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Outline

• Diffraction a very wide subject, with much to cover, with lots of talks at this 
year’s EDS on the topic: W. Schaefer, K. Goulianos, E. Gotsman, P. Lebiedowicz, M. 
Luszczak, J. Kaspar, R. Ciesielski, ATLAS, CMS/TOTEM, LHCb and ALICE talks on 
Tuesday, R. McNulty, M. Ruspa, A. Valkarova....

‣ Soft diffraction: models for soft elastic and inelastic scattering, 
information from the LHC...
‣ Exclusive processes: topical ‘hard diffractive’ process, involving pQCD 
and soft effects. Outline theoretical approach and experimental status and 
outlook for some example processes.

• Here, I will focus on two broad topics of relevance at the LHC:
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Diffraction: definitions
P H YS I CAL R EV I EW VOLUME 120, NUMBER 5 D ECEM B ER 1, 1960

Diffraction Dissociation of Beam Particles*
M. L. GooD AND W. D. WAX,KKR

UNiversiiy of Wiscorssil, 3fodkson, Wisconsin
(Received May 26, 1960)

A phenomenon is predicted in which a high-energy particle beam undergoing diffraction scattering from a
nucleus will acquire components corresponding to various products of the virtual dissociations of the incident
particle, as p —+h.+X+ or m —+ p+n. These diffraction-produced systems would have a characteristic
extremely narrow distribution in transverse momentum, and would have all the same quantum numbers
as the initial particle; i.e., the same spin, isotopic spin, and parity. The process is related to that discussed
in the preceding paper, and has the same effective energy threshold.

have then a thresholdHE phenomenon of diffraction scattering from
nuclei is well known and well understood. We

wish to point out here that a similar phenomenon
should exist also, in which the diffracted or "shadow-
scattered" wave acquires a component corresponding
to dissociation products of the incident particle. The
phenomenon is associated only with high energies of
the incident particle. '
First we must establish that this is energetically

possible. Suppose we have an incident particle A (rest
mass M, momentum I') and consider the dissociation
A ~ 8+C. Let the energy of I3+C in the rest frame
of 8+C be 3II*.We wish to consider a reaction in which
the nucleus is left intact, and in its ground state. The
nucleus will take up momentum g and essentially no
energy. The requirement of energy and momentum
conservation is then, for small transverse momenta,

3f*2—3P
Etl,—— A&.
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We note that this is the same as the threshold for
electromagnetic production by Coulomb field of the
same nucleus. ' The reaction,
A+ (nucleus) -+ 8+C+(nucleus in ground state), (3)
is thus energetically possible if the beam energy is high
enough.
The next question is whether the reaction actually

happens. We do not know how to calculate its rate, in
general, as the strong interactions are complicated, and
as this is a many-body problem.
What we will do instead is to present a physical

argument which shows how such reactions would be
brought about, and makes apparent some interesting
properties they would have.
First we point out that the sort of phenomenon that

we are discussing is really quite familiar in systems
where energy degeneracies exist. The best example has
to do with optics. First of all, we have the phenomenon
of diffraction scattering by an opaque disk. Suppose,
however, the disk is a piece of polaroid. The light
whose plane of polarization is at right angles to
the preferred axis is completely absorbed and the light
whose plane of polarization is parallel to the axis is
passed without attenuation. If unpolarized light were
incident on such a disk, then a di6raction pattern
would result in which the scattered light wave had its
plane of polarization perpendicular to the axis of the
polaroid.
Thus by absorbing a particular component of the

wave, a scattering of this component of the wave
results.
If the incident light were plane polarized in say the

X direction and the polaroid axis was at 45' to the X
axis, then the diffraction scattered wave would have in
it polarization components both along the X and the
I' axes.

q( ( = (M*' 3P)/2P, —
where q~~ is the component of q in the beam direction.I ~

may be very much less then rN /A&, thus justifying
the assumption that the nucleus can hang together. We
*Supported in part by the U. S. Atomic Energy Commission

and in part by the Research Committee of the University of
Wisconsin with funds provided by the Wisconsin Alumni Research
Foundation.
'An extensive literature exists on this subject also. The best

summary is that of E.L. Feinberg and I. Ia. Pomerancuk, Suppl.
Nuovo cimento III, 652 (1956), in which it is noted that diffraction
dissociation has probably been observed in the case of the deuteron
LG. P. Milburn, W. Birnbaum, W. E. Crandall, and D. S.
Schechter, Phys. Rev. 95, 1268 (1954)g.
Dne class of calculations have to do with the diffraction disinte-

gration of light nuclei: (a) R. J. Glauber, Phys. Rev. 99, 1515
(1955); (b) E. L. Feinberg, J. Exptl. Theoret. Phys. (U.S.S.R.)
29, 115 (1955) )translation: Soviet Phys. -JETP 2, 58 (1956)7.
(c) A. I.Akhiezer and A. G. Sitenko, Phys. Rev. 106, 1236 (1957).
(d) A. I. Akhiezer and A. G. Sitenko, Doklady Akad. Nauk
S.S.S.R. 107, 385 (1956) Ltranslation: Soviet Phys. Doklady I,
180 (1956)j; J. Exptl. Theoret. Phys. (U.S.S.R.) 32, 794 (1957)
/translation: Soviet Phys;JETP 5, 652 (1957)j. (e) A. G.
Sitenko and Ia. A. Berezhnoi, J. Exptl. Theoret. Phys. (U.S.S.R.)
35, 1289 (1958) (translation: Soviet Phys. -JETP 8, 899 (1958)g.
(f) J. S. Blair, Nuclear Phys. 6, 348 (1958). (g) G. P. Milburn,
W. Birnbaum, W. E. Crandall, and D. Schechter, Phys. Rev. 95,
1268 (1954).
Another class of calculation has to do with electromagnetic

radiation during diffraction scattering or electromagnetic inter-
action plus diffraction scattering: (a) J. A. Vdovin, thesis,
Moscow, 1955 (unpublished); (b) K. M. Rabinovich, J. Expt
Theoret. Phys. (U.S.S.R.) 32, 1563 (1957} Ltranslation: Sovi
Phys. -JETP 5, 1272 (1957)j.

l.
et e M. I.. Good and W. D. Walker, preceding paper /Phys. Rev.

120, 1855 (1960}g.
|857

! Vacuum quantum number exchange at high energies.

! Large, non-exponentially suppressed rapidity gaps.
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What is diffraction in particle physics? 

 Vacuum 
 quantum
 numbers 

 Large     
  rapidity   
  gap 

         Feature of hadron-hadron interactions: 

  Good and Walker (1960): “A phenomenon is predicted in which a high energy particle beam
 undergoing diffraction scattering from a nucleus will acquire components corresponding to
 various product of the virtual dissociations of the incident particle […] These diffraction
-produced systems would have a characteristic estremely narrow distribution in transverse
 momentum and would have the same quantum numbers of the initial particles. “ 

  Bjorken (1993):  reactions with non- exponentially suppressed large rapidity gaps 

       operationally termed diffractive  

Selection tecniques: LRG requirement or hadron/proton tag 
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PHYSICAL REVIEW D VOLUME 47, NUMBER 1 1 JANUARY 1993

Rapidity gaps and jets as a new-physics signature in very-high-energy hadron-hadron collisions

J. D. Bjorken
Stanford Linear Accelerator Center, Stanford Uniuersity, Stanford, California 94309

(Received 30 March 1992)

In hadron-hadron collisions, production of Higgs bosons and other color-singlet systems can occur via
fusion of electroweak bosons, occasionally leaving a "rapidity gap" in the underlying-event structure.
This observation, due to Dokshitzer, Khoze, and Troyan, is studied to see whether it serves as a signa-
ture for detection of the Higgs bosons, etc. We find it is a very strong signature at subprocess c.m. ener-
gies in excess of a few TeV. The most serious problem with this strategy is the estimation of the fraction
of events containing the rapidity gap; most of the time the gap is filled by soft interactions of spectator
degrees of freedom. We also study this question and estimate this "survival probability of the rapidity
gap" to be of order 5%, with an uncertainty of a factor 3. Ways of testing this estimate and further dis-
cussion of the underlying hard-diffraction physics are presented.

PACS number{s): 13.85.Qk, 12.15.Ji, 13.87.Fh, 14.80.Gt

I. INTRODUCTION

At superconducting super collider (SSC) and large had-
ron collider (LHC) energies there emerges a new class of
processes which are of importance in the attempt to push
beyond the standard-model phenomenology. These reac-
tions are characterized by the presence of virtual elec-
troweak bosons in the hard subprocesses. The most
familiar —and perhaps important —of these [1] is the
two-body scattering of 8"s and Z's, with the 8 s and Z's
treated as partons of the incoming proton beams [Fig.
1(a)]. Closely related is the production of a Higgs boson
(or other new electroweak or Higgs-sector particle) via
W-Wfusion [Fig. 1(b)].
At the naive, "factorized, " level depicted in Fig. 1, the

event structure is atypical. For example, in the 8'-8'
scattering example, let the 8 s decay leptonically. Then
there will be a large "rapidity gap, " i.e., a region of

(pseudo-) rapidity in which no hadrons are found,
separating the beam jets containing the fragments of the
left- and right-moving projectiles.
This is the event morphology characteristic of double

diffraction, which has a large cross section. The presence
of isolated leptons, however, largely suppresses this. And
if large transverse momentum is exchanged between left
and right movers in the process, this double-diffraction
background will itself be highly suppressed. As will be
discussed further in Sec. II, the signal event, as shown in
Fig. 2, has the characteristic feature of "tagging jets" at
the edge of the rapidity gap [2]. These are simply the
hadronization products of the initial-state quarks that
emitted the 8 s.
The combination of rapidity gaps, tagging jets, and lep-

tons within the gap would seem to be a strong signature
for this process. Indeed even if one allows hadronic de-
cays of the 8 s, the signatures still look quite good.
Therefore we believe that the possibility of using this
"underlying-event" structure should be studied seriously
by theorists, phenom enologists, and experimentalists.
The basic idea of utilizing the rapidity-gap signature is
due to Dokshitzer, Troyan, and Il hoze [3]. But up to
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FIG. 1. Basic mechanism for producing 8'-8' interaction
processes in high-energy pp collisions, with the presence of a ra-
pidity gap in the final state.

FIG. 2. Event morphology in lego variables for the processes
depicted in Fig. 1. The tagging jets are the hadronization prod-
ucts of the quarks, while for large Higgs masses, almost all of
the 8'-decay products lie within the dashed circles. The
remaining region, marked gap, contains on average no more
than 2 or 3 hadrons.

47 1993 The American Physical Society

Credit: M. Ruspa, 
Lepton Photon 2009
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Diffractive processes
‣ Soft diffraction: 

! Non-perturbative approach needed. Typically use the well known tools of Regge theory/
general principles of unitarity etc but also depends sensitively on the model of structure of 
the proton.

‣ Hard diffraction:
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I. INTRODUCTION

Exclusive dijet production in p̄p collisions is a process
in which both the antiproton and proton escape the in-
teraction point intact and a two-jet system is centrally
produced:

p̄ + p → p̄′ + (jet1 + jet2) + p′. (1)

This process is a particular case of dijet production in
double Pomeron exchange (DPE), a diffractive process in
which the antiproton and proton suffer a small fractional
momentum loss, and a system X containing the jets is
produced,

p̄ + p → [p̄′ + IPp̄] + [p′ + IPp] → p̄′ + X + p′, (2)

where IP designates a Pomeron, defined as an exchange
consisting of a colorless combination of gluons and/or
quarks carrying the quantum numbers of the vacuum.

In a particle-like Pomeron picture (e.g. see [1]), the
system X may be thought of as being produced by the
collision of two Pomerons, IPp̄ and IPp,

IPp̄ + IPp → X ⇒ YIP/p̄ + (jet1 + jet2) + YIP/p, (3)

where in addition to the jets the final state generally con-
tains Pomeron remnants designated by YIP/p̄ and YIP/p.
Dijet production in DPE is a sub-process to dijet produc-
tion in single diffraction (SD) dissociation, where only the
antiproton (proton) survives while the proton (antipro-
ton) dissociates. Schematic diagrams for SD and DPE
dijet production are shown in Fig. 1 along with event
topologies in pseudorapidity space (from Ref. [2]). In
SD, the escaping p̄ is adjacent to a rapidity gap, defined
as a region of pseudorapidity devoid of particles [3]. A
rapidity gap arises because the Pomeron exchanged in a
diffractive process is a colorless object of effective spin
J ≥ 1 and carries the quantum numbers of the vacuum.
In DPE, two such rapidity gaps are present.

Dijet production in DPE may occur as an exclusive
process [4] with only the jets in the final state and no
Pomeron remnants, either due to a fluctuation of the
Pomeron remnants down to zero or with a much higher
cross section in models in which the Pomeron is treated
as a parton and the dijet system is produced in a 2 → 2
process analogous to γγ → jet + jet [5].

In a special case exclusive dijets may be produced
through an intermediate state of a Higgs boson decay-
ing into b̄b:

IPp̄ + IPp → H0 → (b̄ → jet1) + (b → jet2). (4)

burgh EH9 3JZ, United Kingdom, kUniversity of Heidelberg, D-
69120 Heidelberg, Germany, lUniversidad Iberoamericana, Mexico
D.F., Mexico, mUniversity of Manchester, Manchester M13 9PL,
England, nNagasaki Institute of Applied Science, Nagasaki, Japan,
oUniversity de Oviedo, E-33007 Oviedo, Spain, pQueen Mary, Uni-
versity of London, London, E1 4NS, England, qTexas Tech Univer-
sity, Lubbock, TX 79409, rIFIC(CSIC-Universitat de Valencia),
46071 Valencia, Spain,
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FIG. 1: Illustration of event topologies in pseudorapidity,
η, and associated Pomeron exchange diagrams for dijet pro-
duction in (a) single diffraction and (b) double Pomeron ex-
change. The shaded areas on the left side represent “underly-
ing event” particles not associated with the jets [from Ref. [2]].
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FIG. 2: Leading order diagrams for (a) exclusive dijet and
(b) exclusive Higgs boson production in p̄p collisions.

Exclusive production may also occur through a t-
channel color-singlet two gluon exchange at leading order
(LO) in perturbative quantum chromo-dynamics (QCD),
as shown schematically in Fig. 2 (a), where one of the two
gluons takes part in the hard scattering that produces the
jets, while the other neutralizes the color flow [6]. A simi-
lar diagram, Fig. 2 (b), is used in [6] to calculate exclusive
Higgs boson production.

Exclusive dijet production has never previously been
observed in hadronic collisions. In addition to providing
information on QCD aspects of vacuum quantum num-
ber exchange, there is currently intense interest in using
measured exclusive dijet production cross sections to cal-
ibrate theoretical predictions for exclusive Higgs boson
production at the Large Hadron Collider (LHC). Such
predictions are generally hampered by large uncertain-
ties due to non-perturbative suppression effects associ-
ated with the rapidity gap survival probability. As these
effects are common to exclusive dijet and Higgs boson
production mechanisms, dijet production potentially pro-
vides a “standard candle” process against which to cali-
brate the theoretical models [6, 7].

