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Outline

*  Motivation

«  Glauber model (probabilistic)

« J/¥Y and W’ production: influence of absorption
 Generalized eikonal approximation (quantum)
 Polarized xc2 production: nondiagonal transitions
Exotic XYZ meson production

« Summary and outlook

A.L., M. Bleicher, A. Gillitzer, M. Strikman, PRC 87, 054608 (2013);
A.L., M. Strikman, M. Bleicher, PRC 89, 014621 (2014);
and work in progress



Why to study charmonium-nucleon interactions ?

- Important for the interpretation of J/¥Y suppression in relativistic
heavy-ion collisions and separation of the quark-gluon plasma signals
from the cold nuclear matter effects.

- May constrain the QCD-inspired models of charmonia and of
the charmonium-like XYZ mesons.

- Deepens our understanding of the nonperturbative vs perturbative
QCD: factorization theorem, color dipole cross section,
color transparency ...



Color transparency

At high momentum transfer () the small-size quark-antiquark configuration
is created which expands to the normal meson size:

I - formation length E.g., for J/¥:
AL 1 2p 5w
le~ ~ ~ 0.1 fm P (Ge\/)
g 2 I~ By - Ejpy — mg— m%/\u e
%} Ty~ 1 rp~ TR G.R. Farrar, H. Liu,
Q R=J/W. W, x L.L. Frankfurt, M.l. Strikman,
E ) Y Y

PRL 61, 686 (1988)

Beam direction

Ny

Color dipole — proton cross section (in the pQCD limitr; — O ):
Tqq X 7“752 x —Q 2 ~ mEQ

Within formation length charmonium-nucleon cross section is small.



internucleon spacing
At p,,, > 20 GeV the formation length is large: ;> dN’;V ~ 2 fm
==p The information on the genuine J/¥ N cross section from hadron- and

photon-induced reactions on nuclei at high energies is blured by
uncertain interactions within formation length .

Antiproton-nucleus reactions can be used to determine oy p !

Formation reaction: p5p — J/W | Pjjw =~ Plap =4 GeV/c,

lf20.4 fm < dyp. 5
==y J/Y¥ is formed before it collides

ATA
with a nucleon.

* Possible to study the genuine
J/¥ N interactions
P
* Difficulty - due to Fermi motion Fig. 2. The dominant mechanism for pp exclusive annihilation
the J/W¥ production cross section o
on a nucleus is reduced:

Figure from S.J. Brodsky and

IpA—JT/W(A-1)* 10~4 A.H. Mueller, PLB 206, 685 (1988)

20 pp—sJ )W

G.R. Farrar et al., NPB 345, 125 (1990) >



Other charmonia (V/(2S), xc(1P),...) can be also produced in 74 reactions
at threshold (p,,,=4-6 GeV/c). Their internal structure can be tested by
interactions with target nucleons.

Possible at PANDA@FAIR: antiproton beam at p_,~1.5-15 GeVic,
luminocity L~ 2-1032 cm-2s-1=0.2 nb-1s-1, proton and nuclear targets.

How good are the antiproton-nucleus reactions
to probe the charmonium-nucleon interactions ?
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Charmoniumrg = j/v, v/, ... production cross section

VN

in the Glauber model7: o U

oo

dz
OpA—R(A-1)* — 27/ dbb / - psurv(z b)rp—>R(Z b)PR surv(z,b) ,
oo P
2d3 _
rﬁ—)R(Z7b) — (2 )3Uppapp—>R(pa pp)fp(z b p) fp(zabap) — @(pF,p - |p|> )
- f dz'p(2' b)Jlnel(plab) — f dz'p(2' b)aefr (pRr,2"'—2)
Pﬁ,SUW(z’b) =€ = 3 73R,Surv(zab) =€ =
< 2k2
oWotom2) = o) (| £+ 20 (1= 2] 001y - ) + 00~ 1)
f mg Ly

- charmonium-nucleon effective interaction cross section in the color

diffusion model G.R. Farrar, L.L. Frankfurt, M.l. Strikman, and H. Liu, NPB
345, 125 (1990)

crn(PR) - total fully-formed-charmonium-nucleon cross section

< k? >1/2~0.35 GeV/c -r.m.s. transverse momentum of a quark in a hadron

n = 3 - number of intermediate gluons.



