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? Reminders from first lesson

¢ Collide beams of particles to create new ones (E ~ M of particle)

collision

€ Huge detectors to reconstruct and identify decay products

Tracking Electromagnetic Hadron Muon
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¢ Selection of interesting events photans
and reconstruction of initial state ot
—
> 0-1;"I""\“"I""I""""“"": muons
S 0.09- ATLAS Preliminary E —_—
0 - Simulation . +
©0.085 o m,=125Gev = =, P
= 0.07E Gaussian fit E e
© E 7
0'06;_ H—-ZZ*—2u2e/2e2p E n
0.05F (1s=8Tev) E —
- m=(123.90% 0.03) GeV 1 heutrino
0.04F 5 - (2.26+£0.03) GeV = »

0 033_ fraction outside + 26: 19%
o ®
[

0.02F

E . . °
0.01 without Z mass constraint S

E Innermost Layer... P ...Outermost Layer

80 90 100 110 120 130 140
[GeV]

m2|.12e/2e2u



CONSTRUCTION i
D DERCTEOR =
Buildin =y .
9 = ) = Maintenance

Detector
calibration
Data
acquisition
Data quality
Approbation
procedures

image : http://www.lhc-france.fr
3



?ATLAS and CMS research program

€ Precision measurements of the Standard Model

- W boson mass, top quark properties, etc

- indirect sensitivity to Beyond SM physics

¢ Search and study of the Higgs boson

- observed last year

¢ Direct search for Beyond SM physics

- supersymmetry

- heavy gauge bosons, excited quarks, etc

¢ (Heavy ions)



?Part I: Standard model measurements (1)

¢ Theory to describe elementary particles + forces
bosons
-
Y

T

> electromagnetism

up top

charm

down strange bottom > weak force

\. Strong force

¢ Predicts:
- production cross sections
- branching ratios
= Efc



?Part I: Standard model measurements (2)

¢ Very accurate predictions from the SM

— all measurements in less than

3 standard deviations

€ Predictions to be tested at LHC

centre-of-mass energies

¢ Precise measurements possible
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? Cross sections (1)

¢ Production cross section o = probability of a particle to be produced
¢ Number of produced particle: N = ¢.L

¢ Example: production cross section of Z - e*e"and Z - p'p

CMS Preliminary 18.7 pb™ at Vs =8 TeV
3' T T T L | P T T T T T L [ W T 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘
c - gmg ; g Pﬁ_; 3?3 W n NNLO, FEWZ+MSTW2008 prediction
— ] P k] e T 0, H
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% E ? DOHunI 1.8 TeV E 113+ 0.04 nb
b — v U A1 540, 630 GeV . ]
— ] Z—ee
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¢ Precision of the prediction: 3.5%

¢ Precision of the measurement: 4.8% (mainly to due to luminosity)



? Cross sections (2)

¢ Summary of cross section measurements:

SRR — ATLAS Prellmnary
= = 35pb" s
o — ? . | | LHC pp Vs =7 TeV
© 4 B 35pb" Theory
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€ Once again, perfect agreement with SM predictions




? Top quark

¢ A very special quark

- very massive

- very short lifetime

e decay in Wb ~ exclusively

- discovered in 1995 at Tevatron

4 Often produced by pairs of top-antitop

- ‘W can decay to ev, v, Tv or qq

@ TElESs o ltopkiacloryk
- 5 millions of tt pairs

- ~100000 in Tevatron in 20 years

> QUARK MASSES
2

200
150
100
50
Oams oo o015 'c5 b
o = (0] £ £ Q
B E a8 =
o f £ B9
-03 (&) s Orom

Al jets 44%

| r4jets 15%

u+jets 156%

e+jets 156%



?Top mass

CMS, L=3541fb", {s=7 TeV

¢ Mass several orders of magnitude larger 3 250- " Combined fand mat
than u and d quarks T S — o ackground
0 - Uncertainty on f,
§

€ Best precise measurement at Tevatron

- uncertainty of 0.5%

€ Best precise measurement at
therl=kC .

