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+

o "D'.warf' ga'laxiéS'.

‘o

57

ROTATIONAL VELOCITY (km

= -
350~ ' o NoG 4594 ] T
Sp NG S5
i
00 /A 7 T T ____Sa NGC 4378
NGC Sem—
_ Sap-So NGC 7o),

- TN SR she ne 3ias |

— '"/ ——""Sbc NGC %620
- ;::-7 z —5§-§c_'€ﬁ 654

—

1 1 L
10 I5 20

DISTANCE FROM NUCLEUS (kpc)

»




B 4 £ f 4

.
B

P G @  Dwarfgalaxies . - Earge scale structure and evolution

? o 3 . 5 g i 2.
b A,:’.‘ - ; : -\:’ i
' " r

——20 NGC 4378

D= o BN ) . W i o T SR - oy
_—""Sbc NGC %20 3 : : : : : §5 T i y | i X

3
w
£
I —— ; 2
> 5 . —. e -
: T ™~ "Z ‘
‘ gy : e g i
o iy Ee »
w + & < ) Y
> . B by 2o 3
-l ‘ : . /
< 7% i -
9 . 4 3 - 2 8 - B 3 "
= ‘ - 3 y e e o 1y W . 4 Y : 3.
15 T oo ‘ o s

—_—

DISTANCE FROM NUCLEUS (kpc)

Clusfer collisions™ s * "= . - |

-. -

o

< .



P Tk : -
: v ? 4 ;

Fvid forDartk M : . Dyarfoslaxes - 1B ‘ - Lar e Nl structure and evolution'
UL Owarfoalaies | Earg gl sruchfe and v,

MR AR N A e v

e e

-

T .

ROTATIONAL VELOCITY (km $+%)

'6 § £
4 : ; . \ L) Y 1.8 . : N ~
. + ¥ \ o b ¢ 1o “N »
Y e B A el N arE ;
< s > ’ 7 & .
- > v A .
5 2w ;

. Gravitational lensing. = =7 St TR T D TE  b

’ . . 4 v. \ - !

3 ?(5 ; - . 4 * s ’ ' L) . ... 3 A G g7 ‘-". / 4 ."E_.. 7 ‘.:"7:" “
DISTANCE FROM NUCLEUS (kpc) ' : | : '

Cluster collisions”,» * "~ .= %

%
- 3 ae Dty /

Cosmic background
radiation

R T s SO | 500 1000 1500 2000 2500

* "Cluster collisions Gas in x-rays



Properties of dark matter
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Properties of dark matter

Dark
(other effective couplings to SM are zero or small)

Interacts gravitationally

@ Ordinary Matter
@ Dark Matter
Dark Energy

5x as much DM as SM

Cosmologically stable Approximately Cold / non-relativistic
Modified gravity difficult and lacks other evidence
Massive AstrophysiCal Halo Objects (MACHOs) cannot account for observed density

Particle dark matter: but properties inconsistent with any Standard Model particle
11



HISTORY OF THE UNIVERSE

High-energy
cosmic rays

t = Time (seconds, years)
E = Energy of photons (units GeV = 1.6 x 10710 joules)
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HISTORY OF THE UNIVERSE
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searches for New Physics at ATLAS

ATLAS Exotics Searches* - 95% CL Exclusion

ATLAS Preliminary

Status: March 2016 fﬁ dt = (3.2-20.3) fo! Vs =8,13 TeV
Model ty Jetst ET' [ram™) Limit Reference
—TT T — T T — T T —
ADD Gkk +g/q - >1j Yes 32 6.86 TeV. Preliminary
ADD non-resonant ({ 2epu - - 20.3 3HLZ 1407.2410
2  ADDQBH - (g 1eu 1j - 203 6 1311.2006
S ADDOBH - 2j - 36 8.3TeV 6 1512.01530
S ADDBH high 3 pr zlepu 22j - 3.2 8.2 TeV n=6,Mp =3TeV,rot BH ATLAS-CONF-2016-006
g ADD BH multijet - >3j - 3.6 9.55TeV. n =6, Mp=3TeV,rot BH 1512.02586
S RS Guk — 2eu - - 20.3 1405.4123
© RS1 Gk — vy 2y - - 20.3 k/Mp, =01 1504.05511
£ BulkRS Gkx —» WW — qqlv len 1J Yes 3.2 1.06 TeV k/Mp = 1.0 ATLAS-CONF-2015-075
w Bulk RS Gyx — HH — bbbb - 4b - 32 475-785 GeV k/Mp = 1.0 ATLAS-CONF-2016-017
Bulk RS gki — tt Teu =1b,>1J/2) Yes 20.3 BR=0.925 1505.07018
2UED/RPP leu 22b24j Yes 3.2 1.46 TeV Tier (1,1), BRAMY — tt) = 1 ATLAS-CONF-2016-013
SSM Z' — ¢t 2ep - - 32 |Z mass 3.4TeV ATLAS-CONF-2015-070
@  SSMZ -1t 27 - - 19.5 1502.07177
S Leptophobic 2’ — bb - 2b - 32 |z mass 1.5 TeV o Preliminary
8  SsMwW iy Tepu - Yes 32 | W mass 4.07 TeV xg Ics ATLAS-CONF-2015-063
8  HVT W - WZ - ggwmodel A Oepu 1J Yes 32 | W mass 1.6 TeV e ATLAS-CONF-2015-068
8 HVTW - WZ - qqqq model A — 2J - 32 | W mass 1.38-1.6 TeV. &= ATLAS-CONF-2015-073
8 HVIW > WH - (vbbmodelB 1enu 1-2b1-0j Yes 32 | W mass 1.62 TeV ATLAS-CONF-2015-074
[0} HVT Z’ — ZH — yvbb model B Oeu 12b,1-0j Yes 3.2 2’ mass 1.76 TeV ATLAS-CONF-2015-074
LRSM W, — tb Tlepu 2b,0-1] Yes 203 1410.4103
LR W] = T TR
Clqqqq - 2j - 36 |A 175TeV. me=-1 1512.01530
Cl qqtt 2epu - - 32 |A 231TeV nu=-1 ATLAS-CONF-2015-070
Cl uutt 2e,u(SS) 21b,1-4] Yes 203 ICul=1 1504.04605
s Axial-vector mediator (Dirac DM) Oeu >1j Yes 3.2 my 1.0 TeV 8,=0.25, g,=1.0, m(y) < 140 GeV/ Preliminary
3§  Axial-vector mediator (Dirac DM) 0 ey, 1y 1j Yes 32 |ma 650 GeV/ £,=025, g,=1.0, m(y) < 10 GeV Preliminary
ZZyy EFT (Dirac DM) Oeu  14,<1j Yes 32 |Mm, 550 GeV mi(y) < 150 GeV ATLAS-CONF-2015-080
o Scalar LQ 1% gen 2e >2j - 32 LQ mass 1.07 TeV. B=1 Preliminary
3 ScalarLQ 2" gen 2u >2j - 3.2 1.03 TeV B=1 Preliminary
Scalar LQ 3" gen lepu 21b23] Yes 203 B=0 1508.04735
VLQTT - Ht+ X 1Teu =2b>23j Yes 20.3 T in (T,B) doublet 1505.04306
22 VLQ YY > Wb+ X leu =1b23] Yes 203 Y in (B,Y) doublet 1505.04306
® 5 VLQBB - Hb+ X leu 22b23) Yes 203 isospin singlet 1505.04306
:?:) a_ VLQ BB - Zb+ X 2/z3e,u  =2/21b - 20.3 Bin (B,Y) doublet 1409.5500
VLQ QQ — WqWq 1enu 24j Yes 20.3 1509.04261
T3 » Wt teu =1b25j Yes 20.3 1503.05425
Excited quark g* — qy 1y 1j - 3.2 4.4 TeV only u” and d*, A= m(q") 1512.05910
B 2 Excitedquark g - gg = 2j - 36 5.2TeV only u* and d*, A = m(q") 1512.01530
2 'E Excited quark b* — bg - I 32 Preliminary
5 £ Excited quark b* — Wt 1or2e,u 1b,20j Yes 20.3 fo=fi=fr=1 1510.02664
WS Excited lepton ¢ 3eu - = 203 A=30TeV 1411.2021
Excited lepton v* 3eurt - - 20.3 A=16TeV 1411.2921
LSTC ar — Wy temly - Yes 203 1407.8150
LRSM Majorana v 2epu 2j - 20.3 m(Wg) = 2.4 TeV, no mixing 1506.06020
o~ Higgs triplet H** — ¢¢ 2e, 1 (SS) - - 203 DY production, BR(H;* — £f)=1 1412.0237
E Higgs triplet H** — (1 3eut - - 20.3 DY production, BR(H}* — (7)=1 1411.2921
5 Monotop (non-res prod) Teu 1b Yes 20.3 @non-res = 0.2 1410.5404
Multi-charged particles - - - 203 DY production, |q| = 5e 1504.04188
Magnetic monopoles — - - 7.0 DY production, |g| = 1gp, spin 1/2 1509.08059

