Lecture 2 - ATLAS and CMS

Juraj Bracinik, Andrew Chisholm
(University of Birmingham)

Warwick week, 21 March 2024

* Introduction

* LHC machine

* High Pt experiments - Atlas and CMS
* Standard Model physics and BSM

* Higgs physics
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Experiments, experiments ...
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Discovery of positron
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Discovery of (2

Decay of charged n
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Higgs physics I

Known during design phase & ! ey
Of ATLAS and CMS | I \ W e
» Decay channels depend AW e a——
on mass: A ' \
* My< 130 GeV ' Al f.f
~ bbar dominant LA F ~
~ Tt subdominant w4 \t |
- yy Small but very 07} AR
clean : A
s My > 130 GeV MR
- \WW dominant :'ﬁ |
+ ZZ large and clean L R— P —
LEP excluded b;:—l- M, [GeV]
We were very lucky with "T.',: —

Mu = 125 GeV!

Z7 mEE
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Higgs physics IT

Fermilab SSC
CERN i LHCi

* Typical event rates at design .

luminosity:
+ Inelastic: 10° Hz
~W->1lv :102 Hz

~ SM Higgs (125 GeV): ~0.1Hz _ |

S1ubl Ciet
g E ;'1-:0.:‘35 TeV
15 %5 H—=ZZ S
=1 = w -V =
*O°2°/° HeVV e =3 }\“Ciipm
— ﬂé'g"l"l"lé' = 500 GeV)
. . | o7
Serious problem is to separate the = 175 G
I 1 pb B my=1 b =)
signal from background! = need good B i ™
detectors | o
My = 500 GeV
O.CI"D1 0.:31 0.1
Vs TeV
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Higgs physics ITT - production

’ ? ~V 4 “TUTUTOY > i
i -

1.

_____ H -.'. W : ff

’ -H g TooToi———— {
87% 7% -

Main production mode Tag two forward jets  Tag Zand W leptonic <1%
with little hadronic and hadronic decays Tag two top quarks

activity between

Need to separate dominant production
mechanism from rare ones ...
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Searches for supersymmetry

* Super-symmeftric particles
are produced in pairs

* Then decay in cascades

* Expect several high P jets

* Lightest SUSY particles
escape - large missing E+

* Possibly leptons

Dark matter!
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Experimental signatures I

* Electrons:
~ Lose energy by ionizing matter
~ Bent in magnetic field
~ Visible in tracking detectors
~ At high enough energies (~10 MeV), radiate
(bremsstrahlung), create EM shower
~ Narrow and well defined energy deposit
= Initiated, contained and measured in EM calorimeter
* Photons:
~ Detected as an electron (EM shower) without a track
~ Photons start to shower bit later, a finely segmented
calorimeter can distinguish between them (but difficult)
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Experimental signatures IT

* Hadrons and jets
~ Most stable hadrons (p,n,n K) initiate HAD showers in
calorimeters
~ Penetrating farther (and are broader) then EM showers
= Measured in HAD calorimeter
~ Usually combined with tracker information (for charged hadrons)
+ At high energies measure colimated groups of hadrons, " jets"
* Muons
+ Similar to electrons, but 200 times heavier
~ Tonize, but start to radiate at much larger energies (100s of
GeV)
~ The only type of particle that is not absorbed in HAD calorimeter
~ Measure in large muon system outside calorimeters
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Experimental signatures ITT

* Taus (7):
= Decay into a muon (or electron) plus two neutrinos
+ Then detected in muon system
~ Also to one or three charged pions accompanied by neutral pions and

neutrinos
+ Signature is then HAD shower with single or three isolated tracks
pointing to it

* Heavy flavours:
= Usually decay less than 1 mm from point of collision ("primary vertex")
+ Create "secondary vertex”
+ Identified with fine tracking detector located close to beam pipe
(vertex detector)
* Missing energy:
= Neutrinos escape detection, need to use transverse momentum
conservation (detectors are too smalll)
+ Total transverse momentum should be zero, measure it from all
detected particles

+ Large missing momentum (MET) is sign that something escaped
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What do we want to measure???

Tracking Electromagnetic Hadron Muon
charmber calorimeter calorimeter chamber

photons éQ

i

muons

__, —~<

[nnermost Layer.., =3 .. COutermost Layer
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What do we want to measure?:
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Generic high Pt collider
detector
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Kinematic coverage I

Rapidity coverage:

y=llog(E+ ay
2 E—pL 1;]:0
Two partons with x1, x. form particle
with mass M: P /Tl =0 .88
M
xlz[\/_;]eXpU/M) 0=45°
M —
Xzz[——]exp(—yM) 43:10%—-*‘*“ 2.44
\/S EI:U“_}.TI =00

Assumi lose to 1:
Hming . close T¢ With LHC energy of ~7 TeV :

e * Ymax ~ D for pions - total coverage
ymax_)log(ﬁ) ~ Ymax ~ 2 for Z's - precision (barrel) area
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Kinematic coverage II

g
o
[+>]

Lo Ne,=1,p. > 500 MeV, || < 2.5 = 10° g e
o)) E
& 10 ATLAS\/s = 7 TeV S e ATLAS
= 5 :cal 10°F ® |y<28
— E .= [ ] systematic Uncertainties
!:‘ 10 3 I NLO pQCD (CTEQ 6.6) x Non-perl. cor.
ke, 2 - anti-k, jets, R=0.4
E J Ldt=17 nb" §5=7 TeV)
o —
== Data 2010 . C PO
== PYTHIA ATLAS AMBT1 10
=== PYTHIA ATLAS MCO09 - F
—: PYTHIA DW o c ——
== PYTHIA 8 1E
v PHOJET =
] — ] > 2
== Data Uncertainties _,~~""" L__, 1] 8 1.5E
1.5 MC/ Data ‘_l__--' Lo = 1
r a — E O 5'_
© Ok
(m)] 0‘ 1 1 I L |
100 200 300 400 500 600
p, [GeV]

P+ coverage:
* Most of particles rather small P+ (below 1 GeV)
* Want also jets with 100s of GeV

* And several TeV electrons ...
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Tracking I

From geometry (small 6):

X
LI2 . .
T:SHI(%)N% y
_ 0y .0
S=pll—- = |~p-—
p(1-c0s )p

From deflection in magnetic field:

pr=03Bp

_03L°B_ o(pr) ols)

L _03BL
=—= =9
P Pr 8 P Pr S
We measure sagitta from three spatial points:

§

o(py) o(S):\/3 8 pr

20 \_D 2 — >
;o (s)=507(x) Dy S 2 " 03BL
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Tracking IT

Magnetic field is along the beam axis

Resolution
imncreases with
momentum

Gigi Rolandi : Summer Student Lecture 08 July 2005
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Tracking ITT

* Measure momentum of particles from curvature F v
* At the same time particles should loose as little v
energy as possible (to allow further measurements) Fig. 1

* Momentum resolution depends on position
resolution, magnetic field and size of the tracker
(NIM 24 (1963) 381):
S PT B 790 PTO' Fig. 2
= |GeV , T, m]
P IV 0G) G
* To measure momentum of 1TeV particle (for Fig. 3

example from WW scattering) with 10% precision,
assuming position resolution of 0=100 um one needs
BLZ ~ 3 Tm?

