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Introduction — W/Z + Jets at the LHC

Vector bosons almost always produced together with additical
QCD radiation

V + jets production: pp— W/Z + njets

SN
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@ Proper understanding of SM physics
@ Studyjet dynamicdn QCD
@ Backgrounds to various signatures (leptons + jefis ypredicted by
new-physicanodels
o SUSY-particle pair production
o Single-graviton production (1 jet pT) — vely +jet
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@ Backgrounds to various signatures (leptons + jefis ypredicted by
new-physicanodels
o SUSY-particle pair production
o Single-graviton production (1 jet pT) — vely +jet

High-precision theoretical predictions necessary! J
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W/Z + jet(s) at the LHC — QCD Corrections

W/Z + n jetsmulti-leg processes, high jet multiplicity
— demanding calculations, high computational effort

@ NLO corrections matched with parton
showers for W/Z + jett\hohetal, 2010] and (200 300 400 50 600 700800 900 _ 1000
W + 1/2/3 ]etS productioﬁherpmM@NLO: Hoeche, [ i

W +djets+X —. Lo
— NLO

Krauss, Schonherr, Siegert 2012] % w0 V8 = 7Tev 3

. ot f

@ Resummation effects known for V-bosc 3 | ]

prOdUCtIOI’l at SmaHBozzi etal. 2008; Berge, Nadolsky, ;_ 10°E o = b = HL /2 a
Olness 2006; . .] and Iarng [Becher, Lorentzen, Schwartz 2012 § % :? ZZ;ZZ\\// h::: 1325

E/ > 20Gev, M > 20Gev

S .
o NLO corrections to W + 1/2/3/4(/5) jets  *°
and Z + 1/2/3/4 jetS knoWBackHaHSherpa,

Rocket+MCFMmany others . .]

— W + 5 jets: First 2 — 6 NLO

R = 05 [antic] BlackHat+Sherpa

--- LO/NLO W NLO scale dependencé® LO scale dependence

prediction for hadron colliders! Y cicalinibibelelaieniobinc e
. 200 300 400 500 600 700 800 900 1000
@ Automation of NLO Hy [Gev]
computationsapenmps‘ GoSam, HELAC-NLO, [Berger et al.: arXiv:1009.2338 [hep-phl]
MadLoop/aM@NLO, . . .]
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V + jet Production at High Energies

Sudakov Logarithms

High-energy limit

S [tf, [u > MG, s~ |t~ |ul

— bosons have to be produced at largpr

@ EW corrections at high energies dominatedioyversal large logarithms

o I (Mv/v5) (LL),
x atIn*~YMy/vs) (NLL),...

at theL-loop level

@ Sizable negative correctioas NLO at largepr

o Change of sigmgoing from LL to NLL (to NNLL ...)
— substantial cancellations possible!
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EW Corrections to V + jet Production

On-Shell W/Z production with one QCD jet:

10t L0 —
o Purely weak corrections to on-shell .
Z + jet production known, including % .
NLL and NNLL approximationsit 5|0 w
one IOOpKuhn.Kulesza, Pozzorini, Schulze 2005] igiﬁ (a) v
@ Full O(«) + leading 2-loop o R
correctionsknown for on-shell W + 010 NLLAO 1 ——

NNLL/LO — 1

Jet product'onKuhn Kulesza, Pozzorini, Schulze 2007/08;

Hollik, TK, Kniehl 2008] 030

@ NNLO =NLO + 2-loop NLL AT ) W

» NLL and NNLL considered at one oo RVt
loop 010 NLL/LO —1 ——

o Typical negative one-loop Sudakov 020 NNLL/LO 1
logs 030

¢ NLL two-loop corrections lead to a 040 (o) W
shift of ~ 10% at highespT 200 400 600 800 1000 1200 1400 1600 1800 2000

r [GeV]
[Kahn et al.: arXiv:0708.0476 [hep-phi]
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EW Corrections to V + jet Production (I1)

Next step:

Compute full NLO EW corrections to

pp — W+ jet— vl +jet,
pp — Z/’y*-i-jet—)ﬁ»éi/l/gﬁg-i-jet

in the SM (penner, itmaier, Tk, Miick 2009/11]

Include leptonic decays:
v/ Final-state leptons phenomenologically accessible
v/ Investigate effects due to final-state photon radiation
Include off-shell effects:
v Investigate distribution ain,, (NC) andmy ¢, (CC)
— Search for new resonances in the off-shell tails
Challenges:
— Consistent treatment of finite gauge-boson width!
— Demanding 2— 3 computation in the full SM (many scales, pentagon diagrar
infrared singularities, . .)
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Virtual EW Corrections to pp— ¢/ + jet

