
J ournal of Instrumentation

     

PAPER • OPEN ACCESS

Performance of the CMS muon trigger system in

proton-proton collisions at √(s) = 13

To cite this article: The CMS collaboration et al 2021 J INST 16 P07001

 

View the article online for updates and enhancements.

You may also like

Identification of hadronic tau lepton decays
using a deep neural network
A. Tumasyan, W. Adam, J .W. Andrejkovic
et al.

-

The ATLAS Fast TracKer system
The ATLAS collaboration, G. Aad, B.
Abbott et al.

-

Operation and performance of the ATLAS
semiconductor tracker in LHC Run 2
The ATLAS collaboration, Georges Aad,
Brad Abbott et al.

-

This content was downloaded from IP address 14.139.128.34 on 17/12/2022 at 06:31



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

      

   

   

   

   

       

  


  13 

  

 cms-publication-committee-chair@cern.ch

              

             

      2  10
34 2 1   

 

  13             

              

                

               

              

             

              

             

           

             

            

             

    

          

 

  

           
          

              
             
       





2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1



  

    

      

    

         

    

    

         

          

         

           

       

   

         

   

   

   

  

   

 

              

    b            

               

              

       pp      

             

            

  pp            

                

                 

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

        

   pp   

                  

              

  15  10
34 2 1    2021  10

34 2 1     

    pp         

              

               

               

                

  

             

             

             

                   

               

        

               

            

           

           

               

               

            

   T         

             

                

                 

               

 

         

        T        

 W               

               

              

             

              

   

            

               

               

   T             

     T       

                

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

   T            

             

     

              

                   

                

    T            

                

     

                

             

           

               

               

             

    

   

              

                 

            

            

             

             

              

           

      174              

        148      55      

            

   174               Δ

 Δ

             25  

                

              

                 

              

 1  T  10     14        

      T    μ    

             

              

                

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

0 2 4 6 8 10 12 z (m)

R
(m
)

1

0

2

3

4

5

6

7

8

1 3 5 7 9 11

5.0

4.0

3.0

2.5

2.4

2.3

2.2

2.1

2.0

1.9

1.8

1.7

1.6

1.5

1.4

1.3

1.2

1.00.9 1.10.80.70.60.50.40.30.20.1

40.4°44.3° 36.8°48.4°52.8°57.5°62.5°67.7°73.1°78.6°84.3°

0.77°

2.1°

5.7°

9.4°

10.4°

11.5°

12.6°

14.0°

15.4°

17.0°

18.8°

20.7°

22.8°

25.2°

27.7°

30.5°

33.5°

θ°

η

θ°η

M
E
4
/1

M
E
3
/1

M
E
2
/1

M
E
1
/2

M
E
1
/1

M
E
2
/2

M
E
3
/2

M
E
1
/3

R
E
3
/3

R
E
1
/3

R
E
1
/2MB1

MB2

MB3

MB4

Wheel 0 Wheel 1

RB1

RB2

RB3

RB4

Solenoid magnet

Silicon

tracker

Steel

Wheel 2

R
E
2
/3

R
E
3
/2

M
E
4
/2

R
E
4
/3

R
E
4
/2

R
E
2
/2

CSCs

RPCs

DTs

R
E
2
/2

HCAL

ECAL

                   
                
               

        1  T  10     25

   μ 

             

          

               

             

                  

                  

             

              

              

              

           12  09     24  

          19       

               

              

                  

            0     

      0        

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

                   

   

          24      

              

              

         T     T   

           T         

  T      

     

          pp       

               1

    1   1    1    
                

               

                

             

              

              

          1        

              

                 

   1                

             

               

          1           

  

                

              

    Z         

 Z  μμ        

              

           T  26    24   

              

                 

             

                 

            

                

                

               

T  24             

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

           Δ     
        

   Δ 

    

        

        

        

    

      T  

     T   12        

       24          

                 

T  22           

            

           Δ 
√

Δ2  Δ2  03  

               

              Δ  01

               

              

                 

    81    101         

Z             

            

   

            

               

              

              

 0     083        083     124 

       124     240     

             

              

               

                

              

          

               

              

      T          

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

              T

            

            T  

     

         

       T     

                 

                 

        T       

               

                 

                

         

          

                

                 

              

         T    

            

              

         Δ  05      T  22

              

               

  T           

                



