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LHC	


physics	



(experimental) 

2. 

A brief overview 	


of the (ATLAS+CMS) 	


LHC physics program 



Recap from Lesson 1: how to find a new particle?	



•  Step 1: find events with the 
right ingredients	


!  Cut on particle properties to reduce 

reducible background	


!  Cut on event properties to distinguish 

signal from background	



•  Step 2: reconstruct 
properties of initial particle	
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e-	



e+	



μ-	



μ+	





•  Precision measurements of 
the Standard Model 

•  Search for the Higgs boson 
and study its properties 

•  Direct search for physics 
Beyond the Standard Model 
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Lecture 2 
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Standard	


Model	



precision measurements 



Standard Model measurements	
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top 
physics	



QCD	



electro
weak 

physics	
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Standard Model measurements	


•  Excellent agreement between measurements and SM prediction!	



!  Very few tensions…	


•  More precise measurements of W and t mass needed: indirect 

constrain are now better!	
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theoσ / expσProduction Cross Section Ratio:   
0.5 1 1.5 2

CMS PreliminaryApr 2014

All results at:
http://cern.ch/go/pNj7

(NNLO th.), γγ  0.09± 0.11 ±1.04 -15.0 fb
γW  0.06± 0.13 ±1.16 -15.0 fb
γZ  0.05± 0.05 ±0.98 -15.0 fb

WW+WZ  0.03± 0.20 ±1.05 -14.9 fb
WW  0.04± 0.11 ±1.11 -14.9 fb
WW  0.04± 0.12 ±1.22 -13.5 fb
WZ  0.03± 0.10 ±1.17 -14.9 fb
WZ  0.05± 0.08 ±1.12 -119.6 fb
ZZ  0.06± 0.15 ±0.99 -14.9 fb
ZZ  0.08± 0.10 ±1.00 -119.6 fb

7 TeV CMS measurement (exp+th) 

8 TeV CMS measurement (exp+th) 

CMS measurements
vs. NLO theory

Production cross sections	
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top quark	
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•  Top quark has a mean lifetime of 5×10−25 s, 
shorter than time scale at which QCD acts: no 
time to hadronize!	


!  It decays as	



•  Events with top quarks are very rich in (b) jets… 	



LHC is a "top factory”!	


•  5 millions of tt pairs	


•  ~100000 in Tevatron in 

20 years	





Mass of the top quark	
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How to find	


a new particle?	



interlude 



108 events/s	



10-2 events/s ~ 	


10 events/min	



~1010	



[mH ~ 120 GeV]	



0.2% H " γγ	


1.5% H " ZZ	



Interesting processes are rare!	
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Signal and background	
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e-	



e+	



μ-	



μ+	



The final state is exactly the same, but it does 
not come from the particle you are looking for	



Irreducible background	



The final state looks like the same, but some f 
the particle fakes what you are looking for	



Reducible background	



e-	


e+	



μ-	


μ+	



μ-	



μ+	



fake e-	



fake e+	





Extract signal from background	
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Higgs boson 

ZZ 

Z + 2 quarks 

m4l 

N
um

be
r o

f e
ve

nt
s 

mH 



Extract signal from background	
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m4l 

N
um

be
r o

f e
ve

nt
s 

Events in real life do not 
come with a label!	


No way to distinguish 
signal from background 
on an event-by-event 
base…	





Extract signal from background	
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m4l 

N
um

be
r o

f e
ve

nt
s statistically estimate 

background from 
“control regions”	



is there an excess?	





Extract signal from background	


•  Background gets estimated…	



! … from simulation (normalized to data)	



! … directly from data (“control regions”, enriched in background events)	
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How significant is an excess?	


•  p0: probability that the excess is due to a fluctuation of background	


•  Significance: 	



•  Convention:	



•  3σ is an evidence (p0 = 0.27%)	



•  5σ is a discovery (p0 = 5.7.10-7) ���
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Significance increase with data (and time!)	
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Higgs	


boson	



discovery & properties 



Standard Model Higgs decays	
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•  1 Higgs every 10 s	


•  1 H→γγ every 1.5 h	


•  1 H→ZZ→4ℓ𝓁( ℓ𝓁= e or μ) every 2 days	
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H"γγ	





H"4μ	
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“Higgs-like” signals on July 4th 2012 (in ATLAS)	
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H"γγ	

 H"4l	





“Higgs-like” signals with all 7 and 8 TeV data…	
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•  Signal significance = 7.4 σ	


•  mH = 126.8 ± 0.2 (stat) ± 0.7 (syst) GeV	



•  μ = 1.65 ± 0.34 (deviation w.r.t. SM at 2.3σ)	



•  Signal significance = 6.6 σ	


•  mH = 124.3        (stat)        (syst) GeV	



•  μ = 1.7 ± 0.34	



H"γγ	

 H"4l	



+ 0.6	


- 0.5	



+ 0.6	


- 0.3	



2013 analyses	





is it the 
Higgs 

boson?	
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Spin!	
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What’s a particle spin? 	