Overview — 1PI Insertions

Self-energyinsertions:
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Virtual EW Corrections pp— ¢/ + jet (II)

Some details

Pentagon Contributions &(a>as)

o The fine-structure constant is defined in g scheme:

[ OC(O) — aG, = \/EG?“MGV ( - M\%v) ) 0Ze — 02 — lAr J

Mz

o LOOpS Calculated USIngomp|eX-MaSS Schem@enner, Dittmaier, Roth, Wieders 2005]
@ Reduction of pentagons directly to boxes avoiding smalh@Gdaterminants

[Denner, Dittmaier 2003, 2005]

@ Need to calculate scalar one-loop 4-point integrals witgl@x massesenne:

Dittmaier 2010]
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The Complex-Mass Scheme (CMS)

A problem with unstable particles
Naive implementation of finite width in gauge-boson progaga
_iguv —ig‘“’
—
qz—M\%v—Fie q2—M§V+iMWFW

Iy includes Dyson summation of self energies, mixing of pédtive orders
— might destroy gauge invariance (even at leading order!)
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The Complex-Mass Scheme (CMS)

A problem with unstable particles

Naive implementation of finite width in gauge-boson progaga

—ig —ig
—
qz—M\%v—FiE q2—M5V+iMWFW

Iy 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 regions

Straightforward implementation:
0 L0 MZ —yf =M —iMyly, coOw="2 V=W,Z
z
@ NLO:

s Complex renormalizationfo — £ + 6L, bare (real) Lagrangian unchanged!
» Evaluate loop integrals with complex masses
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Real EW Corrections to pp> ¢/ + jet

Infrared Singularities

Real photon radiation &(asa®): qg — (=0T +q+

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

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

—— Dipole subtraction for photon radiation off fermions pitmaier 1999
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Final-State Radiation

We allow for fully exclusive treatment of FS photon radiation:

@ dressed electrons (rec.)recombination of collinear
electron—photon configurations
— large Inmg terms cancel

@ bare muons: exclusive treatment of collinear muon—photon
configurations
— enhancement of corrections due to largmjnterms

@ quark — photon fragmentation: exclusive treatment of collinear
parton, g)—photon configurations to separate V + jet from V + photon
— residual Inmy terms absorbed in the perturbative part obaormalized
photon fragmentation functiQ#iskic et ai. 1996; iover, Morgan 1994; Denner, Diteraehrmann, Kurz 2010]

O‘Qq m

Da—r(2y) = 5 =Pa—1(2)) ('” 2 +2Inz, + 1) DAEPMS(2,, i)

NoCn-perturbative pa;-EPHMS(z, 1) determined by the ALEPH experiment
at CERN
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Technical Framework

Tools for numerical evaluation: Two completely differentimplementations!

SD (Freiburg), TK (Karlsruhe)

o Virtuals: FeynArt s- 1. O wkubibeck sshm, penney

o Algebraical reduction: in-houselVat hemat i ca routines
@ Real emission:amplitudes worked out by hand

@ Numerical integration: Vegas iepag

v

AD (Wurzburg), AM (Aachen)
o Virtuals & real emission: FeynArt s- 3. 2/ For nCal c- 3. 1 e
o Fortran code generated automatically Bgl e e vic

@ Numerical integration: Pol e interface toLusi f er piwmaer, rot
(Vegas-improved)
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Numerical Results (I) — Z + jet production

Distribution of the invariant mass my, = /(pe+ + pe- )?
do/dmyg [pb/GeV] 0[%] 0[%]
pp — (107 +jet (+7) 1200 e 60
100 F /5 — 14 Tev 1o &
- gy — 40
10 F R ] %

HoH .
Thull,veto 60

20

1 40 Sp=M
o F ‘%cp
. 20 5815])
01 b 0 A o | o, f
ey 1 gvar
—20 : QCD,veto
0.01 1 1 1 1 1 1 1 1 1 1 —40 1 1 1 1 1
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 eseéatsmallemy,
— huge positive corrections
corrections to total cross section still small £5%)

@ Note: QCD corrections uniform and of expected size
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Numerical Results (II) — Compare Z and W Cross Sectio

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

W-PRODUCTION CROSS SECTION

do/dmr, g [pb/GeV] o o1%]

T

50

Dp — Vet (+7)

pp — W* +jet (49) | g0 | PP = W +jet(+jet)

