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"Particles, particles, particles."



~Galaxia M33

The rotation of the starts around the
%
#,,center of the galaxies are not consistent
: rﬁWlth the amount of mass observed

Spherical dark matter halo

observed

expected
from
" luminous disk
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- M33 rotation curve
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. Gravitational Lensing

Cluster de galaxias -

Large distortion of the imagines, of distant
galaxies due to gravitation lensing .
- indication of DM in galaxy clusters
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WMAP results

arXiv:1212.5226v2
(January 30th 2013)

Dark
Energy
72%

TODAY

Qcyoh? ~ 0.1
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Planck (20 March 2013)

arXiv:1303.5062v1
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Dark Matter Candidates

Neutrinos ? (€2,h%?<0.0067 @ 95%CL)
Sterile Neutrinos

Axions

SUSY particles

RENERNETEU General requirements

Sneutrinos

Gravitinos e Electrically Neutral (“dark”)

e Stable (lifetime larger than age of the Universe)
e Massive and Weakly interacting (2., h? ~ 0.1)

AXinos
KK states (UED)
Wimpzillas
- WIMPS

Note: No reason DM should be made out
25/3/13 of a single component (neutrinos exist)




+ SUSH .
* Addresses the Hierarchy Problem

e Unification of forces & GUT scale

e Natural candidate for DM Picture taken before the LHC era
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LHC Performance (2010-2012)

Spectacular LHC performance
(rapid increase of data samples)
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...Will come back in 2015 with 13-14 TeV collisions
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;RAICMSSM :
;RAICMSSM :
2heno model :

Olep+js+E

1lep+js+E

0 lep + j'S * EI Jmess

>heno model : O lep +j's + E,

% (§—qar ): 1lep +js+E,

b GMSB (INLSP): 2 le 8 SOS )tHis+E 'ms

©»  GMSB (TNLSP):1-27+ lep +Js+E '
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GGM (higgsino-bino NLSP) :y + b + E '
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All indicates that SUSY particles might stay
close/beyond the 1 TeV scale

Direct i palr prod (AMSB) long Ilved,(
Stable g_R hadrons : low B, By (full detector)
Stable t R-hadrons : low B, By (full detector)

GMSB : stable T

,( — qqu (RPV) : 1 + heavy displaced vertex
LFV : pp—V, +X, V. e+l resonance

LFV : pp—V_+X, V.—e(lL)+T resonance

2 Blhnear RPV CMSSM 1lep+7js+E, ..
o 1. ,( X —>W/( ,( —eev, . euv, tdlep+E,
10,1 —>I,( 4 —>eev euv :dlep+ Eqy e

d—qqq: 3-Jt=,'i3 resonance pair
Scalargluon 2-jet resonance pair

WIMP interaction (DS, Dirac %) : 'monojet’ + E

JTess
*Only a selection of the available ma
All nmvfs quoted are observed minus 1o theoretical sigr
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What about SUSY DM ?




Inclusive SUSY \

Multiple-jets and large E,™ss

ATLAS-CONF-2012-109
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Sensitivity up to 700 GeV stops
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Chargino/Neutralino
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DM pair production at the LHC



WIMP Pair Production at Colliders

At colliders (LHC) WIMPs can be produced in pairs 7

q
leading to “nothing to detect” in the final state
Such events are tagged via the presence of
an energetic jet or a photon from initial state radiation
. q
—>Monojets and Monophotons
/ : X, = i = ;
SRS ' N/ SJATLAS
= - = K RE RIMENT

Rather spectacular and distinctive signature to search for new physics
( also relevant in searches for large extra spatial dimensions, etc... )

