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Elastyczny przekrój czynny pp

Próbkowanie  zachodzi  dla  
parametru  zderzenia  b  rzędu:

Dla  małych  t  elastyczny  
różniczkowy  przekrój  czynny  
spada  eksponencjalnie  z  t:

Rozpraszanie  dla  małych  t  
zachodzi  przede  wszystkim  
w  koronie  zewnętrznej
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B. Paradoxes, bounds and unitarization effects

The Regge formalism outlined above leads to predictions

that cannot be accurate at very high energies. For

example, it is clear that the cross section cannot rise

indefinitely as σ ∝ s∆.

Using s-channel unitarity and S-matrix analyticity con-

straints it is possible to derive the so called Froissart-

Martin bound:

σTot(pp) ≤ C ∗ ln2
(s/so)

with so ∼ 1 GeV and C = π/2m2
π = 30 mb. Even though

this bound has no effect at LHC energies as it requires

σ(7 TeV )Tot < 2.3 barn and σ(14 TeV )Tot < 2.7 barn,

it puts a limit on the possible growth of σTot(pp) .

Likewise, the Regge formalism predicts that the elastic

cross section grows with energy faster than the total cross

section

σEl ∝ s2∆,

creating the paradox that at a certain energy the elastic

cross section would be larger than the total cross section.

This condition, however, does not happen as it can be

shown that the elastic cross section should always be less

than half of the total cross section: σEl < 1/2σTot, the

so called Pumplin bound.

FIG. 8. Predictions of the two-pomeron model without (bare)
and with (eikonal, saturated) unitarization effects ([6]).

The inclusion of these bounds and the effects of multiple

exchanges in the calculation of the value of the total

cross section is called unitarization. The overall effect
of unitarization is to reduce the value of the total

cross section: Figure 8 shows the predictions of the

two-pomeron model without (bare) and with (eikonal,
saturated) unitarization effects. It’s interesting to note

that the prediction from a given model is the outcome

of the interplay of its functional expression and the

unitarization scheme used.

III. PROTON - PROTON ELASTIC

SCATTERING

Elastic scattering, pp → pp, is a very important pro-

cess to probe the macro structure of the proton, and it

represents roughly one forth of the total cross section.

A sketch of the proton macro structure, following [7], is

shown in Figure 9: the outer corona (1) is composed by

qq̄ condensates, the middle part is a shell of baryonic

charge density (2), while the valence quarks are confined

at the center (3).

FIG. 9. Sketch of the proton macro structure (see text for
details) ([7]).

Elastic scattering probes the proton at a distance b given
by b ∼ 1/

√
t. At low t values, the cross section is well

approximated by an exponential form:

dσ

dt
= A ∗ eBt,

and is largely dominated by the outer corona (1), Fig-

ure 10.

At higher values of t, the cross section has a more

complex form, reflecting the additional contributions

from inner layers. At values of t above 4 GeV
2
the cross

section is dominated by quark-quark elastic scattering

(the so called deep elastic scattering).

As
√
s grows, not only the proton becomes blacker (the

cross section increases) but also grows in size: the value of

the slope parameter B increases (the so called “shrinkage

of the forward peak”), indicating an average lower values

of t and therefore a longer interaction range. The rela-

tive importance of the various components described in

Figure 10 changes with energy as shown by the experi-

mental data from ISR, Figure 11, where the values of the

position and depth of the dip decrease with increasing√
s .

Ograniczenie Froissarta:

σ tot ≤
π
2mπ

⎛
⎝⎜

⎞
⎠⎟
× ln s

1GeV( )
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(1) (2) 

(3) 

Solid: Total spectrum, sum 
of 3 contributions 

FIG. 10. Elastic cross section as a function of the 4-
momentum transfer t. The contributions from the various
layers of the proton are shown ([7]).

FIG. 11. Differential value of the proton-proton cross sec-
tion as a function of the 4-momentum transfer squared t, for
different center-of-mass energies.

IV. MONTECARLO MODELS

The Montecarlo (MC) models commonly used in high-
energy and cosmic-rays physics can be approximately
divided into two large families. The MC models in the
first group (QGSJET, SIBYLL, PHOJET, EPOS) are
based on Regge Field Theory (RFT), and they differ
among themselves for the implementation of various
aspects of the model parameters. For their focus on soft
and forward physics they have been intensively used in
cosmic-rays physics and they are a very important tool
in the study of the total cross section. These MC models
have been extended to also provide predictions for hard
QCD processes.

The second group of MC models is based on the calcu-
lation of perturbative QCD matrix elements (PYTHIA,
HERWIG, SHERPA) and the relative importance and

absolute values of soft processes (total and inelastic
cross section, fraction of non-diffractive and diffractive
events) just reflects the chosen internal parametrization.

Both families can be used when studying soft QCD, but
these differences, outlined in Figure 12, need to be con-
sidered when interpreting the results.

FIG. 12. Montecarlo models commonly used in high-energy
and cosmic-rays physics

V. TOPOLOGIES OF EVENTS IN σTot(pp)

Three main components contribute to the value of
σTot(pp).

(i) Elastic scattering pp → pp: 20-25% of σTot(pp).
This is a very difficult process to measure and re-
quires dedicated hardware, often installed and op-
erated by dedicated experiments.

(ii) Diffractive scattering pp → Xp; pp → pXp; pp →
XY : 25 - 35 % of σTot(pp).
This group includes all processes that are mediated
by the exchange of a pomeron, IP . These events
are recognizable by the presence of a large gap in
the rapidity distributions of final state particles.
For Reggeon or Pomeron exchange the probability
to have a rapidity gap ∆η depends on the value of
the intercept of the exchanged trajectory[8]:

p(∆η) ∼ e−2(α(0)−1)∆η.

Let’s then consider different possibilities:

– IP : αIP(0) ∼ 1 ⇒ p(∆η) ∼ e0

– ρ, a2, f2,ω: αR(0) ∼ 0.5 ⇒ p(∆η) ∼ e−∆η

– π: απ(0) ∼ 0 ⇒ p(∆η) ∼ e−2∆η.

Therefore, even though ρ,π and IP are colour-
less exchanges, only IP exchange produces rapid-
ity gaps that are not suppressed as the gap width
increases. It is therefore possible to operationally
define diffraction [9] by the presence of a rapidity
gap: diffractive events are those which lead to a
large rapidity gap in final state phase space and
are not exponentially suppressed as a function of
the gap width.

~2.4 b @7 TeV
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Historia: ISR pp vs TeVatron ppbar
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FIG. 2. Values of the pp and pp̄ total cross section as a func-
tion of

√
s ([2])

FIG. 3. Schematic of the elastic pp → pp and charge-exchange
pn → np channel.

jectories) when plotted in the complex angular moment
J - t plane, where t is the 4-momentum transfer squared.

α(t) = α+ α�t.

The particles are such that, whenever t = m2 (where
m is the mass of a particle in the trajectory), then α(t)
correspond to the spin of the particle, Figure 4.
Regge theory explains that these trajectories can be un-
derstood as group of particles that are exchanged to-
gether, i.e., referring to Figure 4, in the scattering pro-
cess pn → np not just the π particle is exchanged, but
all particles on the π trajectory. Mathematically, each
particle is a pole in the analytic expression of the scatter-
ing amplitude of processes mediated by its own trajec-
tory. The second main feature of the Regge pole model
is the relationship between exchanged trajectories and
high-energy behaviour: a given trajectory contributes to
σTot(pp) according to:

σ(s) ∝ ImA(s, t = 0) ∼ sα−1,

where ImA(s, t = 0) is the imaginary part of the scat-
tering amplitude computed at t = 0 GeV and α is the
intercept of the exchanged trajectory. The equation of
the trajectory indicates a very important feature: if the
intercept is lower than one, the contribution of a trajec-

Regge trajectories 

        pion 
!(t) = 0. + 0.7 t  

pomeron 
!(t) = 1.1 + 0.25 t  

6 
 
 
5 
 
 
4 
 
 
3 
 
 
2 
 
 
1 
 
 
0 

"#

$,%#

$3,%3#

f2,a 

f4,a4 

"2#

t = M2 (GeV2)  

!(t) 

FIG. 4. Example of Regge trajectories in the complex angular
moment (J) - t plane: for values of t = m2 (where m is the
mass of a particle in the trajectory) α(t) corresponds to the
spin of the particle.

tory to σTot(pp) decreases as a function of increasing
√
s .

An interesting fact happens: each known trajectory has
the intercept lower than one and therefore provides a
decreasing contribution to σTot(pp) . This prediction
is, however, not supported by the experimental points:
following an initial decrease of the cross section with√
s that follows the behaviour predicted by the exchange

of reggeon trajectories (σ(s) ∝∼ s−0.5), the value of the
cross section rises with the trend σ(s) ∝∼ s0.08. This
general feature is displayed in Figure 5 where the value
of σTot(pp) versus

√
s is plotted for several different scat-

tering processes (pp, pp̄,π+p,π−p,K−p,K+p, pn, p̄n).

FIG. 5. Behaviour of the total cross section with the cen-
ter of mass energy for several different scattering processes
pp, pp̄,π+p,π−p,K−p,K+p, pn, p̄n ([2]).

This contradiction is eliminated by introducing a new

13

FIG. 29. Fit to the pp and pp̄ total cross section values using
a two-pomeron parametrization. The bottom line show the
contribution of the so called hard pomeron ([5]).

XIII. CONCLUSIONS

The concurrent efforts of several cosmic-rays and collider
experiments have provided in the last couple of years
a large quantity of measurements of the values of the
total, elastic and inelastic cross sections as well as the
values of cross sections for particular final state. The
total value of the cross section is well reproduced by the
prediction of the COMPETE collaboration showing that
a ln2(s) dependence of σTot(pp) provide a good tool for
extrapolating to higher energies. Several groups, using
single or double pomeron models, have updated their
analyses using the new LHC data and also obtain good
fits to the data.

Common MC models used in collider experiments fail to
concurrently reproduce the new measurements, pointing
to an underestimation of the amount of low mass events.
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Nowe wyniki σtot / σinel: 
ALICE, ATLAS, CMS, TOTEM

Przykładowo:    S.  Chartchyan  el.  al.  Phys.  LeC.  B722,  (2013)  5-‐‑27
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Figure 6: The results from the present CMS inelastic cross section analysis at
√

s = 7 TeV
(red square) compared with the results from ATLAS [12], CMS (via pile-up counting) [9], AL-
ICE [21], TOTEM [20] and lower energy pp and pp̄ data from PDG [22].

agreement with the results independently obtained recently by CMS (via event pileup count-
ing) [9] and ATLAS [12], and follow the smoothly increasing trend established by previous
measurements at lower energies.

References
[1] U. Amaldi, R. Biancastelli, C. Bosio et al., “The Energy dependence of the proton proton

total cross-section for center-of-mass energies between 23 and 53 GeV”, Phys.Lett. B44
(1973) 112–118. doi:10.1016/0370-2693(73)90315-8.

[2] S. Amendolia, G. Bellettini, P. Braccini et al., “Total cross-section measurement at the
ISR”, Nuovo Cim. A17 (1973) 735–755. doi:10.1007/BF02786846.

[3] ARGO-YBJ Collaboration, “Proton-air cross section measurement with the ARGO-YBJ
cosmic ray experiment”, Phys.Rev. D80 (2009) 092004, arXiv:0904.4198.
doi:10.1103/PhysRevD.80.092004.

[4] A. Arkhipov, “Proton proton total cross-sections from the window of cosmic ray
experiments”, arXiv:hep-ph/0108118.

[5] T. Sjostrand, S. Mrenna, and P. Z. Skands, “PYTHIA 6.4 Physics and Manual”, JHEP 0605
(2006) 026, arXiv:hep-ph/0603175. doi:10.1088/1126-6708/2006/05/026.

Available on the CERN CDS information server CMS PAS QCD-11-002

CMS Physics Analysis Summary

Contact: cms-pag-conveners-qcd@cern.ch 2012/03/20

Measurement of the inelastic pp cross section at
√

s = 7 TeV

The CMS Collaboration

Abstract

The proton-proton inelastic cross section at
√

s = 7 TeV was measured with the CMS

detector at the Large Hadron Collider. The analysis was performed using Zero Bias

triggered events on data collected in low luminosity LHC runs. The inelastic events

were detected and counted requiring an energy deposit in either of the Hadron For-

ward Calorimeters. Results for the visible inelastic pp cross section, corresponding to

events in which at least one proton loses more than a fraction ξ ∼ 5 × 10
−6

of its total

momentum are presented together with the extrapolated value for the total inelastic

pp cross section.

