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Some Numbers

对撞能量量：14TeV=2.2×10-6J, v=0.999999991c

造价: 4332 兆瑞⼠士法郎

周⻓长：27km
平均深度：地下100⽶米

⾼高真空：10-13标准⼤大⽓气压

9593块各型磁铁

超低温：超导磁铁1.9K 
（CMB 2.71K, CNB 1.95K） 团间距离：7.5⽶米（25纳秒）

每团质⼦子数：1.2×1011

⽉月球潮汐⼒力力影响：1毫⽶米

偶极磁铁1232块：15⽶米⻓长，35吨，超导线圈 
（1.9K，电流强度11850安培），8.33特斯拉

每束团数：2808

每秒10亿次粒⼦子对撞



50MeV, 0.314c

1.4GeV, 0.916c

25GeV, 0.9993c

450GeV, 0.999998c

7TeV, 0.999999991c



记录数据量量~50PB=5千万GB每年年！

The Detectors



46⽶米⻓长

直径 
26⽶米

7000吨

An Example: ATLAS





Reconstruction of the particles



pp Collision
• The proton-proton collision.

Underlying events

Hard scattering

Parton Showering

Hadronization

Decay

Electromagnetic radiation 

Proton Proton
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• Introduction  
- motivation  
- framework 

 

• Physics results 
- Comparison to ATLAS/CMS data  
- Assessing Lam-Tung violation  
 

• Conclusion
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Angular coefficients in Z production

kµ1,2 =

p
q2

2
(1,± sin ✓ cos�,± sin ✓ sin�,± cos ✓)T

Defining lepton kinematics in V(q) rest frame

d�

d4q cos ✓ d�
=

3

16⇡

d�unpol.

d4q

⇢
(1 + cos2 ✓) +

1

2
A0 (1� 3 cos2 ✓)

+A1 sin(2✓) cos�+
1

2
A2 sin2 ✓ cos(2�)

+A3 sin ✓ cos�+A4 cos ✓ +A5 sin2 ✓ sin(2�)

+A6 sin(2✓) sin�+A7 sin ✓ sin�

�

Decompose cross section in terms of spherical polynomials           

l = 0 m = 0

l = 1 m = �1, 0, 1

l = 2 m = �2,�1, 0, 1, 2

Total of 9 terms 
Encode QCD dynamics Lepton pair kinematics

A0,..,7(q)

fi(✓,�)

fi(✓,�)

p(p1) + p(p2) ! V (q) +X ! `(k1) + ¯̀(k2) +X
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Figure 3: (a) Di↵erential Z-boson cross section as a function of boson rapidity, and (b) di↵erential W+ and W� cross
sections as a function of charged decay-lepton pseudorapidity at

p
s = 7 TeV [41]. The measured cross sections are

compared to the Powheg+Pythia 8 predictions, corrected to NNLO using DYNNLO with the CT10nnlo PDF set.
The error bars show the total experimental uncertainties, including luminosity uncertainty, and the bands show the
PDF uncertainties of the predictions.
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Figure 4: The (a) A0 and (b) A2 angular coe�cients in Z-boson events as a function of p``T [42]. The measured
coe�cients are compared to the DYNNLO predictions using the CT10nnlo PDF set. The error bars show the total
experimental uncertainties, and the bands show the uncertainties assigned to the DYNNLO predictions.
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Angular coefficients in Z production
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Figure 19: Distributions of the angular coe�cients A0, A2, A0 � A2 and A1 (from top to bottom) as a function of pZ
T.

The results from the yZ-integrated measurements are compared to the DYNNLO predictions at NLO and at NNLO,
as well as to those from PowhegBox + Pythia8 and PowhegBox + Herwig (left). The di↵erences between the
calculations and the data are also shown (right), with the shaded band around zero representing the total uncertainty
in the measurements. The error bars for the calculations show the total uncertainty for DYNNLO, but only the
statistical uncertainties for PowhegBox.
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A0 �A2

 (weighting of NLO-PS / Fixed-Order)

• Retain full kinematic dependence of leptons (corresponding QCD dynamics) 

• Also important testing ground for W production (for MW extraction)

the three-dimensional boson production phase space, defined by the variables m, pT, and y, and the two-
dimensional boson decay phase space, defined by the variables ✓ and �. Accordingly, a prediction of
the kinematic distributions of vector bosons and their decay products can be transformed into another
prediction by applying separate reweighting of the three-dimensional boson production phase-space dis-
tributions, followed by a reweighting of the angular decay distributions.

The reweighting is performed in several steps. First, the inclusive rapidity distribution is reweighted
according to the NNLO QCD predictions evaluated with DYNNLO. Then, at a given rapidity, the vector-
boson transverse-momentum shape is reweighted to the Pythia 8 prediction with the AZ tune. This pro-
cedure provides the transverse-momentum distribution of vector bosons predicted by Pythia 8, preserving
the rapidity distribution at NNLO. Finally, at given rapidity and transverse momentum, the angular vari-
ables are reweighted according to:

w =
1 + cos2 ✓ +

P
i A0i(pT, y) Pi(cos ✓, �)

1 + cos2 ✓ +
P

i Ai(pT, y) Pi(cos ✓, �)
,

where A0i are the angular coe�cients evaluated at O(↵2
s ), and Ai are the angular coe�cients of the

Powheg+Pythia 8 samples. This reweighting procedure neglects the small dependence of the two-
dimensional (pT,y) distribution and of the angular coe�cients on the final state invariant mass. The
procedure is used to include the corrections described in Sections 6.2 and 6.3, as well as to estimate the
impact of the QCD modelling uncertainties described in Section 6.5.

The validity of the reweighting procedure is tested at particle level by generating independent W-boson
samples using the CT10nnlo and NNPDF3.0 [96] NNLO PDF sets, and the same value of mW . The
relevant kinematic distributions are calculated for both samples and used to reweight the CT10nnlo sample
to the NNPDF3.0 one. The procedure described in Section 2.2 is then used to determine the value of mW
by fitting the NNPDF3.0 sample using templates from the reweighted CT10nnlo sample. The fitted value
agrees with the input value within 1.5±2.0 MeV. The statistical precision of this test is used to assign the
associated systematic uncertainty.

The resulting model is tested by comparing the predicted Z-boson di↵erential cross section as a function
of rapidity, the W-boson di↵erential cross section as a function of lepton pseudorapidity, and the angu-
lar coe�cients in Z-boson events, to the corresponding ATLAS measurements [41, 42]. The comparison
with the measured W and Z cross sections is shown in Figure 3. Satisfactory greement between the meas-
urements and the theoretical predictions is observed. A �2 compatibility test is performed for the three
distributions simultaneously, including the correlations between the uncertainties. The compatibility test
yields a �2/dof value of 45/34. Other NNLO PDF sets such as NNPDF3.0, CT14 [97], MMHT2014 [98],
and ABM12 [99] are in worse agreement with these distributions. Based on the quantitative comparisons
performed in Ref. [41], only CT10nnlo, CT14 and MMHT2014 are considered further. The better agree-
ment obtained with CT10nnlo can be ascribed to the weaker suppression of the strange quark density
compared to the u- and d-quark sea densities in this PDF set.

The predictions of the angular coe�cients in Z-boson events are compared to the ATLAS measurement at
p

s = 8 TeV [42]. Good greement between the measurements and DYNNLO is observed for the relevant
coe�cients, except for A2, where the measurement is significantly below the prediction. As an example,
Figure 4 shows the comparison for A0 and A2 as a function of pZ

T. For A2, an additional source of
uncertainty in the theoretical prediction is considered to account for the observed disagreement with data,
as discussed in Section 6.5.3.
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same binning choice as the data. The results are

NLO (ATLAS): �2/Ndata = 185.8/38 = 4.89 ,

NNLO (ATLAS): �2/Ndata = 68.3/38 = 1.80 .

