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4. Physics of the W and Z Bosons

4.1 Determination of SM parameters

o}
o}
o
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Z factories

Precision measurements at the Z pole
W production at colliders

Global electroweak fits

4.2 W/Z physics at the LHC

O O O O O O

Single W/Z boson production
W/Z + jets production
Vector boson pair-production
Vector boson scattering
Anomalous couplings

Exotic resonances
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4.2 W/Z physics at the LHC
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4.2.6. Exotic resonances
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Resonant Diboson Searches ﬂ("’

o Typical model: Graviton with extra
spatial dimensions
o Explains relative weakness of gravity z s
o EWK+QCD confined to 3 dimensions
o Gravitation propagates additionally in
extra dimensions
o Compactified extra dimensions: prevent ¢ a
macroscopic effects
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Example: Graviton Search

CMS,L=49fb "at\s=7TeV
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®  Data (eejj, 0 btag)
Background

Z+jets Madgraph

I ZZ Pythia

BN WZ Pythia

N (§ Madgraph N
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Events / GeV
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o Search for G — ZZ m; [GeV]
o Reconstruct Z bosons and search for peak in invariant mzz distribution
o Typically: semi-leptonic decay of ZZ system
o Good compromise between signal yield and purity (signal-to-bkg. ratio)
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-11-102/

Boosted Topologies ﬂ("'
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Boosted jets: Increasing transverse momentum

o Heavy resonances

o V bosons strongly boosted (high pr)

o (Hadronic) decay products collimated — merged into one jet
(more precisely: not reconstructed as two resolved jets)

o V tag: find “fat jet” compatible with V decays
o Sensitivity from jet mass and jet substructure
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Example: Jet Mass AT
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-11-095/

Example: Massdrop + Filter AT
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ARy
A

o Start: fat jet (Cambridge—Aachen algorithm dj =

o Uncluster jet into pair of
subjets
o Stop in case of mass drop

o Repeat on more massive
subjet otherwise

o New clustering with smaller
radius

o Keep only particles from N

hardest subjets (“filtering”)

Initial jet Rgy = min[0.3, —2] Filtered jet

o Improves mass resolution ATLAS-CONF-2012-065
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-065/

Jet-Substructure Landscape

Jet Declustering

Seymour93
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YSplitter

Mass=-Drop+Filter

TW —— Planar Flow

Jet Shapes
Matrix-Element

ATLASTopTagger

JHTopTagger

CMSTopTagger

Templates

N-jettiness

/

CoM N-subjettiness (Kim)

Pruning

HEPTopTagger L

(+ dipolarity) il

Twist
N-subjettiness (TvT)

Shower Deconstruction Multi-variate tagger

Qjets
apologies for omitted taggers, arguable links, etc.

[G. Salam, BOOST 2012]
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Does This Really Work? AT
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o How to find hadronically decaying V bosons for validation?
— look at semi-leptonic tt events
o Select events with lepton + b-jet (= t quark)
— a second t quark is likely in the event
o Remaining jets: non b-tagged jets likely from W boson decay
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-13-009/

Graviton Search with Boosted W/Z
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resolved analysis “boosted analysis”
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Boosted topologies: higher reach in diboson mass
But as of now, still no graviton found ...
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-11-102/
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A More Complete Picture A
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2GDibosons

Many More Searches

Vector-like quark pair production Resonances to heavy quarks
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G

Models with W’ and Z’ AT

o Many new-physics models include new heavy gauge bosons

o Often called W’/Z’, but properties can vary wildly depending on model
o W’: additional SU(2) gauge group

o Examples: left-right symmetric models, GUTs, Superstring theories

o Common assumption: same left-handed couplings as W (but also purely
right-handed and mixed states)

o W’ phenomenology

o For W masses > 180 GeV: decay W' — tb kinematically allowed
o If only right-handed couplings and right-handed neutrinos more massive
than W’: decay to leptons suppressed
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Models with W’ and Z’ AT

o Hundreds of models with Z’ bosons
o New broken U(1) gauge symmetries, E¢ gauge group
o Additional strong force
o Extradimensions (Kaluza—Klein models)

o Z’ phenomenology

o (Within conservation laws) arbitrary fermion couplings depending on
model: leptophobic, leptophilic, ...

o Many possible decays: I*/~, tt, WrW~, ZH, ...

