L
Today: scrutinise the Standard Model
with particle accelerators and detectors

Will talk about

protons

See also lecture by Gem
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.%\/ﬁ i:ﬁﬁ ATLAS physics goal: Higgs discovery

DETECTOR AND PHYSICS PEREFORMANCE
TecHNICAL DESIGN REPORT

»
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ATLAS experiment

KIRCHHOFF-
INSTITUT
M FORPHYSIK

25m \ " = e Y
‘ _ A\ = .

Tile calorimeters
LAr hadronic end-cap and
forward calorimeters

Pixel detector .

LAr eleciromagnetic calorimeters

Toroid magnets

Muon chambaers Solenoid magnet | Transifion radiation tracker

Semiconductor fracker
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.%\/f F&;’?iﬁlﬁﬁ ATLAS Collaboration

Argentina Moroa\*"'“"'- 4 ’ 4

Armenia Netherlands & _ ¢ - X < ' &
Australia Norway ‘,ﬁh X N e

Austria Poland > . : i - R,
Azerbaijan Portugal ‘ NI > 5 )
Belarus . Romania ' "V \ TR R
Brazil Russia s _ e s :
Canada Serbia . &

Chile Slovakia

China Slovenia ‘ Vi f
Colombia South Africa !' "
Czech Republic Spain TES .
Denmark Sweden S

France Switzerland

o e oy I ——— . E‘L S

Germany Turkey S

I

Collaboration
2837 physicists from 40 countries!
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Teilchendetektion mit ATLAS

Detection:
1) Which kind of particle?

Hadronic

Calorimeter 2) With which momentum?
The dashed tracks
are invisible to
— the detector
Electromagnetic
Calorimeter
Solenoid magnet st DT T
ransition  * s38isssss-s Ssssiisasey
Radiation HHRD [ e %
Tracking € Tracker X %l : ATI_ A
Pixel/SCT
PhalSC EXPERIMENT
http://atlas.ch
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KIRCHHOFF-

Tracking detector
! | ¢ Detection:
: ! - 1) Which kind of particle?
: - electrically charged!
: T Sel 0 8 2) With which momentum?
== / 2 > measure from

curvature radius!

GATLAS

:.EXPERIMENT

2009-12-06, 10:03 CET
Run 141749, Event 405315

Collision Event

http://atlas.web.cern.ch/Atlas/public/EVTDISPLAY/events.html



KIRCHHOFE-
% (_ INSTITUT

FUR PHYSIK

Tracking detector
Transition radiation tracker (outermost),
silicon strip tracker (intermediate) and
silicon pixel tracker (innermost)

62m

Barrel semiconductor tracker

Pixel detector

End-cap semiconductor fracker

N ;,‘ ""4 V ) '-' . “' A :W_‘.‘ f.;_;_"':‘ > -*.-'L'.'” /
Elementarteilchen: woraus besteht das Universum? Oleg Brandt
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KIRCHHOFF-
.%\/f st Silicon strip tracker

Detection principle: measure ionisation charge

Active parallel strips g RSN T ¥ v

with spacing of 80 nm 3 s A N
TR R R
NS TN

X

LT

Elementarteilchen: woraus besteht das Universum? Oleg Brandt 134



KIRCHHOFF-
.%\/ﬁ pCm e Silicon pixel tracker

Detection principle: measure ionisation charge

Active pixels
with spacing of
50 nm x 400 nm B us
] ~ " R T

_____
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KIRCHHOFF-

NFE lonisation charge versus momentum

FUR PHYSIK

E | | | I I I | | (é)

I ) ] S

— u” on Cu S
5 g
=100 |- = -
>° = Bethe-Bloch Radiative g] I~
2" L/ Anderson- = ©
(ST Ziegler . 7))
= & & -
&G i o
8 ©T 5 Eye [
= 10 = (/) O ESIDAS = b
0 Ed Radiative adiative 3 (]
= F Minimum  effects <
g FNuclBar ionization reach 1% B
2 losses L
I e (4b)

\ )

