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QCD

QCD is well established as theory of strong
Interactions

o “testing QCD’”-era is over for some time
o QCD today is becoming precision physics
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QCD is well established as theory of strong
Interactions

o “testing QCD’”-era is over for some time
o QCD today is becoming precision physics

LEP precision physics:
Electroweak processes
Tevatron/LHC precision physics:

QCD processes

—
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QCD

Precision physics with QCD

® precise determination of
» Strong coupling constant
s quark masses
» electroweak parameters
s parton distributions
s LHC luminosity (!)
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QCD

Precision physics with QCD

® precise determination of
» Strong coupling constant
s quark masses
» electroweak parameters
s parton distributions
s LHC luminosity (!)

# precise predictions for
» new physics effects

s and their backgrounds I



I Theoretical challengesin QCD

o QCD describes quarks and gluons,
experiments observe hadrons

® describe parton — hadron transition (fragmentation)

® or define appropriate final state (jets)

—
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| Theoretical challengesin QCD

o QCD describes quarks and gluons,
experiments observe hadrons

® describe parton — hadron transition (fragmentation)

® or define appropriate final state (jets)

» strong coupling constant not small

® frequent multiparticle final states

® important higher order corrections

»® observables involve different scales

mqg,pr, Mz, mT

— large logarithms e.g. In(pz. /M%) I
® reorder (resum) perturbative series
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| Outline

Heavy Quarks
Jets and Multiparticle Production
Photons

e o o o

Gauge and Higgs Bosons



I Heavy Quarks




Heavy Quarks

Total cross sections

status: NLO + NLL soft gluon resummation

W. Beenakker et al., R. Bonciani, S. Catani, M. Mangano, P. Nason
N. Kidonakis, E. Laenen, S. Moch, R. Vogt
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Heavy Quarks

Total cross sections

status: NLO + NLL soft gluon resummation

W. Beenakker et al., R. Bonciani, S. Catani, M. Mangano, P. Nason

N. Kidonakis, E. Laenen, S. Moch, R. Vogt
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$ Soft gluon resummation enhances cross section and lowers theoretical uncertainty
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Heavy Quarks

Total cross sections

status: NLO + NLL soft gluon resummation

W. Beenakker et al., R. Bonciani, S. Catani, M. Mangano, P. Nason

N. Kidonakis, E. Laenen, S. Moch, R. Vogt
N —
05 : P = 5102 m HERA-B  N.Kidonakiset al.
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5i: zinrNLL, A=2 = é 1
3 E - R. Bonciani et al.
F -17””\HH\HH\HH\HH\HH
7 Irram— 10 400 500 600 700 800 900 1000
m, (GeV) Proton energy (GeV)
. S . S
Tevatron: ¥¥ ~ 10 HERA-B: X2 ~ 9
t b

$ Soft gluon resummation enhances cross section and lowers theoretical uncertainty

® Theoretical uncertainty lower for 7 than for bb : a5 (my) > as(my),
qq dominance at Tevatron and gg dominance at HERA-B
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I Heavy Hadron Production

Differential distributions

B* Meson Differential Cross Section

do/dp; (nb/(GeV/c))

long-standing excess of b-quark transverse momentum

distributions in pp, vp, vy

measured final state: B hadrons, e.g. CDF: B+

QCD: Theoretical Developments — p.7



Heavy Hadron Production

Differential distributions

B* Meson Differential Cross Section

long-standing excess of b-quark transverse momentum

do/dp; (nb/(GeV/c))

distributions in pp, vp, vy

measured final state: B hadrons, e.g. CDF: B+

PR N T T N T TN N [N T S M T AT S S
5 10 15 20

25
p; (GeVic)

Theoretical prediction:

dO'Bj: do.ab—>b5

= fa/p @ Jo)p @ ——— ® Dy_ g+
/D /D dpr b—B

dpr
fa/p: parton distribution function

D, . p+: fragmentation function
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I Heavy Hadron Production

Fragmentation Functions

Extraction of D, _ 5+ from LEP data on B meson spectra: many ambiguities

) ALEPH
§><m L

835

= [
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% 3t * Data

25 F e Peter son
2 - -------------- K artvelishvili
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Heavy Hadron Production

