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needed to explain:

Collider Searches for Dark Matter
Though the presence of Dark Matter is well established, its particle
content is an open question.
@ Dark Matter -

Dark Matter

(from 1305.1605)
@ WIMP dark matter is one attractive option.

James Frost (University of Oxford)

» Produced in early universe, now in thermal relic density.
» Search for signatures of Dark Matter at the LHC through tagging
ISR, or searching for mediator production. .

» Interaction with quarks via heavy mediator pair-production.

LHCP 2016
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Introduction to X+MET DM searches

@ Any WIMP DM produced at collider experiments
will interact weakly and pass invisibly through :

the detector.
@ Inferred through ‘Missing E7’ (E’T’”SS) when event

does not balance in plane transverse to beam.

@ Consequently, collider searches focus on events
with production of a SM particle(s) (X) with large
Emiss: X+MET

@ Initial state radiation (photons, jet, vector
bosons) can also be used to tag DM pair
production.

@ Lepton vetoes can be used to reduce
backgrounds containing genuine sources of
ErTniss_
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LHC Searches for WIMP Dark Matter

EFTs and simplified models [arXiv:1507.00966] [arXiv:1506.03116] [arxiv:1603.04156]

@ Assume dark matter has very small couplings to

the SM.
@ Use information from astrophysics, detection ,
. Assocated production:
experiments to focus search. Scplar/Pseudo-scalar mode

@ Need a model for comparisons with
astrophysics.

@ The LHC can investigate and characterise the
interaction between DM and SM.

@ For Run-2, focus on simplified models, with
mediator.

, W,
! N
indirect detection direct detection mono-jets _ dijets B VY
Xa q q Y q q AN
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Dark Matter at LHC

@ Simplified models provide a
solution to the question of
Effective Field Theory (EFT)
validity.

@ Parameters: mediator mass,
couplings to SM and DM,
width, DM mass.

@ Mediator also a discovery
target - strength of LHC
searches.

@ Explore the complementarity
of different channels.
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(from 1503.05916)

@ Can also be investigated by EFT, with interactions between the

WIMPs and SM particles.

@ Caveat: momentum transfer must be below the EFT interaction

James Frost (University of Oxford)

Thursday 16th June 2016 4/46



@ LHC searches for Dark Matter
in X+MET channels

o (Mono-)jet plus Ef=
o y/\W/Z & ET'®

o)

o Heavy quarks & Ess
[e]

@ Conclusions & Outlook

More details tomorrow:
Ruth Pottgen & Bo Jayatilaka

James Frost (University of Oxford)
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The highest ET.

monojet event in the
2015 ATLAS data
jet pr =973 GeV
ET =954 GeV

miss
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Jet Dark Matter Searches

Mono-jet (inc. V—qq) (1) [CMS-PAS-EXO-16-013]

Look for an excess of events with:
@ E'S$> 200 GeV, R = 0.8 jet with pr > 250 GeV
@ Separate mono-V from monojet with E7"%> 250 and
boson-tagging: (65 < m; < 105, N-subjettiness: 7o/71 < 0.6).
o The post-fit signal regions for monojet (L) and mono-V (R):
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Jet Dark Matter Searches

Mono-jet (2) (incl. V—qq) [CMS-PAS-EXO-16-013]

. CMS Preliminary __ 23w'037e0)
@ Z/W-+jets backgrounds 0% A D
estimated with ten CRs: 10 SRR
1-/2-e/p,y+jets 10
@ Orthogonal by SR c'
lepton/photon vetoes. 2@124
@ Model SM EMsSshape in SR. ° 104
@ gg=1,gsu=1: 10
Vector/axial-vector mediators < 1.3 [
TeV excluded. R P rea—
My, [GeV]
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Jet Dark Matter Searches

Mono-jet (3) [arXiv:1604.07773]

ATLAS

°E-1s=13Tev,32f0"
£ Signal Region
p,>250 GeV, ET>250 GeV/

@ Look for events with a jet,
pr > 250 GeV, EF"s> 250 GeV,
separated from any jet with
pr > 30 GeV.

@ Lepton veto.

@ W/Z+jets estimated with
simultaneous fit in (1e,1-/2-y) £ S, N ——
control regions. Eieen
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Boson + EMsSDM Searches

Mono-W/Z Search [ATLAS-CONF-2015-080]
. W,z x
3 [ arLas preiminary |
g W e fua-oant
4 5 i imf_ AfLAS‘Pre\lmmary‘ ‘ qmﬂ.ﬁigwﬂ ,
£ wuo? Ji=2 m". s=13TeV
@ Tag ISR boson.
@ Look for a boosted v

Data/Bkg

boson recoiling

EDO 400 600 800 1000 1200 1400

against DM 1o
particles.

@ Search for an R=1.0 jet and EsS(>250 GeV), tagging bosons
using jet mass and D, (dominant uncertainty ~ 10 %).

@ Main backgrounds: W+jets, Z+jets and ft.

@ Vector-mediated simplified model - already probing low m, with
2015 data!
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Boson + EMSSDM searches
Mono-photon search (1) [arxiv:1604.01306]

0 200 250 300 350 400 450 500 550 600
P} [Gev]

@ Look for high pr(> 150 GeV) photon, opposite ET'sS,

@ Use 1-/2-u, 2-el, and lower ET"5~-jet CRs to estimate
backgrounds (Z(vv)+~, W/Z+~, v+jets). Lepton veto.