                T     

                

pp           

      T          

            T  4  

             

        T       

       T          

                

                  

               

       16        

                 

           02       16  

                  

               

         10
       

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

0 20 40 60 80 100 120 140

) [GeV]  µ (
T

 p

0

0.2

0.4

0.6

0.8

1
 L

1
 e

ff
ic

ie
n
cy

2016

2017

2018

 (2018) (13 TeV)-1 (2017), 5 fb-1 (2016), 5 fb-15 fbCMS

 > 22 GeVL1

T
p

Tight quality

| < 2.4offline
η|

0 10 20 30 40 50 60 70 80

) [GeV]  µ (
T

 p

0

0.2

0.4

0.6

0.8

1

 L
1
 e

ff
ic

ie
n
cy

2016

2017

2018

 (2018) (13 TeV)-1 (2017), 5 fb-1 (2016), 5 fb-15 fbCMS

 > 7 GeVL1

T
p

Medium quality

| < 2.4offline
η|

2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

)   µ (η 

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

 L
1
 e

ff
ic

ie
n
cy

2016

2017

2018

 (2018) (13 TeV)-1 (2017), 5 fb-1 (2016), 5 fb-15 fbCMS

>22 GeVL1

T
p

Tight quality

 > 24 GeVoffline

T
p

2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

)   µ (η

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

 L
1
 e

ff
ic

ie
n
cy

2016

2017

2018

 (2018) (13 TeV)-1 (2017), 5 fb-1 (2016), 5 fb-15 fbCMS

>7 GeVL1

T
p

Medium quality

 > 12 GeVoffline

T
p

0 10 20 30 40 50 60

 Number of reconstructed primary vertices

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

 L
1
 e

ff
ic

ie
n
cy

2016

2017

2018

 (2018) (13 TeV)-1 (2017), 5 fb-1 (2016), 5 fb-15 fbCMS

 > 22 GeVL1

T
p

Tight quality

 > 24 GeVoffline

T
p

| < 2.4offline
η|

0 10 20 30 40 50 60

 Number of reconstructed primary vertices

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

 L
1
 e

ff
ic

ie
n
cy

2016

2017

2018

 (2018) (13 TeV)-1 (2017), 5 fb-1 (2016), 5 fb-15 fbCMS

 > 7 GeVL1

T
p

Medium quality

 > 12 GeVoffline

T
p

| < 2.4offline
η|

                 
        Z        T 
                 
                  
  

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

               

           

                  

              

              

                 

                

 

              

                 

                 

                 

              

              

               

               

              

                

                

               

                  

               

                 

              

        

               

            

            

               

             

                

              

                

              

             

                 

                

               

               

               

   

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

             

                

               

                  

               

   

               

              

               

               

        

                 

                

              

                

             

              

  pp  

                

         Δ  03     

            T      

    Δ             

                 

             

             

              

              



          T  

               

                

            

               

    
2           

              

               

              

           

                 

               

                  

               2   

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

                

             

         pp     

             

               

                 

T                   

            T  

              

                

              

                

               

               02     03 

09     12                

               

               

               

                  

          10  

              

             

              

 pp      

   

            

              

                 

               

               

             

          

                

              

              

               

             

             

                

             

             

            

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

50 100150200250300350400450500

) [GeV]µ(
T

p

0.95

1

L
2
 /
 L

1
 e

ff
ic

ie
n
c
y

2016

2017

2018

CMS  (2018) (13 TeV)-1 (2017), 5 fb-1 (2016), 5 fb-15 fb

 < 2.4offline
η

2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

)µ(η

0.98

0.99

1

1.01

L
2
 /
 L

1
 e

ff
ic

ie
n
c
y

2016

2017

2018

CMS  (2018) (13 TeV)-1 (2017), 5 fb-1 (2016), 5 fb-15 fb

 > 24 GeVoffline

T
p

10 20 30 40 50 60

Number of reconstructed primary vertices

0.98

0.99

1

1.01

L
2
 /
 L

1
 e

ff
ic

ie
n
c
y

2016

2017

2018

CMS  (2018) (13 TeV)-1 (2017), 5 fb-1 (2016), 5 fb-15 fb

 > 24 GeVoffline

T
p

 < 2.4offline
η

            T  22   
    T               
                  
                

             

           

        

             

              

             

           

               

               

             

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

                

          

•                

            

                

            

