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http://astro.wsu.edu/worthey/astro/html/lec-darkmatter.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-33/
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https://sites.stanford.edu/glast/lat-pictures
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Dark matter at colliders
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Look for stable dark matter
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https://arxiv.org/pdf/1703.05703.pdf
https://arxiv.org/abs/1810.09420
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full calorimeter and muon data to HLT
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| The mediator couples

o quarks, decay back
to quarks

ATLAS

EXPERIMENT
Run: 305777 A
Event: 4144227629 dijet

2016-08-08 08:51:15 CEST m
Phys. Rev. D 96, 052004



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-21/

Phys. Rev. D 96, 052004

Search for dlje Phys. Rev. Lett, 121 (2018) 081801 [attiSEgy

Large signal on a large background; signature is a ‘bump’

Trigger level analysis: save jets from HLT Offline analysis on triggered events:
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-21/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.081801

Initial state radiation
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Boost the system, sub-structure techniques:
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https://www.sciencedirect.com/science/article/pii/S037026931830830X
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-05/

https://twiki.cern.ch/twiki/bin/view/
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—— Boosted dijet + ISR \
_ 36.1 b
arXiv: 1801.08769
—— Resolved dijet + ISR (y)
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—— Resolved dijet + ISR (j)
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—— Dibjet

24.38&36.1 10"

Phys. Rev. D 98 (2018) 032016
—1 —— Dijet TLA

3.6&29.7 "
— Phys. Rev. Lett. 121 (2018) 081801

0.2

0.1

— — tt resonances
36.11fb
— Fur. Phys. J. C 78 (2018) 565

Dijet
37.0fb™"
Phys. Rev. D 96, 052004 (2017)

Dijet angular
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Axial vector mediator

0.05 Dirac DM

0.04 my, =10TeV,g, =1.0 —

0.03

| !
100 200 1000 2000 Not discussed:

mZ,A [G eV_ - ISR when jets not merged
Heavy flavor (b-jets, top)

Sensitivity to couplings as small as 0.05
Mmed: 100 GeV - 3.5TeV A


https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-051/
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-27/

Single ISR jet + MET

MET > 250 GeV
- Easy to trigger

. Kills QCD
. A$(i,MET) > 0.4

Lepton veto kills
+  Top (mostly)

- W—odv
Blue background:
£ is not reconstructed

Events / GeV

Signal DM

JHEP 01 (2018) 126

Ben Carlson

107 L L L DL L L L L s
ATLAS ® Data2015+2016

10° P -~~~ Standard Model
Vs=13TeV, 36.1 b B Z(— vv) +jets

105 & Signal Region _ B W( v) +jets
p,(i1)>250 GeV, ET"*°>250 GeV B Z(= 1) + jets

104 . B it -+ single top

pT(Jl) > 250 GeV B Diboson
103 multijets + ncb
Njets S 4 ----- m(b, %)°) = (500, 495) GeV

10 = L S

1= B L

(m_,. M, )= (400, 1000) GeV
ADD, n=4, M_=6400 GeV

---------------
------------------------

multijets + ncb —
107"

S o ]
9 :|:| ° o ¢ """"""" + """"""" + """"""""""" + """""" -
© 1re--®-------- e ® —]
© L) _
O 08_..|....|....|....|....|....|....|....|....|...._
- 300 400 500 600 700 800 900 1000 1100 1200

1.2

L L L
Stat. + Syst. Uncertainties

ET'SS [GeV]

MET = ETmiss

Dominant backgrounds: W—¥v (lost lepton) and Z—vv

y.


