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1 FOREWORD

The construction of the LHC and its detectors is nearing detigm, and first collisions are to be expected
in 2008. While in essence built to discover new physics phera, the proton collisions at the LHC
will provide a huge number of Standard Model events inclgdiet, W, Z and top quark processes.
These events can be used to further scrutinize the StandadgINds a theory, but are essential Handles
and Candles for the broad physics commissioning of the e@xpets. Prior to any discovery of new
phenomena a deep understanding of these background ewants be obtained. A solid knowledge
of the Standard Model is crucial is estimating the diversekgeounds in the signal regions and is a
pre-requisite for the correct interpretation of the obserphenomena.

The primary aim of the Standard Model Handles and Candle&ingrgroup, which has been
set up in the framework of the Les Houches workshop is to asdissues relevant in the programme
described above. Several topics relevant for the StandadeMprocesses considered as a background
or signal are discussed. Examples are electroweak and Q@iegses like Z and W boson production
and the high mass tail of the Drell-Yan spectrum. The premiicand understanding of the min-bias
events and the parton density distributions are other sopic



The production of jets in the proton collisions at the LHC miadant. Therefore a thorough
understanding of jet physics is primordial, including foraenple a common nomenclature or accord
when we speak about a generic jet of particles. Along this lirbecomes relevant to compare the
performance of several jet algorithms. A complete chameleivoted to this domain, resulting in a list
of recommendations for the physics analyses at the LHC.

Part |

COMPARISON OF EXISTING TOOLS FOR
THE STANDARD MODEL

2 ATUNED COMPARISON OF ELECTROWEAK PREDICTIONS FOR z BOSON OBSERV-
ABLES WITH HORACE, SANC AND ZGRAD2 f

2.1 Introduction

W andz bosons will be produced copiously at the LHC and high-precisneasurements of cross
sections and their properties will be used for detectoibeation, to understand the background to many
physics analysis, and last but not least, to explore a nestreleeak high-energy regime in tails bfand

w distributions. In view of the importance of single andz production as 'standard candles’ and for
searches of signals of new physics, it is crucial to contreltheoretical predictions for production cross
section and kinematic distributions. For a review of add#éacalculations and tools, see Refs. [1], for
instance. Good theoretical control of the predicitionsuisgs a good understanding of the residual theo-
retical uncertainties. As a first step, we perform a tunedemical comparison of the following publicly
available codes that provide precise predictionsZoobservables, including electroweak (EW)( )
corrections: HORACE [2, 3], SANC [4-6], and ZGRAD?2 [7]. Riresults of a tuned comparison of
z production cross sections can be found in Ref. [8], and ptiedis for singlew production including
QCD and electroweak corrections have been recently disdussRef. [1]. A study of combined effects
of QCD and electroweak corrections to the neutral-curreatgss in the high invariant-mass region can
be found in these procceedings.

2.2 Results of a tuned comparison oHORACE, SANC and ZGRAD?2
Setup for the tuned comparison

1Contributed by: A. Arbuzov, D. Bardin, U. Baur, S. Bondarenic.M. Carloni Calame, P. Christova, L. Kalinovskaya,
G. Montagna, O. Nicrosini, R. Sadykov, A. Vicini, D. Wack#éro



For the numerical evaluation of the cross sections at the (_]1O—|E:= 14 TeV) we chose the following set
of Standard Model input parameters:

G = 1:16637 10°Gev ?; = 1=137:03599911; 4 sM 2)= 01176
My, = 911876 G€V ; z = 24924 G &V
My = 8037399 G &V ; w = 20836 Gev
My = 115GV ;
me= 0:51099892 keV ; m = 0:105658369 Ge&V; m = 1:77699 G eV
m, = 0:06983GeV; me=12G&eV; me= 174G&V
mgq= 006984 GeV ; mg= 015GeV; mp= 46GeV
Vuad= 0975; Vusi= 0222
Veaal= 0222; Vesj= 0975
Vaod= ¥esi= Vuwd = Vwi= V=0 (1)

Thew and Higgs boson masses;; andM y , are related via loop corrections. To determing we
use a parametrization which, fab0 Gev < M 5 < 1 TeV, deviates by at most 0.2 MeV from the the-
oretical value including the full two-loop contribution8][(using Egs. (6,7,9)). Additional parametriza-
tions can also be found in [10, 11].

