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Tasks of the LHC

Understand the electroweak symmetry breaking
(Higgs, or what else?)

Discover new physics, Standard Model is deemed to
fail around the TeV scale

l[dentify new physics (SUSY?, UED?...?), need to
measure properties, masses, spin, couplings....

To fully exploit the discovery potential of the LHC,
theoretical predictions must be of the highest standards

» At the LHC everything involves QCD! QCD provides
iInteractions (the beam), the background, the challenge
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NLO at the LHC

E.g. Jet Physics

A. De Roeck
La Thuille ‘06

QCD Studies

Huge cross sections:
Eg for 1 fb-! ~ 10000 events with Ey> 1 TeV

® 0<n|<1

o l<n|<2

m2<n|<3
NLO QCD

dg/dE . [nb/GeV]
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100 events with E> 2 TeV

* PDFs

e Jet shape

* o,

* New physics?

Understanding QCD at 14 TeV
will be one of the first topics

at LHC

Then: precise measurements of
W,Z, t1, Drell-Yan production
Then: W,Z+1 jet; W ,Z+2 jets efc
= Use to tune Monte Carlos
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NLO at the LHC

QCD Studies

E.g. Jet Physics Huge cross sections:
Eg for 1 fb-! ~ 10000 events with E;> 1 TeV

A. De Roeck 100 events with Ep> 2 TeV
La Thuille ‘06

*o<p<  PDFs
°l<inl<2 e Jet shape

m2<n|<3 e O
s

NHOQED  New physics?

Understanding QCD at 14 TeV
will be one of the first topics
at LHC

dg/dE . [nb/GeV]

R, production
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Benefits at NLO

DO

® pN'®X = 180 GeV (x8000)

O 130 < p'**< 180 GeV (x400)
m 100 < p™Ma* < 130 GeV (x20)
O 75 <pP®<100 GeV -

establish normalization and
shape of cross-sections
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Benefits at NLO

establish normalization and Midcone and inclusive k | algorithms
Shape Of CrOSS_SeCtionS ||‘||||||||||||||||||||||||||||||||||||||||||||

H
| L

\

pr >20GeV & Inl <2
> pr > 175GeV

reduce unphysical scale

Qus = 2_pr/3
dependence :

HR = Hp = [t

—— Midcone algorithm
-~ ~ Inclusive k, algorithm
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1/ Qps
Nagy ‘03
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Benefits at NLO

IIIIIIII|IIII|IIII

establish normalization and sgn: light stop

shape of cross-sections
bck: top
reduce unphysical scale hek: Whb

dependence

=
[
O)
e8]
S~
2
c
[
>
LL

new physics searches requires
good knowledge of signals and
backgrounds

100 200 0 400
m(bjj)

min

Les Houches BSM summary ‘06
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Benefits at NLO

establish normalization and
shape of cross-sections Aoy, =

— 0.02758+0.00035
---- 0.02749+0.00012

reduce unphysical scale
dependence

new physics searches requires
good knowledge of signals and
backgrounds

| Excluded
' ' y ' L |
get indirect informations about 30 100

sectors not directly accessible my, [GeV]
Higgs working group ‘05
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Feynman diagrams

QCD building blocks

(1)
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Feynman diagrams

QCD building blocks

N/
O (1)
- sSew pieces together and compute amplitudes

Example: for ee->qq @ NLO compute

AM+W+%>M@

NLO
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Feynman diagrams

QCD building blocks

N/
O (1)
- sSew pieces together and compute amplitudes

Example: for ee->qq @ NLO compute

A¥+W+%+w

NLO

given the amplitude compute physical cross-sections

do 1 5
= [P - V(@)

F:flux factor; @ :phase space; V. measurement
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NLO HEPcode for LHC

NLOJET++ [Nagy] pp = 3i

AYLEN/Emilia [Dixon,De Florian,Kunszt,Signer| pp = WW,WZ, ZZ, Wg, Zg
PHOX [Aurenche, Binoth, Fontannaz, Guillet, Heinrich, Pilon,\Werlen] pp = g+1j, gg
MCFM [Campbell, Ellis] pp = V+2j, (V)QQ, V g, VV, VH, H +<1j

heavy quark production [Mangano, Nason, Ridolfi] pp = QQ

single top [Harris, Laene, Phaf, Sullivan, Weinzierl] pp = t

DYRAD/JETRAD [Giele, Glover, Kosower] pp = V+<1j, <2
29+1] [Del Duca, Maltoni, Nagy, Trocsanyi] pp = 2g+1j

