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So Why Do We Need More?

❖ Two deep problems of Standard Model: dark matter and fine-tuning


• One from experimental data, one purely theoretical


• One at super-galactic scale, one at particle scale

3

(mH)2 = (mH,0)2 + (∆mH)2

= 125 GeV /
X

f

�gf⇤UV

…and ΛUV can be  
as large as ΛPlanck

f HH

SM can’t explain Dark Matter Higgs mass ‘unnaturally’ fine-tuned



The Large Hadron Collider at CERN
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LHC: The Particle Physics Energy Frontier

❖ 7, 8 and 13 TeV of proton-proton collisions: highest-energy collider ever


• Unprecedented luminosity for a hadron collider: up to 2×1034 cm-2s-1


• Plan to deliver ~150 fb-1 of 13 TeV collisions by end of 2018

5

Delivered 
Luminosity 

[fb-1]

6 
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A Plethora of Opportunities for Searches

❖ LHC: a unique playground to search for new physics

6
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Higgs discovery

A Plethora of Opportunities for Searches

❖ LHC: a unique playground to search for new physics
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1. Direct searches for resonances

• Localized excess


• Striking signature


• Access to high-mass resonances

Dijet Resonances
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2. Searches for broad excesses

A Plethora of Opportunities for Searches

❖ LHC: a unique playground to search for new physics
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• Excesses in the tails


• Background estimation crucial

1. Direct searches for resonances Search for  
Dark Matter…

… or Supersymmetry
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3. Exotic signatures

2. Searches for broad excesses

A Plethora of Opportunities for Searches

❖ LHC: a unique playground to search for new physics

9

• New physics might have 
unconventional signatures


• Need to be ready: specialized searches


• Detector needs to be understood well

1. Direct searches for resonances
Displaced  
signatures?

Black holes?

HCAL

ECAL

✷

✷
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4. Indirect searches

3. Exotic signatures

2. Searches for broad excesses

A Plethora of Opportunities for Searches

❖ LHC: a unique playground to search for new physics

10

• New physics could be hiding in the loops


• In Standard Model mH determines all Higgs properties 


• Precision measurement of couplings: is Higgs exotic?

1. Direct searches for resonances

Higgs Couplings

mH measured 
with 0.2% precision

Paolo Meridiani

RUN1: COUPLINGS

39

“k-framework” used for couplings in Run1: 
express cross-sections and decay widths in terms of simple coupling modifiers k 
(k=1 means SM) 

Couplings compatible with SM < 2σ 
  

ATLAS+CMS JHEP 08 (2016) 045 

~17%

~40%

H b

b
_X ?
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4. Indirect searches

3. Exotic signatures

2. Searches for broad excesses
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• New physics could be hiding in the loops


• In Standard Model mH determines all Higgs properties 


• Precision measurement of couplings: is Higgs exotic?

1. Direct searches for resonances

Higgs Couplings

mH measured 
with 0.2% precision

Paolo Meridiani

RUN1: COUPLINGS

39

“k-framework” used for couplings in Run1: 
express cross-sections and decay widths in terms of simple coupling modifiers k 
(k=1 means SM) 

Couplings compatible with SM < 2σ 
  

ATLAS+CMS JHEP 08 (2016) 045 

~17%

~40%

H b

b
_X ?

A Lot of Searches at CMS 

Will fo
cus on ones I personally worked on
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The Compact Muon Solenoid

12
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Particle Flow Event Reconstruction at CMS

13
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Detector Particle Flow

Jets = clustered particles (anti-kT, R=0.4),      MET = vectorial sum of all particles pT
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Particle Flow: Best Jet/MET Resolution

❖ Significantly better than traditional calorimeter-based algorithms


• Crucial for MET-based searches

14

34 5 Performance in simulation
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Figure 13: Jet energy resolution as a function of pRef
T in the barrel (left) and in the endcap

(right) regions. The lines, added to guide the eye, correspond to fitted functions with ad hoc
parametrizations.
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Figure 14: Absolute difference in jet energy response between quark and gluon jets as a function
of pRef

T for Calo jets (left) and PF jets (right).

