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Dark Matter searches

® Experimental evidence for Dark Matter

® DM accounts for 24% of matter-energy
content of the Universe (WMAP/Planck).

® (alactic rotation curves
® Bullet Cluster

® Direct and indirect DM detection oo Dark matter annih!ation
® model assumptions [
P 51 X f
® kinematic limitations &:’
. Q
® DM production at the LHC 2l o 3
 independent of astrophysical assumptions | S¥ X /
O iti licht DM icl g <
sensitive to light particles Dark matter production
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DM production at the LHC

\on
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DM production at the LHC

mono-jet event from 7 TeV data
JHEP 1304 (2013) 075
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2011-20/

mohno-X searches

_ Z q Z
Effective Field Theory q ' .
® simple benchmark models X
® couplings to quarks and gluons i / X
° couplings to vector bosons Name Initial state Type Operator
® only two free parameters: my, . v calar my o
suppression scale M* lj‘f*# _
® validity concerns at the LHC > " T A
energies D8 gq  axial-vector TRV XqY.Yq
D9 qq tensor MLi X xqo g
Simplified models D1l 99 scalar i as(Gh)”
® UV-complete
® s-channel or t-channel S BT X
® parameters: my, mediator mass ( e
and width, couplings
® Higgs-portal DM g&ﬁjﬁj X
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mono-jet

8TeV 10.5 fb"!

ATLAS-CONF-2012-147
Event selection Uncertainties
® central jet |n| < 2.0 ® Jimited CR statistics
® clectron veto (pT > 20 GeV) ® uncertainty 3.4 to 17%
® muon veto (pT > 7 GeV) - - |
. > 105? | '_ _ — e— data2012 %:
® atmosttwo jets (pT > 30 GeV) ¢ £ ATLASPreliminary =2 7550 e E
. £ 10° f Lat=10.50" B W= lv)+is =
* Ap(jet, MET)>0.5 I . WP RV —— i s E
. . o  ER 4% : B - single top =
® signal reglon (SR) defined b}’ . e EH s ; L DB Natoed, Moeroea o ]
symmetric cuts on the leading jet 2 oy, T BT
pT and MET > 10 e : E
120, 220, 350, 500 GeV 1 s
Dominant backgrounds o LA
® /vV from Z¢ and W¢V control o T ————
region (CR) g AT
I ]

® Wiv fromW¢v CR 200 400 600 800 1000 1200
ET® [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-147/

mono-jet

ATLAS-CONF-2012-147

Limits on the suppression scale
of the EFT operators are set

assuming full EFT validity.

1200 ! ! ! ! T T

ATL-PHYS-PUB-2014-007

® Simplified models with Z’-like
mediators reveal that

® EFT limits are conservative
in the resonant region.

; [ | I I . I . _ 1
_ ATLAS Preliminar - . . .
S T ¥ - ® EFT limits are not valid for light
= | /s=8 TeV f Ldt=105f" .
= 1000+ . mediators.
° 0 i
C_U - n — [T _l T T _ T L | T T T T LI | _|
é 800F 7 — _ E 3:_ """""" 22;28@23?;&:325 ATLAS Simurljls’tsion Preliminary ]
9 e i x [ m,=400GeV,r=M,,,/3 1S=BTeV, E;>400 GeV /-
> - ) i = 251 m,=400GeV,I'=M,,/8r f Ldt=20fb" .
o 600& N _| - —— 9.9, contours |
% = . _ non-perturbative regime |
D i Operator D5, SR3, 90%CL ] 21 - .- EFT limits 0% -
400 524 Expected limit (= 1= 20,,) — - .
i " Observed limit (= 10,,,,,) | 151 .
200 B — Thermal relic effective theory B /A
B | not valid % 1 A
10° 10° 05k \
WIMP mass m, [GeV] Tt N
0:I — — — AMOaOOO,O;sO_Or O _eHHoHiha :
10 1 10
M eq [TEV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-147/

EFT validity

® Minimum requirement for EFT being a ATL-PHYS-PUB-2014-007
valid approximation of UV-complete q g X
mOdels |S Qtr < Mmed - V gq gX M*. ,

® Not all events generated in EFT are valid
at the LHC energies.

® As a consequence, the M* limits decrease.