@ Dominant uncertainties: statistics (9%), e— ~ fake factor (6%)
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Boson + EMsSDM searches

Mono-photon search (ll) [arxiv:1604.01306]
< F T T T T T T T & E T T 7
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@ Interpretation via Axial-vector model.

@ For large gpu, rule out a large range of mediator masses with
m, < 150 GeV.

@ Limits on the EFT: vvyxx
@ Stringent DM cross-section limits at low masses.
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Boson + E®s Dark Matter Searches

mono-photon search CMS-PAS-EXO-16-014

CMS Preliminary 231" (13TeV)

@ Isolated v, pr > 175 GeV,|n| < 1.44 ]
® EMiss > 170 GeV. i

@ Z/W + ~ from MC and CR, data-driven ===l 4
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Jet Dark Matter Searches

Looking for DM mediators with jets - challenges [arXiv:1604.08907] [arXiv:1512.01530]

@ High-mass searches
provide constraints for

massive mediators. 25 L 18316700

. "L oms \ 1 Mg 1S 19.7 fb™ (2015) ]

@ Weaker constraints at . et e N | B
lower masses, due to 2 \ . E

. | P, 15 1.98 rov, 21 ]

the large prescaleson ., .f ) E
triggers. £ o i s v 1)

3 1= J

. o C ]

@ Need alternative [ = CMS 18.8 fb" (Data scouting) ]
approaches to access O e v o) E
pp . L ;ZS\d:deviahon (Exzected) ]
mediators below oL C —
100 200 300 400 1000 2000 3000

~ 1 TeV. M,. [GeV]

@ Complementary
strategies...
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Jet Dark Matter Searches

Trigger Level Analysis [arXiv:1604.08907] [ATLAS-CONF-2016-030]

@ Write out trigger jets for all

events with Hr > 250 GeV, (jet ) ) _
pr > 40 GeV). an L1 trigger jet E7 > 75 GeV:

@ Considerable improvement on ® pr>185GeV, [y*| <06

sensitivity at lower masses. @ Use reduced y~ cut (< 0.3) to
access lowest masses.

Record trigger jets in events with

18.8 fb” (8 TeV)
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Jet Dark Matter Searches

Other approaches for lower masses [ATLAS-CONF-2016-029]

Search for resonances decaying to a jet

g2 f ATLAS Prellmlnary ]
pair in association with a photon from ISR.  “wgsezzee. it
F o — Background fit
@ Use a lower pr ISR photon to access i : Tguwﬂugé%,ngm.
lower resonance masses.
@ Trigger on the event with the photon, L 2000 onen
and construct dijet mj;, down to 200 pheoss
Gev ol Iy’ <0.8
» v, pr > 130 GeV, and 2+ jets £ o
(pr > 25 GeV). & 300 400 500 1000
» Photon separated from closest jet by m(GeV)
AR > 0.85. T e S
..... exp. limit Vs =13TeV,3.21b
> vy=yn ~ Yel/2 < 08 pr S =
@ Background fit with functional form, P IA W o
as for dijet analysis. e
0.15
@ Exclude masses down to 250 GeV 2 .
(QSM >0 26) 0055556400 500 600 700 800 600

my [GeV]
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Low mass summary (with 13 TeV high-mass)

[ATLAS-CONF-2016-029 & ATLAS-CONF-2016-030] & [arxiv:1512.01530]
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Mono-jet and Dijet Complementarity

DM S|mp||f|ed Model Echusnons

ATLAS Prel|m|nary June 2016 @ Relative
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Heavy flavour DM searches

mono-b searches CMS-PAS-B2G-15-007

M + heavy flavour 217" (13TeV)
T T

DM + heavy flavour
£ T T

£ CMs
reliminary 2b-tag category

2471b" (13 TeV)
T T El

Events

1b-tag category

@ Search for DM in
association with
one or more
b/t-quarks.

@ Important for

(pseudo-)scalar g4 : 3 "
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Heavy Flavour Dark Matter Searches

mono-top searches CMS-PAS-EXO-16-017

> 2‘9"‘?'(‘?’1“""‘” e
@ Hadronic top decay in association with 81 e
Emiss_ 5 10
T w 1k
@ Select b-tagged large-R jet with ="
110 < m < 210 GeV, 3/72, with )
Emmiss> 250 GeV. T =
@ \eto extra b-tags or charged leptons. e b s
° E?’SSsearch, using 1/2-e/u,y+jet regions. S Si%fi"&;&]m
g AT,
S mmn = o
X g ne.:ubt:r»a\currenl e Theary a, =byc=0. For a FC = b ec =0.1,
- B 1 mass exclusion
! X L & | MV —
/ T ‘ 300 — 1100 GeV.

