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Observational Evidence for DM
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S8, Presence of a dark matter component in the universe inferred
from the observation of its gravitational interactions.
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o Rotation of stars around the center of
4 the galaxies is not consistent with the
amount of mass observed.
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R o Collisions of cluster of galaxies.
S < The bullet cluster.

o Gravitational Lensing:
Large distortion of images of distant galaxies due to
gravitational lensing (indication of DM in galaxy clusters).

o Requirements:

o Interacts gravitationally. o Electrically Neutral.
o Cosmologically stable. o Massive & weakly interacting.

o SUSY particles? E.g. LSP (in R-parity conserving SUSY).
Candidates? o WIMPs: Experimental evidence motivates a DM sector composed

dominantly of weakly interacting massive particles. 2



Dark Matter Searches
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Indirect detection
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Collider production q
LHC-Run I focus

Effective Field Theories _
(EFTs) of SM interaction
with WIMPs. Effective
Lagrangian approach with X
parameters M* and m,.
Theory only applicable when M

is much larger than energy ¢ X

scale present in reaction.
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At colliders like the LHC,

WIMPs can be produced in pairs.
WIMPs escape detection, thus leaving

large missing transverse momentum as their signature.

02

We can tag those events
via the presence of an
_ energetic jet, a photon or a
boson from ISR.
MET+X topologies.

LHC-Run II focus
Natural solution to . Y

EFT validity: simplified

models (with mediator). % Oy

o Three regimes can be A
studied: off-shell, resonance, ;

X
contact interaction. Simplified models
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ATLAS Data
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Excellent performance by the LHC and high data taking efficiency by detectors
in the 13 TeV pp collisions period (2015, 2016).
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~40 fb'l @ 13 TeV recorded in 2015 and 2016

Total Integrated Luminosity [fb ]
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Total Delivered: 38.5 fb™
Total Recorded: 35.6 fb™'

Data quality efficiency 93-95%
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ATLAS Data

These analyses rely in a good measurement of missing transverse momenta,
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Fractional jet mass resolution

and understanding of jet calibration up to multi-TeV scale.
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anti-k, R=0.4, EM+JES
Data 2016

o Z+jet
» Multijet

" ATLAS Preliminary -

Vs =13 TeV,

— Total uncertainty

[l Statistical component
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Jet mass improvements

Optimizes large-R jet mass computed using
combination of calorimeter and tracking information
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ATLAS-CONF-2017-060

E ™58 + jets

Benchmark DM model
Axial-vector (s-channel)mediator,

gom = 1, 8,= 0.25.

g Signal region:
veto on muons
and electrons.

9q 9x

q X
Most sensitive Mono-X channel
“jet” has o, couplings to initial state quarks.

Strategy

o Dominant bkg: Z (vv) +jets, followed by W(lv)+jets.
oW/Z bkg modelled at NLO QCD & EW.
o Sherpa NLO(LO) for 1,2(3,4) partons +
theory corrections as a function of p,(W/2Z).
o [arXiv:1705.04664]
o V+jets and top bkgs normalized in dedicated CRs.
o DiBosons from MC. NCB and Multijets data driven.

Jet pp > 250 GeV
In[<_.4

C\E/RD] Arely Cortes Gonzalez PANIC 2017

E s > 250 GV

Njgts (Pp>30GeV)<4

AG(E ™S8 | jets) > 0.4

W/Z +jets background \
e.8. W(uv) CR used to constrain Z(vv).
Muons treated as invisible:
E 755 ~boson D
W(pv)
<
\ Similarly for Z (1) CRs. /
01.09.17 7



ATLAS-CONF-2017-060
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ATLAS-CONF-2017-060

E ™58 + jets

J

o 8-8% background uncertainty in SR.

o Theory uncertainty: 0.7-1% to account
for extrapolation between W(lv) and Z(1l)
CRs and Z(vv) in the SR.

o Experimental uncertainties mainly from
jet energy scale and electron/muon

EXPE
T

AS

RIME
; T T T T | T T T T I T T
®© 1500l ATLAS Preliminary =xpocted limit£ 2 0y,
9 \s=13TeV, 36.1 fb" Expected limit (£ 16,,)
b - Axial-Vector Mediator —— Observed limit (+ 105122’;03'6) 4
E ——— Perturbativity Limit

Dirac Fermion DM
gq =0.25, gx =1.0
95% CL limits

Relic Density (MadDM)
ATLAS\s =13 TeV, 3.2fb™

. N Qh, _
efficiency. P
v
= 10’ L L L L L L L L B L B L L L 500— é\'/ —
3 ATLAS Preliminary @ Data2015+2016 o s
> 10° _1 “444< Standard Model 11 R
= s=13TeV, 36.1fo B Z(s> v) + jets - ff—shex = i
3 10° Sig_nal Region . B W ) + jets
= p.(j1)>250 GeV, E"">250 GeV B Z(> 1) + jets = “ .
%J_ 10* B 7 -+ single top
ke , I Dibosons
pd 10 multijets + ncb ‘737 ]
° Bl . m(b, %)°) = (500, 495) GeV ea
102 S (m M )= (400, 1000) GeV iator -
ADD, n=4, M_=6400 GeV 011 _ Sb e]]
O A 1 1 1 | 1 [ 1 1 1
m,, [GeV]

Data / SM

| I TS (S UR U [NNTSNT SO ST SN AN ST S ST S [ ST SR S ST ST S S S S T |

and m, leading to the

8 el P
300 1000 1100

12]0°Th1’s channel has sensitivity to several SUSY stop/

Relic density indicates the values for m,

proper abundance.

Limits on a vector model are also given.

sbottom compressed decay channels and LED.

400 500 600 700 800 900 .
E* [GeV
) Arely Cortes Gonzalez PANIC 2017

01.09.17

9



Zervy/ZAD ratio &)

Measure the ratio: o(E™ss+jets)/o(Z2—2>11+jets)
versus various kinematic variables Z (vv)+jets numerator: W-bkgs estimated in

> 1 jet+ ETmiss W(->ev,uv) CRs. MC used to extrapolate into
: SR: out-of-acceptance leptons and in-
vs. B8, my, A, VS, B s acceptance-leptons.

Z (11) +jets denominator: other bkgs from MC.