* To get 1% would mean 30 Tm? Fig. 4
J. Bracinik Warwick week, March 2024



Heavy Flavour tagging

= Used to find and identify the secondary decay vertices of
heavy quarks and leptons

= Typical lifetimes:

* (ct) ~ 87 um

< (ct)o ~ 475 um

+ (ct). ~ 100 um (D°)
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Vertex detector

~ Need resolution of the order
of 100 um

~ The subsystem at the
smallest transverse radius, in
hardest radiation region

~ Don't need large areas or big
volumes, can use silicon pixels

Particle Paths—___

Cuter Chip

A r.'"."' 4

AL LI L P 7777 ;.r"..r; .
A 'I".'_ Y Inner Chlp
AL LT JJ:"J 2

"""""" Y

VF‘ar’ticle Origin

(Vertex)

J. Bracinik Warwick week, March 2024



EM Calorimetry I

Massive shower in a tungsten cylinder (outlined in green) produced by
a single 10 GeaV incident electron.

* The length of the
shower increases with
the logarithm of energy

* The transversal size

doesn't depend on energy
(900/0 in 2-3 Cm)

Shower profiles
L L L

* Used to identify

electron and photons 10, 100, 200, 300 4
and to measure their GeVelectrons
energy
+ (X,)p, = 0.56 cm o

. (Ao)pb - 168 cm ”” hl AN
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EM Calorimetry IT

* Calorimeters - the only type of
detector with (relative) resolution
improving with energy!

* Important for EM energy
measurement

* Also need good e and 'y

identification

Typical (necessary) resolution:

~ Mz=91.2 GeV

L 4

- FZ - 25 GeV
~ Need resolution at least 1% for o(E) _ b
electrons from Z L " VE
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HAD Calorimetry I

CH

FH

“calorimeter jer”

EM — .

“particle jet”

“parton jet”

CATLAS

A EXPERIMENT
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HAD Calorimetry IT

* Measure energy of produced
hadrons and jets coming from
hadronization of quarks and gluons

* Hermetic calorimetry - measure
energy of all produced particles
within range of |n|<5

* Needed to measure missing Er+

* Would be nice to have sufficient
resolution to measure W width $ 8

* Tw/ Mw = 2.6 %, heeddE/E~ [/
1% S

* Not that easy, at least get close
To it ...

e L Y

, Subrusonseg
.-I

I L Li| T
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Muon system

* Particles that penetrate
through HCAL are all muons

- minimum ionizing particles | / ;
up to 100s of GeV / = YA
* Clean, robust and £ 17 bt
unambiguous signature of i_j “ o Tl aise
much of LHC physics ;‘“i?.‘iiili" gt a0
* Would like to measure for N e
example H-> ZZ-> 4u with i
1% momentum resolution Bl L_mwy L L w4 n

Muon momentum

* At high energies, 1TeV
muons with resolution
better then 10%
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Trigger

* At full LHC luminosity, huge
event rate -
~ Each bunch crossing results

in ~25 (or ~50) inelastic )
collisions o
* Event size typicaly 1-2 MB o
* Bottle neck is archival storage _

g (nt

and processing capability,
possible data rates are 200- o
300 MB/s (corresponding to
~100 Hz, 1kHz for Run2)

~ Need online filter (trigger)

proton - (anti)proton cross sections

I:TJ'E':{E-I—'Et - ‘1‘5."2':'}

a_(E. > 100 GeV)

< {'THi-ggs

ﬁHigga

OB > s/4)

(M,, = 150 GeV)

(M,, = 500 GeV)

Thot

) W =
Oz

deciding which events should "™

be saved on disk

0.1

J. Bracinik Warwick week, March 2024

107

10°

1072

1074

g G.-'S

events'sec for L=10 cm s



J. Bracinik

beam ‘

hadronic calorimeter

E-CAL

tracking
(in B field )

pipe ‘

?

vertex detector
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ATLAS and CMS, the same
physics, different approaches
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The same physics, very different detectors

A Toroidal LHC ApparatusS Compact Muon Solenoid

How to choose the magnet?
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Magnetic field - CMS approach

ul ; | I ; | 4l 5| 5' _'_I
m m am m m m i m
Key:

tMuon
Electron

Charged Hadren (e.g. Pian)
= = = = Meutral Hadron (e.g. Neutron)
----- Photon

Supercanducting
Calorimeter solenoid

Irian return yoks interspe read
Transuerie slice with Muon chamibers
through CM5

r
[ S T e—T

A slice of the CMS detector.

* L=3m in 4T bending field, BL?=36 Tm?
Very high solenoidal field in ¥ Another bending from return flux

(relatively) small volume ! (another 5 Tm?) |
* Tracks of charged particles have

characteristic S-shape
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Magnetic field - ATLAS approach

* Central solenoid: L=1Im in 2T
bending field, BL?=2 Tm?

* Outside of the solenoid are
large air-core toroids with
bending field of 1T over a
distance of ~6m, BL?=36 Tm?

