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Outline

• Electroweak	Physics
• Strong	Interactions
• Flavour	Physics
• Neutrino	Physics
• Dark	Matter	and	Dark	Sectors
• Hierarchy	Problem
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Electroweak	Interactions

• Discovered	mechanism	to	break	
electroweak	symmetry
– Higgs	mechanism

• Provides	technical	solution	but	
very	unsatisfactory

• Higgs	sector	contains	15	ad-hoc	
parameters	
– Only	3	in	gauge	sector!
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G.	Giudice:	“Essentially	all	problems	or	unsatisfactory	aspects	of	the	Standard	Model	are	
ultimately	related	to	the	structure	of	Higgs	interactions”



Higgs	Boson:	2012	vs	2019
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July	2012:
~10	fb-1
@7-8	TeV

Today:
~140	fb-1
@13	TeV

LHC	luminosity



Differential	H	Cross	Section	Measurements
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σdata=55.4±4.3	pb
σSM =55.6±2.5	pb (87%	ggF,	N3LO	and	NLO	EWK)



Higgs	Couplings	Today
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• Gauge	bosons	and	3rd gen	fermions:	δ≈10-20%

The Higgs Boson and the Electroweak Sector

The Standard Model Higgs boson plays many roles:
• Responsible for the masses of the W and Z bosons
• Responsible for the masses of the fermions through a new type of 

fundamental interaction (the Yukawa interaction)
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Current	Results	vs	High-Luminosity	LHC

Fig. 1.2: Left: Relative precision on Higgs coupling modifiers, , determined by ATLAS and
CMS with the LHC data at present, and as expected for HL-LHC with the constraint V  1.
Also shown are the constraints on invisible and undetected decay branching ratios, BRinvand
BRunt. Right: Expected uncertainty on Higgs coupling parameters at HL-LHC, showing sepa-
rately the statistical, experimental and theoretical uncertainties. Here, it was assumed that the
branching ratios (BR’s) to untagged and invisible decays are zero.

shown in Table 1.2, with the appropriate polarisation this can enhance the Higgs boson produc-132

tion cross section. In addition, because the importance of different subprocesses can be tuned by133

changing the polarisation, it plays an important role in effective operator fits. Thus, the presence134

of polarisation can sharpen these analyses, and helps compensate for the lower luminosities at135

linear machines.136

1.3 electroweak Precision Observables137

Loop corrections to electroweak precision observables (EWPO) provide a powerful test of the138

consistency of the SM. The relation between e.g. the Fermi constant (GF ), Weinberg angle139

(sin2 ✓W ), and the masses of the Z, W and H bosons (mZ , mW , mH) and the top quark (mtop)140

is precisely predicted in the SM. Inconsistencies between these would indicate contributions141

from new physics.142

These contributions are currently constrained primarily by the Z pole measurements made143

at the LEP experiments and SLD [24], measurements of WW production at LEP-2 [25] and144

measurements of W -boson and top quark masses at the Tevatron [26, 27] and LHC [28, 29]145

experiments, and mH measurements at the LHC [30,31]. The current constraints on the EWPO146

are shown in Fig. 1.4. All measurements agree within the current precision.147

Based on the electroweak precision measurements, the 95% CL upper limits on the oblique148

parameters [11] are S < 0.18 and T < 0.26 [32]. Fig. 1.4 shows T vs S and illustrates how the149

various precision measurements on �Z , MW and asymmetries contribute.150

Measurements of diboson production are also sensitive to the electroweak symmetry151
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LHC	now	vs	HL-LHC High	Luminosity	LHC	(HL-LHC)

10% 10%



Comparison	of	Future	Colliders
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arXiv:1905.03764

Requires	also	significant	improvements	in	theoretical	calculations



#	of	“largely”	improved	H	couplings	(EFT)

Factor ≥2 Factor	≥5 Factor	≥10 Years from	T0
CLIC380 9 6 4 7
FCC-ee240 10 8 3 9
CEPC 10 8 3 10
ILC250 10 7 3 11
FCC-ee365 10 8 6 15
CLIC1500 10 7 7 17
HE-LHC 1 0 0 20
ILC500 10 8 6 22
CLIC3000 11 7 7 28
FCC-ee/eh/hh 12 11 10 >50

9

13	quantities in	total

Initial	
run

2nd/3rd
Run	ee

ee,eh &	hh

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

hh
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13	quantities in	total

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

hh

About	half	the	couplings	improved	by	factor	5	already	in	initial	run	



Electroweak	potential
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Standard Model
• Electroweak phase transition (EWPT) 

is a “smooth crossover”
• Electroweak symmetry restored for 

T≥TC=130 GeV

Alternative idea
• Electroweak phase transition via 

tunneling: 1st order transition
– Two phases co-exist

• Electroweak baryogenesis possible if 
strong 1st order transition

24 OVERVIEW OF THE PHYSICS CASE FOR CEPC

but during the electroweak phase transition the sphaleron-mediated reactions are shut off.
If this shutoff is sufficiently abrupt, then an excess of matter over antimatter can be gener-
ated. This requires that the electroweak phase transition is strongly first order in the sense
that

v(Tpt)

Tpt
& 1.0 ("strongly first order” electroweak phase transition) (2.11)

where v(Tpt) is the value of the Higgs field inside of the bubbles during the phase transi-
tion at temperature Tpt.

Electroweak baryogenesis is not viable in the Standard Model, because the electroweak
phase transition is a continuous crossover, v(Tpt) = 0, and thus the observed excess
of matter over antimatter is an irrefutable motivation for physics beyond the Standard
Model. In general the new physics can take many forms, but in the context of electroweak
baryogenesis, it is clear that the new physics must couple to the Higgs boson so that the
sphaleron-suppression condition in Equation (2.11) is satisfied. Therefore this condition
directly quantifies the required departure from Standard Model physics.

NEW PHYSICS AND THE ELECTROWEAK PHASE TRANSITION

The Standard Model predicts that the EWPT is a continuous crossover, but we have seen
in the discussion of Figure 2.11 that even minimal extensions of the Standard Model
can drastically change the predictions for electroweak symmetry breaking. Thus for any
model with new physics coupled to the Higgs boson, it is necessary to ask: What is the
nature of the electroweak phase transition?

In the years before the LHC started running, much of the work was focused on the
light stop scenario of the Minimal Supersymmetric Standard Model (MSSM) [49, 50].
Early LHC data determined that this scenario is ruled out [51, 52], because the light stops,
which are colored and charged particles with spin-0, should have been easy to produce and
detect at the LHC. However, if the new scalar particles were not charged or colored, the
electroweak phase transition could still be first order while evading collider constraints; to
leading order, the electroweak phase transition only cares about couplings with the Higgs
boson, not quantum numbers [53]. Therefore in order to assess the unique power of CEPC
to test new physics that leads to a first order electroweak phase transition, it is useful to
consider models with uncharged and uncolored particles, which are very difficult to probe
at the LHC [54].

A viable model with a first order EWPT is found in even the most minimal extension
of the Standard Model with a real, scalar singlet field S [55–57]. The relevant Lagrangian
is written as
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�
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where H(x) denotes the Higgs doublet field. The last two operators in Equation (2.12)
correspond to the so-called Higgs portal interactions. The Higgs field acquires a vacuum
expectation value, hHi = (0 , v/

p
2) that breaks the electroweak symmetry. In general the

singlet field may acquire a vacuum expectation value, hSi = vS , and it can mix with the
Higgs boson, which is parametrized by an angle ✓. The spectrum of this theory contains
two scalars with masses mH ' 125 GeV and mS .
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Figure 2.10: An illustration of a continuous crossover (left) and a first order phase transition (right).

By contrast, a continuous crossover occurs smoothly throughout the system.

See also Figure 2.10. If the phase transition is determined to be first order, there would be
profound implications for early-universe cosmology and the origin of the matter-antimatter
asymmetry. Moreover, determining the order of the EWPT is simply the first step in a
much richer research program that deals with other aspects of the phase transition includ-
ing its latent heat, bubble wall velocity, and plasma viscosity.

THE HIGGS POTENTIAL

The order of the EWPT is intimately connected to the shape of the Higgs potential energy
function. For each value of the Higgs field, �, there is an associated potential energy
density, V (�). During the electroweak phase transition, the Higgs field passes from � = 0

where the electroweak symmetry is unbroken to � = v ' 246 GeV where the electroweak
symmetry is broken and the weak gauge bosons are massive. Thus the order of the phase
transition is largely determined by the shape of V (�) in the region 0 < � < v.

