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Overview

* ATLAS detector
* Tile Calorimeter performance in Run-1

* Higgs boson discovery & current status
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ATLAS experiment
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Detector requirements

* Very good electromagnetic calorimetry for precise measurement
and identification of e/y, complemented with hadron calorimeters to
jointly measure jet energies and missing transverse energy (MET)

* Large acceptance in pseudorapidity and full coverage in azimuth
* Efficient tracking at high luminosities & pile-up

* lepton momentum measurement

* primary and secondary vertex identification

* High precision muon momentum measurement, ideally combined with
inner detector and (outer) muon spectrometer

* Trigger and particle measurement with as low as possible transverse
momenta thresholds, needed for high efficiency of many physics
processes measurements
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Principles of particle measurements
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ATLAS magnet systems

 Central solenoid

* provides 2 T field in the inner detector, tracks of charged particles
are curved in the R-¢ plane

* radius of 1.25 m, length of 5.3 m
* Toroids
* located in the outermost part of ATLAS detector
* air-core toroids in order to minimize the multiple scattering
* charged particle tracks are curved in the R-z plane

* consist of 8 large coils (25 m long) in the central (barrel) part,
providing the field of 0.5 T; complemented with end-cap coils providing
1 T field on each side

9 42018 Tomd$ Davidek, UCTF MFF UK



Track reconstruction

. ATLAS Barrel Inner Detector
Challenges imposed by large H_sbb

amount of hits from many
charged particles, originating
from multiple interactions
(pile-up)
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Particle momentum measurement
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So, if we require the measurement precision of 10% for a1 TeV muon,
we need to measure sagitta with only 75 pm uncertainty
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Inner detector (1)
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Inner detector (2)

Originally, ID consisted of three layers:

* silicon pixel detectors

- 3 radial layers in the central part, 2x5 discs in the forward region; total
area of 2.3 m2

~ binary readout, ~108 readout channels
- resolution a(z) # 70 ym, o(Ry) = 12 pym
* silicon strip detectors (SCT)

= 4 radial layers in the central part, 2x9 discs in the forward region; total
area of about 60 m?

- binary readout, ~107 readout channels

expected resolution in central part o(z) # 580 uym, o(Re) = 16 ym, similarly
in forward region a(R) # 580 um, a(R¢) = 16 um
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Inner detector (3)

* transition radiation tracker (TRT)

- straw tubes filled with gas mixture (70% Xe, 20% CO,, 10% CF,)
~ space resolution of 170 um per straw, based on drift time measurement

- 2 thresholds enable to distinguish between ionization and transition
radiation (— electron identification)
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Inner detector (4)

* Innermost pixel layer (B-layer) added in Run-2:

1st layer of pixels, only 33 mm far from the beam line

improves the vertex identification and impact parameter measurement,

needed for better reconstruction decaying particles; also improves b-

tagging
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Muon system (1)

* MS provides precise measurement of muon tracks in the toroidal
magnetic field

* monitored drift tubes (MDT)

~ three layers along radius

— provide precise measurement of 1 coordinate, o(z) = 80 ym
* cathode strip chambers (CSC)

- radiation-resistant proportional wire chambers

~ located in the transition region between the central and forward part of
the detector

= 4 layers, resolution ~ 60 pm
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Muon system (2)

* Trigger chambers:
* collision identification
* trigger on muons at different pT thresholds

* provide measurement of the 2nd coordinate for the muon track

reconstruction (1st coordinate comes from muon chambers), resolution
typically 5-10 mm

* Trigger chambers types:

* resistive plate chambers (RPC) - 3 layers in the central part, resolution
lcmx1ns

* thin gas chambers (TGC) - forward region
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Combined muon reconstruction

* Ideally, muons are measured in the inner detector as well as in the
muon system. The track (and hence the muon momentum) is then
determined from combined fit

* example for central muons (|n| < 1) as reconstructed with ID only, MS
only and combined (Run-1)
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Calorimeters (1)

* Calorimeters measure the energy and direction of jets.