Since SM E ™ss+jets is Z(vv)+jets - Many uncertainties cancelled out in the ratio.
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Z (vv) /Z (W) ratio

The ratio is corrected for detector effects (“unfolded”),
so can be easily reinterpreted in terms of any BSM models.
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E,™ + photon 16

) XPERIMENT
E, ™8> 180 GeV Selection&Strategy

Signal reglon: | nyohinant: Zew)+y (ISR).
Veto on muons V+ytjets normalized in dedicated CRs
and electrons. 7 1 €08 '
o & BE™s5-dependent scale factors:
kz, kw, kyjet'
AG(E ™55 ) > 0.4 o Z(vv) normalized in u + 2e CRS.
o y+jets bkg from y+jet CR.

miss >
Ap(Er ™%, 1) > 0.4 Photon B> 150 GeV
>105'|"'|"'|"'|' T i L L B T LI > L L L EL L L |
8 ATLAS Two-muonCR -~ data. & 10°E ATLAS Photon-JetCR  _*~ gaﬁets
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a2 . [ Fake Photons > L ;?E:\F:;{om”s
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Eur. Phys. J. 77, 6(2017) 393

L O NN L N S N N e e B

E 10° = ATLAS Signal RegiolnI +%\?(tjvlv))y B q ) N
0 {8=13 TeV, 36.1 b Fake Pht .
5 10 = oo Photon has o, couplings to
L - -+ /M, =10/700 GeV med initial state quarks.
q X
= 500+ .
> = ATLAS ' ' E
O, 450 513 TeV, 36.1 b E
= 400E g?dal—\l/:;e’\c;ltor mediator =
Q@ ABET T - Dirac 3
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g 0- E_| Lo 0w oo by by by by b by b |'I M .—E 300:— _:
160 180 200 220 240 260 280 300 320 340 360 - § 3
P [GeV] 250 - E
= 1200 : R 200 & =
% B AI TLAS | l— Observed | _ = § ‘ “'. 3
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_E 800 — 30 ; --------------- Relic density : 1 =
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O 600+ —
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® 400 1 Sensitive to yyyyx EFT. Limits on the effective
L g=3 ¢ ' - mass scale M* as a function of m, .
200 — Truncation applied to account for the validity
C . | g'=4z ] of EFT. Assuming M, = 8%M*, Events having
] 10 102 10° Vs > M., are removed and the limit is
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ATLAS Prel e Data Z+jets ]
8 {s=13 Tev,resgzl?;ry 77 mm Non-resonant-Il Se]_ectlon 8@ StPa;t-eng
o . Wz mm Others
- ee+lLL Stat.+Sys. . .
D o 0o B> 00GeV, B,*/H, > 0.6,
e ' AP(Z,E™55) > 2.7,
|
R leptons ee/up (small ARy, near m,).
Background strategy:
o ZZ(1lvv) estimated from MC (irreducible).
o , o WZ: normalized in 3 leptons CR.
X i . .
— . ;&’/////////////;6/////////%: o WW /top: normalized in ey CR.
X 08_|||| ] o o Z+jets (fake ETIIHSS): “ABCD” methOd..
02 2x102  3x10? 4x10?

3
EE"“SS [(363\}i) Lo() Crrrrprrrrprrrrg '
! - ATLAS Preliminary S5 Bxpected Jimit (+10)

. 0 ° g [ . .
Main uncertainty from ZZ modeling. = 350 - —— Observed limi
C  Axial-vector, Dirdc g,=025,9 =10 ------/Ijelc density

q 7z Y 300 -
250

200
med 150

100
q X
E ™5 +W/Z (jj) search .

also performed: 0 100 200 300 400 500 600 700 800 900
[GeV]
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E,™= + H(bb) ) 69

EXPERIMENT

Mono-Higgs signal provides direct probe of DM-SM coupling,
H->bb dominant decay mode.

Selection & Strategy

Resolved and Merged analyses defined.

Resolved: 150 < E™s¢ < 500 GeV (3 bins)
Merged: E;™ss > 500 GeV + h(bb)

tagging.
S 500E T
D 450E ATLAS V\s=13TeV,36.11b" —e— Data
O) = SR (Resolved) : 0 lepton [ SM Vh
400=- 200 GeV < ET"™* < 350 GeV I E'E%?r?gle top
f 350 - 2b-tags ] Z+jets
300 E :l W+jets
2 = mm Muitijet
C 250 N\ Background Uncertainty
O B THhL . aan Pre-fit Background
> 200 =+ h + E7 Z-2HDM
LL] 150:_ mz_14TeV mA_OGTeV
= Ogga = 3.75 10
100 !
Sls
(DU CD noo'nW@M.Q“QQ“Q\.\‘%\*\’\R“\F?*M
1 OO 1 50 250
m; [G eV]

Resolved region: two distinctive b-jets.

Multiple CR and SR defined by the leptons

and N(b-jets) multiplicity, and in several
E ™8 regions.
Simultaneous m;/m ;shape fit in all
regions.

SGIZSJ tivi ty most]y from 2 b tags ca,tegory

% E ATLAS F 13TeV 61"  —e— Daia 3
(O) o5 SR (Merged) : 0 lepton [ SMVh ]
- EM°> 500 GeV [ Diboson .
o — 2b-tags [ ft + single top -
Al 20— [ Z+jets —]
~ - ] W+jets ]
ﬂ 15— N\ Background Uncertainty 7
c Cc s Pre-fit Background ]
o = =« h + E7™* Z-2HDM 3
> 10— m,=1.4TeV,m =0.6 TeV—]
A
Ll - SN Oggna = 375 10 -
5y 2N TN —
O 4 AN
o s 1.5F '
S, ;%ﬁ\\\\\\?\\\\ \\\\\*\\\\ \\\\ \Y#\ sy \\\ \
. 1 |\
50 200 250
m, [GeV]

Merged region: boosted Higgs—>1arge-R jet
with substructure selection.
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E,™° + H(bb) ATLAS

EXPERIMENT

10" —— — 107 — —
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+ +
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— - Z 2HDM -
X 800 tanp = 1,9, =0.8,m =100 GeV -
- my=m,. = “300 GeV/ .
700 ; -
Z’-2HDM 6001~ =
A 7’ decays to a Higgs boson h and 5000 E
pseudoscalar A of a two-higgs-doublet model - ]
(A decays to a pair of DM ). 400 &/ 4 ., =
Assumes 2HDM for DM coupling. s00b e ]

500 1000 1500 2000 2500
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arXiv:1706.03948

B + H(yy)

T T T
ATLAS

Vs=13TeV, 36.1 fo'

Z'-2HDM, Dirac DM m, = 100 GeV,
my =1TeV, m, =200 GeV, m,p- = 300 GeV

107

GeV

e e — Z'g, Dirac DM m, = 1 GeV, my = 200 GeV

Events /

Heavy scalar, Scalar DM m, = 60 GeV,

m,, = 275 GeV
¢ Data Clyy Wy+et
[JSM Higgs boson [ Vy []Vyy

7)Syst. @ Stat. Unc.

