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On the basis of a parton model studied earlier we consider the production process of
large-mass lepton pairs from hadron-hadxon inelastic collisions in the limiting region,
s ~, Q /s finite, Q and s being the squared invariant masses of the lepton pair and the
two initial hadrons, xespectively. General scaling properties and connections with deep
inelastic electron scattering are discussed. In particular, a rapidly decreasing cross
section as Q /s 1 is predicted as a consequence of the observed rapid falloff of the in-
elastic scattering structure function vW& near threshold.

Feynman's parton model' for deep-inelastic
weak or electromagnetic processes is an expres-
sion of the impulse approximati. on as applied to
elementary-particle interactions. IQ order to
apply the impulse approximation we demand the
following. %e analyze the bound system —be it a
nucleon or nucleus —in terms of its constitutents,
called "partons. " Nucleons are the "partons"
of the nucleus and the "partons" of a nucleon
itself are still to be deciphered. If we specify
the kinematics so that the partons can be treated
as instantaneously free during the sudden pulse
carrying the large energy transfer from the pro-
jectile (or lepton) then we can neglect their bind-
ing effects duxing the intex'Rction Rnd we CRQ

treat the kinematics of the collision as between
two free particles, the projectile and the parton.
Moreover, if we are in R kinematic regime so
that energy is approximately conserved along
with momentum Rcl oss the lntex'Rctlon vex'tex of
the parton with the weak or electromagnetic
current, the conditions for applying the impulse
approximation are satisfied.
The Bjorken limiting region' satisfies this con-

dition for the deep inelastic electron scattering
from protons as viewed from a certain class of
P—~ ox' infinite-Dlomentum frames. The par-
tons" constituting a proton are strongly bound
together as viewed in the rest fx Rme. However,
if their bound state can be formed primaxily by
momentum components that are limited in mag-
nitude below some fixed maximum —i.e., if there

exists a finite k „—then as viewed in an infinite-
momentum frame these parton states are long-
lived by virtue of the characteristic time dilata-
tion. The del lvatlon of this lntultlvely appealing
picture from R canonical quantum field, modified
by imposing a maximum constraint on k~, has
been discussed as well as its applicability to the
particular class of amplitudes with "good cur-
rents. "3 In particular, the ratio Q /2Mv, where
Q'& 0 is the negative of the square of the invari-
ant momentum transfer and q-I' =Mv, measures
the fraction x —=Q'/2M v of the longitudinal momen-
tum on the parton from which the electron scat-
ters and is a finite fraction 0&x &1 in the Bjorken
limit.
It is easy to show that the ratio x must be finite

in order to apply the impulse approximation.
Otherwise as x approaches very close t:o 0 or 1
we wlTT be fol ced to deRT with vel y slow pRx'toQS
in the I' —~ system, or, as seen in the rest sys-
tem of the proton, with the high-momentum ex-
tremities of the bound-state structure, and for
these t:he impulse approximation breaks down.
The beauty of the electron scattering is that

it allows us to "tune" the mass of the virtual
photon line as we choose to probe finite x. How-
ever when we return to the world of only real
extexnal hadrons, we have no large mass since
Q'-M while 2Mv-s, the total collision energy.
IQ this case x becomes very sma3. 1,' or "wee."
Oul condltlon for applying the impulse Rpprox
imation also fails and the value of the parton con-

❖ First observed by J.H. Christenson et al. in proton–uranium 
collisions at the Alternating Gradient Synchrotron!

❖ DY mechanism is the first application of parton model beside DIS: 
it opens up gateway to study physics at hadron collider



DY  is  Important
❖ Detection is Clean and Easy  

Large cross section O(1-10 nb)  
Only need two leptons with hard enough pT  
 !

❖ Many Applications!
❖ detector calibration!
❖ luminosity monitoring!
❖ PDF measurement!
❖ EW physics precision study and new physics 

search!
❖ Testing ground of pQCD calculation!

