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• Regge limit : Odderon as C=-1 amplitude 

• High energy limit in QCD 

• BFKL equation  for Pomeron 

• Bartels-Kwieciński-Praszałowicz equation for Odderon 

• Solutions, beyond lowest order, unitarity corrections 

• Experiments: past, present, future

Sources: apart from original papers, I learned a lot from an excellent review (2003) by Carlo Ewerz, talks by Sanjin Benić, 
Tamás Csörgő, Leszek Motyka, Yuri Kovchegov and Christophe Royon (https://www.youtube.com/watch?
v=yHBO3zcB3V4) and discussions with Valery Khoze.
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What ChatGPT says about Odderon?
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S-matrix and Regge limit
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• Lorentz invariance 
• unitarity 
• analyticity 

Properties of S matrix:Pre QCD...

<latexit sha1_base64="+7iF0kKUdK9ccSqeocDXHKp2kIU=">AAAB7XicdVBdSwJBFJ21L7Mvq8dehiQwCJmVMH2zeunRIE3QRWbHWZ2cnV1m7gYi/odeeiii1/5Pb/2bZtWgog5cOJxzL/fe48dSGCDkw8ksLa+srmXXcxubW9s7+d29lokSzXiTRTLSbZ8aLoXiTRAgeTvWnIa+5Lf+6DL1b++5NiJSNzCOuRfSgRKBYBSs1DovmhM47uULpEQsKhWcErdKXEtqtWq5XMPuzCKkgBZo9PLv3X7EkpArYJIa03FJDN6EahBM8mmumxgeUzaiA96xVNGQG28yu3aKj6zSx0GkbSnAM/X7xISGxoxD33aGFIbmt5eKf3mdBIKqNxEqToArNl8UJBJDhNPXcV9ozkCOLaFMC3srZkOqKQMbUM6G8PUp/p+0yiW3UnKvTwv1i0UcWXSADlERuegM1dEVaqAmYugOPaAn9OxEzqPz4rzOWzPOYmYf/YDz9gnEaY6e</latexit>

A(s, t)
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S-matrix and Regge limit

4

• Lorentz invariance 
• unitarity 
• analyticity 

Properties of S matrix:

Energy dependence controlled by exchange of the Regge trajectory: ↵(t) = ↵(0) + ↵0t

Pre QCD...

Signature:
<latexit sha1_base64="qHpqtpFtZwImoFjFeiNqlU6mO8M=">AAAB83icdVBNSwMxEM3Wr1q/qh69BIvgqSRFansQil48VrC20F1KNs22odlsSLJCWfo3vHhQxKt/xpv/xmxbQUUfDDzem2FmXqgENxahD6+wsrq2vlHcLG1t7+zulfcP7kySaso6NBGJ7oXEMMEl61huBespzUgcCtYNJ1e5371n2vBE3tqpYkFMRpJHnBLrJN9nlsAL6KsY4kG5gqrIoV6HOcENhB1pNhu1WhPiuYVQBSzRHpTf/WFC05hJSwUxpo+RskFGtOVUsFnJTw1ThE7IiPUdlSRmJsjmN8/giVOGMEq0K2nhXP0+kZHYmGkcus6Y2LH57eXiX14/tVEjyLhUqWWSLhZFqYA2gXkAcMg1o1ZMHSFUc3crpGOiCbUuppIL4etT+D+5q1VxvYpvziqty2UcRXAEjsEpwOActMA1aIMOoECBB/AEnr3Ue/RevNdFa8FbzhyCH/DePgGv15DS</latexit>

⌘ = ±1

↵(t)

a

b

c

d

<latexit sha1_base64="+7iF0kKUdK9ccSqeocDXHKp2kIU=">AAAB7XicdVBdSwJBFJ21L7Mvq8dehiQwCJmVMH2zeunRIE3QRWbHWZ2cnV1m7gYi/odeeiii1/5Pb/2bZtWgog5cOJxzL/fe48dSGCDkw8ksLa+srmXXcxubW9s7+d29lokSzXiTRTLSbZ8aLoXiTRAgeTvWnIa+5Lf+6DL1b++5NiJSNzCOuRfSgRKBYBSs1DovmhM47uULpEQsKhWcErdKXEtqtWq5XMPuzCKkgBZo9PLv3X7EkpArYJIa03FJDN6EahBM8mmumxgeUzaiA96xVNGQG28yu3aKj6zSx0GkbSnAM/X7xISGxoxD33aGFIbmt5eKf3mdBIKqNxEqToArNl8UJBJDhNPXcV9ozkCOLaFMC3srZkOqKQMbUM6G8PUp/p+0yiW3UnKvTwv1i0UcWXSADlERuegM1dEVaqAmYugOPaAn9OxEzqPz4rzOWzPOYmYf/YDz9gnEaY6e</latexit>

A(s, t)

<latexit sha1_base64="/R0fBwQTHOcRH4FUl52P6tMHvfI="></latexit>

A(⌘)(s, t) = �(t)�(�↵(t))(1 + ⌘e�i⇡↵(t))

✓
s

s0

◆↵(t)

s ! 1Regge limit:
<latexit sha1_base64="QsQJQZhiOo0SLAkDIzM72DmcGaY=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4Kpmitd0V3bisYB/SDiWTZqahSWZIMkKZ9ivcuFDErZ/jzr8x01ZQ0QMXDufcy733+DFn2iD04eRWVtfWN/Kbha3tnd294v5BW0eJIrRFIh6pro815UzSlmGG026sKBY+px1/fJX5nXuqNIvkrZnE1BM4lCxgBBsr3WnYD0M4NdNBsYTKyKJahRlxa8i1pF6vVSp16M4thEpgieag+N4fRiQRVBrCsdY9F8XGS7EyjHA6K/QTTWNMxjikPUslFlR76fzgGTyxyhAGkbIlDZyr3ydSLLSeCN92CmxG+reXiX95vcQENS9lMk4MlWSxKEg4NBHMvodDpigxfGIJJorZWyEZYYWJsRkVbAhfn8L/SbtSdqvl85uzUuNyGUceHIFjcApccAEa4Bo0QQsQIMADeALPjnIenRfnddGac5Yzh+AHnLdPuT+QZA==</latexit>
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S-matrix and Regge limit

4

• Lorentz invariance 
• unitarity 
• analyticity 

Properties of S matrix:

Intercept    of Regge trajectory  determines the behavior of the total cross sectionα(0)

Energy dependence controlled by exchange of the Regge trajectory: ↵(t) = ↵(0) + ↵0t

Pre QCD...

Signature:
<latexit sha1_base64="qHpqtpFtZwImoFjFeiNqlU6mO8M=">AAAB83icdVBNSwMxEM3Wr1q/qh69BIvgqSRFansQil48VrC20F1KNs22odlsSLJCWfo3vHhQxKt/xpv/xmxbQUUfDDzem2FmXqgENxahD6+wsrq2vlHcLG1t7+zulfcP7kySaso6NBGJ7oXEMMEl61huBespzUgcCtYNJ1e5371n2vBE3tqpYkFMRpJHnBLrJN9nlsAL6KsY4kG5gqrIoV6HOcENhB1pNhu1WhPiuYVQBSzRHpTf/WFC05hJSwUxpo+RskFGtOVUsFnJTw1ThE7IiPUdlSRmJsjmN8/giVOGMEq0K2nhXP0+kZHYmGkcus6Y2LH57eXiX14/tVEjyLhUqWWSLhZFqYA2gXkAcMg1o1ZMHSFUc3crpGOiCbUuppIL4etT+D+5q1VxvYpvziqty2UcRXAEjsEpwOActMA1aIMOoECBB/AEnr3Ue/RevNdFa8FbzhyCH/DePgGv15DS</latexit>

⌘ = ±1

↵(t)

a

b

c

d

Consider elastic scattering: ab → ab

<latexit sha1_base64="+7iF0kKUdK9ccSqeocDXHKp2kIU=">AAAB7XicdVBdSwJBFJ21L7Mvq8dehiQwCJmVMH2zeunRIE3QRWbHWZ2cnV1m7gYi/odeeiii1/5Pb/2bZtWgog5cOJxzL/fe48dSGCDkw8ksLa+srmXXcxubW9s7+d29lokSzXiTRTLSbZ8aLoXiTRAgeTvWnIa+5Lf+6DL1b++5NiJSNzCOuRfSgRKBYBSs1DovmhM47uULpEQsKhWcErdKXEtqtWq5XMPuzCKkgBZo9PLv3X7EkpArYJIa03FJDN6EahBM8mmumxgeUzaiA96xVNGQG28yu3aKj6zSx0GkbSnAM/X7xISGxoxD33aGFIbmt5eKf3mdBIKqNxEqToArNl8UJBJDhNPXcV9ozkCOLaFMC3srZkOqKQMbUM6G8PUp/p+0yiW3UnKvTwv1i0UcWXSADlERuegM1dEVaqAmYugOPaAn9OxEzqPz4rzOWzPOYmYf/YDz9gnEaY6e</latexit>

A(s, t)

From optical theorem
<latexit sha1_base64="bV4pJjReyowEzyNu1Ae/NqEJQ0U="></latexit>

�tot = s�1ImAel(s, 0) ⇠ s↵(0)�1
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A(⌘)(s, t) = �(t)�(�↵(t))(1 + ⌘e�i⇡↵(t))
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s ! 1Regge limit:
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Pomeron

5

  
•  Reggeon with even signature, and intercept  
•  Corresponds to the exchange of the vacuum quantum numbers.  
•  Amplitude (predominantly) imaginary 
•  Dominates the cross section at asymptotically high energies

αIP(0) > 1 Okun, Pomeranchuk;
Foldy, Peierls
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Pomeron
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•  Reggeon with even signature, and intercept  
•  Corresponds to the exchange of the vacuum quantum numbers.  
•  Amplitude (predominantly) imaginary 
•  Dominates the cross section at asymptotically high energies

αIP(0) > 1

Donnachie, Landshoff Soft Pomeron
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Figure 1: Fit to data for the total cross sections for pp and p̄p scattering. The data are taken from

the PDG compilation[16]. The Tevatron p̄p points are not included in the fit.