Fragmentation Functions

Extraction of D, _ 5+ from LEP data on B meson spectra: many ambiguities

- ALEPH ® order of perturbative calculation
B35 | . :
z ® massless or massive hard matrix elements
§ 3 * Data . .
; ® resummation of perturbative terms
25 F - Peterson _ _ _
; ® inclusion of power corrections O (A /m)
2 o Karvelishvil M. Cacciari, E. Gardi
Loy ® data corrected with parton showers ?
! ® parametric form of D, 5+ : e.g. Peterson:
05
P g “ (1l —x)? :
O sveed™ S Ly by by by by s by g by a1y oy i D — flt N
0 01 02 03 04 05 06 07 08 09 1 N = T - 0 €
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Heavy Hadron Production

Fragmentation Functions

Extraction of D, _ 5+ from LEP data on B meson spectra: many ambiguities

- ALEPH ® order of perturbative calculation

B35 | . :

z | $ massless or massive hard matrix elements
£ 3F  +Data _ _

$ resummation of perturbative terms
25 F - Peterson
; ® inclusion of power corrections O(A/m)
2 | e Kartvelishvili

M. Cacciari, E. Gardi

data corrected with parton showers ?

=
ol
————

o

parametric form of D, _ 5+ : e.g. Peterson:

(1l —x)?

fite, NV
(1 —x)? + ex]? ©

Db—)Bi<Z7l‘LO) =N

Prediction for pp must use same assumptions as made in the extraction from e™ e~

QCD: Theoretical Developments — p.8



Heavy Hadron Production

Resummation of In(m; /p5) and In(m3/s)

M. Cacciari, P. Nason
T T T T

T
PP - B++X, Vs=1.8 TeV, |y|<1 i
dashed: pg=up=wo=V(mZ+p2) —
solid: wo/2 < pp.r < 2o ]
CTEQ5M1
m, = 4.75 GeV  —
£(b-B)=0.375

H

o
)
[

dotted: Peterson.,‘”
I e = 0.006

do/dpy (nb/GeV)
o
N
|

-
o
—

E O: CDF data
Theory: FONLL with N=2 fit

100
5 10 15 20 25
pr (GeV)
® mustre-fit D, 5+ fromeTe data
® done in moment space to expose

information content relevant to pp

® use of the resummed (FONLL)
scheme enhances transverse momen-
tum spectrum
QCD: Theoretical Developments — p.9



Heavy Hadron Production

Resummation of In(m; /p5) and In(m3/s)

M. Cacciari, P. Nason
T T T T
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S Solid: ao/2 < tnpie < Zpg recently extended to D hadrons:
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| b Quark Production

b quark distributions are derived quantities:

® only B hadron distributions can be measured experimentally

—

QCD: Theoretical Developments — p.10



| b Quark Production

b quark distributions are derived quantities:

® only B hadron distributions can be measured experimentally

® infer b quark distributions using assumptions on heavy quark fragmentation

—

QCD: Theoretical Developments — p.10



b Quark Production

b quark distributions are derived quantities:

L

only B hadron distributions can be measured experimentally
infer b quark distributions using assumptions on heavy quark fragmentation

fragmentation functions must be implemented with the same assumptions as used
for their determination
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b Quark Production

b quark distributions are derived quantities:

L

L I

only B hadron distributions can be measured experimentally
infer b quark distributions using assumptions on heavy quark fragmentation

fragmentation functions must be implemented with the same assumptions as used
for their determination

resummation now available for most processes
P. Nadolsky, N. Kidonakis, F. Olness, C.P. Yuan
M. Cacciari, P. Nason

many data sets await reanalysis

higher precision measurements (Tevatron-Run I, LHC) will require NNLO
corrections
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| Jets and M ultiparticle Production

QCD jet final states very frequent at colliders

® sensitive probe of standard model parameters

® measure as fromeTe™ — 3j5,ep — 2+ 1)j,pp — 5+ X, 27+ X
® measure My, Mz frompp -V + X, V 4+ 757+ X
—— want QCD prediction as precise as possible
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| Jets and M ultiparticle Production

QCD jet final states very frequent at colliders

® sensitive probe of standard model parameters

® measure as fromeTe™ — 3j5,ep — 2+ 1)j,pp — 5+ X, 27+ X
® measure My, Mz frompp -V + X, V 4+ 757+ X
—— want QCD prediction as precise as possible

$ multijet final states frequent: pp — nj ~ a?