ATLAS Long-lived Particle Searches*

*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.
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95% CL Exclusion

10

Mass scale [TeV]

ATLAS Preliminary ©Other

Status: July 2015 fL dt = (18.4 - 20.3) ol \/— =8 TeV
Model Signature  [£dt[b™] Lifetime limit Reference
RPV 0 — eev/euv/upv  displaced lepton pair  20.3 X‘; m(g) = 1.3 TeV, m(x}) = 1.0 TeV| 1504.05162
GGM 0 - 26 displaced vix +jets 203 | AfHiTE N Ea0 ] m(g) = 1.1 TeV, m(x?) = 1.0 TeV| 1504.05162
. AMSB pp — xix?,x{x;  disappearingtrack 203 | x* lifetime . o02230m m(x}) = 450 GeV 1310.3675
(%)
B AMSBpp - xhd xfx;  large pixel dE/dx 184 | x* lifetime . 13t90m m(x}) = 450 GeV 1506.05332
GMSB non-pointing or delayed y 20.3 [ x? lifetime . o08s54am SPS8 with A = 200 TeV 1409.5542
Hidden Valley H — myx, 2 low-EMF trackless jets  20.3 [ m, lifetime o o4t7sTm m(n,) = 25 GeV 1501.04020
§
= Hidden Valley H — m, 2 ID/MS vertices 19.5 | 7y lifetime P oEEEERl  m(r) = 25 GeV 1504.03634
It
o
@ FRVZH-2yy+ X 2 ey, n-jets 203 | yalifetime [IAS A0 o = 400 MeV 1409.0746
& ong-iive
2
T FRVZH o4y + X 2 e—, p-, n-jets 20.3 | ya lifetime H = 4yg + X, m(yq) = 400 MeV 1409.0746
58 Hidden Valley H — mm, 2 low-EMF trackless jets  20.3 |  lifetime . oes50m m(r) = 25 GeV 1501.04020
v
I
e | Hidden Valley H — myz, 2 ID/MS vertices 19.5 | n, lifetime . o48am m(n,) = 25 GeV 1504.03634
Q
1%}
8 FRVZH - ays+ X 2 e, p—, 1—jets 203 | ya lifetime | 28160mm H = dy4 + X, m(yq) = 400 MeV 1409.0746
I
~ Hidden Valley ® — 7,7, 2 low-EMF trackless jets  20.3 |  lifetime . o02e79m oxBR =1 pb, m(r,) = 50 GeV 1501.04020
835
[
©
S Hidden Valley ® — m,x, 2 low-EMF trackless jets 20.3 | x, lifetime o ot54am xBR = 1pb, m(r,) = 50 GeV 1501.04020
® =
oS
S § Hidden Valley ® — 7,7, 2 ID/MS vertices 19.5 | my lifetime S oat183m oxBR = 1 pb, m(r,) = 50 GeV 1504.03634
i~
L HVZ(TeV) - aa 2 ID/MS vertices 203 | my lifetime S otaom oxBR = 1 pb, m(r,) = 50 GeV 1504.03634
2
S HZ@Tev) - aaq 2 ID/MS vertices 20.3 | my lifetime oxBR = 1pb, m(r,) = 50 GeV 1504.03634
0.01 0.1 1 10 100

*Only a selection of the available lifetime limits on new states is shown.

ct [m]