=<
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) (oL 5= 7Tev [ won 1 Data driven estimation of the dominant
To) E 3 . : : :
R IL dt— 5.0 [ Jaco 1 Z+jets and W+jets background using control regions
= 10°E B o 4
o E —@— Data E NQ Sf‘CM‘SH‘HH‘V N NQ407CI\/‘IS‘ R R R
qc_) 104 ------- DM A =599 GeV, m = 1 GeV - % 10 Vs 7TeV %;V_)Jiw E % 35; 527 TeV (AT T
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1 -an i F L eteemtil b S 00 0
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P T MT [GeV/CZ] M [GeV/CZ]
200 400 600 800 1000
. EmISS [Gev
E.Miss 5 200 GeV T . Ef® (GeV/e) — > 250 > 300 > 350 > 400
t . Process Events
p;(j1) > 110 GeV Z(v7)Hets 5106 =271 1908 =143 900 =94 433 + 62
N. > 30 GeV) <3 Wjets 2632 +237 816 + 83 312435 135+17
Jet(pT ) tt 69.8+698 226+226 854+85 3.0+30
Z(l0)+jets 2234223 6.1+6.1 20420 06=+0.6
eq : Single t 102 +102 27427 1.1+11 04404
Ad (j1,j2) < 2.5 QCD Multijets 22422 13413  13+£13 13+13
Lepton vetoes Total SM 7842 £ 367 2757 £ 167 1225+ 101 573+ 65
Data 7584 2774 1142 522
25/3/13 Expected upper limit non-SM 779 325 200 118
Good agreement with SM Observed upper limit non-SM 600 368 158 95




arXiv:1210.4491 Vi on Oj et

(submitted to JHEP)

QATLAS

A EXPERIMENT

> I I I | I I I | I I I ?:
8 —e— Data 2011 .
Sq0t e D5 M=100GeV M,=680GeV _ . ] ] ]
2VE L4 ADDs2m=35v 3 Data driven estimation of the dominant
0 —— Sum of backgrounds . . . .
2 — z(ﬁw)ﬂ-etsg < Z+jets and W+jets background using control regions
[ W(= lv)+jets NN
1 Z(— ll)+jets - %) 1oL ATLAS Z(—uu)+ets CR %’ 10'f ATLAS W(—>uv)+jets CRT
[ i + single top T B . e T ] B [ it
: MUltl]et 7] 10 \s=7TeV [ 2= Wi ; 102? \s=7TeV %Z::ﬁ;’f 3
3 Di-bosons Eg 1 — T 1:’: s P
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ETm'SS > 120, 220, 350, 500 GeV Er [GeV] W — ev+jets 14600 + 500 679 £43  40+8 542
. W — pv+jets 11100 £ 600 704 +60 55+6 6+ 1
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N, (Pr> 30GeV) <3 Multijets 1100 + 900 64 + 64 819 ;
Non-coll. Background 575 + 83 25 + 13 - -
) Z[y* — TT7+]jets 421 + 25 15 £ 2 2+1 -
A¢ (ETm'SS, j2) >0.5 Di-bosons 302 + 61 20 + 5 5+ 1 141
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Lepton vetoes Total Background 124000 + 4000 8800 + 400 750 + 60 83 + 14
Events in Data (4.7 fb~1) 124703 8631 785 77
25/3/13 : pa

Good agreement with SM



Effective Theory

(model independent approach)
Effective Lagrangian approach (contact interaction)

with parameters M. (A) and m,

M.2 ~ M2/g.g,
assuming the interaction is mediated
by a heavy particle with mass M and
couplings g, and g,

Different operators are considered
with different structures and here
will be taken as Dirac fermions

Important note:

Not clear whether the effective approach
under- or over-estimates the cross
sections since this depends on the details
of the unknown UV limit of the theory

Strictly speaking theory only applicable
when M is much larger than the energy

scale present in the reaction [Q? << (47 M.)?]

25/3/13

q f
X X
q X f X
Name | Initial state Type Operator
D1 qq scalar %% XXqq
Db qq vector Ml*g XY XqV.q
DS qq axial-vector 1> X7*Y°XTVuYq
D9 qq tensor ﬁia“”x(ﬁmuq
D11 gg scalar lfmixas(GZuV

24




Suppression scale M, [GeV]

Suppression scale M, [GeV]
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WIMP mass m, [GeV]

Limits on WIMP production

E 1 200 '—_ATILAISI T T TTT )
I_-): : \s=7 TeV vector :
% 1000 __J-Ldt =470 ~
< i i
(&}
n B _
= 800 _|
o e 7]
n A 4
@ e ————— .
S 600F R
& i Operator D5, SR3, 90%CL \\ ]
400 2= Expected limit (+ 1o, ) N —
- —_ Observed limit (+ 1o,,,,.) i
200 - — Thermal relic ]
i 111 I 1 1 1 L1111 | 1111 | ]
1 10 10? 10°