H+QQ [Dawson, Jackson, Orr, Reina, Wackeroth] pp = HQQ
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NLOJET++ [Nagy] pp = 3i

AYLEN/Emilia [Dixon,De Florian,Kunszt,Signer| pp = WW,WZ, ZZ, Wg, Zg
PHOX [Aurenche, Binoth, Fontannaz, Guillet, Heinrich, Pilon,\Werlen] pp = g+1j, gg
MCFM [Campbell, Ellis] pp = V+2j, (V)QQ, V g, VV, VH, H +<1j

heavy quark production [Mangano, Nason, Ridolfi] pp = QQ

single top [Harris, Laene, Phaf, Sullivan, Weinzierl] pp = t

DYRAD/JETRAD [Giele, Glover, Kosower] pp = V+<1j, <2j

29+1] [Del Duca, Maltoni, Nagy, Trocsanyi] pp = 2g+1j

H+QQ /Dawson, Jackson, Orr, Reina, Wackeroth] pp = HQQ

Complete list available at http://www.cedar.ac.uk/hepcode
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Status of NLO

“So, what is the big deal about NLO? It’s just Feynman diagrams, must be all known by now!
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Status of NLO

“So, what is the big deal about NLO? It’s just Feynman diagrams, must be all known by now!

[ 2=:2: well established in SM (and beyond)

[ 2=3: most SM processes known (few ones still missing wil

be done soon)
[(J2=4: NO NLO CALCULATION FOR THE LHC EXISTS

Problem for the LHC where most processes/
backgrounds involve high multiplicity final states
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Beyond NLO

® NNLO inclusive and fully differential: known today for candle
processes: pp=H, pp=W/Z [Ravindram, Smith, Van Neerven; Harlander,

Kilgore,; Anastaious, Dixon,Melnichov,Petriello]
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Beyond NLO

® NNLO inclusive and fully differential: known today for candle
processes: pp=H, pp=W/Z [Ravindram, Smith, Van Neerven; Harlander,

Kilgore; Anastaious, Dixon,Melnichov,Petriello]
® Mmatrix elements +parton shower J[ALPGEN, SHERFA,...]

® merging NLO+all-order predictions

> \|¥|C@|\}LO [Frixione, Webber] and new approaches [Nason, Nagy&
oper....

» matching with analytical resummation [Banfi,Salam,GZ]

w Here | will address how to obtain NLO accuracy. Once this
is done, NLO results can be merged with all-order predictions
following one of the above methods

NB: the merging is essential for a proper comparison with data
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Ingredients at NLO

A full N-particle NLO calculation requires:

™ tree graph rates with N+1 partons
= soft/collinear divergences

0] virtual correction to N-leg process
=» divergence from loop integration

M set of subtraction terms

While the calculation of tree level amplitudes has been automated
and subtraction terms is also well understood, the bottleneck is the
complexity of the analytical evaluation of one-loop contribution

w Here | will mainly address the calculation of virtual corrections
[of course in the final predictions | will show all three points will have been addressed]

Giulia Zanderighi — Precision QCD at LHC  9/31



Notation

T'he generic M-tensor N-point integral:

e d Pl [H1 ...
l (D;Vla"'7VN) imDP/2 J¥ %2 ...
1 =2

i
qi = ij
3 jzl
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Notation

T'he generic M-tensor N-point integral:

e B d Pl [H1 ...
l (D;Vla'”?VN)_ imDP/2 J¥ %2 ...
1 =2

i
qi = ij
3 jzl

NB: we consider here only massless propagators, although the method is more general (see later)
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Our seminumerical method

Use Qgraf/FeynArts to generate the NLO amplitude for a
Specific process (provide propagators/interaction vertexes)

O—p1+---+py QNLO
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Our seminumerical method

Use Qgraf/FeynArts to generate the NLO amplitude for a
Specific process (provide propagators/interaction vertexes)

O—p1+---+py QNLO

use symbolic manipulation, e.g. FORM/Mathematica to
write the amplitude as (provide Feynman rules)

