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Uncharted discoveries?
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Many unanswered questions ...

Why there are 3 families of
particles? Are there more? Why is the top quark so heavy?

Why there’s
more matter _ Are there
then anti- D more fGrCES?
matter? d S b y
How do '
neutrinos get
?
mass! PRy prnrraenrsers R What keeps
the Higgs mass
. so small?
How do we What is

incorporate gravity? Dark Matter?



... and as many possible answers to probe!

® Super-symmetry?
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® Composite quark and/or leptons?
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* New Heavy bosons!?
® Gravitons!?
® Dark Matter particles?

Any new theory
need to agree
with the SM!



How would new phenomena manifest?

New particles: New interactions: New particles and states:

resonant excess (bump) over Standard Model background ~ more central production (~Rutherford experiment)  larger multiplicity of objects at high masses

Number of events

1 Normalized number of events 'y

Signal
Signal -

/

Number of events

&

Background

Background Background

k4

L 2

Mass of dl-—] et system Angle between two jets Energy of the system (visible/invisible)

(—new particle mass)



Many extensions of the SM have been

developed over the -
,

Supersymmet : —
AR .
Extra-Dimensions =

N

Technicolor(s)
Little Higgs
No Higgs
GUT
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Compositeness "\\

4™ generation (t', b")
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(for illustration only)

Long list of models and signatures

1jet+ MET

jets + MET

1 lepton + MET
Same-sign di-lepton
Dilepton resonance
Diphoton resonance
Diphoton + MET
Multileptons

Lepton-jet resonance
Lepton-photon resonance
Gamma-jet resonance
Diboson resonance
Z+MET

W/Z+Gamma resonance
Top-antitop resonance
Slow-moving particles
Long-lived particles
Top-antitop production
Lepton-Jets
Microscopic blackholes
Dijet resonance

etc...



Long list of models and signatures

Many extensions of the SM have bee
developed over the past '

Supersymmetry
Extra-Dimensions
Technicolor(s

Hidden Valleyg,
Leptoquarks
Compositeness
4" generation (t', b")"
LRSM, heavy neutrino P/
etc...

(for illustration only)

1jet+ MET

jets + MET

1 lepton + MET
Same-sign di-lepton
Dilepton resonance
Diphoton resonance
Diphoton + MET
Multileptons

Lepton-jet resonance
Lepton-photon resonance
Gamma-jet resonance
Diboson resonance
Z+MET

W/Z+Gamma resonance
Top-antitop resonance
Slow-moving particles
Long-lived particles
Top-antitop production
Lepton-Jets
Microscopic blackholes
Dijet resonance

etc...

A complex 2D
problem

Experimentally,
a signature
standpoint
makes a lot of
sense:

- Practical

- |Less model-
dependent

= |mportant to
cover every
possible
signature



What characterizes Exotics Searches

No precise model to guide us No unified parameter phase space

Standard Model:
Predicted Higgs boson

Supersymmetry Searches:

Status: May 2017
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Exploration range of LHC by mid 2015

ATLAS Exotics Searches* - 95% CL Exclusion

ATLAS Preliminary

Status: July 2015 1 Tev j 10 T'ev ! Vs-7.8TeV
miss — .
Model Ly  Jets ET™ [Ldiff) Limit Reference

ADD Gw + &/ - z1j Yes 203 . 525TeV =2 1502 01518

ADD non-rasonant £ 2e,pu - - 203 . AT TeV =3HLZ 14072410

ADD OBH — £g 18 1) - 20.3 . 52Tev =& 1311.2008

ADD GBH - 2j - 203 . ER2TeV -6 1407.1378

ADD BH high Ner 2 u [58) - - 203 O ATTeV = i, Mp = 3 TeV, nan-rat BH 1308.4075

ADD BH high X pr - 58TeV = i, Mp = 3 TeV! nan-rot BH 14054254

ADD BH high mulijet = E . EBTeV =6, Mz = 3 TeV, nar-ral BH 1503,08956
e Extra Dimensions — o B
RS1 Ggw — ¥y . | My =01 150405511

§ Bulk S Gy — ZF — gget Zepu 2)114 - 20 (M =10 14096150
Bulk RS Grx — WIW — galv 1epu 2if1J  wes 204 My =10 1608.04677

