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Preliminary Remarks

• This talk is concerned with the physics aim of the COMPASS
and ALICE experiments.

BNL, PNU, Heidelberg and TU(E18) Central Exclusive Production (February 2017) 2/23



Preliminary Remarks

• This talk is concerned with the physics aim of the COMPASS
and ALICE experiments.

• But the material given here does not contain the data from the
COMPASS and ALICE experiments.

BNL, PNU, Heidelberg and TU(E18) Central Exclusive Production (February 2017) 2/23



Preliminary Remarks

• This talk is concerned with the physics aim of the COMPASS
and ALICE experiments.

• But the material given here does not contain the data from the
COMPASS and ALICE experiments.

• This talk is mostly theoretical/phenomenological in nature.

BNL, PNU, Heidelberg and TU(E18) Central Exclusive Production (February 2017) 2/23



Preliminary Remarks

• This talk is concerned with the physics aim of the COMPASS
and ALICE experiments.

• But the material given here does not contain the data from the
COMPASS and ALICE experiments.

• This talk is mostly theoretical/phenomenological in nature.

• However, this talk is given by an experimental physicist, i.e. the
theory part is brief and necessarily rudimentary.

BNL, PNU, Heidelberg and TU(E18) Central Exclusive Production (February 2017) 2/23



Preliminary Remarks

• This talk is concerned with the physics aim of the COMPASS
and ALICE experiments.

• But the material given here does not contain the data from the
COMPASS and ALICE experiments.

• This talk is mostly theoretical/phenomenological in nature.

• However, this talk is given by an experimental physicist, i.e. the
theory part is brief and necessarily rudimentary.

• We shall define four reference frames—necessary for 2- to 3-body
processes.
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Plan of Talk

• Kinematics for Central Production: Two- to Three-Body Processes
“Pomeron Physics and QCD,”

S. Donnachie, G. Dosch, P. Landshoff, O. Nachtmann
Cambridge University Press (2002)

“Central Exclusive Diffractive Production of 2π
in pp and p̄p scattering within tensor Pomeron approach,”
P. Lebiedowicz, O. Nachtmann and A. Szczurek
Phy. Rev. D93, 054015(2016)

“Semiexclusive production of J/ψ mesons in proton-proton collisions
with electromagnetic and diffractive dissociation of one of the protons,”
Anna Cisek, Wolfgang Schäfer, and Antoni Szczurek

arXiv:1611.08210v1 [hep-ph] 24 Nov 2016
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Anna Cisek, Wolfgang Schäfer, and Antoni Szczurek

arXiv:1611.08210v1 [hep-ph] 24 Nov 2016

• Production Amplitudes:
Decay amplitudes for X 0 → 2-body
J → s + σ where J, s and σ are the spins.

• Conclusions and Future Prospects
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The basic coordinate system:

a 1

b 2

3
c

d

Overall CM system

~a+ ~b = 0

(~a along the z axis)

~p1 + ~p2 + ~p3 = 0

(a plane going through the origin)

Three Euler angles needed

to define the plane.
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dφ3(a + b → 1 + 2 + 3) =
4

(4π)5
(

dR
)

CM

(

1

4s

)

dm2
13 dm

2
23

dR = dα(d cosβ)dγ
There are four coordinate systems needed for the process
a+ b → 1 + 2 + 3:
• The Detector system in the LAB (The first coordinate system).

ẑ = (0, 0, 1) ∝ the beam direction

ŷ = (0, 1, 0) ∝ vertical in LAB

x̂ = (1, 0, 0) = ŷ × ẑ

BNL, PNU, Heidelberg and TU(E18) Central Exclusive Production (February 2017) 5/23



dφ3(a + b → 1 + 2 + 3) =
4

(4π)5
(

dR
)

CM

(

1

4s

)

dm2
13 dm

2
23

dR = dα(d cosβ)dγ
There are four coordinate systems needed for the process
a+ b → 1 + 2 + 3:
• The Detector system in the LAB (The first coordinate system).

