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Topics from Parallel Sessions (Sunday)

• BSM vision, Elina Fuchs

• Prospects for BSM at LHC (experimental vision), Livia Soffi

• BSM Higgs physics at LHC (Direct and indirect from Higgs couplings), 

Tiesheng Dai

• New physics searches with the ILD detector at ILC, Mikael Berggren 

• EW SUSY production at the LHC, Holly Pacey

• Strong SUSY and third generation SUSY, Joshua Hiltbrand

• Probing dark matter with ILC, Aleksander Filip Zarnecki 

• Search for dark matter at the LHC, Janna Katharina Behr 

• Probing Higgs-portal dark matter with vector-boson fusion, Eric Madge
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Topics from Parallel Sessions (Wednesday)

• SM anomalies and BSM interpretations, Claudia Cornelia

• Leptoquarks and HVB (in scenarios of LFU anomaly), Arne Christoph Reimers

• Constraints on colored scalars from global fits, Victor Miralles

• BSM with axions, Andrea Thamm

• Searches for Axion-Like particles, Adrian Casais Vidal

• Searches for long-lived particles at CMS, Malgorzata Kazana

• Long-lived particles and unconventional signatures at LHC, Monica Verducci

• Prospects for searches of new physics at future facilities beyond HL-LHC, 

Clement Helsens

• Search prospects for extremely weekly-interacting particles in gamma factory, 

Sreemanti Chakraborti

• Search for heavy resonances at LHC (ED, HVB, etc…), Dominik Duda

• Cosmological approaches to the Higgs hierarchy problem, Daniele Teresi
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T H E  S TA N D A R D  M O D E L  O F  PA RT I C L E  P H Y S I C S
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The Higgs boson

Force Carriers

(All discovered already since 1983)

(after a 40-year search)
+ anti-particles


(i.e. copies of opposite charge)

All particle foreseen by the Standard Model have been observed

(1994)

(2012)

JHEP01(2021)148
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Big

Bang

Higgs field 
became active

13.7 billion years = 1026 m

Particles are 
massless

Particles have 
mass

Higgs Boson 
potential

There is matter, but not 

anti-matter

Now

Higgs Boson 
potential

Ordinary matter
5%

Dark Energy
68%

Dark Matter
27%

Electroweak 

phase 

transition

E V I D E N C E  F O R  B E Y O N D  S TA N D A R D  M O D E L  P H Y S I C S

Baryon Asymmetry

Matter and anti-
matter are in 
equilibrium

Higgs mass

Hierarchy problem

Planck scale: 1018 GeV

Higgs mass: 102 GeV
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Are there more forces?

particles? symmetries?

Adapted from: Maury Tigner; Physics Today  54, 36-40 (2001) — Originally from Persis Drell

Explain mass and relative 
strengths of the fundamental 

forces

Are there extra dimensions? 

What is the structure of 

spacetime?

What is the structure and 
fate of the Universe?

What is the right description of 
gravity, and where does it become 

relevant for particle physics?

Is there unification of all forces? What 
breaks it?

What breaks electroweak symmetry? 
What is the origin of mass?

What is the physics beyond the SM? 
New particles? New interactions?

Flavor puzzles: 

Can we understand the masses, 


and fermions mixing?Why 3 families?

Where does CP violation come from?

Can we explain the universe?

Is it matter dominated? 


Cosmological constant? 

What is dark-matter?

pp collider

100 TeV

Muon 
collider

e+e- 
collider

Z factory

e+e- collider

multi-TeV

Neutrino 
factory

e+e- collider

Higgs factory

B, τ, charm

factories

pp collider 

LHC 14 TeV

Particle 
astrophysics
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T H E  L A R G E  H A D R O N  C O L L I D E R
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L= ~140 fb-1

Largest energy collider in the world → our current tool 



S U P E R S Y M M E T RY  ( S U S Y )

• A favorite, ideal, long-time candidate to explain most of questions raised

• Symmetry between bosons and fermions, provides dark matter candidate, provides 

unification of forces, no fine-tuning required for Higgs mass


• Unfortunately, no evidence for SUSY found yet

10

Dark Matter

Candidates

(Assuming R-Parity 

Conservation)

