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Outline:

- Introduction: phenomenon of color transparency (CT) and its search at intermediate
energies (BNL, JLab)

- The process d(p,2p)n at large momentum transfer: generalized eikonal approximation
(GEA), quantum diffusion model of CT, separation of the hard (quark counting) and soft
(Landshoff) amplitudes

- Nuclear transparency, analyzing powers

- Summary
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Hadron- or electron- nucleus interaction
[ X0

Four momentum transfer squared: Q2 = —t= —(p —p’)? e’

Hard processes: Q2% > 1 GeV?

- Quark-gluon degrees of freedom
- Point-like qq and qqq configurations (PLCs): ry ~1/Q

Color dipole — proton cross section in the pQCD limit (r; — 0): Oqq XT3 ~1/Q3

L. Frankfurt, G.A. Miller, M. Strikman, PLB 304, 1 (1993)

Color transparency (CT): quark configurations in final or initial state of a high momentum transfer
exclusive process interact with nucleons with a reduced cross section.

Originally predicted for the binary semi-exclusive processes with large momentum transfer

h+A—-h+p+(A—1)*
S.J. Brodsky, 1982; A.H. Mueller, 1982

Reviews of CT:

L. Frankfurt, G.A. Miller, M. Strikman, Annu. Rev. Nucl. Part. Sci. 44, 501 (1994);
P. Jain, B. Pire, J.P. Ralston, Phys. Rept. 271, 67 (1996);

D. Dutta, K. Hafidi, M. Strikman, Prog. Part. Nucl. Phys. 69, 1 (2013)
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Nuclear target needed. -

Observable - nuclear transparency: T=—, o01A~Zoy

O1A o

Neglecting Fermi motion

2C(p.pp), Og m =90°

0.8 S

0.7 [ Glauber — Decrease of T at high p,,, is not understood yet:

06t CT o i - could be due to stronger absorption of the large-size

0.5 | data, Leksanov A quark configurations produced by Landshoff mechanism,
~ 0.4 J.P. Ralston, B. Pire, PRL 61, 1823 (1988); B

0.3 } + 3 - or due to intermediate (very broad, '~ 1 GeV ) 6qgcc

1 ——alh— = =

0.2 - : resonance formation with mass ~ 5 GeV,

0.1 ¢ + S.J. Brodsky, G.F. de Teramond, PRL 60, 1924 (1988).

0.0

5 6 7 8 9 10 11 12 13 14 15
Piap, GeV/c

Data: EVA@AGS, A. Leksanov et al., PRL 87, 212301 (2001).
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Exclusive meson electroproduction at JLab:

A(e,e'mt) for 2H, 2C, 27Al, 3Cu, and "Au at Q? = 1.1 — 4.7 GeV?, Epeqn = 4.0 — 5.8 GeV
B. Clasie et al., PRL 99, 242502 (2007)

Ale,e'p?) for 12C and Fe at Q% =1 — 2.2 GeV?, Epeam = 5 GeV
L. El Fassi et al., PLB 712, 326 (2012)

- Clear indications for the enhanced nuclear transparency due to CT effect
Quasielastic electron scattering at JLab:

Ale,e'p) for 2H, 12C,°°Fe at Q% = 3.3 — 8.1 GeV?, Epcam = 3.1 — 5.6 GeV
K. Garrow et al., PRC 66, 044613 (2002)

12C(e,e'p) at Q% = 8 — 14.2 GeV?, Epeam = 6.4,10.6 GeV
D. Bhetuwal et al., PRL 126, 083301 (2021)

- No CT signal



Deuteron target:

- ISI and FSI are small, however, the PLCs will likely not expand too much on the length scale < 1.5 fm
(internucleon distances in the deuteron contributing to the rescattering amplitides) for momenta
above several GeV/c, i.e. they are likely to be frozen.