In Run I (1992-96) of the Fermilab Tevatron p̄p col-
lider operating at 1.8 TeV, the Collider Detector at Fer-
milab (CDF) collaboration made the first observation of
dijet production by DPE) [2] using an inclusive sample

! Production of object with high mass/large momentum, requires ‘non-standard’ application 
of pQCD, as well as modeling of physics at soft scales.

28 Chapter 1. Introduction
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Figure 1.8: (a) Elastic scattering. (b) Single diffraction. (c) Double diffraction.

no hadronic activity: this is called a ‘rapidity gap’, and these types of interaction are

known as ‘diffraction’. Considering the collision of particles with momenta p1 and p2, the

rapidity of a particle i is defined as

yi =
1

2
ln

µ
Ei + pzi

Ei − pzi

∂
, (1.52)

where the z–axis is aligned with the beam axis (say, pz1). Thus the particles in the

hadronic system due to particle 1 will move almost parallel to the z–axis and have large

positive rapidities, while the particles in the hadronic system due to particle 2 will move

almost parallel to the negative z–axis and have large negative rapidities. Events where

one proton remains intact (pp → p + Y ) are known as ‘single diffraction’ and where

both protons dissociate (pp → Y + Z) are known as ‘double diffraction’– Y, Z are the

proton dissociation products, and the ‘+’ signs indicate the presence of rapidity gaps.

These processes make up ∼ 20% of the total cross section at the LHC; they are shown

schematically in Fig. 1.8 along with the case of elastic scattering.

Diffraction is therefore a process which is mediated by the exchange of vacuum quan-

tum numbers, and such reactions will be dominantly soft, with the momentum transferred

generally being low, so we also have s/|t| � 1. In the language of Regge theory, this

therefore suggests that such processes at large s should be described in terms of Pomeron

exchange, and indeed it turns out that this can be done. So in Fig. 1.8 (b) for example,

where we show a schematic diagram for the single diffractive process pp → p + Y , the

exchanged ‘zigzag’ denotes the exchange of a Pomeron. The details for calculating the

cross section for such a process are described elsewhere, see e.g. [38], and we do not give

them here: we simply note that using the tools of Regge theory it is possible to provide
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to be 1000. In the analysis the following cuts were considered: proton tag in the ALFA detector (black
solid line) and tag + exactly one reconstructed vertex (red dashed line).
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Diffraction at the LHC

• Already measurements of the elastic, total and diffractive cross sections 
in Run I have thrown up some interesting ‘surprises’ and a hard 
diffraction program is developing.

• The LHC has allowed measurement of diffraction to be made out to 
unprecedented collider energies, with broad rapidity coverage and proton 
tagging.

! Run II has a lot to offer: discussed in detail in upcoming yellow report...

CERN/LHCC 2013-021
February 28 20151

LHC Forward Physics2

Editors: N. Cartiglia, C. Royon
The LHC Forward Physics Working Group
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Soft diffraction- theory recap
• Simple (t-channel) approach- elastic scattering due 
to single pomeron exchange:

↵IP (t) = 1.08 + 0.25GeV�2t

elastic amplitude

• Donnachie-Landshoff fit:

constituent u quarks. This has been suggested previously for other reasons[15]. We have not

been able to reach any definite conclusion about this, because one would need information

about the shapes of the momentum distributions and more accurate values of the coefficients

Y than the data allow.

11. Once one has fixed the magnitudes of the coefficients Y for a pair of total cross sections,

one knows the relative magnitudes of C = +1 f and a exchange, which contributes with

equal signs to both, and C = −1 ρ and ω exchange, which contributes with opposite signs.

Inserting Regge signature factors in the standard way[2], we may then deduce the ratio ρ of

the real and imaginary parts of the forward elastic amplitude. We (and many others) have

previously made the comparison with data for pp and p̄p scattering[4]. The only other pair

of reactions for which there exist a reasonable quantity of data for ρ is π±p scattering[16].

The comparison of our analysis with these data is made in figure 3. There are also a few

data points for ρ in K±p scattering. As is seen in figure 4, they have large errors. We have

already remarked that YK+p is not at all well determined by the data in figure 1c and so

our calculation shown in figure 4 also has a large uncertainty. ρK−p is particularly sensitive

to YK+p and can be increased significantly by reducing the latter but still keeping the fit to

σ(K+p) within the experimental errors.

12. There exist some data[16] for the quasi-elastic process

γp → φp

Zweig’s rule has the consequence that the only exchange that couples both to the proton and

to the γp transition vertex is the pomeron, so the cross section for this process should behave

as s2ϵ/b, where b is the near-forward exponential t-slope. Figure 5 shows a comparison with

the data in the approximation that b is constant (as both theory and experiment suggest).

It would be good to have more data, not only for this reaction but also for γp → J/ψ p.

Conclusions

Regge theory remains one of the great truths of particle physics. We have shown how it

provides an extremely simple and economical parametrisation of all total cross sections.

We are grateful to Gerhard Schuler for reading an early version of our manuscript

• However such a simple single pomeron exchange picture 
cannot account for the entire diffractive sector. Unitarizing 
effects due to multi-Pomeron exchange and internal 
structure of protons must be accounted for.

optical theorem

! s-channel ‘Regge Field Theory’ (RFT) approach, including Good-Walker 
decomposition of protons.
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Diffractive processes
‣ Soft diffraction: 

! Non-perturbative approach needed. Typically use the well known tools of Regge theory/
general principles of unitarity etc but also depends sensitively on the model of structure of 
the proton.

‣ Hard diffraction:

4

I. INTRODUCTION

Exclusive dijet production in p̄p collisions is a process
in which both the antiproton and proton escape the in-
teraction point intact and a two-jet system is centrally
produced:

p̄ + p → p̄′ + (jet1 + jet2) + p′. (1)

This process is a particular case of dijet production in
double Pomeron exchange (DPE), a diffractive process in
which the antiproton and proton suffer a small fractional
momentum loss, and a system X containing the jets is
produced,

p̄ + p → [p̄′ + IPp̄] + [p′ + IPp] → p̄′ + X + p′, (2)

where IP designates a Pomeron, defined as an exchange
consisting of a colorless combination of gluons and/or
quarks carrying the quantum numbers of the vacuum.

In a particle-like Pomeron picture (e.g. see [1]), the
system X may be thought of as being produced by the
collision of two Pomerons, IPp̄ and IPp,

IPp̄ + IPp → X ⇒ YIP/p̄ + (jet1 + jet2) + YIP/p, (3)

where in addition to the jets the final state generally con-
tains Pomeron remnants designated by YIP/p̄ and YIP/p.
Dijet production in DPE is a sub-process to dijet produc-
tion in single diffraction (SD) dissociation, where only the
antiproton (proton) survives while the proton (antipro-
ton) dissociates. Schematic diagrams for SD and DPE
dijet production are shown in Fig. 1 along with event
topologies in pseudorapidity space (from Ref. [2]). In
SD, the escaping p̄ is adjacent to a rapidity gap, defined
as a region of pseudorapidity devoid of particles [3]. A
rapidity gap arises because the Pomeron exchanged in a
diffractive process is a colorless object of effective spin
J ≥ 1 and carries the quantum numbers of the vacuum.
In DPE, two such rapidity gaps are present.

Dijet production in DPE may occur as an exclusive
process [4] with only the jets in the final state and no
Pomeron remnants, either due to a fluctuation of the
Pomeron remnants down to zero or with a much higher
cross section in models in which the Pomeron is treated
as a parton and the dijet system is produced in a 2 → 2
process analogous to γγ → jet + jet [5].

In a special case exclusive dijets may be produced
through an intermediate state of a Higgs boson decay-
ing into b̄b:

IPp̄ + IPp → H0 → (b̄ → jet1) + (b → jet2). (4)
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FIG. 1: Illustration of event topologies in pseudorapidity,
η, and associated Pomeron exchange diagrams for dijet pro-
duction in (a) single diffraction and (b) double Pomeron ex-
change. The shaded areas on the left side represent “underly-
ing event” particles not associated with the jets [from Ref. [2]].
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FIG. 2: Leading order diagrams for (a) exclusive dijet and
(b) exclusive Higgs boson production in p̄p collisions.

Exclusive production may also occur through a t-
channel color-singlet two gluon exchange at leading order
(LO) in perturbative quantum chromo-dynamics (QCD),
as shown schematically in Fig. 2 (a), where one of the two
gluons takes part in the hard scattering that produces the
jets, while the other neutralizes the color flow [6]. A simi-
lar diagram, Fig. 2 (b), is used in [6] to calculate exclusive
Higgs boson production.

Exclusive dijet production has never previously been
observed in hadronic collisions. In addition to providing
information on QCD aspects of vacuum quantum num-
ber exchange, there is currently intense interest in using
measured exclusive dijet production cross sections to cal-
ibrate theoretical predictions for exclusive Higgs boson
production at the Large Hadron Collider (LHC). Such
predictions are generally hampered by large uncertain-
ties due to non-perturbative suppression effects associ-
ated with the rapidity gap survival probability. As these
effects are common to exclusive dijet and Higgs boson
production mechanisms, dijet production potentially pro-
vides a “standard candle” process against which to cali-
brate the theoretical models [6, 7].

In Run I (1992-96) of the Fermilab Tevatron p̄p col-
lider operating at 1.8 TeV, the Collider Detector at Fer-
milab (CDF) collaboration made the first observation of
dijet production by DPE) [2] using an inclusive sample

! Production of object with high mass/large momentum, requires ‘non-standard’ application 
of pQCD, as well as modeling of physics at soft scales.
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Figure 1.8: (a) Elastic scattering. (b) Single diffraction. (c) Double diffraction.

no hadronic activity: this is called a ‘rapidity gap’, and these types of interaction are

known as ‘diffraction’. Considering the collision of particles with momenta p1 and p2, the

rapidity of a particle i is defined as

yi =
1

2
ln

µ
Ei + pzi

Ei − pzi

∂
, (1.52)

where the z–axis is aligned with the beam axis (say, pz1). Thus the particles in the

hadronic system due to particle 1 will move almost parallel to the z–axis and have large

positive rapidities, while the particles in the hadronic system due to particle 2 will move

almost parallel to the negative z–axis and have large negative rapidities. Events where

one proton remains intact (pp → p + Y ) are known as ‘single diffraction’ and where

both protons dissociate (pp → Y + Z) are known as ‘double diffraction’– Y, Z are the

proton dissociation products, and the ‘+’ signs indicate the presence of rapidity gaps.

These processes make up ∼ 20% of the total cross section at the LHC; they are shown

schematically in Fig. 1.8 along with the case of elastic scattering.

Diffraction is therefore a process which is mediated by the exchange of vacuum quan-

tum numbers, and such reactions will be dominantly soft, with the momentum transferred

generally being low, so we also have s/|t| � 1. In the language of Regge theory, this

therefore suggests that such processes at large s should be described in terms of Pomeron

exchange, and indeed it turns out that this can be done. So in Fig. 1.8 (b) for example,

where we show a schematic diagram for the single diffractive process pp → p + Y , the

exchanged ‘zigzag’ denotes the exchange of a Pomeron. The details for calculating the

cross section for such a process are described elsewhere, see e.g. [38], and we do not give

them here: we simply note that using the tools of Regge theory it is possible to provide
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average pile-up. The number of bunches multiplied by the data collecting time (in hours) was assumed
to be 1000. In the analysis the following cuts were considered: proton tag in the ALFA detector (black
solid line) and tag + exactly one reconstructed vertex (red dashed line).
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s-channel approach
• Write in terms of impact parameter b.

Figure 1: Optical theorems for the total cross section and for high-mass diffractive dissociation.
The high-energy Regge expressions shown for the bare amplitudes have sizeable absorptive

corrections.

angular momentum l = b
√

s/2 of the incoming hadron. Elastic unitarity, therefore, takes the
form3

2ImTel(s, b) = |Tel(s, b)|2 + Ginel(s, b), (1)

from which it follows that
dσtot

d2b
= 2ImTel(s, b) = 2(1 − e−Ω/2) (2)

dσel

d2b
= |Tel(s, b)|2 = (1 − e−Ω/2)2, (3)

dσinel

d2b
= 2ImTel(s, b) − |Tel(s, b)|2 = 1 − e−Ω, (4)

where Ω(s, b) ≥ 0 is called the opacity (optical density) or eikonal4. It is the Fourier transform
of the two-particle (s-channel) irreducible amplitude, A(s, qt). That is5

Ω(s, b) =
−i

4π2

!

d2qt A(s, qt)e
iqt·b , (5)

where q2
t = −t, and where the amplitude is normalized by the relation σtot(s) = 2ImTel(s, t = 0).

¿From (4), we see that exp(−Ω(s, b)) is the probability that no inelastic scattering occurs at
impact parameter b. In the framework of the eikonal model, the elastic amplitude, is obtained

by the sum of Regge-exchange diagrams, as shown in Fig. 2(a), which is equivalent to the
iteration of the elastic unitarity equation, (1).

At high energies the ratio ReTel/ImTel is small and can be evaluated via the dispersion
relation. So the imaginary part of Ω is usually neglected.

3Ginel accounts for the presence of inelastic channels.
4Sometimes Ω/2 is called the eikonal.
5We use the bold face symbols qt and b to denote vectors in the transverse plane.
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Elastic unitarity:
absorption prob.

solved for 

Figure 1: Optical theorems for the total cross section and for high-mass diffractive dissociation.
The high-energy Regge expressions shown for the bare amplitudes have sizeable absorptive

corrections.
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Tel(s, b) = i
⇣
1� e�⌦(s,b)/2

⌘

e�⌦(s,b)
: prob. of no inelastic scattering

⌦(s, b): proton opacity

• Can interpret in terms of pomeron exchange picture, but with:

The unitarity relation (10) is written in the impact parameter, b, representation, since, at high

energy, the value of b is conserved (to good ⇠ 1/s accuracy) and plays the role of the orbital

angular momentum l = b

p
s/2. G

inel

is the contribution arising from the sum over all the

inelastic intermediate states.

3.1 One-channel eikonal

In this case, the solution of the unitarity equation reads

T

el

(b) = i(1� e

�⌦(b)/2) , (11)

where the opacity ⌦(s, b) is described by one-pomeron exchange

⌦(s, b) =
�i

s

Z
d

2

q

t

4⇡2

e

iqt·b
A(s, t = �q

2

t

) . (12)

The one-pomeron amplitude A(s, t) is given by (3).

3.1.1 Linear pomeron trajectory and exponential coupling

The results for the case of a pure exponential proton-pomeron coupling and a linear trajectory

(5) are shown in Fig.5. We see that eikonal rescattering leads to a strong increase of the local

slope B with |t| up to the first di↵ractive dip (contrary to the e↵ects discussed in the previous

section). This is caused by the fact that the absorptive corrections given by the higher ⌦ terms

of (11) have a flatter t behaviour but a negative sign in comparison with one-pomeron exchange.

