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after the process [63]. Depending on the interaction type of WIMP-nucleon scattering, the pro-

cess can also be classified as spin-dependent or spin-independent. The axial-vector coupling

results spin-dependent WIMP-nucleon scattering cross section, which is proportional to J(J+1)

rather than the number of nucleons (see Eq. 1.45), in which J is the total angular momentum

quantum number of the nucleus. The spin-independent case is for scalar or vector (only for

Dirac fermion) couplings and its cross section is proportional to the mass of the target nuclei.
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Figure 1.16: Schematic view of DM detection in direct, indirect and collider ways.

The standard formalism for evaluating WIMP-nucleon scattering cross section is reviewed

in Refs. [42, 43]. For a case of neutralino DM, the scalar interaction leads to spin-independent

scattering cross section for DM off a proton or neutron at zero momentum transfer:

�0 =

Z 4m2
r v2

0

d�(v = 0)
d|~v|2 =

4m2
r
⇡

f 2
p,n , (1.42)

in which v is the DM relative velocity, mr = m�mN/(m�+mN) is the reduced mass of DM-nucleon

system, fp,n represents the DM coupling to protons or neutrons:

fp,n =
X

d=u,d,s

f (p,n)
T,q Aq

mp,n

mq
+

2
27

f (p,n)
T,G

X

d=c,b,t

Aq
mp,n

mq
, (1.43)

where Aq is the DM-quark coupling, f (p,n)
T,q is given by hN |mqq̄q|Ni = mN f (p,n)

T,q , and f (p,n)
T,G comes

from the coupling of DM to gluons in the target nuclei through a heavy quark loop: f (p,n)
T,G =

• I	
  am	
  mainly	
  working	
  on	
  the	
  DM	
  searches	
  at	
  the	
  LHC	
  

๏ The	
  existence	
  of	
  DM	
  has	
  been	
  over	
  40	
  years,	
  and	
  it	
  is	
  a	
  major	
  component	
  of	
  the	
  
universe	
  (measurement	
  of	
  the	
  rotational	
  velocity	
  of	
  spiral	
  galaxies,	
  gravitational	
  
lensing,	
  etc.	
  )	
  

๏ However,	
  no	
  evidence	
  yet	
  for	
  non-­‐gravitational	
  interactions	
  between	
  DM	
  and	
  SM	
  
particles,	
  we	
  even	
  don’t	
  know	
  what	
  is	
  DM!	
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ity, when the light travels towards the observer from a distant source, it will be bent around

a massive object which lies on a line between the source and the observer. A gravitational

lens is therefore formed that can be used to infer the mass distribution of the massive object.

The strong gravitational lensing results very easily in visible distortions, where the mass of

the intervening cluster can be determined by measuring the distortion geometry. When the

distortions of background sources are much smaller, it is called weak gravitational lensing,

which can be used to reconstruct the background distribution of DM by measuring the shapes

and orientations of many distant galaxies statistically. All of the above evidence of DM have

convinced us that DM actually exists as a major component of the universe’s composition.

Figure 1.14 shows the most direct evidence to date for DM, from the Bullet Cluster [49, 50].

The blue hues show the total projected mass distribution reconstructed from strong and weak

gravitational lensing, and it is separated from the hot gas and matter reconstructed from X-ray

emissions, shown in red.

Figure 1.14: The most direct evidence to date for DM comes from Bullet Cluster [49, 50]. The blue hues
show the total projected mass distribution reconstructed from strong and weak gravitational lensing,
and it is separated from the hot gas and matter reconstructed from X-ray emissions, shown in red (from
Ref. [51]).

