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Data and Analysis Chain IT
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Calculation of physics processes
iIncluding hadronization
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Software & Computing

®= | HC computing scale
= ~1 million cores fully occupied
= ~1EB (~500 PB disk, > 500 PB tape)
®= Global networking (~10-100Gbps)

= ~140 Computing centres in 33 countries

® Challenges
® |ncreasing data volume and complexity

® Maintenance

® Opportunities
® Heterogeneous computing resources

®= Applications of machine learning
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An ultra-compressed deep neural network on a field-programmable gate array. (Image: Sioni P. Summers)
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https://home.cern/news/news/physics/speeding-machine-learning-particle-physics

What do we actually reconstruct from collisions? KIT
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® Energy and momenta of
“stable” particles

®» Electrons, positrons, muons, anti-
muons, charged hadrons

® Photons, neutral hadrons

® |dentify particle species

® |ncluding reconstruction of
“unstable” particles from decay
products

®= Assign proton-proton
collisions (pile-up removal)
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Jets at Hadron Collider AT
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Jet History
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® Di-jet events with clearly separated energy depositions

m “Jet algorithm” based on cell structure of calorimeters (UA1 & UA2)

= UA1 later also used a cone algorithm with

&
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Fig. 6. Inclusive jet production cross section. The solid line
(ref. [6]) uses A = 0.5 GeV while A = 0.15 GeV would bring
the calculated rates in better agreement with the data. How-
ever various uncertainties preclude a determination of A

from the data [13]. UA2, PLB 118 (1982).
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Jets at Hadron Collider T

®= Primary goal is to find correspondence between

® Detector measurements

® Particles in final state

® Hard partons

= Classes of algorithms IR unsafe: Sensitive to the

addition of soft particles

= Cone algorithms

= Sequential recombination ( 0 ;
|
Ve nm=’ ’

= Requirements
® |nfrared and collinear safe U
= Order independence Coll. unsafe: Sensitive to the

splitting of a 4-vector (seeds!)
® Ease of implementation
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Jets at Hadron Collider T

®= Primary goal is to find correspondence between

® Detector measurements

Anti-KT algorithm

® Particles in final state

Input objects
» Hard partons ~ C o=t ®

- Classes Of a|gOrIth mS — calculate all distances — combine objects i, j with _ _
dj, dig minimal distance: - ;i_ecllar_e tObJGCt I a
- — find minimal distance d__ p, = RS(p,, pj) Inaie je
= Cone algorithms

“Hard” objects
are clustered

= Sequential recombination first!
® Requirements
2
= Infrared and collinear safe d;; = min (pEQ' p52.> AR,
07 L] R2

o — 2 2 2 2
dip =P AR = (yi —y;)° + (¢i — &;)
RS: 4-vector addition: p, = p, + p,

= Order independence

Final jets
P;; i=1,...,nj; n, <n

o . .
Ease of implementation Cacciari, Salam, Soyez, JHEP04 (2008).
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Jets at Hadron Collider T

Karlsruhe Institute of Technology

kT algorithm Cambridge/Aachen

P, [GeV] kt’ R=1

AR?,
ti’  R2

| [GeV] Cam/Aachen, R=1

1 N 10

-1 anti-kt algorithm
0 Cambridge/Aachen
1 kr algorithm

6 -4 -2

SISCone anti-kt algorithm

[GeV] SRRSO P, [GeV] _ [ antik, R
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https://arxiv.org/pdf/0802.1189.pdf

Event rates at the LHC

® Jotal cross sections

= ~1.6"10°%/s (80mb, 2*1034cm-—2s-1)
ing rate of 40MHz

Jets (Efet > 100 GeV)

= ~40000 Hz

= W& Zbosons

= ~4000 Hz, ~1000 Hz

® Bunch

= Top Quarks

= Jets (E7et > 650 GeV)

= ~6 Hz

®= Higgs bosons

= ~1 Hz (50pb, 2*103cm-2s-1)
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Why are these jet cross sections so large? IT

= PDFs

= Coupling is “stronger”
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Strong interaction SKIT

Strong interaction
(nuclear forces, ...)

