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» Dark matter Direct / Indirect / Collider experiments

» Current dark matter interpretation

» Updated results from CMS and ATLAS, X + Missing Transverse Energy:
* MonoJet
* MonoTop
e MonoW, Z
= |Leptonic
= Hadronic
* MonoPhoton
* Top pairs
* Higgs Portal

» Preparation for LHC Run2 / HL-LHC

» Summary
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2 EXPERIMENT

» Limits are quoted in terms of the WIMP-Nucleon cross-section.

Direct detection Collider
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» Contact interaction if » Use of effective field theory (EFT) to

my > Q= \/anER ~ 50 MeV place a limit on the contact interaction
scale m.,

v 999x
» EFT will be valid if m, > Q ~ TeV
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X + Missing Transverse Energy 7\ »@ATLAS
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‘Event selection‘

» MET > 250 GeV

» One energetic jet,ptr > |10
GeV, |n| < 2.4,and allow an

additional jet (pt > 30 GeV)
» Veto event if j3 pt > 30 GeV

» Veto event if
DeltaPhi(ji,j2)>2.5

» Veto event if they contain
isolated electrons, isolated

muons, or hadronic tau with
pt>10 GeV (20 GeV for tau)

o 10%

EIQATLAS

2 EXPERIMENT

EXO-12-048: http://cds.cern.ch/record/1525585
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B2G-12-022: http://cds.cern.ch/record/1668115

‘Event selection‘

CMS Prelumlnary 19. 7 pb ' at ls—8 TeV - CMS Preliminary 19.7 pb at vs-8 TeV

» Three jEtS, with jl, and j2 PT = - 3""‘-‘>60 60, 40 GeV 523}2.5 ] i B
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~—— Scalar DM theory ox Br 1

‘ Results ‘

» Excellent agreement with
data

» DM coupling set to 0.1 for
q=u/d [arXiv:| 106.199]
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MonoZ (Z decays leptonically) ¢\ @ &l,!’,’,ﬁnsi

PhysRevD.90.012004

‘Event selection‘

Dllepton inv. mass

I

» Muon (Electron) Pt (Et) >
20 GeV, || < 2.5 (2.47)

» 76 < M(ll) < 106
» DeltaPhi(Pr(ll),MET) > 2.5
» || < 2.5

» (Pr(ll) - MET)/Pr(ll) < 0.5
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MonoW (W decays leptonically)

. . EXO-13-004: http://cds.cern.ch/record/1563245
Dark Matter production with aW
10 CMS pnllmlnary 2012 20 fb Vs=8 Tev iy

» W recoiling against pair-produced DM E - Ovsevedime CMS monojet 2012
V“’”L- Expactsd + 10 SuperKWW
- 10 %:Tm:“ IceCube W'W'  _

» Interference effects parameterized by € (W+) F Spin Dependent SIMPLE 2012

107 & electron + muon § = +1

» Vector- and axial-vector couplings considered

|Event selection| el
» Muon (Electron) Pr > 45 (100) GeV j
» 04 <Pt/MET < |.5
» DeltaPhi(lepton,MET) > 0.8*Pi
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arXiv:1407.7494
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W
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‘Event selection‘

» Muon (Electron) Pt > 45 (125) GeV
» MET > 45 GeV (Muon), 125 GeV (Electron)
» Mt> 252 GeV
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http://arxiv.org/abs/1407.7494
http://arxiv.org/abs/1407.7494

EXPERIMENT

. PhysRevlett.112.041802
‘Event selectlon‘

» MET > 150 GeV

» At least,a CAI.2 jet with PT >
250 GeV, 1| < 2.5,50 < mjec < 120
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MonoPhoton

‘Event selection‘

» MET > 140 GeV

QATLAS

2 EXPERIMENT

EXO-12-047: http://cds.cern.ch/record/1702015

» One energetic photon, pt > 145 GeV,

m| < 1.4442

» Veto on jets, leptons, and pixel seeds
(hit pattern in the pixel detector)

» DeltaPhi(photon,MET) > 2

» MinMET > 120 GeV, Prob(X?)

(Reduce fake MET events)
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: 160 A
Top quark pair g 8 ¥ é%ﬁ%,%

B2G-14-004: http://cds.cern.ch/record/1749153

‘Event selection‘

» Select pairs of top quarks in the di-lepton channels

» Exactly two identified leptons, and at least two jets are selected.
» M(Il) > 20 GeV and [M(Il) = 91 GeV| > I5 GeV

» MET > 320 GeV

» HT(j1, j2) <400 GeV, HT(l, [2) > 120 GeV, DeltaPhi(li, |2) < 2
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Higgs Portal to Dark Matter A | *’f;‘@EXPEMMEﬁS?

