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The Status of the Standard Model

2

all fundamental SM particles 
now confirmed by experiment   
    (Higgs boson since 2012)

extensive experimental tests 
yield very consistent picture   
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The Need for “New Physics” (Beyond the SM)

3

fine tuning (“hierarchy problem”):
Higgs mass much smaller 
than assoc. corrections

unexplained observations:
dark energy, dark matter
no antimatter 

 omissions:
gravity not included in SM

 arbitrary(?) free parameters:
three particle generations
many different masses
unification of forces?



Jürgen Kroseberg    Review of ATLAS Results         53rd Bormio Winter Meeting   Jan 30, 2015

Example(!): Supersymmetry

4

Class of SM extensions to potentially
solve the hierarchy problem
provide dark matter candidate - if lightest SUSY particle 
(LSP) is stable (↔ “R parity” conserved)
unify forces at high scales
minimal supersymmetric SM (MSSM):
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Searching for New Particles

5

in decays X

X
_

X

in loops

X*
need unprecedented 
precision/sample sizes  
and/or collision energies
need to be ready for (m)any 
signature(s)
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LHC / ATLAS Run1

6

≈5fb-1

2011 (7 TeV) 2012 (8 TeV)

≈20fb-1

excellent accelerator and detector 
performance
many other crucial prerequisites: 
trigger, reconstruction, calibration, 
simulation, computing, theory, … 
(none of them covered in this talk)
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Particle Signatures in ATLAS

7



Jürgen Kroseberg    Review of ATLAS Results         53rd Bormio Winter Meeting   Jan 30, 2015

Selected(!) Measurements & Searches involving:

8

QCD W&Z Bosons Top Quark Higgs Boson

and/including “New Physics”

ATLAS Heavy Ion 
and B physics 

results discussed 
in dedicated talks
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QCD
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QCD Processes are Everywhere

10

Proton Structure Underlying Event

Pile Up Jets
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measure small-angle elastic pp scattering by correlating 
signals in ALFA detectors ≈240m away from the interaction point
4h low-luminosity run with special beam optics/clean conditions

Total pp Cross Section

11

measure elastic cross 
section as a function  
of momentum transfer

Nucl. Phys. B (2014) 486

total cross section (optical 
theorem)  

inelastic cross section 
(from subtraction) 
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Jet Cross Sections

12

arXiv:1411.1855, subm. to EPJC7TeV

three-jet mjjj

arXiv:1411.1855 

arXiv:1410.8857, acc.  by  JHEP

inclusive jet pT

arXiv:1410.8857

good agreement with NLO 
pQCD predictions for most 
proton PDF sets over 8 
orders of magnitude
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Summary QCD

13

experimental handle on large range of 
QCD processes 
provide input to model pp collisions and 
access to properties of strong IA
NLO pQCD able to describe huge range 
in jet kinematics
in particular no signs of BSM physics 
(e.g. via high-mass di-jet resonances) yet
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W and Z Bosons
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W and Z Bosons: Cornerstones of the SM

15

mediators of the weak interaction
decay into fermion pairs; esp. leptonic 
modes provide distinct exp. signature
relevant to signal and background 
processes in SM and BSM analyses
sensitive to proton structure

Transverse momentum distribution of Z/ γ*

HP Beck - LHEP Bern Discovery Physics at the LHC Kruger, December 1–6  9

arXiv:1406.3660
JHEP09(2014)145

PT distributions of lepton pairs offer crucial tests of pQCD. 
With FEWZ and DYNNLO, NNLO predictions are available that require precision testing.
RESBOS in turn applies best in the soft pT domain where a resummation of soft gluons is important. 

at 7 TeV with 4.6 fb-1

Leading order Feynman diagrams for Z/γ* production without (left) and with (right) extra parton responsible for 
high pT mℓℓ.

pT mℓℓ

Z→ee Z→μμ

pT mℓℓ

pT mℓℓ up to 500 GeV
relative error per bin <1% for pT mℓℓ < 40-50 GeV

For higher pT: dominated by statistics.
(similar for Z→μμ)

