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Evidence for dark matter (DM)

We have evidence for the existence of DM 150
from observations at quite different length-scales.

NGC 6503

“Locally”

- rotation curves of spiral galaxies
(checked for over 1000 galaxies, including our own)
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- velocity dispersion of galaxies in clusters

Not consistent with gravitation from visible objects. f
Consistent with DM with density of ~ 0.1 — 0.2 critical density [T gas
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Dark matter candidates

Massive Astrophysical Compact Halo Object (MACHO) ?
Mass of Standard Model neutrinos ?

These are strongly constrained, and cannot account for all of the DM.

Various extensions to the Standard Model of particle physics provide candidates for non-baryonic DM:

- sterile neutrinos

- axions

- lightest supersymmetric particle (with conservation of R-parity)
- lightest Kaluza-Klein state (extra dimension models)

In general, the “ideal DM candidate” appears to be a Weakly Interacting Massive Particle (WIMP):

no EM or strong interaction, stable enough to still be present in Universe today,
massive enough [O(10) keV] to be non-relativistic during formation of structures in the Universe,
right (consistent with DM seen today) relic density — points to interactions with strength of the weak force
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Different approaches to DM search

Ordinary matter

LHC

Direct detection

Indirect detection
Astrophysics

-
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Direct / indirect searches for WIMPs

WIMPs trapped inside galaxies/massive objects

- local density of DM near solar system:

~0.2-0.8 GeV/cm®

- average velocity w.r.t. Earth:
~ 270 km/s

Direct search:

Elastic scattering WIMP-nucleon
in Earth-based detectors
(measurement of nuclear recoil)

Indirect search:

WIMP annihilation products (e.g.

Ordinary matter

Cross—section [cmz] (normalised to nucleon)

photons)

coming to us from celestial objects or from

the galactic halo

Experimental constraints on WIMP-nucleon

scattering cross-section as a function of WIMP mass

(summary plot from PDG):
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Searches for DM candidates at LHC

WIMP pair production on pp collisions q
in association with a jet or a photon.

The WIMPs escape detection. missing E_

“Need something else in the event to observe.”
We get it (the y or the jet) from QED or QCD radiation.

y + missing E_ and jet + missing E_ are clean final states with well-understood backgrounds.
They are therefore promising channels in the search for new physics.

Independent verification of results from “direct searches”, sensitive to low masses
(where direct searches are blind).

Limits on o(pp — ) are converted into elastic scattering cross section o(xp — %p)
for comparison with direct searches (nuclear recoil).
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Effective operators

Parameterise interactions of WIMPs and quarks/gluons (j
using effective operators: 'Y

- WIMPs assumed to be Dirac fermions.
- Interaction treated as point interaction X
with interaction strength M,

i.e. all new particles mediating the interaction q )4
are too heavy to be produced directly.

Follow the naming scheme of

Goodman et al., Phys. Rev. D82, 116010 (2010). Name | Initial state Type Operator
Implemented in the MADGRAPH5 event generator. Dl 4 scalar s XX44

= D5 qq vector M%%p?}r“ XTYud

spin independent interaction < v D8 qq axial-vector 15 X717’ Xq7u7°q

_p D9 qq tensor MLE)ZJ“” Xq0 1 q

spin dependent interaction -

D11 gg scalar ﬁ)@éas((}ﬁup
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ATLAS detector

Muon Detectors Electromagnetic Calorimeters

Forward Calorimeters

Solenoid

/ o A\ End Cap Toroid

i Inner Detector “ ieldi
Gl Hadronic Calorimeters SIGEITE)
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Data taking
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Monophoton: event selection

arXiv:1209.4625 (September 2012)
submitted to Phys. Rev. Lett.