® important background for searches

—— want robust QCD prediction as guidance
—— also might want QCD to predict the full hadronic final state

—
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| Jets and M ultiparticle Production

State-of-the-art: leading order
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Jets and M ultiparticle Production

State-of-the-art: leading order

® several efficient codes available for multiparton matrix element generation (from
helicity amplitudes or fully numerically): 2 — 8 and beyond feasible on current
computers

9

| I I B I

o

VECBOS W. Giele

COMPHEP E. Boos et al.
MADGRAPH T. Stelzer et al.
GRACE Minami—Tateya Group
HELAC C. Papadopoulos et al.
ALPHGEN M. Mangano et al.
AMEGIC++ F Krauss et al.

® combined with automatic integration over multiparticle phase space

X
X
X

RAMBO R. Kleiss et al.
PHEGAS C. Papadopoulos
MADEVENT T. Stelzer et al.
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| Jets and M ultiparticle Production

State-of-the-art: leading order

® generic procedure to interface partonic final state with parton shower:
modified matrix element plus vetoed parton shower
S. Catani, F. Krauss, R. Kuhn, B.R. Webber

B
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| Jets and M ultiparticle Production

State-of-the-art: leading order

® generic procedure to interface partonic final state with parton shower:
modified matrix element plus vetoed parton shower
S. Catani, F. Krauss, R. Kuhn, B.R. Webber

» most programs can also be interfaced to hadronization models
Les Houches 2001 accord

® |eading order QCD thus provides basis of Monte Carlo event generator
® |eading order QCD predictions carry large (and non-quantifiable) theoretical errors
from choosing renormalization and factorization scales

Leading order QCD is good tool to estimate
relative magnitudes of processes and to design
searches. Once precision is required (e.g. to

identify a discovery with a particular model), it is I
not sufficient.
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| Jets and M ultiparticle Production

State-of-the-art: next-to-leading order (NLO)

NLO

® reduces renormalization scale uncertainty
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® reduces renormalization scale uncertainty

® s the first order where one obtains reliable normalization of cross sections

|

QCD: Theoretical Developments — p.14



| Jets and M ultiparticle Production

State-of-the-art: next-to-leading order (NLO)

NLO
® reduces renormalization scale uncertainty
B s the first order where one obtains reliable normalization of cross sections

® and reliable error estimate on it

|

QCD: Theoretical Developments — p.14



| Jets and M ultiparticle Production

State-of-the-art: next-to-leading order (NLO)

NLO
reduces renormalization scale uncertainty
is the first order where one obtains reliable normalization of cross sections

and reliable error estimate on it

oo o0

Is the first order where jet algorithm differences show up

|
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reduces renormalization scale uncertainty
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no generic procedure for NLO calculations so far
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NLO

reduces renormalization scale uncertainty

Is the first order where one obtains reliable normalization of cross sections
and reliable error estimate on it

Is the first order where jet algorithm differences show up

no generic procedure for NLO calculations so far
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Jets and M ultiparticle Production

State-of-the-art: next-to-leading order (NLO)

NLO

reduces renormalization scale uncertainty

Is the first order where one obtains reliable normalization of cross sections
and reliable error estimate on it

Is the first order where jet algorithm differences show up

no generic procedure for NLO calculations so far

results available for all relevant 2 — 2 processes

current frontier are 2 — 3 processes

each of which takes several man-years

o000l

nature of calculations: parton level Monte Carlo integrator
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Jets and M ultiparticle Production

State-of-the-art: NLO

recent results

®» p—-V+2j
J.M. Campbell, R.K. Ellis

Midcone and inclusive k ; algorithms

’ ep_)(3_|_1)] 50%!‘HN!NHN!HH!HH!HH'HNN'HH'HH!HH%

Z. Nagy, Z. Trocsanyi o IO 0> 206V & <2

’ 2 = >_pr > 175GeV =

pp — 9] E =

= Qus=>_p7/3 =

Z. Nagy =y 30 ? i = i = —
T o
9 pp — ttH & 20 =
W. Beenakker, S. Dittmaier, g

M. Kramer, B. Plumper, 10 ; —— Midcone algorithm
; - --- Inclusivek, algorithm
M. Spira, P. Zerwas = E
) 0 Hll‘lHl‘Hll‘lHX‘XHX‘HHKHH‘HH‘HH
S. Dawson, L. Orr, L. Reina, 02 04 06 08 10 12 14 16 18 20

/
D. Wackeroth #Qus

®» pp-H+2j
C. Oleatri, D. Zeppenfeld
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Automatizing NLO

® all LO calculations for multiparticle final states use automatic
(process-independent) programs

® similar programs would be desirable for NLO calculations
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Automatizing NLO

