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1. mi* mz = mye
2. The t-quark is heavy, Yukawa coupling ~1
m+ [GeV]=172.9+0.65141+0.9syst (PDG),
173.2+0.65+1q1+0.8syst (TeVatron)
172.6+0.65ta1£1.25yst (CMS)
174 5+0.65tq1+2.3syst (ATLAS)
= plays important role in Higgs physics and
searches
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Present:
production cross section, mass, width, t-T mass
difference, spin correlations, W helicity/
polarization, Vtb, charge, charge asymmetry,
anomalous couplings, FCNC, jet veto in 1T

Future:
discovery tool, coupling measurements
These require precise predictions of
distributions at hadron level for
pp ~>tT+hard X, X=H, A, W, Z,v, j, bB, 2j...

(with decays, top is not detected)
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*NLO revolution provided predictions for
2 —2,3,4,5() processes at NLO accuracy

*But
-residual scale dependence can be sizeable
-jet substructures, decays are modelled
poorly
- Two ways of improvement: e pursue both

-go to NNLO (hard) corlin Phenonet

“match to shower Monte Carlo
rograms Zhis Zalk
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*Hadrons in final state
*Closer to experiments, realistic analysis
becomes feasible
*Decayed tops
Parton shower can have significant effect
(in Sudakov regions, at kinematic boundaries)
*For the user:

event generation is, faster than an NLO

computation

(once the code is readyl) @

..but we deliver the events on request
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» Subtraction method
donro = B((I)n) -+ V((I)n) + R(q)n—l—l)dq)rad] do,,

— B((I)n)

.
/dCI)nB(CIDn) = 01,0

V(®n) + (R(®ry1) = A(Pry1)) dPraa] APy,

V(®,) = V(®,)+ / 4D 0q A(® 1)

d®,, 1 = dd,, dP,.q, dPraq o< dtdz %

-

/dq)n E((I)n) — ONLO
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Idea: use NLO calculation as hard process as input for the SMC

Bottleneck: how to avoid double counting of first radiation w.r.to
Born process

Solutions:

T Y I T T T T I T T Y T l T T

- MCatNLO [Frixione, Webber hep-
ph/0204244]

POWHEG + HERWIG
HERWIG

E:': il MC@NLO
- POWHEG [Nason hep-ph/ E e
0409146, Frixione, Nason, Oleari il
arXivi0709.2092] 5 P
100 - i
Result: PS events giving distributions o LRRe thb g o
exact to NLO in pQCD e e

pr (GeV)

[Nason, Ridolfi hep-ph/0606275]



dorgg  doNLo
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Difference scales with the NLO K-factor
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* The POWHEG-BOX implements

*FKS subtraction scheme
*POWHEG method for matching

[Alioli, Nason,
Oleari, Re
arXiv: 1002.2581]
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* The POWHEG-BOX implements [Alioli, Nason,

Oleari, Re

*FKS subtraction scheme
FK m arXiv: 1002.2581]

*POWHEG method for matching Bevi |
J— B : : evilaqua et al,
HELAC-NLO is a collection of codes arXiv: 1110.1499]
(HELAC-Phegas, HELAC-1loop, HELAC-
Dipoles) to compute LO and NLO partonic
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* The POWHEG-BOX implements [Alioli, Nason,

*FKS subtraction scheme

Oleari, Re
arXiv: 1002.2581]

*POWHEG method for matching

(H:

[Bevilaqua et al,

*HELAC-NLO is a collection of codes arXiv: 111014993

tLAC-Phegas, HELAC-1loop, HELAC-

Dipoles) to compute LO and NLO partonic
cross sections for 2 — 2, 3, 4, b processes

Tt provides tree and lloop ME for us
*Both are publicly available:

http://helac-phegas.web.cern.ch/helac-phegas/
http://powhegbox.mib.infn.it/
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RESULT of PowHel:
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POWHEG-BOX HELAC-NLO

Y

RESULT of PowHel:

Les Houches file of Born and Born+1st radiation
events (LHE) ready for processing with SMC followed
by almost arbitrary experimental analysis
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Processes with more than 2 particles in final state
*Complicated tensor integrals in 1-loop amplitudes
*High rank ones with possible numerical
instabilities
If double precision is not enough (check)

= use double-double precision

<~

HELAC-1LOOPEdd

15



v &l CUTTOOLS

» 4 CUTTOOLS@ mp
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TWiki > DbTheory Web > TtjProd

Top quark pair production in association with a jet

This page contains those event files which concern top quark pair production with a jet. The used code
can be found here: ti).tgz.