Mass gluino > 1-2 TeV (depending on models)

Strong SUSY production

Large cross section



E L E C T R O W E A K  S U P E R S Y M M E T RY
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NLSP

Wino, Higgsino, sleptons

Lightest SUSY Particle

Higgsino


Bino

Gravitino


Axino

W/Z/H

W/Z/H

Several decay modes

Several decay modes

Rare signatures, less constrained than Strong SUSY

Missing

Energy



E L E C T R O W E A K  S U P E R S Y M M E T RY

12ATLAS Summary Plots CMS Summary Plots

See talk by Holly Pacey

Excluded gaugino phase space for several final states

(95% CL limits up to 1-1.3 TeV)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-019/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS


S TA N D A R D  AT L A S  S U S Y  S E A R C H E S  S U M M A RY
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E X T R A  D I M E N S I O N S

• Hierachy problem solved by bringing down Planck scale

• n extra dimensions, compactified at radius R


• SM confined to brane in a higher dimensional space


• Only gravity can access extra dimensions
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40  

 Extra Space Dimensions 

Gravity becomes strong! 

Problem: 



D I R E C T  N E W  P H Y S I C S  S E A R C H E S  F R O M  L H C
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Contact Interactions

Dark Matter

SUSY RPV

Extra Dimensions

Excited Fermions

Heavy Fermions

Leptoquarks

New Gauge Bosons

1 TeV 10 TeV

Other

0.1 TeV
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N E W  I N T E R E S T I N G  A N O M A L I E S

• Flavor: B, K and D meson sector

• Muon magnetic moment from g-2 (expect updated results soon)

• Dark Matter (AMS, Fermi-LAT, Xenon1T)

• Neutrinos


• MiniBoone, LSND: νμ → νe excess

• Gallium, Reactors: νe, νe disappearance

16

No convincing discoveries yet, but intriguing tensions

_
_



M U O N  A N O M A L O U S  M A G N E T I C  M O M E N T  C O M PAT I B I L I T Y  W I T H  
S U S Y

17

g-2 Experiment

(arXiv:2104.03281)

Muon Anomalous Magnetic Moment 



N O  N E W  P H Y S I C S  O B S E R V E D

18

→  L O O K  F U RT H E R / D E E P E R

Explore new tools and techniques



Long-lived particles (LLPs)

• Challenges:

• Often requires new triggers

• Exotic detector signatures (requiring new 

tools)

• Non-standard backgrounds

19

Could have escaped observation so far

Long-lived particles (LLPs) are common in BSM 

• Small phase space for decay (e.g. Split SUSY)

• Small couplings to SM particles


• Suppressed (e.g. Higgs/gauge portal to Dark Sector)

• Forbidden by symmetry (SUSY R-parity)

see talk by Małgorzata Kazana

and Monica Verducci 
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Displaced vertices

Track-less jets

Displaced leptons

Disappearing track

Large pixel dE/dx



N O  N E W  P H Y S I C S  O B S E R V E D
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→  L O O K  F U RT H E R / D E E P E R

The highest energy possible

The highest luminosity possible

As low backgrounds as possible

Explore new tools and techniques



T H E  L A R G E  H A D R O N  C O L L I D E R
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L= ~140 fb-1

LHC and experiments 
being upgraded 

Restart in 2022 with slightly higher energy (13 TeV → 13.6/14 TeV)

Next run: 300 fb-1 (15 million Higgs particles)
HL-LHC: 3000-4000 fb-1



New high-energy collider projects
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Future	Circular	Collider	(FCC-ee):	CERN	
e+e-,	√s:	90	-	350	(365)	GeV;	FCC-hh	pp	
Circumference:	97.75	km	

Circular	Electron	Positron	Collider	
(CEPC),	China	
e+e-,	√s:	90-240	GeV;	SPPC	pp,		
Circumference:	100	km	

