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Two general-purpose expe_riments: ATLAS & CMS
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The Large Hadron Collider

2012 performance 2015 likely performance
Colliding bunches 1331 2520
Energy 4 TeVx4TeV 6.5 TeV x 6.5 TeV

Bunch spacing 50 ns 25 ns

Luminosity 7.7 x1033 cm? st 1.5x 103* cm? s

Pile-up interactions ~35
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1: “Standard” Dark Matter Searches at Colliders °

SM Y SUSY:

— High-p; jets from squark & gluino decays
— Leptons from gaugino & slepton decays

S M X — Missing transverse energy from LSPs

jets/lepton

ETmiss

ot X9

David Berge / GRAPPA & Nikhef



Extended

Incl. searches

LLP + RPV Natural SUSY
2 P

MSSM

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

Status: Moriond 2014 det - (46-229)fb! +s5=7,8TeV
iss ~1 )
Model &uT,Y Jets ET™ [radqm) Mass limit Reference
T T T T T T T T L e
MSUGRA/CMSSM 0 2-6jets  Yes 20.3 @E 1.7TeV  m(@)=m(3) ATLAS-CONF-2013-047
MSUGRA/CMSSM Tepu 3-6 jets Yes 20.3 F4 1.2 TeV any m(g) ATLAS-CONF-2013-062
» MSUGRA/CMSSM 0 7-10jets  Yes 203 4 1.1 TeV any m(g) 1308.1841
L Gg-q0) 0 26jets  Yes 203 |§ 740 GeV m(E9)=0 GeV ATLAS-CONF-2013-047
S 3z 2—qaX| 0 26jets  Yes 203 |Z& 1.3 TeV m(¥))=0 GeV ATLAS-CONF-2013-047
® 38 2—qeti —gqW* )(, Ten 3-6jets Yes 203 z 1.18 TeV m(¥))<200 GeV, m(t*)=0.5(m(¥})+m(z)) ATLAS-CONF-2013-062
O 3z, gﬁqg([[/fvlvv)/\ﬂ 2epu 0-3 jets - 203 | & 1.12 TeV m(t))=0GeV ATLAS-CONF-2013-089
g GMSB (¢ NLSP) 2e,u 2-4 jets Yes 4.7 tanp<15 1208.4688
‘@ GMSB (7 NLSP) 127 0-2jets  Yes 20.7 1.4 TeV tang >18 ATLAS-CONF-2013-026
% GGM (bino NLSP) 2y - Yes  20.3 1.28 TeV m(t})>50 GeV ATLAS-CONF-2014-001
£ GGM (wino NLSP) Teu+y - Yes 4.8 m(E})>50 GeV ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) Y 1b Yes 4.8 m(¥))>220 GeV 1211.1167
GGM (higgsino NLSP) 2e,u(Z) 0-3jets  Yes 5.8 m(H)>200 GeV ATLAS-CONF-2012-152
Gravitino LSP 0 mono-jet  Yes 10.5 m(g)>10~* eV ATLAS-CONF-2012-147
<S5 g—)bb)(l 0 3b Yes  20.1 g 1.2 TeV m(t})<600 GeV ATLAS-CONF-2013-061
S g g_mx 0 7-10jets  Yes 203 |Z 1.1 TeV m(t)) <350 GeV 1308.1841
LI, g—na(, 0-1e,pu 3b Yes  20.1 b4 1.34 TeV m(¥})<400 GeV ATLAS-CONF-2013-061
o) g—bity 0-1e,u 3b Yes  20.1 3 1.3 TeV m(t1)<300 GeV ATLAS-CONF-2013-061
biby, by —>b)(1 0 2b Yes  20.1 by 100-620 GeV m(¥})<90 GeV 1308.2631
o o bibi, bi—iXT 2¢,u(SS)  0-3b Yes 207 |5 275-430 GeV m(¥i)=2 m(¥)) ATLAS-CONF-2013-007
<.8 #light), f —bYT 1-2e,u 1-2b Yes 47 & 11 m(,?‘,’) _55GeV 1208.4305, 1209.2102
8 S Ad(light), 7 —>be? 2eu 0-2jets  Yes 203 i 130-210 GeV rn(X,) m(f,)-m(W)-50 GeV, m(7;)<<m(X}) 1403.4853