This test indeed demonstrates that the NLO predictions give a poor description of the data

in the considered pT,Z range, a point that was also highlighted in the experimental ana-

lysis [33]. This tension is largely reduced with the inclusion of the NNLO corrections, and

from closer inspection of Fig. 3, can be mainly attributed to the large negative corrections

to the A2 distribution.

The corresponding pT,Z distributions for the CMS measurement are shown in Fig. 9 for

the rapidity bins |yZ| 2 [0.0, 1.0] (left) and |yZ| 2 [1.0, 2.1] (right). The NNLO corrections

to (A0 � A2) exhibit a similar behaviour for the CMS kinematic selections, and again

improve the description of data. This agreement can also be quantified by performing a

�2 test, where in this case the test is performed directly on the (A0 � A2) distribution as

no covariance matrix for these Ai coe�cients is publicly available. In total 14 data points

are considered, corresponding to seven pT,Z bins for each rapidity selection. The results,

assuming uncorrelated bins, are

NLO (CMS): �2/Ndata = 24.5/14 = 1.75 ,

NNLO (CMS): �2/Ndata = 14.2/14 = 1.01 .

Similar to the findings for the ATLAS data, the description of the CMS data is substantially

improved at NNLO.

As discussed previously, it is also informative to express the data in terms of the new

obserable �LT as defined in Eq. (2.15). This comparison is performed in Figs. 10 and 11 for

the ATLAS and CMS measurements, respectively, where the data has been re-expressed in

terms of this quantity.9 It is found that the extent of the Lam–Tung violation observed in

data is consistently described by the NNLO predictions. While there is some tendency for

the data to prefer a stronger Lam–Tung violation for pT,Z > 40 GeV, more precise data is

required to confirm this behaviour.

4 Conclusions and outlook

Using our calculation of the Z+ jet process at NNLO [36], we have computed the pT,Z dis-

tributions for the angular coe�cients in Z-boson production to O(↵3
s ). We have focussed

on the phenomenologically most relevant angular coe�cients Ai=0,...,4 for pp collisions at
p
s = 8 TeV and have compared them with available LHC data. [ The NNLO correc-

tions are observed to have an important impact on the predicted distributions

for A0, A1, and A2, resulting in a substantial reduction of the uncertainty of the

predictions, as well as altering the shapes of these distributions. Of particular

note is that the corrections to the A2 distribution are both large and negative

9
We omit the lower panels with the K-factors in these figures, as they are almost identical to the case

of (A0 �A2) shown in Figs. 8 and 9 due to the small corrections to the A0 coe�cient.
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Common code base for NNLO corrections using Antenna Subtraction
I pp ! Z/�⇤ ! `+`� + 0, 1 jets
I pp ! H ! �� + 0, 1, 2 jets
I pp ! dijets
I ep ! 2 jets (talk by J. Niehues)
I . . .

I Fully differential parton-level event generator
I Work in progress: Interface to APPLgrid, fastNLO

6/23

pp ! dijets

pp ! H !! �� + 0, 1, 2 jets

pp ! Z/�⇤ ! l+l� + 0, 1 jets

ep ! 2(+1) jets

X. Chen, J. Cruz-Martinez, RG, A. Gehrmann-De Ridder, T. Gehrmann, E.W.N. 
Glover, A. Huss, I. Majer, J. Niehues, J. Pires, D. Walker + J. Currie, T. Morgan  

[CERN, IPPP Durham, Zurich (ETH, UZH), Lisbon (CFTP)]  

Processes:

pp ! V ! ll̄ + 0, 1 jets

pp ! H + 0, 1, 2 jets

pp ! dijets

ep ! 1, 2 jets

eē ! 3 jets

...

Common framework for NNLO corrections

• parton-level Monte Carlo generator 

• basis: Antenna subtraction formalism 

• implementation strongly follows:  

• In progress: APPLfast-NNLO interface  

Gehrmann(-De Ridder), Glover - arXiv:0505111

PDF fitting with full NNLO calculations

Currie, Glover, Wells - arXiv:1301.4693
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• SM is good.


• More and more precise calculations are needed.


• More data — ICHEP2018.

Thank you!