For instance, if the Higgs potential has a barrier separating � = 0 from � = v, then
electroweak symmetry breaking is accomplished through a first order phase transition with
the associated bubble nucleation that we discussed above. If there is no barrier in V (�),
the transition may be either first order or a crossover depending on the structure of the
thermal effective potential, Ve↵(�, T ).

Currently we know almost nothing about the shape of the Higgs potential. This situation
is illustrated in Figure 2.11 and the following discussion. When we make measurements
of the Higgs boson in the laboratory, we only probe small fluctuations of the potential
around � = v. By measuring the strength of the weak interactions, GF = (

p
2v2

)
�1

'

1 ⇥ 10
�5

GeV
�2, we learn that the Higgs potential has a local minimum at v ' 246 GeV.

By measuring the Higgs boson’s mass, we learn that the local curvature of the potential at
its minimum is (d2V/d�2

)
��
�=v

= m2
H

' (125 GeV)
2. This is the extent of what we know

today about the Higgs potential. Even the third derivative, which is related to the Higgs
boson’s cubic self-coupling, is completely undetermined!

Measurements of the Higgs boson thus far are consistent with the predictions of the
Standard Model of particle physics. The Standard Model asserts that the Higgs potential
has the form

V (�) =
1

2
µ2�2

+
1

4
��4 , (2.8)

which only depends on the two parameters µ2 and �. Taking � > 0 and µ2 < 0 induces a
Vacuum Expectation Value (VEV) for the Higgs field and triggers electroweak symmetry



Measuring	the	Higgs	self-coupling:	LHC

Hadron collider Lepton collider
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Di-Higgs	Production:	LHC	results

HH→bbττ	
•  Target	final	states	with	e/μ	and	hadronic-τ,	together	with	2	b-

jets	and	MET	
•  Train	BDT	with	several	discriminating	variables	in	τlep+τhad	and	

τhad	+τhad	channels	
•  Dominant	backgrounds:	top-quark	and	Z+HF,	constrained	in	

data	CR	
•  Signal	extraction	through	fit	to	BDT	output	

PRL	121	191801	(2018)	

Di-Higgs Search to ⌧⌧bb - ATLAS [PRL 121 191801]

James Frost (University of Oxford) Higgs Couplings 2018 Friday 30th November 2018 10 / 35

6	
=>	Upper	limit	at	95%	CL:	6.9	x	σSM =>	-5<κλ<12 14

Combination:	Non-Resonant	

•  Simultaneous	fit	to	data	for	signal	cross-section	and	nuisance	parameters	
(for	statistical	and	systematic	uncertainties),	using	the	CLs	approach		

95%	CL	limit	for	κλ	=	1:	
	
6.9	(10)	X	SM	obs.	(exp.)	

95%	CL	confidence	intervals:	
	
κλ:	obs.	[-5,12]	(exp.	[-5.8,	12])	

arXiv:	1906.02025	

10	

HH→bbττ search result HH analyses combined



Sensitivity	to	κλ:	future	colliders

• HL-LHC:	~50%
– Already	relevant	for	EWPT!

• Future	high-energy	colliders:	~5-10% 15



The	Strong	Interaction

Practical	aspects	of	QCD	predictions
– Soft	interactions	constitute	“noise”	in	high-pileup	environment	
– Parton	flux	in	proton	determined	by	parton distribution	functions	(PDFs)
– Strong	coupling	constant governs	rate	jet	production	at	pp	collider
– Precise	predictions	at	hadron	colliders	require	ever	higher	order	calculations 16

–Johnny Appleseed

“Type a quote here.”
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Conceptional aspects	of	QCD	
(closely	related	to	nuclear	physics)

– Long-distance	phenomena	(e.g.	
confinement)

– Collective	behaviour at	high	
temperatures	or	densities

– Transition	of	high	to	low	
energies	(e.g.	hadronisation)

L.	Tompkins,	LP	‘19



Soft	QCD	processes

Relevant	for	understanding	of	pileup	at	LHC,	for	high	energy	astrophysics	and	
for	non-pertubative calculations

17

During Run 2 the LHC 
produced 1016 collisions

Large samples of various 
particles produced: 

• W bosons: 12 billion

• Z bosons: 2.8 billion 

• Top quarks: 300 million

• B quarks: 40 trillion

• Higgs bosons: 7.7 million

The LHC: high energy and high luminosity  

Event displays showing a Zàll candidate produced with 65 reconstructed
proton-proton collisions (top: 100 MeV tracks, bottom 1 GeV tracks)

Large event samples allow for a broad physics programme that can: 
• Probe with high-precision Standard Model processes
• Detect very rare processes 
• Explore vast kinematic domain where physics beyond the SM could manifest itself

4

Z->ll event	with	65	vertices	



Neutral	particles:	forward	n	and	γ production

18

Phys.	Lett.	B	750	(2015)	360

Phys.	Lett.	B	780	(2018)	233

• LHCf: dedicated experiment measuring production of neutral 
particles in forward direction

• Data measurements discriminate between different models



Anti-proton	production	in	p-He	collisions

AMS	and	PAMELA	spectrometers	measure	fraction	of	antiprotons	in	space
• Indirect	probe	for	dark	matter	annihiliation
• Uncertainties	on	antiproton	cross	sections	in	pp	and	pHe collisions	important
LHCb uses	fixed-target	mode	(p+He gas)	to	measure	antiproton	production	in	pHe collisions

19

LHCb,	arXiv:1808.06127
AMS	data,	M.	Aguilar et	al.,	PRL	113	(2014).

A.	Reinert &	M.	Winkler,	JCAP	1801	(2018)		055



Perturbative	QCD	at	the	LHC

• Multi-differential	measurements	of	QCD	production	processes
– Test	MC	generators	and	higher	order	QCD	calculations	(NNLO+beyond)
– Determine	strong	coupling	constant	αs and/or	parton distribution	functions 20

arXiv:1904.05237

𝑝𝑝 → 𝛾 + jets 𝑝𝑝 → 𝑡𝑡̅ + 𝑋



Parton	distribution	functions

• Full	exploitation	of	pp	data	requires	precise	knowledge	of	PDFs
– New	ep	colliders	(LHeC,	EIC,	FCC-eh)	can	provide	important	input

21
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Flavour	Physics

• Flavour puzzle	today	(adapted	from	Y.	Nir):
– Why		is	there	so	much	structure	in	the	quark	sector?
– Why	is	there	no	structure	in	the	neutrino	sector?
– Why	are	there	no	flavor-changing	neutral	currents?

• What	is	source	of	CP	violation	explaining	lack	of	anti-matter?
• Flavour is	also	excellent	probe	of	high-scale	physics

– New	physics	tends	to	break	accidental	symmetries	of	SM 23

CP violation in leptons

Quark mixing Neutrino mixing

Cecilia Jarlskog �4

Who	
ordered	
that?

I.	Raby



Flavour:	New	Physics	Sensitivities

24

Current	sensitivity:	g=1

Current	sensitivity:	MFV

Future	sensitivity:	g=1



Electric	Dipole	Moment
“Has	killed	more	SUSY	models	than	anything	
else”	(I.	Hinchliffe)

25

• Current	limits:	3.6x10-26 for	neutron,	1.1x10-29 for	electron
– Lepton	and	quark	EDMs	are	complementary	tests	of	new	physics

• Advancements	planned	in	future	experiments:	factors	~10-1000
• Observation	would	be	clear	evidence	for	new	physics



Lepton	Flavour	Violation:	𝜇 → 𝑒	and	𝜏 → ℓ
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Several	dedicated	experiments	coming	
online	in	near	future	for	𝜇 → 𝑒	decay		
or	transition	in	Europe,	US	and	JapanSM:	BR<10-54

BSM

Figures	from	A-K	Perrevoort

The Mu2e 
Experiment
at Fermilab
STEVEN BOI ,  UNIVERSITY OF VIRGINIA

ON BEHALF OF THE MU2E COLLABORATION

NUFACT 2018

8/13/2018 THE MU2E EXPERIMENT AT FERMILAB: NUFACT 2018 1

MEG and MEG-II experiments (                 )

��

BGs: accidental BGs and radiative muon decay 
Signal: monochromatic, back-to-back, and produced at the same time.

PSI has the most intense DC muon beam up to            .
The final result of MEG (2016) 

MEG-II is an upgrade of all sub-detectors.
First physics run will start in 2020
Expectation in 3 years run is                           .