1 | | ' c
0001  0.01 0.1 l 10 100 1000 104 ©

By >

| 1 | 1 S

1 0.1 I 10 100, 1 10 100, I 10 I %
[MeV/c] [GeV/c] [TeV/d] \ ©

Muon momentum <

Fig. 27.1: Stopping power (= (—dE/dz)) for positive muons in copper as a function

of 3y = p/Mec over nine orders of magnitude in momentum (12 orders of magnitude in
kinetic energy). Solid curves indicate the total stopping power. Data below the break

at 3y = 0.1 are taken from ICRU 49 [2], and data at higher energies are from Ref. 1.
Vertical bands indicate boundaries between different approximations discussed in the

text. The short dotted lines labeled “u™ 7 illustrate the “Barkas effect,” the dependence
of stopping power on projectile charge at very low energies [3].

Tracking range for electrons
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Hadronic

Calorimeter
Proton
Electromagnetic
Calorimeter .
N
Solenoid magnet . 3 4 si3s ssel
ransition  UHEHIRTHE I
Radiation R - | o ) o
Tracking € Tracker Gl
Pixel/SCT
detector

Elementarteilchen: woraus besteht das Universum?

Calorimetry in ATLAS

Detection:
1) Which kind of particle?
- electrons, photons,
hadrons
2) With which momentum?
- directly measure
deposited energy

CATLAS

EXPERIMENT
Imp //atlas.ch

Oleg Brandt



Calorimeter

Tile barrel Tile extended barrel

KIRCHHOFF-
INSTITUT
MIC  FOrRPHYSIK

LAr hadronic
end-cap (HEC)

LAr EM end-cap (EMEC)

Principle:
Convert total energy of particle
into measurable signal

oc energy, like ionisation LAr EM barrel
charge or scintillation light

Elementarteilchen: woraus besteht das Universum? Oleg Brandt

LAr forward calorimeter (FCAL)
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.%\/ﬁ lﬁ[{:ﬁﬁi Liquid Argon (LAr) Calorimeter

o LAr Calorimeter
w

e by applying
nal voltage

e, as . 1
4= \ {
> = . L |
- D . !
- N
. !
incident c . BN i
particle ions . N+ 1
et . !

< . . ) A . .
Ilquld argon 8 B S T R T T R m~”:n
«— 3 tyries =450 ns
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KIRCHHOFF-

%\// INSTITUT Scmtlllatlng tlle Calorlmeter

FUR PHYSIK

o Tile Calorimeter
- Tiles of scintillating plastic

- Particles create scintillation
light

- Measure scmt|llat|on Ilght
with photé 1 |pI|er tubes \\\ \\

|th a Iaser | {~ \ .

Vi
I

Vi b

il e |

i/ Vg
m"--u]“ |

Elementarteilchen: woraus besteht das Universum?



KIRCHHOFF- - n "
.ﬁ\/f FORPHYSIK Calorimeter principle

Ll

« Example: EM-shower in LAr Calo: ALl

i\ \},‘\
V\\ \‘\\\\

.
1L\

=60 cm 13
> i thi -
distance (X,) in-this
X,: Radiation length example
oc average path length '
btw. EM-interactions

Bethe-Bloch

—

em?/g]

- =90% energy in shower core (ionisation dominant
over Bremsstrahlung) with high particle multiplicity
- Energy resolution o< particle multiplicity

- Shower depth oc log(shower energy)

Stopping power [MeV

|
10
[GeVic]

I I
100, |1

100, 1
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KIRCHHOFF-
.%\ _INsrTuT Sandwich calorimeters

« Radiation lengths:
- XA =14 cm
- X,fe=1.7 cm
- X,FP=0.6 cm
With LAr alone for d > 22 X,
- >3 m deep calorimeter!
. Too large volume, prohibitive
- Sandwich calorimeter:

- Active slices (LAF) outer copper layer
. Signal collection & readout " Kapton
- Passive slices (Pb) outer copper layer
. Faster shower development stainless steel
(increase particle multiplicity gue -
as quickly as possible) |
- Price: degraded resolution « <P
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Hadronic

Muon spectrometer in ATLAS

Calorimeter
Proton
Electromagnetic
Calorimeter .
N
Solenoid magnet . 3 4 si3s ssel
ransition  UHEHIRTHE I
Radiation R - | o ) o
Tracking € Tracker Gl
Pixel/SCT
detector

Elementarteilchen: woraus besteht das Universum?

