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BSM searches at the LHC: Why?

¥ Open issues implying physics Beyond Standard Model,  

¥ Why only 3-generations of leptons/quarks? 

¥ Why 4 fundamental interactions? Unification? 

¥ Why only 5% of universe is made of SM particles? 
What is Dark Matter (25%)? 

¥ Are there particles more massive than the top quark?
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¥ Cover all possible signatures  and final states  

¥ Be as much model-independent  as possible  

¥ Search in previously uncovered regime  (low and high mass) 

¥ Explore new analysis techniques: 

¥ Scouting 

¥ Boosted jets  

¥ Long-lived particle detection
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BSM searches at the LHC: How?

Daniele del Re (Sapienza) ICHEP 2018
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BSM searches at the LHC: How?
¥ Run 2: Available luminosity: ~ 80 fb -1  

¥ 2016: ~40 fb -1 @ 13 TeV  

¥ 2017: ~45 fb -1 @ 13 TeV  

¥ 2018 - data taking: ~55 fb -1 

¥ End of Run 2 ~ 140 fb-1

�����
$�S�U

�����
0�D�\

�����
-�X

�Q
�����

-�X
�O

�����
$�X�J

�����
6�H�S

�����
2�F�W

�����
1�R�Y

�����
'�H

�F

�'�D�W�H�����8�7�&��

��

����

����

����

����

����

����

����

����

����

�7
�R

�W�
D�

O���
,�Q

�W�
H�

J�
U�D

�W�
H�

G�
��/

�X
�P

�L�
Q�

R�
V�

L�W�
\�

����
P�A
−

�d
��

×���� ��

�'�D�W�D���L�Q�F�O�X�G�H�G���I�U�R�P�������������������������������������W�R�������������������������������������8�7�&��

�� �� �� �� ������ ���7�H�9������ �� ���� ���}�A−�d

�� �� �� �� ������ ���7�H�9������ ���� ���P�A−�d

�� �� �� �� ������ ���7�H�9������ �� ���� ���P�A−�d

�� �� �� �� ������ �� ���7�H�9������ ���� ���P�A−�d

�� �� �� �� ������ �� ���7�H�9������ �� ���� ���P�A−�d

�� �� �� �� ������ �� ���7�H�9������ �� ���� ���P�A−�d

�� �� �� �� ������ �� ���7�H�9������ �� ���� ���P�A−�d

��

����

����

����

����

����

����

����

����

����

CMS ,ntegrated LumLnosLty, SS



¥ Vector fermions 

¥ Resonances high mass,ZÕ,WÕ) 
(dileptons,dijets,dibosons,ttbar) 

¥ Light resonances 

¥ Weakly coupled, long lived particles 

¥ Leptoquarks /Diquarks 

¥ Possible origins (e.g. composite higgs) 

¥ BSM Higgs bosons, Higgs rare decays and HH production 

• Dark matter
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BSM searches at the LHC: What?
* Covered today



¥ Non-SUSY results and only selected results. Focus on 
new techniques.  

¥ For complete list of latest results: 

¥ https://twiki.cern.ch/twiki/bin/view/AtlasPublic/
ExoticsPublicResults 

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

¥ http://lhcbproject.web.cern.ch/lhcbproject/
Publications/LHCbProjectPublic/Summary_QEE.html
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Disclaimer

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO/EXO.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO/EXO.html
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_QEE.html
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_QEE.html
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• Simplest way to discover new 
particles 
¥ Defined and incontrovertible 

signature 

¥ Many possible channels/decays 
explored 

¥ Most of resonances are two-
body searches 

¥ if resonance is boosted: one-
body signature

Resonances
¥ Search for a bump on 

top of smoothly falling 
mass distribution

Javier Duarte (Fermilab) CIPANP 2018
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• Basics of a dijet analysis: 
¥ Collect data with a HT 

based trigger (sum of all 
transverse energies in event) 

¥ Cluster and select 2 jets 

¥ Main background: QCD

p p

Dijets (I):
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p p

High mass CMS: JHEP08(2018)130 
ATLAS: PRD96(2017)052004

¥ Trigger by requiring HT: 900 
GeV (CMS) or single-jet pT > 
380 GeV (ATLAS) in event. 