We work in the constant width scheme and fix the weak mixindeabgc, = M, M 5, 2 =

1 ¢&. Thez andw -boson decay widths given above are calculated includin@ @ad electroweak
corrections, and are used in both the LO and NLO evaluatibtiseacross sections. The fermion masses
only enter through loop contributions to the vector bosdhesgergies and as regulators of the collinear
singularities which arise in the calculation of the QED cilmition. The light quark masses are chosen
in such a way, that the value for the hadronic five-flavor abatron to the photon vacuum polarization,

éig M ?)= 02027572 [12], is recovered, which is derived from low-energye data with the help
of dispersion relations. The finestructure constant)), is used throughout in both the LO and NLO

calculations of thez production cross sections.

In the course of the calculation af observables the Kobayashi-Maskawa-mixing has been ne-
glected.

To compute the hadronic cross section we use the MRST2004@E®@F parton distribution func-

tions [13], and take the renormalization scale, and the QED and QCD factorization scalesz, and

gcp.tobe 2= 2. = 2. =M/ Inthe MRST2004QED structure functions, the factorizatio
of the photonic initial state quark mass singularities inaln the QED DIS scheme which we therefore
use in all calculations reported here. It is defined analslyoto the usual DIS [14] schemes used in
QCD calculations, i.e. by requiring the same expressiortifereading and next-to-leading order struc-
ture functionr', in deep inelastic scattering, which is given by the sum ofgihark distributions. Since
F, data are an important ingredient in extracting PDFs, thecefff theo ( ) QED corrections on the
PDFs should be reduced in the QED DIS scheme.

The detector acceptance is simulated by imposing the follpwansverse momentunp,) and
pseudo-rapidity () cuts:

pr > 20G eV ; j < 25; ‘=e; ; 2)

These cuts approximately model the acceptance of the ATL#ISGMS detectors at the LHC. Uncer-
tainties in the energy measurements of the charged leptdhe detector are simulated in the calculation
by Gaussian smearing of the particle four-momentum vecitir standard deviation which depends
on the particle type and the detector. The numerical reputtsented here were calculated usingalues
based on the ATLAS specifications. In addition to the sefmaratuts of Eq[R, we apply a cut on the
invariant mass of the final-state lepton painof, > 50 GeV.
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electrons muons
combineeand momentum four vectors, reject events witle > 2 GeV

if R(e; )< 041 for R( ; )< 01
reject events witlhe > 0:1 E. reject events witle > 0:1 E
forol< R(e; )< 04 for0l< R(; )< 04

Table 1: Summary of lepton identification requirements.

The granularity of the detectors and the size of the elecigmatic showers in the calorimeter
make it difficult to discriminate between electrons and phetwith a small opening angle. In such
cases we recombine the four-momentum vectors of the efeatrd photon to an effective electron four-
momentum vector. We require that the electron and photon emtum four-vectors are combined into
an effective electron momentum four-vector if their sefiarain the pseudorapidity — azimuthal angle
plane,

R(e; )= ( (& N?+ ( (e N?; (3)

IS R(e; )< 0:1.For01 < R(e; )< O4events arerejectedif > 0:1 E.. HereE (E.)isthe
energy of the photon (electron) in the laboratory frame.

Muons are identified by hits in the muon chambers and the repgint that the associated track
is consistent with a minimum ionizing particle. This limitee photon energy for small muon — photon
opening angles. For muons, we require that the energy ottbmpist < 2GeVfor R ( ; )< 01,
ande < 0:1E GeVfor0d< R( ; )< 04. Wesummarize the lepton identification requirements
in Table[1. For each observable we will provide “bare” resilie. without smearing and recombination
(only lepton separation cuts are applied) and “calo” resule. including smearing and recombination.
We will show results for kinematic distributions and totabgs sections, at LO and NLO, and the corre-
sponding relative corrections,(% )= dyLo=d 1o 1, atthe LHC. We consider the following neutral
current processesip ! z; ! 1I withl=e; .

