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The search for new physics (at the LHC) 

■  Prelude – reminder of the prerequisites 
◆  Why we believe there should be new physics BSM 
◆  Proving that there is “new physics”; main prerequisites: 

understanding the detector, understanding (measuring) 
Standard Model physics at 7 and 8 TeV 

◆  What happens when we do not find a new signal [limits] 
■  Searching for New Physics 

◆  Searching for substructure, new interactions 
◆  Searches for extra dimensions and other Exotica 
◆  Supersymmetry [SUSY] 

■  Summary 
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So what new physics? 



P. Sphicas 
Physics Beyond the Standard Model 

Many (many) possibilities 
■  New strong interections? 

◆  Technicolor; excited quarks; compositeness; new “contact” 
interactions 

■  Exotica: 
◆  Weird stuff: leptoquarks? 
◆  New “forces”? 

●  New resonances (W-Z-like) 
◆  More generations?  

●  Fourth generation (b’) 
◆  Gravity descending at the TeV scale? 

●  New resonances; missing stuff; black holes; SUSY-like 
signatures [Universal Extra dimensions] 

■  Supersymmetry (SUSY) 
◆  (super) partners to all that we have in the SM 

●  production of squarks, gluinos, sleptons, gauginos,… 
■  SUSY-inspired exotica: 

◆  Long-lived massive (new) particles?  
■  Some true inspirations: “hidden valleys”? 

Jul 28-30, 2014 
CERN Summer Student Program 44 



parton-parton scattering  
and QCD 
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Jets 
■  Colored partons from hard scatter “evolve” via soft quark 

and gluon radiation and then hadronize to form a “spray” of 
roughly collinear colorless hadrons -> Jets 
◆  Jets: localized clusters of energy (or particles) 
◆  Jets: experimental signature of quarks & gluons 

■  To probe the hard scatter: 
◆  The hard scatter: jet PT and η, 

dijet correlations, dijet mass,… 
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Very good agreement with QCD 

pT=2.1 TeV 

pT=1.9 TeV 

Mjj=4.1 TeV 
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How would new structure show up? 
■  If quarks are composite, i.e. they are made of other 

“stuff”, then there will be excited states, q*, which 
would decay to a quark and a neutral boson (gluon, 
photon or Z) 
◆  Look for following decays: q*→qg; q*→qγ, q*→qZ 
◆  Signature: resonance in di-jet, photon+jet or Z+jet mass 

spectrum 

■  The scattering of two quarks (and gluons, and quarks 
against gluons) will not follow QCD but will show 
deviations from the exchange of a new boson 
◆  Signature: the angular distribution of two-jet events will look 

different from “Rutherford scattering with scaling violations” 
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Dijet mass (and search) 
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■  Very early search for numerous 
resonances BSM: string 
resonance, excited quarks, axi-
gluons, colorons, E6 diquarks, W’ 
& Z’, RS gravitons 

Four-parameter 
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Excited quarks (continued) 
■  Decays into quark and photon? 

■  Background: by fit to data 
across all bins (same form as 
for dijets) 
◆  Run “BumpHunter”: most 

significant excess in 784< Mγj 
<1212 GeV (p-value = 0.20) 
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Excited quarks (continued) 
■  Decays into quark and photon? 
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Angular distributions 
■  New physics: presumably high-mass; so not boosted 

along z-axis; so more “central”! 
◆  Angular distribution in QCD background different than that 

from various signals [e.g. an excited quark, decaying to two 
jets; or jets from “stronger scattering”] 
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Quark compositeness 
■  Centrality ratio: events with two central 

leading jets to events with both leading jets  
◆  Sensitive to deviations from the SM from quark 

sub-structure.  
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arXiv:1010.4439 
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Dijets
η <0.7
∑
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0.7<η <1.3
∑

Very small dependence of ratio on mjj.  Agreement with QCD. 
Exclude (95%CL) quark compositeness for Λ<4.0TeV.  
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Search for quark compositeness 
■  ATLAS at 4.8 fb–1, at 7 TeV 
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Quark Contact Interaction: 
Λ>8.2TeV.  

Limits in extra dimensions: 
(n=2) MD>3.8 TeV;  
(n=6) MD>4.1 TeV  
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Parton-parton scattering (“2 to 2 process”) 
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Mjj ~ Λ 

dσ ~ 1/(1-cosθ*)2 

Contact interactions &  
Dijet Angular Distributions  
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Instead of cosθ*, use:	


dN/dχ sensitive to 
contact interactions 

€ 

χ =
1+ cosθ *

1− cosθ *
= exp 2 y*( )
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Contact interactions 
■  The χ distributions do not 

exhibit any excess at low χ.  
Good description by QCD. 