' ' i Xiv:1404.1344v2
DM particles have the direct couplings to the sty v

SM nggs SeCtOI’, H —> X X C is=8TeV,L=195M"

g‘oaiz VBF H(inv)
» Limits on branching fraction of Higgs to “invisible” £

particles used for limits on DM

o 10°: CMS

» Can be scalar, vector or fermionic couplings
» Limits only up to DM mass My < Mn/2 VBF Hinv
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. ) SQATLA
Preparation for LHC Run2 / HL-LHC ‘ EXPEMME%

» Develop for X + MET Triggers
» Object IDs for Run2

» Background estimations, and uncertainties (Reduce bkg uncertainties)
* Challenging goal for HL-LHC (next slide)

» Experiments should firstly provide the model independent limits

19.7 o (8 TeV) https://atlas.web.cern.ch/Atlas/
| | | 1 GROUPS/PHYSICS/CONFNOTES/

""" 95% CL Expected limits
= 95% CL Observed limits

ATLAS-CONF-2012-147/

95% CL

B = v, ' ATLAS Preliminary N
[+, 5 R —— - - - Expected limit

j Ldt=10.5fb"
\s=8TeV

o)
=
w
X
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©

— Observed limit
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T T IIIII|
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I t l I
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EXO-12-048: http://cds.cern.ch/record/1525585
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-147/
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Preparation for LHC Run2 / HL-LHC

» Projection study (assume that EFT

1% unc
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% @ ATLAS

EXPERIMENT

arXiv:1404.8257

4 PhYS'CS mOdeIS B Rcucdcr;my:_‘.y
too large
* No one knows the correct :
. . " Theory isr_mn—f
theory to describe particle i |
dark matter k .. : : | Spin independent (Vector) |

. o« e . - 90% CL limits
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Preparation for LHC Run2 / HL-LHC C%%

| arXiv.orgt; he;;—ph > arXiv:1407.8257

» Physics models

s 0 ‘ ' ' ' —_ | High Energy Physics - Phenomenology
o -

O o Vector: 90% CL limits

3
E

| Characterising dark matter searches at colliders and direct detection |
experiments: Vector mediators |

| Oliver Buchmueller, Matthew J. Dolan, Sarah A. Malik, Christopher McCabe

Y -, E, > 250 GeV
== §, > 300 GeV
=== g, > 350 GeV
— §, > 400 GeV

STy LaAE , - mpms Mmed; gpm and gq
) > 550 GeV o F ; -

i — |

400 600

arXiv.org > hep-ph > arXiv:1308.0612
1
arXiv.o;g T ——— - —— — J | High Energy Physics - Phenomenology

i‘ High Energy Physics - Phenomenology || Fermion Portal Dark Matter
|

| Natural GeV Dark Matter and the Baryon-Dark Matter Coincidence Pz_zle i Yang Bai, Joshua gerg'{ N

Rouzbeh Allahverdi, Bhaskar Dutta | arXiv.org > hep-ph > arXiv:1208.4605
(Submitted on 2 Apr 2013) |

= : n - High Energy Physics - Phenomenology

| The impact of heavy-quark loops on LHC dark matter searches |

w |

| arXiv.org > hep-ph > arXiv:1401.1825 P012 (v1), last revised 2 Aug 2013 (this version, v2))

| , P, :

‘3 High Energy Physics - Phenomenology

| Probing Light Nonthermal Dark Matter at the LHC |

I‘ Bhaskar Dutta, Yu Gao, Teruki Kamon
(Sgbmmeq on 8 }arLZOI 4)
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ATLAS

EXPERIMENT

A workshop to further develop simplified models and effective field theory approaches
to DM, taking stock of the final results of the 8 TeV LHC run, and to prepare for the
next phase of data-taking at higher energies.

Norraphat SRIMANOBHAS | Physics at LHC and beyond, Quy-Nhon 2014 21



s 1O ATLAS
Summary i A ) EXPERIMEI&

» Presented the collider based search results for Dark Matter at ATLAS and CMS
detectors, and comparisons with direct, and indirect DM searches.

» Preparing for LHC Run2, HL-LHC
* Model independent / Reduce the uncertainty of background prediction
* Various models of DM production @ collider

» Since we don’t know what is/are the particle DMs, their couplings, or masses, the
powerful future collider can help us to scan the wide range of possibilities of DM
productions.
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2 EXPERIMENT
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EXPERIMENT

Dark matter 7 C“%S A'Mﬂﬁg

Strong evidences for the existence of dark matter, i.e.:

200 1 1 1 | [ I I ] |l r | | 4 !

N Galactic rotation curves

Strong Gravitational Lensing

B Bullet cluster
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Dark matter
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QATLAS
Searches for dark matter g 8 EXPERIMEM

|. Direct Detection Experiments

Indirect detection . Dark Matter-nucleus scattering.

— Low mass DM particles not probed yet.
DM SM_ Less sensitive to spin-dependent coupling.
- XENON-100, CDMS, CoGeNT
2. Indirect Detection Experiments
- Observe annihilation products.
- Low mass DM particles not accessible.
- Depends on DM density and annihilation model.
- Super-Kamiokande, lceCube, AMS-02
SM . .

3. Collider Experiments
- Laboratory production of DM particles.
Collider - Sensitive to huge mass range.

- Both spin-dependent and spin-independent couplings.
- Tevatron, LHC
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Needs independent verifications from various astrophysical and
non-astrophysical experiments.

