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Outline

• Lecture I: Introduction and Standard Model Measurements
• Current and Future colliders
• Tests of QCD
• Precision measurements in electroweak sector

• Lecture II: Higgs Boson and New Physics Searches
• The Standard Model Higgs Boson
• Problems with the Standard Model
• Supersymmetry
• Dark Matter at Colliders
• Flavour measurements and anomalies
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The Higgs Boson
• Electroweak Symmetry breaking 

• caused by scalar Higgs field 
• vacuum expectation value of the Higgs field  <F> =246 GeV/c2

• gives mass to the W and Z gauge bosons, 
• MW µ gW<F>

• fermions gain a mass by Yukawa interactions with the Higgs 
field,      

• mf µ gf<F>
• Higgs boson couplings are proportional to mass

• Higgs boson prevents unitarity violation of WW cross section
• s(pp®WW) > s(pp ® anything)

• => illegal!
• At √s=1.4 TeV!

Peter Higgs



Nucl.	Phys.	B106 (1976)
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Nucl.	Phys.	B106 (1976)
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Higgs Boson Production

• Production via various processes sensitive to different couplings of 
Higgs boson

• ggF and ttH processes known in QCD to 5-10%
• VBF, WH  and ZH processes known in QCD to 2-4%7



Higgs Boson Decay
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Status end of 2011

• Indirect constraints point towards low-mass Higgs
• Slight excess at low mass in Tevatron data
• 2011 LHC data rule out mass range of ~130-500 

GeV

mH=89+35 -26 GeV



M(gg)

simulation

Finding the Higgs Boson (with photons)

MHiggs≈ M(gg)= 2 E1 E2 (1-cosα)

background

Higgs	®gg
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Higgs Boson Discovery 2012
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Both experiments saw narrow peak at ~125 GeV in 
two different decay channels



Nobel Prize 2013

Francois Englert and Peter 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" 12



Is it a Higgs boson actually?

• Spin and parity consistent with Higgs: 0+

• Coupling strength to SM particles proportional to mass
• Within uncertainties of 20-50%
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Understanding the Higgs boson
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Higgs Snowmass report (arXiv:1310.8361)
Deviation from SM due to particles with M=1 TeV
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Understanding the Higgs boson
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Higgs Snowmass report (arXiv:1310.8361)
Deviation from SM due to particles with M=1 TeV
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Understanding the Higgs boson

16

Run	1	Results	on	couplings	κ

Higgs studies have only just begun:
§ Run-1 precision on about 20-50%
§ Need ~3% precision on couplings to probe TeV

scale particles
§ Need much more data (run-2 and beyond) to e.g.
§ Observe and measure H->bb, H->μμ, H->Zγ

decays
§ Observe and measure ttH and VH production

Higgs Snowmass report (arXiv:1310.8361)
Deviation from SM due to particles with M=1 TeV
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The Higgs boson
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Higgs boson couplings (within the Standard Model)

Proof of 
condensate !
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This term could 
not exist 

without a vev
vHV

µ
Vµ
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Is the shape of the 
Higgs potential that 

predicted by the 
Standard Model?

Is the Higgs boson responsible for the EW 
symmetry breaking also responsible for the 
masses of fermions?

Is the Higgs boson responsible for the masses 
of all fermions?

All the couplings of the Higgs boson to Standard Model particles 
(except itself) were known before the discovery of the Higgs boson!

<=	Coupling	to	fermions

<=	Coupling	to	gauge	bosons

<=	Coupling	to	itself



Higgs in Run 2



Diphoton channel
• More than 10x higher statistics than 

during discovery
• Precision measurement of cross 

section
• Measurement of differential distribution

19

ATLAS
σ (data)	[fb] 65.2±7.1	
σ(theory)	[fb] 63.6±3.3	



Differential Cross Section Measurements
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Higgs Couplings to Fermions
• SM predicts 𝑚" = 𝑔"

%
&�

=>

• tau-tau channel observed at 5σ end of Run-1 
• BRexp(𝐻 → 𝜏𝜏)/BRexp(𝐻 → 𝜇𝜇)>100 at 95% CL
• Observation of dimuon decay with full run-2 data? 21

μμ

ττ



Higgs Coupling to b-quarks
• Most Higgs bosons decay to b-quarks in SM: 57%

• Very large backgrounds from W+jets
• Search for W/Z+H production

• Use complex event selection (multi-variate analysis)

22

Observation	
in	2018!



ttH production

• Directly probes Higgs-Yukawa coupling of 
top quark

• Diphoton probes same coupling indirectly
• 5σ observation in 2018
• Agrees with SM value



What do we know about H now?
• Production and decay consistent 

with SM expectation
• All production modes observed
• Decays to gauge bosons and 3rd

generation fermions observed
• Deviations possible but for now all 

agrees with SM
• Higher precision with more data



The Higgs boson
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Higgs boson couplings (within the Standard Model)

Proof of 
condensate !
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This term could 
not exist 

without a vev
vHV

µ
Vµ
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Is the shape of the 
Higgs potential that 

predicted by the 
Standard Model?

Is the Higgs boson responsible for the EW 
symmetry breaking also responsible for the 
masses of fermions?

Is the Higgs boson responsible for the masses 
of all fermions?

All the couplings of the Higgs boson to Standard Model particles 
(except itself) were known before the discovery of the Higgs boson!

<=	Coupling	to	fermions

<=	Coupling	to	gauge	bosons

<=	Coupling	to	itself

(for	3rd generation)

=>	HL-LHC



What else do we learn from Higgs?

• Many problems of particle physics today relate to Higgs observables

26

BH,	Y.	Nir,	
arXiv:1905.00382



Collider Schedules: starting from T0

27

NB:	number	of	seconds/year	differs:	ILC	1.6x107,	FCC-ee &	CLIC:	1.2x107,	CEPC:	1.3x107



HL-LHC Higgs measurement projections 
• Precision:1.5-4.3% (except Zγ)

• dominated by theoretical 
uncertainties for most decay modes

• Scaled by factor 2 compared to 
present uncertainties

• Measurement of absolute 
couplings model-dependent

• Here: assumes no decays to non-SM 
particles
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Fig. 30: (left) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic
uncertainties) on the coupling modifier parameters for ATLAS (blue) and CMS (red). The filled coloured
box corresponds to the statistical and experimental systematic uncertainties, while the hatched grey area
represent the additional contribution to the total uncertainty due to theoretical systematic uncertainties.
(right) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic uncer-
tainties) on the coupling modifier parameters for the combination of ATLAS and CMS extrapolations.
For each measurement, the total uncertainty is indicated by a grey box while the statistical, experimental
and theory uncertainties are indicated by a blue, green and red line respectively.

a simple scaling of the cross sections and luminosities is applied, which is a fair assessment with the
current systematic uncertainties and assuming that the experimental performance and systematic uncer-
tainties are unchanged with respect to the current LHC experiments. Two scenarios are then assumed
for the theoretical and modelling systematic uncertainties on the signal and backgrounds. The first (S2)
is the foreseen baseline scenario at HL-LHC, and the second (S20) is a scenario where theoretical and
modelling systematic uncertainties are halved, which in many cases would correspond to uncertainties
roughly four times smaller than for current Run 2 analyses. It should be noted that HL-LHC measure-
ments, whose precision is limited by systematic uncertainties, would also improve for S2’. The results
of these projections are reported in Table 38.

2.8 Higgs couplings precision overview in the Kappa-framework and the nonlinear EFT24

After the discovery of the Higgs boson at the LHC, the first exploration of the couplings of the new
particle at Run I and Run II has achieved an overall precision at the level of ten percent. One of the main
goals of Higgs studies at the HL-LHC or HE-LHC will be to push the sensitivity to deviations in the
Higgs couplings close to the percent level.

In this section we study the projected precision that would be possible at such high luminosity
and high energy extensions of the LHC from a global fit to modifications of the different single-Higgs
couplings. Other important goals of the Higgs physics program at the HL/HE-LHC, such as extend-
ing/complementing the studies of the total rates with the information from differential distributions, or
getting access to the Higgs trilinear coupling, will be covered in other parts of this document.