7 boson observables

» . total inclusive cross section af boson production.
The results for ; at LO and EW NLO and the corresponding relative correctiorare provided
in Table[2.

q . : o , .
I Invariant mass distribution of the final-state leptonrpai

The relative corrections for different M (I 1 ) ranges are shown for bare and calo cuts in
Figs.[.2.
;‘T%: transverse lepton momentum distribution.
The relative corrections are shown in Fid3 for bare and calo cuts.
dd—l: pseudo rapidity distribution of the lepton.
The relative corrections are shown in Fig]4 for bare and calo cuts.
& p . forward-backward asymmetries (as a functionvof. ; ).
For pp collisions at Tevatron energies s usually is defined by [7]

F B
Arp = . 4
FB F+B ’ ( )

where 7

d d
F = dcos ; B = dcos (5)



LHC, pp! z; ! €e
bare cuts calo cuts
LO [pb] NLO [pb] [%] LO [pb] NLO [pb] [%]
HORACE | 739.34(3) 742.29(4) | 0.40(1) 737.51(3) 755.67(6) | 2.46(1)
SANC 739.3408(3)| 743.072(7)| 0.504(1) | 737.857(2) | 756.54(1) | 2.532(2)
ZGRAD?2 | 737.8(7) 743.0(7) 0.71(9) 737.8(7) 756.9(7) 2.59(9)
LHC, pp! 2Z2; ' °
bare cuts calo cuts
LO [pb] NLO [pb] [%] LO [pb] NLO [pb] [%0]
HORACE | 739.33(3) 762.20(3) | 3.09(1) 738.28(3) 702.87(5) | -4.79(1)
SANC 739.3355(3)| 762.645(3)| 3.1527(4)| 738.5331(3)| 703.078(3)| -4.8006(3)
ZGRAD?2 | 740(1) 764(1) 3.2(2) 740(1) 705(1) -4.7(2)

Table 2: Tuned comparison of LO and EW NLO predictions ferfrom HORACE, SANC, and ZGRAD2. The statistical

error of the Monte Carlo integration is given in parentheses

Here,cos is given by
2 + + + 9t
cos = = p'(l)p (') p@)p @) (6)
m(@Tl) m?@F1)+pa(Irl)
with .
p =P E R (7)

whereE is the energy ang, is the longitudinal component of the momentum vector. s thi
definition of cos , the polar axis is taken to be the bisector of the proton beamemtum and
the negative of the anti-proton beam momentum when they@wstéd into the" 1 rest frame.
In pp collisions at Tevatron energies, the flight direction of ileoming quark coincides with the
proton beam direction for a large fraction of the events. définition ofcos  in Eq. (8) has the
advantage of minimizing the effects of the QCD correctiaee(below). In the limit of vanishing
di-leptonpy,  coincides with the angle between the lepton and the incomiagpn in thel* 1
rest frame.
For the definition ofcos  given in Eq.[(6)A -z = 0 for ppcollisions. The easiest way to obtain
a non-zero forward-backward asymmetry at the LHC is to ektitee quark direction in the initial
state from the boost direction of the di-lepton system wétbpiect to the beam axis. The cosine of
the angle between the lepton and the quark inithie rest frame is then approximated by [7]
P (I"1 )] 2
cos = S
P (L) 1

m2(@T1 )+ pd(Irl)

In Fig.[H (resonance region) and Fig. 6 (tail region) we shbe difference Az between the
NLO EW and LO predictions for the forward-backward asymnestfor bare and calo cuts at the
LHC.

The predictions of HORACE, SANC and ZGRAD2 show a satisfigclevel of agreement. The effect of
the EW NLO corrections, calculated for the total cross sestiwithin the specified cuts, agrees within
the statistical uncertainties of the MC integration, d#féor the three codes at most by two per mille
and in general by few tenth of per mille. Some discrepanciegpeesent in specific observables. This
requires further investigation, which is left to a futurebtication.
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Conclusions

In this report we performed a tuned comparison of the MontdoJarograms HORACE, SANC and
ZGRAD?2, taking into account realistic lepton identificaticequirements. We found good numerical
agreement of the predictions for the totalproduction cross section, the (11), pr and , distributions
and the forward-backward asymmetry at the LHC. To find ager#rnetween the available electroweak
tools is only a first, albeit important step towards coningjlthe predictions for the neutral-current Drell-
Yan process at the required precision level. More detaifediss of the residual uncertainties of predic-
tions obtained with the available tools are needed, in@adr of the impact of multiple photon radiation,
higher-order electroweak Sudakov logarithms and comb@€&d and EW effects (see contribution to
these proceedings). Moreover, such a study should incliie uhcertainties, EW input scheme and
QED/QCD scale uncertainties.
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3 THE NEUETRAL-CURRENT DRELL-YAN PROCESS IN THE HIGH INVARIA NT-MASS
REGION