® For D5, the EFT approach is fully valid
forv/9¢9x =z TU

S A a6 Qicatinn Praliminary ] > 0.9F
@  ATLAS Simulation Preliminary ] e —39.7_'_’:4_5___S_!T_‘J_'_@HQD_E!?'!TJ!‘_?D{ ________________________
R i . 0.8
= gl T T e il = e
0.8 i 0.7} =
i 0.6F ~
0.6 ] - .
- 0.4F =
0.4 Vs =8TeV - = -
m=50Gey L2010 0.3F- =
i valld M;XP n E i valid M;XP E
0.2 ET°° > 400 GeV SEb 0.2 ET"° > 400 GeV bl
ET>600 GeV — ---- 015_ ET*>600 GeV — ---- J
| | ET >8C|)O GeV — l---- i - ; Qtr > |2mX ET >80|0 GeV — l---- -
0 1 1.5 2 2.5 3 0 1 1.5 2 2.5 3
\( gSMgDM gSMgDM
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-007/

mono-Z(¢¢)

8 TeV 20.3 fb’!
arXiv:1404.0051 (accepted by PRD)
Event selection Dominant backgrounds
® two opposite sign leptons, ® Z—vV taken from MC
67 <mé < 106 GeV (validated in ZZ—¢¢¢¢ CR)
® J3rdlepton veto (pT > 7 GeV) ® WZ->¢veL taken from MC
® [MET-pTe]/pTeL<0.5 ® WW and top from ep CR
o Aw(pTet,MET) <25 - 10°
) -+ Data wz
o A|I‘]@Z| < 25 (05106 -W%H%ts quark ég:te”r\r/]\étic Unc.
. o - — D1, M =0.050 TeV
® jetveto (pT > 25 GeV) 219, L e, eV, =6
® SR defined by E f L=20.3fb" Vs=8 TeV

m, =200 GeV

MET > 150, 250, 350,450 GeV

Uncertainties

® 35% theory uncertainty on
background

%

050 100 150 200 250 300 350 400 450 500
ET'SS [GeV]

Data/MC

21 -26July 2014 David Salek: Searches for Dark Matter Production with Mono-objects and MET in ATLAS 9


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2012-26/

mono-Z(¢¢)

® dimension-5 operators

® not as sensitive as other
mono-X channels

q Z ;I : [ [ [ | [ [ [ [ [ [ [ [ [ [ [ .
q) -
. ATLAS
0} . ) D1 |
» N L=20.3 fb D5 —
= 10 ¢ f -------- DS s
= ——— ZZyx ]
: \'s=8 TeV 90% C.L. - 77+ Max. y 5
- ZZxx, no vy .
5 LR e T T @--men .
g T °

Q

—h

o
|
|

® dimension-/ operators
® unique sensitivity to
ZZXX and Y*ZXX coupling

g Z | | | | | | | | | | | | | | | | | | |
0 200 400 600 800 1000
Z/y* m [GeV]
. X
X

q
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mono-Z(¢¢)

® Simplified model: t-channel with a scalar coloured mediator n

® Upper limits on the coupling strength in the my-mp plane

—1200 -
8 1100 2
O, 1100¢ <
£ 1000/ ; 3
900 = S
relic abundance  800% = T
is larger here ~ 700F = 32
— 4 —16 o
500 =R
400 =
7 2
: 300 E
degenerate region -
200 II|IIII|IIII|IIII|IIII|IIII|IIII|IIII_ O

100 200 300 400 500 600 700 800 900 1000
m, [GeV]
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ZH(—invisible) TTeV 45

8TeV 20.3 fb"!

Event selection

® two opposite sign leptons,
67 <mél < 106 GeV

PRL 112,201802 (2014)

® 3rd lepton veto (pT > 7 GeV)
o |[MET-pTee|/pTeL<0.2
> UL L L T T UL L
. ©10° = ATLAS ® Da =
(5 = —
¢ ACP(MET’ meISS) <0.2 Q F Vs=8TeV,[Ldt=203 fo'! B zz- cewv(inel) .
g — ZH — ¢¢ +inv. B vz - cvesineln) —
o A(P@@ <|.7 ..2 102 - | R ES: =
G>J - L e - Z — ee, uu =
® A(P(Z, M ET) > 2.6 L] T em . W+ jets, multijet, semilep. top N
10 E_ ---------- ZH = ¢¢ +inv,, BR(H—>inv.)=1_§
® jetveto (pT > 25 GeV) - ' s
1E Y | - —
e MET > 90 GeV - B e [ [ TR E
8 2F =
|_|><_1 1%—- = = R R R R R R R R A B R R IR 42 mg;
§ 0.55— | | | _+_ | | | _E
100 150 200 250 300 350 400 450
E.T'SS [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-03/

