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The Standard Model and Beyond 

■  The Standard Model of Particle Physics 
◆  What is everything made of?  
◆  And how do these things interact? 
◆  And how do they get their substance – mass? 

■  Looking for the Higgs 
◆  A new boson at ≈ 125 GeV! 
◆  Studying its properties 

■  Is this all there is to Nature? 
◆  Searching for New Physics; e.g. 

Supersymmetry? 
■  Outlook 
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Nature... 

What is everything made of? 
And what is there in between? 
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What everything is made of 
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All elements 
are made of 
a-toms 

Complexity of 
behavior: one 
parameter: the 
number of electrons! 
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Zooming (entering) into the atom 
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20st century: 
everything is made of four 

particles (u, d, e, νe)* 
 
  
 
 
 
 
 

These are pointlike!   
* Plus two copies… 



Forces... 
 

How does one particle  
“act” on another? 

 
Do they have to “touch” each 

others, or can they act at a 
distance? 

 
 



Nature and forces in the vacuum 

Gravity :== action-at-a distance: separated 
objects, in the vacuum, act on each other! 
Mass: the “substance” of matter 
 
 
 
 
 
 
 

Bodies in the vacuum acting on each other! 



Introduction of “fields” 

Maxwell and electromagnetism: the 
concept of a field; charges generate 
fields which (can) permeate all of 
space…  Other “charges” feel this 
field – and thus they feel a force. 
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Fields travel through matter and in the vacuum! 
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20th century: two more forces at work 
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There are, in total FOUR 
different forces in nature: 

Gravity, 
Electromagnetism,  
Weak Force, Strong 

Force 

But nuclei also “break”!  
Radioactivity!  Neutrons 
become protons. 
So there is yet another type 
of force!  
And it is very, very weak. 

But nuclei are held 
together – against the 
electrostatic repulsion.  
So there is yet another type 
of force!   
It must be very, very strong. 

FOUR??? 
What makes them 

different? 
Are all of them “needed”?   

Why not just one? 
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20th century physics: quantum mechanics 
and relativity 

■  Relativity: action can 
only travel at speed c 
◆  Localization 

 

◆  Communication between 
space-time points only 
as long as within light-
cone 

◆  Thus: operators (that 
finally yield obser-
vables) are a function 
of x,t; i.e. they are 
fields  

■  Quantum Mechanics 
◆  Dicretization 

●  e.g. of absorption or 
emission 

 
◆  Wave-particle duality 

●  demonstrated beyond all 
doubt: 
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x 

t 

Electron density 
waves are seen 
breaking around two 
atom-size defects on 
the surface of a 
copper crystal 
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Classical Mechanics: light waves 
■  Apparent continuity of light rays.   

But: when “zooming in” on light... 
Oct 08, 2019 
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Quantum Mechanics: discreteness 
■  “Zooming in” on light... Light “comes” in 

discrete units → corpuscules → particles! 
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Theory of Relativity + 
Quantum Mechanics: 

New picture of a force: 

Force is the exchange of particles 
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Classical and Quantum picture of “force” 
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Standard Model of Particle Physics 
■  Quantum Field theory: matter particles (spin-1/2) 

interact via the exchange of force particles (spin-1) 

 

■  Interactions → need charges.  Which should be 
conserved. Implies some new symmetry… 
◆  Internal symmetry (SU(3)xSU(2)xU(1)) → massless bosons 
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And the vacuum is now full 
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The non-empty quantum vacuum 
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Brout-Englert-Higgs 
mechanism: there is a new field 
that permeates all of space.  It 

fills up the “vacuum”. 
 

Particles travel (“swim”) 
through it –  

so they feel resistance 
 

Inertia...  
 

They acquire mass! 
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The Higgs Mechanism: mathematics 
■  With two independent 

(complex) fields (4 DoFs) 
■  Two “motions” in the potential 

◆  One on the plane; “massless” 
mode that is lost (once a 
direction is chosen).  Each 
degree of freedom appears as 
additional degree of freedom of a 
gauge boson 

●  Extra polarization state 
●  The boson becomes massive! 

◆  One up/down on potential; 
massive 

●  Higgs boson; for which theory 
predicts everything, except 
one parameter: its mass! 

Thus were the W/Z 
masses born in theory; 
and discovered (at the 
right value) @ CERN in 
1984. 
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W and Z discovery 
■  In 1983, the W and Z particles were discovered at CERN 

(UA1 and UA2) 
◆  1984 Nobel Prize to Simon van der Meer and Carlo Rubbia 

■  Sneak preview: at that point, the Higgs boson became 
the last important missing piece of SM! 
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Measurement Fit |O
meas

−O
fit
|/σ

meas

0 1 2 3

0 1 2 3

Δαhad(mZ)Δα
(5)

0.02758 ± 0.00035 0.02768

mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874

ΓZ [GeV]ΓZ [GeV] 2.4952 ± 0.0023 2.4959

σhad [nb]σ
0

41.540 ± 0.037 41.479

RlRl 20.767 ± 0.025 20.742

AfbA
0,l

0.01714 ± 0.00095 0.01645

Al(Pτ
)Al(Pτ
) 0.1465 ± 0.0032 0.1481

RbRb 0.21629 ± 0.00066 0.21579

RcRc 0.1721 ± 0.0030 0.1723

AfbA
0,b

0.0992 ± 0.0016 0.1038

AfbA
0,c

0.0707 ± 0.0035 0.0742

AbAb 0.923 ± 0.020 0.935

AcAc 0.670 ± 0.027 0.668

Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1481

sin
2
θeffsin

2
θ

lept
(Qfb) 0.2324 ± 0.0012 0.2314

mW [GeV]mW [GeV] 80.399 ± 0.023 80.379

ΓW [GeV]ΓW [GeV] 2.085 ± 0.042 2.092

mt [GeV]mt [GeV] 173.3 ± 1.1 173.4

July 2010

The Standard Model up until 2012 
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only missing 
piece: Higgs 
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Summary: the “Standard Model” 
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New field, the BEH field 

■  But, like any other field, in quantum 
mechanics, there much be a particle that 
corresponds to it! 
◆  The Higgs boson! 

