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Apologies for not acknowledging authors of the illustrations

19/11/2020 ASP Online Seminars “Physics BSM (Part 1: Experiments)", S. 1




Outline
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PART |I: BSM Searches at Accelerator Facilit
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« Large Electron Positron » Collider

Amongst the large variety of colliders, I'll dedwzithe 2 biggest: LEP former CERNee
collider (1989-2001) and LHC, CERN current pp cald2009-present)

LEP:
- 27 km in circumference
- 100 m underground swiss-french border
_  LEP1 (1989-1996): Vs=m,

- LEP2(1998-2001):161< /s < 209GeV
- 4 Experiments: ALEPH, DELPHI, L3, OPAL

ALEPH /L;p\ OPAL

/# DELPHI

ISOLDE

(18 millioA @roduced)

Impressive size
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L EP Characteristics

ete Collider
Diameter: 8.5 km
LEP 2:

e Bunch spacing:

At, =270ns

 Instantaneous luminosity:£ =10**** cm?s™
- Beamenergy spread:  ABs _; o q4¢

e Crossing angle:

B

a, =0.5mrad

* Integrated luminosity delivered to L3 experiment:

V5 (GeV) | JZdt (pb ")
(Delivered to L3)
189 176.4
192 29.8
196 84.1
200 83.3
202 37.1
202-206 145.3
206-209 72.0
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L3 Detector

L3
Magnet Yole

Magnet Coil

@ Solenoid: B=051T
@ Toroid: B=124T

— 14180 mm -

5425 _| =
Muon Chambers
]
Muon Filter *:

Support Tube

> s ="
Forward-Backward R e
e- Muon Chambers ‘H{ﬂ' | S
- C
—_—e—_—

e+
l—u':] Luminosity Monitor -

e =—_smD

SEE 0 BGEs

1 ie——

R

Performance

@ Tracking:

9 Orgp = (75MD /507 ) pm

Pr \TEC — 1 o
® ( py /py=50 GeV 1.5%

@ Calorimeters:

? E : 2.8% 0.08%
—EE = —'rE"@—‘E  $0.4%
. % _ 5%
9 Jets: —t§ = =2 ® 5%
@ Muon

Hadron Calarimeter Barrel

H =
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L HC Characteristics

e Crossing angle:

B

Js

e p+p/p+Pb/Pb+Pb Collider
 Diameter: 8.5 km (same tunnel as LEP)
- Beam energy spread®Es _ 11x10¢

o, =285urad

2010-2011 7 150~ 50 2-4 x 0 5
Run 1
2012 8 50 8 x 1& 20
Run 2 2015-2018 13 50 ™ 25 2 »t0 140
Run 3 2021-2013 14 25 2 x20 150
|
LHC / HL-LHC Plan Lumninosiy
LHC
LHC
Run 1 | Run 2 | Run3
LSt 1514 Tev 14 TeV 14 TeV aneray
splice consolidation injector upgrade s 510 7x
7Tev 8 TeV bun:;;::ﬂmors c;:rg:goig: ?PS %{éf,'ﬁl:":‘l'itm HL-LHC installation pomnal
— - regions —
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2037
radiation
damage
75% experiment nominal luminosi " | | | experimentupgrade Hﬁ’% experiment upgrade
o ”uaslnv | beam pipes |/i— phase 1 phase 2
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LHC Pile-Up

— 807171 T I ]
£, [ ATLAS Online Luminosity 3 = B0
2 700 —muee =1ty E £ [ ATLAS Online, 13TeV  [Ldt=14891" 3
& F—_— pp fs=8Tev . P - -
O g — 2015pp E=13Tev ] a 500 2015: <p> = 134
€ 60 _— 216pp E=13Tev - = N . 7
= = oi7pp fso13Tev ] 2 " 0] 2016:<p>=25.1 ]
3 5o = 2018pp (s=13Tev i a3 400F [0 2017:<p==373 _J
s L ] £ N [0 2018:<p>=35.1
g 40:_ = g B [ Total:<p==33.7
g 40F - 3 300F =
9 30- - 8 F .
- —_ = N 2
ek ] s 200f -
20> 1 @
10— =k ha3 El
0: | | | et . ] 7
o o o o ® 0 20 30 40 50 60 70 80
Month in Year Mean Number of Interactions per Crossing
Run 1:Z - e'e” candidate with 19 events P.U
vAJ | ‘i'k| |I I I' lrr _r-'. \ :’ _-‘_ P
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L HC Detectors

LHC Expenments Détection des particules dans ATLAS

Spectrométre des
muons

Calorimeétre
hadronique

Les traces en
pointillés sont
invisibles au
détecteur

Calorimétre
électromaanétiaue
Aimant solénoide —~

Trajectométres TRT

pixels et
siicium

Performance

@ Tracking:
° ‘;L: = (0.05 x p, ®1.0)%
@ og = (108 ¥)um
0 Pr
o CalorimeterS'
o EM: 2 = 1‘32/1_4/@017% .
Op _ 52.1% 1.59%
o Jets: £ = \/_EB30‘VEB
° Brioy =048 x \/Hy
@ Muon:
@ Solenoid: B=2T 9 p, =50 GeV: p—; =2%
® Toroid: B=3.9-41T o pr =1TeV: L = 10%
([B-dl =2075T - m) . .
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Trigger: On-Line Selection

109 § T T T II T T T T T T 71T I :I T T LN U II : T
3 Otot . | E
: Tevatron LHC E
: Op i 3
F ; . 3 -+
L O E{* > s/20) ?” E
: : ] 1l
:'Q 10 £ w4 5 410° - L2 = &0ms
= : oz / | g
© E jet . ; 3 [+
o (E®>100Gev) ; 2
EoCletT : - B 20
10" F : ! 410° g il
: ] 3 ~500 nodos
3 - ' ] 2 .
0 E o / L EF - 45 :
L 0BT s | .
i - EFPU
107 f OhaggelMhy = 150 GeV) 5 410% ~{B00 nodes
E Ohiiggs(My; = 500 GeV) \\ E
10""l -lllll 1 Lol 0 I | : I 1 |-10'6 g .
0.1 1 10 High Level Trigger
Vs (TeV)
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Panorama of Future Colliders

ILC, Japan

CLIC, CERN
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Linear Circular

FCC, CERN

300

FCC-ee (2 IPs) \

30
muon collider (2 IPs)

CEPC (2 IPs)

3 PWFA

03
50 500 5000 Ecp [GeV]
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Search Instruments

Accelerators \

Instruments of the ENERGY LENS:
they provide the high momentum to
probe matter at short distances

Main Features
CoM Energy

~  Fixed target: Vs = J2mE

_ cCollider: Js = 2E,

Luminosity: _ fIN°?
- Instantaneous: A1 Dbx Dby
— Integrated: L = I £ [dt
—  Event Rate: R="rlo

— NumberofEventsitN = L [o

. /

\

e Figures of merit:

/ Detectors \
o 2 Types:

Trackers: low density materials
(hits), small perturbation of
trajectories, work for charged (or
converted particles)
Calorimeters: dense materials

(showers) to absorb the full E of the
particles (&, y, hadrons)

Resolutions
Granularity

Hermiticity (Forward Calorimeters)

Trigger (Hadron Colliders)

/
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Search for Higgs Boson at LEP?

