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Experimental searches at the LHC: CMS 

! ! Introduction 
" ! Reminder of CMS/HWGH; SM physics at 7 and 8 TeV 

! ! Searching for New Physics 
" ! Searches for substructure, new interactions, extra 

dimensions & other Exotica 
" ! Supersymmetry [SUSY] 

! ! Summary 

Paris Sphicas 
CERN & University of Athens 

Summer School and Workshop on the Standard Model and Beyond 
Corfu, Sep 8, 2014 



LHC(t0+3yrs): 
 

Foundations established 
a Òtour de forceÓ of SM measurements  

Recorded and Validated data 

M. Konecki   "CMS: performance, physics, perspectives" Epiphany 2014 -13- 

Data taking: 92.2% 
Data validated: 88.6% 

2010 

Data taking: 90.5% 
Data validated: 90.1% 

2011 

 
Data taking: 93.5% 
Data validated: 90.0% 

2012 

Data taking efficiency:  90-93% 
Increased in 2012 due to development of automatic 
recovery procedures 

Data validated: Very stable over time ~90% 
Pb+Pb collisions (rec):  
2010: 8.3 �Pb-1, 2.76 TeV 
2011: 158 �Pb-1, 2.76 TeV 
p+Pb collisions (rec):  
2013: 30 nb-1, 5.02 TeV 
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Detector performance 

! ! The startup of the experiments was the biggest 
discontinuity with the past: it was fast and efficient. 

Sep 8, 2014 
Corfu 2014: Standard Model and Beyond 

ÒStandard CandlesÓ 
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W/Z at 7 TeV: (still) clean & beautiful 

Sep 8, 2014 
Corfu 2014: Standard Model and Beyond 
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The ultimate CMS: heavy-ion detector 

Sep 8, 2014 
Corfu 2014: Standard Model and Beyond 

Jet quenching  in 
HI events 

     While in pp events jets in 
pairs have balanced 
energies in HI events one 
may expect jet-quenching 
effect, as  previously 
observed  at RHIC in   
Au-Au@200GeV.  

Epiphany 2014 -29- 

PRC 84 (2011) 024906 
PLB 712 (2012) 176 
PLB 718 (2013) 773 
CMS-PAS-HIN-12-003 
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Suppression of highpt D mesons in PbÐPb collisions at
!

sNN = 2.76 TeV 17
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Figure 5: (colour online) Transverse momentum distributions dN/ dpt of prompt D0 (left) and D+ (centre), and
D" + (right) mesons in the 0Ð20% and 40Ð80% centrality classes inPbÐPb collisions at

!
sNN = 2.76 TeV. The

reference pp distributions#TAA $d! / dpt are shown as well. Statistical uncertainties (bars) and systematic uncer-
tainties from data analysis (empty boxes) and from feed-down subtraction (full boxes) are shown. For PbÐPb, the
latter includes the uncertainties from the FONLL feed-downcorrection and from the variation of the hypothesis on
Rprompt

AA / Rfeed%down
AA . Horizontal error bars reßect bin widths, symbols were placed at the centre of the bin.
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Figure 6: (colour online)RAA for prompt D0, D+ , and D" + in the 0Ð20% (left) and 40Ð80% (right) centrality
classes. Statistical (bars), systematic (empty boxes), and normalization (full box) uncertainties are shown. Hori-
zontal error bars reßect bin widths, symbols were placed at the centre of the bin.

may depend on centrality. For thept interval 6Ð12 GeV/ c, the suppression increases with increasing
centrality. It is interesting to note that the suppression of prompt D mesons at central rapidity and high
transverse momentum, shown in the right-hand panel of Fig. 7is very similar, both in size and centrality
dependence, to that of prompt J/" mesons in a similarpt range and|y| < 2.4, recently measured by the
CMS Collaboration [25].
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Heavy-Ion Highlights
! Some of the many heavy-ion highlights from 

the LHC
! Plus many more results with exclusive strange 

and charm hadron identiÞcation,as well as 
beauty tagging, completely unique to the LHC 
experiments

16

PhotonÐJet Correlation

jets reconstructed using anti-kt algorithm with various distance
parameters; underlying events subtracted

photons detected by electromagnetic calorimeter,
60 GeV< pT ,! < 90 GeV

as Monte Carlo used PYTHIA pp collisions embedded into minimum
bias HI data

photons corrected for reconstruction e! ciency (! 85% in peripheral
events,! 65% in central)

the analysis is done in terms of:
!

xJ� = pT ,jet / pT ,�
! " ! J� = |! jet " ! � |

used SVD unfolding to correctxJ! for jet energy resolution

Petr Balek ATLAS Heavy Ion Results 19 March 2013 25 / 40

j+!  nuclear modification factor
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Figure 11: Attenuation factor RpA determined in data compared to theoretical predictions [2].
The black triangles are LHCb measurements, the red solid line is the theoretical prediction based
on parton energy loss e! ects, the blue dashed line takes additional saturation e! ects into account.
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J/ψ suppression 
in pPb collisions

" (2S) and " (3S) melting

Charm suppression in
central collisions + Melting 

Upsilons! 

5 
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Summary of high-P T & high-mass probes 
! ! High-P T di -objects: jets, leptons and 

photons 
" ! Mass(jet -jet), Mass( �O�O), Mass(##) 

! ! High-P T lepton + ME T (e.g. from 
neutrino) 

" ! Transverse mass  

 
! ! Combination of objects, e.g. as in 

SUSY and BH searches 
" ! Various sums of transverse energies in 

the event 
" ! HT: sum of all hadronic jets 
" ! ST: sum of E T of all objects (add leptons, 

photons, ME T) 
# ! Also called Òeffective massÓ ( Meff) in 

past LHC publications  

Sep 8, 2014 
Corfu 2014: Standard Model and Beyond 
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!  

MT = 2ET
µ ET
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A new (and unforeseen in the 90Õs) 
element: particle flow 

! ! Principle: combine information from all detectors. 
Depending on the physics object, trade information 
from low-res detectors for info high-res detectors 

! ! Nowadays, the huge majority (~all) CMS analyses use 
p-flow reconstruction (and the associated objects) 

Sep 8, 2014 
Corfu 2014: Standard Model and Beyond 
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• A lot goes into that plot. Excellent:
1. muon trigger and reconstruction

2. electron trigger and reconstruction

3. Tracking (and vertexing) is the backbone of the global 
event  description

4. and Massive computing resources

• And all  that under  a pileup  of 20  vertex/crossing

Make optimal use of detector information to reconstruct all 
particles
Unless stated otherwise, all CMS analysies use PF

7 
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Hadronic variables: definition 

Sep 8, 2014 
Corfu 2014: Standard Model and Beyond 

8 



P. Sphicas 
Experimental searches at the LHC: CMS 

Understanding the Standard Model 

! ! Major piece of the puzzle before embarking on a search 
for Physics Beyond the Standard Model (PBSM): 
understand the Physics Of the Standard Model (POSM) 

! ! Our searches have signatures that involve a 
combination of leptons and jets; but also MET & b-jets 

" ! Strong (QCD) processes 

" ! Electroweak (EWK) processes 
" ! Combination of the two: processes that are relevant at high 

transverse momenta/energies  
# ! W+jets; Z+jets; t-tbar ; very high- pT jets 

# ! WW, WZ, ZZ; also with jets 

# ! Rare processes, e.g. tW 

! ! Thankfully, these have been studied in detail 

Sep 8, 2014 
Corfu 2014: Standard Model and Beyond 

9 



~TeV parton-parton  interactions  
(strong, EM and weak)  

and corrections 
(from QCD and EWK") 
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Jets 

Sep 8, 2014 
Corfu 2014: Standard Model and Beyond 

! ! Probe the hard scatter: 
" ! The hard scatter: jet P T and 

$, dijet correlations, dijet 
mass," 

Excellent agreement with QCD 

Syst. Unc. 
(~10%)  
dominated 
by JES (1-2%) 
& PDFs 

11 
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Jets and QCD 

Sep 8, 2014 
Corfu 2014: Standard Model and Beyond 
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B. Clerbaux - QFPP2014  28 
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W and Z production 

Sep 8, 2014 
Corfu 2014: Standard Model and Beyond 
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Ping TanUniversity of Iowa

Inclusive W/Z production at 8 TeV - a standard 
candle

4

! W/Z production is a standard candle when exploring new energy scale/new phenomena 

! Low-pileup data (~20 pb-1) taken with dedicated LHC runs: 
!  loose isolated single electron trigger, ET>22 GeV, |" | < 2.5  
!  non-isolated single muon trigger, pT>15 GeV, |" | <2.1 

! Offline lepton selection: 
isolation,  
ET(pT)>25 GeV, |" |<2.5 (<2.1 for muons) 
 

EWK+ttbar: ~6% !
QCD: by MET fit

!
backgrounds: 
~0.4%

Phys. Rev. Lett. 112 
(2014) 191802 

Ping TanUniversity of Iowa

Inclusive W/Z production at 8 TeV - a standard 
candle

4

! W/Z production is a standard candle when exploring new energy scale/new phenomena 

! Low-pileup data (~20 pb-1) taken with dedicated LHC runs:!
!  loose isolated single electron trigger, ET>22 GeV, |" | < 2.5!
!  non-isolated single muon trigger, pT>15 GeV, |" | <2.1 

! Offline lepton selection:!
isolation, !
ET(pT)>25 GeV, |" |<2.5 (<2.1 for muons)!
!

EWK+ttbar: ~6% !
QCD: by MET fit

!
backgrounds: 
~0.4%

Phys. Rev. Lett. 112 
(2014) 191802!
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W charge asymmetry  

! ! pp @ 7 TeV: ~4M W%µ!  events produced per fbÐ1. 
! ! Differential W charge asymmetry: precise probe of u/d 

ratio as a function of x 

! ! CMS: precise extraction of a clean W asymmetry 

15 

µ+ µÐ 

arXiv:1312.6283 

~20 million   
W candidates!  

Sep 8, 2014 
Corfu 2014: Standard Model and Beyond 
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W charge asymmetry  

! ! Differential W charge asymmetry: precise probe of u/d 
ratio as a function of x 

! ! CMS: precise extraction of a clean W asymmetry 
" ! Asymmetry measured to 0.1% (absolute) per bin 

16 Sep 8, 2014 
Corfu 2014: Standard Model and Beyond 

Combine 
with HERA 
% clear 
constraining 
power for 
PDFs 

d-valence improvement 

arXiv:1312.6283 
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Drell -Yan Cross Section at 7 TeV 
! ! d&/dm as a function of 

(dilepton ) m in range 
15-1500 GeV. 

" ! pp@7TeV: 1Mevt/ fbÐ1. 
" ! Both lepton species ( ee, µµ) 

in agreement   with each 
other & with SM 

Sep 8, 2014 
Corfu 2014: Standard Model and Beyond 
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JHEP 12 (2013) 030 

NNLO QCD + NLO 
EWK + ##%l+l - 
At high masses:  
NLO EWK corrections 
and #-induced 
production relevant.  
Photon PDF needed 
for precise predns . 
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Drell-Yan Cross Section at LHC (8 TeV) 

Sep 8, 2014 
Corfu 2014: Standard Model and Beyond 
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d&/dm vs. m ( dilepton  mass) 
measured at 8 TeV 
Range: 15-2000 GeV 

First time: 
measurement 
of differential 
double ratios  

CMS-PAS-SMP-14-003 

1
! Z

d!
dm

8!TeV

1
! Z

d!
dm

7!TeV
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Z production properties at LHC (8 TeV) 

! ! Doubly differential measurement Ð in Z P T and y 
(rapidity); precise comparison with theory predictions  

Sep 8, 2014 
Corfu 2014: Standard Model and Beyond 
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CMS-PAS-SMP-13-013 
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Triple Gauge Couplings 

! ! Experimentally: diboson production 

Sep 8, 2014 
Corfu 2014: Standard Model and Beyond 

20 

WZ  

PT(Z) 

WW 

PT(leading lepton) 

dileptons  trileptons  
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The top 
! ! If the J/ # , Y, W and Z are 

standard candles, then the 
top is a candelabra*  

" ! Leptons, Missing E T, many 
jets; b-tags. Analysis requires 
all that goes into W & Z, plus 
increased QCD bkg  (higher jet 
multiplicity). 

