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@ Motivation and introduction: The Drell-Yan process
@ Details of the calculation
© Numerical results

© Summary & Outlook
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Motivation — Importance of the Drell-Yan Process

LHC: Weak bosons (W/Z) produced with large cross sections, fitse charged
leptons easy to reconstruct
— Drell-Yan-like processes importafgtandard candles” at the LHC
@ Monitor and calibrate the LHC'’s luminosity
@ W-boson production:
o Determination oMw, Ny = fundamental SM parameters
@ Z-boson production:

» Determine lepton energy scale, detector resolution, llityeaf detector response
— Important impact on precision of W-boson mass measurement!
» Measure sih©' at the LHC by investigatindvs

@ Constrain PDFshy studying appropriate observables, e.g. the W-bosorgehar
asymmetryAy or Ry = do(W~)/do(W)
@ RatioRz,w = oz/ow important to reduce error on measuremenftof

o V+jet(s) eventsmportant background to ft-production, SM Higgs-boson
production, BSM processes,.

Tobias Kasprzik (KIT) pp — V + jet+ XatNLO 05.04.2011, CERN 3/18



Motivation — Importance of the Drell-Yan Process

LHC: Weak bosons (W/Z) produced with large cross sections, fitse charged
leptons easy to reconstruct
— Drell-Yan-like processes importafgtandard candles” at the LHC
@ Monitor and calibrate the LHC'’s luminosity
@ W-boson production:
o Determination oMw, Ny = fundamental SM parameters
@ Z-boson production:

» Determine lepton energy scale, detector resolution, llityeaf detector response
— Important impact on precision of W-boson mass measurement!
» Measure sih©' at the LHC by investigatindvs

@ Constrain PDFshy studying appropriate observables, e.g. the W-bosorgehar
asymmetryAy or Ry = do(W~)/do(W)
@ RatioRz,w = oz/ow important to reduce error on measuremenftof

o V+jet(s) eventsmportant background to ft-production, SM Higgs-boson
production, BSM processes,.

High-precision theoretical predictions necessary! )
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Reminder: Calculation of Hadronic Cross Sections

. v o
Schematic illustration jet &y -

for pp/pp - 1 70
ZO/’Y + Jet+ (Jet/’}/) i XaPa @ XoPB

(=0 + jet+ (jet/) ‘<}LX

Hadronic cross sections

1 1
dops(pa,P8) = Z/o an/O X fa/a(Xa, 1) To/e(Xo, ) G N (Pa, Po, 11F, 1R)

% ]_-(e—e++jet+(jet/v))({OFS}) , pg‘,b = Xa,bPK,B

o Dependence opg, ur reduced by inclusion of higher perturbative orders
o F(7 " +iett(ieY/7)) incorporates definition of observablg®rs} @ phase-space
cuts
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Hadronic cross sections

1 1
dops(pa,P8) = Z/o an/O X fa/a(Xa, 1) To/e(Xo, ) G N (Pa, Po, 11F, 1R)
a

x FUEHHUM((Op)), Pl = XabPhg

NLO partonic cross section:
3aNbLO ALO + &vut + &real
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Importance of Higher-Order Corrections — QCD

Fixed-order QCD corrections

@ NLO corrections can be huge
@ Mandatory for reduction ofir, ur dependence
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Importance of Higher-Order Corrections — QCD

Fixed-order QCD corrections
@ NLO corrections can be huge
@ Mandatory for reduction ofir, .r dependence

Survey of theoretical predictions
o NLO (1-loop)corrections to single-Z production
o matched with parton showegsxone, webber 2006; Alioli, Nason, Oleari, Re 2008]
o combined with soft-gluon resummati@azzi et a. 2008; Berge, Nadolsky, Olness 2006:.]

o NNLO (2-loop)corrections to the Drell-Yan process known fully diffeiafy
[Catani, Cieri, Ferrera, de Florian, Grazzini 2009; MebvikPetriello 2006; Anastasiou, Dixon, Melnikow, Petrie#004]

o NLO corrections to Z+jet / Z+2jet producticknown, e.g. included itvViCFM
icampen, eisy, Z+jet at NLO matched with parton showesis: nason, orear, re 201q) N O
V+3jet resuliccomputed withBl ackHat + SHERPA (gerger, sem, bixon, Febres Cordero, Forde,
Gleisberg, Ita, Kosower, Maitre 2009, zo;oROC ket + |\/C|:M[E||is, Giele, Melnikov, Kunszt, Zanderighyj] NLO W+4jet
resultscomputed in leading-colour approximati@er, sem, oixon, Febres Cordero, Forde, Gleisbesg, It
Kosower, Maitre 2010]