Electromagnetic interaction
(magnets, electricity, ...)

a=~1/137
Aoa/oa=0.15-10""

Aoas/as = 85107

Weak interaction
(B decays, sun,

AG GF=O51 107

(no gravity)
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Strong interaction

® [heory
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Some contributions lead to divergences, e.g. quark self-energy

AT

eeeeeeeeeeeeeeeeeeeeeeeeeeeeee

D M D
= = =
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These infinities can be reabsorbed in the definitions of fields and parameters,

e.g. couplings and masses

Described by renormalisation group equation (RGE)

o (QQ) O‘S(:U"Z)
Running of coupling at leading order s — >
9 NS ° L+ oy (12)Boln (% )
Consequence: = - By =
Bo In (%) | 127

= Q2 — 0?7 Can not be answered with perturbation theory

= Q2 large. Strong coupling becomes weak. Asymptotic freedom.

Perturbation theory works.
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Inclusive Jet Cross Sections

= Abundant
production of

As a function of jet transverse momentum
in bins of rapidity (up to |y| = 4.7!)
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Data/Theory
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20 GeV up to > 2TeV (central)
¢ |ES 2-4%

NLO pQCD describes data
over 14 orders of magnitude!

Constraints on gluon PDFs

o PP \s=8TeV CMS Preliminary
f NNPDF2.1 —e— Data/Theory
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1.6 — Exp. Uncertainty
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Inclusive Jets: as
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Sensitivity to a (M,) at NLO
- CMS: anti-k, R = 0.7 at Vs = 8 TeV
- QCD scale choice: p_=p_= P et
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X2 fit of a (M) for all jet p; and |y| bins

- In fit: all exp. + PDF + NP uncertainties
- PDFs: CT10 NLO PDF sets for various a_(M,)
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2-jet 3-jet Ratio KIT
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Measurement of as
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Physics of the W and Z Boson

» “Standard candle” for calibrations and PDFs
m Testing QCD

® W boson mass measurement

= Asymmetries and weak mixing angle

® Triple and quartic gauge couplings
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W boson mass measurement T

= Observables
® [ epton transverse momentum
® Jransverse missing energy

= Transverse mass Mz = 2pr(£)pr(v) (1 — cos Ap(4,v))

® Challenges

> 0.1: --------------------------------- s

. . . c  0.09E o

= Experimental: lepton energy scale; missing transverse BT Sl edang — A m,=450 MoV_>
- Nnile- iti T 0.07F -~ Amy=-50 MeV —

energy; pile-up conditions % ook E

g 0.05E- =

= Theoretical: W transverse momentum; PDFs -4 e E
0.02 —§

0.01 =

» Strategy (ATLAS) . —— L
& ' CUE R R

. EXpIOit IeptOn transverse momentum and transverse maSS (>U 0993;.3l2 ..... 314'31631841()4.2 ..... 4 14416 .......... 41 8 ..... .;0
p. [GeV]
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W boson mass measurement

I LEP Combination | ATLAS Preliminary ™ ew=
\s=7TeV,46fb" b f
DO (Run 2) 5 i
arXiv:1203.0293
CDF (Run 2
FERP.'IL(ABH"UB-22»2S4-PPD n . 1
i - e m
ATLAS 2017 1K
arXiv:1701.07240 ® Measurement | — ® =
Stat. Unc. « 1]
ATLAS 2023 -Total Unc. e |
. " ISM Prediction S —
1 i
80200 80300 80400
m,, [MeV]

® Results

Overview of m,,, Measurements

Tension in experiment results!
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Are Standard Model measurements consistent?
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Multi-Boson Production T

