Searching for rare charm decays, performing alignment studies and
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DOCTORAL THESIS

Searching for rare charm decays,
performing alignment studies and

improving the analysis ecosystem in HEP

» Thank you ! it S

Chris Burr Prof. Chris Parkes

» Defended my thesis in July 2019 containing:

> Alignment of telescope like detectors
> Searching for D) — hETLT
» Tools for analysis

A thesis submitted to the University of Manchester
for the degree of Doctor of Philosophy in the

School of Physics and Astronomy

Faculty of Science and Engineering

2019
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» Problem: It's impossible to build a perfectly positioned detector

» Reduces the performance of the detector
» Can introduce biases in measurements
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G S urvey Techniques ™S

Ideal position

» Solution? Measure the true position of each detector element?

» Helpful but it’s effectively impossible to make precise enough measurements
» Some detectors move, e.g. VELO closing, tracRing stations are moved by magnet polarity flips
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Ideal position

» Solution: Track based alignment techniques

> The grey track has a smaller y? than the orange track
> Move the detector elements until the y* of many tracks is at a minimum
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» Timepix3 telescope is mostly used for testing new L

» Made up of 8 planes in groups of 4

» Test devices are placed in the middle (best resolution), in front or behind

Cb detectors
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Comment

X=67mm, y=26mm, bias 150V, angle -2 degrees mean cluster size =
X=67mm, y=26mm, bias 150V, angle -3 degrees mean cluster size =
X=67mm, y=26mm, bias 150V, angle -5 degrees mean cluster size =
x=46mm, y=26mm, bias 150V, angle 0 (-2.2)

x=85mm, y=26mm, bias 150V, angle 0 (-2.2)

x=89mm, y=26mm, bias 150V, angle 0 (-2.2)

x=92mm, y=30mm, bias 150V, angle 0 (-2.2)

x=93mm, y=22mm, bias 150V, angle 0 (-2.2) &lt;- Good Long run. (1(
x=93mm, y=22mm, bias 150V, angle 0 (-2.2)

x=93mm, y=22mm, bias 150V, angle 0 (-2.2)

x=93mm, y=22mm, bias 150V, angle 0 (-2.2) - We collected ~400Mb

x=93mm, y=22mm, bias 200V, angle 0 (-2.2)

» Many hundreds of runs have to be aligned despite detector elements moving often

o LHCb UK PhD Prize Talk
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G \ELO alignment studies[®S
Tip moves into the screen
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Kapton hybrid |
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Silicon sensors
(2 per side)

» |nitial studies showed the module rotated

Silicon micro-channel

-
i

O coolin ate
when cooled to -30°C noplet
cerx | IR
» Investigated the physics lmpact ~ Pivot - o
» Impact parameter resolution ] T ~ connectors
> Primary vertex resolution ; / connector ! N
» Momentum resolution L rods
> ‘ iCi e Coolin
Track quality and efficiency 2 L g
> Performed a toy D° lif urem
errormed 4 tOy Iretime measurement |
> Estimated scale of potential systematic uncertainties o B L v supply cables
» Used as input for module design foot | 8.

IO A

LHCb-INT-2017-022
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» |dea: Self image the VELO for alignment

» lse vertices from inelastic material interactions
» CERN summer student project supervisor

120 140 160 180 200

Xis [mm]

ntal a

» Initial results are promising

» Resolution of the image gets worse with misalignment
» Reconstruction efficiency also drops o a0 oo
> Larger samples required to make conclusive results

CERN-STUDENTS-NOTE-2018-162 ~400 ~200 0 200 00 600
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> Search for 25 decays of the form D, — h*I*1+

> his a charged Raon or pion
» [ is an electron or muon

» Includes LFV and LNV decays

DT > ntutu DT - gTeTe” DT - KteTe™ D - nteTu~ DI - K uTe™
DT - o utu® DT - netet DI -z u DT — nfeTe” D - K ute™
DY - atute” Dt - Ktutu~ Df - a7 utu™ DI - n7eTe™ DI - K etu~
Dt - g ute” Dt - Ktute~ DI - ntuTe” DI - K u*tu~ D - K*e'e™
Dt = atetu~ Dt - Ktetu~ DI - a7 u"e” Df - K u*u™* DI —» K eTe™