* Additional end-cap toroid in
forward and backward direction

* Similar bending power then in
CMS, but in much larger volume
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Superconducting magnet - CMS
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Superconducting magnets - CMS

* CMS solenoid has unusually
large ratio between stored
energy and cold mass (11.6 | .
KJ/kg) @ E 3

* Large mechanical deformation T A AN 3
and stress B B o T '

* 4T field in space of 6m jnnnonnonononoz
(diameter) x 12.5 m (length) T 11

* Stored energy of 2.6 GJ at _
full current il e T e |

* Four layer winding made from ' Vi
NbTi superconductor, L HH
stabilized and reinforced by Al
alloy
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Superconducting magnets - ATLAS
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Calorimetry - CMS EMCAL

* Very compact, high
resolution design

* Scintillating PbWO4
supermodule RN /
crystals P
[ Supercrystals
~ Excellent resolution FANZ Sipomy
+ Homogeneous 7o

= Low light yield
<~ Sensitive to
temperature variations

* Light read-out using

silicon avalanche

photodiodes (barrel) and A

vacuum phototriodes

(VPTs) in endcaps

\  Preshower
II

End-cap crystals
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Calorimetry - CMS EMCAL

* 76000 crystals
* Produced at two places (China, Russia)
* Took about 10 years to grow all crystals
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Calorimetry - CMS HCAL

0.0 a1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3
' ' 1 A i 7] ’ . - - . - -t

ARINIRI R B3 RO
IO O U0 2 L

Figure 5.1: Longitudinal view of the CMS detector showing the locations of the hadron barrel
(HB), endcap (HE). outer (HO) and forward (HF) calorimeters.

* Plastic scintillator tiles with fiber readout, copper absorber
* Not possible to fit sufficient interaction length into the coil
(7.2)i at n=0), partially compensated by tail catcher (HO)
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Calorimetry - ATLAS

Tile barrel Tile extended barrel

LAr hadronic
enad-cap (HEC)

LAr electromagnetic
end-cap (EMEC)

barrel i
LAr forward (FCal)
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Calorimetry - ATLAS - LAr

Cells m Layer 3
AQxAN = 0.0245X0.05

|
— / \ ‘ Trigger 1, ove
Y ~ An=g, ‘

0 /f// .
( w i
. e o i

Ld\el

/ -
’é\ L
Q’OO b [ 3 - TR B s

T Mcall}
LA | ||--i n i o0 Ann 4n0 GO0 &D0
73 “‘3 = 4,60 =005 % Tirme (na)
An= Mm
= 0003 Strip cells in Layer 1
n

* EM calorimeter and HAD layer in encap - LAr calorimeters
* Stable and uniform detector, no dead regions (accordeon

geometry in barrel)
* Slow charge collection, compensated by fast shaping
* Several longitudinal samples ( 7° rejection, dead material

corrections)

/

!
o Arnplitude
-

o
o
T T [T T T[T 17T

R
P=0, r
0982 0.4
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Calorimetry - ATLAS - Tilecal

~"==_  Photomultiplicr

~
Qf _Wavelength-shiﬁing fibre
- ¢ ple
' Masler plale
Scintillator Steel
7 ]
~ } / Wavalength—chifting fibra .. I\-L /
e | ]\[ / (decoupled from tle) o /
,-” . |I|' T
. / - / ¢
HI . .
| \ Semtillator tile
f - | | /
I|' "x1 }| - J
- Wavelength—shifting fibre -« ‘-\ )
/ | (viewing tile) \
| ) | ?/ Y
£ II aw”” b
I.|I c,“".\_ || - |
17 G | J Flastic chanmel] \ J
| || I 7 Master plate I
\\| //’/ /
RN

* TileCal - hadronic calorimeter in barrel region

* iron/scintillating tiles structure
* Readout using wavelength-shifting fibres and PMTs
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TABLE 8 Main parameters of the ATLAS and CMS electromagnetic calorimeters

TABLE 9 Main parameters of the ATLAS and CMS hadronic calorimeters

Technology
Channels

Granularity
Presampler
Strips/
Si-preshower
Main sampling

Back

Depth
Presampler (LAr)
Strips/
Si-preshower
Main sampling
Back
Noise per cluster
Intrinsic
resolution
Stochastic term a
Local constant
term b

ATLAS
Lead/LAr accordion
Barrel End caps
110,208 63,744
An = Ag
0.025 » 0.1 0.025 » 0.1
0.003 x 0.1 0.003 = 0.1 to
0.006 > 0.1
0.025 » 0.025 0.025 x 0.025
0.05 x 0.025 0.05 = 0.025
Barrel End caps
10 mm 2 x 2 mm
4.3 X 2240 Xp
16 Xp 20 Xp
2 Xp =2 X
250 MeV 250 MeV
Barrel End caps
1050 10to 2%
0.2% 0.35%

CMS
PbWO, scintillating crystals
Barrel End caps
61,200 14,648
An x Ag

0.017 » 0,017

Barrel

26 Xy
200 MeV
Barrel

3%
0.5%

32 = 32 Si-strips
per 4 crystals
0.018 x 0.003 to
0.088 = 0.015

End caps
3 Xp
25 Xa

600 MeV
End caps

= Lh
L th
2R

ATLAS

CMS

Motz the presence of the silicon preshower detector in front of the CMS end-cap crystals, which have a variable granularity
because of their fixed geometrical size of 29 s 29 mm?®. The intrinsic enargy resolutions are quoted as parametrizations of
the type o (E)/ E = a/+E @ b. For the ATLAS EM barrel and end-cap calorimeters and for the CMS barrel crystals, the
numbers quoted are based on stand-alone test-beam measurements.

J. Bracinik

Technology
Barrel/Ext. barrel
End caps
Forward

Channels
Barrel/Ext. barrel
End caps
Forward
Granularity (A5 x Agh)
Barrel/Ext. barrel
End caps
Forward
Samplings (A = Ag)
Barrel/Ext. barrel
End caps
Forward

Abs. lengths (min.-max.)

Barrel/Ext. barrel

End caps
Forward

14 mm iron/3 mm scint.

25-50 mm copper/8.5 mm LAr

Copper (front) - Tungsten
(back)/0.25-0.50 mm LAr

9852
5632
3524

0.1 x01t002x0.1
Dl x01to02 =02
0.2x02

3
4
3
0.7-13.0
0.7-12.5
0.5-10.5

50 mum brass/3.7 mm scint.
T8 mm brass/3.7 mm scint.