* Due to the almost full 4w coverage, they also provide the
information on the missing transverse energy

* MET implies the presence of neutrinos or other particles escaping
detection in the reconstructed event

* Calorimeters in the central part
* EM sampling calorimeters (LAr + Pb)
* hadronic Tile calorimeter (scintillator + steel)
* Calorimeters in the forward region are all based on LAr technology
* EM end-cap (LAr + Pb)
* hadronic end-cap (LAr + Cu)
* forward calorimeter (LAr + Cu, LAr + W)
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Calorimeters (2)

EM Accordion

Calorimeters
Hadronic Tile '
Calorimeters

P
el o

Forward LAr
Calorimeters

Hadronic LAr End Cap
Calorimeters
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Tile Calorimeter
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* Total length ~12 m, total E}i@l% - E“—-—a
weight 2900 tons TR >

* 5000 readout cells, each cell | |} _n
read-out by 2 channels

] .
- AV - B o
* Split into Long Barrel (|n| < '—‘!_ = /
1.0) and Extended Barrel =S e e ==
(0.8 < |n| <1.7) =N\ =N =M e W

S
- e 4 1R i) l|l-!.

* Each barrel consist of 64 modules (- Ag = 0.1)

* Cell segmentation:

* 3 radial layers (1.5A,, 4.1A,;, 1.8A,;in Long Barrel; 15A,;, 2.6A,;, 3.3\, in
Extended Barrel)

* Anx Ayp =0.1x0.1(1st and 2nd radial layer), An x Ap = 0.2 x 0.1 (3rd
layer)
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Tile Calorimeter (2)

* Incoming high-energy hadrons
produce showers of secondary

particles
[

* Scintillating light induced by

charged particles is collected on PMT
both sides of tiles by WLS fibers. ﬁ
Photomultiplier convers the optical T Joubie

. . . . WLS flber'-eadout
signal into electrical that is further
shaped and digitized.

i i
y I |||| |
o .| | Plastic scintillators in gaps |1 adirons

TS r=N between steel absorberT
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Signal reconstruction & calibration (1)

- ATLAS

— Low gain

* Since the signal is shaped (FWHM 50 ns),
integral is proportional to its amplitude

--=High gain ]

0.6

[Normalised ADC counts]

* analog signal sampled every 25 ns, 7 samples
used for signal reco

0.4F
0.2
* amplitude reconstructed using Optimal of

Filtering algorithm (~pulse shape fit) 604628"'0"26"48 5650 fob

Time [ns]

n=7 n=171 n=7

A=Y @S, Ar=) bS, p=) ab

i=1 i=1 l'.:]

* Signal amplitude is calibrated to EM scale using multi-step
procedure and the knowledge of electron response in beam tests

(Cre).

E. =A[ADC]-C.-C,. -C.:pCl/ADC)/C.,[pClGeV]

channel laser

* individual constants stand for the corresponding calibration system

9 42018 Tomd$ Davidek, UCTF MFF UK



Signal reconstruction & calibration (2)

* Three calibration systems (Cs, laser, charge injection), each sensitive to
different parts of the signal propagation.

Calorimeter

Particles Tiles

137Cs source.

Photomultiplier
Tubes

Integrator Readout
(Cs & Particles)

Digital Readout
ek

(Laser & Particles)

Charge injection (CIS)

* Integrator readout is also used to validate the EM scale in pp collisions

9.4.2018

Combined calibration show

gain dependence on the beam
conditions, Cs and integrator
data are mutually compatible

Cell A13 response variation [%]

S S
2012 Data ys = 8 TeV
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T — ]
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Tile Calorimeter

*** A DY T

}

EB Cells A13

—&— Minimum Bias Integrator

-4
—— Cesium
-5
—&— Laser
6 . . | ; . | : : | j . l i
0203 0205 o107 31/D8 31An
2012 2012 2012 2012 2012
, Time [dd/mm and year]
Tomd$ Davidek, UCTF MFF UK 23



Tilecal Run-1 results (1)