Bulk AS Grx — HH — bbbh - 4b - 195 Sy =10 150600285

Bulk RS gy — 11 Tenm =1b =142 ves 203 - 0825 1506.07018
UED/ RRP Bep(S5) x1bx1] ¥as 203 1504. 04608

BEM T fF 2e.nu - - 2043 12054128

SEM P e 2 - - 19.5 1502.07177

SEM W — A 1m0 - Wi an g 14077404

EGM W — N G B ] 14064455

EGM W — ] 14096150

cen e INEW LO@Uge bosons | ovptivet

HUT W’ = vrrr — cvenr Cen su = ewd 1508.0808%
LRSM W, — ¢b 1en 2b 01§ ves 203 1104103
LASM W; — th Depn 21B1J - 203 14080885

Cl agag - - 7.3 150400357

S cio NEW |nteract|0ns 203 mi= -1 1407.2410
Gl st Ciel=1 1504.04605

EFT DS aperator {Dirac) Dep = BO% CLiar mid, < 100 GaV 150201518

E EFT C% operator (Dirac) Oeu 14, Dark Matter 80% CLaTiy] < 100 Gav 13094017
3 Soalar LG I_ ] - 204 =1 Pralimirary
Scalar L _Q kS i - 204 -1 Profimirary
Scalar LC epto uar 3] Yes 204 =0 Prelimirary
VIQTT = Hri+ X Loy 2o e Bipde ). 3 in (T8 doublet 1505.04308
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§ § vioss - Hoox eavy Qua rks 13 i singlat 15054306
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Tsa — W lep ziwmzo) vas  <ld 150305428
Exciled quark g — av 1w 1] - an 3 TV Iy o ard & A = mia’) 1208.323)
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10 1 10 Mass scale [TeV]

"Only a selaction of the available mass limits on new states or phenomeana is shown.



Exploration range of LHC by mid 2017

ATLAS Exotics Searches* - 95% CL Upper Exclusion Lim ™

Status: July 2017

ATLAS Preliminary

I£-10 TeV

Vs=8,13TeV
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T T T T T ™ T T
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ZUED ! APP le.w =2b23] Yes 13z Tier {11}, S{AL ) =1 ATLAS-GOMNF.2016- 104
SBM Z' - il 2e,pn - - 351 4 TeV ATLAS-CONF-2097-027
S5M 2 =y 2T - - ELR ATLAS-CONF-2017-050
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i VLQTT = 2t + X 1 T mass BT —2t)=1 170510751
VLQ TT = Whet X | T mass T — Wh) =1 CERN-EP-201 7054
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tSmall-radius (large-radius) jefs are denofed by the letter [ (J]
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Searches with Dijets

arXiv:1703.09127

« Search for excess in dijet mass and angular distributions &,; ATLAS
. R . % ,E . Daw.. .
« No significant excesses over SM expectation L T Burmgramer mrval
1 g— c{. ql:, ;q_ :4:0 T:\-’
« Extends limits significantly beyond 2015 results, on new  «& e
. . ‘< Dijet
gauge bosons and contact interactions, e.g. %] distribution
— Excited quarks: m(g*) > 6.0 TeV (5.8 TeV exp.) g 7 ax10
1 1= Fit Range: 1.1 - 8.2 TeV
— Add. gauge bosons: m(W’) > 3.6 TeV (3.7 TeV exp.) - <08
— Quantum Black Holes: m(BH) > 8.9 TeV (8.9 TeV exp.) E o
— Contact Interactions: A > 13.1/21.8 TeV (n = +1/-1) ;;o.si— 165 howoatay ’
B o
- Limits also set on generic Gaussian resonances o E—
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g .08 % | ol r,|_|_=-1,.1:22 TeV Q:X E < . : E é i -—c:Jm:=CI.1|} E
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| oo 5107 h ! o107 T odma- 000 E
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-ﬁil e O, I . A i 4 10%f E
0.05E5 d.3::mi]-c4_STe\.l" 1 4.0-:m.¢4.3Te\.l' E L 1 n _
0,04 4k 4 - q, ! 3 i |
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T X ar 1 F . Expected 95% CL upper limit  § N 1 - Is=13 TeV, 37.0 fb” 3
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el 1 ] 104U . : ) | \ . ! 104k . | | " |
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Resonance Searches (Dilepton, Lepton+ETmiss)

Searches for new
resonances decaying to
lepton pairs (e.g. Z’) or
lepton+E;M*® (e.g. W)
Signature is peak in
Invariant mass
distribution (dilepton) or
tranverse mass
distributions

(lepton+E miss)

No significant excess
over SM expectation

95% CL exclusion limits
extracted in various new
physics Z' and W’
scenarios, e.g. the
Sequential Standard
Model (SSM)

Events
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Resonance Searches (yy, t1)

ATLAS ' ' ' '3
+ Data

 Diboson resonance searches also sensitive {o new
heavy scalars, e.g. Higgs bosons.