Available on the CERN CDS information server CMS PAS QCD-11-002

CMS Physics Analysis Summary

Contact: cms-pag-conveners-qcd@cern.ch 2012/03/20

Measurement of the inelastic pp cross section at
√

s = 7 TeV

The CMS Collaboration

Abstract

The proton-proton inelastic cross section at
√

s = 7 TeV was measured with the CMS

detector at the Large Hadron Collider. The analysis was performed using Zero Bias

triggered events on data collected in low luminosity LHC runs. The inelastic events

were detected and counted requiring an energy deposit in either of the Hadron For-

ward Calorimeters. Results for the visible inelastic pp cross section, corresponding to

events in which at least one proton loses more than a fraction ξ ∼ 5 × 10
−6

of its total

momentum are presented together with the extrapolated value for the total inelastic

pp cross section.



J. Królikowski, Seminarium FWE, 28. 11.2014

PLAN

1. Przypomnienie  podstaw  dla  zderzeń  pp  :  dσel/
dt,  Re/Im,  twierdzenie  optyczne,  σinel

2. Normalizacja  strumienia:  metoda  Van  der  
Meera

3. TOTEM—  dedykowany  detektor  do  pomiaru  
dσel/dt  w  LHC

4. Metody  pomiaru    i  wyniki  σinel  w  ATLAS  i  
CMS  przy  √s  =  7  TeV

5. Wyniki  dla  promieniowania  kosmicznego  przy  
<√s>  =  57  TeV

6. Podsumowanie
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1. Przypomnienie podstaw:
dσel/dt,  Re/Im,  twierdzenie  optyczne,  σinel

Terminologia,  topologia  i  metodologia  miękkich  
procesów:

1. elastyczny  pp——>pp:  20-‐‑25%  całkowitego  PCz;  
trudny  do  pomiaru—  wymaga  specjalnej  aparatury  
przy  małych  kątach,

2. Dyfrakcyjne  pp——>  pX  (SD)  lub  XY  (DD):  25-‐‑30%  
całkowitego  PCz;  w  modelu  Regge  spowodowany  
przez  Pomeron;  rozpoznawanie  przede  wszystkim  
przez  duże  przerwy  pomiędzy  grupami  cząstek  na  
rozkładach  y  (η),

3. Niedyfrakcyjne(ND)    rozpraszanie  pp—  wszystko  
inne—  50-‐‑60%  całkowitego  PCz;  najłatwiejszy  do  
pomiaru—  dużo  cząstek,  które  mogą  być  (łatwo?)  

7
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σinel (pp) i σtot (pp)
• Pomiar  poprzez  twierdzenie  optyczne  i  

elastyczny  przekrój  czynny  jest  
najczystsze  (TOTEM)

• Eksperymenty  przy  LHC  (ALICE,  
ATLAS  i  CMS)  mierzą  bezpośrednio  
tylko  część  przypadków  
nieelastycznych.  Ekstrapolacja  do  
całości  wymaga  założeń  fizycznych,  
modeli  analitycznych  i  MC

• To  samo  dotyczy  pomiaru  przypadków  
dyfrakcyjnych  (SD)  przy  LHC  (także  
TOTEMu)

• To  samo  dotyczy  eksperymentów    
promieni  kosmicznych  (AUGER,  
HiRes,  EAS-‐‑TOP,  AGASA,  Fly’s  Eye...)  
choć  inna  jest  systematyka  tych  
pomiarów  (patrz  Cz.5).
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particles. This method, however, has several drawbacks:
rapidity gaps can also appear in non-diffractive events,
albeit less frequently and high mass diffractive events of-
ten have a rapidity gap that is too small to be used as
a signature and therefore they cannot be selected using
this method.

FIG. 25. Rapidity - p⊥ coverage of the LHC experiments at�
(s) = 14 TeV.

At LHC, the rapidity interval is roughly 20 units, while
the experimental coverage of the various experiments is
much less, Figure 25: ATLAS and CMS cover roughly 10
units of rapidity, centrally from -5 to 5, TOTEM covers
only forward rapidities, 3.1 < |η| < 6.5 while ALICE has
an asymmetric coverage, −3.4 < η < 5.1.

The rapidity span of an event with mass MX is given
by ∆η = ln(M2

X/m2
p) while the rapidity gap of the

event is given by ∆η = −lnξ, with mp the proton mass
and ξ = M2

X/s, Figure 26. For this reason small mass
events are very difficult to measure as they are boosted
forward and don’t leave in the detector any signature:
an event with MX = 5 GeV covers only ∼ 3 unit of
rapidity and therefore escapes detection. The experi-
mental limit of detection for both ATLAS and CMS is
ξ > 5 ∗ 10−6, which correspond to a mass MX � 15 GeV
at 7 TeV while TOTEM reaches down to MX � 3.5 GeV.

The selection of diffractive events is defined by each ex-
periment differently, relying on the strengths of its own
detector: ATLAS requires 4 units of rapidity gap for sin-
gle diffractive events and 3 units for double diffractive
events within the detector acceptance, TOTEM uses sep-
arately the information on T1 and T2 to select low and
high mass events while CMS requires no activity with
either η < 1 or η > −1. Several experiments have mea-
sured the cross section values of σSD(pp) for different in-
tervals of the hadronic mass, Table III. ATLAS has re-
ported the fraction of pp events with a rapidity gap in
the interval 2.09 < η < 3.84 to be fGAP = 10% [25].

FIG. 26. Sketch of the rapidity coverage and rapidity gap of
an event with mass MX

Experiment Energy Mass σSD(pp)
[TeV] [GeV] [mb]

TOTEM 7 3.4 - 1100 6.5 ± 1.3
(preliminary)

CMS 7 12 - 394 4.27 ± 0.04 (sta) +0.65
−0.58 (sys)

ALICE 2.76 0 - 200 12.2 ±+3.9
−5.3

ALICE 7 0 - 200 14.9 ±+3.4
−5.9

TABLE III. Values of the single diffractive σSD(pp) cross sec-
tion as measured by TOTEM [22], CMS [22], ALICE [24]

XI. DISCUSSION OF THE RESULTS

Figure 27 shows a compilation of the values of
σTot(pp), σEl(pp) and σInel(pp) as a function of

√
s .

The plot includes the results obtained by the TOTEM
collaboration, together with the results from LHC, lower
energy experiments and the best fit from the COMPETE
collaboration based on a ln2(s) behaviour of the cross
section.

FIG. 27. Compilation of the values of σTot(pp), σEl(pp) and
σInel(pp) as a function of

√
s . The best fits from the COM-

PETE collaboration are also shown.

Several groups, for example GLM [26] [27] (E. Gotsman,
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Elastyczny różniczkowy przekrój czynny
Struktura dyfrakcyjna z danych ISR

Nachylenie  
maksimum  
dyfrakcyjnego    B(s)  
dla  t~0  
ROŚNIE  z  energią—  
rozmiar  protonu  
PUCHNIE!
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5

(1) (2) 

(3) 

Solid: Total spectrum, sum 
of 3 contributions 

FIG. 10. Elastic cross section as a function of the 4-
momentum transfer t. The contributions from the various
layers of the proton are shown ([7]).

FIG. 11. Differential value of the proton-proton cross sec-
tion as a function of the 4-momentum transfer squared t, for
different center-of-mass energies.

IV. MONTECARLO MODELS

The Montecarlo (MC) models commonly used in high-
energy and cosmic-rays physics can be approximately
divided into two large families. The MC models in the
first group (QGSJET, SIBYLL, PHOJET, EPOS) are
based on Regge Field Theory (RFT), and they differ
among themselves for the implementation of various
aspects of the model parameters. For their focus on soft
and forward physics they have been intensively used in
cosmic-rays physics and they are a very important tool
in the study of the total cross section. These MC models
have been extended to also provide predictions for hard
QCD processes.

The second group of MC models is based on the calcu-
lation of perturbative QCD matrix elements (PYTHIA,
HERWIG, SHERPA) and the relative importance and

absolute values of soft processes (total and inelastic
cross section, fraction of non-diffractive and diffractive
events) just reflects the chosen internal parametrization.

Both families can be used when studying soft QCD, but
these differences, outlined in Figure 12, need to be con-
sidered when interpreting the results.

FIG. 12. Montecarlo models commonly used in high-energy
and cosmic-rays physics

V. TOPOLOGIES OF EVENTS IN σTot(pp)

Three main components contribute to the value of
σTot(pp).

(i) Elastic scattering pp → pp: 20-25% of σTot(pp).
This is a very difficult process to measure and re-
quires dedicated hardware, often installed and op-
erated by dedicated experiments.

(ii) Diffractive scattering pp → Xp; pp → pXp; pp →
XY : 25 - 35 % of σTot(pp).
This group includes all processes that are mediated
by the exchange of a pomeron, IP . These events
are recognizable by the presence of a large gap in
the rapidity distributions of final state particles.
For Reggeon or Pomeron exchange the probability
to have a rapidity gap ∆η depends on the value of
the intercept of the exchanged trajectory[8]:

p(∆η) ∼ e−2(α(0)−1)∆η.

Let’s then consider different possibilities:

– IP : αIP(0) ∼ 1 ⇒ p(∆η) ∼ e0

– ρ, a2, f2,ω: αR(0) ∼ 0.5 ⇒ p(∆η) ∼ e−∆η

– π: απ(0) ∼ 0 ⇒ p(∆η) ∼ e−2∆η.

Therefore, even though ρ,π and IP are colour-
less exchanges, only IP exchange produces rapid-
ity gaps that are not suppressed as the gap width
increases. It is therefore possible to operationally
define diffraction [9] by the presence of a rapidity
gap: diffractive events are those which lead to a
large rapidity gap in final state phase space and
are not exponentially suppressed as a function of
the gap width.

√s= 23.5-62 GeV
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Całkowity przekrój czynny
Twierdzenie optyczne

10

 

σ 2
tot =

16π c( )2
1+ ρ2

dσ el

dt t=0

ρ = ReAel ImAel t=0
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Podstawy teoretyczne miękkich procesów
(elastycznego, dyfrakcyjnych, całkowitego σ) 

To  model Regge—  wymiana  mezonów  i  
pomeronu  (glueball?).
Obserwacja  doświadczalna—  trajektorie  
Regge—  spiny  cząstek  w  funcji  mas  
układają  się  na  liniach  prostych  
parametryzowanych  przez  t.zw  
trajektorie  Regge  :

Przekroje  czynne:
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  α(t) = α +α 'ʹ⋅ t

2

FIG. 2. Values of the pp and pp̄ total cross section as a func-
tion of

√
s ([2])

FIG. 3. Schematic of the elastic pp → pp and charge-exchange
pn → np channel.

jectories) when plotted in the complex angular moment
J - t plane, where t is the 4-momentum transfer squared.

α(t) = α+ α�t.

The particles are such that, whenever t = m2 (where
m is the mass of a particle in the trajectory), then α(t)
correspond to the spin of the particle, Figure 4.
Regge theory explains that these trajectories can be un-
derstood as group of particles that are exchanged to-
gether, i.e., referring to Figure 4, in the scattering pro-
cess pn → np not just the π particle is exchanged, but
all particles on the π trajectory. Mathematically, each
particle is a pole in the analytic expression of the scatter-
ing amplitude of processes mediated by its own trajec-
tory. The second main feature of the Regge pole model
is the relationship between exchanged trajectories and
high-energy behaviour: a given trajectory contributes to
σTot(pp) according to:

σ(s) ∝ ImA(s, t = 0) ∼ sα−1,

where ImA(s, t = 0) is the imaginary part of the scat-
tering amplitude computed at t = 0 GeV and α is the
intercept of the exchanged trajectory. The equation of
the trajectory indicates a very important feature: if the
intercept is lower than one, the contribution of a trajec-

Regge trajectories 

        pion 
!(t) = 0. + 0.7 t  

pomeron 
!(t) = 1.1 + 0.25 t  
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$3,%3#

f2,a 
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t = M2 (GeV2)  

!(t) 

FIG. 4. Example of Regge trajectories in the complex angular
moment (J) - t plane: for values of t = m2 (where m is the
mass of a particle in the trajectory) α(t) corresponds to the
spin of the particle.

tory to σTot(pp) decreases as a function of increasing
√
s .

An interesting fact happens: each known trajectory has
the intercept lower than one and therefore provides a
decreasing contribution to σTot(pp) . This prediction
is, however, not supported by the experimental points:
following an initial decrease of the cross section with√
s that follows the behaviour predicted by the exchange

of reggeon trajectories (σ(s) ∝∼ s−0.5), the value of the
cross section rises with the trend σ(s) ∝∼ s0.08. This
general feature is displayed in Figure 5 where the value
of σTot(pp) versus

√
s is plotted for several different scat-

tering processes (pp, pp̄,π+p,π−p,K−p,K+p, pn, p̄n).

FIG. 5. Behaviour of the total cross section with the cen-
ter of mass energy for several different scattering processes
pp, pp̄,π+p,π−p,K−p,K+p, pn, p̄n ([2]).