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-27/

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

Dij et VS o MET +X AtlasPublic/ExoticsPublicResults Ben Carlson

ATLAS-CONF-2018-051
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dilepton searches are sensitive (backup) mono-Z L mono-photo



https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-051/
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Higgs is the mediator (Submitted o PLE)

S A A e P
Recoiling DM

© VBF jets i

(Higgs production)
\ o

http://atlas.ch

Run 280862

Event 228417606
Date Oct. 3, 2015
Time 17:17:46 CET

» Mediator 1s the Higgs boson

» Signature: Vector boson fusion, large MET
+ Trigger: MET
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-37/

VBF H—invisible

Signal region distribution Search for invisible
2 4| ATLAS - Lepton veto
S10% % ™l « MET> 180 GeV
T ] e Ut111ze features of VBF
10°F | Jet pr > 80 (50) GeV
: . An> 4.8
’ O_— « A¢; < 1.8 (better S/B)
& - Veto on additional jet activity
i with pr > 25 GeV
4L . mj: 1-1.5, 1.5-2.0, > 2.0 TeV
n aFE
o5t
T FE
as O = : | : : . | . /4
0 2000 4000
m; [GeV] EW strong

N = data
B =MC

N

W & Z background (similar to jet + MET)
In addition, electroweak diagrams contribute
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-37/

ATLAS-CONF-2018-054

Summal‘y H—invisible ATLAS-CONF-2018-031  [Reacaheaily

V=W/Z Standard Model

| <H | qW decay fractions
qMV ! {"' | 21%

| | |
ATLAS Preliminary

\s=7TeV, 4.7 "
Vs =8TeV, 20.3fb™
Vs =13 TeV, 36.1 fb
— Observed limit
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All limits at 95% CL

—
III|I
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Upper limit on BH-s iny
o
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0.4 uncertainty, add invisible
26%
0.2 . N
Fit to visible
| | | Measurements

V(had)H Z(lep)H VBF Combined Combined Combined
Run 2 Run 2 Run 2 Run 2 Run 1 Run 1+2

Exp: 28% Exp: 21% Exp: 17%
Obs: 37% Obs: 38% Obs: 26%

Uncertainties correlated when possible; between Run 1 and 2 generally not correlated


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-054/
http://cdsweb.cern.ch/record/2629412
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Direct detection comparison  (suwmicioris feksats

Comparing limits from H—1nv to direct detection
Assumes: Higgs 1s the only mediator; one species of dark matter

T F ATLAS
O = 13TeV, 36 fb™
= 10-4L- 90% CL results
S F
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neutrino scattering
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Similar comparisons for Z’ mediator model


http://www.sciencedirect.com/science/article/pii/S0146641015000460
http://www.sciencedirect.com/science/article/pii/S0146641015000460
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-37/

Conclusions Blon Cartksar

it (km/s) .~ .

* Searches for the mediator (dijets)
e Jet + MET

* Higgs decays to invisible (VBF) L DT
 Comparison to direct detection Gel s MRS L

2. What’s next

* More data to analyze!

* Many results shown use 1/4 recorded data

* Further improvements: reduce uncertainties,
new triggers (VBF)

* ATLAS upgrade preparing for Run 3

R . 10000
. °".  distance from center (light years) -

¥
g
z
W

Standard particles SUSY particles

Not discussed: supersymmetry; can also
provide a DM candidate. Rich set of
experimental signatures and searches ,


http://astro.wsu.edu/worthey/astro/html/lec-darkmatter.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-33/
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ATLAS data

https://twiki.cern.ch/twiki/bin/view/
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AtlasPublic/LuminosityPublicResultsRun2

The slope dramatically increased At the cost of increasing pileup
over the seven years plotted

Delivered Luminosity [fb™]
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ATLAS Online Luminosity
2011 pp Vs=7TeV
— 2012 pp Vs =8 TeV
e 2015 pp Vs =13 TeV
e 2016 pp Vs =13 TeV
—— 2017 pp Vs =13 TeV
— 2018 pp Vs =13 TeV

oct

Month in Year

uone.qIED 8LOZ BN

Recorded Luminosity [pb/0.1]

500

400

300

200

100

multiple interactions per bunch crossing

ATLAS Online, 13 TeV ﬂ_dt=148.5 fio

2015: <u>=13.4
2016: <u>=25.1
2017: <u>=37.8
2018: <u>=37.0
Total: <u>=34.2

BEED0

10 20 30 40 50 60 70 8C

Mean Number of Interactions per Crossing

This talk 1s only about 2015 + 2016 data, . = 36.1 {b"!