—— Background-onty it | Y MASS

Ewents / 20 GaV
g

10 i Spin-0 Selection distribution
. . 2 " in spin-0
« Searches also conducted with yy and 1z final states o L

« vy search also targets spin-2 (graviton) production
with a dedicated selection

« 11 searches sensitive to SUSY Higgs (H/A) models é
N . 3
« No significant excesses over SM expectation F
LN T I I I 1 T I I Ll T I T I I T I L] l I I T T | T il gz -
. —— Observed CL, limit ATLAS i
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Why Dark Matter?

Evidence piling up...
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What do we know about Dark Matter

Neutrinos Dark Atoms "
10% zlzagster 4.9% i
- 63% )
s | Dark 68.3%
Photons | Matter
15% 26.8%
Atoms
12%
13.7 BILLION YEARS AGO S—

(Universe 380,000 years old)

Strong astrophysical evidence for the existence of dark matter
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What do we know about Dark Matter

" Massive

* Non-relativistic (slow)

*Long lived (old)

*No electric or colour charge

"\ery weakly interacting with ordinary matter
1Subject to gravity interactions



Experimental detection of Dark Matter

o = DM SM .
“shake it”
direct detection
D M ‘]S_\—M‘jﬂ_‘ DM SM o (nass ~ GeV - TeV) i

Photons from
Galactic Centre

“break it”: indirect detection

“make it”: Collider Production

DM

-
-

DM

17



Dark Matter serches at Colliders

g and g, coupling strengths Empty detector + something



Simplified Model
Simplified Model

SM — mediator — DM SM — mediator - SM

q X
%Mono-x sighature —>resonant production
E7'"%+ jet, W/Z/H, v, ... Dijet, ditop, dilepton.....

Charge Q=0 for s-channel

@ - L
g vr I f 9q > _ Vuar'q
Lorentz Scalar 12 ; Vector :

structure iA - ] s
Pseudoscalar 91 5 2_vs77°f | Axial-vector Ta D Audr™ v q
S q

Coupling o« mass « charge

19



Mono-X searches

CMS-PAS-EXO-16-048 35.9fb" (13 TeV)

| |
&
Mono-et - [0 O I O B B
O + Data
j )] 5 CMS Prelimina Zivvi+ets
10 Ty H
ETI'I‘IiSS E monojet : Wit jols
o Jet €10 B wwwzzz
‘ g? - Top quark
w 10° I 240 v+ies
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% 1o ATLAS Prelminary osss S;ndm h;ml ——— Higgs invisible, m,_= 125 GeV
= (s =13TeV 361" B 70w+ jots Axiabvecion, m_ = 2.0 TeV
E‘j 10°}z—Signal Region B Wi v + jets 10 -
2 p,(11)>250 GeV, E"**>250 GeV B 70 1+ jets
s 10° I 17 - single top i
=] _ ATLAS-CONF-2017-060 e Dibosons
% 10° multijets + neb

= mib, B = (500, 495) Gav
imw, M“H:\- (400, 1000) GeY

ADD, ned, Mn-B-IUIJ Ge¥

107%
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107 —_—
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E 5_._ SaTTR— $ " + . '1
E | e TR e e P e e et o -] E
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ET"* [GeV]
ATLAS
- EMUSS > 250 GeV, Ag(jet, psS) > 0.4
* Jetpr > 250 GeV,|n| < 2.4
Njets < 4

CMS

« EPSS > 250 GeV
* Jetpr > 100 GeV,|n| < 2.5
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Mono-X searches