o Decay width: narrow (1 % of mass) or wide (> 10 % of mass)
— different search strategies

o Some models: mixing between SM Z boson and Z’ boson
— distortion in mass spectrum or decay products
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5. Physics of the Higgs Boson
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5.1 Properties of the Standard Model Higgs-Boson
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The Higgs Boson

o Consequence of the Higgs mechanism:

massive scalar particle

o Prediction: coupling to gauge bosons and
fermions (and self-interaction) with very
specific coupling structure
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Higgs-Boson Couplings ﬂ(lT

to fermions:

to massive gauge bosons V = W=, Z:

v, ~. Vi

" m ) H s m? )

------ % Gnwv =255 (x —igh) ‘Rﬁ: Gy =277 (x —ig"”)
v, -’ Vo

.- H ~. H
H .7 m . 0o e m .
""" e OHHH = 351 (xi) uoL GHHHH = 38 (x)
S~H 1 S~ H

o Coupling terms can be read-off from Lagrangian

o His indistinguishable particle: additional combinatorial factor to all
amplitudes with more than 1 H field at vertex
o At vertex, additional factors i or —ig"”
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Higgs-Boson Partial Decay Widths

o Decay to fermions and massive gauge bosons (LO)

F(H— ff) = ST:VQ emym2 33

mv 1
r(H_)VV) 87rv2 mH(S (4x2 —;+3) Bv
more complicated for virtual V*
(3-body decay H — VV* — Vff)

2
with 5W:2, 522 1,Xf,V: %, Bf’V: \/1 —4x
H

o Decay to photons (my < 2my, 2my)

a2, 3 2 2
F(H = v7) = 55582 [ Ncqt\:z,}

t-quark w
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Higgs-Boson Partial Decay Widths

o Decay to fermions and massive gauge bosons (LO)

F(H— ff) = 87:‘/2 emym2 33

[(H— VW) = 57mid, (1 —4x +12x%) By

more complicated for virtual V*
(3-body decay H — VV* — Vff)

2
with 5W:2, 522 1,Xf,V: %, Bf’V: \/1 —4x
H

o Decay to photons (my < 2my, 2my)

a2, 3 2 2
F(H = v7) = 55582 [ Ncqt\:z,}

t-quark w
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Higgs-Boson Branching Ratios T
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1 T T

LHC HIGGS XS WG 2013

Higgs BR + Total Uncert
3 3

10°

‘180‘ ‘ ‘200
M, [GeV]

10560020140 160
o Higgs boson couples to mass of particles
o = dominant decay channels: to heaviest particles
(that are kinematically allowed)
o In case of WW, ZZ: one (or both) can be virtual
o Also different factors than for fermions
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Higgs-Boson Branching Ratios

107=

0—2

Higgs BR + Total Uncert
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LHC HIGGS XS WG 2013
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Higgs-Boson Branching Ratios

1 T

107=

0—2

Higgs BR + Total Uncert

10°

LHC HIGGS XS WG 2013

4L L
10 80 100 120

o my < 130 GeV: dominated by bb
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Higgs-Boson Branching Ratios

107=

0—2

Higgs BR + Total Uncert

10°

L A B

LHC HIGGS XS WG 2013

al oo 1A L
1080 100 120

o my < 130 GeV: dominated by bb

LN
140

P
160

‘180‘ ‘ ‘20
M, [GeV]

0

o 130GeV < my < 2mz: H — VV(*) starts to dominate

o [(H — ff) approximately oc mym?

o I(H — VV) approximately oc m,

o WW entirely dominates between 2my < my < 2m;z
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Higgs-Boson Branching Ratios AT
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LHC HIGGS XS WG 2013
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o my < 130 GeV: dominated by bb
o 130GeV < my < 2mz: H — VV(*) starts to dominate
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Higgs-Boson Branching Ratios AT
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LHC HIGGS XS WG 2013

—
S

Higgs BR + Total Uncert [%]
<

—
o
)

10%755 200 300 400 500 . 1000
M, [GeV]
o my < 130 GeV: dominated by bb
o 130GeV < my < 2mz: H — VV(*) starts to dominate
o my 2 2mz: H decays to ~ £ to WW and ~ § to ZZ (x m})
o Opening of tf channel changes little, contribution decreases for larger my
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Higgs-Boson Branching Ratios T
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o At 125 GeV: many open channels — experimentally interesting!
o But not all experimentally accessible. ..
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Higgs-Boson Total Decay Width AT
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LHC HIGGS XS WG 2013