https://twiki.cern.ch/twiki/bin/view/AtlasPublic

ATLAS Preliminary

ATLAS SUSY Searches* - 95% CL Lower Limits

Status: March 2016

Vs=7,8,13TeV

Model 6T,y Jets ET [Ldib) Mass limit V5=7,8TeV [ y5=13TeV Reference
T T T T T T —
MSUGRA/CMSSM 0-3e,u/1-27 2-10jets/3b Yes 20.3 1.85 TeV m(g)=m(3) 1507.05525
33, G—q¥ 0 2-6jets  Yes 3.2 m(¥)=0 GeV, m(I1* gen. g)=m(2™ gen. ) ATLAS-CONF-2015-062
® —q¥] (compressed) mono-jet  1-3jets  Yes 32 m(g)-m(F})<5 GeV To appear
@ 0 2eu(off-Z) 2jets  Yes 203 820 GeV m(/?| 1503.03290
'§ 0 26jets  Yes 32 m(/?n 0GeV ATLAS-CONF-2015-062
5 12e.u s—g J:e:s Yes 328 m(/Y|)<350(3eV m(E*)=0.5(m(¥})+m(z)) ATLAS-CONF-2015-076
@ ep -3 jets - m(¥})=0GeV 1501.03555
(3 L 8—qqWZX | 0 7-10jets  Yes 3.2 m(¥}) =100 GeV 1602.06194
‘G GMSB (I NLSP) 127+01¢ 02jets Yes 203 |& 1.63TeV  tang>20 1407.0603
% GGM (bino NLSP) 2y - Yes 20.3 z 1.34 TeV ct(NLSP)<0.1mm 1507.05493
£ GGM (higgsino-bino NLSP) Y 1b Yes  20.3 z 1.37 TeV m(¥})<950 GeV, cr(NLSP)<0.1 mm, u<0 1507.05493
GGM (higgsino-bino NLSP) Y 2jets Yes 20.3 z 1.3TeV m(¥})<850 GeV, cr(NLSP)<0.1 mm, u>0 1507.05493
GGM (higgsino NLSP) 2eu(2) 2jets Yes 20.3 3 900 GeV m(NLSP)>430 GeV 1503.03290
Gravitino LSP 0 mono-jet  Yes 20.3 F'2 scale 865 GeV m(G)>1.8 x 10~ eV, m(g)=m(g)=1.5TeV 1502.01518
ﬂ:) E gﬂbb)ﬁ 0 3b Yes 33 m(X, )<800 ATLAS-CONF-2015-067
€ @ g_.wv. 0-1e.p 3b Yes 3.3 m(x,) 0G § U SY To appear
%o 23, bk 0-1e,u 3b Yes 20.1 4 1.37 TeV m(¥})<300 1407.0600
o bibibiobi) 0 2b  Yes 32 |G EA0 GeV] m(F})<100 GeV ATLAS-CONF-2015-066
XS bbb Hm 2e,u(SS) 03b Yes 32 |bh | 325-540 GeV m(¥})=50 GeV, m(¥})= m(¥})+100 GeV 1602.09058
‘é S fi, bt 1-2eu 1-2b  Yes 4.7/203 | i117-170 GeV 200-500 GeV m(;) = 2m(t)), m(E})=55 GeV 1209.2102, 1407.0583
@ '8 i 1|—>WhX1 or Vh 0-2e,u 0-2jets/1-2b Yes 20.3 A 90-198 GeV 205-715 GeV 745-785 GeV m(¥ 1506/08616, ATLAS-CONF-2016-007
S S 7i.q —cb 0  mono-jet/c-tag Yes 203 |7 90-245 GeV m(i)-m(¥})<85GeV 1407.0608
> § 717 (natural GMSB) 2e,u(2) 1b Yes 20.3 i 150-600 GeV m(¥))>150 GeV 1403.5222
T 5 hb.hoh+Z 3eu(2) 1b Yes 203 |7 290-610 GeV m(¥})<200 GeV 1403.5222
b, h—ih +h leu 6jets+2b Yes 20.3 B 320-620 GeV m(¥})=0GeV 1506.08616
eL RS R, a4 2ep 0 Yes 203 |7 90-335 GeV m(¥)=0GeV 14035294
| T lv(Lr) 2epu 0 Yes 20.3 iz 140-475 GeV m(}o 0GeV, m(Z, v):o_s(mwf)»,mgj;)) 1403.5294
- X|X )(| —TU(TV) 27 - Yes  20.3 il 355 GeV m(¥1)=0 GeV, m(7, 7)=0.5(m(¥7 )+m(E1)) 1407.0350
=3 X.)(me(w) VELLGY) Bepu 0 Yes 203 |}, z 715 GeV mEET)=m(3), m¥})=0, m(Z, »)=0.5(m(¥;)}+m(¥})) 1402.7029
wss x.x,awx D(b 23epu  02jets  Yes 203 |, ‘6 425 GeV m(¥F)=m(¥3), m(¥})=0, sleptons decoupled | 1403.5294, 1402.7029
)(é)( ~>W)(lh)(1, h—bb/WW/tt]yy €KY 0-2b Yes 203 | XA, 270 GeV m¥i)=m(¥3), m(¥})=0, sleptons decoupled 1501.07110
O, K55 >Trl dep 0 Yes 203 )?L 635 GeV v 7,9)=0.5(m(¥3)+m(¥?)) 1405.5086
GGM (wino NLSP) weak prod. Tepu+y - Yes 20.3 W 115-370 GeV 1507.05493
Dlrec1)(|)(| prod., long-| ||ved)‘(. Disapp. trk 1 jet Yes 203 | X 270 GeV m(¥)-m(¥})~160 MeV, 7(¥1)=0.2 ns 1310.3675
> Direct ¥ ¥, prod., long-lived ¥ dE/dx trk - Yes 184 | X 495 GeV m¥i)-m(E})~160 MeV, 1(¥})<15 ns 1506.05332
o u"’) Stable, stopped g R-hadron 0 1-5jets  Yes 279 z 850 GeV =100 GeV, 10 us<7()<1000 s 1310.6584
5 G Metastable g R-| hadron dE/dx trk - - 3.2 m(E))=100 GeV, r>10 ns To appear
2% awmss, stable 7, B, frte) 12u - 191 | &) 537 GeV 10<tang<50 14116795
S 2 GMSB, ¥} -G, long-lived ¥} - Yes  20.3 i: 440 GeV 1<(i1)<3 ns, SPS8 model 1409.5542
23, X\ —»ee\({euv/;.wv displ. ee/eu/up - 20.3 ¥ 1.0 TeV 7 <ct(¥})< 740 mm, m(z)=1.3 TeV/ 1504.05162
GGM gz, X|—2G displ. vix +jets - - 203 xe 1.0 Tev 6 <cr(t})< 480 mm, m(z)=1.1 TeV 1504.05162
LFV pp—7: + X, r—>ep/et/ut epLeT.uT - - 203 | ¥ 1.7TeV  4;,=0.11, di3/133233=0.07 1503.04430
Bilinear RPV CMSSM 2e,p(SS)  03b Yes 203 [7.& 1.45 TeV m(g)=m(g), ctsp<1 mm 1404.2500
S WR X e, env. 4en - Yes 203 |dy 760 GeV mE))>0.2xm(¥;), 412120 1405.5086
> 1K S WL oTrv, ey, e+t - Yes 203 | X 450 GeV mE))>0.2xm(¥;), 43320 1405.5086
& 2, gﬂqqq 0 67 jets - 203 |z 917 GeV BR(1)=BR(b)=BR(c)=0% 1502.05686
28, g—»qu. 5 qqq 0 6-7 jets - 20.3 z 980 GeV m(¥})=600 GeV 1502.05686
38 g—oht, 11—bs 2¢,u(SS)  03b Yes 203 |& 880 GeV 1404.2500
iif, [y —bs 0 2jets+2b - 20.3 i 320 GeV 1601.07453
nf, h-bt 2epu 2b - 20.3 7 0.4-1.0 TeV. BR(f| —be/p)>20% ATLAS-CONF-2015-015
Scalar charm, c—ct| 0 2¢ Yes 203 |& 510 GeV m(P})<200 GeV 1501.01325
L L L L PR R | L L L L L
*Only a selection of the available mass limits on new -1
statyes or phenomena is shown. 10 1 Mass scale [TeV]

ATLAS

\S
\'S

7 TeV, 4.5-4.7 o’
8 TeV, 20.3 fb™

EW singlet

== SM

Obs. 95% CL: K2<0.12
Exp. 95% CL: k2<0.23
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searchestorNewMhysiesat-ATAS Searches for Dark Matter at ATLAS

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Exotics Searches* - 95% CL Exclusion