Data/ MC

SEmiss [ \ GeV]

WEdrias T
¢ Data

12:_ s =13TeV, 36.1 fb”
10 Mono-Higgs

------ Non-resonant bkg

~——— h (m,=125.09 GeV)

Events / GeV

Heavy scalar, Scalar DM
m, =60 GeV, m, =275 GeV

o

------ Non-resonant bkg + h Total

b g

]l 111/151\'1 ii T

B’*ﬁ“ 54“;& JP { 4 J’as‘a a{msa ﬂa&*“““’b #

o oo N M O
e

Data-Bkg

150 160
m,, [GeV]

110 120 130 140

C\E/RDI Arely Cortes Gonzalez

Search for DM in events with
E,™ss and H>yy

Unbinned maximum-
likelihood fit to the observed
m,, spectrum used to
estimate contributions from

Z’y model, DM couples to the

different sources. SM only via the Z’ boson.
(\'|_|10_29 T T IIIlII| T T IIIIIII T T IIIIIII
pp = h(yy)+ x x, 2., Dirac DM
L2, 107% sing=03,9 =153, g > 1 ATLAS
c ’ \s=13TeV, 36.1 fb"
O 133 ;
210 \\\
5 107%
?
o10¥
© 39 ‘-“- :
5§10 \\X\
% 104 Neen L ~~...CRESST-I 2016
3 SUPETCDMS
(T_ 10—43 \ A
3 N XENONIT  Pand¥lipo016
1074 Xy e, ______-_:_:-*;'-“"'"
Spin-independent - SImIn === T 90%, CL:
10—47 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIIII
1 10 10° 10°
DM mass m, [GeV]
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ATLAS-CONF-2017-037

MET + HF

) &9

FXPFRIMFNT

. B Search performed in different 3 12:—';}'71)'3}'5;5";5}5;@3_;' ~Data | —TotalSM -

decay channels: o [ ocioTeV.301t maa @i

o  10~M- [Singletop [JW+jets ]

DM + t-tbar: P o> [ Diboson  [EItE+V ]

v 8- —

9/a O, 1 and 2 lepton channels 2 F - M0 eV, g1

-- W aE OB EEL O 1

. DM + b-bbar - —

a-l ] N D3
¢ - Similar topology as stop and 2kt = - -
sbottom searches. 0 = | [T

150 200 250 300 350 400 450 500 550 600

8 | T T T T T T T T T T T T T T | 8 —,— mT [Gev]

- jo° L. —*— Observed 95% CL ATLAS Preliminary | — 40¢ L. —*— Observed 95% CL ATLAS Preliminary |

2 T E s Expected 95% CL \s=13TeV,L_=36.1f0" 3 2 7 E «oivn Expected 95% CL \s=13TeV,L =36.1fb" 3

& [ [ Expected +10 1 & [ I Expected +1o .

T - [ ] Expected £2 ¢ 1 T3 - [ ] Expected +2 ¢ .

© 102 & %444 Theory unc. on o(g=1.0) 4 © {02k %% Theory unc. on 6(g=1.0) |

§ - Scalar 3 § = Pseudoscalar 3

£ [ 0o 1 E [ traaoxx i
= =1.0, m =1.0 GeV = =1.0, m =1.0 GeV

g 105 ° K ° < g 10" K ° =

R - 1 R c -

Yo - - Yo} - _

()] B a (o)) | o

\

10—1 | 1 1 1 1

10 102 10° 10 10° 10°
m, [GeV] m, [GeV]
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Mediator Searches
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EXPERIMENT
Run: 305777
Event: 4144227629
2016-08-08 08:51:15 CEST
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Resonance Searches ] @@

Discussed in more detail in Karol Krizka’s talk.
Conmder resonance in di- Jet and d1 lepton events

-E |||||| | | | ‘_‘ T .
7
\s=13 TeV, 37.0 fb i ‘ 1 zy*
(2] 108 \s=13TeV, 36.1 fb
€ 6 o Data Dielectron Search Selection . Tgp Quarks
o 10 Background fit 108 [ Diboson
w . _ BumpHuntermtervaI [ Multi-det & W+Jets
10 —o-- g5, m = 4.0 TeV 10 —Z, (3 TeV)
4 --g-- g7, m =5.0TeV —Z, (4 TeV)
10 10° — 7, (5TeV)
10° 10?
102 10
10 q*, cx10 1
p-value = 0.63 10"
1 Fit Range: 1.1 - 8.2 TeV
B ly*| < 0.6 102
o0 - :
Qo o 1.4 I —
5 g B 1.2 —=
= = — 1 =
> —2F g os —
n E——+—+—+— R o o6 e t| , T
Q| 0.5 JES Uncertainty o2_ 14 [T |' T
I 0 om :T: 1.2 ¢ b =
© —_ ~ "5 1 * e °. aad. _'-. ;
° _0.5 1 I 11 1 1 1 1 1 11 1111111311 IR NN NNANANRNNn.nl L % g 0'8 + { _;
o 0.6 1 1 1 11 1 1 l | | 1 L I”__

|
100 200 300 1000 2000

Dielectron Invariant Mass [GeV]

2

Events selected with lowest .
un-prescaled single jet trigger (o> 380 GeV). Events selected with & same-flavor
Other strategies used to target isolated leptons (electrons or muons).

the low mass dijet spectrum. Highest my pair (> 80 GeV).
&) Arely Cortes Gonzalez PANIC 2017 01.09.17 21



Putting all the pieces together... ] @@
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Combined Limits

) &)

