QCD Radiative Corrections for
the LHC

Goran Duplancic
Rudjer Boskovic Institue

B




. WHY?

Reliable and precise comparison between
theoretical predictions and experimental data.

WHY IS THAT IMPORTANT?

To find New Physics

Really!
How is it possible to find
New Physics by doing long
and boring calculations in
the Standard Physics?

OK, it is important
but not so exciting.




WE CAN SEE NEW PHYSICS IN TWO WAYS.

Yes! Let’s find it in
that way!

Precise!? Detaill?
Omy...
| don’t want to do
that!

Oh, no! I quit!



Anatomy of a QCD prln .dron colliders
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From an experimental perspective, the ideal situation would be to have the matrix
elements (NLO) interfaced to a parton shower Monte Carlo.



Each order in the perturbative series in a; helps to increase the
reliability of QCD corrections.

At the LHC experimental errors for many QCD
processes will be typically smaller than intrinsic
uncertainties off NLO predictions (10-20%).



Examples

Higgs production via gluon fusion with H—yy at the LHC
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Anastasiou, Melnikov, Petriello (2005)

Large scale uncertainty at NLO which is considerably reduced at NNLO.
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W and Z boson production at the Tevatron
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Anastasiou, Dixon, Melnikov, Petriello , PRD69 (2004)

NLO prediction not within LO uncertainty band. NNLO shows that perturbative
prediction is reliable.



Experimenter’s wishlist
for LHC processes

A prioritized list of cross sections which

are experimentaly important and which

are theoretically feasible (if difficult) to

calculate (asembled in 2005 and added
to in 2007 and 2009).

Process (V € {Z,W,v})

Comiments

Calculations completed since Les Houches 2005

1Lpp = VViet

2. pp — Higgs+2jets

3pp=VVV

4 pp — tibb

5. pp — V+3jets

WWjet completed by Dittmaier/Kallweit/Uwer [4, 5];
Campbell/Ellis/Zanderighi [6].

Z Zjet completed by
Bimoth/Gleisberg/Karg/Kauer/Sanguinetti [7]

NLO QCD to the gg channel

completed by Campbell/Ellis/Zanderighi [8];

NLO QCD+EW to the VBF channel

completed by Ciccolini/Denner/Dittmater [9, 10]

ZZ Z completed by Lazopoulos/Melnikov/Petriello [11]
and WWZ by Hankele/Zeppenteld [12]

(see also Binoth/Ossola/Papadopoulos/Pittau [13])

relevant for tTH computed by
Bredenstein/Denner/Dittmaier/Pozzorim [14,15]

and Bevilacqua/Czakon/Papadopoulos/Pittau/Worek [16]
calculated by the Blackhat/Sherpa [17]

and Rocket [18] collaborations

Calculations remaining from Les Houches 2005

6. pp — t1+2jets

7. pp = VV bb,
8 pp — VV+2jets

relevant for ttH computed by
Bevilacqua/Czakon/Papadopoulos/Worek [19]
relevant for VBF — H — V'V _tiH

relevant for VBF + H =+ V'V

VBF contributions calculated by
(Bozzi/)Jager/Oleart/Zeppenfeld [20-22]

NLO calculations added to list in 2007

9. pp — bbbb

qq channel caleulated by Golem collaboration [23]

NLO calculations added to list in 2009

10. pp — V+4 jets
11. pp — Whbj
12. pp — titt

top pair production, various new physics signatures
top. new physics signatures
various new physics signatures

Calculations beyond NLO added in 2007

13. gg — W*W* O(a’a?)
14. NNLO pp — tf
15. NNLO to VBF and Z/~+jet

backgrounds to Higgs
normalization of a benchmark process
Higgs couplings and SM benchmark

Calculations mcluding electroweak effects

16. NNLO QCD+NLO EW for W/Z

precision calculation of a SM benchmark




K-factors

Experimentalists typically deal with LO calcultions, especially in the context of
parton shower Monte Carlos. Some of the information from a NLO calculation
can be encapsulated in the K-factor (ratio of NLO to LO cross section).

Fact. scales Tevatron K-factor LHC K-factor

Process po |1 | Klpo) | Klpa) | Kfpo) | Kipo) | Ker) | K'(po) | K" (o)
W mw | 2mw 1.33 1.31 1.21 1.15 1.05 1.15 0.95
W1 jet My };%ft 142 1.20 1.43 1.21 1.32 142 0.99
W+2 jets my | g 116 | 0.91 129 | 089 | 088 | 1.10 0.90
WW=+1 jet mw | 2mw 1.19 1.37 1.26 1.33 1.40 142 1.10
tt e 2my 1.08 1.31 1.24 1.40 1.59 1.19 1.09
tt+1 jet My 2my 1.13 1.43 1.37 0.97 1.29 1.10 0.8s
bh mp 2my 1.20 1.21 210 098 0.84 251 -
Higgs my | P 233 - 233 | 172 - 2.32 1.43
Higes via VBF | my p%ft 1.07 0.97 1.07 1.23 1.34 0.85 0.83
Higgs+1 jet mu | o 2.02 - 213 | 147 - 1.90 133
Higgs+2 jets | myg | pp —~ —~ — 1.15 —~ —~ 113

Table 2: E-factors for varions processes at the LHC {at 14 TeV) calculated using a selection of input parameters. In all cases,
for WLO calculations, the CTEQSM PDF set 1s used. For LO caleulations, & uses the CTEQG6LIL set, whilst &' uses the same
PDF set, CTEQGM, as at NLO, and X" uses the LO-MC (2-loop) PDF set CT0OMC2. For Higgs+1 or 2 jets, a jet cut of
40 GeV /c and |n| < 4.5 has been applied. A cut ofpc"r“ = 20 GeV /c has been applied to the tf+jet process, and a cut
of p—‘;* = 50 GeV /e to the WW +jet process. In the W (Higgs)+2 jets process, the jets are separated by AR > 0.4 {with
H..p, = 1.3). whilst the vector boson fusion (VBE) calculations are performed for a Higgs boson of mass 120 GeV. In each
case the value of the K-factor is compared at two often-used scale choices, po and g
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The K-factors for W production at the Tevatron and LHC and for Higgs
production at the LHC as a function of the number of accompanying jets. The KT
jet algorithm with a D parameter of 0.4 has been used.

To understand the pattern jet algorithms at LO and NLO are imortant.



Structure of One-Loop (NLO) computations and MC/NLO interface
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Born, real emission and collinear terms are defined by tree amplitudes,which can be
efficiently evaluated with existing matrix element generators (MadGraph/MadEvent,
Helac/Phegas,Comix,WHIZARD,AMEGIC++,ALPGEN,HELAC,CompHEP,CalcHEP,G
RACE).
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Figure 1: Modular structure of next-to-leading order computations for partonic processes. All
structures related to tree amplitudes can be evaluated using LO MC tools. The one-loop module
contains the UV renormalised interference term. The treatment of IR subtraction should be kept
separate to allow for flexibility. The IR modules contain subtraction terms, S;, for the real-emission
part and their integrated variants which compensate IR divergences in the One-Loop Module. In
case of collinear initial-state divergences, collinear subtraction terms, C, have to he provided too.
Subsequently, the contributions in each horizontal line are independently finite after stummation.






Methods to compute One-Loop Amplitudes

known scalar

/ integrals \

= Z C4;K4 + --- 4+ @ X) + P
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\ rational

pure rational
coefficients terms

Two religions Agnosticism

Automated approaches

[ BlackHat, Rocket, CutTools/Helac-1loop, GOLEM, Denner et al., samurai, ... ]
There is no preferred method.




Conclusion



