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'In. 1933, Fritz Zwicky calcu-lated_ the mass of the Coma
cluster using galaxies on the outer edge, and came up
with a number 170 times /arger than.expected.
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'In' 1933, Fritz Zwicky calcu-lated_ the mass of the Coma
cluster using galaxies on the outer edge, and came up
with a number 170 times larger th:an-'expect'ed.
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GALACTIC ROTATION

e Starting in the 1970’s, measured velocity vs.
radius of edge-on spiral galaxies

* They found them to be flat, consistent with
~6x as much “dark” mass...

...and not just one galaxy
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EVIDENCE PILING UP...

* Gravitational Lensing * Bullet Cluster; colliding galaxies

— much more lensing than can — Composite x-ray, visible image, 10x DM

be explained by visible mass — Does not really match modified gravity




THE UNIVERSE, THEN AND NOwW

Neutrinos Dark Atoms
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13.7 BILLION YEARS AGO TODAY

(Universe 380,000 years old)

* Strong astrophysical evidence for the existence of dark matter
— Evidence from bullet cluster, gravitational lensing, rotation curves
— DM is six times more abundant than baryons
— Contributes ~1/4 of the total energy budget!

Particle description of DM... testable at the LHC?



WIMPS

* Perhaps Dark Matter is a particle with weak-scale mass?
— Weakly Interacting Massive Particles (WIMPs)

— Produced in the Big Bang, interactviax+x—q +q

>
* As the universe expands and the é 1(())_%2 I B
temperature drops... Y 10-3
— WIMPs become diluted, interact 5 %8:2 Increasing
less often and ‘freeze out’. 2 106 Lagv>
— Higher cross-section (<ov>) yields § %8:2 \\~&___
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Weakly-interacting massive particles naturally

provide the right relic abundance - “WIMP miracle”



COMPLEMENTARITY AND COLLIDER PRODUCTION

DM complementarity:

* Colliders make, direct detection

shakes, indirect detection breaks...

and also CMB (bake it!)

“Generic” Collider searches:

* Dark Matter production gives
missing transverse energy (MET)

* Initial-State Radiation results in
“mono-something” plus MET

S. Worm
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We report the observation of five events in which a missing transverse energy larger than 40 GeV is associated with a
narrow hadronic jet and of two similar events with a neutral electromagnetic cluster (either one or more closely spaced

photons). We cannot find an explanation for such events in terms of backgrounds or within the expectations of the Standard
Model.
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SCIENCE

New Scientist 13 June 1985

Supersymmetry theory decaying

OES supersymmetry exist? Theorists
in particle physics began to ask

Initially, the answer seemed to be “maybe”.
Now it is changing to “maybe not”, partic-

show how certain phenomena can mimic
some of the predicted effects of super-

Christine Sutton

theoretical speculation about what they
represent; it seemed at first that even as few
as five examples were too many to account
for by standard theories of particle physics.
The proponents of supersymmetry were
among those who snatched the monojets to

each incorporating some hitherto
unobserved phenomenon, such as a new
kind of neutrino; or quarks built from still
smaller entities; or a new type of strong
nuclear force, apparent only at the high
energies explored in the proton-antiproton
collisions at CERN.

Now, some detailed analysis by three

symmetry.

Supersymmetry is sym-
metry so neat that many
physicists want it
true—the more so because
supersymmetry might offer a
pathway to a quantum theory
of gravity and hence to a
completely unified theory of
all the  fundamental forces
(New Scientist, 15 March
1984, p 28). The main feature
of supersymmetry is that it

to be 2

quark jet

« - —_—
O —
“Photinos anti quork jet

physicists at CERN has put an
experimental cat among the
theoretical pigeons. James
Stirling, Ronald Kleiss and
Steve Ellis (normally at the
University of Washington in
Seattle) have looked very care-
fully into the question of
whether conventional physics
can explain the monojets.
They calculate a higher

number of monojets from
" normal sources than previous

links the particles of
matter—“fermions”—with the

icles that carry the
undamental forces—"gauge
bosons”. The two categories of

icle simply become dif-
erent facets of the same
underlying ob[iect.