Norraphat SRIMANOBHAS | Physics at LHC and beyond, Quy-Nhon 2014



Direct detection ATLAS

EXPERIMENT

(+ EDELWEISS,
DAMA, EURECA,

| ZEPLIN, DEAP, ArDM,
WARP, LUX, SIMPLE,
PICASSO, DMTPC,
DRIFT, KIMS, ...)
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Indirect detection A'Mmg

2 EXPERIMENT

A
|
~ |>‘ 0
a
-
2

~N ——— e — — 0O
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Collider

ASUISSE _
-

ERANCE oy

s
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MIinMET (monophoton) /N '§ATLA5

EXPERIMENT

MHT Minimization

A way to 1dentify and reduce the fake met contribution,
where you minimize the unclustered energy in the event
by trying to re-distribute the energy back into the wvisible
objects.

Exy =By + ), (Py)i— (pry)i

i=objects

£TZ=E§+E§

. ((p;fw),-—(m): AWNELAY

(Upl')f &Z ‘—7;';

i=objects

It the Met 1s mntrinsic, balancing the object momenta
wouldn’t be easy and will result in high %~ .

The variables that give good discrimination are the
Prob(y?) and the recalculated minimized Met.
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(>
BDT parameters, Z(bb)+H(inv) ‘A | 1 g%l,!f,ﬁh%

Table 6: Input variables to the Z(bb)H(inv) BDT.

Variable

Pg, PiTz Transverse momentum of each Z boson daughter
M; Dijet invariant mass

Dijet transverse momentum

Missing transverse energy

Number of additional jets (pr > 25GeV and || < 4.5)

Value of CSV for the Z boson daughter with largest CSV value

Value of CSV for the Z boson daughter with second largest CSV value
Azimuthal angle between ET'** and dijet

Difference in 1 between Z daughters

Distance in 77-¢ between Z daughters

Color pull angle [62
Azimuthal angle between ET'** and the closest jet

Maximum CSV of the additional jets in an event

Minimum distance between an additional jet and the Z boson candidate
Transverse mass of the ZH system
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Compact Muon Solenoid (CMS)

CMS DETECTOR STEEL RETURN YOKE

Schematic view of the
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS .
Overall diameter :15.0 m Pixel (100x150 pm) ~16m* ~66M channels C M S Detec-tor ShOWI ng
Overall length  :28.7m Microstrips (80x180 ym) ~200m?* ~9.6M channels

its main components.
Magnetic field :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)

Brass + Plastic scintillator ~7,000 channels
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D EXPERIMENT

om

Key:
- - Muon
Electron
Charged Hadron (e.g. Pion)
- = — - Neutral Hadron (e.g. Neutron)
Photon

Silicon
Tracker

_ Electromagnetic
}‘ll ll Calorimeter

Calorimeter Solenoid

Hadron Superconducting

Iron return yoke interspersed
Transverse slice with Muon chambers
through CMS

D Bamaey, CERN, Febricury 2004
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EXPERIMENT

Dark matter 7 C“%S A'Mﬂﬁg

Strong evidences for the existence of dark matter, i.e.:

200 1 1 1 | [ I I ] |l r | | 4 !

N Galactic rotation curves

Strong Gravitational Lensing

B Bullet cluster
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Dark matter
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QATLAS
Searches for dark matter g 8 EXPERIMEM

|. Direct Detection Experiments

Indirect detection . Dark Matter-nucleus scattering.

— Low mass DM particles not probed yet.
DM SM_ Less sensitive to spin-dependent coupling.
- XENON-100, CDMS, CoGeNT
2. Indirect Detection Experiments
- Observe annihilation products.
- Low mass DM particles not accessible.
- Depends on DM density and annihilation model.
- Super-Kamiokande, lceCube, AMS-02
SM . .

3. Collider Experiments
- Laboratory production of DM particles.
Collider - Sensitive to huge mass range.

- Both spin-dependent and spin-independent couplings.
- Tevatron, LHC
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Needs independent verifications from various astrophysical and
non-astrophysical experiments.
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Direct detection ATLAS

EXPERIMENT

(+ EDELWEISS,
DAMA, EURECA,

| ZEPLIN, DEAP, ArDM,
WARP, LUX, SIMPLE,
PICASSO, DMTPC,
DRIFT, KIMS, ...)
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Indirect detection A'Mmg

2 EXPERIMENT

A
|
~ |>‘ 0
a
-
2

~N ——— e — — 0O
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Collider

ASUISSE _
-

ERANCE oy

s
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IQATLAS

2 EXPERIMENT

» Limits are quoted in terms of the WIMP-Nucleon cross-section.

Direct detection

» Contact interaction if
My > Q = \/2m.nER ~ 50 MeV

MCCABE, Christopher: http://
agenda.albanova.se/contributionDisplay.py?
contribld=280&sessionld=254&confld=4115

Collider

\ ‘1\ /\'

v

‘Integrate out

the mediator’ /

q

» Use of effective field theory (EFT) to
place a limit on the contact interaction

scale M,
A Z

B v/ 999x

» EFT will be valid if m, > Q ~ TeV
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Dark Matter models

Dirac fermion, 1008.1783
Xx4qq
XY’ Xaq
xare
XY’ xir’q
XY XxXqv.4
XYY X3v,.9
XV“XqY .7’ q
XYY’ X3V Y 4
_I’U“y{é?puq
X0 Y XG0 059
XxG;, G**
Xy’ xG,.,G*"
XxG ,.,.G**

Real scalar, 1008.1783
xX*qq
Xqv'q

| ‘~_.§ATLAS

EXPERIMENT

Majorana fermion, 1005.1286

M1
M2
M3
M4
M5
Mé
M7
M8

M9
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q9 m, [2M;
99 img/2M?
99 img /2M
qq mg /2M]
99 1/2M?
qq 1/2M?

