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Hierarchy problem 

Dark Matter Evidence 

Experimental Excesses 

New physics could take the form of: 
Dark Matter mediators – couple to SM 

Heavy Gauge Bosons – W’ and Z’ 
Grand Unification Theory – Z’ 

Extra dimensions - Quantum Black Holes  
Quark substructure – excited quarks 
Contact Interactions above Λ~7 TeV 

None of the above! 



Run II Potential
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Huge potential for discovering new physics at large masses 

Run 2 searches are more  
sensitive above 1 TeV 

Large motivation for 
high-pT searches of  
fermion final states 



Search Strategies

�  QCD jet background modeled through data-driven techniques
�  Functional forms of dominant background in 0-lepton dijet and multijet 

searches
�  Fake leptons from jets or photons

�  Lepton searches composed of several backgrounds involving real 
leptons modeled with Monte Carlo
�  Estimated individually, normalized to control regions in data
�  Extrapolated to high mass, low statistics regions
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Search for localized excesses  
in mass distributions 

Search for non-resonant 
deviations from SM predictions 

New 
Resonance 

Contact 
Interactions 
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Relevant Selections 
pT

lead > 440 GeV 

mjj > 1.1 TeV 
|y1-y2| < 1.2 

Extensive 13 TeV data-MC comparisons 

high pT 

central 
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Data-driven background estimation 

Search for central dijet excesses 
among falling QCD background 
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Relevant Selections 
pT

lead > 440 GeV 

mjj > 1.1 TeV 
|y1-y2| < 1.2 

Extensive 13 TeV data-MC comparisons 

high pT 

central 
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0.43σ global significance 
1.53 → 1.61 TeV 

Data-driven background estimation 

Search for central dijet excesses 
among falling QCD background 
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4.1→5.2 TeV 2.5→2.6 TeV 

2.6 TeV 
5.7→8.3 TeV 

Stringent limits on several models 
Model independent limits 

PLB 754 (2016) 302-322  
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SSM W’ Excited q 

DM Z’ 

QBH 

Relevant Selections 
pT

lead > 440 GeV 

mjj > 1.1 TeV 
|y1-y2| < 1.2 

high pT 

central 



B-tagged Dijet  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ATLAS di-b-jet resonance search
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Relevant Selections 
pT

lead > 440 GeV 

mjj > 1.1 TeV 
|y1-y2| < 1.2 

85% WP b-tagging 

Rejection of dominant  
light flavor QCD background  

1-tag region = b* 
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1-tag region = b* 2-tag region = SSM/Leptophobic Z’  

2.1 TeV 1.5 TeV 

First b-tagged dijet limits from ATLAS! 

Submitted to PLB 
arXiv:1603.08791 J. Dandoy                                                         LHCSki 2016 

Relevant Selections 
pT

lead > 440 GeV 

mjj > 1.1 TeV 
|y1-y2| < 1.2 

85% WP b-tagging 

high pT 

central 



Dijet Angular
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Relevant Selections 

pT
lead > 440 GeV 

mjj > 2.5 TeV 

|y1-y2| < 3.4 

|y1+y2| < 2.2 

Search for deviations from QCD  
in angular distribution of jets 

high pT 

central 
boost 
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Figure 4.4: Pseudorapidity range of a generic detector, before (grey square) and after
(blue rectangle) applying selection cuts (4.22). The lines parallel to the diagonal are lines
of constant |η1 − η2|.

dσ
/d
χ

χ

QCD-like
New Physics

Figure 4.5: Dijet angular distributions from QCD and new physics are expected to behave
differently at low values of χ; the QCD curve tends to be flat, while new physics curves are
more peaked at low χ because they usually contain more isotropic processes. The exact
behavior of the QCD parton cross section is shown in Fig. 4.3.