# ! Plus interplay with W/ Z
+jets  production    

Sep 8, 2014 
Corfu 2014: Standard Model and Beyond 

*: first heard this from Ken Bloom, U of Nebraska   

Dilepton :  
cleanest  
Br~4/81 

0-lepton: 
not-clean; 
Br~4/9 

21 
P. Sphicas 
HEP after Run 1 at the LHC 

The most complex SM signal: the top 

Jul 15, 2014 
FFP14 

11 

1-lepton:  
semi-clean  
Br~8/27 
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The top (single and double) 

Sep 8, 2014 
Corfu 2014: Standard Model and Beyond 

4 5 Results

|! | < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efÞciency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1Ð2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA , HIJING and HYDJET

event generators, respectively, yield efÞciency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts are examined by loosening or tightening the track selections on dz/ " (dz)
and dxy/ " (dxy) from 2 to 5. The associated yields are found to be insensitive to these track
selections within 2%.
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/ c. Results are shown (a) for low-multiplicity events ( Nofßine

trk <
35) and (b) for a high-multiplicity selection ( Nofßine

trk ! 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/ c. For the low-multiplicity
selection (Nofßine

trk < 35), the dominant features are the correlation peak near (D! , D#) = ( 0, 0)
for pairs of particles originating from the same jet and the elongated structure at D# " $ for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events ( Nofßine

trk ! 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced ÒridgeÓ-like
structure emerges at D# " 0 extending to |D! | of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

#
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3Ð10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of $ 0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.

To investigate the long-range, near-side correlations in Þner detail, and to provide a quanti-
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Figure 26: (a) Distribution of a test-statistic q = �2ln(L 0� / L 0+ ) of the pseudoscalar boson
hypothesis tested against the SM Higgs boson hypothesis. Distributions for the SM Higgs
boson are represented by the yellow histogram and for the alternative JP hypotheses by the
blue histogram. The arrow indicates the observed value. (b) Average expected and observed
distribution of �2! ln L as a function of fa3. The horizontal lines at �2! ln L = 1 and 3.84
represent the 68% and 95% CL, respectively.
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boson hypothesis (alternative hypothesis). The black point represents the observed value.
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! ! Very nice measurement, 
previously reported only 
as an evidence by both 
ATLAS and CMS!

! ! Use W(l! ) decays for 
both WÕs; maximum 
sensitivity is in the eµ 
channel!

! ! Selection based on "
BDT in jet and b-jet 
multiplicity categories !

! ! Observed 6"  excess 
(5.4"  expected)!
" ! "  = 23.4+5.5

-5.4 pb!

! ! Feynman diagrams:!

! ! Vtb > 0.78 @ 95% CL!
! ! Prominently featured 

at the EPS 2013!
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1 Introduction

Electroweak production of single top quarks has been Þrst observed at the Tevatron by the D0
[1] and CDF [2] experiments. Single-top-quark production proceeds mainly via three processes:
the t-channel exchange of a virtual W boson, the s-channel production and decay of a virtual
W boson, and the associated production of a top quark and a W boson (tW). The latter chan-
nel, which has a negligible production cross section at the Tevatron, represents a signiÞcant
contribution to single-top-quark production at the Large Hadron Collider (LHC). Associated
tW production is a very interesting production mechanism because of its interference with top
quark pair production [3Ð5], its sensitivity to new physics [6Ð8] and its role as a background
to several SUSY and Higgs searches. The ATLAS and Compact Muon Solenoid (CMS) experi-
ments have measured the cross section fort-channel production [9Ð12] while evidence for tW
associated production has been presented by the ATLAS [13] and CMS experiments [14]. This
analysis presents the Þrst observation of tW production by the CMS experiment in pp collisions
at

!
s = 8 TeV.

Figure 1: Leading order Feynman diagrams for single-top-quark production in the tW mode,
the charge-conjugate modes are implicitly included.

The theoretical prediction of the cross section for tW in pp collisions at
!

s = 8 TeV, assuming
a top-quark mass (mt) of 172.5 GeV, is 22.2± 0.6± 1.4 pb [15], computed at approximate next-
to-next leading order. The Þrst uncertainty corresponds to scale variation and the second to
parton distribution function (pdf) sets.
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Figure 2: Feynman diagrams for tW single-top-quark production at next-to-leading order that
are removed from the signal deÞnition in the DR scheme, the charge-conjugate modes are im-
plicitly included.

The Feynman diagrams for tW production are shown for leading order (LO) in Figure 1 and
at next-to-leading order (NLO) in Figure 2. These NLO diagrams present a conceptual issue,
as at NLO the deÞnition of tW production in perturbative QCD mixes with top quark pair
production (t t) [3Ð5]. Two schemes for describing the tW signal have been proposed: Òdiagram
removalÓ (DR) [3], where the doubly resonant NLO diagrams, such as those in Figure 2, are
excluded from the deÞnition of the signal; and Òdiagram subtractionÓ [3, 16], in which the
differential cross section is modiÞed with a gauge-invariant subtraction term, which locally
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Figure 5: Distribution of BDT discriminant for data and simulation separated in the 1j1t signal
region (left) and the 2j1t (center) and 2j2t (right) control regions for events in all three dilepton
channels.
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Figure 6: Distribution of BDT discriminant for data and simulation separated in the 1j1t signal
region (left) and the 2j1t (center) and 2j2t (right) control regions for events in the eµ channel.
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Figure 7: Distribution of BDT discriminant for data and simulation separated in the 1j0t (left)
and 2j0t (right) control regions for events in all three dilepton channels.
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Figure 7: Distribution of BDT discriminant for data and simulation separated in the 1j0t (left)
and 2j0t (right) control regions for events in all three dilepton channels.
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4 5 Results

|! | < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efÞciency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1Ð2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA , HIJING and HYDJET

event generators, respectively, yield efÞciency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts are examined by loosening or tightening the track selections on dz/ " (dz)
and dxy/ " (dxy) from 2 to 5. The associated yields are found to be insensitive to these track
selections within 2%.
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/ c. Results are shown (a) for low-multiplicity events ( Nofßine

trk <
35) and (b) for a high-multiplicity selection ( Nofßine

trk ! 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/ c. For the low-multiplicity
selection (Nofßine

trk < 35), the dominant features are the correlation peak near (! ! , ! #) = ( 0, 0)
for pairs of particles originating from the same jet and the elongated structure at ! # " $ for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events ( Nofßine

trk ! 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced ÒridgeÓ-like
structure emerges at ! # " 0 extending to |! ! | of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

#
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3Ð10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of $ 0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.

To investigate the long-range, near-side correlations in Þner detail, and to provide a quanti-

46 14 Summary

)+0 / L-0 -2 ln(L
-30 -20 -10 0 10 20 30

ps
eu

do
-e

xp
er

im
en

ts

0

0.02

0.04

0.06

0.08

0.1

CMS -1 = 8 TeV, L = 19.7 fbs  -1 = 7 TeV, L = 5.1 fbs

+0
-0

CMS data

(a)

a3f
0 0.2 0.4 0.6 0.8 1

 ln
L

∆
-2

 

0

2

4

6

8

10

12
Expected

Observed

CMS -1 = 8 TeV, L = 19.7 fbs  -1 = 7 TeV, L = 5.1 fbs

(b)

Figure 26: (a) Distribution of a test-statistic q = �2ln(L 0� / L 0+) of the pseudoscalar boson
hypothesis tested against the SM Higgs boson hypothesis. Distributions for the SM Higgs
boson are represented by the yellow histogram and for the alternative JP hypotheses by the
blue histogram. The arrow indicates the observed value. (b) Average expected and observed
distribution of �2! ln L as a function of fa3. The horizontal lines at �2! ln L = 1 and 3.84
represent the 68% and 95% CL, respectively.
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boson hypothesis (alternative hypothesis). The black point represents the observed value.
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BDT in jet and b-jet 
multiplicity categories !
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(5.4"  expected)!
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1 Introduction

Electroweak production of single top quarks has been Þrst observed at the Tevatron by the D0
[1] and CDF [2] experiments. Single-top-quark production proceeds mainly via three processes:
the t-channel exchange of a virtual W boson, the s-channel production and decay of a virtual
W boson, and the associated production of a top quark and a W boson (tW). The latter chan-
nel, which has a negligible production cross section at the Tevatron, represents a signiÞcant
contribution to single-top-quark production at the Large Hadron Collider (LHC). Associated
tW production is a very interesting production mechanism because of its interference with top
quark pair production [3Ð5], its sensitivity to new physics [6Ð8] and its role as a background
to several SUSY and Higgs searches. The ATLAS and Compact Muon Solenoid (CMS) experi-
ments have measured the cross section fort-channel production [9Ð12] while evidence for tW
associated production has been presented by the ATLAS [13] and CMS experiments [14]. This
analysis presents the Þrst observation of tW production by the CMS experiment in pp collisions
at

!
s = 8 TeV.

Figure 1: Leading order Feynman diagrams for single-top-quark production in the tW mode,
the charge-conjugate modes are implicitly included.

The theoretical prediction of the cross section for tW in pp collisions at
!

s = 8 TeV, assuming
a top-quark mass (mt) of 172.5 GeV, is 22.2± 0.6± 1.4 pb [15], computed at approximate next-
to-next leading order. The Þrst uncertainty corresponds to scale variation and the second to
parton distribution function (pdf) sets.
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Figure 2: Feynman diagrams for tW single-top-quark production at next-to-leading order that
are removed from the signal deÞnition in the DR scheme, the charge-conjugate modes are im-
plicitly included.

The Feynman diagrams for tW production are shown for leading order (LO) in Figure 1 and
at next-to-leading order (NLO) in Figure 2. These NLO diagrams present a conceptual issue,
as at NLO the deÞnition of tW production in perturbative QCD mixes with top quark pair
production (t t) [3Ð5]. Two schemes for describing the tW signal have been proposed: Òdiagram
removalÓ (DR) [3], where the doubly resonant NLO diagrams, such as those in Figure 2, are
excluded from the deÞnition of the signal; and Òdiagram subtractionÓ [3, 16], in which the
differential cross section is modiÞed with a gauge-invariant subtraction term, which locally
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Figure 5: Distribution of BDT discriminant for data and simulation separated in the 1j1t signal
region (left) and the 2j1t (center) and 2j2t (right) control regions for events in all three dilepton
channels.
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Figure 6: Distribution of BDT discriminant for data and simulation separated in the 1j1t signal
region (left) and the 2j1t (center) and 2j2t (right) control regions for events in the eµ channel.
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Figure 7: Distribution of BDT discriminant for data and simulation separated in the 1j0t (left)
and 2j0t (right) control regions for events in all three dilepton channels.
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Observation of Bs→�P+�P- at the LHC:  
LHCb results  

Justine Serrano on behalf  of the LHCb Collaboration  
Centre de Physique des Particules de Marseille  
 

 

August 6 th 2013, CERN 

Search for Bs,d !  µ+µ-  

8. July 2014 

Experimental overview of b !  s ���� ����  

Johannes Albrecht 

Strategies for indirect NP search 
! !Improve measurement precision of CKM elements 

Ñ !Compare measurements of same quantity,  
which may or may not be sensitive to NP 

Ñ !Extract all CKM angles and sides in many different ways 
¥! any inconsistency will  be a sign of New Physics 

! !Measure FCNC transitions, where New Physics is more likely to emerge, 
and compare to predictions 
Ñ !e.g. OPE expansion for b!s transitions: 

Ñ !New Physics may 
¥! modify Ci

(Õ) short-distance Wilson coefficients  
¥! add new long-distance operators Oi

(Õ) 
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Rare decays in e↵ective Þeld theory

⌅ E↵ective Hamiltonian forb ! s FCNC transition
He↵ = �4GFp

2

VtbV
⇤
ts

P
i(CiOi + C 0

iO0
i)

⌅ Wilson coe�cientsC(0)
i encode short-distance physics and possible NP

⌅ Oi local operators,O0
i helicity ßipped,ms/mb suppressed
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C. Langenbruch (CERN), LC13 LHCb results on ßavour physics

¥  b !  s ���� ���� decays allow precise tests of Lorentz structure  
Ð  Sensitive to new phenomena via non-standard couplings 

Ð  Best described with effective field theory 
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Significance 
LHCb: 4.0&"
(5.0& exp) 
CMS: 4.3&"
(4.8& exp) 

CMS+ 
LHCb  
comb 

SM 
B BS ! µ+µ Ð( ) = 3.65±0.23( ) " 10#9

B Bd ! µ+µ Ð( ) = 1.1±0.1( ) " 10#10

B BS ! µ+µ Ð( ) = 2.9±0.7( ) " 10#9

B Bd ! µ+µ Ð( ) = 3.6!Ð!1.4
+!1.6( ) " 10#10



Last piece of the SM: 
that long-sought scalar, 

that explains it all (EWSB) 
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H%##  

e+: 21 GeV 
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H%ZZ%2!2e   
m4l= 126.9 GeV 

µ+: 43 GeV 

µ+: 24 GeV 
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ATLAS Collaboration / Physics Letters B 716 (2012) 1Ð29 13

Fig. 7. Combined search results: (a) The observed (solid) 95% CL limits on the signal
strength as a function of mH and the expectation (dashed) under the background-
only hypothesis. The dark and light shaded bands show the ± 1! and ± 2! uncer-
tainties on the background-only expectation. (b) The observed (solid) local p0 as a
function of mH and the expectation (dashed) for a SM Higgs boson signal hypothe-
sis (µ = 1) at the given mass. (c) The best-Þt signal strength öµ as a function of mH .
The band indicates the approximate 68% CL interval around the Þtted value.