❖ Recent Reviews 
M.L.Mangano, Production of electroweak bosons at hadron colliders: theoretical aspects,
1512.00220;  
M.Baak, et al, Working Group Report: Precision Study of Electroweak Interactions, 
1310.6708; 
J.R. Andersen et al, Les Houches 2013: Physics at TeV Colliders: Standard Model Working 
Group Report,1405.1067.

 The Drell-Yan processes

Motivations

Drell-Yan-like production of singleW (Z) bosons is one of the cleanest processes with a large

cross section at hadron colliders. It can be used
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• to derive precise measurements of the W -boson mass MW and width �W . Relevant

observables: leptons’ transverse momentum p�
T , W transverse mass MW

T , ratio of the

W /Z transverse mass distributionsMW
T /MZ

T , ratio of leptonic rates ...

• to monitor the collider luminosity and determine the parton distribution functions (PDFs).
Relevant observables: total cross section,W rapidity yW , charged lepton pseudorapidity

�� ...
M. Dittmar, F. Pauss, D. Zurcher, Phys. Rev. D56 (1997) 7284

V.A. Khoze et al., Eur. Phys. J. C19 (2001) 313
4

● easy detection
   high pt lepton pair  or  high pt lepton + missing pt

   typical cuts at the LHC   (central detector region)

p⊥,l and p⊥,ν > 25GeV, |ηl| < 2.5

● large cross section
  at LHC  σ(W) = 30 nb i.e.  3 10^8    events with L=10 fb^-1
  at LHC  σ(Z) =  3.5 nb i.e.  3.5 10^7 events with L=10 fb^-1

Challenges of LHC to QCD and vice versa. LHC X-sections as a figure.

0.1 1 10
10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

101

102

103

104

105

106

107

108

109

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

101

102

103

104

105

106

107

108

109

!
jet(ET

jet > "s/4)

LHCTevatron

!
t

!
Higgs(MH = 500 GeV)

!
Z

!
jet(ET

jet > 100 GeV)

!
Higgs(MH = 150 GeV)

!
W

!
jet(ET

jet > "s/20)

!
b

!
tot

proton - (anti)proton cross sections

!
  
(n

b
)

"s   (TeV)

ev
en

ts
/s

ec
  
fo

r 
 L

 =
 1

0
3
3
 c

m
-2

 s
-1

 

R.M. Godbole, Beijing, July 6-10, 2004. page 7

no statistical limitation to perform high precision EW 
measurements

● W mass and width

● pdf validation
   collider luminosity

lepton distributions
W transverse mass
ratios  W/Z distributions   

total cross section
W, Z rapidity
lepton pseudo-rapidity
acceptances

● detector calibration W, Z mass distributions

Alessandro Vicini - University of Milano                                                                                                                                    Fermilab,  August 22nd 2008
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total cross section
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Alessandro Vicini - University of Milano                                                                                                                                    Fermilab,  August 22nd 2008
adapted from hep-ph/0611148



Theoretical  Status
❖ NLO and NNLO QCD (inclusive and fully differential)  

R.Hamberg et al, NPB359(1991); W.L.van Neerven et al, NPB382(1992); W.T.Giele et al, NPB403(1993); L.Dixon et al, 0312266; K.Melnikov, F.Petriello, 0603182 , 
0609070 (FEWZ); S.Catani et al, 0703012, 0903.2120 (DYNNLO); R.Gavin, YL, F.Petriello, S.Quackenbush, 1011.3540, 1201.5896 (FEWZ2)!