Future experiments:  Next target is                      .            
Hear Iwamoto-san or see slide of Renga @ CLFV conf.
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Muon LFV searches will be interesting next decade (2020’s).
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Lepton	Flavour	Violation:	𝜇 → 𝑒𝑋	and	𝜏 → ℓ𝑋

Taus:
• Next	decade	(LHCb,	Belle-II):	~102

• Beyond	next	decade	(Tera-Z):	~103
27

Muons:	Expect	to	improve	
sensitivity	by	factor	104!
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Rare	Kaon	decays

• Charged	and	neutral	kaon	decays	important	probe	of	new	physics
• Major	focus:	𝐾. → 𝜋.𝜈𝜈̅ (NA62)	and	𝐾12 → 𝜋2𝜈𝜈̅ (KOTO,	KLEVER)
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CERN EP seminar, 23.09.2019 3New result on �+✏⇣+⌘⌘ from NA62 (R. Marchevski)

⇠e FCNC process ��p⇣⇣

FCNC loop processes: s ✏ d coupling and highest CKM suppression

,eoretically clean: Short distance contribution

Hadronic matrix element measured with Kl3 decays

SM predictions: Buras. et. al., JHEP11(2015)033

Parametric uncertainty dominates 
[Buras. et. al., JHEP11(2015)033]

3 Simplified Models 6

Figure 1: Illustrations of common correlations in the B(K+ ! ⇡+⌫⌫̄) versus B(KL ! ⇡0⌫⌫̄)

plane. The expanding red region illustrates the lack of correlation for models with general

LH and RH NP couplings. The green region shows the correlation present in models obeying

CMFV. The blue region shows the correlation induced by the constraint from "K if only LH or

RH couplings are present.

should be kept in mind that usually the removal of the correlation with "K requires
subtle cancellations between di↵erent contributions to "K and consequently some
tuning of parameters [29, 49].

Unfortunately, on the basis of only these two branching ratios alone, it is not possible
to find out how important the contributions of right-handed currents are, as their e↵ects
are hidden in a single function Xe↵ . In this sense the decays governed by b ! s⌫⌫̄
transitions, which will also enter our analysis, are complementary, and the correlation
between K ! ⇡⌫⌫̄ decays and B ! K(K⇤)⌫⌫̄, as well as Bs,d ! µ+µ�, can help in
identifying the presence or absence of right-handed currents.

3 Simplified Models

In studying correlations between various decays it is important to remember that

• Correlations between decays of di↵erent mesons test the flavour structure of cou-
plings or generally flavour symmetries.

• Correlations between decays of a given meson test the Dirac structure of couplings.

We will look at the first correlations by comparing those within MFV models based
on a U(3)3 flavour symmetry with the ones present in models with a minimally broken
U(2)3 flavour symmetry [50, 51]. In the latter case we will work at leading order in
the breaking of the symmetry, and therefore assume that only the left-handed quark



Recent	Result	by	NA62

62CERN EP seminar, 23.09.2019 New result on �+✏⇣+⌘⌘ from NA62 (R. Marchevski)

Opening the box

Two events observed in signal region

NA62 Preliminary

2016+2017	data
• Ndata=3
• Nbackground=	1.65±0.31
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Radoslav Marchevski (CERN)

CERN EP seminar
September 23rd 2019

New result on �+�✏+⇣⇣ from NA62

69CERN EP seminar, 23.09.2019 New result on �+✏⇣+⌘⌘ from NA62 (R. Marchevski)

Conclusions

Constraints on the largest enhancements allowed by NP models

Two events in signal region observed in 2017 data
2016+2017 NA62 result

2017	data



Future	Prospects
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3 Simplified Models 6

Figure 1: Illustrations of common correlations in the B(K+ ! ⇡+⌫⌫̄) versus B(KL ! ⇡0⌫⌫̄)

plane. The expanding red region illustrates the lack of correlation for models with general

LH and RH NP couplings. The green region shows the correlation present in models obeying

CMFV. The blue region shows the correlation induced by the constraint from "K if only LH or

RH couplings are present.

should be kept in mind that usually the removal of the correlation with "K requires
subtle cancellations between di↵erent contributions to "K and consequently some
tuning of parameters [29, 49].

Unfortunately, on the basis of only these two branching ratios alone, it is not possible
to find out how important the contributions of right-handed currents are, as their e↵ects
are hidden in a single function Xe↵ . In this sense the decays governed by b ! s⌫⌫̄
transitions, which will also enter our analysis, are complementary, and the correlation
between K ! ⇡⌫⌫̄ decays and B ! K(K⇤)⌫⌫̄, as well as Bs,d ! µ+µ�, can help in
identifying the presence or absence of right-handed currents.

3 Simplified Models

In studying correlations between various decays it is important to remember that

• Correlations between decays of di↵erent mesons test the flavour structure of cou-
plings or generally flavour symmetries.

• Correlations between decays of a given meson test the Dirac structure of couplings.

We will look at the first correlations by comparing those within MFV models based
on a U(3)3 flavour symmetry with the ones present in models with a minimally broken
U(2)3 flavour symmetry [50, 51]. In the latter case we will work at leading order in
the breaking of the symmetry, and therefore assume that only the left-handed quark

NA62	‘16+’17

KOTO	‘15	limit:	
BR<3x10-9



Future	Prospects
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3 Simplified Models 6

Figure 1: Illustrations of common correlations in the B(K+ ! ⇡+⌫⌫̄) versus B(KL ! ⇡0⌫⌫̄)

plane. The expanding red region illustrates the lack of correlation for models with general

LH and RH NP couplings. The green region shows the correlation present in models obeying

CMFV. The blue region shows the correlation induced by the constraint from "K if only LH or

RH couplings are present.

should be kept in mind that usually the removal of the correlation with "K requires
subtle cancellations between di↵erent contributions to "K and consequently some
tuning of parameters [29, 49].

Unfortunately, on the basis of only these two branching ratios alone, it is not possible
to find out how important the contributions of right-handed currents are, as their e↵ects
are hidden in a single function Xe↵ . In this sense the decays governed by b ! s⌫⌫̄
transitions, which will also enter our analysis, are complementary, and the correlation
between K ! ⇡⌫⌫̄ decays and B ! K(K⇤)⌫⌫̄, as well as Bs,d ! µ+µ�, can help in
identifying the presence or absence of right-handed currents.

3 Simplified Models

In studying correlations between various decays it is important to remember that

• Correlations between decays of di↵erent mesons test the flavour structure of cou-
plings or generally flavour symmetries.

• Correlations between decays of a given meson test the Dirac structure of couplings.

We will look at the first correlations by comparing those within MFV models based
on a U(3)3 flavour symmetry with the ones present in models with a minimally broken
U(2)3 flavour symmetry [50, 51]. In the latter case we will work at leading order in
the breaking of the symmetry, and therefore assume that only the left-handed quark

NA62	‘24

KOTO	II,	KLEVER

KOTO	‘16-’18
• sensitivity	7x10-10
• 4	events	obs.

KOTO



Heavy	Flavour

How	far	have	we	gone?

7

Ø Phase	1	(2016):	single	beam	background	study
q Phase	2	(2018):	beam	commissioning	(establish	

nano-beam	scheme,	reach	the	KEKB	luminosity,	
and	measure	beam	backgrounds)	as	well	as	for	
doing	some	physics	with	partial	vertex	detector

q Phase	3	(2019	onward):	physics	run	with	almost	
complete	vertex	detector

q Reached	+,∗ =	33	mm	in	2018

q Went	down	+,∗ =	2	mm	by	end	
of	Summer	2019	(with	Belle	II	
off)	è starting	point	for	fall	run	

q Currents	achieved:	880	(940)	mA	for	e+	(e−)	beamè need	3	(4)× scale	up	

☞ Design	luminosity	requires	one	
more	order-of-magnitude	jump	
to	+,∗ =	0.3	mm

Recovery from 
fire near LINAC

• Major	improvements	in	the	next	
decade	expected
– Super-KEKB	and	Belle-II

• Data	taking	started:	towards	lumi goal

– LHCb detector	upgrade
32



Anomalies	in	flavour	physics
• Lepton	flavour	violation	probes	in	B-decays

• Define:

• Several	BSM	explanations	proposed,	e.g.
– Leptoquarks
– Z’	with	LFV	couplings

33

Decays involving b! s`
+
`
� transitions, where ` represents a lepton, are mediated by

flavour-changing neutral currents. Such decays are suppressed in the Standard Model (SM),
as they proceed only through amplitudes that involve electroweak loop diagrams. These
processes are sensitive to virtual contributions from new particles, which could have masses
that are inaccessible to direct searches for resonances, even at Large Hadron Collider
experiments.

