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It%Is%Unknown%What%Dark%Ma'ers%Are%
•  %%
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We%Know%What%They%Are%Not%
•  %%
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We%Know%What%They%Could%Be%
•  DM%is%BSM%physics%that%we%know%exists:%%

–  galaxy%rotaNonal%curves,%bullet%clusters,%etc%
%

%
•  It%could%be%Weakly%InteracNng%Massive%ParNcle%(WIMP):%

–  Naturally%account%for%the%amount%of%dark%ma'er%we%observe%in%the%Universe%
–  Occurs%in%many%models%of%physics%beyond%the%SM%
–  We%can%use%parNcle%physics%experimental%techniques%to%search%for%it%%
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Dark%Ma'er%Searches%at%Colliders%
•  Produce%DM%from%pp%collision%
•  MonoUX%(X%=%jet,%photon,%W/Z,%etc)%searches%

–  DMs%direct%producNon%in%associaNon%with%visible%objects%

%

Tim%Tait%

PRODUCTION OF DARK MATTER AT CMS

• Search%for%evidence%of%pair[produc=on%of%Dark%MaAer%par=cles%(χ)

• Dark%MaAer%produc=on%gives%missing%transverse%energy%(MET)

• Photons%(or%jets%from%a%gluon)%can%be%radiated%from%quarks,%giving%monophoton%
(or%monojet)%plus%MET
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Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

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

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

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |�(j1)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |�(j2)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |�(j1)| < 2, and events
are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV or
�⇤(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |�(j1)| < 2, and
events are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV
or �⇤(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

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

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|�(j1)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is �⇤(j1, j2) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.
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Figure 1: Dark matter production in association with a single jet in a hadron collider.
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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.

Direct Detection (t-channel) Collider Searches (s-channel)

Monophoton + MET Monojet + MET

jet, γ, Z, W, Higgs 
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EffecNve%field%theory%(EFT)%
•  Broad%coverage%of%models%by%integraNng%out%the%details%
•  Suppression%scale%M*%and%DM%mass%mχ%%

DM%couplings%with%quark/gluon%
•  SM%parNcle%from%iniNal%state%radiaNon%
[J.%Goodman%et%al.%arXiv:1008.1783]%
[Y.%Bai%et%al.%arXiv:1005.3797]%
[P.%Fox%et%al.%arXiv:1109.4398]%
[J.%Feng%et%al%arXiv:1102.4331]%
and%many%others%

•  Most%cases%monoUjet%search%has%strongest%sensiNvity%
•  Some%scenario%(opposite%couplings%to%up%and%down%

quark)%boosts%the%monoUW%process%

Vector% Axial%vector% Tensor%

q

q̄ χ

χ̄

γ

χγ µχqγµq /M*
2 χσ µν χqσ µνq /M*

2χγ µγ 5χqγµγ
5q /M*

2
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EffecNve%field%theory%(EFT)%
•  Broad%coverage%of%models%by%integraNng%out%the%details%
•  Suppression%scale%M*%and%DM%mass%mχ%%

DM%couplings%with%boson%
•  SM%parNcle%from%main%interacNon%
•  MonoUphoton,%W/Z%etc%searches%
%
[A.J.%Nelson%et%al.%arXiv:1307.5064]%
[N.%Lopez,%NZ%et%al.%arXiv:%1403.6734]%
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Simplified%model%
•  Keep%the%informaNon%of%intermediate%

state%
•  sUchannel%(Z’%portal,%higgs%portal,%etc)%
•  tUchannel%(colored%scalar,%etc)%

%
[J.%Abdallah,%NZ%et%al.%arXiv:%1409.2893]%

%
In%the%limit%of%heavy%mediator%mass,%
can%be%approximated%by%EFT%
%

%
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SUSY:%Full%theory%model%
%

Compressed%SUSY%=>%MonoUX%signature%
•  SquarkULSP%mass%spliong%small%
•  Jets%being%too%sop%to%be%reconstructed%
•  ISR%SM%parNcles%
%
%
%
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Outline%
•  This%seminar%is%based%on%%

8"TeV" Mono)γ# Mono)W(jj)" .H(invisible)"
Reference% ATLASUCONFU2014U051% PRL%112,%041802%(2014)%

arXiv:1309.4017%
N.%Lopez,%NZ%et%al%%
arXiv:1403.6734%

NZ%et%al,%%
arXiv:1408.0011%

EFT%with%q/g% ✔% ✔%

EFT%with%boson% ✔% ✔%

Z’Uportal% ✔%

HiggsUportal%% ✔% ✔%

SUSY%compressed% ✔%
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The%ATLAS%detector%
•  One%of%the%two%generalUpurpose%experiments%at%LHC%

–  Inner%detector:% % % % %track%|η|<2.5%
–  ElectromagneNc%calorimeter:% %γ%and%e%|η|<2.37%and%2.47%
–  Hadronic%calorimeter:% % % %jet%|η|<4.5%
–  Muon%spectrometer:% % % %µ%|η|<2.4%
%

•  New%DM%result:%8%TeV%monoUphoton%search%%
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%%
•  Mono)photon"
– ATLAS"new"DM"result"
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Search%Strategy%
•  Signature:%Missing%transverse%energy%(MET)%and%single%energeNc%isolated%photon%

•  Signal%region%(SR)%selecNon:%
–  MET%trigger%with%threshold%of%80%GeV%
–  CalorimeterUbased%MET%>%150%GeV%

•  Muons%are%treated%as%invisible%
•  Z(µµ)+γ%is%similar%to%Z(νν)+γ%in%MET%spectrum%

–  Photon%with%ET%>%125%GeV,%|η|<1.37%
•  Tight%idenNficaNon,%Isolated%in%calorimeter%
•  Away%from%MET%direcNon%

–  Veto%on%other%objects%
•  No%more%than%one%jet%(pT%>%30%GeV)%
•  No%electron%(pT%>%7%GeV)%
•  No%muon%(pT%>%6%GeV)%

•  CutUandUcount%experiment%
–  Simple%and%flexible%to%be%recast%for%different%models.%
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E Kinematics in Signal Region1450

Figure 65 shows some kinematic distributions in the signal region for several signal samples considered1451

in this analysis.1452
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(a) Jet multiplicity in the signal region with a loosened
jet veto.
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(b) Photon |η| distribution in the SR
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(c) Photon pT distribution in the SR
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Figure 65: Kinematic distributions in the signal region for various signal samples compared with the
main irreducible background process Z → νν + γ.
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Event Selection

5

MET > 150 GeV

* MET_Egamma10NoTau without muons

photon with pT > 125 GeV
* tight, in the barrel (|η|<1.37), isolated (corrected topoEtcone40 < 5 GeV)

* EF_xe80_tclcw_tight trigger (0.99±0.01 efficiency)

jet and lepton veto

* allow up to one jet (pT>30 GeV, ΔΦ(jet,MET)>0.4 to reject fake MET)

* jet cleaning applied (including tight BCH correction, 1-3%)

* veto any medium++ electron or CB/ST muon (pT > 7/6 GeV)

MET

!