■  Why can’t we just observe it if “it’s 
everywhere”, “in the vacuum”? 
◆  Because we need to supply the energy 

needed to produce it (E=mc2) 
◆  Theory dictated that its mass could be as 

high as 1 TeV (1012 eV! Or 1000 times the 
proton!) 
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LHC(t0+Δt=3yrs): 
 

Foundations established 
a “tour de force” of SM measurements 

 
and, of course,  

the hunt for the Higgs boson… 
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The LHC: signals much smaller than “bkg” 

■  General event properties 

■  Heavy flavor physics 
■  Standard Model physics 

◆  QCD jets 
◆  EWK physics 
◆  Top quark 

■  Higgs physics 
■  Searches for SUSY 
■  Searches for ‘exotica’ 
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Jets 

Oct 08, 2019 29 CERN Accelerator School 

■  To probe the hard scatter: 
◆  The hard scatter: jet PT and η, dijet correlations, dijet mass,… 

Excellent agreement with QCD 

Mjj = 4.04 TeV 

PT
1 = 1850 GeV, 
η= 0.32 

PT
2 =1840 GeV, 
η=-0.53 
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W/Z at 7 TeV: (still) clean & beautiful 
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Z → electron + positron 

W → electron + neutrino 
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Standard Model Measurements 
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What about the Higgs boson? 
 

Some “signatures” 
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H→γγ 
candidate 
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pT(µ)= 36, 48, 26, 72 GeV;  m12= 86.3 GeV, m34= 31.6 GeV 
 

15 reconstructed vertices 

H→ZZ→4μ 
candidate with 
m4μ= 125.1 GeV 
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m–(Z1) pT: 
24 GeV 

µ+(Z1) pT: 43 GeV 

e–(Z2) pT: 
10 GeV 

e+(Z2) pT: 
21 GeV 

8 TeV DATA 
	
4-lepton Mass : 126.9 GeV 

H→ZZ→µμee candidate 
with m4μ= 125.1 GeV 



Are these events “significant”? 
 

Discovery of a new boson  
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Mass peaks: H(?)→γγ & H(?)→ZZ→4leptons  
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Despite the low branching fraction to the final state, the 
mass resolution of these two channels enables the siting 
of a “peak”.  The ZZ peak has a Z calibration as well(!)
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Putting it all together… 
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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 (∗) → 4ℓ 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 (∗) → ℓνℓν 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 (∗) → 4ℓ, 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 (∗) → 4ℓ, (b) H → γ γ and (c) H → W W (∗) → ℓνℓν 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 .

eνµ ν 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

CMS Collaboration / Physics Letters B 716 (2012) 30–61 41

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



And thus was born,  
on July 4th 2012,  

“a new boson with mass ~126 GeV”:  
it decayed to two bosons  

(two γ; two Z; two W) 
 

It is not spin-1: it decays to two 
photons (Landau-Yang theorem) 

 
 

It is either spin-0 or spin-2 (could also be 
higher spin, but this is really disfavored) 
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H→ZZ→4leptons: angular analysis 
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Spin 
Exploit  kinematical variables distributed differently for  one or other 
hypothesis  of JP 

State JP = 0+ preferred.  

Using ZZo4l and H oWW data samples 

Several alternative models tested: 0-, 0+
h, 1+, 1-,  2+

m(gg), 2+
m (qq)  
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EWSB/H sector: coupling to fermions 
H→ττ: established 
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Figure 18: Distribution of the decimal logarithm of the ratio between the expected signal and
the sum of expected signal and expected background in each bin of the mass distributions
used to extract the results, in all signal regions. The background contributions are separated
by decay channel. The inset shows the corresponding difference between the observed data
and expected background distributions divided by the background expectation, as well as the
signal expectation divided by the background expectation.

consistency of the observation with the SM Higgs boson hypothesis.

A likelihood scan is performed for mH = 125.09 GeV in the (kV,kf) parameter space, where
kV and kf quantify, respectively, the ratio between the measured and the SM value for the
couplings of the Higgs boson to vector bosons and fermions, with the methods described in
Ref. [26]. For this scan only, Higgs boson decays to pairs of W bosons are considered as part of
the signal. All nuisance parameters are profiled for each point of the scan. As shown in Fig. 22,
the observed likelihood contour is consistent with the SM expectation of kV and kf equal to
unity.

The results are combined with the results of the search for H ! tt performed with the data
collected with the CMS detector at center-of-mass energies of 7 and 8 TeV [14], using a common
signal strength for all data taking periods. All uncertainties are considered as fully uncorre-
lated between the different center-of-mass energies. The combination leads to an observed and
an expected significance of 5.9 standard deviations. The corresponding best fit value for the
signal strength µ is 0.98 ± 0.18 at mH = 125.09 GeV. This constitutes the most significant direct
measurement of the coupling of the Higgs boson to fermions by a single experiment.

10 Summary

A measurement of the coupling of the Higgs boson to t leptons, based on data collected in pp
collisions with the CMS detector in 2016 at a center-of-mass energy of 13 TeV, has been pre-
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Figure 19: Combined observed and predicted mtt distributions. The leftpane includes the VBF
category of the µth, eth and eµ channels, and the rightpane includes all other channels that
make use of mtt instead of mvis for the signal strength fit. The binning reflects the one used in
the 2D distributions, and does not allow merging of the two figures. The normalization of the
predicted background distributions corresponds to the result of the global fit, while the signal
is normalized to its best fit signal strength. The mass distributions for a constant range of the
second dimension of the signal distributions are weighted according to S/(S + B), where S

and B are computed, respectively, as the signal or background contribution in the mass distri-
bution excluding the first and last bins. The “Others” background contribution includes events
from diboson, tt, and single top quark production, as well as Higgs boson decay to a pair of
W bosons and Z bosons decaying to a pair of light leptons. The background uncertainty band
accounts for all sources of background uncertainty, systematic as well as statistical, after the
global fit. The inset shows the corresponding difference between the observed data and ex-
pected background distributions, together with the signal expectation. The signal yield is not
affected by the reweighting.
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l’Agriculture (FRIA-Belgium); the Agentschap voor Innovatie door Wetenschap en Technologie
(IWT-Belgium); the Ministry of Education, Youth and Sports (MEYS) of the Czech Republic; the
Council of Science and Industrial Research, India; the HOMING PLUS program of the Foun-
dation for Polish Science, cofinanced from European Union, Regional Development Fund, the
Mobility Plus program of the Ministry of Science and Higher Education, the National Science
Center (Poland), contracts Harmonia 2014/14/M/ST2/00428, Opus 2014/13/B/ST2/02543,
2014/15/B/ST2/03998, and 2015/19/B/ST2/02861, Sonata-bis 2012/07/E/ST2/01406; the Na-
tional Priorities Research Program by Qatar National Research Fund; the Programa Cları́n-
COFUND del Principado de Asturias; the Thalis and Aristeia programs cofinanced by EU-
ESF and the Greek NSRF; the Rachadapisek Sompot Fund for Postdoctoral Fellowship, Chula-