Z→ee

pT mℓℓ

Measuring Spin – 1 Bosons

Main background from
� QCD multijet events, with fake lepton(s)

� t ̄t events with real but not wanted W’s

Trigger on lepton pT and select isolated high quality 
leptons offline

Background contributions estimated
using data driven methods:
� fitting template shapes from MC in 

side bands and other control regions
� using relaxed selection criteria to 

estimate fake rates 

HP Beck - LHEP Bern Discovery Physics at the LHC Kruger, December 1–6  8

Basic selection strategy:

example cuts, analysis specific

l+

l-

Z0

Measuring Spin – 1 Bosons

Main background from
� QCD multijet events, with fake lepton(s)

� t ̄t events with real but not wanted W’s

Trigger on lepton pT and select isolated high quality 
leptons offline

Background contributions estimated
using data driven methods:
� fitting template shapes from MC in 

side bands and other control regions
� using relaxed selection criteria to 

estimate fake rates 

HP Beck - LHEP Bern Discovery Physics at the LHC Kruger, December 1–6  8

Basic selection strategy:

example cuts, analysis specific

l+

νl

W+
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Differential Distributions

16

Z pT

7TeV

W/Z ratio
Eur. Phys. J. C74 (2014) 3168JHEP09 (2014) 145 arXiv:1409.8639, acc. by EPJC

Jets in W events
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Single Boson Cross Sections Data/Theory

17
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triple gauge boson couplings (TGC) 
particularly interesting for BSM 
searches → “anomalous” TGC? 
in SM:
current analyses use: 
(i.e. 3 parameters)

WW+WZ → ℓνqq and aTGC

HP Beck - LHEP Bern Discovery Physics at the LHC Kruger, December 1–6  19

WWZ and WWγ couplings parameterized using five 
parameters: 

In SM:

95% CL limits on anomalous couplings are derived
and are similar to limits set in other di-boson analyses.

The couplings are constraint further in the fit:

arXiv:1410.7238
Submitted to JHEP

7 TeV with 4.6 fb-1

New
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arXiv:1410.7238
Submitted to JHEP

7 TeV with 4.6 fb-1

New

Diboson Production

18

WW, WZ, ZZ production is rare
add important options to test the  
electroweak sector of the SM
background processes in Higgs 
boson studies and BSM searches
potential BSM signals 
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W±W±jj Production

19

select events with same-
charge WW pair + two jets
4.5σ evidence for WWjj 
3.6σ evidence for electro-
weak WWjj production

VBS

electroweak

strong

Phys. Rev. Lett. 113 (2014) 1418038TeV

mjj |Δyjj|
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TGC from WW and WZ Events

20

select W→lν+2j
comb. WW+WZ 
signal with 3.4σ
use pT of dijet 
system to set 
limits on aTGC

JHEP01 (2015) 0497TeV

W→eν + 2 jets W→μν + 2 jets

pT(jj)

BG-subtr. m(jj)
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Heavy Diboson Resonances?

21

select events with a lepton pair and two jets
three different selections (optimised for different resonance pT)
two different signal hypotheses (“ Bulk RS graviton G* ”, “ EGM W’ ”)

G* W’

mG*>740 GeV

mW’>1590 GeV

mlljj mlljj mlljj

arXiv:1409.6190, acc. by EPJC8TeV
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W & Z Boson Summary

22

rich set of precise measurements of 
single-boson (+jets) cross sections

used to test and tune modelling of 
electroweak and strong processes
input to proton structure analyses

also measured rare di-boson production
adds further tests of electroweak SM
contrain anomalous TGC

limits on BSM particle production
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Top Quark
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The Top Quark is Special

24

large mass:  
heaviest fundamental SM particle 
and by far the heaviest quark
short lifetime: 
only quark to decay before 
hadronisation (no bound states)
large coupling to Higgs (yt≈1)

accident of nature or more 
fundamental reasons?