.A(pl, .. .pN) p— ZKm'--uM(plv cea g [N @l g0 o - 75N)I,u1...,un(D§V17 .. .VN)

n

use Davydychev’'s reduction of tensor integrals

I,ul...,uM(D;{Vl}) — z:)\,ﬁ:l,1-432,...,1431\7>0(_%)A{[g])\[QI]K:1 "‘[QN]K/N}/,Ll.../,LM

X
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Semi-numerical method (|)

Use standard integration by part techniques

/ dPl 9 ((Zf;vlyi) lﬂ+(Z§Vlyz‘qz“)) 0 vy

inD/2 i ddy - Ay
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Semi-numerical method (ll)

Use standard integration by part techniques

/ dPl 9 ((fo\[lyi) lﬂ+(2ff~v1%qz“)) 0 i

inD/2 dln A dy - d5N
to derive the following identities

(l/}€ — I)I(D, {l/l}) — Z Sk_ZlI(D—Q, {Vl—(sli — 5lk}) — bk (D — O') ](D, {yl—dlk})

=l

(D—1—0) BI(D;{y}) =1(D-2;{y}) — Z bil(D—2;{v;—d;;})

(Vk — 1)I<D; {Vl}) = —%I(D—Q; {Vl_5lk}) -+ Z (kaj?z o Skzl) I(D—Q; {Vl—élq; — 5lk})

Notation: S;; = (¢; — q;)%; b; = Zj\f:l 57;;1; /5 = Z;V:l bi = Zf\fjﬂ 51-91
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Semi-numerical method (ll)

Use standard integration by part techniques

/ dPl 9 ((fo\[lyi) lﬂ+(2ff~v1%qz“)) 0 i

inD/2 dln A dy - d5N
to derive the following identities

(Vk — 1) (D {Vl} Zslmll D 2 {Vl 5[ _5lk}) —bk (D )I(D;{Vl—(slk})

1=1

(D—-1—-0) BI(D;{v}) =1(D-2;{v}) — Z bil(D—2;{v;—d;;})

(vp — V)I(D;{y}) = —%I(D—Q; {vi—6ik}) + Z (bl;fz k;) I(D—-2;{v;—6;; — O1x})

Notation: S;; = (¢; — q;)%; b; = Zj\f =D 1, 5= Z;-V:l b; = Z?fj:l Sz';l
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Semi-numerical method (l1)

Triangles Pentagons

45
2

These few identities allow one to reduce any scalar
iIntegral to a set of analytically known basis integrals
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Basis integrals

two-point functions in any D

three-point functions with one off-shell leg in any D
three-point functions with three off-shell legs in D=4
four-point functions in D=4

siX dimensional pentagon

All integrals known analytically!
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Exceptional configurations

standard relations fail at exceptional points (accidental
degeneracies, thresholds): det(S;;) — 0 or B « det(G;;) — 0
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Exceptional configurations

standard relations fail at exceptional points (accidental
degeneracies, thresholds): det(S;;) — 0 or B « det(G;;) — 0

Example: if B is very small, numerical instabilities from

1
I(D; {u}) = B(D—1—0) ( _f2 {ui}) Zb I(D —\2;{% - 517;})>

O(1)

» these instabilities are difficult to control/quantify
» practical implication: the method does not work!

» this Is the main problem of numerical methods
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Exceptional configurations

Solution: exploit the “closeness” to the exceptional point to
define expanded relations [Giele, Glover, Zanderighi,04]
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Exceptional configurations

Solution: exploit the “closeness” to the exceptional point to
define expanded relations [Giele, Glover, Zanderighi,04]

Example: if B <<1 expand the standard relation

1 | (I(D_Q;E%Vl})_zbi](D—Q;{w —5lz‘})>

N
¥Z'I(D—2;{Vl —(Sli}l ED— 1 —O') BI(D,{VZ}Z

“big terms”: 0(1) “small term”: o(B)
“simpler” integrals “more difficult” integral
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Exceptional configurations

Solution: exploit the “closeness” to the exceptional point to
define expanded relations [Giele, Glover, Zanderighi,04]

Example: if B <<1 expand the standard relation

I(D;{u}) = B(D _11 o) (I(D - Q;E‘?Vl}) = ZbiI(D —2;{v — 5li})>

and get

I(D—2%{n}) = sz = 2w — o) + (D — 1~ 0) BID: {u})

