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Few interesting facts
9300 Magnets (among which 1232 bending
dipoles) reaching 8.3T with current of 11,400 A.

Beams are made of trains with a total
nominal number of bunches of 2808 each
containing approximately 100 Billion
protons. Bunches are separated within trains
by 25ns (approximately 7m).

Each proton has the kinetic energy of a
mosquito and the total energy of the beams is
350 MJ ~ 1 TGV a 150 km/h.

Accelerated at 50 MeV in a LINAC

LHC accelerator complex

protons

Hydrogen (gas) is ionized in a
duoplasmotron.

antiprotons

First accelerated with a RF quadrupole \
at 750 keV.
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Ramped to 7.5 TeV in the LHC

The maximum number of bunches (2808) not
reached at Run 2 is limited by the injection kickers
(~1 ps) and by the beam dump extraction (~3 ps)

SPS accelerates protons to 450 GeV,
bunches before injection in the LHC.

The booster accelerates
protons at 1.4 GeV.

PS brings them to 26 GeV, it is in
the PS that bunches are formed
with a 25ns spacing.
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Quantity number

(*) Design value: 7 TeV
(**) Energy per nucleon

Circumference

Dipole operating temperature
Number of magnets

Number of main dipoles
Number of main quadrupoles
Number of RF cavities
Energy, protons*

Energy, ions

Peak magnetic dipole field
Distance between bunches
Luminosity (protons)

No. of bunches per proton beam
(design value)

No. of protons per bunch (at start)
Number of turns per second
Number of collisions per second

26 659 m
1.9 K (-271.3°C)
9593
1232
392
8 per direction
6.5 TeV (6.8
2.56 TeV/u (**) (reg
7.74 7
~7.5m
Peak Luminosity:
~1.2 x 103 cm2 571 (
2808

1.2 x 1011
11 245

TeV in 2022)
cord: 6.8 TeV/u in 2022)

record:2.6 x 1034 in 2022)

1 billion




e Hadron Collider timeline
LHC time table:

= Early 1980‘s: first ideas about a multi-TeV
proton collider at CERN

Oct 1990: ECFA workshop on LHC in Aachen
16 Dec 1994: CERN council approves the LHC

Feb 1996: approval of ATLAS and CMS

Apr 1998: start civil engineering

7 Mar 2005: first dipole magnet installed
26 Apr 2007: last dipole installed
10 Sep 2008: first circulating beams

Oct 2009: first pp-collisions
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the expected start ...

% 1 September 2008 19 September 2008

End of the world due in nine days

... not the end of the world, but 700 m damaged area with 39 dipoles and 14 quadrupoles and beam
vacuum affected over 2.7 km, 1 year repair and LS1 to consolidate interconnections!
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10 vears of LHC

LHC
(EvETS| Ls2
13 TeV —
Diodes Consolidation

splice consolidation cryolimit LIU Installation
7 TeV 8 TeV button collimators interaction o _
e — R2E project regions Civil Eng. P1-P5 pil

4

ATLAS - CMS

experiment upgrade phase 1
pres nominal Lumi w ALICE - LHCb —

September 10, 2008 /’ Mporade

We are here!!

4 - ".3 d F; ! e \
The day the world switched on to particle physics
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13.6 TeV

pilot beam

mmnlmw
5 to}7.5 x nominal Lumi

2 x nominal Lumi

HL-LHC
installation

ATLAS - CMS

HL upgrade

13.6 - 14 TeV

energy

n/——”’_'

integrated JEAIURITN
luminosity JEGITET 3

Higher intensity comes at a
cost:

At Run 2 average inelastic
collisions per bunch crossings
(Pile Up) was approximately 40.

Expected PU at HL-LHC 140-200




Run 3 started at 13.6 TeV !! The.third run of the Large Hadron
. Collider has successfully started
N ews and Q | Ctu res fFOm Around of applause broke out in the CERN Control Centre on 5 July at 4.47 p.m. CEST
yesterday at C E RN when the Large Hadron Collider (LHC) detectors started recording high-energy

collisions at the unprecedented energy of 13.6 TeV
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LHC performances




LHC cvycle in 2022: example

LHC Pagel Fill: 8247 E: 6800 GeV t(SB): 03:03:17 10-10-22 18:55:52

PROTON PHYSICS: STABLE BEAMS
Energy: 6800 GeV | B1: 2.68e+14 | B2: 2.69e+14 LHC page 1
| 6800GeV | 268e+14 | 20014 A

Beta* IP1: 0.30 m Beta* IP2: 10.00 m Beta* IP5: 0.30 m Beta* IP8: 2.00 m .
in several screens

Inst. Lumi [{ub.s)"-1] IP1: 17695.36 IP2: 8.52 IP5: 17838.47 LW EN |around CERN ...

FBCT Intensity and Beam Energy Updated: 18:55:50 flinstantaneous Luminosity Updated: 18:55:52 and in the control rooms
3.5E14 [‘ [ 7000 = 18000 A of course
5000 : 16000

2.5E14- 5000 o é 14°°°:

2 @ 12000

2E14- 4000 £ = 10000
) 8000
60001
4000
2000

SE13- J 1000 o
20:00 23:00 02:00 05:00 08:00 11:00 14:00 17:00

OEO- T T T T —F T 0
22:00 02:00 06:00 10:00 14:00 18:00 — ATLAS — ALICE — CMS — LHCb

3E14-

>
&
“n
c
o
=
1=

(=2
1.5E14 3000 &
| =
1E14- 2000 “

Luminosity

BIS status and SMP flags
Comments (10-Oct-2022 16:23:03) Link Status of Beam Permits
**k STABLE BEAMS *+* Global Beam Permit
2461b fill for physics Setup Beam
Beam Presence
Moveable Devices Allowed In
Stable Beams

XRPs in, IP2&8 levelled
beta* levelling to mu =52
Filling

Scheme_’ AFS: 25ns 2461b 2448 1737 1733 180bpi 16inj 1INDIV PM Status B1 BRSNS ENPM Status B2 ENABLED

Claudio Luci — Collider Particle Physics — Chapter 11 13



LHC cvcle in 2024: example

LHC Page 1 LogBook INFO HELP # # = 4|

LHC Pagel Fill: 10199 04-10-24 17:04:10

PROTON PHYSICS: STABLE BEAMS

E: 6799 GeV t(SB): 02:13:11

Energy: 6799 GeV | B1: 3.55e+14 | B2: 3.55e+14

Beta* IP1: 0.52 m Beta* IP2: 10.00 m Beta* IP5: 052 m Beta* IP8: 2.00 m

Inst. Lumi [(ub.s)™-1] IP1: 21045.92 IP2: 8.69 IP5: 21107.11 IP8: 1984.47

FBCT Intensity and Beam Energy Updated: 17:04:05flIinstantaneous Luminosity Updated: 17:04:08

4E14 _ 7000

-25-1

2:

N
=1
=1
S
S

3.5E14 6000

[
u
(=3
(=4
(=]

3E14- 5000 o
[

2 2.5E14
= 4000 £

2E14- =
3000 5
1.5E14- 2
2000 “

(=3
[=3
(=3
(=

v
[=3
(=3
o

1E14-

Luminosity / 130 cm

SE13- 1000 0

20:00 23:00 02:00 05:00 08:00 11:00 14:00 17:00

OEO 0

18;00 22:'00 02:'00 06:'00 10:'00 14:l00 — ATLAS ALICE — CMS — LHCb
BIS status and SMP flags

Comments (04-Oct-2024 15:20:04) Link Status of Beam Permits

otk STABLE BEAMS ¥k Global Beam Permit
Setup Beam

All IPs on target

Beam Presence
XRPs IN Moveable Devices Allowed In

Stable Beams

AFS: 25ns_2352b_2340_2004_2133_108bpi_24in; PM Status B1 B IG:IN-0MMPM Status B2 [TV {R=0]

Claudio Luci — Collider Particle Physics — Chapter 11

Top luminosity (2.1x10%* cm? s) is
kept for several hours (~ 8 hours).