M, [GeV]
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DM Mediator Mass Summary

CMS Preliminary Dark Matter Summary* - June 2016
DM + jetsIV(d@) mas — ————] ———amay T o613
Vector; g =g =1
e ]
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FC Vector; arc:bFC:0'1
DM + jets/V(dT) EX0-12-055
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Searches in Higgs channels

mono-Higgs searches - bb channel ATLAS-CONF-2016-019

0 1077

§ gL ATLAS Praiminary 3. [Atias
o CEWE-1aTev fla-32 o 10°FPreliminary
2 ived : 0 lepto © psL.2b-tags

2 : 2

§ §10

o 108

@ Higgs could couple
to dark sector too.
@ Boosted and 3 08 RAREAEES 5 A . e
80 100 120 140 160 180 200 220 240 260 280 200 400 600 800 1000 1200
resolved channels m, (GeV] £7™ (Gev]
(E7"®), 2 b-tags.

Data/Pre
a S ot
¥
Data/Pr

@ Main backgrounds: W/Z+jets, ft -
estimated from 1-/2-lepton control regions.
@ Z’ vector model. gpy = 1,94 = 1/3.
» mz < 900 GeV is excluded. P
» Constraints on 2HDM, my4 < 500 GeV oo e e




Searches in Higgs channels

mono-Higgs searches to diphotons ATLAS-CONF-2016-011
50 <EF'$< 100 GeV, pi;‘““ > 40 GeV E'5> 100 GeV, p}”’ > 100 GeV
@ Look for H .
boson [ oinciptiu e L iy vraapo S
5 Intermediate Non-resonant bkg + h 5 £ High E™, High p!" Non-resonant bkg + h —|
recoiling & 50 e Non—resonanmk: G GF HanE e Nonrvesonambk:
. 40! E B
against DM. " : ]
@ 4 signal H ‘ ‘ ﬂ |3
reg|0ns : STo i 10 ko 10 ‘170
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. E O Ay oo
@ Signal and background are B S T
. . . . s E ose 1 Theon 3
estimated with functional fit to N Eidoss
H H 1 X E irac DM, m,, = 1 Ge rpected + 20 =
m.,., distribution. = oo 3
» Statistical error dominates. T s 3
» Vector simplified model © 108 .
. . 5p
» Heavy scalar interpretation. I e T—
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Mpeg [GEV]
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Searches in Higgs channels

Invisible decays of a Higgs boson CMS-PAS-HIG-16-009

23" (13 TeV)

[Z]
E 35- CMS E CD)%tS W- v
) Q 30 Preliminary B EWK W—s Iv
X w [ Top
> 1QCD
v
o B QCD Z—vv
X B EWK Z—vv
108 — Signal
5
0
@ Look for VBF Higgs decay to PR e A
|nV|S|b|eS _ 0-2.31b" (13 TeV) + 18.9-19.7 fb™ (8 TeV) + 0-4.9 fb™' (7 TeV)
@ Signal and background yields oaf SO . Cus
from fits to control regions i B e
14— Expected limit (10)

» Z(up), W(ev,uv,rv), multijet. Bz | Eepeedimi o

@ Limit on invisible BF is 69% g
from 2015 data, improving to
32% with Run-1 combination.

Combined VBF-tagged VH-tagged ggH-tagged
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Conclusions and Outlook

6 T

© ATLAS Online Luminosity ~ /s=13Tev 7
5[ [ LHC Delivered 1
[ ATLAS Recorded

@ The LHC machine and experiments
performed very well during the start of

[~ Total Delivered: 4.30 fb”
[ Total Recorded: 3.93 fo™

Total Integrated Luminosity [fb”]

LHC Run-2 in 2015, .
@ Wide range of DM channels being
probed with 2015 data. Bos e
@ Important part of the LHC programme, e
with new techniques and methodologies. -8y = siin:
o Simplified models provide framework for — fm o
comparison of other channels, directand ;- -
indirect detection experiments. i r -
» Common set of benchmark models. o
B S T R U B A

Date (UTC)

@ 2016 data will bring greater sensitivity - Many more results with
13 TeV data coming soon!
@ Great complementarity with non-LHC experiments
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BACKUP SLIDES
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Summary of ATLAS Exotics

ATLAS Exotics Searches* -
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Summary of CMS Exotics Results
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012345678 910111213141516171819 TeV

CMS Exotica Physics Group Summary — Moriond, 2016

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO/index. hml
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Heavy Flavour Dark Matter Searches

mono-top searches CMS-PAS-B2G-15-001

19.7 fo' (8 TeV)
T T

> T T T T T T T
3 Ccms Signal Region ¢ Data — Sum of MC (prefit)
di X u v g Preliminary Wov Eaco 3
N -~ o S % B W - bjets 3
» S & 1 B [ weciets [l w-iiets El
t . single top [l t
/) A < +esess Non-res. m =300 GeV E

Res. m,..=800 GeV; m =100 GeV.

;ZWMWWM% 't

@ Leptonic top quark decay in 0
association with E7"%5. R SR B 500" 0 a0

m¥ [GeV]

Data/MC

19.7 o' (8 TeV)
A T

] @ Isolated muon, p%" > 50 GeV, 1 b-tagged jet

38 CMS
32100 Preliminary

= ; (pr > 70 GeV), EF'ss> 100 GeV.
: @ Look for broadening of M¥.

@ Model W+jets, tt fit in control regions.