In our fit, we will assume that we can neglect the simultaneous exchange of two reggeons, RR, and the
exchange of a reggeon together with the pomeron, RP . So ϵ± should be regarded as effective powers.
We shall find that the best fit to the data gives values for them close to those from the Chew-Frautschi
plots quoted above, so justifying our assumption that the exchanges RR and RP are small.

As we have said, we do not know how to calculate the term PP . What is known[15] is that it
corresponds to a trajectory

αPP (t) = 1 + 2ϵP + 1
2α

′
P t (2a)

but that the contribution to the amplitude behaves not just as the simple power sαPP (t); there are
additional logarithmic factors in the denominator. Also, the normalisation is unknown. Our procedure
was to start with the eikonal form and adapt it until we achieved a good fit. Numerous variations of the
eikonal double-exchange form were tried, none of which were ideal. This led us to a PP contribution
of the form

X2
P

32π
e−

1
2 iπαPP (t) (2να′

P )
αPP (t)

[ A2

a+ α′
PL

e
1
2at +

(1−A)2

b+ α′
PL

e
1
2 bt

]

L = log(2να′
P )− 1

2 iπ (2b)

This contains the key ingredients of the eikonal, namely the trajectory, the logarithmic factor in the
denominator and the modification of the argument of the exponentials in the form factor. It differs
from the eikonal form only in that it does not include a cross term involving A(1 − A). Omitting
this term very significantly improves the fit. This should not be a surprise since, as we have said, the
eikonal has no theoretical justification. Indeed, it is quite surprising that this simple modification to
it works so well.

We must also include the term ggg corresponding to triple-gluon exchange. At large t, say for |t| > t0,

it behaves as[20]

g(t) = C
t30
t4

|t| > t0 (3a)

For |t| < t0 we fit this smoothly on to some function that does not diverge as t → 0. By trial and
error we arrived at

g(t) =
C

t0
e2(1−t2/t20) (3b)

3

↵P (t) = 1.11 + 0.165GeV�2t

(2013 parameters of fit to data including LHC)

�tot ⇠ s↵P (0)�1

Okun, Pomeranchuk;
Foldy, Peierls
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Figure 1: Fit to data for the total cross sections for pp and p̄p scattering. The data are taken from

the PDG compilation[16]. The Tevatron p̄p points are not included in the fit.

In our fit, we will assume that we can neglect the simultaneous exchange of two reggeons, RR, and the
exchange of a reggeon together with the pomeron, RP . So ϵ± should be regarded as effective powers.
We shall find that the best fit to the data gives values for them close to those from the Chew-Frautschi
plots quoted above, so justifying our assumption that the exchanges RR and RP are small.

As we have said, we do not know how to calculate the term PP . What is known[15] is that it
corresponds to a trajectory

αPP (t) = 1 + 2ϵP + 1
2α

′
P t (2a)

but that the contribution to the amplitude behaves not just as the simple power sαPP (t); there are
additional logarithmic factors in the denominator. Also, the normalisation is unknown. Our procedure
was to start with the eikonal form and adapt it until we achieved a good fit. Numerous variations of the
eikonal double-exchange form were tried, none of which were ideal. This led us to a PP contribution
of the form

X2
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32π
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αPP (t)
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1
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This contains the key ingredients of the eikonal, namely the trajectory, the logarithmic factor in the
denominator and the modification of the argument of the exponentials in the form factor. It differs
from the eikonal form only in that it does not include a cross term involving A(1 − A). Omitting
this term very significantly improves the fit. This should not be a surprise since, as we have said, the
eikonal has no theoretical justification. Indeed, it is quite surprising that this simple modification to
it works so well.

We must also include the term ggg corresponding to triple-gluon exchange. At large t, say for |t| > t0,

it behaves as[20]

g(t) = C
t30
t4

|t| > t0 (3a)

For |t| < t0 we fit this smoothly on to some function that does not diverge as t → 0. By trial and
error we arrived at

g(t) =
C

t0
e2(1−t2/t20) (3b)

3

↵P (t) = 1.11 + 0.165GeV�2t

(2013 parameters of fit to data including LHC)

�tot ⇠ s↵P (0)�1

Okun, Pomeranchuk;
Foldy, Peierls

However, soft pomeron power behavior is potentially in 
conflict with Froissart bound from unitarity:

�tot(s)  C log2(s/s0)

Need to include multiple exchanges
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Crossing and the Odderon
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a a

What happens when particle is replaced by antiparticle ?

a a

b̄ b̄bb
<latexit sha1_base64="Kno5m9QYBBjUuD5V5fLmvVPofz4=">AAACBXicdVBNS0JBFJ1nX2ZfVstaDElgEPKehOnOatPSIDVQk/vGUQfnfTBzXyEPN236K21aFNG2/9Cuf9P4EVTUgQuHc+7l3nvcUAqNtv1hJebmFxaXksupldW19Y305lZNB5FivMoCGagrFzSXwudVFCj5Vag4eK7kdXdwNvbrN1xpEfiXOAx5y4OeL7qCARqpnd6N6cnoOga3qUSvj6BUcEvBHWX1IR600xk7ZxsUCnRMnKLtGFIqFfP5EnUmlm1nyAyVdvq92QlY5HEfmQStG44dYisGhYJJPko1I81DYAPo8YahPnhct+LJFyO6b5QO7QbKlI90on6fiMHTeui5ptMD7Ovf3lj8y2tE2C22YuGHEXKfTRd1I0kxoONIaEcozlAODQGmhLmVsj4oYGiCS5kQvj6l/5NaPucUcs7FUaZ8OosjSXbIHskShxyTMjknFVIljNyRB/JEnq1769F6sV6nrQlrNrNNfsB6+wQx0Jhk</latexit>

Aab!ab(s, t)
<latexit sha1_base64="qxSUZAsVPPWa4291ybHjCDfLiBE="></latexit>

Aab̄!ab̄(s, t)
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Crossing and the Odderon

6

a a

What happens when particle is replaced by antiparticle ?

a a

b̄ b̄bb

 can be obtained from   by crossing : Aab̄→ab̄ Aab→ab s → u
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Aab!ab(s, t)
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Crossing and the Odderon

6

a a

What happens when particle is replaced by antiparticle ?

a a

b̄ b̄bb

 can be obtained from   by crossing : Aab̄→ab̄ Aab→ab s → u

Define two amplitudes: even and odd under crossing
<latexit sha1_base64="14w0I+eCr74ArEcumgNMdUvwqS0="></latexit>

A±(s, t) ⌘
1

2
(Aab!ab(s, t)±Aab̄!ab̄(s, t))

<latexit sha1_base64="Kno5m9QYBBjUuD5V5fLmvVPofz4=">AAACBXicdVBNS0JBFJ1nX2ZfVstaDElgEPKehOnOatPSIDVQk/vGUQfnfTBzXyEPN236K21aFNG2/9Cuf9P4EVTUgQuHc+7l3nvcUAqNtv1hJebmFxaXksupldW19Y305lZNB5FivMoCGagrFzSXwudVFCj5Vag4eK7kdXdwNvbrN1xpEfiXOAx5y4OeL7qCARqpnd6N6cnoOga3qUSvj6BUcEvBHWX1IR600xk7ZxsUCnRMnKLtGFIqFfP5EnUmlm1nyAyVdvq92QlY5HEfmQStG44dYisGhYJJPko1I81DYAPo8YahPnhct+LJFyO6b5QO7QbKlI90on6fiMHTeui5ptMD7Ovf3lj8y2tE2C22YuGHEXKfTRd1I0kxoONIaEcozlAODQGmhLmVsj4oYGiCS5kQvj6l/5NaPucUcs7FUaZ8OosjSXbIHskShxyTMjknFVIljNyRB/JEnq1769F6sV6nrQlrNrNNfsB6+wQx0Jhk</latexit>

Aab!ab(s, t)
<latexit sha1_base64="qxSUZAsVPPWa4291ybHjCDfLiBE="></latexit>
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Crossing and the Odderon

6

a a

What happens when particle is replaced by antiparticle ?

a a

b̄ b̄bb

 can be obtained from   by crossing : Aab̄→ab̄ Aab→ab s → u

Define two amplitudes: even and odd under crossing
<latexit sha1_base64="14w0I+eCr74ArEcumgNMdUvwqS0="></latexit>

A±(s, t) ⌘
1

2
(Aab!ab(s, t)±Aab̄!ab̄(s, t))

Even: same for particle-particle and particle-antiparticle scattering 
At high energy dominated by the Pomeron: C=+1 

Odd: changes sign  for particle-particle and particle-antiparticle scattering 
At high energy dominated by another contribution, the Odderon: C=-1 
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(General) Pomeranchuk theorem
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COOBUIEHHH 
OB'bE,aHHEHHOrO 

HHCTHTYTA 
H,aEPHbiX 

HCCJIE,aOBAHHti 
lly6aa 

E2-6350 

A.V.Efremov, R.Peschanski 

EVIDENCE FOR NEW SINGULARITIES 

IN REGGE PHENOMENOLOGY 

1972 

as pointed out by Tamás Csörgő 

New contribution was also proposed  

by Efremov and Peschanski 1972

• real with negative signature 

• small α(0), α′ 
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How Pomeron and Odderon can be realized in perturbative QCD ?