40

30

=M,
e ”
85en
gE=Mz

—15 | ‘Ew,w 4 =20 F QCD,veto -

20

10

gyar
QCD,veto ~ 7"

0 i 1 1 1 ey L I —-20 1 1 1 1 1 1 1 —40 1 1 1 1 1 1 1
50 60 70 80 90 100 110 120 06 070809 1 11121314 0.6 070809 1 111213 14

mr g [GeV] mer o/ My m e/ My
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Numerical Results (II) — Compare Z and W Cross Sectio

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

W AND Z-PRODUCTION CROSS SECTION

50

40

30

20

10

dofdma gz [pb/GeV] 61%) 51%)
. 10— R
pp — V +jet (+7) pp — Z+jet (+7) 60 F pp— Z+jet (+et) E

1 5
40 ks
0
I 20 |
,,,,,,,,, -5 0 REE
........... | iy
0 e
0GED
b . L =M, 4
—15 20 650D,%/eto """"""
gvar
T L —-20 L L L L L L L —40 AQCDA’vetOA L L L

50 60 70 80 90 100 110 120 06 0.7 0809 1 1.1 1213 14 06 070809 1 11121314

mr,u [GeV] mer o0/ My mp g/ My
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Numerical Results (II) — Compare Z and W Cross Sectio

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

W AND Z-PRODUCTION CROSS SECTION

50

40

30

20

10

do/dm g [pb/GeV] 3[%] 6(%]
T T — T 10 T — T — T T — T — T
pp — V +jet (+7) pp — Z + jet (+7) 60 PP — Z+jet (+jet) .
V5 =14,TeV i
i 40 st
I 20 F
........... | =
Bp
| 20 ¢ 56§gzvem """""" )
g
T L L —920 L L L L L L L —40 ‘QCD‘.Veto‘ L L L L
50 60 70 80 90 100 110 120 06 070809 1 11121314 06 070809 1 11121314
m g [GeV] my /My mp ee/ My
@ o(Wh)/o(Z) ~5
o Phase-space-dependent EW corrections 100% bigger in @alpseduction

(two leptons in the final state!)
@ QCD corrections of similar size for W and Z production
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Numerical Results (l11): Z + jet production

Z+jet production, leading-jet transverse momentum

do /dpr jet[pb/GeV] 0[%)

100 T T T T 10 T T T T

10 angz ] 5 i

1 wo | |
Oy oo ]

0.1
0.01 ¢

var
ONLO,vetg™

0.001 F s L - ir |
0.0001F o0 | o 1
05k pp — Il + jet + s 7%“{,&; ,,,,,,,,,
oo LYA=14TeV S » o
200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000
et [GeV] Prjet[GeV] prjet[GeV]

o Huge QCD corrections at high jet
— events at NLO dominated by tree-level Z + 2 jets production

o Jet vetostabilizes corrections; reduction of scale dependence
o Large negative EW correctiora highpr jer due to universal Sudakov logs
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Numerical Results (IV) — Single-Jet Production

Monojet production, missing transverse momentum

do /dpr miss[pb/GeV] (%] o[%]
100 : : : : 10 : : : : 60 : : : :
. p=Ms, e
10 Lo 1 5 F 1 40 F T -
ovar .
1 o 1 0 20
INLO
0.1 ¢ -5 | 0
0.01 F —10 | —20 | —
0.001 F —15 a0 b g{(ir[)
0.0001 i 20 iy —— 60 S
X pp— jet + B+ X R ;:Z e —
5L 1 o5 | 0 | YN i
10 Vs =14 TeV g 7 80 1" 0%ED veto
10 6 1 1 1 1 —30 1 1 1 1 —100 n n n n
200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000
DT miss [GeV] PT,miss[GeV] PTmiss|GeV]

@ Moderate QCD correctionsonstanK-factor forvariable scalehoice
— jet veto leads to anoderateshift (-20%), no distortion of process signature

@ Assume factorization of EW correctiofar this particular
observable
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Combination of QCD and EW Corrections

Task: Include EW corrections in comparison with experimentahdat
(DY: Additive combination of NLO EW + NNLO QCD ifrEWZ (1, petriciio 2012)

Challenge

How to combine our NLO EW corrections with a “state-of-th&-a
QCD Monte Carlo (N(N)LO, parton-shower, resummation,
hadronization, . .)

