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Weakly interacting massive particles

Phys.Rept. 555 (2015) 1-60

SEo e A { WIMPs: an attractive
typ|ca| '\8: -10 : neutralino Solution to the DM
interaction ¢ .5 l H problem
cross-section 2 ,,f . 5
axion a ‘ axino a ] .
2 | serile { (new physics around
30 e m— ; the corner?)
i gravitino g4, ]
35 | :
_40E meV o keV  GeV . Mau,

-18-15-12 9 6 -3 0 3 6 9 12 I5 I8
log,(mpy,, / GeV)

DM mass

V. lppolito - How dark is Dark? - Nov 20rd, 2017


http://linkinghub.elsevier.com/retrieve/pii/S0370157314003925

Using the available Dark Matter

direct detection

X DM

~N_ 7

5 K

SM
o nucleon

must know: nucleon
form factors, DM local
density, background
levels...
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DM

SM

e build detectors which
may detect the
existing Dark Matter
(DM)

e hope they do

- experimental challenge
set by DM mass and

nature of DM-SM
interaction

indirect detection
i% DM SM
X\X DM SM



What about producing it? e build a collider which

might produce DM
e build detectors which
can detect everything

else
SM DM e hope they do
}::{ must know: detector, - experimental challenge

reconstruction, SM set by needed precision

backgrounds...
SM DM and nature of DM-SM

interaction
SM
missing
transverse

momentum
* (MET)
2\ w
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The invisible, through the visible
pp collisions @ 13 TeV

p &8

B p

reconstructed l

SM particle(s) use the fact

kinematics is closed
on the plane
transverse to the

SM DM proton beams
(L
SM DM
4 missing transverse
INVISIBLE!
momentum
(MET)
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Who's missing?
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Extending the Standard Model

or: what are we all looking for?

Am >> g?: effective field theory (like in the case of direct detection)

Am <~ g2: use simplified models
(simplified Lagrangian w.r.t. UV-
complete models like SUSY)

a mediator
an invisible DM candidate, "y

“__n
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mediator DM coupling
strength
direct choice of the choice of the reach neutrino
detection target technology bkg
. almost irrelevant | background
choice of the . . .
LHC final state if estimation,
< O(100 GeV) luminosity
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Extending the Standard Model

A

™~

searches for

mediators
(resonance searches)

) \mediator/cI
/gSM gqu

DM mass

searches for DM

production
(invisible final states)

: >
\ggediator / _ >

/gSM gDN mediator mass (oo for EFT)
X

e once interaction is fixed (e.g. vector), parameter space is (at least)

4-dimensional
 mediator mass, DM mass, mediator-SM coupling strength, mediator-DM
coupling strength

e results often expressed in terms of 2D slices at fixed couplings
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Complementarity

| HC may produce DM, and
hence characterise a possible

discovery

- strength: synergy of (often non- :
trivial) final states  LHe | direct  indirect

- limitation: “invisible” requires detection detection
trigger and MET i | i

-~ '
low xsec, |
can use bb/tt + MET and scalar | . o7 | :
multiple signatures R B R
(mediator couples a la Yukawa with i
quark masses) pseudo |low xsec,: (|
\ -scalar | soft MET | eooty )

suppressed) :

........................................................................................................

can use jets + MET and arge | )

confirm with mediator vector | . o |

: independent) :

searches R R R

& ancillary channels (MET+gamma, :(

MET+W/Z...) axial- large | (spin- |

. dependent:
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CHALLENGES




The ATLAS detector

Muon Detectors Electromagnetic Calorimeters

Solenoid

ATLAS

Detector characteristics

Width: 44m
Diameter: 22m

Weight: 7000t

CERN AC - ATLAS V1997

Forward Calorimeters

Barrel Toroid Inner Detector
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Hadronic Calorimeters

End Cap Toroid

Shielding
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How the LHC collects data

current luminosity goal: 120
fb-1at 13 TeV by end of 2018

0))
o

ATLAS Online Luminosity
e 2011 pp Vs =7 TeV
— 2012 pp Ys=8TeV
m— 2015 pp s=13TeV
m— 2016 pp s =13 TeV
= 2017 pp s =13 TeV

(8)
o

Delivered Luminosity [fb]
NN
o

N W
o o
N Y O B A B

o collision rate: 40 MHz

o after hardware trigger (“L1"):
100 kHz

o after software trigger (“HLT”,
~40k CPUs): 1 kHz

_ impressive increase

uoneIqIED £ L0 [enul

10
0 | | | .._-4'-{
\C A B oct

Month in Year
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in slope vs year!

how much does it cost in
terms of event pile-up?