26 10 Summary

 (GeV)Hm
105 110 115 120 125 130 135 140 145

Lo
ca

l p
-v

al
ue

7−10

6−10

5−10

4−10

3−10

2−10

1−10

1

σ1 

σ2 

σ3 

σ4 

σ5 

Observed

Expected

CMS  (13TeV)-135.9 fb

Figure 20: Local p-value and significance as a function of the SM Higgs boson mass hypothesis.
The observation (red, solid) is compared to the expectation (blue, dashed) for a Higgs boson
with a mass mH = 125.09 GeV. The background includes Higgs boson decays to pairs of W
bosons, with mH = 125.09 GeV.
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Figure 21: Best fit signal strength per category (left) and channel (right), for mH = 125.09 GeV.
The constraints from the global fit are used to extract each of the individual best fit signal
strengths. The combined best fit signal strength is µ = 1.09+0.27
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Figure 22: Scan of the negative log-likelihood difference as a function of kV and k f , for mH =
125.09 GeV. All nuisance parameters are profiled for each point. For this scan, the pp ! H !
WW contribution is treated as a signal process.
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Figure 5: Combination of all channels into a single event BDT distribution. Events are sorted in
bins of similar expected signal-to-background ratio, as given by the value of the output of their
corresponding BDT discriminant (trained with a Higgs boson mass hypothesis of 125 GeV).
The bottom plots show the ratio of the data to the background-only prediction.

channels. The observed signal strengths of the three channels are consistent with the com-
bined best fit signal strength with a probability of 5%. In the upper portion of Fig. 6 the signal
strengths for the separate WH and ZH production processes are shown. The two production
modes are consistent with the SM expectations within uncertainties. The fit for the WH and ZH
production modes is not fully correlated to the analysis channels because the analysis channels
contain mixed processes. The WH process contributes approximately 15% of the Higgs boson
signal event yields in the 0-lepton channel, resulting from events in which the lepton is outside
the detector acceptance, and the ZH process contributes less than 3% to the 1-lepton channel
when one of the leptons is outside the detector acceptance.

Figure 7 shows a dijet invariant mass distribution, combined for all channels, for data and for
the VH and VZ processes, with all other background processes subtracted. The distribution
is constructed from all events that populate the signal region event BDT distributions shown
in Fig. 4. The values of the scale factors and nuisance parameters from the fit used to extract
the VH signal are propagated to this distribution. To better visualize the contribution of events
from signal, all events are weighted by S/(S+B), where S and B are the numbers of expected
signal and total post-fit background events in the bin of the output of the BDT distribution
in which each event is contained. The data are consistent with the production of a standard
model Higgs boson decaying to bb. In the Figure, aside from the weights, which favor the VH
process, the event yield from VZ processes is reduced significantly due to the pT(V) and M(jj)
selection requirements for the VH signal region, and from the training of the BDT that further
discriminates against diboson processes.

7.1 Extraction of VZ with Z ! bb

The VZ process with Z ! bb, having a nearly identical final state as VH with H ! bb, serves
as a validation of the methodology used in the search for the latter process. To extract this
diboson signal, event BDT discriminants are trained using as signal the simulated samples
for this process. All other processes, including VH production (at the predicted SM rate), are

7.1 Extraction of VZ with Z ! bb 21
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Figure 6: The best fit value of the signal strength µ, at mH = 125.09 GeV, is shown in black
with a green uncertainty band. Also shown are the results of a separate fit where each channel
is assigned an independent signal strength parameter. Above the dashed line are the WH and
ZH signal strengths derived from a fit where each production mode is assigned an independent
signal strength parameter.
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Figure 6: Event yields as a function of log(S/B) for data, background and a Higgs boson signal with mH = 125 GeV.
Final-discriminant bins in all regions are combined into bins of log(S/B), with the fitted signal being S and the fitted
background B. The Higgs boson signal contribution is shown after rescaling the SM cross-section according to the
value of the signal strength parameter extracted from data (µ = 1.20). The pull (residual divided by its uncertainty)
of the data with respect to the background-only prediction is also shown with statistical uncertainties only. The full
line indicates the pull of the prediction for signal (µ = 1.20) and background with respect to the background-only
prediction.

9.2 Results of the dijet-mass analysis

The distributions of mbb in the dijet-mass analysis are shown in Figure 7 for the 2-jet category and the most
sensitive analysis regions with pV

T > 200 GeV for the 0-, 1- and 2-lepton channels separately. The mbb
distribution for all channels and regions summed, weighted by their respective value of the ratio of fitted
Higgs boson signal and background yields, and after subtraction of all backgrounds except for the (W/Z)Z
diboson processes, is shown in Figure 8. The data and the sum of expected signal and backgrounds are
found to be in good agreement.

For all channels combined the fitted value of the signal strength parameter is

µ = 1.30+0.28
�0.27(stat.)+0.37

�0.29(syst.),

in good agreement with the result of the multivariate analysis. The observed excess has a significance of
3.5 standard deviations, in comparison to an expectation of 2.8 standard deviations. Good agreement is
also found in the values of signal strength parameters in the individual channels for the dijet-mass analysis

37

3.5σ 
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C. Grefe - Higgs couplings to fermions - LHCP2018
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Coupling vs mass 
Expressing  Higgs couplings as a function of mass 
 

And has  
SPIN 0(!) 

It’s a 
Higgs 
boson! 