3.1.2 F

1

form factor plus the pion loop

Using a non-exponential coupling �(t) = F

1

(t) and accounting for the pion loop in pomeron

trajectory we get the results shown in Fig.6.

3.2 Two-channel eikonal

In the models considered above we have not accounted for the possibility of di↵ractive proton

excitation into heavier mass states, such as p ! N(1440), and so on. It is convenient to include

these processes using the Good-Walker formalism [14]. This formalism diagonalizes the matrix

which describes the p ! N

i

and N

i

! N

k

transitions by introducing the eigenstates �

i

such

that the pomeron coupling

h�
i

|A|�
k

i = A

i

�

ik

.

The proton can then be decomposed into sum of these so-called di↵ractive eigenstates �

i

, so

that

|pi =
X

i

a

i

|�
i

i . (13)

7

i.e.              related to Fourier transform of single pomeron exchange amplitude, 
and full elastic amplitude              given by summing over all exchanges.

!

⌦(s, b)

Tel(s, b)

multi-pomeron/screening effects.

Figure 2: (a) The single-channel eikonal description of elastic scattering; (b) the multichannel

eikonal formula which allows for low-mass proton dissociations in terms of diffractive eigenstates
|φi⟩, |φk⟩; and (c) the inclusion of the multi-Pomeron-Pomeron diagrams which allow for high-
mass dissociation.

2.2 Inclusion of diffractive dissociation

So much for elastic diffraction. Now we turn to inelastic diffraction, which is a consequence
of the internal structure of hadrons. Besides the pure elastic two-particle intermediate states
shown in Fig. 2(a), there is the possibility of proton excitation, p → N∗. At high energies, where

the lifetime of the fluctuations of the fast proton is large, τ ∼ E/m2, the corresponding Fock
states can be considered as ‘frozen’. Each constituent of the proton can undergo scattering and

thus destroy the coherence of the fluctuations. As a consequence, the outgoing superposition
of states will be different from the incident particle, so we will have inelastic, as well as elastic,

diffraction.

To discuss inelastic diffraction, it is convenient to follow Good and Walker [19], and to
introduce states |φk⟩ which diagonalize the T matrix. Such, so-called diffractive, eigenstates

only undergo elastic scattering. To account for the internal structure of the hadronic states, we,
therefore, have to enlarge the set of intermediate states, from just the single elastic channel, and

to introduce a multichannel eikonal. The situation is pictured in Fig. 2(b). It is straightforward
to show that

dσtot

d2b
= 2⟨T ⟩ and

dσel

d2b
= ⟨T ⟩2 (6)

where the brackets of ⟨T ⟩ mean that we take the average of ImT (s, b) over the initial probability
distributions of diffractive eigenstates of the ‘beam’ and ‘target’ protons. The cross section for
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Figure 2: (a) The single-channel eikonal description of elastic scattering; (b) the multichannel

eikonal formula which allows for low-mass proton dissociations in terms of diffractive eigenstates
|φi⟩, |φk⟩; and (c) the inclusion of the multi-Pomeron-Pomeron diagrams which allow for high-
mass dissociation.
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Diffractive dissociation
• Low mass dissociation- proton may be excited into heavier mass state.

• Need to account for internal structure of proton: decompose into different 
‘Good-Walker’ eigenstates, each of which undergoes elastic scattering.

! Inelastic diffraction

The unitarity relation (10) is written in the impact parameter, b, representation, since, at high

energy, the value of b is conserved (to good ⇠ 1/s accuracy) and plays the role of the orbital

angular momentum l = b

p
s/2. G

inel

is the contribution arising from the sum over all the

inelastic intermediate states.

3.1 One-channel eikonal

In this case, the solution of the unitarity equation reads

T

el

(b) = i(1� e

�⌦(b)/2) , (11)

where the opacity ⌦(s, b) is described by one-pomeron exchange

⌦(s, b) =
�i

s

Z
d

2

q

t

4⇡2

e

iqt·b
A(s, t = �q

2

t

) . (12)

The one-pomeron amplitude A(s, t) is given by (3).

3.1.1 Linear pomeron trajectory and exponential coupling

The results for the case of a pure exponential proton-pomeron coupling and a linear trajectory

(5) are shown in Fig.5. We see that eikonal rescattering leads to a strong increase of the local

slope B with |t| up to the first di↵ractive dip (contrary to the e↵ects discussed in the previous

section). This is caused by the fact that the absorptive corrections given by the higher ⌦ terms

of (11) have a flatter t behaviour but a negative sign in comparison with one-pomeron exchange.

3.1.2 F

1

form factor plus the pion loop

Using a non-exponential coupling �(t) = F

1

(t) and accounting for the pion loop in pomeron

trajectory we get the results shown in Fig.6.

3.2 Two-channel eikonal

In the models considered above we have not accounted for the possibility of di↵ractive proton

excitation into heavier mass states, such as p ! N(1440), and so on. It is convenient to include

these processes using the Good-Walker formalism [14]. This formalism diagonalizes the matrix

which describes the p ! N

i

and N

i

! N

k

transitions by introducing the eigenstates �

i

such

that the pomeron coupling

h�
i

|A|�
k

i = A

i

�

ik

.

The proton can then be decomposed into sum of these so-called di↵ractive eigenstates �

i

, so

that

|pi =
X
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a

i

|�
i

i . (13)
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• If these have different interaction probabilities then outgoing superposition 
of states will be different from the incoming.

h�j |T |�ki = Ti�ij

d�SD

d2b
=
X

i

|ai|2T 2
i �

 
X

i

|ai|2Ti

!2
If Ti indep. of i then = 0

• Valid for low mass diffraction. For high mass diffraction can use triple Regge:

p ! N⇤
Diffractive dissociation

• Low mass dissociation- proton may be excited into heavier mass state.

• Need to account for internal structure of proton: decompose into different 
‘Good-Walker’ eigenstates, each of which undergoes elastic scattering.

! Inelastic diffraction

The unitarity relation (10) is written in the impact parameter, b, representation, since, at high

energy, the value of b is conserved (to good ⇠ 1/s accuracy) and plays the role of the orbital

angular momentum l = b

p
s/2. G

inel

is the contribution arising from the sum over all the

inelastic intermediate states.

3.1 One-channel eikonal

In this case, the solution of the unitarity equation reads

T

el

(b) = i(1� e

�⌦(b)/2) , (11)

where the opacity ⌦(s, b) is described by one-pomeron exchange

⌦(s, b) =
�i

s

Z
d

2

q

t

4⇡2

e

iqt·b
A(s, t = �q

2

t

) . (12)

The one-pomeron amplitude A(s, t) is given by (3).

3.1.1 Linear pomeron trajectory and exponential coupling

The results for the case of a pure exponential proton-pomeron coupling and a linear trajectory

(5) are shown in Fig.5. We see that eikonal rescattering leads to a strong increase of the local

slope B with |t| up to the first di↵ractive dip (contrary to the e↵ects discussed in the previous

section). This is caused by the fact that the absorptive corrections given by the higher ⌦ terms

of (11) have a flatter t behaviour but a negative sign in comparison with one-pomeron exchange.

3.1.2 F

1

form factor plus the pion loop

Using a non-exponential coupling �(t) = F

1

(t) and accounting for the pion loop in pomeron

trajectory we get the results shown in Fig.6.

3.2 Two-channel eikonal

In the models considered above we have not accounted for the possibility of di↵ractive proton

excitation into heavier mass states, such as p ! N(1440), and so on. It is convenient to include

these processes using the Good-Walker formalism [14]. This formalism diagonalizes the matrix

which describes the p ! N

i

and N

i

! N

k

transitions by introducing the eigenstates �

i

such

that the pomeron coupling

h�
i

|A|�
k

i = A

i

�

ik

.

The proton can then be decomposed into sum of these so-called di↵ractive eigenstates �

i

, so

that

|pi =
X

i

a

i

|�
i

i . (13)
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• If these have different interaction probabilities then outgoing superposition 
of states will be different from the incoming.

h�j |T |�ki = Ti�ij

d�SD

d2b
=
X

i

|ai|2T 2
i �

 
X

i

|ai|2Ti

!2
If Ti indep. of i then = 0

• Valid for low mass diffraction. For high mass diffraction can use triple Regge:

Figure 2: (a) The single-channel eikonal description of elastic scattering; (b) the multichannel

eikonal formula which allows for low-mass proton dissociations in terms of diffractive eigenstates
|φi⟩, |φk⟩; and (c) the inclusion of the multi-Pomeron-Pomeron diagrams which allow for high-
mass dissociation.

2.2 Inclusion of diffractive dissociation

So much for elastic diffraction. Now we turn to inelastic diffraction, which is a consequence
of the internal structure of hadrons. Besides the pure elastic two-particle intermediate states
shown in Fig. 2(a), there is the possibility of proton excitation, p → N∗. At high energies, where

the lifetime of the fluctuations of the fast proton is large, τ ∼ E/m2, the corresponding Fock
states can be considered as ‘frozen’. Each constituent of the proton can undergo scattering and

thus destroy the coherence of the fluctuations. As a consequence, the outgoing superposition
of states will be different from the incident particle, so we will have inelastic, as well as elastic,

diffraction.

To discuss inelastic diffraction, it is convenient to follow Good and Walker [19], and to
introduce states |φk⟩ which diagonalize the T matrix. Such, so-called diffractive, eigenstates

only undergo elastic scattering. To account for the internal structure of the hadronic states, we,
therefore, have to enlarge the set of intermediate states, from just the single elastic channel, and

to introduce a multichannel eikonal. The situation is pictured in Fig. 2(b). It is straightforward
to show that

dσtot

d2b
= 2⟨T ⟩ and

dσel

d2b
= ⟨T ⟩2 (6)

where the brackets of ⟨T ⟩ mean that we take the average of ImT (s, b) over the initial probability
distributions of diffractive eigenstates of the ‘beam’ and ‘target’ protons. The cross section for

3

p ! N⇤

9

Optical theorems

High-mass diffractive dissociation

at high energy
use Regge

triple-Pomeron diag

but screening even more important

gN
3g3P

M2

but screening/s-ch unitarity
important so  Vtotal suppressed gN

2

2

gN

gN

g3P

gN gN

gN

9



Models/MCs
• Some well developed models based on the basic approach described above 
are available. However, much room for differences in the implementation. 
Some examples:

‣ V. A. Khoze, A. D. Martin and M.G. Ryskin (KMR). MC 
implementation: SHRiMPS module of Sherpa.

‣ E. Gotsman, E. Levin, U. Maor (GLM).

‣ Kaidalov & Poghosyan

‣ Ostapchenko/QGSJET MC

‣ EPOS MC

‣ MBR model

Eur. Phys. J. C71 (2011) 1617, 73 (2013) 2503...

Eur. Phys. J. C71 (2011) 1553, Int. J. Mod. Phys. A30 (2015) 08, 1542005...

arXiv:0909.5156

S. Ostapchenko, AIP Conf. Proc. 928 (2007) 118, Phys. Rev. D 81, 11402 (2010)

T. Pierog et al., arxiv:1306.0121, K. Werner, F.M Liu and T. Pierog, Phys Rev. C74 (2006) 044902 

R. Ciesielki and K. Goulianos, arXiv:1205.1446

Not all- PYTHIA, PHOJET....
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Lessons from LHC run I - total cross section
• TOTEM and ALFA measurements of total cross sections at                    :

The TOTEM Collaboration (G. Antchev et al.)

Table 1: Results of the TOTEM measurements at the LHC energy of
√

s = 7TeV.

Statistical uncertainties Systematic uncertainties Result

t ±[3.4–11.9]% ±[0.6–1.8]%optics± < 1%alignment

single measurement(∗)

dσ
dt 5% / bin ±4%luminosity ± 1%analysis ± 0.7%unfolding

B ±1% ±1%t-scale ± 0.7%unfolding (20.1± 0.2stat ± 0.3syst)GeV−2

dσ
dt |t=0 ±0.3% ±0.3%optics ± 4%luminosity ± 1%analysis (503.7± 1.5stat ± 26.7syst)mb/GeV2

!

dσ
dt dt ±0.8%extrapolation ±4%luminosity ± 1%analysis

σtot ±0.2%
"

+0.8%
−0.2%

#(ρ)
± 2.7% (98.3± 0.2stat ± 2.8syst)mb

σel =
!

dσ
dt

dt ±0.8% ±5% (24.8± 0.2stat ± 1.2syst)mb

σinel ±0.8%
"

+2.4%
−1.8%

#

(73.5± 0.6stat +1.8
−1.3

syst)mb

σinel (CMS) (68.0 ± 2.0syst ± 2.4lumi ± 4extrap)mb

σinel (ATLAS) (69.4 ± 2.4exp ± 6.9extrap) mb

σinel (ALICE) (72.7 ± 1.1model ± 5.1lumi)mb

(∗) Corrected after unfolding.
analysis (includes tagging, acceptance, efficiency, background).

Assuming a constant slope B for the nuclear scat-
tering, the differential cross-section at the optical point
t = 0 was determined to be dσ

dt
|t=0 = (503.7 ± 1.5stat ±

26.7syst)mb/GeV2. Integrating the differential cross-
section yields a total elastic scattering cross-section of
(24.8 ± 0.2stat ± 1.2syst)mb, out of which 16.5mb were
directly observed.

The total proton-proton cross-section is related to the
elastic cross-section via the optical theorem

σ2
tot =

16π(!c)2

1 + ρ2

dσel

dt

$

$

$

$

t=0

. (4)

Taking the COMPETE prediction [30] of 0.14+0.01
−0.08 for the

parameter ρ = R[fel(0)]
I[fel(0)]

, where fel(0) is the forward nuclear
elastic amplitude, σtot was thus determined to be

σtot =

%

98.3 ± 0.2stat +2.8
−2.7

syst
&

mb. (5)

The errors are dominated by the extrapolation to t = 0
and the luminosity uncertainty.

Subtracting the elastic scattering cross-section, we ob-
tain a value for the inelastic cross-section which can then
be compared with the measurements of the CMS [31], AT-
LAS [32], and ALICE [33] experiments.

The results (table 1) are consistent within the quoted
errors of CMS, ATLAS, and ALICE, which took into ac-
count the uncertainties of the model predictions for the
unobserved very-forward diffractive processes.

In fig. 5, the values of the TOTEM total and elastic
cross-sections are compared with results at lower energies
and from cosmic rays together with an overall fit of the
COMPETE Collaboration [30]. The TOTEM total cross-
section is in excellent agreement with the extrapolation
from lower energies. To guide the eye, a parabolic fit was

used for the energy dependence of the elastic cross-section.
The ratio of the elastic to total cross-section σel/σtot =
0.25 ± 0.01stat⊕syst.

Table 1 lists the values of the measured observables and
the final results for the physics quantities along with their
statistical and systematic uncertainties.

