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Outline

High-mass領域での新粒子探索 

‣ Diphoton  
‣ Diboson 
‣ Dijet 
‣ Dilepton 

Low-mass領域での新粒子探索 

‣ Dijet + ISR jet 

暗黒物質の探索 

まとめ（に代えて）

SUSY以外の新物理探索の結果（36 fb-1 at 13 TeV）
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Just'in'case'you'were'doub.ng'
where'the'owl'went…'
'
:  Please'look'very'ac.vely'at'the'

data'and'MC15c'

:  No$blinding$required$when'
adding'data.'If'used'(e.g.'in'
order'to're:op.mize'analyses)'
analyses'should'be'unblinded'
at'the'.me'of'PA:2'(the'ATLAS'
week!)'

:  TADA'access'can'be'restricted'
for'certain'analyses,'please'let'
us'know'very'soon'if'this'is'
needed'for'analyses'in'your'
group.'

Open Eyes Wide!!

.. and Look Carefully!!
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今の“750 GeV”
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Spin-0 (Higgs-like) Spin-2 (Graviton)

CMSは去年のICHEP以来アップデートなし
（やる気なし…）

Tight isolated photon  
ET𝛾1(2) > 0.4(0.3)m𝛾𝛾 (low acc. in forward) 
探索領域 :  mX = [0.2 - 2.7] GeV 

𝛤X/mX = [0 - 10]%

Tight isolated photon  
ET𝛾1,2 > 55 GeV (high acc. in forward) 
探索領域 : mG* = [0.5 - 2.7] GeV 

 κ/MPl = [0.01 - 0.3]     
 (𝛤G*/mG* = [0.01 - 11]%)サンプルのDiphoton purity ~ 91%, 

残りはPhoton+jet, Dijet由来

HIGG-2016-17

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-17


 [GeV]G*m
500 1000 1500 2000 2500 3000 3500 4000 4500 5000

 B
 [f

b]
× 

σ
95

%
 C

L 
U

pp
er

 L
im

it 
on

 

2−10

1−10

1

10

210

310
 limitsObserved CL
 limitsExpected CL
σ 1±Expected 
σ 2±Expected 

γγ→G*→pp
 limitsObserved CL

from pseudo-exp.
 limitsExpected CL

from pseudo-exp.

Spin-2 Selection
 = 0.10PlM/k, γγ→G*

ATLAS
-1 = 13 TeV, 36.7 fbs

 [GeV]Xm
500 1000 1500 2000 2500

 B
 [f

b]
× 

fid
σ

95
%

 C
L 

U
pp

er
 L

im
it 

on
 

1−10

1

10

210
Spin-0 Selection

 = 4 MeV)XΓNWA (

ATLAS
-1 = 13 TeV, 36.7 fbs

 limitsObserved CL
 limitsExpected CL
σ 1±Expected 
σ 2±Expected 

 [GeV]Xm
500 1000 1500 2000 2500

 [%
]

X
m/

X
Γ

0

2

4

6

8

10

]
σ [ 0

Lo
ca

l p

0

0.5

1

1.5

2

2.5

3
        Spin-0 Selection-1 = 13 TeV, 36.7 fbs  ATLAS
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local 2.6σ (null global) at 
mX~730 GeV, narrow width

local(global) 3.0(0.8)σ at  
mG*~708 GeV, κ/MPl~0.3Spin-0 Spin-2

今の“750 GeV”
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HIGG-2016-17

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-17
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‣主要な崩壊モード
は全て網羅 

‣各解析はお互いに
Exclusiveな事象選
別を行う 

‣発見時の検証, 
Combinationによ
るLimitの改善

‣ Low-mass ⇒ Full-leptonicが強い 
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ZZ→4e/2e2μ/4μ

ZZ➞llll Search

• pTe/μ > 7(5) GeV 
• pTl1(2,3) > 20(15,10) GeV 
• 50 < m12 < 106 GeV 
• X < m34 < 115 GeV, where  

- X = 12 (m4l<140 GeV) 
- X = 12→50 (m4l=140→190 GeV) 
- X = 50 (m4l>190 GeV)

VBF 
pTj>30 GeV, 
∆ηjj>3.3, 
mjj>400 GeV

ggF

ℓZ

Z

X
ℓ

ℓ
ℓ

‣Non-reso ZZ BGはSherpa+(NLO 
QCD+NLO EW)で評価 

‣2箇所にmodest excess: 
- local(global) 3.6σ (2.2σ) at mX~240 

& 700 GeV, NWA 
- mostly 4e for 240 GeV 
- all channels/categories for 700 GeV6

CONF-2017-058

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-058/
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• 2 OS leptons 
pT>30/20 GeV 

• ETmiss >120 GeV 
ETmiss/HT>0.4 

• 76<mll<106 GeV 
∆Rll<1.8 

• Δϕ(ll, ETmiss) > 2.7

ee𝝂𝝂 μμ𝝂𝝂

‣Non-reso ZZ BGはPowheg (NNLO 
QCD+NLO EW)で評価 

‣mT分布でlikelihood Fit

1 Introduction

In 2012, the ATLAS and CMS collaborations at the LHC discovered a new particle [1, 2], an important
milestone in the understanding of the mechanism of electroweak (EW) symmetry breaking [3–5]. The
experiments have confirmed that the spin, parity and couplings of the new particle are consistent with those
predicted for the Standard Model (SM) Higgs boson [6–8] (denoted as h throughout this paper), measured
its mass to be mh = 125.09 ± 0.21(stat) ± 0.11(syst) GeV [9] and reported recently on a combination of
measurements of its couplings to other SM particles [10].

One important question is whether the newly discovered particle is part of an extended scalar sector as
postulated by various extensions to the Standard Model such as the two-Higgs-doublet model (2HDM) [11].
These models predict additional Higgs bosons, motivating searches in an extended range of mass.

This paper reports on two searches for a heavy resonance decaying into two SM Z bosons, encompassing
the final states Z Z ! `+`�`+`� and Z Z ! `+`�⌫⌫̄ where ` stands for either an electron or a muon
and ⌫ stands for all three neutrino flavours. These final states are referred to as `+`�`+`� and `+`�⌫⌫̄
respectively.

It is assumed that an additional Higgs boson would be produced predominantly via gluon fusion (ggF)
and vector boson fusion (VBF) processes, but that the ratio of the two production mechanisms is unknown
in the absence of a specific model. For this reason, the results are interpreted separately for ggF and
VBF production modes, with events being classified into ggF- and VBF-enriched categories in both final
states, as discussed in Sections 5 and 6. With good mass resolution and high signal-to-background ratio,
the `+`�`+`� final state is well-suited to search for a narrow resonance with mass mH between 200 GeV
and 1200 GeV. The `+`�⌫⌫̄ search covers the 300 GeV < mH < 1400 GeV range and dominates at high
masses due to its larger branching ratio.

These searches look for an excess in the four–lepton invariant mass, m4` , for the `+`�`+`� final state, and
the transverse invariant mass, mT, for `+`�⌫⌫̄ final state, as the escaping neutrinos do not allow the full
reconstruction of the final state. The mT is defined as:

mT ⌘
vut266664
r

m2
Z +
⇣
p``T

⌘2
+

r
m2

Z +
⇣
Emiss

T

⌘2 377775
2

� ��� ~pT
`` + ~Emiss

T
���2 (1)

where mZ is the mass of the Z boson, p``T is the transverse momentum of the lepton pair, ~Emiss
T is the

missing transverse momentum and Emiss
T is the missing transverse momentum magnitude. In the absence

of such excess, limits on the production rate of di�erent signal hypotheses are obtained from a simultaneous
likelihood fit to the two mass distributions. The first hypothesis is the ggF and VBF production of a heavy
Higgs boson (spin-0 resonance) under the Narrow Width Approximation (NWA). The upper limits on a
heavy Higgs boson are then translated into exclusion contours in the context of the two-Higgs-doublet
model. As several theoretical models favour non-negligible natural widths, Large Width Assumption
(LWA) models, widths of 1%, 5% and 10% of the resonance mass are also studied. The interference
between the heavy scalar and the SM Higgs boson as well as the heavy scalar and the gg ! Z Z continuum
background are taken into account in this study. Limits are also set on the Randall–Sundrum (RS) model
[12, 13] with a warped extra dimension giving rise to a spin-2 graviton excitation GKK. The results of
this paper extend previous results published by the ATLAS collaboration on the search for an additional
heavy Higgs boson [14] performed with the LHC data collected at centre-of-mass energy of

p
s = 8 TeV.

