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Motivation — Importance of the Drell-Yan Process

@ LHC: Z bosons produced with large cross sectien(x 10” events/year),
lepton pair easy to reconstruct
— Drell-Yan-like processes importafgtandard candles” at the LHC!
¢ Monitor and calibrate the LHC’s luminosity
» Determine lepton energy scale, detector resolution, lityeaf detector response
— Important impact on precision of W-boson mass measurement!
o RatioRz, = oz/ow important to reduce error on measurementof
» Measure sif©' at the LHC by investigatindvs
o Constrain PDFsby studying appropriate observables

Tobias Kasprzik (KIT) pp — Z + jet+ XatNLO 22/7/2010, 35th ICHEP, Paris 3/1



Motivation — Importance of the Drell-Yan Process

@ LHC: Z bosons produced with large cross sectien(x 10” events/year),
lepton pair easy to reconstruct
— Drell-Yan-like processes importafgtandard candles” at the LHC!
¢ Monitor and calibrate the LHC’s luminosity
» Determine lepton energy scale, detector resolution, lityeaf detector response
— Important impact on precision of W-boson mass measurement!
o RatioRz, = oz/ow important to reduce error on measurementof
» Measure sif©' at the LHC by investigatindvs
o Constrain PDFsby studying appropriate observables
o Z+jet(s) eventémportant background to BSM processes
— Z'-signatures in tail ofn,, distribution
— Z + jet — v + jet: Mono-jet event, same signature as for graviton
production in certain Extra-Dimension models

Tobias Kasprzik (KIT) pp — Z + jet+ XatNLO 22/7/2010, 35th ICHEP, Paris 3/1



Motivation — Importance of the Drell-Yan Process

@ LHC: Z bosons produced with large cross sectien(x 10” events/year),
lepton pair easy to reconstruct
— Drell-Yan-like processes importafgtandard candles” at the LHC!
¢ Monitor and calibrate the LHC’s luminosity
» Determine lepton energy scale, detector resolution, lityeaf detector response
— Important impact on precision of W-boson mass measurement!
o RatioRz, = oz/ow important to reduce error on measurementof
» Measure sif©' at the LHC by investigatindvs
o Constrain PDFsby studying appropriate observables
o Z+jet(s) eventémportant background to BSM processes
— Z'-signatures in tail ofn,, distribution
— Z + jet — v + jet: Mono-jet event, same signature as for graviton
production in certain Extra-Dimension models

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

) Y o
Schematic jet &y -
iIIustr_ation for ‘ @ 70
pp/PP — XaPa %Pg

Z° + jet+ (jet/y) —
Rt N O —

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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1 1
dJAB(pA’ pB) == Z ‘/0 dxa‘/o de fa/A(Xav MF) fb/B(XlCh /J'F) da—ybl_o(paa pba HF, MR)
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
o Mandatory for reduction of renormalization- and factotia@a-scale dependence

What we know already:

@ NLO (1-loop) corrections to single-Z production
o matched with parton ShoweFskione, webber 2006; Alioli, Nason, Oleari, Re 2008]
o combined with soft-gluon resummati@sezi et ai. 2008; Berge, Nadolsky, Oiness 2006 ]
@ NNLO (2-loop) corrections to the Drell-Yan process knowityfdifferentially
[Catani, Cieri, Ferrera, de Florian, Grazzini 2009; MetnikPetriello 2006; Anastasiou, Dixon, Melnikow, Petrie#004]
@ NLO corrections to Z+jet / Z+2jet production known, e.g.lumed inMCFM
[Campbell, Ellis} NLO V+3Jet results Computed W|tBI aCk"'at TP SHERPA [Berger, Bern,

Dixon, Febres Cordero, Forde, Gleisberg, Ita, Kosowerid&i009, 2010§ ROC k et + IVCFM[EIIis. Giele, Melnikov, Kunszt, Zanderighi]
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Calculate NLO EW corrections,
becauseO(a) ~ O(a?)
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Higher-Order Corrections (II) — EW Contributions

EW Corrections (A summary)
@ NLO EW corrections known for off-shell single-Z producti@naier, Huber 2009; arbuzov et

al. 2008; Carloni Calame, Montagna, Nicrosini, Vicini 20@ykunov 2007; Baur et al. 2002; Baur, Keller, Sakumoto 1998
pp— €747 (+7) + X
o Virtual EW corrections known for on-shell Z+jet productjoncluding NLL and
N N LL apprOXImatIOI’lSKuhn Kulesza, Pozzorini, Schulze 2005]

pp — Z°+jet + X

Important improvement: Do calculation for intermediate Z b oson
(physical final state), includey-emission!

pp — Z°+jet(+v)+X — 0 fjet(+9) + X

o Use same setup as for W+jet calculati@fer, oitmaier, Tk, miick 2009]
o Study off-shell effects, allow for a realistic event defomit
@ Photon radiation off final-state leptofebsent in on-shell approx.!)
— Relevant deviations in the shape of differential crossisastfor leptonic FS
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LO Contributions

Partonic LO contributions)(asa?)

