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* 
* Higgs discovery! 

* Many, many BSM searches, all with null result 
* di-jet, di-boson resonances, excited vector bosons, leptoquarks, 

supersymmetry, etc. etc. 

* We’re still stuck with our “usual” SM insufficiencies 
* hierarchy problem 
* unification of forces 
* dark matter 

* A few (interesting?) small deviations in Run1 

* Motivation enough to keep searching! 
* prospects for resonances, SUSY & Dark Matter 
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* 
* CMS carried out a comprehensive search for Supersymmetry 

*  from model independent inclusive searches to specific decay modes, covering 
a large number of signatures and final states 

* EWKino production, 3rd generation squarks, gluinos and heavy squarks 

mgluino > 1.35 TeV mstop > 750 GeV mχ+ = mχ0 > 250 - 700 GeV 

for very light neutralinos 
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10 7 The WW cross section measurement
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Figure 1: The data and MC distributions for the 0-jet category of the leading lepton pT, p`T, max;
the pT of the dilepton system, p``T ; the dilepton invariant mass, m``; and the azimuthal angle
between the two leptons, Df``. The hatched areas represent the total systematic uncertainty
in each bin. The error bars in the ratio plots are calculated considering both the statistical
uncertainty from the limited size of the data sample as well as the systematic uncertainties in
the background estimation and signal efficiency. The last bin includes the overflow.

Table 4: The W+W� production cross section in each of the four event categories combined in
the final result.

Event category W+W� production cross section (pb.)

0-jet category Different-flavor 59.7 ± 1.1 (stat.) ± 3.3 (exp.) ± 3.5 (th.) ± 1.6 (lum.)
Same-flavor 64.3 ± 2.1 (stat.) ± 4.6 (exp.) ± 4.3 (th.) ± 1.7 (lum.)

1-jet category Different-flavor 59.1 ± 2.8 (stat.) ± 6.0 (exp.) ± 6.2 (th.) ± 1.6 (lum.)
Same-flavor 65.1 ± 5.5 (stat.) ± 8.3 (exp.) ± 8.0 (th.) ± 1.7 (lum.)
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* 
* ATLAS/CMS 7 TeV & ATLAS 8 TeV 
* => excess over NLO prediction 

* CMS 8 TeV, 5.3 fb-1 

*  σWW = 69.9 ±2.8stat ±5.6syst ±3.1lum pb 
* Changes/Improvements: 
*  larger dataset 
*  included events with one jet 
* most recent improved theoretical description of the 

signal production, including modeling of the lower 
region of the pT spectrum of the W+W− system using a 
resummation technique 
*  Higgs boson effects removed from final result to be 

consistent with this recent theoretical calculation (8% 
effect).  

* CMS 8 TeV full dataset 19.4 fb-1 

* good agreement with theory 
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Figure 3: Normalized differential W+W� cross section as a function of the leading lepton
pT (p`T, max) (top left), the transverse momentum of the dilepton system (p``T ) (top right), the
invariant mass (m``) (bottom left) and the angular separation between leptons (Df``) (bottom
right). Both statistical and systematic uncertainties are included. The hatched area in the ratio
plots corresponds to the relative error of the data in each bin. The measurement, including
gg ! W+W� is compared to predictions from MADGRAPH, POWHEG, and MC@NLO

total σ [pb] 8TeV theory 

CMS: 60.1 ± 0.9 (stat) ± 3.2 (exp) ± 3.1(th) ± 1.6 (lumi) 59.8+1.3
-1.1 (NNLO) 

Atlas: 71.4+1.2 
–1.2 (stat) +5.0 

–4.4 (syst) +2.2 
–2.1 (lumi) 58.7+3.0

-2.7 (qq NLO, gg LO) 
H->WW included 

ATLAS / CMS 7 TeV 
ATLAS 8 TeV    
CMS 8TeV: good agreement with theory  
 

Might be explained by 
•  NNLO contributions, ~10% 
•  Gluon resummation effects 

•  correlated with jet veto efficiency 
 

Differential cross-sections also measured 
•  in fiducial region with zero jets  
•  after unfolding 
Good agreement between data and theory 
•  few differences depending on generator/variable 
)

WW)I>)2l2ν,)results)))

8)

Excess over NLO predictions 

SMP%14%016/(submi9ed/to/EPJC)/

Speculative interpretation: light stops in near-degenerate mass scenario? 