The initial luminosity could be higher
but it kept at a lower value increasing
Beta* (namely the beam dimension

at the interaction point). As long as the
number of protons diminish, the beams
are squized (lower beta*).

When they reach the limit (beta* 30 cm),
the luminosity decays, until it is more
convenient to dump the beams and
start over a new fill.

The limiting factor to have a higher
luminosity, besides the LHC triples,
is the maximum L1 rate sustanaible
in the experiments (about 95 kHz in
Atlas) and/or the pile-up.

To be noticed on the left plot: the beam
intensity is going down as soon as the
stable beam is declared !



Last pp LHC run in 2024

LHC Pagel Fill: 10232 E: 6799 GeV t(SB): 02:00:17 16-10-24 10:44:27

PROTON PHYSICS: STABLE BEAMS

6799 GeV 3.57e+14 3.55e+14

Beta* IP1: 0.52m Beta* IP2: 10.00 m Beta* IP5: 052 m Beta* IP8: 2.00 m

Inst. Lumi [(ub.s)™-1] IP1: 21073.54 9.10 IP5: 20950.81 IP8: 1963.77

A

4

E

v

2

-

> 10000 - |

Z

-]

£ 5000

£ |

] = !

—
SE13 n i 1000 0 ' . — ' -
e 1 (T " 11:00 14:00 17:00 20:00 23:00 0200 05:00 08:00

14:00 18:00 22:00 0200 06:00 10:00 ATLAS ALICE — CMS LHCh

BIS status and SMP flags
Comments (16-Oct-2024 10:22:12) Link Status of Beam Permits

Global Beam Permit

Last proton physics fill at 6.8TeV of 2024 Setup Beam
Beam Presence

Moveable Devices Allowed In

Stable Beams

AFS: 25ns_2352b_2340_2004_2133_108bpi_24inj JUEIAOCY S ENABLED USR8 ENABLED
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Test: one beam with 1.8x101!
proton per bunch and the other
with 1.4x101 ppb due to vacuum
problem in one sector

Last pp LHC run in 2025

LHC Pagel Fill: 11227 E: 6799 GeV t(SB): 12:13:26 28-10-25 09:32:44

PROTON PHYSICS: STABLE BEAMS

6799 GeV 1.81e+14 2.97e+14

Beta* IP1: RN N REEGE Beta* IP2: 10.00 m Beta* IP5: WREFIKL Nl Beta* IP8: 2.00 m

Inst. Lumi [(ub.s)"-1] IP1: 14016.86 IP2: 8.75 IP5: 14376.91 IP8: 2104.73

FBCT Intensity and Beam Energy Updated: 09:32:35 Instantaneous Luminosity Updated: 09:32:37

L

10:00 13:00 16:00 19:00 22:00 01:00 04:00 07:00
13:00 17:00 21:00 01:00 05:00 09:00 = LIS — A0EE = iy — [ED

- N
un (=3
=3 (=3
(=3 (=3
(=] (=]
Il 1

Intensity
Luminosity / 1e30 cm-2s-1

BIS status and SMP flags
Comments (28-Oct-2025 08:37:27) Link Status of Beam Permits
*#k STABLE BEAMS *+* Global Beam Permit

IP1/5 head-on, IP2/8 on target Setup Beam

we will keep this fill until ~10:00 Beam Presence
then fill for ion optics commissioning Moveable Devices Allowed In
Stable Beams

AFS: 25ns_2460b_2448_2089_2227_144bpi_20inj_asym PM Status B1 BN V-GN PM Status B2 B EN:IH 0]
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LHC 2024: instantaneous luminosit

— ATLAS =—CMS =—ALICE =—LHCDb

in three days

22000
20000
18000
16000
14000
12000
10000
8000
6000
4000
2000 A

Luminosity [Hz/ub]

1 ]
2024-07-27 2024-07-28 2024-07-29

« Combined (beta* + offset) levelling allowed for
* 6-7 hours levelling with BCMS beams
* Well balanced luminosity between CMS and ATLAS

* LHCD levelled through the entire fill
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LHC cvycle: details

@ 8 o
Q (= 6 .% S E
1S 3 o o 5 s
Beam mode: = S 5 5 . w s g . =
a Q © o 9 %] 9
; g 85 i3 °E 5 2 &5 3B
o o 3 Ea £ o axe T 9 < &
Energy E— /
1
Beaml/Beam?2 I £
. I 3
Intensity & {
II[
1
.' P "
R S B L T o .
07 :00:00 02 :00:00 09:00:00 10:00:00
Ramp C_low,n means that a Calibration period +
the B-Field is lowered to S o e = 8
reach 0 T (no current). “ 9 ., 82 2 8
. . E 1) -g E o
Then, during the setup B is L c c S e =
set to value needed for = & R = o
450 protons. B
Time estimates for 2017/2018 (based on Fill 6343, to be updated for Run 3)

Injection Physics Beam to Prepare Ramp ~40 min
Ramping ~20 min
Squeeze ~15 min
Adjust (plus levelling to target Lumi) ~10-20 min
Running with levelled Lumi ~ 3 hours
Dump to Stable Beams (fastest turn-around in 2017) > 2 hours
~30 min

Precycle
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Availability | ity

 Availability is THE key factor for accelerator performance 72.1 %

 Availability factor was ~constant through Run2 and Run3
for small (<24h) faults

Operation
(other): 659.5
h (18.6 %)

13-11-2024 13:17:29

LHC Proton Run

w10+ days
B 1-10days
s 10h - 1 day
EEE 2 -10 hours
BN 1 -2 hours
B 15min-1h

w
o

N
w

—0-lsmn o s1% Stable Beams: B
- 1903.4 h (53.6
: %) In fault
E 15 (combining
S 10 12.2% mdapping):
991.2 h (27.9
5 2.9% %)
; ! 2.4%
g 2015 ’ 2016 ’ 2017 2018 ’ 2022 2023 2024 ’
Minor differences in numbers are due to slightly
NOTE: the availability of the proton run is calculated on the effective time different choices in term of dates (including or
from the retrospetctively calculated schedule (long faults are not included) not scrubbing run, TS recovery etc)



LHC 2022 parameters: # of bunches and

® Beam 1 Intensity ® Beam 2 Intensity ® # Bunches

E A—8—3 !
1.400e+11 cavugte’ee e e

~ n.oos‘ g° (YY1 'o" Q“‘:‘.‘ooammooo- ° o @ oeee o we - 2500
. 1.200e+11 s s ° :
.8. 4 § @ [