":.‘ 400__| T T T | T T T T l T T T T | T T T T l T T T T I T T T T | T T T I__
L - ATLAS Online, ys=13 TeV det=93 fo! 3
o 350 =
2 - 2015: <u> =135
2 3005 2016: <p>=24.9
OO'J - 2017: <u>=38.3
£ 250 Total: <u> =319 —
5 : -
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'o - —
(0] C .
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50/ =h
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Mean Number of Interactions per Crossing
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Triggering the invisible

e MET trigger rate naturally
dominated by event pile-up,
especially in forward region

 must cope with L1 and HLT rate
budget

L1 MET trigger rate vs pile-up

ATLAS Forward Calorimeter

~10 int. lengths
LAr + Cu/W rods

*Tag forward jets
*Measure missing E+

i

O\CT
L)SIO%

LR s

ET

Calor2000 - 11 October 2000

N
I 140
@

noise & 12

CAL

)

~ 10 ' | I | |
LT b ATLAS Preliminary
) = Fills 5880,5883
g 8 :_ Nbunches = 2554 effe Ct
- L1 XE50 .
7§ loose FCAL noise threshold N th e 3
6 — =« tight FCAL noise threshold =
5E E
4 f— 6/_:
- S
3 E
oF- E
1;— o _;
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100
80
60

40

N
o

o

o 3

o

~40Mh! Iz

~ 108 GeV/em?/s at n=4.5
~ 10° Gy/year

~ 100 Watts absorbed

Atlas FCAL - David Bailey

HLT MET trigger rate vs pile-up

IIII|III|III|III|III|III|I

T ] T T T T I T T T T I T T T T I T T T T I T

ATLAS Preliminary o
Fills 5971,5979 8% of
nncies = 2554 total rate!
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Pile-up: the LHC stone guest

a crucial issue both at trigger and

MET trigger cross-section vs pile-up

E‘ I'TTT | ITTT | ITTT | TTTT | TTTT | I'TTT | ITTT | ITTT | TTTT | TTTT
c [ : : i
= o5l ATLAS Trigger Operations ﬁ ] /
£ [ Data2016, Vs= 13 TeV ? g
5| g :
& ogl- o EI(mh)>110GeV . ]
8 - o EM(mht) > 130 GeV $ -
i T a ET®(pufit)y > 110 GeV 4 1
S [ v EPmht>110Gev i i
D 45 and ET"**(cell) > 70 GeV 7
= s /
. & i
i K i
- 5 i
Q
1 O __ ¢¢¢ ] |
I~ | I n k ¢¢ N4 —
B T ¢¢¢ -'. A /
5 -
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Average number of interactions per bunch crossing
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reco level

MET from sum of calorimeter
jets calibrated at EM+JES scale
110 GeV threshold

same but 130 GeV threshold

/ 110 GeV threshold, but MET

from clusters corrected for
/ pile-up

- fit pile-up transverse energy

density on “towers” of
calorimeter clusters

- subtract it from clusters-
above-threshold
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Pile-up: the LHC stone guest

a crucial issue both at trigger and reco level

number of pile-up jets rate vs Jet pT

ARANRARRRERRRRREREC === calorimeter jets

Qy ~ 22 e EMsJES Jets ‘ .
| | EM+JES Jots JVT>0.59. | calibrated to
\s =13 TeV ‘ ; : EM+JES scale

mjetl < ?._4

—
o
o

—_i
o

v Partlcle Flow Jets JVT>O 2

ATLAS Simulation
Preliminary

—h

JETM-2017-006

same after using jet-

/ to-vertex association
Z—>uu event W|th 2% reconstructed vertlces

—
<
[\

I I IIIIIIII I IIIIIII| T II|I|II| I I|Il|l|| I |||l|||| I IIIIIII| T TTTTI

—h
=
w

( Fake Jets / 5 GeV / Event )
(@)

-
IIII|IIII |1|||||1|||||||||||§|||||||||-|TT|!'1::F'T
10/ 20 30 40 50 60 70 80 90

Py [GeV]

—_
Q
N

—h
<
(&)
o TTTTIT

¢ need sophisticated algorithms to retain
sensitivity to softer signals (e.g. spin-0
interactions)

e key issue for beyond-Run-2
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particle flow jets
(under commissioning)



You must know your jets...

crucial for selection efficiency and systematic uncertainties

|

i R04 o]

e — —

o
—

0.08

0.06

0.04

Fractional JES uncertainty

0.02

T T T T T T 1]
~ Data 2015, Vs =13 TeV

| anti-k, R = 0.4, EM+JES + in situ

[ Total uncertainty

=== Absolute in situ JES

== Relative in situ JES

==== Flav. composition, inclusive jets

Flav. response, inclusive jets

Pile-up, average 2015 conditions

==+ Punch-through, average 2015 conditions

arXiv:1703.09665

20 30 40 10°

A 8
s

2%10°

o oot P
Yot du P

10°  2x10°
Py [GeV]

|
|
|

|

antik

Fractional JPtS uncertainty

0.3

0.25

o
\S)

