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The ,Standard Model" of Particle Physics

.. is rather simple (und ..ibersichtlich®):

Elementary Particles Elementary Forces
{ Genelz'ation3 exchange boson | sreg
St g 1
Quarks g ¢ {) s - S
> el.-magn. v 1/137
Lento Ve VM Vi o Weak _____________________ W i’ZO 10-14
P € > T Gravitation G 10-40

... as well as anti-particles

... describes the unified electro-weak interaction and the Strong
force with gauge invariant quantum field theories;

.. Is extremely successful in consistently and precisely
describing all particle reactions observed to date

.. provides a consistent (yet incomplete) picture of the evolution
of the very early universe -> particle cosmology
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The . Standard Model” of Particle Physics

Measurement Fit |O™as_Qfit|/gmeas

O 1 2 3

m,[GeV] 91.1875=0.0021 91.1874
I,[GeV]  2.4952=+0.0023 2.4959
oo ,[nb]  41.540:0.037  41.479

R, 20.767 £0.025  20.742
AL 0.01714 = 0.00095 0.01645
R, 0.21629 + 0.00066 0.21579
R, 0.1721 £0.0030  0.1723
AYP 0.0992 = 0.0016  0.1038
AL 0.0707 + 0.0035  0.0742
A, 0.923 = 0.020 0.935
A, 0.670 = 0.027 0.668
A(SLD) 0.1513 £ 0.0021  0.1481

m, [GeV] 80.399 +0.023  80.379

FW [GeV] 2.085 = 0.042 2.092
m, [GeV] 173.3 = 1.1 173.4
July 2010 O | 1 | 2 | 3

» shows no significant discrepancies between data and
theorie -- however it leaves open fundamental questions
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Limitations of the SM:

* it makes unphysical predictions at very high energies:
-at E> 1 TeV, violates unitarity for some reactions

* it is incomplete :
- Yoo many free parameters (26 masses, couplings ... -> experiment)
- symmetry breaking mechanism unclear (Higgs mechanism, masses)

* it leaves open many fundamental questions @ |
- why are there 3 families of quarks and leptons ? o o S
- why is (electron charge) = -(proton charge) ? 0
- what happened to the anti-matter in the universe ? *
- do forces unify at high energies (6UT) ?

-> SM is only an effective theory
-> there must be physics beyond SM (Bsm)
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today, there are few but significant
signhals for BSM physics:

- heutrinos are not massless

* 95% of the mass/enerqgy budget of the
universe cannot be explained by SM
particles and forces:

- Dark Matter (23%) _
- Dark Energy (737%)

Baryonic Matter 4%
Dark

Matter 23%
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the most en vogue candidates
to solve (some of) these problems:

* Supersymmetry (SUSY)

+ fully compatible with and supported by GUT's

+ of fers excellent Dark Matter candidates

+ theory finite and computable up to Planck Mass

+ essential for realisation of string theory
(including quantum gravity)

- no SUSY signals seen yet (LEP, Tevatron)

- (foo) many free parameters, large parameter
space

Graviton

* Extra Space Dimensions

+ would solve hierarchy problem (Moo > O(1 TeV ..~ ~
+ inspired by string theory: compactified extra dimensions

+- exciting scenarios, but cannot solve many of above problems?

- large model dependences
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since March 2010, the future has just begun:
the LHC collides protons at 7 TeV c.m. !

~ ATLAS control room; 30.3.2010 13:01
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T rge Hadron Collider (LHC

Proton - Proton collisions at 14 TeV c.m. energy

2835 x 2835 bunches
distance: 7.5 m (25 ns)

P \ / x‘f

(qﬁa':':(),r;luon) \i\$/ 1011 PPOTOHS / bLlnCh
Collision rate: 40 million / sec.
Luminosity: L =103 cm™ sec’?