® Di-Boson Production

e I May 2021 | | . | . . | QMS IPreIir'ninary
q Bl bl V1 q s-channel V1 CMS measurements 7 TeV CMS measurement (stat,stat+sys)  +—+o—+
1GC vs. NNLO (NLo) theory 8 TeV CMS measurement (stat,stat+sys)  +—+e—
q { . 13 TeV CMS measurement (stat,stat+sys) ++eo—+
V YY | = 1.06 £0.01+0.12 5.0 fb™
/'\,\%\ \ Wy, (NLO th.) ——+o+——  1.16+0.03+£0.13 5.0fb™
V q Wy, (NLO th.) . 1.01£0.00 £0.05 137 fb’
9 e V2 ZY, (NLO th.) —+o+— 0.98+0.01+£0.05 5.0fb’
Zy, (NLO th.) — 0.98+0.01+0.05 19.5fb™
WW+WZ == = — 1.01£0.13+0.14 4.9 b
WW o 1.07 +0.04 £0.09 4.91fb™
= | arge number of processes study | ww . 1.00£0.02£008 194"
WW — — 1.00+0.01+0.06 35.9fb™
WZ - = 1.05+0.07 £0.06 4.9fb"
WZ — —— 1.02+0.04 £+0.07 19.6 fb™
® GGenerally good agreement v - gy i
- 77 o H 0.97 +0.13+0.07 4.9fb™
between experiment and theory = e s L
ZZ o4 1.04 +0.02+0.04 137 fb’
. 0.5 . l | l ; | | ' ' 115 ' ' | | é
- ConSt ra|nt on anOmaIOUS All results at: Production Cross Section Ratio: cexp/ Ciheo

couplings
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Multi-Boson Production

® Tri-Boson Production

= Observed WWW and WWY processes

®= Observation of three massive gauge bosons (W or Z) (CMS result number 1000!)

WW/Z — 4 lepton event

Meu = 128 GeV

Electron

Muon (u1)3 ¥
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Events

CMS

137 b (13 TeV)

AT
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1 Same-sign/3 leptons

4/5/6 leptons
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___pejeds uig
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.ee|euluuleeleuquleeleuluul 2 | 1 | 0 | lA | B ' 1 | 2 | 3 | 4 l 5 .2.

1J me-out  m-in #SFOS  gpThins Z+en BDT bins c!;
Same-sign dilepton 3 leptons 4 leptons @

suoidero | N ...

Data and prediction
¢ Data * stat. uncertainty

s Background + systematics

Triboson signals
BWWW . =1.157%)
BWWZ (. =086°%)
BWZZ v, = 2.24'72)
BWZZZ (=007

11 BKg. iIn same-sign / 3 leptons

Lost / three leptons

B Charge mismeasurement
W W= +jj / tTW

Nonprompt leptons

By — lepton
Backgrounds in 4/5/6 leptons
Other

77 Wz
B +% WZ
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Vector Boson Scattering KIT

® Electroweak production of same-sign W-pairs

25 Markus Klute Institute of Experimental Particle Physics (ETP)


https://atlas.cern/updates/feature/vector-boson-scattering
https://arxiv.org/pdf/2102.10991.pdf

Vector Boson Scattering KIT

® |mportant process to check EW physics, probing at high energies
a W/o the Higgs Boson amplitudes violate unitarity

® Processes clearly observed. Extracting contribution from polarised
W bosons

1
£ RS R 137 & (15 Tel) CMS 137 b (13 TeV)
8 - I tVx -¢- Data - > T g - P . '
2 3 Weongsign  EEW- @ [ ATLAS —+— Data . € | vvExpectedbkg.onlystat
§ 3 Other bkg. B EWK WZ g 25 (s =13 TeV. 36.1 fb" mﬁxu e:ectroweak = < 6| " Expected bkg. only stat+syst
W B ;sz = E Non-pjn!osr'nrgtn g N Expected signal+bkg. j

Nonprompt - ; T \GA//:{Z conversions o : | == Observed
— — - R -
2 L ac, Other prompt
u>.| E 44444 Total uncertainty i 4} 95%CL
15 =
2 E PP I 7
v,
10 B 777777 =
e TRwew I e e e S Pa—
‘% 14 F ' ' - 5 —
- J | e SR ; +
g . 81 ':4;“*}*"{ """""""" }' """" = — kit -
06 E ‘ | | . E 500 1000 1500 2000 2500 3000
500 1000 1500 2000 2500 3000
m. [GeV] m; [GeV]