ATLAS Preliminary

Status: March 2016 fﬁ dt = (3.2-20.3) fo! Vs =8,13 TeV
Model ty Jetst ET' [ram™) Limit Reference
—TT T T —TT T — T T —
ADD Gk +g/a - >1j Yes 3.2 6.86 TeV n=2 Preliminary
ADD non-resonant ({ 2epu - - 20.3 3HLZ 1407.2410
2  ADDQBH - (g 1eu 1j - 203 6 1311.2006
S ADDOBH - 2j - 36 8.3TeV 6 1512.01530
S ADDBH high 3 pr zlepu 22j - 3.2 8.2 TeV n=6,Mp =3TeV,rot BH ATLAS-CONF-2016-006
g ADD BH multijet - >3j - 3.6 9.55TeV. n =6, Mp=3TeV,rot BH 1512.02586
S RS Guk — 2eu - - 20.3 1405.4123
© RS1 Gk — vy 2y - - 20.3 k/Mp, =01 1504.05511
£ BulkRS Gkx —» WW — qqlv len 1J Yes 3.2 1.06 TeV k/Mp = 1.0 ATLAS-CONF-2015-075
w Bulk RS Gyx — HH — bbbb - 4b - 32 475-785 GeV k/Mp = 1.0 ATLAS-CONF-2016-017
Bulk RS gki — tt Teu =1b,>1J/2) Yes 20.3 BR=0.925 1505.07018
2UED/RPP leu 22b24j Yes 3.2 1.46 TeV Tier (1,1), BRAMY — tt) = 1 ATLAS-CONF-2016-013
SSM Z' — ¢t 2ep - - 32 |Z mass 3.4TeV ATLAS-CONF-2015-070
@  SSMZ -1t 27 - - 19.5 1502.07177
S Leptophobic 2’ — bb - 2b - 32 |z mass 1.5 TeV o Preliminary
8  SsMwW iy Tepu - Yes 32 | W mass 4.07 TeV xg Ics ATLAS-CONF-2015-063
8  HVT W - WZ - ggwmodel A Oepu 1J Yes 32 | W mass 1.6 TeV e ATLAS-CONF-2015-068
8 HVTW - WZ - qqqq model A — 2J - 32 | W mass 1.38-1.6 TeV. &= ATLAS-CONF-2015-073
8 HVIW > WH - (vbbmodelB 1enu 1-2b1-0j Yes 32 | W mass 1.62 TeV ATLAS-CONF-2015-074
[0} HVT Z’ — ZH — yvbb model B Oeu 12b,1-0j Yes 32 2’ mass 1.76 TeV ATLAS-CONF-2015-074
LRSM W, — tb Tlepu 2b,0-1] Yes 203 1410.4103
LR W] = T TR
Clgqqq - 2j - 3.6 A 17.5TeV  nu=-1 1512.01530
Cl qqtt 2epu - - 32 |A 231TeV nu=-1 ATLAS-CONF-2015-070
Cl uutt 2e,u(SS) 21b,1-4] Yes 203 ICul=1 1504.04605
s Axial-vector mediator (Dirac DM) Oeu >1j Yes 3.2 my 1.0 TeV 8,=0.25, g,=1.0, m(y) < 140 GeV/ Preliminary
3§  Axial-vector mediator (Dirac DM) 0 ey, 1y 1j Yes 32 |ma 650 GeV/ £,=025, g,=1.0, m(y) < 10 GeV Preliminary
ZZyy EFT (Dirac DM) Oeu  14,<1j Yes 32 |Mm, 550 GeV mi(y) < 150 GeV ATLAS-CONF-2015-080
o Scalar LQ 1°t gen 2e >2j - 32 LQ mass 1.07 TeV. B=1 Preliminary
= | ScalarLQ 2™ gen 2p >2j - 3.2 1.03 TeV B=1 Preliminary
Scalar LQ 3" gen lepu 21b23] Yes 203 B=0 1508.04735
VLQTT - Ht+ X 1Teu =2b>23j Yes 20.3 T in (T,B) doublet 1505.04306
22 VLQ YY > Wb+ X lepu =21b23) Yes 203 Y in (B,Y) doublet 1505.04306
® 5 VLQBB - Hb+ X leu 22b23) Yes 203 isospin singlet 1505.04306
:% C:T VLQ BB - Zb+ X 2/z3e,u  =2/21b - 20.3 Bin (B,Y) doublet 1409.5500
VLQ QQ — WqWq 1enu 24j Yes 20.3 1509.04261
T3 » Wt teu =1b25j Yes 20.3 1503.05425
Excited quark g* — qy 1y 1j - 3.2 4.4 TeV only u” and d*, A= m(q") 1512.05910
B 2 Excitedquark g - gg = 2j - 36 5.2TeV only u* and d*, A = m(q") 1512.01530
2 'E Excited quark b* — bg - I 32 Preliminary
5 £ Excited quark b* — Wt 1or2e,u 1b,20j Yes 20.3 fo=fi=fr=1 1510.02664
WS Excited lepton ¢ 3eu - = 203 A=30TeV 1411.2021
Excited lepton v* 3eurt - - 20.3 A=16TeV 1411.2921
LSTC ar — Wy temly - Yes 203 1407.8150
LRSM Majorana v 2epu 2j - 20.3 m(Wg) = 2.4 TeV, no mixing 1506.06020
o~ Higgs triplet H** — ¢¢ 2e, 1 (SS) - - 203 DY production, BR(H;* — £f)=1 1412.0237
g Higgs triplet H** — (1 3eut - - 20.3 DY production, BR(H}* — (7)=1 1411.2921
5 Monotop (non-res prod) Teu 1b Yes 20.3 @non-res = 0.2 1410.5404
Multi-charged particles - - - 203 DY production, |q| = 5e 1504.04188
Magnetic monopoles — - - 7.0 DY production, |g| = 1gp, spin 1/2 1509.08059

*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.

ATLAS Long-lived Particle Searches*
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95% CL Exclusion

10 Mass scale [TeV]

ATLAS Preliminary ©Other

Status: July 2015 fL dt = (18.4 - 20.3) ol \/— =8 TeV
Model Signature  [£dt[b™] Lifetime limit Reference
RPV 0 — eev/euv/upv  displaced lepton pair  20.3 X‘; m(g) = 1.3 TeV, m(x}) = 1.0 TeV| 1504.05162
GGM 0 - 26 displaced vix +jets 203 | AfHiTE N Ea0 ] m(g) = 1.1 TeV, m(x?) = 1.0 TeV| 1504.05162
. AMSB pp — xix?,x{x;  disappearingtrack 203 | x* lifetime . o02230m m(x}) = 450 GeV 1310.3675
%)
B AMSBpp - xhd xfx;  large pixel dE/dx 184 | x* lifetime . 13t90m m(x}) = 450 GeV 1506.05332
GMSB non-pointing or delayed y 20.3 [ x? lifetime . o08s54am SPS8 with A = 200 TeV 1409.5542
Hidden Valley H — 7,7, 2 low-EMF trackless jets  20.3 | = lifetime _ m(m,) = 25 GeV 1501.04020
g
= Hidden Valley H — m, 2 ID/MS vertices 19.5 | 7y lifetime P oEEEERl  m(r) = 25 GeV 1504.03634
It
[id
@ FRVZH-2yy+ X 2 ey, n-jets 203 | yalifetime [IAS A0 o = 400 MeV 1409.0746
& ong-iive
S
T FRVZH o dyg+ X 2 e, y—, n—jets 203 | alifetime H = 4yq + X, m(yq) = 400 MeV 1409.0746
58 Hidden Valley H — mm, 2 low-EMF trackless jets  20.3 |  lifetime . oes50m m(r) = 25 GeV 1501.04020
e
I
e | Hidden Valley H — myz, 2 ID/MS vertices 19.5 | n, lifetime . o48am m(n,) = 25 GeV 1504.03634
o
1%}
8 FRVZH - ays+ X 2 e, p—, 1—jets 203 | ya lifetime | 28160mm H = dy4 + X, m(yq) = 400 MeV 1409.0746
I
~ Hidden Valley ® — 7,7, 2 low-EMF trackless jets  20.3 |  lifetime . o02e79m oxBR =1 pb, m(r,) = 50 GeV 1501.04020
835
[
©
S Hidden Valley ® — m,x, 2 low-EMF trackless jets 20.3 | x, lifetime o ot54am xBR = 1pb, m(r,) = 50 GeV 1501.04020
o
oS
S § Hidden Valley ® — 7,7, 2 ID/MS vertices 19.5 | my lifetime S oat183m oxBR = 1 pb, m(r,) = 50 GeV 1504.03634
5
. HVZ(TeV) - aa 2 ID/MS vertices 203 |y lifetime
2
S HZ@TeY) - qq 2IDMS vertices  20.3 | m, lfetime
0.01 0.1

*Only a selection of the available lifetime limits on new states is shown.