In order to study single-Higgs couplings, we introduce a parametrisation, the nonlinear EFT, that
24 Contacts: J. de Blas, O. Catà, O. Eberhardt, C. Krause
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Comparison of Colliders
• HL-LHC achieves precision 

of ~1-3% in most cases
• In some cases model-

dependent
• Proposed 𝒆-𝒆. and ep

colliders improve w.r.t. HL-
LHC by factors of ~2 to 10

• Initial stages of 𝒆-𝒆.
colliders have comparable 
sensitivities (within factors of 
2)

• ee colliders constrain 𝑩𝑹 →
𝒖𝒏𝒕𝒂𝒈𝒈𝒆𝒅	w/o assumptions

• Access to 𝜿𝒄 at ee and eh

29
arXiv:1905.03764



Higgs width and/or untagged decays

30

• Unique feature of lepton-lepton 
colliders:

• Detecting the Higgs boson without 
seeing decay: “recoil method”

• Measure ZH cross section with high 
precision without assumptions on 
decay

• Often interpreted as quasi-direct 
measurement of width

=>	Will	probe	width	with	1-2%	precision

In	kappa-framework:	

arXiv:1905.03764

??



Invisible H decays: H→ET
miss

• Direct searches dominate 
sensitivity

• HL-LHC will have sensitivity to ~2.6%
• e+e- colliders improve to ~0.3%
• FCC-hh probes below SM value: 

~0.025% 
31
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Electroweak potential

32

G.	Servant



Measurement of Higgs Self-Coupling
• Di-Higgs processes at hadron 

colliders: 
• 𝝈(𝑯𝑯) ≈ 𝟎. 𝟎𝟏×𝝈(𝑯)
• Important to use differential 

measurements
• Di-Higgs processes at lepton 

colliders
• ZHH or VBF production 

complementary
• Single-Higgs production sensitive 

through loop effects, e.g. for 𝜿𝝀 = 𝟐:
• Hadron colliders: ~3%
• Lepton colliders: ~1%

33



Sensitivity to λ: via single-H and di-H production

• Di-Higgs: 
• HL-LHC: ~50% or better?
• Improved by HE-LHC (~15%), 

ILC500 (~27%), CLIC1500
(~36%)

• Precisely by CLIC3000 (~9%), 
FCC-hh (~5%),

• Robust w.r.t other operators
• Single-Higgs:

• Global analysis: FCC-ee365 
and ILC500 sensitive to ~35% 
when combined with HL-LHC

• ~21% if FCC-ee has 4 detectors
• Exclusive analysis: too 

sensitive to other new physics 
to draw conclusion
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Sensitive	enough	to	probe	if	there	is	a	strong	first	order	EWK	phase	transition	in	early	Universe!



Beyond the SM 
Searches
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Slide by 
[Hitoshi Murayama]
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What is the Dark Matter?

Standard Model only accounts for 
20% of the matter of the Universe

Vera	
Rubin



Dark Matter: the WIMP miracle
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How to search for WIMPs?

39

AMS	satellite

LHC

XENON1T	in	Gran	Sasso

p p39



Problem: why is mHiggs so small?

Higgs mass unstable due to quantum corrections:

40

Mtree needs to be tuned precisely =>seems very 
unnatural!

GeV2



“Naturalness” or “Finetuning” Problem

41 from	H.	Murayama



What and Why?

42

R.	Rattazzi



Simplicity vs Naturalness

43

R.	Rattazzi



Measuring Naturalness
• Measures of fine tuning

• Direct searches: depends on top 
partner constraints in model (e.g. 
SUSY varieties, composite H, twin 
H)

• LHC now: 𝜖 ≲ 10.& − 1
• FCC-hh:  𝜖 ≲ 10.J − 10.& (if nothing)

• Higgs observables: 𝝐	~	𝜹𝒈/𝒈
• Electroweak precision: 𝝐	~	𝟏𝟎𝟐×𝜹𝑺/
𝑺

44

R.	Rattazzi

Higgs	and	EWK	precision	observables	can	
test	naturalness	beyond	direct	searches



Comparison of Colliders
• HL-LHC achieves precision 

of ~1-3% in most cases
• In some cases model-

dependent
• Proposed 𝒆-𝒆. and ep

colliders improve w.r.t. HL-
LHC by factors of ~2 to 10

• Initial stages of 𝒆-𝒆.
colliders have comparable 
sensitivities (within factors of 
2)

• ee colliders constrain 𝑩𝑹 →
𝒖𝒏𝒕𝒂𝒈𝒈𝒆𝒅	w/o assumptions

• Access to 𝜿𝒄 at ee and eh

45
arXiv:1905.03764



Supersymmetry (SUSY)
• Standard Model particles have 

supersymmetric “partners”
• Similar to matter vs anti-matter particles

• Has candidate for Dark Matter: 
• called “WIMP” (weekly interacting 

massive particle)
• Can solve finetuning problem

• Requires stop to be light(ish) 

Without SUSY:



Supersymmetry (SUSY)
• Standard Model particles have 

supersymmetric “partners”
• Similar to matter vs anti-matter particles

• Has candidate for Dark Matter: 
• called “WIMP” (weekly interacting 

massive particle)
• Can solve finetuning problem

• Requires stop to be light(ish) 

47

With SUSY:

+(					)
H H

t~

mt
2~

Mtree
2



48

Supersymmetry (SUSY)

• SM particles have supersymmetric partners:
• Differ by 1/2 unit in spin

• Sfermions (squark, selectron, smuon, ...): spin 0
• gauginos (chargino, neutralino, gluino,…): spin 1/2

• No SUSY particles found as yet:
• SUSY must be broken: breaking mechanism determines phenomenology
• More than 100 parameters even in “minimal” models!

g

G
~G
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Sparticle Cross Sections
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Signature depends many parameters
4 jets + ET

miss 6 jets + ET
miss2 jets + ET

miss 8 jets + ET
miss

• In any real model many signatures may appear at the same time
• But which exactly and with what strength very unclear

• Strategy is to look for many signatures and to interpret both in simplified models 
and in more complete models (e.g. pMSSM)
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Selection and Procedure

• Selection:
• Large missing ET

• Due to neutralinos
• Large HT

• HT=∑ET
jet

• Large Df
• Between missing ET and jets and 

between jets
• Suppress QCD dijet background due 

to jet mismeasurements
• Veto leptons:

• Reject W/Z+jets, top 

• Procedure:
1. Define signal cuts based on 

background and signal MC studies
2. Select control regions that are 

sensitive to individual backgrounds
3. Keep data “blind” in signal region 

until data in control regions are 
understood

4. Open the blind box!
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QCD Dijet Rejection Cut

• Cut on Df(jet, ET
miss)

• Used to suppress and to 
understand and reject QCD 
multi-jet  background 

QCD multijet
background
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Control Regions to check backgrounds

γ+jets W+jets top 

• Adjust background normalization if disagreement observed
• Next: look at the signal region!
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A Nice Candidate Event!

4 jets: pT=974, 276, 146 and 61 GeV
ET

miss=984 GeV
Meff=2441 GeV



Signal Region: Data vs Background



Constraints on Simplified Model

• Limits exclude gluinos up to 2 TeV for LSP masses < 600 GeV
• Limits exclude squarks up to 1.5 TeV for LSP masses < 300 GeV

56



Searches with b-jets
• Strong theoretical motivation for searches with b-jets from 

naturalness arguments
• Sbottom and stop should be “light”
• Both decay via b-jets!

57

N. Arkani-Hamed

Gluino decay:

Direct pair production:



Multiple b-jets + missing ET
• Several signal regions with varying 

number of jets and 0 or 1 lepton
• Main background: top
• Sensitive to gluinos decaying via top or 

b quarks

58

Excludes gluino mass <2.2 TeV
for LSP mass < 1 TeV



Summary of Supersymmetry searches
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Universe Content

Planck,	2013-2015



What type of particle can Dark Matter be?

•Dark Matter particle properties
•Electrically neutral
•Stable (cosmologically)
•Non-relativistic when galaxies form

•Not a Standard Model particle

61



How to search for WIMPs?