Pomeron:  

2 gluons, color singlet C=+1 

δab Aa
μ(x) Ab

ν (y)

Odderon: 
3 gluons, color singlet, C=-1 

 

 symmetric tensor 

( structure with  anti-symmetric 
tensor, carries positive C-parity)

dabc Aa
μ(x) Ab

ν (y) Ac
λ(z)

dabc

fabc

Charge conjugation:        where     ̂Aμ(x) → − ̂AT
μ(x) ̂Aμ(x) = Aa

μ(x) ta

Low-Nussinov pomeron

Intercepts would be :   in both casesα(0) − 1 = 0
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There is no police in QCD, one can always emit another gluon… 
Yuri Dokshitzer
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Balitsky-Fadin-Kuraev-Lipatov BFKL: resummation of logarithms  
Resummation of gluon emissions and exchanges: evolution equation in energy (or rapidity)

ln s

   : logarithm of energy 

  : transverse momentum

Y = ln
s
s0

k

<latexit sha1_base64="VE7x0nJtLNKh8caDcNSPjxs8xbQ="></latexit>

@

@Y
G(Y,k,k0) = K ⌦G(Y,k,k0)

G is Gluon Green’s 
function

There is no police in QCD, one can always emit another gluon… 
Yuri Dokshitzer
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k
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There is no police in QCD, one can always emit another gluon… 
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Increase with energy: hard Pomeron
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Bartels-Kwieciński-Praszałowicz equation: evolution equation for Odderon at high energy
PEOPLE 

Jan Kwiecinski 1 9 3 8 - 2 0 0 3 
Jan Kwiecinski , head of the Depar tment of 
Theoret ical Physics at the Henryk 
Niewodniczanski Institute of Nuclear Physics 
in Cracow, Poland, died unexpectedly on 
29 August 2003. 

Jan graduated from the Jagiel lonian 
University in Cracow in 1960 with a degree in 
theoretical physics. He then devoted his entire 
scientific career to the Institute of Nuclear 
Physics, which was created in 1955 by Henryk 
Niewodniczanski . There he jo ined the theory 
group formed by Wies law Czyz. The group later 
t ransformed into a department , which was 
headed by Jan from 1988 until his death. 

From the beginning Jan was a very indepen-
dent researcher with a strong mathematical 
background. As Czyz recalls: "At first I made an 
attempt to introduce him to some simple 
problems in nuclear physics, but I quickly 
realized that he was 'a cat who walks his own 
path' ." The theory of strong interactions was the 
major focus of Jan 's research. His early work 
concentrated on the analytical properties of 
amplitudes for high-energy hadron collisions. 
He successfully applied Reggeon calculus to 
the dual theory of the scattering matrix and 
high-energy nuclear collisions. Soon after the 
formulation of quantum chromodynamics 
( Q C D ) , he studied the Regge limit of Q C D , 
which he successfully applied to the description 
of semi-hard processes. In 1980 he wrote a 
seminal paper on a three-gluon exchange with 
odd charge parity, where he derived the odd-
eron equation now widely known as the BKP 
(Barte ls-Kwiecinski -Praszalowicz) equat ion. 

The last 15 years of Jan ' s scientific activity 
were dominated by the physics of deep-
inelastic scattering at smal l va lues of the 

N E W P R O D U C T S 

C O M S O L has announced the release of 
FEMLAB 3, the latest version of FEMLAB, which 
uses the finite-element analysis method to 
solve models of physical phenomena. 
Compared with its predecessor, this new prod-
uct can compute some models as much as 20 
t imes faster while using up to 20 t imes less 
memory. The new software also has access to 
a library of more than 200 completely solved 
and fully documented models of commonly 

Bjorken variable x. His papers with Alan Martin 
were vital for the experimental programme at 
HERA in DESY. Jan was one of the first to 
understand the implications of the increase of 
gluon density at small x on the behaviour of 
the total cross-sections such as in the struc-
ture funct ion F 2 or the minijet cross-sect ion. He 
also pioneered studies of nonlinear parton 
shadowing effects. Recently, with his Cracow 
col laborators, he discovered a new type of 
scal ing in deep-inelastic scattering at small x. 

Jan 's scientific work was strongly va lued by 
experimental ists, who were a lways eager to 
enter into discussions and collaborate with 
him. Together with experimentalist Barbara 
Badelek he wrote important papers on nucléon 
structure functions at low Q 2 , spin structure 
funct ions and nuclear shadowing. In the last 
few years he mostly worked on projects 
oriented towards the future, such as cosmic-
neutrino interactions at the highest energies 
and the application of unintegrated parton 
distributions to Higgs production at the LHC. 

Jan fo rmed col laborat ions with physicists in 
many physics institutes around the wor ld , and 
made lengthy visits to several of t hem. In 
particular he had a long and fruitful col labora-
t ion with the University of Durham in the UK, 
where he was a visiting professor. In all these 
places he made many fr iends, who were 
impressed by the depth of his theoretical 
insight into current exper imental results. 

In recognit ion of his scientific ach ievements 
Jan was elected a member of the Polish 
A c a d e m y of Arts and Sc iences and the Polish 
A c a d e m y of Sc ience. Grey College of the 
University of Durham also awarded him an 
honorary fel lowship. In addit ion, he was a 

encountered systems in fields such as wave-
guides, antennas and micro-electromechanical 
systems. For further details call +44 1865 
338 036 or see www.uk.comsol .com. 

T h a ï e s C o m p u t e r s now offers suppor t for the 
Linux operat ing sys tem for its low-cost, 
low-power V C E 4 0 5 "connect iv i ty eng ine" , 
a rugged single board computer for I /O 
operat ions. T h e company has also announced 
suppor t for 2eSST transfers on V M E sys tems 
running LynxOS. For further information call 

Photo by Teresa Kwiecihska. 

member of the editorial boards of Acta 
Physica Polonica B and the European 
Physical Journal C. 

Jan was also an inspirational teacher. His 
enthus iasm and competence attracted many 
research students, both in Cracow and the 
other places he visi ted. He was always gener-
ous to people, full of trust and respect, and 
ignited others with his enthus iasm. His gentle-
ness in treating people led one of his English 
fr iends to say about h im: "absolutely the kind-
est man I have ever met in my whole life." 

Jan had three great passions in life: 
physics, music and mounta ins. He was a keen 
pianist and members of Grey College can 
fondly recall his per formances, which were 
somet imes p layed in a duet. Jan was also a 
fervent mounta in hiker and skier. His long-
lasting love of mounta ins ended on a 
mounta in trail. He is sorely missed. 
Krzysztof Golec-Biernat and Leonard Lesniak, 
Institute of Nuclear Physics in Cracow. 

+1 800 848 2330 or see the websi te at 
www. tha lescompute rs .com. 

X - t r o n i x has released a new vacuum 
components catalogue, which lists more than 
1500 items with an emphasis on flanges, view-
ports, feedthroughs, gauges and many supplies 
for vacuum and thin-film applications. Some 
300 engineering drawings, pictures and graphs 
support the product descriptions. For further 
details contact Xavier Gorra or Mirjam Tissot, 
tel + 4 1 2 1 8 0 2 5490, or see www.x-tronix.com. 
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The integral equation for a three gluon system in the odd C colour singlet channel is derived utilising reggeon calculus 
based on QCD. This equation is shown to be free from infrared divergences. It generates a fixed branch point nearj = 1 as 
the singularity. 

Much progress has recently been made in understanding the Regge imat  of  scattering amplitudes in non-abelian 
gauge theories [ 1 - 1 0 ] .  The gauge vector mesons in these theories were shown to reggeise [1 -8 ]  and as a result 
one obtains the reggeon calculus of  (odd signature) reggeons with calculable vertices [8]. This calculus leads to 
a multiperipheral-like equation for the bare pomeron which, for genuine QCD with massless gluons, is free from 
infrared divergences [9]. It generates a fixed branch point with intercept above one [9] or accumulation of  Regge 
poles at]' = 1 if asymptotic freedom corrections are taken into account [11 ]. 

The purpose of  this note is to formulate the integral equation for a three gluon system in the negative charge 
conjugation and colour sin~let channel. This equation will make it possible to study Regge singularities in this 
channel which are due to gluonic degrees of  freedom. We study this problem perturbatively in the leading loga- 
rithm approximation. 

The contribution of  three reggeised gluon exchange to a partial wave hadron-hadron  scattering amplitude 
F(co, t) can be written as (see fig. 1): 

3 3 3 

( t._~l ) ~23=16° °~(/ci)i=lI-IG(ki)F0(kl'k2'~73)' (1) F(co, t) =fi  d2fci 5(2) fCi -- /~ T(c°;f¢l 'fc2'f¢3) (.~)- 
where co = j - 1 and t = -2x 2 . 