 Relevant Models: SM, GUT, SUSY

Production Mechanisms Decay Modes

@ Higgs-strahlung: My < /s — M; For My = 115 GeV,
@ VBF: beyond this kinematical limit @ BR(H — bb) = 73.6%

@ o(e"e” — HZ) ~ 100 fb, for
9 /s =209 GeV

©

b-tagging is crucial

o My =115 GeV 5 'E :
5 I
Higgsstrahlung diagram _‘T_u _ %
H '9 2
& 10" :
ANANANANY vs= 206.6 GeV @ f
L]
LLLL &
I

— Total cross section
3 — Higgsstmhlung

Fusion + interference

E | 103 L i_i 3 U ) iy, i, 7 WY T K
100 110 120 130 100 120 140 160 18?\;1“ [365?“
M, [GeV] i
>
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Search for Higgs Boson at LEP?

 Relevant Models: SM, GUT, SUSY

Search Topologies Background Processes

-Jel MISSINg energy preliminary

(m,, =115GeV)

1 5% 5‘-
a
c
leptons (e+Li) taus _g
[#]
[4B]
7]
W

210 B}

S * e'e"—=qq(y)
® cteTW'W
e g'a 77
5% 8% 1
ete"—=HZ
y my = 115 GeV
4
10
80 100 120 140 160 180 200
Vs (GeV)
4
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Search for Higgs Boson at LEP?

~r

 Relevant Models: SM, GUT, SUSY

H(— bb) + Z(— vir) Channel (Evt

Selection)

@ Preselection:
topology, high M(bb) & high M,
small acollinearity,...
@ Kinematic Fit:
o M}S = M(bb) such that
M~ Mz
@ Main discriminant:
Neural Network <+—
Inputs(kinematics,b-tagging)

@ Final discriminant:
Combination of NN & M}©

H(— bb) + Z(— viz) Channel (Evt
Yields)

Distr. before the final selection shown for:

V5 > 206 GeV, My = 115 GeV, S(x30)

Events /025

Data
ZZ+WW
B Other background
v HZ = qqww
(signal ®30}

Events / 1.3 GeV

90 100 1o
Reconstructed Higgs mass [GeV]

Events/ 3.5 GeV

80 100 120
Missing mass [GeV]

Events / 0.05

0 02 04 06 08 |
Neural network output

19/11/2020 ASP Online Seminars “Physics BSM (Part 1: Experiments)", S.

Muanza

15




~r

Search for Higgs Boson at LEP?

« Relevant Models: SM, GUT, SUSY

L3 Exclusion Limit
@ Final Selection: Npgs =5, Ng = 3.3, Ns = 0.66

@ Systematic uncert.:

o 3— 6% (S), 6 — 15% (B)
@ Main sources: b-tagging, MC stat.

20 1 3
1 b
_1— L3
10 E
o .
.= E} 3 — Observed
S _2- ; =+ Background
- 10 3 112.4
{ =— Observed |
1 --- Background’ B Hoband P Hoband
"IO__ Signal—:;bﬁckgruund 0 band 3 ‘ 40 band
f— ' | T 10 i e
105 110 115 120 105 110 115 120
my, [GeV] m,; [GeV]

@ MSSM Interpretation: Comb. hZ & hA analyses (opz = sfn2(6 — @) OHz)
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Search for Z’

e Relevant Models: GUT or RS Extra Dimensions

Search for Z’: Principles

@ Event Topology: "Charged dilepton” (£ = e/p), i.e. all visible decay products

@ Distinctive feature: signal peaks at M, , =~ M, over a smooth background (search for
resonance)

@ Mass reconstruction:

@ Easy if FS is only made of visible decay products
@ In this case, one can rely exclusively on the Final State (FS)!
@ Invariant mass for N-body decay:

M = (ZE) —(Zﬁ,) (1.a.)

@ Ref: A. Einstein, Ann. d. Phys., vol.18, n13 (1905) 639-641
@ Comments:

@ Full Lorentz invariant
@ This is how the Z mass is measured at collider experiments
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Search for Z'

 Relevant Models: GUT or RS Extra Dimensions

Search for Z’: Principles

=

4

@ Event Topology: "Charged dilepton” (£ = e/u), i.e. all visible decay products

@ Distinctive feature: signal peaks at M, ,_ =~ M, over a smooth background (search for
resonance)

@ Mass reconstruction:

@ Easy if FS is only made of visible decay products
@ In this case, one can rely exclusively on the Final State (FS)!
@ Invariant mass for 2-body decay:

M = \/2E,+ B, [1— cos(ays ,-) (1.b.)

@ Ref: A. Einstein, Ann. d. Phys., vol.18, n13 {(1905) 639-641
@ Comments:

@ Full Lorentz invariant
@ This is how the Z mass is measured at collider experiments
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Search for Z'

e Relevant Models: GUT or RS Extra Dimensions

Search for Z’: Typical Analysis — IR QTRTOYARLLL [hep-ex_

@ Event Topology: "Charged dilepton” (£ = e/ )

@ Main background process: q§ — " /Z* — £7¢~ (aka Drell-Yan production)

@ Data sample: [ Ldt = 3.2 fb—! of ATLAS pp collisions at /s = 13 TeV (2015)

@ Event Selection:
o Trigger: di-electron with pr(et) > 17 GeV & single muon with pr(p*) > 26/50 GeV
@ Offline: 2 OS-SF isolated leptons with pr > 30 GeV

@ Final discriminant: Dilepton Mass

@ Sensitivity to signal: depends crucially on
@ Signal natural width: I, (model dependent)
ot 'l . . o
@ Dilepton mass resolution: mainly resulting from JE—E(E:':) or Z2(u*)

£ i ATLAS " 4 Dam £ 0 ATLAS
b fE=12TeV. 328" =z i 5= 13 TeV, 32 b = z/y
10° Dilepton Search Seleciion Il Top Quarks 10° Ditepion Search Selecion
[ Diboson
10 [ Mult-Jet & Wedets 10
1 — 7, [3TeV) 10?
AR 20TV
1F 10
10 10
1 : r 1
iy
10 ""1—L 10
10-\? I-I'I_L 1{' 2
. | - L
; - . . .
g 14 | i g 14 o : i
ol 1_21 = = "m T*; %} S E: 1_% _'_'. e e *H:h thl ...............
= 0.8 * PR e — 3 ] 0.8 OCHNAAIS R e e
g 06 il w * Ly s e L 0.6E e ! *1'!- ey
100 200 300 10 2008 6000 100 200 300 1000
Dielectron Invariant Mass [GeV] Dimuon Invarant Mass [GeV]
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Search for Z’

 Relevant Models: GUT or RS Extra Dimensions

Search for Z’: Typical Analysis — ERGCIHEIRMEOFMOE]SI6E [hep-ex_

@ Event Topology: "Charged dilepton” (£ = e/pu)

@ Main background process: q§ — v*/Z" — £"¢~ (aka Drell-Yan production)
@ Data sample: [ Ldt = 3.2 fb~! of ATLAS pp collisions at /s = 13 TeV (2015)
]

Event Selection:

@ Trigger: di-electron with pr(ei) > 17 GeV & single muon with pr(psi) > 26/50 GeV
@ Offline: 2 OS-SF isolated leptons with pr > 30 GeV

@ Final discriminant: Dilepton Mass

@ Sensitivity to signal: depends crucially on

@ Signal natural width: [, (model dependent)

- et : : TE (oo il =
@ Dilepton mass resolution: mainly resulting from —=(e~) or —=(u™)
E LSRR % SLALIENT LS RN P RO (L LA LR L R R
B E X ATLAS — Cbssrved
T 1E 5=13TeV.3.2fb" - Expecied
E e | EExp-eclede
r Expoctedt 26
10 — Zmm
A —z
1072 =
107 E
W s T 95225 3 35 4 45 5
M- [TeV]
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Search for W’

e Relevant Models: GUT

Search for W’: Principles (1)

@ Event Topology: 14+ —|—ﬁlr

@ Distinctive feature: signal displays a Jacobian peak at My ~ M, over a smooth
background (search for resonance)

@ Mass reconstruction:
@ More complicated:

@ Can measure the full 4 — p of the charged lepton

@ But v escapes detection = both E(v) and p,(v) are unkown!
@ Full event reconstruction: not possible!

@ Transverse mass for N-body decay:

N - N -
My = (Z Erf) — ( ﬁrf.) (2.3.)
i=1 i=1

@ Ref: V. Barger et al., Z.Phys. C21 (1983) 99
@ Comments:

@ Not fully Lorentz invariant (only along longitudinal boosts)
@ This is how the W mass is measured at hadron collider experiments
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Search for Z’

 Relevant Models: GUT or RS Extra Dimensions

Search for W’: Principles (1)

@ Event Topology: e ﬁlr

@ Distinctive feature: signal displays a Jacobian peak at M ~ M,,,» over a smooth

background (search for resonance)

@ Mass reconstruction:

@ More complicated:

@ Can measure the full 4 — p of the charged lepton

@ But v escapes detection = both E(v) and p.(v) are unkown!
@ Full event reconstruction: not possible!

@ Transverse mass for 2-body decay:

i .
My = sz; Py [1— cos(Ad,x )] (2.b.)
@ Ref: V. Barger et al., Z.Phys. C21 (1983) 99
@ Comments:
@ Not fully Lorentz invariant (only along longitudinal boosts)
@ This is how the W mass is measured at hadron collider experiments
4
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Search for W’

e Relevant Models: GUT or RS Extra Dimensions

CY=x 1o I (o VAR Y TS WA EL S IR Ref: arXiv:1612.09274 [hep-ex_

Event Topology: ¢ = e/ + ﬁlr

" ]

@ Main background process: q§ — W* — ¢*u (aka Drell-Yan production)
@ Data sample: [ Ldt = fb—! of CMS pp collisions at \/s = 13 TeV (2017)
<@

Event Selection:
o Trigger: 1 eT w/ pr(eT) > 105/115 GeV or 1 pu* w/ pr(p*t) > 45/50 GeV

=+
e Offline: 1 isolated e* /=™ (reject events w/ 2 leptons), 0.4 < p—%ﬁ—} < 15
T

@ Final discriminant: Transverse Mass

Q@ Sensitivity to signal: depends crucially on
@ Signal natural width: 'ys (model dependent)

o
@ Transverse mass resolution: resulting from %(ei) or %’-’—(pi) and ?&
T

2.3 f7' (13 TeV)
—~— D i

- 23% (13TeV)

cms | - 4 Ban |
u4ES o260

-

; Cpapaant

— W LBt

— MW WD ATEW

|
1
|
1

=

i
-

A
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Search for W’

e Relevant Models: GUT or RS Extra Dimensions

R AR T N cf orXiv:1612.09274 [hep-ex-

@ Event Topology: £ =e/u + ﬁlr

@ Main background process: q§ — W* — Ty (aka Drell-Yan production)

@ Data sample: [ Ldt = fb~! of CMS pp collisions at /s = 13 TeV (2017)

@ Event Selection:
o Trigger: 1 eT w/ pr(e™) > 105/115 GeV or 1 u= w/ pr(u™) > 45/50 GeV
o Offline: 1 isolated e™ /u™ (reject events w/ 2 leptons), 0.4 < prik e

Fr

@ Final discriminant: Transverse Mass

@ Sensitivity to signal: depends crucially on
@ Signal natural width: ['y» (model dependent)

o
- - o
@ Transverse mass resolution: resulting from J—EE(e:I:) or Z2(u*) and }}Ri
p
i

2317 (12 TeV) _ 231?3 [13 TeV)
cMS ; L o;amww -;:u

= 85% 4 lm

Li ! |
c m = o SEMW MNLOD
== a5% CLIme
=== Madanaxpaciad imi

[0 EREY]

= = = Medllan axpectad Ime

[ EREE

t2ad. i E:zza

i i 1 I M| i
1000 2000 3000 4000 5000 1000 2000 3000 4000

100
My (GeV) My (GeV)
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Search for W’

Relevant Models: GUT or RS Extra Dimensions

Search for W’: Typical Analysis — EREREIRASNPRrY! [hep-ex_

@ Event Topology: £ =¢e/pu + #’T
9 Main background process: q§ — W"* — v (aka Drell-Yan production)

9 Data sample: [ Ldt = fb~! of CMS pp collisions at /5 = 13 TeV (2017?)
@ Event Selection:
o Trigger: 1 eT w/ pr(e™) > 105/115 GeV or 1 pu= w/ pr(u™) > 45/50 GeV

; , g e pcs pr(e¥)
@ Offline: 1 isolated e~ /= (reject events w/ 2 leptons), 0.4 < < 1:5

@ Final discriminant: Transverse Mass

@ Sensitivity to signal: depends crucially on
@ Signal natural width: ',/ (model dependent)

o
@ Transverse mass resolution: resulting from ZE (e*) or %(gi) and }ﬁ
-

23" (13 TeV)
T T

—
&= g CMs ’ —— o SEMW NNLD
—— g5w CLAmIE
==== Madan axpaciad [mit
| EREL
[ ¢ 2=i:
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SUSY: Production Processe

* Relevant Models: SUSY, SUSY GUT, SuperString / Redry

SUSY Strong Production at LHC SUSY EWK Production at LHC

@ Shortname: "SUSY QCD"” @ Shortname: "SUSY EWK"

@ Sparticles: @ Sparticles:
o 178 2 generation squarks §: scalar @ sleptons: _
u, scalar s, ... charged (staus, smuons, selectrons 0+

neutral (sneutrinos i)
@ "electroweakinos' :
charginos i;tz

@ 3 generation squarks tfl: stops (ﬁ,g),
sbottoms (b1 2)
@ gluinos g

- ~0
@ Cross section: o(pp —+ §§G/§8/88)1o0 < &% neutralinos X7 534

@ Cross secEion: "
olpp = I50/% %010 = o5

q \
destructve -
0

t-channel i
i

:".-" ! 3 interference y
S g TR TR
o L %8 )
; .I' B i
\

i
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SUSY: Production Cross Sectionp
@ State-of-the-art theory prediction:
@ Matrix Elements (MEs): op o (Next-to-Leading Order: "1-loop” QCD corrections)
@ Resummation: oy, (Next-to-Leading Logs)
NLO + NLL, pp, 4§ =13 TeV
o b
& 1 04 S PTPITLY . TTTU TR PP P PR
|
o 10°
3
7 102
w
5 10 [ SCR  S S S
O 1 f -1 0. events produged
10°" in the 2016 dataset
107
107
107
1 0_5 1 1 1 1 ]: 1 L 1 1 i 1 1 L 1 j L 1 1 1 1 1 L =
0 500 1000 1500 2000 2500
Susy particle mass [GeV]
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SUSY: Decay Modest