Outlook. – TOTEM foresees taking data in dedicated
runs with β∗ = 90 m still in 2011. It is expected that the
RP detectors can approach the beam centre as close as
5 times the transverse beam width. The lowest accessi-
ble |t|-values will then be around 0.005 GeV2, improving
the measurement of the slope B and the extrapolation
of the differential cross-section to |t| = 0. Furthermore,
with a running time of at least 5 hours the statistics can
be considerably improved. Inclusion of the TOTEM in-
elastic telescopes, T1 and T2, will allow a luminosity-
independent measurement of the total cross-section as well
as a detailed study of low-mass diffraction. If larger val-
ues of β∗ (around 1 km) can be reached during the year
2012, the acceptance for low-t elastic scattering can be ex-
tended into the Coulomb-Nuclear-Interference region be-
low 10−3 GeV2. A measurement of the ρ-parameter might
then come into reach.

∗ ∗ ∗

We are indebted to the beam optics development team
(A. Verdier in the initial phase, H. Burkhardt,
G. Müller, S. Redaelli, J. Wenninger, S. White)
for the design, the thorough preparations and the success-
ful commissioning of the β∗ = 90 m optics. We congrat-
ulate the CERN accelerator groups for the very smooth
operation during the optics test run in June 2011. We
thank M. Ferro-Luzzi and the LHC machine coordina-
tors for scheduling the dedicated fills.
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Fig. 21. Comparison of the inelastic cross section presented here with the earlier ATLAS measurement [14] and published 
data from ALICE [73] and TOTEM [11,16,54].

PYTHIA and PHOJET [75,76] predict significantly lower contributions to the inelastic cross 
section in this range of invariant masses, approximately 6 mb and 3 mb respectively. The model 
of Ref. [60] gives a better description of the data with values in the range 11–14 mb (see discus-
sion in Ref. [77]).

14. Summary

In this paper a measurement of the elastic pp cross section and the determination of the total 
cross section using the optical theorem at 

√
s = 7 TeV by the ATLAS experiment at the LHC 

with the ALFA sub-detector is presented. The data were recorded in 2011 during a special run 
with high-β⋆ optics, where an integrated luminosity of 80 µb−1 was accumulated. The analysis 
uses data-driven methods to determine relevant beam optics parameters, event reconstruction ef-
ficiency and to tune the simulation. A key element of this analysis is the determination of the 
effective beam optics, which takes into account measurements from ALFA that are sensitive 
to ratios of transport matrix elements and calibration uncertainties of the quadrupoles. A de-
tailed evaluation of the associated systematic uncertainties includes the comparison of different 
t -reconstruction methods that are sensitive to different transport matrix elements. A dedicated 
effort was made to determine the absolute luminosity for this run while taking into account the 
special conditions with a very low number of interactions per bunch crossing. From a fit to the 
differential elastic cross section, using the optical theorem, the total cross section is determined 
to be:

σtot(pp → X) = 95.35 ± 0.38 (stat.) ± 1.25 (exp.) ± 0.37 (extr.) mb,

where the first error is statistical, the second accounts for all experimental systematic uncertain-
ties and the last is related to uncertainties on the extrapolation to |t | → 0. The experimental 
systematic uncertainty is dominated by the uncertainty on the luminosity and on the nominal 
beam energy. Further experimental uncertainties including those associated with beam optics 
and detector modelling contribute less. Alternative models for the nuclear amplitude parameter-
ization with non-exponential contributions were investigated using an extended fit range and the 
resulting values of the total cross section range from 94.9 mb to 96.0 mb.

In addition the slope of the elastic differential cross section at small t was determined to be:

TOTEM, EPL, 96 (2011) 21002 ALFA, Nucl. Phys. B 889 (2014) 486-548

• D-L would predict something lower

p
s = 7TeV

�
tot

= 21.7mb · 70000.0162 = 90.7mb

Disagreement perhaps unsurprising for his simple approach. DL exceeds 
black disk limit at LHC.

! Screening/unitarizing effects important. But we would expect these to 
damp the DL prediction, not the other way round. More complex models 
also failed to predict these data, e.g.:

GLM, Eur. Phys. J. C71 (2011) 1553

KMR, Eur. Phys. J. C71 (2011) 1617

GLM:

�
tot

= 88mb

�
tot

= 91.3mb

KMR:
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Fig. 19. Comparison of total and elastic cross-section measurements presented here with other published measure-
ments [11,29,55–58] and model predictions as function of the centre-of-mass energy.

the simple exponential form as described in Section 12.1. Similar results are obtained for all 
t -reconstruction methods.

13. Discussion

The result for the total hadronic cross section presented here, σtot = 95.35 ± 1.36 mb, can 
be compared to the most precise value measured by TOTEM, in the same LHC fill using a 
luminosity-dependent analysis, σtot = 98.6 ± 2.2 mb [11]. Assuming the uncertainties are uncor-
related, the difference between the ATLAS and TOTEM values corresponds to 1.3σ . The uncer-
tainty on the TOTEM result is dominated by the luminosity uncertainty of ±4%, giving a ±2 mb 
contribution to σtot through the square root dependence of σtot on luminosity. The measure-
ment reported here profits from a smaller luminosity uncertainty of only ±2.3%. In subsequent 
publications [16,54] TOTEM has used the same data to perform a luminosity-independent mea-
surement of the total cross section using a simultaneous determination of elastic and inelastic 
event yields. In addition, TOTEM made a ρ-independent measurement without using the optical 
theorem by summing directly the elastic and inelastic cross sections [16]. The three TOTEM 
results are consistent with one another.

The results presented here are compared in Fig. 19 to the result of TOTEM and are also com-
pared with results of experiments at lower energy [29] and with cosmic ray experiments [55–58]. 
The measured total cross section is furthermore compared to the best fit to the energy evolution of 
the total cross section from the COMPETE Collaboration [26] assuming an energy dependence 
of ln2 s. The elastic measurement is in turn compared to a second order polynomial fit in lns of 
the elastic cross sections. The value of σtot reported here is two standard deviations below the 
COMPETE parameterization. Some other models prefer a somewhat slower increase of the total 
cross section with energy, predicting values below 95 mb, and thus agree slightly better with the 
result reported here [59–61].

The value of the nuclear slope parameter B = 19.73 ± 0.29 GeV−2 reported here is in good 
agreement with the TOTEM measurement of 19.89 ± 0.27 GeV−2 [11]. These large values of 
the B-parameter confirm that elastically scattered protons continue to be confined to a gradually 
narrowing cone as the energy increases as can be seen from Fig. 20. The B-parameter is related to 
the proton radius and as for the total cross section an increase can be expected at higher energies. 

�
tot

8⇡B
el

> 1

2(↵IP (0)� 1)
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Lessons from LHC run I - elastic slope
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Fig. 20. Comparison of the measurement of the nuclear slope B presented here with other published measurements at the 
ISR [63–66], at the Spp̄S [67–69], at RHIC [70], at the Tevatron [9,71,72] and with the measurement from TOTEM [11]
at the LHC. The red line shows the calculation from Ref. [62], which contains a linear and quadratic term in ln s.

As outlined in Ref. [62], the evolution of B from ISR to LHC energies is more compatible with 
a quadratic than a linear dependence in ln s.

The elastic cross section is measured to be 24.0 ± 0.6 mb. This is in agreement with the 
TOTEM result of 25.4 ± 1.1 mb within 1.1σ . The ratio of the elastic cross section to the total 
cross section is often taken as a measure of the opacity of the proton. Measurements shed light 
on whether the black disc limit of a ratio of 0.5 is being approached. It is interesting to note 
that although there are some small differences between ATLAS and TOTEM for the total and 
elastic cross sections, the ratio σel/σtot is very similar. The TOTEM value is σel/σtot = 0.257 ±
0.005 [16,54], while the measurement reported here gives σel/σtot = 0.252 ± 0.004. All derived 
measurements depend on σtot and B and are therefore highly correlated.

Finally, various total inelastic cross-section measurements, either using only elastic data as 
in the present analysis and in the corresponding analysis of TOTEM [11], or using elastic and 
inelastic data in the luminosity-independent method [16], are compared in Fig. 21 to direct mea-
surements by TOTEM [54], ALICE [73] and an ATLAS [14] result based upon an analysis of 
minimum bias events. In general, the direct measurements have a larger uncertainty because of 
the model dependence when extrapolating to the unobservable cross section at low diffractive 
masses. A measurement from CMS [74] was not extrapolated to the total inelastic cross section 
and is therefore not included in Fig. 21. The measurement of σinel = 71.34 ± 0.90 mb reported 
here improves considerably the previous measurement of ATLAS: σinel = 69.4 ± 7.3 mb [14].

As mentioned above, the previous ATLAS result for the inelastic cross section has a large 
uncertainty because of the uncertainty in the extrapolation to low diffractive masses outside the 
fiducial region. The fiducial region covers only dissociative processes with the diffractive invari-
ant mass, MX , larger than 15.7 GeV. However, the precision of the measurement in the fiducial 
region is good, with an uncertainty on the fiducial cross section roughly three times smaller than 
on the extrapolated inelastic cross section. Thus by taking the difference of the present measure-
ment of the total inelastic cross section and the previous measurement by ATLAS in the fiducial 
region the size of the cross section for invariant masses below 15.7 GeV can be estimated and 
compared with existing models. The cross section measured by ATLAS corresponding to masses 
above 15.7 GeV is 60.3 ± 2.1 mb [14]. Thus the cross section in which the dissociative sys-
tems have an invariant mass MX less than 15.7 GeV is estimated to be 11.0 ± 2.3 mb. Both 
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B = 19.73 ± 0.14 (stat.) ± 0.26 (syst.) GeV−2.

From the fitted parameterization of the elastic cross section the total elastic cross section is ex-
tracted:

σel(pp → pp) = 24.00 ± 0.19 (stat.) ± 0.57 (syst.) mb,

and by subtraction from the total cross section the inelastic cross section is determined to be:

σinel = 71.34 ± 0.36 (stat.) ± 0.83 (syst.) mb,

which is significantly more precise than the previous direct ATLAS measurement.
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PACS 13.60.Hb – Total and inclusive cross-sections (including deep-inelastic processes)

Abstract – At the LHC energy of
√

s = 7TeV, under various beam and background conditions,
luminosities, and Roman Pot positions, TOTEM has measured the differential cross-section for
proton-proton elastic scattering as a function of the four-momentum transfer squared t. The results
of the different analyses are in excellent agreement demonstrating no sizeable dependence on the
beam conditions. Due to the very close approach of the Roman Pot detectors to the beam center
(≈ 5σbeam) in a dedicated run with β∗ = 90 m, |t|-values down to 5 ·10−3 GeV2 were reached. The
exponential slope of the differential elastic cross-section in this newly explored |t|-region remained
unchanged and thus an exponential fit with only one constant B = (19.9±0.3) GeV−2 over the large
|t|-range from 0.005 to 0.2 GeV2 describes the differential distribution well. The high precision
of the measurement and the large fit range lead to an error on the slope parameter B which is
remarkably small compared to previous experiments. It allows a precise extrapolation over the
non-visible cross-section (only 9%) to t = 0. With the luminosity from CMS, the elastic cross-
section was determined to be (25.4± 1.1) mb, and using in addition the optical theorem, the total
pp cross-section was derived to be (98.6± 2.2) mb. For model comparisons the t-distributions are
tabulated including the large |t|-range of the previous measurement (TOTEM Collaboration
(Antchev G. et al.), EPL, 95 (2011) 41001).
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• TOTEM and ALFA measurements of elastic slope:

Measurement of pp elastic scattering and total cross-section at
√

s = 7 TeV
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Fig. 2: The elastic differential cross-section measurements by TOTEM. Each measurement is shown in a different color. The
embedded figure provides a zoom of the region used for extrapolation to t = 0, showing the lowest |t|-values accessible in the
analysis from ref. [2] (green) and this analysis (red).

Luminosity. In this article, the luminosity measured
by CMS (with a 4%-uncertainty estimate) was used.
Luminosity-independent results are given elsewhere [4].

Systematic uncertainty calculation. – For each of
the analysis steps above, the systematic uncertainty ef-
fect on dσel/dt was estimated with a Monte Carlo simu-
lation. Table 3 summarizes these uncertainties for several
|t|-values, grouping the contributions into three categories:
t-dependent, t-independent (normalization) and luminos-
ity uncertainties. Since there are a number of contribu-
tions in each category, the uncertainties were combined in
quadrature.

The luminosity uncertainty is the leading systematic ef-
fect for |t| < 0.2 GeV2, above that point it is the uncer-
tainty of dLx/ds. The optics-related error contribution is
almost vanishing around |t| = 0.06 GeV2 and has opposite
signs below and above that point. Therefore, there is a
partial error cancellation in the integrated elastic cross-
section σel, and consequently the relative error of σel is
significantly lower than the one of dσel/dt|0 – see table 7.
Moreover, there is a strong correlation between the errors
of σel and dσel/dt|0 – the correlation coefficient is 0.76.

Extrapolation to t = 0. – The measured differential
cross-section can be well (χ2/n.d.f. ≈ 1.2) described with
the parameterization

dσel

dt
=

dσel

dt

!!!!
t=0

e−B|t| (4)

over a large |t|-range, see table 6 and the black line in fig. 2.
Since the slope B remains constant even for the lowest |t|-
values, one may conclude that the effects of the Coulomb-
hadronic interference (for details see, e.g., [8]) are smaller
than our experimental sensitivity. Therefore, within the
uncertainties, the fit can be attributed to the hadronic
component of the scattering amplitude. Furthermore, it is
assumed that eq. (4) describes the hadronic cross-section

12

14

16

18

20

B
[G
eV
−
2 ]

101 102 103 104
√s [GeV]

pp, Ref. [9]
pp̄ , Ref. [9]
this publication

Fig. 3: The elastic slope B (see eq. (4)) as a function of the
scattering energy

√
s (data from [9] use different treatments of

the Coulomb-hadronic interference).

also for |t| values below our acceptance and thus the fit
can be used in the optical theorem to calculate the total
cross-section according to eq. (5).

Results. – TOTEM has taken data under various
beam and background conditions, luminosities and RP
detector positions. The differential elastic cross-section
obtained from these different data sets are in excellent
agreement with each other. This justifies merging the data
from all data sets to obtain a final result for the differen-
tial cross-sections presented in table 4. The first two bins
suffer from the lower statistics of the data sets 2 and 3.
Table 4 gives a representative |t|-value for each bin, deter-
mined according to the procedure described elsewhere [10].
The relative uncertainties of the representative points turn
out to be negligible (< 10−4). Table 5 presents the dσel/dt
continuation to higher |t| values, measured in a different
run with β∗ = 3.5 m optics and published elsewhere [1].
All TOTEM differential cross-section measurements are
given in fig. 2.

For |t|-values below 0.2 GeV2, the differential cross-
section falls exponentially with |t|, as expressed in eq. (4).

21002-p5

• Even taking higher CDF value at 1.8 TeV and                           DL predicts:

slope of the whole amplitude increases when the higher ⌦n order terms start to cancel the one-

pomeron contribution 3 and this e↵ect should be more pronounced at a higher energies when

the di↵ractive dip occurs at lower |t| values.