\

~~

“big terms”: 0(1) “small term”: o(B)
“simpler” integrals “more difficult” integral

= Recursive application of the same relation allows one to
compute integrals with arbitrary accuracy
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Exceptional configurations—final remarks

a simple set of expanded relations allow one to treat any
exceptional case
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Exceptional configurations—final remarks

a simple set of expanded relations allow one to treat any
exceptional case

no analytical understanding of the singularity is required
> automatic switch to expanded relations when needed

reach any predefined accuracy, at the price of computing
more higher dimensional-integrals

Does this work?

A method without application is ke a closed bottle of red wine: no
matter how big the name on it, you don’t know if its good till you open it
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Applications

€ warmup: recompute some know results
[ four-photon amplitudes
[ four-gluon amplitudes
TZ[ five-gluon amplitudes
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Applications

€ warmup: recompute some know results
[ four-photon amplitudes
[ four-gluon amplitudes
TZ[ five-gluon amplitudes

€ new results

rg[ Higgs plus di-jet production via gluon fusion in the large
mt-limit at NLO

TZ[ six-gluon amplitudes
[} ongoing...
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Higgs plus dijet production

» After the discovery of the Higgs, will need to identity it!
w \eed to measure it’s properties and couplings.
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Higgs plus dijet production

» After the discovery of the Higgs, will need to identity it!
w \eed to measure it’s properties and couplings.

» Higgs plus dijet production via gluon fusion is one of the most
promising channels to measure the Higgs couplings at the LHC

VVector Boson Fusion

O (agy)

-clean: small QCD effects

-known at NLO [Figy et. al 03]

-most important for measurements
of the Higgs couplings
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Higgs plus dijet production

» After the discovery of the Higgs, will need to identity it!
w \eed to measure it’s properties and couplings.

» Higgs plus dijet production via gluon fusion is one of the most
promising channels to measure the Higgs couplings at the LHC

Vector Boson Fusion Gluon gluon fusion

Large mt effective coupling

O (agw) < > O (O/l)

S

-clean: small QCD effects -large QCD corrections
-known at NLO [Figy et. al 03] -dominant background to VBF-
-most important for measurements Higgs production

of the Higgs couplings -important to know it at NLO
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Virtual Higgs plus 4 parton processes

P3 > > P4
o
P1 > > P2

Diagrams 30/60

[Ellis, Giele,GZ °06]
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Virtual Higgs plus 4 parton processes

P1

Diagrams 30/60

checks:
for the simpler H+4qg done analytical calculations too

Ward identities, identities between color amplitudes (decoupling
identities.... ), symmetries, collinear limits, poles

[Ellis, Giele,GZ °06]
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Virtual Higgs plus 4 parton processes

P1

Diagrams 30/60

checks:
for the simpler H+4qg done analytical calculations too

Ward identities, identities between color amplitudes (decoupling
identities.... ), symmetries, collinear limits, poles

relative accuracy:
for non-exceptional points: O(10~13)

for exceptional points (predefined): ©(10~°)
[Ellis, Giele, GZ °06]
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Selection cuts

Signal most interesting in mass range 115GeV < My < 160GeV

— > choose two Higgs masses at either end of the range
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Selection cuts

Signal most interesting in mass range 115GeV < My < 160GeV

— > choose two Higgs masses at either end of the range

= nclusive cuts: select events where at least two jets satisfy

pe > 40GeV ’773" < 4.5 Rjj > 0.8
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Selection cuts

Signal most interesting in mass range 115GeV < My S 160GeV

— > choose two Higgs masses at either end of the range
= nclusive cuts: select events where at least two jets satisfy
pe > 40GeV ’773" < 4.5 Rjj > 0.8

= vector boson fusion cuts: add the following requirements

ni1—njel > 42 mi1omi2 <0 my; > 600GeV
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Selection cuts

Signal most interesting in mass range 115GeV < My < 160GeV

— > choose two Higgs masses at either end of the range

= nclusive cuts: select events where at least two jets satisfy

p: > 40GeV ’773" < 4.5 Rjj > 0.8

= vector boson fusion cuts: add the following requirements

ni1—njel > 42 mi1omi2 <0 my; > 600GeV

w CUts designed to suppress ggf compared to VVBF signal
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Total cross section

