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The top-quark
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Discovered at Fermilab in
1995, the TOP QUARK
is as short-lived as it is
massive. Weighing in at
a hefty 175 GeV, its
lifetime, a mere 1024
second, is the briefest of
the six quarks. Top
Quarks are an enigmatic
particle whose personal
life is sought after by

thousands of physicists,
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@ The top-quark asymmetry =
at hadron colliders

. Y o .
® Definition: AP :+;ZET”5 z ng:
L TE T AT I

N0 E n>0
® sgg—tt does not give any asymmetry
®* NLO QCD predicts A/*>0

Marco Zaro, 1 1-08-2014 3 LHCPhenONet
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@ Top quark asymmetry at

the Tevatron

® QCD asymmetry can be tested at hadron colliders

® Use pp colliders (Tevatron):
® p mostly contains quarks, p mostly anti-quarks
® gg (symmetric) contribution is small (10% of the x-sect)
® SM prediction: A= 8.810.6 %
® Measured values (beginning 2014):
®* CDF:A=16.414.7 %
® DO:A=19.616.5 %
® )0 tension
® A manna for model builders!

Marco Zaro, 1 1-08-2014 4 LHCPhenONet
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@ Top quark asymmetry at

the Tevatron

® QCD asymmetry can be tested at hadron colliders

® Use pp colliders (Tevatron):
® p mostly contains quarks, p mostly anti-quarks
® gg (symmetric) contribution is small (10% of the x-sect)
® SM prediction: A= 8.810.6 %
® Measured values (beginning 2014);
® CDF. At= I 6. 4i 4.7 % tt production at the Tevatron, Vs=2 TeV
® DO:A=19.616.5 % “
® )0 tension |
® A manna for model builders!
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% Top quark asymmetry at

the Tevatron

® QCD asymmetry can be tested at hadron colliders

® Use pp colliders (Tevatron):
® p mostly contains quarks, p mostly anti-quarks
® gg (symmetric) contribution is small (10% of the x-sect)
® SM prediction: A= 8.810.6 %
® Measured values (beginning 2014);
® CDF. At= I 6. 4i 4.7 % ti production at the Tevatron, Vs=2 TeV
e DO:A=10.6+3 %
® )0 tension
® A manna for model builders!

———————
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Top quark asymmetry at
the Tevatron

‘ QCD as 010 1 lélo|ll T Iél [ r 1 r ] rr o rrr Colliders
— i Hia : e 7
® Use PP i + Lo _
[ ?&5
¢ P mOSt‘ I [ 8 . R ]
i - 1 - Ay i
o = i i ’ -
g8 (sym o5 i i * Z | _|1e x-sect)
aighes® e ':‘ ® 4
® SM pre - g Wi
3 & | e 0o
® Measurg @ﬁ*’ﬁ/ i 4
Falas A 2o b B PR . )
® CDF: Q: gf / i (g | Tevatron, Vs=2 TeV
»” : : u topNLO —— ]
® DO: A = i i q) _ anti-top th __T:
. 20_ ten: | i i CMS 1.09 / fb ] NLO (real, p>15GeV, x2) —-—-- -
® A ma i i i Aguilar-Saavedra, arXiv:1202.2382 | F ]
I i | MC predictions from 1 e S g
B i i 11054606, 1107.0841 | 4 i l'“-:.;f i : %
_ | | | : | | | | | | : | | | | | | | | | | | | | | | | 1 ,L.(g_.
003 01 02 03 04 05 1
ncw T ] E
A ................. R ]

FB - . “.b 0 0.5 1 1.5 2
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From the Tevatron to the LHC

&
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From the Tevatron to the LHC

Several factors make it (much) more difficult to observe
the top asymmetry at the LHC
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From the Tevatron to the LHC

Several factors make it (much) more difficult to observe

the top asymmetry at the LHC
® |nitial state is symmetric (but quarks are harder than antiquarks):
® No more forward/backward, but central/peripheral asymmetry
AFB _ N(ne > nz) — N(ne < ) a0 = Nl > nel) = N (] < |rel
N (ne > nz) + N (e < ng) N(|nel > |ngl) + N(Ine| < |nel)
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From the Tevatron to the LHC

Several factors make it (much) more difficult to observe

the top asymmetry at the LHC
® |nitial state is symmetric (but quarks are harder than antiquarks):