WIMP mass m, [GeV]

90% CL on the visible cross sections

for new physics are translated into limits
on M. as a function of the WIMP mass
for the different operators

Line indicates the values for M. and m.,
leading to the proper abundance (WMAP)
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WIMP-nucleon cross section

20GeV
D1 37 9
= 1.60 x 10 > ( ) ,
o X cm TGV ( )
DM DM DM

BOOG \%
— o5 7% = 1.38 x 10_37('1112< - ) - .
1GeV
DM P

I | IIIII1I| | IIIIIII| L1 1 11

o 1 10 102 10°
WIMP mass m, [ GeV ]

P ., ATLAS \s=7 TeV, 4.7 fo™', 90%CL
(\'l_'|10' -_{ T T T TTTT T T T T TTT . T T IIIIII ]
Different operators contribute either N A D1: o> J(XX)Dlrac d
. .. — 107 F ow-energy —=— D5: qG— J(XX) |
to spin-dependent or spin-independent = [ e CoGeNT 2010 D11: ggs | )'rac ]
WIMP-nucleon cross sections 5 10%F -~ DS ODF i J(mo.rac T 997 Ui
D C
_ ATLAS \s =7 TeV, 4.7 fb™!, 90%CL
t 10 -_ — §IMPLE 2200142 —— D8: q49— J(XX) 5 e |
(&) E ICasso .
— A D8: CDF qg— j(xX) ., .. —=— D9:qg— J(XX)Dirac ]
5 10'36 E— — D8: C'tqq_> J(XX)D"aC """"""" -1 Gtheory E
& 1077
2
510 = _
é 10°° 10 Spin-independent -
éC5> -40
10
10

WIM

. Within the assumption of the validity
- “pivgependt | of the effective theory the LHC results
1 10 WII\1/I(I)3 mass m. | Gg/] are competitive to direct detector experiments
* (particularly relevant atm,, <10 GeV)
25/3/13 Large sensitivity in case of D11 (gg initiated)
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WIMP-WIMP annihilation

DM|

q 2
1 _mg 9 8m —lm m + ! )mq o
OV Vrel X Z 1 771% (24(2772 +m )+ mi = m?, Vol | s
. ;
1 m2 o 8my —22m2m?Z + 1Tmj] >
OAVpe] = ——— - — 2—1772 - , 5 Vro
DM - q 4 16wA4 - m‘2 ( mi —m2 I
ATLAS is =7 TeV, 4.7 o 95%CL Results ca.n I?e expressed in
D 19 f] RELRRARY T T T AR terms of limits on WIMP-WIMP
o 10_20 2 x ( Fermi-LAT dSphs (XX)Majorana_) bb) 7,1 annihilation cross section
E 10_21§_ - D5: 63— (X7),, (assuming the interaction
o 10°°F e 1 is dominated by a given operator)
° 1022F T 1
Tl
B[ ]
3 1077 ¢ | :
- 10F 1 For a given operator, WIMPS
= _~2s5F 0w 1 are required to have a minimum
A 10 E e 3 cho ol as
B ) - R T Erﬁaﬁemvgu; mass to meet the annihilation
3’) 10_275 ‘‘‘‘‘‘‘‘‘‘‘‘‘‘ 1 rate (and therefore the proper
© = relic abundance)
-28 [ _
c 1077 .
2 1020 R” ; . .
_C—_U EI 1 | 1 L L 1l I 1 | | N T | I 1 | | N I | I ? Alternatlvely’ for Ilght WIMPS
% 1 10 102 10° r:nore than a single process
£ 25313 is needed 27
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Phys. Rev. Lett.108 261803

CMS, \F =7TeV ¢ DATA
V/////} Total uncertainty on Bkg

Zy—vvy
W-ev
I MisID-y (QCD)
y+jets, Wy
- Beam Halo
HETPRTP SM+ADD(MD=1 TeV, n=3)
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\\\\\\\\\\\\\\\\\\\\\\\\\

P Al A ZJ;HIHNIA
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...........

...... RNNNNANN KNRNNAN

1| | | | 1| | | | 1| | I:.