SMP-14-016 
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* First generation leptoquarks in eejj and evjj 
final states 
* optimized cuts for individual LQ mass 

hypothesis on M(lv), M(ll), ST and MET to 
suppress backgrounds 

* broad excess in both channels for 650 GeV LQ 
mass hypothesis 

* 2.4 (2.6) sigma in eejj (evjj) channel 
*  not peaking in ej mass 

 

 

 
 
 

W&C Seminar – New Physics from CMS – JPC – Rutgers University – Friday, January 16th, 2015

1ST GENERATION LEPTOQUARKS

23

• Search for 1st generation LQs in 
eejj and evjj final states

• optimize cuts for individual LQ mass 

hypotheses on M(l,v), M(ll), ST, MET 
to suppress backgrounds

• saw broad excess in both channels 

for a 650 GeV LQ mass hypothesis
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* 
* W’ and heavy neutrino 
* Interestingly a search motivated by W’ decays 

through heavy neutrinos also exhibited an excess 
in same eejj final state 
* search looks for a bump in the eejj invariant mass 
*  ttbar BG estimated using eµ j j control sample 
* DY BG from Z/γ* -> ll control sample 

* there is little overlap in events between this and 
the LQ analysis 

 

 

 
 
 

W&C Seminar – New Physics from CMS – JPC – Rutgers University – Friday, January 16th, 2015

W’ AND HEAVY NEUTRINO

• Interestingly, a search motivated by W’ decays 
through heavy neutrinos also exhibited an 
excess in the same (eejj) final state

• Search looks for a bump in the eejj invariant mass

• there is little overlap in events between this and the 

LQ analysis
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* Generic search for kinematic endpoint in dilepton mass spectrum, e.g., 
*                                         (produces triangular shape with endpoint) 
*  three body decays of                            (produces an “edge”) 

* Background estimation with opposite sign, opposite flavour leptons 
* Two search regions: central |η| < 1.4, forward 1.6 < |η| < 2.4 

* Signal and background contributions determined from shape fit 
 

 

 
 
 

 [GeV]llm
50 100 150 200 250 300

Ev
en

ts
 / 

5 
G

eV

20

40

60

80

100

120

140

160

180

200
CMS Preliminary  (8 TeV)-119.4 fb

O
F  Central  Leptons

Data
Fit

 [GeV]llm
50 100 150 200 250 300

Pu
ll

-3
-2
-1
0
1
2
3 [GeV]llm

50 100 150 200 250 300

Ev
en

ts
 / 

5 
G

eV

20

40

60

80

100

120

140

160

180

200

Data
Fit
FS
DY
Signal

CMS Preliminary  (8 TeV)-119.4 fb

SF  C
entral  Leptons

 [GeV]llm
50 100 150 200 250 300

Pu
ll

-3
-2
-1
0
1
2
3

5th November 2015 UK HEP Forum - Anomalies & Deviations 9 

* 

opposite  
flavour 

same 
flavour 

�̃0
2 ! ll̃! �̃0

1l
+l�

�̃0
2 ! �̃0

1l
+l� SUS-12-019 



* Generic search for kinematic endpoint in dilepton mass spectrum, e.g., 
*                                         (produces triangular shape with endpoint) 
*  three body decays of                            (produces an “edge”) 

* Background estimation with opposite sign, opposite flavour leptons 
* Two search regions: central |η| < 1.4, forward 1.6 < |η| < 2.4 
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* 
* In hadronic final 

states observed 
limits are weaker 
than expected 
across different 
analyses 
* e.g. SUS-12-028, 

SUS-13-019, 
SUS-14-001 

* not observed in 
final states with 
leptons – 
SUS-13-011 
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* 
* Good prospects for 

SUSY from energy 
increase from 8->13 
TeV 

* much larger than just 
ratio of CM energies 

* up to factor ~50 for 
pair production of 1.5 
TeV gluinos 

* factor 6 for stop pairs 
of 500 GeV 

* Not only good for 
SUSY but also other 
heavy objects such as 
Z’ etc. 
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 WGσLPCC SUSY 

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections                   arXiv:1206.2892
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* 
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* 
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* 
Natural SUSY searches 
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       Discovery scenarios with full-spectrum models
CMS&PAS&SUSD14D012!