@ Approximate NNLO resulis for Z+jet / Z+2jefor observables with large
K-factors applying th&oopSi mmethodruin, saiam, sapeta 2010
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Importance of Higher-Order Corrections — QCD

Survey of theoretical predictions
o NLO (1-loop)corrections to single-Z production
o matched with parton showegsxione, webber 2006; Alioli, Nason, Oleari, Re 2008]
o combined with soft-gluon resummati@gzzi et a. 2008; Berge, Nadolsky, Olness 2006:.]

o NNLO (2-loop)corrections to the Drell-Yan process known fully diffeiafy
[Catani, Cieri, Ferrera, de Florian, Grazzini 2009; MebvikPetriello 2006; Anastasiou, Dixon, Melnikow, Petrief004]

o NLO corrections to Z+jet /| Z+2jet producticknown, e.g. included iiVCFM
icampven, enisy Z+jet at NLO matched with parton showeisi nason, oreari, re 201q N O
V+3jet result&omputed W|t|’BI aCkHat + SHERPA [Berger, Bern, Dixon, Febres Cordero, Forde,
Gleisberg, Ita, Kosower, Maitre 2009, 2030 ROC K €t + MCFM eiis, Giete, Melnikov, kunszt, zanderighi) N O \\/+4 et
resultscomputed in leading-colour approxXimati@#er, sem, vixon, Febres Cordero, Forde, Gleisbezg, it
Kosower, Maitre 2010]

o Approximate NNLO resulis for Z+jet / Z+2jefor observables with large
K-factors applying th&oopSi mmethodrubin, saiam, sapeta 2010]

Calculate NLO EW corrections, becausa?(ar) ~ O(a?) J
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Higher-Order Corrections (II) — EW Contributions

EW Corrections (A summary)

o NLO EW correctionknown for off-shell single-Z productiofiumaier, Huber 2000; Arbuzov et

al. 2008; Carloni Calame, Montagna, Nicrosini, Vicini 20@ykunov 2007; Baur et al. 2002; Baur, Keller, Sakumoto 1,998.]
pp— €747 (+7) + X

o Virtual EW correctionknown for on-shell Z+jet production, including NLL and

N N LL approximation&unn, Kulesza, Pozzorini, Schulze 2005]

pp — Z° +jet+ X

Improvement: Do calculation for intermediate Z boson (physcal
final state), include real-y emission

pp — Z%/y +jet(+y) + X — 0+ +jet(+y) + X

o Study off-shell effects, allow for a realistic event defimit

@ Photon radiation off final-state leptofebsent in on-shell approx.!)
— Relevant deviations in the shape of differential crossigastfor leptonic FS
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LO Contributions

Partonic LO contributions)(asa?)

o LO contributions: 3 partonic channels, related by crossing symmetry
o — 2°g, d=ud,
ag — 2°q,
9 — 2°g
@ Sum over quark flavors (Example:qg — 2°g)
1 fq
i = [ o 3= 3 fapl0a)fal0e) 49

g=u,d i=1
@ Partonic LO cross section

b = % fz—éﬂ'ethSMLOFv 8= (Pa+ o)
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Virtual EW Corrections (1)

Overwiev — 1Pl Insertions

Self-energyinsertions:

Triangleinsertions:
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Virtual EW Corrections (I1)

Some details

Pentagon Contributions &(a>as)

o We use the&5,, scheme to calculate the loop corrections:
2 2
[ a(0) — ag, = YCuMy (1— TA—W) . 0Ze— 0Ze— AT }
z

— Large universal contributions @% 7 (k?) /Ok?|,.—o absorbed in the effective
leading-order coupling constant

@ Loops calculated usinGomplex-Mass Schem@enner, itmaier, Roth, wieders 2005)
— Details on backup slide

o We use aron-shell renormalization prescription within the CMS.
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Virtual EW Corrections (I1)

Some details

Pentagon Contributions &(a>as)

@ Reduction of pentagons directly to boxes avoiding smalh@Gdaterminants
[Denner, Dittmaier 2003, 2005@ Passarino—veltmaﬂlssarino, Veltman 1979]

@ Need to calculate complex scalar one-loop 4-point int@gfak:, vitmaier 2010]

@ Take into account CKM dependence onlyesding order (W-boson
production) with a block-diagonal CKM matrix

o AtNLO: Vj = §; in the loops— No renormalization of the CKM matrix!
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Real EW Corrections

