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Both experiments have nearly 20/fb at √s = 13 TeV!
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Motivation: Jet based final states
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• 2     2 scattering processes are described well by QCD in the Standard Model 
(SM). Departure from SM implies New Physics (NP).  

• Useful variables: Dijet invariant mass (mjj), dijet angular distribution, typically 
expressed as: 

where y1 and y2 are rapidities of the outgoing partons/jets. 

• The mjj reach is higher at √s = 13 TeV with respect to √s = 8 TeV
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Low-mass dijet analysis: ATLAS
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ISR photon

Coupling values above the solid 
curve are excluded 

X + jet search: excludes at 95% CL 
lepto-phobic axial-vector Z′ bosons 
for g_q above 0.16 at mass mZ′ = 350 
GeV and g_q above 0.18 at mZ′ = 550 
GeV 

X+gamma: Z′ bosons for g_q above 
0.15 at mass mZ′ = 250 GeV are 
excluded

Analysis sensitive to ISR jets too

 Coupling values above the solid curve are excluded

✨
✨

Hot off the press!✨
✨
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Low-mass dijet analysis: CMS
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Hot off the press!✨
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 (TLA)-1 3.2 fb⊕ATLAS 13 
 (Scouting)-1 18.8 fb⊕CMS 8 

• Uses boosted topology: soft drop criterion 

• Background determined from side-band regions in data 

• First results in the region below 140 GeV  

• Most sensitive in the mass regime less than 300 GeV
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 Trigger Level Searches with Dijets
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ATLAS: Searched for dijet resonances 
between 0.4 (0.45) and 1.1 TeV at ATLAS 
using y*<0.3 (0.6) 

CMS: Used to search for dijet 
resonances between 0.6 TeV and 1.6 TeV 
at CMS 

Refer to Dustin Anderson’s talk on data 
scouting (http://indico.cern.ch/event/432527/
contributions/1071749/)

No evidence for a 750 GeV dijet resonance. Both experiments set limits

Resonance Mass [GeV]
600 800 1000 1200 1400 1600

 B
 A

 [p
b]

σ 

3−10

2−10

1−10

1

10

210

310

410

510 CMS Preliminary  (13 TeV)-112.9 fb

95% CL limits
gluon-gluon
quark-gluon
quark-quark
Gaussian, 10% width

Excited quark
Axiguon/coloron
Scalar diquark
RS graviton
W'
Z'

Ev
en
ts

510

610

710

|y*| < 0.6
Fit Range: 443 - 1236 GeV
p-value = 0.44

[GeV]jjm
500 600 700 800 900 1000Si

gn
ifi
ca
nc
e

−2
0
2

-1s=13 TeV, 3.4 fb
Data
Background fit
BumpHunter interval

ATLAS Preliminary

Ev
en
ts

510

610

710

|y*| < 0.3
Fit Range: 394 - 1236 GeV
p-value = 0.19

[GeV]jjm
400 500 600 700 800 9001000Si

gn
ifi
ca
nc
e

−2
0
2

ATLAS Preliminary
-1s=13 TeV, 3.4 fb

Data
Background fit
BumpHunter interval

Use bump-hunter 
algorithm to identify 
discrepancy

Used the novel technique of data scouting 

✨ ✨ Hot off the press!✨ ✨
y*=y1-y2

• To sustain a high rate in the data 
scouting stream, 4 momenta of the 
calorimetric jets is stored 

• Rate at HLT is 1 kHz 

• Scouting data are stored 
immediately after the HLT selection



High-mass dijet analysis: ATLAS
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The 95% credibility-
level upper limits 
obtained from the mjj 
distribution on the σ X 
A X (Branching Ratio of 
two jets). 