1.7&TeV

1.1&TeV

StrongEWKinossleptonshiggs

• Studied&5&fullDspectrum&
SUSY&models.&&

• 9&analyses&performed&in&
parallel.&&

• mH!=!125!GeV!

• NM&1,2,3!!=“Natural”!
Model!1,!2,!3!

m(!!!)=1.7!TeV,!m(!!!)=1.1!
TeV!

• !!STC!EStau!coEannihilation.!

• !!STOCEStop!coEannihilation!

!g !t

m( !τ1) ≈ m( !χ1
0 ) ≈190 GeV

m(!t1) ≈ m( !χ1
0 ) ≈ 400 GeV

The&nature&of&the&EWKino&sector&has&a&large&influence&
on&the&decays&of&the&top&squark.&

NM1 NM2 NM3
0.6% 1.5% 39%B(!t → t !χ1

0 )

!B
!H

!W

J. Richman 



* 
*  Discovery sensitivity for SUSY benchmark models 

*  3 natural pMSSM models all with discoverable 1.7 TeV gluino, 
differing mainly in masses of sleptons and masses/compositions of 
neutralinos and charginos (details in backup) 

Inclusive search in  
all hadronic final state 

Stop pair production in  
single lepton final state 
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* 

* Searches will cover the interesting region of stop masses up to 
1 TeV with 300/fb @ 13 TeV 
* Neutralino masses up to 500 GeV 

* In gluino mediated models, reach up to mgl of 2 TeV 

22 5 Discovery Potential: Supersymmetry

improve with more data. Nevertheless, a fixed lower limit on the relative uncertainty of at least
10% is kept.
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Figure 19: The simplified model topology direct stop production, where the stops decay to a
top quark and an LSP each (a), and the projected 5s discovery reaches for this model (b).

The results are summarized in Fig. 19. A discovery reach for stop masses of 750–950 GeV, and
LSP masses of 300–450 GeV, is expected. More stringent selection requirements could suppress
the background further, leading to an improvement of the signal-to-background ratio and dis-
covery potential. Also, when searching for stop signals at higher masses, many top quarks from
stop decays are highly boosted, but the use of the boosted top taggers are not yet explored to
gain extra sensitivity.

5.4 Sbottom-Pair Production with Four W Bosons and Two Bottom Quarks in
the Final State

Here, a model is considered where sbottom quarks are relatively light and are directly pro-
duced in pairs. The corresponding simplified model assumes that a sbottom quark decays
solely to a top quark and a chargino, with the chargino subsequently decaying to a W and the
LSP. The model considered here additionally assumes mass splittings such that the top and W
are on-shell. The extrapolation is based on the result obtained from a search in a final state with
a same-sign lepton pair, jets, b-tagged jets, and missing transverse energy [37].

The background is considered to be composed of two components — one from rare SM pro-
cesses producing genuine same-sign lepton pairs and another consisting of processes where at
least one lepton comes from a jet, hereafter referred to as a fake isolated lepton. These two com-
ponents comprise over 95% of the background to searches for strongly produced new physics
in the same-sign dilepton final state, with rare SM processes contributing 50–80% depending
on the search region. The rare SM background consists mainly of processes producing multi-
ple weak bosons or top quarks in the final state, with the largest contribution coming from the
production of a tt pair in association with a W boson. The background containing fake isolated
leptons arises mostly from tt events, where one prompt lepton originates from a W boson and
the other lepton comes from the decay of a b quark.

Exclusion with 20/fb @ 8 TeV Discovery with 300/fb @ 14 TeV 
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* Monolepton channel:        
W-boson recoiling against 
dark matter 
* model allows different 

coupling of DM to up- and 
down-type quarks, 
parameterized by ξ = λuλd 

* reach depends strongly on 
assumption for ξ 
(interference) 

* Dark matter is one of the hot topics for Run2! 
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* 

3.4 Interference of W and W0 bosons with variable coupling strength 7

The parameter li introduces a relative coupling strength, which in general could be different
for each quark flavor.