τ+τ   1%
τ+µ   2%

τ+e   2%

µ+µ   1%

µ+e   2
%

e+e   
1%

e+jets 15%

µ+jets 15%

τ+jets  15%

"alljets"  46%

"lepton+jets""dileptons"

Top Pair Branching Fractions

rich experimental signature
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Top Quark Production

25

mainly top pair production via strong interaction 

determine the calibration of the jet-energy scale, and measuring the b-tagging efficiency.
As far as top quark physics is concerned, first measurements will include the tt̄ cross
section in the various channels and the determination of the top mass [121].
In the “discovery phase” of the LHC millions of tt̄ pairs will be produced already with
10fb−1 of integrated luminosity (c.f. table 1). For most top-quark observables, statistical
uncertainties will then be below the percent level; i.e., the measurements will eventually
be systematics dominated.
In the following subsections we shall discuss tt̄ production mostly from the perspective
of considering the top quark to be a signal. Production of tt̄ pairs is, on the other hand,
also an important background to the search for new particles, including the searches for
the SM and/or non-standard Higgs bosons and for signals of supersymmetry. Obviously,
both roles the top quark plays at the Tevatron and at the LHC require accurate predictions
of tt̄ production and decay.
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Figure 2: Lowest order Feynman diagrams for tt̄ production by the strong interactions:
gg→ tt̄ (a) and qq̄→ tt̄ (b).

4.1. Status of theory
Because mt ≫ ΛQCD, top-quark production and decay processes are hard scattering reac-
tions which can be computed in (QCD) perturbation theory. The tt̄ production processes
are depicted to lowest-order QCD in figure 2. At next-to-leading order (NLO) in the
QCD coupling αs, also qg and q̄g scatterings produce tt̄ pairs. To arbitrary order in QCD
perturbation theory, the total tt̄ cross section for

pp̄, pp → tt̄ + X (4.2)

is given as a convolution of the cross sections for the partonic subprocesses and the parton
distribution functions (PDF) – up to terms which are suppressed with some power of the
hadronic center-of-mass energy

√
s (so-called higher twist terms):

σtt̄h1h2(s,mt) =∑
i, j

Z 1

0
dx1dx2 f h1i (x1,µF) f h2j (x2,µF) σ̂i j(ŝ,mt,αs(µR),µR,µF) . (4.3)

Here i, j = g,q, q̄, and h1,h2 = p, p̄. The PDF f hi (x,µF) is the probability density of
finding parton i with longitudinal momentum fraction x in hadron h at the factorization
scale µF . This scale, which is arbitrary in principle, is usually set equal to a typical scale
of the problem, e.g. mt , in order to avoid large logarithms in perturbation theory. The
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also single top production via weak interaction 

5. Single-top-quark production
In the hadronic production of single (anti)top quarks the weak interactions are involved
in an essential way. Therefore, these reactions provide, besides top-quark decay, another
important opportunity to study the charged weak current interactions of this quark. In the
SM there are three main hadronic production modes, namely top-quark production via the
exchange of a virtualW boson in the t-channel and in the s-channel, and the associated
production of a t quark and realW boson:

q(q̄)b→ q′ (q̄′) t , qq̄′ → b̄ t , bg→W− t . (5.1)

These reactions are depicted to lowest order in the gauge couplings in figure 8. The cross
sections of these processes are proportional to |Vtb|2. Thus, single-top-quark production
provides a means of directly measuring the strength of the Wtb vertex. Moreover, the
reactions (5.1) are a source of highly polarized top quarks, which allow for dedicated in-
vestigations of the structure of the charged weak current interactions of this quark. Exotic
t and t̄ production processes involving new particles/interactions are also conceivable; for
instance, the associated production of a top quark and charged Higgs boson, or enhanced
production of single top quarks by sizeable flavour-changing neutral currents.

b)

q̄′

q t

b̄

W+

c)

b t

W−

b

W−

t

d)

t

b

gg

t

a)

W+

b

q (q̄) q′ (q̄′)

Figure 8: Lowest order Feynman diagrams for single-top-quark production processes: t
channel (a), s channel (b), and associated tW production (c,d).