582 GeV. The observed 95% CL exclusion regions are 111Ð122 GeV
and 131Ð559 GeV. Three mass regions are excluded at 99% CL,
113Ð114, 117Ð121 and 132Ð527 GeV, while the expected exclu-
sion range at 99% CL is 113Ð532 GeV.

9.2. Observation of an excess of events

An excess of events is observed near mH = 126 GeV in the H !
Z Z(" ) ! 4" and H ! # # channels, both of which provide fully
reconstructed candidates with high resolution in invariant mass, as
shown in Figs. 8(a) and 8(b). These excesses are conÞrmed by the
highly sensitive but low-resolution H ! W W (" ) ! "$"$ channel,
as shown in Fig. 8(c).

The observed local p0 values from the combination of channels,
using the asymptotic approximation, are shown as a function of
mH in Fig. 7(b) for the full mass range and in Fig. 9 for the low
mass range.

The largest local signiÞcance for the combination of the 7 and
8 TeV data is found for a SM Higgs boson mass hypothesis of
mH = 126.5 GeV, where it reaches 6 .0! , with an expected value
in the presence of a SM Higgs boson signal at that mass of 4 .9!
(see also Table 7). For the 2012 data alone, the maximum local sig-
niÞcance for the H ! Z Z(" ) ! 4" , H ! # # and H ! W W (" ) !

Fig. 8. The observed local p0 as a function of the hypothesised Higgs boson mass
for the (a) H ! Z Z(" ) ! 4" , (b) H ! # # and (c) H ! W W (" ) ! "$"$ channels.
The dashed curves show the expected local p0 under the hypothesis of a SM Higgs
boson signal at that mass. Results are shown separately for the

#
s = 7 TeV data

(dark, blue in the web version), the
#

s = 8 TeV data (light, red in the web version),
and their combination (black).

Fig. 9. The observed (solid) local p0 as a function of mH in the low mass range.
The dashed curve shows the expected local p0 under the hypothesis of a SM Higgs
boson signal at that mass with its ± 1! band. The horizontal dashed lines indicate
the p-values corresponding to signiÞcances of 1 to 6 ! .

e$µ$ channels combined is 4.9 ! , and occurs at mH = 126.5 GeV
(3.8! expected).

The signiÞcance of the excess is mildly sensitive to uncertain-
ties in the energy resolutions and energy scale systematic uncer-
tainties for photons and electrons; the effect of the muon energy
scale systematic uncertainties is negligible. The presence of these

CMS Collaboration / Physics Letters B 716 (2012) 30Ð61 41

Fig. 13. The CLs values for the SM Higgs boson hypothesis as a function of the
Higgs boson mass in the range 110Ð145 GeV. The background-only expectations are
represented by their median (dashed line) and by the 68% and 95% CL bands. (For
interpretation of the references to colour, the reader is referred to the web version
of this Letter.)

Fig. 14. The observed local p-value for 7 TeV and 8 TeV data, and their combination
as a function of the SM Higgs boson mass. The dashed line shows the expected local
p-values for a SM Higgs boson with a mass mH.

7.1. SigniÞcance of the observed excess

The consistency of the observed excess with the background-
only hypothesis may be judged from Fig. 14, which shows a scan of
the local p-value for the 7 and 8 TeV data sets and their combina-
tion. The 7 and 8 TeV data sets exhibit an excess of 3 .2σ and 3.8σ
signiÞcance, respectively, for a Higgs boson mass of approximately
125 GeV. In the overall combination the signiÞcance is 5 .0σ for
mH = 125.5 GeV. Fig. 15 gives the local p-value for the Þve decay
modes individually and displays the expected overall p-value.

The largest contributors to the overall excess in the combina-
tion are the γ γ and ZZ decay modes. They both have very good
mass resolution, allowing good localization of the invariant mass
of a putative resonance responsible for the excess. Their com-
bined signiÞcance reaches 5 .0σ (Fig. 16). The WW decay mode
has an exclusion sensitivity comparable to the γ γ and ZZ decay
modes but does not have a good mass resolution. It has an excess
with local signiÞcance 1 .6σ for mH ! 125 GeV. When added to
the γ γ and ZZ decay modes, the combined signiÞcance becomes
5.1σ . Adding the ττ and bb channels in the combination, the Þnal
signiÞcance becomes 5.0σ . Table 6 summarises the expected and
observed local p-values for a SM Higgs boson mass hypothesis of
125.5 GeV for the various combinations of channels.

Fig. 15. The observed local p-value for the Þve decay modes and the overall com-
bination as a function of the SM Higgs boson mass. The dashed line shows the
expected local p-values for a SM Higgs boson with a mass mH.

Fig. 16. The observed local p-value for decay modes with high mass-resolution
channels, γ γ and ZZ, as a function of the SM Higgs boson mass. The dashed line
shows the expected local p-values for a SM Higgs boson with a mass mH.

Table 6
The expected and observed local p-values, expressed as the corresponding number
of standard deviations of the observed excess from the background-only hypothesis,
for mH = 125.5 GeV, for various combinations of decay modes.

Decay mode/combination Expected (σ ) Observed (σ )

γ γ 2.8 4.1
ZZ 3.8 3.2

ττ + bb 2.4 0.5
γ γ + ZZ 4.7 5.0
γ γ + ZZ+ WW 5.2 5.1
γ γ + ZZ+ WW + ττ + bb 5.8 5.0

The global p-value for the search range 115Ð130 (110Ð145) GeV
is calculated using the method suggested in Ref. [115] , and corre-
sponds to 4 .6σ (4.5σ ). These results conÞrm the very low proba-
bility for an excess as large as or larger than that observed to arise
from a statistical ßuctuation of the background. The excess consti-
tutes the observation of a new particle with a mass near 125 GeV,
manifesting itself in decays to two photons or to ZZ. These two
decay modes indicate that the new particle is a boson; the two-
photon decay implies that its spin is different from one [135,136] .

Phys. Lett. B 716 (2012) 1

Phys. Lett. B 716 (2012) 30



And thus was born,  
on July 4 th 2012,  
Òa new bosonÓ:  

it decayed to two bosons  
(two #; two Z; two W)  

 
It is not spin-1: it decays to two 
photons (Landau-Yang theorem)  

 
 

It is either spin-0 or spin-2 (could also be 
higher spin, but this is really disfavored)  
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!   Significance: 
5.7$ obs. 
(5.2$ exp.) 

[arXiv:1407.0558, submitted to EPJC] 
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Search Results

8

best-fit values is performed. The mass uncertainty obtained
in this way is purely statistical. The systematic uncertainties
account for an effect on the mass scale of the lepton
momentum scale and resolution, shape systematics in the
P !D kin

bkgjm4l " probability density functions used as signal
and background models, and normalization systematics
due to acceptance and efficiency uncertainty. The measured
mass ismH # 125.6 $ 0.4!stat" $ 0.2!syst" GeV.

Figure20 (top) also shows likelihood scans separately
for the 4e, 2e2! , and4! final states when using the 3D
model L m;!

3D of Eq. (14). The measurements in the three

final states are statistically compatible. The best-fit values
for each subchannel are also shown in TableVII . The
dominant contribution to the systematic uncertainty is the
limited knowledge of the lepton momentum scale.

Two more mass measurements are performed with a
reduced level of information, by dropping theP !D kin

bkgjm4l "
term of the likelihood in Eq.(14), resulting in a 2D model,
L m;!

2D ! L m;!
2D !m4l ; D m", or by performing only a mass

line shape fit and assuming the average mass resolution is
applicable for each channel, resulting in a 1D model,
L m;!

1D ! L m;!
1D !m4l ". The measured central value is the same

in all three cases, with an increasing uncertainty, due to the
reduced information available to the fit in the case of 2D
or 1D models. Figure20 (right) shows the likelihood scans
for the combination of all the final states separately for the
L m;!

1D , L m;!
2D , andL m;!

3D models.
The mass distribution for theZ ! 4l decay exhibits a

pronounced resonant peak atm4l # mZ close to the new
boson (80 < m4l < 100 GeV). Hence, theZ ! 4l peak
can be used as validation of the measurement of the mass of
the new boson using the same techniques as for the Higgs
boson. The mass of the reconstructedZ boson inZ ! 4l
decays, with the assumption of the Particle Data Group
(PDG) [149] value for the Z-boson natural width, is
consistent in each subchannel. The measured value for
the combination of all theZ ! 4l final states ismZ #
91.1 GeV, compatible with the PDG value (91.1876$
0.0021GeV) within the total estimated uncertainty of
0.4 GeV[149].

Figure21shows the scan of the 3D likelihood versus the
width of the SM-like Higgs boson with an arbitrary width.
In this scan, the mass and the signal strength! are profiled,
as all other nuisance parameters. This shows that the data
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FIG. 18 (color online). (top) Observed and expected 95% C.L.
upper limit on the ratio of the production cross section to the SM
expectation. The expected1" and2" ranges of expectation for the
background-only model are also shown with green and yellow
bands, respectively. (bottom) Significance of the local excess
with respect to the SM background expectation as a function of
the Higgs boson mass in the full mass range 110Ð1000 GeV.
Results are shown for the 1D fit (L !

1D), the 2D fit (L !
2D), and the

reference 3D fit (L !
3D).

S. CHATRCHYAN et al. PHYSICAL REVIEW D 89, 092007 (2014)

092007-26

6.8!  signal observed for m H = 125.7 GeV

Phys. Rev. D 89, 092007 (2014)

1D : m(4! ) only 
2D : m(4! ), kinematic discriminant 
3D : m(4! ), kinematic discriminant, dijet 
discriminant (or four-lepton p T)

Search Strategy (I)

¥ ZZ! 4!  events form the dominant and 
irreducible background 

¥ Some additional reducible background 
from sources such as Z+jets, ttbar, etc.  

¥ Higgs signal produces a sharp bump 
on a smooth background mass 
distribution 

¥ We can see the signal peak building 
up around m(4! ) ~ 125 GeV
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! ! Significance: 
5.7$ obs. 
(5.2$ exp.) 

[arXiv:1407.0558, submitted to EPJC] 
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BEH-ness (I):  
Spin-parity: 0 + 

Significance: huge  

Put simply:  
it couples to 

fermions  

Coupling deviations summaries 
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! ! Assuming no BSM 
particles. 

[CMS-PAS-HIG-14-009] [arxiv:1207.1693] [arxiv:1303.3570] 

Couplings wrt  SM 

BEH-ness (II):  
g~m2 non-universality  
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SM: a new standard for ÒsuccessÓ 
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The Standard Picture 
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Learning from history 

! ! With the discovery of the Higgs boson, the Standard 
Model (SM) is now complete 

" ! The SM provides a remarkably accurate description of 
experiments with and without high-energy accelerators.   
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Learning from history 

! ! With the discovery of the Higgs boson, the Standard 
Model (SM) is now complete 

" ! The SM provides a remarkably accurate description of 
experiments with and without high-energy accelerators.   