107

T

102

\

103L- . P
80100 200 300 1000

M, [GeV]

o Very narrow in low my regime
o At 125GeV: 4MeV
o Experimentally: entirely dominated by detector and reconstruction effects

o Steep increase with my, in particular where H — VV opens
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Summary ﬂ("’

institut fr Technologie:

o Consequence of the Higgs mechanism: massive scalar particle

o Very specific coupling to gauge bosons and fermions (and
self-interaction), depending on particle masses

o Dominant coupling to heaviest particles
o Coupling to massless particles (7, gg) via loops
o my = 125 GeV: many open decay channels (VV with one virtual V*)

o Only free parameter: my
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Summary &‘(lT

institut fr Technologie:

o Consequence of the Higgs mechanism: massive scalar particle

o Very specific coupling to gauge bosons and fermions (and
self-interaction), depending on particle masses

o Dominant coupling to heaviest particles
o Coupling to massless particles (7, gg) via loops
o my = 125 GeV: many open decay channels (VV with one virtual V*)

o Only free parameter: my

o As soon as Higgs-boson mass known: all Higgs-boson
interactions determined!
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5.2 Discovery and first measurements of the Higgs boson
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5.2.1. Search for the Higgs boson and discovery
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Overview &‘(lT

o Higgs boson mass range limited by theoretical arguments
(perturbativity, triviality, vacuum stability)
— roughly 100 GeV to 1 TeV

o Strategies to search for the Higgs boson
(or any new particle):
o Direct search for Higgs production and decay at colliders
— limited by centre-of-mass energy and luminosity
o Search for indirect effects in higher-order corrections (“loops”)
— sensitive to much higher Higgs masses but possibly model-dependent

o Brief history of Higgs boson searches
o LEP (1989-2000), SLC (1989-1998): direct and indirect searches
o Tevatron (1992-1996, 2001-2011): direct searches
o LHC (Run | 2010-2012): direct searches — discovery
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Reminder: Constraints on Higgs-Boson Mass \\{|T

“Blue Band Plot”: Higgs mass limits
(before LHC)

o Global fit 6 U m“,.m":_,““GeVE
o LEP Electroweak Working Group ] Aa®), = é
(Summer 2011): last result ] 4} — 0027504000033 0z
. . T === 0.02749+0.00010 12
before Higgs discovery 4 o el o 1z
o 18-parameter x? fit: Z pole + W ] ; 19
boson + top quark Néf 34 18
o Results 1
o Best-fit Higgs mass: Zi ]
my = 9472 GeV 1 )
o Light Higgs preferred ]
o Logarithmic dependence: my oLExcluded N 7 ‘
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only weakly constrained
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http://lepewwg.web.cern.ch/LEPEWWG/plots/summer2011

Production Processes at LEP AT

o LEP 1: centre-of-mass energy ~ 91 GeV (Z pole)
o Only lower limits from non-observation of Z decays including Higgs
bosons
o Exclusion of light scalar particles

o LEP 2: nominal centre-of-mass energy increased from 161 GeV (WW
production threshold, 1996) and 209 GeV (limit of LEP cavities, 2000)

o Production channels: Higgs-strahlung (most sensitive), vvH (WW fusion)
- o e Ve
g w
o~1/s —>—-H o~Ins
w,

et z . -
€ Ve

o Accessupto’m,.,z S—Mmz =~ 118GeV‘

o Preferred decay channels: H — bb/77,Z — Il/qq/vv
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Higgs-Boson Candidate at ALEPH AT

itut fur Technologie

Process: eTe™ — ZH — qgbb
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https://doi.org/10.1142/S0217732314300043

The Final Word from LEP
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o Observed (expected) 95 % C.L. limit: my > 114.4 GeV (115.3 GeV)
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https://inspirehep.net/record/619171

Higgs Production at the Tevatron
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o Cross section steeply falling with my
— only accessible for light Higgs boson

o gluon-gluon fusion: large QCD background

— preferred: associated WH production
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http://pdg.lbl.gov/2012/figures/figures.html

Decay Channels at the Tevatron ﬂ("’

o Relevant Higgs-boson decay channels at the Tevatron:
o H — bb: identification via b-tagging, but large QCD background
o H — 77:large background from QCD (and Z — 77)
o H — WW: sensitivity

for my = 2my ~ dijet mass in VH(bb) after background subtraction

160 GeV, works with § E Tevatron Run Il L_ <10 fo!
gg fusion 88OOj 1+2 b-Tagged Jets
o H—~yy:veryclean & [ — Data — Brgd g
but small branching :6005 -, g
fraction, works with §400; Clzz 2
gg fusion N I Higgs Signal B
r m, =125 GeV/c @
o Most sensitive 200 W 2
channels: VH(bb) - r L 4+, g
o pp —+ WH — Ivbb - ———

