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Abstract

T           -

  (SM),     S(mZ)      mt

    Γt. T       

  SM  .

F    S(mZ), CMS     LHC -

 ()   -- 
√
s = 276, 7, 8,  13 TV  -

 ,    . T        

      . T CMS     

HERA          -

 (PDF)  S(mZ), . T     

  PDF  S(mZ). T  , S(mZ) = 01176+00014
−00016,

      S(mZ)         

   QCD   ---- . F, 

  S       1.6 TV  .

T          M C (MC) -

 mMC
t  Γt         -

()          W  (W)  -

. T   LHC    
√
s = 13 TV,   

CMS   2017–2018. E       .

T               

, mℓb,      . T        -

 CMS ,   ---   4,  

 → ℓ+ℓ−νν̄           

W . T        A -

,   mMC
t = 17261+041

−044 GV  Γt = 136+024
−028 GV. T mMC

t 

       -  mMC
t   

     mMC
t      W  

  CMS C     . F,  

         Γt  

 4 .



F,    (ML)   ,    MC

           

    ,        

. T           

  ML ,   ,    MC . A  ,

          

MC ,        75%. T -

             

      - . T ML-

      CMS      -

   H-L LHC.



Zusammenfassung

I  A    P  S (SM)

̈ :   K S(mZ)   M  T-

Q mt   B Γt. D    ,  S̈ 

 V  SM  .

D  J-M  CMS  LHC P-P () K 

S
√
s = 2, 76, 7, 8  13 TV    M -

 . E̈     U  K-

    D̈. D CMS J-D 

 HERA M  - S ,   P-

 (PDF)  S(mZ)   . D A

̈  K  PDF  S(mZ)   W. D

   W, S(mZ) = 0, 1176+0,0014
−0,0016,     W

̈ S(mZ)  J      QCD A

 ̈--̈-̈ O . Aß   V  S

   E  1,6 TV .

D M  T-Q-M   M-C (MC) S-

 mMC
t  Γt      W 

T-Q-A-Q P ()   P   T-

Q,    W-B, ̈. D A  LHC

 K 
√
s = 13 TV,   CMS E ̈ 2017-2018

 . E  E   Z ̈.

D  W  F   M  L-

   -Q, mℓb,    T . D A 

   A  CMS D,   E 4 , 

pp → bb̄l+l−νν̄ E̈    I    W P-

 ̈. U V  A-P ̈  

W mMC
t = 172, 61+0,41

−0,44 GV  Γt = 1, 36+0,24
−0,28 GV. D E  mMC

t 

      mMC
t M    E 

   B  mMC
t      WM -

  CMS K     B  A

 . D̈    A   P̈



 V   M  Γt,    4-M  -

.

Sß   T   L (ML) ,  

,  MC S,     S  M

 , ̈ S   W  P

 ̈ S,    ̈  M ,  

. D N   G  A  

G  E  ML-A    MC S-

. I  ̈  MC S   D-

  E ,   R  

 75% . D L  M     -P

,    E ̈  N  M

 B ̈ O . D ML- N

   CMS E    P̈  

H-L LHC ̈.
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Introduction

T S M (SM)          

 1970         (, 

  )        . I  

 26  ,       ( -

)      . M     

            ,  -

   running. W        

        ,       

     . D     -

 ,  SM   . I      

- ,  ,   ,    

 . V    SM        

   -  .

T L H C [1]  CERN        

. T ,  LHC    R1 (2010–2012) 

R2 (2015–2018),  R3 (2022-2026)     -- √
s = 136 TV     2026. T,    

      H L (HL–LHC) ,  -

     2030. T LHC        

   H     . A   -

    ,        

   SM ,        SM

,    . S     

     LHC (R1+R2)    -

   .
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2 Introduction

O        SM        SM -

 ,          mt,  

 S(mZ) ,    ,  H  . T   

   ,     S(mZ)  mt   LHC

   . F,        

 Γt       mt      

  LHC ,      .

I  SM,     - ()    LHC 

     ,     

(QCD). T           S ,

   -  . A   ,   

  ,     asymptotic freedom,  

    . A   ,    

 ,      connement,   

    . W     (   

)      ,        LHC,   

   ,   jet. T    , 

     ,       -

     S . J      LHC   

  -     QCD      

 . A      S      -

        ,    

  (PDF). A  ,       

     S  PDF,       

      . T     

S(mZ)  PDF,         QCD

. I  ,      S(mZ)    

   CMS    LHC  . T   

CMS       
√
s = 276, 7, 8  13 TV, -

  R1  R2   LHC. F   ,   

  ,        -

    . T   

 PDF  S(mZ)      QCD   NNLO,

  CMS         
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     HERA. F,    S  

  1.6 TV.

W  SM,    mt  Γt    N3LO [2–5]  QCD

      . W mt     -

 [6],      Γt    10%  [7]. F,

         SM     -

          B( → W). A,

       Γt    -

    -SM ,     .

W            

  LHC,     M C (MC)   

  -            W .

I  ,          W  (W) 

    ,     W    

    (WW)  . C   

+ W  [8–11]   ,    

      Γt. I  ,  

      , mℓb,        mt 

Γt. T,         [12]    

mt. T   mℓb       - ,

       . T   

  mt  Γt  + W ,      CMS ,

       W    ---

  ,   pp → bb̄l+l−νν̄ [13, 14],    mℓb

. T        LHC   √
s = 13 TV,    CMS   2017-2018.

P    LHC      -

,      MC . T  

    ,   75%    CPU  

         [15, 16]. H,

        MC ,   

  . T         

(ML)  [17]    MC       
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         ,  

    . T       

  ML ,   ,    MC . A  ,

          

MC ,    . I  ,   

         LHC,    ,   

        MC   CMS,   

    .

T     . C 1   SM    

 ,  C 2      ,

              SM. C 3 

    LHC   CMS ,      

CMS  . C 4   ML     MC

  CMS. T          + W

    C 5. I C 6,   QCD  

CMS     NNLO  . T C 7  

.



Chapter 1

The Standard Model and its
parameters

T C          

  . S 1.1   S M   , 

     . I S 1.2,   

   ,     (EW)  

S 1.3,  S 1.4    B-E-H . L,

S 1.5         EW .

1.1 Standard Model of particle physics

T S M (SM)         [18], -

   1960  1970,         

        . T SM  

  L . I L       local gauge

symmetry        SU(2)⊗ U(1)⊗ SU(3). T 

SU(2) ⊗ U(1)     ,    -

   . T SU(3)      

   (QCD),     . T 

            

  (.., -)     . T

         –  

   . F,   L- ,  SM

         (C),

5



6 The Standard Model and its parameters

 (P),    (T),     CPT . H,

             

.

T     SM    F 1.1. B   , -

      . B     

   B-E . I ,   - 

   D . T    ,   ,

 ,       . T   

    ,   W±  Z  

 -  -   , . F,   

   . T H  (H)       

    SM. T    W  Z     

   H    H–B–E  [19,20].

T L  L   SM         

   :

L = LQCD + LEW + LHiggs

F  ,          

       . T  

    ,  µ,   τ     

(νe, νµ, ντ ). E          

-  .

T     -  - ,   

+23e  13e, . T -      (),  ()

  () ,   -    (),  ()  

(). W        ,    

        avour mixing.

I  SM,        ,    F-

 1.1. E         

   ,        

. T         SM. E, -
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Figure 1.1: Summary of the elementary particles described by the SM and their main
properties. Figure taken from Ref. [21].

  Z    CERN LEP  [22]    

 3   , ,  , 3  .

T SM   26  ,        

 ( )      . M

               

. W           

     ,          

  . T SM      

 -  ,     . D 

          ,  SM

  . F ,       

    -        

 . T          SM

(BSM). P    SM   ,   
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    SM ,     

 .

1.2 Quantum chromodynamics

Q  (QCD)   Y-M [23]     SU(3)

 ,        . T

   SU(3)C   colour charge,      

  , ,  ,       -

. T   q     q = (qa, qb, qc)
T  SU(3)C

. T         , 

   ,       

P  . T ,  ,      ∆++ [24–26]

–  ,     ,       

     . T     

           

  .

T SU(3)C   N2  1 = 8  (ta),    fundamental

representation   G-M . T     

  Ga
µ. T SU(3)C  QCD    ,     

     . T     q,  q̄  

     QCD L ,      

:

LQCD = 1

4
F a
µνF

µν
a +



flavours

q(iµDµ mq)q, (1.1)

H,       . T     

  F a
µν   :

Dµ = ∂µ  igstaG
a
µ(x), (1.2)

F a
µν = ∂µG

a
ν  ∂νG

a
µ + gsf

abcGb
µG

c
ν , (1.3)

 gs          

fabc        SU(3) . T 

      [ta, tb] = ifabctc    
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Figure 1.2: Feynman diagram representations of the trilinear (left) and the quartic
(right) gluon self-interaction vertices.

(a, b, c = 18). D   -A   SU(3)C ,     

      - ,    F 1.2.

T              

gs,       S = g2s(4π). O   

  QCD   -   .

A     QCD   1979   TASSO ,

   PETRA ,  -   e+e−   

DESY PETRA  . T       

 [27–30]. S,  LEP     

 -        ,   

 QCD -A  [31].

T        (LO),      

r,   :

V (r) =
1

2
CF

S

r
+ σ · r, (1.4)

    CF 
4

3
  -   string tension σ  -

 σ ≈ 09 GV. T    C-,    

(r ≫ 1 )      V (r) ∼ r,    -

   . T       ,  

          -

(qq̄) . T ,   connement,    ,

       -   

.
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Figure 1.3: Feynman diagram representations of one-loop corrections to the gluon (left
and middle) and quark propagators (right).

C      ,    F 1.3, 

         

    . T      

            (.. -)

   L [32],     renormalisation. T 

   ,       QCD , 

 . N,        

           

 . O         

modied minimal subtraction (MS) . R   renormali-

sation scale µr      . C  

  O       Q,  µ 

 O      [33]:


µ2 ∂

∂µ2
+ (S)

∂

∂S
 m(S)m

∂

∂m


O(Q2µ2,S ,mQ) = 0, (1.5)

  renormalisation group equations (RGE)     S  

  m,  :

(S) = µ2∂S

∂µ2
, m(S)m = µ2 ∂m

∂µ2
, (1.6)

 (S)   QCD    m(S)      [33].

T  -        , -

   QCD RGE,      running. I    S ≪ 1,  

 m       :

(S) = 2
S

∞

n=0

n
n
S , m(S) = S

∞

n=0

cn
n
S , (1.7)
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   n  cn   n+1-    

 . A 1- ,         :

S(µ
2) =

S(µ
2
0)

1 + 0S(µ2
0) 


µ2

µ2
0

 , (1.8)

mq(µ) = mq(µ0)


1 c0S(µ) 


µ2

µ2
0


, (1.9)

 µ0       S  mq  . T  

S(µ0)  m(µ0)     µ0     . I

E. (1.8)  (1.9), 0 = (33  2nf )12π  c0 = 1π  nf   

     m2
q ≪ µ2. T    0   

 :

• colour screening (2nf/12π):    qq̄     -

      Q,       QED,



• colour anti-screening (33/12π):   -  ,  -

             

  (∼ 1 ).

T -            16. A

 ,         ( ). T

    asymptotic freedom [34,35],       Q 

      . I  ,     

,      . O   , S -

    ( )    . T 

µ   S(µ)     ΛQCD. F nf = 5, ΛQCD = 213 MV [36].

T        QCD [37]. T   S  

  ,    F 1.4.

T          MS  [38],   

       , m(m). A   

    ,           

            [39]. T 

             

,      mpole
q        [40, 41].



12 The Standard Model and its parameters

Figure 1.4: State-of-the-art determinations of αS as a function of the energy scale Q
compared to the running of the coupling computed at ve loops taking as an input the
current PDG average, αS(mZ) = 01180± 00009. Figure taken from Ref. [6].

H,           -

      QCD -   ( 

 )            

µ. A  ,    mpole
q    renormalon ambiguity [42–44]

 110–250 MV [45, 46]. A  -     MSR

 [47],          

 R. T          . A

 ,         - .

T       MS  MSR      

. W  QCD ,  mpole
q    MS , .., 

      9 GV [39]. I       ,

 -   MSR  MS       

    10–20 MV [47]      .

F,  MSR    MS   R = m(m)     

  R → 0. H,     ,   MSR   
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  R         .

1.3 Unied electroweak theory

T           G,

S,  W [48–50]. T         

 SU(2)L ⊗ U(1)Y         T  

 Y , . T      - 

- ,    . C   D  Ψ 

    5,    ±1. A D   

    -  -      -

 1
2(1 5)  1

2(1 + 5), . I  SM, -   -

     SU(2)L      

5   1,      (T, T3) = (12,±12).

O   , -   -   

     +1  5,    

T = T3 = 0. T          [51],

          .

B      246 GV,     EW  ,

 EW          U(1)em. T

     SU(2)L ⊗ U(1)Y       Q

  G–M–N  [52]:

Q =
Y

2
+ T3 (1.10)

H, T3            . F

E. (1.10),    -   0,    

    SM .

T - L   EW     :

LEW = iL̄µDµL+ R̄iµDµR  1

4
BµνBµν 

1

4
W µν

a W a
µν , (1.11)

 µ    D . T       

     -  L   -
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Figure 1.5: Feynman diagram representations of possible trilinear (left) and quartic
(middle and right) EW boson self-interaction vertices.

 R. T         : Bµ

   U(1)Y      W i
µ ( i   1  3)

   SU(2)L . T    Dµ :

Dµ = ∂µ  i
g′

2
Y Bµ  igTiW

i
µ (1.12)

H, g  g′         

 . W     ,  Ti   

 σi2,  σi    P . T     

A U(1)Y   -A SU(2)L     :

U(1)Y : Bµν = ∂µBν  ∂νBµ, (1.13)

SU(2)L : W i
µν = ∂µW

i
ν  ∂νW

i
µ  g ϵijkW j

µW
k
ν , (1.14)

 ϵijk      SU(2)L . T -A  

 SU(2)L      -    , 

  F 1.5.

T          SU(2)L ⊗U(1)Y 

     . H,   -

        ,   SU(2)L⊗
U(1)Y       H ,     

   W i
µ  Bµ        (W+,W−,Z) 

    (). T      W 

  :

W±
µ =

1√
2
(W 1

µ  iW 2
µ) (1.15)
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T   Aµ      Zµ,   

   Z ,           :


Aµ

Zµ


=


 θW  θW

  θW  θW


Bµ

W 3
µ


 (1.16)

H,   θW      Weinberg angle  electroweak mixing

angle. T       g  θW = g′  θW = e.

A LO,  EW        W  Z   2θW =

1m2
Wm2

Z. A  ,      2θe = kf · 2θW 

,  kf   -     

 . C,       

 2θle   023221 ± 000029    - -

    CERN LEP ,  023098 ± 000026  -

    SLD   SLAC [53]. T     3.2

 . A  CMS  [54]   2θle  

           [55, 56], 

     LEP  SLD  [53]      

 SM.

1.4 EW symmetry breaking and mass generation

T H–B–E  [19, 20]     

       EW . T 

   SM L      ϕ (H ) :

LHiggs = (Dµϕ)†(Dµϕ) V (ϕ) (1.17)

T H  V (ϕ),      µ  λ,   

        SU(2)L ⊗ U(1)Y :

V (ϕ) = µ2ϕ2 + λϕ4 (1.18)

W   λ      EW  [58],   µ

      V (ϕ)      λ. I µ2 <0, 
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Figure 1.6: The Higgs potential for µ2 >0: the local minimum corresponds to ϕ ≡ 0,
while the lowest energy state is degenerate and dened by ϕ2 = µ22λ. Figure taken
from Ref. [57].

      V (ϕ)    ϕ = 0,   

. I ,  µ2 >0,      ,

   F 1.6. T        

     ϕ  :

ϕ2 = µ2

2λ
≡ v2

2
, (1.19)

 v   -   . T    

   ϕ,      ,   H   

  :

ϕ =


ϕ1

ϕ2


→ 1√

2


0

v + h


 (1.20)

T    EW         W 

Z :

mW = gv2, mZ = mW  θW (1.21)

T          EW  

  v ≈ 246 GV [59]. H,    h    

v           H . T H

    mH =
√
2λv,        
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  . I ,      

 ϕ      -     h  

   µ2v  λ. T H      LHC 

 ATLAS [60]  CMS C [61]  2012      

  [62, 63].

