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Fixed-order calculations : from NLO to NNLO
Exclusive predictions : Parton Shower
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NLO+PS MATCHING

4

|. Fixed order calculation

2. Computationally expensive

3. Limited number of particles

4. Valid when partons are hard and
well separated

5. Quantum interference correct

6. Needed for multi-jet description

6.

4

. Resums logs to all orders

. Computationally cheap

. No limit on particle multiplicity
. Valid when partons are collinear

and/or soft

. Partial interference through

angular ordering
Needed for hadronization

Approaches are complementary: merge them!

Difficulty: avoid double counting, ensure smooth distributions
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NLO+PS MATCHING

4 4

|. Resums logs to all orders
2. Computationally cheap
3. No limit on particle multiplicity
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well separated nd/.OI‘.50ft h

6: eede for multi-jet descriptio P Ionger true
at NLO! g
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® \We have to integrate the real emission over the complete phase-
space of the one particle that can go soft or collinear to obtain the
infra-red poles that will cancel against the virtual corrections

® \We cannot use the same matching procedure: requiring that all
partons should produce separate jets Is not infrared safe

® Ve have to invent a new procedure to match NLO matrix elements
with parton showers
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NAIVE (WRONG) APPROACH

)

® |n a fixed order calculation we have contributions with m final state particles
and wrth m=+1 final state particles

o VO / d*®,, B(P / d* / LV (P / d®y 1 R(Prry1)
loop

® \We could try to shower them independently

® |et Iﬁ%(O) be the parton shower spectrum for an observable O, showering
from a k-body inrtial condition

® \We can then try to shower the m and m=+1 final states independently

d W m m
"Ncllg PS _ {d@m(3+ / V)} 1M (0) + {d@mHR} i (o)
loop
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DOUBLE COUNTING

d W m m
”Ncllg PS _ {d@m(3+ / V)} 1M (0) + {d@mHR} (o)
loop

But this Is wrong!

It you expand this equation out up to NLO, there are more terms then there
should be and the total rate does not come out correctly

Schematically ]ﬁ%(O) for O and | emission is given by

Ie(0) ~AL(Q%, Q3)
+ Aa(Q27 t) Z dz Cit ;if_ a;f_‘_t) Pa—)bc(z)
b

do as(t)
2T 27

Pa—)bc}
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SOURCES OF DOUBLE COUNTING

Parton shower
e

Born+Virtual: >'VVV\«

Real emission: :Q\Nv
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SOURCES OF DOUBLE COUNTING

Parton shower

Born+Virtual:; >'VVV\« sz :2vv

o /
Real emission: :Q\Nv 2m
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SOURCES OF DOUBLE COUNTING

Parton shower

Born+Virtual: >'WVV jé‘“” 2wv

o /
Real emission: :Q\Nv zwy

® [here I1s double counting between the real emission matrix
elements and the parton shower: the extra radiation can come
from the matrix elements or the parton shower

® [here is also an overlap between the virtual corrections and the
Sudakov suppression In the zero-emission probability
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DOUBLE COUNTING IN VIRTUAL/SUDAKOV

The Sudakov factor A (which is responsible for the resummation of all the
radiation in the shower) Is the no-emission probability

t's defined to be A = | - P, where P is the probability for a branching to
occur

By using this conservation of probability in this way, A contains
contributions from the virtual corrections implicitly

Because at NLO the wvirtual corrections are already included via explicit
matrix elements, A is double counting with the virtual corrections

In fact, because the shower is unitary, what we are double counting in the
real emission corrections Is exactly equal to what we are double counting
in the virtual corrections (but with opposite sign)!
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AVOIDING DOUBLE COUNTING

® [here are two methods to circumvent this double counting

o MC@NLO (Frixione & Webber)

e POWHEG (Nason)
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MC@NLO PROCEDURE

[Frixione & VWebber (2002)]

® [o remove the double counting, we can add and subtract the
same term to the m and m+ | body configurations

dONT,OwPS

= |d®,,(B / 1% /d@lMO) 1imo)
dO _ |

oop _

+ | d®p i (R—MCY| I (0)