62

AMS	satellite

LHC

XENON1T	in	Gran	Sasso

p p62



Signatures for Dark Matter χ

63

1 Introduction

Astrophysical observations have provided compelling evidence for the existence of a non-baryonic dark
component of the universe: dark matter (DM) [1, 2]. The currently most accurate, although somewhat
indirect, determination of DM abundance comes from global fits of cosmological parameters to a variety
of observations [3, 4], while the nature of DM remains largely unknown. One of the candidates for a DM
particle is a weakly interacting massive particle (WIMP) [5]. At the Large Hadron Collider (LHC), one
can search for WIMP DM (�) pair production in pp collisions. WIMP DM would not be detected and its
production leads to signatures with missing transverse momentum. Searches for the production of DM in
association with Standard Model (SM) particles have been performed at the LHC [6–12].

Recently proposed simplified benchmark models for DM production assume the existence of a mediator
particle which couples both to the SM and to the dark sector [13–15]. The searches presented in this paper
focus on the case of a fermionic DM particle produced through the exchange of a spin-0 mediator, which
can be either a colour-neutral scalar or pseudoscalar particle (denoted by � or a, respectively) or a colour-
charged scalar mediator (�b). The couplings of the mediator to the SM fermions are severely restricted
by precision flavour measurements. An ansatz that automatically relaxes these constraints is Minimal
Flavour Violation [16]. This assumption implies that the interaction between any new neutral spin-0
state and SM matter is proportional to the fermion masses via Yukawa-type couplings1. It follows that
colour-neutral mediators would be sizeably produced through loop-induced gluon fusion or in association
with heavy-flavour quarks. The characteristic signature used to search for the former process is a high
transverse momentum jet recoiling against missing transverse momentum [7, 11].

This paper focuses on dark matter produced in association with heavy flavour (top and bottom) quarks.
These final states were addressed by the CMS Collaboration in Ref. [17]. For signatures with two top
quarks (tt̄ +�/a), final states where both W bosons decay into hadrons or both W bosons decay into leptons
are considered in this paper. They are referred to as fully hadronic and dileptonic tt̄ decays, respectively.
Searches in final-state events characterised by fully hadronic or dileptonic top-quark pairs have been
carried out targeting supersymmetric partners of the top quarks [18, 19]. Due to the di�erent kinematics

1Following Ref. [14], couplings to W and Z bosons, as well as explicit dimension-4 �–h or a–h couplings, are set to zero in
this simplified model. In addition, the coupling of the mediator to the dark sector are not taken to be proportional to the mass of
the DM candidates.

directly, leading to a di�erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.

Following the example of Ref. [?], the interaction Lagrangian is written as
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Figure 1: Representative Feynman diagram showing the pair production of Dark
Matter particles in association with tt̄ (or bb̄).
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directly, leading to a di�erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
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these models have not been studied as extensively as others in this Forum.

Following the example of Ref. [?], the interaction Lagrangian is written as

�/a

g

g

t̄

�

�̄

t

�/a

g

g

b̄

�

�̄

b

�b

�b

g

b

�̄

b

�

Figure 1: Representative Feynman diagram showing the pair production of Dark
Matter particles in association with tt̄ (or bb̄).

1

(c)

Figure 1: Representative diagrams at the lowest order for spin-0 mediator associated production with top and bottom
quarks: (a) colour-neutral spin-0 mediator associated production with bottom quarks bb̄ +�/a; (b) colour-neutral
spin-0 mediator associated production with top quarks tt̄ +�/a; (c) colour-charged scalar mediator model decaying
into a bottom quark and a DM particle b-FDM.

2

• Many signatures possible 
depending on properties of particle 
that couples to DM

• Could be the H boson
• Only unknown: coupling to DM gχ

• Could be new particle, e.g. Z’
• Many unknowns: mass, gχ, gq, gl, spin

• Could be several new particle (“dark 
sector”)

• Even more unknowns…



Three ways to search for WIMPs at LHC

1. Invisible Higgs-boson decays
• If Dark Matter acquires mass through Higgs 

mechanism and is light enough 
2. Supersymmetry

• Decay from other particles, e.g. 
supersymmetric partner of gluon (gluino) 

3. pp->χχ + X
• Inverse of freeze-out process
• Mono-X signature: ET

miss+X
• X=jet, photon, W, Z…

64

X

X+ET
miss



“Invisible” Higgs decays?
• Does dark matter (χ) interact with the Higgs?

• Higgs can decay to dark matter candidates if mH > 2 mχ

65
Z+Dark Matter 2	jets+Dark Matter

DM

DM DM

DM



Search for invisible Higgs decays

66

• Fraction of H bosons decaying invisibly <67% at 95%CL
• Expected limit BR(H->invisible)<39% at 95% CL

Main	Backgrounds:
• ZZ → 𝜈𝜈𝑙𝑙
• WZ → 𝑙𝑙𝑙𝜈



Invisible Higgs decays: VBF jets +ET
miss

67

DM

DM

Fraction of H bosons decaying invisibly 
• Using only direct searches: <26% at 95% CL (exp. <20%)
• Direct and indirect measurements: <23% at 95% CL

arXiv:	

arXiv:1809.06682

Main	Backgrounds:
• VBF	jets	+	Z	(→ 𝜈𝜈)
• VBF	jets	+	W(→ 𝑙𝜈)
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TABLE II: Predicted event yieldsNinv (assuming BR(H ! inv) =
100%), the 1� background uncertainty �NBkg, and the expected
and observed 95% CL limits on the invisible Higgs rateRpp

inv
for each

reported missing energy cut in the 8 TeV 10 fb �1 ATLAS monojet
search [14]. The event yields are given separately for the ggF and
VBF+VH production modes, assuming the SM Higgs production
cross sections in these channels.

the SM cross section, the monojet constraints on the in-
visible branching fraction are not yet relevant. However,
in models beyond the SM the Higgs production rate can
be significantly enhanced, especially in the gluon fusion
channel. One well known example is the case of the SM
extended by the 4th generation of chiral fermions where
the gg ! H cross section is enhanced by an order of mag-
nitude. In that class of models a large invisible width
may easily arise due to Higgs decays to the 4th gener-
ation neutrinos, in which case the monojet constraints
discussed here become very important. More generally,
the ggF rate can be enhanced whenever there exist addi-
tional colored scalars or fermions whose mass originates
(entirely or in part) from electroweak symmetry break-
ing. In a model-independent way, we can describe their
e↵ect on the ggF rate via the e↵ective Higgs coupling to
gluons:

�L =
cgg

4
HG

a

µ⌫
G

µ⌫,a
, (4)

where cgg can take arbitrary real values depending on
the number of additional colored species, their masses,
their spins, and their couplings to the Higgs. Further-
more, given the small Higgs width in the SM, �H,SM ⇠

10�5
mH , a significant invisible width �H,inv ⇠ �H,SM

may easily arise even from small couplings of the Higgs
to new physics, for example to massive neutrinos or to
dark matter in Higgs portal models. We parametrize
these possible couplings simply via the invisible branch-
ing fraction Brinv, which is allowed to take any value
between 0 and 1. In Fig 2 we plot the best fit region
to the LHC Higgs data in the Brinv-cgg parameter space.
For the SM value cgg = 0 an invisible branching frac-
tion larger than ⇠ 20% is disfavored at 95% CL. When
cgg > 0, the global fit admits a larger invisible branch-
ing fraction, even up to Brinv ⇠ 50%. Nevertheless, the
monojet constraints on the Higgs invisible width derived
in this paper are weaker then the indirect constraints
from the global fits, when the latest Higgs data are taken
into account.

Invisible branching fraction and direct detection

If the invisible particle into which the Higgs boson
decays is a constituent of dark matter in the universe,
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FIG. 2: 68% CL (light green) and 95% CL (dark green) best fit
regions to the combined LHC Higgs data. The black meshed region
is excluded by the monojet constraints derived in this paper, while
the red meshed region is excluded by the recent ATLAS Z+(H !
MET) search [25].

the Higgs coupling to dark matter can be probed not
only at the LHC but also in direct detection experi-
ments. In this section, we discuss the complementarity of
these two direct detection methods. We consider generic
Higgs-portal scenarios in which the dark matter particle
is a real scalar, a real vector, or a Majorana fermion,
� = S, V, f [7, 26]. The relevant terms in the e↵ective
Lagrangian in each of these cases are
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The partial Higgs decay width into dark matter �(H !

