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3 Important open questlons
| | What is the orlgm of electroweak symmetry breaking? -
.. % Isit the simplest Higgs mechanism?. e e
How must the Standard Model be extéended? R : W, .'

Supersymmetry, Grand-Unified Theorles, ‘S‘fr ¥ :

What are dark ‘matter and dark energy7
- What are the. last secrets of neutr1nos7 s
5 ,Can weumfy all forces? . ¥
B . | Can we: include grav1ty7 e
i . Are there extra dlmensml'l§7 4 ol
Are quarks and leptons fundamental part1cles7
" Are‘there more than three generations? .
~ Whyis there -asymmetry betweén matter and antlmatter7
- Do we understand dense and hot matter7 |
‘Quark- -gluon. plasma

2 . - HEPHY-SMI Seminar, June 2012
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LHC performance with protons
http://Ilpcc.web.cern.ch/LPCC/index.php?page=luminosity_charts

Integrated proton luminosities

« Almost 50 pb-! delivered per experiment in 2010, /s = 7 TeV
(except ALICE: to keep pile-up in the TPC below 5%)

* More than 5 fb' each for ATLAS and CMS in 2011, /s = 7 TeV

* More than 6 fb-' recorded per experiment since 2012, /s = 8 TeV

 Order of 15 fb'! expected per experiment in 2012, /s = 8 TeV

LHC 2012 RUN (4 TeV/beam)
LHC 2012 RUN (4 TeV/beam) . :

T T @ ATLAS @
—o— ATLAS 6.530 fb™ ol 2 o §% e
& LHCb R Q
61l cMs 6.443 b~ O ALICE 2 S
—o— LHCb 0.599 fb™! 50 || PRELIMINARY ag 6
5 —o— ALICE 0.393 pb™’ o
PRELIMINARY a0l P

Peak luminosity
* 6.8 x 103 cms!
(nominal: 1034 cm2s) <,

N
o
T

Peak luminosity (102 cm™s™)
w
3

Delivered integrated luminosity (fo™")

Bunch spacing oL »
o - * 50 ns " month In 2012 o
N T T Number of bunches per beam
(generate d2012»06-18Oszll\;lﬁ:utdtn:g]fr:li307}2 ¢ 1380 (nominal 2808)
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T T T 17 17 17 17 17 17T 17771 T T T 17T 17T 17T 17T 17T 17T T T T 1T 17T 17 17T 17T 177 lrISta“taneous LuminDSitY

Vs=7TeV Vs=7TeV Vs=8TeV 500

= Online Luminosity

-

(=]

(=]
1

Peak interactions per crossing

(=

(=

o
L

Luminosity / 1e30 cm-2s-1

o
l;mf

@ pt W o yat pt W o gat pf W o 14:00 16:00 18:00 20:00 22:00 00:00
Month in 2010 Month in 2011 Month in 2012 : iy = (i — [ifeD

Vertex resolutlon better than ~200 pm, vertices a few cm apart beam spot size 16 um at colllswn
pomt Average number of lnteractlons at nominal LHC lum1n051ty and 25 ns bunch spacmg 23.

i




ATLAS experiment

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter
Steel, polystyrene Absorber: Lead in stainless steel

W\

pum—

Toroid Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

C.-E. Wulz 6 HEPHY-SMI Seminar, June 2012
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SILICON TRACKER
Pixels (100 x 150 um?)
CMS Detector ™.

Microstrips (80-180um)
~200m? ~9.6M channels

~76k ééintillaﬁng PbWO 4rycry<s'tals

Silicon strips
~16m? ~137k channels

~13000 tonnes

SUPERCONDUCTING
SOLENOID
Niobium-titanium coil ‘ ,
carrying ~18000 A ’  / FORWARD
. CALORIMETER

Steel + quartz fibres

: HADRON CALORIMETER (HCAL) ~2k channels
Total weight : 14000 tonnes Brass + plastic scintillator MUON CHAMBERS

Overall diameter :15.0 m ~7k channels Barrel: 250 Drift Tube & 480 Resistive Plate Chambers
Overall length :28.7m Endcaps: 473 Cathode Strip & 432 Resistive Plate Chambers

Magnetic field :38T
C.-E. Wulz HEPHY-SMI Seminar, June 2012
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Physics outline

Cross-sections
- elastic, inelastic and total cross-sections

Standard Model physics
- particle production (soft physics, resonances, correlations)
- QCD and top physics
- electroweak physics (W, Z)
- Higgs boson search

Beyond the Standard Model physics
- fourth generation quarks
- leptoquarks, compositeness
- Supersymmetry, long-lived particles
- extra dimensions and heavy resonance states

Remarks
Only selected results are presented. Heavy-ion physics is not covered in this talk.
More details:

https://twiki.cern.ch/twiki/bin/view/AtlasPublic
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResults

C.-E. Wulz 10 HEPHY-SMI Seminar, June 2012



dog/dt  [mb/GeV?]

103 =

Cross-sections

E T T T 1T T T T 1T T | [ T
LB =19.9 GeV? __ EPL 98(2012) 31002
102 statistical uncertainties EPL 96 (2011) 21002
d(ff ©uncertainties To be published
i 1 _
10! e e~ Bltl =
E dt 3
100 £ -
10" E \ 1
1072 ¢ E
1073 E
104 3 |t|dip: 0.53 GeV? E
10-5 IR N N A N B [ [ ]
0 0.2 04 06 08 1 1.2 1.4 1.6 1.8 2 22 24 2
1l [Gev?]
C.-E. Wulz

Otot, Tinel, and ggp  (mb)

e e e
oS = N W s
o o o o O

11

Elastic cross-section
measured by TOTEM (detectors up to +220m from CMS centre)
as function of 4-momentum transfer squared |t|

Inelastic and total cross-sections
measured by particle and astrophysics experiments

Otot (red), Giner (blue) and g (green) A 2
pp (PDG) .+ ALICE l § ]
pp (PDG) e TOTEM B
Auger + Glauber !
ATLAS best COMPETE oy fits — 7
CMS ----114—-152Ins+0.130In2s -