Detection:
1) Which kind of particle?
- muons
2) With which momentum?
- measure from
curvature radius in
tracker and muon
spectrometer

CATLAS

EXPERIMENT
Imp //atlas.ch

Oleg Brandt



KIRCHHOFF-
INSTITUT
FUR PHYSIK

N

« Muon identification is “easy”:
- Any* electrically charged particle which exits the calorimeter is:

o Minimum ionising particle (MIP)
« Not hadronically interacting

Muon identification

E> A muon!

| | |
= | u* on Cu
S~
°é 100 w— .
; C Bethe-Bloch Radiative
s" -4 Anderson-
S .. Ziegler /
s (&%
B o 8 g
=} "2 S Euc
210 -2 - | /7 Radiati
% b Radiative lauve
3 [E Minimum  effects g~ losses
I ionization reach1% A4 .  ____--- -
S [Nucear |  \ | T4 1 Alio----
@ | losses | ol A PO
¢ P Without §
1 | 1 | |
0.001  0.01 0.1 1 10 100 1000 104 107 108
. MIPfBnge . | |
0.1 1 10 100, 1 10 100, 1 10 100 |
[MeV/e] [GeV/e] [TeV/e]

* Almost any: highly energetic jets can punch through the calorimeter (not discussed here)
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.%\/ﬁ " isminuT Muon momentum measurement

FUR PHYSIK

o Muon momentum measured in:
- Inner tracker using solenoidal magnetic field (see above)

- In the muon spectrometer using toroidal magnetic field

ont ey 73
s

i \ i
\ 0 | L > : o
=l S i
By e
l; AN .
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Muon momentum measurement

KIRCHHOFF-
INSTITUT
MIC  FOrRPHYSIK

In toroid:
deflection
in (r,z) plane

Peraint 3.07

290

22
r@.:.
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KIRCHHOFF-
INSTITUT
MU ForRPHYSIK

« Measure coordinates in (r,z) plane with drift tubes:

/ width: 1 -2m
Wi z . '
) 2

3 or4
drift tube
layers

multil ayer (g

multilayer 2%

Signal-

Teilchen-
flughahn

Driftweq der
Elektronen

Punkte gleicher
Driftzahl

Primare
lonisation
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KIRCHHOFF-
il ATLAS components on the way to assembly

i '."’ i " . o S
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KIRCHHOFF-
FOR PHYSIK ATLAS during assembly
il N AW
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ATLAS after'assemb_ly
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KIRCHHOFF-
plip pive VIP visits to ATLAS
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KIRCHHOFF-
FOR PHYSIK Heidelberger Beitrag

» System zur
Datenreduktion
(60TB/s -> 150GB/s)

* |dentifizierung
interessanter

Ereignisse in Echtzeit

* Kollaboration aus 50

Physikern

* 400 Elektronik Boards

* 10 verschiedene Board
Typen

* schnelle analog und
digitale
Datenverarbeitung

Elementarteilchen: woraus besteht das Universum? Oleg Brandt



KIRCHHOFF-
INSTITUT
MIC  FOrRPHYSIK

|

Heidelberger Beitrag

; PreProcessor
i e
o | 0L
1 - 160 Boards
1| == - ~4000 Tochterkarten
| - Gemischtes Design
2 | (analog/digital)
: - Spezielle ASIC
7| Entwicklung (KIP/HD)
:|
o |
-]
y _
/—\ /—\
- Digitalisierung der analogen Pulse
- Bestimmung des Maximums |
conditioning of the pulse digitisation  BC identification
anclogue input at 40 MHz & fine-calibration
(LuT)

Elementarteilchen: woraus besteht das Universum? Oleg Brandt
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KIRCHHOFF-
.ﬁ\/f NsTUT The CMS detector

Very similar to ATLAS, but more compact
—> will highlight differences where relevant

| | I I | | 1 I
Oom Im m im iam 5m 6m /m
Key:
Muon
Electron
Charged Hadron (e.g. Pion) )
- = = - Neutral Hadron (e.g.Neutron) "
----- Photon

