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Tevatron run II LHC run I LHC run II 
Collision energy  1.96 TeV 7-8 TeV 13 TeV 
Luminosity [1032 cm-2 s-1] 4  70 160 
Int. Lum. [fb-1] 10 25 120 
Collisions per BX 8 21 45 

The numbers 

Ø  Run II will give a quantum leap in luminosity and collision energy, 
like the LHC start-up in 2010 

Ø  The energy increase is smaller and luminosity increase larger 

Ø  Of course we won’t have the design luminosity from the  first day 

Ø  The current schedule foresee 1-3 fb-1 by early July (mix of 50 and 25 ns operation) 

http://lhc-commissioning.web.cern.ch/lhc-commissioning/2015/2015-commissioning-
outline.htm 

Ø  Total integrated luminosity in 2015 might be similar to 2012 

 

 



From first collisions to searches 

Ø  Oversimplified diagram ! We will keep improving our detector understanding up 
to (or beyond) the end of the run for example    

Ø  The concept is that BSM searches make use of and rely on previous work on 
detector commissioning and SM physics measurement 

Ø  Need to re-align tracking detectors, some pieces are new (innermost pixel 
layer), etc.    

Ø  MC to data corrections for detector performance need to be derived again 

Ø  MC might not describe 13 TeV collisions physics out of the box 

Ø  All of this is similar to 2010, though simpler (the detector is not totally new, the 
collision energy step is smaller, we benefit from the software developed in run I)  

 

 

time 

Detector Commissiong 

SM measurements 

BSM searches 



Let’s look back at 2010 
Ø  First 7 TeV collisions were on March 30th  

Ø  But we took advantage of lower energy collisions in 
2009 and cosmics data, that was critical for the quick 
exploitation of high energy collisions which followed  

 Ø  First preliminary results were:  

Ø  Charge particle multeplicity with in April [6.8 
µb-1] and improved Pythia tune by the end of 
May  

Ø  Underlying event measurement in May [6.8 µb-1] 

Ø  Jet observation in May 

Ø  W, Z, J/ψ observation in June 

Ø  W, Z, J/ψ cross section in July 

Ø  And a large number of preliminary results from 
trigger, luminosity, combined performance groups  

Andreas Hoecker, Physics Startup 2015, Oct 7, 2013 

Let’s remember: the 7 TeV startup in 2010 and 2011 

Observations using up to 40 pb�1 of 2010 data 
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But, the first preliminary 2010-data results did not come 

from searches, but from the SM and performance groups !   

•  Charged particle multiplicity at 7 TeV in Apr 2010 [6.8 µb�1 !]                              

and improved “MBT1” Pythia tune end of May 2010 

•  UE measurement at 0.9 and 7 TeV in May 2010 [6.8 µb�1] 

•  Jet observation in May 2010 

•  W, Z and J/ψ observation in June 2010 

•  First W, Z and diff. J/ψ cross section measurements in July 2010 

Large number of performance notes starting in June 2010 by 
trigger, luminosity and combined performance groups  
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First preliminary top quark search in July 2010 [0.28 pb�1 ] 

•  Background studies in Aug 2010 [0.30 pb�1 ] 

•  Observation and cross section measurement in Mar 2011 [35 pb�1 ] 

First preliminary Higgs background studies in Sep 2010 
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Summer 2010: First BSM 
searches ! 

§   SUSY 0, 1 lepton + MET + jets  [0.07 pb-1] 
§  Dijet resonance, multibody, and W’ searches [0.3 pb-1] 
§  The dijets were the first BSM paper submitted by ATLAS in August. 
Ø  For high mass objects we could challenge the Tevatron sensitivity 

because of the higher energy, despite very low luminosity.  
Ø  They will be the first things where we exceed run I sensitivity in 2015   

Andreas Hoecker, Physics Startup 2015, Oct 7, 2013 

 [GeV]effM
0 500 1000 1500 2000

En
tri

es
 / 

50
 G

eV

-310

-210

-110

1

10

210

310

0 500 1000 1500 2000
-310

-210

-110

1

10

210

310  = 7 TeV)sData 2010 (
Monte Carlo
QCD
W+jets
Z+jets
tt

SU4 (x10)

-1L dt ~ 70 nb∫

Four Jet Channel
ATLAS Preliminary

Let’s remember: the 7 TeV startup in 2010 and 2011 

Summer 2010, ICHEP in Paris: ATLAS showed results with 60 � 320 nb�1 

Summer 2010: [ICHEP, Paris] 

•  SUSY: 0 / ≥1 leptons + jets + MET [0.07 pb�1]  

•  Exotics: dijet resonance & CI searches [0.30 / 0.06 pb�1]  

-  W’ search in Aug 2010 [0.32 pb�1, m(W’) > 465 GeV] 

-  “Multibody” (aka Black Hole) search [0.30 pb�1]  

-  Again dijets in Sep 2010 [3.1 pb�1, m(q*) > 1.53 TeV] 

Followed by full 35�40 pb�1 results ≥ March 2011 
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•  SUSY: 0 / ≥1 leptons + jets + MET [0.07 pb�1]  
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Cross section ratios 

Andreas Hoecker, Physics Startup 2015, Oct 7, 2013 
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Cross section ratios 

…for selected processes 

Hugely increased potential for discovery of heavy particles at 13∼14 TeV 

Cross section ratios: 14 (13) TeV / 8 TeV 

(for 13 TeV / 8 TeV: 8.4) 

(for 13 TeV / 8 TeV: 12) 

(for 13 TeV / 8 TeV: 46) 

(13 / 8: 2700) 
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Andreas Hoecker, Physics Startup 2015, Oct 7, 2013 

Physics prospects with the first few fb�1 of Run-2 
Andreas Hoecker, ATLAS week at Marrakech, Morocco, Oct 7, 2013 

Hopes and fears for 2015 ?  
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Will concentrate on fast-track 
analyses which are expected 
to produce results during 2015 
(provided sufficient luminosity) 

1 

Strong interaction 
dominated processes 

Electroweak processes 

Ø The gain from collision 
energy is the largest for 
heavy and gluon fusion 
produced objects. 

Ø For each process one can 
compute the luminosity 
needed to produce as 
many signal events as in 
run I. Caveats: 
Ø Backgrounds increase 

too 
Ø PDF uncertainties get 

large at large  ŝ



SM measurements 

"   These are critical for the understanding of backgrounds for searches 

"   But they are also a possible window on new physiscs of their own, expecially 
if the NP is not something we expect and have designed a dedicated search 
for 

"   Inclusive and differential cross sections, cross section ratios (13/8 TeV), rare/
forbidden decays, should all be pursued 

"   With higher energy and luminosity, new processes become accessible (ttZ, 
ttW, tttt, tri-bosons, …)  

"   Higgs measurements are of course a window on New Physics 

"   Ignoring all that, I will move on searches for direct production of SUSY and 
exotic new states. 