✨
✨

Hot off the press!✨
✨

 [TeV]jjReconstructed m
2 3 4 5 6 7 8

Ev
en

ts

1

10

210

310

410

510

610

|y*| < 0.6
Fit Range: 1.1 - 7.1 TeV

-value = 0.67p
 3× σ*,  q

 [TeV]jjm
2 3 4 5 6 7 8

Si
gn

ifi
ca

nc
e 

2−
0
2

ATLAS Preliminary
-1=13 TeV, 15.7 fbs

Data
Background fit
BumpHunter interval

 = 4.0 TeV*q*, mq
 = 5.0 TeV*q*, mq

 [TeV]Z’m
1.5 2 2.5 3 3.5

qg

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

-1 = 13 TeV; 15.7 fbs
 PreliminaryATLAS

obs. limit
exp. limit

 [TeV]W*M
2 2.5 3 3.5 4

 B
R

 [p
b]

× A × 
σ

2−10

1−10

1
ATLAS Preliminary

)=0)xφW*(sin(
Observed 95% CL upper limit
Expected 95% CL upper limit
68% and 95% bands

-1=13 TeV, 15.7 fbs
|y*| < 1.2

 [TeV]W'M
2 4 6

 B
R

 [p
b]

× A × 
σ

4−10

3−10

2−10

1−10

1
ATLAS Preliminary

W'
Observed 95% CL upper limit
Expected 95% CL upper limit
68% and 95% bands

-1=13 TeV, 15.7 fbs
|y*| < 0.6

Dijet mass spectrum is fit with a parameterization



High-mass dijet analysis: CMS
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Hot off the press!✨
✨

• Dijet mass spectrum is fit with a parameterization 
• Limits are set on generic quark-quark, quark-gluon and 

gluon-gluon resonances.  

• Mass limits extended on eight models
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Search for excited quarks
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✨

Hot off the press!✨
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• An excited quark state with 
mass 1.0 < Mq < 4.37 TeV is 
excluded at 95% CL . The 
exclusion varies between 
4.37 and 1.36 TeV based on 
the coupling.  

• CMS Run II significantly 
extends the Run I limit 



Search for new physics in a four jet final state
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• Limits sets on the stop quark, decaying to 2 
jets through an RPV coupling 

• Mass limits:  250 to 405 GeV and from 445 
to 510 GeV are excluded at 95% CL 

• Coloron pair production also explored 

• Excluded for masses between 250 and 1500 
at 95% CL
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• In (3+1) dimensional universe the Planck Scale is much higher with respect to 
the electro-weak scale. 

• n-flat extra dimensions are introduced in the ADD model to mitigate this 
hierarchy problem. 

• The multi-dimensional Planck Scale is raised according to the following 
equation:

Search for microscopic black holes in a  
multijet final state

ICHEP 2016, Chicago August 5th, 2016

Apparent Planck Scale (1016) True Planck Scale O(TeV)

• In models like Randall Sundrum (RS1), this new extra dimension is warped and 
the true Planck Scale is defined as a function of the warp factor (k) and radius (R): 

•  Theories that address the Hierarchy Problem include various models 
proposing extra dimensions 

•  ADD model 
•  n large extra dimensions compactified on sphere or torus with radius R 
•  Apparent 4-dimensional Planck scale MPl is related to fundamental 

Planck scale MD by: 

•  RS model 
•  One warped extra dimension with warp factor k and radius R  

•  Modified Schwarzschild radius: 
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Introduction 

November 13, 2015 EXO Workshop in Venice 

MPl
2 !=!MDn+2R2 

RS=
1
πMD

MBH
MD

8Γ n+3
2

n+2

-n-1

 

MD =
MPl
8π
exp(-πkR) 

11



• Microscopic black holes, at energies greater than MD, are produced when the impact parameter between 
two colliding particles is less than the Schwarzschild  radius. 

• The Schwarzschild radius of an n-dimensional black hole is given by: 

• Therefore, from semiclassical considerations, the cross section can be calculated as: 

• Semi-classical black holes are shortlived (lifetime of 10-27 s) and decay via thermal Hawking radiation.

