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A QUICK NOTE

This is a pretty big topic to cover in ~1 hour 

Matt Nguyen has graciously agreed to cover the latest Heavy Ion 
results for me.   

Thanks Matt! 
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INTRODUCTION

Hard to cover all the very nice LHC results in ~1 hour 

The LHC program is vast! 
Driven by deep, fundamental questions about our universe  

My goal is to give you a taste of some of the recent exciting 
results from the LHC 

My examples will try to address a wide range fundamental questions 
we’d like to understand 
Then I’d like to wrap up with some encourage thoughts for the future 

(apologies if your favorite analysis is not discussed)
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OUTLINE  4

Precision SM tests and the 
stability of the universe

The Higgs lamppost 
and the Higgs portal

Classic searches with weaker couplings

Indirect probes and being 
ready for the unexpected

Connecting with the cosmos



OUTLINE

Where we are 

QCD / Electroweak 
W mass measurement 

Higgs 
VHbb, ggH, extend Higgs sectors 

Searches 
SUSY, Exotics, Long-lived 
Electrweakinos, long-lived 

Flavor and flavor anomalies 
Anomalies at tree level, Anomalies in penguins, Leptoquarks 

Dark matter and dark sectors 
LHCb, Mono-X, and pushing lower (jet substructure) 

Where we’re going! 
Higher Luminosity, Detector upgrades, and Beyond! 
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WHERE WE ARE
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HIGGS DISCOVERY

The Higgs discovery was a major milestone in our understanding 
of the Standard Model! 

A major achievement by the experiments and accelerator
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FAST FORWARD - 2018  8

Now we expect > 150/fb 
by the end of 2018  

We are in the regime of 
linear luminosity growth 

What else is out there 
beyond the Higgs?



AT THE ENERGY FRONTIER  9

100 1000
1

10

100

 

 gg
 Σqq
 qg

WJS2013

ratios of LHC parton luminosities: 13 TeV / 8 TeV

 
lu

m
in

o
si

ty
 r

a
tio

M
X
 (GeV)

MSTW2008NLO

_
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CMS EXOTICS SUMMARY  11

CMS Exotica Physics Group Summary – ICHEP, 2016!
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QCD / ELECTROWEAK MEASUREMENTS
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STANDARD MODEL CONSISTENCY  13
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Motivation

●
The electroweak gauge sector of the Standard Model is constrained by three 

precisely know parameters:

– The electromagnetic coupling constant : a = 1 / 1370359999679...

– The mun decay constant : Gµ = 1.16637 (1) ¥ 10-5 GeV-2 

– The Z boson mass : mZ = 91.1876 (21) GeV

●  At leading order, m
W
 is expressed as

Higher-order corrections, dominantly W and g self-energies, 

 modify this relation to

mW
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5

LEP+Tevatron: MW uncertainty~ 15 MeV 
Best individual measurement: 
CDF MW uncertainty 19 MeV  

Status of the measurements 

Relationship of mW,mt,mH  provide stringent test of SM 
and is sensitive to BSM physics
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VACUUM STABILITY  15
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Figure 3: Measured values of the top mass and of the strong coupling at 68, 95% C.L. (2 dof) compared

to the regions of the parameter space which are stable (upper-left, shaded in green) and meta-stable

(yellow). In the latter case, the dashed curves are the iso-contours of the lifetime in years, and the

dotted curves are the iso-contours of the instability scale in GeV. The theroretical error, estimated to

be ±3 GeV in mh at fixed mt, is not shown.

Furthermore, the red (blue) dotted lines show the e↵ect of increasing (decreasing) ↵s by two

standard deviations, which has a smaller impact.

The instability scale ⇤ of the Higgs potential, defined as the Higgs vev at which the one-loop

e↵ective potential turns negative, is shown in fig. 2, (lowest red curves). This scale takes into

account additional finite one-loop corrections [9] and is typically at least one order of magnitude

above the scale at which �(µ) = 0. The lines in fig. 2 end at the scale at which the new minimum

of the Higgs potential characterized by a large vacuum expectation value becomes degenerate

with the electroweak one.

Fig. 3 shows the boundary between stability (green) and meta-stability (yellow) regions for

fixed values of the Higgs mass, and as a function of the top mass and of the strong coupling.

The condition for stability can be approximated as

mh > 130GeV + 1.8GeV

✓
mt � 173.2GeV

0.9GeV

◆
� 0.5GeV

✓
↵s(MZ)� 0.1184

0.0007

◆
± 3 GeV , (3)

where the error of 3 GeV is an estimate of unknown higher-order e↵ects.2

2
The theoretical errors in eqs. (3) and (4) are dominated by the uncertainties in the determination of �(mt)

5



W MASS MEASUREMENT  16

PROTON

PROTON

NEUTRINO

MUON/ELECTRON



MEASUREMENT STRATEGY  17
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Measurement strategy

● Event representation

– Main signature : final state lepton (electron or muon) : 

– Recoil : sum of “everything else” reconstructed in the calorimeters; a measure of pT
W,Z

– Derived quantities : 

+ useful projections (see later). No explicit jet reconstruction!

p⃗T

l

p⃗T

l

Strategy of the measurement (I)
Not possible to fully reconstruct W mass 

Sensitive final state distributions: pTl, mT, pTmiss*

 

uT being the recoil  

9*used as cross-check only 

In W, Z events -uT provides an estimate of the boson pT

Categories for the measurement: 



CHALLENGES AT A HADRON COLLIDER

To have an extremely precise measurement of the W mass,  
there are a number of core challenges: 
Electron and muon energy scale 
Recoil measurement 
Expectation of the pT and rapidity distribution of the W bosons 

Use the precise Z boson properties to constrain uncertainties

 18

Physics modelling corrections  

Electroweak corrections  

QCD corrections  
- pT distribution 
- polarisation 
- rapidity 

No single generator able to describe all observed distributions. 

Start from the Powheg+Pythia8 and apply corrections. Use ancillary 
measurements of Drell-Yan processes to validate (and tune) the model 
and assess systematic uncertainties. 

- QED FSR and ISR (included)
- missing higher order effects 

and FSR pair production 
(uncertainties) 

Physics Modelling

23

No single generator 
can model all these effects



FINAL DISTRIBUTIONS  19
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Figure 25: The (a,b) p`T, (c,d) mT, and (e,f) pmiss
T distributions for (a,c,e) W+ events and (b,d,f) W� events in the muon

decay channel. The data are compared to the simulation including signal and background contributions. Detector
calibration and physics-modelling corrections are applied to the simulated events. For all simulated distributions,
mW is set according to the overall measurement result. The lower panels show the data-to-prediction ratios, the error
bars show the statistical uncertainty, and the band shows the systematic uncertainty of the prediction. The �2 values
displayed in each figure account for all sources of uncertainty and include the e↵ects of bin-to-bin correlations
induced by the systematic uncertainties.
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Figure 25: The (a,b) p`T, (c,d) mT, and (e,f) pmiss
T distributions for (a,c,e) W+ events and (b,d,f) W� events in the muon

decay channel. The data are compared to the simulation including signal and background contributions. Detector
calibration and physics-modelling corrections are applied to the simulated events. For all simulated distributions,
mW is set according to the overall measurement result. The lower panels show the data-to-prediction ratios, the error
bars show the statistical uncertainty, and the band shows the systematic uncertainty of the prediction. The �2 values
displayed in each figure account for all sources of uncertainty and include the e↵ects of bin-to-bin correlations
induced by the systematic uncertainties.
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Combined Value Stat. Muon Elec. Recoil Bckg. QCD EW PDF Total �2/dof
categories [MeV] Unc. Unc. Unc. Unc. Unc. Unc. Unc. Unc. Unc. of Comb.