- Theory suggestions to study CT in several large-angle processes:

d(e,e’p)n — V.V. Anisovich, L.G. Dakhno, M.M. Giannini, PRC 49, 3275 (1994);
L.L. Frankfurt, W.R. Greenberg, G.A. Miller, M.M. Sargsian, M.l. Strikman,
Z. Phys. A352, 97 (1995)

Recent proposal at JLab: S. Li et al, MDPI Physics 4, 1426 (2022) [arXiv:2209.14400]

d(p,2p)n - L.L. Frankfurt, E. Piasetzky, M.M. Sargsian, M.I. Strikman, PRC 56, 2752 (1997);
AL PRC 107, 014605 (2023)

- Can be measured at NICA SPD
d(p,tt%)p — AL, M.I. Strikman, EPJA 56, 21 (2020)

- Can be measured at PANDA
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Hard d(p,2p)n process 6/21

Shard = (P3 + P4)?, tharda = (P1 — P3)?%, Uhara = (p1 — pa)?

Q? = min(—tnard, —Unara) > 1 GeV> - hard scale

Partial amplitudes:
hard pp - pp
amplitude

p3
D1 \

soft pn - pn
amplitude
P3




Impulse approximation (1A) 7121

amplitude:
ird—)pn(pdaps)
(p2)? —m? + i€’

M(a) = Mhard(sharda thard)

Non-relativistic treatment of the deuteron wave function (DWF)
in the deuteron rest frame for the on-shell spectator neutron:

iTyson (Do, P 2E,maq\ ?
i (pd ; ) B ( d> (277')3/2¢>\d(p27)‘2a)‘8) y P = —Ps, ES = (m2+p§)1/2 ? pg - md_ES

(p2)? —m2 +ie  \ pY
DWEF: .
1 w(ps) \ X7 = 0+1/2,2,0+1/2,7,,
Qb/\dp,)\z,)\s:—lupz-l- S(p2)| x** , 1
(P ) vV (p2) V8 (P2) X0 = E(51/2,>\p5—1/2,>\n +6_1/2,2,01/2,7,, )
S(p) = 3(0x22,P)(OA0P) s o
p2 2Ap sAn /d3p Z |¢/\d(p, )\27>\s)|2 -1
- spin tensor operator Az As
)
M@ ~ 2m1/2Mhard(Sharda thard)(27)3/2¢(_ps) = 2m1/2Mhard(3hard7thard) / d*r eipsrd)(r) y T =T2—T;s
/
nucleon

mass
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Amplitude with rescattering of an outgoing proton:

- momentum transfer in soft rescattering is small,
Mha:a can be factorized out of the four momentum integral

(5)

d4pg Fd—>pn(pd7pls)Mel<p4ap87p£L)
)" ((p2)? =m0 + 8e) ()2 — m? + i) (p)? — m? + 10

- static neutron approximation: neglect the dependence of the soft rescattering amplitude M,
on the energy p’¥ of intermediate neutron

Y

M(b) = Mhard(sharda thard) /

- perform contour integration over p’° (pole approximation, (p.)? = m?)

Mhard(shardathard)/ dgk (27T)3/2¢(_p;)Me1(‘p4‘at)
(

MO —
ml/2 27)3 (p))? —m? +ie

) k=ps—pl, ki =k — (kp4)p4/|p4|2,
t=k? ~ —k?

- express the propagator of the fast proton in the eikonal form:

(ph)? —m®+ie = (pa+ps—p,)° —m*+ie = 2ps(ps —pl,)+ (ps —pl,) > +ie = 2|py | (P74 —pZ* + As+ie), e, 11Dy,

\p4|

_ Ey(E, —E)) | (ps —py)* _ (Ea—m)(Es —m) ; o
Ay = + ~ . . () _ /dZOG(ZO)ezpz

2[py| N P4 Use identity:
neglecting Fermi motion in the deuteron (GEA)

D+ i€

1P, T—1A4z d*k el
m—) M(b) = _2m1/2Mhard(Shard7thard) / d37’@(_24)¢(r)e Ps B 41—\4(b4) F4(b4 4|p |m / t ktb4Mel(’p4‘7 —k
4

