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2010-2012: Successful Run1

Glorious SM
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BSM Searches at the LHC

Resonance          Shape                  Rate

In this report, we focus on 

ATLAS and CMS resonance 

searches for

(1) Leptoquarks (or SUSY)

Leptons+Jets

(2) Excited quark

Jet+photon

(3) Excited lepton

Lepton+photon
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Leptoquarks

• GUT,  Composite or Techicolor models

• With both baryon number (B) and lepton number (L).

• Fractional charge, scalar or vector:   Scalar in BRW as a benchmark

• FCNC limit disfavor LQ couples to different generation leptons and quarks

• Mass,  Decay Branch Ratio 𝛽,   Yukawa coupling λ𝐿𝑄→𝑙𝑞

LQs decays:    

𝐵𝑅 𝐿𝑄 → 𝑙 + 𝑞 = 𝛽; 𝐵𝑅 𝐿𝑄 → 𝑣 + 𝑞 = 1 − 𝛽

Γ =
λ2

16π2
× 𝑀𝐿𝑄

Pair        or      Single      production of LQs

gg fusion and 

qqbar annihilation;

Only depend on 

𝑴𝑳𝑸

depend on both
𝑴𝑳𝑸 and 𝝀𝑳𝑸→𝒍𝒒

See also poster from Andrey KAMENSHCHIKOV
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LQ1 in PDG 

𝜷=1 𝜷=0.5

http://pdg.lbl.gov/2014/reviews/rpp2014-rev-leptoquark-quantum-numbers.pdf

ATLAS 7TeV;   CMS 7TeV
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ATLAS  1st /2nd generation LQs    8TeV   arXiv:1508.04735

eejj pre-selections

Trigger:  two ECAL clusters

2 and only 2 electrons: η < 2.47
𝑝𝑇1 > 40𝐺𝑒𝑉, 𝑝𝑇2 > 30𝐺𝑒𝑉

2 jets   η < 2.8, 𝑝𝑇 > 30𝐺𝑒𝑉

μμjj pre-selections

Trigger: SingleMuon (𝑝𝑇 > 36𝐺𝑒𝑉 )

2 and only 2 muons: η < 2.4
𝑝𝑇 > 40𝐺𝑒𝑉 and opposite charge

2 jets   η < 2.8, 𝑝𝑇 > 30𝐺𝑒𝑉

Further optimize 𝒎𝒍𝒍, 𝑺𝑻 and 𝒎𝑳𝑸
𝒎𝒊𝒏

(the choice of combination makes 𝒎𝑳𝑸
𝒎𝒊𝒏 and𝒎𝑳𝑸

𝒎𝒂𝒙 𝒅𝒊𝒇𝒇𝒆𝒓 𝒔𝒎𝒂𝒍𝒍𝒆𝒓)
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ATLAS  1st /2nd generation LQs    8TeV   arXiv:1508.04735

After preselection

Z+jets   from control region with    𝟔𝟎 < 𝒎𝒆𝒆<120 or 𝟕𝟎 < 𝒎μμ<110 

ttbar from  eμjj control region

SF obtained from combined fit with HISTFITTER

Fake lepton also from data-driven  as in Z’ search (PRD90, 052005 (2014))
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ATLAS  1st generation LQs    8TeV   arXiv:1508.04735

LQ1 with masses less than 

1050 GeV are excluded for  β= 1
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ATLAS  2nd generation LQs    8TeV   arXiv:1508.04735

LQ2 with masses less than 

1000 GeV are excluded for  β= 1
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ATLAS    3rd generation LQs  8TeV   arXiv:1508.04735

Reinterpreted from two analysis SUSY for 𝑳𝑸𝟑𝑳𝑸𝟑 → 𝒕𝒗𝒕𝒗, 𝒂𝒏𝒅 𝒃𝒗𝒃𝒗

𝑹𝒆𝒎𝒊𝒏𝒅𝒔: 𝑷𝒓𝒆𝒗𝒊𝒐𝒖𝒔𝒍𝒚 𝒂𝒕 𝟕𝑻𝒆𝑽,

𝒑𝒂𝒊𝒓 𝒑𝒓𝒐𝒅𝒖𝒄𝒕𝒊𝒐𝒏𝒔 𝒘𝒊𝒕𝒉 𝑳𝑸𝟑 → 𝝉𝒃 ⇒ 𝑳𝑸𝟑 < 𝟓𝟑𝟒𝑮𝒆𝑽, 𝒇𝒐𝒓 𝜷 = 𝟏
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CMS  1st generation LQs    8TeV   CMS PAS-EXO-12-041

eejj selections

ele+dijet HLT 

2 and only 2 electrons:

𝑝𝑇 > 45𝐺𝑒𝑉, η < 2.5
2 jets   η < 2.4:

𝑝𝑇1 > 125𝐺𝑒𝑉, 𝑝𝑇2 > 45𝐺𝑒𝑉
𝒎𝒆𝒆 > 𝟒𝟎𝑮𝒆𝑽, 𝑺𝑻 > 𝟑𝟎𝟎𝑮𝒆𝑽
Veto tight muon with 𝑝𝑇 > 10𝐺𝑒𝑉

Further optimize 𝒎𝒆𝒆, 𝑺𝑻 and 𝒎𝒆𝒋
𝒎𝒊𝒏

evjj selections

ele+dijet HLT 

1 and only 1 electron:

𝑝𝑇 > 45𝐺𝑒𝑉, η < 2.1
2 jets    η < 2.4:

𝑝𝑇1 > 125𝐺𝑒𝑉, 𝑝𝑇2 > 45𝐺𝑒𝑉

𝑬𝑻
𝒎𝒊𝒔𝒔 > 𝟓𝟓𝑮𝒆𝑽, 𝑺𝑻> 𝟑𝟎𝟎𝑮𝒆𝑽

∆φ 𝐸𝑇
𝑚𝑖𝑠𝑠, 𝑒 > 0.8, ∆φ 𝐸𝑇

𝑚𝑖𝑠𝑠, 𝑗1 > 0.5

min∆𝑅 𝑒, 𝑗𝑒𝑡𝑠 > 0.7
Veto tight muon with 𝑝𝑇 > 10𝐺𝑒𝑉

Further optimize 𝑬𝑻
𝒎𝒊𝒔𝒔, 𝑺𝑻, 𝒎𝒆𝒋,

𝒂𝒏𝒅𝒎𝑻,𝒆𝒗
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CMS  1st generation LQs    8TeV   CMS PAS-EXO-12-041

eejj
Z+jets from control region with    𝟕𝟎 < 𝒎𝒆𝒆<110

ttbar from  eμjj control region, with single muon trigger 

QCD multijet from loose el sample with single photon trigger

evjj
W+jets and  ttbar evaluated from 

(1) ttbar-enriched region:   𝟕𝟎 < 𝒎𝑻,𝒆𝒗<110,   ≥ 𝟒𝒋𝒆𝒕𝒔

(2) W+jets region:  same as (1) but < 𝟒𝒋𝒆𝒕𝒔
QCD multijet: similar as eejj

eejj evjj

preselections
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CMS  1st generation LQs    8TeV   CMS PAS-EXO-12-041

eejj evjj

LQ1 with masses less than 

1005 (845) GeV

are excluded for   β = 1(0.5) 
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CMS  1st generation LQs    8TeV   CMS PAS-EXO-12-041

evjjeejj

𝑴𝑳𝑸 = 𝟔𝟓𝟎𝑮𝒆𝑽

optimized selections

Expected: 

𝟕. 𝟓𝟒 ± 𝟏. 𝟐𝟎 𝒔𝒕𝒂𝒕 ± 𝟏. 𝟎𝟕 𝐬𝐲𝐬𝐭
Observed:   18

2.6σ

Expected: 

𝟐𝟎. 𝟒𝟗 ± 𝟐. 𝟏𝟒 𝒔𝒕𝒂𝒕 ± 𝟐. 𝟒𝟓 𝐬𝐲𝐬𝐭
Observed:   36

2.4σ

Broad excess, no peak structure

More bkg like

𝑀𝐿𝑄
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CMS  2nd generation LQs    8TeV   CMS PAS-EXO-12-042