Similar results on the data collected at the LHC with
p

s = 8 TeV have also been reported by the CMS
collaboration [15].
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Figure 6: The upper limits at 95% confidence level on the cross section times branching ratio for (a) the ggF
production mode(�ggF ⇥ BR(H ! Z Z )) and (b) for the VBF production mode (�VBF ⇥ BR(H ! Z Z )) in the
case of NWA. The green and yellow bands represent the ±1� and ±2� uncertainties on the expected limits. The
dashed coloured lines indicate the expected limits obtained from the individual searches.

8.3.1 NWA interpretation

Upper limits on the cross section times branching ratio (� ⇥ BR(H ! Z Z )) for a heavy resonance are
obtained as a function of mH with the CLs procedure [80] in the asymptotic approximation from the
combination of the two final states. It is assumed that an additional heavy scalar would be produced
predominantly via the ggF and VBF processes but that the ratio of the two production mechanisms is
unknown in the absence of a specific model. For this reason, fits for the ggF and VBF production
processes are done separately, and in each case the other process is allowed to float in the fit as an
additional nuisance parameter. Figure 6 presents the expected and observed limits at 95% confidence level
on � ⇥ BR(H ! Z Z ) of a narrow-width scalar for the ggF (left) and VBF (right) production modes,
as well as the expected limits from the `+`�`+`� and `+`�⌫⌫̄ searches. This result is valid for models in
which the width is less than 0.5% of mH . When combining both final states, the 95% CL upper limits
range from 0.68 pb at mH = 242 GeV to 11 fb at mH = 1200 GeV for the gluon fusion production mode
and from 0.41 pb at mH = 236 GeV to 13 fb at mH = 1200 GeV for the vector boson fusion production
mode. Compared with the results presented in Run 1 [14] where all four final states of Z Z decays were
combined, the exclusion region presented here is significantly extended, depending on the heavy scalar
mass tested.

8.3.2 LWA interpretation

In the case of the LWA, limits on the cross section for the ggF production mode times branching ratio
(�ggF ⇥ BR(H ! Z Z )) are set for di�erent widths of the heavy scalar. The interference between the
heavy scalar and the SM Higgs boson, H–h, as well as the heavy scalar and the gg ! Z Z continuum,
H–B, are modelled by either analytical functions or reweighting the signal-only events as explained in
Sections 5.3 and 6.3. Figures 7(a), 7(b), and 7(c) show the limits for a width of 1%, 5% and 10% of mH

respectively. The limits are set for masses of mH higher than 400 GeV.

22

4lの700 GeV　
excessとは
incompatible

7

CONF-2017-058

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-058/
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Figure 1: Event distributions of mT,Vh for the 0-lepton channel, and mVh for the 1-lepton and 2-lepton channels in
the resolved categories after the combined HVT fit. The quantity on the vertical axis is the number of data events
divided by the bin width in GeV. The background prediction is shown after the maximum-likelihood fits to the data.
The signal for the benchmark HVT Model A with mV 0 = 1.5 TeV is shown as a dashed red line and normalised to 10
times the theoretical cross-section. The background uncertainty band shown includes both statistical and systematic
uncertainties after the fit added in quadrature. The statistical uncertainty on the data is also shown.
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Figure 3: Event distributions of mT,Vh for the 0-lepton channel and mVh for the 2-lepton channel after the fit for the A
boson produced in association with b-quarks. The quantity on the vertical axis is the number of data events divided
by the bin width in GeV. The distribution for an A boson with mass of 500 GeV (1.5TeV) is shown as a red dashed
line for illustration in the resolved (merged) regions normalised using a cross-section of 0.5 pb. The background
uncertainty band shown includes both statistical and systematic uncertainties after the fit added in quadrature. The
statistical uncertainty on the data is also shown.
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(b) Pure b-quark associated production

Figure 5: Upper limits at the 95% CL on the product of the production cross-section for pp! A and the branching
ratios for A ! Zh and h ! bb evaluated by combining the 0-lepton and 2-lepton channels. The possible signal
components of the data are interpreted assuming (a) pure gluon-fusion production, and (b) pure b-quark-associated
production. The green (yellow) band indicates the 1� (2�) statistical and systematic uncertainty on the expected
exclusion limit (dotted black line). The solid black line is the observed exclusion limit.
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Boosted &  Resolved 
pTll cut (mVh dep.) 
mJ/jj ~ mh 
mll ~ mZ (mVh dep.) 
1, 2, 3+ b-tag

Zh→llbb
ll + 2b-tag (resolved) ll + ≥3b-tag (resolved)

Wh➞l𝝂bb, Zh➞𝝂𝝂bbはここ参照

‣Heavy vector triplet, 2HDMに対する制限 
‣bbA(→Zh) fit with 3+ b-tagにmild excess 

- local 3.6σ (global 2.4σ) at mA~440 GeV 
- CMSの結果はまだ

b
bh

X

Z ℓ
ℓ

9

Z+jets [(bb,bc,cc) & (bℓ,cℓ) & (ℓℓ)に分ける] 
は0-lepとともに, CR & SR Fitで決定

bbA, A→Zh(→bb)

the routine SUBH of Ref. [131]. This choice is dictated by the wish to discuss all processes

within the same approximation to allow for consistent comparisons between them and, in

most of the numerical codes mentioned above, only this specific routine is incorporated.

The discussion on the detection of the Higgs particles at the Tevatron and the LHC27

will be mostly based on the summaries given in Refs. [325–338], where the various details

can be found. Some material, in particular a list of the various backgrounds for the SM–

like processes and the various tests which can be performed on the properties of the Higgs

particles, has been already presented in §I.3 and will not be repeated here.

3.1 The production of the neutral Higgs bosons

The production of the neutral Higgs bosons of the MSSM proceeds essentially via the same

processes that have been discussed in the case of the SM Higgs particle, Fig. 3.1, that is:

associated h and H production with W/Z : qq̄ → V + h/H (3.1)

vector boson fusion for h and H production : qq → V ∗V ∗ → qq + h/H (3.2)

gluon − gluon fusion : gg → h/H/A (3.3)

associated production with heavy quarks : gg, qq̄ → QQ̄ + h/H/A (3.4)

[The pseudoscalar Higgs boson A cannot be produced in association with gauge bosons or in

the weak boson fusion processes at the tree–level, since direct A couplings to gauge bosons

are forbidden in the MSSM by CP–invariance.] However, as already mentioned, because of

the different couplings of the Higgs particles to fermions and gauge bosons, the pattern for

the production rates is significantly different from the SM case. We summarize the main

differences in this subsection, channel by channel.

q

q̄

V ∗

•

h/H

V

•
q

q
V ∗

V ∗

h/H

q

q

•
g

g

h/H/A
t/b •

g

g

h/H/A

t/b

t̄/b̄

Figure 3.1: The dominant MSSM neutral Higgs production mechanisms in hadronic collisions.
27As in §I.3, we will use for simplicity, the notation pp for both pp and pp̄ and L for both L and

∫
L.
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Vh→qqbb
- pTJ1 >450 GeV 
- |y1−y2| < 1.6 
- Large-R jets with 

 W/Z boson tagging 
‣mJ = mW/Z, D2 

Higgs boson tagging 
‣mJ = mHiggs 

‣ track-jet 1 & ≥2 b-tag

2-tag Wh

Multijet BGはデータから評価

R=0.2 track-jet

1-tag Wh

Appendix

Figure 5 shows the p-value as a function of resonance mass for both channels.