Silicon
Tracker

\ Electromagnetic S
| ‘ l Calorimeter
I8
Hadron a4 Superconducting
Calorimeter Solenoid

lron return yoke interspersed
Transverse slice with Muon chambers
through CMS
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KIRCHHOFF-
.W\/f FOR PHYSIK Higgs decay channels

e Reminder: m, is a free parameter in the SM!

| R

' A
)
< £| ! g 1 :_ | bt—) ' ' \/”‘.“v"'/l ' —E §
= - ~— >
3 0} > - ATLAS focus—>( 2z 18
=l s ‘ :
© - z
@ ’ ': < tt
. 10-1 | TT
0 U
o~ i | Discovery ]
channels
10% =
CMS focus—; = )
'3 1 1 1 L 1 1 1
10" 300 200 300 400 500 1000
M, [GeV]
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h > ZZ* - 4 leptons

KlRCEiHQk:F—

MG
Golden channel h - ZZ* - 4 leptons

CERN/LHCC/94 43

- Very small backgrounds LHCC/P2
- Excellent resolution of 11 pr+ pr— p+ p— 15 December 1994

« Large solid angle coverage to detect all ATLAS

4 leptons (esp. muons)!
: - Technical Proposal
Good momentum resolution! :
. L w=130.1 GeV
- Especially for muons ol e 5
o I o= e
- Electrons n/p 4 s |
=
L
Oy |
0
0 2
ZO g15 -
- ———— <1>)
H Lo
ZO>1< /
.
0 :,...‘1....1...,1..‘.1ﬂ.. AR EPETEPRA | PP PR B
HASCO . €+ - C0"|d 100 105 110 115 12,il/eeul226e1\3/0) 135 140 145 150




. N\/f o ATLAS muon spectrometer

- Large-acceptance muon spectrometer:
. |n| <25
- with good momentum resolution
. Better than 15% for muons with pr = 100 GeV everywhere

“Rest of ATLAS built into the muon spectrometer” &t



.ﬂ\/ﬁ o CMS muon spectrometer
- Muon acceptance smaller but similar to ATLAS
« [n|<2.4

- Limited momentum resolution in forward region
« Resolution of 25% for |n| > 2.0 (muon spectrometer only)

MUON CHAMEE B INNE R TRACKER CRYSTAL 1CAL
| 1 1

WAL

VERY F ONwARD
CACHMETEN

Total Wei : 14,500 1.
Overall diameter: 1460 m -
Overall hng"' 1 2160m SUPE RCONDUCTING COR ‘_ 2ot R

Magnetic field : 4 Tesla RETURN YOKI C— BT —— ——
HASCO 20 “Spectrometer attached to the rest of detector” | 159



.N\/f Muon system performance

FUR PHYSIK

ATLAS CMS

CMS \s=7TeV L=236pb’

314[ T T T T c 0.35_]'1lll]llll[lllnll,llIIIIII]I‘Illllllll_
< n ATLAS ] _g C pT>1SGeV/c ]
S 12f % 13 o3f . . —
5 N 10 ' -Slmulatlon -
e} I -
@ 10[ : . — @ sk +- Data ot
e F . . p.=100GeV ] . | .
, . T ] . :
2 8 TR Q .
c : =~ —_—
© i - 02}~ —
s ©f . . . - e ]
E B "::I'f“m : A—.-I_E _\_L-‘J :
Q gfr W" as " 0000 o8 . 015 e ot .
4 e & _Fs 0O, o - Bagy . - i = —
g *L‘[:t'lt':“:-gl[.]"u-'-{‘ “Cand mEge" ]
- S 0O - B - — — N
2 2 | 0.1 e A =
g " Stanclj—alone o Combmefﬂ 1 B ot et ;;;’ ]
A A | | A A ’ " ) 1 A ) A 1 A ' e n
0% 0.5 1 1.5 2 25 0.05]
mi - -
0_1l'lllllllll\lllll‘ll 11 ll Il'll‘lllllflll—