L

DM Simplified Model Exclusions ATLAS Preliminary July 2017
T N S : ~T ]| = Dijet

= 1.2
S _
=, n
9) L
cu 1
= n
> n
o _
o
0.8 | @
B +
R S
06F | &1
I
]
9.
A Arely Cortes Gonzalez

Mediator Mass [TeV]

PANIC 2017

EXPERIMENT

Vs=13TeV, 37.0fb"
arXiv:1703.09127 [hep-ex]

— Dijet 8 TeV

Vs =8TeV,20.3fb"
Phys. Rev. D. 91 052007 (2015)

Dijet TLA

Ys=13TeV, 3.4 b
ATLAS-CONF-2016-030

Dijet + ISR

Ys=13TeV, 155fb™
ATLAS-CONF-2016-070

mISS

+Y
E =13 TeV, 36.1 fb’
Eur. Phys. J. C 77 (2017) 393

mISS

+jet

E =13 TeV, 36.1 fb™
ATLAS-CONF-2017-060
E?iss+Z

Ys=13TeV, 36.1 fb™
ATLAS-CONF-2017-040
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Combined Limits

DM Mass [TeV]

DM Mass [TeV]

ATLAS Prellmlnary July 2017

DM Simplified Model Exclusions

1.2

E X

st

IME

>

DM Simplified Model Exclusions
——— —

ATLAS Preliminary July 2017
T ————

- |
Axial-vector mediator, Dirac DM

gq=0.1,g|=0.1,gDM=1 1
All limits at 95% CL 4

2 25 3
Mediator Mass [TeV]

ATLAS Preliminary July 2017

N\
AN

Vector mediator, Dirac DM
g =0.1, g|=0.01, 9=

All limits at 95% CL
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021~ Axial-vector mediator, Dirac DM | 0.2
| gq=0.25, g|=0, 9, =1 ] K
L Al limits at 95% CL . L
i . 1 |
0 2 25 3 0 1.5
Mediator Mass [TeV]
1o DM Simplified Model Exclusions ATLAS Preliminary July 2017 1o DM Simplified Model Exclusions
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i ,\\\9“‘\/ ] i AN
- . - 7
7
02~ Vector mediator, Dirac DM . 02~ -
9,=025,9=0,gf =1 ] i sy
AII limits at 95% cL i i | &1
2 h ro———— oy o =5 1 1
0 2 25 3 0 0.5 1 1.5
Mediator Mass [TeV]
PANIC 2017

ﬁy\j Arely Cortes Gonzalez

2 25 3
Mediator Mass [TeV]

01.09.17

= Dijet
Dijet 8 TeV ¥s = 8 TeV, 20.3 fb!
Phys. Rev. D. 91 052007 (2015)
Dijet ¥s = 13 TeV, 37.0 fb’
arXiv:1703.09127 [hep-ex]
Dijet TLAYs = 13 TeV, 3.4 b™
ATLAS-CONF-2016-030

Dijet + ISR¥s = 13 TeV, 15.5 fb™'
ATLAS-CONF-2016-070

EXee4X

ET™+y VS =13 TeV, 36.1 fb"

Eur. Phys. J. C 77 (2017) 393
ET*+jet ¥S = 13 TeV, 36.1 fb!
ATLAS-CONF-2017-060

Dilepton

Ys=13TeV, 36.1 fb™
CERN-EP-2017-119

Significant
dependence on
the choice of
couplings for
the model!
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Comparison with (In)Direct Detection ] @L 3)

EXPERIMENT

37 DM Simplified Model Exclusions ATLAS Prellmlnary July 2017

DM Slmpllfled Model Excluswns ATLAS Prellmmary JuIy 2017

—_ -37 = pTTeL oTe — -37 .
€ 107 ' € 107 "\ 2 = Dijet
o C o a8 ] Dijet 8 TeV {8 = 8 TeV, 20.3 fo!
iy -38 = 107 F 5 Phys. Rev. D. 91 052007 (2015
— 10 L — E E y: (2015)
S 3 S F 3 Dijet 5 = 13 TeV, 37.0 b
© - o {0 - arXiv:1703.09127 [hep-ex]
*5_ 1 0—39 L ﬁ (3) E 3 Dijet TLAYS = 13 TeV, 3.4 fb’!
2‘ E 3 c _a0 [ ] ATLAS-CONF-2016-030
- 4 = 10 E CRESST I : E Dijet + ISR ¥S = 13 TeV, 15.5 fb"
=) 20 E EMiss ¥ E
\.; 107 = O » E T 3 ATLAS-CONF-2016-070
3 = 1 = 10"k =
o) . 7 3 bg, E Dl]et E Emlss X
107 & = a2 [ 7 ET 4y Vs =13TeV,36.1 b
0 E 3 10 ;/—-Yf \? Eur. Phys. J. C 77 (2017) 393
- . _43 - 3 ET*+jet ¥& = 13 TeV, 36.1 b
1 0742 - Emiss X 10 3 = ATLAS-CONF-2017-060
3 T+ 32 E LHC 3 ETS4Z V5 = 13 TeV, 36.1 b
i / . 3 1074 L _ ATLAS-CONF-2017-040
107 Dijet = complewentary Y B CRESSTII
E —45 [ ] .
/ 1 0 = at 10 = arXiv:1509.01515v1
107%F g W 3 —XENON1T
E 1 0—46 = - arXiv:1705.06655v2
107 [ Axial-vector mediator, Dirac DM F  Vector mediator, Dirac DM 3= PandaX
E g =0.25, 9,= 0, 9om = 1 1 0*47 3 gq = 0.25, 9,= 0, 9., = 1 = arXiv:1607.07400
C ATLAS limits at 95 % CL, dlrect detection limits at 90% CL E ATLAS limits at 95% CL, direct detection limits at 90% CL E LUX
— PR | N PR | . P | —48 5 PR | . e el . MY | arXiv:1608.07648; arXiv:1602.03489
107* > . 10 .
1 10 1 0 10 1 10 10 10°
DM Mass [GeV] DM Mass [GeV]

LHC limits also re-interpreted as limits on spin-dependent WIMP-proton
(spin-independent WIMP-nucleon) scattering cross section.