10°
Vs (GeV)
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Underlying event characteristics

leading track

Study charged particle multiplicity, P
p; density, <p;> in the transverse ™ s

Data show higher underlying

regions, which are most sensitive to .
thg ci i £ o>t Mont N~ event activity than Monte
€ under y]ng event -> tune onte 6()°<‘|A¢/)|<12()° 60°<‘|A¢|<120° Carlo data!
Carlo models. :
Scalar 2p; density > 120
; | T T T T T T T T T T T T T T T T T T T _]
© o5/ Transverse Region, with p':ad>5GeV ATLAS . .
S t Ns=7TeV - Charged particle density
A ~_p> 0.1 GeVand Iyl <25 T A L e o L e e
'Oi 2: . -8- 3.5 Away Region ATLAS =
S . B 5 F N =7TeV -
- R0 I — E R = . : —
I e v e e N S ety - S
“—'9 1:—‘“**_: o 2.55— e =
e 3 oF e T
0.5 — = : .
I~ Data 2010 - - - PYTHIA DW N 16— & S ™
C —— PYTHIA ATLAS MC09 ---- PYTHIA Perugia0 n :
- =-+=- HERWIG+JIMMY ATLAS MC09 -'-: PHOJET - -
© e 1 E._ Data 2010 - PYTHIA DW
© 0_5_ —— PYTHIA ATLAS MC09 ---- PYTHIA Perugia0
g ==+ HERWIG+JIMMY ATLAS MC09 ~--- PHOJET
g e E
O e = - P greme 2
=

hep-ex 1012.0791, PRD 83 (2011) 112001

C.-E. Wulz 12 HEPHY-SMI Seminar, June 2012



Near-side long-range correlations

hep-ex 1009.4122, JHEP 09 (2010) 091 ALICE 2.76 TeV/nn
Central Pb-Pb collisions

First surprise in LHC data!

same/mixed
CMS pp 7 TeV au.,
(d) N>110, 1.0GeV/c<p, <3.0GeV/c 1 -02'; """""" R
2 :
3 0.98
g A
n
1 i A
Pronounced structure (ridge)
in high-multiplicity events for
-4 2.0 < |Anl<4.8and A¢ = 0
C.-E. Wulz 13
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Original 4:\\3\15: j',:
discovery § toE
/ ™y

g EEE I N

[ J

B e

4 1047 1964 1974 1977 1983 1995
2006 Dec Jan Feb Mar Apr May Jun Jul
2009 2010 Il Cspelmnay 200 2010

CMS 2009
- | Prelminary

"Rediscovery"”
in CMS (dates
approximate)

C.-E. Wulz

ILdl:Z.Opb" 3

i F oM Prebrisary —bm
-TTR mr
10'?‘:':::\4 ‘7‘ W e
E aw

[

150 2
M{p* ) [GeV]

J. Pivarski
HEPHY-SMI Seminar, June 2012



X, (3P)

Bound state of bT), a QCD analogue of the hydrogen atom.
Transitions are observed through the emission of a photon.

Xb(3P) — T(15,25)+~, T —p'u”

YT(1S): 9.25 GeV

©

< my, < 9.65 GeV T(25): 9.80 GeV < m,,, < 10.10 GeV
B I R < ' UL L B

S 20E Tam A | N 7 S 220 T 1 IR
§ - ATLAS x5(2P) - % 200E- ATLAS e Data:Y(1S)y —— Fitto Y(1S)y E
A f Ldt=446" 1 = taoE [Ldtoadfp’ | o Dam VS — Fitovesy E
Z - xo — Y(15) +~v . S—:’ 1605— ----- Background to Y(1S)y _E
8 50 U - $ e I T Background to Y(2S)y 7
= - Unconverted Photons  |[' | . © 140 x»(1P) Xb(2P) =
S 40F = 3 120 Converted Iihotons_:
C - - [ : — ete” .
S - w3P)] @ = U E
O g x(lP) SE 100 E
R T 80C E
= 20 = 60F =
= B (N5 74 e 1. 40F z
10__ .......... - =
C * 20— —
P D! /T EE N B B B C A B RV v vaar i AT B

0 9.6 9.8 10.0 10.2 104 10.6 10.8 0 9.6 9.8 10.0 10.2 10.4 10.6 10.8
m(w'wy) - m'w) +m o [GeV] m('wy) - m(u'w) + m o [GeV]

Mass slightly larger than predicted: 10.539 + 0.004 (stat.) + 0.008 (syst.) GeV
hep-ex 1112.5154, PRL 108 (2012) 152001
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> C

§ r CMS =, data

o 60 PP \s =7 TeV —e— Opposite-sign pr_
(d I L=53fb" 0 Same-sign px_

8 s0f

8 L Signal+background fit
© F ] Background fit

o 40

©

[

©

o

e

[1]

6.1

hep-ex 1204.5955
submitted to PRL

C.-E. Wulz HEPHY-SMI Seminar, June 2012



{59
({65 &/ "% ATLAS/CMS/LHCb combination for BR(B, -> uu)

i 2 Z
s s

“

Standard Model value: BR (B — ptu~) = (3.2+£0.2) x 107°
b SM FCNC #7 b MSSM ut

u,c,t .
Y, Z

S HO. A0
B!

