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q Introduction
q How we got to here: a brief history of the past four decades

q Where we stand & the imminent future (next 10-15 years)
q The (fundamental?) scalar sector of the SM
q Direct searches for BSM physics

q Dark Matter
q Interplay of Direct and Indirect (collider) searches

q Physics of Flavor
q Quark sector: CP violation, rare decays of K and B mesons
q Neutrinos: New source of CP violation(?) Mass ordering?  Nature? New 

particles/new interactions?
q Pseudo-summary



The Standard Model and colliders
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Hadron Colliders
W/Z: UA1/UA2 @ SPS
Top: CDF/D0 @ Tevatron
H: ATLAS/CMS @ LHC

Hadron Collisions
b quark: E288 @ FNAL
c quark: pBe @ AGS

ee Colliders 
c and t @ SPEAR (SLAC)
g @ PETRA (DESY)

Not shown: probing/studying  the 
strong, weak and EM interactions



How we got to here

A very (very…) brief summary



pp collisions :== parton-parton collisions + extra debris
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A clean (…) W decay at the SPS circa 1983

Volume 122B, number 1 PHYSICS LETTERS 24 February 1983 
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Fig. 3. The components of the missing energy parallel and 
perpendicular to the electron momentum plotted versus the 
electron energy for the events found in the electron search: 
(a) without jets, (b) with jets. 

tially no missing energy (fig. 2b) +3, the ones with no 
jets show evidence of a missing transverse energy of 
the same magnitude as the transverse electron energy 
(fig. 3a), with the vector momenta almost exactly bal- 
anced back-to-back (fig. 2a). In order to assess how 
significant the effect is, we proceed to an alternative 
analysis based exclusively on the presence of missing 
transverse energy. 
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Fig. 4. The distribution of the square of the missing transverse 
energy for those events which survive the cuts requiring asso- 
ciation of the central detector isolated track and a struck gon- 
dola in the missing-energy search. The five jetless events from 
the electron search are indicated. 

7. Search for events with energetic neutrinos. We 
start again with the initial sample of 2125 events with 
a charged track of PT > 7 GeV/c. We now move to 
pick up validated events with a high missing transverse 
energy and with the candidate track not part of a jet: 

(i) The track must point to a pair of gondolas with 
deposition in excess o f E  T > 15 GeV and no other 
track with PT > 2 GeV/c in a 20 ° cone (911 events). 

(ii) Missing transverse energy imbalance in excess 
of 15 GeV. 

Only 70 events survive these simple cuts, as shown 
in fig. 4. The previously found 5 jetless events of the 
gondolas are clearly visible. At this point,  as for the 

¢3 The 11 events with an electron and a jet exhibit apT 4 
spectrum with the highest event at PT = 32 GcV/c. 

electron analysis, we process the events at the interac- 
tive facility Megatek: 

(iii) The missing transverse energy is validated, re- 
moving those events in which jets are pointing to where 
the detector response is limited, i.e. corners, light-pipe 
ducts going up and down. Some very evident, big sec- 
ondary interactions in the beam pipe are also removed. 
We are left with 31 events, of which 21 have E c > 0.01 
Egon and 10 events in which E c < 0.01 Egon. 

(iv) We require that the candidate track be well iso- 
lated, that there is no track with PT > 1.5 GeV in a 
cone of 30 °, and that E T < 4 GeV for neutrals in 
neighbouring gondolas at similar ~b angle. Eighteen 
events survive: ten with E c :/= 0 and eight with E c = 0. 

The events once again divide naturally into the two 
classes: 11 events with jet activity in the azimuth op- 
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Fig. 14. The transverse-mass (+) distribution of the UA 1 W candidates in the electron 
channel. Background contributions from jet (QCD) fluctuations and W --t 7v decays are 
superimposed on the data points together with the simulation of W + ev decays assum- 
ing mw = 83.5 GeV/c2 (solid curve). The simulation is normalized t o  the number of ob- 
served events 
Fig. 15. The mT distribution of the UA 2 W-sample of 752 events with pTe > 20 GeV/c. 
The solid line corresponds to a simulation of. all contributing processes; the dashed line 
represents simulated U' decays, where mw = 80.2 GeV/cS 
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Early 80s: The rendez-vous with the W boson.

P. Sphicas
Collider Physics

The rendez-vous with the W boson

Jan 16-21, 2022
CHIPP 2022 12

It was there, at the right time 
(number of events ® rate ®
time of rendez-vous!)

at the 
right 
mass:

And with the 
correct spin…

Volume 122B, number 1 PHYSICS LETTERS 24 February 1983 
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Fig. 3. The components of the missing energy parallel and 
perpendicular to the electron momentum plotted versus the 
electron energy for the events found in the electron search: 
(a) without jets, (b) with jets. 

tially no missing energy (fig. 2b) +3, the ones with no 
jets show evidence of a missing transverse energy of 
the same magnitude as the transverse electron energy 
(fig. 3a), with the vector momenta almost exactly bal- 
anced back-to-back (fig. 2a). In order to assess how 
significant the effect is, we proceed to an alternative 
analysis based exclusively on the presence of missing 
transverse energy. 
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electron analysis, we process the events at the interac- 
tive facility Megatek: 

(iii) The missing transverse energy is validated, re- 
moving those events in which jets are pointing to where 
the detector response is limited, i.e. corners, light-pipe 
ducts going up and down. Some very evident, big sec- 
ondary interactions in the beam pipe are also removed. 
We are left with 31 events, of which 21 have E c > 0.01 
Egon and 10 events in which E c < 0.01 Egon. 

(iv) We require that the candidate track be well iso- 
lated, that there is no track with PT > 1.5 GeV in a 
cone of 30 °, and that E T < 4 GeV for neutrals in 
neighbouring gondolas at similar ~b angle. Eighteen 
events survive: ten with E c :/= 0 and eight with E c = 0. 
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UA1:	m
W
=81±5GeV

UA2:	m
W
=81±610 GeV
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Fig. 14. The transverse-mass (+) distribution of the UA 1 W candidates in the electron 
channel. Background contributions from jet (QCD) fluctuations and W --t 7v decays are 
superimposed on the data points together with the simulation of W + ev decays assum- 
ing mw = 83.5 GeV/c2 (solid curve). The simulation is normalized t o  the number of ob- 
served events 
Fig. 15. The mT distribution of the UA 2 W-sample of 752 events with pTe > 20 GeV/c. 
The solid line corresponds to a simulation of. all contributing processes; the dashed line 
represents simulated U' decays, where mw = 80.2 GeV/cS 
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It was there, at the right time (number of 
events ® rate ® time of rendez-vous!)
At the right mass: 81±5 GeV
With the right spin: 1



The similarly punctual cousin: the Z boson

q The Z boson was there as well
q Also at the right time
q And at the right mass (91 GeV)

q Tremendous (other) physics 
output from the 10 years of the 
SPS and the UA/UA2 
experiments

BPU11, Belgrade: Aug 29, 2022HEP: current perspectives and future challenges 5



End of the 80s, beginning 90s:

Passing the baton to 
(a) LEP (CERN) & SLC (Stanford) 

and 
(b) The Tevatron (Fermilab)



LEP & SLD Overview: Luminosity, Energy, Precision

7

Energy upgradeable; measurable;
Four detectors (A,D,L,O); Large luminosity:

20 Million Z events.
But…. Energy limited by synchrotron radiation loss 
(~γ4). At Z: 3 GeV/turn (replenished by the RF system)

BPU11, Belgrade: Aug 29, 2022HEP: current perspectives and future challenges

LEP: Conventional collider e+e– ring PEP @ SLAC: complementary to LEP

First (high √s) e+e- “linear” collider (+ arcs);
Small transverse beam sizes (& beam pipe)
Reduced luminosity; Only one expt (SLD):

0.35 Million Z events
BUT: 73% electron beam polarization;



e+e– collisions: clean, controlled environment
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Cross Section Measurements

Prof. M.A. Thomson Michaelmas 2009 500

! At Z resonance mainly observe four types of event:

! Each has a distinct topology in the detectors, e.g.

! To work out cross sections, first count events of each type
! Then need to know  “integrated luminosity” of colliding beams, i.e. the 

relation between cross-section and expected number of interactions

Prof. M.A. Thomson Michaelmas 2009 501

! To calculate the integrated luminosity need to know numbers of electrons and
positrons in the colliding beams and the exact beam profile

- very difficult  to achieve with precision of better than 10%
! Instead “normalise” using another type of event:

" Use the QED Bhabha scattering process
" QED, so cross section can be calculated very precisely
" Very large cross section – small statistical errors
" Reaction is very forward peaked – i.e. the 

electron tends not to get deflected much 

Photon propagator e.g. see handout 5

" Count events where the electron is scattered in the very forward direction
known from QED calc. 

! Hence all other cross sections can be expressed as

Cross section measurements
Involve just event counting !

LEP e+e− Collider

ECM = 90-200 GeV

1989-2001

7

23

3-Jet Events and Gluon Spin

JADE GeV
Direct Evidence for Glu-
ons (1978)

OPAL GeV

(1990)

Distribution of the angle, be-
tween the highest energy jet
(assumed to be one of the
quarks) relative to the flight di-
rection of the other two (in their
cms frame). depends on the
spin of the gluon.

GLUON is SPIN-1

Dr M.A. Thomson Lent 2004

Two-jet event Three-jet event

Z

W

H

Total Luminosity: 1000 pb-1

89-95              95             96   97 98 99 00

Precision: 0.1%

LEP 1         LEP1.5                LEP 2

Energy: 88 ® 209.2 GeV



The LEP legacy
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LEP ran for over a decade
And delivered unprecedented 
precision on the Electroweak Theory

On several observables, 0.1%

We also learned that: 
There are at most three neutrino species 
lighter than MZ.

Higgs boson heavier than 114.5 GeV
SUSY not there for masses ≤100 GeV

Robert Clare LEP at 30: ElectroWeak Physics
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Precision gives access to loops
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LEP
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Δαhad =Δα(5)

0.02750±0.00033
0.02749±0.00010
incl. low Q2 data

Theory uncertainty
March 2012 mLimit = 152 GeV

Shortly thereafter, an enormous 
triumph for the LHC…
But, predicted by LEP (with the 
help of others!), and the amazing 
Standard Model
And the power of a whole 
community working together

Highest √s attained: 209.2 GeV. 
K. Hubner Phys. Reports 403-404 (2004)
The maximum energy of LEP2 was determined by the decision 
in 1996 to discontinue the production of the SC cavities…  



End of 80s, beginning of 90s: Tevatron
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The Tevatron discovery: the top quark (I)
q The crowning moment for the Tevatron experiments: the observation of 

the Top quark
q The most complicated signature up to that point in time; leptons, jets, missing 

transverse energy, and b-tagging!

BPU11, Belgrade: Aug 29, 2022HEP: current perspectives and future challenges 11



LEP and the Tevatron 
were huge successes

The word “success” does not do justice
Yet…  the Higgs Boson did not show up

And the Higgs… is extremely important: 

the entire Standard Model of Particle 
Physics is based on the Brout-Englert-

Higgs mechanism to 

give masses to the W & Z bosons, while 
leaving the photon massless;

bonus: it also gives masses to the 
fermions!

X



A machine for EWSB
q The Large Hadron Collider (LHC)

q Use existing LEP tunnel at CERN
q Replace: e by p; increase bending power (with superconducting magnets)
q At the time (1990s): mass of the Higgs boson was completely unknown.  But 

theoretical arguments said MH<1 TeV (1000 GeV).

BPU11, Belgrade: Aug 29, 2022HEP: current perspectives and future challenges 13

MH ~ 1000 GeV
EW ≥ 500 GeV

Eq ≥ 1000 GeV (1 TeV)
Ep ≥ 6000 GeV (6 TeV)

p pq
q

q

Z0
H
WW

Z0

P. Sphicas
Collider Physics

The environment (II)

Jan 16-21, 2022
CHIPP 2022 39

# of interactions/crossing:
Interactions/s:

Lum = 1034 cm–2s–1=107mb–1Hz
s(pp) = 80 mb
Interaction Rate, R = 8x108 Hz

Events/beam crossing:
o Dt = 25 ns = 2.5x10–8 s
o Interactions/crossing=20

o For 50 ns operation: 40!
Not all p bunches full

o 2835 out of 3564 only
o Interactions/”active” crossing 

= 20 x 3564/2835 = 25

CMS event with 78 reconst-
ructed vertices and 2 muons…

Operating conditions at LHC design time (summary):
(1) A "good" event containing a  Higgs or SUSY decay +
(2) ~ 25 extra "bad" (minimum bias) interactions

But running at 
close to this 
energy ® need 
high luminosity 
® pileup! A tremendous, unprecedented challenge
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pT(µ)= 36, 48, 26, 72 GeV;  m12= 86.3 GeV, m34= 31.6 GeV

H®ZZ®4μ
m4μ= 125.1 GeV

H®gg In July 2012: a new particle with mass 
≈125 GeV is seen! It decays to gg, ΖΖ

® it’s a boson (spin=0 or 2)
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ATLAS Collaboration / Physics Letters B 716 (2012) 1–29 13

Fig. 7. Combined search results: (a) The observed (solid) 95% CL limits on the signal
strength as a function of mH and the expectation (dashed) under the background-
only hypothesis. The dark and light shaded bands show the ±1σ and ±2σ uncer-
tainties on the background-only expectation. (b) The observed (solid) local p0 as a
function of mH and the expectation (dashed) for a SM Higgs boson signal hypothe-
sis (µ = 1) at the given mass. (c) The best-fit signal strength µ̂ as a function of mH .
The band indicates the approximate 68% CL interval around the fitted value.

582 GeV. The observed 95% CL exclusion regions are 111–122 GeV
and 131–559 GeV. Three mass regions are excluded at 99% CL,
113–114, 117–121 and 132–527 GeV, while the expected exclu-
sion range at 99% CL is 113–532 GeV.

9.2. Observation of an excess of events

An excess of events is observed near mH =126 GeV in the H →
Z Z (∗) → 4" and H → γ γ channels, both of which provide fully
reconstructed candidates with high resolution in invariant mass, as
shown in Figs. 8(a) and 8(b). These excesses are confirmed by the
highly sensitive but low-resolution H → W W (∗) → "ν"ν channel,
as shown in Fig. 8(c).

The observed local p0 values from the combination of channels,
using the asymptotic approximation, are shown as a function of
mH in Fig. 7(b) for the full mass range and in Fig. 9 for the low
mass range.

The largest local significance for the combination of the 7 and
8 TeV data is found for a SM Higgs boson mass hypothesis of
mH = 126.5 GeV, where it reaches 6.0σ , with an expected value
in the presence of a SM Higgs boson signal at that mass of 4.9σ
(see also Table 7). For the 2012 data alone, the maximum local sig-
nificance for the H → Z Z (∗) → 4", H → γ γ and H → W W (∗) →

Fig. 8. The observed local p0 as a function of the hypothesised Higgs boson mass
for the (a) H → Z Z (∗) → 4", (b) H → γ γ and (c) H → W W (∗) → "ν"ν channels.
The dashed curves show the expected local p0 under the hypothesis of a SM Higgs
boson signal at that mass. Results are shown separately for the

√
s = 7 TeV data

(dark, blue in the web version), the
√

s = 8 TeV data (light, red in the web version),
and their combination (black).

Fig. 9. The observed (solid) local p0 as a function of mH in the low mass range.
The dashed curve shows the expected local p0 under the hypothesis of a SM Higgs
boson signal at that mass with its ±1σ band. The horizontal dashed lines indicate
the p-values corresponding to significances of 1 to 6 σ .

eνµν channels combined is 4.9 σ , and occurs at mH = 126.5 GeV
(3.8σ expected).

The significance of the excess is mildly sensitive to uncertain-
ties in the energy resolutions and energy scale systematic uncer-
tainties for photons and electrons; the effect of the muon energy
scale systematic uncertainties is negligible. The presence of these
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Fig. 13. The CLs values for the SM Higgs boson hypothesis as a function of the
Higgs boson mass in the range 110–145 GeV. The background-only expectations are
represented by their median (dashed line) and by the 68% and 95% CL bands. (For
interpretation of the references to colour, the reader is referred to the web version
of this Letter.)

Fig. 14. The observed local p-value for 7 TeV and 8 TeV data, and their combination
as a function of the SM Higgs boson mass. The dashed line shows the expected local
p-values for a SM Higgs boson with a mass mH.

7.1. Significance of the observed excess

The consistency of the observed excess with the background-
only hypothesis may be judged from Fig. 14, which shows a scan of
the local p-value for the 7 and 8 TeV data sets and their combina-
tion. The 7 and 8 TeV data sets exhibit an excess of 3.2σ and 3.8σ
significance, respectively, for a Higgs boson mass of approximately
125 GeV. In the overall combination the significance is 5.0σ for
mH = 125.5 GeV. Fig. 15 gives the local p-value for the five decay
modes individually and displays the expected overall p-value.

The largest contributors to the overall excess in the combina-
tion are the γ γ and ZZ decay modes. They both have very good
mass resolution, allowing good localization of the invariant mass
of a putative resonance responsible for the excess. Their com-
bined significance reaches 5.0σ (Fig. 16). The WW decay mode
has an exclusion sensitivity comparable to the γ γ and ZZ decay
modes but does not have a good mass resolution. It has an excess
with local significance 1.6σ for mH ∼ 125 GeV. When added to
the γ γ and ZZ decay modes, the combined significance becomes
5.1σ . Adding the ττ and bb channels in the combination, the final
significance becomes 5.0σ . Table 6 summarises the expected and
observed local p-values for a SM Higgs boson mass hypothesis of
125.5 GeV for the various combinations of channels.

Fig. 15. The observed local p-value for the five decay modes and the overall com-
bination as a function of the SM Higgs boson mass. The dashed line shows the
expected local p-values for a SM Higgs boson with a mass mH.

Fig. 16. The observed local p-value for decay modes with high mass-resolution
channels, γ γ and ZZ, as a function of the SM Higgs boson mass. The dashed line
shows the expected local p-values for a SM Higgs boson with a mass mH.

Table 6
The expected and observed local p-values, expressed as the corresponding number
of standard deviations of the observed excess from the background-only hypothesis,
for mH = 125.5 GeV, for various combinations of decay modes.

Decay mode/combination Expected (σ ) Observed (σ )

γ γ 2.8 4.1
ZZ 3.8 3.2

ττ + bb 2.4 0.5
γ γ + ZZ 4.7 5.0
γ γ + ZZ + WW 5.2 5.1
γ γ + ZZ + WW + ττ + bb 5.8 5.0

The global p-value for the search range 115–130 (110–145) GeV
is calculated using the method suggested in Ref. [115], and corre-
sponds to 4.6σ (4.5σ ). These results confirm the very low proba-
bility for an excess as large as or larger than that observed to arise
from a statistical fluctuation of the background. The excess consti-
tutes the observation of a new particle with a mass near 125 GeV,
manifesting itself in decays to two photons or to ZZ. These two
decay modes indicate that the new particle is a boson; the two-
photon decay implies that its spin is different from one [135,136].

Phys. Lett. B 716 (2012) 1

Phys. Lett. B 716 (2012) 30

µ PT 
32 GeV e PT 

34 GeV 

MET 
47 GeV 



Higgs Physics: after the discovery
q Measurement of Spin-Parity, mass: it IS the vaccuum particle…
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JP=0+(!!!)
Sana Ketabchi

First Higgs mass measurement using full Run-2 dataset in H→ZZ channel 

(background) in that category. The normalisation of the reducible background is constrained based on
estimates made from data using minimal input from simulation following the methodology described in
Ref. [16]. The normalisation of the tX X + VVV background is constrained according to the uncertainties
in the theory prediction.

6 Results

The mass measurement is based on maximising the profile likelihood ratio [93, 94]

�(mH ) =
L
�
mH,

ˆ̂✓(mH )
�

L
�
m̂H, ✓̂

� , (4)

where m̂H and ✓̂ denote the unconditional-maximum likelihood estimates of the parameters of the likelihood
function L, while ˆ̂✓ is the conditional maximum-likelihood estimate of the parameters ✓ for a fixed value of
the parameter of interest mH . Systematic uncertainties and their correlations are modelled by introducing
nuisance parameters ✓ described by Gaussian or log-normal functions associated with the estimate of the
corresponding e�ect.