® all LO calculations for multiparticle final states use automatic
(process-independent) programs

similar programs would be desirable for NLO calculations

ingredients to NLO calculation for n parton final state

® virtual one-loop matrix element »n partons

® real matrix element n + 1 partons

® procedure to extract infrared singularities from both and to combine them
® |ast two points solved for arbitrary n» some time ago

W. Giele, E.W.N. Glover

S. Catani, M. Seymour
S. Catani, S. Dittmaier, M. Seymour, Z. Trocsanyi
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Automatizing NLO

o ©

all LO calculations for multiparticle final states use automatic
(process-independent) programs

similar programs would be desirable for NLO calculations

ingredients to NLO calculation for n parton final state

® virtual one-loop matrix element »n partons

® real matrix element n + 1 partons

® procedure to extract infrared singularities from both and to combine them
last two points solved for arbitrary n» some time ago

W. Giele, E.W.N. Glover

S. Catani, M. Seymour
S. Catani, S. Dittmaier, M. Seymour, Z. Trocsanyi

no generic procedure for automatic computation of one-loop integrals

but many ideas (CERN workshop MC for LHC)
® analytic reduction of hexagon integrals T. Binoth, J.P. Guillet, G. Heinrich
® subtraction formalism for virtual corrections Z. Nagy, D. Soper

® numerical evaluation of hexagon amplitudes
T. Binoth, N. Kauer
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| Jets and M ultiparticle Production

Interfacing NLO calculations with parton showers
MC@NLO approach

S. Frixione, B. Webber

® introduces modified NLO subtraction method

® modified real and virtual contributions become initial conditions for parton shower

|
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| Jets and M ultiparticle Production

Interfacing NLO calculations with parton showers
MC@NLO approach

S. Frixione, B. Webber

introduces modified NLO subtraction method
modified real and virtual contributions become initial conditions for parton shower
hard radiation from NLO matrix element

avoids double counting

oo b0 b

NLO result explicitly recovered from expansion

—
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| Jets and M ultiparticle Production

Interfacing NLO calculations with parton showers
MC@NLO approach

S. Frixione, B. Webber

® introduces modified NLO subtraction method
® modified real and virtual contributions become initial conditions for parton shower
® hard radiation from NLO matrix element
_ _ . PP (Ge) @
® avoids double counting L B I
® NLO result explicitly recovered from expansion - ol MC@NLO ]
. S i Dashed: Herwig |
® sofar appliedto V'V, bb, ti o Dotted: NIO
2 3
S. Frixione, P. Nason, B. Webber f
ém—1
b
1072 I — ]
: :E“O)O(Gev) 1500 2000 U |
103 . " . . | . . . . | . . . . [
2 3
log (P /GeV)
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| NL O jet physics precise enough ?

v a (M,) as function of E; for p=E;
Uncertainties due to the p scale

0.14 -
0.12 -

@

Measurement of strong
coupling constant o, from
single jet iInclusive cross

Uncertainties due to the PDF choice
0.16 —
section 014
CDF collaboration 012 -
0.10 (b)
\ \ \ \ \ \ \ \
0 50 100 150 200 250 300 350 400 450

o
=
o

| | | | |
v o (M,) as function of E; for CTEQ4M

Strong Coupling Constant a (M)

Transverse Energy (GeV)

|
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| NL O jet physics precise enough ?

v a (M,) as function of E; for p=E;
Uncertainties due to the p scale

0.16
0.14
0.12
0o -

| |

Measurement of strong
coupling constant o, from
single jet iInclusive cross
section

CDF collaboration

@

\ \ \ \ \
v o (M,) as function of E; for CTEQ4M
. Uncertainties due to the PDF choice

16
0.14
0.12
10 —

|

Strong Coupling Constant a (M)

(b)

150 200 250 300
Transverse Energy (GeV)

ag(Mz) = 0.1178 + 0.0001(stat) T)-9085! (sys)
00071 (scale) + 0.0059(pdf) I




| NL O jet physics precise enough ?

Does NLO do a better job in describing ete™ or
ep Jet physics ?




| NL O jet physics precise enough ?

Does NLO do a better job in describing ete™ or
ep Jet physics ?

® 3-jettype observables at LEP (preliminary)

as(Mz) = 0.1202 4+ 0.0003(stat) £ 0.0009(sys)
+0.0009(had)40.0047(scale)

|
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| NL O jet physics precise enough ?

Does NLO do a better job in describing ete™ or
ep Jet physics ?