Supersymmetry 

1)   Squark and gluino production searches 
2)   Third generation squark searches 
3)   Electroweak production 
4)   Long lived particle, RPV, etc.  

1.3 Selected results from searches for R-parity conserving SUSY at the LHC

In the framework of generic R-parity conserving supersymmetric extensions of the SM, SUSY particles
are produced in pairs and the lightest supersymmetric particle (LSP) is stable. In a large fraction of the
parameter space the LSP is the lightest neutralino, where neutralinos (�̃0

j , j = 1, 2, 3, 4) and charginos
(�̃±i , i = 1, 2) are the mass eigenstates originating from the superposition of the SUSY partners of Higgs
and electroweak gauge bosons (higgsinos and gauginos). The scalar partners of right-handed and left-
handed fermions can mix to form two mass eigenstates, nearly degenerate in the case of first and second
generation squarks and sleptons (q̃ and l̃), whilst possibly split in the case of bottom and top squarks
(sbottom, b̃ and stop, t̃) and tau sleptons (stau, ⌧̃). The lighter stop mass eigenstate can be significantly
lighter than the other squarks and the gluinos (g̃, supersymmetric partners of the gluons).

The searches in the initial phases of the LHC (in particular those corresponding to the 35 pb�1 and
the 1 fb�1 datasets) targeted processes with large expected cross-section, such as production of gluinos
and 1st, 2nd generation squarks (Fig. 1). As the integrated luminosity increased, the search strategy was
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Figure 1: Next-to-leading order cross-sections for the production of supersymmetric particles at the
LHC as a function of the average mass of the pair-produced supersymmetric particles. The �̃±1 and �̃0

2 are
assumed to be wino-like.

refined to access processes with either smaller cross-section or a-priori lower sensitivity. The ATLAS
Collaboration is currently carrying out a broad programme of searches [5] including searches for light-
flavour squarks and gluinos, weakly produced sparticles, and third generation squarks.

Results from the searches mentioned above have excluded 1st and 2nd generation squark and gluino
masses below about 0.7 TeV and 1.3 TeV, respectively, under the assumption of a very light LSP [6].
Less stringent limits are placed on third generation squarks [7], weak gauginos [8] and sleptons [9]. The
mass constraints strongly depend on the assumed SUSY mass spectrum.

1.4 Searches for R-parity conserving SUSY at the HL–LHC

If a signal of new physics is found at the LHC, the HL-LHC will be essential to determine the properties
of the underlying physics and a large programme of measurements would be undertaken. This note
focuses on the discovery and exclusion reach of the LHC and HL-LHC for a few illustrative examples.
Further scenarios will be studied in upcoming notes.

Previous studies of the discovery and exclusion reach of the HL-LHC have been carried out for
squark and gluino production, for the production of stops and for the production of charginos and neu-

2

Ø  Lots of SUSY particles, each of them an opportunity for discovery. 
Ø  For simplicity/timing, focus here on the particles expected to be light if SUSY is to 

solve the hierarchy problem: neutralinos/charginos, stop, gluinos  
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Gluino production 

Ø  Easiest case is a gluino decaying directly to a massless neutralino and 
two quarks  

Ø Gluino contributes to the Higgs mass at 2-loop. Gluino mass M3 as a 
function of fine-tuning Δ  :  

I. INTRODUCTION

Observation of a SM-like Higgs boson around 125 GeV by the ATLAS and CMS Collabo-

rations [1] has had a great impact on the minimal supersymmetric standard model (MSSM),

in which the naturalness problem is a key issue [2–8]. For the electroweak naturalness the

stops play an important role by cancelling the top quark loop, and thus the LHC search

for the stop pair production will shed light on this question in the MSSM. The ATLAS

and CMS collaborations have also made searches for supersymmetric particles with about

20 fb−1 of data [9–11]. The negative results of sparticle search may indicate the natural

SUSY scenario [4–8], in which the first two generations of squarks are heavy and the third

generation of squarks are light.

In the framework of MSSM, the fine-tuning can be estimated by the Barbieri-Giudice

measure [3]
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(Han et al., arXiv:1308.5307v1) 

Gluino should be lighter than 900 (4000) GeV if one allows a fine tuning of 20% (1%) 



Gluino sensitivity 

Ø  Left: current (preliminary) limits.  
1400 GeV limit in easiest case, degraded to 550 GeV if gluino and lightest 
neutralino close in mass 

Ø Right: ultimate (LHC upgrade studies) sensitivity   
Discovery (exclusion) sensitivity with 300 fb-1 up to 1950 (2350) GeV for easy case 

Ø  Early run II searches: a1400 GeV gluino gives 20 events in 20 fb-1 at 8 TeV or in 0.7 
fb-1 at 13 TeV  



Gluino questions 

§  For decays in b or top quarks: high pt b-tagging performance and 
boosted (W and top) reconstructions become more and more 
important as we push up in mass. Work needed there ! 

§  Can we improve the compressed mass spectrum sensitivity ? 

§  Are we failing to see low mass colored particles, which we will never 
see because of trigger and because we focus our searches on high mass 
stuff only ? 
§  For gluino it seems limits are robust (see also Evans et al., arXiv:

1310.5758) but a single squark state (whose cross section is 8 times 
smaller) might still be quite light.  

Note these questions can apply to many other BSM candidates 



Scalar top searches 
"   The stop contributes to the Higgs mass at 1-loop. Average (of the two 

states) stop mass as a function of fine tuning is: 

"   Currently big activity on this from Italian institutes 

"   Several decay chains possible, might be several open decays in 
competition 

I. INTRODUCTION

Observation of a SM-like Higgs boson around 125 GeV by the ATLAS and CMS Collabo-

rations [1] has had a great impact on the minimal supersymmetric standard model (MSSM),

in which the naturalness problem is a key issue [2–8]. For the electroweak naturalness the

stops play an important role by cancelling the top quark loop, and thus the LHC search

for the stop pair production will shed light on this question in the MSSM. The ATLAS

and CMS collaborations have also made searches for supersymmetric particles with about

20 fb−1 of data [9–11]. The negative results of sparticle search may indicate the natural

SUSY scenario [4–8], in which the first two generations of squarks are heavy and the third

generation of squarks are light.

