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Drell-Yan Process

MASSIVE LEPTON-PAIR PRODUCTION IN HADRON-HADRON COLLISIONS AT HIGH ENERGIES*
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« 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 1s Important

proton - (anti)proton cross sections

+ Detection is Clean and Easy
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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 q; resummation (small and/or large q)

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+1jet,Z +1jetat 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.EBerger 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




NNLO W* and W' cross sections at the LHC (\'s = 7 TeV)
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Inclusive Drell-Yan

NNLO W and Z cross sections at the LHC (\'s = 7 TeV)
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+ 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
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Parton shower and Hadronization

PDFs and other tuned inputs

hep-ph/1512.00220



Fixed-Order QCD
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+ NLO is only quantitative; NNLO QCD required for precision studies

+ Inclusive NNLO obtained in the early 90s: scale uncertainty reduced
to percent level Hamberg et al.; van Neerven et al.

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

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 Dixon Petriello, etal

* Fully differential code available on the market
Gavin, YL, Petriello, Quackenbush

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

Catani, Grazzini

+ DYNNLO: based on QT-subtraction

Hoeche, YL, Prestel

+ Sherpa-NNLOQO: based on method similar to DYNNLQO,
parallelized and with full event generation, also matched to
parton shower




FEWZ vs. Sherpavs. DYNNLO
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hep-ph/1405.3607
+ 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)



N31.O 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

DY rapidity distribution. Collider: pp Subprocess: Z+gamma
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+ The soft virtual contribution can be resummed to all orders - threshold

resummation

Bonvini, et al.

# 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



QT Resummation
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* Drell-Yan has long been the testing ground for pQCD
: : : : Dokshitzer, Diakonov, Troian; Parisi,
R COHlneaI' f&CtOI‘lzathn I'lgOI'OllSly pI'OVQﬂ Petronzio; COHil’lS, Soper, Sterman,
well-established CSS formalism for small qT resummation

new approaches to resum using SCET are also available Becher et al;Mantry, etal;
Idilbi et al.; ...

+ publicly available code (up to NNLL) include ResBos and DYqQT

Bozzi et al.;
Balazs, et al

* N3LL may be available soon with recent development using SCET
YL, Zhu, Neill



do/dgy (pb/GeV)
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QT Resummation

+ At very large qT, small qT resummation
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The high qT region is controlled by

W/Z+ 1 jet @NNLO
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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+upto5jets & Z + up to 4 jets available at NLO in Sherpa+Blackhat

+ pre-calculated Root n-Tuple file available to use Bern et al.

= W + 6 jet at NLO extrapolated using ratio of different multiplicities
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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 Frixione, Webber

* POWHEG: combination of MC@NLO and ME-corrected parton
shower Alioli et al.

+ DY process is available in nearly all NLO+PS code, such as Sherpa,
POWHEG, Madgraph5-aMC@NLOQ, etc.

* NLO contains events with two different jet multiplicities
for example, DY @ NLO contain exclusive W/Z @ NLO and W/Z + 1 jet @
&,
it is desirable to have W/Z + n (>=0) jets @ NLO+PS merged
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Merging of W/Z +jets

Andre, Sjostrand, 9708390; I ot

o feg] ‘ [ S | ‘ ARl ‘ [escklsevgles] ‘ [EAF Al ‘ Pl P
Catani, Krauss, Kuhn,Webber, 0109231, 0205283 5 s TRar —e— ATLAS data =2
: - = = = SO :
- LO+PS merging has long been widely = R = e i 2
= 3 %‘.— 5 ——— MC@NLO PL e
used: % =5 B M — /2O s
Truncated PS, CKKW, etc. toils o e = _ pi(stien
e ey - SR S -
Basic idea: - ==l e
separate phase space into hard and soft regions e T e
matrix element populate hard domain = | | | | s
. 5 =
parton shower populates soft domain R e e T
Gleisberg, et al.; Anderson, et al.; ... = 852 ;: __________ :;
Afewexamplesofimplementation 0'2? } e } e } e } e } e } LS
1.8 E- =
include Sherpa, HE], et al. s T4E Sl =
S 0:515 ;I—r-l———i—ri'_:r_!_?‘rl— :g
Merging of multiple NLOs for W+jetsis = 35— e =
° ° e ?\ ‘ | 1 | | ‘ | 1 1 | ‘ | | | | ‘ | | | 1 ‘ | | | | ‘ 1 \é
available in Sherpa+BlackHat b e e e
1.6 £ #=
il -
Approx. NNLO is also available in T it — hep-ph/1201.5882 =
LoopSim Maitre, Sapeta S 5
3 22 ?\ ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | \é

50 100 150 200 250 300

p1 [GeV]



NNLO +PS

* NNLO+PS in hadron

Hamilton, Nason, Zanderighi, Re, 1309.0017, 1407.2940

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
POWHESG, reweighed with HNNLO for inclusive NNLO accuracy

implemented in Sher;

+ A different approach based on UNLOPS merging is

. Hoeche, YL, P 1, 1405.3607
?a, loeo UNZLOPS Oece =

first NNLO+PS for DY process, based on an independent
implementation of NNLO, also applied to Higgs

Alioli, Bauer, Berggren, Tackmann, Walsh, 1508.01475

* Recently, NNLO+NNLL', (T is 0-jettiness/beam-thrust) is
matched to PS (of Pythia8) in GENEVA




NNLO +PS

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

+ MiINLOs+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
* (-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
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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 !