mT, W+, e-µ 80370.0 12.3 8.3 6.7 14.5 9.7 9.4 3.4 16.9 30.9 2/6
mT, W�, e-µ 80381.1 13.9 8.8 6.6 11.8 10.2 9.7 3.4 16.2 30.5 7/6
mT, W±, e-µ 80375.7 9.6 7.8 5.5 13.0 8.3 9.6 3.4 10.2 25.1 11/13

p`T, W+, e-µ 80352.0 9.6 6.5 8.4 2.5 5.2 8.3 5.7 14.5 23.5 5/6
p`T, W�, e-µ 80383.4 10.8 7.0 8.1 2.5 6.1 8.1 5.7 13.5 23.6 10/6
p`T, W±, e-µ 80369.4 7.2 6.3 6.7 2.5 4.6 8.3 5.7 9.0 18.7 19/13

p`T, W±, e 80347.2 9.9 0.0 14.8 2.6 5.7 8.2 5.3 8.9 23.1 4/5
mT, W±, e 80364.6 13.5 0.0 14.4 13.2 12.8 9.5 3.4 10.2 30.8 8/5
mT-p`T, W+, e 80345.4 11.7 0.0 16.0 3.8 7.4 8.3 5.0 13.7 27.4 1/5
mT-p`T, W�, e 80359.4 12.9 0.0 15.1 3.9 8.5 8.4 4.9 13.4 27.6 8/5
mT-p`T, W±, e 80349.8 9.0 0.0 14.7 3.3 6.1 8.3 5.1 9.0 22.9 12/11

p`T, W±, µ 80382.3 10.1 10.7 0.0 2.5 3.9 8.4 6.0 10.7 21.4 7/7
mT, W±, µ 80381.5 13.0 11.6 0.0 13.0 6.0 9.6 3.4 11.2 27.2 3/7
mT-p`T, W+, µ 80364.1 11.4 12.4 0.0 4.0 4.7 8.8 5.4 17.6 27.2 5/7
mT-p`T, W�, µ 80398.6 12.0 13.0 0.0 4.1 5.7 8.4 5.3 16.8 27.4 3/7
mT-p`T, W±, µ 80382.0 8.6 10.7 0.0 3.7 4.3 8.6 5.4 10.9 21.0 10/15

mT-p`T, W+, e-µ 80352.7 8.9 6.6 8.2 3.1 5.5 8.4 5.4 14.6 23.4 7/13
mT-p`T, W�, e-µ 80383.6 9.7 7.2 7.8 3.3 6.6 8.3 5.3 13.6 23.4 15/13

mT-p`T, W±, e-µ 80369.5 6.8 6.6 6.4 2.9 4.5 8.3 5.5 9.2 18.5 29/27

Table 11: Results of the mW measurements for various combinations of categories. The table shows the statistical
uncertainties, together with all experimental uncertainties, divided into muon-, electron-, recoil- and background-
related uncertainties, and all modelling uncertainties, separately for QCD modelling including scale variations,
parton shower and angular coe�cients, electroweak corrections, and PDFs. All uncertainties are given in MeV.

11.5 Additional validation tests

The final combination of mW , presented above, depends only on template fits to the p`T and mT distribu-
tions. As a validation test, the value of mW is determined from the pmiss

T distribution, performing a fit in
the range 30 < pmiss

T < 60 GeV. Consistent results are observed in all measurement categories, leading to
combined results of 80364± 26(stat) MeV and 80367± 23(stat) MeV for the electron and muon channels,
respectively.

Several additional studies are performed to validate the stability of the mW measurement. The stability
of the result with respect to di↵erent pile-up conditions is tested by dividing the event sample into three
bins of hµi, namely [2.5, 6.5], [6.5, 9.5], and [9.5, 16]. In each bin, mW measurements are performed
independently using the p`T and mT distributions. This categorisation also tests the stability of mW with
respect to data-taking periods, as the later data-taking periods have on average more pile-up due to the
increasing LHC luminosity.

The calibration of the recoil and the modelling of the pW
T distribution are tested by performing mW fits in

two bins of the recoil corresponding to [0, 15] GeV and [15, 30] GeV, and in two regions corresponding
to positive and negative values of u`

k
. The analysis is also repeated with the pmiss

T requirement removed
from the signal selection, leading to a lower recoil modelling uncertainty but a higher multijet background
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The final combination of mW , presented above, depends only on template fits to the p`T and mT distribu-
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T distribution, performing a fit in
the range 30 < pmiss
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bins of hµi, namely [2.5, 6.5], [6.5, 9.5], and [9.5, 16]. In each bin, mW measurements are performed
independently using the p`T and mT distributions. This categorisation also tests the stability of mW with
respect to data-taking periods, as the later data-taking periods have on average more pile-up due to the
increasing LHC luminosity.

The calibration of the recoil and the modelling of the pW
T distribution are tested by performing mW fits in

two bins of the recoil corresponding to [0, 15] GeV and [15, 30] GeV, and in two regions corresponding
to positive and negative values of u`

k
. The analysis is also repeated with the pmiss

T requirement removed
from the signal selection, leading to a lower recoil modelling uncertainty but a higher multijet background
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Channel mW+ � mW� Stat. Muon Elec. Recoil Bckg. QCD EW PDF Total
[MeV] Unc. Unc. Unc. Unc. Unc. Unc. Unc. Unc. Unc.

W ! e⌫ �29.7 17.5 0.0 4.9 0.9 5.4 0.5 0.0 24.1 30.7
W ! µ⌫ �28.6 16.3 11.7 0.0 1.1 5.0 0.4 0.0 26.0 33.2

Combined �29.2 12.8 3.3 4.1 1.0 4.5 0.4 0.0 23.9 28.0

Table 13: Results of the mW+�mW� measurements in the electron and muon decay channels, and of the combination.
The table shows the statistical uncertainties; the experimental uncertainties, divided into muon-, electron-, recoil-
and background-uncertainties; and the modelling uncertainties, separately for QCD modelling including scale vari-
ations, parton shower and angular coe�cients, electroweak corrections, and PDFs. All uncertainties are given in
MeV.

12 Discussion and conclusions

This paper reports a measurement of the W-boson mass with the ATLAS detector, obtained through tem-
plate fits to the kinematic properties of decay leptons in the electron and muon decay channels. The
measurement is based on proton–proton collision data recorded in 2011 at a centre-of-mass energy of
p

s = 7 TeV at the LHC, and corresponding to an integrated luminosity of 4.6 fb�1. The measurement re-
lies on a thorough detector calibration based on the study of Z-boson events, leading to a precise modelling
of the detector response to electrons, muons and the recoil. Templates for the W-boson kinematic distribu-
tions are obtained from the NLO MC generator Powheg, interfaced to Pythia8 for the parton shower. The
signal samples are supplemented with several additional physics-modelling corrections allowing for the
inclusion of higher-order QCD and electroweak corrections, and by fits to measured distributions, so that
agreement between the data and the model in the kinematic distributions is improved. The W-boson mass
is obtained from the transverse-momentum distribution of charged leptons and from the transverse-mass
distributions, for positively and negatively charged W bosons, in the electron and muon decay channels,
and in several kinematic categories. The individual measurements of mW are found to be consistent and
their combination yields a value of

mW = 80370 ± 7 (stat.) ± 11 (exp. syst.) ± 14 (mod. syst.) MeV
= 80370 ± 19 MeV,

where the first uncertainty is statistical, the second corresponds to the experimental systematic uncertainty,
and the third to the physics-modelling systematic uncertainty. A measurement of the W+ and W� mass
di↵erence yields mW+ � mW� = �29 ± 28 MeV.