	


“An amount of rotation 	


that is somehow 	


quantized”	



An electron has always 	


an angular momentum of ½ ħ 	


either in its direction of travel (+½ ħ) 	


or opposite to it (-½ ħ)	

 ħ = 1.0545 × 10-34 m2 kg / s	





What spin do particles have?	
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What can a spin 0 particle decay to?	
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What can a spin 1 particle decay to?	
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What can a spin 2 particle decay to?	
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So, what spin has our Higgs-like particle?	
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How can we recognize spin?	
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spin 0	

 spin 1	

 spin 2	



Spin-0 decays in all directions with equal probability; spin-1 prefers decaying toward or away from the direction of spin; spin-2 
prefers the poles and the equator to the region in between. These pictures exaggerate the real distributions for clarity.	
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•  If spin-2 resonance is produced 100% by gluon fusion, observed rejection p-values are:	


!  spin-0 " 58.8% (1.2% expected) 	

" good agreement with spin-0 hypothesis	



!  spin-2 " 0.3% (0.5% expected) 	

" spin-2 excluded at 99.3% CL	



γγ polar angle θ* 
with respect to Z-axis 
in Colin-Sopper frame	



	


	





Spin study with H"4l 	
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•  Sensitive variables 	


!  Intermediate boson masses: mZ1, mZ2	



!  Z1 production angle: θ*	


!  Z1 decay plane angle: Φ1	



!  Angle between the Z1 and Z2 decay planes: Φ 	


!  Decay angles of negative leptons: θ1, θ2 	
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•  Expected separation >2.5σ, except for 2+m (~1.5σ)	


!  New boson compatible with SM 0+ Higgs hypothesis when 

compared pair-wise with 0-, 1-, 1+, 2+m	





The Higgs boson or a Higgs boson?	
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Beyond	


the SM	





Many unanswered questions…	
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H!
Higgs boson!

2012: CERN"

Why there are 3 families of 
particles? Are there more?	

 Why is the top quark so heavy?	



Are there 
more forces?	



What keeps 
the Higgs mass 

so small?	



How do 
neutrinos get 

mass?	



Why there’s 
more matter 

then anti-
matter?	



How do we 
incorporate gravity? 	



What is 	


Dark Matter?	





… as many possible answers to probe!	


•  Super-symmetry?	



•  Composite quark and/or leptons?	



•  New Heavy bosons?	


•  Gravitons?	



•  Dark Matter particles?	


•  …	
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Any new theory 
need to agree 
with the SM!	
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An example: ATLAS dark matter search 	



•  Pair production of WIMPs plus W or 
Z bosons decaying and reconstructed 
as a single massive jet in association 
with large missing transverse 
momentum from the undetected 
WIMPS particles 	



•  The interaction is unknown…	


!  But this doesn’t stop the search!	
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SUSY summary (ATLAS)	
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MSUGRA/CMSSM 0 2-6 jets Yes 20.3 m(q̃)=m(g̃) 1405.78751.7 TeVq̃, g̃

MSUGRA/CMSSM 1 e, µ 3-6 jets Yes 20.3 any m(q̃) ATLAS-CONF-2013-0621.2 TeVg̃

MSUGRA/CMSSM 0 7-10 jets Yes 20.3 any m(q̃) 1308.18411.1 TeVg̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV, m(1st gen. q̃)=m(2nd gen. q̃) 1405.7875850 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV 1405.78751.33 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1

1 e, µ 3-6 jets Yes 20.3 m(χ̃
0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) ATLAS-CONF-2013-0621.18 TeVg̃

g̃g̃, g̃→qq(ℓℓ/ℓν/νν)χ̃
0
1

2 e, µ 0-3 jets - 20.3 m(χ̃
0
1)=0 GeV ATLAS-CONF-2013-0891.12 TeVg̃

GMSB (ℓ̃ NLSP) 2 e, µ 2-4 jets Yes 4.7 tanβ<15 1208.46881.24 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 20.3 tanβ >20 1407.06031.6 TeVg̃

GGM (bino NLSP) 2 γ - Yes 20.3 m(χ̃
0
1)>50 GeV ATLAS-CONF-2014-0011.28 TeVg̃

GGM (wino NLSP) 1 e, µ + γ - Yes 4.8 m(χ̃
0
1)>50 GeV ATLAS-CONF-2012-144619 GeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 4.8 m(χ̃
0
1)>220 GeV 1211.1167900 GeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 0-3 jets Yes 5.8 m(NLSP)>200 GeV ATLAS-CONF-2012-152690 GeVg̃

Gravitino LSP 0 mono-jet Yes 10.5 m(G̃)>10−4 eV ATLAS-CONF-2012-147645 GeVF1/2 scale

g̃→bb̄χ̃
0
1 0 3 b Yes 20.1 m(χ̃

0
1)<400 GeV 1407.06001.25 TeVg̃

g̃→tt̄χ̃
0
1 0 7-10 jets Yes 20.3 m(χ̃

0
1) <350 GeV 1308.18411.1 TeVg̃

g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<400 GeV 1407.06001.34 TeVg̃

g̃→bt̄χ̃
+

1 0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<300 GeV 1407.06001.3 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)<90 GeV 1308.2631100-620 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 0-3 b Yes 20.3 m(χ̃