The estimate of mH is extracted by performing a simultaneous profile likelihood fit to the sixteen analysis
categories. The free parameters of the fit are mH , the normalisation modifiers in each BDT category
for the signal and Z Z

⇤ background (defined in Section 5), and the nuisance parameters associated with
systematic uncertainties. The measured value of mH when accounting for the per-event resolution is found
to be m

ZZ
⇤

H
= 124.92 ± 0.19 (stat)+0.09

�0.06 (syst) GeV = 124.92+0.21
�0.20 GeV. Figure 4 shows the inclusive m4`

distribution of the data together with the result of the fit to the H ! Z Z
⇤ ! 4` candidates.
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Figure 4: The m4` data distribution from all categories combined (black points) is shown along with the fit result when
accounting for the per-event resolution (red line). The background component of the fit result is shown separately in
solid red.
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Estimated by performing a simultaneous profile likelihood fit to 16 analysis 
categories 
This measurement continues to be dominated by statistical uncertainty.

ATLAS ResultsHiggs mass measurement

ATLAS-CONF-2020-005

123 124 125 126 127 128
 [GeV]Hm

Total Stat. onlyATLAS
        Total      (Stat. only)

 Run 1ATLAS + CMS  0.21) GeV± 0.24 ( ±125.09 

 CombinedRun 1+2  0.16) GeV± 0.24 ( ±124.97 

 CombinedRun 2  0.18) GeV± 0.27 ( ±124.86 

 CombinedRun 1  0.37) GeV± 0.41 ( ±125.38 

γγ→H Run 1+2  0.19) GeV± 0.35 ( ±125.32 

l4→H Run 1+2  0.30) GeV± 0.30 ( ±124.71 

γγ→H Run 2  0.21) GeV± 0.40 ( ±124.93 

l4→H Run 2  0.36) GeV± 0.37 ( ±124.79 

γγ→H Run 1  0.43) GeV± 0.51 ( ±126.02 

l4→H Run 1  0.52) GeV± 0.52 ( ±124.51 

-1 = 13 TeV, 36.1 fbs: Run 2, -1 = 7-8 TeV, 25 fbs: Run 1

Figure 4: Summary of the Higgs boson mass measurements from the individual and combined analyses performed
here, compared with the combined Run 1 measurement by ATLAS and CMS [6]. The statistical-only (horizontal
yellow-shaded bands) and total (black error bars) uncertainties are indicated. The (red) vertical line and correspond-
ing (grey) shaded column indicate the central value and the total uncertainty of the combined ATLAS Run 1 + 2
measurement, respectively.

10 Conclusion

The mass of the Higgs boson has been measured from a combined fit to the invariant mass spectra of
the decay channels H ! Z Z

⇤ ! 4` and H ! ��. The results are obtained from a Run 2 pp collision
data sample recorded by the ATLAS experiment at the CERN Large Hadron Collider at a centre-of-mass
energy of 13 TeV, corresponding to an integrated luminosity of 36.1 fb�1. The measurements are based on
the latest calibrations of muons, electrons, and photons, and on improvements to the analysis techniques
used to obtain the previous results from ATLAS Run 1 data.

The measured values of the Higgs boson mass for the H ! Z Z
⇤ ! 4` and H ! �� channels are

mH = 124.79 ± 0.37 GeV,

mH = 124.93 ± 0.40 GeV.

From the combination of these two channels, the mass is measured to be

mH = 124.86 ± 0.27 GeV.

17

Combined mass measurement in H→ZZ and H→!! channels using 
Run-1 (25 fb-1) and partial Run-2 (36 fb-1) datasets 

H→!! mass measurement starts to be dominated by systematic 
uncertainty, mainly photon energy scale. 
Derived by performing a combined fit to the invariant mass spectra in 
the two decay channels 

This result is in good agreement with the average of the ATLAS and CMS Run 1 measurements. The
combination of the ATLAS Run 1 and Run 2 measurements yields

mH = 124.97 ± 0.24 GeV.
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dMH/MH ~ 0.2% (!)

Production mechanisms, differential distributions

F. Errico, HH2021 Orsay, 20th Sept 2021

Higgs boson to ZZ→4l 7

HBR @ mH = 125.09 GeV

• clear signature

• large signal-to-background ratio due 

to the complete reconstruction of 
the final state decay products


• small branching fraction
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• Signal line shape:  
double-sided Crystal Ball


• ZZ∗ backgrounds: estimated 
from MC simulation


• Z+X contribution: estimated 
from data



SM @ the highest E; EWSB (“Higgs” sector) (I)
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Clear observation 
of couplings to   

3rd-gen fermions

0

100

200

300

400

500

600

700

800

S/
(S

+B
) W

ei
gh

te
d 

Ev
en

ts
 / 

G
eV

 (13 TeV)-1137 fb

CMS Preliminary

S/(S+B) weighted
All categories

 = 125.38 GeVHm

Data
=1.19)µS+B (

Bkg. component
s 1 ±

s 2 ±

110 115 120 125 130 135 140 145 150
 (GeV)µµm

5-

0

5
D

at
a-

Bk
g.

CMS: 
obs: 3.0( (exp: 2.5()

ATLAS: 
obs: 2.0( (exp: 1.7()

μ = 1.2 ± 0.6

H ! µµ decay ATLAS: PLB 812 (2021) 135980, CMS: JHEP 01 (2021) 148

Most probably the only 2nd

generation interaction accessible at

the LHC being a clean signature.

Search for narrow resonance in

invariant mass spectrum of dimuon

above background of Drell-Yan, tt̄,

single top, dibosons, etc.

�(pp ! H+X) · B(H ! µµ)SM
⇠ 10 fb

S/B ⇠ 1/500 for
mµµ : [120� 130] GeV.

VBF process has the best sensitivity

for combating the irreducible bkg.

of DY production of dimuons.

Kajari Mazumdar Rare decays of Higgs @LHCP 7 June, 2021. 11 / 31

Evidence of coupling to 
2nd-gen fermions

H®µµ

H®cc

Conclusions

q New results of the CMS search for the VH(H→cc) process are presented

§ Benefit from the full Run 2 dataset

§ Substantial improvements in charm tagging performance

§ Major upgrades of analysis techniques, such as jet energy/mass regression, kinematic fits, etc.

q Analysis validated by measuring VZ(Z→cc) signal strength: μVZ(Z → cc) = 1.01().+,-).+.

§ Significance of 5.7σ (5.9σ) è First observation of Z→cc at a Hadron Collider!

q Upper limits on VH(H→cc): μVH(H → cc) < 14 (7.6 exp.)

§ Almost 5x increase in expected sensitivity compared to analysis using 2016 data

§ Constraints on Higgs-charm coupling: 1.1 < 13 < 5.5 ( 13 < 3.4 exp.) — Most stringent to date!
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The overall picture of the measured/seen Higgs couplings
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S. Donato (INFN Pisa) Rare SM Higgs channels 18

Conclusions

● Evidence at the 3s level for H → μμ 
has been shown,

– A large improvement has been obtained wrt 
the previous analysis.

● Limits have been set on the Higgs boson 
decays with a meson in the final state.

● Further improvements will be obtained with 
Run-3 data, and finally with HL-LHC data.

● We are probing the Higgs boson decay 
branchion ratios at the level of 10-4 !

– No significant deviation from the SM prediction 
has been found, so far...

λf = κf ( mf

v )
( gV

2v )
1/2

= κ1/2
v ( mV

v )
A new kind of “force”, 

with non-universal 
couplings to matter (!)

A particle like no other!



Where we stand now

A very brief summary



Standard Model of Particle Physics
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Highest priority: 
understand this central 
and most strange element



2.2 Results 9
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Figure 3: Left: comparison of the fit results with the input measurements in units of the experimental
uncertainties. Right: comparison of the fit results and the input measurements with the indirect determina-
tions in units of the total uncertainties. Analog results for the indirect determinations illustrate the impact
of their uncertainties on the total uncertainties. The indirect determination of an observable corresponds
to a fit without using the constraint from the corresponding input measurement.

Putting it all together: SM reigns supreme
q Goodness of fit

q χ2min=18.6 ® Prob= 23%
q Fit result often more accurate 

than measurement
q Small pulls for MH, MZ, 

Δαhad(5)(MZ2), mc, mb ® input 
accuracies exceed fit 
requirements

q Knowledge of mH ® huge 
improvement in: 

q mW (28®11 MeV)
q mt (6.2®2.5 GeV)
q sin2θW (2.3®1.0x10–3)

q Largest discrepancy:
q AFB(b): 2.5 σ

BPU11, Belgrade: Aug 29, 2022HEP: current perspectives and future challenges 20

Light blue: fit 
excluding input 

from row

Max Baak (CERN) Global Fit of electroweak SM and beyond  

Max Baak (CERN), 
on behalf of the Gfitter group (*) 

(*) M. Baak, J. Cuth, J. Haller, A. Höcker, R. Kogler, K. Mönig, M. Schott, J. Stelzer 

The global electroweak fit at NNLO 
Prospects for LHC and ILC 

http://cern.ch/Gfitter 

1 

arXiv:1407.3792 (subm. to EPJC) 

Physics at the LHC and Beyond, Quy-Nhon  
Tuesday August 12th, 2014 
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The discovery of the Higgs boson was the ultimate crown 
on the Standard Model of Particle Physics

With the discovery of the Higgs boson, the Standard Model (SM) is now 
“complete”: its full particle content has been observed

The SM provides a remarkably accurate description of experiments with and without 
high-energy accelerators. At the cost of 26 parameters determined by experiment…

With the physics of the very small [thought to be] understood at energy 
scales of ≥ 100 GeV, the situation is reminiscent of previous times in history 
when our knowledge of nature was deemed to be “complete”

Lord Kelvin (1900): 
There is nothing new to be discovered 
in physics now. All that remains is more 
and more precise measurement.

1905-1920: Relativity, Quantum mechanics…
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The magic of the Higgs boson mass
Quantum Mechanics: ultimate destructor of small numbers (in 
nature) not protected by some symmetry (thus “law”) 
Higgs boson: the ultimate example; spinless ® zero cost from mass correction

( ) ( ) ò
L

+L=
2

2

222222

p
dkCgmpm

P.A.M Dirac

M(H) with corrections all the way up to the 
Planck scale: for Λ ~ 1019 GeV
[for illustration only; numbers are random]
m2 = 1234567890123456789012345675432189012 –

1234567890123456789012345675432173387 =
15625 GeV2

An immense coincidence of googlic sizes?
Probably, simply some additional (i.e. 
New) physics on the way to 1019 GeV

We know there is new physics already

Dark 
(invisible) 
matter!

Plus neutrinos and their masses!
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The hunt for “New Physics”

Despite finding the last missing 
piece of the SM, there is plenty of 

room for NP 
(beyond the magic of the MH-mt mass)

Some real and some virtual reasons to believe in 
new physics

Real reasons: dark matter & n masses
Virtual reasons: naturalness

+ matter–antimmater asymmetry in the universe…



Solutions to the hierarchy problem
q Solution #1: a composite Higgs

q H: bound state (e.g. due to some new strong interaction)
q Solution #2: supersymmetry

q Partners for ALL SM particles, 
spin different by ½ 
q Presumably broken symmetry
(since partners unseen)

q Solution #3: little Higgs
q H: pseudo-Goldstone boson of Ultimate Theory; just another effective theory, e.g. valid 

to ~10 TeV. Loops cancel by particles of same spin (so need to introduce these 
particles)

q Solution #4: extra dimensions
q N-dim space; gravity propagates in all dims, SM only in “our” 3 dims; e.g. warped extra 

dimension can explain weakness of G
q All of these “solutions” introduce either deviations in tails or new 

particles, with masses whose “natural” values should be O(few TeV)
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What we have been looking for (mainly)

BPU11, Belgrade: Aug 29, 2022HEP: current perspectives and future challenges 25



The never-ending search for SUSY… 
(and it’s not like we didn’t look for them)
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The High-Luminosity LHC 
(HL-LHC)
HL-LHC in a nutshell

Some physics projections



From the LHC to High-Luminosity LHC (HL-LHC)

BPU11, Belgrade: Aug 29, 2022HEP: current perspectives and future challenges 28

P. Sphicas
LHC Results

Major intervention on more than 
1.2 km of the LHC

with new technologies:
Nb3Sn magnets, Crab cavities,… 

HL-LHC project formal approval by 
CERN Council (June 2016)

Cost to Completion
Material : 950 MCHF
Personnel: 1600 FTE-years

F. Bordry LHCC Feb 2017

Jan 16-21, 2022
CHIPP 2022 88

L~30 fb–1 L~150 fb–1

250 fb–1

Today

HL-LHC: major 
intervention on more 
than 1.2 km of the 
LHC with new 
technologies: Nb3Sn 
magnets, Crab 
cavities,... 

HL-LHC 3000 fb–1



HL-LHC challenges

Upgrade several detector components (trackers, calorimeters, redesign 
some electronics, new detector technologies, Trigger and DAQ
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Annual dose at HL-LHC: 
similar to total dose from 
LHC start to LS3

Key to physics: maintain 
detector performance in 
the presence of much 
higher pileup (140-200!)



Medium-term Higgs physics: the LHC/HL-LHC program
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H width to invisible: 
h(125)®XX.  
Includes BSM decays 
and rare SM decays: ≤4%

Higgs Couplings at HL-LHC

S. Jindariani, LHCP 20216

Uncertainty assumptions:
• Data statistics as sqrt(L) 
• Theory uncertainties halved
• Detector limitations remain constant

Precision on kappas of 2-4% can be reached 
with 3 ab-1 for the non-statistically dominated 
modes 

Measurements become systematically limited 
rather quickly

HL-LHC reach: Higgs

Higgs Self-Coupling at HL-LHC

S. Jindariani, LHCP 20218

Statistically limited!

The ultimate frontier: Higgs self-coupling
Higgs Self-Coupling at HL-LHC

S. Jindariani, LHCP 20218

Statistically limited!

Higgs Self-Coupling at HL-LHC

S. Jindariani, LHCP 20218

Statistically limited!

Higgs to Unknown

S. Jindariani, LHCP 20217

Connection with Dark Matter

Run-2 Limit ~20% @ 95%CL (dominated by VBF) 

CMS projection for VBF BR(inv): < 3.8% at 95%
Sensitive to ETmiss thresholdsThe strength of the PT  

Thermal potential: 

● Boson loops: 

SM: gauge bosons 

SUSY: light stops 

2HDM: extra Higgses 

● tree-level:  extra singlets: λSH2, NMSSM, etc. 

● replace H4 by H6, etc. 

δλ≤50%



Long-term future: proposed machines

A very brief summary



EU Strategy: High-priority future initiatives 
q A. 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: 
q 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; 

q 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. 

q 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. 
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Collider Crib sheet

q ILC (Japan):
q Linear collider with high-gradient 

superconducting acceleration 
q Ultimate: 0.5-1(?) TeV
q To secure (…) funding: reduce cost by 

starting at 250 GeV (H factory)

q CLIC (CERN):
q Linear collider with high gradient 

normal-conducting acceleration
q Ultimate: multi-TeV (3) e+e– collisions
q Use technology to overcome 

challenges
q Stages, for physics and funding
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q FCC-ee/FCC-hh (CERN):
q Protons to extend energy frontier
q 100 km ring with 16T magnets
q Use FCC-hh tunnel for e+e– collider
q Technology for ee: “standard”

q CEPC/SppC
q Essentially an FCC-ee, then hh with (a) 

more conservative luminosity 
estimates and (b) in China

q Outliers:
q “Low-field” (7T) magnets @ FCC (?)
q Muon Collider (???)



The Higgs sector: from the HL-LHC to the “future”
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Kappa-scenario

❖ ! has the advantage that it is simple;

❖ the effects of polarization are undervalued in this approach;

❖ would give indications of deviations from the SM, but not necessarily diagnostic information to interpret 
deviation; 

❖ In this kappa framework HL-LHC projections are included, and the untagged and invisible branching ratios 
are constrained by measurements.
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❖ In this kappa framework HL-LHC projections are included, and the untagged and invisible branching ratios 
are constrained by measurements.

55
1905.03764v2

Higgs Self Coupling

S. Jindariani, LHCP 202115

k3 needs higher energies! Precision from 50% at HL-LHC down to 5% (FCC)

Measurement of Higgs Self-Coupling
Di-Higgs processes at hadron colliders: 
◦ ;(==) ≈ 0. 0/×;(=)
◦ Important to use differential measurements

Di-Higgs processes at lepton colliders
◦ ZHH or VBF production complementary

Single-Higgs production sensitive 
through loop effects, e.g. for @A = 1:
◦ Hadron colliders: ~3%
◦ Lepton colliders: ~1%
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Precision Observables & Searches: examples
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Electroweak Observables at Future Colliders

ILC: 
◦ “Giga-Z” running not part of baseline 

but maybe later

28

1012 Z’s
“Tera-Z”

M. Lancaster

Electroweak Observables at Future Colliders

ILC: 
◦ “Giga-Z” running not part of baseline 

but maybe later

28

1012 Z’s
“Tera-Z”

M. Lancaster

q EWPO: 
circular ee
colliders
+ linear colliders 
for sin2θW.
Note: currently, 
discussion/plan 
for a large Z run 
for the linear 
colliders…
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Fig. 8.9: Exclusion reach for Wino-like lightest chargino (c̃±
1 ) and next-to-lightest neutralino

(c̃0
2 ) from hadron and lepton colliders.

to
p

s/2 for Dm as low as 0.5 GeV, while CLIC1500 and CLIC3000 allow a reach up to 650 GeV
and 1.3 TeV, respectively [454]. Monojet searches at hadron colliders can again complement
the reach for scenarios with small Dm [443]. The soft decay products of the NLSP are not re-
constructed and the sensitivity solely depends on the production rate of EWkinos in association
with an ISR jet. The reach of different colliders are illustrated by the hatched areas of Fig. 8.10
for an indicative Dm < 1 GeV. The sensitivity deteriorates at larger Dm, due to the requirements
on additional leptons or jets. No attempt is made to evaluate this loss here, which is expected
to become relevant for Dm ⇡ 5 GeV and above. Prospects for ep colliders (LHeC and FCC-eh)
performed using monojet-like signatures [139] are also shown in Fig. 8.10.

A special case arises when the lightest neutralino is either pure Higgsino or Wino. The
chargino-neutralino mass splitting is around 340 MeV and 160 MeV respectively, and the
chargino has a correspondingly long lifetime, which can be as large as several picoseconds.
The value of pmiss

T is small unless the pair-produced EWkinos recoil against an ISR jet. Taking
advantage of the long lifetime of the charginos, which can result in decays in the active volume
of the tracker detector, searches for disappearing charged tracks can be performed at hadron
colliders [443]. As an example, at the HL-LHC, studies using simplified models of c̃±

1 produc-
tion lead to exclusions of chargino masses up to mc̃±

1
= 750 GeV (1100 GeV) for lifetimes of

1 ns for the Higgsino (Wino) hypothesis. When considering the lifetimes corresponding to the
chargino-neutralino mass splittings given above (leading to thermal relic dark matter candidates
and referred to as pure Higgsino and pure Wino, respectively), masses up to 300 (830) GeV can
be excluded. The reach for all facilities is illustrated in Sect. 8.5. Analyses exploiting displaced
decays of the charged SUSY state have been studied also for lepton colliders, e.g. CLIC3000
(using charge stub tracks [345]), and for ep colliders (using disappearing tracks [458]).
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Fig. 8.4: Left panel: exclusion reach on the Composite Higgs model parameters of FCC-hh,
FCC-ee, and of the high-energy stages of CLIC. Right panel: the reach of HE-LHC, ILC,
CEPC and CLIC380. The reach of HL-LHC is the grey shaded region.
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Fig. 8.5: Exclusion reach of different colliders on the inverse Higgs length 1/`H = m⇤ (orange
bars, left axis) and the tuning parameter 1/e (blue bars, right axis), obtained by choosing the
weakest bound valid for any value of the coupling constant g⇤.

final state studies. Direct searches are more effective at low g⇤, which may seem surprising.
The reason is that g⇤ is the r coupling to the Higgs boson, while the coupling of the r to
quarks, which drives the production, scales like g2

2/g⇤ and therefore increases for small g⇤.
Unfortunately, no direct reach projection is currently available for the HE-LHC.

The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.
The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-
eter 1/e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs
compositeness can address the naturalness problem, provided it emerges at a relatively low
scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [443])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.

Higgs compositeness (?)