4 o ¢ E
& 1.000e+11 e, ° [ 2000
A e Py ° 8% o L §
2 : s |
% 8.000e+10 - - 1500 g
g : 8
< 6.000e+10 - . " 3
8 ] - 1000
Q. 4.000e+10 ] -

7 L] ® L] e

: - 500

2.000e+10 A o o > E
] L J
a L] L] . .. '
00009+0 - 1 ’ - -.I‘ abafan IA-A‘ --‘—;. - - -l‘ - . _‘l - - Ll Rl —l‘ S L e 0
2022-09-22 2022-10-01 2022-10-08 2022-10-15 2022-10-22 2022-11-01 2022-11-08 2022-11-15 2022-11-22
ppb=protons per bunch Date
N = No. particles per bunch
k-N2-f K= No. bunches _
L=—+— " .F ‘b f = revolution frequency
- B* . = beta-function at IPs .
Am - f* - € B f F=[0...1]depends on the crossing angle

€ = transverse emittance
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1.600e+11

1.400e+11

1.200e+11

1.000e+11

8.000e+10

6.000e+10

Peak Intensity [ppb]

4.000e+10

2.000e+10

0.000e+0

LHC 2024 parameters: # of bunches and ppb

® Beam 1 Intensity @ Beam 2 Intensity @ # Bunches

\n.ﬂ'o' PN c"'.‘d = ... oo ot ® P o Reai s 9 M
a - 2500
.’ . .*. :—- - ’ .—.-“. P-“ L J .——E
‘o . . . : - 2000
= Sog 51500
- . L ] 3
- 1000
- = 5-500
e .z:- ' —_ f ) e f R A m— T S :0
May Jun Jul Aug Sep Oct
» Bunch intensities stable at 1.6e Reminder
ppb at start of stable beams The nominal total number of bunches is ~3600,
- Stored energy ~410 MJ / beam but not all of them can be filled. .
@6.8 TeV (~100 kg TNT) The number of bunches colliding is 2340 (in Atlas and CMS)
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LHC: peak luminosit
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7)) - -]
‘}‘E 30:_ATLAS . ) run 3 _:-
S —  Online Luminosity e
go 25 :_E=7Tev s=8TqV  V(s=13TeV fs=13.6 TeV ]
=R = e e el v e e — — = 2.15-10%*cm~2s~* (Limited by cryogenic)
%’ 20— ' s 4 . g
Q [ run 1 run 2 = * ?' . re - . .
E 15— i i‘ 6§ 3 l e : — ATLAS Integrated Luminosity
= = 2 —]
= = . . o 34 ¢ < ' B &8 o Ve - = 1 T T T T T T T T 1 =
3 10 —_L_HC_: d_eslgrllu_mlwo_s tX 10_ - i ek 2" o R R - — £140[— ATLAS Online Luminosity =
o = T 2 =] u 2011 pp (s=7TeV 2024 ]
o = 2 Ty 2, = £ - —— 2012pp (s=8TeV ]
- 'L $ g B 120}~ —— 2015pp (s=13TeV A
SE- ts ° — 2 TF R aniny ]
— T P = z E100F == 20225 R v -
0 e T T T B R 1. AL :
M0 MA W2 W8 wB w1 W8 w2 w3 whA w5 Y [ (FESRERTRE SRR ]
300N 30 ™ 1an M a0t 1an P e a0 150 % 1502 1502 102 g % :
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o 60 b
8 I ]
40 =,
C n i
20 =11
» 11
0— ] ] ] ey § ] ]
yot " W ot
2023: after July 17" the integrate Lumi didn’t increase Month in Year
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LHC: integrated luminosity along

_1]

July 5th
Start of Run 3 physics

osity [fb

November 28"
End of 2022 run

i

ty [fb
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ATLAS and CMS luminosity in 2022

Excellent pp luminosity delivery (but little PbPb — next year)

,:__‘ [ T T T | T T T | T T T | T T T | T T T .
Q . ATLAS Online Luminosity s =13.6 TeV Z
= 50 - ) .
2 - ] LHC Delivered i
§ 10 - [__] ATLAS Recorded i
% | Total Delivered: 40.7 fb™ 7
- [ Total Recorded: 37.8 fb ]
8 30F — s
% - 93% efficiency -
;6; - | DAQ Efficiency -
£ 20 1.
I i 1R
S of
=10 18

O : Il Il 1 1 1 | 1 1 Il | 1 1 I | 1 1 1 :
28/06 28/07 28/08 28/09 29/10 29/11
Day in 2022

Total integrated luminosity (fb 1)

50

40}

30

20+

10

0 L
O o
23 Y o

Data up to 2022-11-27

2022 (pp 13.6 TeV)

' CMS

Online

| DAQ efficiency = Recorded / Delivered

BN LHC Delivered: 41.07 fb! |
[1 CMS Recorded: 37.65 fb!

P“OQ ,.LD( P‘\)g 1 (DQQ ,L'\,SQQ ‘) O("' '\9 O(" . $o\l \-6 $0\1
Date (UTC)

DAQ efficiency: it takes into account DAQ deadtime, automatic resynchronisations of some part of the detector
and all kind of problems (hardware and/or software) that prevent the experiment to take data.
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ATLAS luminosity in 2024 and in Run3

2024 Run3
‘.r‘ N ; { T ] T T T l T T T I T T T I T T T l T  ; T I T j | T ;‘200'_ 1 l | l 1 I 1 ] I ' 1 t
£ 160 - ATLAS Online Luminosity /s =13.6 Tev - 8L g
_..z" N U LHC Delivered ] 2\1 80_’__ATLAS Vs = 13.6. TeV —:
Q 140 [ ] ATLAS Recorded ‘_ 'g160:_0nllne Luminosity 3
E - - s £ T F [T|tHc pelivered =
- : : 4 7 €140 -
3 . Total Delivered: 124.7 fb_1 3 . D ATLAS Recorded ]
- 100 F Total Recorded: 117.6 fb B 120}~ =
2 s _ - Delivered: 195 fb" -
g 80 DAQ: 94.3% eff. g §100__ Recorded: 183 B’ =
ol : i 3 80F =
£ 60 ] c 5 0: ]
£ a0k i 8 F =
2 - 18 2 40 =
2 1% g = ]
20r 1 b 20fF =
| 1 | 1 | 1 | 1 | 1 0'_ I | | 1 I_

20;12/;1I2I/12I4/12l/12;1/1 1I/”11/1 2 2 3 3 A A 5
9/03 27/0 6/05 06 23/07 08 19/09 18/10 33“2 50\2 sa“?' .N\?’ wz 30 wz
Month in Year