In the framework of MSSM, the fine-tuning can be estimated by the Barbieri-Giudice

measure [3]

∆ = max{∆pi},

∆pi =

∣

∣

∣

∣

∂ logM2
Z

∂ log p2i

∣

∣

∣

∣

. (1)

where pi denotes the soft SUSY-breaking terms that enter the minimization conditions of

the Higgs potential [12]

M2
Z

2
=

(m2
Hd

+ Σd)− (m2
Hu

+ Σu) tan2 β

tan2 β − 1
− µ2, (2)

with tanβ ≡ vu/vd, m2
Hd

and m2
Hu

representing the weak scale soft SUSY breaking masses

of the Higgs fields, µ being the higgsino mass parameter, Σu and Σd being the radiative

corrections to the tree-level Higgs potential. In order to maintain naturalness, the parameters

µ, mHu and Σu are expected to be at weak scale, which will impose a constraint on the

spectrum of MSSM [6]

µ ! 200 GeV
( mh

125 GeV

)

√

∆

5
, (3)

√

m2
t̃1
+m2

t̃2
+ A2

t ! 600 GeV sin β LΛ

( mh

125 GeV

)

√

∆

5
, (4)

M3 ! 900 GeV sin β L2
Λ

( mh

125 GeV

)

√

∆

5
, (5)

with LΛ =
√

3/ log (Λ/TeV) coming from the leading-log approximation of the RGE [6]. Of

course, in a given model like the MSSM, CMSSM or natural SUSY, the fine-tuning extent

2

Lightest stop must be lighter than 600(2700) GeV if 20% (1%) fine tuning is allowed.  

t → t χ1
0

t → b χ1
+

t → c χ1
0

t → t χ4
0 → tH χ2

0 → tHff ' χ1
0

Well studied 

Loop decay (if others closed kinematically)  



Stop sensitivity 
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Figure 5: The 95% CL exclusion limits (dashed) and 5� discovery reach (solid) for 300 fb�1 (red) and
3000 fb�1 (black) in the t̃, �̃0

1 mass plane assuming t̃ ! t + �̃0
1 with a branching ratio of 100%. The

results are shown for the combination of the 1-lepton and 0-lepton analyses. The observed limits from
the analyses of 8 TeV data are also shown.

Figure 6: The Feynman diagram for the �̃0
2�̃
±
1 simplified model studied in this note. The �̃±1 is assumed

to decay as �̃±1 ! W±(⇤)�̃0
1 and the �̃0

2 as �̃0
2 ! Z(⇤) �̃0

1 with 100% branching ratio.

3.3 Signal Region Selection

Two signal regions are defined for each luminosity scenario considered, “SR1-3000” and “SR2-3000”
for the 3000 fb�1 scenario and “SR1-300” and “SR2-300” for the 300 fb�1 scenario. The regions are Z-
enriched regions to target the �̃0

2 decays via on-shell Z bosons and have ranked selections on the pT of the
three leptons of 100, 80 and 50 GeV from leading to second leading to third leading respectively. Events
are required to include at least one Z boson candidate, defined as a Same-Flavour Opposite-Sign (SFOS)
lepton pair with mass |mSFOS � mZ | < 10 GeV. The mT is constructed from the lepton not included in the
SFOS pair with invariant mass closes to the Z boson mass. Each signal region has tight mT and Emiss

T
requirements to increase sensitivity in scenarios with large mass splitting between the chargino (or �̃0

2)
and the lightest neutralino. The Emiss

T and mT distributions after the above selections and after requiring
Emiss

T > 50 GeV, are shown in Figure 7 for the 3000 fb�1 scenario. The signal regions for the 300 fb�1

and 3000 fb�1 scenarios have been optimised seperately and are described in Table 5.
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Here the case in which the χ0
1 is the only SUSY  

particle in which the stop can decay is shown.  

1 

1)   Heavy stop, lightest neutralino. 
Current limit 680 GeV. For this value, Run II will produce more stops than run I after 3 fb-1.  
Discovery (exclusion) sensitivity with 300 fb-1 up to 1000(1200) GeV.  
2) Stealth stop (mstop-mχ0

1 ≈ mtop) 
Signal is top-like. Not tackled yet (but a number of ideas exist in the literature)  
3) Compressed mass spectrum (mstop-mχ0

1 small) 
Current exclusion 200 GeV, and working in progress to improve it 

2 

3 



Ideas/things to study 
 

"   High stop/sbottom mass: boosted top reconstruction, high pt b tagging should become critical (first 
work being done on run I data already)  

"   Stealth stop with light χ0
1: use precision measurement of cross section,  spin effects (in production 

and decay) and top polarization to disentangle from top ? Heavier χ0
1: use boosted/VBF production 

(boost is transferred to χ0
1) to disentangle from top ? 

"   Complex decays: how can we improve the analysis strategies (largely developed for simplified decay 
modes) for a mixture of several long decay chains ?    

"   Ideas from CMS: their run I analysis strategies very different from ours, can we learn something 
from those ?  

"   New signatures and MSSM coverage : any decay modes not considered so far ? how to evaluate 
coverage in theory space ?  

"   New analysis strategies: (mostly suggestions from theory papers)  

"   Background rejection/estimates: ttZ from ttγ, isolated track/tau vetos, … 

"   Run II conditions: pileup effects, JVF/lepton iso cuts, etmiss definition, trigger to use, … 

"   Interpretations: which signal grids to generate ? 

"   Low mass holes: Which areas below 500 GeV are still unexcluded ? How we cover those ?  



Gaugino direct production 
"   The lightest neutralino is likely the lightest supersymmetric particles and the 

Dark Matter candidate – light gauginos are well motivated 

"   The Higgsino mass parameter is also the Higgs mass parameter, should be 
small:  

 

"   Run I searches have focused on χ±
1 χ0

2 and χ±
1χ±

1 production with the 
decays :  

I. INTRODUCTION

Observation of a SM-like Higgs boson around 125 GeV by the ATLAS and CMS Collabo-

rations [1] has had a great impact on the minimal supersymmetric standard model (MSSM),

in which the naturalness problem is a key issue [2–8]. For the electroweak naturalness the

stops play an important role by cancelling the top quark loop, and thus the LHC search

for the stop pair production will shed light on this question in the MSSM. The ATLAS

and CMS collaborations have also made searches for supersymmetric particles with about

20 fb−1 of data [9–11]. The negative results of sparticle search may indicate the natural

SUSY scenario [4–8], in which the first two generations of squarks are heavy and the third

generation of squarks are light.