⊕
MET

!

jet

full 8 TeV dataset (20.3/fb)

* i.e. muons are treated as invisible particles

Various%signal%MET%spectra%
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SM%Background%
•  Irreducible%

–  γ%+%Z(νν)%% % % % % %70%%
–  γ%+%W(lν) % % % % %15%%
–  γ%+%Z(ll)%%%% % % % %0.4%%

•  Reducible%%
–  W/Z+jets,%diboson,%top%(electron/jet%fake) %15%%
–  γ%+%jets%% % % % % %<%0.1%%

•  Background%esNmaNon%strategy:%%%
–  Given%the%fact%that%SM%calculaNon%of%these%backgrounds%has%large%
theoreNcal%uncertainNes%especially%for%high%photon%ET,%we%rely%on%dataU
driven%esNmates%whenever%possible%

V. Ippolito - Monophoton Open Presentation - Sep 22nd, 2014

Backgrounds

6

Standard Model backgrounds
* irreducible !+Z(->vv)   [70%]

* !+W(->µv/"v)   [15%]

* W/Z+jets, diboson, top   [15%]

* !+Z(->ll)   [0.4%]

* !+jets   [<0.1%]

strategy: use data-driven estimates whenever possible

- various background estimation techniques are deployed 
- rely on definition of background-enriched control regions

!MET

� statistical uncertainty is relevant [O(6%) vs O(5%)]

� it’s crucial to define and use optimally these CRs

15%



Electroweak%Background%
•  γ+Z%with%Z%decaying%to%neutrinos%
•  γ+W%with%W%leptonic%decay%

–  lepton%is%misUidenNfied%or%tau%decays%hadronically%

•  EsNmaNon%from%data%control%regions%(CR)%
–  γ+W%has%one%addiNonal%diagram%
–  With%more%staNsNcs%at%8TeV,%we%afford%to%esNmate% γ+W%and%γ+Z%separately%

•  γ+Z%%%from%γ+Z(ll)%CR%
•  γ+W%from%γ+W(µν)%CR%

%
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γ%+%Z(ll)%Control%Region%
•  γ +%Z(ll)%have%similar%kinemaNcs%as%γ%+%Z(νν)%events%

–  M(ll)%>%50%GeV:%suppress%low%mass%DrellUYan%process%
–  Photon%away%from%lepton:%suppress%photon%radiated%from%charged%lepton%

•  γ +%Z(ll)%CRs%suffer%from%low%staNsNcs%
–  Extend%γ%|η|%range%to%2.37%
–  γ +%Z(µµ):%71%events%
–  γ +%Z(ee):%61%events,%put%electron%energy%into%MET%
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γ%+%W(µν)%Control%Region%
•  γ%+%W(lν)%contribuNon%in%SR%is%composed%with%

–  Tau%decays%hadronically%%
–  Electron%or%muon%fails%the%lepton%idenNficaNon%criteria%

•  Constrain%it%from%γ%+%W(µν)%with%muon%idenNfied%
–  The%MC%lepton%selecNon%(veto)%efficiency%is%corrected%to%that%measured%in%data%

•  γ%+%W(µν)%CR:%one%isolated%muon%
–  Extend%γ%|η|%range%to%2.37%
–  Data:%340%events%
%
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Electron%Fakes%
•  We%try%to%reconstruct%unconverted%photon%(w/o%associated%track)%
and%converted%photon%(w%associated%track)%
•  Electrons%someNmes%are%misUidenNfied%as%converted%photons%

%
•  EsNmate%electron%fakes%in%SR%and%CRs%
%

V. Ippolito - Monophoton Open Presentation - Sep 22nd, 2014

Electron Fakes

8

P(!|e)/P(e|e)

use MET+e CR to estimate contribution from electron fakes
* pT-dependent fake factor from Z(ee) tag&probe (in three η bins)
* systematics from T&P vs truth and |mee-mZ| cut (10 -> 5 GeV)

* accounts for W(->ev), ttbar 
   diboson backgrounds

e->!

MET

“!”

* multiply event yield in MET+e CR by this fake factor, to obtain  
   SR contribution (same idea is applied for lepton CRs)

P(γreco|ereal)/"
P(ereco|ereal)"N(ereco)"

Electron"+"MET"CR:"
Same%kinemaNcs%
requirement%as%
photon%

Measured"from"Z"peak"with"
tag"&"probe"method:"
tag%one%electron%and%probe%
the%other%EM%cluster%(high%pT)%
to%get%the%prob%of%being%
electron%or%photon%

ContribuQons:"
W/Z+jets,%
diboson,%top%
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In the selected events, the QCD background under the Z peak is extrapolated from side-bands [mZ −507

20 GeV, mZ − 10 GeV] and [mZ + 10 GeV, mZ + 20 GeV]. After subtracting the QCD background,508

the electron fake rate P(reco photon | real electron)/P(reco electron | real electron) (the probability of509

reconstructing a photon from a true electron divided by the probability of reconstructing an electron510

from a true electron) is measured from the ratio between the number of probe photons and that of probe511

electrons.512
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Figure 8: Invariant mass spectra of tag electron with probe electron and tag electron with probe photon
as measured in data. The fake rate is computed using events within mZ ± 10 GeV , while the sidebands
|Minv − mZ|ϵ[10 − 20] GeV are used to evaluate the QCD background.