Theoretical predictions for exclusive b! s`
+
`
� decays rely on the calculation of

hadronic e↵ects, and recent measurements have therefore focused on quantities where the
uncertainties from such e↵ects are reduced to some extent, such as angular observables
and ratios of branching fractions. The results of the angular analysis of the decay
B

0
! K

⇤0
µ
+
µ
� [1–9] and measurements of the branching fractions of several b! s`

+
`
�

decays [10–13] are in some tension with SM predictions [14–19]. However, the treatment
of the hadronic e↵ects in the theoretical predictions is still the subject of considerable
debate [20–29].

The electroweak couplings of all three charged leptons are identical in the SM and,
consequently, the decay properties (and the hadronic e↵ects) are expected to be the same
up to corrections related to the lepton mass, regardless of the lepton flavour (referred to
as lepton universality). The ratio of branching fractions for B! Hµ

+
µ
� and B! He

+
e
�

decays, where H is a hadron, can be predicted precisely in an appropriately chosen range
of the dilepton mass squared q

2
min < q

2
< q

2
max [30, 31]. This ratio is defined by

RH =

Z
q
2
max

q
2
min

d�[B! Hµ
+
µ
�]

dq2
dq2

Z
q
2
max

q
2
min

d�[B! He
+
e
�]

dq2
dq2

, (1)

where � is the q2-dependent partial width of the decay. In the range 1.1 < q
2
< 6.0GeV2

/c
4,

such ratios are predicted to be unity with O(1%) precision [32]. The inclusion of charge-
conjugate processes is implied throughout this Letter.

The most precise measurements of RK in the region 1.0 < q
2
< 6.0GeV2

/c
4 and

RK⇤0 in the regions 0.045 < q
2
< 1.1GeV2

/c
4 and 1.1 < q

2
< 6.0GeV2

/c
4 have been

made by the LHCb collaboration and, depending on the theoretical prediction used,
are 2.6 [33], 2.1–2.3 and 2.4–2.5 standard deviations [34] below their respective SM
expectations [20, 21, 32, 35–42]. These tensions and those observed in the angular and
branching-fraction measurements can all be accommodated simultaneously in models with
an additional heavy neutral gauge boson [43–46] or with leptoquarks [47–51].

This Letter presents the most precise measurement of the ratio RK in the range
1.1 < q

2
< 6.0GeV2

/c
4. The analysis is performed using 5.0 fb�1 of proton-proton collision

data collected with the LHCb detector during three data-taking periods in which the
centre-of-mass energy of the collisions was 7, 8 and 13TeV. The data were taken in
the years 2011, 2012 and 2015–2016, respectively. Compared to the previous LHCb
RK measurement [33], the analysis benefits from a larger data sample and an improved
reconstruction; moreover the lower limit of the q

2 range is increased, in order to be
compatible with other LHCb b! s`

+
`
� analyses and to suppress further the contribution

from B
+
! �(! `

+
`
�)K+ decays. The results supersede those of Ref. [33].

Throughout this Letter B
+
! K

+
`
+
`
� refers only to decays with

1.1 < q
2
< 6.0GeV2

/c
4, which are denoted nonresonant, whereas B+

! J/ (! `
+
`
�)K+

1

The Pati Salam Leptoquark

b s

�

V1

⌧ ⌧

`�`+

Figure 1: Left: Feynman diagram depicting the loop effects induced by the bctn operator from SU(2)
invariance. Right: C

``
9,sb

and C
sb

7 (µb), generated by these loop effects, as functions of R(D(⇤))/R(D(⇤))SM.
The solid (dashed) lines correspond to M = 1 TeV (5 TeV) while the (dark) blue region is preferred by
b ! ctn data at the 1s (2s ) level, taking into account the most recent measurements. From the global
fit, taking into account only lepton flavor conserving observables, we have �1.29 <C

``
9,sb

<�0.87 [38] and
�0.01 <C

sb

7 (µb) < 0.05 [7] at the 1s level. Assuming an explanation of b ! ctn , our model predicts the
right size and sign of the effect in C

``
9,sb

and C
sb

7 (µb) needed to explain b ! s`+`� data.

2. The Pati Salam vector leptoquark as combined solution to the anomalies

The vector Leptoquark SU(2)L singlet with hypercharge �4/3, arising in the famous Pati-
Salam model [36], is a prime candidate to explain both the anomalies in charged current and neutral
current B decays simultaneously [12–14, 17–20]. It gives a C9 =�C10 effect in b ! s`+`� at tree
level and at the same time a sizable effect in b! ctn without violating bounds from b! snn and/or
direct searches and does not lead to proton decay. Note that this LQ by itself is not UV complete,
however several UV complete models for this LQ have been proposed [15, 16, 21–29, 37].

For the purpose of our phenomenological analysis, let us consider a model where we simply
extend the SM by this LQ. Its interaction with the SM particles is given by the Lagrangian

LV1 = kL

f i
Q f gµLiV

1†

µ +h.c. ,

where Q(L) is the quark (lepton) SU(2)L doublet, kL

f i
represents the couplings of the LQ to the

left handed quarks (leptons) and f and i are flavor indices. Note that in principle couplings to
right-handed SM particles are also allowed, they are however not relevant for this discussion. Af-
ter electro-weak symmetry breaking, we work in the down basis, meaning that no CKM matrix
elements appear in FCNC processes.

We start by taking kL

23 and kL

33 as the only non-zero couplings, as they are necessary to explain
b ! ctn data. Here, strong effects in b ! st+t� transitions [39] are generated which at the 1-loop
level affect b ! s`+`� via the Wilson coefficients C

``
9,sb

and C
sb

7 , as is depicted to the left in Fig. 1.
Due to the correlation with b ! ctn , these Wilson coefficients can be expressed as functions of
R(D(⇤))/R(D(⇤))SM. The Wilson coefficients’ dependency on these ratios is shown in the right plot
of Fig. 1, where the RGE evolution of C

sb

7 from the NP scale down to the b quark scale is also taken
into account (see Ref. [40]). Interestingly, assuming an explanation of b ! ctn data, the effects

2



Is	flavour anomaly	explained	by	leptoquark or	Z’?

Complementary:	direct	searches	at	hadron	colliders
34

Going back to the case of combined solutions, if we ask which tree-level mediators 
can generate the effective operators required for a successful EFT fit, we have not 
many possibilities...

Simplified dynamical models [“The Return of the LeptoQuark”...]

W' & Z'
LQ

G. Isidori –  Theoretical interpretations of flavor anomalies        CKM 2018, Heidelberg, Sept. 2018 

On general grounds, LQ (both scalar and vectors) have two strong advantages 
concerning constraints from non-semilpetonic processes: 

b

s

b

s

Bs

_
Bs

Z'
b

Bs

_

s

s

b
Bs

LQ

LQ

Similarly, 3rd gen. LQ are in very good shape also as far as direct searches are 
concerned (contrary to Z'...).



CKM	Unitarity Triangle

Expect	huge	improvements	in	
parameters	of	CKM	unitarity
triangle	by	~2025
• Even	higher	precision	
expected	by	~2035

35
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~2025



Can	Higgs	tell	us	about	Flavour?

• Higgs	is	the	only	boson	that	cares	
about	flavour!
– Could	it	tell	us	something?

• Fermion	couplings
– 3rd generation	observed

• Now:	10%	precision	
• Future	colliders:	~1%	precision	

– 2nd generation:
• Muons:	HL-LHC
• Charm:	requires	new	collider

– 1st generation: very	difficult
– LFV	couplings

• HL-LHC	sensitivity	10-3-10-4

36



Neutrinos:	Many	Questions
Next Questions In Neutrino Physics

• Mass ordering 

• Nature of ν3 - 
θ23 octant 

• Is CP 
violated? 

• Is there more 
to this 
picture?

�6
37

• What	is	the	mass	ordering?
• Is	CP	violated?
• What	is	the	absolute	mass	scale?
• Are	neutrinos	Dirac	or	Majorana
particles?