@ /8M;
GG et /8 M3

as/SME'

iots /8M?

Complex scalar, 1008.1783

x' xaq
x'xav’q
x'e,.xGv"q
x19,. xGy*¥'q
x'xG,.,G*"
x'xG,..G*"




EXPERIMENT

X + Missing Transverse Energy 7\ »@ATLAS

7 |
%x ¥
q X

MonoJet IV_IonoTop

q
> T s
K 7 >—<
X
q X

MonoPhoton

_ W/Z
q | q
q
X
1 X gbar

MonoW (monoLepton) MonoW/Z (Hadronic) BBbar /TTbar
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ATLAS

EXPERIMENT
EXO-12-048: http://cds.cern.ch/record/1525585

‘Event selection‘

» MET > 400 GeV
» One energetic jet,pt > |10 GeV, |1| < 2.4, and allow an additional jet (pt > 30 GeV)

» Veto event if j3 pt > 30 GeV
» Veto event if DeltaPhi(ji,j2)>2.5

» Veto event if they contain isolated electrons, isolated muons, or hadronic tau with
pt>10 GeV (20 GeV for tau)

17l'1IITIYr"T'I""IT"YIYYIYT‘TTTIl'f‘

- Z-wv
CMS Preliminary [ ] w-w

\s=8TeV B

=3 1

IL dt=195f" a0
B z-n

ADD M= 2 TaV,8 =3
OMA =09 TaV, M =1 GeV-

1
CMS Prél‘liminary
Is=8 TeV.

CMS Preliminary
i1s=8TeV

J-L dt=1951"

>
©
O
o)
N
~
a2
-
[
>
w

I ]
Ldt=195 '
u «I

1
S 4 4‘:
e
|

Events / 25 GeV/c
Number of Events

UNPd »1.7 A, =2 TeV

) 700 800 900 1000 0 100 200 300 400 500 600 700 T R R
ET™ [GeV] p,(Jet ) [GeVic] Jet Multiplicity
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‘ Results ‘

S‘ TTT
$1000 -

-

- CMS Preliminary
1s=8TeV

JL dt=195M"

- CMS 2012 Axial Vector
- CMS 2011 Axial Vector

- CMS Preliminary
1s=8TeV

JL dt=195M"

- CMS 2012 Vector
~ CMS 2011 Vector

CMS, i5=7TeV, 511"
™~

LB —TMS, 15=8ToV, 1958

e
o
-

CMS Preliminary

(Zy.y 0@r"y Q)
- Spin Dependent, Axial-vector Operator ——— i
'S 'S ) - A Lll ' A ' P ]

2
AAAILLL

CMS Preliminary
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B QATLAS

EXPERIMENT

i Axial-vector operator
" spin-dependent (SD)

0 — Eur5X) (@7 759)
AV = 2

Vector operator
spin independent (SI)

O — (Xrux)(G@r*q)
V — AZ




0 EXPERIMENT
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEX012048

‘Event display‘

.| CMS Experiment at LHC, CERN g .| CMS Experiment at LHC, CERN

i| Data recorded: Frni Oct 5 20:41:32 2012 CEST B i| Data recorded: Fri Oct 520:41:32 2012 CEST
] Run/Event: 204553 / 26729384 il Run/Event: 204553 / 26729384

Lumi section: 31 > N ¢1| Lumi section: 31

Jet 0,
el = 92198

ela = -0.463

phi=2508 |
1P S A
S

MET 0,
pt=913.68
eta = 0.000
phi = -0.6857
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ATLAS

EXPERIMENT
‘Resmts‘ https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO12048

—
o
w

-
—
-
-
-4

-

| | |

CMS Preliminary

T4

] illiill 1 ] IIIIII' 1

CMS Preliminary

—e— CMS 2012 Vector
\s=8TeV

—e— CMS 2012 Scalar

'
o ol

JL dt=19.51b", \'s=8 TeV

95% CL Expected limits
w— 05% CL Observed limits
[ + 10,
[ £ 20,

J FRJ PR

IL dt=19.5f"

=5 x A xe (fb)

od

SM
vis,
o

@y 0(@r'a) ,
g DM-quark coupling

—— ——

—
S

S
5

| 11&11 e i

-

-

-
-

-

-
>
oo

-

1042 J
104 =

1. Jet1 P, > 110 GeV/c
- 2. NJet(P_>30 GeVic)s 2
- 3.A¢(Jetl, Jet2) <2.5

- 4. Isolated electron, muon (P_> 10 GeV/c) veto
- 5, Tau '(P,r > 20 (?eVIc) vetlo