@ For a = 0.1, scalar masses below 1610 GeV

excluded.
James Frost (University of Oxford) Thursday 16th June 2016 29/ 46

I I L) L
20 40 60 80 100 120 140 160 180 200

[GeV]



Jet Dark Matter Searches

Mono-jet (inc. V—qq)

ENSS Range | Z(w)+ets | W(lv)+jets | Z(ED+Hets YHjets Top Diboson Qb Total Total Data
(GeV) (Pre-fit) (Post-fit)
250 — 300 354+17 244+ 14 32+10 35+1.8 33+9 4149 0.63 +0.69 744 +38 680 =21 666
300 — 350 239+15 133+9 25+09 29412 12+4 26+ 6 017 £0.15 450 +21 416 £15 393
350 — 400 115+8 52+4 1.0+05 15+1.0 6.6+21 1243 0.12+0.10 210+ 10 189+9 196
400 — 500 94+74 3243 0.234+0.19 04+03 28+1.0 89422 0.03 4 0.02 155+7 138+ 8 141
500 — 600 29+3 82+11 0.03+0.04 05+0.3 0.5+0.2 38411 0+0 4542 42+4 41
600 — 750 11+2 29+05 0.01+0.01 023+0.12 0.24+0.25 1.6+0.6 0+0 15+1 16+2 20
> 750 28+0.8 0.4+0.1 0.01+0.00 0.01+0.01 0.18 +0.07 0.92 4 0.41 0+0 5.4+0.6 43+09 3
CMS Preliminary 23157 (13 TeV)
CMs Preliminary Simulation 13 TeV 31 20 " “ T
: T T ——
§ 02 t| 7 vy — g E Resonant top
L Mono-W Vector, m__ = 1000 GeV, m,, = 1 GeV i‘;‘ 00}~ ]
r Mono-W Vector, m,_ = 2000 GeV, m,,, = 1 GeV. & . Non-Resonant top
045~ Mono-W Vector, m =500 GeV, m,,, = 1 GeV o

7] 80 . Wolv

i o Il

0.1~ - '+
t —e— Data

[ 40

20

0.2 0.4 0.6 0.8 1

/T,

0.1 02 03 04 05 06 0.7 08 0.9 1
2T

Thursday 16th June 201




Jet Dark Matter Searches

Mono-jet (inc. V—qq) (1)

EFSSS Range | Z(vv)+ets W(lv)Hets Z(Eb)Hjets tjets Top Diboson QCD Total Total Data

(GeV) (Pre-fit) (Post-fit)
200 - 230 T £221 | 11976 £ 196 207£13 PEIEST! 561E55 251 E4L 508 £ 171 27761 £ 1464 | 28654171 | 28601
230 — 260 7974+116 | 5776+ 101 929+57 10146 267+26 157+ 26 308+ 104 14114757 | 14675497 | 14756
260 —290 4467 +70 2867 + 50 37.9+23 63.7+3.9 116+11 7734127 383+21.0 7193 + 351 7666 + 68 7770
290 - 320 2518 £ 46 1520 £34 184£11 206+18 | 56756 129+71 298105 4083204 21548 4195
320 - 350 1496 +35 818420 100£06 197+12 | 336£33 25.4+42 9054 2385+ 118 2407 £37 2364
350 — 390 1204 +31 555+15 39+02 127408 | 245+24 21+36 60+35 1817 +87 1826 + 32 1875
390 — 430 68420 27549 21£0.1 83+05 9.8£10 139+23 30£16 978 £45 998 £ 23 1006

430 — 470 382+ 14 15546 0.96 +0.06 49403 9.4:+09 66+1.1 1.0+08 589+ 30 574 +17

248 +11 87.3+38 047 +0.03 37402 | 0224002 51+08 0.65+0.44 337+15 344 +12

160 £8 522427 0.23£0.01 20£01 27+03 22+04 028£0.19 21149 219+9

995 6.0 292£19 012£0.01 18+01 | 09420.09 20£03 019+0.14 1346 1347

773449 189+ 1.4 0.09+0.01 0.46+0.03 <013 17403 0.11+0.08 100+4 985458

448+35 12409 001740001 | 0194001 <013 15402 0.06+0.05 59.6+2.6 58.0 + 4.1

27825 61206 0013£0.0008 | 0.57+0.04 <013 0.69%0.11 002£0.02 36.6+15 352429

21823 53206 < 0.005 028002 | 023£002 | 011002 0.02£0.02 238+10 27727

135£19 28=04 <0005 018+001 | 027+0.03 | 0.010£0.001 | 0.008-0.007 153+£0.7 168+2.2

840 — 900 95+14 20=03 <0005 0.28+0.02 <013 0.25+0.04 <0008 122406 120£16

900 — 960 54+10 1102 <0005 < 0.08 <013 037+0.06 <0008 76+03 69+12

960 — 1020 33+08 077021 <0.005 012£0.01 <013 023£0.04 <0008 52=03 4510

1020 — 1160 25+08 052+0.16 < 0.005 <008 <013 0.16+0.03 <0008 3.6=02 32£09

1160 — 1250 17406 03+0.11 < 0.005 <008 <013 0.16+0.03 < 0.008 23+0.1 22407

> 1250 14405 0.1940.08 <0005 < 0.08 <013 0.06+0.01 < 0.008 1.6+ 0.1 1.6+06
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Jet Dark Matter Searches