Thus, there are interesting physics issues associated with the hadronic production of single
top quarks. However, their observation is much more challenging than detecting tt̄ pairs.
This is partly due to smaller cross sections, but mainly due to the fact that the final-state
signatures suffer from larger backgrounds (see below). Although a few thousand single t
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t channel s channel

Wt
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Top Quark Pair Decays

26

weak decay into a W and down-type (almost always b) quark

signature of top pair decay:  
2 b quark jets, charged leptons, 
neutrinos, light quark jets

τ+τ   1%
τ+µ   2%

τ+e   2%

µ+µ   1%

µ+e   2
%

e+e   
1%

e+jets 15%

µ+jets 15%

τ+jets  15%

"alljets"  46%

"lepton+jets""dileptons"

Top Pair Branching Fractions
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Top Pair Candidate Event

27

             tt ̄→ W+b W–b ̄→ e+νe b μ– ν̄μb ̄
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Top Quark Measurements

28

production  
cross section

kinematics
new resonances?

properties  
mass

charge
lifetime, width
polarisation

t

νν

l+

W 
+

b

tW 
–

b

q

q'

decay
branching ratios

W helicity
new decays?

correlations  
spin correlations

charge asymmetry
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Top Pair Production Cross Section

29
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Single Top Production Cross Section

30

Single top production

HP Beck - LHEP Bern Discovery Physics at the LHC Kruger, December 1–6  27

Single top production predominantly
in the t-channel at the LHC.

t-channel associated Wt production 
s-channel

Evidence for s-channel single top
arXiv:1410.0647
submitted to Phys. Lett. B

multivariate analysis
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Top Quark Mass
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recent examples:
“template fit” to lepton-b 
mass in single-top events

ATLAS-CONF-2014-055

8TeV

l

ν

} m(lb)

Eur. Phys. J. C74 (2014) 31097+8TeV

exploit dependence of 
production cross section  
on top mass
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Top Quark Mass
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from direct 
reconstruction

from cross  
section

World Combination (ATLAS+CMS+Tevatron): 
173.3±0.8 GeV (0.5%)

combination with   
CMS and Tevatron
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Top Pair Charge Asymmetry
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Definition: AC =
N(�|y| > 0) � N(�|y| < 0)
N(�|y| > 0) + N(�|y| < 0)

�|y| = |yt| � |yt|

G. Rodrigo, Asymmetries at Tevatron and LHC, CKM Workshop, Vienna, Sep 2014              18

From Tevatron to the LHC
� At Tevatron: valence quarks and 

valence antiquarks of similar momenta 
collide, still 

� LHC is symmetric ► no forward-backward, 
but same charge asymmetry

� valence quarks collide with sea antiquarks,  
which carry less momenta

� excess of tops quarks in the forward and 
backward regions

CA
-0.1 0 0.1-2

8

ATLAS dilepton  0.009± 0.015 ±0.024 

ATLAS dilepton  0.017± 0.025 ±0.021 

ATLAS l+jets  0.005± 0.010 ±0.006 

CMS dilepton  0.006± 0.010 ±0.009 

CMS dilepton  0.008± 0.017 ±-0.010 

CMS l+jets  0.011± 0.010 ±0.004 
ATLAS+CMS l+jets  0.006± 0.007 ±0.005 

 0.0005  ±0.0123 Theory (NLO+EW)
[PRD 86, 034026 (2012)

 0.0003  ±0.0070 Theory (NLO+EW)
[PRD 86, 034026 (2012)

(stat)             (syst)

[PLB 717 (2012) 129]

[JHEP 1402 (2014) 107]

Preliminary

[JHEP 1404 (2014) 191]

[ATLAS Preliminary]

[JHEP 1404 (2014) 191]

[ATLAS Preliminary]

 = 7 TeV  sATLAS+CMS, 
 asymmetrytt

lepton asymmetry

Preliminary
TOPLHCWG, September 2014

stat. uncertainty
total uncertainty

Measurements:

Differential measurements with l+jets events 

� Both experiments show results with AC vs. |y(tT)|, pT(tT) and m(tT) 
�  #@�G@8A>6;@9��@776�FA�5A@E;67D�?;9D3F;A@�;@�ZMKM�3@6�;@�6;887D7@F;3>�H3D;34>7 
�  Results compared to NLO+EW and BSM models inspired by Tevatron results 