Proton-Proton collisions: ~10° / sec
(about 23 pp-interactions per bunch crossing)

~1600 charged particles in detector

high demands on detectors

The LHC Project - status, highlight results and future prospects S.Bethke, MPP Milnchen MPK Heidelberg, Feb 1, 2012



BEAM
CLEANING {/

BEAM
CLEANING

The LHC Project - status, highlight results and future prospects S.Bethke, MPP Milnchen MPK Heidelberg, Feb 1, 2012 10



LHC Tunnel (12/2005)
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The ATLAS Detector at the LHC

Length: 44 m 3000 Physicists & Engineers 150108 electronic readout channels
Height: 22 m (incl. 1000 Students) 40 MHz collision rate
Weight: 7000 t 178 Institutes 1014 B/s raw data flux

38 Nations

Planning & construction 1990 to 2007, operation from 2009, for ~ 15-20 years
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LHC: Integrated luminosity until end-of-run 2011 (pp)

2011 Luminosity Production |

2011 LHC Efficiency: 652 Fills

— |2 ATLAS: 5.575 fb
.~ |[CJ ALICE: 0.005 fb"

2
% _ |E53 oms: 5.725 b ot I Access - No Beam | Statistics for fills 1613 to 2265
£ 5000 | LHCb: 1.212 fb" / [] Machine - Setup Total Duration: 230 days, 16 h [13.03.11 to 30.10.11]
& ,” | ' P [IBeamIn Time in Stable Beams: 54 days, 16 h
E 4000  Proton-Proton:\'s =7 TeV (] Ramp + Squeeze
= _ Al Experiments: L__ = 12.517 fb™ ] Stable Beams
& ool #
® 3000 g
m :— .J:i::::Z:./
2 ‘ e
E | /
2000 — /
| _/
1000 - y e el
0 P AP | | |

26/03 25/04 25/05 24/06 24/07 23/08 22/09 22/10

LHC Peak luminosity reached :
L~3.5 x 1033 cm2s! (design: 103%)

(data statistics 201 1: 100x 2010)

Overall ATLAS/CMS data taking efficiency (with full detector on): 95%
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Summary of LHC / detector performance:

» LHC delivered an unexpected large amount of high
quality data (>5.5. fb-1) in 2011

e LHC reached ~1/3 of the nominal luminosity (1034 cm-! s-1)

 due to safe operation criteria, LHC can only run only at
50% of the anticipated maximum c.m. energy (14 TeV)

» all particle detectors performed excellently from day one
of collision data

* large pile-up rates (15-20 collisions per crossing) and
huge data rates challenge data taking and analyses
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timeline of CMS physics publications

Higgs Physics
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>]00 publications of ATLAS on LHC data

&

@ Recognized by European Physical Socety

volume 71 - number 2 - february - 2011

Particles and Fields

Ly [ e ey =1 ey [ = e e = e g
hadron i -
- Systemanc Uncontainses

mmm B .0 pOCO (CTEQ 6.6) x Non-pent. corr

[ )
t ’ -k ots, RO 6
l e S ® J.Lcl-ﬂ'r\o' Ns«7 TeV)
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LHC results I: the .rediscovery” of the SM

di-muon invariant mass spectrum

A j L~40pb’
EF mui5

w/p ¢

Y3 2s)

-t
lllllll| l Illllll| | llllllll | llllllll l IIIIIII| [ 1

1 & ATLAS Preliminary
[ Data 2010,\s= 7 TeV

l lllllll | | llllllI | | lllllll

m,, [GeV]
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mmary of main electroweak and top quark cross-section measuremen

Inner error: statistical e i o
Outer error: total ATLAS Prellmlnary

j Ldt=0.035-1.04fb"
\Ns =7 TeV
Theory

= Data 2010 (~35pb™)
Data 2011

Good agreement with SM expectations (within
present uncertainties)
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searches for signals of New Physics (BSM)

@

@ Recognized by European Physical Society

volume 71 - number 10 - october - 2011

Particles and Fields

e Dot 2010 A5« 7 TaV)