• Are	there	heavy	neutrinos?
• …



Tackling	the	neutrino	sector	experimentally

  

A very diverse experimental 
approach

S
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a
 2

0
1

9

Motivation : necessary to get a complete picture, make the most out of 
every neutrino source, test at different L/E, possible existence of new 
neutrino states, of Non-Standard-Interactions

Coherent nu-nucleus scattering 38



Fit	to	World	Neutrino	data

39

6	free	parameters	in	fit

NuFIT 4.1 (2019)
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d
a
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a

Normal Ordering (best fit) Inverted Ordering (��2
= 6.2)

bfp ±1� 3� range bfp ±1� 3� range

sin
2 ✓12 0.310+0.013

�0.012 0.275 ! 0.350 0.310+0.013
�0.012 0.275 ! 0.350

✓12/
�

33.82+0.78
�0.76 31.61 ! 36.27 33.82+0.78

�0.76 31.61 ! 36.27

sin
2 ✓23 0.558+0.020

�0.033 0.427 ! 0.609 0.563+0.019
�0.026 0.430 ! 0.612

✓23/
�

48.3+1.1
�1.9 40.8 ! 51.3 48.6+1.1

�1.5 41.0 ! 51.5

sin
2 ✓13 0.02241+0.00066

�0.00065 0.02046 ! 0.02440 0.02261+0.00067
�0.00064 0.02066 ! 0.02461

✓13/
�

8.61+0.13
�0.13 8.22 ! 8.99 8.65+0.13

�0.12 8.26 ! 9.02

�CP/
�

222
+38
�28 141 ! 370 285

+24
�26 205 ! 354

�m2
21

10�5 eV
2 7.39+0.21

�0.20 6.79 ! 8.01 7.39+0.21
�0.20 6.79 ! 8.01

�m2
3`

10�3 eV
2 +2.523+0.032

�0.030 +2.432 ! +2.618 �2.509+0.032
�0.030 �2.603 ! �2.416
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Normal Ordering (best fit) Inverted Ordering (��2
= 10.4)

bfp ±1� 3� range bfp ±1� 3� range

sin
2 ✓12 0.310+0.013

�0.012 0.275 ! 0.350 0.310+0.013
�0.012 0.275 ! 0.350

✓12/
�

33.82+0.78
�0.76 31.61 ! 36.27 33.82+0.78

�0.75 31.61 ! 36.27

sin
2 ✓23 0.563+0.018

�0.024 0.433 ! 0.609 0.565+0.017
�0.022 0.436 ! 0.610

✓23/
�

48.6+1.0
�1.4 41.1 ! 51.3 48.8+1.0

�1.2 41.4 ! 51.3

sin
2 ✓13 0.02237+0.00066

�0.00065 0.02044 ! 0.02435 0.02259+0.00065
�0.00065 0.02064 ! 0.02457

✓13/
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8.60+0.13
�0.13 8.22 ! 8.98 8.64+0.12

�0.13 8.26 ! 9.02

�CP/
�
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+39
�28 144 ! 357 282

+23
�25 205 ! 348

�m2
21

10�5 eV
2 7.39+0.21

�0.20 6.79 ! 8.01 7.39+0.21
�0.20 6.79 ! 8.01

�m2
3`

10�3 eV
2 +2.528+0.029

�0.031 +2.436 ! +2.618 �2.510+0.030
�0.031 �2.601 ! �2.419



CP	violation	and	Mass	Ordering

40

• Mass	ordering
– Combined	T2K	&	Nova	data	
prefer	normal	ordering	(~3σ)

• CP	violation:
– CP	violation	(𝛿45 ≠ 180°)	
favoured by	T2K	data	(~2σ)

– NOVA	data	show	no	preference

Inverted ordering Normal ordering



Construction	of	future	Long	Baseline	Experiments

• CERN	neutrino	platform	plays	pivotal	
role
– Test	&	understand	protoDUNE single-
and	dual-phase	detectors

– Critical	input	for	TDRs
• Hyper-K	construction	starting	in	2020

41

ProtoDUNE-SP	cryostat

ProtoDUNE-DP
cosmic	muon	



Sensitivity	of	future	experiments

Different	technologies	of	Hyper-K	and	DUNE	(Water	Cherenkov	vs	LAr TPC)	
=>	somewhat	complementary

42



Absolute	Neutrino	Mass	Scale

• First	results	from	KATRIN	(Sept.	2019)
– Upper	limit:	me<1.1	eV	@	90%	CL

• Based	on	28	days	of	data	taking	

– 5y	sensitivity:	me<0.2	eV

• Future	cosmology	missions	(Euclid,	
DESI)	will	also	have	sensitivity

43

  

Measuring the neutrino masses

● Future cosmology missions (Euclid, DESI …) target the 
neutrino mass detection ! (only parameter in common 
between particle physics and cosmology)

● Neutrinoless double beta decay : key to determine the 
neutrino nature. IO covered with the next generation of 
experiments (strong program in Europe: LEGEND, CUPID, 
NEXT ...)

● Single beta decay : KATRIN taking data. New exp. methods 
(Project8, ECHo) under development.

S
. 

M
e

rt
e

n
s
 G

ra
n

a
d

a
 2

0
1
9



Is	the	neutrino	its	own	anti-particle?

• Several	experiments	of	next	
generation	planned

• Should	probe	inverted	
hierarchy	allowed	region
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Dark	Sector

YH @ Lepton Photon, Toronto 2019

Zoo of particles 
w/structure

SU(3)cx SU(2)L x U(1)Y

Why not in the 
dark sector too?

New gauge symmetries?

Dark Sectors

???
?????
????

Visible sector Dark sector

45

Y.	Hochberg,	LP	‘19



Dark	Sector

46

5

SIMPs	/	ELDERS	

Ultralight	Dark	Ma5er	

Muon	g-2

Small-Scale	Structure	

Microlensing	

Dark	Sector	Candidates,	Anomalies,	and	Search	Techniques	

Hidden	Sector	Dark	Ma5er	

Small	Experiments:	Coherent	Field	Searches,	Direct	DetecIon,	Nuclear	and	Atomic	Physics,	Accelerators	

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

WIMPs	QCD	Axion	

≈

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

≈

Beryllium-8	

Black	Holes	

Hidden	Thermal	Relics	/	WIMPless	DM	

Asymmetric	DM	

Freeze-In	DM	

Pre-InflaIonary	Axion	

Post-InflaIonary	Axion	

FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why

13

Dark Matter Candidates: Very little clue on mass scales

Too small mass
⇒ won’t “fit” 
in a galaxy!

From MACHOs 
searches

graphics	by	M.	Carena



How	to	search	for	WIMPs?

47

AMS	satellite

LHC

XENON1T	in	Gran	Sasso



Dark	Matter	processes	with	Higgs

48

DM	annihilation
early	Universe	&

satellites

DM-N	Scattering
(XENON1T	etc.)

DM	production
early	Universe	&	

LHC



“Invisible” Higgs decays?

• Does dark matter (χ) interact with the Higgs?
– Higgs can decay to dark matter candidates if mH > 2 mχ

49



Comparing	direct	detection	and	Higgs	constraints

50

Dark	Matter	can	be	scalar,	vector	or	fermion:

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) =
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 ! ��)
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+ �(H ! ��)

=
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H
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(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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VBF+VH production modes, assuming the SM Higgs production
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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-
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discussed here become very important. More generally,
the ggF rate can be enhanced whenever there exist addi-
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e↵ect on the ggF rate via the e↵ective Higgs coupling to
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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,

0.0 0.2 0.4 0.6 0.8 1.0
-0.010

-0.005

0.000

0.005

0.010

Brinv

c g
g

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

1

2
MH , and assuming

the visible decay width equals to the SM total width

• Approaches	are	complementary
– Higgs	more	sensitive	at	low	mass,	direct	detection	more	sensitive	at	high	mass

• Comparison	is	mode—dependent
– This	is	good:	if	we	see	signal	we	will	learn	physics	from	it!

Scalar	DM



Monojet search

51
Can	fully	probe	thermal	WIMP	with	FCC-hh



Other	Dark(ish)	Particles:	FIPs

52

Feebly	interacting	particles	(FIPs)

• Scalar	portal	very	interesting!
– Electroweak	phase	transition
– Dark	matter	
– Finetuning problem 𝐻 →untagged

Beam	
dump



Axion-Like	Particles	(ALPs)

53

• Axion originally	proposed	as solution	to	strong	CP	problem	(Peccei,	Quinn)
– Could	also	be	relevant	for	Dark	Matter,	stellar	evolution..

• Many	complementary	searches	for	Axion-Like	Particles
– Dedicated	experiments	(ALPS,	CAST,	IAXO),	beam	dump	facilities	(e.g.	SHiP)	and	colliders



Is	our	world	natural?