��) and the spin–independent �–proton elastic cross sec-
tion �

SI

�p
can be easily calculated in terms of the param-

eters of the Lagrangian, and we refer to Ref. [7] for com-
plete expressions. For the present purpose, it is impor-
tant that both �(H ! ��) and �

SI

�p
are proportional to

�
2

H��
; therefore, the ratio r� = �(H ! ��)/�SI

�p
depends

only on the dark matter mass M� and known masses
and couplings (throughout, we assume the Higgs mass
be MH = 125 GeV). This allows us to relate the invisi-
ble Higgs branching fraction to the direct detection cross
section:

BRinv

�
⌘

�(H ! ��)

�SM

H
+ �(H ! ��)

=
�
SI

�p

�SM

H
/r� + �SI

�p

(6)

with �SM

H
the total decay width into all particles in the

SM. For a given M�, the above formula connects the
invisible branching fraction probed at the LHC to the
dark matter-nucleon scattering cross section probed by
XENON100. For mp ⌧ M� ⌧

1

2
MH , and assuming

the visible decay width equals to the SM total width
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TABLE II: Predicted event yieldsNinv (assuming BR(H ! inv) =
100%), the 1� background uncertainty �NBkg, and the expected
and observed 95% CL limits on the invisible Higgs rateRpp

inv
for each

reported missing energy cut in the 8 TeV 10 fb �1 ATLAS monojet
search [14]. The event yields are given separately for the ggF and
VBF+VH production modes, assuming the SM Higgs production
cross sections in these channels.

the SM cross section, the monojet constraints on the in-
visible branching fraction are not yet relevant. However,
in models beyond the SM the Higgs production rate can
be significantly enhanced, especially in the gluon fusion
channel. One well known example is the case of the SM
extended by the 4th generation of chiral fermions where
the gg ! H cross section is enhanced by an order of mag-
nitude. In that class of models a large invisible width
may easily arise due to Higgs decays to the 4th gener-
ation neutrinos, in which case the monojet constraints
discussed here become very important. More generally,
the ggF rate can be enhanced whenever there exist addi-
tional colored scalars or fermions whose mass originates
(entirely or in part) from electroweak symmetry break-
ing. In a model-independent way, we can describe their
e↵ect on the ggF rate via the e↵ective Higgs coupling to
gluons:

�L =
cgg

4
HG

a

µ⌫
G

µ⌫,a
, (4)

where cgg can take arbitrary real values depending on
the number of additional colored species, their masses,
their spins, and their couplings to the Higgs. Further-
more, given the small Higgs width in the SM, �H,SM ⇠

10�5
mH , a significant invisible width �H,inv ⇠ �H,SM

may easily arise even from small couplings of the Higgs
to new physics, for example to massive neutrinos or to
dark matter in Higgs portal models. We parametrize
these possible couplings simply via the invisible branch-
ing fraction Brinv, which is allowed to take any value
between 0 and 1. In Fig 2 we plot the best fit region
to the LHC Higgs data in the Brinv-cgg parameter space.
For the SM value cgg = 0 an invisible branching frac-
tion larger than ⇠ 20% is disfavored at 95% CL. When
cgg > 0, the global fit admits a larger invisible branch-
ing fraction, even up to Brinv ⇠ 50%. Nevertheless, the
monojet constraints on the Higgs invisible width derived
in this paper are weaker then the indirect constraints
from the global fits, when the latest Higgs data are taken
into account.

Invisible branching fraction and direct detection

If the invisible particle into which the Higgs boson
decays is a constituent of dark matter in the universe,
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FIG. 2: 68% CL (light green) and 95% CL (dark green) best fit
regions to the combined LHC Higgs data. The black meshed region
is excluded by the monojet constraints derived in this paper, while
the red meshed region is excluded by the recent ATLAS Z+(H !
MET) search [25].

the Higgs coupling to dark matter can be probed not
only at the LHC but also in direct detection experi-
ments. In this section, we discuss the complementarity of
these two direct detection methods. We consider generic
Higgs-portal scenarios in which the dark matter particle
is a real scalar, a real vector, or a Majorana fermion,
� = S, V, f [7, 26]. The relevant terms in the e↵ective
Lagrangian in each of these cases are
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The partial Higgs decay width into dark matter �(H !

��) and the spin–independent �–proton elastic cross sec-
tion �

SI

�p
can be easily calculated in terms of the param-

eters of the Lagrangian, and we refer to Ref. [7] for com-
plete expressions. For the present purpose, it is impor-
tant that both �(H ! ��) and �

SI

�p
are proportional to
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2

H��
; therefore, the ratio r� = �(H ! ��)/�SI

�p
depends

only on the dark matter mass M� and known masses
and couplings (throughout, we assume the Higgs mass
be MH = 125 GeV). This allows us to relate the invisi-
ble Higgs branching fraction to the direct detection cross
section:
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with �SM

H
the total decay width into all particles in the

SM. For a given M�, the above formula connects the
invisible branching fraction probed at the LHC to the
dark matter-nucleon scattering cross section probed by
XENON100. For mp ⌧ M� ⌧

1

2
MH , and assuming

the visible decay width equals to the SM total width

Assume	Higgs	is	sole	mediator	for	
interactions	between	nucleons	and	dark	
matter

arXiv:1809.05937
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TABLE II: Predicted event yieldsNinv (assuming BR(H ! inv) =
100%), the 1� background uncertainty �NBkg, and the expected
and observed 95% CL limits on the invisible Higgs rateRpp

inv
for each

reported missing energy cut in the 8 TeV 10 fb �1 ATLAS monojet
search [14]. The event yields are given separately for the ggF and
VBF+VH production modes, assuming the SM Higgs production
cross sections in these channels.

the SM cross section, the monojet constraints on the in-
visible branching fraction are not yet relevant. However,
in models beyond the SM the Higgs production rate can
be significantly enhanced, especially in the gluon fusion
channel. One well known example is the case of the SM
extended by the 4th generation of chiral fermions where
the gg ! H cross section is enhanced by an order of mag-
nitude. In that class of models a large invisible width
may easily arise due to Higgs decays to the 4th gener-
ation neutrinos, in which case the monojet constraints
discussed here become very important. More generally,
the ggF rate can be enhanced whenever there exist addi-
tional colored scalars or fermions whose mass originates
(entirely or in part) from electroweak symmetry break-
ing. In a model-independent way, we can describe their
e↵ect on the ggF rate via the e↵ective Higgs coupling to
gluons:

�L =
cgg

4
HG

a

µ⌫
G

µ⌫,a
, (4)

where cgg can take arbitrary real values depending on
the number of additional colored species, their masses,
their spins, and their couplings to the Higgs. Further-
more, given the small Higgs width in the SM, �H,SM ⇠

10�5
mH , a significant invisible width �H,inv ⇠ �H,SM

may easily arise even from small couplings of the Higgs
to new physics, for example to massive neutrinos or to
dark matter in Higgs portal models. We parametrize
these possible couplings simply via the invisible branch-
ing fraction Brinv, which is allowed to take any value
between 0 and 1. In Fig 2 we plot the best fit region
to the LHC Higgs data in the Brinv-cgg parameter space.
For the SM value cgg = 0 an invisible branching frac-
tion larger than ⇠ 20% is disfavored at 95% CL. When
cgg > 0, the global fit admits a larger invisible branch-
ing fraction, even up to Brinv ⇠ 50%. Nevertheless, the
monojet constraints on the Higgs invisible width derived
in this paper are weaker then the indirect constraints
from the global fits, when the latest Higgs data are taken
into account.