� CMS: BSM effective theory with an anomalous axial-vector gluon coupling (EAG) 
� ATLAS: heavy axigluon exchanged in s-channel 

30th September 2014 7 Richard Hawkings 

NLO pred.1: Kühn & Rodrigo 
NLO pred.2: Bernreuther & Si SM: Bernreuther & Si 

Comparison with  
New Physics Models:

SM expectation: 1.2%

JHEP 02 (2014) 107

rapidity y

7TeV
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Top Quark Summary
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broad and diverse experimental program 
of precision measurement and searches
 precise information on the mass based on 
several complementary approaches; 
“world combination” with 0.5% uncertainty 
single top production has become 
important tool
various ways to constrain BSM physics
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Higgs Boson
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Summer 2012
Phys. Lett. B712 (2012) 1

The Higgs Boson: New & Fundamentally Different

36

only fundamental spin-0 particle
external potential
“background field” (non-zero 
vacuum expectation value)
mass-dependent coupling to 
other particles
“saves” the electroweak  SM

The Royal Swedish Academy of Sciences has decided to award 
the Nobel Prize in Physics for 2013 to François 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”.

FURTHER READING! More information on the Nobel Prize in Physics 2013: http://kva.se/nobelprizephysics2013 and http://nobelprize.org REVIEW ARTICLES:  Rose, J. (2013) I mörkret bortom Higgs, Forskning & Framsteg, nr 6 (Swedish).   Llewellyn-Smith, C. (2000) The Large Hadron Collider, Scientific American, July.   Weinberg, S. (1999) A Unified Physics by 2050?, Scientific American, December. 
BOOKS:  Randall, L. (2013) Higgs Discovery: The Power of Empty Space, Bodley Head.   Sample, I. (2013) Massive: The Higgs Boson and the Greatest Hunt in Science, Virgin Books.   Carroll, S. (2012) The Particle at the End of the Universe, Dutton.   Close, F. (2011) The Infinity Puzzle, Oxford University Press.   Wilczek, F. (2008) The Lightness of Being: Mass, Ether, and the Unification of Forces, Basic Books.  
LINKS:  Link TV (2012) CERN Scientists Announce Higgs Boson: The Moment: http://www.youtube.com/watch?v=0CugLD9HF94   CERN (2010) CERN LHC Brochure: http://cds.cern.ch/record/1278169?In=en   Cham, J. (2012) The Higgs Boson Explained. (animation): http://www.phdcomics.com/comics/archive.php?comicid=1489  Higgs, Peter W. (2010) My Life as a Boson. (transcribed speech):  
http://www.kcl.ac.uk/nms/depts/physics/news/events/MyLifeasaBoson.pdf   More references can be found in the Scientific Background: http: //kva.se/nobelprizephysics2013

The Nobel Prize 2013 in Physics

Editors: Lars Bergström, Lars Brink and Olga Botner, The Nobel 
Committee for Physics, The Royal Swedish Academy of Sciences; 
Sara Strandberg and Oscar Stål, Stockholm University; Joanna Rose, 
Science Writer; Victoria Henriksson, Editor and Linnéa Wallgren, 
Nobel Assistant, The Royal Swedish Academy of Sciences.  
Graphic design: Ritator Illustrations: Johan Jarnestad/ 
Swedish Graphics Print: Åtta45  
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Here, at last! 
François Englert and Peter W. Higgs are jointly awarded the Nobel 
Prize in Physics 2013 for the theory of how particles acquire mass.  
In 1964, they proposed the theory independently of each other (Englert 
did so together with his now-deceased colleague Robert Brout).  
In 2012, their ideas were confirmed by the discovery of a so-called 
Higgs particle, at the CERN laboratory outside Geneva in Switzerland.

The awarded mechanism is a central part 
of the Standard Model of particle physics 
that describes how the world is constructed. 
According to the Standard Model, everything – 
from flowers and people to stars and planets 
– consists of just a few building blocks: matter 
particles which are governed by forces mediated 
by force particles. And the entire Standard Model 
also rests on the existence of a special kind of 
particle: the Higgs particle.