DM distribution (from 
gravitational lensing)

ordinary matter (from X-ray 
measurement)
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10 4 Channels included in the combination
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Figure 3: Distributions of mT in data and simulation for Z(ll)H tagged events in the (a) 0-jet
and (b) 1-jet categories at 13 TeV, combining dielectron and dimuon events. The background
yields are normalised to 2.3fb�1. The shaded bands represent the total statistical and systematic
uncertainties in the backgrounds. The horizontal bars on the data points represent the width
of the bin centred at that point. The expectation from a Higgs boson with a mass of 125 GeV,
from ZH production, decaying to invisibles with a 100% branching fraction is shown in red.

production in association with jets (g+jets). The g+jets events have similar jet kinematics to
Z(l+l�)+jets, but with a much larger production rate. The g+jets events are weighted, as a
function of the photon pT, to match the distribution observed in Z(l+l�)+jets events in data.
This accounts for the dependence of the Emiss

T on the hadronic activity. A systematic uncertainty
of 100% is included in the final Z+jets background estimate to account for the limited statistics
at large Emiss

T in the data used to weight the g+jets events.

The remaining, nonresonant backgrounds are estimated using a control sample of events, se-
lecting pairs of leptons of different flavour and opposite charge (e±µ⌥) that pass all of the
signal region selections. These backgrounds consist mainly of leptonic W boson decays in tt̄
and tW processes, and WW events. Additionally, semileptonic t decays contribute to these
backgrounds. As the branching fraction to the e±µ⌥ final states is twice that of the e+e� or
µ+µ� final states, the e±µ⌥ control region provides precise estimates of the nonresonant back-
grounds. In the 13 TeV analysis, the contribution from the nonresonant backgrounds is given
by

Nbkg
ll = Ndata

eµ (kee/µµ + 1/kee/µµ)/2 ,

where Ndata
eµ is the number of events in the e±µ⌥ control region after subtracting other back-

grounds and kee/µµ =
p

Nee/Nµµ is a correction factor accounting for the differences in ac-
ceptance and efficiency for electrons and muons, measured using Z/g⇤ ! e+e� and Z/g⇤ !
µ+µ� events in data. An uncertainty of 70% in the estimated yield of the nonresonant back-
grounds is included to account for the statistical and systematic uncertainties of the extrapo-
lation from the e±µ⌥ control region. A similar method using sideband regions of the Z bo-
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Figure 4. The distributions of Emiss
T (left), ��(``, Emiss

T ) (center), and |Emiss
T � p``T |/p``T (right)

in data compared to the estimated backgrounds. A signal corresponding to mH = 125 GeV and
Binv
� = 100% is superimposed separately. The arrows correspond to the cuts applied for the final

selection.
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Figure 5. Expected and observed 95% CL upper limits on the ZH production cross section times
invisible branching fraction (left), and normalized to the SM Higgs boson ZH production cross
section (center). 90% CL upper limits on the spin-independent DM-nucleon cross section �SI

��N for
mH = 125 GeV and Binv

� < 0.51 as a function of the DM mass (right).

p``
T

|/p``
T

) to suppress the rest of the backgrounds. Figure 4 shows these three variables and
their corresponding cuts applied for final selection.

The 95% CL observed and expected upper limits computed by the modified frequen-
tist approach CL

S

[31, 32] based on asymptotic formulae [33, 34] are shown in Fig. 5.
Furthermore, the upper limits on Binv

� assuming the SM production rate are also used to
constrain the DM-nucleon cross section �SI

��N through so-called Higgs-portal model of DM:
the Higgs sector of the SM allows for a direct stable and weak coupling to viable DM can-
didates. Therefore, the limit on Binv

� can be directly translated to invisible Higgs decay
width �(H ! ��) by Binv

� ⌘ �(H ! ��)/[�SM
H +�(H ! ��)] [35], and further translated

to the upper limit of DM-nucleon cross section by a common Higgs-DM coupling �h�� from
hadron collider to direct DM searches. Three spin scenarios (spin-0: scalar, spin-1

2

: fermion
and spin-1: vector) are considered as DM candidates.