CMS has similar numbers
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? ~ ATLAS - Pay attention: an increase of the pile-up means an
g 100 — Online Luminosity run 3| — increase of the L1 rate in the experiment.
= [~ fs=7Tev |fs=8TqV Is=13TeV .| fs=136Tev - . . )
& _ I . So, to handle a higher pile-up, the experiment has
o 80— . — . .
- = 64 . - - to reduce the Level-1 rate (by improving the
§ s T~ ] SIS | it rejection capabilities)
£ F  |un 3 R o
¥ 40— K L b T U — L
8 - ', & & : = ATLAS: recorded luminosity as a
20— = i function of the pile-up
= 4 X - — 1000 g
0 (ke Lovm B b b b b b b b b b b b b bbb L L ] <) 900E ATLAS Online 3
M0 M M2 B B T B w2 03 wh 05 g = 2011-12:(uy/p__ =18/14 3
A 8 800- | e E
onth In Year — = ! T —
= 1000 2 700E T 201518, = 34129 E
£ 9005 ATLAS Online § = (5=13TeV, 147 fo" ;
2 800F Vs=136TeV, 1831 = - B 2022:24: 40w, = 54/63 E
- = 5 = {5=13.6TeV, 183 1b 3
£ 700F 2022: (yp, , = 42/50 4 — —
o = Bl 2023: (u)/ =51/58 ho) E -
€ 6005 mm 2024 (ﬁ)/t:::=58/63 3 - =
3 500 WM Total: (u)/uMPV =54/63 5 - 3
. 3 4005_ 8 = =
Run-3 pile-up g "¢ o = EF
8 300 E 18
T 200 : - =L
E E C 38
100F ok 3
0: 0 10 20 30 40 50 60 70 80

0 10 20 30 40 50 60 70 80
Mean Number of Interactions per Crossing Mean Number of Interactions per Crossing



ATLAS and CMS pile-ug

Pile-up = mean number of proton interactions per crossing

Luminosity-weighted pileup distributions in Run 1-3 1200 - - - - 1200
":.l 600_‘ T 171 I L l UL I UL I UL I T T 1 71 I UL I UL I— CMS 2022 <#>=44
% - ATLAS 1 2011-12:<p> =185 ] S 1000/ Online |
a 500 5=7,8TeV,260f6' ] o
> - [0 2015-18:<p>=33.7 7 - o™ — 80.0mb
'g 400 5=130TeV, 147f5" 2 300 i ' 1800
c - [ 2022: <p>=40.9 - ;
g = Vs =13.6 TeV, 38 b’ ] s
— 300—_ ] 8 600 1600
g C ] =
B C ] i
S 200~ — S 400} {400
o = 13 7}
[0) — — S -E
o C 13 o
100— i § 200} {200
% 10 20 30 40 50 60 70 80 2 ' .
Q 10 N Q N ,\’QQ
Mean Number of Interactions per Crossing Mean number of interactions per crossing

PU=L:-0-T=

2-103*%x80-107%27%x25-107% = 40

[actually, the pile up depends on the
number of protons per bunch]
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LHC detectors




LHC: the Detectors

Installed in 26.7 km LEP tunnel

Depth of 70-140 m
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LHCb detector

Forward-arm detector

Reduced luminosity by
offset beam collisions

Ql it is specialized for B physics

e
——

Precise Vertex Location (VELO)
Very close to the collisions (8mm)
— must be moved away for safety Excellent particle identification using Cherenkov
every time beam is injected (!) radiation to measure particle speed

Powerful software-based trigger — make
decisions using full event reconstruction
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Forward-arm detector

How lumininosity is lowered in LHCb

7

»
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LHCb

LHCb detector

LHCb angular
acceptance
in red

LHCb MC
{s =14 TeV

0, [rad] ™2

31



\

(Strip ) ( Drift ) ( Pixel )

A Large lon Collider Experiment

It is specialised for
heavy ion collisions

e —— e i CHAMBERS
= : am 3 | .
zDC ' | MUON | 2
N/
R

A Pb-Pb collision in Alice.

DIPOLE
MAGNET

ABSORBER



Production cross-section at LHC

proton - (anti-)proton cross sections
1 b=102*cm? | —> 10" g dN /dt = Lo - —q 10°

10° £ 6t J10° —>

tot

otal cross section:

108 evts/s (dominated
by strong interaction)

10" F Tevatron LHC 110

—> 106 ;r 3 105 .
T mb s Background is around here
10° | 410° 7,
o, o (QCD bg)
104 3 3 104

10° & _ .
Tub +— o (EM>s120) > max.3read out:
~0E 4102 ~ 103 evts/sec

€ w0l o 110 £(2016)=10% cm2s™ D x 10 the ev/s

4

Tnb +——>© 10 £, (" 100 Gev)

<> O(1) top-event/sec

10"

| 5
1 pb +— 10° r o

<> O(1) Higgs/min

al
aa
events / sec for £ = 10% cm™s

E t : 3
10" £, (M,=125 GeV) / 11 Rare events/interesting events
10° | ow(M=125GeV) . 410° are around here

1o +—> 100} : R T

E wus2012 . . 3
107 Lol — g7

0.1 1 10
We need a very high luminosity \s (TeV) We need a very high background rejection capability
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ATLAS nano fact sheet CMS nano fact sheet

- 25m Diameter and 44m length - 15m Diameter and 21m length
- Over 7000 tons - 14000 tons
- 0O(100) Million readout channels - O(75) Million readout channels
44m CMS DETECTOR STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
DI — Overall diameter : 15.0 m Pixel (100x150 ym?) ~1 m? ~66M channels

7z ! Overall length ~ :28.7m Microstrips (80-180 ym) ~200 m* ~9.6M channels
! : Magnetic field  :3.8T
: SUPERCONDUCTING SOLENOID

Niobium titanium coil carrying ~18,000 A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16 m* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

. CRYSTAL
[ | Tile calorimeters  giecTrROMAGNETIC
CALORIMETER (ECAL)
5 LAr hadronic end-cap and  ~76,000 scintillating PbWO, crystals
) forward calorimeters
____________ Pixel detector
’ Toroid magnets LAr electromagnetic calorimeters HADRON CALORIMETER (HCAT.)

Brass + Plastic scintillator ~7,000 channels

Muon chambers Solenoid magnet | Transition radiation fracker
Semiconductor tracker



ATLAS and CMS: comparison

Sub System CMS
E
Design
M t Solenoid (within EM Calo) 2T Solenoid 3.8T
agnet(s) 3 Air-core Toroids Calorimeters Inside
Pixels, Si-strips, TRT Pixels and Si-strips
Inner Tracking PID w/ TRT and dE/dx PID w/ dE/dx
opp/PT ~ 5 X 10~ 4pT © 0.01 opp/PT ~ 1.5 X 10~ 4pr @ 0.005
Lead-Larg Sampling Lead-Tungstate Crys. Homogeneous
EM Calorimeter w/ longitudinal segmentation w/o longitudinal segmentation
og/E ~ 10%/VE & 0.007 op/E ~3%/VE & 0.5%
, ) Fe-Scint. & Cu-Larg (fwd) = 11Xo Brass-scint. =, 7Ao & Tail Catcher
Hadronic Calorimeter
op/E ~ 50%/VE @ 0.03 op/E ~ 100%/VE & 0.05
Instrumented Air Core (std. alone) Instrumented Iron return yoke
Muon Spectrometer System O /PT ~4% (at 50 GeV) opp/PT ~ 1% (at 50 GeV)
Acc. ATLAS 2.7 & CMS 2.4 -~ % (at 1 TeV) = 10% (at 1 TeV)
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Comparison of Atlas and CMS