■  Lower limit on scale of contact 
interaction Λ=5.6 TeV (95% CL) 

■  Most recent results from 7 TeV: 
7.8 TeV  
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36pb-1	
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Quark compositeness 
■  Decay to jet + Z? 

◆  High mass q* ! Z with large boost (pT) 
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Quark compositeness 
■  Decay to jet + Z? 

◆  High mass q* ! Z with large boost (pT) 
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Main background: DY+jets.  Bkg estimate:  
(a)  template fit to high stats, signal-free region in 1/pT: [125-360] GeV 
(b)   extrapolation to high pT  
Signal efficiency X acceptance ~ 50-70% (increasing with 
q* mass)  
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Contact Interactions (CI) 
■  Cis: low-energy manifestation of 

“true” phenomena, e.g. 
◆  Quark-lepton compositeness 
◆  Large Extra Dimension (ADD) 

model 
■   Deviations in dimuon mass: 

◆  FI and FC: interference terms 
◆  Λ: energy of “new binding” 

■  Mass spectrum agrees, so set 
limits instead: 
◆  For Constr Interf: ΛC>4.9 TeV 
◆  For Destr Interf: ΛI>4.5 TeV 
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Searches for signs of  
exotic New Physics 



P. Sphicas 
Physics Beyond the Standard Model 

Leptoquarks (I) 
■  As name implies, they are both “leptons” and “quarks”: 

i.e. carry baryon and lepton number – & color (large σ!) 

◆  GUT-inspired models, with (hypothetical) proton decay acting 
as one of the main motivations  

◆  Decay: into l q (branching ratio β) and νq (BR=1-β) 
◆  A leptoquark for each generation; cross-couplings FCNC 

constraints.  
●  In general: assume decays to one lepton only; searches 

usually carried out independently for each generation 

➨ Easier searches (e/µ): first two generations, LQ1 and 
LQ2 

■  Pair-produced (gluon fusion)  
final state: dileptons & jets           
look for: peak in mass(lq) 
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Leptoquarks (II) 
■  Main irreducible bkg:  DY+jets; 2nd: top production 

◆  In situ Z+jets measurement + measured top cross section in 
the dilepton channel to estimate both bkgs 
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µµjj 

eνjj 

eνjj eejj 

eejj •  DY+jets 
normalized 
to Z+jets 
(control 
region) 

•  anti-Z cut 
•  optimize 
ST cut 
(mass-
dependent) 
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Leptoquarks: limits 
■  β=1 ■  β=0.5 
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Leptoquarks: limits 
■  Combined limit 
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Extra Dimensions (?!?) 
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TeV-scale gravity 
■  The idea of our times: that the 

scale of gravity is actually not 
given by MPL but by MW 
◆  Strings live in >4 dimensions.  

Compactification → 4D “SM”.  MPL-4 
related to MPL-(4+d) via volume of xtra 
dimensions: 

●  MPL-4
2 ~ Vd MPL-(4+d)

2+d 

◆  Conventional compactification: very 
small curled up dims, MPL-4~MPL-(4+d) 

●  Vd ~ (MPL-4)–d 

◆  Alternative: volume is large; large 
enough that Vd>>(MPL-(4+d))–d 

●  Then MPL-(4+d) can be ~ TeV (!) 
●  “our” Planck mass at log(Λ)~19: an 

artifact of the extrapolation 

Jul 28-30, 2014 
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■  Propagation into the other 
dimensions:  
◆  Resonances! 

◆  Missing energy! 
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Forces and number of dimensions 
■  Number (D) of space-time 

dimensions → form of 
force observed 
◆  E+M: F~1/r2 because D=3+1 
◆  For “ants” living in D=2+1 

dimensions, E+M is actually 
a F~1/r force 

 
■  Tabletop experiments: look 

for deviations from 1/r2 law 
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Different types of extra dimensions 
■  The “traditional” 

image of a circular 
extra dimension 
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■  Randal-Sundrum 
ds2= gµν dxµ dxν+gmn(y)dymdyn  
(x: SM coordinates; y: d extra ones) 
Generalize: dependence on location 
in extra dimension 
ds2= e 2A(y) gµν dxµ dxν +gmn(y)dymdyn 