41

χ = e|y1−y2|
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|y1+y2| < 2.2 

Search for deviations from QCD  
in angular distribution of jets 

high pT 

central 
boost 
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χ = e|y1−y2|

NLO+EW corrected  
QCD background 

binned in mjj 
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Relevant Selections 

pT
lead > 440 GeV 

mjj > 2.5 TeV 

|y1-y2| < 3.4 

|y1+y2| < 2.2 

Search for deviations from QCD  
in angular distribution of jets 

binned in mjj 

high pT 

central 
boost 
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Search HT = ΣpT
Jets  

validation 

search 
data-driven 

Relevant Selections 
pT

lead > 200 GeV 

HT > 1 TeV 
Njets ≥ 3→8 

high pT 

many jets 
Black hole produced > MD will decay into  
many particles following SM d.o.f. 

 → Look for many jets! 
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Search HT = ΣpT
Jets  

validation 

search 
data-driven 

Relevant Selections 
pT

lead > 200 GeV 

HT > 1 TeV 
Njets ≥ 3→8 

high pT 

many jets 

Bootstrap Procedure 

Black hole produced > MD will decay into  
many particles following SM d.o.f. 

 → Look for many jets! 
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validation 

search 
data-driven 

Search HT = ΣpT
Jets  

Relevant Selections 
pT

lead > 200 GeV 

HT > 1 TeV 
Njets ≥ 3→8 

high pT 

many jets 

Bootstrap Procedure 

Black hole produced > MD will decay into  
many particles following SM d.o.f. 

 → Look for many jets! 
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Relevant Selections 
pT

lead > 200 GeV 

HT > 1 TeV 
Njets ≥ 3→8 

Search HT = ΣpT
Jets  

CR 

VR 

SR 

6.5 pb-1 

74 pb-1 

440 pb-1 

New limit → CR 

high pT 

many jets 
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data-driven validation 

search Bootstrap Procedure 

Black hole produced > MD will decay into  
many particles following SM d.o.f. 

 → Look for many jets! 
  f (x) = p0(1− x)

p1 (1+ x)p2x



 

•  Bootstrap stages 

•  Production 

•  True Planck scale MD 

•  N dimensions 

Multijet
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JHEP 03 (2016) 026  

6.0→9.7 TeV 
(n=6, MD=2 TeV) 
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y 

(not shown) 

Black hole limits  
set at various: 

threshold MTh 
x 

Relevant Selections 
pT

lead > 200 GeV 

HT > 1 TeV 
Njets ≥ 3→8 

high pT 

many jets 
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Black holes decay democratically  
Leptoquark pair production 
→ look for leptons and jets   
 

TeV-scale Leptoquark 
3 jet/e/µ 

pT > 100 GeV 
eejj / uujj 

mll > 130 GeV 

 Σ60 pT  > 2 TeV ΣpT > 600 GeV 

TeV-scale Electron Channel 

Lepton + Jets

Search Σ60 pT  

Leptoquark Muon Channel 

Search mLQ
min 

MC estimation of individual backgrounds, normalized to lower pT control regions 

Signal Region 

lep+jets 



 [GeV]LQ1m
600 800 1000 1200 1400

 [f
b]

2 β × 
LQ

1
σ

1

10

210

310  PreliminaryATLAS
-113 TeV, 3.2 fb

 eq→LQ1LQ1 production, LQ1

All limits at 95% CL

=1)β (theoryσ ± 2β × LQ1σ
observed limit
expected limit

σ 1±expected 
σ 2±expected 

Lepton + Jets
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ATLAS-CONF-2016-006 
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Black hole limits set at various  
MTh , MD , and N dimensions 

5.8→8.7 TeV 
(n=6, MD=2 TeV) 

Leptoquark limits set for first 
and second generation decays 

1.05→1.1 TeV 
(1st generation) 

TeV-scale Leptoquark 
3 jet/e/µ 

pT > 100 GeV 
eejj / uujj 

mll > 130 GeV 

 Σ60 pT  > 2 TeV ΣpT > 600 GeV Signal Region 

lep+jets 



•  SSM W’ / Z’ may have similar couplings and decay modes as the SM partners 
•  Search invariant mass (Z’) or transverse mass (W’) distributions 
•  Drell-Yan (W & Z/y*) dominant background 