In total, recorded a total integrated luminosity of 149fb-!

come back to a few specific challenges related to pileup at the end of the talk



https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun2
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun2

Higgs measurements ATLAS-CONF-2018-031 fger
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8 wuwy b, T ATLAS Preliminary (S)::e:;i:a: —
g 9.Q.Q.Q> N o < Vs=13TeV, 36.1 - 79.8 fb” Syst.. Unce nam?; —
b, my,=125.09 GeV, ly | <2.5 SM prediction
@®-------------- . vy =
q T ky ky W, Z 2 T
V ggF ww e
q q W, Z comb. g
Yy —_——
Production X Decay Y 2 —
y VBF ww o
. . TT —————
Simultaneous fit of production comb. e
rY I —— i
and decay modes 2z S
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. Nobserved signal ::mb' o
ﬂ - N . vV b
expected signal HH+tH oo e —
bb —_—
comb.| . e

Global signal strength
u=113 %
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http://cdsweb.cern.ch/record/2629412

Constraints on undetected

Fix production Float decays
21%
8 vy b,
& 9.0.9.9.>" "< b, T
@------------e- ®
q E Uk ky ‘;/i W, Z
4
q 7 W, Z
Production X Decay Y

Simultaneous fit of SM couplings undetected

kzb'BRbb + szW'BRWW T... BRundetected

Input: Standard Model BR _

Fit: k£ and upper limit on BRundetected
Assuming: kv <1 (kw, kz)




Constraints on undetected ArLas-conr-2018-031 B NeNE

nggS measurements: Hypothetical branching fraction scenario
Br(undetected) <26% allowed by Higgs measurements

Allows for BSM including

1. Invisible
2. Not covered by Higgs measurements (4b)
3. Deviations in SM Higgs searches not yet sensitive (cc)

BR to SM processes may

decrease
Allowing for more...

Undetected decays

y.


http://cdsweb.cern.ch/record/2629412

Features of VBF ATLAS: JHEP 01 (2016) 172  [B:YoNesroes
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-16/

Zeppenfeld, Rainwater,
Features of VBF PRD 60 (1999) 113004  Reuheiied
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https://arxiv.org/abs/hep-ph/9906218

ATLAS: 1809.06682
QCD baCkground (Submitted to PLB) Ben Carlson
MET > 100 GeV

Estimate usigg data C (i) > 600 Gev
Define a dedicated sample, test method CANGi)| > 3.0

Good agreement between prediction and data

1.8 < |AQ| <2.7
13 pT: 25-50, j4 pT < 25 GeV
% 106%_ shown left plot < ;E | A TLAS
O 105k e ’ L —LL;? 13 TeV, scaledto 36 fb
_|CL) 1042_ W/ I:_ $ o Data
S o [ A L - - B
> 10 '§_ — // .§— v
L oF Bl A *
10 '§_ % '§_ 777777,
10k /) Multijet =syst| 77 - 4 W 1 /. bkg
1: Non-multijet : 00000
o o B A .E NN/
e20 1 7N + +
s (; §_ L _‘ T A CLiin v s . . ' . | .
0 2000 4000 200 400
m; [GeV] ET'S [GeV]

OCD falls off mpldly with MET A



° ATLAS: 1809.06682
SyStemathS (Submitted to PLB) Ben Carlson

Uncertainty on the ratio of events in SR/CR

¥ [ZCR W CR ATLAS
_‘; 15F i 13TeV, 36 fo”
< | I
- . — : L a — MC sample stat.
101 [ 5 . :
SR S " Theory Cancelation in the ratio
________ - : ( renorm., fact.,)
5[ PSR S S IR resum., CKKW
Y [ ¥ : v 4 Jet energy scale
v | : 1 | v Jet energy res.
0 [1,1.5] [1.5,2] [2,-] [1.1.5] [1.5,2] [2,-]
mj; range [TeV, m; range [TeV]
» Theory