S 7 S5

hep-ex 1107.2304, 3 T
CDF value: PRL 107 (2011) 191801
BR (B) — ptp~) = (1.8%5g) x 107°
BR (BY — utp™) < 4.3 x 1078 at 95%C.L. oal
ATLAS/CMS/LHCb combined value: o2l — observed CL
BR (B® — ptp~) < 4.2 x 107 at 95%C.L. gy ¢ | N ————— 7
BR (Bg — ,u+ ,u_) < 3.7x 107 at 90%C.L. Green area contains the +Isigma interval of possible  B(BY — u* ) x 10°°

results compatible with the expected value when only

The excess over background is at the (beckaround! S s observed

level of 20. Compatibility with the ACTAﬁ?SPj?gI;ﬁ%Zb%?
SM is within 1o. .But there is still N
room for new physics!
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"2 Inclusive jet cross-sections, 3-jet/2-jet ratio R;,

CMS-PAS-QCD-11-004 hep-ex 1106.0647, PLB 702 (2011) 336
15 CMS Preliminary L = 4.7 fb” Vs =7 TeV anti-k; R =0.7
91 0 ; T T T T T T T T ‘ ] % T T T T T T T | T T T T | T T T T | T T T T |
il ® lyl<0.5(x10% B oc i _ » |
é) il m 05<lyl<1.0(x 10% ] 1 B CMS L,=36 pb ]
O 1 011 - 4 1.0<lyl<1.5(x 10%)_ | \s=7 TeV anti-K; R=0.5 i
= v 15<lyl<2.0 (x 10")— i ]
= o 20<lyl <25 (x 107 0.8 i
© .
|_
Q - —
5 0.6 -
Al m
© L] Data |
04 PYTUIAG tung DT s
— — - PYTHIA8 tune 2C 7]
—— + — MADGRAPH + PYTHIA6 tune D6T 7
s ALPGEN + PYTHIAG tune D6T n
0.2F e HERWIG++ tune 2.3 —
- Systematic Uncertainty ]
10° 1
| | | | | ‘ T
0 2 0.3 1 2 0 | | | | | | | | | | | | | | | | | | | | | | | |
Jet pT (TeV) 0.5 1 1.5 2H (Tez\/5)
Experimental uncertainties are comparable to theoretical ones. N T
NP (non-pertubative): correction for multiparton interactions. Hr = Z PT;

i=1
Agreement with NLO pQCD cross-section predictions (with non-
perturbative corrections) is good in general.
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A EXPERIMENT

Run Number: 179938, Event Number: 12054480
Date: 2011-04-18 17:57:29 EDT

T T T T I T T T T 1

285 ET (GeV)

T Y I )
OO0 o w o w N o
a o o a ua

o
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Top

“When top is measured, the experiment is ready for discovery phase”
P. Jenni, 2009

tt production at LHC stems from 87% gluon fusion, 13% qq annihilation
* Interesting in itself since t decays before hadronizing
» Decay products of new particles

« Background to new particle searches
g t||9 t|l9 t||q

Sl

g t| |9 t|| 9 t|| 9 t

Top decays weakly as t -> Wb almost exclusively.
Event classes according to decay of W:
* All-hadronic

* lepton + jets
- dilepton (e*e’, u*w, e*ur)

C.-E. Wulz 20
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tt cross section

| CMS PAS TOP-2011-024
CMS Preliminary \ s=7 TeV

ATLAS CONF-2011-140
CMS 2011 combination 166+ 2+ 11+ 8 All-hadronic channels:
TOP-11-024 (L=0.8-1.1/fb) (val. £ stat. + syst. £ lumi.) > 800 LI ) L O L I L
& 7005 ATLAS Preliminary ]
o L . _ 7
CMS e/p+jets+btag 164+ 3+12% 7 T f Ldt=1,02 fb" 19=7Tev 20T Data
TOP-11-003 (L=0.8-1.1/fb) (val. + stat. + syst. + lumi.) @ 600 - 2 g
N E 5001 -
CMS dilepton (ee,upu,ep) 170+ 4+16+ 8 - ]
TOP-11-005 (L=1.1/fb) (val. £ stat. + syst. £ lum) 400 ; 7:
: 300 =
CMS all-hadronic 136+20+40+ 8 C ]
TOP-11-007 (L=1.1/fb) (val. £ stat. = syst. £ lumi.) 200 ; 7:
1001 =
(——— L 0 i
CMS dilepton (u7) 149+24+26+ 9 0: 200 ]
TOP-11-006 (L=1.1/fb) (val. + stat. + syst. + lumi.) 0 100 200 300 400 500 600
Aobrox. NNLO QD! Kidonakis. Phye Rev D65 (5010) 114030 12* m(ij) [GeV]
[ Approx. NNLO QCD, Ahrens et al., JHEP 1009 (2010) 097
1 NLOQCD
| | | | | Measurements of charge,
0 50 100 150 200 250 300 Charge asymmetry and Sp]'n
o(it) (pb) correlations are ongoing.

Consistent with NLO SM predictions
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Single top

Electroweak production of single tops (announced 2009 at Tevatron, 2011 at LHC) occurs
with smaller cross-sections compared to production of top pairs. Analysis is difficult, but
cut-based procedures become viable in addition to the initially used multivariate

techniques. / b w \

b
q q’
g t
w Wt-channel
o Y Small at
t-channel ° t Tevatron,
t significant
Dominant at g at LHC
Tevatron ¢
and LHC
\
t
s-channel
W +
g Drell-Yan
Small at Tevatron
b and LHC /

C.-E. Wulz HEPHY-SMI Seminar, June 2012



Single top results

2 400F ATLAS Preliminary 070 fo'@7TeV
t-channel ATLAS CONF-2011-101 & [2lisTtag . ATLAS dota
i [ * I single-top t-channel
Q 300_— [ ] s?ng:e—top Wth |
o, = (90 + 32 -22) pb 5 : — oot
LHC prediction: 0,=(64.6 + 3.3 -2.6) pb % 200F — ggﬂjﬁfgfw
© E ] Z+je.tls
Wt-channel CMS PAS TOP-2011-022 100 B Multjets
Ow,=(22+9-7)pb 07700 200 300 400 500
LHC prediction: o, = (15.7 + 1.4) pb Myep(IVD) [GeV/cT]
1200 CMS Preliminary,s =7 TeV [® data
s-channel ATLAS CONF-2011-118 - 2.1 fb™, eelep/up Eu_/v
) —————————— - 1000 :— . [ tZt/y"-i-jets
T | ATLAS Preliminary 0.70fb' @ 7 TeV ] C I Other
0, < 26.5 pb 7 80002t e ; :
LHC prediction: g 6000[-
0,=(4.6+0.3)pb § a000f
2000F
b . I