W’ and Z’  
Searches
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Lepton Number  
Violation
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SSM Z’ and QBH models can allow  
for lepton-number violating decays 

Highly suppressed backgrounds 
 
Top (diboson) MC extrapolated to low statistics 
region beyond meµ > 600 (400) GeV 
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Relevant Selections 
e and µ of pT > 65 GeV  

ΔΦ(e,µ) > 2.7 

opposite flavour 

back-to-back 

eµ final states 

Search for excesses above 600 GeV 

eµ invariant mass distribution 
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Relevant Selections 
e and µ of pT > 65 GeV  

ΔΦ(e,µ) > 2.7 

opposite flavour 

back-to-back 

eµ final states 

Search for excesses above 600 GeV 

eµ invariant mass distribution 

1.7σ local excess at 2.1 TeV 

Highly suppressed backgrounds 
 
Top (diboson) MC extrapolated to low statistics 
region beyond meµ > 600 (400) GeV 
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2.44 TeV 
QBH (n=1) 

Improvement to limits in eµ channel:  

Lepton Number  
Violation

Relevant Selections 
e and µ of pT > 65 GeV  

ΔΦ(e,µ) > 2.7 

opposite flavour 

back-to-back 



Conclusion
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�  Several analyses using high pT jets and leptons have set stringent 
limits on theoretical models and generic Gaussian resonances 
�  Significant improvement over Run I due to parton luminosity scaling 

�  2016 will bring ~10x more 
data, significantly 
increasing our mass reach 

�  Innovative analyses probing 
masses < 1 TeV through 
ISR, b-jet triggers, and 
trigger level analyses 

�  Interesting physics ahead! 
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Model ℓ, γ Jets† Emiss
T
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L dt[fb−1] Limit Reference
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O
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e
r

ADD GKK + g/q − ≥ 1 j Yes 3.2 n = 2 Preliminary6.86 TeVMD

ADD non-resonant ℓℓ 2 e, µ − − 20.3 n = 3 HLZ 1407.24104.7 TeVMS

ADD QBH→ ℓq 1 e, µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 3.6 n = 6 1512.015308.3 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH ATLAS-CONF-2016-0068.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → ℓℓ 2 e, µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass

RS1 GKK → γγ 2 γ − − 20.3 k/MPl = 0.1 1504.055112.66 TeVGKK mass

Bulk RS GKK →WW → qqℓν 1 e, µ 1 J Yes 3.2 k/MPl = 1.0 ATLAS-CONF-2015-0751.06 TeVGKK mass

Bulk RS GKK → HH → bbbb − 4 b − 3.2 k/MPl = 1.0 ATLAS-CONF-2016-017475-785 GeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 20.3 BR = 0.925 1505.070182.2 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 4 j Yes 3.2 Tier (1,1), BR(A(1,1) → tt) = 1 ATLAS-CONF-2016-0131.46 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 3.2 ATLAS-CONF-2015-0703.4 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 19.5 1502.071772.02 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 3.2 Preliminary1.5 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 3.2 ATLAS-CONF-2015-0634.07 TeVW′ mass

HVT W ′ →WZ → qqνν model A 0 e, µ 1 J Yes 3.2 gV = 1 ATLAS-CONF-2015-0681.6 TeVW′ mass

HVT W ′ →WZ → qqqq model A − 2 J − 3.2 gV = 1 ATLAS-CONF-2015-0731.38-1.6 TeVW′ mass

HVT W ′ →WH → ℓνbb model B 1 e, µ 1-2 b, 1-0 j Yes 3.2 gV = 3 ATLAS-CONF-2015-0741.62 TeVW′ mass

HVT Z ′ → ZH → ννbb model B 0 e, µ 1-2 b, 1-0 j Yes 3.2 gV = 3 ATLAS-CONF-2015-0741.76 TeVZ′ mass
LRSM W ′