Large exp(A(y)) results in large Vd 

As an example (RS 
model), two 4-D 
branes, one for SM, 
one for gravity, 
“cover” a 5-D 
space – with an 
extra dimension in 
between 

Simulation 



P. Sphicas 
Physics Beyond the Standard Model 

Search for Zʹ′ 
■  Di-muon event,           

M(µµ)=1379 GeV 
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Nice, clean signature (but SM 
tails) 
Experimental issues: 

•  detector resolution: for 
muons deteriorates with 
mass; for electrons the 
opposite 
•  reconstruction of E and p 
recontruction with > 1 TeV 
can be tricky business… 
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Search for a Zʹ′→ee and/or µµ	
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SSM: Sequential SM 
RS: Randall-Sundrum 
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Search for Wʹ′: example from CMS 
■  Events are equally spectacular; a very high-pT lepton, 

and little, very little else! 
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8 TeV 
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Search for Wʹ′: example from CMS 
  Electrons         Muons 
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Search for Wʹ′: example from CMS 
  Electrons         Muons 
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Search for a resonance decaying to t-tbar 
■  non-boosted tops ■  boosted tops  

Jul 28-30, 2014 
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Search for a resonance decaying to t-tbar 
■  non-boosted tops ■  boosted tops  
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Search for diboson resonances 
■  X→WZ 

◆  Dilepton+ jets 
■  X→ZZ 

◆  2lep+jets; 4lep 
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Monojets? 
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SM interpretation: Z → νν + jet 

pT
jet = 602 GeV 

ET
miss = 523 GeV 
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Monojets (I) 
■  Extra dimensions: hard scatter leads to a jet plus an 

invisible particle [e.g. a graviton]; signal region:  
◆  PT(jet1)>250 GeV, MET>220 GeV 
◆  PT(jet2)<60GeV, Δφ(jet2,MET)>0.5 
◆  No “reasonable” electrons or muons 
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Monojets (II) 
■  Main bkg: EWK 

◆  Irreducible: Z(→νν)+jets & W(→lν)
+jets 

◆  Get normalization from data, then 
apply to Monte Carlo samples 

■  QCD (multijet) bkg: reverse Δφ cut 
and allow 2nd jet! 

■  Data agree with sum of bkgs: 
◆  Bkg est: 1010±37(stat)±65(syst) 
◆  Data: 965 events 

■  Model-independent limit on cross 
section x acceptance:  “0.11 pb at 
95% CL” 
95 out of 100 experiments [with 0.11 

pb] would have observed a larger 
number of events 

No “magic” to “95%” – only a norm. 
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Dark Matter? 
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Dark matter 
■  Early universe: create/destroy dark matter via: 

 
◆  If the two rates are the same → equilibrium; and then, as it 

cools off… 
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But: universe is 
expanding 
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Dark matter (II) 
■  If DM production rate large compared to expansion rate 

◆  Essentially a static configuration 
◆  DM particles are in thermal equilibrium 

■  If DM production rate small compared to expansion rate 
◆  Few DM particles remain 
◆  DM particles do not bump into each other (and do not destroy 

themselves) 
●  Density remains constant (!) 

■  Thus: σ ~ 1pb! 
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Mono-X signatures 
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Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels
for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess
of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists
mainly of (Z ! ⌫⌫)+ j and (W ! `inv⌫)+ j final states. In the latter case the charged lepton ` is
lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been
performed by CDF [22], CMS [23] and ATLAS [24, 25], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono-
jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [23], which used
36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |⌘(j
1

)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |⌘(j

2

)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |⌘(j
1

)| < 2, and events
are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV or
��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |⌘(j
1

)| < 2, and
events are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV
or ��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |⌘(e)| < 2.47
and pT (e) > 20 GeV and for muons as |⌘(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|⌘(j

1

)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is ��(j

1

, j
2

) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.
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Search for dark matter: photon/jet+MET 
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Higgs invisible decays? 
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VBF to invisible 

7/7/14 ICHEP 2014 25 
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E.g. VBF higgs production with higgs to invisible 

Mjj > 1.1 TeV 
Δηjj > 4.2 
ΔΦjj < 1 
MET > 130 GeV 
lepton veto pT > 10GeV  
central jet veto pT > 30 GeV 

Expected 210+-30 evts if BR~100% 
=> Would be clearly visible above bkg  

⇒  Proof of principle for VBF to  
       nothing search strategy! 