E'g 7171 (medium), 7, —>zx1 2e.p 2 jets Yes  20.3 i 215-530 GeV mur,) 1GeV 1403.4853
c g Afi(medium), 7 —SbXT 0 2b Yes  20.1 i 150-580 GeV rn(X,)<200 GeV, m(¥})-m(¥})=5 GeV 1308.2631
g’t’- 7171 (heavy), 7 —>t¥ 1epu 1b Yes 20.7 gl 200-610 GeV m(X.) =0 GeV ATLAS-CONF-2013-037
s Qo tm(heavy) i1 >0 0 2b Yes 20.5 0 320-660 GeV m(¥})=0 GeV ATLAS-CONF-2013-024
a® hi,h —mv 0  mono-jet/c-tag Yes 20.3 h 0-200 GeV m(f,)-m(¥})<85 GeV ATLAS-CONF-2013-068
t1t| (natural GMSB) 2e,u(2) 1b Yes 20.3 I3 150-580 GeV m(}‘,’)>150 GeV 1403.5222
b, h—i +Z Be,u(2) 1b Yes 203 |7 290-600 GeV m(¥})<200 GeV 1403.5222
ZL ROL) R, Zat)?l 2e,pu 0 Yes 203 |7 90-325 GeV m(¥])=0 GeV 1403.5294
3 ):(+Xi Xv 1 —Iv(lw) 2epu 0 Yes  20.3 )fz 140-465 GeV ()=0 GeV, m(Z, #)=0.5(m(¥T )+m(¥})) 1403.5294
o Xy, X1 —#v(v) 27 - Yes 207 | X% 180-330 GeV m(¥))=0 GeV, m(z, #)=0.5(m (¥} )+m(¥})) ATLAS-CONF-2013-028
W )‘(* 0—>[LV[]_[(VV) L) 3e.p 0 Yes 203 )'(z,?ﬁ' 700 GeV m(ET)=m(3), m(t})=0, m(Z, »)=0.5(m(¥T)+m(¥})) 1402.7029
)(IX —)W)(OZXb 2-3e,u 0 Yes 20.3 X ”?ﬁ 420 GeV m(¥})=m(t3), m(¥})=0, sleptons decoupled 1403.5294, 1402.7029
KXW hX Ten 2b Yes  20.3 )?} v, 285 GeV m(¥})=m(t3), m(¥})=0, sleptons decoupled | ATLAS-CONF-2013-093
'8 o Direct ¥1X] prod., long-lived ¥7  Disapp. trk 1 jet Yes 203 |& 270 GeV m(Er)-m(¥))=160 MeV, 7(¥})=0.2 ns ATLAS-CONF-2013-069
$ % Stable, stopped g DR-hadron 0 1-5jets  Yes 229 |z 832 GeV m(¥})=100 GeV, 10 us<7(z)<1000 s ATLAS-CONF-2013-057
o £ GMSB, stable 7, V1 —#(2, f)47(e, ) 1-2pu - - 15.9 10<tanB<50 ATLAS-CONF-2013-058
S § GMSB,¥|—yG, long-lived ¥ Y - Yes 47 0.4<r(¥)<2 ns 1304.6310
= 44, ¥ —qqu (RPV) 1p,displ. vix - - 203 |3d 1.0 TeV 15 <cr<156 mm, BR(:)=1, m(¥})=108 GeV | ATLAS-CONF-2013-092
LFV pp—¥y: + X, Ve —e + 2e,pu - - 4.6 A;,,=0.10, 1,3,=0.05 1212.1272
LFV pp—v. + X, v, —e(u) + T lepu+t - - 4.6 5,,=0.10, 2;(2)33=0.05 1212.1272
> Bilinear RPV CMSSM 1eu 7 jets Yes 4.7 m(g)=m(g). ctzsp<1 mm ATLAS-CONF-2012-140
& X )?[ ,,\/, wit X —eevy, epv, 4epu - Yes 20.7 760 GeV m(¥})>300 GeV, A;5,>0 ATLAS-CONF-2013-036
XIXT, X7 5 WH X 511, ety 3e,u+t - Yes 20.7 350 GeV m(¥))>80GeV, 113350 ATLAS-CONF-2013-036
8—994 0 6-7 jets - 20.3 916 GeV BR(1)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091
g—oit, i —bs 2e,1 (SS) 0-3b Yes 20.7 880 GeV ATLAS-CONF-2013-007
0 Scalar gluon pair, sgluon—¢g 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826
g Scalar gluon pair, sgluon—tf 2e,u (SS) 2b Yes 14.3 ATLAS-CONF-2013-051
‘O" WIMP interaction (D5, Dirac y) 0 mono-jet  Yes 10.5 m(y)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147
P | : L : N PR
v_ =8TeV 1 0_1 1
full data Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o theoretical signal cross section uncertainty.