Electroweak SUSY reach



The Dark Sector
q An experimental fact & yet, still 

a total mystery
q And masses span over 80 orders of 

magnitude
q Nightmare scenario: totally 

dark
q Only Gravity to play with…
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Direct
detection

indirect
detection

astrophysics

colliders

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

q More promising: some shade of grey 

6

Thermal Equilibrium
Advantage #2: Narrows Mass Range

mDM

⇠ 100M�⇠ 10�20 eV

too hot too much
< 10 keV > 100 TeVGeV mZMeV

nonthermal nonthermal

mPl ⇠ 1019 GeV

“WIMPs”
Direct Detection (Alan Robinson)
Indirect Detection (Alex Drlica-Wagner)
Colliders (Yang Bai)

{Light DM {

18

< MeV

Thermal Equilibrium
Advantage #3: Narrows Viable Mass Range

 ~ 1985, natural starting point 

Neff  / BBN

right after  W&Z discoveries 

12

Thermal Equilibrium in early 
Universe narrows the viable 

mass range

Hidden Sector

Folding in assumptions about early universe cosmology we can motivate more specific mass scales

Explorable at accelerator based DM searches: collider and fixed target/beam dump experiments  

Phenomenology of low mass region [MeV-GeV] thermal DM is quite different from Standard WIMP

==> Demands light mediator/s that in themselves are a search target

Dark Matter Candidates: Very little clue on mass scales

Thermal WIMPs



DM: direct detection experiments
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Two-phase liquid-Xe 
expts continuing to 

increase their 
sensitivity

XENON1T: Liquid Xe Time Projection Chamber

8/1/20 L. Hsu | ICHEP 20207

• Operated at LNGS from 2016-2018
• Low background, low threshold (~5 

keVNR), and large exposure (~1 t-y)
• Distinguishes electron recoils from 

nuclear recoils
• Energy and 3D position reconstruction 

Achieved most stringent 
limit on WIMP Dark Matter 

down to                             
3 GeV/c2 masses

PRL 121, 111302 + PRL 123, 251801
L. Hsu ICHEP2020
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Fig. 9.1: 90% CL exclusion limits showing leading results from direct detection (continuous
lines, Refs. [541, 542, 547, 550–552]). Sensitivities of future Ge-, Xe-, and Ar-based direct
searches are also shown with dashed lines, Ref. [553–557]). The neutrino floor curve follows
the definition of Refs. [558].

(ARGO) project reaching beyond 10�48 cm2 in the next decade. For spin-dependent interac-
tions, near-term future experiments using Xe and CF3 targets project to reach sensitivity to
10�42 cm2 WIMP-neutron [560] and WIMP-proton cross sections, at ⇠ 50 GeV. [561]. At low
mass (around 1 to 10 GeV), solid state experiments, e.g. SuperCDMS, expect to achieve 10�42

cm2 cross section reach on a 5 year time scale.
Major challenges to future direct detection experiments come from: (a) n �e and coherent

elastic scattering backgrounds from solar and atmospheric neutrinos, which is known as the
“neutrino floor” and shown in the grey hatched region in Fig. 9.1; (b) neutrino flux uncertainties
on these backgrounds; and, (c) technology scaling to increase in mass over current searches by
factors of 10 or more whilst improving background rejection and lowering radioactivity.

In consideration of the strong synergy between direct dark matter detection and the pro-
gramme for its production and discovery in high-energy collisions at accelerators as well as
in accelerator-based fixed target experiments, discussions at the Open Symposium in Granada
highlighted that CERN’s support for selected direct dark matter search programmes that can
take critical advantage of technology developed at CERN can deliver a decisive boost of their
sensitivity.

9.2.2 Indirect detection
Indirect astrophysical searches for the annihilation products of dark matter (namely gamma-
rays, neutrinos, antimatter) provide important and complementary constraints on DM models
that are searched for at particle colliders and fixed-target/beam-dump experiments, as well as
on models with axion-like particles. Annihilation searches are sensitive to the thermal cross-
section for DM masses close to 100 GeV (depending on the channel), with prospects to reach
10 TeV within less than ten years. No conclusive signals have been found so far.

The arguably cleanest constraints on DM annihilation in the GeV–TeV mass range come

SENSEI: 
Skipper CCD’s

Very large program for subGeV DM

HeRALD

L. Hsu ICHEP2020



DM: Classic WIMPs 

q Two (SUSY) “extremes”, pure Wino, pure Higgsino
q Main “tools”: disappearing track, propagator modifications
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p/e+

p/e–

For small Δm, soft π±...

1

EWKinos in loop change prop 
(W, Y parameters)π±

π±8.5. DARK MATTER 131
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Indirect Detection
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HE-LHC

HL-LHC

CLIC3000

ILC

FCC-ee

CEPC

Pure Wino

2�, Disappearing Tracks

Kinematic Limit: s /2

Thermal

2�, Indirect Reach

CLIC380

LE-FCC

90% CL Direct Detection Projection

CLIC1500

Fig. 8.14: Summary of 2s sensitivity reach to pure Higgsinos and Winos at future colliders.
Current indirect DM detection constraints (which suffer from unknown halo-modelling uncer-
tainties) and projections for future direct DM detection (which suffer from uncertainties on the
Wino-nucleon cross section) are also indicated. The vertical line shows the mass corresponding
to DM thermal relic.

representative examples [483] are chosen.
In both cases, the DM particle is a massive Dirac fermion (c). In the first example,

the mediator is a spin-1 particle (Z0) coupled to an axial-vector current in the Lagrangian as
�Z0

µ(gDM c̄gµg5c +g f Â f f̄ gµg5 f ), where f are SM fermions. This model is particularly inter-
esting for collider searches because the reach of direct DM searches is limited, as the interaction
in the non-relativistic limit is purely spin-dependent. In the second example, the mediator is a
spin-0 particle (f ) with interactions f(gDM c̄c � g f Â f y f f̄ f /

p
2). This model can serve as a

prototype for various extensions of the SM involving enlarged Higgs sectors.
In Fig. 8.15 a compilation of future collider sensitivities to the two Simplified Models

under consideration, with a choice of couplings of (gf = 0.25, gDM = 1.0) for the axial-vector
model and (gf = 1.0, gDM = 1.0) for the scalar model, are shown. The reach of collider experi-
ments to this kind of models is strongly dependent on the choice of couplings. As an example,
the sensitivity of dijet and monojet searches decreases significantly with decreased quark cou-
plings: with 36 fb�1 of LHC data [484] and assuming a DM mass of 300 GeV and gDM = 1.0,
the limits from dijet searches on the axial-vector mediator mass decrease from 2.6 TeV for a
quark coupling of gq = 0.25 to 900 GeV for gq = 0.1, while the monojet limits decrease from
1.6 TeV (gq = 0.25) to 1 TeV (gq = 0.1).

The mono-photon constraints at lepton colliders result from the mediator coupling to
leptons, whereas at hadron colliders only the quark couplings are relevant. As a result, the
two cases cannot be compared like-for-like, although the results illustrate the relevant strengths
for exploring the dark sector in a broad sense. Furthermore, mono-photon constraints apply in
a general EFT context, hence additional complementary coupling-dependent constraints, such
as on four-electron interactions, may be relevant.

Constraints for HL-LHC and HE-LHC are taken from [443, 485]. The FCC-hh monojet
constraints for the axial-vector model are estimated using the collider reach tool, with results
consistent with the analysis performed in [139]. Estimates for FCC-hh, in the case of the scalar
model, are taken from [486]. Estimates for low-energy FCC-hh (LE-FCC) are generated from
the collider reach tool alone. Complementary dijet-resonance constraints for the axial-vector
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Fig. 9.3: Comparison of projected limits from future colliders (direct searches for invisible
decays of the Higgs boson) with constraints from current and future direct detection experiments
on the spin-independent WIMP–nucleon scattering cross section for a simplified model with
the Higgs boson decaying to invisible (DM) particles, either Majorana (top) or scalar (bottom).
Collider limits are shown at 95% CL and direct detection limits at 90% CL. Collider searches
and DD experiments exclude the areas above the curves.
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Fig. 9.4: Top: Comparison of projected limits from future colliders with constraints from cur-
rent and future DD experiments on the spin-independent WIMP–nucleon scattering cross sec-
tion in the context of a simplified model where a scalar particle with unit couplings mediates
the interaction between SM fermions and Dirac fermionic DM. Collider limits are shown at
95% CL and direct detection limits at 90% CL. Bottom: comparison of a selection of projected
limits from future colliders with constraints from current and future indirect detection experi-
ments in the context of a simplified model where a pseudoscalar particle with unit couplings
mediates the interaction between SM fermions and Dirac fermionic DM. All limits are shown
at 95% CL. In both figures, collider searches and DD experiments exclude the areas above the
curves [585, 586].

Scalar mediator: Higgs portal and BSM scalar
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A collider discovery will need confirmation 
from DD/ID for cosmological origin
A DD/ID discovery will need confirmation 
from colliders to understand the nature of 
the interaction

A future collider program that optimizes sensitivity to invisible particles coherently 
with DD/ID serves us well. Need maximum overlap with DD/ID!

Ideal (for HEP) range
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Fig. 9.3: Comparison of projected limits from future colliders (direct searches for invisible
decays of the Higgs boson) with constraints from current and future direct detection experiments
on the spin-independent WIMP–nucleon scattering cross section for a simplified model with
the Higgs boson decaying to invisible (DM) particles, either Majorana (top) or scalar (bottom).
Collider limits are shown at 95% CL and direct detection limits at 90% CL. Collider searches
and DD experiments exclude the areas above the curves.
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Neutrinos
Quarks

Charged Leptons



n physics: PMNS; 3x3 or 4x4? nature (Majorana or Dirac); mass ordering 

Super-brief Intro: from hopeless to lucky strike(s)
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From invisible particle (σ~10–44cm2 @ En~2 MeV) to major source of physics: 
From Pontecorvo’s few/day/ton with ~1011n/cm2/s to ® PMNS matrix & CP violation(?!?!)

By explicit calculation [18], it is possible to show that such factorization does indeed take place
as long as kinematical effects of neutrino masses can be neglected. The oscillation probability defined
as the ratio of the probability for the whole process and the product of the neutrino flux from pion decay
and the neutrino scattering cross-section is properly normalized.

6.4 Neutrino oscillations in vacuum
Let us analyse more closely the master formula eq. (33). The probability is a superposition of oscillatory
functions of the baseline with wavelengths that depend on the neutrino mass differences �m2

ij = m2
j �

m2
i , and amplitudes that depend on different combinations of the mixing matrix elements. Defining

W ij

↵�
⌘ [U↵iU

⇤
�iU

⇤
↵jU�j ] and using the unitarity of the mixing matrix, we can rewrite the probability in

the more familiar form:

P (⌫↵ ! ⌫�) = �↵� � 4

X

j>i

Re[W
ij
↵�

] sin
2

 
�m

2
ij L

4E⌫

!

⌥ 2

X

j>i

Im[W
ij
↵�

] sin

 
�m

2
ij L

2E⌫

!
, (51)

where the ⌥ refers to neutrinos/antineutrinos and |q| ' E⌫ .
We refer to an appearance or disappearance oscillation probability when the initial and final

flavours are different (↵ 6= �) or the same (↵ = �), respectively. Note that oscillation probabilities
show the expected GIM suppression of any flavour changing process: they vanish if the neutrinos are
degenerate.

In the simplest case of two-family mixing, the mixing matrix depends on just one mixing angle:

UPMNS =

✓
cos ✓ sin ✓

� sin ✓ cos ✓

◆
, (52)

and there is only one mass square difference �m2. The oscillation probability of Eq. (51) simplifies to
the well-known expression where we have introduced convenient physical units:

P (⌫↵ ! ⌫�) = sin
2
2✓ sin

2

 
1.27

�m2
(eV2

) L(km)

E⌫(GeV)

!
, ↵ 6= � .

P (⌫↵ ! ⌫↵) = 1 � P (⌫↵ ! ⌫�). (53)

The probability is the same for neutrinos and antineutrinos, because there cannot be CP violation when
there are only two families. Indeed CPT implies that the disappearance probabilities are the same for
neutrinos an antineutrinos, and therefore according to eq. (53) the same must hold for the appearance
probability. The latter is a sinusoidal function of the distance between source and detector, with a period
determined by the oscillation length:

Losc (km) = ⇡
E⌫(GeV)

1.27�m2
(eV2

)
, (54)

which is proportional to the neutrino energy and inversely proportional to the neutrino mass square differ-
ence. The amplitude of the oscillation is determined by the mixing angle. It is maximal for sin

2
2✓ = 1

or ✓ = ⇡/4. The oscillation probability as a function of the baseline is shown on the left plot of Fig. 18.
In many neutrino oscillation experiments the baseline is not varied but the oscillation probability

can be measured as a function of the neutrino energy. This is shown on the right plot of Fig. 18. In this
case, the position of the first maximum contains information on the mass splitting:

Emax(GeV) = 1.27
�m2

(eV2
)L(km)

⇡/2
. (55)
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@MariamTortola (IFIC-CSIC/UValencia) ICHEP 2020 PRAGUE, 28/07/20204

✦ Currently, we have evidence for neutrino oscillations in atmospheric, 
solar, reactor and accelerator experiments 

✦ Each type of experiment is sensitive to different mixing parameters:

Δm2
31 Δm2

21

atmospheric + 
accelerator disapp

solar + 
KamLAND

SBL reactor + 
accelerator app

Δm2
31

Three-neutrino mixing
Δm2

sol ≈ 7 − 8 × 10−5eV2
SuperK, SNO: large mixing; good Δm

® Reactors! ® KamLAND
Δm2

sol ∼ Eν(MeV)/L(100 km)

IMB, Kamiokande, Soudan(2)… SuperK: 
large mixing; super Δm:  Δm2

atm ≈ 2.5 × 10−3eV2

Δm2
atm ∼ Eν(MeV)/L(100 m) = (GeV)/(100 km)

® Accelerators! ® K2K, MINOS(+),…, T2K, NOVA    
+ Short baselines: Daya Bay, RENO, …, xBOONe

x (UMaj)



Neutrinos: Reactor experiments; Precision!
q Long series of measurements have brought us to a 

“precision era”
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Daya Bay 

Th. Lasserre – HEP 2017

sin2(2θ13) =  0.0841 ± 0.0033  (stat + sys)
|Δmee

2| = 2.50 ± 0.06 (stat.) ± 0.06 (syst.)

PRD
 95, 072006 (2017)

The prized measurement

P(!e& !e) = 1 - sin2(2'13) sin2($m2 L/E)
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Nuclear Power Station Near detector(s) Far detector(s)
<< 1 km 1-2 km 

!e,µ,(
!e !e,µ,τ

sin2(2'13)=0.1

Far/Near ratio 

Experimental Concept

Th. Lasserre – HEP 2017

Principle: q13

Daya Bay – China 

Th. Lasserre – HEP 2017

Largest, deepest, and most precise θ13 experiment

1230 days of operation
20 ton target

X 8

6 x 2.9 GWth

Third lucky strike (in n phys)

Jlep
CP = Im(Uμ3U*e3Ue2U*μ2) = (1/8) ×

× sin 2θ12 sin 2θ23 sin 2θ13 cos θ13 sin δCP

≈ 0.033 sin δCP BUT : Jq
CP ≈ 3 × 10−5

@MariamTortola (IFIC-CSIC/UValencia) ICHEP 2020 PRAGUE, 28/07/20205

solar 
sector

SBL 
reactors

atmospheric 
results

LBL 
experiments

Super-K

IC-DeepCore

T2K

NOνA

Daya Bay

RENO

MINOS

Cl, Ga, SK 
 SNO, Borexino
KamLAND

de Salas et al, arXiv:2006.11237

Experimental data (pre-Neutrino2020)

@MariamTortola (IFIC-CSIC/UValencia) ICHEP 2020 PRAGUE, 28/07/20206
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Neutrinos: oscillations & CPV
q Currently (NOvA and T2K) a bit confused
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But…  fits are complicated

T2K (water Cherenkov)

!26

DUNE & Hyper-K Sensitivites

● Staged scenario

● Assumes equal 
running in neutrino 
and antineutrino mode

● CPV: 65% of ! range at 
3" in 7 years

● MH: > 5" regardless of 
other parameter 
choices

DUNE

Hyper-K

Near Detectors 
designed to reduce 

systematics for 
Hyper-K 

significantly

DUNE CPV

Hyper-K

DUNE MH

arXiv:2002.03005
arXiv:2002.03005

T2K (water Cherenkov)

!26

DUNE & Hyper-K Sensitivites

● Staged scenario

● Assumes equal 
running in neutrino 
and antineutrino mode

● CPV: 65% of ! range at 
3" in 7 years

● MH: > 5" regardless of 
other parameter 
choices

DUNE

Hyper-K

Near Detectors 
designed to reduce 

systematics for 
Hyper-K 

significantly

DUNE CPV

Hyper-K

DUNE MH

arXiv:2002.03005
arXiv:2002.03005
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The probability of electron neutrino appearance in a beam of muon neutrinos is given by:

P(nµ ! ne) = sin2 q23
sin2 2q13

(A�1)2 sin2[(A�1)D31]

+ a2 cos2 q23
sin2 2q12

A2 sin2(AD31)

� a sin2q12 sin2q13 sin2q23 cosq13 sindCP
A(1�A)

sinD31 sin(AD31)sin[(1�A)D31]

+ a sin2q12 sin2q13 sin2q23 cosq13 cosdCP
A(1�A)

cosD31 sin(AD31)sin[(1�A)D31]

(6.1)

where a = Dm2
21/Dm2

31, D ji = Dm2
jiL/4E and A = 2

p
2GFneE/Dm2

31. The corresponding for-
mula for P(n̄µ ! n̄e) can be obtained by reversing the signs of the terms proportional to sindCP
and to A. The different terms contributing to P(nµ ! ne), are plotted in Fig. 6.1 together with
the total contribution from matter effects, assuming a baseline L of 295 km.
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FIG. 16. Oscillation probabilities as a function of the neutrino energy for �µ ! �e (left) and �µ ! �e (right)

transitions with L=295 km and sin2 2�13 = 0.1. Black, red, green, and blue lines correspond to � = 0, 1
2�, �,

and � 1
2�, respectively. Other parameters are listed in Table VII. Solid (dashed) line represents the case for

a normal (inverted) mass hierarchy.
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Left: sin2 2�13 = 0.1, right: sin2 2�13 = 0.01. � = 1
2� and normal hierarchy is assumed. Contribution from

each term of the oscillation probability formula is shown separately.

TABLE VII. Parameters other than �13 and � assumed in this section.

Name Value

L 295 km

�m2
21 7.6⇥10�5 eV2

|�m2
32| 2.4⇥10�3 eV2

sin2 �12 0.31

sin2 �23 0.5

Density of the earth (�) 2.6 g/cm3

Fig. 6.1: Oscillation probability nµ ! ne as a function of neutrino energy with L = 295 km,
sin2(2q13) = 0.1, dCP= p/2 and normal mass ordering. The contribution of each term in the
oscillation probability Eq. (6.1) is shown separately. The first term in that equation is shown by
the curve labeled "Leading", the second term is labeled "Solar" (so called because q12 governs
the oscillation of solar neutrinos), the third CP-violating term (CPV) proportional to sindCP is
labeled CPV. The fourth CP-conserving (CPC) term proportional to cosdCP is labeled CPC.

The first term in Eq. (6.1) (labelled “leading” in Fig. 6.1) is the leading order term and
corresponds to the 1–3 sector oscillations driven by the squared-mass difference Dm2

31. The third
term (“CPV”) contains the CP-violating part. It modifies the leading order term by as much as
± 30 % for dCP = ⌥p/2, respectively, in the case of neutrinos. Matter effects enter through
the A term proportional to the ratio E/Eres, where Eres is the energy for which the resonance
condition is attained in the medium of constant density. Since the resonance condition can be
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and to A. The different terms contributing to P(nµ ! ne), are plotted in Fig. 6.1 together with
the total contribution from matter effects, assuming a baseline L of 295 km.
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TABLE VII. Parameters other than �13 and � assumed in this section.

Name Value

L 295 km

�m2
21 7.6⇥10�5 eV2

|�m2
32| 2.4⇥10�3 eV2

sin2 �12 0.31

sin2 �23 0.5

Density of the earth (�) 2.6 g/cm3

Fig. 6.1: Oscillation probability nµ ! ne as a function of neutrino energy with L = 295 km,
sin2(2q13) = 0.1, dCP= p/2 and normal mass ordering. The contribution of each term in the
oscillation probability Eq. (6.1) is shown separately. The first term in that equation is shown by
the curve labeled "Leading", the second term is labeled "Solar" (so called because q12 governs
the oscillation of solar neutrinos), the third CP-violating term (CPV) proportional to sindCP is
labeled CPV. The fourth CP-conserving (CPC) term proportional to cosdCP is labeled CPC.