Renormalization/factorization: 20% before ratio . MC stats: dominant unc

CKKW jet matching uncertainty dominates .
More on how to address this later

»+  Experiment

Jet scale and resolution: 1-4% in ratio (per term)

Total impact of JES significant though (29 terms)




. e ATLAS: 1809.06682
Systematics impact (Submitted to PLB)  |estat

Evaluate relative impact on sensitivity

Remove from calculation, redo Source AB/B
sensitivity study Theory 10%
Jet scale 10%
Jet resolution 2%
Limited size of MC sample > MC stats 129
Extrapolate to higher luminosity 'Data st ats --------- - 21% """"""""

Major gains 1n sensitivity require systematic uncertainty reduction
Improvement



Higgs portal model

CMS Run-1 paper on VBF and ZH, EPJC 74 (2014) 2980

9 Dark matter interactions

We now interpret the experimental upper limit on B(H —
inv), under the assumption of SM production cross section, in
the context of a Higgs-portal model of DM interactions [7-9].
In these models, a hidden sector can provide viable stable DM
particles with direct renormalizable couplings to the Higgs
sector of the SM. In direct detection experiments, the elastic
interaction between DM and nuclei exchanged through the
Higgs boson results in nuclear recoil which can be reinter-
preted in terms of DM mass, M., and DM-nucleon cross sec-
tion. If the DM candidate has a mass below my /2, the invisi-
ble Higgs boson decay width, I}y, can be directly translated
to the spin-independent DM-nucleon elastic cross section,
as follows for scalar (S), vector (V), and fermionic (f) DM,
respectively [8]:

Ben Carlson

SI 415y m4Nf1\2]
OSN = 3 8 My + mn )2 (8)
SI 16FinvM;4< mﬁlfhzl
Ovyv_nN — ,
YN mi2B(md — AM2mE 4+ 12M%) (My +my)?
)
8wM2  m¥ f2

m%v2ﬂ3 (M, +mn)?

Here, my represents the nucleon mass, taken as the aver-
age of proton and neutron masses, 0.939 GeV, while +/2v is
the Higgs vacuum expectation value of 246 GeV, and g =

1 —4M )2( /mpy?2. The dimensionless quantity fy [8] param-

eterizes the Higgs-nucleon coupling; we take the central val-
ues of fy = 0.326 from a lattice calculation [69], while
we use results from the MILC Collaboration [70] for the
minimum (0.260) and maximum (0.629) values. We convert
the invisible branching fraction to the invisible width using
BH — inv) = I}, /(T'sm+ liny), where I'sp = 4.07 MeV.
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Less “simple” models
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As expected, more detailed
models loosen constrains from
the benchmark model

Ben Carlson
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Invisible Higgs Decay Width vs. Dark Matter Direct Detection
Cross Section in Higgs Portal Dark Matter Models
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Comparing ATLAS & CMS Ben Carlson

Summary showing driving channels of sensitivity

Sources:
J. High Energy Phys.

CMS Run 2 | ; ; 11 (2015) 206
(36 fo-) Goul . expected 01 2201 6; 172
/ observed 02 (2017) 135
ATLAS Run 2 Phys. Letters B
4 : : :
@6 SR 776(2018)318-337
Comb. Run 2 ® 38 arXiv
ATLAS Run1 & 2 : 5 :
(20 + 36 1) 2 1809.06682
' ' ' 1809.05937

ATLAS-CONF-2018-054

0 25 50 75 100

Upper limit on B(H — invisible) given in % of B(H — total)




Dilepton searches

Events

Data / Bkg

(post-fit)