Steel/0.6 mm quartz

0.087 x 0.087

0087 x 0.087 to 0.18 = 0,175

0.175 x 0.175

[ -

7.2-11.0

1014 (with coil/HOY)
0.0—-10.0

0.8

Note that the CMS barrel calorimeter (HB) is complemented by a tail catcher behind the coil (HO) to minimize problems

with longitudinal leakage of high-energy particles in jets.
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Inner tracker - CMS

m

-1.3._ -f.‘.f. GQ -U.?" -U.E -U.\B =01 ﬂr.f 03 05 /G.? _G.Q _'J‘.i‘ _1.3
I 0B |||H|H\
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I ||| ||| ||| ||| |I ||| ||| ||| | | | | | | || I| |
| | - | |
N "| "| "| hb‘l =8 m |" " |" R
TEC- : :Ii: : PIXEL TEC+

===

i

o
||‘| A |; )

-2600 -2200 1800 -1400 1000  -600 -200 200 600 1000 1400 1800 2200 2600

* Silicon detectors:
+ Pixel systems at small radius (high granularity)
= Then silicon strips

* Need high radiation hardness

* Difficult to minimize amount of dead material in front of calorimeters
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Radius

Inner tracker - CMS

n=0 n=1.0 n=1.5
[ P _ -
: _// _ - _ n=1_8
. -
| P g . - - - - - " T]_2-U
| e - - : —
~ -7 T - _ - T]:25
#‘ ==
e= - - -
. Beam axis
IP

Bias grid |=—a

\

e

“|Aluminium [~

-

Reduced p—sprayl—

Bias dot

.

i
st
7

p—Implant

Full p—spray dose

\ y
. rd

o

¢ 4

Contact via

Bump (In)

* 66 million channels (ATLAS similar size, 80 M channels)

* Three points per track
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Inner tracker - ATLAS I

ID end-plate Bl2
Cryostat |
Solenoid coil lnl,:l'ﬂ n|=1.5
., -
P — /
i
R1150 =13 : = -
R1066 gea FFET S T 2710
— - — R1004 l— 2.0
=] A ] e |T|I
= ”r," | | : L e
= —— , AT (epdfca -
S TF{T{barl E‘]_} ] f}? p:] e Cryostat
'_E: ,-*’. 1|z ]2 |a]|s]|E 1- g fg 1o f1 12| 4 2 3 s 15 A7 | &8 RE44 -
T Rs63 . -~ ¥ T B - 1 =
= Rsta e T T H [[HSE.SE- ——""Pixel Inf=25
:;ﬁ_%’%@# T----{'Ein cap) o —tpace R438.2 X:;upport tube
R200 — . Mgy .6 y [l Pixel PP1
. s = = - o
- — — — R220
- = " L
| R122.5- - T L i
| R88.5 - ' = T ’fBeam pipe
| Rs0.5 = £ _R34.3
] ) 400.5| sho| \7a0 [ ods | d120d.0 ] 1771.4 2115.2 2505 2720.2
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Inner tracker - ATLAS

. "R = 1082 mm
* Low radius -
pixels (3 layers in
TRT
Run 1, another <
layer inserted in | e
2015) \.R=554mm| i
. r e !
+ Then STF‘IPS (SCT) R =514 mm N )t
. R =443 mm
* At larger radius, scT4
.y R=371 mm
additional -
detector - TRT o
(transition "
. . = : e Pixel
radiation tracker) Pixels{g-gfﬁﬁmn:nm —
R = 50.5 mm
R=0mm
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Inner' ‘rr'acker' - ATLAS TRT

) e &

S i,

::r_.f-" ||l ) "\. I. p— ﬂ-‘i"l'- T
\\‘;’;1 o i ‘\x._.«{lr s T
e i, I'\__‘ - fi 5 i '_\‘1 ;‘f@ rr
~ O 7 ok S
=, | s B
Do) i
0, O s

.* )j o o Ao P |
il ('/:‘“\ i!/-j} (“Lv*’f,ﬂ - [Q [\1—_4'”;_
70% Xcgns\ X “'-’ ﬁ i{: ) [\Q},__utu ff::} (h_
vrirc - \fx;“‘\ St M I: 24 \_-)/ e

* Drift tubes (straw tubes) filled with Xe-CO2-02 (70/27/3)
mixture (part of the detector using Ar mixture in Run 2)

* Contributes to momentum measurement (~35 points/track)

* Electron identification via sensitivity to X-rays from transition

radiation
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TABLE 6 Main parameters of the ATLAS and CMS pixel systems

TABLE 4 Main parameters of the ATLAS and CMS tracking systems (see Table 6 for

details of the pixel systems)

ATLAS CMS
MNumber of hits per track 3 . 3
Total number of channels 80 10° 66 10°
Pixel size (pm in R¢p = pm in zZ/R) 50 = 400 100 > 150
Lorentz angle {degrees), initial to end 1204 2608

Tilt in Ry (degrees)
Total active area of silicon (m®)
Sensor thickness (um)

Total number of modules

Barrel layer radii (cm)

Disk layer min. to max. radii (cm)

Disk positions in z (cm)

Signal-to-noise ratio for minimum ionizing
particles (day 1)

Total fluence at L = 107 (n,, /em?/year)
at radius of 4-5 cm (innermost layer)

Signal-to-noise ratio (after 10" n,, /em?)

Resolution in Reh (pm)
Resolution in 7/ R (pm)

20 {only barrel)

1.7 (nT/m)

250

1744 (288 in disks)
5.1,89,123
89to 15.0

495, 58.0, 65.0

120
3x 104
&0

=10
A 100

20 (only end cap)
1.0 (nt/n)

285

1440 (672 in disks)
4.4,7.3, 102
6.0t 15.0
34.5,46.5

130
I 10M

20

J. Bracinik

Parameter ATLAS CMS
Dimensions {cm)
-radius of outermost measurement 101-107 107-110
-radius of innermost measurement 5.0 4.4
-total active length 560 540
Magnetic field B (T) 2 4
BR2 (T -m?%) 20t023 46t04.8
Total power on detector (kW) 70 60
Total weight in tracker volume (kg) A=4500 23700
Total material (X/Xg)
-at i 7 0 (minimum material) 0.3 0.4
-at 7 1.7 (maximum material) 1.2 1.5
-at i 7 2.5 (edge of acceptance) 0.8
Total material (A /Ap at max) 0.35 0.42
Silicon microstrip detectors
-number of hits per track 14
-radius of innermost meas. {cm) 30 20
-total active area of silicon (m?) (il 200
-wafer thickness (microns) 280 3200500
-total number of channels 6.2 % 10° 9.6 x 10°
-cell size (pm in R = cm in 2/R) 80 = 12 BO/120 = 10
-cell size (pum in R¢p > cm in /R and 120/180 x 25
Straw drift tubes (ATLAS only)
-number of hits per track (|| = 1.8} 35
-total number of channels 350,000

-cell size (mm in K¢ x cm in z)

4 = 70 (barrel)
4 x 40 (end caps)
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ATLAS insertable pixel layer (IBL)

77

* Insertable B-Layer (IBL): N e A —

~ New 4th pixel layer, installed | \ o=
during LS1

~ Additional layer at 33 mm from
the beam axis s ARl TR

= Mounted on the beam-pipe =L R

~ Smaller pixels than in other
layers (50x250 um? vs 50x400 i ol Lol
um?)