Inclusive WBF-cuts
MK 115 GeV 160 GeV MK 115 GeV 160 GeV
oo [pb] 3.50 2.19 oo [pb] 271 172
pb] 4.03 2.76 onLo [Pb] 346 (£5)  .236 (£3)
pb] 1.77 1.32 owsF [pb] 911 731

» NLO moderate: » NLO more important:
~ 15(25)% for myg = 115(160)GeV ~ 30(40)% for myg = 115(160)GeV

» background dominates: » signal dominates:

OVBF"™ 1/20'ggF OVBF"™ 5/2UggF

[Campbell, Giele,GZ '06]
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Scale uncertainties

[ Inclusive, WBF process

NLO fac
NLO ren

NLO fac
NLO ren

cross-section [pb]
cross-section [pb]

m,=160 GeV

Inclusive, Higgs mass 115 GeV

] ]
0.50 0.67 1.00

p/my

VBF signal: aaf background:

» very moderate dependence: ) reduced dependence at NLO,
~1.5% for1/2 < u/My <=2 ~ 30(40)% for myg = 115(160)GeV

but still important (similar for VBF-cuts)

[Campbell, Giele,GZ '06]
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Example: azimuthal angle between jets

Because of CP even nature of SM Higgs, azimuthal distribution of jets is

peaked at ¢;; = 0,7, for the ggk processes, while it's almost flat for VBF
[Del Duca et al. ‘01]

mp=120 GeV

solid m;=175 GeV
dots m,—>o
dashes WBF
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Example: azimuthal angle between jets

Because of CP even nature of SM Higgs, azimuthal distribution of jets is

peaked at ¢;; = 0,7, for the ggk processes, while it's almost flat for VBF
[Del Duca et al. ‘01]

Angular distributions are useful as
-discriminators between the processes -

_probe of CP properties of the Higgs ¢ | =120 Gev

solid m;=175 GeV
dots m,—>o
dashes WBF

Giulia Zanderighi — Precision QCD at LHC 24/31



Example: azimuthal angle between jets

Because of CP even nature of SM Higgs, azimuthal distribution of jets is

peaked at ¢;; = 0,7, for the ggk processes, while it's almost flat for VBF
[Del Duca et al. ‘01]

d
ang /b
180

]éven CP ——+—

Angular distributions are useful as
-discriminators between the processes ' OO

82.0-14.9cos(2A¢p) -
U No correlation - o

120

-probe of CP properties of the Higgs : Do ey
-an MC based study pointed out that the 1w}, - R S

correlation is reduced at higher order
[Odagiri ‘02]
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Example: azimuthal angle between jets

Because of CP even nature of SM Higgs, azimuthal distribution of jets is

peaked at ¢;; = 0,7, for the ggk processes, while it's almost flat for VBF
[Del Duca et al. ‘01]

0.8 I I I I I I I I | I I I I |

Angular distributions are useful as
-discriminators between the processes

-probe of CP properties of the Higgs
-an MC based study pointed out that the

correlation is reduced at higher order
[Odagiri ‘02]

| | | |
1ydp /31sp (ewdis /1)

-a matrix element based study pointed out
that the correlation mostly survives
[Del Duca et al. ‘06]
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Example: azimuthal angle between jets

Because of CP even nature of SM Higgs, azimuthal distribution of jets is

peaked at ¢;; = 0,7, for the ggk processes, while it's almost flat for VBF
[Del Duca et al. ‘01]

0.8 I I I I I I I I | I I I I

Angular distributions are useful as
-discriminators between the processes

-probe of CP properties of the Higgs
-an MC based study pointed out that the

correlation is reduced at higher order
[Odagiri ‘02]

| | | |
1ydp /31sp (ewdis /1)

-a matrix element based study pointed out
that the correlation mostly survives
[Del Duca et al. ‘06] R ——

— > interesting to see what happens at NLO
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Angular distribution

| I I I I | | | | | | | | | |
Higgs mass 115 GeV, WBF cuts 1] : Higgs mass 160 GeV, WBF cuts

NLO (solid) - NLO (solid)
LO x K-Factor (dashed) i LO x K-Factor (dashed)