¥ Low mass threshold 
determined by trigger and 
jet kinematic (η) 
requirements. 

¥ Background fit by parametric 
function

Dijets (II):

http://dx.doi.org/10.1007/JHEP08(2018)130
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.052004
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p p

High mass CMS: CMS-EXO-17-026 (NEW!) 
ATLAS: PRD96(2017)052004

¥ Can also estimate QCD 
background from events in 
control region (ratio method: 
New!) 

¥ Smaller systematic 
uncertainties and robust 
method.

Dijets (II):

high jet η

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.052004
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p p

High mass CMS: CMS-EXO-17-026 (NEW!) 
ATLAS: PRD96(2017)052004

Dijets (II):

Highest dijet mass event 
has unusual 4-jet topology

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.052004
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Low mass
CMS: JHEP(2018)097 

 CMS-EXO-16-056 
ATLAS: PRL (2017) 081801

¥ How to trigger on events: 

¥ Using ISR jet and dijet 
boosted topology 

¥ Jet pT > 500 GeV! 

¥ Use structure inside jet 
to identify signal 

¥ Save reduced event info 
(scouting) and apply lower 
trigger thresholds

Strongest bounds since SppS (!!)Discovered 
at SppS!!

p p

Recoil jet

Dijets (III):

https://link.springer.com/article/10.1007/JHEP01(2018)097
http://arxiv.org/abs/1806.00843
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.081801
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Low mass
CMS: JHEP(2018)097 

 CMS-EXO-16-056 
ATLAS: PRL (2017) 081801

¥ How to trigger on events: 

¥ Save reduced event info 
(scouting) and apply lower 
trigger thresholds 

¥ Using ISR jet and dijet 
boosted topology 

¥ Jet pT > 500 GeV! 

¥ Use structure inside jet 
to identify signal

Strongest bounds since SppS (!!)Discovered 
at SppS!!

p p

Recoil jet

Dijets (III):

https://link.springer.com/article/10.1007/JHEP01(2018)097
http://arxiv.org/abs/1806.00843
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.081801
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extensions
CMS: CMS-EXO-16-056 

 CMS-EXO-17-024 
ATLAS: ATLAS-CONF-2018-015 

  arxiv:1805.09299

¥ Dijet extensions: 

¥ Reduce E thresholds and 
require high pT lepton 

¥ Tag b-jets (improvements 
in sensitivity) at low and 
high mass.

p

e/mu + (X)

pDijets (IV):

http://arxiv.org/abs/1806.00843
https://cds.cern.ch/record/2628756
https://cds.cern.ch/record/2621126/files/ATLAS-CONF-2018-015.pdf
https://arxiv.org/abs/1805.09299
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Dijets: (V) 
¥ ATLAS and CMS: Strong limits on gq and covering whole range

50 100 200 300 1000 2000
 [GeV]Z'M

1−10

1

qg'

5% = Z'M / Z'Γ

10% = Z'M / Z'Γ

30% = Z'M / Z'Γ

50% = Z'M / Z'Γ

100% = Z'M / Z'Γ

qq→Z'