2	EP	R&D	kick-off,	November	20,		2017	

International	Linear	Collider	(ILC):		
Japan	(Kitakami)	
e+e-,	√s:	250	–	500	GeV	(1	TeV)	
Length:	17	km,	31	km	(50	km)	

high-energy	e+e-	collider	projects		

Compact	Linear	Collider	(CLIC):	CERN	
e+e-,	√s:	380	GeV,	1.5	TeV,	3	TeV	
Length:	11	km,	29	km	,	50	km	



Hadron versus lepton colliders

1. Proton are compound objects


•  Initial state unknown  (particle and momentum)


•  Limits achievable precision


2. High rates of QCD background


•  Complex triggers


•  High levels of radiation


•  Detector design focus on radiation hardness of 
many sub-detectors 


3. Very high-energy circular colliders feasible

24

1. Electrons are point-like particles


•  Initial state well-defined (particle, energy, 
polarization?)


•  High-precision measurements


2. Clean experimental environment


•  No (less) need for triggers


•  Lower levels of radiation 


3. Very high-energies require linear colliders

S/B ~ 10-10 S/B ~ 10-3



European Strategy for Particle Physics, 2020

An electron-positron Higgs factory is the highest-priority next collider. For the longer term, 
the European particle physics community has the ambition to operate a proton-proton 
collider at the highest achievable energy. Accomplishing these compelling goals will 
require innovation and cutting- edge technology: 

	 ●  the particle physics community should ramp up its R&D effort focused on advanced 
accelerator technologies, in particular that for high-field superconducting magnets, 
including high- temperature superconductors;  

	 ●  Europe, together with its international partners, should investigate the technical and 
financial feasibility of a future hadron collider at CERN with a centre-of-mass energy of at 
least 100 TeV and with an electron-positron Higgs and electroweak factory as a possible 
first stage. Such a feasibility study of the colliders and related infrastructure should be 
established as a global endeavour and be completed on the timescale of the next Strategy 
update.  
The timely realisation of the electron-positron International Linear Collider (ILC) in Japan 
would be compatible with this strategy and, in that case, the European particle physics 
community would wish to collaborate. 25

https://cds.cern.ch/record/2720131?ln=en



What we know about the Higgs

•Gives mass to the W and Z bosons


•Gives mass to 3rd generation fermions via 
Yukawa interaction


•Evidence it couples to the 2nd generation 
fermions as expected


•Has spin 0


•Not composite (down to 10-19 m)
26

JHEP01(2021)148



Higgs as a special probe

• Measure Higgs properties with highest precision


• Couplings fixed by masses, yukawa hierarchy?


• Does it couple to the lighter fermions?


•    determines shape and evolution of the Higgs potential → cosmological implications


• Is it a pure scalar or does it have a CP structure?


• What stabilizes its mass much below the Planck scale?


• New dark states? → Portal to new physics beyond SM 


• Search for rare processes, through high-accuracy studies of SM cross sections

27

ℒHiggs = (Dμϕ)†(Dμϕ)−V(ϕ†ϕ) − ψLΓψRϕ − ψRΓ†ψLϕ†

V(ϕ†ϕ) = −
m2

H

2
ϕ†ϕ +

1
2

λ(ϕ†ϕ)2

λ =
m2

H

2v2

λ

e+e- colliders offer advantages due to the potentially high accuracy of measurements



Higgs coupling measurement at future colliders

28

95% CL limits



BSM Physics through Exotic Higgs Decays

29

Chinese Physics C Vol. 41, No. 6 (2017) 063102

(bb̄)(⌧+
⌧
�), (⌧+

⌧
�)(⌧+

⌧
�), (jj)(��), and (��)(��) de-

cay channels. For a decay topology of h ! 2 ! 3 ! 4
where intermediate resonances are involved, we choose
the lightest stable particle mass to be 10 GeV, the mass
splitting to be 40 GeV and the intermediate resonance
mass to be 10 GeV, which applies to (bb̄)+/ET, (jj)+/ET,
(⌧+

⌧
�)+/ET. For a decay topology of h! 2! (1+3), we

choose the lightest stable particle mass to be 10 GeV and
the mass splitting to be 40 GeV, which applies to bb̄+/ET,

jj+ /ET, ⌧+
⌧
�+ /ET. For the Higgs invisible decays, we

take the best limits in the running scenario ECFA16-S2
amongst the Zh associated production and VBF search
channels [12–14].