Real photon radiation & (asa®): qg — (¢ +q+

@ Soft singularities due to soft photons
o Initial-state collinear singularities due to collinear photon radiatidh
initial-state quarks— renormalization of PDFs

o Final-state collinear singularities due to photon-radiation off firsdte leptons
and quarks

—— Dipole subtraction for photon radiation off fermions pitmaier 1909

Tobias Kasprzik (KIT) pp — V + jet+ XatNLO 05.04.2011, CERN 10/18



NLO Electroweak Corrections — IR Singularities

Infrared Singularities

@ Occur in real bremsstrahlung corrections as well as in laagrams
@ Have to be regularized to make them calculable!

@ Mass regularizationfor IR singularities: include small fermion masses
and an infinitesimal photon masgNeglect regulator masses in non-singular
parts of the calculation!)

¢ combine virtual and real corrections dependence drops out.

o Initial-state collinear singularities absorbed into PDFs

¢ Final-state collinear singularities give rise'to, ) and terms in the cross
section.

Important: Proper definition of observables! )
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NLO Electroweak Corrections — IR-Safe Observables (1)

Photon Fragmentation Function

Important: Proper definition of observables! J

Collinear photon—quark pair in the FS

@ Photon-quark recombination to get rid of unphysicain, ) terms
@ Photon-gluon recombination will lead to soft gluon pole!

@ Way out: Distinguish W/Z+jet from W/Z+ events— discard events with
%y = EqEQEW > 0.7 — residual logs absorbed lenormalized photon
fragmentatlon funCtIOﬂ [Buskulic et al. 1996; Glover, Morgan 1994; Denner, DitteralGehrmann, Kurz 2010]

[quzy) = 3P (2) (0 + 2inz, 4 1)+ DREI(, MF)]

o Non-perturbative paidy-=" VIS(z,, ur) determined by the ALEPH experiment
at CERN
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NLO Electroweak Corrections — IR-Safe Observables (Il

Non-Collinear-Safe Observables

Important: Proper definition of observables! J

A collinear p* + ~ pair can be

A collinear e* + + pair cannot be distinguished experimentally
distinguished experimentally — no recombination necessary
— recombination necessary — survives

— drops out (KLN theorem) — physical contributions!

_ — enhanced corrections!
collinear-safe observable

non-collinear-safe observable

Apply thedipole subtraction formalism
extended to non-collinear-safe observables

[Dittmaier, Kabelschacht, TK 2008]
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Numerical Results at the LHC (1)

Distribution of the invariant mass my, = +/(pe+ + pe- )?
do /dmy [pb/GeV] o[%) (%]
pp — £F07 +jet (+7) 120 1 60
100 F /5 =14 Tev Tw b &% ;
_ g0 — i B
80
10
60
1 40
20
01 . 0 L 55?5{3% ........... |
M 20 058D veto -
oo1 L+ . . S .
60 80 100 120 140 60 80 100 120 140 60 80 100 120 140
my [GeV] me [GeV] mye[GeV]

o Typical Breit—-Wigner shape of the LO distribution

o Final-state photon radiation systematically shifts es¢atsmallem,, — huge
positive corrections

@ Note: QCD corrections uniform and of expected size
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Z+jet vs. Single-Z Production — EW Corrections

Distribution of the invariant mass my, = /(pe+ + pe- )?
[Plots by Alexander Muck; for details see Dittmaier, Hul#4EP 1001:060,2010]
do /dmy[pb/GeV] 6[%)
100 T T T 140
pp — (M0 +jet (+7) 120 L !
VE=li Ty oo | O
10 ¢ bare p, incl. Z ——
80 v rec., incl. 2 ——
60
1
40 ¢
20
01 ¢ Born  ——— ] 0 r
incl. Z/6 —— o0 L
oo b P
60 70 80 90 100 110 120 60 70 80 90 100 110 120
my[GeV] my[GeV]

@ Lineshape of LO Z+jet result disturbed due to jet recoil

@ Relative EW corrections much larger in Z+jet productibtug, greer) than in
the inclusive case¢d violet)

15/18
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Numerical Results at the LHC (11)