ZH(—invisible)

E‘ 600"_"'|""|"" LI L I L LI B | NE1O_37|| T T T T T T T T T T T T T T T T T 1T
= T ATI A N Higgs-portal Model ATLAS
9 r ATLAS 1 OzH,su ] 9,108 \s=7TeV, [Ldt=4.5fb"
€ 500 Vs=7TeV,[Ldt=45f" — opserved95% CLIimit—| 5 10°° \s=8TeV, [Ldt=20.3 b
£ L Is= 821:\/’{;; a _= 203m7 ... Expected 95% CL limit - 9 10-_40 \\ ZH gy’ i
=~ - inv. ]
@ 400 ’ I 10 -
X +20 |
ﬁ 300 - ) ////////////;////// TS
° 1 910"k —-— e
| —= 446 I s
200 ] o110 e e
°oF 1 z10¥ e
B 7 | 1 0'48 ..... .e? [ DAMA/LIBORA 30 I CRESST 20
100 - D10%E 7 A e evoNao
- s ) 107 e NS oo o ATLAS. o O
OI I S S S R S S SRR N SR |-'|.'-| """"" Tl R T 10 L 1 1 Ll I I IR I I I T
150 200 250 300 350 400 1 10 102 10°
m,, [GeV] DM Mass [GeV]
® BR(H—inv) = 75% observed (63% expected)
® Higgs portal Dark Matter interpretation
® scalar, vector and fermion DM
® sensitive to DM with my < mn/2
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mono-W/Z(qq)

8 TeV 20.3 fb"!

PRL 112,041802 (2014)

Event selection Uncertainties

® Jarge R=1.2 Cambridge-Aachen jet limited CR statistics

pT > 250 GeV, || < 1.2,

®

® MC theory uncertainties
50 < m < 120 GeV, \/y > 0.4 .

®

C-A jet energy scale/resolution

® at most one extra light jet total uncertainty 7_13%

pT > 40 GeV, || < 4.5

45 s

away from the fat jet (dR > 0.9) E 40E_ATLAS 2031 \s=8TeV - Data | E

and MET (d¢p > 0.4) 2 SRIET™ 500 Gev o et 2

@ mp— = To -

® |epton and photon veto 5 30 . ngﬂzfﬂ;)xfg , -Digoson =

(PT S |O GeV) AT 25:_ ////, uncertainty E

® SR defined by 205— / E

/ ]

MET > 350, 500 GeV s Mg E

Dominant backgrounds 10?— // %/ /

® Zvv+jets, W/Z from CR 5;__"

(inverted muon veto) 60 70 120

[GeV

M et
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2012-27/

mono-W/Z(qq)

¥-N cross-section [cmf]

® Sensitive to the sign of the DM couplings to up and down quarks.

® (C(u)=C(d) destructive interference u
® C(u) =-C(d) constructive interference > ﬁ ><X
d Vﬁ%‘”%

B Order of magnitude improvement on the WIMP-nucleon cross section limits.

e M*>~2TeV for D5 constructive mode.

_I T T TTTTT T T T TTTTI T IIIIIII|_ T T TTTTT] T T IIIIII| T T I||||||_ - o AFTrTTTTrTTTTTTTT—TT—T—T ; ; ; ; ; ; ; ;
] - D5(u=-d):obs 90% CL | —= D9:0obs I 95 ) l | | _:t
10%°%F D5(u=d):0bs A D9: ATLAS 7TeV ji1) E N 8E —*— Observed 95% CL SR Emlss >350 GeV =
D5:ATLAS 7TeV jixX) 1 | 5 - ---- Expected 95% CL 1
10 1 il @ 75 N Expected + 16 =
. = - Expected + 2
B " spin-dependent *, N 6 - xP ©
107 z  °F
N 4F
10742 % 3¢ E
1 - T =
[ couPP 2412 ATLAS 2031 Vs=8TeV- N 2 > E
107" - - CoGeNT 20 T — SIMPLE 2011 ; 1E =
| — XENON100 207 1 g%i';z 501 2 - -lceCube W'W | © 3 | | | AT LAS 20 3 fb \E I8 TeV;
r_ + — 201 2 — — I L1 L1 L1 ] ] ]
el CDMS low-energy ] T TSP E)IE lgeCubebb 0550740 160 180 200 220 240 960 280 300
1 10 10° 10°41 10 10° 10°
m, [GeV] m, [GeV] my [GeV]