ẑ = (0, 0, 1) ∝ the beam direction

ŷ = (0, 1, 0) ∝ vertical in LAB

x̂ = (1, 0, 0) = ŷ × ẑ
• We stay in the overall CM frame, i.e. ~a+ ~b = 0, ~a = −~b ∝ ẑ

The plane defined by ~p1 + ~p2 + ~p3 = 0 where (β, α) stands for the
normal (defined by ŷn ∝ ~p1 × ~p2) to the reaction plan, i.e.

ẑn = (− sinα, cosα, 0), this is the node

ŷn = (sinβ cosα, sin β sinα, cosβ)

x̂n = ŷn × ẑn
The vectors ~pi , (i = 1, 2, 3), lie in the xn-zn plane.
We define ~p1 to be in this plane, rotating around the ŷn axis
by γ1 = π/2 + γ from the ẑn axis. If γ ≃ 0, then we see that ẑn ≃ ẑ ,
which simply means that ~a and ~p1 are nearly parallel. The ~p2 is
obtained by a similar rotation by γ2 = 3π/2− δ + γ where
~p1 · ~p2 = p1p2 cos(π − δ). This is the second coordinate system.
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Production Amplitudes

a

b

c

d

1

2

3

T ∝A(a → 1 + c) ∗ A(b → 2 + d)

A(c + d → 3) ∗ A(3 → 4 + 5 + 6 + · · ·)

A(a → 1 + c) in the a rest frame

A(b → 2 + d) in the b rest frame

A(c + d → 3) in the 3 rest frame

A(3 → 4 + · · · ) in the 3 rest frame
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Decay Amplitudes

Let the particle 3(X 0) be in the state of |jm〉
and let it decay into two particles

|jm〉 → |s4 λ4〉+ |s5 λ5〉

(particles 4 and 5 are new— introduced to indicate decay products)

A(j → s4 + s5) = 〈(4 + 5)|Md |jm〉 ∝ jF s4 s5
λ4 λ5

D j ∗
m, (λ4−λ5)

(φ4, θ4, 0)

jF s4 s5
−λ4 −λ5

= νjν4ν5
jF s4 s5

λ4 λ5

where νj is the ‘naturality’ of the particle j

νj = η(−)j for bosons = η(−)j−1/2 for fermions

where η is the intrinsic parity. Similarly for s4 and s5.
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Pomerons
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Pomerons

Regge Trajectories

αρ(t) = 0.48 + 0.88 t

α
P
(t) = 1.086 + 0.25 t

J = Re{α(m2)}

Mass2 (GeV2) →

J 
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Pomeron
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a2(1320)
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f1(1285)

π2(1670)

Pomeron

Pomeron comes with an even signaturea.

JPC (P) = 2++, 4++, 6++, · · ·

P(JPC = 2++) at mass = 1.91 GeV.

aSee, however, a paper by
F. Close and A. Kirk, PLB 397, 333 (1997).
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|ℓ S JM〉 =
∑

m1 m2

(s1m1 s2m2|Sms) (Sms ℓm|JM)

×

∫

d~k Y ℓ
m(
~k) |G, +~k, s1m1〉|P, −~k, s2m2〉

so that

2|ℓ S JM〉
∣

∣

∣

symm
=

∑

m1 m2

(s1m1 s2m2|Sms) (Sms ℓm|JM)

×

∫

d~k Y ℓ
m(
~k) |G,+~k, s1m1〉|P,−~k, s2m2〉

+
∑

m1 m2

(s2m2 s1m1|Sms) (Sms ℓm|JM)

×

∫

d~k Y ℓ
m(
~k) |P,+~k, s2m2〉|G,−~k, s1m1〉

The result:

s1 + s2+S + ℓ = even −→ (P+ P)⊕ (P+ P); S + ℓ = even

(γ + P)⊕ (P+ γ); S + ℓ = odd
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Exotic(non-qq̄) JPC = 0−−, 0+−, 1−+, 2+−, 3−+, 4+−, 5−+

Likely JPC states allowed are:

(P+ P)⊕ (P+ P); S + ℓ = even −→

IG = 0+, S = 0, 1, 2, 3, 4; ~J = ~S + ~ℓ

JPC (ℓ = 0; S = 0, 2, 4) −→ 0++, 2++, 4++

(ℓ = 1; S = 1, 3) −→ 0−+, 1−+, 2−+, 3−+, 4−+

(ℓ = 2; S = 0, 2, 4) −→ 0++, 1++, 2++, 3++, 4++, 5++, 6++

(γ + P)⊕ (P+ γ); S + ℓ = odd −→

IG = (0−, 1+), S = 1, 2, 3; ~J = ~S + ~ℓ

JPC (ℓ = 0; S = 1, 3) −→ 1+−, 3+−

(ℓ = 1; S = 2) −→ 1−−, 2−−, 3−−

(ℓ = 2; S = 1, 3) −→ 1+−, 2+−, 3+−, 4+−, 5+−
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Three Processes for Central Production of ππ: I + ℓ= even

• P(2++) + P(2++) → ππ(IG = 0+; JPC = 0++, 2++, 4++, · · · )
Two Natural-parity exchanges → ππ (ℓ = 0, 2, 4)
Dominant Process: S + D waves
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• ρ(770)(1−−) + P(2++) → ππ(IG = 1+; JPC = 1−−, 3−−, 5−−, · · · )
Two Natural-parity exchanges → ππ (ℓ = 1, 3, 5)
P-wave dominant
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• P(2++) + P(2++) → ππ(IG = 0+; JPC = 0++, 2++, 4++, · · · )
Two Natural-parity exchanges → ππ (ℓ = 0, 2, 4)
Dominant Process: S + D waves

• ρ(770)(1−−) + P(2++) → ππ(IG = 1+; JPC = 1−−, 3−−, 5−−, · · · )
Two Natural-parity exchanges → ππ (ℓ = 1, 3, 5)
P-wave dominant

• b1(1235)(1
+−) + P(2++) → ππ(IG = 1+; JPC = 1−−, 3−−, 5−−, · · · )

Unnatural-parity and Natural-parity exchanges → ππ (ℓ = 1, 3, 5)
P-wave dominant
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ALICE

• At ALICE, we have an additional production mechanism for Particle 3:

photon-Pomeron processes,

P. Lebiedowicz, O. Nachtmann and A. Szczurek
Phy. Rev. D93, 054015(2016)

i.e.

BNL, PNU, Heidelberg and TU(E18) Central Exclusive Production (February 2017) 12/23



ALICE

• At ALICE, we have an additional production mechanism for Particle 3:

photon-Pomeron processes,
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• ρ+Pomeron→ ππ (ℓ = odd) or 4π all with IG = 1+

Non-strange light-quark(u, ū, d or d̄ ) bound systems
Mass ≃ 0.8 GeV or higher

• φ+Pomeron→ KK̄ or KK̄ + 2π all with IG = 0−

ss̄ bound systems—strangeonia
Mass ≃ 1.0 GeV or higher

• J/ψ+Pomeron→ DD̄ or J/ψ + 2π all with IG = 0−

cc̄ bound systems—charmonia
Mass ≃ 3.0 GeV or higher
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ALICE

• At ALICE, we have an additional production mechanism for Particle 3:

photon-Pomeron processes,

P. Lebiedowicz, O. Nachtmann and A. Szczurek
Phy. Rev. D93, 054015(2016)

i.e.

• ρ+Pomeron→ ππ (ℓ = odd) or 4π all with IG = 1+

Non-strange light-quark(u, ū, d or d̄ ) bound systems
Mass ≃ 0.8 GeV or higher

• φ+Pomeron→ KK̄ or KK̄ + 2π all with IG = 0−

ss̄ bound systems—strangeonia
Mass ≃ 1.0 GeV or higher

• J/ψ+Pomeron→ DD̄ or J/ψ + 2π all with IG = 0−

cc̄ bound systems—charmonia
Mass ≃ 3.0 GeV or higher

• Υ+Pomeron→ BB̄ or Υ + 2π all with IG = 0−

bb̄ bound systems—bottomonia
Mass ≃ 9.5 GeV or higher
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“Central Exclusive Diffractive Production of 2π
in pp and p̄p scattering within tensor Pomeron approach,”
P. Lebiedowicz, O. Nachtmann and A. Szczurek
Phy. Rev. D93, 054015(2016)

a

b

c

d

1

2

3

⑦

⑦

⑦ ⑦

π+

π−

a 1

b 2

c

d

π
π

π

2π Resonace 2π Continuum
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a + b → 1 + 3 + 2 in the 3RF