David Berge (GRAPPA) / TeVPA 2013



Natural SUSY searches 7

Search for 37 generation squarks, leptons, b-jets, jets, missing Et

Probe SUSY as solution to the hierarchy problem

i atus: Morion
t.t, production Status: M d 2014
1L
>II llllI""I""I""I""||"IIIIIIIIllllllllllllllllIIIIII
. . -1y -1
©® 600~ ATLAS Preliminary L, =20-21fb"{s=8TeV L  =4.7f"s=7TeV
(D B = oL, T—)tx OL ATLAS-CONF-2013-024 0L [1208.1447] T
d - -
oo — 1L, l—)t 1L ATLAS-CONF-2013-037 1L [1208.2590]
o r | == Observed limits x i
1= | = o, l—)txa 2L [1403.4853] 2L [1209.4186] ]
E 500  ==* Expected limits = oL, l—>be 2L [1403.4853] - ]
| =~———— 0L, mono- jet/c tag, i —c x OL mono-jet/c-tag, CONF-2013-068 i
L All limits at 95% CL ——— OL, My=Mo+5 GeV 0L [1308.2631] i
- - 2L, 1 - bx m . =106 GeV 2L [1403.4853] 2L[1208.4305], 1-2L [1209.2102] ]
n CDF 2.6 fo [1203.4171] e 1 N bX’ mx =150 GeV 1L CONF-2013-037, OL [1308.2631] - 4
400 — — 2L, 1 —>bx m =m; - 10 GeV 2L [1403.4853] i ]
— = 12, t N b% m = 2>< m~o 1L CONF-2013-037, 2L [1403.4853] 1-2L [1209.2102] e
- '(1—>bx1,x1—>W())(1 t1—>cx1/t1—>be1/t1—>tx1 .
300 |- N o TTN
& - = S
\2)
200
100

200 300 400 500 600 200 300 400 500 600 700

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SUSY/index.htmI#ATLAS SUSY StopAll

David Berge / GRAPPA & Nikhef m; [GeV]




2: Dark Matter Pair Searches at Colliders

A

“mono-X" =X/&'Lt /W/Z

h &/ X

SM" X

Everything else

1
I

: Am very large

Dark matter

Assume contact
interaction with mass
suppression scale M*. .

~= Dark matter mass m.; plus

higher-dimensional
operators (e.g. D1-D11), fix
cross sections.

e | Initial state Type Operator

q scalar MEXNGY
a vector X XD
w WX XTI

qq ensor ng Xo* X309

99 scal nxes(Gh)?




ATLAS Monojet

jet p; 551 GeV
missing E; 542 GeV




ATLAS Mono-X Suite

q/9 8 b amaserommnay —— 2t 3
. SH ,((p X (\é 102;— JLdt:10.5ft?‘l g ;W((—)L%I?z));jjeettss IE
MOnOJetS >< i E e Ne-sTev gs&;gn)sﬂets E
K] C b i - === G+g/g M _=1TeV, M=10"eV -
. 8TeV, 10.5 fb1, ATLAS-CONF-2012-147 3 L e o ) _
- 7TeV, 5 fb?, JHEP 04 (2013) 075 - - 3
- Central leading jet, balanced by missing o1k eemeemeemeemeeaaeeeeeseeaee B
E, -
- Veto on leptons @
- Main background Z-» vv, estimated g
with W/Z > lepton control region i 300 400 500 600 700 800 900 1000 1100 1200

ET™* [GeV]

David Berge / GRAPPA & Nikhef



ATLAS Mono-X Suite

3 osol ATLAS 20317 \s=8Tev  —e—Data T~ =

M Wﬁ%‘ 9( % i ggf-é;%%&—ev—] - igizv(gjue/tr)ﬂet ;

g 200__ | Ci)oson ]