Comparison with direct and indirect detection experiments in the context of the
Z’-like simplified model shows nice complementarity, in particular al low m,.
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Conclusions ] @

ATLAS

EXPERIMENT

o ATLAS has carried out a broad and very detailed program on DM searches with
13 TeV collisions data.
o Both searches for invisible DM particles and DM mediators well covered.

o Searches for DM have an important role in the LHC program, with a large
number of final state signatures and techniques being employed.

o High level of interest to compare to non-LHC experiments: complementarity at
low mp,, from LHC limits. Consider caveats for comparison: limits presented for
a simplified model, EFT validity questions, ...

- 45: [ [ [ [ [ I I I I .
2 40F- ATLAS Online Luminosity E
g - 531; gg = ; 123 ] LHC is now successfully
e 35 2015pp Vs=13TeV = delivering more data.
k= C 2016 pp is=13TeV 7
E 30E —— 2017pp fs=13Tev E . .
o o5 = New challenges for experiments: Ongoing
S . discussion on new background estimations,
> — — . . . .
5 20; ] theoretical uncertainties, trigger
O 15- = performance, etc
105 =5
5; =N More results to come!
0 E | | . | | E
yat ) o oct

Month in Year 01.09.17 26



Many thanks!




Bonus Slides




ATLAS Detector ] e Ne

CERN

ME
Trigger
Muons Spectrometer Hardware based L1 ~100kHz
MS includes precision tracking Adi Software based HLT ~1kHz
chambers (|n|[<Q.7) and fast R

detectors for triggering (|n[<2.4).

=l 3 DD "}F e N, O\

—

_ Tile calorimeters
. ‘ LAr hadronic end-cap and
‘ forward calorimeters
Pixel detector

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transifion radiation fracker
Semiconductor tracker

up to |n|=2.5.
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ATLAS-CONF-2016-024
Eur. Phys. J. C. (20168) 76:292

Performance: L.eptons

> 1
;&; o § 3 ] o e L s S B S B ]
5 095 e . oo~ ATLAS Preliminary =
5 09 1 onE- V§=13TeV, L =3.1(2015) + 33.9 (2016) fb”' =
+ 0.85 oz~ Ml <247, P, > 27GeV =
s = =
8 o8 = & Electrons from Z—ee, 2015 data =
osl=_ " =1 [ P
g 0.75 ATLAS Preliminary = Electrons from Z—ee, 2016 data E
o Vs =13TeV, 33.9 fb" I =n =
|2 07 247247 omf- Electron energy scale =
S 0.65 —4— Loose "E e ® % COPTECEION ~0.02%¢ & | . ;3
— 0.6 —— Tight o . ‘¥0‘e .‘ .'o*'c —
EE] : D‘ata: full, MC: open | _0.02— * "“W.Ww.*" . * -
| Qe B e =
(§) 1%!51 3 - ey
-~ 1.05 — Stat. (2015 data)
o] 1 2 10 — Stat. (2016 data)
3 0954 W
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0.85 \ | \ [ 10°
3 LT T
80 100 120 140 = = 0 i 2 n
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e oo ;“ 2 TS e, . “, S 8 — ATLAS Preliminary +-Data B
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= g . . ] © C £OHK Syst. uncert.
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X o ] -
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LHC DMWG

ATL

) 69

EXPERIMENT

Xiv: 1 .
All analyses follow the parameter values and limit interpretations arXiv: 1507.00966

as recommended by the LHC-DM WG (aka DM forum).

Simplified Models

Describe the model by a small
numbers of free parameters:
o m_.4 (mediator mass),
o Mgy, (WIMP mass),

o Epm 8, (couplings).

1000 . : :
Vector, Dirac, g, = 0.25, gpm = 1
— Observc_d 9_5% CL
800+ e Prcoimd 99% CL
----- Relic density
2 600}
s ' 1
EQ 400+ 2 1
: T
200} v
500 1000 1500 2000
M [GeV]
Presenting exclusion limits in
the mp,,-m,, ., plane...

C\E/RDI Arely Cortes Gonzalez

arXiv: 1603.04156

Assuming DM is a Dirac fermion (stable).
Consider different types of mediators

(minimal decay width).

Vector mediator: gpy = 1 and g, = 0.25.

Axial-vector mediator: gpv = 1 and g, = 0.25.

Scalar mediator: g, =1 and gpm = 1.

Pseudo-scalar mediator: g, = 1 and gpy = 1.

myp,,~0sp(DM-proton) plane

All limits at 90% CL
m— Vector, Dirac, g, = 025, gnm = 1
Uncertaintics
- LUX
e CRESST-II
w— CDMSLite

107

10736}

os1 (DM—-nucleon) [cm?)
=
5

10744}

10735
’\\\
F
—

] 10 102
mpm [GeV]
PANIC 2017

103

mp,og(DM-nucleon) plane

10734}

—

<
w
0

osp (DM—proton) [cm?
2
5

1074

S
£

107}

All limits at 90% CL 1
m— Axial-vector, Dirac, gz = 0.25, gpm = 1
Uncertaintics 1
= PICO-2L Run-2
— PICO-60 1
e JceCube ¢ £
== Super-Kamiokande b & 1
1
1
1
I 1
/-— 1
1
1 10 10
mMpM [GCV]
01.09.17 3l



Signal Models ] @

L
- EXPERIMENT
Mowno- jek
q g X Most sensitive Mono-X channel
“jet” has o, couplings to initial state quarks.
Axial-vector (s-channel)mediator, gy, = 1, §,= 0.25.
IR Limits also re-interpreted as limits on DM-proton
scattering cross section.
q X ng»no-—-pho&an
More statistics-limited than mono-jet. ¢ X
photon has oy couplings to initial state quarks.
Axial-vector (s-channel) mediator, g5y, = 1, 8,= 0.25.
Limits also re-interpreted as limits on DM-proton med
scattering cross section. )
q
Mono-W/Z HE+D M -
q W, Z X 8 £(b)
Ct?]gls’icieva hacilr;rllgic decays DM-+bb/tt .
01 bo a,r} OSOIS. Scalar mediator, o
v Vector mediator, 8ou =1 (£,,-5.5) .
gDM - 1, gq= 00250
! X 8 ¢(b)

C\E/RD! Arely Cortes Gonzalez
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Signal Models ] @

TL
EXPERIMENT
Dimension 7 EFT operator with Mono-photon
direct couplings between DM and EW bosons; 1 !
via effective vertex:
(no ISR radiation required). X
Parameters of the model: EW coupling strengths v

(k;, k), m, and suppression scale A.