The first term in Eq. (6.1) (labelled “leading” in Fig. 6.1) is the leading order term and
corresponds to the 1–3 sector oscillations driven by the squared-mass difference Dm2

31. The third
term (“CPV”) contains the CP-violating part. It modifies the leading order term by as much as
± 30 % for dCP = ⌥p/2, respectively, in the case of neutrinos. Matter effects enter through
the A term proportional to the ratio E/Eres, where Eres is the energy for which the resonance
condition is attained in the medium of constant density. Since the resonance condition can be
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satisfied either for neutrinos or for antineutrinos, depending on the sign of Dm2
31 and therefore

on the mass ordering, matter effects either enhance P(nµ ! ne) or P(n̄µ ! n̄e). The A term is
approximately 5% for T2K and Hyper-Kamiokande, about 20% for DUNE.

In principle the precise measurement of P(nµ ! ne) and P(n̄µ ! n̄e) allows by itself
to determine all the remaining unknowns among the the neutrino mixing parameters: as long
baseline experiments based on rather pure muon neutrino (or muon antineutrino) beams allow
to conduct this measurement with well-defined experimental conditions, they have received a
lot of attention and are today the central focus of the experimental effort. Today they are a
strategic scientific priority for the international community and will continue to be for the next
two decades.

While multiple ambiguities could play a role in the extraction of physics parameters from
the observables, in practice the impact of these ambiguities will be greatly mitigated by two
facts. First, reactor neutrino experiments have provided a clean and high-precision measure-
ments of q13. Second, present and future experiments will provide measurements at different
baselines, and therefore with different strength of the matter effects, going from the shorter
baseline of T2K and Hyper-Kamiokande (295 km) to the longer baselines of NOVA (810 km)
and DUNE (1300 km). This will help decorrelate the effect of CP violation from matter effects.

6.3.1 The present experiments T2K and NOVA
The presently running experiments T2K in Japan and NOVA in the US will continue to produce
world-leading results in the coming years. As reported above, in conjunction with other mea-
surements, the data from these experiments already today provides an indication favouring the
normal ordering at the 3 s level, and a weak hint of CP violation in neutrino oscillation.
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Fig. 6.2: Sensitivity to CP violation as a function of the true dCP for three values of sin2(2q23)
(0.43, 0.50, 0.60) and normal ordering, for the full T2K-II exposure of 20 ⇥ 1021 POT and a
reduction of the systematic error to 2/3 of the 2016 T2K uncertainties. On the left plot the mass
ordering is considered unknown, while on the right plot it is considered known [380].

The J-PARC main ring, presently operating at 485 kW beam power for the T2K neutrino
beam line is currently undergoing a series of upgrades allowing it to reach 1 MW around 2022
and later 1.3 MW in the Hyper-Kamiokande era [ID158]. The T2K Collaboration has submitted
a proposal for an extension of T2K running (T2K-II) accumulating 20⇥1021 protons-on-target
(POT), that is 6 times the present exposure. This aims at an initial observation of the dCP
parameter at the 3 s level for a significant range of the possible values (Fig. 6.2) by 2026.
T2K has also launched an upgrade of its near detector complex [381] in order to reduce the
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The J-PARC main ring, presently operating at 485 kW beam power for the T2K neutrino
beam line is currently undergoing a series of upgrades allowing it to reach 1 MW around 2022
and later 1.3 MW in the Hyper-Kamiokande era [ID158]. The T2K Collaboration has submitted
a proposal for an extension of T2K running (T2K-II) accumulating 20⇥1021 protons-on-target
(POT), that is 6 times the present exposure. This aims at an initial observation of the dCP
parameter at the 3 s level for a significant range of the possible values (Fig. 6.2) by 2026.
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Fig. 6.3: Top: DUNE expected sensitivity [42] to the mass ordering (shown as the the square

root of the mass ordering discrimination metric
q

Dc2) as a function of dCP for an exposure
of 7 and 10 years. The exposure for 7 (10) years in a staged scenario is equivalent to 336 (624)
kt ⇥ MW ⇥ years. Bottom: the significance with which CP violation can be determined by
DUNE for 75% and 50% of dCP values and for dCP = �p/2.

Very useful/nice: complementarity of NOvA/T2K and DUNE/HyperK: 
baseline (1300 vs 200 km) and detection technique



Flavor physics: quark sector
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Fig. 5.14: Evolving constraints in the r̄ � h̄ plane from LHCb measurements and lattice QCD calcula-
tions, alone, with current inputs (2018), and the anticipated improvements from the data accumulated by
2025 (23 fb�1) and 2035 (300 fb�1), from top to bottom, respectively. Figures and underlying assump-
tions for future projections from Ref. [334].

5.6 Conclusions
Since the last update of the European Strategy, a plethora of new experimental results has been
achieved in flavour physics. No indisputable evidence of new physics has emerged so far,
though. The rationale for the observed pattern of masses and mixings of quarks and leptons
thus still remains a fundamental open question, which calls for new physics laws. Precision
flavour physics is a fundamental tool to discover them.

The probing power of flavour physics is manifest from the comparative effective analysis
of Fig. 5.1. In the near future, the sensitivities of several observables will reach very high
NP scales, 102 � 105 TeV—scales which are beyond the reach of high-energy colliders. Note
that this analysis does not claim that physics at—or below—the scale depicted is guaranteed to
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CKM triangle: extensive precision program en route
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Pseudo-summary



Pseudosummary/Outlook
q Extremely rich physics program ahead to understand the scalar sector

q The LHC and HL-LHC will get us to 3-5% couplings for the Higgs boson; 
q All options for a future Higgs “factory” bring in ~O(10–2–10–3) understanding of couplings.
q Important aspects: EWPO (needs next-gen Z factory) and top threshold.

q Actually, the linear and circular options are quite complementary…
q Fundamental scalar?  Can probe it to 15-18 TeV.  
q FCC-ee/hh combination has the largest direct reach to new particles/phenomena. From new 

particles to Higgs self-coupling to Dark Matter searches…

q Dark Matter:
q Complementarity with indirect searches at colliders (and astroparticle expts); Next-gen 

colliders can cover the thermal WIMP scenario.  

q Flavor Physics: neutrinos have all one could ask for (albeit it with small σint). 
But quark sector may hold the first genuine surprises(?)
q In the next 5-10 years: could get very pleasant news on CP front.  Definitive statement of 

mass hierarchy and CP from the full program (DUNE and HyperK).
q Quark sector: the current situation will be resolved in the next five years.  

q Physics at hand, physics of the next decade, physics of the long-term future:
remains fully exciting. Stay tuned!
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Backups



Higgs boson issues

q The only (?!) spin-0 fundamental (?) particle
q What creates the infamous couplings to the 

leptons?
q It’s a new interaction! The only non-universal one (it’s 

not a gauge interaction…), with a free parameter 
(Yukawa coupling) for each combination (worse for 
quarks – mass matrix…)

q What about them neutrinos?!?
q What protects its mass and sets it to the EWK 

scale when it should be at Λpl?
q There is only one dimensionfull variable in the SM 

Lagrangian: v=246 GeV (…!?...)
q The rest of the SM is scale-free…

q And…. where is all that vaccum energy? 
Cosmological constant is > 10100 times off.
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Credit: blog.gymlish.com

https://blog.gymglish.com/2012/07/17/higgs-boson-the-word-of-the-month-july-2012


“Turn on the LHC and…  find Higgs & SUSY”
q ATLAS and CMS were designed to do this; they were “guaranteed” to find 

the Higgs – period; right away
q In fact: SUSY is strongly produced, so will be observed first

q For the “impatient”: join SUSY physics group
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q Many hard Jets
q Large missing energy

q 2 LSPs
q Many neutrinos

q Many leptons
q In a word Spectacular!

49



The magic of the Higgs boson mass
n Quantum Mechanics: ultimate destructor 
of small numbers (in nature) that are not         
protected by some symmetry (thus “law”) 
n Higgs boson: the ultimate example

q Quadratic divergence in the Higgs mass

q H mass should be ~ 1019GeV
q Yet, it lies at 125 GeV…

q Put differently: if cut off at LPL, why       
mW ! MPl? 
q Or, why is gravity (G~1/MPl) so weak? 
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Other open issues in particle physics
q Is the Higgs boson at 125 GeV the Higgs boson of the Standard Model?  

Are there other Higgs-like bosons? 

q How did (does) the current matter–antimmater asymmetry in the universe 
arise?

q There is now experimental evidence (astrophysics!) that there is a 
mysterious type of matter: “Dark” matter.  What is it?  What does it interact 
with?

q Neutrinos (which are taken as massless) turned out to have masses.  But 
tiny-tiny masses.  Natural explanation of this smallness is New Physics

q And while we’re at it: gravity remains totally intractable (beyond 
astrophysics that is…)
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The road to obtaining answers: 
precise measurements & direct searches…

q Physics of fundamental scalars and direct searches for New Physics
q LHC, HL-LHC & future collider(s) (FCC-ee, FCC-hh, FCC-eh, CEPC, ILC, CLIC)

q Understand the strangest of all elements of the SM.  
q Search for new particles and physics phenomena.

q Dark Matter searches
q Very large number of experiments aiming at detecting DM

q Direct detection (lab), indirect detection (astrophy).
q Matter-matter collisions.

q Physics of Flavor:
q Quark sector: Kaon and B hadron decays (LHC, HL-LHC, Fixed-Target (CERN, JP), 

Belle II (JP)
q Measure CP sources as precisely as possible. Probe sacred (but also accidental…) 

laws (e.g. lepton number conservation). Universality? Probe rarest decay modes.
q Neutrinos: Complementarity of beams [DUNE (US), HyperK (JP)], reactors (JUNO), 

atmospheric (ORCA)
q Is there CP violation in the lepton sector?  PMNS matrix (à la CKM)?
q Mass hierarchy of three n generations (“normal” or “inverted”)? Dirac or Majorana?

q High-precision measurements; tests of Fundamental Symmetries
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Future accelerators
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M. Cepeda (CIEMAT)  Open Symposium on the Update of European Strategy for Particle Physics  

Future Colliders in a chart

�3

• The values for √s  are approximate: when a scan is proposed: included in the closest value

• When the entire programme is discussed, the highest energy value label is used inclusively



ILC, CLIC, FCC-ee/hh, CEPC
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CEPC: multiple candidate sites in China

Qinhuangdao site

CLIC

FCC

20km
11km;
29km;
50km

100 km100 km



The challenges
q Linear ee colliders:

q Acceleration gradient
q ILC: 30 MV/m; CLIC: 72 MV/m

q Luminosity (to be partially recovered 
by polarization)

q + brem loss: e.g. at 3000 GeV, 1/3 at 
>0.99√s

q Tiny beam spot: 
q v: 8 nm for ILC; 3 nm for CLIC3000.

q Power consumption
q ILC: 130-300 MW
q CLIC: 170-590 MW

q Circular ee colliders:
q Power consumption: 260-350 MW
q Luminosity drops with E

q hh collider:
q Magnets!

q Need 16 TeV (x2 LHC); they do not 
exist today

q High stored beam energy (8-9 GJ)
q Beam handling, beam dumping
q Collimation 

q High synchrotron radiation inside 
magnets: several MW

q Beam screen design and cryogenic 
efficiency; 

q Power consumption: 580 MW
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Costs (GUnits): 
ILC: 5.0 (for 250 GeV); 7.8 (500 GeV)
CLIC: 5.9 or 7.3 (for 380 GeV) + 5.1 (1500 GeV) + 7.1 (3000 GeV) (Tot: 19.5)
FCC-ee: 11.6; but 7.1 is the tunnel
FCC-hh: tunnel + 17 (Tot: 24)



FCC-ee and CEPC

q Double–ring colliders with full-energy top-up booster ring 
q CEPC started as 54 km, single-ring design; nowadays ~ FCC-ee 100 km, double-ring
q 2 IPs, 2 RF straights, tapering of arc magnet strengths to match local energy 
q Common use of RF systems for both beams at highest energy working point
q Synchrotron radiation: 50 MW (30 MW) at FCC-ee (CEPC)
q Beam lifetime >12 min; top-up injection, e+ rate ~1011/s.

q Asymmetric IRs: limit SR of incoming beams towards detectors
q ® large crossing angle
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L_DS
L_sep

L_arc

FCC-hh SppC

new injector 
chain,

simultaneous 
operation with 
e+e– collider 

based on 
existing CERN 
injector chain,

Luminosity goal 
~20 ab–1 per 
main IP within 
25 years

FCC-hh and SppC

q Circumference ~100 km, high luminosity 3(1) x 1035cm–2s–1 (SppC)
q Two IRs at high lumi potentially two more experiments (possibly combined with 

injection section, collimation insertions, extraction/dump insertion, RF insertion, 
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Kappa-3 Results 

�18

• Analysis not included in the original 
documentation (eg: Zgamma in many 
colliders) are dominated by the HL 
constrain in the fits:  marked with a *  


• For hadron collider fits (HL, 
LHeC(+HL), HE(+HE) : |KV|≤1 is 
imposed. In all other cases this is not 
necessary since lepton colliders 
probe the Higgs width.Grand summary
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All ee colliders achieve major (and comparable) improvements in their first stage already in probing 
Higgs sector compared to HL-LHC: at least half of the couplings get improved by factor 5 or more
W/Z effective couplings and BR(H ® invisible) probed to ~3x10–3

Model-independent total cross section measurement ® access to width, untagged BR 
Clean environment to study H if/when anomalies are seen to understand underlying physics 



Grand summary: Higgs couplings (κ framework)
(Future Collider+HL-LHC)
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Kappa-scenario

❖ ! has the advantage that it is simple;

❖ the effects of polarization are undervalued in this approach;

❖ would give indications of deviations from the SM, but not necessarily diagnostic information to interpret 
deviation; 

❖ In this kappa framework HL-LHC projections are included, and the untagged and invisible branching ratios 
are constrained by measurements.

55
1905.03764v2

Plus of ! framework: it is simple; Minus: underestimates effects of polarization
Can show deviation from SM, but no real further information on nature of source of deviation;
Untagged and invisible BRs constrained by measurements.



Higgs couplings: SMEFT
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Gain wrt HL-LHC Absolute



Higgs “factories”
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Low energies: circular colliders superior 
performance Higher energies: CC lumi reduction 
due to synchrotron radiation; linear colliders better: 
luminosity per beam power roughly constant

Schemes for increasing luminosity:
• FCC-ee: consider more IRs/running longer
• ILC: more bunches per pulse, doubling repetition 

rate?
• Each: x 2 in lumi; higher power consumption 

and somewhat higher cost
• CLIC: doubling repetition rate at 380 GeV?

• Factor 2 in lumi; power increases from 170 
MW to 220 MW (+slight cost increase)

Longit. polarisation: only at Linear Colliders 
e–: 80%; e+: 30% @ ILC; 0 @ CLIC (not needed) 
FCC-ee: transverse polarization for precise Ebeam



Higgs Compositeness?
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Fig. 8.4: Left panel: exclusion reach on the Composite Higgs model parameters of FCC-hh,
FCC-ee, and of the high-energy stages of CLIC. Right panel: the reach of HE-LHC, ILC,
CEPC and CLIC380. The reach of HL-LHC is the grey shaded region.
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Fig. 8.5: Exclusion reach of different colliders on the inverse Higgs length 1/`H = m⇤ (orange
bars, left axis) and the tuning parameter 1/e (blue bars, right axis), obtained by choosing the
weakest bound valid for any value of the coupling constant g⇤.

final state studies. Direct searches are more effective at low g⇤, which may seem surprising.
The reason is that g⇤ is the r coupling to the Higgs boson, while the coupling of the r to
quarks, which drives the production, scales like g2

2/g⇤ and therefore increases for small g⇤.
Unfortunately, no direct reach projection is currently available for the HE-LHC.

The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.
The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-
eter 1/e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs
compositeness can address the naturalness problem, provided it emerges at a relatively low
scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [443])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.
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Fig. 8.4: Left panel: exclusion reach on the Composite Higgs model parameters of FCC-hh,
FCC-ee, and of the high-energy stages of CLIC. Right panel: the reach of HE-LHC, ILC,
CEPC and CLIC380. The reach of HL-LHC is the grey shaded region.
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Fig. 8.5: Exclusion reach of different colliders on the inverse Higgs length 1/`H = m⇤ (orange
bars, left axis) and the tuning parameter 1/e (blue bars, right axis), obtained by choosing the
weakest bound valid for any value of the coupling constant g⇤.

final state studies. Direct searches are more effective at low g⇤, which may seem surprising.
The reason is that g⇤ is the r coupling to the Higgs boson, while the coupling of the r to
quarks, which drives the production, scales like g2

2/g⇤ and therefore increases for small g⇤.
Unfortunately, no direct reach projection is currently available for the HE-LHC.

The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.
The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-
eter 1/e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs
compositeness can address the naturalness problem, provided it emerges at a relatively low
scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [443])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.

Direct resonance 
searches (generic 
“ρ” EWK triplet); 
dileptons & 
dibosons)

Oφ (Higgs 
measurements
, primarily 
FCC-ee & 
CLIC)

OW (independent of g*)

Obtain limit on m*, i.e. on 1/length(H)

cϕ

Λ2 = g2
*

m2
*

cW

Λ2 = 1
m2

*
c2W

Λ2 = 1
g2

*m2
*

2f-2b

H

4f, W’/Z’
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Fig. 8.3: Exclusion reach of different colliders on the Y -Universal Z0 model parameters. The
gap in performances between CEPC or FCC-ee with respect to ILC250 or CLIC380 is most likely
due to the lack of dedicated di-fermion production studies as discussed in Sect. 8.2.1.

posite (`H 6= 0). The coupling parameter g⇤ represents the interaction strength among particles
originating from the Composite Sector. It controls the strength of the Higgs couplings to the
r resonance and it sets the scale of couplings that appear in the EFT Lagrangian. The internal
coherence of the construction requires g⇤ to be larger than the EW coupling (g⇤ & 1) but smaller
than the perturbative unitarity limit (g⇤ . 4p).

Among the operators in the Composite Higgs EFT, Of (defined as in [39]), OW and O2W
are the most representative and offer the best sensitivity at all colliders. Parametrically, their
Wilson coefficients are

cf

L2 ⇠ g2
⇤

m2
⇤
,

cW

L2 ⇠ 1
m2

⇤
,

c2W

L2 ⇠ 1
g2

⇤m2
⇤
.

These relations are merely estimates of the expected magnitude of the Wilson coefficients,
which hold up to model-dependent order-one factors. In the current analysis, these relations
are taken as exact equalities, so the results should not be interpreted as strictly quantitative, but
only as a fair assessment of the sensitivity.

Figure 8.4 shows the exclusion reach on m⇤ and g⇤ from the highly complementary probes
on the operators Of , OW and O2W with different experimental strategies in different colliders.
For the FCC project, Of is most effective at large g⇤, and it is well probed by Higgs couplings
measurements at FCC-ee. However FCC-hh and FCC-eh further improve the reach on cf as
shown in the figure. The reach on cf for all collider options is extracted from the summary
Table 8 of Ref. [39], with the exception of HL-LHC for which a more conservative value of
cf |1s = 0.42/TeV2 (also reported in Ref. [39]) is employed. The operator O2W is instead
effective at low g⇤, and it is probed by high-energy charged DY measurements at FCC-hh [439].
The mass-reach from OW is instead independent of g⇤. The reach of direct resonance searches
is also shown in Fig. 8.4, for the FCC-hh and the HL-LHC. It represents the sensitivity to an
EW triplet r vector resonance, generically present in Composite Higgs models. The reach
is extracted from ref. [440–442], and it emerges from a combination of dilepton and diboson

New resonances/particles/forces?
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Seeing the peak. Reach: 
• M < √s for lepton colliders
• M ≲ 0.3-0.5 √s in hadron colliders for 

couplings ~ weak couplings

Deviations in high-M tails: 
• Better suited for lepton colliders; 

sensitive to [mass/coupling] ≫ √s
• Hadron colliders relevant for gZ’>gSM

couplings: [mass/coupling] ≫ 0.5√s

Use very simple model as example.
Universal Z’. Clearly, many models 
with flavor dependence etc. 