* Improvements:
~ Better impact parameter
resolution
~ More robust b-tagging
~ Better tracking at high pr
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Muon system - ATLAS

Scale 1200

[Sector numbering | y T Wizw from [P o Side A

m
o
=

zml ¥ EML

# 1 < ]
F RPC's 7 -7 el
10 ! T ,"\‘-../ I _2 - I
BoL[ 1 | 2 [ & [/4] [ 5 | & _} 7 5
F / i - 4 - =l

EE -
8 ~| i.l’ s = 2 L 4
BMLIT 3 [ 5 [ 3 [ & o] s[ [ & . j

7 - L~ -}____.-—
8 - / /‘ r"l 3 ‘__.--"’ 3
1 4 4 5 et ElLd ——=— 11 - .
BIL I i | | 1-- A
/ s L - et 2
-
B _gaap ||| [ TOC 1
- toraid I
1 =
€sC's o

* Need good tracking over large volumes

* In case of ATLAS also need to know non-uniform magnetic field

* One group of chambers for precision position measurement (MDT's and
CSC's in forward region), dedicated chambers for triggering (RPC's and
TGC's in forward region)
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Muon system - ATLAS

Cathode tube

isolant (Noryl)

g e
" T
XA ™
"'k.‘\-
I

Anode wire crirmp wire-lixalion - precision wire-lucalor

- 20 070 nnr————

* Drift tubes operating with Ar-CO2 (93-7) gas mixture
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Muon system - CMS 1

by

4 X (,?,9,
NG it
/ﬂt

oz Ny
:

Al ovemaw T3
0Lr/ZEN

Towards
Z+ center of LHC

* Installed between the iron slabs that provide the return
yoke for the magnetic field of the solenoid
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Muon system - CMS 1II

TRACKER

CRYSTAL ECAL  gota) weight : 12500 T
t :MS Overall diameter : 150 m <l
Overall length : 21.5 m
Magnetic field : 4 Tesla LLLLLL L =
: | 12 1 ~| Cathode
strip
PRESHOWER S 1
: Muon

RETURN YOKE

SUPERCONDUCTING
MAGNET
\ mucn
FORWARD
CALORIMETER cathode
sow oar n s s elsw s s s s s s WITSS
HCAL
MUON CHAMBERS
cathode

induced charge
cathode with strips

advalanche wires

cathode
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Muon systems - alignment

Transfer plate

"N Z-sensors

e &,
R s

Refaranrea - f . =
Pe g VRO, G
\
== * | Crosshair laser lines:
. —  Straight Line Monitors (SLMs)
i D Gt
=R

The chambers need to be aligned w.r.t. each other and central tracking:
= CMS 100-500 um
< ATLAS ~ 30 um
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TABLE 11 Main parameters of the ATLAS and CMS muon chambers

ATLAS CMS
Drift Tubes MDTs DTs
-Coverage [n] = 2.0 nl=1.2
-Mumber of chambers L1170 250
-Mumber of channels 354,000 1 72,000

-Function

Cathode Strip Chambers
-Coverage
-Mumber of chambers
-Mumber of channels
-Function

Resistive Plate

Chambers

-Coverage
-Mumber of chambers
-Number of channels
-Function

Thin Gap Chambers
-Coverage
-Mumber of chambers

-Number of channels
-Function

Precision measurement

2.0=<|n| =27

32

31,000

Precision measurement

|| = 1.035

(112

374,000

Triggering, second coordinate

LOS<|n =24

[578

322,000

Triggering, second coordinate

Precision measurement, triggering

468
500,000
Precision measurement, triggering

7| = 2.1
012

L 60,000
Triggering
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Trigger - CMS 1

* Both ATLAS and CMS have
sophisticated multilevel triggers

* Next level uses more detailed
information and has more time
to process it

* First level has to be built from
dedicated hardware (40 MHz is
too fast for standard CPUs)

* Uses reduced granularity
information

&
barm

ik

b

ik

LHC  +e=t4TEV L=t em s

s inslastic i

interac

rate

GHz

ion rate

fHz

physics

uHz

a0 e 200 200 JO00 2000 2000

Jet E, or particle mass (Gev)
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L1 Trigger - CMS

¢ Fast readout of the detector with course granularity: Muon Rate reduction x2-3
’ with similar efficiency

— New hardware in 2016 for better performance. / \
510 5 -
s |l'.J —
-E o 195 —
¢ uGMT — uTCA Global Muon Trigger =, N
C u o [)E
— Select 8 leading muon candidates ” & 085
(using DT in barrel, CSC in endcap). )
o = 0.8
¢ L1Calo Trigger (layer 1): » “owmwonsrmam ol
T GEY i I ooy
— combines inputs from o HCAL jetiie
ECAL (5x5 crystals)
and HCAL into “trigger towers”;
— applies position/energy
dgpendent calibrations.
¢ L1 Calo Trigger (layer 2): oo ke
— pattern recognition: (jets, e/y, T);
+ ECAL I I 'm
— computes E{lnl_jal ﬂluantlnes:
ET /MET, HT / MHT. Misolation=E+H,,—E, . -H,_, N
amples o
02/03,/2016 LHCC Open Session, Matteo Sani cluster shapes 15
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HL Trigger - CMS

40 MMz Level 1 [ Detector Front-Ends
Trigger
99 e o [ Readout
r $ I 1 I ! l i i Systems
Event _ Control
5 Builder Network 100 GB/s —‘ and
107 Hz Manager M Monitor
! I . Filter
| ' | Systems
T 1T T T 1 — 1T 1
2 . .
10° Hz Computing Services

* CMS has two level trigger, all events accepted by L1
are processed by high level trigger farm

* This does fast reconstruction and event rejection

* Reduces event rate to acceptable level

J. Bracinik Warwick week, March 2024



Trigger - ATLAS T

Calorimeters

Muon detectors

L1 trigger
: v . v
[ Calorimeter triggers ) Muon trigger
EM Emiss
T
= Jet SE, 2
AN
i lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll [ Y]
' Central trigger
| processor
2
Timing, trigger and .
control distribution Regions-
I of-Interest :
v v v
Detector front-ends L2 trigger DAQ

* Hardware trigger at first level (similar to CMS)
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Trigger - ATLAS I1
40 MHz rigger - DAQ