 T              

         
2
 40    

   
2               

               

                

               

              

          

             

•               

              

              

                 

                 

              

              25   

                 

      

•               

                 

        T          

           0101   

              

           

                 

            

             

                

      T       
2

              

             2    

              

              

 

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

         

             

              

                 

                

                

              

            

 

               

              

              

       T  15          

                  

   T           

                    

              

              

                

           

        

               

               

              

                

                

              

              

                

                

             

              

               

              

                

                 

                 

              

     

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

50 100 150 200 250 300 350 400 450 500

) [GeV]µ (
T

p

0.86

0.88

0.9

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

 H
L
T
 r
e
co

n
st

ru
ct

io
n
 e

ff
ic

ie
n
cy Cascade or tracker muon

Cascade
Tracker muon

 (2016) (13 TeV)-15 fbCMS

| < 2.4offline
η|

2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

)µ (η

0.86

0.88

0.9

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

 H
L
T
 r
e
co

n
st

ru
ct

io
n
 e

ff
ic

ie
n
cy Cascade or tracker muon

Cascade
Tracker muon

 (2016) (13 TeV)-15 fbCMS

 > 24 GeVoffline

T
p

0 10 20 30 40 50 60

Number of reconstructed primary vertices

0.86

0.88

0.9

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

 H
L
T
 r
e
co

n
st

ru
ct

io
n
 e

ff
ic

ie
n
cy Cascade or tracker muon

Cascade
Tracker muon

 (2016) (13 TeV)-15 fbCMS

 > 24 GeVoffline

T
p

| < 2.4offline
η|

                
            T        
           

          

              

               

              

             

              

              

               

                

                 

                  

                 

        

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

             

                

                

                

              

              

                 

             

     

              

               

                

                  

             

               

             

                 

                

             

     

             

                

                   

                

              

              

            

              

         T        

              

              

             

              

               

                

          T    

                

     T          

             

  T

               

                

               

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

50 100 150 200 250 300 350 400 450 500

) [GeV]µ (
T

p

0.86

0.88

0.9

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06
 H

L
T
 r
e
co

n
st

ru
ct

io
n
 e

ff
ic

ie
n
cy     Outside-in

 + inside-out from L2
 + inside-out from L1

 (2018) (13 TeV)-15 fbCMS

| < 2.4offline
η|

2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

) µ (η

0.86

0.88

0.9

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

 H
L
T
 r
e
co

n
st

ru
ct

io
n
 e

ff
ic

ie
n
cy     Outside-in

 + inside-out from L2
 + inside-out from L1

 (2018) (13 TeV)-15 fbCMS

 > 24 GeVoffline

T
p

0 10 20 30 40 50 60

Number of reconstructed primary vertices 

0.86

0.88

0.9

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

 H
L
T
 r
e
co

n
st

ru
ct

io
n
 e

ff
ic

ie
n
cy     Outside-in

 + inside-out from L2
 + inside-out from L1

 (2018) (13 TeV)-15 fbCMS

| < 2.4offline
η > 24 GeV, |offline

T
p

              T   
             
             

                 

              T  8

               

                

 

      

              

               Z 

      T         

              

                

               

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

50 100 150 200 250 300 350 400 450 500

) [GeV]µ (
T

p

0.86

0.88

0.9

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06
 H

L
T
 r
e
co

n
st

ru
ct

io
n
 e

ff
ic

ie
n
cy Cascade or tracker muon 2018

Iterative early 2017
Iterative late 2017
Iterative 2018
Iterative 2018 + muon ID

 (2018) (13 TeV)-1 (2017), 5 fb-15 fbCMS

| < 2.4offline
η|

2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

)µ (η

0.86

0.88

0.9

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

 H
L
T
 r
e
co

n
st

ru
ct

io
n
 e

ff
ic

ie
n
cy cascade or tracker muon 2018

iterative early 2017
iterative late 2017
iterative 2018
iterative 2018 + muon ID

 (2018) (13 TeV)-1 (2017), 5 fb-15 fbCMS

 > 24 GeVoffline

T
p

0 10 20 30 40 50 60

Number of reconstructed primary vertices

0.86

0.88

0.9

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

 H
L
T
 r
e
co

n
st

ru
ct

io
n
 e

ff
ic

ie
n
cy cascade or tracker muon 2018

iterative early 2017
iterative late 2017
iterative 2018
iterative 2018 + muon ID

 (2018) (13 TeV)-1 (2017), 5 fb-15 fbCMS

 > 24 GeVoffline

T
p

| < 2.4offline
η|

                  
             T     
              

               