|
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tri-Boson

Wy 7 TeV
Wy 13 TeV
Zy 7 TeV
Zy 8 TeV
ww 7 TeV
ww 8 TeV
ww 13 TeV
Wz 7 TeV
wz 8 TeV
Wz 13 TeV
Y4 7 TeV
ZZ 8 TeV
ZZ 13 TeV
\A"AY) 13 TeV
www 13 TeV
wwz 13 TeV
wzz 13 TeV
222 13 TeV
WVy 8 TeV
WWy 13 TeV
Wyy 8 TeV
Wyy 13 TeV
Zyy 8 Tev
Zyy 13 TeV
VBF W 8 TeV
VBF W 13 TeV
VBF Z 7 TeV
VBF Z 8 TeV
VBF Z 13 TeV
EW WV 13 TeV
ex. yy=WWs TeV
EW qgWy 8 TeV
EWqqWy 13 TeVv
EW os WW 13 TeV
EW ss WW 8 TeV
EWss WW 13 TeV
EWaqqZy 8 TeVv
EWqgqZy 13 TeVv
EWqqWwZ 13 TeV
EWqgZZ 13 TeV
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Multiboson production overview
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- o(Wy) = 3.4e+05 fb
* o(Wy) = 1.4e+05 fb
m 0o(Zy) =1.6e+05fb
m 0(Zy) = 1.9e+05 fb
i1 o(WW)=52e+04fb
W o(WW) = 6e+04 fb
®  o(WW) = 12e+05 fb
1 0(WZ) =2e+04fb
W o(WZ) = 2.4e+04 fb
W o(WZ)=5.1e+04 fb
0(ZZ) = 6.2e+03 fb
W 0(ZZ) = 7.7e+03 fb
i 0(ZZ) = 1.7e+04 fb

o(WWy) =6 fb
o(Wyy) =4.9fb
1 o(Wyy) =14 fb
— o(Zyy) = 13 fb
™ o(Zyy) =5.4fb

1 o(VVWV) = 1e+03 fb

[ o(WWW) = 5.9e+02 fb
1 o(WW2Z) = 3e+02 fb
o(WZZ) = 2e+02 fb
0(ZZZ) < 2e+02 fb
o(WVy) < 3.1e+02 fb

o(VBF W) = 4.2e+02 fb

B®  o(VBF W) = 6.2e+03 fb

mmli&m  o(VBF Z) = 1.5e+02 fb

mi= o(VBFZ)=1.7e+02fb

BE o(VBF Z) = 5.3e+02 fb
s o(EW WV) = 1.9e+03 fb
_ olex. yy=WW) =22 fb
wmmE  O(EW qqWy) = 11 fb
& Oo(EWqqWy) =24 fb
= o(EWos WW) =10 fb
ES= o(EWssWw)=4fb
meil  O(EW ss WW) =4 fb
IuEm o(EWqqZy) =1.9fb
- o(EW qqZy) = 5.2 fb
w0 0(EW qqWZ) = 1.8 fb
- o(EW qqZZ) = 0.33 fb
1 1 1
1.0e+01 1.0e+03 1.0e+05
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Top Physics SKIT

m muon

Vi

®= Heaviest known elementary particle

neutrino

= Couples with a strength of 1 to the Higgs field

antiproton beam 2 proton beam
L =

= Predicted to explain CP violation in Kaon system (1973)  scuino * N E

& ® 2

electron Jet 2 (b)

® Discovery by CDF and DO at the Tevatron (1994)
: I | | | | | | | I | | | | | | | | | | | | | —
C v Tevat bined 1.96 TeV (L < 8.8 fb™) . a
B ey dilepton,e Hjets* 5,02 Tev (L=257 poy  ATLAS+CMS Preliminary -
|+ CMS combined ey, I+jets 5.02 TeV (L = 27.4-302 pb™) LHCtop WG June 2023 _|

®= Decay into a W boson and a b quark

v LHC combinedep 7 TeV (L=5fb") LHCtop WG
v LHC combined ey 8 TeV (L=20b") LHCtopWG
m ATLASen 13 TeV (L = 140 fb™)

CMS ep 13 TeV (L =35.9 b

ATLAS I+jets 13 TeV (L =139 b

CMS I+jets 13 TeV (L =137 b

e ATLASep*13.6TeV(L=11fb")

e CMS dilepton, I+jets 13.6 TeV (L=1.2fb™)

