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Why background calculations for LHC discoveries?

® Tevatron jet cross section at large Er

1
CTEQ3M
o CDF (Preliminary) * 1.03
- A DO (Preliminary) * 1.01
S I >
2 05 .
= i
= | |
6 - ‘k
6] |
: el
g o |0 Q & 53 %
© o}
Sk
0.5 ! ! ! ! | ! ! !
50 100 200 300 400
E{ (GeV)

Michael Kramer page 4 Tools 2008



Why background calculations for LHC discoveries?

® Tevatron jet cross section at large Er

1
CTEQ3M
o CDF (Preliminary) * 1.03
- A DO (Preliminary) * 1.01
S i e
2 o5 i
|_ | .
> 1 1.
o] LA
o) ,
: el
Y e Q & $ % %
© o)
Sk
_05 ! | ! ! !
50 100 200 300 400
E; (GeV)

—> new physics?

Michael Kramer

page 5

Tools 2008



Why background calculations for LHC discoveries?
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Why background calculations for LHC discoveries?

® Tevatron jet cross section at large Er
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= just QCD. .. (uncertainty in gluon pdf at large x)
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Why background calculations for LHC discoveries?

® Tevatron bottom quark cross section

[DO, PLB 487 (2000)]
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Why background calculations for LHC discoveries?

® Tevatron bottom quark cross section

105 [Berger et al., PRL 86 (2001)]
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= light gluino/sbottom production?
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Why background calculations for LHC discoveries?

® Tevatron bottom quark cross section

[Mangano, AIP Conf.Proc, 2005]
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—> just QCD... (o, low-z gluon pdf, b — B fragmentation & exp. analyses)
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Why background calculations for LHC discoveries?

® Signals of discovery include

— mass peaks

— anomalous shapes of kinematic distributions

— excess of events after kinematic selection
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Why background calculations for LHC discoveries?

® Signals of discovery include

— mass peaks

— anomalous shapes of kinematic distributions
e.g. jet production at large Ep

— excess of events after kinematic selection
e.g. bottom cross section
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Why background calculations for LHC discoveries?

#® Signals of discovery include

— mass peaks
e.g. Higgs searches in H — 7 /Z Z* final states

— anomalous shapes of kinematic distributions
e.g. SUSY searches in multijet + ET,miSS final states

— excess of events after kinematic selection
e.g. Higgs searches in H — W W™ final states
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Why background calculations for LHC discoveries?

#® Signals of discovery include

— mass peaks
e.g. Higgs searches in H — 7 /Z Z* final states

— anomalous shapes of kinematic distributions
e.g. SUSY searches in multijet + ET,miSS final states

— excess of events after kinematic selection
e.g. Higgs searches in H — W W™ final states

® Experiments measure multi-parton final states in restricted phase space region

— Need flexible and realistic precision calculations

— precise — including loops & many legs
— flexible — allowing for exclusive cross sections & phase space cuts

— realistic — matched with parton showers and hadronization
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Higgs searches at the LHC: be aware of backgrounds

o pp— H — WW
® pp — H + 2 jets (VBF)

® pp — ttH
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Higgs searches at the LHC: be aware of backgrounds

o pp— H — WW
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Higgs searches at the LHC: pp — H — WW* — [Tvl~w

— neutrinos in final state > — Signal + bockground
. . . (qD) 300 j = = total background

— no invariant Higgs mass peak s [ 3t onowe sockgrouns
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= i
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— L L
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Higgs searches at the LHC: pp — H — WW* — [Tvl~w

® L[ O background from gq scattering e
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Higgs searches at the LHC: pp — H — WW* — [Tvl~w

® L[ O background from gq scattering e

® experimental selection cuts may enhance the importance of higher-order
corrections for background processes:

Michael Kramer page 17 Tools 2008



Higgs searches at the LHC: pp — H — WW* — [Tvl~w

® L[ O background from gq scattering

® experimental selection cuts may enhance the importance of higher-order
corrections for background processes:gg — WW — [wl'y/

[Binoth, Ciccolini, Kauer, MK; Dihrssen, Jakobs, van der Bij, Marquard]

4

\

— formally NNLO

— but enhanced by Higgs search cuts
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Higgs searches atthe LHC: pp — H — WW*