Decay of Strong SUSY Particles Decay of EWK SUSY Poarticles

=)

l
9 9 *

P ,a"' F

-‘-j ------ _H‘\.‘- u g! ca 5. "
e = e 't

:{ 1 q *\: —— q

\\ f
i? < *
q =i

Xi
£

-

i

E<,
.
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SUSY: from Decays to Search Topologies

Relation between Decay Chain & Search Topology

@ Simple example:
squarks pair production searched for in the acoplanar 2j + E7T event topology

1 Lsp
@ General case: (n)j + (m)¢= 4 (p)y +.E7 event topology
@ w/ different the jets flavours: b — jets, ¢ — jets, T — jets, LF — jets (LF: u/d/s/g)

o /T stands for e* or p:i

19/11/2020 ASP Online Seminars “Physics BSM (Part 1: Experiments)", S. Muanza

29




[4

SUSY: Search Topologies

Relation between Decay Chain & Search Topology

@ Simple example:
squarks pair production searched for in the acoplanar 2j + F7 event topology

Mn

Detedlor -
Caluimatar )| THICKET >

Somnething
undetected
apparantiy
wenl this way

@ General case: (n)j + (m)f= + (p)y +E7 event topology
@ w/ different the jets flavours: b — jets, ¢ — jets, T — jets, LF — jets (LF: u/d/s/g)
o ¢* stands for e* or ,ui
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SUSY: Phase Space in Decay Chainpg

Relation between Decay Chain & Search Topology

@ Simple example:
squarks pair production searched for in the acoplanar 2j + FT event topology

@ General case: (n)j + (m)¢= + (p)y +.E7 event topology

@ w/ different the jets flavours: b — jets, ¢ — jets, T — jets, LF — jets (LF: u/d/s/g)

o ¢* stands for et or pi

max(g.q) | _
mrn{g q}

lWllr]Pt ot

!

- g

- ]l?t

! X

. ieplion
missing)

[T

Higgs->bb
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SUSY: Basic Analysis Variables

Search for squarks & gluinos: Specific Variables

@ Event Topology: products(n)j + (m)ff'i - ﬁér (p # 0 for GMSB)
@ No obvicus distinctive features over the large QCD background

@ Usual Angular Variables:

¥ = sLog E—p:)

}n= —Log (tang) (8)
AR = \/(An)? + (A¢)?

| AG minljets, Er)
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SUSY: Effective Mass

Search for squarks & gluinos: Specific Variables

@ Effective Mass:
N
lets leptons
Meg = E PIT,- = PT:_D +,ET (9)
=1

@ Not Lorentz invariant
@ But, sensitive to mass scale

® pp — &+ §: Mg Min(Mg, Mg)
@ Yet, not precise and slightly biased
Ref: F. Paige, in A. Bartl et al., Proc. of Snowmass (1996) 693, [hep-ph/9612359]
@ Ref: F. Paige, in |. Hinchliffe et al., Phys. Rev. D55 (1997) 5520, [hep-ph/9610544]

%- 3000 T |
& | ATLAS Simulation = 3 <
g 2500 . k
('} . < 10"
+ 2000 - ;:-'.";“
fu n o=
.-I..-:f‘ll-t- oy
1500 AR t,“c'.
. .j.""?_.:f'.?d."-? L8 107
oo .
- :.‘:' o '
500 :'h vl i s
*‘rr-_:.?’"r:' E'- -“:ﬁﬂ' 107
06500 1000 1500 2000 2500 3000 ,
True tf mass (GeV) Search for Z — tt
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SUSY: Stransverse Mas]r:

Search for squarks & gluinos: Specific Variables

LHC, {s=7 TeV
@ Stransverse Mass: -

£
B

@ Partly Lorentz invariant (only along — right

longitudinal boosts)

@ Sensitive to mass difference

@ In practice end-points are difficult to
measure (smearing, background,
pile-up,...)

@ Ref: C. Lester, D. Summers, Phys.
Lett. B463 (1999) 99-103, R
arXiv:9906349 wi. A tt

Mo [W-S{A)‘ VES{B”MMEI} _ dilepton channel

g

e Wrong

Number of evenis [ 3 GeV
§ & &

- —vws J ria —w'S( B) _*{ B} ria
min, 4 (8 Max [MT (PT E(T (MY M (B Er MY ;)} (10)
T=FT TFT

M%{A} — M2A) g pp2xa) g [EEFA}E{TXA} ﬁ{T}ﬁ(TXA}}
(11)
MTZ < MParer:t and \’IE{IE'L ~ Mparent

( provided M, = M_{?)(IZJ
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SUSY: Stransverse Mass}

Search for squarks & gluinos: Specific Variables

@ Stransverse Mass:

@ Partly Lorentz invariant (only along B
longitudinal boosts) it "\("‘ =
@ Sensitive to mass difference £ /
@ In practice end-points are difficult to |
measure (smearing, background, 2 f
pile-up,...) :
@ Ref: C. Lester, D. Summers, Phys. i T e

Lett. B463 (1999) 99-103,
arXiv:9906349

Mo [w.s(,q}! w‘s{B) |Mnfaf} -
E —-wg{’q trial —4 ? =g
min = =(A) (B) Max [MT( ET |M ) MT(P f., ’
ﬁfT: T +F71 LA -
M%’jﬂ) — MAHA L ppAxa) 4o [E(TA)E(TXA} ﬁ{ﬁ)ﬁirx,q]} T T e
(11) of Stransverse Mass

M1 < Mparen: B0d MZ95° & Mparent
( provided M, = Mi?)(IZ)

Properteis
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SUSY: Search Iin Jets+mET Topoloq;}

Search for squarks and gluinos: Typical M7;-based Search BRECIHEIRRESI0ZNZCISISH | gleToRNY

@ Event Topology: "(nyg)j + (np)j + (D)Eiﬁr"
@ Main background process: Z(— vi) + jets, W™ (— £ 1) + jets, tf and QCD

9 Data sample: [ Ldt = 19.5 fb— ' of CMS pp collisions at \/s = 8 TeV (2012)

N
@ Event Selection: Hy = 3.7, pr.

