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Theoretical Situation

Outcome of theoretical descriptions of pp̄ −→ ΛcΛc rather controversial!

pQCD:

A. Goritschnig, P. Kroll, W. Schweiger:
Eur. Phys. J. A 42 (2009) 43
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Hadronic models:

J. Haidenbauer and G. Krein:
Phys. Lett. B 687 (2010) 314
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Fig. 4. Total reaction cross sections for p̄p → Λ̄−
c Λ

+
c as a function of the excess energy

plab. The dark (red) shaded band (blue grid) is the prediction of our meson-exchange
(quark-gluon) transition potential. The dotted curve is the result from Ref. [4] while
the dash-dotted curve and the corresponding (green) band is from Ref. [2].

Let us now compare our predictions with those by other groups. This is done
in Fig. 4. Goritschnig et al. [2] as well as Kaidalov and Volkovitsky [4] have
presented explicit results in their publications and we reproduce them in Fig. 4
to facilitate a comparison. Our results are shown as dark (red) shaded band
(and grid) in order to reflect the variation of the predictions when the four
different ISI are used. It is remarkable that our results differ drastically from
those of the preceeding works. Specifically, our cross sections are a factor 1000
larger than those given by Goritschnig et al. and they are still about 100 times
larger than the ones by Kaidalov and Volkovitsky. Thus, even when considering
the variation of about a factor ten due to the ISI that we see in our results
and the uncertainties due to the unconstrained FSI and form factors in the
transition potential that amount to roughly a factor three, we are faced with
an impressive qualitative difference.

4 Summary

In this paper we presented predictions for the charm-production reaction p̄p →
Λ̄−

c Λ
+
c . The calculations were performed in the meson-exchange framework in

close analogy to our earlier study on p̄p → Λ̄Λ by connecting the two processes
via SU(4) symmetry. The interaction in the inital p̄p interaction, which plays
a crucial role for the quantiative predictions and which is now needed at a
much higher energy, is re-adjusted so that available p̄p scattering data in the
relevant energy range are reproduced.

The obtained Λ̄−
c Λ

+
c production cross sections are in the order of 1 to 7 µb.

Thus, they are just about a factor 10 smaller than the corresponding cross
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A. Khodjamirian et al: Eur.Phys.J. A 48 (2012) 31
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Figure 6: The integrated cross sections σ(t0,∆) of charmed baryon and meson pair pro-
duction in pp̄ collisions in QGS model. The dashed lines indicate the uncer-
tainties introduced by the strong couplings obtained from LCSR.

binary processes with baryons in terms of helicity amplitudes and employed the strong
couplings of initial protons and final charmed baryons (mesons) with the intermediate
charmed mesons (baryons) calculated from LCSR. This additional input allows us to
enhance the connection of the QGS model to QCD.

Strictly speaking, the QGS model is applicable only at sufficiently large energies,
beyond the upper limit of the P̄ANDA energy region. Hence the cross sections calculated
here can only be considered as an order of magnitude estimates, also because the model
is only valid at small momentum transfers and the absorption factor is only taken in the
first approximation. Still the relations between cross sections are less influenced by the
uncertainties and are almost independent of the absorption factors.

Finally, turning to the comparison of our results with the charm-production estimates
in the literature, we observe that our prediction for the dominant ΛcΛ̄c production is
(within estimated uncertainties) consistent with the one obtained in the original QGS
model [2]: σ(pp̄ → ΛcΛ̄c) ≃ 100 nb, at plab = 15 GeV, whereas the predictions for the
ratios of cross sections obtained here and in [2] differ. For example, we do not exclude
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Theoretical Situation

Outcome of theoretical descriptions of pp̄ −→ DD also controversial!

pQCD:

A. Goritschnig, B. Pire, W. Schweiger:
Phys. Rev. D 87 (2013) 014017;
D 88 (2013) 079903(E)

Hadronic models:

J. Haidenbauer and G. Krein:
arXiv: 1404.4174 [hep-ph]

A. Khodjamirian et al: Eur.Phys.J. A48 (2012) 31



Theoretical Situation

Production mechanisms, assumptions and ingredients
pQCD:

I Handbag mechanism

p̄(q, ν) Λ̄−
c (q

′, ν ′)

p(p, μ) Λ+
c (p

′, μ′)

u(k1, λ1, a1) c(k′1, λ
′
1, a

′
1)

ū(k2, λ2, a2) c̄(k′2, λ
′
2, a

′
2)

I intrinsic charm in p neglected

I charm created perturbatively via
uū → cc̄

I Λc and D LC-wfs strongly peaked
at x0 = mc/mHc

I p → Λc transition GPDs and
p → D TDAs unknown ⇒
modelling

I valid well above production

threshold (ξ small)

Hadronic models:

I Hadron (Reggeon) exchange

I charm created non-perturbatively
via H

(∗)
c (Regge) exchange

I intrinsic charm in p crucial

I BcpM
(∗)
c -couplings unknown ⇒

SU(4)f -relations, LC sum rules

I initial and final state interaction
(partly) taken into account

I vertex form factors not uniquely
determined

I valid from production threshold on



Features of the Handbag Mechanism

I Analysis of soft hadronic matrix element

p̄(q, ν) Λ̄−
c (q

′, ν ′)

p(p, μ) Λ+
c (p

′, μ′)

u(k1, λ1, a1) c(k′1, λ
′
1, a

′
1)

ū(k2, λ2, a2) c̄(k′2, λ
′
2, a

′
2)⇒ 8 p → Λc transition GPDs H, E , H̃, Ẽ , HT , ET , H̃T , ẼT

I Peaking approximation (x̄i → x0 in hard-scattering amplitude)
⇒ x̄-integrals over GPDS ⇒ 8 transition form factors∫

dx̄1√
x̄2

1 − ξ2
Hcu

µ
′
µ

= ū
(
p

′
, µ

′)[
RV (ξ, t) γ+ + RT (ξ, t)

iσ+ν∆ν

M + m

]
u (p, µ)

H, E → RV , RT , H̃, Ẽ → RA, RP , HT , H̃T , ET , ẼT → ST , SS , SV 1, SV 2

I Suppression of FFs which require quark orbital angular momentum
⇒ |RV |, |RA|, |ST | >> |RT |, |RP |, |SV 1|, |SV 2|

I x̄ > ξ (DGLAP region) ⇒ overlap representation of GPDs and FFs
in terms of valence-quark LC-wavefunctions feasible

I s-wave wave functions → RV ≈ RA ≈ ST



Features of the Handbag Mechanism

Spin Correlation Parameters

Single polarization observables vanish, but non-vanishing correlators:

I initial spin correlations: Aij

I polarization transfer p → Λc : Dij

I final spin correlations: Cij

I polarization correlation
between p and Λc : Kij

with i , j = L (helicity), N (normal to scatt. plane) and
S (sideways direction, within scattering plane but ⊥ to momentum).
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If µΛc = µc ⇒ RV = RA = ST , then

O
(
pp̄ → Λc Λ̄c

)
= O (uū → cc̄) ,

which is independent of model
for baryon wave functions!



Extension of the Handbag Mechanism

Intrinsic (non-perturbative) charm in p

I Requires (at least) |uudcc̄ > Fock component in p
I Is c-quark distribution in p peaked at small x (typical for light sea

quarks), or concentrated at larger x (typical for LC-wf models)?
I In addition to DGLAP region also the ERBL region (|x | < |ξ|) may

become important

I Knowledge on intrinsic (non-perturbative) charm in p still poor
J. Pumplin, H.L. Lai and W.K. Tung: Phys. Rev. D75 (2007) 054029

T.J. Hobbs, J.T. Londergan and W. Melnitchouk: Phys. Rev. D89 (2014) 074008



Conclusions

I pQCD, i.e. generalized parton picture, applied to pp̄ → ΛcΛc and
pp̄ → D0D0 (p treated as uS [ud ] state)

I Occurring GPDs and TDAs modeled by overlap of (valence Fock
state) LC wave functions

I Predictions for integrated pp̄ → Λc Λ̄c and pp̄ → D0D
0

cross
sections between 1 and 10 nb

I pQCD provides characteristic behavior of spin correlations for
pp̄ → ΛcΛc ⇒ c-quark spin directly accessible via Λc spin?