200 300 400

500 600 700

Er [GeV]
P, >145 GeV, |n’| < 1.44, isolated
E,miss> 130 GeV
Veto on leptons, isolated tracks, jets

Good agreement with SM
25/3/13

Mono-photons

CMs,

Background dominated by the

irreducible Zy (= vvy) cog;g;t:@g%lg&gguon foIIowed
by photon fakes and non-collision background,

plus other small contributions

e QCD-jet fakes data driven using

EM-enriched sample with loose photon

requirements

e Time distribution of the calorimeter
energy deposit used to estimate non-collision

background

Source Estimate
Jet Mimics Photon 11.2 £ 28
Beam Halo 11.1 5.6
Electron Mimics Photon 35+15
Wy 30+=1.0
r+et 0.5 +=0.2
YY 0.6 =0.3
Z(vi)y 45.3 = 6.9
Total Background 75195

Total Observed Candidates 73
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Mono-photons

Phys. Rev. Lett 110, 011802 (2013) | 4/ GAuAS

Background dominated by Z/W+y followed

> "l | BRSNS AR :
) —— Data 2011 \s =7 TeV) - . . . . .
O y2L-ATLAS %SV(EWM - by contributions with jets faking photons plus
+ = o -
2 i — e 1 other small contributions
o Ldt=461fb I top, y-+jet, multi-jet, diboson )
o Iy, e S
.| _ ... WIMP,D5,n=10GeV, M=400Gev ] ©Z/W+y contributions from MC ¢ B i,
L e . _3 normalized in control regions
A ! 1 (y+ n + E,™ss control sample
e sapess . (v+p +E, ple)
102 ’%””’W””% eJet and electron fakes 0200 20 w0 %0 4w ggg[eeg_}o
= fully data driven
-3 _
10 coc bl bens - Background source Prediction + (stat.) £ (syst.)
150 200 250 300 350 400 450 500 — — 93 T 3
£ ” [Gel] Z(_’>* W);Z— + +
P, >150 GeV, Y| < 2.37, isolated [ (= )+ 0.4 0.2 0.1
E.miss 5 150 GeV W(— tv) +~ 24 +5 + 2
L W/Z + jets 18 - + 6
NIt <2 (p;>30 GeV) _ Top 0.07 +0.07 +0.01
A¢ (v, E;mss) >0.4, A¢ (jet, E,™) >0.4 WW,WZ,ZZ,~y 0.3 +01 £0.1
Veto on leptons ~v+jets and multi-jet 1.0 — + 0.5
Total background 137 + 18 + 9

Events in data (4.6 fb~1) 116

Good agreement with SM




WIMPS

(monojets & monophotons) | 40/ QATLAS
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0 - CDRDB i, —gogeNt |~ OOF. D5, @~i0,... 1o exclude/confirm the
'%10-35 o Eg ;E@ Bﬁ i ,Y&%)D_"“ OMS (5 1), D5, ¢~ }(;%5::’ /1CoGeNT/DAMA

B0 F . ATLAS (5 10"), D8, 6 (1D . -+~ ATLAS (5 107), D5, 6 i(1X) + Jexcess at m,~10 GeV

%10_36 — ATLAS, DS, d0=>v(00;, /A in case the of D1/D5 models
510 \\ 1/ ) ATLAS, D1, qG—> v (xx)

S10% R e "

%10‘39 T P

2?10'40 / _

- =
=

=10*"F —— ATLAS, D8, q@— v (30

: ) (no channeling)

10-42 === ATLAS! D9! qa_> Y( )-()
43 ’ 1071 \ CDMS+EDELWEISS .
ATLAS \'s =7 TeV,f Ldt=461 e , %
10-44 || Lol Ll Lol = Lol eyl L1111l ()XT'L(;
COMS N>
1 10 10° 10° 1 10 10° 10° s

10‘“ ). XENON100

Cross—section [cm“] (normalised to nucleo

mX [GeV] mX [Gev] SUSY 68%,95%,
. ‘rl l,l;l’-(';\lS.\,Xl Imflx'n':‘lilnll\‘

Very significant improvement on limits compared to Tevatron T oo .;J — 000
For m, < 100 GeV : WIMPS-nucleon cross sections above

