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Learning goals IT

® \WWhat are jets”
® \W production and properties

® Jop production and properties
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Introduction AT

= \What is high-pT physics?
® Particle physics at very large momentum (transfer), often at hadron colliders

= Most important analysis objects: jets originating from fragmentation and hadronization of
quarks and gluons

= Study of most massive particles of the standard model: W and Z bosons, top quarks, Higgs
boson (later)
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Hadron-hadron collisions T

i

= No collision of point-like particles at fixed energy, but “broad-band”
beam of various partons (quarks, gluons) with different color and

energy

= Challenge: Reliable calculation of observables
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Hadron-hadron collisions T
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Credit: Maximilien Brice (CERN) collisions of pp and heavy ions
pp collision energy: 13.6 TeV
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Example: Drell-Yan - Fesmman dagan IT

= Drell-Yan: quark-antiqguark annihilation
into (virtual) photon, Z, or W into
lepton pairs

+ (=)
1%

"op = y¥IZL = T orpp > WE S F

® |arge center of mass energies with large

momentum transfers

® no hadronisation (apart from proton remnants)

6 Particle Physics 1



QCD factorization T

® Factorization theorem (can be proven): cross section of Drell-Yan process can
be calculated by factorizing hard/soft components:

" Compute “hard” partonic sub-process in perturbative QCD, e.g. qg — u™* ™~

= Weight cross section with probability to find these partons in hadrons (= PDFs fj(x)) and integrate over
all partons and parton momenta

= PDFs universal =& measured independently, e.g. in DIS

opyY = Z/dxj dxi fi(X;) f(Xk) - 0(QiQx — £747)

Probabilities for

Summatlon over partons with Cross section for
partons J, k Xj and X partonic sub-process
Fit to data Calculation

Particle Physics 1



Divergencies IT

P
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Divergencies IT

= Ultraviolet divergencies:

® Source: unbound momenta of particles in loops

® Solution: Renormalization (with scale y5); UV divergencies
absorbed in running coupling o,

® |nfrared divergencies:

® Consider propagator of the incoming gluons ~ l/pg:

P5 = (P + Pc)® = My + Mg + 2(EyEc — Pp - Pe)
= 2E,E.(1 —cosf) = 2EZ z(1 — z)(1 — cos #)

m;=0

Source: soft (z— 0 or 1) or collinear (6—0) gluons (— large
range, pQCD not valid)

= Solution: IR divergencies absorbed in PDFs (the PDFs Te = (&, ﬁ)
become scale dependent with factorization scale (i)
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OQCD = Z/dx, dXx
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What is a jet? IT

= Relation between properties of partons (quarks and gluons) and
objects measured in collider detector (jets)?

= Unknown momentum fractions of interacting partons = unknown Lorentz boost of partonic
center-of-mass frame relative to laboratory frame

= Quarks and gluons carry color charge, jets are color neutral
— no unambiguous jet-parton assignment possible

= Working hypothesis (“local parton-hadron duality”): parton properties can be inferred directly
from measurements of hadrons
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= Very complex
ProCess:
Described with

Monte Carlo
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Additional challenge: Pile up IT

® |n addition to unwanted particles from the underlying event, in LHC pp
collisions, more than one interaction occurs per bunch crossing

(13 TeV)
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Jet reconstruction T

® Jets can be defined on different technical
levels:

® Parton level: for calculations in perturbative QCD

(“theory jets”)

® Particle level: jets reconstructed from stable hadrons \\/ \§/ W p\%

® Detector level: jets reconstructed from energy deposits
in calorimeter and/or tracks in tracking detectors 1 jet2  jet1  jet2  jet1  jet2  jet1  jet2

®= Design of successful jet algorithms; v v V v

Credit: G. Salam
®» |ndependent of technical level

® |nvariant under Lorentz boosts

= Comparison with theory: infrared and collinear safe —
find same jet even after emitting soft/collinear radiation
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Jet example SKIT

CMS Experiment at LHC, CERN

Data recorded: Tue May 25 06:24:04 2010§CEST
Run/Event: 136100 / 103078800

Lumi section: 348
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Jet reconstruction T

®= Fixed cone algorithms:
® Start with high energy seed

= collect all energy within a cone with radius

R=\/(’7—770)2—(¢—¢0)2

® Split/merge nearby clusters

Step 1: 4

® Sequential recombination “anti-kt”: %(

" compute distances (R HC run 2 = 0.4):

Step 2: 4
AR; %4
i

_ nin(b—2 2 3
4 = mint 5 K50 Sops

12
" combine pairs with dlj < kt_l.2 /\ 56

https://arxiv.org/abs/0802.1189
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Jet reconstruction T

Not save cone: Collinear problems

Not save cone: IR problems

Source: S Catani
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Jet reconstruction
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anti kt algorithm

— jets cone-shape
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Jet cross section at the LHC
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Standard Model Production Cross Section Measurements
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Jet production at the LHC SKIT

proton - (anti)proton cross sections
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Credit: W. Stirling
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W-production at LEP2 (not at LEP!)