2

e (G
xx,(G,.) DM-gluon coupling

| | |
250 300 350 400 450 500 550

ET* Threshold [GeV]

3
5
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO12048
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO12048

D EXPERIMENT
B2G-12-022: http://cds.cern.ch/record/1668115

MonoTop (top decays hadronically) s OATLAS

‘Event selection‘

» Three jets, with ji,and j pr> 60 GeV and j3 pt> 40 GeV

» One jet is tagged b-jet

» Veto events with j4pt > 35 GeV or isolated e(M) pt > 20(10) GeV
» M(jij2j3) < 250 GeV

» MET> 350 GeV

CMS Prelummary 19.7 pb at 15-8 TeV CMS Prelnmmary 19. 7 pb' at !s-8 TeV CMS Preliminary 19.7 pb™' at {s=8 TeV

3nls ~ data » 3,,,,, —~ data
> 60, 60, 40 GeV ] Z+ets > 60, 60, 40 GeV [] Z+jets

z, >350GeV [ W-jets z, >350GeV | [ W+ets 2 . ] Wjets
" 1btag -4 .ﬁ ' ) I
[7] Single Top - [ [ Single Top - 7B B w

— Vector DM C — Vector DM 7 [7] Single Top
(m=700 GeV) | i 7 2 VT (m=700 GeV) _

[ Z+jets

| .'_L.l.L.Ll I

o leaa b b b daaa

"T

- |
uuluxl]uuluu.

"“""""‘"W..ir—‘-r-«-w“‘ H / ~H—‘.~ 'M"‘ &3

v -
— i
Hllll 11L111LH.

e
-

400 800 800 1000 ) , I 60 280 300 320 340 360 380 400
m; ™ (GeV) e g, (GeV)
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S
MonoTop (top decays hadronically) B ﬁp{%ﬁé

B2G-12-022: http://cds.cern.ch/record/1668115

‘ Results ‘

. # of b tags | Zero CSVm b tag One CSVm b tag
» Excellent agreement with data bt 6£0£5 12£0£12
: _ Wtjets 184947 34142
» DM coupling set to 0.1 for q=u/d Z+jets 10343349 1141041

[arXiv:1 106.199] Single top 2+1+1 ESES
vV 500 000

» Exclude scalar (vector) DM QCD 6 1

masses below 327 (655) GeV sum 140436 28+16
Data 143 30

CMS Preliminary 19.7 pb™' at {s=8 TeV
L4 L] l L 1 ' L] ' ] 1] 1 Ll

CMS Preliminary 19.7 pb ' at Vs=8 TeV

] T T T
= Vector DM theory ox Br

~———— Scalar DM theory ox Br

N
—
L T

expected limit expected limit

—e&— observed limit —e&— observed limit

expected £ 1¢ limit expected £ 1o limit

expected + 2 ¢ limit expected £ 2 ¢ limit

95% C.L. limit on ¢ x Br (pb)
95% C.L. limit on ¢ x Br (pb)

- |
l 3 ' " ' 1 ' s 1 A - J J

500 600 700 800 900
M (GeV/c?) M (GeV/c?)

PRI i [T ST T A O
300 400
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MonoZ (Z decays leptonically)

W
o

v ]’ L L2 T r T A4 v ‘[ L4 L s L4 I' LS | 2wy | 1 Ll

QATLAS

2 EXPERIMENT
PhysRevD.90.012004

ATLAS
-/ <+ Data mwz
j L=2031 \s=8TeV W/Z+jets Z2Z -y

‘Event selection‘

B WW/Top quark

+

H b

Entries / 4 GeV
N
(&)

ET"**>150 GeV

3
ITIITIIIlI11]TI’ITIIllIlII1IJ

—
o,

llllllllllllllllllllllllllll

:
i

» Muon (Electron) Pt (Et) > 20 GeV, |1| < 2.5 (2.47)

» 76 < M(Il) < 106
» DeltaPhi(Pr(ll),MET) > 2.5
» I < 2.5

q00 120 140 »(Pr(Il) - MET)/P+(ll) < 0.5

Dllepton |nv mass m, [GeV]

L) l LS T L l' 1 1 L) . . 1 l’ 13 L A I 1] . L
ATLAS Simulation — D1
— = D5

=200 GeV 1s=8 TeV - ZZYX
™ wmim ZZyy MaAx. y

1 Mediator

—
LI ‘1”’]’

7

1 llllllJ

w—— ZZ IV

1/N dN/ET™® [1/50 GeV]

—
Q
.
| Illl”' :7

L1l 1J111|

—
Q
n

1.1 LlLlH
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]
10-31,.11,—L=|L,1i'".’_ﬂ144 e
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-+ Data s WZ
W/ZH_els ZZ-lvv
s WW/Top quark ...~ Systematic Unc.