! ! With the physics of the very small [thought to be] 
understood at energy scales of at least 100 GeV, the 
situation is reminiscent of previous times in history 
when our knowledge of nature was deemed to be 
ÒcompleteÓ. 
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understood at energy scales of at least 100 GeV, the 
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Lord Kelvin (1900):  
There is nothing new to be discovered 
in physics now. All that remains is more 
and more precise measurement. 



So what new physics? 
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Many (many) possibilities 
! ! New strong interactions? 

" ! Technicolor; excited quarks; compositeness; new ÒcontactÓ 
interactions 

! ! Exotica: 
" ! Weird stuff: leptoquarks ? 
" ! New ÒforcesÓ? 

# ! New resonances (W-Z-like) 
" ! More generations?  

# ! Fourth generation ( bÕ) 
" ! 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: Òhidden valleysÓ? 

Sep 8, 2014 
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How would new structure show up? 

! ! If quarks are composite, i.e. they are made of other 
ÒstuffÓ, 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*%q#, 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 ÒRutherford scattering with scaling violationsÓ 
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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 , WÕ 
& ZÕ, RS gravitons 

Four-parameter 
fit to describe 
QCD shape 
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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 

€ 

Rη =

Dijets
η <0.7

∑

Dijets
0.7<η <1.3

∑

Very small dependence of ratio on mjj.  Agreement with QCD. 
Exclude (95%CL) quark compositeness for %<4.0TeV.  
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!
 Rutherford 

LO QCD 
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Contact interactions &  
Dijet Angular Distributions  
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Instead of cosθ*, use:"
dN/dχ sensitive to 
contact interactions  

!  

" =
1+cos#*

1$ cos#* = exp 2 y*( )
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Search for new Contact Ineractions  
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Lower limit (95% CL) on scale of contact interactions 
! =9.9Ð14.3 TeV (destructive/constructive interference) 
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Contact interactions 

! ! The !  distributions do not 
exhibit any excess at low ! .  
Good description by QCD. 

! ! From very early on: lower limit 
on scale of contact interaction 
! =5.6 TeV (95% CL) 

! ! Most recent results from 7 TeV: 
7.8 TeV  
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36pb-1"
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Excited quarks 

! ! Decay to jet + ( # or Z) 
" ! High mass q* !  Z with large boost ( pT) 
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Leptoquarks (I) 
! ! As name implies, they carry 

baryon and lepton number Ð & 
thus color (large &!) 

" ! GUT-inspired; proton decay acting 
as one of the main motivations  

" ! Decay: l q (BR " ) and #q (BR=1-" ) 
" ! A leptoquark  for each generation; 

cross-couplings FCNC constraints.  
# ! Generally: assume decays to 

one lepton only; independent 
searches for each generation  

$ ! Easier searches: first two 
generations, LQ1 and LQ2, 
i.e. to e/µ 

Sep 8, 2014 
Corfu 2014: Standard Model and Beyond 

43 

eejj  

eejj  

¥! DY+jets  normalized to Z+jets  (control region)  

¥! anti-Z cut 
¥! optimize S T cut (mass-dependent)  
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Leptoquarks : limits from 8 TeV 
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, =1 
eejj  

, =0.5 
e! jj  

1st gen 
eejj  + 
e! jj  

2nd gen 
µµjj  + 
µ! jj  



Extra Dimensions (?!?) 
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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 ÒantsÓ living in D=2+1 
dimensions, E+M is actually 
a F~1/r force 

 

! ! Tabletop experiments: look 
for deviations from 1/r 2 law 
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Different types of extra dimensions 

! ! The ÒtraditionalÓ 
image of a circular 
extra dimension 
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! ! Randall- Sundrum  
ds2= gµ!  dxµ dx ! +gmn(y)dy mdyn  
(x: SM coordinates; y: d extra ones) 
Generalize: dependence on location 
in extra dimension 
ds2= e 2A(y) gµ!  dxµ dx !

 +gmn(y)dy mdyn 

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

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

Simulation 
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Search for Z - (%ee and/or µµ) 
! ! Nice,  clean signature 

(but SM tails) 

! ! Di-muon event, 
M(µµ)=1.4 TeV 
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Experimental issues:  
(a) resolution : for muons 
deteriorates with mass; for 
electrons the opposite 
(b) reconstruction  of E and p 
@ > 1 TeV is tricky business"  

µµ 

ee 
Combined limit  

from ee+µµ 
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Search for W - (at 8 TeV) 
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e!"

µ! "

e!"

µ! "

Spectacular events: a very 
high-pT lepton &very little else! 

Combined limit  
from e! +µ!  
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Search for a resonance decaying to t-tbar 

! ! non-boosted tops 

! ! boosted tops  
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jet 

lepton 

missing ET 

jet 

jet 
jet 

jet 

jet 

jet 

B. Clerbaux - QFPP2014  36 

!
!

!!

Highest!diZwideZjet!mass!event!!
M=5.15!TeV!



P. Sphicas 
Experimental searches at the LHC: CMS 

Search for a resonance decaying to t-tbar 

! ! boosted tops 
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Search for diboson  resonances 

! ! X%WZ 
" ! Dilepton+ jets 

! ! X%ZZ 
" ! 2lep+jets; 4lep 
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Dark Matter? 
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Dark Matter at the LHC 
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From R. Kolb 
CERN Acad. Lectures 
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Dark Matter at the LHC 
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From R. Kolb 
CERN Acad. Lectures 

7/7/14 ICHEP 2014 22 

Mono-X Searches 

Search for Dark Matter in Events with a Hadronically Decaying W or Z Boson and
Missing Transverse Momentum in pp Collisions at

!
s = 8 TeV with the ATLAS

Detector

ATLAS Collaboration

A search is presented for dark matter pair production in association with a W or Z boson in
pp collisions representing 20.3 fb! 1 of integrated luminosity at

!
s = 8 TeV using data recorded

with the ATLAS detector at the Large Hadron Collider. Events with a hadronic jet with the jet
mass consistent with a W or Z boson, and with large missing transverse momentum are analyzed.
The data are consistent with the standard model expectations. Limits are set on the mass scale in
e! ective Þeld theories that describe the interaction of dark matter and standard model particles, and
on the cross section of Higgs production and decay to invisible particles. In addition, cross section
limits on the anomalous production of W or Z bosons with large missing transverse momentum are
set in two Þducial regions.

PACS numbers: 13.85.Rm,14.70.Fm,14.70.Hp,14.80.Bn,95.35.+d

Although the presence of dark matter in the Universe
is well established, little is known of its particle nature
or its nongravitational interactions. A suite of experi-
ments is searching for a weakly interacting massive par-
ticle (WIMP), denoted by ! , and for interactions between
! and standard model (SM) particles [1].

One critical component of this program is the search
for pair production of WIMPs at particle colliders, specif-
ically pp ! ! ø! at the Large Hadron Collider (LHC) via
some unknown intermediate state. These searches have
greatest sensitivity at low WIMP mass m! , where direct
detection experiments are less powerful. At the LHC, the
Þnal-state WIMPs are invisible to the detectors, but the
events can be detected if there is associated initial-state
radiation of a SM particle [2]; an example is shown in
Fig. 1.

The Tevatron and LHC collaborations have reported
limits on the cross section ofpp ! ! ø! + X where X
is a hadronic jet [2Ð4] or a photon [5, 6]. Other LHC
data have been reinterpreted to constrain models where
X is a leptonically decayingW [7] or Z boson [8, 9]. In
each case, limits are reported in terms of the mass scale
M ! of the unknown interaction expressed in an e! ective
Þeld theory as a four-point contact interaction [10Ð18].
In the models considered until now, the strongest lim-
its come from monojet analyses, due to the large rate
of gluon or quark initial-state radiation relative to pho-
ton, W or Z boson radiation. The operators studied in
these monojet and monophoton searches assume equal
couplings of the dark matter particles to up-type and
down-type quarks [C(u) = C(d)]. For W boson radia-
tion there is interference between the diagrams in which
the W boson is radiated from theu quark or the d quark.
In the case of equal coupling, the interference is destruc-
tive and gives a smallW boson emission rate. If, however,
the up-type and down-type couplings have opposite signs
[C(u) = " C(d)] to give constructive interference, the rel-

ative rates of gluon, photon, W or Z boson emission can
change dramatically [7], such that mono-W -boson pro-
duction is the dominant process.

d

u +W

!

!

d

u

+W

!

!

FIG. 1: Pair production of WIMPs ( ! ø! ) in protonÐproton
collisions at the LHC via an unknown intermediate state, with
initial-state radiation of a W boson.

In this Letter, a search is reported for the production
of W or Z bosons decaying hadronically (toqøq" or qøq,
respectively) and reconstructed as a single massive jet
in association with large missing transverse momentum
from the undetected ! ø! particles. This search, the Þrst
of its kind, is sensitive to WIMP pair production, as well
as to other dark-matter-related models, such as invisible
Higgs boson decays (W H or ZH production with H !
! ø! ).

The ATLAS detector [19] at the LHC covers the pseu-
dorapidity [20] range |" | < 4.9 and the full azimuthal an-
gle#. It consists of an inner tracking detector surrounded
by a thin superconducting solenoid, electromagnetic and
hadronic calorimeters, and an external muon spectrom-
eter incorporating large superconducting toroidal mag-
nets. A three-level trigger system is used to select inter-
esting events for recording and subsequent o" ine analy-
sis. Only data for which beams were stable and all sub-
systems described above were operational are used. Ap-
plying these requirements topp collision data, taken at
a center-of-mass energy of

#
s = 8 TeV during the 2012

W recoil Jet recoil 

3

both s-channel and W t production. The single-top, t-
channel process is generated with acermc 3.8 [38] inter-
faced to pythia 8.1 [39], using the CTEQ6L1 [40] PDF
with the AUET2B [35] tune. The diboson (ZZ , W Z ,
and W W ) samples are produced using herwig 6.520 and
jimmy 4.31 with the CTEQ6L1 PDF and AUET2 tune.
Background contributions from multijet production in

which large E miss
T is due to mismeasured jet energies are

estimated by extrapolating from a sample of events with
two jets and are found to be negligible [3].
Samples of simulated pp ! W ! !̄ and pp ! Z ! !̄

events are generated using madgraph 5 [41], with show-
ering and hadronization modeled by pythia 8.1 using the
AU2 [35] tune and CT10 PDF, including b quarks in the
initial state. Four operators are used as a representa-
tive set based on the definitions in Ref. [14]: C1 scalar,
D1 scalar, D5 vector (both the constructive and destruc-
tive interference cases), and D9 tensor. In each case,
m� = 1, 50, 100, 200, 400, 700, 1000, and 1300 GeV are
used. The dominant sources of systematic uncertainty
are due to the limited number of events in the control re-
gion, theoretical uncertainties in the simulated samples
used for extrapolation, uncertainties in the large-radius
jet energy calibration and momentum resolution [23], and
uncertainties in the E miss

T . Additional minor uncertain-
ties are due to the levels of initial-state and final-state
radiation, parton distribution functions, lepton recon-
struction and identification e�ciencies, and momentum
resolution.
The data and predicted backgrounds in the two sig-

nal regions are shown in Table I for the total number of
events and in Fig. 3 for the mjet distribution. The data
agree well with the background estimate for each E miss

T
threshold. Exclusion limits are set on the dark matter
signals using the predicted shape of the mjet distribution
and the CL s method [42], calculated with toy simulated
experiments in which the systematic uncertainties have
been marginalized. Figure 4 shows the exclusion regions
at 90% confidence level (C.L.) in the M ⇤ vs m� plane for
various operators, where M ⇤ need not be the same for
the di↵erent operators.

TABLE I: Data and estimated background yields in the two
signal regions. Uncertainties include statistical and system-
atic contributions.