This contradiction is eliminated by introducing a new

σ (s) ~ ImA(s,t = 0) = sα−1

trajektoria 
Pomeronu: α=1

Trajektorie mezonowe:
α=0—0.5
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FIG. 29. Fit to the pp and pp̄ total cross section values using
a two-pomeron parametrization. The bottom line show the
contribution of the so called hard pomeron ([5]).

XIII. CONCLUSIONS

The concurrent efforts of several cosmic-rays and collider
experiments have provided in the last couple of years
a large quantity of measurements of the values of the
total, elastic and inelastic cross sections as well as the
values of cross sections for particular final state. The
total value of the cross section is well reproduced by the
prediction of the COMPETE collaboration showing that
a ln2(s) dependence of σTot(pp) provide a good tool for
extrapolating to higher energies. Several groups, using
single or double pomeron models, have updated their
analyses using the new LHC data and also obtain good
fits to the data.

Common MC models used in collider experiments fail to
concurrently reproduce the new measurements, pointing
to an underestimation of the amount of low mass events.
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Parametryzacje miękkich przekrojów czynnych
Wkłady  od  Pomeronu  (zależnie  od  stopnia  skomplikowania  modeli):

zaś  parametryzacje  przekrojów  czynnych  stosowane  np.  w  pakietach  
obliczeniowych  (COMPETE):  
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trajectory with an intercept slightly larger than one: the
pomeron trajectory, also shown on Figure 4. This spe-
cial trajectory does not have any on-shell particle on it,
and therefore it could not have been measured using the
known particles. The pomeron trajectory is probably
related to the exchange of glueballs, however the experi-
mental measurements of glueball states up to now do not
support or deny this idea. The intercept of the pomeron
trajectory is traditionally written as:

αPom(t = 0) = 1 +∆

with, according to Figure 5, ∆ = 0.08.

For a given scattering process, the exchanged particles
(poles) on the reggeon and pion trajectories offer guid-
ance on how to write the scattering amplitude A(s, t),
however this is not the case for the pomeron trajectory,
as it has no particles on it: the analytical form of A(s, t)
for pomeron exchange is less constrained and it depends
on the type of diagram considered. The possible con-
tributions of the pomeron trajectory to the total cross
section can contain different terms:

σ(s) ∝ ImA(s, t = 0) ∼ sα−1, (1)

σ(s) ∝ ImA(s, t = 0) ∼ ln(s), (2)

σ(s) ∝ ImA(s, t = 0) ∼ ln2(s), (3)

where Equation 1 is for a simple poles type of exchange,
while Equation 2 and Equation 3 are for more complicate
processes.

The three most common parametrizations of the cross
section are:

σ(s) = c1 + c2 ∗ s−0.5 + c3 ∗ s0.08, (4)

σ(s) = c1 + c2 ∗ s−0.5 + c3 ∗ ln2(s), (5)

σ(s) = c1 + c2 ∗ ln(s) + c3 ∗ ln2(s). (6)

The various diagrams have been analyzed by the COM-
PETE [3][4] collaboration, which has produced a predic-
tion for the evolution of the value of the total pp cross
section as a function of

√
s , Figure 6. These studies find

that the analytic form that fits the low energy data points
better is Equation 5.
Their best pre-LHC predictions are:

σTot(7 TeV ) = 98± 5 mb, (7)

σTot(8 TeV ) = 101± 5 mb, (8)

σTot(14 TeV ) = 111.5± 5 mb. (9)

A. The rise of the gluon distribution

Following the experimental discovery at HERA of the
steep rise of the gluon distribution as a function of

√
s ,

FIG. 6. Evolution of the value of total pp cross section as a
function of

√
s as predicted by the COMPETE collaboration.

The darkest band is the fit that has the best χ2
/DOF using

pre-LHC points.

the predictions for the value of the total cross section at
LHC energy were updated. In particular, Equation 4 was
modified introducing a second simple pole, the so called
hard pomeron [5] [6]:

σ(s) = c1 + c2 ∗ s−0.5 + c3 ∗ s0.067 + c4 ∗ s0.45. (10)

unitarized 

FIG. 7. Various contributions to the cross section as a func-
tion of

√
s in the two-pole parametrization ([6]).

The combined fit using the soft and hard pomerons lowers
the soft pomeron intercept from 0.08 to 0.067 while the
hard pomeron intercept value of 0.45 is perfectly com-
patible with HERA results. Figure 7 shows the various
contributions to the cross section as a function of

√
s .
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2. Normalizacja strumienia:
  cluster  counting  i  metoda  Van  der  Meera,

  jak  to  się  robi  w  promieniowaniu  kosmicznym—  patrz  Cz.  5

Na  przykładzie  CMS.
Wzór  podstawowy:  

gdzie:  R-‐‑  liczba  przypadków  pewnego  typu  na  jedn.  czasu,  σvis—  
przekrój  czynny  na  ten  typ  przypadków,  A(t,  nb,...)—  akceptacja  jako  
funkcja  czasu,  liczby  przypadków  tła  (pile-‐‑up)  etc.
CMS:  dwa  detektory  do  pomiaru  świetlności:  HF—  kalorymetr  do  
przodu—    przede  wszystkim  wykorzystywany  do  testów  systematyki,  
i  Pixel  Detector—  podstawowy  detektor  w  metodzie  cluster  counting.
Metoda  Cluster  counting  wykorzystuje  dane  z  przemiatania  wiązek  
metodą  Van  der  Meera.

13

L t( ) = R
σvisA(t,nb,...)
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Zbieranie danych dla przemiatania Van der 
Meera

Wzór  podstawowy:

Kilka  okresów  zbierania  danych  w  2012  i  2013.  Każdy  kolejny  
dostarczał  lepszych  danych.
Metoda  polega  na  zmierzeniu  profilu  poprzecznego  wiązek  poprzez  
zmienianie  (przemiatanie)  położenia  pionowego  jednej  wiązki  
względem  drugiej

14

DIS 2011
Lauren Tompkins

Beam Separation Scans

23

• Proposed in 1968 by Simon van 

der Meer as a means of 

measuring beam sizes at the ISR.

• Principle:

• Measure the beam widths by scanning 

interaction rate as a function of beam 

separation

• Can simultaneously measure σvis 

• Then use σvis as calibration constant for 

future luminosity determination
Background

Peak Rate ~ L inst !vis 

dN
dt = nbfrI1I2

2πΣxΣy
σvis From length scale

calibration
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CMS— przemiatanie poziome
Średnia  pozycja  pionowa  <y>  i  szerokość  pionowa  σY  dla  dwóch  sesji  
VdM  w  2012  (kwiecień  i  listopad).
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4 3 Absolute Luminosity Calibration

simultaneous scan (i.e. when the beams are moved simultaneously), in the case of equal size
single Gaussian beams, the centroid (beam-spot) and the width of the luminous region remains
constant. As proved by Monte Carlo simulation, non trivial correlation among X and Y would
induce luminous region distortion depending on the beam separation.

The plots of Figs. 1 and 2 compare respectively the beam-spot longitudinal coordinate and the
luminous region vertical width as a function of the beam separation in the horizontal plane
for the April (left) and the November (right) VdM scans. The left plot in Fig. 1 demonstrates
the strong correlation introduced by the the crossing angle in the scan plane (at nominal value
in April, null in November). The shift of the beam spot may lead to loss in acceptance. The
sinusoidal shape of the data points in the left plot of Fig. 2 is a strong indication of invalidity
of the assumption in Eq. 6. In contrast, the right plot suggests that the beam shapes in the
November scan can be cleanly factorized.

Figure 1: Beam-spot centroid longitudinal position as a function of the beam separation during
a horizontal scan during the April (left) and the Nov. (right) campaigns. The strong correlation
as observed in the April scan is due to the finite crossing angle.

Figure 2: Luminous region RMS in the vertical plane as a function of the beam separation dur-
ing a horizontal scan during the April (left) and the Nov. (right) campaigns. Non-factorisable
beam charge density distributions are expected to produce correlations as observed in the April
scan.

The main problem caused by non-factorisable beam shapes is the correct choice of the fitting
function for the rate profiles. As shown in [1], the outcome of the fits varies substantially
depending on the functional form of the fit function. In particular, in the case of the April scan,
if Eq. 6 is nonetheless assumed to hold and 1D single or double Gaussian are used, a clear

4 3 Absolute Luminosity Calibration

simultaneous scan (i.e. when the beams are moved simultaneously), in the case of equal size
single Gaussian beams, the centroid (beam-spot) and the width of the luminous region remains
constant. As proved by Monte Carlo simulation, non trivial correlation among X and Y would
induce luminous region distortion depending on the beam separation.

The plots of Figs. 1 and 2 compare respectively the beam-spot longitudinal coordinate and the
luminous region vertical width as a function of the beam separation in the horizontal plane
for the April (left) and the November (right) VdM scans. The left plot in Fig. 1 demonstrates
the strong correlation introduced by the the crossing angle in the scan plane (at nominal value
in April, null in November). The shift of the beam spot may lead to loss in acceptance. The
sinusoidal shape of the data points in the left plot of Fig. 2 is a strong indication of invalidity
of the assumption in Eq. 6. In contrast, the right plot suggests that the beam shapes in the
November scan can be cleanly factorized.

Figure 1: Beam-spot centroid longitudinal position as a function of the beam separation during
a horizontal scan during the April (left) and the Nov. (right) campaigns. The strong correlation
as observed in the April scan is due to the finite crossing angle.

Figure 2: Luminous region RMS in the vertical plane as a function of the beam separation dur-
ing a horizontal scan during the April (left) and the Nov. (right) campaigns. Non-factorisable
beam charge density distributions are expected to produce correlations as observed in the April
scan.

The main problem caused by non-factorisable beam shapes is the correct choice of the fitting
function for the rate profiles. As shown in [1], the outcome of the fits varies substantially
depending on the functional form of the fit function. In particular, in the case of the April scan,
if Eq. 6 is nonetheless assumed to hold and 1D single or double Gaussian are used, a clear

4 3 Absolute Luminosity Calibration

simultaneous scan (i.e. when the beams are moved simultaneously), in the case of equal size
single Gaussian beams, the centroid (beam-spot) and the width of the luminous region remains
constant. As proved by Monte Carlo simulation, non trivial correlation among X and Y would
induce luminous region distortion depending on the beam separation.

The plots of Figs. 1 and 2 compare respectively the beam-spot longitudinal coordinate and the
luminous region vertical width as a function of the beam separation in the horizontal plane
for the April (left) and the November (right) VdM scans. The left plot in Fig. 1 demonstrates
the strong correlation introduced by the the crossing angle in the scan plane (at nominal value
in April, null in November). The shift of the beam spot may lead to loss in acceptance. The
sinusoidal shape of the data points in the left plot of Fig. 2 is a strong indication of invalidity
of the assumption in Eq. 6. In contrast, the right plot suggests that the beam shapes in the
November scan can be cleanly factorized.

Figure 1: Beam-spot centroid longitudinal position as a function of the beam separation during
a horizontal scan during the April (left) and the Nov. (right) campaigns. The strong correlation
as observed in the April scan is due to the finite crossing angle.

Figure 2: Luminous region RMS in the vertical plane as a function of the beam separation dur-
ing a horizontal scan during the April (left) and the Nov. (right) campaigns. Non-factorisable
beam charge density distributions are expected to produce correlations as observed in the April
scan.

The main problem caused by non-factorisable beam shapes is the correct choice of the fitting
function for the rate profiles. As shown in [1], the outcome of the fits varies substantially
depending on the functional form of the fit function. In particular, in the case of the April scan,
if Eq. 6 is nonetheless assumed to hold and 1D single or double Gaussian are used, a clear

korelacja  X-‐‑Y
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CMS 2012

Sekwencja  przemiatań  VdM  w  listopadzie  2012

Przykładowy  profil  intensywności  
wiązki  dla  konkretnego  przecięcia
wiązek  (bx  721  fill  3316)
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3.1 2012 Van der Meer scan campaigns 5

trend is observed by the estimated visible cross section as a function of time (Fig.3 in [1]). Such
behavior is now believed to be due to a sort of entropic dissipation of the X-Y correlations [4, 5].

Two dimensional fitting functions can be tried, whose parameters, however, can only be par-
tially constrained by the data as the scan is only performed along the vertical and horizontal
axes (an experimentally unfeasible mapping of the full transverse plane would be needed).

The excellent quality of the November scan was achieved thanks to several improvements in
the beam and machine preparation with respect to April and July:

• reduce strength of the octuple magnets (less non-linear effects induced on the beams),
• LHC injection chain tuned to produce highly Gaussian bunches of moderate in-

tensity (8 − 9 × 1010 p/bunch) and modestly enlarged emittance (� ∼ 2.5 − 3 µm-
rad) [6],

• no profile monitor screens in the transfer lines between the LHC injectors (avoiding
to generate multiple-scattering-induced non-Gaussian tails).