® Where the MC are defined to be the contribution of the
parton shower to get from the m body Born final state to the
m+| body real emission final state
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MC@NLO PROCEDURE

Parton shower

Born+Virtual: >VW\«/?§’VV‘/2AAN
Real emission: 27/“ :2m

d w
ONLOwWPS __ dq) B_|_/ +/dq>1MC)
dO loop

+ 01<I>m+1 (R—MC) | I (0)

® [Double counting is explicitly removed by including the “shower
subtraction terms”
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MC@NLO PROPERTIES

® (ood features of including the subtraction counter terms

|. Double counting avoided: The rate expanded at NLO coincides with
the total NLO cross section

. Smooth matchingg MC@QNLO coincides (in shape) with the parton

shower In the soft/collinear region, while it agrees with the NLO in the
hard region

. Stability: weights associated to different multiplicities are separately
finite. The MC term has the same infrared behavior as the real emission
(there Is a subtlety for the soft divergence)

® [Not so nice feature (for the developer not for the user..))

|. Parton shower dependence: the form of the MC terms depends on
what the parton shower does exactly. Need special subtraction terms
for each parton shower to which we want to match
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DOUBLE COUNTING AVOIDED

dO’NLOWPS _ dq) B_|_/ —|—/dq)1MC) Ilg/[Tr(Lj)(O)
dO loop -

+ d@mH (R—MC)| 1LY (0)

® [xpanded at NLO

C MC . MC
1&3(0)010:1—/@1 bR

dONLOWPS = {C@ (B +

V o+ / d@lMC)} 11 (0)dO

loop

+ {d@mﬂ(R—MC)}

~ d®,, (B + / V) +d®p1 R = donro

loop
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SMOOTH MATCHING

dO’NLOWPS _ dq) B_|_/ —|—/dq)1MC) Ilg/[Tr(Lj)(O)
dO loop

+ d@mH (R—MC)| 1LY (0)

® Smooth matching:

® Soft/collinear region: R~ MC = domcanno ~ I&”@(O)dO

® Hard region, shower effects suppressed, Ie.

MC 20 IGA0)~0 ILye™(0)~1

= domcanro ~ AP 41 R
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STABILITY & UNWEIGHTING

dO’NLOWPS _ dq) B_|_/ —|—/dq)1MC) Ilg/[Tr(Lj)(O)
dO loop

+ d@mH (R—MC)| 1LY (0)

® The MC subtraction terms are defined to be what the shower does
to get from the m to the m+1| body matrix elements. Iherefore the
cancellation of singularities i1s exact in the (R - MC) term: there Is no
mapping of the phase-space In going from events to counter events as
we saw In the FKS subtraction

The Integral is bounded all over phase-space; we can therefore
generate unweighted events!

® "S-events” (which have m body kinematics)

® "H-events’ (which have m+1| body kinematics)
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NEGATIVE WEIGHTS

doNLOWPS _ d<I> B+/ +/d<I>1MC)
dO loop

+ d@mH (R—MC)| 1LY (0)

VWe generate events for the two terms between the square brackets (S- and
H-events) separately

There Is no guarantee that these contributions are separately positive (even
though predictions for infra-red safe observables should always be positivel)

Therefore, when we do event unweighting we can only unweight the events

up to a sign. These signs should be taken into account when doing a
physics analysis (1.e. making plots etc.)

The events are only physical when they are showered.
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EXAMPLE : TTBAR PRODUCTION

A NLO calculation always refers to an IR-safe observable.

An NLO code will, in general, be able to produce results for several quantities and
distributions, only some of which will be at NLO accuracy.
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Example: Suppose we use the NLO code for pp = tt

t g9 - t

I sooooO

Virt
= Total cross section, O(tt)

== Pt of one top quark
== Prof the tt pair

== Profthe jet

&= tt invariant mass, m(tt)

= AD(t)
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EXAMPLE : TTBAR PRODUCTION
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POWHEG Nason (2004)

Consider the probability of the first emission of a leg (inclusive over later
emissions)

do = do,,d®, [A(QZ, Q) +AQ% DY dz
bc

dt do asx
t 2w 2m

Pa—)bc(z)}
In the notation used here, this Is equivalent to

do =do,, B {A(QQ: Qg) + A(Q?, t)d® (1) ]WBC}

One could try to get NLO accuracy by replacing B with the NLO rate
(integrated over the extra phase-space)

This naive definition Is not correct: the radiation is still described only at
leading logarithmic accuracy, which is not correct for hard emissions.
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POWHEG

This 1s double counting.