The measured fake rate has some dependence on both η and ET as shown in Figure 9. The cluster513

η range is separated in three different regions: |η| ≤ 0.8 (Table 6), 0.8 < |η| ≤ 1.37 (Table 7) and514

1.52 ≤ |η| ≤ 2.37 (Table 8). In each region, a parameterization as a function of ET is performed, as515

shown in Figure 10. The fake rate measured from data is also compared to the MC Z(ee) and W(eν) truth516

values. For the Z(ee) MC, the same tag-and-probe method is tested in addition to evaluate the possible517

bias from this method. Besides the data statistical fluctuation, the difference between the MC Z(ee) truth518

and tag-and-probe values and the difference between the MC Z(ee) truth and MC W(eν) truth values are519

taken as systematic uncertainties. In addition, the mass window size is varied to |Minv −mZ| < 5 GeV in520

the data tag-and-probe method and the side-bands are changed accordingly to |Minv −mZ|ϵ[5− 20] GeV .521

The difference between the value obtained with this new mass window and the nominal one is also taken522

as systematic uncertainty. The electron fake rate used in this analysis is summarized in Table 9.523

ET range [GeV] [125, 150] [150, 200] [200,−]
Data 2.1 ± 0.3% 1.1 ± 0.3% 1.1 ± 0.4%
Data varied 1.7 ± 0.3% 1.1 ± 0.3% 1.2 ± 0.4%
Zee T&P 2.3 ± 0.3% 1.3 ± 0.2% 0.8 ± 0.1%
Zee truth 1.9 ± 0.1% 1.7 ± 0.1% 0.9 ± 0.1%
Weν truth 1.8 ± 0.1% 1.5 ± 0.1% 1.0 ± 0.1%

Table 6: Electron fake rate measured from the data for |η| ≤ 0.8.
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Jet Fakes

9

ABCD method for fake photons from jets

photon quality
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* invert photon quality/isolation criteria

* accounts mainly for W/Z+jets
* subtract contamination from real 
   photons (from MC, with 70% systematics [fourth number below])

= ⨉

iso/non-iso
[endcap]

[barrel]

Jet%Fakes%
•  There%is%some%probability%of%jet%to%fake%photon,%especially%pi0%jet,%
even%aper%photon%Nght%idenNficaNon%and%isolaNon%requirement.%
–  Jet%fakes%have%broader%distribuNon%of%isolaNon%variable%

•  EsNmaNon:%ABCD%method%
–  ExtrapolaNon%from%nonUisolated%region%
–  The%extrapolaNon%funcNon%is%obtained%from%nonUNghtUphoton%CR.%
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Figure 58: Distribution of the TopoEtcone40 isolation variable in the Z(νν)+γ sample for truth isolation
below 10 GeV in the barrel (left) and endcap (right) regions.

C.2 From γ+jet1389

The photon isolation efficiency can also be more directly measured using the γ+jet process. In the1390

Egamma stream, events are selected by requesting the leading photon to have ET > 125 GeV and to1391

satisfy the Tight++ identification. The isolation distribution is shown in Figure 59. There is a sizable1392

fraction of events with long isolation tails which are dominated by mis-reconstructed photons from jets1393

(jet-faked photons). In order to obtain the isolation spectrum of these jet-faked photons, the photon1394

identification is reversed in the same way as is done for the jet-fake rate measurement. This spectrum1395

is then normalized to the data in the region TopoEtcone40corr > 25 GeV; this allows the subtraction1396

of the jet-fake contribution from the data, thus obtaining the photon isolation distribution in data. It is1397

compared to the one seen in various MC samples (γ+jet from Pythia 8 and Sherpa , Z + γ from Sherpa ,1398

signal ADD model from Pythia 8) which are normalized to the data in the TopoEtcone40corr < 5 GeV1399

region, as shown in Figure 60. The corresponding isolation efficiencies are shown in Table 69. The MC1400

agrees with the data within 4%, which is taken as a systematic uncertainty for the photon isolation.
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endcap (right) regions. These spectra are normalized to TopoEtcone40corr < 5 GeV except the jet-fake
spectrum which is normalized to the data with TopoEtcone40corr > 25 GeV.
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Electroweak%Background%DeterminaNon%
•  Three%CRs:%γ%+%Z(ee),%γ%+%Z(µµ)%and%γ%+%W(µν)%
•  Fit%simultaneously%to%get%the%normalizaNons%of%γ+W/Z%(cut%and%count)%
•  %% % % %Poiss(Data%|%N_Zγ%+%N_Wγ%+%N_fake)%

To%be%fi'ed%and%used%to%determine%W/Z+γ%in%SR%

September 23, 2014 – 11 : 47 DRAFT 9
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Figure 4: Distribution of E

miss
T in the data and for the expected background in the two-electron control

region. The total background expectation has been normalized to the observed number of events in this
control region. Overflows are included in the final bin. The lower part of the figure shows the ratio of
events yields in the data and background expectation.

Table 1: Predicted event yield in the signal region (SR) and the validation region (VR) from SM back-
grounds, using estimates and uncertainties obtained from a fit in the control regions. Uncertainties are
statistical followed by systematic.

Process Event yield (SR) Event yield (VR)
Z(! ⌫⌫) + � 389 ± 36 ± 10 153 ± 16 ± 10
W(! `⌫) + � 82.5 ± 5.3 ± 3.4 67.3 ± 5 ± 5
W/Z + jet, tt̄, diboson 83 ± 2 ± 28 47 ± 2 ± 14
Z(! ``) + � 2.0 ± 0.2 ± 0.6 2.9 ± 0.3 ± 0.6
� + jet 0.4+0.3

�0.4 2.5+4.0
�2.5

Total background 557 ± 36 ± 27 272 ± 17 ± 14
Data 521 307
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Figure 5: Distribution of E

miss
T in the data and for the background in the signal region predicted from the

fit in the CRs. Overflows are included in the final bin. The lower part of the figure shows the ratio of
events yields in the data and background expectation.
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ModelUindependent%Limits%%
•  ModelUindependent%limits%are%set%on%the%fiducial%cross%secNon%σ%x%A.%
•  Fiducial%region%defined%at%truth%parNcle%level%

–  Mimic%the%reconstrucNon%level%selecNons%
–  Factorize%out%the%signal%acceptance%

•  The%reconstrucNon%efficiency%tends%to%be%constant%(ε%=%69%)%
–  Computed%from%ADD%and%WIMP%models%with%no%quark/gluon%produced%from%

the%main%interacNon%vertex%

•  Applicable%to%various%models%producing%photon%and%invisible%parNcles%
in%the%fiducial%region%