24 = TPy /IP4l, ba =71 — (rpy)ps/ P4l - profile functlon

/)
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Color transparency in the pn soft elastic rescattering amplitudes:

Without CT (GEA) Mel(‘pj|’t) = 2|pj\m0t°t(i + ppn)eBpnt/z

pn ff
0

With CT: R L e e
eff tot l Q% l
Jpn(l) :Upn T"‘@ 1- l_ @(lc_l)+@(l—lc) , QO ~ 1 GeV
Q? = min(—tnard, —Unhard) - hard scale
l. = 2Ip, | - coherence length
AM?
AM? ~ 1 GeV? - from pion transparency studies at JLab

AM? ~ 2 — 3 GeV2 - from recent JLab **C(e,e’p) data analysis,
S. Li et al., MDPI Physics 4, 1426 (2022)

[arXiv:2209.14400]
1

Gt = (1—1/0.71 GeV?)2

- electric formfactor
of the proton

Quantum diffusion model of CT: G.R. Farrar, H. Liu, L.L. Frankfurt, M.l. Strikman, PRL 61, 686 (1988);
L.L. Frankfurt, W.R. Greenberg, G.A. Miller, M.M. Sargsian, M.l. Strikman, ZPA 352, 97 (1995)



Hard pp — pp scattering amplitude  J.P. Ralston, B. Pire, PRL 61, 1823 (1988)

Mhiara = Mgc + M1, = Mqc(1+ R(s))

quark counting component ~s* -7 Y- Landshoff component — independent qq scattering,

minimally connected graphs,
small-size configurations (PLCs) not affected by CT

affected by CT _
chromo-Coulomb phase shift

R(s) = My,/Mqc = —plg/geﬂ(‘ﬁ(s)”l), p1 =0.08 GeV™t, 5 =2

0 s
o(s) = .06 log llog <A<2gc1)>

Cross section parameterization L. Frankfurt, E. Piasetsky, M. Sargsian, M. Strikman,
PRC 51, 890 (1995); P.V. Landshoff, J.C. Polkinghorne PL 44B, 293 (1973)
doQC
pp 2
= 1+ R(s
P14 R(s)|?

AQCD = 0.1 GeV

9

dopp

dt

dogy _ ub  [10GeV?
=45
dt GeV?

Assume spin-independent hard amplitude, non-
polarized proton beam:

10
) (sin @C,m,)_14

S

QC

1/2
do
) Myard = (167r(3 — 4m2)3dp:> [14+ R(5)] 6x, 250050,

(5/10)" doat (mb GeV'®)

disconnected graphs, large-size configurations

0.1

0.08 |

0.06 |

0.04

0.02 |

O m.=90°

25

50 75 100

Piap (GeV/c)

data, p;,=16 GeVic @

data, p,,=20 GeV/ic a7
data, p,,=30 GeV/c v ]|
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1 Data: C.W. Akerlof et al.,
{ Phys. Rev. 159, 1138 (1967)

1 Data: G. Cocconi et al.,
1Phys. Rev. 138, B165 (1965)

5 10 15 20 25
- (GeV?)
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Kinematic variables

(a)

o, = 2B =P5) _light cone variable: a /2 = momentum fraction of the deuteron

Md carried by the spectator neutron in the infinite momentum frame
where the deuteron moves fast backward
Pst - transverse momentum of the spectator neutron

» = ¢3 — ¢s - relative azimuthal angle
between the scattered proton
and spectator neutron

t=(p1 —p3)® = thara - Mandelstam variable
The deuteron rest frame



Nuclear transparency vs transverse momentum 12/21

= = - S ; out o-.; eresc.‘ »»»»»» e 5 ' ‘ ‘ '
of spectator neutron (a_=1, ¢=180 deg., ©__=90 deg.) R b eene g JENN — 54T GeV
4 F CT e 1 4 F
3| Pap=6GeVic ] 3| Pap=15GeVv/c
T O M@+ MO M) 4|2 T L VENN =363 GeV o i
oA | M (a)]2
1k 1
(a) =
0 : (o]
0} 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
6 T ; ; T 6 T T T T
- Absorption at small p_ due to the interference 5| VAN =T62GeV ] o | JEww =98 Gev_..-" _
between the IA and single-rescattering amplitudes. 4 g al ]
Enhancement at large p_ due to the single-rescattering I D S _
amplitudes squared. i g T