The W-boson mass measurement is compatible with the current world average of mW = 80385±15 MeV [29],
and similar in precision to the currently leading measurements performed by the CDF and D0 collabora-
tions [22, 23]. An overview of the di↵erent mW measurements is shown in Figure 28. The compatibility
of the measured value of mW in the context of the global electroweak fit is illustrated in Figures 29
and 30. Figure 29 compares the present measurement with earlier results, and with the SM prediction
updated with regard to Ref. [16] using recent measurements of the top-quark and Higgs boson masses,
mt = 172.84 ± 0.70 GeV [117] and mH = 125.09 ± 0.24 GeV [118]. This update gives a numerical value
for the SM prediction of mW = 80356 ± 8 MeV. The corresponding two-dimensional 68% and 95% con-
fidence limits for mW and mt are shown in Figure 30, and compared to the present measurement of mW
and the average of the top-quark mass determinations performed by ATLAS [117].
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LHC W MASS VERSUS OTHER MEASUREMENTS

Measurement competitive with world best single measurement 
from Tevatron! 

Consistent with SM expectation

 20

The result is consistent with the SM expectation, compatible with the world average 
and competitive in precision to the currently leading measurements by CDF and D0 

Results

44



HIGGS MEASUREMENTS
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HIGGS RUN 1 LEGACY  22

A. Gilbert (CERN)10/4/18

Higgs boson mass
• All combined measurements presented here assume fixed mH 

- Contribution of mH measurement uncertainty to coupling uncertainty currently negligible 

• Use Run-1 CMS+ATLAS combination of high resolution H→γγ and H→ZZ→4l channels 
- Run-2 measurements have also been made by ATLAS and CMS  (ATLAS-CONF-2017-046 , JHEP 11 (2017) 047)
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Combined Higgs measurements

• Comprehensive results in legacy 
Run-1 CMS+ATLAS combination 

• All measurements found to be 
consistent with SM expectations 

• Strong motivation for Run-2 
combination: 
- Larger dataset and increase in √s from 8 

to 13 TeV increases production cross 
sections by factor ~2-4 

- Improved sensitivity from new analyses 
and new analysis techniques 

• Results shown today documented in: 
CMS-PAS-HIG-17-031

 5
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No direct observation of Higgs couplings to fermions 
One of the focuses of Run 2 (H to ττ, tt, bb)
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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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HOT TAKE!  HBB  24
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Important to observe Hbb 
A majority of the total width of the Higgs



VH(→BB)  25
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VH(→BB) KEY ANALYSIS ELEMENTS

Main backgrounds 
V + jets: reducible background from V + bb is challenging to model 
because of g > bb simulation 
ttbar: large cross-sections with natural heavy flavor 
VZ: a nice validation process  

1. Very high performance b-tagging 
Critical performance of CMS/ATLAS tracking pixel detectors 

2. Mass resolution of bb jet invariant mass  
Includes mass regression and kinematic fits for the whole VH system 

3. “boosted” regime: requiring high pT V or H reduces SM 
backgrounds and increases S/B 
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MBB DISTRIBUTIONS

A number of kinematic variables are included in a multivariate 
discriminant 
Most important: mbb, ΔRbb, pT(V) most important 

Control regions are fit simultaneously to control backgrounds 
from V+jets and ttbar (fit in the BDT discriminant) 

Diboson fit can be used to validate methodology

 27
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VHBB OBSERVATION!
Combining with Run 1 result, 

final VH(bb) result: 
4.9σ (obs), 5.1σ (exp) 

Combining with other production 
modes (VBF, ttH): 
5.4σ (obs), 5.5σ (exp) 

CMS also reported a similar result: 
5.6σ (obs), 5.5σ (exp) 
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Combination of Hobb measurements
• Combination of CMS Hobb measurements : VH, boosted ggH, VBF, ttH

• Most sources of systematic uncertainty are treated as uncorrelated
– Theory uncertainties are correlated between all processes and data sets

• Measured signal strength is µ = 1.04 ± 0.20

28/08/2018 Luca Perrozzi - LPCC Seminar - Observation of Hbb with CMS 40

Significance
5.5σ  expected
5.6σ  observed

Observation of the Hobb decay 
by the CMS Collaboration
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q/g

specially-trained ML techniques 
for double-b tagging in a single jet


Not just a daunting challenge,

chance to probe unexplored new physics 

contributions to the Higgs at very high pT

regime to probe the spectrum of top partners in composite Higgs models, whereas Section 4

looks at the h + jet process as a way to probe light stops in supersymmetric extensions

of the SM. Finally, Section 5 collects our conclusions. We also include an Appendix, where

formulae for the pp ! h+jet cross section mediated by CP -violating couplings are reported.

2 Analysis of pp ! h + jet

At the parton level, three subprocesses contribute to the pp ! h+jet cross section: these are

gg, qg, qq̄ ! h+ jet.5 The expressions of the SM matrix elements for gg ! hg and qq̄ ! hg,

mediated by quark loops, were first calculated at LO in QCD in Ref. [23] and shortly after

with a di↵erent notation in Ref. [24], which we used for our calculations. The matrix element

for the qg ! hq process is obtained from the one of qq̄ ! hg by crossing. Some of the

Feynman diagrams contributing to pp ! h+ jet are shown in Fig. 1. When the Lagrangian

in Eq. (1.3) is considered, the top contribution to the amplitudes is simply given by the SM

one rescaled by the modified coupling t.6 On the other hand, the contribution of heavy

g
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Figure 1: Example Feynman diagrams for pp ! h+jet in the SM and with the contact term.

top partners in the loop is described by the e↵ective interaction parameterized by g, which

generates Feynman diagrams such as the lower-right one in Fig. 1. Roughly speaking, this

description is reliable as long as the mass of the heavy states is larger than the transverse

5
For brevity, we denote the sum qg + q̄g by qg.

6
In the SM, the e↵ect of including the bottom quark contribution in addition to the dominant one due to

the top is only of a few percent, if the cut on the transverse momentum is larger than 50GeV [22,25,26]. Since

we are interested in larger Higgs transverse momenta, we consistently neglect the bottom in our calculation.

4
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n.b. this is a very hard SM Higgs calculation at very high pT!
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5
For brevity, we denote the sum qg + q̄g by qg.

6
In the SM, the e↵ect of including the bottom quark contribution in addition to the dominant one due to

the top is only of a few percent, if the cut on the transverse momentum is larger than 50GeV [22,25,26]. Since
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HIGGS PORTAL

We have just begun to scratch the surface on the exploration of 
the Higgs boson 
A wide array of searches looking for exotic decays of the Higgs and 
Higgs partners in extended Higgs sectors (e.g. in MSSM) 

A fun example with a twist on traditional VH search: 

 32
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Figure 1: Representative tree-level Feynman diagrams for the (a) WH and (b) ZH production processes with the
subsequent decays W ! `⌫, Z ! `` (` = e, µ) and H ! aa ! 4b.

Several kinematic variables, including the reconstructed masses in the decay H ! aa ! 4b, are combined
to identify signal events. The background estimation techniques, systematic uncertainties and statistical
treatment closely follow those used in other ATLAS searches with similar signatures [28–32].