2.3 Surprises in the LHC elastic data

Prior to the LHC (in the pre-LHC era) the energy behaviour of elastic pp, pp̄, ⇡p, Kp cross

sections d�

el

/dt (i.e. the ⌦(b, s)) was satisfactorily reproduced by the sum of the pomeron

and the secondary Reggeon contributions (see, for example, [20]. However above Tevatron

energies the secondary Reggeons contributions completely die out and the situation illuminates

the properties of the pomeron alone. Contrary to the expectations described above, the total

cross section in the Tevatron – LHC energy interval starts to grow faster, not more slowly, than

below the Tevatron energy, and, secondly, the slope of the e↵ective pomeron trajectory, ↵0
e↵

,

increases [21].

In particular, the DL fit predicts �
tot

= 90.7 mb at
p
s = 7 TeV, while TOTEM observes

98.6±2.2 mb [22]. Moreover, the elastic slope was measured at the Tevatron (
p
s = 1.8 TeV)

to be B
el

= 16.3± 0.3 GeV�2 by the E710 experiment [17] and to be B
el

= 16.98± 0.25 GeV�2

by the CDF group [18]. Even starting from the CDF result, and using the ↵

0
P = 0.25 GeV�2,

we expect, from (14),

B

el

= 16.98 + 4⇥ 0.25⇥ ln(7/1.8) = 18.34 GeV�2 (19)

at 7 TeV, while TOTEM finds 19.9±0.3 GeV�2 [22]. Next, in the relatively low |t| < 0.3 � 0.4

GeV2 region we do not see the expected increase of t-slope as |t| increases.

3 Extending the eikonal approach

The one-channel eikonal described in Section 2 is a rather naive oversimplified approximation.

It provides hints of the behaviour we may expect of elastic cross section, but clearly it does

not give the whole story. Moreover, even within the framework of the one-channel eikonal, the

expectation that t-slope grows with |t| may be masked by other e↵ects. First, there is no reason

why the t dependence of the proton-pomeron coupling gN(t) has to be a pure exponent. If,

instead, we were to assume a power dependence, like gN(t) / 1/(1 � t/t

0

)2, then the e↵ective

slope generated by the coupling decreases with |t|. Next, there exists a two-pion singularity

at t = 4m2

⇡ (close to the physical region) in the pomeron trajectory (1) which also generates

some positive curvature (that is, some decrease of t-slope) in the behaviour of d�
el

/dt [23, 24].

Moreover, this last e↵ect also increases with energy. So there may be some compensation

3At very high energies, the amplitude Tel(b) takes the form of the ⇥ function, Tel(b) ' i⇥(R(s) � b). The
corresponding Fourier integral (8) gives the Bessel function J

1

(
p
tR)/

p
tR, which has a t-slope which increases

with |t|.

7

↵0 = 0.25GeV�2

! Simple linear Regge scaling ruled out: Bel 6= 2b0 + ↵0 ln

✓
s

s0

◆

• Energy dependence fit well by 
second--order polyn. May be expected 
from ladder structure of pomeron 
exchange.

V. A. Schegelsky, M.G. Ryskin, Phys. Rev. D85 (2012) 094024

ALFA, Nucl. Phys. B 889 (2014) 486-548
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Lessons from LHC run I - elastic cross section

The TOTEM Collaboration (G. Antchev et al.)
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Fig. 4: The measured dσ/dt compared to the predictions of several models (see table 4).

on the resolution unfolding, which depends on the t mea-
surement errors and hence on the uncertainty on the beam
divergence. Both systematic uncertainties are correlated
in t, therefore they mainly represent a global shift of the
absolute scale of the dσ/dt distribution.

The differential cross-section. – After unfolding
and inclusion of all systematic uncertainties (tables 2
and 3), the final differential cross-section dσ/dt for elastic
pp scattering is given in fig. 3 covering a |t| range from
0.36 to 2.5 GeV2. At |t| values below 0.47GeV2, the data
can be described by an exponential function proportional
to e−B|t| with slope B = (23.6 ± 0.5stat ± 0.4syst)GeV−2.
B is expected to change at smaller |t| values and differs
considerably between the models considered. The approx-
imately exponential behaviour is followed by a diffractive
minimum at |t| = (0.53 ± 0.01stat ± 0.01syst)GeV2. This
pronounced dip, observed in pp but not in p̄p scattering,
moves to smaller |t| values with increasing collision energy.
This trend already observed at the ISR is now confirmed
at

√
s = 7TeV. Above the dip structure the differential

cross-section becomes flatter and can be described with a
power law |t|−n with an exponent n = 7.8±0.3stat±0.1syst

for |t|-values between 1.5GeV2 and 2.0GeV2.

Model comparison. – In fig. 4 the measured differ-
ential cross-section dσ/dt is compared to the predictions
from several models [23–27] at

√
s = 7TeV [28]. The ex-

tracted slope parameter B(|t| = 0.4 GeV2), the |t|-position
of the diffractive minimum, |tdip|, the exponent n at large
t and the differential cross-section at |t| = 0.7GeV2 are
listed in table 4 for a quantitative comparison.

Two models [24,27] are consistent with the data for the
slope parameter B at |t| = 0.4GeV2, the dip position,
|tdip|, and the exponent n at large |t|, but they both dis-
agree with the cross-section in the measured range. The
other three models [23, 25, 26] are less consistent with the
data presented here.

Outlook. – For further understanding of pp elastic
scattering the |t|-range has to be considerably extended.
The development of the approximately exponential be-
haviour at low |t| is fundamental for the extrapolation to
the Optical Point at t = 0 and hence for the measure-
ment of the elastic scattering and the total cross-section.
In the large |t| region, where a better understanding of
the interplay between non-perturbative and short-distance
perturbative-QCD dynamics is required, the cross-sections
of the different models vary over orders of magnitude.

During 2010, TOTEM has already accumulated statis-
tics (5.8 pb−1) in high-luminosity runs to extend the |t|
range to ∼ 4–5GeV2. The large β∗ = 90m optics was
developed and successfully tested in spring 2011 and first
special fills are expected soon to reach |t|-values for elas-
tic pp scattering around 10−2 GeV2. Total cross-section
measurements are then expected together with extensive
studies of diffractive phenomena.

∗ ∗ ∗

We thank our support staff and the members of vari-
ous CERN groups (M. Battistin, C. Bault, S. Blan-
chard, F. Cossey Puget, E. David, A. de Oliveira,
M. Dupont, M. Dutour, B. Farnham, P. Guglielmini,
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• TOTEM 7 TeV measurement of differential elastic cross section. No models 
predict data completely:

TOTEM EPL, 95 (2011) 41001
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Lessons from LHC run I - low mass diffraction

• TOTEM give direct measurement of low mass diff. at 7 TeV:

An estimate of the contribution of low mass diffraction can be obtained by comparing the
inelastic cross section measurement obtained from elastic scattering [34] with with the direct
measurements as described before. From their difference,

s

RP
tot �s

RP
el �s

T2
inel,|h |<6.5 = 2.62±2.17mb

, an upper limit of 6.31 mb at 95% confidence level on the cross-section for events with diffrac-2229

tive masses below 3.4 GeV has been deduced.2230

At the centre-of-mass energy
p

s = 8TeV, the inelastic cross-section has been derived2231

independently from the luminosity, sinel = (74.7±1.7) mb.2232

3.6.4 TOTEM Plans at
p

s = 13TeV2233

During LHC Run-II, TOTEM plans to perform the measurement of the total, elastic and in-2234

elastic cross-section at the energy
p

s = 13TeV based on the methods described above. The2235

high-beta optics (b ⇤  90m) is expected to have the same performance as at lower energies: the2236

lower acceptance limit in |t| is roughly |t|min,13TeV ⇡ 2|t|min,7TeV , still allowing a good extrapo-2237

lation of the differential elastic cross section to t = 0 at b

⇤
= 90m but not enough to acces the2238

Coulomb interference region. A higher beta optics (b ⇤
= 2.5km) is foreseen in order to access2239

the required |t|-range. Moreover the differential elastic cross section will be measured, up to the2240

high |t| values, and further studies of the exponential behaviour at low-|t| are envisaged. The2241

full menu of diffractive measurements is described elsewhere in this document.2242

3.7 Measurement Total and Elastic cross-section with ALFA2243

The ATLAS precision measure of the total pp cross section was performed with the ALFA2244

detector using the luminosity dependent parametrisation of the optical theorem in Equation 3.12245

during a dedicated
p

s = 7 TeV run with b

⇤
= 90 m optics.2246

ALFA uses parallel-to-point focusing optics in the vertical plane to translate the scatter-2247

ing angle q at the interaction point to a vertical displacement at the detector. This angle was2248

reconstructed from the impact points and beam transport matrix using the so called ‘subtraction2249

method’ by exploiting that elastic protons will be reconstructed back-to-back in the forward and2250

backward instrumentation.2251

Both background and efficiency determination were data driven and ALFA fits the �t2252

spectrum (Fig. 3.18) in the range of > 10% acceptance, 0.01 < �t < 0.1 GeV2, which yields2253

fits to the B slope B = 19.73±0.14(stat.)±0.26(syst.) GeV�2 and total cross section of stot =2254

95.35 ± 0.38(stat.)± 1.25(exp.)± 0.37(extr.) mb [40]. The ‘extra.’ uncertainty covers the ex-2255

trapolation to the optical point |t| ! 0 and the dominant uncertainty comes from the luminosity2256

and beam energy.2257

3.7.1 ALFA Plans at
p

s = 13TeV2258

For the upcoming Run-II period of the LHC, dedicated periods for special fills with high b

⇤ are2259

envisaged. The ALFA approved physics programme at the energy
p

s = 13 TeV will initially2260

focus on total and elastic cross-section and diffractive measurements at b

⇤ = 90 m.2261

During the Long Shutdown 1 (2014) several upgrades have been performed on the ALFA2262

detector to ensure good performance during Run-II. Most notably, a RF-protection system has2263

been installed and the distance between stations has been increased to 8 m improving the local2264

angle resolution by factor of 2 which will improve the final precision.2265

67

MX < 3.4GeV

compare to lower energy measurements:
CERN-ISR: 
31-62.5 GeV UA4: 516 GeV TOTEM: 7 TeV

! Ratio decreases with energy. Naively, driven by (the same) Pomeron exchange, 
expect to be ~ constant, i.e. one pomeron exchange overestimates data.
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Other inelastic measurements: 
ATLAS, Eur. Phys. J C72 (2012) 
1926, CMS-PAS-FSQ-12-005, 
ALICE, Eur. Phys. J C73 (2013) 
2456 

28 Chapter 1. Introduction
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Figure 1.8: (a) Elastic scattering. (b) Single diffraction. (c) Double diffraction.

no hadronic activity: this is called a ‘rapidity gap’, and these types of interaction are

known as ‘diffraction’. Considering the collision of particles with momenta p1 and p2, the

rapidity of a particle i is defined as

yi =
1

2
ln

µ
Ei + pzi

Ei − pzi

∂
, (1.52)

where the z–axis is aligned with the beam axis (say, pz1). Thus the particles in the

hadronic system due to particle 1 will move almost parallel to the z–axis and have large

positive rapidities, while the particles in the hadronic system due to particle 2 will move

almost parallel to the negative z–axis and have large negative rapidities. Events where

one proton remains intact (pp → p + Y ) are known as ‘single diffraction’ and where

both protons dissociate (pp → Y + Z) are known as ‘double diffraction’– Y, Z are the

proton dissociation products, and the ‘+’ signs indicate the presence of rapidity gaps.

These processes make up ∼ 20% of the total cross section at the LHC; they are shown

schematically in Fig. 1.8 along with the case of elastic scattering.

Diffraction is therefore a process which is mediated by the exchange of vacuum quan-

tum numbers, and such reactions will be dominantly soft, with the momentum transferred

generally being low, so we also have s/|t| � 1. In the language of Regge theory, this

therefore suggests that such processes at large s should be described in terms of Pomeron

exchange, and indeed it turns out that this can be done. So in Fig. 1.8 (b) for example,

where we show a schematic diagram for the single diffractive process pp → p + Y , the

exchanged ‘zigzag’ denotes the exchange of a Pomeron. The details for calculating the

cross section for such a process are described elsewhere, see e.g. [38], and we do not give

them here: we simply note that using the tools of Regge theory it is possible to provide
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Lessons from LHC run I - high mass diffraction
TOTEM prelim., M. Berreti, talk at 
Diffraction 2014, ATLAS, Eur. Phys. J 
C72 (2012) 1926, CMS-PAS-
FSQ-12-005, ALICE, Eur. Phys. J C73 
(2013) 2456 

• Range of results from ALICE, ATLAS, CMS 
and TOTEM on high mass inelastic diffraction.

• Appears to be some tension between TOTEM and ATLAS/CMS data, even 
accounting for model dependence in their extraction.
• S. Ostapchenko (Phys. Rev. D89 (2014) 7, 074009) : two models SD+ and SD-, for 
better agreement with ATLAS/CMS and TOTEM, respectively. 
• Give quite different results for primary cosmic ray composition:
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Figure 8: Xmax distributions measured by the Telescope Array experiment [32] compared to cal-
culations with the default QGSJET-II-04 model (solid), option SD+ (dashed), and option SD-
(dot-dashed) for the fitted primary compositions from Table 5.

iment, is a nontrivial problem. Hence, we apply
here a more standard method, trying to deduce
the primary composition from fitting the mea-
sured Xmax distributions by simulated ones, for
different mixtures of primary CR particles.

As the measured Xmax distributions are influ-
enced by experimental measurement and recon-
struction procedures, the consistency requires
the output of EAS simulation procedures to be
processed through the same analysis and recon-
struction chains as the respective experimental
data. In this work, we choose an alternative way:
we mimic the above-discussed effects by apply-
ing a systematic shift ∆Xmax and an additional
Gaussian smearing ∆σ to Xmax distributions ob-
tained from EAS simulations, as described in
more detail in the Appendix. Using this method,
we fit Xmax distributions measured by the Tele-
scope Array experiment in a number of primary
energy intervals, using a two-component mixture
(p plus Fe) for the primary CR composition and
assuming the relative abundances di (i = p, Fe)
to depend logarithmically on the energy of the
primary particle E0:

dp(E0) = dp(1) + [dp(100)− dp(1)]

× lg(E0/1EeV)/2 (1)

dFe(E0) = 1− dp(E0) .

Here dp(1) and dp(100) refer to proton abun-
dances at 1 and 100 EeV respectively.

The fitted primary abundances are presented
in Table 5, while the corresponding Xmax distri-

dp(1) dp(100) χ2/d.o.f.

QGSJET-II-04 0.79 0.77 35.6/33
option SD+ 0.77 0.75 41.4/33
option SD- 0.84 0.85 31.8/33

Table 5: Parameters for the composition fit
[Eq. (1)] based on Telescope Array Xmax data.

butions are shown in Fig. 8 in comparison to the
experimental data. We attempted also to fit the
data with a three-component composition mix-
ture, adding either helium or carbon nuclei as
the third primary group, but haven’t obtained
a significant improvement of the quality of the
fits.