𝝁𝝁𝒋𝒋 𝒂𝒏𝒅 𝝁𝒗𝒋𝒋 channles,   details similar as for LQ1

𝑴𝑳𝑸 = 𝟓𝟎𝟎𝑮𝒆𝑽

optimized selections

LQ2 with masses

less than 

1070 (785) GeV

are excluded 

for   β = 1(0.5) 
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CMS   Single produced LQ1/2    8TeV   CMS PAS-EXO-12-043

Focusing on β = 1

𝐞𝐞𝒋 𝒇𝒐𝒓 𝑳𝑸𝟏
𝝁𝝁𝒋 𝒇𝒐𝒓 𝑳𝑸𝟐

selections

2 leptons: 𝑝𝑇 > 45𝐺𝑒𝑉, η < 2.1
1 jet   η < 2.4, 𝑝𝑇 > 125𝐺𝑒𝑉
∆𝑅 𝑙, 𝑗𝑒𝑡 > 0.3

Further optimize 𝑴𝒍𝒋 𝐚𝐧𝐝 𝑺𝑻 for each mass 

Two generator cuts:
𝒎𝒍𝒍 > 𝟏𝟏𝟎𝑮𝒆𝑽 to  remove  Z  interference
𝑴𝒆𝒋 > 𝟎. 𝟔𝟓𝑴𝑳𝑸 or   𝑴𝝁𝒋 > 𝟎. 𝟕𝟓𝑴𝑳𝑸 to 

remove low mass tail from t-channel 

diagrams

Fiducial xsec for 

different λ𝐿𝑄→𝑙𝑞
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CMS   Single produced LQ1/2    8TeV   CMS PAS-EXO-12-043

March 2015 
Z/𝜸∗+jets,  ttbar, QCD multijet from Data-Driven

𝑴𝑳𝑸 = 𝟓𝟎𝟎𝑮𝒆𝑽

optimized selections

Stronger than limit 

from pair production

LQ2LQ1
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CMS      3rd generation LQs  PLB 739 (2014) 229 

𝑳𝑸𝟑 → 𝒕 + 𝒗
𝒍𝒊𝒎𝒊𝒕 𝒐𝒃𝒕𝒂𝒊𝒏𝒆𝒅 𝒇𝒓𝒐𝒎 𝑺𝑼𝑺𝒀
𝒔𝒕𝒐𝒑 𝒑𝒂𝒊𝒓 𝒔𝒆𝒂𝒓𝒄𝒉
Eur. Phys. J. C 73 (2013) 2677

𝒑𝒂𝒊𝒓 𝒑𝒓𝒐𝒅𝒖𝒄𝒕𝒊𝒐𝒏𝒔 𝒘𝒊𝒕𝒉 𝑳𝑸𝟑 → 𝝉𝒃

𝑨𝒍𝒔𝒐 𝒓𝒆𝒊𝒏𝒕𝒆𝒓𝒑𝒓𝒆𝒕𝒆𝒅
𝒇𝒐𝒓 𝑹𝑷𝑽 𝑺𝑼𝑺𝒀
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CMS      3rd generation LQs  JHEP 07 (2015) 042

1 lep + 1 𝝉𝒉 +≥ 𝟐𝒋𝒆𝒕𝒔

𝑳𝑸𝟑 → 𝒃𝒗
𝒍𝒊𝒎𝒊𝒕 𝒐𝒃𝒕𝒂𝒊𝒏𝒆𝒅 𝒇𝒓𝒐𝒎 𝑺𝑼𝑺𝒀
𝒔𝒃𝒐𝒕𝒕𝒐𝒎 𝒑𝒂𝒊𝒓 𝒔𝒆𝒂𝒓𝒄𝒉

with  𝒃 → 𝒃 𝒙𝟎
JHEP 06 (2015) 116
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Excited quark

• Assuming 𝑓 = 𝑓𝑠 = 𝑓′
• Focusing on Λ = 𝑀𝑞∗

• Variation of f and 𝑀𝑞∗/Λ has same effect in xsec

• Γ~0.04𝑓2𝑀𝑞∗

Composite objects

𝒍∗ → 𝒍 + 𝜸 𝒄𝒍𝒐𝒔𝒆𝒅 𝒇𝒐𝒓 𝒇 = −𝒇′

Dijet resonance 

set limit on 

excited quark: 