– 6 –
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• With	
  assumption	
  of	
  a	
  scalar/Fermion	
  DM,	
  invisible	
  
Higgs	
  provides	
  strongest	
  limit	
  on	
  SI	
  DM-­‐Nucleon	
  Cross	
  
Section	
  at	
  low	
  mass	
  region	
  

• LHC	
  Run1	
  results	
  yielded	
  the	
  discovery	
  of	
  a	
  Higgs	
  boson,	
  
but	
  still	
  exists	
  uncertainty	
  in	
  BR	
  for	
  visible	
  decays	
  

• Many	
  models	
  with	
  invisible	
  heavy-­‐mass	
  particles	
  can	
  
couple	
  to	
  Higgs,	
  but	
  SM	
  Higgs	
  has	
  BR(h-­‐>ZZ-­‐>vvvv)	
  ~	
  
0.1%,	
  a	
  sizable	
  BR	
  will	
  be	
  a	
  strong	
  sign	
  of	
  BSM

Spin-independent
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1

1 Introduction

The nature of dark matter (DM) is one of the outstanding mysteries of particle physics in this
new century. According to the well-established standard model of cosmology, in the total cos-
mic energy budget, our known matter – the ordinary particles – only occupies about 4.9%, the
DM occupies 26.8%, and the rest is dark energy. Although strong astrophysical evidence indi-
cates the existence of DM, there is no evidence yet for nongravitational interactions between
DM and standard model (SM) particles. Recent DM searches have exploited a number of meth-
ods including direct detection [1] and indirect detection [2]. If there is DM that can be observed
in direct detection experiments, it must have substantial coupling to nucleons, and it could be
produced at the CERN LHC as well [3–17].

q̄

A

Z

q̄

q

`+

`�

�̄

�

gq
g�

Z/�⇤ Z

q̄

q

�̄

�

`+

`�

Figure 1: Feynman diagrams for production of DM pairs (cc̄) in association with a Z boson.
Left: the simplified model containing a vector mediator A. Right: an EFT benchmark model
with DM pair coupling to gauge bosons via dimension-7 operators.

The theoretically favored possibility is that DM may take the form of weakly interacting mas-
sive particles. The study presented here considers a mechanism for producing such particles at
the LHC [18]. In this scenario, a Z boson, produced in proton-proton collisions, recoils against
a pair of DM particles, cc. The Z boson subsequently decays into two charged leptons (`+`�,
where ` = e or µ) producing a clean dilepton signature together with missing transverse mo-
mentum due to the undetected DM particles. In this analysis, the DM particle c is assumed to
be a Dirac fermion. A simple tree-level ultraviolet-complete model [18] that contains a massive
spin-1 mediator exchanged in the s-channel is considered (Fig. 1, left). In this model, the spin-1
mediator A could have either vector or axial-vector couplings to the SM and DM particles. The
full Lagrangian of the s-channel vector-mediated DM model can be written as:

L = LSM � 1
4
FµnFµn � 1

2
m2

AAµAn + c̄(igµ∂µ � mc)c � Â
q

gqAµq̄gµ(g5)q � gcAµc̄gµ(g5)c ,

where the vector mediator is labeled as A, and its coupling to DM particles is labeled as gc.
The coupling between the vector mediator and SM quarks is labeled as gq, which is assumed
to be universal to all quarks.

Another benchmark DM model containing the SU (2)L ⇥ U (1)Y gauge-invariant couplings to
gauge bosons is given by an effective field theory (EFT) Lagrangian with dimension-7 opera-
tors:

Lint =
1

L3 c̄c

✓
c1

c2
BµnBµn + Fi

µnFi,µn

◆
,

in which c is the Dirac fermionic DM particle, Bµn and Fi
µn are the U(1)Y and SU(2)L field

tensors, the parameters c1 and c2 are coupling constants, and L denotes the cutoff scale. The
coupling parameters c1 and c2 control the relative importance of the U(1)Y and SU(2)L fields
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Figure 4: The distribution of Emiss
T after preselection for the Z ! e+e� (left) and Z ! µ+µ�

(right) channels. Expected signal distributions are shown for the simplified model of DM pro-
duction with vector couplings, the EFT scenario of DM production, and unparticles. The shown
SM expectation is based on simulation only. The total statistical uncertainty in the overall back-
ground prediction is shown as a hatched region. Overflow events are included in the rightmost
bins. In the bottom panels, the ratio between data and predicted background is shown.

events with an opposite-charge different-flavor dilepton pair (e±µ⌥) that otherwise pass the
full selection. As the decay rates for Z ! e+e� and Z ! µ+µ� are equal, by equating the ratio
of observed dilepton counts to the square of the ratio of efficiencies, the backgrounds in the ee
and µµ channels can be estimated:

Nest
bkg,ee = Ndata, corr

eµ kee, kee =
1
2

s
Ndata

ee
Ndata

µµ
,

Nest
bkg,µµ = Ndata, corr

eµ kµµ, kµµ =
1
2

s
Ndata

µµ

Ndata
ee

,

in which the coefficient of 1/2 in the correction factors kee and kµµ comes from the dilepton
decay ratios for ee, µµ, and eµ in these nonresonant backgrounds, and Ndata

ee and Ndata
µµ are

the numbers of selected ee and µµ events from data with masses in the Z boson mass win-
dow. The ratio

p
Ndata

ee /Ndata
µµ and the reciprocal quantity take into account the difference

between the electron and muon selection efficiencies. The term Ndata, corr
eµ is the number of

eµ events observed in data corrected by subtracting ZZ, WZ, and DY background contribu-
tions estimated using MC simulation. The kinematic distributions of the estimated nonres-
onant backgrounds are obtained from simulation with the overall normalization determined
by the method described above. The validity of this procedure for predicting nonresonant
backgrounds is checked with simulated events containing tt, tW, WW, W+jets, and Z ! tt
processes. We assign a systematic uncertainty of 26% for this background estimation in both
the electron and muon channels for Emiss

T > 80 GeV, based on closure tests that compare the
predictions obtained from the control sample with those from the simulated events.

The DY process is dominant in the region of low Emiss
T . This process does not produce un-

detectable particles, and therefore the measured Emiss
T arises from limited detector acceptance

and mismeasurement. The estimation of this background uses simulated DY events, which
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Figure 7: Observed 90% CL limits on the DM-nucleon scattering cross sections in both spin-
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IceCube [75] experiments are shown for the spin-dependent case.
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• Searching	
  for	
  DM	
  events	
  with	
  	
  
๏ 2	
  high-­‐pT	
  leptons	
  compatible	
  with	
  a	
  Z	
  boson	
  
๏ and	
  large	
  MET,	
  limited	
  hadronic	
  activity	
  

• Simplified	
  model:	
  a	
  vector	
  mediator	
  Z’	
  with	
  vector/axial-­‐vector	
  
coupling	
  to	
  DM	
  and	
  quarks	
  

• No	
  big	
  excess	
  is	
  observed,	
  limit	
  is	
  reinterpreted	
  into	
  DM-­‐nucleon	
  XS	
  

competitive results at 
low mass region with 
direct searches (SD) !

ICHEP 2016
CMS PAS EXO-16-010

Spin-dependent
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• Signature:	
  two	
  well-­‐identified	
  photons	
  +	
  large	
  ETmiss	
  
๏	
  pretty	
  clean	
  channel,	
  four	
  different	
  event	
  categories:	
  

๏ data-­‐driven	
  non-­‐resonant	
  background:	
  𝛾𝛾(main),	
  𝛾+jet,	
  jj,	
  by	
  fitting	
  
diphoton	
  mass

most 
sensitive

6
ICHEP 2016

ATLAS-CONF-2016-087

For the diphoton invariant mass, missing energy calculation and the track-based isolation computation,
a precise knowledge of the position of the diphoton production vertex [42] is required. The diphoton
production vertex is selected from the reconstructed collision vertices using a neural network algorithm.
For each vertex, the algorithm takes the following as input: the combined z-position of the intersections of
the extrapolated photon trajectories with the beam axis; the sum of the squared transverse momenta

P
p2

T
and the scalar sum of the transverse momenta

P
pT of the tracks associated with each reconstructed vertex;

the di�erence in azimuthal angle �� between the direction defined by the vector sum of the track momenta
with respect to each vertex and that of the diphoton system. The production vertex selection was studied
with Z ! e+e� events in data and in simulation by removing the electron tracks from the events. The
MC simulation is found to accurately describe the e�ciency measured in data. The integrated e�ciency
to locate the diphoton vertex within 0.3 mm of the production vertex for SM Higgs boson production via
gluon fusion is 81%, and is slightly less for the signal samples.