Mono-W/Z>qq >< N

SM . 9( - " | — - Dsu=-d)xt _g

AT i

- 8 TeV, 20 fbl, PRL 112, 041802 (2014) sl - -

- Central massive fat jet, 50 GeV < m,, < y o——d;--— —

120 GeV, validated in top control g F R B> 500 Gy T Dsudioz

region, balanced by missing E; % 25 o E

- Veto on leptons and photons 5 207 ‘—}——{/ / =

- Main background Z> vv & W> lv, E%////////M/ /WW E

estimated with W/Z > u control region SEme 2 ///%
%O 60 70 80 90 100 n:;eto [Ge\1/]20

David Berge / GRAPPA & Nikhef



ATLAS Mono-X Suite

12

Z

$h & X
Mono-Z-ll ><
SM X

. 8TeV, 20 fb!, PRD (submitted),
arXiv:1404.0051

- Two leptons, Z invariant mass cut,
balanced by missing ET

- Veto on >2 leptons and jets

- Main background SM ZZ/WZ (from
NLO MC)

GeV
O O
~ [ee]

6
310

ntries /
20 RYWAR,

-
O o
N o

-+ Data Wz
W/Z+jets ZZ—lvy
mm WW/Top quark: .., Systematic Unc.
—— D1, M.=0.050 TeV

----- ZZyy max.y, M=0.7 TeV
...... n Mediator, mn=1 TeV, =5

j L=20.3fb" \s=8 TeV

[o2le BN SYN

Data/MC
o0 ==

” /W//////////////////////////I////////////////////////
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matter contact interactions

Galaxy cluster Abell 2744 M. and m, fix dark-matter nucleon
’ scattering and annihilation cross sections
(for given interaction type)!

Particle Dark Matter Searches based on:

Y o~ 730 SN

Indirect Direct Colliders

X




Monojets 7 TeV

14

Suppression scale M. lower limits

% 1 200_ATILAISI T TTTT I T T T T TTT T T T T TTT I |
O i
E-k | \s=7 TeV i
o 1000 __det 471" "
T _ il
(&
S _ il
= 800 _
e LTI I I e e 7]
(7)) - o ~\ ]
g 7 \ n
5 600 N
@ - Operator D5, SR3, 90%CL  “\v. :
400+ - - Expected limit (£ 1Gexp) —
i — Observed limit (+ 16,,,,,) i
200 :— — Thermal relic :
1 | L1 1111 I | | | I I | | | 1 | I I | l
1 10 102 10°

WIMP mass m, [GeV]

David Berge / GRAPPA & Nikhef

arXiv:1210.4491

M. fixes coupling SM-y
Coupling fixes annihilation cross
section y to SM

Relic density (WMAP) corresponds to
cross section

Probe thermal relic dark matter
particle at LHC!

Red above green line: conflict!
— Exclusion for this operator, or

— Additional annihilation channels
(leptons!), or

— Wrong assumptions



Mono-W/Z>qgq vs Monojets

15

x-N cross-section [cm?]
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B —&— D5(u=-d):obs I

I --- CoGeNT 2010

L —— XENON100 2012

§ D5:ATLAS 7TeV j(xx)
\

~

- -

T T T T TTTT T
—a— D5(u=d):obs

—— CDMS low-en
COUPP 2012

T LN B B B
90% CL _

i'i‘//

-—

—————

\
- \
—

— spin independent

TATLAS 20.3 fb“I

\s =8TeV

1 10

m, [GeV]

§10%
5
1078
()
7
B 104°
O
(@]
Z 1042
=
1044
10%°

arXIV 1309 4017

ATLAS 20 3 fb

Constructive interference with potentially large effect!

= \s=8 Te\L
- spin dependent B
= —=— D9:obs COUPP 2012 -
—90% CL  —— SIMPLE 2011 IPICASS02012
B IceCube W*W IceCube bb _
i D9: ATLAS 7TeV j(x7) B
1 10 10° 10°
m, [GeV]



Mono-Z->Il — EFT validity? 16

arX|v 1404 0051

c\'|_'1o_30 T T T T T T T T T T T T 71T T T T T T ;‘1200—' | T3 | | =
31 e D1 = o
510, D5 S1100E 12 €
c 107 ATLAS D5 ATLAS 8 TeV W/Z had. (3] = F g
210 ——— D1ATLAS 7 TeV jet(xx) £ 1000 10 8
510 J L=20.3fb" 1s=8 TeV— — D5 ATLAS 7 TeV jet(x) - - S
GlCET ooy - E
-36 —_— = 3 i
§1837 -------- LUX 2013 -7 E 800 = 8 (—J‘
° 700 ¥ = 2
C 2 1 —16 g
600F- -
500F : ATLAS El
400 L=20316" 1s=8Tev 2 |,
= o J 3
300F —
200M -------------------------------- = —0
100 200 300 400 500 600 700 800 900 1000
m, [GeV]

Effective Field Theory / assumptions of contact interactions not always valid (cf. C.McCabe’s talk) = start to
explore simplified models!