-

0.15

)
._L

0.05

- Data 2015, (s =13 TeV
~ anti-k, A =1.0 jets, LCW+JES+JMS

[ Trimmed (f_ =0.05, R,,,=0.2), p"' > 150 GeV
" _|<2,m /p=
jet jet

T JETM-2016-009

[ Total uncertainty

— R, baseline (Pythia 8)
---= R, modelling (Herwig++)
........ R, tracking

== Statistical

e made of topological energy clusters in calorimeters
- calibration: MC simulation + data-driven techniques (e.g. dijet, Z+jet, gamma+jet, multi-jet events)
- inner tracker information for identification and calibration

e very-high-pT searches demand robust modeling of large-radius jets
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2x10%  3x10°

Py [GeV]
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... and master your leptons

excellent lepton reconstruction performance

Ty [ o ' ' - T T

c 1_ T —— e ————
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O B |
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e crucial to exploit W/Z physics at the TeV scale

e you need to trust your lepton reco/ID uncertainty to be able to constrain

SM backgrounds from the data (notably Zvv+jets!)

V. lppolito - How dark is Dark? - Nov 20rd, 2017

20



THE INVISIBLE

mono-jet, mono-W/Z, mono-photon...



ATLAS

EXPERIMENT

|

P

\

\\

Run: 302393
Event: 738941529
2016-06-20 07:26:47 CEST



MET+jets arXiv:1711.03301

best channel if tagging object comes from ISR! (pay only as)

jet
high-pT (250 GeV)
central ([n|<~2.4)

no additional electron or muon

tight quality
+ trigger
MET > 70 GeV
Yag, .‘ (fully efficient above 200 GeV)
additional, MET
softer jets > 250 GeV
(up to 3)

q before and after jet quality cuts |
same signature as E as o ewmorms
° Z(VV) + j e t S’ W(‘l’[ q q)]v) + J' etS." 1065 'I'iieg‘htjetcleaninr:Sr:otappIiedtodata |:|Standard Model _é

e normalisation from simultaneous fit to pt(W/Z) oL 10x! -
distributions in lepton control regions o . _

e use calorimeter segmentation to reject beam & S AR
instrumental background B -’ E

V. Ippolito - How dark is Dark? - Nov 20rd, 2017 ] ) _ oading jet


http://www.arxiv.org/abs/1711.03301

Reducing the irreducible: estimating V+jets (V=W or Z)

If we pretend leptons are invisible:

W(uv)

Z(vV) "4
MET
« M ET))

efully link the Z(vv)+jets cross-section to the W(uv)+jets one

Nmeas(ZVV) - k * Nmeas(WuV/eV) - k * Nmeas(zuu)
\_ from a fit to data enriched in W/Z+jets

ebackground uncertainty from residual differences
between Z(vv) and the rest (e.g. muon uncertainties)

edo this differentially, as a function of pt(V) -> why?
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Weapons of Z(vv) destruction arXiv:1705.04664v1

v2 goes to NNLO in QCD,
work-in-progress @ ATLAS

V+jets xsec x BR, as a function of pr

NLO QCD for V+jet @ 13 TeV

SR w1 U >-:ﬂ\m§(w;’;§l M)

3

g> 107

Ek 106 Jz,uy',,ow;:

, 103

< o e fit from data a common,

—
o
W

2 100f Ay global scale factor to W and
o'k T ﬂ[{él; jet Z normalisation

| 1 1 |

!

=

\> 10 —2 ——_ — \/
~ ‘-___’-_‘_4_

N T | eassume the W/Z cross-
0 7% 0 G section ratio is known to a
'I"\" e ° ° °

given precision

produce more W+jets than Z(ll)+jets: use

both to reduce statistical uncertainties (ATLAS MC accuracy: Sherpa NLO up to

2 partons, LO up to 4 partons)
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https://arxiv.org/abs/1705.04664v1

Z(I1)/WI(Il) cross-section ratio at higher order AB

EW uncertainties >>  QCD uncertainties

pp Z(L7 L )4 et [ pp oW(iv)+ jet @ 13 TeV pp —Z({7L7 )4 jet / pp =W(iv)+ jet @ 13 TeV
L L]

] 3 [ g I T T T "

; 0.3 L_ : 0.2 -]
= . - LO N 3
é . _ S NLO EW S 0.18 .
- ss== nNLO EW . 16
| " 2 ,_,df'
: C o012 —:
~ 15 b= E s —— LO

' === NLOQCD 4
L 0.08 — NNLOQCD ]