In the Z 0B and Z 0-2HDM models of DM production, the Higgs boson recoils against the DM pair, resulting
in large Emiss

T in the event and large pT of the diphoton candidate, denoted as p��T . By contrast, in
the heavy scalar model, Emiss

T and p��T can span a wide range, taking into account the di�erent mH
and m� combinations. Consequently, dividing the events into multiple categories covers the sensitive
regions of these di�erent signal models. The events in the m�� window are divided into four categories,
as shown in Table 2, based on Emiss

T significance and p��T , where Emiss
T significance is defined as the

SEmiss
T
= Emiss

T /
pP

ET. The sum in the denominator is the total transverse energy deposited in the
calorimeters in the event 3.

The definition of the categories was adapted from the ATLAS result containing an analysis of Higgs boson
decaying to diphoton pairs, produced in association with a Z-boson decaying into a neutrino pair [43],
which has a similar final state. While the best sensitivity to the vector-mediator models lays almost
completely in high SEmiss

T
categories, the lower SEmiss

T
categories have significant sensitivity to the heavy

scalar model. Consequently, the intermediate and rest category definitions were optimized to improve the
sensitivity to this model. The category with high SEmiss

T
and p��T has by far the largest signal-to-background

ratio for Z 0B and Z 0-2HDM while for the heavy scalar model, the intermediate category contributes a lot
to the sensitivity. Consequently, for the heavy scalar model, the results are extracted from a simultaneous
likelihood fit over all four categories while the Z 0B and Z 0-2HDM analysis only uses the category with
high SEmiss

T
and p��T to draw limits.

The significant increase of pile-up in 2016 resulted in a slight degradation of Emiss
T performance and led to

the use of SEmiss
T

variable which is more resilient to pile-up and allows 2015 and 2016 data to be treated as
a single dataset. This change was also motivated by the fact that the SEmiss

T
variable brings more sensitivity

to the analysis. In Fig. 3, data and MC distributions for SEmiss
T

are compared inclusively. The bottom
ratio plot shows as a yellow band the statistical uncertainties from MC samples added in quadrature with
the systematic uncertainties. The same high-statistics MC �� sample is also reweighted to describe the
�-jet contribution using a data driven measurement of �-jet/�� lineshape as a function of the diphoton
invariant mass. A data driven sample composition measurement, accounting for 78% �� and 21% �-jet is
then used to build up the total �� + �-jet MC prediction. It has been checked that the agreement between
MC and data is good within uncertainties in each specific category and the full di�erence between data
and simulated samples has been taken as an additional systematic uncertainty on the SM Higgs boson

3 The total transverse energy is calculated from the scalar sum of the transverse momenta of the calibrated hard objects and of
the pT of the hard muons used in the Emiss

T calculation described in Section 5, as well as energy deposits in the calorimeters
not associated with any of the hard objects.
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• I	
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  on	
  DM	
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  in	
  the	
  channel	
  of	
  	
  
๏ mono-­‐Higgs	
  (with	
  B.Laforge,	
  A.L.Solis)	
  
๏ mono-­‐top	
  (with	
  P.Francavilla)	
  

-­‐ Vector	
  mediator:	
  contains	
  flavor-­‐changing	
  neutral	
  current	
  	
  
-­‐ Scalar	
  mediator:	
  a	
  colored,	
  changed	
  scalar	
  decaying	
  to	
  top	
  quark	
  and	
  Dirac	
  

fermion	
  DM	
  
๏ ATLAS_DM@LPNHE	
  (with	
  S.Cecco,	
  D.Portillo),	
  potential	
  combination	
  of	
  mono-­‐

H(bb)	
  	
  and	
  -­‐H(𝛾𝛾)	
  