The possible evidence that
supersymmetry is a real
symmetry which nature respects comes
from CERN, the European centre for
particle physics. There, an international
team of researchers running the experiment
known as UAIl discovered a puzzling
phenomenon.

The UA1 experiment straddles CERN’s
main particle accelerator at a point where

and antiquark, each of which
alternative scenario, a

A “monojet” (a) is a jet of energetic charged particles, with energy
“missing” in the opposite direction, produced when a proton and an
antiproton collide. This could, for example, be due to the decay of a
squark and antisquark, into two undetected photinos and a quark
roduce coalescing jets (b). In the
particle produced at the same time as a jet
(c) will decay into an unseen neutrino and a charged lepton, which

may be lost in the jet

support their cause.

For supersymmetry to link matter
particles (fermions) such as quarks, with
force carriers (gauge bosons) such as
gluons, nature must find new counterparts
to all the known particles. For each known
fermion (gauge boson) there must exist a
bosonic (fermionic) partner. Thus the

.....

they claim that monojets
“can arise at a significant rate”
from the decays of W and Z

icles which are not identi-
ied as such (CERN preprint
TH.4144/85).

Z particles are the carriers o

the weak nuclear force, and
were observed for the first time in 1983, at
CERN, by UA1 and its “sister” experiment,
UA2 (New Scientist, 27 January 1983, p
221). They are produced in the interaction
of a quark and an antiquark. But the other
quarks, antiquarks and gluons in the
colliding particles can sometimes produce
jets, which accompany the W or Z.




UA| MONOJETS

Volume 139B, number 1,2 PHYSICS LETTERS 3 May 1984
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Fig. 6. Distribution of missing transverse energy squared for events with cos Ap > — 0.8 (see text). The solid curve is the back-
ground expected from jet fluctuations. The dashed curve is the expected contribution from W — rv.
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UA| MONOJETS

+ *
JET ACTIVITY IN W, Z° EVENTS - A THEORETICAL ANALYSIS )
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QCD AND ISR; THEN AND Now

LA e B s s s B e s e
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CDF Results

80 100 120 140 160 180 200 220 240
7+ (GeV)

Background Source

Predicted Events

Z(— vir)+iets 160.2 + 11.5
W (— Tv)+jets 46.6 + 5.5
W (— pv)+jets 23.8 £ 5.0
W (— ev)+jets 18.1 + 4.3
QCD (1.7 + 6.7
tt, single t, dibosons 39+ 0.3
Total predicted 274.1 £ 15.9

— ———

Observed

284 )

[CDF Tevatron Run Il: hep-ex/0309051]

* Multijet events from QCD
— ~60% in CDF Run O
— ~8% in CDF Run 1, 2
— ~<0.1% in ATLAS & CMS

* Backgrounds from QCD, beam, cosmics
— suppressed by jet cleanup
— suppressed by high jet/MET cuts
— killed by angular and multiplicity cuts

* “Tagging” initial-state radiation (ISR)
— LHC uses ISR “mono-X” for many searches
— Generic search for “invisible” new physics



MONOJET DARK MATTER (CMS RUN 1)

* Search for Pair-produced Dark Matter

— Search for missing energy and
radiated jet (or two)

— Dark Matter will appear as excess
events on the tail

* Monojet Event Selection
— Leading jet pr > ~120 GeV
— topological cuts to reduce QCD

— veto events with isolated leptons

— primary backgrounds taken from data

Best limits with E7™s5 > 500 GeV

q

S. Worm q X

Events / 25 GeV

Data - MC
MC

[arXiv:1408.3583]
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MONOJET DARK MATTER (CMS RUN 1)

[arXiv:1408.3583]

* Derived Effective Field Theory (EFT) limits compared to direct-detection
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MONO-MANIA!