95% CL exclusions

~100% < Z'M / Z'Γ
[arXiv:1801.08769]
ATLAS Boosted Dijet, 13 TeV

[EXO-16-046]
, 13 TeVχCMS Dijet 

[arXiv:1703.09127]
ATLAS Dijet, 13 TeV

~30% < Z'M / Z'Γ
[arXiv:1804.03496]
ATLAS Dijet TLA, 13 TeV

[arXiv:1806.00843]
CMS Broad Dijet, 13 TeV

[ATLAS-CONF-2016-070]
, 13 TeVγATLAS Dijet+ISR 

~10% < Z'M / Z'Γ
[ATLAS-CONF-2016-070]
ATLAS Dijet+ISR j, 13 TeV

[arXiv:1806.00843]
CMS Dijet, 13 TeV

[arXiv:hep-ex/9702004]
CDF Run1

[arXiv:1604.08907]
CMS Dijet, 8 TeV

[arXiv:0812.4036]
CDF Run2

[arXiv:1802.06149]
CMS Dijet b tagged, 8 TeV

[Nucl. Phys. B 400, 3 (1993)]
UA2

[arXiv:1710.00159]
CMS Boosted Dijet, 13 TeV

[arXiv:1404.3947]
)Z'/MZ'ΓZ width (all 

CMS Preliminary LHCP 2018

Low mass

High mass

Beats UA2! (1988)
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¥ BSM models predict resonant decay 
to W,Z and H bosons 

¥ Boosted bosons -> decay products 
are highly collimated 

¥ Dedicated reconstruction techniques:  

¥ For hadronic decays:  there is a 
whole field called:  jet 
substructure. 

¥ For leptonic decays:  MET, special 
isolation/reconstruction for high-pT 
leptons

p p

Boosted signatures:

X

W/Z/H

W/Z/H
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Boosted reconstruction (I):

t

¥ To take into account: 

¥ pile-up  subtraction: get rid of additional 
interactions per bunch crossing 

¥ jet mass reconstruction: clean jet from extra 
soft radiation and underlying event 

¥ signal ID: 2/3-prong substructure:

Jet Reconstruction

W

b ¥ Can also do dedicated flavor tagging

H

W/Z

~ 80/91 GeV

~ 125 GeV

~ 175 GeV
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Dedicated techniques  
e.g. Track-CaloClusters

Tracks: excellent angular 
resolution but lack E 

resolution

Calorimeter ( H,HM): 
limited angular resolution

ATLAS: Jets mostly reconstructed from 
CALORIMETER information:

Combine and match
*Similar to Particle 

Flow (CMS)

Boosted reconstruction (II):



Diboson (I):

CMS: CMS-B2G-17-001 
ATLAS: ATLAS-CONF-2018-016

Hadronic final state

Track Calo Clusters + jet 
substructure 
Significant improvement (50% 
at high pT)

¥ Largest branching fraction 

¥ QCD estimated from data 

¥ BUT: trigger limited 

¥ less sensitivity at high mass tail
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http://dx.doi.org/10.1103/PhysRevD.97.072006
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-016/
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Semileptonic final state:
¥ Clean final state, more reliable 

background 

¥ BUT Small branching fraction 

¥ e.g. VH: CMS-B2G-17-004 

¥ Can take main background from 
data sidebands 

¥ Experimental challenges: 

¥ Z(vv): use mT 

¥ W(lv): very high-pT lepton 
reconstruction 

¥ For the first time search can also 
set limits on DM model!

Diboson (II):

https://cds.cern.ch/record/2629479


¥ Searches allow access to 
couplings to f,H i.e. contour 
limits in {gg,gH},{gq,g l} plane

towards Combination

¥ Diboson searches are meant to 
be combined!  

¥ ATLAS and CMS have similar 
sensitivity 

¥ Orthogonality in event 
selection is key 

¥ Limited by Luminosity, at least 
at large mass
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Different final states

VV combined

ATLAS: arxiV:1808.02380

strong constraints at large couplings 

weaker as gH, gf ~0,

Diboson (III):

https://arxiv.org/pdf/1808.02380.pdf


TT resonances:
¥ 3 exclusive final states (ll,lj,jj) 

¥ Reconstruction optimized for boosted tops 

¥ For semi-lep channel:  
¥ non-isolated leptons 

¥ tt reconstruction using kinematic fit

p p
ZÕ

t

t

b
W

b
W

Full hadronic 
Leptonic 
Semileptonic

!22
Up to 3.8 TeV exclusion!

