40 60 80 100 120 140 0 50 100 150 200
2E (MeV) | 2E (MeV)

150t J/p — ppy e BES2003 = 40 P(2S) — ppy ¢ CLEO2010
= ; o CLEO2010 Z o BES2012
= o BES2012 =
o 100 =
By Py
& 2
T 50 =
g z

0

0 50 100 150 200 0 50 100 150 200

2E (MeV) | 2FE (MeV)

Milstein A. 1., Salnikov S. G., Nucl. Phys. A 966, 54 (2017).
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Conclusions

An approach was demonstrated how to obtain kinetic equations for any spin
observables.

The equations for spin evolution in different scattering processes were obtained and
the solutions of these equations were discussed.

Kinetics of polarization in pp scattering was studied within several optical potential
models. The predictions obtained are very different!

An idea is proposed how to improve the models of NN interaction. Further
investigations are required.
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THANK YOU FOR ATTENTION
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Spin evolution for S; = % Sy = % (general solution)

Let us decompose the polarization into orthogonal components:
Q)= a(C-no)no + A (¢2-mo) [no x C2] + 7 [no x [no x &2

The kinetic equation can be written as

d
aw(t) =Uyp+¢

«@ A1+ By —As [¢2 X n0]2 0 As + B3
=18, v= 4 A As+Bs|, €= 0
0 0 — (A2 + B2) (¢2 - mo)? Ar —As

¥(t) =" [p(0) +UT'¢] —U ¢ |

Eigenvalues of U have negative real part: Re\; < 0
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