 [GeV]Z'm
1500 2000 2500 3000 3500

0
Lo

ca
l p

6−10

5−10

4−10

3−10

2−10

1−10

1
10

σ1

σ2

σ3

σ4

 PreliminaryATLAS

ZH Analysis

-1 = 13 TeV  L = 36.1 fbs
Observed

 [GeV]W'm
1500 2000 2500 3000 3500

0
Lo

ca
l p

6−10

5−10

4−10

3−10

2−10

1−10

1
10

σ1

σ2

σ3

σ4

 PreliminaryATLAS

WH Analysis

-1 = 13 TeV  L = 36.1 fbs
Observed

Figure 5: p-value as a function of resonance mass for the (left) ZH and (right) WH channels.

Figure 6 shows the signal acceptance ⇥ e�ciency as a function of resonance mass.
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‣ 0 b-tag CRから
mVh shapeを導出 

‣ Mass sidebandの
Fitで, 0→1/2 b-
tag normalization 
を決定

EXOT-2016-12
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CMSは2.6 TeVに2.6σ local, 
0.9σ globalのmild excess  
→ 場所が違う…。
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W’Dilepton

W’→e𝝂
W’→l𝝂

‣1 e(μ) : pT > 65(55) GeV, loose isolation 
‣ETmiss > 65(55) GeV, mT > 130(110) GeV

W BGはPowheg+Pythia with mass-dep. 
k-factor (NNLO QCD, NLO EW)で評価

系統誤差 
‣Jet, ETmiss at low mass 
‣Non-DY BG extrapolation, muon 

resolution, PDF at high mass
W’SSM limit [Tev] 
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6 5 Systematics uncertainties

orders of r and pT,

F (r, pT) = eQCD(1 + a01 pT + a02 p2
T + · · · (6)

+ (a10 + a11 pT + a12 p2
T + · · · )r

+ (a20 + a21 pT + a22 p2
T + · · · )r2 + · · · ,

where eQCD is the pass-to-fail ratio in QCD simulation (i.e. 0.05/0.95) and ak` are the polyno-
mial coefficients. The coefficients are determined in a simultaneous fit of the failing and passing
regions in the same fit being used for the signal extraction. The fit includes subdominant non-
multijet backgrounds (W,Z,tt), discussed in more detail below, as well as the Z’ signal and is
performed over 5 pT bins: {500,600,700,800,900,1000}GeV. A unique fit is performed for each
Z’ mass hypothesis. The number of required coefficients in the fit is determined with a Fisher
F-Test on data [63] by iteratively adding polynomial orders, and is found to be fourth order in
r and third order in pT.

N21,DDT

pT

ρ=ln(mSD2/pT2)

“fail”

“pass”

N21,DDT = 0

Figure 3: A schematic of the background estimation method. The pass-to-fail ratio, translating
from failing to passing regions after applying a N1,DDT

2 selection, is extracted by performing a
two-dimensional fit in (r, pT) space.

Contributions from non-QCD (W,Z,tt) backgrounds and potential signal are properly accounted
for in the fit in both the failing and passing regions. Subdominant backgrounds arising from
resonant SM processes (W/Z +jets) are estimated from simulation, including corrections to the
shape and normalization from higher order NLO QCD and EWK effects. Additional data-to-
simulation corrections for the jet mass shapes and N1,DDT

2 tagging efficiencies are evaluated
from a tt control region rich in merged hadronic W bosons, as further explained below.

In addition to the W/Z backgrounds, the tt background contribution is estimated from sim-
ulation with corrections from data based on a dedicated control region. This region has the
same kinematic requirements as the signal region but inverts the muon veto and requires an
additional b jet. The muon is selected using dedicated muon triggers and has pT > 100 GeV
and |h| < 2.1, while the b jet must have pT > 50 GeV. Scale factors for data-to-simulation are
computed and applied to the tt background estimated from simulation. The scale factors cor-
respond to the overall tt normalization and selection efficiency for the passing region and are
SFtt

norm = 0.75 ± 0.10 and SFtt
mis�tag = 0.83 ± 0.03, respectively.

5 Systematics uncertainties

Uncertainties on the QCD background originate from the parametric uncertainties on the trans-
fer factor fit described in Eq. 6. To validate the robustness of the fit, we perform a goodness-of-
fit test and signal injection bias tests using toy experiments and observe no significant biases.
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低いスケールへ
低質量の新粒子をHard ISRジェットに
よるブーストを使って探索する
‣ ブーストするZ’→qqを大半径ジェットで再構成 

‣ Jet substructureを使ってQCD jetから識別 

‣ ジェット質量分布でのピーク探索

‣ pTとρ= ln(mjet2/pT2)平面でjet分布を記述 

‣ N2β=1 (energy correlation function ratio) 
で2-prong構造を識別 

‣ ”Decorrelated” N2β=1 (N2β=1,DDT) でCRとSR
を区別 

‣ CRのmjet分布をSR/CR比でスケールして
SR中の背景事象分布を評価 

‣ 探索領域 : mjet = 50-300 GeV

CR

SR

Z ′

q

q̄

g

q̄

q

1

ISR

low-mass 
resonance

EXO-17-001

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-17-001/index.html
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‣ W/Zピークを使って, N2β=1カット効率, 
mjetスケール等をconstrain 

‣ local 2.9σ (global 2.2σ) at mZ’~115 GeV 
- ちょっと幅が狭い?

ISR photon+Dijetと組み合わせて,  

30 GeV<mZ’<~1 TeV領域をカバーできる 
(1 TeV以上はHigh-mass Dijetが担当)

ISRジェット+ Resonance

➔ Vector mediator (DM  
     simplified model) への制限
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Models of Particle Dark Matter: Complementarity
Collider searches have many advantages, but 
- dark matter must have non-gravitational interactions with the SM to produce it 
- a MET signal != astrophysical DM 
- the results cannot be related to other knowledge of DM without a model (and, for DM, we know very 

little)

CollidersIndirect Detection Direct Detection

During Run 1, general purpose WIMP searches focused on contact-interaction models emphasizing 
complementarity!
- focus on models with effective baryon coupling: scattering off nuclei and production in pp collisions!
- signature-based searches applicable to broad classes of possible models 
- balance between model agnosticism and using models to translate astro-physical/-particle knowledge
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加速器実験での暗黒物質の探索

暗黒物質の探索

LHCでは何が可能か? 

‣カスケード崩壊からの暗黒物質の探索 
例) SUSY (Neutralino), UED (KK photon) 

‣暗黒物質(WIMP)と媒介粒子の直接探索 

‣より軽い媒介粒子の探索 (Dark Sector)



Real models generally have non-minimal signatures.