-
b | -
L -4
1.2 B~ | 0.06 { | } : $ { | } A
= 4
1.15 -
z 1.1 ;’— a 1.(‘3 —..
- 1.08 5
- ~
7 1.0 ; 1.0
= 095 -3
-
a ‘:‘9 o 0.95 —
085
o8 1 l 0.9 1 l l l l
100 100 200 500 1000 3000

pr.v [GeV]

key points:

e shape and normalisation uncertainties on the W/Z

cross-section ratio
- correlation scheme from state-of-the-art theory calculations

e fit an overall correction factor common to W and Z

V. lppolito - How dark is Dark? - Nov 20rd, 2017
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pt(W/Z) in control regions

fit parameters:
e W/Z
normalisation

(free, common
also to Z(vv)+jets)

o ttbar/single-t

Events / GeV

normalisation
* shape/ g
normalisation
uncertainties
(constrained) 3
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AiW(uv)+Jets(b veto)
' EATLAS e IR D0 B 0T
10+ L_Ys=13TeV, 36.1 fb” 44445 Standard Model

W(— nv) Control Region B Z(— vv) +jets
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results of CR-only fit

108 L B B B A
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M ET+Jets results

results of CR+SR fit

=1 ®2-7% uncertainty on signal region

5 opmms T IMET ”Sjn'ii' region | background

L g E - theo: 0.7-1% for the W(Iv)/Z(l)->Z(w)
10° B - singl op extrapolation
o -z(b'“);(b) - exp: electron/muon efficiency, jet energy
E e scale/reso
1? — ----'----f.'.'.'.'.'.'.'.f_'_'_'_'_'_'_'_3-_-_-_-_-_-_-_:_______: e probing s-channel (JP=0-, 1+, 1-) and t-
e channel DM-SM interactions

Z 1'21 - :‘ Sja”iys‘ “”"f”a'""es, ------ — § RN S - pseudoscalar: cannot yet exclude model

§ o with g=1
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MET+W/Z(had) Phys. Lett. B 763 (2016) 251

trimmed large-R jet (anti-kT R=1.0), MET > 250 GeV
e with 1ulb CR for reducing ttbar u_r_taiies

S '—o'—'Daf§2'01'5 """" 3 - —
ET 1V(\)I/ée\\//ecr;(10r m?%e‘:'ev . < C Data 2015 \s = 13 TeV ! ATLAS pre“mmary _
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— ot =]
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http://dx.doi.org/10.1016/j.physletb.2016.10.042

MET+photon

Eur. Phys. ). C 77,6 (2017) 393

similar strategy as monojet

e statistical uncertainties still dominant

e main systematics from jet->y fake factor
(ABCD method, 1-5%)

e e->y fake factor applied to MET+e events
(1.5%)

ejet energy scale (6-1%)

e also sensitive to yyxx EFT

~y
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"EFT validity (& result)
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https://link.springer.com/article/10.1140/epjc/s10052-017-4965-8

THE VISIBLE

di-jet, di-lepton, di-top...



Di-X: resonance searches

. q
look for the mediator \mediator/

_— signal

«— background

X-X invariant mass

Ye Olde Resonance Discovery Algorithm

1. collect the events
2. discriminate signal from background

let’s take di-jet as an example
V. lppolito - How dark is Dark? - Nov 20rd, 2017 32



Challenge #1: collect the events
first unprescaled

: U =1 single jet trigger at
L1 trigger rate limited to 100 kHz ' dijet mass > 400 GeV

-> high pr threshold for single jet | spectrum

triggers bounds mediator mass reach ag (T),I\,et ]
from below - — Offine 1ok selected b¥?éssl,?ngglee]jegtt?r?gggeér?
10° ;g ++++***++++ E;

solution #1: store only minimal jet O, ATLAS-CONF-2016-030
information (“data scouting”) i ATLAS Proliminan
e start with 75 GeV L1 trigger (+2 kHz; EM e 1s=13TeV, 341"

scale) 1;5 ly*l <0.6 |
esave all HLT jets above 4 GeV (~5% of total &5 oo v ioeeeeerer 4 ++++“§

event size) s 0sf

, , o g 500 600 700 800 900 1000

e calibrate them using offline jets =

m, [TeV]
e no tracking info -> 3.5-5% systematics

(mostly due to flavour uncertainties)
“offline” dijet search

solution #2: trigger on an ISR object
V. lppolito - How dark is Dark? - Nov 20rd, 2017 solution #3: use boosted boson tagging 33




Trigger-level vs offline jets

trigger jet
to‘tal

l‘

3 0.1| [T LINLI LN - L T 11 T - -
= - Data 2015, \s = 13 Tev ATLAS Prellmlnary ]
g B anji-kt R = 0.4, EM+JES + in situ correction i
§ 0.08—" 0.0 [ Total Uncertainty, Trigger ]
S B === Total Uncertainty, Offline i
(u,.)l o —— Absolute in situ JES _
= 0.06— =+ Relative in situ JES —]
© - --= Trigger Flav. composition -
S - e Trigger Flav. response =
"'3 B - Trigger Pileup, average 2015 conditions m
Lg 0.04 < -.~. Trigger data-derived correction —]
R0y ATLAS-CONF-2016-030 7
ATLAS Preliminary oool T i
EventspassingHLT_j-GOtrigger—: . 'Is -----------------------------------------------------