T+ 4t

Cov o by b b b b b
0 50 100 150 200 250 300 350 400
Dijet Mass (GeV/c?)

o pp — ZH — llbb
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https://inspirehep.net/record/1225520

Combination & Statistical Analysis
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All analysis bins sorted by
signal-to-background ratio
Tevatron Run Il, L, <10 fo'
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% 10° ESM Higgs combinaion  « para | o Strategy for final combination

5 10j o et o Very small signal cross section
w 10

— combine as many
production/decay channels as
possible (> 50 per experiment, all
add to final sensitivity)

o Uncertainty of background much
larger than signal
— event selection & b-tagging rely
heavily on multivariate analysis
methods

my=125 GeV/c®

710250 (€102) 88Q Aoy 'sAud

-1 0
log, ,(s/b)
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The Final Word from Tevatron

Background-Only p Value

10° E-Tevatron Run II, L, <107 — Obsenved

102 - SM Higgs Combination ===+ Expected w/ Higgs
® ) [ Expected £ 1 s.d.
2 10g--- 0% 1.0 (m, =125 GeVic?) [ Expected 2 s.d.
g === 0, 1.5 (m =125 GeV/c?)
(=X
° -1
S 10
SR
o 10
g
& 10° BTN e
8 10

10

10° I I

L
120 140
m,, (GeV/c?)

1
100

B Excess observed in Tevatron data:
® Up to 30 for 115 GeV < my < 140 GeV
@ Compatible with approx. 1.5 x osm

B 95%-CL exclusion from Tevatron data:
| 90 GeV < my <109 GeV
B 149 GeV < my <182 GeV
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o/SM

95% C.L. Limit/SM

(¢
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Best-Fit Signal Cross Section

4
Tevatron Run Il, L, <10 fb™  SM Higgs combination

— Observed
Bl +i1sd. - oy x1.5(m,=125GeV/c?)
[J +2sd. == oyx1.0(m,=125GeV/c?)

100 120 140 160 180 200
m,, (GeV/c?)

Bayesian 95% CL Upper Limit

— Observed Tevatron Run II, L, <10 fo!
=== Expected w/o Higgs SM Higgs combination
I Expected + 1 s.d.
[ Expected + 2 s.d.
-=+= Expected if m, =125 GeV/c®

. , . , ,
100 120 140 160 180 200
m,, (GeV/c?)
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Higgs Production at the LHC A\[ ¢

Karlsruher Institut for Technologie

Gluon-Gluon Fusion

9
10— s ~»--H

g Us=8TeV £ ¢ t
= )
x 2 Vector Boson Fusion
+ 10 2
1
=%
o
=
[}

Associated Production with Wand Z
q ~H
N

-

Wiz
] wiz

—|  Associated Production with tand b

102 LHF Higgs Cros‘s Section Wor‘king Group
Cl T

100 150 200 250 300 ¢ ooy
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Higgs Production at the LHC A\[ ¢

Karlsruher Institut for Technologie

Gluon-Gluon Fusion
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Example: gg — H

o State-of-the-art for gg — H inclusive cross section:

SIT

 fur Technologie

NNNLO QCD and NLO electroweak (EWK) corrections'

o NNNLO in effective field theory (EFT)
with my a o0, rescaled to exact LO
result (52 /o)

g 00000 ¢ g
>——H - %—-H
g 0000 g

o Corrections: massive quarks, EWK
O(a®), mixed QCD-EWK O(aa?)

o Result for my = 125GeV at 13 TeV

o [pb]

70

60

50

40

30

20

10

Higgs cross section: gluon fusion

T T T
my = 125 GeV

LHC 13 TeV

all constants in the exponent
default —e—

no constants in the exponent
N-soft

Lo -
NLO

NNLO |-
N3LO [
NLO+NLL |
NNLO+NNLL -
N3LO+NALL [

‘ o(gg — H) = 48.58 T2z (theory) £ 1.56 (PDF + «is) pb — about 6 % uncertainty

1 Details: (C. Anastasiou et al., JHEP 1605 (2016) 058) and Handbook of LHC Higgs Cross Sections, Vol. 4

Matthias Schroder — W/Z/Higgs an Collidern (Sommersemester 2019)

Vorlesung 11 42/63

¥ "|OA ‘suoi}0ag ss019 sBBIH DHT Jo joogpueH


https://arxiv.org/abs/1610.07922
https://inspirehep.net/record/1419073
https://arxiv.org/abs/1610.07922

Most Important Analysis Channels AT

Karlsruher Institut for Technologie

Rationale: favourable combination of cross section times branching ratio,
selection efficiency, signal-to-background ratio, resolution, ...