* For the next few years:
— Hundreds of phenomenology papers
— Thousands of citations for collider DM

— “ISR tagging” established technique for
all new particle searches (not just DM)

q X q X
Monojet Monophoton

MonoW/Z (hadronic) ttbar DM MonoTop



MONO-MANIA!
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MONOJETS: EFT LIMITS AND STEPS BEYOND

* Effective Field Theory limit validity

— Bottom corner: large couplings, small phase space
— Limits from perturbative bound, unitarity limit
— Starting to include these bounds in results

* Moving beyond simple EFT

— Include mediating particle (e.g. s-channel Z’), look

at limits vs myz

— EFT gives good/conservative results above a few

hundred GeV (high M)

q 29959 X

Suppression scale M, [GeV]

90% CL limit on M/\fgxgq [GeV]

—
N
o
o

—
o
o
o

4000

3000

2000

1000

[arXiv:1408.3583, ATLAS-CONF-2012- 147]
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RELEVANT SCALES FOR DM SEARCHES

[Haisch, Bishara]

Direct Detection Indirect Detection Collider DM
( )
IMeV  10MeV 100MeV | GeV 10GeV 100 GeV ITeV  [0Tev |Momentum
. transfer )
s )
e T pn b W.Zht particle
mass
y,
nuclear response 3- or 4- EFT w/ non-ren.
functions flavour QCD DM interactions theory
non-pert. EFT  Heavy DM EFT + EFT

w/ NR nucleons 5-flavour QCD
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SIMPLIFIED MODELS OF DARK MATTER

* Effective Field Theory Interpretation and validity

— EFT is a simple estimate of LHC sensitivity to an explicit coupling/mediator

— Good for back-of-envelope, but maybe not the full picture

Less complete

Dipole
Interactions

“Sketches of models”

Dark
Photon

Dark Matter
Effective Field Theories

Simplified
Dark Matter
Models

Contact
Interactions

Little
Higgs

S. Worm

Supersymmetric
Standard Model

Dark Matter

[arXiv:1506.03116, 1507.00966]

More
complete

Minimal

Universal
Extra
Dimensions
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SIMPLIFIED MODELS OF DARK MATTER

[arXiv:1506.03116, 1507.00966]

* Simplified Models
— Overcomes (mostly?) the issues of EFT validity
— More parameters to scan; similar to MSSM in SUSY

— More information, better way to make a general comparison

* Basic language agreed, and now in use

Simplified Models for Dark Matter Searches at the LHC

Jalal Abdallah (Taiwan, Inst. Phys.) , Henrique Araujo (Imperial Coll., London) , Alexandre Arbey (Lyon U. & Lyon,

Ecole Normale Superieure & CERN) , Adi Ashkenazi (Tel Aviv U.) , Alexander Belyaev (Southampton U.), Joshua

Berger (SLAC), Celine Boehm (Durham U., IPPP), Antonio Boveia (CERN), Amelia Brennan (Melbourne U.),
Jim Brooke (Bristol U.) et al. Show all 97 authors

Jun 9, 2015 - 16 pages

Phys.Dark Univ. 9-10 (2015) 8-23 Dark Matter Benchmark Models for Early LHC Run-2 Searches:

(2015-09-05) Report of the ATLAS/CMS Dark Matter Forum
FERMILABI?I(DDLIJZI;QI.;%;%/JSSTKCZSI;EJ;?H(-)?III-ZO15-1 39 Daniel Abercrombie (MIT), Nural Akchurin (Texas Tech.), Ece AKilli (Geneva U.), Juan Alcaraz Maestre

(Madrid, CIEMAT) , Brandon Allen (MIT), Barbara Alvarez Gonzalez (CERN), Jeremy Andrea (Strasbourg,

IPHC) , Alexandre Arbey (CERN), Georges Azuelos (TRIUMF), Patrizia Azzi (INFN, Padua) et al. Show all 139
authors

e-Print: arXiv:1506.03116 [hep-ph] | PDF

Jul 3, 2015 - 160 pages

FERMILAB-PUB-15-282-CD
e-Print: arXiv:1507.00966 [hep-ex] | PDF

Provides a new language for the Dark Matter field (not just colliders)

S. Worm 25



SIMPLIFIED MODELS

Scans of (s-channel) simplified models in mpwm vs nucleon xsection (vs coupling)

o-gD (DM—neutron)[cmz]

10738

107%°

10742

10—44. NPT
1 10

10743¢

- Spin dependent (Axial) \
- 90% CL limits

------
- -
-

3 ==== LHC8:go=gpm=1.45
: - == | HCS8: gq=gDM=1-0
— = LHC8: gqg=gom=0.5
LHCS: gq=gDM=0-25
LHCS8: EFT