® No more forward/backward. but.
07 ¢
Nl os|

0.5 f

FB _
A7 =

o per bin [pb]

Marco Zaro, | 1-08-2014
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tt production at the pp/pp, NLO, Vs=2 TeV

ol

MadGraph5 aMC@NLO

entral/peripheral asymmetry
0el) = N ([nel <mel)

i) + N(Jme] < Inel)
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From the Tevatron to the LHC

Several factors make it (much) more difficult to observe

the top asymmetry at the LHC
® |nitial state is symmetric (but quarks are harder than antiquarks):
® No more forward/backward, but central/peripheral asymmetry
N >ne) = NOe <ng)  ep _ N(ml > |nel) = N|me| < |mel)
N(ne > ng) + N(ne < ng) “ N(Imel > Imel) + N (el < [mel)
® Much larger gg fraction (symmetric) than at the Tevatron
® Asymmetry is a very small effect (<|% at 8TeV)

o

FB _
A7 =
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From the Tevatron to the LHC

Several factors make it (much) more difficult to observe

the top asymmetry at the LHC
® |nitial state is symmetric (but quarks are harder than antiquarks):
® No more forward/backward, but central/peripheral asymmetry
N >ne) = NOe <ng)  ep _ N(ml > |nel) = N|me| < |mel)
N (ne > nz) + N (e < ng) t N(|nel > |ngl) + N(Ine| < |nel)
® Much larger gg fraction (symmetric) than at the Tevatron
® Asymmetry is a very small effect (<|% at 8TeV)
® Preliminary measurements by ATLAS and CMS (at 7 and 8 TeV)

show no strong deviation from the SM prediction

CMS-PAS-TOP-12-010,
ATLAS-CONF-2012-057,
CMS-PAS-TOP-12-033

CMS-TOP-11-030, arXiv:1207.0065, PLB
ATLAS-CONF-2013-078

o

FB _
A7 =
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From the Tevatron to the LHC

o 0.037 . . .
Several fac i [ cMs Proiminary o ] :0 observe
< . 19.7fb at \s=8TeV o i
the tOP a.S) <C 002—_I+jets —— POWHEG simulation -
® |nitial stat : 1 han antiquarks):
® Nomort ool S ral asymmetry
A ' N gel) = N(lme] < mel)
AFB — R 1) ;
N S N 3 1) + N (el < Inel)
® Much large s T 1 vatron
® Asymme 001 -
® Preliminar w00 60 800 / and 8 TeV)
show no s mi 1Gevie

CMS-PAS-TOP-12-010,
ATLAS-CONF-2012-057,
CMS-PAS-TOP-12-033

CMS-TOP-11-030, arXiv:1207.0065, PLB
ATLAS-CONF-2013-078
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Enhancing the top asymmetry”
at the L HC

The “glue” of the
strong nuclear force,
the GLUON is the
boson that
communicates the
strong force, which
holds quarks together.
It has no mass or
electric charge.
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Enhancing the asymmetry
at the LHC

® What makes the top asymmetry small at the LHC is the

large gluon luminosity
® How to reduce/kill gg?

Look for tt production in association with

“something” that prefers coupling to quarks
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His eyes red from
traveling so fast, the
PHOTON is a quanta
of visible light, a
wave/particle that
communicates the
electromagnetic force,
traveling at the speed
of light (duh). With a
mass and electric
charge of zero, it also
carries microwaves,

radio waves and x-rays.
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Sill for minimum
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The ZBOSON is a very
massive carrier particle for
the weak force. Unlike its
siblings the W-/W+
particles, the Z is neutrally
charged. Living only 10725
second, the Z quickly decays
into other particles.
Discovered in 1983, the Z
has allowed physicists to
further study electroweak
theory.

Wool felt with gravel fill

Jfor maximum mass.
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The WBOSON is a
messenger particle which
communicates the weak
force. Unlike the photon
and gluon bosons, it has a
mass. Like the Z boson, it is
one of the most short-lived
particles known, with a
mere 10727 second lifetime.
It can be negatively charged
(W-=) or positively charged
(W+). Luckily you can have
both, as the toy is
double-sided.

Wool felt with gravel fill

Jor maximum mass.