@ LO contributions: 3 partonic channels, related by crossing symmetry
o6 — 2°g, g=ud,
g — Z°q,
9 — Z2°g

@ Sum over quark fIavors(ExampIe'qq —2Z°%g)

Upp(qq /ande Z Z fq /p(Xa) oy /0 (%) G, q,q,—>Z°g

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

&LO 28 f[ é*]ethSMLOF §=(pa+ pb)2
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Virtual EW Corrections

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:
2G, M2 M2
[ a(0) — oo, = M (1- k), 67— 020 - JAr J
@ Loops calculated usinGomplex-Mass Schem@enner, itmaier, Roth, wieders 2005)

(— backup slide)
@ Reduction of pentagons directly to boxes avoiding smalh@Gdaterminants

[Denner, Dittmaier 2003, 2005]

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

Important: Proper definition of observables! J

Collinear photon-quark pair:
@ Photon-quark recombination to get rid of unphysicaii, ) terms
@ Photon-gluon recombination will lead to soft gluon pole!

o Way out: Distinguish Z+jet from Z+ events— discard events with
7y = iE > 0.7 — residual logs absorbed imenormalized photon
fl‘agmentatlon funCtlon [Buskulic et al. 1996; Glover, Morgan 1994; Denner, DittevaGehrmann, Kurz 2010]

[quzy) = Py (z,) (In " 12z, + 1) DALEP™ MS(zyqu)j

o Non-perturbative panDQLEfH"\TS(ZV, ) determined by the ALEPH experiment
at CERN
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NLO Electroweak Corrections — IR Singularities

Important: Proper definition of observables! )

A collinear e + ~ pair cannot be
distinguished experimentally

— recombination necessary
drops out (KLN theorem)

collinear-safe observable

A collinear p* + « pair can be
distinguished experimentally
— no recombination necessary
— survives

— physical contributions!

— enhanced corrections!

non-collinear-safe observable

We have worked out theipole subtraction
formalism for non-collinear-safe observables and
VaI’IOUS QED SplittingS[Dinmaier, Kabelschacht, TK 2008]
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Numerical Results at the LHC — Preliminary

(Physical setup— backup slide)

Distribution of the invariant mass my, = +/(pe+ + pe-)?
do /dmyg [pb/GeV] 0[%] 0[%]
pp — L0 +jet (+7) 120 1 60 i
100 F /5 = 14 Tev Tw | 7 % ;
_ o) — o ;L L i
10 F ] Uggl‘i i 1% ) e

OB
Tfull,veto 60

40

e
20 (SgléD ““““
0.1 0 L 5ézgzvem ........... |
1 920 OGED veto ~ -
0.01 L L L L L L L L L L
60 80 100 120 140 60 80 100 120 140 60 80 100 120 140
Myyp [GeV] Myee [GeV] mu[GeV]

o Typical Breit—Wigner shape of the LO distribution

o Final-state photon radiation systematically shifts es¢éatsmallem,, — huge
positive corrections;orrections to total cross section still small £5%)!

@ Note: QCD corrections uniform and of expected size
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Numerical Results — Compare Z and W Cross Sections

Preliminary

Distribution of the transverse massmr ;, = \/ZpT,ﬁpmf (1 — cospe)

W-PRODUCTION CROSS SECTION

do /dm e [pb/GeV] 61%] 51%)
50 — 10 — —
pp — V +jet (+7) pp— Wt tjet (+9) | g0 | PP WF +jet (+jet)
T
0 \/5:14;3T9V 1 5 F R I "1
30 P p— T,.;
A -
=M,
20 | : Socn”
0 Syar T
GCD
+ - =M,
10 F 115 1 55‘)&‘,“/ ........... 1 —20 L 660D,Zvcto ........... i
gvar
GED,veto
0 "o A L —920 L L L L L L L —40 L L L L L L L
50 60 70 80 90 100 110 120 06 0.7 0809 1 1.1 121314 06 070809 1 11121314
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Tobias Kasprzik (KIT) pp — Z + jet+ XatNLO 22/7/2010, 35th ICHEP, Paris 13/ 1



Numerical Results — Compare Z and W Cross Sections

Preliminary

Distribution of the transverse massmr ;, = \/ZpT,ﬁpmf (1 — cospe)

Z-PRODUCTION CROSS SECTION
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Numerical Results — Compare Z and W Cross Sections

Preliminary

Distribution of the transverse massmr ;, = \/ZpTﬁpT,r (1 — cospe)

Z-PRODUCTION CROSS SECTION

do/dm g [pb/GeV] a[%) 6[%]
50 — 10 — —
pp — V +jet (+7) pp — Z+ jet (+7) 60 | pp— Z+ jet (+jet) .
10 V5 = 14,TeV |

40 Fs

30 s :
20 F

20 Bhgh
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0
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10 1 oo b s ,
20 55201]\)/1.Zvet0 """"""
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0 e e 0 ] g LWt g L0t
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@ o(W")/o(Z) ~5

@ Phase-space-dependent EW corrections 100% bigger in @alpseduction
@ QCD corrections of similar size for W and Z production
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Summary & Outlook

)

We have calculated the full NLO EW corrections to off-shetj& production at
the LHC/Tevatron:

¢ Consistent treatment of the Z-boson resonance (Complessi@aheme!)
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 mightfiaterest.

We have two independent implementations of the calculation

— reliable check of the results!

EW corrections are sizeable in certain phase-space regiostsould be taken
into account in an analysis of experimental data

Future plans:

@ Include final-state multi-photon radiation?
s Investigate phenomenological impact on relevant obséesasR=, Rz/w, Ars, . . .
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Thank You!
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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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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
o Requiremy, > 50 GeV

| 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-Z 2 jet contributions

@ Variable scale choice:constant scalpr = ur = Mgz, variable scale

pR = ptE = /M2, + p2 .4 — adjust scale to kinematics

Lepton-jet separation: Discard event iR, jer < 0.5
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One-Loop QCD Corrections — Review

NLO QCD contributions a®(a2a?) (sample diagrams)

@ Real corrections: 3 generic processes, crossing and 5 active quark flavors le:

to ~ 100 different partonic channeg)s
ql ql - g 97 q = U, d7

ut — Z dj dj,

g — Z°aq
o Virtual corrections: Self-energies, triangles, box diagrams
@ Cross section contributions:

(6" + 6% = L [,dPS|Myeal? + % [, dPS 2REMunM{o] |
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