Process E

miss
T > 350 GeV E

miss
T > 500 GeV

Z ! ! !̄ 402+39
! 34 54+8

! 10

W ! "± ! , Z ! "± "" 210+20
! 18 22+4

! 5

WW,WZ,ZZ 57+11
! 8 9.1+1.3

! 1.1
tt̄, single t 39+10

! 4 3.7+1.7
! 1.3

Total 707+48
! 38 89+9

! 12

Data 705 89

Limits on the dark matter–nucleon scattering cross sec-
tions are reported using the method of Ref. [14] in Fig. 5

50 60 70 80 90 100 110 120

E
ve

nt
s 

/ 1
0 

G
eV

0

50

100

150

200

250
Data

)+jet!!Z(
)+jet"/µW/Z(e/

Top
Diboson
uncertainty

D5(u=d) x100
D5(u=-d) x1

ATLAS  = 8 TeVs  -120.3 fb
 > 350 GeVmiss

TSR: E

 [GeV] jetm
50 60 70 80 90 100 110 120

E
ve

nt
s 

/ 1
0 

G
eV

0

5

10

15

20

25

30

35 D5(u=d) x20
D5(u=-d) x0.2 > 500 GeVmiss

TSR: E

FIG. 3: Distribution of mjet in the data and for the predicted
background in the signal regions (SR) with E

miss
T > 350 GeV

(top) and E

miss
T > 500 GeV (bottom). Also shown are the

combined mono-W -boson and mono-Z-boson signal distribu-
tions with m! = 1 GeV and M# = 1 TeV for the D5 destruc-
tive and D5 constructive cases, scaled by factors defined in
the legends. Uncertainties include statistical and systematic
contributions.
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FIG. 4: Observed limits on the e! ective theory mass scale
M# as a function of m! at 90% C.L. from combined mono-W -
boson and mono-Z-boson signals for various operators. For
each operator, the values below the corresponding line are
excluded.

for both the spin-independent (C1, D1, D5) and the spin-
dependent interaction model (D9). References [14, 50]
discuss the valid region of the e↵ective field theory, which
becomes a poor approximation if the mass of the interme-
diate state is below the momentum transferred in the in-
teraction. The results are compared with measurements
from direct detection experiments [43–49].
This search for dark matter pair production in asso-

ciation with a W or Z boson extends the limits on the
dark matter–nucleon scattering cross section in the low

10 6 Results

Table 7: Summary of the contributions (in %) to the total uncertainty on the W+jets background
from the various factors used in the data-driven estimation.

Emiss
T ( GeV) > 250 > 300 > 350 > 400 > 450 > 500 > 550

Statistics (Nobs) 0.9 1.3 2.0 2.9 4.0 5.5 7.5
Background (N bgd) 2.5 2.3 1.9 2.1 2.1 1.9 2.4
Acceptance and efÞciency 2.0 2.0 2.2 2.4 2.8 3.3 4.1
PDFs 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Total 3.9 3.9 4.1 4.9 6.0 7.6 10.1

Table 8: SM background predictions compared with data after passing the selection require-
ments for various Emiss

T thresholds, corresponding to an integrated luminosity of 19.5 fb �1.
The uncertainties include both statistical and systematic terms and are considered to be un-
correlated. In the last two rows, expected and observed 95% conÞdence level upper limits on
possible contributions from new physics passing the selection requirements are given.

Emiss
T ( GeV) ! > 250 > 300 > 350 > 400 > 450 > 500 > 550

Z(nn)+jets 30600± 1493 12119± 640 5286± 323 2569± 188 1394± 127 671± 81 370± 58
W+jets 17625± 681 6042± 236 2457± 102 1044± 51 516± 31 269± 20 128± 13
tøt 470± 235 175± 87.5 72± 36 32± 16 13± 6.5 6± 3.0 3± 1.5
Z(``)+jets 127± 63.5 43± 21.5 18± 9.0 8± 4.0 4± 2.0 2± 1.0 1± 0.5
Single t 156± 78.0 52± 26.0 20± 10.0 7± 3.5 2± 1.0 1± 0.5 0± 0
QCD Multijets 177±88.5 76±38.0 23±11.5 3±1.5 2±1.0 1± 0.5 0± 0
Total SM 49154± 1663 18506± 690 7875± 341 3663± 196 1931± 131 949± 83 501± 59
Data 50419 19108 8056 3677 1772 894 508
Exp. upper limit 3580 1500 773 424 229 165 125
Obs. upper limit 4695 2035 882 434 157 135 131

certainties on the acceptance from PDFs, and (iv) the uncertainty in the selection efÞciency e as
determined from the difference in measured efÞciency between data and simulation. A sum-
mary of the contributions of these uncertainties to the total error on the W+jets background is
shown in Table 7.

Background contributions from QCD multijet events, top and Z (``)+jets production are small.
QCD events are normalised to the cross section measured in dijet events, tøt events are nor-
malised to the measured cross section in the tøt inclusive cross section measurement and Z(``)+jets
are normalised using the comparison between data and MC in the Z (µµ) control sample after
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Obs. upper limit 4695 2035 882 434 157 135 131

certainties on the acceptance from PDFs, and (iv) the uncertainty in the selection efÞciency " as
determined from the difference in measured efÞciency between data and simulation. A sum-
mary of the contributions of these uncertainties to the total error on the W+jets background is
shown in Table 7.

Background contributions from QCD multijet events, top and Z (!! )+jets production are small.
QCD events are normalised to the cross section measured in dijet events, tøt events are nor-
malised to the measured cross section in the tøt inclusive cross section measurement and Z(!! )+jets
are normalised using the comparison between data and MC in the Z (µµ) control sample after
applying the monojet selection. A 50% uncertainty is assigned to these background predictions.

6 Results

A summary of the predictions and corresponding uncertainties for all the SM backgrounds
compared to the data for different values of the Emiss

T cut are shown in Table 8. Also shown in
Table 9 are the number of events from representative signal points for ADD, dark matter and
Unparticles that pass the selection requirements for various Emiss

T thresholds.

The Emiss
T cut is optimised by using representative model points from the three signal scenarios.

The best expected limits are found to be at Emiss
T > 400 GeV for ADD and dark matter and

Emiss
T > 350 GeV for Unparticle models.

The total systematic uncertainty on the signal is found to be 20% for dark matter, ADD and
Unparticles. The sources of systematic uncertainty considered are: jet energy scale, PDFs,

10 6 Results

Table 7: Summary of the contributions (in %) to the total uncertainty on the W+jets background
from the various factors used in the data-driven estimation.

Emiss
T ( GeV) > 250 > 300 > 350 > 400 > 450 > 500 > 550

Statistics (Nobs) 0.9 1.3 2.0 2.9 4.0 5.5 7.5
Background (Nbgd) 2.5 2.3 1.9 2.1 2.1 1.9 2.4
Acceptance and efficiency 2.0 2.0 2.2 2.4 2.8 3.3 4.1
PDFs 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Total 3.9 3.9 4.1 4.9 6.0 7.6 10.1

Table 8: SM background predictions compared with data after passing the selection require-
ments for various Emiss

T thresholds, corresponding to an integrated luminosity of 19.5 fb�1.
The uncertainties include both statistical and systematic terms and are considered to be un-
correlated. In the last two rows, expected and observed 95% confidence level upper limits on
possible contributions from new physics passing the selection requirements are given.

Emiss
T ( GeV) ! > 250 > 300 > 350 > 400 > 450 > 500 > 550

Z(nn)+jets 30600 ± 1493 12119 ± 640 5286 ± 323 2569 ± 188 1394 ± 127 671 ± 81 370 ± 58
W+jets 17625 ± 681 6042 ± 236 2457 ± 102 1044 ± 51 516 ± 31 269 ± 20 128 ± 13
tt̄ 470 ± 235 175 ± 87.5 72 ± 36 32 ± 16 13 ± 6.5 6 ± 3.0 3 ± 1.5
Z(``)+jets 127 ± 63.5 43 ± 21.5 18 ± 9.0 8 ± 4.0 4 ± 2.0 2 ± 1.0 1 ± 0.5
Single t 156 ± 78.0 52 ± 26.0 20 ± 10.0 7 ± 3.5 2 ± 1.0 1 ± 0.5 0 ± 0
QCD Multijets 177 ±88.5 76 ±38.0 23 ±11.5 3 ±1.5 2 ±1.0 1 ± 0.5 0 ± 0
Total SM 49154 ± 1663 18506 ± 690 7875 ± 341 3663 ± 196 1931 ± 131 949 ± 83 501 ± 59
Data 50419 19108 8056 3677 1772 894 508
Exp. upper limit 3580 1500 773 424 229 165 125
Obs. upper limit 4695 2035 882 434 157 135 131

certainties on the acceptance from PDFs, and (iv) the uncertainty in the selection efficiency e as
determined from the difference in measured efficiency between data and simulation. A sum-
mary of the contributions of these uncertainties to the total error on the W+jets background is
shown in Table 7.

Background contributions from QCD multijet events, top and Z(``)+jets production are small.
QCD events are normalised to the cross section measured in dijet events, tt̄ events are nor-
malised to the measured cross section in the tt̄ inclusive cross section measurement and Z(``)+jets
are normalised using the comparison between data and MC in the Z(µµ) control sample after
applying the monojet selection. A 50% uncertainty is assigned to these background predictions.

6 Results

A summary of the predictions and corresponding uncertainties for all the SM backgrounds
compared to the data for different values of the Emiss

T cut are shown in Table 8. Also shown in
Table 9 are the number of events from representative signal points for ADD, dark matter and
Unparticles that pass the selection requirements for various Emiss

T thresholds.

The Emiss
T cut is optimised by using representative model points from the three signal scenarios.

The best expected limits are found to be at Emiss
T > 400 GeV for ADD and dark matter and

Emiss
T > 350 GeV for Unparticle models.

The total systematic uncertainty on the signal is found to be 20% for dark matter, ADD and
Unparticles. The sources of systematic uncertainty considered are: jet energy scale, PDFs,

Hadronic W,Z Dilepton Z 

4

 [GeV]T
missE

0 200 400 600 800 1000 1200

 [1
/5

0 
G

eV
]

Tm
is

s
1/

N
 d

N
/E

-310

-210

-110

1

D1
D5

χχZZ
γ max. χχZZ

 Mediatorη

ννll→ZZ

 SimulationATLAS

=200 GeVχm =8 TeVs  

FIG. 2. Shape of the E miss
T distribution in simulated samples

of ZZ background, e! ective theories of dark-matter interac-
tion with a qøq initial state (D1, D5, and D9 [10]) and inter-
action with a Z/ ! ! intermediate state [13], and the scalar-
mediator theory. The shapes of ZZ "" -no-! ! and ZZ "" -
maximal- ! ! are similar, as are the shapes of D9 and the
dimension-5 ZZ "" EFT, so only one of each is plotted. Each
distribution is normalized to unit area. The mass of the scalar
mediator, m⌘ is 1 TeV, and the dark-matter particle mass is
m� = 200 GeV.

representative operators and for the scalar-mediator the-
ory with representative coupling constant, f = 6, and
m

⌘

= 1 TeV are given in Table I.

TABLE I. The power dependence of 1/M ? for the EFT and
the cross sections of WIMP production in association with an
on-shell Z boson for various EFT operators and the scalar-
mediator theory are shown. For the calculation of the pro-
duction cross section, M ? is taken to be 1 TeV for the EFT
operators. The coupling constant of the scalar-mediator the-
ory, f , is taken to be 6 and the mass of the mediator, m⌘, is
1 TeV.

D5 D9 ZZ ""
max. ! !

Scalar
mediator

m� [GeV] Cross sections [fb]
10 7.1 120 3.1 810
200 5.6 89 2.0 300
400 3.1 47 0.83 70
1000 0.25 3.4 0.023 -

M " 1
? power 2 2 3 -

Samples ofpp ! Z! ø! events are propagated through
the ATLAS detector using the full simulation of the ID
and muon trackers and the parameterized simulation of
the calorimeter [30], tuned to full simulation and data.
The shapes of the simulatedEmiss

T

distributions for the
signal operators are shown in Fig. 2 compared to the
dominant SM background processZZ ! "+"! ø##.

Contributions to the systematic uncertainty of the ex-
pected SM backgrounds are due largely to experimental

sources a↵ecting the Emiss

T

measurement and to the e�-
ciencies for the reconstruction and identiÞcation of elec-
trons and muons. For example, whenEmiss

T

>120 GeV,
the experimental systematic uncertainty for theZZ back-
ground is dominated by the jetÐenergy scale (1.7% and
2.3% for electron and muon Þnal states, respectively) and
the electron and muon momentum scale (2.3% and 0.8%,
respectively). Smaller systematic uncertainties are asso-
ciated with the Emiss

T

measurement and with the e�cien-
cies for the reconstruction and identiÞcation of electrons
and muons.