It is easy to see that the obtained fraction
of primary iron nuclei is very sensitive to the
uncertainties studied in this work, amounting
to 10% difference between the options SD+
and SD-. One may equally well fit the data

7

‣ SD- : consistent with almost pure proton.
‣ SD+ : requires substantial heavy nuclei frac.

Consequence for astrophysical interpretation of cosmic ray data!

E0 = 1018 � 1020 eV

!
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Post Run I- status of models

• No pre-LHC model successfully describe the Run I diffractive data. Wide 
range of data and trends in elastic, total and dissociative cross sections give 
much information for model improvements.

• Subsequently good description of LHC data claimed by:

‣ KMR: now take           coupling                          where           is 
characteristic mom. in pomeron (diff. eigenstate), with                     . 
Then as            ,                , indep. of   , and                        . Also leads to 
less absorption and thus faster rise in           .

�i�IP �i / 1/(k2i + k2IP )

k2IP = k20s
0.28

kIP (ki)

s ! 1 �i ⇠ 1/k2IP i �lowM

SD

/�
el

! 0

�
tot

(s)

‣ GLM: new approach, matching the pomeron in N=4 SYM (      BFKL 
pomeron) to pQCD. see E. Gotsman talk on Tuesday.

$

‣ EPOS/QGSJET: post-LHC tunes and updates developed
‣ MBR: see K. Goulianos talk on Tuesday.
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Another handle- rapidity gap survival
• For processes where exclusive final-states/rapidity gaps are demanded, must 
include the probability that additional soft particles are not produced: the soft 
survival factor,     .

• Relevant for diffractive jets, W/Z+gaps, exclusive photoproduction, central 
exclusive production (including semi-exclusive, with proton diss.)...

• ‘Eikonal’ survival factor due to proton-proton interactions, and `enhanced’ 
due to proton-parton interactions. Typically                       . 

• Can write down the average          within particular model:

! Can provide additional test of model of soft diffraction.

hS2
eiki

hS2
eiki ⌧ hS2

enhi

S2process. As written, the cross section assumes soft-hard factorization. It assumes that the
survival factor, denoted by Seik in Fig. 8 and calculated from a model of soft interactions, does
not depend on the structure of the perturbative QCD amplitude embraced by the modulus

signs in (12). Actually the situation is more complicated, see, for instance, [16, 48].

3.3 Rapidity gap survival

The gap survival factor caused by eikonal rescattering of the diffractive eigenstates [19], for a
fixed impact parameter b, is

S2
eik(b) =

!

!

!

!

!

!

"

i,k

|ai|2 |ak|2 Mik(b) exp(−Ωtot
ik (s,b)/2)

!

!

!

!

!

!

2

!

!

!

!

!

!

"

i,k

|ai|2 |ak|2 Mik(b)

!

!

!

!

!

!

2 . (13)

where Ωtot
ik (s,b) is the total opacity of the ik interaction, and the ai’s occur in the decomposition

of the proton wave function in terms of diffractive eigenstates |p⟩ =
#

i ai|φi⟩. The total opacity
has the form Ωa

k(y)Ωa
i (y

′) integrated over the impact parameters b1,b2 (keeping a fixed impact

parameter separation b = b1−b2 between the incoming protons) and summed over the different
Pomeron components a. Recall y′ = Y − y = lns− y, see Fig. 3. The exact shape of the matrix

element Mik for the hard subprocess gg → H in b space and the relative couplings to the
various diffractive eigenstates i, k should be addressed further.

One possibility is to say that the b dependence of M should be, more or less, the same as
for diffractive J/ψ electroproduction (γ+p → J/ψ+p), and the coupling to the |φi⟩ component

of the proton should be proportional to the same factor γi as in a soft interaction. This leads
to

Mik ∝ γiγk exp(−b2/4B) (14)

with t-slope B ≃ 4 GeV−2 [49]. The resulting “first look” predictions obtained using the ‘soft’
model of [27], for the exclusive production of a scalar 120 GeV Higgs at the LHC, are shown

in Fig. 9. After we integrate over b, we find that the survival probability of the rapidity gaps
in pp → p + H + p to eikonal rescattering is ⟨S2

eik⟩=0.017, with the Higgs signal concentrated

around impact parameter b = 0.8 fm. Expressing the survival factors in this manner is too
simplistic and even sometimes misleading, for the reasons we shall explain below; nevertheless
these numbers are frequently used as a reference point.

As indicated in Fig. 8, besides eikonal screening, Seik, caused by soft interactions between
the protons, we must also consider so-called ‘enhanced’ rescattering, Senh, which involves inter-

mediate partons. Since we have to multiply the probabilities of absorption on each individual
intermediate parton, the final effect is enhanced by the large multiplicity of intermediate par-

tons. Unlike S2
eik(b), the enhanced survival factor S2

enh(b) cannot be considered simply as an
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Rapidity gap survival - proton distributions
• The average         can often get lost in other model uncertainties.

! Look to more differential tests.

• Consider e.g. the central exclusive production of meson pairs, e.g.

Figure 1: Representative diagram for the non-perturbative meson pair (M3, M4) CEP mech-
anism, where M∗ is an intermediate off-shell meson of type M . Eikonal and (an example of)
enhanced screening effects are indicated by the shaded areas.

where
√
s is the c.m.s. energy, p1⊥, p2⊥ are transverse momenta of the outgoing protons, k⊥

is the meson transverse momentum and y3,4 are the meson rapidities. Ignoring secondary
Reggeon contributions and soft survival effects for simplicity (these will be discussed in the
sections which follow), the production amplitude, M, is given by the sum M = Mt̂ +Mû

of the t and u–channel contributions, with t̂ = (P1 − k3)2, û = (P1 − k4)2, where Pi is the
momentum transfer through Pomeron i, and k3,4 are the meson momenta. We have

Mt̂ =
1

M2 − t̂
Fp(p

2
1⊥)Fp(p

2
2⊥)F

2
M(t̂)σ2

0

!

ŝ13
s0

"αIP (p2
1⊥

)! ŝ24
s0

"αIP (p2
2⊥

)

, (3)

where M is the meson mass, we take s0 = 1GeV2 and αIP (p2i⊥) = 1.08 − 0.25 p2i⊥, for p2i⊥
measured in GeV2 [37], and sij = (p′i + kj)2 is the c.m.s. energy squared of the final–state
proton–meson system (ij). The proton form factors are usually taken for simplicity to have
an exponential form, Fp(ti) = exp(Biti/2), as was assumed in the previous work of [14],
however as we shall see, the latest fit of [30] for the soft survival factor suggests a different
parameterization should be taken, see Section 2.5. We can see from (3) that the cross section
normalisation is set by the total meson–proton cross section σtot(Mp) = σ0(sij/s0)α(0)−1 at
the relevant sub–energy; the factor σ0 can be extracted for example from the fits of [37].
While this is therefore well constrained for the cases of ππ and KK production, there remain
other elements and possible additions to the model, which as we shall see are in general
quite poorly constrained by the relatively limited available ISR data. These are: the form
factor FM(t̂) in (3) of the Pomeron coupling to the off–shell meson, the possibility to produce
additional particles in the Pomeron fusion subprocess, and the effect of Reggeization of the
meson exchange in the t–channel. We will consider each of these in turn, before discussing
the inclusion of secondary Reggeons and soft survival effects.

4

pp ! p + ⇡+⇡� + p

• Measured by CDF and ALICE, CMS by vetoing on additional activity, but 
without tagging protons. Realistic proposal to measure with tagged protons by 
ATLAS+ALFA and CMS+TOTEM in Run II.

hS2i
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• The observation of such a process with tagged protons also provides 
additional information about survival factors...

p1⊥ > 0.5 GeV

p1⊥ > 0.5 GeV, p2⊥ > 0.8 GeV

p1⊥, p2⊥ > 0.5 GeV

no cuts

dσ/dφ [nb],
√
s = 13 TeV, no S2

.

-

φ

32.521.510.50
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70000
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40000
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Figure 11: Differential cross section dσ/dφ, where φ is the azimuthal angle between the
outgoing proton p⊥ vectors, at the

√
s = 13 TeV LHC, with soft survival effects omitted.

Results are shown for the four choices of cuts shown in Fig. 10, and for a cut |yπ| < 2 on the
centrally produced pions. For display purposes the predictions are normalized in the first φ
bin, to the prediction where no cuts are applied to the outgoing protons.

survival effects. In Fig. 10 we show this distribution at the LHC (
√
s = 13 TeV) for the

four different soft models described in [30]. While for the full cross section it appears that
there is only a fairly small difference in shape between the different models, once cuts are
placed on the magnitude of the proton p⊥, this difference becomes more apparent. Moreover,
we can observe a very distinct ‘diffractive’ dip structure, with the distributions reaching a
minimum at a particular value of φ. This is a consequence of the destructive interference
between the screened and bare amplitudes in (16), which becomes particularly pronounced
at higher proton p⊥, corresponding to a less peripheral interaction where survival effects are
stronger. For a particular value of φ this interference is strongest, resulting in the observed
minimum in the φ distribution (such an effect was predicted in [44], see also [?,49]). For the
sake of comparison, in Fig. 11 we show the φ distributions for these different cuts, without
survival effects included (i.e. simply taking the ‘bare’ amplitude of (3)), and we can see that
this dip behaviour disapears completely. As the form of the screened amplitude depends
on the particular soft model, we may expect the position and depth of this minimum to be
sensitive to this, as well as depending on the particular cuts imposed on the proton p⊥. In
fact, it appears from Figs. 10 that the position of the minimum does not depend too strongly
on the choice of model, but nonetheless the overall shape of the φ distribution does show
some variation. We note that these distributions are largely independent of the details of
the meson production subprocess (i.e. the shape taken for meson form factor, although for
completeness we note that the exponential form factor (4) is taken here), and so represent
a potentially unique handle with which to test the different available models for soft proton
interactions. For this reason, the observation of, for example π+π− and/or K+K− CEP with
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Figure 10: Differential cross section dσ/dφ, where φ is the azimuthal angle between the
outgoing proton p⊥ vectors, at the

√
s = 13 TeV LHC, for the four soft models of [30].

Results are also shown for different cuts on the magnitude of the proton p⊥, and for a cut
|yπ| < 2 on the centrally produced pions. For display purposes the predictions are normalized
in the first φ bin, to the model 1 predictions.
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S2 S2off on

• Distribution in angle     between outgoing protons strongly effected, in model 
dependent way.
• In particular true when larger values of proton      are selected. Cancellation between 
screened and unscreened amplitudes leads to characteristic ‘diffractive dip’ structure

V. A. Khoze, A.D. Martin and M.G. Ryskin, hep-ph/0203122
 LHL, V.A. Khoze, M.G. Ryskin and W.J. Stirling, arXiv:1011.0680

LHL, V.A. Khoze and M.G. Ryskin, arXiv:1312.4553

KMR arxiv.1306.2149

�

p?

• Largely independent of production subprocess in central region.

Normalized in first bin
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Rapidity gap survival - differential measurements

9
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Figure 5: Invariant mass distribution of the muon pairs for the dissociation selection. The dashed lines
indicate the Z-peak region. The hatched bands indicate the statistical uncertainty in the simulation.
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Figure 6: Transverse momentum distribution for µ+µ� pairs with zero extra tracks passing the disso-
ciation selection, for the Z region only (left), and with the Z region removed (right). The hatched bands
indicate the statistical uncertainty in the simulation.

there is a higher probability of finding tracks from a pileup interaction in close proximity to
the dilepton signal vertex. The incorrect assignment of these tracks to the signal vertex by the
vertex clustering algorithm will lead to signal events being rejected. In the 2011 data sample
with an average of 9 interactions per bunch crossing, this results in the rejection of ⇠40% of
signal events that would pass other selection requirements.

To check the modelling of the individual background contributions, we define three indepen-
dent control regions based on the number of tracks associated to the µ±e⌥ vertex and the
pT of the µ±e⌥ pair, as defined in Table 3. To study the inclusive backgrounds, we select
two control regions with 1–6 extra tracks associated to the µ±e⌥ vertex. The first region has
pT(µ±e⌥) < 30 GeV and is dominated by inclusive Drell–Yan production of t+t� and the sec-
ond, with pT(µ±e⌥) > 30 GeV, is dominated by inclusive W+W� production. In order to select
a sample with a significant fraction of gg ! t+t� events, we define a third control region
having zero extra tracks, but pT(µ±e⌥) < 30 GeV.

Single Low MY,Z (! 2.5 GeV) High MY,Z (" 2.5 GeV)
S2 0.86 ± 0.03 0.81 ± 0.03
Double (Low MY , Low MZ) (Low MY , High MZ) (High MY , High MZ)
S2 0.3 – 0.45 0.2 – 0.28 0.08 – 0.16

Table 1: Estimates for the survival factor (due to strong interactions between the colliding protons)
for single (pp → p(Y ) + γγ + Z(p)) and double (pp → Y + γγ + Z) diffractive two–photon
production of a lepton pair, at

√
s = 7 TeV, for E⊥(lepton) > 5 GeV and for the veto range of

|η| < 5.2. The results are presented for different regions of the invariant mass, MY ,MZ , of the
proton dissociation products.

Taking b3P = 1GeV−2 we then integrate (4.1) up to the maximum MY allowed by the

uninstrumented ∆y for the relevant detector, and we evaluate the admixture of high mass

dissociation in PCEP events selected by a rapidity gap veto to be about C ≃ 30 − 40%

for the CMS/ATLAS experiment and up to C ≃ 50% in the LHCb case12. In other words,

the enhancement factor by which we have to multiple the CEP cross section in order to

estimate the PCEP rate is ≃ (1+ c+C/2)2, where the factor of ‘1/2’ accounts for the fact

that C is the probability that either proton dissociates. We should recall, however, that

there is a large uncertainty in this estimate, as discussed above13, and that this high mass

dissociation will generate a rather large transverse momenta p⊥ of the central system and,

therefore, a larger admixture of the |Jz| = 2 contribution.

To make the interpretation of CEP experimental data less ambiguous it would be

helpful to suppress proton dissociation. This can be done by imposing additional veto

conditions: no signal in the ZDC and/or, as discussed in the Introduction, FSCs, which

cover a larger rapidity interval [54, 55]. Another possibility is to select events in which

the centrally produced system has a low transverse momentum. In particular, we can

impose a cut on the coplanarity of the γγ or ππ pair in the transverse plane. In the loop

formed by two Pomerons between the triple–Pomeron vertex and the matrix element of a

‘hard’ subprocess, |M|2, the large momentum p⊥ goes through the |M|2 blob. That is,

the centrally produced system obtains a large transverse momentum which violates the

coplanarity of the event. By selecting events with, say, |∆φ− π| < 0.1 we will introduce a

cut of p⊥ < 0.1E⊥
14.

Finally, let us make a few comments concerning the evaluation of the proton disso-

ciation contribution in the case when the central system (e.g. a lepton pair) is produced

via the photon–photon fusion mechanism. As a rule (see e.g. [62,63]), an admixture of the

processes with proton dissociation is evaluated using the LPAIR event generator [93, 94].