® 3-jettype observables at LEP (preliminary)

as(Mz) = 0.1202 4+ 0.0003(stat) £ 0.0009(sys)
+0.0009(had)40.0047(scale)

$ (2+1) jet observables in DIS at HERA

aZEUS(Mz) = 0.1190 4 0.0017(stat) 70 0055 (sys)£0.0026(th)
ot (Mz) = 0.1186 £ 0.0030(exp) T ooz (scale) 4 0.0023(pdf)
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| NL O jet physics precise enough ?

Does NLO do a better job in describing ete™ or
ep Jet physics ?

® 3-jettype observables at LEP (preliminary)

as(Mz) = 0.1202 4+ 0.0003(stat) £ 0.0009(sys)
+0.0009(had)40.0047(scale)

$ (2+1) jet observables in DIS at HERA

aZEUS(Mz) = 0.1190 4 0.0017(stat) 70 0055 (sys)£0.0026(th)
ot (Mz) = 0.1186 £ 0.0030(exp) T ooz (scale) 4 0.0023(pdf)

S

NLO scale uncertainty dominates the error on o
from jets at colliders I
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| NL O jet physics precise enough ?

More reasons to go beyond NLO

® Dpetter matching of parton level jet algorithm with experimental hadron level jet
algorithm

—
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NL O jet physics precise enough ?

More reasons to go beyond NLO

N

N

better matching of parton level jet algorithm with experimental hadron level jet
algorithm

better description of transverse momentum of final states at hadron colliders due
to double radiation in the initial state

modified power corrections as higher perturbative powers 1/1n(Q?/A?) can mimic
genuine power corrections @ /A
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NL O jet physics precise enough ?

More reasons to go beyond NLO

N

better matching of parton level jet algorithm with experimental hadron level jet
algorithm

better description of transverse momentum of final states at hadron colliders due
to double radiation in the initial state

modified power corrections as higher perturbative powers 1/1n(Q?%/A?) can mimic
genuine power corrections @ /A

allow full NNLO global fits to parton distributions —— lower error on benchmark
processes at LHC and Tevatron
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Towards NNL O jet physics

Ingredients to NNLO n-jet calculations:

® Two-loop matrix elements

3
9

26666666661

2
|j\/l|2-loop,n partons

Q

® One-loop matrix elements

G606 666666666676666™
S S
S

2
1-loop,n+1 partons & g

S
S
fGGGG‘\?'GGGGGO'O'GGﬁVGGGG‘

® One-loop one-particle subtraction
terms
2 d®

JIMmE 1-loop,n+1 partons
D. Kosower, P. Uwer

S. Catani, M. Grazzini

Z. Bern et al.

S. Weinzierl

G660

M

606660

B Tree level matrix elements

76066660666,70666666666™
S
CGGMMGGM‘

2
|M |tree’n_+_2 partons \CEaEa066666>

S
“66G66G0G66Y 666606660

Tree-level one-particle subtraction terms
2 dd,

R,1
JIM tree,n+2 partons
W. Giele, N. Glover

S. Catani, M. Seymour

Tree-level two-particle subtraction terms
2 ddo

R,2
f M tree,n+2 partons
remain to be calculated
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I Towards NNL O jet physics

Virtual two-loop corrections to jet observables
have seen enormous progress in the past years

Technical breakthroughs:

$ algorithms to reduce the ~ 10000’s of integrals to a few (10 — 30) master integrals

® Integration-by-parts (IBP)
K. Chetyrkin, F. Tkachov

® Lorentz Invariance (LI)
E. Remiddi, TG

® and their implementation in computer algebra
S. Laporta

—
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Towards NNL O jet physics

Virtual two-loop corrections to jet observables
have seen enormous progress in the past years

Technical breakthroughs:

$ algorithms to reduce the ~ 10000’s of integrals to a few (10 — 30) master integrals

9

o

o

Integration-by-parts (IBP)
K. Chetyrkin, F. Tkachov

Lorentz Invariance (LI)
E. Remiddi, TG

and their implementation in computer algebra
S. Laporta

$ new methods to compute master integrals

o

o o @

Mellin-Barnes Transformation V. Smirnov, O. Veretin; B. Tausk
Differential Equations E. Remiddi, TG

Sector Decomposition (numerically) T. Binoth, G. Heinrich
Nested Sums S. Moch, P. Uwer, S. Weinzier!
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Towards NNL O jet physics

Virtual two-loop matrix elements have recently been computed for:

9

9

Bhabha-Scattering: ete= — eTe™
Z. Bern, L. Dixon, A. Ghinculov

Hadron-Hadron 2-Jet production: q¢’" — q4¢’, qq — qq, 9@ — 99, 99 — gg
C. Anastasiou, N. Glover, C. Oleari, M. Yeomans-Tejeda
Z. Bern, A. De Freitas, L. Dixon [SUSY-YM]

Photon pair production at LHC: gg — ~~, q@ — 7

Z. Bern, A. De Freitas, L. Dixon

C. Anastasiou, N. Glover, M. Yeomans-Tejeda
Three-jet production: eTe™ — ~v* — qqg

L. Garland, N. Glover, A.Koukoutsakis, E. Remiddi, TG
S. Moch, P. Uwer, S. Weinzierl

DIS (2+1) jet production: v*¢g — gg, Hadronic (V+1) jet production: qg — Vgq
E. Remiddi, TG
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Towards NNL O jet physics

Virtual two-loop matrix elements have recently been computed for:

9

9

Bhabha-Scattering: ete= — eTe™
Z. Bern, L. Dixon, A. Ghinculov

Hadron-Hadron 2-Jet production: q¢’" — q4¢’, qq — qq, 9@ — 99, 99 — gg
C. Anastasiou, N. Glover, C. Oleari, M. Yeomans-Tejeda
Z. Bern, A. De Freitas, L. Dixon [SUSY-YM]

Photon pair production at LHC: gg — ~~, q@ — 7
Z. Bern, A. De Freitas, L. Dixon
C. Anastasiou, N. Glover, M. Yeomans-Tejeda

Three-jet production: eTe™ — ~v* — qqg
L. Garland, N. Glover, A.Koukoutsakis, E. Remiddi, TG
S. Moch, P. Uwer, S. Weinzierl

® DIS (2+1) jet production: v*g — ¢q, Hadronic (V+1) jet production: qg — V¢
E. Remiddi, TG
Ongoing:
® Matrix elements with internal masses: v* — QQ

R. Bonciani, P. Mastrolia, E. Remiddi; U. Aglietti, R. Bonciani
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| Photons




| Photons

Two production processes for photons

direct fragmentation

—
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Photons

Two production processes for photons

direct fragmentation
Photons never fully isolated from hadrons
® isolation cone: £had < EFisol for R < RisOl

® cluster photon into jet: EY > z..c £t N. Glover, A. Morgan
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Photons

Two production processes for photons

direct fragmentation
Photons never fully isolated from hadrons
® isolation cone: phad < Eisol for R < Rs°!
® cluster photon into jet: E7 > z..¢ E9¢t N. Glover, A. Morgan
Both isolation criteria
® areinfrared safe
® induce contribution from non-perturbative quark-to-photon fragmentation function

Cone-based isolation fails for small cones:
S. Catani, M. Fontannaz, J.P. Guillet, E. Pilon

o5l > gl for R< 0.1 (aslInR™2~1)

QCD: Theoretical Developments — p.24



| Photon Pairs

pp — vy X background to Higgs search
In H — ~~ decay mode

$ Subprocesses: g7 : O(a?l), qg:0O(al), gg:0O(a?)
comparable magnitude due to large gluon luminosity

—
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| Photon Pairs

pp — vy X background to Higgs search
In H — ~~ decay mode

$ Subprocesses: g7 : O(a?l), qg:0O(al), gg:0O(a?)
comparable magnitude due to large gluon luminosity

® NLO corrections now complete
DIPHOX: T. Binoth, J.P. Guillet, E. Pilon, M. Werlen

%, o
Z. Bern, L. Dixon, C. Schmidt
4 °
(a) c
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Photon Pairs

pp — vy X background to Higgs search
In H — ~~ decay mode

$ Subprocesses: g7 : O(a?l), qg:0O(al), gg:0O(a?)
comparable magnitude due to large gluon luminosity

® NLO corrections now complete
DIPHOX: T. Binoth, J.P. Guillet, E. Pilon, M. Werlen

@y, R
Z. Bern, L. Dixon, C. Schmidt
4 )
(a) (b) (c)
® cross section depends on photon isolation R

(fb/GeV)

do/dM,,
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Photon Pairs

pp — vy X background to Higgs search
In H — ~~ decay mode

$ Subprocesses: g7 : O(a?l), qg:0O(al), gg:0O(a?)
comparable magnitude due to large gluon luminosity

