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Eötvös University

Faculty of Natural Sciences

Budapest, 2015



Elastic scattering of protons at the TOTEM experiment at the

LHC

A thesis presented for the degree of Doctor of Philosophy

Written by: Frigyes Nemes
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1 Introduction

The TOTEM (TOTal cross section, Elastic scattering and diffraction dissociation

Measurement at the LHC) experiment is one of the 7 experiments (ALICE, ATLAS, CMS,

LHCb, LHCf, MoEDAL, TOTEM) at the Large Hadron Collider (LHC) at CERN [a1].

The TOTEM experiment is located at the Interaction Point 5 (IP5) of the LHC and its

main physics objective is to measure the total proton-proton cross-section σtot [a2]. This

measurement is based on the so-called “optical theorem”, which relates the nuclear elastic

scattering amplitude extrapolated to vanishing scattering angle ϑ = 0 to the total cross-

section [a3]. Accordingly, the TOTEM experiment uses the specific technique of “Roman

Pot” (RP) detectors, placed at ±217.3 m from the IP5, which are able to measure protons

with a scattering angle of a few µrad. During data taking the RP detectors approach the

LHC beams as close as a few mm, thus their movement is partly controlled by the LHC’s

main control center, since the LHC beams have to be stable before the RPs are allowed

to move.

Due to the very small scattering angle of the protons, detected by the RP detectors,

their trajectories are determined by the lattice of accelerator magnets between the IP5

and the TOTEM RP detectors, which act similarly to an “optical” system of magnetic

lenses. Therefore, the reconstruction of the proton kinematics based on the particle hits

in the RP detectors requires the precise understanding and calibration of the LHC beam

optics. I joined to the TOTEM experiment at CERN in 2010 and my main task in

the experiment’s physics program became the determination of the LHC beam optics

by exploiting kinematical distributions of elastic proton-proton data measured by the

TOTEM RP detectors, and in general the analysis of the beam optics to understand its

contribution to the systematic error of the σtot determination. I am the corresponding

author of the TOTEM publication and the first author of the TOTEM internal analysis

note, discussing a new method of beam optics evaluation through the analysis of two

representative optics with betatron amplitudes β∗ = 3.5 m and 90 m [t1, n1].

In addition to my accelerator physics related work I also studied the interpretation

of the measured elastic proton-proton data. At small scattering angles the energy scale

of the elastic scattering process can be characterized with the strongly interacting radius

of the proton, and an important approach to interpret the data measured at the Super
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Proton Synchrotron (SPS), Tevatron and at the Intersecting Storage Rings (ISR) is the

analogy with optical diffraction, which leads to the concept of the so-called diffraction

theory of forward particle scattering reactions [a3].

In order to interpret the data, measured by the TOTEM experiment at the LHC, I first

studied the particular geometrical model of elastic proton-proton scattering developed by

A. Bialas and A. Bzdak (BB model), which is based on a physical picture of the proton

as a bound state of a quark and a diquark, characterized with the Rq, Rd, Rqd and λ

parameters [a4]. In the BB model the diquark can be described as a composite object,

denoted with p = (q, (q, q)), or as a simple constituent p = (q, d). Based on this proton

model the proton-proton scattering process is described with Glauber’s theory of multiple

diffraction [a5].

In the original BB model A. Bialas and A. Bzdak applied the inelastic cross-section

σinel, the slope of the elastic cross-section B(s, t) at vanishing squared four-momentum

transfer t = 0, the position of the first diffractive minimum (“dip”) in the elastic

differential cross-section and the height of the second maximum in order to determine

the four unknown parameters of the BB model. However, using this method, they were

not able to estimate the uncertainty of their parameters. My first task was to determine

the best value and uncertainty of the parameters of the BB model using the CERN

MINUIT minimization code at ISR energies of
√
s = 23.5− 62.5 GeV and at LHC energy

of
√
s = 7 TeV [a6].

A drawback of the original BB model is the vanishing elastic scattering amplitude at

the diffractive minima, which leads to vanishing elastic differential cross-section value at

these points too. In order to obtain a more meaningful result I left out the data points

close to the dip from the fit procedure, which led to acceptable fits in case of the ISR data

sets, but the interpretation of the LHC data remained unsatisfactory.

Therefore, in a series of three research papers [t2, t3, t4] I have gradually improved

and generalized the BB model, in order to achieve a consistent and unified description of

the ISR and LHC data. These results are listed below in the point-by-point summary of

my PhD results.
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2 Research methods

In order to analyze the LHC beam optics model I learned how to use and master the

MAD-X program code, which is a standard tool in the field of accelerator design and

simulation [a7]. I have also acquired the management of the special MAD-X input files,

which describe the sequence and strength of the LHC accelerator magnets.

I have developed a Java program code for the TOTEM experiment, which queries

several CERN databases: the code retrieves the power converters’ current of the relevant

magnets from the TIMBER database [a8], and converts it to magnet strength using the

LHC Software Architecture (LSA) database [a9]. The code prints the result according to

the input syntax of the MAD-X program.