Lots of recent excitement about minimal 
signatures
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Mono-jet (generally: mono-X) 

or 
 
VBF

WIMPS at Colliders

EFT interpretation: Zhang, Cao, Chen, Li 
0912.4511; Beltran, Hooper, Kolb, 
Krusberg, Tait 1002.4137; Goodman, Ibe, 
Rajaraman, Shepherd, Tait, Yu 1005.1286; 
Bai, Fox, Harnik 1005.3797; 
see also Birkedal, Matchev, Perelstein hep-
ph/0403004 (photon+MET)

暗黒物質の探索 暗黒物質 ➞ Mono-X信号
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媒介粒子 ➞ SM粒子への崩壊

暗黒物質と媒介粒子の直接生成を探す

➞ dijet, ditop, dilepton, …

➞ ETmiss + jet,W/Z/H,γ, top, ..
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Simplified modelによるInterpretation  
(EFTはQtr2 ~ EFT M*の領域では有効でなくなる)

パラメータ： 
   mmed, mχ, gq, gχ,  
   Interaction type

spin 0 spin 1
Charge Q=0 for s-channel

Interaction 
type

scalar 
pseudo-scalar

vector 
axial-vector

Coupling ∝ mass ∝ charge
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q̄ χ̄

gq gχ
ZA



300 400 500 600 700 800 900 1000 1100 1200

 [
E

ve
n
ts

/G
e
V

]
m

is
s

T
d
N

/d
E

1−10

1

10

210

3
10

410

5
10

6
10

710
Data 2015+2016

Standard Model

) + jetsνν →Z(

) + jetsν l→W(

 ll) + jets→Z(

 + single toptt

Dibosons

multijets + ncb

) = (500, 495) GeV
0

)χ
∼, b

~
m(

)= (400, 1000) GeV
med

, M
DM

(m

=6400 GeV
D

ADD, n=4, M

ATLAS
-1 = 13 TeV, 36.1 fbs

Preliminary

Signal Region
>250 GeV

miss

T
(j1)>250 GeV, E

T
p

 [GeV]
miss

TE
300 400 500 600 700 800 900 1000 1100 1200

D
a
ta

 /
 S

M

0.8

1

1.2

18

ATLAS 
- ETmiss >250 GeV, Δϕ(jet, pTmiss) > 0.4 
- Jet1 pT>250 GeV, |η|<2.4 
- Njets (pT>30 GeV, |η|<2.8) ≤ 4

Mono-jet

Ev
en

ts
 / 

G
eV

2−10

1−10

1

10

210

310

410

510

610
 (13 TeV)-135.9 fb

CMS Preliminary
monojet

Data

)+jetsννZ(

)+jetsνW(l

WW/WZ/ZZ

Top quark

+jetsγ(ll), γZ/

QCD

 = 125 GeV
H

Higgs invisible, m

 = 2.0 TeVmedAxial-vector, m

D
at

a 
/ P

re
d.

0.8
0.9

1
1.1
1.2

 [GeV]miss
TE

400 600 800 1000 1200 1400

σ
(D

at
a-

Pr
ed

.)

2−
0
2

CMS 
- ETmiss >250 GeV 
- Jet1 pT>100 GeV, |η|<2.5 
- Not selected as “mono-V” events

Mono-V events 
- R=0.8 jet1 pT>250 GeV 
- mjet ~ mW/Z, 2-prong

W/Z+jets BG 
‣ NNLO (NLO) QCD + NLO EW with 2-loop Sudakov 

logs in ATLAS (CMS), following arXiv:1705.04664 
‣ e𝜈, μ𝜈, ee(CMS), μμ, 𝛾+jet CR + transfer factorで決定
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Figure 11: Exclusion limits at 95% CL on the µ = s/sth in the mmed–mDM plane assuming vector
(left) and axial-vector (right) mediators. The solid (dotted) red (blue) line shows the contour
for the observed (expected) exclusion. The solid contours around the observed limit and the
dashed contours around the expected limit represent one standard deviation due to theoretical
uncertainties in the signal cross section and the combination of the statistical and experimental
systematic uncertainties, respectively. Constraints from the Planck satellite experiment [86] are
shown with the dark blue contours. DM is overabundant in the shaded area.
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For vector and axial-vector interactions : 
‣Mediator mass excluded up to 1.6-1.8 TeV 
‣ DM mass excluded up to 400-700 GeV
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Dark matter phenomenology 
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For vector and axial-vector 
interactions : 
‣Mediator mass excluded up 

to 1.2 TeV 
‣ DM mass excluded up to 

340-480 GeV
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1 Introduction
There are strong indications of the existence of dark matter from astrophysical observations [1],
which to date are only in the form of gravitational inference. Thus, the nature of dark matter
particles has remained elusive. 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 CERN LHC presents a unique opportunity to possibly produce dark matter particles as
well as study them. In this paper we describe a search for events where dark matter candidate
particles are produced in association with a top quark (dubbed “monotop”). Such searches
were originally proposed in Ref. [2] and have been carried out by the CDF Collaboration [3]
at the Tevatron and the CMS [4] and ATLAS [5] Collaborations at the LHC. The search pre-
sented in this paper utilizes the 13 TeV data set accumulated by the CMS experiment in 2016,
corresponding to an integrated luminosity of 35.8 fb�1.

In this search we consider events with a hadronically decaying W boson resulting from the top
quark decay. This decay channel has the largest branching fraction and is fully reconstructable.
Jets from boosted top quark decays are distinguished from other types of hadronic signatures
by use of a novel jet substructure discriminant, described in Section 3.

We interpret the results in terms of two monotop production mechanisms, example Feynman
diagrams of which are shown in Fig. 1.
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Figure 1: Example of monotop production via a flavor-changing neutral current (left) and a
heavy scalar (right).

The first model includes a flavor-changing neutral current, where a top quark is produced in
association with a vector boson that has flavor-changing couplings to quarks and can decay to
dark matter. It is referred to as the “nonresonant” mode in the following. If we take a simplified
model approach, the effective Lagrangian [2, 6, 7] describing nonresonant monotop production
is given by:

L = LSM + Lkin + Vµc̄gµ(gVc + gAc g5)c + h.c.

+ q̄ugµ(gVu + gAu g5)quVµ + q̄dgµ(gVd + gAd g5)qdVµ + h.c. (1)

In Eq. (1), V is the heavy mediator and c is the dark matter fermion. The couplings gVc and
gAc are the vector- and axial-couplings between c and V. In the quark-V interaction terms,
it is understood that qu and qd represent three generations of up- and down-type quarks, re-
spectively. Correspondingly, gVu and gAu are 3 ⇥ 3 flavor matrices that control the vector- and
axial-couplings between V and u,c,t. It is through the off-diagonal elements of these matri-
ces that monotop production is possible. To preserve SU(2)L symmetry, analogous down-type
couplings gVd and gAd must be introduced, and the following must be satisfied:

gVu � gAu = gVd � gAd . (2)
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The first model includes a flavor-changing neutral current, where a top quark is produced in
association with a vector boson that has flavor-changing couplings to quarks and can decay to
dark matter. It is referred to as the “nonresonant” mode in the following. If we take a simplified
model approach, the effective Lagrangian [2, 6, 7] describing nonresonant monotop production
is given by:
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In Eq. (1), V is the heavy mediator and c is the dark matter fermion. The couplings gVc and
gAc are the vector- and axial-couplings between c and V. In the quark-V interaction terms,
it is understood that qu and qd represent three generations of up- and down-type quarks, re-
spectively. Correspondingly, gVu and gAu are 3 ⇥ 3 flavor matrices that control the vector- and
axial-couplings between V and u,c,t. It is through the off-diagonal elements of these matri-
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The first model includes a flavor-changing neutral current, where a top quark is produced in
association with a vector boson that has flavor-changing couplings to quarks and can decay to
dark matter. It is referred to as the “nonresonant” mode in the following. If we take a simplified
model approach, the effective Lagrangian [2, 6, 7] describing nonresonant monotop production
is given by:

L = LSM + Lkin + Vµc̄gµ(gVc + gAc g5)c + h.c.