In the framework of MSSM, the fine-tuning can be estimated by the Barbieri-Giudice

measure [3]

∆ = max{∆pi},

∆pi =

∣

∣

∣

∣

∂ logM2
Z

∂ log p2i

∣

∣

∣

∣

. (1)

where pi denotes the soft SUSY-breaking terms that enter the minimization conditions of

the Higgs potential [12]

M2
Z

2
=

(m2
Hd

+ Σd)− (m2
Hu

+ Σu) tan2 β

tan2 β − 1
− µ2, (2)

with tanβ ≡ vu/vd, m2
Hd

and m2
Hu

representing the weak scale soft SUSY breaking masses

of the Higgs fields, µ being the higgsino mass parameter, Σu and Σd being the radiative

corrections to the tree-level Higgs potential. In order to maintain naturalness, the parameters

µ, mHu and Σu are expected to be at weak scale, which will impose a constraint on the

spectrum of MSSM [6]

µ ! 200 GeV
( mh

125 GeV

)

√

∆

5
, (3)

√

m2
t̃1
+m2

t̃2
+ A2

t ! 600 GeV sin β LΛ

( mh

125 GeV

)

√

∆

5
, (4)

M3 ! 900 GeV sin β L2
Λ

( mh

125 GeV

)

√

∆

5
, (5)

with LΛ =
√

3/ log (Λ/TeV) coming from the leading-log approximation of the RGE [6]. Of

course, in a given model like the MSSM, CMSSM or natural SUSY, the fine-tuning extent

2

Lightest neutralino must be lighter than 200(900) GeV if 20% (1%) fine tuning is allowed.  

4 Electroweak Production

(a) slsl-llN1N1.tex (b) staustau-tautauN1N1.tex

(c) C1C1-llvvN1N1-slsl.tex (d) C1C1-llvvN1N1-slsnu.tex

(e) C1C1-tautauvvN1N1-staustau.tex (f) C1C1-tautauvvN1N1-stausnu.tex

Figure 9:
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Intermediate mass sleptons 
Leptonic BR 100%, easy ! 

(a) C1N2-lllvN1N1-Wh.tex (b) C1N2-tautaulvN1N1-Wh.tex

(c) C1N2-qqllN1N1-Wh.tex (d) C1N2-qqtautauN1N1-Wh.tex

Figure 12:
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(a) C1N2-lvbbN1N1-Wh.tex (b) C1N2-llqqN1N1-WZ.tex

(c) C1N2-lllvN1N1-WZ.tex (d) N2N3-llllN1N1-slsl.tex

Figure 13:
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χ2
0 χ1

± → χ1
0Z χ1

0W χ2
0 χ1

± → χ1
0h χ1

0W
Hardest, several channels depending on 
Higgs decay, like WH production but 
with extra MET 



Gaugino sensitivity 

Regions SRnoZa, SRnoZb and SRnoZc provide the best sensitivity to the simplified models with

intermediate slepton decays for which the interpretation is shown in Figure 8(a). In these models, degen-

erate χ̃
±
1 and χ̃

0
2 masses up to 600GeV are excluded for large mass differences with the χ̃

0
1.

The limit in the simplified model with charginos and neutralinos decaying via gauge bosons is shown

in Figure 8(b). The signal region SRnoZa has the best sensitivity for small mass differences between the

two lightest neutralinos, which corresponds to the area close to the diagonal. The signal regions SRnoZb,

SRZa/b/c are sensitive to the area close to the mχ̃0
2
− mχ̃0

1
=mZ line. Finally, SRZa, SRZb and SRZc are

sensitive to decays of χ̃
0
2 into on-mass-shell Z-bosons with high Emiss

T
, which corresponds to the area far

from the diagonal. In these models, degenerate χ̃
±
1 and χ̃

0
2 masses up to 315GeV are excluded for large

mass differences with the χ̃
0
1.

In scenarios with gauge coupling unification, the mχ̃0
2
= 2mχ̃0

1
relationship is expected to nearly hold.

This constraint is indicated in the plots of Figure 8. Under this assumption, degenerate χ̃
±
1 and χ̃

0
2 masses

of up to ∼580 (170)GeV are excluded when they decay via sleptons (via gauge bosons).
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(a) Decay via sleptons
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(b) Decay via gauge bosons

Figure 8: Observed and expected 95% CL limit contours for chargino and neutralino production in

the simplified model scenario with (a) decay via sleptons and (b) decay via gauge bosons. The band

around the median expected limit shows the ±1σ variations on the median expected limit, including all

uncertainties except theoretical uncertainties on the signal cross-section. The dotted lines around the

observed limit indicate the sensitivity to ±1σ variations on these theoretical uncertainties. The blue

lines correspond to the 8 TeV, 13 fb−1 limits from the ATLAS three lepton analysis [18]. The limits are

calculated using the statistical combination of all signal regions for each of the model points. Linear

interpolation is used to account for the discrete nature of the signal grids.

10 Summary

Results from a search for direct production of charginos and neutralinos in the final state with three

leptons (electrons or muons) and missing transverse momentum are reported. The analysis is based on

20.7 fb−1 of proton-proton collision data recorded by ATLAS at
√
s =8TeV. No significant excess of

events is found in data above SM expectations. The null result is interpreted in simplified SUSY models.

For the simplified SUSY models with intermediate slepton decays, degenerate χ̃
±
1 and χ̃

0
2 masses up to

14
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Figure 8: The 95 % CL exclusion limits for 300 fb�1 (dashed) and 3000 fb�1 (solid line) in the �̃±1 �̃
0
2 mass

plane via a WZ signal. The shaded area corresponds to the 8 TeV limits from the ATLAS three-lepton
analysis [29].

discovery reach from ⇠1050 to ⇠1250 GeV comparing 300 and 3000 fb�1.

5 Conclusions

The sensitivity to heavy SUSY particles will be increased significantly when the centre-of-mass-energy
of the LHC reaches a value close to the design of

p
s = 14 TeV. Feasibility studies on two benchmark

SUSY scenarios, stop pair production and chargino neutralino production, are carried out with 14 TeV
MC samples and by applying detector response corrections to generator level particles. An increase
of integrated luminosity from 300 fb�1 to 3000 fb�1 extends the sensitivity potential for stop quarks
decaying in top and �̃0

1 by about 200 GeV, and by about 300 GeV for �̃±1 �̃
0
2 production assuming �̃±1 (�̃0

2)
decaying via W(Z) and �̃0

1. In addition projections from existing 8 TeV analyses are pursued for pair
production of sbottoms and pair production of charginos, showing improvements of the discovery reach
by 200 GeV and 150 GeV for the two cases respectively. Future improvements in the understanding of
experimental and theoretical systematic uncertainties on the SM background would provide additional
potential for sensitivity gains at high luminosity on SUSY scenarios reported here and beyond.
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Ø  Current limit is 320 GeV for the decay trough W and Z.  
For this mass cross section increases by only a factor of 4 with from run I to run II. 
Ø  Need luminosity, but with 300 fb-1 can hope for sensitivity up to 700 GeV 
Ø  Run I sensitivity to Higgs decay currently marginal (but some channels, and channel  
combination, not done yet), run II sensitivity will be much better.    
Ø  If higgsino are much lighter than Wino and Zino, we have only a triplet of mass degenerate 
states (χ0

1, χ0
2, χ±

1) and no sensitivity ★



★ 



Gaugino items for discussion 
"   Searches here are still mostly 1-bin cut and count. What about a 

shape analysis to disentangle                           from SM WW ?                  