TeVatron @ 1.96 TeV

1. m_t=172 GeV ,\mu = \mu_R =\mu_F = m_t, CTEQEM PDF, 2-loop running \alpha_s,

—

p_{\bot,\mathrm{min}} = 5 GeV . This set was taken for comparison with Melnikov and

Schulze(arXiv:1004.3284). tij-tev-01.tgz (315 Mb)
2. m_t=174 GeV ,\mu =\mu_R = \mu_F = m_t, CTEQEM PDF, 2-loop running \alpha_s,

p_{\bot,\mathrm{min}} = 5 GeV . This set was taken for comparison with Dittmaier, Uwer and
Weinzierl(arXiv:0810.0452). ttj-tev-02.tgz (152 Mb)

LHC @ 7 TeV

——— e

1. m_t=172 GeV ,\mu =\mu_R =\mu_F = m_t, CTEQ6M PDF, 2-loop running \alpha_s,

p_{\bot\mathrm{min}} = 5 GeV . To reproduce the predictions of arXiv-1101.2672. tfi-Ihc-01.tgz (410
Mb)
2. m_t=172 GeV ,\mu =\mu_R =\mu_F = m_\bot (for a precise definition please see

arXiv:1101.2672), CTEQSM PDF, 2-loop running \alpha_s, p_{\bot,\mathrm{min}} = 5 GeV . To
reproduce the predictions of arXiv:1101.2672. tij-lhc-02.tgz (397 Mb)

17


http://grid.kfki.hu/twiki/bin/view/DbTheory/WebHome#
http://grid.kfki.hu/twiki/bin/view/DbTheory/WebHome#
http://grid.kfki.hu/twiki/bin/view/DbTheory/WebHome#
http://grid.kfki.hu/twiki/bin/view/DbTheory/WebHome#

by Garzelli, Kardos, Papadopoulos, ZT

v'tT and W"WbB [to appear]

V1T+H/A [arXiv: 1108.0387 and 1201.3084]
ViT+Z [arXiv: 1111.0610 and 1208.2665]
ViT+jet [arXiv: 1101.2672]

v 1T+W: [arXiv: 1208.2665]

+T+X [in preparation]
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v Check (implementation of) real emission squared matrix
elements in POWHEG-BOX to those from HELAC-PHEGAS/
MADGRAPH in randomly chosen phase space points

v Check (implementation of) virtual correction in POWHEG-
BOX to those from HELAC-1Loop/GOSAM/MADLOOP in
randomly chosen phase space points

v Check the ratio of soft and collinear limits to real emission
matrix elements tends to 1 in randomly chosen
kinematically degenerate phase space points
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v Check (implementation of) real emission squared matrix
elements in POWHEG-BOX to those from HELAC-PHEGAS/
MADGRAPH in randomly chosen phase space points

v Check (implementation of) virtual correction in POWHEG-
BOX to those from HELAC-1Loop/GOSAM/MADLOOP in
randomly chosen phase space points

v Check the ratio of soft and collinear limits to real emission
matrix elements tends to 1 in randomly chosen
kinematically degenerate phase space points

Each PowHel computation is an independent one of other
NLO predictions for the process

(see e.g. arXiv: 1111.0610 for +T Z production)
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| tTV-production (V=Z,W-‘f)'



200 LI LI LI L L L L L L
180 — Vs = 14TeV — POWHEL-NLO —]
160 — .— = LMMP-NLO —— POWHEL-LO =
140 — LMMP-LO - == MadEvent —
o e B =
Y e e i
60 |— my = 170.9GeV " L_L"‘“‘E
40 my = 91.18GeV
20 resvon p=my+my/2 —
0 4 T T R T T A T s
A=A L L L DL DL DL DL L -
2 13 Bttt g =
Z 1.3 =
M 1.2
11(% =0 o N T T I T O A
0O 20 40 60 80 100 120 140 160 180 200
p1z |GeV]
T — B

*NLO predictions for tTW* and tTW" agree with

those by J. Campbell and K. Ellis,
JHEP 1207 (2012) 052 [arXiv:1204.5678]

*NLO predictions for ttZ a bit larger than those by A.

Lazopoulos, T. McElmurry, K. Melnikov, F. Petriello,
Phys. Lett. B666 (2008) 62 [arXiv:0804.2220]

— NLO T
_LO —

10 g
5 E
= -
ST
\
é 1: \/§=14TeV
+ 5 — mt:1709GeV
S & — my = 91.19GeV
© ) L p=m+mg/2
MRST2001
N I
1105_||||||||
S 14
— T e o — — — — —
ohE
1.1
1.0
r

0O 50 100 150 200 250 300 350 400 450 500
Pt |GeV]

‘
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»Comparison of[LHEF to NLO'made for the 7 TeV
LHC

-fixed scale ¢ =m:+ mw/2 and PDG parameters,
CTEQ6M
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Difference scales with the NLO K-factor
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Transverse momentum and rapidity distribution for the Z

at 7TeV LHC
agreement is within 1%, Remember: 01 = 0nLo +O(as) Finite

[inclusive NLO K-factor is ~1.4]
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Transverse momentum and rapidity distribution for the t

at 7TeV LHC
agreement is within 1%, Remember: 01 = 0nLo +O(as) Finite
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2 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 25 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
1 (b ) —— PowHel-NLO - (d) — PowHel-NLO
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O e — | _
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2 s 5[ mz=91.1876Gev : - mz = 91.1876GeV -
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0 50 100 150 200 250 300 350 400 450 500 25-20-15-10-0500 05 10 15 20 25
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?