For the Higgs invisible decays at lepton colliders, we
quote the limits from current studies [16–18]. These lim-
its do not depend on the invisible particle mass using the
recoil mass technique at lepton colliders.

HL-LHC
CEPC
ILC(H20)
FCC-ee

MET (bb)+MET
(jj)+MET

(ττ)+MET
bb+MET

jj+MET
ττ+MET

(bb)(bb)
(cc)(cc)

(jj)(jj) (bb)(ττ)
(ττ)(ττ) (jj)(γγ) (γγ)(γγ)

10-5

10-4

10-3

10-2

10-1

1

B
R
(h
→
E
xo
tic
s)

95% C.L. upper limit on selected Higgs Exotic Decay BR

Fig. 12. The 95% C.L. upper limit on selected Higgs exotic decay branching fractions at HL-LHC, CEPC, ILC and
FCC-ee. The benchmark parameter choices are the same as in Table 3. We put several vertical lines in this figure
to divide di↵erent types of Higgs exotic decays.

From this summary in Table 3 and the correspond-
ing Fig. 12, we can clearly see the improvement in exotic
decays from the lepton collider Higgs factories. These
exotic Higgs decay channels are selected such that they
are hard to be constrained at the LHC but important for
probing BSM decays of the Higgs boson. The improve-
ments on the limits of the Higgs exotic decay branch-
ing fractions vary from one to four orders of magni-
tude for these channels. The lepton colliders can im-
prove the limits on the Higgs invisible decays beyond the
HL-LHC projection by one order of magnitude, reach-
ing the SM invisible decay branching fraction of 0.12%
from h ! ZZ

⇤
! ⌫⌫̄⌫⌫̄ [56]. For the Higgs exotic de-

cays into hadronic particle plus missing energy, (bb̄)+/

ET, (jj)+/ET and (⌧+
⌧
�)+/ET, the future lepton colliders

improve on the HL-LHC sensitivity for these channels by
roughly four orders of magnitude. This great advantage
benefits a lot from low QCD background and the Higgs
tagging from recoil mass technique at future lepton col-
liders. As for the Higgs exotic decays without missing
energy, the improvement varies between two to three or-
ders of magnitude, except for the one order of magnitude
improvement for the (��)(��) channel. Being able to re-
construct the Higgs mass from the final state particles
at the LHC does provide additional signal-background
discrimination power and hence the future lepton collid-
ers improvement on Higgs exotic decays without miss-

ing energy is less impressive than for those with missing
energy. Furthermore, as discussed earlier, leptons and
photons are relatively clean objects at the LHC and the
sensitivity at the LHC on these channels will be very
good. Future lepton colliders complement the HL-LHC
for hadronic channels and channels with missing ener-
gies.

There are many more investigations to be carried
out under the theme of Higgs exotic decays. For our
study, we take the cleanest channel of e+e� !ZH with
Z ! `

+
`
� and h !exotics up to four-body final state,

but further inclusion of the hadronic decaying spectator
Z-boson and even invisible decays of the Z-boson would
definitely improve the statistics and consequently result
in better limits. As a first attempt to evaluate the Higgs
exotic decay program at future lepton colliders, we do
not include the case of very light intermediate particles
whose decay products will be collimated, but postpone
this for future study when the detector performance is
more clearly defined. There are many more exotic Higgs
decay modes to consider, such as Higgs decaying to a
pair of intermediate particles with un-even masses [25],
Higgs CP property measurements from its decay di↵eren-
tial distributions [57–60], flavor violating decays, decays
to light quarks [61], decays into meta-stable particles,
and complementary Higgs exotic productions [62]. Our
work is a first systematic study evaluating the physics
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sions of the Higgs exotic decays at di↵erent future lep-
ton colliders. In Section 3, we describe our simulation
framework and present our phenomenological analysis
for various Higgs exotic decay modes. We summarize
the physics potential from the Higgs exotic decays at
the (HL-)LHC and the future lepton collider programs
in Section 4. In our summary table, we include compre-
hensive projections and show the complementarity be-
tween future lepton collider programs and the HL-LHC.
We also discuss many important future directions for the
Higgs exotic decay programs.