"   Many of this searches have jet vetos, multiple isolated leptons, 
moderate missing energy. Pileup effects ?  

"   Theory papers suggest we can use VBF production to see N0
1 with 

run II statistics (like for invisible Higgs). No ATLAS studies yet. 
Urgent: study how to trigger these events ! 

 

χ +χ − →W +χ 0W −χ 0

Probing SUSY DM with VBF 
 
 
 
 
 
 
 
 
 

0
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Cold dark matter candidate 
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Forward tagging jets 

MET + jj 
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3

FIG. 2: Distribution of the dijet invariant mass Mj1j2 normal-
ized to unity for the tagging jet pair (j1, j2) and main sources
of background after pre-selection cuts and requiring pT > 50
GeV for the tagging jets at LHC14. The dashed black curves
show the distribution for the case where �̃0

1 is a nearly pure
Wino with m�̃0

1
= 50 and 100 GeV. Inclusive �̃0

1�̃
0
1, �̃

±
1 �̃

±
1 ,

�̃±
1 �̃

⌥
1 , and �̃±

1 �̃
0
1 production is considered.

FIG. 3: The E/T distributions for Wino DM (50 GeV and
100 GeV) compared to W+ jets and Z+ jets events with 500
fb�1 integrated luminosity at LHC14. The distributions are
after all selections except the E/T cut. Inclusive �̃0

1�̃
0
1, �̃

±
1 �̃

±
1 ,

�̃±
1 �̃

⌥
1 , and �̃±

1 �̃
0
1 production is considered.

large to fit the observed relic density for m�̃0
1
mass less

than ⇠ 1 TeV for Higgsinos [23] and ⇠ 2.5 TeV for
Winos. On the other hand if �̃0

1 is mostly Bino, the
annihilation cross section is too small. In the first case
one has under-abundance whereas in the second case one
has over-abundance of DM. Both problems can be solved
if the DM is non-thermal [24] (in the case of thermal DM,
addressing the over abundance problem requires addition
e↵ects like resonance, coannihilation etc. in the cross
section, while the under-abundance problem can be ad-
dressed by having multi-component DM [25]). If �̃0

1 is a
suitable mixture of Bino and Higgsino, the observed DM
relic density can be satisfied.

From Figs. 1 and 3, it is clear that varying of the rate
and the shape of the E/T distribution can be used to solve

FIG. 4: Significance curves for the case where �̃0
1 is 99% Wino

as a function of m�̃0
1
mass for di↵erent luminosities at LHC14.

The green lines correspond to 3� and 5� significances.

for the mass of �̃0
1 as well as its composition in gaug-

ino/Higgsino eigenstates. The VBF study described in
this work was performed over a grid of input points on
the F �m�̃0

1
plane (where F is the Wino or Higgsino per-

centage in �̃0
1). The E/T cut was optimized over the grid,

and the E/T shape and observed rate of data were used
to extract F and m�̃0

1
which was then used to determine

the DM relic density.
In Fig. 5, the case of 99% Higgsino and 99%Wino were

chosen, and 1� contour plots drawn on the relic density-
m�̃0

1
plane for 500 fb�1 luminosity at LHC14. The relic

density was normalized to a benchmark value ⌦benchmark,
which is the relic density for m�̃0

1
= 100 GeV. For the

Wino case, the relic density can be determined within
⇠ 20%, while for the Higgsino case it can be determined
within ⇠ 40%. For higher values of m�̃0

1
, higher lumi-

nosities would be required to achieve these results. We
note we have not evaluated the impact of any degradation
in E/T scale, linearity and resolution due to large pile-up
events. Our results represent the best case scenario and
it will be crucial to revisit with the expected performance
of upgraded ATLAS and CMS detectors.
In conclusion, this Letter has investigated the direct

production of supersymmetric DM by VBF processes
at the LHC. The cases of pure Wino, pure Higgsino,
and mixed Bino-Higgsino DM have been studied in the
2j + E/T final state at 14 TeV. The presence of the en-
ergetic VBF jets with large dijet invariant mass as well
as the large E/T due to DM production have been used
to reduce SM background. It has been shown that broad
enhancements in the E/T and VBF dijet mass distribu-
tions provide a smoking gun signature for VBF produc-
tion of supersymmetric DM. By optimizing the E/T cut
for a given m�̃0

1
, one can simultaneously fit the E/T shape

and observed rate in data to extract the mass and com-
position of �̃0

1, and hence solve for the DM relic density.
At an integrated luminosity of 1000 fb�1, a significance of
5� can be obtained up to a Wino mass of approximately
600 GeV. The relic density can be determined to within

PRL 111,061801 



Long lived particles 
"   Many models foresee long-lived particles from  reduced couplings, decay 

via an heavy virtual mediator, or small mass differences.  

"   Charged or strongly interacting “stable” particles : can use time of flight 
and ionization. Energy increase will allow to probe ≈1.5 higher mass scales.  

"   Charged particle decaying to invisible/soft products: disappearing ID track 

"   Neutral particle decaying in the detector: dispaced vertices, trackless jets, …  

"   Of special interest: H => XX => 4SM with neutral X 

"   Boosted light particle decays: collimated “lepton jets” (LL or not)   

 

 

 

 

 

"   These searches typically requires non-standard trigger and object 
reconstruction techniques and very good understanding of detector.  

  

Conclusions

ATLAS (and CMS) off to good start but lots, lots, lots left to do
• D-stable particle searches have pretty good coverage
• D-metastable particle searches have far to go

• Many lifetimes (very long, short-to-medium)
• Many final states (more to do with lepton pairs, tau pairs, jet pairs)
• Many mass scales (get down to Higgs!)

• Need more systematic coverage of simple lepton jets
• Prompt and displaced, ee and , in pairs and singly, large and small mass

• Important to work actively to find economies of scale
• Choose less targeted searches that cover more territory

• Example: Displaced vertex with hard muon – too targeted?
• Example: H  2 decays in muon system

• Rules out many SUSY models with long lifetime LSP 
• But which ones? Reinterpretation issue!
• Test out reinterpretation [are efficiency numbers sufficient?]