SM: EWSB/Higgs sector 
Higgs couplings to fermions (τ, b and t) 

Couplings to 2nd-gen fermions 
Measurements enabled by high stats 

H self-coupling; long-term future 

(a) JP=0+ 

A. Gilbert7/11/17

Couplings - no BSM loop/decay contributions

12

• Resolve ggH (κg) and H→γγ (κγ) loops 

• Includes H→μμ analyses for reduced coupling 
vs particle mass
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Figure 18: Best fit values of parameters for the combination of ATLAS and CMS data, and separately for each
experiment, for the parameterisation assuming the absence of BSM particles in the loops, BBSM = 0. The hatched
area indicates the non-allowed region for the parameter that is assumed to be positive without loss of generality. The
error bars indicate the 1� (thick lines) and 2� (thin lines) intervals. When a parameter is constrained and reaches
a boundary, namely |µ| = 0, the uncertainty is not defined beyond this boundary. For those parameters with no
sensitivity to the sign, only the absolute values are shown.

pressed as a function of a mass scaling parameter ✏, with a value ✏ = 0 in the SM, and a free parameter M,
equal to v in the SM: F,i = v · m✏F,i/M

1+✏ and V,i = v · m2✏
V,i/M

1+2✏ . A fit is then performed with the
same assumptions as those of Table 18 with ✏ and M as parameters of interest. The results for the com-
bination of ATLAS and CMS are ✏ = 0.023+0.029

�0.027 and M = 233+13
�12 GeV, and are compatible with the

SM predictions. Figure 19 shows the results of this fit with its corresponding 68% and 95% CL bands.

6.3. Parameterisations related to the fermion sector

Common coupling modifications for up-type fermions versus down-type fermions or for leptons versus
quarks are predicted by many extensions of the SM. One such class of theoretically well motivated models
is the 2HDM [130].

The ratios of the coupling modifiers are tested in the most generic parameterisation proposed in Ref. [32],
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M, ε model:
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Is it the Higgs? 
→ establish 
production and 
decay (AMAP) 
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CMS: H->ZZ->4l Channel

41

CMS-HIG-16-041

Number of expected and observed events

ATLAS: H->ZZ->4l Channel

• in addition to kinematic 
requirements multivariate 
classifier is used in the pTj-low 
category trained to separate VBF 
signal from ggF background

• pTj-high category has no 
sufficient statistics for the training

15

ATLAS-CONF-2017-043

VBF category
pTj-low

CMS-HIG-16-041 

CMS: H->ZZ->4l Channel

• VBF selection: 
• exactly 4 leptons
• 1 jet tagged: exactly one additional jet; a cut on 

the VBF Matrix Element discriminant
• 2 jet tagged: 2 or 3 jets, at most one b-tagged or 

4 or more jets, not b-tagged; a cut on the VBF 
Matrix Element discriminant

12

CMS-HIG-16-041

VBF category
2 jetsVBF category

1 jet

σ/σSM=1.2±0.2 

ATLAS: H->γγ Channel

• VBF selection:
• two leading high pT jets with a large separation in 

the pseudorapidity > 2
•     
• high and low pT(Hjj) categories (pT < or > 25 GeV)
• multivariate classifier trained to separate VBF signal 

from ggF Higgs and other backgrounds using 
kinematic variables divided in 2 bins

16

all VBF
categories

arXiv:1708.03299

ATLAS 1708.03299 

VBF clearly seen 

Paolo Meridiani 21

DIFFERENTIAL CROSS SECTIONS 

Δσ/σ [30-40]%

CMS HIG-17-015 ATLAS-CONF-2017-032

Δσ/σ [20-50]%

Unfolding: ~ no smearing for pT, 10% in Njet 

dσ/dpT, dσ/dNjets sensitive to perturbative QCD calculations
Paolo Meridiani 20

CROSS SECTIONS BY PRODUCTION MODES

ATLAS: Excess in VBF (both H➝4l & ɣɣ)  
SM compatibility p-value 5% 

ATLAS-CONF-2017-047

BRɣɣ/BRZZ fixed @ SM value

H➝ɣɣ, H➝ZZ split events into several categories:  
associated production modes (additional jets, leptons) 
different kinematics region (vs pT(H), pT(jet))  

H➝4l + H➝ɣɣ  
CMS HIG-16-040 

H➝ɣɣ  

Precision improvements ~2 wrt Run1 
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HH; today, within 20xSM 
→ need HL-LHC  

Paolo Meridiani

DOUBLE HIGGS PRODUCTION

33

bbbb largest statistics 

bb(ɣɣ,!!) good compromise 
between statistics and S/B 

Main probe for trilinear Higgs coupling λHHH. Diagrams interfere destructively in SM 

Y
ie

ld

S/
B

Yt

Yt

�

A large matrix of final states  

sensitive to possible BSM contributions

Paolo Meridiani

DOUBLE HIGGS PRODUCTION

33

bbbb largest statistics 

bb(ɣɣ,!!) good compromise 
between statistics and S/B 

Main probe for trilinear Higgs coupling λHHH. Diagrams interfere destructively in SM 

Y
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ld

S/
B

Yt

Yt

�

A large matrix of final states  

sensitive to possible BSM contributions

H➝ρɣ & H➝φɣ: couplings to light quarks 

Paolo Meridiani

RARE DECAY STATUS

35

Searches for rare decays: observation would imply BSM

Process σ/σSM (95% CL)  

H➝Zɣ (ATLAS) 
36fb-1@ 13 TeV <6.6

H➝Zɣ (CMS) 
Run1 <9

H➝ɣ*ɣ (CMS) 
Run1 <7.7

H➝J/Ψɣ (ATLAS) 
Run1 <540

H➝J/Ψɣ (CMS) 
Run1 <540

H➝ρɣ (ATLAS) 
36 fb-1 @ 13 TeV <52

H➝φɣ (ATLAS) 
36 fb-1 @ 13 TeV <208

H➝ee (CMS) 
Run1 <~105

36 fb-1 

H➝Zɣ, H➝ɣ*ɣ: access BSM in loops 

H➝J/Ψɣ: coupling to charm 

Run2

Run1

Rare decays… 
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Current status:

 Most stringent limit on ⌦:

-8.8 < ⌦/⌦
SM 

< 15

 Exclusions on resonances:

⌅
gg X→

 x BR
X hh→

 <  1 pb (300 GeV)

4 fb (3 TeV)

Results summary

Obs.(exp.) limit on ⌅
hh
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SM 
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h→µµ/ee
L [fb�1] 300 3000
NggH 1510 15100
NVBF 125 1250
NWH 45 450
NZH 27 270
NttH 18 180
NBkg 564000 5640000
�

sys
Bkg (model) 68 110
�

sys
Bkg (fit) 190 620
�stat

S+B 750 2380
Signal significance 2.3� 7.0�
�µ/µ 46% 21%

Table 13: Numbers of expected signal and background events in a mass window of ±3 GeV around
the mH = 125 GeV benchmark point for the HL-LHC scenarios. The uncertainty from the background
estimation of the fit is shown. The signal significance and the precision on the combined signal strength
µ are obtained accounting for the full shape information using the invariant mass distributions in a mass
range of 100 GeV to 160 GeV.