ATLAS

CMS

length

~ 46 m

~22 m

diameter

~25m

~15m

weight

~ 7000 t

~ 12000 t

'B.40atCERN

2864
1.840 m AR 8 4
L | iz U/
o ||| B
1L > 4

1 \:1 ////J

36
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4

View of the endcap calorimeter
before insertion

Barrel toroid superconducting
coils




25m

Tile calorimeters

- LAr hadronic end-cap and
) forward calorimeters
Pixel detector :

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet Transition radiation tracker

Semiconductor tracker



The Atlas detector: inner tracker

| End-cap semiconductor tracker

Pixel SCT TRT
3 cylindrical layers 4 cylindrical layers 73 straw planes
2x3 disks 2x9 disks 160 straw planes
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sandwich
scint-Fe

"accordion"
LAr - Pb

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electiromagnetic
end-cap (EMEC)

LAr eleciromagnetic
barrel

LAr forward (FCal)




Cells in Layer 3
AdxAn = 0.0245%0.05

" ~—
N 1
¢
trip cells in Layer
~=—Cells in PS
AnxA¢ = 0.025%0.1

"accordion" LAr — Pb

cryogenic

hermetic

longitudinal + radial segmentation



The Atlas detector: e id and measurement

second layer
AnxAg=0.025x0.0245

electromagnetic ,-*
calorimeter .-

ner->»

first layer (strips)
AnxAg=0.0031x0.098

\

presampler

TRT (72 layers)

beam spot

\

*." eProbabilityHT

o | |

EREEEEN

i o o |
&

do

insertable b-layer

an electron is detected many (>> 100) times after the interaction point; even

the non-detection in the had. calo is important (cfr a y in the pixels/SCT/TRT).
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Doublei
readout |

Scintillating

l tiles
l

Interaction point ~L

Hadrons

K<\ A

s T

N L
g "tiles" Fe — Scintillator

WLS readout
hermetic

high segmentation

gzq lw%il:w e

T ”“‘71“
-

e

S




Resistive plate chambers

Barrel toroid

< Large sector

—— TGCs

¥ \

1 S
) AT TSE. X4
e




The Atlas detector: MDT chamber

Schematic view of:
A. a chamber of drift tubes
B. asingle tube

C. a muon hitting a tube
D. the hit time distribution

Precision locating surface]

.

Signal cap
_Q-rings
2 Ground Pin

Gas jumper /
Endplug Body /
0-ring /

 Nut M25

Lock washer

Tube

Wire

: @
E. the r-t relation 2 0e,
2 40005 S —— 5 L e e e e e
g o ATLAS Preliminary 1 % 14] ATLAS Preliminary
o E ] e
Electrons drifting toward 2 30005 3 g 12 &
. Q E k7] [
wire — £, F B3 f 1
Muon Track L 25000 £ 10 E
F (=) f
20001 . 8
1500? 3 6
10007 4f -
5005 E 2f
E PESTTE| RS ) .
1000 1500 2000

Tungsten Wire

Aluminum tube

m o

Time [ns]
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AL PUTY FURTY FRTTY PUURY FUPRY FITRY e
100 200 300 400 500 600 700 800
Drift Time [ns]
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CMS DETECTOR

Total weight : 14,000 tonnes
Overall diameter: 15.0 m
Overall length  :28.7m STEEL RETURN YOKE

SILICON TRACKERS
Lot Banes Pixel (100x150 pm) ~16m? ~66M channels
Microstrips (80x180 pm) ~200m? ~9.6M channels

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

Magnetic field :3.8T

PRESHOWER
Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibers ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)

Brass + Plastic scintillator ~7,000 channels




The CMS detector: scheme

I 1 | | | | 1 1
Oom im 2m im 4m 5m 6m /m
Key:
Muon
Electron

== Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
----- Photon

Silicon
Tracker

Electromagnetic
}Ll " Calorimeter

Hadron Superconducting
Calorimeter Solenoid

Iron return yoke interspersed

Transverse slice with Muon chambers

through CMS

D Bamaey, CERN, Febrigury 2004
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The CMS detector: inner tracker

Claudio Luci — Collider Particle Physics — Chapter 11

Si pixel + strip
detector

CMS.
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The CMS detector: ecal

e EeTT =

e g —
s ’,(257: |
¥ \.%"\,q,::::’/ =

, Preshower (ES)

SO a0 . Endcap
ECAL (EE)

PWO: PbWO,
about 10 m3,90 t

|
A

)\
x P

Barrel: || < 1.48
36 Super Modules

61200 crystals (2x2x23cm?)

— endcap i
/ supercystals {
/ (5x5 erystals) {

barrel’
Super Module EndCap “Deg™
(1700 crystals) 3662 crystals

EndCaps: 1.48 <|y| <3.0
4 Dees

14648 crystals (3x3x22cm?)

Claudio Luci — Collider Particle Physics — Chapter 11

e.m. calo:
PbWO, crystals
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HCAL (tower structure):
- Barrel (HB): [n| < 1.4, 2304 towers
- End caps (HE): 1.3<|n[<3.0, , tower;
- Outside coil (HO): |n| < 1.26 (tail catcher)
— 4608 towers (Plastic scintillator tiles, = 10 A

— An x Ag = 0.087 x 0.087 — 0.350 x 0.175

- Forward (HF): 2.9 <|n| < 5.0 (not shown)

— 2 x 900 towers (Quartz fibers, = 10 Ay)
— AnxAp=0.111x0.175 — 0.302 x 0.350

CASTOR calorimeter (not shown):
-5.1<|n| <6.5, =22 X,, =10 A,

il

16 ! i l Ji ¥ { ¥ 4 .4
15 T | ! /
WE NI E W 1] & o1 &
13 (Y ! /
12 { ! { { {
11 { ] | ] Vi /
10 ! = | g o
9 ] ! | I !
8 ;S S P (S
7 | i ! / /
: = e e 5
== m—=. o
2 ! " - o
1 | —" —" (i = 1
0 ol - ) ;/ i i L | —
/
/
=
e

‘ hadronic calo:
= Brass/scintillator/wls readout

27,
""28""

e " lrzee
9 10 11 12 13 14+ 15 16 17




The CMS detector: muon spectrometer

muon system:
drift tube (DT) chambers
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Detector comparison: structure

() A CMS,/
| ATLAS
Magnet(s) Air-core toroids + Solenoid in inner Solenoid
cavity Calorimeters inside field
Calorimeters outside field 1 magnet
4 magnets
Tracker/ Inner | Silicon pixels, Silicon strips, Transition | Silicon pixels, Silicon strips.
Detector Radiation Tracker. 4 T magnetic field
2T magnetic field
Electro- Lead plates as absorbers with liquid | Lead tungstate (PbWO04) crystals both
magnetic argon as the active medium absorb and respond by scintillation
calorimeter
Hadronic Iron absorber with plastic scintillating | Stainless steel and copper absorber
calorimeter tiles as detectors in central region, | with plastic scintillating tiles as
copper and tungsten absorber with | detectors
liquid argon in forward regions.
Muon Large air-core toroid magnets with | Muons measured already in the
detector muon chamber form outer part of | central field, further muon chambers

the whole ATLAS

inserted in the magnet return yoke

Claudio Luci — Collider Particle Physics — Chapter 11

54



Detector comparison: resolutions

imho (

$i ATLAS = CMS

Tracker/ Inner | TRD — particle identification No particle identification
Detector o/p;~ 5 x 10%p; (GeV) © 0.01 o/p; = 1.5 x 10“p; (GeV) @ 0.005
Electro- o/E ~ 10%/~E (GeV) o/E ~ (2 + 5) %/E (GeV)
magnetic Longitudinal segmentation No longitudinal segmentation
calorimeter
Hadronic >10 A > 5.8 A + tail catcher
calorimeter | 6/E ~ 50%/~E (GeV) ® 0.03 o/E ~ 65%/E (GeV) ® 0.05
Muon air Fe
detector o/p; = 7% @ 1 TeV (spectrometer [6/p; = 5% @ 1 TeV (combining

alone) spectrometer + tracker)

common, but not unanimous):