Trigqger: ETmiSS > 70 GeV

Analysis selection:
- Large missing transverse energy:
ETmiSS > 150 GeV

- One high-p_ photon: missing ET

pT(photon) > 150 GeV
- Allow at most one jet with p_> 30 GeV, |n| < 4.5

- Photon and (possible) jet far away from missing E_ direction:
Aq)(y,ETm‘SS) >0.4 Ac|>(jet,ETmiSS) >04 AR(y,et)>04

- Veto events with leptons (electrons with p_ > 20 GeV, muons with p_> 10 GeV)

- Quality criteria to suppress fake calorimeter signals (noise spikes), cosmic rays
(ATLAS-CONF-2012-020)
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Monophoton: candidate event

missing E_:
446.9 GeV

photon p_:
449.7 GeV

Run Number: 183003, Event Number: 90412055
Date: 2011-06-02 06:43:47 UTC
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Monophoton: backgrounds

dominant, irreducible  Background source Prediction + (stat.) 4 (syst.)

background AZE o)+ 03 £16  +38

hadronic t decay, \Z/’Y* (=€) +~ 0.4 + 0.2 + 0.1

non-reconstructed e/ly “|W (— fv) + v 24 + 5 + 2
W/Z + jets 18 — + 6

ke phoon/  Top 0.07 +0.07 +0.01

non-reconstructedely  WW, W Z, ZZ,~v~ 0.3 + 0.1 + 0.1
~v—+jets and multi-jet 1.0 — + 0.5
Total background 137 + 18 + 9

Events in data (4.6 fb_ll‘rllﬁ

No evidence for excess over expected background in the data.
Will present limits on DM production.
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Monophoton: backgrounds

(e — y) and (jet — y) fakes measured using data-driven method

Z(— vv,lt)+y and W(— fv)+y background obtained using MC simulations,
plus normalisation in a u+y+ETm‘SS data control sample (p counted as missing E._)

> — I I 1 1 I 1 1 I I | I 1 1 1 I 1 I I I I 1 1 1 1 I I . | I I I 1 1 1 I =

@ — 4 —e— Data2011 \s =7 TeV) -

9 - ATLAS Ldt=4.6f0 g wz+y g

2 | B W/Z+jet B

S 1 F—— B top. y+jet, multi-jet, diboson 3

. = E st Total background -

Plot shows E_™*° L - i -
in the u+y+ETmiSS Py i 1

107" + —

data control sample B s =

’ 0_2 W

107 =

1 1 1 1 I 1 | 1 1 I 1 1 1 1 -

150 200 250 300 350 400 450 500
E™* [GeV]

Jan Stark for the ATLAS Collaboration Dark 2012, Frascati 13



Monophoton: missing E_ spectrum
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Monophoton: photon p_ spectrum
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Monophoton: WIMP interpretation
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Monojet:

arXiv:1210.4491 (October 2012)
submitted to JHEP

Triqqger: ETmiSS > 70 GeV

Analysis selection:

- Large missing transverse energy:

ETmiss > 120 GeV
- One high-p_jet:
p.(jet) > 120 GeV , |n| <2

- Reconstructed primary vertex

event selection

e

missing E_

- Allow at most two more jets with p_> 30 GeV, |[n| < 4.5

- Subleading jet far away from missing E_ direction:

Ad(jet 2,E.™) > 0.5

- Veto events with leptons (electrons with p_ > 20 GeV, muons with p_> 7 GeV)

- Quality criteria to suppress fake calorimeter signals (noise spikes), cosmic rays

(ATLAS-CONF-2010-038)
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Monojet: candidate event

missing E_:
542 GeV

I : ._\ S < . . - ‘A‘R 'et -
SN ISPy

=

R e 551 GeV

Run Number: 189090, Event Number: 2069763
Date: 2011-09-10 17:17:48 CEST
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Monojet: backgrounds

Signal regions

SR1

SR2

SR3

SR4

Common requirements

Data quality + trigger + vertex + jet quality +
W] < 2.0 + |Ag(pF*,

)] > 0.5 + Niggs <2 +

lepton veto

Emiss plet! 120 GeV 220 GeV 350 GeV 500 GeV
dominant, irreducible SR1 SR2 SR3 SR4
background AlZ S oot 63000 + 2100 5300 & 280 500 + 40 58 + 9

W — TU-tjets 31400 + 1000 1853 &+ 81 133 + 13 13 + 3
_ W — ev+tijets 14600 + 500 679 +43  40+8 5+ 2
hadronic tdecay, ¥y ) Vet 11100 £ 600 7044+60 55+6 6+1
non-reconstructed e/ S5 e 1240 £ 250  H7T + 12 4+ 1 :
Multijets 1100 =+ 900 64 + 64 813 -
Non-coll. Background 575 + 83 25 + 13 - -
Z/v* — TT+jets 421 + 25 15 + 2 2+ 1 -
Di-bosons 302 + 61 29 + 5 5+1 1+1
Z[v* — pp+jets 204 + 19 8+ 4 - -

Total Background
Events in Data (4.7 fb™1)

124000 £ 4000 8800 £ 400 750 =60 83 £ 14

124703

8631

785 7

No evidence for excess over expected background in the data.