CMS, Vs=7 TeV
T T T | T T T T I T T T T T T T T | T T T T I T T
— reconstr from rk : o :
eCO St UCted O 6 qua S CMS 2010, dilepton 175.50 £4.60 £ 4.52 GeV
JHEP 07 (2011) 049, L=36 pb' (value * stat + syst)
-k 1 (0) ————i
uncertalnty Of 0.6% CMS 2011, dilepton 172,50 + 0.43 + 1.48 GeV
EPJC 72 (2012) 2202, L=5.0 fb™' (value + stat + syst)
o CMS 2011, lepton+ets ' 173.49 +0.27 +1.03 GeV
JHEP 12 (2012) 105, L=5.0 fb" (value + stat + syst)
/‘ quark
botiom g CMS 2011 all-jets " 173.49 £ 0.69 + 1.21 GeV
quark \ / W boson This analysis, L=3.54 fo™' (value * stat + syst)
top quark ——i
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P 9P 9 9 9 & & & @
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- top Phys. Rev. D 86 (2012) 092003, up to L=5.8 fb™' (value * stat + syst)
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? Interlude: search for a particle

¢ 1L.HC: 40 millions of collisions/s

¢ Interesting processes are very rare:

mass Cross section Events
(GeV) (millions)
2 quarks/gluons 500 ub 100000000
W —lv 80.4 10 nb 300
Z—ll 91.2 0.9 nb 30
tt 173.1 165 pb 3)
Higgs 125 22 pb 0.7
Z'—ll 1000 95 b 0.003
. _»®
¢ Reminder from lesson 1: »Q 0
- signal @\é —»0
LN W A Q
- background: similar final state
- select interesting events : _»®
— =~~~ \_»@ .

reconstruct invariant mass




?Extract signal from background (1)

¢ Signal is at a given invariant mass (unknown)

- background can have any mass (no resonance)

¢ Example:
A
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?Extract signal from background (2)

¢ But can't distinguish signal from background events:

Number of events

41
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?Extract signal from background (3)

¢ Look for an excess of events over the background:

A excess of events

= signal ?
"
o0

__ 9000 e backgound
000000000 ©
000

o0

Number of events

41
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?Extraot signal from background (4)

¢ Background estimate
- from simulation
- from data (samples enriched in background events)

60 o Daia ATLAS Preliminary
C [ Background zz"” Ho 77" 4]
s0(— [l Background Z+jets,

Signal (mH=125 GeV)

7/ Syst.Unc.

\s=7TeV:|Ldt= 4.6 fb"
\s = 8 TeV:|Ldt = 20.7 fb”

Events/5 GeV
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? Statistical analysis

¢ pO: probability that the excess is due to a
fluctuation of background

¢ Significance:

- Z~S/VB

= p0=1—Erf(£)

V2

4 Convention in HEP:

- 3o is an evidence (< p0 = 0.27%)
- 50 is a discovery (< p0 = 5.7.107)

¢ 1f no signal, put a limit on the cross section

Events / 5 GeV

Data - Background

m, [GeV]
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? Need for a lot of data
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? Part |Il: Higgs boson

2 @ 2
Apparent “’j 5 e
# Interaction of the particles with the Higgs :ﬂpa {::Q%%ﬁmﬁ'g
5 o @ 2
field give them mass - N e [ 9%
< / ° Higgs Field
[ ]
¢ Theory does not predict the Higgs boson mass!
- but would prefer a "light" Higgs
4 Masses excluded before LHC:
Search for the Higgs Particle
Status as of July 2010 95% confidence level
Excluded .’.‘{y Excluded by Exc_fuded by
- | | -_-
100 114 120 140 158 175 185 200 GeV/c?

Higgs mass values

http://www.fnal.gov
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? History of Higgs boson search

¢ 1964 Brout & Englert, Higgs, Guralnik, Hagen & Kibble,
- not taken too seriously until...

¢ 1967 Used in the formulation of the Standard Model j )
- proven to be self-consistent in 1971

¢ 1973 Experimental acceptance of the Standard Model

¢ 1983 Discovery of W and Z bosons
- closely linked to the Higgs boson /2
¢ 1993 LEP studies Z's and rules out m <53 GeV

- and indirectly excludes m >300GeV
¢ 1994 Building of LHC accepted

4 2000 LEP lower limit reaches 114.4 GeV
- hint of production at 115 GeV?

¢ 2011 LHC excludes 130-550GeV, Tevatron 156-175 GeV
- some indications for a particle at 125 GeV?