Allowed in the standard model Effectively forbidden in the standard model
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> LHCb has the world’s best limit for 4 channels using 1 fb™"' of 7 TeV data

» Standard model allowed decays involve FCNC or Weak Annihilation
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» Potential for enhancements from BSM physics (leptoquarks, MSSM,, ...)
» Helps constrain Wilson coefficients

» Complimentary to other measurements

f I+

W—F) K+

4.3

Mediated by a Majorana neutrino Mediated by a oscillating standard model neutrino
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» Group decays into those with common features

» Signal shape depends on the number of electrons involved
> Use templates from full simulation depending on number of bremsstrahlung photons involved

= Combined

LHCb Simulation

Events per 2.00 MeV
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One electron

Events per 2.00 MeV

Events per 2.00 MeV

= =0 brem added
1 brem added
= Combined

LHCb Simulation
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Events per 2.00 MeV
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How?[®

Blind background enhanced samples

» Group decays into those with common features Fit shapes based on KDES from Rapidsim

» Background contributions depend on hadron species and charge

> 4 categories: It~
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How to preserve an analysis? =

I
:DﬂEetector

» Centralised processing

Tri
(Trigger, Reconstruction, Stripping, MC generation) M99t

Reconstruction

» Relatively easy to preserve

» Small number of unique steps Filtering
» Small number of people involved

> Preserved in the LHCbDIRAC Bookkeeping _
> Already done

% %

Time

Publication

Y

Turbo Stripping

» Used regularly to recreate lost files
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How to preserve an analysis? =

I
:I:II]Eetector

» Ntuple production®

Trigger

» Typically done with user jobs

> Does not scale well
> Lots of time spent debugging Filtering

> Makes it easy to submit thousands of buggy jobs
> Requires “everyone” to know details and current status of the grid —
> Jobs are not preserved and reproducible

» DIRAC transformation system does effectively s re
the same thing

Reconstruction

Time

Publication

Y

Turbo Stripping

* Ntuple production also refers to other formats such as HDF5, heavily skimmed MDSTs, etc...
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» A way of using the production system instead