Will present limits on DM production.
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Monojet: backgrounds

For main W/Z + jets background: use data control regions (CR) to correct the background
normalisation/shape in the signal region (SR):

- same kinematic selection as SR + requirement of lepton (e,u)

- quite well modelled — corrections applied to MC are small

= > LA T A B
O}
S 5 ATLAS Z(—up)+ets CR1 5 10°L- ATLAS W(—>pv)+jets CR1
2 %)
c _ -1 —e— Data 2011 T . A3 A —e— Data 2011
I.(|1>J) 10? det =471 Sum of backgrounds I.% 10 det =4.7fo —— Sum of backgrounds
=7 TeV W 102 [ W h+iets
10 Ns=7TeV [ Z_( f')"lets Ns=7TeV 3 z(— )+ets
K -+ single top 10 [ it + single top
1 |:| Di-boson [ Di-boson
1
10" p
10
1 0-2 1 0-2 L
102 | 5 :|: e
| | | | 10
11 111 111 [ 111 . | | | | L | | | f | | L | I
100 200 300 400 500 600 700 800 900 200 400 600 800 I 1000 1200

Leading muon P, [GeV] ETSS [GeV]
T
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Events/GeV
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Monojet: missing E_ spectrum
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Events/GeV

Monojet: jet p_ spectrum

Signal region SR1 Signal region SR4
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Monojet: WIMP interpretation
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ADD interpretation

Results of monophoton and monojet searches

can also be interpreted in context of ADD model:

- Origin of the weakness of gravitation:
n warped extra spatial dimensions in which
only gravity propagates

- 4D Planck scale MP/ linked to fundamental
Planck scale MD in 4+n dimensions:

MPl2 -~ MD2+an

) MD << MPI
if R is of O(mm), “solves” hierarchy problem

production of A
monojets and '
monophotons
in ADD model

Extra-dimensions

v/ jet

Our 3-0 Brane

Limits on parameters of the ADD model
from the monojet search:

My lower limit [TeV]
N .m P
[¢)] w [4)] - [4)] [$)]

N

1.5

| | |
""" 95%CL Observed limit, LO (= 16°_)

""" theory:

- - - 95%CL Expected limit, LO (= 10,,,)

95%CL Observed limit ATLAS 2010, Lt

ATLAS

e @=7TeV,fL=4.7fb'1

I|I:III|IIII|IIII|CI)III|IIII

Number of extra dimensions
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Summary: ATLAS exotics searches

Large ED (ADD} : monojet + E; ..

Large ED (ADD) : monophoton + E; .

Large ED (ADD) : diphoton, m,,,

UED : diphoton + E; ..

RS1 with k/M,, = 0.1 : diphoton, m,,,

RS51 with k/M, = 0.1 : dilepton, m,

RS1 with k/My, = 0.1 : ZZ resonance, m,, .,

RS1 with k/M, = 0.1 : WW resonance, my .,

RS with BR(gm—m}:D.QES (tt— I+jets.m

ADD BH (M, /M,=3) : SS dimuon, N, .
ADD BH (M., /M_=3) : leptons + jets,Lp
Quantum black hole : dijet, F (m

1t hoosted

Z'(SSM) i m,,
Z' (SSM) :m..

W' (SSM) :my,

W' (—tg, g =1) my
W'g (= tb, SEM) :m

r

o Scalar LG pairs (617 kin. vars. it coi ot
~ Scalar LQ pairs (§=1) : kin. vars. in ppjj, pvjj

i

4" generation : t't'— WhWhb
4" generation : b'b'(T, T..)— WiWt
New quark b’ : bB'— Zb+X, m
Top partner : TT — tt + A A, (dilepton, Mm?
Vectorlike quark : CC,m,
Vector-like quark : NC, m,

Excited quarks : dijet resonance, m;
Excited electron : e-y resonance,mﬁ
Excited muon : u-y resonance, m

Techni-hadrons (LSTC) : dilepton, mww'
Techni-hadrons (LSTC) : WZ resonance {vlll),mr wz
Major. neutr. (LRSM, no mixing) : 2-lep + jéts
W (LRSM, no mixing) : 2-lep + jets