* EM scale validation with cosmic muons, collision muons, isolated
hadrons and jets

* Collision muons - select high pr muons from W boson decays, we

measure truncated mean in each cell and compare to MC prediction
(R - dGTG/MC) R1 Ry12

LB-A 0.996+0.006 | 1.003+0.006
LB-BC | 1.001+0.004 | 1.005+0.005
LB-D 1.031+0.009 | 1.028+0.008
EB-A 1.007£0.015 | 1.025+0.008
EB-B 1.001+0.006 | 1.012+0.007
EB-D 1.008£0.010 | 1.012+£0.010

* good stability across the years
* indication of slight overcalibration in 3rd LB layer

* similar results obtained also with cosmic muons
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Tilecal Run-1 results (2)

* Jet energy fraction measured in Tilecal for uncalibrated jets (EM
scale only) in the large p; range

* energy fraction increases from 25% (pr = 140 GeV) to 30% (pr = 2 TeV)

* MC simulations describe this trend well, data show a larger fraction of
the total jet energy in the central barrel (LB) compared to MC.
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Higgs boson
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Higgs boson in Standard model

. . 1_ T T T T T T T T : T T i i T T T e
* The theory predicts all Higgs & ' — | 13
. . @ ®
boson properties except of its > —l
mass. For instance, the decay <

C 10 'LTT 99 -

strengths (BR)... g 0 i :

" CC
10'25— E
vy o &
10'3 I | | | | | | | | | | | | | | —

100 120 140 160 180 200

My, [GeV]

* This theory of electro-weak interactions was formulated in 1967.
Note W, Z bosons were discovered at SPS (CERN) much later in
1983.

* Higgs boson was finally discovered at LHC in 2012.
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Higgs boson discovery (1)

* In 2012, ATLAS and CMS experiments reported invariant mass
peaks in vy and 42 final states (and an excess of events in WW -
€vev) consistent with a new scalar particle with m~125 GeV

=~ L il
@ - - i
e N e a 025_\f§=7TeV J\Ldt=0.‘l8fb‘I May 4, 2011 ]
~ Jon0n — T T I I T ] o . B |
8 B Selected diphoton sample ] P B ]
N oo — ¢ Data 2011+2012 ] S ol o =
> L Sig+Bka Fit [m|_=126.3 GaV) - o A ATLAS Preliminary _
= N =+ Bkg (4th order polynomial) | B H—2Zz" 4l channel
2 oo — ATLAS Preliminary — L ]
w - Hesoy 7] 0.15 — [ Signal (m =125 GeV) -
— ' — - B Background 2z
4000 — ] B I Background Z+jets, tt |
C ¥s=7TeV, JLdt =48 ] 0.1 —+— Data ]
2000 — * - .
B 'g'E=STeU,ILdt=Eﬂ.? o’ 7] N N
— - 0.05— —
o S00E= B _
£ = : :
] E A
L 200 T L= =
T 10E o I I
' 0B 2
2 o2 ks 0
) 5 200 E- )
> ©
]| 100 © N | i R S T R R R B R —
Q 50 100 150 200 250 300 350 400 450 500

M, [GeV]

9.4.2018 Tomd$ Davidek, UCTF MFF UK 28



Higgs boson discovery (2)

* Results after LHC Run-1

ATLAS Preliminary
my = 125.36 GeV

— o(stat.)
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nggs boson dlscover'y (3)

ATLAS H—yy |—E—| I—-—I Total

CMS H—yy =—i | Stat.
= Syst.

ATLAS H—ZZ 4] - —

CMS H—ZZ -4l i

ATLAS+CMS 7y =

ATLAS+CMS 4l —=e=—| ATLAS and CMS

ATLAS+CMS yy+4] == LHC Run 1

|||||||||||| |I|||||||||||||||||||||||||||
124 125 126 127 128
m,, [GeV]

my = 125.09 + 0.24 (+0.21 stat + 0.11 syst) GeV

* Is it really the Standard model Higgs boson?