             

                  T

                

             

                  

               

              

                   

              

                

             

               

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

           

              

              

                

               

              

                 

              

             

 T             

        T       

T             

            

   

 T             

               

   

 





T  


T

 

T




 

                

              

              81    101

               Δ  01   

           

          T       

           

           103   
105          

       T         

                 

            

                

        T         

              

                

           

               

                 

 T               

         

                

                

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

1− 0.5− 0 0.5 1

offline

T
p

offlineq
 / 

trigger

T
p

triggerq
 - 

offline

T
p

offlineq

1

10

210

310

410

510

610

710

810

910

1010

 E
ve

n
ts

 /
 0

.0
2

L2 RMS: 0.50

Iterative RMS: 0.05

Iterative + muon ID RMS: 0.01

Cascade RMS: 0.08

Tracker muon RMS: 0.02

 (2018) (13 TeV)-15 fbCMS

 > 24 GeVoffline

T
p

   T       T      
        

   T                

                

         T        

         T   

                  

              

            

     T        

  

  

            W    

     tt            

               

                

                 

  T     

          T    

              

            Δ  03   

               

              

              

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

40 50 100 200 300

) [GeV]µ (
T

p

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14
 r
e
so

lu
tio

n
T

re
la

tiv
e
 p

L2 muons x 0.1
Iterative
Iterative + muon ID
Cascade
Tracker muon

 (2018) (13 TeV)-15 fbCMS

| < 2.4offlineη|

0 0.5 1 1.5 2

)|µ (η|

0

0.01

0.02

0.03

0.04

0.05

 r
e
so

lu
tio

n
T

 r
e
la

tiv
e
 p

L2 muons x 0.1
Iterative
Iterative + muon ID
Cascade
Tracker muon

 (2018) (13 TeV)-15 fbCMS

 > 24 GeVoffline

T
p

   T         T   
   T               
   

                 

               

             

         

             

              T

             

                

             

               

             04    

  

              

             T      

                 

               

                

             T      

   T            

             

        

                

          

            

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

30 40 100 200 300
) [GeV]µ(

T
p

0.88

0.9

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

Is
o
la

ti
o
n
 /
 L

3
 e

ff
ic

ie
n
cy 2016

2017

2018

CMS  (2018) (13 TeV)-1 (2017), 5 fb-1 (2016), 4 fb-15 fb

 < 2.4offline
η

2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

)µ(η

0.88

0.9

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

Is
o
la

ti
o
n
 /
 L

3
 e

ff
ic

ie
n
cy 2016

2017

2018

CMS  (2018) (13 TeV)-1 (2017), 5 fb-1 (2016), 4 fb-15 fb

 > 24 GeVoffline

T
p

10 20 30 40 50 60

Number of reconstructed primary vertices

0.88

0.9

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

Is
o
la

ti
o
n
 /
 L

3
 e

ff
ic

ie
n
cy 2016

2017

2018

CMS  (2018) (13 TeV)-1 (2017), 5 fb-1 (2016), 4 fb-15 fb

 > 24 GeVoffline

T
p

 < 2.4offline
η

         T         
              

             

          

•          T   

          T      

         W  μ Z  μμ 

 tt 

•         T   

         

            

        T      

          T  

            

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

              

 T           

             T 

              

           

            

•            

       T      

  T        T       

            

 tt               

             

                

             

                

  

            T   

             

                

      

  

               

  T               

                  

                

      

           T  26 

                  

              

              

              

             

                

                 

               

      02             
                

              

         T    

               

             

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

  T  52             

      T         

                  

              

         T       

      T          T  

               

      T            

                 

       T  8     

   T         T  

                 

     

  

               

                

               

 T             

               

                

        

              

            

                  

              

               

              

             

               

     1034 2 1      

 

              

                 

T  22         4506  8 4147  10   

      1034 2 1      

          T  10    

                

                

                

                    

               

   