54

• Large	quantum	corrections	to	Higgs	mass:

• Unnatural	that	𝑚= ≪ Λ@5	=>	“hierarchy	problem”

• Quantify:	

~	MPl
2 if	no	new	physics	with	Λ<MPl



Simplicity	vs	Naturalness

55

R.	Rattazzi



Is	our	world	natural?

56

• Will	probe	naturalness	to	levels	of	10-3 with	Higgs	couplings
– Down	to	10-2-10-4 with	direct	searches	



Conclusions

• Amazingly	exciting	world	of	particle	physics
– So	many	questions… so	many	experiments	to	do…so	many	challenges!

• Hard	to	know	where	the	next	breakthrough	is….
– But	let’s	break	through	… even	if	it	is	difficult… and	takes	a	while!

57

from	Selya Ipek



Conclusions

• Amazingly	exciting	world	of	particle	physics
– So	many	questions… so	many	experiments	to	do…so	many	challenges!

• Hard	to	know	where	the	next	breakthrough	is….
– But	let’s	break	through	… even	if	it	is	difficult… and	takes	a	while!
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Eliud Kipchoge,	Oct.	12th 2019
”No	human	is	limited”



Backup
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Is	there	a	Singlet?

• Scalar	singlet
– May	or	may	not	mix	with	H	boson
– Mass	below	or	above	mH

• Could	address	several	questions:
– Order	of	electroweak	phase	transition
– Dark	matter
– …

• Future	experiments	will	probe	very	
interesting	parameter	space
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Electroweak	Precision	Data

62Huge	improvements	with	future	e+e- colliders	(“Tera-Z”)



S	and	T	parameters

63



• 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%

Measurement	of	Higgs	Self-Coupling:	Lepton	Colliders

64



AMS	positron	flux

65

• AMS	sees	increase	in	positron	flux	as	function	of	energy
• One	possible	explanation:	DM	annihilation	to	𝝉.𝝉F	or	𝝁.𝝁F	pairs

– These	subsequently	decay	to	electrons

• Another	explanation:	astrophysical	sources,	e.g.	pulsars



Dark	Matter	searches	compared

66
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Comparing	direct	detection	and	Higgs	constraints
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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:
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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
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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 !
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tion �
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Dark	Matter	can	be	scalar,	vector	or	fermion:

Scalar:

Vector:

Fermion:
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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
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Table 5. Expected relative precision (%) of the k parameters in the kappa-3 (combined with HL-LHC) scenario described in
Section 2 for future accelerators beyond the LHC era. The corresponding 95%CL upper limits on BRunt and BRinv and the
derived constraint on the Higgs width (in %) are also given. No requirement on kV is applied in the combination with HL-LHC,
since the lepton colliders provide the necessary access to the Higgs width. Cases in which a particular parameter has been fixed
to the SM value due to lack of sensitivity are shown with a dash (�). An asterisk (⇤) indicates the cases in which there is no
analysis input in the reference documentation, and HL-LHC dominates the combination. The integrated luminosity and running
conditions considered for each collider in this comparison are described in Table 1. Both the initial stage and the full program
of the colliders is considered, with "ILC500" corresponding to ILC250+ILC350+ILC500, "CLIC3000" to
CLIC380+CLIC1500+CLIC3000, and "FCC-ee365" to FCC-ee240+FCC-ee365. FCC-ee/eh/hh corresponds to the combined
performance of FCC-ee240+FCC-ee365, FCC-eh and FCC-hh.

kappa-3 scenario HL-LHC+
ILC250 ILC500 ILC1000 CLIC380 CLIC1500 CLIC3000 CEPC FCC-ee240 FCC-ee365 FCC-ee/eh/hh

kW [%] 1.0 0.29 0.24 0.73 0.40 0.38 0.88 0.88 0.41 0.19
kZ[%] 0.29 0.22 0.23 0.44 0.40 0.39 0.18 0.20 0.17 0.16
kg[%] 1.4 0.85 0.63 1.5 1.1 0.86 1. 1.2 0.9 0.5
kg [%] 1.4 1.2 1.1 1.4⇤ 1.3 1.2 1.3 1.3 1.3 0.31
kZg [%] 10.⇤ 10.⇤ 10.⇤ 10.⇤ 8.2 5.7 6.3 10.⇤ 10.⇤ 0.7
kc [%] 2. 1.2 0.9 4.1 1.9 1.4 2. 1.5 1.3 0.96
kt [%] 3.1 2.8 1.4 3.2 2.1 2.1 3.1 3.1 3.1 0.96
kb [%] 1.1 0.56 0.47 1.2 0.61 0.53 0.92 1. 0.64 0.48
kµ [%] 4.2 3.9 3.6 4.4⇤ 4.1 3.5 3.9 4. 3.9 0.43
kt [%] 1.1 0.64 0.54 1.4 1.0 0.82 0.91 0.94 0.66 0.46

BRinv (<%, 95% CL) 0.26 0.23 0.22 0.63 0.62 0.62 0.27 0.22 0.19 0.024
BRunt (<%, 95% CL) 1.8 1.4 1.4 2.7 2.4 2.4 1.1 1.2 1. 1.

Figure 2. Expected relative precision (%) of the k parameters in the kappa-3 scenario described in Section 2. For details, see
Tables 4 and 5. For HE-LHC, the S2’ scenario is displayed.
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Let	there	be	a	singlet

If	MS<MH/2	=>	H→SS	decay	possible
• Z2	symmetry: 	𝑆 → invisibly
• sinθ	≠	0:	

– 𝑆 → 𝑓𝑓̅ with	𝑦L,N = 𝑠𝑖𝑛𝜃𝑦L,= =>	direct	searches
– 𝑆 → undetected	is	also	sensitive	in	global	fit
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3

• FCC-hh: pp collider, L = 20 ab�1 at
p
s = 100 TeV (25 years) [5]. For the numbers presented in Table VII,

L = 30 ab�1 is considered, corresponding to two collider experiments combining at least 75% of the data [8].

• Muon collider: a muon collider is also a very interesting option to collide leptons at very high energies. This is,
however, not considered in this report as the studies related to this are currently less advanced.

III. SINGLET SCALARS

One of the experimentally most challenging extensions of the Standard Model (SM), yet one that is relevant to
many interesting Higgs-related questions, is that of a singlet scalar. In fact, it appears with relation to four of the
seven open questions that we posed:

1. Is h alone?

2. What keeps m2

h
⌧ m

2

Pl
?

3. Was the electroweak phase transition first order?

4. Are there light SM-singlet degrees of freedom?

The simplest extension is to add to the SM a real scalar field S(x), in the (1, 1)0 (gauge-singlet) representation.
The most general renormalizable Lagrangian is [9–11] (we use the notations of [9])

L = LSM +
1
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where � is the Higgs doublet in the (1, 2)+1/2 representation. In the general case, both � and S can acquire VEVs:

h�i = (0, v/
p
2), hSi = vs, (2)

and the Higgs and singlet fields mix:
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, (3)

where Mh and Ms are the mass eigenvalues of the two scalar mass eigenstates (Mh ' 125 GeV).
Deviations from the SM predictions for various couplings are often parameterized by “ parameters”:
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ghxx

g
SM

hxx

. (4)

Within the SM extended by singlet scalars, the couplings of the Higgs boson to all fermion and vector boson pairs are
modified by a universal factor. (For a discussion, see Section I of Ref. [10].) Defining �gh via

x ⌘ 1 + �gh, (5)

we have [9]
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As concerns Eq. (6), we emphasize the following points:

• The first term on the right hand side (RHS) is a consequence of the mixing (see Eq. 3).

• The second and third terms are a consequence of the wave function renormalization of the Higgs at one loop.
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Z2 symmetry:		

4

Usually, the first term dominates. This is not the case, however, in models where a Z2 symmetry, under which S

(�) is odd (even), is imposed. This scenario is considered the most di�cult one for finding experimental evidence for
first order electroweak phase transition [11]. In this model, we have ahs = vs = 0 and consequently ✓ = 0, so that the
first two terms of Eq. (6) vanish. It follows that [12]
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A. Ms < Mh/2

If Ms < Mh/2, then a new decay channel for the Higgs boson opens up, h ! SS, with
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In the Z2 limit

�hSS = �hsv, (12)

and, furthermore, S is stable, and therefore, the h ! SS mode contributes to h ! invisible. Ref. [13] collected the
upper bounds and projections on BR(h !invisible). We quote updated results and future projections in Table I.