* two complementary Strategij

* ... With dj

* ... to guarantee optimal

Claudio Luci — Collider Particle Physics — Chapter 11

results (

o : o
Ot miss major dlscoveries).
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Detector comparison: magnetic spectrometers

rz H re rz et ro X
e /] wt 8
==
o —
ATLAS CMS
ATLAS: CMS:

* main magnet: toroid B=0.7T;
* bending in (r,z);
e straight tracks in (r,0);

e at smallr, a solenoid B=2T — bending
also in (r,0);

* less precise in extrapolating to main vtx;
* u-system in air — no multiple scatt. for p's;

* larger bending for u at large n — more
precise.

Claudio Luci — Collider Particle Physics — Chapter 11

* main magnet: solenoid B=4T;

bending in (r,p);

straight tracks in (r,z);

* more precise in extrapolating to main vtx;

* u-systemin Fe — large multiple scatt. for
u's;

* less bending for pu's at large .
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ATLAS and CMS performances




220
200
180
160
140
120
100
80
60
40
20

Events / GeV for 4.2 pb

Detector performances: Z = ete-

ATLAS Preliminary —e— Data 2016 4.2 pb™

Z s ee E =13 TeV — Data 2015 134 pb™

lllllllIlll“l]llllllllllllllllllllllllllllll

AN LR AN LN RN LR ALY AL AN LR LA L

0. I e e

Go 75

ATLAS Preliminary +Highp (30<pu <35

Vs=13 TeV, L = 33.9 b slow nu (15 < p < 20)

2016 calibrated data <%

Lo Ly by by by Ly Ly Ly Ly L
%O 82 84 86 88 90 92 94 96 98 100

Mee [GeV]
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the classic benchmark of tracker +
e.m. calo.;

no improvement wrt LEP, used only
for detector debug/calibration (e.g.
to show the independence from £).

«10° CMS Preliminary 35.9fb" (13 TeV)

% SRR EE EEA RELS WEEN RAEN ERLN RLEY REAY RERS
0] o 3
w 07 MC smear 1
o - - 4
‘\@ = - e data J
5 *°F - E
> - -
Y os- . - =
- . =

0.4 - -

= * .

0.3 £ 1 —

C i . 3

0.2F- . . —

= p L -

- * -> -

0.1— o N ]

= j:. " E

) 12

E v S oipieisiie eei®
© 09 i . et - oo -
Q 08g5 85 90 95 100
M,, (GeV/c?)
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Detector performances: Z 2

x10°

_IIIIIIIIIIIIIN

0.7~ ATLAS Preliminary
L (5=13Tev, 106"

0.6

Entries / 0.60 GeV

0.5

0.4

0.3

0.2

0.1

IIIIIIll‘lllllllll{llllllll!{l

o v e b

|

lllll

llIJl

-+-Data
—MC

Syst. uncert.

IlII|IIII‘IIIIlIIII‘IIIIlIII]‘IIIIlII

75 80 85

90

95

100 105
m,, [GeV]
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Events / 1 GeV/c?

1800
1600
1400
1200
1000
800
600
400
200

(MC-data)/AMC

Ao NS

* the classic benchmark of tracker +
muon chambers;

* [no way to improve wrt LEP, used
only for detector debug/calibration.]

IlIIIIlllllllllllIIIIIIIIIIIIIIIII

FTEET T T8 S & Gy s T L) T T s T
CMS, \s=7TeV, L=36pb’

—— Collision data
—— Corrected MC
—— Reference MC

llllII|III|III|IIIIIII|IIIllllllllt

o

~75 80 8 9 9 _ 100 105

M
?._' """""""""" : “““ 9 """ O """ Pl el . """ 'E
?QQQ ................... N . 3
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x10°

> e
& 1o ATLAS
g 100~ 1s=13TeV, 2.7 fo"
% Jvoun
2 100
<
1]
80

60

40

lllllllllllllllllll

20

— T
-4-Data
—MC
==«-MC (uncor.)
@@ Background

Syst. uncert.

0 oy e e | — |
= T T T T T T =
1'2:_ e "......__. - .—:
g e P
o900 L . el
E 1E. ....................... WWM‘-"E
© E P =
=) 0.9:— 2=
08:_ 1 1 P 1 1 L 1 L .?
2.9 2.95 3 3.05 3.1 3.15 2 3.2
my, [GeV]
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Z — p*u-and J/y Z — ptu are ideal channels
for u studies :

- inner detector + muon spectrometer;

- agreement (MC <> data) — confidence in
analysis (including errors !).

>

S *°t CMS

3 e Data

J 400 JAp o e

[2]

E 350 30<p, <32 Gav ----- Prompt

o 0.6<lyl<0.9 ----Nonprompt
so- 455" (7Tev) g N o Background

250

200

150

100

3.2 3.25
Dimuon invariant mass [GeV]
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Claudio Luci —

Detector performances: silicon trackers

14000 Entries 154996
] CMS preliminary % AMS 10164
] I !
12000 w2/ndf  188.4/94
| Data 2011 \ mean -0.08852
1 [ sigma 12.71
10000 P,>12GeV nu 5154
area 1.553e+05
8000 BG -3.645
6000 |
4000- !
2000- J
0 , ‘1:’,'.— — \,‘ﬁ* ]
-150 -100 -50 0 50 100 150

Barrel pixel triplet residual Ax [um]

- resolution of few um necessary for impact
parameter — identification of secondary

verteces — heavy flavors — higgs;

- agreement (MC <> data) — confidence

in analysis (including errors !).
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Detector performances: v

* Vertex resolution as a function of its
track multiplicity.

* Expecto ~ Go/\/N ®oy;

* 0, and o, constants, different for xy

(transverse) and z (beam a

=

JTTTTT0

X Vertex Resolution [mm]

3

102

o 13
=12

11

Data /

09
0.8

T

T

ATLAS Preliminary

Y Vertex Resolution [mm)]

3

10

o 13
=12
1.1
1

Data

ertex resolut

ion

LI L e e

T TTTT g

T
1]

.‘

N

—e— Data 2011, Random Trigger

ATLAS Preliminary

Minimum Bias MC

LI I1lH

|

11 IIllI

1

F ok Y PN . a

:| T ||||||||
Ul +
! o

1t 3

16l

N " "
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F——{30 um]

UNTSTTIEITS S
;omo“mu--- N N R -_"‘-j
. g e

Number of tracks
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Detector performances: ecal

0.05 "]
- A Data: 0g/E =102+ 0.4)%NE® (0.2+0.1)% 1
- @ Simulation: o/E = (9.5 = 0.1)%NE ® 0.2% )
0.04[ =
0.03- ATLAS e.m. resolution B
- from test-beam data .
0.02- =
0.01 -
_ 1 1 L l L i L L l L 1 L L l A 1 1 L l 1 L 1 1 l 1 ]

% 50 100 150 200 250
Epoar (GEV)

* although real life is somewhat different
(sys from cell-to-cell calib, control of
temperature, etc), test-beam results are
impressive;

* expect 6/E~6,/E D 5,/ VED o3

* o, looks negligible, while o, dominates at
high E.