8.5 t tH, H ! µµ
A study of this rare channel has two motivations. First, it allows a direct measurement of the product
of the top- and the µ-Yukawa coupling, neither of which are accessible through the standard Higgs
channels. Second, this channel could be valuable for the determination of the CP nature of the resonance
at 125 GeV. The CP odd component could be supressed with a vector boson coupling in the initial or
final state, but there are only fermion Yukawa couplings in this channel. The result has not been updated
from the inputs to the European Strategy discussion [1].

The method chosen follows the a1, a2, b1-b4 CP variable definitions [19]. Signal samples with CP
even (H) or CP odd (A) Higgs bosons are generated using Madgraph5 and Pythia 8. The events must
have at least two muons with opposite charge and pT > 35 GeV, no more than four leptons, at least 4 jets
and a Higgs candidate mass, formed from the two muons, between 120 and 130 GeV. The distribution
of the di-muon mass is shown in Fig. 17. The expected number of events after all the selections is 33 for
signal and 22 for background, allowing this channel to be observed with the HL-LHC.
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Figure 17: The invariant mass of the di-muon system in the ttH, H ! µµ channel.

25

ATLAS-PHYS-PUB-2013-014

h→ee: extremely rare decay in SM 
 BRSM(h→µµ)/BRSM(h→ee) ~ 4×104 

CMS performed a search for h→µµ/ee with Run 1 
95% CL upper limit BR(h→ee)<1.9·10-3

 Closing in on h→µµ! 
 Expected significance for Run 3 and HL-LHC 

 2.3σ for 300 fb-1 and 7.0σ for 3000 fb-1 
 Conservative extrapolation (no IBL, Run 1 analysis) 

 Run 2 result shows improved sensitivity wrt extrapolation 
 Evidence for h→µµ possible with Run 3 

 Even earlier with further improvements? 
 HL-LHC will be needed for detailed studies

[Phys.Lett. B744 (2015) 184]

ATLAS-PHYS-PUB-2013-014

H→µµ @ HL-LHC:  
7σ (/exp) 
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Search for h/Z→φγ and ργ

 First search, with 2.7 fb-1 at 13 TeV collected in 2015 
 h→φγ sensitive to strange quark Yukawa coupling 

 challenging to access with inclusive h→ss decays! 
 Looking for new physics through anomalous couplings 

 possible in various BSM scenarios, modifies BR(h→φγ) 
 Z→φγ not directly constrained by existing measurements

Phys. Rev. Lett. 117, 111802
 New results for Summer 2017!  

 updated h/Z→φγ  
 added h/Z→ργ probing up- and -down quark couplings to Higgs boson

BR(h ! � �) = (2.31± 0.03f� ± 0.11h!��) · 10�6

ATLAS-CONF-2017-057

“Direct” “Indirect”

FIG. 1: The Feynman diagrams for the direct amplitude for H → V + γ at order α0
s. The shaded

blob represents the quarkonium wave function. The momenta that are adjacent to the heavy-quark

lines are defined in the text.

FIG. 2: The Feynman diagram for the indirect amplitude for H → V + γ. The hatched circle

represents top-quark or W -boson loops, and the shaded blob represents the quarkonium wave

function.

• In the direct process, the Higgs boson decays into a heavy quark-antiquark (QQ̄) pair,

one of which radiates a photon before forming a quarkonium with the other element

of the pair.

• In the indirect process, the Higgs boson decays through a top-quark loop or a vector-

boson loop to a γ and a γ∗ (virtual photon). The γ∗ then decays into a vector quarko-

nium.

The Feynman diagrams for the direct and indirect processes are shown in Figs. 1 and 2,

respectively. It is the quantum interference between these two processes that provides phase

3

s s
_

!

Search for Higgs and Z Boson Decays to ϕγ with the ATLAS Detector

M. Aaboud et al.*

(ATLAS Collaboration)
(Received 14 July 2016; published 9 September 2016)

A search for the decays of the Higgs and Z bosons to a ϕ meson and a photon is performed with a pp
collision data sample corresponding to an integrated luminosity of 2.7fb−1 collected at

ffiffiffi
s

p
¼ 13TeV with

the ATLAS detector at the LHC. No significant excess of events is observed above the background, and
95% confidence level upper limits on the branching fractions of the Higgs and Z boson decays to ϕγ of
1.4× 10−3 and 8.3× 10−6, respectively, are obtained.

DOI: 10.1103/PhysRevLett.117.111802

Rare decays of the 125 GeV Higgs boson [1,2] H to a
light meson and a photon γ have been suggested to present
one viable probe of the Yukawa coupling of the Higgs
boson to light (u , d, s) quarks [3–5]. While the Standard
Model (SM) predicts these couplings to be small, sub-
stantial modifications are predicted in several scenarios
beyond the SM, which include the minimal flavor violation
framework [6], the Froggatt-Nielsen mechanism [7], the
Higgs-dependent Yukawa couplings model [8], the
Randall-Sundrum family of models [9], and the possibility
of the Higgs boson being a composite pseudo-Goldstone
boson [10]. The light-quark Yukawa couplings are almost
entirely unconstrained by existing data and the large
multijet background at the Large Hadron Collider (LHC)
severely inhibits the study of such couplings with inclusive
H → q̄q decays. The decay of the Higgs boson to a ϕ
meson and a photon would give access to the strange-quark
Yukawa coupling and to potential deviations from the SM
prediction. The expected SM branching fraction is
BðH → ϕγÞ ¼ ð2.3$ 0.1Þ × 10−6[4], and no direct exper-
imental information about this decay mode currently exists.
The analogous rare decays of the Higgs boson to a heavy
quarkonium state and a photon offer sensitivity to the
charm- and bottom-quark Yukawa couplings [11–13]. The
Higgs boson decays to J=ψγ and ϒγ have already been
searched for by the ATLAS Collaboration [14]. The former
decay mode has also been searched for by the CMS
Collaboration [15].
The corresponding decay of the Z boson has also been

considered from a theoretical perspective [16,17], as it
offers a precision test of the SM and the predictions of the
factorization approach in quantum chromodynamics [17].
Owing to the large Z boson production cross section at the
LHC, rare Z boson decays can be probed at branching

fractions much smaller than for Higgs boson decays to the
same final state. The most precise prediction for the SM
branching fraction is BðZ → ϕγÞ ¼ ð1.17$ 0.08Þ × 10−8