In light of our discussion, we discard the April and July scan data as being affected by non-
trivial systematics effects and rely entirely on the November scan to determine the absolute
luminosity calibration.

3.1.2 November VdM scan

The VdM scan for CMS in November was performed during the LHC fill 3316 and consisted
of five pairs of scans in the horizontal and vertical directions. Out of the five scans, three had
nominally null separation in the plane orthogonal to the scan direction (head-on scans). During
the third and the forth scan the beams were separated respectively by 148µm and 295µm in the
orthogonal plane (offset scans). Each individual scan was performed by moving both beams
at the same time one against the other (simultaneous scan), starting with beam 1 and beam 2
separated by ∆ = 600µm (6 nominal beam widths) and progressively reaching ∆ = −600µm
in steps of half beam width. Each of the 25 scan points was maintained for 30 seconds.

The sketch in Fig. 3 represents the series of ten individual scans performed during fill 3316.

Figure 3: Overview of the November VdM scans. The horizontal axis of the sketch lists the
conditions of the scan (the axis of the scan and the offset), while the size of the peaks indicates
the relative size of the observed rate.

The beams were left at injections optics after the ramp to nominal energy (i.e. with β∗ = 11m)
and were taken into collision with no crossing angle. The filling scheme was such that 29

7

Figure 4: Example of a rate profile fit. This specific case corresponds to BX 721 and scan pair
number 0.

Table 1: Fit results for the Van der Meer scan performed in fill 3316.
.

BX Scan pair χ2/Ndof Amplitude ∆ [%] X mean [µm] X width [µm] ∆ [%] Y mean [µm] Y width [µm] ∆ [%]

1

0 1.4 76.2±0.5 - −0.4 ± 1.0 126.34 ± 0.6 - −0.6 ± 0.9 120.32 ± 0.6 -
1 1.4 75.1±0.5 −1.4 1.9 ± 1.0 128.18 ± 0.6 1.5 −5.5 ± 1.0 120.16 ± 0.6 −0.1
4 0.8 72.2±0.5 −5.3 1.2 ± 1.1 128.61 ± 0.7 1.8 −1.0 ± 1.0 123.72 ± 0.7 2.8

721

0 1.1 77.4±0.5 - 0.2 ± 0.9 125.35 ± 0.6 - −1.5 ± 0.9 118.62 ± 0.6 -
1 1.8 76.5±0.5 −1.2 0.8 ± 0.9 126.53 ± 0.6 0.9 −1.2 ± 0.9 118.77 ± 0.6 0.1
4 1.7 73.2±0.5 −5.4 2.0 ± 1.0 127.76 ± 0.6 1.9 1.6 ± 0.9 123.10 ± 0.7 3.8

1621

0 1.5 77.7±0.5 - −0.7 ± 0.9 125.31 ± 0.6 - 0.7 ± 0.9 118.96 ± 0.6 -
1 1.2 75.8±0.5 −2.4 −0.5 ± 0.9 126.07 ± 0.6 0.6 −4.2 ± 0.9 119.74 ± 0.6 0.7
4 1.1 73.7±0.5 −5.2 −1.3 ± 0.9 127.50 ± 0.7 1.7 0.3 ± 0.9 123.00 ± 0.6 3.4

2161

0 1.7 77.4±0.5 - 0.6 ± 0.9 125.78 ± 0.6 - 0.1 ± 0.9 119.11 ± 0.6 -
1 1.8 76.2±0.5 −1.6 −1.4 ± 0.9 125.75 ± 0.6 −0.0 −5.2 ± 0.9 119.47 ± 0.6 0.3
4 0.9 73.5±0.5 −5.1 2.5 ± 0.9 128.15 ± 0.6 1.9 1.0 ± 0.9 121.43 ± 0.6 1.9

2881

0 1.1 80.1±0.5 - −0.6 ± 0.9 121.90 ± 0.6 - −1.2 ± 0.9 117.03 ± 0.6 -
1 2.1 78.7±0.5 −1.7 0.2 ± 0.9 124.50 ± 0.6 2.1 −2.4 ± 0.9 117.30 ± 0.6 0.2
4 0.9 74.9±0.5 −6.5 2.7 ± 1.0 125.64 ± 0.6 3.1 0.8 ± 0.9 121.51 ± 0.6 3.8

1200  µμm

X Y
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Definicja σvis w CMS poprzez pomiar pile-up
dla różnego przekrywania się wiązek

nvis(ΔX,  ΔY)  —  średnia  liczba  klastrów  (wierzchołków)  w  detektorze  
mozaikowym  CMS  przypadającą  na  1  przypadek  nieelastyczny  dla  
przypadków  0-‐‑bias  (—  żądanie  tylko  zderzenia  w  CMS  IP).  
Jeżeli  średnia  liczba  nieelastycznych  zderzeń  w  jednym  przecięciu  —
µμ  (ΔX,  ΔY)  ,  zaś  średnia  częstość  zderzania  paczek  w  LHC  f=11246  Hz,    
to  świetlność  L  dana  jest  wzorami:
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f µ = Lσ inel

n = µnvis;   σvis = σ inelnvis

L(ΔX,ΔY) =
f n
σvis

np.
≥2 tory

o pt> 200 
MeV

Precyzja L ~ 3— 4 %
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3. TOTEM—  dedykowany  detektor  do  pomiaru  dσel/dt  

18

T O T E M Total C ross-Section Measurements 

[EPL101]: tot = (98.0 ± 2.5) mb 
 

( =0.14
  
[COMPETE extrapol.]) 

 [EPL96]:   tot = (98.3 ±2.8) mb 
 [EPL101]: tot = (98.6 ±2.2) mb 
 

[EPL101]: tot = (99.1 ± 4.3) mb 

7 Te V 

(different beam intensities) 

wtorek, 24 czerwca 2014

Totem - wyniki
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Całkowity przekrój czynny
Twierdzenie optyczne
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σ 2
tot =

16π c( )2
1+ ρ2

dσ el

dt t=0

ρ = ReAel ImAel t=0

6

This process includes single, double and central
diffraction. Low mass diffraction is experimentally
difficult to measure as the hadronic activity pro-
duced in the interaction is very small.

(iii) Non-diffractive scattering (everything else): 50-
60%.
This is the easiest part to measure, as normally the
events have a large number of particles and can be
easily detected.

The distinction between elastic and non-elastic scatter-
ing is quite obvious, therefore often the results are pre-
sented in terms of three components: σTot(pp), σEl(pp)
and σInel(pp). On the other hand, the distinction be-
tween diffractive and non-diffractive events is much less
straightforward and it requires MC models to asses the
efficiency of detecting rapidity gaps in the distribu-
tion of final state particles. The values of the single,
σSD(pp) , and double, σDD(pp) , diffraction cross sec-
tions are therefore more difficult to evaluate, and they
are often quoted inside certain limits, either in mass or
rapidity.

VI. MEASUREMENT OF σTot(pp), σEl(pp), AND

σInel(pp) USING ELASTIC SCATTERING.

The TOTEM experiment at the LHC has the capability
to detect elastic pp scattering and to measure the differ-
ential cross-section for elastic pp scattering as a function
of the four-momentum transfer squared t [10]. The dif-
ferential dσ/dt distribution is shown in Figure 13.

FIG. 13. dσ/dt elastic differential pp cross-section in the
very low t range, showing the extrapolation to t = 0 GeV/c.

The elastic data were integrated up to |t| = 0.415 GeV2,
where the effect of the larger |t|-contributions is small
compared to the other uncertainties. The optical theo-
rem can be used to calculate the total pp cross-sections
from the value of the t distribution extrapolated to t = 0
GeV2:

σ2
Tot =

16π(�c)2
1 + ρ2

dσEl

dt
|t=0 ρ =

Re(fEl)

Im(fEl)
|t=0 (11)

where the ρ is the ratio of the real to the imaginary
part of the forward scattering amplitude. The value
of ρ has both been predicted by the COMPETE col-
laboration (ρ2 � 0.02) [11] and measured by TOTEM
(ρ2 = 0.009 ± 0.056) [12]. In order to derive the elastic
and total cross-sections, the extrapolation to the optical
point t = 0 GeV2 was performed.

The minimum t value that can be reached using the
TOTEM roman pots depends on the LHC optics: as the
angular beam spread σ(θ) is inversely correlated with the
accelerator parameter β∗, σ(θ) ∝ 1/

√
β∗, it is necessary

to have large β∗ values to achieve a small beam angular
spread and therefore be able to measure low values of t.
In 2012 the largest value of β∗ achieved by the LHC has
been β∗ = 1000 m, allowing to detect scattered protons
with t � 5 ∗ 10−4 GeV2.

FIG. 14. Reachable part of the t distribution for two β∗ val-
ues, assuming a distance of the detectors from the beam of
less than one millimeter.

Figure 14 schematically shows the reachable part of
the t distribution for two β∗ values, assuming a distance
of the detectors from the beam of about one millimetre.
Such a high β∗ value allowed the TOTEM collaboration
to measure the t-distribution in the Coulomb region [15],
as shown in Figure 15. This measurement will allow
to determined the ρ parameter, validating the model
of the interference between the hadronic and Coulomb
amplitudes and reducing the error on the determination
of the cross section.

In the low t range (t < 0.4 GeV2), the TOTEM col-
laboration fitted the dσ/dt distribution using a simple
exponential:

dσ

dt
∝ eBt,

and obtained a value of the slope parameter given by

B = 19.9± 0.3 GeV−2.

TOTEM 2013

B=19.9±0.3 GeV-2

TOTEM
ρ2= 0.009±0.056
obl. COMPETE
ρ2=~ 0.02
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This process includes single, double and central
diffraction. Low mass diffraction is experimentally
difficult to measure as the hadronic activity pro-
duced in the interaction is very small.

(iii) Non-diffractive scattering (everything else): 50-
60%.
This is the easiest part to measure, as normally the
events have a large number of particles and can be
easily detected.

The distinction between elastic and non-elastic scatter-
ing is quite obvious, therefore often the results are pre-
sented in terms of three components: σTot(pp), σEl(pp)
and σInel(pp). On the other hand, the distinction be-
tween diffractive and non-diffractive events is much less
straightforward and it requires MC models to asses the
efficiency of detecting rapidity gaps in the distribu-
tion of final state particles. The values of the single,
σSD(pp) , and double, σDD(pp) , diffraction cross sec-
tions are therefore more difficult to evaluate, and they
are often quoted inside certain limits, either in mass or
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VI. MEASUREMENT OF σTot(pp), σEl(pp), AND

σInel(pp) USING ELASTIC SCATTERING.

The TOTEM experiment at the LHC has the capability
to detect elastic pp scattering and to measure the differ-
ential cross-section for elastic pp scattering as a function
of the four-momentum transfer squared t [10]. The dif-
ferential dσ/dt distribution is shown in Figure 13.

FIG. 13. dσ/dt elastic differential pp cross-section in the
very low t range, showing the extrapolation to t = 0 GeV/c.

The elastic data were integrated up to |t| = 0.415 GeV2,
where the effect of the larger |t|-contributions is small
compared to the other uncertainties. The optical theo-
rem can be used to calculate the total pp cross-sections
from the value of the t distribution extrapolated to t = 0
GeV2:
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where the ρ is the ratio of the real to the imaginary
part of the forward scattering amplitude. The value
of ρ has both been predicted by the COMPETE col-
laboration (ρ2 � 0.02) [11] and measured by TOTEM
(ρ2 = 0.009 ± 0.056) [12]. In order to derive the elastic
and total cross-sections, the extrapolation to the optical
point t = 0 GeV2 was performed.

The minimum t value that can be reached using the
TOTEM roman pots depends on the LHC optics: as the
angular beam spread σ(θ) is inversely correlated with the
accelerator parameter β∗, σ(θ) ∝ 1/

√
β∗, it is necessary

to have large β∗ values to achieve a small beam angular
spread and therefore be able to measure low values of t.
In 2012 the largest value of β∗ achieved by the LHC has
been β∗ = 1000 m, allowing to detect scattered protons
with t � 5 ∗ 10−4 GeV2.

FIG. 14. Reachable part of the t distribution for two β∗ val-
ues, assuming a distance of the detectors from the beam of
less than one millimeter.

Figure 14 schematically shows the reachable part of
the t distribution for two β∗ values, assuming a distance
of the detectors from the beam of about one millimetre.
Such a high β∗ value allowed the TOTEM collaboration
to measure the t-distribution in the Coulomb region [15],
as shown in Figure 15. This measurement will allow
to determined the ρ parameter, validating the model
of the interference between the hadronic and Coulomb
amplitudes and reducing the error on the determination
of the cross section.