Number of b-tagged jets 1jet 1 tag 2 jet 1 tag 2 jet 2 tag
C.-E. Wulz 23 CERN Winter School, Feb. 2022



Initial studies
with electrons
and  muons,
now also with
taus.

hep-ex 1108.4101, PLB 706 (2011) 276

> CT T 1 L LA B LA LA AL DAL B
o F EIW—1,v, ]
Z; 5001 [ ] EW background =
§ - |+:| QCD background (C) 3
) C i
5 400F det=34pb ]
o) C ]
o) — —]
= 300: ]
2 - ]

200 3

100 -

100 120 140
m; [GeV]

b 20 40 60 80

C.-E. Wulz

W and Z

o CIYIS.Pr'eIiEninar.y .4-.6 ﬂ.)-1 \J{§.=7.Telv all channels
EP L (5x) H>1t my=120
O 3 —e— Observed
E 10 Cdzortr
T C

5 Electroweak
QCD
10?
10
1
1 L 3 3 1 ., 4
10 0 100 200 300
CMS PAS HIG-11-029 m.. [GeV]
hep-ex 1104.1617, JHEP 08 (2011) 117
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W and Z cross sections

* Wand Z (e and u channels) are the first electroweak processes measured at LHC™ ﬂ

« Tests for perturbative QCD and PDF’s (W charge asymmetry)

 Detector calibration with Z
« Luminosity measurement
« Background for new physics

o)
c
hep-ex 1107.4789 ”
JHEP 10 (2011) 132 x
CMS PAS SMP-12-005
CMS
g E . E
- 105:55 w* W~ z : L s 95%CL limit E_
b‘g E E—o— ; § ;h:osrym;:i'zient (stat®syst) E
c 10 <
g F TV s
3 10°E WEYZY 3
3 - i —o— ! -
e 102k ! i W Wz i o
©) E | —a é : -
c . : : [ ZZ | -
S 4oL ! a ' He2r)
o |- | AR@r)>07 | ‘ ‘ 77775 .
o F | | — 3
10.1'55 B®pb’ | 36pb” 111" 4T E_
JHEP10(2011)132 PLB701(2011)535 CMS-PAS-EWK-11-010 CMS-PAS-HIG-11-025
C.-E. Wulz

o

=

L] 1 1 T T LI T — 20
= | | w ]2 ATLAS CMS
O CMS 2010, 2.9 pb W = 0.34pb" 2.0 pb!
— ® CDFRunll / w — m 10F >
E O DORunl / 4 x " ¢
A UA2 o 7/
RAR-Y . — 2 @
| Z . 5}
3 }a/ = N
= 3 3t
E pﬁ E 2f lumi.
_ . H
+ 1%
- — Us T
- _ 5 -2
— Theory: FEWZ and MSTW08 NNLO PDFs ] [
IO.I5HH1I 2 él7lll1lo 20 05 7 TeV
Collider Energy [TeV]
hep-ex 1012.2466, JHEP 01 (2011) 080
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W+*/W- charge asymmetry

__ dot/dny—do~ /dn, - s ,
A(U) = GoFTdne TdoTdn, Asymmetry is sensitive to valence quark PDF’s.

CMS 36pb' at \s=7TeV
I 1 1 1 1 I 1 1 1 1 I 1 1 1
<10° CMS 36pb" at Vs=7TeV 03 B N
% T T T T T T T T T T i a) P eus 25 GeV/c
¢ 12 a) et p,>25GeVic T b) e” p, >25 GeV/c 7 R T ..-,
(?i 1k nl<0.4 1 nl<0.4 B
> 0.2 —
0 08f + - <[ ]
g ® data ® data > i _
= 0.6 O wroety | O W —ev] GE-) - errors: stat @ syst 1
: B ewk+t 4 B Ewk+t - ]
o4 W aco m aco §, 0.1 — MCFM +CT10W .
0.2 . iz . $% MCFM + MSTW2008NLO |
o) B theory bands: 90% C.l. ]
O s I L L L L I L L L L I L L L
0O 20 40 60 80 0 20 40 60 80 % - 1 1 ]
Er [GeV] Er [GeV] < 03 _
s O YL b) p®">30GeVic -
x10 (- B T -_r
> | | | | | | | | | | o A
8 af o) ut p,>25GeV/c + d) U~ p, >25 GeV/c - g i ]
1 ml <0.4 Il <0.4 -1 021 —]
S sl " 1 i | ]
% ® data ® data i N i
= . 1 1 a \\K\\\\\&\\\\ i
€ o} 1 i . S 7
LICJ 2 ok W+ —utv PR W -y v 0.1 -&\\\\\\\\\\\\\ —
0o B EwK+ o B EWK+E | I I — I e |
1 @ aco St @ aco . K I I I I I ) T
.‘ :. .. I 1 1 1 L I L L L L I L L L
! ®e0ee, ! o
olrs = 0 1 2
0 5 10 15 20 0 5 10 15 20 T
£ [GeV] £ [GeV] Lepton Pseudorapidity Inl

hep-ex 1103.3470, JHEP 04 (2011) 050
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' gw‘m 8 Higgs boson production

{F\v,

Production modes:

gg — H

dominant, as at the Tevatron, but o 10 times larger

qq — Hqg

2 most important mode at the LHC (vector boson fusion)
qq — HW,

2" most important mode at the Tevatron, but o about 100
times larger at the LHC

; T T T T ; % 1 02 T TT T TT T TT T T TT T TT T TT T TT T T % g
g Ns=8TeV 48 7w [ EH
q ST 15 & Lk 13
W,z Wz f <o [ 1¢
+ 10 EFE: 3y g
T 'VF 33 3
- - I 1 0 = =
= HO 1t F 1 1 - ]
q & L . o E e 1
e S i . ]
W, Z bremsstrahlung 5 1 4 % i 4
- i i3 CNN E
- QU e,
107 E B W T
o - & S, Ve,
H C 10_1 ? '''''''''' E
. q 1 0-2 ? L L L L L L L : 11111111 Lo b b b b v by oy 1.. ....... :
WW, ZZ fusion 80 100 200 300 400 1000 100 200 300 400 500 600 700 800 900 1000
M, [GeV] M, [GeV]
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0.4/ Dy —U .
. s Higgs boson searches

% Several search channels can be used, depending on branching fraction
and background. The mass range up to about 600 GeV has been studied.