[16]. The decay Z → ϕγ has not yet been observed and is
not well constrained by existing measurements of Z boson
decays.
This Letter describes a search for Higgs and Z boson

decays to the exclusive final state ϕγ. The decay
ϕ → Kþ K− is used to reconstruct the ϕ meson. The search
is performed with a sample of pp collision data corre-
sponding to an integrated luminosity of 2.7fb−1 recorded
at a center-of-mass energy

ffiffiffi
s

p
¼ 13TeV with the ATLAS

detector, described in detail in Ref. [18].
Higgs boson production is modeled using the POWHEG-

BOX v2 Monte Carlo (MC) event generator [19–23] for the
gluon fusion (ggH) and vector-boson fusion (VBF) proc-
esses calculated up to next-to-leading order in αS with CT10
parton distribution functions [24]. Additional contributions
from the associated production of a Higgs boson and aW or
Z boson (denoted WH and ZH, respectively) are modeled
by the PYTHIA 8.186 MC event generator [25,26] with
NNPDF 2.3 parton distribution functions [27]. The pro-
duction rates and dynamics for a SM Higgs boson with
mH ¼ 125GeV, obtained from Ref. [28], are assumed
throughout this analysis. The ggH signal model is appro-
priately scaled to account for the production of a Higgs
boson in association with a tt̄ or bb̄pair. The POWHEG-BOX
v2 MC event generator, with the CTEQ6L1 parton distri-
bution functions [29], is used to model Z boson production.
The total cross section is obtained from the measurement in
Ref. [30], with an uncertainty of 5.5%.
The Higgs and Z boson decays are simulated as a

cascade of two-body decays. Effects of the helicity of
the ϕmesons on the K$ kinematics are found to modify the
acceptance by at most $ 1% and this is corrected for in the
Higgs boson case and treated as a systematic uncertainty in
the Z boson case, due to the unknown Z boson polarization.

PYTHIA 8.186 [25,26] with the AZNLO set of hadro-
nization and underlying-event parameters [31] is used to
simulate showering and hadronization. The simulated

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.
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Figure 3: The mK+K�� distributions of the selected � � candidates, along with the results of the maximum-likelihood
fit with background-only model. The 1� uncertainty band corresponds to the total uncertainty of the background
model. The Higgs and Z boson contributions, expected for branching fraction values of 10�3 and 10�6, respectively,
are also shown.

ATLAS detector at the LHC. No significant excess of events is observed above the background. Upper
limits at the 95% CL are set on the branching fractions for the decay of the 125 GeV SM Higgs boson and
the Z boson to � �. The obtained limits are B (H ! � �) < 1.4 ⇥ 10�3 and B (Z ! � �) < 8.3 ⇥ 10�6.
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So is this it? 
 

In a world of an SM Higgs, is there any 
room for new physics? 

 



P. Sphicas 
The Standard Model and Beyond 

Learning from history 
■  With the discovery of the Higgs boson, the Standard 

Model (SM) is now complete 
◆  The SM provides a remarkably accurate description of 

experiments with and without high-energy accelerators.   
■  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”. 

Oct 08, 2019 
CERN Accelerator School 48 

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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Dark Matter in the UniverseDark matter in the universe 

Hubble: we have 
probed the 
universe to 
distances of 13,5 
billion years 

Dark 
(invisible) 
matter! 
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The Standard Model and Beyond 

Dark Matter 

Oct 08, 2019 
CERN Accelerator School 50 

Perhaps the biggest mystery 
in nature (as we speak)  

 New type of matter?   
 New forces?   
 New dimensions? 
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And now that the Higgs is found: questions 
■  Foremost: how can its mass be 

anything “small”?   
◆  It should resist itself (since it couples 

to mass, it should couple to itself as 
well). A cascade/avalanche… 

◆  Its mass should be almost infinite! 
■  Where is all this vacuum energy? 

◆  We would expect a tremendous energy 
density, >Googol (10100) times larger 
than observed! (“Cosmological 
constant too small”) 

◆  Size of the universe if the Higgs was 
there (ALONE): a football (soccer ball) 



P. Sphicas 
The Standard Model and Beyond 

■  SUSY (super-symmetry) premise: for every particle in 
the SM, there is a super-partner with spin-½ difference 

 
 

Supersymmetry (SUSY) 

Oct 08, 2019 
CERN Accelerator School 52 



A super(b) symmetry! Grand  
Unifier? 

Dark 
Matter 

candidate 

boson 

λ
2

fermion 

λ λ+ ≈ 0 
gauge 
boson 

g2 g g

gaugino 

+ ≈ 0 

Higgs (mass) is natural ?! 
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SUSY? What it could look [looks?] like 

Oct 08, 2019 
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The Standard Model and Beyond 

Supersymmetry 
■  The LHC has placed very severe constraints on 

Supersymmetry 
◆  In fact, the more “constrained” models of SUSY are 

now almost excluded (M>~2 TeV) 
◆  So, is it dead?  [it seems the press loves to declare 

this…] 
■  There is a lot of room still left.  But if SUSY is 

the answer to the “naturalness” problem, then 
there must exist light colored particles 
◆  Leading hypothesis: a relatively light (~TeV) top 

squark (partner of the top quark)  
◆  Second-to-leading: compressed spectra 

Oct 08, 2019 
CERN Accelerator School 55 
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Supersymmetry: what to do next 