• Complementary: 1 decay in muon system, with MET + HT requirement

12/2/2013 ATLAS LLP Workshop -- Matt Strassler 48

From M. Strassler talk  
at LLP workshop 



Long lived particles 
Some challenges: 

"   The dedicated trigger for LLP particles are 
critical to get the signal – work needed to 
cope with trigger changes in run II. 

"   Effect of run 2 conditions on the detector 
response (also, efficient access of detector 
level information within the run 2 
analysis model) 

"   Cover the broad spectrum of signatures ! 

" Exp-theory communication: how to apply 
the results of an analysis on models 
different from the one in the original 
publication, given the reliance of the 
analysis on detector responde details ?   

 Higgs  2X  4 SM particles (MET) 

RomaII Tor Vergata                                          December 3, 2013     Henry Lubatti   5 
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H => XX => 4 SM particles 



Exotics, general considerations 
"   The approach of non-SUSY searches is 

in general signature driven.  
"   Specific models are used for 

interpretation and guidance, but each 
signature can arise in several possible 
models, and in principle we would like to 
check any possible signature (“leave no 
stone unturned”) should NP be different 
from what we expect (not unlikely..)  

"   XY resonances, X,Y=e,µ,γ,jets,W,Z,top,H 
"   X+MET, X as above 
"   High multiplicity and high pt final states 

"   Mass reach increases 8 => 13 TeV 

"   Coupling reach will benefit from 
luminosity 
"   Provided we can efficiently trigger at 

low mass ! 

Exotics Physics @ ATLAS, March 2012 7 

Content (signature based) 
Many extensions of the SM 
have been developed over 
the past decades:  
 SUSY 
 ED 
 Technicolor(s) 
 Little Higgs 
 No Higgs 
 GUT 
 Hidden Valley 
 LQ 
 Compositeness 
 4th generation  (t', b') 
 LRSM, heavy neutrino 
 etc... 

1 jet + MET 
jets  + MET 
1 lepton + MET 
Same-sign di-

lepton 
Di lepton resonance 
Diphoton 

resonance 
Diphoton + MET 
Multi leptons 
Lepton-jet 

resonance 
Lepton-photon 

resonance 
Gamma-jet 

resonance 
Diboson resonance 
Z+MET 
W/Z+Gamma 

resonance 
Top-antitop 

resonance 
Slow-moving 

particles 
Long-l ived particles 
Top-antitop 

production 
Lepton-Jets 
Microscopic 

blackholes 
Di jet resonance 
etc... 

• Heavy resonances 
• Dilepton 
• Diphoton 
• Dijets 
• Photon+jet 
• Top antitop resonances 
• Same sign dileptons  
• Heavy charged gauge boson 

Dibosons 
• 4th generation 
• U4U4 
• D4D4 
• Q4Q4 

• Contact Interaction 
• Dijets 
• dileptons 

• Long Lived particles 
• Displaced vertices 
• Disappearing tracks 

• New Particles 
• Leptoquarks 
• Excited leptons 

• ED 
 

 
 

 
 

 
 

 

 

 

Erez Etzion, Tel Aviv U. 

Henri Bachacou LP 2011 

More √s 



Exotics, examples 

Andreas Hoecker, Physics Startup 2015, Oct 7, 2013 

2015 startup 

Prospects — Exotics 

Production of new heavy states 
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ch. part.N=3) : SS dimuon, DM /THMADD BH ( tt

m l+jets, → t (BR=0.925) : tt t→
KK

RS g
lljjmBulk RS : ZZ resonance, 
νlν,lTmRS1 : WW resonance, 
llmRS1 : dilepton, 
llm ED : dilepton, 2/Z1S

,missTEUED : diphoton + 
 / llγγmLarge ED (ADD) : diphoton & dilepton, 

,missTELarge ED (ADD) : monophoton + 
,missTELarge ED (ADD) : monojet + 

mass862 GeV , 7 TeV [1207.6411]-1=2.0 fbL

mass (|q| = 4e)490 GeV , 7 TeV [1301.5272]-1=4.4 fbL

Scalar resonance mass1.86 TeV , 7 TeV [1210.1718]-1=4.8 fbL

)µµ mass (limit at 398 GeV for L
±±H409 GeV , 7 TeV [1210.5070]-1=4.7 fbL

| = 0)
τ

| = 0.063, |V
µ

| = 0.055, |V
e

 mass (|V±N245 GeV , 8 TeV [ATLAS-CONF-2013-019]-1=5.8 fbL

) = 2 TeV)
R

(WmN mass (1.5 TeV , 7 TeV [1203.5420]-1=2.1 fbL

))
T
ρ(m) = 1.1 

T
(am, Wm) + Tπ(m) = 

T
ρ(m mass (

T
ρ920 GeV , 8 TeV [ATLAS-CONF-2013-015]-1=13.0 fbL

)
W

) = MTπ(m) - Tω/T
ρ(m mass (Tω/T

ρ850 GeV , 7 TeV [1209.2535]-1=5.0 fbL

 = m(l*))Λl* mass (2.2 TeV , 8 TeV [ATLAS-CONF-2012-146]-1=13.0 fbL

b* mass (left-handed coupling)870 GeV , 7 TeV [1301.1583]-1=4.7 fbL

q* mass3.84 TeV , 8 TeV [ATLAS-CONF-2012-148]-1=13.0 fbL

q* mass2.46 TeV , 7 TeV [1112.3580]-1=2.1 fbL

)Q/mν = qQκVLQ mass (charge -1/3, coupling 1.12 TeV , 7 TeV [ATLAS-CONF-2012-137]-1=4.6 fbL