* need to determine more precisely the coupling constants to individual
particles, as well as to determine CP etc.

* search for anomalous decays (e.g. LFV H = 1+p or H = 1+€) not

predicted by Standard model
942018 Tomd Davidek, UCTF MFF UK



* (Re)measurement of the Higgs boson mass in Run-2
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Preliminary Run-2 Higgs boson results (1)

T ] I I
ATLAS Preliminary
Vs =13 TeV, 36.1 b = Total Stat. | Syst
Total  Stat. Syst.
LHC Run 1 ._'E_. 125.09 = 0.24 ( = 0.21 0.11) GeV
.................................. J e eemmeeeeemeeemeeeonanaaeeeenaaaaaas
H—ZZ"—4 = 124.88 + 0.37 ( = 0.37 = 0.05) GeV
|
H—yy . — 12511+ 0.42 ( = 0.21 £ 0.36) GeV
I
Combined %.' 124.98 + 0.28 ( + 0.19 = 0.21) GeV
'l J i 'l i 'l I i I 1 'l I i i I i 1 'l I i
124 1245 125 125.5 126 126.5
m,, [GeV]
Cross-section measurement in g 100l- ATLAS Preliminary
T B
T | A Hoyy D HZZ -4
HZZ(4%) and Hyy channels &Ly comtroddan

compatible with Run-1,
no surprise

30_—

systematic uncertainty

—————T—T———— T
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QCD scale uncertainty
mm Total uncertainty (scale & PDF+at,)
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Vs=13TeV, 36.11b"
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Preliminary Run-2 Higgs boson results (2)

* Evidence for Hbb coupling

* measured significance 3.50, after combination with Run-1 results

f TeV

8 TeV

13 TeV

Comb.
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Preliminary Run-2 Higgs boson results (3)

[

* Evidence for ttH production

9.4.2018

complex final states, depends on the Higgs boson
decays: bb, vy, 4¢, multi-lepton (WW - €v8v or
tvqq, 1,1y, ZZ - €2vv or £€qq)

many categories and signal regions . ATLAS CMS

measured signal strength p 0.72 (lep) + 0.45

g 1

(relative to SM prediction) 0806 0.9 (had) + 1.5
combined significance ATLAS 4 .20,
16+05 1.23+0.45
CMS 3.20
06+0.7 22+ 09
<19
(95% CLs limit) 0+1.2
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Preliminary Run-2 Higgs boson results (4)

* Many other results available

* total and differential cross-section measurements in various channels
* spin and CP results
* upper limits on other decay couplings (H = Zy, H = pp)

* .. 0r coming very soon

* H-orTr

9.4.2018 Tomds Davidek, UCTF MFF UK
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Summary on Higgs boson studies

* We have evidence of the Higgs boson couplings to WW, ZZ, vy, 17, bb,
1.

* note that all 3rd generation charged fermion couplings have already been
observed

* Still need to

* measure other couplings and improve the uncertainty on the already
measured ones

* search for anomalous decays (e.g. LFV H — 1e, Ty)

* continue searching for other Higgs bosons and/or decays, e.g. those
predicted by beyond Standard model theories

Eagerly awaiting 2018 data-taking and full Run-2 results
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BACKUP
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Centralni EM kalorimetr (1)

* Sendvi¢ Pb+LAr
* struktura harmoniky
* 4 radialni ¢asti:
* pre-sampler (1 cm LAr) WWW\/\
* co nejblize magnetu, korekce na energii ztra VY VYV VVA
* pre-shower (6X,), alias sampling 1
* velmi jemna segmentace AnxA@=0.003x0.1
* rozliSeni e/y/to/jet
* sampling 2 (16X,)
* AnxAp=0.025x0.025
* sampling 3 (2X,)
* AnxA@=0.05x0.025