2 ATLAS detector

The ATLAS experiment [33] is a multipurpose particle physics detector with forward–backward symmetric
cylindrical geometry and nearly 4⇡ coverage in solid angle.1 The interaction point is surrounded by an
inner detector (ID) tracking system, a calorimeter system, and a muon spectrometer (MS). The ID covers
|⌘ | < 2.5 and consists of a silicon pixel detector, a silicon microstrip detector, and a transition radiation
tracker. The ID includes the insertable B-layer [34], a pixel layer close to the interaction point, which
provides high-resolution measurements at small radius to improve the tracking performance. A thin
superconducting solenoid surrounds the ID and provides a 2 T axial magnetic field. The calorimeter
system features a high-granularity lead/liquid-argon sampling calorimeter that measures the energy and
the position of electromagnetic showers within |⌘ | < 4.9. Liquid-argon sampling calorimeters are also
used to measure hadronic showers in the endcap (1.5 < |⌘ | < 3.2) and forward (3.1 < |⌘ | < 4.9) regions,
while a steel/scintillator tile calorimeter measures hadronic showers in the central region (|⌘ | < 1.7). The
MS surrounds the calorimeters and consists of three large superconducting air-core toroid magnets, each
with eight coils, a system of precision tracking chambers (|⌘ | < 2.7), and fast trigger chambers (|⌘ | < 2.4).
For Run 2, the ATLAS detector has a two-level trigger system. The first-level trigger is implemented
in hardware and uses a subset of the detector information to reduce the rate of accepted events to 100

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The
pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). The transverse momentum pT and other transverse
variables are defined by projecting these variables into the x–y plane, and the transverse energy ET is defined as

q
m2 + p2

T,
where m represents the mass of a considered object. The distance in the pseudorapidity–azimuthal-angle space is defined as
�R =

p
(�⌘)2 + (��)2.
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Figure 8: Comparison between data and prediction for the BDT discriminants in the (left) single-lepton signal
regions trained with a signal with ma = 50 GeV: (a) (1`, 3j, 3b), (c) (1`, 4j, 3b) and (e) (1`, 4j, 4b) and in the (right)
same-flavour dilepton signal regions trained with a signal with ma = 30 GeV: (b) (2`, 3j, 3b), (d) (2`, �4j, 3b) and
(f) (2`, �4j, �4b), after performing the combined single-lepton and dilepton fit of the predictions in all SRs and
CRs to the data. The signal yield (solid red) is normalized to µ̂ after the fit for a signal with ma = 60 GeV.
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THE EVOLUTION OF SEARCHES
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Christophe Grojean



SUSY, EXOTICS, LONG-LIVED
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SUPERSYMMETRY  35

SUSY is a popular BSM scenario to explore 
(a very broad framework to explore BSM final states) 
Solution the hierarchy problem and coupling unification 

Natural DM candidate



SUPERSYMMETRY  36

EWKinos (Wino/Bino): 
Neutralinos: χ10 χ20 χ30 χ40 

Chargino: χ1± χ2±

Strong SUSY dominated searches early 
High cross-sections, high mass final states 

Striking signatures (MET tails)

Sleptons/Sneutrinos, 
Appearing in the decays of EWKinos



NATURAL SUSY  37

Christophe Grojean



CANONICAL SUSY - STOPS  38



SAMPLE EWK SUSY SPECTRUM  39Example(EWKino(Spectrum
3

In(principle,(any(bino/wino/higgsino(mass(hierarchy(is(allowed

H)(higgsino)~

W)(wino)
~

B)(bino)~
G)(gravitino)~

Appears%in%GMSB/GGM%
models,%mass%~keV

Δm%~%few%–%tens%of%GeV

Δm%~%few%hundreds%MeV%
(assuming%heavy%sfermions%and%higgsinos)

~!30
~!40

~!2±

~!10

~!20
~!1±

Mass
Strong SUSY constants are pushed by 
going to the energy limit, while EWK 

SUSY signatures have weaker couplings are 
require large datasets

W→ℓv+h→bb+ETmiss(
38

• Select%single%lepton%events%(pT%>%25/30,%trigger),%2%bNjets%
(pT>30),%ETmiss%>%125%GeV:%targed%WH%final%state%

• Veto(additional(leptons,(isolated(tracks,(τh(candidates(
to(reduce(main(bkg:(dileptonic%ttbar(

• Require(90<m(bb)<150(GeV(

• MT(>150(GeV(to(reduce(single%lepton%ttbar%

• MCT%*>(170(GeV((endpoint(at(top(mass(for(dilepton(ttbar)((

Winos%NLSP

Bino%LSP

*

Endpoint%
single%lepton%ttbar

Endpoint%
dilepton%ttbar

CMS4PAS4SUS4164043

Cristina Botta



COMPRESSED EWK SUSY  40

• If(we(want(“Naturalness”,(i.e.(
‘radiative%corrections%should%not%disturb%the%gauge%hierarchy%in%the%born%term’%

m(g)<(2(TeV,(m(t)<(1(TeV,(m(H)<%200–300%GeV(
• Given(Higgsino(are(likely(mass2compressed,(compressed%spectra%are%

an%ingredient%of%natural%SUSY%[1][2]%

• Interesting(also(for(DM%coNannihilation[3](
• co2annihilation(regions(are(a(mechanism(to(reduce(DM(and(get(right(relic(

density((typically(10230(GeV(mass(splitting(between(co2annihilation(partners)(

• Challenging(detector(signatures:(low%ETmiss%and%soft%decay%products%

The(case(for(“compressed”(EWK(SUSY
4

Mass

H)(higgsino)~
Δm%~%few%–%tens%of%GeV

~!10
~!20

~!1±~%
20

0–
30

0%
G
eV

[1](https://arxiv.org/abs/1409.7058%,%

[2]%https://arxiv.org/abs/1401.1235(

[3]PhysRevD.70.015007

~ ~ ~

Decay(chains
6

If%sleptons%too%heavy%and%LSP%is%part%the%Higgsino%sector

Signatures%covered%in%this%presentation:%%

• soft%oppositeNsign%ℓ%+%ET
miss%![CMS4PAS4SUS4164048])

~!10

!1±
~
!20
~

W*Z*

(H)~
• Relatively(low(visible(energy(and(ETmiss((

• Topologies(missed(by(standard(searches%

• Need%ISR%to%boost%the%sparticle%pair%system%

• induce%ET
miss%in%the%event%

• other(decay(products(remain(soft:((

• need(Z*/W*%leptonic%decays(to(reconstruct(
decay(product(and(drastically(reduce(bkg(

• Mass(differences(are(high(enough(to(ensure%
prompt%decays((unlike(light(Winos(with(mass(
differences(of(~100(MeV(that(can(lead(to(
‘displaced,%longNlived’%topologies)

ISRjet

ETmiss

low%pT%ℓ

Decay(chains
6

If%sleptons%too%heavy%and%LSP%is%part%the%Higgsino%sector

Signatures%covered%in%this%presentation:%%

• soft%oppositeNsign%ℓ%+%ET
miss%![CMS4PAS4SUS4164048])

~!10

!1±
~
!20
~

W*Z*

(H)~
• Relatively(low(visible(energy(and(ETmiss((

• Topologies(missed(by(standard(searches%

• Need%ISR%to%boost%the%sparticle%pair%system%

• induce%ET
miss%in%the%event%

• other(decay(products(remain(soft:((

• need(Z*/W*%leptonic%decays(to(reconstruct(
decay(product(and(drastically(reduce(bkg(

• Mass(differences(are(high(enough(to(ensure%
prompt%decays((unlike(light(Winos(with(mass(
differences(of(~100(MeV(that(can(lead(to(
‘displaced,%longNlived’%topologies)

ISRjet

ETmiss

low%pT%ℓ

Interpretation
50

Winos%NLSP

Bino%LSP

First%coverage%of%Δm%7.5N30%GeV%
exclusion(up(to(175(GeV(for(Δm=7.5,(
230(GeV(for(ΔM=(20(GeV

Assuming(instead(Higgsino%
production%cross%section(for(
production(modes(
ONLY%PROJECTION%SO%FAR:%
exclusion%up%to%~120%GeV%for%Δm=7.5,%
~150%GeV%for%Δm=%20%GeV%

!20!10,!!20!1±

 (GeV)
1
±χ∼

 = m
2

0
χ∼

m
120 140 160 180 200 220 240 260 280 300 320

 (G
eV

)
10 χ∼

 - 
m

1± χ∼
 m

 =
 m

∆

10

15

20

25

30

35

40

45

50

-135.9 fb

2
0
χ∼

1
0
χ∼ + 

2
0
χ∼

1
±χ∼higgsino-like cross sections 

CMS-PAS-SUS-16-048 obs.