R
→ tb 1 e, µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass

LRSM W ′
R
→ tb 0 e, µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 3.6 ηLL = −1 1512.0153017.5 TeVΛ
CI qqℓℓ 2 e, µ − − 3.2 ηLL = −1 ATLAS-CONF-2015-07023.1 TeVΛ

CI uutt 2 e, µ (SS) ≥ 1 b, 1-4 j Yes 20.3 |CLL | = 1 1504.046054.3 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ ≥ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 140 GeV Preliminary1.0 TeVmA

Axial-vector mediator (Dirac DM) 0 e, µ, 1 γ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 10 GeV Preliminary650 GeVmA

ZZχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV ATLAS-CONF-2015-080550 GeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 Preliminary1.07 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 Preliminary1.03 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 T in (T,B) doublet 1505.04306855 GeVT mass

VLQ YY →Wb + X 1 e, µ ≥ 1 b, ≥ 3 j Yes 20.3 Y in (B,Y) doublet 1505.04306770 GeVY mass

VLQ BB → Hb + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 isospin singlet 1505.04306735 GeVB mass

VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet 1409.5500755 GeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

T5/3 →Wt 1 e, µ ≥ 1 b, ≥ 5 j Yes 20.3 1503.05425840 GeVT5/3 mass

Excited quark q∗ → qγ 1 γ 1 j − 3.2 only u∗ and d∗, Λ = m(q∗) 1512.059104.4 TeVq∗ mass

Excited quark q∗ → qg − 2 j − 3.6 only u∗ and d∗, Λ = m(q∗) 1512.015305.2 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 3.2 Preliminary2.1 TeVb∗ mass

Excited quark b∗ →Wt 1 or 2 e, µ 1 b, 2-0 j Yes 20.3 fg = fL = fR = 1 1510.026641.5 TeVb∗ mass

Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass

Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 1407.8150960 GeVaT mass

LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass

Higgs triplet H±± → ℓℓ 2 e, µ (SS) − − 20.3 DY production, BR(H±±L → ℓℓ)=1 1412.0237551 GeVH±± mass

Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, BR(H±±
L
→ ℓτ)=1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass

Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass

Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 1509.080591.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: March 2016

ATLAS Preliminary∫
L dt = (3.2 - 20.3) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.

†Small-radius (large-radius) jets are denoted by the letter j (J).

Run II limits beat Run I in many channels 



Backup

4/12/16 31 J. Dandoy                                                         LHCSki 2016 



Control Regions: TeV-Scale
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Cut

Control Regions

Z+jets W+jets tt̄
P

pT 750–1500 GeV
Number of Objects The event must contain at least 3 objects (leptons or jets)

with pT > 60 GeV.
Leading lepton The event must contain a leading electron or muon

of good quality, isolated and with pT > 60 GeV.
mll 80 – 100 GeV n/a
Emiss

T n/a > 60 GeV n/a

Number of leptons
exactly 2, opposite sign

exactly 1
same flavour

Number of b-tagged jets n/a exactly 0 > 1
Number of jets n/a > 3



Control Regions: TeV-Scale
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Single top and diboson normalization  

is taken from MC 
Multijet background is data-driven 
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Control Regions: Leptoquark
�  Drell-Yan + jets:

�  Exactly 2 same-flavor leptons with 70 < mll < 110 GeV

�  ttbar:
�  Exactly 1 muon and 1 electron

�  Single top, diboson, and Z→ττ + jets taken from MC
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Dijet Angular NLO MC Prediction
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Background estimate using LO Pythia8

Derived NLOJet++ and Electroweak 
corrections

Systematic Uncertainties 
Low mass: Renormalization and 

factorization scales 
High mass: Jet Energy Scale 

PRL 114, 221802 (2015)  
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NLO pT Comparisons
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Large pT shape PDF uncertainties, but roughly similar across η regions  

JHEP 02 (2015) 153  