Claudio Luci — Collider Particle Physics — Chapter 11

—> test
with real particles:

these

expectations

= Z(previous slides);

" 10 n, ... (next slides)

S(E)/E (%)

0.8

0.6

[rrr[prrr[yrrryrrrprrorT

o o
N H
[T

| I

lllllllllllllllllllllllll

LA I L Y I L L L Y L L L LA

CMS e.m. resolution
from test-beam data

3x3 —
$=3.63+/-0.1%
N=124 MeV 4
C=0.26 +/- 0.01%—
3x3 Hodo Cuts ]
$=283+/-0.3%
N=124 MeV —
C=0.26 +/- 0.04% 7

|III|III|I

OO

50

100

150

200 250
E (GeV)
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Detector performances: mt°

X110~
The n° and n widths are a measurement of o :
; : T = 250/~ CMS Preliminary 2012 c=4.8%
the electro calo resolution in a difficult e (s=8TeV
environment (inside jets or in high O S/B,,, = 0.47
multiplicity events). g 200
. o
Notice the good (almost perfect) S
. 6. i ~ 150
agreement with MC predictions. BT ol o
. I Iy, .o o
)
>
(W 100}
; - LA ST | [T A S A R . B LA I BNLESLAS LR B B DA B ‘: :
0 - ATLAS prelimina = +
< 6000 P y - I n— vy
o o 50—
— 5000 = L
@ - - [
- — [~ 1 lllllll llillllklllll Jl 1111111
£ 4000 4 904 045 05 055 06 065
1T} - ] 2
3000F = M, o,y (GeV/cY)
. Ogata = 19 MeV 3
2000 -
- —+—— Data .
1000 ~————— Fitto data _:
Non diffractive minimum bias MC -
0 A A A A l A A A A l L I '} L l L L L I l L A A A l A A A A l A A A l—
0 100 200 300 400 500 600 700

Uncorrected m , (MeV)
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Detector performances: jet

jet resolution as a function of py®t:
> measured for different event types;

> stat and (mainly) syst uncertainty
2%, almost independent on p;.

MC

1.1
1.08
1.06
T 104

< 1.02

esponse

/

0.98
0.96
0.94
0.92

0.9

Response
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resolution

T T T T T
anti-k, A = 0.4, LCW+JES

| § T T T — 88 ]
ATLAS Preliminary

;_ Data 2012 \s=8TeV, |n|< 0.8- _;
- "
E A y+jet ~— Total in situ uncertainty E
o 0 Z+jet m
= v Multijet — Statistical component 3
: 1 1 1 1 1 1 1 l 1 1 1 1 1 1 11 I :
20 30 40 102 2x10° 10°
p* [GeV]
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Detector performances: Atlas muon spectrometer

@ TTTTT] T T T TTTTT] T T T TTTT] ApT/pT VSpT[prOJ.eCt,IOWT]]:
‘ meas. error + calib (oc p;);

Total

C_) Spectrometer entrance .

O  Muliple scatering O chamber alignment (oc p; );

D, Chamber Alignment . .

v Tube resolution and autocalibration (stochastic) O multi ple scattering (OC zConst);

Energy loss fluctuations

AE (calo) fluctuations (tail at high
loss measurable from brem
shower);

O at spectrometer entrance

6 (=veoen)
A total at main vertex (= @ O).
4
—8 »at low p; (p; < 200 GeV) vix
5 o extrapolation ( ) and scattering (1)

give the main contributions;

v——/ ; : »at high p; the accuracy of the
) "“;0 — "'“1'02 — "“11103 spectrometer (v ®O) dominates;
> at fixed p; and high n (not shown),

p; (GeV) Ap; gets worse.

IIIIIIIIIIIIIII]IIIIIIII
IllllllIlllllllllllllllll
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10°

IIIIII|T| 1T

10*

dN,/dm,, [GeV]

10°
107

10

107

olp ¢

ATLAS Preliminary
Data 2010,\s= 7 TeV
| L L

Jp

1L

|

*at low m,, low trigger
thresholds from low £runs;

* also a technical challenge.

1

10

3
T a
ol
D
IS HHHE = 3
I/
A——

. CMS Preliminary, \/s = 7 TeV
- El
L, =3.1pb
| 6 =70 MeV/c?
g r "1<q
s 0 I}
c
$ 600
m —
400
200
0 v v b b v b b v b v b g
8 8.5 9 95 10 105 11 115 12
p*u” mass (GeVic?)
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Detector performances: W =2 £ v

10000FT T T T T T T T = 4000
> - ATLAS 1 3 3500
i - 18
8000 ILdt=36 pb’ et 7] %3000
. +—
\ " - 1c
>, F Ns=7TeV 1 @ 2500
£ 6000/ 4 &
[ i e Data 2010 ] 2000
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Trigger system




U Trigger of interesting events at the LHC is much more complicated than at e+e- machines.
> At any crossing of the two beams we have proton-proton collision, therefore the interaction rate is 40 MHz

> At any crossing we have more than one proton-proton collision --> pile up around 50 or more at Run3
U The maximum recording rate depends on the computing I/0 technology.
> currently with event size about 1-2 MB we can record event at a rate of 1-2 kHz (it was 100 Hz in Runl).
> Therefore the trigger system has to reduce the rate from 40 MHz down to 1-2 kHz: a reduction factor of ~10%.

U Trigger will cut “physics events”. The challenge is to select the “good” one with the hope/design not to cut the
unknown/new events, for instance long living particles decaying in the middle of the detector.

U The time between collisions is 25 ns ... too short to have a synchronous L1 trigger.

> The L1 latency is about a few ps, including time needed for signal transmission. Trigger/DAQ, electronics could be as far as
100 m from the the Front End electronics, corresponding to about 0.5 ps of transmission time.

> A series of pipelines/buffer have been introduced to allow enough time for having a trigger decision. With a latency of 2.5
s at L1, a buffer with a depth of at least 2500/25=100 is needed to contain events relative to 100 bunch crossing.

U Trigger detectors/electronics must have the capability to identify the bunch crossing that actually gave the
trigger > fast detector (like RPC with a resolution time of 2-3 ns) or electronics tricks in other cases.