Courtesy:
J. De Blas



Higgs Compositeness?
q Using fits from EWK/Higgs group (arXiv:1905.03764)

q Connection between notations: 

q For mass/coupling ~2 TeV ® deviations ~1% in Higgs couplings
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Maximum 
sensitivities:
@CLIC and 

FCC(ee+eh+hh)

cϕ

Λ2 = g2
*

m2
*

cW

Λ2 = 1
m2

*

c2W

Λ2 = 1
g2

*m2
*

2f-2bH 4f, W’/Z’

https://arxiv.org/abs/1905.03764


Long-term future: SUSY at >1TeV…. <10 TeV? 
q The questions:

q If {SUSY} which masses (and mass differences) of strongly- or weakly-coupled super-
partners can we reach? 

q Is nature fundamentally fine-tuned? If the solution is SUSY, how well can we test this?
q Is dark matter a thermal SUSY WIMP?

q Strongly-interacting SUSY (gluinos and squarks): simply, the purview of 
hadron colliders

BPU11, Belgrade: Aug 29, 2022HEP: current perspectives and future challenges 65

HE-LHC: ~ 2 x MHL-LHC
FCChh:   ~ 5 x MHL-LHC
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Mass scale [TeV]10

Hadron Colliders: gluino projections
(R-parity conserving SUSY, prompt searches)

(*): extrapolated from HL- or HE-LHC studies

(**): extrapolated from FCC-hh prospects

Fig. 8.6: Gluino exclusion reach of different hadron colliders: HL- and HE-LHC [436], and
FCC-hh [134, 441]. Results for low-energy FCC-hh are obtained with a simple extrapolation.

at HL-LHC [444] and HE-LHC, the 95% CL exclusion reach for models where squarks decay
directly into a quark and a neutralino can be extrapolated from the recent ATLAS and CMS
results using Run 2 data (36 fb�1, see for example Refs. [445] and [446]). Two scenarios and
analysis approaches are considered: massless neutralino (from jets+pmiss

T searches) and mass
splitting of 5 GeV between the squark and neutralino (inferred from monojet searches). The
results are shown in Fig. 8.7. Extrapolated prospects for the LE-FCC are also reported, as well
as the reach for CLIC3000 [447] and results of dedicated studies at the FCC-hh [441].
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All Colliders: squark projections
(R-parity conserving SUSY, prompt searches)

(*): extrapolated from Run 2, 36/fb studies

(**): monojet results not included

Fig. 8.7: Exclusion reach of different hadron and lepton colliders for first- and second-
generation squarks.
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Most studies of top squark (t̃1) pair-production at hadron colliders assume t̃1 ! t c̃0
1 and

fully hadronic or semi-leptonic final states with large pmiss
T . The best experimental sensitiv-

ity is achieved for m(c̃0
1 ) ⇡ 0 (i.e. Dm(t̃, c̃0

1 ) � mt), while the reach in mt̃ degrades for larger
c̃0

1 masses. For this reason, high-energy lepton colliders, e.g. CLIC3000, might become com-
petitive with HL-LHC in these topologies, as their stop mass reach is close to

p
s/2 even for

low Dm(t̃, c̃0
1 ). Lower centre-of-mass energy lepton facilities do not have sufficient kinematic

reach. The exclusion limits are summarised in Fig. 8.8; the discovery potential in all channels
is about 5% lower. If the t̃�c̃0

1 mass splitting is such that final states include very off-shell W
and b-jets, t̃ masses up to about 1 TeV can be excluded at the HL-LHC [436]. A two-fold and
five-fold increase in reach is expected for the HE-LHC [436] and FCC-hh [134] respectively,
with potential of improvements, especially in very compressed scenarios, via optimisation of
monojet searches [448].
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All Colliders: Top squark projections
(R-parity conserving SUSY, prompt searches)

ILC 500: discovery in all scenarios up to kinematic limit
�

s/2

(*) indicates projection of existing experimental searches

(**) extrapolated from FCC-hh prospects

� indicates a possible non-evaluated loss in sensitivity

Fig. 8.8: Top squark exclusion reach of different hadron and lepton colliders. All references
are reported in the text. Results for CLIC have been communicated privately by the authors.
Results for LE-FCC are extrapolated from HL- and HE-LHC studies.

Future collider searches of gluinos and stops will be powerful probes on the role of natu-
ralness in the Higgs sector, as shown in Table 8.1. For a SUSY-breaking mediation mechanism
near the unification scale, gluino searches at FCC-hh will probe naturalness at the level of 10�5

and, even in the case of low-scale mediation, naturalness can be tested at the level of 10�3 from
the leading stop contribution. Independently of any naturalness consideration, the measured
value of the Higgs mass can be used as an indicator of the scale of SUSY particle masses.
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Fig. 8.10: Exclusion reach for Higgsino-like charginos and next-to-lightest neutralinos with
equal mass m (NLSP), as a function of the mass difference Dm between NLSP and LSP. Exclu-
sion reaches using monojet searches at pp and ep colliders are also superimposed (see text for
details).

Collider experiments have significant sensitivity also to sleptons. Searches for staus, su-
perpartners of t leptons, might be particularly challenging at pp facilities due to the complex-
ity of identifying hadronically-decaying taus and reject misidentified candidates. Analysis of
events characterised by the presence of at least one hadronically-decaying t and pmiss

T show
that the HL-LHC will be sensitive to currently unconstrained pair-produced t̃ with discov-
ery (exclusion) potential for mt̃ up to around 550 (800) GeV [443]. The reach depends on
whether one considers t̃ partners of the left-handed or the right-handed tau lepton (t̃R or
t̃L, respectively), with substantial reduction of the sensitivity in case of t̃R. The HE-LHC
would provide sensitivity up to 1.1 TeV [443], and an additional three-fold increase is ex-
pected for the FCC-hh (extrapolation). Lepton colliders could again provide complementary
sensitivity especially in compressed scenarios: ILC500 [428] would allow discovery of t̃ up to
230 GeV even with small datasets, whilst CLIC3000 would allow reach up to mt̃ = 1.25 TeV
and Dm(t̃,c0

1 ) = 50 GeV [454].

8.3.3 Non-prompt SUSY particles decays
There are numerous examples of SUSY models where new particles can be long-lived and may
travel macroscopic distances before decaying. Long lifetimes may be due to small mass split-
tings, as in the case of pure Higgsino/Wino scenarios, or due to small couplings, as in R-parity
violating SUSY models, or due to heavy mediators, as in Split SUSY. For HL-LHC [443], stud-
ies are available on long-lived gluinos and sleptons. Exclusion limits on gluinos with lifetimes
t > 0.1 ns can reach about 3.5 TeV, using reconstructed massive displaced vertices. Muons dis-
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ee: mainly c02c0
1 and c+1c-1 (Δm>1GeV)

pp: mainly c02c±
1 (gaps at low Δm)
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3 TeV
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Fig. 8.9: Exclusion reach for Wino-like lightest chargino (c̃±
1 ) and next-to-lightest neutralino

(c̃0
2 ) from hadron and lepton colliders.

to
p

s/2 for Dm as low as 0.5 GeV, while CLIC1500 and CLIC3000 allow a reach up to 650 GeV
and 1.3 TeV, respectively [454]. Monojet searches at hadron colliders can again complement
the reach for scenarios with small Dm [443]. The soft decay products of the NLSP are not re-
constructed and the sensitivity solely depends on the production rate of EWkinos in association
with an ISR jet. The reach of different colliders are illustrated by the hatched areas of Fig. 8.10
for an indicative Dm < 1 GeV. The sensitivity deteriorates at larger Dm, due to the requirements
on additional leptons or jets. No attempt is made to evaluate this loss here, which is expected
to become relevant for Dm ⇡ 5 GeV and above. Prospects for ep colliders (LHeC and FCC-eh)
performed using monojet-like signatures [139] are also shown in Fig. 8.10.

A special case arises when the lightest neutralino is either pure Higgsino or Wino. The
chargino-neutralino mass splitting is around 340 MeV and 160 MeV respectively, and the
chargino has a correspondingly long lifetime, which can be as large as several picoseconds.
The value of pmiss

T is small unless the pair-produced EWkinos recoil against an ISR jet. Taking
advantage of the long lifetime of the charginos, which can result in decays in the active volume
of the tracker detector, searches for disappearing charged tracks can be performed at hadron
colliders [443]. As an example, at the HL-LHC, studies using simplified models of c̃±

1 produc-
tion lead to exclusions of chargino masses up to mc̃±

1
= 750 GeV (1100 GeV) for lifetimes of

1 ns for the Higgsino (Wino) hypothesis. When considering the lifetimes corresponding to the
chargino-neutralino mass splittings given above (leading to thermal relic dark matter candidates
and referred to as pure Higgsino and pure Wino, respectively), masses up to 300 (830) GeV can
be excluded. The reach for all facilities is illustrated in Sect. 8.5. Analyses exploiting displaced
decays of the charged SUSY state have been studied also for lepton colliders, e.g. CLIC3000
(using charge stub tracks [345]), and for ep colliders (using disappearing tracks [458]).

Thermal 
WIMP

Higgsino

ee sensitivity 
~independent 
of nature of 

LSP
(but up to √s/2)

pp sensitivity: 
depends on LSP; 

ISR jet for very low 
Δm (up to ~5 GeV);

Pure Higgsino: 
stopped track
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Fig. 9.3: Comparison of projected limits from future colliders (direct searches for invisible
decays of the Higgs boson) with constraints from current and future direct detection experiments
on the spin-independent WIMP–nucleon scattering cross section for a simplified model with
the Higgs boson decaying to invisible (DM) particles, either Majorana (top) or scalar (bottom).
Collider limits are shown at 95% CL and direct detection limits at 90% CL. Collider searches
and DD experiments exclude the areas above the curves.
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Fig. 9.3: Comparison of projected limits from future colliders (direct searches for invisible
decays of the Higgs boson) with constraints from current and future direct detection experiments
on the spin-independent WIMP–nucleon scattering cross section for a simplified model with
the Higgs boson decaying to invisible (DM) particles, either Majorana (top) or scalar (bottom).
Collider limits are shown at 95% CL and direct detection limits at 90% CL. Collider searches
and DD experiments exclude the areas above the curves.
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Fig. 9.4: Top: Comparison of projected limits from future colliders with constraints from cur-
rent and future DD experiments on the spin-independent WIMP–nucleon scattering cross sec-
tion in the context of a simplified model where a scalar particle with unit couplings mediates
the interaction between SM fermions and Dirac fermionic DM. Collider limits are shown at
95% CL and direct detection limits at 90% CL. Bottom: comparison of a selection of projected
limits from future colliders with constraints from current and future indirect detection experi-
ments in the context of a simplified model where a pseudoscalar particle with unit couplings
mediates the interaction between SM fermions and Dirac fermionic DM. All limits are shown
at 95% CL. In both figures, collider searches and DD experiments exclude the areas above the
curves [585, 586].

Scalar mediator: Higgs portal and BSM scalar
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A future collider program that optimizes sensitivity to invisible particles coherently 
with DD/ID serves us well. Need maximum overlap with DD/ID!

Ideal (for HEP) range

Ideal range

A collider discovery will need confirmation from 
DD/ID for cosmological origin
A DD/ID discovery will need confirmation from 
colliders to understand the nature of the 
interaction

Fermion DM Scalar DM



Extended Scalar sectors: MSSM
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pp → bbH0/A → bbττ (large tanβ)
pp → bbH0/A → ttbb (int. tanβ)
pp → ttH0/A → tttt (low tanβ)

pp → btH± → bbτν
pp → btH± → tbtb

H0/A: exclusion limits > 5 TeV 
(20 TeV at low tan β)

H±: exclusion limits ~10 - 15 TeV

Simply: hadron 
colliders…

LHC+HL-LHC FCC-hh

FCC-hh

Indirect info also probes additional 
h bosons (e.g. κb~mZ

2/mA
2) 



EU Strategy: other essential scientific activities for 
particle physics 

q A. The quest for dark matter and the exploration of flavour and fundamental 
symmetries are crucial components of the search for new physics. 
q This search can be done in many ways, for example through precision measurements of 

flavour physics and electric or magnetic dipole moments, and searches for axions, dark 
sector candidates and feebly interacting particles. There are many options to address such 
physics topics including energy-frontier colliders, accelerator and non-accelerator 
experiments. A diverse programme that is complementary to the energy frontier is an 
essential part of the European particle physics Strategy. Experiments in such diverse areas 
that offer potential high-impact particle physics programmes at laboratories in Europe 
should be supported, as well as participation in such experiments in other regions of the 
world. 

q B. Theoretical physics is an essential driver of particle physics that opens new, 
daring lines of research, motivates experimental searches and provides the 
tools needed to fully exploit experimental results. It also plays an important 
role in capturing the imagination of the public and inspiring young 
researchers.

q C. The success of particle physics experiments relies on innovative 
instrumentation and state-of-the-art infrastructures. To prepare and realise 
future experimental research programmes, the community must maintain a 
strong focus on instrumentation. 
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Where we stand
q Most successful Theory ever: Standard Model of Particle Physics

q Highest priority: extend understanding of SM and its newly discovered scalar sector.
q Evidence that SM is either incomplete or an Effective Theory of some 

Ultimate Theory (or another step in a series of Effective Theories…)
q Experimental evidence

q Dark Matter (DM): The “thing” we know the least about: Unknown nature, unknown 
number(s) of DM particles, unknown mass range(s) – 1080.

q Neutrino masses: SM gauge group allows for Majorana masses, “explaining” their 
tiny values; unknown (putative) Majorana scale. 

q Matter-antimatter asymmetry of the Universe: nowhere near what we measure in 
CP violation experiments. What about CP violation in the lepton sector?

q Theory issues
q Electroweak (EW) hierarchy problem. Why is the Higgs so light?
q The flavour puzzle. Why three generations of quarks and leptons? With very

different masses and mixings? Size of CP violation? (explain matter universe???)
q And lots more…  e.g. Strong CP problem. Another vacuum issue (this time QCD). 

Why is its θ parameter experimentally constrained to be extremely small? For a 
priori no good reason…. ® Axions?
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SM Outliers

Current issues to watch…



A very sensitive SM test: the mW–mt plane
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Table 9: Fit results with variations in which physics parameters are varying freely.

Configuration change �2
tot/ndf �mW [MeV] �(mW ) [MeV]

2 ! 3 ↵s parameters 103.4/101 �6.0 ±23.1
2 ! 1 ↵s and 1 ! 2 kintr

T parameters 116.1/102 +13.9 ±22.4
1 ! 2 kintr

T parameters 104.0/101 +0.4 ±22.7
1 ! 3 kintr

T parameters 102.8/100 �2.7 ±22.9
No A3 scaling 106.0/103 +4.4 ±22.2
Varying QCD background asymmetry 103.8/101 �0.7 ±22.7

80100 80150 80200 80250 80300 80350 80400 80450 80500
 [MeV]Wm

Electroweak Fit

-1 1.7 fbLHCb

ATLAS

D0

CDF

OPAL
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Total uncertainty
Stat. uncertainty

Figure 13: Measured value of mW compared to those from the ALEPH [60], DELPHI [61],
L3 [62], OPAL [63], CDF [10], D0 [11] and ATLAS [12] experiments. The current prediction of
mW from the global electroweak fit is also included.

9 Summary and Conclusion

This paper reports the first measurement of mW with the LHCb experiment. A data
sample of pp collisions at

p
s = 13TeV corresponding to an integrated luminosity of

1.7 fb�1 is analysed. The measurement is based on the shape of the pT distribution of
muons from W boson decays. A simultaneous fit of the q/pT distribution of W boson decay
candidates and of the �⇤ distribution of Z boson decay candidates is verified to reliably
determine mW . This method has reduced sensitivity to the uncertainties in modelling the
W boson transverse momentum distribution compared to previous determinations of mW
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1 Introduction

The Standard Model (SM) of particle physics describes the electroweak interactions as being mediated by
the W boson, the Z boson, and the photon, in a gauge theory based on the SU(2)L ⇥U(1)Y symmetry [1–
3]. The theory incorporates the observed masses of the W and Z bosons through a symmetry-breaking
mechanism. In the SM, this mechanism relies on the interaction of the gauge bosons with a scalar doublet
field and implies the existence of an additional physical state known as the Higgs boson [4–7]. The
existence of the W and Z bosons was first established at the CERN SPS in 1983 [8–11], and the LHC
collaborations ATLAS and CMS reported the discovery of the Higgs boson in 2012 [12, 13].

At lowest order in the electroweak theory, the W-boson mass, mW , can be expressed solely as a function of
the Z-boson mass, mZ , the fine-structure constant, ↵, and the Fermi constant, Gµ. Higher-order corrections
introduce an additional dependence of the W-boson mass on the gauge couplings and the masses of the
heavy particles of the SM. The mass of the W boson can be expressed in terms of the other SM parameters
as follows:

m2
W

0
BBBB@1 �

m2
W

m2
Z

1
CCCCA =

⇡↵
p

2Gµ
(1 + �r),

where �r incorporates the e↵ect of higher-order corrections [14, 15]. In the SM, �r is particularly sens-
itive to the top-quark and Higgs-boson masses; in extended theories, �r receives contributions from ad-
ditional particles and interactions. These e↵ects can be probed by comparing the measured and predicted
values of mW . In the context of global fits to the SM parameters, constraints on physics beyond the SM
are currently limited by the W-boson mass measurement precision [16]. Improving the precision of the
measurement of mW is therefore of high importance for testing the overall consistency of the SM.

Previous measurements of the mass of the W boson were performed at the CERN SPS proton–antiproton
(pp̄) collider with the UA1 and UA2 experiments [17, 18] at centre-of-mass energies of

p
s = 546 GeV

and
p

s = 630 GeV, at the Tevatron pp̄ collider with the CDF and D0 detectors at
p

s = 1.8 TeV [19–21]
and
p

s = 1.96 TeV [22–24], and at the LEP electron–positron collider by the ALEPH, DELPHI, L3,
and OPAL collaborations at

p
s = 161–209 GeV [25–28]. The current Particle Data Group world average

value of mW = 80385 ± 15 MeV [29] is dominated by the CDF and D0 measurements performed at
p

s = 1.96 TeV. Given the precisely measured values of ↵, Gµ and mZ , and taking recent top-quark and
Higgs-boson mass measurements, the SM prediction of mW is mW = 80358 ± 8 MeV in Ref. [16] and
mW = 80362 ± 8 MeV in Ref. [30]. The SM prediction uncertainty of 8 MeV represents a target for the
precision of future measurements of mW .

At hadron colliders, the W-boson mass can be determined in Drell–Yan production [31] from W ! `⌫
decays, where ` is an electron or muon. The mass of the W boson is extracted from the Jacobian edges
of the final-state kinematic distributions, measured in the plane perpendicular to the beam direction.
Sensitive observables include the transverse momenta of the charged lepton and neutrino and the W-
boson transverse mass.

The ATLAS and CMS experiments benefit from large signal and calibration samples. The numbers
of selected W- and Z-boson events, collected in a sample corresponding to approximately 4.6 fb�1 of
integrated luminosity at a centre-of-mass energy of 7 TeV, are of the order of 107 for the W ! `⌫, and of
the order of 106 for the Z ! `` processes. The available data sample is therefore larger by an order of
magnitude compared to the corresponding samples used for the CDF and D0 measurements. Given the

2

•  Loop-level expression for the predicted W mass in terms of other known 
quantities: 

 

•  Loop-induced radiative corrections �r dominated by 

•  Running of αem due to light quark loops 

•  Top quark and Higgs loop 

 
   ⇒allowed indirect constraint on Higgs mass and now comparison to MH 
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1 Introduction

The Standard Model (SM) of particle physics describes the electroweak interactions as being mediated by
the W boson, the Z boson, and the photon, in a gauge theory based on the SU(2)L ⇥U(1)Y symmetry [1–
3]. The theory incorporates the observed masses of the W and Z bosons through a symmetry-breaking
mechanism. In the SM, this mechanism relies on the interaction of the gauge bosons with a scalar doublet
field and implies the existence of an additional physical state known as the Higgs boson [4–7]. The
existence of the W and Z bosons was first established at the CERN SPS in 1983 [8–11], and the LHC
collaborations ATLAS and CMS reported the discovery of the Higgs boson in 2012 [12, 13].

At lowest order in the electroweak theory, the W-boson mass, mW , can be expressed solely as a function of
the Z-boson mass, mZ , the fine-structure constant, ↵, and the Fermi constant, Gµ. Higher-order corrections
introduce an additional dependence of the W-boson mass on the gauge couplings and the masses of the
heavy particles of the SM. The mass of the W boson can be expressed in terms of the other SM parameters
as follows:

m2
W

0
BBBB@1 �

m2
W

m2
Z

1
CCCCA =

⇡↵
p

2Gµ
(1 + �r),

where �r incorporates the e↵ect of higher-order corrections [14, 15]. In the SM, �r is particularly sens-
itive to the top-quark and Higgs-boson masses; in extended theories, �r receives contributions from ad-
ditional particles and interactions. These e↵ects can be probed by comparing the measured and predicted
values of mW . In the context of global fits to the SM parameters, constraints on physics beyond the SM
are currently limited by the W-boson mass measurement precision [16]. Improving the precision of the
measurement of mW is therefore of high importance for testing the overall consistency of the SM.