5.3 Electrons 35

The performance improvement brought by PF reconstruction is quantified with a sample of tt
events by comparing ~pmiss

T,PF and ~pmiss
T,Calo to the reference ~pmiss

T,Ref, calculated with all stable parti-
cles from the event generator, excluding neutrinos. The pmiss

T resolution must be studied for
events in which the pmiss

T response has been calibrated to unity. The pmiss
T,Ref is therefore required

to be larger than 70 GeV, a value above which the jet-energy corrections are found to be suffi-
cient to adequately calibrate the PF and Calo pmiss

T response. Figure 15 shows the relative pmiss
T

resolution and the ~pmiss
T angular resolution, obtained with a Gaussian fit in each bin of ~pmiss

T,Ref.
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Figure 15: Relative pmiss
T resolution and resolution on the ~pmiss

T direction as a function of pmiss
T,Ref

for a simulated tt sample.

5.3 Electrons

The electron seeding and the subsequent reconstruction steps are described in Sections 3.2
and 4.3. In the reconstruction, electron candidates are only required to satisfy loose identifica-
tion criteria so as to ensure high identification efficiency for genuine electrons, with the poten-
tial drawback of a large misidentification probability for charged hadrons interacting mostly in
the ECAL. In this section, as is typically done in physics analyses, the electron identification is
tightened with a threshold on the classifier score of a BDT trained for electrons selected without
any trigger requirement [33].

The gain brought by the use of the tracker-based seeding in addition to the ECAL-based seed-
ing is quantified in Fig. 16, for electrons in jets and for isolated electrons produced in the decay
of heavy resonances. The left plot shows the reconstruction and identification efficiency for
electrons in jets as a function of the hadron misidentification probability. Electrons and hadrons
are selected from the same simulated sample of multijet events, with pT > 2 GeV and |h| < 2.4.
Electrons are additionally required to come from the decay of b hadrons. The electron efficiency
is significantly improved, paving the way for b quark jet identification algorithms based on the
presence of electrons in jets.

The absolute gain in efficiency for isolated electrons is quantified in the right plot for electrons
from Z boson decays in a simulated Drell–Yan sample, and for two different working points.
The first working point, used in the search for H ! ZZ ! 4 e [48, 49], provides very high elec-
tron efficiency in order to maximize the selection efficiency for events with four electrons. At
this working point, the addition of the tracker-based seeding adds almost 20% to the identifi-

Jet Resolution MET Resolution
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H̃

t̃L
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t̃R

g̃

natural SUSY decoupled SUSY

W̃

B̃
L̃i, ẽi

b̃R

Q̃1,2, ũ1,2, d̃1,2

FIG. 1: Natural electroweak symmetry breaking constrains the superpartners on the left to be

light. Meanwhile, the superpartners on the right can be heavy, M � 1 TeV, without spoiling

naturalness. In this paper, we focus on determining how the LHC data constrains the masses of

the superpartners on the left.

the main points, necessary for the discussions of the following sections. In doing so, we will

try to keep the discussion as general as possible, without committing to the specific Higgs

potential of the MSSM. We do specialize the discussion to 4D theories because some aspects

of fine tuning can be modified in higher dimensional setups.

In a natural theory of EWSB the various contributions to the quadratic terms of the Higgs

potential should be comparable in size and of the order of the electroweak scale v ⇠ 246 GeV.

The relevant terms are actually those determining the curvature of the potential in the

direction of the Higgs vacuum expectation value. Therefore the discussion of naturalness

7

SUSY ‘Naturalness’ as a Guideline

❖ Can’t fix naturalness with unnaturalness → SUSY should be natural


❖ Higgsino mass


• Can’t be ≫ v = 246 GeV 
(Should be < 350 GeV)


❖ Stop mass: first-order ∆mH


• Can’t be ≫ mH 

(Should be < 700 GeV)


❖ Gluino mass: first-order ∆mt 
→ second-order ∆mH


• Should be < 1.5 TeV

16

Others don’t matter 
Can be ≫ TeV

Papucci, Ruderman, Weiler. arxiv: 1110.6926
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1.5 TeV gluino pair  
production at 8 TeV

1.5 TeV gluino pair  
production at 13 TeV
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8→13 TeV is a Game Changer

18
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Supersymmetry at a Hadron Collider

❖ Gluino and squark production


• Largest σ at a hadron collider


• Colored: decay mostly to quarks


❖ If R-parity conserved:


• Sparticles produced in pairs


• LSP stable and undected → MET


❖ So look for events with:


• High MET


• Lots of hadronic activity

19

 WGσLPCC SUSY 

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections                   arXiv:1206.2892
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Searching for SUSY in All-Hadronic Events

❖ Want to be sensitive to most of them


• Categorize on jet multiplicity 
and visible energy scale

20
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What We Need is a QCD Killer

❖ Main background: QCD multijet


• Intrumental MET


❖ MT2 is a MET-like variable


• Less sensitive to detector effects

21

Truth: Detector:

MET = 0

MET ≠ 0

Large MT2: 
‘real’ MET

For di-jet events:
∆φ12→π

0

❖ Signal: excess in the tails


• Need to know well shape of backgrounds
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❖ Need robust and precise estimations for rare processes, out to the tails


• Almost a precision measurement of Standard Model processes


❖ Dominant background: (Z→νν)+jets


• Estimated w/ three data control samples
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W→(e/µ)νPhoton

Z→l+l-



Francesco Pandolfi Discovery Physics at the Energy Frontier, 27.11.17

We Are Looking Everywhere
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Cornering Natural SUSY with LHC Run II

24
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❖ If LSP is light:


• High MET → best analysis performance


❖ If LSP is heavy:


• As m(LSP) → m(gluino): LSP at rest


• Not much MET → worse performance


❖ Only 2.3 fb-1 of 13 TeV data already 
‘retired’ Run I results on 20 fb-1

“compressed spectrum”
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Is This the End of Natural SUSY?

❖ Increasing dataset from 2.3 to 36 fb-1 → another ~300 GeV improvement


• Seems like already not much space left for natural SUSY
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Going Exotic: Long Lifetimes
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Scientific Report 2014-2016 Particle physics and Fundamental Interactions

P5. Search for new long-lived particles at LHC with the CMS detector

Extensions of the Standard Model (SM) predict the
existence of new particles which can be created in high-
energy proton-proton (pp) collisions at the LHC. The
lifetime of these new massive states is often a free pa-
rameter of the theory. If the new particle is long-lived,
it will decay far from the pp interaction point and can in-
teract directly with the detector while traveling through
it. The experimental signatures of long-lived particles
(LLPs) are usually striking but also very different from
the short-lived ones, thus requiring dedicated analysis
methods.

J. Antonelli      ICHEP 2016, Aug 6th 2
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Figure 1: Experimental signatures of new long-lived particles
(LLPs) in the CMS detector. LLPs are indicated with the
label BSM (beyond the Standard Model). Image courtesy of
Jamie Antonelli.

Searches for LLPs have been performed in a wide
range of final states with the CMS detector and, so far,
no evidence of these signals have been found. The CMS
collaboration published 15 papers on this topic 1. A large
number of experimental signatures has been explored, as
outlined in Fig. 1, including:

• Heavy Stable Charged Particles (HSCP): at
LHC these massive particles are typically produced
with β significantly less than 1. They can be identi-
fied by unusual rates of energy loss via ionization in
the inner tracker material or by their longer time-
of-flight to the outer tracking detectors compared to
light SM particles (such as muons). Recent results
are reported in Ref.[1];

• stopped particles: slow HSCPs (β ≪ 1) can lose
all their momentum via ionization and stop in the
calorimeters. Their decays can be detected out-of-
time with respect to the LHC collisions, even hours
or days after the pp collision that produced them;

• displaced vertices: the LLP can be a neutral par-
ticle decaying into SM charged particles (hadrons or
leptons) within the inner tracker volume. They can

1http://cms-results.web.cern.ch/cms-results/
public-results/publications/EXO/LLP.html

be identified via the reconstruction of decay vertices
displaced from the pp interaction point;

• disappearing tracks: a disappearing-track signa-
ture can be produced by a charged LLP whose decay
products are undetected;

• displaced photons: a neutral LLP can decay to
a photon and a weakly interacting particle. The
photon arrival at the electromagnetic calorimeter
(ECAL) is delayed, due to extra flight length added
by the LLP decay. This time delay, unusual for pho-
tons generated by SM processes, can be measured
taking advantage of the excellent ECAL time reso-
lution. Displaced photons are foreseen for example
by neutralino decays in Supersymmetry. The first
search in CMS was performed by the Rome group
using data at

√
s = 7 TeV and no deviation from

the SM predictions was found [2]. Limits were set
on the neutralino mass as a function of its proper
decay length, as shown in Fig. 2, extending results
from previous experiments.