๏ also,	
  I	
  am	
  working	
  with	
  theorists	
  to	
  valid/update	
  several	
  DM	
  benchmark	
  models	
  

that	
  will	
  be	
  used	
  during	
  Run2	
  for	
  both	
  ATLAS	
  &	
  CMS	
  experiments	
  [DM	
  Forum	
  
report]	
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1 Introduction

There is strong evidence for the existence of dark matter from astrophysical observations [1],
which to-date is only in the form of gravitational inference. Thus, direct confirmation of the
nature of dark matter particles has remained elusive. While many searches for dark matter are
carried out by looking for interactions between cosmic dark matter and detectors (via nuclear
recoil, for example) or for the abundance of particles produced in the annihilation or the decay
of cosmic dark matter, the LHC presents a unique opportunity to possibly produce dark matter
particles as well as study them. In this analysis summary we describe a search for events where
a dark matter candidate particle is produced in association with a top quark (“monotop”),
which was originally proposed in [2]. Such searches have been previously carried out by the
CDF Collaboration [3] at the Tevatron and the CMS [4–6] and ATLAS [7] Collaborations at
the LHC. This search utilizes the 13 TeV dataset accumulated in 2016, corresponding to an
integrated luminosity of 12.9 fb�1.

In this search we consider events with a hadronically decaying W boson resulting from top
quark decay. This decay channel has the largest branching fraction and is fully reconstructible.
We consider two interpretations of this signature. The first model includes a flavor-changing
neutral current, where a single top quark is produced in association with a vector boson that
has flavor-changing couplings to top and light quarks and decays to dark matter. The second
model contains a colored, charged scalar which decays to a top quark and an invisible fermion.
Example diagrams of monotop production are shown in Figure 1.
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Figure 1: Example of monotop production via a neutral flavor-changing current (left) and a
heavy scalar (right).

The effective Lagrangian [8] which describes monotop production by a flavor-changing neutral
current (FCNC) is given by [8]:

L = LSM + Lkin + Vµ(gRc c̄RgµcR + gLc c̄LgµcL) + Vµui[(aFC)
ijgµ + (bFC)

ijgµg5]uj + h.c., (1)

where LSM is the standard model (SM) Lagrangian, Lkin is the kinematic part of the Lagrangian,
aFC = (aR + aL)/2 and bFC = (aR � aL)/2. The aL and aR parameters denote the strengths
of the interactions of the vector field V with the quarks u; the L, R subscript refers to the
left/right handed nature of the interaction. In this search, we assume aFC = bFC = 0.25 for
flavor-changing tu-couplings and also assume a flavor-conserving coupling of the mediator
to u quarks (realized in the above equation by setting i = j) with a coupling constant that
has the same numerical value (0.25). This convention differs from previous monotop searches,
which assume a coupling of 0.1 (Ref. [6]). The change in convention is to facilitate comparison
with other dark matter searches, which adhere to the recommendations from the Dark Matter
Forum, given in Ref. [9].

What is FTK
Calo Muon Pixel/SCT
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Trigger

ROD ROD ROD

ROB ROB ROB

HLT CPU Farm

FTK

Full Pixel/SCT
Hits received @
100KHz

High quality track

No Tracking info. 
in LVL1 decision!

FTK reconstructs all tracks (PT >１GeV) for all 
LVL1 accepted events (100 kHz). And 
provides track information to the High-
Level Trigger (HLT) before trigger decision.

Additional track information make it possible to implement more efficient 
algorism at HLT

→ Improve the Turn-on curve
→ Keep the PT threshold at High Luminosity!
→ B-tag, tau id,  track ET miss, Vertexing on HLT, etc
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FTK provides further information that is useful 
for trigger.

Key point of FTK: Speed 
and Quality 

We need to reconstruct track information (Pt, D0, 
Z0, eta, phi) from 12 layers, 100 M ch silicon 
detector in ~100 micro second at 100 kHz.

FTK uses only silicon detector information.

• MET	
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  trigger	
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  trigger	
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  all	
  tracks	
  (pT	
  >	
  1	
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  LVL1	
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events,	
  and	
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  track	
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  to	
  HLT	
  before	
  
trigger	
  decision	
  	
  

-­‐ Improve	
  MET	
  resolution	
  	
  CMS	mono-top	models	
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1 Introduction

There is strong evidence for the existence of dark matter from astrophysical observations [1],
which to-date is only in the form of gravitational inference. Thus, direct confirmation of the
nature of dark matter particles has remained elusive. While many searches for dark matter are
carried out by looking for interactions between cosmic dark matter and detectors (via nuclear
recoil, for example) or for the abundance of particles produced in the annihilation or the decay
of cosmic dark matter, the LHC presents a unique opportunity to possibly produce dark matter
particles as well as study them. In this analysis summary we describe a search for events where
a dark matter candidate particle is produced in association with a top quark (“monotop”),
which was originally proposed in [2]. Such searches have been previously carried out by the
CDF Collaboration [3] at the Tevatron and the CMS [4–6] and ATLAS [7] Collaborations at
the LHC. This search utilizes the 13 TeV dataset accumulated in 2016, corresponding to an
integrated luminosity of 12.9 fb�1.

In this search we consider events with a hadronically decaying W boson resulting from top
quark decay. This decay channel has the largest branching fraction and is fully reconstructible.
We consider two interpretations of this signature. The first model includes a flavor-changing
neutral current, where a single top quark is produced in association with a vector boson that
has flavor-changing couplings to top and light quarks and decays to dark matter. The second
model contains a colored, charged scalar which decays to a top quark and an invisible fermion.
Example diagrams of monotop production are shown in Figure 1.
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Figure 1: Example of monotop production via a neutral flavor-changing current (left) and a
heavy scalar (right).

The effective Lagrangian [8] which describes monotop production by a flavor-changing neutral
current (FCNC) is given by [8]:

L = LSM + Lkin + Vµ(gRc c̄RgµcR + gLc c̄LgµcL) + Vµui[(aFC)
ijgµ + (bFC)

ijgµg5]uj + h.c., (1)

where LSM is the standard model (SM) Lagrangian, Lkin is the kinematic part of the Lagrangian,
aFC = (aR + aL)/2 and bFC = (aR � aL)/2. The aL and aR parameters denote the strengths
of the interactions of the vector field V with the quarks u; the L, R subscript refers to the
left/right handed nature of the interaction. In this search, we assume aFC = bFC = 0.25 for
flavor-changing tu-couplings and also assume a flavor-conserving coupling of the mediator
to u quarks (realized in the above equation by setting i = j) with a coupling constant that
has the same numerical value (0.25). This convention differs from previous monotop searches,
which assume a coupling of 0.1 (Ref. [6]). The change in convention is to facilitate comparison
with other dark matter searches, which adhere to the recommendations from the Dark Matter
Forum, given in Ref. [9].

•Vector	mediator	
๏contains	flavor-changing	neutral	current		
๏changing	the	FC	t-u	coupling	from	0.1	to	0.25	
๏allow	the	vector	mediator	to	decay,	minimal	
width	is	used			
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We consider two interpretations of this signature. The first model includes a flavor-changing
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has flavor-changing couplings to top and light quarks and decays to dark matter. The second
model contains a colored, charged scalar which decays to a top quark and an invisible fermion.
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Figure 1: Example of monotop production via a neutral flavor-changing current (left) and a
heavy scalar (right).

The effective Lagrangian [8] which describes monotop production by a flavor-changing neutral
current (FCNC) is given by [8]:

L = LSM + Lkin + Vµ(gRc c̄RgµcR + gLc c̄LgµcL) + Vµui[(aFC)
ijgµ + (bFC)

ijgµg5]uj + h.c., (1)

where LSM is the standard model (SM) Lagrangian, Lkin is the kinematic part of the Lagrangian,
aFC = (aR + aL)/2 and bFC = (aR � aL)/2. The aL and aR parameters denote the strengths
of the interactions of the vector field V with the quarks u; the L, R subscript refers to the
left/right handed nature of the interaction. In this search, we assume aFC = bFC = 0.25 for
flavor-changing tu-couplings and also assume a flavor-conserving coupling of the mediator
to u quarks (realized in the above equation by setting i = j) with a coupling constant that
has the same numerical value (0.25). This convention differs from previous monotop searches,
which assume a coupling of 0.1 (Ref. [6]). The change in convention is to facilitate comparison
with other dark matter searches, which adhere to the recommendations from the Dark Matter
Forum, given in Ref. [9].
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aFC = (aR + aL)/2 and bFC = (aR � aL)/2. The aL and aR parameters denote the strengths
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aFC = (aR + aL)/2 and bFC = (aR � aL)/2. The aL and aR parameters denote the strengths
of the interactions of the vector field V with the quarks u; the L, R subscript refers to the
left/right handed nature of the interaction. In this search, we assume aFC = bFC = 0.25 for
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•scalar	mediator	
๏a	colored,	changed	scalar	decaying	to	top	quark	
and	Dirac	fermion	DM	