>85GeV I<28 I*I<06 i -\ e iR N
ST L p IIIIIII h] lllll y lllll oL T T N T R B R Y p e L
07500550 400 250 300 350 400 450 500 100\ 200 300 400n 500 600 700 800 900 1000
GeV jet
p, [GeV] PE! [GeV]
offline jet flavour
trigger/offline pT total composition

response within ~1%
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(Qvs g)

trigger-level tracking
Lm{arma&am would kﬁllpm

34



Di-jet search strategies, compared

coupling
strength

e ISR photon
one photon with pT>150 GeV
- 2jets with pt > 25 GeV, |y*|<0.8
e ISR jet
- one jet with pT > 430 GeV
2 jets with pT > 25 GeV, |y*[<0.6

e extend range to lower masses

the overall picture

o T T T T T

. I I I I —]
0.35 —_ATLAS Preliminary March 2017 Dijet+ISR (y), 15.5 fo! e
A S I » ATLAS-CONF-2016-070 .
s=13TeV;3.4-37.0 b Dijet+ISR (jet), 15.5 fb™ —
0.3 ATLAS-CONF-2016-070 ]
ISR photon Dijet TLA, 3.4 fb™ ]
ATLAS-CONF-2016-030 .
0.25F Dijet, 37.0 fo™ s
=\ L arXiv: 1703.09127 : —
-0 TSTSTEF AR : _
A 95% CL upper limits .: —
snnnm Expected :‘ .

Observed [ & O rd INa ry

0.15

0.1 o] LNty

oy <06 —
0.05 ly* 1<0.3 [ 1y 1<0.6 ’ _f
| | | | | | | I | | —]

300 400 4,5 1000 2000 3000
scouting my [GeV]
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Challenge #2: signal-to-background discrimination

mediator-SM/DM coupling sets
small width/mass event rate and peak width

ATLAS

| d| Jet resonance

(s=13 TeV, 37.0 fb™
e ——— e e Data
) M I 0 TO"E — Background fit
Slgna w . ——— BumpHunter interval
10 -o-- g%, m. =4.0TeV
. -g-- g%, m =5.0TeV
10
10°
10°

10 q*, ox10
p-value = 0.63

Fit Range: 1.1 - 8.2 TeV
ly*l <0.6

X-X invariant mass

-
o

Significance

JES Uncertainty

Data-MC
| _MC
o o

¢ ¢ I
mowm MON L4 a4

I | [T | IHIIIII II||||

large width/mass

1+1cosO’ |
1-lcosO |

signal

D . D extends searches at
X-X invariant mass O S O higher masses (~3-4
q
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Implications for direct detection

1. take LHC results (high Q2) at fixed values of the couplings

DM mass
searches for DM

production
(invisible final states)

™~

searches for
mediators

focus on spin-1
due to available

\ luminosit
R ‘ (resonance searches) Y
y, >
mediator mass
2. extrapolate to low Q2 of
: . 3. compare
direct detection (EFT) cavest: 160504917  DM-
¥ ~ N goM gq\2 (1 TeV\* / piny |2 hucleon 0 X
0% o051 ~11x 107 em? - (FP15) (Mmed) (767) scattering \/’
0- os1 = () (suppressed by velocity dependent terms) Cross- ?
[ —— - e —— section ‘
‘|\' 1+ os1~6.9 x107* cm? - (%)2 (121\54(}:\[) (1%:\,)2 : ¢
| me U
gDM Jq 1TeV>4( Pinx )2 J 4 nucleon
| 1 GeV 1 >
V. lppolito - How drk is Dark? - Nov 20rd, 201 - DM mass 37



https://arxiv.org/abs/1605.04917

MET+X VS d| X

TLAS Prellmmary July 2017

“spw1dependentf

i

— t =
A | =
: Q :
= scaﬁenng | ]
c ; E
9 L—_—_‘;:‘—-— — e = E
o 39 .
S 10 =
= ]
= -40 -
- 10 5
(9] ]
@) ]
10-41 ey
107% EMes X E
107 Dijet <
‘\__:
107 3
_45 Axial-vector mediator, Dirac DM ]
10 - B . =
gq =0.25, 9= 0, 9oy = E
ATLAS limits at 95% CL, direct detection limits at 90% CL ]

1 0—46 ' ' A | ' ' A | 'l

10°
DM Mass [GeV]

1 10 102

:-( need to explore the
parameter space

:-) multi-signature:
could characterise a
discovery
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DM-
nucleon