Figure 2: Excluded regions in the neutralino proper decay
length (cτ) vs mass plane.

In the next several years, LHC experiments will collect
hundreds of fb−1 of data at a constant center-of-mass
energy of 13-14 TeV. In this scenario of high integrated
luminosity and no sign of new physics in the standard
prompt decay channels, searches for the exotic signatures
of LLPs are expected to become increasingly important.
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❖ ‘Split’ SUSY: very heavy squarks (≫TeV), light gluinos


• Main gluino decay g→qχ0 heavily suppressed


• Resulting in gluinos with long lifetimes


❖ Produced gluinos will hadronize into ‘R-hadrons’


• Slow speed (v < 0.9c) already if M > 400 GeV


• Selected with dE/dx in silicon tracker

Split SUSY: Heavy Stable Charged Particles

27
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Thinking Outside of the SUSY Box

❖ Supersymmetry is not the only solution


• Other models try to solve dark matter and naturalness


• Many predict existence of new high-mass resonances


❖ Details on cross-section/width/decay depend on model


• Need to have extensive resonance-hunting program


• To be sensitive to a broad range of ‘exotic’ models
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Bump-Hunting With γγ and Zγ

❖ Sensitive to generic high-mass spin-0 and spin-2 (and spin-1) resonances


• Background fit directly from data → then go bump-hunting

29

4 5 Likelihood fit

products, the kinematic acceptance for the RS graviton resonances is lower than that of scalar
resonances. For mX < 1 TeV the difference is approximately 20%. The two acceptances are
similar for mX > 3 TeV.

The event selection procedure described above is the same as the one documented in [11]. It
was finalized on the basis of studies with simulated signal and background event samples prior
to inspection of the data in the search region of the diphoton invariant mass distribution, which
is defined as mgg > 500 GeV.

A total of 6284 (2791) photon pairs are selected in the EBEB (EBEE) category. Of these, 461 (800)
pairs have an invariant mass above 500 GeV. According to simulation, the direct production
of two photons accounts, respectively, for 90% and 80% of the background events selected in
the EBEB and EBEE categories. This prediction is tested in data using the method described in
Ref. [44] and good agreement is found between data and simulation.

The diphoton invariant mass distribution of the selected events is shown in Fig. 1, for both the
EBEB and EBEE categories. We perform an independent maximum likelihood fit to the data in
each category using the function

f (mgg) = ma+b log(mgg)
gg . (1)

This parametric form is chosen to model the background in the hypothesis tests discussed
below. The results of the fits are shown in Fig. 1.
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Figure 1: The observed invariant mass spectra mgg for selected events in the (left) EBEB and
(right) EBEE categories. There are no selected events with mgg > 2000 GeV. The solid lines and
the shaded bands show the results of likelihood fits to the data together with the associated 1
and 2 standard deviation statistical uncertainty bands. The ratio of the difference between the
data and the fit to the statistical uncertainty in the data is given in the lower plots.

5 Likelihood fit

A simultaneous fit to the invariant mass spectra of events in the EBEB and EBEE event cate-
gories is performed to determine the compatibility of the data with the background-only and
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No Signs of New Physics Yet

❖ Many models predict existence of new particles at the TeV scale


• Yet no conclusive sign of new physics found at the LHC


❖ Possible explanations:


• Mass scale higher than current reach


• Cross section lower than expected


• Too similar to known processes (difficult signatures)


❖ Are conventional direct searches still cutting-edge?


• …or do we need to look differently?

30

?



Francesco Pandolfi Discovery Physics at the Energy Frontier, 27.11.17

From the Energy to the Luminosity Frontier

31
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From the Energy to the Luminosity Frontier

32

Run I Run II

❖ LHC Run III will start in 2021


• Three more years of ~50 fb-1 per year


• Possible bump in energy: 13 → 14 TeV (would benefit searches)


• Will have a total of 300 fb-1 of LHC Runs II+III

Delivered 
Luminosity 
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Run III
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From the Energy to the Luminosity Frontier

33

Run I Run II

HL-LHC

2026 2036

❖ Looking further in the future of LHC: HL-LHC starts in 2026


• Big jump in instantaneous luminosity: up to 1035 cm-2s-1


• Plan to collect 300 fb-1 per year, total of 3000 fb-1 in ten years


• How to best exploit such an enormous dataset?

