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Kinematics of 2N/3N knock-out mechanism

Motivation

The starting point: plots from Fomin et al paper shown by Wim Cosyn during
his seminar:

Fomin et al. (JLab Hall C), PRL108 092502

inclusive data

ratio wrt deuteron

plateau is claimed to tell us about
SRC pairs

What is going on?
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Kinematics of inclusive electron nucleon/nucleus scattering

We can choose among a variety of kinematic variables.
Initial and �nal state electron: kµ = (E , ~k), k ′µ = (E ′, ~k ′).

energy transfer ω = E − E ′,

momentum transfer |~q| = |~k − ~k ′|,
4-momentum transfer Q2 = ~q2 − ω2 ≥ 0,

Bjorken variable x = Q2

2Mω
,

...

Any two of them may be chosen as independent.
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Kinematics of inclusive electron nucleon/nucleus scattering

Interesting properties of x :

in the case of free nucleon scattering x ≤ 1:

Invariant hadronic mass W :

W
2 = (M + ω)2 − q

2 ≥ M
2 ⇒ 2Mω ≥ Q

2 ⇒ x ≤ 1

x = 1 ⇔ elastic process

x < 1 ⇔ inelastic process

In the case of nucleus target, we may have x > 1.
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How to see two-body current mechanism in the inclusive data?

The strategy

identify kinematical region where one-body mechanism is impossible

look for non-zero cross section in this region.

Technical details:

use ω, q variables,

consider Fermi motion and (constant) binding energy B

identify a region in ω, q such that it is impossible to get W ≥ M.
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How to see two-body current mechanism in the inclusive data?

The most favorable (highest W ) con�guration is that of antiparallel ~q
and ~p (target nucleon momentum)

W 2
max = (ω̃ + Ep)2 − (q − p)2 < M2, Ep =

√
M2 + p2, ω̃ = ω − B,

in local Fermi gas model maximal nucleon momentum in 12C is
∼ 270 MeV/c

look for a maximum of f (p) = (ω̃ + Ep)2 − (q − p)2 in the region
p ∈ [0, 270] MeV/c.
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How to see two-body current mechanism in the inclusive data?

An easy task:

derivative f ′(p) = 2(ω̃ + Ep) p

Ep
+ 2(q − p)

for q > p always positive

in the whole region we solve (ω̃ + Ep) p

Ep
+ (q − p) = 0

p(ω̃ + Ep) = (p − q)Ep ⇒ pω̃ = −qEp

f (p) is monotonic function of p

the maximal value is at pF and the condition is
(ω̃ + EF )2 − (q − pF )2 < M2 i.e.

ω̃ <
√
M2 + (q − pF )2 − EF .

7 / 23



Kinematics of 2N/3N knock-out mechanism

How to see two-body current mechanism in the inclusive data?

How to express this condition in terms of Bjorken x variable?
At �xed q:

x(ω) =
q2 − ω2

2Mω
, x

′(ω) =
−2Mω2 − 2Mq

2M2ω2
< 0,

and the minimal value of x is at the maximal ω.

ωmax(q) x(q, ωmax(q))

It is clear that in the inclusive data a signal of the two-body mechanism can

only be found at large Bjorken x .
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How to see two-body current mechanism in the inclusive data?

By digging in the electron scattering data e.g. on 12C one can �nd non-zero
cross section in the one-body forbidden region.

In particular we look at E = 5.766 GeV results at various angles.

E [GeV] Θ (deg) QE peak (GeV) thr 1-body (GeV) data (GeV)

5.766 50 3.96 3.53 ≥ 3.44

5.766 40 3.4 2.92 ≥ 2.63

5.766 32 2.78 2.28 ≥ 1.8

5.766 26 2.21 1.72 ≥ 1.13

5.766 22 1.78 1.32 ≥ 0.7

5.766 18 1.33 0.925 ≥ 0.39

The numbers in in last three columns are values of energy transfer.
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How to see two-body current mechanism in the inclusive data?

http://faculty.virginia.edu/qes-archive/index.html
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How to see two-body current mechanism in the inclusive data?

11 / 23



Kinematics of 2N/3N knock-out mechanism

Constraints for 2p-2h mechanism

If 1p-1h mechanism is kinematically forbidden - what about 2p-2h?

assume interaction occurs on correlated nucleon pairs

nucleons move back to back in CM frame

CM moves with a maximal momentum of pmax ∼ 300 MeV/c

Cosyn seminar

We treat correlated pairs as quasi-deuterons.
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Constraints for 2p-2h mechanism

The same arguments are applied. We must be unable to get invariant hadronic
mass W 2 > 4M2.
Again, the most favorable con�guration is that of antiparallel momentum
transfer and quasi-deuteron momenta.
The condition is

max
(

(˜̃ω + Ẽp)2 − (p − q)2
)
≤ 4M2

with

˜̃ω = ω − 2B, Ẽp =
√

(2M)2 + p2.

In the same way as before we get

˜̃ω <
√

4M2 + (q − pmax)2 −
√

4M2 + p2max .
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Constraints for 2p-2h mechanism

When we compare both conditions

ω <
√
M2 + (q − pF )2 − EF + B .

ω <
√

4M2 + (q − pmax)2 −
√

4M2 + p2max + 2B .

There is a kinematical region where 1p-1h is impossible but 2p-2h is allowed.
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Constraints for 2p-2h mechanism

1p-1h and 2p-2h regions in terms of Bjorken x:

There is a lot of room for 2p-2h.
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Next steps

Two natural questions:

is that possible to identify neutrino events in 1p-1h forbidden region?

what happens at even smaller transfers of energy?
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Next steps (1)

For neutrinos the obvious problem is that the beam is wideband

o�-line trick does not improve situation because we are looking for a
kinemtical veto

most favorable situation: MinibooNE beam extending roughly to 3GeV
(well there is still a small tail above, but we neglect it).
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Next steps (1)

Which bins are kinematically forbidden for 1p-1h?
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Next steps (1)

Forbidden bins are far away from those with non-zero cross section.
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Next steps (2)

Look again carefully at the Cosyn seminar plot:

Fomin et al. (JLab Hall C), PRL108 092502

What happens at x ∼ 2?
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Next steps (2)

Cosyn answer is: We are approaching a threshold for deuteron 2p-2h
mechanism; the denominator goes to zero. In fact M → 2M!

We add an extra column in our table:

E [GeV] Θ (deg) QE peak thr 1p-1h thr 2p-2h data (GeV)

5.766 50 3.96 3.53 2.63 ≥ 3.44

5.766 40 3.4 2.92 2.05 ≥ 2.63

5.766 32 2.78 2.28 1.45 ≥ 1.8

5.766 26 2.21 1.72 1.05 ≥ 1.13

5.766 22 1.78 1.32 0.76 ≥ 0.7

5.766 18 1.33 0.925 0.555 ≥ 0.39

Great! For 18o we are sensitive to mechanism beyond 2p-2h! 3N correlated
triple?!
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Next steps (2)

Final look. Fomin 18o data from the Bjorken x point of view.

In fact, 1p-1h forbidden region starts at x ∼ 1.5. For SRC pairs threshold is
moved because pairs are moving.

At larger x one can investigate σ(A)
σ(3He)

searching for 3N correlated
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Conclusions

Kinematical studies can be very instructive.
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