@ Compute mixed QCR EW corrections
= difficult, requires involved 2-loop computations

@ EW correctionslominated by Sudakov logttributed to hard process,
QCD correctionslominated by soft and collinear radiation
= factorized ansatmay be well justified

dabest Ubest
QCDxEW QCD
—2" = (149
dor, (LT OewlPra)) g

Caveat: Factorized ansatz will fail for observables whigh
are dominated by hard QCD radiation (Z + 2 jets at LD)!
= veto hard back-to-back jets
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EW Corrections at the Tevatron

Our predictions have been included in the analysis of Tevatin data

[http://www-cdf.fnal.gov/physics/new/qcd/QCD.html]

CDF Run Il Preliminary

§ 10! E —— CDFData L= 9.64fb" § [ — ANLO LOOPSIM+MCFM
8 [ [] systematic uncertainties 5 15 [ — NLOMCFM
g 10° —s— NLO QCD [ NLO EW = T Y w=in=ul2
£ £ MSTW2008NLO PDF g -
- r 1 =1 L
I 1L =30 =1 P+ P+ P 1
o £ —— arxiv:1103.0914
g n == - )
59 .
d 10 e E
E [ — NLOQCDONLOEW
F = 14r _ Noqeo
1= [
E 1.2
Fozyr e my+atjet [ e
. - s
101 ce wini<10:p! 2 1r
: |‘ e |n|</1 nl. Z:|> 25 GeVic T — 1=
F o pe230Gevie, [v"|s21 F
I | I I 0.8 I IR | I I I
30 40 50 100 200 3?0 30 40 50 100 200 _300
pi" [Gevic] pi‘“ [GeVic]

) 5EW ~ 5% atp'rz = 300 GeV
@ Onset of Sudakov logs visible at the Tevatron
@ EW correctionsrucialat the LHC
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Summary & Conclusions

We have calculated the full NLO EW corrections
to off-shell V+jet production and single-jet production at
the LHC:

o Consistent treatment of the vector-boson resonance using t
Complex-Mass Scheme

o All off-shell effects included

@ Non-collinear-safe treatmeof final-state photon radiation from
leptons possible

o Calculationfully differential

o Predictions for Z+jet productiomplemented in CDF analysis
htt p: // www cdf . f nal . gov/ physi cs/ new qcd/ QCD. ht m

Future Work:

@ Publish monojet results!

@ Combination of EW and QCD corrections

@ Compare our results to LHC data
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Summary & Conclusions

We have calculated the full NLO EW corrections
to off-shell V+jet production and single-jet production at
the LHC:

o Consistent treatment of the vector-boson resonance using t
Complex-Mass Scheme

o All off-shell effects included

@ Non-collinear-safe treatmeof final-state photon radiation from
leptons possible

o Calculationfully differential

o Predictions for Z+jet productiomplemented in CDF analysis
htt p: // www cdf . f nal . gov/ physi cs/ new qcd/ QCD. ht m

Future Work:

@ Publish monojet results!

@ Combination of EW and QCD corrections

@ Compare our results to LHC data

Thank You!
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NLO Electroweak Corrections — IR-Safe Observables

Infrared Singularities

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

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

@ combine virtual and real corrections dependence drops out.

» 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! J
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NLO Electroweak Corrections — IR-Safe Observables

Important: Proper definition of observables! )

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

o Way out: Distinguish Z+jet from Z+ events— discard events with

%y = EqEQEW > 0.7 — residual logs absorbed lenormalized photon

fl’agmentatlon funCtIOﬂ [Buskulic et al. 1996; Glover, Morgan 1994; Denner, DitteralGehrmann, Kurz 2010]

[DQ*”Y(Z’Y) = O;_?quq%v(zv) (In % +2Inz, + 1) + DQLE;DH’W(ZW MF)]

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

We have worked out théipole subtraction
formalism for non-collinear-safe observables and
various QED Splittings[omma.er, Kabelschacht, TK 2008]
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EW Input Schemes — Definition of

9 «(0): On-shell definition in the Thomson-limit (zero momentuirisfer)

(PP, PU(P) | e = E(O)T(P) () , (0) = €(0)?/4m

«(Mz) obtained via renormalization-group running from 0 to weekisM;

a(0)

a(Mz) = 3= Aa(Mz)’

Ac(Mz) = M5 (0) — ReNf% (M2)

@ ag, defined through the Fermi constant related to the muonrifeti

V2G,M3  a(0)

T T 1—Ar
Ar includes corrections to muon lifetime not contained in QiEiproved Fermi
model

o light-fermion mass logs contained i1, (0) resummed in effective
couplingsa(Mz) and ag,,

05(3“
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