Delivered 
Luminosity 
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300 fb-1: New Directions for SUSY

❖ Increasing luminosity → diminishing returns for inclusive searches


❖ Could we have missed it?


• Compressed spectra: low MET → tag with soft leptons


• Long lifetimes → displaced signatures


• Lower cross sections: electroweak SUSY
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Figure 1: Signal models for top squark pair production with subsequent four-body (left) or
chargino-mediated (right) decays.

The most recent result from CMS targeting the four-body decay in the single lepton final state
is [16] while the interpretation using the chargino-mediated decay is presented here for the
first time. The most recent ATLAS result studying similar SUSY parameter space in the single
lepton final state is [17]. Similar results were obtained also in all-hadronic final state [18] and
di-lepton final state [19].

2 Detector and object definition

The CMS detector has been described in detail in Ref. [20]. Its central feature is a supercon-
ducting solenoid that provides a homogeneous field of 3.8 T in a volume containing a silicon
pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass and
scintillator hadron calorimeter. Muons are measured in gas-ionization chambers embedded in
the steel flux-return yoke surrounding the solenoid. The acceptance of the silicon tracker and
the muon systems extends to pseudorapidities of |h| < 2.5 and < 2.4, respectively. The barrel
and endcap calorimeters cover the range |h| < 3.0 and are complemented by extensive forward
calorimetry. Events are selected for further analysis by a two-tier trigger system that uses cus-
tom hardware processors to make a fast initial selection, followed by a more detailed selection
executed on a dedicated processor farm.

The measurement of jets and pmiss
T is based on candidates reconstructed by the particle-flow

(PF) algorithm [21], which identifies leptons, photons, and charged and neutral hadrons by
combining information from all subdetectors. The PF candidates are clustered into jets by using
the anti-kT algorithm [22] with a distance parameter of 0.4. Jets are required to have pT >
30 GeV and |h| < 2.4, and to pass loose quality criteria [23] based on the energy fractions
associated with electromagnetically or hadronically interacting charged or neutral particles.
The negative vector sum of the transverse momenta of the PF candidates defines the value
of pmiss

T and the corresponding direction. Jet energies and pmiss
T are corrected for shifts in the

energy scale, contributions from additional, simultaneous proton-proton collisions (pileup),
and residual differences between data and simulation [24, 25]. Jets originating from b quarks
are identified (“tagged”) using the combined secondary vertex algorithm [26, 27] at a working
point corresponding to an efficiency of about 70% and a misidentification probability for light-
quark jets of about 1%. Hadronic decays of t leptons are identified using the “hadrons-plus-
strips” algorithm [28, 29].

Muons and electrons are required to have pT above 3.5 GeV and 5 GeV, respectively. Stan-
dard loose identification requirements [30, 31] are applied to reduce the background from non-
prompt leptons produced in semileptonic hadron decays and from jets misidentified as leptons.

 WGσLPCC SUSY 
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Using the Higgs to Probe Electroweak SUSY

❖ H→γγ can be used to tag EW SUSY events


• Clean, high-resolution - but low BR (0.2%)


• Will need 300 fb-1 to achieve sensitivity
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8 7 Results and interpretations

Table 3: Summary of systematic uncertainties on the SM Higgs background and signal yield
predictions, and the size of their effect on the signal yield.

Uncertainty source Size (%)
Integrated Luminosity [47] 2.5
PDFs/renormalization/factorization scales 15–30
Trigger and selection efficiency 3
Jet energy scale 1–5
Photon energy scale 1
sM/M categorization 10–24
b tagging efficiency 4

simulation.

7 Results and interpretations

The fit results for all search region bins are summarized in Table 4, along with the data yields,
fitted background, and signal yields. An example fit result for the search bin with MR >
600 GeV and R2 > 0.025 in the HighPt category is shown in Fig. 3. The observed signal signif-
icance in each bin is summarized in Fig. 4 for all the search region bins, which are statistically
independent. None of the 14 bins exhibits a deviation from the background expectation larger
than two standard deviations.
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Figure 3: The diphoton mass distribution in the search region bin with MR > 600 GeV and
R2 > 0.025 in the HighPt category, along with the background-only fit (left) and the signal-plus-
background fit (right). The red dot-dashed curve represents the fitted background prediction;
the green dashed curve represents the best-fit signal; and the blue solid curve represents the
sum of the best-fit signal and the background.