TN

gg—H H— ZZ(*) — 4¢ excellent mass resolution

gg— H H small branching fraction but excellent
qq — qqH mass resolution

gg— H . large production cross section but poor
qq — qqH H— WW() — v £v mass resolution (two neutrinos)

gg— H H decay into fermions with large branching
qq — qqH - fraction but large QCD background

_ = large QCD background — additional tag
Bsl= A=l through (leptonic) vector-boson decay
gg — ttH H — bb, vy, ] .

99 — tHg/tHW multi-leptons access to top-quark Yukawa coupling

Matthias Schroder — W/Z/Higgs an Collidern (Sommersemester 2019) Vorlesung 11 43/63



Higgs Discovery Timeline AT

(@]

First serious Higgs searches at the
LHC: 2011 dataset (5! @ 7TeV)
CERN public seminar (December 13, 2011)

o Excess at my ~ 125GeV, both in
ATLAS and CMS

o =~ 30 (=~ 20) local (global)
significance

Update? with 2011 data + first part of
2012 data (July 4, 2012):

o Significance: 5.00/4.9 0 in
ATLAS/CMS on 5 + 5fb~" per
experiment

CERN DG R. Heuer: “As a layman |
would say: ‘I think we have it!”

(@]

O

(@]

2July 4, 2012: “Latest update in the search for the Higgs boson”
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https://indico.cern.ch/event/164890/
https://indico.cern.ch/event/197461/
https://indico.cern.ch/event/197461/

July 4th, 2012 AT

Karlsruher Institut for Technologie
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July 4th, 2012

Karlsruher Institut for Technologie
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July 4th, 2012 AT

Karlsruher Institut for Technologie

Higgs-Teilchen
offenbar entdeckt
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H — yy Candidate

CAN1Y CMS Experiment at the LHC, CERN
. / Data recorded: 2012-May-13 20:08:14.621490 GMT
Rurv/Fvent 194108 564224000

Karlsruhe Institute of Technology

52000

> CMS Preliminary

(51800 F Vs=7TeV,L=5.11b"

I~ E \s=8TeV,L=531"
51600

Matthias Schroder — W/Z/Higgs an Collidern (Sommersemester 2019) Vorlesung 11




H — ~~v Analysis

o Signature: small narrow peak on huge
combinatorial background

Matthias Schroder — W/Z/Higgs an Collidern (Sommersemester 2019)
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-12-036/index.html

H — ~~v Analysis

o Signature: small narrow peak on huge
combinatorial background

o Detect photons (ECAL) and eTe™ pairs
from photon conversion before ECAL
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-12-036/index.html

H — ~~v Analysis

o Signature: small narrow peak on huge
combinatorial background

o Detect photons (ECAL) and eTe™ pairs
from photon conversion before ECAL

o Dijet tag for VBF Higgs production

Matthias Schroder — W/Z/Higgs an Collidern (Sommersemester 2019)
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H — ~~v Analysis

o Signature: small narrow peak on huge
combinatorial background

o Detect photons (ECAL) and eTe™ pairs
from photon conversion before ECAL

o Dijet tag for VBF Higgs production

o Background: QCD diphoton production
+ jets misidentified as photons

o Background estimated from data: fit
empirical function outside signal region

Matthias Schroder — W/Z/Higgs an Collidern (Sommersemester 2019)
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H — ~~v Analysis

o Signature: small narrow peak on huge
combinatorial background

o Detect photons (ECAL) and eTe™ pairs
from photon conversion before ECAL

o Dijet tag for VBF Higgs production

o Background: QCD diphoton production
+ jets misidentified as photons

o Background estimated from data: fit
empirical function outside signal region
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CMS (s=7TeV,L=51fb"Vs=8TeV,L=5.31b"
A

o Signal and background separation: cut-based or boosted decision
trees (ECAL cluster shape, object kinematics, consistency with

primary vertex)
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H — ~~v Analysis

o Signature: small narrow peak on huge
combinatorial background

o Detect photons (ECAL) and eTe™ pairs
from photon conversion before ECAL

o Dijet tag for VBF Higgs production

o Background: QCD diphoton production
+ jets misidentified as photons

o Background estimated from data: fit
empirical function outside signal region

Events / 1.5 GeV
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S/(S+B) Weighted
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KIT

institut fr Technologie:
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S
8
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o Signal and background separation: cut-based or boosted decision
trees (ECAL cluster shape, object kinematics, consistency with

primary vertex)

o Experimental challenge: excellent calibration of photon energy scale
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@ATLAS