1

LUX 2013

102
mpwm [GeV]

10— —————m -
' Spin independent (Vector) \ |
[ 90% CL limits \ 1]
107381 \ \ U A
P P EE e e
= X TN
C\’.l—l 10_40 _'_, — — ]
£
=, : = === LHCB8:g,=gpm=1.45 -
) ' — == LHC8: gy=gom=1.0 ]
b 1074} — — LHC8: gg=gpm=0.5 -
- LHCB8: gq=gpm=0.25
5 —— LHCB8: EFT -
- LUX 2013
10~} ~——— SuperCDMS
10—46 NP P )
1 10 102 10°
Mpm [GeV]

[arXiv:1408.3583]
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SIMPLIFIED MODELS

[arXiv:1408.3583]

* Plots vs mpwm, coupling, Mmedq etc well-received: more ways to view the data

* Below: mpm Vs Mmegd for four different couplings (0.25-1.45)

mpwm [GeV]

mpym [GeV]

25001 A xial: 90% CL — LHC8 19571 ]
projected limits — = LHC1330fb™"
Gg=gom=1.45 === LHC14300fb""
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JPCTiabil -y background
1500} _| ...~
|
\
1000f | _ - \\\
\s
500" \
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\' N
0 | R :
0 2000 4000 6000 8000 10000
Mmeq [GeV]

2500 \sial: 90% CL —— LHC8 195"
projected limits — — LHC1330fb~!
9gg=9om=0.5 = LHC14300fb™"

2000, ., | eeees LHC14 3000 fb~"

| —— LUX 2013

| — — LZ10tonyr

| -~y background
1500t

|

|
1000f |

2000

4000

Med [GeV]

mpwm [GeV]

mpym [GeV]

2500¢ Axial: 90% CL — LHC819.5fb"
projected limits = = LHC1330fb"!
gqg=gom=1 = LHC14300fb™"

20001 T P LHC14 3000 fb~" ]

—— LUX 2013
| — = LZ10tonyr
-y background
1500} |
| I
\_,,v
1000 | .-\
/\' N\
7 \ ‘\
500~ N \
i~ \ |
| NG
0 I .
0 2000 4000 6000 8000
Mmed [GeV]

1000 Axial: 90% CL —— LHC819.5fb"
projected limits — — LHC1330fb"
Jdq=9om=0.25 === LHC14 300 fb~'

L, . e LHC14 3000 fo~" |
800 | —— LUX 2013
| = = LZ10tonyr
| =~y background
600+
|
‘ -----
400} |
\
S
200f | .-=~"\ N
// -~ \
Vv \\ .
0 o ——— PR " 1
0 500 1000 1500 2000 2500
Mmeq [GeV]

Can we pass the
neutrino bound?
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ATLAS MONOJET: OUTLINE

* Signatures:
— Invisible particles recoiling against high pr jets
— Large missing transverse momentum

— High-pr jet + up to three jets

* Physics models of interest:
— DM pair prod via spin 1 and spin O mediators
— SUSY strong prod in compressed scenario

— ADD gravitons

* 10x sample of new data under study

9q 9x
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ATLAS MONOJET: DATA

[arXiv:1604.07773]

* Signature:

> — T T I T T T I T T T | T T T I T T T I T T T | T —]
. _ . O - F T ® Data2015 _
hlgh .pT jet(s), large G 10" ATLAS o [Duezts =
Missing Transverse © 408 =Vs=13TeV,32f0" B Z(— vv) +jets -
= o . W(— tv) + jets 3
Momentum (MET) £ _ s | Signal Region : =
10 miss [ W(— uv) +jets
|_q>lj pT>250 GeV, E, >250 GeV B V(o ev) + jets

P Z(— 1) +jets
I Dibosons

. 1 O3 I i+ single top
* Backgrounds: B Ty, 0200 Brsngeton o
Z(—vv)+jets and W+jets 10" Eemm--- . T, . 000 - (m_,, M )= (150, 1000) GeV