During the analysis of the proton-proton elastic scattering data, measured with the

RP detectors, it was realized that the measured kinematical distributions allow for the

precise calibration of the LHC beam optics at the IP5. For the benefit of the TOTEM

collaboration I developed a C++ program code, which is capable to find an accurate LHC

optics model, which is consistent with the nominal design parameters and tolerances,

takes into account the information from the various databases, and fully consistent with

measured constraints calculated from elastic proton-proton RP data. I also learned the

usage of the Windows Interface to Simulation of Errors (WISE) tool to simulate the effect

of magnetic field harmonics at the LHC, which I take into account in the calculation of

the optics error covariance matrix with Monte Carlo simulations [a10].

I learned how to apply the MINUIT minimization code, in order to fit the analyzed

proton-proton elastic scattering models to measured data [a6]. At CERN it is indispens-

able to master the ROOT software package. I have also used extensively the LaTeX and

Wolfram Mathematica tools.
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Figure 1: The error distribution of two important optical functions of the β∗ = 3.5 m

LHC optics at
√
s = 7 TeV energy before (blue) and after (red) calibration.

3 Summary of my research results

1) For the TOTEM experiment I have calibrated the LHC beam optics at IP5 by exploiting

the proton-proton data measured by the TOTEM RP detectors. The calibration reduced

the largest systematic error of the total proton-proton cross-section measurement with

approximately an order of magnitude, see Fig. 1. With this optics calibration result, I

made it possible to measure the total proton-proton cross-section σtot with very good

accuracy at CERN LHC
√
s = 7 and 8 TeV energies [t1, n1].

2) I have checked and confirmed the published results of the Bialas-Bzdak model, described

in the introduction, and I have determined the best value and uncertainty of their model

parameters at ISR and LHC energies. I have successfully fitted both the p = (q, d) and

p = (q, (q, q)) model versions to the ISR data, and I have demonstrated, that the original

Bialas-Bzdak model is not able to describe the TOTEM data, measured at the LHC [t2].

I have defined an effective proton radius Reff , which takes the same value for both

model versions, and I have shown that R2
eff is proportional to the total proton-proton

cross-section σtot at ISR energies [t2].

3) I have generalized the Bialas-Bzdak model by adding a perturbatively small real part to
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its elastic scattering amplitude. I have fitted the improved αBB model to data measured

at ISR and LHC energies [t3].

I have achieved, that the αBB model can be fitted to the ISR data without adjusting

the fit range. On the other hand I have found that even the αBB model is not able to

interpret the data measured at LHC energy of
√
s = 7 TeV. I have diagnosed that the

interpretation of the LHC data requires an increased real part in the elastic scattering

amplitude, which is too large to be treated perturbatively.

I have discovered, that the product of the total proton-proton cross-section σtot and

the squared four-momentum transfer position of the dip tdip leads to a value which is

approximately independent from the collision energy. I have also found that the so-called

“black disk” model shows a similar and exact behavior, however, the exact value differs

from the measured one. With this observation I have shown that the “black disk” limit

is not reached at the LHC energy of
√
s = 7 TeV.

4) Using unitarity constraints I have generalized the BB model by adding an arbitrarily

large real part to its scattering amplitude in a systematic way. I have shown that the

improved model, ReBB model, is able to describe the data measured at ISR and LHC

energies in a statistically acceptable manner [t4].

Based on the good quality of the ReBB fit results, I found a statistically acceptable

description of the energy dependence of the ReBB model parameters, with which I was

able to estimate the expected value of the total proton-proton cross-section at future LHC

energies and beyond [t4].

I have shown as well, that the effective interaction radius of the proton is substantially

increasing with increasing colliding energy between ISR and LHC. I have also found that

the probability of having inelastic collision within this effective radius is also increasing,

and becomes almost certain at LHC. At the same time the “edge” of the probability

distribution remains approximately constant.

I have discovered that for low values of the squared four-momentum transfer |t| the
ReBB model predicts a non-exponential behavior in the elastic proton-proton differential

cross-section, which observation is in agreement with a TOTEM result currently under

referee review [t4, k12].
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4 Summary and Outlook

I have substantially improved the precision of the measurement of the total proton-proton

cross-section at the TOTEM experiment with the calibration of the LHC beam optics at

IP5 [t1, n1].

In a series of three research papers [t2, t3, t4] I have gradually improved and generalized

the Bialas-Bzdak model of elastic proton-proton scattering. Using the improved models

I have achieved a consistent and unified model description of the ISR and LHC elastic

proton-proton differential cross-section data.

I would like to continue my research as a member of the TOTEM collaboration with

the experimental analysis and theoretical interpretation of the proton-proton scattering

data, which is expected to be measured soon at the LHC energy of
√
s = 13 and 14 TeV.
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Europhys.Lett., 101:21004, 2013.

[k7] TOTEM Collaboration: G. Antchev ,..., M. Csanád, T. Csörgő, F. Nemes, et al.,
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Winter School On Heavy Ion Physics, Budapest, Hungary, 2010, Nov. 29. - Dec. 3.

8



[c2] F. Nemes, “Detailed analysis of high energy proton-proton dσ/dt data including
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Figure 2: The certificate of the New Journal of Physics in 2014.
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