Previous measurements of the mass of the W boson were performed at the CERN SPS proton–antiproton
(pp̄) collider with the UA1 and UA2 experiments [17, 18] at centre-of-mass energies of

p
s = 546 GeV

and
p

s = 630 GeV, at the Tevatron pp̄ collider with the CDF and D0 detectors at
p

s = 1.8 TeV [19–21]
and
p

s = 1.96 TeV [22–24], and at the LEP electron–positron collider by the ALEPH, DELPHI, L3,
and OPAL collaborations at

p
s = 161–209 GeV [25–28]. The current Particle Data Group world average

value of mW = 80385 ± 15 MeV [29] is dominated by the CDF and D0 measurements performed at
p

s = 1.96 TeV. Given the precisely measured values of ↵, Gµ and mZ , and taking recent top-quark and
Higgs-boson mass measurements, the SM prediction of mW is mW = 80358 ± 8 MeV in Ref. [16] and
mW = 80362 ± 8 MeV in Ref. [30]. The SM prediction uncertainty of 8 MeV represents a target for the
precision of future measurements of mW .

At hadron colliders, the W-boson mass can be determined in Drell–Yan production [31] from W ! `⌫
decays, where ` is an electron or muon. The mass of the W boson is extracted from the Jacobian edges
of the final-state kinematic distributions, measured in the plane perpendicular to the beam direction.
Sensitive observables include the transverse momenta of the charged lepton and neutrino and the W-
boson transverse mass.

The ATLAS and CMS experiments benefit from large signal and calibration samples. The numbers
of selected W- and Z-boson events, collected in a sample corresponding to approximately 4.6 fb�1 of
integrated luminosity at a centre-of-mass energy of 7 TeV, are of the order of 107 for the W ! `⌫, and of
the order of 106 for the Z ! `` processes. The available data sample is therefore larger by an order of
magnitude compared to the corresponding samples used for the CDF and D0 measurements. Given the
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•  Loop-level expression for the predicted W mass in terms of other known 
quantities: 

 

•  Loop-induced radiative corrections �r dominated by 

•  Running of αem due to light quark loops 

•  Top quark and Higgs loop 

 
   ⇒allowed indirect constraint on Higgs mass and now comparison to MH 
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More precise than all previous mW
measurements combined
~ 3σ higher than most precise other measurements
~ 3σ higher than previous CDF result (1/4 of data, 
correlations taken into account)

mW(SM)   = 80375±4(inp)±4(th) MeV
mW(CDF) = 80433±9.4 MeV
ΔmW(SM-CDF)= 7σ…

“in tension” with SM pred
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Theoretical prediction for aP

8M. Davier muon g-2 DISCRETE Bergen 29 Nov 2021
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The muon g-2 Fermilab experiment: the result

Saint-Louis (Missouri)

aP(Fermilab) = 116 592 040 (54) u 10�11

� Agreement with Brookhaven value

� Precision comparable

� Excess / SM prediction increased to 4.2V

� Caution about significance: 

¾ statistics-dominated measurement

¾ prediction uncertainty limited by   

systematic effects (not Gaussian)

� Nevertheless, large discrepancy (the 

largest so far between measurement and 

SM anywhere)

M. Davier muon g-2 DISCRETE Bergen 29 Nov 2021
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A controversy on HVP? 

� BMW lattice collaboration preprint posted on arxiv early in 2020

� Statistics x10 compared to other groups (huge computing power)

� Claimed systematic uncertainty (dominant) also much smaller

� Central value much closer to the g-2 measurement

� Result scrutinized during 1.5 year (special workshop organized)

� Criticism expressed (precision), but no fundamental flaw discovered so far

� Small changes made in 2nd and 3rd versions

� Paper finally published in Nature with aggressive publicity

� New method at this level of precision; lack of maturity/dispersive approach

¾ Complex non-transparent analysis: QCD solved numerically on a discretized 

space-time of finite volume (up to 11 fm3) and small spacing

¾ Extrapolation to the continuum is one of the issues concerning systematic biases and error estimate

� Needs confrontation with other lattice groups (4); may take some time; studies of results in Euclidian time windows

� Clear discrepancy between measured cross sections for e+e-o hadrons and BMW result

� DHMZ is collaborating with BMW to localize the energy region where the differences with data-driven results occur

� Other consequences of BMW result have been (and continue to be) investigated (impact on the EW fit)

M. Davier muon g-2 DISCRETE Bergen 29 Nov 2021

Theoretical prediction for aP :  QED

9

Known to 5 loops, good convergence, diagrams with internal electron loops enhanced:

ܽఓ
୕ୈ ൌ ఈ

ଶగ
 ʹܣ

ఈ
గ

ଶ
 ͵ܣ

ఈ
గ

ଷ
+ A4

ఈ
గ

ସ
+ A5

ఈ
గ

ହ

Aoyama, Hayakawa, Kinoshita, Nio (2012-2019)

D = 137.035 999 046 (27) from Cs recoil measurement  (Mueller et al.)

uncertainty dominated by estimate on D6 term

ʹܣ ͵ܣ known analytically,  A4 A5  obtained with Monte Carlo techniques, partially checked analytically for A4

ܽఓ
୕ୈ ൌ 116 140 973.321 (23)

+         413 217.626   (7)
+           30 141.902 (33)
+                 381.004 (17)
+                      5.078   (6)

=     116 584 718.931 (104)

(u 10�11)

D
D2

D3

D4

D5

12672 diagrams

M. Davier muon g-2 DISCRETE Bergen 29 Nov 2021

Principle of muon g-2 measurement (CERN 1960-80)

5

1. Parity violation polarizes muons in pion decay 
spin orientation

2. Anomalous frequency proportional to aP

3. Magic J to cancel EuE effect:

4. Again parity violation in muon decay

fast electron emitted in direction opposite to 
muon spin

ɘ ൌ
݁

݉ఓܿ
ܽఓܤ െ ܽఓ െ

ͳ
ଶߛ െ ͳ

Ԧߚ ൈ ܧ ൎ
݁

݉ఓܿ
ܽఓܤ

ҧߥఓ ึ ିߨ ื ୮୭୪ୟ୰୧ୣୢିߤ

୮୭୪ୟ୰୧ୣୢିߤ ื ݁ି  ҧߥ  ఓߥ

1. Inject polarized muons to the storage ring.
䇵 +ߨ 䊻ߤ+ ߤߥ decay

2. Muon spin precession relative to momentum in cyclotron is proportional to g-2 
under ͞special͟ condition.

࣓ = ߱sp in 䌦 ߱cyclotron =
䌦ࢍ


݁
ߤ݉ ܿ

= ࣆࢇ
݁
ߤ݉ ܿ

Precise measurement of ݃ 䌦 2 needs precise determinations of ࣓ and .
ʹ Muon-to-proton magnetic moment ratio is also used instead of ݁/݉ߤ .

Principle of muon g-2 Measurement 3

Storage ring

Momentum

Spin

Polarized ߤ

B

#p
os

itr
on

s

Time [ђs]

+ࣆ
+݁ߤߥ 

Spin

݁ߥ

݁+ direction is correlated
to muon spin direction. 

3. Detect high energy ݁+ from ߤ+ decay 
@J-PARC MC

el
ec

tr
on

 c
ou

nt
s

Time

ɘ

� Very uniform magnetic field

� Focusing with electrostatic 
quadrupoles 

muon loss from decay

PP = 3.09 GeV/c

M. Davier muon g-2 DISCRETE Bergen 29 Nov 2021

Double miracle by virtue of P violation !

4.2σ; but:

Theoretical prediction for aP :  EW, hadronic light-by-light

10

� EW: one-loop + two-loop involving W, Z bosons (little sensitivity to Higgs boson mass)

aPEW =  153.6 (1.0) u 10�11 

� Hadronic light-by-light: D3 contribution not computable by analytical QCD; so far only estimated by 
phenomenological models using intermediate particles; new approach partly using experimental 
data (Colangelo et al, 2017); also first results from QCD lattice simulations (2019)

small contribution

aPHLbL =  94 (19) u 10�11 

shows level of sensitivity of aP to physics at large mass scales ~ O(0.1 TeV)

Precision at low energies  � high energy frontier

M. Davier muon g-2 DISCRETE Bergen 29 Nov 2021
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Main uncertainty: Hadronic Vaccum Polarization

Future

TDR
• RUN1 is only 6% of the 

final dataset
• Analysis of RUN2/3 

(expect an 
improvement of a 
factor ~2  in precision)

• RUN4 (November 2020-
July 2021) is expected to 
bring  the statistics  to 
~13 BNL

• RUN5 in 2021-2022 
should allow to achieve 
the x20 BNL project goal

RUN1
RUN2

RUN3

RUN4

RUN5

xBNL

G. Venanzoni,  CERN Colloquium, 8  April  2021
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Low-energy e+e–

or Lattice QCD

RUN1 A-method Wiggle Plot
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gtµ =  64.4 µs;                          
(g-2): ta = 4.37 µs;  
Cyclotron:  tC =  149 ns

8.2×10' ()
(combined RUN1 
statistics)



Flavor physics: charged lepton sector & summary 

BPU11, Belgrade: Aug 29, 2022HEP: current perspectives and future challenges

Final MEG upper limit 
B(μ→eg)<4.2 10-13

@90% CL: there 
since 2016…

Muon LFV quiet since 2016…
Exciting times ahead with 
MEGII, Mu2e, COMET, Mu3e…

t®µµµ

Expect 5x1010

tt evts…

Qualitative summaryµ®eg
µ®eee
µN®eN

Charged Lepton Flavor Violation

Source: Baldini et al., 1812.06540, submission to 2020 European Strategy 
from COMET, MEG, Mu2e and Mu3e collaborations 75



Muon g–2
q Confirmation of Brookhaven result. Question is now more on Theory…
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Factor 2

Conclusions

• We have presented the first measurement of aµ at 0.46 ppm

• Our result is consistent with the BNL one (within one standard
deviation) with slightly better precision

• The discrepancy with the Standard Model prediction of the g-2 by
theTheory Initiative is 4.2s

• We expect an improvement in precision of a factor 2 from the
RUN2/3 data andmore from Run4 and 5.

Stay tuned!

G. Venanzoni,  CERN Seminar, 8  April  2021
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aµ: Unblinding

G. Venanzoni,  CERN Seminar, 8  April  2021

3.3 s

3.7 s

4.2 s



Flavor physics: quark sector (II)
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 regions2-

Fig. 8.13: Direct and indirect sensitivity at 95% CL for the vector leptoquark U1 in the mass
versus coupling plane.

CLIC [345]. The highest mass reach is available at hadron colliders. For example, HE-LHC
would improve the direct mass reach by more than a factor two compared to HL-LHC. Projec-
tions for the different colliders in the U1 case are shown and compared to a recent global flavour
fit [478] in Fig. 8.13.

8.5 Dark Matter
For an introduction to dark matter (DM) and a general study of its experimental consequences,
see Chapter 9. This section presents the ways in which the nature of DM and its interactions can
be probed at future colliders, complementing experiments and observations from astroparticle
physics.

The thermal freeze-out mechanism provides a cosmological clue for the generation of
the observed DM density, suggesting that DM particles have masses in the range from multi-
keV to about 100 TeV, and couplings to SM particles of comparable or weaker strength than
EW interactions. High-energy colliders could produce DM particles within this mass range
in controlled conditions. The main signature at colliders is the missing transverse momentum
carried by the DM particle, which remains invisible to detectors due to the presumed weak
strength of its interaction with SM particles. If the DM particle is lighter than mh/2 and it is
coupled to the Higgs, an interesting exploration channel is the invisible Higgs decay width (see
Chapters 3 and 9). An alternative signature is the detection of the mediator particles whose
exchange may be responsible for the annihilation processes that determine the DM particle
abundance. Mediators can lead to a variety of collider signatures in visible channels, although
their discovery would not provide evidence for DM until invisible channels are identified as
well.

There are many possible thermal freeze-out scenarios, each with their own unique exper-
imental signals. Here we present only some interesting examples of heavy DM particles and
discuss the prospects for their searches at future colliders. The case of light DM particles is

Lots of attention on Lepton Universality.

The measurements: b-> s ll (aka R(K) and similar)

Martino Borsato - Heidelberg U.

LU tests at LHCb
๏ Previous LU tests:

•  with 
  

→ 2.2-2.5σ deviation from SM per bin
               LHCb arXiv:2103.11769

•  with 

→ agrees with SM at <1σ 
               LHCb, JHEP 05 (2020) 040

•  with 

→ 3.1σ deviation from the SM
      LHCb, JHEP 08 (2017) 055

B0 → K*0ℓ+ℓ− 3 fb−1

RK*0 = 0.66+0.11
−0.07(stat) ± 0.03(syst) in [0.045,1.1] GeV2

RK*0 = 0.69+0.11
−0.07(stat) ± 0.05(syst) in [1.1,6.0] GeV2

Λb → pK−ℓ+ℓ− 4.7 fb−1

RpK− = 0.86+0.14
−0.11(stat) ± 0.05(syst) in [0.1,6.0] GeV2

B+ → K+ℓ+ℓ− 9 fb−1

RK+ = 0.846+0.042
−0.039(stat)+0.013

−0.012(syst) in [1.1,6.0] GeV2

19

0.5 1 1.5
KR

-1LHCb 9 fb
4c/2 < 6.0 GeV2q1.1 < 

Belle
4c/2 < 6.0 GeV2q1.0 < 

BaBar
4c/2 < 8.12 GeV2q0.1 < 

2021
B+ → K+ℓ+ℓ−

LH
C

b arX
iv:2103.117693.1σ

๏ New tests of isospin partners  
of  and  with 

•
•

LHCb arXiv:2110.09501

RK+ RK*0 9 fb−1

B0 → K0
Sℓ+ℓ−

B+ → K*+ℓ+ℓ−

Martino Borsato - Heidelberg U.

LU test in  and K0
S K*+

๏ Results are in agreement with 
SM predictions and previous 
measurements at Belle

๏ Central values exhibit same 
pattern of deviation as isospin 
partners  and RK+ RK*0

24

R−1
K0

S
= 1.51+0.40

−0.35( stat. )+0.09
−0.04( syst. )

R−1
K*+ = 1.44+0.32

−0.29( stat. )+0.09
−0.06 (syst.) 

Paper dedicated to the  
memory of Sheldon Stone

LHCb arXiv:2110.09501
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SK

R
4c/2 < 6.0 GeV2q1.0 < 

-1 LHCb 9 fb*+KR
4c/2 < 6.0 GeV2q0.045 < 

-1 LHCb 9 fb0
SK

R
4c/2 < 6.0 GeV2q1.1 < 
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Martino Borsato - Heidelberg U.

Why  ?b → sℓ+ℓ−

 is an excellent probe of NP 
—————————————————————————————————————————

๏It’s rare (decay rate )
• Forbidden at tree-level, proceeds through loop
• Small CKM elements and GIM mechanism
• Heavy NP could enter at the same order as SM

๏It’s friendly (to experiments)
• No neutrinos involved!
• Several complementary channels
• Several complementary observables

๏It’s beautiful (involves a b quark)
• Small long-distance contributions ( )

• Can interpret with effective theory ( )

b → sℓ+ℓ−

< 10−6

mb ≫ ΛQCD
mb ≪ mW

2

Branching ratios, 
angular analyses,  
SM symmetry tests

, ,  
, , 

, …

Bs → ℓ+ℓ− B → Kℓ+ℓ−

B → K*ℓ+ℓ− Bs → ϕℓ+ℓ−

Λb → pK−ℓ+ℓ−

Introduction

Electroweak penguin (EWP) decays

flavour-changing neutral currents (FCNC) decays are forbidden at tree level (in SM)

but FCNC are possible via quark loops:

b s
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H

decays are loop suppressed ! rare decays with BF in SM of about 10
�6 � 10

�8

contributions from new physic (NP) models can enter these quark loops

Leptoquarks[PRD99(2019)055025], Z
0
[Eur.Phys.J.C75(2015)382] and others

tensions to the SM predictions have been observed ! flavour anomalies

2 / 16 David Gerick (LHCb collaboration) Electroweak Penguin Decays at LHCb (ICHEP 2020)

ℓ+

ℓ−
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flavour-changing neutral currents (FCNC) decays are forbidden at tree level (in SM)

but FCNC are possible via quark loops:
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decays are loop suppressed ! rare decays with BF in SM of about 10
�6 � 10

�8

contributions from new physic (NP) models can enter these quark loops

Leptoquarks[PRD99(2019)055025], Z
0
[Eur.Phys.J.C75(2015)382] and others

tensions to the SM predictions have been observed ! flavour anomalies
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Figure 1: Scheme for BSM modifications of K ! ⇡⌫⌫̄ BRs.

the new physics has an arbitrary flavor structure and both left-handed and right-handed couplings,
the constraint from ✏K is evaded and there is little correlation, as illustrated by the red region.
This is the case for the general MSSM framework (without minimal flavor violation) [12] and in
Randall-Sundrum models [16].

Like BR(KL ! ⇡0⌫⌫̄), the parameter ✏ 0K also gives a direct measurement of the height of the
unitarity triangle. Experimentally, Re ✏ 0K/✏K has been measured by NA48 [17] and KTeV [18],
leading to the average Re ✏ 0K/✏K = (1.66 ± 0.23) ⇥ 10�3 [19]. In principle, the experimental value
of Re ✏ 0K/✏K significantly constrains the value of BR(KL ! ⇡0⌫⌫̄) to be expected in any given
new-physics scenario. However, because of the delicate balance between the amplitudes for the
hadronic matrix elements of di�erent operators, it is di�cult to perform a reliable calculation
of Re ✏ 0K/✏K in the SM. In a recent breakthrough, the RBC-UKQCD Collaboration obtained the
result Re ✏ 0K/✏K = (1.38 ± 5.15 ± 4.59) ⇥ 10�4 from a lattice calculation [20], 2.1� less than
the experimental value (improvements of the analytical parts of this result have increased the
significance slightly [21, 22]). Considerations from large-Nc dual QCD support the lattice result
[23], but a calculation in chiral perturbation theory is in good agreement with the experimental
value of Re ✏ 0K/✏K [24]. RBC-UKQCD is currently working on confirming the result and reducing
both the statistical and systematic uncertainties.

With this result for Re ✏ 0K/✏K in the background, the correlation between ✏ 0K and BR(KL !
⇡0⌫⌫̄) has been examined in various SM extensions at energy scales ⇤ in the neighborhood of
1–10 TeV by several authors, in many cases with constraints from ✏K , �mK , and BR(KL ! µµ)
considered as well. The results of these studies are summarized in Table 1. As a general
rule, the observation of a larger value for ✏ 0K than expected in the SM implies a suppression of
BR(KL ! ⇡0⌫⌫̄) to below the SM value. However, it is possible to construct models in which
✏ 0K and BR(KL ! ⇡0⌫⌫̄) are simultaneously enhanced. With moderate parameter tuning (e.g.,
cancellation among SM and NP interference terms to the 10-20% level), BR(KL ! ⇡0⌫⌫̄) may be
enhanced by up to an order of magnitude.

The KOTO experiment at J-PARC is the only experiment currently pursuing the decay KL !
⇡0⌫⌫̄. KOTO continues in the tradition of the KEK experiment E391a in technique [33]. The
salient features of the experiment are the use of a highly collimated, low-energy (mean momentum
2.1 GeV) “pencil” beam and very high performance hermetic calorimetry and photon vetoing.
KOTO has recently obtained the limit BR(KL ! ⇡0⌫⌫̄) < 3 ⇥ 10�9 (90% CL), with an expected
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KOTO 2
KLEVER
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Table 8.2: Limits on FCNC top-quark decays at 95% CL for various future colliders [139, 309,
346, 476, 477]. Results are also given for flavour-inclusive final states with q = u,c. Empty
entries correspond to cases in which studies are not available at the time of writing.