%

σ%x%A%limit% 90%%CL% 95%%CL%
Expected%% 5.1%y% 6.1%y%
Observed" 4.4"V" 5.3"V"
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EFT%Limits%
•  Convert%the%cross%secNon%limits%into%the%lower%limits%on%M*%for%

different%DM%mass%mχ.%
•  Collider%searches%are%sensiNve%to%low%DM%masses%due%to%the%

producNon%energy%limitaNon.%
•  Complementary%to%astrophysical%experiments%%
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EFT%validity%
•  EFT%being%a%valid%approximaNon%requires%Qtr%<%mV%(mediator)%

–  Not%all%the%events%generated%from%EFT%are%valid.%
–  cut%off%those%invalid%events%(truncaNon)%
–  Depending%on%the%couplings%and%DM%mass%

•  For%unit%coupling,%beyond%DM%mass%50%GeV,%the%valid%fracNon%is%so%
small%that%we%are%not%sensiNve%to%the%model%at%all.%(vector%operator%for%
instance)%

gf gχ ∈ 0, 4π[ )
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Constraints%on%Direct%DetecNon%
•  For%the%comparison%with%astrophysics%experiments,%we%produce%
collider%constraints%on%DM%–%nucleon%sca'ering%cross%secNon.%
–  SpinUindependent: %vector%operator%
–  SpinUdependent: %axialUvector%and%tensor%operators%

 [GeV]rm
1 10 210 310

-4510

-4210

-3910

-3610

-3310

-3010

COUPP 90%CL
SIMPLE 90%CL
PICASSO 90%CL
Super-K 90%CL

 90%CL-W+IceCube W

 90%CL/D9: ATLAS 8TeV g=4
D9: ATLAS 8TeV g=1 90%CL

 90%CL/D8: ATLAS 8TeV g=4
D8: ATLAS 8TeV g=1 90%CL

)rr(aD9: ATLAS 7TeV 
)rr(aD8: ATLAS 7TeV 

 = 8 TeVs  -1 L dt = 20.3 fb0

spin-dependent

 [GeV]rm
1 10 210 310

]2
-N

 c
ro

ss
-s

ec
tio

n 
[c

m
r

-4510

-4210

-3910

-3610

-3310

-3010

 90%CL/D5: ATLAS 8TeV g=4
D5: ATLAS 8TeV g=1 90%CL

)rr(aD5:ATLAS 7TeV 

mDAMA/LIBRA, 3 mCRESST II, 2
CoGeNT, 99%CL mCDMS, 1

mCDMS, 2 CDMS, low mass
LUX 2013 90%CL Xenon100 90%CL

spin-independent

ATLAS Preliminary

25%



Constraints%on%Indirect%DetecNon%
•  sUchannel%model%with γγχχ EFT%vertex%

–  Aim%at%explain%the%FermiULAT%γUray%line%at%130%GeV%
–  k1,%k2:%effecNve%coupling%to%SM%U(1)%and%SU(2)%

•  Constrain%effecNvely%the%parameter%space%
•  Good%example%to%be%able%to%crossUcheck%astrophysical%excess%from%
colliders%%
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Simplified%Model%
•  Go%beyond%EFT%with%a%UVUcomplete%simplified%model%
•  Z’Ulike%mediator%with%vector/axialUvector%interacNon%

–  Parameter:%mediator%mass%mV,%mediator%width%Γ,%dark%ma'er%mass%mχ#

•  Limits%are%set%on%the%coupling%√(gfgχ)%and%compared%to%the%the%
thermal%relic%abundance%requirement.%%

%

q

q̄ χ

χ̄

γ

gf% gχ#

[P.%Fox%et%al.%arXiv:1109.4398]%

Simplified%model%
results%in%higher%relic%
density%
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Compressed%SUSY%
•  Small%mass%spliong%between%squark%and%LSP%

–  Consider%first%two%squark%generaNons%(degenerate)%
–  Quarks%too%sop%to%be%reconstructed%as%jets%

%
•  ISR%photon%gives%monoUphoton%signature:%complementary%to%SUSY%zeroU
lepton%search%
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%%
•  Mono)W/Z"
– Other"mono)boson"channels"
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MonoUW%and%monoUZ%
•  If%the%mediator%couplings%to%up%and%down%quarks%are%the%same.%

–  MonoUjet%dominates%the%monoUX%sensiNvity%[NZ%et%al.%arXiv:1302.3619]%
•  MonoUW:%C(up)%=%U%C(down)%%[Y.%Bai,%T.%Tait%arXiv:1208.4361]%

–  ConstrucNve%interference%for%vector%and%axial%vector%operators%
–  Larger%producNon%rate%and%W%are%strongly%boosted%%
–  MonoUW%has%the%best%sensiNvity%

%
%

%

•  We%focus%on%hadronic%decay%
–  Be'er%sensiNvity%than%leptonic%channel%
–  More%challenging%to%reconstruct%hadronic%W/Z%
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Signal%Region%%
•  Large%MET:%MET%>%350%GeV,%MET%>%500%GeV%
•  Use%largeUR%jet%substructure%to%idenNfy%boosted%boson%
•  SM%background:%dominated%by%Z(νν)+jets%and%W(lν)+jets%

•  LargeUR%jet%mass%spectrum%
–  Model%independent%

•  Limits%are%set%on%EFT%models%
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both s-channel and Wt production. The single-top, t-
channel process is generated with acermc3.8 [38] inter-
faced to pythia8.1 [39], using the CTEQ6L1 [40] PDF
with the AUET2B [35] tune. The diboson (ZZ, WZ,
and WW ) samples are produced using herwig6.520 and
jimmy4.31 with the CTEQ6L1 PDF and AUET2 tune.

Background contributions from multijet production in
which large Emiss

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 madgraph5 [41], with show-
ering and hadronization modeled by pythia8.1 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 Emiss

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 m

jet

distribution. The data
agree well with the background estimate for each Emiss

T

threshold. Exclusion limits are set on the dark matter
signals using the predicted shape of the m

jet

distribution
and the CLs 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
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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
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HiggsUPortal%Dark%Ma'er%
•  Higgs%invisible%decay%
•  VH%producNon:%same%signature%
•  Use%monoUW/Z(jj)%result%to%constrain%it%

–  Not%fully%opNmized%for%HiggsUportal%model%
#

•  BR(inv)%= σ(W/Z+H)%x%BR(HU>invisible)%/%σSM(W/Z+H)%<%1.6%@%95%CL%
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Higgs%Invisible%Searches%
•  Current%searches%for%Higgs%invisible%decay%

–  Indirect%constraint:%BR%<%0.13U0.19%[G.%Belanger%et%al%arXiv:1306.2941,%J.%Ellis%T.%
You%arXiv:1303.3879,%P.%Giardino%et%al%arXiv:1303.3570]%

–  Direct%constraint:%ATLAS%(arXiv:1402.3244,%arXiv:1309.4017)%and%CMS%(arXiv:
1404.1344)%

BR%limits%95%CL%
obs%(exp)%125%GeV%

VBF"H(inv)" Z(ll)"H(inv)" V(jj)"H(inv)"

ATLAS% U% 0.75%(0.62)%% 1.6%(2.2)%

CMS% 0.65%(0.49)% 0.81%(0.83)% U%

2 3 Data samples and Monte Carlo simulation

Figure 1: The Feynman diagrams for Higgs production in the VBF (left), Z(``)H (center) and
Z(bb)H (right) channels. The Higgs boson is assumed to decay invisibly.