— D1, M =0.050 TeV
ih 22 max. y, M=0.7 TeV
n Mediator, mn=1 TeV, =6
f L=20.3fb" 1s=8 TeV
ml=200 GeV

50 100 150 200 250 300 350 400 450 500
ET* [GeV]




MonoZ (Z decays leptonically)

‘ Results ‘

'—|10 T 1 111111] T VY'YIY] ¥ ) & 0.4 J+:8

E —e— D9
10 ATLAS === D9 ATLAS 8 TeV W/Z had.( xx)

c 10 JLzzo.sfb" - DY ATLAS 7 TeV jet(xx)
*_' 10 s COUPP 2012

— — SIMPLE 2011
=8 TeV 90% C.L.
w10 \s=8TeV 90%C.L Picasso 2012

’ 0 lceCube W 'W
8 - —~ —~ ~ lceCubebb
S o, \
o110

010-

010

f:‘IO
10
1042

Spin-dependent (SD)
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EXPERIMENT

T 1 | U L ) X X0 )

ATLAS N . Db

L=20.3 b D5 ATLAS 8 TeV W/Z had.( xx)
=&V ~..=.- D1 ATLAS 7 TeV jet(xx)
— — D5 ATLAS 7 TeV jet( L)
\s=8TeV 90%C.L. -------- CoGeNT 2010 ,
| CDMS 2014
—— XENON100 2012 S

— — LUX 2014 o

_".—g.——r"'r-"""""-'——“‘—*——
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Spin independent (SI)




MonoW (W decays leptonically)

1 BEIQATLAS

EXPERIMENT

EXO-13-004: http://cds.cern.ch/record/1563245

Dark Matter production with a W ‘Event selection‘

» W recoiling against pair-produced DM
» Vector- and axial-vector couplings considered

» Interference effects parameterized by & (W+)

CMS Preliminary . +E™ [Ldt=20f" (s=8TeV
{ R 3 = ) Bor & o8 M) S | I L4 1 Al Fei ol
. Spin Independent :
DM E=+1 .lfosingletopl?'iets s - —— DM § = 41 DDY IQCD
F

—— DM E=0 | oy Bloiboson —— DM E=-1 Bloicoson  + data

o
$10°E
1110°
10
1
10
102
10°
10

500 1000 1500 2000 2500 500 1000 1500 2500

M, (GeV) M; (GeV)

Mr = 1/2- ph - B . (1 — cos Ady,)

data rsys( uncer. — DM E=OD syst uncer.
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» Muon (Electron) Pr > 45 (100) GeV
» 0.4 < Pt/MET < 1.5
» DeltaPhi(lepton,MET) > 0.8 *Pi

CMS Preliminary . +E™ [Ldt=20f" (s=8TeV

R ERLY Qo l, el Y‘l‘l‘["f‘rTrTl’r]’

] § €.-85..8"
=300'GeV A = 200 GeV
2 W—lv ltf+single top °

I~ DM E = 41
Dov loco
— DM E:-‘




MonoW (W decays leptonically)

‘ Results ‘

ONCMS prellmlnary 2012 ZOfb {s=8TeV
L P TY

t=—— Observed limit
8 10" 35
E Expected + 10
c : Expected + 2 ¢
36 |
8 107 Eimitin 90 C.L.
- Spin Dependent
107 f electron + muon

Super-K W'W
lceCube W'W
SIMPLE 2012

10 i 2
1

0% F?MS preliminary 2012 20 ib ¥s=8 Tev

F—— Observed |lmlt CMS monojet 201
Xenon 100 2012
COUPP 2012
SIMPLE 2012
CoGeNT 2011
CDMSII 2011

CDMSII 2010

!Eﬁxpededtia
C 10335 M |Expected 20

8 103‘FL1m|un900 L.
35 - Spin Independent
107" Felectron + muon
i 10%

10"’5

@ATLAS

EXPERIMENT
EXO-13-004: http://cds.cern.ch/record/1563245

CMS monojet 2012 -

CMS Preliminary 2012 20 fb is= 8TeV
‘ Expected limit for £=-1
Expected limit for £=0
« Expected limit for £=+1
= QObserved limit for £=-1
10 | —— Observed limit for £=0
| —— Observed limit for E=+1

Spm Dependent

x-proton ¢ (¢

CMS Preliminary 2012 20fb" is=8TeV _

Expected limit for E=-1

3
&

Expected limit for E=+1

——— Observed limit for £=-1
e Observed limit for E=0

—— Observed limit for E=+1

-

o
«
~

¥-proton o (cm?)
=)
A

=
&

i o fov £ Spin Independent -4
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Axial-vector operator
spin-dependent (SD)

Vector operator
spin independent (SI)




MonoW (W decays leptonically) & E&PEEQTMER%

arXiv:1407.7494

T T T T T T T T | T

W — v e Data 2012
[JW’(0.5 TeV)

Vs =8 TeV CJW’(1 TeV)

JLdt=20.31b" [CJW'(3 TeV)
1w
mz
@ Top quark
[ ] Diboson
[ Multijet

‘Event selection‘

» Muon (Electron) Pt > 45 (125) GeV
» MET > 45 GeV (Muon), 125 GeV (Electron)
» Mt> 252 GeV
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http://arxiv.org/abs/1407.7494
http://arxiv.org/abs/1407.7494

QATLAS

2 EXPERIMENT
arXiv:1407.7494

—&— ATLAS mono-W lep, D5c ATLAS

—&— ATLAS mono-W lep, D5d p
---©-- ATLASmono-Zlep, D5  20.3fb" Is=8TeV

\ A

) Q
w
g

—m— ATLAS mono-W lep, D9 — PICASSO 2012
---F4--- ATLAS mono-W/Z had, D9 — SIMPLE 2031 _
ATLAS mono-jet 7 TeV, D9 IceCube W'W

---©--- ATLAS mono-Z lep, D9 IceCube bb
COUPP 2012

900/0 CL /

ATLAS

20.3 fb™
\s =8 TeV ] 90% CL\ “~ .