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

0 100 200 300 400 500

) [GeV]µ(
T

p

0

0.2

0.4

0.6

0.8

1

1.2
L
1
+
H

L
T
 e

ff
ic

ie
n
cy

CMS  (2018) (13 TeV)
-1

 (2017), 60 fb
-1

 (2016), 38 fb
-1

36 fb

 triggerµIsolated single-
 > 24 GeV

T
with p

| < 2.4offlineη|

2016

2017

2018

0 100 200 300 400 500

) [GeV]µ(
T

p

0

0.2

0.4

0.6

0.8

1

1.2

L
1
+
H

L
T
 e

ff
ic

ie
n
cy

CMS  (2018) (13 TeV)
-1

 (2017), 60 fb
-1

 (2016), 38 fb
-1

36 fb

 triggerµNonisolated single-
 > 50 GeV

T
with p

| < 2.4offlineη|

2016

2017

2018

2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

)µ(η

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

1.05

1.1

L
1
+
H

L
T
 e

ff
ic

ie
n
cy

CMS  (2018) (13 TeV)
-1

 (2017), 60 fb
-1

 (2016), 38 fb
-1

36 fb

 triggerµIsolated single-
 > 24 GeV

T
with p

 > 26 GeVoffline

T
p

2016

2017

2018

2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

)µ(η

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

1.05

1.1
L
1
+
H

L
T
 e

ff
ic

ie
n
cy

CMS  (2018) (13 TeV)
-1

 (2017), 60 fb
-1

 (2016), 38 fb
-1

36 fb

 triggerµNonisolated single-
 > 50 GeV

T
with p

 > 52 GeVoffline

T
p

2016

2017

2018

0 10 20 30 40 50 60

Number of reconstructed primary vertices

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

1.05

1.1

L
1
+
H

L
T
 e

ff
ic

ie
n
cy

CMS  (2018) (13 TeV)
-1

 (2017), 60 fb
-1

 (2016), 38 fb
-1

36 fb

 triggerµIsolated single-
 > 24 GeV

T
with p

| < 2.4offlineη > 26 GeV, |offline

T
p

2016

2017

2018

0 10 20 30 40 50 60

Number of reconstructed primary vertices

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

1.05

1.1

L
1
+
H

L
T
 e

ff
ic

ie
n
cy

CMS  (2018) (13 TeV)
-1

 (2017), 60 fb
-1

 (2016), 38 fb
-1

36 fb

 triggerµNonisolated single-
 > 50 GeV

T
with p

| < 2.4offlineη > 52 GeV, |offline

T
p

2016

2017

2018

               
T               
  

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

0 10 20 30 40 50

) [GeV]µ(
T

p

0

0.5

1

L
1
 +

 H
L
T
 e

ff
ic

ie
n
c
y

 (2018) (13 TeV)
-1

 (2017), 60 fb
-1

 (2016), 38 fb
-1

36 fbCMS

Mu8 part of double-muon trigger
tag matched to IsoMu24

| < 2.4offline
η|

2016

2017

2018

0 10 20 30 40 50

) [GeV]µ(
T

p

0.8

0.85

0.9

0.95

1

L
1
 +

 H
L
T
 e

ff
ic

ie
n
c
y

 (2018) (13 TeV)
-1

 (2017), 60 fb
-1

 (2016), 38 fb
-1

36 fbCMS

Mu8 part of double-muon trigger
tag matched to IsoMu24

| < 2.4offline
η|

2016

2017

2018

      T         
                  
 

                  
            1034 2 1  
     

     

  T  22 4506  8 4147  10

  T  10   2238  6 3559  10

  T  24 377  2 363  3

   T  24 125  1 126  2

           

               

                 

             

                

             

                

                 

 Jψ  

                  
           1034 2 1  
     

     

 1249  13 1260  18

 287  06 242  08

 212  05 149  06

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

              

                

    int           

 

0 10 20 30 40 50 60

Mean number of interactions per crossing

0

20

40

60

80

100

120

140

160

180

R
a
te

 p
e
r 
co

lli
d
in

g
 b

u
n
ch

 [
m

H
z]

 (number of colliding bunches = 2208) -12016, 3.5 fb

 (number of colliding bunches = 2544) -12018, 4.2 fb

 > 24 GeV
T

 trigger with pµIsolated single-

CMS 13 TeV

0 10 20 30 40 50 60

Mean number of interactions per crossing

0

5

10

15

20

25

30

R
a
te

 p
e
r 
co

lli
d
in

g
 b

u
n
ch

 [
m

H
z]