In the following sections of this article, we present a brief overview of the Compact Muon
Solenoid (CMS) experimental apparatus, physics object reconstruction and datasets in Sec-
tions 2 to 4, followed by a description of the event selection and background estimation for
each of the three search channels in Sections 5 to 7. We then present the results of the searches,
and their combination, as upper limits on the production cross section times invisible branch-
ing fraction in Section 8. In Section 9 we interpret these cross section upper limits in terms
of a Higgs-portal model of dark matter interactions, and we summarize our conclusions in
Section 10.

2 The CMS apparatus

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the volume of the superconducting solenoid are
a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL),
and a brass-scintillator hadron calorimeter, each composed by the barrel and endcap detectors.
Muons are measured with detection planes made using three technologies: drift tubes, cathode
strip chambers, and resistive-plate chambers, embedded in the steel flux-return yoke outside
the solenoid. Extensive forward calorimetry complements the coverage provided by the bar-
rel and endcap detectors. Data are selected online using a two-level trigger system. The first
level, consisting of custom made hardware processors, selects events in less than 1 µs, while the
high-level trigger processor farm further decreases the event rate from around 100 kHz to a few
hundred Hz before data storage. The CMS experiment uses a right-handed coordinate system,
with the origin at the nominal interaction point, the x axis pointing to the center of the LHC, the
y axis pointing up (perpendicular to the LHC plane), and the z axis along the counterclockwise-
beam direction. The polar angle q is measured from the positive z axis and the azimuthal angle
f is measured in the x-y plane. The pseudorapidity, h, is defined as � ln[tan(q/2)]. A more
detailed description of the CMS apparatus can be found in Ref. [23].

3 Data samples and Monte Carlo simulation

The analyses presented here all use the 8 TeV data sample collected by the CMS Collabora-
tion during 2012, corresponding to an integrated luminosity of 19.5 fb�1 in the VBF chan-
nel, 19.7 fb�1 in the Z(``)H(inv) channel, and 18.9 fb�1 in the Z(bb)H(inv) channel. The
Z(``)H(inv) channel also uses the 7 TeV dataset collected during 2011, corresponding to 4.9 fb�1.
The uncertainty assigned to the luminosity measurement is 2.6% (2.2%) at

p
s = 8 (7) TeV [24].

Backgrounds arising from sources other than pp collisions are suppressed using a set of filters
that remove events due to anomalous calorimeter signals, beam halo identified in the muon
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–  arXiv:"1408.0011""
– Accepted"by"Phys."Rev."Le.."(editors’"suggested"paper)"

34%



'barH%
•  The%SM%Higgs%has%sizeable%coupling%to%top%quark%
•  Higgs%invisible%decay:%Top%pair%plus%MET%

–  Similar%signature%as%SUSY%stop%quark%pair%producNon%

•  Idea:%reUinterpret%SUSY%direct%stop%search%results%as%a%starNng%point%
•  Channels:%'bar%semiUleptonic%decay%

–  Sizable%branching%raNo%%
–  Low%background%

g

g

t

t̄

H

1

1 Introduction
The standard model (SM) has been extremely successful at describing particle physics phenom-
ena. However, it suffers from such shortcomings as the hierarchy problem, where fine-tuned
cancellations of large quantum corrections are required in order for the Higgs boson to have
a mass at the electroweak symmetry breaking scale of order 100 GeV [1–6]. Supersymmetry
(SUSY) is a popular extension of the SM that postulates the existence of a superpartner for ev-
ery SM particle, with the same quantum numbers but differing by one half-unit of spin. SUSY
potentially provides a “natural”, i.e., not fine-tuned, solution to the hierarchy problem through
the cancellations of the quadratic divergences of the top-quark and top-squark loops. In addi-
tion, it provides a connection to cosmology, with the lightest supersymmetric particle (LSP), if
neutral and stable, serving as a dark matter candidate in R-parity conserving SUSY models.

This paper describes a search for the pair production of top squarks using the full dataset col-
lected at

p
s = 8 TeV by the Compact Muon Solenoid (CMS) experiment [7] at the Large Hadron

Collider (LHC) during 2012, corresponding to an integrated luminosity of 19.5 fb�1. This search
is motivated by the consideration that relatively light top squarks, with masses below around
1 TeV, are necessary if SUSY is to be the natural solution to the hierarchy problem [8–12]. These
constraints are especially relevant given the recent discovery of a particle that closely resembles
a Higgs boson, with a mass of ⇠125 GeV [13–15]. Searches for top-squark pair production have
also been performed by the ATLAS Collaboration at the LHC in several final states [16–20], and
by the CDF [21] and D0 [22] Collaborations at the Tevatron.

The search presented here focuses on two decay modes of the top squark (et): et ! tec0
1 and

et ! bec+. These modes are expected to have large branching fractions if kinematically allowed.
Here t and b are the top and bottom quarks, and the neutralinos (ec0) and charginos (ec±) are
the mass eigenstates formed by the linear combination of the gauginos and higgsinos, which
are the fermionic superpartners of the gauge and Higgs bosons, respectively. The charginos are
unstable and may subsequently decay into neutralinos and W bosons, leading to the following
processes of interest: pp ! etet⇤ ! ttec0

1 ec0
1 ! bbW+W� ec0

1 ec0
1 and pp ! etet⇤ ! bbec+

1 ec�
1 !

bbW+W� ec0
1 ec0

1, as displayed in Fig. 1. The lightest neutralino ec0
1 is considered to be the stable

LSP, which escapes without detection.