Charmonium dissociation cross sections (expectations):

RN — A¢:D(+pions) , R=J/W,xc ¥V

ojwN =6—7 mb - from J/W¥ transparency ratios for AA at v's =20 GeV
(except PbPb), pA, vA, A and pA reactions
on nuclei without including sidefeeding effects from
Xcand Y/ decays
C. Gerschel and J. Hufner, Z. Phys. C 56, 171 (1992);
D. Kharzeev et al., Z. Phys. C 74, 307 (1997)

- from QCD factorization theorem and nonrelativistic
o —950.0 mb quarkonium model. Consistent with V//J/V ratio in

WIN ' ’ pA collisions with sidefeeding effects from Xc and
oxe1(Lz =0) =6.82 mb, 'y decays

oxe1(Lz =+1) =159 mb | Gerland et al., PRL 81, 762 (1998)

O-J/\UN = 3.62 mb,

oywN =5 mb - hadronic model
R. Molina, C.W. Xiao, E. Oset, PRC 86, 014604 (2012) 8



Influence of charmonium dissociation cross section oy, (R=J/¥,¥")
and charmonium formation length: 1, ~2i,/,, ~ 1 fm

1000 [z ‘ 3000 . :
p27Al > J/F X « p298Pb -> JrP X
JW o> eTe ; 2500 [JW -> ete’
750 | |
— —~ 2000 } ]
a 2 w/o abs. -
:g; 500 +’q‘; 1500 | 3.5mb — ]
) @ 6 mb
° © 1000 }
250
500 |
0 0 ' :
3 4 5 6 7
30 - . 80 . . .
PoAl-> ¥ (A1) p°%Pb -> ¥’ (A-1)
25 ¥->e'e ] ¥ > ete
60 | -
) 20 | /. wloabs. 1 o)
= \ 20 mb, Iy — =
Im 15 B 3 7 IGJ 40 N
+ +
) )
o] o

Piap (GeV/c) Piap (GeVic)

- For heavy nuclei - strong sensitivity to oy, .
- Almost no sensitivity to formation length.



Transparency ratio

OpA—R(A-1)*

0527 Al—R26Mg*

A

27\2/3 ,
( > (R=J/V,¥') atthe on-shell peak

Possible uncertainties in the in-medium production width I';_ r cancel-out
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- Local variations of A-dependence due to details of nuclear density profiles.
- Careful selection of the target nuclei needed.
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Influence of J/W formation length on transparency ratio in y-induced reactions:

0 0
OnNA—J/ WX 2T
Sy = Av / = /dbb / dzp(2,b) Py y sury(2—le, b)
Oyp—J/ WX 0 %
lc = 2Ey/m3,, -coherence length
l =2 fm
yA -> JW X Ud YA -> JW X
1 SLAC, 20 GeV —4— W Y TTESST, 120 Gev e
3.5mb —— \ 3.5mb ——
1.0 ¢ 6 Mb e 1.0 | 6 Mb e
< 09} < 09}
5 = | Iy =12 fm
E 0.8 E 0.8 ,
< < I l =0
% 07| T 07t T / A
0.6 | o6t e
0.5 0.5

- Difficult (at 120 GeV impossible) to determine o, due to formation length
effects. 11



xes (J=0,1,2) production:
- Mass splitting between different x.; states is small ~ 140 MeV
- Nondiagonal transitions xcle — XcJ N are easily possible

-In the simplest quark model with central (e.g Cornell) potential

the physical x.j; state with helicity v can be decomposed in

the basis of cc states with fixed orbital and spin angular momentum
projections on the charmonium momentum axis:

|Jv)y = > |1L:;18:)(1L;; 18;|Jv) .
LZ,‘SZ

12



- For the basis states |17.;15,) the interaction cross section with a nucleon
depends on 7. (QCD factorization theorem and nonrelativistic quarkonium

model, L. Gerland et al, PRL 81, 762 (1998)):

o1, = [ oqgr) R2)|Y1L. () Pdr

7

color dipole cross section
)

0,=0 = 6.8 mb, OL,=+1 = 15.9 mb

(nonperturbative evaluation)

L
L.=20 C @ C E z pQCD estimate:
‘2 >
0gq4(rt — 0) o rtz

o1 < r? > L,=41 __

gl
v

C C
L.=+1 & & 00 <Tf >L.=0
C C

Longitudinally polarized cc pair has a larger transverse size and, hence,
a larger interaction cross section with a nucleon.