M<3.5-4TeV

GM preferred over

CI for large 𝜦

Excited lepton
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ATLAS      Excited quark:  q+γ Phys. Lett. B 728 (2013) 562

Tested with Pythia and Sherpa  𝛾 +
𝑗𝑒𝑡𝑠 and JETPHOX NLO predictions;   

and also validated in 2 control samples 

by reverting Photon ID variables

Bayes’ theorem is used to 

set limits on Gaussian 

shaped signals

Limits on excited quarks 

and also QBHs

(p-value) is 74%
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CMS        Excited quark:  q+γ Phys. Lett. B 738 (2014) 274

Focus on Λ = 𝑀𝑞∗ And  𝑓𝑠 = 𝑓 = 𝑓′

Bkg modelling:  

Numerator->  Parton distributions

Denominator-> QCD ME

𝝌𝟐 = 𝟐𝟎. 𝟓𝟕/𝟑𝟒
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ATLAS      Excited lepton:  l+γ NJP15 (2013)093011

Z-veto 

and

optimized

𝒎𝒍𝒍𝜸 Cut

𝑴𝒍∗= 𝜦
Exited lepton: <2.2TeV
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ATLAS      Excited lepton    arXiv:1411.2921

Extensive studies for single 
or pair productions of   
Exited leptons in  ≥
𝟑𝒍𝒆𝒑𝒕𝒐𝒏𝒔 𝒇𝒊𝒏𝒂𝒍 𝒔𝒕𝒂𝒕𝒆𝒔

extend sensitivity to both 

high 𝑴𝒍∗ and 𝜦 (for nu*).

𝒇𝒐𝒓 𝑴𝒍∗ = 𝜦
Excited ele/mu: <3.0TeV

Excited tau:  <2.5TeV

Excited neutrino: <1.6TeV
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Excited lepton:  l+γ

L-shape 

CMS PAS EXO-14-015

Phys. Lett. B 720 (2013) 309

Pruned Mass, tau21

For f=f’=1 and 𝑴𝒍∗ = 𝜦
Exited electron: <2.45TeV

Exited Muon: <2.48TeV
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ATLAS  overview

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/ATLAS_Exotics_Su

mmary/ATLAS_Exotics_Summary.png
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CMS overview

https://twiki.cern.ch/twiki/pub/CMSPublic/PhysicsResultsCombined/exo-limits_Moriond2015.pdf
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Run2 and future

Run2 Start on June/03, 2015, with 

stable beams at energy 6.5TeV



29

Collider Reach http://collider-reach.web.cern.ch

Run2 1fb-1,     already surpass Run1 at ~3TeV

10fb-1    start overtake Run1

100fb-1  3TeV→5-6TeV
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Summary

• Extensive studies from Run1 ATLAS and CMS

• Most stringent limits on Leptoquarks, Exited Fermions, 

at TeV scale

• Run2 will definitely tell us more

Thank you!
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TeV Scale New Physics: hints and candidates

• Fine Tuning

• Dark matter

• Gauge Unification

• Flavor structure

• Baryon Asymmetry

• SUSY

• Extra Dimensions

• Extra Gauge Symmetry:  W’,  Z’

• Exotic heavy Quarks, Leptons, Leptoquarks …

• Compositeness:   contact interaction …
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Di-jet resonance Phys. Rev. D 91, 052009 (2015)

gg, qq, gq resonance:  narrow or wide

Also for final states including b

Leading 2 jets as seeds  ->   2 wide jets  (DR<1.1)

SSM W’, Z’ < 2TeV

RS G <1.6TeV

Excited b* <1.2-1.6TeV
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W. Buchmuller, R. Ruckl, D. Wyler, Phys. Lett. B 191 (1987) 442;
W. Buchmuller, R. Ruckl, D. Wyler, Phys. Lett. B 448 (1999) 320 
(Erratum).
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ATLAS    3rd generation LQs  8TeV   arXiv:1508.04735
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ATLAS      Excited lepton:  l+γ NJP15 (2013)093011
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ATLAS      Excited lepton    arXiv:1411.2921