The analysis is based on events where one of the W bosons decays leptonically and the other
hadronically. This results in one isolated lepton and four jets, two of which originate from b
quarks. The two neutralinos and the neutrino from the W decay can result in large missing
transverse momentum (Emiss

T ).

P1
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t̃�
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�̃0
1

�̃0
1
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b
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1

b
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Figure 1: Diagram for top-squark pair production for (a) theet ! tec0
1 ! bWec0

1 decay mode and
(b) theet ! bec+ ! bWec0

1 decay mode.

The largest backgrounds in this search arise from events with a top-antitop (tt) quark pair
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CMS%SUSY%Stop%Search%
•  CMS%(arXiv:1308.1586)%has%published%nice%SUSY%stop%search%result%in%
single%lepton%channel%with%8TeV%19.5%yU1%data%
–  The%CMS%cutUbased%analysis%makes%the%reUinterpretaNon%straigh~orward%
–  Dominant%backgrounds%are%'bar%semileptonic%and%dileptonic%decays%

•  Signal%'barH:%%
–  GeneraNon%with%MADGRAPH5,%%
–  Showering/hadronizaNon%with%PYTHIA,%%
–  SimulaNon%through%DELPHES 

–  ValidaNon%from%reproducNon%of%the%predicted%'bar%background%

•  We%tested%all%the%16%SRs%and%found%the%SR%with%best%expected%limit:%%
–  MET>%250%GeV%and%the%set%of%cuts%for%stopU>top+LSP%with%large%mass%spliong%%

%
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ReUinterpret%CMS%Result%
•  Data:%3%events%and%predicted%background%9.5%±%2.8%
•  The%signal%(125%GeV%Higgs)%yield%is%11.4%events%

–  Assuming%100%%inv%BR%
–  Independent%to%DM%mass%below%half%Higgs%mass%

%
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Constraints%on%Higgs%Invisible%BR%
•  We%set%constraints%on%Higgs%invisible%BR,%%

–  Assume%SM%'barH%rate%
•  BR%<%0.40%obs%(0.65%exp)%at%95%CL%for%Higgs%mass%125%GeV%%
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CombinaNon%
•  We%combine%all%the%exisNng%Higgs%invisible%searches%with%our%'barH%%%%
•  Treat%each%channel%as%a%simple%counNng%experiment%
%

3

TABLE I: Summary of datasets used in combined limits. The expected backgrounds, uncertainties and observed yields are
taken from the experimental results. The expected signal yields are quoted for �(mH = 125), BF(H !inv.) = 1.0. In all cases
other than tt̄H expected signal yields are taken from the experimental results; for tt̄H, it is due to our calculation in simulated
samples.

Exp. Mode Dataset Background Obs. Signal
ATLAS [11] Zh ! ``+ Emiss

T 7 TeV 25.4± 1.9 28 8.9
Zh ! ``+ Emiss

T 8 TeV 138± 10 152 44

CMS [12] Zh ! ``+ Emiss
T 7 TeV 19.7± 9.8 19 5.4

8 TeV 89.0± 8.5 82 25.0
Zh ! ``+ j + Emiss

T 7 TeV 5.4± 1.6 5 0.9
8 TeV 24.4± 10.0 28 4.1

CMS[12] Zh ! bb+ Emiss
T 8 TeV, low pHT 40.5± 4.1 38 1.6

8 TeV, med pHT 64.8± 181.3 61 3.6
8 TeV, high pHT 181.3± 9.8 204 12.6

CMS[12] qqH ! jj + Emiss
T 8 TeV 332± 58 390 224

CMS recast[18] tt̄H ! 1`+ 4j + Emiss
T 8 TeV 9.5± 2.8 3 11.4
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FIG. 3: Top pane gives 95% CL upper limits on �(tt̄H) ⇥
BF (H ! inv.), including both expected and observed lim-
its. Also shown is the SM rate of �(tt̄H) [26]. The bottom
pane shows the ratio of the constraint to the SM �(tt̄H) cross
section.
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FIG. 4: Translation of the bound on BF (H ! inv.) < 0.40
into a constraint on the spin-independent scattering of Higgs
portal dark matter with nucleons, for scalar DM (solid blue
curves) and fermion DM (solid red curves). The envelope
around each constraint represents the uncertainty in the
hadronic matrix elements. Also shown are constraints from
LUX [29] and Xenon-10 [30].

nucleons (�
SI

). The translation relies on the matrix ele-
ments h

P
q mq q̄qi = 0.33+0.3

�0.7 mN , as determined by lat-
tice QCD [32]; solid lines correspond to the central value,
and the dashed lines show the envelope within these un-
certainties. Also shown for comparison are the current
limits on �

SI

from the LUX [29] and Xenon-10 [30] ex-
periments. The comparison shows the familiar behav-
ior where high energy searches very e↵ectively probe low
dark matter masses, whereas the direct searches are more
e↵ective for larger mass dark matter [33–35], particularly
for M

DM

> mH/2, where on-shell Higgs bosons are too
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CombinaNon%
•  Finally%we%obtain%%BR%<%0.40%obs%(0.40%exp)%at%95%%CL%%
•  Dominated%by%'barH%channel%

4

TABLE II: Observed and expected limits at 95%CL on
BF(H !inv.) in each channel and combinations. Note these
are our analysis of the reported results as single-bin exper-
iments, and so in some cases are slightly weaker than the
reported results.

Exp. Mode Obs. (Exp.) limit
ATLAS [11] Zh ! ``+ Emiss

T 1.04 (0.81)
CMS [12] Zh ! ``+ Emiss

T 1.02 (1.19)
CMS [12] Zh ! bb+ Emiss

T 3.15 (2.69)
CMS [12] qqH ! jj + Emiss

T 0.76 (0.57)
CMS recast[18] tt̄H ! 1`4j + Emiss

T 0.40 (0.65)
CMS[12, 18] qqH + tt̄H 0.45 (0.47)
All[11, 12] All but tt̄H 0.63 (0.46)
All[11, 12, 18] All 0.40 (0.40)

light to decay into dark matter.
The limits presented here rely on the reinterpretation

of a tt̄+Emiss

T

sample originally selected in order to opti-

mize sensitivity to t̃¯̃t rather than tt̄H. A dedicated study
may yield stronger limits, but we expect such improve-
ments to be modest for two reasons. First, the variables
used to search for t̃¯̃t also have power to discriminate be-
tween tt̄H and the major backgrounds; see Fig. 2. Sec-
ond, a rough optimization for tt̄H has already been done
here, with respect to the large number of signal regions
provided in the CMS result.