Status: March 2016

ATLAS Preliminary
V5=7,8,13TeV

\
\

S
S

ATLAS
7 TeV, 4.5-4.7 o’
8 TeV, 20.3 fb™

EW singlet
m— = SM

Additional

Obs. 95% CL: K2<0.12
Exp. 95% CL: k2<0.23

BRH,new

OO0
NWRUITON®O

]
-

or can be easily modified to provide one

Most of these models already have a DM candidate, - 0.1

miss _ .o
Model &MY Jets EL™ [Laim™) Mass limit V5=7,8TeV [ y5=13TeV Reference
T T T T T T —
MSUGRA/CMSSM 0-3e,u/1-27 2-10jets/3b Yes 20.3 1.85 TeV m(g)=m(3) 1507.05525
33, G—q¥ 0 2-6jets  Yes 3.2 m(E})=0 GeV, m(I* gen. §)=m(2™ gen. ) ATLAS-CONF-2015-062
® —g¥| (compressed) mono-jet  1-3jets  Yes 32 m(g)-m(¥})<5 GeV To appear
o 0 2eu(off-Z) 2jets Yes 203 820 GeV m(/h 1503.03290
S 0 26jets  Yes 32 m(/?n 0GeV ATLAS-CONF-2015-062
g Ten 2-6jets  Yes 3.3 m(/Y.)<350(SeV mEE)=0.5(m(¥)+m(z) ATLAS-CONF-2015-076
(%] 2ep 0-3 jets - 20 m(¥})=0GeV 1501.03555
(3 L §—qqWZX| 0 7-10jets  Yes 3.2 m(¥}) =100 GeV 1602.06194
‘G GMSB ([ NLSP) 127+01¢ 02jets Yes 203 |& 1.63TeV  tang>20 1407.0603
% GGM (bino NLSP) 2y - Yes 20.3 z 1.34 TeV ct(NLSP)<0.1mm 1507.05493
£  GGM (higgsino-bino NLSP) Y 1b Yes  20.3 z 1.37 TeV m(¥})<950 GeV, cr(NLSP)<0.1 mm, u<0 1507.05493
GGM (higgsino-bino NLSP) Y 2jets Yes 20.3 z 1.3TeV m(¥})<850 GeV, cr(NLSP)<0.1 mm, u>0 1507.05493
GGM (higgsino NLSP) 2eu(Z) 2jets  Yes 203 & 900 GeV m(NLSP)>430 GeV 1503.03290
Gravitino LSP 0 mono-jet  Yes 20.3 F'? scale 865 GeV m(G)>1.8x 10~ eV, m(z)=m(g)=1.5TeV 1502.01518
s E gﬂbb)ﬁ 0 3b Yes 3.3 m(x, )<800 ATLAS-CONF-2015-067
€ @ g_.wv. 0-1ep 3b Yes 33 m(X.) 0Ge U SY To appear
50 23, gobit] 0-1e.u 3b Yes 201 |#& 1.37 TeV m(P})<300 1407.0600
o bibibiobi) 0 2b  Yes 32 |G EA0 GeV] m(F})<100 GeV ATLAS-CONF-2015-066
4(5“ S biby, by Hm 2e,u(SS) 0-3b Yes 3.2 by | 325-540 GeV m(E))=50 GeV, m(¥i)= m(¥})+100 GeV 1602.09058
s S fi, bt 1-2eu 1-2b  Yes 4.7/203 | i117-170 GeV 200-500 GeV m(;) = 2m(t)), m(E})=55 GeV 1209.2102, 1407.0583
B8 i, Wbt or i) 0-2e,u 0-2jets/1-2b Yes 203 | & 90-198 GeV 205-715 GeV 745-785 GeV m(¥! 1506{08616, ATLAS-CONF-2016-007
s § iy, fi—ck) 0  mono-jet/ctag Yes 203 |7 90-245 GeV m(7,)-m(¥})<85 GeV 1407.0608
° 9 717 (natural GMSB) 2e,u(2) 1b Yes 20.3 i 150-600 GeV m(¥))>150 GeV 1403.5222
T 5 hb.hoh+Z 3eu(2) 1b Yes 203 |7 290-610 GeV m(¥})<200 GeV 1403.5222
by, hoh +h lep 6Bjets+2b Yes 203 | & 320-620 GeV m(¥})=0GeV 1506.08616
eL PR R, ity 2ep 0 Yes 203 |7 90-335 GeV m(¥)=0GeV 14035294
X 1Dty 2ep 0 Yes 203 | Xy 140-475 GeV m(¥})=0GeV, m(Z, 7)=0.5(m(¥7)+m(¥})) 14035294
e X|X )(| (V) 27 - Yes 203 | X 355 GeV m(¥))=0GeV, m(#, %)=0.5(m(¥} )+m(¥})) 1407.0350
=3 X.Xaamm(w) VELLGY) Bepu 0 Yes 203 |}, ; 715 GeV mEET)=m(3), m¥})=0, m(Z, »)=0.5(m(¥;)}+m(¥})) 1402.7029
W b =20 wid D(b 23eu  02jets  Yes 203 |, '6 425 GeV m(ET)=m(¥3), m(¥})=0, sleptons decoupled | 1403.5294, 1402.7029
xé)( ~>W)(lh)(1, h—bb/WW/tt]yy €M1 0-2h Yes 203 ﬁ 7 270 GeV m¥i)=m(¥3), m(¥})=0, sleptons decoupled 1501.07110
O, K55 >Trl dep 0 Yes 203 |k, 635 GeV % v 7,9)=0.5(m(¥3)+m(¥?)) 1405.5086
GGM (wino NLSP) weak prod. Teu+y - Yes 20.3 W 115-370 GeV 1507.05493
Direct X, 7 prod., long-lived ;(, Disapp. trk 1 jet Yes 203 |Xf 270 GeV m(¥;)-m(¥])~160 MeV, 7(F7)=0.2 ns 13103675
> Direct ¥ ¥, prod., long-lived ¥ dE/dx trk - Yes 184 | X 495 GeV m¥i)-m(E})~160 MeV, 1(¥})<15 ns 1506.05332
o @ Stable, stopped g R-hadron 0 1-5jets  Yes 27.9 g 850 GeV =100 GeV, 10 us<7(3)<1000 s 1310.6584
5 G Metastable g R-| hadron dE/dx trk - - 3.2 m(E))=100 GeV, r>10 ns To appear
2% awmss, stable 7, B, frte) 12u - 191 | &) 537 GeV 10<tang<50 14116795
S 2 GMSB, ¥} -G, long-lived ¥} - Yes  20.3 i: 440 GeV 1<(i1)<3 ns, SPS8 model 1409.5542
28X —»ee\({euv/;.wv displ. ee/ep/pp - 203 | X 1.0 TeV 7 <ct(¥})< 740 mm, m(z)=1.3 TeV/ 1504.05162
GGM g3, X¥|—ZG displ. vix +jets - - 203 x? 1.0 Tev 6 <cr(t})< 480 mm, m(z)=1.1 TeV 1504.05162
LRV pp—¥: + X, 7r—eu/et/ut epLeT T - - 203 | % 1.7TeV  A4;,=0.11, di3133233=0.07 1503.04430
Bilinear RPV CMSSM 2e,p(SS)  03b Yes 203 [7.& 1.45 TeV m(g)=m(g), ctsp<1 mm 1404.2500
W)Y —een, e, 4ep - Yes 203 |&F 760 GeV M(E)>0.2xm(TF), 121 %0 1405.5086
> X WL STty erv, BeutT - Yes 203 | X 450 GeV mME1)>0.2xm(¥;), 413320 1405.5086
& 2, gﬂqqq 0 67 jets - 203 |z 917 GeV BR(1)=BR(b)=BR(c)=0% 1502.05686
2z, g—nmX 1 B - qaq 0 6-7 jets - 203 |2 980 GeV m(¥})=600 GeV 1502.05686
38 g—oht, 11—bs 2¢,u(SS)  03b Yes 203 |& 880 GeV 1404.2500
iif, [y —bs 0 2jets+2b - 20.3 o 320 GeV 1601.07453
nf, h-bt 2ep 2b - 20.3 2 0.4-1.0 TeV BR(f, —be/u)>20% ATLAS-CONF-2015-015
Scalar charm, c—ct| 0 2c¢ Yes  20.3 ¢ 510 GeV m(¥})<200 GeV 1501.01325
L L L L PR R | L L L L L
*Only a selection of the available mass limits on new -1
states or phenomena is shown. 10 1 Mass scale [TeV]

scalars
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Models of Particle Dark Matter: General aspects

Dark matter is something with very small effective couplings fo the SM
- either directly to SM particles (H, Z, ...) or
- indirectly through new BSM particles (e.g. Z')

What distinguishes searches for dark matter from general BSM searches:

what we know about it from astrophysics and astroparticle DM searches
relic density, direct detection, indirect detection

- e.g. thermal freeze out, freeze-in, “dark” freeze out, etc.