In formula (1) the amplitude T is the three g luon- two  hadron partial wave amplitude in the t channel while 

- - ( ~ ( G )  i kl,k2pk3 ] ) - -  

- - t  Fo,k,,k ,k3, I 

kl *k2 ÷k3 =Zk 

Fig. 1. Graphical representation of the partial wave hadron- 
hadron scattering amplitude F(w, t). 
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HIGH-ENERGY BEHAVIOUR IN A NON-ABELIAN GAUGE 
THEORY (II). First corrections to T,__,,. beyond the leading in s 

approximation 
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11. Institut fu'r Theoretische Physik der Universitat Hamburg, Germany 
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In this second part of our at tempt to construct  a unitary high-energy description of a 
spontaneo: 'sly broken non-abelian gauge theory we calculate, for the n---~m amplitude in the 
multi-Regge limit, the first corrections beyond the leading logarithmic approximation. The 
resulting ampli tudes come in the form of the reggeon calculus where the number  of reggeons in 
each t-channel is restricted to one or two. We then s tudy the limit where the mass of the vector 
particle is taken to zero: for the 2-- .2  amplitude we show that this limit exists, not  only for the 
approximation of the present paper but  also for higher-order corrections. 

1. Introduction 

In a previous paper [1] (henceforth referred to as I) we have started a program 
whose aim is the construction of an acceptable high-energy description of sponta- 
neously broken non-abelian gauge theories. The main motivation for this came 
from the observation [2, 3] that, quite similar to the situation in abelian theories 
(QED), the leading logarithmic approximation (LLA) for the vacuum quantum 
number exchange channel (pomeron) violates the Froissart bound and, hence, does 
not obey s-channel unitarity. An acceptable high-energy theory, therefore, must 
necessarily go beyond this approximation, and it is mandatory that unitarity is fully 
incorporated. This suggests the use of unitarity from the start: the lagrangian 
determines certain tree elements, and all loop corrections are constructed from 
discontinuities, i.e., dispersion relations and unitarity equations. In I this method 
was introduced and, as the first step, used for the construction of n--~m amplitudes 
in the leading logarithmic approximation. In the present paper we continue these 
calculations and construct the first non-leading corrections to the LLA, as they are 
required by unitarity. 

The main results of I can be summarized as follows. We have been working in 
the SU(2) Higgs model where, after spontaneous symmetry breaking, a global 
SU(2) symmetry (called isospin) is left and all vector particles have the same mass 
M. The m - - ~ n  amplitudes in the LLA are found to have simple multi-Regge 

365 
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required by unitarity. 

The main results of I can be summarized as follows. We have been working in 
the SU(2) Higgs model where, after spontaneous symmetry breaking, a global 
SU(2) symmetry (called isospin) is left and all vector particles have the same mass 
M. The m - - ~ n  amplitudes in the LLA are found to have simple multi-Regge 
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Related work for n-gluons: Jaroszewicz 1980 
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Pairwise interactions between 

  reggeized gluons 1 ↔ 2, 2 ↔ 3, 1 ↔ 3

<latexit sha1_base64="SjfN6+9OiiIpYjJVvFInAsS1hYY="></latexit>

@

@Y
O = K12 ⌦O +K23 ⌦O +K31 ⌦O

Evolution equation of gluon Green’s function for three reggeized gluons 

Cancellation of infrared divergences between real and virtual terms

Volume 94B, number 3 PHYSICS LETTERS 11 August 1980 

Using this identity we can rewrite the original integral equation (6) in a form which is manifestly free from infra- 
red divergences in the limit/./2 _+ 0: 

3 = + = ~, 3 

3 
^ ^ ^ ^ ¢  ^ !  

x . . . .  L , k t )G(k i+ l )a (k i - l ) [  T(co; ],kz,k3) - r(co; l,k2,i3)] 
i = 1  , , - i  , - 1  , - ,  - 

3 

= F  0 + ~[~ K.(i)T. (8) 
i=1 

The poles at kj = k} of the kernel are cancelled by the term in brackets and the poles of the gluon propagators are 
cancelled by the appropriate zeros of the kernel [see formula (6)]. Similarly the corresponding equation for the 
pomeron [9] is free from infrared divergences. The latter is, of course, much simpler having only a two-reggeon 
state in the t channel. 

The three-reggeon equation (5) has the structure of a three-body SchriSdinger equation. This analogy can be 
made explicit if we identify Eia(ki) with the "kinetic energy" and the kernels K (i) with "potentials". A similar 
three-particle equation for the ~3 theory was discussed in ref. [15]. Unlike the tp 3 theory case, however, the ker- 
nel of eq. (5) is not separable and this makes analysis of this equation difficult. To proceed further we make a 
Fadeev-like decomposition [ 16] of eq. (8). (A similar decomposition of eq. (5) does not lead to an equation which 
is free from infrared divergences.) The Fadeev-like decomposition of eq. (8) takes the following form: 

3 
T :  F 0 + co ~ T (i) , T (i) = t(co, fci;lci_ 1 ,/~i+1) , (9) 

i=1 

where 
3 

coT(i) = (1/co)~(i)Ko + ~(i) r = T(oi) + ~(i) ~ T(I). (10) 
l=1 

The function t(co,/¢;/~1' -/~ -/~1) satisfies the following equation: 

^ ^  3 g2 d2/~'l [_/~2 /~]2(/¢1 +/~)2+ (/~,1 +/~)2/~21 ] 
cot(co '[c; fc1 ' - fc- fCl): to(k 'k l )42(27r)3f-[c~(£i  +fc)2 + (k~- -k l )~  

^ ^ ,  . , ^' ;/~,--/~ _ / ¢ ' 1 )  
X [t(co, k ; k l , - k  -/~'1) - t(co,/¢;/~1 -/~ -/~1 ) + t(co, k 1 

- t(co, k 1 ;/¢,-/¢ -/¢1) + t(co, - k  -/¢'1 ;/¢'1 '/~) - t(co, -/~ -/~1 ;/~1 '/~)] " (11) 

In order to analyse singularities in the co plane generated by this equation it is convenient to rescale the vectors 
/~i and/~ i.e.: 

:~i = fgi/]fcl' /1 =/~/]/~l, (12) 

and take the Mellin transform of the amplitude t: 

+i~ 1 t(co,/~;/~1' -/~-/¢1 ) =-~i~i / dXt(co'X;xl'n)(k2)X" (13) 
- - l e O  

The amplitude t(co, X;2, h) satisfies the following equation: 
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Korchemsky, Kotański, Manashov 2001 reproduced this solution for N=3 reggeized gluons, and 
extended these results for higher  number of reggeized gluons (N=4,5,6). Conjecture: for 
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<latexit sha1_base64="K4xig7KoxUWkGXMxgMdqKcelAjQ="></latexit>

↵O0(0) = 1� 0.24717
↵sNc

⇡



Anna Staśto, Odderon and BKP equation, 64. Cracow School of Theoretical Physics, Zakopane, Poland, June 19, 2024

Solutions to the Odderon

13

Janik, Wosiek (JW) 1998  

Korchemsky, Kotański, Manashov 2001 reproduced this solution for N=3 reggeized gluons, and 
extended these results for higher  number of reggeized gluons (N=4,5,6). Conjecture: for 
odd number  N, the intercept  from below as N goes to infinity. → 1

<latexit sha1_base64="K4xig7KoxUWkGXMxgMdqKcelAjQ="></latexit>

↵O0(0) = 1� 0.24717
↵sNc

⇡

Bartels, Lipatov, Vacca (BLV) 1999
<latexit sha1_base64="SWQFSKMN9p1IrqPuI1jVIKYx57M="></latexit>

↵O0(0) = 1



Anna Staśto, Odderon and BKP equation, 64. Cracow School of Theoretical Physics, Zakopane, Poland, June 19, 2024

Solutions to the Odderon

13

Janik, Wosiek (JW) 1998  

Korchemsky, Kotański, Manashov 2001 reproduced this solution for N=3 reggeized gluons, and 
extended these results for higher  number of reggeized gluons (N=4,5,6). Conjecture: for 
odd number  N, the intercept  from below as N goes to infinity. → 1

<latexit sha1_base64="K4xig7KoxUWkGXMxgMdqKcelAjQ="></latexit>

↵O0(0) = 1� 0.24717
↵sNc

⇡

Bartels, Lipatov, Vacca (BLV) 1999
<latexit sha1_base64="SWQFSKMN9p1IrqPuI1jVIKYx57M="></latexit>

↵O0(0) = 1

(solution known to Kwieciński, Praszałowicz in 1980s… )



Anna Staśto, Odderon and BKP equation, 64. Cracow School of Theoretical Physics, Zakopane, Poland, June 19, 2024

Solutions to the Odderon

13

Janik, Wosiek (JW) 1998  

Korchemsky, Kotański, Manashov 2001 reproduced this solution for N=3 reggeized gluons, and 
extended these results for higher  number of reggeized gluons (N=4,5,6). Conjecture: for 
odd number  N, the intercept  from below as N goes to infinity. → 1

In coordinate space corresponds to the same position of two gluons 
Described by the same BFKL eigenvalue  but for odd value of conformal spin nχ
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Odderon beyond lowest order

14

NLO corrections to the BKP equation     Bartels, Fadin, Lipatov, Vacca 2012 

NLO BFKL in the octet representation and the connected 3-to-3 piece
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• Indications that the BLV Odderon intercept is 1  at this order, and perhaps beyond

NLO corrections to the BKP equation     Bartels, Fadin, Lipatov, Vacca 2012 

NLO BFKL in the octet representation and the connected 3-to-3 piece
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• Indications that the BLV Odderon intercept is 1  at this order, and perhaps beyond

• Weak coupling: Odderon with running coupling. Bartels, Contreras, Vacca 2019;  Braun, 
Vacca 2020;  Kovchegov 2012; Marquet.