Figure 2: Feynman diagrams for dark matter interference, shown as an example with an up
and a down quark. The same initial and final state can have different particles coupling to the
dark matter particles.

Dark matter can couple to either up- or down-type quarks with the same initial and final state,
as shown in Fig. 2. Given that the couplings to up- or down-type quarks yield similar behavior,
the parameter x = luld is most important for the phenomenology. Following Ref. [55], we con-
sider three scenarios with |li|=1 or 0. A value of x = ±1 maximizes the effects of interference.
A choice of x = 0 can be assumed in two different ways, suppressing either the coupling to up-
or to down-type quarks. Both cases are shown in Fig. 3 (middle left). The difference between
the two cases is small, therefore in the following we only consider the case with suppressed
couplings to down-type quarks (ld = 0) and denote it as x = 0. The choice of the interference
parameter changes the total cross section and the shape of the MT spectrum, as shown in Fig. 3
(middle left) for L = 600 GeV, M

c

= 10 GeV.

In searches at proton-proton colliders, the difference between vector and axial-vector coupling
is less important than in direct DM-nucleon interaction experiments, as can be seen from Ta-
ble 2. This is due to the large influence of the spin on the interaction at low Q2 (of the order
of 1 to 100 keV [56]), which is relevant for direct detection experiments, where coherent scat-
tering at the nucleus is only possible for spin-independent (vector) couplings, but not for the
spin-dependent (axial-vector) couplings. At the LHC, half of the initial quarks originate from
the quark-gluon sea, and all spin configurations and light-quark flavors are available for pro-
duction. For low M

c

, no difference is observed between vector and axial-vector couplings, as
shown in Fig. 3 (middle left) for M

c

= 10 GeV. For masses above 100 GeV, axial-vector cross
sections are lower than the vector cross sections, without a significant shape difference.

The validity of this effective-theory model is limited. For L > M
c

/2p the coupling is pertur-
bative. A more stringent criterion is gDM = 1, which constrains the model to L > 2M

c

.

Simulated signal samples are produced with MADGRAPH 5.1.5 [57] matched to PYTHIA for
showering and hadronization. The search is inclusive in terms of jet multiplicity, and no con-
straints on the number of jets are applied. The samples are simulated for x = +1 and are
rescaled on an event-by-event basis for x = 0 and �1.

3.4 Interference of W and W0 bosons with variable coupling strength

If the W0 boson interacts with left-handed particles and right-handed antiparticles (V–A cou-
pling), interference with the W boson is expected [6–8]. The lowest-order effective Lagrangian
for the interaction of two fermions and such a W0 boson is

L =
Vij

2
p

2
gij

W0 f̄ i
g

µ(1 � g

5)W0
µ

f j + h.c., (2)

10.4. Exotica searches and measurements 333

(see Fig. 10.31). Fig. 10.36 illustrates the situation for the monolepton channel in terms of 95%
C.L. exclusion limits using interpretations in the framework of a simplified model. The media-
tor is modeled as a Z0-like particle with either vector or axial-vector coupling, a fixed minimal
width of Gmed = Mmed/8p and the mass range shown in Fig. 10.36. The monojet channel, which
is often used for comparison (see ref [270] for projection) relies on an initial state radiation jet
for tagging the event, which, along with missing transverse energy due to the produced DM-
pair, leads to a final state of jet + Emiss

T . This channel is expected to profit from the improved jet
performance discussed in Chapter 9. Given its kinematics it cannot be sensitive to interference
but its sensitivity is comparable to the monolepton channel with constructive interference (x=-
1). The projected performance of the monojet channel is based on Run-I performance projected
to larger accumulated statistics [270]. The monolepton sensitivity in Fig. 10.36 is again based on
DELPHES simulation and illustrates the situation for the maximum sensitivity corresponding to
constructive interference (x=-1) and the narrow width indicated in the legend. The hadronic W
boson channel should reach even further but has not be studied in this framework.
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Figure 10.36: Dark matter reach of the monolepton channel as a function of the DM mass and
mediator mass for the two extreme cases of x = ±1.