BR⇥105 HL-LHC HE-LHC ILC500 CLIC380 LHeC FCC-ee FCC-hh FCC-eh
t ! Hc ⇡ 3 15 1.6
t ! Hu 150 22
t ! Hq 10 2.8
t ! Zq 2.4 - 5.8 4 2.4 ⇡ 0.1 0.6
t ! gc 7.4 ⇡ 1 2.6 0.024
t ! gu 0.86 0.018
t ! gq 1 1.7 0.085
t ! gc 3.2 0.19
t ! gu 0.38 0.056

NN theories can address the naturalness problem without coloured particles at the weak
scale, but require a completion at a nearby mass scale mNN, where new coloured states are
expected. This mass scale is model dependent, but it is generally in the range mNN ⇡

p
0.1/e 3–

5 TeV. This shows that, for moderate tuning, the NN coloured particles are beyond the reach of
the LHC but are perfect targets for high-energy future colliders. The states in the twin sector that
communicate with the SM only through the Higgs can lead to unusual signatures. An interesting
case are the twin glueballs, which are expected to be light and typically long-lived. They can
be produced in Higgs decays and then decay back into SM states, leading to distinguishing
vertex displacements that can be hunted for in main detectors or, depending on the lifetime,
with dedicated detectors far from the interaction point such as MATHUSLA200. Searches for
invisible Higgs decays also contribute to the exploration of the parameter space.

8.4.3 High-energy flavour dynamics
Heavy new physics can induce, through the exchange of virtual particles, processes that are
extremely rare in the SM, such as FCNC effects in the top-quark sector (see also Chapter 5).
Experimental projections on searches for rare FCNC top-quark decays are available for many
of the proposed projects. Complementary sets of measurements using various top-quark pro-
duction processes and decays are accessible in e+e�, ep and pp collisions. The projections are
summarised in Table 8.2. While not all possibilities have been explored yet, generally improve-
ments of 1–2 orders of magnitude are possible compared to HL-LHC.

At lepton colliders, the process e+e� ! t j is much more powerful compared to tests on
top-quark decays, which are limited by statistics. In particular, operation at the highest possible
energies improves the sensitivity to four-fermion operators. The full CLIC programme would
be sensitive to operator scales in the region of 50–100 TeV [345].

Renewed interest in leptoquarks was triggered by recent results in rare B decays, which
show discrepancies with respect to the SM predictions. For example, the b ! ctn results are
presently compatible with a rather light leptoquark coupled predominantly to the third gener-
ation. The mass reach from QCD pair-production of the scalar leptoquark S3 or vector lepto-
quark U1 at HL-LHC is 1.5–2.0 TeV [443], independently of the coupling to the lepton-quark
current. Complementary information would be provided in the large-coupling region by the
process pp ! t+t�. A modest improvement in sensitivity for the S3 would be provided by
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FCNC with higgs decays



Physics of flavor: Lepton & Quark sectors
q Neutrinos:

q The very nature of them: Majorana or Dirac?
q Oscillations, (additional) mass generation (beyond EWSB?)
q Richness of the lepton sector (PMNS, CP violation)

q Quark sector: 
q CP violation, CKM triangle
q Rare decays of K and B mesons; SM elements: motivated (universality) 

and accidental (lepton number conservation) 
q Forbidden (?) decays (e.g. µ®eg)



Long-lived SUSY?
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Long-lived particles  

30/10/2017 Monica D'Onofrio, HL/HE-LHC Workshop 16 

}  Particles decaying non-promptly are one of the major 
targets of HL-LHC experiments   

}  Great discovery potential: many NP models predict LLPs  
}  small couplings: RPV decays, dark sector coupling  
}  small mass-splittings: degenerate next-LSP  
}  heavy messengers, split SUSY, hidden valley      Special Signatures from LLP 

21 

Issues and opportunities with LLP signatures: 

• Non-standard objects, custom trigger/reconstruction/simulation 

• Need to maintain dedicated detector capabilities 

Potential gains from HL-LHC from high luminosity, track-trigger, fast timing, 

better directionality. 

 

Variety of dedicated techniques to 
cover whole range of lifetimes (cW) 

Synergy among ATLAS, CMS 
and LHCb experiments 
•  Target complementary 

lifetimes and mass ranges 
•  Use different ‘signatures’ 

A few examples here, more  
in dedicated talks 

BSM parallel session: 
ATLAS talk: S. Pagan Riso 
CMS talk: J. Alimena;  LHCb talk: C.  Sierra 
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Fig. 4.1.2: Expected exclusion limits at 95% C.L. from the disappearing track search using of 3 ab�1of 14 TeV

proton-proton collision data as a function of the �̃±
1 mass and lifetime. Simplified models including both chargino

pair production and associated production �̃±
1 �̃0

1 are considered assuming pure-wino production cross sections
(left) and pure-higgsino production cross sections (right). The yellow band shows the 1� region of the distribution
of the expected limits. The median of the expected limits is shown by a dashed line. The red line presents the
current limits from the Run-2 analysis and the hashed region is used to show the direction of the exclusion. The
expected limits with the upgraded ATLAS detector would extend these limits significantly. The chargino lifetime
as a function of the chargino mass is shown in the almost pure wino LSP scenario (light grey) calculated at one
loop level. The relationship between the masses of the chargino and the two lightest neutralinos in this scenario is
m(�̃±

1 ) = (m(�̃0

1) + m(�̃0

2))/2. The theory curve is a prediction from a pure higgsino scenario.

potential of the analysis would allow for the discovery of wino-like (higgsino-like) charginos of mass
100 GeV with lifetimes between 20 ps and 700 ns (30 ps and 250 ns), or for a lifetime of 1 ns would
allow the discovery of wino-like (higgsino-like) charginos of mass up to 800 GeV (600 GeV).

Finally, Fig. 4.1.3 presents the 95% C.L. expected exclusion limits in the �̃0
1, �m(�̃±

1 , �̃0
1) mass

plane, from both the disappearing track and dilepton searches. The yellow contour shows the expected
exclusion limit from the disappearing track search, with the possibility to exclude m(�̃±

1 ) up to 600 GeV
for �m(�̃±

1 , �̃0
1) < 0.2 GeV, and could exclude up to �m(�̃±

1 , �̃0
1) = 0.4 GeV for m(�̃±

1 ) = 100 GeV.
The blue curve presents the expected exclusion limits from the dilepton search, which could exclude up
to 350 GeV in m(�̃±

1 ), and for a light chargino mass of 100 GeV would exclude mass differences be-
tween 2 and 15 GeV. Improvements that are expected with the upgraded detector, and search technique
improvements may further enhance the sensitivity to these models. For example the sensitivity of the
disappearing tracks search can be enhanced by optimising the tracking algorithms used for the upgraded
ATLAS detector allowing for an increase in tracklet efficiency, the possibility of shorter tracklets pro-
duced requiring 3 or 4 hits, and further suppression of the fake tracklet component. The dilepton search
sensitivity would be expected to improve by increasing the reconstruction efficiency for low pT leptons.
The addition of the electron channel would also further enhance the search sensitivity.

4.1.2 Complementarities between LHeC and HL-LHC for disappearing track searches
Contributors: K. Deshpande, O. Fischer, J. Zurita

In higgsino-like SUSY models, the Higgsinos’ tiny mass splittings give rise to finite lifetimes
for the charginos, which is enhanced by the significant boost of the c.o.m. system and can be used
to suppress SM backgrounds [330]. The small mass splittings allow the Higgsinos to decay into
⇡±, e±, µ± + invisible particles, with the single visible charged particle having transverse momenta in
the O(0.1) GeV range. In the clean environment (i.e. low pile up) of the e�p collider, such single low-
energy charged tracks can be reliably reconstructed, if the minimum displacement between primary and
secondary vertex is at least 40 µm, and the minimum pT of the charged SM particle is at least 100 MeV.
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Pure-wino s
Pure-higgsino s

HL-LHC

Figure 74: The 95% CLIC exclusion reach for pure higgsinos in each of the eight analysis strategies,
assuming zero background in each analysis.

Figure 75: Contours in the place lifetime-mass for N=3 (solid) and N=30 (dashed) higgsino events in the
acceptance defined by Eq. (222) at the three stages of CLIC: 380 GeV 0.5 ab�1 (blue), 1.5 TeV 1.5 ab�1

(yellow), and 3.0 TeV 3 ab�1 (green).

5.3.1 Minimal (milli-charged) dark matter
The idea behind Minimal Dark Matter (MDM) [526] is to introduce a single EW multiplet � which is
accidentally stable at the renormalizable level due to the SM gauge symmetry. One further assumes
Y = 0 (to avoid direct detection bounds from Z exchange) and that the lightest particle (LP) in the
multiplet is neutral. This is actually a prediction if the mass splitting is purely radiative as in the case
of fermions, while scalars can receive a tree-level splitting from the scalar potential which is assumed
to be sub-leading. The contribution to the relic density is then completely fixed by known EW gauge
interactions and the mass of the new state m�, thus making the framework extremely predictive. If
one further requires that the theory remains weakly coupled up to the Planck scale and that d < 6 �-
decay operators are not allowed (otherwise they would lead to a too fast � decay, even with a Planck
scale cutoff), this leads to one single option: the Majorana fermion representation (1, 5, 0)MF.67 In the
following, we use the labels RS, CS, MF, and DF to denote a real scalar, complex scalar, Majorana
fermion, and Dirac fermion representation, respectively.

The MDM framework was extended in [528] to contemplate the possibility of a milli-charge ✏ ⌧

1. Bounds from DM direct detection imply ✏ . 10�9. The milli-charge has hence no bearing on collider
physics, but it ensures the (exact) stability of the LP in the EW multiplet. The various MDM candidates

67Originally also the real scalar representation (1, 7, 0)RS was included in the list, but it was shown later in [527] that a
previously overlooked d = 5 operator leads to a loop-induced decay of the neutral component in �, whose lifetime is shorter
that the age of the Universe.

155

CLIC

Charged stub + photon



DM: summary
q Strengths in WIMP searches both in future lepton and hadron options:

q Combined FCC program shows best sensitivity to benchmarks
q Still, needs complementary experiments: DM ≠ WIMP (only)

q We can probe the thermal WIMP parameter region
q Large (& yet unknown) parts of phase space can be probed by precision 

environment/lower bkg in ee
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Synergies with DD/ID 
communities welcome (and 

necessary)

cosmological origin
DD/ID/astrophysics

nature of DM-SM 
interaction
colliders(/beam dumps)



Simplified Models: axial vector 
q Light DM, mχ=1GeV
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Light dark matter, Mχ=1 GeV.

Projected Axial-Vector Limits

Lepton collider limit 
assuming mediator 
couplings to leptons 
only.  Also in EFT 
limit, so can be 
easily rescaled for 
modified couplings.��� ��� � � ��
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ee: assumes mediator couplings 
to leptons only.  Also in EFT limit, 
so can be easily rescaled for 
modified couplings.

Note: taking EFT scale as free parameter, MDM
reach ~kinematic reach of collider.

pp: assumes mediator couplings 
to quarks only.

750 GeV, HL-LHC
1.5 TeV, HE-LHC
3.9 TeV for FCC-hh

Dependence on couplings!

Significant model dependence.  UV models may have comparable quark and lepton couplings.  If 
both present, can also use dilepton resonances.



SUSY: any “holes”? 
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Fig. 2.2.13: 5� discovery contours and expected 95% C.L. exclusion contours for the combined e�±
1 e�0

2 and e�0

2 e�0

1

production (left). Projection of the HL-LHC 5� discovery contours and expected 95% C.L. exclusion contours for
the combined e�±

1 e�0

2 and e�0

2 e�0

1 production for a centre-of-mass energy of 27 TeV and an integrated luminosity
of 15 ab�1 (HE-LHC). Except for the cross sections and the integrated luminosity, the HL-LHC analysis was not
modified (right). Results are presented for �M(e�0

2, e�0

1) > 7.5 GeV.

uncertainty of 10% in the signal acceptance, similar to the value from Ref. [96], is included to account
for the modelling of the ISR jet.

The upper limit on the cross sections is computed at 95% C.L. and shown in Fig. 2.2.13. Higgsino-
like mass-degenerate e�±

1 and e�0
2 are excluded for masses up to 360 GeV if the mass difference with

respect to the lightest neutralino e�0
1 is 15 GeV, extending the sensitivity achieved in Ref. [96] by

⇡210 GeV. Figure 2.2.13 also shows the 5� discovery contour, computed using all signal regions with-
out taking the look-elsewhere-effect into account. Under this assumption e�±

1 and e�0
2 can be discovered

for masses as large as 250 GeV. These results demonstrate that the HL-LHC can significantly improve
the sensitivity to natural SUSY.

Figure 2.2.13 also shows the 5� discovery contours and expected 95% C.L. exclusion contours for
the combined e�±

1 e�0
2 and e�0

2 e�0
1 production for the HE-LHC. The main gain in sensitivity comes from the

increased luminosity, since the cross section increase for signal is the same order as that for background.
Except for the cross sections and the integrated luminosity, the HL-LHC analysis was not modified for
this HE-LHC projection.

2.2.5.2 Higgsino search prospects at HL-LHC at ATLAS

Contributors: S. Amoroso, J. K. Anders, F. Meloni, C. Merlassino, B. Petersen, J. A. Sabater Iglesias, M. Saito, R.
Sawada, P. Tornambe, M. Weber, ATLAS

The presented dilepton search [102] investigates final states containing two soft muons and a large
transverse momentum imbalance, which arise in scenarios where �̃0

2 and �̃±
1 are produced and decay via

an off-shell Z and W boson, as depicted in Fig. 2.2.10. Considering the Z ! ee decay is beyond the
scope of this prospect study, but could further improve the sensitivity to these scenarios. Due to the very
small mass splitting of the electroweakinos in this scenario, a jet arising from initial-state radiation (ISR)
is required, to boost the sparticle system. First constraints surpassing the LEP limits have recently been
set by the ATLAS experiment [98], excluding mass splittings down to 2.5 GeV for m(�̃0

1) = 100 GeV.
The search targets scenarios that contain low pT muons selected with pT > 3 GeV and |⌘| < 2.5.

Muons that originate from pile up interactions or from heavy flavour decays, referred as fake or non-
prompt muons, are rejected by applying an isolation to the muon candidates. The main source of
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Indeed, after LHC, there will be holes [in low mass regions]; closing or looking at how to close them 
at HL-LHC; for EWKinos, some regions will remain difficult @ pp. 
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Fig. 2.2.15: Expected exclusion limit (dashed line) in the �m(�̃0

2, �̃
0

1), m(�̃0

2) mass plane, at 95% C.L. from
the dilepton analysis with 3 ab�1of 14 TeV, proton-proton collision data in the context of a pure Higgsino LSP
with ±1� (yellow band) from the associated systematic uncertainties. The blue curve presents the 5� discovery
potential of the search. The purple contour is the observed exclusion limit from the Run-2 analysis. The figure also
presents the limits on chargino production from LEP. The relationship between the masses of the chargino and the
two lightest neutralinos in this scenario is m(�̃±

1 ) = 1

2
(m(�̃0

1) + m(�̃0

2)).

they forbid any R-parity violating operators thanks to the gauged B �L symmetry. To naturally describe
the small magnitude of the neutrino masses and preserve R-parity, the model superfield content includes
both SU(2)L and SU(2)R triplets of Higgs supermultiplets. The neutral component of the SU(2)R
Higgs scalar field then acquires a large vacuum expectation value vR, which breaks the LR symmetry and
makes the SU(2)R gauge sector heavy. In order to prevent the tree-level vacuum from being a charge-
breaking one, we can either rely on spontaneous R-parity violation [105], one-loop corrections [106],
higher-dimensional operators [107] or additional B �L = 0 triplets [108]. Whereas the first two options
restrict vR to be of at most about 10 TeV, the latter ones enforce vR to lie above 1010 GeV. In this work,
we rely on radiative corrections to stabilise the vacuum, so that the lightest supersymmetric particle
(LSP) is stable and can act as a dark matter candidate.

Two viable LSP options emerge from LRSUSY, neutralinos and right sneutrinos. Out of the 12
neutralinos, gauginos and LR bidoublet, higgsinos can generally be lighter than 1 TeV. The correct relic
density can be accommodated with dominantly-bino LSPs with a mass close to mh/2 [109], whilst in
the bidoublet higgsinos case (featuring four neutralinos and two charginos that are nearly-degenerate),
co-annihilations play a crucial role and impose higgsino masses close to 700 GeV. In this setup, the rest
of the spectrum is always heavier, so that SUSY could be challenging to discover. Right sneutrino LSP
annihilate via the exchange of an s-channel Higgs boson through gauge interactions stemming from the
D-terms [109]. Without options for co-annihilating, the LSP sneutrino mass must lie between 250 and
300 GeV. However, potential co-annihilations with neutralinos enhance the effective annihilation cross
section so that the relic density constraints can be satisfied with heavier sneutrinos. The fully degenerate
sneutrinos and higgsinos case impose an upper limit on the sneutrino mass of 700 GeV. Additionally,
right neutrinos can also be part of the dark sector, together with the LSP [110].

Direct detection constraints imposed by the XENON1T [111] and PANDA [112] collaborations
put light DM scenarios under severe scrutiny. Hence, in LRSUSY, in order to account for the relic
density and direct detection constraints simultaneously, we need to focus on various co-annihilation
options. In this work, we consider one right sneutrino and one higgsino LSP scenario and highlight
the corresponding implications for WR searches at the LHC. A robust signal of left-right symmetry
consists in the discovery of a right gauge boson WR, possibly together with a right neutrino NR. Both
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AnL-parLcles:	the	quest	for	Dark	Ma\er	

p, He + ISM à e+,, p + … 

e.g. the excess of e+, p with respect to 
expected  secondary production as a 

probe for Dark Matter (χ)  
 

e+, p 

Earth	

χ 
χ χ χ χ 
χ χ 

χ χ 

p, He 

ISM 

5 

χ + χ → e+, p + … 

The dream scenario Reality: tantalizing fall (?!).  But pulsars? Moreover: antiprotons!