Search for microscopic black holes in a  
multijet final state

ICHEP 2016, Chicago August 5th, 2016
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•Microscopic black holes, decay democratically into in all 
Standard Model (SM) degrees of freedom

• The final state is composed of high transverse momenta 
objects

• This signature can be distingished from the multijet background 
relatively easily Quarks/gluons

Leptons/Photons/
Ws/Zs
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Background Estimation: ATLAS

Use bootstrapping 
to compute 
background

Define control  (C < 
HT < V), validation 
(V < HT < S) and 
signal (HT > S) 
regions

Ev
en

ts
 / 

0.
1 

Te
V

2−10

1−10

1

10

210

310

410

510

610 ATLAS
Step 4

-1 L dt = 3.0 fb∫ = 13 TeV, s

 3≥ jetn

Data 2015
Multijets

 = 9 TeV 
th

 = 2.5 TeV, MDM

 [TeV]TH
1 2 3 4 5 6 7 8

D
at

a/
M

C

0
0.5

1
1.5

2

Ev
en

ts
 / 

0.
1 

Te
V

2−10

1−10

1

10

210

310 ATLAS
Step 1

-1 L dt = 6.5 pb∫ = 13 TeV, s

 3≥ jetn

Data 2015
Multijets

 = 6 TeV 
th

 = 2.5 TeV, MDM

 [TeV]TH
1 1.5 2 2.5 3 3.5 4 4.5 5 5.5

D
at

a/
M

C

0
0.5

1
1.5

2

Ev
en

ts
 / 

0.
1 

Te
V

2−10

1−10

1

10

210

310

410 ATLAS
Step 2

-1 L dt = 74 pb∫ = 13 TeV, s

 3≥ jetn

Data 2015
Multijets

 = 7.5 TeV 
th

 = 3 TeV, MDM

 [TeV]TH
1 2 3 4 5 6

D
at

a/
M

C

0
0.5

1
1.5

2

Ev
en

ts
 / 

0.
1 

Te
V

2−10

1−10

1

10

210

310

410

510 ATLAS
Step 3

-1 L dt = 0.44 fb∫ = 13 TeV, s

 3≥ jetn

Data 2015
Multijets

 = 8 TeV 
th

 = 4.5 TeV, MDM

 [TeV]TH
1 2 3 4 5 6 7

D
at

a/
M

C

0
0.5

1
1.5

2



Background Estimation: CMS
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• Fitting range: 1400-2400 GeV 
• Use 3-parameter function with  multiplicity = 2 as 

the  background template. 

The background is estimated from data 

The background is estimated in a signal 
depleted regime (multiplicity = 2)

ST shape invariance is checked over all 
multiplicities

The background prediction from the multiplicity = 2 regime is 
applied to higher multiplicities by appropriate normalization in a 
region of low signal contamination

•Essentially one performs a counting experiment using 
the variable ST , where ST is defined as the scalar sum 
of the transverse energy (ET) of jets, leptons and 
photons. MET  is also added to ST  if MET > 50 GeV 

•  The multiplicity of an event is defined as the number 
of jets + leptons + photons in that event. MET  is not 
counted as a separate object
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Model dependent results
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• Analysis sensitive to generic high-mass particles decaying to two jets that originate from one or two b-quarks 
• Visible cross sections ranging from 0.2 to 0.001 pb in the mass range 1.4–5.5 TeV are excluded
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ADD GKK + g/q − ≥ 1 j Yes 3.2 n = 2 1604.077736.58 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 − 15.7 n = 6 ATLAS-CONF-2016-0698.7 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 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 − − 3.2 k/MPl = 0.1 1606.038333.2 TeVGKK mass

Bulk RS GKK →WW → qqℓν 1 e, µ 1 J Yes 13.2 k/MPl = 1.0 ATLAS-CONF-2016-0621.24 TeVGKK mass

Bulk RS GKK → HH → bbbb − 4 b − 13.3 k/MPl = 1.0 ATLAS-CONF-2016-049360-860 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 − − 13.3 ATLAS-CONF-2016-0454.05 TeVZ′ mass

