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1 Introduction

Straggling (Landau) functions describe the probability distribution of energy loss of charged par-
ticles traversing matter and are widely used for particle identification in the relativistic velocity
region [1|. The differential cross section do/dE characterizes the energy transfer in individual
collisions and is often described by the Fermi-Virtual Photon (FVP) model. We measure the
angular spread of particles after traversing a target and infer the underlying cross section using
special relativity and numerical.

Objectives

1. Test the FVP model. Compare experimental cross-sections to the FVP prediction by
checking the known complex permittivity € of the medium.

2. Measurement of the complex permittivity. The complex dielectric constant e(AFE) of
tungsten is extracted as a function of deposited energy. A scattering-based measurement may
extend the accessible energy range.

2 Motivation

We are a group of physics enthusiasts scattered around the world driven by our shared pas-
sion of discovering the physics of our world. We want to use angular straggling and Tungsten’s
differential cross-section to determine its complex permittivity. Tungsten is highly rewarding



practicality-wise, used in nuclear fusion reactors and sitting inside nearly every semiconductor
chip as a critical interconnect metal.

Our participation at CERN would allow us to move beyond theoretical study and experience
how research is actually conducted.

3 Theoretical Background

The FVP model [2] expresses the single-collision DCS in terms of the complex dielectric constant
€ = €1 + 1€a:
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Since we measure angular deflections, we use the Jacobian
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where dE/df follows from relativistic two-body kinematics [3] (see Appendix B). Normalising
gives the single-collision PDF P; () = oyt do/df.

Projecting onto one transverse axis via the Abel transform yields g;(0,), the 1D single-scatter
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After n collisions this becomes g, = g?". Since collisions in thickness x are Poisson-distributed
with mean m. = £Natom0tot, the straggling distribution is

> mie~Me
Pstrag(@x) = Z T gn(@x) (5)
n=1 ’

Convolution with the beam profile n(xg) gives the measured distribution R(6).

Inversion proceeds in three steps: (1) Wiener deconvolution of R(6) recovers Pitrag; (2) a can-

didate do/d6 is optimised by minimising the residual between the forward-modelled Psiziea(é and
the data, initialised from the Rutherford cross section; (3) the Jacobian
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yields the energy-loss DCS, from which ¢ is extracted by inverting equation (1).

4 The Experiment

4.1 Overview

The experiment measures how much protons deflect when fired into thin Tungsten slabs. The
beam travels along the z-axis, with the Tungsten plate sitting at z = Omm. Upstream means
negative-z (before the plate), downstream means positive z (after).


https://en.wikipedia.org/wiki/Abel_transform

4.2 Experimental Design and Setup
4.2.1 Upstream Section - Before the Target

1. S1 - Scintillator Trigger (z = —1500 mm)
Used to detect the arrival of particles.

2. C1 / C2 - First and Second Cherenkov Detectors
(z = —1300 mm, z = —900 mm)
C1 is a cherenkov detector at reduced pressure, while C2 is set to a higher pressure to
identify protons passing through the plate.

3. DWC1 / DWC?2 - First and Second Delay Wire Chambers
(z = —330mm, z = —300 mm)
Measures the first and second point of the incoming track to determine the incoming
direction vector of the protons, fyy,.

4.2.2 The Target - At z = 0mm
The target is a thin Tungsten plate (W), with dimensions of 3 cm x 3 cm. The thickness is varied

between runs, from 1 mm to 10 mm in increments of 1 mm.

4.2.3 Downstream Section - After the Target

1. DWC3 / DWC4 - Third and Fourth Delay Wire Chambers
(z =200mm, z = 250 mm)
With this pair, the outgoing direction vector of the proton, fioy can be determined.

The scattering angle is then the angle between the two track vectors.

© = arccos(fin - Nout)

2. S2 - Scintillator Trigger (z = 600 mm)
The detection of protons by S1 and S2 is utilised as a trigger condition for the DAQ to
read out all detectors, given that they coincide within a 100 ns window.
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Figure 1: Beamline layout. Protons travel left to right. Cherenkov detectors C1, C2 select
protons by PID (clean at 4 GeV/c: ABqp =~ 0.027). DWC pairs D1/D2 and D3/D4 reconstruct
the incoming and outgoing tracks respectively; D3/D4 are placed 200 mm downstream to achieve
>99 % geometric acceptance at all Tungsten thicknesses. The deflection angle © is measured per
event. The Tungsten foil (W) is interchangeable across ten thicknesses.



5 Data Analysis

From reconstructed DWC hit positions, the scattering angle is obtained as § = tan~1(r/20 cm)
and binned to produce dN/d). Beam divergence is removed by deconvolving the distribution
with a Gaussian beam profile (oang = 0.25 mrad), yielding the angular straggling function P(6).

The single-scattering cross section do/dS) is recovered by fitting a Poisson-weighted for-
ward model to P(6), where the predicted straggling is the Poisson-weighted sum of n-fold two-
dimensional self-convolutions of a candidate distribution. The normalization is fixed using the
relativistic Coulomb cross section at the largest measured angle. The energy-loss cross section
do/dE is then obtained via the Jacobian transformation (6), and the complex permittivity ¢ is
extracted by numerically solving the Allison—-Cobb FVP equation (1).
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Figure 2: The best differential cross section obtained from our current numerical simulations.
Due to limited simulation statistics, the reconstructed cross section is poorly constrained at very
small angles. A higher particle flux at CERN will allow us to obtain significantly improved
statistics in this region.
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Figure 3: Normalised angular distributions of 4 GeV /¢ protons transmitted through tungsten
plates of varying thickness (0-100 mm), measured at DWC3 (z = 200 mm downstream of target).
The 0 mm run represents the instrument response R(f) comprising beam divergence, air scatter,
and detector material contributions.

6 Schedule
Day Target Activity
1AM — Detector alignment; DWC timing calibration.
1 PM None Baseline beam divergence B(6); Cherenkov threshold tuning.
2 W 6, 10cm Angular straggling data at 4 GeV /¢ for both tungsten thicknesses.
3 W 6cm Momentum scan: p = 1,3,6,10 GeV/c; probes S-dependence of FVP
cross-section.
4 Pb 6, 10cm  Angular straggling data for both lead thicknesses; offline processing of
tungsten runs.
5 AM Pb 6 cm Momentum scan: p = 1,3,6,10 GeV/c¢; same [-dependence check for
lead.
5 PM — Offline analysis of lead data; final model comparison and conclusions.

Table 1: Planned on-site run schedule. Tungsten and lead are each measured at two thicknesses
to sample the Landau and Gaussian straggling regimes, and at four momenta to test the 52
dependence predicted by the FVP model. Runs proceed thin-to-thick to detect beam degradation
early.

7 What We Hope To Take Away From The Experience

Our group comes from a background of physics and astrophysics Olympiads, some members with
past BL4S experience, sparking our desire to pursue physics deeply. While we have already had
an enriching experience studying the theory behind this experiment and running simulations, we
are eager to conduct our experiment to gain insightful knowledge and exposure to a professional
research setting, and learn the hands-on process of running this equipment. We truly believe
that firsthand participation at CERN is invaluable for helping us understand what it truly means
to work in the field and grow as young aspiring physicists.
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