- e.g. scalar, Majorana or Dirac fermion, vector DM.

Use this information to target our effort.
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Models of Particle Dark Matter: Gomplementarity

Focus on general-purpose searches for WIMP dark matter emphasizing complementarity
- assume dark matter has non-gravitational interactions with the SM

- focus on models with effective baryon coupling: scattering off nuclei and production in pp collisions

- signature-based searches applicable to broad classes of possible models

- balance between model agnosticism and using models to translate astro-physical/-particle knowledge

SM DM

DM SM SM SM SM

DM

DM SM DM DM SM SM
Indirect Detection Direct Detection Colliders

Require some model, to franslate what we know from astrophysics and non-collider DM,
vs. taking the model too seriously (it’s probably wrong)

@ Ordinary Matter
@ Dark Matter
Dark Energy

20



The Optimistic Possihility; Dark Matter can he studied in many complementary experiments

Standard Model Particles

insert known particle(s) here

intferact with Dark Matter

insert new particle(s) here

insert mediator of new SM/DM interaction

through
SM DM
SM
DM
SM SM
Colliders

(Contact interaction)

SM DM
SM
> Med.
DM
SM SM
Colliders

(Simplified Models)

21



The Optimistic Possihility; Dark Matter can he studied in many complementary experiments

Standard Model Particles interact with Dark Matter
insert known particle(s) here insert new particle(s) here
Th roug h W and Z bosons insert mediator of new SM/DM interaction

strongly constrained

22



Standard Model Particles

insert known particle(s) here

through

intferact with

the Higgs boson

The Optimistic Possihility; Dark Matter can he studied in many complementary experiments

Dark Matter

insert new particle(s) here

insert mediator of new SM/DM interaction

probing since 2012

JHEP11(2015)206
(\'I_| _39_ I“‘I IIIIII| T T IIIII| T T T IIII!
| A N ATLAS B
Sioel D i
'_'é = ““.“"' r__—.//__
ey, s e

L I T Tl I e 3ty Trmreemier® ]
%) 1077F s — ver]
w - ’0. e R AR '_'.'.'-l---“-"'-'l:-l-.-“—-I
81 B~ L /7/.'//;’//7 PAIPCrLELb |
(@) 0 _//V//Ay/ L // ~ Sa¥ -
cC 7 i s ) 14—
o) L \s=7TeV, 4547 -
® 1 0_47 — s [ -1 -
2 = \s=8TeV,20.3fb .
> — B —
< 10_49 [ R Vis. & inv. Higgs boson decay channels |
% e [Kws Kz, K Ky Koy Ky Kg, Kyy Kz BRT ]
§ 10_51 No xyz assumption: BR  <0.22 at 90% CL |
| [ DAMA/LIBRA (99.7% CL) % CLi ]
— mmmm CRESST Il (95% CL) HILAS90% CL I
53] o ggs portal model: ]
107°° [ CDMS SI (95% CL) Scalar WIMP -
| @ CoGeNT (99% CL) e e _
5[ —— CRESSTII(90% CL) “sss {\lﬂalorai‘;\f’i"\\anFl,MP .
107 -~ SuperCDMS (90% CL) =2 ector —
| e XENON10% (90% CL) —
— eaena LUX (90% CL) 1
10_57 — | L 1 1 111 I | I T I | | | I 111 IT{'

1 10 10 10°

WIMP mass [GeV]



The Optimistic Possihility; Dark Matter can he studied in many complementary experiments

Standard Model Particles interact with Dark Matter
insert known particle(s) here insert new particle(s) here
Th rou g h BSM parﬂCIes insert mediator of new SM/DM interaction

lots of possibilities!
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Gontact Interaction Theory

q g X
1. DM must be pair produced
2. MET+proton remnants is indistinguishable from backgrounds
3. We need to “tag” the collision with high pt ISR
4. The Standard Model predicts what ISR occurs most often...
"= do a mono-jet or “mono-X" search q X

simplified Models

LHC can resolve the interaction between DM and the SM
—additional kinematic features and new signatures

There is at one least more particle to discover: the
‘mediator’ of the interaction

Discovery of dark matter interactions, involving the

phenomenology of a larger framework of new particles
(new resonances, cascade decays, ...)

25



A Grucial Advantage of Gollider Searches

LHC probes high energy scales with respect to other dark matter searches
Discovery and characterization of the interaction with dark matter

t P — t P —
A  udu Ve A  udu Ve
o
‘ W-
udd udd
n n
SM DM
SM SM gm
> Med.
DM DM
SM SM SM SM
Colliders Colliders

(Contact interaction) (Simplified Models)
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. . . 2 [ ATLAS Online Luminosity  G=13Tev ]
Experimental performance for DM signatures in ATLAS Z 5 Elucoms :
2 - [_]ATLAS Recorded -
— § 4T Total Delivered: 4.2 fb” :
o - Total Recorded: 3.9 fb”! .
' s 3 -
.......................... e L i
£ 2 -
s - .
SRS -
25m '\ 0: e —1— L L L ]
‘ 23/05 20/06 18/07 15/08 12/09 10/10 07/11
Day in 2015
Tile calorimeters
LAr hadronic end-cap and
X forward calorimeters
__________________ Pixel detector y . .
--------- Toroid mqgnefs. ) LA.r e'lec'rromagneﬁc calorimeters > Evenf.seleCflon Ob]eCf rEC?nSfr:UCflon > Dl b,
Muon chambers Solenoid magnet | Transition radiation fracker (fr|gger) and calibration
Semiconductor fracker
Jet calibration well understood up to multi-TeV scale Excellent MET performance
_/\1065 ' ' T T D = < 4O_IIII"I'[I_AIS“FI>I 'I"'""|'"'l""l""l""l""_
8 1.05 ATLAS Preliminar —+— Data = @ - reliminar ]
Q 104 1s=13TeV,33 e Sherpa2.1 = c - Data 2015, Vs = 13 TeV -
8 | g3 E Multijet Events e Herwig++. — 2 30F —e— Dat —
3 = anti-k, R = 0.4, EM+JES (in-situ) - = - Z -, 3.2 10" ata .
_Q_ 1. 02E |nleadjet|<1.2 = g 25:_ M
~ 101 — o - ]
1 —:——__ — —¥— - %“““““““' __________ _; cé) 20 :_ _:
= F— 2 Tk :
0.98 = | — W - .
= . = g 10 =
S 1.04F ' - %IJX n .
T 102 - 55 o® -
(\J . : O :I 11 I 11 1 1 I 11 1 I 111 I 11 11 | L1 11 I 1111 I L1 11 I L1 11 I L1 1 I:
S 65102 10° 5%10° 3510° 0O 100 200 300 400 500 600 700 800 900 1000
prTeCO" [GeV] YE (event) [GeV]
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MET+X searches, or “mono-X"

pT > 250 GeV

jet

letal < 2.4

tight cleaning

additional jets,
pl > 30 GeV,
leta| < 2.8

New at 13 TeV: to appear

no medium u / tight e

Inclusive and Exclusive signal regions
with successively larger
MET requirements

.....‘
MET

> 250 GeV

Backgrounds

jet
jet

¢
® W(uv)
Z(wv) A

MET
“M ET”
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MET+X searches, or “mono-X"

1/N dN/ET*® [GeV]

10"
10%
10°
10°

10°

jet
pl > 250 GeV

letal < 2.4
tight cleaning

additional jets,

pl > 30 GeV,
leta| < 2.8
F EARE BAELE BARET REALA BEE LEAEE EREES
Vector Z' M, = 10 GeV
3 » M, =30GeV =
E mpm = 15 GeV M, = 100 GeV 3
Bt —— M, =300 GeV
T i e, + M, = 1000 Ge'&
St e, SR + M, = 3000 Ge\F
: =~
: = . :
- ' ==
. MET shape depends on :
: Lorentz structure of SM-DM =
interaction, masses of DM f
. and intermediate particles E
0 50 100 150 200 250 300 350 400 450 500
ET™ [GeV]