» Worked on automating the testing and submission of productions

> https://gitlab.cern.ch/lhcb-datapkRg/WG|CharmWGProc

» Over 1,000 productions have now been submitted wit

» Automatically preserved in the same way as centralised productions

> Also requires less work from analysts

522 dbrundu RareCharm-PiPiMuMu_MC2015_MagDown 52577 Done 85816 85817 | Archived Archived
523 dbrundu RareCharm-KKMuMu_MC2017_MagUp 52576 Done 85818 85819 | Archived Archived
524 dbrundu RareCharm-KKMuMu_MC2017_MagDown 52575 Done 85820 85821 | Archived Archived
525 dbrundu RareCharm-KKMuMu_MC2016_MagUp 52574 Done 85822 85823 | Archived Archived
526 dbrundu RareCharm-KKMuMu_MC2016_MagDown 52573 Done 85824 85825 | Archived Archived
527 dbrundu RareCharm-KKMuMu_MC2015_MagUp 52572 Done 85826 85827 | Archived Archived
528 dbrundu RareCharm-KKMuMu_MC2015_MagDown 52571 Done 85828 85829 | Archived Archived
529 mamartin D02HHHH-2015_MagUp_DD 52499 Done 85722 85723 | Archived Archived
530 mamartin D02HHHH-2015_MagDown_DD 52498 Done 85724 85725 | Archived Archived
531 mhilton DO02KSPiPi_Run1MC-2012_11876124_MagUp 52489 Done 85710 85711 | Archived Archived
532 mhilton DO02KSPiPi_Run1MC-2012_11876124_MagDown 52488 Done 85712 85713 | Archived Archived
533 mhilton D02KSPiPi_Run1MC-2011_11876124_MagUp 52487 Done 85714 85715 | Archived Archived
534 mhilton DO02KSPiPi_Run1MC-2011_11876124_MagDown 52486 Done 85716 85717 | Archived Archived
535 mamartin B2KSHHH-2018_MagUp 52455 Done 85544 85545 | Archived Archived
536 mamartin B2KSHHH-2018_MagDown 52454 Done 85546 85547 | Archived Archived
537 mamartin B2KSHHH-2017_MagUp 52453 Done 85548 85549 | Archived Archived
538 mamartin B2KSHHH-2017_MagDown 52452 Done 85550 85551 | Archived Archived
539 mamartin B2KSHHH-2016_MagUp 52451 Done 85552 85553 | Archived Archived
540 mamartin B2KSHHH-2016_MagDown 52450 Done 85554 85555 | Archived Archived
541 mamartin B2KSHHH-2015_MagUp 52449 Done 85556 85557 | Archived Archived
542 mamartin B2KSHHH-2015_MagDown 52448 Done 85558 85559 | Archived Archived
543 mfontana D02mumu-CHARM_MC_pipi_2016_MagUp 52447 Done 85571 85572 | Archived Archived
544 mfontana D02mumu-CHARM_MC_pipi_2016_MagDown 52446 Done 85573 85574 | Archived Archived
545 mfontana D02mumu-CHARM_MC_mumu_2016_MagUp 52445 Done 85575 85576 | Archived Archived
546 mfontana D02mumu-CHARM_MC_mumu_2016_MagDown 52444 Done 85577 85578 | Archived Archived
547 mfontana D02mumu-CHARM_MC_Kpi_2016_MagUp 52443 Done 85579 85580 | Archived Archived
548 mfontana D02mumu-CHARM_MC_Kpi_2016_MagDown 52442 Done 85581 85582 | Archived Archived
549 mfontana D02mumu-2017_MagUp 52441 Done 85531 85532 | Archived Archived
550 mfontana D02mumu-2017_MagDown 52440 Done 85533 85534 | Archived Archived
551 mfontana D02mumu-2016_MagUp 52439 Done 85535 85536 | Archived Archived
552 mfontana D02mumu-2016_MagDown 52438 Done 85537 85538 | Archived Archived
553 mfontana D02mumu-2015_MagUp 52437 Done 85539 85540 | Archived Archived
554 mfontana D02mumu-2015_MagDown 52436 Done 85541 85542 | Archived Archived
555 dbrundu RareCharm-HHMuMu_2018_MagUp 52159 Done 84894 84895 | Archived Archived
556 dbrundu RareCharm-HHMuMu_2018_MagDown 52158 Done 84896 84897 | Archived Archived
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1 this