® | O background from gq scattering *

® experimental selection cuts may enhance the importance of higher-order
corrections for background processes:gg — WW — [wl'y/

[Binoth, Ciccolini, Kauer, MK; Dihrssen, Jakobs, van der Bij, Marquard]

4

I

— formally NNLO

— but enhanced by Higgs search cuts

aq (NLO) a9 corr.
Ttot 1373 fb 54fb | 4%
Obkg 4.8 fb 1.39fb | 30%
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Higgs searches at the LHC: be aware of backgrounds

® pp — H + 2 jets (VBF)
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Higgs searches at the LHC: pp — H + 2 jets (VBF)

® Consider search in VBF channel pp — qqH

q q
\\/
: : W, 7%
— important discovery chanpel "7 5 o
W, 7
— provides measurement of V'V couplings o
q q
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Higgs searches at the LHC: pp — H + 2 jets (VBF)

® Consider search in VBF channel pp — qqH

q q
\.\/
— important discovery channel S i
W, 7
— provides measurement of V'V couplings o
q q
® large Higgs + 2 jets background from gg — ggH
[Del Duca, Kilgore, Oleari, Schmidt, Zeppenfeld] >
Michael Kramer page 19 Tools 2008



Higgs searches at the LHC: pp — H + 2 jets (VBF)

® Consider search in VBF channel pp — qqH q — q

— important discovery channel S i
W, 7
— provides measurement of H V'V couplings T
q q
® large Higgs + 2 jets background from gg — ggH
[Del Duca, Kilgore, Oleari, Schmidt, Zeppenfeld] >
® need additional kinematic cuts
INCLUSIVE cuts WBF cuts [Del Duca]
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Higgs searches at the LHC: pp — H + 2 jets (VBF)

® measuring Higgs couplings:

[Zeppenfeld, Kinnunen, Nikitenko, Richter-Was]
T T T

50 T
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Higgs searches at the LHC: pp — H + 2 jets (VBF)

® gluon fusion background: theoretical uncertainty

[Campbell, Ellis, Zanderighi; see also Del Duca, Frizzo, Maltoni; Badger, Dixon, Glover, Khoze]
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— impact on Higgs coupling determination?
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Higgs searches at the LHC: be aware of backgrounds

® pp — ttH
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Higgs searches at the LHC: pp — ttH (— bb)

— small cross section: o(ttH)/o(H + X) ~ 1/100
— only relevant for Mg < 140 GeV

— distinctive final state: pp — t(— WTb) £{(— W~b) H(— bb)

— cross section o< g7

— unique way to measure top-Higgs Yukawa coupling
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Higgs searches at the LHC: pp — ttH (— bb)

® theoretical uncertainty of signal ~ 20% at NLO

[Beenakker, Dittmaier, MK, Plimper, Spira, Zerwas]
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1200 "~ Vs =14 TeV ]
M,, = 120 GeV
1000 | o =m, +M,/2 i
--- LO

300 L s —— NLO i
600

400

200 - e -

0.2 0.5 1 2 5

Wk,

Michael Kramer page 24

Tools 2008



—> similar shapes for signal and background (tf + n jets, ttbb, tt2)

— counting experiment

— precise knowledge of event rates required
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— try to determine reducible backgrounds from data

— need accurate theory to extrapolate into signal region
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Higgs searches at the LHC: pp — ttH (— bb)

® progress towards pp — ttbb + X [Bredenstein, Denner, Dittmaier, Pozzorini]

olfb]  Pp(gq) — ttbb + X

100

fo/2 < p < 2pg
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Theoretical tools for LHC physics

® Need flexible and realistic precision calculations

— precise — including loops & many legs
— flexible — allowing for exclusive cross sections & phase space cuts

— realistic — matched with parton showers and hadronization

® Mini review of current status for LHC QCD multi-leg

— LO calculations

— LO calculations & parton showers

— NLO calculations

— NLO calculations & parton showers

Note: focus on QCD tools for LHC cross section predictions. Do not cover important QCD and elec-

troweak precision calculations for masses, couplings, decays and renormalization group evolutions in
the SM and beyond. ..
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LO calculations