W  H    E. (1.17)      

h       -   ,   

  H     Y . T L  

Y  :

LYukawa = Qi
LY

′(u)
ij ϕcu

j
R Qi

LY
′(d)
ij ϕdjR  Li

LY
(l)
ij ϕℓjR + .., (1.22)

       -, -    , -

, ϕc = iσ2ϕ∗  h.c.    . H,  Y

 Yij           -

. T    Y    Y  yf ,  

     mf :

yf =
√
2mfv (1.23)

I     E. (1.22),         

          (Y
′
ij),   -

    ,    C-K-M (CKM)

 [36]. I  SM,  CKM         

         CP-  [59]. T

   CKM      [59].

S,          . H, 

  ,     SM,      

 ,      . C,  -

        . H,  

       -   [64–68]. I 

,  SM L  E. (1.22)         

 ,        CKM ,   

P-M-N-S (PMNS)  [69, 70]. C,  
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Figure 1.7: The Higgs potential in dierent stability scenarios of the EW vacuum.

      . F ,   

     mν < 08 V/2   90%   [71].

1.5 The stability of the electroweak vacuum

T    SM EW           SM

        H    . I  U

       ,   . H    

 ,  U        . S,   

 U            F 1.7, 

  ,    . T      

  H   λ. A    EW     

H    λ    . H,  

       λ   P ,  

 F 1.8 (). A  SM ,      

       H . A  ,  

            H

.

T   λ              
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Figure 1.8: Left : The evolution of the Higgs quartic coupling λ as a function of RGE
scale µ, including the ±3σ uncertainty in the values of αS(mZ), m

pole
t , and the Higgs

boson mass. Figure taken from Ref. [58]. Right : The regions of stability, metastability

and instability as a function of the values of αS(mZ) and mpole
t . The values mpole

t =
1731± 06GeV and αS(mZ) = 01181± 00011 are assumed, with the ellipses indicating
the 68%, 95% and 99% condence levels. Figure taken from Ref. [75].

  mt, S(mZ),  (   ) mH [58,72–74]. P  

,      EW     

 S(mZ)  mt    F 1.8 (). W    mt, S(mZ)

 mH   R. [75],        

. A -    EW      

      λ  ,     .

I R. [76],         . T 

 R. [76]         mt  S(mZ)

              SM  

   5σ . A  ,     S(mZ)

 mt         EW .





Chapter 2

Phenomenology of hadronic
collisions

T C          -

   . S 2.1   QCD ,   

         S 2.2. T -

  -   M C (MC)   

 S 2.3. T          

S 2.4  2.5, ,         

    S(mZ),     mt,    Γt.

2.1 Physics at hadron colliders

T       - ()    -

           QCD factorisation

theorem [77]. T          

-  -     µf ,  

   - , . T    

 , σpp → ab + X ,         

  (PDF)    i(x, µf)     

σij→ab:

σpp→ab+X =


dx1


dx2



ij

i(x1 , µf) j(x2 , µf)σij→ab (x1, x2,S(µ), µr, µf)  (2.1)

T PDF          i, 

  x    ,   ,    µf . T
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  universal,         ,

,       . T σij→ab   

.

B   (LO)   ,   µf    -

        - . T

           

            

   PDF. I  ,      µf   PDF

 σij         . H,  

   (.. --LO (NLO)),     

   .

T  RGE    PDF       µf  

D-G-L-A-P (DGLAP)  [78–84],  

1977. F   g    Σ,  DGLAP :
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
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
=
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
, (2.2)

   Σ(x, µ
2)   

Nf

i=1


qi(x, µ

2) + q̄i(x, µ
2)

[83]  i  

        . T -  -

     qv   -   

q±   :

µ
d

dµ
NS
qi (x, µ2) =

 1

x

dξ

ξ
PNS
qiqi


x

ξ
,S(µ

2)


NS
qi (ξ, µ2), i ∈ [,±] (2.3)

I E. (2.2)  (2.3),   Pij(z)   A-P  ,

    . T  F   LO

   F 2.1.

A LO,            

i    j    x       

. T        z < 1,   
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Figure 2.1: The Feynman diagram representations at LO for the processes correspond-
ing to the Altarelli-Parisi splitting functions Pqg(z), Pqq(z), Pgq(z), and Pgg(z) (from left
to right).

 sum rules : 



 1

0
dzPns(z) = 0,

 1

0
dzz (Pqq(z) + Pgq(z)) = 0,

 1

0
dzz (2nfPqg(z) + Pgg(z)) = 0,

(2.4)

         [33]. H, 

     . S,  PDF     

 [33, 85]. T      -  -   

       :





 1

0
dx[(x) (x)] = 2,

 1

0
dx[(x) (x)] = 1,


j

 1

0
dxj(x)x = 1

(2.5)

W    ()   PDF     

QCD   DGLAP ,  x      

            . T

PDF             

 Q0. T,           

 DGLAP . F,  PDF      

     χ2  . T  , 

 ABMP [86], MSHT [87], CTEQ [88],  NNPDF [89],    

          PDF (  

   , S(mZ),   ),      

global QCD analysis. D         , 

       .
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2.2 Constraining PDFs from experimental data

P   PDF          

. C,     PDF      

-    LHC . F ,  CMS

  ..     W  [90]     

 [54]       PDF. U   PDF  

    , ∼21%  ∼50%    -

  mW  2θle, ,      -

        - 

.

T PDF      ,   D I

S (DIS),    . T     PDF 

   DIS ,   e±p   HERA [91]. T DIS 

    Z         

   Z  (Neutral Current, NC)   W±  (Charged Current, CC).

T     F 2.2   − .

T   DIS ±        [33]:





Q2 = q2 = (k  k
′
)2,

x =
Q2

2P · q ,

y =
P · q
k · P ,

(2.6)

 P    , k(k
′
)      (-

) ,  q          .

H, Q2      ; x   scaling ;  y -

              

   . T inclusive     NC  CC ,

            

 ,    :

d2σNC
e±p

dxdQ2
=

2π2

xQ4


Y+F̃2(x,Q

2) Y−xF̃3(x,Q
2) y2F̃L(x,Q

2)

, (2.7)
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Figure 2.2: NC (a) and CC (b) processes in e−p collisions. The hadronic nal state is
labelled as X, and the four momenta are shown in brackets.

d2σCC
e+p

dxdQ2
=

G2
F

2πx


M2

W

Q2 +M2
W

2 
Y+W̃

±
2 (x,Q2) Y−xW̃

±
3 (x,Q2) + y2W̃±

L (x,Q2)

,

(2.8)

      , GF  F  

 Y± = 1± (1 y)2. H, F̃i(x,Q
2)  W̃±

i (x,Q2)  i = 2, 3, L  

    NC  CC, .

T   NC  CC        

  x     PDF   . I   

   DIS        . P-

       DIS, ,     

 [92],        . H-   

 LHC      PDF     . H,

 LHC         PDF,   

 x1  x2    ,     , 

 . T,  DIS      PDF . A 

LHC,            

  PDF. H         

   x:           

      x [93,94],  -    

     x [95–98]. T D-Y     -

         [54],   W+

       [99–102]. T 

           -x    
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Figure 2.3: The gluon PDF distribution shown as a function of x at the scale µ2
f =

m2
t . The lled (hatched) band shows the results of a t using HERA DIS and CMS

inclusive jet cross section data at
√
s = 13 TeV (HERA DIS data only) with their total

uncertainty. The lower panel displays a comparison of the relative PDF uncertainties
for each distribution. The line represents the ratio of the central PDF values of the two
variants of the t. Figure taken from Ref. [106].

 [103–108]. I F 2.3,       CMS 

    -- 
√
s  13 TV [106] 

 DIS         DIS . T  

          x.

I  ,     S(mZ)  PDF   

    CMS  
√
s,   DIS .

2.3 Monte Carlo simulations

T MC  ,         -

,           LHC. T -
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Figure 2.4: A schematic representation of the MC simulation of a pp collision. Partons
from the colliding protons contribute to the hard interaction (red circle in the centre),
surrounded by parton branchings simulated by the PS. A secondary scattering event
(purple circle) is illustrated, representing multiple-parton interactions. The hadronisa-
tion process (light green circles), together with the decays of nal state hadrons (dark
green circles), are also shown. Figure taken from Ref. [109].

  MC-        ,  

  ,      . A 

        MC     F 2.4.

A   ,  -       -

          (PS). W  

,   ,      ,

       (MPI), ,  

       . T  

  MC  ,        , 

 .

Matrix Element (ME): T        

    . MC   NLO  QCD    LHC

  powheg [110–113]  mg5 amc@nlo [114]. I  powheg

,           -
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     . T      

  ,   1%  NLO     ∼10%

 NNLO . S,  mg5 amc@nlo,     

     ,     

   - .

Parton shower: PS         S-

 2.1     PDF. F      

i,           σ0,   

 j     z,    [115]:

dσ ≈ σ0


partons,j,i

S

2π

dθ2

θ2
Pji(z)dz, (2.9)

 Pji(z)    ,  θ      . E-

 (2.9)      ,    ME   

    -    . T 

   θ → 0         Q0,   

       . B  k    , 

S          

 k2 > q2 [115, 116]:

∆i(Q
2, q2) = 
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  (2.10)

H, q       . I  PS ,  

 r  ,    ∆i(Q
2, q2) = r    q2. I q2 > Q2

0,

    k2 = q2     Pji(z); , 

 . T       - -

      E. (2.9). B     

     Q2
0     S ,       leading collinear

logarithmic parton shower algorithm [115]. A       

  S ,    q2 . T    

       . C,   

 Q0      ΛQCD      -

 . A  , Q0        
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PS. A     - ,  E. (2.9)   -

 PDF          [115].

ME-PS matching: T   ,      

- ME    PS    . T    -

      PS   ME , 

      . O     

 powheg  [110–113],       S

 . T          ,   

resummation  (hdamp) [117],     . T 

    NLO    ME    -

    PS  . A,   

FF [118]    mg5 amc@nlo. G    --NLO

(NNLO)       . A    powheg

MNNLO [119–122]  .

Underlying Event: A          

(..     - )   

   underlying event. T      ,

            

 [123]. F,     -  

-           [124]. S

     [125–127]  LHC .

Hadronisation: A    ΛQCD   PS ,  

   - . T     -

 ,       string  [128]   , ..,

Pythia [129] ,   cluster    , .., Herwig [130].

T     qq̄         -

   . A      ,   

             

qq̄ . T        . I

 ,         ,   -

    . T B–L  [131]  

              -
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. T         

       . A,  P -

     [132]. T L     

  . O,         

      . I   ,   

 qq̄ . T,         

- ,     .

Simulation of the detector response: A  CMS ,  

         Geant4  [133]. P

     MC      

         , 

      . T    

           [39]. T 

-             ,

          

 S 3.3. T        CPU-  -.

2.4 Jets and S

T          

       jets,    

   ,    , ,  . J 

       1975   SPEAR   e+e− 

 SLAC 
√
s = 3  74 GV,      QCD [31].

S ,           QCD -

 [31, 134, 135]. W         S(mZ)

  LHC (..,       [106,136–138], W/Z 

  [139, 140]  Z  pT  [141]),     -

     S(mZ)    . A   

   S(mZ)   LHC,    NNLO   QCD, 

  F 2.5.
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Figure 2.5: Summary of αS(mZ) determinations from ATLAS (green) and CMS (red)
collaborations at least at NNLO in QCD. The results are compared to the world average
αS(mZ) = 0118± 00009 [6] (black).

Jet denition

T              .

A         R     ()   

    . T      

,        -

. A     infrared-collinear  , ..  -

            .
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T          . A   

     LHC   sequential-recombination algorithms, 

         . T   -

              

    i  j,     i    B (diB):





dij ≡ 

k2pTi, k

2p
Tj

 ∆y2ij + ∆ϕ2
ij

R2
,

diB ≡ k2pTi

(2.11)

H, p         , kT    -

   , R     ,  ∆ϕ2
ij  ∆y2ij   

     ϕ   y  i  j . T

 y   :

y =
1

2

E + pz
E  pz

, (2.12)

 E    ,  pz     

  . T       dij < diB . I

   ,  i  j        

. O,  i      . I    -

,    . B     p,  

 -   ,    T 2.1. T 

          F 2.6.

Power Parameter p Algorithm

p = 1 kT [142]

p = 0 C-A [143]

p = 1 -kT [144]

Table 2.1: Sequential-recombination algorithms dened by the power parameter p.

I  ,  -kT [144]   ,     

 pT        . T -

          R    .

T     - ,     

           MPI. H, 

      . I  ,   



Jets and S 33

Figure 2.6: Jets clustered by using dierent jet algorithms. Figures taken from
Ref. [144].

C-A    . T    R   

   . O  , R       

,   -- . H,  R   ,  -

  , - ,    . F QCD

 ,      .

Probing QCD with inclusive jets

T   inclusive jets,    → +X,     

          pT    , 

              

. T         QCD     

  . I     LHC,    

     CMS [103–106, 148, 149]  ATLAS [150–155] C-
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Figure 2.7: The Feynman diagram representations for jet production at LO in hadronic
collisions. The rst two diagrams show the quark-antiquark annihilation production
mode in the s-channel (left) and t-channel (middle), respectively, while the third diagram
(right) represents the gluon-gluon fusion production mode.

Figure 2.8: The inclusive jet production modes at the LHC at NNLO. The most
central rapidity bin of the CMS inclusive jet measurement at

√
s =13 (upper left), 8

(upper right), 7 (lower left) and 2.76 (lower right) TeV are shown. Figures produced
using the fastNLO program and the fastNLO interpolation grids [145–147].
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  
√
s     . T F   

  LO    F 2.7. I   
√
s = 13 TV, 

     -      

pT,  -  -      pT

. A
√
s ,    -   

 / pT,    pT, -   , 

  F 2.8. A  ,        

 PDF . A   ,        

S(mZ). C,          

  S(mZ)  PDF,         

    . T      S  PDF,

    . S  QCD  

  HERA    LHC  [91,104–108,156]   

 -     PDF  S(mZ). F, -pT 

       SM, .. C I, 

    E F T [157]. R  -

  PDF,  ,      N P [106, 158]

      QCD  EFT     

     BSM     .

T        S(mZ)    

   . T S(mZ)   PDF    

 QCD   NNLO  CMS    


√
s. M,    S         

 NNLO,   ∼2TV. T         

C 6.

2.5 The top quark mass and width

T          K  M 

1973 [159]    . F       

F  1977 [160],        . A

   e+e−   ,     

   CDF  D0 C  F 
√
s = 18 TV [161,162].

T            mpole
t  
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Figure 2.9: The Feynman diagram representations for tt production at LO in hadronic
collisions. The rst two diagrams show the gluon-gluon fusion production mode in the
s-channel (left) and t-channel (middle), respectively. The third diagram (right) shows
the quark-antiquark annihilation production mode.

 1724 ± 07 GV [6]. I   ,  Vtb = 1  

   ,     [163]:

ΓLO
t =

GFm
3
t

8π
√
2


1 m2

W

m2
t

2
1 + 2

m2
W

m2
t


, (2.13)

 mt   mpole
t . T         N3LO, 

    13120 ± 00038 GV [2]. H,   

        mpole
t    . T 

     R. [2],  PDG   mpole
t   

  (∆mt = ±07 GV)       -

  ±00194 GV. T     τt ≈ 5 × 10−25 ,   

       1ΛQCD ≈ 3 × 10−24 . A  ,

      -      

       ,      .

I  ,         - () 

           EW . A

 LHC,           

      . E   LHC  T

               

   QCD,    F 2.10. I  ,  90%

        -   [164],   

qq . T F      LO   

F 2.9.
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Figure 2.10: Summary of the tt production cross section measurements from LHC and
Tevatron as a function of

√
s. These results are compared to NNLO QCD predictions

complemented with NNLL resummation (top++2.0). The theory uncertainty band ac-
counts for variations in µr, µf , PDFs and αS(mZ). Measurements performed at the same√
s are slightly oset for clarity. Figure taken from Ref. [165].