However, it is based on purely photon exchanges, and absorption effects caused by the

of the relative χc cross sections on this p⊥ cut would be possible, shedding further light on this issue.
12In the limit that the ‘hard’ subprocess has characteristic E⊥ ≫ 1 GeV (b3P ∗ E2

⊥ ≫ 1) this estimate
is process independent. However, for e.g. χc0 production the gg → χc0 vertex may effectively enlarge the
total t-slope in the loop somewhat, leading to a smaller probability of dissociation.

13Further modification of the admixture of dissociation will arise after accounting for detector effects.
14Recall that the ∆φ distribution of CEP diphoton events observed by CDF [19], where the LRG veto

is quite good, thus providing a very small admixture of proton dissociation events, has a narrow peak at
∆φ = π, consistent with the E⊥ of the recoil proton.

– 14 –

• Another possibility: central diffractive lepton pair production.

JHEP 1307 (2013) 116

• In pure exclusive case             , but for proton dissociation have larger     
transfer  and therefore smaller        .

pp ! Y + l+l� + Z

• CMS          measurement: compare         
of           system against LPAIR. 
Overestimates data at higher      , due to 
survival factor.

!Measurement sensitive to                 .

LHL, V.A. Khoze, M.G. Ryskin, W.J. Stirling, Eur. Phys. J. C72 (2012) 2110 

Not most up to date numbers, but give qualitative picture

hS2i ⇠ 1 p?
hS2i

µ+µ� p?

µ+µ�

p?

hS2(pµµ? )i
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Exclusive Processes
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Central Exclusive Diffraction
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Central exclusive diffraction

Central exclusive diffraction, or central exclusive production (CEP) is the
process

h(p1)h(p2) → h(p′
1) + X + h(p′

2)

• Diffraction: colour singlet exchange between colliding hadrons, with large
rapidity gaps (‘+’) in the final state.

• Exclusive: hadrons lose energy, but remain intact after collision and can
in principal be measured by detectors positioned down the beam line.

• Central: a system of mass MX is produced at the collision point, and only
its decay products are present in the central detector region.
.
.
.
.
.
.

L.A. Harland-Lang (IPPP, Durham) 2 / 24Saturday, 15 November 14

• Protons remain intact after collision. Only object of interest     is 
produced (                                                     ).

X
X = jets, J/ ,⇡+⇡�,W+W�...

Also: Odderon

Central Exclusive Production
pp ! p + X + p

• Generally interested in case where       is sufficiently high that a pQCD 
based approach may be taken.

! Diffractive (colour singlet, rapidity gaps) but perturbative.

MX

Can (principally) occur through IPIP , IP� and �� interactions
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‘Durham Model’ of Central Exclusive Production
HKRS: arXiv:1005.0695...   M.G. Albrow, T.D. Coughlin, J.R. Forshaw, Prog.Part.Nucl.Phys 65 (2010) 149-184

(QCD mediated)
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‘Durham Model’ of central exclusive production

• The generic process pp → p + X + p is modeled perturbatively by the
exchange of two t-channel gluons.

• The use of pQCD is justified by the presence of a hard scale ∼ MX/2.
This ensures an infrared stable result via the Sudakov factor: the
probability of no additional perturbative emission from the hard process.

• The possibility of additional soft
rescatterings filling the rapidity
gaps is encoded in the ‘eikonal’
and ‘enhanced’ survival factors,
S2

eik and S2
enh.

• In the limit that the outgoing
protons scatter at zero angle, the
centrally produced state X must
have JP

Z = 0+ quantum numbers.

XQ⊥

x2

x1

Seik Senh

p2

p1

fg(x2, · · · )

fg(x1, · · · )

L.A. Harland-Lang (IPPP, Durham) 3 / 24

• Model via diagram shown: two gluons exchange in the t-channel. Use 
of pQCD justified by hard scale           . IR stable result due to Sudakov 
factor: probability of no additional hard radiation.
• However must also include probability of no additional soft secondary 
particle production, independent of hard process: the soft survival 
factor     , discussed before.

! Both soft and hard QCD must be included.

⇠ MX

S2

•                   selection rule:           
these quantum numbers are 
dominantly preferred, i.e. only 
certain               helicity 
amplitudes contribute, not the 
usual inclusive sum.

JPC
z = 0++

gg ! X

See my talk tomorrow for details of new ‘superchic 2’ MC implementation.
23



Example: exclusive             productionJ/ J/ 

g1(λ1)

g2(λ2)

ψ1(λ3)

ψ2(λ4)

Figure 2: Typical Feynman diagram contributing to gg → J/ψJ/ψ process.

that
√
ŝ ≫ MV ) are given in [30], and this calculation could readily be extended to the case

of a non–zero quark mass, in the non–relativistic limit and to LO in αs. However, an explicit
expression for the tensor Mµνρσ

ab that is contracted with the incoming gluon and outgoing J/ψ
polarization vectors is given in [3], for the case of the non–relativistic colour–singlet model.
This is precisely the object needed in the case of CEP, and we will make use of this result
throughout this paper.

3.1 High energy limit

Although the tensor Mµνρσ
ab in [3] is in general quite a complicated object, in the high–energy

(
√
ŝ ≫ MV ) limit this should reduce to the relatively simple expressions given in [30] for the

production of massless vector meson pairs1. In this case the calculation was performed in
the ‘hard exclusive’ formalism of [31,32], for which the quark, anti–quark caries some general
momentum fraction x, (1 − x) of the parent meson, respectively: as we are considering the
non–relativistic approximation, we simply assume x = 1/2. In addition, to account for the
different normalizations of the spin projections, we must make the replacement

fM →

!
3

πMψ
R0(0) , (7)

where fM is the meson decay constant, defined in [30], and R0(0) is the J/ψ wave function
at the origin. Making these replacements we therefore expect that the helicity amplitudes

1As discussed in [30], the massless gg → V V amplitudes receive no contribution from the ‘ladder–type’
diagrams, where the qq pairs forming the meson come from the same quark line; these cannot contribute in
the case of J/ψ production due to C–parity conservation.

5

• Generically we write the CEP process 
in terms of the                 helicity 
amplitudes, in this case                          .gg ! J/ J/ 

gg ! X

• In high subprocess energy (              ) 
limit find that amplitudes with initial-state 
gluons in             config. vanish, while 
numerically suppressed away from this 
limit.

ŝ � M2
 

! Expect                CEP cross section to be suppressed below naive 
estimates. Specific result of exclusive channel, relies upon                      
selection rule.

J/ J/ 

Jz = 0

• Heavy quark mass ensures this is perturbative. Highly topical as a probe 
of (inclusive) double parton scattering, as well as tetraquark decays...

LHL, V.A. Khoze, M.G. Ryskin, J. Phys. G42 (2015) 5, 055001
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Recently LHCb have released the first exclusive measurement:

Observation of charmonium pairs
produced exclusively in pp collisions

The LHCb collaboration†

Abstract

A search is performed for the central exclusive production of pairs of charmonia
produced in proton-proton collisions. Using data corresponding to an integrated
luminosity of 3 fb�1 collected at centre-of-mass energies of 7 and 8TeV, J/ J/ and
J/  (2S) pairs are observed, which have been produced in the absence of any other
activity inside the LHCb acceptance that is sensitive to charged particles in the
pseudorapidity ranges (�3.5,�1.5) and (1.5, 5.0). Searches are also performed for
pairs of P-wave charmonia and limits are set on their production. The cross-sections
for these processes, where the dimeson system has a rapidity between 2.0 and 4.5,
are measured to be

�J/ J/ = 58± 10(stat)± 6(syst) pb,
�J/  (2S) = 63+27

�18

(stat)± 10(syst) pb,
� (2S) (2S) < 237 pb,

��c0�c0 < 69 nb,
��c1�c1 < 45 pb,
��c2�c2 < 141 pb,

where the upper limits are set at the 90% confidence level. The measured J/ J/ 
and J/  (2S) cross-sections are consistent with theoretical expectations.

J. Phys. G41 (2014) 11, 115002
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• We find, for the LHCb kinematics:

quite different x region, with x ∼ Mγγ/
√
s ∼ 3 × 10−3, to that probed here: in the forward

region relevant to the LHCb measurement, at the higher LHC energies, we span a large range
of x, from ∼ 10−5 – 10−1 (the uncertainty in the gluon PDF at low x and Q2 is in particular
quite large). In addition, we are performing such a comparison purely at LO, whereas in
general we might expect (process–dependent) higher–order corrections to effect the results of
such a comparison, and there is also an important uncertainty in size of the survival factors,
in particular in the energy dependence in going from Tevatron to LHC energies. Thus this
comparison with the CDF data can only be considered as a rough guideline.

model 1 model 2 model 3 model 4
MSTW08LO 2.3 5.2 3.3 2.7
CTEQ6L 1.4 3.1 2.0 1.6
GJR08LO 2.6 5.7 3.7 3.0

Table 1: Cross section, in pb, for the γγ CEP at
√
s = 1.96 TeV, for representative choice of

LO PDFs and models of the soft survival factor. The photons are required to have Eγ
⊥ > 2.5

GeV and |ηγ| < 1.

In Table 2 we show predictions for the LHCb acceptance (2 < YXi < 4.5) at
√
s = 8

and 14 TeV10, using the PDF sets and model choices described above. We can see that the
MSTW08LO and GJR08LO PDFs give a factor of ∼ 2 – 3 larger cross sections than the
CTEQ6L set, despite the agreement between sets found in Table 1 for γγ CEP, which is
precisely due to the different x values probed in the current case, and the different forms of
the PDFs in these regions: the CTEQ6L PDFs in particular give a cross section that falls
off more sharply at higher rapidity. This is seen in Fig. 5, where the rapidity distribution
of the central system is shown for the choices of PDF discussed above (it is worth pointing
out that the shape of the rapidity distribution is sensitive not only to the input PDF but
also the skewedness which must be included as in [16, 18]) the size of which is x–dependent.

10The LHCb measurements in fact correspond to data taken at both
√
s = 7 and 8 TeV: we show predictions

for the latter energy for simplicity, but note that there is only a small difference between the predictions at
these two energies.

MSTW08LO CTEQ6L GJR08LO
model 1 model 4 model 2 model 3 model 1 model 4√

s = 8 TeV 5.8 6.7 2.5 1.5 4.6 5.3√
s = 14 TeV 11.8 14.2 4.6 3.6 9.1 10.8

Table 2: Cross section, in pb, for the J/ψJ/ψ CEP at
√
s = 8 and 14 TeV, using different

models of the soft survival factor taken from [23], and with different PDF choices. The J/ψ
pair is required to lie in the the forward rapidity region 2 < YX < 4.5.

14

• After correcting for non-exclusive contamination, LHCb report an 
exclusive               cross section of 

Table 1: Summary of numbers entering the cross-section calculation.

J/ J/ J/  (2S)  (2S) (2S) �
c0

�
c0

�
c1

�
c1

�
c2

�
c2

N
M1M2 37 5 0 1 0 0
N

bkg

3.2± 2.0 0.07± 0.02 < 0.01 0.8± 0.8 0.2± 0.2 0.1± 0.1
A 0.35± 0.03 0.36± 0.03 0.36± 0.03 0.29± 0.03 0.29± 0.03 0.29± 0.03
✏ 0.80± 0.04 0.80± 0.04 0.80± 0.04 0.58± 0.06 0.66± 0.05 0.69± 0.05

f
single

L[ pb�1 ] 596± 21
B(J/ ! µµ) 0.0593± 0.0006
B( (2S) ! µµ) 0.0077± 0.0008
B(�

c0

! J/ �) 0.0117± 0.0008
B(�

c1

! J/ �) 0.344± 0.015
B(�

c2

! J/ �) 0.195± 0.008

Table 2: Percentage uncertainties on the quantities entering the denominator of Eq. (2).

Quantity Relative size of systematic uncertainty [%]
J/ J/ J/  (2S)  (2S) (2S) �

c0

�
c0

�
c1

�
c1

�
c2

�
c2

A 9 9 9 9 9 9
✏ 5 5 5 10 7 7

f
single

L [ pb�1 ] 3.5 3.5 3.5 3.5 3.5 3.5
B(M

1

)B(M
2

) 2 10 21 14 8 9
Total 11 15 24 20 14 15

cross-section value that in 90% of pseudo-experiments leads to more candidate events than
observed in data. The cross-sections, at an average energy of 7.6TeV, for the dimeson
system to be in the rapidity range 2.0 < y < 4.5 with no other charged or neutral energy
inside the LHCb acceptance are measured to be

�J/ J/ = 58± 10(stat)± 6(syst) pb,
�J/  (2S) = 63+27

�18

(stat)± 10(syst) pb,
� (2S) (2S) < 237 pb,

��c0�c0 < 69 nb,
��c1�c1 < 45 pb,
��c2�c2 < 141 pb,

where the upper limits are at 90% CL. To compare with theory, the elastic fraction is taken
to be 0.42± 0.13, as determined in Sec. 4, to give an estimated cross-section for central
exclusive production of J/ J/ of 24 ± 9 pb, where all the uncertainties are combined
in quadrature. Using the formalism of Ref. [17], a preliminary prediction [31] of 8 pb atp
s = 8TeV has been obtained. There is a large uncertainty of a factor two to three on

this value due to the gluon parton density function that enters with the fourth power,

9

! Larger (MSTW/GJR)  cross sections in fair agreement, within 
(reasonably large) theoretical and experimental uncertainties, but 
interesting possibility that predicted cross section are a little low.

J/ J/ 

• Worth recalling that this level of agreement requires getting the 
perturbative Sudakov suppression (no extra hard radiation), soft 
survival factor (no extra soft radiation) and dynamics of process 
(           selection rule) right. Plenty of physics going on...Jz = 0

LHL, V.A. Khoze, M.G. Ryskin, J. Phys. G42 (2015) 5, 055001
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• Can compare                invariant mass distribution to LHCb measurement
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Figure 6: Comparison of LHCb measurement [10] of J/ψJ/ψ invariant mass distribution
with theory prediction, calculated as described in the text. Shaded region corresponds to
uncertainty due to varying renormalization and factorization scale between mT/2 and 2mT ,
and in all cases the result is normalized to the data. Cuts are placed on muons comments
about spin correlations etc

σ(J/ψJ/ψ)
σ(γγ)

σ(J/ψJ/ψ)
σ(φφ)

σ(J/ψJ/ψ)
σ(π+π−)

MX > 2Mψ 0.37 5.6 51
MX > 5 GeV 0.22 4.0 15

Table 4: Ratio of J/ψJ/ψ to γγ and φφ CEP cross section at
√
s = 8 TeV. The central

system is required to lie in the the rapidity region 2 < YX < 4.5, and the photons and φ,
π mesons are required to have transverse momentum p⊥ > 2.5 GeV. Results are also shown
for a lower cut on the central system invariant mass MX < 5 GeV, in the case of γγ, φφ and
π+π− production.

give an estimate we normalize to the ψ(2S) leptonic width to get

|Rψ′
(0)|2 = 0.43GeV3 . (28)

and, as in [33], we simply take mc = (Mψ +Mψ′)/4 in the J/ψψ(2S) case and mc = Mψ′/2
in the double ψ(2S) case. Using this, we find, to good approximation that

σJ/ψJ/ψ : σJ/ψψ(2S) : σψ(2S)ψ(2S) = 1 :
1

2
:

1

16
, (29)

for the LHCb acceptance at
√
s = 8 TeV, integrating from threshold (we note that this is

qualitatively similar to the estimates of [33] for inclusive production). This ratio is largely
independent of the rapidity region considered as well as the PDF choice and model of soft
survival factor. We can see that the predicted J/ψψ(2S) ratio is in reasonable agreement

17

Normalized 
to data

J/ J/ 

! Encouraging agreement, within experimental uncertainties. But 
absolute cross section perhaps a bit higher in data.