+ q̄ugµ(gVu + gAu g5)quVµ + q̄dgµ(gVd + gAd g5)qdVµ + h.c. (1)

In Eq. (1), V is the heavy mediator and c is the dark matter fermion. The couplings gVc and
gAc are the vector- and axial-couplings between c and V. In the quark-V interaction terms,
it is understood that qu and qd represent three generations of up- and down-type quarks, re-
spectively. Correspondingly, gVu and gAu are 3 ⇥ 3 flavor matrices that control the vector- and
axial-couplings between V and u,c,t. It is through the off-diagonal elements of these matri-
ces that monotop production is possible. To preserve SU(2)L symmetry, analogous down-type
couplings gVd and gAd must be introduced, and the following must be satisfied:

gVu � gAu = gVd � gAd . (2)

~

For FCNC model : 
‣Mediator mass excluded up to 1.75 TeV 
‣ DM mass excluded up to 750 GeV

Mediator mass vs gVq or gVχ (fixed mΧ) 
での棄却領域も出している
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Figure 3.4: Comparison of the missing
transverse momentum distributions
at generator level in different simpli-
fied models leading to a Higgs+/ET
signature. The model parameter set-
tings are detailed in the text. The
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統計誤差 13%  
系統誤差 16% (qqZZ & ggZZ modeling, W+jets 
& WZ data-driven estimate, luminosity)
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Which type of events do we study at colliders? different types of interactions can be assumed 
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+
Results discussed in this talk
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CONF-2017-040

感度はまだ限定的…

CMS BRH→inv limit (ZH→ll+inv) : 
40% Obs., 42% Exp. EXO-16-052

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-040/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-052/index.html
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gq = 0.25, gl = 0, gDM = 1
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gq = 0.25, gl = 0, gDM = 1
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直接探索との比較

The simplified models with a vector and scalar mediator lead to a SI interaction,

while the axial-vector and pseudo-scalar mediator induce SD interactions. The pseudo-

scalar interaction has additional velocity-suppression in the non-relativistic limit, which is

not present in the other interactions. In practice this means that pseudo-scalar interactions

are only very weakly testable with DD experiments. For this reason, we will only describe

the translation procedure into the m

DM

–�
SI/SD plane for vector, axial-vector and scalar

interactions.

Sections 4.1.1 and 4.1.2 detail procedures for translating LHC limits onto to the

m

DM

–�
SI/SD planes. Figures 2a and 2b illustrate the conventions recommended for the

presentation of results obtained from these procedures. These plots show the minimum

number of DD limits that we recommend to show. Bounds from other experiments may

also be included. As in the mass-mass plots, we recommend to explicitly specify details of

the mediator and DM type, the choices of couplings and the CL of the exclusion limits. It

may also be useful to show theoretical and experimental uncertainties. Generally, the LHC

searches exclude the on-shell region in the mass-mass plane such that for a fixed value of

m

DM

, the exclusion contour passes through two values of M
med

. This means that when

translating into the m

DM

–�
SI/SD planes, for a fixed value of m

DM

, the exclusion contour

must pass through two values of �
SI/SD. This explains the turnover behaviour of the LHC

contours observed in Figures 2a and 2b.

4.1.1 SI cases: Vector and scalar mediators

In general, the SI DM-nucleon scattering cross section takes the form

�

SI

=
f

2(gq)g2
DM

µ

2

n�

⇡M

4

med

, (4.1)

where µn� = mnmDM

/(mn+m

DM

) is the DM-nucleon reduced mass with mn ' 0.939GeV

the nucleon mass. The mediator-nucleon coupling is f(gq) and depends on the mediator-

quark couplings. For the interactions mediated by vector and scalar particles and for the

recommended coupling choices, the di↵erence between the proton and neutron cross section

is negligible.

For the vector mediator,

f(gq) = 3gq , (4.2)

and hence

�

SI

' 6.9⇥ 10�41 cm2 ·
⇣
gqgDM

0.25

⌘
2

✓
1TeV

M

med

◆
4 ⇣

µn�

1GeV

⌘
2

. (4.3)

For the simplified model with scalar mediator exchange we follow the recommendation

of ATLAS/CMS DM Forum [1] and assume that the scalar mediator couples to all quarks

(like e.g. the SM Higgs). In general the formula for f(gq) is

f

n,p(gq) =
mn

v

2

4
X

q=u,d,s

f

n,p
q gq +

2

27
f

n,p
TG

X

Q=c,b,t

gQ

3

5
. (4.4)

These data, however, are not always o�cially blessed or scrutinised by the experiments and thus should be

used with care.

– 11 –

σSI for vector mediator : 
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Exotics Summary plots
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SI DM-nucleon cross section vs mDM SD DM-proton cross section vs mDM

Under the coupling assumptions, collider searches 
‣ are sensitive at low DM (<~5 GeV) for SI DM-nucleon cross section 
‣ have ~3 orders of magnitude better sensitivity for SD DM-nucleon cross section

where �(p)
u = �(n)

d = 0.84, �(p)
d = �(n)

u = �0.43 and �s = �0.09 are the values rec-

ommended by the Particle Data Group [50]. Other values are also used in the literature

(see e.g. [51]) and di↵er by up to O(5%).

Under the assumption that the coupling gq is equal for all quarks, one finds

f(gq) = 0.32gq , (4.9)

and thus

�

SD ' 2.4⇥ 10�42 cm2 ·
⇣
gqgDM

0.25

⌘
2

✓
1TeV

M

med

◆
4 ⇣

µn�

1GeV
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2

. (4.10)

We emphasise that the same result is obtained both for the SD DM-proton scattering

cross section �

p
SD

and the SD DM-neutron scattering cross section �

n
SD

. Using (4.10) it is

therefore possible to map collider results on both parameter planes conventionally shown

by DD experiments. Should only one plot be required, we recommend comparing the LHC

results to the DD bounds on �

p
SD

, which is typically more di�cult to constrain.

In the future, it is desirable to consider not only the case gu = gd = gs, but also the

case gu = �gd = �gs, which is well-motivated from embedding the simplified model in the

SM gauge group and can be included without much additional e↵ort. For gu = �gd = �gs

one obtains approximately f

p(gq) = 1.36 gu and f

n(gq) = �1.18 gu, i.e. the DM-neutron

cross section is slightly smaller than the DM-proton cross section.4

4.1.3 Neutrino observatories: IceCube and Super-Kamiokande

The IceCube [53] and Super-Kamiokande [54] neutrino observatories are also able to con-

strain the SI and SD cross sections. When DM particles elastically scatter with elements in

the Sun, they can lose enough energy to become gravitationally bound. Self-annihilation of

the DM particles produces neutrinos (either directly or in showering) that can be searched

for in a neutrino observatory. When the DM capture and annihilation rates are in equilib-

rium, the neutrino flux depends only on the initial capture rate, which is determined by

the SI or SD cross section [55].

The IceCube and Super-Kamiokande limits on �

p
SD

are of particular interest as they

can be stronger than the corresponding bounds from DD experiments. The former bounds

are however more model dependent, since they depend on the particular DM annihilation

channel. For annihilation only into light quarks, the limits are weaker than DD experiments.

For mb < m

DM

< mt, on the other hand, the dominant annihilation channel of the axial-

vector model is to bb̄ and Super-Kamiokande sets more stringent constraints than DD

experiments for m

DM

< 10GeV. For m

DM

> mt, the dominant annihilation channel is

to tt̄ and the resulting constraints from IceCube are stronger than DD experiments. Both

the Super-Kamiokande and IceCube limits can be shown together with other bounds on

the SD DM-proton scattering cross section.

4LHC searches are only sensitive to the relative sign between gu and gd if both types of quarks are present

in a single process (e.g. ud̄ ! ud̄+��̄ or uū ! dd̄+��̄). Such processes give a subleading e↵ect in mono-jet

searches and are presently not included in the signal computation. As a result, the signal prediction for

mono-jets turns out to be independent of the relative sign between the individual quark couplings [52].