In the low t range (t < 0.4 GeV2), the TOTEM col-
laboration fitted the dσ/dt distribution using a simple
exponential:

dσ

dt
∝ eBt,

and obtained a value of the slope parameter given by

B = 19.9± 0.3 GeV−2.
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TOTEM układ doświadczalny
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Przypomnienie

IP5 

RP147 RP220 

Roman Pots: measure elastic & diffractive protons close to outgoing beam 

Exper imental Setup @ IP5 

Inelastic telescopes: charged particle  
& vertex reconstruction in inelastic events 

IP5 

T1: 3.1 <  < 4.7 
T2: 5.3 <  < 6.5 

~ 10 m 
~ 14 m T1     CASTOR (CMS) 

   HF 
(CMS) 

T2 
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Roman pots (G. Mattiae, 1972)

T O T E M Detectors 
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Hit maps of simulated diffractive events for 2 optics configurations 
( * = betatron function at the interaction point)  

            L H C Optics: RP sensitivity 

* = 0.55 m  (low * = standard at LHC) * = 90 m  (special development for RP runs) 

Lx = 1.7 m, Ly = 14 m, Dx = 8 cm 
diffractive protons: mainly in horizontal RP 
elastic protons: in vertical RP near x ~ 0 
sensitivity only for large scattering angles 

Lx = 0, Ly = 260 m, vy = 0, Dx = 4 cm 
diffractive protons: mainly in vertical RP 
elastic protons: in narrow band at x  0, 
sensitivity for small vertical scattering angles 
 Beam width @ vertex Angular beam divergence Min. reachable |t| 

* ~ 0.5 3.5 m small large ~ 0.3 1 GeV2 
* = 90 m large small ~ 10  GeV2 

*
*

,
n

yx *
*

, )( n
yx *

2

min
pnmpn

t

!

!"#

$

$"#

%
$

%
&

'

#

(

)

*

+

$!

$$
$%

$&
$'

$#
$(

$)

$*

$+

%!

%$

%%

%&

%'
%#

%(

Optics parameters: data full non-  

,-.-/0%- --

010

y = Ly !"#"$!"!%
&"'"(&" &"#" ")"#"$&"&%  

wtorek, 24 czerwca 2014



J. Królikowski, Seminarium FWE, 28. 11.2014 24

!"#$%&'()

!"#$%&')*

!"#"$"%&'"
("#")*+",""

2010 Data F irst p-p E lastic Scatter ing Events 

wtorek, 24 czerwca 2014



J. Królikowski, Seminarium FWE, 28. 11.2014 25

Rekonstrukcja

(x*, y*):    vertex position 
( x

*, y
*): emission angle:     t  p x y

= p/p: momentum loss (elastic case:  = 0) 

RP IP5 

Measured in RP Values at IP5 to be reconstructed 

Excellent optics understanding needed: 

 
Transport matrix elements depend on   non-linear problem (except in elastic case!) 

Product of all lattice element matrices 

* *
RP y y yy L v y

* *
RP x x x xx L v x D Lx, Ly:    effective lengths (sensitivity to scattering angle) 

vx, vy:     magnifications    (sensitivity to vertex position)
Dx :         dispersion (sensitivity to momentum loss); Dy ~ 0 

CERN-PH-EP-2014-066 

            Proton Reconstruction @ L H C 
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Measurement of low-t E lastic Scatter ing  

Data with * 90m optics Extrapolation to t = 0 and integration of elastic cross section: 
 25.4  1.1 mb   (> 90% of cross-section visible, <10% extrapolated) 

wtorek, 24 czerwca 2014
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T O T E M Inelastic C ross-Section 

 inel =  tot   el = 73.1  1.3 mb 

inel, | | < 6.5 = 70.5  2.9 mb 

inel, | | > 6.5 = 2.6  2.2 mb 

                  < 6.3 mb  (95% CL) 

T1 and T2 direct measurement 
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Inclusive measurement based on Optical Theorem 

inel, | | < 6.5 = 70.5  2.9 mb 
82%%,'$.2+)#12%#&'',6$&+',:#7&6):#>?@#;A8BC&$&=#

inel = 73.7 ±0.1 stat ±1.7 syst ±2.9 lumi mb 
!
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E lastic, Inelastic, Total C ross-Sections [7Te V] 
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Była to metoda wyznaczania dσ/dt w ISR 1972 
gdy nie było pomiaru świetlności

d  / dt  |FC+h|2 = Coulomb + interference + hadronic 

Measure elastic scattering at |t| as low as 6 x 10  G e V2: 
 * = 1000 m optics 
 RP approach to 3  from the beam centre  

Coulomb-Nuclear Interference 
Preliminary Results: 
 

First observation of not 
constant hadronic slope B 
in pp elastic scattering 

 
Simplified West-Yennie 
(SWY) interference 
formula ruled out by data 

 
Evidence of Coulomb-
hadronic interference at 

TeV 
 

TOTEM data exclude 
centrality of elastic 
scattering in the form it 
was derived via SWY 
formalism 
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TOTEM+ CMS

Central Exclusive Production (C EP) 
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C EP low-Mass States & G lueballs  
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4.  Metody  pomiaru    i  wyniki  σinel  w  
ALICE,  ATLAS  i  CMS  przy  √s  =  7  TeV
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FIG. 23. Fraction of pp events with n pileup vertices, for n
= 0 to 8, containing more than one track as a function of

instantaneous bunch-crossing luminosity. The dashed lines

are the fits using Equation 12.

16 GeV/c2 ( ξ = M2
X/s > 5 ∗ 10−6).

The TOTEM collaboration, using their T1 and T2
forward detectors ( 3.1 ≤ |η| ≤ 6.5), measured
σInel(pp) for events with at least one |η| ≤ 6.5 final-state
particle [23]. This measurement includes all events
with MX > 3.4 GeV, aside for a small component
of central diffractive events of which maximally 0.25
mb is estimated to escape the detection of the telescopes.

The two techniques outlined above are complementary:
the pile-up technique measures more central events, while
the forward energy technique is geared towards more for-
ward topologies. Their combination covers almost com-
pletely all type of events with a minimum particle pro-
duction in the pseudorapidity interval −6.5 < η < 6.5.
The comparison of these results with various MCs pro-
vides interesting information to model builders, as they
test complementary parts of particle production.

C. Results on σInel(pp)

Table II lists the results from the ALICE [24] AT-
LAS [25], CMS [17] and TOTEM [23] Collaborations
for several selection criteria. The ALICE, ATLAS and
TOTEM collaborations have extrapolated the measured
values to provide also an estimate of σTot

Inel(pp). As the
TOTEM collaboration has the most forward pseudora-
pidity reach, their σInel(pp) value has the smallest sys-
tematic error. Figure 24 shows a compilation of the re-
sults for different selection criteria, and a comparison
with several MCs predictions.
The data points are compared to a large set of predictions
from many MC models, used both in cosmic-rays physics
and collider experiments. Although several Monte Carlo
models such as EPOS, QGSJET 01, QGSJET II-4,
PYTHIA 6, and PYTHIA 8 reproduce correctly the
value of σTot(pp), only QGSJET 01, QGSJET II-04, and

Exp Measurement Result Stat Syst Lum

ALICE σ(ξ>5×10−6)
Inel 62.1

+1.0
−0.9 ±2.2 mb

ATLAS σ(ξ>5×10−6)
Inel 60.3 ±0.05 ±0.5 ±2.1 mb

CMS σ(ξ>5×10−6)
Inel 60.2 ±0.2 ±1.1 ±2.4 mb

TOTEM σ(ξ>2.4×10−7)
Inel 70.5 ±0.1 ±0.8 ±2.8 mb

ALICE σInel 73.2
+2.0
−4.6 ±2.6 mb

ATLAS σInel 69.4 ±6.9 ±2.4 mb

TOTEM σInel 73.7 ±0.1 ±1.7 ±2.9 mb

CMS σ(>1 track)
Inel 58.7 ±2.0 ±2.4 mb

CMS σ(>2 tracks)
Inel 57.2 ±2.0 ±2.4 mb

CMS σ(>3 tracks)
Inel 55.4 ±2.0 ±2.4mb

TABLE II. σinel(pp) values for ξ > 5× 10
−6

, ξ > 2.4× 10
−7

and for interactions with >1, >2 and >3 charged particles

in the final state, with their uncertainties from systematic

sources of the method and from luminosity.
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FIG. 24. Compilation of the ALICE, ATLAS and CMS mea-

surements of the inelastic pp cross section compared to predic-

tions from several Monte Carlo models for different selection

criteria, as labelled below the abscissa axis. The MC predic-

tions have an uncertainty of 1 mb.

PYTHIA 8-MBR (but less so) are able to simultaneously
reproduce the less inclusive measurements. This obser-
vation suggests that most of the Monte Carlo models
overestimate the contribution from high-mass events to
the total inelastic cross section, and underestimate the
component at low mass.

X. MEASUREMENT OF THE DIFFRACTIVE
COMPONENT OF σ(pp)

The most used technique to select diffractive events is the
request of a gap in the rapidity distribution of final state

11

particles. This method, however, has several drawbacks:
rapidity gaps can also appear in non-diffractive events,
albeit less frequently and high mass diffractive events of-
ten have a rapidity gap that is too small to be used as
a signature and therefore they cannot be selected using
this method.

FIG. 25. Rapidity - p⊥ coverage of the LHC experiments at�
(s) = 14 TeV.

At LHC, the rapidity interval is roughly 20 units, while
the experimental coverage of the various experiments is
much less, Figure 25: ATLAS and CMS cover roughly 10
units of rapidity, centrally from -5 to 5, TOTEM covers
only forward rapidities, 3.1 < |η| < 6.5 while ALICE has
an asymmetric coverage, −3.4 < η < 5.1.

The rapidity span of an event with mass MX is given
by ∆η = ln(M2

X/m2
p) while the rapidity gap of the

event is given by ∆η = −lnξ, with mp the proton mass
and ξ = M2

X/s, Figure 26. For this reason small mass
events are very difficult to measure as they are boosted
forward and don’t leave in the detector any signature:
an event with MX = 5 GeV covers only ∼ 3 unit of
rapidity and therefore escapes detection. The experi-
mental limit of detection for both ATLAS and CMS is
ξ > 5 ∗ 10−6, which correspond to a mass MX � 15 GeV
at 7 TeV while TOTEM reaches down to MX � 3.5 GeV.

The selection of diffractive events is defined by each ex-
periment differently, relying on the strengths of its own
detector: ATLAS requires 4 units of rapidity gap for sin-
gle diffractive events and 3 units for double diffractive
events within the detector acceptance, TOTEM uses sep-
arately the information on T1 and T2 to select low and
high mass events while CMS requires no activity with
either η < 1 or η > −1. Several experiments have mea-
sured the cross section values of σSD(pp) for different in-
tervals of the hadronic mass, Table III. ATLAS has re-
ported the fraction of pp events with a rapidity gap in
the interval 2.09 < η < 3.84 to be fGAP = 10% [25].

FIG. 26. Sketch of the rapidity coverage and rapidity gap of
an event with mass MX

Experiment Energy Mass σSD(pp)
[TeV] [GeV] [mb]

TOTEM 7 3.4 - 1100 6.5 ± 1.3
(preliminary)

CMS 7 12 - 394 4.27 ± 0.04 (sta) +0.65
−0.58 (sys)

ALICE 2.76 0 - 200 12.2 ±+3.9
−5.3

ALICE 7 0 - 200 14.9 ±+3.4
−5.9

TABLE III. Values of the single diffractive σSD(pp) cross sec-
tion as measured by TOTEM [22], CMS [22], ALICE [24]

XI. DISCUSSION OF THE RESULTS

Figure 27 shows a compilation of the values of
σTot(pp), σEl(pp) and σInel(pp) as a function of

√
s .

The plot includes the results obtained by the TOTEM
collaboration, together with the results from LHC, lower
energy experiments and the best fit from the COMPETE
collaboration based on a ln2(s) behaviour of the cross
section.

FIG. 27. Compilation of the values of σTot(pp), σEl(pp) and
σInel(pp) as a function of

√
s . The best fits from the COM-

PETE collaboration are also shown.

Several groups, for example GLM [26] [27] (E. Gotsman,

ξ = MX
2

s

2

FIG. 2. Values of the pp and pp̄ total cross section as a func-
tion of

√
s ([2])

FIG. 3. Schematic of the elastic pp → pp and charge-exchange
pn → np channel.

jectories) when plotted in the complex angular moment
J - t plane, where t is the 4-momentum transfer squared.

α(t) = α+ α�t.