Invisible branching fraction and direct detection

If the invisible particle into which the Higgs boson
decays is a constituent of dark matter in the universe,
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FIG. 2: 68% CL (light green) and 95% CL (dark green) best fit
regions to the combined LHC Higgs data. The black meshed region
is excluded by the monojet constraints derived in this paper, while
the red meshed region is excluded by the recent ATLAS Z+(H !
MET) search [25].

the Higgs coupling to dark matter can be probed not
only at the LHC but also in direct detection experi-
ments. In this section, we discuss the complementarity of
these two direct detection methods. We consider generic
Higgs-portal scenarios in which the dark matter particle
is a real scalar, a real vector, or a Majorana fermion,
� = S, V, f [7, 26]. The relevant terms in the e↵ective
Lagrangian in each of these cases are
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The partial Higgs decay width into dark matter �(H !

��) and the spin–independent �–proton elastic cross sec-
tion �

SI
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can be easily calculated in terms of the param-

eters of the Lagrangian, and we refer to Ref. [7] for com-
plete expressions. For the present purpose, it is impor-
tant that both �(H ! ��) and �
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are proportional to
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; therefore, the ratio r� = �(H ! ��)/�SI
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depends

only on the dark matter mass M� and known masses
and couplings (throughout, we assume the Higgs mass
be MH = 125 GeV). This allows us to relate the invisi-
ble Higgs branching fraction to the direct detection cross
section:
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the total decay width into all particles in the

SM. For a given M�, the above formula connects the
invisible branching fraction probed at the LHC to the
dark matter-nucleon scattering cross section probed by
XENON100. For mp ⌧ M� ⌧
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the visible decay width equals to the SM total width

With	

4

pmiss

T [GeV] Ngg

inv
NV

inv �NBkg exp. Rpp

inv
obs. Rpp

inv

120 5694 1543 12820 3.5 4.4

220 904 286 1030 1.7 1.6

350 110 45 171 2.2 3.3

500 15 9 73 6.0 1.4

TABLE II: Predicted event yieldsNinv (assuming BR(H ! inv) =
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reported missing energy cut in the 8 TeV 10 fb �1 ATLAS monojet
search [14]. The event yields are given separately for the ggF and
VBF+VH production modes, assuming the SM Higgs production
cross sections in these channels.

the SM cross section, the monojet constraints on the in-
visible branching fraction are not yet relevant. However,
in models beyond the SM the Higgs production rate can
be significantly enhanced, especially in the gluon fusion
channel. One well known example is the case of the SM
extended by the 4th generation of chiral fermions where
the gg ! H cross section is enhanced by an order of mag-
nitude. In that class of models a large invisible width
may easily arise due to Higgs decays to the 4th gener-
ation neutrinos, in which case the monojet constraints
discussed here become very important. More generally,
the ggF rate can be enhanced whenever there exist addi-
tional colored scalars or fermions whose mass originates
(entirely or in part) from electroweak symmetry break-
ing. In a model-independent way, we can describe their
e↵ect on the ggF rate via the e↵ective Higgs coupling to
gluons:

�L =
cgg

4
HG

a

µ⌫
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, (4)

where cgg can take arbitrary real values depending on
the number of additional colored species, their masses,
their spins, and their couplings to the Higgs. Further-
more, given the small Higgs width in the SM, �H,SM ⇠

10�5
mH , a significant invisible width �H,inv ⇠ �H,SM

may easily arise even from small couplings of the Higgs
to new physics, for example to massive neutrinos or to
dark matter in Higgs portal models. We parametrize
these possible couplings simply via the invisible branch-
ing fraction Brinv, which is allowed to take any value
between 0 and 1. In Fig 2 we plot the best fit region
to the LHC Higgs data in the Brinv-cgg parameter space.
For the SM value cgg = 0 an invisible branching frac-
tion larger than ⇠ 20% is disfavored at 95% CL. When
cgg > 0, the global fit admits a larger invisible branch-
ing fraction, even up to Brinv ⇠ 50%. Nevertheless, the
monojet constraints on the Higgs invisible width derived
in this paper are weaker then the indirect constraints
from the global fits, when the latest Higgs data are taken
into account.

Invisible branching fraction and direct detection

If the invisible particle into which the Higgs boson
decays is a constituent of dark matter in the universe,
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FIG. 2: 68% CL (light green) and 95% CL (dark green) best fit
regions to the combined LHC Higgs data. The black meshed region
is excluded by the monojet constraints derived in this paper, while
the red meshed region is excluded by the recent ATLAS Z+(H !
MET) search [25].

the Higgs coupling to dark matter can be probed not
only at the LHC but also in direct detection experi-
ments. In this section, we discuss the complementarity of
these two direct detection methods. We consider generic
Higgs-portal scenarios in which the dark matter particle
is a real scalar, a real vector, or a Majorana fermion,
� = S, V, f [7, 26]. The relevant terms in the e↵ective
Lagrangian in each of these cases are
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The partial Higgs decay width into dark matter �(H !

��) and the spin–independent �–proton elastic cross sec-
tion �

SI
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can be easily calculated in terms of the param-

eters of the Lagrangian, and we refer to Ref. [7] for com-
plete expressions. For the present purpose, it is impor-
tant that both �(H ! ��) and �

SI
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are proportional to
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; therefore, the ratio r� = �(H ! ��)/�SI
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depends

only on the dark matter mass M� and known masses
and couplings (throughout, we assume the Higgs mass
be MH = 125 GeV). This allows us to relate the invisi-
ble Higgs branching fraction to the direct detection cross
section:
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with �SM
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the total decay width into all particles in the

SM. For a given M�, the above formula connects the
invisible branching fraction probed at the LHC to the
dark matter-nucleon scattering cross section probed by
XENON100. For mp ⌧ M� ⌧

1

2
MH , and assuming

the visible decay width equals to the SM total width

Assume	Higgs	is	sole	mediator	for	
interactions	between	nucleons	and	dark	
matter

arXiv:1809.05937

• Approaches are complementary
• Invisible Higgs searches more sensitive at 

low mass (in this model!)
• Direct detection experiments more sensitive 

at high mass (>mH/2)
• If we see anything in the future the other will be 

needed for truly understanding it
• Future: probe BR to ~1% or better
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The flavour puzzles

• Why is there structure in 
charged fermion masses and 
mixing angles?
• Why is there no structure in 

the neutrino fermion masses 
and mixing?
• If there is new physics at the 

TeV scale, why are there not 
flavor-changing neutral 
currents? Y.	Nir,	2018

From	http://ctp.berkeley.edu

VMNS=

Quark	mixing	matrix:

Neutrino	mixing	matrix:

5371
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History: B Mass and Lifetime
• Upsilon observation 1978

• 3rd generation exists
• Mass about 5 GeV

• Lifetime observation 1983:
• Lifetime = 1.5 ps-1

• Enables experimental 
techniques to identify B’s

Phys.Rev.Lett.51:1316,1983

5472
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LHCb at the LHC

• Spectrometer layout: instrumented at |η|>2.1
• Optimized for B-physics: strong tracking and particle ID
• Luminosity lower than ATLAS and CMS
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Particle Identification LHCb

TOF

Important	to	distinguish	hadron	species,	e.g.	pion	and	kaon
• e.g.	B->DK	much	more	common	than	B->Dπ
Use	RICH	detector	to	separate	K	and	π
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Performance Belle II (2018 data)

• Commissioning of experiment successful based on ~0.5 fb-1 of data
• Expect to exceed current Belle+Babar dataset in 2021
• Ultimarte goal: 50 fb-1 by 2025

December 6, 2018     The Belle II Experiment          Kruger2018           Steven Robertson 14

Phase 2 performance
2018 running provided opportunity to validate detector performance

● Achieved instantaneous luminosity of 5.5 x 10
33

 cm
-2
 s

-1
   

● Recorded 472 pb
-1
 integrated luminosity (~1 million B mesons)

Particle identification:

Drift chamber (CDC) Time of Propagation (TOP) detector

December 6, 2018     The Belle II Experiment          Kruger2018           Steven Robertson 15

Phase 2 performance

Calorimeter performance:

 

 π0 reconstruction

Single photon
reconstruction

based on μ+μ-γ  
events

Single-photon trigger available for dark
sector searches (early phase 3 physics!)

Flavour	Physics	Lecture	2												13	July	2018										Mark	Williams	 45	

Belle	II	(2018	−	2022)	

Will	collect	40×	more	data	than	Belle	
(already	a	world	record	luminosity!)	
	