¢ 4th July 2012 New particle found at 126GeV

from B. Murray
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? Higgs boson decay

¢ Predicted branching ratio:

— 1E | | I =2
32 = 8
o, J8
5
Q g
< S
310-1 ZZ __:E‘
©
kS
+
oC
m10? =
)
O
o L
L L >

-31
) '

B |

Hp

10-4 III|III| IIiIIIlIII 1 1

80 100 120 140 160 180 200

M, [GeV]

¢ 1 Higgs every 10 s
¢ 1H-vyyevery 1.5h

¢ 1H-Z7Z-4¢(¢=eor p) every 2 days
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? Two major decay channels

¢ H- 7Z7* - 4 leptons (e, p) ¢ H-vyy

> anl > 1o0000— ~ T r T T ]
¢ 60~ e Data ATLAS Preliminary 8 C Selected diphoton sample 7]
v B (") _
i Background ZZ * 8\ [ . Data 2011+2012 i
% C L] g ] H—zZ"' =4 » 80001~ Sig+Bkg Fit (m =126.8 GeV) ]
o 20 - Background Z+jets, it = T Negg mmmeees Bkg (4th order polynomial) 7]
- [ ] Signal (m =125 GeV) |j>j 6000(— ATLAS Preliminary —
7 - O H— —
40 %/ Syst.Unc. - L _
- 4000 {— —
- \s=7TeV:|Ldt = 4.6 b T Vs=7TeV, ILdt =481’ ]
30— 2000 — p -
L \s=8 TeV:det =20.7 fo ~ Ys=8TeV, ILdt =20.71b 7]
- o 500 = : : : : : -
201~ 5 400 E- -
C S 300 - -5
L = 200 - =
10 [ 100 E- + + + + . + —=
' 0 : H-f—tﬁj—f—*%é
42 100 _1 + ¢ ¢ —
0 m —200 E_ 1 1 1 1 _E
100 150 200 250 L|>J 100 110 120 130 140 150 160
m, [GeV] m., [GeV]

¢ Signal ~ 20 ¢ Signal ~ 400
¢sSB~1 ¢ S/B~1%
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? Example : search for H-WW*

¢ With decays W — ev et W — v

\
¢ Select events (energy, identification, kinematics of the event, ...)
¢ Background > cf lesson 1
- reducible: tt, WZ, Z+jets, ...
- irreducible: WW =

¢ Background estimate and data:

200—P|lllllllllll|

> 140_| T : : T | T : T - I T T - I - T T T | T T T '_ % i ll T |. I L I LI | LI | LU I L I T 1
Q - . . —4- Data %< SM(sys @ stat) = Bkg. subtracted Data
S [ ATLAS Preliminary 2 02 = siGree o & [ ATLAS Preliminary ¢ ®

‘C)_ 120 \s=8 TBV,J Ldt = 20.7 b R [ Single Top g 50_ Ns=7 TeV,J Ldt =4.6 fb |:| H[125 GeV]

-~ " Z+jets W+jets .

% 100 HoWW' )eevuv/uvev +1jet - E H [1125 GeV] *2 \s=8 T?,Y’J Lot = 20.7 b

g o H-WW' '=lviv + 0/1 jets

T W 100

80

JF

(- | | |-_+_|---|---I...I...E

) s _I I 111 L I L1 1 11 | 11 1 L
50 100 150 200 Bl 250 300 60 80 100 120 140 160 180 200 220 240 260

60

40

IIIIIIIIIIIIIIlII\\1
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? Higgs boson discovery

¢ In July 2012

o’ P 4 cus 5=7TeV L=511" (5=8TeV,L=531"
= OF ATLAS 2011-12  (s=7-8TeV { 2 = ' ' ——t
o 1K 04 © — R
S C T 102 Y = =
o oy __ \ |30
oL 1 B \\// ‘
(&) 4 Pe
—- 3o 1_ : — 3 10* i .............. \ 24(5
104 102fmeas R\ TR — T I \/ .
B 4o o | 10° = —55
sl ) ] — —
107 1. 56 107 T 10‘8 — | = Combined obs. .. —]
. — 10‘3: ] __:EXEEI'SMH ..... _60
8| ] — ] — Ho 27
1070 6 R o R o ] 1070 = —_ Ho WW =
L T G — e N ]
’ 10 B —— Observed  [==-7 Expected Signal+ 16 ]| - :_}:)L . 176
O- . L L 1 L L L L 1 L L L L | L L I - -12 = I I 1 1 I I I I 1 I I I I : I I I I : I 1 |‘?¢i |||||||| —
110 150 200 300 400 500 10 110 115 120 125 130 135 140 145
m,, (GeV)

my, [GeV]

¢ More than 50 in each experiment !