I Integrated cross sections from pQCD 1-3 orders of magnitude
smaller than from hadrodynamical models

I Hadrodynamical models require (non-perturbative) intrinsic charm in
proton

I Experiment in favor of hadrodynamical models
⇒ intrinsic charm in p has to be considered
⇒ important information about c-quark distribution in p

I Intrinsic charm in proton can be accommodated within generalized
parton picture, but requires additional modeling and has not yet
been attempted



p p̄ −→ Λc Λ̄c within the Generalized Parton Picture
Baryon Kinematics

x

z

p (p, μ)

Λ̄c
⎛
⎝q

′
, ν

′⎞
⎠ p̄ (q, ν)

Λc
⎛
⎝p

′
, μ

′⎞
⎠

θ

Symmetric CM frame
4-momenta in terms of LC-components:

p =

[
(1 + ξ) p̄+,

m2 + ∆2
⊥/4

2 (1 + ξ) p̄+
,−∆⊥

2

]
p′ =

[
(1− ξ) p̄+,

M2 + ∆2
⊥/4

2 (1− ξ) p̄+
,

∆⊥
2

]
q(′) =

[
p(′)−, p(′)+,−p(′)

⊥

]

Average 4-momentum:
p̄ = 1

2 (p + p′) ⇒ p̄ parallel to ez

4-momentum transfer
∆ = p

′ − p = q − q
′

= k ′
1 − k1 = k2 − k ′

2

Skewness parameter: ξ =
p+ − p′+

p+ + p′+
= −∆+

2p̄+
.

(a+, a−, a⊥) with a± = (a0 ± a3)/
√

2 and aµb
µ = a+b− + a−b+ − a⊥b⊥.



p p̄ −→ Λc Λ̄c within the Generalized Parton Picture
Parton Kinematics

p̄(q, ν) Λ̄−
c (q

′, ν ′)

p(p, μ) Λ+
c (p

′, μ′)

u(k1, λ1, a1) c(k′1, λ
′
1, a

′
1)

ū(k2, λ2, a2) c̄(k′2, λ
′
2, a

′
2)

Momenta of active partons

k1 =
[
x1p

+, k−1 , k1⊥
]

k ′1 =
[
x ′1p
′+, k ′−1 , k′1⊥

]
k2 =

[
k+

2 , x2q
−, k1⊥

]
k ′2 =

[
k ′+2 , x ′2q

′−.k′2⊥
]

Average momentum fractions x̄i :

x̄1 =
k+

1 + k ′+1

p+ + p′+
, x̄2 =

k−2 + k ′−2
q− + q′−

Relation to individual parton momentum fractions x
(′)
i :

x1 =
x̄1 + ξ

1 + ξ
, x ′1 =

x̄1 − ξ
1− ξ , x2 =

x̄2 − ξ
1 + ξ

, x ′2 =
x̄2 + ξ

1− ξ



Modeling Generalized Parton Distributions
Transition Form Factors

ρ 6= 0 =⇒ RV/A = ST ∓ 1
2 ∆R

(ρ = 2 =⇒≈ 10% probability to find c with opposite helicity)
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with t′ = t − t0 at s = 30GeV2.

I solid black:
f = fKK

I dashed blue:
f = fBB

I dotted red:
(1/
√

x0
2 − ξ2)

∫
dx̄1 over GPDs

(ap = aΛ = 0.75 GeV−1, Np = 160.5 GeV−2, NΛ = 2117/3477GeV−2 (KK/BB))


	Conclusions