..... ADD, n=3, M_=5600 GeV

estimated from W(—pv), 10

W(—ev), Z(-pp)+jets 1

control regions 107"
10

/—/‘—/—/—./—/—/%//‘///'///?//W%/ /%//W /

—
gl ©
|
—

* Results:
publication on 2015
(3.2fb’1), 2015+2016
(36.1fb™!) coming soon

Data / SM
*I 11

o
o

\E

L | 1 1 | ! 1 | 1 1 | 1 o [ L
400 600 800 1000 1200 1400
E™S [GeV]
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ATLAS MONOJET: RESULTS

* Results for simplified model with Avial Vector mediator

m, [GeV]

T T T | T T T T T T T T I T T T T | T
ATLAS - - - - Expected limit (= 10,,,) i
l[s=13TeV,3.21b" 2 Observed limit (= 107 2F 5689

............. theory
Axial Vector Mediator L —
. . ——— Perturbativity Limit
Dirac Fermion DM
400 gq =0.25, gX =1.0 —— Relic Density ]
95% CL limits
O d [ R T S R A N
m, [GeV]

ogp (x-proton) [cm?]

[arXiv:1604.07773]

| T T l||||l| T T TTTTTT T T |I||||| T T T TTTTT
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A} .=
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_l 1 | l|||||| 1 1 ||||||| | | ||||||| | | |l||||| I_
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CMS MONOJET SIMPLIFIED MODEL SCAN

35.9fb™ (13 TeV)
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S. Worm
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NEW COLLIDER DARK MATTER STRATEGIES

* Mono-X: look for MET + ISR to “tag” DM pair-production (X = jet, v,
W/Z, H, bb, tt)

q DM(m,)

V., A(M

111(‘(1)

q DM ( T X )

* Mediator: look directly for the mediator instead, to infer limits on
DM. Mediator couples to quarks (decays to dijets), leptons, etc.

q q

q q
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HEAVY RESONANCE DECAYING TO DIJET

Dark-Matter mediator, also W'/Z', RS
LED, excited quarks, strong gravity

Large uncertainty on QCD - look
for resonance above fit of the data

Analysis limited by trigger:
— 1-jet trigger ET~380 GeV
— implies m(jj) = 1.1 TeV

Dedicated analysis used for
lower-mass resonance search

Strong limits on DM mediator

Events / Bin

—
<
.

)]

N O

Significance

o

I;ES

(@]

Data-MC

Uo wm

[ATLAS-CONF-2016-069]:
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Highest mass dijet event: m(jj) = 8.12 TeV



LOW-MASS DIJET+ISR RESONANCE

Events

10°

10*

—
o
o N N

Significance
N

[ATLAS-CONF-2016-070]

Reaches lower resonance mass by q . '
requiring ISR photon or jet q q
. . X

Same trigger and offline thresholds 7 !
(jets:380 = 440, photons: 140 - 150) ’

q q
T ' ' ' T T T . 2 C ' — . l
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TRIGGER-LEVEL DIJET RESONANCE

[ATLAS-CONF-2016-030]

* Lower trigger threshold by keeping only partial information for the event

Additional jet calibration and cleaning applied online

1P —— TLAjets |
= —— Offline jets selected by any single-jet trigger
—— Offline jets selected by j110 single-jet trigger

' ' ' |
ATLAS Preliminary
\s=13 TeV, 3.4 fb
« Data

Background fit
— BumpHunter interval

—
(@)
X
T IIIIIII|_

10°

—

o

)

T I IIIIII|
| | IIIIII|

10*

'"E  ATLAS Preliminary 10° - E
E- \s=13 TeV, 3.4 fb™ = _ p-value = 0.19 ]
= ly*l < 0.6 = B Fit Range: 394 - 1236 GeV .
3 E i ly*l <0.3 | N
5 AR S e TR JL AN, U g oF -
£ 0.5F | = 52F =

% 500 600 700 800 900 1000 “ 400 500 600 700 800 9001000
= m, [TeV] m. [GeV]
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DIJET RESONANCE SEARCHES: SUMMARY