arXive: 1404.1344 
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E.g. VBF higgs production with higgs to invisible 

Mjj > 1.1 TeV 
Δηjj > 4.2 
ΔΦjj < 1 
MET > 130 GeV 
lepton veto pT > 10GeV  
central jet veto pT > 30 GeV 

Expected 210+-30 evts if BR~100% 
=> Would be clearly visible above bkg  

⇒  Proof of principle for VBF to  
       nothing search strategy! 

arXive: 1404.1344 



Black Holes? 
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■  THE signature of low-scale quantum gravity (MD << MPl) 
◆  BH formation when the two colliding partons have distance 

smaller than RS,, the Schwarzschild radius corresponding to their 
invariant mass  

◆  Cross section from geometry: σ = πRS
2 ~ TeV-2 (up to ~100 pb!) 

 
■  BHs decay instantaneously via Hawking evaporation 

emitting “democratically” to a large number of energetic 
quarks, gluons, leptons, photons, W/Z, h, etc. 
◆  Contrary to SUSY, expect ~ small MET (this: model-dependent) 

Search for BHs 
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E/2 
E/2 

b b < RS →	





P. Sphicas 
Physics Beyond the Standard Model 

Search for micro-BH 
■  Expect lots of activity in the event, so  

◆  Use ST = Sum ET of all objects (including MET) with ET>50 GeV. 
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A candidate event with 10 
jets and ST = 1.3 TeV 

A candidate event with 9 
jets and ST = 2.6 TeV 
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(Null) search for BHs 
■  Expect lots of activity in the event, so  

◆  Use ST = Sum ET of all objects (including MET) with 
ET>50 GeV. 

●  Great against pileup (in the future as well) 
■  Key for search: ST-invariance of final state 

multiplicity 
◆  A posteriori wisdom: FSR/ISR collinear do not 

affect ST a lot 
■  Use N=2 shape (with uncertainties) to fit higher 

multiplicities – where signal more prominent 
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arXiv:1012.3375  

MBH> 3.8-5.3 TeV  
(semi-classical  
approximation)  



P. Sphicas 
Physics Beyond the Standard Model 

Jet extinction? 
■  Production of either black holes or other non-

perturbative quantum gravity effects can have rapidly 
increasing total cross section beyond some scale ~ Λ	


◆  Their decay to low-multiplicity final states could be thermally 

suppressed. Leads to effective extinction of high-pT SM 
scattering 

Jul 28-30, 2014 
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4 4 Event reconstruction and selection

the energy deposited as a result of additional interactions per beam crossing (pileup); this offset
does not affect the trigger efficiency. Events with objects originating from an interaction within
an LHC beam crossing are selected by requiring the presence of at least one primary vertex
within 24 cm of the detector center along the z axis. The primary event vertex is chosen from
all reconstructed vertices by selecting the one with the largest sum of the p2

T of all associated
tracks. For the purpose of additional noise suppression, the missing transverse energy, defined
as the magnitude of the vector sum pT of all reconstructed particle-flow objects, must be less
than 30% of the total transverse energy deposited in the detector. All jets in each event that
pass the selection criteria are binned as a function of jet-pT, following a convention adopted by
other inclusive-jet analyses in CMS. The bin widths are variable, increasing with jet-pT and cor-
responding approximately to the jet-pT resolution [18]. Jets are required to have pT > 592 GeV
and pseudorapidity |h| < 1.5 to ensure that the trigger is at least 99% efficient in all pT bins
used. This search is performed in 18 pT bins between 592 and 2500 GeV.

 [GeV]
T

Inclusive jet p
1000 1500 2000 2500

]-1
 [G

eV
T

/d
p

je
ts

dN

-210

-110

1

10

210

310

410
CMS ,-1L = 10.7 fb

 jets, R = 0.7TAnti-k
| < 1.5η|

T
 = p

R
µ = 

F
µ

 = 8 TeVs

Observed
Systematic uncertainty
NLO QCD (CT10 normalized to data)
Extinction scale M = 4 TeV
Extinction scale M = 3 TeV
Extinction scale M = 2 TeV

Figure 1: Inclusive jet-pT spectrum (points) for |h| < 1.5, as observed in data. The SM NLO
simulation with non-perturbative corrections, convolved with the detector response and nor-
malized to the total number of jets observed in data, is shown by the solid line. The colored
band shows the magnitude of all sources of systematic uncertainty added in quadrature. These
sources include the JES, JER, PDFs, scale variations, and integrated luminosity. For the likeli-
hood comparison between data and theory, the results of which are shown in Fig. 5, normal-
ization to the observed total cross section is not performed. The renormalization scale (µR) and
factorization scale (µF) are set to the pT of the hard-scattered parton.