My projection

From%L.%Shchustka’s%talk%%

at%Moriond%EWK

Compressed spectrum are common in SUSY spectra 
where the Higgsino is the lightest stable particle 

Cristina Botta



Decay(chains
6

If%sleptons%too%heavy%and%LSP%is%part%the%Higgsino%sector

Signatures%covered%in%this%presentation:%%

• soft%oppositeNsign%ℓ%+%ET
miss%![CMS4PAS4SUS4164048])

~!10

!1±
~
!20
~

W*Z*

(H)~
• Relatively(low(visible(energy(and(ETmiss((

• Topologies(missed(by(standard(searches%

• Need%ISR%to%boost%the%sparticle%pair%system%

• induce%ET
miss%in%the%event%

• other(decay(products(remain(soft:((

• need(Z*/W*%leptonic%decays(to(reconstruct(
decay(product(and(drastically(reduce(bkg(

• Mass(differences(are(high(enough(to(ensure%
prompt%decays((unlike(light(Winos(with(mass(
differences(of(~100(MeV(that(can(lead(to(
‘displaced,%longNlived’%topologies)

ISRjet

ETmiss

low%pT%ℓ

SEARCH STRATEGY

Look for soft Z* → μμ/ee 
Special trigger requirements to get down to 
low MET (μμ/ee + MET) 

Require presence of high pT ISR jet 

Backgrounds from DY to taus with soft 
leptons and non-prompt leptons from 
b-jets in ttbar

 41Results
49

125%<%ETmiss%<%200 200%<%ETmiss%<%250 ETmiss%>%250



COMPRESSED HIGGSINO LIMITS  42

Interpretation
50

Winos%NLSP

Bino%LSP

First%coverage%of%Δm%7.5N30%GeV%
exclusion(up(to(175(GeV(for(Δm=7.5,(
230(GeV(for(ΔM=(20(GeV

Assuming(instead(Higgsino%
production%cross%section(for(
production(modes(
ONLY%PROJECTION%SO%FAR:%
exclusion%up%to%~120%GeV%for%Δm=7.5,%
~150%GeV%for%Δm=%20%GeV%
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LONG-LIVED SIGNATURES  44

J. Antonelli      LLP Forum       May 12, 2016 3

neutral 
charged 
any charge

displaced 
dilepton

displaced 
lepton

displaced 
photon

displaced 
conversion

displaced 
vertex

displaced  
dijet

disappearing  
track

HSCP BSM 
lepton 
quark 
photon 
anything

Not pictured:
out of time decays

Jamie Antonelli



INDIRECT PROBES, FLAVOR, AND THE UNEXPECTED
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INDIRECT PROBES

Indirect (lower energy) hints for new physics are often a 
precursor for direct new physics discoveries 

 
Complementary approaches to probing the standard model!

 46
Heavy Flavour = Precision search for NP 

  Direct discoveries rightfully higher valued: 

Particle Indirect Direct 
ν β decay Fermi 1932 Reactor ν-CC Cowan, Reines 1956 

W β decay Fermi 1932 Wàeν UA1, UA2 1983 

c K0àµµ GIM 1970 J/ψ Richter, Ting 1974 

b CPV K0àππ CKM, 3rd gen 1964/72 Υ Ledermann 1977 

Z ν-NC Gargamelle 1973 Zà e+e- UA1 1983 

t B mixing ARGUS 1987 tà Wb D0, CDF 1995 

H e+e- EW fit, LEP 2000 Hà 4µ/γγ CMS, ATLAS 2012 

? What’s next ? ? ? 
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LHCB RARE DECAY RESULTS

A wealth of sensitive probes in rare processes 
suppressed in the SM and can be enhanced by 
new physics effects

 47

Outline 

11 

Flavour Changing Neutral Current Charged Current 

Leptonic Mesonic           Baryonic Semi-leptonic 
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Two types 

Ø  It’s all about FCNC EW Penguins 
§  (= Flavour Changing Neutral Current - Electro Weak) 

Ø  Suppressed in the SM, so NP effects can compete 
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µ−
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W
γ/Z0
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Nucl. Phys. B131 (1977) 285 

The first penguin: 



LHCB RARE DECAY RESULTS

A wealth of sensitive probes in rare processes 
suppressed in the SM and can be enhanced by 
new physics effects
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The first penguin: 

Many interesting results! 
Will focus on recent anomalies in lepton 

flavor non-universality



B→Κμμ/B→Kee
Studying ratios of processes in different lepton flavor final states 
probes new physics scenarios which violate lepton flavor universality 

SM expectation: RK = 1  

Similar expectations for both the  
charged and neutral final states

 48

RK : B+àK+µ+µ- and B+àK+e+e- 

  Similar loop diagram! 

  Measure ratio µ/e 
  SM expectation: RK=1 

B− K−

W

t t

γ/Z0

b

u

µ/e

µ/e

s

u

54 

Introduction

Precision measurements from B-physics: Quark level transition b ! s`¯̀

RK ,RK⇤ :

⇠ 2.5 � deviation (LHCb)
arXiv:1406.6482 , arXiv:1705.05802

(with lower precision
BaBar arXiv:1204.3933, Belle arXiv:0904.0770)

B0 ! K?0µ+µ� angular analysis:
3.4 � deviation LHCb arXiv:1512.04442

(with lower precision Belle arXiv:1612.05014 , CMS arXiv:1710.02846 , ATLAS ATLAS-CONF-2017-023 )

B0 ! �µ+µ�:
3 � deviation LHCb arXiv:1506.08777

⇠ 4 � from combined results arXiv:1703.09189

fromeo@cern.ch (Vanderbilt University) Pag 8 / 38

Jeffrey Berryhill



B→Κμμ/B→Kee
Studying ratios of processes in different lepton flavor final states 
probes new physics scenarios which violate lepton flavor universality 

SM expectation: RK = 1  

Similar expectations for both the  
charged and neutral final states 
Deviations at the 2.5σ level
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RK*: B0àK0*µ+µ- and B0àK0*e+e- 

  Similar loop diagram! 

  Measure ratio µ/e 
  SM expectation: RK*=1 

Ø  Extra bin at low q2… 
§  q2~0 not helicity suppressed 

2.6 σ 

LHCb Coll., JHEP 1708 (2017) 055 
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RK⇤0 =

(
0.66 + 0.11

� 0.07 (stat) ± 0.03 (syst) for 0.045 < q2 < 1.1 GeV2/c4 ,

0.69 + 0.11
� 0.07 (stat) ± 0.05 (syst) for 1.1 < q2 < 6.0 GeV2/c4 .

Table 5: Measured RK⇤0 ratios in the two q2 regions. The first uncertainties are statistical and
the second are systematic. About 50% of the systematic uncertainty is correlated between the
two q2 bins. The 95.4% and 99.7% confidence level (CL) intervals include both the statistical
and systematic uncertainties.

low-q2 central-q2

RK⇤0 0.66 + 0.11
� 0.07 ± 0.03 0.69 + 0.11

� 0.07 ± 0.05

95.4% CL [0.52, 0.89] [0.53, 0.94]

99.7% CL [0.45, 1.04] [0.46, 1.10]

Figure 10: (left) Comparison of the LHCb RK⇤0 measurements with the SM theoretical predic-
tions: BIP [26] CDHMV [27–29], EOS [30, 31], flav.io [32–34] and JC [35]. The predictions are
displaced horizontally for presentation. (right) Comparison of the LHCb RK⇤0 measurements
with previous experimental results from the B factories [4, 5]. In the case of the B factories the
specific vetoes for charmonium resonances are not represented.

of 3 fb�1 of pp collisions, recorded by the LHCb experiment during 2011 and 2012, are
used. The RK⇤0 ratio is measured in two regions of the dilepton invariant mass squared
to be

RK⇤0 =

(
0.66 + 0.11

� 0.07 (stat) ± 0.03 (syst) for 0.045 < q
2

< 1.1 GeV2
/c

4
,

0.69 + 0.11
� 0.07 (stat) ± 0.05 (syst) for 1.1 < q

2
< 6.0 GeV2

/c
4
.