A

complementary: if

= Dijet . | N
omerov - oow  SCATLEIING You change
Phys. Rev. D. 91 052007 (2015)
Dijet ¥§ = 13 TeV, 37.0 fb! Cross- ) L . e &
arXiv:1703.09127 [hep-ex] CO u ép LMS} s; Lm PQC
Dijet TLA VS = 13 TeV, 3.4 fb”! 3
ATLAS-CONF-2016-030 S eCtI o n * ' .
o MET+X an -
Dijet + ISR ¥s = 13 TeV, 15.5 fb' '
ATLAS-CONF-2016-070
S EPX searches changes
ET™4y Y5 = 13 TeV, 36.1 b ’
Eur. Phys. J. C 77 (2017) 393 )
ET*+jet ¥s = 13 TeV, 36.1 fb”'
ATLAS-CONF-2017-060 D M m a S S
PICO-60 C,Fg
arXiv:1702.07666v1 [astro-ph.CO]
"i [ ] [ ] d i
i - Iy
7 DM Simplified Model S [D 11 Indepen ent
€ 10 ] == Dijet
o ~ tt g Dijet 8 TeV ¥s = 8 TeV, 20.3 fo™!
— 10 8 S Ca e rl n Phys. Rev. D. 91 052007 (2015)
8 \ - =R S Dijet ¥s = 13 TeV, 37.0 fo'
@ 1 0—39 arXiv:1703.09127 [hep-ex]
(&} 3 Dijet TLA¥s = 13 TeV, 3.4 fb”!
E’ _ - ATLAS-CONF-2016-030
t 107 3
S CRESST Il FfsE E Dijet + ISR ¥s =13 TeV, 15.5 fb™
) ET +X . ATLAS-CONF-2016-070
— 1 0_41 — .. § — —miss
_42 7] ET**+y ¥s =13 TeV, 36.1 fo
10 \ \_'g" Eur. Phys. J. C 77 (2017) 393
43 ] E '55+Jet Vs=13TeV, 36.1 b
10 " E ‘ — ATLAS-CONF-2017-060
aa \ | —CRESST I
10 44 E UX arXiv:1509.01515v1
E K L
- pand2 — XENON1T
-45
1 O E E arXiv:1705.06655v2
C \T ] =
_46 ON PandaX
10 T amasaatioc sl s S e PN N . 3 arXiv:1607.07400
- Vector mediator, Dirac DM 10_4@ tmz 1 —LuX
107 E 9,= 0.25,9 =0,9,_, = = arXiv:1608.07648; arXiv:1602.03489
E  ATLAS limits at 95% CL, direct detection limits at 90% CL 3
1 0—48 ' ' A | ! ! ! 1l ! 1 1ol
1 10 10? 10°

DM Mass [GeV]



THE
NON-TRIVIAL

spin-zero interactions, SUSY and beyond



MET+H

1000

L L L L L LA L I
TLAS —— Observed limit

~ r n
O - A ]
O, gookVs=13TeV, 36.1 10" §=E Expected limit £16 ]
E< - ;(b |-)|S 5:"53, all limits at 95% CL === Vs=13TeV,3.215" -
L Z’-2 1
800__tan[3=1,gz=0.8, m, =100 GeV B
" m, = m, =300 GeV . .
700 . arXiv:1707.01302 1
C & ]
H(bb) -
so0f =
- &) ]
400F- &/ E

00l L e X . b d

500 1000 1500 2000 2500 HIggS oson as a discovery
m,. [GeV]
tool!

IIII I T 1 LI Illl I I T LI III|
—h + x x,Z',, Dirac DM
pp (vv)+ x X, Zg ATLAS
sin6 = 0.3, gq=1/3, gx=1

\s =13 TeV, 36.1 fb™
\arXiv:1706.03948

e probe couplings between a new
mediator and Higgs sector
 most sensitive channel is

H(bb)+MET
R S —— * use m(bb) as discriminant in
3\ superCDMS
N ot pndlne resolved and boosted
Spin independent s 0 1) regimes (MET </> 500 GeV)
1 10 102 10° o bkg from Z(vv)+jet, W+jet

DM mass m, [GeV]

and ttbar, 1n and 2u/2e CRs

also MET+H(4l) (ATLAS-CONF-2015-059)

theory work ongoing to highlight

contribution to spin-0 scenarios
V. lppolito - How dark is Dark? - Nov 20rd, 2017 . https://arxiv.orgl:/)abs/1701.07427) 40



http://www.apple.com
arXiv:1701.07427

Spin-0: MET+HF

» scalar mediator would couple ’ i ,4 0
preferentially to heavy quarks \

+ tt+MET (had, 1L, 2L), bb+MET p
» same final state as SUSY searches

» sensitivity still limited by low

t/b

X
¢/a X

t/b

tt(1L): ATL-CONF-2017-037

statistics

tt(OL/2L), bb: arXiv:1710.11412

) - | ,%" 8 | I T — T T
- ~ ATLAS - T 10° —e— Observed 95% CL
2 ,| Vs=13TeV,36.1 b 4 o100 Expected 95% CL
5 10 I Expected =10

107 = Limits at 95% CL —
~ Pseudoscalara,a— yy "