The Higgs particle is a vibration of an 
invisible field that fills up all space. Even when 
our universe seems empty, this field is there. 
Had it not been there, nothing of what we know 

would exist because particles acquire mass 
only in contact with the Higgs field. Englert and 
Higgs proposed the existence of the field on 
purely mathematical grounds, and the only way 
to discover it was to find the Higgs particle.

The Nobel Laureates probably did not imagine 
that they would get to see the theory confirmed 
in their lifetimes. To do so required an enormous 
effort by physicists from all over the world. 
Almost half a century after the proposal was 
made, on July 4, 2012, the theoretical prediction 
could celebrate its biggest triumph, when the 
discovery of the Higgs particle was announced.

Broken Symmetry 
The Higgs mechanism relies on the concept of 
spontaneous symmetry breaking. Our universe 
was probably born symmetrical (1), with a zero 
value for the Higgs field in the lowest energy 
state – the vacuum. But less than one billionth 
of a second after the Big Bang, the symmetry 
was broken spontaneously as the lowest energy 
state moved away (2) from the symmetrical 
zero-point. Since then, the value of the Higgs 
field in the vacuum state has been non-zero (3).

The Field 
Matter particles acquire mass in contact with 
the invisible field that fills the whole universe. 
Particles that are not affected by the Higgs 
field do not acquire mass, those that interact 
weakly become light, and those that interact 
strongly become heavy. For example, electrons 
acquire mass from the field, and if it suddenly 
disappeared, all matter would collapse as the 
suddenly massless electrons dispersed at the 
speed of light. The weak force carriers, W and 
Z particles, get their masses directly through 
the Higgs mechanism, while the origin of the 
neutrino masses still remains unclear.

François Englert 
Belgian citizen. Born 
1932 in Etterbeek, 
Belgium. Professor 
emeritus at Université 
Libre de Bruxelles, 
Brussels, Belgium. 

Peter W. Higgs  
British citizen. Born 
1929 in Newcastle 
upon Tyne, United 
Kingdom. Professor 
emeritus at University 
of Edinburgh, United 
Kingdom. 

The Particle Collider LHC
Protons – hydrogen nuclei – travel at almost the 
speed of light in opposite directions inside the 
circular tunnel, 27 kilometres long. The LHC 
(Large Hadron Collider) is the largest and most 
complex machine ever constructed by humans. 
In order to find a trace of the Higgs particle, two 
huge detectors, ATLAS and CMS, are capable of 
seeing the protons collide over and over again, 
40 million times a second.

top quark

Heavier Lighter

bottom 
quark

tau

charm 
quark

muon

strange 
quark

down 
quark

up quark

electron

electron 
neutrino

muon neutrino

tau 
neutrino

The Puzzle
The Higgs particle (H) was the last missing 
piece in the Standard Model puzzle. But the 
Standard Model is not the final piece in the 
cosmic puzzle. One of the reasons for this is 
that the Standard Model only describes visible 
matter, accounting for one sixth of all matter in 
the universe. To find the rest – the mysterious 
so-called dark matter – is one of the reasons 
why scientists continue to chase unknown 
particles at CERN.

Potential energy of the Higgs field

CMS 
A short-lived Higgs 
particle is created 
in the collision and 
decays into four 
muons (tracks in red).

ATLAS 
In the collision,  
a short-lived Higgs 
particle is created, 
which decays into two 
muons (tracks in red) 
and two electrons 
(tracks in green).

1. 2. 3.

