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La physique des particules étudie la matiére L'astrophysique étudie la matiére
dans ses dimensions les plus petites. dans ses dimensions les plus grandes.
- Particle physics looks at matter Astrophysics looks at matter in its |
in its smallest dimensions. largest dimensions. '
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CERN AC - 211 - V11/5/98
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Where do we stand: Precision physics

e

W boson mass

L R NN B AT LA R I B Comparison of indirect constraints on the
I experimental errors 68% CL: Standard Model Higgs boson
and the direct measurements of the mass of
LEP2/Tevatron: toda .
y the new boson discovered by ATLAS and CMS:
80.50 s 5:....|....|........................:
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Consistent at the 1.3 o level.
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In the context of the standard model,
the mass of the new boson
discovered by ATLAS+CMS
is inside this blue band.
Jan Stark EPS HEP, Stockholm, 22 July 2013 15
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ATLAS, arXiv:1307.1427 CMS, CMS-PAS-HIG-13-005
CMS Preliminary s=7TeV,L<5.1fb" ys=8TeV,L<19.6fb"
_I 105 1T T T 17T ‘ ‘ L L L= = NS S — — \.l S ——— — —
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= Vs=8TeV [Ldt=20.7 fo — E:g u ~ 8l u_(VBFVH) — H->ZZ i
N 7F =
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for details see e.g. talks by G. Landsberg and F. Cerutti @ EPS-HEP, Stockholm, 2013
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ATLAS, arXiv:1307.1427 CMS, CMS-PAS-HIG-13-005
ATLAS o  Total uncertainty Vs=7TeV,L<511b" (s=8TeV,L<19.6 b’
m=1255GeV | ™ 4 450np "
— o(theo) Combined CMS Preliminary my =125.7 GeV
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-0.13
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Combined o ——
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for details see e.q. talk F. Cerutti @ EPS-HEP, Stockholm, 2013
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. rotationalvelocity e ; A
. [km/s) : : i

The universe at the age of ~ 4-10° years

50000 100000
distance from center Clight years)

Zwicky: galaxies rotate to fast
in comparision to the observed mass

CMB ~ 13.7-10° years later
(WMAP and Planck satellites)
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Why do we want to extend the SM

e

» What is the nature of dark matter ?

Supernova Cosmology Project
Suzuki, et al., Ap.J. (2011)
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L. Roszkowski, astro-ph/0404052

log(my/(1 GeV))

» What is the origin of the observed baryon asymmetry?
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9
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How to combine gravity with the SM?
= local Supersymmetry (SUSY) implies gravity

SM particles can be put in multiplets of larger gauge groups

® inSUB):1=v%,5= (dg,R,I/l,L,lL), 10 = (UQ,L,Ug’R,da,L,lR)
$ inSO(10): 16 = (ua,L,ug,R,da’L,dg,R,lL,lR,ul’L,l/f%)

However there are two problems in the SM but not in SUSY:

#® proton decay (also in SUSY SU(5) a problem)

® gauge coupling unification
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® SM&m; = 125.5 GeV: potentially meta-stable (G. Degrassi et al., arXiv:1205.6497)

800.0

600.0 |

400.0 |
Landau pole

M, (GeV)

200.0

Potential bounded from below

0.0,
10°

10

10°
A (GeV)

® "Why does electroweak symmetry break?” or "Why is 2 < 0 in the SM?”

» Hierarchy problem

ém3 oc A%: Sensitivity to highest mass scale of unknown physics
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Standard Model MSSM

matter: &

oo EEE -
oo [EEE -

R-Parity: (—1)B3(B—L)+2s)

(%, 2%, R, h0) = %0, (%, hE) — %
DM particle: ¢
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neutrinos: 2, h? < 0.0067 @ 95% CL
sterile neutrinos (with respectto SU(3)¢c x SU(2)r x U(1)y)

axions

SUSY
# neutralino Y

e o0 b

® gravitinos
® g (in models with sterile neutrinos)
$ axinos

® models with extra dimensions: KK-states

# first vector boson KK state Vi
# first graviton KK state G
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requirements

® clectrically neutral (‘dark’)

® cither stable: usually via discrete symmetry: R-parity, KK-parity, Z,,, ...
or life-time larger than age of universe

® massive and weakly interacting as Qparh? ~ 0.1

Note: there might be more than one component, we have at least neutrinos

generic signal at high energy colliders

» large missing transvers momentum / transverse energy
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Dark matter, annihilation processes

IR

bino

bulk region

'vvvvv\,W+

ANAANAAN W

wino, higgsino
focus-point region

wino, higgsino

focus-point region

stau co-annihilation

stop co-annihilation
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® Direct production: xx + SM particles

#® includes monojet, monophoton, mono-b, mono-Z, mono-W, mono-H
Associated production with a heavier exotic E: x + E, then E — x+ SM
Pair of heavier exotics £ + E, then both £ — xy+ SM

SMdecaysto x: Z — xx, h — xXx, t = cxXx

Exotic resonance decays: £ — xx

© o o o o

Heavier metastable exotic, decay of £ — x not seen in the detector

SUSY give a lots of examples of all of these, so this is a good place to start with,

even if DM has nothing to do with SUSY

Moreover: usually exotics of other BSM extensions have large cross sections at LHC
due to higher spin
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® Besides heavier unstable relatives of the DM particle, one is also interested in the
particle(s) which mediate the non-gravitational interactions of the DM-particle with SM
particles

SM: the only s-channel mediators are Z and h

® cxotic mediators may be very heavy = DM-SM interactions described by contact
interactions

® if mediators are lighter, produce and identify them at LHC, not necessarily in
association with with DM-particles, e.g. the heavy Higgs-boson in SUSY
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® A very broad and powerful program of MET-related searches at ATLAS and CMS.