Mowno-W/Z

Dark Matter production via ZZyy vertex in an EFT
z approach (dimension 7).
X The strength of the interaction is controlled by the
coupling strengths, mass scale M* and m,.

C\@ Arely Cortes Gonzalez PANIC 2017 01.09.17 5 5



Signal Models ] @

Simplified models: Vector or Scalar mediators,
g, and gpy.

Vector Z’: Requires to introduce baryonic Higgs
(additional g, ., coupling).
Scalar S: coupling g; 5

&HDM inspired models: Z2’-2HDM
A 7’ decays to a Higgs boson h and pseudoscalar A of a,
two-higgs-doublet model (A decays to a pair of DM y).
Assumes 2HDM for DM coupling. Two parameters:
8., (8auge coupling) and the ratio of the up- and down-
type vacuum expectation values, tanf3.

Q7 g 7 h
EFT models: Consider a number of operators for
————— X both scalar and fermionic DM.
h,27, Not discussed here.
0,9 255, e X

C\E/R_N)’ Arely Cortes Gonzalez PANIC 2017 01.09.17 54:



MET + V Chad) ] )

. miss
o) 0 Emiss > 250 GeV. O P8 > 30 GeV,
. miss miss

=1 0 21 large-R jet (R=1.0, p;>200GeV, [n| <2.0) 0 AQ(E ™, pi™is) </,

O ) . min miss jatsmall-R

i} o boson-tagging: p, dependent selection CAG™ (B85, jet ) >0.6.

v based on jet mass and jet substructure. o SR: veto on muons and electrons (7 GeV).
ATLAS | ' '« Daw2015 3 3 o T amas | _e-Dmdas T T s 3 plamas e g T o
\s=13TeV [DZ+jets 3 = E 1s=13TeV [Ldt=32" Wijets E = \s=13TeV [Ldt=3.2fb" Wiets
_[Ldt =321 OW-jets _g % E Z(l)+jets control region _— t?Ingle top E % , Wajets control region — tsfmgle top
tf control region Etf + Single Top = o 10 LDJir?coesrltJanimy - g 10 Bir?f:rf;imy

Diboson = E e Pre-fit background £ I = TP Pre-fit background
Y Uncertainty (stat. + syst) 3 [==® ] 10 °
g e Z(>11) CR- W+jets CR
t-tbar CR - : 1) : 1
200 3 10" E 107
100 N SN . 3 5
= . A s ;1022 O O R B S WS N RS B 1022
[&] N N N g . L L L e e gﬂ - 7' L L L e
© "0 80 100 120 740 160 180 200 O OBxgg 00 600 800 7000 ~ 71200 71400 8 085g 200 600 800 7000 ~ 71200 7400

My, [GeV] ETSS  [GeV] Ef'ms ms [GEV]

Strategy

o Dominant bkg: W/Z+jets, followed by t-tbar.
o Main bkg normalized in dedicated CRs.
o 3 normalization factors: ky, K, Kipap-
o Simultaneous shape fit of E;”s¢ distributions.
o Single top and DiBosons from MC.
o Main uncertainties:
o Modeling of large-R parameters.
o D2 scale uncert. and mass resolution: 5-10%.

35

I L I L L |
o C ATLAS —e— Data 2015
21400 s - 13 Tev % 6\/‘4?;?8
L _ -1 +
%000 [Let =320 =G g Top
w L Signal region [ Diboson
Uncertainty (stat. + syst.)
----- vec. W*10%, mx,mmed=1 000,1995GeV

|III|IIIIIII|III|IIIIIII|III

Data/MC

T % _

I ar,
Z It | |

—_
—_
(63}
N

0 0.5 2.5

O
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Phys. Lett. B 763
(2016) 251

MET + V (had) ] £

1000

900

800

700

600

95% C.L. lower limit on M, [GeV]

500

400

q A
A
X
a X
I T T T I T T T T T T T T T T T T T

- ATLAS — Observed .
- [L=832f" \s=13Tev - Expected B
:_ VVyy EFT - +16 _:
- I:l +2c .
N SR B AU SR B
0 200 400 600 800 1000
m, [GeV]

For the ZZyy EF'T, limits are translated
into constraints on the mass scale, M+.

CERN
\
A

Arely Cortes Gonzalez

1000
900
800
700
600
500
400
300
200
100

m, [GeV]

q |4 X
1%

q X
o e R N e N e e
;_ ATLAS gSM=O.25, gDM=1 _;
- [L=321f0" 1s=13TeV 2
- E7°°+W/Z: vector model =
S E
L l#”’l 11 l 11 1 I 1 1 1 I 1 1 1 I | - I 11 1 I 1 1 1 I L1 17

200 400 600 800 1000 1200 1400 1600 1800 2000

M .q [GEV]

Limits on the signal strength u for the
vector-mediated simplified model generated
with couplings ggy = 0.8 and gy = 1.
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MET + HF ) &9

EX :IE-F!TM ENT
g £(b) Search performed in different decay channels:
DM + t-tbar: O, 1 and 2 lepton channels .
B DM + b-bbar
¢/a < Similar topologytas stop and sbotton;z searches.
=l
X

8 t(b) ! i\i‘wa) ! fiwg

b
Selection & Strategy b X
Also can consjdezv

DM+b-bbar: optimized for both low and high mediator masses. color charged '
scalar mediator ' 2

& “F A7ias Prefminary + Dala(is=13TeV) 3 S 70- ATLAS Prefiminary «  Data(is-13TeV] models. yf
S FL, =133 gy et 3 Beflu-t33n’ Weiels E
2 30F- SR " 4 £ FE SR W ] .
8 uf i el . E One smgle SR

20; — _:)bd> (20,1) GeV (GXGO)E 40; —— bb® (20,1) GeV (6x60) ] Two b-tagged jets plus la,rge ETmiss

sE ERES « 4 Other discriminants: transverse

NI e SR Ea \ N momentum imbalance, AR, .

sE- | , 10/ SRR # Z(vv)+b(b) main bkg, followed by
Ee”_"* o R N e = T PRI - t-tbar and single top.
(%] . %) ; o .
R \\\\\\\\&\N\ \\\\K\ 5 1 x\\\\\% \\%\\\\\\\\ \\\*\\\% Simultaneous global fit performed in
S ok S b 1 . i multiple CRs+SR.