NLO corrections to the BKP equation     Bartels, Fadin, Lipatov, Vacca 2012 

NLO BFKL in the octet representation and the connected 3-to-3 piece
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• Indications that the BLV Odderon intercept is 1  at this order, and perhaps beyond

• Weak coupling: Odderon with running coupling. Bartels, Contreras, Vacca 2019;  Braun, 
Vacca 2020;  Kovchegov 2012; Marquet.

• Strong coupling: AdS/CFT correspondence, two solutions: , with 
C=0 for one of the solutions Brower, Djurić, Tan 2009

α − 1 = C/ λ

NLO corrections to the BKP equation     Bartels, Fadin, Lipatov, Vacca 2012 

NLO BFKL in the octet representation and the connected 3-to-3 piece
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• Indications that the BLV Odderon intercept is 1  at this order, and perhaps beyond

• Weak coupling: Odderon with running coupling. Bartels, Contreras, Vacca 2019;  Braun, 
Vacca 2020;  Kovchegov 2012; Marquet.

• Strong coupling: AdS/CFT correspondence, two solutions: , with 
C=0 for one of the solutions Brower, Djurić, Tan 2009

α − 1 = C/ λ

• The  expansion for the high energy resummation suggests Odderon intercept could 
stay equal to 1 beyond  the NLO order. AS 2009

ω

NLO corrections to the BKP equation     Bartels, Fadin, Lipatov, Vacca 2012 

NLO BFKL in the octet representation and the connected 3-to-3 piece
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But: Odderon can be modified by unitarity correctionsDipole picture: onium wavefunction

Onium wavefunction with one soft gluon. Soft means z2/z1 ≪ 1 :
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Branching of a single dipole x01 into two x20, x12

Nonlinear evolution equations in QCD – p.17/50

Start from a quark-antiquark pair: a dipole 
Emission of gluons : splitting of dipoles 

Can be computed using  dipole evolution
Mueller 1994
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BFKL equation in dipole framework 
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N(x,y;Y ) dipole amplitude (encodes interaction with the target)
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Initial condition for Odderon equation needs to be antisymmetric: 
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Also derived within CGC/JIMWLK: Hatta, Iancu, Itakura, McLerran 2005
Kovner,Lublinsky 2005

Nonlinear evolution of the Odderon
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• Pomeron is leading and unitarizes 

• Odderon will be suppressed, absorbed by Pomeron Motyka 2005  

Solution:
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We present an analysis of pp and ~p elastic scattering in terms of various exchanges. Three-gluon 
exchange dominates at large t, and single-pomeron exchange at small t. The dip seen in high-energy 
pp scattcring is provided by the interference of both of these with double-pomeron exchange. We 
predict that this dip will not be found in high-energy Ibp scattering. The dip that is seen in low-energy 
~p scattering is the result of the additional presence of rcggcon-pomeron exchange. 

1. Introduction 

In a previous note [1], we showed that muiti-gluon exchange gives a remarkably 
good description of high-energy pp elastic scattering for all values of t. In this paper 
we give more details of this, and we also extend the analysis to 13p elastic scattering. 

In the case of pp scattering at large t, the data show a marked difference between 
PS and ISR energies. At PS energies, and for - t > 2 . 5  GeV z, they agree [2] well 
with the prediction of the dimensional counting rule, as realised in the CIM mechan- 
ism [3]: 

do- 
- - - s  l ° F ( O ) ,  (1) 
dt 

where F(0)  is a complicated function of the c.m. scattering angle O. To lowest order 
in perturbative QCD, several thousand diagrams are needed to calculate F(0) ,  
though of course such a calculation has not been done. At beam momenta above 
about 400 GeV/c ,  and for - t >  3.5 GeV 2, the form (1) gives way to [4] 

do- 
- - -  C t  - ~  , (2) 
dt 

with C = 0.09 mb G e V  t4. TO lowest order in QCD, this corresponds to just a single 
diagram [4], the triple-gluon-exchange diagram of fig. 1. 

While at large t triple-gluon exchange describes the high-energy pp data well, at 
smaller values of t additional gluons are needed. We represent the exchange of 
several gluons between a pair of quarks in terms of the exchange of a single object, 

189 

Donnachie,Landshoff 1984 

Fit included: 
 Reggeon 
 Pomeron,  
 double Pomeron, 
 triple Pomeron,  
 Reggeon-Pomeron, 
 Pomeron and 2 gluons 
 Odderon 

Prediction of no dip in  pp̄
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Fit included: 
 Reggeon 
 Pomeron,  
 double Pomeron, 
 triple Pomeron,  
 Reggeon-Pomeron, 
 Pomeron and 2 gluons 
 Odderon 

Prediction of no dip in  pp̄
• But: Odderon one of many contributions, 

• Different models quite different parameters, eg. Gauron, 
Nicolescu, Leader

• Only one measurement, no s dependence 

• Could not draw ultimate conclusions
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Idea by TOTEM & D0: take  LHC  data at 
2.76, 7, 8, 13 TeV measured by TOTEM and 
extrapolate down in energy to 1.96 TeV to 
compare with D0 data from   Tevatron

pp

pp̄

the elastic cross section) leading to an observable difference
between pp and pp̄ elastic scattering, or in the ratio of the
real to imaginary part of the forward strong interaction
scattering amplitude. A recent analysis by the TOTEM
Collaboration of this ratio and of the total cross section in
13 TeV pp scattering provided strong evidence that the
odderon amplitude was needed [26].
This Letter presents a model-independent comparison of

the pp elastic cross section extrapolated from the mea-
surements at the LHC to the pp̄ cross section measured at
the Tevatron. A difference in these cross sections in the
multi-TeV range would constitute a direct demonstration
for the existence of the odderon.
The D0 Collaboration [27] measured the pp̄ elastic

differential cross section at
ffiffiffi
s

p
¼ 1.96 TeV [28]. The

TOTEM Collaboration [29] at the CERN LHC measured
the differential elastic pp cross sections at

ffiffiffi
s

p
¼ 2.76 [30],

7 [31], 8 [32] and 13 [33] TeV. Figure 1 shows the TOTEM
differential cross sections used in this study as functions of
jtj. All pp cross sections show a common pattern of a
diffractive minimum (“dip”) followed by a secondary
maximum (“bump”) in dσ=dt. Figure 2 shows the ratio
R of the differential cross sections measured at the bump
and dip locations as a function of

ffiffiffi
s

p
for ISR [9,34], Spp̄S

[35,36], Tevatron [28] and LHC [30–33] pp and pp̄ elastic
cross section data. The pp data are fitted using the formula
R ¼ R0 þ a0 expðb0

ffiffiffi
s

p
Þ. We note that the R of pp

decreases as a function of
ffiffiffi
s

p
in the ISR regime and

flattens out at LHC energies. Since there is no discernible
dip or bump in the D0 pp̄ cross section, we estimate R by
taking the maximum ratio of the measured dσ=dt values
over the three neighboring bins centered on the evolution as
function of

ffiffiffi
s

p
of the bump and dip locations as predicted

by the pp measurements. The D0 R ¼ 1.0% 0.2 value

differs from the pp ratio by more than 3σ assuming that the
flat R behavior of the pp cross section ratio at the LHC
continues down to 2 TeV. The R values shown in Fig. 2 for
pp̄ scattering at the ISR [9] and the Spp̄S [35,36] are
similar to those of the D0 measurement.
Motivated by the features of the pp elastic dσ=dt

measurements, we define a set of eight characteristic points
as shown in Fig. 3(a). For each characteristic point, we
identify the values of jtj and dσ=dt at the closest measured
points to the characteristic point, thus avoiding the use of
model-dependent fits. In cases where two adjacent points
are of about equal value, the data bins are merged. This
leads to a distribution of jtj and dσ=dt values as a function
of

ffiffiffi
s

p
for all characteristic points as shown in Figs. 3(b) and

3(c). The uncertainties correspond to half the bin size in jtj
(comparable to the jtj resolution) and to the published
uncertainties on the cross sections.
The values of jtj and dσ=dt as functions of

ffiffiffi
s

p
for each

characteristic point are fitted using the functional forms
jtj ¼ a logð

ffiffiffi
s

p
Þ þ b and ðdσ=dtÞ ¼ c

ffiffiffi
s

p
þ d respectively.

The parameter values are determined for each characteristic
point separately and the same functional form describes the
dependence for all characteristic points. The fact that the
same forms can be used for all points is not obvious and
might be related to general properties of elastic scattering
[37]. The χ2 values for the majority of fits are close to 1 per
degree of freedom (d.o.f.). The above forms were chosen
for simplicity after it was checked that alternative forms
providing adequate fits yielded similar extrapolated values
within uncertainties.
The jtj and dσ=dt values for the characteristic points for

pp interactions extrapolated to 1.96 TeV are displayed as
open black circles in Fig. 1. The uncertainties on the
extrapolated jtj and dσ=dt values are computed using a full
treatment of the fit uncertainties, taking into account the
fact that the systematic uncertainties of the different
characteristic points are not correlated because they

FIG. 1. The TOTEM measured pp elastic cross sections as
functions of jtj at 2.76, 7, 8, and 13 TeV (filled circles), and the
extrapolation (discussed in the text) to 1.96 TeV (empty
circles). The lines show the double exponential fits to the data
points (see text).