C Other Detectors 1.6 MB/evt

40 MHz

L1 Accept 1
' _ — h ROD ROD rOD §
75 kHz Ragmnnf Interest . 120 GB/s
Rea-dDu‘t System

Level 2 .'-. s _
ROI %, _ vent | 9 GR/s

6 kHZ Reguests L4 = o
L2 Accept _ . " | (+? GB/s

r Bl subFaminput for L2)
Event Filter ————— Semee ]

| swFamOutput “Flow

1 GB/s

0.4 kHz Prompt
+0.2 kHz Delayed

(Averages, peak >1 kHz)

* Two software based trigger levels:
* L2 processes full granularity information in areas flagged by L1 (RoIs)
* EF (L3) processes full events
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Trigger - ATLAS III1
" - it For p=50

40 MHz Trigger v
e 2.0 MB/evt

100 kHz Regions Dflnterest

l

7-17 kHz |

200 GB/s

20-40 GB/s

| dl
Full Event l
SubFarmOutput -

1-2 GB/s

Process. Node

0.5-1 kHz Total (Average, peak >1.5 kHz)

* In Run 2 logical functionality still there, physically layers merged
together ...
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Googles of data and the grid

cMS )
Online ~6 Tier-1

(HLT) Centres (off-site) ~25 Tier-2
Centres

=10 gnlinc

£ streams [RAW)

! ~10 online
E=3- streams ....f(f-_ First pass W

T (RAW) reconstruction
~10 online
streams (RAW) ~50 Datasets !
(RAW+RECO) y
- _—
\ ! 50 Datase N l . ‘
Prima i ; RAW+RECO verage o
ta " [ ! ~8 Datasets Analysls,
pe 4 "
archive -
\. / Tier 0

hared amongs alys|
rch Tieg 1's per Tier 1 Calibration,
[(RAW+RECO) Rereconstruction,

I\.._ skim making... _,./l

@olund-
oy pe
@“W‘-‘ Tier 1

Data analysis and big parts of reconstruction are shared
between many computer around the world - the Grid

CMS-CAF Tier 2

(CERN Analysis Facility)
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Googles of data and the grid

@ No information
Scheduled Maintenance
& Timeout

Globus OK §
@ RB OK G' RS
2o I, :'
a “{ _® Edinburgh

f‘ Glasgow
=
j Durham‘
fg ® Lancaster
Manchester

@ e @
Liverpool Sheffield

Birmingham
* Cambridge
Warwick *
Swansea Owdard

. *
7 BALFPaw RAPNLU

— Bristol Brungi * 3 UC
BHUL o
&

o LISEEX

Status for Resource Broker CERMTRA1188: Thu Jun 10 15:41:43 BST 2004
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Googles of data and the grid
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Next Steps
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Phase-II upgrades

i ';,'ﬁ:,, 2= 'r ']
- il" AU

Tile calorimeters

LAr hadronic end-cap and
. forward calorimeters

/ Pixel detector

Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid mngnat Transition radiation fracker

Semiconductor fracker

New Muon Chambers
Inner barrel region with new
RPC and sMDT detectors

New Inner Tracking
Detector (ITk)
All silicon, up to |n| = 4

J. Bracinik Warwick week, March 2024

Upgraded Trigger and
Data Acquisition system
Level-0 Trigger at 1 MHz
Improved High-Level Trigger
(150 kHz full-scan tracking)

Electronics Upgrades
LAr Calorimeter

Tile Calorimeter

Muon system

High Granularity Timing
Detector (HGTD)

Forward region (2.4 < || <
4.0) Low-Gain Avalanche
Detectors (LGAD) with 30 ps
track resolution

Additional small upgrades
Luminosity detectors (1%
precision goal) HL-ZDC

22
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L1-Trigger HLT/DAQ
https://cds.cern.ch/record/2714892 Barrel Calorimeters
https://cds.cern.ch/record,/2759072 https://cds.cern.ch/record/2283187

+ Tracks in L1-Trigger at 40 MHz | = ECALcrystal granularity readout at 40 MHz

*+ PFlow selection 750 kHz L1 output I,-' with precise timing for efy at 30 GeV
* HLT output 7.5 kHz | = ECALand HCAL new Back-End boards
* 40 MHz data scouting '

~_Muon systems CMS
https://cds.cern.ch/record /2283189 | -
+ DT & CSC new FE/BE readout
RPC back-end electronics
New GEM/RPC16<n<2.4
Extended coverage ton =3

Calorimeter Endcap ——

https://cds.cern.ch/record/2293646
o, = 3D showers and precise timing
[ * Si, Scint+SiPM in Pb/W-55

|
sy

Beam Radiation Instr. and Luminosity

http://cds.cern.ch/record/2759074
M3 Endcap Calorimeter ¥ * Bunch-by-bunch luminosity measurement:
Tehwical Dwsign Ropan /

1% offline, 2% online

Tracker https://cds.cern.ch/record/2272264 /S

+ 5i-5trip and Pixels increased granularity MIP Timing Detector
* Design for tracking in L1-Trigger https://cds.cern.ch/record /2667167
+ Extended coverage to n = 3.8

Precision timing with:
+ Barrel layer: Crystals + SiPMs
+ Endcap layer: Low Gain Avalanche Diodes

J. Bracinik Warwick week, March 2024 68



FCC-ee Detector Concepts Fast Overview
CLD _ IDEA Noble-Liquid ECAL based ﬂ

£
= Yoke/p chambers P s| = mma i
| o Muon Tagger |
| | : : : :
Yoke I H
| i al o
= 1
-- % :
S, g 5
o] @ g
£ Ml g z
w0 lenoid coil | i 7
Solenoi Coil o /SI.Wﬂpplr g
DCH s
— — ) 2= 1
= —
- = IJO 1 2 3 4 1] [

Specifically designed for FCC-ee (and CEPC)

*  Silicon vertex detector

*  Low X, drift chamber with high-resolution
particle ID via ionisation measurement

« Silicon wrapper around drift chamber

« Light, thin 2T coil inside calorimeter system

*  Pre-shower detector based on MPGC

¢ Dual-readout calorimeter; copper-
scintilating/Cherenkov fibres

¢ Instrumented yoke with MPGC muon system

Specifically designed for FCC-ee, recent concept,

under development

* Silicon vertex detector

* Low X, drift chamber with high-resolution
particle ID via ionisation measurement