EXPERIMENT
http://atlas.ch

Run: 205113
Event: 12611816
Date: 2012-06-18
Time: 11:07:47 CEST

H — ZZ — 4¢ Candidate

* Data
[ Background ZZ

= Bacquound Z+Jets tt
Signal (| 125 GeV)
[ ‘Slgnal (
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H — ZZ — 4/ Analysis

o Signature: 4 isolated high-pr leptons
(e, u), invariant mass of one pair
compatible with Z boson

Matthias Schroder — W/Z/Higgs an Collidern (Sommersemester 2019)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2012-27/

H — ZZ — 4/ Analysis

o Signature: 4 isolated high-pr leptons
(e, u), invariant mass of one pair
compatible with Z boson

o Sensitive over wide Higgs-boson mass
range (100-600 GeV)

o Excellent Higgs mass resolution 1-2 %

Matthias Schroder — W/Z/Higgs an Collidern (Sommersemester 2019)
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H — ZZ — 4/ Analysis

o Signature: 4 isolated high-pr leptons
(e, u), invariant mass of one pair
compatible with Z boson

o Sensitive over wide Higgs-boson mass
range (100-600 GeV)

o Excellent Higgs mass resolution 1-2 %

o Background:

o ZZ* continuum: estimated from MC
o Z+ jets, tt: estimated from control
regions in data

Matthias Schroder — W/Z/Higgs an Collidern (Sommersemester 2019)
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H — ZZ — 4/ Analysis AT
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§ febome T atas ]
52 ey e
. . ) d>> 20; |:| Signal (mH:125 GeV) 1
o Signature: 4 isolated high-pr leptons BT @ spsune,
(e, ), invariant mass of one pair 1spfs=TTev L= a0
. . :E=8Te\/:det=5.th1
compatible with Z boson 10-
o Sensitive over wide Higgs-boson mass
range (100-600 GeV)

100 150 200

250
o Excellent Higgs mass resolution 1-2 % mafeev]
T T T T T

SE
o Background: 8o g ameny s 2
§ rv Data 120<MM<13(JGeV H.ZZ L4 b
o ZZ* continuum: estimated from MC E

o Z+ jets, tt: estimated from control
regions in data

1 (2102) 9129 ne7sAyd

70E Vs=7TeV:[Ldt = 4.8 fb" ]
r Vs=8TeV:fLdt=581b" ]

o Selection: kinematics of 4-lepton system
(5 angles, 2 pair masses)
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Combination

AT

Karlsruher Institut for Technologie

o Best sensitivity: combination of all decay channels H — -,
H— ZZ(*) — 4l,H - WW(*) — lvlv,H — 77, H — bb

e}

Local p values for combination: > 5 o excess around my = 125 GeV

Vs=7TeV,L=511" (s=8TeV,L=56.31"
I I

0

Local p

Matthias Schroder —
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Best-Fit Signal Cross Section

I I I I I I
ATLAS 2011 - 2012 m, = 126.0 GeV

W,ZH — bb PY
\5=7TeV: [Lat=47 1"
H— 1t .
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p= 2 40 1

" osMm Signal strength (1)

Phys. Rev. B716 (2012) 1

o All decay channels compatible with SM (i =

o First measurement of my:
o 126.0 + 0.6 GeV (ATLAS)
o 125.3 £ 0.6 GeV (CMS)
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% The Nobel Prize in Physics 2013
% Francois Englert, Peter Higgs