10.4.3 Exotic signatures: highly ionizing particles and displaced vertices

A large number of new physics searches rely on very exotic signatures, such as anomalous
ionization depositions, slow moving particles, (dis)appearing tracks, and secondary vertices
significantly displaced with respect to the primary interaction vertex. Many of these signatures
become quite natural in new physics scenarios where some of the new massive particles be-
come stable or long-lived. Searching for them demands specific detector capabilities, special
triggers or adapted reconstruction algorithms, which implies that usually they are uncovered
by other searches using standard objects.

One example is the production of heavy stable charged particles, such as supersymmetric taus
(staus), moving with moderate velocities b <1 (in our example b=0.8). Such particles are likely

CMS-TDR-15-02 

Exclusion limits 

mediator modeled as Z’ like particle 



20 

g = 0.5 

Limits from 8 TeV CMS 
monojet search (EXO-12-048) 
and projected limits for 3 
LHC scenarios: 
- 13 TeV 30 fb-1 
- 14 TeV, 300 fb-1 
- 14 TeV, 3000 fb-1 
 

LUX 2013 limits and 
projected limits for LZ 
assuming 10 tonne-year 
exposure 
 

Discovery reach accounting 
for coherent neutrino 
scattering 

g = 1.45 g = 1.0 

g = 0.25 

* 
Based on arXiV:1409.4075 Axialvector (Example) 
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Nicely illustrates interplay  
between collider and direct  
detection experiments 
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* 
* SUSY search commissioning of key observables with 

13 TeV data 

*  Examples of trigger turn-ons 

 
* Examples of key discriminating kinematic observables 

* alphaT for QCD rejection 

HT300_MET100 trigger 

HT and HTmiss for alphaT>0.55 
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* 8 TeV limits: 
* Sequential SM: Z’SSM > 3 TeV 
* Grand Unification model: Z’Ψ >2.6 TeV 

EXO
-12-061 

* Search in invariant mass of opposite sign di-muon and di-electon pairs 

m(ee) [GeV]
70 100 200 300 400 1000 2000

 E
ve

nt
s 

/ G
eV

-410

-310

-210

-110

1
10

210

310

410

510

610

Data
-e+e→/Zγ

ττ, tW, WW, WZ, ZZ, tt
Jets (data)

 (8 TeV)-119.7 fb

CMS

6.2 Searches for Monoleptons+MET 27

m(Z') [GeV]
1000 2000 3000 4000 5000 6000 7000

ee
) (

pb
)

→
.B

r(Z
'

σ

-610

-510

-410

-310

-210

-110
-1discovery 300fb

-1discovery 1000fb
, EB-EB only-1discovery 1000fb

-1discovery 3000fb
, EB-EB only-1discovery 3000fb

 (LO)SSMZ'
 (LO)χZ'
 (LO)ηZ'
 (LO)ψZ'

CMS Projection, 14 TeV channel-e+e

) [GeV]-µ+µm(
1000 2000 3000 4000 5000 6000 7000

*B
r (

pb
)

σ

-610

-510

-410

-310

-210

-110
 = 14 TeVsCMS Projection Preliminary, 

 with 300/fb σdiscovery at 5

 with 1000/fb σdiscovery at 5

 with 3000/fb σdiscovery at 5

 (LO)SSMZ’
 (LO)χZ’
 (LO)ηZ’
 (LO)ψZ’

 = 14 TeVsCMS Projection Preliminary, 

Figure 23: The minimum cross section times branching ratio for discovery as function of dielec-
tron (left) and dimuon (right) mass for various luminosity scenarios. For the dielectron search,
various luminosity and detector scenarios are considered, where the “EB-EB only” lines repre-
sent the reduced acceptance scenario in which electrons are reconstructed in the ECAL barrel
only.

including 90% geometrical acceptance. The primary source of background is the off-peak, high
transverse mass tail of the Standard Model W ! `n decays. Other backgrounds are negligible
at high MT, which is the dominant region to set the upper limits on the model parameters.
The background predictions are based on simulations up to very high transverse masses. Both
signal and background are generated using MADGRAPH 4.5.1.

The signal parameter in case of a discovery is determined using the profile likelihood method
by generating toy experiments. To assume a discovery, the median likelihood is required to be
less than 5s. The electron and muon channel are treated separately and their likelihoods are
combined.
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Figure 24: Projection of the 5s discovery reach for
p

s = 14 TeV for the sequential standard
model W0 .