3 3(5}2'1‘;" cm? (103° cm?) are excluded for spin —dependent (spin-independent) operato3ros




q Z >1 o777 E
—»—'\/\/\/\z 8 109 ATLAS -+ Data Oww ) _%
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q Z 15
10 F
. . -50 0 50 100 150
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o 002 (57 Tev e Data E 2 =5 ' =
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0.016E =4.6fb —= Total Uncertainty 3 0.006 = T -
ko] . = L — — - -
o N - ZZ — I'lvv = 0.004E =
790014 3 0.002 =
< 0.012F 3 “E , | e
oN = - O E_ 3
aN 0_01: = = 15;_ E
™ 0.008] — £ o 53_ ‘ | . ‘ =
0.006— = O 220 240 260 280 300 320 340 360 380 400
0.004F = me* [GeV]
— — fid _q« 3.1 +1.7 - - :
0.002E o o | 3 |92z = 12.7754 (stat.) T17 (syst.) & 0.5 (lumi.) fb.
g 1.52— i _; . HPY
3 e E In good agreement with SM predictions
[0 JE . X X 3
O L [ [
60 80 100 120 140 160 180 200
Xces?  This can be used to put limits on y+Z
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As expected the combination is totally
dominated by the mono-jet results
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A¢ (E;™ss, j2) > 0.5

Lepton vetoes o
Good agreement with SM predictions

(suffered from lack of MC statistics)

single-muon events
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90% CL Limits
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on suppression scale L
q X S
VECTOR AXIAL-VECTOR

> 1200 ATLAS Preliminary = >1q400F 0 T S
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Modest (~“10%) improved with respect to 7 TeV limits
(due to Backg. MC statistics limitations)



GMSB Gravitino mz o = (F)/vV3Mp

Interpreted in terms of GMSB
gravitino+squark/gluino production

@
Y
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9
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g 6 ~ .o L3 .o o
8 7 Best limits to date on the gravitino mass
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CERN Courier
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Same strategy as

in the 7 TeV analysis

Good agreement with

SM predictions
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A [GeV]

90% CL Limits
on suppression scale

T T T TTTT T
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~ CMS Preliminary
s =8 TeV
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— CMS 2011 Vector
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102
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M, [GeV/c?]

A [GeV]

8 TeV data improves previous limits on A (M.) by about 150 GeV
(approaching the 1 TeV scale)
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90% CL Limits
on WIMP-nucleon
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For m, "~ 10 GeV :
WIMP-nucleon x-section > 1.2 x103° cm? at 90% CL (vector operator)

WIMP-nucleon x-section > 4.2 x10*! cm? at 90% CL (axial vector operator)
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SUSY and/or DM discovery might eventually require
more energy and more data ......... =
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Lower Limit on M, [ TeV ]

Extra spatial dimensions
explain the apparent
weakness of Gravity

monophoton (relevant scale ~TeV)
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Final Notes

Very successful LHC operations during the last
3 years

More than 26 fb-1 of data on tape
for ATLAS/CMS (7 TeV & 8 TeV)

The year of the Higgs discovery !!

Searches drawing a picture with new physics
beyond the SM above the 1 TeV scale ?

Within the effective lagrangian framework
the LHC DM searches are rather competitive

Searches continue with the full 2012 dataset
and including all possible mono-X channels
(this includes also mono-b, mono-W, ....)

"Just checking."

..and more data bring new things
and more direct access to DM

f X



More Energy and More Data !

El LHC will almost double el
the centre-of-mass energy P
in 2015

8 TeV = 14 TeV

with increased luminosity

Ready for a new discovery ?
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WIMP-nucleon cross section [ cm? ]

Collider-only plots
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Extra Dimensions

Alternative to solve

Hierarchy Problem A .D H s

Arkani-Hamed, Dimopoulos, Dvali, Randall, Sundrum,
Phys Lett B429 (98) Phys Rev Lett 83 (99)

= |Many large compactified EDs|| 1 highly curved ED
In which G can propagate Gravity localised in the ED

: RS @/_\/ G Planck  TeV brane
Extra spatial dimensions 4

explain the apparent b2 ™ R“Mp|(4 (2+n) B i
. i — M okRa
weakness of Grfwty Effective Mp| ~ 1TeV—s if A=Me
(relevant scale ~ 1 TeV) compact space (R") is large A~ TeV
G if warp factor kR_~11-12

k/M,, k: curvature scale

resonances

monojet/monophoton



ATLAS

UED: Diphoton + MET
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Unification of forces & SUSY

Forces Merge at High Energies
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