2

13



Diagonal (elastic) or nondiagonal x./V scattering: XJ N — x5 N

Assume that the interaction with a nucleon does not change the spin and
internal angular momentum of cc pair:

)

. . 2
Invariant matrix element: ;. ;,(q;) = e BN9/2 3" (Jy|1L.; 18.) My (0)(1Lz; 1S.]J1v)
L27SZ

B,n ~3 GeV~2 -two-gluon exchange (L. Gerland et al, PLB 619, 95 (2005))

ReMLZ(O)

~ 0.15 - 0.30
ImMLZ(O)

Optlcal theorem: MLz(O) = Qip|ame0‘Lz(1 — ’ipXN) ) PyN =

(soft Pomeron exchange
— pQCD limits)

The amplitudes of nondiagnal transitions are proportional to ,-0,:

/3

. 2 .
QZPIame?(Ul —00)(1 —ipyN) ,

M20:00(0)

M> 1+1:1,+1(0)

. 1 .
i2%p|ame§(01 —00)(1 —ipyN) -
14



Multiple scattering diagrams

— keep only diagrams with elastic rescattering: inelastic diffractive cross sections
are small (e.9. o(pp — N*p+c.c.) ~ 0.1 mb at p;zp ~ 6 GeV/c)

Nondiagonal, i.e. with transition

/ .
Diagonal: number of involved nucleons X1 Nnytnot2 = XaNp o2
Y

M7(1,2,...,n) , n=n1+no+1 M7 (1,2,....n) , n=n1+no+n3z+2

15



Generalized eikonal approximation (GEA): L. Frankfurt, M. Sargsian, M. Strikman,
PRC 56, 1124 (1997); M. Sargsian, Int. J. Mod. Phys. E 10, 405 (2001).

— neglect energy transfer in rescatterings (soft rescatterings on nonrelativistic
nucleons);

— eikonal form of propagators (nonrelativistic initial and final nucleons);

— keep only transverse momentum transfer dependence in elementary
amplitudes (soft scatterings at high energies);

— quasifree kinematics of the produced charmonium: [piap — ¥*| < pjap ;

— systematic expansion of |M|2 in the number of rescatterings.

16



Differential cross sections:

AopA—y (A1) _ M|
d2ky 1672p2,

Strong overlap in p,,, for
the different X c flavors.
Interference is possible.

p?°®Pb, k=0.010 GeV/c

101: """"" | T T 'I""""'-
_ Xeo —
xc1(v=1) e
x02 (v=0) ]
10° ¢ Xea (V=1)
— ]
=
O]
9]
o
2
g 10 :
&
O L
[5)
§o)
2 e .
107 ¢ SN
r . \\\\
. \\\\\
P B B R N S N
50 55 6.0 6.5 7.0
Piap (GeVic)

On-shell production in pp — xc:
Plap = 5.194, 5.553 and 5.727 GeV/c

for xc0, Xec1 and x.o, resp.
17



Helicity ratio

_ X20
(x20 + 2x21)|Bol?

R

R =1 for pp
Bg, B1 - helicity amplitudes

for pp — xeo(v = 0,+1)

|Bo|? + 2|B1|* =1
|Bp|2 = 0.13+0.08

- from angular distributions

for pp — xeo — J/ Wy — eTe y

M. Ambrogiani et al. (E835),
PRD 65, 052002 (2002)

%e2(0)/[Xc2(0)+Xca(+1))/BE

%ea(0)[ea(0)+xca(+1))/B2

1.5

1.4 E
13 E
1.1~ _;:;;,,,.

52°3Pb, k=0.010 GeV/c

1087

09 ¢
0.8 £
0.7
0.6 F
0.6 ==

Carg(Bp=0'

arg(B,)=0
_________ arg(By)=n/2
- arg(By)=n

— arg(B,)=3n/2 :

Ijljlljll 1 TEEEEEE PN

5.0

1.5

14 F

1.3

1.2 B
1.0 PN\
09| N
0.8 |
0.7 E

0.6 F
A

0.5

5.5 6.0 6.5 7.0

Prapn (GeVic)

p?%%Pb, k=0.010 GeV/c

AP PN AR

— arg(

arg(
------- arg(
arg(

B,)=0
B)=n/2
By)=r
B,)=3n/2

5.0

5.5 6.0 6.5 7.0
Prab (GeVic)

%o2(0)Xea(0)+Xcp(1)V/B]