T      -  ,     

  W . T       ,  → W, 

      CKM  [59]:

B( → W) =
Vtb2

Vtb2 + Vts2 + Vtd2
 (2.14)

H, Vtq   CKM      → W . I 

Vtb = 0998 [166].

T       W ,    ,   

   fully hadronic, semileptonic,  dileptonic. I   

,  W     qq̄ . I   ,  W 

 ,          . F, 

W       . T  

       F 2.11. W    

       ,      
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Figure 2.11: The branching ratios of the various decay channels of tt production.
The label lepton+jets refers to the semileptonic channels, while alljets denotes the fully
hadronic channel. Figure taken from Ref. [167].

. T     ,   -

    .

Measurement of top quark mass

T     mt,         

  MC         

mt . A         - mt. D-

       . O,  

          .

T   mt     CMS       -

. H,        W,   

     . I  , W    

 .

T            LHC. O 

         . T  

     direct measurement    [168]   

   0.4 GV. H,       -

   MC         
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--- MC  [115, 169, 170],      PS  -

 . T,         mt

   MC , mMC
t ,    . T   mMC

t

 mpole
t    R. [170],       e+e− ,

       0.5 GV. A    

  mMC
t     MSR         R 

   MC    [47].

S     mt   LO  NLO QCD 

  R. [12],        . O

       mMC
t       

  -,mℓb,    . T        

mℓb        ,    

    (..     )  .

E,          -

     - . T, - 

  NLO  QCD     mℓb  [13, 14]  

 C 5. C      → W   W  

  LO         , mℓb  

  [39]:

m2
ℓb =

m2
t m2

W

2
(1 cosθlb), (2.15)

 θlb             W   .

T   mℓb  mt         W  

mW      


m2
t m2

W.

A      ,        

    -  ,      MS. I

 ,      mt    -

 . T      - 

        mt- , ..  

         +1   [171]. F,  

     mt   -  . T

                -

,        . B  
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Figure 2.12: Overview of the top quark mass CMS measurements, including results
from a combination with ATLAS. The markers show the measured value, while the
statistical and total uncertainties are displayed as horizontal error bars. Figure taken
from Ref. [39].

        ,    

. H,      ,   CMS -

           

     (   F 2.12),     
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 H-L LHC [39]. A        -

   CMS,       ATLAS, 

  F 2.12.

Measurement of top quark width

W  SM,    mt  Γt    N3LO  QCD 

      [2–5]. I    Γt , ,

       SM. F,     Γt 

         -    

 . F , -     

         LHC [172, 173]. A

      →  +X ,  X    .

I    SM        -

 B( → W)   Γt. T     Γt   

 CMS  [7]    . O,  

     Γt   . A  

        MV,      

       SM. A  , -SM   

      ,       -

 SM Γt . D ,       

    mt,     CDF [174]  ATLAS [175, 176] C-

. O     ,     

     tt̄   mℓb,    E. (5.1).

W     mℓb     mt,    

      Γt,        

   . A   [177]      

 mℓb ,      Γt. T    

 R. [178]            .

F     CMS,       mMC
t  Γt, -

    W       mℓb

. T        C 5.





Chapter 3

CMS at the LHC

T C      L H C (LHC) -

   C M S (CMS) . T LHC  CMS 

  S 3.1  3.2. T     CMS  -

  S 3.3. T H L LHC (HL–LHC)    

S 3.4. F, S 3.5      

     .

3.1 The Large Hadron Collider

T LHC [1]     ,      ,

   CERN   G      

  - . I  ,      

 . T LHC   27-      

   7 TV        . T

 --    LHC 
√
s = 14 TV. S 100  -

,            LEP .

A     ,    (LINAC, PS,

SPS),          450 GV   

    ,      . A  

            . I F 3.1, 

    CERN    . P  -

     ,       :
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Figure 3.1: The CERN accelerator complex located in Geneva. The dierent acceler-
ators and detectors are shown. Figure taken from Ref. [183].

 -  ATLAS [179]  CMS [180], ALICE [181]  -

   LHC [182]    .

T instantaneous luminosity           

   [184]:

L =
nbN

2
b fF

4πσxσy
, (3.1)

 f    , nb       , Nb 

    ,  σx  σy    G  

   x  y . F, F     

   [184],       ,   ,

 H ,   -G  . T LHC  

      1034 −2−1. T     
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Figure 3.2: Integrated luminosity delivered to the CMS experiment per year of data
taking. Figure taken from Ref. [185].

    integrated luminosity :

Lint ≡


dtL =
N

σ
, (3.2)

 N               

σ. I F 3.2,       CMS  

      .

A  LHC,  R    -     

  . R1,   2010  2012,   LHC

  ,   
√
s = 7 TV (2010–2011) 

√
s = 8 TV

(2012). A  - ,  LHC     2015  R2,

    --  
√
s = 13 TV    

 2015  2018. L-      
√
s = 276  R1

(2010)  502 TV  R2 (2015), . T    -

 -   2019,        

   - . T    (R3) 

136 TV   2022     2026. A   , 

  ,       . T LHC 



46 CMS at the LHC

Figure 3.3: The LHC schedule and the plan for the HL–LHC. Figure taken from
Ref. [186].

      H-L (HL)    LHC 

2030. T    LHC    F 3.3.

A           

    ,    pileup (PU). T  -

       ,   

  . A    R1,   PU  ∼ 20,  

R2,   ∼ 40. C,  R3,     ∼ 60 

. I F 3.4,  PU        

.

T          CMS   R1

 R2. S,    R2  (2017–2018)    C 5

              √
s = 13 TV. I C 6,     R1 

√
s = 276, 7

 8 TV   2016 -   R2 
√
s = 13 TV 

       .
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Figure 3.4: Pileup per year of data taking. Figure taken from Ref. [185].

3.2 The Compact Muon Solenoid experiment

T CMS [180]    -      ,

     SM    BSM  [187]. S

           ,

    . B      CMS

,         [188]    .

T              

,        z-,  x-  

    LHC ,   y-    (x, z) , 

   . O        

  ,       (r, ϕ, θ). H, r  

     r =


x2 + y2, ϕ      (x, y)

,  θ         z-. T  

        pT =


p2x + p2y   y,

   E. (2.12). T pT     ∆y  L-

     . T  η    

       :

η =  





θ

2


 (3.3)
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SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

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

SILICON TCKERS
Pixel (100x150 μm) ~16m ~66M channels
Microstrips (80x180 μm) ~200m ~9.6M channels

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

FORWARD CALORIMETER
Steel + Quartz bres ~2,000 Channels

STEEL RETURN YOKE
12,500 tonnes

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

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

Total weight
Overall diameter
Overall length
Magnetic eld

: 14,000 tonnes
: 15.0 m
: 28.7 m
: 3.8 T

CMS DETECTOR

Figure 3.5: Illustration of the CMS detector. Figure taken from Ref. [189].

W         (θ = 90◦), η = 0,  η

            -

 (θ = 0◦). I   ,        

   , η  y    . W  y  

   , η        

        η.

T CMS      ,    F 3.5.

T         ,  12.5 

   6.3   . I       3.8 T.

T         ,  -

   (ECAL),      

 (HCAL). F,         -

   . T        

  barrel   endcap       .
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3.2.1 The tracking system
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Figure 3.6: A schematic view of a quarter of the tracker before the upgrade in 2016.
It comprises the inner pixel (red) and the strip detectors (blue). Figure taken from
Ref. [190].

T         5.8     2.6   -

. T CMS        

             -

  . A,     ,

     - ,    S 3.3.3.

T CMS            , 

  F 3.6. T        

    . D  LHC    2016  2017

- ,         . T 

             

    [191]. T       ,  

     . T     

     (TIB),     (TOB),   

 (TID)     (TEC). T CMS    η < 25 

  66    10   . P 

    10  20 µ [191]       .

I   ,  :      
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 23  34 µ   r  ϕ   23 µ   z ,  

     35  53 µ  r  ϕ  52 µ   z

 [192].

3.2.2 The electromagnetic calorimeter

Figure 3.7: A schematic view of one quarter of the ECAL. Figure taken from Ref. [193].

T ECAL         

75000   (PWO4) ,         

     . T   PWO4 ,

    (8.28 /3),    (0.89 ),   M

 (2.2 ),        . A-

,        80%     25  [194]. T ECAL

   η = 3        :  -

  (EB)  (η < 1479),    (EE)

 (1479 < η < 30),     (1653 < η < 260).

S          EB  -

    EE. T     - 

         π0 →  

           -

. I           

          [188]. A 

   ECAL     F 3.7.



The Compact Muon Solenoid experiment 51

3.2.3 The hadron calorimeter

Figure 3.8: A schematic view of one quarter of the HCAL. Figure taken from Ref. [195].

T HCAL            

. I     :    (HB: η < 14), 

 (HE: 13 < η < 3);    (HO: η < 126);  

 (HF: 3 < η < 52). T       

   ,   . T   

         .

T HO             

       . T    

    ,  HF       C

      . T     760

GV   ,      100 GV      .

3.2.4 The muon detector system

T           

  . A - ,     -

          . T
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Figure 3.9: A schematic view of one quarter of the CMS muon system. The DT
stations are labelled as MB (muon barrel), and the CSCs as ME (muon endcap). The
RPCs are mounted in the barrel and the endcaps, labelled RB and RE, respectively.
Figure taken from Ref. [196].

            

       . T  -

      :    (DT)  

  (09 < η < 12),    (CSC)    

(η < 24),     (RPC)     (η < 16).

DT  CSC        ,  RPC 

           1 . W

       ,   -

    1–3%    pT < 100 GV   10%

   pT   TV  [196].

3.2.5 The trigger system

A  ,  LHC     40 MH [188]. A  ,

 109     . H,    

           . A - 

,  Level 1 Trigger (L1)   High-Level Trigger (HLT),   -
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     40 MH        1 H.

T L1    -         

100 H [197]. G  25   ,       

           . T  

        . I  ,  

     . T L1    

,       32 µ [198],      -

  . A  ,       

  . T        

         (.., ,

, , )  pT    . G  

     E⃗ T      [198].

S,  - HLT       

     H    -  .

A  ,          

        HLT-. F,  

 HLT      . T    L1  HLT 

    ,        

         .

3.3 The event reconstruction in CMS

A          , 

      ,    F 3.10. T

          .

I        . T  

           , 

             .

E        ECAL  HCAL, ,

          . P

             

       . M,  -

,          . H,
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Figure 3.10: The signatures of various particles travelling through the CMS detec-
tor, from the beam interaction point to the muon detector system. Figure taken from
Ref. [199].

         .

N,        ,   

    E⃗ T .

3.3.1 The particle ow algorithm

T - (PF)  [200]       

           CMS .

T    : ,     PF  (..,

 ,  ,   ),     

  . A  ,      ,

, ,  ,   ,    F 3.11.

T            -

       ,     

        . T, 
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Figure 3.11: Illustration of the PF concept. Photons, electrons, muons, charged
hadrons, and neutral hadrons are identied. Figure taken from Ref. [201].

      . T    

    ,      [202], 

     (PV). T      (PU)

. M           

  . T PF       ,  -

              

 [200]. N- PF   PF     PF , 

     PF . T   

   p⃗ miss
T   ,     

   pT   PF     [203]. P   p⃗ miss
T

            .

T PF         ,  

  p⃗ miss
T ,      PU  [200]. T 

    pT ≈ 45GV  Z →     1.6 

5%. T             

            

      ECAL [204, 205]. S     

        ,    

   CMS,      1-3%    pT

  100 GV,    7%        pT  
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1 TV [196]. T   p⃗ miss
T    15-30 GV,  

         [203].

3.3.2 Jet reconstruction and calibration

Figure 3.12: Representation of the jet energy calibration procedure in data and MC.
Figure taken from Ref. [206].

F  ,       PF    -kT

 [144,207]   FJ  [207]     R = 04. T

               

ECAL  HCAL,       . T PF -

     . C    

        . O , 

       . W  PF   ,

  ECAL     ,     HCAL 

   . M        

. F,  PF          .

T      PF     

  ,         

   ECAL,       

  .

T                PF

          ,  ,  5 

10%        pT    .

T PU           -

  . T   PU     

      . O    charged hadron sub-

traction (CHS) [208],   -    
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 PU . A     pileup per particle identication

 (PUPPI) [209,210],      ,  PU -

,   . I ,      

           

      . R    

PU       CHS  PUPPI , .

T          ,    

 MC ,     (JES) . T  

  MC          

  -,    F 3.12. T JES   

oset correction,       PU   .

F CHS ,  -- --  [206, 211, 212]   

  -. A  ,        

   PU   . T    

 PUPPI . R          MC

calibration     -  η   -  pT,

     - . F,   

     ,  + , Z + ,    

              

 [213]        (residual corrections). T 

  (JER)   15–20%  30GV, 10%  100GV,  5% 

1TV [206].

3.3.3 Identication of jets originating from b quarks

T  ()      ,    -,

             ,   

C 5. T -           ,

      (∼1.5 )      5 GV. A  -

,           PV  ,

    (SV)   . T   

         -  - 

(  , ,   ,  )   . A    -

    F 3.13.
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Figure 3.13: Schematic representation of a heavy-avour jet with an SV from the decay
of a b or c hadron that results in displaced tracks (including possibly a soft lepton) with
respect to the PV and a large impact parameter (IP) value. Figure taken from Ref. [214].

T           (IP), 

           PV,    F 3.13.

B ,  IP           IP   

    π2. O,     . T -

  SV      IP ,   

  PV  IP     . F,

  IP  (IP/σ)  ,       IP  

. T   SV     

 -. I  CMS ,  inclusive vertex nder (IVF) -

 [215]  . T     SV     75%

 -   ,    pT > 20 GV [214]. A  

       -     , 

     PV   SV.

I C 5,  DeepJet    [216]  ,   -

           -

. I   650      ,  

 :

• Global event-level (..    PV )

• Charged PF candidates (..  ,     -



The High Luminosity LHC upgrade 59

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
b-jet efficiency

3−10

2−10

1−10

1

m
is

-id
 r

at
e

 events tt

 > 30 GeV) 
T

AK4jets (p

DeepJet

DeepCSV

b vs udsg
b vs c

Figure 3.14: Misidentication probability for c and light jets versus b-jet identication
eciency for DeepJet and the previous DeepCSV tagger, obtained using tt simulated
events. Figure taken from Ref. [216].

      PV)

• Neutral PF candidates (   PF )

• Secondary vertices (..  )

T             ,

  , ,   / . F  ,  

         10%, 1%,  0.1% 

    92%, 82%,  65%,  [217]. T

           

  . T,     - 

     -        

. T    DeepJet    DeepCSV [214] 

  F 3.14.

3.4 The High Luminosity LHC upgrade

T HL  [218]     LHC ,   -

        . D  ,
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 LHC           75 × 1034

-2 -1 
√
s = 14 TV. O   ,  ATLAS  CMS -

     3000 −1   ,   

     300 −1. T      -

     SM ,   H- -

,    - ,     

-H           -

   SM  [219–221].

T   HL–LHC ,       

,     . T    -

 N–T  N3S   (11-12 T),  -

    ,  -    

 . A,  -     

,     ,     

    [222].

A    , PU    , -

    200. I F 3.15,   -    2016

 ,     HL–LHC    . T  

  PU   ,  CMS     -

 [192, 224, 225]. T       η = 4, 

      L1   [226]. T 

HCAL      -   (HGCAL) 

 -  [227]. A,     

   η < 28 [228]. F, CMS     -

     (MIP),  MIP T D (MTD) [220].

T   MTD      , 

    - 4-  . A  ,

            

   PU   -  . F, 

DAQ  HLT          . T

L1       750 H,  7    

R2,   HLT       7.5 H.
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Figure 3.15: A collision recorded by the CMS detector during the 2016 data taking,
during a high-pileup run (average PU ∼100). The dots correspond to the reconstructed
interaction vertices and the lines represent the reconstructed tracks. Figure taken from
Ref. [223].

A    HL–LHC          

         MC    -

       . T   

 C 4,      ,     

 .

3.5 The CPU demand and sustainability

T        CERN ,  MC-

             

          . T -

      ,   75%    CPU 

          [15,16]. A

 HL–LHC,         -

           [230]. I  , 

             

 R&D    ,    F 3.16. C 
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Figure 3.16: Projections of CPU needs into HL–LHC. The projected capacity of the
resources within a at budget (grey band), the baseline (solid line) and weighted probable
(dashed line) scenarios are shown. The eect of GPUs is not included. The legends
describe the baseline scenario as No R&D improvement and the weighted probable
scenario as R&D most probable outcome. Figure taken from Ref. [229].

  160      MC     -

        HL . T     

  30%           NLO  NNLO

,         . C

           

   CPU   . A     -

             

        . I   ,

          

       MC  . O 

  ,        

   . H,          -

    ,         R2 

R3 . F ,          
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
√
s = 13TV,          mMC

t   [137].

T      mMC
t      

         . W 

     MC ,      HL–LHC

    .

I  ,   --    MC  

           

  CPU        . T 

          C 4.





Chapter 4

ML techniques to reweight
simulated events at the LHC

T C      MC-   

            -

  . T          -

 (ML) ,      ,     

 MC . A  ,       

   ,     . I  ,

 ML-            -

         MC ,   

    .

T C    :     

    S 4.1  4.2, . T,   

       (DCTR) [17] ,  

    MC     ,    S 4.3.

T           , 

     ,    S 4.4. F,

    NLO    NNLO     

  S 4.5. F,        CMS

      S 4.6. T    ,

 ,    CPU     S 4.7. T
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      ,      

R. [17],             LHC ,

       [231].

4.1 Machine learning

M            

     . I    :

• Supervised Learning: T      ,  

       ,    

       .

• Unsupervised Learning: T      -

 .

• Reinforcement Learning: T       -

,  ,         

,        .

B classication  regression        -

. I     ,       ,

    ,      . T    

    ,       

  .

Neural network architecture

M     neural networks (NN),   

        . I  binary classication

,  NN       ,     

. O ,           

    ,        .

A NN        (nodes),   input

layer,    hidden layers,   output layer. T   

      . A     ,

     weight    bias . T  

         NN . E  i 
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Figure 4.1: Sketch of an NN architecture (left) and how nodes are updated through
weights and biases (right). Figures taken from Ref. [232].

            zi,    

   zi   -. M,    i:

zi =

N

j=0

wijxj + bi, (4.1)

xi = f(zi), (4.2)

 xj       , wij   

, bi    ,  f    . T  j   

N     NN . I    , 

NN   ,    deep        .

F,           NN   

     . I    binary classication,

        ,     

  sigmoid function S  :

S(x) =
1

1 + e−x
 (4.3)

T         0  1,   

 . A  NN     F 4.1.
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N             

       y ∈ [0, 1]     -

 y ∈ 0, 1, ..       1  2. T    

 loss function,    . T    

 (  )          .

T            -

        backpropagation algorithm [233]. A 

,      ,     

 (   )     . T  

 ,     batches—     

 —        . A

      stochastic gradient descent [234]  

, ..,  Adam  [235].

T      epochs,      

     ,     . E   

    batch size         . A 

 ,       ,     

        . T    

    . T       -

      NN      learning rate. A

          -

,              .

T          .

Validation and overtting prevention

T  ,         

       ,   validation data set

 . A     ,      

    . I         , 

      . H,      -

     ,   ,   

         . T
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           

. A  ,         

         . F,  test sample,

       ,      

  .

Optimisation of the NN hyperparameters

H          

,    ,  ,         

 . T         

  . F ,          

 ,  ,   . L 

        ,    

   . H,       

      . O   ,    

    ,        

          .

F             

. M ,    A [235] ,  

        . T  NN ,

     ,       , 

    ,  ,   . T   

   ,         

  . F,          

       .

4.2 Reweighting techniques

A   S 3.5,      HL-LHC    

         MC- 

      . T   ,  

         . S   

    -  pi. T   p1(x)

 p2(x)            x. T 
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        :

w(x) = p1(x)p2(x) (4.4)

H, w(x)          p2(x)    

  p1(x). I   ,    -

      x,       

. N,          x ()

   (  )    2,    

        . I , w(x)  

     ML      

   -   . T    

         . I ,

          NN. T   -

         

    x. A,       

     .

I    ,  ML-    .

F ,          [236], 

NN           [17,237,238].

I  NN [239]        [240]. T

  [241,242]           -

, ..         [243]. N  

         ,   -

         [244–246]. I

 , ML-    NN    

  (DCTR) [17]          .

4.3 Deep neural network using classication for

tuning and reweighting (DCTR)

T DCTR     NN   MC    

        ,   

   . T    ML  
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      [247]     [237,

248]. T      - ,    

       . A  ,  

     . A,    

       MC . T   

         S 4.4.2. F -

           

       MC . F, 

          

 (.. NLO-  NNLO- ). U  

,             ,

 DCTR          

     .

4.3.1 The likelihood ratio trick

T  -        

. C        Ω  

    p1(x)  p2(x),      x ∈ Ω. A-

       ,   -  

             w(x) = p1(x)p2(x).

T          ML  

    . F ,  NN  f(x)  

    - :



f(x)


= 



i∈1
 f(xi)



i∈2


1 f(xi)


, (4.5)

 1  2        . S,  -

             1  2,

. T likelihood ratio trick  [17]:

f(x)(1 f(x)) ≈ p1(x)p2(x) (4.6)

A  ,    f(x)      w(x),

     ,    w(x) ≈ f(x)(1  f(x)). T

  f(x)   NN      ML  
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     . W   MC   -

 ,  ,    NLO  NNLO , E. (4.5) 

 :

(f(x)) =  1

N



i

wMC
i (yi  f(xi) + (1 yi) (1 f(xi)))  (4.7)

H, wMC
i   MC     i,     yi   1

(0)       1 (2), ,  f(xi)    

     i. T         -

  S 4.5.

I    ,          

    θ    . I  , θ 

   . F ,    ,

     pθ(x)  pθ+δθ(x). T    

MC              

     , θ + θ. F, E. (4.5)    

  . T         

 θ,   f(x, θ) [237, 248]. T      

      θ  E. (4.5)   :



f(x, θ)


= 



i∈θ0
 f(xi, θ)



i∈Θ


1 f(xi, θ)


 (4.8)

H,  NN           

     θ0          

  θ,   Θ.

4.3.2 Neural network architecture

T DCTR     NN       

     . T P-F N (PFN) [247],  

    [249],    NN   . T PFN   

    ,   -  

,     . F,    θ 

     NN       E. (4.8). T PFN
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Figure 4.2: The PFN architecture used in the DCTR method. It parametrises the
single-particle mapping Φ (left) and the function F (right), shown for the case of a latent
space of dimension l = 8. The latent observable is On =


iΦn(pT , yi,ϕi,mi,PIDi)

where i is the number of particles in an event and the transverse momentum pT, rapidity
y, azimuthal angle ϕ, mass m, particle ID PID of each particle are given. The output
of F is a softmaxed discriminant between two classes. Figure taken from Ref. [247]
(modied).

    , F  Φ,  :

f(p) = F


N

i=1

Φ(pi)


 (4.9)

H, p        pi      i (-

  ),  θ    . T    

   ,     Φ      F . T 

Φ        -  ()

. T  F         

     - . A  

      ,         

           NN. T  

     l-    Φ,  F   -

   Rl → R. F,    F     softmax [250]

,           .

T    PFN    F 4.2. T  Φ   
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  ,   100 . T  F    

      ,     

100 . T NN        ,

      R. [247]:

• Latent space dimension: l = 128.

• Activation function: ReLu (  ) [251].

• Classication output function: softmax [250].

• Training and validation loss functions: - .

• Optimiser: adam [235].

• Learning Rate: 0.001.

• Number of epochs: 100.

• Early stopping with patience 10: T      -

           

        ,     

    . T     10  

     ,     30    

NLO--NNLO  .

A     keras [252]   TensorFlow  [253],

        . A  

            

      . T    

 ,          . T  

  PFN         - 

.

4.4 Reweighting of systematics uncertainties

I     LHC ,      -

       MC   

   ,    ,     

 G . F ,         CMS ,

          ,

     MC . V  PDF 

             
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   MC . T     -

,    . F   , ML- 

             

    CMS. I ,      -

    DCTR . A      -

     . I ,     

        Pythia 8 [129]  . T

     MC     ,    

S 4.4.2.

4.4.1 Parton shower matching uncertainty

B  ATLAS  CMS   powheg+Pythia 8   

   MC . T         

   hvq  [112]   powheg 2 [110,113] , 

   Pythia 8.240 [129]    (PS)  .

T powheg         

 NLO   QCD,         LO. T

   NLO      hdamp ,  

    ME   PS. T hdamp    

    D,        S 

 [254]    :

D =
h2
damp

p2T + h2
damp

 (4.10)

H, pT            hdamp = hmt,

 h      mt       mt = 1725GV, 

     [255]       

ATLAS  CMS .

I  CMS ,      hdamp   

   -      . T  

 hdamp    1379 mt [256]. T   2305 mt ( ) 

08738 mt ( ),      . S  MC 

hdamp     ,        

hdamp [256],  ,  ,        -
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Figure 4.3: The normalised dierential cross section of tt production in pp collisions
at 13TeV as a function of the pT (left) and η (right) of the tt system obtained with
the powheg program. The standard setting of hdamp = 1379mt (black solid lines) is
compared to down (orange dashed lines) and up (violet dotted lines) variations in hdamp.
The ratios of the predictions with the hdamp variations to the nominal one are shown
in the lower panels. The vertical bars represent the statistical uncertainties in the MC
samples. Published in Ref. [231].

       . T    hdamp   MC 

    ,   pT()  η(),

   F 4.3. D    10%      

      pT() ∼ 250GV. T   

 pT()        pT() > 1TV [257]. A  

 5%    η().

S  hdamp     ,    

MC-   ,       

 hdamp. T      ,  ( ) -

          

  . T     MC- 

           -

CMS . F   R2  ,      
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  2  . I ,     

   850   ,   60% 

     . T,  hdamp     

 DCTR ,         

MC           . T

   CPU      DCTR  

   S 4.7.

Training setup

T  NN        MC   -

 hdamp     . E NN    

  /       . T -

          ME        NN

 . T      -   

   ID (PID) . T        y,

  ϕ,  m,   PID. T   NN ,   

      O(1)   . I ,  

m    244 GV,        , 

 10(pT)         pT . F  hdamp

, 40       . T  80  

     NN     75%    25%  .

A   ,     40 000       

     hdamp. W      

 ,  ,       

        ,       

   .

Results

T              -

        . T    

   NN        hdamp   

F 4.4. T NN       40 (30) 

   () . T       

     100   . T  
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Figure 4.4: The NN histories of the training for the hdamp parameter reweighting.
Shown are the loss functions for the training data (blue solid line) and the validation
data (orange dash-dotted line) for the down (left) and up (right) variations of hdamp.
Published in Ref. [231].

               

 0.1. N        0.8  1.2. T 

      MC        

 hdamp. T           , pT() 

η(),    F 4.5. T         

      ,    . T 

, ..        hdamp,    

  1%  η(). D    2%    pT() ≳ 400GV,

       2%. T   ,  

2%       10%     

 hdamp   pT(),     hdamp     

 . T   ML    pT  y 

       ,     

    ,      F 4.6.

T NN     -     

   (PS)          hdamp

. T   ,       

         ( ). I  ,  PS

      Pythia 8. T    -

       ,      Njet
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Figure 4.5: The normalised dierential cross section as a function of the pT (upper)
and η (lower) of the tt system. The black solid line shows the predictions from the down
(left) and up (right) variations in hdamp, and the blue dashed line presents the prediction
from the nominal sample. The red dotted line indicates the nominal sample reweighted
to the down (left) and up (right) hdamp variations using the DCTR method. The ratios
to the samples with the target values of hdamp are displayed in the lower panels, together
with their almost negligible statistical uncertainties (vertical error bars). Published in
Ref. [231].
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Figure 4.6: Same as Figure 4.5 for the pT (upper) and y (lower) of the additional
parton.

   pT        (HT ),    F 4.7. T

     -kT   [144]     

R = 04,     pT > 30GV  η < 24. T  -
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Figure 4.7: The normalised dierential cross section as a function of Njet (left) and HT

(right). The black solid line shows the predictions from the up variation in hdamp and
the blue dashed line presents the prediction from the nominal sample. The red dotted
line indicates the nominal sample reweighted to the hdamp variation using the DCTR
method. The ratios to the target distributions are displayed in the pads below, where
the vertical bars represent statistical uncertainties. Published in Ref. [231].

          hdamp  

    1%   . S    

        hdamp. T    

              

 ,            PS

 .

4.4.2 The  quark fragmentation

A             -

     . T      → W   

 . T     Pythia   L   [129], 

          z    

     L–B   [131, 258]:
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fB(z) =
1

z1+brbm2
b

(1 z)a 


bm2

T

z


 (4.11)

H, m2
T = m2

B + pBT
2
         a  b   -

      . T  a = 068  b = 098GV−2

         -   

M  [259],   -    .

T L–B  rb=0.855         MC

 mb = 478GV [259]     M . V  rb -

             

. O     xb,    

          [260, 261]:

xb =
2pB · pt
m2

t

1

1m2
Wm2

t

 (4.12)

H, pB  pt   -        , ,

 mW   W  . V rb   MC    -

  xb,          

-. A  ,     MC     

   .

I CMS,  CP5  [256]         √
s = 13TV. A      M       

        - ,  S(mZ) = 0118,

  M   S(mZ) = 01365. I  CP5 ,  rb 

 . H,  -   rb      CP5

  +−   LEP  rb = 1056+0196
−0200. T   

    -    rb     CMS .

T         , CMS -

   - (1D)    xb = pBTp
bjet
T ,  xb

    z  E. (4.11). E    

  rb = 0855   M   Pythia 8. T  -

   1D      --   

  rb = 1056  1.252. T       

        , ..  -

    -      -. A, 
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    xb    . T DCTR     -

,              .

I  ,  NN          

CP5   rb = 0855        rb = 1056  

     rb  1.252. F    , 

   rb = 0855  ,    rb = 0856  

   LEP . F,      

    rb   . A  NN     

        rb    [06, 14], 

    rb .

Training setup

T NN     -      

Pythia 8. T     NN  xb    ,    E. (4.12).

F   ,    rb     . T

 xb       ,     -

           . T -   

         Pythia 8     , 

        . S    rb    

   xb      [0, 1],     

 . T,            

             . I  ,

            

 ,    ,        LHC.

A  ,          xb ∈ [0, 1],   

   xb  1.

I   ,       rb  

   . I     ,  NN   

   5  . O   5 , 2.5    

 rb = 0855   2.5      rb   

 [06, 14], .. 250 000      rb. I  , 90%  

      10%  . A   ,
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    1000       .

Results

T           

. I   ,  NN     20  

 . T,          -

    2  . T ,    

,        [06, 14]     rb = 1056 

[02, 25]     rb = 1252. T      -

   xb         (pBT) ,

   F 4.8. T      

   rb      ,     

 . T          

        250%  xb  40%  p
B
T  

rb     .

S,     250 000      -

   rb       . T  

     rb     ,  χ
2   . T

    F 4.9. T      

        rb    

  rb = 0855. P  , χ2      

 (NDF = 50)   80  pBT  650  xb     

     rb    . A  , 

   xb  pBT       ,

 χ2NDF         rb    

 [06, 14].

S    rb       CMS    ,

      () 1D  .

M,         MC   

 . T             

  . T,  MC      

         . A  ,  MC
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Figure 4.8: Distributions in xb (upper) and pBT (lower) from tt simulations with
Pythia 8 with value rb = 0855 (dashed blue line) and a second value of rb (solid
black line). The nominal sample reweighted to rb = 1056 (left) and rb = 1252 (right) is
shown as red dotted lines. Below each distribution, the ratios to the target distribution
are displayed, where the vertical bars represent the statistical uncertainties. Published
in Ref. [231].

              
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Figure 4.9: Values of χ2NDF obtained for distributions in xb (circles) and pBT
(squares), where target distributions for events with dierent rb values are compared
to a distribution with the nominal value of rb = 0855 before the reweighting (blue
dashed line) and after the reweighting to the target value of rb (red solid line). The lines
connecting the markers are shown for illustration purposes only. Published in Ref. [231].

  . T         

      -    . A

        .

4.4.3 Statistical uncertainty of the method

A  ,  DCTR      

        2%    hdamp   -

 . T       ,  

   50  [262]. I  ,    

        . T   50  -

,        ,  . T,

          50  , 

           

 .

T pT()  η()    hdamp     
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Figure 4.10: Ratios between the hdamp target distributions in pT(tt) (left) and η(tt)
(right), and 50 dierent reweightings (grey solid lines). The ratio to the target before
the reweighting is shown as a blue dashed line and the mean of the dierent reweight-
ings as a red dotted line. The red band represents the statistical uncertainty of the
method obtained from the standard deviation of the 50 reweighted samples. Published
in Ref. [231].

F 4.10. E      80   

      200  . S,  xb  pBT -

          F 4.11.

I  ,       2   

     26  . I  ,    

    50        -

   . I      ,    

     , ,    ,   

 hdamp  . T     ,  

 ,           

    . A       

5%     xb > 1. T,        

2%      .

4.5 Reweighting to alternative model

R            -

  -    NNLO   QCD [263–271]. T
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Figure 4.11: Ratios between the rb target distributions in xb (left) and pBT (right), and
50 dierent reweightings (grey solid lines). The ratio to the target before the reweighting
is shown as a blue dashed line and the mean of the dierent reweightings as a red dotted
line. The red band represents the statistical uncertainty of the method obtained from the
standard deviation of the 50 reweighted samples. The vertical bars show the statistical
precision of the samples. Published in Ref. [231].

,            ,

         [96, 136,

272–284]. N,      -  

       [285–292]. T PS

     ,     

QCD       . T   PS 

 NLO         -

  LHC ,     LO   

PS . R        NNLO -

  PS MC  [293–295]. H,     

               LO.

T MNNLOPS  [119–122]        -

  NNLO+PS . N,     NNLO 

    ,      

     LHC , ..   CMS. M, 

     MC      ,  

       -    -

     .



Reweighting to alternative model 89

g

g

g
t

t

g

g

g
t

t

Figure 4.12: One of the most common Feynman diagram representations for tt pro-
duction at NLO (left) and NNLO (right) accuracy produced with the hvq and MiNNLO
generators, respectively.

M,   NLO+PS      

 NNLO     . T  

       ,   pT    . W

      NLO+PS    -

 [296–298],        -   

     . I  ,    NLO+PS -

  NNLO+PS    DCTR   . O   

 F     - MC   NLO 

NNLO    F 4.12. T NLO    - 

 (, ,    ),   NNLO   -

  (, ,    ). D ,   

          . T -  

        NN,   PFN    

   3D     4D  . C,   

         ,     

  .

Dealing with negative event weights

I  powheg ,        

          .

T          :  1%  NLO

  10%  NNLO . T     - 

E. (4.7)            

    [299]. I  ,     -

,          .
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F ,         yi = 0,    

f(xi) = 1,  E. (4.7)    wMC
i (0) = +wMC

i  (0) →
∞. T           , -

      NN      

    . O          

 ,           .

S      NLO      -

  NNLO ,     -    

. I  ,           (MSE)  

 :

(f(x)) =  1

N

N

i

wMC
i (f(xi) yi)

2  (4.13)

H,              

,         . A  ,  -

        . C,  MSE

        -    NLO--NNLO

.

Training setup

I  ,    ,  DCTR      

 NLO+PS  NNLO+PS . F  , 10     

NLO  NNLO  ,     hvq [112]  MNNLO [121, 122]

, . B      Pythia 8 [129]  

PS. I  ,       ,   

     . T      

75%    25%  . T    PS   

 NN . T       pT, y, ϕ, m, PID 

      ,        Pythia 8 

,       . F,       

          

. F pT,  10(pT1GV)     pT. I  ,  

  217 = 131072        .
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Figure 4.13: Distributions in top quark pT (left) and η (right) obtained from simu-
lations at NNLO accuracy (black solid lines), NLO accuracy (blue dashed lines), and
NLO reweighted to NNLO with the DCTR method (red dotted lines). The ratio to the
NNLO predictions is shown in the lower panels, where the vertical bars correspond to
the statistical uncertainties. Published in Ref. [231].

Results

T    NLO--NNLO      -

      . F   NLO  NNLO ,

10     . D     

 ,      . T   pT()  η()  

 F 4.13. B  ,     NLO  NNLO

    10%   pT    15%   pT. T 

    η   2%       6% 

η = 5. A  ,       

NLO    NNLO     . T NLO, NNLO

 NLO--NNLO   pT()  η()    F 4.14.

W       NLO  NNLO 

  ,  NLO--NNLO       

NNLO           

  . I           
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Figure 4.14: Distributions in pT (upper left), η (upper right), ∆ϕ (lower left), and
mass (lower right) of the tt system obtained from simulations at NNLO accuracy (black
solid lines), NLO accuracy (blue dashed lines), and NLO reweighted to NNLO with
the DCTR method (red dotted lines). The ratio to the NNLO predictions is shown
in the lower panels, where the vertical bars correspond to the statistical uncertainties.
Published in Ref. [231].

       ,   η()  ∆ϕ   
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Figure 4.15: Distributions in pT of the tt system and pT of the t obtained from sim-
ulations at NNLO accuracy (black solid lines), NLO accuracy (blue dashed lines), NLO
reweighted to NNLO with the DCTR method (red dotted lines), and NLO reweighted
to NNLO using a two-dimensional reweighting in pT and η of the tt system (violet dash-
dotted line). The ratio to the NNLO predictions is shown in the lower panels, where the
vertical bars correspond to the statistical uncertainties. Published in Ref. [231].

          . T   

   - .

I  ,     DCTR      

   - (2D) . T 2D   

pT()  η()  ,     NNLO  NLO   

          .

W   pT() ,    F 4.15 (),  2D

        ,    

  2%,    DCTR . H,  2D   

   DCTR , .., pT()      

 2D . A  2D-      NNLO

    NLO,        6%,  

 F 4.15 (). T         

- ,         .
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I ,  DCTR     NLO   

 NNLO         . T,

 DCTR NLO--NNLO          

   -        . T 

   NNLO+PS ,   MNNLOPS,     

. M, DCTR       

MNNLOPS           

,  ,   .

4.6 Implementation in CMS software framework

A        ,   DCTR   

   CMS   (CMSSW),    

 CMSSW . T        ,

  -        -

   - .

T NN        O N N E

(ONNX)  [300],  -     

        . M 

 TensorFlow [253], PyTorch [301],  XGBoost [302]   

   ONNX ,   . T   ONNX 

       CMSSW  GPU- .

A   ONNX       CMSSW . T

         DCTR   

CMSSW :

• R   , ..    

• L  - ONNX 

• R         

• N            ONNX 

• E            

  

A            

       ,   , ,  -
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 . I ,    ,     

     . T     -

 ,    hdamp       

  . T          

CMS . T         HL-LHC, -

      .

4.7 Conclusions and prospects

I  ,  DCTR         MC 

  CMS ,         -

      MC    LHC. T hdamp 

     CMS       -

  . G    CMS  33 -

CPU-. B         R2  

  hdamp  (∼1773M ,  S 4.4.1),  DCTR 

    62×105 - CPU-. T     

 CMS    ,    60%  

    . F,  DCTR    

       MC    

CPU ,       . L  

 HL–LHC ,         R2  

 HL–LHC           45 -

  (       3     

),        . T DCTR   

        MC , 

-          

      . T  CPU  

          

,    ,  ,  .

F -   DCTR        

  .. 1-D ,          NLO

  NNLO ,      . F,  

 -      , 
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   MC     .

I ,  DCTR      

 . T       

,      . I    

           

  . T           CMS

  R2  R3 ,         

   CMSSW  .



Chapter 5

Measurement of the top quark
mass and width from tt + tW events

I  C,      + W   

                 

mℓb   . T         

     MC , mMC
t ,      Γt. T

        . T     

LHC 
√
s = 13 TV  . T      CMS  

2017-2018,       101 −1. T C 

  . T     + W   

 S 5.1,          S 5.2. T

 ,       MC     

   S 5.3. T      

S 5.4. T           

  S 5.5. F,          

  S 5.6.

5.1 Theoretical predictions for tt + tW process

T           

        . H,   

   MC        
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Figure 5.1: Double-, single-, and non-resonant Feynman diagrams representing the
pp → bb̄l+l−νν̄ nal state.

     -       

       W ,   -   -

   W  (W)    . H,   

   (WW)           -

 - ,        ,

.

C    W    [8–11]  -

 ,      SM   BSM

. O      W   NLO   

 (DR)  [8],        

 W . A ,     (DS) [8], -

    -  ,   DR2 [9,11]

       . T,   -

      DR  DS   ,  

        Γt.

A          - -

       F    

WW  ,   W   . R - -

    NLO pp → bb̄l+l−νν̄  [303–306]    

    W . T ---   -
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   4 [13, 14] ,  NLO QCD    PS 

 Pythia 8   Powheg Box Res  [307]. F   ,

 4      -   - 

      pp → bb̄l+l−νν̄  NLO QCD,   -

             . C,

     W        

 . F,   - F  -

         W . T -,

-,  - F    4    F-

 5.1.

T       ,    ,

           mℓb ,   

E. (2.15). S         -   -

 ,        mℓb:

mminimax
ℓb = ((mb1ℓ1 ,mb2ℓ2),(mb1ℓ2 ,mb2ℓ1)), (5.1)

     ℓ  -   . T   

minimax        [308, 309]  -

    [310]. T mminimax
ℓb      

m2
t m2

W ∼ 150 GV      mt. F   mminimax
ℓb >

m2
t m2

W,       LO    -

,  W  . I   ATLAS  [311],

   4   pp → bb̄l+l−νν̄    , -

 +W    DR  DS . A   F 5.2, 

   mminimax
ℓb      ,  4

             

DR  DS     + W .

5.2 Analysis strategy

I  ,      +W      

mminimax
ℓb    . T      mt  Γt,

       ( E. (2.13)). T   mMC
t 

Γt     4        .
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Figure 5.2: The unfolded normalised mminimax
ℓb distribution along with various MC

predictions of the tt+tW signal. The uncertainty on the data includes both statistical
and systematic sources, while uncertainties for each of the MC predictions comprise
variations of µr, µf , and PDF set. The data are compared to predictions using the
powheg+Pythia 8 setup with varying treatments of interference eects. Figure taken
from Ref. [311].

T         R. [177, 178]    ATLAS

 [311]. I  ,      2016 
√
s = 13 TV

      36.1 −1. T  

 mMC
t  Γt     0.4%  20%,  [178].

T      WW       LHC √
s = 13 TV. T      CMS    

    101 −1,     2.8    -

    ATLAS  [311]. S     

       ,   

        Γt. T  ,

       CMS ,     2017-18

- ,      -    R2.

T   WW         ,
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Figure 5.3: Display of one of the selected events in 2018 data-taking. The event
comprises one electron (green) and one muon (red) of opposite charge, two b-jets (yellow),
and missing transverse energy (violet). Figure taken from Ref. [312].

    +−, µ+µ−,  ±µ±. A,   -

W    τ           

    . T        

  ,       (+−,

µ+µ−, ±µ±),  -,    . A -   

  ,     CMS ,    F 5.3.

T            -

      ,        

    . T      -

            

     - . T    -

 WW            

     . A  ,   -

   , ..,     ,

 . F,          4

            

mMC
t  Γt   (, ).
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I  ,        mMC
t  Γt  -

  A - [313]. T      

          -

. A -        

   . T         -

             

           CMS , 

   .

5.3 Data set, event selection, and MC simulation

D  ,         -

  . I  ,     10%  

            -

. L           

. T -     ()  pT > 24 (27) GV.

F   ,    ()   pT > 17 (23) GV,

    ()    pT > 8 (12) GV. I 

- ,        pT > 23 GV

    pT > 12 GV,     pT > 23 GV   

 pT > 8 GV. I       ,      

-   (PV).

T      ,    ,    - 

. T         η < 24

 pT > 25 (20) GV    () . F, 

    14442 < η < 15660      

           

 . I      ,     -

     pT  .

T     ,     

    . M      -

     R. [196],       
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  -          

. E       [204],  

  . H,         -

  ,      . A 

        80%  

. A,     , Irel,      

     pT    -    pT 

      ∆R < 0.4 (0.3)   (). F  

, Irel < 015,   ,       

    . T      +−, µ+µ−, 

±µ±,         .

J         S 3.3.2. I -

,      -kT   R = 04,   PUPPI

 [209, 210]     . A    

            

     [314]. T      -

      . J  η < 24,

pT > 30 GV,    ∆R > 04      

  . T         

  . T,   -   DeepJet  

 S 3.3.3. A  , ..   ,      

    0.1%   -   65%    

 [217].

F,    pmiss
T    PF ,  PUPPI   

 . B   Z+    

   pmiss
T < 40 GV.

O        ,      

      mℓℓ. T mℓℓ       20 GV

    -    - Z+

. A, mℓℓ     Z    76 < mℓℓ < 106 GV

  -  .
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5.3.1 Signal denition

I      ,         

  -        (+−, ±µ±, ±µ±) 

    . F,        

   mminimax
ℓb    E. (5.1).

T    ,    R. [315–317],  :

• Jets: C      -kT  (R = 04),

    . T -    

      pT > 30 GV  η < 2.4

• Leptons: D        

   ∆R = 01. T     pT >

25 (20) GV  η < 2.4

• Invariant mass of the two leptons: S      



• Signal: E     ,     -

T       :

mminimax
ℓb ∈ [0, 40, 60, 80, 100, 120, 140, 160, 180, 220, 270,∞] GV (5.2)

O   (Bin0 )    --  . T 

       .

5.3.2 MC simulation

D MC            

  . T +W      4 [13,14] -

,     W       

  [318]. B     D-Y 

          (Z+)   

   . S    W  

   (W+),        (W, Z,

H)    (WW, ZZ, WZ). F,    

       -     

  -,       4 . M   
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          ,  -

  ,        -   . I 

      ,      

 : Z+jets, -     tt̄ bkg,    -

   Other.

T Z+  W+     mg5 amc@nlo [114]  NLO

        ME . T    

   hvq [112]   powheg 2 [110, 113]  NLO  QCD.

T         hvq powheg 2 

 t ,  mg5 amc@nlo     s .
S      Z W     mg5 -

amc@nlo,   H     hvq powheg 2. F,

     Pythia 8 [129].

I  MC        ,  

     PDF  NNPDF3.1 [319, 320]  NNLO. I powheg

,           mMC
t = 1725GV,   hdamp

    1379 mt [256]. P     

 Pythia 8    ,       

 CP5  [256]. A        

       . T + W   

  89.4 ,          R. [321],

     NNLO  ----  - -

. I   ,         + W

     ,      . S-

,         R. [321]. T   

Z+  W+         NLO ,

        LO .

I   ,     -    CMS

      Geant4  [133]. T   

  ,  -      

.
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5.3.3 Corrections to simulated events

D            

 /,   . T   , 

            

. T --MC       , -

        (SF). C  ,  ,

      SF.

T            

       ,       -

           69.2  [322].

D  SF         pT    

            

    . T       ,

           

  . T     --MC  

Z → ll ,    R. [196, 204, 323–325]. T   

   ,     SF   

  . A,  -    

 [204, 326–329]. S, JES  JER     

 S 3.3.2.

T -             -

 --MC         pT. T -

SF      CMS     QCD-

     [214]. T -    

              (Pdata)

   MC (PMC)      . T  

   :

PMC =

flavours

f

tagged

i

fi (pT)

untagged

j

(1 fj (pT)), (5.3)

Pdata =

flavours

f

tagged

i

SFf
i (pT) 

f
i (pT)

untagged

j

(1 SFf
j (pT) 

f
j (pT)), (5.4)
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 fi  SFf
i   -   SF  MC    i 

  f ,    pT. T    PdataPMC    

.

I 2016  2017,      ECAL (  2 < η < 3 )  

    L1 ,        

      . S L1    

  ,   -. T     L1 ECAL

prering. T       ,      

   [197, 330].

5.3.4 Data and MC compatibility

ℓℓ, Nb-jet = 2, Njet ≥ 2 ee, Nb-jet = 2, Njet ≥ 2 eµ, Nb-jet = 2, Njet ≥ 2 µµ, Nb-jet = 2, Njet ≥ 2

tt̄+ tW (4) B0 523188 ± 2038 83085 ± 777 315296 ± 1592 124807 ± 1008

tt̄+ tW (4) B1 16536 ± 342 2702 ± 132 9697 ± 263 4137 ± 173

tt̄+ tW (4) B2 253861 ± 1461 36033 ± 538 154929 ± 1145 62899 ± 730

tt̄+ tW (4) B3 1190141 ± 3152 163759 ± 1121 731088 ± 2464 295294 ± 1614

tt̄+ tW (4) B4 3149703 ± 5253 443363 ± 1917 1920924 ± 4044 785416 ± 2750

tt̄+ tW (4) B5 5162199 ± 6786 731745 ± 2468 3150483 ± 5239 1279971 ± 3538

tt̄+ tW (4) B6 5016826 ± 6933 714473 ± 2398 3074149 ± 5393 1228204 ± 3639

tt̄+ tW (4) B7 1547168 ± 3660 220861 ± 1303 952776 ± 2884 373532 ± 1839

tt̄+ tW (4) B8 169186 ± 1177 25151 ± 422 101485 ± 910 42550 ± 615

tt̄+ tW (4) B9 83496 ± 795 12529 ± 297 49434 ± 613 21533 ± 410

tt̄+ tW (4) B10 78934 ± 756 12827 ± 291 45508 ± 576 20600 ± 394

tt̄+ tW (4) B11 84596 ± 855 13837 ± 338 47180 ± 619 23580 ± 482

tt̄+ tW (4) B9 54656 ± 635 8539 ± 247 32346 ± 480 13771 ± 333

tt̄ ( ) 44980 ± 412 4942 ± 132 28574 ± 327 11464 ± 213

Z+ 76527 ± 6675 22174 ± 3197 7983 ± 1188 46369 ± 5734

O 110723 ± 642 17564 ± 181 63705 ± 560 29453 ± 256

T ± (stat) 17562722 ± 14153 2513582 ± 5493 10685557 ± 9756 4363580 ± 8655

D 178338 25350 108517 44471

D / P 102 ± 001 101 ± 001 102 ± 001 102 ± 001

Table 5.1: Event yields for the signal and background predictions, as well as for the
data. The results are shown for each decay channel separately as well as the combined
one. In the last line of the table, the ratio between data and predictions is given.

T    pT  η      -,  

,    F 5.4  5.5      .

A, F 5.5       -  -

. T     2017  2018   . F

      A A.1  . O,

      . T  
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Figure 5.4: Distributions of pT (left) and η (right) of the leading (upper) and subleading
(lower) leptons, comparing data (points) with predictions for the signal and various
backgrounds (shaded histograms) from simulation. The lower panel of each gure shows
the ratio of the data to the sum of the signal and background predictions, where the
vertical bars correspond to the statistical uncertainties of the data and the hatched bands
represent the combined statistical and systematic uncertainty in the MC predictions.

  MC    -   nBjets > 3    

4    -        -

   qq̄      - . H, 

          -    

.
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Figure 5.5: Same as Figure 5.4 for the leading (upper row) and trailing (middle row)
jets. Additionally, the jet (lower left) and b-jet (lower right) multiplicity distributions
are shown.
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Figure 5.6: The distribution of the mminimax
ℓb observable for the predictions of the signal

and various backgrounds. The hatched bands correspond to the combined statistical and
systematic uncertainty in the MC predictions. The lower panel of each gure shows the
relative total uncertainty of the predictions, with the hatched light blue band indicating
the statistical uncertainty in the simulation.

T     T 5.1,       

      ,      . T 

            . F,

  mminimax
ℓb    F 5.6,      

   CMS  . I   ,    

         . U 

     ,        

 .

5.4 Systematic uncertainties

T          

 :         -
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 ,         MC

,    . S  

     MC        

   . T     rate . O  

, shape           

  MC    . T    -

          . T 5.2 

       ,     -

     . A,   

         - 

(   ).

Experimental uncertainties

D      -- SF   

 - . T     SF   

     dσtt+tWdmminimax
ℓb , ,  mMC

t  Γt. T

     ,       

SF   ±1σ.

T    JES     24   [331]. T

            -

   ,      pT  η. S,  JER

      η . F,   

        . T  

           

     p⃗miss
T . F,     

L1       2017 . T SF     

,      ±1σ.

T           

      2.3%  2.5%  2017  2018, -

 [332, 333]. T          

   SF. T     ,

 SF            
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(  )   (, ,  ). S

 SF    Z → ll ,  0.5% (1%)    ()

          D–Y   

. A         ,  

 SF     . T    

    F A.2  A.3  A A.2. F,  -

    -      

 -    SF   . U   

 (  )      ,     

       -. F,  

         - .

Modelling uncertainties

M       ,    MC -

           

  .

T   -    ME      µr

 µf    , Z+,    . T   

         [334,335],    µfµr = 4

 1/4. S,       PS     

-  (ISR)   -  (FSR)     

         . T   

       . T     PDF

            100 H

    NNPDF3.1 PDF . A,    S(mZ)

       PDF . A     -

   ME  PS      hdamp   powheg  

     (hdamp = 1379+0926
−05052mt). T ML  ,

  C 4,   . H,     

 powheg hvq    . A  ,     

 ,        4  hvq   .

T            .

S            W  4,  ML
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       . H,   DCTR 

 -,  4    ,      

    . T         

   B-L     CP5   Pythia 8 

     . T     B-L 

   1.056    +0196
−0200. T    

  1D            

 . I  ,  ML      

          xb     

4 . A        --

,         ,      

 ML    . F,     

            

    ±46% [322].

O    -   4 MC   CMS, -

          

. S,         

 4 :   ,  ,    -

 . T 4       CMS    ,

           . F 

  ,         

. T     UE      

     [123]. I   CR  -

  Pythia 8      ,   

(ERD)  . T   CR ,    

  ERD ,         -

 . S,         

    CR   :  -  [126]

  QCD-  [127]. A       

    ,        -

 -. T          

,    R. [6]. F,     

         
√
s = 13 TV, 

    pT()        powheg -
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 [96, 273, 275, 336]. T       

     [272,336–338],        .

Background normalisation uncertainties

T    ,     

      ,   

 : +420%
−484%     [321],  30%   Z+   -

, .

Other systematic uncertainties

T     MC      

 . T     --    

B-B-  [339, 340].

5.5 Unfolding and cross section measurement

T   , dσtt+tWdmminimax
ℓb ,       -

    - ,    

R. [321,341]. I     + W   ,  + W

      mminimax
ℓb    ,   - 

             -

    . T       

      ,   , -

, ,   . U   ,

         

           

(NP). A  ,          

        NP (). I    

NP           ,    

     ().

T   L          
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Uncertainty Type Process Year Proc. corr. Year corr.

L     

σtt+tW    - 

σZ+jets  Z+  - 

σtt(non dileptonic)     - 

σothers    - 

µR  ,  , Z+   

µF  ,  , Z+   

ISR  ,     

FSR  ,     

PDF  ,     

PDF s  ,     

hdamp  ,     

   ,     

E R +    

E ID +    

M ID +    

M I +    

M S +    

E S +    

E S +    

L1 +  2017  

P +    

  +    

JER +    

JES +    

U MET +    

T SF +    

Table 5.2: Summary of systematic uncertainties considered in the analysis. The type
of uncertainty is labelled as being rate (constant normalisation factor) or shape
(variations that change the shape of the distribution). The processes aected by each
uncertainty are listed. The correlations of the systematic uncertainties among processes
and years are also reported.

      P     :

L =


i

−vivni
i

ni!



m

π(λm)


j

π(wj), (5.5)

 i         - ,  vi  ni

          i, . T 

π(λm)  π(wj)      (λm)   (wj) ,
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. T     vi    :

vi =


k

ski (σ
k
tt+ tW, λ⃗, mMC

t ) +


j

bji (wj , λ⃗, m
MC
t ), (5.6)

 ski      + W     k- -

     mminimax
ℓb    i. T   ski   

     k-  σk
tt+ tW

, λ⃗  mMC
t . S, bji  

        j,     -

 wj , λ⃗  mMC
t      .

F   k,     rk     :

rk =
σk
tt+ tW

σk
tt+ tW

(MC)
, (5.7)

          -

   MC ,     4 . T 

       (POI)     -

,       . I  ,  --

          . A

 ,  -        

    . T       rk 

mMC
t ,            . I  ,

   ,   NP  . T  

     MC ,  mMC
t   

 ±3 GV          1/3. A  

            Γt = 131 GV

     Γt = 20 GV  Γt = 066 GV. H,

 -        -

. W -   [178],      

  4 [13]         [14]    

 . A  ,       

   . I,         mMC
t

 Γt     -     .

T        POI,  NP,   

. T         -



Unfolding and cross section measurement 117

   ,       σk
tt+ tW

. T  

           

-2 L. T MINUIT  [342]     ,   MI-

NOS  [342]       . T  

 POI            

. T H C T [313]      . T 

  -         

   (  ±1σ ). H,   -

         . T  , 

-          - ,

       - . T   

   [343]. T      

  - ,      

       .

Binning denition

T   mminimax
ℓb          ,

     Γt. A       

      . T       

       ,  :

purity =
N rec&gen

i

N gen
i

, stability =
N rec&gen

i

N rec
i

 (5.8)

I      -- ,      

. T           , 

, 60%. T       F 5.7. T

 1          

       - . I  , 

       ,      

    7. A  ,    .

1When this value is large, typically greater than 104, the problem is considered ill-conditioned,
and a technique called regularisation must be applied [344].
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Figure 5.7: The response matrix obtained from the MC simulation.

5.5.1 Results

T      + W      mminimax
ℓb  -

  11   A -. T   + W 

 dσtt+ tWdmminimax
ℓb        F 5.10,  

 4    mMC
t = 1725, 169.5,  1755 GV.

T               -

   . T,      

        . T

  ,  ,       -

 rk   40   NP         F 5.8

 5.9,    B7  B11. T      

   mt  Γt, . F      A-

 A.3. T          B7

   mMC
t , B-, JES,  JER. I B11,   

B-  mMC
t ,          -

 . O,  -    NP  ,  
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Figure 5.8: Fitted NP values and their expected impacts ∆r̂7 on the signal strength
r̂7 from the t to the Asimov pseudo-data. Only the 40 highest ranked parameters are
shown, ordered by their relative summed impact. The expected uncertainty of r̂7 is also
given. The black line shows, for each NP, the relative constraint after the t. The blue
and red shaded areas present the expected impacts of shifting each NP to its ±1σ values
in the ts to the Asimov pseudo-data, respectively. For the NP associated with the
MASS, the value after the t to the Asimov pseudo-data is given because no prior is
assigned.

    . S -    

B11 (  NP  2  11). T        

   ,         MC

.

T           
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Figure 5.9: Same as Figure 5.8 for Bin11.

    . T      -

,           

  mMC
t  Γt. T      ,

               

. B  ,       

HESSE [342]           

        :

σ2
f =  df

dx
2σ2

x + df
dy

2σ2
y + 2

df

dy

df

dy
σxy (5.9)

H, σxy = σxσyρxy     x  y  ρxy  ,

 x  y    -      , .
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Figure 5.10: Absolute (left) and normalised (right) dierential cross sections as a
function of mminimax

ℓb . Asimov pseudo-data are shown as black dots with statistical
uncertainty, and the total uncertainty of the predictions indicated by the grey band.
The standard model expectation is shown for a top quark mass of 1725GeV and a top
quark width of 131GeV for tt+ tW production using bb4l generator in black and for
top quark masses of 1695GeV (dashed blue) and 1755GeV (solid blue) or top quark
width of 066GeV (dashed magenta) and 20GeV (solid magenta). The width variations
are shown just for the normalised samples.

T       F 5.10    

. A MC   Γt = 066  20 GV  mMC
t = 1695

 1755 GV  . T       

  mminimax
ℓb     T 5.3.

5.6 Extraction of the top quark mass and width

T     mMC
t  Γt     χ2    -

           NLO 

  4,     mMC
t  Γt, . V-

  ±1 GV  ±3 GV   mMC
t ,  Γt    +069 GV

 065 GV. A      ,   

       . T   

  - QCD   xFitter [345],  

 χ2   R. [91]. T      χ2 
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B U. (%)

B1 13.857

B2 4.413

B3 2.051

B4 1.509

B5 1.187

B6 1.337

B7 5.748

B8 12.855

B9 7.879

B10 10.898

B11 9.742

Table 5.3: Relative uncertainty of the normalised cross section associated with each
bin of mminimax

ℓb distribution.

-  (, ,   )   

  (mMC
t  Γt). T       

 - ,   NP  . T   -

,      ,    . I

 χ2 ,          ,

. T χ2   mMC
t  Γt    F 5.11. T  

  mMC
t  Γt    χ

2
min,       68% CL

      ∆χ2 = 1. T -   172.61 GV

(1.36 GV)      0.37 GV (0.12 GV)  mMC
t (Γt). T -

  -  ( )      χ2 

    µr  µf      

0.5  2,     µfµr = 4  1/4. T   

          mMC
t  Γt  

    . S,      PS, ME-

PS      S(mZ)    PDF  . F,

          

,       . T   :

mMC
t = 17261± 037(t)

+018
−024(theory)

GV

Γt = 136± 012(t)
+017
−022(theory)

GV
(5.10)

     +041
−044 GV  +024

−028 GV  mMC
t  Γt, -
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Figure 5.11: A 2nd order polynomial tted to the χ2 resulting from comparing the
the normalised tt+tW dierential cross sections using Asimov pseudo-data to theory
predictions of bb4l assuming dierent values of mMC

t (left) and Γt (right). The mMC
t

(left) and Γt (right) extracted from the polynomial t at χ2
min value and the uncertainty

at 68% CL are given.

Figure 5.12: Summary of direct determinations of Γt using the bb4l MC generator.

. T   Γt   4     F-
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 5.12. T  (  A -)  -

          

4  [177, 178]. T mMC
t         -

 mMC
t  [168]      mt

     W     CMS . T 

     . T     CMS   

  .



Chapter 6

Extraction of S and illustration of
its running by using inclusive jet
production

T C   QCD    CMS    

   - DIS      HERA. T

      PD       CMS

 [346].

T QCD      -  xFitter, 

 S 6.1. D        QCD  

  S 6.2,         

  S 6.3. T      S 6.4. F, 

      S(mZ)  PDF  NNLO  QCD  

 S 6.5     S     S 6.6.

6.1 The xFitter framework for QCD analyses

T xFitter  [347–349],    HERAfitter [345],  

-     QCD ,   PDF  

    SM  : .. S ,  , EW 

. T          ,
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  T, HERA, LHC,  - ,   

   x. T xFitter QCD       

     ,       

  χ2 . A  ,        

 CMS [54,95–97,99–101,104,106–108,137,350]  ATLAS [141,351–354]. F-

,   SMEFT      CIJET [355–357], 

     SMEFT  SM .

T xFitter         .

T           

PDF     . F DIS ,   

        (..    ) . T -

  zero mass variable avour number (ZM-VFN) [358],  xed-avour number

(FFN) [359–361],   general mass variable avour number (GM-VFN) .

I  FFN ,         PDF,  

         . T  

 , nf ,     3, 4,  5      

       . T    

  µ2 ≈ m2
Q. T GM-VFN      

 ZM-VFN  FFN        FFN  

   (µ2 ∼ m2
Q)       (µ

2 ≫ m2
Q).