I::> No appreciable change of shape, correlation survives at NLO
[Ellis, Giele,GZ *06]

Giulia Zanderighi — Precision QCD at LHC 25/31



The one-loop six gluon amplitude (l)

Motivation:

~ essential ingredient for NLO four-jet production at LHC
~ most complicated six-leg calculation in QCD

~ tests applicability of the method to six-leg processes

+ ~ 12000 diagrams
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The one-loop six gluon amplitude (ll)

—lements of the calculation:

« color decomposition: define color-stripped ampliudes

[Ellis, Giele,GZ °06]
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The one-loop six gluon amplitude (ll)

—lements of the calculation:

« color decomposition: define color-stripped ampliudes

w supersymmetric decomposition: compute amplitudes with
supersymmetric multiplets (4V=*, AV=1. AV=9) in the loops (useful
for comparison with partial analytical results in the literature)

[Ellis, Giele,GZ °06]
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The one-loop six gluon amplitude (ll)

—lements of the calculation:

« color decomposition: define color-stripped ampliudes

~ supersymmetric decomposition: compute amplitudes with

\ﬂ

supersymmetric multiplets

for comparison with partia

- helicity amplitudes: fix the

amplitudes out of 64)

(AN=4 AN=1 AN=0)in the loops (useful
analytical results in the literature)

nelicity of external gluons (8 independent

[Ellis, Giele,GZ °06]
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The one-loop six gluon amplitude (ll)

—lements of the calculation:

« color decomposition: define color-stripped ampliudes

~ supersymmetric decomposition: compute amplitudes with

supersymmetric multiplets
for comparison with partia

~ helicity amplitudes: fix the
amplitudes out of 64)

w modified tensor reduction:

(AN=4 AN=1 AN=0)in the loops (useful
analytical results in the literature)

nelicity of external gluons (8 independent

exploit completeness of space for N > 5

[Ellis, Giele,GZ °06]
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The one-loop six gluon amplitude (ll)

—lements of the calculation:

« color decomposition: define color-stripped ampliudes

~ supersymmetric decomposition: compute amplitudes with

supersymmetric multiplets
for comparison with partia

~ helicity amplitudes: fix the
amplitudes out of 64)

w modified tensor reduction:

(AN=4 AN=1 AN=0)in the loops (useful
analytical results in the literature)

nelicity of external gluons (8 independent

exploit completeness of space for N > 5

« number of diagrams involved: 12000, the most complicated involve
up to rank six six-point integrals

[Ellis, Giele,GZ °06]
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The one-loop six gluon amplitude (ll1)

Results:
~ agreement with published results, apart from A" = 1amplitudes,

agreement with revised version
— — numerical methods: powerful, completely independent checks
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The one-loop six gluon amplitude (ll1)

Results:
~ agreement with published results, apart from A" = 1amplitudes,

agreement with revised version
— — numerical methods: powerful, completely independent checks

« complementary between analytical/numerical methods: scalar
plece Is numerically the “easiest” one
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~ agreement with published results, apart from A" = 1amplitudes,

agreement with revised version
— — numerical methods: powerful, completely independent checks

« complementary between analytical/numerical methods: scalar
plece Is numerically the “easiest” one

« time estimate: 9s/amplitude on 2.8GHz Pentium

Giulia Zanderighi — Precision QCD at LHC 28/31



The one-loop six gluon amplitude (ll1)

Results:
~ agreement with published results, apart from A" = 1amplitudes,

agreement with revised version
— — numerical methods: powerful, completely independent checks

« complementary between analytical/numerical methods: scalar
plece Is numerically the “easiest” one

« time estimate: 9s/amplitude on 2.8GHz Pentium

w SIX gluon amplitudes first fully computed numerically, now
analytical calculation completed too [Xiao,Yang,Zhu ‘06]
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The one-loop six gluon amplitude (ll1)

Results:
~ agreement with published results, apart from A" = 1amplitudes,

agreement with revised version
— — numerical methods: powerful, completely independent checks

« complementary between analytical/numerical methods: scalar
plece Is numerically the “easiest” one

« time estimate: 9s/amplitude on 2.8GHz Pentium

w SIX gluon amplitudes first fully computed numerically, now
analytical calculation completed too [Xiao,Yang,Zhu ‘06]