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

Trackn
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h 2 ZZ* 5 4 leptons

KIRCHHOFF-
INSTITUT
MIC  FOrRPHYSIK

« Behold! e
: : > = e e e e e

- Momentum calibration S Chain1,CBmuons TS vy 2
needed! a 600— [ ] Uncorrected simulation Is=8TeV =
= [~ —— Data 2012 . ]

. o =
- Calibrate detector 3 5000 Ju-zoas =
response with standard . =
candles 400 e
« m, well known from 300 E
LEP : :
200— -
100 =
S1.05F - E
g T f :
00.95F c

70 80 90 100 110
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.%\/ﬁ i:ﬁﬁ h 2 ZZ* 5 4 leptons

Challenge:  aror| oy BT | g oy NGaTU
I I szfi'r‘:asLuminos' 7 TeV 8 TeV R
- Low branching ratio Y | 5 - 20 fb-!
of Z into leptons:

e 3% into ee and 3%

o
1

© 4

E-N

hPllllllllll

- T T
» -
o S=
£ — —
G — _
a L
= n ° o]
2 - #%
w

6_
é - !i $
5 - ¢ e
3 |
< -
o
3 L
o -

]
into uu (7% combined) 2 ,.!"' i, _
.\
« Two Z bosons: 0t it ﬁ!z. IS TR Y S NUNE 1S
A\ N RN o [ T\ NS X Mot 3 pe M Qc
042 =~ 0 onth in onth in onth in
- T% 0.4% Y Monthin2010 sy M t¥011 ) Monthin 2012

—
o
T T oo

\s=7TeV SM

Commissioning Higgs discovery
(LHC+detectors) (5fb! + 5 fb)

N = /dt[, %

o x BR [pb]
soond s

—
TTTIT

WW = I'viv

e

o
-a
|

3
P
-

10°F oy 2 N = number of events (e.g. Higgs events)
;Ld\ V- \ = cross section (e.g. for Higgs prod’'n)
10300 200 300 400 500 / dt L = total luminosity —___
M, [GeV]
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¥ =

or (K, U, 1Y, w)=61.2,33.1,17.8,11.6 /

@ATLAS GeV

EXPERIMENT == 7 4
http://atlas.ch m;,= 89.7 Ge})‘f;’ m;y,= 24.6 GeV
b/

m,, = 124.6 GeV

Run ]k4280

00

Elementarteilchen: woraus besteht das Universum? Oleg Brandt



e h > 2Z* > 4 leptons

@ATLAS

EXPERIMENT
hnp://utlus.ch

re2u= 124.3 GeV

pT{e+ e, U, U= 41 5, 26.5, 24.7, 18.3 GeV
‘é m ( =76.8 GeV, m(p*u) = 45.7 GeV
N V. /-’ &

Elementarteilchen: woraus besteht das Universum? Oleg Brandt




h 2 ZZ* 5 4 leptons

KIRCHHOFF-
INSTITUT
MU ForRPHYSIK

> 35_||||||||||||||||||||||||I|||||||||I|||||||||—
3 C s=7TeV J Ldt=0.05fb"" Apr24, 2011 .
2 30 —
) — —
-E - p—
() — —
o 25 ATLAS Preliminary
— H—22"'— 41 channel .
20:_ [ Signal (m =125 GeV) -
— B Background 2z i
15— B Background Z+ets, tt |
— —4— Data ]
10 —
5 =
- "—'!!4.{!!!!!!!!!5!!!!!!!!!!!,"","",""—
5 10— -
(@]
o
S 0 -
(4]
m
5 -10F .
a 50 100 150 200 250 300 350 400 450 500

M, [GeV]
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h 2 ZZ* 5 4 leptons

CMS Preliminary fs=7TeV,L=5.05f";ys=8TeV,L=5.26fb"