UVED /R = 800 GeV

Et ' fre
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Example: search for squarks and gluinos

usi

-

g final states with high pT jets and large ET (and NO leptons)

> | | B T I 1 1 1 l 1 L ] ' ] T L I 1 S| 1 ] L I} 1 I § > 105 L LI I 1 LI T I LI LI I I LI | I LI LI I Ll LI I I Ll
@ e Data 2011 (fs=7TeV) = T ® Data 2011 (s=7TeV)
D Ldt=104f" — SM Total y O Ldt=104f5" —— SM Total
§ 10° peape []QCD multijet = B 10 t=1. [ QCD multijet
~ Wijets - = = i ] W+jets =
§ (ool Three Jet Channel g7 ot N @ - Four Jet High Mass - +ets -
B . [1tf and single top 5 £ 10°k Channel [Jtf and single top .
5 - «sses SM + SU(660,240,0,10) N Lﬁ = = SM + SU(660,240,0,10) =
10° E [ -
= 10?
10° -5
= i 10
10 : =
E : = 1k : =
1 : . 3 I_\' =) E E E
: :5 vvvvvv : fr" . :: : !: : i : Ia 10—1E1 [ |=| [ N | 111 1 J I:l 11 IE
g 25‘5—“"“" [[[[ 1 I { ‘*""““““"“""; 25E ! ! —t U e
] ——— e meee————— -4 g oE AL b e E
€ ' et I < 15— L= — =
< osp——— == Vet P Y S S S G R S
500 1000 1500 2000 2500 3000 2 o5 : - 00— 55003000

Meosr = ETmiss + 3 |p-|-jet|

arXiv:1109.6572v1 [hep-ex
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Example: search for squarks and gluinos

using final states with high pt jets and large E1 (and NO Ieptons)

- Squark-gluino-neutralino model, m(i‘:) =0 GeV MSUGRA/CMSSM: tanp = 10, Ao= 0, >0
; E’;T-‘::"!"-} I: | 'l T '\I | ATLAS S‘ ATLAS 0 bpton 2011 combined
8 1 | 0 lepton 2011 combined © fLdt=1.04 5" /57 Tev s CL, ObsEIVEd 95% C.L. limit
S ool ] s CL, Observed 95% C.L. limit o) B LeP2 7 === CL, median expected limit
% ‘ .= E | =mmos Ch median expected limit gsm | I m’g" a ;an ﬂ=3' ud)' 21 m" """"" = EXPeCted imitzlg
= \ A | Expected limit +1¢ S I CDF gq. tan B=5, p<0, 2 b’ % Reference point
x 1500 \ ‘—— 2010 data PCL 95% C.L. limit B Theoretically excluded ——— 2010 data PCL 95% C.L. limit
S \ “ JLdt=1.04m" 57 Tev _ 500 — ' '
3 1250 - s, —e

|

|

-
ljlllhllll'llll

1000 F S C | 400 i |

E £ LR e, .

: St N N e, _ . - 1(1000),
750 = o L

300 |- Y- A N |

L [ \ !;“t =
500 | N N e ,m

.y 00 T Vs T YF e R S p— —

—~. %)
250 - N |

0 li T Ly |.H| | || peipe iy
0 250 500 750 1000 1250 1500 1750 2000 500 1000 1500 2000 2500 3000 3500

gluino mass [GeV] m, [GeV]
* for equal mass gluinos and squarks: exclusion for masses

< O(ITeV)
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Results of main searches for New Physics