Limits on -1 coupling constant f shown. Above black line, lower limit on f below f from relic abundance

calculations.
el
> >

q I X q I X
I I 7)(1 Z
* N Y\/\/\/\,
1,
) | _ |
7 : X 7 X

David Berge / GRAPPA & Nikhef <




Higgs portal to dark sector

Production at colliders

DM-SM scattering




Higgs portal to dark sector 18
Direct search for invisible Higgs decays
PRL (submitted), arXiv:1402.3244
Constrain invisible Higgs width to
<75% of the full SM width
> L L S B B LI S N B L S R S B B B R B R ) _3 T T IIIIII| T T IIIIIII T T IIIIII
310° ATLAS * ot = 10 w8 nggs portal Model ATLAS
© E \s=8TeV,[Ldt=2031b" BN 2z cow(inel.n 3 210° Is=7TeV, [Ldt=4.5fb"
o [ ZH= e+, B vz cveeinoln) . 510 \s=8TeV, | Ldt=20.3 fb"
210°E o B v diep i Wz = =] 10-40 I\ ZH - ¢¢ +inv.
§ S R N e . 03 1041 = -__ \
e T esm . W+ jets, multijet, semilep.top | U') 42 E
0 e ot e ZH = ¢¢ +inv, BR(H — inv.) = 1 3 10_43
- P T - 3 10
0 e e — g 10—44 I s . - S
'E E O {045 B sttt T
= = = 146 i ...32232"‘
- eun g 10 26534543565
- *444 000
g 2= 1 z10 :; BPresssl i
5 150 S 107 F i e R b
&S 1%— e, e R i 01 0'49 G —— XENON10 —— XENON100
% 05 é_ , , , . . . . 1 0__55(: ;L'I{)L(AS, vector DM ﬁ ﬁiaz,fs:ranlj;nDI’Z\)AM
o 100 150 200 250 300 350 400 450 10 1 1 Lol L Lol L L |||||3
ET™ [GeV] 1 10 10° 10

David Berge / GRAPPA & Nikhef

DM Mass [GeV]

‘Light’ mediator, simplest connection of SM

and dark sector.



Higgs portal to dark sector 19
A. Djouadi et al., Phys. Lett. B 709, 65
(2012), arXiv:1112.3299
Direct search for invisible Higgs decays Aoy
PRL (submitted), arXiv:1402.3244 1 | | i
Constrain invisible Higgs width to N e XENONI00 :
<75% of the full SM width =
=
o 10* L e L AN B o |
= 3 ATLAS — Observed 90% CL, scalar (,,,) > 10
% 10 ‘ 1 == Expected 90% CL, scalar (A,.) uﬁ
154 102 \s=7 TeV’JLdt=4'5 fo ., Observed 90% CL, vector (1) E SANONUP
% \s=8 TeV,I Ldt=20.3fb" --- Expected 90% CL, vector M) o i
ke 10 ZH — ¢¢ + inv. — Observed 90% CL, fermion (&, ,/A) 8 / ' XENONIT ]
T 1 - Expected 90% CL, fermion (i, /A) o L/
= go 10 i -
0 10_1..............................------------------------------:::_‘_‘_‘_‘_"_'.': ED
1028 m.
10 _______________________________________________ g WMAP =i=:=e B = 10%
10-4 10 1 | 1
50 100 150 200
107 M. (GeV)
(0 S R B B B B M
0 10 20 30 40 50 60 H|gg5 po]e

DM Mass [GeV]

This, together with the relic density, basically rules out the
simplest Higgs portals for DM up to half the Higgs mass,
except right at the Higgs pole!

David Berge / GRAPPA & Nikhef




Conclusions

20

* The one model independent result we have about dark matter:

David Berge / GRAPPA & Nikhef



Conclusions

21

 The one model independent result we have about dark matter:

We have not discovered a dark matter
candidate particle yet at the LHC!