- confidence level > 99.999994 %
4 Since then: discovery in yy, ZZ* and WW* decay channels alone
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? After the discovery

¢ We know that it is A Higgs boson
but is it really THE Higgs boson from Standard Model?

¢ Measure mass of this particle

- not predicted by theory

¢ Production rate, branching ratio and couplings

¢ Spin

pﬁthrul’.cnm
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? Mass measurement

ATLAS

¢ H- 7Z7* - 4 leptons
- 124.350 (stat )02 (syst |GeV
¢ H-vy
- 126.8 =+ 0.2 (stat) £ 0.7 (syst) GeV

¢ Combined mass:

124.3 + 0.2 (stat) ™° _ (syst) GeV

CMS

¢ H- 77* - 4 leptons

- 125.8 + 0.5 (stat) £ 0.2 (syst) GeV

¢ H-vyy

- 125.4 £ 0.5 (stat) £ 0.6 (syst) GeV

¢ Combined mass:

125.7 + 0.3 (stat) = 0.3 (syst) GeV
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? Production rate

= 0: background only
. observed
¢ Signal strength: u= =
N eas = 1: SM Higgs boson
Is=7TeV,L<5.1fb"' {s=8TeV,L<19.6f"
I I o I | Combined CMS Prelimingry m,, =125.7 GeV
ATLAS Preliminary |- 1255 o seron| o oss 1
W,ZH — bb |
s =7TeV: |Ldt= 4.7 o' H_s bb
\s=8TeV: |Ldt=13fb" W=1.15+0.62 |
H— 1t |
\s =7 TeV: } Ldt=461"
Vs =8TeV: |Ldt=13fb"
. H Il
H—ww" - iviv _)uT:I.IOiO.M -
\s=7TeV: [Ldt= 460"
\s =8 TeV: | Ldt = 20.7 fo” I
H— vy H— vy
s=7TeV: |Ldt=4.8f" i —
:s= glex: }ll:g;: ;(?;t;b1 nw=077t027 I
H— zjz‘ ) 5 4
slaan Howw gl
Combi?ed p=130%0.20 |
s=7TeV: |Ldt=46-481h"
I:s= - {th 13-2|0-7fb" I I . | " —LEZ;.QE +0.28 =i

-1 0 +1
Signal strength (u)

¢ All measurements compatible with 1

- biggest deviation: 2.40 (H — yy ATLAS)

Ll .l....|....|....
0.5 1 2

1.5 2.
Best fit GfGSM

combination : 0.80 £ 0.14
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? First coupling measurements (1)

¢ Comparison to couplings predicted by SM

- K, : couplings to W, Z bosons ratio with respect to
: : Standard Model
- X, : couplings to fermions
CMS Preliminary \s=7TeV,L<B51f' {s=8TeV, L=< 19.6 1"
i . 0 SMHiggs ® Fermiophobic @ Bkg. only
7 e
'15 ._... .............
A
OE_I | ] I
0 0.5 1.5

¢ For the moment, couplings compatible with predictions
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? First coupling measurements (2)

¢ Higgs boson couplings to particules oc their mass

Coupling
A or (g/2v)"?