* Light, thin 2T coil inside same cryostat as ECAL

* High granularity Lead/Noble Liquid (LAr,
possibly LKr) ECAL

* HCAL and muon systems to be specified

Conceptually extended from CLIC detector design
*  Full silicon tracker

* High granularity silicon-tungsten ECAL

¢ High granularity scintilator-steel HCAL

¢ Instrumented return-yoke for muon detection
¢ Large 2 T coil surrounding calorimeter system

Engineering needed for adaptation to continous
beam operation (no power pulsing)
¢ Cooling of Si-sensors & calorimeters

Possible detector optimisation
¢+ Much improved EM energy resolution via crystal
ECAL in front of coil

Possible detector optimisations
¢ Improved ECAL and momentum resolutions
+  Particle identification (TOF and/or RICH)

Mogens Dam / NBI Copenhagen FCC Physics Workshop, Krakow 27 January, 2023 14
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FCC-hh reference detector layout

y[m
017 | =05/ =10 _ _ =15
2] //j ] ] 1 | ] .a-""‘r.l'.-
8t Barrel Muon System A
? o | ! F, 1l P (l 1| ! UU[B" nm ! o "".‘.- ! ! | | .--’3:__2__-!:!-
Muon System '

Main Solenoid | A il W _ = _,'

n=2.5

nnef Endcap =

0 Sys i

- - 2=_3._0

E 3 1]
] E n=3.5

H

Central Tracker = i — =il

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 18 17 18 19 20 29 22 23 24 25 262Em]

e 50m long, 20 m diameter

e cavern length 66 m
e " of FCC 40 m

Anna Zaborowska FCC-hh detector concept January 24th 2023
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Speaker upgrades
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Conclusions

* Expected physics at TeV scale to large
extent defines architecture of high P+
detectors

* Still, where possible, CMS and ATLAS
took different design decisions, leading
to rather different detectors
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Slides that weren't good enough
to make it into the talk ...
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LHC clock distribution

Clock signal synchronous to LHC beams
Orbit signal once per revolution

ATLAS counting rooms

Counter resets / Clock /
Trigger accept & type

| | |
| - |
| o :
: L |
| o i
| TTCrxl| | 1 [TTCrx .
I ! I
| ROD || ! ROD |
| L i
| R -
I L TTCrx :
I 1 |
ITTC Frontend|i ITTC Front-end| |
| partition ! \partition !

_________________________________________

ATLAS main cavern
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L1 calorimeter Trigger - CMS vs Atlas

ATLAS CMS

'E ——
bl
2 E=yas| _ S
0 5 T=yb.s| &
1 HEHEEE [
5 £ = s
"] [= )
=<
S ROD E
1 12 bits
| ! T116 cate
| 2 bits | ¢
~_ Calibration Front-end board Towger builder h 4
= . o L e detector / \
. ! ‘ 1 4 p
e |1 el et | Ve 40 MHz
i 40 ns 7 sampling
5 shaping E
2
3 Optes 3
= e plios o
°© «| 2
SPAC £ 6
s
control ring —
Controller
board

* Details of implementation are very different, this is an
example of calorimeter front-end boards ...
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o Performance aspects
— Physics events acceptance - critical to measure rare processes:

» Need improved trigger: increased bandwidth - precision of inputs - sophisticated
algorithms

CMS Simulation 5 =14 TeV, L = 2.2 « 10™ em3s", 25 ns

CMS Simulation ¥& = 14 TeV, L = 2.2 « 10" emis’, 25 ns T T T T

Single ey - — e e e —
Mhﬂu&h; 2
Single My [ ElUpgrade|

Single isg My [e— _ ; Ecurrent |
Single Tau
Single iso Ty
80 ey + oy
(Imo i 4+ Mu
(iso)Tau + Tau
w0 &'y + Mu
(s Mu + ody
so el + Tay e
leahu + Tau
Single Jel
Double Jet =
Ouad Jet
Single =0 ey + Jat
Single Mu + Jot ==
Single iso ol « ™ 8
Single My + H™
H, » 1ho

-3

Bl Vpgrade
[ Current

—

0 20 40 60 B0 100 120 140 160 180 200
95% Threshold (GeV)

N i & & J e e

a0 60 B0 100
Efficiency (96)

Example of the thresholds improvements with the CMS hardware trigger level upgrade for
50 PU (Phase 1) and impact on physics channel acceptance
- These levels of thresholds must be maintained at HL-LHC despite rate and PU increase

J. Bracinik Warwick week, March 2024 77



Physics Studles at Alx-les-Balns

3 lﬁ: ATLAS Simuiation Pralminary | “ATRAS Smulstion F'relmnar,' ]
= o | La3000IS", 18 = 14 TV | #5 =14 Te: Lo ; [Lokw3000 &
2 71w category | o R Ca 2
I.IEJ dE .l.rE‘: -
[ mAH 1 ]
30 BZH 1 5
I |-|I|F | g
Eﬂad-grnun:! B
, -
1; .ITH%EE E hl‘.ﬁ-l‘.ﬂ I?EI“B&I&EHllH-
- E ko 18Ty oM
LEﬁ‘E-E*ﬁu 115 120 125 130 135 140 5 vﬂ:’fﬂf bﬂﬁﬂﬂ Eﬂﬂmﬂlﬂm m@hﬂgs
c et :# ::’
3
-‘ AI'L-I:- g . _. 1 , hh_::_:x'\-.h_ E% E
i"".: | -.-..'—'!'l ""'r.l - . h%ﬂ :;
- S -- Hady....... lmpmvf:menmm coupling :I: ){ R (o -
- = I | ratios with HL-LHC. o NLG Cross-section calculations
B L s 3 £ R
Ii_:u* f i (Range depends on handling § TS ; :
5| of systematics and theoretical a0 <
T Trigger threshold o I
L &5 # uncertainties) : i
. /‘:/ 4 e g / o DA e comoed
| 76GeV 39 GV } -
FEE T = 3 1 m_-_
. suasnesn HsT7 trigger threshold =~ :, -
| improvements with track g 3 £
o :-.-:' -:-.:: "u E I:A.I--:I:IL T ngEIEtL]. ['_;3}: L R I:II;I . ““;
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Barrel cale !
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-
£
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Farward g H i ; } E E
s wc < ‘rn :
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:“II':_“ SW-A at surface - 20T crane blocked on Geneva side |$w-tatum-an‘rmmnnm#l
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» LS2 maintenance work proceeding well on all detector systems, no major delays.
» Greatest effort to enable the installation of both New Small Wheels in 2021.

» Pilot beam is now scheduled for weeks 39+40:

=  Aperture measurement by the machine, exercise in preparation for 2022 (ramp?),
collisions at injection energy in the experiments?