 (number of colliding bunches = 2208) -12016, 3.5 fb

 (number of colliding bunches = 2544) -12018, 4.2 fb

 > 50 GeV
T

 trigger with pµNonisolated single-

CMS 13 TeV

0 10 20 30 40 50 60

Mean number of interactions per crossing

0

2

4

6

8

10

12

14

16

18

20

22

24

R
a
te

 p
e
r 
co

lli
d
in

g
 b

u
n
ch

 [
m

H
z]

 (number of colliding bunches =2208) -12016, 3.5 fb

 (number of colliding bunches =2544) -12018, 4.2 fb

Double-muon trigger

CMS 13 TeV

                
                
            
                

            

    pp            

                 

                

              

              

                

               

               

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

              pp     int  
             

 

 165  002 int  00047  00007 2int 1787  0004 int
 0348  0007 int  00019  00002 2int 0351  0001 int

  0276  0002 int  00006  00001 2int 0215  0001 int

               

               

             

               

                

     

                   

            

              

                  

             

                

             

  Δ  0103             

 

•           



•             

   

•              

  

             

               

  

               

                 

             T  

                

                  

                

             

                 

                

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

 > 22 GeV)
T

L1 (p  > 10 GeV)
T

L2 (p  > 24 GeV)
T

L3 (p  > 24 GeV)
T

Iso. (p

 trigger stepµ

0

20

40

60

80

100

120

140

C
o
m

p
o
si

tio
n

[%
]

Isolated muon
Nonisolated muon
Unmatched

Cascade

CMS  (2016, 13 TeV)-15 fb

 > 22 GeV)
T

L1 (p  > 10 GeV)
T

L2 (p  > 24 GeV)
T

L3 (p  > 24 GeV)
T

Iso. (p

 trigger stepµ

0

20

40

60

80

100

120

140

C
o
m

p
o
si

tio
n

[%
]

Isolated muon
Nonisolated muon
Unmatched

Iterative

CMS  (2018, 13 TeV)-15 fb

                

            

                  

               

              

            

  

                

                 

                

                

                

  ®®           

              

             

                   

                      

                  

               

          

                

              

                

                

             

             

          

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

L2 L3 Isolation

 trigger stepµ

0

20

40

60

80

100

120

140

160

180

200

220

C
u
m

u
la

tiv
e
 p

ro
ce

ss
in

g
 t
im

e
 p

e
r 
L
1
 m

u
o
n
 [
m

s]

2016, 2017, and 2018, 13 TeVCMS

2016, cascade and tracker muon (45 < pileup < 50)

2017, iterative (47 < pileup < 49)

2018, iterative (46 < pileup < 48)

               


               

             

            

                   

                   

                  

              

                 

                    

               

              

 

               

                

          

               

                

             

               

               

                   

              

              

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

20 25 30 35 40 45 50 55

Mean number of interactions per crossing

0

2

4

6

8

10

12

14

16

18

20

A
ve

ra
g
e
 p

ro
c
e
ss

in
g
 t
im

e
 [
m

s]

2016, 2017, and 2018, 13 TeVCMS

2016, IsoMu24

2016, Mu50

2017, IsoMu24

2017, Mu50

2018, IsoMu24

2018, Mu50

                 
                
                   
              

               

               

                

               

               

              

               

             

       

 

              

              

            

             

                

           

               

            

            

            

             

               

             

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

               

                

      



            

                

              

              

            

               

           

           

          

            

            

             

             

           

           

            

            

          

          

           

            

            

              

           

           

              

           

         

            

           

             

           

            

           

              

       

      

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

             

            

            

            

             

           

           

         



            

  7

    arXiv:126.471

           arXiv:169.2366

             
   

            

  

        arXiv:184.4528

            
  13     arXiv:26.1165

            

  

  13     arXiv:1912.3516

             

            
      arXiv:145.6569

              

       

             
  7        arXiv:136.695

            

       

               

     
 

             

 

  7     arXiv:117.4789

             
  

             

 arXiv:911.4994

                

 

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

              
 

        
       



            
    arXiv:176.4965

              
  


  8      arXiv:1412.632

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

  

    

 †  

    

           1  1

           1    

     1  

     

     

   

 2       3        

     

    

                

         

     

          

               

        

   

       4      

         

     

               

             

   

        

     

          

            

 5        6      

    7          

               

        

  

    


   

           

     

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

           



             

   

    

           

   