2 F AM?=0.7GeV2 E 2 b ¥ v g

- CT-transparencies tend to unity (IA-limit)
with increasing p _, up to p, =30 GeV/c

and then start to deviate from unity again.
This is due to the fact that CT influences only the QC part
of the amplitude and not the Landshoff part.

P1ab=65 GeV/c Plab=75 GeV/c

L4

e
s
7z

@) T o

o = N W » 00 O N
o = N W » 00 O N

0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
pst (GeV/c) pst (GeV/c)
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Dependence of the transparency Pras6 Gevio Bl ISR Piaky SR
On the aZImuthaI angle between e GEAwithoutc'iouble :Z;; ___ e p5t=031 GeV/c' i " Pst=0;1 GeV/c. l
the scattered proton and spectator neutron il PRI L P
E E| 0.8 0.8
0.7w_\’_: OF Biese  spepeswe. o
I ittt I SN S

0.5 . + - 0.5

s s . L L L 4 s '
o 90 180 270 360 o} 90 180 270 360 o 90 180 270 360

- Rescattering effects for outgoing protons
are strongest for ¢=90° and 270° when 7., ~ k, R % [ oo aavie > [ oos cavie
6.0 | 4.0
- E 4.0 |
- CT effects grow with p_ and become . i R Y &
strongest at p,_ =30 GeV/c B Ny
10 &7 il . il ~
-~
¢} 90 180 270 360 ) %0 180 270 360 o0 o(k) 50 180 270 360
T 20 T 15 T
pst=0.4 GeV/c pst=0.4 GeV/c pst=0.4 GeV/c
10

o (@ .

o 90 180 270 360
 (deg)




4 — Sp(M S, MT)

D ron v r analyzin wers: = : o=T,Y,%
euteron vector analyzing powers ¢ Sp(MMT)

S, - deuteron spin matrices

44 — oa(+1) —0a(-1)
¢ oa(+1) +oa(—1) + 0a(0)

oa(Aq) - differential cross section for the projection A, of deuteron spin on the axis o

In the 1A for a spin-independent hard pp amplitude, the deuteron vector analyzing powers
disappear:

A 67 ()2~ 167 (=p,)P .
* T T )P + o (=P + |90 (—p.))]

14/21
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. Sp(MSozBMT)

Deuteron tensor analyzing powers: A, = Sp(AMT) o, f=1y,z

3
Sap = §(Sa56 + 5854) — 20ap - spin-quadrupole operator,

Oa(+1) + 00(—=1) — 20,(0)
oa(+1) + 0a(—1) + 0a(0)

D Aga=0

Aaa —

(spin asymmetry)

In the IA for a spin-independent hard pp amplitude, the tensor analyzing power
is fully determined by the DWF:

AIA — (3Ds,aDs,p — 5a5)(\/§U(ps>w(p5) — w2(p5)/2)
af

) ﬁs — Ps/ |Ps
u2(ps) + wQ(ps) /’ |

m—) A(xB is governed by the D-wave component of the DWF.



Dependence of the vector and tensor analyzing pan = 15 GeV/e, a = 1, O,y = 53 deg., & — 180 deg, 02T

powers on the transverse momentum of the
spectator neutron 0.5

— all particles move in the (x,z) plane, thus,
AX=AZ=Axy=Ayz=0 <& 005}

-0.1

- finite Ay is entirely due to ISI/FSI

0 01 02 03 04 05
Pst (GeV/e)

0 01 02 03 04 O
Pst (GeVic)

- D-wave dominance: A_ p=0 atp_=0

- shift of the extremum from p_= 0.3 GeV/c
to p_= 0.2 GeV/c and reduced width
due to ISI/FSI in the GEA calculations