3.1 Introduction

The Neutral-Current (NC) Drell-Yan (DY) process, which ggive rise to a high invariant-mass lepton
pair, is a background to searches for new phenomena. Exaropteese are new heavy resonances Z’
and G* or possible excess resulting from the exchange of raticfes such as the leptoquarks. These
searches are an important part of the LHC physics programreaugire a precise knowledge of the
Standard Model (SM) background in order to enable the obsierv of new physics signatures, which
may only give rise to small deviations from the SM cross secti

The DY process has been studied in great detail (cf. [15,d6] feview), but independently in the
strong (QCD) and electroweak (EW) sectors. In the high iavesmass region QCD effects are known
to be large and positive. These must be studied includinig fidad order results and, for some classes of
results, resummation to all orders of the contributionse EW corrections tend to increase in size with
energy, because of the virtual Sudakov EW logarithms. Irtgk invariant-mass region, these can be of
the same order of magnitude as the QCD corrections, but Ep@siie sign. In addition, multiple photon
radiation plays a non-negligible role in the determinatafrthe invariant-mass distribution and induces
negative corrections of the order of a few percent. In thbtlf this, it is a worthwhile and non-trivial
exercise to combine all of these different sets of correstiovith the ultimate objective of determining
the DY NC cross section, in the high invariant-mass regiorg precision of a few percent. The results
presented in this contribution represent the first stage loihger term project, with the objective of
systematically investigating all of the various sourcethebretical uncertainty, which can induce effects
of the order of a few percent.

3.2 Available calculations and codes

QCD corrections have been very well studied and a varietyatrfutations and Monte Carlo (MC) gen-
erators exist. These include, next-to-leading-order (INla@d next-to-next-to-leading-order (NNLO)
corrections to thev =z total production rate [17, 18], NLO calculations far;z + 1;2 fts signa-
tures [19, 20] (available in the cod&YRADand MCF| resummation of leading and next-to-leading
logarithms due to soft gluon radiation [21, 22] (impleme&hte the MC ResBos), NLO corrections
merged with QCD Parton Shower (PS) evolution (for instamciaé event generatoMC@NL[R3] and
POWHE({24]), NNLO corrections to neutral- and charged-current iD¥ully differential form [25-28]
(available in the MC progrankrEWZ, as well as leading-order multi-parton matrix elementegan
tors matched with PS, such as, for instana&PGEN[29], MADEVENT30, 31], SHERPA32] and
HELAC[33-35].

Completeo ( ) EW corrections to DY processes have been computed indeptiyndby various
authors in [3, 6, 7, 36] for NC production. The EW tools whichplement exact NLO corrections to
NC production areZGRADZ7], HORACH3] and SANC[6]. In HORACEHhe effect of multiple photon
radiation to all orders via PS is matched with the exact NL\W-&alculation.

3.3 Electroweak Sudakov logarithms

At high invariant masses > M ?Z, the EW corrections are enhanced by Sudakov logarithmseof th
form In(Q ?=M 2 ), which originate from the exchange of soft and collineatudat EW gauge bosons as
well as from the running of the EW couplings. At the LHC, theserections can reach tens of percent

at the one-loop level and several percent at the two-loog [87—39]. The EW Sudakov corrections to

2Contributed by: U. Baur, Q.-H. Cao, C.M. Carloni Calame, 8tr&g, J. Jackson, B. Jantzen, G. Montagna, S. Moretti,
D. Newbold, O. Nicrosini, A.A. Penin, F. Piccinini, S. Pozimp, C. Shepherd-Themistocleous, A. Vicini, D. Wackeroth-
P. Yuan

12



the NC four-fermion scattering amplitude [40-43] can schtoally be written as
2 3
2y4 % n X7 k Q°
A = A 1 — Chaxln
s(@7)=1+ 2 X ” 5
n 1 k=0

5; (9)

wherea 5 (© ?) is the Born amplitude with running EW couplings at the scate The logarithmic
corrections are known to next-to-next-to-next-to-legdiogarithmic (NNNLL) accuracy at the two-loop
level [42,43],i.e.C,, with4 k 1 are known. Due to very strong cancellations between dorinan
and subdominant logarithmic terms, the two-loop correito thee"e |+ ande"e ! og

total cross sections are much smaller than what might nabelexpected and do not exceed a few per
mil in the TeV region.

15
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Fig. 7: Relative precision (in percent) of the Sudakov agjpnation: the one-loop predictions for tké e invariant mass at

the LHC are compared witAGRAD2 The results have been obtained with the following sepamatuts:p: (1) > 20 GeV and
3 (j< 25.

Nevertheless, for the DY process, kinematic cuts and diffeal distributions might partially de-
stroy the cancellations and thus lead to much bigger caorext It is therefore important to investigate
higher-order Sudakov EW corrections to differential DYtdisutions at the LHC. To this end we have
written aFORTRANode that implements the results of Ref. [43] in fully di#fatial form and permits
the interfacing of these to the prograld®RADZ7] andHORACIE]. The one-loop Sudakov expansion
has been validated and agrees with the weak correctioB&BAD2vith a precision at the few per mil
level or better forQ 200 G ev (see Fid.Jr). The small deviations, at low invariant mass,cdrthe
order of the mass-suppressed terms neglected in the Sudakooximation. Fig.]8 shows the Sudakov
expansion up to two loops, wherein virtual photonic conttitins are subtracted as in Ref. [43] and real
photon emission is not included. At the one-loop level, thdgkov approximation (solid curve) is in
good agreement with thd ORACHrediction (dashed-dotted curve), which was obtained lyguthe
set of input parameters appearing in Secfion 8.4.1, fromfuheEW correction by subtracting ( )
photon emission in the leading-logarithmic (LL) approxtmaﬁ The subtraction of the QED-LL cor-
rection makes the results presented in Eig. 8 independprtt terms of ordep (m 2= 2 ), of the final
state lepton flavour. The one-loop Sudakov correction gieldchegative contribution that reaches’
at 1.5 TeV. The combination of one- and two-loop Sudakovemions is shown by the dashed line.
The two-loop effects are positive, reach 1-2% in the ploittedriant-mass range and tend to reduce the
one-loop contributions.

3.4 Combining QCD and EW corrections

In the high invariant-mass region both QCD and EW effectdamge and therefore, in view of the high
accuracy needed by new physics searches, it is importardniioe both corrections consistently, at

3 Electromagnetic matching corrections will be addressea farthcoming publication, but the good agreement suggests
that they should be quite small.
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Fig. 8: EW corrections to the” invariant mass at the LHC: one-loop predictionsHiDPRACHdashed-dotted, see text);
one-loop (solid) and two-loop (dashed) Sudakov approxiomat

the event generator level, to perform a realistic simutatid this process. A first attempt to combine
QED and QCD corrections can be found in [44] and results ferhigh invariant-mass distribution of
charged lepton pairs are shown in Secfion 3.4.2. The cortibmaf QCD and EW effects presented in
Sectior 3.4.11 follows the approach first devised in [45-47].

3.4.1 Combined QCD and EW effects Wit @ NLEndHORACE
The formula for the combination of QCD and EW effects is gitgr{45-47]:

d d d d
— = + (10)
do

QCD EW do best QCD do best EW do bom HERW IGPS

where the differential cross-section, with respect to abgeovableo, is given by two terms: i) the
results of a code which describes at best the effect of QCEections; ii) the effects due to NLO-EW
corrections and to higher-order QED effects of multiple tomoradiation computed witHORACEIn
the EW calculation, the effect of the Born distribution idbsacted to avoid double counting since this
is included in the QCD generator. In addition, the EW corgets are convoluted with a QCD PS and
include, in the collinear approximation, the bulk of the ) corrections.

Preliminary numerical results have been obtained, foe'an final state, with the following set
of input parameters:

G = 1:16639 10°Gev ?; = 1=137:03599911; o sM 2)= 0:18;
My = 80419GeV; My, =91:188GeV; , = 24952 G &V ;
me= 051099892 M &V ; m = 0:105658369GeV; mi= 1743GeV :

The parton distribution function (PDF) s®tRST2004QED13] has been éjsed to describe the proton

partonic content. The PDF factorization scale has beengetléo » = oA ‘i M 62 . » where
M ... Is the invariant mass of the lepton pair. The following cuésér been imposed to select the
events:

ps > 25Gev; j° j<25; M > 200G &V : (12)

et e
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The percentage corrections shown in the right panels of. Bigand[I0 have been defined as=

( NLoO Born+PS )= Bornsps. 1He granularity of the detectors and the size of the elewiignetic
showers in the calorimeter make it difficult to discrimindetween electrons and photons with a small
opening angle. We adopt the following procedure to selecktlent: we recombine the four-momentum
vectors of the electron and photon into an effective electonr-momentum vector if, defining

IS
R(e; )= e )2+  (e; )?%; (12)

R (e; ) < 04 (with ; the distances of electrons and photons along the longdldind az-
imuthal directions). We do not recombine electrons and@m®if > 2:5(with  the photon pseudo-
rapidity). We apply the event selection cuts only after th@ombination procedure.

We have usedIC@NLEs the best QCD generator and have tuned it MI@FM/FEWZAt NLO.
With the same settings, the two codes, when run at LO, givesdinee results asORACEThe tuning
procedure validates the interpretation of the varioustikedeeffects as due to the radiative corrections
and not to a mismatch in the setups of the two codes. The sgadsented have been obtained using
HORACHvhere the exact NLO-EW corrections are included, but no éngitder effects due to QED
multiple emissions. Fid.]9 shows the interplay between tidQ@nd EW corrections for the di-lepton

M, NLO M, Corrections
S ‘ ‘ ‘ ‘ ‘ ;\3 25F ‘ ‘ ‘ ‘ — Qcp ‘ E
) 1, Lo <
8 11 i o 20F — EWK E
9' 10° — NLO QCD — Combined
B —— NLO EWK 15
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=102 k 10 |k ]
g™
. sk
10° F oF ]
5E E
10* F 10F
-15F ]
200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400

M, (GeV) M, (GeV)

Fig. 9: QCD and EW corrections to the di-electron invariamatss
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Fig. 10: QCD and EW corrections to the electron transverssamum.
invariant mass. The QCD corrections are quite flat and pesitiith a value of about5% over the
mass range 200-1500 GeV. The EW corrections are negativeaapmdrom about 5% to 10% and

thus partially cancel the NLO-QCD effect. The 2-loop Sudakmarithms (absent in this plot) would
give an additional positive contribution to the cross-wectIn Fig.[10 the lepton transverse-momentum
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distribution is shown. The NLO-QCD corrections rise fron%4.@ 35% in the interval considered (100—
1000 GeV). The NLO-EW corrections are negative and fall frores to  10% over the same range.

3.4.2 Combined QCD and EW effects wRbsBos

In this work we also examine the effects of the initial-stateltiple soft-gluon emission and the domi-
nant final-state EW correction (via box diagrams) on the lmgariant-mass distribution of the charged
lepton pairs produced at the LHC. We shall focus on the regfdlt0G ev < m .~ < 1500G &V, where

m .. denotes the invariant mass of the two final-state chargeadrispThe fully differential cross section
including the contributions from the initial-state mulgpsoft-gluon emission is given by the resumma-
tion formula presented in Refs. [21, 44,48, 49]. Furthemndrhas been shown that, above theole
region, the EW correction contributed from the box diagramslving z andw exchange is no longer
negligible [7]. It increases strongly with energy and cimites significantly at high invariant mass of
the lepton pair. Hence, we will also include the dominant Edfection via box diagrams in this study.

T T T T T T I T T T T ] 1;2 - T T T T T T T T T T ]

10" E (a) 3 2 (b)

= 5 ] F 7
a r i L1E RB/LB= RES/LO E
Z 107 F E E 3
O = E = E
5o f 1 < F ]
= .f 1 £of 3
2 10°F = R SN ]
B 09 F =
S 10'E = E RB/RES= LB/LO E
10'5 i 1 1 I 1 1 1 1 I 1 1 1 1 \; 0 E 1 1 I 1 1 1 1 I 1 1 1 1 E

200 500 1000 500 "800 S0 1000 1500
m+ - (GeV) m+ - (GeV)

Fig. 11: (a) Invariant-mass distributions of the charggaida pair; (b) ratios of various contributions.

For clarity, we introduce below the four shorthand notadion

LO: leading-order initial state,

LO+BOX (LB): leading-order initial state plus thez=w w box diagram contribution,

RES: initial-state QCD resummation effects,

RES+BOX (RB): initial-state QCD resummation effects plhet z=w w box-diagram contri-
bution.