® Automation of LO calculations: several program packages exist for the automatic calcu-
lation of generic 2 — IV cross sections (N < &) including integration over phase space:

HELAC/PHEGAS, MADGRAPH/MADEVENT, COMPHEP, CALCHEP, GRACE,
SHERPA/AMEGIC, O’MEGA/WHIZARD, ALPGEN,

Michael Kramer page 30 Tools 2008



LO calculations

® Automation of LO calculations: several program packages exist for the automatic calcu-
lation of generic 2 — IV cross sections (N < &) including integration over phase space:

HELAC/PHEGAS, MADGRAPH/MADEVENT, COMPHEP, CALCHEP, GRACE,
SHERPA/AMEGIC, O’MEGA/WHIZARD, ALPGEN,

— Non-trivial achievement:

consider number of Feynman graphs e.g. for gg — N gluons:

Njets 2|3 | 4| 5 | 6 | 7 |8
#diag's | 4 | 25 | 220 | 2485 | 34300 | 5 x 10° | 107
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LO calculations

® Automation of LO calculations: several program packages exist for the automatic calcu-
lation of generic 2 — IV cross sections (N < &) including integration over phase space:

HELAC/PHEGAS, MADGRAPH/MADEVENT, COMPHEP, CALCHEP, GRACE,
SHERPA/AMEGIC, O’MEGA/WHIZARD, ALPGEN,

— matrix element calculations crucial for the description of multi-leg processes:

103 T T T T T T T T | T T T T | T T T T | T T T T
Z+ N jet, LHC, pT>30 GeV
Integrated pT rate of N—th jet

solid: Alpgen _, Exact, LO matrix
element estimate

(Mangano)

dashes: Herwig

Shower MC result
101

100

10~1

o
(o)
o
—
o
o
—_
(O)
o
(AN}
o
o
Y]
(o))
o
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LO calculations with parton showers & hadronization

#® |Include parton showers and hadronization to sum soft/collinear parton emission

and predict realistic final states

— Beware of double counting: N-jet cross section from 2 — N parton process or from 2 —
N — (1,2,...) parton process plus parton shower

— Construct matching schemes: CKKW-L (Catani, Kuhn, Krauss, Webber; Lonnblad), MLM (Mangano), SCET (Bauer,
Schwarz), implemented in HELAC, MADGRAPH, SHERPA, ARIADNE, ALPGEN
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LO calculations with parton showers & hadronization

#® |Include parton showers and hadronization to sum soft/collinear parton emission

and predict realistic final states

— Beware of double counting: N-jet cross section from 2 — N parton process or from 2 —

N — (1,2,...) parton process plus parton shower

— Construct matching schemes: CKKW-L (Catani, Kuhn, Krauss, Webber; Lonnblad), MLM (Mangano), SCET (Bauer,

Schwarz), implemented in HELAC, MADGRAPH,

do/dE | 1 (pb/GeV)

10% b
10" |
100 |

| |

Alpgen E

(@) Ariadne --—-——---
Helac +

MadEvent

KX XX X 5 XXX X X
I I I I I I I I

X

50 100 150 200 250 300 350 400 450 500
E,y (GeV)

SHERPA, ARIADNE, ALPGEN

(Alwell et al.)
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LO calculations with parton showers & hadronization

#® |Include parton showers and hadronization to sum soft/collinear parton emission

and predict realistic final states

— Beware of double counting: N-jet cross section from 2 — N parton process or from 2 —

N — (1,2,...) parton process plus parton shower

— Construct matching schemes: CKKW-L (Catani, Kuhn, Krauss, Webber; Lonnblad), MLM (Mangano), SCET (Bauer,

Schwarz), implemented in HELAC, MADGRAPH,

10°
10’
109

do/dE | 1 (pb/GeV)

| |

Alpgen E

(@) Ariadne
Helac +

MadEvent

KX XX X 5 XXX X X
I I I I I

X

0 50 100 150 200 250 300 350 400 450 500

E,y (GeV)

SHERPA, ARIADNE, ALPGEN

(Alwell et al.)