10g 110 GeV < m, < 150 GeV

r O ¥e =8I Wy (BR = 0.001-0.002)
x TRerA A= 3% H — bb (in association with W/Z due to
WW = [l QCD background, up to my; = 130 GeV)

1075/ N (QCD background — VBF production,
S “=T9J needs high luminosity)

102 f ) ZZ - I'w ,
T~ 1 110 GeV < m,, < 600 GeV
10°E /Wi — vob N\ mey 3 H— 77 — 4l
A R ARG (from my = 200 GeV)
10* 950 500 300 200 H— 727 — 2(2q (from my = 200 GeV)

M, [GeV] H—WW—2(2v
H—WW — [vqgq’ (from my = 300 GeV)

In high resolution channels (Om, = 1-2%) one searches for a narrow mass peak (yy,
L1 — 4l), in others one looks for a broad excess (channels with neutrinos and jets).
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900 ——— T

> - _
8 800 = Selected diphoton sample =
P - ®  Data2011 =
S Background model =
2 700 ]
1w ETNy 00000 e SM Higgs boson m, =120 GeV (MC) -
600 —
500 @=7nwjlm=49m*-§
400 # 3
300 —
200 +
100~  ATLAS
- | | — | —
o E T T L T T T
S =
m 50E ++ %
o 0 =
®© E
(] -50 —
oo e e =
100 110 120 130 140 150 160

hep-ex 1202.1414, PRL 108 (2012) 111803

Largest excess: around 125 GeV
CMS significances (ATLAS similar):
Local significance: 2.9 o

Global significance: 1.6 ¢ (LEE 100-150 GeV)

CMS has added a multivariate analysis

method to the previous cut-based one.

C.-E. Wulz
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4r - - - -

H Observed CLs Limit ; oo

R PETEEEE Median Expected CLs Limit gCMS preéllmlnaryé
3.5 = [ =1oExpected CLs ~N§=7TeV-L:=4.76 f

p-value

W

1.5F

= [ + 20 Expected CLs
; Median Expected (HIG-11-033)

000G g
EETTT T

Ixogy

120 125 130

135 140 145 150
m,, (GeV/c?)

CMS-HIG-2012-001

- Interpretation Requires LEE CMS preliminary
1__\/_ ...... 7..T§.V...L. ...... 4 .Z.G..I.b.f ..............
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§< | H— 1t

Production by vector boson fusion allows use of the rapidity gap between the
“Tagging Jets” with high p; in forward direction -> jet veto in central region:

@ H decay products T identification:

Tagging —| vr— I, Ih, hh

Jets

H mass reconstruction:

N Make use of collinear approximation of [-v
T, (high mass results in strong boost along
the original flight direction of the 1) and

Ia%ging N !N the angle between the two 7’s
ets ;
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CMS,\s=7TeV,H— 11, L=4.6 fb"

=12 T
. Q"’ [ —e— observed
3 independent channels: et,, ut,, eu Y S
i + 10 expecte
SM Search% - [ ] = 20 expected
CMS,\s=7TeV, L =4.6 fb" All channels =
r— 2_5 T T T T T T T T T T T T T T —
% - (5x) H—=>tt my=1207] (\g
(0] i —e— observed . %
= : [ P2 :
= 20r e i B
= L B clectroweak i
= B [ multijets .
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T I § i A P N B
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5E MSSM m, " scenario, Mbusy_1TeV_
obe . e With H
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C.-E. Wulz 31 HEPHY-SMI Seminar, June 2012



H — bb
Select events with 2 b-tagged jets and either Z — ([, W — lv, or Z — wv.
ATLAS-CONF-2012-015
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‘UE) 40F ET™° > 120 GeV eee Top - : - [ J=20 ]
G>J C — Z+jets N O 8F -
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H— ZZ®") — 4 |eptons

— > @ —
o 7 .
S Need excellent tracker, electromagnetic
calorimeter and muon system. High efficiency for all leptons is
important, as four of them are involved. Efficient lepton
reconstruction down to low p; is also necessary.
Background:
Irreducible: ZZ
Reducible: tt, Zbb
Suppression mainly through lepton isolation and b-tagging (impact
parameter)
-~ rrr-eeeee-ee-e-eee-e-’r-feee e T T T T T T T T T T T [0} I T T T T
S - I | | I I | | I | 8 ~ R -
8 20F MHozzoa ATLAS g [ _iﬁ jATLAS :
© 18 I zz . = v 2e2 L=30 fo”
S 16F M zob J. L=3010 = oTit:l 1
5 145 E
T e 2 105 E
10F - ]
8F- B ]
6F i |
A B .
2F L _
PO_ 110 120 130 140 150 160 170 180 190 200 — .

100 200 300 400 500 600
m,, [GeV] |
a [Ge Higgs mass [GeV]
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%

SM Higgs boson is excluded at 95% CL in the mass ranges
134-156 GeV, 182-233 GeV, 256-265 GeV and 268-415 GeV.
The largest upward deviations from the background-only

H— ZZ®") — 4 |eptons

Event selection: pair of leptons close to Z mass

hypothesis are observed for m, = 125 GeV, 244 GeV and
500 GeV with local significances of 2.1, 2.2 and 2.1

standard deviations, respectively. Once the look-elsewhere

effect is considered, none of these excesses are

significant.