The Nobel Prize in Physics
2013

Photo: A. Mahmoud Photao: A. Mahmoud
Frangois Englert Peter W. Higgs
Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 2013 was awarded jointly to Frangois
Englert and Peter W. Higgs "for the theoretical discovery of a
mechanism that contributes to our understanding of the origin of
mass of subatomic particles, and which recently was confirmed
through the discovery of the predicted fundamental particle, by the
ATLAS and CMS experiments at CERN's Large Hadron Collider”
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Summary A“(IT

o Higgs searches at the Tevatron
o Challenging: low cross sections, large backgrounds
o Combination of all analysis channels in CDF and DO: up to 3 o excess
compatible with Higgs boson production in 115 GeV < my < 140 GeV
o Large theory effort: accurate predictions of Higgs signals and
important backgrounds (up to NNNLO)
o July 4, 2012: discovery of a “Higgs-like particle” at the LHC

o Main discovery channels: H — v, H — ZZ(*) — 4l (mass peaks)

o Other channels contributing: H - WW(*) — lvlv,H — 77, H — bb

o Combination of all analysis channels: > 5 o independently in ATLAS and
CMS
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5.2.2. Property Measurements
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Higgs-Boson Mass ﬂ("'

o Reminder: importance of the Higgs-boson mass
o my only free parameter of SM Higgs sector: consistency check of SM
(relation to m; and myy, through quantum corrections)
o Improved knowledge on my — more precise predictions of other Higgs
properties
o Decay channels with best mass resolution: H — v (low signal purity),
H — ZZ — 4/ (small signal rate)
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Higgs-Boson Mass ﬂ("'

o Reminder: importance of the Higgs-boson mass
o my only free parameter of SM Higgs sector: consistency check of SM
(relation to m; and myy, through quantum corrections)
o Improved knowledge on my — more precise predictions of other Higgs
properties
o Decay channels with best mass resolution: H — v (low signal purity),
H — ZZ — 4/ (small signal rate)

o Experimental challenge: control of calibration uncertainties

o v7: ECAL response and material in front of ECAL
o 4/: energy/momentum scale and resolution for e/
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Higgs-Boson Mass: R

un 1 Combination A\

Ui
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e e e E e B e e e e e e e e B B s e o o
ATLAS and CMS —e—i Total Stat. [ Syst.
LHC Run1 Total  Stat. Syst.

ATLAS H-yy H——+— 126.02+051(+0.43+0.27) GeV
CMS H-yy == 124.70 + 0.34 ( 0.31+ 0.15) GeV
ATLAS H-2ZZ -4l —— 12451+ 0.52 ( £ 0.52 + 0.04) GeV
CMS H-ZzZ -4 ——— 125.59 + 0.45 (+ 0.42 £ 0.17) GeV
ATLAS+CMS yy }—ElH 125.07 + 0.29 (+ 0.25 + 0.14) GeV
ATLAS+CMS 4| }—%}—1 125.15 + 0.40 ( + 0.37 + 0.15) GeV
ATLAS+CMS yy+4l I—EIH 125.09 +0.24 ( +0.21+0.11) GeV
Co o b b b b b L L
123 124 125 126 127 128 129
m,, [GeV]

€08161 (5102) ¥ 1 "HoTAeY sAud

o Measurement precision: 2 - 10~ — one of most precisely known SM

parameters, still statistics |
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Higgs-Boson Mass: Run 1 Combination

S

Ui

Karlsruher Insttut far Technologie

ATLAS and CMS

—e— Total
LHC Run1
ATLAS H - yy ———
CMS H ~yy ==

ATLAS H-ZZ -4l

CMS H-ZZ -4l

Stat. 1 Syst.
Total  Stat. Syst.
126.02 + 0.51 (+ 0.43 + 0.27) GeV

124.70 +0.34 ( + 0.31+ 0.15) GeV
124.51+ 0.52 ( + 0.52 + 0.04) GeV

12559 + 0.45 (+ 0.42 + 0.17) GeV

ATLAS+CMS yy }—tle 125.07 + 0.29 (+ 0.25 + 0.14) GeV
ATLAS+CMS 4| }-—I_E—'I 125.15 + 0.40 ( £ 0.37 + 0.15) GeV
ATLAS+CMS yy+4l = 125.09 + 0.24 ( +0.21 £ 0.11) GeV

o b b L b L Ly
123 124 125 126 127 128 129
m,, [GeV]

€08161 (5102) ¥ 1 "HoTAeY sAud

o Measurement precision: 2 - 10~ — one of most precisely known SM

parameters, still statistics limited
o Breakdown of systematic uncertainties:

+0.11 (scale) + 0.02 (others) 4 0.01 (theory) GeV

— energy scale uncertainties dominant
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Higgs-Boson Mass: Uncertainties A