MSUGRA/CMSSM : O-lep + || ¥
MSUGRA/CMSSM : 1-lepgffs +E,
MSUGRA/CMSSM jets + E,
Simpl. mod. (light /’\ lep+js+E,
Simpl. mod. (hght ¥ Hep+ys+E,
Simpl. mod, 'Iqht/ O-dep + s + E,
Simpl. mod. (light ) ) O-leff+bjels +'s +E : Z
Simpl. mod. (§—ti / "):1-igh 4 bjets + s +E i
Pheno-MSSM (lighlly ): 2-lep SS+E,
Pheno-MSSM (light @ ’ 2-lep OS,__ +E,
Simpl. mod. (§— §Y ') 1-lep + JH + F salkas
GMSB (GGM) + Si model :yy +E

GMSB : stable ©
icles : R-hadrons
25 - R-hadrons
R-hadrons

Stable massive p
Stable massive par
Stable massive particl
Hypercolour scalar gluons : 4 |&
RPV (;.,,;0 10, A,..=0.05) : high-r/M
Bilinear RPV (ct, .. < 15 n*n*) 1-lep +j's+E
S Large ED IADD) mono ot
UED :yy

=0.1: du.-hoton m..,
RS withk/M, = 0.1 : dilepton,m__,
RS withg i 'g =020 :H, + E,

Quantum biack hole (QBH) :

I ITess

RS with k/M

I JTess
. F(2)
S QBH ngh n HHHG

ADD BH (M, /M,=3) : multijet £p . N
ADD BH ( A,!“'M,J'—.'S') SS dimuon N sag
qQqqq contact interaction : F 1'7. ae)

interac lmn m
SSM:im_, '
SSM 'n.' %
Scalar LQ pairs (F=1) : Kin. vars. in egjj, ev|)
ol_alar LQ pairs (5=1) : kKin. vars. inuj), uvj)
4" generahon coll. mass in Q 5 - WaqWgq
4 qenera' on : d d 5 wivlit (2-lep SS)
T+ AA,  1- -ep + jets + E,
Techni-hadrons

qQquu contact

TT ITess

dilepton,m

el
Major. neutr. (LRSM, no mixing) : 2-lep + jets
Major. neutr. (LRSM, no mixing) : 2-lep + jets
M (DY prod., BR(H —uu)=1): m

L o (like-sign)
Exciled quarks M e
Axigluons : m__

Color octet scalar : m__

4th gen
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ATLAS Searches* - 95% CL Low.. ' imits (Status. BSM-LHC 2011)

ll | I - | | | | IIIIIII,‘__,_”‘ | III | | F
L=1.04 tb” (2011} [Prelminary] BGe! | = gmass
| Le1.0& 157 (2011) (Pretimineey] JEEEeW q=gmass
| =134 f6" 12014) (Pretiminary] ‘e.v gmass {for m(q) = “'u-[;}:\ ATLAS
| L#1.04 67 (2011} (Prebiminary] unm Q= g mass Preliminary
|L=106 0" 2011} Predminaryt e G mass
| Lo1.04 167 (2011} (Pretieminary] 800 Gev i;rrdss .
| L2083 b 12011) [ATLAS-CONF-2011.088) T2 Gev qv ass (for m(b) < 600 GeV) JLdt =(0.031-1.60)fb"
| L+1.08 157 (2011} [ATLAS.CONF-2011.130] SWE § mass (for m(y, ) < 80 GeV)
| =35 5" (2010} farkiv:1903.8214) SE G mass Vs =7TeV
| Lo38 b " (2010) [arXiv:1903. 6208) PESEEE qmass _ ‘
| L=1.04 16" (2011} (Preminary] UG 1 mass (for m(Q) < 600 GeV. (m(x ) -m{x N/ (m(G)-mix )P 1/2)
lmn."wﬂm reliminary] a2 s - a mﬂ< 'TZ.JIT‘(iSS (for m‘b ﬂCJ;I > 5
|L=37 pb " (2690} [arXiv: 1908 4450006 eV 1 -
|Lo34 ob" (2090} farkiv-1902 1984) BSEEGR 3 mass v l lSY. ° o
|m‘fmm_ 1o84) 294 Gev Q_rrd:;:s L ) m as S I m ItS
| Lo34 pb " (2090) [arXiv: 1903 1984) SEe t mass °
| L34 gb * (2090} (Pretiminaey) BB sgluon mass (excl: m,, < 100 GeV. m,,
|Lo1.07 15 2015} (ariv- 1108.3089) — I :
17 (2011 [Prediminary] e G =amasy In t e range
32TV