@ Trigger: Hy > 650 GeV OR fr > 150 GeV OR Hy > 350 GeV& ﬁlr > 100 GeV
@ Offline: 2 jets with pr > 100 GeV and |n| < 3.0
Ht > 750 GeV, OR Hr > 450 GeV, AND ﬁE‘T > 200 GeV
suppress QCD: A dmin(jets, ﬁlr) > 0.3 rad
@ Final discriminant: events are clustered into 2 fat jets, My2 > 100 — 200 GeV

g BZ+jets PTop
P W+jets []Multijet
[ High H,
1200/ J

= [ Medium H,

¢ 750} J

- { Low H;

T 450 /
30 200 g

E™ [GeV]
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SUSY: Search Iin Jets+mET Topoloq;}

Search for squarks and gluinos: Typical M1;-based Search — Link

@ Event Topology: "(nie)j + (np)j + (D)Eiﬁr”
@ Main background process: Z(—+ viz) + jets, W (— £F 1) + jets, tF and QCD

@ Data sample: [ Ldt = 19.5 fb~! of CMS pp collisions at /s = 8 TeV (2012)

M.
@ Event Selection: Hy = >_.7, pr.

o Trigger: Hr > 650 GeV OR E 1 > 150 GeV OR Hy > 350 GeV& Fr > 100 GeV
@ Offline: 2 jets with pr > 100 GeV and |n| < 3.0
Ht > 750 GeV, OR Ht > 450 GeV, AND )Elr > 200 GeV
suppress QCD: Aqu;nUetsjﬁ{T) > 0.3 rad
@ Final discriminant: events are clustered into 2 fat jets, My> > 100 — 200 GeV

-
=
=}

4 _
0 100 200 300 400 500 600 700 800
My, [GeV] My, [GeV]

195 ' 8TV 195 b B8 TeV) 1258 (8 TaVl)
= T T = AR LAAAS SRS LA LAdid R Mas) LA - prerey e T T
8 Low H; Mulsja 3 CM3 Madum H; Buldje 5 +b CMS High HT Muldjat
WVjats 105? WV 107 Vet 1
[Fe Witz oy -L Wi+t Lo E WI+ais
x> W Top quark AT = 104 W Top quadk
= WOner i s B WO
= = [lata = - = [|": * » Data
= 10°
2 2 10§ g WE 1
L w w -k
10 E 105 E
1 3 10f
10 3 1r

100 200 300 400 500 600 700 8OO

— .

Wz [GeV]
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SUSY: Search in Jets+mET Topoloq;}

Search for squarks and gluinos: Typical My,-based Search —

@ Event Topology: "(nie)j + (np)j + ( Eiﬁr
@ Main background process: Z(— vi7) + jets, Wi(—:- £ v) + jets, tt and QCD

@ Data sample: [ Ldt = 19.5 fb~! of CMS pp collisions at /s = 8 TeV (2012)
N-
@ Event Selection: Hr = 3.1, pr.

@ Trigger: Hy > 650 GeV OR ﬁEéT > 150 GeV OR Hy > 350 GeV& )EZT > 100 GeV
@ Offline: 2 jets with pr > 100 GeV and |n| < 3.0

Hr > 750 GeV, OR Ht > 450 GeV, AND ﬁlr > 200 GeV

suppress QCD: Aqu,-n(jets,ﬁlr) > 0.3 rad

@ Final discriminant: events are clustered into 2 fat jets, M1> > 100 — 200 GeV

195" (B TeV)
N, .52 L I PO O O S I O L O L I

- Multijet
L ‘ . Lost lepton
10° : | Wl Z0v)ets

10* E

Events

10°

10

wwwww
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SUSY: Limits in Jets+mET Topoloqy

Search for squarks and gluinos: Typical My,-based Search — Link

@ Event Topology: "(nie)j + (nb)j + ( Ei}}lr
@ Main background process: Z(— uu) + jets, Wi(—} v ) + jets, tt and QCD

@ Data sample: [ Ldt = 19.5 fb~ 1 of CMS pp collisions at /s = 8 TeV (2012)
N.
@ Event Selection: Hr = 3.7, pr,
o Trigger: Hr > 650 GeV OR £ 1 > 150 GeV OR Hr > 350 GeV& Er > 100 GeV
@ Offline: 2 jets with pr > 100 GeV and || < 3.0
Hr > 750 GeV, OR Ht > 450 GeV, AND )EZT > 200 GeV
suppress QCD: &qu;n(jets,ﬁz'r) 0.3 rad
@ Final discriminant: events are clustered into 2 fat jets, My, > 100 — 200 GeV

WS BT 1356 BT i WEEET
E pp -+ 333 —a8 1) NLOMLL exdusion g E pp— 8.5 —b 57" N.OMLecksion] Y 5 E PP+ 33,3 117" M.OML excision | )
2, =0keered = 1o,,., 5 =0boeried = To,., = =Obeerved = 10,,,, 1 E
E“ a0l 35 Expected = L LT g E iii Expacted & L TR . % E!Hs::l:u:'_;ifxpemed:. 1 g
1000 = :
CMS w CMS w CMS n
PR 8 i o 2 i
I ot ] 5 5
o B ' B o B
E E E
b= = o
L) L] [
e - , M
wt B w' & ' 8
—l -4 -l
L] L=] L=}
&_9-; = -H .‘g ‘tf;
L i TEAEREETL LA HS e a L At LA L PR 1 gE PP M u‘&_cﬂ?"
400 B0 BN 1000 1200 1400 M0 00 8. 00 12m 0 60 @00 oW 120 140
my [GeV] my [Gel] my FEeV]
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SUSY: Dilepton Edge (1/2)‘

Search for Direct Production of Electroweakinos: Specific Variables

@ Dilpeton Mass Edge:

@ Lorentz invariant
@ Sensitive to mass difference
@ Very accurate

° pp— Xi %5 —>3fi+ifr

@ 2-body DK:

4
2 2 r
max M‘E":’l: M{‘?g ;;
M, ,— = M_pX 1= = = —
: X5 ME ME
%9 iF .
- 2
(13) —=
@ 3-body DK:
max o
P M%g — M)"c[f (14)
@ Ref: H. Baer et al., Phys. Rev. D 50 (1994) 4508 “A '
|hep-ph /9404212] Yoo
Figure: Y5 2-body (top) and 3-bedy
(bottom) leptonic decay
19/11/2020 ASP Online Seminars “Physics BSM (Part 1: Experiments)", S. Muanza 40




SUSY: Dilepton Edge (2/2)

@ Dilpeton Mass Edge:

@ Very accurate

[hep-ph /9404212

]

@ Lorentz invariant
@ Sensitive to mass difference

° pp = XERS — 3¢F + fr

Search for Direct Production of Electroweakinos: Specific Variables

TR TR P SR IS L o Sl S |
60 80 100 120 140 160 180 200

E ] 2 w0118
" ] 2"b0dy DK _'% S0 | :::uinl sm-?:m
- H Narm, <0.3882 + 0.02563
:d;' aof B R Smamaring 23732 1,339
o -
Mgi Mz[} 3 a0
£ X @ |
2 =
M _ =Mgx ||1-—2 1 — —1 :
ETE X 2 2 a
) 2 = D M":I: 10
X5 fz
(i}
(13) o | I o S I | N
20 40 &0 B0 100 120 140 160 180 200
mill) [Ga']
(" ] 3-b0c|y DK T . [/ ndi 105/ 16
o 120F Prob 0830
max Ao M 14 s ’”;J
pHp— — Y»[g} — {E[ll ( ) S ag MR-l 5268 2.430
: e :
@ Ref: H. Baer et al., Phys. Rev. D 50 (1994) 4508 -

milly [Ge\]