We interpret the search results in terms of limits on the production cross section times branch-
ing ratio for simplified models of bottom squark pair production and chargino-neutralino pro-
duction. Diagrams of these simplified models are shown in Fig. 1. In the case of bottom squark
pair production, we consider the scenario where the bottom squark decays to a bottom quark
and the next-to-lightest neutralino (ec0

2), and the ec0
2 decays to a Higgs boson and the LSP (ec0

1).
In the case of chargino-neutralino production, we consider two different scenarios. In the first
one, pure wino-like charginos (ec±

1 ) and the next-to-lightest neutralino ec0
2 are mass-degenerate

and are produced together, with the chargino decaying to a W boson and the LSP (ec0
1) and

the ec0
2 decaying to a Higgs boson and the LSP (ec0

1). In the second scenario, we consider a
GMSB [7, 8] simplified model where Higgsino-like charginos and neutralinos are nearly mass-
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Figure 6: The observed 95% CL upper limits on the production cross section for higgsino-like
chargino-neutralino production are shown. The charginos and neutralinos undergo several
cascade decays producing either Higgs or Z bosons. We present limits in the scenario where the
branching fraction of the ec0

1 ! HeG decay is 100% (left) and the scenario where the branching
fraction of the ec0

1 ! HeG and ec0
1 ! ZeG decays are each 50% (right). The dotted and solid black

curves represent the expected and observed exclusion region, and the green and yellow bands
represent the ±1 and ±2 standard deviation regions, respectively. The red solid and dotted
lines show the theoretical production cross section and its uncertainty band.
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Figure 5: The observed 95% CL upper limits on the bottom squark pair production cross section
(left) and wino-like chargino-neutralino production cross section (right) are shown. The solid
and dotted black contours represent the observed exclusion region and its ±1 standard devia-
tions (1s) of their experimental and theoretical uncertainties, while the analogous red contours
represent the expected exclusion region and its 1s band.

a bottom quark, a Higgs boson, and the lightest supersymmetric particle (LSP) for LSP masses
below 250 GeV. For wino-like chargino-neutralino production, we exclude charginos with mass
below 170 GeV for LSP masses below 25 GeV. In the GMSB scenario, we exclude charginos with
mass below 205 GeV for neutralinos decaying to a Higgs boson and a goldstino LSP (eG) with
100% branching fraction. Finally, we exclude charginos with mass below 130 GeV for the case
where the branching fractions of the ec0

1 ! HeG and ec0
1 ! ZeG decays are 50% each.
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1 Introduction

The discovery of the Higgs boson [1–3], the first fundamental scalar particle ever observed, has
opened a new window for exploring physics not described by the standard model (SM) of parti-
cle physics. Many models of physics beyond the standard model (BSM) postulate the existence
of cascade decays of heavy states involving Higgs bosons [4, 5]. In the minimal supersymmetric
standard model (MSSM) [6], Higgs bosons may be produced in a variety of ways. The bottom
squark, the supersymmetric partner of the bottom quark, produced via the strong interaction,
may decay to a Higgs boson, quarks, and the lightest supersymmetric particle (LSP). Similarly
charginos or neutralinos produced through the electroweak interaction may decay to a Higgs
boson and the LSP. Of particular interest are scenarios with gauge-mediated supersymmetry
breaking (GMSB), where the lightest neutralino may decay to a Higgs boson and the goldstino
LSP (eG) [7, 8]. The decay signature depends on whether the chargino and neutralino mixed
states are dominated by the Wino or higgsino components, the respective SUSY partners of
the W and Higgs bosons. Diagrams of simplified models [9] for the scenarios considered are
shown in Fig. 1. In this paper, we denote the Higgs boson as H to indicate that it is the par-
ticle observed by the ATLAS and CMS experiments. In the MSSM, this particle is typically
assumed to correspond to the lighter of the two CP-even Higgs particles and is often denoted
as h. For the GMSB scenario, we consider simplified models where Higgsino-like charginos
and neutralinos are nearly mass-degenerate and both chargino-neutralino and neutralino pair
production result in very similar final state signatures, and are hereafter collectively referred to
as chargino-neutralino production in this paper. These examples of BSM production of Higgs
bosons motivate an inclusive search for anomalous Higgs boson production that is broadly
sensitive to a wide range of supersymmetric scenarios. Similar searches have been performed
by the ATLAS and CMS collaborations in the past using 8 TeV collision data and can be found
in references [10–12].
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HL-LHC: It Won’t Be a Free Lunch
❖ To achieve such high luminosity, experimental conditions will be harsher