L g=1.0, mx) =1GeV

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

- Expected (=
—— SRb2 (bb+a)
—— SRt1/SRt2 combined (tt+a)

-
-
-
-
-
-
-

-
-

Observed

10

—— SRi3 (tt+a)

tt(oL) 2L

----------

Theory unc. on o(g=1)

-

1Gexp)

-
. =~
-

- Wﬁ/%‘”’////////////////////////

|||§? | ||||||‘|‘|:‘\c

20 30 4050 100

200 300

m(a) [GeV]

95% CL limit on o, /o, (9

10

107"

[ ] Expected 2 ©

——— Theory unc. on o(g=1.0)

Pseudoscalar
tt+a, a— xx
g=1.0, m = 1.0 GeV

ATLAS Preliminary
s =

13TeV,L =36.11b"

| IIIIIII| |

10°


http://cds.cern.ch/record/2266170
https://arxiv.org/abs/1710.11412

1
|
|

scattering cross-section vs DM mass

Supersymmetry e
a 10° | ATLAS - -
a UV-complete approach to the 80 [ saommizisa o
DM problem 07 8 TeV,Run-1 -
e can investigate impact of EW search .15l oAt em
results on DM constraints 13:? i JHEPO9(2016)175 -
e example on the right: 8 TeV results  10-28| ]
of 2-3-4L with DD, relic density ool :
and flavour constraints TR I
e 13 TeV searches: ATLAS- 10° 10.30
CONF-2017-035, ATLAS- mixi) [GeV]
CONF-2017-039 — 10° ————m

naturally extends searches to

richer signatures
e broader experimental challenges in
long-lived scenarios

e seee.g. ATLAS-CONF-2017-017

V. lppolito - How dark is Dark? - Nov 20rd, 2017

810-2 | ATLAS ]
- Samples from the initial likelihood scan
731077 | Excl. by Run-12¢ + 3¢ + 4¢ g
10-% L EWKH model _

| | 4"‘4-6 vl
- JHEPO9

(2016)175

-8 L 8 TeV, Run-1 -

I”1I02 - ”I‘IIOS
m(x7) [GeV]



http://cds.cern.ch/record/2265807
http://cds.cern.ch/record/2265807
http://cds.cern.ch/record/2265807
http://cds.cern.ch/record/2267406
http://cds.cern.ch/record/2267406
http://cds.cern.ch/record/2258131

WHAT'S NEXT?

hAve LET'S NOT |
A GOOD] GET AHEAD

AN IDEA.
ONE™ | OF OURSELVES,

[ A

poorlydrawnlines.com




Towards High Luminosity design luminosity: 1x1034 cm-2 s-1

LHC / HL-LHC PI: (H_[H vias

HL-LHC

3

EYETS LS2 14 TeV LS3 14 TeV
13 TeV energy
injector upgrade o 5to0 7 x
Cryo RF P4 g%/(a()rglallton HL-LHC nominal luminosity
P7 11 T dip. coll. ,eg,ons installation

Civil Eng. P1-P5

T T T T mmmm 2024 mmllllllllw

ATLAS - CMS radlatlon
upgrade phase 1 damage ATLAS - CMS
2.5 x nominal luminosity , upgrade phase 2

nominal luminosity 2xnom. Iuminoiitle ALICE - LHCb P 1

I/—- upgrade
EXd 150 b 300 fb-! 3000 o' [l

230 pile-up vertices

23 pile-up vertices
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The % challenge

see also https://indico.cern.ch/event/539266

jet+MET: reach in scale of new physics (EFT) for 3 ab-1!

I]l[llllllllll|III|IIII[IIIIII

2 20 ATLAS Si i imi E
o C imulation Preliminary
c 18- {s=14 TeV J-Ldt—SOOOfb'1 E
< - ATL-PHYS-PUB-2014-007 's='% '€ = . .
S 160 05, m, - 50 GeV 1 you need this level of
(@) — — o o
@ 1‘2‘_ "< (O < 47 E precision...
- 5% systematic .
10 ;— — 1% systematic _/ . .
85 / * higher pileup, less room for
jdw ...................................................... E MET triggers
I N E spin-0 becomes more and more
R PR RN RN R N T Py R 1 challenging
M. [TeV] must exploit trigger tracking info
also at L1

V. lppolito - How dark is Dark? - Nov 20rd, 2017

= data scouting?
“precision search”: need %-

level systematics
lepton and jet uncertainties

theory work needed!