David Berge / GRAPPA & Nikhef



Conclusions 22

 The one model independent result we have about dark matter:

We have not discovered a dark matter
candidate particle yet at the LHC!

* |Intense search program optimised for dark matter (mono-X) or SUSY (R parity!)
e LHC Run-2 will hopefully tell us more at 13 or 14 TeV

* ATLAS public results:
— Journal publications: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/Publications

— Conference notes with preliminary results, internally reviewed:
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ CONFnotes

David Berge / GRAPPA & Nikhef






The Large Hadron Collider

2012 performance
Colliding bunches 1331

Design performance
2808

Energy 4 TeVx4TeV

7TeVx7TeV

Bunch spacing 50 ns

25 ns

Luminosity 7.7 x1033 cm? st

1034 cm2 st

Pile-up interactions ~35

o~

~25




Irlmlh‘n 14|

e Data 2012
CIMC Z— pu
B MC ttbar
=MC Wz
EBwmc zz
Bl VC WW

1

i

CONF-2013-082

'r

ATLAS Preliminary

i

up suppression STVF [GeV]

ATLAS
ILdt:ZO b’
pile-

miss

Er
With pile-up suppression algorithms

Run Number: 201289, Event Number: 24151616
Date: 2012-04-15 16:52:58 CEST

e

.\..m,« A

event pile-up
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Going after the Dark at the LHC

Data combinations and
interpretations require assumptions
about the red bubble!

Galaxy cluster Abell 2744

Particle Dark Matter Searches based on:

Nl XN\__/ X M %
x/ \SI\/I SI\/I/ \SI\/I SIVI/ \X

Indirect Direct Colliders




Monojets 7 TeV

ATLAS \s=7TeV, 4.7 fb™', 90%CL
I—I10'29—_l T I I IIIIII I 1 I I]Illb I_ I.I I_IIIII _
M= . —— XENON100 2012 1:90— j(x) ..
O 1A31[L ---- CDMSII low-energy s TR
—107'F —=— D5: q0— j(XX)D_ .
c — COGeNT 201 0 D1 1 . SN -( _)lraC ]
-_.g 1033 - D5: CDF qg— J(x%)DiraC - 99— JUX Dirac]
& . F—— D5:CMSqa— (X, 1Gheory -
(7)) 10-35 |

| | IlllllI |

Spirll-inldependenF

llllll |

10

David Berge / GRAPPA & Nikhef

102 10°
WIMP mass m, [ GeV ]

arXiv:1210.4491




Monojets 7 TeV

ATLAS =7TeV, 4.7 fb”, 95%CL
lw 1 0_19 E | | L I I | I | I I | | | L |
. 2 x ( Fermi-LAT dSphs (xx). ~ —bb) 7,3
c 1 0-20 s _ _ Majorana 4
2. 10_21 - - D5: qgq— (XX)Dirac i 1
g 1 O 22; * D8: G- (XX)Dirac ¢ 3
I; 1023 g """"""""""""" POy g
5 1 0—24 E ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ ?
Q 1 0-25 E __ > ?
s 1026 = Thermal relic value?;
8 10f T ]
c 10%8F 7 3
S 29[ ]
_C—_U 1 O I | | | L1 1 11 I | | | | | I | | | | | I 3
= 1 10 102 10°
< WIMP mass m, [ GeV ]

arXiv:1210.4491

David Berge / GRAPPA & Nikhef



Mono-W/Z->(Qq

29

T T T I IIIIIII] I llllllll _I I LI | I IIIIIIII I IIIIIIII

(\g 36l D5(u=-d):obs 90% CL | —® D9:obs 1
?10 T —a— D5(u=d):0bs D9: ATLAS 7TeV ji3) ]
o D5:ATLAS 7TeV j(T)

©

810

0

(V)]

O

(@) -40

= 107

>2

—_
1

N

N

ATLAS 203" \s=8TeV-

COUPP 2Q12

10** - GoGeNT 20 T — SIMPLE 2011 -

| — XENON100 201 | —COUPP 2012 lceCube W'W' |
el SOMSIowenergy, ) | TP AR L lpecubeh

1 10 10° 10°1 10 10° 10°

m, [GeV] m, [GeV]
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Monojets 7 TeV