Figure: X"g 2-body (top) and 3-bedy
(bottom) leptonic decay
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SUSY: EWK Production Mechanisms

o Search for EWK SUSY particles with first data ofl&dS Run 2
 Dataset: 2015-2016

e Center-of-mass energy: 13 TeV

e Integrated luminosity: 36.1 fb

Search for chargino-neutralino pairs: Typical Search — EeEIHEIRAREICROLYA A [ST0R:Y
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SUSY: Search in Trilepton Topology

|
Search for chargino-neutralino pairs: Typical Search — JREIREIROARRIVCHO LA sl oB=NY
@ Event Topology: "3t +ﬁér"
@ Main background process: WE(— £Fv) + Z(— £7¢7)
@ Data sample: [ Ldt = 36.1 fb~! of ATLAS pp collisions at /s = 13 TeV (2015-2016)
@ Event Selection:
@ Trigger: dilepton
@ Offline:
3¢ exclusive signal region definitions
MSEOS E{T"'“"" p? Rnon-b-tagged jets n#’m pfr'” ' pJ; L Bins
[GeV] [GeV] | [GeV] [GeV] | [GeV] | [GeV]
20-30 . SR3-slep-a
r"
<81.2 > 130 S 30 > 110 SR3-slep-b
20-50 SR3-slep-c
>101.2 > 130 | 50-80 > 110 SR3-slep-d
> 80 SR3-slep-e
60-120 SR3-WZ-0Ja
81.2-101.2 | 120-170 0 > 110 SR3-WZ-0Jb
> 170 SR3-WZ-0l¢
120-200 >110 | <120 | > 70 | SR3-WZ-1]Ja
81.2-101.2 > 200 > 1 110-160 SR3-WZ-1Jb
- > 35 > 160 SR3-WZ-1Jc
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g Ref: arXiv:1803.02762 [hep-ex]

7)) T T LT L B L T T O O % [, e =, T
= 10° ATLAS ¢ Data == Total SM
2 Vs =13 TeV, 36.1 fb" mwW  ETop
A 04 B Z+jets Reducible
VVV Other
10° v " Higgs
102 2L0J SF 12LOJDF | 2L2) | WZ3L | Slep 3L
10
1L
107
1 %
B |_|||1,||||||//|||||||||||11||||1_
=8 = oS 7 : /y =
= s, é/é,f/, . Tt A D . S
5 OE% 2% Ty ey, R
'E—2;||||||1|||||1|||I|:I|||||I|||1—
o MO0 oYY o7 T M G0 O C 4o o T s O T o O o O o i o 1
g g e r B PP PESESIB3S833 243
HDOBDNDPD 0 nPHo000 €T INAnNuNnSeSs0
===2=2==
y
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SUSY

Search for chargino-neutralino pairs: Typical Search — EEVHET QRRICKPA YA R4
Signal channel  Region Nt Nexp (Eﬂ"}:?ﬁ“h] 5311 Soe p(s=0) 7
2(+0jets DF-100 78 687 0.88 32 e 0.22 077

DF-150 11 11.5+3.1 0.32 11.4 1ztf% 0.5 0
DF-200 6 21x19 0.33 120 10.3%9 0.06 15
DF-300 2 06+06 0.18 6.6  56%:3 0.10 13
SF-loose 153 13322 2.02 73 5344, 0.16 1.0
SF-tight 9 98+29 0.29 10.5 125 0.5 0
2+jets SR2-int I Vi 0.13 45 5637 0.5 0
SR2-high 0 1.6 ii 0.09 3.1 ) 0.5 0
SR2-low 11 4242 0.43 15.7 124 0.06 1.6
3¢ WZ-0Ja 21 21.7+29 0.35 12.8 143 0.5 0
WZ-0Jb | 2.7+05 0.10 3.7 46°2) 0.5 0
WZ-0Jc 2 16403 0.13 48 41l 028 057
WZ-1Ja I 22x05 0.09 32 457 0.5 0
WZ-1Jb 3 1.8+£03 0.16 56  43%0, 0.18 091
WZ-1Jc 4 13+03 0.20 73 4.2:‘:;} 0.03 18
slep-a 4 22+08 0.19 6.8 4753 0.23 072
slep-b 3 28+04 0.14 52 5.1 i%’ 047  0.08
slep-c 9 54+09 0.29 105  6.8%] 0.09 14
slep-d 0 1.4+04 0.08 3.0 3.6%2 0.5 0
slep-e 0 1L1x02 0.09 33 e 0.5 0
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=}
H

1

=L

23

VIIEVITUE V) = IV T v VT

|
ATLAS

{s=13TeV, 36.1 fb™
All limits at 95% CL

——— Observed limit (+163.57)

----- Expected limit (£16,,,)
ATLAS 8 TeV arXiv:1402.7029

TN T T TR W A
200 400

PR
600

T T ; 1«
800 1000 1200
m(x)/m(z,) [GeV]

Search for chargino-neutralino pairs: Typical Search —;[CIEEIRARIVCROZYLCrE 3]

500
450

m(x.) [GeV]

1
W B
g O
o O

w
o
(=]

250
200
150

e
a o
a0 O O

~t o0 0
x1x2_’Wx1Zx1

EATLASI C T = Opserved limit Glatey
E . == Expected limit (+1 o,,;) 3
B3 Ta, SEET ATLAS 8 TeV arXiv:1403.5294
E Al limits at 85% CL =
=~ 2
I S SN W | . . . . |
00 200 300 400 500 600 700

m(x;)/m(z,) [GeV]

Ref: arXiv:1803.02762 [hep-ex]

p-ex]
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Latest SUSY Results from LHC

ATLAS
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryRcBEesults

CMS
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultssU

19/11/2020
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Search for Large Extra Dimensions

« Search for monojets with first data of ATLAS RuigRef: arXiv:1711.03301 [hep-ex])
« Dataset: 2015-2016

« Center-of-mass energy: 13 TeV

e Integrated luminosity: 36.1 fb

« Triggers: E,>90GeV

o Offline Event Selection:

1<N _ <4 . >250GeV
o AG[P- (jets) E.]>0.4

(p-(j,) > 250GeV ! "

< -

\‘ﬂ(ll)‘ <24 Reject events w/ isolated leptons:

it (i,5.) >30GeV {pT (e”) >20GeV {pT (u*)>10GeV

3 . )| < )| <

G2z < 2.8 n(e) <2.47 n(u*)[<2.5
« Signal Regions:
Inclusive (IM) M1 M2 M3 M4 M5 M6 M7 M8 M9 IM10
E™ [GeV] >250  >300  >350  >400  >500  >600  >700  >800 >900  >1000
Exclusive (EM)  EMI EM2 EM3 EM4 EMS5 EM6 EM7 EMS EM9  EMIO
EM [GeV] 250-300 300-350 350-400 400-500 500-600 600-700 700-800 800-900 900-1000 > 1000