The particles are such that, whenever t = m2 (where
m is the mass of a particle in the trajectory), then α(t)
correspond to the spin of the particle, Figure 4.
Regge theory explains that these trajectories can be un-
derstood as group of particles that are exchanged to-
gether, i.e., referring to Figure 4, in the scattering pro-
cess pn → np not just the π particle is exchanged, but
all particles on the π trajectory. Mathematically, each
particle is a pole in the analytic expression of the scatter-
ing amplitude of processes mediated by its own trajec-
tory. The second main feature of the Regge pole model
is the relationship between exchanged trajectories and
high-energy behaviour: a given trajectory contributes to
σTot(pp) according to:

σ(s) ∝ ImA(s, t = 0) ∼ sα−1,

where ImA(s, t = 0) is the imaginary part of the scat-
tering amplitude computed at t = 0 GeV and α is the
intercept of the exchanged trajectory. The equation of
the trajectory indicates a very important feature: if the
intercept is lower than one, the contribution of a trajec-

Regge trajectories 
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FIG. 4. Example of Regge trajectories in the complex angular
moment (J) - t plane: for values of t = m2 (where m is the
mass of a particle in the trajectory) α(t) corresponds to the
spin of the particle.

tory to σTot(pp) decreases as a function of increasing
√
s .

An interesting fact happens: each known trajectory has
the intercept lower than one and therefore provides a
decreasing contribution to σTot(pp) . This prediction
is, however, not supported by the experimental points:
following an initial decrease of the cross section with√
s that follows the behaviour predicted by the exchange

of reggeon trajectories (σ(s) ∝∼ s−0.5), the value of the
cross section rises with the trend σ(s) ∝∼ s0.08. This
general feature is displayed in Figure 5 where the value
of σTot(pp) versus

√
s is plotted for several different scat-

tering processes (pp, pp̄,π+p,π−p,K−p,K+p, pn, p̄n).

FIG. 5. Behaviour of the total cross section with the cen-
ter of mass energy for several different scattering processes
pp, pp̄,π+p,π−p,K−p,K+p, pn, p̄n ([2]).

This contradiction is eliminated by introducing a new

MX

Pojedyńcza  dyfrakcja—  zliczanie  przypadków

Atlas  i  CMS:  MX  >  15  GeV  
z  symulacji  (Emin=5  GeV)

Odmienne  detektory
Różne  kryteria  selekcji

Dwie metody:
• SD
• Zliczanie klastrów
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Pomiar wprost części σinel  w obszarze centralnym  

(ALICE,  ATLAS,  CMS)
Metoda  zaproponowana  po  raz  pierwszy  przez  przez  CMS.
Liczba  n  przypadków  nieelastycznych  n  w  każdym  zderzeniu  paczek  
jest  opisywana  rozkładem  Poissona:

Średnia  liczba  zderzeń  λ  jest  dana  wzorem  λ  =  L∗σinel.  Świetlność  L  
musi  być  niezależnie  zmierzona.    
Zliczanie  wierzchołków  w  zderzeniach  paczek  dla  różnych  wartości  L  
podczas  napełnienia  LHC  i  dopasowanie  do  rozkładu  p.  Ryby  
pozwala  wyznaczyć  σinel.
Wyzwalanie  w  sposób  nieobciążony—  paczki  z  mionem  o  dużym  pt,  
przypadek  w  mionem  nie  liczy  się  do  n.

33
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CMS

Prawdopodobieństwo  znalezienia  n  (=0,  1,  2,  3-‐‑8)  przypadków  z  co  najmniej  dwoma  
torami  o  pt  >  200  MeV/c  ———>  dopasowanie  λ
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FIG. 23. Fraction of pp events with n pileup vertices, for n
= 0 to 8, containing more than one track as a function of

instantaneous bunch-crossing luminosity. The dashed lines

are the fits using Equation 12.

16 GeV/c2 ( ξ = M2
X/s > 5 ∗ 10−6).

The TOTEM collaboration, using their T1 and T2
forward detectors ( 3.1 ≤ |η| ≤ 6.5), measured
σInel(pp) for events with at least one |η| ≤ 6.5 final-state
particle [23]. This measurement includes all events
with MX > 3.4 GeV, aside for a small component
of central diffractive events of which maximally 0.25
mb is estimated to escape the detection of the telescopes.

The two techniques outlined above are complementary:
the pile-up technique measures more central events, while
the forward energy technique is geared towards more for-
ward topologies. Their combination covers almost com-
pletely all type of events with a minimum particle pro-
duction in the pseudorapidity interval −6.5 < η < 6.5.
The comparison of these results with various MCs pro-
vides interesting information to model builders, as they
test complementary parts of particle production.

C. Results on σInel(pp)

Table II lists the results from the ALICE [24] AT-
LAS [25], CMS [17] and TOTEM [23] Collaborations
for several selection criteria. The ALICE, ATLAS and
TOTEM collaborations have extrapolated the measured
values to provide also an estimate of σTot

Inel(pp). As the
TOTEM collaboration has the most forward pseudora-
pidity reach, their σInel(pp) value has the smallest sys-
tematic error. Figure 24 shows a compilation of the re-
sults for different selection criteria, and a comparison
with several MCs predictions.
The data points are compared to a large set of predictions
from many MC models, used both in cosmic-rays physics
and collider experiments. Although several Monte Carlo
models such as EPOS, QGSJET 01, QGSJET II-4,
PYTHIA 6, and PYTHIA 8 reproduce correctly the
value of σTot(pp), only QGSJET 01, QGSJET II-04, and

Exp Measurement Result Stat Syst Lum

ALICE σ(ξ>5×10−6)
Inel 62.1

+1.0
−0.9 ±2.2 mb

ATLAS σ(ξ>5×10−6)
Inel 60.3 ±0.05 ±0.5 ±2.1 mb

CMS σ(ξ>5×10−6)
Inel 60.2 ±0.2 ±1.1 ±2.4 mb

TOTEM σ(ξ>2.4×10−7)
Inel 70.5 ±0.1 ±0.8 ±2.8 mb

ALICE σInel 73.2
+2.0
−4.6 ±2.6 mb

ATLAS σInel 69.4 ±6.9 ±2.4 mb

TOTEM σInel 73.7 ±0.1 ±1.7 ±2.9 mb

CMS σ(>1 track)
Inel 58.7 ±2.0 ±2.4 mb

CMS σ(>2 tracks)
Inel 57.2 ±2.0 ±2.4 mb

CMS σ(>3 tracks)
Inel 55.4 ±2.0 ±2.4mb

TABLE II. σinel(pp) values for ξ > 5× 10
−6

, ξ > 2.4× 10
−7

and for interactions with >1, >2 and >3 charged particles

in the final state, with their uncertainties from systematic

sources of the method and from luminosity.

Total inelastic
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> 2 tracks
> 3 tracks
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FIG. 24. Compilation of the ALICE, ATLAS and CMS mea-

surements of the inelastic pp cross section compared to predic-

tions from several Monte Carlo models for different selection

criteria, as labelled below the abscissa axis. The MC predic-

tions have an uncertainty of 1 mb.

PYTHIA 8-MBR (but less so) are able to simultaneously
reproduce the less inclusive measurements. This obser-
vation suggests that most of the Monte Carlo models
overestimate the contribution from high-mass events to
the total inelastic cross section, and underestimate the
component at low mass.

X. MEASUREMENT OF THE DIFFRACTIVE
COMPONENT OF σ(pp)

The most used technique to select diffractive events is the
request of a gap in the rapidity distribution of final state
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Kompilacja wyników z LHC i porównanie z 
modelami MC
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FIG. 23. Fraction of pp events with n pileup vertices, for n
= 0 to 8, containing more than one track as a function of

instantaneous bunch-crossing luminosity. The dashed lines

are the fits using Equation 12.

16 GeV/c2 ( ξ = M2
X/s > 5 ∗ 10−6).

The TOTEM collaboration, using their T1 and T2
forward detectors ( 3.1 ≤ |η| ≤ 6.5), measured
σInel(pp) for events with at least one |η| ≤ 6.5 final-state
particle [23]. This measurement includes all events
with MX > 3.4 GeV, aside for a small component
of central diffractive events of which maximally 0.25
mb is estimated to escape the detection of the telescopes.

The two techniques outlined above are complementary:
the pile-up technique measures more central events, while
the forward energy technique is geared towards more for-
ward topologies. Their combination covers almost com-
pletely all type of events with a minimum particle pro-
duction in the pseudorapidity interval −6.5 < η < 6.5.
The comparison of these results with various MCs pro-
vides interesting information to model builders, as they
test complementary parts of particle production.

C. Results on σInel(pp)

Table II lists the results from the ALICE [24] AT-
LAS [25], CMS [17] and TOTEM [23] Collaborations
for several selection criteria. The ALICE, ATLAS and
TOTEM collaborations have extrapolated the measured
values to provide also an estimate of σTot

Inel(pp). As the
TOTEM collaboration has the most forward pseudora-
pidity reach, their σInel(pp) value has the smallest sys-
tematic error. Figure 24 shows a compilation of the re-
sults for different selection criteria, and a comparison
with several MCs predictions.
The data points are compared to a large set of predictions
from many MC models, used both in cosmic-rays physics
and collider experiments. Although several Monte Carlo
models such as EPOS, QGSJET 01, QGSJET II-4,
PYTHIA 6, and PYTHIA 8 reproduce correctly the
value of σTot(pp), only QGSJET 01, QGSJET II-04, and

Exp Measurement Result Stat Syst Lum

ALICE σ(ξ>5×10−6)
Inel 62.1

+1.0
−0.9 ±2.2 mb

ATLAS σ(ξ>5×10−6)
Inel 60.3 ±0.05 ±0.5 ±2.1 mb

CMS σ(ξ>5×10−6)
Inel 60.2 ±0.2 ±1.1 ±2.4 mb

TOTEM σ(ξ>2.4×10−7)
Inel 70.5 ±0.1 ±0.8 ±2.8 mb

ALICE σInel 73.2
+2.0
−4.6 ±2.6 mb

ATLAS σInel 69.4 ±6.9 ±2.4 mb

TOTEM σInel 73.7 ±0.1 ±1.7 ±2.9 mb

CMS σ(>1 track)
Inel 58.7 ±2.0 ±2.4 mb

CMS σ(>2 tracks)
Inel 57.2 ±2.0 ±2.4 mb

CMS σ(>3 tracks)
Inel 55.4 ±2.0 ±2.4mb

TABLE II. σinel(pp) values for ξ > 5× 10
−6

, ξ > 2.4× 10
−7

and for interactions with >1, >2 and >3 charged particles

in the final state, with their uncertainties from systematic

sources of the method and from luminosity.
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FIG. 24. Compilation of the ALICE, ATLAS and CMS mea-

surements of the inelastic pp cross section compared to predic-

tions from several Monte Carlo models for different selection

criteria, as labelled below the abscissa axis. The MC predic-

tions have an uncertainty of 1 mb.

PYTHIA 8-MBR (but less so) are able to simultaneously
reproduce the less inclusive measurements. This obser-
vation suggests that most of the Monte Carlo models
overestimate the contribution from high-mass events to
the total inelastic cross section, and underestimate the
component at low mass.

X. MEASUREMENT OF THE DIFFRACTIVE
COMPONENT OF σ(pp)

The most used technique to select diffractive events is the
request of a gap in the rapidity distribution of final state

Niepewności 
modeli MC ~1 mb
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5. Wyniki  dla  promieniowania  kosmicznego  
σinel(proton-‐‑  powietrze)    przy  <√s>  =  57  TeV

Na  co  są  czułe  eksperymenty  z
promieniowaniem  kosmicznym?
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VIII. COSMIC-RAYS EXPERIMENTS

Cosmic-rays experiments measure the interaction of the
primary particle with a nucleus in the atmosphere via
the detection of secondary particles, generated in the
hadronic shower, that reach ground level. This method is
bound to carry significant uncertainties as the measured
quantities are only indirectly related to the primary
scattering event: the cosmic-rays flux composition, the
atmospheric molecular mixture, the modelling of the
hadronic shower, and the limited detector acceptance
concur to the measurement uncertainties.

The measurement is sensitive mostly to the non-
diffractive part of the inelastic cross section, it has mod-
erate sensitivity to diffractive dissociative processes of
the incoming primary particle and no sensitivity to other
processes, Figure 18.

FIG. 18. Sensitivity of the cosmic-ray p − air cross-section
measurement to the various parts of the total cross section
(adapted from [14]).

The value of σInel(p−air) directly influence the distance
x that the primary particle travels in air before interact-
ing, Figure 19 : lower values of the cross section move
the point of interaction x1 deeper into the atmosphere.
There are two main methods to reconstruct the x1 posi-
tion.

(i) Ne
Nµ

: the ratio of the number of electrons to the

number of muons is related to the shower length.
By measuring this ratio together with the shower
direction, the position of x1 can be determined.
This method relies on MC models to simulate the
shower development and to correctly predict the
ratio Ne

Nµ
as a function of shower depth.