0 01 02 03 04 05 06 07 08 09 1 0 0.5 1 15 2 2.5 3 35 4

Imb(b b o) AR
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ATLAS-CONF-2016-077
ATLAS-CONF-2016-0560
ATLAS-CONF-2016-076

MET + HF

SRE: optimized for DM (high m_ ).
R b-jets, E;™5>300GeV, ARy,,>1.5.

GeV

Events /2

10

¢/a

£(b)

¢(b)

DM + b-bbar

) &9

TL

EXPERIMENT

Search performed in different decay channels:
DM + t-tbar: O, 1 and 2 lepton channels .

Similar topologyta,s Stop and Sbottonl;z searches.

P
X4
X4

p

Selection & Strategy

DM+t-tbar: Same (SUSY) bkg strategy, mostly similar discriminating variables.
Define multiple CRs to constrain main backgrounds, and performed a global fit (CRs+SR).

I
ATLAS  Preliminary
Vs=13 TeV, 13.3 b
SRE

| E s+t (OL

e Daa

% SM Total
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>
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O]
(@]
[ap]
~
2]
c
()
>
()

b-jets, 24 jets, E™5>300GeV, cut on my,

3
30F
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20
15
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5

o2

)]

T
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®»
—
(0]

<
=
n
S,

------ scalar m{¢.x) = (100,1)
------ pseudo m(¢,x) = (100,1)

20

T T

-e-Data ~xTotal SM
[CZ+jets

[JW+jets  [Jwt

[C]Diboson [[ti+V

DM_low SR

i Bymss+tt (1L)

b
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ET* [GeV]

Events / 50 GeV

Data / SM

SRs optimized for low & high m_ ;.

20 b-jets, m5(11)120GeV,

E;055>180, 260GeV

L
ATLAS  Preliminary
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ATLAS-CONF-2016-086

MET + HF

g £(b)
¢/a ¢

X

g t(b)

Limits for both scalar and
pseudoscalar mediators.

DM+tt (OL)
[CONF-2016-077]

tt + ¢ production, @ — % %

=250
2 = Observed limit, g=3.5 1s=13TeV, 1330
5 ----- Expected limit, g=3.5 (+1 0,,,) Scalar mediator N
€ 200 o 2
ATLAS Preliminary &

150

100

LA L I L Y LB

50

(23,

150 200 250 300 35.0 400 450 500
m(e) [GeV]

SG&PCh performed in S pmmEestc Aﬂ'.AS Preilmlnary I By £
different decay channels: & |[—JBw.=20 (=13Tev, L, =1331" £ ]
2 10° Expected 95%-CL.: : : E
o MET + bb S [F—— Observed 95% CLg o L E
o MET + tt v NI |
o OL 0 = g=10, ré1x=1GeV; 3
o 1L 10° N i M !
o &L - .
Not yet excluding 1 Db
this model for - . . [CONF-2016-086] 1
i I i [ A A i i
fO'P = = = 1 10 20 30 40 100 200 300 1000
€= Epm gq m,, [GeV]
DM+tt (1L) DMtt (SL)
N [gOONF 2016-050] | [CONF-2016-076]
+tt scalar mediator, tt + ¢ production, ¢ — % x
= S s 300 P T T e e e T o
- 7. =4 2 = [ —— Observed limit. g = 3. Scalar Mediator ]
T E 160——0bserved limit f,""': JE E 250 L Opeenesimt. 6235 B :;x
= <= =- Bxpected imit (s105,) Lot Y 1- £ ATLAS Preliminary 18
§ 140 Contours for g=35 ’ 3 200 |- o @, 1z
T = % = C @‘ 15
801 L E 100 f— —f
60[--a----- s = C ]
40F ° = 50/ =
20*“'2]1 21 . E 0‘.9"."?‘...\1.... ‘..,.l'a...|.‘...g'5...|m..|....|....:
oA R ——— == 50 100 150 200 250 300 350 400 450 500
0 50 100150200 250 300 350 400450500 m(e) [GeV]

m, [GeV]

Limits on DM+tt set for g = 8.8 (no exclusion for g=1).
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High mass di-jet ] )

L

3 10k ATLAS —Pythia Dijet
é 10" | {s=13 TeV, 37.0 fb™ JES Uncertainty
g 10 pr5044 TeV, m>11 TeV, Iy*1<06 e Data
10°
107 o
o Data vs MC
10°
10*
10°
10°

Bin widths are chosen to
approxzmat;e the my, Pesolutzon

"’L’*“'“"’“‘ wﬂ”ﬂ%

2 3 4 7 8 9
m; [TeV]

Strategy: Resonance

f(Z) = p1(1 — Z)pZZP3Zp4 log z

With increasing luminosity and
corresponding my; range extension, a
single global fit may not necessarily work.

10

MC

Data-MC
AooNdR o

O oo

CE/RW Arely Cortes Gonzalez

EXPERIMENT

Events selected with lowest
un-prescaled single jet trigger (o> 380 GeV).

leading subleading %
Pt Pt ly*| lys| mj;
Resonance >0.44TeV >0.06TeV <0.6 - > 1.1 TeV
w* >044TeV >006TeV <1.2 - > 1.7 TeV

Angular >044TeV >006TeV <17 <1.1 >25TeV

_ Rejects forward peaking
* | = -
y* [ = y17el/3 t-channel @CD processes.