S. Worm
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DIJET RESONANCE SEARCHES: SUMMARY

[ATLAS, arXiv:1306.2629]
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MONO-X VS. DIJET DARK MATTER

DM Simplified Model Exc
T T T T T
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» _
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a B
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S. Worm
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Phys. Rev. D 94, 032005 (2016)
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S. Worm

DM Slmpllfled Model Exclusmns

MONO-X VS. DIIET DARK MATTER
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DARK MATTER: ATLAS vs. LUX

* LHC comparable with direct detection (for specific model assumptions)

 Complementarity approaches:

— Direct searches loose sensitivity at low mass (nuclear recoil)

— LHC (Mono-X) searches loose sensitivity at high mass (v/s)

S. Worm

6., (DM-neutron) [cm?]

_35 DM Simplified Model Exclusions ATLAS Preliminary March 2017
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ATLAS MONO-y DARK MATTER

m, [GeV]

o, (x-nucleon) [cm?]

S. Worm

[arXiv:1704.03848]
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DARK MATTER IN MONO-H

q h

/

* Results for Z’s, Z’-2HDM, heavy scalar boson models /

AO

* Huge ' h AR

ge Improvement over previous searc

* Mono-h(bb) better limits for pt(h) > 150 GeV i i
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S. Worm

Mono-Higgs to bb

[ATLAS-CONF-2017-028, ATLAS-CONF-2017-024]I

Mono-Higgs to yy
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THEORY PAPERS VS.YEAR

[A. Belyaev] :

number of papers

l/l

1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020
year




CONCLUSIONS

Searches for Dark Matter are thriving at the LHC, monojet the flagship
Community using Simplified Model interpretation, with focus on mediator

Huge number of new results coming in 13 TeV, across many channels

LHC trying to re-invent itself as a Dark Matter factory!

Spin independent (Vector) \ [
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DM@LHC WORKSHOPS

TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT

* Meeting Themes o ‘L f”;:"’_‘;j‘f
- 1st: Sort out EFTs! ‘ i —
- 2nd: Adopt set of Simplified Models DARK MAT}TER

- 3rd: Extend SM’s and deploy in searches A'TTHE LHC

- 4th: Connections

Many talks on the connections M e 00000 48000 o
to other areas LHC

2 25-27 Septel;r 201 4'“
Merton College, Oxford

* Experiment: DM/BSM overlap
e Direct/Indirect detection

* Theory (models) evolving and
connecting to more areas; SUSY,
cosmological constraints, long lived

ERIMENTS?

nnnnnn

uuuuuuuuuuuuuuuuu
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DM@LHC 2017

Thanks to our hosts!
* Timothy Tait

e Arvind Rajaraman

Daniel Whiteson

* Mani Tripathi

Jan Strudwick*

DM@LHC 2017:
3 full days of talks

* 45 presentations, 7 posters

S. Worm
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S. Worm

Dark Matter as the central pillar of the LHC programme!
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CERN COURIER

Mar 27,2012
Shedding light on dark matter

Dark matter may constitute 83% of the
particles in the universe, but so far
there has been no direct observation of
its presence in experiments. With its
high-energy collisions, the LHC is a
promising hunting ground for this

elusive form of "matter”, either by
producing dark-matter particles
directly or new particles that decay into dark matter. Recently, the
CMS collaboration completed a search for dark matter, sifting
through the full 2011 data set of proton collisions at a centre-of-mass
energy of 7 TeV.

Dark-matter particles produced at the LHC would presumably
escape undetected, yielding "missing momentum” in the event.
However, they could be accompanied by a jet or a photon, or some
other particle. CMS has looked for evidence of these visible
companions by studying "monojet" and "monophoton” data. Within
the framework of a simple model for the production of dark matter,
the CMS analysis significantly extends the sensitivity of direct
searches, which look for tiny interactions of dark-matter particles in
very sensitive detectors.

The way that the dark-matter particles :‘ e
(X) are produced and interact depends on g,,_==;;,¢
their spin. With respect to direct searches, Vol

CMS is sensitive in the low-mass region R
below 3.5 GeV if the spin of the produced 1" v —
particles is ignored, and it can set the %: —
world's best limits at all masses in the spin- -

dependent case. G
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