CMS: arxiv:1804.10823



Specific models
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• Models introduced to resolve issues in SM, e.g.: 
• Why same number of generation for leptons 

and quarks:  
¥ leptoquarks (actually they are bosons) carry 

both lepton and baryon number 

¥ would manifest a fundamental connection 
between quark/leptons 

¥ decay in lepton-jet  

• Why three generations of fermions and their 
hierarchy:  
¥ excited quarks, excited leptons 



Leptoquarks (I):
• Recently got attention since anomalies in B 

meson decays could be explained with LQ 
contributions 
¥ Hint at possible lepton flavor universality
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Leptoquarks (II):

¥ Copiously produced by strong interaction 

¥ Can have lljj, lvjj, vvjj final states 

¥ vvjj: usually covered in SUSY searches 

¥ lvjj: either  1st/2nd gen: (llqq) or 3rd gen:  
taus (ττtt)
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LQ pair production

Ev
en
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 / 
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310

410

510 Data
* + jetsγZ/

tt
Other background
Multijet
Uncertainty band

 = 1.0βLQ, M = 650 GeV, 

 (13 TeV)-135.9 fb

PreliminaryCMS
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ejM
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C

0
0.5

1
1.5

2

g

g LQ

LQ

g

lvjj (1LQ): limits @ ~ 1.2 - 1.45 TeV 

CMS: arxiv:1808.05082 
         arXiv:1803.02864 
         B2G-16-027 
ATLAS:J.Phys.18(2016)093016

¥ Mass of LQ (MLQ) reconstruction 

¥ based on lepton identification and 
v kinematics

All decays excluded up to TeV scale:

https://arxiv.org/pdf/1808.05082.pdf


Vector-Like Quarks (I):

   VLQ pair production 
     Search for T (q=2/3) and B(q=-1/3) VLQ 

¥ produced in pairs via strong interaction 

¥ decay in W/Z/H e.g. B->Wt 

¥ Novel idea: Neural network to identify W/Z/H/top jet

!26

• Solve hierarchy problem i.e. H mass stability at the electroweak scale 
¥ VLQ: new heavy partner of top in loop

multiple signal regions! 
B->hb excluded up to 1TeV

ATLAS: arXiv:1808.02343 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-17/
https://arxiv.org/abs/1808.02343


Vector-Like Quarks (II):

   VLQ pair production 
     Can also be produced by weak interaction: 

¥ e.g. VLQ->Wt (top-tagging/W-tagging) 

¥ VLQ mass reconstructed using top,MET+lepton+jets

!27

jet reconstructed in 
forward region

CMS: CMS-B2G-17-018 

• Solve hierarchy problem i.e. H mass stability at the electroweak scale 
¥ VLQ: new heavy partner of top in loop

B->tW excluded up to 1.8TeV

https://cds.cern.ch/record/2628654/files/B2G-17-018-pas.pdf


Long-lived
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• Long lived (LLP) and unconventional exotic particles

¥ LLP signatures depend on the model (often include associated activity):

Displaced Vertex:  from 
pp collision or HF decay, 
2+ charged particles

Displaced/Emerging Jet:  
from a DV, or containing DVs, 
or many displaced tracks

Abnormal track:  dE/dx, 
time of flightÉ

Stopped particles:  out-of-
time decays to neutrals or 
leptons



Long-lived
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¥ Requires deep knowledge of detector 

¥ non-standard simulation 

¥ non-standard reconstruction 

¥ non-standard trigger

Displaced Vertex:  from 
pp collision or HF decay, 
2+ charged particles

Displaced/Emerging Jet:  
from a DV, or containing DVs, 
or many displaced tracks

Abnormal track:  dE/dx, 
time of flightÉ

Stopped particles:  out-of-
time decays to neutrals or 
leptons

VELO (LHCb)



Disappearing tracks (I):

!30

• Signature is a short and Isolated high pT track with: 
¥ missing hits in the outer layers of the tracker 

¥ little energy in associated calorimeter deposits  

¥ no associated hits in muon detectors. 