] - LUX 2014 spin-independent
CoGeNT 2010

XENON100 2012
SuperCDMS 2014 ---[}-- ATLAS mono-W/Z had, D5c

ATLAS mono-jet 7 TeV, D5 ---Ac-- ATLAS mono-W/Z had, D5d
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http://arxiv.org/abs/1407.7494
http://arxiv.org/abs/1407.7494

MonoW, Z (W,Z decays hadronically) . @ &l,!’,’,ﬁbjsi

PhysRevlLett.112.041802

‘Event selection‘

Events/ 10 GeV
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SR: ET ¢ 5 500 GeV s Bgégzdg)xfé)z

Events / 10 GeV
Events / 10 GeV

miss Z(vv)+jet
SR: ET >35<:_ Qf_v_l W/Z(e/w/t)+jet 2.5,50 < mjet <120
| 21y incertality » Reject if there are more than one AKO0.4 jet
w—— D5(u=d) x100
» Reject if events contain electron, photon, or
D, - - muon candidates
B Top
1401 ~top CR: E™™** > 250 GeV waqurel
80
60

» MET > 150 GeV
B Top
N — osumarxi with PT > 40 GeV, |1| < 4.5 which is not
L1 ——
120 Y/, uncertainty
40

l

//...,li;.// / 7 !/ y

80 90 100 110
Mjet in the signal region

TATLAS 203 eosTey | —e—Dam 1 » Atleast, a CAl.2 jet with PT > 250 GeV, |71| <
| B Diboson
/ i ///7///—/////////// completely overlapping with CA1.2
|
160E- ATLAS 203" \s=8TeV o Data
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EXPERIMENT
PhysRevlLett.112.041802
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MonoPhoton N ¢ SATLAS

0 EXPERIMENT
EXO-12-047: http://cds.cern.ch/record/1702015

‘Event selection‘

» MET > 140 GeV
» One energetic photon, pt > 145 GeV, |1| < 1.4442

» Veto on jets, leptons, and pixel seeds (hit pattern in the pixel detector)
» DeltaPhi(photon,MET) > 2

» MinMET > 120 GeV, Prob(X?) (Reduce fake MET events)

CMS Preliminary \s=8TeV,L=19.6 fb* CMS Preliminary (s=8TeV,L=19.6 fb™
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MonoPhoton

QATLAS

0 EXPERIMENT
EXO-12-047: http://cds.cern.ch/record/1702015

CMS Preliminary

CMS Monophoton, Vs = 8 TeY, 19.6 fi!
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Top quark pair = S } EXPERIME&

B2G-13-004: http://cds.cern.ch/record/1697173

‘Event selection‘

» Select pairs of top quarks in the di-lepton channels

» Exactly two identified leptons, and at least two jets are selected.
» M(Il) > 20 GeV and [M(Il) = 91 GeV| > |5 GeV

» MET > 320 GeV

» HT(j1, j2) <400 GeV,HT(l}, 2) > 120 GeV, DeltaPhi(l}, I2) < 2

is= OT.VL 19.7 "’ 5 s = !TOVL 197lb !8 GTOVL 19.7 "’

: v — R ———
108 - CMS Pnllmlnuy e Data 10° — cMs Pnllmlnuy ' e Data 107 — CMS Pnllmlnuy il e Data

rl_ . . .

10— =] Drell-Yan = =] Drell-Yan - =] Drell-Yan
B Di-boson B Di-boson B Di-boson
[__1 Single top [_1 Single top [__1 Single top
[ Single Mis-ID lepton Single Mis-ID lepton

[ Single Mis-ID lepton
I Double Mis-ID leptons I Double Mis-ID leptons I Double Mis-D leptons
—— M, = 100 GeV —— M, = 100 GeV

——— M, = 100 GeV
M‘Imc.v

— S . -

Ll ol

Events / 40 GeV
Events / 100 GeV
Events / 40 GeV

S O S 7 NN - -

) N -

N ALl N NSRS - -

A1 [ s

e
Sum of P, of two Ieptons (GeV) Sum of P, of two jets (GeV) E';“ss (GeV)
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Top quark pair

D\ %

ATLAS

EXPERIMENT

B2G-13-004: http://cds.cern.ch/record/1697173

‘ Results ‘

s=8TeV,L=19.7 fb"

I llllll] 1 I lllllll 1 I lllllll
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Background Source

Yield

t 0.87 £0.18 = 0.27

Single top 0.48 +0.46 £+ 0.09

Di-boson 0.32 £0.09 £ 0.05

Drell-Yan 0.194+0.14 = 0.03

One Mis-ID lepton 0.02 £0.07 £ 0.02

Double Mis-ID leptons | 0.00 £ 0.00 & 0.00

Total Bkg 1.89 40593 =039

Data

1

Signal 1.88 £0.11 = 0.07

M, (GeV) | Signal efficiency (%)