KIRCHHOFF-
INSTITUT
MIC  FOrRPHYSIK

> 7 rrprrr Tt > I A LA PO LI LI R |
@ [ e Data ATLAS 4 * Data
o 250 [l Background 22" : 1 O 120 g
o 251~ W Backgroun  oHszZ0»a 1 e b B z+x ]
g i - Background Z+jets, it ] ; 10 - ) b
o ok [] Signal (m =125 GeV) = . DZY ZZ i
w<vr -1 O - ) i
: %) Syst.Unc. : o o | [ |m,=126 GeV -
15[Vs = 7 TeV:|Ldt = 4.8 fb' - B i
[\s=8TeV:[Ldt=5.81b" ] b T
1 0 ; -—‘ : ole
i ’ 4 *
: i ) )
S5 N 2 L] _|-L 0{0
ot s B -
100 150 200 250 80 100 120 140 160 180
my, [GeV] m,, [GeV]
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KIRCHHOFF-
INSTITUT
MU ForRPHYSIK
| Rl
' A
'
“ANIE T
&
& D -
—/ KILLS s
o
res-o IR
el o 10
m
2
=
10
CMS focus
10°

ll]llll

|

—

L IT

5

o
Tl

I 1 I
\A‘/ \VAll/
\

ATLAS focus—>( zz

1 | Illl

tt

U
: | Discovery
channels
[ [\ |
100 200 300 400 500 1000
M, [GeV]

See also lecture by Andrea-on Wednesday

HASCO 2016 Introduction: Physics at Hadron Colliders

Oleg Brandt

Higgs decay channels

e Reminder: m, is a free parameter in the SM!

LHC HIGGS XSWG 2011
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h 2 yy channel

KIRCHHOFF-
INSTITUT
MIC  FOrRPHYSIK

. Higgs couples indirectly to photons
- Relatively “clean” events

- Very good resolution in invariant mass of the yy-system

Y g IE
1
s -

t W
h-=- 4t h === 2%
Photon 1
t W ’yl
LLt / Higgs
Y Y
9
Mg = My
= (B + B,)2 = (5 + Fr) .
' Photon 2
= \/QE71 E, (1 — cos?) Y2
E>
Elementarteilchen: woraus besteht das Universum? Oleg Brandt 168




KIRCHHOFF-
.%\/ﬁ IR ATLAS electromagnetic calorimeter

« Sandwich calorimeter:

- LAI' aCtlve medlum Towers in Sampling 3
ApxAn =0.02450.05

- Pb absorber Trigger 1,
: X }‘\ =gy
« Fine lateral + transverse —~
segmentation ) \l‘
S

& 16X

e =0
- Good y identification

Tigg ey

by shower shapes Z Y Toaoe
P =0.095
- Improve energy 43% ¥
resolution through L /////////4
shower analysis T g, AN
g t?;’i’m /:\,.k\/g ’ Squar -
NN/

g \*‘ %0'0245
[ —~——
6/E = 10%/E + 0.007 LW oo ]
A“EO-O(');)]“““ . . .
Strip towers in Sampling 1
n
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N
« Use active medium with
high X,:
- PbWO, crystals
« Xp=0.9cm
« Improve energy
resolution:
- No need for absorber,
entire detector active
« Challenges:
- Response variation with t

- PbWO, hygroscopic

o/E = 3%/E + 0.003

HASCO 2016 Introduction: Physics at Hadron Colliders Oleg Brandt
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h 2 yy channel

Oleg Brandt

INSTITUT
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KIRCHHOFF-
WG h > yy channel

Simulation

Events/ 2 GeV

H-> vy
Ereignissignatur
[Schematisch]

Invariant mass:

Myyye = \/ZE% En,(1 — cosv) Myy [GeV]
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B h - yy channel

C
o
- 20000
-
=
¥
>
=
17500
15000
H-> vy
Ereignissignatur
[Schematisch]
12500
Invariant mass: 10000

LN lm

Meyyvg = \/ 2E., E, (1 — cos ) Myy [GEV]
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Exact understanding of background processes necessary!

h 2 yy channel

Congcatvlations,
it only took you

> T L L BN B I B L B B
& 1200:_ ATLAS Preliminary ~ __ .. .py pata E
-~ Data 2012 —— yj Data .
£ 'LH } \s=8TeV,fLdt= 59"  _—— jjData N
£ 1000 t'4 —}— Statistical error |
L - +++++ 4 Total error ]
800} t ' -
R ++ ++ 4
- ~ 75-80% -
600} oty LYY i =
: W :
- tut -