To see this, expand the equation up to the first emission

MC MC

which is not equal to the NLO

In order to avoid double counting, one should replace the definition of
the Sudakov form factor with the following:

Q3 Q3

Q2 MC_ B B QQ R-
A(Q2’Q(2)) — oXP _/ d® (1) B >A(Q27Q(Z)) — €Xp —/ dCI)(+1)E

0 i B 0

corresponding to a modified differential branching probability
® [herefore we find for the POWHEG differential cross section

. - R
dopownre = dPp [B +V + /d(b(+1)R] [A(Q27 Q(2)) + A(Qza t) dq)(—l—l)ﬁ]
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PROPERTIES

. - R
dopownre = AP B [B + V + /dq)(—l—l)R] [A(Q27 Qg) T A(Q2, t) dq)(+1)§

® [he term In the square brackets integrates to one (integrated over the

extra parton phase-space between scales Qo? and Q?)
(this can also be understood as unitarity of the shower below scale t)

POWHEG cross section is normalized to the NLO

® [xpand up to the first-emission level:

R R
dopowise = dP 3 [B +V 4 / d<I>(+1)R] [1 = / d(41) 35 +dB(11) 5 | = dowio
so double counting Is avoided

® |[ts structure Is identical an ordinary shower, with normalization rescaled

by a global K-factor and a different Sudakov for the first emission: no
negative weights are involved.
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MC@NLO AND POWHEG
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MC@NLO AND POWHEG

R?(®R)
B(®p)

dO'NLO+PS — d(I)BBS((I)B) As(prfin) —|— dq)R|B

A*(pr(®))| +dPrR! (PR)
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MC@NLO AND POWHEG

R?(®R)
B(®p)
integrates to | (unrtarity)

dO'NLO+PS — d(I)BBS((I)B) As(prfin) —|— dq)R|B

<

A*(pr(®))| +dPrR! (PR)
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MC@NLO AND POWHEG

_ . R (P
dO_NLO—I—PS _ d(I)BBS((I)B) |:A8(prfm) + dq)R|B ( R)
) B(®p)

with integrates to | (unrtarity)

AS<pT<<I>>>] +dDRR (Op)

B — B(CI)B) 4 {V(@B) 4 /dq)R|BRS((I)R|B)} Full cross section at fixed Born

kinematics (If F=1).

R(®g) = R°(®r) + R’ (®R)
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MC@NLO AND POWHEG

R?(®R)
j B(®p)
with integrates to | (unrtarity)

doNLO+PS — 4 5 B (D) {Mpffm) Dy, AS<pT<<I>>>] +dbRR! (Bp)

B — B(CI)B) 4 {V(@B) 4 /dq)R|BRS((I)R|B)} Full cross section at fixed Born

kinematics (If F=1).

R(®g) = R°(®r) + R’ (®R)

This formula is valid both for both MC@NLO and POWHEG
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MC@NLO AND POWHEG

_ . R (P
dO_NLO—I—PS _ d(I)BBS((I)B) |:A8(prfm) + dq)R|B ( R)
) B(®p)

with integrates to | (unrtarity)

AS<pT<<I>>>] +dDRR (Op)

B — B(CI)B) 4 {V(@B) 4 /dq)R|BRS((I)R|B)} Full cross section at fixed Born

kinematics (If F=1).