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

Leptophobic Z ′ → bb − 2 b − 3.2 1603.087911.5 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 13.3 ATLAS-CONF-2016-0614.74 TeVW′ mass

HVT W ′ →WZ → qqνν model A 0 e, µ 1 J Yes 13.2 gV = 1 ATLAS-CONF-2016-0822.4 TeVW′ mass

HVT W ′ →WZ → qqqq model B − 2 J − 15.5 gV = 3 ATLAS-CONF-2016-0553.0 TeVW′ mass

HVT V ′ →WH/ZH model B multi-channel 3.2 gV = 3 1607.056212.31 TeVV′ 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 − 15.7 ηLL = −1 ATLAS-CONF-2016-06919.9 TeVΛ
CI ℓℓqq 2 e, µ − − 3.2 ηLL = −1 1607.0366925.2 TeVΛ

CI uutt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 20.3 |CRR | = 1 1504.046054.9 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ ≥ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 250 GeV 1604.077731.0 TeVmA

Axial-vector mediator (Dirac DM) 0 e, µ, 1 γ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 150 GeV 1604.01306710 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 1605.060351.1 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 1605.060351.05 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

VLQ T5/3T5/3 →WtWt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 3.2 ATLAS-CONF-2016-032990 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 − 15.7 only u∗ and d∗, Λ = m(q∗) ATLAS-CONF-2016-0695.6 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 8.8 ATLAS-CONF-2016-0602.3 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±± → ee 2 e (SS) − − 13.9 DY production, BR(H±±L → ee)=1 ATLAS-CONF-2016-051570 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
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CMS Exotica Physics Group Summary – LHCP, 2016!
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• Search for TeV-scale gravity signatures in high-mass final states with leptons 
and jets with the ATLAS detector at √s = 13 TeV (arxiv:1606.02265; PLB 760 
(2016) 520-537) 

• Search for new phenomena in dijet mass and angular distributions from pp 
collisions at √s = 13 TeV with the ATLAS detector (arxiv:1512.01530; PLB 754 
(2016) 302-322) 

• Search for light dijet resonances with the ATLAS detector using a Trigger-
object Level Analysis in LHC pp collisions at √s=13 TeV (ATLAS-
CONF-2016-030) 

• Search for new light resonances decaying to jet pairs and produced in 
association with a photon in proton-proton collisions at √s=13 TeV with the 
ATLAS detector (ATLAS-CONF-2016-029) 

• Search for resonances below 1.2 TeV from the mass distribution of b-jet pairs 
in proton-proton collisions at √s=13 TeV with the ATLAS detector  

(ATLAS-CONF-2016-060) 
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• Search for light vector resonances decaying to quarks at 13 TeV 
(EXO-16-030) 

https://cds.cern.ch/record/2202715?ln=en 

• Search for high-mass resonances in dijet final state with 2016 data 
(EXO-16-032) 

http://cds.cern.ch/record/2205150?ln=en 

• Search for excited quarks in photon jet final state (EXO-16-015) 
http://cds.cern.ch/record/2204915?ln=en 

• Search for Black Holes with Early Run 2 Data (EXO-15-007) 
http://cds.cern.ch/record/2116453?ln=en 

• Search for a narrow heavy decaying to bottom quark pairs in the 13 TeV 
data sample (HIG-16-025) 

http://cds.cern.ch/record/2204928?ln=en 

https://cds.cern.ch/record/2202715?ln=en
http://cds.cern.ch/record/2204915?ln
http://cds.cern.ch/record/2116453?ln=en
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https://arxiv.org/abs/1507.00966

https://arxiv.org/abs/1507.00966
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• High mass dijet studies: Slide 25-26 
• Low mass dijet studies: Slide 27-28 
• Event display for dijet events: Slide 29 
• Low mass search using jet substructure technique: Slide 30-32  
• Trigger level searches: Slide 33 
• Excited quarks: Slide 34-36 
• Search for microscopic black holes: 37-41 
• ATLAS searches: 42-45 (more material will be added) 
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Boosted topology 