® \Validation, systematic comparison & tuning of MC tools crucial
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NLO calculations

® cross sections are obtained from counting events after selection cuts

— need acceptance and efficiency
— need flexible (N)NLO calculations
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NLO calculations

® cross sections are obtained from counting events after selection cuts

— need acceptance and efficiency
— need flexible (N)NLO calculations

modern (N)NLO calculations are set up as parton-level Monte Carlo programs

— e.g. at NLO using (dipole) subtraction

[Catani, Seymour, Dittmaier, Trocsanyi ... ]

O'NLO — /dPSm+1 |:do_real_d0_sub] + /dPSm [do_virtual+d5iub:|

\ . 7 \ .

7
"

"

finite finite

—> parton-level events (4-momenta) with positive or negative weights

— recent progress at NNLO for DY and Higgs production [anastasiou, Melnikov, Petrielio: Grazzini
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NLO calculations

® cross sections are obtained from counting events after selection cuts

— need acceptance and efficiency
— need flexible (N)NLO calculations

modern (N)NLO calculations are set up as parton-level Monte Carlo programs

— e.g. at NLO using (dipole) subtraction

[Catani, Seymour, Dittmaier, Trocsanyi ... ]

O'NLO — /dPSm+1 |:do_real_d0_sub] + /dPSm [do_virtual+d5iub:|

\ . 7 \ . 7

finite finite

—> parton-level events (4-momenta) with positive or negative weights

— recent progress at NNLO for DY and Higgs production [anastasiou, Melnikov, Petrielio: Grazzini

Note: (N)NLO parton-level Monte Carlo programs are not parton shower event generators
— they do not include parton showers and hadronization

— they do not generate unweighted events
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An experimenters wishlist...

Ingle boson Iboson rmooson eavy tiavour
W+ <55 WW + < 55 WWW + < 3j tt+ < 33
W+bb+<3] WW+bb+<3] WWW+bb+<3j tt+y+<2j
WHec+<3j] WWeHec+<3j] WWWHyy+<3j tt+W+<2j
Z+ <55 ZZ + < 5j Zyy+ < 3j tt+7Z+<2j
Z+bb+<3j ZZ+bb+<3j WZZ+<3j tt+ H+<2j
Z4+ce+<3] ZZ+ce+<3j ZZZ+<3j th+ < 2j
v+ < 55 vy + < 55 bb + < 3j
y+bb+<3j yy+bb+ < 3j
y+cecc+<33 yy+cecc+<3g
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An experimenters wishlist...

Ingle boson Iboson rmooson eavy tiavour
W+ <55 WW + < 55 WWW + < 3j tt+ < 33
W+bb+<3] WW+bb+<3] WWW+bb+<3j tt+y+<2j
WHec+<3j] WWeHec+<3j] WWWHyy+<3j tt+W+<2j
Z+ <55 ZZ + < 5j Zyy+ < 3j tt+7Z+<2j
Z+bb+<3j ZZ+bb+<3j WZZ+<3j tt+ H+<2j
Z4+ce+<3] ZZ+ce+<3j ZZZ+<3j th+ < 2j
v+ < 55 vy + < 55 bb + < 3j
y+bb+<3j yy+bb+ < 3j
y+cecc+<33 yy+cecc+<3g

Theorists reply: In your dreams. ..
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An experimenters wishlist...

® Main bottleneck for multi-leg NLO calculations:
tensor-reduction of Pentagon/Hexagon/Heptagon loop integrals, e.g.

etc.
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An experimenters wishlist...

® Main bottleneck for multi-leg NLO calculations:
tensor-reduction of Pentagon/Hexagon/Heptagon loop integrals, e.g.

etc.

® With current techniques
pp — 3 partons @ NLO is “straightforward but tedious”
pp — 4 partons @ NLO is possible
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(QCD-) NLO calculations at the LHC: status

2 — 2: anything you want. .. (cf. MCEM (campbell Elis, ....))