• Outlook: during Run II we can anticipate (hope for) further, higher 
statistics, measurements of this from LHCb (defocused beams + 
HERSCHEL): J/ J/ , (2S) (2S),�c�c(?) · · ·
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Other processes: jet production
‣ Large cross sections,  expect strong      dominance, i.e. isolated gluon jets at 
the LHC.         possible clean probe of properties of gluon jets.
‣ 3-jet events: expect enhancement in ‘Mercedes’ configurations in              
case and potential for (first) observation of QCD ‘radiation zeros’ in                  
channels.
‣ Proposals for measurements during Run II with tagged protons, both during 
low lumi. running with CMS-TOTEM, ATLAS+ALFA (can expect ~ 10000 
events for                 ) and during normal running with CT-PPS and AFP 
(detailed studies have been performed and S/B found to be viable).

T2
RP

T2
RP

CMSF
S
C

F
S
C

Z+; sect 45Z-; sect 56

CD jet candidate

M(pp) = 244 GeV
| M(central)
[1 = 0.1 [2= 0.01

11

gg

!
qqg

ggg/qqg

100 pb�1

LHL, JHEP 1505 (2015) 146

28



Other processes: heavy quarkonia
‣ Conventional quarkonia:      CEP observed by CDF and LHCb. Expect 
hierarchy in cross sections (                              ) unique to exclusive mode and 
expected/observed inclusively. The higher mass       a useful possibility for the 
future. Measurements by LHCb and CMS-TOTEM during Run II proposed.

‣ Exotic quarkonia: for example, the very topical               . Quantum numbers 
known but assignment as e.g. a         molecular state or a conventional           
(or admixture of two) still undetermined. If dominantly         then expect extra 
particles to be produced           exclusive mode can distinguish between 
interpretations.

�c

�(�c0) � �(�c1,2)

�b

X(3872)

DD �c0(2P )

DD

!

imposed on the proton p?. In fact, it appears from Figs. 5.3 that the position of the minimum does not2702

depend too strongly on the choice of model, but nonetheless the overall shape of the f distribution does2703

show some variation. Thus a measurement of distributions with respect to f (or the magnitude of the2704

proton p?, where similar dipping structure may be seen) could help differentiate between the available2705

models of soft physics which are needed to calculate the survival factors. Although the case of p

+

p

�
2706

CEP is considered here, such diffractive dip structure will be observable in any CEP process, such as2707

exclusive jet or quarkonium production, see e.g. [26].2708

5.3.3 Conventional quarkonium production2709

Motivation and theory2710

The exclusive production of heavy quarkonium [10, 21, 31–37] provides a valuable test of the QCD2711

physics of bound states, with the predictions for the range of available JPC states exhibiting distinct2712

features in the exclusive mode. The direct production channel can be easily selected, that is without2713

feed–down contributions, and only the ‘core’ color–singlet component of the state is probed, due to the2714

requirement that no additional hadronic particles are present.2715

Exclusive ccJ production has been observed by both CDF at the Tevatron [38] and LHCb [39]2716

at the LHC (see the following section for further details), and quite high production cross sections are2717

expected: the Durham framework predicts total cross sections for the cc0, cc1 and cc2 at
p

s = 13 TeV2718

of ⇠ 340 nb, ⇠ 8.0 nb and ⇠ 4.4 nb, respectively [21], with an uncertainty of about a factor 2–3. It is2719

clear from these results that the cross sections for the three different spin states are predicted to follow2720

a strong hierarchy: due to the JPC
= 0++ selection rule described above for the cc2 (within the non–2721

relativistic approximation), and due to the Landau–Yang theorem [40, 41] for the cc1, the cross sections2722

for these higher spin states are expected to be at the level of a few percent of the cc0 cross section. Such a2723

suppression is not expected or seen in the inclusive mode [42], where all three spin states are observed to2724

give comparable contributions before branching. In the cc ! J/yg decay channel, for which the cc(1,2)

2725

branching ratios are much higher, we should expect to see non–negligible contributions from all three2726

states. Crucially, in the case of the LHCb data, it was possible to distinguish between the three different2727

spin states, with results that were found qualitatively to support this expectation.2728

However, there remain some open questions related to the cc2, for which an apparent enhancement2729

relative to theory expectations is seen by LHCb. As discussed in more detail in [2], this may be due2730

to proton dissociation not seen in the LHCb detector acceptance, which is expected to preferentially2731

enhance the higher spin states, in particular the cc2. Theoretically, such an enhancement may be due to2732

additional ‘non–perturbative’ corrections, as the mass scale of the cc may be too low to allow a purely2733

perturbative approach, which assumes that MX ⇠M
c

� Q?, as well as to relativistic corrections to the2734

cc wave function. This issue can only be fully clarified with further higher statistics data from the LHC,2735

with for example the HERSCHEL system (see Chapter 9), not used in any existing measurements, being2736

a particularly effectively way to reduce the effect of proton dissociation at LHCb. Measurements with2737

the CMS-TOTEM and ALFA in runs at high b

⇤, for which the proton tagging detectors can effectively2738

eliminate the effect of proton dissociation, would also be very useful. Such data would give a much2739

cleaner comparison with theory, and could be sensitive to any transition to a non–perturbative regime for2740

these lower cc masses, where a Regge theory based approach can be taken.2741

An observation of the higher mass bottomonium cb states, for which the mass scale is safely in2742

the perturbative regime, would provide a more stringent test of the theory. The predicted cb0 cross is2743

⇠ 100 pb at
p

s = 14 TeV [21], and a similar hierarchy in spin states to the cc case is predicted, but with2744

a negligible cb1 cross section due to the higher mass. It is also worth noting that the spin assignments2745

of the P–wave cbJ states still need experimental confirmation [43], and so this is an issue which the2746

spin–parity selecting properties of CEP could shed light on.2747

Other observables of interest include the cc states via two body (pp , KK...) decays, for which the2748

94

exclusive continuum background is expected to be manageable [44, 45]. The CEP of the odd–parity hc,b2749

states, for which the cross sections are predicted to be similarly suppressed to the higher spin cc,b states,2750

would also represent a further potential observable. As discussed in Section 5.3.2, the distributions of2751

the outgoing protons are expected to be highly sensitive to the spin–parity of the produced quarkonium2752

state, as well as to the soft survival factors. Finally, exclusive photoproduction of C–odd quarkonia (J/y ,2753

y(2S), °...) is of much interest; this is discussed in more detail in Section 5.4.2754

Experimental results and outlook2755

A favourable decay mode of the cc meson is to J/yg , with the only significant experimental background2756

being contamination from y(2S)! J/yp

0
p

0 where only one photon is identified from the subsequent2757

pion decays.2758

Fig. 5.4: Invariant mass of the di-muon plus photon system in events having no other activity inside
LHCb.

LHCb has made preliminary measurements [39] of the production of cc mesons with 37 pb�1 of2759

data. The selection of events proceeds as for the J/y selection in Sec. 5.4.4 but now one (rather than no)2760

photon candidate is required. The invariant mass of the di-muon plus photon system is shown in Fig. 5.42761

fitted to expectations from the SuperCHIC simulation [31, 46] for cc0,cc1.cc2 signal contributions and2762

the y(2S) background. The CDF collaboration made the first observation [38] of CEP of cc mesons2763

but because of the limited mass resolution, assumed it all to consist of cc0 mesons. The mass resolution2764

of LHCb is sufficiently good to distinguish the three states. In this decay mode, the contribution from2765

cc2 dominates although much of that is due to the higher branching fraction for this state to decay to2766

J/yg . Unfortunately, the resolution is not good enough to separate the three states completely and so the2767

fraction of the sample that is exclusively produced is determined for the whole sample and is estimated to2768

be 0.39±0.13 using the pT of the reconstructed meson. The cross sections times branching fractions are2769

measured to be 9± 5,16± 9,28± 12 pb for cc0,cc1,cc2, respectively, slightly higher but in reasonable2770

agreement with the theoretical predictions of 4, 10, 3 pb. Only the relative cross sections for cc2 to cc0 of2771

3±1 appears to be somewhat higher in the data than the theory expectation that they are roughly equal.2772

This is consistent with the CDF measurement of p

+

p

� CEP [47], where a limit on the cc0 ! p

+

p

�
2773

cross section is set which indicates that less than ⇠ 50% of the previously observed cc ! J/yg events2774

at the Tevatron [38] are due to the cc0. As discussed above, one possible reason for this discrepancy is2775

that the fraction of elastic exclusive events in the sample differs for each of the three resonances. With2776

greater statistics, a more sophisticated fit can be performed in order to estimate the fraction of exclusive2777

events separately for each cc state.2778

Further discrimination of the cc states is possible by considering different decay modes. Of par-2779

ticular interest are the decays to two pions or two kaons, which are not possible for cc1 and are about2780

four times higher for cc0 than for cc2. In addition, the mass resolution in this channel is about a factor2781
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• LHCb: triggering capability (designed for low mass objects) ideal for CEP. 
Defocused beams        less pile-up.!
• Measurement of                                        made using              data. y(2S)! J/yp

0
p

0 where only one photon is identified from the subsequent pion decays.

Fig. 5.8: Invariant mass of the di-muon plus photon system in events having no other activity inside
LHCb.

LHCb has made preliminary measurements [14] of the production of cc mesons with 37 pb�1 of
data. The selection of events proceeds as for the J/y selection in Sec. 2.3 but now one (rather than
no) photon candidate is required. The invariant mass of the di-muon plus photon system is shown in
Fig. 5.8 fitted to expectations from the SuperChic simulation [108] for cc0,cc1.cc2 signal contributions
and the y(2S) background. The CDF collaboration made the first observation [21] of CEP of cc mesons
but because of the mass resolution, assumed it all to consist of cc0 mesons. The mass resolution of
LHCb is sufficiently good to distinguish the three states. In this decay mode, the contribution from
cc2 dominates although much of that is due to the higher branching fraction for this state to decay to
J/yg . Unfortunately, the resolution is not good enough to separate the three states completely and so the
fraction of the sample that is exclusively produced is determined for the whole sample and is estimated to
be 0.39±0.13 using the pT of the reconstructed meson. The cross-sections times branching fractions are
measured to be 9± 5,16± 9,28± 12 pb for cc0,cc1,cc2, respectively, slightly higher but in reasonable
agreement with the theoretical predictions of 4, 10, 3 pb. Only the relative cross-sections for cc2 to cc0
of 3± 1 looks slightly higher in the data than the theory expectation that they are roughly equal. One
possible reason for this discrepancy is that the fraction of elastic exclusive events in the sample differs
for each of the three resonances. With greater statistics, a more sophisticated fit can be performed in
order to estimate the fraction of exclusive events separately for each cc state.

2.5.2 Double meson QCD exclusive production
The production of light pseudoscalar and vector meson pairs has been considered in Ref. [19]. When
the invariant mass of the central system is sufficiently high, a perturbative calculation can be performed.
Exclusive meson pair production is an interesting measurement in its own right in terms of understanding
QCD exclusive production and the rôle of the Pomeron, but can also shed light on hadroproduction and
meson wavefunctions. Furthermore, it constitutes a background process for the observation of cc decays
to pions or kaons as well as searches for glueballs or tetraquark states.

A theoretically interesting and experimentally accessible measurement is that of the central ex-
clusive production of pairs of charmonia. The mass of the central system is sufficiently high that a
perturbative prediction is possible down to the threshold for production. LHCb has recently made mea-
surements of double charmonia [22], J/yJ/y,Jyy(2S),y(2S)y(2S), cc0cc0, cc1cc1,cc2cc2, using a
data sample corresponding to 3 pb�1.

The selection proceeds in a similar fashion to that described in Sec. 2.3, although now four charged
tracks (at least three of which are identified muons) and no other activity are required to select pairs
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• Data in reasonably good agreement with Durham model predictions (some 
discrepancy for       ?), however sensitivity to proton dissociation unclear.

• About                 of                  data available for further analysis available: higher 
stats, exclusive component for each state, two-body decays...

�cJ ! J/ � ! µ+µ�� 37 pb�1

�c2

• Future: HERSCHEL detector allows diss. BG to be greatly suppressed.     

600pb�1 7� 8TeV
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Insight from CEP

• In CEP the state X is produced directly, i.e. at short distances:
gg → X (3872) and nothing else. → would be clear evidence of a direct
production mode.

• In an inclusive environment, for which additional soft quarks, D–mesons
etc can be present/emitted it should be easier to form molecular state.
Will expect additional suppression in exclusive case.

→ Can shed further light by comparing to the rate of χc1(13P1) production,
as seen by LHCb. Up to mass effects, cross section ratio should be given
by ratio of squared wavefunction derivatives at the origin |φ′P(0)|2. .
.
.
.
.
.
.
.
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Run II measurements of interest

‣ Measurement of         and elastic slope        at 13 TeV (in particular to 
confirm rise of effective       ).
‣ Accurate determination of        in different mass intervals: TOTEM-CMS 
(w/ FSCs), ATLAS+ALFA, and prospects at LHCb (HERSCHEL installed).
‣ Detailed comparison of              over wide   interval with different models.
‣ CEP ‘interferometry’: e.g. correlations in proton distributions sensitive to 
soft survival factor.

�
tot Bel

↵0
IP

�SD

d�el/dt t

See yellow report for further details!

c.f. ‘tensions’ in inelastic diffraction data

sensitive to proton opacity

• Soft diffraction

• CEP processes:
‣ Wide program of experimental studies proposed and possible during Run 
II, many not mentioned in this talk. Studies of jets, heavy quarkonia, exotic 
quarkonia, Higgs, two--photon induced processes photoproduction etc all of 
interest. The extensive rapidity coverage and proton tagging capabilities 
make the LHC ideal for these measurements.
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Summary

• Diffraction very broad topic, covering soft and hard QCD physics. 

• Soft diffraction: many models/MCs available, have been put to the test 
by the Run I LHC data at unprecedented collider energies, and often 
found to fall short. Testing our understanding of QCD, as well as having 
consequences for e.g. cosmic ray physics.

• Central exclusive production: ‘hard diffractive’ process, requiring non-
trivial combination of soft and hard QCD. Can produce in principle any 
object that couples to gluons        wide menu of processes to study

• LHC Run II has the potential to greatly increase our understanding of 
these processes. Please see the Forward Physics and Diffraction yellow 
report for status and prospects!

!
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