Mono-jet (inc. V—qq) (2)

1000

ST SRR S
%200 400 600 800 10001200140016001800 '

231" (13 Te)

CMS Preliminary

Vector, Dirac, g, =1, 9y, = 1
Modian Expecied (8 TeV) 90% CL

L

M, oq [GEV]

versity of Oxford)

>

4o/P%%y  paniasqO

231" (13 TeV)

CMS Preliminary 231" (13 TeV)

CMS Preliminary
N T T

10Mf  Vector,Difac, g, =1,g,, =1 4
b - Median Expected (8 TeV) 90% CL
0% Median Expected (13 TeV) 90% CL
46 ——— Observed 8 TeV) 90%CL
10k Observed (13 Tev) 90% CL
arf Lux
10°E supercoms
10% —
- &
£ 10k \ £
S 10 e S
@ ; B0
S 1o £10°°
10%F
a3l
104
104
10 ;
10k I I 10%E I I 2
1 10 10? 1 10 10?
Mpy [GeV] my,, [GeV]
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Jet Dark Matter Searches

Mono-jet (3) [arXiv:1604.07773]

3 i ATLAS
Selection criteria g E=13Tev, 325" 3
g Multjets Conirol Region
Primary vertex [ 50 Gov, Em5350 GeV
E 51250 GeV i
Leading jet with pr > 250 GeV and jy| < 2.4 ]
Atmost four jets with pr > 30 GeV and || < 2.8 2 multijets.
Aget, 7<) > 0. 10,
Juqu.m requircments
No identified muons with pr > 10 GeV or electrons with py > 20 GeV 1
Imhmn »m..n. n ™1 ™2 ™3 ™I ™S ™6 ™7
Eps 5 > 300 > 350 - 400 > 500 > 600 - 700 10° !
wum Signal region EMT EM2 ENS EMZ M3 ]
[250-300]  [300-350]  [350-400]  [400-500]  [500-600]  [600-700] 5 =
2
s o A 4 oA
Signal Region ™I M3 L]
Observed events (3.2 fb!) 21447 2039 300400 500 600 700 800 900 1000
SM prediction 21730 = 940 3210z 170 ET [GeV]
W o) 710= 170 228226 " S —
W(— pv) g © ATLAS
Wi ) G 280000
£ Solocton: a1
20000
15000
Dibosons E
Multijets + 100001
Non-collision background 110110 1919
5000
Signal Region M ™2 M3 )
Observed events (3.2 fb") 21447 11975 6133 3494 z 19
SM prediction 217302940 123402570 65702340 3390 £200 S
Signal Region EMI EM2 EM3 EM4 8 o8k 71
Observed cvents (3.2 o) 9412 5542 2939 2324
9400410 57704260 3210+170 2260+ 140 27128 W(=ev)CR  W(=w)CR  Z(=u)CR SR
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Boson + EMsSDM Searches

Mono-W/Z Search

[ATLAS-CONF-2015-08

> 10°E T T e T > T T ool > T T ! T
8 7 E ATLAS Preliminary = Dioeon” 8 L ATLAS Proiiminary = Dioeon” 8 gl ATLAS Preliminary et idedd
2 [ \5=13TeV [Lot=3210" =t = E \5=13TeV [Lot=3210" = a E =13Tev [Lat=321" =t
2 control région e H £ Zmsjets control region B e ee 2 E Wefets conirol region Dﬁ?&‘g‘g‘“’
a2 Slbntona inty z F Orotan & Dz‘
7 pre-fit background 1ok e packground ncertan
] E T bt baokground
1
w0k b 10
102 T T T T = 102 L L L L L L - L L L
o o T o — —
R g 2 1 %
& 09 b4 * 1 g0
bz | | E - B | | | | | | Ry | | | | |
200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400 0 400 600 800 1000 1200 1400
Erom [GeV] Ernom [GeV] Efnom[GeV]
S [ anas promnay Process events
g TaTe Lot 5210"
£ gl region

e

Al egs. but O,

Z+jets

W +jets

tt and single-top
Diboson

Total Background

519 £ 31
326 £ 22
217 £ 18

88 £+ 12

1150 + 30

Data

1143
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Boson + EMsSDM searches

Mono-photon search (1) [arxiv:1604.013

SR 1muCR 2muCR 2eleCR PhJetCR
Observed events 264 145 29 20 214
Fitted Background 295434 145+12 2744 2343 214+15
Z(— vv)y 171429 0.154£0.03  0.00£0.00  0.00+0.00 8.6+1.4
W(— tv)y 5849 119+17 0.14+0.04 0.11+0.03 2244

Z(— )y 3.3+0.6 7.9+1.3 26+4 2043 1.24+0.2
v+ jets 15+4 0.7+£0.5 0.00+£0.00 0.03+0.03 166+17
Fake photons from electrons 22418 1.7+1.5 0.05£0.05  0.00+£0.00 5.8+5.1
Fake photons from jets 26+12 16+11 1.1+0.8 2.5+1.3 9.9+43.1
Pre-fit background 249429 105414 2342 1942 209+50