The BR(h !invisible) is determined directly by analyses searching for a Higgs boson produced in association with
a Z boson (at lepton and hadron colliders) or with forward jets (in VBF process at hadron colliders), and the Higgs
boson decaying invisibly which is observed as missing transverse momentum in the experiments. Several e+e� colliders
are able to probe this with a precision of 0.3%. The best sensitivity is achieved by FCChh with 0.025%.

In the case that no Z2 symmetry is imposed and, in particular, sin ✓ 6= 0, the mass eigenstate S inherits the Higgs
couplings, suppressed by sin ✓:

�
Sff̄

= sin ✓ y
SM

f
, (13)

where y
SM

f
is the corresponding SM Yukawa coupling. The h ! SS decay will be followed by S ! ff̄ where

mf < Ms/2 with coupling given by Eq. (13). There are two complementary ways of searching for these decays. One
is the direct search for the final four fermion state, which we discuss further below. The second is the indirect search,
via a global fit to the Higgs couplings, which can reveal (or constrain) a contribution to the Higgs width that is not
accounted for by the final states that are included in the fit [13, 18, 19], the so-called

h ! undetected. (14)

Upper bounds on BR(h ! undetected) are given in Table I, and put an upper bound on sin2 ✓ for a given Ms. The
branching ratios to “undetected” final state are derived from the observed cross sections and branching ratios using
certain constraints. For the LHC and HL-LHC this can only be done if Z  1.0 is assumed, which holds for singlets
with Ms < Mh/2 if the dominant e↵ect is due to sin ✓ 6= 0 (and in general only holds for a fraction of new physics
models). For the e

+
e
� colliders it is possible to use a much more direct and very model-independent constraint [13]

BR(h ! undetected)  1� (1� 2�)2, where � is the precision on the measurement of Z (CLIC380: 0.4%, CEPC:
0.25%, ILC: 0.38%, FCCee: 0.22%).

Examples of other relevant experimental searches are collected in Table II. For the µµbb final state it is expected that
the HL-LHC [20] will have a sensitivity down to BR(h ! µ

+
µ
�
bb̄) ⇠ 5 ⇥ 10�5. For the other decays no projections

are available.

=>	No	mixing	between	H	and	S

Mixing	between	S	and	H:	
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• FCC-hh: pp collider, L = 20 ab�1 at
p
s = 100 TeV (25 years) [5]. For the numbers presented in Table VII,

L = 30 ab�1 is considered, corresponding to two collider experiments combining at least 75% of the data [8].

• Muon collider: a muon collider is also a very interesting option to collide leptons at very high energies. This is,
however, not considered in this report as the studies related to this are currently less advanced.
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As concerns Eq. (6), we emphasize the following points:

• The first term on the right hand side (RHS) is a consequence of the mixing (see Eq. 3).

• The second and third terms are a consequence of the wave function renormalization of the Higgs at one loop.



Let	there	be	a	singlet

If	MS>MH/2	and	sinθ ≠	0
– all	H	couplings	modified	=>	BR	unaffected
– Total	production	cross	section	modified
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where Mh and Ms are the mass eigenvalues of the two scalar mass eigenstates (Mh ' 125 GeV).
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Within the SM extended by singlet scalars, the couplings of the Higgs boson to all fermion and vector boson pairs are
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As concerns Eq. (6), we emphasize the following points:

• The first term on the right hand side (RHS) is a consequence of the mixing (see Eq. 3).

• The second and third terms are a consequence of the wave function renormalization of the Higgs at one loop.
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Usually, the first term dominates. This is not the case, however, in models where a Z2 symmetry, under which S

(�) is odd (even), is imposed. This scenario is considered the most di�cult one for finding experimental evidence for
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A. Ms < Mh/2

If Ms < Mh/2, then a new decay channel for the Higgs boson opens up, h ! SS, with
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In the Z2 limit

�hSS = �hsv, (12)

and, furthermore, S is stable, and therefore, the h ! SS mode contributes to h ! invisible. Ref. [13] collected the
upper bounds and projections on BR(h !invisible). We quote updated results and future projections in Table I.

The BR(h !invisible) is determined directly by analyses searching for a Higgs boson produced in association with
a Z boson (at lepton and hadron colliders) or with forward jets (in VBF process at hadron colliders), and the Higgs
boson decaying invisibly which is observed as missing transverse momentum in the experiments. Several e+e� colliders
are able to probe this with a precision of 0.3%. The best sensitivity is achieved by FCChh with 0.025%.

In the case that no Z2 symmetry is imposed and, in particular, sin ✓ 6= 0, the mass eigenstate S inherits the Higgs
couplings, suppressed by sin ✓:

�
Sff̄

= sin ✓ y
SM

f
, (13)

where y
SM

f
is the corresponding SM Yukawa coupling. The h ! SS decay will be followed by S ! ff̄ where

mf < Ms/2 with coupling given by Eq. (13). There are two complementary ways of searching for these decays. One
is the direct search for the final four fermion state, which we discuss further below. The second is the indirect search,
via a global fit to the Higgs couplings, which can reveal (or constrain) a contribution to the Higgs width that is not
accounted for by the final states that are included in the fit [13, 18, 19], the so-called

h ! undetected. (14)

Upper bounds on BR(h ! undetected) are given in Table I, and put an upper bound on sin2 ✓ for a given Ms. The
branching ratios to “undetected” final state are derived from the observed cross sections and branching ratios using
certain constraints. For the LHC and HL-LHC this can only be done if Z  1.0 is assumed, which holds for singlets
with Ms < Mh/2 if the dominant e↵ect is due to sin ✓ 6= 0 (and in general only holds for a fraction of new physics
models). For the e

+
e
� colliders it is possible to use a much more direct and very model-independent constraint [13]

BR(h ! undetected)  1� (1� 2�)2, where � is the precision on the measurement of Z (CLIC380: 0.4%, CEPC:
0.25%, ILC: 0.38%, FCCee: 0.22%).

Examples of other relevant experimental searches are collected in Table II. For the µµbb final state it is expected that
the HL-LHC [20] will have a sensitivity down to BR(h ! µ

+
µ
�
bb̄) ⇠ 5 ⇥ 10�5. For the other decays no projections

are available.

=>	No	mixing	between	H	and	S

Mixing	between	S	and	H:	
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As concerns Eq. (6), we emphasize the following points:

• The first term on the right hand side (RHS) is a consequence of the mixing (see Eq. 3).

• The second and third terms are a consequence of the wave function renormalization of the Higgs at one loop.
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Table III: Precision on �h for the following e
+
e
� colliders: CLIC [16], CEPC [7], ILC [6] and FCCee [8].

Collider
p
s [TeV] L [ab�1] ��h/�h [%] method

CLIC 380 0.38 1.0 4.7 �(Zh), BR(h ! ZZ)

CLIC 1.5 0.38 + 1.5 2.5 2.6 �(Zh), BR(h ! ZZ)

CLIC 3.0 0.38 + 1.5 + 3 5 2.5 �(Zh), BR(h ! ZZ)

ILC 250 0.25 2.0 2.4 EFT fit

ILC 500 0.25 + 0.5 2.0 + 4.0 1.6 EFT fit

CEPC 0.25 5.6 2.8 �(Zh), BR(h ! ZZ)

FCCee 240 0.24 5.0 2.7 �(Zh), BR(h ! ZZ)

FCCee 0.24+0.365 6.5 1.3 �(Zh), BR(h ! ZZ)

where we used the fact that, within the framework discussed here, both �(e+e� ! Zh) and �(h ! ZZ
⇤) are modified

from their SM values by the same factor, 2

Z
. The precision of this determination is then limited by the statistics

of h ! ZZ
⇤ decays. Both the statistical precision and the model dependence can be reduced significantly if also

�(e+e� ! h⌫e⌫e) and BR(h ! WW
⇤) as is possible for FCCee at 365 GeV, CLIC (at all proposed energies) and ILC

at 500 GeV. This explains the substantial improvement observed when higher energy data are included.
The estimated sensitivities of future e

+
e
� colliders to the total width are given in Table III. It is much superior

to the first and second determinations of the width at the LHC discussed above. A word of caution is, however, in
place here. While the assumption that both the Zh cross section and the h ! ZZ decay width are modified by
one simple factor, 2

Z
, holds in the framework discussed in this subsection (extending the SM with a single light real

singlet scalar), it is a model-dependent assumption, and cannot be assumed in general [17]. Thus, for ILC, the width
has been extracted using an EFT fit with use of polarization and angular information instead. This is the reason that
we quote also the method used in each experiment in Table III.