%102
3 events near \E
125 GeV: <
2 with 2e2u i
1 with 4u ;

In total: 71 events
62+9 background

hep-ex 1202.1415
PLB 710 (2012) 383

C.-E. Wulz
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CMS PreI|m|nary [Ldt=5. Ofb1 s= 7TeV

WWNVZ
Il W-+jets
I top

QCD

Z+jets

e data .
— H(190)x10 -

Events / GeV

180 200 220 240

my; (GeV)
CMs Prehmmary /L dt=5. Ofb1 s= 7TeV

60~ WW/WZ
- I W+jets

I top
QCD
Z+jets

40 e data —
— H(350)x10 |

Events / GeV

o o | o 1 4

400 500 600 700

C.-E. Wulz

H— WW —lvqq’

Event selection: Selections to discriminate between the
signal and background events are based on kinematic and
topological quantities including the angular spin
correlations of the decay products.

No evidence for the Higgs boson is found, and at 95%
confidence level the SM Higgs boson production in the
mass range 327-415 GeV is excluded.

8 CMS preliminary [Ldt= 50fb1 IIIIII \J_ -7TeV
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© 5 — 7
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15 .
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Standard Model Higgs combination in ATLAS

b>=JN 10 N S S B L L Y D B B N B I L B B B BN N
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ATLAS-CONF-2012-019
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Standard Model Higgs combination in CMS

H — vy, bb, tt, WW, ZZ
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Higgs boson discovery prospects

CMS-NOTE-2010-008

—
N

R T — 1 fbT@ 7 TeV
- CMS Preliminary: Oct 2010 > 151 @7 Tev
S . —5fb'@7TeV ]
RO I JMO0 S OIS S NI 00 O N — e —— 10fb @ 7 TEV -
Y . . 1fb’@8TeV ]
YUV ----2fb"' @8 TeV
. =---5fb" @8 TeV
NG = -==-10fb" @ 8 TeV

—k
o

(0]
—
o
b

-
.......
. - .

-
. . .

.

.
®
.

L
"
Ty

&

L
~
~
hhhhh
S : .
......
------
L IR

sV,
........
a 0 e® : ~.. : .
................

.............................................................

AN
———
v
s

L) -
________
--------

wnta,
......

e : (L : e :
-----------
...............

V)
——

PrOJected ;Sifginificance o:f Obserxélationé
200 300 400 500
Higgs mass, m_ [GeV/c"]

D4
Q
-
=
Significance of Observation (o)

o

8 TeV instead of 7 TeV centre-of-mass energy saves about 25% of the
data taking time.
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S B Fourth generation quarks

Top- and bottom-like quarks: b/, t' -> tW
Signatures for b’ trileptons or same-sign dileptons plus at least one b-jet

. ’. . . .
Signatures for t': opposite-sign dileptons L10°F o data IM, 500 GeV/c®
o [ Hl+ 0 tt+w(zZ ;
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Leptoquarks

Leptoquarks are color-triplet bosons with fractional charge ansmg
e.g. in GUT theories.
Assumption: LQ couple only to quarks and leptons of the same SM

generation. ya ya

&g{% |_Q \
== B(LQ -> EC|) { l\?\f\’

2 scenarii for first generation: »‘? L(\)“/

o

0.2
0.1

— eejj+ev jj (Obs.)
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Compositeness, contact interactions

L= EQCD + £qqqq

interaction

y — .
_ 19® T~ GLGL~ngL
ct 9999 = 277, \Ijq ’VM\Ijq \Ijqu \Ijq

Intefastion

q q q
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I* — Iy Excited leptons
Excited lepton production via 4- AT e

fermion contact interactions ‘% 12| ATLAS Preliminary L Qsemeaimit
can be described by an ? E det 480" ‘»»»»k [ Expected =10 1

. . S B “‘2@% [ ] Expected=2 o i
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do/dm (pb/GeV)

Significance
l'~) e =N

Dijet resonances
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hep-ex 1107.4771, PLB 704 (2011) 123
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Search for new physics with pairs of dijets

Pair production of narrow dijet resonances, for example colorons.

g , C q - C g - C
g \f _
\ C | . CC — qqqq

g e i o g N

CMS PAS EXO-11-016
Colorons: color octet scalars or vectors

CMS Preliminary 2.2 fb™
% o = —=— 4-Jet Data
. . C r ' i
Event selection: at least 4 jets, e - QCD Gimulation
. . . » 107 Coloron (400 & 800 GeV)
jet pairs with equal mass g
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W — v

Exclusion limits for several W’ models have been derived:

- left-handed W’ with Standard Model couplings

- right-handed W’ with W-W’ interference

- Kaluza-Klein W’ states in split universal extra dimensions framework
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hep-ex 1204.4764, submitted to JHEP
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L’ — '

Several Z’ models have been studied:

- sequential Standard Model

- L, mgdel (superstring inspired E, model)

- L’ Stuckelberg extension

Kaluza-Klein Graviton Gy, search is also possible in this channel.

N -1
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hep-ex 1206.1849, submitted to PLB
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S Supersymmetry

Standard particles SUSY particles
Ay Ay & A
u c¢c t Y )
r'r/ A A ~

Higgs © S b | g ) Higgsino
Ay Ay A [
el L. T W)
Quarks o Leptons o Force particles Squarks . Sleptons . SUSY force particles

For each fermion of the Standard Model there is a supersymmetric
boson partner and vice versa.

-> stability of Higgs mass

-> unification of forces

-> candidate for dark matter

Up to now no SUSY partners with the same mass as SM particles have been
found, therefore SUSY must be broken:

m = m
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% Exploration of SUSY models

SUSY is not a single theory, but a framework of models.

The minimal supersymmetric Standard Model (MSSM) has 105
parameters -> difficult to explore.

We can study benchmark MSSM models with fewer parameters, and
NMSSM’s as well as R-parity [R = (-1)2*L*38] violating scenarios. New
and sometimes more unusual experimental signatures will arise.

Examples:

CMSSM (constrained MSSM): m, 5, m,, A,, tanf, sign(u)
mSUGRA (minimal supergravity model): m,,,, mg, A,, sign(u)

NUHM (nOn'Universal H'IggS Mass mOdelS; Higgs mass not unified with sfermion mass):
M, ,5, My, My (Or my,, Myy), Ay, tanp, sign(w)

mGMSB (minimal gauge-mediated SUSY breaking):
Mmessenger, A (visible sector soft SUSY breaking scale), tanf3, ¢

RPV MSSM (R-parity violating): m,,,, my, A,, tanp, sign(u), A
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Particles L |

SUSY searches

Initial generic searches are performed
Examples with a number of inclusive final states.
Signatures can contain  (b)-jets,
missing transverse energy, leptons or
photons.  Specific searches have
begun, for example for third
generation squarks.