® O(H—inv)/Oww = |.2 observed (2.2 expected)
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mono-VV(£v)

8 TeV 20.3 fb"!

ATLAS-CONF-2014-017

Event selection
® one isolated lepton
® celectron: pI,MET>125 GeV
® muon: pl, MET>45 GeV
® SR defined by cuts on mt(¢, MET)

a 10°g" ' T T T T T ' ' — T 5 ;‘104_f~f1"'l"‘l”w‘”w-wv_
S = ATLAS Preliminary W —ev ® Data 2012 J D : S
q>') 105 = DW’(SOO) - (D n ATLAS —=— D9 .
= = \'s=8TeV CIW(000) = = i Preliminary —= D5c -
10° & [Ldt=203fo"  [JwW(000) = —+— D5d
- Sw = 10 - D1
10° z - a
B Top quark 3
: - e ——
2 [ ] Diboson _ ——————
10 ] Multijet = 1 ”\—hx [
102 = 10°E k|
1 = - | SR ' :
107k ] ~ [ _ 3
° ZE. = E 10 z | + Er_ltnss =
PR — —,LI N - \s=8TeV, [Ldt=20.3fb" :
(Q-.E 0.51— + + ] e o o W o o o 8 o ¢ o 1 o ¢ o 9 o o o B o o o I o
0 103 0 200 400 600 800 1000 1200
m, [GeV] oy
m, [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2014-017/

mono-jet prospects @ 14 TeV

Event selection
® J|eading jet pT > 300 GeV

Ap(jet, MET) > 0.5

o
® c¢lectron and muon veto
°

ATL-PHYS-PUB-2014-007

Systematic uncertainties

5% reasonable expectation for
early Run-l

| % ultimate goal for HL-LHC

at most two jets < - L s S S B B
> o . . N
o PT > 30 GeV @ 8 TeV % 10 % ATLASSlmul\{aitlcin1ir_?2r\;\|nary %
o pT>50GeV@ I4TeV Jij 10 fm:zow .
® SR defined by g L =
MET > 400, 600, 800 GeV T Cltop -
% 10'1%— _
Backgrounds 102 ;_ _;
® pure MC study - .
10°¢ E
0 500 1000 1500 2000

ET° [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-007/

mono-jet prospects @ 14 TeV

® Already first data from Run-Il will bring improvements in sensitivity to DM.
® Exclusion limits can be improved by factor of 2 with first few fb-!.
® 50 discovery potential for M* ~ |.7 TeV with 300 fb-'.

3000 | | | |

;‘ [ . . . . ] E 22 :_I T T T TT T TT T TT T T T T T T T T T TT T T T T I_:
o ~  ATLAS Simulation Preliminary ] o __F .
; 2500:_ D5, m, = 50 GeV _: % ?g; ATLAS Simulation PreIiminaryE
o ~ 5% syst - = . 3 (s=14 TeV f Ldt=300fb E
O 2000 —] 2 Ur D5, m_ =50 GeV .
N - 9. g <4x | ) = x E
c B N smM7Dm . 1 4E n<|(gg, 0o, <4 -
‘B - ——o— —o— —e ] 121 —
» 1500 - ] 1 = 5% systematic e
g u _ 0 - 1% systematic -
Q - . 8 =
a 1000 —e— MET > 400 GeV g = .
B 7 o 50 discovery
B —#— MET > 600 GeV . 4 . —
500— — v 3o evidence -
- —— MET > 800 GeV - 25 =
: : O L1110 | 11 1 | 11 1 | 11 1 | 1 1 1 | 1 1 1 | L 11 | 1 11 | 111 | L 11 | L1
0 ' ' ' ' ' 1 121416 18 2 222426 28 3 3
8 7 7 7

Te'/QO 4T6V5 4TGV2 4T@V3 4Te|/ M. [TeV]

b1 fb-1 S fhr 00 4., 0o0p s

21 -26July 2014 David Salek: Searches for Dark Matter Production with Mono-objects and MET in ATLAS



Summary

® ATLAS has probed various mono-X + MET final states in order to search for
Dark Matter.