(ii) XMax-tail: for fixed energy of the primary parti-
cle, the probability of having a shower maximum
deeper and deeper in the atmosphere decreases ex-
ponentially and therefore fitting the distribution of
the position of shower maximum as a function of
the depth allows to reconstruct x1, Figure 20. To

FIG. 19. Sketch of a cosmic-ray shower development. x1

indicates the position of impact.

select a sample of primary particles rich in protons,
the deeper tail of the distribution is used in the fit
as heavier primary particles interact earlier on.

FIG. 20. Position of shower maximum as a function of depth
in the atmosphere as measured by the AUGER collaboration.

The AUGER collaboration [13], using this second
method, has recently published a new result for the
proton-air inelastic cross section at 57 TeV:

σ57TeV
Inel (p− air) = 505 ± 22 (stat)+28

−36 (syst) mb.

Figure 21 shows a compilation of the results of p − air
total inelastic cross section (adapted from [14]).
The range of values used in the fit is chosen so that the
remaining helium and heavy nuclei contribute less than
the statistical uncertainty. The first step of the measure-
ment is the evaluation of Λη which, using MC models, is
linked to the value of σInel(p− air) . The determination
of Λη has a systematic uncertainties of ±15 mb, while
the remaining part of the systematic uncertainty is due
to the process of extracting σInel(p− air) .

From σInel(p− air) , the values of the proton-proton in-
elastic and total cross-sections can be obtained using
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select a sample of primary particles rich in protons,
the deeper tail of the distribution is used in the fit
as heavier primary particles interact earlier on.

FIG. 20. Position of shower maximum as a function of depth
in the atmosphere as measured by the AUGER collaboration.

The AUGER collaboration [13], using this second
method, has recently published a new result for the
proton-air inelastic cross section at 57 TeV:

σ57TeV
Inel (p− air) = 505 ± 22 (stat)+28

−36 (syst) mb.

Figure 21 shows a compilation of the results of p − air
total inelastic cross section (adapted from [14]).
The range of values used in the fit is chosen so that the
remaining helium and heavy nuclei contribute less than
the statistical uncertainty. The first step of the measure-
ment is the evaluation of Λη which, using MC models, is
linked to the value of σInel(p− air) . The determination
of Λη has a systematic uncertainties of ±15 mb, while
the remaining part of the systematic uncertainty is due
to the process of extracting σInel(p− air) .

From σInel(p− air) , the values of the proton-proton in-
elastic and total cross-sections can be obtained using
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FIG. 29. Fit to the pp and pp̄ total cross section values using
a two-pomeron parametrization. The bottom line show the
contribution of the so called hard pomeron ([5]).

XIII. CONCLUSIONS

The concurrent efforts of several cosmic-rays and collider
experiments have provided in the last couple of years
a large quantity of measurements of the values of the
total, elastic and inelastic cross sections as well as the
values of cross sections for particular final state. The
total value of the cross section is well reproduced by the
prediction of the COMPETE collaboration showing that
a ln2(s) dependence of σTot(pp) provide a good tool for
extrapolating to higher energies. Several groups, using
single or double pomeron models, have updated their
analyses using the new LHC data and also obtain good
fits to the data.

Common MC models used in collider experiments fail to
concurrently reproduce the new measurements, pointing
to an underestimation of the amount of low mass events.
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kierunek  osi  kaskady  można  wyznaczać  x1

• Pomiar  „ogona”  rozkładu  xmax dla  
ustalonej  energii  cząstki  pierwotnej  (  np.  
AUGER)

• Zależność  σinel(proton-‐‑  powietrze)  od  xmax    —  
z  symulacji  MC.
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VIII. COSMIC-RAYS EXPERIMENTS

Cosmic-rays experiments measure the interaction of the
primary particle with a nucleus in the atmosphere via
the detection of secondary particles, generated in the
hadronic shower, that reach ground level. This method is
bound to carry significant uncertainties as the measured
quantities are only indirectly related to the primary
scattering event: the cosmic-rays flux composition, the
atmospheric molecular mixture, the modelling of the
hadronic shower, and the limited detector acceptance
concur to the measurement uncertainties.

The measurement is sensitive mostly to the non-
diffractive part of the inelastic cross section, it has mod-
erate sensitivity to diffractive dissociative processes of
the incoming primary particle and no sensitivity to other
processes, Figure 18.

FIG. 18. Sensitivity of the cosmic-ray p − air cross-section
measurement to the various parts of the total cross section
(adapted from [14]).

The value of σInel(p−air) directly influence the distance
x that the primary particle travels in air before interact-
ing, Figure 19 : lower values of the cross section move
the point of interaction x1 deeper into the atmosphere.
There are two main methods to reconstruct the x1 posi-
tion.

(i) Ne
Nµ

: the ratio of the number of electrons to the

number of muons is related to the shower length.
By measuring this ratio together with the shower
direction, the position of x1 can be determined.
This method relies on MC models to simulate the
shower development and to correctly predict the
ratio Ne

Nµ
as a function of shower depth.

(ii) XMax-tail: for fixed energy of the primary parti-
cle, the probability of having a shower maximum
deeper and deeper in the atmosphere decreases ex-
ponentially and therefore fitting the distribution of
the position of shower maximum as a function of
the depth allows to reconstruct x1, Figure 20. To

FIG. 19. Sketch of a cosmic-ray shower development. x1

indicates the position of impact.

select a sample of primary particles rich in protons,
the deeper tail of the distribution is used in the fit
as heavier primary particles interact earlier on.

FIG. 20. Position of shower maximum as a function of depth
in the atmosphere as measured by the AUGER collaboration.

The AUGER collaboration [13], using this second
method, has recently published a new result for the
proton-air inelastic cross section at 57 TeV:

σ57TeV
Inel (p− air) = 505 ± 22 (stat)+28

−36 (syst) mb.

Figure 21 shows a compilation of the results of p − air
total inelastic cross section (adapted from [14]).
The range of values used in the fit is chosen so that the
remaining helium and heavy nuclei contribute less than
the statistical uncertainty. The first step of the measure-
ment is the evaluation of Λη which, using MC models, is
linked to the value of σInel(p− air) . The determination
of Λη has a systematic uncertainties of ±15 mb, while
the remaining part of the systematic uncertainty is due
to the process of extracting σInel(p− air) .

From σInel(p− air) , the values of the proton-proton in-
elastic and total cross-sections can be obtained using
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The AUGER collaboration [13], using this second
method, has recently published a new result for the
proton-air inelastic cross section at 57 TeV:

σ57TeV
Inel (p− air) = 505 ± 22 (stat)+28

−36 (syst) mb.

Figure 21 shows a compilation of the results of p − air
total inelastic cross section (adapted from [14]).
The range of values used in the fit is chosen so that the
remaining helium and heavy nuclei contribute less than
the statistical uncertainty. The first step of the measure-
ment is the evaluation of Λη which, using MC models, is
linked to the value of σInel(p− air) . The determination
of Λη has a systematic uncertainties of ±15 mb, while
the remaining part of the systematic uncertainty is due
to the process of extracting σInel(p− air) .

From σInel(p− air) , the values of the proton-proton in-
elastic and total cross-sections can be obtained using
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FIG. 21. Values of the p− air inelastic total cross section as
a function of

√
s

the Glauber model (for an introduction see [16]) that
describes the proton-nucleus (and also nucleus-nucleus)
scattering as a sum of elementary nucleon-nucleon in-
teractions. The Glauber model takes into account var-
ious nuclear and QCD effects such as nuclear geome-
try, opacity of nucleons, multiple interactions, diffrac-
tion, saturation, Fermi motion, the total, inelastic and
elastic cross sections at lower energies and the value
of σInel(p− air) at 57 TeV to provide an estimate of
the proton-proton total and inelastic cross sections, Fig-
ure 22.

FIG. 22. Schematic of the Glauber components used to
correlate the values of the p− air and pp cross sections.

The AUGER collaboration finds that in the Glauber
framework the inelastic cross-section is less dependent
on model assumptions than the total cross-section. The
result for the inelastic and total proton-proton cross-
sections are

σ57TeV
Inel (pp) = 92 ± 7 (stat)± 9 (syst)± 7 (Gl.) mb

and

σ57TeV
Tot (pp) = 133 ± 13 (stat)±17 (syst)±16 (Gl.) mb.

IX. COLLIDER EXPERIMENTS

Collider experiments such as ALICE, ATLAS and CMS
are able to directly measure the fraction of σInel(pp) com-
posed by those events that leave enough energy in the de-
tector, typically in a rapidity interval η ≤ |5|, where the
definition of enough is experiment and technique depen-
dent. The results published so far rely on two different
methods: (i) Pile-up counting (ii) Forward energy depo-
sition.

A. Pile-up method to determine σInel

This method, used for the first time by the CMS collab-
oration [17], assumes that the number n of inelastic pp
interactions in a given bunch crossing follows the Poisson
probability distribution:

P (n,λ) =
λne−λ

n!
, (12)

where λ is calculated from the product of the instan-
taneous luminosity for a bunch crossing and the total
inelastic pp cross section: λ = L ∗ σInel(pp). This
technique counts the number of vertices in different lu-
minosity intervals, and performs a fit using equation 12.
By construction, this method is sensitive only to those
events that produce a detectable vertex. To collect an
unbiased sample of pp interactions, the event selection
is performed using a high-pt muon trigger, which is
completely insensitive to the presence of pile-up. Note
that the event containing the triggering muon is not
counted towards the total number of vertices for a given
pp crossing.

The probability of having n inelastic pp interactions (n
between 0 and 8), each producing a vertex with at least
two charged particles with p⊥ > 200 MeV/c within |η|
= 2.4, is measured at different luminosities to evaluate
σInel(pp) from a fit of Equation 12 to the data, Figure 23.
For each n, the values of the Poisson distribution given
by Equation 12 are fitted as a function of λ = L ∗ σInel

to the data, providing an estimates of σInel(pp).

B. Forward energy method to determine σInel

The basic idea of this method is to count the number of
events that, in a given interval of integrated luminosity,
deposit at least a minimum amount of energy in either
of the forward parts of the detector; the number of
events is then converted into a value of cross section
by accounting for detector and pile-up effects. ATLAS
and CMS require at least Emin = 5 GeV in the rapidity
interval 3 ≤ |η| ≤ 5 which is equivalent to, according to
MC studies, a minimum hadronic mass MX of at least
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FIG. 29. Fit to the pp and pp̄ total cross section values using
a two-pomeron parametrization. The bottom line show the
contribution of the so called hard pomeron ([5]).

XIII. CONCLUSIONS

The concurrent efforts of several cosmic-rays and collider
experiments have provided in the last couple of years
a large quantity of measurements of the values of the
total, elastic and inelastic cross sections as well as the
values of cross sections for particular final state. The
total value of the cross section is well reproduced by the
prediction of the COMPETE collaboration showing that
a ln2(s) dependence of σTot(pp) provide a good tool for
extrapolating to higher energies. Several groups, using
single or double pomeron models, have updated their
analyses using the new LHC data and also obtain good
fits to the data.

Common MC models used in collider experiments fail to
concurrently reproduce the new measurements, pointing
to an underestimation of the amount of low mass events.
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FIG. 21. Values of the p− air inelastic total cross section as
a function of

√
s

the Glauber model (for an introduction see [16]) that
describes the proton-nucleus (and also nucleus-nucleus)
scattering as a sum of elementary nucleon-nucleon in-
teractions. The Glauber model takes into account var-
ious nuclear and QCD effects such as nuclear geome-
try, opacity of nucleons, multiple interactions, diffrac-
tion, saturation, Fermi motion, the total, inelastic and
elastic cross sections at lower energies and the value
of σInel(p− air) at 57 TeV to provide an estimate of
the proton-proton total and inelastic cross sections, Fig-
ure 22.

FIG. 22. Schematic of the Glauber components used to
correlate the values of the p− air and pp cross sections.

The AUGER collaboration finds that in the Glauber
framework the inelastic cross-section is less dependent
on model assumptions than the total cross-section. The
result for the inelastic and total proton-proton cross-
sections are

σ57TeV
Inel (pp) = 92 ± 7 (stat)± 9 (syst)± 7 (Gl.) mb

and

σ57TeV
Tot (pp) = 133 ± 13 (stat)±17 (syst)±16 (Gl.) mb.

IX. COLLIDER EXPERIMENTS

Collider experiments such as ALICE, ATLAS and CMS
are able to directly measure the fraction of σInel(pp) com-
posed by those events that leave enough energy in the de-
tector, typically in a rapidity interval η ≤ |5|, where the
definition of enough is experiment and technique depen-
dent. The results published so far rely on two different
methods: (i) Pile-up counting (ii) Forward energy depo-
sition.