%e2(0)/DXea(0)+Xco(+1))/B2

p?%8Pb, k=0.010 GeV/c

arg(By)=m/2
14 F 982 rg(B,)=0
i3k v AFG(By)=m/2
12 - arg(By)=n
cE ~ arg(B,)=3m/2 :
1.1F :
10 b
09 F
0.8 F
07 F
06 -/
0.5 "':.rﬂ"i.....||...|,....J.........[.........
5.0 55 6.0 6.5 7.0
p?%%Pb, k=0.010 GeV/c
15 TY AT T T T [T T T I T T T T T[T TP T T T T [ gr T T T
W\ N\ arg(By)=3n/2 /o
14 5 N\ =
\\ -'-'. ' /’
135 )
12
11 F
10 b
09 F
08 E — arg(B,)=0
07 E e arg(Bq)=m/2
------- arg(By)=n
06 — arg(By)=3m/2
05 ||||||||.||||.|;x|.|1|||-||||[||||.|||-
5.0 55 6.0 6.5 7.0

Prap (GeVic)

The deviation of R from 1 is due to the interference of the direct

pp — X20and the two-step pp — xo0, xoolN — x20N amplitudes

and proportional to 01 — 0.

18



XYZ production

Noncharmonium mesons containing a cc pair :

lr.
:., \
@J

D=y ___J
/6/ Diquark-diantiquark
|'__ - I
" P
C%
DD “molecule”
G gg-gluon hybrid

Figure from S. Godfrey and S.L. Olsen,
Annu. Rev. Nucl. Part. Sci. 58, 51 (2008)

Noncharmonium candidates: X(3872), X(3915), X(3940), G(3900), Y(4008)
N. Brambilla et al., EPJ C 71, 1534 (2011) 19



Use nucleus to test the possible molecular structure of X(3872):

o—
PD* ™ Plgb/2
rrm.s.(DD*) ~ h/\/2ueg ~ 1 — 10 fm = _MmDmD*
D—D* DDD*D
ep~7 MeV ep~ 0.4 MeV

20



Expected elementary cross sections:

i (Plab/2) (rBohr(D))Q 1

o3 (Plan/2)  \Bohr(T) 2

pp — X(3872), pap>~7 GeV/c

ot ~29 mb
Tp

) tot  ~tot o tot ~ ~tot
O hp ™ O Dy ™ 14.5 mb, oXp = 9hp

+ o

tot
19*;;—29 mb

21



X(3872) and D (D*) production 25 T 3895) wio abe. ]
cross sections on nuclei o0 | X(3872), 29 mb — |
D(D*) -—- |
~ 15}
. © 4ol
Input: 5298pp,
I—X(3872) — 23 I\/IeV 5T
r 7 _ e —
)Ifiifm) PP —1 %104 5 6 7 8 9 10 11
X(3872) Piap (GeV/c)
10 - X(3872), w/o abs. - |
gl X(3872), 20 mb — |
D(D*) - |
. 6
- Strong absorption of X(3872) =
o al
- Molecular structure of X(3872) 5 | 27Al
enhances D (D*) production
0

5 6 7 8 9 10 11
Piap (GeV/c)



Summary

— Strong sensitivity of J/¥ (W) production in antiproton-induced
reactions to the genuine J/WN (W’'N) dissociation cross section

— For the quantitative determination of J/¥N (W'N) cross sections
the density profiles are important

— Polarization effects in X2 production on nuclei due to o,

— Possible molecular structure of X(3872) manifests itself in
the enhanced production of D(D*)

Further steps

— Differential cross sections of X(3872) and D(D*) production,
shadowing effects

— Deuteron target

23



Thank you for your attention !
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Backup
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Partial width:

Plab = mR\/m%:g/‘lm%\r —1 (for pp — Ron_shell):

2d3p 3mzT R ppPF 2/3
Mn = | o0 R(V3) fo(P) = 2 o p
P (2r)3 PPPP P 8piabEpEpar P

by = \/P|2ab =+ m]2\/'7 dRrR = \/m%/ll - m]2\[7 fr(p) = @(PF,p—|P|)-

TpA—R(A-1)x ' p—R 3rmpmyI g

— ~ 104
Z0pp—R viomp—r(MmR)op  4(m% — 2m2,)vppr,

(for mJ/w = 3.097 Ge\/, rJ/\U = 93 keV,
prp~ 0.3 GeV/c, pjap = 4.07 GeV/c)