H™ (DY prod., BR(H"—up)=1) : 88 dimuon, m
Color octet scalar : dijet resonance, ﬁl::

*Only a selection of the available mass limits on new states or phenomena shown

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: LHCC, Sep 2012)

L=5.9-6.1 ", 8 TeV [ATLAS-CONF-2012-128]

Mg (5=2)
My (5=2)
M 5 (GRW cut-off, NLO) ﬁ;ﬁf}(

Compact. scale 1/R
Graviton mass
Graviton mass
Graviton mass
Graviton mass
KK gluon mass
M., (5=6)
M., (5=6)

def =(1.0-6.1) "
fs=7,8TeV

Mg (5=6)
A
A {constructive int.)
A
249 TeW £ mass

L=47 7, 7 TaV [1209.4448)

L=4.7 tb", 7 TaV [ATLAS-CONF-2012-067]
L=4.7 b7, 7 TaV [1209.4448)
1=4.7 ", 7 TaV [CONF-2012-098)
L=10fb", 7 Te¥ [1205.1018]

13Te¥ Z' mass
255 Tew W' mass

asoGav. W' mass

143TeV VW' mass

242TeM W' mass

L=1.0fb™, T TeV [1112.4828] ss0Gev  T' gen. LQ mass

L=101b", 7 TeV [1203.3172] 685Gev 2" gen. LQ mass
L=4.7 1", 7 TeV [Preliminary] 656 GaV 1" mass

L=4.7 1b", 7 TeV [ATLAS-CONF-2012-130] 670 GeV D' {Tm} mass

L=201b", 7 TaV [1204.1265] 400 GeV . b' mass

L=47 1b", 7 TeV [1209.4166] 483GeV. T mass (m(A ) =100 GeV)

L=4.6 b7, T TeV [ATLAS-CONF-2012-137]
L=4.61b", 7 TeV [ATLAS-CONF-2012-137]

1427ew VLQ mass (charge -1/3, coupling ko = vim_)
108Tev VLQ mass (charge 2/3, coupling x5 = vim)
q* mass
q" mass
e mass (A = m{e*)}
u* mass (A =m{u*))
p oy mass (mip fo) -min) = M)
py mass (mp.) = mia) + . miag) = 1.9mip )
M mass {m(W_)=2 Tew)
W mass (m(N) < 1.4 Tev)
H* mass

Scalar resonance mESF

10°
Mass scale [TeV]

107 1 10
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Conclusions

High-p_jet/y + large missing E_ are striking signatures of new physics
— backgrounds are small and well understood

Presented analyses based on the full ATLAS dataset from 2011 (~5fb™" at v/s =7 TeV )

— recently submitted for publication

No significant excess w.r.t. the Standard Model expectation for either final state
— Set model-independent limits on the maximum fiducial cross section for new physics events

— Interpret results in the context of search for WIMPs and in the context of ADD model

In this presentation, focussed on WIMP results

— Depending on the nature of the interaction between DM and ordinary matter, the limits
can be very competitive with limits from direct detection

— Complementary to direct detection at low WIMP mass, where direct detection
is difficult (kinematic cut-off)

By early 2013, expect at least 4 times more data, at v/s = 8 TeV.

Jan Stark for the ATLAS Collaboration Dark 2012, Frascati 26



Backup Slides

Jan Stark for the ATLAS Collaboration Dark 2012, Frascati

27



Monojet: backgrounds

Source SR1 SR2 SR3 SR4
JES/JER/E&1ss 1.0 26 49 5.8
MC Z/W modelling 29 29 29 30
MC statistical uncertainty 0.5 14 34 89
1 — few 1.0 10 0.7 0.7
Muon scale and resolution 0.03 0.02 0.08 0.61
Lepton scale factors 04 05 06 0.7
Multijet BG in electron CR 01 01 03 0.6
Di-boson, top, multijet, non-collisions | 0.8 0.7 1.1 0.3
Total systematic uncertainty 34 44 6.8 11.1
Total data statistical uncertainty 0.6 17 43 118

Table 4. Relative systematic uncertainties for all signal regions (in percent). Individual contri-
butions are summed in quadrature to derive the total numbers. The MC statistical uncertainty is
included in the total systematic uncertainty.
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