® Good agreement between data and Standard Model expectations are observed
in all cases.

® |imits are set using Effective Field Theories and Simplified Models.

® Preliminary projections of DM @ [4 TeV in the mono-jet final states suggest
the first data from Run-Il will significantly increase sensitivity.
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extra material
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mono-photon

7TeV 4.6 fb!

Event selection
e photon pT > |50 GeV

® atmost | jet (pT > 30 GeV)
e MET > |50 GeV

Dominant backgrounds

® /vv+y and Wev+y from CR

Uncertainties

® photon/jet energy scale, MET

® showering and hadronization
® statistics in CR
o

total uncertainty 15%

Events / GeV

10"
1072

107

150

PRL 110,011802 (2013)

I| TTT
b
3
T
7))

T | T T T T | T T T T | T T T T |
—e— Data 2011 {s =7 TeV)
C_1Z(—=vv)+y

O W/iZ+y

R W/Z+jet

E top, y+jet, multi-jet, diboson
=< Total background

— - ADD NLO, M_=1.0 TeV, n=2

S L . WIMP, D5, mf=1o GeV, M=400 GeV
777 ] !_ —
7 7 7¥777/7/I._._._._,_,_,_,_—_____
S
1 1 1 1 | 1 1 1 1 | 1 1 1 _§
300 350 400 450 500

200

250

ET™® [GeV]

[— _33_|| T IIIIIIIlI T T T TTTTIT
<10 = 90% CL, Spin Dependent

0]
—
o
Sl
o
|

- SIMPLE
- - - CDF, D8, @i~ j(xX)

CMS (5 f6), D8, qd—> v (),

— Picasso

Dirac

90% CL, Spin Independent

""" XENON100 — CDMS

— CoGeNT - - CDF, D5, dd— j(x)
CMS (5 fb™), D5, qg— Y(X)_()D.

— ATLAS, D5, qd— y(xX)Dirac rac

- ATLAS, D1, @@ Y ()

" ’
Dirac,

o
=) E
Z>,<1 0"”§ —— ATLAS, D8, q3—>Y(xX), .
107#2f ---- ATLAS, D9, 60— V(X7
o
10-442_ ATLAS \s =7 TeV’f Ldt=a6®"F e e
10-455I tinl ul |
1 10 102 10° 1 10 10 i
m [GeV] m, [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2012-05/

mono-jet

S 1029F
2.10%

c

O 1A33L
2105
810-35_
S 1097)
109 }
041:
;1043-
=104 f

cleon c

— -1 o
.6‘ 10-19 -_ATLIASI T T TTTT | T T ygl I_I7II-|I_eV, 4I..7 Ifbl ’I gl“:l-) I/I°|CI_: J H EP I 3 04 (20 I 3) 075
o - 2x (Fermi-LAT dSphs (xx) = —bb)
E 1 O 20 [ Majorana
S,
o E
o .
] E
I§
ks E
A = j
S
v
(O] =
£ :
S E
O -
_C—_U :l 1 1 1 L1 1 11 | 1 1 1 L1 111 | 1 1 1 L 111 | E
= 1 10 10 10°
< WIMP mass m, [ GeV ]
ATLAS s=7TeV,4.7", 90%CL ATLAS s=7TeV,4.7 ", 90%CL
_ T IIIIIII| T T 1TT1TT T IIIIIII| L | :l T T 1T TTTT T T T T T1TT T IIIIIII
 XENON1002012 D1: gg— 00, “E a5 ___ SIMPLE 2011 —— D8: qg—> 1000,y
i Irac G107 Picasso 2012 D9: qg— Irac
- ---- CDMSIl low-energy —s— D5:qG— J(XX) Dirac | — ST D8: CDF qg— i), — 19— | XX)Dirac
[ e CoGeNT 2010 —— D11: gg— J(XX)Dlrac- | — — D8:CMIS G4 (g, " "1 Oineory
CooT D5: CDF Cla—> j(Xi)DiraC """"""" -1 O-theory E :

| Il Il | | I| Il Il | I | I| Spirll-in(ljepequelr?F R

1 10 102 10°
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