Transverse momentum of the leading jet (jet with highespr )

do/dpr.jes [fb/GeV] 5%) 5%)
10000 T T — 0 T T T T 400 T T T T
pp — e Hjet (+y) | | s Cp— ]
1000 — 14 TeV =y ] :
Vs o ¢ e 300 96D e et
b =M,
100 F . 1 -0t 250 | 0GD veto 1
full Fa
P | 086D veto ~ ]
o L Uﬁlfvem“m.mN 1 51 200 QCD,vet ” o
150 b
1 F 4 —20 100 B
50 T s
0.1 4 —25 t
(U o]
0.01 —30 L L L L ~50 | | s L B
25 200 400 600 800 1000 25 200 400 600 800 1000 25 200 400 600 800 1000
Prjet [GeV] Prjer [GeV] P1jet[GeV]

o Negative EW Sudakov logarithms at high energies
@ Huge positive QCD corrections without adequate two-jebp (eteen violet)
@ Two-jet veto stabilizes resultbliue cyar)
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Numerical Results — Compare Z and W Cross Sections

Distribution of the transverse massmr ;, = \/pr*pw— (1 — cosper)

W-PRODUCTION CROSS SECTION
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Distribution of the transverse massmr ;, = \/pr*pw— (1 — cosper)
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Numerical Results — Compare Z and W Cross Sections

Distribution of the transverse massmr ;, = \/2pw+pw_ (1 — cosper)

Z-
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PRODUCTION CROSS SECTION
do/dm g [pb/GeV] 3[%] 6(%]
T T — T 10 T — T — T T — T — T
pp — V +jet (+7) pp — Z + jet (+) 60 | pp— Z+ jet (+Het) i
V5 =14,TeV i
i 40 st
I 20 F
........... | =
85én
| 20 ¢ 56§gzvem """""" )
g
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@ o(W")/o(Z) ~5
o Phase-space-dependent EW corrections 100% bigger in @alpreduction

@ QCD corrections of similar size for W and Z production
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Summary & Outlook

@ We have calculated thfell NLO EW corrections to off-shell V+jet productioat
the LHC/Tevatron:

+ Consistent treatment of the W/Z-boson resonance (Comykess Scheme)
o All off-shell effects included
o Non-collinear-safe treatment of final-stateadiation from leptons

@ Calculation fully differential— We can apply any (sensible) phase-space cuts
and calculate any differential cross section that mightfieterest.

@ Good agreement with older on-shell calculatiothe high-energy (Sudakov)
regime

o Step towards computation obmbined (two-loop{)(a«s) correctiongo the
Drell-Yan process

Sizeable EW corrections to relevant
observables in V+jet production

— should be taken into account in an
analysis of experimental data

Tobias Kasprzik (KIT) pp — V + jet+ XatNLO 05.04.2011, CERN 18/18



Summary & Outlook

Sizeable EW corrections to relevant
observables in V+jet production

— should be taken into account in an
analysis of experimental data

Future plans:

@ Include final-statenulti-photon radiatiorin a structure-function approach
(~ —5% corrections for inclusive Z-boson production in the regumeagion)

@ Combine our results witktate-of-the-art MC generatdr
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Thank Youl!
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Physical Setup — Definition of Observables

Definition of the physical final state:
@ Recombination of photon and nearest leptoR,if, < 0.1 — p, = p, + k,
@ Recombination of photon and je,(@) if R, jet < 0.5
@ NLO QCD: Recombination of two QCD partons to one jeRif> < 0.5

Leptonic cuts
o Requirely,| < 2.5 andpr ¢ > 25 GeV for each final-state lepton
@ Requiremy, > 50 GeV (Z-boson production)

| A

Jet observables in NLO QCD
o Require at least one hard jet Withet| < 2.5, prjet > 25 GeV

o Two-jet veto: Discard events with two back-to-back jets, require < pr1/2
— reduction of (sizeable) tree-level ¥ 2 jet contributions

@ Variable scale choice:constant scaler = ur = My, variable scale
PR = pE = /M + p% haq — adjust scale to kinematics of hard process

Lepton-jet separation: Discard event iR, jer < 0.5
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The Complex-Mass Scheme (CMS) for Unstable Particl

A problem with unstable particles

Naive implementation of finite width in gauge-boson progaga

—igv —ign
—
qz—M\%v—Fie q2—M§V+iMWFW

'y includes Dyson summation of self energies, mixing of pédtive orders
— might destroy gauge invariance (even at leading order!)

— CMS universal solution that
@ respects gauge invariance

@ isvalid in all phase-space regiorls

Straightforward implementation:
2
o LO: M\2/—>u\2/:M\2/—iMVrv, COSzeW:':—‘Q’, V:W,Z
z
@ NLO:

¢ Complex renormalizationfq — L + 6L, bare (real) Lagrangian unchanged!
» Evaluate loop integrals with complex masses
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