Total background 205

Total background uncertainty 11%

Electron fake rate 5.8%

PDF uncertainties 2.8%

Jet fake rate 2.4%

Muons reconstruction/isolation efficiency 1.5%

Electrons reconstruction /identification/isolation efficiency — 1.3%

Jet, energy resolution [62] 1.2%

Photon energy scale 0.6%

E7" soft term scale and resolution 0.4%

Photon energy resolution 0.2%

Jet energy scale [50] 0.1%
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Boson + EMssDark Matter Searches

mono-photon search CMS-PAS-EXO-1

Process Estimate
Z(—vo)+y 417 +£59 E
W(—tv)+v 106+15| 2

W= ev 73+£07 | &

Wi vy
2wy 222 Big. uncertainty
ADD, MD-2TeV, n-5 +— Data

jet — 7 fakes 1.7+ 0.6
Beam halo 59447
Spikes 56+22
tty 1.5+0.1 1
Wuv 0.9 +0.7 ]
Z(L0)y 0.5+ 0.04 =
v+ jet 0014001 | 2
Total background | 76.0 + 8.1 | & k|

200 300 400 500 600 700 800 - 900 1000

Data 77 Ej [GeV]
Sources Z(vv)+v | Wy [ Jets faking y | Electron faking v | jet+y | Beam Halo [ Spikes [ Other bkgs
Luminosity 2.7% 2.7% - - 2.7% - - 2.7%

PDF and Scale 5.4% 8.9% - - - - - -
EWK corrections 11% 7% - - - - - -
Jets faking v - - 35% - - - - -
Elecron faking y - - - 8% - - - -
Jet+y - - - - 100% - - -

Jet, E1, v energy scale 3.2% 4.2% - - 3% - - 3%

Scale Factors 6% 6% - - 6% - - 6%
BeamHalo - - - - - 79% - -
Spikes - - - - - - 39% -
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Jet Dark Matter Searches

Trigger Level Analysis [arXiv:1604.08907]

18.8 fb™ (8 TeV)
_ B TeV) =" — T

% 0.00! T ‘C‘M‘S‘S'-”‘, ;a‘t.o‘n\ L B L B B R 8 1055_CMS 95% CL upper limits " ix?g"ligr?uark _E
E imulati 1= E xi 3
G 00045 < F —&= gluon-gluon Scalar diquark ]
; F M=900 GeV Em 104 E —e— quark-gluon ;‘I E
o 0.004:— E F —&— quark-quark RS graviton E
= F quark-antiquark 10 3l b
o 000351~ = 107 E
8 F — — quark-gluon k| F 3
= 0.003 - F ]
g £ ---- gluon-gluon | 102 E -
s 0.0025;— i E %
2 o002~ Wide jets 4 105 -
E hl<25,lAan1<1.3 JI ] E E
0.0015F K ‘ E [ ]
F o 3 15 E
0.001— T = E E
E E 4 ]
0.0005 | s § E 10 E 3
N i P IR L~ = T S Y Y Y Y

0 200 400 600 800 1000 1200 1400 400 600 800 1000 1200 1400 1600

Dijet mass [GeV] Resonance mass [GeV]
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Jet Dark Matter Searches

Trigger Level Analysis [ATLAS-CONF-2016-030]

210
Wy g | e
1o fline jos selected by any singloet igger § & ATLAS Preliminary 5 o T |
fiine fts seleced by 110 Smgioet ngger | D | ey 1s=13TeV, 34 15" 0.16 9
. . Data F 1
10" ., Background ft - ]
- o, et ond wsobs lmit
-, exp. limit i
0k | . 0.12 |
N ]
I 1
0 1 v - ol |
ATLAS Preliminary i o ]
15=13TeV, 3.4 1" 1 pvaio =019 |
J i ! B - e, | 0.08 i
5,4 5, f ATLAS Preliminary 1
I e SR SCL N I | ""\-d“-r-h‘t'h—“.-“‘"- 008 iyi<03| yjcos  -13Tevidanm'
&5 3 Ef 3 AL A v W4 s NN |
] 500 600 700 800 900 1000 © 400 500 600 700 800 9001000 400 500 600 700 800 900 1000
P m, [Tev] m, [GeV] m [GeV]
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Low mass summary

[ATLAS-CONF-2016-029 & ATLAS-CONF-2016-030]

© 045

— ATLAS Preliminary N
0.4F Vs=13TeV;32-341b" 3
0.35 -
0.3 =
0.25F -
0.2 F_ iseeesr obs. limit, Dijet + y =
"TE QW exp. limit, Dijet + v -
C  ieedeey obs. limit, TLA 3
0.1 5:_ W exp. limit, TLA =
0.1;— —;
0'053_ | ||y*| A 0-|3 | | | | _f
200 300 400 500 600 700 800 900 1000

m, [GeV]
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Heavy flavour DM searches

mono-b searches

CMS-PAS-B2G

DM + heavy flavour
T T

§%) C T T T T T ]
53000 . —e—Data
>2000~  Preliminary Control regions . Z() + jets
w W) + jets
tt —
single t E
VY. VH 3
[ multijet |
300 ] Bkg. unc. 4
200 -