/eos/Ihcb/grid/prod/lhcb/MC/2015/RARECHARM_4BODIES.ROOT/00085817/*/*.root
/eos/lhcb/grid/prod/lhcb/MC/2017/RARECHARM_4BODIES.ROOT/00085819/*/*.root
leos/Ihcb/grid/prod/lhcb/MC/2017/RARECHARM_4BODIES.ROOT/00085821/*/*.root
Jeos/Ihcb/grid/prod/lhcb/MC/2016/RARECHARM_4BODIES.ROOT/00085823/*/*.root
leos/Ihcb/grid/prod/lhcb/MC/2016/RARECHARM_4BODIES.ROOT/00085825/*/*.root
/eos/Ihcb/grid/prod/lhcb/MC/2015/RARECHARM_4BODIES.ROOT/00085827/*/*.root
leos/Ihcb/grid/prod/lhcb/MC/2015/RARECHARM_4BODIES.ROOT/00085829/*/*.root
Jeos/Ihcb/grid/prod/ihcb/LHCb/Collision15/CHARM_D02HHHH_DVNTUPLE.ROOT/00085723/*/*.root
Jeos/Ihcb/grid/prod/ihcb/LHCb/Collision15/CHARM_D02HHHH_DVNTUPLE.ROOT/00085725/*/*.root
/eos/Ihcb/grid/prod/lhcb/MC/2012/CHARM_DO02KSPIPI_DVNTUPLE.ROOT/00085711/*/*.root
/eos/Ihcb/grid/prod/lhcb/MC/2012/CHARM_DO02KSPIPI_DVNTUPLE.ROOT/00085713/*/*.root
Jeos/Ihcb/grid/prod/lhcb/MC/2011/CHARM_D02KSPIPI_DVNTUPLE.ROOT/00085715/*/*.root
/eos/Ihcb/grid/prod/lhcb/MC/2011/CHARM_D02KSPIPI_DVNTUPLE.ROOT/00085717/*/*.root
leos/Ihcb/grid/prod/ihcb/LHCb/Collision18/BHADRON_B2KSHHH_DVNTUPLE.ROOT/00085545/*/*.root
Jeos/Ihcb/grid/prod/ihcb/LHCb/Collision18/BHADRON_B2KSHHH_DVNTUPLE.ROOT/00085547/*/*.root
Jeos/Ihcb/grid/prod/lhcb/LHCb/Collision17/BHADRON_B2KSHHH_DVNTUPLE.ROOT/00085549/*/*.root
leos/Ihcb/grid/prod/ihcb/LHCb/Collision17/BHADRON_B2KSHHH_DVNTUPLE.ROOT/00085551/*/*.root
Jeos/Ihcb/grid/prod/ihcb/LHCb/Collision16/BHADRON_B2KSHHH_DVNTUPLE.ROOT/00085553/*/*.root
Jeos/Ihcb/grid/prod/ihcb/LHCb/Collision16/BHADRON_B2KSHHH_DVNTUPLE.ROOT/00085555/*/*.root
leos/Ihcb/grid/prod/ihcb/LHCb/Collision15/BHADRON_B2KSHHH_DVNTUPLE.ROOT/00085557/*/*.root
Jeos/Ihcb/grid/prod/ihcb/LHCb/Collision15/BHADRON_B2KSHHH_DVNTUPLE.ROOT/00085559/*/*.root
/eos/Ihcb/grid/prod/lhcb/MC/2016/CHARM_MC_DO02PIPI_2016_MU.ROQOT/00085572/*/*.root
Jeos/Ihcb/grid/prod/lhcb/MC/2016/CHARM_MC_DO02PIPI_2016_MD.ROOT/00085574/*/*.root
/eos/Ihcb/grid/prod/lhcb/MC/2016/CHARM_MC_D02MUMU_2016_MU.ROOT/00085576/*/*.root
Jeos/Ihcb/grid/prod/lhcb/MC/2016/CHARM_MC_D02MUMU_2016_MD.ROOT/00085578/*/*.root
Jeos/Ihcb/grid/prod/lhcb/MC/2016/CHARM_MC_D02KPI_2016_MU.ROOT/00085580/*/*.root
Jeos/Ihcb/grid/prod/lhcb/MC/2016/CHARM_MC_D02KPI_2016_MD.ROOT/00085582/*/*.root
leos/lhcb/grid/prod/ihcb/LHCb/Collision17/CHARM_DATA_D02MUMU_2017_MU.ROOT/00085532/**.root
Jeos/Ihcb/grid/prod/ihcb/LHCb/Collision17/CHARM_DATA_D02MUMU_2017_MD.ROOT/00085534/*/* root
Jeos/Ihcb/grid/prod/ihcb/LHCb/Collision16/CHARM_DATA_D02MUMU_2016_MU.ROOT/00085536/*/*.root
leos/Ihcb/grid/prod/ihcb/LHCb/Collision16/CHARM_DATA_D02MUMU_2016_MD.ROOT/00085538/*/*.root
/eos/Ihcb/grid/prod/ihcb/LHCb/Collision15/CHARM_DATA_D02MUMU_2015_MU.ROOT/00085540/*/* root
Jeos/Ihcb/grid/prod/lhcb/LHCb/Collision15/CHARM_DATA_D02MUMU_2015_MD.ROOT/00085542/** root
leos/Ihcb/grid/prod/ihcb/LHCb/Collision18/RARECHARM_4BODIES.ROOT/00084895/*/*.root
/eos/Ihcb/grid/prod/ihcb/LHCb/Collision18/RARECHARM_4BODIES.ROOT/00084897/*/*.root