B. Ms > Mh/2

The case of Ms > Mh/2 is more challenging. In this case, there is a universal modification of all hxx couplings, see
Eq. (6). The partial width into any SM final state, �(h ! f), as well as the total Higgs width, �h, change by the
same factor, (1 + �gh)2. Consequently, the branching ratios into the various final states are unchanged from the SM,
but the production rates are modified:

µ
f

i
⌘

�i(pp ! h)⇥ BR(h ! f)

[�i(pp ! h)⇥ BR(h ! f)]
SM

= (1 + �gh)
2
. (16)

Here i is the Higgs production mode (ggF, VBF, etc.). If there is no Z2 symmetry, then doublet-singlet mixing is
allowed, i.e. sin 2✓ 6= 0 (see Eq. (3)), and the dominant contribution to �gh in Eq. (6) is likely to come from the
(cos ✓ � 1) term, and consequently

µ
f

i
⇡ cos2 ✓. (17)

If there is an unbroken Z2 symmetry,
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h
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i
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2

h
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|�hs|
2

48⇡2

v
2

M2
s

. (19)

Under the assumption that the values of the signal strengths µ
f

i
are the same for all production processes i and

decay channels f , a fit to the ATLAS and CMS data at
p
s = 7 and 8 TeV, with µ as the parameter of interest,

results in the best fit value [28]:

µ = 1.09+0.11

�0.10
. (20)

Δμ (%)
now 7.8
HL-LHC 1.5-3
ILC 0.7
FCC-ee 0.5
CLIC 0.24
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Table IV: Precision on the dominant Higgs production cross sections for the following e
+
e
� colliders: CLIC [16], CEPC [7],

ILC [17] and FCCee.

Collider
p
s [TeV] L [ab�1] ��Zh/�Zh [%]

CLIC 0.38 1.0 1.3

ILC 0.25 2.0 0.7

CEPC 0.25 5.6 0.5

FCCee 0.24 5.0 0.5

With the full HL-LHC dataset, the LHC now projects, for the two best measured production rates, 1.6% for the ggF
channel and 3.1% for the VBF channel. There is still a question of theory uncertainties on the ggF and VBF cross
sections. One can argue that the theory precision on VBF will be

⇠
< 1% while for ggF this is harder to estimate. In

principle the above numbers already fold in acceptance uncertainties due to theory but not yet overall normalization
uncertainties.

As concerns the ILC, Ref. [17] (Table 6) estimates the accuracy on �Zh to be 0.7%, while for CEPC and FCCee

a precision of 0.5% is expected. The accuracy on the measurement of �Zh in various proposed e
+
e
� colliders is

presented in Table IV.
A particularly interesting issue in which the addition of a singlet scalar to the SM is relevant is the possibility that

its coupling to the Higgs field makes the EWPT first order. Ref. [29] obtains that the lower bound on |�hs|
2
/M

2

s
is

such that

µ
f

i
� 1

⇠
> 0.6%. (21)

We conclude that the ILC, CEPC and FCCee may be able to lend support or exclude this scenario as they reach a
precision of 0.5-0.7%. However, the sensitivity may only be at the level of one standard deviation for all three colliders
if the deviation is near its lower bound.

The width measurements presented in Table III are also sensitive to this scenario but the precision is inferior than
that of the total cross sections.

IV. WHAT IS THE SOLUTION OF THE FLAVOR PUZZLE(S)?

There are several reasons that make the study of flavor physics via Higgs physics well motivated. First, flavor
physics raises three puzzles [30]:

• The Standard Model flavor puzzle: Why is there structure (smallness and hierarchy) in the charged fermion
masses and the CKM mixing angles?

• The neutrino flavor puzzle: Why, in contrast to the charged fermions, there seems to be no structure (neither
hierarchy nor degeneracy nor smallness) in the neutrino-related flavor parameters?

• The new physics flavor puzzle: If there is new physics at the TeV scale, what is the mechanism (alignment
and/or degeneracy) that prevents it from significantly modifying the SM predictions for flavor changing neutral
current processes?

Various models have been suggested to answer one or more of these questions. The best hope to make further
progress is by measuring new flavor parameters (beyond the matrix elements of the CKM matrix). Measurements of
the Yukawa couplings of h provide such an opportunity.

Second, within the Standard Model (SM), flavor changing neutral current (FCNC) processes are suppressed by
three factors:

• Loop suppression;

• CKM suppression;

• GIM suppression.

For	1st order	ewk phase	transition
(Katz,	Perelstein,	arXiv:1401.1827):	



Perturbative	QCD	at	the	LHC

• Important	consistency	check
– Actually	some	tension	between	tt data	and	other	data	seen	in	QCD	fits
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Long-Baseline	Experiments	in	Japan	and	USA

T2K

NOvA

INGRID + 
ND280

Fermilab Main Injector

NOvA 
Near 
Detector

NOvA Far Detector

�16
72

Hyper-Kamiokande

LBNF	beamline	=>	DUNE



LHC Roadmap
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023
2024
2025
2026
2027
….
2037

Run 1: √s=7-8 TeV, ∫Ldt=25 fb-1, pileup μ≈20

Run 2: √s≈13 TeV, ∫Ldt≈120 fb-1, μ≈43

Run 3: √s≈14 TeV, ∫Ldt≈350 fb-1, μ=50-80

HL-LHC: √s≈14 TeV, ∫Ldt≈3000 fb-1, μ≈140-200

LS1: phase 0 upgrade 

LS2: phase 1 upgrade 

LS3: phase 2 upgrade 
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We	are	here!



Future	Colliders

74

Proposed	colliders:
• Linear	e+e-:	ILC,	CLIC
• Circular	e+e-:	FCC-ee,	CePC
• pp:	HE-LHC,	FCC-hh,	SppC
• ep:	LHeC,	FCC-eh		



Future	Colliders:	√s	and	tentative	timescales

75



Sensitivity	to	κλ at	HL-LHC

76

• 50%	sensitivity	at	HL-LHC….	
• Sensitivity	very	relevant	for	probing	
order	of	phase	transition!

Towards HL-LHC
• One of the key deliverables for the upgraded High Luminosity LHC (HL-LHC) will 

be able to measure di-Higgs production, ~4σ significance expected with 3000 fb-1.
• Expected sensitivity to the self-coupling modifier κλ using 3000 fb-1:

- In the range 0.1 < κλ < 2.3 at 95% C.L. (0.5 < κλ < 1.5 at 68% C.L.).
• Expect '(%) precision on the most accessible Higgs boson couplings.

- Many limited by uncertainties from theoretical considerations.

 25
arXiv:1902.00134



New	physics	with	heavy	quarks

Sensitive	to	many	models	of	new	physics
77



What	about	right-handed	neutrinos

• Seesaw	mechanism	could	explain	𝑚S ≪ 𝑚T
• Requires	heavy	RH	neutrino:		𝑀V/𝑔 ≫ 𝑣

– typically	at	GUT	scale	but	could	be	lower	but	could	
be	lower	if	g	very	small	
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from	Symmetry	magazine

Physics of Neutrino Mass

Seesaw diagram

Figure 3: Seesaw diagram

☞ Leads to Majorana neutrinos.
→ Mass matrix for (νL, νR) system:
⎛

⎜⎝
0 hνv

hT
ν v MR

⎞

⎟⎠ MR ≫ hνv, mass eigenvalues: heavy :

→: MR and light: Mν ≃ −v2
wkh

T
ν M−1

R hν;

Roughly mν ≃ −h2
νv2

MR
. Since MR ≫ vwk, this explains

why mνi ≪ mu,d,e.... (Type I seesaw)

Minkowski (77); Gell-Mann, Ramond, Slansky; Yanagida; Glashow; R. N. M., Senjanovic (1979)

c⃝ Rabi Mohapatra, 2007
University of Maryland
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Probed	by	e.g.	beam	dump	&	
collider	experiments



Total,	Inelastic	and	Elastic	Cross	Sections
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Figure 4: (color). Overview of elastic (�el), inelastic (�inel), total (�tot) cross section for pp
and pp̄ collisions as a function of

p
s, including TOTEM measurements over the whole energy

range explored by the LHC [1, 2, 4–6, 10, 13, 22–31]. Uncertainty band on theoretical models
and/or fits are as described in the legend. The continuous black lines (lower for pp, upper for
pp̄) represent the best fits of the total cross section data by the COMPETE collaboration [32].
The dashed line results from a fit of the elastic scattering data. The dash-dotted lines refer to
the inelastic cross section and are obtained as the di↵erence between the continuous and dashed
fits.
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