• R

• R0 is the radius of the jet, pTi is the transverse momenta of the constituents, 
ΔR12 is the distance between the contituents in the ƞ-Φ plane 

• zcut is the soft drop threshold and β is an angular exponent

✨
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• First results in the region below 140 GeV  
• Most sensitive in the mass regime less 

than 300 GeV
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•To sustain a high rate 
in the data scouting 
stream, 4 momenta of 
the calorimetric jets is 
stored 

•Rate at HLT is 1 kHz 

• Scouting data are 
stored immediately 
after the HLT 
selection
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Dijet reconstruction with wide 
jets 

• Uses two leading jets in an 
event as seeds. Merges 
neighboring jets to nearest 
leading jet if ΔR < 1.1 

• Recover loss in mass 
response/resolution due to 
radiation 

• The low mass search uses wide jets reconstructed from calo-jets  
• The high mass search uses wide jets reconstructed from particle-

flow jets
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•The analysis is done following the procedure established in Run 1 

•  Essentially one performs a counting experiment using the variable ST , where ST is defined as the scalar sum of the 
transverse energy (ET) of jets, leptons and photons. MET  is also added to ST  if MET > 50 GeV 

•  A  ET > 50 GeV threshold is placed on all objects 

•  The multiplicity of an event is defined as the number of jets + leptons + photons in that event. MET  is not counted as a 
separate object 

• The background is estimated through a data driven technique pioneered in Run I 

• The background is extracted from the low multiplicity regime (or signal depleted regime) and applied to higher multiplicity 
regimes using the invariance of the ST  spectrum above a certain turn-on threshold carefully chosen by looking into the 
invariance in data and QCD Monte Carlo 

• For a model specific scenario, the value of ST  along with the choice of the multiplicity regime is optimized 

• For model independent limits, all multiplicity regimes are used to quantify the reach of this analysis 

• The systematic uncertainties associated with the data driven technique are extracted and taken into consideration when 
quantifying the reach of this analysis 
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Fit-2

There different fitting functions are used to parametrize the background (same technique as Run I) 

• Fitting range: 1400-2400 GeV 
• Use 3-parameter function with  multiplicity = 2 as 

the  background template. 

2.2

The background is estimated from data 

The background is estimated in a signal 
depleted regime (multiplicity = 2)

ST shape invariance is checked over all 
multiplicities

The background prediction from the multiplicity = 2 regime is 
applied to higher multiplicities by appropriate normalization in a 
region of low signal contamination

•Essentially one performs a counting experiment using the variable ST , where 
ST is defined as the scalar sum of the transverse energy (ET) of jets, 
leptons and photons. MET  is also added to ST  if MET > 50 GeV 
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Additional Material: Search for microscopic black holes
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•Model independent limits are calculated as a function of STmin for each inclusive 
multiplicity scenario. 

•Full Cls is used as opposed to Asymptotic Cls for more acurate calculation. 
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Additional Material: Search for microscopic black holes

• Observed and expected limits for σ (upper 
limit cross section) X A (acceptance) in 
inclusive N objects are reported   
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Search for new physics in dijet angular distributions
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ISR photon

Signals with the given 
reconstructed width are 
excluded for visible cross-
sections above the 
corresponding curve. 
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The 95% credibility-
level upper limits 
obtained from the mjj 
distribution on the σ X 
A X (Branching Ratio of 
two jets). 

Limits are computed for four 
different widths. “Res”  refers to 
the mass dependent detector 
resolution (2-3%).
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jet p T > 185 GeV, subleading jet p T > 85 GeV and |y*| < 
0.6. The average mjj response of trigger jets relative to 
offline jets is shown in black and it is within 1% of unity, 
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Signals with the given 
reconstructed width are 
excluded for visible cross-
sections above the 
corresponding curve. 
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Background Estimation: ATLAS
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