Oct 08, 2019 
CERN Accelerator School 56 

16 References

 [GeV]
1
±χ∼ = m

2
0χ∼m

100 200 300 400 500 600

 [G
eV

]
10 χ∼

m

0

50

100

150

200

250

300

350

400

450 CMS Preliminary

1
±χ∼2

0χ∼ →pp 

 (13 TeV)-135.9 fb

1
0

χ∼

 = 
m

1±χ∼m

Z
+m

1
0

χ∼

 = 
m

1±χ∼m

H
+m

1
0

χ∼

 = 
m

1±χ∼m

Expected
Observed

3l (WH)≥SUS-16-039, 2l SS + 
SUS-16-043, 1l (WH)

 (WH)γγ→SUS-16-045, H
SUS-16-034, 2l OS (WZ)
This result, 3l (WZ)
SUS-16-048, soft 2-lep (WZ)

 [GeV]
1
±χ∼ = m

2
0χ∼m

200 300 400 500 600 700

 [G
eV

]
10 χ∼

m

0

50

100

150

200

250

300

350

400 CMS Preliminary

1
±χ∼2

0χ∼ →pp 

 (13 TeV)-135.9 fb

1
0

χ∼

 = 
m

1±χ∼m

Z
+m

1
0

χ∼

 = 
m

1±χ∼m

H
+m

1
0

χ∼

 = 
m

1±
χ∼m

Expected
Observed

) = 1 (WH)1
0χ∼H→2

0χ∼BF(
) = 1 (WZ)1

0χ∼Z→2
0χ∼BF(

) = 0.5 (WH+WZ)1
0χ∼H→2

0χ∼) = BF(1
0χ∼Z→2

0χ∼BF(

Figure 10: Exclusion contours at the 95% CL in the plane of mec±
1

and mec0
1

for the models of
ec±

1 ec0
2 production (left) for the individual analyses and (right) for the combination of analyses.

The decay modes assumed for each contour are given in the legends.

125 GeV in the mass of ec0
1, improving the observed limits from the previous publication by up363

to 60 GeV [29].364

A statistical combination of several searches is performed and interpreted in the context of365

simplified models of either chargino-neutralino production, or neutralino pair production in366

a gauge-mediated SUSY breaking (GMSB) scenario. For a massless LSP ec0
1 in the chargino-367

neutralino model, the combined result gives an observed (expected) limit in the ec±
1 mass of368

about 650 (570) GeV for the WZ topology, 480 (455) GeV for the WH topology, and 535 (440) GeV369

for the mixed topology. Compared to the results of individual analyses, the combination im-370

proves the observed exclusion limit by up to 40 GeV in the masses of ec±
1 and ec0

2 in the chargino-371

neutralino model. The combination also excludes intermediate mass values that were not ex-372

cluded by individual analyses, including ec±
1 masses between 180 and 240 GeV in the WH topol-373

ogy. In the GMSB neutralino pair model, the combined result gives an observed (expected) limit374

in the ec0
1 mass of 650–750 (550–750) GeV in cross section scenario 1, corresponding to a higher375

cross section value. In cross section scenario 2, the observed (expected) exclusion is as high as376

475–650 (400–650) GeV. The combined result improves the observed limit by up to 200 GeV in377

the mass of ec0
1 in the GMSB neutralino pair model, depending on the assumed cross section378

and branching fractions for the SUSY particle decays.379
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Compressed spectra 

We will always have Higgsinos… 
µ term must be ~O(MH) 

Long Lifetimes 
•  Small couplings: RPV decays, 

dark sector coupling  
•  Small Δm: almost degenerate 

NLSP heavy messenger: Z', 
split SUSY 

•  Hidden valleys… 

final state X OF OS

�
1
⇤�2�µ⌫�1F

µ⌫ 1
⇤2 (�2@µ@⌫�1)Fµ⌫

Z
1
⇤�2�µ⌫�1Z

µ⌫ 1
⇤2 (�2@µ@⌫�1)Zµ⌫

h �2�1h ⇤�2�1h

jj
1

⇤3 �2�1Tr[Gµ⌫
Gµ⌫ ]

1
⇤2 �2�1Tr[Gµ⌫

Gµ⌫ ]
ll

1
⇤2 ll�2�1

1
⇤�2�1ll

bb
1

⇤2 bb�2�1
1
⇤�2�1bb

tt
1

⇤2 tt�2�1
1
⇤�2�1tt

Table 2. List of example e↵ective operators for the decay �2 ! �1X for fermionic (middle column) and scalar

(right column) DM particles. Each of these operators corresponds to di↵erent final state X (left column). Note

that this is not an exhaustive list. For example, one could also have diboson final states.

�2

�1

�D

X

X

Figure 2. Topology for the decay of �2 into �1 and SM particles (X) through a light mediator �D.

To construct models of decay mediators one may again take inspiration from the DM simplified
models. For EFT models of decays we could take the DM EFT vertices and make the replacement
�

2
! �1�2. Similarly, for decay simplified models, we may take the DM simplified models coupling

DM pairs to a mediator � and make the replacement �
2

! �1�2 and � ! �D, including the mediator
interactions with the SM fields.

final state ODM + OSM

�g12�
µ
D�1�µ�2 � gq�

µ
Dq�µq

�g12�
µ
D�1�µ�5�2 � gq�

µ
Dq�µ�5q

ff �g12�D�1�2 � gq�Dqq

�ig12�D�1�
5
�2 � gq�Dq�

5
q

Table 3. A small sample list of example vector, axial-vector, scalar, and pseudo-scalar decay mediator

couplings for fermionic DM particles. Similar models may also be constructed for bosons.

Following the models discussed in Ref. [37, 38], we present a list of possible decay mediator models
in Table 3. Note that these decay mediator models have no limit that captures the mono-boson decays
of the first three EFT operators in Table 2, and the EFT operators, by construction, have no limit
that captures the phenomenology of light decay mediators. Thus, together both classes of models
encompass a complementary set of phenomenological possibilities.