Φ

c
p

d
p

1
pc

p
a

p

2
p

d
p

b
p

x
y

z

pa = p1 + pc , pb = p2 + pd

pc + pd = p3

~pc + ~pd = ~p3 = 0

ẑm ∝ ~pc and −ẑm ∝ ~pd

~pa and ~p1 in the xm-zm plane by
defintion. So we must have

ŷm ∝ ~zm × ~pa and x̂m = ŷm × ẑm

The plane formed by ~pb and ~p2
is denoted by the plane rotated
by Φ around the zm-axis.

This completes the construction of the third coordinate system.
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Amplitudes for a + b → 1 + 3 + 2

The reaction

a → 1 + c , b → 2 + d , c + d → 3

The corresponding amplitudes

A =
∑

i j

A(a → 1 + ci ) ∗∆(ci ) ∗ A(b → 2 + dj) ∗∆(dj)

∗ A(cj + dj → 3)

where

{i , j} = {Pomeron+Pomeron, photon+Pomeron, Pomeron+photon}

This completes the construction of all the relevant ampltidues in the
problem.
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Conclusions:

• The reaction

a+ b → 1 + 3 + 2 3 → 4 + 6 + · · ·

a → 1 + c b → 2 + d c + d → 3

is a 2- to 3-body process, if and only if the Regge domain formula holds

s13 s23 ≃ s w 2
3 , transverse mass: w 2

3 = m2
3 + κ

2
3
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Conclusions:

• The reaction

a+ b → 1 + 3 + 2 3 → 4 + 6 + · · ·

a → 1 + c b → 2 + d c + d → 3

is a 2- to 3-body process, if and only if the Regge domain formula holds

s13 s23 ≃ s w 2
3 , transverse mass: w 2

3 = m2
3 + κ

2
3

• The reaction requires three different rest frames (RF’s):

(a) The detector frame: {x̂ , ŷ , ẑ}

(b) The overall CM system where the normal ŷ ∝ ~p1 × ~p2
the plane ~p1 + ~p2 + ~p3 = 0 lies the x-z plane: {x̂n, ŷn, ẑn}

The Euler angles R = (α, β, γ) are used to transform
from the frame (a) to the frame (b).

(c) In the 3RF, ẑm ∝ ~c , ŷm ∝ ~a× ~p1 x̂m = ŷm × ẑm: {x̂m, ŷm, ẑm}

~a and ~p1 lies in the xm-zm plane; the plane formed by ~b and ~p2
rotated by angle Φ around the ẑm axis.
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• Double-Pomeron process:
Ground state are f0(500), f2(1275) and f4(2050).
Exotic mesons are possible IG (JPC ) = 0+(1−+), 0+(3−+) . . .
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Exotic mesons are possible IG (JPC ) = 0+(1−+), 0+(3−+) . . .

• Photon-Pomeron process:
Ground state are h1(1170) and b1(1235).
The Regge recurrence NOT observed.
Exotic mesons are possible:

IG (JPC ) = (0−, 1+)(2+−, 4+− . . .)
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• ALICE can produced very exciting new results on mesons—
in the next few years
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• Double-Pomeron process:
Ground state are f0(500), f2(1275) and f4(2050).
Exotic mesons are possible IG (JPC ) = 0+(1−+), 0+(3−+) . . .

• Photon-Pomeron process:
Ground state are h1(1170) and b1(1235).
The Regge recurrence NOT observed.
Exotic mesons are possible:

IG (JPC ) = (0−, 1+)(2+−, 4+− . . .)