2 — 3: PP — JJJ (Bern, Dixon, Kosower; Kunszt, Signer, Troscanyi; Giele, Kilgore, Nagy)
pp — ij (Campbell, Glover, Miller)
pp — H j ] [GF] (campbell, Eliis, Zanderighi)

pp — Htt (Beenakker, Dittmaier, MK, Plimper, Spira, Zerwas; Dason, Reina, Wackeroth, Orr, Jackson;
Peng, Wen-Gan, Hong-Shen, Ren-You, Yi)

pPp — ’}/’7] (de Florian, Kunszt; Del Duca, Maltoni, Nagy, Troscani, Binoth, Guillet, Mahmoudi)

pp — H]j (])[WBF] (Figy, Hankele, Oleari, Zeppenfeld)

pp — HHH (Plehn, Rauch; Binoth, Karg, Kauer, Riickl)

pp — VVj][WBF] (Jager, Oleary, Zeppenfeld)

pp — ZZZ (Lazopoulos, Melnikov, Petriello; Binoth, Ossala, Papadopoulos, Pittau)

pp — WWZ (Hankele, Zeppenfeld; Binoth, Ossala, Papadopoulos, Pittau)

pp — tt_] (Dittmaier, Uwer, Weinzierl)

pp — VV_] (Dittmaier, Kallweit, Uwer; Campbell, Ellis, Zanderighi; Binoth, Guillet, Karg, Kauer, Sanguinetti)

pp — tts (Lazopoulos, McEImurry, Melnikov, Petriello)

2 — 4: no complete LHC process yet.. .
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An experimenters wishlist...

® Main bottleneck for multi-leg NLO calculations:
tensor-reduction of Pentagon/Hexagon/Heptagon loop integrals, e.g.

etc.

® With current techniques
pp — 3 partons @ NLO is “straightforward but tedious”
pp — 4 partons @ NLO is possible

® Need new technology for pp —> 4 partons @ NLO?

— Lots of activity, see e.g. write-up of the Les Houches '07 NLO multi-leg WG
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An experimenters wishlist...

® Main bottleneck for multi-leg NLO calculations:

tensor-reduction of Pentagon/Hexagon/Heptagon loop integrals, e.g.

etc.

® With current techniques
pp — 3 partons @ NLO is “straightforward but tedious”
pp — 4 partons @ NLO is possible

® Need new technology for pp —> 4 partons @ NLO?

— Lots of activity, see e.g. write-up of the Les Houches '07 NLO multi-leg WG

but NLO (parton-level) Monte Carlo programs will not be available for all
potentially relevant (background) processes in the near future

(“can be done in principle” # a working code for a full process)
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Need for NNLO at the LHC?

® NNLO calculations are needed
— for high-precision measurements (cs, My, pdf’s,...)

— if there are large corrections & scale dependence at NLO, eg. for gg — H
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Need for NNLO at the LHC?

® NNLO calculations are needed
— for high-precision measurements (cs, My, pdf’s,...)

— if there are large corrections & scale dependence at NLO, eg. for gg — H

— if NLO accuracy is reduced after cuts:

Y _ NLO for Oinclusive
" H IS
g LO for do/dpr
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Need for NNLO at the LHC?

NNLO calculations are needed

— for high-precision measurements (cs, My, pdf’s,...)

— if there are large NLO corrections & scale dependence, eg. for gg — H

— if NLO accuracy is reduced after cuts:

pp > H+X > WW+X->evev+X

300 — MRST2001 LO, MRST2004 NLO/NNLO
i Mpn/2 S up = pp £ R My NNLO
- M, = 165 GeV
250 —
. K
i ‘(114;'0'0'0 %
— i _EEERIZILLRRISERN
0 - ASRIRRRKAEE
&L 200 SITKIRAKKK
b i

e
150 RS SSSS S SSESSSSS S CSCSSSSSSSSSSSS S SSSSSSSI

100 —

veto

Pr [GeV]

(Anastasiou, Dissertori, Stockli)
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NLO calculations with parton showers & hadronization

® Fixed-oder calculations have limitations

— they do not predict realistic final states

experimentally theoretically at LO
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NLO calculations with parton showers & hadronization

® Fixed-oder calculations have limitations

— they do not predict realistic final states

experimentally theoretically at NLO
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NLO calculations with parton showers & hadronization

® Fixed-oder calculations have limitations

— they break down for certain kinematic configurations

[MK, Mrenna, Soper]

" e'e” — 3jets: jet-mass distribution df,/dM [GeV™']

- (Vs =M,; p=s/6, k, algorithm, y_ = 0.05) 1

M [GeV]
—>- wrong jet structure for M — 0
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NLO calculations with parton showers & hadronization