   3        

      

         89

      

   10  10    10      

 10              10

 

           

                   

     

    

 

      

     

 3  

   

 

     

            

    

              

 

          

  

       

       

     

    

         11  

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

    

               

           

    

 12   12    

    

 

      

  

            

      

 13  1415  1617

         

   

        

              

   

       

         

     

               

          

     

   

     

               

                

     18    

       

  

              

               

               

 

        

 19              

   19          

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

           

    

               

                

             

    

    

 20  12

       

               

        

               

             

               

     

        

      21        

       22  

   

             

       23      

            

           24  

         25      23

               

   26       

                

             

                

           

    

                  

             

               

              

         

     

                

              22

    27       

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

               

                

           

           

            

       

           

            

   

      

         

    

             

     

          

 

   28  29          

 

      

 30      31      †

      

   30      

       

   32  

       

 33  33  

      

         

         

 34         35  35

   

   

           36    

           

    

           

     

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

       

 37            38

 39                37

 37

      

             

 

     

         40      

      

       

      

             

       

         

           

        

 41  42

        

 43       

    

   

   

   


   


  

    44           

              

               

            

           

   

   


  

         

           

           

          45  

           

   

   

   


  

  46   46        46  

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

   

   


  

           

             

     

      

     

   

   


  

         

   

   


  

          22   

             

             

        22  

   

     


    



     


  

              

    22  22    

   

   


     




 

        

             47

         

             

   

   


  

             

         

   

   


  

           

           

 

   

   


     


  

  

  

              

             

             

              

            

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

   

    


  

             

           

       

   

   


     



  

             

           

              

           

             

             

   

   


  

             

 

    

                   

     

         



   

   

     

   

                   

         

   

   

   

    

                     

           

    

               

      

   

   

           

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

           

 

 

    

 48

   

         

         

      

     

          

           

           49  

       

    

          

      

       

    

 4  

     

 

     

   

       

              

 

           

  

     

      

               

 

           

           

   50    50

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

         

               

         

      

             

       5152      

               

 

       

    53 54    

         

     

             

     †  

           

   

       55      

       

       

 

        

 

   56    56  

     

         

         

     57          

         

     

 58  58  58  58  58

       



               

       

      

       

    

     

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

           



 59      

        



            

               

               

             

             

    

     

      

          

   

              

              

          

            

            

                

             

     

   60    

        

       

       

               

              

             

               

   61          

                 

               

               

             22  

                 

               

         62      

          

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

    

 63            

     

           

              

               

             

               

          64    

   

 65              

             

              

 

    

 66        39  

     

                 

       

         

     

         

   67      68  69  

      70  71    72  

        73      74

       

       

 75  76  77  78

   

       79  80    81  82

    

   69    83

   

    74       74

           



 

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

          

 

     

               

               

   84    

     

   85            

               

      

    

             

 86               

                87

               

     22        

    

             

   

             

          

      

        

     

         

 

   

                 

       

   

     23          88

               89  

       

     

               

               

           

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

     

               

               

     

               

        

       

               

               

       

           

               

               

     

               

             

    

           

     

               

   

               

             

     

             

               

              

               

               

                

               

 57             

                 

   

    

               

               

               

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

    

               

           

     

     90       

     

       

            

               

         

      

   91        

     92      93  

 94      95  

    

             

     

     

                

             

        

    

             

     

   

     

                 

               

     

                

                

               

           

    

               

             

    

   

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

    

                

        †    

        

             

   

   

               

             

     

   

               

   

      

              

           51  

         

     

               

 

   

               

             

           

     

   

    

               

               18

       

    

   

   

               

   †     

    

                

        

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

        

               

   26            

           

    

     

     

 96            97  

           

    

           

         

   

                 

     

    

               

     

    

     

       

                  

              

               

   

† 
        
               

       
        
        
        
            
      
          
         
          
           

  

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

         
      
      
          
      
        
       
        
       
        
          
           
       
             
        
          
           
          
            
         
             

   
         
        
       
       
      
       
       
         
      
        
              
                
             

  
              
         
         
           
            
        
           

 
          
       
       
        

  



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
7
0
0
1

        
         
          
           
              
          
      
        
            
          


      
           
             
        
              

      
      
       
      
      
        
       
         
      
       
      
       
      
       
             
        
         
           
       
       
      
       
      
        
      
         
         

  