For the dominant background, ZZ ! "+"! ø##, de-
termined from simulated samples, systematic theoretical
uncertainties are derived from the generator di↵erences,
QCD factorization and renormalization scales, and PDF
modeling. The largest theoretical uncertainty, the gener-
ator di↵erence, is evaluated as the di↵erence in yields cal-
culated from samples simulated with SHERPA 1.4.1 [35]
and POWHEG BOX. The systematic uncertainties asso-
ciated with the ZZ background are summarized in Ta-
ble II for each signal region. The luminosity uncertainty
is 2.8% and is derived from beam-separation scans per-
formed following the procedure described in Ref. [36].

TABLE II. Summary of the systematic uncertainties for the
largest background process: (ZZ ! #+ #" ø$$). Statistical un-
certainties are from MC simulation sample size.

Uncertainty Source
E miss

T threshold [GeV]
150 250 350 450

Statistical [%] 2 6 13 24
Experimental [%] 3 6 9 8
Theoretical [%] 35 35 35 35
Luminosity [%] 3 3 3 3
Total [%] 35 36 38 43

The expected background and observed yields are re-
ported in Table III. Figure 3 shows the Emiss

T

distribution
after applying all selection requirements other than the
Emiss

T

thresholds for the observed data, the expected SM
backgrounds, and the hypotheticalpp ! Z! ø! signals for
various values of the mass scale.

TABLE III. Observed yields and expected SM backgrounds
in each signal region. Statistical, systematic, and luminosity
uncertainties are added in quadrature to give the total back-
ground estimate and uncertainties.

Process
E miss

T threshold [GeV]
150 250 350 450

ZZ 41± 15 6.4± 2.4 1.3± 0.5 0.3± 0.1
W Z 8.0± 3.1 0.8± 0.4 0.2± 0.1 0.1± 0.1

W W , tøt, Z ! %+ %" 1.9± 1.4 0+0 .7
" 0.0 0+0 .7

" 0.0 0+0 .7
" 0.0

Z +jets 0 .1± 0.1 Ð Ð Ð
W +jets 0 .5± 0.3 Ð Ð Ð

Total 52 ± 18 7.2± 2.8 1.4± 0.9 0.4+0 .7
" 0.4

Data 45 3 0 0

  SM bkg for ~ MET > 350GeV  
       jet : W/Z hadronic : Z(ll) 
10,000 :       1,000         : 1 

Z recoil 

Search for dark matter in events with a Z boson and missing transverse momentum in

pp collisions at

p
s = 8 TeV with the ATLAS detector

(Dated: April 9, 2014)

A search is presented for production of dark matter particles recoiling against a leptonically
decaying Z boson in 20.3 fb�1 of pp collisions at

p
s = 8 TeV with the ATLAS detector at the Large

Hadron Collider. Events with large missing transverse momentum and two oppositely-charged
electrons or muons consistent with the decay of a Z boson are analyzed. No excess above the
Standard Model prediction is observed. Limits are set on the mass scale of the contact interaction
as a function of the dark matter particle mass using an e↵ective field theory description of the
interaction of dark matter with quarks or with Z bosons. Limits are also set on the coupling and
mediator mass of a model in which the interaction is mediated by a scalar particle.

PACS numbers: 13.85.Rm,14.70.Hp,14.80.Nb

Astrophysical measurements indicate the existence of
non-baryonic dark matter [1, 2]. However, collider based
searches, nuclear scattering experiments, and searches for
particles produced from dark-matter annihilation have
not yet revealed its particle nature nor discovered its
non-gravitational interactions, if they exist [3]. Collider-
based searches for weakly interacting massive particles
(WIMPs, denoted as ! ), speciÞcallypp ! ! ø! + X at the
Large Hadron Collider (LHC) via some unknown inter-
mediate state, are an important facet of the experimen-
tal program and provide sensitivity over a broad range of
values of the WIMP mass,m! , including for low masses
where direct detection experiments are less sensitive. The
presence of dark-matter particles, not directly observable
in a collider detector, can be inferred from their recoil
against Standard Model (SM) particles. The LHC col-
laborations have reported limits on the cross section for
the process that includes initial state radiation (ISR),
pp ! ! ø! + X , where the ISR componentX is a hadronic
jet [4, 5], a photon [6, 7], or aW or Z boson decaying
hadronically [8]. Limits on dark matter produced in the
decay of the Higgs boson have also been reported [9]. In
this analysis, limits are set using the Þnal state of aZ
boson decaying to two oppositely charged electrons or
muons, plus missing transverse momentum,E miss

T .
Since the nature of the intermediate state mediating

the partonÐWIMP interaction is not known, a useful ap-
proach is to construct an e! ective Þeld theory (EFT) [10Ð
12]. EFTs have often been used to describe interactions
between dark-matter particles and quarks or gluons, but
they have recently been extended to describe direct inter-
actions with electroweak bosons [13Ð15]. In the context
of the EFT framework, the WIMP is considered to be
the only new particle accessible at LHC energies, in ad-
dition to the SM Þelds. The mediator of the interaction
is assumed to be heavy compared to the typical parton
interaction energies involved, and the dark-matter parti-
cles are also assumed to be produced in pairs.

The EFTs considered in this analysis, depicted in
Fig. 1, are expressed in terms of two parameters:m! and
a mass scale,M " , described in Ref. [10].M " parameter-
izes the coupling between the WIMP and SM particles,
where the coupling strength is normalized, or in inverse
proportion, to the heavy-mediator mass scale. The coef-

Z

!

ø!

q

øq

(a)

q

q̄

Z/�!

Z

�

�̄

(b)

FIG. 1. The diagrams showing di↵erent types of pp ! ��̄+Z

production modes considered in this analysis [13]. Figure (a)
shows a diagram that includes an ISR operator, and figure
(b) shows a diagram that includes a ZZ�� operator.

Þcients of the LagrangianÕs interaction terms appear as
powers ofM " , e.g. for the D1 operator as 1/M 3

" and for
the D5 and D9 operators as 1/M 2

" . The deÞnition of the
D1, D5, and D9 operators and the region of validity of
the EFT limits are discussed in Ref. [10, 16].

Following the approach of Ref. [13], the coupling of
dark matter to electroweak bosons is considered for
dimension-5 and dimension-7 operators. The dimension-
7 operator couples dark matter to Z " ! as well asZZ .
Since aZ boson is in the Þnal state for each operator,
intermediate states with a Z or " ! each contribute to the
matrix element. The relative contribution of the Z and
" ! diagrams is a parameter of the theory.

This analysis considers models of dark-matter produc-
tion where a Z boson is radiated as ISR or interacts di-
rectly with WIMPs. The latter case of an interaction
between aZ -boson and a WIMP is a process not previ-
ously investigated in the analysis of LHC experiments.

To complement the EFT analysis, this paper also ex-
amines the results in terms of a model in which the in-
termediate state is speciÞed [17]. In this model a scalar-
mediator #, with mass m#, and a scalarÐWIMP coupling
strength f is responsible for the production of the dark-
matter particles. The mediator # transforms as a color
triplet and an electroweak doublet, and has a hyper-
charge of 1/ 3. The production cross section is propor-

Decreasing fraction of single boson bkg 
Increasing fraction of di-boson bkg  

ATLAS, arXive: 1404.0051 ATLAS, arXive: 1309.4017 CMS-EXO-12-048 
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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 Þgure 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 + /E T ) events over the Standard Model background, which consists
mainly of (Z ! !! ) + j and (W ! "inv ! ) + j Þnal states. In the latter case the charged lepton" is
lost, as indicated by the superscript ÒinvÓ. Experimental studies ofj + /E T Þnal 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 harderpT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPTSelection requires/E T > 120 GeV, one jet with pT (j 1) > 120 GeV, |#(j 1)| < 2, and events
are vetoed if they contain a second jet withpT (j 2) > 30 GeV and |#(j 2)| < 4.5.

HighPT Selection requires/E T > 220 GeV, one jet with pT (j 1) > 250 GeV, |#(j 1)| < 2, and events
are vetoed if there is a second jet with|#(j 2)| < 4.5 and with either pT (j 2) > 60 GeV or
! $(j 2, /E T ) < 0.5. Any further jets with |#(j 2)| < 4.5 must havepT (j 3) < 30 GeV.

veryHighPT Selection requires/E T > 300 GeV, one jet with pT (j 1) > 350 GeV, |#(j 1)| < 2, and
events are vetoed if there is a second jet with|#(j 2)| < 4.5 and with either pT (j 2) > 60 GeV
or ! $(j 2, /E T ) < 0.5. Any further jets with |#(j 2)| < 4.5 must havepT (j 3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, deÞned 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 theLowPTATLAS analysis. Mono-jet events
are selected by requiring/E T > 150 GeV and one jet with pT (j 1) > 110 GeV and pseudo-rapidity
|#(j 1)| < 2.4. A second jet with pT (j 2) > 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 withpT > 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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or ! $(j 2, /E T ) < 0.5. Any further jets with |#(j 2)| < 4.5 must havepT (j 3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, deÞned 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 theLowPTATLAS analysis. Mono-jet events
are selected by requiring/E T > 150 GeV and one jet with pT (j 1) > 110 GeV and pseudo-rapidity
|#(j 1)| < 2.4. A second jet with pT (j 2) > 30 GeV is allowed if the azimuthal angle it forms with
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3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like Þgure 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 + /E T ) events over the Standard Model background, which consists
mainly of (Z ! !! ) + j and (W ! "inv ! ) + j Þnal states. In the latter case the charged lepton" is
lost, as indicated by the superscript ÒinvÓ. Experimental studies ofj + /E T Þnal 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 harderpT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPTSelection requires/E T > 120 GeV, one jet with pT (j 1) > 120 GeV, |#(j 1)| < 2, and events
are vetoed if they contain a second jet withpT (j 2) > 30 GeV and |#(j 2)| < 4.5.

HighPT Selection requires/E T > 220 GeV, one jet with pT (j 1) > 250 GeV, |#(j 1)| < 2, and events
are vetoed if there is a second jet with|#(j 2)| < 4.5 and with either pT (j 2) > 60 GeV or
! $(j 2, /E T ) < 0.5. Any further jets with |#(j 2)| < 4.5 must havepT (j 3) < 30 GeV.

veryHighPT Selection requires/E T > 300 GeV, one jet with pT (j 1) > 350 GeV, |#(j 1)| < 2, and
events are vetoed if there is a second jet with|#(j 2)| < 4.5 and with either pT (j 2) > 60 GeV
or ! $(j 2, /E T ) < 0.5. Any further jets with |#(j 2)| < 4.5 must havepT (j 3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, deÞned 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 theLowPTATLAS analysis. Mono-jet events
are selected by requiring/E T > 150 GeV and one jet with pT (j 1) > 110 GeV and pseudo-rapidity
|#(j 1)| < 2.4. A second jet with pT (j 2) > 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 withpT > 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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E.g. VBF higgs production with higgs to invisible 

Mjj > 1.1 TeV 
!" jj > 4.2 
!# jj < 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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Expected 210+-30 evts if BR~100% 
=> Would be clearly visible above bkg  

! ! Proof of principle for VBF to  
       nothing search strategy! 
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! ! THE signature of low-scale quantum gravity (M D << 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: & = 'R S
2 ~ TeV-2 (up to ~100 pb!) 

 
! ! BHs decay instantaneously via Hawking evaporation 

emitting ÒdemocraticallyÓ to a large number of energetic 
quarks, gluons, leptons, photons, W/Z, h, etc. 

" ! Contrary to SUSY, expect ~ small ME T (however, this is model-
dependent) 

Search for BHs 
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Search for micro-BH 

! ! Expect lots of activity in the event, so  
" ! Use ST = Sum ET of all objects (including ME T) with E T>50 GeV. 
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A candidate event with 10 
jets and S T = 1.3 TeV 

A candidate event with 9 
jets and S T = 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 ME T) with 
ET>50 GeV. 

# ! Great against pileup (in the future as well) 

! ! Key for search: S T-invariance of final state 
multiplicity 

" ! A posteriori wisdom: FSR/ISR collinear do not 
affect S T a lot 

! ! Use N=2 shape (with uncertainties) to fit higher 
multiplicities Ð where signal more prominent  
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Jet extinction? 

! ! Production of either black holes or other non-
perturbative  quantum gravity effects can have rapidly 
increasing total cross section beyond some scale ~ ."