❖ N3LO QCD in soft virtual limit and threshold resummation 
E.Laenen, G.Sterman, DPF Conf.1992; Bolzoni, 0609073; A.Mukherjee, W.Vogelsang, 0601162; T.Becher, M.Neubert, G.Xu, 0710.0680; M.Bonvini, S.Forte, G.Ridolf, 
1009.5691; M.Bonvini, et al, 1507.01006;  
V.Ravindran, J.Smith, W.van Neerven, 0608308; V.Ravindran, J.Smith,0708.1689; T.Ahmed, M.Mahakhud, N.Rana, V.Ravindran, 1404.0366; S.Catani, L.Cieri, D.de 
Florian, G.Ferrera, M.Grazzini, 1405.4827; YL A.von Manteuffel, R.Schabinger, H.-X Zhu, 1412.2771!

❖ NLO QCD matched to an all-order qT resummation (small and/or large qT)  
C.Balazs, C.-P. Yuan, 9704258 (ResBos); G.Bozzi et al, 0812.2862, 1007.2351, S.Catani et al, 1209.0158 (DYqT); N.Kidonakis, R.Gonsalves, 1201.5265, 1404.4302; Becher 
et al, 1309.3245; S.Catani, D.de Florian, G.Ferrera, M.Grazzini, 1507.06937 (DYRes)!

❖ W + 1 jet, Z + 1 jet at NNLO QCD 
R.Boughezal et al, 1504.02131; T. Gehrmann et al, 1507.02850!

❖ NLO QCD matched to Parton Shower  
S.Frixione, B.R.Webber, 0612272 (MC@NLO+HERWIG); S.Alioli et al, 0805.4802 (POWHEG+PYTHIA)!

❖ W + n(<=5) jets, Z + n(<=4) jets at NLO QCD, and matched with Parton Shower  
C.F.Berger et al, 0902.2760, 0907.1984, 1004.1659, 1009.2338; Z.Bern et al, 1304.1253 ; H.Ita et al, 1108.2229; K.Ellis et al, 0901.4101, 0906.1445; J.Campbell et al, 0202176, 
1303.5447; B.Jaeger et al, 1207.2626; S.Hoeche et al, 1201.5882!

❖ NNLO QCD matched to Parton Shower  
S.Hoeche, YL, S.Prestel, 1405.3607,1507.05325 (Sherpa); Karlberg, Re, G.Zanderighi, 1407.2940 (POWHEG+MiNLO+DYNNLO); S.Alioli et al, 1508.01475 (GENEVA)

Disclaimer: references are subject to personal preference/ignorance, and thus may not be a complete list



Inclusive  Drell-Yan 

❖ Sources of theoretical uncertainties include!
❖ NLO, NNLO and beyond QCD correction, and resummation!
❖ NLO (or higher) EW corrections and interplay between QCD and EW 

corrections!
❖ Parton shower and Hadronization!
❖ PDFs and other tuned inputs

4
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where the function L
ij

(⌧) is usually called partonic luminosity. In the case of
ud̄ collisions, ⇡Aij

M

2
W

⇠ 6.5nb. It is interesting to study the partonic luminosity as

a function of the hadronic centre-of-mass energy. This can be done by taking a
simple approximation for the parton densities. Using the approximate behaviour
f
i

(x) ⇠ 1/x1+�, with � < 1, one easily obtains:
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The gauge boson production cross section grows therefore at least logarithmically
with the hadronic centre-of-mass energy.

Fig. 1. W and Z boson cross sections in pp collisions at
p
S = 7 TeV: ATLAS24 and CMS25

data, compared to NNLO predictions for various PDF sets.23

2.1. Rapidity spectrum of W and Z bosons

The features of the momentum distribution of vector bosons along the beam di-
rection (z) are mostly controlled by properties of the parton PDFs. In particular,
in the case of W bosons, the di↵erences between the PDFs of up- and down-type
quarks and antiquarks lead to interesting production asymmetries. Since the mea-
surement of asymmetries is typically very accurate, due to the cancellation of many

hep-ph/1512.00220



Fixed-Order  QCD

❖ NLO is only quantitative; NNLO QCD required for precision studies!

❖ Inclusive NNLO obtained in the early 90s: scale uncertainty reduced 
to percent level!

❖ Differential NNLO achieved a decade ago: NNLO/NLO not flat

hep-ph/0312266

Hamberg et al.; van Neerven et al.

Melnikov, Petriello; Catani, Grazzini



NNLO  Code
❖ For a quick run of total cross section and/or the rapidity 

distribution at NNLO, Vrap is a good choice!
❖ Fully differential code available on the market!

❖ FEWZ: based on sector decomposition, parallelization supported 
in latest version!

❖ DYNNLO: based on QT-subtraction!
❖ Sherpa-NNLO: based on method similar to DYNNLO, 

parallelized and with full event generation, also matched to 
parton shower

Gavin, YL, Petriello, Quackenbush

Catani, Grazzini

Hoeche, YL, Prestel

Dixon, Petriello, et al.



FEWZ vs. Sherpa vs. DYNNLO

❖ All three codes have excellent agreement with each other!
❖ DYNNLO & Sherpa-NNLO are essentially based on phase space 

slicing with a technical cutoff parameter, caution is needed for 
prediction at phase space corners (if unsure, always ask the authors)

Comparison with FEWZ and VRAP

[Li,Prestel,SH] arXiv:1405.3607
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N3LO  Soft  Virtual
❖ NNLO may not be enough in the LHC era as 

experimental uncertainty is expected to be reduced to 
one percent and below!

❖ N3LO could be available soon following the path of 
Higgs N3LO!

❖ N3LO in soft virtual limit is known!
❖ likely to dominate the full N3LO contribution since 

NNLO SV is dominant in full NNLO!
❖ contribute to only up to 5-6 permill of the total cross 

section



Threshold  Resummation

❖ The soft virtual contribution can be resummed to all orders - threshold 
resummation!
❖ public code like ReDY is available, up to NNLL+NNLO for inv. mass 

and rapidity distribution; specially fitted PDF also available!
❖ threshold resummation is not very phenomenologically relevant for W/

Z production at the LHC, but should be considered for high mass DY
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Figure 30: Rapidity distribution of neutral Drell-Yan pairs of invariant mass Q = M

Z

in pp

collisions at
p
s = 14 TeV (the contribution of virtual � at the Z peak is included).

56

hep-ph/1009.5691

Bonvini, et al.



QT  Resummation

❖ Drell-Yan has long been the testing ground for pQCD!
❖ collinear factorization rigorously proven  

well-established CSS formalism for small qT resummation  
new approaches to resum using SCET are also available !

❖ publicly available code (up to NNLL) include ResBos and DYqT!
❖ N3LL may be available soon with recent development using SCET
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Dokshitzer, Diakonov, Troian; Parisi, 
Petronzio; Collins, Soper, Sterman, …

Bozzi et al.; 
Balazs, et al

YL, Zhu, Neill

Becher et al.; Mantry, et al; 
Idilbi et al.; …



QT  Resummation
❖ At very large qT, small qT resummation 

should be turned off!

❖ Incorporated in DYRes :!

❖ match NNLL with NNLO with a 
unitary constraint that turns off 
resummation in high qT region and 
preserves NNLO inclusive rate  
( in a way supersedes DYqT )!

❖ full lepton decay with spin 
correlation and recoil effect 
accounted for in high qT region!

❖ Similar procedure is also proposed in 
qT resummation using SCET

Catani et al.

more clearly visible in the lower panel, which presents the result of the calculation of the binned
ratio between the DYRes and DYqT results at both NLL+NLO and NNLL+NNLO accuracy. The
ratio is everywhere consistent with unity within the numerical accuracy of its computation (the
numerical errors in the computation of the binned ratio are below about 1% at small values of
qT , and they are still below about 2% in the region 30 GeV∼<qT ∼< 50 GeV where the value of the
cross section sizeably decreases).

Figure 4: The qT spectrum of on-shell Z bosons at the LHC (
√
s = 7 TeV). Comparison

of the DYRes (histograms) and DYqT (solid lines) resummed results at NLL+NLO (red) and
NNLL+NNLO (blue) accuracy. The corresponding fixed-order calculations (dashed lines) at O(αS)
(red) and O(α2

S) (blue) are also shown. The ratio between the DYRes and DYqT results is shown in
the lower panel.

We recall (see Sect. 2) that, at the inclusive level, the DYqT and DYRes calculations involve
differences in the numerical implementation and two additional differences related to the treat-
ment of the very low qT and high-qT regions. At very low values of qT , the difference is due to

19

hep-ph/1507.06937

Tackmann et al.



W/Z + 1 jet @ NNLO

❖ The high qT region is controlled by 
W/Z + 1 jet process !
❖ recently available at NNLO (part of 

N3LO of inclusive W/Z)!
❖ uncertainty reduced from 20% to a 

couple of percent at high qT

hep-ph/1504.02131

4

merical error on these numbers is at the several-per-mille
level. The cross section shifts by +40% when going from
LO to NLO in perturbation theory, but only by approx-
imately -1% when going from NLO to NNLO. The scale
variation is approximately ±7% at LO and NLO, while at
NNLO it is reduced to the percent level. We note that at
NNLO the largest cross section is obtained for µ = MW ,
leading to the lack of scale variation in the upper direc-
tion in the Table below. The residual theoretical error
is reduced to the percent level at NNLO, and excellent
convergence of the perturbative series is obtained.

pjetT > 30 GeV, |⌘jet| < 2.4

Leading order: 533+39
�38 pb

Next-to-leading order: 797+63
�49 pb

Next-to-next-to-leading order: 787+0
�8 pb

Table I: Fiducial cross sections, defined by pjetT > 30 GeV,
|⌘jet| < 2.4, using CT10 PDFs at each order of perturbation
theory.

In Fig. 2 we show the transverse momentum spectrum
of the leading jet at LO, NLO and NNLO in perturba-
tion theory. The ratios of the NLO cross section over
the LO result, as well as the NNLO cross section over
the NLO one, are shown in the lower inset. The shaded
bands in the upper inset indicate the theoretical errors
at each order estimated by varying the renormalization
and factorization scales by a factor of two around their
central value, as do the shaded regions in the lower inset.
In the lower inset we have shown the results for both
T cut
N = 0.05 GeV and T cut

N = 0.07 GeV, for the scale
choice µ = 2MW , to demonstrate the T cut

N independence
in every bin studied. The NLO corrections are large and
positive for this scale choice, increasing the cross section
by 40% at pjetT = 40 GeV and by nearly a factor of two

at pjetT = 180 GeV. The scale variation at NLO reaches

approximately ±20% for pjetT = 180 GeV. The shift when
going from NLO to NNLO is much more mild, giving only
a percent-level decrease of the cross section that varies
only slightly as pjetT is increased. The scale variation at
NNLO is at the percent level and is nearly invisible on
this plot.

The transverse momentum spectrum of theW -boson is
shown in Fig. 3. The NLO corrections are again 40% for
pWT � 50 GeV with a sizable scale dependence, while the
NNLO corrections are flat in this region and decrease
the cross section by a small amount. The phase-space
region pWT < 30 GeV only opens up at NLO, leading
to a di↵erent pattern of corrections for these transverse
momentum values. The instability of the perturbative
series in the bins closest to the boundary pWT = 30 GeV
is caused by the well-known Sudakov-shoulder e↵ect [29].

Figure 2: The transverse momentum spectrum of the lead-
ing jet at LO, NLO and NNLO in perturbation theory. The
bands indicate the estimated theoretical error. The lower in-
set shows the ratios of the NLO over the LO cross section,
and the NNLO over the NLO cross section. Both shaded
regions in the upper panel and the lower inset indicate the
scale-variation errors. The dashed and solid black lines in the
lower inset respectively show the distribution for T cut

1 = 0.05
GeV and T cut

1 = 0.07 GeV, for the scale choice µ = 2MW .

CONCLUSIONS

We have presented in this manuscript the complete
NNLO calculation of W -boson production in association
with a jet in hadronic collisions. To perform this compu-
tation we have discussed a new subtraction scheme based
on the N -jettiness event-shape variable TN . We have
validated our approach in several ways: when possible
the various components have been cross-checked against
known results in the literature, the necessary cancella-
tion of the logarithmic T cut

N between the phase-space re-
gions TN > T cut

N and TN < T cut
N has been established,

and we have reproduced known results for Higgs pro-
duction in association with a jet at NNLO. The NNLO
corrections to the W+jet process indicate a remarkably
stable perturbative series ready to be used for precision
measurements at the LHC. We will further study the
phenomenological impact of our NNLO result in future
work, including the prediction for the exclusive one-jet
bin, where an intricate interplay between various sources
of higher-order corrections was recently pointed out [30].

We believe that the development of the jettiness-
subtraction represents a significant achievement in the
field of higher-order calculations. For the first time a
subtraction scheme valid for any number of jets has been
introduced that is based on the all-orders resummation of
a physically-observable cross section, and that is straight-
forward to implement in existing frameworks for NLO
calculations. We anticipate that the W+jet process pre-

4

���

���

���

���

���

���

���

���

� �� �� �� �� ��� ��� ��� ���

� �� 	 
 � � �
� ��� � � �
����

���

�

��� ��
��

������ ��������

���

���

���

���

����� � �	 
�� 
����
 � �
������� ���	���
����� ���
 � �  � � �!"�"���#�

� �� 	 
 � � �
� ��� � � �
����

���

��
��
� ��

���
�	

�
�

��
���

����

FIG. 4. (a) Transverse momentum distribution of the Z bo-
son in inclusive Z + 1 jet production in pp collisions withp
s = 8 TeV at LO (blue), NLO (green), NNLO (red) and (b)

Ratios of di↵erent perturbative orders, NLO/LO (turquoise)
and NNLO/NLO (mauve).

successfully applied to other processes at the LHC. For
all of the observables considered here, we observed a very
significant reduction of the respective uncertainties in the
theory prediction due to variations of the factorization
and renormalization scales with a residual NNLO scale
uncertainty of around 1% on the normalization of the
distributions. Our calculation will be a crucial tool for
precision studies of Z boson + jet production in the up-
coming data taking periods at the CERN LHC.

This research was supported in part by the Swiss Na-
tional Science Foundation (SNF) under contracts 200020-
149517 and CRSII2-141847, in part by the UK Sci-
ence and Technology Facilities Council as well as by
the Research Executive Agency (REA) of the Euro-
pean Union under the Grant Agreement PITN-GA-2012-
316704 (“HiggsTools”), and the ERC Advanced Grant
MC@NNLO (340983).

Note added: Since this preprint was placed on
the arXiv, a second calculation of Z+jet production at
NNLO precision has been presented [34] using a di↵er-
ent subtraction scheme. Unfortunately the calculation in
Ref. [34] is performed at a di↵erent centre-of-mass energy
and with di↵erent PDF choices, di↵erent renormalisa-
tion/factorisation scale choices and with slightly di↵erent
cuts on the jets and leptons, making a direct comparison
of the numerical results di�cult.

FIG. 5. (a) Rapidity distribution of the Z boson in inclusive
Z + 1 jet production in pp collisions with

p
s = 8 TeV at LO

(blue), NLO (green), NNLO (red) and (b) Ratios of di↵erent
perturbative orders, NLO/LO (turquoise) and NNLO/NLO
(mauve).
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W/Z + jets @ NLO
❖ W/Z + jets is useful: examine QCD as typical multi-scale process; 

determine jet energy scale; study multiple parton scattering!
❖ W + up to 5 jets & Z + up to 4 jets available at NLO in Sherpa+Blackhat!

❖ pre-calculated Root n-Tuple file available to use!
❖ W + 6 jet at NLO extrapolated using ratio of different multiplicities

hep-ph/1412.4775

Bern et al.
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FIG. 14: NLO predictions for HT distributions for W + n-jet production at the LHC, based on

fits to ratios of distributions, along with an extrapolation for n = 6. The computed numerical

distributions for n = 3, 4, 5 are shown against the predictions based on direct fits to ratios of

distributions. From the top down, the curves (dark red, green, and orange) correspond to n =

3, 4, 5. The extrapolation-based prediction for n = 6 is the bottom distribution, shown in a solid

(turquoise) line, with a shaded (light turquoise) band showing the statistical uncertainty in our

prediction. The normalizations of the curves are adjusted to the total cross sections given in table I

for W + 3 through W + 5-jet [9], and to the extrapolated total cross section for W + 6-jet. The

left plot is for W−, and the right plot for W+.

We can verify the consistency of this procedure, by comparing the total cross sections

for n = 3, 4, 5 obtained by integrating the ‘predicted’ differential cross sections over the

entire range from threshold to the maximum HT with the corresponding NLO total cross

sections computed by summing the HT histograms§. We find that they are in agreement.

After extrapolating the exponents in eq. (3.10), and fixing the normalization NH
6 using the

§ The statistical uncertainties in the summed histograms are typically substantially larger than in the total

cross section, presumably because real-emission configurations and corresponding counter-configurations

can fall into different bins. The summed histogram is probably a more suitable reference, because the

analytic forms are effectively fit to the distribution.
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Parton  Shower  Matching
❖ PS matched calculation is desirable as high FO results tend to be 

“inconvenient” and “fragile” under experimental cuts!
❖ “Fragile” 

FO results is sensitive to acceptance cut that probe soft/
collinear region  
PS automatically resums singular region for physical prediction!

❖ “Inconvenient”  
FO result cannot directly go through detector simulation due to 
its particular IR cancellation structure  
PS generates events ready for hadronization and eventually full 
detector simulation!

❖ Standard PS is in fact LO+PS, needs higher FO results for better 
accuracy



NLO + PS  and  Merging
❖ NLO+PS should retain both NLO and PS resummation accuracy; 

two most common approaches are!
❖ MC@NLO: modified subtraction to remove overlap between PS 

and ME at NLO!
❖ POWHEG: combination of MC@NLO and ME-corrected parton 

shower!
❖ DY process is available in nearly all NLO+PS code, such as Sherpa, 

POWHEG, Madgraph5-aMC@NLO, etc.!
❖ NLO contains events with two different jet multiplicities  

for example, DY @ NLO contain exclusive W/Z @ NLO and W/Z + 1 jet @ 
LO 
it is desirable to have W/Z + n (>=0) jets @ NLO+PS merged 

Frixione, Webber

Alioli et al.



Merging  of  W/Z + jets
!

❖ LO+PS merging has long been widely 
used:  
Truncated PS, CKKW, etc.  
Basic idea:  
separate phase space into hard and soft regions  
matrix element populate hard domain  
parton shower populates soft domain!

❖ A few examples of implementation 
include  Sherpa, HEJ, et al.!

❖ Merging of multiple NLOs for W+jets is 
available in Sherpa+BlackHat !

❖ Approx. NNLO is also available in 
LoopSim
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FIG. 1. Transverse momentum of the first, second and third
jet (from top to bottom) in W±+ � 1, 2, 3 jet production as
measured by ATLAS [4] compared to predictions from the cor-
responding fixed order and MC@NLO simulations. The blue
band display fixed-order uncertainties, the orange band shows
resummation uncertainties.
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NNLO + PS
❖ NNLO+PS in hadron collider first realized for Higgs 

production with MiNLOs+POWHEG+HNNLO, later 
applied to DY with MiNLOs+POWHEG+DYNNLO  
use MiNLOs procedure to merge H+1jet with PS within 
POWHEG, reweighed with HNNLO for inclusive NNLO accuracy !

❖ A different approach based on UNLOPS merging is 
implemented in Sherpa, i.e. UN2LOPS 
first NNLO+PS for DY process, based on an independent 
implementation of NNLO, also applied to Higgs!

❖ Recently, NNLO+NNLL’τ (τ is 0-jettiness/beam-thrust) is 
matched to PS (of Pythia8) in GENEVA

Hamilton, Nason, Zanderighi, Re, 1309.0017, 1407.2940

Hoeche, YL, Prestel, 1405.3607

Alioli, Bauer, Berggren, Tackmann, Walsh, 1508.01475



NNLO + PS
❖ All approaches accurate up to NNLO in inclusive W/Z production!

❖ MiNLOs+POWHEG+DYNNLO!
❖ the use of analytic Sudakov makes W/Z (small) qT resummation 

accurate up to NNLL ( for other observables, only accurate as PS 
gives, i.e. approx. NLL)!

❖ need external run of DYNNLO for NNLO reweighing factor!
❖ Sherpa UN2LOPS!

❖ everything packed within Sherpa, comes with generic Sherpa 
capabilities like event generation!

❖ resummation accuracy is limited to that of PS!
❖ GENEVA+Pythia8!

❖ 0-jettiness/beam-thrust resummation accurate up to NNLL’!
❖ PS only used to populate the phase space, and thus not related to 

resummation accuracy of the prediction



NNLO + PS

❖ The actual performance of NNLO+PS 
of different methods are pretty similar!

❖ DY NNLO+PS can be further merged 
with W/Z + jets for reduced uncertainty 
of more differential distributions
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Fig. 29: The exclusive zero jet cross section as a function of the vetoed minimal leading jet transverse momentum, without
(left) and with (right) uncertainties.

1.36 Jet veto cross sections
In this section, we investigate jet veto cross sections, where the phase space for additional gluon radiation
is suppressed by means of a jet veto. In Figures 29-31, additional radiation has been vetoed by the
application of a maximal transverse momentum for the (sub)leading jet, pveto

? . The observables plotted
in the figures recover the respective inclusive cross sections as pveto

? ! 1. In this region, the fixed
order part of the respective calculations dominates the cross section and associated uncertainties. The
opposite regime, where pveto

? ! 0, is a classic example of a resummation-dominated observable. Here,
the properties of the respective parton showers come fully into play and differences are largely due to
their separate characteristics.

We start by considering the cross section for the production of a Higgs boson and no additional
jets, as a function of the minimum jet transverse momentum as shown in Figure 29. Remarkable, and
possibly largely accidental, agreement between both NNLOPS simulations and the dedicated resumma-
tion calculation of STWZ is found, typically better than 5% within the considered range. However, as the
resummation accuracy for both NNLOPS’ implementations is limited by their parton shower’s accuracy
and they do not (POWHEG) or only partially (SHERPA) assess their intrinsic resummation uncertainties
and the interplay with the hard process’ scale variations, their uncertainties are less well-determined than
those of STWZ. Consequently, while both NNLOPS’ uncertainties are largely independent of pveto

? , those
of the dedicated STWZ calculation show the expected comparably large uncertainty in the resummation
dominated region gradually easing into the near contstant small fixed-order uncertainty at large pveto

? as
the influence of the resummation decreases. For pveto

? ! 1 all vetoed cross sections revert to their
inclusive NNLO accuracy, show-casing the improved convergence of the STWZ calculation thanks to
its included ⇡2-resummation, cf. also Fig. 4. The multijet merged predictions have a wider variation,
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Conclusions

❖ DY is an important tool for precision physics at the 
LHC, and useful in many aspects of the LHC 
experiments!

❖ DY is at the forefront of pQCD development, with the 
most advanced technique applied for the highest 
theoretical accuracy possible among all LHC 
processes, most of which are available as public code - 
Please use them !