9.4.2018 T.Davidek, UCJF MFF UK
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Centralni EM kalorimetr (2)

* Rekonstrukce energie:
E =offset +W,E, + W, \|E,E, + \(E, + E, + E,)) + W,E|

-~ I

upstream
energy loss

* Linearita a rozllsenl

Eloss between pre-sampler
and pre-shower

N\

energy leakage

E;Ebeam

rorr T LT T
o /E=10.1 %/\E @ 0.17 % ]
* Data -
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Par slov o kalorimetrech

* Princip sprsky, délka kalorimetru

* Celkovy signal, umérny souctu délek drah (v aktivnim médiu), je také umeérny
celkové energii primarni ¢astice

* Hadronové sprsky, kompenzace
* RozliSeni kalorimetru

* |n-situ kalibrace hadronoveého kalorimetru

9.4.2018 T.Davidek, UCJF MFF UK
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Delka kalorimetru

* Elmg. sprska:

e

: AN [ TT
. e v s ’ | : : :
Xo je radiaéni délka Y Lo |
I
I

(5.6 mm pro olovo)

« Jak dlouhy potfebuji kalorimetr ?

-
TV joMev
S

2Y =7.10°=> N =20

2N

* velmi naivné: 20 X, ha ¢dstici o energii 7 TeV

* korekce:

» stfedni volna draha fotonu 9/7 X, (vysokoenergetickd limita produkce pdri)
* brzdné zdreni ma netrividlni energetické rozliseni, ....

Elektromagneticky kalorimetr pro ATLAS ma hloubku 25 X,

9.4.2018 T.Davidek, UCJF MFF UK 40



Signal a celkova energie

* Celkova délka drah sekundarnich castic
T(Xo) = E(primary)/e
(viz. pfedchozi stranka), kalorimetr je tedy linearni detektor !!
* trivialni pro homogenni elmg. kalorimetr

* plati i pro sendviCovy (sampling) kalorimetr, kde v aktivnim médiu detekuiji
pouze zlomek T(X,)

9.4.2018 T.Davidek, UCJF MFF UK
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Hadronove sprsky (1)

* Pfi silné interakci hadronu s jadrem vznikaji dalSi Castice, predevsim T1r¢, 110
* T0—yVY, vznika tedy Cisté elmg sprska
* ostatni hadrony dale tvofi hadronovou Cast

* Velmi naivné: 73 sekundarnich €astic predstavuji o

. =1/3+(2/3) (1/3)+(2/3)* {(1/3) +... 1/3 13
Caae a2 H(2) . 2]
S, =1/3 (1+3+ 3 + 3 +...+ 3 ) 2/3 1/3
nEl ) 2/3
3 2
. =1/3- 2 =1- [5] 2/3
3

9.4.2018 T.Davidek, UCJF MFF UK



Hadronove sprsky (2)

* PoCet sekundarnich interakci N je konecCny (tj. £,
< 1) a zavisi na energii. Navic f;,< 7.

* N je umerné délce sprsky a ta logaritmicky roste s
primarni energii (Wigmans):
f.. =0.1In(E[GeV])

* Gabriel, Groom:
* EO = energie nutna k vytvoreni Tro £, =1-
* k souvisi s multiplicitou a f
* typické hodnoty:
* k=0.83, E=1 GeV (1), Eg=2.7 GeV (p)
* hodnoty mirné zavisi na Z absorbatoru

* Pozor: f,, navic silné fluktuuje
event-to-event !l

(k-1)

L,

50

9.4.2018 T.Davidek, UCJF MFF UK
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Hadronoveé sprsky (3)

* Problem: Ciste hadronova cast sestava z nekolika
komponent:
* vysoko-energetické hadrony tvorici sprsku
* pomalée ionizujici nabité hadrony
* pomalé neutrony
* neviditelna energie (nepfispiva k merenému signalu !)
* rozbiti jader
* uniklé Castice (M, V)

* Diky tomu je méreny signal od hadronu obecné

v L aLD a4

proto obecné e/h > 1

e e elh

7 e f +h(l- ) 1+(e/h-1)f.