@ ® ® ® N ® ™

116
173

76
80
63
69
63
73
1
16
136
140
136
142
91
92
20
19
18
20

83
86

WG Productions™®

of submitting user jobs
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» Offline analysis

» TricRier to preserve

» Not one way to do things (and there shouldn’t be!)
> Extremely varied in scale
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How to preserve an analysis? =
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PUBLICATION
Paper, plots, tables

DOCUMENTATION
ANAlysis note, Meta-info

i

CODE ARCHIVE DATA ARCHIVE ENVIRONMENT
analysis code, deployment scripts, nTuples, calibration data, all dependencies of code captured in
user documentation in gitlab intermediate results on eos docker container
PARTIAL REPRODUCIBILITY

Analysis code, input nTuples, everything to produce nTuples

FULL REPRODUCIBILITY
Full software stack, environment, raw data (DSTs), automatic analysis pipeline

o
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PUBLICATION
Paper, plots, tables

DOCUMENTATION
ANAlysis note, Meta-info

i

CODE ARCHIVE DATA ARCHIVE ENVIRONMENT

analysis code, deployment scripts, nTuples, calibration data, all dependencies of code captured in
user documentation in gitlab intermediate results on eos docker container

PARTIAL REPRODUCIBILITY
Analysis code, input nTuples, everything to produce nTuples

FULL REPRODUCIBILITY
Full software stack, environment, raw data (DSTs), automatic analysis pipeline
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i

PUBLICATION
Paper, plots, tables

DOCUMENTATION
ANAlysis note, Meta-info

CODE ARCHIVE DATA ARCHIVE ENVIRONMENT

analysis code, deployment scripts, nTuples, calibration data, all dependencies of code captured in
user documentation in gitlab intermediate results on eos docker container _
PARTIAL REPRODUCIBILITY
Analysis code, input nTuples, everything to produce nTuples Offline analysis
FULL REPRODUCIBILITY W .. .. W
Full software stack, environment, raw data (DSTs), automatic analysis pipeline Publication
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How to preserve an analysis? *
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Full software stack, environment, raw data (DSTs), automatic analysis pipeline Publication
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Pipelines

» Analysis work naturally [ends itself towards using pipelines
> Like how make is used to make a pipeline for compiling code

» Can be as simple as a bash script

» My personal favourite is snakemake but FAST carpenter also looks interesting

(dataset) (dataset] [dataset) [dataset) [dataset] [dataset)

! ! ! ! ! :
/\ /\ /\ /\ /\ /\
\/ \/ \/ \/ \/ \/

oo

v

[ results]

Johannes Koster - Snakemake Tutorial 2017

https://indico.cern.ch/event/866 964/
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» Investigated using Nix in LHCb and built the LHCb stack up to

oftware Packaging |

e

Brunel

» Developed (and now maintain) the ROOT package in conda-forge

» Downloaded over 75,000 times in 2019

» Also maintain ~65 other packages
» XRootD, GEANT4, grid middleware, various sciRit-hep packRages

{
’
#
’

WoOoNOU s WN -

stdenv, fetchurl, boost, cmake, python, ninja, root, gaudi

clhep, xercesc, cppunit, libxml2, openssl, relax, gsl, eigen, aida, graphviz
qt5, mysql57, sglite, hepmc, cool, coral, libgit2, pkgconfig, vdt, cpp-gsl
oracle-instant-client, xrootd