Transverse momentum and rapidity distribution for the +T-pair
at 7TeV LHC
difference correlates with K-factor,
Remember: o0 1 = 0 N0 +O(as) Finite
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..similar agreement between NLO and LHE
(discussed elsewhere)
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2 _
1 —— PowHel+Decay 60 = — PowHel+SMC (PYTHIA) —
— S —— PowHel+SMC (PYTHIA) - — = PowHel+SMC (HERWIG) -
= == PowHel+SMC (HERWIG) 50 f=—— PowHel+Dec. —
d o —
10 _ — -
s ,g‘g 30 |- —
= = _ Vs = TTeV _
Sla 2 H ! me=172.9CeV 20 m; = 172.9GeV —
qj 10-2 | 1= mg+mgz/2 - pw=m+myz/2 -
5 E| cTEQS.6M 10 = CTEQ6. 6M —
= B I ' I T 0
= | I | L__I | I | I | p— =
o 125 E I L o 105
= 10 ;-:-I-—FI — = i
~o075 B ~~ 095 I L
05 E—1cd T T Y T N |
0 100 200 300 400 500 600 -3 -2 -1 0 1 2 3

pJ_jl [GGV] yjl

Transverse momentum and rapidity distribution for the
hardest jet at 7TeV LHC

PS softens the p.-spectrum, rapidity is hardly affected
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Invariant mass of all same flavour lepton-antilepton pairs and

same-sigh lepton and antilepton pairs at 7TeV LH

Selection of peak region used in trilepton analysis be

C

ow
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*Following experimental analysis done by CMS
[CMS PAS TOP-12-014]

*Cuts favouring semileptonic decay of the tT-pair
and same-flavour, opposite-sign lepton pairs from Z
*+TW contributions suppressed
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» @ M ttZ 10 g(b) —— tt Z PY with QED
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1 E(COt O tew- , (eoe - - - t1Z HERWIG
i 5 " ™1
2 % 1 |
SO 9 s
= 10 = 2
| > | -1
~ < 10 !
5 51 2 2 Et 5 i
e 10'2 o] 1
2
5 107 Bt
72 S T E R - S
N I I T T T T T T T ) T T T
82 84 86 88 90 92 94 96 98 100 82 84 86 88 90 92 94 96 98 100
M+ - [GGV] M+ - [GGV]

Invariant mass of reconstructed Z from
same flavour lepton pairs at 7TeV LHC:
a) different channels accumulated b) different SMC
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BT 77

12 |= /s = 7TeV, CTEQS. 6M
= m, = 172.5 GeV
10 = m, = 91.1876 GeV

2 g __mW=80.3851GeV
S5 Tk L=4981"
5 6 |— PYTHIA with QED
4
2
0 ___________________________________
R 0 O e S e
= 10
~ 99 —=pPYl/PYO HW/PYO
mi R R N R B N B T A
(ee)e  (ee)p (pple (pp)p Total
T —

channel prediction | measured
#of events | #of events
(e,e)e | 2.57+£0.02 | [1*24s
(e,e)u | 1.27£0.02 | 2%27,
(U, We | 1.36£0.02 [ 2*27,
(U, 1) M| 3.05£0.02 | 4%32,0
total | 8.26+0.02 | 9**!;,

*Background from Z+jets, tT, diboson production is not

included in prediction, estimated 2.9+0.8 events by CMS

Largest difference in (e,e)e channel is related to e-
reconstruction in the experiment (assumed 100% in

prediction)

b-tagging is by MCTRUTH in prediction
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channel ag7[fll?e ]V a?S[fll?e]V ratio
(e,e)e 0.516 0.762 |.52
(e,e)M 0.255 0.388 |.52
(M, W)e 0.273 0.420 |.54
(M, M) K 0.613 0.934 |.52
total |.658 2.524 |.52

*At 8 TeV the cross section is 52% larger (in all channels)
Differential distributions can be rescaled by a factor 1.52
with good appriximation

Total of 50 events are predicted for integrated luminosity
L=20 fb! (by the end of 2012)
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...are also done within LHCPhenonet,
but discussed elsewhere

35



|Conclusions and ou’rlook'
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v Many applications of POWHEG-Box to pp—tT + hard X
processes
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v Many applications of POWHEG-Box to pp—1T + hard X
processes

v' SME's obtained from HELAC-NLO
v NLO cross sections are reproduced
v PowHel LH events are reliable

= Effects of decays and showers are often important,
depending on process, observable, shower setup and
selection

v LHE event files for pp—tT, tTH/A, tTjet, tTZ, tTW,
W*W-bb processes available

= Predictions for LHC with NLO+PS accuracy
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vt T and WWbHB
ViT+Z

ViT+H/A

ViT+j

ViT+W

X1t T+ ... (not yet public)



vt Tand WWDB
ViT+7Z

The end