30

Suppression scale M. lower limits

;‘ 600 T T IIIIIII T

T IIIIIII T T IIIIIII

c . ATLAS _
¥ C \s27 TeV Operator D11, SR4, 90%CH
= 500 p -~ Expected limit (+ 16, ) —
<@ - |Ldt=4.7f6 o LA
§ B — Observed limit (+ 1cstheory):
§ 4001 .
5 o ]
7]
o T e e e e ]
& 300 ]
S = i
wn = i
2001 -
100_ 1 Lol 1 Lol ] Lo vl -
1 10 102 10°

David Berge / GRAPPA & Nikhef

WIMP mass m, [GeV]

arXiv:1210.4491

M. fixes coupling SM-y

Coupling fixes annihilation cross

section y to SM

Relic density (WMAP) corresponds to

cross section

Probe thermal relic dark matter

particle at LHC!

Red above green line: conflict!

— Exclusion for this operator, or

— Negative interference needed, or

— Additional annihilation (leptons!)

Reminder:
Name | Initial state Type Operator
D1 qq scalar %%)thjq
D5 qq vector XX TVY
D8 qq axial-vector M%gi('y” Yx37q
D9 qq tensor ng X" Xq0uq
D11 g9 scalar ﬁf XXCs (G;‘j,,)2




Where do we start? >ng N we G
Huge parameter space, but guiding principles a9, strongsusy “~_g* 8, Electroweak "\

production SUSY production

SUSY searches strategy driven by cross section and luminosity
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Nadal! Set limits... 33

CMS EXO-12-048
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Nada! Set limits...

arxiv:1209.4625
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How do we search for SUSY ?

A brief primer ...

Variable 2

'f‘ | SUSY search analyses look for tails in
distributions of observables sensitive
signal region to new heavy particles.

Can only exploit tails if detector
response and SM backgrounds in
signal region are understood.

Trigger threshold

—~
Variable 1




How do we search for SUSY ?

A brief primer ...

CR - SR transfer factors taken from MC
simulation (many systematic effects cancel).

Signal region

Variable 2

Control
region W/top

—_—
Variable 1

David Berge / GRAPPA & Nikhef



LHC Mission: Complete the Standard Model and
Discover the Dark Sector (and more...)

37
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® Searches for weakly interacting particles [FE.

S gm o TN

X = jets, W, Z, top, Higgs,  SUSY, ...

Underlying event




How to search for SUSY at the LHC 39

SUSY (more than) duplicates spectrum of particle states wrt. Standard Model

Sparticles decay in jets, leptons, taus, photons, invisible (MET), ...

1. R-parity conserving (RPC) signatures:

» Sparticles produced in pairs, each decays to (WIMP) LSP, mostly lightest neutralino or
gravitino

* Oneinvisible LSP per decay chain > MET

2. R-parity violating (RPV) signatures:

* Resonances or multijets / multileptons: single sparticle production or LSP decay

* Displaced vertices from late LSP decay

3. Long-lived particles from:

* Weak couplings (eg, RPV, gravitino)
* High virtuality from heavy mediator sparticles (eq, heavy squarks in split SUSY)
* Mass degeneracy (eg, m(chargino) ~ m (LSP) in AMSB)

David Berge / GRAPPA & Nikhef



A squark, gluino
mass 7

I
| Am = missing E;!
I
|

LSP / Neutralino

Amount of missing E; depends on mass difference!




Can still search for pairs of “ISR-tagged” dark-matter
particles, not particular SUSY signatures

A squark, gluino
mass 7

I
| Am = missing E;!
I
|

LSP / Neutralino

Amount of missing E; depends on mass difference!




Dark matter contact interactions

en.wikipedia.org/wiki/Fermi's interaction

Just like Fermi did'to describe B decay
G : |
— = — = 1.16637(1) x 107° GeV




Dark matter contact interactions

My

M*'z e ——

J1X

Mass suppression scale




Dark matter contact interactions

Data combinations require
assumptions about the red bubble!

Particle Dark Matter Searches based on:

Y o~ LI
x/ \SI\/I SI\/I/ \SI\/I SIVI/ \x

Indirect Direct Colliders




Dark matter contact interactions

Initial state Type Operator
D1 q

scalar %)‘(X(Iq

vector M XV X TV
axial-vector

tensor

scalar

Data combinations require
assumptions about the red bubble!

Particle Dark Matter Searches based on:

Y o~ LI
x/ \SI\/I SI\/I/ \SI\/I SIVI/ \X

Indirect Direct Colliders




Dark matter contact interactions