® Jop quark decays before it hadronises

> O »

| lllIIIII

1000F

* Preliminary

ooo0f S
g ¢
800F * A
== NNLO+NNLL, PDF4LHC21 (pp) i K 1
== NNLO+NNLL, NNPDF3.0 (pp)
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004

My, = 172.5 GeV, o (M ) = 0.118 + 0.001
] I | | ] I | | | | ] | | I | ] | I | ]

® Production at the LHC:
- 6 8 10 o

q ? :z%*m< |
q t t t E t L =
s [TeV]
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® Single top production cross sections

29

Inclusive cross-section [pb]

LHCIopWG

June 2023

—_
o
N

10

Single top-quark production

-~ ATLAS+CMS Preliminary

;_{

t-channel

B ATLAS PRD90(2014)112006, EPJC77(2017)531, ATLAS-CONF-2023-026"

@ CMS JHEP12(2012)035, JHEP06(2014) 090, PLB800 (2019)135042

¢ LHC comb. sHepos(2019)088

tW

B ATLAS PLB716(2012)142, JHEP01(2016)064, JHEP01(2018)063

® (CMS PRL110(2013)022003, PRL112(2014) 231802, arXiv:2208.00924

¢ LHC comb. sHepos2019)088

s-channel
B ATLAS PLB756(2016)228, arXiv:2209.08990

® CMS JHEP09(2016)027
¢ LHC comb. sHepros(2019)088

- = = NNLO MCFM, JHEP 02 (2021) 040

PDF4LHC (CT18, MSHT20, NNPDF3.1)
scale ® PDF @ o, uncertainty

- - = aNNLO +aN°LL JHEP05 (2021)278
PDF4LHC (CT18, MSHT20, NNPDF3.1)
tW: ff contribution removed
scale ® PDF @ a, uncertainty

- = = NLO NPPS205(2010)10, CPC191(2015) 74

CT10nlo, MSTW2008nlo, NNPDF2.3nlo
“R= “F= rn[op
scale ® PDF @ «, uncertainty

*Preliminary

m_

Markus Klute

Vs [TeV]

AT
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q q q
W \%%
E t-channel
t g 001 t
b
b \v'a
b t .
b t tW production
g(66 W ¢
g(6 t

ol

>W< s-channel
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Top Physics

® Jop mass measurements

ATLAS+CMS Preliminary Mip SUMmary,Vs = 7-13 TeV  Oct 2022
LHCIopWG
"""" World comb. (Mar 2014) [2] b e /
stat total stat
tolal uncertainty e My, + total (stat+ syst) Vs Ref.

LHC comb. (Sep 2013) LHctopwG %+ 173.29+ 0.95 (0.35+ 0.88) 7 TeV [1]
World comb. (Mar 2014) - 173.34+ 0.76 (0.36 + 0.67) 1.96-7 TeV [2]
ATLAS, l+jets H—s—+ 172.33+ 1.27 (0.75+ 1.02) 7 TeV [3]
ATLAS, dilepton —-—— 173.79+ 1.41 (0.54+ 1.30) 7 TeV [3]
ATLAS, all jets —=—+175.1£ 1.8 (1.4+ 1.2) 7 TeV [4]
ATLAS, single top I —a———1 172.2+ 2.1 (0.7+ 2.0) 8 TeV [5]
ATLAS, dilepton = 172.99+ 0.85 (0.41+ 0.74) 8 TeV [6]
ATLAS, all jets = 173.72+ 1.15 (0.55+ 1.01) 8 TeV [7]
ATLAS, I+jets e 172.08+ 0.91 (0.39+ 0.82) 8 TeV [8]
ATLAS comb. (Oct 2018) H*H: 172.69+ 0.48 (0.25+ 0.41) 7+8 TeV [8]
ATLAS, leptonic invariant mass H--H 174.41+ 0.81 (0.39+ 0.66+ 0.25) 13 TeV [9]
ATLAS, dilepton (*) I—H—! 172.63+ 0.79 (0.20+ 0.67+ 0.37) 13 TeV [10]
CMS, l+jets -t 173.49+ 1.06 (0.43+ 0.97) 7 TeV [11]
CMS, dilepton o= 172.50+ 1.52 (0.43+ 1.46) 7 TeV [12]
CMS, all jets i 173.49+ 1.41 (0.69+ 1.23) 7 TeV [13]
CMS, l+jets HeH 172.35+ 0.51 (0.16+ 0.48) 8 TeV [14]
CMS, dilepton F—feot=— 172.82+ 1.23 (0.19+ 1.22) 8 TeV [14]
CMS, all jets et 172.32+ 0.64 (0.25+ 0.59) 8 TeV [14]
CMS, single top H—e— 172.95+ 1.22 (0.77+ 0.95) 8 TeV [15]
CMS comb. (Sep 2015) s 172.44 + 0.48 (0.13+ 0.47) 7+8 TeV [14]
CMS, l+jets i 172.25+ 0.63 (0.08+ 0.62) 13 TeV [16]
CMS, dilepton —et—1 172.33+ 0.70 (0.14+ 0.69) 13 TeV [17]
CMS, all jets e 172.34+ 0.73 (0.20+ 0.70) 13 TeV [18]
CMS, single top e+ 172.13+ 0.77 (0.32+ 0.70) 13 TeV [19]
CMS, |+jets (*) e+ G 171.77+ 0.38 13 TeV [20]
GMS, onster] () - @ -0