-....‘

no medium u / tight e

Inclusive and Exclusive signal regions
with successively larger
MET requirements

MET

> 250 GeV

jet

Z(wv)

Backgrounds

jet

’oA W(uv)
MET
" M E‘I"”
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Visible Z Control Regions, Post-Fit

6 » .
MET+X searches, or “mono-X . S
3 105_§A TLAS Preliminary _®  Data2015 —
o = #<<<< Standard Model =
0 — {s=13TeV,3.21b" . Z(— vv) + jets =
BaCkgrounds . @ 10* ==Z(— uy) Control Region W(— ) +jets =
jet o = p,>250 GeV, ET**>250 GeV —W(— pv) + jets =
- > 3 B W(— ev) + jets
jet w10 m Z(— W) + jets 5
I Dibosons =
102 B it + single top =
10 E;
1 + —
~F -
107"
A 1072
'S W(uv) s 1.5 T e T g e T A T e e T T
2 A > /{ | |
MET g ”%‘W/‘/ ”f// 7 /// ////// //W
“M E"” 8 05 _. L, ST : R SRRl B STt T R TRt R
200 1000 1200 1400
TISS [GeV]
One key challenge of the mono-jet analysis is modeling E o ; ATLAS Prellmlnary o ,é;'% gf;:f:fm;d;l o
° ° ° Q § — i
Z+jets and W+jets background at very high boson pr - \ZF( 13)Tg;¢\,tr30.I2 F:z;ion (- ) +fts
-2 = 2% A
. o o — miss, - W(— uv ts
Check with visible W and Z decays, but § | T P80V E250 Gev W o) o

m Z(— ) + jets
I Dibosons

invisible decays of the Z occurs 6x more often than visible B 11 + single top

%////

N L L L L f L |
400 600 800 1 000 1 200 1 400
Leading jet P, [GeV]

Data / SM
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MET+X searches, or “mono-X"

>
:
Backgroun [
ackgrounds jet -
jet
~
o W(uv) 7
v A s
MET °
“ME"”
?
O]
One key challenge of the mono-jet analysis is modeling 3
Z+jets and W+jets background at very high boson pr 5

Check with visible W and Z decays, but
invisible decays of the Z occurs 6x more often than visible
Also W decays

Constrain predictions for Z(» vV )+jets, W+jets
and decays with missed leptons from SHERPA 2.1

=
+ ATLAS simulation and control regions with ‘g
visible decays 8
NMC(Z(—)W))
NZ(—WV) (N ydata Nnon— ) X signal
signal W (—wuv),control W(—puv),control MC

W(—puv),control

Visible W Control Reglons Post-Fit
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o W(— uv) + jets
m W(— ev) + jets
o Z(— ) + jets
I Dibosons
B it + single top

IIIIII]ll IIIIIllIl IIIIIIIll IIIIIlIll IIIIIllIl IIIIIII;I
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Data 2015

W(— v) + jets

IIIIIlI]l IIIIIlI]] IIIIIIII| IIIIIlI]] IIIIIlIl| IIIIIH]H

,.‘,‘,/‘/’//,/7.7’7‘7/7"/}//4* 4 /*//%//

IIII‘IIII

1 000 1200 1400

Leading jet P, [GeV]



Events

Gontrol and Signal Region Gompasition for MET>700 GeV

Data/SM

200
180
160
140
120
100
80
60
40
20

1.2

0.8

Vs=13TeV, 3.21b"

————
ATLAS Preliminary

| () Dlata 2015 |
4k Standard Model
B Z(— vv) + jets
B W(— ) + jets

*II|III

................................ 5 l Non-collision background

—  Selection: IM7 I Z(— 1) + jets Signal Region IM7
E_ = gi;;‘;';?"se top Observed events (3.2 fb ') 185
— multijets + NCB SM prediction 167 + 20
= W(— ev) 7+2
- W(— wuv) 11+2
— W(— 1v) 19+4
— Zly'(—e'e’) 3
— Zly (= p'p) 2x1
— ZIy (= 1'1t) 02+0.1
= Z(— vv) 109 + 18
Z tt, single top 31
4 Dibosons 15+2

Multijets 04+04

W(— ev) CR

W(— uv) CR  Z(— uu) CR SR

Analysis quickly becomes systematics-limited:

precise high pt Z background estimates crucial for further progress
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Monojet results
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Present and Future of Direct Detection Searches

WIMP-nucleon cross section [cm?]
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Present and Future of Direct Detection Searches

WIMP-nucleon Cross Section [cm?]
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Present and Future of Direct Detection Searches
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Eur. Phys. J. C (2015) 75:299
8 TeV Mono-jet Result: Gonnecting EFT limits to Non-collider WIMP Searches
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First 13 TeV Monojet results: Gonstraint on DM Simplified Model

Axial-vector simplifed model:

Laxial-vector = _gDMZ,:)Z'Y#'YSX — Yq Z ZLQ’Y”’YSQ

q=u,d,s,c,b,t
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First 13 Tel Monojet results
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Searches for Dark Matter Production Beyond Mono-jets

/
x(my) o /
q

Substitute any other boson for the ISR gluon or h eon | )4
directly involve the SM particles in the interaction "1 ’ A X
q- vl Ay
ATLAS: systematic search program in many final states >WW\<§ — —
Standard Model Particles interact with Dark Matter
insert known particle(s) here insert new particle(s) here

in signatures including

insert ISR/FSR boson, or additional particles

http://arxiv.org/abs/1604.01306 (13 TeV)
Phys. Rev. D 91, 012008 (8 TeV)

Heavy flavour

Eur. Phys. J. C (2015) 75:92 (8 TeV)

quarks
Wand Zb Hadronic decays: ATLAS-CONF-2015-080 (13 TeV) Leptonic W decays: JHEPO9 (2014) 037 (8 TeV)
an osons Phys. Rev. Lett 112, 041802 (8 TeV) Leptonic Z decays: PRD 90, 012004 (8 TeV)
Higas b H-bb: ATLAS-CONF-2016-019 (13 TeV) H-yy: ATLAS-CONF-2016-011 (13 TeV)
Iggs bosons Phys. Rev. D 93, 072007 (8 TeV) Phys. Rev. Lett. 115, 131801 (8 TeV)
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http://arxiv.org/abs/1604.01306
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.012008
http://link.springer.com/10.1140/epjc/s10052-015-3306-z
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-080/
http://prl.aps.org/abstract/PRL/v112/i4/e041802
http://link.springer.com/article/10.1007/JHEP09(2014)037
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.012004
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-019/
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.072007
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-011
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.131801

Mono-photon New at 13 TeV: arXiv:1604.01306
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13 TeV Mono-Photon Results
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Searches for Dark Matter Production Beyond Mono-jets

Substitute any other boson for the ISR gluon or
directly involve the SM particles in the interaction
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Searches for Dark Matter Production Beyond Mono-jets
Substitute any other boson for the ISR gluon or
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http://atlas.ch

Run: 280673
Event: 1273922482
2015-09-29 15:32:53 CEST



ATLAS Dijets Searches at 13 TeV Physics Letters B 754 (2016) 302-322

Resonant analysis
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Direct searches for mediator are the real strength of the LHC

DM Slmpllfled Model Exclusions ATLAS Prellmlnary March 2016
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Direct searches for mediator are the real ctrenath af the | HC
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Direct searches for mediator are the strength of the LHC
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Run 1 Results: Dijet Resonances in Heavy DM Limit

Coupling of new particle to quarks
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Run 1 Results: Dijet Resonances in Heavy DM Limit

Coupling of new particle to quarks
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GCommunity-wide Discussion of LHG Dark Matter Searches

LHC Dark Matter Working Group (2015-)
http://lpcc.web.cern.ch/Ipcc/index.php?

page=dm wd

The LHC Dark Matter Working Group (LHC DM WG)
brings together theorists and experimentalists to define
guidelines and recommendations for the benchmark
models, interpretation, and characterisation necessary

for broad and systematic searches for dark matter at
the LHC.