R(®r) = R¥(®Rr) + R/ (Pp)
This formula is valid both for both MC@NLO and POWHEG

Needs exact mapping

MC@NLO: R*(®) = P(®gr ) B(®B) (GB.OR) -

| S . f 1 F=1 = Exponentiates the
POWHEG R (@) = FR(®), B (®) = (1 - F)R(®) Real. It can be damped by

hand.
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MC@NLO AND POWHEG

MC@NLO

POWHEG

MC@NLO does not exponentiate the non-singular part of the
real emission amplitudes

©

®

MC@NLO does not require any tricks for treating Born zeros

POWHEG is independent from the parton shower (although, in
general the shower should be a truncated vetoed)

POWHEG is (almost) negative weighted events free

Automation of the method:
http://amcatnlo.cern.ch http://powhegbox.mib.infn.it/
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http://amcatnlo.cern.ch
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MC@NLO AND POWHEG

MC@GNLO —

MCGNLO, no K-factor
HERWIG -
POWHEG+PYTHIA ——

LHC, 7 TeV

My = 120 GeV

Nason and Webber 2012

'MC@GNLO ——
MC@NLO, no K-factor 1
7~ HERWIG -
POWHEG+PYTHIA ——
B> 20 GeV 11
I

I
—

Ay = yH — Yjur

Pt of the Higgs in ggH
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MC@NLO AND POWHEG

MCONLD-Herwig —

eV |

=
K

i
T

i
T

GeV]

de/dpr [pb/C

=
[
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SUMMARY

® \We want to match NLO computations to parton showers to
keep the good features of both approximations

® |nthe MC@NLO method:
by Including the shower subtraction terms in our process we
avold double counting between NLO processes and parton
showers

In the POWHEG method:

apply an overall K-factor, and modify the (Sudakov of the) first
emission to fill the hard region of phase-space according to the
real-emission matrix elements

® First studies to combine NLO+PS matching with ME+PS merging
have been made, but nothing [00% satisfactory has come out
yet...
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STATE OF THE ART
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POWHEG BOX

Public framework to promote any NLO calculation into NLO+PS via
the POWHEG method. Several processes implemented and available now:

*j QQ
*W, Z inclusive SARRRS
V4

R R
solid: POWHEG+HERWIG

do/dya [pb]
o
=
W]

*single top
*H (with hvq loops) : = dashes: POWHEG+PYTHIA [;
), e

«VBF ‘ -5.0 -25

otH™
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SHERPA

SHERPA has implemented both MC@NLO and POWHEG methods. It uses
external loop amplitudes, while the rest Is automatic. Several processes
avallable now In particular with extra jets.

Transverse momentum of I-E-:ncliz'-l.g et Jet p, for inclusive Niyy > 1in pp — Z + jet + X
1 1 ||||| I |||||||||||||||||||||||||||||||||||
—s— CDF data
——— MC@NLO default
MC@NLO MPI+

&

E

i
E

F —— POWHEG

- —— ME+FP5 (14et) x 1.2

E — LO+PS x 1.2

=
o
=
k=
|
-
E
al
o
"'\-\_\_
5
<

IIIIII|T|
|_|_| 1 IIIII|_|_| 1 IIIIIII| 1 IIIIIII| 1 111

1.4

1.2

I|III|I__I IIIII|T|

1
o5

! . .6

IIII|IIII|III
v (et 1) [GV] 50 100 150 200 250 oo 350 400

| p . (jet) [GeV]
/+ | et
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AMC@NLO

Fully automatic implementation of the MC@NLO method using MadlLoop
and MadFKaS.

e [arge class of processes avallable as they can be generated automatically.
e Automatic scale and PDF uncertainties without need of rerunning.
e NLO+PS for processes with n-jets tested and validated.

e Public release coming via MG5 soon..

Let’s see a few examples in detall...
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FOUR-LEPTON PRODUCTION

L D ' ' ' ' ' ' ' ' ' ' | h
o/bin [fb] at LHC 7 TeV - o/bin [fb] at LHC 7 TeV -
—— aMC@NLO ] == ]

aMC@NLO

L I L L L L
1
---- scale unec.

=

-

E— pd? unc.

tl— 4 -+ -4 - + -+ -+ -+ =
ee e e /ete UM e'e"e’e /eTe U1

600 800
M(e*e"u*u”) [GeV] logo(pr(e’ e u*1™)/GeV)

® 4-lepton invariant mass Is almost insensitive to parton shower effects. 4-
lepton transverse moment is extremely sensitive

® [ncluding scale uncertainties
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FOUR-LEPTON PRODUCTION

L

g/bin [fb] at LHC 7 TeV -
aMC@NLO+gg HW :
aMC@NLO+gg PY |

e gg HW (x10) =

2o gg PY (x10) ;

I
a/b1n [fb] at LHC 7 TeV

aMC@NLO+gg HW

aMCONLO+gg PY
-2 gg HW (x20)
o gg PY (x20)

E— gg pdf unc.