Sliding Window Fit \@

o Perform the f(z) fit in restricted (sliding)
ranges (more flexible!).

o The limited range allows to use a
3-parameter function.

o Excellent linearity between injected and
extracted signal.
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High mass di-jet | £

L

EXPERIMENT

& F ATLAS E
> 10" s=13 TeV, 37.0 fb =  Events selected with lowest
*GC: i0° . gaaéi round fi ; un-prescaled single jet trigger
Lﬁ 5 = BumpHunter interval = (Pr> 580 GeV).
e e IaoTey E 7% = |y121/2
10* E = Rejects forward peaking
- :E E: t-channel @CD processes.
10?2 ; Most discrepant region: ;
= (&lobal p=0.63) 4326-4595 GeV =
10k~ g, 6x10 - o Sliding Window Fit
= p-value =063 3 o Perform the f(2) fit in
1=~ Fit Range: 1.1 -8.2 TeV = . s
= = restricted (sliding) ranges
JOE o (more flexible!).
§ 2 o Excellent linearity
g between injected and
(E’_’ . il extracted signal.
2 s : L | 1 o BumpHunter algorithm
S 05— |||Hm_+ compares the binned m; of data
2 3 4 5 6 7 8 9 to the fitted bkg estimate.
m, [TeV]
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Di-jet searches J @

Di-Jet searches covering the low and high mass regime!

o
(@)

0.35 ATLAS Preliminary March 2017 Dijet+ISR (y), 15.5 fb™

5 _ p ATLAS-CONF-2016-070
s=13TeV;3.4-37.0 fb Dijet+ISR (iet), 15.5 b

ATLAS-CONF-2016-070
Dijet TLA, 3.4 fo™
ATLAS-CONF-2016-030
Dijet, 37.0 fb™
arXiv: 1703.09127

0.3

Di-jet + ISR (y/jet) (.25
Triggering on ISR y/jet, we
can also reach lower Imy;.

Last results with 15.5 fbL. 0.2 95% CL upper limits

“llll.

B3 Iy*23| < 06 aREENl Expected
Observed

0.15
0.1 _
0.05— Iy*12I <0.3 Iy*12| <0.6
- 1 1 1 1 1 1 1 I 1 1
300 400 1000 2000 3000
Trigger level analysis m,. [GeV]
Strategy: reduce data size/complexity High mass di-jets
to increase rate of recorded data, . Reach at low masses limited by

Last results with 3.4 fbl. trigger bandwidth and storage.
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arxiv:1707.024:24

Di-lepton

) 69

A

@ . :
& Ym amas i Data
b s — -1 Y
""EL Diectron Seareh Seiecion HH T0P Quars
- electron Search Selection — pypocon
[ Multi-Jet & W+Jets
10' B —7,(3TeV)
— 7, (4Tev)
10° —Z,(5Tev)
102
10
1
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o 14ET : ———— T
& 1.2 i) a
I ettty
©
% 08
8 os I . . .‘..H|++l| nl Lo
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f :‘;): 1'21:_ rye +.“..I f E
£ 8 osf AL E
a = 06E_I ‘ 1 1 1 Il 11 11 | 1 1 _:
100 200 300 1000 2000
Dielectron Invariant Mass [GeV]
2 - T -
g ATLAS 4 Data
10° {s=13TeV, 36.1fb" [ ziy
Dimuon Search Selection [l Top Quarks
10° [ Diboson
10t — Z,(3Tev)
— 7, (4Tev)
3 g
10 —7,(5Tev)
10?
10
1
10
1072
. ]
o 14F T E
Z 12F o I =
— 1E( soeseeteyttyh 14l 3
£ o8 HﬁTTTJ]. | =
=} o.eE ! =
_8’;; 1'45 11
o3 e oorbieilid
£ 8 osf ML
a7 06E |
100 200 300 1000 2000

Dimuon Invariant Mass [GeV]

EXPERIMENT

Selection & Strategy

Events selected with 2 same-flavor isolated leptons.
Highest m; pair (> 80 GeV).

Main background from Drell-Yan production.
DY events are simulated with NLO Powheg Senerator:
Events yields are corrected with mass dependent
rescaling from NLO to NNLO @CD, and NLO EW.

g _| T IN T T T TT | T 1T I LI | T TT T TT | LI | T 1T | T TT |_
mn E ATLAS Lo Expected limit
b u \s=13TeV,36.1 10" g Evpected+ 1o 3
107 B Z -l Expected+ 20 _|

= — Observed limit 3

- Z,SSM :

102 E
10°E E

B “_

10 = =

1 0'5 _| 11 I 1111 I 1111 | 1111 I 1111 I I 111 I 111 1 I 1111 I 111 I 11 |

0.5 1 1.5 2 25 3 3.5 4 4.5 5
. Mz [TeV]
Limits weaken above 3.5 TeV.
Rapidly falling signal x-sections and off-shell low mass signal tail.
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Comparison with Direct Detection ] A@L 3)

FXPFRIMENT

0% DM Simplified Model Exclusions ATLAS Preliminary July 2017
E ' L WL | ! RN TR ' L L L |

S E
g ] .
S, . 1 = Dijet
S 10 E Dijet 8 TeV 5 = 8 TeV, 20.3 fb”
..g 7] Phys. Rev. D. 91 052007 (2015)
@ 107 =  Diet¥s=13TeV,37.0fb"
2‘ ] arXiv:1703.09127 [hep-ex]
o 10 ?— Dijet TLA V5 = 13 TeV, 3.4 fo'
A 3 ATLAS-CONF-2016-030
2 ]
O _a1 7 Dijet + ISR¥s = 13 TeV, 15.5 fb""
10 E ATLAS-CONF-2016-070
1 == —miss
107 E; +X
ET " +y¥s=13TeV, 36.1 fo"
- Eur. Phys. J. C 77 (2017) 393
1 0_43 Dljet miss ., g ( ) -1
E; +jet¥s=13TeV, 36.11fb
ATLAS-CONF-2017-060
107 3 E ET+Z Vs =13 TeV, 36.1 fbo'
- ] ATLAS-CONF-2017-040
—45 | Axial-vector mediator, Dirac DM ]
107 F E LUX
= gq=0.25,g|=0, gDM=1 3 . _
[ ATLAS limits at 95% CL, direct detection limits at 90% GL ’ arXiv:1608.07648; arXiv:1602.03489
_46 1 1 L L raaal L 1 gl 1 Lol
10 2 3
1 10 10 10

DM Mass [GeV]
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L

EXPERIMENT

The ratio is corrected for detector effects (“unfolded”),
S0 can be easily reinterpreted in terms of any BSM models.

ATLAS Vs=13TeV, 3.2fb"
S’ - ! ' e ' Axial-vector mediator
8 350 :_ Dirac fermion DM
~ = g =025g =1
£ 300 q o
- R - Oigl Py +ets)
250 miss ~ . (I'T + jets )

= Exp.limit 95% CL (+1 64,
S Obs. limit 95% CL (+1 oo/ ")
% Perturbativity limit

——— Relic density

------ Exp. PRD94 (2016) 032005
mimmg Obs. PRD94 (2016) 032005

o 500 1000
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