—
Q

CMS Preliminary ys=7TeV.L<51fb {s=8TeV, L-:ﬂaﬁfb

| |==68% CL |
| |—95% CL b
; WHZ.‘"' ' ;
: b ‘ :
R ) |
I | | | I .| | 1 | | I | | i
1 2 345 10 20 100 200

mass (GeV)
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? Spin measurement (1)

¢ Higgs boson: spin 0

4 Spin of other particules :

- leptons, quarks : +1/2, -1/2 Lﬁ% ; %
A A -~
0 ¢

~IRERZ 1505 5

— e e 1

L

¢ Values permitted for the different decay modes::

spin0 | spin1 | spin 2
H-WW, H-ZZ v v v
YY v X v
H—tt, H—bb v v i

— not observed yet
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? Spin measurement (2)

@ Tests various spin hypotheses using angular variables:

0.1:‘III|II\I|\\\||||||
0.09EATLAS Preliminary

Ldt=13f" Vs =8 TeV

—

0.08
0.07
0.06
0.05
0.04

iy

3

0.03F |_
- —— Background
0.02 o (sm) B S
0.0 — 99 =2 =
— — A JP = 92* =
O :\ L1l |q(\1’| [ \2n|1 Lo b b by by |T|#‘ =
0O 01 02 03 04 05 06 07 08 09 1

I eose|

¢ Results:
- spin 2 excluded at >99.9%

- compatible with spin 0 N



? Part Ill: search for new physics

¢ Very accurate predictions of the Standard Model, but...

why we have 3 families of particles
why is the top quark that heavy?
where is gravity?

how do neutrinos have mass?

¢ A lot of theories to explain that Httpy/RewiErERTRY

first they have to have as good predictions as the Standard Model
supersymmetry

excited quarks

heavy bosons W' and 7'

many more
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? Example: heavy Z boson (1)

¢ Look for particle similar to Z boson, but heavier

- ex.:./Z' — ee

- main background: Z — ee

Events

107 LI T T T T T — 1 T T é

10° ATLAS Preliminary ~ + Data20i2

. Z’ — ee Search Oz =

10° _ .

j Ldt=59f'  [JDiboson  Z

10* | [ 2

\s=8TeV []Dijet & W+Jets 3

100 e []Z(1500 GeV) %

102 e Z'(2000 GeV) E;

10 "—____ E

1 — o 'é

10-1 ;E --___ - é
10-2 i L 1 | | ol ___

100 200 300 1000 2000
Mee [GeV]
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? Example: heavy Z boson (2)

Cross sections

¢ No excess seen = set limits predictions
g B L] I I \ I L] I ) I L] I I I | ) L] L] L] I I I I I L] I ) L] ]
- 1 - ATLAS Prellmlnary [ Expected limit _‘
o \s=28TeV " Expected £ 16

i

Cross section x 1
branching ratio

L — ee Expected £ 2¢

— Observed limit |

Those cross
sections are

/ excluded

- Z’SSM
S Z,x
— Z’w

10_2 E_ _E
10° =
= JLdt =591 -

—4 | 1 1 | 1 | | | I | | 1 1 I | | | | I 1 1 1 | I | | |
10 0.5 1 15 > 2.5 3
M, [TeV]

This model is excluded

for masses > 2 TeV N



? Summary of BSM searches

¢ Many models excluded with mass < 1 TeV:

Exotics Searches* - 95% CL Lower Limits (Status: May 2013)

Large ED (ADD) : monojet + €, ...
Large ED (ADD) : monophoton + E .. Mo (5=2)

2 Large ED (ADD) : diphoton & dilepton, m. My (HLZ 5=3, NLO) ATLAS
2 UED : diphoton + E; ... Compact. scale R Preliminary
w 1 . ' -

= SYZ, ED : dilepton, m M~ R

g 2RS1 : dilepton,m:: Graviton mass (k/Mg, = 0.1)

3 RS1 :WW resonance, m; Graviton mass (kiMg, = 0.1) ;
© Bulk RS : ZZ resonance, m,, Graviton mass (k/M,, = 1.0} Ldt=(1-20)fb
b = = .

= RS g — tt (BR=0.925) :tt = |+jets,m g mass _

@ ADD BH {M,, /M,=3) : SS dimuon, N, ,, My, (5=6) fs=7.8TeV

ADD BH (M, /M ,=3) : leptons + jets,Ip
Quantum black hole : dijet, F (m,)

Mp, (5=6)

A(C=1)

LU
M {5=2)

Mp, (5=6)