— aMC@NLO/aMC@NLO+gg HW

---- aMC@NLO/aMC@NLO+gg PY | ]

---- aMC@NLO/aMC@NLO+gg PY

200 400 600 800
M(e*e"u*u”) [GeV]

0 1
log,o(pr(eT e u™)/GeV)

® [Differences between Herwig (black) and Pythia (blue) showers large in the
Sudakov suppressed region (much larger than the scale uncertainties)

® (Contributions from gg initial state (formally NNLO) are of 5-10%
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PP —™ HTT/ATT

® J[op palr production in association with a (pseudo-)scalar Higgs
boson

® [hree scenarios
) scalar Higgs H, with mp = 120 GeV
I)  pseudo-scalar Higgs A, with ma = 120 GeV
) pseudo-scalar Higgs A, with ma = 40 GeV

SM-like Yukawa coupling, yi/+/2=my/v

1
3

_ _ t ot /A
Renormalization and factorization scales ¥ — MR = (meTmT )
with mr = /m? + p} and mf* = m}M¥ = 172.5 GeV

Note: first time that pp = ttA has been computed beyond LO
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PP —™ HTT/ATT

Three particle transverse
momentum, pt(H/A t tbar), Is
obviously sensitive to the
impact of the parton shower

Dashed: NLO, Solid: aMC@NLO
| | | | | | | | | E
o per bin [pb] at LHC 7 TeV]

K

H 120
A 40
A 120

I IIjI|IIII
1 IIIIIII|

Infrared sensitive observable at
the pure-NLO level for pt = 0

aMC@NLO displays the usual
Sudakov suppression

aMC@NLO

At large pt's the two
descriptions coincide In shape
and rate

(@]

logo[pr/GeV]
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PP —™ HTT/ATT

Transverse momentum of the
Higgs boson

Lower panels show the ratio

with LO (dotted), NLO (solid)
and aMC@LO (crosses)

aMC@NLO

Corrections are small and fairly
constant

Y PRIt T S e aaa HE U B Oas

At large pr, scalar and pseudo-
scalar production coincide: .
boosted Higgs scenario [Butterworth  ©8E. o . 1 . .| ]

A
400

ISOOI
et al, Plehn et al] should work equally

well for pseudo-scalar Higgs
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PP —™ HTT/ATT

o per bin [pb] at LHC 7 TeV _J
pr/4>200 GeV i

® Boosted Higgs: . _

H 120

pHA > 200 GeV/ A 40

A 120

Transverse momentum of
aMC@NLO

the top quark

Corrections compared to
(MC@)LO are significant
and cannot be
approximated by a constant
K-factor

OO0 EE OREERQOO M=
OO OO ON

500 600
pr' [GeV]

L L l
200

L L l
300

400
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PP — WBB/ZBB

Background to pp = HW/HZ, H = bb

q
4 Flavor scheme calculations

® Massive b quarks ,

® [No inrtial state b quarks i

IN
U

® Born is finite: no generation cuts are needed

At LO,Wbb is purely ag induced, while Zbb has also contributions from gg
initial states

Cross section (pb)

Cross sections for Zbb and Tevatron /s =1.96 TeV |  LHC /s =7 TeV
WbDb are similar at LHC /7 TeV LO NLO K factor | LO NLO K factor

4.63  8.04 1.74 19.4  38.9 2.01

0.860 1.509 1.75 9.66 16.1 1.67
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PP — WBB/ZBB

. . . i E | I I I | I I I I | I I I I | I I
b—jet fraction (in %) at LHC 7 TeV ] E o/bin [pb] at LHC 7 TeV