"shadow " particlesd

Interpretations can be made either
through constrained (e.g. mMSUGRA,
GMSB) or simplified models
. 1 lepton, (phenomenological, defined by an
multijets + Ef™*  jets + Emiss  effective  Lagrangian  describing
interactions of a small number of new

disappearing (kink) stable massive pa rt'iC l_eS ) .

) % track . particle
displaced -
vertex -
primery &7 / A: New sighatures are starting to be

vertex

pym— p— oo mm aayengn €Xploited (e.g. long-lived particles).
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% Examples of new signatures

mMGMSB:

The NLSP plays an important role since cascade decay chains of
sparticles typically end in the NLSP. This is often a stau, which decays
to tau and gravitino or neutralino, which can decay to a photon and a
gravitino (missing energy in the detector).

RPV MSSM:

Lepton number violation or baryon number violation is allowed, the
proton is still stable. The LSP (not necessarily a neutralino) decays to
Standard Model particles. For a neutralino LSP the signatures are the
same as for R-parity conserving models, except that there is no
missing energy. If the RPV coupling is very small, decays are delayed,
leading to displaced vertices. For stau LSP there are taus in the final
state.
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CMSSM limits

CMS Preliminary L _ =4.98 fb'Ns =7 TeV

— 800 I I I | I I I I | I I I I | I I I I | I I I I | I I I I—_
% ’W@\\/j £ %1 tan(p)=10 .
0] 7y %\\ - |A,=0GeV =
= S LI E
= m(§) = 1500 m, =173.2 GeV| -
£ 600 =
D LEP2 [~ _
500 KOTR . LEP2 3 _:
400 m(g) = 1000 _f
300 — =~ -]
- Jets+MHT .
- m(&) =500 7 (\,\?\@‘3" B
200F Multi-Lepton ,Gov“e‘g;\N?a% N
W N0 .

1 OO I S B I I |

500 1000 1500 2000 2500 3000

m, [GeV]

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS
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MSSM direct sbottom pair production

In the MSSM @i and g, can mix to form 2 mass eigenstates. Mixing is proportional
to the mass of the corresponding SM fermion, therefore it is important for the 3
generation. Large mixing can yield sbottom and stop mass eigenstates that are
much lighter than other squarks.

— [ T T T T | T T T T | T T T T | T T T T T T T T T T T T T T T T ]

% 350 5’1_5’ production, b s b+X éL Observed Limit (91‘)% C.L.)

O] - T CL Expected Limit (95% C.L.) -

‘—?'XF 300 o CLS Expected Limit =10 -

e :_ B CDF 265 b i:::::::::::::;& + 10 NLO scale unc. _:

Exclusive decay mode: = D052 b ]
250 | ATLAS =

~ - | (\ |

by — b+ YV - & L dt=2.05fb"'Ns =7 TeVv .

1 X 200 |— o ,\0&’\0’\, f ............................................... —

. - obsr e o

Event selection: 150 - Syl e mmmnAREIIEA 5
Large E;™ss + 2 b-jets - e .
100 B e S

R-parity conservation » w0
>0 T

hep-ex 1112.3832, | | o 3 -

PRL 108 (2012) 041805 Yoo 150 200 250 300 350 400 _ 450
Mg [GeV]

Sbottom masses are excluded below 390 GeV for neutralino masses below 60 GeV.
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@ Sbottom and stop production from gluinos

no leptons, large E;™ + > 3 b-jets Event selection: 1 lepton plus b-jets or 2 55 leptons

¢
production, T,— b+x L™ =471, (s=7TeV

§ """""""""""""""""""" ,,‘ = ?9 III14TLASII .
,_,_1 200 B = CL, Observed limit = 10?#3\(), H & E ----- CL, Expected fimit = 10 Preliminary E
e [ ATLAS Poiminary O-lepton + b-ets 2017 - g7 800 [ c1, obsenved limit= 1035 g bjots channel E
1000 [ 3 brjets channel All limits at 95% CL » ] 200 E 1 lepton + b-jets 2.0 fb™ 7
[ [ ATLAS BB, 2.05 b ’ ] - — sSdiepon, 201" .
800 |- [7] coF BB, 2.65 1" ] 600  Alllimits at 95% CL =
~ [l Dobp, 521" ) ] 500 F- m(%, ) =60 GeV, m(d, ,) >>m(§) =
s00 [ | PP = Bp25 ' 4 - ]
i ] 400 - \0\06@0 =
- ; -
400 — _' 300 |- ) ;\f\o -
- - 2 (% :
N 200 i) =
?%%00 300 400 500 600 700 800 900 1000 1;3?G1V2]oo T T T
g ms [GeV]
Gluino-sbottom model Gluino-stop model
A gluino mass below 1 TeV is excluded A gluino mass below 820 GeV is excluded
for sbottom masses up to 870 GeV. for stop masses up to 640 GeV.
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Stop masses are excluded up to at least 130 GeV for neutralino 1 masses up to 65 GeV.
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Heavy “stable” charged particles

HSCP may be a long-lived NLSP, e.g. in Split-SUSY or GMSB.
If mass greater than about 100 GeV: = v/c < 0.9.
Nuclear interactions may lead to charge exchange.

Signature: high-momentum particle with anomalously large energy loss dE/dx
through ionization and an anomalously long time-of-flight.

Lo
o

on return yoke interspersed
wwwwwwwwwwwwwww

--- HSCP (becoming neut;al
Tracker (high dE/dx) + u system (long TOF) Tracker only (charge exchange)

D Barmey. CERN, 2004

sssssssssssssss
‘‘‘‘‘‘‘‘‘‘
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Heavy long-lived charged particles

Data are consistent with background, estimated from data.