» Kinematic production threshold:

21

Vs = 2my,

Threshold scan: measure cross

section as a function of \/E (scan

of beam energies) — scattering
matrix only unitary if both neutrino
exchange and triple gauge boson
(ZWW) vertex are considered
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W decays IT

" Leptonic decay: W — £v,
= Neutrino: missing transverse momentum
m 7 = e, u. experimentally very clean

® 7 = 7. hadronic T-decays — complicated v
11 %

® Hadronic decay W — qqg hadrons
67 %
= |arge QCD multijet background — complicated

® |solated leptons are a clean experimental signature of W or Z decay

= QCD jets contain mostly non-isolated leptons from heavy quark
decays inside the jet
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- -
T1

Karlsruhe Institute of Technology

» PINGO:
= Umfrage: Teilchenphysik 1 (WS 23/24)

= Zugangsnummer: 434521

= Link: https://pingo.coactum.de/events/434521
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https://pingo.coactum.de/events/434521

PINGO: QCD Jets IT

= Why is QCD jet production expected to be the most important
background for the decay W — 1v?

= Jets may be misidentified as charged leptons.

® Jets always contain charged leptons.

= Often QCD jet events contain large missing transverse momentum.
® Detector noise may “fake” missing transverse momentum.

® The production cross sections for W bosons and QCD jets are approximately of equal size.

24 Particle Physics 1



PINGO: QCD Jets IT

= Why is QCD jet production expected to be the most important
background for the decay W — 1v?

25

Jets may be misidentified as charged leptons.

Jets always contain charged leptons.

Often QCD jet events contain large missing transverse momentum.
Detector noise may “fake” missing transverse momentum.

The production cross sections for W bosons and QCD jets are approximately of equal size.

Particle Physics 1



W-production at LEP2 (not at LEP!)

26

30

20

Syww (PD)

10

Source: http://www.sciencedirect.com/science/article/pii/S0370157313002706

LEP

160

YFSWW/RacoonWW

- no ZWW vertex (Gentle)

only v, exchange (Gentle)

180 200
Vs (GeV)

Karlsruhe Institute of Technology
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Indirect W properties SKIT

= I/ and Z boson masses related through weak mixing angle:

2.,2 2 2
iy ==y =87+ gD pp = = ]

ms cos Oy,
= Relation with top-quark and Higgs-boson masses through loop
corrections, e.g. W and Z boson “self energy”

H b, t
AEEREN
W, Z ’\/\NW/\/\/ W,z W, Z W, Z
W, Z t

~ g In(mu/ mw) ~ Gg m?
Weak dependence Strong dependence
(logarithmic) (quadratic)
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Indirect W properties

28
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68% and 95% CL contours
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) measurements

nd Z widihs measurements
nd M measurements

IVIH and Z widths measurements

Karlsruhe Institute of Technology
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Differential W production cross section SKIT

= W boson production via quark-
antiquark annihilation

® Partonic cross section (leading order):

6(gg — W) = —\/_ 2Gem | Vo |*8(5 — m3)

N,
a Differential cross sections known g

theoretically up to next-to-next-to-
leading order (NNLO) (next slide) Em
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Differential W production cross section SKIT

Source: Phys. Rev. D 69, 094008 (2004)
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W™ preferably moving in proton direction
W™ (not shown here) preferably moving in antiproton direction
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W boson mass at hadron colliders T

® Use muonic W" — u™v, decays

Y Py W — fv

® Signature: isolated, high-pt lepton
= Often additional hadronic activity

= Neutrino is invisible energy

® Define observable “transverse mass’:

020-8002-NddO-Nd30O

mz = (E% + EY)? — (P5 + P4)°

~ 21541 P4l (1 = cos Ad,) ! _
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W boson mass at hadron colliders T