Data packages

det-sqgldddb, fieldmap, gen-decfiles, paramfiles, prconfig, raweventformat
tck-hlttck, tck-10tck }:

name = "LHCb-${version}";

> Also a member of the “staged recipes” team in conda-forge ==

Bender v32r0 12

Alignment Online v12r0 Davinci v44r0 Moore v28r0 18

-

— Y
CONDA-FORGE

Alignment v12r0 Stripping v12r0 Analysis v20r0 Hlt v28r0 ;;1

\ / 26

27

28

29

. Panoptes v8r0 Brunel v54r0 Phys v25r0 Vetra v19r0 30

Online v6r12 Rec v23r0 36

Lbcom v22r0 42

EPJ) Web of Conferences 214,05005 (2019)
https://www.youtube.com/watch?v=Ee8kR97Rx3 DA
LHCb-TALK-2019-395 Gaudi 293 .

christopher.burr@cern.ch © YAC: Yet Another Chris

version = "v44r0";

src = fetchurl {
url = "https://gitlab.cern.ch/lhcb/LHCb/repository/${version}/archive.tar.gz";
sha256 = "0Oh5wph3p3ha7h34byyamdldlvb27hs5xpjbff£f363y8r43dskdpa";

bi

buildInputs = [
cmake ninja boost gaudi clhep xercesc cppunit libxml2 openssl relax eigen
gsl aida graphviz gt5.qtbase mysql57 sglite hepmc cool coral libgit2
pkgconfig vdt cpp-gsl oracle-instant-client xrootd root
(python.withPackages (ps: with ps; [ xenv pygt5 lxml ]))
det-sgldddb fieldmap gen-decfiles paramfiles prconfig
raweventformat tck-hlttck tck-10tck

1;

propagatedBuildInputs = [ python ];

cmakeFlags = [
"_GNinja"
"-DMYSQL_INCLUDE DIR=${mysql57}/include/"
"-DGRAPHVIZ_INCLUDE_DIR=${graphviz}/include/"
"-DCOOL_PYTHON_PATH=${cool}/python"
"-DCORAL_PYTHON PATH=${coral}/python"

1;

checkPhase = "'
ninja test

[
7

doCheck = true;

postInstall = ''
for fn in $out/lib/lib*.so; do \
${gaudi}/bin/listcomponents.exe $fn >> "'S${fn%.so}.components"”
done

7

enableParallelBuilding = true;

meta = {
homepage = http://lhcbdoc.web.cern.ch/lhcbdoc/lhcb/;
description = "General purpose classes used throughout the LHCb software.";

platforms = stdenv.lib.platforms.unix;

}i
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| ‘: | | 1
all How to install ROOT using conda? ™S

=,

1a) Download Linux and Windows Subsystem for Linux™

wget -nv http://repo.continuum.io/miniconda/Miniconda3-latest-Linux-x86_64.sh -0 miniconda.sh

1b) Download macOS

wget -nv http://repo.continuum.io/miniconda/Miniconda3-latest-MacOSX-x86 _64.sh -0 miniconda.sh

2) Install conda

bash miniconda.sh -b -p $HOME/miniconda
source $HOME/miniconda/etc/profile.d/conda.sh # Can be safely added to your bashrc

conda config --add channels conda-forge

3) Create an environment and activate it

conda create --name my-environment python=3.7 1ipython root jupyterlab

conda activate my-environment
*WSL only as ROOT doesn’t support native 64-bit Windows
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» Software training for new PhD students
» Mostly ran by PhD students and early post docs
» | co-organised the 2017 Starterkit and 2018 Impactkit

» Helped get ALICE and SHiP involved
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» Statistical test that can be used to improve CP violation searches

1
e T v )

’L>] z>j

» Computing significance of differences is @(mnz)

» Helped show it can be simplified to O(n)
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» Thank you for the LHCb-UK PhD prize
» ThanR you for inviting me here and listening
» Thank you to everyone who has helped me over the years

» Thank you for making LHCb a wonderful collaboration to be a part of!
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