ATLAS

LHC

CMS

Winter 2013
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Higgs Boson Production at the LHC
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e.g.
 [GeV] HM

100 150 200 250 300

 H
+X

) [
pb

]  
  

→
(p

p 
σ

-210

-110

1

10
= 7 TeVs

LH
C 

HI
GG

S 
XS

 W
G 

20
10

 H (NNLO+NNLL QCD + NLO EW)

→pp 

 qqH (NNLO QCD + NLO EW)

→pp 

 WH (NNLO QCD + NLO EW)

→
pp 

 ZH (NNLO QCD +NLO EW)

→
pp 

 ttH (NLO QCD)

→
pp 

Gluon-Gluon Fusion

Vector Boson Fusion

Associated 
Produktion

VH ttH

W,Z W,Z
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Higgs Boson Decays
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for MH=125 GeV:

H→bb       58%
H→WW*   22%
H→ττ         6.3%
H→ZZ*       2.6%
H→γγ         0.23%
H→Zγ         0.15%
H→μμ         0.002%

_
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Higgs Boson Signals: Decays to Bosons
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5.2σ (5.7σ)

H→γγ

7+8TeV

Phys. Rev. D 90 (2014) 112015

8.1σ  (6.2σ)

H→ZZ*→4l

Phys. Rev. D 91 (2014) 012006

6.1σ (5.8σ)

H→WW*

arXiv:1412.2641, subm. to PRD
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Higgs Boson Signals: Decays to Fermions
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H→ττ

7+8TeV

4.5σ (3.4σ)

arXiv:1501.04943, subm. to JHEP

VH→bb

1.4σ (2.6σ)

JHEP01 (2015) 069
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Higgs Boson Signal Strength: Decays

41

courtesy of P. 
Chang
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Higgs Boson Signal Strength: Production Modes

42

ggF dominates; other modes?
e.g. VBF provides distinct signature: 

two hard jets with large rapidity 
separation; Higgs decay 
products typically in between

arXiv:1412.2641, subm. to PRD

3.2σ VBF H→WW* evidence from  
μVBF/μggF analysis (>4σ for all decays)
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Higgs Coupling Analysis Concept
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Higgs boson couplings to other particles enter measured signal strength  
via combination of production and decay
coupling analysis currently requires assumptions / approximations: 

single, narrow, scalar JP=0+ resonance at observed mass

ATLAS-CONF-2014-009

 parametrise possible deviations via multiplicative modifiers (“scale factors”):

with effective scale factors for couplings via loops and total width

e.g. γ

γ
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Higgs Coupling Scale Factors
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assume

ATLAS-CONF-2014-009

Summary

Fermions vs. Vector Bosons

SM

7+8TeV
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Higgs Boson Mass
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also: 95% C.L. observed (expected) upper limits on Higgs boson width: 
 

                           γγ: 5.0 (6.2) GeV     ZZ*: 2.6 (6.2) GeV

channels compatible 
at 2.0σ level (4.8%)

Phys. Rev. D90 (2014) 052004

H→γγ

H→ZZ*→4l

7+8TeV
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Higgs Boson Spin/Parity
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analysis of spin/parity-sensitive quantities in 
ZZ*→4l, γγ and WW*→2l2ν final states
check compatibility of data with SM JP=0+  
exclusion of alternative JP hypotheses

e.g.: H→ZZ*→4l

7+8TeV Phys. Lett. B726 (2013) 120
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Search for Rare Higgs Production and Decays
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no excess seen (as expected)
obs. (exp.) limit: 7.0 (7.2) x SM

e.g. ttH production

7+8TeV

ATLAS-CONF-2014-011

pt(μμ)

mμμ

e.g. H→μμ decays 
Phys. Lett. B738 (2014) 68

only Higgs couplings  
to fermions enter
access tH- coupling
complex final states
large top BG

observed (expected) limit: 4.1(2.6)xSM

ll

l+jet

comb.

e.g. H→bb
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Higgs Bosons Beyond the SM
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e.g. minimal supersymmetric SM (MSSM): 
need 5 Higgs Bosons to give mass to all 
particles:  
      3 neutral (h/H/A) and 2 charged (H±)

arXiv:1412.6663, subm. to JHEP 

H+→τν

JHEP  11 (2014) 056 

h/H/A→ττ
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Higgs Bosons Beyond the SM
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arXiv:1412.6663, subm. to JHEP 