Strong reduction of charmonium production due to Fermi motion

26



Fermi motion by Monte-Carlo:

COnsrdula!im, 1
it only took yov
65298 seconds

Due to Fermi motion
cross section drops

by a factor of ~10-3 at the peak

Good agreement between GiBUU
and Glauber calculations

o(e*e) (nb)

o(e*e’) (pb)

500

pp -> J/¥

400 [  JW¥ ->e'e’
300 |
200 |
100

0 : b

4.065 4.066 4.067 4.068 4.069 4.07

Piap (GeVic)
1500 . - .
p*°Ca -> Jw X GiBUU e
JW s ete Glauber —
1000 | _gi‘ﬁ&f
{e
500 | Val e
. e
:’If. \\\\
/ e
. N
0 /./ X .l . :-..
3 3.5 4 4.5 5 55
Pap (GeVic)

GiBUU model review: O. Buss et al., Phys. Rep. 512, 1 (2012)

27



Effective charmonium-nucleon cross section:

iT+<n2kt2> AN
lp m%, lp

f
cwN (PR, 2) = orn(PR) (

O(lgr—2)+O(z - lR)) ,

T=1.
G.R. Farrar, L.L. Frankfurt, M.l. Strikman, and H. Liu, NPB 345, 125 (1990)
< th >1/2~.0.35 GeV/c — average quark transverse momentum
in a hadron
n —= 3 — number of intermediate gluons
2p j /1w Pi/w
Ly & —m e~ 3fm LY
Dy — formation lengths
v 30GeV ’
Dye L. Gerland et al,
[ ~ 3fm—=—— . PRL 81, 762 (1998
Xe 30GeV ) (1998)
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Density profiles

For light nuclei (A < 20) — harmonic oscillator model:

r

2
pq(r) = p3 {1+aq (R ) ‘exp{(r/Rq)Q}, q=mp,n.

q

For heavy nuclei (A > 20) — two-parameter Fermi distribution:

0

P

pq(r) = T_;]%
exp < aq q) +1

y § =Dp,n

Charge density parameters: C. De Jager et al.,
Atom. Data Nucl. Data Tabl. 14, 479 (1974).

Neutron density parameters: J. Nieves et al., NPA 554, 509 (1993);
V. Koptev et al., Yad. Fiz. 31, 1501 (1980);
R. Schmidt et al., PRC 67, 044308 (2003).

29



Probability of J/W production:

(©,@)
PJ/\U(b) = ’Ugl / dzpﬁ,surv(za b>r§—>J/\u(Za b)
—00

p(4.07 GeV/c)'®'Ta — J¥ (A-1)

15.0
ayy=0.64 fm —@=—
a,=0.52fm —o—
s> 10.0
2
£
Z
o
2 50
0.0

- Charmonium production is localized in the
diffuse surface zone.

-Diffuseness parameter of the charge
distribution influences sensitively.

M5y w o< > (in 10% c/fm)

Thick (thin) lines: a_=0.64 (0.52) fm

p(4.07 GeV/c)'®'Ta — J¥ (A-1)

1.2

The centre of the nucleus at b=0, z=0.



The only channel of A.D-pair production at p,,, < 5.194 GeV/c
( Xc0 production threshold in pp collisions) is J/WN — A.D

_ _ w/oJ/Wabs.
=> IND = 95A—T/w(A-1)* ~ PpA—J/W(A-1)*
OJ/WN pA at pjgp = 4.07 GeV/cC
0.6 —— <

—e— 3.5mb

0 50 100 150 200
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Generalized eikonal approximation (GEA)
L. Frankfurt, M. Sargsian, M. Strikman, PRC 56, 1124 (1997);

M. Sargsian, Int. J. Mod. Phys. E 10, 405 (2001). , ~ —»— =
P2 P
Multiple scattering diagram: [\, o S S S \
| Iil Doy 41 > 2 i Py 11 ':
n=ni3+ny+1 - S > <ty | -
- number of involved nucleons | [Pminen S P |
\ L ot — \
".'..:"’4 j2 waA—1
— neglect energy transfer in rescatterings
(soft rescatterings on nonrelativistic nucleons):
(2m)6(E5 + F1 —
SI(1.2, .. )= CIOEF E1—w) gy 5y
(2E5V2wV)1/2
1
M7(1,2,... — /3/...3//3 d3
( ) < ,TL) \/Q—E]_(Qm)n_l(zﬂ')6(n_1) d Lo d Ty d 1 d T A

sz—l(xéa cee ’X;’M Xn+41y--- ,XA)T/JA(XL <o aXA)
d3ph - d3pl, [ d3®p1 - d3pns® (ps —k
X d>p d>pn, (pp+p1+QQ+ + an )
s @iPhXh - Fip X, MJN(Qn)MJN(qn 1) - MyN(gn,+2) M .5 (P1)
Dj(vp—1) -+ Dj(vp,42)D(v1)
MzNn(qn,4+1) -+ - Mpn(g2) = iP1X1— -+ —iDn¥n
Dy(vp,41) - Dp(v2) ’