217 fo" (13 TeV)
T T

E process 20 17 1iple SRI_SR2

20k MET resolution all % 1% <1% 1% 1%

MET scale all <1% <1% <1% <1% <1%

208 JES VV, ST, multijet 1% 2% <1% 1%

b-tagging all 7% 7% 8% 1%

10 lepton trigger, id, iso all 4% 3% 3% 3%

trigger all <1%

5 pile-up all 2% % 1% <1%

D 14F prefit | —postit Fact. scale all 4% 1% 4% 4%

@ 12F : it Ren. scale all 7% 6% 12% 5% 6%

S o0aF e EWK corr. Vijets 4% 2% <1% 5% 3%

g 38 PDF al 1% 1% 1% 1% 1%
o W,1b fe,1b 4,20 1e,2b 2u,1b 2e,1b 21,2b 2e2b fulelbile2d 1(;‘3:;:‘]’;(‘;3/(")5& cection w, i}"},ﬂg;{m]ﬁ 1;;7;:
Multijet cross section multijet 50%
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Searches in Higgs channels

mono-Higgs searches - bb channel

AS-CONF-2016-019

Region Signal Region

Z+jets Control Region W +jets and ¢t Control Region

Trigger LR

LS Single Lepton

N(lepton) 0 4 and e

Exactly 1 u Exactly 2 p or e

ER'SS ;500 GeV
PR30 GeV
Merged

pr(p, EF'S%);500 GeV
pr(p, PRI=) ;30 GeV
N(large-R jets)>1
Division by track jet b-tags
Final discriminant = Large-R jet mass

pr(€,£);500 GeV

ER =[150,500] GeV
PIRiS;30 GeV

Resolved

min (A¢ (£, jets) ) > 20°
Ad (E%ﬁs’ﬁ%u;:

pr (1, ER5)=[150,500] GeV pr (4, 0)=[150,500] GeV

pr(p, p?iss);,SO GeV

N(central small-R jets)>2
pr(if,) 245 GeV or pr(ji; ) 245 GeV
A6 (b .57,) < 140°
Hyp(2jets) ;120 GeV or Hrp(3jets);150 GeV
A (B, hr) > 120°
- Emiss [ Spp(jets, leptons) | 3.5
Division by small-R calorimeter jet b-tags
Final discriminant = Dijet mass

es Frost (University of Oxford)
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Searches in Higgs channels

mono-Higgs searches - bb channel

AS-CONF-2016-019

T Aasa > 200 T T T > 12 AR T
<oata 3 < Toata F —'oata
iz 8 1gor ATLAS Preliminary 370, 8 [ ATAs Prelmnay S0
3 1 + Single top @ 180G s Tev fLa-az2m 1 + Single top o [ fE-13TeV [Lat-32m 53t + Single top
© lepton £ Weet 2 {G0i—Resolved : 0lepton £ Weets & 10[ Merged : 0 tepton
150Gov <£7 <200Gov £ Dibeson 4 2 P a0cev<e casocev  iboson 5 FE-scer ) biboson
§  [abes Multjot 1§ 140 2btags ultjet T g[2bhe M vh
o 250 Background Uncertainty—{ 3} E ckground Uncertainty g S Background Uncertainty’
Profit Background 120 o1t Background & o1t Background
£ " mono-H Vector Mediator { fector Mediator
200F M, =2TeV,M =1GeV —
E = 0.1 9 El
150

™ 3150 3
a 1 a
= 3 5
805, 1] S08E L 3 AR A RN R R
© 80 100 120 140 160 180 200 220 240 260 280 = 80 100 120 140 160 180 200 220 240 260 280 = 80 100 120 140 160 180 200 220 240 260 280
m; [GeV] m; [GeV] m, [GeV]
Eqss | Resolved | | Merged |
(GeV) [ 150200 | 200350 | 350500 [ >500 |
Z 4+ jets 259 + 27 171 £ 13 14.6 £ 1.2 3.80 + 0.44
W + jets 95 + 28 70 £ 22 75+24 2.48 £ 0.71
tt & Single top 1444 + 44 656 + 25 308 +14 4.83 + 0.88
Multijet 21 + 10 11+5 0.58 + 0.27 -
Diboson 178 £1.6 | 18.7+ 1.0 | 2.53 £ 0.22 1.20 £+ 0.12
SMVh 2.8+ 1.3 2.8+ 1.4 | 0.46 £ 0.23 0.15 + 0.08
Tot. Bkg. 1840 + 33 930 + 20 56.5 £+ 2.1 12.5 £ 1.3
Data 1830 942 56 20
Exp. Signal 80 + 8 245 + 18 161 £ 12 149 + 34
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Searches in Higgs channels