* Preliminary BEciiem  fabeorime  FsiRom

L D e
165 170 175 180 185
my,, [GeV]
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Direct mass measurement
36.3 b (13 TeV

p —

- CMIS it co'rrect -'Single t
= mm tt wrong m W+jets
- { + jets Jttunmatched mmZ+jets
mt ¢ Data ] QCD multijet
7, Uncertainty 1 Diboson
7
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m%" = 172.5 GeV
Pgof > 02
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arxiv:2302.01967

171.77 +=0.37 GeV
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Top Physics SKIT

® Production of 4 top quarks; final state with 4 W bosons and 4 b quarks

{, , Data recordeﬁ;\ 018-Sep-07 02:15:53.337408 GMT
; ""’::Run [ Event / L§:\322356 / 153159025/ 79
t R
. 7 \ ;. ‘l.\ \
A 9 — N
gg - g% \ i ;Wi\m\\ \
% . ;
- t t
g&m\ g
t t

0. =12.0+2.4 fb

70,000 smaller than top pair production SR

2016-07-18 15:11:43 CEST

138 fb' (13 TeV)

w T T T T I T T T T I T T T T 8 :l 1B I LI I LI I LI I rTrir I | L L ] LI I | l | I:
= _ - - ATLAS Preliminary ¢ Data Ml titt ¥

5 CMS t Data [ Background 2 10't (s=13TeV, 140 fb" [JHW miz -
@ 2L Preliminary Mtit Total unc. d £ [ SR I iH JQmisiD -
S [ 1 [ .| Post-Fit PBMat. Conv. [HFe 7
£ | o 10F HMlowm,. WHFy 3

ch - I Others Ittt a

> . Uncertainty  ----Pre-Fit |
L 10 E

: Made possible by
10 ] ]
modern machine learning
1
107"

: . s E
E i 2.4F + :+: ..... E
o O qa4E TR Y Y P
o T 07fT Y Pt g 0.4 ez
— T — L Lo 1 © - 3

m O 1 L 1 1 1 1 1 1
el = -0.5 0 0.5 Q 01 02 03 04 05 06 07 08 09 1
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Quiz SIT

Karlsruhe Institute of Technology

= Why is the jet (ET > 100 GeV) cross section
larger that the cross section for W or Z
boson production?

= Why are coupling constants not constant?

® How Is vector boson scattering related to
Higgs physics?

= How to we identify top quarks?

® \What makes the top quark special?
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References and further reading

® Textbooks

Modern Particle Physics by Mark Thomson

QCD at Colliders by Ellis, Stirling, and Weber

® Pictures

CERN Document Server

= Wikipedia

Or reference on page

® References

33

Previous CERN Summer Lectures - https://indico.cern.ch/category/97/
MIT’s OCW 8.701 and 8.811

KIT’s Particle Physics master courses (you can contact me)

Public results from ATLAS, CMS, and LHC combination groups

Or reference on page
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