" ! Their decay to low-multiplicity final states could be thermally 
suppressed. Leads to effective extinction of high- pT SM 
scattering 
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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 efÞciency. 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, deÞned
as the magnitude of the vector sum pT of all reconstructed particle-ßow 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% efÞcient in all pT bins
used. This search is performed in 18 pT bins between 592 and 2500 GeV.
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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 Þgures, 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, ! ! M " 2. The variable ! is chosen so that as ! # 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

arXiv:1405.7653 



P. Sphicas 
Experimental searches at the LHC: CMS 

Jet extinction? 

! ! Production of either black holes or other non-
perturbative  quantum gravity effects can have rapidly 
increasing total cross section beyond some scale ~ ."

" ! Their decay to low-multiplicity final states could be thermally 
suppressed. Leads to effective extinction of high- pT SM 
scattering 

Sep 8, 2014 
Corfu 2014: Standard Model and Beyond 

64 

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 efÞciency. 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, deÞned
as the magnitude of the vector sum pT of all reconstructed particle-ßow 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% efÞcient in all pT bins
used. This search is performed in 18 pT bins between 592 and 2500 GeV.
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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 Þgures, 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, ! ! M " 2. The variable ! is chosen so that as ! # 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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M=500 GeV 
Several high-P T jets; high 
MET (if Rp conservation); 
possibly lepton and b-rich B. Clerbaux - QFPP2014  40 
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Experimental searches at the LHC: CMS 

What we do not know: precise signature 

! ! Despite specifying spins/couplings of superpartners  
" ! Unfortunately, it tells us nothing about the masses 

# ! For this depends on the SUSY breaking mechanism 

" ! End result: large space of signatures, dependent on model 

! ! RP conservation:  
" ! LSP is stable, weakly interacting, Òmissing transverse 

energyÓ (MET) 

! ! RP violation: 
" ! The dreaded possibility (harder, except in corners of possibility 

space); Hadronic modes: to first order, no ME T (veeery  hard); 
Leptonic modes more promising 

! ! Prompted by R P violation, but still possible with R P 
conservation: exotic SUSY particles 

" ! Long-lived particles (some are even ÒstableÓ) 
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What we have been looking for 
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What we have found:  
QCD, W/Z+jets, t-tbar  
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CMSSM (based on mSUGRA) 

! ! Five parameters 
! ! GUT scale: 

" ! Common scalar masses ( m0)  

" ! Common gaugino  masses ( m1/2)  
" ! All tri-linear Higgs- sfermion-

sfermion  couplings A0$

! ! Low-energy:   
" ! tan(  and sign( µ) 

! ! Full Òparticle tableÓ predicted 
" ! 26 RGEÕs solved iteratively: run 

masses down to EWK scale 
" ! Branch: Rparity  (non)conservation  

" ! Extensions: relax GUT 
assumptions (add parameters) 
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M(squark): large increase (due to 03) 
M(slepton): small increase (due to 01, 02) 
Gauginos: gluino fast-rising; B-ino, W-ino 
mass decreases 
Mixing % charginos (2) & neutralinos (4)  
Higgs: strong top coupling drives µ2<0; 
Symmetry Breaking mechanism arises 
naturally in mSUGRA(!) 
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CMSSM parameter space 

! ! The Constrained MSSM is a good lampost : it provides a 
full set of masses/signatures for each set of the input 
parameters 

" ! ItÕs also bad for the very same reasons" 
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Considerable ingenuity in  
developing new methods 

! ! 0-lepton searches 
" ! New topological variables 

# ! 0T (the ÒQCD killerÓ)   
# ! Razor (hunt for a mass bump) 
# ! MT2, etc Ð extensions of W decays to multiple Ò ! Ó, massive " 0" 

" ! Understand all hadronic  processes  
# ! Cut on highest mass scales (e.g. Meff, HT, MET) 

! ! Leptonic  (one, two, multiple) searches 
" ! Looking at tails of distributions. 
" ! Topological variables help less: missing neutrinos in addition to " 0 
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QCD multijets  
Z(%)) )+ jets ; (W,t)+jets;W %(!  

QCD: small 
W/Z(%l) )+jets; t( %l) )+jets 

W/Z(%l) )+jets 
WW, WZ; tt (%ll ) )+jets 

0l 1l 2l 
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ÒAlphaÐTÓ (0T) 
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Well-measured QCD: * T = 0.5 
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Evolution of R(0T) with H T 

For higher jet 
mutiplicities : 
merge jets: 
form two 
Òsuperjets Ó 

1st-gen results 
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The ÒRazorÓ (I) 

! ! Two equal-mass sparticles at ~rest 
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Bkg  
  

 vs 
  

Sig 

Signal: ~ +; Bkg : falling (~exp)  

For #CM%1; MR%M1"
MT

R has endpoint: M 1"
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Searching with the Razor (II) 

! ! Advantages:  
" ! turns SUSY search to a bump hunt 

" ! All lepton multiplicities (including 0) 

! ! Fit 2D (R2,MR) spectrum: QCD+other  
" ! double exp for QCD bkg  

" ! W+jets/ ttbar  bkg  also falling   

~exponentially 
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First Razor 
result 
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Stransverse  mass (M T2) 

! ! Generalize transv . mass to two 
invisible particles ( Mmiss )  

" ! Simplest case: no extra jets; Mmiss =0 

" ! Always with pseudojet  formation 

" ! For signal: M T2~MET 

" ! For bkg :  

# ! Well-measured dijets : MT2~0 

# ! Mis-measured evs: MT2< MET 
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Single-lepton searches: inclusive 

! ! Data-driven approaches to get SM background 
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Lepton Spectrum: 
Lepton % MET 
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Dileptons 
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Without Z 
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Dileptons : with a Z                         : 
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! ! SM: Z+jets (with ÒbadÓ MET) + tt  dileptons  (large ME T) 

" ! Bkg : +/Ð symmetric; Signal: positive tail 

         For t-tbar : use eµ"

  

!  

÷ "  2
0 # Z0 ÷ "  1

0 # ! +! Ð ÷ "  1
0

Alternate method: 
MET templates from 
data (#+jets  & multijet 
events) 
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Remarkable agreement dataÐSM 

Sep 8, 2014 
Corfu 2014: Standard Model and Beyond 

MultiNJets&+&MHT&–&Result&
No&signiWicant&deviation&of&data&from&dataNdriven&SM&prediction!&

3rd&September&2013& C.&Sander&N&Latest&SUSY&Results&from&CMS& 14&

SUSN13N012&

One$bin$shows$an$
excess!$Do$we$have$to$
get$exited?$
)
Nbg)=)0.7”±”1.8)
Ndata)=)9)
)
p)(≥9|0.7”±”1.8))~)0.004)
!  ~2.7)σ)

To)observe)such)(or)a)
larger))Pluctuation)in)
any)of)the)36)bins:)
)
p$~$0.11$!$~1.2$σ$

C. Sander, Sep 2013 
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Constrained MSSM 
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Corner 
around 
which 
SUSY 
used to lie 
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What we put in:  
much simpler" 

Simplified Model Spectra (SMS) 
CMSSM 

Simplified Model Spectrum  (SMS) 
with 3 particles, 2 decay modes 
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SMS diagrams 
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Gluinos 

Squarks 
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Supersymmetry?!? 

! ! The LHC has placed very severe constraints on 
Supersymmetry   

" ! More ÒconstrainedÓ models of SUSY are now almost excluded 

" ! But not dead yet [though the press loves to declare this"]  

! ! There is a lot of room still left.  But if SUSY is the 
answer to the ÒnaturalnessÓ problem, then there must 
exist light colored particles 

" ! Leading hypothesis: a relatively light (~ TeV) top squark  
(partner of the top quark)  

# ! Previous limits not applicable, due to (expected) different 
decays of the stop  

" ! Other hypotheses: previous limits not applicable when ME T is 
small (Compressed spectra; or even zero? R P violation?!?) 

# ! Other signatures that would have (easily!) escaped? 

Sep 8, 2014 
Corfu 2014: Standard Model and Beyond 

85 



P. Sphicas 
Experimental searches at the LHC: CMS 

Direct stop search 
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! ! Top squark decays: in large region, ~ Òtop+ME TÓ 
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Stop search: direct and in gluino  decays 
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RPV with hadrons only 

! ! Very, very hard" gluino % 3 jets 
" ! Combinatorics ! Take all triplets, 

QCD: M3j ~ 2PT(jets ); SUSY: M3j ~ Mg 

Apply M 3j < 2PT(jets ) Ð 160 GeV 

Sep 8, 2014 
Corfu 2014: Standard Model and Beyond 

88 

!  

280 < M ˜ g ( ) < 460  GeV

Assumes 
Br 100% 
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RPV: 4 leptons 
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Natural SUSY with RPV: stop 
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Leptonic  RPV 
/ 122 (e,µ)   / 233 (µ,( ) 

Semi- lep  
/ Aû

233 (µ,b,t ) 
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Summary of SMS searches 
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Exotic SUSY 
 

Long-lifetime & ÒstrangeÓ signatures 
(RPV, GMSB, Split-SUSY,  

hidden valleys")  
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Heavy Stable Charged Particles 
! ! They appear in numerous SM extensions:  

" ! SUSY (split SUSY: gluinos much lighter than squarks % long 
lifetime ; GMSB models: stau  NLSP, decaying via gravitational 
coupling only; light stop with only a limited number of decay 
modes)  

" ! Other: hidden valleys; GUTs; " 
! ! Two types of signatures: 

" ! MIP: HSCP passes through tracker & muon  chambers  

" ! Strongly interacting: R-hadrons traversing material can flip Q or 
become neutral (for example in gluino  hadronization ).  Majority 
would not reach muon  chambers 

! ! Analyses 
" ! dE/dx : Massive, charged particles traversing detector: highly 

ionizing tracks in tracker and possibly muon  systems 
" ! (Out-of-time) Jet: particles stopping in the detector and decaying Ð 

possibly out-of-time with the collisions 
! ! Complementary signatures: jet analysis sensitive to slow 

particles; dE/dx  search needs higher ( (min-P T requirement) 
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Heavily ionizing tracks 
! ! Mass estimate from approximate Bethe-Bloch: 

" ! K and C determined from proton data 
# ! Mass resolution: 12% at 300 GeV  

! ! Cut on I AS (MIP compatibility) & pT (IAS, pT: uncorrelated)  

Bkg  
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!  

Ih = K
m2

p2 +C

€ 

=
#pass IAS only( ) #pass pT only( )

#Fail IAS ∩pT

K=2.58 MeV c2/cm  
C=2.56 MeV/cm 

staus 
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Heavily ionizing tracks 
! ! Mass estimate from approximate Bethe-Bloch: 

" ! K and C determined from proton data 
# ! Mass resolution: 12% at 300 GeV  

! ! Cut on I AS (MIP compatibility) & pT (IAS, pT: uncorrelated)  

Bkg  
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!  

Ih = K
m2

p2 +C

€ 

=
#pass IAS only( ) #pass pT only( )

#Fail IAS ∩pT

K=2.58 MeV c2/cm  
C=2.56 MeV/cm 

staus 
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Displaced photons 
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Displaced photons 
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Stopped gluinos 

! ! Slow ( (  < 0.4) long-lived gluinos  hadronize  into and 
then stop in the dense material of the CMS detector  

" ! Their number builds up with luminosity: 
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They then decay µs, 
s or day (s) later.  
Their decay: 

Spectacular 
jets in the 

absence of 
beam 
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Searches not covered 

! ! Searches for ÒEWKinos Ó" 

! ! Other GMSB signatures, especially photons 

! ! Disappearing tracks 

! ! A (VERY LARGE) number of other analyses on the 
topics mentioned  
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So whatÕs next for 
BSM@lhc.cern.ch?  
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The LHC at 13 TeV vs 8 TeV 
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W. Stirling  

2 TeV 3 TeV 
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Summary (aka Òwhat to rememberÓ) 
! ! LHC and experiments have operated most successfully 

in 2009Ð2012 
" ! Beyond the beautiful studies of the standard model, and its 

completion (!) we have been looking for the Òphysics beyondÓ 

! ! By now in all searches we are carrying out third-
generation analyses (typically, second-gen and 8 TeV) 

" ! In some cases (SUSY) we are looking at third-generation 
analyses (both in terms of evolution and family " ) 

" ! Nothing has turned up yet.  A huge amount of work going into 
ÒhardÓ and ÒdifficultÓ signatures. 