T mass (isospin doublet)790 GeV , 8 TeV [ATLAS-CONF-2013-018]-1=14.3 fbL

b' mass720 GeV , 8 TeV [ATLAS-CONF-2013-051]-1=14.3 fbL

t' mass656 GeV , 7 TeV [1210.5468]-1=4.7 fbL

 gen. LQ massrd3534 GeV , 7 TeV [1303.0526]-1=4.7 fbL

 gen. LQ massnd2685 GeV , 7 TeV [1203.3172]-1=1.0 fbL

 gen. LQ massst1660 GeV , 7 TeV [1112.4828]-1=1.0 fbL

W' mass1.84 TeV , 8 TeV [ATLAS-CONF-2013-050]-1=14.3 fbL

W' mass430 GeV , 7 TeV [1209.6593]-1=4.7 fbL

W' mass2.55 TeV , 7 TeV [1209.4446]-1=4.7 fbL

Z' mass1.8 TeV , 8 TeV [ATLAS-CONF-2013-052]-1=14.3 fbL

Z' mass1.4 TeV , 7 TeV [1210.6604]-1=4.7 fbL

Z' mass2.86 TeV , 8 TeV [ATLAS-CONF-2013-017]-1=20 fbL

 (C=1)Λ3.3 TeV , 8 TeV [ATLAS-CONF-2013-051]-1=14.3 fbL

 (constructive int.)Λ13.9 TeV , 7 TeV [1211.1150]-1=5.0 fbL

Λ7.6 TeV , 7 TeV [1210.1718]-1=4.8 fbL

=6)δ (DM4.11 TeV , 7 TeV [1210.1718]-1=4.7 fbL

=6)δ (DM1.5 TeV , 7 TeV [1204.4646]-1=1.0 fbL

=6)δ (DM1.25 TeV , 7 TeV [1111.0080]-1=1.3 fbL

 mass
KK

g2.07 TeV , 7 TeV [1305.2756]-1=4.7 fbL

 = 1.0)PlM/kGraviton mass (850 GeV , 8 TeV [ATLAS-CONF-2012-150]-1=7.2 fbL

 = 0.1)PlM/kGraviton mass (1.23 TeV , 7 TeV [1208.2880]-1=4.7 fbL

 = 0.1)PlM/kGraviton mass (2.47 TeV , 8 TeV [ATLAS-CONF-2013-017]-1=20 fbL

-1 ~ RKKM4.71 TeV , 7 TeV [1209.2535]-1=5.0 fbL

-1Compact. scale R1.40 TeV , 7 TeV [1209.0753]-1=4.8 fbL

=3, NLO)δ (HLZ SM4.18 TeV , 7 TeV [1211.1150]-1=4.7 fbL

=2)δ (DM1.93 TeV , 7 TeV [1209.4625]-1=4.6 fbL

=2)δ (DM4.37 TeV , 7 TeV [1210.4491]-1=4.7 fbL

Only a selection of the available mass limits on new states or phenomena shown*

-1 = ( 1 - 20) fbLdt∫
 = 7, 8 TeVs

ATLAS
Preliminary

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: May 2013)
New$state$ Mass$

(TeV)$
Cross0sec2on$$$

ra2o:$$$$$$$$$$$$$$
13/8$$$$$$$$$14/8$

Equiv.$13$
TeV$lumin.$

(B�1)$
Z’$(SSM)% 3$ 9.4$ 13$ ∼ 3$

4% 7.2% 11%

Z’$(TC%→!)% 2$ 6.3$ 7.8$ ∼ 3$

q*$(dijet%
search)%

4$ 56$ 87$ ∼$0.4$

5% 150% 270%

6% 160% 320%

QBH$(dijet%
search)%
$

4% 70% 105%

5% 400% 700%

6% 6000% 12000%

> 2.9 TeV [20 fb�1] 

> 3.8 TeV  

[13 fb�1] 

Still 0.5 pb cross section ! 

> 4.1 TeV  

[7 TeV] 

> 1.8 TeV  

[14 fb�1] 

Thanks to: C. Doglioni, J. Ferrando, C. Issever 
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m(Z’SSM) > 2.9 TeV [20 fb-1] 

m(Z’TC) > 1.8 TeV [13 fb-1] 

m(q*) > 3.8 TeV [13 fb-1] 

m(QBH) > 4.1 TeV [7 TeV] 

All good candidates for an early discovery 



Exotics (LHC upgrade studies) 

 [TeV]ttm
0 1 2 3 4 5 6

Ev
en

ts
 / 

40
0 

G
eV

1

10

210

310

410

510

610

710 tt 

W+jets

kk
4 TeV g

-1 L dt = 3000 fb∫  
     (Simulation)

 PreliminaryATLAS

 [GeV]
KK

gm
3000 4000 5000 6000 7000 8000 9000 10000

 B
 [p

b]
σ

-410

-310

-210

-110

1

10

210

310

410

510
 = -0.20s/g

KK
qqgg

Expected limit
σ 1±Expected 
σ 2±Expected 

      (Simulation)
 PreliminaryATLAS

t t →
KK

g
 = 14 TeVs

-1 L dt = 3000fb∫

Figure 15: Left: The reconstructed resonance mass spectrum for the gKK ! tt̄ search in the lepton+jets
channel with 3000 fb�1 for pp collisions at

p
s = 14 TeV. The highest-mass bin includes the overflow.

Right: The 95% CL limit on the cross section times branching ratio. Also shown is the theoretical
expectation for the gKK cross section, for a ratio of the coupling to quarks to gs of -0.2, where gs =p

4⇡↵s.
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Figure 16: Left: The reconstructed dielectron mass spectrum for the Z0 search with 3000 fb�1 of pp
collisions at

p
s = 14 TeV. The highest-mass bin includes the overflow. Right: The 95% CL upper limit

on the cross section times branching ratio. Also shown is the theoretical expectation for the Z0S S M cross
section.

significantly enhanced [27]. Examples of BSM models with enhanced FCNC top decay rates
are quark-singlet (QS) models, two-Higgs doublet (2HDM) and flavor-conserving two-Higgs
doublet (FC 2HDM) models, the minimal supersymmetric model (MSSM), SUSY models with
R-parity violation (/R), the topcolor assisted technicolor model (TC2) [28], and models with
warped extra dimensions (RC) [29]. FCNC decay are sought through t ! q� and t ! qZ
channels where q is either an up or a charm quark. Table 8 shows the Standard Model and
BSM decay rates in the various channels. The best current direct search limits are 3.2% for t !
�q [30] and 0.21% for t ! Zq [31]. A model-independent approach to top quark FCNC decays
using an e↵ective Lagrangian [32, 33, 34] is used here to evaluate the sensitivity of ATLAS in
the HL-LHC era. Even if the LHC does not measure the top quark FCNC branching ratios, it
can test some of these models or constrain their parameter space, and improve significantly the
current experimental limits on the FCNC branching ratios.

Top quark FCNC decays are sought in top quark pair production in which one top (or anti-
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Figure 15: Left: The reconstructed resonance mass spectrum for the gKK ! tt̄ search in the lepton+jets
channel with 3000 fb�1 for pp collisions at

p
s = 14 TeV. The highest-mass bin includes the overflow.