Mass limits for several models:
M(gluino) > 1091 GeV, M(stop) > 735 GeV, M(stau) > 232 GeV

CMS V(s=7TeV 5.0fb’

CMS Vs=7TeV 5.0fb" =~ T :
o 105 T T T T T T T T T T T T T ] 8_ | z |
§ ) { Tracker - Only E - ‘Theoretical Prediction Tracker + TOF
> . ob g ] © 1 - gluino (NLO+NLL)  —%- gluino; 50% Gg -
C. 4 * serve ) E oo stop (NLOSNLL)  — gluino; 10% §g 3
Q10" | A | Data-based SM prediction 3 - Pair Prod. stau (NLO) g stop .
;n - x LY | SMprediction (MC) i - === GMSBstau (NLO)  _+ pair Prod. stau 8
g1 o I MC - Gluino (M=600 GeV/c2) i 7 GMSB stau i
S : 107 E
10 = = - .
10 E I |
- ] 10 = E
1 - ]
-1 i B h
10 E )
: 10°¢ E
B C P 1 | 1 1 L% | 1 T
-2
10 500 1000
0 500 1000 Mass (GeV/c?)

Mass (GeV/c?)

hep-ex 1205.0272, submitted to PLB
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Extra dimensions

Our well known universe: 3 space dimensions + 1 time dimension
String theory: minimum 6 extra dimensions

Funambulist: 1 dimension

Ant: 2 dimensions (2"4 dimension rolled up)

Gravity seems to be 1038 times weaker than the strong interaction ->
difficult to unify with other forces! A possible solutions of this hierarchy

problems are extra dimensions.
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A Models with extra dimensions

There are several models, which have the following in common:
e There is a 3+1-dimensional (sub)space (brane, membrane)

* The brane is embedded in an 3+1+d dimensional space (bulk)
e The d extra dimensions have the same size R

e All particles and fields living in the bulk are replicated in Kaluza-Klein-towers.
O. Klein 1926: Extra dimensions are rolled up, i.e. a particle, which moves in these dimensions,
comes back to the starting point. Standing waves emerge.

Gravity
) - ,¢‘<<‘/‘//V

S S TS

SEas =
Differences between the & t& Q{‘“ E}g ‘

\ \ we > "

models: ‘N \ } our 3+1 dimensional
* Size and geometry of . Gravity universe

i3 -
the bulk 3
* Kinds of particles that are a %%/J %%ﬁ ‘

i extra dimension J—
allowed to move around in the bulk %

—
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Gravitational force

ADD model - large extra dimensions

Arkani-Hamed, Dimopoulos, Dvali hep-ph 9803315, Phys. Lett. B 429, 263 (1998)

Not the effective 4-dim. Planck scale, but the quantum gravity scale of the higher-
dimensional theory M, is relevant. The only fundamental scale should be the
electroweak scale M, = M,=1 TeV!

~ Mmimo 1 . . .
Vi(r) mar2 s T <R * Known particles live in the
V(r) ~ %%, > R 3+1-dimensional brane
* The graviton can also move in the bulk
Mp = Mp/\/37 e There are d=2 extra dimensions
5 -. Cravitat | e Extra dimensions are rolled up in a
= “ -aV1tat10ngl fo-rce in .WOI']d ] ] ) .
> \ 7 with 4 spacial dimensions torus with compactification radius R
£ E & , ed=2:R=1mm,d=3:R=1nm
5 P AT 2+d ’ : :
= 7 Mp = Mz R Newton’s law of gravity is tested down to
51 : about 0.1 mm.
Newton’s law * The graviton corresponds to a
s of gravity .
/ KK-tower with 3+1 mass spectrum
| | M, =1l/R(=0,1.2,...).
0 05 10 ' /R
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Randall-Sundrum Model (Warped ED)

L. Randall, R. Sundrum, PRL 83 (1999) 3370

5D-model with warped metric: Non-equidistant KK-towers

A L L LR LSRRI ISR
_ = =1
ds® = e 2kWly  dardx? — dy? e c=kIMp, .
... graviton fi § w0t .
M --- graviton field 5] iy
k... curvature B [ 1
r......distance between branes = " G |
N
Bulk % -8
10 —
- Davoudiasl, Hewett Rizzo, PRD
o-to b b b b b e
1000 2000 3000 4000 5000 8000
My (GeV)
Signature (examples):
Planck Brane SM Brane G1 -> vy, e*e, WM'

y=0 y=rC
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Direct search for large extra dimensions

Direct search:

1028

Signhature (e.g.): monOJet Emiss

q g q q g g
q ak) 9 ak) 9 (k)
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Indirect search:

Search for large ED with diphotons and dileptons

Signature (e.g.) : enhancement of

the Drell-Yan cross section

5 10° | ' ' .
> 3 ATLAS fL dt=21215" =
g 102 Vs=7TeV o
w - - .
10 _E l-_'_-. + + ’J-l-‘ E_
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C.-E. Wulz
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Black holes

Definition:

Object, wI%se ‘gravitation is so strong/ that even light cannot
escape from it:From tha\ eveht hor]zon the escape velocity is
larger than the spe Wbl

dimensions ( MP -> MD /L could als\dproduce microscopic black

holes (@ 1018 olllﬂmg partons must come closer than a
distance of 2 RS The "black holes should very quickly (-~1026 s)
evaporate througb/ Hawking radiation (T, ~1/Mgy), producing all
possible kinds of Standard Model particles. Signature at the LHC:
many jets, leptons andphotons with high p;.
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Black holes

C

Democratic and isotropic decay.
Signature: Events with large %
transverse energy sum St, high
multiplicity of jets, leptons and

photons. Mgy > 3.8 - 5.3 TeV

CMS Vs =7 TeV, 4.7 fb"

Nonrotating Black Holes
Theoretical Cross Section
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Conclusions

 The LHC has operated very successfully.

« The physics of the last decades has been redone:
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« The experiments have p.er”farmed a large range of analyses,
including on subjects that were not even known a decade or so ago.

« Discoveries may be just round the corner!
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