A. Pile-up method to determine σInel

This method, used for the first time by the CMS collab-
oration [17], assumes that the number n of inelastic pp
interactions in a given bunch crossing follows the Poisson
probability distribution:

P (n,λ) =
λne−λ

n!
, (12)

where λ is calculated from the product of the instan-
taneous luminosity for a bunch crossing and the total
inelastic pp cross section: λ = L ∗ σInel(pp). This
technique counts the number of vertices in different lu-
minosity intervals, and performs a fit using equation 12.
By construction, this method is sensitive only to those
events that produce a detectable vertex. To collect an
unbiased sample of pp interactions, the event selection
is performed using a high-pt muon trigger, which is
completely insensitive to the presence of pile-up. Note
that the event containing the triggering muon is not
counted towards the total number of vertices for a given
pp crossing.

The probability of having n inelastic pp interactions (n
between 0 and 8), each producing a vertex with at least
two charged particles with p⊥ > 200 MeV/c within |η|
= 2.4, is measured at different luminosities to evaluate
σInel(pp) from a fit of Equation 12 to the data, Figure 23.
For each n, the values of the Poisson distribution given
by Equation 12 are fitted as a function of λ = L ∗ σInel

to the data, providing an estimates of σInel(pp).

B. Forward energy method to determine σInel

The basic idea of this method is to count the number of
events that, in a given interval of integrated luminosity,
deposit at least a minimum amount of energy in either
of the forward parts of the detector; the number of
events is then converted into a value of cross section
by accounting for detector and pile-up effects. ATLAS
and CMS require at least Emin = 5 GeV in the rapidity
interval 3 ≤ |η| ≤ 5 which is equivalent to, according to
MC studies, a minimum hadronic mass MX of at least
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For each n, the values of the Poisson distribution given
by Equation 12 are fitted as a function of λ = L ∗ σInel

to the data, providing an estimates of σInel(pp).

B. Forward energy method to determine σInel

The basic idea of this method is to count the number of
events that, in a given interval of integrated luminosity,
deposit at least a minimum amount of energy in either
of the forward parts of the detector; the number of
events is then converted into a value of cross section
by accounting for detector and pile-up effects. ATLAS
and CMS require at least Emin = 5 GeV in the rapidity
interval 3 ≤ |η| ≤ 5 which is equivalent to, according to
MC studies, a minimum hadronic mass MX of at least

AUGER:
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FIG. 21. Values of the p− air inelastic total cross section as
a function of

√
s

the Glauber model (for an introduction see [16]) that
describes the proton-nucleus (and also nucleus-nucleus)
scattering as a sum of elementary nucleon-nucleon in-
teractions. The Glauber model takes into account var-
ious nuclear and QCD effects such as nuclear geome-
try, opacity of nucleons, multiple interactions, diffrac-
tion, saturation, Fermi motion, the total, inelastic and
elastic cross sections at lower energies and the value
of σInel(p− air) at 57 TeV to provide an estimate of
the proton-proton total and inelastic cross sections, Fig-
ure 22.

FIG. 22. Schematic of the Glauber components used to
correlate the values of the p− air and pp cross sections.

The AUGER collaboration finds that in the Glauber
framework the inelastic cross-section is less dependent
on model assumptions than the total cross-section. The
result for the inelastic and total proton-proton cross-
sections are

σ57TeV
Inel (pp) = 92 ± 7 (stat)± 9 (syst)± 7 (Gl.) mb

and

σ57TeV
Tot (pp) = 133 ± 13 (stat)±17 (syst)±16 (Gl.) mb.

IX. COLLIDER EXPERIMENTS

Collider experiments such as ALICE, ATLAS and CMS
are able to directly measure the fraction of σInel(pp) com-
posed by those events that leave enough energy in the de-
tector, typically in a rapidity interval η ≤ |5|, where the
definition of enough is experiment and technique depen-
dent. The results published so far rely on two different
methods: (i) Pile-up counting (ii) Forward energy depo-
sition.

A. Pile-up method to determine σInel

This method, used for the first time by the CMS collab-
oration [17], assumes that the number n of inelastic pp
interactions in a given bunch crossing follows the Poisson
probability distribution:

P (n,λ) =
λne−λ

n!
, (12)

where λ is calculated from the product of the instan-
taneous luminosity for a bunch crossing and the total
inelastic pp cross section: λ = L ∗ σInel(pp). This
technique counts the number of vertices in different lu-
minosity intervals, and performs a fit using equation 12.
By construction, this method is sensitive only to those
events that produce a detectable vertex. To collect an
unbiased sample of pp interactions, the event selection
is performed using a high-pt muon trigger, which is
completely insensitive to the presence of pile-up. Note
that the event containing the triggering muon is not
counted towards the total number of vertices for a given
pp crossing.

The probability of having n inelastic pp interactions (n
between 0 and 8), each producing a vertex with at least
two charged particles with p⊥ > 200 MeV/c within |η|
= 2.4, is measured at different luminosities to evaluate
σInel(pp) from a fit of Equation 12 to the data, Figure 23.
For each n, the values of the Poisson distribution given
by Equation 12 are fitted as a function of λ = L ∗ σInel

to the data, providing an estimates of σInel(pp).

B. Forward energy method to determine σInel

The basic idea of this method is to count the number of
events that, in a given interval of integrated luminosity,
deposit at least a minimum amount of energy in either
of the forward parts of the detector; the number of
events is then converted into a value of cross section
by accounting for detector and pile-up effects. ATLAS
and CMS require at least Emin = 5 GeV in the rapidity
interval 3 ≤ |η| ≤ 5 which is equivalent to, according to
MC studies, a minimum hadronic mass MX of at least
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particles. This method, however, has several drawbacks:
rapidity gaps can also appear in non-diffractive events,
albeit less frequently and high mass diffractive events of-
ten have a rapidity gap that is too small to be used as
a signature and therefore they cannot be selected using
this method.

FIG. 25. Rapidity - p⊥ coverage of the LHC experiments at�
(s) = 14 TeV.

At LHC, the rapidity interval is roughly 20 units, while
the experimental coverage of the various experiments is
much less, Figure 25: ATLAS and CMS cover roughly 10
units of rapidity, centrally from -5 to 5, TOTEM covers
only forward rapidities, 3.1 < |η| < 6.5 while ALICE has
an asymmetric coverage, −3.4 < η < 5.1.

The rapidity span of an event with mass MX is given
by ∆η = ln(M2

X/m2
p) while the rapidity gap of the

event is given by ∆η = −lnξ, with mp the proton mass
and ξ = M2

X/s, Figure 26. For this reason small mass
events are very difficult to measure as they are boosted
forward and don’t leave in the detector any signature:
an event with MX = 5 GeV covers only ∼ 3 unit of
rapidity and therefore escapes detection. The experi-
mental limit of detection for both ATLAS and CMS is
ξ > 5 ∗ 10−6, which correspond to a mass MX � 15 GeV
at 7 TeV while TOTEM reaches down to MX � 3.5 GeV.

The selection of diffractive events is defined by each ex-
periment differently, relying on the strengths of its own
detector: ATLAS requires 4 units of rapidity gap for sin-
gle diffractive events and 3 units for double diffractive
events within the detector acceptance, TOTEM uses sep-
arately the information on T1 and T2 to select low and
high mass events while CMS requires no activity with
either η < 1 or η > −1. Several experiments have mea-
sured the cross section values of σSD(pp) for different in-
tervals of the hadronic mass, Table III. ATLAS has re-
ported the fraction of pp events with a rapidity gap in
the interval 2.09 < η < 3.84 to be fGAP = 10% [25].

FIG. 26. Sketch of the rapidity coverage and rapidity gap of
an event with mass MX

Experiment Energy Mass σSD(pp)
[TeV] [GeV] [mb]

TOTEM 7 3.4 - 1100 6.5 ± 1.3
(preliminary)

CMS 7 12 - 394 4.27 ± 0.04 (sta) +0.65
−0.58 (sys)

ALICE 2.76 0 - 200 12.2 ±+3.9
−5.3

ALICE 7 0 - 200 14.9 ±+3.4
−5.9

TABLE III. Values of the single diffractive σSD(pp) cross sec-
tion as measured by TOTEM [22], CMS [22], ALICE [24]

XI. DISCUSSION OF THE RESULTS

Figure 27 shows a compilation of the values of
σTot(pp), σEl(pp) and σInel(pp) as a function of

√
s .

The plot includes the results obtained by the TOTEM
collaboration, together with the results from LHC, lower
energy experiments and the best fit from the COMPETE
collaboration based on a ln2(s) behaviour of the cross
section.

FIG. 27. Compilation of the values of σTot(pp), σEl(pp) and
σInel(pp) as a function of

√
s . The best fits from the COM-

PETE collaboration are also shown.

Several groups, for example GLM [26] [27] (E. Gotsman,

12

E. Levin and U. Maor), Durham [28][29](M. G. Ryskin,
A. D. Martin and V. A. Khoze), Ostapchenko [30],
KP [31](A. B. Kaidalov and M. G. Poghosyan) and
DL [32])(A. Donnachie and P. V. Landshof), that have
proposed in the past models for soft interactions based
on Pomeron exchanges have now included in their analy-
ses the LHC results. Some of them, such as Ostapchenko
and DL, propose to use a soft and a hard pomeron, while
other groups (GLM, Durham, KP) are using a single
pomeron. A summary of the results is shown in Tab IV
(based on [33]).

DL Ost. GLM Durham KP

∆soft 0.09 0.14

α�soft 0.25 0.14

∆hard 0.36 0.31

α�hard 0.1 0.85

∆ 0.23 0.14 0.12

α� 0.028 0.1 0.22

TABLE IV. Values of the intercept and slope parameters of

the pomeron trajectory in various models of soft interaction.

Bloch and Halzen [34], updating their analyses to include
the LHC results, have proposed a parametrization in the
form of equation 6 for both the total and inelastic cross
section:

σTot = 37.1s−0.5 + 37.2− 1.4ln(s) + 0.3ln2(s) (13)

σInel = 62.6s−0.5 − 0.5− 1.6ln(s) + 0.14ln2(s) (14)

It’s worth stressing that the results of LHC had a strong
impact on all models, showing that is quite difficult to
extrapolate from lower to higher energy.

According to [6], a value σ
√
s=14TeV

Tot (pp) = 120 - 160 mb
is a clear sign of the two-pomeron model while a value
around 110 mb is an indication of the ln2(s) behaviour.

A. Diffractive cross section, σSD(pp)

Figure 28 shows the experimental values and the pre-
dictions from some theoretical models of σSD(pp) as a
function of

√
s .

The experimental values of σSD(pp) are listed in Ta-
ble III. The results from TOTEM and CMS have not
been extrapolated outside the measured MX range and
therefore have smaller errors than the values reported
by ALICE. An extrapolation of the CMS and TOTEM
results to the MX range M2

X < 0.05 ∗ s (MX ≤ 1550
GeV) yields a value of σSD(pp) ∼ 9-11 mb, compatible
with several of the proposed models. It’s interesting to
note that even though the ALICE results seem to favour
a higher value of σSD(pp) , given the large experimental
errors, all experimental points are compatible.

FIG. 28. Compilation of values of σSD(pp) as a function of√
s . Plot adapted from [18].

Table V lists the predictions of several groups for the
single and double diffractive pp cross section values at√
s = 14 TeV.

GLM1 GLM2 Durham (07) Durham (11) Ost

σSD(pp) 10.8 13.7 13.3 17.6-18.8 11

σDD(pp) 6.5 8.8 13.4 13.5 4.8

TABLE V. Values of the single and double diffractive pp cross

sections at
√
s = 14 TeV in various models

XII. COMMENTS ON σ(pp̄)Tot AT 1.8 TEV: CDF,

E710 AND E811

Three experiments, E710 [19], E811 [20] and CDF [21] ,
have measured the value of σ(pp̄)Tot at 1.8 TeV obtaining
the following results:

E710 : σ(pp̄)Tot = 72.8± 3.1 mb (15)

E811 : σ(pp̄)Tot = 71.4± 2.4 mb (16)

CDF : σ(pp̄)Tot = 80.0± 2.2 mb (17)

In pre-LHC, pre-HERA era, the value of the cross section
measured by E811 was considered the most reliable. This
can be seen for example in Figure 5 (top left pane) where
the fit in the form of equation 4 goes through the exper-
imental point of E811 while passing well underneath of
the CDF measurement.

The introduction of the two-pomeron parametrization
to accommodate the HERA data, shown in equation 10,
produced a higher fit, closer to the value measured by
CDF, Figure 29.

The most recent fits of the COMPETE collaboration, see
Figure 27, are also closer to the CDF value, indicating a
growing consensus of considering this point more accu-
rate.
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