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Analysis Outline

Z boson decays into a lepton pair along undetectable particles

clean dielectron signature in the ECAL
clean dimuon lepton signature in the muon
chambers
kinematic cuts for best signal extraction, veto on
b jets
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Analysis Outline

Lepton Selection

Exactly two leptons are required

Cuts
pTl > 20 GeV; 20 GeV

|η| < 2.4(2.5)

http://www.particlezoo.net/

Object selection
Isolation requirement
Muon ID
Electron ID

Event selection
|MZ −Mll| < 10 GeV
Veto on any third lepton
Veto on >1 jet with pT > 30GeV
Cut on balance ll and MET
Cut on angle ll and MET
Veto on b-jets
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Results and Limits

Leading ZZ and WZ backgrounds estimated from Monte-Carlo. W+W−, Top,
Z backgrounds estimated from data.
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Results and Limits
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Results and Limits

Limits on the nucleon cross section set for four different coupling types
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EFT approach

LUX stronger for higher masses with spin independent couplings
Very strong limits for tensor coupling

Expect to improve the truncated limits with the Simplified Model approach in Run II
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Results and Limits
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Conclusion and Outlook

Summary and Outlook
All-round Z+MET search for New Physics performed with Run 1
data – first of its kind for Dark Matter at CMS!
Set strong limits for different New Physics scenarios
Run 2 analysis in advanced progress (more (sophisticated)
interpretations – Simplified Models, EWK Dark Matter, ADD)

No hints for New Physics

All rights belong to CBS
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BACKUP
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Effective Field Theory
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Tensor coupling, Spin-dependent (D9):
χ̄σµνχq̄σµνq
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Vector coupling, Spin-independent (C3):
χ†
↔
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Very clean dilepton final state!
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What is it?
In the universe, there is more gravitation than can be explained by
visible massive bodies
The velocities of the stars in galaxies as a function of the distance
to the center give us a hint that there is a lot more mass than we
can see

Dark matter
Not visible in the
detector
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"Mono-Everything"
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Assumptions about Dark Matter

Dark matter particle χ

is a weakly interacting fermion (WIMP)
has a mass between 1 GeV and up to 1 TeV
is stable
will not interact with the CMS detector→ Emiss

T

Transverse energy unbalanced

Interaction
Historically divided
in spin
independent and
spin dependent or
scalar, vector etc.
couplings

Colloquial
abbreviations
used for different
Dirac (D)
fermionic
couplings

Complex scalar
couplings (C)
also considered
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Selection

Variable Requirements

Preselection

p`T >20 GeV
|m`` −mZ| <10 GeV
Jet counting ≤1 jets with pj

T > 30 GeV
p``T >50 GeV
3rd-lepton veto pe,µ

T > 10 GeV
Top quark veto veto on b jets and soft muon

Selection
|u‖/p``T | <1
∆φ``,pmiss

T
> 2.7 rad

|Emiss
T − p``T |/p``T < 0.2

Emiss
T >80 GeV
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Mono-Z
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Mono-Z
10 8 Results

Process e+e� µ+µ�

C3(10GeV) 0.20 ± 0.004 ± 0.02 0.24 ± 0.005 ± 0.02
D5(10GeV) 0.79 ± 0.02 ± 0.09 0.97 ± 0.02 ± 0.09
D8(200GeV) 0.48 ± 0.01 ± 0.06 0.59 ± 0.01 ± 0.05
D9(500GeV) 10.24 ± 0.12 ± 1.59 10.80 ± 0.13 ± 0.98

Unparticle(1.6) 48.96 ± 0.88 ± 3.26 65.80 ± 1.07 ± 4.38
Z/g⇤ ! `+`� 8.18 ± 1.93 ± 0.82 8.59 ± 3.01 ± 1.02

WZ ! 3`n 25.08 ± 0.53 ± 2.84 40.70 ± 0.69 ± 4.50
ZZ ! 2`2n 58.81 ± 0.65 ± 10.30 78.68 ± 0.79 ± 13.83

Top/W+W�/Z ! t+t� 18.74 ± 3.39 ± 3.27 22.92 ± 2.29 ± 3.44
W + jets 1.84 ± 0.64 ± 0.27 -

Total bkg. 112.66 ± 4.04 ± 12.52 150.89 ± 3.92 ± 17.84
Data 111 133

Table 3: Observed number of events, background estimates and signal predictions at
p

s = 8
TeV. The signal yields are given for L = 1 TeV. All values are given with corresponding
statistical and systematic uncertainties.
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Figure 5: Distributions of transverse mass with log scale in y-axis for the final selection in Z !
e+e� (left) and µµ (right) channel. Scaled signals with different mass points are superimposed
separately. The total statistical and systematic uncertainty in the total background is shown as
a hatched region. The overflow events are stacked in the last bin.

frequentist approach CLs [64, 65] based on asymptotic formulae [63, 66].

The observed limit on the cross section for DM production depends on the DM particle mass
and the nature of DM interaction with SM particles. Within the framework of effective field
theory, the upper limits on this cross section can be translated into lower limits on the coupling
scale L as a function of DM particle mass mc, as shown in Fig. 6. Since a small data excess is
observed in the high transverse mass region (see Fig. 5), the observed limit is slightly weaker
than the expected limit for all types of coupling and corresponding mass points. Results from
CMS mono-jet [14] are also plotted for comparison.