The corresponding 95.4% confidence level intervals are [0.52, 0.89] and [0.53, 0.94]. The
results, which represent the most precise measurements of RK⇤0 to date, are compatible
with the SM expectations [26–35] at 2.1–2.3 standard deviations for the low-q2 region
and 2.4–2.5 standard deviations for the central-q2 region, depending on the theoretical
prediction used.

Model-independent fits to the ensemble of FCNC data that allow for NP contribu-
tions [27–35] lead to predictions for RK⇤0 in the central-q2 region that are similar to the
value observed; smaller deviations are expected at low-q2. The larger data set currently
being accumulated by the LHCb collaboration will allow for more precise tests of these
predictions.

19

Ø  Lepton flavour   
   “non-universal” ? 

56 

2011+2012: 3 fb-1 

Jeffrey Berryhill



B→Κμμ/B→Kee
Studying ratios of processes in different lepton flavor final states 
probes new physics scenarios which violate lepton flavor universality 

SM expectation: RK = 1  

Similar expectations for both the  
charged and neutral final states 
Deviations at the 2.5σ level 

Additional deviations in: 
B0→Κ*0μμ: angular analysis (3.4σ deviation, arXiv: 1412.04442)

B0→φμμ: differential branching fraction (3σ deviation, arXiv: 1506.08777)
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Introduction

Precision measurements from B-physics: Quark level transition b ! s`¯̀

RK ,RK⇤ :

⇠ 2.5 � deviation (LHCb)
arXiv:1406.6482 , arXiv:1705.05802

(with lower precision
BaBar arXiv:1204.3933, Belle arXiv:0904.0770)

B0 ! K?0µ+µ� angular analysis:
3.4 � deviation LHCb arXiv:1512.04442

(with lower precision Belle arXiv:1612.05014 , CMS arXiv:1710.02846 , ATLAS ATLAS-CONF-2017-023 )

B0 ! �µ+µ�:
3 � deviation LHCb arXiv:1506.08777

⇠ 4 � from combined results arXiv:1703.09189
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SEMILEPTONIC B DECAYS

Common b decay through semi-leptonic “beta decay” (b → clv) 
B0 → D*- l+ν, D*- → D0π-, D0 → K+π- is a popular final state because of simple 
3 charged hadron final state 

Light leptons (muon, electrons) are studied well, but tau decays 
have not been experimentally accessible until recently
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bÆ c semi-leptonic B decays

• One of the most common ways a b-hadron decays is 
through a semi-leptonic “beta decay” b Æ cln, 
proportional to CKM |Vcb|2.

• Decays to light leptons are well-studied and accurately 
predicted. BF(B0Æ D*-m+n) = 4.88+/-0.10%

• Decays to taus are not as experimentally accessible and 
have only come into focus over the past 10 years. 

Leptoquark, 
W’, etc., 
w/3-gen 
enhancement

Type II 2-Higgs doublet model is 3-gen and tan2b
enhanced

In SM, the canonical “beta decay” of the b quark
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SM canonical decay Effective operator with NP 
(charged higgs, leptoquark, etc.)
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B0 → D*- l+ν, D*- → D0π-, D0 → K+π- is a popular final state because of simple 
3 charged hadron final state 

Light leptons (muon, electrons) are studied well, but tau decays 
have not been experimentally accessible until recently
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B0Æ D-*ln
• D*- hadronic final state is popular due to the simple 3-

hadron final state D*-Æ D0 p-,  D0Æ K+p- with narrow 
mass peaks in mD (8 MeV) and mD*-mD (0.8 MeV!)

• HQET simplifies form factor F(BÆD*) in terms of four-velocity product w.

• Lattice estimation of F(1) allows experimental measurement of |Vcb|  

• BF for tau is ~¼ that of mu due to smaller phase space P

nm
nm
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t+n
Æe/mnn+n

34Unc. from form factor sampling different w
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electron/muon final state tau final state

Fit Results

1D projections of M2
miss and Em* of the 

3D fit to signal-like final states in slices 
of leptonic q2

6.10-9.35 GeV2

9.35-12.60 GeV2

Signal is most prominent in these slices.
D*Hc component (green) is -68% 
anticorrelated with signal!

+2.1s from SM prediction 0.252+/-0.003 
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R(D*) RESULTS

A global tau anomaly? 

R(D*) has a combined 4σ deviation  

Seen across multiple experiments, multiple 
c modes (D,D*,J/Ψ), and multiple tau final 
states (μ, 1-prong, 3-prong)
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  B0à D(*)lν   Measured ratio τ/µ 
–  Multiple experiments:  Belle, BaBar, LHCb 
–  Multiple c-modes:   D, D*, J/ψ 
–  Multiple tau final states:  µ, 1-prong, 3-prong 
–  Multiple tags:   semileptonic, hadronic 

More LFNU? Semileptonic decays: bàclv 
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See talks by  

Ph.Urquijo and S.Fajfer 
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EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2017-275
LHCb-PAPER-2017-035

November 16, 2017

Measurement of the ratio of branching

fractions

B(B+

c ! J/ ⌧+⌫⌧)/B(B+

c ! J/ µ+⌫µ)

LHCb collaboration†

Abstract

A measurement is reported of the ratio of branching fractions R(J/ ) = B(B+
c !

J/ ⌧+⌫⌧ )/B(B+
c ! J/ µ+⌫µ), where the ⌧+ lepton is identified in the decay

mode ⌧+ ! µ+⌫µ⌫⌧ . This analysis uses a sample of proton-proton collision
data corresponding to 3.0 fb�1 of integrated luminosity recorded with the LHCb
experiment at center-of-mass energies 7TeV and 8TeV. A signal is found for the
decay B+

c ! J/ ⌧+⌫⌧ at a significance of 3 standard deviations, corrected for
systematic uncertainty, and the ratio of the branching fractions is measured to
be R(J/ ) = 0.71 ± 0.17 (stat) ± 0.18 (syst). This result lies within 2 standard
deviations above the range of existing predictions in the Standard Model.

Submitted to Phys. Rev. Lett.

c� CERN on behalf of the LHCb collaboration, licence CC-BY-4.0.

†Authors are listed at the end of this letter.
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CONNECTION TO HIGH ENERGY SEACHES!
Leptoquarks provide an explanation for the B anomalies 

A new boson that carries both lepton and baryon number 
Can show up in GUTs, Composite models and SUSY 

Mass scales may be accessible at CMS/ATLAS (~1 TeV) 
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Introduction

The LQ hypothesis to explain the B-physics anomalies

LQ can provide an explanation to the anomalies in the B-meson decays:
(arXiv:1706.07808, arXiv:1704.05444, arXiv:1412.1791, arXiv:1611.04930, arXiv:1408.1627, ...)

coupling to higher generations of fermions favored

it might have a mass of O(1) TeV accessible at ATLAS and CMS
fromeo@cern.ch (Vanderbilt University) Pag 10 / 38

Introduction

LQ production

fromeo@cern.ch (Vanderbilt University) Pag 11 / 38

LHCb CMS/ATLAS
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Leptoquarks provide an explanation for the B anomalies 

A new boson that carries both lepton and baryon number 
Can show up in GUTs, Composite models and SUSY 

Mass scales may be accessible at CMS/ATLAS (~1 TeV)

 55

LQLQ ! ⌧⌧bb

LQLQ ! ⌧⌧bb

Consider ⌧h⌧hjj and e, µ ⌧hjj channels
• e, µ, ⌧h: pT>60 GeV, |⌘| <2.1
• j: pT>50 GeV, |⌘| <2.4
• 6ET > 50 GeV
• M(⌧h, ((⌧h), (e, µ))) >(100),(150) GeV