A comparison between the observed inclusive jet-pT spectrum and the spectrum predicted at
NLO with the CT10 PDF set is shown in Figs. 1 and 2. The predicted spectrum includes non-
perturbative corrections and smearing by the detector response, and is normalized to the total
number of jets in data. In both figures, the quadratic sum of all sources of systematic uncer-
tainty is shown. The total systematic uncertainty includes contributions from both theoretical
and experimental sources. The theoretical uncertainty is composed of the uncertainty from
the PDFs as well as the uncertainty obtained by varying the renormalization and factoriza-
tion scales. The experimental uncertainty is derived from the uncertainties in the JES, JER, and
integrated luminosity. Figure 2 shows the ratio of the inclusive spectrum to the SM NLO expec-
tation and includes the predicted spectra from the extinction model for three different values
of the extinction mass scale M.

~Vðx12; x34Þ ¼ Vðx12=M2
E ; x34=M2

EÞ: (3)

To represent the effects of extinction, we also require that
the form factor be bounded from above by unity,

Vðx12; x34Þ ≤ 1; (4)

with significant deviations from unity only for x12, x34 ≳ 1.
A third requirement that we impose is crossing symmetry,

Vðx12; x34Þ ¼ Vðx34; x12Þ: (5)

This ensures that extinction effects appear in all kinematic
and color channels. For a simple ansatz satisfying the cross-
ing symmetry property (5), we consider form factors that
factorize into a product of identical functions of the kin-
ematic invariant in each channel times an overall normali-
zation that is a function of the sum of the kinematic
invariants. The requirement (2) of the approach to unity
for small values of the kinematic invariants then determines
the form factor in terms of a single function,

Vðx12; x34Þ ¼
Vðx12ÞVðx34Þ
Vðx12 þ x34Þ

: (6)

Another general requirement is dictated by the form of ana-
lytic continuation of the scattering amplitudes (1) for com-
plex values of invariant momenta. The real parts of the
QCD amplitudes are continuous when the kinematic invar-
iants are extended into the complex plane. Preserving this
property for the modified amplitudes (1) requires that the
form factor satisfies Hermitian analyticity,

Vðz%12; z%34Þ ¼ ½Vðz12; z34Þ'%: (7)

This property introduces an absorptive branch cut in the
imaginary part of the form factor and is a crucial feature
in modeling extinction of 2 → 2 scattering processes com-
ing from the effects of high entropy intermediate states.
Other requirements are provided by dispersion relations
between the real and imaginary parts of the form factor.
These integral relations constrain the behavior of the form
factor for asymptotic values of the kinematic invariants.
Since the purpose here is only to provide a phenomenologi-
cal model for the onset of extinction that is applicable to
kinematic invariants of order the extinction scale, ME,
we do not consider dispersion relation restrictions on the
form factor that would apply outside this kinematic regime.
Local quantum field theory is not amenable to a com-

plete description of high energy scattering processes in
quantum gravity. However, all the ingredients necessary
for a phenomenological form factor model for the onset
of extinction that satisfy the requirements listed above
are available in local quantum field theory. So we employ
this language to illustrate the elements of a model. We
begin by introducing operators Oa that create and

annihilate heavy unstable states with the same kinematic
and color quantum numbers that appear in all channels
of QCD 2 → 2 scattering processes. These operators couple
to composite operators Jai that create and annihilate
multiparticle states through interactions

X

a;i

gai

Z
d4x JaiOa þ H:c: (8)

Among the operators Jai are ones made out of quark and
gluon fields that allow the heavy states to be exchanged in
every kinematic and color channel in 2 → 2 quark and
gluon scattering processes. A schematic representation of
the modification of QCD 2 → 2 scattering processes from
the intermediate multiparticle states through the exchange
of the heavy states is shown in Fig. 1.
The effects of the intermediate multiparticle states in a

given channel are contained within the normalized one-
particle-irreducible two-point function for the composite
operators that appear in that channel:

i
X

a;i

g2ai

Z
d4x eip·xh0jTfJaiðxÞJ†aið0Þgj0i1PI

≡
!−M2ðp2Þ boson

−Mðp2Þ fermion:
(9)

In the spacelike region p2 < 0 and in the timelike region
below threshold for production of intermediate states
p2 < p2