FIG. 2. The ratio R of the cross sections at the bump and dip as
a function of

ffiffiffi
s

p
for pp and pp̄. The pp data are fitted to the

function noted in the legend.
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Idea by TOTEM & D0: take  LHC  data at 
2.76, 7, 8, 13 TeV measured by TOTEM and 
extrapolate down in energy to 1.96 TeV to 
compare with D0 data from   Tevatron

pp

pp̄

the elastic cross section) leading to an observable difference
between pp and pp̄ elastic scattering, or in the ratio of the
real to imaginary part of the forward strong interaction
scattering amplitude. A recent analysis by the TOTEM
Collaboration of this ratio and of the total cross section in
13 TeV pp scattering provided strong evidence that the
odderon amplitude was needed [26].
This Letter presents a model-independent comparison of

the pp elastic cross section extrapolated from the mea-
surements at the LHC to the pp̄ cross section measured at
the Tevatron. A difference in these cross sections in the
multi-TeV range would constitute a direct demonstration
for the existence of the odderon.
The D0 Collaboration [27] measured the pp̄ elastic

differential cross section at
ffiffiffi
s

p
¼ 1.96 TeV [28]. The

TOTEM Collaboration [29] at the CERN LHC measured
the differential elastic pp cross sections at

ffiffiffi
s

p
¼ 2.76 [30],

7 [31], 8 [32] and 13 [33] TeV. Figure 1 shows the TOTEM
differential cross sections used in this study as functions of
jtj. All pp cross sections show a common pattern of a
diffractive minimum (“dip”) followed by a secondary
maximum (“bump”) in dσ=dt. Figure 2 shows the ratio
R of the differential cross sections measured at the bump
and dip locations as a function of

ffiffiffi
s

p
for ISR [9,34], Spp̄S

[35,36], Tevatron [28] and LHC [30–33] pp and pp̄ elastic
cross section data. The pp data are fitted using the formula
R ¼ R0 þ a0 expðb0

ffiffiffi
s

p
Þ. We note that the R of pp

decreases as a function of
ffiffiffi
s

p
in the ISR regime and

flattens out at LHC energies. Since there is no discernible
dip or bump in the D0 pp̄ cross section, we estimate R by
taking the maximum ratio of the measured dσ=dt values
over the three neighboring bins centered on the evolution as
function of

ffiffiffi
s

p
of the bump and dip locations as predicted

by the pp measurements. The D0 R ¼ 1.0% 0.2 value

differs from the pp ratio by more than 3σ assuming that the
flat R behavior of the pp cross section ratio at the LHC
continues down to 2 TeV. The R values shown in Fig. 2 for
pp̄ scattering at the ISR [9] and the Spp̄S [35,36] are
similar to those of the D0 measurement.
Motivated by the features of the pp elastic dσ=dt

measurements, we define a set of eight characteristic points
as shown in Fig. 3(a). For each characteristic point, we
identify the values of jtj and dσ=dt at the closest measured
points to the characteristic point, thus avoiding the use of
model-dependent fits. In cases where two adjacent points
are of about equal value, the data bins are merged. This
leads to a distribution of jtj and dσ=dt values as a function
of

ffiffiffi
s

p
for all characteristic points as shown in Figs. 3(b) and

3(c). The uncertainties correspond to half the bin size in jtj
(comparable to the jtj resolution) and to the published
uncertainties on the cross sections.
The values of jtj and dσ=dt as functions of

ffiffiffi
s

p
for each

characteristic point are fitted using the functional forms
jtj ¼ a logð

ffiffiffi
s

p
Þ þ b and ðdσ=dtÞ ¼ c

ffiffiffi
s

p
þ d respectively.

The parameter values are determined for each characteristic
point separately and the same functional form describes the
dependence for all characteristic points. The fact that the
same forms can be used for all points is not obvious and
might be related to general properties of elastic scattering
[37]. The χ2 values for the majority of fits are close to 1 per
degree of freedom (d.o.f.). The above forms were chosen
for simplicity after it was checked that alternative forms
providing adequate fits yielded similar extrapolated values
within uncertainties.
The jtj and dσ=dt values for the characteristic points for

pp interactions extrapolated to 1.96 TeV are displayed as
open black circles in Fig. 1. The uncertainties on the
extrapolated jtj and dσ=dt values are computed using a full
treatment of the fit uncertainties, taking into account the
fact that the systematic uncertainties of the different
characteristic points are not correlated because they

FIG. 1. The TOTEM measured pp elastic cross sections as
functions of jtj at 2.76, 7, 8, and 13 TeV (filled circles), and the
extrapolation (discussed in the text) to 1.96 TeV (empty
circles). The lines show the double exponential fits to the data
points (see text).

FIG. 2. The ratio R of the cross sections at the bump and dip as
a function of

ffiffiffi
s

p
for pp and pp̄. The pp data are fitted to the

function noted in the legend.
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correspond to different detectors, data sets, and running
conditions.
To compare the extrapolated pp elastic cross sections

with the pp̄measurements, we fit the pp cross section with
the function

hðtÞ ¼ a1e−a2jtj
2−a3jtj þ a4e−a5jtj

3−a6jtj2−a7jtj ð1Þ

to allow interpolation to the t values of the D0 measure-
ments in the range 0.50 ≤ jtj ≤ 0.96 GeV2. The fit gives a
χ2 of 0.63 per d.o.f. [38]. The first exponential in Eq. (1)
describes the cross section up to the location of the dip,
where it falls below the second exponential that describes
the asymmetric bump and subsequent falloff. This func-
tional form also provides a good fit for the measured pp
cross sections at all energies as shown by the fitted
functions in Fig. 1.
We evaluate the pp extrapolation uncertainty from

Monte Carlo (MC) simulation in which the cross section
values of the eight characteristic points are varied within
their Gaussian uncertainties and new fits given by Eq. (1)
are performed. Fits without a dip and bump position
matching the extrapolated values within their uncertainties
are rejected, and slope and intercept constraints are used to
discard unphysical fits [39]. The MC simulation ensemble
provides a Gaussian-distributed pp cross section at each t
value. However, the dip and bump matching requirement
causes the mean of the pp cross section ensemble dis-
tribution to deviate from the best-fit cross section obtained
above using Eq. (1) with the parameters of Ref. [38]. For
the χ2 comparison with the D0 measurements below, we
choose the mean value of the cross section ensemble at each
t value with its corresponding Gaussian variance.
We scale the pp extrapolated cross section so that the

optical point (OP), dσ=dtðt ¼ 0Þ, is the same as that for pp̄.
The cross sections at the OP are expected to be equal if
there are only C-even exchanges. Possible C-odd effects
[37] are taken into account below as systematic

uncertainties. Rescaling the OP for the extrapolated pp
cross section would not itself constrain the behavior away
from t ¼ 0. However, as demonstrated in Refs. [40,41] the
ratio of the pp and pp̄ integrated elastic cross sections
becomes one in the limit

ffiffiffi
s

p
→ ∞. The parts of the elastic

cross sections in the low jtj Coulomb-nuclear interference
region and in the high jtj region above the exponentially
falling diffractive cone that do differ for pp and pp̄
scattering contribute negligibly to the total elastic cross
sections. Thus, to excellent approximation, the integrated
pp and pp̄ elastic cross sections in the exponential
diffractive region should be the same, implying that the
logarithmic slopes should be the same. As this is the case
within uncertainty for the pp and pp̄ cross sections before
the OP normalization, we constrain the scaling to preserve
the measured logarithmic slopes. We assume that no t-
dependent scaling beyond the diffractive cone (jtj ≥ 0.55)
is necessary.
To obtain the OP for pp at 1.96 TeV, we compute the

total cross section by extrapolating the TOTEM measure-
ments at 2.76, 7, 8, and 13 TeV. A fit using the functional
form [42] for the s dependence of the total cross section
valid only in the range 1 to 13 TeV

σtot ¼ b1 log2ð
ffiffiffi
s

p
=1 TeVÞ þ b2 ð2Þ

gives σpptot ð1.96 TeVÞ ¼ 82.7% 3.1 mb [43]. The extrapo-
lated cross section is converted to a differential cross
section dσ=dt ¼ 357% 26 mb=GeV2 at t ¼ 0 using the
optical theorem

σ2tot ¼
16πðℏcÞ2

1þ ρ2

"
dσ
dt

ðt ¼ 0Þ
#
: ð3Þ

We assume ρ ¼ 0.145 based on the COMPETE extrapo-
lation [44]. The D0 fit of dσ=dt for 0.26 < jtj < 0.6 GeV2

[28] to a single exponential is extrapolated to t ¼ 0 to give
the OP cross section of 341% 49 mb=GeV2. Thus the

(a) (b) (c)