H+→τν

JHEP  11 (2014) 056 

h/H/A→ττ

no signals found
limits set for different  SUSY scenarios
particularly stringent for low-mass H+
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Higgs Boson Summary
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since observation of first signals Higgs  
physics program has expanded into a wide 
range of measurements and searches
all measurements of the 125 GeV Higgs  
boson so far agree with SM expectation
also provides BSM physics probe
no additional Higgs bosons found yet
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(A bit more on) 
BSM Searches
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Search for Gluinos
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select events with large missing 
transverse energy and high-pT 
jets 

JHEP09 (2014) 1768TeV

define 15 signal regions with 
different jet multiplicity, MET  
and jet pT requirements
no excess over SM BG found; 
set limits on gluino mass of  
≈1.4 TeV (for massless LSP)
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Many More SUSY Searches…
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110-1

Mass scale [TEV]https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
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Dark Matter / WIMP Searches
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e.g. “mono-X” signature:

arXiv:1410.4031, subm. to EPJC

X = photon, jet, W/Z, …
    = EFT or explicit mediator

invisible

visible handleX
WIMP pair 
production

MET MET

heavy quark (+ MET) signature:

“b-FDM” modelHQ pair +WIMPs (EFT)

arXiv:1411.1559, acc. by PRD

8TeV
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Dark Matter / WIMP Searches
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e.g. “mono-X” signature:

arXiv:1410.4031, subm. to EPJC

X = photon, jet, W/Z, …
    = EFT or explicit mediator

invisible

visible handleX
WIMP pair 
production

heavy quark (+ MET) signature:

“b-FDM” modelHQ pair +WIMPs (EFT)

arXiv:1411.1559, subm. to EPJC,acc. by PRD

8TeV

σ(χN) m(χ)

m(χ) m(ϕ)



Jürgen Kroseberg    Review of ATLAS Results         53rd Bormio Winter Meeting   Jan 30, 2015

Many More BSM Physics Searches…
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non-SUSY

mass scale [TEV]
1 1010-1

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
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Outlook
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Run2 to start this year with higher  
energies and larger datasets

→Lyn Evans’s Talk 
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Additional Material
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Underlying Event in Jet Events
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Eur. Phys. J. C74 (2014) 2965

leading jet

towards

away

trans- 
verse

study UE-relevant observables in azimuthally 
transverse region w.r.t the highest-pt jet
inclusive (>0 jets) and excl. (=2 jets) selections

<ΣET> (leading jet pT) 

<ΣpT> (#ch. particles) 

e.g:
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Jet Cross Sections Data/Theory

60
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Heavy Gauge Bosons?

61

e.g. search for W’→tb→lepton+jets
invariant top-b mass combined with other 
quantities into boosted decision tree
limits obtained in terms of coupling and 
mass for left and right-handed W’

arXiv:1410.4103, subm. to PLB

mtb

BDT
W’L W’R

8TeV
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Diboson Cross Sections
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Top Pair Production Cross Section
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Higgs Boson Width Limit from Off-Shell ZZ Events

64

invariant four-lepton mass

64

ATLAS-CONF-2014-042

main goal: measure off-shell Higgs signal strength 
assuming same on-shell and off-shell Higgs couplings, can use this  
result to constrain the total Higgs boson width
analyses in two channels (4l and 2l2ν final states)
parallel analyses with different techniques (e.g. cut-based and ME for 4l)

∝

∝
∝

negative interference with gg→ZZ  
BG ∝ 

µ
o↵�shell

= 10
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Higgs Boson Width Limit from Off-Shell ZZ Events
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ATLAS-CONF-2014-042
2l2ν / 4l combination 

μoff-shell<6.7

fit μon-shell (including low-mass region)
assume equal on/off-shell coupling
obtain width limit from μon-shell/μoff-shell

e.g. 2e2ν

  8TeV
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The Higgs Boson as BSM Probe

66

use Higgs coupling analysis to 
look for BSM particles in loop-
mediated production and decays

7+8TeV

ATLAS-CONF-2014-009 ATLAS-CONF-2014-010

reconsider Higgs coupling 
analysis in the framework of 
various BSM scenarios

e.g. heavy Higgs boson arising 
from additional EW singlet:


