
b

√
=





b

b

pT |y|

35.2 −

pT > 74 |y| < 2.4 b

B pT ∼ O( )

b

b

pT
|y|

35.2 −

pT > 74 |y| < 2.4 b

B pT ∼ O( )





给王群





b

bb̄

b b

b



b b

b



10−10

10−13

10−15

10−18





b

b





χ2

χ2



bb̄

c

Z → µµ











e = 1.602,176,6208(98)× 10−19

~ =
h

2π
= 1.054,571,800(13)× 10−34

c = 299,792,458

1 = 1.602,176,6208(98)× 10−10

1
1 c

c c ~

h = 6.626 070 040(81)× 10−34

c



E λ

E = 2π
~c

λ
E =

2π

λ

O(1 )

O(10−10 )
O(10−3 )

γ

O(10−14)
α

β



32

b



10−10

10−13

10−16

10−19

10
−10

NA ≈ 6 · 1023 −1

10
−13

10−13

5

10
−15

100 − 1

e+N −→ e+X

e N X







b

b



e±p







b

M

M = 〈 | | 〉

1+2 → 3+4+ . . .+N

xxxxxxxxx
xxxxxxxxx
xxxxxxxxx
xxxxxxxxx
xxxxxxxxx
xxxxxxxxx
xxxxxxxxx
xxxxxxxxx
xxxxxxxxx

p1

p2

p3

p4

p5

pN



σ =
S

4
√

(p1p2)
2 − (m1m2)

2

∫

· · ·
∫

|M|2(2π)4δ4


p1 + p2 −
N∑

j=3

pj





N∏

j=3

2πδ
(
p2j −m2

j

)
Θ(Ej)

4pj

(2π)4

pi = (Ei, i)

S



0 1
2 1

1
2 1

1 1
2 0

φ = −∇φ − ∂
∂t
, = ∇× Λ

φ −→ φ + ∂Λ
∂t
, −→ + ∇Λ

A = (φ, )

U(1)

SU(2) SU(3)



0 1

1
2

2
4
4

1
2
3
2

e µ τ Q = ±1
νe νµ ντ Q = 0

u c t Q = 2
3

d d b Q = −1
3

γ

Z0

W±

g

1

U(1)
SU(3)

ψ A

ψ → eigαψ

Aµ → Aµ − 1

g
∂µα

U(1)



±e

ψ A

SU(3)

ψ → eigs
λa

2
θaψ

Aa
µ → Aa

µ − 1

gs
∂µθ

a + fabc
λb

2
Ac

µ

λa a = 1, . . . , 8 fabc

SU(3)
SU(3)

U(1) ×
SU(2)× SU(3)



me 511
mµ 105.7
mτ 1.78

mu ∼ 2
md ∼ 4.5
ms ∼ 87
mc ∼ 1.3
mb ∼ 4.2
mt ∼ 173

α 1
128.957±0.020

2 θW 0.23116± 0.00012
α 0.1184± 0.0007

θ12 13.1◦

θ23 2.4◦

θ31 0.2◦

δ 0.995

Θ ∼ 0
v 246
mH 125.09± 0.24

Q2 = M2
Z

g

Θ



L

S =

∫

L (φ, ∂µφ)
4x −→ ≡ δS = 0

M ∼ (iS)

L = L + L + L + L

W± Z0

e µ τ

νe νµ ντ

u c t

d s b

L =
∑

ψ̄f

(
i /D −m

)
ψf − 1

4
FµνF

µν

D

F

Dµ = ∂µ − iAµ

Fµν = ∂µAν − ∂νAµ

−1
2AµA

µ

e2ψ̄γµψAµ

iψ̄γµ∂µψ



SU(3)

L =
∑

ψ̄i
q

(

i /D
ij −mδij

)

ψj
q −

1

4
Ga

µνG
aµν

D G

Dij
µ = δij∂µ − igs

λ
ij
a

2
Ba

µ

Ga
µν = ∂µB

a
ν − ∂νB

a
µ + gsf

abcBb
µB

c
ν

i, j = 1, 2, 3 a, b, c = 1, . . . , 8

α

g

Q

Θ



α

1/137 100 1/127

αS

αS(Q
2) ∝ 1

(

Q2

Λ2

)

Λ ∼ 200
Λ

Λ
αS

Z0 Q2 = M2
Z ≈ (91.2 )2 αS

α θW

α = e2

4πǫ0~c

7.297, 352, 5698(24)× 10−3





f

f̄

γ

f

f̄

g



e+e− → µ+µ− O(1 )

iMµ+µ− =
γ

e−

e+

µ−

µ+

+
γ γ

e−

e+

µ−

µ+

+
γ

γ

e− µ−

e+ µ+

+

+
γ

γ

e−

e+

µ−

µ+

+

+
γ

e−

e+

µ−

µ+

+

+ . . .



γ

e−

e+

µ−

µ+

e+e− → e+e−

γ

e−

e+

e−

e+

γ

e− e−

e+ e+

s

t

W± Z0

ij → F

X

σ̂ij→F =
∑

k

σ̂ij→F+k



k

ij → F

σ̂F =
∑

k

∫

ΦF+k

∑

l

∣
∣
∣M(l)

F+r

∣
∣
∣

2

l Φ

σ̂F =
∑

n

σ̂N
nLO

F

n

αS

n = 0

n = 1

n = 2
n

2 → 2

p

p2 p2 ≈ m2 p2 6= m2 m

γ∗



e+e− → uūX X
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1. Introduction

The Transverse-Momentum Dependent (TMD) Parton Density Functions (PDF) A (x,kt , p)

extend collinear PDFs f (x, p) by taking into account the transverse momentum kt of the parton,

where x is the momentum fraction and p the evolution scale. TMDs are necessary for a proper

description of multi-scale processes [1].

TMDlib and TMDplotter are two utility tools available on internet [2, 3] to help study TMDs

quantitatively [4]: the former is a C++ library that centralises many TMD parameterisations in a

common framework, similarly to the LHAPDF library [5], and the latter is an online tool making

use of TMDlib to plot and compare TMDs among them, or to integrate and compare them with

collinear PDFs; it also allows to compute partonic luminosities.

In order to illustrate the tool, we will use ccfm-JH-2013 sets [6].

2. TMDlib

TMDlib is a C++ library for working with TMDs. A precise description of the theoretical

background and of the tool can be found in [4].

The list of available sets can be found on http://tmdlib.hepforge.org. The initiali-

sation and the call are done on a unified way. Storage and interpolation are done automatically and

do not require any action from the user.

3. TMDplotter

TMDs as a function of the momentum fraction x, the transverse momentum kt and the evolu-

tion scale p can be plotted directly from TMDlib using TMDplotter.

Integrated TMDs are obtained from TMDs by integration over kt (using the QAGS algorithm

from the GNU Scientific Library [7]), with integration limits kmax
t and kmin

t to be given by the user:

x f (x, p) =
∫ kt,max

kt,min

dk2
t xA (x,kt , p) (3.1)

TMDplotter can also compute and plot the partonic luminosity, both for collinear PDFs and

for integrated TMDs. This quantity describes the contribution from the PDFs to the hadronic cross

section. The partonic luminosity reads [8]:

dLi j

dτ
=

1

1+δi j

∫ 1

0
dx1

∫ 1

0
dx2 fi(x1, p) f j(x2, p)δ (τ − x1x2)+(i ↔ j) (3.2)

with τ = x1x2 the product of the momentum fractions.

Similarly, the TMD luminosity can also be defined from a TMD:

d2Li j

dτdqt

=
1

1+δi j

∫ 1

0
dx1

∫ 1

0
dx2

∫
d2kt1

π

∫
d2kt2

π
Ai(x1,kt1, p)A j(x2,kt2, p)×

×δ (τ − x1x2)δ
(2)(qt − (kt1 +kt2))+(i ↔ j) (3.3)

where qt is the sum of the transverse momenta.

1
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4. Application

The two sets of ccfm-JH-2013 are extracted for gluons from the combined measurements

of proton’s structure functions F2 in deeply inelastic scattering at HERA collider. The set1 is

determined from the fit to the inclusive structure function only, whilst the set2 is determined

from both the inclusive and charm structure functions. A precise description of the extraction of

the sets can be found in [6].

Using those sets, we show some applications of TMDplotter: in Fig. 1, the two sets are plotted

as a function of x and kt ; and in Fig. 2 the integral of the second set is shown for different bound-

aries. From Fig. 2 we conclude that the lower integration limit does not play a large rôle, as soon

as it is low enough, while the upper integration has a significant influence.

Figure 1: The ccfm-JH-2013 sets are plotted as a function of x (left) and kt (right). The lower panel

shows the ratio with the first curve.

In Fig. 3, the partonic luminosity is plotted for two collinear PDFs for gluons and photons.

5. Summary

The two tools TMDlib and TMDplotter for working with TMDs have been presented. In par-

ticular, TMDplotter (http://tmdplotter.desy.de) has been augmented with many new

features.
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Figure 1: Left: comparison to fixed-order parton-level calculations of the inclusive jet production at 8 TeV.
Right: gluon PDF before and after inclusion of inclusive jet data [2].

1 Introduction

We summarise the six most recent jet measurements in CMS [1] at 8 and 13 TeV. Analog measurements at
8 and 13 TeV are presented together.

2 Inclusive jet analyses at 8 and 13 TeV

The double differential cross section as a function of the transverse momentum and the rapidity is given by

d2σ

dpTdy
=

1

ǫLeff
int

Njets

∆pT∆|y| (1)

At 8 TeV [2], the luminosity for the high pT region is 19.7 fb−1, while for the low pT region with dedicated
low-pile-up runs, it is 5.6 pb−1. The measurement is performed for large cone size jets only with the anti-kT
algorithm [8]. The rapidity coverage is 0 < |y| < 4.7.

A similar measurement was performed with the first data at 13 TeV [3]. The luminosity is 71 pb−1 in
the central region (|y| < 3.0) and 44 pb−1 in the forward region (3.2 < |y| < 4.7). The rapidity coverage and
binning are kept the same as for the analysis at 8 TeV. The measurement at 13 TeV is performed for two
cone size radii: R = 0.4 and R = 0.7.

The measurements are compared to predictions from MC event generators and from fixed-order parton-
level calculations. In general, the uncertainty related to the correction of the jet energy scale is of the order
of a percent.

The fixed-order calculation includes the electroweak and non-perturbative QCD corrections. We observe
a very good agreement over the two orders of magnitude. The gluon PDF can be constrained with the
inclusive jet data, and αS can be extracted together with the fit of the PDF, as an additional parameter,
with a value of 0.1164+0.0093

−0.0073. The measurement and the PDF fit are illustrated in Fig. 1.
The comparison to fixed-order parton-level calculations (not shown here) agrees better for a large cone

size radius than for a small cone size radius. This is understood as being related to missing higher order
calculations.

The comparison of the measurement with predictions from PowHeg + P8 (NLO + PS) shows very good
agreement for both cone sizes at 13 TeV.
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Figure 2: Measurement of the di-jet and tri-jet production at 8 TeV [4].

3 Multijet analysis at 8 TeV

The measurement of the multijet production was performed as a function of HT,n =
∑n

i=1 pT,i with all the
jets of an event in the considered phase space [4]:

dσ

d(HT,2/2)
=

1

ǫLeff
int

Nevents

∆(HT,2/2)
(2)

Since Rmn =
σm−jet

σn−jet
∝ αm−n

S , αS can be extracted from the ratio of 3 and 2-jet measurements. Some

uncertainties cancel in the ratio. The selection consists of jets of pT > 150 GeV in |y| < 2.5, clustered with
the anti-kT algorithm with R = 0.7. Events where the leading jet would be in the forward region are vetoed.
The measurement is shown in Fig. 2 and αS = 0.1150+0.0088

−0.0038 is extracted.

4 Dijet triple differential cross section at 8 TeV

The triple differential cross section of the di-jet production at 8 TeV consists in the following measurement
[5]:

d3σ

dpT,avgdy∗dyb
=

1

ǫLeff
int

Ndi-jet events

∆pT,avg∆y∗∆yb
(3)

where

• pT,avg = 1
2
(pT,1 + pT,2) is the average transverse momentum of the di-jet system;

• yb =
1
2
|y1 + y2| is the rapidity boost of the di-jet system;

• y∗ = 1
2
|y1 − y2| is the rapidity separation of the di-jet system.

Anti-kT jets with R = 0.7 are selected with pT,jet > 50 GeV, |yjet| < 3.0 and pT,avg > 133 GeV.
The different regions of the phase space are then exploited to extract the strong coupling and to constrain

PDFs: the central region (small yb and small y∗) is most suited for αS extraction at high energy scales; in
the boosted region (higher yb but small y∗), the high-x region of PDFs can be better constrained; finally,
in the region of large rapidity separation (small yb but higher y∗), PDF and detector effects can be better
disentangled.

The measurement is compared first to NLO parton-level calculations as well as predictions from MC event
generators (Herwig 7 and Pythia 8). In general, predictions are slightly overestimated at high transverse
momentum in the boosted region. Eventually, the di-jet data may be used to extract gluon PDFs. This is
illustrated in Fig. 3.

2





 (8 TeV)-119.7 fbCMS

(rad)
dijet

φ∆
0 /6π /3π /2π /3π2 /6π5 π

  
  
 

0.5

1

1.5

2  < 300 GeV
max

T
200 < p

(rad)
dijet

φ∆
0 /6π /3π /2π /3π2 /6π5 π

0.5

1

1.5

2  < 300 GeV
max

T
200 < p

0 /6π /3π /2π /3π2 /6π5 π

 

0.5

1

1.5

2  < 400 GeV
max

T
300 < p

0 /6π /3π /2π /3π2 /6π5 π

0.5

1

1.5

2  < 400 GeV
max

T
300 < p

0 /6π /3π /2π /3π2 /6π5 π

0.5

1

1.5

2  < 500 GeV
max

T
400 < p

0 /6π /3π /2π /3π2 /6π5 π

0.5

1

1.5

2  < 500 GeV
max

T
400 < p

0 /6π /3π /2π /3π2 /6π5 π

 

0.5

1

1.5

2  < 700 GeV
max

T
500 < p

0 /6π /3π /2π /3π2 /6π5 π

0.5

1

1.5

2  < 700 GeV
max

T
500 < p

0 /6π /3π /2π /3π2 /6π5 π

0.5

1

1.5

2  < 900 GeV
max

T
700 < p

0 /6π /3π /2π /3π2 /6π5 π

0.5

1

1.5

2  < 900 GeV
max

T
700 < p

0 /6π /3π /2π /3π2 /6π5 π

0.5

1

1.5

2

 < 1100 GeV
max

T
900 < p

0 /6π /3π /2π /3π2 /6π5 π

0.5

1

1.5

2

 < 1100 GeV
max

T
900 < p

0 /6π /3π /2π /3π2 /6π5 π

0.5

1

1.5

2
Pythia6 Z2*

Herwig++

Pythia8 CUETM1

 > 1100 GeVmax

T
p

0 /6π /3π /2π /3π2 /6π5 π

0.5

1

1.5

2
Exp. uncertainty

MadGraph + Pythia6 Z2*

Powheg + Pythia8 CUETS1

 > 1100 GeVmax

T
p

 R
a
ti
o
 t

o
 d

a
ta

 (13 TeV)-135.9 fbCMS Preliminary

(rad)
1,2

φ∆
/2π /3π2 /6π5 π

 

0.8

1

1.2

1.4

1.6

1.8

 < 300 GeV
max

T
200 < p

(rad)
1,2

φ∆
/2π /3π2 /6π5 π

 < 400 GeV
max

T
300 < p

 

0.8

1

1.2

1.4

1.6

1.8  < 500 GeV
max

T
400 < p  < 600 GeV

max

T
500 < p

 

0.8

1

1.2

1.4

1.6

1.8  < 700 GeV
max

T
600 < p  < 800 GeV

max

T
700 < p

 

0.8

1

1.2

1.4

1.6

1.8  < 1000 GeV
max

T
800 < p  < 1200 GeV

max

T
1000 < p

 

0.8

1

1.2

1.4

1.6

1.8  > 1200 GeVmax

T
p  2≥nJets 

 R = 0.4
t

Anti-k

Exp. uncertainty

Pythia8 CUETP8M1

Herwig++ CUETHppS1

MadGraph + Pythia8 CUETP8M1

 R
a
ti
o
 t

o
 d

a
ta

Figure 4: Analog measurements at 8 and 13 TeV (with respective cone size radii) for the azimuthal correla-
tions [7].
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