. 32
QZzpz_péa 1=2,...,n .



Inverse propagators of p and X
(for nonrelativistic initial and final nucleons):

7
~Dp(v;) = (pg+ > ¢))% —m? +ie ~ 2pap(—l; +ic) , ps = (E50,0,pjap)
=2

]:
{

li:qu, 1=2,...,n1+1,;
J=2

n1+1
—Djy(v1) = (pp+p1+ > ¢)%—m3+ic~2pap(AG — 11 +ie) ,
Jj=2
n1+1
h=pi+ > 4&;
Jj=2

i
~Dj(v;) = +p1+ Y ;)% —mF+ie = 2pap(AY — 1; + ie) |
Jj=2
i
lzzpi_l_ Zqu, ’L=7’L1—|—2,,’n—1
]:

m? 4+ E2 + 2E5E1 — m3
2pjap

Longitudinal momentum transfer in case of on-shell X; production

33



— keep only transverse momentum transfer dependence in elementary amplitudes
(soft scatterings at high energies), i.e. Mzn(g;) — Mpn(t:), t; =i etc.;

1

e [ dzPe (0 i
—pf +ice

— coordinate representation of propagators: AD

== Gribov-Glauber-type expression:

in—1
(2E1)1/2(27)2(n=1) (4mppgp )1
X /d3:c1 . -d3a:14¢2_1(x2, X)) A(X1, .., XY)
XO(z3 — 22) - O(2p,41 — #n1)O(21 — 25,4+1)O (2,42 — 21)
XO(2p 43 — 2ny4+2) - O(2n — 2p-1)
x exp{i(piap — k* + A zn — iA921 — ikyby} / Aty dty
x exp{—ita(by — b1) — -+ — itn(bn — b))} Moy (t2) - - Moy (b, 1)
XMypn(k —to — - —tn)Myn(ty, 42) - Myn(tn) .

Quasifree production: |p.p,—k%| < plap , k*—plap ~ Ag—mmb

Sum over different orders of scatterings:

M7(1,2,...,n) =

O(23—22) - O(2p 41— 2n1)O(21—2p;+1)O (2 42—21)O (2 43— 2p,42) - O(2n—2p_1)

O(21—22) - O(21—2p;41)O(2p42—21) - - - O(2n—21) 34



Diagram with one nondiagonal

'E

Ny BBty BT T g cou T b _
tranSItIOn XJan1+n2—|—2 — XJN7/”L1+TL2+2: < _{_, g g ;:5 g 2, % 5 -
J—._{? - - 2 'ﬂ-.:l JII' e f'} I‘-\:' i A
; “ = Tl -
n=mn n n 2 ] = = 5 N . il Ei' 2
1+ np+ns+ - e
number of involved nucleons / e S
Lo | 1- (1}
n—1
MII(1,2,....n) = — ;n : 1/d3a:1---d3acA
(2E1)Y/2(2m)2(0=D) (4mp)ap)"~

X 1(X2, ..., x)PA(X1,...,%X4)O(21 — 22) - -- O(21 — 2y 41)

XO (2,42 — 21)O(Zn 4np42 = 2ny42) - Oz 4not1 — 21)O(2n 4not2 = Zny4not1)
XO(2n;4nod3 = Zny4not2) O (2n — 2p 4 not2)

x exp{—iAY z1 — ikiby + (A, — A9)znl+n2+2}/d2t2 P,

x exp{—ita(by —by) — -+ —itn(bp — b1) }MzN(t2) - - - Mpn(ty,41)

XMy pp(ke —to — - —tn) My N(bp 42) - My Nty 4t 1)

XM Nt 7, N (g o +2) MyN (b 4np+3) - - My (n)
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Additive terms contributing to |1/ |? Optical theorem:

IMM N (0) = 2papmo

Direct term (,,simple“ Glauber model):

3 S M7 (1,setl)M7*(1,set2)
setl#£set2va_1

My KOI? 3 tot 2 _ _tot Va 2
= I [ X (X ke, A >H / dzi|6i(B, z)? ~ o | dzili(B, z))
Z ‘ o

—
Z

“+oc0
~exp|— ;%?\} / dzop(B, 2p) — 05%
Interference term: _ a

dzop(B, 22))

3 S M(1,2,set1)M7*(1,set2) + c.c.
setl#set2v4-1
2E14mpiap

AQ 4+ A0\ T (AO _AO

J J AY —A —Z
My, 3y v (O My (1) [ d2X fr (X,kt,zl) / dzo |$o(B, z0) |26 S A 2274
Z

* =2 A
1My, (0) — M5 (0)] /dZi|¢i(B’zi)|2 — ot / dz¢|¢i(B,zi)|2) + c.c.
Z

Amp\ap

A
< I [ 1- o / dzli(B, ) +
1=3

2 2 _ 2 -
m” + Ef + 2BpEy —m5  _ |ongitudinal momentum transfer

AY =
/ 2piab needed for on-shell X j
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p rescattering term:

3 S M7(2,1,setl) M7*(2, 1, set2)
setl#set2v4-1

1 / 2 2 2 [ .3 0
= d“to|M j-5, (ke — t2) | [ Mzn (t2) /d Xf1(X, ks — to, AY)
(27)22E1 (4mpap)> PP P | J
Z A “+o0
x [ dzlén(B,2)? I] |1 - ol / dzili(B, )12 — o5 [ dzmi(B,zi)Q)
—00 i=3 Z

XJ diagonal rescattering term:

3 S MY(1,2,set1)M7*(1,2,set2)
setl#£set2 a1

1 / 2 2 2 [ ;3 0
= dto| My (62)|7 [ M . 5p (ke — t2)] /d Xf1(X, ke —t2, Ay)
(2m)22E1 (4mpjap)? PP /
+o0 A +oo
x [ dzléo(B,2)? T | 1- ol / dzl6i(B, =) 2 — o [ dzilei(B, 27
) 1=3 Z
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;N2 — xyN5 nondiagonal rescattering term:

3 S M7Y(1,2,set1) M717*(1, 2, set2)
setl#set2v4_1

1 / 2 2 2
= d“to| My 7, N (£2) |7 [M g, .5,(ke — t2)]
(27)22E1 (4mpjap)? JNGIN LPp
400
></d3Xf1(X,kt—t2,A91) / dz2 |¢2(B, 22)|?
z

A
< 11 1—awt/cmwazm2—&“uﬁnmuBzaF—awt/cmwazmz
1=3

Diagonal-nondiagonal rescattering interference term:

3 Y M7(1,2,set1)M7*(1,2,set2) + c.c.
setl#£set2v4-1

1 2
= d?to My 7 N (82) M g, 5, (ke — t2) M5y (82) M2 (kg — ¢
(27r)22E1(4mp|ab)2/ oM N1, N(62) M gy (ke — t2) M (t2) M5, (ke — t2)
A0 4 A0\ T 0 AOv
X/d3Xf1 (Xakt_tQ,JIQJ) / dzzez(A‘Il AJ)(ZQ Z)|¢2(B,z2)|2
7

A — M* 2
x@@-tm/mmm%w 4 @) = MinON fo 1,8, 22
1= Z

Ampap

—o5% / dzi|¢i(BaZi)2) +c.c. . 38



Elastic p/NV scattering amplitude:

N(Qt) = 2ipjgpmo tOt(l — zppp)e Bppa; 7/2

By, =125+1 GeV™2 at /s ~ 3.4 — 7.0 GeV
exp. data: Yu.M. Antipov et al., NPB 57, 333 (1973)

ppp =~ —0.05 at /s ~3 -5 GeV

Reggeized Pomeron exchange model:
R. Fiore et al., PRD 81, 056001 (2010)

oL (prap) = 38.4+77.6p;,004+0.26 IN?(pjap) — 1.2 IN(piap)
T

in mb in GeV/c
PDG: L. Montanet et al., PRD 50, 1173 (1994)
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Formation amplitude p(\5)p(A1) — xs(v)

Py + P1 .
BT 6= — c.m. velocit
PO ~.$ i E;+ E y
(/X]y R ?
i Lo )@ 3
Y (A1)