0 ≥ 0, there are no contributions from on-shell inter-
mediate states, and the two-point function (9) is strictly real
with no absorptive imaginary component. For the analytic
continuation of the two-point function into the complex
plane, this implies that for ReðzÞ ¼ p2 < p2

0 along the real
axis in this region,

M2ðzÞ ¼ ½M2ðz%Þ'%: (10)

Extending the relation (10) to the entire complex plane
implies that the imaginary component of the two-point

FIG. 1. Representation of the modification of QCD 2 → 2
scattering processes from the effects of heavy states that couple
to intermediate multiparticle states. The single external lines
represent quark and gluon scattering states. The double lines
represent heavy unstable states in the given kinematic and color
channel. The grey blob represents high entropy intermediate
states that produce a large absorptive branch cut in the imaginary
part of the amplitude and lead to an extinction of the 2 → 2 scat-
tering probability at high energies.
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Figure 2: The ratio of the inclusive jet pT spectrum to the NLO QCD prediction with non-
perturbative corrections and convolved with the detector resolution. The horizontal bars on
the data indicate the width of each bin in pT. The colored band shows the quadratic sum of all
sources of systematic uncertainty, including JES, JER, PDFs, and luminosity. The dashed lines
indicate the effects of extinction at three different values of the extinction mass scale, M = 2, 3,
and 4 TeV.

5 Statistical method and systematic uncertainties

To distinguish between SM NLO jet production and the alternative hypothesis (jet extinction),
a profile-likelihood ratio test statistic [36] is constructed as a function of a signal strength pa-
rameter, b ⌘ M�2. The variable b is chosen so that as b ! 0 the extinction model approaches
the SM prediction.

We set limits using the modified-frequentist criterion CLs [37, 38]. All sources of systematic
uncertainty are treated as nuisance parameters with log-normal prior constraints and are con-
structed in the likelihood to have the same value across all jet-pT bins. This construction im-
plicitly assumes that the systematic uncertainties are completely correlated in jet pT.

To account for correlations in the JES and PDF uncertainties between pT bins, the uncertainties
are subdivided into their underlying components. These individual components are strongly
correlated across all pT bins and tend to be dominant at different values of jet-pT. As an exam-
ple, uncertainties in the gluon PDF will be dominant at low pT compared to uncertainties in the
quark PDFs. The JES uncertainty is decomposed into each of its orthogonal sources. For the
PDF uncertainty, the contributions from each of the eigenvectors in the CT10 [24] PDF set are
evaluated separately. As a crosscheck, the search is repeated with respect to the MSTW2008 [39]
PDF set. Among the PDF sets in common use, the CT10 set predicts the highest inclusive jet
cross section at high pT, while the MSTW2008 set gives one of the lowest. The results derived
with respect to these two PDF sets serve as bounds on the result expected when using other
sets, including those which are used in comparison to dedicated measurements of the inclusive
jet production cross section [18], such as NNPDF [40], HERA [41], or ABKM [42].

The CT10 PDF set comprises a central prediction and 26 eigenvectors. The central prediction
assumes all PDF input parameters are set to their central values. Each eigenvector pair cor-
responds to the upward and downward uncertainty in one of those input parameters. The
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jet-pT, while the JES and JER uncertainties are modelled as transfer matrices between all pT
bins. The seven non-trivial sources of JES uncertainty are shown (out of 19 total).
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Figure 5: The results of a CLs scan in the extinction mass scale, b = M�2. The observed
dependence of CLs on b is shown by the solid line. The observed upper limit on b is 0.090 TeV�2

at 95% CL (indicated by the horizontal dotted line), corresponding to a lower limit of 3.3 TeV
on the extinction mass scale M. The dashed line indicates the expected median of results for
the background-only hypothesis, while the green (dark) and yellow (light) bands indicate the
quantiles, which contain 68% and 95% of the expected results, respectively.
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Summary [2/3] 
■  First set of searches today: hadronic channels 

◆  Jet resonances, jet angular distributions, probing 
compositeness [nope] 

◆  New contact interactions [nope] 
■  Second set of searches today: “exotica” channels 

◆  Searches for new gauge bosons [nope] 
◆  Searches for other signs of etxra dimensions [nope] 
◆  Searches for leptoquarks [nope] 
◆  Mono-objects, for a signature from “extra dimension physics” 

or dark matter [nope] 

■  Next [and final for these lectures] stop: SUSY searches 
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