400 [ YJ ~20% ++ +++++++++++*++ $ ] wiww jolyon.co.uk

q B
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Events / GeV

Data - Fit

h 2 yy channel

4500
4000
3500
3000
2500
2000
1500
1000

500

200

-200

100

Bl ale ole o le L
y u u u Y

Vs =7 TeV I Ldt=0.02fb " Apr 18,2011

ATLAS Preliminary
H—vyy channel

4
5
b}

— Background-only

| L —I‘Al‘ | Lo il ‘l-‘l‘-l-.l.‘h‘l“l..l..l‘.l“l“l..‘...“-l“l‘
U u T ¥ ¥ y y I u u y y ) u u y y T u u y y

110 120 130 140 150 160
M., [GeV]
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1L e e T e S . e S

> 2 - ~
(§ 2200 Selected diphoton sample —= % 000 - CMS Preliminary —e— S/B Weighted Data
® = . Data 2011 and 2012 = T Ve — _ -1 S+B Fit
5 20001 Sig + Bkg inclusive fit (mN =126.5 GeV) E (51 800 - \: =7 Tev’ L =5.1 fb_1 ------ Bkg Fit Component
o 1800PN, . 4th order polynomial = (,?)1 600 K 's=8TeV,L=531fb [ J+to
b \§=7Tev,det=4.8 ' 3 - R =20
1400 = 1400
1200 is=8TeV, f Ldt=591" 3 D100t
1000 - -.GC-J' 00 C
+ = C
800 = >1000
600 4 W -
400 8 800
— C
200 'S) 600 [~
o -— C
& 100 D 400
g = -
8 200}
-100 -
IR R PR B PR R PR PR O W i i | i i i | i i
100 110 120 130 140 150 " \1,;50 120 140
m,, [Ge
* m,., (GeV)
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.%\/ﬁ e Discovery of the Higgs boson

CERN Seminar on 4. July 2012

48, 09:00n>

N
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Bl Discovery of the Higgs boson

ATLAS 2011 - 2012 Eiw “I think we have it!”
\s =7 TeV: [Ldt = 4.6-4.8 fb" t20 (RO'f Heuer, CERN-Director,

\s =8TeV: ILdt -5859f' — Observed
I former DESY-Director)

SM Higgs boson signal strength for a given mass mH
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Bl Discovery of the Higgs boson

ATLAS 2011 -2012 Etw “l think we have it!”’
\s =7 TeV: [Ldt = 4.6-4.8 b t20 (Rolf Heuer, CERN-Director,

\s=8TeV: det -5859f' — Observed
S e former DESY-Director)

SM Higgs boson signal strength for a given mass mH
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We
« What does the CLs
limit plot tell us?

data

Y Higgs (or new

rate of events

v

Expected background

physics) predictions

some parameter

95% CL Limit on o/Cg,,

-
o

—

—i
Q

CLs in a nutshell

Explanatory figure (not actual data)

<+—Excluded— <+——Excluded

1 1 l | T T T I T T 1 T I 1 1 T T l I || 1 T ]

c/o Higgs production cross section we exclude, divided by
SM the expected Higgs cross section in the Standard Model

= “Observed" (example data)

---= Higgs excluded at 95% CL below this line
==== Expected without Higgs

- Expected region at 68% Confidence Level

|:| Expected region at 95% Confidence Level .

Excess The data is higher than the expected background

Deficit The data is lower than the expected background

lllllll

| llllll‘

ATLAS

|

1 1 I 1 | 1 1 I 1 1 1 1 I 1 1 1 1 1

1 l
600

1 I 1
200 300 400 500
mass of Higgs [GeV]
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.%\/f e CLs limits from both experiments

FUR PHYSIK
3 . CMS Preliminary,\s=7TeV ~ [—=— Observed \
\g Combined, L = 4.6-4.7 for" B Expected t 1o
Blooot s naanaasnasaaay | s Expected + 26
8 10 LEP excluded B
- 777} Tevatron excluded |-
g % | | CMS excluded N
-
] ] 1] O
Significance: o
;
5.10 observed! (&)
(5.20 expected)
2 T T T T T
s> ATLAS Preliminary 2011 + 2012 Data
S 10 —obs. s=7TeV: fldt=46-48f" 5 RN L B
& [ B s=8TeV: [Ldt=5.8591" 1 10100 200 300 400 500 600
T T %*;0 i Higgs boson mass (GeV/c?)
— I~ +2 0 —
3 . Significance:
R 1 BB I 5.00 observed!
To) - ]
o | (5.80 expected)
107 - E
- CLs Limits :
100 200 300 400 500 600
m,, [GeV]
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Value of py:
- how likely is it to obtain a result as discrepant as the observed one
or even more from the expectation for H, (background-only)
hypothesis