Mono-photon Eqmiss Photon
&

} LI N B B B S B S B B B S |
—a— dat
8 10° ATLAS Signal Region zq_a,w}-r
2 [5=13TeV, 36.1 1o e Rl ons
w10t oy + jels 0
£ - 25y
10700 Ge¥
I s S M q X
SRR RN R SR AN
10°
10
med
i
g 1.5F = q Y
E | e //;e?f//f@ffxryfffxf/xﬁ%%ﬁg%%
] o =
o055, I

160 180 200 220 240 280 280 300 320 340 360
El [GaV]
* Photon Eg > 150 GeV, |n| < 2.37

» ERIsS/ /Y Er > 85 GeVl/?
. Acp(photon}E%liss) > 0.4
Njets(Pr > 30 GeV, |n| <4.5) <1
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Mono-X searches

Mono-Higgs

CMS-PAS-EXO-16-054

35.9 fb' (13 TeV)

. CMS Preliminary ¢+ Data

! 7 BaryonicZ’ model *
DM+H(yy) eeeeeeen Non-Res Background Pdf Non resonant

(=]
o
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- + 1 std. dev. . Y
+ 2 std. dev. nggs

SM Higgs Contribution
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Y

Total Background Pdf

50

+ + A \\\ A X

0 I i | I I e L
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=<l
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Mono-Mania!!

" Hundreds of phenomenology papers
" Thousands of citations of collider DM

" “ISR tagging” established technique for all new particle
searches (not just DM)
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Mono-Mania!!
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LHC DM Working Group

% Cornell University
Library

arXiv.org > hep-ex > arXiv:1507.00966

arXiv:1507.00966 «rirmxcdse

High Energy Physics - Experiment

Collection of DM models
(simplified models, EFT),
Model implementation

Dark Matter Benchmark Models for Early LHC Run-2
Searches: Report of the ATLAS/CMS Dark Matter

Forum

High Energy Physics - Experiment

Guidelines to compare
arXiv.org > hep-ex > arXiv:1603.04156 m a

ofi ArXiv:1603.04156 oo Amecsiseen LHC rgsults with DD/ID
experiments

Recommendations on presenting LHC searches for
missing transverse energy signals using simplified
s-channel models of dark matter

arXiv.org > hep-ex > arXiv:1703.05703 m

arXiV:1 703.05703 8480 § Advancad saard

High Energy Physics - Experiment

Recommendations of the LHC Dark Matter Working
Group: Comparing LHC searches for heavy
mediators of dark matter production in visible and
invisible decay channels

Guidelines to present
Mono-X and visible
signatures for heavy
mediators
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Summary (Exotic Searches)

» Searches for Exotic searches

* All major search channels reached 1 TeV scales
" Quite a few at 10 TeV
* New probe: Higgs boson = emerging field

" Dark Matter Searches are thriving at the LHC

" For vector and axial vector interactions
* Dark Matter masses up 400 GeV — 700 GeV (mono-jet) excluded
* Mediator mass up to 1.6 — 1.8 TeV (mono-jet) excluded

* Mediator mass up to 1.2 TeV (mono-photon) excluded
* Mediator mass up to 0.7 TeV (mono-Z) excluded

" LHC searches complement DD experiments
" mpy < O(10 GeV)
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Searches for Supersymmetry
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ATLAS Statistics

- -~
-

E -

183 Institutions > 166 Institutes (single)
17 clusters (57 institutes in clusters)
14 associated institutes
- 237 Institutes (preliminary, to be cross-checked)

from 38 Countries

- Active ATLAS members ~5'500
(Physicists, students, engineers, technicians, ...)

- Scientific authors ~2'900

- with PhD, contributing to M&O share ~1'900

- PhD students ~1'200

- Master / diploma students ~500




Latin America

1.8% Africa

Asia, Australia \ 11%

/

6.2%
Canada \
3.5% \

Japan

4.1% =
Russia + JINR
4.8% =

Europe (others)
16.5%

Fractions according to PhD physicists
(M&O share)

USA 18,7%
Germany 11,3%
UK 10,2%
Italy 9,0%
France 7,4%
CERN 5,6%
Japan 4,1%
Canada 3,5%
Russia+ JINR 4,8%
Spain 2,6%
China 2,6%
Czech Republic 2,1%
Sweden 1,6%
Israel 1,6%
Poland 1,6%
Switzerland 1,3%
Netherlands 1,3%
Europe (others) 6,0%
Asia (others) + Australia 2,0%
Latin America 1,8%
Africa 1,1%
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