V     ,      Thorne-

Roberts GM-VFN  [362–364].

T          -

  PDF       χ2 

         

. S      x-   PDF -

      ,        

  Q2
0. I xFitter,       -

   ,         

x-. O          

,  -  -,         :

xqi(x) = Aix
Bi(1 x)CiPi(x), (6.1)
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 Ai     Pi(x) = (1 +Dix + Eix
2)  

    -  -x     Bi 

Ci . T  Auv  Adv       

-   ,     Ag     

 . F,  Di  Ei         

QCD      . I  ,   

  PDF            DGLAP

,     QCDNUM [365] . A  

      QCD   xFitter    F 6.1.
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– QCD Evolution:

DGLAP (QCDNUM),
non-DGLAP (CCFM, dipole)

– Cross Section Calculation

QCD Analysis
– Treatment of the Uncertainties
– Fast χ2 Computation
– Minimisation (MINUIT)

Results
– PDFs, LHAPDF, TMDlib Grids
– αs, mC , . . .
– Data vs. Predictions
– χ2, Pulls, Shifts

Figure 6.1: Schematic overview of a QCD analysis in xFitter. Figure taken from
Ref. [345].

Minimisation algorithm and uncertainties

T      xFitter      

F  MINUIT [342]. T         

         
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    H . xFitter     -

     χ2 . C  

          . I  ,

    ,   χ2 --  :

χ2(T,bexp) =

Ndata

i=1


Mi  Ti(1


j 

exp
ij bj,exp)

2

2i,uncorT
2
i + 2i,statMiTi(1


j 

exp
ij bj,exp)

+

Nexp.sys

j=1

b2j,exp, (6.2)

   i        (Ndata). H,

Mi    ,  Ti    , .

T         -

 i    i,stat  i,uncor, . C 

       bj,exp,   -

     Ti     
exp
ij . T 

 bj     χ
2  . A -

   PDF      ∆χ2 = χ2χ2
min = 1 

   H ,     R. [366]. T

   68%   (CL).

Proling procedure

T              

PDF  [367–370]      S(mZ)   

PDF . I  ,  χ2   E. (6.2)   :

χ2(bexp,bth) =

Ndata

i=1


Mi + exp

ij bj,exp  Ti  th
ij bj,th

2

∆2
i

+

Nexp.sys

j=1

b2j,exp +

Nth.sys

j=1

b2j,th,

(6.3)

    bexp  bth     

 ,       -

  ∆i. T          

         PDF; ,    

 PDF   , .. S . I  QCD    

,            

CMS   S(mZ)    PDF ,    S(mZ) 
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   PDF ,   S(mZ)  0.111  0.122.

PDF parametrisation scan

N        PDF ,  

      . T      

    ,     ,   D

 E   E. (6.1)   . S,      ,

   . T      Bayesian Information Criterion

(BIC) [371],       χ2  ,    

 ,      . T     

   .

Interpolation grids

I QCD ,         ,

    QCD (QCD)   NLO   

  . T       

,       ,   , 

       (x1, x2)  QCD  (µf , µr).

T           -

   NLO (  )    . I 

       , ,  D-Y. F -

, xFitter   ,     ApplGrid [372],

fastNLO [146],  PineAppl [373].

6.2 Data used in the QCD analysis

A   S 2.2,  PDF       

CC  NC DIS    ±   HERA. T HERA  

         DIS    

H1  ZEUS   HERA 1  HERA 2   [91]. T NC

      6 · 10−7 ≤ x ≤ 065,   CC  -

      13 · 10−2 ≤ x ≤ 040. I   HERAPDF2.0

 [91],  DIS   Q2 < 35GV2     PDF



130 Extraction of S and illustration of its running by using inclusive jet production

)
Z

(M
S

α

0.114 0.116 0.118 0.12 0.122 0.124 0.126

  
 

m
in

2
χ

 -
 

2
χ

0

5

10

15

20

H1 and ZEUS (prel.)

HERAPDF1.5f

HERAPDF1.6

H
E

R
A

P
D

F
 S

tr
u

c
tu

re
 F

u
n

c
ti

o
n

 W
o

rk
in

g
 G

ro
u

p
  
  

M
a
rc

h
 2

0
1

1
 

Figure 6.2: The χ2 proling of αS(mZ), using inclusive DIS data (dashed line) and in-
clusive DIS data combined with HERA jet data (solid line). Figure taken from Ref. [374].

. I   ,   Q2     HERA ,  

     . T  DIS     

    EW .

T   HERA DIS   S(mZ)     HERA -

 . I F 6.2 [374],  χ2        S(mZ),

    QCD   PDF  S(mZ)   GM-VFN

    DIS  , ,   HERA DIS 

. T     χ2   DIS  

    S(mZ)   GM-VFN . E   

    HERA  .

T CMS         -kT [144] -

     FastJet [207]      

R = 04  R = 07. T QCD        CMS

  1 
√
s = 276 [148], 7 [103,104], 8 [105],  13 [106] TV,

1The CMS measurement at 5.02 TeV [149] is also available but not included in this study, as it
uses jets clustered with R = 04, which are known to exhibit discrepancies with QCD predictions
in the forward region.
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  R = 07. T       --

          -

  [106]. F,    R. [375–377],  R = 07 

 R = 04     NNLO . T  

 -   y  pT,      

:

d2σ

dpTdy
=

Njets

L∆pT∆y
 (6.4)

H, Njets            

. L    ,  ∆pT  ∆y     
  pT  y,  [106]. T     

  ,          

         .

I    ,        HLT -

,         pT    

  99%. T   ,       

pT . A,        -

 ,             -

       . J   

     S 3.3.2. C     -

        MC ,  

   . F,      

 ,   - -     

. W       ,  -

       .

T       QCD    7, 8,

 13 TV ,         2.76

TV . H,  13 TV         NNLO 

QCD,   NNLO         

      . P       ,

     13 TV      

S(mZ)   ,  S(mZ) = 01166±00017 [106]. I  ,

         .
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6.2.1 Measurement at 2.76 TeV

T CMS    -       -

 
√
s = 2.76 TV       2010     

     0.0054 −1. I    R. [148]. T  -

      pT    74–592 GV  6   y  
 0.0–3.0. E     -    pT -

  40, 60,  80 GV,      ,  

. T       ,  

pT      . T      

           

 pdetT    -    ppartT .

T           Pythia

6 (.6.4,  Z2) [378, 379]  . A    

      ,       

  . T        

   ppartT    NLO QCD  [380]  

CT10 PDF  [381]. T       DA

  [382],     ROOUNFOLD  [383]. R-

              .

T           JES,

JER,     (3.7%) [384]. T   

JES   22  ,     R. [385]. T

     5–22%  y < 25,   78% 

    25 ≤ y < 30. T JER   2–3%  y < 25,

  22%    . F   ,    

 (PU)     PU   . T  

             1%.

6.2.2 Measurement at 7 TeV

T CMS    -       -

 
√
s = 7 TV       2011    

   5.0 −1. T     R. [148]. T

    pT  114–2000 GV         y
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    0.0–2.5. T     -   

pT   60, 110, 190, 240,  370 GV, ,     pT.

T    ,        pT > 110, 200,

300, 360,  510 GV. T        

. T          

           [385]. T

      DA  [382, 383].

S       :  JES, 

JER,  ,       . T JES

    20      1–2% [386],  -

   5–25%     ,   pT  y. T

      2.2% [387]     -

       y  pT. T   JER 

    DA  [382]. T   

      pT     pT    .

T         ,   pT  

  ±10%,        

  JER [385]. F,        ±5%,   

         

pT  . F,   2%      

     . O,     

3–4%. R          1%.

6.2.3 Measurement at 8 TeV

T CMS    -       -

 
√
s = 8 TV       2012    

   19.7 −1. T     R. [105]. T

    pT  74–2500 GV         y
    0.0–3.0. T     HLT -  

 pT   40, 80, 140, 200, 260,  320 GV, . A  

     . T    ,  -

          
√
s = 7 TV

 .
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T         

 JES,     24     

   . A   1%,    

pT  y ,           
     . T    

  2.6% [388]         

  y  pT. T        JER

,      . T JER  

    ,       

     . T     JER 

 1–5%. F,         

     ,     pT 

     ,    1%    .

6.2.4 Measurement at 13 TeV

T CMS    -       -

 
√
s = 13 TV       2016    

   33.5 −1. T     R. [106]. T

    pT  97–3103 GV         y
    0.0–2.0. T     -    pT

  40, 60, 80, 140, 200, 260, 320, 400, 450 GV, . A 

       . J   

            

        ,   

   .

C    ,    
√
s =13 TV 

 ,           

        JES    

 . F,        JES 

      . T - pT  

    JER       . A-

,        -  -
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   ,   JER    .

T  -          -

   pT  y       .
T            

 TUnfold  [389],  17. A,    ,

    . T     

           . O

  ,      ()     

  (). T     1–2%- 

 pT        pT,    

   2–5%      pT.

T         

 JES,     22  . T   

   2.2% [390]      

     y  pT. V   JES, JER  PU -

            

     . T     -

,    MC ,     

   5% . T      

            -

 . T       pT  y   
    ,     Pythia 8 ,

              

 . T  --     ,  -

   C   ,    [391]. F,

      pT  y    -

. T          

,          . A 

         . F-

,       0.2%   

          

.
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Figure 6.3: The χ2 proling of αS(mZ), using measurements and NNLO QCD pre-
dictions for CMS inclusive jet production at various

√
s, performed separately for the

individual measurements (markers of dierent colours) and considering all the jet mea-
surements together (black markers). The CT18NNLO [88] PDF set is used.

6.2.5 Estimate of S(mZ) sensitivity for individual CMS jet

measurements

T      LHC     S(mZ).

A      S(mZ)     CMS   

   F 6.3,        CT18NNLO

PDF  [88]. P      PDF    S(mZ)

   χ2         . T 

S(mZ)          () χ
2 -

   68%   (CL)       

∆χ2 = 1. W           

,       PDF ,   68% CL 

      . A   ,

  
√
s = 13 TV    ,     

. F          CMS 
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   . F  ,     L,
     Ndp,     pT  y    QCD

    T 6.1.

Table 6.1: The CMS inclusive jet measurements used in this analysis. The columns
show the centre-of-mass energy, the integrated luminosity, the number of measured data
points, and the ranges of individual jet pT and y.

√
s [TV] L [−1] Ndp pT[GV] y
2.76 0.0054 80 74–592 0.0–3.0

7 5.0 130 114–2116 0.0–2.5

8 20 165 74–1784 0.0–3.0

13 33.5 78 97–3103 0.0–2.0

6.2.6 Systematic correlations in CMS jet data

T         

    JES  JER. O       

,   . A  ,    

 13 TV     F 6.4,     

    ,        -

 .

I  ,    JES  JER   pT  y -
,        

√
s,  

 . T      QCD ,  

    S(mZ)      

 QCD   CMS   .

A     JES      

   R. [331,392]. A         

 JES    . T       

 [346],          . T JES

      :

• U          JES -

    ,    η < 13. T
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Figure 6.4: Relative uncertainties in the double-dierential cross section, as functions
of jet pT (horizontal axis) and y (quadrants). The systematic uncertainties are shown in
dierent noncumulative bands: JES uncertainties (red), JER uncertainties (yellow), and
all other sources (blue), including the integrated luminosity uncertainty and unfolding
related uncertainties. The error bars account for statistical uncertainties from both the
data and the MC sample used in the unfolding procedure, as well as the binwise system-
atic uncertainties, all summed in quadrature. The total uncertainty (green) represents
the sum of all statistical and systematic uncertainties, added in quadrature. Taken from
Ref. [106].

 (AbsoluteScale)        Z+, +, 

 . I     - (ISR)  -

 (FSR) (AbsoluteMPFBias). E   pT  

        MC . A

        MC  -

 (Fragmentation)   -    ECAL  HCAL

(SinglePionECAL, SinglePionHCAL).

• R JER    η-    JES

  JER  (RelativeJER).

• T  η    JES     

    . I ,    -

pT . A        pT-

  . (RelativePt).

• T   RelativeFSR       η-

   ISR  FSR.

• T          

   η         -
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 (RelativeStat).

• D           

     FlavourQCD . I    

   MC       -

      . T     

    //     Pythia [129] 

Herwig [393].

• T -    JES    

 -  (TimePt  TimeEta).

• U       .

A          

  [103–106,148].

T    JES-     CMS -

       . U   ,

    (RelativeStat),   - 

(TimePt  TimeEta)      ,   -

   - . F   
√
s = 7 TV [103], 

   JES  JER        

QCD  [104]. T    JES- ,  

  ,  . S,  SinglePionECAL  SinglePionHCAL

        η [104]. T   

 JES       

           [346],

         .

• T AbsoluteMPFBias       2.76, 8, 

13 TV . I  7 TV ,     -

        AbsoluteScale, ISR  FSR,

       AbsoluteScale  [104].

T       7 TV    

    .

• T AbsoluteScale, SinglePionECAL, SinglePionHCAL,  RelativeJER -

      2.76  8 TV , 

      8 TV    
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 . T       

      .

• T RelativeFSR  Fragmentation     

 2.76, 7,  8 TV ,     13 TV -

,       MC    .

• T RelativePt      , 

            pT

    ,    - .

• T FlavorQCD         7 

8 TV ,     2.76  13 TV .

W  JER        


√
s,         

 . I ,  JER      y
    2.76, 7,  8 TV,    y  
       . A    

1.5%     JER    2.76 TV     

    JER .

6.3 Theoretical predictions for inclusive jets

T           

NNLO   NNLOJ  [394–396]. T    

     - (LC)  -- -

. T      NNLO ,  

  R. [394],     [397]. T  

             R = 07.

T  µr  µf       pT,       

    -   pmax
T  R. [395].

T           pT  y 
      APPLfast [145] . T  

       S , PDF,   µr  µf . T

         1%   ,

   5%       pT,   -
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        . H, 

  ,      pT    -

   10%,       QCD . F,

     NNLOJ ,   -

          -- .

H,     QCD   .

T QCD        -

,            

,   NLO  [398]. T   EW   

    pT. T   11%    pT   

13 TV     25%    pT    7 TV -

. S EW           

   13 TV        1%   pT. T

EW    CMS        

F 6.5. F  13 TV ,       

 [106],    7  8 TV ,    

     R. [398]    PDF . F  2.76 TV

, EW    ,       pT <

600 GV,     pT    .

F,    -     - 

,        (NP)   -

 (HAD)     (MPI). T NP   

      ,     MC +PS,

 NP      , :

NP =
σMC(PS & MPI & HAD)

σMC(PS)
 (6.5)

A  pT,  NP      MPI,    

       . T       R,

    . O   ,   

    R.

T QCD     NP   pT-  y-
 ,          -
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Figure 6.5: The EW corrections for the dierent inclusive jet measurements.

. I  ,  NP       

    . I    2.76 TV,  NP  

  Pythia 6 (.6.4,  Z2) [378, 379], , , Herwig ++

(.2.5.0,  UE EE 3C) [393,399]    . I   

7 TV,  NP         Pythia

6 ( Z2)  Herwig ++ (.2.4.2) [393]. I    8 TV,  NP -

    LO  NLO      . A

LO,  NP          Pythia 6

(.4.26,  Z2*) [378]  Herwig ++ (.2.4.2,  UE) [393,400]. T NLO NP

    powheg [110,111,113,401],   Pythia 6 

 Z2*  P11 [402]    . T NP    

       NP    LO  NLO .

I   
√
s = 13 TV,  NP     Pythia 8

(CP1 ) [123]  Herwig ++ (EE5C ) [403]      

pT- . T        

              

 . T NP    CMS      

 
√
s    F 6.6. T    5 

20%   pT,      pT . T   

 1  5%   pT,   y,      pT.

T     NP      --
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Figure 6.6: The NP corrections for the dierent inclusive jet measurements.

    . D      

NP      ,     NP 

  S(mZ)        

. T      NP    QCD , -

          pT  

 150, 200,  300 GV. T       

   NP  . T      

.