Given the high energies achieved at the LHC, one has to question the validity of the effective
field theory approach over the whole phase space which becomes available [23, 67, 68]. Also,
the valid set of probed couplings could be overestimated [69]. A reliable approximation of
the underlying ultraviolet(UV)-complete theory is expected only for appropriate choices of
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Mono-Z

8 7 Efficiencies and systematic uncertainties

calculated misidentification rates when varying the selection criteria for the control sample.

7 Efficiencies and systematic uncertainties
The lepton efficiencies of triggers, reconstruction, identification and isolation are determined
from simulation, and corrected by scale factors measured in observed Z ! `+`� events through
a tag-and-probe technique [57]. The trigger efficiency for the electron and muon channel is
found to be above 90% and varies as a function of pT and |h| of the considered lepton. The
identification efficiency for electrons (muons) consisting of criteria described in Section 4 is
found to be 95% (94%). The corresponding data-to-MC scale factors are typically in the range
of 0.9-1.0 (close to 1.0) for the electron (muon) channel and depend on the lepton pT and |h|
of the particle candidate. The overall associated uncertainty for both channels is about 3% per
event.

The systematic uncertainties contain normalization uncertainties that affect the overall size of
contributions, and shape uncertainties which alter the shapes of the distributions used in ex-
tracting the signal limits. They are summarized in Table 2.

Source Background Signal
uncertainty(%) uncertainty(%)

PDF+aS 5-6 8-20
Factorization/renormalization scale 7-8 5
Acceptance (ZZ) 14 -
Luminosity 2.6 2.6
Lepton trigger, reco & id, isolation 3 3
Z/g⇤ ! `+`� normalization 10-11 -
tt̄, tW, WW normalization 15-17 -
W + jets normalization 15-23 -
MC statistics (Signal, ZZ, WZ) 1-2 1-2
Control region statistics (Z/g⇤ ! `+`�) 25 -
Control region statistics (tt̄, tW, WW) 18 -
Control region statistics (W + jets) 36 -
Pile up 0.5-1 0.1-0.7
b-jet tagging efficiency 0.4-1.4 0.6-1
Lepton momentum scale 0.4-0.5 0.1-1
Jet energy scale/resolution 5-7 3-5
Unclustered Emiss

T scale 1-2 1

Table 2: Summary of systematic uncertainties. Each background uncertainty represents the
variation of the relative yields of the particular background components. The signal uncer-
tainties represent the relative variations on the signal acceptance. For shape uncertainties, the
numbers correspond to the overall effect of the shape variation on yield or acceptance. A sym-
bol “-” is placed where the systematic uncertainty is not applicable.

The normalization uncertainties on the data-driven background estimates are described in Sec-
tion 6. For ZZ background, a comparison of the acceptance from normalized yields between
MADGRAPH, POWHEG and SHERPA [58] shows that these generators differ in their total event
prediction for the signal region. Therefore, an additional uncertainty of 14% is assigned as a
generator-related systematic for the leading ZZ background to account for this difference. This
is the leading uncertainty on the total background prediction for the signal region. For the
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Unparticle Reinterpretation

Unparticles might present themselves in the same final state
⇒ interpret the search for Unparticle parameters!
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Truncation

EFT generally overestimates the signal prediction

1 Consider a tree-level simplified model from which follows: Λ ∼ M√gqgχ

2 Introduce a momentum transfer Qtr and demand
3 Qtr < M ∼ √gqgχΛ whereby Λ >

mχ

2π

4 1 Define

RΛ =

∫ pmax
T

pmin
T

dpT
∫ ηmax

ηmin dη d2σeff
dpTdη

∣∣∣
Qtr<
√

gqgχΛ∫ pmax
T

pmin
T

dpT
∫ ηmax

ηmin dη d2σeff
dpTdη

and set it to a realistic value, e.g. 80%
2 Manually remove events which do not satisfy Qtr >

√
gqgχΛ

for both options a choice of gq and gχ is necessary
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Nucleon xsec – comparison
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f N
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where Λ4 = Λ4
u + Λ4

d and µ stands for the reduced mass of the nucleon. Furthermore, ∆N
q and f N

q are characterising the nucleon structure (hereby, f p
u = f n

d = 2 and f p
d = f n

u = 1; f = 0 otherwise).
∆ is a spin dependent form factor with ∆p

u = ∆n
d = 0.842± 0.012, ∆p

d = ∆n
u = −0.427± 0.013 and ∆p

s = ∆n
s = −0.085± 0.018 arxiv.1310.8327v2,arxiv.1310.8214v2
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Two alternative Dark Matter models

Two possible interaction models for dark matter to the Standard Model

Model the interaction with an
Effective Field Theory (EFT)
q visible

q̄

χ

χ̄

χ̄γµχq̄γµq
Λ2

Allows for more model-independence
{mχ,Λ}

Assume a heavy mediator
q visible

Med
q̄

χ

χ̄

gqZ′µq̄γµγ5q

+gχZ′µχ̄γ
µχ

gq gχ

Allows for more precise simulation
{gq , gχ,mχ,Mmed}
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log10(σEFT / σFT)
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arxiv:1308.6799
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