2 Theoretical framework

2.1 Higgs exotic decay modes considered in this

work

The Higgs boson BSM decays have a rich variety of
possibilities. To organize this study on Higgs boson BSM

decays, we selectively choose a set of phenomenologically
driven processes. We focus on two-body Higgs decays
into BSM particles, which are allowed to subsequently
decay further, up to four-body final states. We only
consider the Higgs boson as an CP-even particle. CP-
violation e↵ects would a↵ect various di↵erential distri-
butions, and this demands future study. These processes
are well-motivated by SM+singlet extensions, two-Higgs-
doublet-models, SUSY models, Higgs portals, gauge ex-
tensions of the SM, etc. These assumptions have also
been emphasized in the recent overview of Higgs exotic
decays [25] and the CERN yellow report [26].

We consider in general the exotic Higgs decays into
BSM particles dubbed as Xi, h ! X1X2. The cascade
decay modes are classified into four cases, schematically
shown in Fig. 1. We discuss their major physics motiva-
tion and features at lepton colliders in order.

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

Fig. 1. The topologies of the SM-like Higgs exotic decays.

h! 2: The Xis in this case are detector-stable and
charge-neutral. ⇤ They could be dark matter candi-
dates. The Higgs portal [27] to dark matter models, in-
cluding various SUSY light dark matter models [28–38],
motivates this BSM search channel. The lepton collider
background for this channel are mainly from the process
e
+
e
�

! ZZ ! Z + ⌫⌫̄ and e
+
e
�

! W
+
W

�
! `

+
`
�
⌫⌫̄.

This channel, due to its simplicity and importance, has
been studied by most of the future lepton collider pro-
grams [16–18] and we will quote these results in our sum-
mary table. We include this channel here for complete-
ness. In addition, many of the models that motivate this
channel also induce other Higgs exotic decays we consider
in this study.

h! 2! 3! 4: This is the topology in which X1 is
detector-stable and X2 decays to two particles, with
one of these decay products further decaying into two

particles. A typical BSM model for such decay modes
is the Higgs decaying into the lightest supersymmetric
particle (LSP) plus a heavier neutralino, which subse-
quently decays into the LSP plus a resonant BSM par-
ticle. This resonant BSM particle could be a singlet-
like scalar in the Next-to-Minimal-Supersymmetric-
Standard-Model (NMSSM). Many SUSY models which
motivate Higgs invisible decays also induce this decay
channel, e.g. [38, 39]. It also commonly exists in the
so-called “stealth SUSY” models [40]. This singlet-like
scalar decays into SM fermion pairs, giving rise to the fi-
nal state of a pair of resonant SM particles plus missing
energy, dubbed h ! (ff)+ /ET.† In this study, we only
consider the channels which are very challenging at the
LHC, h ! (jj)+/ET, h ! (bb̄)+/ET and h ! (⌧+

⌧
�)+/

ET. For the hadronic channels, the major background is
from the SM Higgs decay modes h!ZZ

⇤
! jj+⌫⌫̄ and

⇤The possibility of a detector-stable electrical charged particle Xi is usually more contrived and excluded from direct Drell-Yan
production by both LEP and the LHC. Hence, we ignore this possibility here.

†At lepton colliders we could use the quantity missing momentum instead of Missing Transverse Energy (MET) /ET. The former
carries more information while the latter is more widely used in the hadron collider analyses. For the decay channel considered in our
analyses, the reach can be improved only marginally by the inclusion of the z-direction missing momentum information because of the
already great limit achieved and additional uncertainties from the beamstrahlung e↵ect [41] and the initial state radiation (ISR) e↵ect [42].
Consequently, we use only the more widely adopted missing transverse energy throughout this study.