F,  CMS       QCD     

   NNLO   NP  EW   F 6.7.

6.4 QCD analysis

I  QCD ,   DIS NC  CC     CMS 

,    S 6.2,       

 PDF  S(mZ). T    DIS    -

     QCD  NNLO   QCDNUM  [365], 

µr  µf     -  Q
2. T NNLO  

 ,   S 6.3  ,    µf = µr   

  pT. T          DIS  

    T–R GM–VFN  [362–364]. T    
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Figure 6.7: Cross section ratios between data and theory for inclusive jet production
in pp collisions as measured by CMS at

√
s of 2.76, 8, 7, and 13 TeV, using the anti-

kT clustering algorithm with R = 07, as functions of individual jet pT in intervals of
absolute rapidity y. Shown is the total uncertainty of every data point (vertical bar).
Predictions correspond to the NNLO LC QCD calculations corrected for NP and EW
eects. The total theory uncertainty (red shaded band) includes the PDF and scale
variation uncertainties. Published in Ref. [346].
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      mc = 147 GV  mb = 45 GV, ,   

T 6.2. T     -Q2  -Q2     

  [91],  DIS   Q2 > 10GV2     .

T     NNLO QCD  [106]   CMS 

    13 TV         

    pT,       S ,   

F 6.3. A    Q2
0 = 19GV2,      PDF

:

x(x) = Agx
Bg(1 x)Cg(1 +Dgx+ Egx

2), (6.6)

xv(x) = Auvx
Buv (1 x)Cuv (1 + Euvx

2), (6.7)

xv(x) = Advx
Bdv (1 x)Cdv , (6.8)

x(x) = Aux
Bu(1 x)Cu(1 +Dux), (6.9)

x(x) = Adx
Bd(1 x)Cd(1 + Edx

2), (6.10)

   xU(x) = x(x)  xD(x) = x(x)+x(x)     ,

,    x(x), x(x),  x(x). T    

    xΣ(x) = 2x(x) + x(x) + x(x). F R. [91],  -

  x  x    x → 0        

  BU = BD  AU = AD(1 fs). H, fs = (+ )   

      0.4   R. [91]     T 6.2,   

   CMS  W+   8  13 TV [100,101].

F  HERAPDF [91] ,      -

    QCD :

• T t uncertainties  S(mZ)   PDF    

      . T  -

     H  [366]   

 ∆χ2 = 1,     68%   (CL).

• T scale uncertainty       - -

. I          

       2,    µfµr = 4  1/4.

F   ,         

      ,       



146 Extraction of S and illustration of its running by using inclusive jet production

       .

• T model uncertainties        ,

      mb  mc,    fs, 

 Q2
min    HERA ,     Q

2
0, 

 . T         

     T 6.2. T    

       .

Table 6.2: The central value and the corresponding upper and lower limits of the
variations used to determine model uncertainties.

P C  L  U 

mb 450GV 425GV 475GV

mc 147GV 141GV 153GV

Q2
min 10GV2 75GV2 125GV2

Q2
0 19GV2 17GV2 21GV2

fs 040 032 048

• T parametrisation uncertainty       

  PDF   , D  E,     . T

           

  .

F,  total uncertainty       ,   

       .

6.5 Results on PDFs and S(mZ)

T             F-

 6.7. O,      . T    

          χ2  E. (6.2). T

  χ2  Ndp        ( χ2Ndp) 

T 6.3,     χ2       Ndof ,  

1680/1453. T          . T

   χ2Ndp   CMS    427/453,  

     . A    χ2Ndp   HERA

DIS           [91],   -

       Q2.
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Table 6.3: The values of χ2 per Ndp for each individual data set as obtained in the t
to HERA and CMS jet data, together with the contribution to the χ2 from correlated
uncertainty sources. In the last line, the total χ2 per number of degrees of freedom,
Ndof , is reported.

D  P χ2/Ndp

HERA I+II   1036/935

HERA I+II   112/81

CMS  2.76TV 63/80

CMS  7 TV 81/130

CMS  8 TV 206/165

CMS  13TV 77/78

C χ2 125

T χ2/Ndof 1680/1453

T    CMS     PDF   (HERA+CMS t) 

  F 6.8. T H     PDF   

     ,    HERA    (HERA-only

t). I  HERA- ,       DIS   S(mZ),

        HERA+CMS . T PDF     -

  Q2 = m2
t ,  mt     . A    

   PDF    CMS    .

A,  PDF     QCD    

    QCD      13 TV  

F 6.9. W   QCD       

       PDF,     

CMS     
√
s    

  v ,    F 2.8.

I F 6.10,  PDF      (HERA+CMS ) 

     PDF  HERAPDF20 [91], NNPDF40 [89],

CT18NNLO [88],  MSHT20 [87]. A       PDF 

NNPDF40, CT18NNLO, MSHT20,  HERA       .

F,  PDF  NNPDF40, CT18NNLO, MSHT20    CMS 

 
√
s = 8 TV,

√
s = 7, 8 TV,

√
s = 276, 7, 8 TV, . B -
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Figure 6.8: The t uncertainties in the valence u quark (uv) (upper left), valence d
quark (dv) (upper right), gluon g (lower left), and sea quark Σ (lower right) distribu-
tions, shown as a function of x at the factorisation scale Q2 = m2

t . The results of the
HERA+CMS t (blue shaded area) are compared with the results of the HERA-only t
(orange shaded area). In the HERA-only t, because of the poor sensitivity of the DIS
data to αS(mZ), its value is xed to that of the HERA+CMS t. The uncertainties are
given at 68% CL. Published in Ref. [346].

, HERAPDF2.0     HERA DIS . O,  PDF

           PDF   

x     CMS  . A    HERAPDF2.0,  

         PDF,  , 

   ,         

(   
√
s)     ,      -

,  F 2.8.
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Figure 6.9: Same as Figure 6.8, where the HERA+CMS t (blue shaded area) is
compared to the HERA+CMS 13 TeV t (red shaded area).
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Figure 6.10: Ratios of dierent global PDF sets at NNLO, namely HERAPDF20 [91],
CT18 [88], NNPDF4 [89], and MSHT20 [87], to the result of the present study. The
valence u quark (uv) (upper left), valence d quark (dv) (upper right), gluon g (lower
left), and sea quark Σ (lower right) distributions are shown as functions of x at the
factorisation scale Q2 = m2

t . Only the Hessian PDF uncertainties at 68% CL are shown,
where the width of the band represents the uncertainty in the numerator by keeping the
denominator constant. Published in Ref. [346].
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T   ,     PDF,  

S(mZ) = 011759+00009
−00009 ()

+00006
−00004 ()

+00009
−00012 ()

+0
−000004 (.), (6.11)

      +00014
−00016 (). T     

  PDG    S(mZ) = 01180 ± 00009 [59]   

CMS    NNLO [106, 107, 137–139],    F 6.11. W

Figure 6.11: The value of αS(mZ) obtained in this analysis (red marker), compared
with all CMS results obtained at NNLO by using dierent methods (black markers) with
their total uncertainties (horizontal error bars). The PDG world average (dashed line)
together with its uncertainty (shaded band) is also shown. Published in Ref. [346].

 S(mZ)   13 TV        [106],

   
√
s       

  35%. T        S(mZ) 

 ,  ,       -  √
s < 13 TV.

6.6 Running of S

U     S 6.4,    S     

  µr = pT,    , S(µr),  NNLO. T

CMS          pT 
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   pT. F  pT ,     PDF  S(mZ)

 . E    S(mZ)     S(µr)

  -, -    (RGE)  

 CRunDec [404],  0.5.2,        

. T , , ,     

     E. (6.11). F  pT , µr  

 NNLO QCD    -  ⟨pT⟩,     
      . T    

T 6.4  F 6.12,    S(µr)      -

 QCD    - S(mZ),    CRunDec. T

   S         QCD 

          1.6 TV.

Table 6.4: The determined αS(mZ) and the corresponding αS(Q) values for each pT
range with their total uncertainties. For αS(Q), the individual uncertainty contributions
(t, scale, model, parametrisation) are listed.

pT(GV) ⟨Q⟩ S(mZ) () S(Q) () () () (.) ()

74–220 103.06 0.1182 +00014
−00013 0.1160 +00011

−00011
+00007
−00005

+00006
−00004

+00
−00

+00014
−00012

220–395 266.63 0.1184 +00011
−00012 0.1019 +00007

−00007
+<00001
−00004

+00004
−00003

+00
−<00001

+00008
−00009

395–638 464.31 0.1179 +00013
−00012 0.0947 +00007

−00007
+00003
−<00001

+00004
−00003

+00
−<00001

+00009
−00008

638–1410 753.66 0.1184 +00014
−00012 0.0898 +00006

−00006
+00003
−<00001

+00004
−00003

+<00001
−00

+00008
−00007

1410–3103 1600.5 0.1170 +00021
−00016 0.0821 +00007

−00007
+00004
−00

+00005
−00003

+<00001
−00

+00010
−00008
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Figure 6.12: Values of αS as extracted from dierent jet pT ranges in the present QCD
analysis at NNLO, each translated to a single scale ⟨Q⟩, as indicated in Table 6.4. The
results (black markers) are shown with their total uncertainties (vertical error bars).
For comparison, the RGE at 5 loops is shown using the current world-average value
αS(mZ) = 01180 ± 00009 [59] (red line) together with its associated total uncertainty
(shaded band). Published in Ref. [346].





Chapter 7

Summary and conclusions

T       S(mZ)      

   mt  Γt       -

   . T   S(mZ)       , 

,        QCD   NNLO. T

  S       1.6 TV  . T  

mMC
t  Γt    + W ,     

   W .

F   ,  CMS        √
s = 276, 7, 8,  13 TV    ,   

    . T    S(mZ)  PDF

      NNLO QCD ,  CMS

   HERA    . T  

     PDF  S(mZ),     -

  S(mZ)   LHC          PDF

. T  , S(mZ) = 01176+00014
−00016,      

  ,  . I ,      

CMS             PDF

. T             Physics

Letters B [346],             .

T   mMC
t  Γt       + W -
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      mℓb         

 A -           

 . T         LHC   √
s = 13 TV,    CMS   2017–2018. T  

mMC
t = 17261+041

−044 GV  Γt = 136+024
−028 GV  . T,  -

    Γt       

4  [177, 178]. T mMC
t         -

  mMC
t  [168]      

mMC
t      W     CMS C. T

         CMS ,   --

-   4        .

I  HL–LHC ,           

10       . A  ,    ,  -

,         ,     

            . A 

,      HL–LHC       

. T       -   

          . I

 ,  ML-        MC 

           . T

      -     

    CMS . A  ,    MC 

   ,  CPU     75%   MC -

 [15,16]. T         European Physical Journal

C [231],             .

I ,         S ,  PDF, 

   mMC
t ,   Γt. T        

H   λ       ,      

   ,    F 7.1,     -

   R. [406]. T      mMC
t  mpole

t ,

    0.5 GV   [169, 405]. T    H

         mH = 12520 GV [6]. T 

 λ               S(mZ)
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Figure 7.1: The evolution of the Higgs quartic coupling λ as a function of the scale
µ. The results of αS(mZ) and mMC

t obtained in this thesis are used, including their

±1σ uncertainty. To account for the relation between mMC
t and mpole

t , an additional
uncertainty of 0.5 GeV is considered [169,405]. The prediction is obtained by using the
open-source program mr [406].

 mpole
t . T   S(mZ)          

P D G (PDG)  [59],      

    S(mZ)        

CMS   
√
s = 13 TV [106]. R mt,     

      mt  ,    , 

  + W . F        HL–

LHC             

    . S     , 

       ,      

   H  ,    R. [76]. F,  

      HL–LHC,       
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    MC    ,   

- .
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A.1 Additional control plots
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Figure A.1: Distributions of mass (upper left) and pT (upper right) of selected dilepton
pair, number of vertices (lower left), and transverse missing energy (lower right.)



200

A.2 Trigger eciencies

Figure A.2: Trigger scale factors (2017 data-taking) measured dierentially as a func-
tion of pT for e+e−(top), µ+µ−(middle) and e±µ±(bottom) channels. The given uncer-
tainties correspond to the statistical uncertainty added in quadratures to the additional
systematic uncertainty on the measured value.



Trigger eciencies 201

Figure A.3: Same as Figure A.2 for 2018 data-taking.
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A.3 Impact plots
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Figure A.4: Impact plots using Asimov pseudo-data for Bin1 (left) and Bin2 (right).
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Figure A.5: Impact plots using Asimov pseudo-data for Bin3 (left) and Bin4 (right).



Impact plots 203

40
39
38
37
36
35
34
33
32
31
30
29
28
27
26
25
24
23
22
21
20
19
18
17
16
15
14
13
12
11
10
9
8
7
6
5
4
3
2
1

2− 1− 0 1 2
θ∆)/0θ-θ(

JESAbsoluteScale

prop_binY2017_bin9

prop_binY2018_bin3

MUON_SCALE_EWK

ML_HDAMP

JESPileUpDataMC

JESTimePtEta2018

prop_binY2018_bin9

prop_binY2017_bin5

JESRelativeFSR

JESTimePtEta2017

JESPileUpPtRef

PSSCALE_WEIGHT_14

JEREta02018

TRIG_EMU2018_SYS

prop_binY2018_bin5

JESRelativeBal

lumi1718

TRIG_EMU2017_SYS

prop_binY2017_bin4

ELE_RECO

prop_binY2018_bin4

MESCALE

MERENSCALE

JESAbsoluteMPFBias

JESRelativeSample2018

PSSCALE_WEIGHT_3

BTAG_JES

JESFlavorPureBottom

MUON_ISO_SYST

PU

lumi2017

lumi2018

BTAG_PILEUP

BTAG_STATISTIC2018

MASS

lumiCorr

ELE_ID

BTAG_STATISTIC2017

BTAG_TYPE3

2.7−
2.7+0.0

CMS Private Work

0.05− 0 0.05

rate_Bin5∆Pull  Impactσ+1  Impactσ-1

Unconstrained Gaussian
Poisson AsymmetricGaussian 0.12−

0.16+ = 1.00rate_Bin5

40
39
38
37
36
35
34
33
32
31
30
29
28
27
26
25
24
23
22
21
20
19
18
17
16
15
14
13
12
11
10
9
8
7
6
5
4
3
2
1

2− 1− 0 1 2
θ∆)/0θ-θ(

PSSCALE_WEIGHT_14

prop_binY2018_bin8

prop_binY2017_bin5

TRIG_EMU2018_SYS

prop_binY2018_bin5

ELE_RECO

JESSinglePionHCAL

JESFragmentation

JESTimePtEta2018

MUON_SCALE_EWK2

ELE_SCALE

JESRelativeBal

JESUserDefinedHEM1516

MUON_SCALE_EWK

JESRelativeSample2018

MUON_SCALE_DELTAM

MUON_SCALE_ZPT

JESSinglePionECAL

JESPileUpPtRef

JESRelativeFSR

MERENSCALE

JESPileUpPtEC1

JESAbsoluteMPFBias

JEREta02018

MASS

MUON_ISO_SYST

lumi2017

BTAG_JES

MESCALE

PU

JESFlavorPureBottom

JESPileUpDataMC

BTAG_PILEUP

lumi2018

JEREta02017

BTAG_STATISTIC2018

lumiCorr

ELE_ID

BTAG_STATISTIC2017

BTAG_TYPE3

2.7−
2.7+0.0

CMS Private Work

0.05− 0 0.05

rate_Bin6∆Pull  Impactσ+1  Impactσ-1

Unconstrained Gaussian
Poisson AsymmetricGaussian 0.12−

0.15+ = 1.00rate_Bin6

Figure A.6: Impact plots using Asimov pseudo-data for Bin5 (left) and Bin6 (right).
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Figure A.7: Impact plots using Asimov pseudo-data for Bin7 (left) and Bin8 (right).
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Figure A.8: Impact plots using Asimov pseudo-data for Bin9 (left) and Bin10 (right).
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Figure A.9: Impact plots using Asimov pseudo-data for Bin11.
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