= use SM V+jets measurements?
45


https://indico.cern.ch/event/539266

The complementarity challenge

- high-lumi LHC can beat direct
detection up to neutrino background

- explore lower-cross-section

region to the left of each curve is extensions of the SM (SUSY, long-lived
expected exclusion; LHC := “mono-jet” particles (e.g. 1707.05326)...)

vector axial-vector
10 g Vector ‘\ ' \ . Il LHC8 19.5fb™" —— |
[ Projected 90% CL limits | ] ool Axial vector LHC1330fb™" — — ]
: 99=9om=1 S - | Prolected90% 1114300 fo ! ===
__________________________ : - N RIS 1HC143000 15 e ]
103} BPE Vo - Ja790m= ' LUX 2013 ——
S e 3 | | ] ;1500_' LZ 10ton yr — —
o [T . L A D ey v background ===~ |
O — Y1 I \\ L1 0 | LT ! could extend the mpm
el : | L4 B rooof | R | | sensitivity up to 0.5 TeV in ~6
- - L .- o 1 o .
L arXiv-1407.8257 | : |y ) o - years (mind the couplings!)
S I | 1] PRGN |
| I : I 500 v N j
101:- I I E /‘4," \\~‘;\
r - L S o] . « ) )]
e s 0 ' -2 neutrino “wall
10’ 102 103 104 10° 0 2000 4000 6000
Mmed [GeV] Mmed [GeV]
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What about higher energy?

scalar

pseudo-scalar

vector axial-vector

g 351 Vector (g = 1) ®F Axial (g = 1) 351
= L = v Wall - =— v Wall

S aof Q. xh2<0.12 E s 0, xH<0.12 sf

C s 1abT @ 100 TeV s i 1ab” @ 100 TeV -

25 - 5F

& 5:._ B

E 2:

15

60 70
Myeq [TEV]

green: Xsec <= neutrino bkg
blue: 1000 fb-* @ 100 TeV
purple: compatible with
measured relic density

a higher-energy circular
collider may push

wino

(for some choice
of the couplings)

higgsino
mixed (B/H)
mixed (B/W)
gluino coan.
stop coan.

_—

squark coan.

sensitivity to the TeV scale

V. lppolito - How dark is Dark? - Nov 20rd, 2017

+ 100 ab' @ 100 TeV

| | k)
Scalar (g=1)
- — v Wall (f)

Q. xh?<0.12

10 Q. xh?<0.12

I Pseudo (g = 1)
w— FermiLAT

«+ 100 ab' @ 100 TeV

Myeq [TEV] 1 1 Myeq [TEV]
1 1 LN L N B N I B B B B BN
disappearing tracks CO"ider LimitS
@) 100 TeV
@ 14TeVv

1606.0094/
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Conclusions

extensive DM search programme at  +~ expected luminosity ’
ATLAS Now: 36 fb-1

experiments for mpm <~ 100 GeV end of 2023: 300 fb-1
« ATLAS is a telescope for new physics in HL-LHC (~2038): 3000 fb-1
leltiple ﬁnal States ~ see also https://indico.cern.ch/event/539266 /

B T U

' |
| |
| |

e complementary to dedicated : end of 2018: 120 fb-1 ¢
. :
| |
\

more data, new challenges

balance between sensitivity to low-momentum signals (e.g. spin-

zero) and robustness at very high energy
trigger & detector performance are crucial!

explore lower-cross-section extensions of the SM (SUSY, long-
lived particles...)
may extend LHC reach to mpm ~ 500 GeV in the next ~6 years...

stay finetuned!

V. lppolito - How dark is Dark? - Nov 20rd, 2017
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Further reading

e MET+y: Eur. Phys.J.C77,6(2017) 393

e di-jet TLA: ATLAS-CONF-2016-030

o« MET+tt(1-L): ATL-CONF-2017-037

e di-jet ISR: ATLAS-CONF-2016-070

o MET+Z(Il): ATL-CONF-2017-040

o dilepton: ATLAS-CONF-2017-027

« MET+W/Z(had): Phys. Lett. B 763 (2016) 251 . tthar resonance: ATLAS-CONF-2016-014

o MET+jet: ATLAS-CONF-2017-060

o summary plots: https:/atlas.web.cern.ch/
Atlas/GROUPS/PHYSICS/
CombinedSummaryPlots/EXOTICS/index.html

o Z(vv)/Z(ll) cross-section ratio: arXiv:
1707.03263

o SUSY EW 2-3I: ATLAS-CONF-2017-039

e« MET+H(bb): arXiv:1707.01302

e chargino/neutralino tau: ATLAS-
CONF-2017-035

e MET+H(gg): arXiv:1706.03948

o« MET+H(4l): ATLAS-CONF-2015-059

e chargino long-lived (disapp track): ATLAS-
CONF-2017-017

o MET+tt(0-L, 2-L), MET+bb: arXiv:1710.11412

e SUSY pMSSM scan: JHEP09(2016)175

e di-jet: http:/arxiv.org/abs/arXiv:1703.09127
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http://arxiv.org/abs/arXiv:1706.03948
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http://dx.doi.org/10.1007/JHEP09(2016)175
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DM Mass [TeV]

DM Mass [TeV]

Leptophobic vs leptophilic
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note: results on the right don’t have MET+jet
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