. 30: “evidence”
« 5o “observation”

o° ° 1 CMS (s=7TeV,L=51fb" (s=8TeV,L=53M"
- J - o ! ! | LU L U S " | . U
= ATLAS 2011 - 2012 3 ‘ o
8] © 20
Q = {s=7TeV: [Ldt=4.6-48fb" > eV —
- - {s=8TeV: det: 5.8-5.9 b E— 10 B \\W/J///’J |30
1 S . L \//
10" § 10" »"N.A_. \ 40
102 - T - B
:g 10° |- . Significance:
10¢ 9.90 local 10 1 451.26 Iolcal ’ ]
107 . 5.1g globall I — 290 gIODaL. s
10 . = Combined obs. s,
10°¢ = 1070 || ---- Exp. for SMH —
10"° — \5=7TeV ¥
B Y I e AL R, S|
10115920 925 130 135 140 145 150 110 115 120 125 130 135 140 145
m,, [GeV] m, (GeV)
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KIRCHHOFF-
. %\/f FORERYSE Look-elsewhere effect for p,
[1] E. Gross and O. Vitells,

« Look-elsewhere effect: Eur. Phys. J. C70 (2010) 525
- A priori not known where to look for an excess

. Look at a wide range of m, values
- What is the probability for an excess anywhere in this range?

- Rough back-of-the envelope estimation:

. Quantify the look-elsewhere effect with the trials factor:
- N of times the experimental resolution “fits” into the search range:

. Trials factor = search range (GeV) / resolution (GeV)
« Correct the local p, value:
- Global p, value = trials factor * local p,
- The effect is typically not dramatic (Higgs paper example):
- Search range M € [110,600] GeV, trials factor = 100
- Local p, significance: 5.9

Higgs

- Global p, significance: 5.10

- Standard method to quantify trials factor: Ref. [1]
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%\/f Sometimes the wait is worth it...
3 milestone papers in Phys. Rev. Lett. 13 (1964)

L= "3 F/w P
Al trb% +he

()]

) O

The SM gets three additional terms: ¥
Higgs-fermion coupling
Kinematic term for the Higgs =
Self-coupling of the Higgs S

O

Focus on the red ones (= BSM?) =
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Higgs mass measurement
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« SM coupling measurement depends on m,;:
- Precise m, measurement - smaller uncertainty on SM couplings

- Effect small compared to statistical uncertainty of coupling results
First ATLAS+CMS publication

X 7 I UL L L
& [ ATLAS and CMS g—>g .
= C —— H—ZZ -4l I
PHYSICAL é 6 :_ LHC Run 1 = Combined yy+4/ ]
REVIEW al 5 - Stat. only uncert.
LLETTERS. : -
S Anicles publshed week ending. 15 MAY 2015 4 :— ----------------------------------------------------------------- —:
3F -
2 E
L S N N —
0 :[ 1 1 1 l | 1 1 1 - 1 l 1 1 1 1 ]—-
124 124.5 125 125.5 126
my, [GeV]
s M, = 125.09 + 0.24 GeV
American Physical Society, Volume 114, Number 19 H

physics

=+ (.21 (stat.) £ 0.11(syst.) GeV
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« Measure m, in high-resolution channels:

>ZZ* U

(K‘ATLA

EXPERIMENT
hitp://atlo

M,,=125.9 GeV
0\/M=0.9%

= 125.07 £0.29 GeV

= 125.07 + 0.25 (stat.) £ 0.14 (syst.) GeV
m¥ = 125.15 + 0.40 GeV

= 125.15 4+ 0.37 (stat.) = 0.15 (syst.) GeV
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