Major	accelerator	and	detector	
upgrades	

Now	‘rediscovering’	flavour	physics	
as	part	of	detector	commissioning	

Complementary	to	LHCb	programme	
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B Physics: Lepton vs Hadron Colliders
Flavour	physics	at	hadron	colliders	

Flavour	Physics	Lecture	2												13	July	2018										Mark	Williams	 20	

B	Factories	 Hadron	colliders	

Asymmetric	e+e−�Υ(4S)	 pp	or	pp					(also	ions…)	_	

Collision	
environment	 Clean!	Pure	BB	event	 Messy!	Proton	remnants	give	

background	particles	

Flavour	tagging		
(initial	B0	or	B0)	

Excellent	
(30%	‘tagging	power’)	

Challenging	
(~5%)	

Belle	(1999-2010)	
BaBar	(1999-2008)	

Tevatron	(<2	TeV,	1983−2011)	
LHC	(<14	TeV,	2008−)	

Production	σ(B)	 1	nb	 ~100−500	μb	

B	hadron	boost	 Small	(βγ	≈	0.5)	 Large	(βγ	≈	100)	

B	hadrons	created 		 B+B−	(50%),	B0B0	(50%)	 B±	(40%),	B0	(40%),	Bs0	(10%)	
b	baryons	(10%)	

_	

�︎	

�︎	

�︎	

�︎	

�︎	

_	

_	
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New physics contributions to B decays
• New physics could contribute to 

B-decays
• SUSY particles can contribute in 

addition to SM particles
• Z’ bosons could also alter the 

effective couplings
• Complementary to direct 

searches

Flavour	Physics	Lecture	1												12	July	2018										Mark	Williams	 22	

Quark	example:		B
s

0
	�	μ

+
μ
−
	decay	

Same	situation:	highly	suppressed	in	SM	

with	precise	prediction.		

	Br(B
s

0�μ
+
μ
−
)		=	3.3	×10

−9	

	

μ
+	

μ
−	s	

b	

_	

t	

W
+	

W
−	

Z
0	

μ
+	

μ
−	s	

b	

_	
t	

W
+	

W
−	

ν
μ	

SM	

Flavour	as	a	probe	of	new	physics	

Flavour	Physics	Lecture	1												12	July	2018										Mark	Williams	 23	

Quark	example:		Bs
0	�	μ+μ−	decay	

Same	situation:	highly	suppressed	in	SM	with	
precise	prediction.		

	Br(Bs
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Observation of Bs®µ+µ-
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Quark	example:		Bs
0	�	μ+μ−	decay	

For	a	long	time	–	improving	limits	
Then	in	2013	both	LHCb	and	CMS	saw	
an	excess	of	events	consistent	with	SM	
decay	rate	

Flavour	as	a	probe	of	new	physics	
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Observation of Bs®µ+µ-
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Quark	example:		Bs
0	�	μ+μ−	decay	

For	a	long	time	–	improving	limits	
Then	in	2013	both	LHCb	and	CMS	saw	
an	excess	of	events	consistent	with	SM	
decay	rate	
Took	combination	of	experimental	data	
to	reach	“5σ”	standard	for	claiming	
observation		

Now	8σ	significance	from	LHCb	data	alone	
–	enough	to	measure	properties	(e.g.	
lifetime)	sensitive	to	NP	effects	

Very	powerful	constraints	on	SUSY	space	

Flavour	as	a	probe	of	new	physics	
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Lepton Flavor Violation (LFV)?
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Flavour	in	the	LHCb	era:	Lepton	universality	

Lepton	universality:	weak	interaction	acts	equally	regardless	of	lepton	flavour	

W	
e	

νe	

W	
μ	

νμ	

W	
τ	

ντ	

=	 =	

Pillar	of	standard	model	–	any	deviation	can	only	be	caused	by	new	physics	
	
Theoretically	clean… 	…Experimentally	challenging…	

• LEP measured leptonic BR of Ws:  
• 2.6σ lower for tau decays

• Precision tests in B decays interesting!

?
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Search for LFV in ! → #(∗)'(' decays

• Measure
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Flavour	in	the	LHCb	era:	Lepton	universality	

b	

d,c	

c	

d,c	

τ,	μ	

ντ,	νμ	

_	 _	

B0,	Bc
+	 D(*)−,	J/ψ	

Compare	l=μ,τ		rates	for	B	�	Dlν	

Tree-level	in	SM,	but	can	have	NP	

contributions	(e.g.	leptoquark)	

W	
SM	

b	

d,c	

_	B0,	Bc
+	

LQ	

τ,	μ	ντ,	νμ	

c	

d,c	

_	

D(*)−,	J/ψ	

NP	(Leptoquark)	

Use	τ�μνν	decays	(17%)	

–	same	final	state	for	both	leptons	

	

Also	use	τ�3πν	(10%)	
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Flavour	in	the	LHCb	era:	Lepton	universality	
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contributions	(e.g.	leptoquark)	
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_	B0,	Bc
+	

LQ	

τ,	μ	ντ,	νμ	

c	

d,c	

_	

D(*)−,	J/ψ	

NP	(Leptoquark)	

Use	τ�μνν	decays	(17%)	

–	same	final	state	for	both	leptons	

	

Also	use	τ�3πν	(10%)	

Differs	from	SM	by	about	4σ
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Search for LFV in !) → *∗)'+',
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Flavour	in	the	LHCb	era:	Lepton	universality	

Also	tension	in	B0	�	K*0μ+μ−	(K*0e+e−)	

Could	we	be	reaching	sensitivity	to	lepton-universality-breaking	effects?!	

https://arxiv.org/abs/1705.05802		
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Flavour	in	the	LHCb	era:	Lepton	universality	

Also	tension	in	B0	�	K*0μ+μ−	(K*0e+e−)	

Could	we	be	reaching	sensitivity	to	lepton-universality-breaking	effects?!	

https://arxiv.org/abs/1705.05802		

Discrepancies	are	>2.1σ	and	2.4σ	in	the	two	regions
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Follow-ups on “Flavour Anomalies”

• More data from LHCb: Run-2 data about 2x 
more than Run-1

• Eagerly awaiting update 
• Completely independent analysis by Belle-II

• Expect Belle result on RK soon but unclear if 
statistically sufficient

• Belle-II expected to pass Belle+BaBar by ~2021
• Searches for related phenomena in ATLAS 

and CMS
• E.g. leptoquarks => tomorrow

December 6, 2018     The Belle II Experiment          Kruger2018           Steven Robertson 12

B → D(*)τν 

B → Dτν and B → D*τν are tree-level
SM decays containing 3rd generation
quarks and leptons

Belle II can precisely measure
R(D) and R(D*)  to constrain or
identify BSM physics 

● Both charged and neutral B and
various final states

● Ratio of heavy-to-light lepton
modes provides robust theoretical
prediction

● Measurements from BABAR, Belle
and LHCb all independently
deviate from SM (combined ~4σ)

  Belle II 50 ab-1  



Leptoquarks
• New bosons that carry lepton and 

baryon. 
• Became interesting recently due to 

flavor anomalies in B-physics 
experiments (=> yesterday)

arXiv:1811.0080



Explanations of Flavor Anomalies

• High mass di-tau events also 
sensitive to models explaining 
anomaly, e.g. LQ or Z’ exchange

• Will probe region needed to explain 
anomaly with run-2 data.