– 13 –

σSD for axial-vector mediator : 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/index.html


γd 

H 

fd 2 

fd 2 

γd 

HLSP 

HLSP 

ℓ  + 

ℓ  - 

ℓ  + 

ℓ  - 

ヒッグス由来
の信号

Dark photonのvisible崩壊 

⇒ Lepton-jets
0.10 1.000.500.20 2.000.30 3.000.15 1.500.70

0.10

1.00

0.50

0.20

0.30

0.15

0.70

gd Mass @GeVD

B
R

gd Branching Ratio

e+e-

m+m-

Hadrons

Introduction

Useful references

Several BSM models predict final states containing Lepton Jets  

Hidden particles decay back to SM: ex. 
dark-photons (γd) → collimated pair of 
leptons (lepton-jets)

Portal to hidden sector: ex. higgs 
or supersymmetric particles

kinetic mixing 

Dark photon lifetime depends on the size of 
kinetic mixing ε: small ε → displaced decays

LeptonJets can be prompt or displaced

3

Higgsポータル (Scalar DM)
Vectorポータル 

‣ SM photonとDark photonの間の
kinetic mixing (strength ~ εe) 

‣ kinetic mixingでSM粒子に崩壊する 

‣ Small mixing ➞ 長寿命 

‣ Scalar 𝜙 or fermion 𝜒（DM候補）

Vectorポータル (Dark photon)

ダークセクター

28

➔ 実験からの制限はきつい

➔ 様々な可能性!!

ATLASでの探索



ex)  higgs to lepton jets

Lepton Jet Primer
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Figure 1: An example of a Higgs decay to lepton jets, through the neutralino production portal of

Section 3.1. The hidden sector cascades can lead to many leptons per Higgs decay, in this case 18.

This example uses the particle content and vertices of the minimal U(1)d hidden sector described

in section 2.2. A larger hidden sector can lead to even larger multiplicities. If the neutralinos

are heavy enough to be produced close to rest, their decay products will be well-separated, and

the leptons will partition into 4 distinct lepton jets. Alternatively, if the neutralinos are light and

boosted, the event will consist of two groups of collimated leptons, neutralino jets.

not address the aforementioned anomalies and concentrate instead, on the collider signatures

of such hidden sectors.

As a simple example, we consider a hidden sector with U(1)d gauge symmetry broken at

the GeV scale. U(1)d couples to the visible sector through kinetic mixing with hypercharge,

implying that (i) the hidden photon can decay to the light SM fermions, and (ii) the LVSP

can decay to the hidden sector. Consequently, once the Higgs decays, it initiates a hidden

sector cascade, producing in addition to the true LSP, many hidden photons and scalars

which decay to highly boosted lepton jets. An example of such a Higgs decay is shown in

Fig. 1. To demonstrate that a light Higgs can be accommodated in the above scenario, we

simulate Higgs decays to lepton jets and determine the sensitivity of a wide range of LEP

and Tevatron searches. We consider the experimental observables that are relevant for Higgs

4

12

production composition
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B
R

gd Branching Ratio

e+e-

m+m-

Hadrons

Figure 8: Hidden photon branching ratios to electrons, muons, and hadrons through the elec-

tromagnetic current, as a function of the hidden photon mass. The hadronic branching ratio

is derived from the measured R ⌘ BR(e+e� ! had)/BR(e+e� ! µ+µ�) [40]. We see that

for m�d . 500 MeV, the hidden photon decays dominantly to leptons, including muons for

m�d > 211 MeV.

• Lepton Multiplicity

This observable is extremely sensitive to the details of the hidden sector spectrum. One

important factor is the identity of the lightest hidden neutralino. Since the visible bino

couples to hidden Higgsinos, see Eq. (2.5), model realizations where the hidden bino is

lighter than the hidden Higgsinos have longer cascades, and therefore tend to produce

more visible leptons. Another crucial factor is the ratio of the masses of the lightest

hidden scalar and hidden photon. When mhd
< m�d , the hidden Higgs, hd, dominantly

decays to 2 leptons at one-loop [33], and is stable on collider scales. On the other hand,

for mhd
> m�d the 3-body decays with one on-shell hidden photon are allowed, which

leads to prompt decays of hd into 4 leptons, as long as the mixing parameter ✏ is not

too small. The spectrum of the other hidden scalars is also important. For example,

when mHd
> 2 mhd

the dominant decay mode of Hd is Hd ! 2 hd ! 8 l, while for

m�d < mHd
< 2 mhd

the 4-lepton decay via the hidden photons dominates. Depending

on the mass spectra, the average lepton multiplicities can thus range from zero to a few

18

Lepton Jet Anatomy
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non-prompt探索

‣ 新しいBeam Dump実験が進行/
計画中 
‣ LHCではHigh mγd, Low ε方向へ
の拡張が大事
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カラーを持つ媒介粒子
DM探索のSimplified modelはs-channel mediatorが中心 
積極的にt-channel mediator (colored scalar mediator)を考える動機？
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neutralino, except for two distinct points: the c is a Dirac fermion
and the coupling g is not limited to be weak scale (g ⌧ 1). In the
MSSM, most of these processes are sub-dominant, even if reso-
nantly enhanced, because the production is proportional to weak
couplings. In the more general theories considered here, g is free
to take on large values of order 1 or more, and thus diagrams ne-
glected in MSSM simulation can occur at a much higher rate here.
While constraints from SUSY jets+/ET analyses on MSSM mod-
els can be recast to apply to the specific model in this report, DM
searches should also directly test their sensitivity to the MSSM
benchmark models.
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Figure 2.27: Leading order mono-jet
t-channel processes, adapted from
[PVZ14].

The state of the art calculation for these models is LO and
they can be interfaced with a parton shower program. The stud-
ies in this Section use a LO model implementation within Mad-
Graph5_aMC@NLO v2.2.3, but no parton shower could be em-
ployed in the time-frame of the conclusions of this Forum. Further
implementation details can be found in Section 4.1.3.
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FIG. 2: Diagrams for processes of dark matter pair produc-
tion associated with a single quark or gluon at the LHC in the
t-channel mediator scenario. (a1,a2) Initial state gluon-split
processes; (b1,b2) initial state gluon-emission processes; (c)
gluon-emission from the t�channel mediator; (d1-d4) media-
tor direct production processes.
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FIG. 3: Diagrams for mediator pair production processes
at the LHC, which leads to di-jet + 6 ET signal. (a1-a4) Dia-
grams from purely QCD interaction; (b) Diagram from the t-
channel DM exchanging; (c1-c4) Diagrams from the t-channel
Majorana DM exchanging.

gion where the mediator can be pair-produced. At the
meanwhile, the process of the pair-production of the me-
diator is also constrained by squark searches, in which
more than two hard jets are triggered [25]. As we will
show in this paper, these two channels are complemen-
tary.

This paper is organized as follows. In Section II, we de-
scribe the scenario studied in this paper. In Section III,
we discuss the leading direct detection channels. In Sec-
tion IV, we present the constraints from LHC reaches.
In Section V, we study the impact of the assumption
that the relic abundance of the DM is thermally pro-
duced within the framework of this simple model. In
Section VI, we present the perspective 5� sensitivity of
the LHC with 14 TeV center-of-mass energy. Section VII

contains our conclusion.

II. FRAMEWORK

In the t-channel mediator scenario, we consider inter-
actions of the form

L� = �q�̄�
⇤q + h.c. , (1)

where q, � and � are the quark field, DM field and the
mediator, respectively. For fermionic (scalar) DM, the
mediator � would be a scalar (fermion). The mediator �
is also necessarily colored.

In general, Eq. (1) may induce flavor changing neutral
current which are strongly constrained by flavor exper-
iments. However, these constraints can be avoided by
imposing the minimal flavor violation (MFV) structure
to the Yukawa couplings [26]. In the quark sector, with-
out turning on the Yukawa couplings, the SM Lagrangian
contains a U(3)Q⇥U(3)u⇥U(3)d flavor symmetry. Now,
for simplicity, let’s first assume that � is a singlet of the
flavor group. Then, to make L� invariant, the simplest
choice is to make � to be the 3-representation of one
of the three U(3) flavor groups. Therefore, in general,
Eq. (1) can be written as

L� = �Q�̄PLQ�⇤
Q + �u�̄PRu�

⇤
u + �d�̄PRd�

⇤
d

+
�
(1)
Qu�̄H�⇤

QYuPRu

⇤
+

�
(1)
Qd�̄H̃�⇤

QYdPRd

⇤

+
�
(2)
QuQ̄HYu�uPR�

⇤
+

�
(2)
QdQ̄H̃Yd�dPR�

⇤
+h.c. , (2)

where H is the Higgs field and H̃ = i�2H
⇤, Yu and Yd

are the two Yukawa couplings. For the monojet+ 6 ET
processes, the parton level processes are shown in Fig. 2,
where we can see that the at least one quark or anti-quark
initial state is needed. Therefore, all the terms propor-
tional to Yu or Yd are in general suppressed by the small
masses of the quarks in first two generations. Therefore,
in the case that � is a SU(2) singlet, to study the generic
feature of monojet+ 6 ET constraint on the “t-channel”
completion of DM models, we can neglect the terms pro-
portional to the Yukawa couplings. Furthermore, the sig-
natures in collider or direct detection experiments are not
sensitive to the chirality of the quarks unless �Q,u,d are
tuned to have some special relations. Therefore, in this
work, in the case that � is a SM singlet, we keep only
the �u and �d terms and assume �u = �d ⌘ �. To sim-
plify our presentation, we also assume that the �u and
�d are degenerate that M�u = M�d ⌘ M�. Then, the
Lagrangian can be simplified as

L� = ��̄LqR�
⇤ + h.c. . (3)

For simplicity, we focus on the case that only the right-
handed quarks are coupled. For the coupling with left
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ベンチマークとして考えられているもの

SUSYとのconnection 

SUSYとは異なるトポロジー・Kinematics?
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11 UV-complete toy model1181

While extending an e↵ective field theory to a complete underlying theory will introduce model-dependence1182

and extra parameters, it is necessary if requirements for the validity of the e↵ective operator regime are1183

not met. In this analysis, we have also included an example of such a UV-complete theory, as a starting1184

point for extending the mono-Z search for dark matter candidates.1185

We take the dark matter to be a gauge-single Majorana fermion, which couples to quarks via the1186

interaction term1187

Lint = fudQ̄L⌘�R + h.c. = fud(⌘uūL + ⌘dd̄L)�R + h.c., (13)

where fud is a coupling constant and ⌘ is a scalar field that transforms as ⌘ ⇠ (3,2,1/3) under the SM1188

gauge groups.17 The model allows for direct annihilation of quarks into a � pair via t- and u-channel ⌘1189

exchange. The three diagrams shown in figure 50 all contribute to the mono-Z process qq̄ ! ��Z. This1190

toy theory is taken from the work of Bell et al in Ref. [38], and is also related to the model described in1191

Ref. [39], but modified such that the intermediate scalar is charged under S U(3)C . We note that the only1192

significant di↵erence between the model here and the work in [38] is the addition of allowed coupling1193

to second generation quarks. We assume equal coupling to both generations, such that f ⌘ fud ⌘ fcs; all1194

results shown below limit this general coupling f .1195

11.1 Signal samples1196

The signal samples were generated using MadGraph v5 [6, 7] and the underlying event and event shower1197

were simulated with Pythia v8 [23]. Parton distribution functions were modeled using MSTW2008LO [9].1198

The AU2 MSTW2008LO tune was used. AFII [10] was used to simulate the ATLAS detector. The signal1199

samples are listed in table 49.1200

The UV-complete samples include a range of intermediate particle masses for each dark matter par-1201

ticle mass, certain kinematic variables are shown in figs. 51, 52, 53, 54, 55 (note that these are at truth1202

17A short description of these gauge quantum numbers is as follows. Because � does not carry colour, but colour must be
conserved, ⌘ is required to be a triplet under SU(3), so has the gauge representation 3 (and can therefore radiate gluons). Since
we are coupling a left-handed quark doublet QL, ⌘ and �, and � is a gauge-singlet, ⌘ must also be a doublet under SU(2). The
third quantum number is the hypercharge, defined as Y = 2(Q � I3), where Q is the charge of the ⌘ doublet (required to be the
same as the quark doublet to allow vertexes such as ⌘uū� and ⌘dd̄�), and I3 is the third component of isospin, equal to

⇣
1
2 ,� 1

2

⌘

for an SU(2) doublet. This gives Y = 1
3 .

Figure 50: t-channel diagrams showing the annihilation of quarks to a � pair via exchange of an inter-
mediate particle ⌘. The three corresponding u-channel processes are not shown.

b-FDM model

Mono-Z Mono-jetMono-b



Signal	region	–	0lepton	search	results!	

Lots of SR plots!! 

https://atlas.web.cern.ch/
Atlas/GROUPS/PHYSICS/
CONFNOTES/ATLAS-
CONF-2017-022/ 
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neutralino, except for two distinct points: the c is a Dirac fermion
and the coupling g is not limited to be weak scale (g ⌧ 1). In the
MSSM, most of these processes are sub-dominant, even if reso-
nantly enhanced, because the production is proportional to weak
couplings. In the more general theories considered here, g is free
to take on large values of order 1 or more, and thus diagrams ne-
glected in MSSM simulation can occur at a much higher rate here.
While constraints from SUSY jets+/ET analyses on MSSM mod-
els can be recast to apply to the specific model in this report, DM
searches should also directly test their sensitivity to the MSSM
benchmark models.
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Figure 2.27: Leading order mono-jet
t-channel processes, adapted from
[PVZ14].

The state of the art calculation for these models is LO and
they can be interfaced with a parton shower program. The stud-
ies in this Section use a LO model implementation within Mad-
Graph5_aMC@NLO v2.2.3, but no parton shower could be em-
ployed in the time-frame of the conclusions of this Forum. Further
implementation details can be found in Section 4.1.3.
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Figure 2.28: Leading order two-jet
t-channel processes, adapted from
[PVZ14].

Mono-jet, Dijet+ETmiss

ISR gluon + t-channel 
mediatorによるDM対生成

t-channel mediatorあるいはDM
粒子交換によるDijet生成

MediatorのOn-shell崩壊 
→ “Resonant” DM生成 
→ ETmiss ~ Jacobian peak at m𝜙/2 
      Squark modelと同じ断面積

31

Large couplingではSquarkからずれる 
        異なるKinematics (off-shellの効果)

Emma	Tolley	– OSU	– ATLAS	Exotics	and	SUSY	Joint	Workshop	– 8	May	2017

DM & Squark Production

9

Truth	MET	[GeV]

mDM = 450 GeV, Mmed = 500 GeV mDM = 100 GeV, Mmed = 500 GeV 

• t-channel	models	can	be	
compared	to	pair	production	in	
MSSM	

• DM	=>	neutralino
• Mediator	=>	squark

• Similar	cross	section	&	kinematics	
for	small	coupling

• Sample	similarity	decreases	with	
increasing	coupling	

Truth	MET	[GeV]

Very good kinematic & xsec agreement 
between t-channel DM & SUSY  

Sample similarities diverge with 
increasing g 

Combined DM t-channel sample “Split” t-channel DM sample in 
which both mediators are on-shell 

indico.cern.ch/event/605722/contributions/2580729

Combined comparison to squark
model exclusions could be very 
interesting: arXiv:1402.2285 

λq = 0.1

λq = 1.0

λq = 3.0

SUSY
mDM=100GeV, 
mmed=500GeV



Future Exotics Search 
（まとめに代えて）

Konstantinos KousourisCERN EP seminar 42

Prospects for LHC Run II

Expectations @ 13 TeV  

z With 1 fb-1 expected from the first 3 week run in May or June 
2015 the mass limit on q* would be 4.6 TeV 
Î With 100 pb-1, ~2 days data, we reach current CMS limit of 3.5 TeV ! 
Î Approve analysis in summer 2015 ! 