$16.49 PLUS SHIPPING
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Enhancing the asymmetry
at the LHC

® What makes the top asymmetry small at the LHC is the

large gluon luminosity
® How to reduce/kill gg?

Look for tt production in association with

“something” that prefers coupling to quarks
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The WBOSON is a
messenger particle which
communicates the weak
force. Unlike the photon
and gluon bosons, it has a
mass. Like the Z boson, it is
one of the most short-lived
particles known, with a
mere 10727 second lifetime.
It can be negatively charged
(W-=) or positively charged
(W+). Luckily you can have
both, as the toy is
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ttV at the LHC

_ Cms L= 5.0fb"at \s=7TeV
8.0.8- CMS-TOP-12-014 arXiv:1303.3239
® Cross_section measurements Of tw .CED - ttV (dilepton analysis) ttZ (trilepton analysis)
. g 04377 (stat) "> (syst)pb  0.28 0 (stat.)fg:gg (syst.) pb
have been published by CMS for 7TeV < I
® More data expected to come from  § |
the 8TeV and the next |3TeV run b .
: . O
0.2
" NLO Calculations .
~  Cambell and Ellis, JHEP 07 (2012) 052
-  Garzelli et al., JHEP 11 (2012) 056
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Wh-assisted top asymmetry
at the LHC
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Discovered at Fermilab in
1995, the TOP QUARK
is as short-lived as it is
massive. Weighing in at

a hefty 175 GeV, its

W BOSON

2-SIDED
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The W BOSON is a
messenger particle which
communicates the weak
force. Unlike the photon
and gluon bosons, it has a
mass. Like the Z boson, it is
one of the most short-lived
particles known, with a
mere 10727 second lifetime.
It can be negatively charged
(W=) or positively charged
(W+). Luckily you can have
both, as the toy is
double-sided.
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Wh-assisted top asymmetry =Ll

at the LHC

® The W boson kills the symmetric 8TeV
gg contribution, leaving only qq i | LO  LOPS | NLO NLO<PS
. . .
The resulting asymmetry is much  Son | 12ssEie 10812
larger than in the tt inclusive case 42 9)[0.01+0.04 0.07 = 0.03[0.61701 0727014
0.25
35 C LHC 8 TeV — t quark
X L pp—ttW* - _ _ _
—b 020 | o.ps —tquark Order W= tEW ™ HW ™
0-15; o(fb) NLO | 210%11% 1467170  63.67107°
- LO  [0.01+0.05 —0.02+0.05 0.00 = 0.05
0.1
- 3 At (%) LO+PS [0.02+£0.03 0.05+0.03 0.05+0.03
B © C 0
0.051 2 NLO 2.5197 2.710°% 2.0105
of L ; NLO+PS| 2.3%9¢ 2.4106 1.9704

s 4 =2 o0 2 4 6
nit], nit]

NLO(+PS) numbers computed with MadGraph5_aMC@NLO

J-Alwall, R. Frederix, S. Frixione, F. Maltoni, O. Mattelaer, H. S. Shao, T. Stelzer, P. Torrielli,V. Hirschi, MZ arXiv:1405.0301
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Wh-assisted top asymmetry =Ll

at the LHC

® The W boson kills the symmetric 8TeV
gg contribution, leaving only qq # | LO  LOIPS | NLO NLO(PS
® The resulting asymmetry is much  Son | 12ssEie 10812
larger than in the tt inclusive case 42 9)[0.01+0.04 0.07 = 0.03[0.61701 0727014
0.25
'Cb)|_g E LHC 8 TeV — t quark
X - —ttW* - _ _ _
o 02 S oupS — Tquark Order | tIW# HW W
o.15f— o (fb) NLO | 210713%  146711%  63.6710%
; 1_ ) LO  [0.01£0.05 —0.02 £+ 0.05 0.00 % 0.05
N : t LO+PS [0.02£0.03 0.0540.03 0.05 % 0.03
0.05 ;l Ac (%) 7 0.8 0.8
et ¢ NLO 25707 2.770% 2.0705
Qé s R R 2 NLO+PS| 2.3759 24105 1.975%

4 6
n(t], ft]

NLO(+PS) numbers computed with MadGraph5_aMC@NLO
J-Alwall, R. Frederix, S. Frixione, F. Maltoni, O. Mattelaer, H. S. Shao, T. Stelzer, P. Torrielli,V. Hirschi, MZ arXiv:1405.0301

Marco Zaro, 1 1-08-2014 10 LHCPhenONet



IIIIIIIIIIII

o

Polarisation effects

e |nitial quarks are polarised by the W b
boson I
® qg—*ttWV is totally analogous to W
quqr—tt / v
® The produced tops are highly g, f
polarised, leading to asymmetric /
decay products already at LO 000C
® | eptons from tops are strongly G \ .
correlated with top polarisation \
® Need to include spin-correlations to
see this effect W-
® Decay products asymmetries are :
much larger than the top one

Marco Zaro, 1 1-08-2014 Il LHCPhenONet
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Polarisation effects

e |nitial quarks are polarised by the W
boson asymmetric

® qq—ttWV is totally analogous to already at LO!

quqr—tt
® The produced tops are highly q)

polarised, leading to asymmetric

decay products already at LO

® | eptons from tops are strongly
correlated with top polarisation

® Need to include spin-correlations to
see this effect

® Decay products asymmetries are
much larger than the top one

symmetric but
polarised at LO
(mostly tt=1)

Marco Zaro, 1 1-08-2014 Il LHCPhenONet



Polarisation effects:

results

UPMC
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Order ttW= ttW Hw- :;2::?5‘3:*28 EE&
4t o) o T80z  THCdis 560 Z:::::::::::::::::::::::::::::::::::::::::::g
NLO+PS| 8397507  9.32799,  6.7679:9° i3
A (%) LO+PS |—17.305 757 —18.657 007 —13.517 00z :1 2 uré= . [mjg
NLO+PS| —15.1737 —16.1705 —121702 & 5ol —w
*brjets, kr-algo, R=0.5, pr>20 GeV, |y|<4.5, MC-Truth "
T
® Asymmetries are large! T —
® NLO corrections shift all numbers up ;i """""""""" R 4
® Spin correlations included at NLO via MadSpln =y I

Marco Zaro, | 1-08-2014

|2

Artoisenet, Frederix, Mattelaer, Rietkerk, arXiv:1212.3460
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Polarisation effects: dome

results

o 0-35¢ "~ positron Lowps o

— - — O+PS .

_8 o 0.3F — electron — fiw

L | Aack

% . o
AL (%) % 029F R
N ~|g 0.2F :
r 0.15;— 2 3 4
AeC’ (%)_ 0.1:_ w = u [m]

E 8 TeV — W

0.05F LO«Ps — W

*b'jets, KT- O: A R B - —
-6 -4 -2 0 2 +4 6 T
o ne’],nle] e
AS)’mlnuu 1 1 6\—. E ________________________ \EI
[J [} -18 ..........................................
® NLO corrections shift all numbers up ., : —

® Spin correlations included at NLO via MadSpin = )

Artoisenet, Frederix, Mattelaer, Rietkerk, arXiv:1212.3460
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Plans for the future...

8 TeV 13 TeV 14 TeV 33 TeV 100 TeV

D 1981155 6617150, 7867150 46307170 30700713%
Ap(®) | 012755 0457005 043Tg0;  0.26750; 012700

o(fb) | 210717 5871 150 6787150 3220777%  19000170%

J— AL (%) | 2.3710:56 2.2410-33 2.23170-33 1.9517928  1.851921
AL (%) | 8.50%0 7% 7.54%0 1 7501035 537703 3.36101%
A(%) | —148370% 1306795 128105 02108 40470

® Measuring asymmetry in tt production at a FC will be
even more challenging
® ttVV remains competitive

Marco Zaro, 1 1-08-2014 I3 LHCPhenONet
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A look BSM
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A look BSM
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A look BSM

® Several BSM solutions have been proposed to cure the
discrepancies observed at the Tevatron
® What is their effect at the LHC, in particular for ttVV?

Marco Zaro, 1 1-08-2014 I5 LHCPhenONet
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A look BSM

® Several BSM solutions have been proposed to cure the
discrepancies observed at the Tevatron
® What is their effect at the LHC, in particular for ttVV?

® Choose one simple case: the axigluon model " oce

® Extra color octet G which couples differently to quarks of
different chiralities and to u/d and heavy quarks
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A look BSM

® Several BSM solutions have been proposed to cure the
discrepancies observed at the Tevatron
® What is their effect at the LHC, in particular for ttVV?

® Choose one simple case: the axigluon model " oce

® Extra color octet G which couples differently to quarks of
different chiralities and to u/d and heavy quarks

® The interference between the gluon and axigluon gives an
asymmetry at LO

Marco Zaro, | 1-08-2014
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Benchmark scenarios:

UPMC

IAA{ SORBONNE

Light, universal G
| (left)
m
[
g g
g g
8t

Il (axial)

Heavy, non-universal G

IV (axial)

Il (lefe)

W boson polarises light quarks: =0 in right-handed scenarios

Marco Zaro, | 1-08-2014
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Results

:\3 {4[ LHC 8 TeV - :\5 16; LHC 8 TeV ’ ;\? O; LHC 8 TeV .
~ C pp—ttw® 1~ 15 pp—tiw* 4 ~ -2Fpp—ttwe -
~ 9 1oL — SM (NLO+PS) 4 a9 14E — SM (NLO+PS) 3 0O | _SM(NLO+PS) .
- - axigluon : 4 axigluon 3 -4~ 4 axigluon ]
10F - 13F - . .
C ] a = -6 =
8- ; ] 12 I % = 8: ]
: . 11 % = r .
6_— I __E - I :E _10__ I __E
- j R[S E : 4
ar EN 9E E S 1S 2
25, - 15 C 15
2 I < 2
0_ —g 7: :g '16 f f I g
I IT I1T IV I IT I1T IV I IT ITT IV
BSM BSM BSM
;@ q4fLHC8TeV - ;@ 16; LHC 8 TeV - 0; LHC 8 TeV .
~ C pp—ttw* 1 ~ 15 pp—tiw* = -2F pp—ttw* -
~©O 4o _ SM(NLO+PS) % 1 %P 145 —SM(NLO+PS) E ' —SM(NLO+PS) .
- —#-axigluon . - — axigluon 3 -4 — 4 axigluon ]
101 - 13- T 3 - I :
: : : z oF E
8- m,>450 GeV - 12E ! E 8 | m,>450 GeV
- 1, 1 — R - 1
6 EE 10E mg>450 GeV 32 107777 A
427777777, 7777777777, éz 95_ _Ei”i' 12 ‘EE'
oF e 8 zk 14 3
oL | | | 1= 7: | | | 1= -16: | | | 12
I II ITI IV I II ITI IV I II I1I IV
BSM BSM BSM
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Conclusions

® The top quark asymmetry is a very intriguing observable
which can provide us with some hints on new physics

® [ts measurement at the LHC is very tricky
® symmetric initial state
® large gg fraction
® The associated production of a top pair and a WV boson is a

very interesting channel to look at

® Larger asymmetry than tt

® Tops are highly polarised — asymmetric decay products at LO

® Together with tt, ttVV can provide useful informations on NP
® What happens beyond MC-truth?

Marco Zaro, 1 1-08-2014 18 LHCPhenONet
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Thanks for your attention!
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Extra material
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Polarised top pair production
more in Parke, Shadmi, hep-ph:96064 19

® |nitial quarks are polarised by the W boson
® gq—ttWV is totally analogous to qigr—tt
Possible top polarisation states in quR—>tt (beam axis basis):

b—1
(Thresh.) (H.E.)
dd;TsTe - ddc(:)g@ =N(B) 52(§1+—552:;j 9 09
j;ge =N (8) (1i4 212;99)2 0 IN()(1 = cosh)?
ooy =N 55)12102 o P | anv() W)+ cos0)?

Marco Zaro, 1 1-08-2014 21 LHCPhenONet
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Polarised top pair production
more in Parke, Shadmi, hep-ph:96064 19

® |nitial quarks are polarised by the W boson
® gq—ttWV is totally analogous to qigr—tt
Possible top polarisation states in quR—>tt (beam axis basis):

81
(Thresh.) (HLE.)
dd;TsTe - ddc:)isié’ =N(B) 52( ?!5@52)12 9 09
dd:o?@ =N (8) (1i4 ;T;HQ)Q 0 IN()(1 = cosh)?
j;gg —n(p) P ((1019;6;(91)2 L | an0) V(@) + cos )’

® At threshold (leading contribution to the cross-section) only
one polarisation survives: tops are fully polarised

® At high energies top polarisations are opposite,and #T1=#11
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Polarised top pair production
more in Parke, Shadmi, hep-ph:96064 19

® |nitial quarks are polarised by the W boson
o qGT . . —

10
. . q,gr — tt (polarised) . . \.
Possible top 1 1 axis basis):
--------------- i T/H_ p—1
. e i—17/ (HE)
A 01 ——
dO-TT — dO-\L\ % eI __________ E;OG """"
d cos 6 dcos © Do T ' 5:099 """"""""
o
do- ° 2
O S s (1 — 6
d COS //,/’:7:,{:: ’ “~~1::\_\\¢¢\\ e ; ( cO5 )
do L .
‘ | (1 0)?
d cos N (1+ cosf)
001 Lot o o 1 ' L .
¢ At threshol : 05 0 05 1 2ction) only
cos(0)

one polarisi

® At high energies top polarisations are

Marco Zaro, | 1-08-2014
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Expected sensitivity

® Neglect acceptance and reconstruction efficiencies
® Tops decay into leptons

e 8 TeV (L =401fb~1):
Orel AL = 216%, 011 AL = 59%, 01l AL = 33%

e 14 TeV (£ =300 fb™1):
Orel ALy = 45%, 6,1 AL = 13%, 8,01 A% = 8%

e 100 TeV (£ = 3000 fb~1):
5re1AtC — 3%7 5relA% — 2%7 51‘611460 = 1%
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NLO: how to!
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NLO: how to!?

W<

do% o = doty + dol + / 4P, do”H!

<
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® Warning! Real emission ME is divergent!

NLO: how to!?

W<

do% o = doty + dol + / 4P, do”H!

<

Wé

UPMC

IAA{ SORBONNE

® Divergences cancel with those from virtuals (in D=4-2eps)
® Need to cancel them before numerical integration (in D=4)

Marco Zaro, | 1-08-2014
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® Warning! Real emission ME is divergent!

NLO: how to!?

W<

do% o = doty + dol + / 4P, do”H!

<

Wé

UPMC

IAA{ SORBONNE

® Divergences cancel with those from virtuals (in D=4-2eps)
® Need to cancel them before numerical integration (in D=4)
® Structure of divergences is universal:

p//k

Marco Zaro, | 1-08-2014

(p+ k) = 2E,E;(1 — cos )

©J
23

lim |Mp11|? ~ |M,|* PAF(2)

: 2 ijj2_PiPj
lim M, 1[* ~ 3 M7

pik pik
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NLO: how to!

W<

do% o = doty + dol + / 4P, do”H!

<
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NLO: how to!

<) [+ [

do% o = doty + dol + / 4P, do”H!

do? o =doTo +da$—/dq>1 O+/d<1>1 (C'+ dot)

® Add local counterterms in the singular regions and subtract its
integrated finite part (poles will cancels against the virtuals)

® The n and nt/ body integral now are finite in 4 dimension
® Can be integrated numerically
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o

NLO: how to!

<) [+ [

do o = dotn + dot + / 4P, dol+!

do? o =doTo +da$—/d<b1 C+/dc1>1 (C'+ dot)

® Add local counterterms in the singular regions and subtract its
integrated finite part (poles will cancels against the virtuals)

® The n and nt/ body integral now are finite in 4 dimension
® Can be integrated numerically

How to do this in an efficient way?
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The FKS subtraction

Frixione, Kunszt, Signer, arXiv:hep-ph/9512328

® Soft/collinear singularities arise in many PS regions
® Find parton pairs i, j that can give collinear singularities

® Split the phase space into regions with one collinear sing
® Soft singularities are split into the collinear ones

M=) S IMIP=>"IM[;; > Si;=1
S,,;j — 1Zjlf kz : ]{Tj — () Z] Sz'j — 0 if ]Cm;,g,,; . kn75j — ()
® [ntegrate them independently
® Parallelise integration
® Choose ad-hoc phase space parameterisation
® Advantages:
® # of contributions ~ n2

® Exploit symmetries: 3 contributions for X Y > ng
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Loops: the OPP Method

Ossola, Papadopoulos, Pittau, arXiv:hep-ph/0609007 & arXiv:0711.3596

® Passarino & Veltman reduction:
® Write the amplitude at the integral level as linear
combination of |-...-4-point scalar integrals

m—1
A(q) — Z d(ioiligig)Do(ioiligig)
10<t1<12<13
m—1
+ Z C(ioiliQ)CQ(ioilig)
10<t1<12
m—1

+ Z b(ioi1)Bo(i0i1)
+ z_: a(io)Ao(io)
3
® Do this at the integrand level
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Loops: the OPP Method

Ossola, Papadopoulos, Pittau, arXiv:hep-ph/0609007 & arXiv:0711.3596

- JV q y m—1 o 5 o m—1
A(q) = DoD, '$')Dm N(q) = Z [(1(10211213) + d(q; -1.01.112-1,3)] H D;

10<t1 <ia<1i3 17£10,21,12,13
7

m—1

m—1
+ Y [e(ioiriz) + &(q;ioiniz)] [[ D
19<i1 <19 i710,11,12
m—1

+ Z [b(zozl)—l—bq 1011] H D;

1p<y #10,11
m—1 m—1

+ Z la(io) + a(q:i0)] ] D:

1o 1710

+ P(g) I] D:.

® Sample the numerator at complex values of the loop momenta in
order to reconstruct the a,b,c,d coefficients and part of the rational
terms (R1)

® Use CutTools: fed with the loop numerator outputs the coefficients
of the scalar integrals and CC rational terms (R1)

® Add R2-rational terms/UV counterterms
® Model dependent but process-independent
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Loop ME evaluation: MadLoop

Hirschi et al. arXiv:1 103.062 |

® | oad the NLO UFO model

® Generate Feynman diagrams to evaluate the loop ME

® Add R2/UV renormalisation counter terms

® Interface to Cutlools or to tensor reduction programs
(in progress)

® Check PS point stability (and switch to QP if needed)

® Improved with the OpenLoops method Casciol, Maierhofer, Pozzorin

® And much more (can be used as standalone or external
OLP via the BLHA, handle loop-induced processes, ...)
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% Matching in UPMC
MC@NLO

® Use suitable counterterms to avoid double counting the emission
from shower and ME, keeping the correct rate at order Q:

S-events H-events

® MC depends on the PSMC’s Sudakov:
5’(tMC,zMC,gb) 1 o, 1

MC =
0P tMC 27 27

P (ZMC) B

® Available for Herwigé, Pythia6 (virtuality-ordered), Herwig++,
Pythia8 (in the new release)
® MC acts as local counterterm
® Some weights can be negative (unweighting up to sign)
® Only affects statistics
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@Including spin-correlations at Ntlg““mc
MadSpin

Artoisenet, Frederix, Mattelaer, Rietkerk, arXiv:1212.3460
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Including spin-correlations at NL@ &
MadSpin

Artoisenet, Frederix, Mattelaer, Rietkerk, arXiv:1212.3460
® Wish-list:
® For a given event sample (LO or MC@NLO), include the decay of
any final state particle
® Keep spin correlations
® Generate decayed unweighted events
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U,MC
%Including spin-correlations at NLO:"

MadSpin

Artoisenet, Frederix, Mattelaer, Rietkerk, arXiv:1212.3460

® Wish-list:
® For a given event sample (LO or MC@NLO), include the decay of
any final state particle
® Keep spin correlations
® Generate decayed unweighted events
® Solution:
® Read event
® Generate decay kinematics
® Reweight the event with ratio

® Or do secondary unweighting
® (Generate many decay configurations until
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U,MC
%Including spin-correlations at NLO:"

MadSpin

Artoisenet, Frederix, Mattelaer, Rietkerk, arXiv:1212.3460

® Wish-list:
® For a given event sample (LO or MC@NLO), include the decay of
any final state particle
® Keep spin correlations
® Generate decayed unweighted events
® Solution:
® Read event
® Generate decay kinematics
® Reweight the event with ratio

® Or do secondary unweighting
® (Generate many decay configurations until
Mpyp|* /[Mp[* > Rand() max (|Mp4p|* / [Me[*)
® Method originally used for tt and singletop

Frixione, Leanen, Motylinski, Webber, arXiv:hep-ph/0702 198
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