• Z,W+jets,tt̄ From simulation, after normalization to
data Z,W,tt̄ enriched control regions

• Multijet data-driven

fromeo@cern.ch (Vanderbilt University) Pag 30 / 38

Unfortunately no signs yet! 
LQ+LQ →τbτb final state 

LQLQ ! ⌧⌧bb

Results

fromeo@cern.ch (Vanderbilt University) Pag 31 / 38
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DARK MATTER SIMPLIFIED MODELS

Dark matter search phase space is 
described by 4 parameters  
MMed, MDM, gDM, gq(SM) 

Interpretations are typically now 
presented in the simplified model 
framework: 
vector, axial-vector, scalar, 
pseudoscalar
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1

1 Introduction

Astrophysical observations have provided compelling evidence for the existence of dark matter
(DM) in the universe [1–3]. However, there is no compelling experimental evidence for non-
gravitational interactions between the DM and standard model (SM) particles. Most current
models of DM assume that it consists of weakly interacting massive particles (WIMPs) [2]. If
such particles exist, direct pair production of WIMPs may occur in TeV-scale collisions at the
CERN LHC [4]. If DM particles are produced at the LHC, they would not generate directly
observable signals in the detector. However, if they recoil against a jet radiated from the initial
state, they may produce an apparent, large transverse momentum imbalance in the event. This
is termed the ‘monojet’ final state [5, 6]. The DM particles may also be produced in association
with an electroweak boson, resulting in the ‘mono-V’ signature, where V represents the W or Z
boson [7–9]. Observation of these final states could be interpreted as evidence for DM particles.
Additionally, the Higgs boson [10–12] could be a mediator between DM and SM particles [13–
17]. The monojet and mono-V signatures can be used to set a bound on the invisible branching
fraction of the Higgs boson.

Several previous searches at the LHC have exploited the mono-V and monojet signatures. Re-
sults from earlier searches [18–20] have typically been interpreted using effective field theories
that model contact interactions between the DM and SM particles. Recent search results [21–
23] have been interpreted in terms of simplified DM models [24–30]. The invisible branching
fraction of the Higgs boson, B(H ! inv), has been constrained by several searches at the
LHC [20, 31–34], with the ATLAS and CMS Collaborations setting upper limits of 0.25 and
0.24, at 95% confidence level (CL), respectively, through direct searches [35, 36]. Precise mea-
surements of the Higgs boson couplings from a combination of 7 and 8 TeV data sets, collected
by the ATLAS and CMS experiments, provide indirect constraints on additional contributions
to the Higgs boson width from non-SM decay processes. The resulting indirect upper limit on
the Higgs boson branching fraction to non-SM decays is 0.34, at 95% CL [37].

This paper presents the results of a search for DM in the mono-V and monojet channels using
a data set of proton-proton collisions at

p
s = 13 TeV, collected with the CMS detector in the

first half of 2016, and corresponding to an integrated luminosity of 12.9 fb�1. In the case of
the mono-V signature, a hadronic decay of a W or Z boson reconstructed as a single large-
radius jet is considered. The results of the search are interpreted using simplified DM models
in which the interaction between the DM and SM particles is mediated by a spin-1 particle
such as a Z0 boson, as shown in Fig. 1, or a spin-0 particle (S), as shown in Fig. 2. The results
are also interpreted in terms of B(H ! inv). The Feynman diagrams for the production of the
SM Higgs boson and its decay to invisible particles resulting in the monojet and mono-V final
states are similar to those shown for a spin-0 mediator in Fig. 2.

q

�̄

q

q̄

Z�

�

q
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Figure 1: Leading order Feynman diagrams of monojet (left) and mono-V (right) production
and decay of a spin-1 mediator.
2 2 The CMS detector
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Figure 2: Leading order Feynman diagrams of monojet (left) and mono-V (right) production
and decay of a spin-0 mediator.

2 The CMS detector

The CMS detector is a multi-purpose apparatus designed to study a wide range of physics
processes in proton-proton and heavy ion collisions. Its central feature is a superconducting
solenoid of 6 m internal diameter that produces a magnetic field of 3.8 T parallel to the beam
direction. A silicon pixel and strip tracker is contained inside the solenoid and measures the
momentum of charged particles up to a pseudorapidity of |h| = 2.5. The tracker is surrounded
by a lead tungstate crystal electromagnetic calorimeter (ECAL) and a sampling hadron calori-
meter (HCAL) made of brass and scintillator, which provide coverage up to |h| = 3. The steel
and quartz-fiber Čerenkov hadron forward calorimeter extends the coverage to |h| = 5. The
muon system consists of gas-ionization detectors embedded in the steel flux-return yoke of the
solenoid, and covers |h| < 2.4. A more detailed description of the CMS detector, together with
a definition of the coordinate system used and the relevant kinematic variables, can be found
in Ref. [38].

The particle-flow (PF) event algorithm [39, 40] reconstructs and identifies each individual par-
ticle with an optimized combination of information from the various elements of the CMS
detector. The energy of photons is directly obtained from the ECAL measurement. The energy
of electrons is determined from a combination of the electron momentum at the primary in-
teraction vertex as determined by the tracker, the energy of the corresponding ECAL cluster,
and the energy sum of all bremsstrahlung photons spatially compatible with originating from
the electron track. The energy of muons is obtained from the curvature of the corresponding
track. The energy of charged hadrons is determined from a combination of their momentum
measured in the tracker and the matching ECAL and HCAL energy deposits, corrected for
zero-suppression effects and for the response function of the calorimeters to hadronic showers.
Finally, the energy of neutral hadrons is obtained from the corresponding ECAL and HCAL
energies.

The missing transverse momentum vector (~pmiss
T ) is computed as the negative vector sum of

the transverse momenta (pT) of all the PF candidates in an event, and its magnitude is denoted
as E

miss
T . Jets are reconstructed by clustering PF candidates using the anti-kT algorithm [41].

Jets clustered with distance parameters of 0.4 and 0.8 are referred to as AK4 and AK8 jets, re-
spectively. The primary vertex with the largest sum of p

2
T of the associated tracks is chosen

as the vertex corresponding to the hard interaction in an event. All charged PF candidates
originating from any other vertex are ignored during the jet reconstruction. Jet momentum is
determined as the vectorial sum of all particle momenta in the jet, and is found from simulation
to be within 5 to 10% of the true momentum, over the whole pT spectrum and detector accep-
tance. An offset correction is applied to jet energies to take into account the contribution from
additional proton-proton interactions within the same or adjacent bunch crossings (pileup). Jet
energy corrections are derived from simulation and are confirmed with in situ measurements
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Dark matter search phase space is 
described by 4 parameters  
MMed, MDM, gDM, gq(SM) 

Interpretations are typically now 
presented in the simplified model 
framework: 
vector, axial-vector, scalar, 
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Canonical search looks in the MET 
tails in mono-jet 
A wide suite of “mono-X” results! 
(mono-V, mono-top, mono-di-b,…)
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14 6 Results and interpretation
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Figure 7: Observed E
miss
T distribution in the monojet (left) and mono-V (right) signal regions

compared with the background expectations for various SM processes evaluated after perform-
ing a combined fit to the data in all the control samples, as well as in the signal region. The fit
is performed assuming the absence of any signal. The last bin includes all events with E

miss
T >

1160 (750) GeV for the monojet (mono-V) category. Expected signal distributions for a 125 GeV
Higgs boson decaying exclusively to invisible particles, and for a 1.6 TeV axial-vector mediator
decaying to 1 GeV DM particles, are overlaid. The ratio of data and the post-fit background
prediction is shown for both the monojet and mono-V signal regions. The gray bands in these
ratio plots indicate the post-fit uncertainty in the background prediction. Finally, the distribu-
tions of the pulls, defined as the difference between data and the post-fit background prediction
relative to the post-fit uncertainty in the prediction, are also shown in the lower panels.

density Wch
2 = 0.12 [85], where Wc is the DM relic abundance and h is the Hubble constant,

under the assumption that a single DM particle describes DM interactions in the early uni-
verse and that this particle only interacts with SM particles through the considered simplified
model [86, 87].