FIG. 3. (a) Schematic definition of the characteristic points in the TOTEM differential cross section data. A represents the vertical
distance between bump and dip. (b) and (c) Characteristic points in (b) jtj and (c) dσ=dt from TOTEM measurements at 2.76, 7, 8, and
13 TeV (circles) as a function of

ffiffiffi
s

p
extrapolated to Tevatron center-of-mass energy (stars). On (c), a multiplication factor indicated in

parenthesis is applied in order to distinguish the different fits. Filled symbols are from measured points; open symbols are from
extrapolations or definitions of the characteristic points.
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TOTEM OP and extrapolated dσ=dt values are rescaled by
0.954! 0.071 (consistent with the OP uncertainties),
where this uncertainty is due to that on the TOTEM
extrapolated OP. We do not claim that we have performed
a measurement of dσ=dt at the OP at t ¼ 0 since this would
require additional measurements of the elastic cross section
closer to t ¼ 0, but we require equal OPs simply to obtain a
common and somewhat arbitrary normalization for the two
data sets.
The assumption of the equality of the pp and pp̄ elastic

cross sections at the OP could be modified if an odderon
exists [8,16]. A reduction of the significance of a difference
between pp and pp̄ cross sections would only occur if the
pp total cross section were larger than the pp̄ total cross
section at 1.96 TeV. This is the case only in maximal
odderon scenarios [37], in which a 1.19 mb difference of
the pp and pp̄ total cross sections at 1.96 TeV would
correspond to a 2.9% effect for the OP. This is taken as an
additional systematic uncertainty and added in quadrature
to the quoted OP uncertainty estimated from the TOTEM
total cross section fit. The effect of additional (Reggeon)
exchanges [45–47], different methods for extrapolation to
the OP, and potential differences in ρ for pp and pp̄
scattering are negligible compared with the uncertainties in
the experimental normalization. The comparison between
the extrapolated and rescaled TOTEM pp cross section at
1.96 TeV and the D0 pp̄ measurement is shown in Fig. 4
over the interval 0.50 ≤ jtj ≤ 0.96 GeV2.
We perform a χ2 test to examine the probability for the

D0 and TOTEM differential elastic cross sections to agree.
The test compares the measured pp̄ data points to the
rescaled pp data points shown in Fig. 4, normalized to
the integral cross section of the pp̄ measurement in the
examined jtj range, with their covariance matrices. The

fully correlated OP normalization and logarithmic slope of
the elastic cross section are added as separate terms to the
χ2 sum. The correlations for the D0 measurements at
different t values are small, but the correlations between
the eight TOTEM extrapolated data points are large due to
the fit using Eq. (1), particularly for neighboring points.
Given the constraints on the normalization and logarithmic
slopes, the χ2 test with six degrees of freedom yields the p
value of 0.000 61, corresponding to a significance of 3.4σ.
We make a cross check of this result using an adaptation

of the Kolmogorov-Smirnov test in which correlations in
uncertainties are taken into account using simulated data
sets [48,49]. This cross check, including the effect of the
difference in the integrated cross section in the examined jtj
range via the Stouffer method [50], gives a p value for the
agreement of the pp and pp̄ cross sections that is
equivalent to the χ2 test.
We interpret this difference in the pp and pp̄ elastic

differential cross sections as evidence that two scattering
amplitudes are present and that their relative sign differs for
pp and pp̄ scattering. These two processes are even and
odd under crossing (or C parity), respectively, and are
identified as Pomeron and odderon exchanges. The dip in
the elastic cross section is generally associated with the t
value where the Pomeron-dominated imaginary part of the
amplitude vanishes. Therefore the odderon, believed to
constitute a significant fraction of the real part of the
amplitude, is expected to play a large role at the dip. In
agreement with predictions [37,51], the pp cross section
exhibits a deeper dip and stays below the pp̄ cross section
at least until the bump region.
We combine the present analysis result with independent

TOTEM odderon evidence based on the measurements of ρ
and σtot for pp interaction at different

ffiffiffi
s

p
. These variables

are sensitive to differences in pp and pp̄ scattering. The ρ
and σtot results are incompatible with models with Pomeron
exchange only and provide independent evidence of odd-
eron exchange effects [26], based on observations in
completely different jtj domains and TOTEM data sets.
The significances of the different measurements are

combined using the Stouffer method [50]. The χ2 for the
total cross section measurements at 2.76, 7, 8, and 13 TeV
is computed with respect to the predictions given from
models without odderon exchange [44,51] including also
model uncertainties when specified. The same is done
separately for the TOTEM ρ measurement at 13 TeV [52].
Unlike the models of Ref. [44], the model of Ref. [51]
provides the predicted differential cross section without an
odderon contribution, so we choose to use the χ2 com-
parison of the model cross section at 1.96 TeV with D0 data
instead of the D0-TOTEM comparison [53].
When a partial combination of the TOTEM ρ and total

cross section measurements is done, the combined signifi-
cance ranges between 3.4 and 4.6σ for the different models.
The full combination leads to total significances ranging

FIG. 4. Comparison between the D0 pp̄ measurement at
1.96 TeVand the extrapolated TOTEM pp cross section, rescaled
to match the OP of the D0 measurement. The dashed lines show
the 1σ uncertainty band on the extrapolated pp cross section.
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Abstract

A search for contributions to the reaction ep → eπ0N∗ from photon–odderon fusion in the photoproduction regime at HERA
is reported, at an average photon–proton centre-of-mass energy ⟨W ⟩ = 215 GeV. The measurement proceeds via detection of
the π0 decay photons, a leading neutron from the N∗ decay, and the scattered electron. No π0 signal is observed and an upper
limit on the cross section for the photon–odderon fusion process of σ (γp → π0N∗) < 49 nb at the 95% confidence level
is derived, integrated over the experimentally accessible range of the squared four-momentum transfer at the nucleon vertex
0.02 < |t | < 0.3 GeV2. This excludes a recent prediction from a calculation based on a non-perturbative QCD model of a
photon–odderon fusion cross section above 200 nb.
© 2002 Elsevier Science B.V.

1. Introduction

Despite the many successes of quantum-chromody-
namics (QCD) in describing hard strong interactions,
the bulk of hadronic cross sections remain relatively
poorly understood. A conjecture by Pomeranchuk,
known as the Pomeranchuk theorem [1], states that,
for asymptotically large energies, the difference be-
tween hadron–hadron and hadron–antihadron total
cross sections vanishes. This behaviour is explained
by the dominant exchange of the Pomeranchuk trajec-
tory, the “pomeron” P, between the scattering parti-
cles. The pomeron trajectory carries the quantumnum-
bers of the vacuum and is characterized by an in-
tercept αP(0) ≈ 1.08 [2], leading to an approximate
energy independence of the elastic and—via the opti-
cal theorem—the total cross sections (σtot ∼ sαP(0)−1,
s being the square of the centre of mass energy). It has
been suggested, however, that a partner of the pomeron
with odd parity P and charge conjugation parity C,
the “odderon”O [3–5], exists. Such an additionalC =
P = −1 exchange contributes with opposite signs to
the particle–particle and particle–antiparticle scatter-
ing amplitudes, creating a finite cross section differ-
ence at high energy if the corresponding odderon tra-
jectory has an intercept αO(0) close to 1. However,
in the explored energy range and within the accuracy
of the present data [6], no difference remains at high
energies between the measured total cross sections
for proton–proton and proton–antiproton interactions.
Hence, any difference between the cross sections must
be small, necessitating a more sensitive search for the
odderon. Within QCD, the pomeron is modelled, to
lowest order, as a two gluon exchange in a net colour
singlet state. Similarly a net colour singlet three gluon
exchange, which is predicted by QCD, can be associ-

ated with the odderon. In perturbative QCD exact so-
lutions for the odderon intercept have been found [7].
The search for the odderon has therefore become an
additional part of the QCD tests to be performed at
HERA, and expectations for its discovery are high.

Since hadron–hadron scattering at high energies
is generally dominated by pomeron exchange, an
odderon contribution is best searched for in final states
with quantum numbers to which pomeron exchange
cannot contribute. One possibility is the exclusive
production of pseudoscalar mesons at HERA via
photon–odderon fusion. The measurement presented
here uses the H1 detector [8] to study exclusive π0

photoproduction in the reaction (see Fig. 1)

(1)ep → eπ0N∗,

where the photon virtuality is kept very small. The
proton is excited to an (I = 1/2)-isobar with negative
parity, which subsequently decays into a final state

Fig. 1. Diagram for the process ep → eπ0N∗: the proton is excited
into an (I = 1/2)-isobar while a high energy single π0 is produced
by photon–odderon fusion.

Open access under CC BY license.
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Abstract

A search for contributions to the reaction ep → eπ0N∗ from photon–odderon fusion in the photoproduction regime at HERA
is reported, at an average photon–proton centre-of-mass energy ⟨W ⟩ = 215 GeV. The measurement proceeds via detection of
the π0 decay photons, a leading neutron from the N∗ decay, and the scattered electron. No π0 signal is observed and an upper
limit on the cross section for the photon–odderon fusion process of σ (γp → π0N∗) < 49 nb at the 95% confidence level
is derived, integrated over the experimentally accessible range of the squared four-momentum transfer at the nucleon vertex
0.02 < |t | < 0.3 GeV2. This excludes a recent prediction from a calculation based on a non-perturbative QCD model of a
photon–odderon fusion cross section above 200 nb.
© 2002 Elsevier Science B.V.