U Usually the trigger system has been implemented as a two stage trigger.
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L1 trigger is based on muon
and calorimeter information.
Inner tracker is not used

Trigger i

er overview

DAQ

[ca'°/ ] [Other [Other]

Muon

e

40Mhz/25ns
Custom I
Hardware
TR

Regions|of Interest

e e o

accept

[FE][FE)[FE]
Q

>0
[ROD] [ROD] Lﬁux

Detector Readout

-
—
-

! 100kHz
O(1000)

HLT®hode

0(10)
HLTP

O(100
ROS ROS | |SWROD

/'

Farm of many PCs, running software
algorithm to filter the events according
to predefined trigger menu.
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LHC bunch structure

AE LHC bunch spacing=25ns=10buckets 7.5m

The trigger must know

_.. s~ RF bucket o 1l.c _. . |in which BCID should

expect a collision.
time

LHC bunch spacing of 25 ns corresponds to 10 buckets (7.5 m, 2.5 ns RF buckets) Maximum number of
3564 possible bunches in LHC identified by Bunch Crossing Identifier (BCID) bunches in LHC: 2800:
—+ BCID=10,,,.., 3563 : o ' ’
A bunch can be filled or empty in 2022: ~ 2400 bunches
2 crossing bunches can be
“paired”: both beams with protons
“‘unpaired”: only one beam with protons Bunch structure is
“empty”: neither beam with protons . :
ATLAS defines additional crossings for special purposes defined in the PS

A Bunch Group (BG) is a list of BCIDs
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* e*e : small cross section - [R = £o = few

Hz] — event trigger, i.e. trigger on single
bunch crossing, if it contains an event
candidate; @ LEP, 10 =~ 103, negligible
dead time;

pp(pp) : high hadronic total cross section
— [R = £o ~ 108 - 10° Hz] — rates too big
(and uninteresting events) — physics
trigger, i.e. select a (tiny) fraction of
events, which exhibit peculiar

Detector performances: trigg

characteristics (i.e. high-p;, multileptons,
high E: ...); use cuts (i.e. thresholds), user
defined in kinematical variables;

the thresholds are applied on a
kinematical variable "x" (e.g. p{°Pt"),
measured in a rough and fast way by the
trigger detector(s); therefore the
experimenters have to compromise
among rejection, efficiency, dead time,
bandwidth ... and physics.

* (4 A (A N
x . ) .
3 nominal x nominal § : nominal
%) threshold w . threshold .
S threshold g acquired
g N 1; S events
- true" o \ g
L
3
trigger >
efficiency ':Sn 4
v
> 0 > 2 A4 >
X \ X/ . X
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Detector performances: muon trigg

1= e ke o = Efficiency € at level 1 :
i e — o= i
gl - - > vs p; : notice the "size" of the
e . K—_/ threshold;
0.6 - CMS Preliminary 2012 DATA (8 Tev) Zn N Ty integrated for p; > 14 GeV :
- O = CMS Preliminary 2011 DATA 7TeV) notice the flatness.
E o) ; 4
0.4 __ .................................... L1SlngleMuon ......................................................... __
- Thresh°|d14Gevwithm'<21 = 1IlIIIIII]IIIIIIIIIIllIl]lllllllllllllllllllllll
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02 @ — [ —Oo— e o= * =g . ]
2 g R T
Bl _
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0 20 40 60 80 100 [ | ] i
pT [GeV/c] 0.6 " @~ CMS Preliminary 2012 DATA (8 TeV) |
- -=— CMS Preliminary 2011 DATA (7 TeV) -
NB the effective yield Nyys = Norogucea * € : 0.4 L1 single Wiio: | -
_ . Threshold: 14GeV, with Il < 2.1 .
> the bulk of the data is near p; threshold sl .
> ... where ¢ is varying; i | o i
g : ) O_IIIiIllllIlllllllllllllllllllllllilllllllllllll_‘
> ... and the physics less interesting. 2 -15 -1 05 0 05 1 15 2

N
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L1 muon barrel trigger efficiency

Efficiency x geometrical acceptance
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U A trigger has to be as efficient as possible down to the lowest possible threshold

U On the other hand the trigger rate as to be kept under controll = that implies higher trigger thresholds

v 0T 71— 7 1 ] = B S S A B S S A B
= - ATLAS 1 = - ATLAS .
@ 250 Vs=13TeV, 2.15fb" ] @ 25 Vs=13TeV,2.15fb" -
© r i © - .
g 2003_ t Total L1 MU10 rate (prescaled threshold) -~ OC) 201_ { Total L1 MU20rate (not prescaled threshold)
S — + Barrel L1 MU10 rate N =L - 4 Barrel L1 MU20 rate ]
~ 150 4 = 15F .~
- B & - L i
100} = 101~ :
50} = 51 =
0: PR S S N R PR R NN SR SR S N NN SO SN SR S ' ] 0: I B! PR SR AN TR N SR SR AT SR SR SR S H| .

0 5000 10000 15000 20000 0 5000 10000 15000 20000
Instantaneous luminosity [10%° cm2s-T] Instantaneous luminosity [10%° cm2s-7]

L A compromise between these two conflicting requirements has to be found.
a
U In any case, for HL-LHC, all trigger electronics will be changed in order to accommodate a L1 rate of ~ 1 MHz.
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Event display




ATLAS: 2 jets

@AT LAS

A EXPERIMENT

Run Number: 201006, Event Number: 55422459
Date: 2012-04-09 14:07:47 UTC

aa ﬁiﬂ' e
%I !i'- I%
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CMS: multijet event

CMS Experiment at LHC, CERN

Data recorded: Tue May 25 06:24:04 2010pCEST
Run/Event: 136100 / 103078800

Lumi section: 348
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CMS: W = ev

CMS Experiment at LHC, CERN
i| Run 133874, Event 21466935

il Lumi section: 301

Sat Apr 24 2010, 05:19:21 CEST

Electron p;=35.6 GeV/c
ME; =36.9 GeV
M =71.1 GeV/c?
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ATLAS: CES74BYWSIMTN
2e2) candidate with m,,, = 123.9 GeV
pr(eenu)= 18.7,76,19.6,79 GeV, m(e'e’)= 87.9 GeV, m(u'y’) =19.6 GeV

Q‘K‘ATLAS
EXPERIMENT
http://atlos.ch

_ 4,__;: 12 reconstructed vertices

F. Gianotti, ATLAS Higgs paper, LMC, 8/8/2012
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Run Number: 189280,
Event Number: 143576946
Date: 2011-09-14, 11:37:11 CE’

EtCut>0.3 GeV
PtCut>3.0 GeV
Vertex Cuts:

Z. direction <lecm
Rphi <lem

. v Muon: blue
' Cells: Tiles, EMC




ATLAS: H 2> W*W > e*v, i

CATLAS
JA EXPERIMENT

uuuuuuuuu : 189483, Event Number:
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ATLAS: EisdNiNti=dti’s

same bunch-crossing, different interactions
N

production vertices separated by 67 mm. |
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, ATLAS: Dledd

o~

WATLAS

JA EXPERIMENT
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ATLAS Run-3: J/W > e+e-
e e candidate QIATLAS

EXPERIMENT

Run: 427394
Event: 2167971
2022-07-05
16:55:31 CEST
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ATLAS Run3:Z 2 pu*w

Z —» p'u” Candidate

1wvariant Mass: 9 1 GeV/c

g0 b LA Y

EXPERIMENT

Run: 427394
Event: 21060879
2022-07-05 19:04:33 CEST
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ATLAS Run3: heavy ion collision )

.ﬁ. ——ﬂ‘g/
.hn_i_“_—ﬂ"
- -

'~
~

Ny,
~,

ATLAS

EXPERIMENT

Run: 440101
Event: 823635
2022-11-18 16:45:12 CEST

e

A
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SAPIENZA  End of chapter 11
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