Iim Iim
(‘Tt‘xp Uobs

1 1.28 +0.09 &= 0.04

0.35 | 0.31

10 1.45+0.10 = 0.05

0:3%. | 027

50 1.65 £0.11 £ 0.05

0.27 | 0.24

100 1.96 = 0.12 + 0.06

0.23 | 0.20

200 231 +0.12+=0.05

0.19 | 0.17

600 345+ 0.17 002

0.13 | 0.11

1000 4.35+0.24 +=0.10

0.10 | 0.09




Higgs Portal to Dark Matter

DM particles have the direct couplings to the SM Higgs sector,

H— XX

o
- - .‘"_—l‘.s
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P
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p* s (3}
P At
e ,\/ !
A
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EXPERIMENT
arXiv:1404.1344v2

» Limits on branching fraction of Higgs to “invisible” particles used for limits on DM

» Can be scalar, vector or fermionic couplings

» Limits only up to DM mass My < Mw/2 Event selection: VBF+H(inv)‘

— CMS —@— Observed

- VBF m,, = 125 GeV,
- \s=8TeV,L=19.5fb" ~ B(H-inv)=100%

== Vv
= VBF H(inv) i v
- B . W, DY () +jets, vV

150 200 250 300 350 400 450 500
ET" [GeV]

» Veto events with an identified
electron, or muon with pt > 10 GeV.

» VBF tag jet pair, pT;ji, pT,2 > 50 GeV,
In| <4.7,njl, nj2 <0, Anjj > 4.2,and
Mjj > 1100 GeV

» MET > 130 GeV

» DeltaPhi(ji,j2)< 1.0

» Central jet veto (event that has an
additional jet with pt > 30 GeV and
pseudorapidity between those of the
two tag jets)
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Higgs Portal to Dark Matter A | *’f;‘@EXPEMMEﬁS?

‘Event selection: Z(II)+H(inv)‘

—e— Observed
\s=8TeV,L=19.7 fo' __ 2H(m =125GeV),

B(H — inv)=100%
— Z(Il) H(inv) DY(Il)+jets

» Two well-identified, isolated leptons
of the same flavor and opposite sign
with Pt > 20 GeV, M(ll) is within +/-
15 GeV of Z mass

» Veto event if there are two or more
jets with Pt > 30 GeV

» Veto event containing a bottom-
quark decay identified by either the
presence of a soft-muon or by the
CSV b-tagging algorithm

» MET > 120 GeV

> Adle, By > 2.7

[P —py|/pf < 0.25

Events /GeV

tt,tW,WW, W+jets

7300 400 500
ET* [GeV]
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Higgs Portal to Dark Matter

‘Event selection: Z(bb)+H(inv)‘

Variable

Low PT

Selection

Intermediate pr

High pr

M;

CSVimax

CSVnmin

N additional jets
N leptons
Ap(Z,H)
AP(ET™,j)
Ap(ERss, Efissy)
ET's significance

100-130 GeV
>60GeV
>30GeV

>100 GeV
<250 GeV
>0.679
>0.244
<)
=0
>2.0 radians
>(0.7 radians
<0.5 radians
>3

130-170 GeV
>60 GeV
>30GeV

>130GeV

<250 GeV
>0.679
>0.244

=0
>2.0 radians
>(0.7 radians

<0.5 radians
not used

>170GeV
>60GeV
>30GeV

>130GeV

<250 GeV
>0.679
>0.244

=0

>2.0 radians
>(0.5 radians
<(0.5 radians

not used

‘Results (Combine)‘

Events /0.1

B OATLAS

2 EXPERIMENT

.
CM
\s=8TeV,L=18.9fb"
Z(bb) H(inv) high P,

01 0806-04-02 0 0204 06 08 1
BDT output

» Assuming the SM production cross section and acceptance. mH = 125 GeV

» 95% CL observed upper (expected) limit = 0.58 (0.44)
» 90% CL observed upper (expected) limit = 0.51 (0.38)
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. 1 ‘ngﬁgi
Higgs Portal to Dark Matter g S ,E)’PEMMEM

‘ Results ‘ arXiv:1404.1344v2

Combination of VBF and
ZH, H — invisible CMS

\s=8.0 TeV, L = 18.9-19.7 fb' (VBF+ZH)

\s=7.0TeV,L=4.9fo" (ZH) B(H— inv) < 0.51 @ 90% CL
my =125 GeV
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= == Min B CoGeNT(2013)/90%CL

Lattice [ CoGeNT(2013)/99%CL
[ CDMS(2013)/95%CL

=== Max 271 COUPP(2012)
—— - LUX(90%CL)
] ] ] 1 1 | ] ] ] ] ] L1 1

10°
DM Mass M, [GeV]
Upper limits on the spin-independent DM-nucleon cross section
in Higgs-portal models, derived for mH=125GeV,
and B(H—inv) < 0.51 at 90% CL, as a function of the DM mass.
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