® NLO corrections now complete
DIPHOX: T. Binoth, J.P. Guillet, E. Pilon, M. Werlen

@y, 55
Z. Bern, L. Dixon, C. Schmidt
s T
(a) (b) (c)
® cross section depends on photon isolation g P B e
® sensitive on photon fragmentation function o

(fb/GeV)

D,_.~ atlarge momentum transfer
(only experimental constraint: LEP)

do/dM,,
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| Gauge and Higgs Boson Production
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| Gauge and Higgs Boson Production

Inclusive Production: NNLO corrections

Drell-Yan process Higgs production
q7 — W=, 20,4 g9 — H°
q o T. Matsuura, R. Hamberg, 92 0 R. Harlander, W. Kilgore
>VV\C'MZN’V W. van Neerven %‘;@---- C. Anastasiou, K. Melnikov
q R. Harlander, W. Kilgore g(ﬁ“"@ V. Ravindran, J. Smith, W. van Neerven

|
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Gauge and Higgs Boson Production

Inclusive Production: NNLO corrections

Drell-Yan process Higgs production
q7 — W=, 20,4 g9 — H°
q o T. Matsuura, R. Hamberg, 92 0 R. Harlander, W. Kilgore
>VV\C'MZN’V W. van Neerven @ii‘@---- C. Anastasiou, K. Melnikov
q R. Harlander, W. Kilgore g(@"é V. Ravindran, J. Smith, W. van Neerven

New calculational techniques:

® expansion around the soft limit
R. Harlander, W. Kilgore
® extension of multi-loop techniques (IBP and LI, differential equations) to phase

space integrals
D1 _;m D1
o]

—000"
TG = o508
’6‘0‘6'30‘0‘6\ D2 590‘(5‘(5\ P2

C. Anastasiou, K. Melnikov
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| nclusive Higgs Boson Production

Recent NNLO results
»

Standard model Higgs from gluon fusion
gg — H+ X

R. Harlander, W. Kilgore

C. Anastasiou, K. Melnikov

including NNLL soft gluon resummation
S. Catani, D. de Florian, M. Grazzini, P. Nason

Pseudoscalar Higgs from gluon fusion
gg — A+ X

R. Harlander, W. Kilgore

C. Anastasiou, K. Melnikov

Higgs from bottom quark fusion bb — H + X
R. Harlander, W. Kilgore
supports b-density approach

Higgs-Strahlung
q@ — W*TH+ X, qq — Z°H + X
O. Brein, A. Djouadi, R. Harlander
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| nclusive Higgs Boson Production

Recent NNLO results

N

Standard model Higgs from gluon fusion
gg — H+ X

R. Harlander, W. Kilgore

C. Anastasiou, K. Melnikov

including NNLL soft gluon resummation
S. Catani, D. de Florian, M. Grazzini, P. Nason

Pseudoscalar Higgs from gluon fusion
gg — A+ X

R. Harlander, W. Kilgore

C. Anastasiou, K. Melnikov

Higgs from bottom quark fusion bb — H + X
R. Harlander, W. Kilgore
supports b-density approach

Higgs-Strahlung
q@ — W*TH+ X, qq — Z°H + X
O. Brein, A. Djouadi, R. Harlander

1020(pp - H+X) [pb] Vs=14TeV

1100 120 140 160 180 200 220 240 260 280 300

My, [GeV]

12 (PP — (BB)H+X) ‘[I‘O‘b%l

- LHC
1r M=120GeV .~ _---~

04F S e LO
o ----NLO
0.2k —— NNLO
: Mr=My
0 -1 . . TR | . . L
10 1 10
MMy,
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Higgs Boson Spectra

Rapidity distribution

o

o

experiments cover only limited range in
rapidity

recently computed to NLO O(as)
C. Anastasiou, L. Dixon, K. Melnikov

(1/0)do/dyy

pp -~ H+X Rapidity distribution at LHC

02— [ T T T

I Mp/4 < pp, up < My NLO

L MRST2001 pdfs B
0.20 - 1o —
20—\ = 115 GeV 1
0.15 — 1
0.10 — _]
0.05 — _]
0.00 | | L |

- -2 0 2 4

YH
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Higgs Boson Spectra

Rapidity distribution
® experiments cover only limited range in
rapidity

® recently computed to NLO O(as)
C. Anastasiou, L. Dixon, K. Melnikov

(1/0)do/dyy

pp -~ H+X Rapidity distribution at LHC

Transverse momentum distribution

® fixed order NLO O(«?) reliable only for
qr > My
D. de Florian, M. Grazzini, Z. Kunszt
V. Ravindran, J. Smith, W. van Neerven

® small g < My require soft gluon
resummation (NNLL) of In(qp /M pr)
G. Bozzi, S. Catani, D. de Florian,
M. Grazzini

do/dqy (pb/GeV)

02— T
I Mp/4 < pp, up < My NLO
| MRST2001 pdfs
0.20— 1o —
R0 M, = 115 GeV
0.15 — _]
0.10 — _]
0.05 — _]
YN <« R R R
—4 -2 0 2 4
Yu
1.50 T 1.50
‘ MRST2001 NNLL+NLO My=125 GeV
1
) - [ -
e \' NNLL+NLO 125 Hn= =My
””” MR=pr=My/2

EEEE A Mp=Hp=<2 My |

L L L L L L L L L L =
0.00
0 25 50 75 100 125 150 0 25 50 75 100 125 150
qr (GeV) qp (GeV)
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Vector Boson Production

24 ¢

Inclusive cross section = W LHC Z6d0):
® can be measured precisely 32; ________________ Mo
®  are theoretically well understood i—i: ----------------

#® NNLO corrections known ° 1; o
#® relevant partons well constrained ii
® benchmark reaction for LHC A. Martin, J. Stirling, R. Roberts, R. Thorne

(luminosity monitor)
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Vector Boson Production

24

Inclusive cross section = W LHC Z6d0):
® can be measured precisely 32; ________________ Mo
®  are theoretically well understood i—i: ----------------

#® NNLO corrections known ° 1; o
#® relevant partons well constrained ii
® benchmark reaction for LHC A. Martin, J. Stirling, R. Roberts, R. Thorne

(luminosity monitor)
pp~7*+X Rapidity distribution

Rapidity distribution s e

F Petriello

NNLO Vs = 38.76 GeV |
® probes antiquark distribution __ MrsTaons pats
[ M/2 £ u £ 2M
& L
® recently computed to NNLO S flwe
. . e - »
(further extension of multi-loop tools) .
T
C. Anastasiou, L. Dixon, K. Melnikov, % 2 .
N
N"CS

1— —

- X EB66 data, 7.2 < M < 8.7

I I I PR I EPR
0.00 0.25 0.50 0.75 1.00 1.25

Y
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| Parton Distributionsat NNL O

Parton distributions from global fit (— r. thorme)



| Parton Distributionsat NNL O

Parton distributions from global fit (— r. thorme)

® need coefficient functions to NNLO
® deep inelastic scattering: neutral and charged current
® Drell-Yan process
® jet production
® (direct photon production)

—
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Parton Distributionsat NNL O

Parton distributions from global fit (— r. thorme)

® need coefficient functions to NNLO

X
X
X
o

deep inelastic scattering: neutral and charged current
Drell-Yan process

jet production

(direct photon production)

® need splitting kernels (Altarelli-Parisi splitting functions) to NNLO

o

9

technique: evaluate v*q — ~*q and ¢g — ¢g at three loops (in moment
space)

some fixed moments known

S. Larin, P. Nogueira, T. van Ritbergen, J. Vermaseren; A. Retey

allow approximate reconstruction
W. van Neerven, A. Vogt

non-singlet n ; piece known
S. Moch, J. Vermaseren, A. Vogt

remaining pieces under way
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| Summary and Conclusions

» QCD is ubiquitous at high energy colliders
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Summary and Conclusions

» QCD is ubiquitous at high energy colliders
o QCD is becoming precision physics

® LOis an estimate to design search strategies

£ many generic tools available
£ interface to parton shower and hadronization

®» NLO important to refine searches and to identify signals
£ current frontier 2 — 3; 2 — 4 requires new tools
& interface to parton showers

#® NNLO mandatory for s determination and benchmark processes
& current frontier 2 — 1; 2 — 2 well under way
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| Summary and Conclusions

» QCD is ubiquitous at high energy colliders
o QCD is becoming precision physics

® LOis an estimate to design search strategies

£ many generic tools available
£ interface to parton shower and hadronization

®» NLO important to refine searches and to identify signals
£ current frontier 2 — 3; 2 — 4 requires new tools
& interface to parton showers

#® NNLO mandatory for s determination and benchmark processes
& current frontier 2 — 1; 2 — 2 well under way

& resummation often important

# many predictions require input from LEP data
(e.g. fragmentation functions) I
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