The limits obtained using the simplified DM models may be compared to the results from direct
and indirect DM detection experiments, which are usually expressed as 90% CL upper limits
on the DM-nucleon scattering cross sections. The approach outlined in Refs. [30, 88, 89] is used
to translate the exclusion contours into the mDM vs. sSI/SD plane where sSI/SD are the spin-
independent/spin-dependent DM-nucleon scattering cross sections. These limits are shown in
Fig. 11 for the vector and axial-vector mediators, and in Fig. 12 (left) for the scalar mediator.
For the scalar mediator model, only the contributions from heavy quarks (charm, bottom, and
top) are taken into account while evaluating the limit on the DM-nucleon cross section, as
done in Ref. [21]. When compared to the results from direct detection experiments, the limits
obtained from this search provide stronger constraints for dark matter masses less than 5, 9,
and 550 GeV, assuming vector, scalar, and axial-vector mediators, respectively. In the case of
the pseudoscalar mediator, the 95% CL upper limits are compared in Fig. 12 (right) with the
indirect detection results in terms of the velocity-averaged DM annihilation cross section from
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Figure 6: Soft-drop jet mass distribution for the different pT ranges of the fit from 500 to
1000 GeV. Data are shown as black points. The multijet background prediction, including
uncertainties, is shown by the shaded bands. Contributions from the W and Z boson, and top
quark background processes are shown, scaled up by a factor of 3 for clarity. A hypothetical Z0

boson signal at a mass of 135 GeV is also indicated. In the bottom panel, the ratio of the data
to the background prediction, including uncertainties, is shown. The scale on the x-axis differs
for each pT range due to the kinematic selection on r.
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Figure 6: Dijet mass spectra in the signal region (points) compared to a fitted parameterization
of the background (solid curve) and the one obtained from the control region (green squares).
For the displayed signal a cross section at the 95% CL observed exclusion limit is being used.
The lower panel shows the difference between the data and the fitted parametrization (red),
and the data and the prediction obtained from the control region (green) , divided by the sta-
tistical uncertainty of the data, which for the ratio method includes the one in CRhigh as well.
The ratio of the expected signal showed in the upper panel to the statistical uncertainty of the
data is also shown for three different resonance masses and signals models.
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1 Vector and Axial-vector Mediators
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Figure 1. 95% CL observed and expected exclusion regions in Mmed�mDM plane for di-jet searches
and di↵erent /ET based DM searches from CMS in the lepto-phobic Axial-vector model. Following the
recommendation of the LHC DM working group [1, 2], the exclusions are computed for a universal
quark coupling gq = 0.25 and for a DM coupling of gDM = 1.0. It should also be noted that the
absolute exclusion of the di↵erent searches as well as their relative importance, will strongly depend
on the chosen coupling and model scenario. Therefore, the exclusion regions, relic density contours,
and unitarity curve shown in this plot are not applicable to other choices of coupling values or model.
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LIGHT MEDIATORS AND DARK SECTORS

Future projections - but I wanted to highlight the LHCb 
capabilities! 
Lighter dark sector mediators can be probed very well by LHCb 
in both prompt and displaced signals 
A large open area in the dark sector program!
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Future Dark Photon Searches (muon)
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Future Dark Photon Searches (muon)
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WHERE WE ARE GOING
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MORE LUMINOSITY = PILEUP  69

PILEUP IS THE GREATEST EXPERIMENTAL CHALLENGE GOING FORWARD,  
IT AFFECTS EVERYTHING. 

• detector design, object performance and physics sensitivity 
radiation damage to detectors, degrades energy/position measurements, lost untriggered events forever 

2016: <PU> ~ 20-50 
2017 + Run 3: <PU> ~ 50-80 

HL-LHC: 140-200

Multiple pp collisions in the same beam crossing 
To increase data rate, squeeze beams as much as possible
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FUTURE HADRON COLLIDERS

Many options are being discussed for future hadron colliders 
Also lepton collider machines are being discussed 

You will be an important part of driving our future! 
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parameter unit LHC HL-LHC HE-LHC FCC-hh
Ecm TeV 14 14 27 100
circumference km 26.7 26.7 26.7 97.8
peak L ⇥ 1034 cm�2s�1 1 5 25 30
bunch spacing ns 25 25 25 25
number of bunches 2808 2808 2808 10600
goal

R
L ab�1 0.3 3 10 30

�inel mbarn 85 85 91 108
�tot mbarn 111 111 126 153
BC rate MHz 31.6 31.6 31.6 32.5
peak pp collision rate GHz 0.85 4.25 22.8 32.4
peak av. PU events/BC 27 135 721 997
rms luminous region �z mm 45 57 57 49
line PU density mm�1 0.2 0.9 5 8.1
time PU density ps�1 0.1 0.28 1.51 2.43
dNch/d⌘|⌘=0 7 7 8 9.6
charged tracks per collision Nch 95 95 108 130
Rate of charged tracks GHz 76 380 2500 4160
<pT> GeV/c 0.6 0.6 0.7 0.76
bending radius for <pT> at B=4T cm 50 50 58 63
number of pp collisions ⇥1016 2.6 25 90 324
flux of charged particles at r = 2.5 cm GHz/cm2 0.2 0.8 4.6 7.9
1 MeV-neq fluence ⇥1015 at r=2.5 cm cm�2 1 10 80 100
total ionizing dose at r=2.5 cm MGy 1.45 14.6 59.3 253.5
dE/d⌘|⌘=0 GeV . . . 13.6
dE/d⌘|⌘=5 GeV . . . 670
dP/d⌘|⌘=5 kW . . . 3.4
90% bb ⌘ 3.6 3.6 4.0 5.0
VBF jet peak ⌘ 3.4 3.4 3.7 4.4
90% VBF jets ⌘ 4.5 4.5 5.0 6.0
90% H ! 4l ⌘ 3.8 3.8 4.1 4.8
bb crossection mbarn 0.5 0.5 1 2.5
bb rate MHz 5 25 250 750
jets pjet

T
> 50GeV crossection µb 40 40 150 600

jets pjet
T

> 50GeV rate MHz 0.4 2 38 180
W+ + W� crossection µb 0.2 0.2 0.4 1.3
W+ + W� rate kHz 2 10 100 390
W+ !l + ⌫ crossection nb 12.2 12.2 77
W+ !l + ⌫ rate kHz 0.12 0.61 23.1
W� !l + ⌫ crossection nb 9.1 9.1 63.4
W� !l + ⌫ rate kHz 0.1 0.5 19.2
Z crossection nb 60 60 100 400
Z rate kHz 0.6 3 25 120
Z ! ll crossection nb 2 2 14.1
Z ! ll rate kHz 0.02 0.1 4.23
tt crossection nb 1 1 3 35
tt rate kHz 0.01 0.05 0.75 10.5

Table 1: Key parameters defining the detector specifications and challenges. [Preliminary numbers, Table to be updated]
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SUMMARY
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SUMMARY

The LHC has an amazing and broad physics program! 
I’ve only scratched the surface...
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Precision SM tests and the 
stability of the universe

The Higgs lamppost 
and the Higgs portal

Classic searches with weaker couplings

Indirect probes and being 
ready for the unexpected

Connecting with the cosmos
Studying the quark-gluon 

plasma

We’ve only collected a small fraction of the total LHC luminosity 
With a little patience, hard work, ingenuity and luck, there 

remains an amazing amount of physics ahead of us

...and so on...