Data / Bkg

_]-|-|T|T|T| IIIIII|T| IIIII|'|7| IIIIII|7| IIIIII|7| [T

ATLAS ¢ Data

Vs =13 TeV, 36.1 fb ]z

Dimuon Search Selection [l Top Quarks
[_] Diboson

— 7, (3TeV)
— 7, (4 TeV)
— 7, (5TeV)

IIIIIlIJ] IIIIIIll| |IIII|ll| IIIIIlIJ] IIIIIIH] IIIIIlIJ] IIIIIIll| IIIIIIHI_I:

100 500 300

1000 2000
Dimuon Invariant Mass [GeV]

Dilepton mass (GeV)

EXOT-2016-05 Ben Carlson

—
<
T

Events
3,

|u|rm| ||||ﬁ||||rl1||o||||m||N||||nﬂ|w|||| -

—
<

—
<
N

ATLAS ¢ Data
_ -1
VZE’:)‘IMSMTGV, 36.1 fb - Background

IIIIllII| IIIIllII| IIIIllII| IIIIlIlI| IIIIlllI| IIIIllII| IIIIIlII|_LL[

Significance

3 4 5
Dimuon Invariant Mass [TeV]

y.


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-05/

Trigger Ben Carlson

40 Tb/s

Event size Event rate

Partial data

- Full data
buffer
Custom electronics 1
reduce rate
100 kHz
1 100 Gb/s
50k CPUs
il =2
i : Software
O( 1s/ event) reduce rate
1kHz Temporary storage

1 Gb/s
Permanent storage
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rl g g e r MissingEtTriggerPublicResults cn Larison

- LI tngger MET trigger rate 1s sensitive to pileup
- Reduced by raising the Et threshold per trigger tower

0.1 1 0.2 L1 trigger rate
5 lﬁl 1 O :I ! ! ! | ! ! ! ! | ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! —
- < gF ATLAS Preliminary =
2 g - Fills 5880,5883 E
3 04 ()2 03 &3 E Nbunches = 2554 E
7E- L1_XE50 =
0.2 0.2 - . loose FCAL noise threshold =
| 6 « tight FCAL noise threshold —
apply threshold — SF 5kHz -
PPy l 4E- Improvement
1) - ot 3
1 3E S
5 2 E
12_ aA " _;
O :I | | | | | | | | | | | | | | | | | | | | | | | | | | | =
3 20 25 30 35 40
<p>
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- https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ B C 1
rl g g e r MissingEtTriggerPublicResults cn Larison

- HLT (software) trigger rate also sensitive to pileup
+ Reduced the rate by developing new algorithm to remove pileup

Rate / Linst (flat in the absence of pileup dependence)

E‘ 60 T T | T T | T T | T T | T T | T T | T T | T T | T I_
% ATLAS Trigger Operations i
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~ 30 !
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.~ Improvement
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VBF trigger Link Ben Carlson

Inclusive trigger to target VBF events, regardless of decay products

\% > _I | T T T | T T T | T T T ]
2 120 ATLAS Preliminary ]
Q&O O | Data 2018, Vs=13 TeV i
dzﬁ \T U ***"'W“?”TTTTT%
%‘66 g)j : + HLT selection seeded by L1 M”_ =500 GeV: ||
Q o 0.8 > 2 jets —
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B Offline selection: ]
04— = 1 muon: p_>27 GeV, l <2.7 —
B P! >90 GeV, nl <3.2 i
q 0.2 B +- p‘f >80 GeV, Iyl <4.9 ]
B An, >4.0,A9 <2.0 ]
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Trigger on the jets from Offline M"™ [GeV]
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VBF trigger rate FTS Ben Carlson
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Upgrade (starting now!)

Run-1, 2 L1Topo CTP
tTowers Angles L1 accept
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Improving MET Dramatic improvement

MET is sensitive to pileup (Uses additional granularity to target electrons)
Working on pileup subtraction for L1
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: Lots of rate saved, use 1t
Oftline p for DM triggers?
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