Wbb i i Wbb
Zbb il Zbb

aMC@NLO team

__ aMC@NLO

1 1 1 1 1 1

— T ]
- PR SRR
- +&+++++

+r

| | | -
1 o
P G a T & s gt

b

+ + =
1 ottt e
. :_____;_+-_§-_'t;+'_ _,_I-+--t-l'f|"—___.' :.+.: <=5
L, 4 Lot N 3

5.0F
3.0
2.0
10
0.7 E
50F
3.0
2.0
1.0
0.7

. o1
50 100

. |
150

200 250
pa[11/v1] [GeV]

bb—jet/b—jet
fraction

® |nWbb, ~20% of b-jets are bb-jets; for Zbb only ~6%

(=]

0 b—jets 1 b—jet 2 b—jets

® Jets defined with anti-kt and R=0.5, with pt(j))>20 GeV and |n|<2.5

® [ ower panels show the ratio of aMC@NLO with LO (crosses), NLO
(solid) and aMC@LO (dotted)

® NLO and aMC@NLO very similar and consistent
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PP — WBB/ZBB

Distance between B-mesons b-jet mass

o/bin [pb] at LHC 7 TeV
Wbb
Zbb

I I I I I I I I
og/bin [pb] at LHC 7 TeV
Wbb
Zbb

aMC@NLO

aMC@NLO

O DWW om o
No cooNo coo
—~ VW OR = W U

\ f‘ | |||"||||““|

o

® [or some observables NLO effects are large and/or parton
showering has large effects
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SIGNAL + BACKGROUND

]
o/bin [pb] at LHC 7 TeV 3
Wbb (aMC@NLO)
Zbb (aMC@®NLO)
WH x10 (MC@NLQ) A
ZH x10 (MC@NLO) -

| 1 1 | I——
300

m[jy 1.db2] [GeV]

Using (2)MC@NLO both signal and background for Vector boson
production In association with a Higgs boson (where the Higgs
decays to b anti-b) can be produced at the same NLO accuracy,
including showering and hadronization effects
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WJJ AT CDF
| T T T T (\’]\ T T T T T T T |
—— CDF data (4.3 fo') L 180
—— Gaussian 2.5% 160
B WW+WZ 4.8% 140
I W+Jets 78.0%
Top 6.3% 120
100

B Z-+jets 2.8%

T QCD 5.1%
80
60

—— Bkg Sub Data (4.3 fb™)

Gaussian

WW+WZ (all bkg syst.)

—
O
~

\m

|III|III|_I‘T|III|III|III|

M, [GeV/c?] M, [GeV/c?]

® |n April CDF reported an excess of events with 3.2 standard deviation

significance In the dijet invariant mass distribution (with invariant mass
| 30-160 GeV) for Wj| events

® The update in June (using 7.3 fb™! of data) increased significance of the excess
to 4.1 standard deviations
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COMPUTATIONAL CHALLENGE

® At the time, first process with so many scales and possible (IR)
divergences I1s matched to a parton shower at NLO accuracy

® Start with W+ 1) production to validate processes which need cuts at
the matrix-element level

® J[o check the insensitivity to this cut:

® oenerate a couple of event samples with different cuts and show
that the distributions after analysis cuts are statistically equivalent
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PP —™ WJ

or W+ the easiest cut would

be In on the pr of the VW boson

However, for validation purposes
it IS more appropriate to apply

t

nis cut on the jet Instead

because that 1s what we'll be
oing In W2 ). Same at LO, but

(
e
d

fferent at NLO

Different cuts at generation level

Y
a

C

ield the same distributions at
nalysis level If the analysis level
ut 1s 3-4 times larger

CERN Academic Training Lectures - May 2012
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o/bin [pb] at LHC 7 TeV

aMC@NLO, pT(j) >2.5 GeV—]
aMC@NLO, pT(j) > 5 GeV -
aMC@NLO, pT(j) > 10 GeV |
aMC@NLO, pT(j) > 25 GeV =

NLO, pT(j) > 2.5 GeV

aMC@NLO

|
F  aMC@NLO/NLO

pT(j1) [GeV]




PP —™ WJJ

SET-UP

Two event samples with 5 GeV and |0 GeV pr cuts on the jets at
generation level, respectively, each with 10 million unweighted events