For this exercise, we consider the electron lepton pairy anld adopt the CTEQ6.1M PDFs [50].
Fig.[11(a) shows the distributions of the invariant mass . for RES+BOX (RB) (black solid line),
RES only (black dashed line), LO+BOX (LB) (red dashed lineyl O only (red dotted line). It is
instructive to also examine the ratios of various contiimg, as shown in in Fig._ 11(b). We note that
the initial-state QCD resummation effect and the EW coioectia box diagrams are almost factorized
in the high invariant-mass region, e.g.

dRB dLB dRES dLO
. am..  dm. am..’ (13)
drg dres , dip d1o
dm .. dm .. am . dm .. (14)

The EW correction from the box diagrams reduces the invanaass distribution slightly around

m 200G ev and largely (9% ) aroundm.: . 1500G ev. On the other hand, the initial

4

e e
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state soft-gluon resummation effect increases the invanimss distribution by an amount 6% at
200 GeV ands% at 1500 GeV. Therefore, the QCD resummation effect domsnaver the EW correc-
tion induced by the z=w w box diagrams in the relatively low invariant-mass regiarg ¢hey become
comparable in the high invariant-mass region. The cana@tldbetween both contributions in the high
invariant-mass region causes the net contribution to keedio the leading order prediction. Finally, we
note that the final state QED correction should also be irduddr predicting precision measurements. A
detailed study including the soft-gluon resummation effew the full EW correction will be presented
elsewhere.

3.5 Outlook and conclusions

The preliminary results of this contribution show the namitl interplay between EW and QCD correc-
tions in the high invariant-mass region of the NC DY procéss. most of the observables, the NLO EW
corrections are negative and partially cancel the QCD ones.

The NC DY process has been studied in great detall in thetitez. This contribution is a first step
towards collecting these different results and augmerttieg with further studies to obtain an accurate
prediction of this process. We have shown a preliminarystigation which includes, separately, results
on the EW 2-loop Sudakov logarithms, QCD resummation, amabieation of QCD and EW NLO cor-
rections. The ongoing investigation aims to combine theot$f above in the simulation and complete
them with multiple photon emission and photon-inducedgract subprocesses. All these effects induce
corrections of the order of a few percent. In addition, theldctron and di-muon final states will be
studied separately in more detail. We also aim to includeeffect of realw andz boson emission.
This could result in the partial cancellation of virtual E\dfections, but it is dependent upon the defini-
tion of the observables and the experimental analysis. &mipteteness, we will include the systematic
uncertainties from the PDFs, energy scale, choice of catiioul scheme, higher-order contributions,
showering model and the EW-QCD combination.
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4 COMPARISON OF HORACE AND PHOTOSINTHE z ! “*“ PEAK REGION E
4.1 Introduction

Precise measurement of gauge boson production crossisedtr pp scattering will be crucial at the

LHC. w =z bosons will be produced copiously, and a careful measurewofeeir production cross-

sections will be important in testing the Standard Model §$Mbre rigorously than ever before to po-
tentially uncover signs of new physics.

Currently, no Monte Carlo (MC) event generators exist thatudeboth higher order QCD and
electroweak corrections. In what follows therefore, weleage whether it is possible to accurately
describe thez production cross-section under tiepeak with an event-level generator that includes
only Final State QED Radiation (FSR) corrections (in thedleg-log approximation) instead of the
complete electroweak corrections included in the HORACHEegator. In addition, we estimate the error
that results if one chooses to use this MC event generatenseh

4.2 Impact of Electroweak Corrections onz Production Cross-Section.

The lack of a MC event generator that incorporates beyondirgaorder corrections in both the elec-
troweak and QCD calculations, leads us to study which oftieections contribute dominantly under the
7 peak. By far the largest correction comes from inclusion bONQCD calculations. These produce a
change in the cross-section of 20% or more [51], dependint®n kinematic region considered. What
we wish to determine then is the error imposed through inolpdnly the leading-log FSR contributions
instead of the exaat ( ) corrections matched with higher-order QED radiation thastén HORACE.
(since these are currently all that can be incorporated ditiad to the NLO QCD corrections).

In order to study this error we used HORACE [52-55], a MC egarterator that includes exact
0 ( ) electroweak radiative corrections matched to a leadigg&D parton shower, and compared it
to a Born-level calculation with final-state QED correc8oadded. The latter QED corrections were
calculated by the program PHOTOS [56-58], a process-imtggeg module for adding multi-photon
emission to events created by a host generator.

In the following we compareghp ! z= | 1'1 events generated by HORACE with the full
1-loop corrections (as described above) and parton-steavweith HERWIG, to these events generated
again by HORACE, but with only the Born-level calculatiomdashowered 