9.4.2018 T.Davidek, UCJF MFF UK
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Kompenzace (1)

* Kompenzovany kalorimetr ma e/h = 1

* Moznosti kompenzace:

* hardware:

* vhodny vybér materialu absorbatoru (napf: U), vice pomalych
neutront (ZEUS, DO)

* vhodny vybér aktivniho meédia, citlivého na neutrony (pr. plasticky
scintilator, obsahuje hodné H)

* potlaCeni odezvy elmg. Casti (vlozenim folie s nizkym Z mezi
absorbator a aktivhi médium, pohlceni Comptonovskych
elektronu)

* offline korekce:

* vazeni odezvy jednotlivych cel podle hustoty energie (idea: elmg.
cast je kompaktni, takové cely vazime faktorem=1, ostatni
faktorem > 1). Vyzaduje dobrou granularitu kalorimetru.

9.4.2018 T.Davidek, UCJF MFF UK
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Kompenzace (2)

* Kompenzace zalezi i na Cteni signalu:
* signal od pomalych neutronu pfichazi pozdéji
* priklad: ¢asovy vyvoj signalu od ruznych typu ¢astic v hadronové sprsce v
Tilecalu
* Geant4 MC

* 50GeV

1 10 10° 10° 10*

t [ns]

9.4.2018 T.Davidek, UCJF MFF UK
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Rozliseni kalorimetru

* Vyvoj sprsky je statisticky proces, tj. poCet sekundarnich Castic (nebo celkova
délka T(X,)) fluktuuje:

* E~N=>0(E)~ VN =>sampling élen A

* dalSi Cleny:
* elektronicky Sum B: nezavisi na energii, pouze na poctu cel
* konstatni Clen C: Spatna inter-kalibrace, podélny unik energiéT,(E) _ A

nekompenzovany kalorimetr (e/h#1) E B A E

o(E) A _ B
= S—0
E NVE E

9.4.2018 T.Davidek, UCJF MFF UK
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In-situ kalibrace hadronovéeho
kalorimetru

* Vyuziti pfesnéjSiho elmg. kalorimetru:

* vyrovnani energie v pripadech typu y+jet, Z+jet
* Vyuziti invariantni hmoty znamych castic:

* pripady typu W — jet+jet

vvvvvv

* napr. 1= — 110, mereni hybnosti 1t ve vnitfnim detektoru

9.4.2018 T.Davidek, UCJF MFF UK
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Run-2 mass

* Performance of

MMC -
separation

power

9.4.2018
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Pro¢ potrebujeme Higgsuv boson

* Standardni model funguje ..dobre", ddva predpovédi odpovidajici
mérenym ddajlm. Je zaloZen na lokdlni kalibraéni symetrii, ktera
generuje nehmotné Cdstice (bosony i fermiony) - ale my vime Ze maji
hmotu

* Reeni: spontdnni naruseni symetrie + Higgstv mechanismus - hmotové
¢leny v zdkladnich rovnicich Standardniho modelu + Higgstv boson

* zavedeni Higgsova bosonu resi sou¢asné divergenci Gcinnych prirezi na
stromové drovni. Jednad se o nuthou podminku renormalizace SM.

* Teorie predpovida vlastnosti Higgsova bosonu s vyjimkou hmoty
(volny parametr teorie)

5.11.2014 Tomdé Davidek, UCTF MFF UK 50



Objev Higgsova bosonu v roce 2012

* Experimenty ATLAS a CMS ozndmily objev nové Castice (bosonu) s
hmotou ~125 GeV a s vlastnostmi odpovidajicimi Higgsové bosonu ze
SM

* Objev byl zaloZen predevsim na méreni v kandlech H -» yy, H » ZZ -
48, H - WW - 28+2v

1o
20

30

40

56

60

70
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The Nobel Prize in Physics 2013 was awarded jointly to Francois
Englert and Peter W. Higgs "for the theoretical discovery of a
mechanism that contributes to our understanding of the origin of
mass of subatomic particles, and which recently was confirmed
through the discovery of the predicted fundamental particle, by the
ATLAS and CMS experiments at CERN's Large Hadron Collider”
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