1. Introduction

Despite the many successes of quantum-chromody-
namics (QCD) in describing hard strong interactions,
the bulk of hadronic cross sections remain relatively
poorly understood. A conjecture by Pomeranchuk,
known as the Pomeranchuk theorem [1], states that,
for asymptotically large energies, the difference be-
tween hadron–hadron and hadron–antihadron total
cross sections vanishes. This behaviour is explained
by the dominant exchange of the Pomeranchuk trajec-
tory, the “pomeron” P, between the scattering parti-
cles. The pomeron trajectory carries the quantumnum-
bers of the vacuum and is characterized by an in-
tercept αP(0) ≈ 1.08 [2], leading to an approximate
energy independence of the elastic and—via the opti-
cal theorem—the total cross sections (σtot ∼ sαP(0)−1,
s being the square of the centre of mass energy). It has
been suggested, however, that a partner of the pomeron
with odd parity P and charge conjugation parity C,
the “odderon”O [3–5], exists. Such an additionalC =
P = −1 exchange contributes with opposite signs to
the particle–particle and particle–antiparticle scatter-
ing amplitudes, creating a finite cross section differ-
ence at high energy if the corresponding odderon tra-
jectory has an intercept αO(0) close to 1. However,
in the explored energy range and within the accuracy
of the present data [6], no difference remains at high
energies between the measured total cross sections
for proton–proton and proton–antiproton interactions.
Hence, any difference between the cross sections must
be small, necessitating a more sensitive search for the
odderon. Within QCD, the pomeron is modelled, to
lowest order, as a two gluon exchange in a net colour
singlet state. Similarly a net colour singlet three gluon
exchange, which is predicted by QCD, can be associ-

ated with the odderon. In perturbative QCD exact so-
lutions for the odderon intercept have been found [7].
The search for the odderon has therefore become an
additional part of the QCD tests to be performed at
HERA, and expectations for its discovery are high.

Since hadron–hadron scattering at high energies
is generally dominated by pomeron exchange, an
odderon contribution is best searched for in final states
with quantum numbers to which pomeron exchange
cannot contribute. One possibility is the exclusive
production of pseudoscalar mesons at HERA via
photon–odderon fusion. The measurement presented
here uses the H1 detector [8] to study exclusive π0

photoproduction in the reaction (see Fig. 1)

(1)ep → eπ0N∗,

where the photon virtuality is kept very small. The
proton is excited to an (I = 1/2)-isobar with negative
parity, which subsequently decays into a final state

Fig. 1. Diagram for the process ep → eπ0N∗: the proton is excited
into an (I = 1/2)-isobar while a high energy single π0 is produced
by photon–odderon fusion.
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description. Here, all processes violating isospin con-
servation are excluded. It is expected that the back-
ground is bounded by the predictions of these two ver-
sions of the model [22]. All Monte Carlo samples went
through the same reconstruction procedure as the data.

5. Results

In order to demonstrate the capability to reconstruct
π0’s in the backward calorimeters using the nominal
interaction vertex only, Fig. 2 shows the two-photon
invariant mass distribution for all events with two
photons reconstructed in the VLQ, or one photon in
the VLQ and one in the SpaCal, as well as a scattered
electron in the electron tagger and a neutron in the
FNC. The additional veto cuts on the activity in the
central detectors of H1 and the variable

∑
i (E −

Pz)i were not applied for this sample. A clear π0

signal is observed. On the basis of this sample, two-
photon candidateswith combined invariant mass in the
range Mγ γ < 335 MeV are accepted as neutral pion
candidates.

Fig. 3 shows the |t| distribution for exclusive
π0 candidate events with Mγ γ < 335 MeV after
the full event selection. Mainly due to the limited
angular coverage of the VLQ, the acceptance in |t|
vanishes at very small |t|, reaches a maximum at
|t| ≈ 0.05 GeV2 and drops again at larger |t| values.

Fig. 2. Invariant mass distribution of two-photon candidates for all
events with both photons in the VLQ, or one photon in the VLQ and
one photon in the SpaCal. No restrictions are made on additional
particles produced in the phase space region not covered by the
VLQ and SpaCal (for full selection criteria, see text). The dashed
line indicates the cut on Mγ γ applied in the exclusive analysis.

A cut of 0.02 < |t| < 0.3 GeV2 is used to define the
accessible |t| range and changes the predicted cross
section [9] σ (γp → π0N∗) via γ O fusion by a factor
of approximately 2/3, such that the measurable cross
section is expected to remain above 200 nb.

Fig. 4 shows the distribution of the two-photon
invariant massMγ γ after the complete event selection,
including the |t| cut. A total of 10 events containing
two-photon candidates with invariant mass Mγ γ <

Fig. 3. Measured t distribution for odderon candidate events with
Mγ γ < 335 MeV. The background expectation from PYTHIA and
PYTHIA-mod are also shown together with the predicted number of
odderon-induced events [9]. In the final selection the two events in
the first bin are rejected due to the acceptance cut |t| > 0.02 GeV2.

Fig. 4. Invariant mass distribution of two-photon candidates for
exclusive events with both photons in the VLQ, or one photon in the
VLQ and one photon in the SpaCal (for selection criteria see text).
The backgrounds computed from the PYTHIA and PYTHIA-mod
models are also shown together with the distribution for odderon
exchange predicted from [9] where the experimentally observed
width of the π0 signal is taken from the inclusive π0 sample (see
Fig. 2).

Data compatible with background 
<latexit sha1_base64="BbaDUtBrg/uwumj4VRTDQ1kmOu4="></latexit>
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FIG. 5. The ep ! �cJep (J = 0, 1, 2) cross sections as functions of |t| at the top EIC energy of
p
S = 140 GeV.
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FIG. 6. Total electroproduction cross section of the �cJ quarkonia as a function of the ep center of mass energy
p
S. Kinematic

cuts are explained in the text.

detected through the J/ ! e
+
e
� or ! µ

+
µ
� decays, and the combined corresponding branching ratio is about

BR(J/ ! `
+
`
�) = 12%, after which we end up with about 21 events/month.

In the final Fig. 7, we summarize the expected number of exclusive �cJ events per month, N�cJ , at the EIC design
luminosity for two ranges of momentum transfer |t|. The result is obtained according to:

N�cJ = L⇥ �ep(ep ! �cJep)⇥ BR(�cJ ! J/ �)⇥ BR(J/ ! `
+
`
�) . (63)

The most statistics is expected for �c1 and �c2 tensor quarkonia with about a factor of 2-3 excess events over the
Primako↵ process in the interval 0.5 GeV2

< |t| < 1.5 GeV2. For �c0, which has the largest cross section from Fig. 6
is compensated by a small branching ratio BR(�c0 ! J/ �) = 1.4% [33].

The presented estimates of �cJ production cross sections carry some theoretical uncertainties. For the photon
exchange contribution they are smaller than for the Odderon exchange. The coupling of the photon to the proton is
well constrained experimentally [77], and so the main sources of uncertainty are the �⇤�⇤ ! �cJ amplitudes. They
depend on the details of the quarkonia wave functions and are sensitive to unknown higher order QCD corrections.
For �c0 and �c2 the di↵erential cross section d�/d|t| for the Primako↵ process obeys a stringent constraint at small
|t| ⌧ 1 GeV2 imposed by Eq. (40) that holds at all orders in QCD. Hence, for these charmonia the uncertainties
mentioned above a↵ect mostly the details of the t-shape of d�/d|t|. They are expected to be small as the �cJ wave
functions are probed mostly at short distances ⇠ 1/mc, where they are well constrained by the �� decay width.
The value of the coupling ↵S(2mc) ' 0.25 is not large and the t ! 0 limit of the QCD corrections is known, so
the uncertainties from QCD corrections at t 6= 0 should be small as well. For �c1 the theoretical uncertainty of the
Primako↵ cross section is larger than for �c0 and �c2, as the constraint (40) cannot be imposed due to the LY theorem
and, in consequence, the vanishing �� decay width of �c1. In this case measurements of the di↵erential cross sections
d�/d|t| for |t| ⌧ 1 GeV2 where the photon exchange dominates should greatly reduce the uncertainty associated with
this contribution at |t| ⇠ 1 GeV2, where we expect to isolate a significant Odderon signal.
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Figure 1: The Odderon exchange contribution to (a) photoproduction of C-even mesons and (b)
exclusive ultraperipheral C-even meson production in Pb�p collisions.

exchange. In Section 7 we discuss the reducible background arising from the radiative decay

of vector mesons. In Section 8 we present a detailed numerical analysis of the signal and

background cross sections for the cases of f2, ⇡0, ⌘ and ⌘c production. Finally, in Section 9 we

conclude.

2 Searching for evidence of Odderon exchange

Although in QCD we expect both Pomeron and Odderon exchange to contribute to scattering

processes, the pre–LHC experimental quest for the Odderon has proven to be quite a challenging

task, see for instance [22, 24, 25, 30] for reviews. In particular, the contribution from Odderon

exchange to elastic pp-scattering is predicted to be rather small, see e.g. [31, 32], providing

only a small correction to the dominant even-signature Pomeron exchange. Moreover, due to

screening e↵ects this contribution is expected to decrease with increasing energy, see [4,31–33].

The possibility of probing the Odderon via the high energy exclusive photoproduction of

C-even mesons, which can be mediated by this odd-signature exchange, has a long history, see

e.g. [34–41]. In particular, above the very low transverse momenta region where the major

contribution comes from photon exchange, the Odderon may dominate, see Fig. 1 (a). The

cross sections for light C–even meson (⇡0
, ⌘, f2) photoproduction were evaluated for example

in [35, 37, 39], by applying a pQCD treatment with an e↵ective cuto↵ applied to regulate the

contribution from the infrared region.

The expected rates become rather large when break up of the target proton is permitted. In

particular, an Odderon-induced cross section of⇠ 300 nb has been predicted for the �p ! ⇡
0+X

reaction [37], and about 21 nb for the �p ! f2 + X case [39], at
p
s = 20 GeV. Since the ⌘

3
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