To summarize, we report the first limit on invisible
Higgs boson decays in the tt̄H production mode, which
currently yields the strongest individual limit on the
Higgs decay to dark matter particles. In addition, we
provide a combination of all available experimental limits
and show the implications for theories where dark matter
interacts with the SM primarily via the Higgs boson.
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Constraints%on%DMUNucleon%Sca'ering%
•  We%convert%the%BR<0.40%into%constraints%on%DMUnucleon%spinU
independent%cross%secNon.%%
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Summary%
•  LHC%may%be%able%to%produce%dark%ma'er%and%detect%it.%
•  We’ve%performed%various%signatureUbased%monoUX%searches%for%it.%
•  From%ATLAS%RunUI%intensive%dark%ma'er%searches%(including%SUSY%
dark%ma'er%candidates),%we%have%not%discovered%a%dark%ma'er%
candidate%yet.%
•  Let’s%conNnue%with%LHC%RunUII%data!%
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Backup%
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W+γ%Measurement%
•  %%
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Z+γ%Measurement%
•  %%
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%MonoUW/Z%Constraints%
•  %%
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SystemaNc%UncertainNes%
•  Various%systemaNc%uncertainNes%are%suppressed%in%the%simultaneous%fit%
•  The%CR%staNsNcs%gives%the%largest%systemaNc%uncertainNes%%

V. Ippolito - Monophoton Open Presentation - Sep 22nd, 2014

Systematic Uncertainties

12

uncertainties on SR background estimated from CR fit

* correlations among CRs  
   and SR reduce impact of  
   many systematics (it’s like 
   cancellation in ratios…)

* statistical component  
   still dominant

[% of total bkg from CR fit] SR
electron fake rate 4.6
electron efficiency 1.3

muon efficiency 0.7
egamma energy scale 0.6

egamma energy resolution ~0.1
photon isolation ~0.1
photon efficiency ~0.1

jet fake rate 0.1
JES 0.1
JER 0.5

MET SoftTerms 0.3
PDF/scale 0.7

trigger, lumi, MET pileup < 0.1
statistical uncertainty ~6 47%



Signal%Region%
•  In%SR,%we%observe%521%events.%
•  Predicted%SM:%557%±%36%±%27%
•  No%significant%deviaNon%

–  Signal%have%stronger%MET%
spectrum%than%background%
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Simplified%Model%vs%EFT%
•  When%mV%goes%beyond%the%LHC%reach,%this%Z’Ulike%simplified%model%
can%be%approximated%by%EFT%approach.%%

%
•  Z’Ulike%simplified%model%has%resonant%enhancement%%
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ADD%Model%
•  Model%of%large%extra%spaNal%dimension%

–  To%solve%the%hierarchy%problem%with%n%addiNonal%dimensions%and%new%
fundamental%scale%MD%

•  EFT:%we%also%test%the%effect%of%suppressing%events%with%interacNon%
energy%above%MD%
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CMS%SUSY%Stop%Search%
•  CMS%(arXiv:1308.1586)%has%published%nice%SUSY%stop%search%result%in%
single%lepton%channel%with%8TeV%19.5%yU1%data%
–  The%CMS%cutUbased%analysis%makes%the%reUinterpretaNon%straigh~orward%

•  16%SRs%(overlapped)%were%defined,%opNmized%for%various%stop%decay%
scenarios%

%

4.3 Signal region definition 7

improves the expected sensitivity of the search by up to 40% with respect to the cut-based ap-
proach, at the cost of additional complexity. The primary result of our search is obtained with
the BDT, while the cut-based analysis serves as a crosscheck. Table 1 lists the variables used in
the training of the BDTs (Section 4.3.1) and summarizes the requirements for the cut-based SRs
(Section 4.3.2).

Table 1: Summary of the variables used as inputs for the BDTs and of the kinematic require-
ments in the cut-based analysis. All signal regions include the requirement MT > 120 GeV. For
theet ! tec0

1 BDT trained in the region where the top quark is off-shell, the hadronic top c2 is not
included and the leading b-tagged jet pT is included. The lepton pT is used only in the training
of theet ! bec+ BDT in the case where the W boson is off-shell.

et ! tec0
1

et ! bec+

Cut-based Cut-based
Selection BDT Low DM High DM BDT Low DM High DM

Emiss
T (GeV) yes > 150, 200, > 150, 200, yes > 100, 150, > 100, 150,

250, 300 250, 300 200, 250 200, 250
MW

T2 (GeV) yes >200 yes >200
min Df yes >0.8 >0.8 yes >0.8 >0.8
Hratio

T yes yes
Hadronic top c2 (on-shell top) <5 <5
Leading b-tagged jet pT (GeV) (off-shell top) yes >100
DR(`,leading b-tagged jet) yes
Lepton pT (GeV) (off shell W)

4.3.1 BDT signal regions

The BDTs are trained on samples of MC signal and background events satisfying the preselec-
tion requirements and with MT > 120 GeV. The BDTs are trained with MADGRAPH samples
for et ! tec0

1 and a mixture of MADGRAPH and PYTHIA samples for et ! bec+. The choice of
generators has little impact on the final result. The background MC sample contains all the
expected SM processes.

Separate BDTs are trained for theet ! tec0
1 andet ! bec+ decay modes and for different regions

of parameter space. In what follows we refer to the different BDTs as BDTn, where n is the
region number defined in Fig. 3. In general, for a given BDT, the optimal requirement does
not depend strongly on the point in parameter space within each region. Thus, for almost all
regions a single BDT requirement is sufficient, and each such requirement defines a BDT signal
region. The exceptions are BDT1 for theet ! tec0

1 signal model and BDT2 for theet ! bec+ signal
model with parameter x = 0.5; in these regions we choose two BDT operating points, referred
to as “tight” and “loose”.

BDT distributions after the preselection are shown in Fig. 4 for four of the 16 BDTs (two tight
and two loose BDTs). The data are in agreement with the MC simulation of SM processes.

4.3.2 Cut-based signal regions

For the et ! tec0
1 model, two types of signal regions are distinguished: those targeting “small

DM” and those targeting “large DM”, where DM ⌘ met � mec0 . Both categories include the
requirement that the azimuthal angular difference between the two leading jets and the Emiss

T
vector exceed 0.8 radians, in addition to the requirement that the value of the hadronic top
c2 be less than 5. The MW

T2 > 200 GeV requirement is applied only for the large DM signal
regions. Within each set, the SRs are distinguished by four successively tighter Emiss

T require-
ments: Emiss

T > 150, 200, 250, and 300 GeV.