¥ Require MET (typical of SUSY)



Disappearing tracks (II):
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• Signature is a short and Isolated high pT track with: 
¥ missing hits in the outer layers of the tracker  

¥ number of missing hits 

¥ little energy in associated calorimeter deposits   

¥ calorimeter energy in cone behind the track 

¥ no associated hits in muon detectors. Limits on chargino mass vs lifetime

10ns

10ps



ATLAS: arxiv:1808.03057.pdf

Displaced vertices

!32

• LLP may feature vertices significantly displaced from pp interaction point e.g.:

• can look for signatures with e/muon final states 

• take advantage of  muon spectrometers 

• trigger on muon (p T> 20 GeV) or MET (110 GeV) 

• background SM-beam collision: non-prompt-muons 
e..g DY,QCD (produced > 1cm of IP) + non-beam (e.g. 
cosmic rays)

Eff. for selecting a displaced dimuon vertex (1Ð400 cm)

decay length

muu>60 GeV

All bkg estimated from data CRs

https://arxiv.org/pdf/1808.03057.pdf


Massive dark photon:
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• Dark matter may interact via a new dark force  
• Dark photon (AÕ) couples to SM via kinetic mixing with off-shell 

photon (γ!  ) by a factor ε:  

• A′ inherits the production mode mechanisms from γ* 

• fully data-driven analysis 

• μμ final state:



Massive dark photon:
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Both prompt  

And displaced
WorldÕs best limits 10.6 Ð 70 GeV. 

First displaced limits.

Prompt-like search (up to 70 GeV/c2) → displaced search (214-350 MeV/c2)  
¥ A′ is long-lived only if the mixing factor is really small

muons misidentified as 
hadrons 
misreconstruction of muons 
in hadron decays

obtain yields and normalize them to obtain constraints on ε2 



Dark matter
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¥ Look for weakly interacting new particles produced at LHC 

• DM candidates escape the detector: 
¥ No peaks. Large MET distribution 

¥ Challenging SM backgrounds

DM at colliders

gluon/
photon

- mono-Jet 

- strongest constraints 

- mono-Photon 

- less powerful: EW vs strong 

- mono-W/Z 

- clean signature, smaller BR 
(leptonic) 

- large background, large 
statistics (hadronic) 

- tt+MET/bb+MET, mono-t 

- challenging tagging 

- mono-H

Daniele del Re (Sapienza) ICHEP 2018

jet/!/W/Z/H + MET 



Dark matter (I):
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• General analysis strategy: 
• Use MET shape to extract signal (MET depends on online jet resolution ) 

• Similar shape for signal and background 

• Background modeling very important:  
• Z->vv + jet most challenging 

• Use of CRs and data-driven methods 



Dark matter (II):
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• Strong constraints: by fixing couplings limits on mediators cross 
section translated into  DM production cross section limits 



Conclusions
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¥ ATLAS,CMS,LHCb have rich program of exotic searches 

¥ Many searches are as model independent as possible 

¥ No sign of new physics yet 

¥ Have not analyzed all data and still plenty of room for 
new physics to be found at the LHC 

¥ Many searches (in particular intermediate masses and 
long lived) largely improve with larger luminosities 

¥ NP discovery still may happen! 

¥ Pushing limits to unexplored regions 

¥ New analysis techniques allow searches which were 
unthinkable before



Backup
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Dijets: gqÕ
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Dijets: gqÕ



Dark matter:
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Tracks: excellent angular 
resolution but lack E 

resolution

Calorimeter ( H,HM): 
limited angular resolution

Track-CaloClusters: Leads to improvements in jet mass 
resolution. Also seen in sensitivity

Combine and match
*Similar to Particle 

Flow (CMS)

Boosted reconstruction (II):
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Massive dark photon:
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Massive dark photon:


