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Factorial vs. polymomial (exponential ) growths of the evaluation time with the
number of the external legs
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CALCULATING HIGHER ORDER CORRECTIONS

IS HARD

[ Traditional Feynman-diagram approach with Passerine-Veltman
reduction have factorial growth with the number of the legs

[ Major technical improvements in the last 15 years

recursion relations, double box loop integral, IBP identities
and Lorenz invariance identities for loop integrals, Laporta
algorithm, understanding the structure of soft and collinear
singularities, unitarity method, OPP reduction....

4 NNLO and multi-leg NLO revolution

M4 NNLO evolution of patron densities
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5-loop NNLO calculation, 2-loop NNLO, 1-loop NLO multi-leg

Hadronic Z and tau decays
Baikov, Chetyrkin,Kuhn (2008)
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Drell - Yan production Z /v + 4jet production

Anastasiou, Dixon, Melnikov BlackHat (2011)
Petriello (2004)
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Cross section calculations at NLO

/
(" tree amplitude ) o - " |subtracted tree
virtual contributions :
squared amplitude squared
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various implementations:

CutTool, Rocket, Black Hat automated CS,
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@enerators )
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( )
1. Loop ampitudes are constructed from cut amplitudes

2. Cut amplitudes are calculated in terms of tree amplitudes

3. Number of cuts grows with the number of the external legs (n) much
slower than the number of the Feynman diagrams
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Cross section calculations at NLO

/
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virtual contributions :
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various implementations:

CutTool, Rocket, Black Hat automated CS,

FKS generators )

automated LO
@enerators )

o

( )
1. Loop ampitudes are constructed from cut amplitudes

2. Cut amplitudes are calculated in terms of tree amplitudes

3. Number of cuts grows with the number of the external legs (n) much
slower than the number of the Feynman diagrams

Automatic calculationupto n=8...10...
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Basic ideas of the multi-leg revolution NLO

BDK: decompose the amplitude in terms of basic set of scalar integral functions
and read out the coefficients using unitarity cuts (‘98)

OPP: consider the integrand, the amplitude is parametric integral over the
loop momentum (‘06) (see also EGK ('07))

BCF/BDK: use generalized cuts, read out the coefficients in terms of tree
amlitudes (complex momenta) ('05)

GKM: rational part is obtained by carrying out the algorithm in two
different integer D>4 dimensions ('08) (see also Badger and BDK)

Bern, Dixon, Kosower (BDK) ; Ellis, Giele, ZK, Melnikov (EGKM); Britto, Cachazo, Feng (BCF)
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“Integrand of the amplitude” for fully ordered external legs: many diagrams
but maximal N different I-dependent scalar propagators.

This gives unique prescription of the integrand function as a function of

the loop momentum modulo overall shift.
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“Integrand of the amplitude” for fully ordered external legs: many diagrams

but maximal N different I-dependent scalar propagators.
This gives unique prescription of the integrand function as a function of

the loop momentum modulo overall shift.

In 4D kinematics, the integrand of any one-loop Feynman
amplitude with arbitrary number of external legs can be
written in the standard form of linear combination of

quadro-,triple-,double-,single-pole terms
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The number of the terms are given by all possible N
partitioning of the external legs to k set of particles is: L
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The number of the terms are given by all possible N
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N(p1,p2,...,p3;1)
An(p1,p2s. .y l) = ———= =
v(p1,p2;- - P ) o dn
Z irigizig (1) z Ciinia (1) | Z biyiy (1) | Z ai, (1)
| | |
fli: (e o & vdildigdh | | d;, d;, | d;,
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The number of the terms are given by all possible N
partitioning of the external legs to k set of particles is: L

N(p1,p2,...,pN;1)
Av(p1,p2,...,ph 1) = o AN
N(p1, 02, -, 0N 1) R
Z iripizig (1) z Cirizia (1) _ Z bisiy () z ai, (1)
| | |
bdodnd, | Lo ddidy, | L didy, | L dy
1<11<19<13<14 <N 1<11<1p<13<N 1<31<1p<N 1<31 <N

The numerator functions are polynomial in the
transverse component of the loop momentum

Dienstag, 23. August 2011



Dienstag, 23. August 2011



Dienstag, 23. August 2011



The numerators are simple polynomials of the loop momentum components of the
corresponding trivial space.
For a given 4-,3-,2- cut we have 2,7,9 parameters

Dienstag, 23. August 2011



The numerators are simple polynomials of the loop momentum components of the
corresponding trivial space.
For a given 4-,3-,2- cut we have 2,7,9 parameters

18 structures but only 3 non-vanishing integrals

Dienstag, 23. August 2011



The numerators are simple polynomials of the loop momentum components of the
corresponding trivial space.
For a given 4-,3-,2- cut we have 2,7,9 parameters

18 structures but only 3 non-vanishing integrals

aijkl(l) = 3@3'141(77/1 A1) = diji + jijkl S1, 8i=mn;- 1
Cijr(l) = cijp + cpst + cinsa + (st — 83) + sisa(cl) + st + o)

bi; (1) = bg-))—I—b,gjl-)Sl—l—b,E?)Sg—l—b?(j)s;g—Fbgj)(5%—8§)+b(-5-)(s§ 53)+ b( s 32—|—b( )5153—|—b( ) 8583

Dienstag, 23. August 2011



The numerators are simple polynomials of the loop momentum components of the
corresponding trivial space.
For a given 4-,3-,2- cut we have 2,7,9 parameters

18 structures but only 3 non-vanishing integrals

%kz(l) = 3@3'1«1(77/1 A1) = diji + dvijkl S1, 8i=mn;- 1
) = ) 4 e+ e2sp + 63162 — B) + ousnl) + o + o

bi; (1) = bg-))—I—b,gjl-)31+b,§§)52+b§?)53—|—b§j)(s%—sg)—kb@-)(sg 53)+ b( s 32—|—b( )5153—|—b( ) 8583

Box (rank four): Dp=3,Dr=1, 5 =s57~1

Dienstag, 23. August 2011



The numerators are simple polynomials of the loop momentum components of the
corresponding trivial space.
For a given 4-,3-,2- cut we have 2,7,9 parameters

18 structures but only 3 non-vanishing integrals

%kz(l) = 3@3'1«1(77/1 A1) = diji + dvijkl S1, 8i=mn;- 1
) = ) 4 e+ e2sp + 63162 — B) + ousnl) + o + o

bi; (1) = bg-))—I—b,gjl-)31+b,§§)52+b§?)53—|—b§j)(s%—sg)—kb@-)(sg 53)+ b( s 32—|—b( )5153—|—b( ) 8583

Box (rank four): Dp=3,Dr=1, 5 =s57~1 7 =015, Up=(g)N

Dienstag, 23. August 2011



The numerators are simple polynomials of the loop momentum components of the
corresponding trivial space.
For a given 4-,3-,2- cut we have 2,7,9 parameters

18 structures but only 3 non-vanishing integrals

%kz(l) = 3@3'1«1(77/1 A1) = diji + dvijkl S1, 8i=mn;- 1
) = ) 4 e+ e2sp + 63162 — B) + ousnl) + o + o

bi; (1) = bg-))—I—b,gjl-)31+b,§§)52+b§?)53—|—b§j)(s%—sg)—kb@-)(sg 53)+ b( s 32—|—b( )5153—|—b( ) 8583

Box (rank four): Dp=3,Dr =1, l% — S% ~ 1 l?p =% - lQPa lﬁé = (lgi)vy
Triangle (rank three): Dp =2, Dy =2, % =57+ 55 ~ 1

Dienstag, 23. August 2011



The numerators are simple polynomials of the loop momentum components of the
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The numerators are simple polynomials of the loop momentum components of the
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For a given 4-,3-,2- cut we have 2,7,9 parameters

18 structures but only 3 non-vanishing integrals
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Triangle (rank three): Dp =2, Dy =2, % =57+ 55 ~ 1
Bubble (rank two):  Dp =1, Dy = 3, l% — S% 4+ Sg i s% ~ 1

dijri(1) / dijri + dijrimy - 1 / 1
dl] -2 i) =4 J = dijw [ [dI = diimLiin -
/[ ]dddkdl 4] did;drd; it f | ]didjdkdl JRET
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_ dijr (1)

cijr(l) = Resjj | An(l) — Z did;drd, di=d;=d,=0 infinite # of solutions
:didyd
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Numerator functions are fixed in terms of tree amplitudes

Two key points:

A) parameters are independent from the loop
momenta: they can be calculated from the value of
the residua of the amplitude in the loop momentum

B) The residua factorize into the product of tree amplitudes

dijr1 (1) = Res; ik (A,\-(l)) d=d;=d,=d=0 two solutions, 4-cut
N (_/,j ikt (1)
cijr(l) = Resjj | An(l) — Z did:dvd; di=d;=d,=0 infinite # of solutions
b T
di=dj=0
- Giik(l) 1 dijri (1)
bij(l) = Res;; A'l—z ! ——Z ' i
)i (1) j N (1) didid; 2! did;did; infinite # of solutions

k=i j kI, ]

Dienstag, 23. August 2011



A number of 2->4 calculations have been performed with the new methods

- Rocket, Black Hat + Sherpa, Rocket + MadFKS have been used for the
processes

pp — W/Z + 3jets, WW + 2jets, eTe” — bHjets

Berger,Bern,Dixon, Febres-Cordero, Forde, Gleisberg, Ita, Kosower,
Ellis,Frixione, Frederix, Giele, ZK, Melia, Melnikov, Rontsch, Zanderighi

- HELAC-1Loop, Feynman diagrams based method have been applied for
pp — WW 4+ bb, tt + 2jets, tt + bb , bbbb

Bevilaqua, Czakon, Van Hameren, Papadopoulos, Pittau, Worek
Bredenstein, Denner, Ditmaier, Kallweit, Pozzorini
Binoth, Greiner, Guffanti, Guillet, Reiter, Reuter
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Recent developments for NLO codes

[ BlackHat + Sherpa: W/Z+ 4jets
e improvements: First use of N = 4 derived expressions (Dixon, Henn, Plefka, & Schuster)

Six quark subprocesses are included

M CutTools+HELAC: ttbar+ ZjEtS (Bevilacqua, Czakon, Papadopoulos, Worek )
IZ Rocket: + 2j€t5 (Melia, Melnikov, Rontsch,Zanderighi)
ttbar+ 1photon with top decay velnikov, schultze, Scharf)

M New implementations
e Samurai: Mastrolia, Ossola, Reiter, & Tramontano (OPP)
e NGluon: Badger, Biedermann, & Uwer (D-dim. unitarity)
e MadLoop: Hirschi, Frederix, Frixione, Garzelli, Maltoni, & Pittau
e GPU implementation: Giele, Stavenga, Winter
e Unordered colordressed amplitudes Ciele, ZK, Winter

4 Analytic work

e Badger, Campbell, Ellis (pp->Wbbar); Badger, Sattler, Yundin (pp->ttbar)
e Almeida, Britto, Feng & Mirabella
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Recent contributions

For example Melnikov, Schulze and Scharf

The process tt + ~ is an interesting SM signal

e We calculated pp — tt +~ — bb v jj +~ at NLOQCD

- realistic and flexible setup
- include top decays and account for all spin correlations
- allow photon radiation off decay products

e levatron: good agreement with CDF measurement

e [ HC: possibility to measure electromagnetic couplings of the top quark

e Large contribution from radiative top decays

Schulze, loopfest 11
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NLO =
L e = Lo ] o
.'. | AL \{
2 10! L mE | . . a0 J
i ' 1 0 o) =+24.0
0e | i L e Oir = 149 3¢ 9 fb
L 1 1 1 L ll L 1 1 lIa |:
0 50 100 10 2N %0 2 ! 0 ! 2 43
pr(f®) [CeV p(f*) i\.ItPO —_ 138 ﬂ)
LO 5
P 1 | LO E
< ' decay 0 tot
C-I' l ] f—
s Pl o — 560 o
L =
d n i l
[ { ‘ll'l'l | 1 24
For{mmims \ (

e large K-factor = extra phase space for additional jet
e no reduction of scale dependence = opening up of g-¢ channel at NLO

(similar features as in ¢¢ production)
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/+4 Jets

BLACK HAT arXiv:1108.2229

H. Ita, Z. Bern, L. J. Dixon, F. Febres Cordero, > 4

D. A. Kosower, D. Maitre

e Improvement in scale dependence

[ pb/ Ge

e Fourth jet py: little LO—NLO change ir£
shape 3

e Leading three jet p;s: shape changes;
each successive jet falls faster

e Leading color

] 50 100 150 .
10 FT T llllllllllllllll:lo
BlackHat+Sherpa
Z/y +4jets+ X
-2
Vs =7Tev 110
- Hp = Mg = ﬁr /2
py > 25GeV, ™1 < 3
p; > 20GeV, 'l <25
|()'3 3 66 GeV < M_ <116 GeV E ]0%
C K = 05 [anti-k) -
LC virtual
-—= LO
10" f | — NLO 4 10™
: 1 Ll L L1l
:l T 1 L .
) _ LO scale NLO scale _ )
1.5 F 415
v
- " e — —— it ]
1 : : “ta |_‘ -:_I - 1
0-5L1l1111111111|1|1111:0.5

Fourth Jet Py [ GeV |
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/+4 Jets

BLACK HAT arXiv:1108.2229

H. Ita, Z. Bern, L. J. Dixon, F. Febres Cordero,
D. A. Kosower, D. Maitre

e Improvement in scale dependence

e Fourth jet p-: little LO—NLO change in
shape

e Leading three jet p;s: shape changes;
each successive jet falls faster

e Leading color
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Public NLO codes?

Dienstag, 23. August 2011



Public NLO codes?

A No flexible one-loop programs are available

. Rocket and Black Hat are private codes for multi-leg processes
o Version of Rocket when massive particles appear
. Golem is not in shape for plugin

. Helac One-Loop not public
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Public NLO codes?

A No flexible one-loop programs are available

. Rocket and Black Hat are private codes for multi-leg processes
o Version of Rocket when massive particles appear
. Golem is not in shape for plugin

. Helac One-Loop not public

A MadLoop: Madgraph version of Helac One-Loop
Hirschi,Frederix,Grazelli,Pittau ("11)
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Code for calculating physics signals at the

Tevatron and the LHC at NLO accuracy
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Code for calculating physics signals at the

Tevatron and the LHC at NLO accuracy

Final state

Notes

Reference

Final state

Notes

Reference

WIZ

H (gluon fusion)

diboson
(WIZLIY)

photon fragmentation,
anomalous couplings

hep-ph/9905388,
arXiv:1105.0020

H+1 jet (g.f)

effective coupling

Vvbb

massless b-quark
massive b quark

hep-ph/8810488

arXiv:1011.6847

H+2 jets (gf)

effective coupling

hep-ph/0608194,
arXiv:1001.44985

WH/ZH

Zbb

massless b-quark

hep-ph/0008304

H (VWEBF)

hep-ph/0403194

WIZ+1 jet

WIZ+2 jets

Hb

5-flavour scheme

s- and t-channel (5F),

top decay included

hep-ph/0204093

hep-ph/0408158

wWc

massive c-quark

hep-ph/O05068:28€

t

t-channel (4F)

i = -—

arXiv:0803.0005,
arXiv-:0907.3933

Zb

5-flavour scheme

hep-ph/0312024

Wt

S5-flavour scheme

hep-ph/O508289

Zb+jet

5-flavour scheme

top pairs

top decay included
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Code for calculating physics signals at the

Tevatron and the LHC at NLO accuracy

Final state Notes Reference Final state Notes Reference
W/Z H (gluon fusion)
— H+1 jet (gf. effective couplin
diboson photon fragmentation, hep-ph/980535886, jet (g1 piing
(WIZIY) anomalous couplings arXiv:1105.00=20 (DR _ : hep-ph/0808184,
H+2 jets (g.f.) effective coupling ArXiv-1001 4495
VWbb massless b-quark hep-ph/8810489 :
massive b quark arXiv:1011.8847 WH/ZH
E H (WEBF hep-ph/0403194
Zbb massless b-quark hep-ph/0008304 SEAE) ep-ply/020519
; Hb 5-flavour scheme hep-ph/0204093
WIZ+| jet
. : hep-ph/02021786, t s-tanddt .nnTI 55?' hep-ph/0408158
WIZ+12 jets hep-ph/0308195 Oop decay include
arXiv-0803.00085,
We massive c-quark hep-ph/05068289 t t-channel (4F) arXiv-0907.3933
Zb 5-flavour scheme hep-ph/0312024 Vvt 5-flavour scheme hep-ph/O508289
Zb+jet 5-flavour scheme hep-ph/0510382 top pairs top decay included

W Monumental work of Ellis+Campell and collaborators over 13 years

W MCFM v6.0 30-50 processes !
W General frame work. Each process is implemented by separate consideration

W By now widely used and provides standard reference
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Errors are the MC integration
uncertainty only

Cuts on jets, Y*/Z decay
products and photons, but no
cuts on b quarks (their mass
regulates the IR singularities)

Efficient handling of exceptional
phase-space points: their
uncertainty always at least two
orders of magnitude smaller than
the integration uncertainty

Running time: two weeks on
~150 node cluster leading to
rather small integration
uncertainties

MadFKS+MadLoop results are
fully differential in the final states
(but only parton-level)

Rikkert Frederix, Aug 4, 2011

—' T IR PRI, ",:' AT — A 7*: ¥ ST o ~ P
Process 7 nyy Cross section (pb)
LO NLO

al pp—itt Meop 5 12376 £0.05 162.08 £0.12
a2 pp—t) Miop 5 34.78+0.03 41.03£0.07
a3 pp—tij Mtop 5 11.851 = 0.006 13.71£0.02
ad pp—thi Meop/ 4 4 2562 +0.01 3096 =0.06
ab pp—thij Meop,/ 4 4 8.195 £ 0.002 891+0.01
bl pp—=(W+ —)etr, mw 5 50725+£29 61462 +9.8
b2 pp—=(W+ =)etwes mw 5 K28 4£08 1065318
b3 pp—= (W =)etved) mw 5 2088+04 3003+06
bd pp—=(y*/Z =)eTe~ mz 5 1007.0£0.1 1170.0 £2.4
b5 pp—=(y*/Z =)ete™ mz 5 15611003 203002
b6 pp—=(v*/Z =)eTe 33 mz 5 5424+0.02 56.69+0.07
cl pp—=(W+ —f)e':‘l/cbl_) mw + 2mg 4 11.557 £0.005 2295+£0.07

2 pp= (W )etr tt mw + 2meep 5 0.009415 £0.000003 0.01159 £0.00001
c3 pp—=(v*/Z =)etebb mz + 2my 4 9.459 £ 0.004 15.31£0.03
cd pp—=(v*/Z =)ete tt  mz+ 2myep 5 0.0035131 £0.0000004 0.004876 £0.000002
ch pp—yitt 2msop 5 0.20906 £ 0.0001 0.4169 £0.0003
dl pp—W+W- 2mw 4 20976 = 0.004 43.92+0.03
d2 pp—aW+W-3 Qmw 4 11.613£0.002 15174 £0.008
d3 pp—W+W+3; 2mw 4 0.07048 £ 0.00004 0.1377 £0.0005
el pp—HW* mw + my 5 0.3428 £ 0.0003 0.4455 £0.0003
e2 pp—HW*; mw + my 5 0.1223 £ 0.0001 0.1501 £0.0002
ed pp—=HZ mz +my 5 0.2781 £ 0.0001 0.3659 £0.0002
ed pp—HZ; mz +mpy 5 0.0088 £ 0.0001 0.1237 £0.0001
eb pp—Htt Myop + My 5 0.08896 £ 0.00001 0.09869 £0.00003
e6 pp— Hbb my +my 4 0.16510 £ 0.00009 0.2099 £0.0006
e7 pp—Hjj my 5 1.104 = 0.002 1.036 £0.002
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MC@NLO : - Well tested for many processes
- Matches NLO to HERWIG and HERWIG++
- Angular ordered Parton Shower

Frixione, Webber (03)

- One may have negative weights
- Available also for PHYTIA
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MC@NLO : - Well tested for many processes
- Matches NLO to HERWIG and HERWIG++
- Angular ordered Parton Shower

Frixione, Webber (03)

- One may have negative weights
- Available also for PHYTIA

POWHEG: - Parton Showers can be interfaced E;cilfi?)r;e(oﬁl)ason Oleari (07)

- HERWIG, SHERPA, PHYTIA ’ ’

- Only positive weights, resumming
subleading non-logarithmic corrections

- Modular, POWHEGBOX can use existing

NLO calculations

WWWZ,ZZ (Melia et.al.)
NLO results HELAC (Kardos et.al.),
HERWIG++, SHERPA (Hoeche et.al)
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THE aMC@NLO JOINT VENTURE

MadGraph

Cutlools

http://amcatnlo.cern.ch
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THE aMC@NLO JOINT VENTURE

MadGraph

Cutlools

http://amcatnlo.cern.ch

Automatic implementation of the MC counter

term for Herwig6, Herwig++ and Phytia
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THE aMC@NLO JOINT VENTURE

MadGraph

Cutlools

http://amcatnlo.cern.ch

Automatic implementation of the MC counter

term for Herwig6, Herwig++ and Phytia

Automated NLO SHERPA...
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What is used in the data analysis ?
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What is used in the data analysis ?

Higgs-search at the LHC
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What is used in the data analysis ?

Higgs-search at the LHC

Search for the Higgs-boson decaying into
in fully leptonic final states

CMS PAS HIG-11-003
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What is used in the data analysis ?

Higgs-search at the LHC

Search for the Higgs-boson decaying into

in fully leptonic final states
CMS PAS HIG-11-003

Search for the Higgs-boson produced in association with W/Z

boson and decaying into a b-quark pair
ATLAS-CONF-2011-103
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Precision calculations for Higgs-search

The SM Higgs is close to be observed or excluded

o 20
&~ o |
- (&
18 2
i
16 : | ] 40
%
14 3|
12
0 .
........ 3
B
6 -
a heory uncertainty 4.
it including theory errors
2 it excluding theory errors
......... 1
100 150 200 250 300
: - s - M., [GeV]
interval -
with excess Excl. by ATLAS/CMS also 300 < m, < 450 GeV
an 25 o is excluded

slide taken from Altarelli
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Figure 3: 95% expected and observed C.L. upper limits on the cross section times branching
ratio oy x BR(H — W W~ — 2£2v), relative to the SM value using (a) cut-based and (b) multi-
variate BDT event selections. Results are obtained using the CL; approach.
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CMS PAS HIG-11-003

% CMS Preliminary, Vs = 7 1@V CL, Bxpoded % CMS Preliminary, JE=7 18V = [—— CL, Expeciod
E__ [ H—s WW combined (cuts). L "=T1.T [t CL, Expocted : 1o % " H— WW combined,L_=1.1T5" | CL, Expected : g
‘ﬁ [ ] CLg Bxpocted £ 20 £ ] Cly Expecied = 20
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Figure 3: 95% expected and observed C.L. upper limits on the cross section times branching
ratio oy x BR(H — W W~ — 2£2v), relative to the SM value using (a) cut-based and (b) multi-
variate BDT event selections. Results are obtained using the CL; approach.

Dienstag, 23. August 2011



CMS PAS HIG-11-003

In this analysis we used the POWHEG program [11] to generate Monte Carlo event samples for
the H -+ W'W™ and Drell-Yan processes. The qq —+ W'W~, W +jets, tf, and tW processes
are generated using the MADGRAPH [12] event generator, the gg— W*W™ process using
the GG2WW event generator [13], and the remaining processes using PYTHIA [14]. The de-
fault set of parton distribution functions (PDF) used to generate these samples is CTEQ6L [15].
Cross section calculations at Next-to-the-Next-to-Leading Order (NNLO) are used for the H —
WHW~ process, while NLO calculations are used for background cross sections. The detector
response is simulated for all processes using a detailed description of the CMS detector, based

on the GEANT4 package [16].

% CMS Preliminary, Vs = 7 1@V CL, Bxpoded % CMS Preliminary, JE=7 18V = [—— CL, Expeciod
E__ [ H—s WW combined (cuts). L "=T1.T [t CL, Expocted : 1o % " H— WW combined,L_=1.1T5" | CL, Expected : g
‘ﬁ [ ] CLg Bxpocted £ 20 £ ] Cly Expecied = 20
E 10 —a— Gl Obsorved E 10 —a— CL, Obsarved
= = \
b g
O O
1
L1 1 | ] Bl S o) I Y l L1 1 L1 1 L1 1 L 1 i - l L1 1 1 L1 1
120 140 160 180 200 220 240 120 140 160 180 200 220 240
Higgs boson mass (GeV/c®) Higgs boson mass (GeV/c?)
(a) (b)

Figure 3: 95% expected and observed C.L. upper limits on the cross section times branching
ratio oy x BR(H — W W~ — 2£2v), relative to the SM value using (a) cut-based and (b) multi-
variate BDT event selections. Results are obtained using the CL; approach.
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Inclusive and exclusive cross-sections for

p+pd) - W W~ W*Z, ZZ
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Search for the Higgs-boson produced in association with W/Z

boson and decaying into a b-quark pair
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Search for the Higgs-boson produced in association with W/Z

boson and decaying into a b-quark pair g EIIEnE
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Search for the Higgs-boson produced in association with W/Z

boson and decaying into a b-quark pair parEG =N
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ATLAS-CONF-2011-10
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Figure 10: Expected (dashed) and observed (solid line) exclusion limits for the ZH — ££bb (top) and
WH — £vbb (bottom) channels expressed as the ratio to the Standard Model cross-section, using the
profile-like lihood method with CL,. The green and yellow amas represent the lor and 2o ranges of the
expectation in the absence of a signal.

Dienstag, 23. August 2011



ATLAS-CONF-2011-10

The background processes are modelled with several different event generators. The ALPGEN gener-
ator [31] interfaced with the HERWIG program [32] for parton showers and hadronization is used to
simulate W/Z+jets events. The MC@NLO generator [33]. interfaced to HERWIG and JIMMY [34] for
the simulation of underlying events, is used for the production of top-quarks and the diboson (ZZ.WZ
and WW) MC events. For the WW diboson samples, an additional contribution from gluon-initiated
diagrams is modelled using gg2Ww [35]. The HERWIG generator is used to simulate additional diboson

WW samnles
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Figure 10: Expected (dashed) and observed (solid line) exclusion limits for the ZH — ££bb (top) and
WH — £vbb (bottom) channels expressed as the ratio to the Standard Model cross-section, using the
profile-like lihood method with CL,. The green and yellow amas represent the lor and 2o ranges of the
expectation in the absence of a signal.
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Figure 8 The invariant mass, myg, for ZH — €(bb for my = 115 (left) and 130 GéV (right). The signal
distribution is enhanced by a factor of 20 for visibility.
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Figure 9: The invariant mass, mgz, for WH — £vbb for my = 115 (left) and 130 GeV (right). The signal
distribution is enhanced by a factor of 20 for visibility.
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SM Higgs production
x-sections at NNLO +
NLO EW in pp collisions
at 7 TeV for W/X+H+X
with H->bbar decay
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SM Higgs production
x-sections at NNLO +
NLO EW in pp collisions
at 7 TeV for W/X+H+X
with H->bbar decay

Handbook of LHC Higgs

cross-sections (Ed. Mariotti,
Passarino, Tanaka )
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mu ol WH) o ZH) Branching Ratio
(GeV) (pb) (pb) H — bb
110 0.875 0472 0745
SM Higgs production 115 0.755 0.360 0.705
x-sections at NNLO + 120 0.656 0316 1649
: o 125 0.573 0.778 (0578
NLO EW in pp collisions 130 0.501 0.245 0404

at 7 TeV for W/ X+H+X

with H->bbar decay

Handbook of LHC Higgs

cross-sections (Ed. Mariotti,
Passarino, Tanaka )
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muy ol WH) o ZH) Branch ing _Ralic-
(GeV) (pb) (pb) H — bb
110 0.875 0472 (0.745
SM Higgs production 115 0.755 0360 0.705
x-sections at NNLO + 120 0.656 0316 0649
NLO EW in pp collisions ';j) g: (')3 g-;;;‘ 8':1 ’;
at 7 TeV for W/X+H+X - — — -
with H->bbar decay
Process Generator o %X BR
WH PYTHIA See 1ab. 1
Handbook of LHC Higgs G ALPGEN 10.46 b 136,39
cross-sections (Ed. Mariotti, Zye—s £t ALPGEN, PYTHIA

Passarino, Tanaka )

m,, > 40 GeV
My » ()D (‘A‘V

1.07nb [38,40]
(.989 nb [38, 40]

ww MC@NLO+ggzww 46.23 pb (35, 36]
WW — Ivgg HERWIC 46.23 pb [35, 36]
wZ MC@NLO
66 < m,, < 116 GeV 18.0pb [36]
Zz MC@NLO, PYTHIA
66 < m,, < 116 GeV 5.96 pb [36]
Top-quark
i’ MC@NLO 164.6 pb [41]
- channel MC@NLO 587 pb [36]
s—Channel MC@NLO 3.94 pb [36]
Wi—channel MC@NLO 13.1 pb [36]
bb — PYTHIA 73.9nb
cC — pu PYTHIA 284 nb

Tabk 2: Monte Carlo programs used for modelling signal and background processes and the cross-
sections times branching ratio (BR) used to normalze the different processes. Branching ratios corre-
spond to the decays shown. Wher two generators are given the second is used to estimate systematic
unce raintes.
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qdlrrerentia () C8 ATIC Or 4-leq Droce

see talk by Nigel Glover
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see talk by Nigel Glover

ete” — 3jets (2002-2009)
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see talk by Nigel Glover

ete” — 3jets (2002-2009)

pp->2jets at NNLO
pp->ttbar at NNLO
pp->V+jet at NNLO
pp-> VV at two loop
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qdlrrerentia () C8 ATIC Or 4-leq Droce

see talk by Nigel Glover

ete” — 3jets (2002-2009)

pp->2jets at NNLO
pp->ttbar at NNLO
pp->V+jet at NNLO
pp-> VV at two loop

It is hard but it is feasible for up to 4 leg processes
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Antenna subtraction method for NNLO calculation:
tested in great detail and applied to the calculation of 3-jet observables
In electron-positron annihilation
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Antenna subtraction method for NNLO calculation:
tested in great detail and applied to the calculation of 3-jet observables
In electron-positron annihilation
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Antenna subtraction method for NNLO calculation:
tested in great detail and applied to the calculation of 3-jet observables
In electron-positron annihilation

Stable pertubative prediction, theory error is below 2%
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Antenna subtraction method for NNLO calculation:
tested in great detail and applied to the calculation of 3-jet observables
In electron-positron annihilation

Stable pertubative prediction, theory error is below 2%
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108 oYeus) ays(Mz) = 0.1175+0.0020(exp)+0.0015(th)
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Two loop amplitude available  C.Anastasiou, E.W.N.Glover, M.E.Tejeda-Yeomans (2002)
YY +jet at NLO available Zz. Nagy et.al. (2003)

i) the NNLO calculation can use hard-collinear coefficients obtained for
Drell-Yan

i) Frixione smooth
cone isolation Is used
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YY +jet at NLO available Zz. Nagy et.al. (2003)

i) the NNLO calculation can use hard-collinear coefficients obtained for

Drell-Yan
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i) the NNLO calculation can use hard-collinear coefficients obtained for
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Two loop amplitude available  C.Anastasiou, E.W.N.Glover, M.E.Tejeda-Yeomans (2002)
YY +jet at NLO available Zz. Nagy et.al. (2003)

i) the NNLO calculation can use hard-collinear coefficients obtained for

Drell-Yan
L R MINARY RESULTS _, Vs= V
i) Frixione smooth PRELIMINARY RESULTS: LHC, Vs=14 Te
cone isolation is used | ~

MSTW 08 o N gmeno

- -
-
-
-

E7*(5) < x(9)

e (11——022?22))"

pir> 40 GeV vl<2.5

60 (:TE‘\v < BI < 18(:) (::r(f‘\v
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4-leg NNLO needed new method for phase-space integrals
with arbitrary cuts and experimental observables
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subtraction; antenna, kt-subtraction, sector decomposition, slicing,...
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4-leg NNLO needed new method for phase-space integrals
with arbitrary cuts and experimental observables

subtraction; antenna, kt-subtraction, sector decomposition, slicing,...

A promising new idea: Non-linear mapping

Anastasiou, Herzog, Lazopoulos arXiv:1011.4867
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4-leg NNLO needed new method for phase-space integrals
with arbitrary cuts and experimental observables

subtraction; antenna, kt-subtraction, sector decomposition, slicing,...

A promising new idea: Non-linear mapping

Anastasiou, Herzog, Lazopoulos arXiv:1011.4867

Talk by Franz Herzog at CERN THLPCC1 Workshop
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dzdy = dzdy [O(z > y) + O(y > z)]

y=tx X=ty

Proliferation of integrals
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AT 7o /U@d.l,dy (a(l — x) + y)

factorizes the singularity and preserves integration boundaries

Successfull application for V-V, V-R and RR overlapping integrals
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Fully differential NNLO calculation for 2->3 processes

Dienstag, 23. August 2011



Fully differential NNLO calculation for 2->3 processes

Will it be needed?

Dienstag, 23. August 2011



Fully differential NNLO calculation for 2->3 processes

Will it be needed?
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Fully differential NNLO calculation for 2->3 processes

Will it be needed?
We need a second NNLO revolution to beat the factorial growth

Recent papers by

Mastorlia and Ossala arXiv:1107.6041
Kosower and Larsen arXiv:1108.1180
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Fully differential NNLO calculation for 2->3 processes

Will it be needed?
We need a second NNLO revolution to beat the factorial growth

Recent papers by

Mastorlia and Ossala arXiv:1107.6041
Kosower and Larsen arXiv:1108.1180
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OPP-like analysis for double box diagrams with

maximal cuts

Enlnareans s dPé, dPe, f(£,6)
Py f(£y, £3)] DD 10D 73(7 7 7 =TT —~r —~—
i (27)" (27)¥ £5(Ly — k)28 — Ky2)2(€ £g )<t5 g — ke)2(fy — Kay)?
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Dy =Dy=Dy=Dy=ds = Dg= Dy =0
0 Y B
= >
¢ £
A 1\74

What is the most general irreducible parametrization of f(ll, lg) ?

How many terms lead to non-vanishing integral ?

How to project out non-vanishing coefficients?
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M Consolidation afte NLO “revolution” towards automated codes
aMC@NLO

M Room for more ideas yet to get more efficient algorithms

M Great challenge and motivation by the
CMS and ATLAS new data sets

M More precision and so more detailed studies of higher order
corrections are needed

M Fully differential NNLO calculations for 4-leg processes
will be available in the near future

M Truly exiting new era in particle physics phenomenology
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