063102-2

e+e- collider better than HL-LHC for 

MET+hadronic activity final states

General search for BSM



Higgs Self Coupling - λHHH

30

λHHH

Extremely small cross section at LHC: σ ~ 41 fb ± 11%

HH Branching 
ratio

Total yield

(3000 fb-1)

bb + bb 33% 40,000

bb+WW 25% 31,000

bb + ττ
 7.3% 8,900

ZZ + bb 3.1% 3,800

WW + ττ 2.7% 3,300

ZZ+WW 1.1% 1,300

γγ + bb 0.26% 320

γγ + γγ 0.0010% 1.2

Requires full HL-LHC luminosity to 
reach SM sensitivity


Need to combine all channels

A major goal of HL-LHC: Measurements of Higgs pairs production

Expected precision: 50%



Higgs self-coupling at lepton colliders

31

Global effective-field-theory analysis can assess Higgs trilinear self-coupling

Direct production at ILC 

and CLIC most important



A  D A R K  O R  H I D D E N  S E C T O R  A S  A  P O S S I B L E  S O L U T I O N

32

Dark Sector in particle physics has recently become very attractive

Can solve Dark Matter and Electroweak Phase Transition problems 

• Dark Sector particles interact very weakly with the SM particles and hence could have 
evaded discovery so far

• Higgs boson can play “portal” role mediating the interactions between the two worlds

• Other SM “portal mediators”: Dark Photon, Aμ, ZD, Axion, a, Sterile Neutrino, N

f

A Tf

a'y f

f

mixing of the hidden-sector field with other SM “portal” mediators



Scalar or Higgs portal
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New scalar can: 

•Generate the baryon asymmetry of the Universe 

•Mediate between SM particles and light DM 

•Address the Higgs fine-tuning problem HL-LHC



Axion-Like Particles

34

QCD axions are a central idea in particle physics to solve the strong CP problem 

ALPs: can act as mediators between light DM and SM particles 


Circular collider at Z pole

ALPs higher masses:

Linear collider

e+e− → (Z) → aγ with a → γγ 

e+e− → (Z) → aγ, a → γγ 



Dark Matter

35

Simplified DM Models 
DM particle + mediator

strongly dependent on the 

choice of couplings 

FCC-hh can conclusively test 
the hypothesis of thermal DM 
for both scenarios 


Higgsino and Wino DM
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After the Higgs boson discovery, no other new physics found

Need to also pursue outstanding precision 

- PRECISION physics can play a key role -



Top Mass Prediction from Precision Electroweak data
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Top mass in the electroweak theory

15

D0 experiment
CDF experiment

Electroweak fit

Limit from electroweak fit

Tevatron Combination

Chris Quigg, private communication

Top discovery at Tevatron

Mtop = 175 —> 173 GeV

World average:

mtop = 173.1 ± 0.6 GeV 


           (0.35%)
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Overnight update
Updated with EPS’01 results


Excludes direct searches from ATLAS and CMS from EPS
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mH (minimum)= 94.5 GeV,    Range mH = [71, 124],    mH < 166.5 GeV @ 95%
Standard Fit

mH (minimum)= 125.2 GeV,   Range mH = [116, 133],    mH < 153.9 GeV @ 95%
Complete Fit

Thanks to Matthias Schott from the GFitter group 
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Combination of electroweak measurements

39

Mogens Dam / NBI Copenhagen

u With mtop, mH and mW known, the standard model has nowhere to go

q Precision of theory predictions needs to improve for full sensitivity to new physics 
v higher order calculations needed

Combination of EW measurements

21-24 Jan, 2019IAS Conf. on HEP 2019, Hong Kong 12
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Final remarks
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Planning for the next future accelerators has started

LHC to provide still 20-30x more data

Hence, small discrepancies can still turn into discoveries

Expect new exciting sensitivity for BSM physics and potential discoveries

Higgs will continue to play an essential role

The standard Model is well established but many questions remain answered

Higgs self coupling measurement at HL-LHC is a major milestone

Both a future electron and hadron collider could play a significant role
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