! ! More importantly, there is the upgrade to 13/14 TeV 
expected for 2015 

" ! And of course, if history is a guide, we will find the unexpected.  
The journey has only just started! 



Backups 



Introduction 

Great Expectations 
(20-year haul, waiting for beams") 
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The LHC: signals much smaller than ÒbkgÓ 

! ! General event properties 

! ! Heavy flavor physics 

! ! Standard Model physics 
" ! QCD jets 
" ! EWK physics 
" ! Top quark 

! ! Higgs physics 

! ! Searches for SUSY 
! ! Searches for ÔexoticaÕ 
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ÒTurn on the LHC and"  
find Higgs & SUSYÓ 

! ! ATLAS and CMS were designed to do this; they were 
ÒguaranteedÓ to find the Higgs Ð period; right away 

" ! In fact: SUSY is strongly produced, so will be observed first 

# ! For the ÒimpatientÓ: join SUSY physics group 
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! ! Many hard Jets 
! ! Large missing energy 

" ! 2 LSPs 

" ! Many neutrinos 

! ! Many leptons 

! ! In a word Spectacular! 
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Higgs reach 

! ! CMS can probe the entire set of Aþallowed Aÿ 
Higgs mass values;  

" ! in most cases a few months at 2x10 33 cm-2s-1 are 
adequate for a 5 & observation 
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ÒUnderlying 
EventÓ 

What was known: the Òu nderlying event " 

! ! The UE consists of the Òbeam remnantsÓ and from 
particles arising from soft or semi-soft multiple parton  
interactions (MPI) 

" ! The underlying event is not the same as a minimum bias event 

! ! Modeling of UE: important ingredient for jet physics 
and lepton isolation, energy flow, object tagging, etc 

 

Hard Scattering 

PT(hard) 

Outgoing Parton 

Outgoing Parton 

Initial -State Radiation 

Final-State Radiation 

 

Proton AntiProton  

Underlying Event Underlying Event 

ÒHard ScatteringÓ 
Component 

 

Hard Scattering 

PT(hard) 

Outgoing Parton 

Outgoing Parton 

Initial -State Radiation 

Final-State Radiation 

 

Proton AntiProton  

Underlying Event Underlying Event 

 ÒJetÓ 

 

ÒJetÓ 

 ÒJetÓ 

 No hard scattering  
“Min-Bias” event 

Proton AntiProton

ÒSoftÓ Collision (no hard scattering)
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Defeating the underlying event (the 80Õs) 

! ! Short parenthesis (history of ÒdirtinessÓ in hadron collisions)  
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W candidate 
in UA1 CD 

W candidate 
in UA2 calo  



Prelude: 
Why we believe that 

there should be new physics  
(physics beyond the SM) 

(a)! History repeats itself (and Lord Kelvin 
was wrong) 

(b)! Dark matter 
(c)! Naturalness of natureÕs choice of the 

BEH boson mass 
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The magic of the Higgs boson mass (I) 
! ! Quantum Mechanics: ultimate destructor  
of small numbers (in nature) not protected by 
some symmetry (thus ÒlawÓ)  
! ! Higgs boson: the ultimate example 

! ! It should ÒresistÓ itself (since it couples to mass,  
it should couple to itself as well)  

! ! Quadratic divergence in the Higgs mass 

! ! Put slightly differently: if cut off at . PL, why mW !  MPl?  
" ! Or: why is gravity (G~1/ MPl) so weak? 
 

 

 

Sep 8, 2014 
Corfu 2014: Standard Model and Beyond 

114 

P.A.M Dirac 

( ) ( ) ∫
Λ

+Λ=
2

2

222222

p
dkCgmpm

Its mass should be 
almost infinite! 
Yet, it lies at the 
very finite value of 
(only) 125 GeV! 
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The magic of the Higgs boson mass (II) 
! ! If no new physics up to Planck scale, i.e. .  ~ 1019 GeV 

" ! Strong dependence of Physics( . EWK) on Physics( . PL)  
# ! ItÕs like saying that to describe the Hydrogen atom one needs 

to know about the quarks inside the proton (not true!) 
" ! Implies extreme fine-tuning (ETF) of parameters 
m2 = 1234567890123456789012345675432189012 Ð   [illustration only " ] 

    1234567890123456789012345675432173387 = 15625 GeV2  
" ! Is the Higgs boson mass ÒnaturalÓ? 

! ! Two possible explanations for this: 
 (a) The A word   (b) New Physics, Beyond the SM 

! ! Even bigger problem(s) come from gravity 
! ! Where is all this vacuum energy? 

" ! We would expect a tremendous energy density,  
>Googol (10 100) times larger than observed  
(ÒCosmological constant too smallÓ) 
" ! Size of the universe if the Higgs, as we  
expect it was there (ALONE):  

   %   a football (soccer) ball) 
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The way beyond 
! ! The most tractable of all these questions is that of the 

weak/Higgs mass scale Ð and ÒnaturalnessÓ 

! ! Four ÒsolutionsÓ (with numerous variants): 
" ! New physics appears near EWK scale (SUSY? fix divergences)  

" ! New physics modifies couplings: GUT at the EW scale  

" ! Extra dimensions: gravity is strong in nD, weak in 4D; e.g. 
could have MPl(5D) ~ TeV ? 

" ! The A word; Anthropic principle: accept ETF. Statistical 
explanation of mW !  MPl : due to huge number of Òinput 
ensemblesÓ 
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What it could look [looks?] like 
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Intermediate lifetimes 
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c(~O(cm) c(~O(10 cm) 

Displaced vertex ÒDisappearingÓ track 
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SUSY GMSB search: diphotons  (I) 
! ! GMSB: just as good a SUSY; solves all issues that SUSY is 

good for: hierarchy; unification at GUT scales; also (for very 
long-lived LSP, also DM) 

! ! Assumes SUSY broken at large scale in sector containing 
non-SM (heavy) particles 

" ! This sector couples to SM via ÒmessengersÓ of mass M 
" ! Loops involving messengers % mass to s-partners 

# ! Advantage of model; mass from gauge interactions % no 
FCNC (can cause problems in mSUGRA) 

! ! Phenomenology: LSP is gravitino  (G) 
" ! SUGRA: M(G)~O(1)TeV % irrelevant to phenomenology 
" ! GMSB: NSLP decays to G; unstable % NLSP can be charged 

# ! Lifetime of NLSP ÒfreeÓ: O(µm) < c(  < O(km) 
" ! Neutral NLSP: decays to #, Z0, h0;  
" ! Charged NLSP: "R;  

# ! low tan, : degenerate eR,µR,τR; high tan, : τR is lightest slepton , 
others decay to it 

! ! Good signature: photons + ME T +jet(s )  
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SUSY GMSB search: diphotons  (II) 
! ! Demand two photons + jet (kill beam halo) 
! ! Bkg : jets; #+jet; W+ #; W+jet  (and jet % #; ÒfakeÓ) 
! ! Two data-driven bkg  estimates to get ME T tail (dominated by 

hadronic  recoil): 
" ! Z%ee events (not applying tracking to eÕs) 
" ! Loose photon-ID (so picking up jets); gives Òfake-fakeÓ bkg.  

Normalize to diEM pT; spectrum to data (at low pT) 
# ! Since #+jet same shape as jet+jet , estimate includes Òreal-fakeÓ 
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Only QCD ( ##) Include W ( e#) 
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SUSY GMSB search: diphotons  (III) 

! ! Also important: demonstrate 
that signal would be visible 
" ! Use e# sample (from W+ #) 
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No excess over bkg  
estimate % limits 
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Stopped gluinos  (II) 

! ! Search carried out for different lifetimes 
(, t=1.26 %g) 

! ! Also look at time structure ( $<100µs) 

! ! Fix                          (efficient  trig/jet)  
! ! Counting experiment:  

Sep 8, 2014 
Corfu 2014: Standard Model and Beyond 

122 

"=1#s!Given - hypothesis: 
calculate PDF for 
signal evt  time, 
using lumi  profile; 
bkg : flat 
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Heavy Stable Charged Particles 

! ! Both in SUSY and other SM extensions:  
" ! SUSY (split SUSY: M(gluino )<<M(squark ) !  long lifetime ; GMSB 

models: stau  NLSP, decaying via gravitational coupling only")  

" ! Other: hidden valleys; GUTs; " 

! ! Two types of signatures: MIP & strongly-interacting 
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(Out-of-time) Jet: particles 
stopping in the detector and 
decaying Ð possibly out-of-
time with the collisions 

MIP: HSCP passes through 
tracker & muon chambers  

R-hadrons traversing material 
can flip Q or become neutral 

dE/dx : Massive, charged 
particles traversing detector: 
highly ionizing tracks (tracker, 
possibly muon dets ) 
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Stopped gluinos  (II) 

! ! Special trigger: no-beam .AND. BPTX (anticoincidence) 
" ! Was run also after the end of fills (to reach long lifetimes) 

! ! Main background: cosmic rays, beam halo, HCAL noise 

" ! Select against them (e.g. HCAL noise: jets not at same phi).  
Finally: signal shape (electronics): use ratio of energy in BX+1/
BX and BX+2/BX+1 
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Stopped gluinos (II) 

! ! Search carried out for different lifetimes 
(, t=1.26 %g) 

! ! Also look at time structure ( $<100µs) 

! ! Fix                          (efficient  trig/jet)  
! ! Counting experiment:  
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"=1#s!Given - hypothesis: 
calculate PDF for 
signal evt  time, 
using lumi  profile; 
bkg : flat 
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Post-ÒHiggsÓ: so where does SUSY stand? 

! ! MH=125 GeV: great news for the SM (completion) 
! ! Mh=125 GeV: not-so-great news for SUSY (difficult) 
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N. Mahmoudi  
ICHEP 2012 
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Zooming in: some good news 

! ! At 95% CL: there Is new 
physics at a scale below 
the GUT scale "    

" ! Or vacuum is not stable" 

 

Thankfully, weÕd still have ~15 
Gyr ! 
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Searching for the stop 

! ! SUSY will be unnatural if mstop >1 TeV: this is a real 
challenge for the LHC experiments! 
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&(stop ): 
down by x8 
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Summary of RPV (with leptons) (e.g. CMS) 
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W charge asymmetry (overall") 
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+ LHCb:  
2 < $ < 4.5 
(agreement 
with CMS in $ 
3  2.0-2.4) 

Tevatron  vs.  
NNPDF2.3 



SUSY signatures  
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The challenge from QCD 

! ! Understatement: the problem with jets is that they are 
Òcopiously producedÓ 

" ! Properly calibrated statement: the problem with jets is that they 
have a huge production rate 
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Cannot just use the Monte Carlo 
! ! Two sources of uncertainty: 

" ! Modeling of detector response. Monte Carlo will never really 
simulate any and all detector and reconstruction ÒfeaturesÓ 

" ! Modeling of physics processes: theoretical uncertainty 

! ! Thus: huge effort in developing Òdata-drivenÓ methods 
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Data-driven estimates 
! ! Identify ÒcontrolÓ and ÒsignalÓ samples/regions in data 

" ! Control region: depleted in signal, rich in processes that we 
can ÒmodelÓ well, whether through simulation or through direct 
measurements in the data 

" ! Signal region: the region of phase space where we expect the 
signal to show up 

" ! Corollary: an easy search is one with well-separated control 
and signal regions AND a reliable recipe for connecting the SM 
processes in the two regions 

! ! SUSY searches: the epitome of data-driven searches; 
example from all-hadronic search: 

" ! QCD background: from rebalance+smear  
" ! W and top background: lost-lepton bkg  from inversion of 

lepton veto; tau bkg : replace muon by ÒtauÓ in mu+jets  sample 
" ! Zinv  + jets: use Z(µµ)+jets  and kill leptons; or photon+jets and 

relate to Z+jets 
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SUSY searches with MET (0 lepton) 
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SUSY searches with MET (0 lepton) 
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SUSY all-hadronic search 

! ! Pulling together 
all bkg  estimates:  

! ! Next: define 14 
different signal 
regions in H T, MHT 
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Take 
best 
reach 
for 
limit 

Alas: no excess ¨ limits"  



RP violating SUSY 
 

Mainly leptonic  channels 

!  

" L = #ijkLiL jE k + $ # ijkLiQjD k + $ $ # ijkU iD jD k
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Easier channel: RPV with leptons 
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Multiply-charged particles 
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