2J 4+ 1
41

1/2
) BP0, -0) A=Xda, X B P =1

(JV|B|Od, AgA1) = (
Aph1

M. Jacob and G.C. Wick, Ann. Phys. 7, 404 (1959); A.D. Martin et al., PLB 147,
203 (1984); F.L. Ridener et al., PRD 45, 3173 (1992)

Invariant amplitude: M,y 0, = £ (JV|B|O¢, AgA1)

5 5 1/2
\/m2 — 4m?
J
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Symmetries of helicity amplitudes F.L. Ridener et al., PRD 45, 3173 (1992):

Charge conjugation invariance: By , =n.(—1)'B{, , nc= (—1)L+s
p p

Parity invariance: B;\;Al = np(—l)JB{/\]B’_)\1 ;o omp = (—1)LtL

For x-states L=S =1, no =np = 1.
B/ (|°=|By_|*=|B1|*, Bi1=Bj_

P =IBJ_|>=|Bo|?/2, Bo/vV2=B],

J
B]

Norma:  2|B;|° + [Bo|* =1
By =0for J=0
Bp =0 for J =1 (from C-parity)
|BO\2 = 0.131+0.08 for J =2 from angular distributions for
PP — Xeo — J/ iy — eTe

M. Ambrogiani et al., PRD 65, 052002 (2002) "



Proton occupation numbers:

spin factor N1 g
sum over all occupied proton states

)3
n(X,p) = (1-P2)O(pr—p)H 5> ppaaltn PIPO(—pr) |

high momentum tail

L. Frankfurt, M. Strikman, Phys. Rep. 76, 215 (1981); due to short range NN
L. Frankfurt, M. Sargsian, M. Strikman, correlations (SRC)
Int. J. Mod. Phys. A23, 2991 (2008)
pr(X) = (37r2pp)1/3 — proton Fermi momenum
—+o00

P> ~ 0.25 — proton fraction above Fermi surface, P, = 4mas / clpr|@bD(;o)|2

“+o00 PFr
Yp(p) — deuteron wave function, 4r / dpp?|Yp(p)|? = 1

0]
Paris potential: M. Lacombe et al., PRC 21, 861 (1980) 4>



PP — Xc1 on-shell

1 p2°8Pb, p|,,=5.553 GeVi/c . p2%Pb, p,=5.553 GeV/c . p2°8Pb, p|,,=5.553 GeVi/c
10 T T T T T T 10- T T T T T T 10 T T T T T T
full = Xet (v=0) full — full —
Xeo dir. dir, Aot (v=1) dir.
10° & int, ~—< 1 . . -Jint,
. A N B p-resc. —&- 107 i (int 1
presc. dia-resc. —o- prresc.
SR dia.-resc. —o- . . dia.-resc. o
% 100 ¢ nondia.-resc. -+ | by Y nondia.-resc.
© ] [ 2 102k i |
o (-)int.-resc. 9 .5 Y int.-resc. —e
o~ o 10 o
] > (] o —
2 10%f . g g T
> \ ---- ,‘\\ SE60ag ‘\T‘é_‘ = 3
o . 200 o _ o 107 \ b
S 10°% ¢ S I R e 38 N
104 L ] = 10 e ——
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0 005 01 015 02 025 03 0.35 0 005 01 015 02 025 03 035 0 005 01 015 02 025 03 0.35
k, (GeVic) k, (GeV/c) k, (GeVic)
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How to measure R at PANDA ?

Use decay xc — J/Wy —etey

Double trigger on the photon energy in ¢+e¢—~ c.m. frame
(E,=303, 389 and 430 MeV for xc0 ,Xc1and xc2 , respectively)
and on M, (eTe™)

Determine the angle © between photon momentum in
Xc c.m. frame and the X¢ momentum in lab. frame

Distribution in © : é@/' Px

WJ(@) — Z PJI/WJI/(@) ) >
v==1,0
XJv beam direction

9

P;, =
Y xJyo 4 2xu1

Pyo = R|Bg|?, Pa1+1=(1-"R|Bg|?)/2

J )
W, (9) Z |Ai’|2([diy/(@)]z‘l'[di,—y/(@)]Q) ) F.L. Ridener et aI.,
y/=o/ PRD 45, 3173 (1992)
44
ai, a2, .-, 4 j+1 . multipole amplitudes of E1,M2,... transitions
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