Renormalization and factorization scales equal to Pr = Pr = H71/2
2UR=2Hr = Hr=/(pm? + mn?) + 3 |pri
where sum Is over the 2 or 3 partons (and the matrix element level)

|ets are defined with anti-kt and R=0.4

MSTW2008(N)LO PDF set for the (N)LO predictions (with &s(mz)
from PDF set using (2) | -loop running)

mw = 80419 GeV,

Gr= 1.16639 - 10~ GeV~,
o' = 132507,
[w=20476 GeV
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PP — WJJ
VALIDATION

The two generation level

' 1 _ | | | | | | | | | | | | | | | | | | _
cuts agree for hlgh enough 10 = o/bin [pb] at the Tevatron 3

momenta (or harder F Ty Solid: gen. cut 5 GeV

aﬂa|>/S|S CUT_S) 100 Dashed: gen. cut 10 GeV
= o= Ana. cut 10 GeV

. . - - Ana. cut 25 GeV
Middle plot shows ratio of I Ana. cut 50 GeV

NLO (solid), LO (dotted) 107" ¢
and LOwWPS (dashed) over
aMC@NLO 10-2 |

Good agreement with (N)
LO, slight difference In

shape =AH o nrfAf ep H0H }h

Talls have low statistics, In 750 200
particular for the 5 GeV palis] [GeV]
generation cuts
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PP — WJJ
VALIDATION - 111

— ® [istance between the jets
o/bin [pb] at the Tevatron

Solid: gen. cut 5 GeV Ana. cut 10 GeV ® A small bias remains at 25

Dashed: . t 10 GeV Ana. t 256 GeV 3 C :
e e D GeV analysis in the tail of

Ana. cut 50 GeV
the distribution, but

reduced a lot from lower
cuts analysis cuts

® 5 GeV sample probably
ok, 10 GeV gen.cut is a
bit too hard

Of all distributions we
have looked at, this one
shows the largest bias due
to generation cut

CERN Academic Training Lectures - May 2012
Friday 4 May 2012



PP —™ WJJ
DIJET INVARIANT MASS

® No differences in shape between the 5 and

® Dijet invariant mass with/without jet veto 10 GeV generation level cuts

® [his is the distribution in which CDF found

an excess of events around 130-160 Gey 1O sign of enhancement over (N)LO or

LOWPS in the mass range |30-160 GeV

N B T L e T
o/bin [pb] for pp - lvjj at the Tevatron 4 0.10Ff o/bin [pb] for pp - lvjj at the Tevatron
CDF cuts (exclusive) ] il CDF cuts (inclusive)
aMC@NLO (solid) | 0B aMC@NLO (solid)
Alpgen x0.7 (dashed) 0.06 : L Alpgen x0.7 (dashed)
NLO (crosses) 1 r .. = NLO (crosses)

1 0.04}

0.02 |

I I I I L L L L L L L L L L L L L L L L ] :‘ 3 3 I I I I I I I I 1 1
— b ———— — 0.00 [+ ! !
Ratlo over aMC@NLO e L@ I 1 Ratio over aMC@NLO

—
o

o
@

.Scale qncertalnty aMC@NLO (dasped)

O RO ORFRR,RO =
DO OO OO=NTD O
O REEQ O
D OB OON

) 1

_Ratio of 5 over 10 GeV generatign-level cuts aMCBNLO |

Ratio of 5 over 10 GeV generation—level cuts aMC

50 100 150 200 250 50 100 150 200
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OTHER RECENT RESULTS FOR V+JETS

Jet tranaverse momenla

_IIIIIIIIIIIIIIIIIIIIIIIIIIIII
—— ATLAS data

— ML

— MO@MLO 1em
— MO@MNLO PL

Wi1,2.3ela

dedfdp, [phfGeV]

ATLAS data —+
POWHEG+PYTHIA

Poisecond jt)

>
@
O
e
Q
=0
o
&
T
S
o]
T

BAC S ata

BAC St

POW/data

BT d atan

11 | L1 1 1| I 11
200 250 300
o [GeV]

W1/2/3jets in the SHERPA Z+2jets in the POWHEG BOX
Hoeche et al, | 201. 5882 E.Re, [204.5433
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NLO+PS

"Best” tools when NLO calculation is available (1.e. low jet multiplicity).