19/11/2020 ASP Online Seminars “Physics BSM (Part 1: Experiments)", S. Muanza

48




Search for Large Extra Dimensions

= 107 =T T T T T T T T T = 108 T T T T T
(3 ATLAS & Daia 2015+2016 é’ Ands L) Data 201 5+2016
3 54t Standand Model 7 <o Standard Model
3 CEE-13Tev 361 1" B )+ i g8 '"E-13Tev, 3610 R vy
5 qo°fg-Sgnal Regon B Wi ) e @ qoffp-Sianal Regon V(s 1) + et
= p, (112250 GeV, ET**>250 GeV W 201} + jets 5 p, (11250 GeV, ET**>250 GeV Rk ;eJm
10t - ot & B i+ single top
107 mulijets +ndd =5 DPDE‘”‘”
vesse mib 71" = G500, 495) G weeae MHD ) = (500, 455) Ga
107 o iy, M e 400, 10001 Ge’ Wy M= 00, 1000) Gav
ADD, rred. B =5 400 Gelf AEJ!I.H-G.ND-EHJOQV
107!
= 12 P st + Syst Uncertainies ' + T * B = 2 F [ Siat + Syst Uncertainties - t
"ﬂ‘, 1 N, R — | e—— 8 e * ................. = E 1 :-.---'--9--'--.----.----.--‘--.-3--‘-+-+-+-¥ +-¥ '
300 40D 500 600 7OD  BOO 900 1000 1100 1200 400 600 800 1000 1200 1400
ET ™ [GeV] Leading jet p, [GeV]
(a) (b)
o T T T T T T T T T T - ] 10" T T T T
= =3 =
< ATLAS v Daa2015:2016 & o ATLAS + Data 201542015
= (=13 TeV,36.1 o' <~ Standard Model — 4 JE (5=13TeV,36.1 o <2z Standard Model
= Signal Region B 2 )+ els ] 107 - Signal Region . 2 vv) +jets
L P {J1}=250 GeV, B =250 GeV Wi )+ jets = f pi[1)=250 GeV, B =250 GeV Wi v+ jets
7 0+ jets - - 7 )+ jets
mm f + single top 3 107 B - single top
I Diboson — I Diboson
2 1.2 [ St + Syst Uncestainties. o = 12 [0 Stat + Syst Unosnantes L —— : =
R e NN P e R S SRS E
£ 3 E . E
g 0.8 5. ey s ot oo e e AT ik =] 8 08B F ek e = 7 ._E
0 02 04 06 08 1 12 14 16 1B 2 22 24 1 2 3 4
Leading jet | Jet multiplicity
(c) (d)
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Search for Large Extra Dimensions

Exclusive Signal Region EM?2 EM4 EM6 EMS EM9
Observed events (36.1 fb™') 67475 27843 2975 512 223
SM prediction 67100+ 1400 27640+ 610 2825+ 78 463+ 19 21319
W(— ev) 5510+ 140 1789+ 59 147+ 9 18+ 1 8+ 1
W(— uv) 6120+ 200 2021+ 82 173+9 21%5 11+1
W(— 1v) 13680+ 310 4900+ 110 397 +11 55+5 29+2
Zly'(—e*e) 0.03+0 0.02+0.02 - - -
ZIy (= pu u) 167+ 8 362 2002 0.4+0.1 0.5x0.1
ZIy (= 171) 185+ 6 68+ 4 5103 0.3+0.1 0.31 £0.04
37600+ 970 17070 = 460 1933 + 57 337+ 12 1537
11, single top 2230+ 200 848 + 86 43+6 4+1 1.3+04
Diboson 1327+ 90 874+ 64 124 + 16 265 10+£2
Multijet background 170+ 160 13+ 13 1+1 1+1 0.1x0.1
Non-collision background 7171 18+ 18 - - -
. -+ .
Inclusive Signal Region Exclusive Signal Region
Region Predicted Observed Region Predicted Observed
IM1 245900 £ 5800 255486 EM1 111100 +2300 111203
IM2 138000 + 3400 144283 EM2 67100 = 1400 67475
IM3 73000 £ 1900 76808 EM3 33820+ 940 35285
IM4 39900 + 1000 41523 EM4 27640 +610 27843
IM5 12720 + 340 13680 EMS5 8360+ 190 8583
IM6 4680 = 160 5097 EM6 282578 2975
IM7 2017 £90 2122 EM7 1094 + 33 1142
IM8 908 55 980 EMS8 463 £ 19 512
IM9 464 + 34 468 EM9 2139 223
IM10 238 +£23 245 EM10 226+ 16 245
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Search for Large Extra Dimensions

ADD Model Limits on Mp (95% CL)

Expected [TeV] Observed [TeV] Observed (damped) [TeV]
n=2 9.2+08 77704 7.7
_ +0.5 +04

n=3 71705 6.2 6.2
n=4 6.1703 55703 5.5
n=>5 55703 5.1703 5.1
n=6 52702 4803 4.8

« Main Systematic Uncertainties : - : : : —

B 1 ATLAS E

= (5= 13TeV,36.1 o ]

; - — 0 o 95% CL Limits, ET >400 GeV

* Integrated luminosityAL/L=3.2% = 10 jacimisnm :

5 9 +Observed limit + 1o 3

« JES, JER, mET scale: 0.5%\8/B <5.3% £ Sl :

) ) - Y. . £ N W Expected limit+ 1o 5

= E Expected limit+2 o =

(IM1) (IM10) 2 ATLAS s= 13 TeV,3.2fb" ]

S =

- g E

« Total uncerntainty: 2.4%AB/B < 9.7% 6= E

(IM1) (IM10) SE .

S ! | |

2 2 3 4 5 6
Number of extra dimensions
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Muon Anomalous Magnetic Moment

- Introduction -

* Magnetic dipole moment:

_ e - = 1 .
» Charged particle w/ circular trajectopy: = 2— L with L =7 xp
Mc
en

* This is due to spinpt =g, 2—§
m,c

« Dirac’s theory predicts:9, = 2

« Precision measurements slightly diffgy: = 2.0024

. 1
» Anomalous magnetic moment:|a, = E(g” -2)

 Measure it in: TR A

+
e +tv,+v, [
* where muons aneolarized
» and decay to electromsirrying muon spin direction

19/11/2020 "Introduction to Supersymmetry"”, S. Muanza




Muon Anomalous Magnetic Moment

- Theoretical Predictions -

g!=2 because of some virtual effects tf}{:\t can be calculateg@lseci

Had LbL

19/11/2020
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Muon Anomalous Magnetic Moment

- Experimental Setup -

E821 at BNL (1998-2001)

Protons Pions Polarized Muons
from AGS p=3.1 GeV/c lIlﬂECtDI‘/—llleCtiDH Point
Q ~ —— i GRS
s +

f — [l E.f"'l.!_,u
Target

Injection Orbit
Storage Ring Orbit

Kicker
Modules

In Pion Rest Frame

=
S |
Storage % N

spin

momentuim Ring

“Forward”™ Decay Muons
are highly polarized
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Muon Anomalous Magnetic Moment
- Measurement Technique -

Storage
Ring

p(u*) = 3094GeV LarmorPrecessioangle: =12° 2
R=7112m LarmorPrecessiofrequency w, % =
Wave Form | 72
Digitizer 5

B=145T (constant) Ml

0 10 20 30 40 50 G0 70 80
Time (ns)
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Muon Anomalous Magnetic Moment

- Final Results -

One of the most precise measurements in partigteigg1 0.54 ppm !