The resulting discovery sensitivity on the W0 mass as a function of integrated luminosity is

8 TeV limit 
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Event Kinematic Details 

electron 0  electron 1 

ET   1260 GeV 1280 GeV 

η -0.24 -1.31 

φ -2.74 rad 0.42 rad 

charge -1 +1 

mass 2.91 TeV 

cos θ*
CS -0.49 

y -0.78 

• for cos θ*
cs, it is assumed that quark direction is 

along the boost of the di-electron system 

• SM Drell-Yan events favour positive values of cos θ*
cs  

4 
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electron 0  electron 1 
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φ -2.74 rad 0.42 rad 

charge -1 +1 
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y -0.78 

• for cos θ*
cs, it is assumed that quark direction is 

along the boost of the di-electron system 

• SM Drell-Yan events favour positive values of cos θ*
cs  

4 

SM Background Expectations 
mass range SM Bkg Expection 

>1 TeV 0.21 

> 2 TeV 0.007 

> 2.5 TeV 0.002 

• the values of this table have been obtained from the mass spectrum distribution 
in CERN-CMS-PD-2015-037 and scaled to the luminosity of 65pb-1, which is the 
luminosity of full 50ns dataset  
– to ensure a smooth distribution, the mass spectrum was fitted with the bkg function 

used by the RunI analysis (10.1007/JHEP04(2015)025)  
• the mass spectrum is obtained directly from Monte Carlo simulated events 

– the Monte Carlo generators used are listed in the next slide  
• the theoretical uncertainties on the background estimate are expected to be the 

dominant uncertainties on background estimate  

electrons are required to satisfy: 
ET > 35 GeV 
|η| < 1.4442 or 1.566 < |η| <2.5 
pass high energy ele selection 
 
in addition one electron must have 
|η| < 1.4442  

9 
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* 
* LHC Run1 was a big success even though no evident sign of 

New Physics 
* we discovered the Higgs boson 
* a few deviations at the 2-3 sigma level 
* http://cms-results.web.cern.ch/cms-results/public-results/

publications/ 

* Run2 offers good prospects for discovery 
* e.g., resonances, SUSY but also Dark Matter 

* CMS analyses are ready and analyzing data 
* CMS recorded around 3.5fb-1 in 2015 
* some first interesting events 



* 
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* 
from full spectra to simplified models 
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What the individual searches 
are sensitive to is much more 
simple…!

Simplified model spectrum (SMS)!
with 3 particles, 2 decay modes!

Interpretation in Simplified Models "
CMSSM!
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What the individual searches 
are sensitive to is much more 
simple…!

Simplified model spectrum (SMS)!
with 3 particles, 2 decay modes!

Interpretation in Simplified Models "
CMSSM!

* often a few dominant decay chains 

* approximate full spectrum by a few decay chains 

Scan any  
combination  
of involved  

sparticle masses 



* 

CMS-TDR-15-02 
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W&C Seminar – New Physics from CMS – JPC – Rutgers University – Friday, January 16th, 2015

1ST GENERATION LEPTOQUARKS

• Very difficult to reconcile 
with a LQ hypothesis

• kinematics are too broad (no 

peak structure)

• Other possibilities?


• several propsals, e.g.: arXiv:
1410.5947, arXiv:1408.5439, 
arXiv:1408.1082, arXiv:
1407.4466

24
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* 
SUS-12-019 

* Generic search for kinematic endpoint in dilepton mass spectrum, e.g., 
*                                        (produces triangular shape with endpoint) 
* three body decays of                            (produces an “edge”) 

* In addition, cut and count analysis of events with 20 GeV < mll < 70 GeV 
(no shape assumption) 

 

�̃0
2 ! ll̃! �̃0
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* 
* Unfortunately boost in 

sensitivity from increase in 
CM energy doesn’t come for 
free 

 

* Large increase in pile-up 
guaranteed 

* Effects on: 
*  trigger performance 

*  object reconstruction 

*  isolation variables 

Real data event with 78  
reconstructed verteces  

from high pile-up run (in 2012) 