1706.07808

Z’

LQ



Summary

• Higgs boson scientific programme grown a lot since discovery
• Properties and cross sections agree with SM prediction
• Much higher precision expected in the next years

• Many puzzles continue to exist which might be related to the electroweak 
scale

• Huge programme of searches for new particles
• No significant hints so far 
• Much of interesting parameter space excluded in e.g. SUSY

Many LHC searches are ongoing! 
Hopefully some/one will find something interesting!!
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Dijet search

88

Phys.	Rev.	D	96	(2017)	052004
jet



Dijet Searches: 
Summary of Constraints on gq and M
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Constraints on DM and Mediator masses: gDM=1
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Constraints on DM and Mediator masses: gq=0.1, gl=0.1
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Constraints on DM and Mediator masses: gq=0.1, gl=0.01



Constraints on DM-nuclean cross section
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gq=0.25,	gl=0,	gDM=1



Three ways to search for WIMPs at LHC

1. Invisible Higgs-boson decays
• If Dark Matter acquires mass through Higgs 

mechanism and is light enough 
2. Supersymmetry

• Decay from other particles, e.g. 
supersymmetric partner of gluon (gluino) 

3. pp->χχ + X
• Inverse of freeze-out process
• Mono-X signature: ET

miss+X
• X=jet, photon, W, Z…

94

X

X+ET
miss



Simplified Models for Dark Matter
• Assume there is some “mediator” which couples to both SM and DM 

particles

95

• LHC produces mediator, and then looks for its decay into either DM or SM



Mono-jet search

96

JHEP	01	(2018)	126

jet
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Dark	Matter?



Monojet search interpretation

98

JHEP	01	(2018)	126



Jet Energy Scale

• Jets are calibrated in situ with calibration processed:
• photon+jet, Z+jet, multijet

• Systematic uncertainty due to understanding of
• calibration procedure, jet flavor composition/response, pileup99

, Z



Jet Energy Resolution

• Jet energy resolution 
• pT=50 GeV: σ~12-15%
• pT=200 GeV: σ~8%

• Deteriorates with pileup (see tomorrow’s lecture)100



Impact of Pileup

• Pileup can create jets and degrades resolution
• Several correction methods exist

• All work on average but fluctuations are large
• “Jet Area Correction” by M. Cacciari and G. Salam works best

101 arXiv:0707.1378



Missing ET

• Pileup suppression important to retain missing ET resolution
• Resolution typically 5-10 GeV (for events with no ET

miss)
• Long tails can cause up to ~100 GeV of ET

miss

102



What if mediators mostly couple to 3rd

generation?
• Direct detection and dijet constraints can largely be evaded if mediators 

couple primarily to 3rd generation, e.g. 

103

1 Introduction

Astrophysical observations have provided compelling evidence for the existence of a non-baryonic dark
component of the universe: dark matter (DM) [1, 2]. The currently most accurate, although somewhat
indirect, determination of DM abundance comes from global fits of cosmological parameters to a variety
of observations [3, 4], while the nature of DM remains largely unknown. One of the candidates for a DM
particle is a weakly interacting massive particle (WIMP) [5]. At the Large Hadron Collider (LHC), one
can search for WIMP DM (�) pair production in pp collisions. WIMP DM would not be detected and its
production leads to signatures with missing transverse momentum. Searches for the production of DM in
association with Standard Model (SM) particles have been performed at the LHC [6–12].

Recently proposed simplified benchmark models for DM production assume the existence of a mediator
particle which couples both to the SM and to the dark sector [13–15]. The searches presented in this paper
focus on the case of a fermionic DM particle produced through the exchange of a spin-0 mediator, which
can be either a colour-neutral scalar or pseudoscalar particle (denoted by � or a, respectively) or a colour-
charged scalar mediator (�b). The couplings of the mediator to the SM fermions are severely restricted
by precision flavour measurements. An ansatz that automatically relaxes these constraints is Minimal
Flavour Violation [16]. This assumption implies that the interaction between any new neutral spin-0
state and SM matter is proportional to the fermion masses via Yukawa-type couplings1. It follows that
colour-neutral mediators would be sizeably produced through loop-induced gluon fusion or in association
with heavy-flavour quarks. The characteristic signature used to search for the former process is a high
transverse momentum jet recoiling against missing transverse momentum [7, 11].

This paper focuses on dark matter produced in association with heavy flavour (top and bottom) quarks.
These final states were addressed by the CMS Collaboration in Ref. [17]. For signatures with two top
quarks (tt̄ +�/a), final states where both W bosons decay into hadrons or both W bosons decay into leptons
are considered in this paper. They are referred to as fully hadronic and dileptonic tt̄ decays, respectively.
Searches in final-state events characterised by fully hadronic or dileptonic top-quark pairs have been
carried out targeting supersymmetric partners of the top quarks [18, 19]. Due to the di�erent kinematics

1Following Ref. [14], couplings to W and Z bosons, as well as explicit dimension-4 �–h or a–h couplings, are set to zero in
this simplified model. In addition, the coupling of the mediator to the dark sector are not taken to be proportional to the mass of
the DM candidates.

directly, leading to a di�erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.

Following the example of Ref. [?], the interaction Lagrangian is written as
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Figure 1: Representative Feynman diagram showing the pair production of Dark
Matter particles in association with tt̄ (or bb̄).
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Figure 1: Representative Feynman diagram showing the pair production of Dark
Matter particles in association with tt̄ (or bb̄).

1

(c)

Figure 1: Representative diagrams at the lowest order for spin-0 mediator associated production with top and bottom
quarks: (a) colour-neutral spin-0 mediator associated production with bottom quarks bb̄ +�/a; (b) colour-neutral
spin-0 mediator associated production with top quarks tt̄ +�/a; (c) colour-charged scalar mediator model decaying
into a bottom quark and a DM particle b-FDM.

2

=>	Searches	for	b- or	t-jets	+	ETmiss ,	b-jet	resonances,	…



Searches for ET
miss + b-jets

• Jets from b-quarks 
experimentally identified due to 
long lifetime of b-hadrons

• Main Background: 
• 𝒁 → 𝝂𝝂 + b-jets
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shown is indicated by an arrow. The bottom panel shows the ratio of the data to the prediction. The band includes
all systematic uncertainties defined in Sect. 6.
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1 Introduction

Astrophysical observations have provided compelling evidence for the existence of a non-baryonic dark
component of the universe: dark matter (DM) [1, 2]. The currently most accurate, although somewhat
indirect, determination of DM abundance comes from global fits of cosmological parameters to a variety
of observations [3, 4], while the nature of DM remains largely unknown. One of the candidates for a DM
particle is a weakly interacting massive particle (WIMP) [5]. At the Large Hadron Collider (LHC), one
can search for WIMP DM (�) pair production in pp collisions. WIMP DM would not be detected and its
production leads to signatures with missing transverse momentum. Searches for the production of DM in
association with Standard Model (SM) particles have been performed at the LHC [6–12].

Recently proposed simplified benchmark models for DM production assume the existence of a mediator
particle which couples both to the SM and to the dark sector [13–15]. The searches presented in this paper
focus on the case of a fermionic DM particle produced through the exchange of a spin-0 mediator, which
can be either a colour-neutral scalar or pseudoscalar particle (denoted by � or a, respectively) or a colour-
charged scalar mediator (�b). The couplings of the mediator to the SM fermions are severely restricted
by precision flavour measurements. An ansatz that automatically relaxes these constraints is Minimal
Flavour Violation [16]. This assumption implies that the interaction between any new neutral spin-0
state and SM matter is proportional to the fermion masses via Yukawa-type couplings1. It follows that
colour-neutral mediators would be sizeably produced through loop-induced gluon fusion or in association
with heavy-flavour quarks. The characteristic signature used to search for the former process is a high
transverse momentum jet recoiling against missing transverse momentum [7, 11].

This paper focuses on dark matter produced in association with heavy flavour (top and bottom) quarks.
These final states were addressed by the CMS Collaboration in Ref. [17]. For signatures with two top
quarks (tt̄ +�/a), final states where both W bosons decay into hadrons or both W bosons decay into leptons
are considered in this paper. They are referred to as fully hadronic and dileptonic tt̄ decays, respectively.
Searches in final-state events characterised by fully hadronic or dileptonic top-quark pairs have been
carried out targeting supersymmetric partners of the top quarks [18, 19]. Due to the di�erent kinematics

1Following Ref. [14], couplings to W and Z bosons, as well as explicit dimension-4 �–h or a–h couplings, are set to zero in
this simplified model. In addition, the coupling of the mediator to the dark sector are not taken to be proportional to the mass of
the DM candidates.
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directly, leading to a di�erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
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(c)

Figure 1: Representative diagrams at the lowest order for spin-0 mediator associated production with top and bottom
quarks: (a) colour-neutral spin-0 mediator associated production with bottom quarks bb̄ +�/a; (b) colour-neutral
spin-0 mediator associated production with top quarks tt̄ +�/a; (c) colour-charged scalar mediator model decaying
into a bottom quark and a DM particle b-FDM.
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1 Introduction

Astrophysical observations have provided compelling evidence for the existence of a non-baryonic dark
component of the universe: dark matter (DM) [1, 2]. The currently most accurate, although somewhat
indirect, determination of DM abundance comes from global fits of cosmological parameters to a variety
of observations [3, 4], while the nature of DM remains largely unknown. One of the candidates for a DM
particle is a weakly interacting massive particle (WIMP) [5]. At the Large Hadron Collider (LHC), one
can search for WIMP DM (�) pair production in pp collisions. WIMP DM would not be detected and its
production leads to signatures with missing transverse momentum. Searches for the production of DM in
association with Standard Model (SM) particles have been performed at the LHC [6–12].