These are the ‘SUSY’ searches.

® Strong results from monojet and monophoton searches.

These are ‘Exotic searches’

® \Weak constrains on invisible decays of the Higgs boson
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q q X
Z — vv background DM Signal

jetl

pr’ = 852GeV, EN'™® = 863 GeV
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@AMA

EXPERIMENT

UNIVERSITY OF

Estimating the Z — vv background
% TORONTO

@ Muons are minimum ionizing particles
e They leave almost no energy in the calorimeter

e Instead, they are measured by the muon spectrometer
@ Neutrinos leave no energy in the calorimeter or spectrometer

@ Consider a calorimeter-based E%iss: muons and neutrinos are similar
o ldentify Z — pup and W — pv events in data with the spectrometer
e Use MC ratios to “transfer’ to Z — vv estimate in data

Z —pptjet W— nv—+jet Z —vv+jet

Calorimgtér

Calorim,eté'r

Muon det

Steven Schramm (University of Toronto) ATLAS Monojet Search for DM September 19, 2013 8/ 16
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Monojets

10*
10°

102

dN/JET™S  [Events/GeV]

10
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Data / BG

ATLAS Preliminary
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\s =8TeV
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—@— data 2012
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C—] Multi-jet
C— Non-collision BG
C— Z(=>)+jets
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ET™ [GeV]

signal region SR1 (ATLAS-CONF-2012-147)
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(ATLAS-CONF-2012-147; similar results by CMS, see arXiv:1408.3583)
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(ATLAS-CONF-2012-147; similar results by CMS see arXiv:1408.3583)
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Monophotons

e

ATLAS Preliminary
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Nathaniel Craig, arXiv 1309.0528
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ATLAS arXive:1403.5294
pp — X7 X9+ X

Observed and expected 95% CL exclusion regions
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Xy X, Xy Xy
followed by W and Z-mediated decays combine with three-lepton of arXiv:1402.7029

assumption: specific nature of if, i? and mass hierarchies
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CMS Preliminary, L = 19.3 fb™", Vs = 8 TeV

> pp — dd  95% C.L. NLO+NLL exclusion
8 1200 — 100% § — bby’ MM = 5 GeV
~ —250% § — to}., 50% g — bby,
£71000[ ~— 100% g - tbij o
50% § — 1oy, 50% § -t __ , , ,
— 100% § — I ' Bl ® fully inclusive except of for requirement

e T of > 1 b-tag

s ® the exclusion of mz; = 1.35 TeV

600
Z corrsponds to only 8 signal events after

- -u
.................

400 a 30% efficient selection
200 ® this corresponds cross section x BR of
i 1.31b
FRTITEN ST NS WU RN 1 (4 . N
400 600 800 1000 1200 1400 ® for comparision: Higgs boson cross sec-
m; (GeV) tion x BR(h — ~+) is about 10 fb

(CMS-SUS-14-011-pas)
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g production, g— ttz;, m(@) >> m(g), /s = 8 TeV

ICHEP 2014
= TTTT[TITT[TTTt]
8 1000 — ATLAS 95% CL limits. cﬁ]‘éfrf/ not included.
= - o ---Expected g jepton, 7- > 10 jets L =203fbY
s Preliminary = Observed arxiv: 1308.1841 int
S = - - Expected ) 4
0-1 lepton, > 3 b-jets L =20.1fb
B —— Observed arxiv: 1407 6600 o ]
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800 — Expected §§<§/?4'8" _;ggg,O—sz—jets [L,, =203
600 —
\
400 \ _|
‘\
\ 1 =
\‘ 1
\ : i
1
\ [ -
1
1
- ' .' i
1 1
1 1
~ 1 1 —
1 H
- 1 —
A EREE AR EEE FREEE FEEEL R AR | FTREE RRE Nl R R
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m; [GeV]

exclusive search with small backgrounds
but also excludes cross section x BR as small as 1.3 fb
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SUSY is not just one theory.
It's rather a concept with a
multitude of possible
manifestations!

CMSSM

(T. Rizzo, SLAC Summer Institute, 2012)

LHC searches at 7 and 8 TeV have so far excluded a sizable part of the pMSSM and a small

fraction of the NMSSM
too soon to tell from LHC exclusions if SUSY (or also other BSM extensions) is related to

electroweak scale and dark matter
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Concluding remarks

e

Puzzling situation

9
K

collider data agree very well with SM expectations

cosmological and astrophysical observations as well as theory arguments point to new

physics in the TeV range

| do not expect significant SUSY signals at LHC@13/14TeV before L ~ 10 fo—1!

but potentially an s-channel resonance such as a Z’
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» despite servere bounds: huge model parameter space in various BSM models still

open
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