The LHC DM WG develops and maintains close
connections with theorists and other experimental
particle DM searches (e.g. Direct and Indirect
Detection experiments) in order to help verify and
constrain particle physics models of astrophysical
excesses, to understand how collider searches and non-
collider experiments complement one another, and to
help build a comprehensive understanding of viable
dark matter models.

arXiv:1603.04156v1 [hep-ex] 14 Mar 2016
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summary

A broad set of searches for dark matter are an important part of the ATLAS BSM search program
—healthy Run 1 program is fully underway and evolving at 13 TeV

LHC (ATLAS/CMS/theory) is a key player in the search for dark matter
- LHC-wide WIMP benchmark models (Dark Matter Forum)
- LHC Dark Matter Working Group

New ATLAS results with 2015+2016 dataset
* Searches for invisible DM particles
* monojet, monophoton, mono-W/Z, mono-Higgs
* Searches for visible DM mediators

* dijets (heavy and light resonances)

The landscape of Dark Matter at the LHC is just starting to be explored... More to come!
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Mono-jet Search: Results Eur. Phys. J. C (2015) 75:299
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Options for very general dark matter models involving BSM mediators

- Contact interaction: ~no information about kinematics. q
Single parameter controls rate
Discovery can’t learn much:
rate <- astroparticle cross sections
Little sensitivity to DM mass or the interaction

- Simplified models: describe only LHC-energy
phenomenology
Strength of the LHC:
Study properties of interaction: couplings, width—
consistent with other results, relic density
heavy mediators: Z', additional scalar, graviton, squark,...
light mediators: can have tiny couplings, displaced decays
Can be much more powerful than MET search

- Exhaustive catalogs:
attempts to capture all possible phenomenology

DM

X (my)

JHEP 1512 (2015) 120

e.g. co-annihilafion codex: ~200 models Ero i el S

or: full UV-complete theory: MSSM, etc. Hybrid (7) DM, X
s-channel (49) DM, X, M,
t-channel (105) DM, X, M,

DM-X-SM,

DM-X-M,

M,-SM,-SM,

DM-M,-SM,

M,-X-SM, 5
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Missing Transverse Energy Signals in the Mono-jet Analysis

DM signals: invisible particles + initial state
radiation - Missing transverse energy + jet

X(my)

8pm

xX(my)

SM background: Z boson decaying to
neutrinos in association with jets - Missing
transverse energy + jet

Background estimation:
Use known processes to derive background
rates directly from data

Z —pp+jet W— pv+jet Z —vv +jet
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Rejection of fake jets is crucial
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Kinematics of Two-Parton Scattering

A 1 1
b= —§§ (1 —cos@*), 4= —§§ (1 4 cos6™)

§ = 4p2 cosh® y*

cos 0™ = tanh y*

Y3 + Y4 « _ Y3 — Y4

2 . 2 _
By = % coshy™eY, x5 = %cosh y*e Y
*
X — e2‘y | lab frame

— &z’,j (/JJ%%, ,LL%‘)

Y3 center-of-mass y* = %(yz = y4)

/ Boost

x =1 %

> < >

\ Yboost = %(?/3 T y4)
Ya

frame
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QGD Matrix Elements for Dijet Processes
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Jet calibration and uncertainty
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Benefits of ATLAS/CMS Agreement on Models:; Dijet Implications for SM-DM Megialnrs

g q

Axial-Vector Z' Mass

10¢ e Amanatt . 104
g =1.97=1 o =12g} =112
S S
8 100t 8 10}
s | s |
I UA2 UA
o ADAqescomeddlet] o ATLAS assoomieddjer Mono-jet + Complementarity
10° 102 10° 10* 10’ 102 10° 10* 4
my [GeV] my [GeV] 10 [ T T T T rrr LB T T R
104 e e e 104
g=2,g0 =112 g=1.9 =14 : gA =) gA -1 Q
- [ X 1 Jq O
&>
&
S s
&103- %103:— nbined ATLAS & CMS e - N i OAQ\ - 5 . /// :
5 * |  Dijets K /
O | /
UA2 o S' {\/ ,
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ik C UA Q 3 ’@Q‘
10 102 10° 10 10 102 10 10 e - MonOJetS ‘\_/ o
my [GeV] m, [GeV] ¥
s | NARN >
T T E I ! : - [ 4 // §
g=3.g'=13 ol =32,q =16 - /// &* @
y §
/ )
- X / o
s 2 2) i L
3 1] / N
© 10 S 10°F - / N)
" = i // // §'
// // Q
R —— S GR——
2 2 T ]
( - 107 2 3 4
o ADSesomedder] | L 10 10 10 10
10! 10? 10° 10* 10’ 102 10° 10*
m, [GeV] my [GeV] m X [GeV]



luminosity ratio

Light Resonances at 13 TeV
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Early Mono-jet Sensitivity Projections (13 TeV)
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ATLAS Dijets Searches at 13 TeV

Jet pr > 440, 50 GeV
[y*| = |yrry2|/2<1.7

lys| = |y1ty2|/2 < 1.1
mj; > 2.5 TeV

Shape comparison uses
high y* region to confirm
and normalize
background prediction
with forward-peaking 1-
channel QCD processes

Physics Letters B 754 (2016) 302-322
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[A NEW PARTICLE IS ENVISIONED | A NEW AND DEFINITIVE META-COSMOLOGY THEORY
Model$ of Dark Matter
T. 8. Statler
— B. S. Ryden
]'ﬁpl‘j‘“ D. H. Weinberg
i A I | - k Department of Astrophysical Sciences, Princeton University
i» demanded by is demanded | |isn't demanded ia cooked up just \o make is dank
saperysymmetry by GUTs but wonid be pice 1 |everything OK
but:
H i
evarybody nobady’s telling
knows it Lhe astronamers
1 i
e
';ind
strongly inter. ! s Sem——
aching ; — bot $
-{dos aou;iugf' wofves the aofar — e
A neatring problent P ——
- - bu} works out weskily intaryct. | calkt J
wrews vp dea- snaidilates any- Wwice 3 week ing ,
T3] . :“""_ﬁw-ﬁ
:;::;:n abun way and makes v - Inkewarm i
doesn’t intecact
L bat feaves 2 s =
!Q:Sj{) l m funmy smell dry clean lew; |
o
| I'w guery e H
hill dinosagen | eriprple di- scare dincraure a E“lj:] e ""”"fE
narauTe bit I
= !-v-—-,
fasa] fand]
- |
f 7 S E"" ays into a 1 i
Ii“‘" formation oq iuat sits ;;‘;5 | particle
r Wt o = :"""“"""ﬂ_‘ N — {7 )
P i
) H - pohecas dssniey - ‘ - o T
' [blsck Jumpy shings] :_?"I @_um; fQSOsI ;dusms] {pancakes| [feench toast inothing| y
: [ T ] e
; : with without that
i : massive | [ massive | with icok | IS
i halos | [hales [ |AGN | like [ ) ] with | |withont
i : rabbite x> 38 aty< i aa=0 ayrup i ByTUp
~+ {nm ‘o meltioll
e
i




8 TeV Mono-jet Result: Gonnecting EFT limits to Non-collider WIMP Searches
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Mono-photon
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