5 

2015 Schedule from T.  Camporesi on 6/23/14 

A. Weiler  
6/23/14 

‣ the LHC Run II at 13 TeV will 
bring the last significant energy 
increase in our generation !! 
- unique opportunity to discover 
new physics

‣ dijet resonances will be produced 
copiously 
- if they exist !!

‣ with just 100 pb-1 (2 days’ data) 
the Run I sensitivity on excited 
quarks will be reached

‣ based on the Run I experience, jet 
performance will be comparable
- pileup might be challenging
- no serious degradation expected

qg → q* → 2-jet

現在
HL-LHC

→ Mass reach ∝ log(Lumi) 
1 TeV改善に~10倍のデータが必要

32

より難しいPhase spaceへ 
‣ Resonance + “X" (= jet, lepton, 

ETmiss, b-jet, … ) 

‣ Low-mass resonances 

‣ Long-lived signature 

‣Multi-objects, Complex topologies

High-mass探索はKinematicsの限界へ 

➔ 今後の発見はHL-LHCのみ?!

HL-LHCでは何を目指すべきか？ 
‣ HL-LHC (& HE-LHC) physics workshops 

(kick-off on 10/31-11/1, 2017) 

より高いエネルギーへ？

https://indico.cern.ch/event/647676/


• Wino LSP leads meta-stable chargino (τ=0.2 nsec)  
• cτ ~ 6 cm → directly detectable 
• chargino tracks disappear in the tracker. 

• Latest preliminary LHC limit : 430 GeV 

ATLAS Simulation Preliminary
π+

χ 0
1

~
χ+

1
~

Disappearing track signature

3

ATLAS-CONF-2017-017
 [TeV]
χ∼

m
0 1 2 3 4 5 6

wino  disappearing tracks

higgsino  

)  H~/B~mixed (

)  W~/B~mixed (

gluino coan.  

stop coan.  

squark coan.  

Collider Limits
100 TeV
14 TeV

Figure 14: Summary of collider reach for neutralino dark matter.

while the discovery reach ranged from 350 � 700 GeV. Mixed dark matter parameter space

already receives strong constraints from direct detection and a more thorough study on the

impact of collider searches on this parameter space would be worthwhile.

Finally bino dark matter was studied, bringing various coannihilators into the spectrum to

avoid overclosing the universe. These scenarios utilized the monojet search to project reach.

The stop coannihilation exclusion reach was found to be m�̃ ⇠ 2.8 TeV and the discovery

reach to bem�̃ ⇠ 2.1 TeV. As the thermally-saturating bino mass in this case ism�̃ ⇠ 1.8 TeV

(and mt̃ ⇠ 1.8 TeV), dark matter can be either excluded or discovered in this channel. The

gluino coannihilation, on the other hand, was found to only reach the thermal bino mass for

a splitting of �m = 30 GeV, corresponding to m�̃ ⇠ 6.2 TeV and mg̃ ⇠ 6.23 TeV, so the

thermal parameter space is not entirely closed. Finally squark coannihilation can be excluded

up to m�̃ ⇠ 4.0 TeV and stau coannihilation cannot be probed in the monojet channel.

In addition to the aforementioned interplay with mixed dark matter and neutralino blindspots,

useful future work would be to look at how adding in more search channels can improve the

dark matter collider reach. Such searches would include monophoton searches, razor searches,

vector boson fusions searches, and multilepton searches. Another principal direction to ex-

tend these studies would be to look at the impact of bringing down other particles into the

low energy spectrum.

– 20 –

mono-jet disappearing track

thermal WIMP

arXiv:1404.0682

We are studying if the disappearing track analysis @ 100 TeV has the potential to 
definitively confirm/exclude that a thermally produced WIMP exists

FCC (HE-LHCを含めて)
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Future Bounds

Direct
DetectionCollider

Competitive with the best direct detection experiments

BR

Neutrino Floor

Higgs invisible bound

Taking optimistic bound

Higgs invisible of 10-4 corresponds to g
SM

 from 10-3 to 10-2

Higgs invisibleからLow-mass 
scalarへの制限 (P. Harris et al.)

本当?!

DM from H→inv

FCC week 2017

‣ 高統計のデータ 
N10020ab /N143ab  = 110(120, 420) 
for ggF (VH, ttH) 

‣ W/Z pTの(超)精密測定

-1 -1

Minimal DM (Disappearing track)

33

https://fccw2017.web.cern.ch


Backup
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Excesses?
H → ZZ → 4l (HIGG-2016-19) :  

‣ 3.7(2.6)σ local(global) excess at 700 GeV?  
‣ CMS : 4l at 13.9 fb-1, 4 events at ~660 GeV, ~1.5-2σ local (HIG-16-033)

2.6σ

VH → qqbb (EXOT-2016-12) :  

‣ 3.3(2.2)σ local(global) at ~3 TeV (mostly ZH) 
‣ CMS : 2.6(0.9)σ local (global) at 2.6 TeV (B2G-17-002) 

2.2σ

ZH → llbb (EXOT-2016-10) :  

‣ 3.6(2.4)σ local(global) excess at ~450 GeV, mostly in dimuon 3+ tag region 
‣ CMS : high-mass only at 3.2 fb-1 in 13 TeV (B2G-16-003)

2.4σ

Dijet+ISR in CMS (EXO-17-001) :  

‣ ~2.9(2.2)σ local(global) at ~115 GeV 
‣ ATLAS : on-going

2.2σ

Inclusive squark/gluino (SUSY-2016-12) : 

‣ 1-lepton in 2J b-veto SRs
-

35

https://glance.cern.ch/atlas/analysis/papers/details.php?id=9163
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-033/index.html
https://glance.cern.ch/atlas/analysis/papers/details.php?id=8803
http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-17-002/index.html
https://glance.cern.ch/atlas/analysis/papers/details.php?id=8703
http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-16-003/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-17-001/index.html
https://glance.cern.ch/atlas/analysis/papers/details.php?id=9203
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Z’→μμ
Z’→ll

‣2e or 2μ : pT > 30 GeV, loose isolation 
‣mll > 80 GeV (OS for 2μ)

Z/γ* BGはPowheg+Pythia with mass-dep. 
k-factor (NNLO QCD, NLO EW)で評価

Z’SSM limit [TeV] Exp. Obs.
ee 4.3 4.3
μμ 3.9 4.0
ll 4.5 4.5

系統誤差 
‣PDF, energy scale for ee channel 
‣Reco eff., PDF, resolution for μμ channel

Dilepton EXOT-2016-05

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-05/
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stop → charm + neutralino 
stop mass excluded up to 430 GeV 

  (mt  − mΧ   >5 GeV)~
1 10~

Fermion portal DM model 
‣ Colored-scalar mediator 
‣ DM coupling only to u-type quark (λu = 1) 

mediator mass excluded up to ~1.4 TeV 
DM mass excluded up to 600 GeV37

CONF-2017-060 EXO-16-048

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-060/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-048/index.html