๏same	with	what	we	did	for	8TeV	

2 3 Event Selection

Unlike previous monotop searches (such as Ref. [6]), we allow the vector V to decay. Previous
searches assumed the vector mediator to be stable. Allowing V to decay gives a physical value
for the width and allows us to probe different values of mc. We also include the possibility that
V decays to the initial partons tū or uū. For fixed mc = 10 GeV, the branching ratio for V ! cc̄
goes from 40% (mV = 50 GeV) to 18% (mV = 2.1 TeV).

In the resonant mode, we consider the case where the top quark recoils against an invisible
fermionic particle c. Both the top quark and c result from the decay of a heavy, colored scalar
f. In this scenario, the effective Lagrangian is given by:

L = LSM + Lkin(fs, c) + (fd
C
i [(aq

SR)
ij + (bq

SR)
ijg5]dj + ft[a1/2

SR + b1/2
SR g5]c + h.c.). (2)

As in previous monotop searches, we assume the interactions between the f and the quarks
aq

SR, bq
SR to be aq

SR = bq
SR = 0.1. We also assume a1/2

SR = b1/2
SR = 0.2. A more detailed motivation

of these conventions is given in Ref. [8].

2 CMS detector

The CMS detector, described in detail in Ref. [10], is a multi-purpose apparatus designed to
study high-pT physics processes in proton-proton and heavy-ion collisions. A superconduct-
ing solenoid occupies its central region, providing a magnetic field of 3.8 T parallel to the beam
direction. Charged-particle trajectories are measured by the silicon pixel and strip trackers,
which cover a pseudorapidity region of |h| < 2.5. A lead tungstate (PbWO4) crystal electro-
magnetic calorimeter (ECAL) and a brass/scintillator hadron calorimeter (HCAL) surround
the tracking volume and cover |h| < 3. The steel/quartz-fiber Cherenkov hadron forward
(HF) calorimeter extends the coverage to |h| < 5. The muon system consists of gas-ionization
detectors embedded in the steel flux return yoke outside the solenoid, and covers |h| < 2.4.
The first level of the CMS trigger system is designed to select events in less than 4 µs, using
information from the calorimeters and muon detectors. The high-level trigger processor farm
then further reduces the event rate to several hundred Hz.

3 Event Selection

This analysis summary presents the results of a search for monotop production in the hadronic
final state. When the top quark is highly boosted, its hadronic decays can be reconstructed as
a single jet of large cone radius. Furthermore, the jet substructure information can be exploited
to tag the top quark decays.

Data collected from the CMS detector are used to reconstruct collision events using the CMS
software [10]. Events in the signal region are selected with a trigger that requires either Emiss

T
> 110 GeV, where Emiss

T is calculated as the magnitude of the negative vectorial sum of the pT
of all particles at the trigger level, and Hmiss

T > 110 GeV, where Hmiss
T is defined as the negative

vectorial sum of the transverse momenta of all jets with pT greater than 20 GeV. While com-
puting Emiss

T and Hmiss
T , muons are not included so that the same trigger can also be utilized

to select events in the muon control regions used for the background prediction. Some addi-
tional selection requirements are imposed on the jets used in the Hmiss

T computation in order
to remove events resulting from anomalous detector behavior. For events passing the analysis
selection and having a Emiss

T > 250 GeV, the trigger efficiency is found to be greater than 99%.
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redo the simulation

https://arxiv.org/abs/1507.00966
https://rewang.web.cern.ch/rewang/xmon/cgi-bin/xmon.cgi
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DM	
  searches	
  at	
  the	
  LHC	
  just	
  started,	
  so	
  let’s	
  
stay	
  tuned	
  with	
  our	
  13TeV	
  results!