For the et ! bec+ model, the same approach is followed as for et ! tec0
1 by defining two sets of

signal regions, one for small DM and one for high DM, where DM here is the mass difference
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CMS%SUSY%Stop%Search%
•  CMS%(arXiv:1308.1586)%has%published%nice%SUSY%stop%search%result%in%
single%lepton%channel%with%8TeV%19.5%yU1%data%
–  The%CMS%cutUbased%analysis%makes%the%reUinterpretaNon%straigh~orward%

•  16%SRs%(overlapped)%were%defined,%opNmized%for%various%stop%decay%
scenarios%
–  Exactly%one%electron%or%muon%
–  At%least%three%jets%(at%least%one%bUtagged)%
–  MET:%%100,%150,%200,%250,%300%GeV%
–  MT>120%GeV:%transverse%mass%of%lepton%and%MET%system%
–  min(Δφ(MET,jet))>0.8:%the%minimum%angle%between%MET%and%any%jet%
–  χ2

had<5:%the%compaNbility%of%a%triplet%of%jets%with%tU>WbU>qqb%hypothesis%
–  MT2

W%>200%GeV:%the%minimal%parNcle%mass%compaNble%with%'bar%
topology%

•  Dominant%backgrounds%are%'bar%semileptonic%and%dileptonic%decays%

%
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KinemaNc%DistribuNon%
•  Signal%'barH:%%

–  GeneraNon%with%MADGRAPH5,%%
–  Showering/hadronizaNon%with%PYTHIA,%%
–  SimulaNon%through%DELPHES 

•  ValidaNon%from%reproducNon%of%the%predicted%'bar%background%
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KinemaNc%DistribuNon%
•  All%of%these%kinemaNc%variables%provide%good%'barH%and%background%
discriminaNon.%
•  Some%further%opNmizaNons%on%the%cut%threshold%etc%are%sNll%possible.%
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CMS%Signal%Region%Yield%
•  Data%and%background%yields%with%uncertainNes.%

15

Table 3: The result of the et ! tec0
1 BDT analysis. For each signal region the individual back-

ground contributions, total background, and observed yields are indicated. The uncertainty
includes both the statistical and systematic components. The expected yields for two example
signal models are also indicated (statistical uncertainties only). The first and second numbers
in parentheses indicate the top-squark and neutralino masses, respectively, in GeV.

et ! tec0
1

Sample BDT1–Loose BDT1–Tight BDT2 BDT3 BDT4 BDT5
tt ! `` 438 ± 37 68 ± 11 46 ± 10 5 ± 2 0.3 ± 0.3 48 ± 13
1` top 251 ± 93 37 ± 17 22 ± 12 4 ± 3 0.8 ± 0.9 30 ± 12
W + jets 27 ± 7 7 ± 2 6 ± 2 2 ± 1 0.8 ± 0.3 5 ± 2
Rare 47 ± 23 11 ± 6 10 ± 5 3 ± 1 1.0 ± 0.5 4 ± 2
Total 763 ± 102 124 ± 21 85 ± 16 13 ± 4 2.9 ± 1.1 87 ± 18
Data 728 104 56 8 2 76
et ! tec0

1 (250/50) 285 ± 8.5 50 ± 3.5 28 ± 2.6 4.4 ± 1.0 0.3 ± 0.3 34 ± 2.9
et ! tec0

1 (650/50) 12 ± 0.2 7.2 ± 0.2 9.8 ± 0.2 6.5 ± 0.2 4.3 ± 0.1 2.9 ± 0.1

The observed and predicted yields agree in all signal regions within about 1.0–1.5 standard
deviations. Therefore, we observe no evidence for top-squark pair production. We note that
there is a tendency for the background predictions to lie somewhat above the observed yields;
however, the yields and background predictions in different signal regions are correlated, both
for the BDT and cut-based analysis. The interpretation of the results in the context of models
of top-squark pair production is presented in Section 9.

Table 4: The result of the et ! tec0
1 cut-based analysis. For each signal region the individual

background contributions, total background, and observed yields are indicated. The uncer-
tainty includes both the statistical and systematic components. The expected yields for two
example signal models are also indicated (statistical uncertainties only). The first and second
numbers in parentheses indicate the top-squark and neutralino masses, respectively, in GeV.

Sample Emiss
T > 150 GeV Emiss

T > 200 GeV Emiss
T > 250 GeV Emiss

T > 300 GeV

Low DM Selection
tt ! `` 131 ± 15 42 ± 7 17 ± 5 5.6 ± 2.5
1` top 94 ± 47 30 ± 19 9 ± 6 3.1 ± 2.4
W + jets 10 ± 3 5 ± 1 2 ± 1 1.0 ± 0.4
Rare 16 ± 8 7 ± 4 4 ± 2 1.8 ± 0.9
Total 251 ± 50 83 ± 21 31 ± 8 11.5 ± 3.6
Data 227 69 21 9
et ! tec0

1 (250/50) 108 ± 3.7 32 ± 2.0 12 ± 1.2 5.2 ± 0.8
et ! tec0

1 (650/50) 8.0 ± 0.1 7.2 ± 0.1 6.2 ± 0.1 4.9 ± 0.1

High DM Selection
tt ! `` 8 ± 2 5 ± 2 3.2 ± 1.4 1.4 ± 0.9
1` top 13 ± 6 6 ± 4 3.0 ± 2.2 1.4 ± 1.0
W + jets 4 ± 1 2 ± 1 1.5 ± 0.5 0.9 ± 0.3
Rare 4 ± 2 3 ± 1 1.8 ± 0.9 1.0 ± 0.5
Total 29 ± 7 17 ± 5 9.5 ± 2.8 4.7 ± 1.4
Data 23 11 3 2
et ! tec0

1 (250/50) 10 ± 1.1 4.6 ± 0.8 2.3 ± 0.5 1.4 ± 0.4
et ! tec0

1 (650/50) 4.9 ± 0.1 4.7 ± 0.1 4.3 ± 0.1 3.7 ± 0.1

9 Interpretation
The results of the search are interpreted in the context of models of top-squark pair production.
As discussed in Section 3, we separately consider two possible decay modes of the top squark,
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