| L=1.07 16 2019

127y Compact. scalg
| Lw38 pb™* (2090) [ATLAS-CONF-2011.044) §Wea Graviton mass O 5 I T V
| L=1.08-1.24 15" (2011) [arXiv:1108.1582) S Graviton n D L e
| L=1.04 57 (2011} [ATLAS-CONF-2011.123) Jes KK gluon mass
|Le28 b (2010) farxiv:1102.3064 27 (within constrained models)
| o33 pb* (2010) [ATLAS-CONF.2011.078) aeEne M.,
| L=35 pb " (2010) [ATLAS-CONF-2011.068] A M, (6=6)
Iw:»‘mwwmmm iSe M, (6=6)
IL-upb‘|zowuvxov:no)_uu(a-mm1m1 STV A
| Lotz pb " (2010) [arXiv:1904.4594) TV A
| Lx1.0841. 21 " (2011) [arXiv:1108.1582) 18y Z' mass
| 104 57 (2011) [arXiv-11068.1316) 28%Y W' mas
| L=38 ob* (2010} (arXiv: 1908 4281) BE 1 gen. LQ mass
| Lo38 pb " (2610} (arXiv:1904.4481) IS 2 gen. LQ mass
|L=37 pb " (2010) [ATLASCONF-2011.022]  270Gev (. %3
|Le34 pb* (2090) [arXiv-1908.0368)  20Gev 1 T.us
|Le104 157 201%) (Prebminaey]  azeGev | moue
|Lo1.081.21 157 (2011) (ATLAS-CONF-2013128)  4T0GeV | (0 [T ass (for m{p ) -m(x,) = 100 GeV)

1T(.Va

I_ N mass lk-r rr|"v )=

Ao W . mass (for 230 < m(N) < 700 GeV)
|Cet 6 m 2091) (ATLAS.CONF2011427)  a18Gev ¢ sy
lLetom® 2011) farvetioagds) 20TV | mass

| e Aoagluon mass

Scalar resonance mass I
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10’ 1
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Search for the (SM) Higgs boson
Higgs production:

proton - (anti)proton cross sections

L e ey
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Search for the (SM) Higgs boson
Higgs decays:
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ATLAS: H—>ZZ —> 1l I

> 1 2_[ | I l | | | I I 1 | I | | | I I | | I | | I I | | | l I l_

O ;
Q) i Data 2011,\s=7TeV,JLdt=4.8 fo '
To B 2
P 10f- —t— Data ATLAS | Preliminary -
o I m, =130 GeV, 1xSM -
1 8| _
1 Total background 3
6 H—zZ" —al ¢ .
4—— ® ® i
: ® r_‘__‘.H_L-LQ L 6 t
2_— - - e ‘ * ® _\-‘-\_H_‘l‘ i
o — e | H e ° -
——'_{_r | | | [ ll‘ | J | | | I 1 | I | 1 1 l | | | I | )

1000 120 140 160 180 200 220 240

my [GeV]

* n.b.: good mass resolution, small background, but low
statistics at small masses (off-peak Z)!
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ATLAS

?EXPERIMENT
http://atlas.ch

Run: 189280 ~/
Event: 143576946 fi N
2011-09-14 12:37:11 CEST [ N

The LHC Project - status, highlight results and future prospects S.Bethke, MPP Milnchen MPK Heidelberg, Feb 1, 2612



H —> vy

> 800 1T T T
§ 700_+ ATLAS Preliminary —+—Data —;
% 600;_ MC m, =130 GeYV, 1xSM_§
E 5005— Total background (Fit) —f
4005— —f
300:— —f
200} -