±
1 )=2 m(χ̃

0
1) 1404.2500275-440 GeVb̃1

t̃1 t̃1(light), t̃1→bχ̃
±
1 1-2 e, µ 1-2 b Yes 4.7 m(χ̃

0
1)=55 GeV 1208.4305, 1209.2102110-167 GeVt̃1

t̃1 t̃1(light), t̃1→Wbχ̃
0
1

2 e, µ 0-2 jets Yes 20.3 m(χ̃
0
1) =m(t̃1)-m(W)-50 GeV, m(t̃1)<<m(χ̃

±
1 ) 1403.4853130-210 GeVt̃1

t̃1 t̃1(medium), t̃1→tχ̃
0
1

2 e, µ 2 jets Yes 20.3 m(χ̃
0
1)=1 GeV 1403.4853215-530 GeVt̃1

t̃1 t̃1(medium), t̃1→bχ̃
±
1 0 2 b Yes 20.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )-m(χ̃

0
1)=5 GeV 1308.2631150-580 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1

1 e, µ 1 b Yes 20 m(χ̃
0
1)=0 GeV 1407.0583210-640 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)=0 GeV 1406.1122260-640 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(χ̃

0
1 )<85 GeV 1407.060890-240 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222150-580 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)<200 GeV 1403.5222290-600 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1

2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV 1403.529490-325 GeVℓ̃

χ̃+
1
χ̃−
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±
1 )+m(χ̃

0
1)) 1402.7029700 GeVχ̃±

1 ,
χ̃0
2

χ̃±
1
χ̃0
2→Wχ̃

0
1Zχ̃

0
1
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0
2), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-093285 GeVχ̃±

1 ,
χ̃0
2

χ̃0
2
χ̃0
3, χ̃

0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086620 GeVχ̃0

2,3

Direct χ̃
+

1
χ̃−
1 prod., long-lived χ̃

±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1)=160 MeV, τ(χ̃

±
1 )=0.2 ns ATLAS-CONF-2013-069270 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584832 GeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 15.9 10<tanβ<50 ATLAS-CONF-2013-058475 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 4.7 0.4<τ(χ̃
0
1)<2 ns 1304.6310230 GeVχ̃0

1

q̃q̃, χ̃
0
1→qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <cτ<156 mm, BR(µ)=1, m(χ̃

0
1)=108 GeV ATLAS-CONF-2013-0921.0 TeVq̃

LFV pp→ν̃τ + X, ν̃τ→e + µ 2 e, µ - - 4.6 λ′311=0.10, λ132=0.05 1212.12721.61 TeVν̃τ
LFV pp→ν̃τ + X, ν̃τ→e(µ) + τ 1 e, µ + τ - - 4.6 λ′

311
=0.10, λ1(2)33=0.05 1212.12721.1 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.25001.35 TeVq̃, g̃

χ̃+
1
χ̃−
1 , χ̃

+

1→Wχ̃
0
1, χ̃

0
1→eeν̃µ, eµν̃e 4 e, µ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ121!0 1405.5086750 GeVχ̃±

1

χ̃+
1
χ̃−
1 , χ̃

+

1→Wχ̃
0
1, χ̃

0
1→ττν̃e, eτν̃τ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086450 GeVχ̃±

1

g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091916 GeVg̃

g̃→t̃1t, t̃1→bs 2 e, µ (SS) 0-3 b Yes 20.3 1404.250850 GeVg̃

Scalar gluon pair, sgluon→qq̄ 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826100-287 GeVsgluon

Scalar gluon pair, sgluon→tt̄ 2 e, µ (SS) 2 b Yes 14.3 ATLAS-CONF-2013-051350-800 GeVsgluon

WIMP interaction (D5, Dirac χ) 0 mono-jet Yes 10.5 m(χ)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147704 GeVM* scale

Mass scale [TeV]10−1 1
√
s = 7 TeV
full data

√
s = 8 TeV

partial data

√
s = 8 TeV
full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: ICHEP 2014

ATLAS Preliminary
√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.
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Exotics Summary (CMS)	
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LHC Run 2 is approaching!	


Hugely increased potential for discovery of heavy particles at 13 TeV	


Perfect occasion for young motivated physicists: join the search!	
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Testing QCD	
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CERN Auditorium, July 4th 2012	
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Standard Model Higgs production at the LHC	
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gluon fusion (ggF)	



Vector-Boson-Fusion (VBF)	



associated production (W, Z)	



associated production (ttbar)	



125	



σ(125 GeV) = 22.3 pb	


	



2 Higgs bosons @ 	


mH 125 GeV produced 
at LHC in 2012 every 

1010 pp collisions 	


	



21.7 fb-1 at 8 TeV	


5.6 fb-1 at 7 TeV	





Higgs decays to fermions	
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Higgs couplings	
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•  All seems consistent with Standard Model predictions…	