July	11	2017	 B.Bertucci	-	EPS	2017	 24	

Electron	+		Positron	flux:	Fermi	2017		

New	measurement	from	Fermi:		
à now	agreement	with	AMS	up	to	≈	100	GeV	
à different	(smooth)	spectrum	above	
à New	measurements	expected	by	AMS,	DAMPE,	CALET	….	
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measurements; aka: precision makes a difference
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Extremely active field

As fundamental as a question can get & very hard to answer

J. Detwiler

Experimental Techniques
• Bolometers (CUPID, AMoRE, CANDLES IV) 

• Measure E (σ ~ 0.1-0.3%) from phonons; granularity gives position info 

• Instrumenting with photon detectors for background rejection 

• External trackers (SuperNEMO) 

• Trackers + calorimeters, measure E (σ ~ 3-10%) + tracks / positions + PID 

• Scintillators (KamLAND2-Zen, SNO+, Theia, ZICOS) 

• Measure E (σ ~ 3-10%) + position from scintillation light; some PID 

• Semiconductors (LEGEND, SELENA) 

• Measure E (σ ~ 0.05-0.3%) from ionization; some tracking / position sensitivity 

• TPCs (nEXO, NEXT, PandaX, AXEL, NvDEx, DARWIN, LZ) 

• Collect scintillation + ionization: measure E (σ ~0.4-3%) + tracks / position + PID

9

KamLAND-Zen

CANDLES

EXO-200

NEXT-100

CUORE

MAJORANA

COBRA

NEMO3

SuperNEMO

(J. Detwiler @ Neutrino2020) 

(T1/2)−1 = G0ν ⋅ |M0ν |2 ⋅ |mββ |2

(But) one example: EXO-200 (0.2 t) ® nEXO (5 t) 
Xe; T1/2<3.5x1025 yr ® T1/2<1028 yr

9

(A) Beta decay data

arXiv: 1909.06048

arXiv: 1912.12956

¾ Spectrum of β decay provide information 
on neutrino masses: 

KATRINÆ < 1.1 eV (90%)

¾ It can also test the oscillation explanation 
of RAA: 
Complementary to 
Reactor Spectral Ratio measurements

¾ High mass-squared region is disfavored

arXiv: 1105.1326
KATRIN 3-yrs sensitivity

Direct mn measurement(s) 
KATRIN: mβ < 1.1 eV (90% CL)
Asymptotic:  mβ < 0.2 eV
Ultimate (Project-8): 40 meV

Mass limits (measurements…)

Today (BAO +struct. form):
Σmn<0.12 (95% CL)

Ultimate (DESI+BAO): Σmn<0.02 

im Menü über: 
Start > Absatz > Listenebene 

Folie in Ursprungsform 

Wechsel des Folienlayouts 

Master seminar on Nuclear and Particle Physics, WS 2020/21, Institut für KernphysikChristian Weinheimer – Neutrino Physics Experiments – EPS-HEP Conference 2021 19

GERDA at LNGS – final result
enrichment of 76Ge: ≈ 87%
exposure: 127.2 kg*yr
energy resolution: ≈ 3 keV (FWHM)
background index: _ = 5.2*&.#>&.? [ 10*2 counts/(keV kg yr)
➞ lower limit:  f//.@A > g. h [ gi.B yr (90% C.L.)
➞ upper mass limit:     9CC < kl − ghi meV  (without mD quenching)

Nature 544 (2017) 47

PRL 125 (2020) 252502

GERDA
T0ν>1.8x1026 yr
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(A) Beta decay data

arXiv: 1909.06048

arXiv: 1912.12956

¾ Spectrum of β decay provide information 
on neutrino masses: 

KATRINÆ < 1.1 eV (90%)

¾ It can also test the oscillation explanation 
of RAA: 
Complementary to 
Reactor Spectral Ratio measurements

¾ High mass-squared region is disfavored

arXiv: 1105.1326
KATRIN 3-yrs sensitivity

Direct mn measurement(s)
KATRIN
mβ < 1.1 eV (90% CL)
Asymptotic:  mβ < 0.2 eV

Ultimate (Project-8): 40 meV

Understanding Power Spectra

Damien Martin

Sky map Power spectrum
l = oscillations per great circle

P
ow

er

Δℓs = π/θs ≈ 300
Δℓd = π/θd ≈ 1950

Moon, to scale

typical size of hot or cold spot

Neff=2 
simulated 
CMB map

✓s = rs/DA

✓d = rd/DA map is smoothed below this scaleθs = rs/DA

θd = rd /DA

Sound Horizon : rs ∝ 1/H
Photon diffusion : rd ∝ 1/ H

H2 = 8πGρ/3
Today (BAO 

+struct. 
form):

Σmn<0.12 
(95% CL)

Future: CMB+BAO

minimum mass for  

inverted hierarchy 

normal hierarchy 

 = 0.03 from CMB-S4

 = 0.02 eV from CMB-S4 + DESI BAO (shown above)
 = 0.012 eV from CMB-S4 + DESI BAO (sensitive to reionization modeling)

 = 0.026 eV from DESI probes alone (arXiv:1611.00036 updated to Planck 2018)

CMB-S4 + DESI BAO 68% confidence

See the CMB-S4 Science Case, Reference Design and Project Plan (arXiv:1907.04473) and Alvarez et al. 2020

�(Ne↵)

�(⌃m⌫)

�(⌃m⌫)

�(⌃m⌫)

Future 
(DESI+BAO)

:
σ(Σmn) 
<0.02! L. Knox Neutrino2020
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LSND

Ongoing Efforts @Nuclear Reactors

@Credit: K. Heeger Th. Lasserre – HEP 2017

10

Anomalies in Short Baseline Oscillations

LSND / MiniBooNE: anomalous                 oscillations

Reactor & Gallium Experiments: anomalous      disappearance

⌫µ ! ⌫e

⌫e

NEOS
[arXiv:1610.05134]
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⋅  ⋅

I Hanbit Nuclear Power Complex in
Yeong-gwang, Korea.

I Thermal power of 2.8 GW.

I Detector: a ton of Gd-loaded
liquid scintillator in a gallery
approximately 24 m from the
reactor core.

I The measured antineutrino event
rate is 1976 per day with a signal
to background ratio of about 22.

C. Giunti � Status of Light Sterile Neutrinos � EPS-HEP 2017 � 7 July 2017 � 8/25

NEOS

3+1 Appearance-Disappearance Tension

⌫e DIS
sin2 2#ee ' 4|Ue4|2

⌫µ DIS
sin2 2#µµ ' 4|Uµ4|2

⌫µ ! ⌫e APP

sin2 2#eµ = 4|Ue4|2|Uµ4|2 ' 1
4 sin

2 2#ee sin
2 2#µµ

[Okada, Yasuda, IJMPA 12 (1997) 3669; Bilenky, CG, Grimus, EPJC 1 (1998) 247]
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PrGlo17

1σ
2σ
3σ

3σ

νe Dis
νµ Dis

Dis
App

I ⌫µ ! ⌫e is quadratically suppressed!

I PrGlo17 = Pragmatic Global Fit 2017
[Gariazzo, CG, Laveder, Li, arXiv:1703.00860]

I ��2
NO = 47.4 ) ⇡ 6.1� anomaly

I Best Fit: �m2
41 = 1.7 eV2

|Ue4|2 = 0.020 |Uµ4|2 = 0.015

I �2
min/NDF = 595.1/579 ) GoF = 31%

I �2
PG/NDFPG = 7.2/2 ) GoFPG = 2.7%

I Similar tension in 3+2, 3+3, . . . , 3+Ns
[CG, Zavanin, MPLA 31 (2015) 1650003]

C. Giunti � Status of Light Sterile Neutrinos � EPS-HEP 2017 � 7 July 2017 � 13/25

Very active field

R. Sharankova --- The MicroBooNE Experiment 07/28/2020

The Miniboone Low Energy Excess (LEE)
! MiniBooNE experiment: measured BNB neutrinos with a liquid scintillator detector

! 4.6σ excess of νe-like events in the 200-700 MeV region
! Hint at BSM physics
! Main BG: γ mis-ID

�21

Phys. Rev. Lett. 121, 221801 (2018)
Cherenkov detector:
e/γ disambiguation impossible 

e vs g ? ®
μBOONe: LArTPC

Jul/20 Pedro A. N. Machado | Sterile Neutrino Global Picture                                                                                                                       pmachado@fnal.gov14

measurements, but rather is based on non-perturbative theoretical calculations, see e.g.

Refs. (20, 21).

After collecting 12.84 (11.27)⇥1020 protons on target in neutrino (anti-neutrino) modes,

the MiniBooNE collaboration has observed excesses of electron-like events in both modes,

leading to a 4.7� deviation from the expected background (5, 6). If interpreted as neutrino

oscillations, the excesses of events and their energy distributions in MiniBooNE and LSND

are compatible, strengthening the short-baseline anomaly.

Other short-baseline neutrino anomalies have been reported in the ⌫e and ⌫̄e disappear-

ance modes, both in the detection of neutrinos from nuclear power reactors and in calibration

runs of solar neutrino experiments using radioactive sources. A 2011 reevaluation of the flux

of neutrinos produced in reactors lifted the expected ⌫̄e flux by ⇠ 3% (22, 23). This e↵ect,

together with improved theoretical uncertainties, led to a shift in the ratio of total observed

events over the predicted number of events in a number of reactor experiments, with an

average value of R = 0.94±0.02. This is the origin of the so-called ‘reactor anomaly’. Some

have noted that a possible underestimation of theoretical uncertainties could have consid-

erably increased the significance of the reactor anomaly (24), although the NEOS (25) and

DANSS (26) experiments have observed spectral features also consistent with sterile neu-

trino oscillations. Additionally, calibration data from gallium solar neutrino detectors using

intense radioactive neutrino sources (27, 28) and the theoretical cross section for neutrino

capture ⌫e+
71Ga!71Ge+e

� (29) leads to a 3� deficit compared to the expected number

of events (30, 31, 32). This is known as the ‘gallium anomaly’.

In view of these unexpected results, it is vital to characterize and evaluate the feasibility

of sterile neutrinos as an explanation of the short-baseline experimental anomalies. In the

next sections we present the general phenomenology of light sterile neutrinos and then

summarize the current experimental landscape.

2.2. Phenomenology of Sterile Neutrinos

To better understand the status of eV-scale sterile neutrino physics, we introduce the for-

malism and notation used hereafter. We will focus on the scenario where one sterile neutrino

is added to the neutrino spectrum, the 3+1 scenario, and we will comment on scenarios

with additional sterile neutrinos later.

Neutrino oscillations require non-zero and non-degenerate neutrino masses, as well as

the presence of mixing. Neutrino mixing amounts to the fact that the eigenstates produced

by electroweak interactions (flavor states) are non-trivial linear combinations of mass eigen-

states, that is, eigenstates of the free Hamiltonian with well defined masses. A 3+1 mixing

matrix: 0

BBB@

⌫e

⌫µ

⌫⌧

⌫s

1

CCCA
=

0

BBB@

Ue1 Ue2 Ue3 Ue4

Uµ1 Uµ2 Uµ3 Uµ4

U⌧1 U⌧2 U⌧3 U⌧4

Us1 Us2 Us3 Us4

1

CCCA

0

BBB@

⌫1

⌫2

⌫3

⌫4

1

CCCA
(1)

can be parameterized as (see, e.g., Ref. (33))

U = R34(✓34)R24(✓24, �24)R14(✓14)R23(✓23)R13(✓13, �13)R12(✓12, �12), (2)

where Rij denotes a rotation in the ij-plane by an angle ✓ij and a possible phase �ij (if

present). The standard three neutrino framework can be recovered by setting ✓i4 = 0 for

www.annualreviews.org • The Short-Baseline Neutrino Program 5

*Last line in 4x4 PMNS is unphysical

Add 4th neutrino with mixing

mass

active neutrinos

sterile neutrino

Δm221, |Δm231| << Δm241 allows for approximate oscillation formula:

P↵� ' �↵� � 4|U↵� |2(�↵� � |U↵� |2) sin2
✓
�m2

41L

4E

◆

Summary of the short-baseline neutrino anomalies

Four main ‘anomalies’ have been observed in neutrino experiments at short-baseline, consistent with the

mixing of the standard neutrinos with a fourth, non-weakly-interacting ‘sterile’ species – the data could be

indicating a heavier, mostly-sterile mass state with mass splittings �m
2
43 ⇡ �m

2
42 ⇡ �m

2
41 ⇠ O(1 eV2).

• LSND: Stopped pion source with a detector optimized to probe ⌫̄e via inverse beta decay. A 3.8� excess

of events over backgrounds was observed, compatible with ⌫̄µ ! ⌫̄e oscillations with L/E ⇡ 1m/MeV (19).

• MiniBooNE: Accelerator neutrino source with the capability of producing a dominant ⌫µ or ⌫̄µ beam.

Excesses of ⌫e(⌫̄e) events in ⌫µ(⌫̄µ) mode were observed over backgrounds, amounting to a 4.5�(2.8�)

discrepancy from expectations. The observed excesses are found to be compatible with LSND within a

sterile neutrino framework (6).

• The ‘Reactor anomaly’: A reevaluation of the ⌫̄e fluxes from nuclear reactors with improved theoretical

uncertainties led to a deficit in many past experiments in the total number of events with respect to

theoretical expectations at the 3� level (22, 23). The size of these theoretical uncertainties has been under

debate (24). More recently, some spectral features have been observed consistent with sterile neutrino

oscillations with �m
2
⇠ eV2 (25, 26).

• The ‘Gallium anomaly’: An overall deficit in the number of ⌫e events from radioactive sources (27, 28)

with respect to theoretical expectations (29) at the 3� level was seen during calibration runs of solar neutrino

experiments (30, 31, 32).

i = 1, 2, 3 and identifying �13 with the 3 neutrino phase typically denoted by �CP (in this

case, �12 becomes unphysical).

As long as �m
2
41 � |�m

2
31|,�m

2
21, oscillations at short-baseline experiments can be

well described by a two-flavor vacuum oscillation formula

P↵� = �↵� � 4|U↵� |
2(�↵� � |U↵� |

2) sin2

✓
�m

2
41L

4E

◆
, (3)

where L is the baseline and E is the neutrino energy.

In a nutshell, each oscillation channel ⌫↵ ! ⌫� is driven by a di↵erent e↵ective mixing

✓↵� , namely,

⌫µ ! ⌫e : sin2 2✓µe ⌘ 4|Uµ4|
2
|Ue4|

2 (LSND, MiniBooNE anomalies); (4)

⌫e ! ⌫e : sin2 2✓ee ⌘ 4|Ue4|
2(1� |Ue4|

2) (Reactor, Gallium anomalies); (5)

⌫µ ! ⌫µ : sin2 2✓µµ ⌘ 4|Uµ4|
2(1� |Uµ4|

2) (no anomaly observed). (6)

There are two important features that should be noticed regarding sterile neutrino oscil-

lations. First, the characteristic sin2(�m
2
L/4E) dependence of neutrino oscillations may

allow to distinguish it from other possible explanations of the anomalies. Second, short-

baseline transitions ⌫µ ! ⌫e require non-zero Ue4 and Uµ4, thus necessarily inducing both

⌫µ ! ⌫µ and ⌫e ! ⌫e probabilities less than 1. This can be used to over-constrain the

parameter space by observing ⌫e appearance together with ⌫e and ⌫µ disappearance at

short-baselines. As we will see shortly, these two features will be crucial to test the sterile

neutrino hypothesis.

6 Machado • Palamara • Schmitz

LSND, MiniBooNE, OPERA, …

Reactors, solar, Gallium, …

MiniBooNE, MINOS, IceCube, …

We can overconstrain the model

The physics in a nutshell

νμ → νe: LSND, MiniBOONe, OPERA
νμ → νμ: MiniBOONe, MINOSetal
νe → νe: Gallium, Reactors, Solar Exp

MiniBooNe
4.6σ νe excess!

L~30m
E~30MeV

L~500m
E~500MeV

ne shortage in 
reactor expts

(But TH shaky) Taking 5 MeV bump 
as due to sterile n

Several 
expts: 
proposed 
running

� Fit in 1.5-6 MeV range (to be conservative)
� Using current statistics 2016-2020 (~3.5 million IBD events) 

we see no statistically significant indication of 4Ȟ signal:
∆X2=-5.5 (~ 1.5 s ) for 4Ȟ hypothesis best point Ąm2=1.3 eV2 , sin22Ǆ=0.02

� RAA has been excluded with ĄX2= 67.9.
� RAA was excluded by DANSS with more than 5s already in 2018

(arXive:1804.04046v1) arXiv:1804.04046v1

Ratio of positron spectra

Bottom/Top Middle/Top

15

DANSS: excludes RAA 
by >8σ (5σ since 2018)

M. Danilov 
ICHEP 2020

+ICHEP2020
: + DayaBay, 

RENO…
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95% CL limit on 
Br(H®J/ψγ)~15xSM

Yc?
Not quite

H self-coupling

HL-LHC physics: Higgs
• Determine couplings & properties highest priority

• 36 fb-1 Run-2 ATLAS & CMS results projected to 
3 ab-1 and combined in 2019 Yellow Report, e.g.
• 10-20 MeVσ(mH) ∼
• Expect  5% uncertainty on main production 

channels and BRs
≲

• Coupling sensitivity expressed as uncertainty 
on multiplicative modifiers  κi

7

Expected relative uncertainty
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HL-LHC Projection

 per experiment-1 = 14 TeV, 3000 fbs

Total
Statistical
Experimental
Theory

2% 4%

Fig. 30: (left) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic
uncertainties) on the coupling modifier parameters for ATLAS (blue) and CMS (red). The filled coloured
box corresponds to the statistical and experimental systematic uncertainties, while the hatched grey area
represent the additional contribution to the total uncertainty due to theoretical systematic uncertainties.
(right) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic uncer-
tainties) on the coupling modifier parameters for the combination of ATLAS and CMS extrapolations.
For each measurement, the total uncertainty is indicated by a grey box while the statistical, experimental
and theory uncertainties are indicated by a blue, green and red line respectively.

a simple scaling of the cross sections and luminosities is applied, which is a fair assessment with the
current systematic uncertainties and assuming that the experimental performance and systematic uncer-
tainties are unchanged with respect to the current LHC experiments. Two scenarios are then assumed
for the theoretical and modelling systematic uncertainties on the signal and backgrounds. The first (S2)
is the foreseen baseline scenario at HL-LHC, and the second (S20) is a scenario where theoretical and
modelling systematic uncertainties are halved, which in many cases would correspond to uncertainties
roughly four times smaller than for current Run 2 analyses. It should be noted that HL-LHC measure-
ments, whose precision is limited by systematic uncertainties, would also improve for S2’. The results
of these projections are reported in Table 40.

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

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

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

In order to study single-Higgs couplings, we introduce a parametrisation, the nonlinear EFT, that
24 Contacts: J. de Blas, O. Catà, O. Eberhardt, C. Krause
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Fig. 30: (left) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic
uncertainties) on the coupling modifier parameters for ATLAS (blue) and CMS (red). The filled coloured
box corresponds to the statistical and experimental systematic uncertainties, while the hatched grey area
represent the additional contribution to the total uncertainty due to theoretical systematic uncertainties.
(right) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic uncer-
tainties) on the coupling modifier parameters for the combination of ATLAS and CMS extrapolations.
For each measurement, the total uncertainty is indicated by a grey box while the statistical, experimental
and theory uncertainties are indicated by a blue, green and red line respectively.

a simple scaling of the cross sections and luminosities is applied, which is a fair assessment with the
current systematic uncertainties and assuming that the experimental performance and systematic uncer-
tainties are unchanged with respect to the current LHC experiments. Two scenarios are then assumed
for the theoretical and modelling systematic uncertainties on the signal and backgrounds. The first (S2)
is the foreseen baseline scenario at HL-LHC, and the second (S20) is a scenario where theoretical and
modelling systematic uncertainties are halved, which in many cases would correspond to uncertainties
roughly four times smaller than for current Run 2 analyses. It should be noted that HL-LHC measure-
ments, whose precision is limited by systematic uncertainties, would also improve for S2’. The results
of these projections are reported in Table 40.

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

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

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

In order to study single-Higgs couplings, we introduce a parametrisation, the nonlinear EFT, that
24 Contacts: J. de Blas, O. Catà, O. Eberhardt, C. Krause
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Fig. 112: Distributions of Mjj (left) and /ET (right) in the signal region for the final selection, Mjj >
2500 GeV and /ET > 190 GeV [553].
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Fig. 113: Left: 95% CL limits on B(H ! inv.) as a function of the minimum threshold on /ET , for
Mjj > 2500 GeV and an integrated luminosity of 3000 fb�1 [553]. Right: 95% CL limits for scenarios
with different integrated luminosities.

can vary by a factor of 4 when no explicit pileup jet mitigation is used to the case when truth information
is used to remove all pileup jets. Therefore, the development of improved pileup jet mitigation will be
an important development to empower the invisible Higgs decay analyses in the future.

6.2 Interpretation and combination with precision Higgs boson measurements
6.2.1 Experimental input
For the VBF production channel, the projected HL-LHC limit on the invisible Higgs decay rate from the
CMS experiment amounts to 4%, see Section 6.1. For the V H production channel ATLAS projected
a limit of around 8% in 2013 [523]. Assuming ATLAS (CMS) performs equally well as CMS (AT-
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Fig. 65: (a) Minimum negative-log-likelihood as a function of �, calculated by performing a condi-
tional signal+background fit to the background and SM signal. (a) The black line corresponds to the
combined ATLAS and CMS results, while the blue and red lines correspond to the ATLAS and CMS
standalone results respectively. (b) The different colours correspond to the different channels, the plain
lines correspond to the CMS results while the dashed lines correspond to the ATLAS results.

The combined minimum negative-log-likelihoods are shown in Figure 66. The 68% Confidence
Intervals for � are 0.52  �  1.5 and 0.57  �  1.5 with and without systematic uncertainties
respectively. The second minimum of the likelihood is excluded at 99.4% CL. A summary of the 68%
CI for each channel in each experiment, as well as the combination are shown in Figure 66b.

3.3 Double Higgs measurements and trilinear coupling: alternative methods
3.3.1 Prospects for hh ! (bb̄)(WW

⇤
) ! (bb̄)(`

+
`
�
⌫`⌫̄`)

39

In this section, we discuss the discovery prospects for double Higgs production in the hh ! (bb̄)(WW ⇤)
channel. In order to increase sensitivity in the di-lepton channel [294, 295, 296], we propose a novel
kinematic method, which relies on two new kinematic functions, Topness and Higgsness [297]. They
characterise features of the major (tt̄) background and of hh events, respectively. The method also
utilises two less commonly used variables, the subsystem MT2 (or subsystem M2) [298, 299, 300] for
tt̄ and the subsystem

p
ŝmin (or subsystem M1) [301, 302, 300] for hh production. For any given event,

Topness [303, 297] quantifies the degree of consistency to di-lepton tt̄ production, where there are 6
unknowns (the three-momenta of the two neutrinos, ~p⌫ and ~p⌫̄) and four on-shell constraints, for mt, mt̄,
m

W
+ and m

W
� , respectively. The neutrino momenta can be fixed by minimising the quantity

�2
ij ⌘ min

/~pT=~p⌫T+~p⌫̄T
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