= Exploit significant feature in kinematic distributions: Jacobian edge

= fwo-body decay kinematics:

m
‘pfzp;zTWSiné’

®" cosA¢g,, = — 1 (“back-to-back”, 180°)

" my 2| p7| | P (1 — cos Agy,)

® = m; = my,Sin 0, define,u:ﬁandwith cos’0 = 1 —sin26’—>0089=\/1 — u?
My
2
“do  do dcos@ |  do d\/l_” - do — U
du  dcosf du  dcosf du ~ dcosf 1 — 1?2
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W boson mass at hadron colliders T

= Finite W-width (~2 GeV) and detector effects Y S ‘
smear peak significantly ) e A “
E 0.025 -

S mr
= Analysis: Maximum-likelihood fit used $ 3 ‘
templates (from full detector simulations) for goorst D
different W masses T |
= Precision traditionally limited by systematic I B i
effects (at CDFIl statistical uncertainty~ "
SyStem at i CS) 20 E_ Source: U. Husemann _:
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W boson mass at hadron colliders T
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https://www.science.org/doi/10.1126/science.abk1781

W boson mass summary

35
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Source: https://www.science.org/doi/10.1126/science.abk1781
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Top quark SKIT

= 1973: three quark generations required for CP violation (Kobayashi &
Maskawa)

= 1977 bottom quark discovery — first third-generation quark

= 1980s: search for “light top quarks” in decay W — tb, indirect hints for
“heavy tops” from B-mixing

= 1992: first direct indications for “heavy tops” in decay t = Wb at the
Tevatron

= 1995: Tevatron experiments CDF and DO publish discovery of the top
quark with a mass of about 175 GeV
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Indirect top properties

37
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Single top production

38
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Top pair production SKIT

quark -antiquark annihilation (10% at LHC) gluon-gluon fusion (90% at LHC)

3 ¢ 3 k
SR L N—
%dﬂLe—JE
9 ¢
t
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Top decay(s): ~100% via one electroweak decay

VorM| =

40

(0.97435 + 0.00016  0.22500 -

- 0.00067 0.00369 4

0.22486 = 0.00067 0.97349

\ 0.00857T00001s  0.0411010 06075

- 0.00016  0.04182

- 0.00011 )
+0.00085
—0.00074

0.000031
0.9991187 9000054

Source: PDG 2022
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B-tagging IT
® SM decay t — Wh: tt events have two b

quarks — b identification is critical ke b et
a |ifetime-based b-tagging: = b hadron \
= p — ctransition CKM-suppressed: e eter

= B=proper lifetime: ct = 491 pm B <ccondary

vertex
®= Tracks with large impact parameters do
= Displaced secondary vertex ‘ - /’ = primary vertex
®= Decay-based b-tagging: \
= Semileptonic decays: B — |[vX 4

Credit: Nazar Bartosik - http://bartosik.pp.ua/hep sketches/btagging

® Signature: jets containing non-isolated “soft leptons”
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http://bartosik.pp.ua/hep_sketches/btagging

B-tagging

Jet
Run 178855 Miasing Bt 245 GoV

Event 5504617 Muon Pt = 37 GeV

b-Tag 1~ Jet

Jet

11 GeV,Phi=79, L2d =7 mm
GeV, Phi=355,L2d =1 mm

Tagged Jet/1: E
agged 2:

Jet
Rep. Prog. Phys. 68 (2005) 2409

42
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Top mass from kinematics SKIT

® Direct measurement of top-quark mass: top-quark reconstruction = mass from event
kKinematics

= Example lepton+jets: kinematics overdetermined
= One unknown: neutrino pz

=  >1 possible constraints: e.g. mass of leptonically decaying W

® Challenge: combinatorics of jet-parton assignment (4 jets = 24 combinations) = which
combination is the “best”?
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Top summary SKIT

“ Top-quark mass mi.:
= |mportant standard-model parameter, ambiguities in definition (loop corrections)

® Several complementary methods to determine m, (e.g. template fit)
= m, = 172.5 GeV (0.3% precision)

® Further properties of the top quark:

= |Large total decay width (1.3 GeV) — lifetime shorter than typical time scale of hadronization
— top quark is the only “free” quark

m Standard model: top quark acquires mass through Yukawa coupling to Higgs boson: only
quark with coupling constant of order one

= VV-A decayt = Whb: source of polarized W bosons (/0% longitudinal polarization, 30% left-
handed polarization)
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What questions do you have?
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