• High pile up: 140 (or 200!) simultaneous collisions on average (currently 40)


• High radiation: up to ×10 higher hadron fluence (especially forward)


❖ Will pose serious challenges to detectors


• Trigger/reconstruction need to have same level of performance as Run II


• High radiation hardness, especially forward
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Already Working On It

❖ High intensity LHC run in 2016 created “HL-LHC” conditions


• High-pileup data to be used for future performance studies
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Proof of Concept, Proof of Challenge

Real-life event with HL-LHC-like pileup from special run in
2016 with individual high intensity bunches

Josh Bendavid (CERN/LPC) CMS HL-LHC 5

Challenge: high detector occupancy

~ 10 cm
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CMS Upgrade Program for HL-LHC

38

New Forward Calorimetry 
• Entirely made of silicon 
• Radiation tolerant 
• ‘5D’ measurement

New Tracker 
• Radiation tolerant 
• Light 
• Full-blown tracking 

at trigger level 
• Pixels up to |η| = 4

Central ECAL 
• New electronics 
• Lower operating temperature (10°C)

Muon System 
• New electronics 
• New forward  

chambers 
• Up to |η| = 3
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Couplings: How Much Precision Do We Need?

❖ Deviation from expected SM couplings would prove Higgs exotic


• Amount of deviation depends on specific model

39

∆hVV ∆htt ∆hbb

Mixed-in 
Scalar 6% 6% 6%

Composite 
Higgs 8% tens of % tens of %

MSSM < 1% 3% 10-100%

Extra Higgs, singlet in SM, breaks symmetry 
in a ‘hidden’ sector, mixes with SM H

Supersymmetry: deviations even if all 
other sparticles out of LHC reach

Higgs not elementary and pseudo-Goldstone 
boson of a new force with scale ≫ mH

Expected deviation from SM couplings:

Phys. Rev. D 86, 095001
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Can We See New Physics with Higgs Couplings?

❖ CMS projections for:


• After LHC Run III (300 fb-1)


• After 10 years of HL-LHC (3000 fb-1)


❖ Two scenarios:


• Scenario 1: systematic uncertainties left 
same as current analyses


• Scenario 2: 50% of theoretical uncertainties, 
experimental uncertainties scaled with √L
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16 4 Higgs Boson Properties

fusion and via vector-boson fusion production [30–32]. The dimuon events can be observed as
a narrow resonance over a falling background distribution. The shape of the background can
be parametrized and fitted together with a signal model. Assuming the current performance of
the CMS detector, we confirm these studies and estimate a measurement of the hµµ coupling
with a precision of 8%, statistically limited in 3000 fb�1.
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4.5 Spin-parity

Besides testing Higgs couplings, it is important to determine the spin and quantum numbers
of the new particle as accurately as possible. The full case study has been presented by CMS
with the example of separation of the SM Higgs boson model and the pseudoscalar (0�) [7].
Studies on the prospects of measuring CP-mixing of the Higgs boson are presented using the
H! ZZ⇤ ! 4l channel. The decay amplitude for a spin-zero boson defined as
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Can We See New Physics with Higgs Couplings?
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• After LHC Run III (300 fb-1)
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❖ Two scenarios:
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experimental uncertainties scaled with √L
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Conclusions

❖ CMS has vast search program for physics beyond the Standard Model


• Direct: Supersymmetry, high-mass resonances, exotic signatures, …


• Indirect: precision measurement of Higgs couplings


❖ The luminosity frontier is approaching: large datasets await us!


• 300 fb-1 in 2023, up to 3000 fb-1 in 2036


❖ Will allow us to search in new directions  

• 300 fb-1: probe compressed and electroweak Supersymmetry 


• 3000 fb-1: Higgs couplings will be sensitive to new physics


❖ Exciting times ahead of us!
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