mono-Higgs searches to diphotons AS-CONF-2016-011

> T T T T ] > T T T T 3
& 1000[ ATLAS Preliminary —e— Data E & 75 ATLAS Preliminary —e— Data E
@ F {s=13Tev,32fb" — Signal + total bkg 1 @ [ fs=13Tev,32f0" —— Signal + total bkg E
s [ Rest Non-resonantbkg + h S 65 High ET, Low P}’ Non-resonant bkg + h —|
o 800 --- Non-resonantbkg ] o s --- Non-resonantbkg 3
600/ s aF 4
400 - 8 E
r ] 2 E
200— — 1
[ 1 . -
[ ] 3
1 1 1 | | 1 1 1 1 1 |
110 120 130 140 150 160 110 120 130 140 150 160
m,, [GeV] m,, [GeV]
Category | B [GeV] | pherd [GeV] | pYY [GeV)
High E%* high p}? | > 100 - > 100
High B, low p1” | > 100 - <100
Intermediate E¥i55 > 50 and < 100 | > 40 -
Rest - - > 15
Process | Generators used | PDF sct (ME, PS) | Tune
POWHEG [15] + PYTHIAS.186 | CT10 [16], CTEQGLL [17] | AZNLO [18]
y | POWHEG 4 PyTHIA 8186 CT10, CTEQBL1 AZNLO
Why k=7 | PYTIAS.186 NNPDF2.3LO Ald
Zh, h — 5y PYTHIA 8.186 NNPDF2.3LO Al
1th, b — ¥y PYTHIAB.186 NNPDF2.31.O Al4
bbh, b~ 3y PYTHIA8.186 NNPDF2.3LO Ald
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Searches in Higgs channels

mono-Higgs searches to diphotons ATLAS-CONF-2016-011

Category | Tntermedinte | High B4, High p3° | High E#*, Low pJ’ | Rest
Data || 0 | 3 | 2477
Heavy scalar, my = 275 GeV, my = 60 GeV’

Yields 162 £ 23 3.41 L 045 3.83 L 0.58 265 £ 3.6
Selection LH(%) | 11.0 = 1.6 231 & 0.31 250 £ 0.39 179 £ 24
Z}y model, mys = 10 GV, my, = 1 GeV’

Yields 154 & 021 1.56 £ 0.20 0.21 £ 0.03 103 £ 0.14
Sclection EA(%) | 15.8 + 2.1 16.0 = 2.1 219 + 0.33 106 + 1.4
Backgrounds
SM Higgs boson 16 0.51 & 0.09 023 £ 0.19 98 £ 16
Non-resonant. 110.7 + 3.7 1.51 +0.43 3.95 + 0.70 2372 + 17

Source Maximum uncertainty (%)
Experimental
Luminosity 5
Trigger efficiency 0.4
Vertex selection 3.6 (Intermediate), 20 (High Ef™)
Photon identification efficiency 2.8
Photon cnergy scale 1
Photon energy resolution 2
Photon isolation cfficicncy
E reconstruction 1 (Rest). 20 (Intermediate and High ERiss)
Pile-up reweighting 45
Theoretical
QCD scale uncertainty of ggH pr spectrum 10- 20
Modelling of ggll BF™ spectrum 25
DR 9
MPI 1 (Intermediate), 50 (High Epi=)
BR(h — ~ 19
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Searches in Higgs channels

Invisible decays of a Higgs boson CMS-PAS-HIG-16-009

2.3 fb" (13 TeV)

—+- Data
1QCD W Iv
Control Regions Signal B EWKW- v
Process ev w v i QCD Region [ Top
QCDZ = e - - 37+11 = = ES\?D
EWK Z — up 21407 B QCD Z—svv
QCD Z — v - - - - 40£12 10 B EWK Zovy
EWKZ — v - - - - 2+6 — Signal
QCDW — pv - 5346 | 0384016 - 4245 13+2 5 +
EWKW — uv - 2743 - - 59409 | 44+08
QCDW — ev 16+2 02403 3744 | 95+15 0550 350 400 450 508 550500
EWKW —ev | 78+13 0.24£0.14 - 77+11 | 55£10 Emiss
QCDW — v | 0.05+0.05 11+2 - 70 +10 13+2 T.no-u
EWKW — v - 52412 - 25+4 | 56+13 231" (13 TeV)
Top-quark 14402 |68+09| 71+£10 |022+006| 80+10 | 23+04 25  cms + Data
QCD multijet - 5+2 | 0402 - 12004100 | 3420 £ o 1QCD W Iv
Dibosons 04404 |08+04 - 0024002 | 19406 | 07403 2 of. Prefiminary B EWK W= v
Total Bkg 26+3 92+9 25+3 61+13 | 1500+100 | 120+27 Wt % g%)o
Data 29 89 24 7 1461 126 W
Signal (my = 125 GeV) B QCD Z—vv
VBF - - - - 53.6+49 B EWK Z—vy
geH - - - - 54436 — Signal

N n h n h I
BAS 24 25 26 27 28 i.%(EgﬂssS.

T,no-u”

1
i)
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More mediators!

P),2) Pa) r> /

l ‘l’rl) ° s b, 9,"
n )l o YT (\\ X
h,S !
X ’( Ix

@ Further benchmarks? Guide: g

» New experimental oy %
signature? ¢ —,;“

» Does the kinematics change “5‘
between models (points)?

» t-channel exchanges 8
(above)

» Higgs Portal - scalar http://lpcc.web.cern.ch/
coupling to DM and h lpcc/index.php?page=dm_wg

@ Active topic of LHC DM WG!


http://lpcc.web.cern.ch/lpcc/index.php?page=dm_wg
http://lpcc.web.cern.ch/lpcc/index.php?page=dm_wg