Recently proposed simplified benchmark models for DM production assume the existence of a mediator
particle which couples both to the SM and to the dark sector [13–15]. The searches presented in this paper
focus on the case of a fermionic DM particle produced through the exchange of a spin-0 mediator, which
can be either a colour-neutral scalar or pseudoscalar particle (denoted by � or a, respectively) or a colour-
charged scalar mediator (�b). The couplings of the mediator to the SM fermions are severely restricted
by precision flavour measurements. An ansatz that automatically relaxes these constraints is Minimal
Flavour Violation [16]. This assumption implies that the interaction between any new neutral spin-0
state and SM matter is proportional to the fermion masses via Yukawa-type couplings1. It follows that
colour-neutral mediators would be sizeably produced through loop-induced gluon fusion or in association
with heavy-flavour quarks. The characteristic signature used to search for the former process is a high
transverse momentum jet recoiling against missing transverse momentum [7, 11].

This paper focuses on dark matter produced in association with heavy flavour (top and bottom) quarks.
These final states were addressed by the CMS Collaboration in Ref. [17]. For signatures with two top
quarks (tt̄ +�/a), final states where both W bosons decay into hadrons or both W bosons decay into leptons
are considered in this paper. They are referred to as fully hadronic and dileptonic tt̄ decays, respectively.
Searches in final-state events characterised by fully hadronic or dileptonic top-quark pairs have been
carried out targeting supersymmetric partners of the top quarks [18, 19]. Due to the di�erent kinematics
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Figure 1: Representative diagrams at the lowest order for spin-0 mediator associated production with top and bottom
quarks: (a) colour-neutral spin-0 mediator associated production with bottom quarks bb̄ +�/a; (b) colour-neutral
spin-0 mediator associated production with top quarks tt̄ +�/a; (c) colour-charged scalar mediator model decaying
into a bottom quark and a DM particle b-FDM.
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1 Introduction

Astrophysical observations have provided compelling evidence for the existence of a non-baryonic dark
component of the universe: dark matter (DM) [1, 2]. The currently most accurate, although somewhat
indirect, determination of DM abundance comes from global fits of cosmological parameters to a variety
of observations [3, 4], while the nature of DM remains largely unknown. One of the candidates for a DM
particle is a weakly interacting massive particle (WIMP) [5]. At the Large Hadron Collider (LHC), one
can search for WIMP DM (�) pair production in pp collisions. WIMP DM would not be detected and its
production leads to signatures with missing transverse momentum. Searches for the production of DM in
association with Standard Model (SM) particles have been performed at the LHC [6–12].

Recently proposed simplified benchmark models for DM production assume the existence of a mediator
particle which couples both to the SM and to the dark sector [13–15]. The searches presented in this paper
focus on the case of a fermionic DM particle produced through the exchange of a spin-0 mediator, which
can be either a colour-neutral scalar or pseudoscalar particle (denoted by � or a, respectively) or a colour-
charged scalar mediator (�b). The couplings of the mediator to the SM fermions are severely restricted
by precision flavour measurements. An ansatz that automatically relaxes these constraints is Minimal
Flavour Violation [16]. This assumption implies that the interaction between any new neutral spin-0
state and SM matter is proportional to the fermion masses via Yukawa-type couplings1. It follows that
colour-neutral mediators would be sizeably produced through loop-induced gluon fusion or in association
with heavy-flavour quarks. The characteristic signature used to search for the former process is a high
transverse momentum jet recoiling against missing transverse momentum [7, 11].
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These final states were addressed by the CMS Collaboration in Ref. [17]. For signatures with two top
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are considered in this paper. They are referred to as fully hadronic and dileptonic tt̄ decays, respectively.
Searches in final-state events characterised by fully hadronic or dileptonic top-quark pairs have been
carried out targeting supersymmetric partners of the top quarks [18, 19]. Due to the di�erent kinematics
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this simplified model. In addition, the coupling of the mediator to the dark sector are not taken to be proportional to the mass of
the DM candidates.
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Figure 1: Representative diagrams at the lowest order for spin-0 mediator associated production with top and bottom
quarks: (a) colour-neutral spin-0 mediator associated production with bottom quarks bb̄ +�/a; (b) colour-neutral
spin-0 mediator associated production with top quarks tt̄ +�/a; (c) colour-charged scalar mediator model decaying
into a bottom quark and a DM particle b-FDM.
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Interlude: Measuring Jets and Missing ET

• Jets and ET
miss are experimentally among the most challenging 

quantities to measure
• Jets are primarily measured by calorimeter but significantly aided by tracker

• E.g. CMS has so-called “particle flow” algorithm which attempts to use tracker for charged 
hadrons and calorimeter for neutral hadrons only

• ET
miss is a derived quantity:
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Partons are Produced in the hard scatter

• Would like to know the 4-vector of these partons
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Partons hadronize

• Hadronization is non-perturbative QCD phenomenon
• Phenomenological models implemented in Monte Carlo generators

• Lund String Model: PYTHIA, SHERPA
• Cluster fragmentation: HERWIG

• Semileptonic decays of heavy quarks cannot be recovered by 
experimental technique event by event

108



Multiple pp interactions (Pileup)

• Particles from additional pp interactions can overlap jet from hard scatter
• LHC run 2: <μ>=10-70
• HL-LHC: up to ~200 

• There is also so-called “out-of-time pileup”
• ATLAS calorimeter integrates signal from several bunch crossings109



Hadrons enter Calorimeter

• Calorimeter response to hadrons determines what we measure: typical resolution 
• ~1% for pi0’s (as they decay to photons)
• ~10% for charged hadrons (+ significant tail)

• Hadrons can also get stuck before entering calorimeter
• Response may be non-uniform as function of angle

• There are often “crack” regions with poorer instrumentation110



Noise

• Noise can overlap the jet in the calorimeter
• May depend on e.g. instantaneous luminosity
• Must be subtracted from jet on average
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End of Interlude =>
Back to Searches 

with Jets
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WW scattering
• Higgs prevents unitarity violation of WLWL cross section

• s(pp®WW) > s(pp ® anything)
• => illegal!
• at √s=√(8π<Φ>2)=1.2 TeV

• Before finding the Higgs boson we knew that something had 
to be found at LHC to prevent unitarity violation

• check if energy dependence as expected from SM Higgs
• will not be the case if new particles contribute to vertex



Vector boson fusion and scattering
• Process characterized by 

• 2 high pT jets at high |η|
• Large separation between 

these two jets |Δη|
• No hard jets between them

• Typical analysis signature
• High invariant dijet mass mjj
• Large Δη
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• Recent analysis:
• Observation for electroweak production of W±W± pairs

+ …γ,Z,H



Vector Boson Scattering
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• Cross sections measured in fiducial regions corresponding to 
measurement phase space

• in agreement with SM expectation
• Significance of signal for electroweak production of W±W±: >5σ
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• Minimal Supersymmetric Standard Model:
• 2 Higgs-Fields: Parameter tanb=<Hu>/<Hd>
• 5 Higgs bosons: h, H, A, H±

• Neutral Higgs Boson:
• Pseudoscalar A
• Scalar H, h

• Lightest Higgs (h) very similar to SM

Higgs in Supersymmetry (MSSM)



Supersymmetric Higgs boson

• Constraints on mass of A vs tanβ