A

..................................................................................... Z(SSM)mMN Lade 1 0 To¥ IATLAS-CORP.ERTRON] - g
Z' (SSM) :m.,, |L=47 16", 7 TeV [1210.6604) 14Tev 7' mass
s Z' (leptophobic tapeolor) : tt — I+jets,m“ L=14.31b", 8 TeV [ATLAS-CONF-2013-052] 1BTev 7' mass
W (SSM) i, (=47 " 7 Tev [1200.4448) 255Tev W' mass
W'(—1q, g =1):m, |i=47 "7 Tev [1209.6503] 430GaV W' mass
________________________________________________________________________ Wy (= to, LREM) :m " [0 ooy prias-con oo TEY. W mass
Scalar LQ pair (#=1) : kin. vars. in egjj, evjj |L=1.01" 7 Tev [11124828] socev T gen. LQ mass
g Scalar LQ pair {#=1) : kin. vars. in puujj, uvjj |[L=10m" 7 Tev (1203.3172) e8sGev 2" gen. LQ mass
.................................. Scalar LQ pair (5=1) : ki i ATV A= 4] 5346ev 3% gen. LQ mass
o , 4™ qeneration - ft—s WbWh  |L=47 6", 7 TaV [1210.5458] §56.Gev | t' mass
=+ 4thgeneration : b'd'— SSdilepton +jets + E - [15345 15" 8 Tev [ATLAS-CONF-2013-051] 720 GaV_ b' mass
§ g Vectorlike quark : TT— Ht+X [L=i43m 8 Tev JATLAS CONF_2013-018) 790 Ge¥_ T mass (isospin doublet)
........................................................... Vector-like quark : CC,m,,, | L=461b"7 TeV [ATLAS-CONF-2012-137] 142Tev. VLQ mass (charge -1/3, coupling k5 = vimg)
Excited quarks : y-jet resonance, m a* mMass
= E Excited quarks : dijet resonance, f . q* mass
ﬁ & Excited b quark : W-t resonance, m,, b* mass (left-handed coupling)
................................................ Excited leplons - |-y resonance,m_- I* mass (A = m{l*))

~ Techni-hadrons (LSTC) : dilepton, m,__,,,
Techni-hadrons {LSTC) : WZ resonance (h-ll],mWz

5 MajcnrN:eulr_ (LRSM, no mixing) : 2-lep + jets
£ oA TRRDV pro. BRUTSII=1): S8 a6 (ug)
Color octet scalar : dijet resonance, my

Multi-charged particles (DY prod.) : highly ionizing tracks

N mass (V| = 0.055, |V | = 0.063, |V/| =
H* mass (limit at 398 GeV for uu)

mass {|g| = de)

TESS
| I | | |

p oo, mass (m(p Jo) - mix;) = M,)

p, mass (m(p,) =mx,) +m,, m(a ) =11mip))
N mass (m(W_) =2 TeV)

0)

Scalar resonance mass

A (constructive int.)

107" 1

*Only a selection of the available mass limits on new states or phenomena shown

10

10°

Mass scale [TeV]
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Conclusion

i
x(r/g,
©

4 Physics at LHC quite huge and complicated

- huge detector, huge collaboration, huge amount of data to analyse

¢ Many measurements to confirm validity of

Standard Model at the LHC energy

¢ Discovery of the Higgs boson in June 2012

¢ Look for Beyond Standard Model physics

- no discovery so far, but...

®..In 2015: +/s =213 ey,

- room left for new particles

¢ LHC running until ~2023

- perfect for young, motivated physicists!

6(pp — H+X) [pb]

1 1 1 1 1 1 1 Il | 1 1 1 1 | 1 1 1 1 |
100 150 200 250 300
M, [GeV]

NUDGE NUDGE
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Back-up slides

“Take a look at this everyone - it just could
be the signature we've been looking for!”






?Couplages du boson de Higgs

¢ Modes de production : ¢ Canaux de désintégration :
b T
’ H_ H_
t _.H
1 b T
8> ggF 1% Z
W Z
* Y Y
ZH, WH itH
: H H
@ fermions (t, b, 1) W t
© ® @ bosons vecteurs (W, Z) W {
Y Y

¢ Mesures des sections efficaces et largeurs partielles de désintégration
= remonter aux couplages
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i

¢ 1.HC schedule:

8 TeV ~13 TeV ~14 TeV ~14 TeV
20 fb™! 75-100 fb-' 350 fb-" 3000 fb-

" siop SN siop |

2012 Z{UFG 2014 2015 2016 2017 2018 2010 1iE=2022
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