» Complex endgame (closing finished end of December, then beampipe bakeout).



R [mm]

R [mm]

ATLAS Phase 2 Tracker Upgrades

« The Pixel detector consists of five barrel layers with

450 . . v — v . — . . . . . -
o ATLAS Simulaton meaed —nclined sensors starting from | > 1.0
- L L E <« Reduces the material traverse by particles and improves
0= T L T 1] tracking performance (and energy measurements of the
o= "|| LU |'| T calorimeter)
0Lt e e 11T L L= <« Less silicon surface than a traditional barrel needed to cover
SO TI1 1111 ; the same detector volume
0 w0 0w s o 20 5000 zimf:;‘ <4 Endcap rings replacing traditional disks to improve the
coverage and at cost of less silicon surface
1400| ATLAS Simulation o ot Loyout <4 Two pixel pltches still under consideration 50x50 or
ol - _ 25x100 um? - current ID using 50x250 (400) um?
| . e «All results presented are using 50x50 pm?
1000| ; .- . .
=20 ‘ =20 * The Strip detector consist of four strip barrel layers
800| . . . .
ol with and six endcap disks on each side of the barrel
w0 } <4 Covering up to | < 2.6
nob e re NN A <« Modules at a stereo angle of 52(40) mrad for barrel (disks)
~I000 2000 10000 1000 2000 3”””[ I to provide two dimensional measurements
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Phase 2 upgrades of ATLAS trigger

* Keep one HW and one SW level R (e R apwes

architecture | I —

* Both levels see changes! { “g:]"rmﬂ
e (o)) | |,

Hardware level:

~ Changes name (L1 to LO :-))

* New Global trigger processor
~ Time multiplexed architecture

* (possible) new Timing Detector
(High Granularity Timing h
Detector, HGTD) ' o i

TDAQ Phase-ll Upgrade Project
f
s [
=
| |

* Muon Drift Tube (MDT) o 3 T8
information added to trigger S 3k

* New Resistive plate chambers in {[mﬁrﬂ E ]} i
the barrel to improve muon —
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ATLAS Phase 2 Upgrades of
Calorimeters

Phase-II Liquid Argon Upgrade

ATLAS Liquid Argon (LAr) Calorimeters
«4EM calorimeter || < 3.2
<« Hadronic calorimeter for 1.5 <|n| <4.9
Calorimeters expected to fully operational at HL-LHC

For HL-LHC a total replacement of the electronic readouts and low voltage powering 1s
planned
Main motivations for the upgrade
<«Required by restricted radiation tolerance of current front-ends
<« Present readout system will be incompatible with the planned upgrade of the ATLAS trigger system
4 Necessary to avold degradation of performance in high pile-up environment
<4 Allows for partial suppression of out-of-time pile-up effects
New readout architecture more acquiescent

<4 Will allow for higher resolution mformation of the calorimeters to be available at the lowest level of
the trigger system

This yields enhanced capabilities to develop trigger algorithms to benefit physics!

LAr elechm
barrel [E M)

Lawr fonsard (FCal) GG
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CMS LS2 Program

Strip tracker
* kept cold to avoid reverse
HCAL barrel - annealing
* completion of Phase-1 e
* SiPM-based 5Gbps RO —
"=/ Pixel detector

4
- e’ : —
e e - C ‘ )

i " & &) 1 ;__——EH%“-‘ * Replace first barrel layer

B8 || -+ Replace all DCDC converters

e

R
P\
Muon system
* installation of GE1/1
chambers
* upgrade of CSC FEE to
sustain HL-LHC trigger
. | . AD.
 shielding ra.gainst neutron . (7 >
backgrour Civil engineering at P5
on surface to prepare
L} for Phase-2 assembly
and logistics
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LHC plans for (almost) near future

Hi?h_ _
LHC / HL-LHC Plan Ot.“."‘e"w
LHC
Run 1 | | Run 2 |
7Ty BTEV | ;;M mz

EXd 300 b Kiasny

Run-1 (2010-2012) Run-2 (2015-2018) Run-3 (2021-2023)
0 5=7(8)TeV O 5=13(14)TeV O s=14TeV
QO 50ns bunch spacing O 25ns bunch spacing C  25ns bunch spacing
O Ljy~30fb1 O Ly~ 100—150 b1 QO Ly ~300fb1
O Lpgak ~7.5-103cm—25-1 O Lpgak ~1.3-15-10% cm—2g-1 O Lpeak ~2-103cm—25-1
O (u)~30 O (u)~40 O (u)~60
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CMS Phase 2 Upgrades

w1 0
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B EHEE D EHEE 1 BE] I G Eae ] ERFIES At R
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Back thermal screen EE support cone

@ Entirely new endcap calorimeter: High granularity silicon
detector with tungsten/brass absorber in EE/FH
@ Plastic scintillator and brass absorber for back hadronic

section
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CMS Phase 2 Upgrades -L1 Track Trigger

@ Outer tracker provides hardware trigger capabilities

@ Readout of full detector at 40 MHz is not feasible —+ pr modules with
two closely spaced sensors provide a local pr measurement, and allow
on-detector application of pr thresholds for hardware trigger

@ Hardware trigger receives track stubs with pr > 2 GeV — 10-100x
reduction in data-volume

@ Coverage up to |n| = 2.4

M8 Phass-2 Simuiaion Prolminary
T 013 . L 3

F 0.6 Average Track Rate

- CTwH u |

2 ooaa-id P02 E

ozl Pl = 140 - 57 3

- ” -1 | - .|

stub --.._______) pass fail LRI Pl = 200 77 E

(a} T T 1 T T T UI:E_. .' .h Ol _
o LTI T I} FEPRRERRRRC L FF _PEPRD ool L ah 3

B ool 40 b . ]

L mooE L. . ond

{4 mm © G'Dd'__f L e T E

! | ;O .. - -.F":l:\-f T4 _-
JI WFFERRERI FR PRI REERRRERRERRE DERRERRRED 0021 il h =Rz
iT R a0 300
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Plurnbs al Irul:k:,ipl = 3G el
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ATLAS Phase 1 Upgrades

El
New Small Wheel I:
N

~N

end-cap

/ B X
toroid -

ATI ACRARA e~ PBICYAT LR
ATLAS Muon NSW Triggetr

Several upgrades (many of them in triggering area):
+ New Small Muon Wheels
* Fast TracKer (FTK) Cancelled!
* LAr electronics

* New L1 Calorimeter trigger processors
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