– 6 –

arXiv:1704.06515 

Dedicated (re)tracking dE/dx 

What is really needed: 
Systematic study of all 
SUSY and DM space 
under long-τ hypothesis 

CERN LLP Workshop 
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Figure 5: The observed exclusion contours (black curves) assuming the NLO+NNL cross sec-
tions, with the corresponding 1 standard deviation uncertainties for electroweakino (left) and
et (right) search. The dashed (red) curves present the expected limits with 1 standard devia-
tion experimental uncertainties. For the electroweakino search, results are based on a simpli-
fied model of ec0

2 ec
±
0 ! ec0

1 ec0
1Z

⇤
W

⇤ process with a pure Wino production cross section, while
a simplified model of the et pair production, followed by the et ! ec±

1 b and the subsequent
ec±

1 ! ec0
1W

⇤ decay is used for the et search. In this last model, the mass of the ec±
1 is set to

be (Met + Mec0
1
)/2. Data corresponds to an integrated luminosity ranging from 33.2 fb�1 to

35.9 fb�1.
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Non-SUSY BSM: vast, simply vast… 
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Exotics models  

Long-lived 
(SUSY or not) 

Exotics models  

Long-lived 
(SUSY or not) 
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Summary 
■  The Standard Model of particle physics is actually 

much more: it’s the Standard Theory of particle physics 
◆  An elegant description of “interactions”, based on Quantum 

Field Theory (special relativity and quantum mechanics)  
◆  For decades, it had only one missing element the Higgs boson 

■  LHC and experiments: a 20-year “Odyssey” 
◆  And we found a Higgs boson at 125 GeV! Is it the very Higgs 

boson of the SM?   
◆  Now need to study the Higgs boson in detail! 

■  Still, huge reasons to believe in new physics  
◆  Dark Matter; the finiteness of the Higgs; history! 
◆  There is still plenty of room where SUSY and other new 

physics may be hiding 
■  Stay tuned! The best may well be ahead! 
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Force = exchange of particle 
■  The most basic process: a fermion (matter particle) 

emits/absorbs a boson (force particle) 
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Particle at rest 

Moving 
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Feynman diagrams (I) 
■  Have to draw all possibilities 

◆  We do not know whether X was emitted by A and absorbed by 
B or the opposite 

◆  So: Χ is drawn vertically [though it does not have infinite v] 

t 

s 
A 

B 

A 

B 

X + =
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Feynman diagrams (II) 
■  Exchange Diagrams 

◆  Particle Α scatters off of particle Β by exchanging intermediate 
particle X. If X is a photon, then the final particles C and D are 
the same as A and B.  

Schematic representation of the collision 
in terms of a Feynman diagram. 

A 
B 

C 

D 

X 

t 

s 
A

B

C

D

X

The interaction, as seen in 
the laboratory frame 
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Feynman diagrams (III) 
■  Annihilation and Creation (Formation) diagrams  

◆  Incoming particles A and B collide, forming an intermediate 
particle X, which in turn decays into particles C and D 

 

A B 
C 

D 
X 

The interaction, as seen in 
the laboratory frame Schematic representation of the collision in 

terms of a Feynman diagram.  Note that vertices 
conserve charge/momentum  

t 

s A

B

C

D

X
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Summary 
■  The Standard Model of particle physics is actually 

much more: it’s the Standard Theory of particle physics 
◆  An elegant description of “interactions”, based on Quantum 

Field Theory (special relativity and quantum mechanics)  
◆  One tricky issue: symmetry breaking.  Needed a truly new 

mechanism – BEH? There should be a left-over boson  
●  For decades: missing element – the Higgs boson 

■  A new boson with mass 125 GeV has been found 
◆  We are probing its properties.  It IS Α Higgs boson! Is it ΤΗΕ 

SM Higgs boson?  Need to study it in more detail. 
■  Even if this turns out to be the very Higgs boson of the 

Standard Model, there are huge reasons to believe that 
new physics is within reach;  
◆  A gigantic amount of work on searches for SUSY, extra 

dimensions, etc…; Null so far, but, the best has yet to come! 
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Going beyond design conditions 
CMS event with 78 reconstructed vertices and 2 muons… 
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Particle detection/identification in CMS 
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The (SM) Higgs in the detector 
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Dark matter 
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Dark 
(invisible) 
matter! 

Dark 
Matter 

Gasesous 
Matter 

Probably the biggest mystery in 
nature (as we speak)  

 New type of matter?   
 New forces?   
 New dimensions? 
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The A word: anthropic [aka “accident”*] 
■  Extreme fine-tuning (ETF) of parameters: no problem! 

 

■  Of the 10500 possible ways of making a universe, we live 
in the one that has this cancellation – so as to ensure 
that we end up with a “livable” universe as we know it 
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? 
10–43s 10–35s: inflation ceases, 

GUT breaks 
10–10s: EWK force 
splits 

10–4s: protons and 
neutrons form 

102s: Helium nuclei 
form 

300kyears: atoms 
form; transparent univ. 

1Gyrs: glaxies form 13Gyrs: humankind 
debates naturalness 

*Oxford dictionary: an unfortunate incident that happens unexpectedly and unintentionally, typically resulting in damage or injury 
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■  SUSY is a broken 
symmetry! 

■  SUSY partners do not have 
the same mass as their 
Standard Model 
counterparts. 
◆  Though they are the same in 

(essentially) every other 
aspect. 

■  Make/keep the mass split 
at ~TeV and nature’s 
choice of the Higgs boson 
mass is... “natural” 
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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. 

 
◆  If no new physics up to Planck scale, then Λ ~ 1019 GeV 
◆  m2 = 1234567890123456789012345675432189012 – 

       1234567890123456789012345675432173136 = 15876 GeV2  
■  Two possible explanations for this: 

  (a) The A word  (b) New Physics 

Oct 08, 2019 
CERN Accelerator School 72 

( ) ( ) ∫
Λ

+Λ=
2

2

222222

p
dkCgmpm

P.A.M Dirac 



P. Sphicas 
The Standard Model and Beyond 

The NP word(s): this is no accident 
■  Strong dependence of Physics(ΛEWK) on Physics(ΛPL)? 

◆  It’s like saying that to describe the Hydrogen atom one needs 
to know about the quarks inside the proton (not true!) 

■  No way. There must be some physics that cancels 
these huge corrections.  A straightforward way: 
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boson 

λ2

fermion 

λ λ+ = 0 
gauge 
boson 

g2 g g

gaugino 

+ = 0 



20st century: 
everything is made of four 

particles (u, d, e, νe)* 
 
  
 
 
 
 
 

These are pointlike!   
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The problem: the background 
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SUSY: searching for the top squark 
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Outlook  
(LHC at 13-14 TeV & 

at very high luminosity)  
&  

Summary 



P. Sphicas 
The Standard Model and Beyond 

And the vacuum is now full 
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