AZZ

- pronounced CT effects due to the D- v‘
wave dominance in Aap (favors shorter %0 o1 02 03 04 05 0 01 02 03 04 05

. . Pst (GeV/c) ps; (GeV/c)
distances in the deuteron)




Dependence of vector analyzing powers wof oo ] [weeree L e 17/21
on the azimuthal angle between the scattered i 7 ;‘\\// \ o
proton and spectator neutron < A e || M =
Plab = 15 GeV/c, ag =1, O.,,. = 53 deg. iliiﬂv ¥ ot . "
-2.00 o -2.00 © L - - oy ' s s
- Vector anaIyZ’ng poWer 'S a pSeUdovector.' jzz ps(=0.21G\TV/c :)ZZ _pi‘=(3;2\_Ge_V/c___;\___ 3.00 pS'-OZGeV/cI/M
A= Z il X pj] < ok A 7& * Y I
SRV A -
- (anti)symmetry with respect to T o I I A
reflection in the (X,Z) plane: 3000 9 180 270 360 ‘2.000 9 180 270 360 'Z:ZZO 0. ‘180 1270 1360
Am (3600 _ ¢) — _Am(¢) , 1.00 F A 1»’,\ -4.00 . \\/1 % 2:00 A/ﬁ\\
& 000 fe m o fe b < 600 SR PR A A
Ay(3600 - qb) - Ay(¢) ’ \,.’i/ 600 200557 % /
Az (3600 - QS) — —AZ(¢> 200 | -] :12j00 :Z:ZZ (x10%)
©o . ; : -14.00 : - - 8,00 I ; i
- vector analyzing powers are small and, S L
perhaps, hard to be observed wof [N ;
<& 000 k- - _/_._ _Jl_.\\." < -4.00 <000 Fmgizg [ W) S
- - . - \T\\,,fl ’l 600 E -2.00 y
- still, significant CT effects, especially for A N b | V
G P ) [ et~
-3-000 90 180 270 360 0 %0 0(1;;(;) iy 960 o] 20 ) (1d880g) 270 360

6 (deq)



Dependence of tensor analyzing powers
on the azimuthal angle between the scattered
proton and spectator neutron

DPlab = 15 GGV/C, Qg = ]-7 @c.m. =953 deg

Aaﬂ = g(SQﬂ + Z fi,j Pi.aPj,p

2,7

- diagonal components are large
- strong variation with ¢ due to ISI/FSI

- the influence of CT is strongest
atp_=0.3 GeV/c
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- components Axy and Ayz are small, butA is

large: recall that neutron-spectator moves in
the (x,z) plane.

- strong variation with ¢ due to ISI/FSI

- the influence of CT is strongest
atp_=0.3 GeV/c
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Using dd interactions at NICA SPD for the study of hard pd collisions

Forp, =p_/2 (quasifree kinematics) :

do ~ |¢(—p7. )2 d°pl, do1a—34s

~

in the r. f. of dl

A hard pd collision can be selected in the dd interaction by registering one neutron
with transverse momentum < 0.1 GeV/c in forward detector. This cut includes 80%
of the deuteron internal momentum distribution and suppresses rescattering of this neutron.
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Summary

- Calculations for the d(p,2p)n large-angle breakup process at p _,=6-75 GeV/c (\/SNN=3. 6-12 GeV)

are performed on the basis of the generalized eikonal approximation.
The effects of CT are included within the quantum diffusion model taking into account
the interference of the small- and large-size qqq configurations.

- ISI/FSI lead to highly non-trivial behavior of the nuclear transparency, vector and tensor
analyzing powers as functions of transverse momentum of spectator neutron and

relative azimuthal angle between scattered proton and
spectator neutron. These dependencies are sensitive to the CT effects.

Next steps

- Feasibility study for CT in dd collisions at the 1° stage of NICA SPD
in collaboration with lulia Skorodumina

- Heavier nuclear targets (CT effects should be more pronounced)
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