* Main points:

* NLO+PS provide a consistent to include K-factors into MC's
* Scale dependence Is meaningful

* Allows a correct estimates of the PDF errors.

* Non-trivial dynamics beyond LO included for the first time.

N.B.: The above Is true for observables which are at NLO to start with!!!
* Current developments:
* Upgrading of all available NLO computations to MC's in progress

* Extendable to BSM without hurdles.
* No merging with different multiplicities available yet (CKKVW@NLO)
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SM STATUS CIRCA 2002

pp— n particles
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SM STATUS CIRCA 2002

pp— n particles

3 45678910

complexity [n]
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SM STATUS CIRCA 2002

pp— n particles

accuracy A
[loops]

MZ

1 0

3 45678910

complexity [n]
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SM STATUS CIRCA 2002

pp— n particles

accuracy A
[loops]

fully inclusive

parton-level

‘ ‘ ‘ 2 fully exclusive

3 45678910

complexity [n]
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SM STATUS CIRCA 2002

pp— n particles

accuracy A
[loops]

fully inclusive

parton-level

‘ ‘ ‘ 2 fully exclusive

L[ O

T 0 O 0l®

3 45678910

complexity [n]
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SM STATUS : SINCE 2007
pp— n particles

accuracy A
[loops]

fully inclusive

parton-level

fully exclusive

MZ

3 45678910

complexity [n]
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SM STATUS : SINCE 2007
pp— n particles

accuracy A
[loops]

fully inclusive

parton-level

fully exclusive

MZ

1 O O

T O © O 0000

3 45678910

complexity [n]

CERN Academic Training Lectures - May 2012
Friday 4 May 2012



accuracy
[loops]

MZ

1 0

A

SM STATUS : SINCE 2007
pp— n particles

fully inclusive

parton-level

fully exclusive

o fully exclusive and automatic

© © 0O O

¢ 9 9 99906

| 2 3 45678910

complexity [n]
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SM STATUS: NOW
pp— n particles

accuracy A
[loops]

fully inclusive

parton-level

fully exclusive

‘ ‘ ‘ 2 fully exclusive and automatic

3 45678910

complexity [n]
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SM STATUS: NOW
pp— n particles

accuracy A
[loops]

fully inclusive

parton-level

fully exclusive

‘ ‘ ‘ 2 ‘ fully exclusive and automatic

aMC@NLO

|1 Q@ ©

T o Q@ Q990G
3 45678910

complexity [n]
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accuracy A
[loops]

MZ

1 0

SM STATUS: NOW
pp— n particles

fully inclusive

parton-level

fully exclusive

‘ fully exclusive and automatic

aMC@NLO/POWHEG-box/SHERPA
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CONCLUSIONS

The need for better description and more reliable predictions for SM
processes for the LHC has motivated a significant increase of theoretical and

phenomenological activity In the last years, leading to several important
achievements in the field of QCD and MC's.

A new generation of tools and techniques is now available.

A complete set of NLO computations is available, even in fully automatic

form. Several NNLO results are being used already now and will be extended
in the future.

New techniques and codes availlable for interfacing at LO and NLO

computations at fixed order to parton-shower has been proven for SM (and
BSM).

Unprecedented accuracy and flexibility achieved.

EXP/TH Interactions enhanced by a new framework where exps and theos

speak the same language.

CERN Academic Training Lectures - May 2012
Friday 4 May 2012




CERN Academic Training Lectures - May 2012
Friday 4 May 2012



CREDITS

To organize this presentation | have benefited from lectures (and actual
slides), talks and discussions with many people.
In particular:

® [Mike Seymour (MC basics)
Claude Duhr (FeynRules)
Johan Alwall (ME+PS merging)

Rikkert Frederix, Paolo Torrielll (NLOA+PS)

Stefano Frixione, Michelangelo Mangano, Paoclo Nason (for QCD, PS,
LO, NLO, and more...)

Whom | all warmly thank!!

CERN Academic Training Lectures - May 2012
Friday 4 May 2012