. ooF_Data 2011,\s = 7 TeV. J Ldt=4.9fb"

:; " T T N TR TR T T N TR S s S S S N M ] [P 1T

1000 110 120 130 140 150 160

m,., [GeV]

* n.b.: good mass resolution, but large background
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* n.b.: limited mass resolution due to missing energy (2 v's !l)
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ATLAS combination of all channels (status: Dec. 2011):

= IR A PR BB R R IR BPEN A = 10 5 LR S0 s
e | A Prellmnnary L 2011 Data
B - e | ]
5 10g ... b s | 49fb’ i
= l E | v *
—d - ==y o .
_— 1 -
O O
32 B X 1 i
o) 0O E =
(e)] (o)) - =
18 W g
o i i
L LLl
- | = -
- C i \
11111111111111111 -] (W . 1 ot ey — — - s ey el O P SR TN MR L
110 115 120 125 130 135 140 145 150 107900 200 300 400 500 600
M, [GeV] M, [GeV]

* exclusion of existence of SM Higgs (at least 95% c.l.):
112,7 < My < 1155 GeV; 131 <Mn <237 GeV; 251 < My <468 GeV

* local excess at M ~ 126 GeV (significance: 2.9 std. dev.)
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95% CL limit on 6/Ogy,

ATLAS single channel results

. A ———
EE Exp. Obs. Exp. Obs. =
» et e— Hesyy (4.9 D7) - H— ZZ— 1l (4.8fb7) ny
- H- WW-— Iiv (2.11b™) oo . H— ZZ— 1Iqq (2.1 fb7)
O Hott (1.11b7) e H— ZZ vy (2.1 107
- H— WW - vqq (1.1fb") _—
10E
1= ssenliagvel e
= WY 0 N\ ahaneemTRTT 8 ol § ot Y 4 =
ATLAS Preliminary J Ldt-1.0-49f" ys=7Tev CLs limits
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CMS: combined SM Higgs analysis

CMS PAS HIG-11-032
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CLg of SM Higgs hypothesis

100 200 300 400 500 600
Higgs boson mass (GeV/c?)

The LHC Project - status, highlight results and future prospects S.Bethke, MPP Milnchen MPK Heidelberg, Feb 1, 2012



CMS: combined SM Higgs analysis

CMS PAS HIG-11-032
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Summary of physics results:

» SM significantly challenged; still in very (foo?) good shape!

» extensive searches for physics BSM without positive
result; exclusion of many processes up to and beyond
masses of O(1 TeV) —> still large phase space region to go ...

» possible signal of ,light® SM Higgs boson at ~125 GeV
(in several decay channels, both by ATLAS and CMS);
local significance ~30 ; incl. ,look-elsewhere*: ~20

‘IFEI | | |

<100 200 300 400 >500

Sigma - Meter
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LHC - future planning:

2012:
- collisions at 7 (possibly 8!) TeV

- will reach (~half to total) Design-Luminosity
- expect ~3-times statistics of 2011(i.e.: ~12-15 fb")

-> establishment or exclusion of SM Higgs Boson (5 std.dev.)

2013 / 2014:

- 15-19 months shut-down (installation of final safety systems for highest
magnet currents to reach design-energy of 14 TeV)

2014 - 2016:
- full energy (14 TeV) and luminosity (103 cm2s)

from ~ 2020:
- upgrade of LHC (and of detectors) to hl-LHC (uminosity x 5)
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.. and why do we do all this ?

why do we need (such complex and expensive)
fundamental research?

Why does
the sun

| Because hot air expands. | In the evening,\ .
At nooh, the sun is hot, | she cools down

.q .
therefore rises in the sky. and sinks. g

o

[ Why does :
she go from

east to 3
west? .

in order to understand our Worldl
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http://www.mpp.mpg.de
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