• ALICE can produced very exciting new results on mesons—
in the next few years

• We need a new PhD candiate to work on the 4π channel
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• 4π production via σσ and ρρ intermediate states:

Exclusive diffractive production of π+π−π+π−

via the intermediate σσ and ρρ intermediate states
in proton-proton collisions within tensor Pomeron approach

Piotr Lebiedowicz, Otto Nachtmann and Antoni Szczurek
Phy. Rev. D94, 034017(2016)

a

b

c

d

1

2

3

⑦

⑦

⑦ ⑦

π+

π−

π+

π−

a 1

b 2

c

d σ, ρ

σ, ρ

σ, ρ π+

π−

π+

π−

4π Resonace 4π Continuum
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Distribution with an arbitrary degree of coherence

For both 2π and 4π final states, Write

I (τ) =
∑

external spins

∣

∣

∣

∣

r0 ARes(τ) + r{expφ}ACon(τ)

∣

∣

∣

∣

2

where τ is the phase-space variable for the production of the 2π
and 4π final states and r0(0 → 1), r (−∞ → +∞) and φ (0 → 2π)
are real. We further assume that r0, r and φ are real and
independent of τ , i.e. they are taken to be constants in the
problem. We see that

I (τ) = r20

∣

∣

∣

∣

ARes(τ)

∣

∣

∣

∣

2

+ r2
∣

∣

∣

∣

{expφ}ACon(τ)

∣

∣

∣

∣

2

+ 2r0 r ℜ

{

A∗
Res(τ){exp φ}ACon(τ)

}

where (r0, r1) = (1, 0) and r = φ = 0 for the Resonance term only
and (r0, r1) = (0, 1) and φ = 0 for the Continuum term only.
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The Collins-Soper Reference Frame

Angular distribution of dileptons in high-energy hadron collisions,
J. C. Collins and D. E. Soper
Phys. Rev. D16, 2219 (1977)

Let êi , (i = 1, 2, 3) be the unit vectors which define the reference
frame. Then we have, in the 3RF,

Note that ∠(p̂a · ê3) = ∠(−p̂b · ê3) so that the vector ê3 bisects
the two vectors p̂a and −p̂b. And ê2 is the unit vector normal to
the plane formed by p̂a and −p̂b. And ê2 lies in the plane formed
by p̂a and −p̂b. This is the fourth reference frame.
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ê3 =
p̂a − p̂b
∣

∣p̂a − p̂b
∣

∣
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ê1 =
p̂a + p̂b
∣

∣p̂a + p̂b
∣

∣
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π + π
− continuum
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π + π
− continuum

a 1

b 2

c

d

πpt

π+(p4)

π−(p5)

pc = p1 − pa

= pt − p4

pd = p2 − pb

= p5 − pt

BNL, PNU, Heidelberg and TU(E18) Central Exclusive Production (February 2017) 21/23



π + π
− continuum

a 1

b 2

c

d

πpt

π+(p4)

π−(p5)

pc = p1 − pa

= pt − p4

pd = p2 − pb

= p5 − pt

a 1
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π−(p5)

π+(p4)

pc = p1 − pa

= p5 − pu

pd = p2 − pb
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The Last Slide
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x
y

z

The ‘correct’ reference frame
for a study of particle 3.
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Thank you for your attention
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π
+
π
− continuum

The propagator for a tensor Pomeron

i ∆
(P)
µν,κλ(s, t) =

1

4s

(

gµκgνλ + gµλgµκ −
1

2
gµλgκλ

)

(−i sα′

P
)αP(t)−1

where αP(t) = αP(0) + α′

P
t = 1.0808 + 0.25 t.

We obtain, for the reaction λaλb → λ1λ2 π
+π−,

with e · f = eµ fµ = eµ gµν f
ν = eν f

ν ,

M(PP →π+π−continuum) =

(p1 − pa) · (pt − p4)× (p2 − pb) · (p5 − pt) δλ1 λa
δλ2λb

×

(

1

4s14

)

(−i s14α
′

P
)αP(tc )−1 ×

(

1

4s25

)

(−i s25α
′

P
)αP(td )−1

M(PP →π−π+continuum) =

(p1 − pa) · (p5 − pu)× (p2 − pb) · (pu − p4) δλ1 λa
δλ2λb

×

(

1

4s15

)

(−i s15α
′

P
)αP(tc )−1 ×

(

1

4s24

)

(−i s24α
′

P
)αP(td )−1
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