"

Ref: G.W. Bennett et al., PRD73 (2006) 072003

B B

[ ]

o

>-
—e—
o e
o)
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150

aSP = 1.16592080(63) x 10~ a,' = 1.16591793(68) x 10~

7 had 7

LO hadronic
vacuum polarization
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PART IlI: BSM Searches without Accelerators

J

D
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Evidence for Dark Matter

with only visible matter contributions
Ref: F. Zwicky, Helv Phys Acta 6(2) (1933) 110-127

* Spiral galaxy rotation curves are incompatible 150

Galaxy Rotaion Curve

NGC 6503 .

T T T ' T T T T I

A /. o
> R
_8 “I"kﬁiﬁ 0 ot e G B g g By gy
G . 0 10 20 30
S Expected L Radius (kpc)
— . ~
GM(r) 3 A
= . — B | S B

Distance from center of galaxy —»

 Other indications:
 Clusters and Super-Clusters (gravitational lens
» Large Scale Structures (formation)

Ing, X-rays,...)
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Universe Expansion

Density for species i Critical density
; 2
(), = i Pe = 34
e 87 TN

0. = 188x107°h? [y em'®

H=71km3" Mpc™
(Hubbleparamtoday)

p<p. <1 k=-1 Open
p=p. =1 k=0 Flat
p>p. 2>1 k=1 Closed
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Dark Matter Relic Density

fx

-~ , 0 P — _
X X <> T +f thermal equilibrium Boltzmann equation
T > my| |n, x T3 (hot universe) Ch:
001 Ty @ |
o 3 ; decrease due variation due to annihil.
s r ] to expansion into SM particles
por Increasing <o,.v> | - n: actual neutralino density
% :o__ ] ! : * Nequit NEUtralino density at thermal equilibrium
2 o i _________________ 4 * O, Neutralinos annihiliation cross section
8 10w : * V.. relative velocity
o 1 .
G 1 solution
lg :2:-4! J/ ] Ty 1 3x 1072 em? /s
£ . r -________--< Qﬂzzz L X ~ { }
0 wE' 3 Pe Tannt
e 1* freeze-out:
it | 1 interactionrate < .
/ | 1 expansionrate with WMAP — S
::_nsr R . T T (Cannt) ~ 3x1072% em?/s
1 10 100 1000 g 0 . )
Y / x=m/T (time -) typical for weak interactions!
I < myl |n, x exp~™/T|| (Universe cools down)
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Cosmic Microwave Background

 \lery isotropical photon radiation at T = 2.7°K
* Relic radiation from the Big Bang
 Predicted by G. Gamow, R. Alpher, R. Herman, in 1948

Discovered in 1964
Using a radio-telescope

COBE: « COsmic Background Explorer »
Satellite explaunched in 19??

WMAP: « Wilkinson Microwave Anisotropy Probe
Satellite expt launched in 2001

«— Need accuracy diT/T ~ 10°

M
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Cosmology Precision Measurements

10 100 1000

Anisotropies measured by the WMAP satellitetex@MB: Angular Power Spectrum
Ref: C.L. Bennett et al., Astrophys J Suppl 148@0L  Positions & rel. heights of acoustic peaks

68%CL  95%C

(O, h? < 0.129 95%CL
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=> Lnfos about geometry & composition of the unseer
i -+0.0005
Combined w/ other measurements beryal T = —0O.000H
(supernovae, galaxy clusters,...): N O H=07280015
| Qhr=0006
749 DARK ENERGY 0% DARK MATTER . -I-O.(IBI().O’I ) )
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Dark Matter Searches

- Complementary Methods -

thermal freeze-out (early Univ.)

® MandeIStam CrOSSing: indirect detection (now)

by SM

direct detection

DM SM

pl’OdL.IC lion at colliders

* Direct Detection:
* Principle: look for DM+N interactions
* Expts:
e LUX, XENON, DarkSide

* Indirect Detection:
* Principle:
* look for SM particles produced
through DM annihilation processes
» Searches Patrticles;, €, y-rays,v, p
* Expts: -
* AMANDA, ANTARES, KM3NET, AUGER,
GLAST, HESS, ICECUBE, SUPER-K, CTA

19/11/2020 "Introduction to Supersymmetry"”, S. Muanza




Dark Matter Searches

re

- Direct Detection (1/3) -
Search Hypotheses
1. DM forms a static halo in the galactic rest frame
e The sun rotates at 230 km/s around the galactic center
 The earth rotates at (230+/-15) km/s => annual modulation
2. DM elastically scatters on ordinary matter b L S
3. 10 GeV <m(WIMP) <10 TeV oF Mt 1
=> nuclear recoil E: 1-100 keV n-mm-mxlm ;
‘1 m |
g z
ua ;nxion a axino 1
lonization . s | soiiool :
. Ge R
Edelweiss-Il P Noble «” Deap/Clean, WArP, ArDM e W 8 3 5 T s e
N e liquids log(my/(1 GeV))
Cuoricino (Cuore) -
‘ans Light » Heat:phonons in crystaline lattice struct
CANG, * lonization:free electrons in materials
S 1k 10n S scintiietors™ 0AuA e Light: scintillation in materials
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Dark Matter Searches

- Direct Detection (2/3) -

XENON-100 Experiment

e | ocation:
* LN Gran Sasso

» Detection Technique:

» dual phase Xe detector + PMTs

e prompt scintillation in liquid

* jonization => proportional scintillation in gas

* Phase | (05-07)t0 kg target mass

* Phase Il (08-10)100 kg target mass, bkgd/100WmMpsNeuons
S1 S2

nuclear recoill

e Data samples:
* 190.4 kg-day | WiMP "~ Grint time

Gammas
- | S1 S2 | ——
« S1: scintillation Y |
in LXe (bottom) R I\«g;
e S2: top ionization siabkaies \_

in GXe (top)

electron recoil

| (S281),imp << (S2/S1) .1

Top PMT Array
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Dark Matter Searches

- Direct Detection (3/3) -
XENON-100 Results
][}‘39 % ‘l T T T I T T T T T 1 |§
= XENON100 (2012) =
a B Q DAMA/Na — observed limit (90% CL) 7
g 10 = Expected limit of this run: =
— = P + 1 6 expected =
8 —\ DAMA/L + 2 ¢ expected —
= 104 __\. ............. —]
R N
@ L _
2 102
o =
= -
8 — Lo
|—|g 10—43 é_ IIIIIIIIIIIIIIIIIII
z F '
A L
E 10 = =
= .
45|
10 E 1 11 1 | | 1 1 ._l L1 |
7 8910 20 30 40 50 100 200 300 400 1000
WIMP Mass [GeV/c’]
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BACK-UP
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Search Instruments

Characteristics of LEP / LHC tunnel

Bp|Tm|=3.3356 p, |GeV/c]

LEP LHC

p [m] 3096.175 2803.95
p, [GeV/c] 104 7000
B[T] 0.11 8.33
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L3 Detector

RUN _ NR | 181903 27/ 5/90
EVENT| NR | 12484 0503
\ 8g
2
- N
a
&
2 s
<
°
<
f \
\
g
b\ o
J
: L4
<&

r &: Event Selection

09 07.54

Ls

\\ EVENT NR 11
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