Right: The 95% CL limit on the cross section times branching ratio. Also shown is the theoretical
expectation for the gKK cross section, for a ratio of the coupling to quarks to gs of -0.2, where gs =p

4⇡↵s.
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Figure 16: Left: The reconstructed dielectron mass spectrum for the Z0 search with 3000 fb�1 of pp
collisions at

p
s = 14 TeV. The highest-mass bin includes the overflow. Right: The 95% CL upper limit

on the cross section times branching ratio. Also shown is the theoretical expectation for the Z0S S M cross
section.

significantly enhanced [27]. Examples of BSM models with enhanced FCNC top decay rates
are quark-singlet (QS) models, two-Higgs doublet (2HDM) and flavor-conserving two-Higgs
doublet (FC 2HDM) models, the minimal supersymmetric model (MSSM), SUSY models with
R-parity violation (/R), the topcolor assisted technicolor model (TC2) [28], and models with
warped extra dimensions (RC) [29]. FCNC decay are sought through t ! q� and t ! qZ
channels where q is either an up or a charm quark. Table 8 shows the Standard Model and
BSM decay rates in the various channels. The best current direct search limits are 3.2% for t !
�q [30] and 0.21% for t ! Zq [31]. A model-independent approach to top quark FCNC decays
using an e↵ective Lagrangian [32, 33, 34] is used here to evaluate the sensitivity of ATLAS in
the HL-LHC era. Even if the LHC does not measure the top quark FCNC branching ratios, it
can test some of these models or constrain their parameter space, and improve significantly the
current experimental limits on the FCNC branching ratios.

Top quark FCNC decays are sought in top quark pair production in which one top (or anti-
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Figure 13: Discovery reach and 95% CL limits in a simplified squark–gluino model with a massless
neutralino. The color scale shows the

p
s = 14 TeV NLO cross-section. The solid (dashed) lines show

the 5� discovery reach (95% CL exclusion limit) with 300 fb�1 and with 3000 fb�1, respectively.

The statistical analysis is performed by a likelihood fit of templates of these distributions, using
background plus varying amounts of signal, to the simulated data. The HT and mtt̄ distribu-
tions and the resulting limits as a function of the gKK pole mass for the dilepton and lepton+jets
channel are shown in Fig. 14 and Fig. 15, respectively.

The 95% CL expected limits in the absence of signal, using statistical errors only, are shown
in Table 6. The increase of a factor of ten in integrated luminosity, from 300 to 3000 fb�1 raises
the sensitivity to high-mass tt̄ resonances by up to 2.4 TeV.

model 300 fb�1 1000 fb�1 3000 fb�1

gKK 4.3 (4.0) 5.6 (4.9) 6.7 (5.6)
Z0topcolor 3.3 (1.8) 4.5 (2.6) 5.5 (3.2)

Table 6: Summary of the expected limits for gKK ! tt̄ and Z0topcolor ! tt̄ searches in the lepton+jets
(dilepton) channel for pp collisions at

p
s = 14 TeV. All limits are quoted in TeV.

7.2 Searches for Dilepton Resonances

For studies of the sensitivity to a Z0 boson [21], the dielectron and dimuon channels are con-
sidered separately since their momentum resolutions scale di↵erently with pT and the detector
acceptances are di↵erent. The background is dominated by the SM Drell-Yan production, while
tt̄ and diboson backgrounds are substantially smaller. Therefore, only the Drell-Yan background
is considered in this study. There is an additional background from non-prompt electrons due
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Figure 14: Left: The reconstructed resonance HT spectrum for the gKK ! tt̄ search in the dilepton
channel with 3000 fb�1 for pp collisions at

p
s = 14 TeV. The highest-HT bin includes the overflow.

Right: The 95% CL limit on the cross section times branching ratio. Also shown is the theoretical
expectation for the gKK cross section, for a ratio of the coupling to quarks to gs of -0.2, where gs =p

4⇡↵s.

to photon conversions which needs to be suppressed in the dielectron channel. The required
rejection of this background is assumed to be achieved with the upgraded detector.

Templates of the m`` spectrum are constructed for the background plus varying amounts of
signal at di↵erent resonance masses and cross sections. The Sequential Standard Model (SSM)
Z0S S M boson, which has the same fermionic couplings as the Standard Model Z boson, is used
as the signal template. The m`` distribution, for events above 200 GeV, and the resulting limits
as a function of Z0S S M pole mass are shown in Figs. 16 and 17 for the ee and µµ channels,
respectively.

The 95% CL expected limits in the absence of signal, using statistical errors only, are shown
in Table 7. The increase of a factor of ten, from 300 to 3000 fb�1 in integrated luminosity raises
the sensitivity to high-mass dilepton resonances by up to 1.3 TeV.

model 300 fb�1 1000 fb�1 3000 fb�1

Z0S S M ! ee 6.5 7.2 7.8
Z0S S M ! µµ 6.4 7.1 7.6

Table 7: Summary of the expected limits for Z0S S M ! ee and Z0S S M ! µµ searches in the Sequential
Standard Model for pp collisions at

p
s = 14 TeV. All limits are quoted in TeV.

8 Flavor-Changing-Neutral-Currents in Top-Quark Decays

Within the Standard Model, flavor-changing-neutral-current (FCNC) decays are forbidden at
tree level due to the GIM mechanism [22], and highly suppressed at loop level with branching
fractions below 10�12 [23, 24, 25, 26], which are inaccessible even at HL-LHC. Therefore any
observation of top quark FCNC decays would be a definite indication of new physics. FCNC
decays have been sensitively searched for in lighter quarks, placing strong constraints on many
models of BSM physics. Tests of FCNC in the top sector have only recently become sensitive
enough to probe interesting BSM phase space in which the FCNC branching fraction can be

19

Current limits 

2.9 

1.8 

Expected limits  

2.1 



Conclusions 
"   The aim of searches is discovery ! 

"   Most important, look for everything. Here I just gave some examples of interesting topics 

"   We will start breaking new ground with few fb-1 – to exploit that, need fast re-
commissioning and background understanding. Can we do as well as in 2010 ?  

"   Ultimately run II will improve mass and coupling reach. 
"   The latter should not be forgotten – new physics might show up at relatively low mass. 

Efficient trigger is a challenge there.  

"   Not just repeat run I analysis 
"   New regime (higher masses, higher pileup). Use run I experience to improve masses.   

"   Some work to do already now 
" Cosmics, combined performance, background studies to be ready for new physics as early 

as possible 
"   Some processes will give sensitivity early, need analysis code in place 
"   Migration to new analysis model 
"   Trigger has to be ready before data taking start – make sure we do not miss anything 

interesting 



Backup 



Lepton jets 

Model Parameters

Squark pair events are generated with Madgraph5.

LHE files for squark pair events are fed to BRIDGE to generate
decays.

eq ! qe�0
1

e�0
1 ! �de�d or e�0

1 ! hde�d ! �d�de�d

�d goes to leptons or hadrons channels depending on the branching
fractions.

Model parameters:
Squark mass = 1 TeV
LSP neutralino mass, me�0

1
= 8 GeV

Dark sector fermion mass, me�d
= 2 GeV

Dark sector scalar mass, mhd = 2 - 4.5 GeV
m�d= 100, 200, 300, 400, 500, 700, 900,
1200, 1500, 2000 MeV
n�d= 2, 4.
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1 γd
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