For N=6 it’s still a long way to go from amplitudes to cross-
section. For the moment we decided not to purse this further.
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Ongoing/next applications
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Ongoing/next applications

Q pp — WW 4 1jet cross section at NLO

@ pbackground to Higgs and new physics searches
Q@ stepping stone to pp — WIW 4 2jets
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Ongoing/next applications

Q pp — WW + ljet cross section at NLO

@ pbackground to Higgs and new physics searches
Q@ stepping stone to pp — WW + 2jets

Q pp — WWW and pp — WW Z cross section at NLO

@ measurement of anomalous couplings

@ packground to SUSY tri-lepton signal

@ pbackground to associated H + W production
e WW Z(Z — bb) top-like signature
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Ongoing/next applications

Q pp — WW + ljet cross section at NLO

@ pbackground to Higgs and new physics searches
Q@ stepping stone to pp — WW + 2jets

Q pp — WWW and pp — WW Z cross section at NLO

@ measurement of anomalous couplings

@ packground to SUSY tri-lepton signal

@ pbackground to associated H + W production
e WW Z(Z — bb) top-like signature

Q pp — WW + 2jets cross section at NLO

@ pbackground to Higgs + 2 jet production
@ background to tt production
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Status of WW+jet
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Status of WW+jet

& warmup: recalculation of known virtual results

[Campbell Ellis, GZ in progress]

Giulia Zanderighi — Precision QCD at LHC 30/31



Status of WW+jet

& warmup: recalculation of known virtual results

@qq — WW,qq — 79,99 — Zg
ggg — WW

[Campbell Ellis, GZ in progress]
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Status of WW+jet

& warmup: recalculation of known virtual results

@qq — WW,qq — 79,99 — Zg
ggg — WW

Q 97 = WWyg

[Campbell Ellis, GZ in progress]
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Status of WW+jet

& warmup: recalculation of known virtual results
g qq — WW,qq — 79,99 — Zg
@99 — WW
Q 97 = WWyg
Q@ virtual calculation done

& checks done: Ward identities and poles
& time estimate: <1s per virtual ampliude

[Campbell Ellis, GZ in progress]
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Status of WW+jet

& warmup: recalculation of known virtual results

@ qq — WW,qq — vg9,9q9 — Zg
ggg — WW

Q97— WWyg
@ virtual calculation done
& checks done: Ward identities and poles

& time estimate: <1s per virtual ampliude
@ real corrections known (and recomputed)

[Campbell Ellis, GZ in progress]
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Status of WW+jet

& warmup: recalculation of known virtual results
@ qq — WW,qq — 9,99 — Zg
@agg — WW
Qqq — WWyg
@ virtual calculation done
& checks done: Ward identities and poles

& time estimate: <1s per virtual ampliude
@ real corrections known (and recomputed)

@ subtraction terms done

[Campbell Ellis, GZ in progress]

Giulia Zanderighi — Precision QCD at LHC 30/31



Status of WW+jet

& warmup: recalculation of known virtual results
@ qq — WW,qq — 9,99 — Zg
@agg — WW
©Q qq — WWyg
@ virtual calculation done
& checks done: Ward identities and poles

& time estimate: <1s per virtual ampliude
@ real corrections known (and recomputed)

@ subtraction terms done
Q last piece missing: massive top/botton contribution (in progress)

[Campbell,Ellis,GZ in progress]
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Status of WW+jet

& warmup: recalculation of known virtual results
@ qq — WW,qq — 9,99 — Zg
@agg — WW
Q 97 = WWyg
@ virtual calculation done
& checks done: Ward identities and poles

& time estimate: <1s per virtual ampliude
@ real corrections known (and recomputed)

@ subtraction terms done
Q last piece missing: massive top/botton contribution (in progress)

& higher order gg — WWg (enhanced by gluons PDFs)

@ virtual calculation done | |
[Campbell,Ellis,GZ in progress]
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Conclusions

We developed a method to evaluate one-loop corrections to N-leg
(N<7) processes and implemented it in a numerical program

Applications:

» Higgs plus dijet via gluon fusion at the LHC
» sSiX gluon amplitudes
» In progress: WW+jet, Z2Z+], WWW, ZZW

» Next: WW+2 jets
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