® Fixed-oder calculations have limitations
= add parton showers — summation of multi-parton emission

[MK, Mrenna, Soper]

0.6 I I I ‘ ‘ I I I ‘ I I I I ‘ I I I
- . . e e . -1 -
e'e” — 3 jets: jet-mass distribution f 5 dfy/dM [GeV 8
05 (s = M, u= s/6, kp algorithm, y_ = 0.05)
0.4

NLO

0.3

NLO+Pythia
0.2

0.1

0 5 10 15 20
M [GeV]

—> realistic jet structure and accurate (NLO) prediction for rate
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NLO calculations with parton showers & hadronization

® NLO®PS matching formalism

— avoid double counting: parton showers include part of the short-distance physics already
included in the NLO calculation

— various schemes have been proposed (Frixione, Webber, Nason, Oleari, Collins, Zu, Soper, MK, Nagy,

Weinzierl, Giele, Kosower, Skands, Bauer, Schwarz,. . .)
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® MCQENLO (rrixione, webber, ...) is Still top of the class

— well tested and supported
— includes many processes: pp — V, H,ll,lv, QQ, HV, single top, VV

but other schemes like POWHEG (Frixione, Nason, Oleari) @are catching up. . .
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NLO calculations with parton showers & hadronization

® NLODPS matching formalism

— avoid double counting: parton showers include part of the short-distance physics already
included in the NLO calculation

— various schemes have been proposed (Frixione, Webber, Nason, Oleari, Collins, Zu, Soper, MK, Nagy,

Weinzierl, Giele, Kosower, Skands, Bauer, Schwarz,...)

® MC@NLO (rrixione, webber, ... is still top of the class

— well tested and supported
— includes many processes: pp — V, H,ll,lv, QQ, HV, single top, VV

but other schemes like POWHEG (Frixione, Nason, Oleari) @are catching up. . .

® (Near?) future: variety of general NLOPS matching formalisms

— independent of specific shower algorithm — combine NLO with any MC

— in terms of commonly used dipole subtraction formalism
— easy to use for NLO practitioner
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NLO calculations with parton showers & hadronization

® NLO®PS matching formalism

— avoid double counting: parton showers include part of the short-distance physics already
included in the NLO calculation

— various schemes have been proposed (Frixione, Webber, Nason, Oleari, Collins, Zu, Soper, MK, Nagy,

Weinzierl, Giele, Kosower, Skands, Bauer, Schwarz,...)

® MCQENLO (rrixione, webber, ...) is Still top of the class

— well tested and supported
— includes many processes: pp — V, H,ll,lv, QQ, HV, single top, VV

but other schemes like POWHEG (Frixione, Nason, Oleari) @are catching up. . .

® (Near?) future: variety of general NLOEPS matching formalisms

— independent of specific shower algorithm — combine NLO with any MC

— in terms of commonly used dipole subtraction formalism
— easy to use for NLO practitioner

Note: There are also new development in parton showers designed for NLO matching and showers
including quantum interference (Gieseke, Stephens, Webber, Seymour, Siodmok,. . . ; Sjéstrand, Skands,. .. ; Nagy, Soper; Dinsdale,

Ternick, Weinzierl, Schumann, Krauss; Giele, Kosower)
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Conclusions & outlook ...

® Precision (B)SM calculations are crucial to discover and explore new physics

— discovering new physics may be hard (unless one observes a resonance)

— need precise predictions for shapes and normalizations of BSM signals
and SM backgrounds
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— need new techniques to go beyond
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Conclusions & outlook ...

® Precision (B)SM calculations are crucial to discover and explore new physics

— discovering new physics may be hard (unless one observes a resonance)
— need precise predictions for shapes and normalizations of BSM signals

and SM backgrounds

® Progress in (N)LO parton level MC programs

— automated LO multi-parton calculations

— pp — 4 partons @ NLO is feasible (for SM and BSM/SUSY processes)
— need new techniques to go beyond

® Progress in matching (N)LO calculations with parton showers and hadronization

— NLO®MC for dedicated processes only
— need to employ multi-parton LO MC tools

#® \Validation and tuning with data is crucial

—> need close interaction between theory and experiment to develop and improve
tools for LHC physics
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