Karlsruher Institut for Technologie

ATLAS and CMS Uncertainty in ATLAS Uncertainty in CMS Uncertainty in LHC
LHC Run 1 combined result combined result combined result
L e I e L e L L B B
ATLAS ECAL non-linearity / ] ] ]
CMS photon non-linearity
Material in front of ECAL ]
ECAL longitudinal response |
ECAL lateral shower shape | — 1
Photon energy resolution [] 1] 1]
ATLAS H - yy vertex & conversion
reconstruction — =
Z - ee calibration ] |
CMS electron energy scale & resolution ]
Muon momentum scale & resolution [] ]
ATLAS H - yy background modeling | 1
Integrated luminosity
Additional experimental ATLAS CMS Combined
systematic uncertainties Observed Observed Observed
Theory uncertainties [OJExpected [JExpected [CJExpected
L1 | R L | IR RN BT E RS E R

0 005 01 0 005 01 0 002004006
om,, [GeV]

Phys.Rev.Lett. 114 (2015) 191803
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Higgs-Boson Mass: Status (2019)

[JHEP 1711 (2017) 047]

CMS 359f* (13 Tev) |
> 707\\\\‘\\\\‘\\\\‘\\\\ T[T T T T T T T u
(3} [
o f ¢ Dpaa
~ L
< 6o |:|H£125)
o F [ a2z, zy*
S 500 B 99-2Z,2y*
o F I z+x

40F
30F

20F

10F

70 80 90 100 110 120 130 140 150 160 170
m, (GeV)

Most precise measurement in H — ZZ — 4/ channel by CMS

3D fit of mass, event-by-event resolution, S/B discriminant
my = 125.26 £+ 0.20 (stat) £ 0.08 (syst) GeV (< 0.2 % level)
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Higgs-Boson Width AT

o Reminder: natural total decay = 10°% 3z
width 'y of Higgs bosonin SM & . i
only 4 MeV Sl

o Typical mass resolution in 10k ]
H — vv/4: 1-2.5% (1-3 GeV) ;
o Measured Higgs line shape 1
entirely resolution dominated F /
107':
102//
1035700 200 300 1000

M, [GeV]
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Higgs-Boson Width

o Reminder: natural total decay
width 'y of Higgs boson in SM
only 4 MeV

o Typical mass resolution in
H— ~vv/41:1-2.5% (1-3 GeV)
o Measured Higgs line shape
entirely resolution dominated

o ldeas for Higgs-boson width
measurement

o Direct (model-independent): fit of
Higgs line shape

o Indirect (model-dependent):
off-shell effects

Matthias Schroder — W/Z/Higgs an Collidern (Sommersemester 2019)
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['y: Direct Measurement &‘(lT

vvvvvvvv

o Invariant mass distribution of unstable particles with decay width [':
Breit—Wigner distribution
do 1 r—o T

v AN 2 _ 2
dmzoc(qz—mz)zjhmzr2 T (@ —m)

o g: momentum transfer
o I — 0: narrow-width approx.
— production and decay factorise
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['H: Direct Measurement

T

Karlsruher Institut fur Tec

o Invariant mass distribution of unstable particles with decay width [':

Breit—Wigner distribution
do 1

dam? X (qz _ mz)z + m2ra2

o g: momentum transfer
o I — 0: narrow-width approx.
— production and decay factorise

o Experimentally accessible:
convolution of decay width and
detector resolution

o Decay channels:H — vy, H — 4/
o Likelihood fit to signal model:
consistent with 'y = 0
o Upper 95% CL limit (Run 1):
My < 1.7GeV (2.3 GeV expected)
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Higgs-Boson Width (Status 2019)

[JHEP 1711 (2017) 047] [Phys. Rev. D99 (2019) 112003]

o Most precise measurements in H — ZZ — 4/ channel

Karlsruher Institut for Technologie

CMS 35.91b" (13 TeV)

Ty (GeV)
2AInL

Direct measurement: 'y < 1.10GeV (95% C.L.)
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Higgs-Boson Width (Status 2019) AT

[JHEP 1711 (2017) 047] [Phys. Rev. D99 (2019) 112003]

o Most precise measurements in H — ZZ — 4/ channel

77.5 b (13 TeV)

¢ observed
- Total (f,=0, I',=10 MeV) |
[ og- 41 sM s+bei -
Eew smstbsi ]
[ au-aibkg
- Z+X

on shell: o  couplings x 1/T'y ‘

40—

off shell: o o couplings

Events / bin

2071

P ] e
400 600 800 1000
m, (GeV)

Direct measurement: 'y < 1.10GeV (95% C.L.)
From on-shell/off-shell cross-section ratio: 'y < 14.4MeV (95% C.L.)
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